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ll P E)J, HCJIOB I1 E 

I~eJJb ,na1moi1 KHHrH COCTOHT B TOM, qTo6hl npeACTaBHTb pe3yJlb­

TaTbI BbllJHCJICHHH CClJCHHH H BCpOHTHOCTCH IIIHpOKoro Kpyra aTOM­

HblX npouecCOB c yqacTHCM cpOTOlfOB H 3JICK'rpOHOB, a HMCHHO ceqe­

HHH cpoTononromcmur H pacceHHHH :meKTpOHOB, a TaK>Ke sepOHTHo­

cTeii pacna,n.os 06pa3y101uHXCH B 3THX npoueccax aaKaucHii )J.Jut 

MHo>KecTBa aToMOB. TaKHM o6pa30M, MbI HaMepesaeMCH rrpe.[{cTa­

BHTb CHCTeMaTHt{CCKH He,[{aBHO rronytJeHHblC H pauee co6paHHblC 

aTOMHI:.Ie .n.aHHbIC. 

3TH )J,aHHblC Tpe6yIOTCH BO MHOrHX naytJHbIX o6nacrnx, CBH3an­

HbIX c HCCJIC)J,OBaHHCM 3JICKTPOHHOH crpy1uypbI H cpH3HlJCCKHX rrpo­

QCCCOB B TBep,nbIX TCJiax H ){<If,I\KOCTHX, MOJICKynax H KJlaCTepax, acT­

pOHOMHlJCCKHX o6beKTaX H B aTMOccpepe HameH: nJiaHCTbl H T. rr. 

rny60KOC IlOHHMaI-mc XHMHlJCCKHX peaKUHH H npO{lCCCOB HCB03-

MO>KIIO 6e3 HCHOH JI TOt{HOH KapTHHbl CTpOCHHH aToMa H MRoroaTOM­

HblX 06pa3osan11i1. Barna KHHra npH3Bana o6ecneqHTb TaKHC .uaHHhie. 

CJICJJ.YCT IIOMHHTb TaK~Ke, t{TO BCC aTOMbl, KpOMe Bo.n;opo.rca H 

B03MO>KHO reJIHH, caMH no ce6e BCCbMa CJIO>KHblC CHCTCMbl. 0HH Bee 

erue HBJIHIOTCH 06bCKTaMH HHTCHCHBHblX TCOpCTHt{CCKHX H 3KCI1CpH­

MCHTaJlbHbIX UCCJIC)J,OBaHHH, B KOTOpblX npHXO)J.HTCH npHMCHHTb )J.0-

BOJlbHO CJIO>KHbIC H TOHKHC MCTO)],bI. j.(JIH TOfO t{T06bI IlJlaHJipoBaTb 

COOTBCTCTBYIOIUHC 3KcnepHMCHTbl, oucHHBaTb 3cpcpeKTHBHOCTb HO­

BbIX CJIO:>KHbIX TCOpCTHt{CCKHX IIO)J.XO,Ll,OB, HY>KHbl ,n.aHHbIC, KOTOpblC 

HBJlHIOTCH pa3yMHO TOlJHblMH, ,l.l;OCTaTOtfHO o6IUHMH H cpaBJIHTCJlbHO 

nerKo,nocrynttbIMJI. Barna KHHra HMeeT uenI:.10 no.n.0611I:.1c 11.anHbie 

npe)J.OCTaBHTb. 

Ponh, HrpaeMaH aTOMaMH B MaKpocpH3HKe, XHMHH, 6HoJiorHJI, 

HeKOTOpbIX 0611acn1x TCXHOJIOfHH JI HH>KeHepHH ;:i;a H B OilHCaHHH 

BCero MaKpOMHpa, no.uo6ua TOH, KOTopy10 Hrpa10T 3JICMCHTapHblC 

qacTHUhl B MHKpOMHpe. ,lJ,eHCTBHTCJlbHO, aTOMbl -- rnaBHblM «CTpo­

HTCJihHblH MaTepJiaJI», csoero po,[{a «I<HpIIHt{H», H3 KOTOpblX no-
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CTpOeH BeCh MaI<pOCKOIIJiqecKIIH MIIp. «KneH:», KOTOpbIH .uep:>KIIT 

BMecTe MaKpOCKOfIIIIICCKIIe TeJra, -- 3TO Me:>KaTOMHOe B3aIIMOJ.XeHCT­

BIIe, KOTopoc MeIUICTC51 B HCKOTOpbIX npe~~enax, BO MHOrIIx c11yqa51x 

3HaqIITeJlhHO, Kor.n.a CB513hIBaeTC51 BMeCTC MHOro aTOMOB. 

HecMoTp51 Ha oqeBII.!J.HhIH cnpoc B o6umpHhIX aTOMHhIX .n.aHHhIX, 

COBpeMeHHOH KHIIrII, KOTOpa51 6hI IIX aKKYMYJlIIpOBaJla, nonpocTy 

HCT. 06b1qHo, eCJIII 3TO KHIIra no 3KCnepIIMeHTaJlbHOH cl>II3IIKe aTO­

Ma, rnaBHOe BHIIMaHIIC cocpe.uoToqeno Ha pe3yJlhTaTax II3MepcirnH:, 

KOTOpbIC cpaBHIIBaIOTC51 c ,L\OCTynHbIMII TCOpenrqecKIIMII ,L\aHHhIMII. 

EcnII B351Th KHIIry no TeOpIIII, oua KOHQeHTpIIpyeTC51 Ha ,L\eTaJ151X 

npe.uno:>KeHHhIX MaTeMaTJiqecKIIX IIOJ~XO,L\OB, IIJ1JllOCTPIIPY51 IIX .n:o­

CTH:>KCHII51 cpaBI1eHIICM c 3KcnepMMeHTaJibHbIMII .n:annbIMII. B o6oIIx 

TIInax KHIIr rnaBHhIH IIHTepec - 3TO IIIIqJOpMaQII51 0 paccMaTpIIBae­

MOM cl>II3JiqecKOM npoi.xecce. 

Barna uenb COCTOHT B TOM, qTo6bI KOHQeIITpIIpoBaTbC51 Ha pac­

qeTe II c6ope caMIIX .n.aHHhIX. qT06bl HX 11011yqJITh, Mhl 6y.ueM HCIIO­

Jlb30BaTh TeopeTIIqecKHC MeTO.L\hI, KOTOpbie OTKphIBaIOT B03MO:>K­

HOCTh MaCCOBhIX pacqeTOB II B TO :>Ke caMoe BpeM51 uacTOJlhKO TOq­

HbI, HaCKOJihKO 3TO B03MO:>KHO npII TaKIIX pacqfaax. 

KoneqHo, 6brno 6bI nyqrne, ecJrn 6b1 IIMeJlIICb npocTbie aHaJIHTII­

qecKtte ¢opMyJlhI ,D:J151 pacqern BCCX neo6xo,n:IIMhIX aTOMHhIX xapaK­

TepIICTIIK H Bepo51THOCTeH: npoi.xeccoB. YBhI, cTpoeutte aTOMa .uocrn­

Toquo CJlO:>KHO. fI03TOMY anaJlHTIIqecKIIC cpopMyJlhI CJIIIlIIKOM rpy-

6bI. c .n.pyroH: CTOpOHhI, 6bIC1'pOC pa3BHTHe BhlqHCJlIITCJlhHhIX 

TCXHHqecKIIX cpe,n:CTB, nepconaJihHhIX KOMIIhIOTepoB B qacTHOCTII, 

pa3pernaeT npoBO.L\IITh OTHOCHTCJlhHO ToqHhIC BhJqIIcnemrn, HCIIOJ1h-

3y51 )J,OBOJlhHO CJIO:>KHhie TCOpeTnqecKHe IlO,L\XO.L\hl. 

,neMoncTpai.xM51 TaKoro no.n:xo.n:a, no1Bonmon~ero cocpe,n:oToqIITh 

rnaBHOe BHHMaHHe Ha rrpe,n:cTaBJleHmI pe1yJibTaTOB BhlqJicJieHIIH, 

II 51BJ151eTC51 OCHOBHOH ueJihlO nameH: KHIIrH. qTO )Ke KacaeTC51 IIC­

Il0Jlb3yeMhIX TeopenrqecKliX MCTO)J,OB, OHH 6y)J.yT om1caHbl KpaTKO 

Ii Jllilllh ,D:JI51 Toro, qTo6bI ofo,5JCHIITh, KaK nonyqcnbI npliBO,D:IIMhie 

,n:aHHbie. 

MbI npe.n:crnBIIM B 3TOH KHIIre pc3yJibTaTbI BbiqttcnenttH:, npo­

se,n:eHHbIX B paMKax KaK nyi:rmero O,D:H03JieK1'pOHHOro xapTpli-cl>OKOB­

CKOro (X<P) nptt6JlII:>KeHli51, TaK II c yqfaoM MHOro3JieKTpOHHhIX KOp­

peJI51J-XIIH B TaK Ha3bIBaeMOM npII6JimKeHIIII cnyqaHHhIX cpa3 c o6Me­

IIOM (rIC<PO). B11H51HHC KOppe11511,HH BO MlfOrHX c11yqa51x oqenb 

Ba:>KHO ,D:J151 lIIIIpOKOro Knacca xapaKTepIICTIIK aTOMOB II npoi.xeccoB 

c IIX yqacTlieM. 0.n:naKO IIMCIOTC51 CHTyai.x1rn, KOr,n:a nonpaBKII, o6y­

CJ10BJieHHhie MHoro3neKTponuoH: CTPYKTypoH: aTOMa, ue BeJlIIKII, 
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xoni: H cyrn.ecrnenHhI. B TaKHX cnyqaJJx Mhl 6y.ri:eM ncnonh30BaTh 

TaK Ha3blBaeMyIO MHoroqacTHqnyro TCOpHIO B03MYI1J.CHIIH (MTB). 

B TeopeTttqecKOM paccMoTpeHHH, qT06h1 c.ri:enaTh ero no B03-

MO)l(HOCTH np01paqHhlM, Mhl 6y.ri:eM HCllOJih30BaTb BapnaHT TeOpHH 

MHOrHX TeJI, OCHOBaHHhlH Ha TCXHHKe .D.HarpaMM <l>eifHMaHa. CooT­

BCTCTBYIOW.He CCblJIKH IIOMoryT HHTepecy10rn.HMCJI HaHTH .D.CTaJIH Te­

opeTnqecKHX ITO,[(XO.D.OB, HCIIOJih3YCMhIX B 3TOH KHiffe. 

Cym,ecrnyeT HCCKOJihKO ofoopoB H KHHr, r.ri:e npe.D.cTaBJICHhI 

Ta6JIHJ_J:hl aTOMHblX JJ,aHIJhIX H ceqeHHJI cpoTOHOHH3al_J:HH MHOrHX 3JIC­

MCHTOB B O,[(H03JICKTpOHHOM, npHTOM ern.e CHJibHO yrrpow.enHOM 

rrptt6JIH)l(eHHH. B 6oJihIIIHHCTBe 3THX rry6nnKaUHH BHHMaHne y.ri:enH­

JIOCh TOJihKO xapaKTepHCTHKaM aTOMHOH C'fPYKTYPhl, TaKHM KaK 

IIOJIHbie 3HeprHH aTOMOB, cpe.D.HHC pa.D.HYChl, 3HeprHH 3aHHThlX 

ypoBneH: n T. n. B 6oJihIIIOH CTenenn ypoBeHh H o6oeM 3THX Bhrqnc­

nennH: 6hIJIH orrpe.ri:eneHhl He TOJihKO crrpocoM na COOTBCTCTBYIOID.He 

.ri:aHHhie, HO H TCXHHqecKHMH B03MO)l(H0CTJIMH npoBC.D.CHHJI COOT­

BCTCTBYIOID.HX BhrqttcnenttH:. BepoHTHO, rrepBOH B 3TOM nanpaBJie­

mrn 6bma KHHra [ 1]. 3aTeM IIOJIBHJIOCh HCCKOJihKO .ri:pyrnx rry6JIHKa­

UHH [2-4], r.ri:e aTOMHhle .ri:anHhie cBe.D.eHhl B rn6JIHUhl, c yBennqe­

ntteM IIIar 1a IIIaroM Kaqecrna .ri:amihIX. 

B [5) H [6) rrpttBe.ri:enh1 pacqfahI ceqennif cpornnonmaumi: n .D.H­

rronhnoro rrapaMe-rpa yrJIOBOM aHH30'fPOIIHH ,ll,JIJI MHOrHX aTOMOB, HO 

B paMKax cyrn.ecrnenno yrrporn.farnoro no cpaBHCHHIO c X<l> O.D.Hoqa­

CTHqHoro nptt6JIH)l(CHHH. B TO )J(e BpeMH xopoIIIo H3BCCTHO, qTo 3TO 

rrptt6JIH)J(CHHe, KaK rrpaBHJIO, IIJIOXO pa6oTaeT ,ll,JIJI napy)l(HhIX H rrpo­

Me)l(yToqHhIX o6onoqeK, paBHO KaK H B OKOJIOIIoporoBOH o6JiaCTH 

3Heprnii cpoToHoB, - AJIH BHy-rpeHHHX. TaM ponh MHOr03JieK-rpon­

HhlX KoppeJIHUHH BCJIHKa. JTOT HC,ll,OCTaTOK B 3naqHTCJihHOH Mepe 

rrpeo,ll,OJieH B .ri:aHHOH KHHre. 

KaK CJie,ll,yeT H3 Ha3BaHHJI HaCTOJIIlJ.CH KHHrH, Mhl cocpe.D.OTOqHM­

CJI Ha rrpoueccax B3alIIVlO.D.CHCTBHJI cpoTOHOB H 3JICK'fPOHOB c aTOMa­

MH H HOHaMH. Ilpnqnna COCTOHT B TOM, qTo COOTBCTCTBYIOilJ.HC xa­

paKTCpHCTHKH MO)l(HO BO MHOrHX cnyqaJIX BbJqHCJIHTh c oqenh BhI­

COKOH ToqnocTbIO H na,ll,e)l(HOCThlO. TeopeTnqecKoe orrttcanHe 

Ka)l(,ll,Oro paccMO'fPCHHOro rrpouecca 6y.ri:eT KpaTKHM H BKJIJOqaTb 

JIHllih ¢opMynttpOBaHHe OCHOBHhIX H,ll,ett, rreJI<arn.nx B OCHOBe HC­

ITOJih3YCMhlX MCTO.D.OB, a TaK)l(e KJIIOqeBbie ¢opMyJihI, KOTOpbie rrpn­

MCHJIIOTCJI rrpn rrpoBe.D.eHHH naIIIHX BhiqncneHnii. Mhl rrpe.ri:cTaBHM 

TOJihKO rnaBHhle rrynKThI rrpoi.i:e.ri:yp BhiqttcneHHJI. 

flpe.ri:naraeMaH KHHra 6y.ri:eT rrone1na .D.JIH oqenh MHornx rrpo¢ec­

cnonanoB H cTy.D.eHTOB, KOTOpb1e crreu;naJIH3ttpy10TcH B aTOMHOH 
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cpH3HKe H CB$13aHHbIX c Hell o6JiaCT$1X. 3Ta Kirnra 6y;:teT 110Jie3Ha )].JI}( 

TeopeTHKOB, pa60Ta10m;HX B pa3JIH1lHblX o6JiaCT$1X COBpeMeHHOH cpH-

3lfKlf, XHMHH H 6HOJI0flflf, TeXHOJIOroB, 3aH$1TbIX rrpoll3BO)J.CTBOM HO­

BbIX MaTepllaJIOB, ll ,nml 3KCrrepHMeHTaTOpOB, lfCCJie,nyrom;Hx B3all­

MO.n;eHCTBHe cpoTOHOB H 3JieKTPOHOB c aTOMaMH, MOJieKyJiaMM, TBep­

)J,blMM TeJiaMH 11 :>KH,!l;KocrnMM. B uenoM, MbI rronaraeM, qTo y .naHHOH 

KHHrM 6y,neT ,!l;OCTaTOquo IIIHpOKrul l.[MTirreJibCKan ay)J.MTOpIDI. 3TO no.u­

TBCp:>K)J.aeTCH o6mmeM CCbIJIOK Ha npe.UbillYlll;He ny6JmKaQHM [ 1-6]. 
Co6paHHbie .n;aHHbie 11 MeTOllbI, HcnoJib3yeMbIC npH HX nonyqe­

HHM, MoryT 6bITb I10JIC3HbI npH TCOpCTlfqecKOM OllMCaHHM y:>1<e Bbl­

IlOJIHCHHbIX 3KCI1CpHMeHTOB M B npe)J.JIO:>KCHMH HOBbIX, .llJIH KOTOpbIX 

TeopeTHl.[eCKHe OQeHKH HJilf ,n;a:>Ke Bbll.[lfCJieHM$1 MoryT 6bITb BblllOJI­

HeHbI 3apaHee. Bee 3To CMO:>KCT noMoqb 3KcnepHMeHTaTopaM nna1rn­

posaT1> HX .n;eHTeJibHOCTb 6onee 3cpcpeKTMBHO, npoBOllH rrpe.n;sapM­

TeJibHO BCCbMa npOCTblC H3blCKamrn H pacqeThl, KOTOpbIC yMeCTHO 

HMeHOBaTb TeopeTMl.[eCKMM 3KCnepHMCHTOM. 

B IJ,eJIOM, Mb! paccMOTPHM B 3TOH KHHre O"ICHb MHOro pa3Jilfl.[­

HbIX <Ptt3Ml.[eCKMX npoQeCCOB, KOTOpbIC I10l.[Tlf see, CBH3aHbI co B3aM­

MO,n;eHCTBHCM aTOMOB H MOHOB c cpOTOHaMH, 3JieKTpOHaMH M no-

3MTPOHaMM, a TaK:>KC paccMOTPMM BepOSITHOCTH pacna)J.a aTOMHbIX 

BaKaHCl:IH. ,L(JIH Ka:>K,n;oro H3 3THX npoQeCCOB Mbl rrpe,n;CTaBlfM pe-

3YJibTaTbl B o.n;H03JJCKTPOHHOM np116nH:>1<eHHH XapTPH-<l>oKa (X<l>) 

H c yqeTOM MHOr03JieKTPOHHbIX KoppeJIHQlfH B paMKaX npM6Jm>Ke­

HHH cnyqaHHbIX cpa3 c o6MCHOM (ITC<l>O) HJIH MHOroqacTifqHoH Teo­

pHH B03Mym;eHHH (MTB). 

B KaqecTBe cnpasoqHHKOB no KBaHTOBOH MexaHHKe M 3JICKT­

po,n;HHaMHKe npH onHcamm CTPOeHHH aToMOB H npoueccos c HX 

yqacTHCM MbI 6y.n;cM HCIJOJib30BaTb cne.n;y1om;He .n;Be cpyn.n;aMeHTaJJb­

HbTC necrnpe10nu-1e KHHm-pyKoBo.n;cTsa: JI. 4. Jia11aay HE. M. Jiu¢­
LUUtf. «KBaHTOBaH McxaHHKa. HepenHTHBHCTcKaH Teopmr» (M.: <l>m­

MaTm3, 1962) H B. E. BepecmetJT<uu, E. M. Jiu¢iuutJ, JI. ll. lluma­
eecKuu. «KBaHToBaH 3JieKTPOlllfHaMttKa» (M.: HayKa, 1980). ITpH 

pacqeTe aToMHbIX xapaKTepHCTHK H ceqeHHH paccemn-rn pa.n;H­

anbHb1e, yrnoB1>1e II cnHHOBbie nepeMCHHbie 06b1qno pa3.n;enenbl 

Ii HHTCrpHpOBaHHC no yrnoBbIM nepeMeHHbIM H cyMMHpOBaHHe 

no npoeKQJUIM cnHna BhmOJIHHIOTCH aHanHTH11ecKH. B KaqecTBe 

pyKOBO.JJ.CTBa .JJ.JIH 3THX .JJ.eMCTBHH peKoMcH.n;yeM M celiqac coBpe­

MCHHy10 KH1:1ry Ii II. Co6eJZbMarta «BBe,lleHHe B Teopmo aToM­

HbIX CllCKTpOB» (M.: rllcl>MJI, 1963). ,L(aJICC CCblJIKlf Ha BCC 3TH 

HCTOqHHKH 6y.n;yT .n;aBaTbCH KaK [JIJI], [EJIIT] H [UC] COOTBeTCT­

BeHHO. 
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I1MeeTCH 3Ha'IHTCJibHOe nepeKpblTHe, oco6eHHO B o6o3Ha"ICHH­

nx, .n;narpaMMaX, KOTOpble H306pa>I<aIOT <PH3H'iCCI<HC npOUCCCbI, H B 

npCJlCTaBJICHHM MaTeMaTMtICCKMX <PopMyJI, MCil0Jlb3yeMbIX B HaCTOH­

meiI KHHre, c npC,D;bl.L~YlllHMH ny6JIHKallHHMH. 

Be3.n;e B KHHre Mbl HCilOJlb3yeM TaK Ha3bIBaeMyio amoM1ty10 cuc­
meMy eowtutf, nonaraH nocToH1rny10 11naHKa h, 3apH.n; 3JICKTpoua e H 

ero Macey m paBHbIMH 1, TaK KaK B npOTHBHOM crryqae <iJopMyJibl, 

pacqeTbI H Bbipa)l(CHHH 6y.l{yT neperpy)l(CHbI pa3JIH'UJbIMH CTene1rn­

MH Pz, m He. 

IlpH nepcxo.n;e K CMCTeMe C,l{HHHU CI1 HCIIOJib3YIOTCH cne.uy­

IOIIlHC qncJICHHble 3HaqeHHH 3apH.n;a H MaCCbl 3JICKTpOHa: e == 
== l.6·10-19 K, m::::: 9.108·10-3 1 Kr, a TaK>Ke CBH3b OCHOBHbIX e,n:HHHU 

CH c aTOMHbIMH e.n;HHHilaMtt: O/l,Ufta a0 = fl2 I me2 = 0.529· l 0-10 M = 
=0.529·10-lHM; 3Hep2Ufl Eo = 2Ry = me4 /h2 ;:::: 27.213B = 
= 43.59· 10-10 :n,n'1<; ceqeHHC a5 ""27.98· lQ-lS CM2=27.98·10-4 IiM2 = 
= 27.98 M6 (l M6 pasen 10-18 CM2); cKopocn. v0 = (Eo I m)112 = 
== e2 I n ~ 2.188· 106 Mic; BpeMH to= ao I Vo= Pz3 I me4 ;:::: 0.242· 10-16 c. 

E.n;HHHilaMH yrnosoro MOMCHTa H HMilYJJbCa B aTOMHOH CHCTCMe 

e.n;HHHil RBJIHIOTCR h H h I a0 = me2 I h cooTBCTCTBeHHO. flocTOHHHaR 

TOHKOH CTPYKTYPbI paBirn a= e2 I he::::: 1/137.04, nptt11eM B aTOMHOH 

CHCTCMC a= 1 / C H CKOpOCTh CBCTa C ;:::: 137.04. 
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PA3,[(EJI I 

nornOW:EHHE cDOTOHOB 

r JI A BA I 

OCHOBHhIE I10J10)l{EHH.5I TEOPHH 

1.1. Hatt6oJiee saJKnoe o cf>oTottonHJal(HH 

B 3TOH KHHre MhI paccMaTpHBaeM <PoTonornomemre H <PoTo­

HOHmaumo KaK rrpoueccbl, B KOTOpbIX <PoTOH 3HeprHH co c HMITYJib­

COM k (k = co/c, r.n;e c - CKOpOCTb CBeTa) rrornomaeTCH MHlllCHbIO -

aTOMOM HJIH HOHOM. B pe3yJibTaTe, MHIIICHb MO)KeT 6h1Tb HJIH 803-

6y::)fC0e!-la, mrn uouu3oeaua. Bo36y>K.n;eHHe ecTb nepexo.n; aToMa IIJIH 

HOlia Ha 0,lJ;HH HJIH HeCKOJlbKO .n;HCKpeTHbIX ypoBHCH 3HeprHH. 

Ho11u1at(UR - npouecc, B KOTopoM B pe3yrrhTaTe nornomeHIIH 

cpoToHa 0~\HH HJIH HCCKOJlbKO 3J1CKTPOHOB ITOKII.n;aIOT MHIIIeHb -

aTOM HJIH HOH, B TO BpCMH KaI< ocmamottrtblU uou OKa3hIBaeTC5I B ca­

MOM HH3KOM COCTOHHHH CBOCH 3HeprnH. ITornomeHHe cpoTOHa MO­

:>KeT KOHqHTbCH TaK>Ke UO/IU3atfueu c 8036yJteOemteJ11. JTO npouecc, 

B KOTOpOM O)J;HH HJIH HeCKOJibKO 3JICKTpOHOB y.n;amnoTCH H3 MHIIIe­

HH, H ona OCTaeTCH B B036y:>K.n;CHHOM COCTOHHHH, TO ecTb Ha O)J;HOM 

H3 ,ZJ,HCKpeTHbIX B036y>K.n;eHHbIX ypoBHeH OCTaToqHoro HOHa. 

Ecnn paccMaTpHBaTb aTOM B paMKax o.n;Ho3JieKTPOHHoli KapTH­

HhI, TO ecTb cqHTaTb Bee ero 3JICKTpOHbl HeB3aHMO,ZJ,CHCTBYIOIUHMH Ii 

.D;BIDI<YIUHMHCH He3aBHCHMO B o6meM noTeHUHaJihHOM none, TO aTOM 

HJIH HOH MO>KCT 6bITb HJIH HOHH30BaH, HJIH B036y:>K.n;eH, ITOTOMY qro 

OJJ;HH <PoTOH MO>KCT B3aHMOJJ;eHCTBOBaTb TOJlbKO c O.D;HHM 3JICKTpo­

HOM. HecMoTp5I Ha orpaHHqeHHYIO roqHOCTh rnKoro no.n;xo.n;a, MhI 

BbIITOJIHHM H rrpe.n;CTaBHM pe3yJihTaTbl BbJqHCJICHHH B ero paMKax. 

Bo MHornx cnyqanx 3TII pe3ynhTaThI MO>KHO cqnTaTh xopoIIIHM Ha­

qanbHhIM IIIaroM H OHM MOfYT rrpHMCH5ITbC5I rnaBHbIM o6pa30M JJ;JIH 

opHeHTHpOBKH. B Kaqecrne o.n;Ho3neKTpOHHoro MhI 6y.n;eM Hcrrorrh-

30BaT& rrpn6nmKeHHe XapTpn-<I>oKa (X<I>), KOTOpoe srnmi:eTCK rryq­

llIHM MCTOJJ;OM, COBMCCTHMblM c H.n;eeli He3aBHCHMOfO JJ;BH>KCHHH 

Bcex aTOMHbIX 3JieKTPOHOB B o6meM, TaK Ha3bIBaeMOM CaMOC02lta-
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coeawwM, norre aToMa. frraBHhie oco6eHHOCTH nptt6Jitt:>KeHH51 X<P 

MbI onmneM B crre.nymru;eM pa3)leJ1e. 

0.nHai<O notITH so Bcex npoueccax, paccMaTpttsaeMhIX B 3TOH 

KHHre, cyru;ecTBeHHa poJib Me:>K3JieKTpOHHOro B3aHMO,ll;CHCTBll51, ll BO 

MHOrHx c11yqa51x :na poJib pelllaioru:e sa:>Kna. YtieT Mc:>K3JICKTpoHHO­

ro B3aHMO,ll;eHCTBH.SI, KOTOpoe se.neT K Koppe!lRLfUJLM B aTOMHOM 3JICK­

TpOHHOM .nsmI<eHHH, no cyru:ecrny ll3MeH5leT OTKJIHK aTOMa (HJill 

HOHa) Ha HaJieTaIOill;HH cpoTOH a HMeHHO 3HatIHTCJlbHO MCH5llOTC5l Be­

po.srTHOCTH nornomeHH5l cpoTOHa, ll .na:>Ke sepOHTHOCTH y)laJieHH51 o.n­

Horo 3JICKrpoHa. KpoMe 3Toro, cTaHoBHTc.sr B03MO:a<HhIM uerrhIH pH.n 

aTOMHb!X npouecCOB, KOTOpbIC He MoryT HMCTb MCCTa B paMKaX O)l­

H03JieKTPOHHOro npn6rrn:>KeHH51. Cpe.nn HHX TaKHe KaK HOHH3aUH51 

.nsyx ll )la)Ke 6orree 3JieKrpOHOB O,ll;HHM cpoTOHOM, IIOHH3aUH.SI c B03-

6y:>K.n;eHHCM l1 MHOf03JlCKTpOHHbie B036y:a<.n;eHH51. 

qTo6hr yqecTh Me:>K3JieKTpoHHoe s3aHMo.neH:cTBHe, HrrH, KaK :no 

tiaCTO Ha3bIBaIOT, M1I0203!leKmpoHHble Kopperr511~Hll, Mhl 6y)leT HC­

IlOJlb30BaTb B 3TOH KHHre npu6JIUJ1Ce11ue C!lY'-taUHblX ¢a3 c o6MeHOM 
(ITC<PO) HJIH ;w11020LfacmulfHy10 meopwo 603,HYUfeHuu (MTB). 
B cy1uuocrn, rIC<PO ytIHThrnaeT 1<oppen511~HH sue paMOK MTB, pac­

cMaTpHBa51 HX KaK 6oJihllIYIO nonpaBKy, .nmrnMH'ICCKYIO sapttaumo 

caMOCOrJiacosaHHOro IIOJI51, .I.:(CHCTByIOru;ero Ha Ka)K,ll;hIH 3JICKTPOH, 

KOTopa.sr BhI3BaHa norrroru:enHeM narrern1oru:ero cpoTona [AM]. B pH­
.ne cnyqaes, o.n;HaKo, MTB MO:>KeT ttcnonh30BaThC5l .n;rr51 paccMOTpe­

HH51 aTOMHhJX npoueccoB, TaK KaK HHOr)la Me:>K3JICKTpOHHOe B3aHMO­

).(CHCTBHC MO:a<HO paccMarpHBaTb KaK OTHOCHTCJihHO Marroe B03My­

ru:eHHC. 

B 3Toii 1<1-mre npn paccM0Tpen1111 cpoTOnpoueccos MhI orpaHH­

LIHMC.sr TaK Ha3hIBaeMhlM .I.:(HilOJlhHhIM npH6JIH)l(eHHCM, KOTOpoe 

cnpase.nnHBO, CCJIH, rpy6o fOBOp51, ).(JIHHa BOJIHbI, COOTBCTCTBYIOill;aH 

uarrern10ru;eMy cpoTouy A. = 27t I k = 27tc I ro, HaMnoro 6oJihllle, 'ICM 

aTOMHhIH HJIH HOHHhrfi xapaKTepHhIM pa.nttyc rA, co<< 2nc I rA. 
OnepaTop, onHcbrnaioru:Hfi s3aHMo.neficTBHe MC)K,ny cpoTOHOM 11 

3rreKTponoM, MO:>KeT 6bITh npe.ncrnsrren B crre.ny10ru;eH: cpopMe 

[EJIII]: 
N N 

M(k) = L µi (k) = L exp(ikrd (e V'd, (1.1) 
i=l i=l 

r.ne ei - seKTOp IlOJI51pII3aUHH cpoTOna; ri - KOOp,ll;HIIaTa 3JICKTpo­

na; vi= -io I a r H N- IlOJIHOe qHCJIO aTOMHhIX (llOHHhIX) 3JICKTpo­

HOB. B .n11nOJihHOM np116n11)1(eH11n nMnynhcOM cpoTona k MO)l(HO npe-
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He6pe'lb, TaK 'ITO BMeCTO ( 1.1) B3aHMO)l,eHCTBHe aTOMa c <PoTOHOM 

BbffJUI)l,HT cne)l,yIOIIJ,HM o6pa30M: 

N N 

Mj = L dV = L (eVi). (1.2) 
i=I i=I 

BepxuttH: HHJJ.eKc v B Mv 03Ha'laeT, IJTO onepaTop B3aHMOJJ.eH:cTBHJI 

3anncau B TaK na3hIBaeMoH: ¢opMe cKopocmu. HapSI.uy c ::nofi <Pop­

MOM cym:ecrnyeT .IJ.pyrM, TaK na3hIBaeMaJI ¢opMa dllWtbl: 

N N 

MR = L dR(ro) = L ro(sri ). (1.3) 
i=I i=I 

AMnnttTyJJ.a rrpouecca, mrn MaTpH'IHblH :meMeHT Mr1f'(ro), KOT0-

pb1H: OIIHCbIBaeT B3aHMO.UeHCTBIIe aTOMa c <PoTOHOM, onpe)l,eneH cne­

)l,YIOIIJ,IIM mnerpanoM: 

Mr~~ c ro) = J qJi· ( x I , ... , xi .. ., x N ) x 

N 
A VR n xM' (ro)\J'/x 1, ... ,xi ... ,xN) dxi, 

i=l 

(1.4) 

r.ue pi (x1, ... ,xi ... ,XN) H \Jff'(x1, ... ,xi .. ••XN) - BOJIHOBbie 

<PYHKQIIII aTOMa (HoHa), B3aHMO.UeHCTBYIOIIJ.ero c cpoTOHOM, B Ha­

qaJibHOM H KOHetJHOM COCTOJIHHJIX COOTBeTCTBeHHO. B cnytJae HOHII-

3aQHII qi f' ( x I ' ... 'xi ... 'x N ) OIIHCbIBaeT H COCTOJIHHJI nerrpepbIBHO­

ro cneKTpa OJJ.Horo HJIH necKOJihKHX :meKTponoB. B (1.4) nepeMeH­

naJI x, = ri ,s;, r,n:e r; - KOOp)l,HHaTa HS; - cnHHOBaJI npoeKIJ,1151 

aToMHoro ::meKTpona. I1.nTerpttpoBan11e no dxi B (1.4) BKJIIOIJaeT ne 

TOJibKO HHTerpHpOBaHHe ITO BCeMy rrpocrpaHcTBy r, HO II cyMMHpo­

Baime no rrpoeK11,HII crr11Ha s. 
Ilpo11,ecc QOTOHOHH3aQHH xapaKTepmyeTCJI nOJIHblM (j V, R ( ro), 

nap14uaJ1bHblM a~· R ( ro) H iJu¢¢epeH14uaJ1bHb1M no y2J1y do~· R ( ro)/ 
dQ ceqeHHJIMH <PoTOHOHH3aQHH, r)l,e Q - TeJieCHblH yron BbIJieTa 

3JieKTpOIIa. IloJIHOe cetJeHHe (j v, R ( ro) .uaeTC51 Bbrpa)R:eHHeM 

av·R(ro) = ~: 2 L f IM~·R(rof8(E1 -Ei+ro)dEr. (1.5) 
UJC f 

3)1,eCb E; - 3HeprHJI aToMa B ero Ha'laJibHOM COCTOJIHHH, B TO BpeMJI 

KaK El - 3Heprmr KOHetJHOfO COCT05IHHJI CHcTeMhl, B03HHKIIIero H3 
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aT0Ma-MIII11e1m nocne nornorn:eHIIJI cpoToHa. CyMMIIposaHIIC no f 
npOBO)J,llTCJI 110 BCCM COCTOJimrnM, KOTOpbIC llMCIOT TY )KC caMyIO 

:meprmo El' 
Ecntt cocTOJIHIIC f npHHa)J,JIC){(HT ,lJ,HCKpeTHoMy cneKTJJY aToM­

HhIX B036y)K)J,CHMH, cpOTOH-aTOMHOC B3attMO,lJ,CHCTBMC xapaKTep1ny­

CTCJI TaK Ha3bJBaeMOH CUJlOU OCLfUJlfl.Rmopa: 

(1.6) 

r.ne ffiif = E f- E i. 3aMCTMM, qTo .D.JIJI ToqHoll: aToMHOH sonHosoll: 

cpyHKllJIM ceqeHttJI M CMJihI ocl(IIJIJIJITOpa B cpopMax .D.JIMHhl R JI CKO­

pocTM v COBila)J,aIOT, HO )J,JIJI npn6mDKCHHhIX BOJIHOBbIX cpyHKl(llH 

OHM MoryT 6bITh OTJmqHhI. 

Tiomme ceqeHMe ll CllJlhl OCl(llJIJIJITOpa, BhllJMCJICHHbIC c TOqHbl­

Mll BOJIHOBhIMll cpyHKl(llJIMll HaqarrhHhIX ll KOHClJHhlX COCTOJIHMH, 

no.D,qMHJIIOTCJI TaK Ha3hIBaCMOMY 30flOmoMy npaeu!ly cyMM: 

(1.7) 

r.n.e I - noTeHQttan HOHII3aUMM aToMa, TO ecTh MMHMMaJihHaJI :mep­

rttJI, T}Je6yeMaJI .n,rrJI y.n.aneHMJI 3JICKTJJOH 113 aToMa. 

Tiapn:HaJihHOe ceqeHIIe O' ~· R ( ffi) xapaKTCpM3yeT y.narreHMe aTOM­

HOro 3JICKT}JOHa ll3 .naHHoro COCTOJIHMH, llJIM c ypOBHJI 3Heprllll. 

,!1,ttcpcpepem~ttarrbHOe no yrny ceqeHHe dcr ~· R ( ffi)/ dQ. xapaKTepH3yeT 

npouecc cpoTOHOHH3aUMll, B KOTOpOM BhIJICTaIOll(lIH 3JICKTJJOH, Ha3hl­

BaeMhJH cjJom03JleKmpOHOM, IIOKH,lJ,aeT aTOM B 3a)J,aHHOM Hanpasne­

Hllll, B 3JICMCHT TCJICCHoro yrna dQ. OTHOCMTCJlbHO HMnynhCa Harre­

Ta10rn:ero cpornHa. 

1.2. 0~1103Jie1apo1111oe rrptt6JimKe1rne 
XapTpH-<l>Oirn (X<I>) 

B npH6JimKeHHH X<P aTOMHh1e BOJIHOBhIC cpynKUHH HaqanhnhIX 

ll KOHeqHhIX COCTOJIHHH npejj,CTaBJICHhl B Bll)J,C aHTHCMMMCT}Jll30BaH­

HhIX npoH3BC)J,CHlIH O,lJ,H03JICKTpOHHhIX BOJIHOBhIX cpyHKUHM 

q> 1 ( r, s ). B :noM no.nxo.n.e npeJJ:rrorraraeTcJI, :iTo see 3JICKTJJOHhI .D.BJJ­

)KYTCJI B caMocornacoBaHHOM noTeHuttarre u X<I>(r), TaK qTO )J,JIJI no-
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nyqeHH51 aTOMHOH BOJlHOBOH tj:>yHKIIHH .r:i:omKHO 6hITb peUieHO cne.r:i:y-

10ruee ypaBHettue: 

(1.8) 

B npu6nmKeHHII X<l> pernemrn (1.8) npe.r:i:crnBneHo KaK 

r.r:i:e A - onepaTop rrepecTaHOBOK Koop.11:1rnaT II crrHHOB, KOTophIH pa­
BeH + 1 B cnyqae qeTHOro qHcna rrepecrnHOBOK H -1 B cnyqae HeqeT­

Horo HX qHcna. Orrpe.r:i:emrn O.[(H03JieKTpOHHb}e BOJIHOBbie <PYHKIIHH 

<p 1 ( r, s) H caMocornacoBaHHhIH noTeHI~1rnn U xcv ( r) H3 Tpe6oBaHH51 

MHHIIMH3aIIIIll IIOJIHOH 3HeprnII aTOMa Ha 6a3IICe (1.9), nonyqHM 

cne.r:i:ymruee ypaBHemre: 

N 

tl z " ' ' 1 --<p.(x)--<p.(x)+L.Jdxcpj(x) , x 
2 1 r 1 ' \r -r\ k=1 

x[cp k(x')cp /x)-<p 1(x')<p k(x)] = E1 cp 1(x). (1.1 O) 

3.r:i:ccb E . o6o3HaqaeT 0.l1.HOqacTHqHyIO 3Hepnno 3JieKTpoHa B COCT0-

5IHHH j. B octtoBHOM cocT05IHHH aToMa 3arr01rneHhI N HaH6onee HH3-

KHX ypoBHei1: ::itteprnH. BBe.r:i:eM ypoBeHb <Pep.Mu F KaK 3arronHeHHhIH 

ypoBeHb c caMoii BhICOKOH :mepru:eii. Tor.r:i:a orpam1qem1e B cyMMe 

no k MO)KeT 6bITh rrpe.ncrnBJieHo KaK k s F. 
3neKTpOHHa51 3HeprH51 E . orrpe):(eJieHa 2Jla6HblM K6aHm06bZA1 

j l v 
l/UC.70M n; II yrnOBbIM MOMeHTOM i• KOTOpbm orrpe.r:i:eJrneT pa.[(HaJib-

HyIO qacTb BOJIHOBOii cPYHKIIHH. 3neKTpOHHhJe ypoBHH o.r1ttoii H TOH 

)[(C 3HeprHH 06pa3y10T nodo60J!Ol/Ky, B TO BpCM51 KaK BCe ypOBHH c 
TeM )[(e caMhIM rJiaBHbIM KBaHTOBbIM qu:CJIOM o6pa3yIOT o60ll0l/T<.y. 
0.r:i:Ho3JJeKTpOHHhie BOJIHOBhie tj:>yHKIIHH opTorottaJihHhI II HOPMHpo­
BaHbI: 

r.D.e bit= 1n8 J#= 0. 
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Pernemrn ( 1.10) B j > F - :no BOJIHOBhie <f>yHKUHH ,llOIIOJI­

mITeJibHOro, T. e. N + 1-ro 3JieKTpoHa. OHM MoryT cooTBeTcTso­

BaTh OUCKpemHOMY (E . < 0) H Henpepbl6HOMY (E . > 0) CIICKTPaM. IlpH 

E . > 0 perneHHH (1. r'o) cymecTByIOT )J;JI51 Jifo6oif BeJIHTUIHhI 8. 

Ha 6oJihllIOM paccT05IHHH OT aToMa 3TH pellleHH51 ocummupy10T. 

OHM HOpMupoBaHhI cJie)J;y1omHM ycnoBueM: 

(1.12) 

r)J;e 0 ( E - E ') - )leJibTa-cpyHKUH51 ,[(HpaKa; f ( l')- yrnOBOH MOMeHT 

3JieKTponoB; m ( m')- ero npoeKUHH na HeKyIO 3apaHee BhI6paHHYIO 

OCh Ms (s') - ero CIIMH. 

B npu6Jm:>KeHHH X<l> ( 1.10) JJ,HIIOJihHhie aMnmny)J;hI <f>ornnorno­

IUCHH51 onpe.n.eJieHhI KaK MaTpHti:Hhie 3JieMCHThI onepatopOB 

d v = ( B v) HJIH d R = ro( 8 r) 

(CM. (1.2) M (1.3)): 

d~:R(ro) = J.drcp; (x) Jv,R <p/x). 

(1.13) 

(1.14) 

Ceti:eHHe <J:>orn110Hmaum1 B npH6JIH:>Kemm X<l> onpe)J;em1eTc5I ypaB­

HCHMeM, no.n,o6HhIM (1.4), c M v, R ( ro), 3aMeHeHHhIM Ha d v, R. Ta :>Ke 

caMa51 CMTyau1rn llMeeT MeCTO ,[J,JI51 CMJI OCUMJIJI5ITOpa. 

1.3. ,I(HarpaMMHaSI TCXHHKa 

Ba)l<I-Ihiii 3JieMeHT TeopeTuti:ecKoro onucaHH51 npoueccoB, KOTO­

phie. paccMaTpHBaIOTC51 B .n,aHHOM KHMre, 3TO C03,D;aHHe HX cxeMaTH­

qecKoro 3CKH3a - )J;HarpaMMhl, B KOTOpoli IlCIIOJih3YIOTC51 o6o3Hati:e­

HH51 u KOTopaH CKOHCTPYMPOBaHa no MeTo.n,y, npe,llcTaBJieHHOMY 

HH:>Ke. JTH .n;HarpaMMhl 6hIJIH BBe)J;eHbl IlICCTb.L(CC5IT JieT Ha3a,ll B 

KBaHTOBOM 3JieKTpO.[(HHaMHKe Il 3aTeM ycnellIHO npuMemIJIHCh Il 

npHMeH5IIOTC51 B .llpyrHx o6nacrnx cpH3HKM, nptt OIIMCaHMil TBep.[(blX 

Ten, KOH,[(eHcttpOBaHHblX COCT05IHMH, aTOMHhIX 51,Uep. 

B ,[(HarpaMMax ncnonh3YIOTC51 cne.[(y10m11e o6o3HatJ:eHM51: 

a) nyHKmUpHaR AUHUfl npe.[(CTaBJI5IeT HeCTaUMOHapHoe BHenrnee 

IIOJie, a MMeHHO ¢oTOH: 

(1.15) 
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6) JtUHUJl co cmpellKOU Hanpaeo 0601HaqaeT 3JieKT})OH B co­

CTOHHHH V1' OIIHChIBaeMOM B npH6JIH)l(eHHH X<t> BOJIHOBOH cpyHK-

11,Heii <!>v/r,s), KOTopaH onpeAeneHa (1.10): 

(1.16) 

B) JlUHUJ/, c 060UflOU cmpeRKOU o603HaqaeT 3JieKTpOH B ,L(HCKpeT­

HOM B036y)l(AeHHOM COCTOHHHH V1' OIIHChJBaeMOM B nptt6JIH)l(eHHH 

X<t> BOJIHOBoii cpyHK11,Heii, .n;aHHOii: cpopMynoii (1.10): 

(1.17) 

r) JlUflUR co cmpe!lKOU Hafle(JO npeACTaBJIHeT BaKaHCHIO B COCT051-

HHH Vz, OIIHChIBaeMOM B npu6nmKeHHH X<t> BOJIHOBOH cpyHKll,Heii, 

onpe,geneHHOM B (1.10): 

(1.18) 

.n:) 60J1Hucma51 flUHUR 0601HaqaeT KynottoBcKoe B3aHMo.n;eikTBHe 

Me)l(AY aTOMHhlMH :rneKTpOHaMH HJIH B3aHMO,D,eHCTBHe Me)l(AY aTOM­

HhlM 3JieKT})OHOM H HaneTaIOIUHM 3JieKT})OHOM HJIH l103HT})OHOM B 

npo11,ecce pacceHHHH: 

(1.19) 

e) KpyJtCoK HJIH mo'lKa 0603naqaeT aKT B3aHMO):(eHCTBH5l Me)l(JJ:Y 

rroneM H 3JieKTpOHOM: 

• (1.20) 

Hcnon1>3y51 3TH 0601HaqeHH5l, TaK :>Ke KaK cnoBa oqeHh npocToro 

CJIOBap51, Mhl MO:>KeM C03):(aTh 3JieMeHTapHhle }1.HarpaMMhl, OilHChIBa­

IOIUHe B3aHMOJJ:ettCTBHe Me:>KAY aTOMHhIMH 3JieKT})OHaMH HJIH Me:>KAY 

aToMHhIMH :meKTponaMH H BHeIIIHHM noneM. CneJJ:yIOIUa.sI .n;uarpaM­

Ma o6'b51CH5leT B3aHMOJJ:eHCTBHe cpOTOHa c aTOMHhIMH :meKT})OHaMH, 

KOTOpoe BeJJ:eT K o6pa30BaHHIO napbl 3JieKT})OH-JJ:hlpKa V1 V2 H no­

rnomeHHIO cpoTona c 3Heprueii w: 

(1.21) 
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AHHU2U!l5llJUfl (Konnanc) napbI 3JieKrpoH-;J:&rpKa v 1 v 2 c 3MMC­

cnei1 cpOTOHa (l) MO:>KeT 6&ITh npe.ucTaBJieHa KaK 

(l.22) 

Cne.n.yromHe 3J1eMeHTapHbie npouecchr MoryT 6&ITh TOJI&Ko snp­

Tyan&HhIMH (BpeMeHHbIMH): «C03,UaHHe» napbI 3JieKTpOH-;J:blpKa 

V1V2 H cpOTOHa (l) ll3 BaKyyMa 

(1.23) 

M aHHMrHJrnll,IUI 3JieKTpOH-.l(blpoqHoH naphl H cpoTOHa co B Ba1<yyM 

(1.24) 

B3aMMO)J.eHCTBHe Me)J<.uy .UBYM51 3JieKTpOHaMH B COCTOHHHHX V1 H 

V3 OilHCbIBaeT, Bo-nepBbIX, aKT pacce51HIUI 3JieKTpOHa V1 .n.pyrHM 

3JieKTpOHOM V3, B pe3yJ1bTaTe qero OHM nepexo.n..HT B COCT051HH51 V3 H 

V4: 

::=:=1 =: :: (1.25) 

::=: i=: :: (1.26) 
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Paccen:rme JlhipKH v 4 3JieKTpOHOM v 1 mm ttao6opoT onttchrnaeTc.sr 

.n:ttarpaMMaM11: 

a v, 

vl : I : Vz 

V4 
Vz 

V3 V4 

V3 

(1.27) 

Brnpan: ;:I;ImrpaMMa (1.276) npe.n.cTaBJUieT anHHI'Hmu~mo napi,1 v 1v 4, 

corrpoBO:>I<):laeMOM C03,UaHHCM napb! B .n:pyroM COCT05IHHH v 2 v 3. 

PacnpocTpaHemre 3JICKTpoHa v 1 (HJIH .LlhipKH v 2) MO>KCT conpo­

BO>KJJ.aThCR ero nepeXO)lOM B V2(V1) H C03,llaHHeM naphI V3V4. 3TO 
MoJKno orrncaTh cne.n:yIOlllJfM o6pa3oM: 

a 6 
vi __ _., ____ _., __ v2 

V1----.... ---+---.-~-V4 

V4 Vz 

V3 

(1.28) 

Pacnpoc1'paHeHHe 3JieI<rpoHa v 1 (mm .UhipKH v 2) MO>KeT TaK>Ke 

conpoBO)K)J,aTbC51 aHHHrMJI51UHCH napbl, KOTOpaJI MO:>I\eT 6hITb rrpe.n:­

CTaBJiena B BH.)le .nMarpaMM -- 3epKaJihHhIX orpa)KCHHM (1.28) OTHO­

CHTCJihHO BOJIHHCTOH JIHHHH KYJIOHOBCKOro MC:>K3JICKTpOHHOrO B3aH­

MO)J,CHCTBHR. 

EcTb .n:sa cne.ri;yromux BHpTyaJihHhIX 3JICMCHTapHbIX rrpouecca: 

C03):lamre .u;syx 3JICKTpOH-Jl,blpOqHblX nap V2V1 H V3V4 H3 BaKyyMa" 

aHHHrHJUil(HR HX: 

a 6 
Vz "1 

VI "2 (1.29) 
V4 V3 

V3 V4 
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Ka)l(;::t;a.11 B OT;::t;eJihHOCTH mm KoM6nHal(HR 3TJIX 3JieMettrnp­

HbIX ;::i;narpaMM npe,n;cTaBHT mo6o:H cpH3nqecKHH npouecc, KOTo­

pbIH 6y,n;yT paccMa·rp1rnaTbCR B 3TOH H CJie;::t;yIDmnx rnasax ;::t;aHHOH 

KHHrJI. 

qyo6b1 nocYpOJITh ,n;JiarpaMMY aToMnoro npouecca, cnaqana 

)J;OJI)KHbI 6hITb npe.n;CTaBJICHbI Ha'IaJibHOe H KOHC'IHOe COCTORHirn rro­

cpe;::t;CTBOM 3JieMenrapHhIX .n;narpaMM. HarrpJIMep, .n;mr cpoTOJIOHH3a-

1urn c y,n;aJieHHeM O,lJ;HOro 3JieKYpOHa H3 aTOMa-MJill!eHH cpoTOH 

(1.15) JI 3neKTpoH-;::t;b1po1maR napa 3a.n;aioT HatiaJibHoe H KoHequoe 

COCTORHHe COOTBeTCTBeHHO. LI.rm ynpyroro ormcaHHR paccemurn 

3JICKYpOHa JI uaqaJibHOC, H KOHCqHoe COCTORHH5l ,lJ;OJI)KHbl 6hITb 

rrpe;::t;cTaBJICHbl JIHHHRMH co CTpCJIKaMH, opneHTJipOBaHHhlMH na­

npaBo ( l.16). IT pH «pacna;::i;e» BaKaHCJIH ee COCT05IHHe 1I3MCHRCTCR, 

a 3Hepnrn nepexo;::i;a n;::i;eT Ha co3;::i;aHne 3JieKYpOH-;::t;brpoqtto:H 

napbl. 3;iecb naqaJihHOe COCTORHHC CCTb BaKaHCHJl ( 1.17), B TO BpeMR 

Kai< KOneqHoe COCTQ}!HJie -- 3TO BaI<aHCH5l H 3JICKYpOH-)J;bipoquaR 

napa. 

ITocTpoeHJIC ,n;narpaMMbI nalfttHaeTCH c caMoro HH3I<oro nopR,nKa 

no Me)K3JieK'rpoHHOMY B3aJIMO,lJ;CHCTBJIIO. I~eJib COCTOHT B TOM, qTo-

6bI npe,n;CTaBHTb npouecc npJI HCCJIC)J;OBaHJIJI I<aK pa3BJITJie OT ero 

naqaJibHOrO K KOHeqnoMy COCTOHHHIO qcpe3 caMh!H KOpOTKJIH pH,n; 
:meMeHTOB MC)l<qacTH'IHoro B3aHMo.n;ei1cTBH5l. HanpHMep, caMaH 

npocrnR .n;1rnrpaMMa cpoTOHOHH3aQHJI -- ( 1.21 ), a ( l.28a) - caMaR 

npocrnR ,nJiarpaMMa neynpyroro pacceHHJIR 3JieKTpona c co3,naHHCM 

31reKTpon-.u11poqnoi1 napbI. 

I-faqaJibHble JI KOHe1Ulbie COCTORHHH MO)l(HO TaK)l(e coe,n;mmTb 

BMCCTe, JICIIOJib3YR l\eJiblH p.11,n; 3JieMCHTapHhIX aKTOB B3aHMO,lJ;eHCT­

BHH. HanpnMep, cne,n;ymn~aH ;::t;JiarpaMMa npc;::i;cTaBJIReT BKJia,n; B aMn­

nnTy.n;y O,!l;H03JICKTpmrnoH: cpOTOHOHH3all;HJI c C03,lJ;aHHeM 3JieKYpOHa 

v 4 JI BaKaHCHH v 3' KOTOpaR BKJII{)qaeT H B3aHMO,lJ;ellcTBHe c 3JieKT­

poH-)J;blpOlfHOH napoii \11 V2: 

(l.30) 

}~HarpaMMhl npe;wraBJIHIOT rrpoqecc, pa3BHBaIDll\HHCH BO BpeMeHH. 

BpeM}I c 1mraeTCH HapacTaiomJIM cnesa Hanpaso. 
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Crre.n:yrorn.ue TaK Ha3hIBaeMhie npaeUJla coomeemcmeuR rro3som1-

IOT 1-IaM CB.II3hIBaTh aHanHTHqecKoe Bhipa)l(eHIIC c .[(MarpaMMOH-pH­

cyHKOM . .IJ:m1 :noro tta.n:o: 

- IIpMIIIICaTh Ha6op COCTOHHIIH V l , V 2 , ... , V n BCeM :meKTpOHaM 

M .[(blpKaM .n:uarpaMMbI; 

- ssecTM «pacceqeHM.II» .[(IIarpaMM, T. e. napucoBaTb B .n:eH:cTBII­

TenhHOCTII 1mu Boo6pa)J(aeMo Bepn1KaJ1bHhie nHHIIH, pa3.n:enmou~11e 
Ka)l(,[(Oe C06bITIIe B3aHMO.[(eHCTBIIH Me)l(.[(y aTOMHhIMH :meKTponaMM 

IIJ1II aTOMHhlM 3J1eKTpOHOM II cpoTOHOM; 

- COOTHeCTH Ka)l(,[(OMY pacceqeHHIO TaK Ha3hIBaeMhlH ::mepreTH -

qecKIIH 3HaMeHaTeJ1h 

( 1.31) 

r.n:e L £ h H L £ P - coorneTcrnemrn nonHhie 3Hcpr11u scex .ll.hI­

poK H :meKTpOHOB, BKmoqeHHhIX B pacceqeHIIe; E1n HBmieTcH rrocTy­

narorn.eii 3tteprneii, T) -7 O; 
- Ka)l(,[(OMY aKTY B3aIIMO,[(eMCTBII.II cpoTona c 3J1CKTpOHOM HJIH 

.[(hipKOH (1.21)--(1.24), r)J.e µ(k) 3a,[(aHo (1.1), COOTHeCTH MaTpIIq­

HhIM 3J1eMeHT 

(1.32) 

(1.33) 

- Me)l(3JieKTpOHHOMY B3aHMO)J.CMCTBIIIO (l.25)-(1.29); 
- rrpocyMMHposaTh H rrpoMHTerpIIposaTh no BCCM COCT05IHIIHM 

BHyTPeHHIIX 3J1eKTpOHOB II .[(hlpOK vj c yqeTOM Toro, qTo T) -7 0 B 

(1.31) noKa3hIBaeT nanpasnenIIe o6xo)J.a rrorrroca B ( 1.31 ); 
- yMHO)KMTh nonyqettttoe Bb1pa)l(ettue Ha (-1 )Q, r.n:e Q - cyMMa 

qucna ,ll.blpoqHhIX J1HHIIM B ,[(HarpaMMe H qIIcna 3aMKHYThIX 3JieKT­

pOH -,ll.hlpOqHbIX neTeJ1b. 

Pe3ynhTa-roM npose)J.eHMH scex 3THX .D.eHCTBHH CTatteT nonyqe­

HIIe BKJia,ll.a ,[(aHHOM ,ll.IIarpaMMbl B aMilJIHTy)J,y HCCJie,ll.yeMoro npo­

uecca. 

24 



HanpttMep, BKJia.U )lJiarpaMMhI (l.30) paseH 

(v1 jµ(k)jv 2) (v1v3 jV(v2v4) 3 ----------(-1). (1.34) 
E -£ +ro+irl 

V3 V3 

3.uecb Q = 3, TaK KaK B )lJiarpaMMC CCTb O)lHa 3JICI<TpOH-)lblpOqHa5I 

neTJI5I JI ,l.1,BC ,l.1,bipoqHhie JIJIHJIH v 2 JI v 3 . Eorree cnmKHhie ,l.1,JiarpaMMhI 

MoryT 6I:.ITb C03)laHbI TOqHo TaK )KC, JI anaJIJITJiqeCKJIC Bblpa)l(CHJI5I 

CB5I3aHbI c HilMM TCM )l(C caMbIM cnoco6oM. 

Pa3Hoo6pa3JIC )lMarpaMM, B npttmume 6eCKOHC'IHOC, COOTBCTCT­

BYCT mo6oMy qrn3ttqecK0My np01-'eccy c .uaHHhIMJI HaqaJibHhIM M KO­

HeqHhIM COCT05IHM5IMil. OrpaHHqllB paccMOTPCHile HCKOTOpbIMil 

OT06paHHblMJI ,l.1,IlarpaMMaMil, MO)l(HO CB5I3aTh HX c COOTBCTCTBYIO­

Il(MMH aUaJIIITJiqecKHMM Bbipa)l(CHM5IMM M TaKMM o6pa30M fIOJJyqMTb 

aMnJIHTY.UY Jiccne.uyeMoro npouecca, Bepo5ITHOCTh KOToporo npo­

noputtouanbHa KBaJ~paTy MO.UYJI5I aMilJIHTY.JlbI. Ilomrn5I BCp05ITHOCTb 

npouecca B e.umrnuy speMeHM - :no cyMMa KBa.upaToB Mo.uyrreii 

aMIIJIJITY.U no BCCM B03M0)l(Hb!M KOHCqHblM COCT05IHM5IM, ycpc.uuen­

Ha5I no uaqaJihHbIM COCT05IHJHIM c yqeTOM BblTIOJIHCHM5I 3aKona co­

xpanemrn 3Hepnm. CornacHO 3TOMY 3aKOHY 3HeprHJI CilCTCMbl B ee 

naqanhHOM M KOneqnoM COCT05IIUI5IX ,l.1,0JI)l(Hbl 6bITb paBHhl. 

1.4. Mnoro•-rncTffqHaH TeopttH B03My~eHnii (MTB) 

B nacTo5Imee BpCM5I, HCCMOTp5I na 6bICTpoe pa3BMTJie BhJqIIc­

JIHTCJihHOH TCXHHKH, HCB03MO)l(HO OilMCaTb aToM, co.uep)l(aIQHH N 
3JICKTponoB c N > 2, Toqno perua5I ypaBHCHile Illpe,D,nHrepa .llJl5I Bcex 

N 3JICKTponoB, B3aJIMOJICMcTBymmJix .llpyr c .upyroM qepe3 1<ynonoB­

CKIIH noTemvrnn H .llBHra10m11xc11: B none 11:.upa 1apR.ua Z. TaKHM o6-

pa30M, npJI JICCJIC,ll,OBaIUIJI aTOMOB HCJI36C)l(Hbl yupoIQCHJI5I JIJIIl MO­

JWJ!Il. 

CymeCTBCHHhie ynpomenn5I cTauoBRTC5I B03MO)l(HhIMJI JI onpaB-

1.1,aHHhIMJI, Kor,D,a B3aJIMO.lldicrnne cna6o. Tor.ua ero MO)l(HO pac­

cMaTpMB3Th, ttcnoJ1h3ySI meopwo eo3A1yUJeHuii. B 3TOM KHMre MhI MC­

cne.uyeM B33MMO)lCHCTBMC 3TOMOB TOJihKO c IIOJICM cpOTOHa HM3KOH 

MIITCHCMBHOCTM. Il03TOMY cpOTOH-3JICKTpOHHOe B3aMMO)lCHCTBMe ,D,0-

CTaToquo yqeCTb TOJibKO B caMOM Hll3IIICM rropR)lKC TeopIIH B03MY­

I1ICHtl.SI. ).l.JIR cpoTonornomeHM5I 3TO 03HaqaeT, qTo COOTBCTCTBYIOil(JIC 

aMilJIMTY.llhl 6y.llyT paccqJITaHbI B rrepBOM nop5I.UKC no µ(k) [CM. 

(1.1)]. 
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C1uyal_\m1 c 3JieKTpoH-3JieKTpOHHbIM H 3JieKTpoH-H.llepHbIM B3aH­

Morr,ei1cTBHHMH HaMHOro CJIO:>KHee. ,Il,eHCTBHTeJlbHO, 3TH B3aHMO,UeH­

CTBHH MO:>KHO paccMaTpHBaTb KaK B03MyIUeHHe BOo6me, TOJlbKO KOr­

.u:a OTHOCHTeJibHaH CKOpOCTb B3aHMO.ZJ;eHcTByIOIUHX qacTHU HBJIHCTCH 

60JlbIIIOH. B aTOMC .u:erro o6CTOHT He TaK. oe3 COMHeHHH, X<P-noJie 

OTJIHqaeTCH OT qncTO ».nepHoro .UOCTaTOqHo CHJlbHO. 11o3TOMY 6y.uyT 

HCnOJib30BaTbCH O.U:H03JieKrpOHHbie H O,lJ,HO.llblpO'iHbie COCTOHHHH, 

paccqRTaHHhie B np116rr11:>Keu1111
1 
X <P ( 1.10). 

B3aHMo.neikrn11e Me:>K,ll:Y 6h1cTpoil: Hanern10meii qacnuJ,eii 11 

3JieKTponaMH MHillCHH TaK:>Ke .uocTaTO'iHO yqccTb JIHlllb B nepBoM 

nopH.llKC no V. CyaJ,ecrnycT ueJibIH pjl.n npoueccoB, 1rnnpHMcp pac­

na.n BaKancrrn c ncnycKaHHeM 6bICTpbIX 3JICKTpOHOB HJIH cl>oTOHOB 

BbICOKOH 3Hcpnrn, r.[(e TeOpHH B03MyJlieHHH no MC:>K3JieK11JOHHOMY 

B3aHMOL(eiicrnmo MO:>KeT 6bITh TaK:>Ke npHMCHena. Teop1rn B03MyIUe­

mrn:, ,[(a:>Ke B CC IIH3I1ICM llOpH.[(KC, MO)KeT HCIIOJib30BaTbCH B JII060M 

CJryqae npH H3y'IeHHH CJIO:>KI-IOro npouecca, KOTOpbIH HBJUICTCH 

CJIHIUKOM 1'PYAHbIM HJIH HCB03MO)KHbIM .[(JIH paccr.10TpenHH. B no­

cne.nneM CJiyqae IIOJIY'ICHilblC .[(aHHbie .[(OJI:>KHbI HCUOJib30BaTbCH c 

pa3yMHOH OCTopmKHOCTbIO, HMC}l B BH.lly, 'ITO :no MO:>KCT 6bITb ue 

.[(OCTaTO"IHO TO'IHO. 

flpcHMYII(eCTBO no.nxo.na, OCHOBanuoro na TCOpHH B03MYIUCIIHH, 

COCTOHT B TOM, 'ITO HCXO,ll,l!OC rpy6oe npH6JIH:>KCHHe cpaBirnTeJibllO 

JICI'KO fIOJIY'IHTb, lI MCXaHH3M pacCMOTpCHH}I CTaHOBHTCH HCHb!M H 

O'ICBHJJ.HbIM. B Ka'Iecrne npHMepa nocJ1e.nueii CHTYal\HH, paccMoT­

pHM )J.BYX3JICKTponny10 cl>oTOHOHH3aumo, T. e. npouecc, B KOTOpOM 

.[(Ba 3JieK11JOHa Y.llaJICHbI H3 aroMa nocrre nonmmcHHH o.uttoro cl>oTo­

na. CaMbIC npocThie .nnarpaMMbI, onHCbIBaIOIIJ.HC co3.u;anHe ;:i:Byx 

3JICKrpoH-,ll,bipO'IHbIX nap O.[(HHM qJOTOHOM BbII'JU!.[(HT CJie)J.yIOIIJ,HM 

o6pa30M: 

a 6 (3 

v, V2 
V3 

(0 ----
v2 

V4 

v, 
V3 

v, 
V3 (0 

V4 
V4 

v2 

(1.35) 

f)J,C )J,HarpaMMbI (1.35 a) H (1.35 B) onHCbIBaIOT BbI6HBa1rne 3JICI<Tpo­

Ha II nepexo.[( H3 COCTOHHHH V3 B COCTOHHHe V4 BCJIC.[(CTBHC pacceH-
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mur 3JieK-rpoHa (mm: .n;hipKH) v 5, conpoBO)J(,n;aeMhIH nepexo.n;oM no­

cne.n;Hero B COCTOHHHe V2. 3aMenIM; qTo B nepBOM nopH.n;Ke HapR.n;y c 

JJ:narpaMMOif (1.35 6) cyru;ecTByeT no.n;o6HaH en, B KOTopoif Hanern-

1oru;Hif cpoTOH B3aHMo,neiicTByeT He c 3JieK-rpOHOM, a c ,[(blpKOM. 3Ta 
.nttarpaMMa BMeCTe c (1.35 6) H COOTBeTCTByeT B3aHMO,[(eHCTBHIO 

Me)J(,ny 3JieKTpoHaMH B OCHOBHOM COCTOHHHH. B pe3YJibTaTe ,neiicT­

Bml MexaHH3MOB, rrpe,nCTaBJieHHbIX )J,lrnrpaMMaMH { 1.3 5), ,UBa :rneKT­

poHa y)J,amnOTCH H3 aTOMa HJIH rrcpeXO,[(HT B B036y)J(,neHI-Ibie co­

CTOHHHH. 

lfro6hI rroJryqnTb .nocrnT01:1no Toqnhre pe3yJihTaTbI ,[(JUI ,nByx-

3JieK-rponnoii cpoT011011H3ailHH nptt ue oqeHb BhICOKOM w, uy)J(HO 

yqeCTb Bile paMOK MTB no Kpaiineii Mcpe B3aHMo,neiicTBHe Me)KAY 

XlBYMH aTOMHbIMH 3JieK-rpOHaMH v Iv 4· B naqaJibHOM COCTOHHHH cne­

nyeT yqecTb B3aHMO,UeMCTBHe MC)J()J,y ABYMH MOHM3yeMbIMH 3JICKT­

poHaMM sne paMoK MTB t1;a)Ke /lJIH BhICOKHX w. O,n;naKo Bb1qnCJie­

HHH, MCUOJib3YIOill;Me aMIIJIHTy,ny, mo6pa)KeHHYIO B (l.35), ,n;aIOT 

BCChMa xopomee nepBoe nptt6nmKenrre K peaJibHOM cHTYailHH. 

He CJIHIIIKOM TPYAHO yqecTh nonpaBKM no V cJieJw1oni:ero no­

PRAI<a I< (1.35). 0AHaKo y)Ke BKmoqeutte scex •menoB TpeTbero no­

pR,nKa -- oqcHb cnoJirnaR 3a,naqa, ITo3TOMY pacqeTbI B paMKax MTB 
orpa1mqeHbI He 6oJihlllC, 'leM BCeMH ,nnarpaMMbI TpCTbCro nopH.n;I<a. 

Koue11no, ner<0TOpb1e qJieHbI 6ecKoueqHhIX rropRAI<OB yqHThIBaIOTCH 

BbI6opoM Xc:D-cpynI<IlHM B KaqecTBe OJ.:lH03JieKTponnhIX. Ho Boo6ni:e, 

npM 'lHCJie Me)K3JieK'TpOHHbIX B3aMMO].:lCHCTBHM, npeBbilllaIOmeM 

TpH, ,na;Ke napHCOB~lTb BCC ,UHarpaMMbI CTaHOBHTCR 3anaqen, OTHH­

MaIOUlCH /lOBOJibHO MHOro BpCMCHM. I.fro ;Ke KacaCTC5l pac11ern COOT­

BCTCTBYIOUUIX Ma-rpMqHbIX 3JICMeHTOB, TO 3TO CTaHOBMTCJI npOCTO 

HCB03MO)J(HbIM. l~CHCTBHTCJibHO, npM tJMCJIC C06bITHH B3aHMO,neMCT­

BMH, pasnoM NHllT, 1.JHCJIO .nttarpaMM pasno Nmn! PacqeT BKJia}.:la KaJK­

.n;oij ,nannoii ,UHarpaMMbl CTaHOBHTCH BCC 6onee CJIOJKHbIM c yBCJIM­

tJCHMeM N1111T, TaK KaK "LJHCJIO npoMeJI<yTOl.JHhIX cocTOHHMii yserrnqn­

BaCTCH, a CJIC.ZJ;OBaTeJibHO, M t{HCJIO -rpe6yeMbIX MHTerpttpOBaHHH H 

cyMMMpOBaHHM. 

0.mraKO qacTO HCilOJib3YCTCJI .npyroH TIO,[(XO,[(. yqHTbIBaIOTCH l.lJICHbl 

scex cTeneneii no V, no B Ka)K,UOM nopH.lJ.KC q (T. e. c npomse.uem1eM 

q MaTpH11HbIX 3JieMCHTOB V) coxpa1rneTCH orpaHJ1l.JeHHOe qncno tJJie­

HOB pa3JIO)J(CHHH. OqeBn.n;no, ,naJI<e qacTh 1:1nenoB Bcex cTeneneii no 

v He MOJI<eT 6bITb npocyMMHpOBana nocne,noBaTeJlbHO, y1:1HTbIBaH 

OJ.{HH nopH.IJ.OK 3a ,npyrnM. 0,nHaKO B HCKOTOpbIX cnyYaRX TaKOe cyM­

MMpOBairne MO)KeT 6bITb BbIIlOJIHeHO nocpe,nCTBOM pemeHHH onnoro 

ypaBHeHHH (HJIH HX CHCTeMbI), Ha3bIBaeMOI'O 3aMKHYTbIM ypaBHeHH-
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CM, c IlOMOIIJblO KOTOporo Bee HCKOMbie <PYHKIJIIII Bbipa:tKeHbl qepe3 

y:tKe II3BeCTHbie. IlpIIMepOM TaKoro IlO)J.XO)J.a 5IBJU!eTC5I TaK Ha3brnae­

Moe npu6!lu;;1cern1e CllY'taUHblX rjJas c 06Me110M - IIC<l>O. 

1.5. Ilp116J1ttmenne cJJyqaii:nhlx cl>a3 c ooMenoM (IIC<l>O) 

ITC<l>O - 3TO o6o6menne npII6JIII:tKeHII5I X<l> ~ aToMa B cJia6oM 

3JieKTpOMarmITHOM BHelllHeM none HnII B B036y:tK)J.eHHOM COCT0-

5IHIIH, C03)].aBaeMOM, HanpIIMep, npII CTOnKHOBeHIIH aTOMa c 3neKTPO­

HOM II T. n. Merna 6a3ttpyeTcH Ha npeanoJio:tKeHIIII, qTo KaK B npttcyT­

CTBHH, TaK ll OTCyTCTBHe necTaIJHOHapnoro BHelllHero nonH aTOMHa5I 

BOJIHOBa5I <PYHKIJII5I B Ka:tK)J.bIH MOMeHT CCTb )leTCpMHHaHT CJieTepa, 

COCTaBJieHHbIH ll3 O)lH03JieKTpOHHblX BOJIHOBblX <lJYHKIJHH <p v (x, t). 
B lIC<l>O noJiaracTcH, qTo BapnaIJHH o;xno3neK1poHHoii BonnoBott 

<PYHKQIIH UOJJ. JJ,ellCTBHeM BHCilIHero 3JieKTPOMarHIITHOro IlOJl5I MaJra. 

YpaBHeHII5I ITC<l>O yqwnrna10T He TOnbKO JJ,ettCTBIIe BHelllHero 

nonH Ha onpe.LJ.eneHIIb!H aTOMHblll 3JieK'IpOH, HO TaK:>Ke H B3aHMO)J.ell­

CTBIIe BIICilII-Iero UOn5I CO BCeMII .ll.pyrHMH 3neKTPOHaMII. BHpTyaJib­

Hbie nepeXO)lbl, Bbl3BaHHbie 3TIIM B3aHMO)leHCTBHeM, II3MeH5IIOT 

cpeJJ,Hee aTOMHOe none, )J.eJialOT ero 3aBIIC5IIIJHM OT BpeMeHH H II03-

TOMY BC.lJ.YT K yaanenmo wntt Bo36y:tK)J.enmo aToMnoro 3neKTPOHa. 

B TepMHHax )lHarpaMM 11C<l>O COOTBeTcTByeT yqeTy aKTOB B3aHMO­

)J.eHCTBII5I Me:>K.ll.Y .lJ.bipKoii II 3JieKTponoM. CxeMaTwqecKII, ypaBHeHHH 

11C<l>O npeacrnBneHbI CJIC.ll.YlOIIJHM cnoco6oM: 
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3.n.eci, 3auITplIXOBaHHhIH Kpyr o6o3HaqaeT onepaTOp JJieKTpOH-cpo­

TOHHoro B3aHMo.n.eiicrnm1 B ITC<DO. ,[J;HarpaMMHoe ypaBHeHHe 

(1.36) MO)Ke'f 6bITb rrpottTepllpOBaHO. IlepBhIH mar 3TOH lITepa[(llll 

COCTOlIT B 3aMeHe 3annpHXOBaHHOro Kpyra TOqKOH. Tor.n.a .n.uarpaM­

Ma (1.36, 6) npeo6pa3yeTC5I B (1.30). 
,l(ttarpaMMbl (1.36) rrpe,ll,CTaBJI51IOT rrponecc cpoTOHOHH3a1(HH pa3-

BlIBaIOI1(HMC51 BO BpeMeHH, CJieBa narrpaBO, HaqlIHa51 c cpOTOHa lI KOH­

qa51 JJieKTpOH-,ll,blpOqHoH napoiI. IlOJTOMy ,ll,HarpaMMbl (1.36, 6, 6, 2) 

Ha3hIBaIOT .n.uarpaMMaMH «Bnepe.n. no BpeMenm>, Tor.n.a KaK (1.36, d, 
e) Ha3bIBaIOTC51 ,ll,llarpaMMaMH «Ha3a,ll, ITO BpeMeHll». 

YpaBHCHlIC (1.36) MO)KeT 6b1Tb anamITuqecKH rrpe,ncTaBJICHo B 

Bll,ll,e lIHTerparrbHOro. B .n.urroJihHOM rrptt6JIH)KCHllll, KOTopoe 6y.n.eT 

HCnOJib30BaTbC51 BO BCCX, KpoMe ,ll,Byx, pa3.n.enax 3TOH rrraBhl, lIMCCM 

(cM. [AC]): 

(vi )D(ro))v2 ) = (Vi Jci)v2 ) + 

+ L (v~(ro)~4)(nv4_~1)(v4V1 )U \v3v2)' 
V3,V4 fv4-fv1+ro+i11(1-2nv) (1.37) 

3.n.ecb Ma1-p11qnb1H 3JieMeHT ( v 1 J J) v 2 ) orrpe.n.erren cornacHo (1.32) c 

µ(k), 3aMCHCHHbIM Ha Jv,R H3 (1.13), a 11v CCTb TaK Ha3bIBaeMaR 

cmyneHttamaa rjJyHKlfUa <l>epMu: 

{
1 vs F 

nv = 0 v > F'. (1.38) 

CyMMHpoBanHe no HenpephIBHbIM coCTOHHHHM B (l.37) BKJIIOqaeT 

TaK)KC lIHTerpnpoBanHe no HX :meprlIRM, H II03TOMY (1.37) CCTb HH­

TerparrhHOC ypaBHCHHC. 

Ba)l<HblMH oco6ennocrnMH ITC<DO 51BJI51CTC51 TO, q'fo ,ll,JI51 perne­

HlIH (1.3 7) ,ll,OJI)[(llbI COBna.n.aTb pe3yJibTaTbl B cpopMaX «,ll,JIHHbI» H 

«CKOpOCTll» lI BbIIlOJIH51TbC51 rrpaBHJIO cyMM (1.7) Bonpe1rn TOMy, qTo 

HMeeT MecTo ,ll,JI51 rrpH6JIH)[(CHlIH X<l> lI o6mee --- B MTB-npH6Jm­

)[(CHlIHX. 3TH oco6ennocTll ITC<DO 6y.n:YT HCIIOJib30BaThCH, ~o6bl 
npoBepHTb qncrreHHYIO ToqHoCTb uarnHx BbiqHcrrenHH. Ceqe1rne cpo­

TOHOHH3a111m B ITC<DO orrpe.n:errHeTCH cooTnorneHHeM, no.n:o6HbIM 
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(1.4), c M v, R ( ro), 3aMeHeHHbIM Ha D( ro). Ta )l(e cmyau:1rn HMeeT 

MeCTO H )];JUI CIIJI OCU:HJIJI5ITOpa. 

BaJKHbIH 3JieMeHT ITC<l>O - 3TO 3ppeKmueHoe 1nauMooeucm­
eue re ro). OHO OTJIHqaeTC5I OT qifCTO KYJIOHOBCKOro B3aHMO.D;eHCTBII5I 

V-rrorrpasKaMH, Bbl3BaHHbIMII BIIpTyanbHbIM so36y:>K.11;e1-rneM .11;py­

nrx aTOMHbIX 3JieKTpOHOB B XO.lle B3aHMO.lleMCTBH5I rrapbl pac­

CMaTpirnaeMbIX '.)JleKTpoHoB. MbI MO:>KeM Bbipa3HTb B TepMHnax 

3cprpeKTHBHOf0 B3aIIMO.D;eHCTBml re ro) norrpaBKII ITC<l>O KO BCeM 

cpII3HqecKHM xapaKTepIICTIIKaM aTOMOB H aTOMHbIX rrp01~eCCOB, no­

nyqeHHbIM B npH6JIH:>KeHHH X<l>. Hx Ha3bIBaI-OT Koppe!lflifUOHHbl.MU 
nonpaeKaMu. 

Cne.11;ymn~He coo6pa:>KeHH5I rro3BOJI5IIOT naM HarnrcaTb ypaBHe­

HHe IlC<l>Q .ll;Jl5I r(ro). )J;ettCTBHe 0.llHOfO aTOMHOro 3JieKTpOHa Ha 

.11;pyroii MO:>KeT 6bITb paccMOTpeHO KaK BHeIIIHee none: 

Bv v (r) = f dx cp (x) -
1
-cp• (x). 

J 4 V3 I 'I v 4 r-r 
(1.39) 

3aMemrn B (1.37) d ua (1.39), MbI nonyqaeM Bbipa:>KeHHe .llJI5I 3rpQ:>eK­

nrnnoro Me:>K3JieKTJJOHHoro B3aIIMO.lleiicTBH5I B IIC<l>O: 

(v1v3Jr(ro)Jv2v4) = (v1v3JUJv2v4) + 

+ L ~V3Ys \r(ro)Jv4V6 )Cnv 6 - nv) (v6v1 \~t.:_v2). (l.40) 

Ev -£v
5
+ro+iri(l-2nv

5
) 

V5, V6 6 

Ha 5I3bIKe .llIIarpaMM 3cpcpeKTIIBHOe B3aHMO.D;eHCTBIIe r( ro) rrpe.D;CTaB­

JieHo ypaBHeimeM, nocTpoeHHbIM no.11;06no (1.36), r.11;e nepBbIH qneH 

B rrpaBOH qacrn - ( 1.27) BMeCTO (1.21 ). 
Ba'.>Kno 3aMeTIITb, qTo neKoTopa5I ueonpe.11;eJ1enHocTb cy~eCTBY­

eT B orrpe.11;eneHIIII nptt6ntt:>KeHII5I X<l> .D;J15I so36y:>K.11;eHHbIX cocTo5I­

HHH. obmo noKa3ano (CM. [AM]), qrn s pe3yJibTaTe 3Toro HeK0To­

pb1e qacnr BKJia.11;a .llIIarpaMM IlC<l>O MoryT 6bITb yqTeHbI COOTBeT­

CTBYIDII~HM BbI6opOM O.ll;HOJJieKTpOHHbIX BOJIHOBbIX Q:>yHKU:HH B 

rrpH6JIII:>KenHH X<l>. 3ra TeXHHKa 6y.11;eT IIIHpoKo HCIIOJib30BaTbC5I B 

CJ1e.11;y1on~IIX pa3.11;eJiaX .11;aHHOM KHHrII. 

YpasneHH5I B rrpH6JIH)l(eHIIH X<l> H rIC<l>O 06b1qHo pernaIDTC5I 

qncneHHo, pasno KaK H yqer BKna.uos pa3JIH'1HbIX .llIIarpaMM B MTB. 

Ho qT06b1 npe.llBII.lleTb KaqecTBennbre oco6ennocTH, KOTOpbre MO:>K­

no O:>KH.D;aTb B pe3yJibTaTe y1:1ern MHOl'03JieKTpOHHbIX KOppeJI5IU:IIM, 
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yMeCTHO HCil0Jlb30BaTh CJieJ1,y10rn.n:i1 IlOJl,XOJJ.. IlpeLI.CTaBHM ( 1. 3 7) H 
(1.40) B cpopMe CHMBOJJHqeCKMX onepaTOpHbIX ypaBHCHMH: 

D(ro) = d + D(ro) x ;{(ro) x 0 (l.4la) 

H 

f(ro) =rf +f(ro)x;{(ro)xrJ (1.416) 

coorneTcrnettHo. 06o3ttaqemrn oqeBM)J.HhI m cpaBttemrn: c (1.37) H 
(1.40). Hcnorrh3Y51 (l.416), ypaBHCHMe (l.41a) MO)l(CT 6b1Th npeJJ.­
crnBrreHo B crreJJ.y10rn.eil: <iJopMe: 

D(ro) = d + d(ro) x ;{(ro) x l\ro). (1.42) 

YpaBHCHH51 (1.4la) H (1.416) MoryT 6hITh rrerno pemcttbI Bone­
paTopttoH: cpopMe, KOTopa51 BCJ.(CT K CJIC)J.YIOII~HM Bbipa)l{eHlrnM: 

D(ro) = d I [1-;{(ro)xU) (l .43a) 

M 

f(ro) = iJ ; [1-;{(ro) x rJ ). (1.436) 

YpaBHettMe (1.416) MMeeT Ba)l(HYIO oco6enHocTh B pell!eHHH. 
Ilpe.ucrnBHM X ( ro) KaK cyMMY JJ.BYX qnenoB X( ro) = X 1 (ro) + X 2 ( ro). 
Tor.na, onpeJJ.CJI5151 r1 ( ro) ypaBHCHMeM 

(1.44) 

HMCCM H3 ( 1.416) Bbipa)l(eHHe )J.JI51 r( ro): 

f'( ro) = t1 c ro) +re ro) xx 2 c ro) xi\ c ro). (1.45) 

Bhlpa)KCHM51 (1.43a, 6) no3BOJI5IIOT BhIIIOJIH5ITh KaqecTBeHHhIH 
aHaJIH3 perne1m:li CHCTeMbl ypaBHCIIHH rICct>O. ,l.(eiicTBHTCJibHO, aM­
IIJIHTYLI.a D( ro) 31rn~mTCJihHO yBem1qena B 06nacT11 (J), r)J.e 3HaMeHa­
TeJib B (1.43) Man. EcJm Me)l(3JieKTpo1rnoe B3aHMOLJ.ei1crntte U ,lJ,O­
cTaToqHo CHJlbHO, 3HaMeHaTeJib npH neKOTOpbIX (j) = QGR MO)l(CT 
6hITh H paBen nymo: 

(1.46) 

CoOTBeTcTBy1oma51 qacTOTa nGR - KOMITJICKCHa51 BeJIH'IIIHa, QGR = 
= ReQGR + ilmQ. 0 R, r)J,e Re QGR n 1aR = ImnaR -- :mepnrn H 
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nmp1rna COOTBeTCTBeHHO TaK Ha3hIBaeMoro 2U2aHmCK020 pe301taHCa 

(f P). fp npOHBJUIIOTCH KaK MOmHhie, IIIHpOKHe H BhlCOKIIC MaKCHMy­

Mhl B ceqemrnx cpoTOHOHil3aU,HII pH.[(a aTOMOB. 

)_~pyroii BH.[( MaKCHMYMOB, Ha3BaHHhIX zmmep<jJepeHlJUOllHbl.MU 

pe301taHCaMu (IIP), H COOTBCTCTBYIOmtte IIM UHmep<jJepe114uOT1Hble 

MUHUMYMbl (lIM) IIOHBJIHIOTCH BCJIC.[(CTBHe B03.[(CHCTBIIH II0.[(060-

JIOqKH b c 6oJihllIHM ceqeJIIICM cpOTOHOHll3ailIIH ua JII06y10 .[(pyryIO 

no.[(06011oqKy a, ecJIH MC)I(IJ0.[(06011oqeqttoe B3aHMO.[(eiicTBIIe Uab 

,D,OCTaToquo CIIJihHO. ,1],eiicTBIITCJihHO, corJiaCHO ( 1.41 a), aMIJJIIITy.LJ.a 

cpoTOIIOHil3au,1m IIO,D,060JIOqKn a ,D,aeTCH CJIC.D.YIOinIIM ypaBHeHHeM: 

D a ( OJ1R) = d a +Db ( (J)IR) XX b ( (J)IR) XU ha "" 

(1.47) 

Ceqem1e cpoTonoHtt3aU,HH Btternueii no,D,06011oqKn, IIMe10mcii 

MCHhllIIIH IIOTCHQIIaJI IIOHH3aU,HII lo, CHJihHO MCHHCTCH B OKpCCTHO­

CTII .D.IICKpeTuoro Bo36y)I(JlCHHH BHyTpeunciI no,D,o6oJioqKH, ttMe10-

IIlCii 6oJihllIHii rroTemi:narr IIOHH3all,HH I; , T. e. I,.> !0 . B '.:HOM cJiyqae 

B OKpecTHOCTH ,D,HCKpen1.oro ypoBHH c :meprneii (J)d aMIIJIHTy.D.a cpo­

TOHOHII3aIJ:HII CilJIOIUHoro CIICKTpa De ( (1)) MO)I(CT 6hITh npe.[(CTaBJie­

Ha, B COOTBCTCTBHH c (l.4la), B ,D,OBOJihHO npoCTOll cpopMC. 

,1],eiicTBHTeJihHO, annpoKCHMnpyH X(OJ) KaK X(OJ) ""(OJ- 0Jc1 )-1, 
JierKo no11yqHTh Bbipa)I(CHHC ,D,JIH aMnJIIITY.ll.hl CIIJIOIIIHOro CIICK'fPa, 

HMCH B BII)..(y qTo 6JIII3KO K OCOOCHHOCTH B X (OJ) OHO MO)I(CT faITb 

rrpe)..(CTaBJICHO KaK 

X(OJ) ""X1(0Jc1)+(0J-0Jc1+i8)-1 = 
= X I ( (J)d ) + (OJ - (J)d )-l - i1tb (OJ - (J)d). 

I1penc6peraH .D.JIH npocTOThI qrreHOM X 1 ( 0Jc1), IIOJ1yqaeM: 

De(OJ)"" de/ (OJ-(J)d -Ude- ffc1)· (1.48) 

3)..(CCh utUpttHa f d - CJIC,D,CTBIIC pacna.ri:a ,D,IICKpenIOro ypOBHH d, 
Bhl3BaHHOro ero B3aIIMO,[(CHCTBHCM c ncnpepbIBHhlM CIICKTpOM c. 
CIIMBormqecKoe OTHornenne orrpe.ri:e11HeT Ci 

(1.49) 

B rrpIIHQnne, cc11n ecTh necKOJihKO nenpcpbIBHhIX cncKTpoB, 

B3aHMO,[(CHCTBYIOmttx c II30JIIIpOBaHHhlM .[(IICKpeTHhIM ypoBHCM d, 
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COOTHOIUe1rne (1.49) CJie,ll,yer H3MeHMTh ,ll,06aBJieHHeM cyMMHpOBa­

HH51 no BCeM d. HcnoJih3Y51 ( 1.48) H ( 1.49), MO'/R:HO nonyqHTh CJie,ll,y­

IOill,ee Bhipam:eune ,l.(JI51 ceqeuH51 cpoTOHOHH3aUHH OKOJIO ,ll,HCKpeTHO­

ro B036ym:,l.(eHH51 - pe3ouauca: 

(l.50) 

::>Ty cpopMyJry BncpBhie nonyqm1 Y. <l>auo B 1961 ro,l.(y [ 1]. * Mb1 

npHBO,l.(HM 3,l.(CCh ynpOill,eHHbie Bbipam:eHH51 H o6oHCHeHHH ,ll,JI51 BBO,ll,a 

napaMeTpOB. ,ll.eTaJihHhie Bhipa'/R:eUirn MoryT 6bITh HaH,l.(eHhI, K npH­

Mepy, B [AM]. B (1.50) p OilHChIBaeT BKJia,l.( IIpHMCCH HCCKOJihKHX 

uenpephIBHhIX CilCKTpOB, B3aHMO,l.(CHCTBYIOII~HX c 0,l.(HHM H TCM m:e 

,ll,HCKpeTHhIM ypoBneM d. EcnH TOJihKO O,l.(HH uenpephIBHhIH cneKrp 

B3aHMO,ll,CHCTByeT c YPOBHeM d, TO p = 1. IlapaMeTp <; B (1.50), onpe­

,l.(em1eTCH KaK t;; = ( (J) - (J)d - u cd ) I rd, O' 0 eCTh ceqeuHe 6e3 pe30-

uauca H q - napaMemp acuMMempuu, orrpe,neJieHHhIH OTHOilleHHCM 

q = U ct! I rt1. 
Ecm1 BMCCTO O,ll,HOro CCTh ,ll,Ba ,ll,HCKpCTHhIX B3aHMO,ll,CHCTBYIO­

ll~HX ypoBHH, cpopMyJihI ,ll,JIH ceqeJIHH CTaHOBHTCH 6onee CJIO'/R:HhIMH, 

IIOTOMY qTO B 3TOM cnyqae (l.41a) CBO,l.(HTCH BMCCTO 0,l.(HOro ypaBHe­

HHH K CHCTCMC ,l.(Byx CBH3aHHhIX anre6paHqCCKHX ypaBHCHHH. 

KoppenHUHH IIC<l>O BJIHHIOT TaK'/R:e H ua CHJihI ocumrnHropa. 

B pe3yJibTaTe HX MO'/R:HO rrpe,l.(CTaBHTh Bbipa'/R:CHHeM, KOTopoe OTJIH­

qaeTCH OT (1.6) cpaKTopoM Ft1: 

g d = -:.,2 
F d I D d ( &;d ) 1

2
. 

(J)d 
(1.51) 

3.[(CCh 3HeprHH B036ym:JJ:eHHH (J)" ,ll,HCKpeTnoro ypoBirn d, H3-

MeHHBillaHC5!: 6naro.ri:apH ITC<l>O-n9npaBKaM, .ri:aeTc51 ypaBneuneM 

&" = (J)" + r dd ( &d). AMIIJIHTYJJ:a D d ( &d ) H MaTpIIqHhIH 3JieMeHT 

f'c1c1 ( &c1) - pellleHH51 coorneTCTBYIOill,IIX ypaBnennil: ITC<l>O, rJJ:e 

3HaMenaTCJih 1 I ( ffi - ffic1) y.[(aneu H3 X ( ffi) B ( 1.41 a, 6). <l>aKTop F" 
CBH3an c rrpoH3BOJJ:HOH Ctt1 ( ffi) B w: 

(1.52) 

* B JJ:pyrnx rnaBax :na n nocne;i;y10rune ccbJJIKH rn. I ;i;aIOTC5! c yKa3attneM ce 
HOMcpa: TaK, CCbJJIKa [I] nr. I B J(pyrnx rnaBax 3aITHCbIBaeTc5! KaK [I. I]. 
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,I(eTaJIM BblBO.lla (1.51) TaKiKe MoryT 6bITb Haii.ri;eHhI B [AM]. <IJaKTOp 
Fd onpe.ri;em1eT npMMech .ri;pymx 3JieKTPOH-.llhipoqHhIX so36y:>I<.ri;e­
HMH K .llMCKpernoMy so36yiK.ri;eumo d. EcTecTBeHHO, Fd < 1. HaH-
6orree npo3paqtto BM.ri;ett cPM3MqecKMii: CMhICJI Fci, Kor.ri;a 3Haqentte 
d f dd ( ffi) / d(l) MaJIO, !I TOJibKO nonpasey BTOporo nopH.D;Ka no Ude .llO­
CTaTOqno yqeCTb Br dd ( ro). PaccMaTPHBaJI TOJibKO cimecTBeHHbIM B 
TaKOM CJiyqae BKJia.ll .llMarpaMM «BpeWI Bnepe.z:i;» B f dd ( ffi), MMeeM: 

Fd ""1 +a tdd (ro) I CO=OOu :::: 1- L _I u~~~ < 1. (1.53) 
a (l) c ( (l)d - ffic )2 

CyMMa no c B (1.53) .ri;aeT ofa1qny10 KBaHToso-MexanHqecKyIO sepo­
.IITIIOCTh Toro, qTo B3aMMO,lleMCTBHe MeiK.llY d H c B HH3llleM nop.11,llKe 
MOJKeT CMe1IIaTh MX c .ri;pyrMMH COCTO.IIHWIMH c. 

1.6. 06o6mcnuH ITC<l>O 

B paMKax fIC<IJO BOJIHOB1>1e <PYHKUHM scex saKaHcHii: paccMaT­
pttsaIOTCH KaK pellleHH.II ( 1.10), r.ri;e cyMMHposaHHe BbinOJIHeHO no 
sceM i, oT 1 .z:i;o N, a N ecTb o6mee qMcrro 3JieKTPOHOB B paccMaTPM­
saeMoM aToMe. KaK OTMeqeno B n. 1.2, .llJIH so36yiK,nennoro 3JieK­
Tpona mm 3JieK'rpona s nenpephIBHOM cneKTpe pe1IIemrn ( 1.10) ecTb 
BOJIHOBhie <PYHKUHM .nonommTeJibHOro (N + 1 )-ro :meKTPOHa. ,I(aiKe 
qMCTO mrryHTMBHO, I<a:>KeTC.11 ecTeCTBeHHbIM yqeCTb H npHcyTCTBMe 
BaKaJ-ICHM i, co3,n:amrorr B pe3yJI&TaTe cp0Tonornou~e1nrn. C03,n:a1me 
3TOM BaKaHCMM M3MeirneT ypaBHeHMe, KOTopoe onpe,nerrHeT BOJIHO­
BYIO <iJyttKumo so36YiK.lleHHoro HJIH yxo.llHIUero MOHM3MposaHHoro 
3JieKTPOHa. BMecTO (1.10) 3TO ,noJiiKHO 61>1T1> ypasttettHeM, B KOTo­
poM H3 cyMMbI no BCCM aTOMHbIM 3JICKTpOHaM o.wrn qneH, npe,nCTaB­
Jl.IIIOIUMM MOHM3Mposam11>1ii: 3JICKTPOH, y.z:i;anett. B pe3yrr1>TaTe, HMeeM 
.llJIH <pk (x)(k > F) BMeCTO (1.10): 

Auanomqno, ypamrnttMe ,nm1 BOJIHOB&IX cpyHKUMM .llpymx 3au.11-
T&1x COCTOHHMM i' MOiKeT 6bITb H3MeHCHO y,naneHMeM M3 cyMMbl no j 
qnetta c j""' i. 
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Tor.n:a cooTBeTCTBeHno ypasHeHm1 ITC<l>O .n:omKHhI 6hITh H3Me­
HeHbI TaK, q'fo sMecTO (l.37) HMeeM cne.n;y1orn;ee: 

+ L ~!D~ro)\v4)(nv4 -nv 3 )(v4i\l~\v3v2} 
E v4 - E v

3
,+ (I)+ i'tl(l - 2nv

3
) 

(1.55)· 

3TO ypaB1ie1me npe.n:cTasm1cT 0606rn;enny10 sepcmo ITC<l>O, 
HnH OrIC<I>O. Ona Bhrxo.n;HT 3a paMKH TeopeTHqecKH rrocJie,l(osa­
TCnhnoro no.n;xo.n:a ITC<l>O yqeTOM cne.n;ymn~ero cpH3HqecKoro npo­
r~ecca: B TO spCMH KaK yxo.n;HllJ;HH cpoT03neKTµOH IlOKH.n;aeT aTOM, see 
COCTOHHHH aTOMHbIX 3nCKTµOHOB MeirnIOTCH 6naro.n;apH C03.n;attmo 
3TOH saKaHCHH. B pe3ynhTaTe TaKOM nepecTµOHKH none ttona, 
.n;eiiCTBymrn;ero Ha cpoT03neKTpOH, MeHHeTCH. 3TO BnHHeT Ha. ceqe­
HHC cpoTOHOHH3au;1rn H Ha lf3MeHeHHe ero TeM 6onblllee, qeM MeHb­
Ilie 3HeprHH cpoT03neKTµOHa. 

I1epecTpoi1Ka cocTOHHHH aTOMHoro 3ncKTpo1ia 6naro.n;apH no­
Hsnenmo J(blpKH Be)leT K H3MeHCHHIO 3nCKTpOHHhIX noTeHIJ;lfaJIOB 
HOHH3au;HH no cpasHeHHIO c HX X<l>-3HalfeHHHMH, ecTecrneHHO c6JIH­
)Ka51 HX c onhITHhIMH .n;aHHbIMH. O;n1rnKo pacqfa noTeHIJ;HaJIOB HOHH-
3aIJ;HH c yqeTOM nepecTpoiiKH seChMa cno:>KeH. I1o3TOMY B OITC<l>O­
pacqernx s KaIJecrne 3HeprHH saKaHCHH sMecTo X<D-3naqenHii Hc­
noJib3YIOTCH cpa3y 3KCnepHMeHTanbHbIC nOTCHIJ;HanhI HOHH3aIJ;HH. 

~JI» sHyTpemrnx saKaHCHii cyrn;ecTBeHHO TaK:>Ke yqecTb TOT 
cpaKT, qTo B TO speMH KaK cpoT03nCKTpOH OCTaBJIHCT aTOM, BaKaHCHH 
MO:>R:CT Hcqe3HYTb BCJIC)lCTBHe ee 0'1<e-pacna.n:a. B pe3yJibTaTe 3TOI'O 
cpOT03JICKTp<:m ,l.l;BH:>KCTCH B none no KpaiiHeii Mepe .n;sa>K)lbl BMeCTO 
0.[{HOKpaTHO 3apH'1<eirnoro HOHa. 

N 

_A<p1c(x)-
2

<pk(x)+ L Jdx'<pj(x') ,
1 

x 
2 r ·~ _1 Ir - r I J•-p,q-

(1.56) 

3.n:ecb i ~ p, q; EA -- .n:oMHHHpyrorn;HiI Kanan mKe-pacna.n:a ,D;bipKH 
i. CoorneTcTBe1rno cttcTeMa ypasnenHii (1.55) .n;on:>KHa 6b1Tb H3Me­
nena y.n:anem1eM .n:syx qneuos H3 cyMMbI no vs npasoii qacTH: v 3, 
v 4 -:t: p,q. 3rn nptt6JIH:>KCHHe Ha3bIBaeTcH OITC<l>O-II. 
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1. 7. BLl'IHCJIHTeJibHbie npou:e)J.yphl 

qT06hI nonyqIITh celJeHII5I, CIIJihl OC:QIIJIJ15ITOpa II .n:pyrIIe xapaK­

TepIICTIIKII aTOMHhIX npo:QeCCOB, .n:omKHhl 6hITh BhIITOJIHeHhl pacqe­

ThI, II qIICJieHHhie, II aHaJIIITII'IeCKIIe. 

B Ka'IeCTBe nepaoro rnara npe.n;cTaBIIM o.n;Ho3neKTpOHHhie BOJI­

HOBhre <l>YHK:QIIII <pk(x) =<p£(11)lmcr(r,s), T. e. pemeHII5I ypaBHeHIIH 

B npII6JrmKCHIIII X<l> (1.10), KaK npomae.n;eHIIH pa.n;IIanhHhIX 

R£(n)!(r) = r-lp£(n)l(r), yrnOBhIX Y1m(t},cp) II CIIIIHOBhIX X cr <i>YHK­

I~IIH: 

(1.57) 

3.n;ech Y1111 ( t)., cp) - TaK Ha3hIBaeMaH c¢epIIqecKaH <i>YHK:QIIH; X cr -
cnIIHOBa5I <i>YHK:QII5I; £ ( n) - o.n;no::meKTPOHHa5I 3Heprn5I ( n - rnaB­

HOe KBaHTOBOC qIIcno ); I - op6IITaJihHOC KBaHTOBoe 'IIIcno; m -
ero npoeK:QII5I Ha BhI6paHHYIO Och; cr - CIIIIHOBa5I npoeK:QII5I 3JICKT­

pona; s II cp - 110JI5IpHbie II a3IIMYTaJihHhie yrnhI KOop.n;IIHaThl r 
3JieKTpoua. 11cnOJih3Y5I Bhrpa)l(eHne (1.57), MO)l(HO BhIIlOJIHIITh IIH­

Teqmpoaanne no yrJIOBhIM nepeMCHHhIM H cyMMIIpoBaHIIC no cnn­

HOBhIM nepeMeHHhlM aHaJIIITII'ICCKH, TaK KaK aHaJIIITII'ICCKIIC Bhlpa­

)l(CHII5I .Ll:JI5l Y1m ( '(} , cp) II X cr xopomo II3BeCTHhI. 

TexHIIKa IIHTerpIIpoaanIIH pa3JIII'IHhIX npomae.n;eHIIH Y1111 ( t). , cp) 
no S, cp II cyMMIIpoaannH X cr no cr xopomo pa3BIITa II o6cy)l(.n;ena 

no.n;po6uo B pH.n;e KHIIr, nanpttMep B [JUI, 11C]. flpIIMCH5I5I ny 

TeXHIIKy, CIICTeMy ypaBHCHIIH B nptt6Jitt)l(eHIIH X<l> (1.10), CHa­

qana CBO.Ll:5IT K CHCTeMe .Ll:J15I pa.n;IIaJihHhlX BOJIHOBhIX <i>YHK:QIIH 

RE(n)i(r) = r-IPE(n)!(r), KOTopy10 3aTeM pemaIOT qwcnenHo. 

ITocJie BhmonneHHH IIHTerpwpoBaHtt5I no S, MO)l<HO npe.n;cTaBHTh 

.Ll:MIIOJihllhIC MaTpHqlJhIC 3JICMCHThl (1.14) B cne.n;yIOI:QCH ¢opMe: 

dv_.R. = (-1)1;-m; t . (n,.ti lldv,R \le (n ), I .. 
( 

/. 1 11· J ) 
z -"f -mi µ m f f f f 

(1.58) 

3.n;ecb (/, l t ) CCTh 3)-CHMBOJI (CM. [11C]) 11 = !, ± 1 
-m, µ m1 

( n ,.! i II d v, R II£ f ( n f ), If) 5IBJI5ICTC5I npwae.n;eHHhIM .n;wnoJihHhIM MaT­

pH'IHhIM 3JICMCHTOM. IlocJie.n;uwiI onpe.n;enHCTCH Bhipam:eHHCM [AC], 
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KOTopoe CTaHOBHTCH oco6eHHO npOCTbIM .umr aTOMOB c 3aI10JIHeHHhI­

MH o6onoqKaMH: 

(I +I' +1) 
---X 

2 

X CO J Pn1(r)rP11 '!'(r)dr, l = l' ± 1; 
0 

dv ":lntjjdvjjn'l') =(-1)(/+i'+l)/2~£!.+l' +1) x 
. nl.n/ \ 2 

Joo (d /+/'+/) X P111 ( r) -- ± ------ P11r( r) dr. 
dr 2r 

0 

(l.59a) 

(1.596) 

3.n.ecb 3HaK «IlnJOC» COOTBeTCTByeT [' = l + 1 H 3HaK «MHHYC» COOT­

BeTcrnyeT t' = l - 1. 
CJie)J.y1oru:i1e o6o3Ha'leHHH ttcnoJib3YIOTCH .[(JUI pa.[(ttaJibHbIX HH­

TerpanoB B (1.59): 

H 

df, = J P111(r)rP11 '1'(r)dr 

0 

v 
00 (d l+l'+l) di'= J P111(r) - ± P117,(r)dr. 

dr 2r 
0 

(1.60) 

flo)J.06110 (1.58), B KYJIOHOBCKHX MaTpH'lHbIX 3JieMeHTaX (1.33) HH­

Teqmposa1rne no yrJIOBhIM qacrnM O,UH03JieKTPOHHblX BOJIHOBbIX 

cpyttKqHH BC,[(eT K cne.uy10m.eMy Bbipa)KeHmo: 

(1.61) 
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3.uech MaTpl.PIHhitt ::meMeHT V :~ onpe.n;eneH KaK 

(1.62) 

r.n;e v = nl(v ~ F) mm v = n(£) /(v > F), T. e. v1 onpe.n;emIIOT­

CR )~BYMR KBaHTOBbIMH qffcJiaMH BMeCTO qeTbipex B (1.33). B (1.62) 
R1.(v1v2v 3v 4)- :no qHcTo pa.n;HaJibHlbIM MaTp11qHhIH :meMeHT, JJ,aH­

HhIH IIHTerpanoM 

Pa.uttaJihHhie HmerpaJihI B (1.59) H (1.63) 6epyTcR qttcneuuo, c 

3aMenoi1: 6eCKOHel.JHblX BepxHHX npe.n;enoB KOHeqHbIMH cyMMaMH, 

KOTOphie oxsaTbfBlaIOT pacCT05IHH51 .U~:l' r ~ R. B KOHKpeTHhIX Bhiqttc­

rremrn:x MhI Bhl6ttpaeM R "" 50 a. e., To ecTh 3HaLIHTeJihHO 6orrhme 

pa3Mepa aToMa RA "" 1. 3To o6ecneqHBaeT .n;ocrnToqnyio ToqttoCTh, 

noToMy q·ro 06h1qno no.n;hIHTerpaJibHhie Bhipa:>KeHHR yMeHb11IaIOTC51 

6bICTpee, qeM llr2. EcJIH ,n;eJJ.01 o-OcTOHT ne rnK, BKJia,n; r no o6nacTH 

r > R naxo,UHTCR auaJIHTHqecKH, noToMy qTo .n;aJieKo OT aTOMa see 

3JieKTpOHHble BOJIHOBhle cpynK~HH H Bhlpa:>KeHIUI, KOTOphie BKJllO­

qaJOT RynonoBcKoe Me:>K3JieKTponnoe B3aHMo.n;ei1:cTBHe, cymecTBen­

no ynpoma10Tc5I. 

CneQmpHKa aTOMHOH npo6neMbl 3aKmo<raeTcR B npttcyTcTBHH 

51,Uepnoro KynonoscRoro IIOJIR, qTo Tpe6yeT 6oJihIDero qttcna ToqeK 

HHTerpHpOBaHH51 OKOJIO R.n;pa, TO CCTb rrpu MaJibIX r. 3To ,UOCTHraCTCR 

BBe.n;e1meM HOBOM nepeMerrnoii p = a r + ~ ln r, KOTopaR pa3peIDaeT 

pa3MemaTh TOqKH HHTerpIIpoBaHmI. c IIOCT05IHHhIM rnaroM no p. 

lIHCJIO 1oqeK IIHTerpIIpOBaHII51 no p 3a.n;aeTCR paBHblM npH6JIH3lI­

TeJihHO 1000. flocJie TOro KaK pa.n;HaJihllbIC lIHTerpaJibl paccqHTallbI, 

BKJia.U oT.n;enhHhIX mrnrpaMM HJIH peme1me ypasneHIIR ITC<PO (a B 

npHHQHIIC - mo6hIX .n;pyrnx IIO)J,06HhIX ypasneHHM) MO:>KeT 6hITb 

HaH,UeH cpaBHHTeJihHO JierKO. 3To 'I'pe6yeT lIHTerpupoBaHHR no 

rrepeMeHHbIM O,UH03JieK'I'pOHHOll 3FieprmI £ H cyMMHpOBaHHR no 

,IJ.IICKpeTHhIM B036y)K.n;emrnM n. 06bJqHo HHTerpanh1 no £ 3aMem1-

10TCR KOHeqHbIMH cyMMaMII c TOqKaMII, pacrrOJIO)KeHHhIMH paB­

noy.n;anenno no p = f2£ . B pe3yJibTaTe, 6onhrne ToqeK n0Meme110 
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npll MaJihIX e, r.n:e IIOlibIHTerpaJibHbie Bbipa)KeHil51 KaK cpyHKl(Illl e 
6hICTpO MeH51IOTC51, B TO Bpewr KaK MeHbllle TOqeK HaXOJ{IlTC51 B 06-

JiaCTil BbICOKilX e. 
06bJqHQ HO.I{hIIITerpaJihHhie Bhipa:>KeHH51 y6hrnaIOT ,I{OBOJlhHO 

6hICTpo, Il ,I{OCTaTOqHO IlMeTh IIpll6JIH3JJ:TeJihHO 50 ToqeK B o6rraCTil 

c BepXHilM npe7J,eJIOM, paBHhIM npw6Jil13IlTeJihHO 5-6 IIOTCHUHaJIOB 

IlOIIH3aUilll paccMaTpllBaeMOH no.n:o6orroqKH, KOTOpa5I B036y)I(JJ.eHa 

IlJIIl IlOHH3oBana. YsenwqmrnH tmcno ToqeK no p, MO:>KHO paccMaT­

p1maTb 6onec BbICOKIIC 3HCprHII e. I1cnoJih3YH COBpeMeHI-IbIH nepco­

uaJibHb!H KOMllblOTep, MQ)J(llQ .[IOCTIIrttyTh BCChMa 6oJihllIIlX 3Heprlltt 

BhIJieTaiorn.IIx 3JICK'rponoB, BIIJIOTh .n:o 150--200 Ry. Ho qTo6i,r BhI­

qIIcJIHTh cpyHKllllII IIpll 6onee BhICOKHX e, Tpe6yeTC51 3HaqHTCJihHO 

60JihllIRH IJaM51Th KOMIIhIOTepa. 

Cymecrnem-rn51 TPYJJ.HOCTh qwcneHHhIX pacqeTOB B paMKax MTB 

IIJIIl ITC<t>O cJie.n:yeT II3 Toro cpaKTa, qTo 3TII npII6JimKemrn BKJIIoqa­

IOT :mepreTIIqecKHe 3HaMenaTeJIII, KOTOpbie, KaK 31'0 3aMe'IeHO B 

(1.31), (1.34), (1.37) H (1.40), MoryT CTaTh paBHhIMII nymo, TaKilM 

o6pa30M BB0.1{51 nomoc B IIO,I{hUrrCrpaJihHhIC Bb1pa)KCHII5!. 1ITo6hI IlX 

BhlqllcJIHTb, HCIIOJ!b3YCTC51 cne.nyrou~a51 H.[(CR: cnaqana OTlICJIIlTh 

c1rnryn51pnyro qaCTh Il BhllIHCJIIITh ee anaJIIITHqCCKII, a 3aTeM OCTa­

Jihnyro qacTh nattTII qIICJICHHO. ,[(eiiCTBIITeJibHO, npe,n:cTaBHM IIHTer­

pan OKOJIO oco6eI-IuocTII KaK 

t11+ [ 

f d£ Q(£) I (co+£v -£+ill)"" 

£,, 

Q( )I 
I 

CO+fv -£,, I . Q ) "" - co + £ v n ------ --- - m (co + £ v . 
CO+fv -En+l 

(1.64) 

3lJCCh £ 11-)£11 +1 -- mnepsaJI 3HeprIIH, KOTOpbIH BKJIIOqaeT IIOJIIOC 

IIOJJ,hn-rrerpanr,noro Bbipa)l<CHHH B (1.64). Bue 3Toro mnepsana BhI­

'IHCJICHH51 BhIUOJIHHIOTCR ITOJIHOCThIO 'IHCJICHHO, B TO BpCMR KaK npa­

Ba51 qacTb (1.64) npencrnsnHeT BKJia,IJ, 3TOro IIHTepsana. ToqHOCTh 

( 1. 64) TCM BhIIIIC, qeM MCHhllIC IIHTCpBaJI £ n ---7£ 11 +1 . 

Cymecrnenuo 3aMeTHTb, 1uo 3HaIJIITeJibHaH qacTh ,n:narpaMM 

IIC<l>O MO)KCT 6hrrb yqTena HaJJ:Jie)Kall(IIM Bbr6opoM on.Ho3neKT­

ponnb1x X<t>-sonnoBbIX cpynKqIIH Bo36y)l(,n:eHHbIX cocT051HIIH. qeM 

6oJibIIIe MnoroqacTIIqHbIX .n:uarpaMM yqTeHO BbI6opoM OJJ:H03JICKT­

ponnbIX BOJIHOBbIX cl>YHKUHH, TCM MCHbllIC OCTaeTCR .IJ:JI5I Mnoro­

qaCTIIqHhIX rrorrpasoK. B naIIIIIX BbiqIIcJieHII51X MbI BbI6IIpaeM Ta­

KHe BOJIHOBhIC <l>YHKl(IIII, KOTOpb1e BMCCTC c COOTBCTCTBYIOil(IIMil 
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BOJIHOBhIMH cpyHKUIUl.MH BaKaHCHH 06pa1y10T onpe.n.eneHHhlH TepM, 

TO eCTh COCT051HIIe ::meKTpOHa II ,D,hlpKII c .n.aHHhIM IIOJIHhIM yrrroBhIM 

MOMeHTOM L H crrIIHOM S. ITpu 3TOM rro.n.xo.n.e yrnoBott MOMeHT II 

rrpoeKU:II51 crmHa COCT051HHH B036Y:>K.D.eHHOro 3JieKTpoHa II BaKaHCIIII 

OT.D.eJihHO He orrpe.n.eneuhI. YrrroBoii MoMeHT Bo16y:>K.n.eHHoro 3JieKT­

poHa, a ne TOJihKO ero rrpoeKUII51 TaK:>Ke He onpe.n.enen B 3TOM IIo.n.xo­

i~e. CJ1e.n.y10ru:IIe .n.IIarpaMMhI «BpeM51 Brrepe.n.» BKmoqeHhI 3TIIM BhI-

6opoM BOJIHOBbIX cPYHKIIIIH: 

(1.65) 

v 

CocT051HII51 i', yqTcIUihIC B (1.65), IIMCIOT TY :>Ke caMym 3Heprmo, 

T. e. £ i = £ i'. BonhIIIC rro.n.po6uocTeH: MO:>KHO uali:rn B [AM) II [All). 

1.8. IlapaMeTphl yrJIOBOH aHH30TpOIIHll 

Bm1rna51 xapai<TepIIcTIIKa IIpou:ecca cpoToHOHtt3aum1 -- yrnoBoc 

pacnpe.n.cne1rne <fJoT03JieKTponoB. B .D.IIIIOJJhHOM npII6mrnwHIIH ouo 

oco6enHo npocTo H onpe.n.em1.eTcR .n.nn Henonnptt3oBannoro rryqKa 

cpoTOHOB cne.n.y10ru:IIM Bhipa)KeHIIeM: 

(1.66) 

3.n.ech nl 0601naqaeT rnaBHOe KBaHTOBOC qIICJIO n H yrnOBOH MOMCHT 

/ HOHII30BaimOH IIO.D.060JIOqKII; Q - TCJieCHhlll yroJI BhIJieTa <iJoT0-

3JieK-rpOna; P2 (cos 0) -- IIOJIHHOM Jle:>KaH.n.pa BTOporo nop51,D,Ka; e -
yron Me)K.n.y <PoT03neKrpom1hIM IIMnynhCOM H nanpaBneHH51MH nyq­

Ka cpoTOIIOB; ~nl ( w) tta3hrnaeTcR napaMempoM y2;106ou aHu3o­
mponuu. y ron, npH KOTOpOM P2 (cos e M ) = 0, Ha3bIBaeTC51 Mazu­
lfecKUM Y2JIOA1. Ou paBeH e M "'54.7° ITo.n. 3THM yrnoM nonpaBKH K 

dcr nl ( w) I dQ, o6ycnoBnennhie ~' He npo51BJIRIOTC51. 
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.I(m1 noJrnpmoBaHHoro cBern cpopMyna yrnoBoro pacnpe.n.enemrn. 

cpOT03JieKTpOHOB HeMHOro .n.pyra51: 

3JJ:eCb µ xapaKTepmyeT non51pmaumo nocTynammero cBeTa, 

µ = 0 ):(JI51 mrneii:no non51pH3oBaHHOro CBeTa H µ = ± 1 .D,JI51 QHpKy­

JUl.pHO-, JieBo- M npaBO-nOJI51pM30B3HHOro CBeTa COOTBeTCTBeHHO. 

Yron S - Me:>K.n,y nanpaBnemrnMM BeKTopoB non51pmaunn M MM­

nynhca cpoT03JieKTpona. 

l1apQHaJihnoe ceqcnne cpoTOHOHM33UMM cr:( ( w) n/-noJJ:o6onoq­

KH B nptt6JUI:>KCHMH x <I> onpeJJ:eJI51eTC51 JJ:HnOJihHbIMH MaTpHqHhIMM 

3JieMeffraMH (1.60), BhlqMCJieHHbIMH c ucnOJih30BaHHeM pa.n,HaJib­

HbIX qacTett Pn(t.)l ( r) X<l>-BOJIHOBhIX cpynKUHH ( 1.10), c TIOMOlll.hIO 

CJieJJ,yIOlll.ero COOTHOUieHM51 [AM]: 

WN t 
<JR,V (w) = 2.689 __ n X 

n/ 2/ + 1 

(1.68) 

Bb1pa:>Kenne .U.JI51 ceqeHH51 cpOTOHOHM3auun JJ:JI51 <J nl ( w) ).J,JI51 

nl-no.n,o6onoqKH B IIC<l>O noJJ:o6no (1.68). Ho .U.HIIOJihHh!e M31JlMq­

Hhie 3JieMeHThI 6epyTc51 Teneph B l1C<l>O H ceqenne onpeJJ:eJI51eTC51 

COOTHOUieHHeM, no.n,o6HbIM (1.68): 

wN 1 
<J I ( W) = 2.689 --11 

X 
ll 2! + 1 

(1.69) 

3.n,ecb MaTpwmh1e 3JieMeHThI D t.l±I := D ~!, ~t±I ( w)- pememrn ypaB­
nennif fIC<l>O ).J,JI51 pa.n.naJihHbIX MaTpMqHbIX 3JieMeHTOB, nonyqen­

HhIX li3 (1.37) nocne HHTerpnpoBaHH51 no yrnoBbIM H cyMMHpoBaHH51 

no cnHHOBhIM nepeMeHHhIM. flonuoe ceqeHMC cpoTOHOHH3aUHH a( w) 
Bbipa:>KaCTC51 qepe3 <J nl ( W): 

<J( w) = I, <J nl ( w), (1.70) 
nl 

rJJ:e cyMMHpoBaHHe BbIIlOJIHeHO no BCCM nl-nOJJ:06onoqKaM, IIOTeH­

UMaJI MOHM3aurrn KOTOpbIX Int MeHhllIC, qeM (!), 
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B rrpII6mrn<emrn X <!> rrapaMeTp yrnoBo:H aHII30TpOIIIIII !) 111 ( £) 
Bhipa)KaeTC51 qepe3 ,ll;IIIIOJihHhie pa.n;IIaJibHhie MaTPIJqHhie 3JieMeHThI 
(1.60) 

1 
r:l. I (W) = -- [/(/ - l)d 2 + 
1-'n (2/,. + l)[/df-1 + (! + l)df+l] /-1 

+(l + 1)( f + 2)df+I -6/(f + l)d1_1 dl+I COS (0 /-I - 0 /-t-l )]. (1.71) 

llapaMeTp ~ 111 ( £) B llC<l>O MO)KeT 6hITh nonyqen H3 ( 1. 71) c no­
MOill,hlO CJie.n;ymm,IIX 110,ll;CTaHOBOK: 

dl-t-1 di-I COS (01-1 - 0 l+I) ~ 

~ [(ReD1+1 ReD1_1 +ImD1+1 ImD1_1)cos(o1+1-o1_1)-

- (Re D 1+1 Im D 1_1 - Im D 1+1 Re D 1_1 ) sin ( o 1_1 - o 1+1 ) ] = 

=: jj I+ /J 1-1 COS ( O I+ I + ~I+ I - O /-1 - ~ 1-1 ) ; 

(1.72) 

3.n;ech lICIIOJib3YIOTC51 cne.n;yIOill,He o603Haqemrn wrn ,ll;HIIOJihHhIX 
MaTpHqHbIX 3JieMeHTOB c yqfaoM MHOr03JieKTpOHHhIX KOppenm~IIH: 

(1.73) 

r.n;e D l±I ( w) H ~ i±I ecTh a6coJIIOTHhie 3HaqeHH51 (Mo.n;ynII) aMnJIIITY.ll: 
coorneTCTBYIOill,HX nepexo.n;oB II cpa3bI cpoT03JieKTpoHoB c yrnoBhIMII 
MOMCHTaMH I ± 1. 

B pe3yJihTaTe, napaMeTp yrnoso:H aHH3oTponHII B IIC<!>O onpe­
.n;enReTcR cne.n;ymme:H cpopMyno:H: 

X { l (l - 1) I De 1_1 1
2 + (l + 1 )(! + 2) I De 1+1 1

2 + 6 ! (! + 1) X 
' ' 

-(Re DE I-I Im DE 1+1-ImDE ,_,Re DE i+l)sin(o,+1-0/-1)]} = . ' ' . 
I 

- x 
(2t + l)[ti5~. 1 _ 1 +Ct+1).5~.i+i J 
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X[l(l - l)D;,/-1+(l+1)(/ +2)£5;,l+l-

-6[(/ + 1) De, 1_1D e, !+\ COS (8 1_1 + A1_1 -81+1- L\l+I )]. (1.74) 

OnpeJ1,errem1e cpa3 paccemrn51. Bhrnerniorn:wx cpoT03JieKTpoHOB 

8 I±! = 8 I± I ( E) o6bl'IHO IIpOM3BOJl,HTC51. MCXOJl,51. M3 acMMIITOTHKH BOJl­

HOBOH cpyHKU:lllI. 

0KOJ10 aBTOHOIII13aU:HOHHhlX pe30HaHCOB yrrrOBOH napaMeTp 

anmoTpOIIHM KaK cpynKU:I151. £ MCH51.eTC51. 6bICTpo. 3To MO)KCT 6bITh 

npeJJ,cTaBneno BhipaJKenMeM, no.no6HhIM (1.50) [2] 

xc;2+JS+Z 
~n1Cs) = ------. 

At?+ B~ + c 

X - "°'a RefD* jj e1(ok-ok'l]· - L..J kk' . k k' ' 
k,k' 

y = Im~!}__ L akk' x 
Imrdd k,k' 

(1.75) 

(1.76a) 

x{Re[(q + i)fjk'jjk +(q - i)fdkDJ;,]ei(ok-ok')}; (1.766) 

z =I akk' Re { [v;;,jjk + Im~ef-x 
kk' Im I dd 

x((iq-I)fjk,Dk -(iq+I)fdkb;;,J+ 

- 2 

+(Im~d-) (q2 +I)fjk,fdk ]ei(ok-ok'l }; 
Imrdd . 

(l.76B) 

(l.76r) 

A= O'o B =2qp 2A, C =(1-p 2 +q 2 p2 )A; (l.76JJ.) 
47t' 

1 r/-1 3~/(l+l)J 
akk' = 21 + i 3~ l(l + 1) l + 2 . 

(1.76e) 
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3)1,CCh rrapaMeTphI O"o, pH q orrpe)],eJieHbI KaK B (1.50). I1H)],CKChI k H 

k' B cyMMax o6o3ttaqaroT nepexo)],hI l ~ l ±I. 
KaK 6hmo ynoM5IHYTO Bhirne, )],HITOJihttoe nptt6JimKettHe sepno, 

ecJIH )],Jmna BOJIHhI HOHH3y1om,ero IBJiyqeum1. 'A HaMHOro 6oJihille, 

qeM pa)],Hyc aTOMa rA, cpaKTHqecKH pa)],Hyc HOHH3yeMOH fl0)],06o­

JIOqKH r,.. TaKHM o6pa3oM, )J,Hnonhttoe nptt6nmKeH11e Bepuo, ecn11 

CO<< 2n:c Ir;. 0.n,HaKo )J,HHOJihHhIH napaMeTp r; I/...<< I BXO)],HT B 

ceqeHHe cpoTOHOHH3aQHH BO BTOpoiI CTCIIeHH, B TO BpeM51. KaK B na­

paMeTp yrnosoiI aHH30Tpornm ~ - B nepBoiI. Ilo :noiI npHqHHe H 

H3-3a HCKOTOphIX cneQHcpHqecKHX B3aHMHblX KOMilCHCaQHH BKJia)J,OB 

pa3HhIX peII51.THBIICTCKHX nonpaBOK K ceqeHHIO cpOTOHOHH3aQHII [3], 
c pOCTOM w HC)],HUOJibHbie 3<!JcpeKThI np051.BJI51.IOTC51. CHaqaJia B yrno­

BhIX pacnpe)],eJICHH5IX. <1>-JihI (l.66) H (l.67) MCH5IIOTC51. BKJIIOqeHHeM 

qJieHOB, nponopQIIOHaJibHhIX nepBOH CTeneHH .UlIHOJihHOro napa­

Merpa [4]: 

dan1(CO) _ O"n1(CO) [l A ( :-.p ( n) 
--~ - -~ -1-'nl co, 2 COSo + 

+KY 111 ( co)P1 (cos 0) + K11 111 ( co)P3 (cos 0 )] . (1.77) 

3)1,eCh K = co I c H P1 (cos e) --· HOJIHHOMhJ Jie)Kaimpa. 110)], Marnqe­

CKHM yrnoM (cM. (1.66) BCe nonpaBKH K ceqeHHIO dcr n1(CO) I dQ o6y­

CJIOBJICHhl He,ll.HHOJibHhIMH KOMHOHCHTaMH. 

He,lJ,HIIOJihHhie napaMeTphI yrnoBoiI aHH30TponHH y( co) H TJ( co) 
onpe.n,eJI51.IOTC51. cne.uyrom,HM o6pa30M [ 5): 
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3 { l +I 
Yn1(co)= 5[ldf_1+U+l)dr+1J 21+3d1+1x 

x [3 ( l + 2) q l +2 - cos (o I +2 - 0 I+ I) - lq I -cos (o I - 0 I+ I)] -

l 
- 21 + I d 1-1 [3 (l - I) q t-2 - cos ( o 1-2 - o l-1 ) -

-(l +l)q1 -cos(o 1-o 1_ 1)] }; (1.78) 

3 { (l+l)(/+2) 
rin,(co)= 5[tdr~c1+!)dr+ 1] c21+1)c2z+3) q,+ 2 x 

X [ 5 /d I - l COS ( 0 l + 2 - 0 I - l ) - ( / + 3) d l + l COS ( 0 I+ 2 - 0 l + l ) ) -



(l -1) l 
q1_ 2 [5(1 + l)d1+1cos(8 1_ 2-81+1 )­(2/ + 1)(2/ + 1) 

-(l-2)d cos(8 -8 )]+2 l(l+J) 
1- 1 1- 2 1-1 (2l-1)(2l+3)q1 x 

x[(/+2)d1+1cos(8 1 -8 1+1)-(l-l)d1_ 1cos(o 1 -o1_ 1 )]}· (1.79) 

3)].eCh MaTpllqHhie ::meMeHThI d/±1 onpe.ueJICHhl c I10MOII1hl0 (1.60), B 

TO BpeM51 KaK q I ±2, 0 B r-<PopMe .uaIOTC51 cne.uyromttM COOTHOIIICHHCM: 

00 

ql±2,0 = ~ J Pn1(r)r 2PEl±2, 1(r) dr. 
0 

(l.80) 

Mhl He 6y)J.eM HCIIOJib30BaTb cpopMy cKopOCTll ):(JI51 MaTpllqttoro 

3JICMCHTa q 1±2,0• HO BMCCTO 3TOfO BhIIIOJIHHM BhlqHCJICHH51 HC):(ll­

IIOJihHhIX napaMeTpoB B ITC<PO, r,!:le pe3yJibTaThI B <PopMax «):(JIHHbI» 

ll «CKOpOCTH» [CM, (1.2) ll (1.3)] COBIIa)J,aIOT. 

riocKOJihKY o6biqHo B 3KCnepllMCHTC no llCCJIC)J,OBaHHIO yrnOBO­

ro pacnpe.D:CJICHH5I cpoT03JICKTpOHOB HCI10Jlb3YIOTC51 MCToqHllKll JIM­

HCHHO I101I51pll30BaHHOro M3JiyqeHM51, BMCCTO (1.77) 6onee y)J.o6uo 

MCIIOJib30BaTh MHYIO cpopMy 3aIIHCH 3TOro Bhipa)J(CHH51 [ 6): 

da nl ( W) _ (J nl ( W) [l R p ( 0 ) 
-dQ - - 4rc- +1-'nl 2 cos + 

+(o;,, + y;,, cos2 0) sin 0 cos <I>)]. (1.81) 

3)].CCh 0 - I10JI5IpHblll yron MC)J():(y HanpaBJICHM5IMM CKOpOCTM 

cpOT03JICKTpoHa v ll I10JI5IpM3aUllll cpoTOHa e, a <!> CCTb a3llMYTaJibHbIH 

yron, onpe)J.CJI5ICMbIH npoeKUMCH v B IIJIOCKOCTll, opTorouaJibHOH e ll 
BKJIIoqaromdi BCKTOp CKOpOCTM cpOTOHa. 06paTllM BHMMaHMC, qTo 

IIO)J. MarttqeCKllM yrnOM 0 M nonpaBKM K )J.llIIOJI1HOMY ceqcHMIO 

onpc)J.CJI5IIOTC51 Jllllllh KOM6llHaUMCH napaMcTpOB ( y;,, + 3o;,, ), KOTO­

pyro Mbl 6y)J.cM Ha3bIBaTb Ma2utteCKOU. 

Hc)J.HIIOJibHbie napaMcTphI B ( 1. 77) 11 ( 1. 81) CB513aHbI npocThIMM 

COOTHOIIIemrnMH [7]: 

'!_~t +oC 
S nl = K:'f nl' 

ye 
_!!!__ =-KT) 

5 n/" 
(1.82) 
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Bb1pa:>I<eHMH ,n;JIH y111 ( ro) M 11111 ( ro) B 11Cct>O MoryT 6bITh noJiyqcHhI m 

(1.78) M (1.79) c HCilOJ1b30BaHMeM CJie,n;yIOll(HX no,n;cTaHOBOK: 

d1±1q1±2,o cos(81±2,o-81±1) ~ 

~ [(ReDl±l ReQ1±2,0 +lmD1±1 ImQ1±2.0 )cos(8 1±2•0-8 1±1 )­

-(Re D t±I Im Q 1±2, 0- Im D 1±1ReQ1±2,0) sin (8 1±2, 0-81±1 )], 

(1.83) 

3.n;ech 

(1.84) 

r)J.C Q1±z,o(ro) M L\ 1 t 2,0 -- a6comoTHhIC 3uaqenm1 (Mo,n;y1m) H cpa3bI 

aMilJIMTY.U COOTBeTCTBYIOIIJ,MX nepexo.n:oB, a 81±2, 0 - cpa3hl cpoTo-
3JieKTpOHOB c yrJIOBbIMH MOMelITaMH I± 2,0. 

KBaJ~pynoJibHhie MaTpHqHbie 3JieMCHThI Q 1±2, 0 MhI noJiyqaeM M3 

pemenHH pa,n;HaJihHOtt qacTH IIC<l>O KBa,n;pynoJihnoro ypaBHCHMH, 

KOTOpoe BhffJIH,L(HT no.n:o6no (1.37): 

(v1 IQ(ro)j v2) = (v1 I q I v2) + 

+ 
""' _( v 3 I Q ( ro) I v 4 )C n v 4 - n v. 1 )( v 4 v 2 I u I v 3 v 2 ) . 
Li (1.85) 

Ev -Ev3 +ro+ lll(l-2nv1 ) 
V3,V4 4 . 

3.n;ecb B r-cpopMe q = r 2 P2 (cos e ). qMCJICHHaH npoIJ,e,n;ypa ,n;JIH peme­

HHH (1.85) B OCHOBHOM no.n:o6ua .[(MTIOJibHOH. 3TO ypaBHCHMC MO:>I<eT 

6bITh o6o6IIJ,CHO TaK :>I<C, KaK ypaBHCHHH ,n;JIH ,n;HilOJibHOro cJiyqaH, c 

TCM qTo6bI yqMTbIBaTb 3cpcpeKThI CTaTHqecKOH M ,n;HuaMHqecKOH ne­

pecTpoeK, TO ecTh Toro, qTO BXO.[(HT B OIIC<l>O M OIIC<l>0-11. 

1.9. ,l.(pyrne xapa1aepHCTHKH <l>OTOHOHHJaUHH 

B 3TOM pa3,n;eJie MhI o6cy,n;HM HCKOTOpbie .n:pyrne xapaKTepHCTM­

KH cpOTOMOHH3aIJ,MH, a HMeirno IlOJIHpH3YCMOCTM H napaMCTPbI IlOJIH­

pmaIJ,MH cpOT03JICKTpOHOB. 

ATOMHaH .n;ttnoJibHaH norrHpmyeMocTb ex d ( ro) Bhipa:>I<aeTcH qe­

pe3 CHJibI OCIJ,HJIJIHTOpa g vv' M ceqeHMC cpoTOMOHM3aIJ,MH cr( ro) c no­

MOll(bIO CJie,nyIOll(CH cpopMyJibI: 
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cr(ro) dro 
of 2 _ co2+ icml' 11 ~ 0. (1.86) 

BhJqHcmu.1 CHJihI oc1.umm1Topa g vv' II ceqeuHe cpoTOHOHH3aUHlI 

cr( co) c HcnoJih30BarrneM npoue.nyp, om1cannhrx Bhmre, MO:>KHo norry­

qHTh aToMHbre nomrpH3yeMOCTH. KaK s11.nuo H3 (1.86), ad (co) -
KOMmreKcHa}( serrwrnna; ee MHMMa}( qacTh nponopu;MoHaJihHa cr(co). 
,L(MnOJibliaR norrRpmyeMOCTb npe.ri;cTaBJI}(CT mnepec, TaK KaK onpe­

.ri;eJI.sICT ceqenHe ynpyroro pacceRHHR cpoToua na aTOMe H 3JieKTpou­

aTOMHhIM noTeH[(MaJI B3aMM0.1l;eMCTBMR Ha 60Jlbl.IIMX paCCTORHHRX. 

B3aMMo.ri;eiicTBHe Me:>K.ri;y .rJ;BYMR ccpepttqecK11 CMMMeTpHqecKHMH 

aTOMaM11 A 11 B Ha 60Jlbm11x paccTo.sIHMRX RAB>> r A, B, VAB (RAB) = 
= -C t8 I R ~ 8 TaK:>Ke Bhipa:>Ketto qepe3 cyMMhI no c11rraM ocunnrr.sITO­

pa gjk M HHTerpaJibl no nJIOTHOCTH CHJI g lE:; c crj (co )/27t 2 OCUHJIJI.lITO­

pa (c e = co-11): 

CtB=-~ I I 
2 '<F ''<L' J- j _r 

k >F k'>F 

(1.87) 

r.ne COJlc = Ek - 11 II cyMMHposaHHe no k, k' > F no.npa3yMesaeT TaK­

:>Ke m-rrerp11p0Ba1me no HenpephIBHOMy cneKTpy c o.ri;HHM B036y:>K­

,uemihIM 3JieKTpouoM H c o,uHoiI BaKauc11eiI aToMoB A 11 B cooTBeTcT­

BeHHo. 

Ba:>KHhie xapaKTepHCTlIKM npouecca cpoTOHOH113aum1 - 3TO 

napaMCYphl norr.sipH3a[(lIH cpoTo:meKYpOHa, KOTOpbIC onpe,ueJIRIOT 

op11ettrnu;mo cnHHa cpoT03JICKTpoHOB. CpaBHHTeJihHO ,n;aBHo 6bmo 

npo.n;eMOHCYplipOBaHo, 'ITO cpoT03JieKYpOHbI lIMeIOT cpe,n;HIOIO op11-

e1nau1110 cnttHa, 0TJI11qtty10 OT HYJIR [8]. <I>opMyna ,n;n.sI noTOKa cpoT0-

3JieKTponoB 111 ,( x 's ), KOTOpbIM B03HlIKaeT np11 cpOTOlIOHH3aQHlI 

aToMa c nOJIHhIM ynIOBhlM MOMeHTOM HaqaJihHOrO COCTORHH}( aTOMa 

J lI KOHeqnoro C~CTORHlI!I HOHa J' H .ll;JI.ll COOTBCTCTBYIOllllIX napa­

MCYpOB A j (co), s j (co), ~ j (co) IlOJIRpma1.11111, r.ne .i noJIHbIM MOMeHT 

11ottmyeMoro 3JieKYpOHa, 6hm11 nonyqeHhI B [9]. TaM q11TaTCJih MO­

:>KeT HaMTlI neo6xo,n;HMhie .ri;eTaJilI. )l;JIR I.IHPKYJI5!pHoro nOJI5!pH30BaH­

HOfO CBCTa lIMeeM [ 1 OJ 

~ cr nll { 1 A [ 3 1 ] l1r(CO)= L..J -- 1--t-Jnt(CO) -(xs) 2 -- + 
. 87t 2 2 2 

J 
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+A 1(co)(ss 1,)-~ 1(co)LI ~(xs;1)(xs)-~(ssv) lj + 
. 2 2 . 

+s1(co)[s(xxky)(xky) }· (1.88) 

3)].CCb sl' H s - e)J,mrnqHbIC BCKTOpbI B HanpaBJICHHJIX cnmrn <PoTO­

Ha H cpOT03JICKTpoHa; x - HanpaBJ1em1e )J,BlDKeHH5I cpoT0'.3JieKTpOHa, 

H ky - e.n;MHHqHblll BCKTOp B HanpaBJICHHH ,[(BH)KCHMH <PoTOirn. 

IloJIHhIH MOMCHT HOHM3yeMoro '.)JICKrpOHa j MO:>KCT HMCTh )J,Ba 3Ha­

qeHHJI, j = I ± 1 I 2. I1o.n.o6noe Bhipa)KeHHe .n.nJI JIHneiino rronJip_H30-

Bauuoro CBCTa MO){(CT 6b1Tb Hall/1,CHO B [ 10]. I1apaMCTpbI A} (co), 
v (co) H v (co) .n.aIOTCJI cne)J,y1om.HMH OTHOlllCHHJIMH: 

. (-l)j-/-1/2/(l+1) d2 - d2 
A 1 (co) = ----·---- _ __1_±1__1-=l_ 

2j+l ldf-i+(l+l)df+l' 

v (co)= ~~-=Dl-
1

- 112 'U + l) r u + 2) d2 -(1-1) d 2 -
(2j + 1)(2/ + 1) /+I /-l 

(1.89) 
-3 dl+ld!-1 cos({} /+l - () /-1 )][ldl-1+(l+l)df+l1-1

, 

3(-l)j-/-112t(l+1) d d . (~ ~ ) 
Sj(CO)= !+I /-lSlllul+l-ul-1 

2j + 1 ldl-1+(l+1) dl+1 

B I1C<l>O rrapaMeTphI A 1 (co),~/ (co) H s1 (co) MoryT 6hITh nonyqeHhI 

ananornqtto (l.74), (l.78) H (1.77) nocne HcnoJih30BaHH5I no,a,crnHo­

BOK (1.72, 1.83). 

1.10. ATOMhl c 110JiyJa110J111em1hlMH 110,ri:o60JioqKaMH 

ITpttMenenHe TCopHH MHorHx TCJI K aTOMaM c ue3anonneHHhIMH 

o6onoqKaMH YCJIO)f(HCHO TCM cpaKTOM, qTo OCHOBHOC COCTOJIHHC 

3THX 06bCKTOB BblpO)K)J,CHO. f103TOMY OCHOBHOC COCT05IHHC ,[(OJI){(HO 

6hITh B KaqecTBe rrepsoro urnra BhiqHcnenniI nepecTpoeno TaKMM 

o6pa30M, •no6hr CH5ITh BblpO:>K,l],CHHe, Ha '.3KCnepttMCHTC OTCYTCT­

BYIOlll,ee. O.n.na1<0 cymecTByeT o.n.no HCKmoqeutte H3 '.3Toro o6mero 

npaBHJia, ,[(JI5I KOTOporo no,a,xo.n: TeOpHH MHOrHX TCJI MO)KCT 6bITh 
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npIIMeHell noqTH TaK ){(e rrpoCTO, I<aK II ,UJUI 3TOMOB co BCCMH 33M­

KHYThIMH rro.uo60110'-IKaMH. MhI IIMCeM B BM.UY aTOMhl c nony3anon­

ueuHhIMH o60JIOIIKaMH, r.ue no MCHhllICM Mepe 0,D,Ha II3 rro.uo60J10IIeK 

co.uep)KllT IlOJIOBIIHy IlOJIHOro B03MO)l(HOro qHcJia 3JICK'fPOHOB. 

l13BeeTHO, IITO ,UJIH 3TIIX aTOMOB sepHO TaK Ha3hIBaeMOe npaBIIJIO 

Xytt.ua, KOTopoe yTsep)K.uaeT, IITO B rrony3anontteHHOH rro.uo6onoIIKe 

Bee 3JieKTpOHhl ,UOJI)l(Hbl HMeTh O.UHY ll TY )l(e rrpoeKUIIIO CUIIHa [ 11]. 
Orm Mory:r o6MeHttBaTheH TOJihKO e 3JieKTpotrnMII TOH )l(C caMOH 

npoeKI(IIII cnttHa H3 .upyr11x rro.uo6onoqex. B pe3y11b:raTe, Ka>K.UaH 

no.uo6onoqKa pacruerrJIHCTCH Ha J(Ba ypoBHH co CIIIIHOM «BBepx» II 

«BHH3». TaKHM o6pa30M, Bee 3JieKTpOHh1 MoryT 6bITh pa3.ue11euh1 ua 

JJ,Be rpynIIhl pa3JIHqHhIX qacTHU -- 3JICK'fPOHhl TlllIOB «BBepx» H 

«BHH3». 06Meu cy1uecrnycT TOJlhKO Me)l(J.l,y 3JlCKTpOHaMH O,UHOM H 

TOM )Ke npoeKUHII cnIIua. 

YpaBHeHIIH, pattee IICIIOJih3yeMhie .UJIH om1eamrn cpoTOHOHII3a­

IJ,IIII, ,UOJI)l(Hhl 6hlTh o6o6II(CHhl TaK, IIT06hI I103BOJllITh OilllCaHHe CH­

CTCMhl .usyx BII.UOB pa3JIIIqHhIX qaeTIIU. Tax, BMeeTO ypaBHCHIIH B 

rrpII6JIII)l(CHIIM x ct> ( 1.10) Mhl IIMCCM CMCTeMy ypaBHCHIIM: 

(1.90) 

r.ue 1' d-) 06031rnqaeT «BBepx» («BHII3») 3JieKTponhl. B (1. 90) onepa­

Top ii fcl l eCTh Xcf>-o.uno3neKTPOHHhIH raMMJihTOHIIaH .unH «Bsepx» 

(«BHH3) 3JieKTPOHOB; vt~I) - IlOTCHUIIaJI XapTpII ,UJIH «BHH3» 

( «BBepx») 3JICKTpOHOB; £ i(t) II cp tct) -- 3HeprnII M BOJIHOBhIC cpyHK­

UIIII «BHII3» ( «BBepx») 3JICK'fPOHOB COOTBCTCTBCHHO. 

B npH6JIIDKeHIIII X<P ,UHIIOJihHhre d :,+~ II KBa.upyrronhHhie q :-r~ MaT­

pWIHhie 3JICMCHThI ,UaIOTCH OTHOllICHIDIMII, no.uo6Hh!Mll (1.60) ll ( 1.80): 

00 

q/'1'(-1-) =~J Pnl1'(t)(r)r2Pel±2,11'(t)(r)dr, (1.92) 
0 

r.ue P1111.J.. (r) - pa.UIIaJihHhie qacTH pe11IenIIii cp tct\r) (1.90). 
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no.n:o6no ypaBnemrn:M B nptt6Jitt)KeHJm X<l>, .D:OJI)KHbI 6I>ITb M3-
MeHeHI>I ypaBHeHHH ne<t>O (OIIe<I>O, OIIe<I>O-II), o6pa3yH TaK na-
3hrnaeMoe CIIHH-IIOJI51pH30BaHHOe rre<t>O, HJIH en ne<I>O (a TaK)Ke 
en orre<t>o, en one<t>0-11). YpaBHeHHe .n:m.1 aMIIJIHTY.LJ:bl cpoTO­
HOHH3al(HH D(ro) (1.41a) B en ne<I>o MO)KeT 6bITb npe.n;CTaBJieHO 

cne.n:ywru:ttM o6pa3oM: 

(1.93) 

A11aJ10rwrno, 3cpcpeKTHBnoe Me:>1oneKrpoHHOe B3aHMo.n:eH:cTBHe 
B en ITC<l>O f' MO'>I<eT 6b1Th npe.n:crnBJieHO B MarpnqnoH: cpopMe, KO­
TOpaH o6o6u~aeT ypaB11e1rne ( 1.416): 

(1.94) 

B ( 1. 93) H ( 1. 94) U ii ( H l onpe.n:enHeTc51 m ( 1. 3 7), no .D;JI51 3JieKT­
ponoB c TeMH )Ke caMblMH npoeKI(llHMH CIIHHOB, B TO BpeM5I KaK 
VH(J-i) onpe.n;eJI51CTC51 113 (1.33), HO .D;Jl51 3JICKTpOHOB C IlpOTlIBOIIO­
JIO)KHhIMH npoeKI(ll51MH CIIHHOB. 

YpaBHCHH51 (1.90, 1.93, 1.94) MOryT 6I>nb pemeHI>I qncneHHO TaK )Ke 
KaK (l.10) ll (1.4la, 6) 11 ceqe1rne cpOTOllOHll3al(llll B err rre<I>o .n:a­
CTC51 (1.69), r.n:e N nt ID( ro) 12 3aMCH51CTC51 cne.n:ymmIIM BI>Ipa)KeHIIeM: 

(1.95) 

r.n:e N 1 = Ni1 + Nt
1

, a N1
1(t) - qlicna 3JieKTpOHOB Ha nl «BBepx» 

n n n n 
( «BHH3») ypoBH51X. ITapu:11aJII>Hoe ceqeuIIe cpoT0110Hmal(IIll nl 
«BBepx» ( «BHH3») ypoBHCM B en IIC<l>O .n:afac51 cpopMynoH:, no.n:o6-
HOM (1.69): 
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cr ( w) = 2.689 ':!}_!!_n_1_ x 
nli(i) 2/ + 1 

,Il11noJibHbIH napaMeTp yrnoson aH1130Tpon1111 cpoTo::meKTponos 
C n/ «BBepx» («BHH3») ypoBHeH B el1 fle<DO nonyqaeTC5I o6o6Il(e­
HHeM ypaBHeIUUI (1.74): 

1 
Pnnct)(£) = ~ ~ x 

(2l +l)[lD;,1-1i(i) +(! +l)D;.1+1icil) 

x[l(/-l)i5;,1-1i(i) +(/ + l)(l + 1)i5;,1+1i(i) -

~ ~ 

-61(1 +l)Dio,1-li(i)De,l+li(l) X 

XCOS (8 Hi(l) +/}.I-Ji (i)- 8 i+li(t) - ~l+Ji(l) )), (1.97) 

r)J.e 

(1.98) 

He.ll.HIIOJibHbie napaMeTpbI yrnosou aHH30Tponm1 cpoT03JieKTpo­
nos c nl «Bsepx» ( «BHH3») yposHeiI s en ITC<l>O nonyqaeTc5I 0606-

mem1eM ypasHeHnii ( 1. 78) M ( 1. 79): 

3 { (l + 1) 
Yn1i(t>(w)= 5[(l+l)i52 +1i52 J 2t+3x 

1-Ii(t} 1-Ji(t) 

x D 1+rt o)3(l+ 2)Q1+21 ct l cos (31+21' ct l - 81+11 ct J) -

-l Q1tcil cos(81+2ictJ - 81+1i{t) ))-

/ ~ ~ ~ 

-li+i D 1-li(t) [3 (l - l) Qt-2ict / 0 s ( 81-2i(iJ - 81-1i(i l) -

-(l + l) Q1ict/0 s(S1i(iJ - 31-1ictJ )) } ' (1.99) 
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3 { (l +l)(l +2) 
1lnti(!)(ro)=5[cl+l)D2 "'

1 
+1f52 "'

1
] (2/+1)(2l+3)x 

1+11 (•) 1-11 (•) 

xQ1+2i(-1,J [St.5,_li(!) cos(B,+2i(!) - 81-li\t)-

-(l + 3) i5 i+i r <.L >cos c81+zi <! > - 81_ti <! > )] -

- __ JL- I) ___ Q [5(!+1) i5 cos ( 8 - 8 ) -
(2/+1)(2/+l) 1--2'1'(J.) l+li(.LJ /-21(!} 1+1i(t) 

~ ~ ~ l (! + 1)Q11' < J, l 
-(l-2)D cos(3 -3 )]+2~-------X 

/-Ji(J,) /-2i(!) 1-li(J,) (2/-1)(21+3) 

x [(l +2) D /+li(! j"i5 l+li(!) cos (8/i (J,) - 81 Hi (i) -

r.ne 

Q1±2,oict/00) = Q1±2i(.L)(ro)exp[i6.1±1,oi(.L/E)] (l.lOl) 

H 81ii(1)::::: 3/i/(1) + 6.lii(L) (CM. (1.73)). 

HttTepecHo 3aMeTHTh, qTo paccToKHHC rro 3Hepnm. MC)K.IJ:Y 

«BBepx»- II «BHII3»-ypOBHKMH e TeMH )Ke caMhIMH KBaHTOBhIMH quc­

rraMH n H l IIaMHOro 6oJibllIC BCJIHqJIHbl CilHH-opfona.JihHoro pac­

mennemrn BO BCCX, KpOMe caMbIX TK:>KeJibIX, aTOMax. 3TO HCHO, TaK 

KaK o6MCHHOe B3aHMO,[(eHCTBHC o6bl'IHO 60JiblllC, qeM pemITMBMCT­

CKOC CilMH-opfonaJihHOe B3aHMO.[(CHCTBlIC. 

1.11. ATOMhI c ne3a11om1eHHhIMtt o6oJm•rn:aMtt 

Teoptrn. ¢oTOHOHH3au,1111 aToMoB c tte1ano;meHHhIMJJ o6oJJOqKa­

MII TeXHHqeCKH oqeJJb CJJO:>KHa. 11puqHHa - 3TO yrroMKHYTOe BbIIllC 

BblpO!K.[(CHJJe OCHOBHOro COCTOHHHH ll B03MO/KHOCTh o6MeHa MOMCH­

TaMH MC)l{Jl:Y B036y)K,[(eHHOH 3JieKrpoH-.I\blpoqHoll napott H OCTOBOM 

(CM., K 11p1IMepy, [12]). TOJibKO 0)1,HO ilC<l>O-o6o6meHHe, rrpc,a:cTaB­

JICHHOC B [ 13], KaJKeTC5l Ha)J,C)l<HhIM, IlOTOMY qro ,[(aCT TC )KC caMble 
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pe3yJihTaTbl B <lJopMe (()l;JUIHhI» H «CKOpOCTH» H BblilOJUUJ.eT npaBimo 

cyMM. Otto coxpamreT noJIHhIM yrnosoif MOMeHT a Ha'IaJihHOM ( <lJo­

TOH + aTOM), npoMe)l{yTO'IHOM H KOHe'IHOM COCT05IHH5IX, TO ecTh 

IIOJIHhIM MOMeH'r <lJoT03JieKTpona H HOHa-OCTaTKa. ,D;Jrn npocTOTbl, 

sc1o)l,y B 3TOM KHMre Mhl orpaHH'IHBaeMCR TaK I-Ia3hrnaeMoif LS-csR-
3hIO, B KOTOpOH IlOJIHbIM MOMeHT L H IlOJIHhIH CllHH s coxpaHRJOTCR 

no OT)l,eJibHOCTH. 

)~Ba cnyqaR, a MMeHHO MOIIH3aumo caMOH OTKphITOM IlO)I06o­

JI01IKH HCnocpe,[1,CTBCHHO H 3aMKHYTOM 110.[(060JI01IKH B rrpMCYTCTBHH 

OTKpbITOM, HY)l(HO paccMaTpirnaTb IIO-)IpyroMy H3-3a CJIO)l(HOCTH 

CB5I3CH scex yrnOBbIX MOMCHTOB H CIIHHOB B IIOJIHbie. Ha1IHeM c <lJo­

TOHOHH3aIJ,HH OTKpbITOH o6oJI01IKH. AMrrmny)la <lJOTOHOHH3aUHH B 

npu6Jrn)l(eHMM X QJ onpe)leJIReTCR M3 crre)ly1om:ero Bhipa)KeHMH [ 13, 
AC]: 

( f 3 / 3 , L3 S 311 d II n 111 , LS) := 

= 8ss3 ~2s+i c2~~.ll2L1S1 (c3l3ll d II n,l, ). (1.102) 

3.[(eCb f 3 H /3 - 3HeprH5I H yrnoBOM MOMeHT cpoT03JieKTpOHa; n1 

H 1, - rnamwe KBaHTOBOe 1IHCJIO H yrJIOBOH MOMCHT C03)laHHOH Ba­

K3HCMH; LS -- rronHhIH yrnosoif MOMeHT na crrHH ne3aMKHyToi1: rro­

,no6onoqKu: (n1l1 )<I(LS), r)le q - 'IHCJIO 3JieKTpOHOB B HCH, 

q < 41, + 2, a 411 + 2- IIOJIHOe 'IHCJIO 3JieKTpOHOB B 3aMKHYTOH rro­

)1.060JI01IKe 11; (c3l3ll d lln1l1) - o6bI1IHbIH rrpMBC)l,CHIIhlH )lHilOJlb­

HbIM MaTpH'IHbIH 3JieMeHT, )laHHbIM B (1.58). 
YpasneIIMR TIC$0 )IJIR OTKpbnon o6ono1IKH HaMnoro 6onee 

CJIO)l{HhI, '-ICM )IJIH 3aMKHYThIX o6ono1IcK (1.37). Om1 cTaHOBRTCH 60-

nee CJIO)l(HblMH c pOCTOM 'IHCJia 3JieKTpOHOB B OTKpbITbIX o6oJI01I­

Kax. Tio3ToMy 3TH ypasnemrn 6bIJIH peIIICHbI TOJibKO )l,JIH aToMOB c 

O)l,HHM 3JieKTpOHOM HJill O)IHOH BaKaHCMeH BHC 3aMKHYTOH rro.n;o6o­

JI01IKH, TaKMX KaK Al, c o.n;noii cToponbI, H Cl, I - c ApyroH. [14]. Bo 

scex 3THX CJIY'IaJIX H3Y'IaJIHCb TOJlbKO HC3aMKHYTbJe rro.n;o6onoq1<H. 

Terrepb rrepett,[(eM K <lJoToHOHH3aUMM 3aMKHyToi1: o6ono'IKM B 

rrpttcyTcTBHM OTKpbnoi1:. He,nasno no,nxon, pa3BHThIH B [13], 6brn 
o6o6men B [14, 15] TaKHM cnoco6oM, qTo pa3peumn Y'IHTbIBaTb ne­

cKOJibKO no)lo6onoqcK, o,[(nospeMenno BKn10qa51 OTKpbITbie. BhI'IHC­

neHHR 6bIJIH Bbmonnenbl )IJIR Xe+ H I. 
<l>OTOHOHH3aumr 3aMKHYTOH IlO)l060JIO'IKH B rrpttcyTCTBHH OT­

KpbIThIX Be)ICT K 6onee CJIO)l(HOMY KOHC'IHOMY COCT05IHHIO, HMem­

IUCMY TPH OTKpbIThie rro)Io6onoqKH, BKJIIO'Ia5I Bbmernmu~nii 3JieKT-
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pou. Bo-nepBbIX, yrnoBOH MOMeHT t, HOHH3HpoBaHROH no,no6onoq­

KH n1l1 H ¢oT03JICKrpoHa £3l3-l3 CBR3aHbI, qTo6hI npHBe3TH K 

KOHeqHoMy COCTORHHIO c TepMOM 1P, IIOCKOJihKY 3TOro Tpe6y10T 

,npasnna .UHIIOJibHoro 01·6opa [(n 1 l1 )
411 +I (£1S1)E/3 ]( 1P), r.rr,e L1 = 11 , 

S 1 = l I 2. 11ocne 3TOro ynroBbie H cnHHOBbie MOMeHThI OTKphITOH 

no,a:o6onoqKH (n2l2 )lf (LS), q < 412 + 2, CKJiaJJ,bIBaIOTCJI, 'lT06hI no­

JJyqHTb UOJIIIbIC ynIOBbie II CIIHHOBbie MOMeHThl Koneqnoro COCTOH­

HH.H l3S 3. 

EcTh HeCKOJihKO B03MO:>KHbIX 3Ha'leHMH L3S 3 , KOTOphie coorneT­

cTByIOT 'IHCJIY KaIWJIOB B tPOTOHOHH3aUHM 3aKphITOH o6oJIO'lKM B 

npucyTcTBHM OTKphITOH. C{)oTBercrny101unH: X<l>-MaTpH'lHhIH 3Jie­

MeHT .rr,aeTCH cne,11;y1om:e:H cpopMyrro:H [ 15, 16]: 

( £ 3 l 3 , L3 S 3 ll d !I n 1 l 1 , LS ) = 

(l.103) 

r;~e w/~1z~sl =fi(2l3+l)/'(2l +l) (-1) 11 +L-Li. 3aMeIHrn KO'.HpcpHUH­

CHThl c 2~~.1 l2L1S1 B (7) H (9) H3 [ 1 7] COOTBCTCTBYIOll~HMH 3HaqeHHJIMM 

w/1zss ' npHXOJJ,MM K BhipalKemno .n:m1 KYJIOIIOBCKHX MaTpHqHhIX 
3 3 J 

3JICMCHTOB, KOTOpbIC .ZI.OJI:>KHhl HCTIOJih30BaThCH B I1C<PO-ypaBHCHH­

}lX (1.37). 06maH npo1~e.I(ypa pernemrn: 3THX ypaBnennH: Ta ){<e caMMI 

,ll;JI5I aTOMOB c 3aKphIToli [AC] H oTKpbIToii o6ono'IKOH [13, 18]. Bue­

JIOM, 3TOT IIOJJ,XOJJ: nonyq11JI Ha3santte ff C<PO ;:I.Jrn HC3aMKHYThIX 060-

JIO<JeK, Hntt ITC<POH. 

1.12. 0TpttQaTeJihH.ble " DOJIOIKHTeJihHhlC HOHhl 

CeqelfH5I <PoTottoHH.3au1m o-rpttUaTeJihHhIX HOHOB npc,ncTaBJI5IlOT 

,I\OilOJIHl1TCJlbHhlH HHTepec c TO<JKH 3peHHJI noporosoro IlOBe,I(eHWI 

ce'leHM5I B 3TJIX o6'beKTaX. Yxo,a:JIIUHH 3JieKTpOH B OTpm1areJibHhIX 

Honax «qyscTsyeT>> none ocrayoqnoro ue:HTpanhnoro aToMa, Ko­

Topoe MMeeT KOpoTKHH pa,a:Hyc ,a:eiicTBmI, BMeCTO KYJIOHOBCKoro 

«XBOCTa» IlOJlO:>KHTCJlhHO 3ap}DKe1-moro Mona, KOf)~a MOHJI30BaH HeH­

TpaJibHhIH aTOM. Ceqeuue OTpHUaTeJibHoro nona, corrracno 3aKony 

Bttmepa [JUI], AaeTC5I cne,a:y10m:ei1: cpopMynoii, cnpase,a:nusoii s6ntt-

3H nopora IIOHH3auttn: 

(1.104) 
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f)J.C l -- ynIOBOM MOMCHT HOHH30BaHHOM o6oJIO"IKM. I-kr COMHemrn, 

qTo 3TOT 3aKOH Bepen JIHillh 6JIH3KO K rropory HOHH3aUMM, HO "U1CJIO­

BOe 3uaqeu11e CJIOBa «6JIH3KO» ocrneTCJI He5ICHhlM. Ha nepBhIM 

B3rJI5I)J., «6JIH3KO» MJm «OKOJIO» rroporoB 03Ha'IaeT crrpaBeJJ,JIHBOCTh 

COOTHOIUCHH5I ( {J) - r· ) S r-. KaK OKa3hIBaCTC51, OJJ,HaKO, .n:erro 

o6CTOMT He TaK: ceqeHHe aTOMHoro O'fPMUaTeJlhHOro HOHa cne­

.n:yeT 3aKony Burnepa TOJihKO qpe3Bh1qaiiuo 6JIH3KO K nopory, npu 

(w- r) s o.1r [18]. 
EcTh )J.Ba pa3Jll1qHbIX BH)J.a OTpHUaTCJibHhlX HOHOB, a MMCHHO 

«npoCThie» H «CJIO)l<HhIC», mm «IIOJI5IpH3aUHOHHhie» OTpHUaTeJib­

HhIC HOHhI. «I1pOCTbie» - 3TO Te, KOTOphie Moryr 6b1Th C03,ll.aHhl 

y)Ke B paMKax nptt6mnKeHirn X <D [ 19]. 06hrqHo, o.n.HaKo, noTenuuan 

MOHH3aUMH Ix<P B rrpu6JIM)KCHMH X<D )J.JI51 3TMX MOHOB 5IBJrneTC51 

CJll1IllKOM Ma.IThIM. qT06hI y11yqrnHTb cwryaumo, Mb! MO)KCM MITH BBe­

CTH 3KcnepHMeHTaJihHOe 3naqen11e /~Ken BMecTO X<l>-n0Tenu11ana 

llOHH3aUHM, MJIH .n.o6aBHTb HCKOTOph!H )J.OUOJIIf,jITCJlbHbIM K 51,D;epno­

MY 3ap51.IJ: L'iZ, Bhr6paHHhIH TaK, qTo6bI I l~+AZ) = I fKcn. 3To OTHO­

men11e orrpe.n:en5IeT cpaKrnqecKH Ben11q1rny L'iZ. Bee, H X <l>- ( 1.10) II 
IIC<DO- ( 1.3 7) ypaBnenmr .n:omKHhI 6bITh pellleHbI .IJ:JI5l 3cpcpeKTHBHO­

ro 3ap5I)J.a z 3cp = ( z + &Z). l(pyroiI BapIIaHT - 3TO peIIIHTb TC )l(C 

caMhIC ypaBHCHH51, rrpeHe6pera51 pa3JIMqMeM MC)K.IJ:Y f x<P H [3KC!l" 3TOT 

no.n:xo.n: Hexopom ,ri:;rn nenocpe,ri:cTBeHHoro paccMoTpernrn .nonoJIHH­

TeJihHOro 3JICK'fPOHa. 

«CJIO)KHbIC» OTpttuaTeJihHhie llOHhI MoryT 6h!Tb ccpopMHpO­

BaHhI, TOJihKO eCJIM yqTcHa l10JI51pH3aUH51 aTOMHoro OCTOBa .n:onon­

HllTCJibHhIM 3JieKTpOHOM [20). 3Ta UOJI5IpH3aI~H51 H COOTBCTCTBYIO­

IUMC nonpaBKH K Me:>IOJICK'fPOHHOMY 3cpcpeKTHBHOMY B3aMMO)J.CHCT­

BHIO M K ::>cpcpeKTlIBHOMY cpoTOH-3JICK'fPOHHOMY B3aHMO)J.CMCTBHIO 

BhIXO,n:5IT 3a paMKM np116rrtt)KeHH5l X<l> H 11C<DO [AVIqq). 06-

urnpHbie pacqeTbI cpoTOMOHH3aQHM «CJIO:>KHhIX» OTpHuaTeJibHhIX 

HOHOB 6hIJIH BhlilOJIHCI-U>I cpaBHHTCJlbHO He,n:aBHO (CM. [21] H CCh!JlKH 

TaM). 
HeT HHqero crreuHcpnqecKoro B cpoTOHOHII3aUHH nonmKMTeJih­

HhIX MOHOB, eCJIH OHH rrpHHa)J.J!e)KaT O)J.HOM 113 cne.n:ymIUHX rpynn: 

HMCIOT TOJihKO 3aIIOJIHCHHhIC, rrony3aIIOJIHCHHhie no,ri:o6onoqKM 

11/11n11 .n:onorrHHTeJihHhIH 3JieKTpoH BHe 3anonnenuoiI o6onoqKII (HJIH 

JJ:hipKy B Hett). Bo Bcex 3TMX cnyqa51x MCTOJl.hI, onttcaHHhie BhIIIIe, 

MoryT Hcnonh30BaThCJI 6e1 KaK11x-n1160 cneumpuqecKHx TPYJJ:HO­

cTeiI. <l>aKTHqecKH, UOJIO)KHTCJihHhIC HOHbI -- 6onee npOCThIC 060-

eKThl, qeM HCMTpaJibHhIC aTOMhI, c ToqKM 3peHMJI CKOpOCTM CXO)J.HMO­

CTH BhiqHCJJHTCJihHhIX npoueJJ.yp. 
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IIo.n;xo.n;bl, pa3BHThie B rrpe,n:hI.D:YIIJ.HX pa3)1.enax, MoryT npl1Me­

H5IThCH K aTOMaM II IIOHaM, HaXO.D;5IlUIIMC5I He TOJibKO B OCHOBHOM, HO 

II B B036y)R'..D;eHHbIX COCTOHHilHX. 3To oco6eHHO npocTO, KOr)J.a pac­

CMaTpHBaeMoe COCT05IIIHe rrpe,ll,CTaBJrneT co6oil 3aMKHYT)'IO IlJIII no­

rry1anOJIHeHHYIO o6onoqKy, a TaK1Ke HMeeT 0)1.HH 3JieKTpOH (HJIH 

o.n;Hy BaKancmo) BHe 1anorrnennhIX (nony1arronHeHHhIX o6onoqeK). 

06cy)R'..n;am1rnec51 MeTO.D;hI - IIC<l>O II MTB npuMemIMhI H rrpII 

paCCMOTpeHHII npoCThIX MOJieKyrr, HMeIOII~IlX BCero HeCKOJibKO aTo­

MOB. PeruammHM ocJIO)R'.HeHIIeM rrpII paccMoTpeHHH MoneKyrr HB­

mceTcH OTCYTCTBHe ccpepHqecKOH CHMMe1-pHH Il, KaK cne.n;CTBIIe, 

HeB03MO)R'.HOCTb npose.n;eHIIH aHaJIHTIIqeCKH IIHTerpIIpoBaHmI no yr­

JIOBbIM nepeMeHHbIM. 11.MCHHO Il03TOMY fIC<l>O-ypaBHeHH5I .D;JIH MO­

neKyJI He RBJI5IIOTCH O.D;HOMepHbIMH: .D;JIR UlIJIIIH.n;pIIqecKH CIIMMeT­

pl1qHblX MOJieKyJI OHil .D;ByMepHbI, a .D;Jl5I JIIUIIeHHbIX II '.HOH CIIMMeT­

pHII ·- oHII TpCXMepnbI. Ho JJ.a)R:e coBpeMeHHhJe rrepcoHaJihHbre 

KOMilbIOTepbl, He roBOp5I y:>Ke 0 CTaUHOHapHblX BbiqHCJIHTCJibHblX 

CHCTeMax, cnoco6Hbl cnpaBIITbCH c peIIICHIIeM rIC<l>O Il HM no­

.n;o6HbIX ypaBHeIUill MCTO,D;OM «rpy6ou CIIJibI», T. e. pernaH IIpHMO 

TpexMepHbIC ypaBHeHII5I. 

1.13. 311~0J~paJI1.111.1e aTOMbl - :ul><f>eKT oTpamenHH 

<f>oTOJJieKTpOHOB 

B reqeHIIe rrpoIIIJioro .n;ecHTIIJieTII5I 6bIJIH o6napy)R'.eHbI HOBbie 

aTOMOI10}J,06Hhie o6beKTbI, COCT05IlUIIC II3 MHOrIIX ynrepo.n;HCThIX 

aTOMOB II o6pa3yIOIIJ.IIe 3aKphITYIO noqTII «nycry10» II .D:BYXMepHyIO 

IlOBCpXHOCTb, TaK Ha3blBaeMhIH cpyrrnepeH [22). bOJlhIIIOC BHIIMam1e 

y.n;eJIHJIOCb lICCJIC.D;OBaHIIIO IIX CTpYKTYPhI, IICIIOJlh3YH )J,aHHhie cpoTO­

nornorneHIIR. 0Ka3aJIOCh, qTo see 3JieKTpOHhI aTOMOB yrnepona, 

KpoMe ls2, B 6onbrnou CTeneHII KOJIJieKTIIBII3IIpoBaHhI. B pe1yrrhTa­

Te, crreKTp cpoTonornoIIJ.eHII5I 3THX o6'heKTOB xapaKTeptt1yeTC5I BII)J,­

HbIM MaKCIIMYMOM, Ha3bIBaCMbIM 2u2a1tmCKUU pe30HaHC (CM. pa3)].. 

1.5, [23, 24] II CCblJIKII TaM). 06maR MOlUHOCTb 3Toro pe30HaHca, ero 

IlOJIHa5I cwza OCJ4UlUlflmopa, 6JIII3Ka K IlOJIHOMY qIIcny CBH3aHHbIX 

3JICKTpOHOB cpynnepeHOB. <l>ynnepeHhl - CJIO)R'.HblC o6'bCKTbI )J,Jl5I 

npoBe,11.eHIIH ab initio BbJqIJCJieHIIH. l1o3TOMY npIIXO,D;IITCH IICIIOJlb30-

BaTb cyruecTBeHHOC ynpomeHIIH, qT06bI IICCJie)J,OBaTb IIX ceqemrn 

cpoTOHOHII3aUIIII II .n:pyrne csoH:crna. 

<l>ynnepeH IIMeeT lJ.OBOJibHO CilCIIHqn:i.qecKyIO H Heo6wmyio oco-

6eHHOCTh: noqnr JII06ou aTOM II3 nepIIO)J.IJqecKOll Ta6JIHUbI MO)R'.eT 
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6hITb pacnono)KeH BHYTPII ¢ynnepeua, TaKIIM o6pa30M C03)l,aBa.a TaK 

na3bIBaeMhie 311003opa;1blibte amoMbZ, cocTo.a11u1e II3 ¢yrnrepetta F II 
BKmoqennoro B nero aToMa A, A@F. Q:>aKTn:qecKH, ne TOJibKO O.ll.IIH, 

HO TaK)Ke JI necKOJihKO aToMoB MoryT 6hITb noMell(eHhI BHYTPh <flyn­

nepeirn, oco6emrn BHyrpb CTPYKTyphl, KOTopa.a COCTOJIT H3 IIIeCTII­

)l,eCKJ'H HJIII Jl,a)Ke 6onbrue aTOMOB yrnepo,n:a. Ha CBOMCTBa II xapaK­

TepHCTHKH noBe,UeHmI BHy1pennero aTOMa, nanpIIMep ero ceqe1me 

¢oTOlIOHH3aUHlI lI pacna,IJ. C03,IJ.aHHbIX B TaKOM rrpOL~ecce BaKaHCIIM, 

CIIJibHO BJIIIHCT oKpy)KaIOil(a51 <flynnepenoBaH o6onoqKa. 

3To rrpeJlCTaBJrneT IIHTepec, qT06bl YBII/lCTb, KaK MCH5ICTC51 IIO,U 

BJIII51HIICM cpynnepeua, IrnII6onee IICCJIC,UOBaHHbIM H3 KOTOpbIX 51BJI51-

eTC51 C60• ceqe1me <J:>OTOIIOHH3aUIIII II BCp051THOCTb IIOCJie,Uyrom;ero 

pacuaJla saKaHCIIM B 1n.n:o1,UpanhHhIX aToMax -- A@C60 . I1pe.n:no­

)KCHHhie MCTO,Ubl MOfJIII 6blTb npIIMCHCHbI K cpy1rnepe1rnM c ,UpyrIIM 

qlJcJIOM a:roMoB yrnepo.ua, 0Tm1qnh1M OT 60. Pe3yJihTaThI nonyqeHbI 

naMII c IICIIOJib30BaHIIeM oqeub npoCTOM MO,!J.CJIII II Ha OCHOBC cyll(e­

CTBYJOIIJIIX 3KcnepnMeHTaJlhIIbIX ,IJ.aHHbIX. 

Mb1 paccMoTpIIM /lBa caMhIX BmKHbIX TIIIIa B03JJ,CHCTBII51 na ceqe­

HIIe cpoTOIIOHII3aQIIH aTOMa, noMeII\ennoro BnyTpH cpynnepenoBoH 

06011o~IKH: OTpa)KCHIIe <PoT03JICKTPOHHOH BOJIHbI CTaTnqecKIIM no­

JICM <fly1mepeHOBOH o6onoqKlJ H MO,UH<flIIKallIIIO naJICTalOIIlCfO <Po­

TOHa II3-3a ,!J.IIHaMIIqecKOro OTKmIKa KOJIJICKTIIBH3HpOBaHHbIX 3JICKT­

p0HOB cpyrnrepeua. 

TaKIIM o6pa30M, Mbl IICCJie,UyeM npOllCCCbl, KOTOphIC, XOT5J II 

IIMeIOT B HCKOTOphIX cnria51X OTHOCHTeJibHO MaJibIC ceqeHII5I II Bepo­

HTHOCTII, OTJIHqaIOTCH OT llPYfIIX npoueccoB c IIOMOIIlhIO MeTO.ZWB 

3JICKTPOHIIOH CIIeKTpOCKOIIIIII IIJIII npII npoBe,UeI-IHII 3KCnepIIMCHTOB 

na COBUa):(CHIIC. J~;rn KOHKpCTIIOCTII, Mbl CKOHQCHTPIIPYCMC51 TOJlbKO 

Ha O,!J.HOM TIIrre ¢ynnepena, a IIMeIIHO C60, n npe,n:nonO)KlIM MH npo­

CTOThI, qTo aTOM A pacnono)KeH B u.enTpe noqn1 c<J:iep.ttqecKII-CHM­

MeTpIIqnoli o6onoqKH C60· 3aMeTttM, qTO ,ZleHCTBIIe <flyrrrrepeHOBOH 

o6onoqKH ua <J:ioT03JICKTPOHHYIO BOJIHY BC,UCT K llHTep<J:iepem\IIII 

npHMhIX II OTPa)KeHHhIX cpoT03JICKTponnhIX Bonn OT aTOMa A. 
TaK KaK TOJIIl{IIHa C60-o6onoqKII MCHbrue, qeM ero pa.uuyc Re, 

.r.i:m1 cpoT03JICKTponoB IIII3KOH 1neprIIM MO)KHO 3aMeHIITh C60-noTeH­

llHaJI IlCCB,UOIIOTCHIJ,IIaJIOM nyneBOH TOJIIl(IIHbI [25, 26}: 

V ( r) = -V 08 ( r - R) . (1.105) 

IlapaMeTp V 0 onpe.n:en.aeTcH H3 ycnoBII5J, qTo6bI :meprII.a CB513II .r.i:o­

nonHIITCJihnoro 3JICKTpOIIa B OTpIIllaTCJibHOM IIOHC C6o 6hIJia paBHa BC­

JHJqIJHC, na6mo.r.i:aeMoi1 na onhne. ,Uononne1-me noTCHllHana ( 1.105) 
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MmKeT 6bITb yqTeHO attamnIIqeCKII [27, 28], eCJIII Bhlpa3IITb rrapu:u­

aJII>HYIO BOJIHY c yrJIOBbIM MOMeHTOM l qepe3 TaK Ha3hmaeM1>Ie pery­

m1pttoe u kl ( r) II nepcrymrpttoe v kl ( r) B rnqKe r ~ 0 pcrnenmr aTOM­

Horo X<I>-ypaBHCHII5I )lJI5I cpoT03JieKTpotta c IIMITYJibCOM k = .fii,, 
r,n:e £ - 3Hepnrn cpOT03JICKTpOHOB, CBUaHHa5I c qacTOTOM (J) cpoTOHa 

coonmrneHIIeM E = w - I A, II I -- noTemtnan nonn3au:m1 aToMa A. 
Bronoqerrne (1.105) se,n:eT K cpaKrnpy F!'(k) B aMrrJIHTy,ne cpo­

TOHOHH3aU:HH, KOTOpbIM 3aBHCHT TOJlhKO OT JIHHCM.HhIX k H yrJIOBhIX 

t' MOMCHTOB cpoT03JlCKTpOHa [28]: 

F 1(k) =cos L\8 1(k) 1- tan t-.8 1(k)---·--- , [ 
v~(R)] 
Uk1(R)_ . 

(1.106) 

r,n:e L\8 1 ( k) - rrorrpaBKa K cpa3e ynpyroro pacccmrn51 cpoT03JICKTpo­

Ha 3a cqeT IlOTCHU:HaJia ( 1.105), KOTopa5I MO)l(CT 61>ITb Bbipa)l(CHa c 

yqeTOM CJICJWIOil.(Cro COOTHOlllCHII5I: 

(1.107) 

IIcnoJib3Y5l ( 1.100), MO)l(HO rronyqttTh cne;:xymume cooTnorne­

HM51 )lJI51 aMITJIHTYJX 3H):(03)lpanbHOro aToMa D AC(r) M Q AC(r), Bbipa­

)KCHHhIX qepe3 COOTBeTCTBYIOIU:MC 3Haqenmr ):(JI5I H30JIHposaunoro 

aTOMa, KOTOpbIC COOTBCTCTBYIOT nl ~ E !' rrepexo,n:aM: 

D:/i~S:\w) = Fr(k)D 111,kr(w) exp[iL\8/'(k)], 

Q,:i~Xl(w) = Fl'(k)Qnt,ki'(w) exp[it-.8/'(k)], 

(1.108) 

r,n:e sepxnnn IIH)leKc AC(r) o603naqaeT rrpIIna,n:ne)KHOCTh K A@F, 
TO CCTb rrpmrn)lJIC)KHOCTh K 3H)l03):(pan1>HOMY aTOMy, a (r) OTMeqaeT, 

qTo yqTeno oTpa)KCHIIC cpoT03JICKrpona OT o6onoqKII cpynnepeua. 

)Xm1 ceqeHIIM IIMCCM 

(1.109) 

3aMCTIIM, qrn cpaKTop Fl'( k) KaK cpyHKU:II51 w IIMeeT cIIJihHhre pe-

3onanch1, KOTOphIC O'I'pa)l(Cllhl B () AIC'(I•) ( w) II na3bIBaIOTC51 pe30Haft-
n ,K 

caMu 02pauu'l.em1J1 [29, 30]. 
c 3THMH aMilJIHTy,n:aMII, HCI10Jlh3Y5I B1>1pa:>KCHII5I ( 1. 71), ( 1. 78), 

(1.79) II BhIIIOJIH515l 3aMCHhI (1.72), (1.83), Mhl ITOJryqaeM ceqeHII51 

):(JI51 A@F H napaMeTpbr yrnosou aHH30TporrHH. 
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B pe3yJibTaTe, HMeeM [.(JUI .l(HilOJihHOro rrapaMeTpa yrnosoli aim-
301-porrm1 3HJ~03.l(paJihHoro aToMa A@F H3 (1. 74): 

~AC(r)(ro) = - l -----X 
111 

(2t + l)[ (! + l)Fl1-ijjT+i + IF?_ 1Df_ 1] 

x[(l+l)(l+2)F?+ijjT+i +l(l-l)Fl_1Df_1 -

~ ~ 

-61(! + l)F1+1F1_1D1+1D1_1 cos (81+1 - 81 __ 1 )], (l.110) 

r.l(e 8r == 8r + L\or (cM. (1.73)). 

l13 (1.78) H (1.79), HCIIOJib3Y>I (1.72, 1.83), Mbl npHXOJ(HM K cne­
.l(yIOII~HM Bbipa)J(eHH>IM wrn He.l(HIIOJibHOrO napaMeTpa yrnoBoii aHH-
30TponHH: 

yAC\r)(ro) = 3 - { ~l +l)F1+1D1+1 x 

n1 s [(l + l)Fi2t1i5r+1 + !F/:_/31-1] 21+3 
~ ~ 

x [3(/ + 2) F1+2Q1+2COS (81+2- 81+1) -

-lF1 Q1 cos (81 - 81+1 )]-

- ~F'1 -/? 1-- 1 [3 ( l - l )F Q cos ( S - S ) -
21+1 1-2 1-2 1-2 1-1 

-(l+l)F1 Q1cos(81 -81_ 1)]}, (1.111) 

,..._, , ... , 

x Ft 12Q1+2 [51F,_1Q1+2jj1-1d1-1 cos ( 81+2- 81-1) -
~ ~ 

-(/ + 3)F1+1 D 1+1 cos ( 81+2- 81-1 )] -

(! -1) , ~ ~ ;:: ;:::; 
------~--F 1 2Q1 2 [5(l+l)F1+1D 1+1cos(81_ 2-o1+1)-(2/+1)(2/+1) - -

~ ::::: ;::; l (l + l)F1 Q1 -(l-2)F D cos( 8 -o )]+2---X 
l-l /-\ l-2 /-1 (21-1)(21+3) 
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x [(l +2) F1+1D1+,i5t+i cos ( 81 - 81+1 ) -

-(! -1) F1 _1D1_ 1D1_ 1 cos ( 81 - 81 __ 1 )] } • (1.112) 

Te )J\'.C caMbie rrapaMeTpbI MoryT 6bITb paccqIITaHbI, eCJm A .si:B­

JrneTc.si: aTOMOM c nony3arrom1ennb1MII rro.n;o6onoqKaMH. qT06b1 rro­

nyqttTb ()AC(r) (co) ~AC(r)(co) yAC(r)(co) Il llAC(rJ(co) HCilOJlb3yeM 
nl, kl'i J. 11/i J, ' 11/i J, · 11/i J, ' 

(1.110--1.112), JaMen.si:.si: TaM i5 r( co), Qr'( co), 8r'( co) H Fr( co) na 

i5 /'i (co), Q l"i (co), 8 l'"i (co) H Fri (co) HJIH na i5 I' t (co), QI'' t (co), 

8/"'t (co) H Fri (co) ):(JUI <}_)OT03JieKTpOHOB co CIIHHOM «eeepx» (i) H 

CllHHOM «61iU3» ( j,) (CM. pa3.ZJ;. 1.10). 

1.14. '.JHLl,03JJ.paJibllbIC aTOMbl - 3<[><[>eKT IlOJIHpH33U:HH 

<f>y JIJiepena 

ct>yJIJ1epenoBaJ1 3JieKTponHa.si: o6onoqKa 3<!J<}_}eKTMBHO Mem1eT HH­

TCHCHBHOCTb HaJieTaIOII(ero nyqKa <!JoTOHOB, KOTOpbIH ee IlpOHHKaeT 

H .n;ocTttraeT BHYTPeHIIero a To Ma A. JTOT 3<!JcpeKT MO>I<eT 6hITb yqTen 

Il0.[(06no TOMy, KaK 3TO .n:enaeTC.sl npH yqfae B03,[(eHCTBH5I O,L(HOH 

3lieKTpOHHOH o6onoqKH Ha )J.pyry10. JJ:eikTBIITeJibHO, c <PII3HqeCKOH 

ToqKtt 3pen11.si: cHTYaI(H.sI ocrneTc.si: TOH )J\'.e, TOJibKO nap.si:.n;y c aTOMHhI­

MH o6onoqKaMH noHBJI.sieTCJI .n:ouonmneJII:.HaJJ o6onoqKa cpynne­

pena. 

Cyo(CCTBcnnoe yrrpon(enttc 1aKmoqaeTc.si: B TOM, qTo B3aHMOJJ;eH­

CTBHe Me)J\'..n:y cpyJinepenoM H 3JICKrponaMII aTOMa A OTIIOCHTeJihHO 

cna6o 11 noToMy ero .[(OCTaToqno yqecTh B rrepBOM rropH.[(Ke MTB. 

3To ecTh cne.[(cTBHe Toro, qTo pa.[(IIyc <!Jy;rnepena R 1rnMnoro 6onh­

rne, qeM aTOMHbIH pa.[(nyc r A . B pe3yi1bTaTe, HMceM .IJ.JIJI rnaBnoro 

qnena B3aHMOJJ:CHCTBII51 aTOMHOrO II <!JynnepeHOBOro 3JieKTpOHOB 

TOJibKO )(IIHOJlb -· ):(HIIOJibHbIH BKJia.n;: 

(l.113) 

3.[(CCh r A H re -- pa.[(HYCbI-BeKTopbI :meKrponoB aToMa A II cpynne­

pena COOTBeTCTBCHHO. 3To OTIIOIIlCHllC napaMCTpHqecKH cnpaBe):(­

JIJJBO .[(JI51 aTOMOB, qen IlOTCHQIIaJI HOHII3aQHII HaMnoro 6oJibIIIe, qeM 

<!Jynnepena. 
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Ha H3hIKe Teopnn JJ.HarpaMM aMIIJIHTyJJ.a QJoTorrornorn:ennH A@F 
rro,n:o6na (l.36), r.n:e BOJIHHCTaH JIHHHH o603HaqaeT (1.113): 

(O~ 
--~ 

(l.114) 

r.n:e D AC, DA, D F srBJIHIOTcsr aMnrrttTyAaMH <PoTOHOHH3aIJ.HH A@F, 
n1onnpoBaHHoro aToMa A H iiJymrepeua F coorneTCTBeHHO. 3a­
MeTHM, qTo .n:o cHx rrop natt6orree qacTo H3yqaeMbIH cnyqau - 3TO 

F = C60, xoTH ,n:pyrtte iiJynrrepetthI, narrpttMep C80, TaK>Ke cTaHOBHTCH 
o6'heKTaMH Hccrre.noBanttsr. AttaJIHTHqecKH, HMeeM JJ.JIH (1.114): 

( 1.115) 

r,n:e a F ( ro) -- ,n:MrrorrhnaH noJISlpmyeMoCTh o6orroqKn cpynnepetta. 

B paMKax I1C<PO DA HBJIHeTCH peIIIeHtteM (1.37). Ho c mqKH 3pe­

mrn ( 1.115) necyrn,eCTBCHHO, KaKoe npH6mnKeHHe HCllOJib3YCTCK, 
qT06hI OIIHC3Th H30JIHpOB3HHhlM aTOM. 

06ne.ll,HHCHHOe ,L(CHCTBHe CTar~ecKoro IlOTCHU.HaJia <Py1mepena, 

OilHCbIBaeMoro F, ( k) H3 ( 1.108), KOTOpbIM yqHThIBaeT OTpa­

)l(CHHe cpoT03JieKTpona aToMa A o6onoqKOH <Pynnepena, tt MHO)l(HTe­

JIH G F ( ro) H3 ( 1.115), KOTOpbIH OilHChIBaeT MO.LJ;HqmKaruuo nanernro­

rn,ero noToKa tPoTonoB, )J.eifcTBYIOJJ~ttx na aTOM A BCJICJJ.CTBHe nonH­

pH3au1m <Pynnepena F, BC)l,CT K crre)J.yrou~eMy COOTHOIIIeHIUO [31]: 

a ~{k1'( ro) =I Fr{ k) 12 i 1 - a~; ro) 12 CT nt, kl'( ro) = 

(1.116) 

3.lJ.CCb BepxmriI HHJJ.eKc AC 6e3 (r) 0311aqaeT TaKHe 3uaqeum1 

BbJqHCJIHCMbIX BCJIHq1m, KOTOpbre yqttThlB310T H O'rpa)l(etttte cpOT0-

3JICKTpoua CTaTttqecKHM noneM <jJynnepetta, H ero JJ.HHaMHqecKy10 

llOJ1Hpll3yeMOCTh. 0TMeTHM, qrn <P-rry (1.116) MO)l(HO HCI10Jlh30BaTh 

c 3KCIIepHMCHTaJibHbIMH ceqeHHSIMH tj:JoTOHOHH33IJ.HlI CT 11/ kl'( ro) H30-

JIHpoBaHHOI'O a TO Ma lI AIIUOJihHOM nom1.pH3yeMOCTbIO (J. F ( (J)) cpymre-
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peua, II c cpaKTopaMII Fr(k), Bb1qIIcJieHHhIMII B paMKax Mo,n;enII, nyq­
rneH: rrpe,n:CTaBJieHHOH BbIIlle MO):(eJIII UOTeHU.IIaJibHOrO rry3blpR 
(1.104). 

MnmrrnTeJJb G F ( w) B ( 1.115) tt3MeHReT noTOK ,n:IInOJibHhIX cpoTO­
nos. Auaswruqua MO.ZJ:IIcpIIKarurn II KBa,n:pynonbuoro MaTpIIquoro 
:meMeHTa Q AC ( w), KOTOpbIH y11IITb1BaeT ,n:HarpaMMbl, no,n:o6Hble 
(1.114), rrpnso,n:JI K cne,n:y1omeMy Bbipa)Keumo: 

(1.117) 

me a 'fr ( w) - Ksa,n:pyrronbnaR nom1pII3yeMOCTh cpynnepeHa. 
MumKttTeJm GF(w) II GJ(w) npoRsnmoTcR B ue,n:IInonhHhIX 

napaMerpax II npIIBOMT IIX K )J;OUOJIHHTCJibHbIM OTHOIIICHIIRM 
G J ( w) I G F ( w). 3aMeTttM, qTO G F ( w) II G J ( w) - KOMnneKCHhie se­
JIII'lIIHhI: 

G J; c1 ( w) = G ft"' ( w) exp [ iA'1· d ( w)], (1.118) 

r.ne GF(w) = G'j(w). 
B pe3yJihTaTe, ne.L(IIIIOJihHhie napaMerphl yrnosoH: aHH301'POITIIH 

onpe,n:eJIJIIOTCJ! BbipaJKCHIIJ!MII: 

AC_ 3G'j(w) {(/+l)F1+1D1+1 

Yni (w)- SG'j(w)[(l + l)F1~~Dl+i + lF1~)5J~J 21:+3--x 

x [3 (! + 2) F 1+2Q 1+2cos (8 1+ 2 - 8 l+l) -

-!F1 Q1 cos(B 1 -B 1+1)]-

lFI ID I I · ~ ~ -
- -··---~:_.::.._. [3 ( l - l)F Q cos (8 - 8 ) -

21 + l 1-2 1-2 1-2 /-I 

- (I + 1) F 1 Q 1 cos ( 8 1 - 81_1 ) ] } ; ( 1.119) 

AC()= 3GJ(w) { (l+l)(/+2) x 
11111 (l) ~ ~ ~ 

5GJ (w) [(l + l)F1~_ 1 Dr+i + lF/'_ 1D[_1 ] (2/ + 1)(2/ + 3) 

x F112Q1+2 [51 F1-1D H d 1_ 1 cos (8 1+2- 81-l) -
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-(I+ 3)Fl+l DI+! cos (81+2-8 I+!))-

(/ -1)/ ~ _, - -
---------F Q [S(l+I)F D cos(() -o )-(2/ + 1)(2/ + 1) 1-2 l·-2 1+1 /+I /-2 1+1 

-(l-2)F i5 cos(8 -8 )]+2!(/+l)F,Q, x 
/-] /-J /- 2 /-! . (2/-1)(2!+3) 

x [(l +2) Fl+li51+1D /+I cos ( 8, - 81+1) -

- ( l - 1) F, _ID /-1D1-1 cos ( 8 I - 8 1-1 ) ] } . 

II 81±2,/ = 81±2,/ 

+~81+21 +N · - ' 

(1.120) 

DomrpM3yeMOCTh a F ( ffi) MOJKeT 6bITh nonyqeua B pe3yJihTaTe ab 
initio Bbll{IICJICHMH, KOTOpble BCCbMa Tpy)].Hbl, TaK KaK Tpe6y10T, co­

rnacno (l .85), BhI'lttcnemrn cwn ocr~wnmrropoB M ceqen«H cpoTonor­

nou~emrn. BMecTo ::noro MO)l<HO MCIIOJih30BaTh JKcnepMMCHTaJihHO 

onpe.ueneHHOe CC'ICHMC cpOTOIIOrJIOII~CHMH cpynnepena cr F ( ffi), IIO.[(­
CTaBJIHH ero B (1.85). Mbr npe)J.no'lMTaCM Mcnonb30BaTh 3Kcneptt­

MCHTaJibHOe ceqeHHC cr F ( ffi), KOTopoe npHMO nponopUHOHaJibHO 
MHMMoli qacTH .uwnonhnoli nonHpM3yeMocTH [I>JID]: 

(l.121) 

3aBHCHMOCTb cr F ( ffi) OT co xapaKTepM3yeTCH MOIIUlblM MaKCMMY­
MOM, Ha31>rnaeMhIM 2u2m1mcKUM pe30ftaNCOAt. Jl,Jrn C60 OH pacrrono­
)l{CH rrptt6JIM3MTCJibHO OKOJIO 22 3B. 3KcnepMMCHTbl 06b1quo He 
p;moT Herrocpe)].CTBeHno a6conIOTHhIX 3Haqemri1 cr F ( ffi). Omr, op;Ha­

KO, MoryT 6bITb Ha.[(C)l{HO oueneHbI c HCIIOJib30BaHHCM nponep;ypbl 
nopMHpOBKH, 6a3npyromeiicH na npaBIIne cyMM: 

(1.122) 

3p;eci, N -··- qttcno KOJIJICKTMBM3HpOBaHHhIX 3JICKTponoB. JJ,nH C60 

ouo pamrn N = 240, 'ITO 03IIa'laeT 'lCTbrpe KonneKTIIBM3HpoBaHHhIX 

:meKrpona OT Ka)l{)J;OI'O aTOMa ynrepo.ua. 3aMCTMM, 'ITO MO)l{HO rrpe-
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He6pe'lb BKJiaJJ,OM )J,HCKpeTHbIX B036y)K.ueHHH, KOTOpbIH )].JUI cpynne­

peHa Man. 

J.J:11cnepc110HHOe COOTHOIIIeHHe )].JUI BeIII,eCTBeHHOH qacTH a F (co) 
HMeeT BH)J. 

(1.123) 

B ( 1.123) IF ---- noTeHilHan 11ontt3au;11tt cpymrepcna. 

B rn. 2 MhI npttBe.ueM npHMephI Ba)KHbIX MOJJ.HcpttKau;11ii nonHoro 

H .u11cpcpepeIHlHaJibUOro no yrny H :rneprHH ceqeHHH cpoTOHOHH3a­

U:HH, KOTOpbie noHBJIHIOTCH BCJie,a:cTBMe OTPa)KcHMH BOJlH cpoT03JieK­

TponoB CTaTnqecKHM noTeHI\ttanoM C60 H ycnneHHH naneTaIOIII,cro 

3JieKTpOManIHTHOro IIOJIH H3-3a IIOJIHpH3aQHH HM 3JICKTPOHHOH 060-

noqKlf c60· Pe3yJihTaThI IIOJiyqeHbI c IlOMOIII,bIO H3BeCTHbIX H3 3KCile­

pHMeHTa xapaKTepttCTHK cpym1epena - ero 3JicKrpomroro cpo.ucrna 

II ceqemrn cpoTOIIOrJIOIII,CHHR - H c HCIIOJib30BaHHCM Toro, qTO pa­

tlHYC cpym1epcna HaMnoro 6onhIIIe paJJ;Hyca aTOMa, 11 o6onoqKa cpyn­

nepeHa 3Haq11TeJihHo TOHhIIIe, qeM ero pa.JJ.ttyc. 

Mo):lmpttKailHH nonH Hanernmmero nyqKa cpoTOHOB M BepoHTHO­

cTeii pacna)J;a BaKaHCHH npOHCXO,ll,HT rnaBHbIM o6pa30M H3-3a BHpTy­

aJihHOro mm peanhnoro B036~.ueHHH JJ;HIIOJihuoro rHraHTCI<oro pe-

3onanca c60· 

1.15. To1rn yBneqe11m1 B aToMapllhlX ra3ax 

ActtMMcTplrn yrnoBoro pacnpe.D:enemrn, npoRBJIHioIII,a.SicH npH 

yqeTe He)J.HIIOJibHblX nonpaBOK K yrnoBOMY pacnpe)J,eJleHHIO cpoT0-

3JICI<TpOIIOB (1.77), (1.81), npHBO)J,HT K TOMy, qTQ OHM C03)J,aIOT OT­

JIIfqHbIH OT HyJrn cyMMapnbIM TOK J ( ffi ), uanpaBJieHHbIH no HJIH npo­

THB nanpaBJICHHR lIOTOKa cpoTOHOB [ 4, 32]. 
B rrpOilecce nornoIII,eHHH noToKa cpoTonoB o6oeMOM ra3a 

nocneJJ,nttiI nornoIII,aeT He TOJihKO HX 3Heprmo Qco, no H MMnynhc 

Qk = Qcolc, r)J.e Q - nonnoe q11cno nornonweMhlX QJOTOHOB. JIIM­

nynhc Qk nepe)J,aeTCH BCeM HOHaM H 3JleKTPOIIaM, B03HHKaIOIII,HM 

BCJIC)J.CTBHe nornOIII,CHHR ra30M 3HeprHH Qco. I1MnyJibC 3JieKTpOHOB 

P J-" JI MOHOB P,1 B cyMMe paBen nonHoMy HMnynhcy cpoTOHOB Qk: 
Qk= \ P111 +PH\. EcnM \ P1n \ H \PH\ O)J.Horo nopR)J.Ka, TO CKopocTh 

nanpaBnennoro )J.BH)l{CHJIR 3JieKTpOHOB V1n 3uaqHTCJihHO 6oJihme, 

qeM CKOpOCTb HOHOB Vil> a CJIC)J.OBaTeJibHO, 3HaqHTeJihHO 6oJibIIIe JI 
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C03.D;aBaeMbii1 3TilM L(Bil)KeHtteM 3JleKTpOHHh1H TOK J)JI >> Jlf, Ha3BaH­

HbIH m01w.M ye!lel/eHua. B JJ.IIIlOJihHOM npH6JIII)KeHIIII yrrroBoe pac­

npe.n,errettIIe cpoT03JICKTpOHOB, corrracHO ( 1.66), CIIMMCTpIIqHo OTHO­

CIITCJibHO 3aMCHbI 8 = 0 Ha 0 = 7t, a CJICL(OBaTCJibHO, B 3TOM IIpII6JIII­

)KCHHII VJn = 0 II }Jn = 0, H qT06hI OIIHCaTh TOK, crre.n,yeT BbIHTII 3a 

paMI<Il 3TOfO nptt6JimKeHWI, yqrn KBaL(pynOJibHhle nonpaBKH, KaK 

')TO II CL(CJiaHO B (1.77), (1.81). 
B cpopMHpoBaHHH TOKa yBJieqeum1 rpoT03JJeKTpOHhI yqacTBYIOT 

L(O TCX nop, IIOKa OHII HC CTaJIKIIBaIOTC51 c ,n:pyrIIMII aTOMaMII (IIJIII 

IIOHaMH) ra3a. l1,n:e51 cyrn.ecrnoBaHII51 To Ka yBrreqenII51 H cpopMyrra 

)l.JI51 ero BhlqHcrrenIIR 6hIJIII npeJJ.JIO)KeHbI B pa6ornx [ 4, 33 ], r)l.e 

MO)KHO HattTII JJ.CTarrII BhIBOJJ.a. Bhlpa)KeHHe JJ.II51 TOKa yBrreqeutt51, 

Toqnee ero IIJIOTHOCTil j( ro), TO CCTb BCJIH1IHHa 3JICKTpo1moro TOKa, 

npHXOL(51I1J.CI'OCJI Ha CL(HHlIIW nrrorn.a,n:II ra3a-MH1UCHII, IIMCCT crreL(y­

IOlll.llH BH)l.: 

Wka i ( ro) Yi( ro) 

a Jn(£ i) 
(1.124) 

r)J,e mrrerpnpoBantte no yrnoBhIM nepeMeHHhIM dQ npoBe,n:eno c no­

MOUJ.hIO [IIC] II w ---- IIOTOK rpoTOHOB qepe3 e;~IIHIIUY OCBelll.CHHOH 

noBcpxnocTtt ra3a. CyMMHpoBantte B (1.124) npomBO.D;HTC51 no BCeM 

i-o6orrff'IKaM, KOTOpbIC MOryT 6hITb IIOHU30BaHhI cPOTOHOM c 3Hep­

rnei1 w; CT 3n(Ei) ecTh ceqe1me ynpyroro pacce51HH51 (cM. rrr. 3) cpo­

T03JieKTpotta 3HeprIIH £ i = ro - Ii Ha a To Max ra3a, a Ii - noTeH-

11,HaJI HOHII3a11,1m i-i1 060JIO'IKH. KaK cJie,n:yer II3 (1.124), TOK onpe­

JJ.CJI5IeTC51 HCL(IlilOJihHOH KOMilOHeHTOH yrrroBoro pacnpe.n:erremrn 

cpoToJneKTponoB Yi( ro), Bb1pa)Kenne JJ.II51 Kornpoli ,n:aeTCJI cpopMy­

rraMIJ (1.78), (1.83), (1.119). flo nop51,L1,KY BeJIII1IlIHbl TOK YBJie1ICHII51 

3lJalJHTCJICH, II ero Il051BJICHHC CCTb B rrpIIHl(IIIIC na6moL(aCMhlH 3cp­

cpeKT. 

,D,ettC'IBilTCJihHO, cornacno (1.124) npH IIOTOKC W= 1013 cpoT./(c·cM2), 

BIIOJIHC L(OCTII)KIIMOM ,IJ,Jrn COBpeMeHHb!X HaKOI1IlTCJICH, IIJIOTHOCTb 

rnKa nop51JJ:Ka 10-9 A/cM2. BerrII'IIIHa j(ro) 3naqnTeJihHO B03pacrneT 

TaM, r,IJ,e ceqenne yrrpyroro pacce51HH51 Marro (CM. rrr. 3), H oco6euno, 

r,D;e BeJIHKO ceqenHe cPOTOMOHH3al{Hil a;( ro) Il HeL(HIIOJibHblH napa­

MCTp Yi( ro). 3TOT rrapaMcTp BCJIHK nptt nanttqntt L(HUOJihHhIX H 1rna.n:­

pyrronhHhIX pe30HancoB [34]. flocne~uiee yrnep)K,n:eune nan6011ee 
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OT'IeTJUIBO BMJ_(HO 113 Bbipa)KeHH51 J_(JUI BKJiaL(a B y ;( (J)) OT S-3JieK11JO­

HOB, KOTOpoe rronyqaeTC5I 113 (1.78) c yqfaoM (1.83): 

6 Qi1(co) - -
Yns(ro) = - --;:::;-- cos(8c1 -DP) (1.125) 

5 DP (co) 

(1.126) 

-- .[(JUI 3IIJ_(03JJ,panbHOro (CM. (1.119)). 
Bbipa)KeHMe JI.JUI BKna.u:a S-3JieKTpOHOB B TOK yBneqenmr B ra3e 

aTOMOB 11MeeT cneJJ,y1oru:11ii Bl1J_(: 

. ( ) _" W 3k D 11p(co)Q 11d(co) 
lo co - L.J - . x 

ns S (5 )fl ( £ 11p ) 

X COS [ B d ( £ ns) - B p ( £ "")], ( l.127) 

me D np ( (J)) H Q nd (co) --- J_(HilOJibHblH H KBaLJ:pynOJibHblH MaTpHqHbie 

3JieMenThI, rronyqaeMbie pernenIIeM ypaBnennH. rICCl>O, (1.37) 11 

(1.85) COOTBeTCTBe1mo; £ 11s =CO- Ins· 

KonKpeTHbIH pacqeT rroKa3hrnaeT, qrn j( co) KaK cpynKQH5I 3nep­

rHII KBaHTa (J} MO:>r<eT MeH5ITb 3HaK, npnqeM IlOJIHbIH 11MI1YJibC cpOT0-

3JieKTpOHOB OKa3bIBaeTC5I cyru:eCTBeHHO OTJIIIqa10n~IIMC5I OT rronnoro 

HMrrynbca cpoTOHOB. 3To 3uaqHT, qTo nomrbIH HMrrynbc OT.Ilaqu -

HMilYJibC, rrepeJ_(aBaeMbIH BCeM 110HaM, TaK)KC oKa3bIBaeTC5I J_(OCTa­

TOqno 60JibIIIIIM no Ben11qnne 11 3aBHC5IIIJ:HM OT CD. 

Mnoro3JieKTpOHHbie KoppeJI5IIIHH cyru:ecrnenno BJIH5IIOT Ha TOK 

yBneqemrn -- na ero Bcnuq.nny u 3HaK. 

1.16. Hcynpyroe pacccmrne <1>0TO'.:lJ1e1npoHOB 

Cl>oT03JieKTpon na rryrn II3 aToMa MO)KeT pacceHBa'rbC5I neynpy­

ro, CCJIH ero 3nepnrn J_(OCTaTO'!HO mm B036y)K.IleHl15I HJIH 110HH3aIIIII1 

LJ:pyroro aToMnoro 3JieKTpona. Tenepb paccM011JHM ponh MexaHH3-

Ma paccemrn5I cpoT03neKTpOHa na ocTaJibHhIX 3ne1nponax. Ha 5I3hIKC 

J_(HarpaMM o6cy)KLJ:aCMhIH 3cpcpeKT 113o6pa)KaeTC5I B npocTeHIIIeM 

BIILJ:e cneJJ,ymru:nM o6pa3oM: 
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(J) 

(1.128) 

<l>113JPieCKI1 ,n11arpaMMa ( 1.128) 01111CbIBaeT npou,ccc, B KOTOpOM CHa­

qarra C03)~aeTCH BaKaHCl151 i 11 cpoT03JICKTpOH E
1

• 3TOT npou,ecc orm­

CbIBaeTCH B paMKax IIC<l>O. 3aTeM cpOT03JieKrpon Heynpyro pacce11-

BaeTCH, y)J,aJIHH mm B036y/K)J,aH )J.pyroH: aTOMHbIH 3JieKTPOH, TO eCTb 
I 

nepeXO)J,11T 113 COCTOHHHH E B COCTOHHl1e EI I1 nopO/K)J,aeT COCTOHHl1e 

3JieKTpoH-)J,hlpKa E 2i'. B npOBO)J,11MhIX pacqfaax .n11arpaMMa (1.128) 
yqilTbIBaeT MC/K3JieKTpOHHOe B3al1MO)J,eHCTBl1e B HI13UleM rropH)J,Ke 

Teop1111 B03MymeH11i1. flpouecc Heynpyroro pacceHHHH cpoT03JieKT­

pona 6brn na3BaH -- «BhI6IrnaH11e cxo.ny». On 6bIJI snepBbie npc.nrro­

/Ken 11 ormcan B pa6ornx [35, A11qq]. 
«Bh1611satt11e cxo.ny» rrpHBO)J,11T K yMeHhrnemno 3Hepnm <!JoTo-

3JICKTpoua 11 TaKl1M o6pa30M K yMeHhlliCHHIO na6mo.naeMoro MeTO­

)J,OM cpoT03JieKTpOHHOH cneKTpOCKOilHH ceqemrn cpoTOl10HH3aIJ,HII 

onpe.nerremioH: 06onoqK11. CaMo no ce6e «Bh1611Ban11e cxo.ny» yBe­

n11q11BacT qIIcrro y.a:a1rneMbIX m aToMa 3JICKTponoB. CooTBCTCTBYIO­

n~ee ceqe1me norryqaeTCH 110)1,CTaHOBKOM aMIIJIHTY)J,bI (1.128) B cp-rry 

(1.4). 
EcnH paccMaTP11BaeTCH .a:ocrnToqno rrry6oKaH o6onoqKa i, Bhipa­

/Kem1e )1,JIH ceqeH11H o6pa30BaHHH O.l(HOI'O cpOT03JieKTPOHa II BaKaH­

CI111 i -cr;+l(w) yrrpon~aeTCH 11 np1106perneT Bl1)J, [35, 36, AJ1qq]: 

cr~+l ( w) =a i ( w) exp [-2Im 8(£ )], (l.129) 

r.ne a i ( w) eCTh rrII6o nomrne 3KCnepIIMeHTaJihHOe ceqenIIe cpoTonor­

rroruenIIH, rr1160 ceqen11e o6pa30BaH11H saKanc11II i, paccq11Tarrnoe B 

paMKax fIC<l>O 11JIII OIIC<l>O (cM. n. 1.8). Berr11qmia Im8(c:) ecTb 

MHHMaH qacTh cpa3hI ynpyroro pacceHHIIH <jloT03JieKTpona c 3nep­

r11eil c, OIIIlChIBaIOIUaH BepOHTHOCTh ero neynpyroro pacceHHIIH (CM. 

pa3)J,. 3). 
KoppcJIHUMOHHaH nonpaBKa ( 1.128) cyn~ecrnemrn Il3Mem1.eT ue 

TOJihKO ceqen11e HOHII3aI~IIH, HO II yrnoBoe, II CIIIIHOBOe pacnpe.nene­

HIIe cpOT03JieKTpOHOB. 
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1.17. Bo36yil\,ll;enne caTeJIJIHTOB n ,lJ,BOHHaH no11n3au.nH 

11pou,ecc cpOTOIIOHII3aU,HII i-o6orroqKH aTOMa conpoBO)l(~aeTC51 

peJiaKcau,IIeH IlOHHOrO OCTOBa, KOTOpa51 npHBO~IIT K TOMy, qTo Hap51-

~y c KOHelfIIhIM COCTOHIIIIeM j-I ( o603HalfaeT BaKaHCIIIO Ha ypoBHe i) 
B03HIIKaIOT B036y)K~eHHhIC COCT05IIUI51 TIIIIa «~Be ~hlpKII--O~Ha qa­

CTIIU,a» j-lj-1s, IIMeIOIIJ,IIe 6oJihlllYIO IIOJIHYIO :meprIIIO, qTo COOTBeT­

CTByeT MeHhllleH KlIHCTIIqecKOH 3HeprHH B cpoT03JieKTpOHHOM cneK­

Tpe. CocT05IHH5IM s ~IIcKpenrnro cneKTpa cooTBeTCTBYIOT caTeJIJIII­

ThI «BCTp5ICKII-B036y)K~eHII51» (shake-up) [37, 38], a COCT05IHil5IM s 
CIIJIOIIIHOro cneKTPa COOTBeTcrnyeT ~OIIOJIHIITCJihHhlH IIO~neM cpoua 

CIIJIOIIlHOro cneKTPa co CTOpOHhl 6oJibllllIX 3HeprHH CB513II - caTeJI­

JllIThl «BCTp5ICKH-y~aJieHH51» (shake of}). )J;rr5I TaKIIX npou,eccoB Bhl­

IIOJIII5IIOTC51 MOHOIIOJihHhie npasmrn OT6opa, T. e. yrrrOBhle MOMeHThI 

~hipKH j II 3rreKTpona s coBrra~moT. AMnJIHTy~a cpoTOHOHII3au,HH c 

B036y)K~e1meM CaTeJIJIIITa II306pa)KaeTC51 ~HarpaMMOH, IIOXO)KeH, HO 

OTJIIIqHOH OT (1.128): 

s 

(J) 
(1.130) 

IloCKOJihKY IIIfTeHCIIBHOCTH 3TIIX caTCJIJIIITOB 06b1qno COCTaBJI51-

lOT MCHee 3% IlHTCHCilBHOCTil OCHOBHOH JllIHillI [35,36], aMIIJIHTy~a 
cpoTOHOHII3aU,mI caTCJIJIIITUOro COCT05IHil51 o6hrquo MO)l(CT 6bITh pac­

cqII'raHa ITO TCOpHII B03MYIIJ.CHHH [ flJI]. 
Ec1m s - ~HCKpeTHoe cocT05IHHe ( caTemnu), TO II3 ( 1.130) 

BhITCKaeT cne~yrorn.a51 cpopMyna ~JI51 ceqeHII51 cpOTOIIOHII3all,IIII (CM. 

(1.69)): 

cr . .,(ro)={ 2.689roNnz [tlD (ro)l 2 + 
lJ'- 21+1 £,p,_1 
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3.n.ecb E p =(!) - Es+ E j + E i ' a l - op6HTaJibHblH MOMCHT COCTOHHHH 

i. B <P-ne (1.131) sse;.i;enbI aMIIJIHTYJl.bI cpoTOHOHH3aU:HH DE,p
1
±

1
(w), 

KOTOpblC orrpe.n.enmOTCH, B onmqne OT cp-Jibl (1.69), TpCMH :mepre­

THqecKHMH napaMeTpaMH: :meprnen OCHOBHOro COCTOHHH.H E i' :mep­

rnen Koneqnoro COCTOHHH.H £ p H 3HCprHCH cpOTOHa ffi, IIpHqeM B 06-

IUCM cnyqae 3TH TpH BCJIHqHHbl He CB.H3aHbl 3aKOHOM coxpaHCHHH 

3HeprHH. Bb1pa)f(CHHC B cpnrypHbIX CK06Kax HMCCT CMblCJI ce'-lellUR 

ef;omouo1m3al{UU 6He 311ep2emu'-lecKou no6epx11ocmu, KOTopoe o6o-

3HaqnM a ip ( w). 
TaKHM o6pa30M, JJ.JIH onncanHH HOHH3aU:HH no.n.06011oqKH i 

c B036y)f(JJ.CHHCM caTCJIJIHTOB rpe6yeTC.H 3Hanne y)f(e ne KpHBOH 

ceqenHH cpoTOHOHH3aU:HH (Ji ( w), HO JJ.BYMCpHbIM MaCCHB (J ip ( w). 
3TH sennqHHbI paccqHTbIBaIOTCH MCTOJJ.OM ITC<l>O. Orpannqe1rnoe 

qncno KpHBbIX ceqenHii cpoTOHOHH3aU:HH BHC 3HepreTnqecKOM 

IIOBepxHOCTH (.D.OIIOJillHTCJibHblC KpHBbIC) MOryT 6bITb mo6pa)f(CHbI 

B TCX )KC KOOp.D;HHarnx, qTo H o6brqnoe ceqenne cpoTOHOHH3aU:HH. 

TaKHe KpHBbie naqmraIOTCH na Kpnsoii ceqemrn cpoTOHOHH3a­

I~HH, r.ue BCH ::>neprnH cpoTmra rrepe.n;aeTCH 3JieKrpony i. Haqas c 

KaKOH-TO TOqKH Wo Ha KpHBOH (Ji ( w), r.n.e Wo = E p - E i ' 6y.D,eM H30-

6pa)KaTb ::>neprmo, nepe.D,a1my10 na B036y)KJJ.CHHe caTeJIJIHTa, se­

;mqmrnii ropH30HTaJibHOro OTpC3Ka OT TeKymeii TOqKH .uo naqana 

::>Toii .D.OIIOJIHHTCJibHOM Kpnsoii. Tor.D,a ::>HeprHH, rrepe.n.anna.H B Ka­

nane cpoT03JieKTpona, pasua sennqne ropH30HTaJibHoro orpe3Ka 

OT naqana KOop.n.mrnT Jl.O TeKymeii ToqKH na JJ.OIIOJIHHTCJibHOM 

KpHBOH. 

EcJIH na JJ,HarpaMMC ( 1.130) s COOTBCTCTByeT B036y)K.D,CHHIO B 

KOHTHnyyMe (caTCJIJIHT «BCTpHCKH-y,n;aneHHH» (shake off)), TO ceqe­

HHe JJ;BOHHOH HOHll3aU:HH, COOTBCTCTBymmee 3TOH .unarpaMMC, 3aIIll­

IIICTC.H B BH.D,C: 

a~.isC w) = 

=ff <J;p(w)8(w-£p+Ei-Es+EJ)lsi(U)Jil
2 

x 

(E.1.-Ej)2 

(1.132) 

TaKoe )KC B036y)K.D.CHHOe cocTOHHHe aTOMa B03HHKaeT BCJIC.D.CT­

BHe B3aHMOJJ.CMCTBHH BbIJieTaIOmero 3JICKTpona c HOHHblM OCTOBOM 

( «BbI6HBaIIHC CXO.D.Y» ), paCCMOTpennoro B n. 1.16. ,[(narpaMMa, 

69 



H306pa>KaIOilla51 aMIIJIHTYAY npouecca, HMeeT BHA, Il0):(06HhIH 

(1.128): 

s 

(J) 
(1.133) 

Ecnn s - 3TO ,n;ncRpeTuoe cocT05IHHe, TO ceqenne cpoTOHOHH3a­

IIHH rn1<0ro npouecca .n;aeTcH <PopMynott 

cr~}s( co) - f Dip'( co) Usp' . .iP x 

(l.134) 

r.ne E P =co - Es+ e i + e .i . 
IlpH 3ailHCH <}JopMyJI (1.131) H (1.134) HC 6bma yqTeHa B03MOJl\­

HOCTh HHTCp<}Jepemrrm ilBYX npOIICCCOB B036y>K,n;CHH51 caTCJIJIHT­

HOro COCTOHHH51. EcJm ):(Jrn «BbI6HBaHH51 cxo,n;y» BbIIIOJIH5110TC51 

MOHOI10JibHbIC npaBHJJa OT6opa, TO 3TOT npOI~ecc mnepcpepttpyeT c 

npoueccoM «BCTpHCKH», npnti:eM aMnIIHTy)la noc11c.n;uero npouccca 

06b1quo npeBOCXO,UHT aMI1JIHTY.UY nepBOI'O. 

Ca-remmThI «BCTp51CKH» H «BbI6HBaHH51 cxo.uy» npHHilHIIHaJihHO 

OTJIJiqaioTcH no yrnoBoMy pacnpe,z.ieneumo. KaK CJIC,z.iyeT 113 ( 1.130), 
nocne Toro KaK npOM30lllJia <}JOTOHOHl13aI~HH, Bep051THOCTb B036y)K­

,I:(CIIJIH CaTCJIJIHTa «BCTp51CKH» He 3aBHCHT OT yrnoaoro MOMCHTa cpo­

T03JICKTpOHa, II03TOMY aMnJIHTY,I:(bl B KaHanax l ± 1 6y;:i;yt ctporo 

nponopu1101rnJibHbl COOTBeTCTByIOII~liM aMilJIHTy,n;aM O.LiHOKpaTHOH 

cpOTOHOHH3aIIHli paccMaTpHBaeMOM o6onoqKH. 

l103TOMY napaMeTpbI yrnOBOM aHH30TµOIIHH ,llJHI caTCJIJIHTOB, 

HMClOlllHX npHpo,lly «BC'rp51CKH», 6y.neT rIOJJHOCTblO onpe,n;eJrnTbCH 

KpHBbIMH p BHC 3HepreT11qecKOM rIOBCpXHOCTH, TO CCTb, KaK cne;~yeT 
113 ana1m3a 3THX KpHBbIX, 6y)lyT MaJIO OTJIH'IaTbC51 OT napaMeTpOB 

yrnoBott ann30-rpoIIHH o.nnoRpamon 11011113aI1HH cooTBcTcTsy101ucil 

o6oJIOtIKH. 
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0.n.HaKo ,llHarpaMMbl (l.130) (eCJIH npoMe'1CYTO'IHOe COCTmnme 

BaKaHCHH OTJIH'IHO OT KOHe'IHOro) H (1.133) (ecJIH yrnoBblC MOMeH­

Tbl pH p' He COBlla)J,aIOT) MOfYT OllHCbIBaTb H HeMOHOrIOJibHble B03-

6y'.lK)lCHIHI sj-· 1, H caTeJIJIHTbI. 

<.t>opMyna (1.134) co,nepmHT MaTpH'IHblH 3JICMCIU, BKJilO<JaIO­

lllHH cpyHKUHIO BblJieTaIOmcro :meKTpoua, Il03TOMY COOTHOllleHtte 

MC'.lK.ZJ.Y aMIIJIHTy.ZJ.aMtt B KaHaJJaX l ± 1 6y.ueT npHHQHIIHaJibHO OTJIH­

tJaTbCR OT TaKOro )l{e COOTHOilleHHJI npH O.ZJ,HOKpaTHOH cpOTOHOHH3a­

UIUi. l1o3TOMY CJic,uyeT O'.lKH.ZJ,aTb npHHUHill-JaJibHOrO OTJIHtIHR napa­

Me·rpa yrnoBOH aHH30'rponHH caTeJIJIHTa, B03HHKaIOmero H3-3a B3aH­

MO)J,CHCTBH51 BblJICTaIOmcro :meKTpOHa c OCTOBOM, OT napaMerpa 

yrnOBOM aHH301'pOinrn npH O.ZJ,HOKpaTHOH cpoTOHOHH3al{HH. 

B 3aKmo~1e1111c ;wnuoi1 rnaBbI c~mrneM yMcCTIIbIM npHBCCTH ne­

CKOJibKO CCblJIOK Ha cpaBHHTCJibllO ne.n.aBHHC pa60Tbl o63opnoro xa­

paKTepa, OIIHCbIBaIOillHC COBpCMCHHOe COCT05JHHC H pa3BHBaIOIUHC 

MeTO.lJ.hl, ncnonr,3ycMb1e 3)lecr, tt co.n.epmaw0e .n.annh1e no pR.llY aTo­

MOB - npoCTblX H 3H.ZJ,03.ZJ,paJibHbIX (39--48]. 
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I'J1ABA 2 

PE3Y Jib T ATbl BbIY:HCJIEHllH 

2.1. Cnoco6 npe.n:cTaBJJCHHB .n:a1111b1x 

H HCilOJlb3YCMblC ct>opMyJibl 

B 3TOH rnaBe co6paHbI pe3yJihTaTbl pacqeTOB xapaKTepncnm 
npouecca cpoTonoHH3aI~HH. MbI npnse.n;eM rpacpHKH H Ta6nm.1r,1, KO­
ropr,1e npe.n;crasmnor .uaHHI>Ie, rronyqcHHhIC s Hccne.n;osaHHH non­

HhIX H napu;HaJibHbIX Ce'ICHHM cp0TOHOHH3au;m1, pa3JIHY:HblX OTHOille­
HHM cet.IeHHH, .n;nnoJihHbIX H 11e.n;ttnonhHhIX napaMe1'pOB yrnosoii 

aHH30TpOI1HH H CIIHHOBOM nom1pH3aum1 cpoT03JlCKTpOHOB, a TaK:>Ke 

CHJJ OCUHJJJUITOpOB ,UHCKpeTHbIX B036ym.n;eHHH. B HeKOTOpbIX cnrrn­
HX 6y.n;yT npe.n.craBJieHbl TaK>Ke 3KCnepHMeHTaJibHbie .n:aHHhie. 

HyMepawui: pttcymws"' opraHH30BaHa cne.n;y10IUJJM o6pa3oM: 

cHat.IaJJa H)l,eT HOMep COOTBCTCTBYfOIUero pa3.n;ena; cne.n:y1ow;JJe 6yK­
Bbl 0603Hat.IafOT rrpe,n;CTaBJUieMhIH B COOTBCTCTBHH C IlcpHO,!(H'lC­

CKOH cHcTeMoii 3JieMeHTOB Me11.n;eneesa aTOM (nanpHMep, B 
pa3.n;. 2.2: Pnc. 2.2_Ar_al o6o3HaqaeT: Ar - aToM aprona), c.rre,[{y-

101uaR MaJICHhKaH 6yKBa - paccMaTpHBaCMblC BeJIH'lHHbl mm xa­

paKTepHCTHKH: 
a - nonnoe ceqem1e cpoTOHOHH3aUHH H KBa3nceqe1rne so36ym­

.n.eH11H ,UIJCKpCTHblX yposHeii aTOMOB 11 HOHOB B OCHOBHOM 11 B03-

6y'1\ii;eHHbIX COCTOHHJJHX B npH6JIJJ>KCHIJH X<l> HJ1H IlC<l>O; 

b - napuHaJibHOe CC'ICHHC On/ (co) B TCX )Ke caMblX npH6JIH:>KC­
Hmrx; 

c - OTllOUICHHC napuHaJlbHbIX CC'LlCirnli; 

d - J];HIIOJlbHblH napaMeTp yrnosoii aHH301'pOfIHH ~ nl (co); 

* Pttcy11K11 s JlaHHoii Klrnre co6paH&J Ha KOMrraKT-JlHCKC (CD). Crpa1111ua, na 
KOTopoii pacrrOJIO)KCH Hl!TCpecy1omttit •mrarcm1 pHCYHOK, yKa3aHa B COOTBCTCTBY­
JO!UCM naparpaqie rn. 2 ~ B «KpaTKHX KOMMCHTapHlIX K pttcyHKaM» (CD, 000). 

74 



e - ne;:i;rmoJibIIblC napaM~Tpbl Ynr(ro) H TJnt (ro ); 
f--11apaMcTpb1 A1 (co),~' (co) H ~'(co) c1mH0Bott nomrpH3aUHH 

cporn::meKTpOHOB; 

g - 1~pyrne xapaK'rcpncTHKH. HaKoHeu, nocne.n;mrn: umppa 

npe.n;CTaBJUICT HOMep ).\aHHOro pttcynKa B paccMOTpCHHOH rpynne. 

0.n;naKo He Bee ynoMHHYTblC BblllIC .n;aHHbIC HMCIOTCH )lJIH Ka:>r<­

.n;oro aroMa. B TaKHX cnyqaHX He BCC 6yKBbl H umppbl 6y.n;yT HCilOJib-

30BaTbCH B np1rne.n;CHHbIX pHCYHKaX. 

qT06bI OilHCaTb pa3JIIfqHblC xapaKTCpHCTHKH IlOnIOll]CHHH cpoTo­

Ha aTOMaMH, HCilOJ1b30BaJIHCb cne.nyJOll]HC cpopMyJibl rn. 1: 
AJIH nonnbIX ccqeHHH B npn6ntt:>r<eHHH X<l> 11 rre<I>O - cp-na 

(1.70); 
}lJIH napu11ar1bHbIX ceqc1mii B nptt6nmKeHHH X<l> H rre<I>O -

cp-Jlbl (1.68), (l.69); 
,!l;JIH .rlHIIOJibHbIX rrapaMeTpOB yrnoBOH aHH30TpOIIHH B npH6Jm­

iI<CHHH X<l> H rre<I>O- cp-nbI (1.71), (1.74) c no.n;cTaHOBKaMH (1.72), 
(1.73); 

,lJ;JIH HC.1J,HIIOJibHbIX napaMCTpOB y nl ( ro) H 11111 ( ro), B np116JIH>KCHHH 

X<l> - ¢-JibI (1.78) H (1.79), (1.82) H c 3aMeHoH Ha cp-ny (1.83)- B 

HC<l>O; 

J.VIH napaMeTpOB CrIHHOBOH IIOJIRpH3aUHH £jlOT03JICKTpOHOB -

<P-na ( 1.89); 
}lmr aTOMHOH .n;HIIOJibHOH IIOJIHPH3YCMOCTH - 4>-na (1.86). 
HapHAY c nptt6nm1<en11eM X<l> H ne<I>O .unH npoMe:>r<yToqHbIX H 

BHyrpemmx o6onoqeK npHMCHHIOTCH o6o6ll]eHHbIC npH6JIH>KCHHC 

X<l> H fIC<l>O, HJIH OX<!> H 011e<l>O COOTBCTCTBCHHO. 

BbJqHcnenHH .n,rrn aTOMOB c nony3anonueHHbIMH o6onoqKaMH 

BblnOJIHeHhl, HCIIOJlb3YH COOTHOllICHHH (1.95)-(1.99), B paMKaX 

CIIHlHIOJIHpH30BaHHblX npH6JIH>KCHHR X<l> H ne<I>O, HJIH en X<l> H 

en necIJO. eelfCHHR cpOTOHOHH3aUHH J.VIB aTOMOB c HC3aIIOJIHCHHbl­

MH o6onoqKaMH nonyqaeM H3 (1.69) c aMIIJIHTy.n;aMH B npH6JIH>KC­

HHH X<l>, .l(aHHbIMH 4>-MH (1.102) H (1.103), T. e. B IlC<l>O .l(JIH HC3a­

IlOJIIICHHbIX o6onoqeK - rrecIJOH (cM. n. 1.11). 
Bb1qHcneHHH celfeHHM cpoTOHOHH3aUHH JH.r<OJ.r<panbHbIX aTOMOB 

npose.n;eHbI, HCI10Jlb3YH cp-Jibl (1.116), (1.119) H (1.120). 
ToKH yBneqenHH paccqHTbIBaJIHCb no <P-ne (1.124), a ceqe­

HHe cpoTOHOHH3allHH c yqeTOM neynpyroro pacce».HHH cpOT03JICKT­

poHa B np01~ecce ero Bbixo.n;a H3 HOHH3yeMoro awMa - no cp-ne 

(l.129). 
qT06b! .L{06HTbC». C,L{HlI006pa3HH B H306pa>KCHHH .D;HCKpCTHbIX 

JIHHHH B036y:>r<.n;eHHH H ceqcHH.11 cpOTOHOHH3aUHfl B o6naCTH 3HeprHH 
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cpoTOHa Ha)]. noporoM HOHH3au1rn, Mb! «pa3MbIBaeM» )J.HCKpeTHbie 

JUIHHH, noJib3YJICb nocTOJIHHOH urnpttnoH: JIMHMH /'!.. B pe3ynbTaTe, 
BMeCTO CHJibI OCUHJimITopa git M3 (1.6) 6y)J.eT M306pa>KaTbCJI KBa3H­
ceqentte B036y>K)J.eHmI )J.MCKpeTHbIX ypOBHeH: HJIH JIHHHH 

2rtg if!'!. 1 
a(m) = · 

c (m-m;1)2 +(M2) 2 
(2.1) 

TiapaMeYp !'!. Bb16pan )J.JIJl onpe)J.enennocTH paBIIbIM 0.1 3B. <P-na 
(2.1) no)J.o6Ha ceqenmo B036y>K.[lemrn monnpoBarmoro aBTOHOHH-

3aQHOHHoro pe1onanca, KOTopa5I cJie)J.yeT m (1.50) np11 oqeHb 6onb­
IIIHX q H p = 1. B 3TOM cnyqae IlO)J. 6../2 IlOHHMaeTCJl r - mttpirna 

ypoBHJl Ha ero IIOJIYBbICOTe (1.49). 
HanoMHHM, qTo HaIIIeH: uenhIO JIBJIJleTCJl He B03MO>KHO 6onee 

TOqHoe TeopeT11qecKoe on11ca1rne )J.aHHbIX OIIbITa no KOHKpeTHOMY 
a TO MY HJIH nony, a npoBe)J.eHHe MaCCOBbIX pacqfaoB B nannyqIIIeM, 

npttro.L\HOM .n;m1 rnKoiI uentt nptt6Jitt>KeHHM - TIC<PO H B ero pa3-

nnqnbIX o6o6iuenHJIX, M nonyTHO .[\eMOHCTpaUMJl nyTCM cpaBneHHJI 
c pe1yJihTaTaMH B npn6ntt)J{eHHH X<P Ba)J{HOCTH Me>K3neKrpOHHbIX 

KoppemIQHH. <PaKTnqecKM, ueJibIO RBJIJlCTCJI co1.[la1rne nosoro HC­

xo.n;Horo nptt6mnKeHMR, qTO CTttMynttpoBano far nocne.n;y1oiuee npo­
Be)J.eHHe 6onee ToqHblX II3MepeHMH H neo6xo.n;HMbIX JJ;JIJI HX l:IHTep­
npeTal(HH 6onee cno>KHbIX pacqfaoB. 

Ha caMMX pttcyttKax pe3ynhTaTbI, nony'!eHHbie B nptt6nmKemrn 

X<P n TIC<l>O, o6o3Ha'!eHbI B pyccKOM BapttaHTe B cooTBeTCTBHH co 
csottMM aHrnIIHCKHMH na1BaHIIJlMM HF (Hartree-Fock - XapT­

ptt--<DoK) n RP AE (Random Phase Approximation with Exchan­

ge - rrptt6nn>Kenne cny'laHHbIX cpa3 c o6MeHoM). Pe3yJihTaThI npe.Ll­

cTaBJieHbI B cpopMaX «)J.JIHHbI» H «CKopocnrn (cM. (1.13)), IlOMe'!eH­
HbIX KaK X<P-.n;, X<P-c H ITC<PO-.n:, IIC<PO-c cooTBeTcTBeHHO. KaK 
npaBHJIO, )J.a>Ke paHee nonyqeHHbIC B paMKax HCIIOJib3yeMbIX 3.D;CCb 

TeopeTM'leCKMX IlO.ll,XO.ll,OB H ony6nnKoBaHHbie pattee pe3yJibTaTbI 
cneQMaJibHO nepecqJ1TbIBaJIMCb .ll,JIJl 3TOH KHlffH. Tio3TOMY CCbIJIKa Ha 
HHX )l,afacJl He npocTO HOMepoM B CilHCKe JIHTepaTypbl, K npnMe­

PY [3], no yKa3aHneM (cM. [3]). 
,UnJI y.[lo6crna qJITaTem1 H nocne.ll,OBaTenbHOCTH H3JIO>Kemrn MbI 

pacnonaraeM paCCMOTpeHHbie aTOMbI H HOHbI B COOTBeTCTBHH c Ileptto­

.n;ttqecKOH CHCTeMOH 3JieMeHTOB Memi;eneesa, c TCM TOJibKO H3Me­
HCHHeM, 'ITO Ha'!HeM c aTOMOB H HCKOTOpbIX HOB.OB 6naropo.a;HbIX ra30B. 

IlpOKOMMeHTHpyeM IICIIOJlb30BaHHbie IIO.[\XOJJ:bI H paccMOT­

peHHbie o6oeKTbr, IIMCIOIUIIe onpe.ll,enenHy10 cneQmpIIKy. HaqneM 
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c aTOMOB c rrony3arrOJrneHHhIMH o6onoqKaMH - Cr, Mn H Eu. 
Bee OHM OTJIHqaIOTC}l HaJIHqHeM OTHOCHTeJihHO Y3KOro MOlll,HOro 

pe3oHaHca B ceqeHHH cpoTOHOHH3all,HH, KOTOpbIH 5IBJI5IeTC5I pe3yJih­

TaTOM pacna,na .nttcKpeTHoro nepexo,na Ha BaKaHTHhIH rrony3arron­

HeHHhIH ypoBeHb B HerrpepbIBHhIH crreKTP HOHH3al~HH :meKTPOHa 3a­

H5ITOro no11y3arronHeHHoro ypoBH5l. CooTBeTCTBy1olll,tt:H MaTpttqHhIH 

3JieMeHT oqeHh BCJIHK. B pe3ynhrnTe H nrnpttHa 3Toro 2u2a11mcK020 

aemOUOltU3Gl,fUOHH020 pe30HaHca BCChMa BCJIHKa. 3TOT pe30HaHC 

orrpe.nen5IeT ce'-IeHH5I BO Bcex ,npyrnx rro,no6onoqKax [l, 2],* cy­

lll,CCTBeHHO BJIH5IeT Ha HX yrJIOBhie pacrrpe,neJieHH}l H CITHHOBYIO rro­

m1ptt3aumo cpoT03JieKTpOHOB. 

MeTo)J,, pa3BHThIH )J,JI5I paccMOTPeHtt5I aTOMOB c rrony3anonHeH­

HhIMH o60JIO'-IKaMH, 6h!JI rrpttMeHeH He)XaBHO H K pacCMOTPeHHIO 

3d-rro)Xo6onoqeK Xe, Cs H Ba [3]. A ttMeHHO, 6hmo rrpe)XJIOJKe­

no paCCMOTpeTb 3ds;r H 3d3;z-YPOBHH KaK «BBepx», TaK H «BHII3» 

KOMIIOHCHThI 3d-IIO)X06onoqKH. Tor.na B3aIIMO)XeHCTBHe MCJKll:Y 

«BBepx»- H «BHH3»-3JICKTpOHaMH MO)KCT 6hITh JierKO yqTeHO H 

orrttcaHo, ttcrroJih3Y5I ypaBHeHH5I II3 rr. 1.10. B ypaBHeHtt5I ITC<PO 

H nptt Bbl'-IHCJieHHH ceqeHII5I cpoTOHOHII3aUIIH CJie)XyeT BBeCTII IIO­

rrpaBKII, yqttTbIBaIOlll,He, qTo ypoBHH 5/2 H 3/2 HMeIOT He paBHOe 

'-IIICJIO «BBepx»- II «BHH3»-3JieKTPOHOB (no 5), a COOTBeTCTBeHHO 6 II 

4 3JieKTpOHa. Ilo3TOMY KOMIIOHeHThl x «BBepx» H «BHH3» B (1.93) 

rrptto6pernIOT MHO)KHTeJIH 6/5 II 4/5 COOTBeTCTBeHHO, paBHO KaK H 

CC'-ICHH}l )XJIH «BBepx»- H «BHH3»-ypOBHeH. 

CrreuttaJihHOH rpyrrrroH: aTOMOB c rrony3arronHeHHhIMH o6onoq­

KaMtt HBJIHIOTC}I aTOMhI lll,enoqHhIX MeTanJioB, K rrpIIMepy Li, Na, K tt 
Cs. llx MO)l(HO paccMaTpttBaTh II KaK aToMhI c He3arronHeHHhIMH 

o6onoqKaMH. 3aMCTHM, O)J:HaKO, '-ITO BJIII5IHHe BHenrnero BaJieHTHOro 

3JieKTPOI-Ia Ha BHYTPeHHHH Man6, TaK qTo He cnttllIKOM BaJKHO, KaK 

paccMaTpHBaTh BHernmdi 3JieKTpOH. 

Ilone3HO IIMeTh B BMll:Y, qTO rroporoBhIM 3aKOH BttrHepa (1.104) 

)XJIH OTpHU,aTeJibHbIX HOHOB cnpaBe)J,JJMB, KaK OKa3aJIOCh, B CTOJlh Y3-

KOM o6nacTM qacTOT, '-ITO B pa3yMHOM Macnna6e pttcyHKH BhirJIH)X5IT 

TaK, KaK 6yll:TO ceqeJ-Itte MMeeT cKaqoK ua nopore. 

0TMeTMM, qTo c MOHH3autte:H O)XHOro 3JieKTpOHa KoppeJIHUMM 

MoryT cTaTh elll,e 6onee cttnhHhIMH, qeM B coce)J,HMX HCHTPaJihHhIX 

aTOMax. 0.nHaKO c )J,aJihHCMlllHM pOCTOM 3ap}l,!1,a HOHa OTHOCHTeJlh­

HaH pOJih KOppeJIHll,HM CTaHOBHTC}I MeHhlllC. )J;eH.CTBMTeJihHO, 6oJih-

* B Apynix rnaBax 3TH 11 rrocJieAyrom11e cCbIJIKH AaJOTC!l c yKa3aHHeM HoMepa 
fJI. 2: TaK, CCb!JIKa [1] rn. 2 B Apyrnx rnanax 3aITHCbIBaeTC!l KaK [2.1]. 
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UJa}I qacTb nomrnii c11rrL1 ocu;irnJI}ITOpa .uannoii rro.uo6orroqK11 «rrepe­

Meu~aeTC}I» B ero J~HCKpeTHbie B036y:>K.IJ,eHH}I, B TO BpeM}I KaK ceqe­

HI1}1 rrorJIOI1IeHI15I cpOTOHa CTaUOB}ITCJI MeHbllle. 

ML1 np11Be.ueM ceqe1rne cporn11on113au1111 p5I.IJ.a Bo36y)K.IJ.CHHLIX 

COCTOmrnii aTOMOB, KOTOpbie MoryT paccMaTpHBaTbC}I B paMKax 

npe.ucTaBJieHHbIX BbIIIIe rrp116rrmKeHHM, a HMeHHO np116nmKeHMe 

X<t>, 11C<t>O, 011C<l>O I1 err IlC<l>O. B npHHuMile, yKa3aIIHbie MeTO­

)J.HKII MoryT 6LITh rrpIIMeHeHLI II K .upyrIIM ofo,eKTaM. K npIIMepy, 

MO)l(HO 6bIJIO 6LI paccqIITaTb ceqenIIe cpoTOIIOHII3aIJ;IIII, paBHO KaK II 

CHJibl OCI1IIJIJI5ITOpOB B BbICOKOB036y)l(.IJ,eHHblX Cf1UH060HGCblUfelUtblX 

cocmo5lHU5lX (CI-IC), B KOTOpbIX Bee aTOMHbie 3JieKrpOHbl IIJIII 

no Kpaiineii Mepe Te, KOTOpLie rrpmrn.uJie)l(aT BHeurneii o6onoqKe, 

IIMeioT TY )Ke caMyIO rrpoeKumo crrmrn, TaKMM o6pa3oM cpopMttpy}I 

Hatt6oJiee BbICOKHM B03MO)l(HbIM IIOJIHblM CilIIH paccMaTpHBaeMoro 

aToMa. 

HnTepec K CBOMCTBaM CBC onpe.uerr}leTc5I )l(eJiaHMeM IIOH}!Tb 

B03MO)l(HOe BJIIIJIHile IIOJIHoro II3MeHeHII5I KBaHTOBbIX qIIcerr 3aH}l­

TblX COCT05IHI1M Ha aTOMHbie CBOMCTBa. I1o cpaBHeHMIO OCHOBHbIMil 

cocTO}IHII}IMil cooTBeTCTBYIOUIIIX aTOMOB, CBC MMeIOT 3naqIITeJILHO 

60JibIIIe 3JieKTpOHOB, HaXO,ll,5IUIIIXC}I ropa3.IJ,0 .IJ,aJibllie OT }l.IJ,pa, qeM B 

OCHOBHOM cocT05IHMM. l1o3TOMY B CBC porrL Me)l(3JieK'rpounoro 

B3aIIMO.IJ,eMCTBil}I 3HaqJITeJihHO 6oJibIIIe, a IlOTOMy 3JieKTpOHHbie 

Kopperrm.J;Hll CTaHOB}ITC5I naMHOro 6orree CllJibHbIMI1, qeM B OCHOB­

HbIX COCTO}IHII}IX paccMaTpHBaeMbIX aTOMOB. 

2.2. ATOMhI u uonhl 6JiaropoJIHhlX ra30B 

B 3TOM pa3.uerre npe.ucTaBrreHbI pe3yrrhTaTbI HaIIIMX y)l(e M3BecT­

HbIX Il HOBbIX BblqllCJieHHM IIOJIHbIX I1 naputtaJibHblX ceqeHIIM cpo­

TOIIOIIIl3auMII, napaMeTPOB .Il.HIIOJibHOM II He.IJ,HilOJibHOM yrJIOBOM 

aHI130Tp011Illl, rrapaMeTpOB CIIHHOBOM Il0JI}lpI13auMH cpOT03JieKTpo­

HOB Il CllJI OCI1IlJIJI5ITOpa )l,Jl}I aTOMOB 6rraropO.IJ.HbIX ra30B H neKOTO­

pbIX HX IlOHOB. 

BL1qttcneHHR 6bIJIH BhmonnenhI B o.uno3neKTponnoM rrpn6nmKe­

HHH X<l> H c yqeToM Mnor03neKTPOHHLIX KoppeJI}II1HM B paMKax 

fIC<PO. B 1reKOTopL1x crryqa}lx .UJI5I 11nmocTPau1rn uaurn pe3yJILTaTbI 

cpaBHIIBaIOTC}I c 3KcneprrMeHTaJILHbIMil .uannhIMII. Ecnn pa3JIIIqne 

Me)l(.uy IIC<t>O-.u II IIC<t>O-c MenLrne 2 %, TO Ha pIIcyuKax npe.u­

CTaBneua TOJihKO o.una Kp1rna}I. B neKOTOphrx crryqa}IX MHoro3JieKT­

poHHhie 3cpcpeKTbI paccqllTaHbI IICIIOJib3Y}I OITC<PO (CM. n. 1.6). 
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ATOMhI 6rraropo,n;HhIX ra30B paccMoTpeHhI oco6eHHO no,n;po6Ho. 
KonKpeTHO, B ::noM pa3,n;erre MhI npe,n;cTaBm1eM HaIIrn pe3yrrhTaThI 
,n;mr BHernHeH: II npoMem:YToqHhIX no.n;o6orroqeK aTOMOB 6rraropo,n;­
HhIX ra30B He (Z = 2) ls2; Ne (Z = 10) ls2, 2s2, 2p6; Ar (Z = 18) ls2, 
2s2, 2p6, 3s2, 3p6; Kr (Z = 36) 3s2, 3p6, 3d10, 4s2, 4p6; Xe (Z = 54) 
3d10, 4s2, 4p6, 4d10, Ss2, 5p6 H neKOTOphIX Hx HOHOB Ne3+ 2s2, 2p3; 

Kr5+ 3d10, 4s2, 4p; Xe+ 4d10, Ss2, 5p5; Xe3+ 4dlo, Ss2, 5p3; Xes+ 4dlo, 
5s2, Sp; Xe6+ 4d10, Ss2. 

KpamKue KOM.Meumapuu K pucyHKaM n. 2.2 

PucynKH 2.2_Hc npe.n;crnBrr51IOT .n;annhie no rerrmo (He). 
Pttc. 2.2_He_al (CD, 64) H3o6pam:aeT ceqenIIe $oTOIIOHH3aUHH 

cr 1s(ro) He B npII6Jmm:eHIIH X<t> H ITC<t>O. 
Pa3rrIIqIJ51 B <jJopMax X<t>-.n; H X<t>-c MaJihI, B TO BpeM51 KaK He-

6orrhrna51 porrh Kopperr51UHH oTpam:eHa B MarroM pa3JIHqifif Mem:.n;y pe-
3YITh TaTaMII npII6Jmm:emrn X<t> II IIC<t>O. CorrracIIe c 3KcnepIIMeH­
TaJihHhIMH .n;aHHhIMif [4] - B npe.n;enax 3a.n;aHHOH ToqHOCTM. 

PIIc. 2.2_He_el (CD, 65) H3o6pam:aeT He,n;IInorrhHhIM rrapaMeTp 
y1s(ro) .n;rr51 He B nptt6rrmKeHIIH X<t> II ITC<t>O (cM. [5]). 3rn BerrIIqH­
Ha HaXO,ll;HTC51 c IlOMOIIIhIO (1.125). 06paIIIaeT BHHMaHIIe ,ll;OBOJihHO 
6bICTphIH pocT y nopora c nocne.n;yIOIIIIfM BhIXO,ll;OM na JIIIHeMHYIO 
3aBIICHMOCTh. 

PIIc. 2.2_He_gl (CD, 66) H3o6pam:aeT .n;ttnorrhHYIO norr51pH3ye­
MOCTh ai1 1s(ro) ,ll;JI51 He B nptt6rrIIm:eHIIII Xct> H ITCct>O. 

0Ha HOJIO)KHTeJibHa npH HyrreBOM qacTOTe, 6hICTpo napacTaeT c 
npu6rrIIm:eHIIeM K :meprHH nepsoro B036ym:.n;eHII51, a 3a noporoM 
MOHII3aUiflf B I1Cct>O BCIO.n;y OTplfUaTeJihHa If MMeeT MMHHMYM npH 
:meprnII cpornHa B 2.5 Ry (cM. [6]). 

PIIC. 2.2 _He _g2 (CD, 66) npIIBO,ll;IfT TOK yBrreqeHII5I ls-no.n;o6o­
rroqKif aToMa He. 3rn serrHqHna Haxo.n;IITC51 c noMOIIIhIO (1.127) 
(CM. [7]). IlpIIse.n;en TOK npII noTOKe cpOTOHOB 1013 cpoT./(c·cM2), rrer­
KO ,ll;OCTJI)KJIMOM Ha CHHXpOTpOHax If HaKOnJITeJI51X. BII,n;eH MHHH­
MYM npII 6 Ry. 

PucyHKH 2.2_He* npe.n;crnBJI51IOT .n;aHHhie no rerrIIIO B so36y:tK­
.n;eHHOM COCT051HIIII (He*). 

PIIc. 2.2 He* al (CD, 67) H3o6pa:tKaeT ceqenIIe cpoTOIIOHII3a­
UIIII O' ls 2sC cO) B B-;;36y:>I(.l:(eHHOM COCT051Hlflf ls,2s3S1 He* B npII6JIII­
)KeHIIIf X<t> If err rrc<t>o. 

P11cynK11 2.2_Ne BKrr10qa10T Bce pe3yrrhTaThI BhiqIIcrrenIIH: .n;rr51 
neona (Ne). 
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Pnc. 2.2_Ne_al (CD, 67) npe.n.crnBmreT noJrnoe ceqettne a(co) 
,D.JUI Ne B np116n11)1{ett1111 X<I> 11 ITC<l>O. 3.n.ech ITC<l>O-Koppemm;nn 
yqTeHhI BO Bcex .n.nnonhHhIX nepexo.n.ax 2p - n(c)d, 2p - n(c)s, 2s -
n(c)p 11 ls - n(c)p. Ponh 2p - n(c)d BeChMa 3naq11Tenhna, HO TOnhKO 
npn co :S: 25 Ry. Bnmurne .n.pyrnx nepexo.uoB B 3TOH o6nacTH qacToT 
Mano. 

Pnc. 2.2_Ne_bl (CD, 68) npe.n.cTaBJI5IeT napunanhnoe ceqe1me 
cpoToHoHmauHn a 1 s ( ro) 1 s-06onoqK11 Ne B np116n11)1{e1rnH X <l>-.n., 
X<l>-c 11 ITC<l>O. Ponh 3JieKTpOHHhIX KoppenRuHii oqenh Mana. 

Pttc. 2.2_Ne_b2 (CD, 68) 11306pa)l{aeT napunaJihHoe ceqe1me 
a 2.,.( ro) 2s- no.n.o6onoqKH Ne B npn6ntt)l{eHHH X<I> H ITC<l>O. 3.n.ech 
norrpaBKH ITC<l>O, rnaBHhIM o6pa30M H3-3a 2p - n(c)d rrepexo.n.a, 
BeJmKH npn ro::;; 25 Ry. 

Pnc. 2.2 __ Ne __ b3 (CD, 69) rrpeJJ,cTaM5IeT ceIJe1me a Zp ( ro) 2p-rro.n.­
o6onoqKH Ne, c yqeToM Bnmmmr (11 6e3 nero) 2s no.n.o6onoqKH 
Ne. 

11pnse.n.enhr pe3ynhTaThI B rrp116n11)1{en1111 X<l>-.n., X<l>-c 11 ITC<l>O 
3aMeTHM, IJTO B03,D.eHCTBHe 2s- Ha 2p-no.n.o6onoqKy CTaHOBHTCH ,D.0-
BOnhHO Ba)lrnhIM npn BhICOKHX qacToTax. B TO )Ke BpeM5I c pocToM ro 
BnHHHHe B3alIMO,D.eHCTBlIH MC)l{,D.y caMHMlI 2p-3neKTponaMH <<3aTy­
xaeT» BechMa 6bICTpo. Ba)l{HOCTh Me)l{o6onoIJeqHhIX rronpaBOK 
ITC<l>O rrpH BhICOKHX 3HeprH5IX cpoTona BH,D.na Ha BCTaBKe 

Pnc. 2.2_Ne_cl (CD, 69) npHBO,D.lIT OTHOIIIeHHe a~~<llO(ro) I 
a~:-c(ro). 

,[(Jrn Ne B [8] 6bmo IJHcneHHO nOKa3aHo H na ocnoBe TeopeTnqe­
cKoro paccMOTPeHHH B [3] rrpo.n.eMOHCTPHPOBaHO KaK o6IQee CBOHCT­
BO ceqeHHH cpOTOHOHH3aUHH, qTO 3TO OTHOIIIeHHe rrpn BhICOKlIX 
3HeprH5IX cpoTOHa 0) .n.omrrno ,D.OCTHrHyTh He3aBHCI1MOH OT 0) I1 OT­
JIJ1qHOH OT e,D.HHHUhl BennqHHhl. IloTeHQHanhI lIOHH3aUHlI B pacqfae 
rrpHHHThl paBHhIMH l2s,JKCTI = 3.564 Ry, /zp,Teop = 1.7 Ry, l1s,Teop = 
= 65.54 Ry. Ilopor 2s B3HT 3KCrrepnMeHTanhHhIM .n.nH 6onee aKKY­
parnoro yqfaa BnH5IHlIH 2p-3JieKTPOHOB Ha 2s (CM. [AM]). 

Pnc. 2.2_Ne_c2 (CD, 70) npHBO,D.lIT OTHOUieHHH ceqeHHH 2s- lI 
2p-3neKTpOHOB c yqfaoM 11C<l>O KOppemrunii TOnhKO 2p-, (2p + 2s)­
lI (2p + 2s + ls)-3neKTponoB Ne. 

Pttc.2.2_Ne_c3 (CD, 70) rrpe,D.CTaBmeT ornoIIIeHHe a 2s(ro)/a 2p(ro) 
B pa3m1qHhIX rrpn6nH)l{eHH5IX c yqfaoM ITC<l>O-Koppenm.1;11H: TOnh­
KO 2p-, (2p + 2s)- 11 (2p + 2s + ls)-3neKTPOHOB Ne. 0Kono rropo­
ra 2s ceqenne 3uaq11TeJihHO MeHhIIIe ceIJeHH5I 2p-rro.n.o6oJIOIJKH. 
3aMeTHM, qTO BO BCex rrp116JIH)l{emrnx 3TO OTHOIIIenne naq1rna51 c 
ro ~ 40 Ry CTaHOBHTCH 6onhIIIe e.n.nnnuhr. 3aMeTnaH BapnaunH oTno-
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rnemrn rrptt co"" 40 Ry eCTh pe3ynhTaT .n,eikrnmr ls-o6onotIKII aa 

O" 2s( co). 
PIIc. 2.2_Ne_dl (CD, 71) II3o6pa)J:(aeT pe3ynhTaTbr pacqfaa .n,II­

rronbaoro rrapaMeTPa yrnoBoi1. aHII30TporrHH ~ 2P (co) .n,mr 2p-:meKT­

poHoB c yqfaoM ITC<l>O Koppem1UIIM TOJihKO 2p-, (2p + Zs)- II (2p + 
+ 2s + ls)-3rreKTPOHOB. BIIL(Ha cymecrneaaaR BapIIaUIIR 3Toro napa­

MeTPa IIOL( BJIH5IHIIeM ls-3JieKTPOHOB. 
PIIc. 2.2_Ne_el (CD, 71) rrpe,!1,CTaBJIReT pe3ynhTaThI pacqfaa 

He,ll,IIIIOJlhHOfO napaMeTpa yrnoBOM aHH30TPOTIHII 'Yls ls-3JieKTPOHOB 
B Ne B rrpII6JIII)Kemrn X<l> II ITC<l>O (cM. [9]). B OTIIII'lHe OT He rro­

RBIIReTCR 33MeTHblM MIIHHMYM cpa3y 33 rroporOM. 
PIIC. 2.2_Ne_e2 (CD, 72) .n.aeT pe3yJihT3Thl pacqfaa MarII'leCKOM 

KOM6HH3UHH He,ll,HfIOJlbHhIX rrapaMeTpOB (yC + 3()C) 2p-3JieKTpOHOB 

B Ne B rrpII6rrmKeHIIH X<l> H fIC<DO (cM. o6cy)K,!l,eHlie (1.81)). KpH­
BaR K3K 6y.n.To COCTOIIT H3 Tpex rrm1eMHbIX yqaCTKOB - OKOJIO nopo­

ra, .no 600 3B H .nanee. 
PIIc. 2.2_Ne_e3 (CD, 72) II3o6pa)J:(aeT pe3yJihTaThI pacqfaa ne­

,ll,HIIOJihHoro rrapaMeTpa yrnoBott aHII30TpOIIHH Yzs 2s-3JieKTponoB 
B Ne B rrptt6Jitt)J:(eHHlI X<l> H ITC<l>O. IlapaMeTP 6h!cTpo MeHReTCR 

OKOJIO rropora, ,!l,OCTliraR MaKCHMyMa, rrpOXO,ll,lIT qepe3 MHHHMYM 

npH 10 Ry H ,naJiee JIHHe:ifuo uapacrneT. 

Puc. 2.2_Ne_gl (CD, 73) npe,!1,CTaBJIReT TOK ynrre'leHUR 2p-IIO,!l,­

o60JIO'lKH aToMa Ne B ITC<!>O, npuBe,neHHhIM K e.nuaH:ue noToKa 

cpoTOHOB W. To'IKU - rrapaMeTP YI/co) (cM. [3]). 
Puc. 2.2_Ne_g2 (CD, 73) npe,!1,CT3BJI5IeT TOK yBrre'leHU5I 2s-IlO,!l,­

o6orroqKU aToMa Ne B ITC<DO, rrpuBe,!l,eHHhrtt K e,nuHuue noToKa 

cpoToHoB W. To'IKU - rrapaMeTp Yi°Jco) (cM. [3J). B onmqHe OT 

2p-no.no60JIO'lKlI, UMeeTC5I ClIJihHhlM MaKClIMYM B6JIII3U nopora. 

3,!1,CCh, KaK lI Ha npe)J.hI,!l,YIUeM pHCYHKe, o6pamaeT Ha ce65I BHUMa­
Hlie COBna.n;euue 33BlIClIMOCTeii OT :meprlilI cpoTona TOKa lI nemmo­

JihHOfO napaMeTPa. 
Pttcymm 2.2_Ne3+ co.n;ep)J:(aT pe3yrrhTaThI pac'leTOB ,!l,JUI noHa Ne3+. 
PIIc. 2.2_ Ne3+_al (CD, 74) II3o6pa)KaeT norrHoe cetieHne cporn­

IIOHII3aUlIH lIOHa Ne3+ OT nopora ,!l,O 20 Ry B paMKaX err ITC<!>O. 
«qaCTOKOJI)) MaKCIIMyMOB - npoRBJienIIe .IJ.IICKpeTHhIX B036y)J:(­

.n;eHUM. 
Puc. 2.2_ Ne3+_a2 (CD, 74) II306pa)J:(aeT «KBa3ttCetieHU5I» .n.u­

cKpeTHhIX rr11nu:if B036y)J:(,!l,eHHR ttona Ne3+ ,ll,JIR qacToT OT rropora ,ZJ,o 

10 Ry. Ha Bpe3Kax npIIBe.n;enh! HHTeHCHBHOCTH cpaBHHTeJihHO cna-
6hIX JIHHUM. 0TMeTIIM, 'ITO 3TOT IIOH eCTh o6beKT c napy)KHOM rrony-

33IIOJIHeHHOM o60JIO'IKOM 2p3. 
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PMc. 2.2_ Ne3+_dl (CD, 75) rrpeACTaBJUieT pe3ynhTaThI pacqfaa 
AMITOJihHoro rrapaMeTpa yrnoBoif aHM3oTporrMM ~2P (co) AJIH 2p-3neK­
TpOHOB. 06paw:aeM BHIIMaHMe Ha pe3Klie BapMau1m rrapaMeTPa 
B6Jill3lI AlICKpeTHhIX JilIHlIH. 

PHcymm 2.2 _Ar COAep:>I<aT pe3ynhTaTbI pac'IeTOB AJIH aproHa 
(Ar). 

PMc. 2.2_Ar_al (CD, 75) rrpeACTaBJIHeT rronHoe ceqeHHe cpoTO­
llOHH3au1m Ar. Y'ITeHhI ITC<t>O KoppenHUHll Bo Bcex AMIIOJihHhIX 
rrepexoAaX 3p - n(s)d, 3p - n(s)s, 3s - n(e)p, 2p - n(e)d, 2p - n(e)s, 
2s - n(e)p II ls - n(e)p. PaccMoTpeHHaH o6nacTh w oqeHh rrrnpoKa, 
rrpII6JIH3HTeJihHO AO 900 Ry. Ponh KaHana 3p - n(e )d BeChMa BHYIIlll­
TeJibHa, HO Jilllllh ,D;JIH 3Ha'IeHllH ffi, AOBOJibHO 6Jill3KllX K rropory 
3p-ITOAo6onoqKlI. BnMHHlle ApyrMx rrepexonoB B 3TOH o6nacTH qac­
TOT Mano. 

PHc. 2.2_Ar_bl (CD, 76) rrpencTaBJIHeT pe3yJihTaThI nm1 3p-rroA­
o6onoqKll Ar c y'IeTOM ll 6e3 y'Ifaa BJIHHHHH pHAa rrepexoAOB, KOTo­
pbre AaIOTCH Ha pllCYHKe. 3aMeqeHO, qTO pa3Jimme Me:>KAY O' r~<l>O( CO) 
ll O' ~: (co) coxpaHHeTCH AO BeChMa BhICOKllX ffi, ll TaM Hall6onee Ba:>K­
HhIM RBJIReTcH BJIHRHHe 3s- Ha 3p-IIOAo6onoqKy. Cyw:ecrBe1rno, 'ITO 
c poCTOM (J) BJillHHlle B3alIMOAeHCTBlI5I Me:>K):(y caMlIMll 3JieKTpOHaMM 
3p «3aTyxaern BeCbMa 6hICTpO. 06paTllM BHllMaHlle Ha He6oJiblllOH 
MaKClIMYM rrplI 6 Ry. 

Puc. 2.2_Ar_b2 (CD, 76) rrpeACTaBnHeT ce'Iem1e cpoTOHOHH3a­
u:im 3p-3JieKTpOHOB B6JIH3H rropora. BttAHO 6onhlllOe OTnnque pe-
3YJihTaToB B cpopMax «.D;JillHhrn ll «CKOpOCTll» ll 60Jiblla5I pOJib 
ITC<PO (cM. [10]). Tol/KU - 3KcrrepuMeHT [11]. 

Puc. 2.2_Ar_b3 (CD, 77) rrpeACTaBJIReT pe3ynhTaThI nnR 3s-noA­
o6orroqKll Ar. 3AeCh norrpaBKll ITC<PO, rnaBHhIM o6pa30M ll3-3a 
BJIURHUR 3p - n(e )d-rrepexoAa, O'IeHh BeJIHKlI BCIOAY, AJIR co ::; 25 Ry. 
lfa-3a KoppenRUUH noRBAAeTCH BTopoH., rrocrre noporoBoro, MaKcu­
MyM, rrplI co"" 6 Ry, Ha3hrnaeMhIH urtmeprjJepeH11uoHHb1111 11wKcuMy­
MOM. ITepeA HMM, npu co"" 3 Ry, HaxoAlITCR uHmeprjJepeHtjUOHHbzii 
MUHUMyM. 

Plic. 2.2_Ar_b4 (CD, 77) mo6pa:>KaeT pe3yJihTaThI Amr 3s-non­
o6orroqKlI Ar B6nM3U TaK Ha3hrnaeMoro uHmeprjJepeHt1UoHH020 Mu­
Hw1yMa. 3KcneplIMeHTaJihHbie AaHHbie B35IThl lI3 [12]. 

Ba:>KHOCTh nonpaBOK ITC<PO, Y'IUThrnarow:Mx B3aUMoneH.crnue 
3JieKTPOHOB pa3HhlX rrono6orro'IeK rrpu BhlCOKUX 3HeprlI5IX cpOTOHa, 
unnIOcTpupyeTcH BCTaBKOH Ha PMc. 2.2 _Ar_ b2, rne rrpuBO.D;lITCR oT­
HorneHue crn3c<t>o(co) I crX3<t>-c(co). B [13, 14] AeMoHcTpMpoBanoch, 

-P p 
'ITO 3TO OTHOilleHue IIplI BhICOKUX (J) ,ll;OJI:>KHO AOCTUrHyTh BeJIU'IUHhl, 
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He3aBHCHMOH OT qacTOThl H OTJIHqHOH OT TOH, KOTOpaH rrpttBe)J,eHa 
Ha BCTaBKe, Ha Pttc. 2.2_Ar_b3. 

Pttc. 2.2_Ar_b5 (CD, 78) rrpe)J.cTaBJIHeT ceqeHMe cpoTOMOHM3a-
1(HH 2p-3JieKTponoB B rrptt6Jiu:>KeHMM Xct>, IlC<l>O, X<l> c caMocorna­
coBaHHhIM yqeToM 2p-BaKaHcnu (OX<t>) u B OITC<l>O. Bn)J.HO, qrn 
B6m13M rropora ceqe1rne B rrpn6Jin:JKeHHH X<I> M IlC<t>O ttMeeT 
ocTphIH H Y3KHH MaKcttMyM, 0TcyTcrny1011(nH B OX<t> n OIIC<l>O. 
PoJih IIC<l>O tt OIIC<t>O KoppeJIH1(HH (B cpaBHeHntt c X<l> M OX<l> 
COOTBCTCTBeHHO) HeBeJIMKa. 

Pttc. 2.2_Ar __ b6 (CD, 78) npttBOIJ.HT pe3yJihTaThI )J.JIH ls-o6oJioq­
KH Ar B OIIC<l>O. Tol/KU - L(aHHhie 3KcrrepttMeHTa tt3 [15]. IIpttMe­
lJaTeJihHO, qTo )J,a:JKe na nopore BiiyTpe1rnei1 o6oJIOlJKM poJih 3JICKT­
poHHhIX KOppeJIH1(HH, npMTOM BHC paMOK IlC<l>O, BeJIMKa H YMCHh­
rnaeT ceqeHMe Ha nopore npnMepno B .n.Ba pa3a. 

Pttc. 2.2_Ar_cl (CD, 79) rrpe)J.CTaBJIHCT OTHOCHTCJihHYIO pOJib 
OfIC<l>O KoppeJIH1(MH B ceqemm 1IOHM3aU:MM 3p-3JieKrponoB. B3aM­
MOL(eii:crnne 3JieKrpOHOB yqreuo B paMKax OITC<l>O, c 3KcrrepttMeH­
TaJihHhIMH 3HaqeHHHMH rroporoB HOHI13a1(HH 3p-, 3s-, 2p- H 2s-IIO)J,­
o6oJioqeK. 

Pttc. 2.2_Ar_c2 (CD, 79) IIpHB0.!1,HT OTHOIIIe1me O' 3Jco)/ O' 3 Jco), 
BhiqttcJieHnoe B OIIC<t>O c yqernM BJIMHHHH pa3JIMqHhIX rroJJ;o6ono­
qeK. 0KoJio rropora 3s-ceqenMe naMnoro MeHhrue ceqenMH 3p-rro)J,o-
6onoqKM. Btt)J.HO, lJTO BO BCCX rrptt6JIH)KCHHHX 3TO OTHOilleHne pac­
TCT )J,OBOJihHO 6bICrpo, HO He )J,OCTJiraeT TaKJIX 60JibillMX 3HaqeHMM, 
KaK cr 2./ co) I cr 
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(co) B Ne. 

Pnc. 2.2_Ar_dl (CD, 80) npe.D:cTaBJIHeT pe3yJihTaThI pacqera 
)J,MIIOJibHoro rrapaMeTpa yrnoBoH: aHII3orporrttn ~ 3 (co) B OIIC<t>O, B 
)J,OBOJihHO umpOKOH o6JiaCTH qaCTOT co c yqfaoM ~JIHHHHH KOppeJIH-
1(HH B pa3JIMlJHhIX rrepexo)J,ax. 

Puc. 2.2 __ Ar_d2 (CD, 80) AeMoncrpupyer Ba:JKI-Iy10 ponh ITC<l>O 
KOppeJIH1(HM B p3p( (!)) B OKOJIOilOporoBOH o6JiaCTH, r)J,e WUI cpaBHeHIIH 
)J,aHbI pe3yJihTaThI B rrpu6nu:JKeHHM X<l>-A, II AaHHhie 3KcrrepuMeHra 
II3 [ 16, 17]. IIapaMerp p311( co) KaK cpyHK1(IIH ro nMeeT 3HaqJITeJihHhIM 
MaKcHMYM n rny6oKHi1 MHHHMyM. Cornacue c orrhITOM xopolllee. 

PHC. 2.2_Ar_d3 (CD, 81) COilOCTaBJIHeT pe3yJihTaTbl pacqeTOB 
)J,MUOJihHhIX rrapaMeTpoB p3P (ro) II P2p(ro) B OITC<l>O. IIapaMeTp 
~3p( co) HMCCT B cpaBnemrn c ~2p (co) )J,OilOJIHHTeJihHbIM MaKCHMYM H 
He6oJibIIIOH MHHHMYM B OKpeCTHOCTH rropora hP' 

Pttc. 2.2_Ar_d4 (CD, 81) rrpttBOIJ.HT pe3yJihTaThI pacqfaoB )J,H­
rroJibHbIX rrapaMerpoB P2µ(co) B IIC<t>O H OIIC<l>O. B OIIC<t>O y rro­
pora Mcqe3aeT MIIHHMYM M rrapaMeTp ~2P (co) rrpocTo 6h1crpo pacTer. 
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P11c. 2.2_Ar_el (CD, 82) npe.z:i:crnsmi:er pe3yJihTaTbI pacqera He­
.JJ.Hno11bHOro napaMerpa yrnosoii aHH30TponHH y3s (w) 3s-::lJ1eKTpo­
HOB B AOBOJibHO urnpoKoii o6nacrII qacror ro s npn6muKemm X<l> n 
c yqeroM Koppemn.i:ttii s IIC<l>O. IlapaMerp y3s (ro) HMeer MaKCHMYM 

npn 5 3B ll MHHHMYM npn 9 3B. 
Pttc. 2.2_Ar_e2 (CD, 82) mo6pa)l(aer MarnqecKy10 KOM6HHa­

QHIO (cM. 06cy)l(.JJ.e1rne (1.81)) He.z:i:nnorrhHbIX napaMerpos 3p-3rreKT­
poHoB Ar B npII6JIH)l(eHHH X<l> II IIC<l>O. I1MeeTCH BeCbMa y3KHii 
MaKCHMYM cpaBHHTeJibHO 6JIH3KO K nopory IIOHII3aQIIII aTOMa. 

PIIc. 2.2_Ar_gl (CD, 83) npIIBO.[(llT BKrra.n. B AIIIIOJibHYIO IIOJI51-
pII3yeMOCTb Ar nepexo.n.a 3p - ES B npn6JIII)l(eHIIHX X<l>-,n:, X<l>-c n 
IIC<l>O (cM. [6]). IlpII Hynesoi\: 3neprn11 norrHpII3yeMOCTb rroJIO)l(H­
rerrbHa, n 3aMeTHO 6orrblue, qeM B Ne. Ilocrre rropora nomnaQIIH ona 

orpm.i:arenbHa II uMeer MHHIIMYM rrpu 1.5 Ry. 
Pttc. 2.2 _Ar _g2 (CD, 83) .z:i:aeT BKJia,n: B .D.HIIOJlbHYIO IIOJI5IpH-

3yeMOCTb Ar rrepexo,n:a 3p - Ed B rrptt6Jitt)l(eHHHX X<l>-,n:, X<l>-c 11 

IIC<l>O. IIose,lJ,eime 3TOro BKrra.n:a no.n:o6Ho mo6pa)l(eHHOMY Ha 
P11c. 2.2_Ar_gl, a serr11q11Ha- B 5-10 pa3 6orrbIIIe no aMnrr11ry.n:e. 

PHcymm 2.2_ Kr coJJ.ep)l(aT pe3yJibTaTbl Bh1q11cnen11li JJ.JISI Kpttrr­

rona (Kr). 
Pttc. 2.2_Kr_al (CD, 84) npe.n.crasnHeT nonttoe ceqettue cporo-

110H113aQ1111 Kr B np116Jitt)l(eH11Hx X<l>-.n., X<l>-c 11 ITC<l>O. 3.n.ecb 
IIC<l>O-KoppenHQHH BKJIIOqeHhI so scex .z:i:11rronhHbIX rrepexo.n:ax 4p -
n(E)d, 4p - n(E)s, 4s - n(E)p, 3d- n(E)f; 3d- n (E)p, 3p - n(E)d, 3p -
n(E )s 11 3s - n(E)p. PaccMorpeHttaH o6nacrh ro BeChMa IIIttpoKa, np11-
6nm11renhHO .n:o 120 Ry. Bmurn11e nepexo.n.a 4p - n(E)d BHYlllHTeJib­
HO, ropa3.JJ.O 6onee CIIJibH6, qeM nepexo.n.a 3p - n(E)d B Ar, HO no 
3HaqeHHHM ffi CKOHQeHrpnposaHo 6m1)l(e K rropory 4p-no.n.o6onoqKII. 
3aMeqeno, qro H3-3a nepexo,n:a 4p - n(E)d rroHBJIJ!eTCJ! sropoii MHHH­
MyM, rrpn co~ 15 Ry. BmrnHtte ,n:pyrnx nepexo,n:oB B 3TOH 06nacr11 
qacror Mano. 

P11c. 2.2_Kr_bl (CD, 84) ,L(aer pe3yJibTaTbI .n:mr 4p-no,n:o6orroqKII 
B ITC<l>O. Porrb KoppenHQHH IIC<l>O BeJIHKa. B11.n.eH 6oJihlllOH MaK­
CHMyM. Ilpn BeCbMa 3Haq11reJibHOH 3Heprttll cpOTOHa ceqeHHe HMeeT 

BTopoii, O,ll,HaKO, ropa3.JJ.O MCHhlllHH MaKCHMyM, Ha pncyHKC He rrpn­
Be.[(CHHbIH. 

Pttc. 2.2_Kr_b2 (CD, 85) 11306pa)l(aer pe3yrrhTaTbI ,n:rrH 4s-no,n:­
o6orroqKn B IIC<l>O, r.z:i:e HBCTBeHHO BH.D.HbI HHTepcpepeHQHOHHbie 
MHHHMYM H MaKCHMYM (CM. o6cy)l(.JJ.CHHC rrpH (1.47)) (CM. [18]). 

Pttc. 2.2 Kr b3 (CD, 85) rrpe,n:crasm1er ceqeHHe 3d-rro,lJ,-
06orroqK11 Kr B np116rrtt)l(CHII5!X X<l>-.n:, X<l>-c 11 IIC<l>O. IIC<l>O-no-
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npaBKH, rnaBHbIM o6pa30M H3-3a 3p - n (E)d-nepexo.na, BCJIHKH .l(JIR 

ffi:S:70 Ry. Bn,neH nepexo.n K MHHHMYMY np11 ro = 110 Ry. 
P11c. 2.2_Kr_dl (CD, 86) .n.afa pe3yJII>TaTI>I pacqeToB napaMeTpa 

ynroBoH: aHH30TPOnHH P4fl( ro) H P3J: ro) 4p H 3d-:meKTpoHOB. PonI> 
KoppeJIRU.HH IlC<l>O oqeHI> BCJIHKa. KpttB1>1e no.n.o6HI>I no cpopMe H 
KaK 6y.n.To npOCTO C.lJ,BHHYTbl no :meprHH IJ,eJIHKOM .n.pyr OTHOCH­
TCJibHO .n.pyra. 

Pttc. 2.2_Kr_el (CD, 86) 11306pa)l(aeT ne.n.ttnonI>Hhln napaMeTP ye 
.l(JIR 4s-3JieKTponoB B np116JIH)l(eHHH X<l> H IlC<l>O. Yqfa KoppeAA­
u.Hii B IlC<t>O IlplIBO.lJ,HT K IIORBJiemno IIDipOKOro MaKCHM)'Ma 3a nopo­
roM, 3a KOTOphIM cne.n.yeT cpaBHHTeJihHO Y3KHH H rny60KHH MHHHMyM. 

P11c. 2.2_Kr __ e2 (CD, 87) npe.n.crnBJIReT MamqecKyIO KOM6ttHa­
IJ,HIO ( yC + 38C) (CM. o6cy)l(JJ.eHHe ( 1.81 )) He.l(HIIOJibHhlX napaMeTpOB 
yrnoBoH: antt3oTpontttt 4p-3JieKTpOHOB B Kr B np116JIH)l(eHHH X<l> H 
IlC<l>O. 3aBHCHMOCTh napaMeTpa OT 3HeprttH cno)l(Ha, c TPeMR MH­
HHMyMaMH H MaKCHMyMaMH. 

PttcyHKH 2.2_Krs+ co.n.ep)KaT pe3yn1>TaThl BI>I9HcneHttii .n.nR 
HOHa K.r5+. 

Pttc. 2.2 _ K.r5+ _al (CD, 87) npe,ncTaBJIReT nonuoe ceqeune cpoTo­
HOHII3au.rm H KBa3HceqeHHR HeKOTOpbIX .D:HCKpeTHhlX B036y)l(JJ.CHHH 
ttoHa K.r5+ B np116JIH)KeHHRX X<l>-.n., X<l>-c H IlC<l>O. 

P11c. 2.2_K.r5+_a2 (CD, 88) mo6pa)l(aeT ,n11cKpern1>1e ypoBHH 
B036y)l(JJ.eHHR 110Ha Kr5+ B IlC<t>O. 

Pttc. 2.2_Kr5+_dl (CD, 88) npe.ncrnBJIReT pe3yrr1>TaTI>I pacqfaa 
.D:IIIlOJibHOro napaMeTPa yrnoBOH aHH30TponHH p4p( (l)) 4p-3JieKTPO­
HOB B IlC<l>O. 

PttcynKH 2.2 _Xe co.n.ep)l(aT pe3yJII>TaTI>I BI>1qttcneHnn .n.nR Kce­
Hona (Xe). 

Pttc. 2.2_Xe_al (cM. c. 128) (CD, 89) npe.n.crnBJIReT nonuoe ce­
qenue Xe B npu6nmKemrn:x X<l>-.n, X<t>-c H IlC<t>O. 3.n.ecI> BKJIIOqeHI>I 
KopperrRIJ,HII IlC<l>O BO Bcex ,n11nonhHhlX nepexo.n.ax: Sp - n(e)d, 
Sp - n(E)s, Ss - n(E)p, 4d - n(E)/; 4d - n(E )p, 4p - n(E)d, 4p - n(E)s, 
4s -n(E)p, 3d-n(E)/H 3d- n(E)p. PaccMOTpeunaR o6nacn ue cJIIIIll­
KOM IllIIpoKa, npII6m13HTeJI1>Ho .no 70 Ry. Ponh rrepexo.na Sp - n(E)d 
BeChMa BHYillIITen1>Ha rrp11 3HaqeHIIRX ffi, cpaBHIITCJihHO 6JIII3KIIX K 
rropory HOHH3aIJ,HII Sp-no,Ao6onoqKII. BnttRHHe ,npyrIIx rrepexo,AoB B 
3TOH o6naCTII qacTOThl MaJIO. CHJibHhie KOppeJIRIJ,lIII HMeIOT MeCTO B 
,nHarra30He S-12 Ry, r.ne BIIJJ.eH MOIIJ,HhIH MaKcttMyM, TaK ua3hrnae­
MhIH rttraHTCI<IIH pe3onauc. 

Pttc. 2.2_Xe_bl (cM. c. 129) (CD, 89) npe.ncrnBnReT pe3yJII>TaTI>I 
pacqern JlJIR Sp-rro,Ao6onoqKH Xe B rrpII6Jitt)l(eHHRx X<l>-.n., X<l>-c H 
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fIC<l>O. fiorrpaBKH IlC<l>O, rnaBHbIM o6pa3oM BJIHmrne Sp - n(e)d­
rrepexo,n:a, BCJIHKH BITJIOTb ,n:o ro.::;25 Ry. Cne.L(CTBHeM BJIH.sIHH.sI 4d -
- n(e)j:nepexo,n:a HBJIHCTCH rroHBJieHHe MaKCHMyMa rrpn ro ~ 7 Ry, 
H3o6pa:tKeHHoro Ha BCTaBKC. 

Pttc. 2.2 __ Xe_b2 (cM. c. 129) (CD, 90) npe,n:CTaBJIHeT pe3yJibTaTbI 
JJ:JI5I 5s- no,n:o6onoqKH, c yqeToM H 6e3 yqeTa BJIHHHHH pH,n:a nepexo­
.n:oB, KOTOpbie ,n:aIOTCH Ha pHCYHKe. ,LlaHHble 3KCIIepHMCHTa B3HTbI H3 
[19, 20, 21). 

PHc. 2.2_Xe_b3 (cM. c. 130) (CD, 90) H3o6pa:>I<aeT pe3yJibTaTbI 
pacqeTa 4d-no,n:o6onoq1m B npH6JIH:>I<eHHH X<l> H fIC<l>O. Bn.n:en 
BTopoi1 MaKcHMYM npn ro ~ 22 Ry. Ha BCTaBKC ,n:aHo ornomcnne ce­
qenni1 B rIC<I>O H nptt6nmKeHHH X<t>. Btt.n:Ho, qTO poJib Koppen.siuHiI 
3aMeTHa npH Bcex paccMOTpCHHbIX ro. 

Pttc. 2.2_Xe_b4 (cM. c. 130) (CD, 91) npe.n:cTaBJrneT pe3yJibTaThI 
pacqeTa ceqeHHH cpoTOHOHH3al.{HH 4d-rro.n:o60JIQqKH B rrpH6JIH:>Ke­
HHH X<t>-.n:, X<t>-c H l1C<t>O B oKpecrnocTH mraHTCKoro pe3onanca. 
BH,n:Ho, qTo B IlC<t>O noHBJrneTCH ,n:orroJIHHTCJibHbIM MHHHMYM rrpH 
ro ~ 15 Ry H MaKCHMYM rrpH ro ~ 20 Ry. Ha BCTaBKe noKa3aHo OTHO­
rne1rne ceqenHH: B fIC<t>O H npn6JIH:>KeHHH X<t>, KOTopoc oco6o ctt­
JibHO ornttqaeTcH OT e,n:HHHI~bI JJ:JIH ro.::;40 Ry. 

Pttc. 2.2_Xe_b5 (cM. c. 131) (CD, 91) mo6pa)l(aeT ceqentte o.n:­
HOKpaTnoH: cp0TOHOHH3al.{HH 4d-rro,n:o6onoqKH B OKpeCTHOCTH rJifaH­
TCKOro pe3onaHca B nptt6JIHJKemrnx X<t>-.n:, X<t>-c H IlC<t>O. 3Kcne­
pttMeHTanhHbie TOqKn B3HTbI ll3 [22]. 

Pttc. 2.2_Xe_b6 (cM. c. 131) (CD, 92) .n:aeT pe3yJihTaTbI ,n:JIH 
4d-rro,n:o6onoqKH B IlC<t>O H OllC<t>O B rnnpoKoM ,n:narra30He qac­
TOT c yqeToM neynpyroro pacceHHH.sI cpoT03JieKrpoHa Ha ttapy:>KHbIX 
o6onoqKax HOHa-OCTaTKa. 3KcnepHMCHT - H3 [23). 

Pttc. 2.2_Xe __ b7 (cM. c. 132) (CD, 92) mo6pa:>KaeT ceqe1me cpo­
TOHOHH3aum1 3d512- H 3d3;rYPOBHeM B paMKaX B nptt6JIH:>KeHHH X<t> 
H CIT l1C<f:>0 [3] . .5lcno BHJJ:CH BTOpOH MaKCHMYM B ceqeHHH cpOTO­
HOHH3al.{HH 5/2-3JICKTpOHOB, Bb13BaHHbIM B03JJ:CMCTBHCM Ha HHX 
3JICKTpOHOB c ypoBHH 3/2, HMenyeMblM BHyTpH,n:y6JieTHbIM pe30HaH­
COM. PacqeT npoBe,n:en ua ocHoBe npe,n:non01Kenm1, qTo 5/2- H 
3/2-3JICKTpOHbI MoryT paccMaTpHBaTbCH KaK 3JICI<Tp0Hbl «BBepx» II 

«BHH3» (CM. pa3,n:. 1.10). CeqeHHe MOJKCT paccqHTbIBaTbCH no cp-JiaM 
(1.96-1.99), c TCM, o,n:HaKO, yTOqHeHHCM, qTO K qJieHaM «BBepx» B 
(1.93) ,n:o6aBJrneTCH MHO)l(HTeJib 6/5, a K qnenaM «BHH3» - MHO:>KH­
TCJib 4/5, yqHTbIBaIOII.{He peaJibHOC qHCJIO 3JICKTpOHOB Ha ypoBHHX 
5/2 H 3/2 - 6 H 4 COOTBCTCTBCHHO [24). ,LlaHHbIC 3KCI1CpHMCHTa -
H3 [25). 
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3aMeTHM, qTO pa3;rnq11e Me)l(,ny cr ~~<t>O( w) 11 cr ~1~ ( w) coxpairneT­
cn .no aecbMa BbICOKHX ro, a TaM Ha116onee aaJKHO BJillHHlle 5s Ha Sp. 
Cym;ecTBeHHO TaK)l(e, qTo c pocTOM w BJimnrne B3attMo,neH:cTBIUI 
MeJK.llY caMHMH 5p-3JieKTpOHaMH «3aTyxaeT» BeCbMa 6hIC1'pO. 

Pttc. 2.2_Xe_dl (cM. c. 132) (CD, 93) 11306pa)KaeT pe3yJihTaThI 
.nm1 napaMeTPa yrrroBott aHH30Tpontt11 Bsp( co) 11 B4i co) B ,lJ,OBOJihHO 
umpOKOH o6JiaCTH qaCTOTbl. 06a npe,llCTaBJieHbl OCQHJIJI5IQHett, KO­
TopaH ,llJIH ~4d ((I)) IIeCKOJibKO 6onee C)l(aTa no 3HepmH, qeM ,UJI5I 
~sp(co). 

Pttc. 2.2_Xe_d2 (cM. c. 133) (CD, 93) H3o6pa)l(aeT napaMe1'P 
yrnoBoiI aHH30TponHH ~sp(co) B nptt6JIH)l(eHHH X<l> H ITC<l>O H .ne­
MOHC'I'pHpyeT 3J-JaqHTeJibHeihny10 porrh IlC<l>O-KoppemIQHH B OKO­
JIOTIOporOBOH o6rraCTH (CM. [26]). 3aBllCHMOCTb napaMeTpa ~sp(ro) OT 
::rneprnH cpoToHa npe.ncrnBrrena ocu;ttrrrrHpyiom;eu KpHBOtt. ITC<l>O 
pe3yJihTaThl xoporno cornacyIOTC5I c .naHHbIMH 3Kcnep11MeHTa H3 
[27-30]. 

PHc. 2.2_Xe __ d3 (cM. c. 133) (CD, 94) H3o6pa'}J(aeT .n;ttnorrhHb1e 
napaMe'I'pbl yrrroBOH aHH30Tpomm B3d5;/ (l)} II ~3d3;z( (I)} B err ITC<l>O 
(CM. [3]). Ha cpoHe MOU(HOH aapttaUHH BHJJ.CH, B BHJJ.C MaJJoro MaKCH­
MyMa Ha KpIIBOtt B3ds;i ro ), crre.n amuIHII5I BHyTp11.ny6rreTHoro B3aH­
MO,lleHCTBHH (cM. 06cyJK,neH11e P11c. 2.2_Xe_b7). 

P11c. 2.2_Xe_e1 (cM. c. 134) (CD, 94) mo6pa'}J(aeT Marn11ecKy10 
KOM61rnaQHIO He.U,HilOJibHbIX napaMeTpOB yrrroBOH aHH301'pOTillH 
(ye + 38C) 5p-3rreKTpOHOB Xe B np116rrtt)l(eH1111 X<l> 11 ITC<l>O 
(CM. [31)). POJib IlC<PO-KoppeJIHQHH BeJIHKa, oco6eHHO npH MaJiblX 
3Hepnrnx cpOT03JieK'rpOHOB. 

P11c. 2.2_Xe_e2 (cM. c. 134) (CD, 95) npe.ncrnarrHeT He,llHTIOJih­
HhIH napaMeTp yrnoBoi1 aHH301'pOTIHH ye 5s-3JieKTPOHOB Xe B npH-
6nHJKeHHH X<l> H I1C<l>O, B6JIH3H nopora HOHH3aQHH. Ha BCTaBKe 
BH,lleH MaKCHMyM, OTpa'}J(aiom;uu BJIHHHHe 4d-no.no6onoqKH. KaK H 
)J,JIH 5p-3JICKTpOHOB, poJib I1C<P0-KoppeJI5IQHH BeJIHKa. 

PHC. 2.2_Xe_e3 (CM. c. 135) (CD, 95) .naeT HCAHTIOJibHblH na­
paMeTP yrnoaou aHH30TpOTIHH ye 5s-3JICKTponoB Xe B nptt6nn­
'1<e11tt11 X<l> H 11C<l>O B 3naqHTCJibHOM .n11ana3one qacToT cpoTo­
HOB. Cym;ecTBeHHO, qTo KpHBaH B IIC<PO xopomo cornacyeTcH c 
,1J;aHHbIMH 3I(CTiepJIMeHTOB [32] ' HBHO roaopH B TIOJih3Y ToqHOCTH 
fIC<l>O. 

Pttc. 2.2_Xe_e4 (cM. c. 136) (CD, 96) npHBO,llHT ue.nunonhHhie 
rrapaMe'I'pbI yrJIOBOH aHH301'pOTIHH ye, ()C H HX Mar11qecKy10 KOM6H­
HaQHIO ,D,JI5I 4d-3rreKTponoa Xe B np116JI11)J(en1111 X<P 11 ITC<l>O. Ponh 
ITC<l>O KoppenHQllM Ben11Ka Jilllllh np11 ro > 80 3B. 
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Pnc. 2.2 _Xe_ e5 (CM. c. 13 7) (CD, 97) rrpe,UCTaBmieT HC,UIIIlOJib­
Hbie rrapaMeTpbl yrJIOBOH aHH30TpOI1HH yC, oC II HX MarIIqeCI<IIe KOM-

6IIHaI]JIII .UJI5! 3d512- n 3d31r::ineKTpOHOB Xe B rrpn6mnKeHHH X<t> n 
err IlC<t>O (CM. [33]). Bu.n:en cne.n: BHYTpII,Uy6nernoro pe30HaHca 
(CM. PIIc. 2.2 __ Xe _ b7). 

PIIc. 2.2_Xe_fl (cM. c. 138) (CD, 98) Il3o6pmKaeT rrapaMeTpbI 
CITIIHOBOH rr01rnpII3aIJIIH Ai (w), 'CJ (w) II ~i (w) 4d-3JICKTpOHOB B 
IlC<t>O. Bo Bcex 1aBIICIIMOCT5!X 51BHO Bll.[(HbI cne,LJ,bI rnraHTCKoro pe10-
nanca II cne.uyrorn,ero 1a HMM 3HaqttTeJibHO MeHbIIIero B ceqennn MaK­
CHMYMa npH 12 Ry. 

PIIC. 2.2 _Xe_ f2 (CM. c. 139) (CD, 99) rrpe,Ll,CTaBJI51eT napaMeTpbl 
CTIHHOBOH I10JI51pI13a!IHH Ai( (J) ), si( W) H ~( (J)) 3d512- II 3d3;z-'JJ1CKT­
poHOB Xe B rrpII6JimKeHIIH X<t> H en IlC<t>O (cM. o6cy)J(.D,e­
HIIe Pnc. 2.2 _Xe __ b7). POJib BHY'fPII,LJ,y6neTHhIX KoppeJI5!IJIIH HeBe­
JIHKa. 

Pnc. 2.2_Xe_gl (cM. c. 140) (CD, 100) rrpnBO,LJ,HT ceqe1rne o.n:Ho­
KpaTnon cpOTOHOHH3aIJIIII B OKpeCTiiOCTII 4d-rIIraHTCKOro pe1onanca 
Xe B npII6JIII)J(eHIIII X<t> II fIC<l>O (cM. [34]). To'tKU - 'JKcrrepIIMeHT 
[ 11]. 

PIIc. 2.2_Xe_g2 (cM. c. 140) (CD, 100) Il3o6pa)J(aeT TOKII yBne­
qeHII51 B Xe B corrocTaBJieHIIII c TOKaMII yBneqenm1 B Ar II He 
(CM. [7]). 

PttcyuKH 2.2_Xe+ co.n.ep)J(aT pe1ynhTaThI pacqeToB ,LJ,JI5! IIona 
Xe+. 

Pnc. 2.2_Xe+_a1 (CD, 101) npeL"\CTaBmieT rronnoe ceqemie cpo­
Tononu1aIJIIII nona Xe+ (cnlloumafl Kpueafl 4 n BKJia,UhI pa1nnqnh1x 
IIOJIHhIX TepMOB KOHeqnoro COCT051HH51 HOHa 2S -1, 2P -2, 2D - 3) B 
rrpH6m1)J(emm X<t>. 

PIIC. 2.2_Xe+_a2 (CD, 101) rrpHBO,[l,HT IIOJIHOe ceqentte O.ll,HO­
KpaTHOH cpoToIIOHH3aIJHH nona Xe+ B ITC<l>OH. ,LJ,aeTc51 BKna.n: Tep­
MoB KOHeqHoro COCT051HII5!: 2D - nyHKmup, 2P - UtmpuxnyliKmup, 
2S - wmpux-iumpuxnyHKmup H rromwe ceqeHne - cnllotuHafl llU­
liUfl (CM. [35]). Bn.n:no, qrn rnraHTCKHH pe10HaHc cymecrneHno H3-
MeneH «qacTOKOJIOM» KBa3ttceqenntt .ll,HCKpeTHhIX B036y)J(,n:eHHH. 

Pnc. 2.2 _Xe+_ a3 (CD, 102) rrpttBOJJ,HT rrorrHoe ceqeune OL"\HO­
KpaTHOH cpoTOIIOHH3aIJHH uoua Xe+ (cM. [35]). 3KcrrepttMeHTaJibHhie 
.D,aHHbie B35!Thl H3 [36]. 

PIIc. 2.2_Xe+_b1 (CD, 102) ,nafa ceqem1e cpornnonmaIJirn 
5s-'JJieKTpoHoB B rrptt6JIH)J(eHmix X<t>-,n: (nyHKmup), X<l>-c (Ulmpux­
nyHKmup) II ITC<t>OH (c yqfaoM 4d-rro.n:o6onoqKII). 3aMerno ornn­

q"e OT cnyqa51 Xe (cM. P"c. 2.2_Xe_b2), rrpo5!BJI51IOill,eecJI B IIcqe3-
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HOBemm HHTepcpepcnu:u01rnoro MilHHMyMa H 3aMeTHOM ycttJieHHil 
rnaBnoro MaKCHMyMa. 

P11c. 2.2_Xe+ _b2 (CD, 103) npttBO.UHT ceqen11e ¢oTOHOHH3a1(HH 
4d-:meKTponoB B np116nmKenm1x X<D-.u (nyHKmup), X<D-c (utmpux­
nyuKmup) H TIC<DOH (cnJTOutltaJl llUllUR). 3aMeTna acHMMcTpHR rn­
ranTcKoro pe3ouauca, OTCyTcTByroru:aR B Xe (cM. Pnc. 2.2_Xe_b5). 

PucynKu 2.2_Xe3+ co.uepiKaT pe3ysrbTaTbI pacqeToB .UM 1wna 
Xe3+. 

P11c. 2.2_Xe3+ __ al (CD, 103) H3o6pa)KaeT KBa311ceqen11e .u11c­
KpCTHbIX B036y)K.uenni1 11oua 11 ceqeu11e ¢0To11omI3aU:HH Xe3+ B 
npH6JIII)KCHHRX X<D-11., X<D-c Men nc<DO. BH.[(HO, 'ITO rnraHTCKHH 
pe30J-JaHC cyru:ec-rnenno MeHbUIC, 'ICM B ueiirpaJibHOM aTOMe, HO 
Bl10JIHC 3aMeTCH. 

P11c. 2.2_Xe3+_a2 (CD, 104) npHBO.[(HT KBa3Hceqenne B036y)K.[(e­
HHR .[(HCKpCTHbIX yposueiI HOHa Xe3+ B o6JiaCTH MaJiblX :meprHH ¢0-
TOHa B .[(HaIIa30HC :meprn:iI OT ncpBoro .[(HCKpeTIIOro ypOBHR .[(O 40 3B. 

Pnc. 2.2_Xe3+_a3 (CD, 104) npHBO.[(HT KBa3Hceqe1rne B036y)K.[(e­
HHR .[(HCKpeTHbIX yposuei1 HOHa Xe3+ B o6nacTH MaJibIX :meprHH q>0-
TOHa B ,I\Hana30He 3HeprHH 40-55 3B. 

P11c. 2.2_Xe3+ __ dl (CD, 105) npe11.crnBnReT .[(HilOJibHbIM napa­
MCTp PC co) yrnoBoii au113orponnn 5p-«BBepx»-3JieKTpouoB ( cn!lout­
Hafl JlUliUR) H 4d-«BBepx» (nyHKmup)- H 4d-«BFIH3» (utmpuxny11K­
mup )-3JieK'rpOHOB Xe3+. 11apaMeTpbI npe.n.cTaBJieHbI cxmKHMH no 
¢opMe ocu:nmmpyIOru:l:IMJI cpyHKU:HRMH. 

PttcynKH 2.2_Xe5+ co.n.ep)KaT pe3ynhTaTbI pacqeTOB ,L\JIR 11ona 
Xe5+. 

Puc. 2.2 __ Xe5+_al (CD, 105) H3o6pa)KaeT nomrne ceqcmre B03-
6y)K.IICHHR .[(MCKpeTHbIX ypoBueiI Mona Xe5+ B npn6JIH)KeHHH X<D H 
I1C<DOH. BH.I\HO, 'ITO rrrraHTCKHM pe3oHaHc 1(CJIMKOM «CLC.I\CH» ,I\H­
cKpeTHbIMH B036y)K,I\CHHRMif. 

Pnc. 2.2_Xe5+_a2 (CD, 106) npe.[(CTaBJIReT KBa3ttceqenne B03-
6y»<.[(eHHR 11.nc1<peTHbIX ypomieii 11ona Xe5+ s nptt6Jitt)KeHHH X<D H 
fIC<DOH nptt w < 30 3B. Ha BCTaBKe npttBe.n:enbI KBa3Hceqemrn ,I\JIJI 
35 < w < 75 3B. 

Pttc. 2.2_Xe5+_a3 (CD, 106) npHBO.D.HT KBa311ce~1entte .I\HCKpeT­
HbIX so36y)K,n:enui111ona Xe5+ B TICcl>OH np11 65 3B <co< 130 3B. 

Pwc. 2.2 __ Xe51 _ dl (CD, 107) ,I\aeT .n:11nonhHbrii napaMerp yrno­

soii aHH30TpOIIMH 5p-3JICK'rpOHOB (cnJlOUl/WJl JIUHUJl) H 4d-3JieKrpO­
HOB (nyHKmup). BJIHRHHC ,n:ttcKpeTHhlX B036y)K.IICHHH BCJIHKO. 

PucynKH 2.2_Xe6+ co.n:ep:a<aT pe3yJILTaTbI pacqeTos .[(JIJI Hona 
Xe6+. 
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P11c. 2.2_Xe6+_al (CD, 107) H3o6pmr<aeT KBa311ceqe11m1 B036ym­
ne11m1 nucKpeTHbIX ypoBI-reii aoua Xe6+ B IIC<l>O. 

P11c. 2.2_Xe6+_dl (CD, 108) npaso,n;HT ,[(IIIIOJihHhIM napaMeTp 
ynroBOH aml30TPOilHII 4d-:rner<TpOHOB. 

TaOJIHQa K II. 2.2 (CD, 266) BKJIIOl.JaeT pacl.JeTHbie 3Hal.JeHmI 
CHJI oc:QHJIJIHTopoB g;f' B np116JIH)KeHHHX X<I>-.u, X<l>-c, flC<l>O-.n-c 
(B HCKOTOpbIX cJiyqa51x OflC<l>O) HCCKOJibKHX caMblX HH3KHX ,[(HCK­
peTIIblX ypOBHCH B036y)l<JJ;CHH.SI H I<a)K,[(OH pacCMOTpCHHOH no.no6o­
JIOl.JKI1 aToMa :noro pa3,n;eJia. B rn6JimJ;e na10Tc5I TaK)KC 3Hal.JeHH51 
pacl.JeTHhIX :mepruli nepexona w;f' 

2.3. ATOMbl H HOllbl JJICMCHTOB 

I rpym1L1 nepuoa11qecKoii cHcTCMbl 

B :noM pa3,nene MhI npencrnBm1eM na11m pe3yJrbTaThI wrn BHern­
ueiI I1 npOMC){<YTOl.JllblX nono60J10qeK aTOMOB H HCKOTOpbIX HOHOB 
3JICMCHTOB nepBoH rpyrn1b1 riepuo;.1;11qecKoH CHCTCMhI Me11neJ1eeBa, 
a 11Men110: Li (Z = 3) ls2, 2si; Na (Z = 11) ls2, 2s2, 2p6, 3 si; K (Z = 
= 19)2s2 2p6 3s2 3p6 4st· Cu(Z=29)2p6 3s2 3p6 3dl0 4si· Ilb 

' ' ' ' ' ,I' ' ' ' ' ' (z = 37) 3p6 3d10 4s2 4p6 5 st· Ag (Z = 47) 3d'o 4s2 4p6 4d' 0 

' ' ' ' ' ' ' ' ' 5 st; Cs (Z= 55) 3d10, 4s2, 4p6, 4d10, 5s2, 5p6, 6 st; Li+ ls2; L( ls2, 
2s2 ; Na+ ls2, 2s2, 2p6; K- 2s2, 2p6, 3s2, 3p6, 4s2; Cu+ 2p6, 3s2, 2p6, 
3d' 0; Rb+ 3p6, 3d10, 4s2, 4p6; Rb-- 3p6, 3dlo, 4s2, 4p6, 5s2; Ag-• 3d10, 

4s2, 4p6, 4d10; cs+ 3d10, 4s2, 4p6, 4dl0, 5s2, 5p6; cs- 3dl0, 4s2, 4p6, 
4d10, 5s2 , 5p6, 6s2. 3,necb i o603Ha'laeT «BBCpX»-3JlCKTpOHbl ,[(Jl51 en 
rIC<l>O (cM. n. 1.10). 

ATOMbI 3JlCMCHTOB 3TOH rpynflhl B Ka'ICCTBC uapy){rnOro HMCIOT 
C,[(HHCTBCHHblH s - 3JICKTpOH, T. e. IlOJ1y3anomrc1my10 nono60JIO'I­
Ky, a IIOTOMy Mbl HX paccMaTplIBaeM B paMKaX CIT fIC<f>Q (CM. 
II. 1.10). 

<PopMyJlhI, c flOMOlIJ;bIO KOTOpbIX nony'ICHbI ,[(aHHbie, H 0603na­
'ICHH5I Ha pucyuKaX Te )Ke caMbIC, l.JTO H ,[(Jl51 6JraropO,[(HbIX ra30B 
B II. 2.1. 

KpamKue KOA1JHe11mapuu K pucy11KaM n. 2.3 

PHcynKH 2.3_Li npe.n;crnBJIHIOT )J;aHHbie no aToMy Li. 
Puc. 2.3_Li __ al (CD, 108) H3o6pa)KaeT norrttoe eel.Jenne cpoTO­

HOHH3a:QHH cr(w) Li B npH6JlH)KCHHHX X<P-.n, X<P-c H ITC<J)O ,[(JIH 2s 
lf 1 s-no.uo6oJIO'leK. 
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Pa3mrc.urn B <iJopMax X<l>-A u X<l>-c MaJihI, B TO speMH I<aK He6o­
JihIIJaH pOJib KOppemH.lHM OTpa:>KeHa B cpaBHIITeJibHO MaJIOM pa3JTH­
qm1 Me:>KAY pe3yJibTaTaMH B nptt6JIH:>KeHHH X<l> H err IIC<l>O. 

Pttc. 2.3_Li_el (CD, 109) H3o6pa:>KaeT Hel.l,nnoJihHbie napaMeT­
pbI yC1.,Cco) H yc2s(co) J(JIH Li B np116n11:>KeHIIttX<D II 11C<DO. Ha Kptt­
soiI yC2Aco) BIIl.l,eH HC60J1bllIOH MaKCIIMYM npH 50 3B - CJICA smrn­
HIIH ls-nono6orroqKH. 3rn KpIIBaH HMeeT H He6oJiblllOM MHHHMYM 
oKorro caMoro nopora. 

Pttcymrn 2.3_Ll~ npel.l,CTaBJIHeT l.l,aHHbIC no IIOHY I.,i+. 
Pttc. 2.3 _ u+_ a 1 (CD, 109) 1no6pa:>KaeT nomrne ceqe1me cpoTo­

HOHH3aUHH u+ B nptt6JIII:>KeHHHX X<l>-A, X<l>-c H ITC<t>O. Ponh Kop­
peJUIQHM Marra II ccqe1me oqeHb 6bICTpO y6brnaeT OT nopora. 

Pttcymrn 2.3_Lr npel.l,crnsJrneT AaHHbie no HOHY Li-. 
PIIc. 2.3_ Lr_al (CD, 110) II3o6paJI<aeT norrHoe ceqe1me cpoTO­

II011113au1111 u- B np116JIII:>Kett1111 X<D-l.I., X<t>-c II HC<DO. Ceqem1e Ha 
nopore cpoTOHOHH3allHH aTOMa o6pamaeTCH HOJib, .[(OCTHraH CBOero 
MaKCHMyMa Ha paCCTOHHHH 0.1-0.2 3B 3a noporoM. 

PHc. 2.3 __ Li-_bl (CD, 110) npe.r:i;crnsmreT ceqem1e cp0Tonon11-
3au1rn ls-3JieKTpoHos Lr s OITC<l>O (cn.noiuHaf/. ,w1-1ufl.) (cM. [37], 
[Ailqq]), Ham1q11e o.r:i;1-1oro oco6o crra6ocBH3aunoro 3JieKTpOHa .r:i;e­
naeT yqeT nepecTpOHKH Heo6XO.UHMbIM. 11pttMeqaTeJibHO, qTo OH 
OKa3bIBaCTCH H )J;OCTaTOqHbIM .[(JIH l.l,OCTH:>Kemrn IlOJIYKOm1qecTBeH­
HOro cornacttH c AamihIMH onhna. 3Kcnep11MeHT - nycmbze KBao­
pambz - II3 [38], l./ep1tbte poM6bz - H3 [39]. 

Pttc. 2.3_Li-_el (CD, 111) npe.r:i;crnsrrHeT pe3yJibTaTbI pacqern 
yf.1. II Yis - He.[(IIBOJihHhIX napaMeTpOB yrnosoiI aHH30Tpon1111 .r:i;rrH 
ls- II 2s-3JieKTpo1-1os s IX s nptt6mrn<eHttH X<l> H ITC<l>O. Oco6o 
npttMeqareJibHa CHJibHaH sap11au11H B y~s y nopora. 

P11c. 2.3_Lr_e2 (CD, 111) npttBOl.l.HT pe3yJibTaTbI pacqeTa YTs 11 
Yis ·-- HeJJ;IIUOJihllhIX napaMeTpOB yrnosoiI aHH30Tpon1111 .r:i;mr ls- H 
2s-:meKTpoHOB B Lr B np116rrmKen1111X<l>11 OITC<l>O. Oco6o sen11Ka 
poJib OHC<l>O B yMeHhmerm11 napaMe1-pa YI.i· s6Jm311 pe30Ha1-1ca, 
pacnorroJI<ennoro y nopora. 

PHc. 2.3_Lr_e3 (CD, 112) COIIOCTaBJIHCT ne.UIIlIOJlbHbie rrapa­
MCTpbI yrnosoiI aHH30TpOUHH yf.5 .UJIH 2s-3JieKTpOHOB u- (B npH6m1-
meHHH X<D 11 IIC<l>O) H Lr s np116n11:>Kemm X<l> 11 c yqfaoM rrepe­
crpottKH -· B OIIC<DO. 

Pttc. 2.3_L(_e4 (CD, 112) npHBO.UHT nel.l,II110JibHb1e napaMeTpbr 
yrrroBOH aHH30Tp011HH yf.5 .UJIH ls-3JieKTpOHOB u- (B rrp116n11meHHM 
X<l> H rIC<DO) H Li (B npH6JimKeHHH X<t> H en IIC<l>O). B Li HMeeT­
C» MHHIIMYM y nopora 1 s. 
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Puc. 2.3_Lt_e5 (CD, 113) cpaBHMBaeT ne.n:urroJibHbie rrapaMeT­
pbI yrnoBott antt30Tpontttt Yis .fl:JUI 2s-3JieKTponoB Li- (B nptt6nmKe­
HHH Xcl> H rrccI>O) H Li (B rrptt6nmKeHHH Xcl> H err rrCcI>O). 
0T'Ii::TJIHBO BHL(eH cne.n: nopora ls-3JieKTpOHOB. 

Puc. 2.3 _IX_e6 (CD, 113) cpaBHMBaeT ue.n:ttrronbHhie rrapaMeT­
pbI yrnoBott antt30TPOIIHH Yis 2s-3JieKTPOHOB Li H Li-- B nptt6ntt­
)l{eHHH Xcl>, err rrcc1>0 .n:mr Li H B nptt6JIH)KeIIHH Xcl> H rrcc1>0 ,ll,JIH 
IX. 

Pucymrn 2.3_Na BKJIIO-<JaIOT Bee pe3ynhTaThI BhrqncneHHM ,D,JIH 
aTOMa HaTPHH (Na). 

Puc. 2.3_Na_al (CD, 114) npe.n:crnBJIHeT nonuoe ceqe1me cpo­
rnttonmau:tttt arnMa Na B nptt6Jitt)KeHH5IX Xcl>-.n:, Xcl>-c H err 
rrccI>O. 

KoppenHU:HM yqTeHbI BO Bcex ,D,MIIOJihHhIX rrepexo):l.ax 3s - n(e)p, 
2p - n(e)d, 2p - n(E)s, 2s - n(E )pH ls - n(E)p. Ponh 2p - n(E)d Bech­
Ma 3naqttTenbna, no TOJibKO nptt co s 25 Ry. BnttHHMe ApyrMx rrepe­
XOAOB B 3TOM o6naCTH qacTOT Mano, 3a lICKJIIOqeuHeM rrpOHBJieHHM 
cepttII pe3ouancoB 2s - n(e)p. 

PHc. 2.3_Na_dl (CD, 114) mo6pa)l{aeT .n:m1onhHhiii napaMeTP 
yrnOBOH aHH30'rponttll ~2p( co) 2p6-3neKTpOHOB Na B en 11Ccl>O. 
Y nopora rrapaMeTp ttMeeT Y3Kttii MaKcttMyM. 

Pucymrn 2.3 _Na+ BKJIJOqaJOT Bee pe3ynh rnThI Bb1qHcneuttH: .n:nH 
Mona Na+. 

Puc. 2.3_Na+_al (CD, 115) npe.n:crnBJUieT nonuoe ceqentte cpo­
TOMOHM3aU:MH aToMa Na B rrptt6ntt)l{eHHHX Xcl>-.n:, Xcl>-c H 11Ccl>O. 
0Tqfamrno BH,D,eH MaKCHMYM, c KOTOporo naqm-raeTCH ceqemi:e cpo­
TOHOml3aU:HH ls-3JICKTpOHOB. 

Pttc. 2.3_Na+_dl (CD, 115) M3o6pa)l{aeT .n:nnonhHhIH napaMeTP 
yrnOBOH aumoTpOilHH ~2p(co) 2p6-3JICKTpOHOB Houa Na+ B err 
11Ccl>O. 

Pucym\:H 2.3_Na- BKmoqaJOT Bee pe3ynhrnThI Bbiqlfcneuttii .z:i;m1 
ttoua Na-·. 

PHc. 2.3_Na-_al (CD, 116) npe.n:crnBJrneT nomme ceqentte cpo­
TOHoumau:tttt cr(co) Na- B nptt6nmKeHttHX Xcl>-.n:, Xcl>-c H rrccI>O. 
Ponh 3JieKTPOHHhIX KoppenHu:ttii nptt MaJibIX 3HeprHHX cpoTona BeJIM­
Ka. Ha BCTaBKe rrpirne.n:eno II ceqe1rne cpoTOMOHtt3aU:MM ls-3neKT­
pouos. 

Puc. 2.3 _Na-_ dl (CD, 116) npe.n:crnBnHeT ,n:MITOJihHhIH napaMeTp 
yrnoBOH anmOTpontttt ~2P (co) .n:m1 2p-3neKTPOHOB ttoua Na- B nptt-
6Jitt)KCHMHX Xcl>-.n:, Xcl>-c H rrccI>O. Y nopora MMeeTcH ocrpbIH MaK­
CMMYM c nocne.n:y10II(HM nry6oKMM MHHJIMYMOM. 
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PucyHKH 2.3_K BKmo'laIOT Bee pe3ynhTaThI BhI'lHcnem1il p,m1 

aTOMa KanmI (K). 
Pnc. 2.3_K_al (CD, 117) npeJJ:CTaBmreT nonHoe ce'lem1e cr(w) K 

B npM6JimKeHm1x X<l>-)J,, X<l>-c If err rrc<1>0. BMJJ;eH MaKCHMYM B ce­

'ICHIIH cjJOTOIIOHII3aU:IIII 3p-3JieKTpOHOB If Ha BCTaBKe - MaKCHMYM 
npH 7 Ry OT TOH )Ke IIO)J,060JIO'lKH, KOTOpoMy npeJJ;rnecrnyeT MHHII­

MYM Kynepa, o6ycnoBJieHHhIH TCM, 'ITO aMIIJIMTyJJ:a cjJoTOMOHH3aU:HH 
B O)J,H03JieKTpOHHOM npM6JIH)l(eHHH npoXO)J,HT qepe3 HOJih. 

PHc. 2.3 __ K _ a2 (CD, 117) cpaBHMBaeT pe3ynhTaThI pacqeToB 

cr3P ( w) aToMa K, BhmonHeHHhie s Tpex pa3JIH'lHhIX noJJ;xoJJ;ax: 
rrC<l>O )J,JI5I He3aMKHYThIX 06onoqe1<: (CM. n. 1.10) - cn;10w1taJ1 flU-
11uJ1; ITC<l>O - ny11Kmup; CIT ITC<l>O - wmpuxnyuKmup. Cornactte 

YAOBJieTBOpHTCJihHOe. 
PMc. 2.3 __ KK-K+ _a3 (CD, 118) cpaBHMBaeT pc3yJihTaThI pacqfaoB 

ceqeHHH cjJOTOHOHH3aU:HH aTOMa K (npH6JIH)l(CHHe X<I> H err 
ITC<l>O), K- H K+ (IIC<l>O). Pa3JIH'lHe HMCCTC5I II B6JIH3H 2p-rro­

pora. 
PMc. 2.3_K-Arcl-_a4 (CD, 118) cpaBHHBaeT pe3yJII:.TaThI pac­

qfaoB ceqeHHH cjJoTOHOHH3aU:HH HOHa ~ (npH6JIH)l{CHHe X<I> If err 

rrc<1>0), aTOMa Ar H HOHa c1- (rrC<l>O). 0TJIH'lH5I O'lCHh BeJIMKH OT 
rropora ,n;o ~3.5 Ry, Ho coxpam110TC5I M ,n;anee. 

Pnc. 2.3 _ KK+ Ar_ dfl (CD, 119) npe,n;cTaBJIHCT JJ:HIIOJihHhie napa­

MC"IphI yrnoBoii 11 cnIIHOBOH aHH30TporrHM 3p-3JieKTpoHOB Ar (B 
ITC<l>O), K (B err ITC<l>O), K+ (B ITC<l>O). CrrMHOBaH aHM301'pOIIM5l 

MeH5ICTC5I B)J,OJih paCCMOTpeHHOro p5I,JJ,a ropa3,JJ,O 6onee cylll,eCTBeH­

HO, 'leM yrJIOB<UI. 

Pttc. 2.3_K_d2 (CD, 120) mo6pa)l(aeT JJ:l1IIOJihHhie napaMerp1>1 
yrnoBOll aHR301'pOill111 2p- 11 3p-3JieK'fPOHOB aTOMa K. 

PucyHKH 2.3_K+ BKmoqamT see pe3yJihTaThI BhP1IICJICHMH .D;JIR 
uoHa K+. 

Puc. 2.3 __ K+_al (CD, 120) npttBOAMT nonttoe ceqeHMe cjJoTO­

MOHM3aI~MH K+ B np116fIH)l{CHH5IX X<l>-JJ:, X<l>-c, rrC<l>O. Y'lTCHhI 
IIC<l>O-KoppenHU:MH Bo scex )J,HIIOJibHhIX rrepexo,JJ,ax 3p - n(£)d, 
3p -- n(c.)s, 3s - n (c.)p, 2p - n(e)d, 2p - n(e )s, 2s - n(e)p. PaccMoT­

peunaH o6nacTh co oqenb nmpoRa, npM6mI3HTCJihHO ,JJ,O 350 Ry. PoJih 
Kanana 3p - n(e)d BCJIHKa, HO JIHIUb )J,JI5l 3Ha'ICHHH (I), )J,OBOJibHO 
6JI113KHX K nopory 3p-no)J,o6onoqKH. Bn11HHMe ,JJ,pyrHX nepcxo,JJ,OB B 

3TOH o6naCTH qacTOT Mano. 
PMc. 2.3_K+_a2 (CD, 121) co,n;ep)l(HT pe3yJihTaTbI pac'leTOB ce­

qeHM5I cpoTOHOHH3aI~HH uona K+ B llC<l>O. ,[laHHhie 3Kcnep11Menrn: 

nycmbze KPYJICKU - 113 [40] 11 3alfep11e1111bze Kpy:>1cKu - 113 [41]. 
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Pnc. 2.3_K+_dl (CD, 121) rrpe;::i:crnsmreT pe1ynhTaThI )lJUI rrapa­
MeTpoB yrnosoH: P2p, 3p-aHII30Tporrnn .n:m1 3p- II 2p-rro;::i:o6onoqeK K+ 
B rIC<t>O. CnJZoiu1-1aR JZUHUR - 3p-rro;::i:o6onoqKa; iumpuxnyHKmup -
2p-no;::i:o6oJioqKa. 11apaMeTP p3P IIMeeT y rropora Y3KIIH H 3Haqn­
TCJihHhitt MaKCIIMYM co CJie)lyIOW:IIM 3a HIIM rny6oKIIM MIIHIIMYMOM. 
Ilpn 300 JB rrapaMeTp P3P HMeeT MaKCIIMyM, o6ycnosneHHhitt smrn­
HIIeM 2p-3JieKTpOHOB. 

Pucymm 2.3_K- BKmoqaIOT see pe1ynhTaTbI BhrqncneHIItt )lJI51 
noHa K-. 

Pnc. 2.3_K-_al (CD, 122) rrpe;::i:cTaBJI5leT nonHoe ceqemre cr(w) 
IIOHa K- B npn6mr:>KeHII51X X<P-;::i:, X<P-c H 11C<PO. Ponb KoppeJI51UHH 
BCJIIIKa. Ceqenne Ha rropore o6parn:aeTC51 B HOJih, HO oqeHh 6bICTPO 
)lOCTIIraeT MaKCIIMyMa. 

Pnc. 2J_K-_dl (CD, 122) n106pa)KaeT napaMeTpbr yrnosoH: P2p, 3P­

anII30TporrIIII ;::i:Jrn 3p- II 2p-rro;::i:o6onoqeK K- B np116JIII)KCHIIII Xct> II 
IlC<PO. Cn.11oiuHaR ;1u11uR - 3p-rro)lo6onoqKa; iumpuxnyHKmup -
2p-no;::i:o6oJIOqKa. 06a napaMeTpa y CBOIIX noporoB 6bICTp0 )lOCTH­
raIOT MaKCHMyMa H 3aTCM HMeIOT cpaBHHTCJlbHO Y3KHH MIIHIIMyM. 

Pucymm 2.3_Cu BKmoqa10T Bee pe1yJrhTaThI BhrqttcJieHHtt )lJI51 
aTOMa Me)lII (Cu). 

Pttc. 2.3 __ Cu_al (CD, 123) ;::i:afa ceqeHHe ¢0TOIIOHII1au1m: aToMa 
Cu B rrptt6JIII)KCHH51X X<P-;::i:, X<P-c II 11C<PO. BII.I(HhI npo51BneHH51 
)lIICKpCTHbIX B036y)K)lCHIIH BHyTpemmx rro;::i:o60JIOI.JCK. 

Pttc. 2.3_Cu_dl (CD, 123) rrpIIBO)lHT napaMeTPhI yrnoBott ar-rn-
30TponIIII P3d, 3p )lJ151 3d- II 3p-3JieKTpOHOB Cu B en IIC<t>O. 

PucynKH 2.3 _Cu+ BKmoqaJOT see pe1yJihTaThI BhiqIIcnenIIH: .rum 
IIOHa Cu+. 

PIIc. 2.3_Cu+_al (CD, 124) II3o6pa)KaeT rronnoe ceqemre cpoTo­
IIOHII3a[(IIH Cu+ B rrpII6JIII)KeHII51X Xct>-;::i:, Xct>-c II 11Cct>O. 

PIIc. 2.3 __ cu+_dl (CD, 124) npIIBO)lIIT rrapaMeTphr yrnoBott aHII-

30TponIIII ~2p, 3p, 3d )lJ151 2p-, 3p- II 3d-3JieKTpOHOB cu+ B en IIC<t>O. 
J.l,n5I P3p, 3i1, xapaKTepnbr MHHIIMYMhI cpa1y 1a noporoM no;::i:o6onoqKII 
Il CIIJlhHa51 BapIIa[(II51 B6JIII3Il 2p-rropora. 

PncynKH 2.3 _Rb BKmoqaroT Bee pe1ynhTaTb1 BhrqIIcneHHtt )lJI51 
a TO Ma py6H)lll51 (Rb). 

Pttc. 2.3_Rb __ al (CD, 125) rrpe,ll,cTaBmreT pe1ynhTaThI pacqern 
ceqenII51 cpoTOIIOHII3aQHII aToMa B npII6JIII)KCHmrx X<P-.u, X<t>-c II 
Crr rrC<PO. Ha BCTaBKe BII)leH CIIJibHbIH IIIIIpOKilH pe30HaHC B Cet.Je­
HHII OT 3d10-3JICK1'POHOB. 

PIIc. 2.3_Rb_dl (CD, 125) .uai:!T pe1yJrhTaThr pacqern .UIInonh­

HhIX napaMeTpOB yrnoBOH aHII30TponIIII P3d, 4p ( (J)) B err ITC<PO. 
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PHCYHKH 2.3 _Rb+ BKJIIO'IaIOT Bee pe3yJihTaTbI Bb1querrem1i1: )l,JI51 
ttoHa Rb+. 

PIIe. 2.3_Rb+_al (CD, 126) eo)l,ep:>IrnT pe3yJibTaTbl paeqeTOB ee­
qenm1 cporoIIOHII3aIJIIII HOHa Rb+ B rrpII6JimKeHH5IX X<l>-)l,, X<I>-e H 
ITC<I>O. Oeo6o BeJIIIKO eeqeHIIe na rropore 4p-rro)l,o6orroqKII. 

PIIe. 2.3_Rb+ __ dl (CD, 126) rrpe)l,eTaBJrner pe3yrrhTaTbI paeqera 

)l,HrrorrhHbIX rrapaMerpoB yrnoBon aHtt3orporrIItt 1)3p; Jd, 4P (co). ITapa­
MeTpbI 133d, 4p (co) IIMeIOT KaqeeTBeHI-IO IIO)l,06Hble BapIIaIJIIII OKOJIO 
eBOIIX rroporoB - MaKeIIMYM e rroerre)l,yIOIIJIIM MIIHHMYMOM. 

PncynKH 2.3 _Rb- BKJIIO'Imor Bee pe3ynhTaTbI Bb1querre11IIi1: )l,JI51 
IIoHa Rb-. 

Ptte. 2.3_Rb-_al (CD, 127) eo)l,ep)KHT pe3ynhTaThI paeqera norr­
noro eeqenH51 cpoTOIIOHII3au,HII IIoHa Rb- B rrpII6JIII)KeHII5IX X<l>-)l,, 
X<I>-e II ITC<I>O. 

Ptte. 2.3_Rb-_dl (CD, 127) rrpe)l,ernBmi:er pe3ynhTaThI paeqera 
)l,IlIIOJlbHbIX rrapaMerpoB yrnoBOH aHI130TpOIIIlll 133p, 4p ( (J)). 11apaMeTp 
)l,JI51 Hapy)KHOM o6orroqKH paeTeT )l,0 MaKenMyMa, KOTOpbIH eMCH5leT­

e51 MIIHHMYMOM. ITapaMeTp 133P (co) OT rropora 6b1erpo y6brnaer, )l,O­
CTIIra51 noqr11 cpa3y MHHHMyMa. 

Pttcy11KH 2.3 _Ag BKJIIOifaIOT Bee pe3ynhTaTbI BhJqncnemrii )l,JI51 
arnMa eepe6pa (Ag). 

P11c. 2.3_Ag_al (CD, 128) rrpe)l,CTaBJI5leT rronnoe ceqeHtte cpoT0-
11om13au,1111 Ag B npII6Jltt)KeHI15IX X<l>-)l,, X<I>-c I1 en HC<I>O. ITepBbIH 
MaKCHMYM - 3TO eeqe1me cporn110H113aIJHH 4d10-3neKTPOHOB. Ha ero 
BbICOKOJHepreTIIIJecKoM eKJIOHe - Ha6op Y3I<HX MaKcttMyMoB -
CJIC)l,hI .IJ,IICKpeTHhIX B036y)K.IJ,emri1: 4p6. Ha BCTaBKC - BTopoii, cna-
6b1ii, MaKCIIMYM, erre.ri;yIOIIJHM 3a KynepOBCKHM MHHHMYMOM. 

Pttc. 2.3_Ag_dl (CD, 128) npe)l,crnBn5leT pe3yrrhTaThI pacqera 
)l,MIIOJihlibIX rrapaMeTpOB yrnoBOM aHII30TpOIIMM 134d, 4p (CO) B err 
IIC<I>O. Btt)l,Ho rrop;o6tte KpMBhIX, npttqeM 134P (co) BbirJI51,lJ,HT KaK 
134d (co), naqIInaIOIIJa5le51 JIIIlllh or nopora c 6onbIIIeii 3Hepn1eii. 

PttcynKH 2.3_Ag+ BKJlJOqaJOT Bee pe3yrrhTaTbI BbI'IttcrreHHii )J,JI51 
nona Ag+. 

PIIc. 2.3_Ag+_al (CD, 129) npIIBO)l,IIT pe3yrrhTaTbI pacqeToB 
nomrnro ceqenII51 cporoIIOHII3aIJMil ttona Ag+ B npII6rrtt:>KeHII5IX 
X<I>-p;, X<I>-c II IIC<I>O. 

Pttc. 2.3_Ag+_dl (CD, 129) npe)l,CTaBrr5leT pe3yJihTaThI pacqfaa 

.IJ,IIIIOJibHblX napaMeTpOB yrnoBOH amI30TpOIIIIII 134d, 4p, 3tl (co) .IJ,JI51 4d-, 
4p-, 3d-no)l,o6orroqeK B nptt6JIII)KCHII5IX X<l>-)l,, X<I>~c II on IIC<I>O. 
IIapaMeTp 134d (co) -- oco6o eJIO)KI1a51 cpyHKIJH51, c rpeM51 MaKCHMyMa­
MII II MilHHMyMaMII, nepBblH II3 KOTOpbIX - y caMoro nopora. 
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PucyHKH 2.3 _Cs BKmoqaIOT see pe3yrrhTaThI BhJqttcneHHH ,D,mI 
arnMa 1Je3tt5I (Cs). 

PHc. 2.3_ Cs_al (CD, 130) npe,D,crnsn»eT nonHoe ceqe1rne cporn­
HOHH3aIJHH Cs B rrpH6JIIJ)J(eHH5IX X<l>-,D,, X<l>-c Hen nc<DO. Btt,D,eH 
rIIraHTCKHH pe3oHaHc c MaKCHMYMOM npH 7.5 Ry, ceqeHHe B KoTo­
poM oco6o CHJihHO Mem1eTc5I npH yqfae nC<DO-Koppen»IJHH. 

Pttc. 2.3_ Cs_bl (CD, 130) H3o6pa)J(aeT ceqe1rne ipoTOHOHH-
3aIJHH 4d-no,D,o6onoqKH aToMa Cs B rrpH6JIH)J(eHHH X<l> H OIIC<l>O. 
Btt,D,HO, IJ.TO OTJIH•rne COOTBeTCTBYIOW:HX KpHBhIX oqeHh BeJJHKO: rrptt 
nepexo,D,e K onc<Do MaKCHMYM CMern;aeTC5I B CTOpony 6onee BhICO­
KHX co, pacrm1p»eTC5I H yMeHhIIIaeTC5I no BhICOTe rrpHMepHO B 4 pa3a. 

Pttc. 2.3_Cs_b2 (CD, 131) H3o6pa)J(aeT ceIJ.eHHe cpoTOHOHH3a­

IJHH 3d512- H 3d312-YPOBHeH B paMKaX rrpH6JIH)J(eHH5I X<l> H en 
onc<Do (CM. [3]). 51cno BH,D,eH BTOpo:H MaKCHMYM B ceqeHHH cpoTO­
HOHH3aIJHH 5/2-3JieKTpOHOB, Bbl3BaHHbIH B03,D,eHCTBHeM na HHX 
1neK'fPOHOB c yposn» 3/2, HMenyeMhIH snyTpH,r~y6neTHhIM pe3o­
uancoM. PacIJ.fa, KaK H wrn 3d Xe, npose,D,en na octtose rrpe,D,­
rrono)J(eHtt», qTo 5/2- H 3/2-3JieKTp0Hbl MOryT paCCMaTpHBaTbC5I 
KaK 1ne1<TpOHhI .D.Byx BH,D,OB - «BBepx» H «BHH3» (CM. rr. 1.10). Ce­
qem1e paccqHThIBaeTC» no <P-naM (1.96)-(1.99), c TeM, O,D,HaKo, 
yToqnem1eM, qTo K qnenaM «BBepx» B (1.93) ,D,o6aBJI5IeTCH MHO)J(H­
TeJih 6/5, a K qnenaM «BHH3» - MHO)J(HTCJib 4/5, KOTOpbie yqHTbIBa­
IOT pCa.JThHOe qttcno 3JieKTpOHOB Ha ypoBH5IX 5/2 H 3/2 - 6 H 4 
cooTBeTcrne1rno [24]. Btt,D,HO 3HaquTeJihHOe ycttnenHe MaKCttMyMa B 
cr3d, 512 no cpaBnenmo c ananon1qnhIM MaKcttMyMoM B Xe (cM. 
Puc. 2.2 Xe b7). 

Pttc. 2.3_Cs_dl (CD, 131) rrpHBO,D,IIT pe3ynhTaThI pacqfaa ,D,II­
rronhnoro napaMeTpa yrnoBoii aHII30'fPOIIIIH ~4d, 5P (co) ,D,JI5I 4d-, 
5p-3JieKTponos B nC<DO, B nrnpoKoii 06rracn1 qacTOT co. KpttBhie 
~5p (co) BeChMa CJIO)J(Hhie, c .D.BYM5I MaKCHMyMaMII H MIIHHMyMaMH. 
KpIIBhie ~4d (co) ,D,JI5I «BBepx»- II «BHII3»-3JieKTponos 3aMeTHO OTJIII­
qa10Tc5I B rroporosoii o6rracTH. 

Puc. 2.3 _Cs_ d2 (CD, 132) mo6pa)J(aCT pe3yJihTaThI pacqfaa ,D,II­
rrorrhnoro napaMeTpa yrnoso:H auII30TporrIIH ~4r1 (co ) ,D,JI5I 4d-1rreKT­
ponos B rrpII6JIII)J(eHIIH X<l> H OrIC<l>O, B nrnpo1<0H: o6rracTII qac­
TOT CO. 

Pnc. 2.3 _Cs_ d3 (CD, 132) npe,D,CTaBJI5IeT pe3ynI>TaThI pacqfaa 

,D,HilOJihHhIX rrapaMeTpOB yrJIOBOH aHH30TpOIIHH ~3d, 512; 3d, 3/2 (co) ,D,JI5I 
3d5;r II 3d3;rYPOBHCH B paMKax npII6JIII)J(CHII5I X<l> H en rIC<l>O, 
no TOH )Ke MeTo,D,HKe, IJ.TO H napQHaJihHbIX ceqentt:H (CM. 
Pttc. 2.3 _ Cs_b2) (CM. [42]). no cpasnenmo c 3d Xe BJIII5IHHe ypoBH5I 
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3d312 Ha 3d512 ycmmBaeTC5I 3Ha'lMTeJibHO, rrpMBO,ll.51 K BrreqaTJI5IIOII~e­
MY MaKCMMYMY B ~3d, sd ffi) B OTJmqwe OT cnyqa51 Xe, mo6pa)J(eHHo­
ro Ha Pwc. 2.2 Xe d3. 

Pwc. 2.3_Cs_el (CD, 133) mo6pa)J(aeT He.r~MIIOJihHbie napaMeT­
pbr yrnoBOH amI30TpOIIMM ye, ()C 11 11X Man1qecKy10 KOM6MHaQmo 
(ye+ 38C) .L\JIH 4d-ypoBnei1 Cs B rrpw6JIII)J(emm X<P M fIC<PO. Btt.Ll­
HbI 3naqMTeJibHbie MaKCMMYMbI, OTpa)Kammwe BJII15IHI1e 3/2- :meKT­
pOHOB Ha 5/2-::meKTpOHbl. 

Pttc. 2.3 _Cs_ e2 (CD, 134) mo6pa)KaeT HC.L\IIIIOJihHhie rrapaMeT­
pbr yrnoBOH aHI130TPOIIIIl1 yC' ()C M 11X Marw1ecKyIO KOM611HaQMIO 
(yC + 38C) ,ll.JI5I 3ds1r 11 3d31rYPOBHeH Cs B rrpM6Jitt)J(eHHM X<P 11 en 
IlC<PO. BII.21.HhI 3Ha'lMTem,nhre MaKcMMYMhI, oTpa)J(aJOII(IIe Bnttmme 
3/2-:meKTpOHOB Ha 5/2-3JieKTpOHbI. 

Pttc. 2.3 _ Cs _fl (CD, 135) npe.21.crnBnHeT rrapaMeTpbI crr11no­
BOH rronHp113aQMM cpoTo3JICKTPOIIOB Ai( ffi ), t;/( ffi) H ~i ( ffi) ,ll.JIH3d51r 11 
3d31rYPOBHeil Cs B npH6Jil1)J(eHMM x <P 11 en rIC<PO (CM. 06cy)J(.21.e­
Hl1e K Pwc. 2.2_Xe_b7) (cM. [43]). B11.21.no CIIJibHOe rrpoHBJie1me BJIM­
HHIIH 3/2-ypoBH5I Ha 5/2. 

Pucym~u 2.3_ cs+ BKJIJOqaIOT BCe pe3yJibTaTbI BbJqIIcneHIIH ,L\JI5I 
ttmia Cs 1

• 

P11c. 2.3 _ Cs+ _al (CD, 136) rrpe.21CTaB1rneT rromrne ceqeHMe cpo­
TOIIOHII3aQ11M 110Ha Cs' B rrp116n11)J(emrnx X<P-.r~, X<P-c 11 11C<PO. 
BM.LICH rHranTCKHii pe3onanc 4d-uo.2106onoqKH, rae BJIIImme Koppe­
JI51QIIH BeJil1KO. 

P11c. 2.3_Cs+_dl (CD, 136) npe.21crnBn5leT pe3ynhTaTbI pacqfaa 
,ll.11IIOJlbHOro rrapaMeTpa yrnoBOH aHH30Tpomrn ~3d, 4p, 4d,.5p (ffi) ,L\JIR 
3d-, 4p-, 4d-, 4p-rro.2106onoqeK B rIC<PO, B umpoKott o6nacrn qac­
TOT (I). 

Pucymm 2.3 _ cs- BKJIIoqaJOT Bee pe3yJihTaTbI Bb1q11cnen11i1 .L\IIH 

110Ha Cs-. 
P11c. 2.3_ cs-_al (CD, 137) rrpe.21crnBJI5leT rromrne ceqe1111e cpo­

TOOTpbIBa OT 110Ha cs- B rrpII6JIII)J(eHM5IX X<P-.21., X<P-c M rIC<PO. 
Bn115lnIIe ITC<PO KoppenHQIIH 3naqIITeJihHO. 

PIIC. 2.3 _ Cs-_dl (CD, 137) II306pa)J(aeT pe3yJibTaTbI pacqfaoB ,2Il1-
IlOJibHbIX rrapaM~OB yrnoBOH aHII30TpOIIHM ~3d, 4p, Sp (ffi) .21.M 3d-, 4p-, 
Sp-rro.2106onoqeK B IlC<PO, B nmpoKOH o6nacTII qacTOT ffi. ,Un51 Sp- II 
3d-3JICKTPOHOB xapaKTepcH M3KCHMYM B6JIH3H rropora c rrocne.21y10-
ll~l1M MMHHMYMOM, Tor.21.a KaK ,2IJI5I 4p-3JieKTpOHOB rrapaMeTp ~ naqH­
HaeT cpa3y y6bIBaTb, ,2IOCTHra51 MHHHMyMa B6Jil13H rropora. 

TaoJittl(a K n. 2.3 (CD, 270) BKJIIOrracT pacrrcrnh1e 3HarrenHR 
CHJI ocQHJIJIHTopoB gif B rrptt6JIH)J(eHM51X X<P-a, X<P-c, IlC<P0-.21.-c 

4 3aK. ,'fo 3027 
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(B tteKoTopbIX crryqa51x - OfIC<DO) p;rr5I HeCKOJihKHX caMhIX HH3KHX 

JJ:HCKpeTHbIX ypoBHeH: B036y)Kp;eHH5I Ka)K,IJ;OH paCCMOTpeHHOH IIO,IJ;0-

6orroq1<H H Bcex aToMOB H HOHOB :noro pa3p;erra. Ta6rruu:a cop;ep)KHT 
TaK*e 3uaqeHH5I pacqeTHhIX 3HepruH: rrepexop;a Ol;j; 

2.4. ATOMhl u HOHhl :rneMeHTOB 
II rpynnhl nepuo;u1qecKoii cncTeMbI 

B 3TOM pa31l:erre MhI rrpe,n,cTaBJI5IeM nanm pe3yJihTaThI ,IJ;JI5I BHern­
tteH: 11 rrpOMC*YTOqHbIX rro,n,o6orroqeK aTOMOB H HeKOTOpbIX HOHOB 
3rreMeHTOB II rpyrrrrhI IlcpH01J:Hqec1<0H: cucTeMbI 3JieMeHTOB Menp;e­
rreeBa, a HMenno: Be (Z = 4) ls2, 2s2; Mg (Z = 12) ls2, 2s2, 2p6, 3s2; 
Ca (Z = 20) 2s2, 2p6, 3s2, 3p6, 4s2; Zn (Z = 30) 2p6, 3s2, 3p6, 3dlo, 4s2; 
Sr (Z = 38) 3p6 , 3d10 , 4s2, 4p6, 5s2; Cd (Z = 48) 3dlo, 4s2, 4p6, 4d10, 

5s2; Ba (Z = 56) 3d10, 4s2, 4p6, 4d10, 5s2, 5p6, 6s2; Ca2+ 2p6, 3s2, 3p6. 
<DopMyJihI, c IIOMOII!bIO KOTOpbIX rrorryqeHbI ,n,aHHbie, H o6o3uaqe­

HM5I Ha pttcy1max Te )Ke CaMbIC, q'fO H wrn 6naropO,!l;HbIX ra30B 
B II. 2.1. 

KpamKue KOJ11J11e11mapuu K pucyHKaM n. 2.4 

PucyHKH 2.4_Be rrpe,n,crnBJI5IIOT p;amibie ,IJ;JI5I aToMa 6epnrr­
JIH5I (Be). 

Puc. 2.4_ Be_al (CD, 138) H3o6pa*aeT nomrne ceqeaue cpoTo­

HOHH3aIIHH cr(co) arnMa Be B rrpu6nu*elm5Ix X<l>-,n,, X<l>-c H IlC<l>O. 
MaKCHMYMbI coorncTcrnyIOT cpoTOHOHH3au;nn 2s- n ls-IIOJJ:06onoqeK. 

Pa3rruqn51 B cpopMax X<D-.11: H X<D-c MaJihI, B TO BpeM5I KaK ne-

6orrbrna5I pOJib I<Oppenm~HH OTpa)l\'.eHa B cpaBHHTeJibHO MaJIOM pa3-
JIHqrrn MC)Kp;y pe3yJibTaTaMH nptt6rrn*e1nrn X<P M I1C<DO. 

Pttcymrn 2.4_Mg cop;ep*aT pe3yJibTaTbI BbiqHcneHMH P:JI5I aTo­

Ma MarHHJI (Mg). 
Pwc. 2.4_Mg_al (CD, 138) M3o6paJI<aeT rromrne ceqe1me cporn­

ttonmarrm1 aToMa Mg B nptt6nw*eHH5IX X<l>-p;, X<P-c H fIC<PO. I1pu 

co ;::::; 5 Ry naq1rnaeTc5I BKrra.11: 2p6-3rreI<TponoB, II01J:06HhIH napy)KHOH 

no.11:06orroq1<c Ne. 3nc1<TpOHHa5I KOHcpttrypa1urn Mg ecTb [Ne]3s2. 
Pwc. 2.4_Mg__dl (CD, 139) M3o6paJI<aCT p;wnonbHbIH rrapaMeTp 

yrnoBOM aHH30TpOHHII B1p (co) .LJ:JI5I 2p6-3JICKTpOHOB aTOMa Mg B en 
rIC<PO. 06pan\aeT BHHMaHtte MaKCHMYM c nocncp;yIOII\HM rny6o­

KHM MHHHMYMOM B6JIH3H rropora. 
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PttcyHKH 2.4 _Ca co,IJ,ep:>I<aT pe1yrrhTaThI BhiqucrreHHH ,IJ,JHI aToMa 
KaJibO:llH (Ca). 

Pttc. 2.4_Ca __ al (CD, 139) II306pa:lKaeT norrnoe ceqem1e cpo­
TOHOHH3an:m1 aTOMa Ca B npII6JIH:lKeHII5IX Xel>-,IJ,, XcJ>-c ll ITCcJ>O. 
,JJ:OMIIHIIpyeT MOill,HbIH, II3pe3aHHbIH CJie}:(OM }:(IICKpeTHbIX B03-
6y)K,lJ,eF!llH MaKCIIMyM, OfIIIChIBaIOlll,llH cpOTOIIOHil3aO:llIO 3p6-3JieKT­
poHOB. 

Pllc. 2.4 __ Ca_dl (CD, 140) npe}:(CTaBJIHeT .I.\llilOJihHhIH napaMeTp 
yrJIOBOH aHll30TpOIIllll ~3p (co), ~2p (co) }:(JIJ! 3p6- II 2p6-3JieKTpOHOB 
llOHa Ca Ben 11CcJ>O. CttJibHbI BapIIaQIIII napaMeTpa ~3p (co) B6JIII3II 
cBoero nopora II B6JIII3II nopora 2p-no,IJ,o6orroqKll. 

PttcynKH 2.4_ CaH co,IJ,ep:lKaT pe1yrrhTaThI BhiqIIcrrenHH ,IJ,JIH 

Ca2+. 

PIIc. 2.4_Ca2+ __ al (CD, 140) tt106pa)KaeT norrHoe ceqenlle cporn­
IIOHII3aO:HII IIOHa Ca2+ B llC<l>O. Pacqfa B paMKax ,n:pyroro no,n:xo,n:a, 
R-MaTpHO:hI, B351T II3 [ 44]. 

PIIc. 2.4_Ca2+_dl (CD, 141) }:(afa ,n:HnOJihHbIH napaMeTp yrno­
BOH aHII30TpOIIIIII ~3p( co) )J,JI5I 3p-3JieKTpOHOB IIOHa Ca2+ B en 
llC<l>O. flapaMeTP 6b1CTpo y6hrnaeT 1a noporoM II ,IJ,OCTIIraeT rny6o­
Koro MIIHHMyMa. 

PncynKH 2.4_Zn co}:(ep:lKaT pe1yrrhTaTb1 BhiqIIcrreHIIH }:(JIH aTOMa 
O:IIHKa (Zn). 

PIIc. 2.4_Zn_al (CD, 141) II3o6pa:lKaeT noJIHoe ceqeuIIe cp0To­
IIOHII1an:m1 aToMa Zn B npII6JIII:lKCHII5IX Xel>-,IJ,, X<l>-c tt llCcJ>O. B ce­
qenIIII ,lJ,OMIIHIIpyeT MaKCIIMYM OT 3d10-3JICK1'pOHOB. 3neKTpOHHa51 
CTPYKTypa Zn - [Ar] 3dlo 4s2. 

PIIc. 2.4 __ Zn_dl (CD, 142) npe.I.\CTaBJrneT .I.\IIITOJihHhre napaMeT­
pbI yrnOBOH aHII30TponmI ~2p. 3p, 3d (co) )],JUI 2p-, 3p- II 3d-3JICKTpOHOB 
IIOHa Zn B err ITC<l>O. Oco6o CJIO:lKHaJ! KpIIBaR - ~3d(co). 

PttcyHKH 2.4_Sr co,IJ,ep:>I<aT pe1yrrhTaThI BhrqIIcrreHIIH .D:JIH aTOMa 
CTpOHO:IIJ! (Sr). 

PIIc. 2.4_Sr_al (CD, 142) npIIBO,IJ,IIT norrnoe ceqeuIIe cpOTo­
llOmI3aO:IIII aTOMa Sr B rrpII6JIII:>I{CHIIHX X<l>-,n:, X<l>-c II ITC<l>O. 06-
pamaeT BHIIMaHIIC MaKCIIMYM npII 20 3B, KOTOpbIH CCTb CJIC,IJ,CTBIIC 
B3aIIMO.[(CHCTBII51 .[(IICKpCTHbIX ypOBHCH Bo16y:lK.[(eHII5I 4p-3JICK1'p0-
HOB CO CIIJIOillHbIM CIICKTpOM IIOHII3aQIIII 5S-3JICKTpOHOB. 

PIIc. 2.4_Sr_dl (CD, 143) II3o6pa)KaeT .D:IIIIOJibHhie napaMeTpbI 
yrnoBoiI aHII3oTponIIII ~4p, Jd, Jp (co) ,IJ,JIH 4p-, 3d-, 3p-3HCKTponoB Sr B 
ITC<l>O. KpIIBhie ~4P (co) II ~3P (co) no,IJ,o6HbI, npocrn C:>I<aThI no co. 

Pncy11KH 2.4 _Cd co,IJ,ep)KaT pe1ynhTaThI BhiqIIcnenIIiI ,IJ,JIH aToMa 
Ka,lJ,MIIJ! (Cd). 
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PMC. 2.4_Cd_al (CD, 143) ll3o6pa)KaeT IIOJIHOe ceqeuMe <iJoTO­
IlOHM3aurrn aToMa Cd B rrpH6JIM)Keum1x X<l>-,IJ,, X<D-c II nC<t>O. BII­
,IJ,eH MOil(HhlH, C,ll,BMHYThlH 3a rropor lIOHII3aumr MaKCMMYM B ceqe­
Hllll 4d-3JieKrpOHOB. 

PMc. 2.4_Cd_dl (CD, 144) lI3o6pa:>I<aeT ,IJ,MIIOJihHhie rrapaMeTphI 
yrnoBoH: aHM3oTporrMH [34p. Jd, Jp (ro) ,IJ,JIR 4p-, 3d-, 3p-:meKTpoHOB Cd 
B en nc<t>o. CTpyKTypa KpHBhIX IIO,IJ,06Ha lI306pa)KeHIIOH na 
PMc. 2.4 Sr dl. 

PucynKu 2.4_Ba co,D,ep)KaT pe3yJihTaThI BhI1IIICJieHHH ,IJ,JIR aToMa 
6apHR (Ba). 

PHc. 2.4_Ba_al (CD, 144) rrpHBO,IJ,MT nomrne ccqe1me <1JoTO­
HOHM3au1rn aToMa Ba B rrpH6JIH)Ke1mnx X<D-,IJ,, X<l>-c H nc<t>O. Bh1-
,IJ,em1eTcR MOil(HhIH nrranTCKIIH pe3onanc npII w ""8.3 Ry. 

PIIc. 2.4_Ba_bl (CD, 145) II3o6pa:>IrneT ce'-Ie1me <iJoTOIIOHII3a­
UHM 4d-3JieKTpOHOB Ba B IIC<t>O II 011C<DO. ,U:annaR rro,IJ,060JI01IKa 
orrpe,D,eJrneT rIIraHTCKMH pe3onauc npII w ""8.3 Ry. )J,annhie 3KCrre­
pHMenrn B3.sIThl ll3 [ 45). 

PIIc. 2.4 __ Ba_b2 (CD, 145) lI3o6pa)KaeT ceqe1rne <1JoTOMOHII-

3aUMII 3ds;r II 3d3;z-YPOBIIeH Ben X<t> II en nc<t>O (CM. [3]). 5Icno 
BM,IJ,en BTopoH: MaKCIIMYM B ce'-IeHIIII cpOTOIIOHII3aUHlI 5/2-3JieKTp0-
HOB, BhI3BaHHhlH B03,IJ,eHCTBileM Ha HMX 3JieKTpOHOB c ypoBH.sI 3/2, 
IIMcnyeMhIH BHYTPM,IJ,y6JieTHhIM pe301rnncoM. 110 BhICOTe on 3Ha'-IM­
TeJihHO 6oJihme anaJiorM'-IHOro snyTpII,D,y6JieTnoro pe3onaHca B Cs 
(PIIc. 2.3_Cs_b2) II TeM 6oJiee B Xe (PHc. 2.2_Xe_b7). Pac1leT, KaK II 
,IJ,JI.sI 3d Xe, rrpoBe,IJ,en na ocnoBe rrpe,D,nOJIO)KeHmI, 1ITO 5/2- II 
3/2-3JICKTpOHhI MOryT paccMaTpIIB3ThCR KaK 3JieKrpOHhI «BBepx» II 
«BHII3» (CM. rr. 1.10). CeqenHe pacc1IMThIB3CT'CR no <P-JiaM (1.96)-­
(1.99), c TeM, O,IJ,HaKo, yroq11e1meM, '-ITO K 1IJICHaM «BBepx» B (1.93) ,ll,0-
6aBJIReTCR MHO:>I<IITeJib 615, a K '-IJieHaM «BHII3» - MHO)KMTeJih 4/5, 
KOTOphie Y'-IIIThIBaIOT peaJihHOe 1IIICJIO 3JieKTponoB na ypoBHRX 5/2 II 
3/2 -- 6 II 4 COOTBCTCTBeHHO (23). 

PHc. 2.4_Ba_dl (CD, 146) ,IJ,afa ,IJ,IIIIOJihHhie napaMeTphI yrnoBoH: 
aHM30TpOIIIIII 13 (ro) )l,Jl.sI 5p-, 4d-, 4p-, 3d-3JICKTpOHOB Ba B en 
nC<t>O. Ka'-Iecrnemm KpIIBhie narroMHnaIOT PIIc. 2.4 __ Cd_dl. 

PIIc. 2.4 _Ba_ d2 (CD, 146) npIIBO)l.IIT ,IJ,IIIIOJihHhie rrapaMeTphI yr­

JIOBOH anlI3oTporrMM 13Jd, s12; Jd, 312 ( ro) ,IJ,JIR 5/2- II 3/2-3neKTponoB Ba B 
rrpII6JIII)KeHIIII X<D II en nc<t>o. BM,IJ,HO CHJihHOe BJIH.sIHIIC 3/2-3JieK­
TpOHOB na rrapaMeTp yrnoBOH aHII30TpOIIIIII 5/2-3JieKTpOHOB (CM. [ 42]). 

PIIc. 2.4_Ba_el (CD, 147) rrpHBO)l.MT HC,IJ,IIIIOJihHhIH rrapaMeTp 
yrnoBOH aHM30TpOIIIIIl y~d ( w) ,D,JIR 4d-:rneKTpOHOB Ba B X<t> II en 
nC<t>O. BnIIRHIIC Koppernn~IIH BeJIIIKO. 
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Pnc. 2.4_Ba_e2 (CD, 147) mo6pa)KaeT ne,ll,nnonhHhIH napaMe-rp 
yrnoBoil antt30Tporrnn 8~d (co) ,ll,IT51 4d-3neKTponoB Ba B npn6ntt)Ke­
mrn X<P lI IlC<PO. Btt,ll,HO CIUibHOe Bmrn1me Koppen5I[(HH. 

Pnc. 2.4_Ba_e3 (CD, 148) ,ll,afa MamqecKy10 KOM6Hnau:mo ne­

.ll.lIIlOIThHhIX napaMeTpOB yrnoBOH aHlI30Tpomrn ( y~d + 38~" ) 4d-
3ITeKTpOHOB Ba B npn6ntt)KeHHlI X<D lI IlC<PO. B1m5IHHe KoppenH­
u:nil BCJIIIKO. B rrc<DO no5IBIT5ICTC51 ,ll,OrronHHTenhHhIH MaKCIIMYM 
np11 ro :::::::: 92 3B. 

Pnc. 2.4_Ba_e4 (CD, 148) npe,ll,CTaBn5IeT He,ll,HIIOIThHhIH napa­

MCTP yrnoBoil aHmo-rpon1111 YC§c1 512 .3d 312 (co) ,ll,IT51 3d51r lI 3d31r3neK­
TpouoB Ba B rrp116ntt)Ke111111 X<P' n I'rc'<Do (CM. [31 ]). BechMa 3aMeT­

no BITlI5IHile 3/2-3JieKTpOHOB Ha 3ITCK'fPOHbl 5/2. 
Pnc. 2.4_Ba_e5 (CD, 149) mo6pa)KaeT ne,ll,HIIOIThHhIH napaMeTp 

yrnoBOH aHil30Tpomrn 8C§d 5/2·3d 3;2(CO) ,ll,IT51 3ds;z- lI 3d3;z-3ITCKTpo­
HOB Ba B np116ntt)KeHirn x<t> H err rrc<DO (CM. [31 ]). Bo3,ll,eHCTBHe 
3ITCKTpOHOB 3/2 Ha 5/2 npIIBO,ll,lIT K 3aMeTHOMY MaKCHMyMy. 

Pnc. 2.4_Ba_e6 (CD, 149) ,ll,afa MamqecKy10 KOM6HHa[(lIIO He­

,ll,IIHOJibHbJX napaMeTpOB yrnoBOH aHil30Tp011IllI ( y~d + 38~d ) ,ll,IT51 
3ds;r lI 3d3;2-3ITCK'fPOHOB Ba B rrpH6ITII)KCHillI X<D lI err rrc<PO 
(CM. [31 ]). BnHHHIIe KoppenH[(HH BeCbMa BCJIHKO. 

PHC. 2.2 __ Ba_fl (CD, 150) mo6pa)KaeT napaMeTpbl CJJIIHOBOH 
non5IplI3aIJ,IIIlll Ai(ro), si(ro) lI sl(ro) ,ll,IT51 3ds;r lI 3d3;z-3ITCK'fPOHOB B 
rrc<PO (CM. [ 43 ]). Bc10,ll,y BH,ll,HO sn11mme 3/2-3neKTpOHOB na xapaK­
TepHCTlIKlI 5/2. 

PttcyuKH 2.4 _Ba* co,ll,ep)KaT pe3y11bTaThI Bb1q11cne1rnil ,ll,IT51 a TO­
Ma 6ap1rn B B036y)K,ll,eHHOM COCT05IHillI (Ba*) c BHenmeif IIO,ll,060-
noqKoil 7s2, 8s2, 9s2. 

PHc. 2.4_ Ba* _a3 (CD, 151) rrpHBO,ll,IIT rronnoe ceqe1me cporn­
HOHII3a[(HII aToMa Ba* c 3anonueuuoil BHenrneif no,ll,o6onoqKoil 
ypoBHeil 7s2, 8s2, 9s2 B npH6nmKeHH5IX X<D-.ll., X<D-c H rrC<PO. BH.ll.­
no CMCIIXCHHC rHraHTCKoro pe30irnHca B CTOpony MeHbIIIlIX (!) rrpH 
ncpcxoJJ,c OT 7s2 K 9s2 H 3HaqnTenhnoe yc11nen11e .n:11cKpeTHhIX nepe­
XO,ll,OB 4d - 6p, 7p, 8p. 

PHc. 2.4_Ba* _dl (CD, 151) 11306pa)lrneT JJ,11nonhHb1e napaMC'fPbI 
yrnoBOH aHlI30'rpOIIIllI J3sp( (!)) .[(IT51 B036y)K,ll,CHHbIX COCT05IHIIH 7 s2' 
8s2, 9s2 Ba* B en llC<PO. Bee KpIIBhIC 6nlI3KlI .ll.pyr K .n:pyry. 

P11c. 2.4_Ba*_d2 (CD, 152) npHBO,ll,IIT J~11nonhHhie napaMeTpbI 
yn10BOH aHH30TpOI11111 f34d( (!)) )J)151 B036y)K,ll,CHHhIX COCT051HlIH 7 s2' 

8s2, 9s2 Ba* B en IIC<PO. Bee KplIBhIC 6JIII3KII .n:pyr K .ll.pyry. 
Ta6Jrn~a K n. 2.4 (CD, 280) BKJ110qaeT pacqenihle 3uaqeu1151 

c11n ocu:11nnHTopoB git B np116nH)KCHH5IX X<P-.ll., X<D-c, TIC<PO-.ll.-C 
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(B HeKOTOphIX cny•rn5Ix OITC<l>O) .nm1 HecKOJihKHX caMhIX HH3KHX 
)lHCKpeTHbIX ypoBHeH B036y:>K,neHH51 H BCCX paCCMOTPeHHblX IIO)l-
06ono'ICK aTOMOB 3Toro pa3,neJra. Ta6JmQa co,ncp:>KHT TaIOI<c 3Ha'le­
HHH paC'ICTHbIX 3Hepmii nepcxo.na (J)if 

2.5. ATOMbl H HOHbl '3JieMCllTOB 
III rpynnhl nepno.a:n'lecKoii cncTCMbI 

B noM pa3AeJre MhI npe,ucTaBJI5ICM rtaurn pe3yJihTaTbl ,uJrn BHem­
ncii H npOMCIKYTO'IHblX no.n;o60JIO'ICI< HOHOB H HCI<OTOpblX aTOMOB 
3JICMCHTOB III rpyrmr:,r. Mb1 CI<OHQCHTpHposaJmcr:, B ocnosnoM ua 
nonax, HMe1oru;ttx see 3anonHem1r:,1c mm Oll.HY no11y3anom1e1rny10 
no.n;o6onoqKH, a HMe1rno: B (Z = 5) ls2, 2s2, 2p; B* (Z = 5) ls i, 2s i, 
2p3 i, B+ (Z = 5) ls2, 2s2; AI+ (Z = 13) 2s2, 2p6, 3s2; Sc3+ (Z = 21) 2p6, 
3s2, 3p6; In+ (Z == 49) 3dlo, 4s2, 4p6, 4dlo, 5s2; La (Z = 57) 4d1D, 5s2, 
5p6, 5d, 6s2; Eu (Z = 63) 3di0, 4dlo, 5s2, 5p6, 4f7i, 5d, 6s2; Eu+ 3dlo, 
4dlo, 5s2, 5p6, 4f7t, 6s2; Eu2' 3dlo, 4dlo, 5s2, 5p6, 4f7i, 6s. <l>opMyJihI, 
c IlOMOIICbIO KOTOpblX ITOJIY'ICHbl .n;aHHble, H o603Ha'leHH5I Ha pH­
cynKax Te /KC caMbie, 'ITO H ,un5I 6naropo.n;nr:,1x ra3oB, H npirne,n;enr:,1 
B Il. 2.1. 3;:ceCh CTpCJIKa i 0603Ha'!aeT «BBepX»-3JieI<TpOHbI )];JUI CIT 
IlC<l>O (cM. n. 1.10). 

PucynKH 2.5_ B npe;:ccTaBJI5IeT J.laimhie lCJI5I aToMa 6opa (B). 
Pnc. 2.5 _BB* _al (CD, 152) COHOCTaBJ15ICT IIOJIHhlC Ce'ICHH5I <Po­

TOHOHH3aQHH aTOMOB B H B*, pacc'IHTaHHbie s I1C<l>OH H ITC<l>O. 
H1rrcpcc I< Jla1m0My B036y:>K;:ccnnoMy cocT05I11mo B * o6ycnoBnen 
TCM, 'ITO OHO HC MO>KCT pacna;:i;aThCH BCJIC)lCTBHC 3JICKTpOHHhIX nc­
pexOJlOB 6e3 nepeBoporn cnmra. Coxpa1rn1onme cnHH nepcxo)lbI 3a­
rrpelllCHbI npHHQHilOM flayJIH. 

PncynKH 2.5_ B* npe)lCTaBJJ5IIOT ,uaHHbie .n;nH aToMa 6opa B B03-
6y:>K,uemIOM COCT05IHHH (B*). 

Pnc. 2.5_B* _al (CD, 153) npHBOJlHT IIOJUIOC CC'ICHHC <PoTO­
HOHH3aQHH aTOMa B* B nptt6JIH/KCHU5IX X<l>-)l, X<l>-c H en ITC<PO. 
flepBbIH MaKCHMYM OTHOCHTC5I K 2p3 t -3JJeK1'POHaM, a BTOpoii - K 
3JJCK'I'pOHY 2s i . 

Pnc. 2.5 __ B* _dl (CD, 153) H3o6pa:>KaeT )lHIJOJihHbIH napaMCTP 
yrnosoii aHH3oTponHH ~2,, ( ro) .llJI5I 2p-::meKTponoB B * B npn6Jm>Ke­
HH$1X X<P-~i. X<P-c H en I1C<l>O. IlapaMCTp 6hICTpo napacTaeT OT 
nopora H 3aTCM MCH5ICTC5I MaJIO. 

PncynKH 2.5_ a+ npeJ..(CTaBJI5IIOT )laHI!bJC ,llJI5I HOIJa B+. 
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Pnc. 2.5_B+_al (CD, 154) npHBOllHT noJ1Hoc ceqe1me cpoTo­
HOHH3ailHH nona B+ s npn6rm>Kcnm1x X<l>-n, X<D-c H llCcDO. BTO­
poll: MaKCHMYM H3o6pa>KaeT ceqe1me MH 1 s2-3JleKTpOHOB. 

Pncym.:u 2.5_AJ+ npen;cTaBJIHJOT n;aHHhle ,nnff nona Al+. 
Pnc. 2.5_Al+ __ al (CD, 154) H306pa>KaeT IIOJIHOC ceqe1me QJOTO­

HOHH3aI{HH HOHa Al+ s npn6nn>Kemrnx X<D-n, XcD-c H 11C<l>O. ,Uo­
MHHnpyeT 2p6-ncpexon. 

Pnc. 2.5_Al+_dl (CD, 155) npHBO.UHT nnnonhHbIH napaMeTP yr­
nosoii anH301'pOIIHH ~2P ( ro) .nm1 2p-3JICKT}JOHOB non a Al+ B npn6nn­
JI<CHHH X<l> H 11C<l>O. llapaMeTP pacTcT OT nopora H 6hIC1'pO nocTH­
racT HaCbilllCIIHff. 

Pncym.:u 2.5_Sc3+ npencrnsmnoT llaHHbie ,nnff HOHa Sc3+. 
Pttc. 2.5 __ Sc3+_al (CD, 155) H3o6paJI<aeT nomrne ceqeHne cjJoTo­

HOllH3aUHH HOHa Sc3+ B rIC<l>O. ffayqena B KaqecTBe npHMepa 06-
JlaCTb aBTOHOHH3al{HOHHblX pe30HancoB. ,UaHHble no pacqeTy MCTO­
JlOM R-MaTpHUbI B3ffTbI H3 [ 43 ). 

Pttc. 2.5 __ Sc3+Ca2+K4_a2 (CD, 156) cpaBHHBaeT nonHhie cc­
tJCHHH cjJoTottontt3aUHH Monos Sc3+, Ca2+ H K 1 B HC<l>O. HaqmrnH c 
c.o ""4.5 Ry see ceqeJIHff no ser1ttqm1c 6JJH3KH. Ceqc1me Sc3+ oTnH~rn­
eTcH cepHCH pe30I!aHCOB - CJICllOB llHCKpeTHblX B036yiK.ZlCHHH. 

Pttc. 2.5 ___ Sc3+Ca2+K+Ar __ bl (CD, 156) conocTaBJIHCT ceqeHHff 
cjJoTonontt3aUHH 3s-3JICKTpouos Sc3+, caz+, K+ H Ar B fIC<l>O. KpH­
Bblc naqmrnH c c.o"" 4.5 Ry nono611h1. 

Pttc. 2.5_Sc3+_.dl (CD, 157) npHBOJlHT JlHIIOJlhHbIM napaMcTp 
yrnoBoii aHH30TponHH ~3P (ro) llJIH 3p-:meKTponoB Sc3+ B npn6Jm>Ke­
HHHX Xcti-JJ;, X<l>-c H rICcD0.11apaMc·rp 6hICTpo B03pacrneT OT nopo­
ra H BCKOpe HaCbtmaeTCH. 

PncynKH 2.5_In+ COl{epiKaT pe3yJJbTaTbl BbJqHCJICHHM llJIH HOHa Jn+. 
Pttc. 2.5.Jn+ __ al (CD, 157) H306pa>KaeT IIOJIHOC CCtJCHHC QJOTO­

HOHH3al{HH Jn+ B nptt6rmJI<CHHHX X<l>-n, XcD-c H llC<l>O. B ceqcHHH 
JlOMHHHpyeT mraIITCI<HM pe3011anc 4d10-no.no6oJIOtJKH. 

Pttc. 2.5_In+ __ d1 (CD, 158) npe,ncTaBJIHCT J~HIIOJibHbie napaMCT}Jbl 
yrnoBOH aHH3011JOIIHH ~4d, 4p, 3d(ro) .ZlJIH 4d-, 4p-, 3d-:meK"rpOHOB 
nona Jn+ B IIC<l>O. Han6onec cnoiKeH ~4d(co) c cro .llBYMH rny6oKHMH 
MHHHMyMaMH H He6oJiblllHM MaKCHMYMOM, o6ycJIOBJICHHblM BJIHffHHCM 
3d-3JICKT}JOIIOB. IIapaMC1pb1 ~4c1 (co) H ~411 (co) HaqmiaH co 100 3B 6JJH3KH. 

PucynKH 2.5 _1 .. a co.ncp>KaT pe3yJJbTaTbl Bb1qHcJ1eHHH .nrrn aTOMa 
naHTana (La). 

Pttc. 2.5_La._b1 (CD, 158) JIJo6pa>KaeT ceqenttc cpoTOHOHH3a­
llHH 4d-3JICI<T}JOHOB aToMa La B rIC<l>O H OrIC<l>O (cM. [46, 47]). 
)~aHIIbIC '.)I(CIICpHMCIITa --· CM. H3 [45]). 
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PHcynKH 2.S_Eu co.ri:ep:>K:aT pe3yJihTaThI BbrqncJieHHH JJ,Jrn aToMa 
eBponm1 (Eu). 

Pnc. 2.5_Eu_bl (CD, 159) npHBOJJ,HT ceqenm1 cpoTOHOHH3aQHH 

4f«BBepx»- H, 5p-«BBepx»- H «BHII3»-3JieKTpOHOB Eu B err rrC<I>O 
(CM. [48, 49)). ,UaHHhie 3KcnepHMeHTa B351Tbl H3 [50] H [51]. 

Ba:>K:HO 3aMeTHTh, qTo 3KcnepHMenTaJibHhre ceqenHH cpoTonorJio­
memrn cr(ffi) na nyTH OT La K Eu B o6JiaCTH 4d-nopora 11MeIOT 6oJih­

lllOH H noqTH o.ri:mrnKOBhIH MaKCHMyM. Xorn no BHJJ,Y 3TH pe3oHanchr 
IIOXO:>K:H, HX npnpo.ri:a B pa3JIIflHbIX aTOMax IIOJIHOCTblO pa3JIIfqHa: 
B I, Cs, Ba -- 3TO rnraHTCKHH pe3onanc, KOTOphrtt «pacna.ri:aeTCH» 

IICIIYCKa51 3JieKTpOHbI OTHOCHTeJibIIO HII3KIIX 3HeprHH BCJieJJ,CTBHe 

4d - Ef(Ep)-nepexo.ri:a, a B Eu - 3TO 2u2a11mcKuil aemouom13alfuo11-
11b1u pe3011a11c, C03JJ,aHHbIH B3aHMOJJ,eHCTBHeM )J,HCKpeTHOro B036y:>K:­

.ri:eHH51 4d !- 4f! B noJiynycTym 4f!-no.ri:o6oJioqKy, KoTopaH pacna­

.ri:aeTc51 oqeub 6brcTpo B nenpepbIBHhrtt cneKTp 4f t - Eg (Ed) t c 
3MHCCHeii 6bICTpbIX cpoT03JJeKTpOHOB. 3Ta oco6eHHOCTb 6hrna npe.ri:­
CKa3aHa B [52, 2]. 

MaTPIIqHhIH 3JieMeHT B3aHMO)J,ettcTBII51 JJ,IICKpeTnoro B036y:>K:.ri:e­
HH51 co CIIJIOIIlllbIM cneKTPOM BeJIHK BCJieJJ,CTBHe 6JIH30CTH BOJIHOBbIX 

cpyHKQHH 3aH5ITOro 4f«BBepx»- H CB06o.ri:noro 4f«BHH3»-COCT051-
HHH. CeqeHHe B OKpecTHOCTII pe3ouanca onHcbrnaeTcH Henocpe)J,CT­

Benno cpopMyJiaMH err IIC<t>O, TOr)J,a KaK B6JIII3H nopMaJihHOro aB­
TOHOHH3aQHOHHOro pe30IfaHCa ceqeHHe OIIHCbIBaeTC51 (1.50). 

Pnc. 2.5_Eu_b2 (CD, 159) npHBOJJ,IIT ceqenHH cpoTOHOHII3aQHH 
4fi -3JieKTponoB Eu (cM. [49]). 

Pnc. 2.5 _Eu_ b3 (CD, 160) npHBOJJ,HT ceqenHH cpoTOHOHII3a1,HH 
5s-«BBepx»- H «BHII3»-3JieKTPOHOB Eu, Eu+, Eu2+ B err IIC<I>O (CM. [49)]. 

Pnc. 2.5_ Eu_dl (CD, 160) II3o6pa:>K:aeT JJ,HIIOJihHhre napaMeTPbI 

yrnoBOH aHH30Tpomm ~4d, 4/; Sp (ffi) )J,JI51 4d-, 4f, 5p-3JieKTPOHOB aTO­
Ma Eu B IIC<l>O. Bee KpHBhie - ocQHJIJIHpymmne. 

Pnc. 2.5_Eu_el (CD, 161) npe.ri:cTaBJIHeT ue.ri:nnoJihHhre napa­

MeTPhI yrJIOBOH a1rn3oTponHII 6s-3JieKTpouoB aToMa Eu B rrpn6JIII­
:>K:eHHH X<I> n err rrc<1>0. 

PIIc. 2.5 Eu fl (CD, 162) )J,aeT .ri:nnoJibHhre napaMeTphr 4f3JieK­
TponoB Eu: a) yrnoBoii aHII30TponHH ~41 (ffi) H cnnnoBott noJrnpII3a­

QHH: 6) AJ? ( ffi), e) a J j2( ffi), 2) s J j2 ( ffi). 
Pttcynk:tt 2.5 _Eu+ · co.ri:ep:>K:aT pe3yJihTaThr Bhrqncnennii JJ,JI51 

noua Eu+. 

Pnc. 2.5 Eu+ al (CD, 163) npHBO)J,HT noJrnoe ceqennc cporn­
HOHII3aQHH HOIIa Eu+ B en rrc<t>o (CM. [49]). 3KcnepHMCHT -

H3 (53]. 
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Pttc. 2.5_Eu+_b1 (CD, 163) II3o6pa)KaeT ceqe1rne <}JoTOIIOHII3a­
U.IIH 5p-:rneKrpOHOB Eu+ B Cll IlC<DO. BII)J.en MaKCIIMyM, cBuaH­
HhIH c pacna)J,OM )l.MCKpeTnoro B036y)K,D.eHM51 4dt-+ 4f B CilJIOUIHOH 
cneKTp IIOIIII3aU.IIlI 5p-3neKrpOHOB. 

PIIc. 2.5_Eu+_b2 (CD, 164) npe)J.CTaBmreT ceqeHIIe <}JoTOIIOHII3a­
I~IIH 4d-3neKTponoB Eu+ B Cll IlC<DO-)J. II Cll IlC<l>O-c. Ceqen:IIe 
3TO BeChMa CJIO)KHO no cpopMC, HO Mano. 

Puc. 2.5 Eu+ b3 (CD, 164) )J.afa ceqeuue cpoTOIIOHII3aIJ.IIII 
4f3neKrpouoB Eu 1 B Cll IlC<DO, KOTOpoe Mano OTJIIIqaeTcH OT aua­
norIIquoro ceqe11u51 n:ettTpaJibHOro aToMa. 

PIIc. 2.5 Eu+ dl (CD, 165) II3o6pa)KaeT )J.HnOJJhHhitt napaMerp 
yrnOBOH aHII30TpOilHII 5p-«BBepx»- H «BHII3»- II 4f«BBepx»-3JieKT­
poHOB IIOHa Eu+ B Cll IIC<DO. Bee KpIIBbie IIMeioT MaKCIIMYMhI 
Ha nopore, noqTII 06IIJ.IIH MIIHHMyM, c nocne)J.yIOIIJ.IIM BbIXO)J.OM 
Ha HaCbIIIJ.eHIIe. TaM, o.n.naKo, ~4dt ropa3)J.O MCHhUie )J.Byx )J.pyrIIx. 

PIIc. 2.5_Eu+_d2 (CD, 165) npHBO.D.IIT )J.IIIlOJihHhitt napaMeTp yr­
JIOBOH an:II30rponIIH 4d-«BBcpx»- u «BHII3»-3JieKTpOI-IOB IIOHa Eu+ B 
err rrc<PO. 

Pttcymm 2.5 _ Eu2+ co.n.cp)KaT pe3yJihTaThI BhiqIIcneHIItt .n.mr 
IIOHa Eu2+. 

PIIc. 2.5_Eu2+_al (CD, 166) II306pa)KaeT ceqenIIe <}JoTOIIOHII3a­
IJ.IIII IIOHa Eu2+ B OKpeCTHOCTII 4d-o6onoqKII B Crr rrC<l>0-)J. II Crr 
rrC<PO-c. OT n:ettTpaJihHoro Eu oTmrqIIe cocTaBIIT JIIIUih B 6onbIIIett 
IIHTCHCIIBHOCTII )J.IICKpeTHbIX nepeXO)J.OB. 

PIIc. 2.5_Eu2+_b1 (CD, 166) npe.n.crnBn5IeT ceqen:IIe <}JoTOIIOHII-
3aIJ.IIII 5s-«BBepX}}- II «BHII3>}-3JICKTPOHOB IIOHa Eu2+ B err rrC<PO. 
0TJIIIqIIe OT HettTpanbHOro aTOMa, KaK II Ha npe)J.bI.D.YIIJ.eM pIICYHKC, 
HeBeJIIIKO. 

PIIc. 2.5_Eu2+_b2 (CD, 167) npIIBO)J.IIT ceqeHIIe <}JoTOIIOHII3aU.IIII 
5p-«BBepX}}- II «BHII3}}-3JieKTpOHOB IIOHa Eu2+ B en nc<PO. ~annoe 
ceqenHe 6nII3Ko K auaJiorIIqnou BemrqIIne .n:n11 Eu+. 

PIIc. 2.5_Eu2+_b3 (CD, 167) npe.n.crnBn5IeT ceqeuIIe <}JoTOIIOHH-
3aIJ.IIII 4d-3neKTponoB II011a Eu2+ B Cll IlC<DO. B neM )J.OMIIHIIpy10T 
)J.IICKpeTHbie B036y)K,D.eHIIH. 

PIIc.2.5 _ Eu2+ _ b4 (CD, 168) II306pa)KaeT ceqenIIe <}JoTOIIOHII3a­
IJ.IIII 4.f-«BBepX}}-3JieKTpOHOB IIOHa Eu2+ B en IlC<l>O. CpaBHCHIIC c 
PIIc. 2.5_Eu2+_al noKa3bIBaeT, qTO IIOHII3aIJ.IIH 4f )J.afa rnaBHhIM 
BKna.n. B nonnoe ceqeHIIe. 

PIIc. 2.5_Eu2+_dl (CD, 168) npe.n.cmBnHeT )J.IIIlOJihHbIH napa­
MeTp yrnoBOM aHII30TpOHIIII 4f«BBepX}>- II 5p-«BBepX}) II «BHII3»­
:rneKTpOHOB ttmia Eu2+. B ocnoBHhIX qepTax .n.a II no a6con10T-
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HblM BeJIM'-IHHaM 3TM napaMe1'pbI 6JIM3KM K M306pa>KCHHblM Ha 
PMc. 2.5 Eu+ dl. 

PMc. 2.5_ Eu2+_d2 (CD, 169) rrpHB0.1lMT .1lMilOJibHbIH napaMeTp 
yrnoBOH aHH30TpOHMM 4d-«BBepx»- M «BHM3»-3JieK1'pOHOB MOHa 
Euz+. KpHBbie BeCbMa 6JIH3KH .o;pyr K .o;pyry, 3a MCKJ1JOqe1meM .o;o­
IIOJIHHTeJibHoro MaKCMMyMa npH 180 3B B ~4dl· 

Ta6Jm~a K n. 2.5 (CD, 285) BKJIJOqaeT pacqeTHbIC 3Ha'-leHmr 
CMJI OCUHJimrropoB g1/'B npH6JIM>KeHH}IX X<l>-.o;, X<l>-c, fIC<l>O-.o;-c (B 
HeKOTOpbIX cJiyqa}IX - OIIC<l>O) .o;JI}l necKOJibKHX caMbIX HM3KMX 
,llHCKpCTHbIX ypoBHeH B036yiK,1leHM}l ecex paCCMOTpeHHblX no.o;o6o­
JIO'leK KaiK.o;oro aToMa M HOHa noro pa3.o;eJia. Ta6JIHUa .o;acT TaK>Ke 
3HaqeHHH pacqeTHbIX JHepmii rrcpexo.o;a ro1f 

2.6. ATOMbl H HOHbl 3JICMCllTOB 
IV rpym1b1 ncpHOL\H'ICCKoii cncTCMbI 

B JTOM pa3.o;cJie MbI npe.o;cTaBJI}leM Haurn pe3yJibTaTbI MH BHCllI­
Heii M npOMCiKYT011HblX no.o;o6ono11eK HOHOB H HCKOTOpblX aTOMOB 
3JICMCHTOB IV rpynnhI. 3.o;ecb MbI CKOHUeH1'pHpoeanHCb B ocHOBHOM 
Ha MOHax, MMCIOII.J;HX Bee 3ailOJIHCHHblC HJIH 0.llHY noJiy3anomiCHIIYIO 
no.o;o6orro11Ky, a HMCHHo: C* (Z = 6) ls2, 2s t, 2p3 t; c- (Z = 6) ls2, 
2s2, 2p3f; Si* (Z= 14) 2s2, 2p6, 3st, 3p3f; St (Z= 14) 2s2, 2p6, 3s2, 
3p3f; Ge- (Z= 32) 2p6, 3s2, 3p6, 3d10, 4s2, 4p3f. <l>opMyJIDI, c noMo­
llJ;bIO KOTOpbIX noJiy11eHbl ,llaHHbie, H o603Ha'-ICHHH Ha pMCYHKax Te 
iKe caMbie, 11TO M ,llJIH 6rrarop0.1lHblX ra30B, M npHBC)lCHbl B n. 2.1. 

3.o;ecb t o603Ha11aeT «BBepx»-3JICK1'pOHbl .UJIH err IIC<l>O (CM. 
n. 1.10). 

Kpam1<ue 1<0MMefimapuu 1< pucy1t1<aM n. 2. 6 

PucynKH 2.6_C* co.o;ep>KaT pe3yJibTaTbI BbI'IMCJieHHH ,llJIH aTOMa 
ymepo.o;a B B036yiK.o;eHHOM COCTOHHMM (C*). 

PHC. 2.6_C* _al (CD, 169) npe.o;cTaBJIHCT IIOJIHOC ceqe1me cpOTO­
HOHH3allHM aTOMa c B B036YiK.1lCHHOM COCTOHHMM C*. 

PMc. 2.6_C* _dl (CD, 170) .uaeT .n;MrrorrbHbIH napaMeTp ymosoii 
aHH30TponHM 2p-3JICKTpOHOB B036yiKJlCHHoro aToMa C* B npH6JIH­
>KCHM}IX X<l>-A, X<l>-c M err rIC<l>O. Porrb KOppeJIHUHH HeBCJIHl<a. 

PucyHKH 2.6_c- co.o;ep>KaT pe3yJibTaTbI BbPrncrreHHH .o;rrH 
HOHa c-. 
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Pnc. 2.6_c-_al (CD, 170) H3o6pa>KaeT normoe ceqe1me cpoTOOT­
pbIBa HOHa e B npH6JIH>KeHmIX X<l>-,u, XcD-c H rIC<l>O. 

Pnc. 2.6_C-_dl (CD, 171) JJ:aeT llHilOJihHhIH napaMeTp yrno­
Boii aHH30TponHH 2p-3JieI<TpOHOB n01rn c- B nptt6m1>KeHHHx X<l>-JJ:, 
X<l>-c Herr ITC<l>O. IIapaMeTp HMCeT MHIIHMYM cpa3y 3a noporoM H 
3aTCM 6J,1cTpo BbIXO,UHT na IIOl.fTH IIOCTOHHHOC 3Hal.fCHHC. 

PHcynKH 2.6_ Si* co~lep>KaT pe3yJihTaThI Bbil.fHCJieHHH ,UJIH aTO­
Ma KpeMHHH B B036y>I<,!(CHHOM COCTOHHHH Si*. 

Pnc. 2.6_Si* _al (CD, 171) H3o6pa>KaeT nomme cel.feHHe cpoTo­
HOHH3arlHH aToMa Si* B np116nn>KeHHHX XcD-.n;, X<l>-c 11 ITC<l>O. Ce-
1.fCHHe 6b1cTpo napacrneT 3a noporoM 11 3aTeM y6h1BaeT JJ:O nopora 
sHyTpeHncii o6onol.fKH. Ha cKJioHax BH,!(HbI KBa3HCe'treHHH .uncKpeT­
HhIX B036y>K,11,eirnH. 

Pnc. 2.6_Si* __ dl (CD, 172) npe)lCTaBmieT ,11,HilOJlbHbIH napaMeTp 
yrnoBoii anH30TpOIIHJI 3d-, 3p-3neKTpoHoB aToMa Si* B B036y>I<.neH­
HOM COCTOHIIHH. 

PucynKH 2.6_sr co.n;cp>KaT pe3yJibTaTbI Bbil.fHCJICHHH l.lJIH HOHa 
S(. 

PHc. 2.6_St_al (CD, 172) npe.ncrnBJIHeT nomme cel.feHHe cpoTO­
OTpbrna HOHa B npH6JIH>KCHJIHX X<l>-.n, XcD-c H en IIC<l>O. 

PHC. 2.6,_si-_b 1 (CD, 173) H306pa>KaeT ceqe1me cPOTOOTpbIBa 
3p-:rneK'rpOHOB St. Cn!lOutflaR JlUHUR - en IlC<l>O c Yl.fCTOM BJIHH­
HHH 3s [54, 55]; ny11Kmup - Cel.fCHJIC 3p B Cl111C<1>0. 3KcnepHMeH­
TaJibHblC ,11,aHHhie B35lTbI H3 [56]. B OTpHQaTCJihHhIX HOHax neT .nnc­
KpCTHhIX B036y>K,nc1rni1, OJJ:HaKO KapTHHa CCl.fCIIHH no.u,o6Ha MMe-
101neii MCCTO B OKpeCTHOCTH aBTOHOHH3aQHOHIIOro pc30HaHca (1.50) 
npH MaJibIX q. 

Pnc. 2.6_St_dl (CD, 173) npHBO.llHT .U.MTIOJlbHbIH napaMeTp yr­
JIOBOH aHM30TpOIIHH .IJ;JI5l 3p, 2p-3JieKTpOHOB HOHa si- B IlC<l>O. KaK 
o6bil.fHO, oco6eHHO CJIO>I<Ha 3aBHCHMOCTb y napy>KHOH (3p) no.n;o6o­
JIOl.fKH, r.ne y caMoro nopora MMeeTCH lfpe3Bhil.fai1no 6bICTpa5l sapHa­
UHH. y caMoro nopora napaMC'rp ~2p HMCeT Y3I<HH H BblCOKHH MaKCHMYM, 
a 3aTCM, )J;OCTHrnyB MHHJIMyMa, OH Hal.fHHaeT CHOBa nJJaBHO paCTH. 

PHc. 2.6 __ Si1' _d2 (CD, 174) cpaBHHBaeT ceqenMH cpoTOMOHM3a­
UHH H .n;ttnorrhHbie napaMeTphI yrnoBoH ann30-rpormn MOHa St H 
aToMa P. 3neKTpOHHbie KoHqrnrypauHH y 3THX o6'beKTOB o.n;HHaKo­
BhI. Pc3yJihTaTbI .n;nH ttona H aToMa, B oco6eHHOCTH l-1:Jl5l napaMeTpa 
~3p , CXO,JJ;Hbl. 

Pnc. 2.6_si-P _el (CD, 175) npnso.n;ttT He.n;mIOJihHhic napaMerpbI 
yrnosoi1 aHmoTponJIH ye 3s-:meKTpOHOB Hona Si- H aToMa P B npn-
6mrn<e1m51x X<l>-.n;, X<I:>-c Hen ITC<l>O. Kai< H Ha Pnc. 2.6_St_d2, 
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pe3yJibTa'fbI .n:mr: IIOHa II aTOMa 6JIII3KII. IlpIIMC'IaTeJibHO, qTO 

ITC<t>0-1<oppem1u:IIII cyiu:ecrneimo crrra)!(IIBaIOT KpIIBhie. 

PIIc. 2.6 _ Si-p _ e2 (CD, 176) .n:aer tte.n:IInorrhHhie napaMeTpbI yr­

rroBoiI aHII30TpOnIIII II IIX MarIIqec1<yIO KOM6mr:au:mo .n:mr: 3p-3JICKT­

pOHOB IIOHa St II aTOMa P. Ornnh-TaKII, IIOH II aTOM IIMeIOT 6rrII3KIIe 

xapaKTepIICTIIKII. 

PucynoK 2.6_Ge-_bl (CD, 177) co.n:ep)!(IIT pe3yrrhTaTbI BbJqIIc­

rrenIIM )J,JI51 IIona repMaHII51 (Ge-). On rrpe.n:cTaBn5leT ceqe1me <PoTo­

oTpbrna 3d-3neKTponoB Ge-. Cm10Ut1taR JtUILUR II3o6pa)!(aeT pe3yJih­

TaTbI OITC<t>O. 

Ta6JIHI(a K n. 2.6 (CD, 289) BKmoqaeT pacqeTHbie 3HaqenII51 

CIIn ocu:IInn51TopoB g;1 B npII6nm1<enII5!X X <1>-.n:, X <I>-c, IT C<t>O-.n:-c ( B 

HeKOTOpbIX cnyqa51x :__ OITC<I>O) uec1<onbKIIX caMbIX HII3KIIX )J,IICK­

pen1b1x ypOBHCM B036y)!()J,CHIIJI Ka)!()J,OH paCCMOTpCHHOH rro.n:o6o­

JIOqKII aToMa, npIIBC)J,CHHoro B 3TOM pa3.n:ene. Ta6Jrnu:a .n:aeT TaK)!(C 

31rnqeHII5! pacqeTHhIX 3neprIIii rrepexo.n:oB ro;f 

2.7. ATOMhl " HOHhl 3JieMeHTOB 
V rpynnL1 nepuo.n:uqecKoH: cncTeMhl 

B 3TOM pa3.n:cne MbI npe.n:cTaBn5leM naum pe3ynhTaThI )J,JI51 BHern­

neii II rrpoMe)!(yToqHblX rro.n:o6onoqeK HCKOTOpbIX aTOMOB II IIOHOB 

3JICMCHTOB v rpynnhl. 3.n:ecb MbI CKOHU:CHTpIIpOBaJIIICb B OCHOBHOM 

Ha aTOMax II IIOHaX, IlMCIOIQIIX BCC 3aIIOJIHCHHblC IlJIII O)J,HY nony3a­

IlOJIHCHHYIO no.n:o6onoq1<y, a IIMCHIIO: N (Z = 7) ls2, 2s2, 2p3 t; p (Z = 

= 15) 2s2, 2p6, 3s2, 3p3 f; As (Z = 33) 3d10, 4s2, 4p3 f; Sb (Z = 51) 

4d10, 5s2' 5p3 t. <t>opMynhI, c IlOMOIQbIO KOTOpbIX nonyqCHbl )J,aHHbIC, 

Il o603uaqemrn Ha pIICYHKax Te )KC CaMbIC, qTO II JJ:JI51 6naropOJJ:HbIX 

ra30B, II rrpIIBC)J,CHbl B rr. 2.1. 

3JJ:CCb t o603uaqaeT «BBepx»-3JICKTpOHbI )l:JIJI err ITC<I>O (cM. 

n. 1.10). 

KpamKue KOMMeHmapuu K pucyHKaM n. 2. 7 

PucynKu 2. 7 _ N co.n:cp)!(aT pe3yJihTaTbI BbJqIIcnenttii .n:nJ1 a To Ma 

morn (N). 
PIIc. 2.7 _ N _al (CD, 178) npeJJ:CTaBJI51eT nonnoe ceqeHIIe <Porn­

IIOHI13aU:IIII aTOMa N B npII6JIIJ)!(CHIIJIX X<I>-.n:, XcD-c II nccvo. Ponb 

KoppenJIU:IIH BnonHe 3aMCTHa. OcHOBHOH BKJia)J, BHOCIIT ceqenIIe Ha­

PY)!(HbIX 2p3-3neKTponos. 
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Puc. 2. 7_N_d1 (CD, 178) II3o6pa)l(aeT .r:i:nno11bHbie napaMeTpbI 
yrnoBOH aHII30Tponmi: .[(1151 2p-311CKTPOHOB N B err rrc<I>O-.r:i: II err 
rrC<t>O-c. 

Puc. 2.7 _ N _ d2, fl (CD, 179) rrpIIBO.IJ:IIT .IJ:IIII011bHhie rrapaMeTpbI 
.[(1151 2p-311eKTpoHOB N: a) yrnoBOH aHII30TponIIH ~2P (co); cnIIHOBOH 
no115lpII3aQttII: 6)A1~2 (ro), 6)a~j,2(ro), 2)si~2 (ro). 

Pu:cymm 2. 7 _P co.r:i:ep)l(aT pe3y11bTaThI BbILIIIc11eHIIH .IJ:JI51 aTOMa 
cpoccpopa (P). 

Puc. 2.7 __ P _al (CD, 180) II3o6pa)l(aeT nonttoe ceLieHIIe cpoTo­
IIOHII3aQIIH aToMa P B npII6JIM)l(eHII51X X<l>-.r:i:, X<f>-c II rrC<I>O. Po11h 
KoppeJrnQMH Manocyrr~ecrneHHa. 

Puc. 2.7 _P _dl (CD, 180) npttBO.IJ:IIT .r:i:nnonbHbIH napaMeTp yrno­
BOH aHII30Tp01IIIH ~ .[(1151 3p-3JICKTPOHOB p B err nc<t>O. rrapaMerp 
MMeeT: O.IJ:MH Y3KMH MaKCIIMYM B6JIM3II nopora H BTopoii, rrrnpoKIIH, 
B 10 3B OT nopora, fIOJIMIIHHMyMa Ha nopore II e~e .[(Ba MIIHIIMy­
Ma - npM 6011ee BbICOKIIX 3HeprII51X. 

PMC. 2.7 _P _el (CD, 181) COTIOCTaB1151eT HC.[(IITI011bHbie napaMCT­
pbl yrnoBOH aHII30TPOIIIIII .[(JI51 3s-«BHII3»- II «BBepx»-3JICKTPOHOB p 
B npII611II)l(CHIIM X<l> II err nc<t>O. I1MeCTC51 BTIOJIHC 3HaLIIITe11bHa51 
pa3HMQa B OKononoporoBbIX 0611acrnx. Po11b Koppe115IQMH rrc<I>O 
BeJIHKa. 

Puc. 2. 7 _ P _ e2 (CD, 182) II3o6pa)l(aeT tte.r:i:11nonhHbie napaMeTpbI 
yrnoBOH aHII30TpOTIIIII yC' ()C II IIX Mar11LieCKYIO KOM6IIIIaQIIIO ( yC + 
+ 3()C) .[(1151 3p-311eKTpOHOB p B npII6nmKeHIIII X<t> II err nc<t>O. 
Porrh KoppemIQIIH nC<t>O neBeJIHKa. 

Puc. 2.7_P_fl (CD, 183) npe.r:i:crnB115leT .IJ:HIIOJibHbie napaMerpbI 
3-p-«BHII3»-311eKTpOI-IOB P: a) yrnoBoii anII3orponIIII ~3P (co); cnnno­
BOH fIOJI51pII3aQIIII: 6)At~2 (w), 6)<X~~2 (ro), 2)~~;,2(ro) B err fIC<l>O. 

Pttcymm 2. 7 _As co.r:i:ep)l(aT pe3y11bTaTbI BbILIIICJieHIIH .[(1151 aTOMa 
Mbllllb51Ka (As). 

P11c. 2. 7 _As _al (CD, 184) .r:i:afa II011HOe CCLien11e cpOTOIIOHH3a­
QHH aTOMa As B np11611II)l(CHII5IX X<l>-.r:i:, X<l>-c II en rrc<t>o. I1Me51 
MaKcIIMYM Ha nopore, ceLien11e .IJ:OB011bHO 6hICTpo y6brnaeT .r:i:o ny1151, 
a 3aTeM np11 10 Ry 06pa3yeT rrrnpoKHH MaKCHMyM. 

Puc. 2.7_As_dl (CD, 184) npe.r:i:crnBJI51CT .r:i:11no11bHbIH napaMerp 
yr110BOH aHH30rpOHIIM 4p-«BBepx»- 11 3d-«BBepx»- II «BHH3»-311CKT­
ponoB aTOMa As Ben nc<t>O. KaLiecTBeHHO BCC KpIIBbie fIOXO)l(H, a 

~3d1 11 ~3dl OLieHb 611H3KH. 
P11c. 2.7_As_fl (CD, 185) II3o6pa)l(aeT .r:i:11no11bHhre napaMeTpbI 

.[(1151 4p-:meKTpOHOB As: a) yrnoBoii anII30Tpon1111 ~4P (co); cn11n0Boii 
Il01151pII3aQHII: 6)AJ;,2 (ro), 6)<X~~2 (ro), 2)~~;,2(ro) B err rrc<I>o. 
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P11c. 2.7 _As_f2 (CD, 186) ,n:afa ,n:11noJihHbie napaMeTpbI ,n:m.1 
3d-3JieKTpOHOB As: a) yrnoBoiI aHH30Tpon1111 f33d(w); cn11noBoiI no­
JI5Ip113au:1111: 6) Aj~2(w), 6) a ~~2 (ro), 2) i;~:?Cw) Ben ncctio. Pe3yJib­
TaTbl ,U:Jrn Bcex, KpoMe f33d napaMeTpOB CHJlbHO OTJI11qa10TC5I ,n:m1 5/2-
11 3/2-3JieKTpOHOB. 

PncynKn 2. 7 _Sb co,n:ep:a<aT pe3ynhTaThI Bb1q11cnett11i1 ,n:JI5I a To Ma 
cypbMbI (Sb). 

P11c. 2. 7 _Sb_ al (CD, 187) npe,n:crnBJrneT nonnoe ceqe1me cjJoTO­
IIon113au:m1 aTOMa Sb B np116nIIJKen115.1x X<I>-.r:i:, X<I>-c II fIC<l>O. BII­
,n:eu rIIraHTCKHH pe30HaHC 4dl0_3JieKTpOHOB I1 OTMeqeHa 6oJibllia5I 
poJib fIC<I>0-KoppeJI5IU:IIH. l1p11MeqaTeJibHO I1 Han11q11e BTOporo MaI<­
CHMyMa rrptt 20 Ry. 

P11c. 2.7_Sb_dl (CD, 187) npHBO,U:HT ,n:11rronbHhie napaMeTpbI yr­
JIOBoiI aHH30Tpon1111 rorn Sp-«BBepx»- H 4d-«BBepx»- 11 «BHII3»-3JieK­
TpOHOB aToMa Sb B err ITC<I>O. BII.L(eH OC!IllJIJIIIPYIOIIIHH xapaKTep 
rrapaMeTpOB f3 II Kaqecrnennoe CXO,U:CTBO Bcex KpIIBbIX. 

PIIc. 2. 7 _Sb_ fl (CD, 188) mo6paJKaeT .L(IIIIOJibHhie rrapaMeTPbI 
,n:n5I 5p-3neKTponoB Sb: a) yrnoBOH aHII30Tporr1111 f3sp (w); cn11noBoiI 
IIOJI5IpII3au;1111: 6)Asp(w), 6) CX.sp(w), 2) Ssp(w) B err ITC<I>O. 

P11c. 2.7 _Sb_f2 (CD, 189) ,n:aeT J~IIITOJibHhie napaMeTpbI .L(JI5I 4d-
3JICI<TponoB Sb: a) yrnoBoiI an1130TporrII11 f34d ( w ); crr11HOBOH norr5I­
pII3au;1rn: 6) A4d(w), 6) CX.4d(w), 2) S4<1(w) Ben ITC<I>O. Bee rrapaMeT­
pbl, KpoMe f34d, 6yI<BaJibHO 3epKaJibHO OTJ11lqaIOTC5I ,U:J15I 5/2- II 
3/2-3JieKTpOHOB. 

Ta6Jinu;a K n. 2.7 (CD, 290) BKmoqaeT pacqenlble 3naqeH11II 
CIIJI OCU:IIJIJI5ITOpOB g;1B npII6nmI<eHII5IX X<I>-,n:, X<l>-c, flC<I>O-,n:-c (B 
neI<oTopbIX cnyqa5.1x - OflC<I>O) uecKOJibKIIX caMbIX HH3KHX JIHC­
KpCTHhIX ypoBI-reiI B036yJK,n:eHII5I Ka)K.L(OH paccMOTPeHHOH IIOJI06o­
JIOql(II aToMOB, np1rneJ1eHHhIX B 3TOM pa3,n:ene. Ta6rr11u:a ,n:aeT TaKJKe 

3Haqemrn pacqeTHbIX Juepr11H: nepexo.r:i:a W;r 

2.8. ATOMhl H HOHhl JJICMCHTOB 

VI rpynm.1 nepnoauqecKoif. cucTeMhl 

B 3TOM pa3.L(ene MbI rrpe.L(crnsmeM uaurn pe3yJihTaTbI JIJI5I BHern­
HeH 11 npoMeJKyTO'lHblX IIOJI060JIO'leK HOHOB II HeKOTOpbIX aTOMOB 
3JieMeHTOB VI rpyrrnhr. 3.L(ecb MbI CKonu:enTpIIpoBarrIICb B ocnoBHOM 
na IIonax, IIMeIOIIIIIX see 3arronneHHhie IIJIII nony3anonnennb1e no­
.L(o6onoqKII, a IIMCHHO: Q+ (2 = 8) ls2, 2s2, 2p3 i; Cr (2 = 24) 2p6, 3s2, 
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3p6 , 3dst 4st; Cr* (Z= 24) 2p6, 3s2 , 3p6, 3dst 4st; Cr+ (Z= 24) 2p6, 
3s2 , 3p6, 3d5 t; Mo* (Z = 42) 3d10, 4s2, 4p6, 4d5i, 5sL <DopMyJihI, c 
IIOMOIIJ;hIO KOTOphIX IIOJiyqeHhI ,n:aHHhie, II o603HaqeHII5! Ha pH­
cyHKax Te )Ke caMbie, qTo II .UJI5! 6naropo,UHhIX ra30B, II IIpIIBe,n:eHhI 
B II. 2.1. 

3.uecb i o603HaqaeT «BBepx>>-3JieKTpOHbl )J,Jl5! err rrc<DO 
(CM. II. 1.10). 

KpamKue KOMMe11mapuu K pucyHKaM n. 2. 8 

PucynKu 2.8_0+ co)J,ep)KaT pe3yrrhTaTbI BhiqIIcJieHIIH .UJI5! IIoHa 
KIICJIOpO,Ua Q+. 

PIIc. 2.8_o+_al (CD, 190) npe.ucrnBm1eT IIOJIHoe ceqeHIIe cpoTO­
IIOHII3aIIIIII B npII6JIII)KeHII5IX X<D-.u, X<P-c II err rrc<Po. POJih KOp­
peJIHIIIIH Mana. CeqeHIIH BeJIIIKII Ha noporax II 6hICTpo MOHOTOHHO 
y6hIBaIOT c pocTOM (J), 

PIIc. 2.8_0+_dl (CD, 190) Il3o6pa)KaeT )J,IInoJihHhIH napaMeTP 
yrrroBOH aHII30Tp0IlIIII )J,JI5! 2p-3JieKTpOHOB o+ B err rrc<DO. rrapa­
MeTp 6bICTpo )J,OCTIIraeT MaKCIIMyMa 3a IIOporoM II )J,aJiee MOHOTOH­
HO y6hrnaeT. 

PttcynKH 2.8 _Cr co)J,ep)KaT pe3yrrnTaThI BhiqIIcrreHIIH )J,JIH aToMa 
xpoMa (Cr). 

PIIC. 2.8_Cr_al (CD, 191) IIpIIBO,I(IIT HOJIHOe ceqe1rne cpOTO­
IIOHII3aIIIIII aTOMa Cr B npII6JIII)KeHII5IX X<P-.u, X<D-c II err rrc<DO. 
rrpII w z 3.5 Ry BII.UeH, KaK II B Mn, rIIraHTCKIIH aBTOIIOHII3aIIIIOH­
HhIH pe30HaHC - MaKCIIMYM, B03HIIKaIOIIJ;IIH BCJie)J,CTBIIe CIIJibHOrO 
B3aIIMO)J,eHCTBII5! .UIICKpeTHOro IIepexo.ua 3p i - 3d t co CHJIOIIIHbIM 
CIIeKTpOM 3di - Eji (cM. [57]). 

Pnc. 2.8_Cr_dl (CD, 191) mo6pa)KaeT .unnonbHhIH napaMeTP 
yrrroBOH aHH30TpOIIIIII )J,JUI 3d-«BBepx»- II 3p-«BBepx»- II «BHH3»-
3JieKTpOHOB aToMa Cr B err rrc<Do (CM. [58]). 06paIIJ;aeT BHHMaHHe 
KaqecTBeHHOe CXO)J,CTBO KpIIBbIX )J,JI5! 3p-<<BBepx»- II «BHII3»-3JieKT­

pOHOB. 
Pnc. 2.8_Cr Cr* _el (CD, 192) IIpe.ucrnBJIHeT ne.UHIIOJibHhie na­

paMeTphI yC yrrrosoH: aHH30'fPOHIIH )J,JI5! 4s-«BBepx»-3JICKTpOHa aTO­

Ma Cr H 4s-«BHII3»-3JieKTpoHa aToMa xpoMa B so36y)K.UeHHOM cocTo-
5IHHH Cr* B IIpH6JIH)KeHHH X<D II 11C<DO (cM. [59]). Ornnque Me)K.uy 
KpIIBhIMM - sechMa senIIKO. Cl111C<PO KoppeJIHIIIIll cyIIJ;ecrneHHhI 
JIIIIIIh )J,JIH «BBepx»-3JICKTpoHa. 11apaMeTpbl ,I(JIH «BHII3»-3JICKTpOHOB 
OTJIMqaeT OCIIMJIJI5IIIM5! 6yKBaJihHO Ha nopore. 
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P11c. 2.8 _Cr_ e2 (CD, 193) 11306pam:aeT ne.n:11noJibHhie napa­
MeTPhI yrnoBOM aHH30TpOilHH yC H ()C 11 HX MaruqecKyIO KOM6u­
naumo (yC + 3oC) .n:mr 3d-3JieKTPOHOB aTOMa Cr B en nc<I>O 
(cM. [59, 60]). 

Puc. 2.8 __ Cr _ dfl (CD, 194) .n:afa .n:unoJihHbIC napaMeTPbI .r~n51 
3p-«BBepx»- H «BHH3»-3J1eKTponoB aToMa Cr: a) yn10Bott anH30-

Tponuu p3p(co); CIIUHOBOM IIOJI51pU3aUHU: 6) A3p (co), e) <X3p (co), 
2) S3p (co). 

Puc. 2.8_Cr_d£2 (CD, 195) npe.n:crnBJI5leT ,D,HIIOJibHhre napaMCT­
pbr .D.JI51 3d-3JieKTponoB Cr u Cr*: a) yrnoBott anu3oTponutt B3p(co); 
CIIUHOBOM IIOJI51pH3aUHH: 6) Aj~2(co), e) a j~2(co), 2) ~j?(co) (cM. 
[60, 61]). PaccMOTpennoe B036ym:.n:entte B o6rueM Mano cKa3hIBaeTCJI 
na napaMeTpax. 

PucynKu 2.8 _Cr+ co.n:epm:aT pe3yJihTaTbI BbrqttcnemiH: .n:1rn 
HoHa Cr+. 

Puc. 2.8_Cr+_al (CD, 196) npttBO.D.HT nonnoe ceqenwe cpoTo­
HOHH3auwu UOIIa Cr+. BH.D.eH MOIUHbIM MaKCUMyM, CB513aHHbIM C B03-
6y-M.D.CirneM 3p3 L-3JieKTPOHOB. 

Puc. 2.8_Cr+_dl (CD, 196) 113o6pam:aeT .D.HHOJibHbitt napaMeTp 
yrJIOBOM aHU30TpOIIHH .n:mr 3d-«BBepx»- u 3p-<<BBepx»- u «BHH3»-
3JieKTpOHOB ttona Cr+. Y noporos Bapuauuu napaMeTpOB oIJeHh 
CHJibHbI (CM. [ 61 ]). 

PucynKu 2.S_Mo co.n:epm:aT pe3yJihTaTbI BbI'IIICJienuH: .D.JI51 aTo­
Ma MOJIII6.n:ena (Mo). 

PIIc. 2.8_Mo_al (CD, 197) npttBO.D.IIT nonnoe ceIJeHIIe cporn­
HOHH3aUHH aTOMa Mo B npII6JIIIm:emrnx X<P-.n:, X<l>-c II en nC<I>O. 
Ponh nC<I>O KoppeJI51UIItt BeJIIIKa. IIepBbitt MaKCIIMYM - 3TO ceIJe­
HIIe cpOTOIIOHH3aUHII 4d 5 t -3JieKTPOHOB, a BTOpoH: - cne.n: aBTO­
HOHII3aUHOHHOro pe3onanca 4p t --4d t, pacna.n:arorueroc51 c y.n:a­
nenIIeM 4dt -3JieKTpOHOB. 

PIIc. 2.8_Mo_bl (CD, 197) tt3o6pam:aeT .D.IIIIOJibHbitt napaMeTp 
yrJIOBOM aHII30TpOIIIIII .[(JI51 4d-«BBepx»- II 4p-«BBepx»- II «BHH3»-
3JieKrpOHOB aTOMa Mo. napaMeTp B4d OTJIIIIJaeT MIIHIIMYM cpa3y 3a 
noporoM H He60JibllIOM MaKCIIMYM y nopora 4p. nptt 60JibllIHX 3Hep­
rmIX Bee B 6ntt3KH. 

Pttc. 2.8 _Mo_ dfl (CD, 198) npe.n:crnBJI5leT .D.HIIOJibHbie napaMeT­
pbI .D.JI51 4p-«BBcpx»- H «BHII3»-3JieKTponoB Mo: a) yrnoBott anII30-

TponIIH B4P (co) H cnIInosoH: non51p113aUIIH: 6) A4p (co), e) a 4P (co), 
2) S4p (co) _(CM. [61]). 

Puc. 2.8 _ MoMo* _ d£2 (CD, 199) npttBO.D.HT .D.HHOJibHhie napa­
MeTpbI 4d-3neKTPOHOB Mo H Mo*: a) yrnosoH: anII30Tponttn B4d(co); 
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cnttHoBoii nomrpH3au,tttt: 6) Al:/( w), e) a~;/( w), 2) ~~;/( w)(cM. [59], 
[61 ]). 

Ta6JIHu,a K n. 2.8 (CD, 294) BKmoqaeT pacqeTHhre 3Haqettmr 

cttn ocu,ttnn.HTopoB g;rB nptt6m1:>KeHHHX X<l>-.n., X<l>-c, rIC<l>O-.n.-c (B 
tteKOTOphrx cnyqa.Hx :_ OrIC<l>O) ttecKOJihKHX caMhrx HH3Kttx .n.ttcK­
peTHhIX ypoBHeH B036y:>K,!l,eHHH Ka:>K,!l,OH paccMOTpeHHOH no,no6o­
JIOqKH aToMa, rrprrBe.n.eHHoro B :noM pa3,nene. Ta6nttu,a .n.aeT TaK:>Ke 
3naqemrn pacqeTHhIX :meprttii nepexo.n.a o.v 

2.9. ATOMhI u HOHhl JJieMeHTOB 
VII u VIII rpynn nepuoJJ:uqecKott cucTeMhI 

B 3TOM pa3,nene MhI npe.ncrnBJI.HeM nanm pe3yJihTaThI ,!l,Jrn Bnern­
neii H npoMe:>KyToqnbIX no,no6onoqeK HOHOB H neKOTOpbIX aTOMOB 
JJieMeHTOB VII H VIII rpynn. 3.n.ecb MhI cKonu,enTpttpoBaJIHCh na 
aToMax c ne3anonnennoii no.n.o6onoqKoii H Ha HX HOirnx, HMeIOill,HX 
Bee 3anonnennh1e HJIH nony3anonneHHbie no.n.o6onoqKH, a HMenno 
F (Z= 9) ls2, 2s2, 2p5; F* (Z= 9) Isl, 2sl, 2p3, 3s', 3p3 Beet; F2+ 

(Z = 9) Is2, 2s2, 2p3t; p- (Z = 9) ls2, 2s2, 2p6; Cl (Z = 17) 2p6, 3s2, 
3p5; c1- (Z = 17) 2p6, 3s2, 3p6; Mn (Z = 25) 3s2, 3p6, 3d5 t, 4s2; Mn+ 
(Z = 25) 3s2, 3p6 , 3d5t, 4st; Br-(Z = 35) 3s2, 3p6, 3d10, 4s2, 4p6; Tc 
(Z = 43) 3p6, 3d10, 4s2 , 4p6, 4d5t, 5s2; I (Z = 53) 4s2, 4p6, 4d'o, 5s2, 
5p5· J+ (Z = 53) 4s2 4p6 4d10 5s2 5p4• J2+ (Z = 53) 4s2 4p6 4d'o 5s2 

' ' ' ' ' ' ' ' ' ' 5p3 t; r (Z = 53) 4s2, 4p6, 4d10, 5s2, 5p6; Pd (Z = 46) 3s2, 3p6, 3d10, 

4s2, 4p6 , 4d10• <l>opMyJihl, c IIOMOill,bIO KOTOpbIX nonyqenbI .n:aHHbie, H 
0603naqenHH na pHcynKax Te :>Ke caMhie, qTo H ,!l,JIH 6naropo,n:nhrx ra-
30B, H npHBe,!l,eHbI B II. 2.1. 

3.n.ecb t 06031rnqaeT «BBepx»-3JieKTp0HhI ,!l,JIH Cfl fIC<l>O (cM. 
IL 1.10). 

KpamKue KOMMe11mapuu K pucy11KaM n. 2. 9 

PHcynKu 2.9 _ :F co.n.ep:>KaT pe3ynhTaThI BhJqHcnemiii ,!l,JIH aToMa 

qJTopa (F). 
PHC. 2.9 _F _al (CD, 200) H306pa)KaeT IIOJIHOe ceqenHe cpoTO­

HOHH3aU,HH aToMa F B flC<l>O ,!l,JIH ne3anonnennh1x o6onoqeK 
(flC<l>OH) c pm.n:enhHbIMH BI<Jia,!l,aMH KOHeqnhIX COCTOHHHH c Tep­

MaMH 2S, 2P, 2D H c HX cyMMOH. 
PucynKu 2.9 _ F* co.n.ep:>KaT pe3yJihTaThI BbiqHcnennii ,!l,JIH aToMa 

cpTOpa B B036y:>K,n:eHHOM coc:ro.HHHH (F*). 

113 



P11c. 2.9 _F*_al (CD, 200) rrpe,n;cTaBJrneT nonHoe ceqeHHe cp0To­
IIOHH3a:1.i:II11 aTOMa F* B IIpII6JimKeHH5IX X<P-.u, X<l>-c, err rrc<Po. 
11pII ro ~ 1. 7 Ry BII.IJ.eH BTopoli MaKCHMYM ceqemrn. 

P11c. 2.9 _F* _a2 (CD, 201) cpaBHIIBaeT ceqemrn cpoToHOHII3au1m 
aTOMa f B OCHOBHOM H B036y)!(,UeHHOM (f *) COCT05IHH5IX B Crr 
ITC<DO. Bo36y)K.IJ.eHtte aToMa Q:>opM11pyeT MaKCHMYM B crrJIOilIHOM 
crreI<1'pe rrpII ro"' 8 Ry. 

P11c. 2.9_F*_dl (CD, 201) naeT He,n;IIrroJihHhiii rrapaMeTp 3p- u 
2p-::meKTpOHOB F* B en ITCct>O. 06pamaeT BHIIMaHIIe MaKCHMYM 
rrpII 75 3B, B03HIIKaIOIIJ:IIM BCJie.lJ.CTBIIe B03)J,eMCTBII5I 3JieKTpOHOB 2p 
Ha 3p. 

PncynKH 2.9 _F2+ conep)KaT pe3yJihTaThI BbiqIIcneHIIM .lJ.JI5I 
HOHa f2+. 

PHC. 2.9 _F2+ _al (CD, 202) rrpIIBO.lJ.IIT ITOJIHOe ceqe1rne cpoTO­
HOHH3aUim IIOHa p+ B rrp116mI)!(eHIIIl err ITC<PO. 

PIIC. 2.9 _f2+ _a2 (CD, 202) .IJ.aer KBa3IIceqenII5I B036y)!(.lJ.eHII5I .IJ.II­
CKpeTHbIX ypoBHeii IIOHa p2+. 

PHC. 2.9 _p2+_dl (CD, 203) II306pa/KaeT .lJ.IIIlOJibHbIH rrapaMerp 
yrnoBott aHII30TpOrrIIII P2P .IJ.JI5I 2p-3neKTpOHOB F2+. 

PncynKH 2.9 _Y conep)J(aT pe3yJihTaThI BhJqJicnenIItt .IJ.JI5I 
IIOHa f-. 

PIIc. 2.9 _F-_al (CD, 203) rrpIIBO.IJ.IIT nonnoe ceqe1me cporn­
MOHII3au;IIII uona P- B ITC<l>O. 06pamaeT BHIIManue 6hICrpbIM, rroqn1 
cKaqKoo6pa3nhIH pocT ceqenII5I BHernueii o6onoqKu na rropore, qTo 
.uerraeT CHTyai.i:mo, IIO.IJ.06Hoil IIMeromeii MeCTO B ueiirpaJibHbIX aTOMax. 

PIIc. 2.9 _F-_dl (CD, 204) mo6pa)!(aeT .IJ.IIIIOJibHhIH rrapaMerp 

yrnoBoiI anII30TpOIIHH P2P .lJ.JI5I 2p-3JieKTpouoB F-. 3a Y3KIIM MIIHII­
MYMOM nocne nopora rrapaMeTp cnaqana 6hICTpO uapacrneT, y)l(e c 
30 3B pocT 6b1crpo 3aMe,nn5IeTC5I. 

P1:1cyuK1:1 2.9 _Cl coJJ.ep'.!KaT pe3yrrh1·aThI Bh1qucneHllil .um1 aToMa 
xnopa (Cl). 

PIIC. 2.9 _Cl_al (CD, 204) Il306pa)!(aeT IIOJIHOe ceqenIIe cpoTO­
HOHH3aUHH aToMa Cl B ITC<POH, c pa3.IJ.eJihHbIMII BKna.naMH KO­
neqHbJX COCT05IHHH c TepMaMH 2S, 2P, 2D Il c HX cyMMOH (CM. [ 62]). 

B ceqenIIH .IJ.OMHHttpyeT nrnpoKHM MaKCHMYM rrpII CD"' 1.5 Ry. 
P11c. 2.9_Cl_bl (CD, 205) naer ceqeutte cpOTOilOHH3aUIIH 3p-

3JieKrpOHOB arnMa Cl. 3KcrrepttMeHT B35IT 113 [63). IToporn HOHH3a­
UHII B35ITbI 3KcnepHMeHTaJibHbIMil no TepMaM 3P - I3P = 0.959 Ry, 
iD - IiD = 1.060 Ry, is - /is= 1.207 Ry. 

Pncymrn 2.9 - er co.nep)!(aT pe3yJibTaTbI BbJqIIcJieHHH .IJ.JI5I 
IlOHa Ct. 
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Prrc. 2.9_Cl-_al (CD, 205) npirnOJJ;HT rronttoe ceqeHHe ¢oro­
IIOHI13aI~HII IIOHa c1- B npII6JIII)KeHII5IX X<f>-JJ;, X<f>-c H fIC<f>O. Ce­
qefrne oqem, 6hrcrpo pacrer or nopora, .D,OCTIIra5I MaKCIIMyMa nptt 
co"" 1.25 Ry, rrocne qero ).1.0BOJihHO 6hrcrpo y6hrnaer. 

Pwc. 2.9 - c1-_ b I (CD, 206) npe.D,CTaBJI5IeT ceqemie ¢oTOilOHII3a­
QIIII 2p-3JieKTpOHOB lIOHa c1- B npII6JIII)KeHHII X<l>, fIC<l>O, OX<l> II 
011C<t>O. CeqeHHe oqeuh 6h1crpo, npaKrIIqecKII cKaqKoM, pacrer Ha 
nopore. B npII6JIII)KeHIIII X<f> II fIC<f>O IIMeerc51 oqeuh BbICOKIIH H 
Y3KIIH MaKCHMYM, OTcyrcrnyJOIUHM B 011C<f>O. 

PIIc. 2.9_c1-_d1 (CD, 206) II3o6pa){{aer .D.HnorrhHhIH napaMerp 
YrJIOBOM aHH30YpOillI.ll ,ll,JI5I 2p-, 3p-3neKrpOHOB IIOHa Ct B 11pII6mI­
){{eHHII X<l>-).1., X<f>-c II OI1C<f>O. IlapaMeTphr ~3p, 2P (w) HMefOT 
OCTphIH MaKCIIMYM y CBOIIX noporoB. 3aMeTHO BJIII5IHIIe 2p-3neKrpO­
HOB Ha 3p B6JIH3H nopora 2p. 

PIIc. 2.9_Cl-_d2 (CD, 207) II3o6pa){{aer .D.IInorrhHbIH napaMerp 
yrnoBOH anH30YpOill1II 2p-3JieKTpOHOB IIOHa Ct B I1Cef>Q H 
011C<t>O. B OI1C<l>O IIcqe3aer Y3KIIM MaKCIIMYM B6nII3II nopora, 
IIMCfOIUIIHC51 B IIC<l>O. 

P11cymm 2.9 _Mn co).1.ep)KaT pe3yJihTaThl BbiqIIcJieHIIH JJ.JUI aTo­
Ma MapraHQa (Mn). 

PIIc. 2.9 _Mn_al (CD, 207) npIIBO.D.IIT norrnoe ceqenIIe ¢oTO­
IIOHII3aQIIII aTOMa Mn B npII6nmKeHII5IX X<l>-.D,, X<f>-c II en 11C<f>O. 
BII).1.Ha 6orara51 pe3oHaHcHa51 crpyKTypa. 

PIIc. 2.9 _Mn_bl (CD, 208) )J.aeT rnraHTCKIIH aBTowonmaQII­
onnh1H: pe3onanc B ceqemm cpoTOIIOHII3aQIIII 3d-«BBepx»-3rreKT­
ponoB Mn [64]. CnJ1oiuHw1, !lUHUfl yqIITbIBaeT BKJia).1. )J.IICKpeTHO­
ro B036y)K,n:eHII51 3p L - 3d L ,[(annhre 3KcnepIIMenra B351TbI 113 [ 65, 
66]. 

PIIc. 2.9 _Mn_dl (CD, 208) npIIBOJJ;IIT )J.IIITOJibHhIH napaMerp yr­
JIOBOH aHII30TpOnIIII )J.JI5I 3d-«BBepx»- II 3p-«BBepx»- II «BHII3»-3JieK­
TpOHOB Mn (CM. [58]). IlapaMerp )J.JI}l 3p-3neKYpOHOB HMeeT MIIHII­
MYM B6JIII3II nopora, ror.n:a KaK )J.JI51 2p-3rreKTpOHOB y noporoB IIMe­
eTC51 ocTpbrH MaKCIIMyM. HaqIJua51 co 120-130 3B KpIIBbie 
,ll,OBOJibHO 6JIH3KII. 

PIIc. 2.9_Mn_el (CD, 209) II3o6pa:>KaeT He)J.IIITOJihHbre napaMeT­
pbI yrrroBOH aHII30YpOilIIII ,UJI5I 4s-«BBepx»- II «BHII3»-3JieKTpOHOB 
Mn B rrp116m1:>KeHH5IX X<f>-)J., X<f>-c II err rrc<t>o (CM. [59]). Porrh 
Koppen5IQIIH HeBeJIIIKa. 

PIIc. 2. 9 _Mn_ e2 (CD, 210) npIIBOAIIT ne)J.IIITOJibHhre napaMeYphI 
yrJIOBOll aHH30Tpomrn yC Il 3c Il IIX MarHqecKyfO KOM6HHaQH10 
(yC + 3oC) )J:JI5I 3d-3JieKTpOHOB Mn B err rrc<t>o. I1apaMeTpbI 6bICT-
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po HapacTaIOT OT nopora. 3aTeM BhIXO)l.srr Ha cyrn,ecTBe1rno 6onee 

Me,n:11e1my10 JIHHeHHYIO 3aBHCHMOCTb OT (J) (CM. [ 61 ]). 
Pnc. 2.9_Mn_fl (CD, 211) ,n:aeT .n:nnoJibHbie napaMeTphI ,n:1151 

3d-«Bscpx»- ::ineKTpOHOB Mn: a) yrnoBOH aHmoTponnn ~3d(ro); cnn­

HOBOH no1151pmal!ntt: 6) Ajb2( w), e) a j:/c w), 2) ~ jj2 ( w) Ben nc<t>o 
(cM. [60, 61]). B cnHHOBOH nOJI51pH3al!HH BH,n:eH cne,n: BJIH51HH51 B03-
6y)l{,n:eHHH 3p-3JieKTpOHOB. 

Pwc. 2.9_Mn_f2 (CD, 212) H3o6pa)KaeT ,n:HTIOJibHbIH napaMeTp 

3p3-::incKTpoHoB Mn: a) yrnoBOH aHH30TponHH ~3p(ro); cnHHOBOH no­

JI51pH3al!IIII: 6) A3p ( (J) ), B) <X3p ( (J) ), r) ~3p ({I)) Ben IIC<PO (CM. [ 61 ]). 
PncyHKH 2.9 _Mn+ co,n:ep)KaT pe3yJihTaTbI BbrqHcJienwiI ,n:JI51 

HOHa Mn+. 

PHc. 2.9_Mn+_al (CD, 213) npe,n:cTaBJI51eT nonnoc ceqenwe cpo­
TOHOHH3al!HH HoHa Mn+ B rrp:u6mnKemrnx X<P-A, X<P-c H CTI 
ITC<PO. fHraHTCKHH asTOHOHH3al!HOHHbIH pe3ouauc pacnoJio)KeH 
rrpH ::ineprntt 4 Ry. EMy rrpe,n:UiecrnyeT (rrpH ::iHcprnw ~2.3 Ry) MaK­

CHMYM B ceqeHHH 3p6-3JICKTpOHOB. 

P11c. 2.9_Mn+_dl (CD, 213) H3o6pa)KaeT ,n:HIIOJibHbIH rrapaMcTp 
yrJIOBOH aml30TpOI1IllI 3d-«BBepx»-, 3p-«BBepx»- lI «BHll3»-3JieKT­

poHOB HOHa Mn+. Pa3JIJiqJie rrapaMeTpOB 3pi H 3p! BCJIHKO: ~3p 1 (co) 
HMeCT .n:orrommTeJibHbIH ITO cpaBHeHHIO c ~3p 1 ( (J)) MaKCHMYM 3a no­

poroM. Pe3KMe H3MeneHH51 s ~3d1 (co) 51BHO KoppenwpyIOT c oco6enno­
crnMH ceqcmrn cpoToHonmal!Mll Pwc. 2.9 _Mn+_al. 

Pwc. 2.9 _Mn+_d2 (CD, 214) ,n:aer .Il.HIIOJibHbIH napaMeTp yrno­
BOH aHH30TpOilllll ,Il,J151 3d-::111eKTpOHOB Mn+ B err fIC<PO (CM. [ 67]). 

Bw,n:na M0111na51 OCl!HJIJI511lll51, 06yc110BJieHna51 BJIH51HHeM 3p ! - 3d ! . 
Kp1rna» 6onee no)l.p06Ho npe)l.cTaBJI51eT pe3KHe H3MCHCHH» \)3,11 ( ffi) 
no cpasHeHIIIO c Pwc. 2.9 _Mn+ _dl. 

PHcynKH 2.9 _Br- coJJ,ep)KaT pc1y11bTaTb1 Bbr'IHcneHHH )l.JI51 noua 
6poMa (Br-). 

Pwc. 2.9_Br-_al (CD, 214) mo6pa)l{aeT nonHoe ceqenIIe cpoTo­
HOHH3al!ttH 11ona Br- B npn6m1)KCHH5IX X<P-JJ., X<P-c n rIC<PO. B11JJ,­

HhI .II.Ba MaKCHMyMa y rropora: npw 1 Ry - OT 4p6-3JICK1JJOHOB II 
rrpH 15 Ry. BJIH51HHC Koppemil!HH 3JieKTpOHOB s6nmH nopora se­

JIHKO. 

Pwc. 2.9_Br-_dl (CD, 215) rrpet1,cTaBJI5IeT JJ,HITOJibHbIH rrapaMeTp 
yrnoBoH am110TporrHH 3p-, 4p-::ineKTpOHOB HoHa Br-. KaK B oqeHb 

MHOflIX c11yqa51x, \) OTJIHqaeT 0Cl!HJIJI51Ull51, HaqHHa10rn,a51c51 cpa1y 3a 

noporoM HOHH3al!HH. 
PHcynKH 2.9 _Tc co)l.ep:>KaT pe1ynnTaTbl BhT'lHcneHIIH t1,JI5I aToMa 

TeXHel!II51 (Tc). 
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PHc. 2.9_Tc_al (CD, 216) npep,cTaBmieT noJrnoe ceqe1rne <PoTo­
HOHll3au;HH aTOMa Tc B rrpH6Jm)Kemrnx X<D-,u:, X<D-c H CTI TIC<DO. 
Bn,u:tto, qTo B CTI 11C<DO B03HHKaeT KaK oTpa)Kenne LJ.HCKpeTttoro 
B036y)K,u:enmI 4pL-+4dL rHraHTCKilH aBTOilOHll3al(IlOHHblH pe30-
HaHC - rny6oKHM MllHHMYM npn w"" 2.5 Ry, 3a KOTOpblM cne,u:yeT 
MaKCHMYM npH w ""3 Ry. CIJTyarurn: no,u:o6na nMe1mu;eii: MecTo B Mn 
(cM. Pnc. 2.9 _Mn_al). 

Pttc. 2.9 _Tc_dl (CD, 216) IJ3o6pa:tI<aeT LJ.HHOJibHhIH napaMe-rp 
yrJIOBOH aHH30'fPOilllll L(JI5! 4d-«BBepx»-, 4p-«BBepx»- Il «BHH3»-
3JieK'fPOHOB aTOMa Tc B en ITC<DO. HaqIJHa5! c npHMepuo 80 3B 
KpHBbie no,u:o6Hbl. IlapaMe-rp (}4J1 IlMCeT LJ.OHOJIHIJTeJibHbIH MHHll­
MYM cpa3y 3a noporoM. 

PIIc. 2.9 _Tc_fl (CD, 217) naeT ,u:nnonbHhre rrapaMeTpbr ,U:JI5! 
4d-«BBepx»-3JieKTpOHOB aToMa Tc: a) yrnoBon aHH30TponHH ()4J( ro ); 
CilHHOBOH ITOJI5!pll3al(llll: 6)A1f/(w), B)cx~;/(w), r)~~j2 (ro). 3a HCK­
moqeHHeM (}4J ( (!) ), OCTaJibHbie rrapaMeTpbI ITOJJ,06Hbl auanorIIqHbIM 
3aBHCHMOCnIM B Mn - CM. Pnc. 2. 9 _Mn _fl; ()4d ( ro) HMeeT nonon­
HIITeJibHbltt MaKCilMYM rrpH 90 3B. 

Pttc. 2.9_Tc_f2 (CD, 218) npencrnBJrneT ,u:HnoJibHbie rrapaMeT­
pbI ,U:JI5! 4p-«BBepx»- Il «BHll3»-3JieKTpottoB aToMa Tc: a) yrno­
BOH aumoTpOIIHll (}4p ( (!) ); CIIHHOBOH IIOJI5!pH3al(IJH: 6) A4p ((I)), 
B) U4p(co), r) ~4p(co) (CM. [61]). 3aBIICHMOCTH OT 3HepmH <PoTOHa 
1rnqecTBenuo rro,u:o6tthI auanorttqHbIM 3aBIICIIMOCnIM B Mn - CM. 
PIIc. 2.9 Mn f2. 

PucynKtt 2.9 _I co,u:ep)KaT pe3yJibTaTbI BhiqHcnenIIii LJ.JI5! aTOMa 
HO,U:a (I). 

Pttc. 2.9 _l_al (CD, 219) mo6pa)KaeT norruoe ceqcm1e <Porn­
HOHH3anrrH aToMa I B ITOPOH. Btt,u:en CIIMMeTpHqHbIH rttraHTCKilM 
pe30HaHC Il rrpeLl,CTaBJieHbI <PopMHPYIOlllHe ero BKJia)l,bl TepMOB 2S, 
2p, 2D Il HX cyMMa (CM. [68]). 

PucynKH 2.9 _1+ co,u:ep:tI<aT pe3yJihTaThI Bb1qttcnem1H: ,U:JI5! 
llOHa l+. 

Pwc. 2.9_1+ _al (CD, 219) npe,u:cTaBJI5!CT rronnoe ceqe1me <PoTo­
IIOHll3au;ttH IIona J+ B ITC<DOH rr B OTIC<DO (c yqfaoM nepecTpoH:­
KH) (cM.[68]). 3KcneprrMe1ITaJibHhie )l.aHHhIC B35!TbI H3 [69]. YqeT ne­
pecTpoii:KH 3aMeTHO ynyqrnaeT cornactte c onhITOM. 

Prrc. 2.9_J+_a2 (CD, 220) II3o6pa)KaeT Bhixo,u: ,u:ByKpaTHhIX 
HOHOB npH IIOrITOllleHHil cpoTOHOB HOHOM I+, paccqHTaHHblH B 

ITC<DOH (cM. [68]). 3KcnepttMeHTaJihHhie ,u:aHHbie B35!TbI m [69]. 
Btt,u:en MaKCHMYM nptt 80 3B, KaqecTBenuo no,u:o6nh1tt ua6n10,u:aeMo­

MY B Xe (cM. Puc. 2.2 Xe b5). 
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Puc. 2.9_J+_bl (CD, 220) .n:aeT ceqeHue <P0Tou0Hmau1m 
Ss-:meKrpoHOB 11oua J+ B or<pecTnocnr mnepcpepeuuuonuoro pe3o­
uanca, paccqurnHnoe B np116Jm)KeHUHX XCl>-.u;, X<l>-c H fIC<l>OH. 
MaKCHMYM KaqecTBeHHO no.no6eH TOMy, qTO HMeeT MeCTO B ceqe­
mm cpoTOHOHH3auu11 Ss-:JJieKTpOHOB Xe (Pttc. 2.2_Xe_b2) H BbI3BaH, 
KaK 11 B Xe, B03,lJ.eilcTBHCM 4d-ruraHTCKoro pe3oHattca. 

Pttc. 2.9 _I+ _dl (CD, 221) np11so.n.11T .n:11nonhHbIH napaMeTp 
yrnoBoil aHH30Tpomm 4d-, 5p-3JieKTpOHOB uoHa J+. KpuBbie 1<a­
qecTBeHHO IlOXO:>I<H, HO ~Sp HMeeT J(OilOJIHHTeJibHhIH MaKCHMYM npH 
ro"" 68 :JB. 

Pncymrn 2.9_12+ co.u;ep)KaT pe3ynhTaTbI Bh1q11c1ie1-1uti .n:mr 
UOHa J2+. 

Pnc. 2.9_J2+_al (CD, 221) u306pa)KaeT nonHoe ceqe1me cp0To­
uouu3auuu UOHa J2+ B npH6JIII)KeHU5IX X<l>-.n, X<l>-c H err 11C<l>O. 
Bn.neH CUJihHO acHMMeTpuqnhIH rnraHTCKHH pe3oHaHc 4d-no.n:o6o­
noqKlI, KOTOpoMy npe.n:111ecrny10T l.(lICKpeTHble ypoBHH B036y)K,n:e­
HH5I C 60JibIIIOH CHJIOH OCUHJIJl5ITOpOB. 

Pnc. 2. 9 _ J2+ _ a2 (CD, 222) npe.n:crnBJIHeT s1>1xo.n: TpexKpaTHbIX 
HOHOB nptt IlOrJIOIUeHUU cPOTOHOB HOHOM J2+ B CTI I1C<l>0. 31<cnepM­
MeHTaJibHbie .n:aHHhie B35IThI u3 [69]. Bu.n:Ho no.n:o6ue cHTyau1m ,nJI5I 
.J:i:ByKparnoro uoHa Puc. 2.9_I+_a2. 

Puc. 2.9_J2+_bl (CD, 222) .i:i:aeT ceqemre cpoTottoHu3aumr 4d­
:JJieKTpOHOB HOHa p+ B nptt6JIH)KeHJrnx X<l>-.n:, X<l>-c u en ITC<l>O. 
I1pHMeqaTeJibHO, qTo KoppemIUHH ycTpaH5IIOT MaKCHMYM Ha nopore 
B npu6mr)KeHHH X<l>, c.nsttraH ero cyruecTBeHHO 3a rropor. Btt.n;Ho, 
qTQ ruraHTCKHH pe30IIaHC B CllJIOlllHOM cneKTpe - CHJibHO aCHM­
MCTpHqeH. 3rn acIIMMeTpHH ycnnena B cpaBHemm c c11Tyau11eli BI+, 
mo6pa)Kettuoii na Puc. 2.9 _J+_al. 

Pttc. 2.9_F+_dl (CD, 223) H306pa)KaeT .D.HilOJihHhIH napaMerp 
yrnoBoli attH30TpOIIHtt mrn 4d-, 5p-3neKTpouoB Motta J2+. 

Pncy1rnm 2.9 _r co.i:i:ep)KaT pe3yJibTaTbI Bh1qncneuuH: ,n;JI5I 
UOHa J-. 

P11c. 2.9 _r_al (CD, 223) np11so,n;IIT nonttoe ceqenuc cpornno11H-
3au1111 HOHa r B rrpu6JIU)KeHH5IX X<l>-.i:i:, X<l>-c H ITC<l>O. BH,ll;Hbl TpH 
MaKCHMyMa: rrpH 1, 7 u 20 Ry. MaKCUMYM npn 7 Ry ecTb nrraHT­
cKuii pe30HaHC (CM. [70]). 

Puc. 2.9 _I-_a2 (CD, 224) .i:i:aeT rnranTc1<uli pe3onanc B nonnoM 
ceqeHHH cpoTOHOHH3aUHH HOHa r B ITC<l>O (CM. [70]). 31<cnepHMeH­
TaJihHbIC ,lJ:aHHblC B3HThl fl3 [71). 

P11c. 2.9 _r_a3 (CD, 224) cpaBHHBaeT noJIHbie ceqeHH5I cpoTO­
IIonmaun11 B OKpCCTHOCTU 4d-rttraHTCKOf0 pe30HaHCa HOHa r 
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(rIC<t>O), aToMa I (IIC<l>OH) H HOHa 1+ (IIC<l>OH) (cM. [68]). Btt.n:Ho 
yBem1qe1rne BKna.n:a ,[(HCKpeTHbIX ypoBHeii c pOCTOM cTeneHH HOH­
HOCTH. 

Pttc. 2.9 _r_a4 (CD, 225) cpammBaeT ceqeam1 cpoTOHOHH3aI(HH 
HOHa r, aTOMa Xe H HOila Cs+ B llCCl>O. Btt.n:na CHCTCMaTHqecKaJI 
.n:ecpopMat~HJI nepBoro MaKCHMyMa II rttranTcKoro pe3ouattca c poc­
TOM 3apj{.n:a j{.n:pa. 

Pttc. 2.9_r_bl (CD, 225) npttBO.[(HT ceqe1me <t>oTOOTpbIBa 3neK­
Tpoua II3 5p-060JIOqKH MOHa r (CM. (68]). 

Pttc. 2.9 _r_b2 (CD, 226) .n:aeT ceqeutte cpoTOoTpbIBa 3neKTpoHa 
H3 5s2-o6ono'lr<H Moua 1- B nptt6nmKeHHH X<l>-.n: (nym<mup), ITC<l>O 
c yqeTOM 4d (Uimpuxny11Kmup), IlC<l>O c yqeTOM B03,[(CllCTBHJI 4d- H 
5p-:meKTpOHOB (cn;lOLUHaR JlUHUR). IlpOHCXO,[(MT, KaK H .n:m1 5s2-

3JieK'rpOHOB Xe, HX nonnaJI «KonneKTHBH3aI(ttH» no.n: BJIMHHHCM «CO­
ce.n:eii» 5p6- H 4d10-3neKTpOHOB. 

Pttc. 2.9 _r_b3 (CD, 226) npe.n:cTaBnHeT ceqe1me cpoTOOTpbIBa 
4d-3JICKrpOHOB OT HOHa r B npH6JIH:>KCHHH XcJ> (rrepeX0,!1. 4d - Ej), 
rIC<t>O (nepeXO,[(bl 4d - f:f, Ep H HX cyMMa)- mraHTCKHll pe30-
HaHc. 

Pttc. 2.9 _r _dl (CD, 227) H3o6pa)l(aeT .n:ttnOJibHbIH napaMeTp yr­
noBoii aHH30TpOilHH .n.mI 4d-, 5p-3JICKTpOHOB aToMa r. IlpHMe"!aTe­
JieH Y3KHll rny6oKHH MHHHMYM Ha nopore ~5P' Tor.n.a KaK ~4d HMCCT 
IlO"ITH cpa3y Ha nopore MaKCHMyM. 3aMeTeH He6oJibllIOll MaKCHMYM 
B ~sp npH 67 3B. 11oHH3aI(HOHHhie noTeHI(HaJibI paBHbI I1-. 4d = 57.39 
H I1-, Sp == 3.56 3B. 

Pttc. 2.9 _r _el (CD, 227) .n.aeT He.n.11nonhHb1e napaMeTpb1 yrno­
Boii aHH30TpOilMH ,[(JIH 5p-3JICKTpOHOB MOHa 1- B OKOJIOnoporoBOH 
o6nacTH B nptt6mnKeHHH X<l> H 11C<l>O. He6orrbIIIaH BapHaI(HH 6b1-
CTpo CMCHHeTCH JIHHCHHOH 3aBMCHMOCTblO (CM. (72]). 

Pttc. 2.9 _r _e2 (CD, 228) npe.n:crnBnHeT He.n:ttnoJibHhie napaMeT­
pbI yrnoBoii aHH30TpOilHH ye, BC H HX MamqecKy10 KOM6HHaI(HIO 
(yC + 38C) )'.lJIH 5p-3JieKTpOHOB HOHa 1- B cpaBHCHHH c aHanomqHbl­
MH ,naHHbIMH Xe (cM. [72]). 

PMC. 2.9 _r_e3 (CD, 229) npHBO,[(MT HC)'.llfllOJibHbIH napaMeTp yr­
JIOBOH aHlf30TpOilHH yC ,[(JIH 5S-3JICKTpOHOB HOHa r B OKOJIOilOpOro­
BOll o6nacrn B nptt6mnKeHHM XCl> M rIC<l>O. 

Pttc. 2.9_r_e4 (CD, 229) .n:aeT He,nttnonhHhrii napaMeTp .n:nH yr­
JioBoii aHH30TponHH ye 5s-3JieKTpOHOB Hotta I- B cpaBHeHHM c Xe 
(cM. (72, 73]). 3KcnepHMCHT no Xe B3SIT H3 [73]. 

Pnc. 2.9 _r_e5 (CD, 230) H3o6pa:>KaeT ue.n:nnoJibHhie napaMeT­
p11 yrnosotJ aHH30TpOI1HH yC, 5c H HX MarH'IeCKYIO KOM6MHaI(HIO 
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( yC + 3oC) ,ll}UI 4d-3JICKTpOHOB IIOHa r B cpaBHCHllll C aHaJIOrllqHhl­
MU ,naHHhIMII no Xe (cM. [72]). 

Puc. 2.9 _ r_ e6 (CD, 231) npe.ucrnBJI5IeT He.ummnhHhIH napaMeTp 
yrnoBOH aHH30Tponuu yC u MarnqeCKyIO KOM6HHaIJ,HIO (yC + 3oC) 
,UJI51 4d-3JICKTpOHOB llOHa r B OKOJIOilOporoBOH o6naCTU 3HCprui1: 
cpoTOHa. 

Pncymrn 2.9 _Pd co,nep:>r<aT pe3ynh TaThI Bh1qucnettui1: ,UJI51 aToMa 
nanrra.uu51 (Pd). 

Puc. 2. 9 _Pd_ al (CD, 231) mo6paJKaeT nonuoe ceqeuue cpoTO­
HOHU3au,uu aTOMa Pd B rrpII6JIHJKCHU5IX X<'t>-,JJ., X<t>-c ll err IIC<t:>O. 
Jl:oMunupyeT ceqe1rne HapyJKuoif 4d10-no.uo60JmqKu. Ponh IIC<t:>O 
KoppeJI5IIJ,UH BCJIUKa. 

Puc. 2.9 ___ Pd_bl (CD, 232) npuBO.lJ:IIT ceqcutte cpoTOuoumaQuu 
4p- u 4d-3JICKTpOHOB Pd B npu6JIUIKCHU5IX X<t>-.u u en IICCI>O. Bu.u­
HO, qTo ceqeHtte 4d10 o6pa3yeT ruraHTCKUH pe30IIaHC, noqTll He 
ycTyrrarorn:uif no BbICOTe ruraHTCKOMY 4d-pe3011ancy B Xe. 

Puc. 2.9 _Pd_dl (CD, 232) mo6pa:>r<aeT .uunoJihHbIH napaMcTp 
yrnoBoli a11u3orponutt ,UJI51 3d-, 4d-, 4p-3neKTpOHOB aToMa Pd. 

Ta6JIHI~a K n. 2.9 (CD, 296) BKmoqaeT pacqeTHbJe 3HaqeHU51 
cun ocu,ttJIJI5ITOpoB g;1 B rrptt6nu:>r<eHU5IX X<t>-.u, X<t:>-c, fIC<t:>O-.u-c 
(B neKoTOpbIX cnyqa51x - OIIC<'t>O) uecKOJibKIIX caMbIX HH3Kux 
.lJ:UCKpCTHb!X ypoBHCH B036y:>r<.UCHU51 ,UJI5I Ka)K,l:(OH paCCMOTpeHHOH 
rro.uo6onoqKu rrpuBe,neunoro B .uanHoM pa3,n;ene aTOMa. Ta6nuQa 
.uaeT TaKJKe 3Haqenu51 pacqeTHbIX 3HeprIIi1: nepexo.ua ffi;f' 

2.10. 311,11.03,11.paJihHhlC aTOMhl A@C6o 

B 3TOM pa3.uene MbI rrpe.ucTaBJI5ICM uanrn pe3yJibTaTbI )].JI5I ceqe­
uui1: cp0TOUOHU3au,uu, .UHilOJibHOrO u HC.UUIIOJibHbIX napaMeTpOB yr­
JIOBOH aHU30TpOilIIH BHCllIHCH u npoMe)KyToqHbIX no.uo6onoqeK He­
KOTOpbIX 3H,IJ,o3.upanLHbIX aToMoB A @C60. JJ:aHHbie npuse)],CHbI )].JI51 
cne)].yIOrn:ux o6neKTOB: Ne@C60 2s2, 2p6; Ar@C60 3s2, 3p6; Kr@C60 
4s2, 4p6 ; Xe@C60 3d10, 4d10, Ss2, 5p6; Cs@C60 3d10, 4d10, Ss2, 5p6, 6s. 
<'t>opMyJibI, c IIOMOill;hlO KOTOpbIX nonyqeHbl 3TU pe3yJibTaTbI, ynoM51-
HYTbl B naqane 3TOH rnaBbI, B n. 2.1. 

JJ:n51 pacqern ceqeHUH 3H)],03,UpaJibHbIX aTOMOB u napaMeTpOB 
aHH30Tponuu cpOT03JICKTpOHOB Heo6xo,l:(UMO 3Hairne cpaKTOpa yctt­
JICHU51 JJICKTpoMarHHTHoro mnyqenu51 cpynnepena C60 - Sc60( ro) = 
= JGc6o(ro)J2 u cpa3h1 Gc60(ro) - argGc60(w), onpe.ueneHHbIX B (1.116) 

120 



H ( 1.117). Ilo.upo6HOCTH, CB513aHHbie c Bb1qHcJiem1eM 3THX xapaKTe­
pHCTHK, MO)KHO HaHTH B [74-76] JIB CnHCKaX JIJITepaTypbl K 3TJIM 
pa6oTaM. Pe3yJihTaTbI no np-no.uo6onoqRaM B35ITbI m [74, 75], a no 
ns - JI3 [76]. )J;aHHbie B35ITbI: no 4d Xe H3 [77, 78], no 3d Xe m [77], 
no 3d Xe, Cs, Ba m [78], a no Eu m [79]. 

KpamKue KO.MMe1tmapuu K pucy1tKa.M n. 2.10 

P11cymrn 2.10 _ C60 COJ.(ep:)I<aT pe3yJihTaThI BbiqncneHHH )J.JI5I 

tPYJIJiepeHa C60· 
PJic. 2.10 __ C60_gl (CD, 233) npe.ucrnBJrneT ¢aKTop ycnneHJI5I 

:JJieKTpoMarHJITHoro H3Jiyqemrn 3JieKTpOHHOH o6onoqKJI C6o -

S(ro) == fG(ro)f 2, a6comonwe 3naqeHJie JIX aMnn11Ty.UhI G" = 
== fG (ro)f JI ¢a3bI lld := arg G (ro). CTpeJIKH OTMeqaioT noporn cooT­
BeTcTBYIOIUJIX BHeIIIHJIX np-no.uo6onoqeK. 3nepreTHqecKa5I 3aBHCH­
MOCTb MO.UYJI5l cpaKTOpa ycmieHJI5I H ero ¢a3bl )J.OBOJibHO CJIO)l<'.Hbl 
(CM. [74]). 

Pttc. 2.1 O_ C60_g2 (CD, 234) tt3o6pa*aeT ¢aKTop ycnneHRH 
:rneKTpOManmnwro H3JiyqenHH 3JieKTponnoll: o6onoqKH C 60 -
S(ro) = fG(ro)f 2. CTpenKH oTMeqaioT noporn coorneTCTBYIOIUHX cy6-
BanenTHhIX ns-no.uo6onoqeK ( cM. [7 4 ]). 

Pncymrn 2.10_Nc@C60 co.uep)l<'.aT pe3yJihTaTbI Bh1qttcneuull: .UJIJI 
Ne@C60 H Ne. 

Pttc. 2.10_Ne@C60_bl (CD, 234) .uaeT ceqe1me ¢oTOHOHH3aU,HH 
2p-3JieKTponoB Ne@C60 c yqeToM OTpa*eHH5I cporn:JneKTpona 060-
noqRoll: C60, qTo rrpttBO.UHT K oc1.(HJIJI5IIJ.H5IM no cpam1enmo c rnaJ.(­
KHM ceqe1rneM CBo6o.uuoro Ne H nonHpmau,HH C 60-o6onoqKH, KOTO­
pm1 3TH OCU,MJIJI5II.(HH MHOroKpaTHO ycUJIHBaeT. 

Ha pucynKax nynRTHpoM tt3o6pa)Keua KpHBaJI .UJI5I H30JIHpoBaH­
uoro aToMa; UtmpuxnyHKmupHafl JIHHH5I .uaeT pe3yJibTaTbI JIHWb c 
yqeTOM 01pa)KeHH5I cpOT03JieKTpOIIa 3JleKTpOHHOH o6onoqKOH ¢yn­
nepeHa; cnJWUl1tafl !lU11UJl - 11C<l>O )J.JI5I 3H)J.03)J.paJibHOro aTOMa. 
BHJJ,HO pe3Koe yBcJittqen11e ceqeHHJI, B KOTopoM no5IBJI5IIOTC5I TPII 
MaKCHMyMa, BeJmqmrn KOTOpbIX onpe.uen5IeTC5I IIOJI5Ip113aIJ,11CH 3JieK­
TpOHIIOH o60JIOlJI<H ¢yrrrrepeua (CM. n. 1.14). 

Pttc. 2.10_Ne@C60 __ b2 (CD, 235) npeJ.(CTaBJI5IeT ccqeutte ¢orn­
HOHH3au,HH 2s-:JneKTponoB Ne@C60 c yqfaoM oTpa)KeHH5I ¢oTo:JneK­
TpoHa 06ono'-1Kott C 60 H Ne. YqTeHhI TC )Ke cpaKTOpbr, qTo II Ha 
P11c. 2.10 __ Ne@C60_b 1. Ponh ¢aKTopa ycm1eHHH 3JICKTpoMarnttTHO­
ro H3JiyqeHH5I HeBeJIHKa. 
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PHc. 2.IO_Ne@C60_dl (CD, 235) H3o6pamaeT .U.HITOJihHbIH napa­
Merp yrnoBoiI aHH30TlJOITHH ~2P .u.rrn 2p-3JieKTpoHOB Ne@C60 H Ne. 
BHJJ:HhI ocuHmrnumr, o6ycnoBJieHHhre oTpameHHeM <jJoT03JieKTlJOHa 
o6orroqKoiI <jJynnepeHa. Ha .u.unOJihHblH napaMeTp nom1pH3au1rn 
o6oJIOlJKH cpy.rrrrepena He BmrneT. 

P11c. 2.10_Ne@C60_el (CD, 236) .ll,aeT neAHnonbHhIH napaMeTP 
yrnoBoH: aim3oTpornrn y~ ,n:JIH 2p-3rieKTpouoB Ne@C60 H Ne. Porrh 
OTpa:)KeHJUI cpoT03JICKrpofrn o6oJIOlJKOH <!Jyrmepena OlJCHb BCJIHKa. 
BmrnntteM norrHpH3aum1 cpymrepeua npeHe6peraeM. 

PHc. 2.1 O _ Ne@C60_e2 (CD, 236) npe.ll,cl'aBJUICT ne.nnnorrbHbIM 
napaMeTlJ yrnoBOH aHH30TlJOIIHH Y~s .l1.JIH 2s-3JieKTlJOHOB Ne@C60 H 
Ne. OcunrrrrHUHH napaMeTpa oco6o CHJibHbI y nopora, no 6bICTpo 
y6i,rnaIOT c pocToM co. BrrmnmeM no.rIHpH3aUHH cpymrepeHa npeue-
6peraeM. 

Pttc. 2.10 __ Ne@C60_e3 (CD, 237) H3o6pa>KaeT ne,n:11noJibHhIH na­
paMeTp yrnoBoii: anH30TlJOIIHH ~ts )lJIH ls-3rreKTpoHOB Ne@C60 H Ne. 
Ocumurnum1 napaMeTpa otJeHh cHnhHhl y nopora H 6b1C'I'pO y6hrna­
IOT c pocTOM co. Bmrn1meM nonHpH3aUHH cpym1epe1rn npene6peraeM. 

Pucymm 2.10_Ar@C60 co,n:epmar pe3yJibTaThl Bhl'HICJieHHH .UJIH 
Ar@C60 H Ar. 

Pttc. 2.10 _Ar@C60 __ bl (CD, 237) M3o6pamaeT ce-cre1me ¢oTOHO­
HH33UHH 3p-3rreKrponoB Ar H Ar@C60 c yqeToM 0Tpameum1 ¢oT0-
3rreKrpmrn o6onotJKOH C60, 'ITO npI-IBOAI-IT K OCI\HJIJIHUI-IHM no cpaB­
neumo c rna,n:KHM ceqenIIeM CB060,n:11oro Ar H nonHpH3aUHH 
C60-o6onoqrrn, MHoroKpanrn ycmrnBa10meli 3TH oc1~m1rrn1\IIH. B11-
.u.en zuza1-1mCKUU 31-10030pa!lb1-tblU pe30ftallC c CllJIOH OCUHJ1Jl5lTOpa B 
20 e,n:., c OCHOBHhIM MaKCHMYMOM npH 21 3B. 

Puc. 2.10_Ar@C60_b2 (CD, 238) .uaeT ceqcutte cpoTOIIonmarwH 
3s-3JieKTpOHOB Ar n Ar@C60 c yqfaoM oTpa>KeHHH cpoTO:JJICKTpoua 
o6onotJKOH C60, lJTO npIIBO.LJ.HT K ocuIIJIJIHUHHM no cpaBnenmo c 
rna,21,KIIM ceqemreM CBo6o.u.noro Ar H nonHpI13aUMM C60-o6o.rroqKH, 
3aMeTHo ycmrnBammeii: 3TH OCUHJIJIHIUm. B Ar@C60 cetJCHtte 3s 
npttMepno B 400 pa3 MeHbllIC, '-ICM 3p. 

PIIc. 2.10_Ar@C60_dl (CD, 238) npHBOJJ.IIT JJ.HllOJibHblH napa­
MeTp yrnoBoH: aHH30TlJOITIIH ~ .UJIH 3p-:meKrponoB Ar@C60 II Ar. 
PoJih orpa>I<eHIIH cporo3ne1npo1-1a 3Ha1rnreni,Ha Ha caMoM nopore H 
nocne 50 3B. 

PIIc. 2.10 __ Ar@C6o __ cl (CD, 239) npe/_lCTaBJIHCT HC,[J;IIIlO.TlbHhIH 
napaMcTp yrnoBott anH30TponHII ):{JIH 3p-3JJCKrpoHoB Ar@C60 H 
Ar. 0-rpa)l<eHIIe cpoT03neI<Tpona np11B0):{1IT K yMepeHHbIM OCUIIJIJI51-
UII5JM. 
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Pttc. 2.10_Ar@C60_e2 (CD, 239) .rraeT He.n:m10n:&HbIH napaMeTp 
yrnosoH: aHH30TponIIH AJUl 3s-:meKTpOHOB Ar@C60 H Ar. BmurnHe 
cpym1epetta orpanwrnsaeTCj{ o6nacTbIO, 6JIH3KOH K nopory. 

PucyHKH 2.10_Kr@C60 co.n:ep:>KaT pe3yJihTaThI BhillHCJICHHH 
.UJIH Kr@C6o· 

P11c. 2.10 __ Kr@C60_bl (CD, 240) mo6paJKaeT ceqemie t!Jorn-
11ou113anHH 4p-3JieK1pOHOB Kr H Kr@C6o c YllCTOM OTpa:>KeHHH cpo­
T03JieK'rpona o6onol£KOH C60, l£TO npHso.rnn K ocIJ,MJIJ15Il\H5IM no 
cpasuemno c rna.UKHM ceqeuHeM cso6ol(HOro Kr H I< nom1pn3anmr 
C60-o6onol£KH; 3TH ocumrmrIJ,HH MHOroKpanro ycHJIHBaJOTCJl. Hatt-
6oi1ee sneqaTrrmoruttH: pe3yJibTaT -- noRBJICHHe, KaK 11 B Ar@C60, 
rnraHTCKOI'O :m.rro:mpanbHOro pe30Hanca c CHJIOH OCUHJIJij{TOpa B 
23 3B c MaKCHMYMOM npH 19 ::iB. 

P11c. 2.10_Kr@C60_b2 (CD, 240) npe.rrcTaBJIHeT ccqem1e ciJ0To­
HOIIH3au1m 4s-JneKTpottos Kr 11 Kr @C60 c yqeToM o·rpa:>KeHHj{ <Po­
T03JieKTpoHa o6onol£KOH C60, l£TO npHBO.llHT K ocn11nJIHUHHM no 
cpasnemuo c ma.rrKHM ceqeHtteM cso6ol(HOro Kr n K rronRpM3a­
UHH C60-o6onol£KH, MnoroKpaTHO yc11mrnamrueti 3TH OCUHJIJIHUHH. 
B Kr@C60 ceqeuHe 4s npHMeptto B 400 pa3 MeHbllle lleM 4p, T. e. CH­
-rya1~1rn no.n:o6na HMe10rueiI Mecrn B Ar@C60. l1MeeTCH, IIOMHMO no­
porosoro, CIIle H MaKCHMYM npH 47 3B. 

PHc. 2.10_Kr@C60_,_dl (CD, 241) .n:aeT l(HIIOJibHbIH rrapaMeTp yr­
nosoH: autt30TpOIIHH j)4P .rrnH 4p-3neKTponos Kr@C60 M Kr. Ocu.Mrr­
MUHH 3a clleT o6ono'tJ:KH cpynrrepena HesenttKH. 

Pttc. 2.10_Kr@C60 __ el (CD, 241) npe.rrcrnsJrncT ue.rrttnOJJhHbIH 
rrapaMeTp yrnosoti anH30TponnH ye .rrJrn 4p-3l1eKTpOHOB Kr@C60 H 
Kr. BJmmmeM nonHpH3aI~HH cpyJrnepeua 1rn He;:i:ttnonhHhie napaMeT­
pbI npene6peraeM. 

Pttc. 2.10_Kr@C60_e2 (CD, 242) l(aeT He.uunonbHhIH napaMeTp 
yrrrosoii aIIH30TporrnH l(JUI 4s-3JJeKTpOHOB Kr@C60 H Kr. 06onoqKa 
ipynnepena cyruecTBeHHO MemieT rrapaMeTp, y KOTOporo IIOHBJJHCTCH 
pe3KHH MaKCHMYM ua rropore HOHH3aJ.:(lm. 

Pttcymm 2.10_Xe@C60 co.rrep:>I<aT pe3yJJhTaTbI Bbil£HCJJeHHH .rrm1 
Xe@C6o· 

Puc. 2 .1o,_,Xc@C6o_b1 (CD' 24 2) .n:aeT cel£CHHC <jloTOHOHH3arum 
5p-3JICKTponos Xe H Xc@C60 c yqcToM oTpa:>Kemrn <PoT03JICKTpmra 
o6oJJO'tJ:KOH C60• l£TO rrpHBO.llHT K OCUHJIJIHUHHM IlO cpasHeHHI-0 C 
rna.rrKHM ceqe1meM cBo6o.n:noro Xe H K rrOJI.HpH3aum1 C60-o6ono'tlKH, 
MnoroKpaTno ycmmsaioruei1 3TM ocummHUHH. KaK B Ne H Ar, HaH-
6onee 5IpKMH pe3yJJbTaT - 11051BJ1eHHe rnraHTCKOro 3H.ll:03.llpal1bHOrO 
pe3oHanca c CHJIOH OCUHJJJIHTOpa B 25 3B c MaKCHMYMOM nptt 17 3B. 
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PIIc. 2.10_Xe@C60_b2 (CD, 243) II3o6pa)J(aeT ceqenIIc cporn­
IIOHmaum1 5s-3JieKTponos Xe II Xe@C 60 c yqfaoM oTpa)J(eHH5l cpo­
T03JieK-rpona o6onoqKoH. C 60, qTo npIIBO.D:IIT K ocumm5IUII5IM no 
cpasneHIIIO c rna,n:KIIM ceqem1eM cso6o,n:Horo Ne II K non5IpII3a­
QIIII C60-06onoq1m, MHoroKpanm ycIImrnamm:eH. 3TH ocr~HJIJI5IUIIH. 
KaK B Ne II Ar, B Xe@C60 ceqemre 5s npIIMepHo B 400 pa3 MeHhme, 
qeM Sp, T. e. CIITyaUII5I no,n:o6Ha IIMeIOn~eH. MecTo B Ar@C60 II 
Kr@C60. ITo cpasnenmo c II30JIIIposaHHhIM aTOMOM II05IBJI5leTC5l 
em:e O,D:IIH MaKCHMyM, rrpII 47 3B. 

PIIc. 2.1 O _ Xe@C60_ b3 (CD, 243) ,n:afa ceLJeHIIe cpornIIOHII3aI~HM 
4d-3JieK-rpouos Xe@C60 11 Xe (cM. [77, 78]). Btt.n:Ho, qrn OTpa)J(eHHe 
QJOT03JieKTpoua rrpIIBO,L(MT K TIOJIHOMy pa3pyrneHMIO rIIraHTCKOro pe-
30Hauca, BMeCTO KOTOporo H05IBJI51IOTC51 LJeTbipe MaKCHMyMa. 

P11c. 2.10_Xe@C60 _b4 (CD, 244) npttBO.[(MT ceqeuue cpornuontt-
3auuu 3d312-3neKTponos Xe@C60 II Xe, 3d - Efnepexo.n: (cM. [79, 
80]). ITomrpII3aUH51 ¢ym1epenosoH. o6onoqKu npu TaKIIX 3Heprn51x 
cpoTOHa uecyruecTBeHHa. 0Tpa)J(CHIIe cpOT03JieKrpona rrpIIBO,L(HT K 
CMJihHhIM 0Cll,MJIJ15Il~ll51M B CeLJeHMM. 

Puc. 2.10 __ Xe@C60_b5 (CD, 245) .n:afa ceqe1me cpornuonmauwu 
3d5n-3JieK-rpouos Xe@C60 M Xe, 3d - £j:nepexo.n: (cM. [79, 80)). ITo­
JI5IpH3aUM51 cpym1epCHOBOM o6onoqKM rrpII TaKIIX :meprM5IX cjJOTOHa 
necym:ecTBeHI-rn. 0Tpa)J(eHMC cpoT03JICKTpona npttBO,L(llT K CMJihHhIM 
OCIJ,llJIJUIUII51M B ccqeHHM, KOTOpbie B 3HaquTeJihHOM Mepe MacKttpy­
IOT ,L(OIIOJIHIITeJibHhIH MaKCIIMyM, OTpa)J(aIOm:HM B H30JIHpOBaHHOM 
aTOMe 803,L(eMCTBMe 3/2-3JieKTpOHOB na 5/2. 

P11c. 2.10_Xe@C60_dl (CD, 245) rrpe.n:crnBJI5leT .[(IIIIOJihHhIM rra­
paMeTp yrnosoi1 an1130Tporr1111 Bsp .[(JI5I 5p-3JieKTponos Xe@C60 M 
Xe. 0Tpa)J(eHttc cj.>oT03JieK1poHoB rrp11so.n:11T K 3aMeTHhIM ocuttJIJIH­
ll,HHM rrapaMeTpa Bsp (cM. [79, 80]). ITp11MeqaTeJ1en .n:onoJIHHTeJih­
HhIM MHHIIMYM cpa3y 3a rroporoM. 

PIIc. 2.1 O _ Xe@C60_ d2 (CD, 246) rrpe.n:cTaBJIJieT .[(MIIOJihHhIM 
napaMe-rp yrnosoiI aHII30Tporrm1 .[(JI51 4d-3neK1pouos Xe@C60 11 
Xe ( cM. [77, 78]). 0Tpa)J(en11e cpoT03JieKTpoua sc.n:eT K .n:orron­
HHTeJihHOMy MIIHHMYMY B6JIII3ll rropora II ocriIIJIJI5Ill,llll B,L(aJIH OT 
nero. 

PIIc. 2.1 O _Xe@C60_d3 (CD, 246) .n:afa .[(HHOJihHhIM rrapaMeTp 
yrnosoH. auII30Tporr11tt B .[(JIH 3d31r3JieKTpouos Xe@C60 H Xe 
(CM. [79, 80)). 06pa1IJ,aeT BHHMaHIIC CJIO)J(Ha5l CTpyKTypa c Y3KHMM 
MHHIIMyMaMll II MaKCllMYMOM cpa3y 3a rroporoM. 

Pttc. 2.1 O _ Xe@C60_ d4 (CD, 24 7) rrpe.n:crnBJI5ICT .n:ttnonhHhIM na­
paMeTp yrnosoH. anmoTpomm B .[(JI5l 3d51r3JICKTpouoB Xe@C60 II 
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Xe. Y caMoro nopora B03HIIKJIII B Xe@C60 .n;onoJIHIITeJihHhie MIIHII­
MYM H MaKcIIMyM. 

Prrc. 2 .10 _Xe@C60_ el (CD, 24 7) .n;aer ne.n;HnorrhHhIH napaMeTp 
yrrroBoH anmOTponHH y~? ,D;JI5! 5p-:rneKTponoB Xe@C60. Ponh oTpa­
m:euII5! <PoT03JICKTpOHOB ~ynncpeHOBOH o6oJIO'IKOH BeJIIIKa. 

PHc. 2.10_Xe@C60_e2 (CD, 248) rrpe.n;crnBn5!eT ne.n;nnonhHhIH 
napaMeTp yrnoBOH antt30TpOilIIII y~s .n;rr5! 5s-3JICKTpOHOB Xe@C60 II 
Xe. 0Tpam:em1e <PoT03JICKTpOHOB pe3KO yBerrIIqIIBaeT aMnJIIITy.n;y 
OKOJIOilOporoBOH OCU,HJIJI5!11,IIII napaMeTpa. 

PRC. 2.10 _ Xe@C60_ e3 (CD, 248) mo6pm1<acT ne.n;unonhHhIH na­
paMeTp yrrroBott ann3oTponttII Y~c1 .n;rnr 4d-3rreKTpOHOB Xe@C60 H Xe 
(CM. [78]). 0Tpam:e1me <PoT03JICKTpOHa rrpttBO,D;IIT K .n;orrorrnIITeJihHOMY 
MIIHHMYMY npII.n;JIH3IITeJIMIO npu 85 3B H He6oJihlllIIM ocu,unn5!U,II5!M. 

P11c. 2.10_Xe@C60_e4 (CD, 249) mo6pam:aeT tte.n;11nonhHhIH na­
paMe1-p yrnoBoil aHmoTponIIII i)C .n;n5! 4d-3neKTponoB Xe@C60 II Xe 
(CM. [78]). 0Tpam:eime <PoT03JieKTpOHa o6onoqKoi1 <Pynnepeua npII­
Bo,n;IIT K BilOJIHe 3aMeTHhIM OCU,IIJ1JI5!11,II5!M. 

PIIc. 2.10 __ Xe@C60_ e5 (CD, 249) mo6pam:aeT tte.n;IInonhHhIH na­
paMeTp yrnoBoil aHH30TpOilIIII ye .nmi: 3d312 -3JICKTpOHOB Xe@C60 II Xe. 
0Tpam:em1e <PoT03JleKTpOHOB C03,D;aCT «p5!6h» Ha KpIIBOH rrapaMeTpa. 

PIIC. 2.1 o _ Xe@C6o_ e6 (CD, 250) rrpIIBOJ(ll.T He)J,IIIIOJibHhIH napa­
MeTp ymoBott aHtt30TpOIIIIII i)C ,ll,JI5! 3d31r3JieKTpOHOB Xe@C60 II Xe. 
01'Pam:e1rne <PoT03JieKTpona npttBO,D;IIT K 3naq11TeJlhHOMY MaKCHMy­
MY y caMoro nopora. 

PIIC. 2.IO_Xe@C6o_e7 (CD, 250) .n;aeT MarnqecKy10 KOM6ttHa­
u,mo HC,ll;HIIOJlbHbIX napaMeTpOB yrnoBOH aHI130Tp0IlIIII (38C + yC) 
,D;JI5! 3d31r3JieKTpOHOB Xe@C60 If Xe. OTpam:eHIIe cpoT03JieKTpOHa 
3aMeTHO npo5!Bm1eTC5! JIHlllh y caMoro nopora. 

P11C. 2.1 o _ Xe@C60_ e8 (CD, 251) H306pam:aeT ne,n;IIIlOJihHhIH na­
paMCl'P yrnoBoii antt30TpOIIIIII ye ,ll,Jrn 3d512 -3JieK1'POHOB Xe@C60 H 
Xe. 0Tpam:c1rnc 3aMenrn npmrnJrneTc5! na paccT05!HIIII B ~ 10 3B 3a 
noporoM. 

PIIC. 2.10 __ Xe@C6o_ e9 (CD, 251) npIIBO,D;IIT ne,n;IIIlOJlhHhIH napa­
Me'Ip yrrroBoii aHII30TpOilIIII i)C ,D;JI5! 3d5;z-3IIeKTponoB Xe@C60 II Xe. 
PIIcynoK BeCbMa noxo)I< ua PIIc. 2. 1 O _Xe@C60_ e4. 

PIIc. 2.10_Xe@C60_el0 (CD, 252) npe.n;rraraeT MamqecKy10 
KOM6mrau,mo He)J,IIl10JlhHhIX rrapaMeTpOB yrnoBOH aHII30TpOilIIII 
(38c + ye) .n;nR 3d512-3JieKTponos Xe@C60 II Xe. BJrnRnIIe OTpam:e­
HII5! <PoT03JICKTponoB oco6enno BCJIIIKO y caMoro nopora. 

Pttc. 2.10_Xe@C60_gl (CD, 252) npIIBO,D;IIT napaMeTp OTpam:e­
HII5! Fr(ro) (1.106) <iJorn3rreKTpouos tt3 4d-ypoBHR B Xe@C60. HMen-
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no ero OCl(IIJIJI5Il(IIII orrpe,n;eJI5IIOT cTpyKTYPY ceqenII5I cpoTOIIOHII3a­
l(IIII 4d-rro,n;o6onoqKII B Xe@C60. 

PucynKu 2.10 _ Cs@C60 coL(ep:>KaT pe3yJibTaTbI BbJqIIcJieHHtt L(JI5I 
Cs@C6o· 

Pttc. 2.1O_Cs@C60_b1 (CD, 253) .n:aeT ceqenIIe cpoTOHOHII3al(IIH 
3d31r II 3d512-3neKTponoB Cs @C60 H Cs (cM. [80]). BII,n;no MHO:>KecT­
Bo MaKCHMYMOB, Ha cpone KOTOpbIX rroqTJ1 IlOJIHOCTbIO MaCKHpyeTCJI 
BJIII5IHIIe 3/2-3JieKTPOHOB Ha 5/2-3JieKTpOHbI. 

Pttc. 2.10_Cs@C60_dl (CD, 254) rI3o6pa,KaeT t(HHOJibHbitt napa­
MeTp yrnoBott anH30TporrHII ~ J.J:JI5I 3d312 , 5;r3JieKTponoB Cs@C60 tt 
Cs. KaK II B ceqenH5IX, CJIO)f<Hbie Bapttal(IIH napaMeTPOB 3aTyIIIeBbl­
BaIOT BJI115IHIIe 3/2-3JieKTpOHOB Ha 5/2-3JieKTpOHbI. 

PIIc. 2.10 __ Cs@C60_el (CD, 255) rrpe.n:crnBJI5IeT ne.n:IITIOJihHhitt 
napaMeTp yrnoBOH aHH30'rpOilHII yC J.J:JI5I 3d312. 5/r3JieKTpOHOB 
Cs@C60 II Cs. ITo.n:o6no 11306pa:>Kenn0My na PIIc. 2.10_Cs@C60_dl, 
CJIO:>KHhie BapIIal(IIJ1 napaMeTpOB 3aTyllieBhIBaIOT BJIII5IHIIe 3/2-3JieK­
TpOHOB na 5/2-3JieKTPOHhI. 

PucynKu 2.10_Ba@C60 co.n:ep)l(aT pe3yJihTaTbI BhrqIIcJieHIIH J.J:JI5I 
Ba@C6o· 

PIIc. 2.1O_Ba@C60_b1 (CD, 256) .n:afa ceqeHHe <J>oTOIIOHH3au1111 
3d31r II 3d512-3JieKTponoB Ba@C60 11 Ba (cM. [80]). Btt,n;no Mnoro 
MaKCIIMYMOB, BhI3Bannhrx OTPa)l(eHIIeM <J>oT03JieKTpona o6onoqKoil 
<J>ynnepena. 

PIIc. 2.10_Ba@C60_dl (CD, 257) 11306pa:>I<aeT J.J:IIrrOJihHbIH napa­
MeTp yrnoBoil anII30Tpon1111 ~ J.J:JI5I 3d312 , 5;r3JieKTponoB Ba@C60 II 
Ba. 0Tpa)l(enIIe cpoTo3JieKTpona ,n;o6aBn5IeT ,n;oBoJihHO pe3KIIe H3Me­
neHII5I B IIOBe.n:euIIe rrapaMeTpOB KaK <l>YHKI(HH {O, 

Pttc. 2.10_Ba@C60_el (CD, 258) npe.n:crnBmieT ue,n;HIIOJibHbIH na­
paMe1p yrnoBoil anII30TponIIII ye .n:m 3d312 . 5;r3JieKTponoB Ba@C60 
II Ba. ,U:onoJIHHTeJibHhIC sapHal(HH cymecrnenHo II3Men.moT napa­
MeTPbL 

PIIc. 2.1 O __ Ba@C60_ e2 (CD, 259) rrpHBOJ.J:HT ue.n:urronI>HhIH rrapa­
MeTp yrnoBoil aHII30Tporr11II oc J.J:JI5I 3d312, 5;r3JieKTpOHOB Ba@C60 II 
Ba. 0Tpa)l(erme cpoT03JieKTPOHa He TOJihKO 3aMenro ycmmBaeT MaK­
cttMyM, o6ycJIOBJieHHbIH BJIII5IlllleM 3/2-3JieKTPOHOB Ha 3JieKTPOHbl 
512, HO II C03J.J:afa HOBbie 0Cl(IIJIJI5Il(HH. 

PucynKH 2.10_Eu@C60 co,n;ep)KaT pe3yJihTaThI BI>IqIIcnemril 
,n;n5I Eu@C6o· 

PIIc. 2.10_Eu@C60_bl (CD, 260) rrpHBO,n;IIT ceqeuIIe <J>oTOIIOHH-
3al(HII 5p-«BHH3»-3JieKTpouos Eu@C60 H Eu. fion5IpH3al(H5I ocToBa 
co3,n;afa 3H,n;o3,n;paJII>HhIH pe3oHaHc rrpII w""' 2.7 Ry. 
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Pnc. 2.10_Eu@C60_b2 (CD, 260) ,IJ,aer ceqcm1e cpoTOIIOHtt3aum1 
5p-«BBepx»-:meKTpOHOB Eu@C60 II Eu. 11omrpmaumr ocToBa co-
3.n;aer, KaK H )];JUI 5p-«BHII3»-3JieKTpOHOB, 3H,Il,03)],paJihHhIM pe30HaHC 
nptt qyTh 6orrhIUeH: JHeprntt - 2.8 Ry. 0TMeTIIM, qTo ycttneHIIe ce­
qeum1 B Eu@C60 ropa3,Il,O MeHhIUe, qeM B uapy:>KHhIX np-no)],o6orroq­

r<ax Ar@C60, Kr@C6o II Xe@C6o· 
Puc. 2.10_Eu@C60_b3 (CD, 261) npe.n;craBmreT ceqe1-1tte cpoTo­

HOHH3aum1 5s-«BHH3»-3ITCKTpoHoB Eu. Ceqeutte H3MCHttrroch B 
OCHOBHOM 3a cqfa 3cpcpeKTa OTpa)l(eHH5I cpoT03JICKTpOHOB o6oJIO'IKOM 
cpyrrrrepena. 

Puc. 2.1 O _ Eu@C60_ b4 (CD, 261) H3o6pa)l(aeT ceqem1e cpoTo­
IIoHII3ar~rrn 5s-«ssepx»-3ITCKTpoHoB Eu@C60 n Eu. 3To ceqeHne, 
KaK H .umr «BHH3))-3JICKTpOHOB, H3MCHHJIOCh B OCHOBHOM 3a cqeT 3cp­
<PeKTa OTpa)l(CHJUI cpOT03JICKTpOHOB o6oJioqKOH cpyrrnepena. 

Puc. 2.10 _ Eu@C60_b5 (CD, 262) rrpHBO.IJ.HT ceqenne <Pomnonma-
1\HH 4f«BBepx»-3JICKTpOHOB Eu@C60 II Eu. B ceqeuIIH pe3KO yctt­
Jien, 6oJiee qeM I-Ia nop51J(OK, pe3onanc rrpII ro "" 2.1 Ry, ;:i:ocTttra­
IOIUIIM 130 M6. 

Puc. 2.1 o __ Eu@C6o_ b6 (CD, 262) .uaer ceqe1me <PoTOHOIIII3aUIIII 
4d-«BHII3»-3JICKTponos Eu@C60 II Eu. 3ToT rrepexo.u 3aMeTHO yctt­
JICH 3a cqfa 0Tpa)l(CHH5I cpoT03J1CKTpona, HO BHOCHT ue6orrhlllOM 
BKJia)], B ceqe1me cpOTOHOHH3aU,IIII. 

Pttc. 2.1 O _ Eu@C60_ b7 (CD, 263) rrpe,Il,CTaBJI5ICT ceqenue cporn­
ttonma1ittu 4d-«BBepx»-3JICKTponoB Eu@C60 II Eu. 0Tpa:>KeHH5I cpo­
TOJJieKrpona C03,Il,aIOT HCCKOJibKO MaKCIIMYMOB na KpIIBOM ceqeHII5I 
B HHTepBane JHeprniI cpornna B 12-16 Ry. 

Pnc. 2.1 O _ Eu@C60_ b8 (CD, 263) rrpttBOl(HT ceqe1me cpoTOIIOHH-
3aUHH B OKpeCTHOCTH nrraHTCKoro aBTOHOHH3allHOHHOI'O pe30Hanca 
Eu H Eu@C60. Btt;:i:no, qrn o6orroqKa cpysmepeI-Ia Mano CKa3hIBaeTc5I 
na rttraHTCKOM aBTOHOHH3allHOHHOM pe3onance, paCIIOJIO)KCHHOM 

nptt ro"" 10.5 Ry. 
Puc. 2.10_Eu@C60_dl (CD, 264) mo6pa:>I<aeT ,Il,HnorrhHhIH napa­

MCTp yrnoBoM aHII3oTpontttt Bsp (w) JJ.JI5I 5p-3neKTponoB Eu@C60 H 
Eu. Bmrnrrne o6onoqKH qJymrepeua ueBeJIHKO H npo5IBJUieTC5I B oT­

HOCHTCJihHO ne6onhUIHX OCUIIJIJI5IIXII5IX Bs" ( w ). 
Pttc. 2.10 __ Eu@C60 __ d2 (CD, 264) .uaeT .zi.ttnoJrhHhIM napaMeTp yr­

JIOBOH anmoTponttH B41( co) JJ.JI5I 4r:3neKTponoB Eu@C6o H Eu. Brru5I­
Htte 06os10qKH cpymrcpeua npo5IBJIJieTC5I 1nrmh B npe.l(enax nepBhIX 

3.5 Ry OT nopora ttonma11tttt. 
Puc. 2.10_Eu@C6o_d3 (CD, 265) H3o6pa)KaeT .l(HIIOJihHbIH napa­

MCTp yrnoBoH aHH30'rponHH B4r1 ,IJ,JI5I 4d-3JICKTpOHOB Eu@C6o· 
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Pnc. 2.1o_Eu@C6o_g1 (CD, 265) rrpe,ll,CTaBJUieT rrapaMerp orpa­

)KeHIUI Fr( w) ( 1.106) cpoTo3JICKTpoHoB II3 4d-rro)J.o6onoqRII B 

Eu@C60. lIMe1rno ero OCU:IIJIJI.HU:IIH orrpe,ll,eJI.HIOT cTpyKTYPY ceqeHH.H 

cpoTOHOHII3aU:HH 4d-rro)J.o6onoqRH B Eu@C60 H rro.HBJICHIIe TaM rH­

raHTCKoro 3H)J,03,ll,paJibHOro pe30HaHca (CM. [81 ]). 
Pe3yJihTaThI Hanrnx pacqeTOB rrpo,ll,eMOHCTpHpyeM Ha rrpHMepe 

6noKa pttcynKoB, oTHOC.HIQHXC.H K aToMy Xe - 3JieMeHTa VIII rpyrr­

IThI rrepHO)J,HqecROH CHCTCMbI. * 

JOO 
30 X<l>-)l 

r" X<l>-c 

80 .I 20 I Xe f1C<l>O 
I. 

I 
15r=0.91Ry,15"'= 1.89 Ry 

I 
lO 

I 14d= 5.555 Ry, 14r = 12.02 Ry 
~ 60 10 -

" 
I 14,= 15.71 Ry.13"=52.2 Ry :s: I ::i: 

<U 
I :r 0 <U 40 ,. 

u I I 50 55 60 
I. 

I 

I I 

20 4p 

4s 

0 
0 5 10 15 20 

3Hepnrn <\>oTOHa, Ry 

Pttc. 2.2_Xe_al. f1om10e ce•1eH11e cPOTOHOHJ13aUI1H aTOMa KCCHOHa B np116J111-
)!(CHH5!X X<t>-)l, X<t>-c 11 I1C<t>O. 

* YBe!(OMJJJieM narrrnx qJ1TaTCJICH, q'[Q CCblJIKH Ha JIHTepaTypy, HCITOJlb30BaH­
Hb!e B ITO!(ITHCJIX K pttcyHKaM, CO,llepl!<aT yKa3airne na IIOMep rnaBbI, B KOTOpOH OHH 
npe,llCTaBJJCllbl. 
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3KcnepHMCHT 1, 2, 3 U3 [2.19, 2.20, 2.21]. 
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3Kcnep1IMCHT II3 (2.22]. 
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131 



5 

4 

,., 
I \ 

' I 

' ' 

-- 512, err rrc<Do 

3/2 
• 5/2, 3KCil. ] 

o 3/2, 3KCII. ] 

- . - . - 512, X<D 

- .. - .. 312 

3dXe 

··-·· -o- ---
0 '----'~.,_~_._~ ....... :......L--'-~-'-~.L---''---'-~-'-~...___..___, 
670 680 690 700 710 720 730 740 

P11c. 2.2 Xe b7. Ce'!e1111e cpoT0110H113al.\IUI 3d-3neKTponoB aToMa KCeHOHa 
B np116nmKeHl1l!X Xel>-A, Xel>-c 11 err rICCl>O. 

3KcnepttMCHT 113 [2.25]. 

2.0 

1.5 

1.0 

0.5 

0.0 
0 50 100 150 

3HeprnH cpornHa, 3B 

P11c. 2.2_Xe_dl. rrapaMCTp yn10soi1 aH1130Tpon1111Sp-11 4d-3JieKTpoHoB aToMa 
KceuoHa B rrC<DO. 

132 



2.0 

1.6 

l.2 

0.8 

0.11 

\ Sp Xe 
\ 

40 80 120 

'3Hepnrn cpornHa, ·;B 

-- nec.1>0 
Xe.I> 

• 3KC!I. J 
• '.lKC!I. 2 
D '.lKC!I. 3 

3KC!I. 4 

160 200 

P11c. 2.2 __ Xe_d2. napaMeTp yrnonoi1 aHl130Tponu11 5p-3JICKTpOHOB aTOMa KCe­
HOHa n np116JJH)!(CHl1H X<P 11 rre<PO. 

3Kcnep11MCJ!Tbl I, 2, 3, 4 113 [2.27-2.30] COOTBCTCTBCIIHO. 
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P A3J(EJI II 

PACCEJIHIIE 3J1EKTPOHOB 

fJIABA 3 

OCHOBHblE ITOJIO)l{EHIIJI TEOPHII 

3.1. Hau60J1ee BaJKuoe o paccesmuu qacTHU. na aToMax 

PacceHHJie :meK-rpOHOB - 3TO npou:ecc, KOTOphIH npoJICXO.UJIT H 

B ecTecTBeHHhIX ycnoBHHX, JI B na6opaTOpnn. ,UaHHhie o xapaKTepn­

CTHKax 3Toro rrpou:ecca Boc-rpe6oBaHhI II B .upyrJix o6Jiacrnx qm-
3HKJI JI TeXHOJIOrJIJI. 0HH TaK>Ke CJiy)KaT JICTOqHJIKOM JIH<iJopMaQJIH 

OTHOCJITeJihHO CTpOeHJIH aTOMOB JI HX CBOHCTB, paBHO KaK JI OTHOCJI­

TeJihHO 3<iJ<iJeKTJIBHOCTJI pa3JIJiqHbIX TeopeTJiqecKJIX 110,L(XO,L(OB, KO­

TOphie JICIIOJib3YIOTC5I rrpJI OIIJICaHJIJI rrpou:ecca pacceHHJIH 3JieKTpo­

Ha na a'fOMe. 

TeopeTJiqecKoe Jiccrre.uoBaHJie pacceHHJIH 3JieK-rpOHOB .ua)Ke Ha 

Han6orree rrpoCTOM, BO.L(OpO.L(HOM, aTOMe rrpe.ucTaBJIHeT 3HaqJITeJih­

Hbie -rpy.unocTH, TaK KaK HBJIHeTCH, B cyIQHOCTH, rrpo6rreMoil: -rpex 

Terr, IIOCKOJibKY -rpe6yeT 011HCaHH5I COCTOHHHH .UBYX 3JieK'fPOHOB, 

,r:i:BJiraIOIQHXCH B KYJIOHOBCKOM rrorre H.Upa. 3Ta rrpo6rreMa HMeeT 

TOJihKO qJICJieHHOe perneHJie, B OTJIJiqJie OT <PoTOHOHH3aQHH so.uopo­

.ua, ceqeHHe KOTOpoH MO)R'.eT 6bITb IIOJiyqeHO qJICTO aHaJIHTHqecKJI. 

KaqecTBennoe ycrro)l{Hentte rro cpaBnerrnIO c <iJoTOHOHJI3au:neil: 

o6bHCHHeT, noqeMy ttMeHHO e + H-npou:ecc - natt6orree qacTo pac­

cMa-rpnBaeMhIH crryqail: nptt myqeHHJI pacceHHHH 3JieK-rpona Ha 

aTOMe. 

,l(JIH MHOrD3JieK-rpOHHbIX aTOMOB CHTyaU:HH CTaHOBJITCH eIQe 60-

Jiee CJIO)KHOH. CJie,n:yIOIQHM o6beKTOM no qacTOTe Hccne,n:oBaHJIH rro­

crre Bo.uopo.ua HBJIHeTCH rerrHH. TaK*e cymecTByIOT .uaHHhie OTHOCJI­

TerrhHO pacceHHJIH na 6orree cJIO)KHbIX aToMax. 

PacceHHJie MO)R'.eT 6bITh ynpy2uM, rteynpy2uM H CBepxynpy2uM 
[JIJI]. B ynpyroM pacceHHHJI 3HeprnH narrerniomeil: na aTOM qacTH­

U:hI-cnapH.na ,r:i:o JI rrocrre pacceHHJIH ocrnfacH TOH )Ke caMoH. B neyn­

pyroM pacceHHHJI 3HeprH5I, IlOTep5IHH35I CHapH.L(OM, MO)KeT HJIH HC-
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nycTIITbC5I B BII.n:e cpOTOHa, lIJilI 6hITb nepe.n:aHa aTOMY-MIIlIICHII, 

se.n:H K ero B036yJK.n:emno lIJilI IIOHII3al(IIII. 11oHII3aQII5I - 3TO npo­

QCCC, B KOTOpOM OJJ:IIH mm HCCKOJibKO 3JICKTpOHOB MoryT IlOKIIHYTb 

aTOM-MIIUICHb IIJIII HOH, B TO speM5I KaK OCTaToqHbIH HOH OKaJKeTC5I B 

COCT05IHHH c MHHHMaJibHO B03MOJKHOH 3HeprHCH. 110HH3aQH51 c B03-

6yJKJJ:CHHCM - 3TO npouecc, B KOTOpOM OJJ:HH HJIH HCCKOJibKO 3JieKT­

pOHOB YJ~aJI5IIOTC51 II3 amo.Ma-MUlUeHU, II IIOCJICJJ:HIIH OCTaCTC5I B B03-

6y)l{Ji:CHHOM COCTO.HHHH, Ha OJJ:HOM H3 Ji:HCKpCTHbIX B036y/K.l(CHHI>IX 

yponneli uoHa-ocmamKa. B cscpxynpyroM pacce5IHHH, npoHcxo.n:H­

IQCM JIHllib Ha B036yJK.n:eHHOH qacTHIIC-MIIIIICHH, 3HeprII5I CHap5I.n:a 

yseJIHqHnaeTc5I Ha BCJIJiqHHY 3HeprHII so36yJKJJ:CHH5I qacTHIIhI-MII­

meHH. 

IIpM nornoIQCHHH q>oTonos o,n:HospeMe1rna51 HOHH3aQII5I c B03-

6y)l{,n:eHHCM HJIH HOHH3aQII5I c B036y/K.D:CHHCM .n:syx JI 60Jiblllero qJic­

Jia 3JICKTpOHOB MO)KCT npOH30HTH TOJibKO 6naro.n:ap5I MC)l{3JICKTPOH­

HOMY s3a11Mo,n:eucrnmo. B pacceHHHH )KC 3JICKTPOHa (11nH mo6oli 

.n:pyroli 3ap»:1KCHHOH qaCTHIIhl) BCC 3TH rrpOUCCChl MoryT H.l(TH .n:a)KC 

6e3 yqern B3aHMO.l(CHCTBH5I MCJK.D:Y aTOMHbIMH 3JICKTponaMH, TOJibKO 

6naro.n:ap5I B3aHMO.D:CHCTBHIO cnap5I,n:a co BCCMH aTOMHhIMH 3JICKTpo­

HaMII 0.l(HOBpCMCHHO. 

JI106b1e Heynpyrne npouecci,1, KpoMe 11cnycKairn51 cpoTOHa II 

csepxHeynpyroro pacce»:HH51, HaqJIHaIOTC51 c ue6onhUIOH MHHHMa­

JihHOH, TaK Ha31>rnaeMott nopozoeou 31tep2uu I. 
Pacce5IHHe 3JICKTpoHa MOJKHO paccMOTPCTh B o,n:H03JICKTpOHHOM 

I1pH6JIH)l{CHIIH II c yqeTOM B3aHMO.l(CHCTBH51 MCJK.D:Y aTOMHhIMII 3JICK­

TpoHaMII. HecMOTPH Ha orpaHIIqeHHYIO ToqHOCTh o,n:Ho3neKrpOHHoro 

npn6JIIIJKCHH5I, Mhl BbITIOJIHIIM II npe,n:CTaBHM pe3ynhTaTbI BbJqncne­

HIIH B ero paMKax. Bo MnorIIx cnyqa51x ouII MoryT cnyJKIITh xopo­

llIIIM nepshIM waroM rnasu1>1M o6pa30M ,un»: opnenTIIpoBKII. B Ka­

qecrne O.l(H03JICKTPOHHOro 6y,n:eT IICilOJih30BaTbC5I npII6JIII)KCHIIC 

XapTPII-cDOKa, KOTOpoe 5IBJIHCTC5I nyqlIIIIM MeTO,l(OM, COBMeCTHMhIM 

c II.D:CCH OTHOCIITeJibHO He3aBIICIIMOro .n:smKeHHH Bcex aTOMHhIX 

3neKTPOHOB B TaK ua3i,rnaeMoM caMocornacosaHHOM none. MbI onn­

c1>rnam1 rnasn1>1e oco6eHHOCTH npn6mrncemrn X<D B n. 1.2. 
0,n:HaKO noqn1 BO BCCX npoQeccax, KOTOphlC paccMaTpIIBaIOTC5I 

B 3TOM KHiffC, pOJih MCJK3JICKTpOHHOrO B3aIIMO.l(CMCTBIIH cyIQCCTBCH­

na 11 BO MHOrIIX cnyqa51x peUiaIOIQC saJKna. yqfa MCJK3JICKTPOHHOro 

B3aHMO,l(CMCTBII5I se.n:fa K Koppe!lRLfWl/11 B ,l(BHJKCHIIH aTOMHhIX 3JICKT­

pOHOB II cyIQeCTBCHHO H3MCH5IeT npOQCCC pacce5IHII51 3JICKTpOHOB Ha 

aToMax (IIJIH IIOHax). qT06hI yqccTb MeJK3JieKTponnoe B3aIIMO.l(CHCT­

BIIC, IIJIII, KaK IIX qaCTO Ha3hIBaIOT, M/l0203JleKmpo111tble KoppCJI5IUIIH, 
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B 3TOH KHJffe Mhl 6y,n:eT JICIIOJ1h30BaTb rrpH6JJJI)J(eHIIe cnyqaJiHhIX 

cpa3 c o6MeHOM (11C<DO), KpaTKO OIIJICairnoe B npJIMeHeHIIIl K cpoTO­

JIOHM3al(JIJI B pa3JI. 1.5, IlJ1Il MHOroqaCTil'IHYIO Teopmo B03Myll(eHHJI 

(MTB). B cyll(HOCTH, 11C<l>O yqJIThrnaeT .IIMHaMH'IeCKoe H3MeHeHtte 

caMocornacoBaHHoro non11, .r1eJicrny1oll(ero Ha KmK.IlhIH 3JieKTpon 

BHe paMoK MTB, nocKOJihKY OHO Be.IICT K 6onhIIIHM nonpaBKaM 

[AM). B p11.r1e cnyqaeB, qT06b1 paccMoTpen aTOMHhie npol(ecci,1, o.r1-

HaKo, MmKeT HCHOJih30BaThCJI H MTB, noToMy 'ITO Me)J(3JJeKTpOHHoe 

B3aHMO.IICllCTBile I1Hor.r1a MO)l(HO paccMaTpHBaTb KaK OTHOCilTeJihHO 

Manoe B03Myll(eHHC. 

,L(a)l(e IICCJ1e.r1y11 ynpyroe pacce11n1Ie, B3aIIMO.I1ei1crnIIe cHap11.r1-

MIIIIIeHh He MO)l(eT 6bITh CBe.IICHO K rrpocToMy, He 3aBJICJllI(eMy OT 

3Heprm1, JIOKaJJhHOMY IIOTeHI(IIany. <l>aKTil'ICCKII, 3TO B3aJIMO.IlellCT­

BIIe HeJIOKaJJbHO, 3nepren1qecKH-3aBJICHMO, JI TOJibKO co 3Ha'IMTeJib­

HhIM ynpoll(eHileM MO)l(eT 6hITh npe.r1cTaBJJeHO KaK HeKilll onmui-te­
CKUU nomem1ua11, KOTOphlll 3aBHCJIT JIIllllb OT KOOp).(JIHaTbl r JI CI1IlHa 

cr c1rnp11.r1a JI ero :meprntt E = p 2 I 2 [ 1]: 

U(r,cr,E) == V(r,cr,E) + iW(r,<J,E), (3.1) 

r,l.(e V(r,cr,E) H W(r,cr,E) - Bell(ecrnenni,1e cpynKI(Mil, nocne.r1-

n1111 Il3 KOTOphlX rrpC)l(,l.(C Bcero OTBeTCTBCHHa 3a norJJOII(CHJie qac­

TJil(hl, orrJici,rnaeMott BOJIHOBOtt cpynKu;ttei1 \jf E ( r, cr). YpaBnentte 

JIJUI \jf E ( r' C1) BhffJUI,lJ,JIT CJie).(yIOII(JIM o6pa3oM: 

[- ~ - ~ +V(r,cr,E) + iW(r,cr,E)] x 

(3.2) 

3TO ypaBHCHJie MO)l(eT 6hITh npe.r1cTaBJieHo B JIHTerpanbHOH 

cpopMe [2]: 

\jf E(r) = <p E(r) + J Gk%i(r, r')U(r,cr ,£)\j!E(r') dr', (3.3) 

r,l.(e <p E ( r) --- cpyHKl(IIJI CB060.r1Horo ,lJ,Bil)l(CHJIJI HaneTaIOII(eH qaCTJI­

l(hl c 3Heprneli £; Gk%) ( r, r') -- cpyHKl(JIJI fpttHa KYJIOHOBCKoro rro­

Tenu;rmna C 3ap11.IIOM Z. JTa cpyHKl(JIJI rp11na JIBJIJleTCJI peIIIeHJieM 

ypaBnemrn [2] 

[-~-~-£JG~%l(r,r')==-8(r-r'). (3.4) 
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Ecn11 Ha «CHapH.n;» ,!l,eii:crnyeT .n;orronH11TeJibHhIH rroTeH.Q11an 8 U ( r ), 
TO 11MeeM BMeCTO (3.3) cne,D,yIOI.Qee 11HTerpanhHOe ypaBHeH11e (CM. 

[JUI]): 

ou _ ) J (u l ' s: ) ou ( ') d ' 'VE (r)-'l'E(r + GE (r,r)uU(r,CJ,£ 'VE r r, (3.5) 

r,D,e G iu) ( r, r') -- perneH11e (3.4) c U ( r, CJ,£), ,D,o6aBneHHhIM K 

-Z/r. 
Bb1pa)KeH11e (3 .1) 3Haq11TeJihHO yrrpomaeTcJI B ,n;Byx rrpe,D,eJibHbIX 

cnyqaHx: rrp11 oqeHh BhICOK11x ::mepr11JIX E = p 2 I 2 >> I 11 oqeub Hl13KHX 

0 < E <<I, r,D,e I - rr0Ten.Q11an 110Hma.Q1111 M11rneH11. B 06011x cny­

qaJix MO)l(HO noJIO)l(l1Tb W ( r, CJ, E) = 0. qTo KacaeTCJI V ( r, CJ,£), OH 

cTaHOBl1TCH 3uepreT11qecK11ue3aB11c11MbIM,11 np11 E --7 oo paBen [3] 

V(r,CJ,E)IE--->oo = -~ +J p(r'), dr' 
r Ir - r I 

(3.6) 

r,D,e z - 3ap5I,D, 51,D,pa 11 p ( r) - aTOMHaJI 3JICKTPOHHaJI IlJIOTHOCTb. 

Ilptt E < < I noTeH.QHan V ( r, CJ, E) Ha 6onhrn11x paccTOJIHHJIX r 
y6brnaeT KaK [3] 

ad V(r,CJ,E) = --, 
2r4 

(3.7) 

r,D,e ad - ,D,HnonbnaJI nonHpmyeMocTb M11rneuu [ cM. (1.86)]. Cnu­

HOBoii: 3aBHC11MOCTbIO IlOTeH.QHana (3 .1 ), ofa1quo cna6oii:, Mbl npe­

ne6peraeM, TaK qTo U = U ( r, £). 
CeqeHHe pacceHHHJI Bbipa)l(aCTCJI qepe3 C,D,BHr cpa3 81 ( E) 3JieKT­

poHHhIX nap.QHailbHbIX BOJIH, KOTOpbie COOTBeTCTBYIOT ,D,aHHOMY yr­

JIOBOMY MOMeHTY l. lfa-3a paCCCJIHHJI pa,D,HailbHaJI qacTb BOJIHOBOH 

cpyHK.QHH \fl E ( r' CJ)- PEI (r) [CM. (1.57)] - MO)l(eT 6bITb npe,!l,CTaB­

JICHa np11 r --7 oo KaK 

PE,(r)lr--->oo --7 }-::i sin[pr-ht/2+8,(£)] (3.8) 
-v nl 

BMCCTO 

(0) I 1 . PEI (r) r--->oo --7 r:::1 sm(pr - In I 2). (3.9) 
\J nl 

<l>a30BblH C,l.l,BHr 81 ( £) onpe,D,CJIJICTCJI 11JIH aCHMilTOTHKOH BOJIHO­

BOH cpyHK.QHl1 [CM. (3.8)], 11JIH H3 CJICAYIOI.Qero COOTHOIIICHl1JI: 

eioi(E) sin8 1(£) = [< j 1(pr)IU(r,E)IPEl(r) >], (3.10) 
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r.r~e ccpepuqecKaR cpyHKll,HR BecceJIR j 1 (pr) OIIHCbIBaeT pa,nttaJihHYIO 

qaCTb BOJIHOBOM cpyHKll,HM CB06o,nnoro 3JieKTPOHa. 
I1wrepecna cpopMyna, KOTOpaR ,naeT ,ll,OilOJIHHTeJibHbIM tjla30BbIM 

c,D,BHT ~ 81 ( E), ecm1 na nanern10my10 qacrnll,y ,D,eiicrnyeT ,D,orronnII­
TeJihHhIH noTeIIll,IIa11 SU ( r, E) [JUI]: 

eiMi(El sin ~8 1 (£) = 
= [< Pifl(r)18U(r,E)IPif+Wl(r) >], (3.11) 

r,D,e P};f l(r) u P};y+ou)(r)- pa.rurnnhHhie qacTH BOJIHOBhIX <J?ynK-

11,IIH qacTHll,hI, rronyqennh1e B rroTennuanax U ( r, E) II 8U ( r, E) co­

OTBeTCTBemrn. 

Boo6me roBopR, c,D,BiffH ipa1 81 ( E) KOMnneKCHhI 

(3 .12) 

,[(mpcpepCHll,HaJihHOe IIO yrny 8 ceqemIC ynpyroro paCCCRHIUI 
d (J rnp ( e) I d n Bhipa)KaCTCR qepe3 cpa30Bhie C,ll,Bllrll 81 ( E) c IlOMO­

Ill,bIO CJIC,D,y1omeii cpopMy JihI [ JIJI]: 

d ynp(e) 00 l 0
£ = I,-C2l+l)(2l'+l)(e2 i 111 (£)- 2µ 1(£)_l)x 

dQ 1,1'=0 E 

(3.13) 

ilonnoe ceqeHIIe ynpyroro pacceRHHR nonyqaeM nocne MHTer­

pnpoBaHHR (3.13) no dQ: 

00 2 00 

<J YTIP(E) = I, <J el (E) = --.'.: L (2/ + 1) sin 2 TJi (E) e-2µi(E). (3.14) 
1=0 E l=O 

Ananorwrno MO)KHO rrorryqHTh Bhrpa)KCHIIR ,D,JIR ccqeHttii Heyrrpyro­

ro II nom1oro pacceRHIIR [JIJI]: 

(J Heynp(E) = i (J reynp(E) = 2n i (2/ + 1)( 1- e-4µ1 (£)). (3.15) 
l=o E l=o 

<JTIOJJH(E) = L <J/01IH(£) == 
1=0 

= 2n: i (2! + l)[l -COSTJ1(E)e-2µ,(E) ). 

E l=O 

(3 .16) 
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Ecm1 cpa3hI 8 1(E) qJICTo BemecTBem1b1, qTo cnyqaeTcH, Kor.ua 
KaH.aJihI Heynpyroro paccemurn 3aKpbIThI, ceqemie ynpyroro pacceH­
mrn .naeTcH cj:JopMynoH: 

crYllP(E) = 27t I (2! +l)sin2 81(E). (3.17) 
E l=O 

B pacqernx, tJT06h1 01mcaTh ynpyroe pacceH1-me, oqeHh qacTo 
HCIIOJih3yeTCH nepeoe 6op1to6CKoe npu6;1u:J1ce1tue. OHO yqMThIBaeT 
rronpaBKH nepBoro nopH,nKa no U ( r, E) K ,[(BinKemno cBo6onuoro 
«cuapH,na». CooTBeTcTBymmIIH: cpa30BhIH c,nBJff 8 )B) (E) nonyqaeT­
CH c 110M0Inhl0 (3 .11) JI HMeeT BII,[( 

8~B)(E) =< j 1(pr)JU(r,E)Jif(pr) >. (3.18) 

IIonpaBKII nepBoro rropH,nKa K cj:JroaM ~ 81 ( E) II3-3a Manora ,norroJIHH­
TeJihHoro IIOTeHIJJiaJia 8 u ( r' £) rroJiyqaroTCH H3 (3 .11) H HMeIOT BM.A 

~8 1 (E) = [<P~Yl(r)J8U(r,E)JPlY\r) >]. (3.19) 

TaK KaK rrp11 E ~ 00 MO)KHO rrpene6pe% B3aMMo.neH:crnHeM aro­
Ma H cttapH,na, ecTecTBeHHO onpe,neJmTh cpa3y TaI<HM cnoco6oM, l!T0-
6h1 npH E ~ 00 oHa o6pau~anach B HOJih: 8 1 (E)JE~"" ~ 0. Tor,na 
ecTh ,nBe B03MO)KHOCTII ,[(JIH 3arrnc11 81 ( 0). Ecm1 neT HHKaKoro o6Me­
Ha Me:>I<.UY HaJiern1omHMH llaCTIIUaMH JI aTOMHhlMH 3JieI<TpoHaMH, 
TO ecTh OHII HeII,neHTII'IHhI, IIMeeM [JIJI]: 

(3.20) 

r.ne n I - qIICJIO CBo6o,nHhIX ,AHCI<peTHhIX ypoBHeH c yrnoBhIM MO­
MeHTOM l B IlOTeHuHaJie u ( r' E) MIIllieim. 

EcnII uanern10maH q:ac·mua - JJieKTpOH H o6MeH c 3JieK-rpoHa­
MH MIIIIIeHII yqTeH, IIMeeM BMeCTO (3.20) COBepllieHHO .npyroe COOT­
HOIIIeHHe, a HMeHHO [ 4]: 

(3 .21) 

r.ue q I - qIICJIO 3aIIHThIX ypOBHeH c MOMeHTOM l B MIIllieHII. 
IIpH E ~ 0 ,nnH c.usttra qm3 Bepno cne,ny1omee Bhipa">Kentte 

[JIJI, 3]: 

(3.22) 

r.ne ,nnH :rneI<Tpona p = .J2i. 
TaI<ttM o6pa30M, MhI BII.AHM, qTo ceqenne ynpyroro pacceHHHR B 

npe,nene E ~ 0 nocTOHHHO. 0,nHaKo ceqenIIe pacceHHIIH, o6ycnoB-
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rreHHoe KBaHTOBo-Mexa1rnqecKoi1 npn:po.n.oli npor~ecca, MO:>KeT onm:­
qaThC51, H 06b1qHo cymecrneHHO OTJIWrneTCH, OT CBOeM reoMeTpnqe­
CKOM BeJin:qn:HbI 4nrl, r.n.e rA - pa.n.n:yc MmneHH. CeqeHHe MO:>KeT 
TaK)Ke H3MeH51ThCH oqenb 6hrcrpo ,nmKe IIpH MaJIOM H3MeHeHHH p. 
B KaqecTBe npn:Mepa 3.ll.eCb crry:>KHT TaK na3bIBaeMbIM MHHHMYM PaM-
3ay3pa [4, 5], KOTopbrtt no51BJIHeTcH B ceqenH51X pacce51HH51 Ha scex, 
KpOMe reJIHH, 6Jiaropo,nnhIX ra3ax, npH .n;osoJihHO MaJibIX :mepnrnx. 
TaM s-<i>a3hI pacTyT, c pocTOM E OT E = 0, HO oqeHh cKopo .n.ocrn:ra­
IOT MaKCHMyMa H 3aTeM HaqHHaIOT yMeHhUiaTbCH. 0HH ,[(OCTHraIOT 
BToporo nyJiesoro 3HaqenHH npH E > 0, r.n.e p-qia3a see eme oqeHh 
Marra. BapHaUH51 THna PaM3ay3pa o3HaqaeT, qTo pearrbHhIM napaMerp 
pa3JIO:>Kenm1 B (3 .22) - He npOCTO r A p << 1, HO BeJrnqHna, KOTopaH 
cymecTBemro 3aBHCHT OT pa3Mepa H cpopMbI U ( r, E). 

Bb1qn:cJiem1e ceqenH51 neynpyroro pacce~mmr ---- soo6n~e .n.o­
BOJibHO cno:>KHa51 npo6neMa,. KOTOpaH1 OJ.J;Ha:t<o, oqerm ynpomacTcH upn: 
BbICOKHX 3Heprtt51X E >> I HJIM, ToqHec, npn: p >> Ji. B 3TOM crry­
qae nepsoe 6opHOBCKoe npH6rrmKem1e cupase.n;mrno M 3a.n.aqa pacce-
51HHR «cnapH,n-MMllleHI»> 3HaqMTeJibHO ynpomaeTC51. )J:eiICTBHTeJibHO, 
npa BhICOKOH 3HeprMH E B3aHMo.n.eiJcTBHe cnap51.n.a M MHUieHH cJia-
60. B pe3yJihTaTe, nonnaH BOJIHOBa51 cpyHKUH51 CMCTeMbI «cnap51p: + 
MHUICHb» MO:>KeT 6hn1 npe.n;CTaBJiena B naqaJihHOM i (KOHC'IHOMj)­
COCT051HHM KaK npOH3BC)l.CHMe llJIOCKOH BOJIHbI, OIIHCr.IBaIOmeiI cHa­
p51.[(, H BOJIHOBOH <iJyHKUHM MHIIICHM \jf it!) (XI , ... , X N ) : 

u1i(f)( ) _ iP;cnr At ( ) 
-i:E X,Xl•···,XN -e 'lfi(.l) X1, ... ,XN. (3.23) 

AMnJIMTy.n;a i ~ f nepexo.n.a Mi ~f ,n:afac51 Bb1pa:>KenMeM 

MHf(q) =\ eip;r'l'~ 1 (X1 ,. .. ,x N) X 

N 

\
"" 1 \ -ip1;r At( )) X £_,; --- e 'lff X1, ... ,XN . 

J=l lr.1-rl 
(3.24) 

ITocne mnerpupoBaHH51 no r norryqaeM cJ1e.n;y10mee Bb1pa:>KeHHe 
[JIJ1]: 
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r.ue q = pf - pi . 
Ceqemi:e pacceRHHH Bbipa)I(aeTcH qepe3 aMilJIHTY.UY Mi~f(q) c 

IlOMOlllblO <PopMyJihI 

d2crHf(q) 4pf 
------- = ---·---1Mi~1( q) \2 · 

dD. dov q 2 Pi rolf · 
(3.26) 

Cne.uyiomee Bbipa)Kem1e Ha3bIBaIOT o6o6meHHoii cIInoii ocunn­
JIHTopoB (OCO): 

(3.27) 

TaK KaK rrpn q -7 0 HMecM G i ->f ( q) -7 G f ~ / c Bbipa)I(eHIIeM G f ~ , 
COBrra.uammHM c OUTH'leCKOH CHJIOH OCliHjIJI51TOpa, .uaHHOH (1.6). 
EcnII cocToHHIIe f rrpnua.us1e)KHT uenpepbIBHoMy cneKTpy, BemI'lIIHy 
G . ( q) ua3hIBaIOT nnoTHOCTbIO OCO. 
l~j 

OCO y.nosneTBOpHIOT rrpasnny cyMM, no.uo6HoMy cymecTsym-
meMy ,[(J151 gHf H cr(ro), T. e. Bbipa)l{eHHIO (1.7): 

L f GHf(q) = N. 

f 

(3.28) 

0TMCTHM, 'ITO cyMMttposairne no f B (3.28) rro.upa3yMeBaeT II l1HTer­
p11posa1rne no E. 

0'leHb qacTo, qTo6bI OIIHCaTb pacceHHHe He CJIIIIUKOM 6hICTpo­
ro 3JICKTpOHa Ha aTOMe, IICIIOJ1b3YCTC51 6opH06CKOe npu6JlU;)/CeHUe 

ucKa:>1cew1b1X eo!lH (EIU1B). B 3TOM rrpn6JIII)I(eHttH HaqanbHbie 
H KOHeqHhie COCT05IHl15I CHapH,Ua npeJl,CTaBJICHbI He nnoCKIIMH 
BomraMn, a peIIIeHHHMII (3.2) c noTeHuttanoM V(r,cr,E), soo6Iue 
roBopH, pa3HbIM .UJIH Ha'laJibHbIX II KOHeqnbIX COCT051HHH, 
V; ( r, cr, E) i= V1 ( r, cr, E). CooTBeTcrnymm11e Bonn0Bb1e <PynKQHH 
3aMeHHIOT nnocKyIO sonHy B (3.23) 11 (3.24) na (3.2), nepeonpe.ue­
JIHH TeM caMhIM <Iepe3 (3.26) ceqeHIIe neynpyroro pacceHHHH B 
EITHB. 
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Ecm1 aToM-MMlllCHh HaXo,!l,HTCH B B036Y*.ll.CHHOM cocTOHHHH A*, 
HapH.ll.Y c ynpyrHM H HeynpyrHM pacceHHHCM MO)KCT HMCTb MCCTO 

CBepxynpyroe pacceHHHC, B KOTOpOM HaneTaIOIIJ,a5! qacTm.i;a YBCJIH­

qJIBaCT CBOIO :meprmo ua 3Heprmo B036y:>K.ll.CHH5! MHlllCHH. Orrpe,!l,e­

rreHHa5! oco6eHHOCTb CBepxynpyrHX npor.i:eccoB COCTOHT B TOM, qTo 

HX ceqeHHe (}"sup ( £) CipCMHTCH K 6eCKOHeqHOCTH C yMeHbllleHHCM 

p = .J2E--) 0 KaK 1 Ip (cM., K rrpttMepy, [JIJI]): 

sup(E)I - I cr p-)o - a p. (3.29) 

3.2. Ynpyroe paccesmue 
B O)J,1103JICKTpOHllOM npu6JIHiKCHHH 

B O,!l,H03JieKTponnoM rrpH6JIH)KCHHH ce'1cn11c 1rre1<Tpon-aT0Mno­

ro yrrpyroro pacceHIIHH OIIHCbJBaeTCH c HCI10Jlh30BaI-IHCM OTHOCH­

TCJlhHO rrpocToro rroTenr.i:ttana, 1<0Toph1tt ne3aBHCHM OT Juepnrn E H 

ne HMeeT MHHMOH qacTH, TaK qTO BMCCTO (3 .1) CCTb rrpocTO BCIIJ,CCT­

BCHHblll IlOTCHI.J;Harr v ( r ). 3aBHCHMOCTb OT CIIHHa HaneTaIOIIJ,Cro 

'.)JICKipOHa s IlOHBJIHeTc5! KaK perrHTHBHCTCKa5! rronpaBKa rrop5!,!l,Ka vie 
K v ( r ), r,!l,e v - CKOpOCTh nanernrom:ero '.)JICKipOUa H c - CKOpOCTb 

CBCTa. B ccpepHqeCKH-CHMMCipHqnoM IIOTCHI.(Hane aTOMa BCKTOp yr­
JIOBOI'O MOMCHTa I xapaKTCpH3YCT '.)JICKTpOI-IHblC COCTOHHWI. I1o3TO­

MY cnu11-op6umw1b11b1u noTem.1,Han npe,!l,CTaBrren (cM., K rrpHMepy, 

[HC]) B crre.ri;yromeu cpopMe: 

1 a VisCr) = ----V(r)(ls). 
c dr 

(3.30) 

TaKHM o6pa30M, BOJIHOBaH cpynI<I.J;HH HaJieTaromero JrreI<IpOHa B 

O,!l,HO'.)JICKTpOHHOM rrptt6rrmKeHHH onpe.ri;errHeTCH crre,ri:yIOII.l,HM ypaB­

HCHHeM: 

----+V(r)+--V(r)(ls) <l'E(r,a)= [ 
f1 z 1 a J 
2 r c CJr 

= E<p £(r,cr). (3 .31) 

B naurnx BhiqJicrrenHHX B KaqecTBe o.ri;Ho3rreKTponnoro MhI Hc­

rrorrb3yeM X<D-nptt6mnKeHHe, KOTopoe paccMaipttBaeT ua paBHhIX 

OCHOBaHHHX naneTaIOUJ;Hll H aTOMHbIC '.)JICKipOHbl. JTO npH6rrmKe-
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rme 6hmo om1caHo Bh1me, B rr. 1.2. BorrnoBa51 cpyHKQH51 narrernmm;e­

ro 3JieKTpoHa <p E (x) eCTh pelllCHIIe ypaBHCHII51 

N 

- A <p E(x) - Z <p E(x) + L J dx' <pk(x') , 
1 

X 
2 r k=I Ir - r I 
x[<p1c(x

1

)<pE(x)-<pix')<p1c(x)] = E<pE(x). (3.32) 

BomroBhIC cpyuKUHII 3aH51ThIX cocT05.IHHH <p /c ( x) (1 s k s N; 
x = r, s) onpep;erreHhI ypaBHCHHCM, rrop;o6nhIM (3.32): 

N 

_A <p·(x)-
2 

<p.(x)+ "f dx'<p*(x')-;-~-x 
2 1 r 1 'f:i 1c Ir -rl 

x[<p1c(x
1

) cp1(x)-<p1(x
1

)<p1c(x)] = e1 cp1(x). (3.33) 

3p;ecb j np1ma~JIC)KHT 3aH51ThIM COCT05.IHH51M B aTOMC-MIIIIICHII. 

qT06hI IIOJIY'IIITh cp1I3H'IeCI<He pe3yJihTaThl, T. e. cpa30BhIC C,D;BH­

rH II 3aTeM CC'ICHII51, ,D;OJI)!(Hhl 6hITh BhlilOJIHCHhl aHaJIIITII'ICCKIIC II 

3aTeM 'IHcnenHhie pacqeThI. KaK nepBhIH mar, O,D;H03JICKTpOHHhie 

BOJIHOBhie cpyHI<UHII <p /c (x) = <p e(n)lmcrC r, s) - pemeHH51 X<l>-ypaB­

HeHHH (3.32) H (3.33) - ,ll;OJDKHhl 6bITh npC,D;CTaBJICHhl B BII,ll;C rrpo­

H3Be~e1rniI pap;HaJihHhIX Re(n )I ( r) = r 1 Pe(n )I ( r ), yrnoBhIX 

Y1111 ( ~, <p) II CIIHHOBhIX X cr cpyHKUHH: 

(3.34) 

rp;e Y1111 ( '6', <p) -- TaK na3hrnaeMa51 ccjJepH'IecKa51 q>yHKUmI; X cr -
cnHHOBa51 cpyHKUII5I; c (n) - O,D;H03JICKTPOHHa51 3Heprn51 (rnamrne 

KBaHTOBOC 'IHCJIO ); l - KBaHTOBOC 'IIICJIO yrrroBoro MOMCHTa; m -
ero npoeKUH5I na H36panuy10 och; er - rrpoeKUII51 cmrna 3JICKTPOHa, 

'6' H <p - nosrnpnhre II a3IIMyTanhI-IhIC yrnb1 Koop.rvnrnThI 3JICKTpon:a 

r. Iif1-nerpuposantte no norr51pn0My yrrry II cyMMIIpoaairne no rrpoeK­

IJ.IIH crrnna MO)!(ryT 6bITb BhlllOJIHeHI:.I anarrIITH'ICCI<H, B TO BpCM5I KaK 

HHTerpttpoaa1rne no r - 'IHcs1enno. 
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3.3. IIom1pHJau:nom10e BJaHMOACiicTBHC 

11omipM3al{HOHHOe B3allMO)lCHCTBHe MC)K)ly 3JICKTpOHOM-CHap51-

.n;oM ll MllIHCHbIO-aTOMOM eCTb pe3yJibTaT ,ne4.JopMaI~HH MHUieHH B 

XOLl,e npOI(ecca CTOJIKHOBeHH51. IlaJICTaIOll(llH 3JICK'fPOH BbI3hrnaeT 

CMCil(CIIlle 3ap51,n;a B aTOMe-MllllICHH, KOTOpoe npMBO)lllT K C03)lanmo 

)lllilOJibHOro MOMCHTa. 3TOT )lllIIOJlbHbIH MOMCHT ,n;eH:crnyeT Ha Ha­

JICTaIOil(llH 3.JICK'fPOH nenocpe,ncTBeHHO. 

ITomrptt3au,ttonnoe B3aHMOJ:i;ettcTBHe MOJI<eT 6b1Tb onttcauo KJiac­

cttqecKH ll npe,n:cTaBJICHO IlOTCHUIIaJIOM, KOTOpbIH na 60JiblllllX pac­

CT051Hll51X OT MllIIICHll y6hrnaeT, cornacno (3.7), KaK - 1 I r4. ITp11 

MaJibIX r, r < r A (r A - aToMHbIH paJ:i;ttyc ), cttnryJIHpnocTll 1 I r 4 B 

(3. 7) He cyuxecrnyeT, TaK KaK V ( r, a, E) ~ const npll r ~ 0. flo-

3TOMY nptt mo6hrx r noTeHl(MaJI V ( r, a, E) MO)KHO npe,n;cTaBllTh no­

IIycpenoMenoJrorttqecKll B cJie,ny1ouxeM BllJ:i;e: 

-ad 
V(r a E) = -

' , 2(r2+ b2 )2 
(3.35) 

r,n:e b4 =-ad I 2V(O) CrnmqecKaJI )lllITOJibHaJI noJIHpmyeMOCTh 

ex d aTOMa-MlllllCHll (CM. (1.86) npll (J) ~ 0) MO)KCT 6bITb llJill paccqll­

TaHa, mm B351Ta ll3 3KcnepttMeurn. ITapaMeTp b MO)KeT 6bITh Bhr6pan 

Tal<HM o6pa30M, q·ro6b1 o6ecneqHTh B03MO:>KHO xopomee 01rncam1e 

pacce51Hll51 3JICKTpOHOB nptt Hll3KOH ::iueprllll. 0,[(HaKO B TaKOM IlO.[(­

XO,[(e llCqe3aeT :mepreTll'feCKa51 3aBHCllMOCTb IlOTCHUMa.rra, TaK )KC 

KaK ll cyruecTBOBauue ero MHllMOH qacTH. BOT noqeMy B pH,n:e crn­

reii, Ha'IIrnaIOII(HXC51 co CTapbIX BblqHc.JieHHH B [6] ll [7], npH onpe­

,n:e.rreHIIH IlOJI5IpH3aI(HOHHOro B3aHMO)lCHCTBH51 HCilOJib30BaJIHCb 

MHOro'IaCTll'UlbIC IlO)lXO.[(bI TeOplIH MHOI'HX TC.JI. ,IJ:HarpaMMbI, npe,n­

CTaBJICHHbie Hll)KC, OllllCbIBaIOT 3TO B3allMO)lCHCTBllC B caMOM Hll3-

KOM nop51,nKe TeOpllH B03MYIUCHH51 - no MC)K3JICK'fPOHHOMy 

B3allMO)lCHCTBllIO: 

a 

k 

@ 
j ! 

I 

6 

k 
+ 

k 

(3.36) 
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a 6 

k 

0 
k • 

k • 
k2 : 

k 

(3.37) 

JTH JJ.HarpaMMbl B npHHl(Mne JJ.OJDKHbl 6b1Tb JJ.OrIOJUieHbl no­

npaBKaMH 6onee BbICOKHX nop5I,l.l,KOB. B KaqecTBe TaKHX Mbl BKJ110qa­

eM B3aIIMOJJ.eHCTBHe Me)KJJ.Y aTOMHbIM B036y)KJJ.eHHblM 3JICKTpOHOM 

II BaKaHcIIeil: j. Mo)KHO noKa3aTb, qTo TOJibKO BKJiaJJ. JJ.IIarpaMMbI 

(3.36, a) onpeJJ.eJI5leT ~I I r 4 noBe,n:enIIe non5IpH3al(IIOHHOro B3aIIMO­

JJ.eikTBII5l. Bee ,n:pyrne JJ.IIarpaMMbI BJIH5II-OT JIHIIIb Ha KopoTKOJJ.ettcT­

Bymru.ym qacTb IIOI15IpII3al(IIOHHOro B3aHMOJJ.eMCTBirn. 0Ka3aJIOCh, 

o,n:naKo, qTo CJJ.BIIr cpa3 (3 .10) onpeJJ.eJrneTc5l BceMH qeThiphM5l qJie­

HaMII ,n:HarpaMM (3.36) H (3.37). MHHMa5I %CTh CJJ.BHra cpa3 npouc­

XOJJ.IIT OT qacrn BKJia)J,a ,n:HarpaMM (3.36, a) II (3.37, a), B03HHKaJO­

ru.ero, KOr,l.(a npoMe)KYTOqHhie COCT05IHII5l, o603HaqeHHbie BepTHKa­

JlhHhIMH nyHKTIIpHblMH JIHHII5IMII, CTaHOB5ITC5l peaJibHhIMII 

cptt3IIqecI<IIMII COCT05IHH5IMH. 3aMeTHM, ~no, KaK HeTpy,n:no y6e,n:HTh­

C5l, npoMe)KyTOqHbie C0CT05IHII5l JJ.IIarpaMM (3.36, 6) H (3.37, 6) MO­

ryr 6b1Th TOJlhKO BHpTyaJibHhIMII. 

0Ka3aJIOCh, qTO B nrnpoKOH o6nacTII 3HeprIIM HaJie'raIOru.Hx 3JieKT­

poHOB: E = p~ I 2 (r,n:e Pk - HMHYJibc B cocT05IHHH k), JJ.Jrn uenJio­

xoro orrncaHH5l npol(ccca 3JieKTpon-aToMnoro pacce5IHH5l B3aHMO­

;~ei1:crntte Me)KJW HaJieTaIDllJ.IIMII (yxOJJ.5IllJ.HMH) H aTOMHbIMH 3JieKTpo­

naMH JJ.OCTaToquo yqecTb BO BTOpOM nop5IJJ.KC TeopIIH B03Myru.emrn 

[7, 8]. KaK 6hmo ynoM5IHyTo Bhillle, B3aHMOJJ.CHCTBHC Me)KJJ.Y aToM­

HhIMH 3JICK1JJOHaMH npH 3TOM BCCbMa qacTO cne,n:yeT yqfffbIBaTb H B 

6onee BhICOKHX nop5IJJ,Kax, BKJIIoqa51 HeI<oTopoe cyMMHpOBaHHC 6ec­

KOHeqHhIX IIOCJICJJ.OBaTeJibHOCTeH JJ.HarpaMM. B pe3yJihTaTC, IIOJiyqa­

eM MaTpHl(Y IIOJI5IpII3al~IIOHHOro B3aHMOJJ.eHCTBH5I, KOTOpa5I npeJJ.­

CTaBJICHa B cne,n:y101Qei1 cpopMe (k i If. ( E) I k1 ) [ 8]. 
Bo BTopoM nop5I,n:Ke anaJIIITIIqecKHe Bb1pa)KeHH5l, cooTBeTcrny­

IOll(He JJ.HarpaMMaM (3.36), (3.37), npc,n:cTaBJieHbI CJIC.lJ.YIOll~HM o6pa3oM: 

(E lllf (E)llE 11 \ = -~--- x 
I . I (21+1) 
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x ( £ 1 l 1 '£ 2 l 2 \\ u l \\ E1 l, £ j I j ) d £ I d £ 2 ; (3.38) 

(3.39) 

3JJ,CCh Ei(f)l - 3Hepnrn II yrnoBOH MOMCHT HaqaJihHOro (Koneqtto­

ro) COCT051HH51 ttanernrom,ero 3JICKTPOHa; £ 111,£2l2 - JHeprHH :meK­

TpOHOB H ynIOBbIC MOMCHThl B rrpoMe:>KyToqHOM COCT051HHH £ ,. /}. ' 
.I I 

£h lh - coOTBCTCTBYIOllJ.HC 3HaqeHH51 JJ,JI51 saKaHCHH. BonHOBbIC 

cpyHKQHH 3JICKTPOHOB H BaKaHCHH orrpeJJ,eJICHhI B rrpH6JimKCHHH x <I> 
perneHHCM ypaBHCHHH (3.32) H (3.33) COOTBCTCTBCHHO. BKJI10qem1e 

ITC<I>O nonpaBoK 6onee BhICOKHX nopHJJ.KOB B (3.38) H (3.39) o6cy:>K­

JJ,aeTc51 rroJJ,po6uo B [AC]. IlpHBCJJ.CHHhle KynonoscKHe MaTpttquhie 

3JICMCHThI, KOTOphIC 0603uaqenbl ,n:BOHHhIMH BCpTIIKaJihHhIMII JIHHH-

51MII, TaK:>KC onpeJJ,eJICHhI B [AC]. 
IIon51p1naQHOHnoe B3aHMOJJ,eJ.i.cTBHe nenoKaJihHO, JHepreTttqe­

CKH 3aBHCHMO H 51BJI51CTC51 KOMIIJICKCHOH cpynKQHCH 

L(r, r',E) =Re (r, r',E) + ilm (r, r' ,E). 

MnIIMa51 qacTh 1: ( r, r', E) _onpeJJ,enena qnenoM io B (3 .38): 

l 
---x 
(2L + 1) 

(3.40) 

x f (f./l,£.it.i\\ VL \\£1l1,£2t2)(£1l1,£2l2\juL \\E1l,£.it.i)d£1, 
0 

(3 .41) 
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BI:.1pa)Kemrn (3.38) II (3.39)' orrpe.n:eJI5IIOT rron51pmau:IIonnoe s1a­

IIMO.D.CHCTBIIe B Tai< Ha3hrnaeMoM ynpoll}ennoM IIC<DO (YIIC<!>O) 

(9, 10, 11]. 

3.4. Ypasuem1e .IJ:aiicoua 

YpasnenIIe ,[(awcona orrpe.uen5IeT rnqnym o.n:no3ne1<1vonnym 

sonnosym cpyHI<U:IIIO. Ono BI<moqaeT rron5IpII3aU:IIOHnoe B3aIIMO.D.CH­

crnIIe, ne orrpe.n:eJI5151 ero cpopMy. Ta1< I<aK rron5IplI3au;IIonnoe B3aII­

MO.D.CHCTBIIC 5IBJI5ICTC51 .D.OilOJIHIITCJihHhIM no OTHOIIICHIIIO I( X<!>, 

ypaBHCHIIC ,[(awcona .D.JI51 3JICKTpOH-aTOMI-IOrO pacce5IHII51 MO)KCT 

6bITh rrpe.D.CTaBJICHO CJIC.D.YIOII}IIM o6pa30M: 

N 

11 z "f I I 1 --'VE(x)--'VE(x)+LJ dx\jfk(x) , x 
2 r k=I Ir - r I 

X[\jfk(x
1

)\jf E (x)-\jf E(x
1

)\jfk (x)]+ 

+j dx
1

1:(x,x
1

,E)\jfE(x
1

)=E\jfE(x). (3.42) 

Enaro.n:ap51 E-3aBIICIIMOCTII cpynKU:IIII \jf E ( x) IIMCIOT neo6h1qnym 

HOpMIIpOBKy: 

f dx \jf~(x)\jfE'(x)·= Z(E) o(E -E'), (3 .43) 

r.n:e Z, KOTopy10 Ha3hIBaIOT nepeHOpMIIpoBoqHOH KOHCTaHTOH IIJIII 

CIICK11JOCKOillfllCCKMM cpaI<TopoM, orrpe,D,CJI5ICTC51 COOTHOIIICHIICM [ 12] 

Z(E) = 1/ [1 -a < EI i:(E) IE >I oE] < 1. (3.44) 

B peaJihHhIX qIICJICHHhIX pacqeTax, o.n:naKo, OTKJIOHCHIICM Z OT 1 
npene6peramT II \jf k ( x) .D.JI51 k ::::: F 3aMCII5ICTC51 X <!>-BOJIHOBOH cpynK­

U:IICH <p k ( x ). 
YpaBnemre (3.42) y.n:o6no peIIIHTh B HHTerpaJihHOH ¢opMe H B 

3HepreTII'ICCKOM rrpe,D,CTaBJICHIIII, KOTopoe ,D,JI51 napu:IIaJihHOH BOJIHhI 

l IIMCCT BII,D, (8): 

\Etl f: 1 (E 1 )IE'z) = (E1j i 1 (E1 )IE'!)+~ (Ell f 1 (E1 )IE"t) x 

X----
1
-.--/ El I I; I (E1 )I E'l)' (3.45) 

E 1 - E" + i8) \ 
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r.n:e cyMMa no E" BKmo1rneT n mnerpnpoBaHne no cnrroIIIHOMY 

CIICKTpy. 

,U:onoJIHHTCJibHaR cpa3a pacceJIHHR, o6yrnoBJICHHaR ITOJIRpH3al(MOH­

HbIM B3aHMO,IJ,CHCTBIICM L( E), ~8 1 ( E), CBR3aHa c .n:naroHaJihHhIM 

MaTpH'IHhIM 3JICMCHTOM (3.45) (8]: 

eit-.oi(E) sin ~8 1 (E) = (El II ~ 1 (E) II El). (3.46) 

Ecm1 B (3 .45) IICIIOJih3YIOTCR TaKHe MaTpH'!Hhie 3JICMeHThI, KaK 

<El \L 1 (E1) \ E"l > (cM. 3.38) H (3.39), TO Bhrpa)l{enue (3.46) orrpe­

.n:enReT rronpaBKH K cpa3aM pacceRHHR B Yl1C<l>O. 
11pH MaJIOM ITOJIRpH3aIJ,IIOHHOM B3aHMO,IJ,CHCTBIIII rronpaBKa K 

cpa3e onpe.n:errRCTCR BMCCTO (3 .46) cne.n:y10ru:HM COOTHOllICHHCM [ 1 O]: 

£\81 ( E) = (El\\ fl ( E) II El ) . (3.47) 

MeTO,IJ,bI, onucannhre Bhillle, na116onee y.n:o6nhr .n:srn aToMOB c 3a­

nonnennhIMII o6onoqKaMH. TaK )KC KaK B ¢0To11on113au,1111, npucyT­

CTBHe OTKpbIThIX o60JIO'ICK .n:o6aBJIRCT MHOro CJIO)KHOCTCH. 0.n:HaKO 

cyu1,ecrnyeT rpynna a TOM OB (CM. n. 1.10), paCCMOTpeirne KOTOpbIX 

IlO'ITII CTOJib )KC rrpocTO II IIOCJIC)..(OBaTCJihHO, KaK )..(JIR aTOMOB c 3a­

KpbITbIMII o6oJIO'IKaMH. Mb! IIMCCM B BM)..(Y aTOMhI c norry3anOJIHCH­

HhIMII o60JIO'IKaMII. 

H.neR rro)..(xo.n;a, ucnOJih3yeMoro .n:nR ux paccM0Tpen1151 B npo-

11,eccax paccemrn5I, ananoruqna om1cannoiI B n. 1.10 [ 13]. Bee 3JICK­

rponhl, BKJIIO'IM naneraroru:IIH, npe)..(CTaBJICHhI KaK «BBepx»- HJIH 

«BHH3»-'laCTHIJ,bI 11 o603Ha'laIOTCR crpenKaMH i H j, COOTBCTCTBCHHO. 
1ho6hI npounmocrpupoBaTh OTJIII'IIIC OT 3TOMOB c 3ailOJIHCHHbIMII 

no.n:o6oJIO'II<aMH, paccMOTpIIM IIOJI5IpH3aIJ,IIOHHOC B3aIIMO,IJ,CHCTBHC 

BO BTOpOM IIOP5I.IJ.KC TeOpHII B03MYIIJ:CHIIH no MC)K3JICKTPOHHOMY 

B3aIIMO,[l,CHCTBHIO, KOTopoe rorn «BBepx» («BHH3») naneraroru:ero 3JICKT­

pona upe/.J,CTaBJICHO .nnarpaMMaMH, no.n,o6HbIMH (3.36) II (3.37): 

a 6 

jl t(t) 
+ --~~---'>____,.__~ (3.48) 
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a 6 

+ (3 .49) 

3aMeTHM, qTO JIHHHH HaJieTaIOrn.ero JJieK'rpona COOTBeTCTByeT 

COCTOHime «BBepx» HJIH «BHH3». 

MaTpHqH1>1e JJieMeHThI, KOTOp1>1e .n.a1-0TCH aHaJIHTifqeCKHMH cpopMy­

naMtt, COOTBeTCTBYIOll~IlMil (3 .48, 3 .49), npe.n.cTaBJIHIOT Bbipa){{eHHH 

TaK tta31>1BaeMoro ynporn.eHHOro cnm1-nonHpH30BaHHOro IICcl>O 
.D.IIH MaTpHqHhIX JJieMemoB < El 1' ( .J.) If~ ,J, ( E 1 ) I E"l 1' ( .J.) > no-

~ T ( ) 6 JIHp1naUHOHHOro B3aHMO,D,eHCTBHH. aKHM 0 pa30M, ypaBHeHHe 

(3.45) pa3,D,eJrneTCH Ha ,D,Ba He3aBHCIIMbIX, KOTOpble cooTBeTCTBYIOT 

«BBepx»- H «BHH3»-JJieKrpoHaM. YpaBHem1e (3.46) .n.aeT ,D,Ba OT.D.eJib­

HhIX cpa30BhIX c.n.nttra 118 ti ( ! ) ( E), KOTop1>1e nocne .n.o6annettIIH K co­

OTBeTCTBYIDill.HM cnttH-nom1ptt3oBaHHhIM X<t>-cpa3aM n03BOJIHIOT no­

nyqaTh c IlOMOill.blO (3 .13 )-(3 .17) BCe ceqeHHH JJieKTpOH-aTOMHOro 

pacceHHIIH ()' t~L ( E) ()' ;a7c E)a f'(fj'( E) COOTBeTCTBeHHO. 

3.5. Ileynpyroe paccesmue JJie1npoHOB HH3KHX 
H cpe,11.HHX JHeprttil 

3TOT npouecc 06h1qHo paccMaTpMBaIOT B TaK Ha31>rnaeMOM 6op­

H06CKOM npu6J1u:J1ceHuu ucKa:JtceHHblX 60JIH e. Cne.n.y1-0n~aH .n.warpaM­

Ma npe.D.CTaBJIHeT COOTBeTCTBYIOill.YIO aMUJIHTY.D.Y 

E 
I i: 

+ (3.50) 

i: 

CocTOHHIIH HaneTa10rn.ero 11 yxo.D.Hill.HX, TaK )Ke KaK aTOMHhIX JneKT­

ponoB, onpe.D.eJreHhl B X<l>-nptt6nmKe111111. AMnn11Ty.D.a, KOTopaH co­

orneTcTByeT (3.50), .D.aCTCH MaTp11qnhIM JJieMeHTOM 

(3.51) 
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CJie.UyIOn(ee OTH01nem1e orrpe.uern1eT ceqem1e Heyrrpyroro pac­

ce51mu1 cr iHeynp B '.HOM npH6JimKeHHH [JIJI] 

= 

cr~eynp-=~~- If IFi->f£Jl
2 o(E;-Er-£ +£1) dErdE. 

I i5'F 0 

(3.52) 

0)J.H03JieKTPOHHhie BOJIHOBbie cpyHKUHH MoryT 6hITb paccqHTa­

Hbl c yqeTOM l10JI5IpH3aUHOHHOro B3aHMO)J.eHCTBH51. 0THOCHTeJibHO 

JierKO yqecTb TaK>Ke B3aHMO)J.eHCTBHe Me'iK)J.Y 0)].HHM H3 3JieKTpOHOB 

B KOHeqHoM COCT05IHHH H BaKaHctteH j B paMKax 11C<l>O. HaMHOro 

6oJiee CJIO'iKHO yqecTb O,ll;HOBpeMemIO B3aHMO)J.eHCTBI1e Me'iK)J.Y 060-

HMH 3JieKTpOHaMH H BaKaHCMeH. 

Texmma )J.HarpaMM MHOrHx Ten Harn51_uno .ueMoHcTpHpyeT, qTo 

B3aMMO)J,eHCTBHe MC)l(.lJ:Y 3JICKTPOHaMH B HaqaJihHOM I1 KOHeqHOM co­

CT051HH51X cymecTByeT H B rrpHHUHITe MO)l(eT CTaTb Ba)l(HbIM cpaKTO­

poM. B Kaqccrne rrp11Mepa rrpe.ucrnBMM cne_uyIOIUYIO nonpaBKy: 

E1 E, E 
I --!---------- + --1 __ ,____,____--I_ 

E 

(3.53) 

O.n;naKo Bee TaKHe rronpaBKH rrnxo)J.51TC51 BHC paMoK narnero pac­

CM0Tpenm1 B 3TOH KHHre. 

3.6. Heynpyroe paccesnrne 6blcTphlx qacTHU. 

Ccqe1rne ueyrrpyroro pacce~rnm1 mo6oH: nanernIOmeH: 6bICTpon 

qacTHUbl (3.27) MO'iKHO Bbipa3HTb qepC3 o6o6meHHbie CHJibl oc­

UHJIJI5ITOpOB (OCO). JTO cne.uyeT H3 onpc.uenenmI oco (3.27). 110-

CKOJibKY IIpH q ~ 0 oco COBila)J.aIOT c OilTHqecKHMH c1maMH 

OCUHJIJl51TOpOB (1.5), (3.27), TO B o6naCTH MaJiblX q OHH npoCTO npo­

nopI(HOHaJibHbl JIH60 ceqeHMIO cpoTOHOHH3aUHH ( 1.4 ), n1160 CHJie 

OCUHJIJI51TOpa, B 3aBHCHMOCTI1 OT KOHcqnoro COCT05IHH51: 5IBJI5IeTC5I Jill 

OHO )J.HCKpeTHbIM B036y)l(fl,eHHCM HJIH npttHa)J.Jie'iKHT nenpepbIBHOMY 
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rrpe,!l,cTasneHo CHMBom1qecKH aHanornqHo ( 1.41 a) s cne.[(yrorn:eM 
BH,!l,e: 

(3.59) 

r,!l,e cpyHKu:mr pacrrpocrpanenmr (rrporrararop) rraphr «JneKTpon-sa­
Kancmm X (co, q) H KOM6Irnau:m1 rrpRMoro H o6Memrnro Me)loneKT­

po1rnoro KynoHOBCKOro B3aHMO)l,eHCTBHR rJ ( q) onpe,!l,eneHhI KaK B 
(1.41a). 0,!J,HaKO Terrepb OHM 3aBHCRT B rrpHHU:Hile OT q. flo)l,06HO 

(l.41a), perneHHe ypaBHeHHR (3.57) MOJKeT 6h1Tb rrpe,!l,CTaBneHo TaK­

JKe cttMBonnqecKH B BM,!l,e cne,!l,ymrn:ero Bhipa)KeHm1: 

A A(q) 
AR ( (J), q) = A . A 

1-X,(co,q)xU(q) 
(3.60) 

3To ypastteHne rro3sonReT KaqecTBeHHO nccne,[(OBaTh o6rn:ne 
oco6eHHOCTH KOnneKTHBHhIX MIIOroJneKTpOHHhIX 3cpcpeKTOB B oco 
TaK JKe, KaK JTO 6bin0 C)l,eJiaHO B rr. 1.5 ;::i:m1 cpoTOHOHII3aU:HH. )J,encT­
BHTeJihHO, MhI nrn:eM cnyqan cnnhnoro ysennqeHHR OCO, KOTOpbie 

COOTBeTCTBYIOT nynRM 3HaMeHaTenR B (3.60). L!aCTOThI Q(q), KOTO­
pbie RBJIRIOTCR perneHHRMH ypaBHeHHR 

(3.61) 

MO)KHO tta3BaTb rnranTCKHMH pe3oHancaMH OCO, KOTOpbie rrpn 

q --7 0 COBila)l,aIOT c rnraHTCKHM pC30HaHCOM B cpoTOHOHH3aU:HII. 
KaK H B cpoTonomBau:1rn (cM. rr. 1.5), MHOroJJieKTpOHHhIC Kop­

penm~IIH MoryT rrpORBHTbCR TaKJKe B UHmeprjJeprn14uo1tHblX pe301taH­
cax (HP) II KoppenR14uoTLHbzx MUHuMy.Max (KM). B HP, ttarrpttMep, 

IlOJIHaR aMIIJIHTy.[(a y,!l,aJieHIIR JJieKTpoHa I13 BHernneH: aTOMHOH rro­

,!l,060JIOqKH Ako) ( Olttr, q) HaMHoro 6onhrne, qeM A (O) ( q). 3ro o6y-

cnosneno 6oJihIIIOH aMrrmny,!l,on Aki) ( (J)IR , q) B3aHMO,!l,ettcTBHR 6i,r­

cTphIX 3apR)KeHHbIX qacTIII~ co BifYTpeHHeH rro,n:o6onoqKoH, KOTopaR 
CHJibHO CBR3aHa c BHeIIIHHM MeJKo6onoqeqHbIM B3aHMO)l,eHCTBHeM 

U (io) (CM. (1.47)]: 

A (OJ 
AR ( (J)HP ' q) = 

= A~) ( COttr, q) xx (iJ (co) x rJ UOJ >> A (OJ ( q ). (3.62) 

flpoRBJieHHeM ,n:ecTpyKTIIBHOH HHTepcpepeHU:HH RBJIReTCR KM, rn­

KOH qTo AR(coKM ,q) = 0, B TO speMR KaK Al0l(q)-:/:- 0. 
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He CHMBOJIII'IeCKH yp-e (3.59) 06h1qHo rrpe.n:crnsmnoT B MaTpttq­
HOtt cpopMe, B KOTOpott OHO, ecTeCTBeHHO, BhffJI}l,Il,llT 6onee CJIO)[{HO 
(,Il,JI}I ,Il,llilOJibHOH aMITJIHTY,Il,bl cpoTOHOHll3aunn '.)TO llJIJIIOC1"pHpyeTC}I 
( 1.3 7): 

(!I A R(ro, q)I i) ~(!I A'· '(q) Ii)+ ( ,'<J;'" ,.,J;.<F )x 
(k'IAR(ro,q)j n') (n'J IV I k'i) 

x . (3.63) 
W-£k' +£ 11 , + i1l(l-2ne) 

3.n:ech, KaK n B (1.37), :::; F(> F) o6o3HaqaeT 3aHRThie (cso60.n:­
Hb1e) X<I>-cocTORHnR; £ /1 - O,Il,H03JieKTpOHHhie X<l>-3Hepnrn; 1l ~ 0 
H nk = 1 (0) ,Il,JIR k :::; F(> F) cooTBeTCTBeuno; ( nf I U I ki) = 
= ( nf IV I ki ) - (nf IV I ik ) . Pe3ynbTaThI IIC<I>O ,Il,JIR cpoP,_M OJLUHbl H 
cKopocmu .l.IOJI:>KHhI 6hITh TeMH :>Ke caMbIMH, n rro3TOMY AR ( ro, q) ne 
nMeeT sepxnero nH.n;eKca r mrn v. 

IIpoue.n;ypa pernennR 3Toro ypaBHeHnR .n;cTaJibHO onncana B 
[A q], [AM] n .n;nR cpoTOHOHH3au1m IIC<I>O-ypaBneHne rrpe.n:crnB­
neno B pa3.n;. 1. 7. E,IJ,HHCTBeI-IHOe OTJIHqHe COCTOHT B TOM, qTo onepa­
TOP Ar, v ( q) CJie,IJ,yeT pa.1JIO:>KHTb B 6ecKonequbIH pR,D, H ,ll,HIIOJibHOM 
ero KOMilOHeHTOH MO:>KHO orpaHll'IMTbC}I .n;aneKO He Bcer.n;a: 

jr, v(q) = L A2 v(q) PL (cos 0), (3.64) 
L ==0 

r,D,e PL (cos e) - ITOJIHHOM Jle:>KaH.n;pa L-Toro rropR,D,Ka; e - yroJI 
MC:>K,Il,Y BeKTopaMH r H q. I1ocne BbIIlOJIHCHllR aHamnHqecKoro HH­
TerpHpOBaHH}I IIO 8 B (3.63) ITOJiyqaeM CHCTeMy ypaBHCHlltt, OT.ZJ;eJih­
HYIO ,Il,JIR Ka:M,D,Oro L. 3aMeTHM, qTo paccMaTpHBaeMbie q 06h1quo 3a­
Men10 6oJibllIC, 'ICM k = ro/ c, T. e. nMnynhca <t>oTona TOH )J<e rrepe­
.D.aI-IHOtt 3HeprHn m. 

c IIOMOIUhIO (3.58) H (3.63) MO:>KHO rrpe.n;cTaBHTb oco c y"tJeTOM 
MHOr03JieK1"pOHHbIX IIC<l>O-KoppenRUHM B cne.n;y10iuett cpopMe: 

G~(ro,q) = ~~j (I IAR(co,q)j i) j2 . (3.65) 

3.n:ech ( f I H I i) - coorneTCTBenno Koneqnoe H natianhHoe X<I>-co­
CTORHHC. 
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ll'ro6b1 yt1ecTb MHoro:meK'I'pOHHbie KoppemIUHH B ITC<I>O, cne­

.LlyeT pernHTb CHCTeMy ypaBIJeHHH (3.63), KOTOpaJI nocne pa3,lleJIC­

HHJI KOMIIOHeHT c OTJIH'IHblM L .UJIJI r-<PopMbl HMeeT BH.U 

(l i A~ (q ,ro) Ii)= (l 1 h (qr) Ii) {,,f,t,,F '"f,t"F )x 
(k'IAk (q,co)I n' )(n/ IU I k'i) l 

x (3.66) 
co- e k' +en' + irt(l - 2nk') 

Ilpolle.ll.ypa pemeuttJI :noro ypaBHeHHJI ii;eTaJibHO ormcana B [A ti] n 

pa3,n. 1.7. 
CooTHorne1me, no.L106Hoc (3.57), KOTopoe cnei~yeT m (3.55), 

orrpe,L\eJIJieT L-KOMIIOHCHTY OCO B ITC<l>O G ~ ( q, rolj; ): 

G~ (q,co) = 2;;;- I(/ I Ak (q,co) Ii) j
2

. (3.67) 

Bwn1cnJIJI OCO .um1 ,nHcKpeTHbIX nepcxoi~oB H conocTaBJIJIJI pc-

3yn1>TaTLI c ,L\aIIHblMH OflbITOB, MOiKHO O'ICHh Irn,L\eiKHO onpe,neJIJITb 

MYJibTHIIOJlbHOCTH nepcxo,noB [ 15]' 3Ta HHTeprrpeTaUHJI oco6eHHO 

mITepecHa ,L\JIJI HC,IJ;HIIOJibHblX rrepeXO)~OB, TaK KaK OHM HC MoryT 

6bITb 1rn6mo,L\aeMbI B <PoTorrorno~enmI. Ho ,L\aiKe orrTH'ICCKH pa3pe­

rneHHb1e ,llHIIOJibHbIC nepeXO,IJ;bl MOl'YT B npHHUHne HMeTb 3Ha'IHMYIO 

nprrMec1, .llpyrrrx MYJibTH1101r1>nocTeH:, 1rnnprrMep OKTyrronbHbIX, Ko­

topa.H 0611apy)KHBaeTCJI nprr H3yt1e1rnH HX oco H BblHOJIHeimH ,L\0-

CTaTO'IHO TOqHblX BbILlHCJICHHH. 

3aBHCHMOCTb OT (I) ,L\JIJI .UHIIOJibHblX oco npH q = 0 xopomo H3-

BCCTHa, TaK KaK npH q = 0 oco npJIMO nponoputtouaJibBO Hlll'CH­

CHBHO H3yqaeMbIM cetICHHJIM <PoTOHOHH3aUHH, pe3yJibTaTbl .llJIJI KO­

TOpbIX npC.L\CTaBJICHbl B fJL 2. tipe3BbJqaH:no CHJlbHbie MHOf03JieKT­

ponHbIC 3cp<PcKTbl 6bum HaH,L\CHbl B OtieIIb umpOKOM o6JiaCTH 

1.JaCTOTbl cpOTOHa - OT BHCllIHHX no.uo6oJIOtICK .uo 31Ia'ICHHM CJ) .ua­

JICKO Ha;:J; noporoM s11y1peHimx no,llo6onot:reK. lfasecnw, qTo uer1L1H: 

Ha6op pa31IOo6pa3HblX KopperrnI~HOIIHbIX 3cpcpeKTOB, a HMCHHO BHYT­

pH- H Me:>Ko6onoqcquoro B3aHMO,UeHCTBIUI 01.Jellh Ba:>KHbl B cpoTO­

HOIIH3al~HH. IlaH6onee BH.UHhIH cpe;.~H '.HHX 1cpcpeKTOB ·-- .u11noJibHbie 

rn:ra1rrc1rne KoppeJIJil~HOHHbIC pe30HaHCbl. 0,IJ;HaKO noqTH HH'·ICro HC 

II3BCCTllO 0 BapHallHII 3THX pc30HaHCOB B oco c pocTOM q ~a)KC B 

~MrlOJibHOM KaHane. 1ho KacaeTCH MOHOilOJibHbIX H KBa~pynoJibHblX 
oco, OHH Boo6~e He 6bIJIH 113yqeHbl c JTOM TO'll<II 3pCHHJI. 
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Ha116onee npocTo BbI'iHCJUllOTCH OCO ,llJUl aTOMOB H HOHOB c 

3arrom1eHHbIM11 no.no6onoqKaM11. ,IlJrn nony3anonHeHHblX o6ono­

'ieK Mbl 6yneM np11MeHHTb MeTO,Zl, om1caHHl>IH B n. 1.10. flpH­

Be1-1:eHHbie TaM cpopMyJibl 6y,nyT HCITOJlb30BaHbI, O)l,HaKo, He TOJlb­

KO WU! )lHilOJlbHOH, HO 11 )lpyrnx I<OMilOHeHT, 1aMe1rn11 B cp-nax 

(1.96), (1.97) H aHanorn'iHblX HM )l,11110JibHbIH oneparnp Dro_/oo) Ha 

A ~i o) q' 00). IloCJIC,1].HHH nonyq~eTCH peme1meM ypaBHeHHH, no­

.uo6HI>IX (l.93) c J, (qr) BMeCTO d 113 (1.91, 1.92). 
PaccMOTpenHe OCO .D:JIH cnHH-op611TaJihHbIX .lly6neToB 6y.n;cT 

np11BC)l,CHO no,rco6HO TOMy, KaK 3TO c.n;enaHO B rJI. 2 rrpH OITHCaH11H 

P11c._2.2Xe_b7, no c yqcTOM 11aJJ11'i11H He TOJihKO .n.11rronr,uoro nepe­

xo.n:a, no 11 nepexonoB ,npyrnx MYJibTHIIOJibHOCTCH. 

OCO ue3anom1enHbIX o6onoqeK CJie,nycT paccMarp11Ban, Ta­

KHM >KC o6pa30M, KaK :no OilHCaHO .llJ151 ,[{HlIOJibIIOI"O ncpcxo,rca B 

n. 1.11, c O'iCBHAHhIM 0606nte1meM H Ha nepexol{hI .n:pyrnx MY!IbTH­

non1>uocTCH. 

3.7. 3<1J<l>eKT KoMnToHa 

B 3TOM pa3,ne1re 6y.n.cT noKa3aHo, 'iTO ce<JcHHC I<OMIITOHOBCKoro 

pacccmurn MOiKeT 6bITb npH HCKOTOpblX ycnOBH51X Bblpa>KCIIO qepe3 

oco. Oneparnp, KOTOpbIH OllHCblBaCT B3aHMO)lCHCTBHC cpoTOUOB c 

N aTOMHbIMH :mcKTponaMH B nepemrrHBHCTCKOM npH6nm1<cmm, BhI­

nrnJtHT CJJC,HYJOlllHM o6pa30M (EJI11]: 

N 

K = L (-~ PiA(ri) + 
2

1

2 
A 2(ri )), 

i=I C C 

(3.68) 

r.rcc A(r,) ·- BCKTOpllbIH IIOTCHUHaJI 3JieKTpoManmnmro IlOJI5I; ri 

11 p; ---· 1<0opmrnaThI HMnynbca i-ro 3JICKrpoHa; c- cKopocTb cseTa. 

Ce<JCIIHC neynpyroro HJIH KOMITTOHOBCKoro, pacceHUH}I cpoTOHOB 

Bblpa)l<aCTCSI qepe3 BTOpy10 CTCIICHb onepaTOpa pi A( ri )/ c H nepsy10 

CTCIICHb A 2 (r, )/2c2. Ho Birna.n: qncna p,A(r, )le B KOMill'OHOB­

CKOC paccemme uepcmITHBHCTCKHMH 3J1CKrponaMH Man, ITOCKOJibKY 

co,1~ep>K11T MHOiKHTCJih ( v I c) 2<< 1, TaK lJTo ocHoBHoii BKJia.!l B celJc-

1rne KOMIITOHOBCKOI'O paccCSillHSI npoHCX0,!{11T OT onepaTopa 

A 2(r1 )/2c2. 
,Ilnn BHCllIHero 3JICKTpoMarHHTHOro IlOJISI HMCCM Bbipa>KCHHe 

A(r,) - e exp(ikri ), r.rce e ·- BCKTOp l10JISipH3aU11H H3JIY'iCHH5l' 

[I:>JIIT]. flo3TOMY .!lH<pcpcpeHilHaJibHOC no yrny paCCC5l'HHH 4.JoTOHa 
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dQ ceqemie KOMTITOHOBCKoro pacce51HIUI daft ( w)/ dQ, conpoBmK.ua-

1omeroc51 aTOMHhIM nepexo.uoM H3 HaqaJihHoro cocT051HH51 ( i I B KO­

HeqHoe If ), MO)l(eT 6bnh Bhipa)l(eHo qepe3 Ma1-pwqHbie :rneMeHThI 

oneparnpa exp (ikri ) : 

daft.( w) = ( da ) E - w L 
dQ dQ 0 E t 

(3.69) 

3.uecb E -- :meprn51 Hanern1omero <jJoTOHa H w - :meprH51, nepe­

.uanna51 aToMy B npou;ecce paccemm51; (da/dQ) 0 - KJrnccwqecKoe 

.D.Hcpcpepenu;HaJibHOe TOMIICOHOBCKOe ceqenwe pacce51IIH51 CBeTa Ha 

3JieKTpOHe (cM. [EJIII, 16]); BeKTOp q --- HMIIYJihC, ncpe,D.aHHbIH aTO-
' k' MY B nporxecce KOMIITOHOBCKOro pacce51HIUI; q = k - k ' - HM-

nyJihC yneTa10mero <jJOTOHa. Yron e onpe.uen51eT IrnnpaBJieHHe BbIJie­

Ta <jJoToHa. CyMMHpoBanwc no KoneqHhIM cocT051HH51M/BhHIOJIH51eT­

c51 c yqeToM 3aKona coxpaneHH51 3neprHH w = Ef - E;, r.ue Et If E; -
3Heprmi aTOMa B naqaJihHOM COCT051HHH H CHCTeMbl «HOHH30BaHHhIH 

3JieKTpOH-OCTaToqHhIH HOH» B KOHeqIJOM COCT051HHH. 

IlocJie,D.HHH qJieH cnpaBa B (3.68) MO)l<eT 6bITb Bbipa)KeH qepe3 

OCO, .ua1111b1e <jJ-noH. (3.27), KOTopa51 onpe.uen51eT neynpyroe ceqe­

nwe pacce51HH51 6b1crpoH: 3ap5I)l(eHHOH qacTHIXhI Ha aToMe. Tor.ua 

(3.69) MO)l(eT 6bnh 3anwcano cne.uyIOIIJ.HM o6pa3oM: 

--- - - ---L..J G11 (w,q). dcrft(w) -(dcr) E-wq2 '1 
dQ dQ 

0 
E 2w f . 

(3.70) 

KoMnTOHOBCKoe pacce51HHe npe.ucTaBJI51eT mnepec npw BhICO­

KHX 3HeprH51X E, ,D.JI51 cpe.unwx 11 T51)l(CJihIX aTOMOB np116Jm3HTeJihHO 

npH .aeC51TKaX H ,D.a)l<C COTH51X KHJI03JieKrpOHBOJlhT, r.ue OHO naq11Ha­

eT ,D.OMMHMpoBaTb B TIOJIHOM ceqenHM B33HMO,D.eHCTBH51 «ciiOTOH­

aTOM» ua.u ¢0Tonornou~e1meM [16]. 11Me51 B BM.Uy, qTo c ToqKH 3pe­

HH51 IIOHMMaHH51 CTpyKTYPhI aTOMOB HHTCpCCHbI He CJIHllIKOM 6onh­

ume ru, w :::; 100 Ry, nonyqaeM orpanwqenwe (J) I E << 1. Ilpene6pe­

ra51 nonpaBKaMH nop51.D.Ka w I E << 1, nonyqaeM cne.uy10n~ee cooTHO­

lllentte: 

2E ( w )
112 

. q = -~ 1 - "2£ sm t'}, 

r.ue t'} = e I 2 H e -- yroJI pacce51HH51 yneTaIOIIJ.Cro ¢ornna. 
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B X<l>-rrpn6mnKemrn ceqeHne KOMITTOHOBCKoro pacceHHMH JJ.a­

errn (3.70) c OCO, orrpeJJ.eJieHHbIMM (3.58): 

da<jfF(ro)=(da)E-~!]3__" ro (3 .72) 
dQ dQ E 2ro ~<gstC ,q). 

0 s>f,t_F 

3).1.eCb cyMMMpoBaHMe BbIIlOJIHHeTCH 110 BCeM O).l,H03JieKrpOHHbIM co­

CTOHHMHM t -::; E, 3a1rnTbIM B HaqaJibHOM COCTOHHMM i aTOMa M B03-

6y)KJJ.eHHbIM s > F, KOTOpbre yJJ.oBnernopHIOT 3aKoHy coxpaHCHM5l 

3HeprnM Es = ro + E 1 . 

CeqeHne yrrpyroro KnaccnqecKoro TOMCOHOBCKoro pacceHHMH 

).l,aCTCH CJICJJ.YIOW:MM Bblpa)KCHMCM [BJIII]: 

( da_ J = _l (1 + cos2 e) "' _l [1 -~ ( qc )
2

] , 
dQ 

0 
2c4 c4 2 E 

(3.73) 

r).l,e e - yron paCCC5IHMH <Poroua. BrnpoiI Illar yrrporn:eHM5l B (3. 73) 
JJ.CHCTBMTCJICH J~JI5l MaJibIX yrJIOB pacceHHMH. 

,D:anee paccMorpenne KOMITTOHOBCKOro pacceHHM5l o65l3aTCJibHO 

).l,OJI)KHO yqMTbIBaTb MHOro3JICKrpOHHbIC KoppeJI5IQMM B paMKaX 

11C<l>O. Coorsercrnyrorn:ee Bbrpa)KCHMe rronyqaercH 3aMeHoiI g51 B 

(3.72) Ha Gs1, orrpeJJ.CJIHeMoe (3.67). 
Ypasnenne (3.63) JJ.IDI AR ( ro, q) c rroMOW:bIO (3 .65) rrepexoJJ.MT B 

CMCTCMY HC3aBMCMMbIX ypaBHCHMH ).l,JI5l rrapQMaJibHblX BKJia).l,OB c 

).l,aHHblM yrnoBbIM MOMCHTOM L - A k ( (J), q ), KOTOpbIC ).l,OJI)KHbl 6bITb 

pellleHbI qncnenno, KaK orrncano B [A q] MB rn. 2, JJ.aBaH B pe3yJibTa­

TC Marpnqnbre 3JieMeHTbI ( nl I A~ ( ro, q) I El' )· C noMOW:bIO 3TMX MaT-

pnqHbIX 3JieMeHTOB MO)KHO rronyqnrb napQMaJibHbie no L 3naqenMH 

B IIC<l>O: 

(3.74) 

3aTeM 31rnqeHMHMM G ~/El'( (J), q) CJICJJ.YCT 3aMCHMTb g st ( (J), q) B (3. 71 ), 
qro npMBO).l,MT K COOTHOIIICHMIO 

!!_a~_(ro, ql =(~a) E -ro !!2. "GR , (ro,q), (3.75) 
dQ dQ E 2ro L... nl,El,L 

0 s>F,t~F,L >O 

Koropoe ecTb KOMnToHoBcKoe ceqeHMe pacceHHMH B IIC<l>O (CM. 

(17] M CCbIJIKM TaM). 
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B KOMilTOHOBCKOM pacceHHHH MoryT 6hITh Bo36yiK.n,eHbI H ;J;HCK­

peTHbie ypoBHH aTOMa-Mmne1rn. CooTBeTcTBy1omee ceqe1me .n,aeTCH 

BbipaiKeHHeM, no.n,o6HbIM (3. 7 5) [ 18): 

dcrf~r. L11 (roil' q) 
-----

dO. 

(
dcr J E-ro1f qz 

= dQ -E-2ro·1· GC·.L/ro11.,q). 
0 ! 

(3.76) 

3.n,ecb i ~ .f o603Ha'iaeT .Il,HCKpeTHbIH nepexo.n, li3 COCTOHHHH i B co­

CTOHHHe/; c :.rnepmeH: B036yiK.n,eHHH ro,f' Ii YrJIOBbIM MOMeHTOM Lif 
B Bbl'iliCJiemrnx CetJ:eHHH KOMIITOHOBCKOI'O pacceHHHH Mbl orpa­

Hli'IHMCH MOHOIIOJibHblM, .Il,liilOJibHbIM, KBa.n,pynoJibHbIM H OKTYIIOJib­

HblM, L = 0, 1, 2, 3, nepcxo.n,aMH. Mb1 BbitJ:HCJIHeM g~1 et'(ro,q) H 

G:/el'(ro,q) B )J;OBOJibHO Im!pOKOH o6JiaCTM 3HatJ:eHHH q; 0 s; q s; 
s; 8 a. e. H co .no 100-120 Ry. ,lJ;nH PaJYMHhlX 3HatJ:eHHH E, E > 
> 1000 Ry c TO'iHOCTbIO 1-2 %, MOiKHO ynpoCTHTb (3.71), CBe.IJ,H 

ero K q =(EI c)0. Tor.n,a BMecTO (3.75) nonyqaeM: 

( 
dcr~f ~l(J)·~l JI ( dcr_ J = 

dQ dO. 0 

2 3 

= ~ro G111,e(ro,q) = c;~l.e(ro,q) = L,.i:;~l.i:,L (ro,q); (3.77) 
L=O 

3 

Gn,,e(ro,q) =LL G,71,el'(ro,q); 
L =0 I' 

e = ro- Int, q = E0 I c. 

BenwmHy i:; LI 0 ( (J), q) B rn. 4 Mbl 6y.n,eM Ha3blBaTb OTHOCHTeJibHblM 
11,'"" 

ceqe1rneM KOMIITOHOBCKoro pacceHHHH. ,[(Jrn .n,HcKpenwro nepexo.na 

y.n,o6no BBCCTH anaJIOrHtJ:HYIO BeJIH'iHHY 

On1ocHTCJihHaH ponb IlC<l>O-Koppem111HH: B HOHH3au;HH aToMa B 

KOMIITOHOBCKOM pacceHHHH onpe.n,eJIHCTCH, B COOTBCTCTBHH c (3.76) 
H (3.72), CJie,!lyIOIUHM OTHOlllCHHCM: 
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(
dcrCR (co)J/(dcrC,HF l --~-e - ___ n}_~_e_ = 

dQ dQ 

(3.79) 

BbI'IHCJIHM TaK>KC noJIHbie ce11eHHH KOMnTOHOBCKoro pacceHHHH. 

,JJ:Jrn ~annoro nepe~a1n10ro yrnoBoro MOMCHTa L HMCCM B npH6JIH­

*CHHH X<l> H ITC<l>O (0603n:a11c1:1 R) cJie~y10II1Hc cpopMyJibI: 

!!_ 
2 cr_~·~~~!:_~<f!:!Jl = __ CJ.,2__ [l --~ ( g_:_ )

2 
] "" g L , (CO, q), 

dco d q 2coc4 2 E £..J, nl. el 
_ nl,l 

(3.80) 

l ( 2] d2crCR,L(co,q) q2 1 qc L 
----- =--- 1-- -) ""'G ,(co,q). 

dco dq 2coc4 2 E £..J, nt,et 
nl, I 

(3.81) 

,JJ:Hcpcpcpena.HaJibl-IOC no co H q ce11eHHe I<OMilTOHOBCKOI'O pacceHHHH 

HY*HO cyMMHpoBaTb no BCCM yrnoBbIM MOMeHTaM L, npHHHTbIM BO 

BHHMaHHC npH pac11ernx: 

d2crcR,HF(co,q) = ± d2crcR,HF,L(co,q). 

dco dq L =O dco dq 
(3.82) 

,JJ:HcpcpepeHl.l,HaJibHOC TOJibKO no co ceqenHC llOJiyqaeTCH H3 (3. 81) 
H (3.82) nocJie HHTCrpHpOBanm1 no q: 

dcrCHF (co) 
= 

dco 

-2rocl'E' Tq'[1-i( ~ )'] ,htg;,,<1,(w,q)dq; (3.83) 

dcrCR (co) 
= 

dco 

= 2roc1,E' Tq'[l -H ~ )'] ,ht G;,,,,,(ro, q)dq. (3.84) 
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3,D,eCh q max - BepXHHH rrpe,D,eJI ITO q, KOTOphIH B HallIHX Bhl'IMCJie1rn-

5!X 6y,D,eT B35!T paBHhIM 8 a. e., 'ITO ,D,OCTaTO'IHO BhICOKo; 3aMeTMM, 

'ITOqmaxclE<<l. 
Ce'IeHtt5! KOMITTOHOBCKoro ceqenn5! B036y:/K,D,eHH5! ,D,MCKpeTHhIX 

ypoBI-IeH IIO,D,06Hhl (3.83) M (3.84): 

CHF a t '7'(co t ,,, ) = x n,n n,111 
2 2£ 2 

con!, n'/' c 

qm"' 3 r 1 ( qc )21 l . 
X { q l_ 1 - Z E J g nl, El'( con!, n7'' q) dq' (3.85) 

a CR/ 'I'( CO I 'I') = 1 X n,n n,n 2 2£ 2 
con!, 11'/' c 

lfmaK l 1 ( C )21 
x J 3 1 - - g__ J G L (co ) d 

0 

q 2 E nl.El' 11/,n'/''q q. (3.86) 

11pn cyMMttpoBaHMM (3.85) n (3.86) 110 sceM n'l' ML nonyqaeM 

IlOJIHhIH BKJia,D, B ceqe1rne KOMITTOHOBCKOro pacce5!HM5! OT B036y:/K,D,e­

HI15! ,D,MCKpeTHhlX yposneii nl :meKrpOHOB a~fF, R (co). <P-Jihl (3 .85) I1 

(3 .86) 6y.D.yT I1CITOJih30BaTbC5! HH)f(e, B rn. 4, 'IT06hI IIOJIY'IMTh IlOJI­

HOe ceqeHtte B036y:/K,D,eHirn ,D,MCKpCTHbIX ypoBHeH B KOMIITOHOBCKOM 

pacce5!HI1I1 I1 cpaBHHTh ero c IIOJIHbIM KJiaCCH'IeCKMM TOMIICOHOB­

CKMM ceqenneM pacce5!HM5! csern Ha 3JieKrpone a 0 : 

8n -s 
cr 0 = - ""2.3755·10 a. e. 

3c 4 
(3.87) 

3aMeTMM, 'ITO BKJia,D, rpyrrrrhI ,D,MCKpeTHhIX ypoBHeH yMeHhlliaCT­

C5! c pocTOM E KaK 1 I E2, B TO BpeM5! KaK rronnoe KOMITTOHOBCKoe ce­

'IeHne OT E ITO'ITM ne 3aBHCHT. 3To 03HaqaeT, qTo c yBennqeHHeM E 
rJiaBHhlll BKJJa,D, B KOMIITOHOBCKOe ceqeHHe npOHCXO,D,HT He OT B03-

6y:/K,D,eHH5!, a OT HOHH3aU:HH aTOMHhIX 3JieKTpOHOB. 

3na'IeHH5! ceqeHHH cr~1 (co), cornacHo (3.85) H (3.86) [18], Moryr 

6bITb npe,D,cTaBJieHhI KaK 

c2 
(JCHF, R (co) = -- a ACHF, R (co). 

nl £2 0 nl 
(3.88) 

B Ka'Iecrne rrpnMepa, cpaKrnphI A~HF, R (co) 6bmn paccqnTaHhI B 

[19] H oKa3aJIHCh paBHhIMH Af
11 

""0.2210 ,D,JI5! Ne, Af
11 

""0.1454 .D.JI5! 
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Ar, A:P "" 0.2084 ,Zlmr Kr II Af P "" 0.2413 .zlJUI Xe. ,[.(1rn :rneprnH:, 

KOTOphie npe,ZlCTaBJUIIOT IIHTepec B KOMIITOHOBCKM pacceHHIIII, a 

1IMe1rno .zlIIH E 6onhIIIe qeM ,ZleCHTKII KHJI03JieKTPOHBOJihT, ttMeeM 

c IE<< l. HarroMHHM, qTo MhI IIOJih3yeMcH aTOMHOH CIICTeMoH: e,Zltt­

HIIU:. KaK BII.zlHO, A 111 ( w) << Z H no3TOMY ceqeHIIe so36y>K.lleH1IH .lllI­

CKpeTHhIX ypoBHeH HaMHOro MeHbIIIe, qeM IIOJIHOe aTOMHOe KJiaCCII­

qecKOe TOMIICOHOBCKOe ceqeHIIe, ,ZlaHHOe cp-JIOH (3.87). 

3.8. Paccesrnue no3HTpona na aToMax 
c yqeTOM nom1pH33U:HOHHOro B33HMO}J,eHCTBHH 

3,ZleCb MhI o6cy,ZlHM crreu:HcpHqecKIIe oco6eHHOCTII pacceHHII5l 

II0311TpoHa Ha aTOMe. JfayqeHIIe pacce5IHll5l ((IJ031ITpOH-aTOM» II 

«II0311TpOH---MOJieKyna» - BeChMa aKTlIBHaH o6JiaCTb HCCJie.[(OBa­

HIIH (CM. [20] 11 CCbIJIKll TaM). ilHTepecno cpaBHlITh 3TOT rrpou:ecc c 

3JieKTponHhIMII CTOJIKHOBeHIIHMH na Tex :1Ke caMhIX o6neKTax. Bn115l­

H1Ie B3al!MO,ZleHCTBlIH «MHIIIeHb-CHapH,Zl» HalI60Jiee ClIJibHO rrplI HII3-

KIIX 3HeprttHX CTOJIKHOBeHIIH. ilo3TOMY Mhl KOHU:CHTp1IpyeMCH 3,ZleCb 

Ha 3TOH o6JiaCTII 3HeprttH. 

B 0601Ix cnyqaHx, a HMemro ,ZlJI5l 3JICKTPOHHoro H rro3ttTponnoro 

pacceHHlIH, ceqcn1Ie orrpe,ZleJIHCTCH 3JieKTpOCTaT1IqeCKlIMll IIOTeHU:ll­

aJiaMII H IIOTeHU:HaJiaMH IIOIIHpH3aU:Hll, rrocpe,ZlCTBOM KOTOpbIX Mll­

IIICHh .11.eHCTBYCT Ha CHap.H,Zl. 0.[(HaKO .[(Jl}l HaJieTaIOJlJ.lIX 3JieKTPOHOB 

Ba)KCH o6MeH c 3JieKTponaMH MHIIIeHH. ,[.(JIH 11031ITpOHOB o6MeH BO­

o6me He cymecrnyeT. ilo3TOMy, Ha rrepBhIH B3rJI.H.[(, npou:ecc pacce­

.HHII.H II031ITpona BhirIIH.zllIT 6onee npoCThIM, qeM 3JieKTponoB. KpoMe 

Toro, 1103HTpOH-aTOMHhIH CTaTHqecKHH IIOTCHU:HaJI, 6y.[(yqlI Boo6me 

OTTaJIKHBaIOJlJ.HM, BhIHY)K.[(aeT II03lITPOH .[(BttraThC5l B o6JiaCTll MII­

IIIeHll, r,[(e IIOTeHU:llaJI HaHMeHhllIHH, TaKIIM o6pa30M, ocna6JI5l5l ero 

IIOJIHOe ,ZlCHCTBHe. 3To npOTHBOIIOJIO)KHO cnyqaJO CTOJIKHOBeHH5l 

«3JICKTPOH-aTOM (MoneKyIIa)». KoHTpacT BhirJI.H.[(IIT eme 6oJiee cttJih­

HhIM, eCJIH yqecTh, qTo, KaK o6bJqHO cquTaeTCH, IIOTCHU:HaJI rromrptt3a­

U:HH .[(Jl5l 06e11x qacTllU:, 3JieKTPOHa H II03HTPOHa, rrpllT.HrttBaIOJlJ.IIH. 

TaKttM o6pa30M, ,llJIH 3JieKTponoB rrOJIHhIH rroTeHu:uan .[(OJI)KeH 

6hITh 6onee CIIJihHhIM, qeM .[(JI5l II03llTpOHOB. Ha nepBhIH B3rJI5l.[( rro-

3ToMy, Ka)f<eTC5l, qTO JIJ06oH: npOCTOH 110,ZlXO.[(, KOTOpbIH xopoIII .[(JI5l 

3JieKTPOHOB, .[(OJI:IKeH 6hITh npttMeHHM, no KpaiineH: Mepe c He MeHb­

meH: ToqHOCThIO, 11 .[(JI.H rro3ttTponoB. Hanp11Mep, 11cnOJih30Ban11e 

npn6rrn)f(eHH5l BToporo nopH.[(Ka nptt Bb1q11cnen1111 nonnp113au,11on­

noro B3allMO,[(eHCTBIIH, o6cy)K,[(eHHOe B n. 3.3 II 3.4, ,ZlOJl)KHO nplI-
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BCCTII K ycITexy II ITPII pacCMOTt>eHHH pacceRHHR IT03HTpona Ha aTO­

Me. TipH 3TOM HeHyJieBOM BKJia,n: BHOCHT JIHillb ,n:HarpaMMa (3.36, a). 
Mo>Irno 6bmo O)KH.LJ:aTb, 11To 3TOT ITo.n:xo.n: ITO KpaH:neH: Mepe o.n:nHa­

I<OBo xopoIII B OITHCaHIIH KaK pacCC5IHlI5l IT03I1TpOHa Ha aTOMe, TaK H 

pacceRHIIR 3JieI<TpOHa Ha aTOMe. 0Ka3aJIOCb, o.unaKO, 'ITO 3Ta T01IKa 

3peHHR nesepna [21]. 
,UettCTBHTCJlbHO, IT03HT}JOH, KOTOpbIM «BbJTaJIKHBaeTCR» ITOTCH­

n;IIaJIOM aToMa H3 MHIIICHII, MO)J(CT ClIJJbHO B3aHMO.LJ:CMCTBOBaTb c 

BIIPTYaJJbHo-Bo36y)K,ll,eHHbIM 3JICKTpoHOM, KOTOpbitt TaK'}Ke Haxo,n;IIT­

cH BHe MIIIJICHH. Orm cpopMHPYIOT CBOero po.n:a CBR3aHiroe COCTOH­

HIIe, KOTopoe MO>Irno Ha3BaTb eupmyaJZbflbl.111 no3umpouueM. 3To -

OllCHb Ba)J(HbIM MCXaHII3M, KOTOpbIM ClIJibHO BJJHRCT Ha BCJIH'lHHY ce-

11emrn paccemurn (21, 22--26]. 
CxeMaTH1IeCKH, 3TOT MexaHH3M y11HTbrnaeTCR, ITOCKOJihKY 

(3.36, a) -- e,n:IIHCTBCHHaR .n:IIarpaMMa BTOporo ITOpR,n:Ka, KOTopaR 

OIIHChIBaeT ITOJUiplI3an;HOHHOe B3aHMOLl;CMCTBHe IJ03HTPOHa, cne.n:y­

IOlll,HM o6pa30M: 

(3.89) 

r.n:e 3aTeMHCHHblM KBa.n:paT 0603na1rneT B3aHMOLJ;CMCTBHe IT03HTPOHa 

c BHPTYaJibHO-B036y)K.LJ:CHHhIM 3JieKTpOHOM, ITpIIHHMaR so BHHMaHIIe 

II o6pa30Ba1rne eupmya;zb11020 no3umpo11uR, y11IIThJBaeMoro sue pa­

MOK MTB. CaM no3IITpon npc.n;crnsneH ,n:BoH:noH: nmmeii. 

B uaII6once HH3KOM nopH.n:Ke ITO B3aIIMo,n:eH:crnmo Me)J(,ny no-

3HTponoM II aTOMHbIM 3JICI<Tp01IOM aHaJIH'fH1ICCI<Oe Bbrpa)KCHIIC )J;JIR 

IlOJI5IpII3aIJ;IIOHHOro B3aIIMOLJ;CMCTBH5I npH pacce5IHHII Il03HTpOHa .n:a­

CTCH BMCCTO (3.38) cne.n:yrorn;HM Bbipa)J(eHHCM: 

(EJjj£1 (E)llEfl) = (
2

/ ~l) x 

x I, f ( E i l, E j I j l/V L 11£ 1l1 , E 2 f 2). x 

j $f, L 0 (2L + 1 )( E - El - E 2 + E j + 18) 
Ez/2 >F 

(3.90) 

174 



r)J,e BTopoiI qJieH VL 3aMem1eT UL B (3.38), nocKOJihKY JJ.Jrn: no3HTpo­

Ha HCT o6MeHa. 

0Ka3aJIOCb, qTo B3aHMO)J,CHCTBHe MC)KJJ.Y Il03HTpOHOM H BHpTy­

aJibHO-B036y)K)J,CHHbIM aTOMHblM 3JICKTpOHOM qpe3BbiqaifHO Ba)KHO. 

3.n;ech Mbl OilHllICM MCTO)J,, KOTOpblH fl03BOllileT 3HaqHTCJlhHO ynyqllIHTh 

cornactte c 3KCnepHMCHTOM H .n;aeT npOCTOC KaqecTBCHHOe ofrMICHC­

HIIe 60JibllIOfO pa3JIHqm:1 Il03H1'pOHHhIX ceqeHHH pacceHHIIH )J,JlH 6na­

ropo.n;HhlX ra30B H nx coce.n;eif - lll,CJIOqtthJX aTOMOB. CaM MeTo.n; 6bm 

BnepBbIC npe,n;JIO)KCH B [21] II pa3BIIBaJICH .n;anee B (22-24]. 11.n;eH 

ero COCTOHT B TOM, qTo6hI yqecTh BCIO CJIO)KHCihuy10 COBOKYilHOCTh 

)J,HarpaMM, BXO)J,Hlll,HX B (3.89), npocTO BBO)J,H 3Heprmo CBH3II peaJib­

HOfO no3umpo1tuR Ps, lp8, B 3HepreTHqecKHH 3HaMeHaTeJih B (3.90): 

\ Ei tll f ~s (E) \IEfl) = (2/ 1+ l) X 

x L j \Eil, £;l1 l\VL llE1l1,E2l2) . x 

J$F,L 
0 

(2L+l)(E-E1 -E2 + EJ +lp5 +tS) 
E2l2 >F 

x(E1l1,E2l2l\V1 l\Efl,e;l;)dE1d£2. (3.91) 

I-laqHHaH c BBC)J,CHHH 3TOfO no.n;xo.n;a B [21] 6hIJI BhIIlOJIHCH H pH.n; 

6oJiee CJIO)KHbIX BblqIICJICHIIH (aanpIIMep, [25, 26]), KOTOpbIC IIC­

ITOJ1h3YIOT II.n;eIO o6pa30BaHIIH 6Upmya!lb1-l020 n03umpo1-1UR, HO 3aMe­

HHIOT Il03IITpOH-'.)JICK1'pOHHYIO BOJIHOBYIO cpyHKUIIIO I E 1l1 '£ 2 l 2 ) B 

(3. 91) BOJIHOBOH cpyHKUIICH CB06o.n,Horo IT03IITpomrn., Ha KQTOpbIH 

He .n,eiicrnyeT ITOJIC HOHa-OCTaTKa. 

Ynpyroe O' el+ ( E), aeynpyroe cr in+ ( E) II noJIHoe cr tot+ ( E) ceqeHIIH 

pacceHHIIH no3IIrpoHa c 3HeprIIeif E, Bhipa)KCHHhIC qepe3 napuIIaJih­

Hhie ¢a3hI pacceHHIIH S 1 ( E), .n,aIOTCH Bhipa)KeHIIHMII (3 .14 )-(3 .16). 
IIepBbIH rnar HCITOJih30BaHHOfO B '.)TOH KHHre nonxo.n,a -

X<t>-pacqeThI, qTo 03aaqaeT npII6JIII)KCHIIe X<P ,n;JIH aToMa-MIIllICHII 

II 3aMopo:>KCHHOro OCTOBa )J,JIH HaJieTaIOlll,ero IT03IITpOHa, CCTCCTBCH­

HO 6e3 o6Meaa Me:>K.n,y no3IITpoHOM II aTOMHhIMII 3JICKTponaMH. Ta­

KIIM o6pa3oM, qTo6hr BhJqIIcJIIITh X<P-c.n,BIIr cpa3 Sf<D(E) no3IITpona, 

JJ,OJI:>KHO 6bITh pellICHO cne.n,y10lll,ee ypaBHCHIIC .i:vrn BOJIHOBOH cpyHK­

UIIII <p e + ( r) IT03IITpOHa: 

[
- ~ + ~ -J drp(r;)] cp e+(r) == Ecp e+(r). 

2 r lr-rl 
(3.92) 
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3.n:ecb p ( r) - IIJIOTHOCTb 3JieKrpoiioB B aToMe. AcHMIITOTHKa no r 
pa,n:HaJibHOH qacTH p E/ ( r) cpyHKUHH <p e + ( r) orrpe.n:emreT cpa30Bb!H 
C,ll,BHr (3.8). 

3HaqHTeJibHoe pa3;rnqtte Me)J{.n;y X<D- H 3KcrrepttMeHTaJibHbIMH 

pe3yJibTaTaMH rrpH HH3KHX 3Heprmrx II03HTpoHa B 1103HTIJOH-aToM­

HOM ynpyroM paccesrnHH cymecrnyeT .n:mr noqn1 scex .n;o CHX nop 

paccMoTpemlhlx aTOMOB, ttarrpHMep B He. l1o3TOMY nomrpH3aUHOH­

Hoe B3aHMo.n;eilcTBHe .n;OJI)l{HO 6bITb yqTeno. HonaraH, qTo nonHpH-

3aUHOHHoe B3aHMo.n:eilcTBHe i; Ps CJia6o, MO)J{HO Bbrpa3HTb nonpaBKY 

ti8 1(£) K X<D-naputtanbnoil cpa3e pacceHHHH no3HTpoHa, B03HHKaIO-

my10 BCJie,ll,CTBHe ,n:eHCTBHH L Ps' CJie,n:yIOIQeH cpopMyJioH: 

(3.93) 

r.n;e f k (£) - /-KoMnoHeHTa i; Ps' onpe.n;eneHHaH H3 (3.91 ). 
CeqeHHe pacceHHHH c yqeTOM nonHptt3auttonnoro B3attMo.n;eiicT­

mrn onpe.n:e11eno ypaBnemrnMH (3.14-3.16), r.n;e 8f<D(£) 3aMeHHeT­

CH cpa3aMH 81 (£) = 8f-<P(£) + ti8 1 (£) ,n:JIH E .n;o E <I, r.n;e I ecTb no­

TCHUHaJI HOHH3aQHll aTOMa-MHIIIeHH. ,UJIH 6onee BbICOKHX 3Heprttif 

1103HTpona cpa3bl pacceHHHH (3.91) KOMITJieKCHbI H HX MHHMaH qacTb 

Im ti8 1 ( £) = µ / ( E) onpe.n;enHeT ceqenne ueynpyroro pacceHHHH 

no3HTpona Ha aToMe. 
Ceqe1rne ynpyroro pacceHHHH .n;JIH E > I onttcbmaeTcH (3 .14 ). 
<DaKrnqecKH, MeTO.[(, OIIHCaHHblH B [21, 24], TaK )J{e KaK ll cp-JIOH 

(3.91), cnpaBe,n:mrn, B HeKOTOpOM CMbICJie, H BHe paMOK BToporo 110-

pH.n;Ka npocToiI MTB no MC)J{3JieKTponnoMy B3aHMo,n:eH.crnmo. 

A HMemro, BhiqHcJIHH X<D-sonnosyro cpyH1<umo E 212 B aTOMHOM 

IIOJie c BaKaHcHeii i, Mbl yqHTbIBaeM TeM caMbIM Ba)J{Hble nonpaBKH 

BbICIIHIX nopH,n:KOB. 
y nyqrneHHOe TaKHM o6pa30M 110JIHpH3aUHOHHOe B3aHMO)J,eHCT­

BHe, )J,a)J{e B ero CaMOM HH3KOM nopH,ll,Ke, .n;aeT xopornHe pe3yJihTaTbI 

)J,JIH ynpyroro pacceHHHH 3JieKTpOHOB Ha 6naropo.[(HbIX ra3aX. 3To 

B3aHMO)J,eHCTBHe 3aBHCHT OT 3HeprHH cnapH.n;a, HeJIOKaJibHO H He co­

.n;ep)J{HT CB060J~HbIX no.n:rouoqnbIX napaMeTpOB. ,UaneKO OT aTOMa OHO 

MO)J{eT 6bITb annpOKCHMHpOBaHO KaK IIOJIHpH3aUHOHHbIH IIOTeHUHaJI 

~,01 =-a(E)I2r4, (3.94) 

r.n;e a (E) B ornHqne OT (3.7) H (3.35) ecTb .n;HIIOJibHaH ow1a.Mu'-lecKaR 
IIOJIHpH3yeMOCTb aTOMa; £ - cpe,ll,HHH 3HeprHH B036y)J{,ll,eHHH HaJie­

Ta1omero 3JICI<Tpoua B rrpoMe)J{yToqnoM COCTOHHHH. 
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Cne.L(y10ru;HM rnaroM rrocne X<l>-rrptt6nmKeHHH, B paccMOTpeHHH 

pacceHHH51 1103HTpOHa Ha aTOMe Mhl yqHThIBaeM 110JI5IpH3aIJ,HOHHOe 

B3aHMO,L(eMCTBHe (3.38) B caMOM HH3KOM 110p51.L(Ke, TaK )Ke KaK 3TO 

c)l.enaHo .ll:JIH pacceHHHH 3JieKrpoHa Ha aToMe. ilonyqeHHhie pe3yJih­

TaThI HCMHOro ynyqrnaIOT CHTyar,mo B CMhICJie COOTBCTCTBH51 3KCIIe­

pHMCHTaJihHhlM )l,aHHhIM, o.n:naKO rpe6yeTC51 yqecTh o6pa3oBaHHe 

BHpTyaJihHoro I103HTpOHH51, qTo .ll:OCTHraeTC51 HCIIOJih30BaHHeM 

(3.89) KaK 110JI5IpH3aIJ,HOHHOro B3aHMO)l,eMCTBH51. 

Yqfa CBH3aHHoro cocTOHHHH BHPTYaJihHoro rro3n:rponmr BhITIOJI­

HHeTcH c IIOMO:W:hlO (3.90), qTo rrpHBO.IJ;HT BMCCTO (3.94) K CJie.ri;y10-

IIJ,eMy IIOJI5IpH3aIJ,HOHHOMY IIOTCHIJ,HaJiy: 

(3.95) 

3To Bhrpa)l(emie no3BOJIHeT rrpe)l.cKa3aTh HHTepecnoe HBJie­

HHe - B03MO)l(H0CTh Toro, qTO 110J15IpH3aIJ,HOHHOe B3aHMO)l.eMCTBHe 

MO)l(CT 6bITh He TOJihKO rrpHTHrHBaIOIIJ,HM, KaK 3TO o6brqno cqHTaeT­

C51, HOH OTTaJIKHBaIOIIJ,HM [27, 28]. ilpHqHHa 3TOro 5IBJICHH51 - B03-

MO)l(HOCTh H3MCHCHH51 3HaKa IIOJrnpmyeMOCTH. ,[(eMCTBHTCJlhHO, CTa­

THqecKa51 IIOJI5Iptt3yeMOCTh BCCr)l,a IIOJIO)l(HTCJihHa. A )l.J151 OTpttua­

TCJihHOM 3cpcpeKTHBHOM 3nepnrn ( £ - I Ps) IIOJIHpmyeMOCTh MO)l(CT 

CTaTh OTpHuaTCJihHOM, qTo Be,n:eT K OTTaJIKHBaIOIIJ,eMy BMeCTO 

npHTHrHBaIOIIJ,ero xapaKTepa IlOJI5IpH3aIJ,HOHHOrO B3aHMO.L(CMCTBH51 

(3.95). B TaKOM cnyqae rronHpmau,HOHHhIM rroTeHUHaJI ycHJIHT .L(eM­

cTBHe rroTenuttaJia X<l>. 3To MO)l(eT rroBJIHHTh na ceqe1rne pacceHHHH 

oqeHh cyru;ecTBeHHO. 

0TTaJIKHBaIOIIJ,HM 110JI5IpH3aIJ,HOHHhIM IIOTeHIJ,HaJI v ~I HMeeT 

MCCTO aTOMaX ru;enoqHhIX MeTaJIJIOB. 3THM, BepOHTHO, o6o5ICH5ICTC51 

TOT cpaKT, qTo ceqenHe pacceHHH51 1103HTpOHa Ha aTOMe rrpH MaJihIX 

3HeprHHX Ha aTOMax ru;enoqHhIX MeTaJIJIOB ropa3,n:o 6onhrne, qeM Ha 

COCCJJ:HHX 6naropo.L(HhIX ra3aX. 

B 3aKn10qeHHe ,n:aHnoi1: rJiaBhI cqHTaeM yMeCTHhIM rrpHBeCTH He­

CKOJihKO CChIJIOK na cpaBHHTCJlhHO ne,n:aBHHe pa60Thl o63opnoro xa­

paKTepa, OIIHChIBaIOIIJ,He COBpeMeHHOC COCT05IHIIC II pa3BIIBaIOIIJ,He 

MCTO)l.hl, HCIIOJih3YCMhie 3)].CCh (29-32]. 
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r JI A BA 4 

PE3Y Jlh TA Thl BblqJ1CJIEH11H 

4.1. Cnoco6 npe11,cTaimeHHH 11,an11Mx 
H HCIIOJlbJYeMhle <(>opMyJihl 

B 3TOH rnaBe MhI .n:aeM om1cam1e pncyHKOB H Ta6nnu:, KOTOphle 
npe.n:cTaBJIRIOT .n:aHHhie, nonyrreHHhie B HCCJie,!l;OBaHHH ynpyrHX 
H HeynpyrHX cerreHHH pacceRHHR MC,!l;JICHHhIX, cpe.n:Heii 3Hepnrn H 

6hlcrphlx 3JieKTpoHOB e- H no3HTpoHoB e+. Mhl npe.n:crnBHM nonHhie 
H napu:nanhHhie, .n:mpcpepeHu;nanhlihie no yrny H 3Heprrrn ceqemrn 

yrrpyroro H Heyrrpyroro pacceRHHR, ceqeane KOMilTOHOBCKoro pac­
ceHHHR, ,!l;JI51 p51,!l;a aTOMOB H HOHOB, H IlOJIO)KHTCJihHhIX, H OTpttu;aTe­

JihHhIX. IIpnBe.n:ennhre 0606ru:ennh1e cttnhr ocu:nnnRTopoB rro3BOJIR­
IOT OIIHCaTb pacce51RHe mo6bIX 6bICTpblX 3ap51)l{eHHblX qacTHU: - e-, 
rrpoTOHOB H T. rr. B pH.n:e cnyqaeB 6y.n:yT rrpe.n:crnBneHhI H 3KcrrepH­
MeHTaJihHhre .n:aHHhie. 

HyMepau;HH pncyHKOB, * KaK H B rn. 2, opraHmoBana cne.n:ym­
n~HM o6pa30M: CHarrana II.D:eT HOMep COOTBCTCTByIOru;ero pa3,!l;ena; 

cne.n:ymru:ne 6yKBhI 0603naqa10T aTOM cornacno IIepno.n:nqecKoii cH­
CTeMe 3JieMeHTOB Men.n:eneeBa. ManeHhKaH 6yKBa OTBeqaeT 3a cooT­

BeTcrny10ru;y10 paccMaTpHBaeMyIO xapaKTepHCTHKY' 0603Haqa51: 
a - nonHhie ceqeHHH yrrpyroro H Heyrrpyroro pacceHHHH B rrpn-

6ntt)KeHHH XapTpn-<l>oKa (X<l>) H yrrporu;eHHOM BapttaHTe rrpn6nn­
)KCHHH cnyqaiiHhIX cpa3 c o6MenoM (IIC<l>O) - YIIC<l>O; 

b - napu:HaJihHhie, COOTBeTCTBYIOiu;He orrpe.n:eneHHOH BOJIHe Ha­
JieTaroru:eii qaCTHU:hI, ceqeHHH yrrpyroro pacceHHHR B rrptt6JIH)l{CHHH 
X<l> H YIIC<l>O; 

c - .n:ncpcpepenu;naJihHhie no yrny ceqenHH ynpyroro pacceHHHH 
B Tex )l{e caMhIX rrptt6JIH)KeHH5IX; 

* PHCYHKH naxo,n:llTCll Ha KOM!laKT-.l{HCI<e, Ha CTpannuax, yKa3aHHbIX B COOT­

BeTCTBYIOIUHX rraparpacjiax rn. 4 (CD, 000). 
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d --- s-, p-, d- H ;:qia3bI pacce5IHm1; 

e - IIITOTHOCTH o6o6meHHbIX CHIT OCU,HJIJI5ITOpOB (OCO) pa3-

ITHqHblX MYIThTttnOIThHOCTett B nptt6ITHJKeHH5IX X<l> H ITC<l>O; 

f - 0C0 ,.U:HCI<pCTHbIX ypOBHCH, ,.U:HIIOJibHbIX H OKfYIIOJibHbIX, 

I<Ba,n:pynoITbHbIX H MOHOIIOITbHbIX; 

g - .n:tt¢¢epeHIJ,HaJibHbie no yrny ceqeHH5I KOMnTOHOBCKOfO 

pacce5IHH5I c HOHH3aIJ,HeH MITH B036yJK,n:eHHeM ,.U:HCKpeTHbIX ypoBHett; 

h - ceqeHH5I KOMIITOHOBCKOfO pacce5IHH5I ..U:IT5I ..U:HCI<peTHbIX 

ypOBHei\:; 

i - ceqentt5I yrrpyroro H Heyrrpyroro pacce5IHirn II03HTPOHa na 

aTOMe. 

I1ocITe,n:H5I5I u,tt¢pa npe,n:cTaBIT5IeT HOMep pttcyHI<a B paccMoTpeH­

noi\: rpynne. HanpHMep, Pttc. 4.2_Ar_al o6o3HaqaeT nepBbIH pttcy­

HOI< xapaKTepHCTHKH «a» aTOMa Ar. 

0.n:HaKO He BCe yrroM5IHYTbie BbIIIIC .n:aHHhie ,.U:OCTYIIHbl ,.U:JI5I KaJK­

.n:oro a:roMa. B TaKHX cITyqa51x He see 6yI<BhI 6y,n:yT HCIIOITb30BaTbC5I 

B rrpHBe,n:ennhIX pttcynKax. B HCKOTOpbIX cITyqa51x MhI cpaBHHM pe-

3YJibTaTbI HaIIIHX BbP-lMCJieHHH c 3KcrrepHMeHTaITbHbIMH ,n:aHHbIMH. 

11pttBe,n:eM nepeqenb cpopMyJI, KOTOpbre HCnOJib30BaJIHCb, qTo6bI 

01mcaTh pa3JIHqHbie xapaKTepttcTHKH pacce5IHH5I 3ITeKTpona 11 no-

3HTpona. 

Ynpyrtte H Heyrrpyr11e noITHbie ceqentt5I pacce5IHH5I onpe,n:eITeHhI 

C IIOMOIUbIO COOTHOIIIeHIIH (3.14), (3.15), (3.16) H (3.17) COOTBCTCT­

BeHHO. ,D,mpcpepenu,HaITbHhie no yrny ceqenH5I pacce5IHH5I noITyqenhI 

H3 cp-Jibl (3 .13 ). <l>a30Bble C,.U:Bllfll s-, p-, d- H j:BOJIH Haii,n:eHbl H3 

aCHMnTOTHqecKOfO npe,n:cTaBITCHH5I BOITHOBblX cpyHKIJ,HH (3 .8) HJIH 

no cp-ne (3.10). 

I1oIT5IpH3au,ttounh1e rronpaBKH B paMKax ynpomennoro IIC<l>O 

(YI1C<l>O) noITyqeHbl H3 (3.46), peIIIa5I (3.45) c nOIT5IpH3aU,HOHHblM 

B3aJIMO,.U:eHCTBHeM, B35ITbIM ll3 (3.38) II (3.39). 

11oJIHblC H napIJHaITbHbIC nJIOTHOCTH oco nonyqenbI B npH-

6JIHJKeHHJI X<l> H3 (3.58), B TO BpCM5I KaK B 11C<l>O - ll3 (3.65) JI 

(3.66). 

,lJ,HcpcpepeHIJ,HanbHhle no yrny HcnycKaHH5I cpOTOHa, IIOITHhie JI 

rrapu,HaJibHbie ceqeHH51 KOMIITOHOBCKOfO pacce5IHWI onpe,n:eITeHbl JI3 

(3.70) II (3.71). 11apu,HarrbHhie no nepe.n:amrnMy aToMy-MJIIIIeHH yr­

JIOBOMY MOMCHTY ceqeIIH5I KOMnTOHOBCKOfO pacce5IHH5I noITyqenbI, 

JICnOITb3Y5I (3.79) JI (3.80). Ceqentte )J,IT51 )J,llCKpernoro ypoBH5I KOMil­

TOHOBCKoro B036YX<:..U:CHJI5I .n:acTCJI cp-ITOH (3. 7 6). 0THOIDeHJI51 ceqe­

HHH KOMnTOHOBCKoro pacce5IHH5I noITyqeHbl c HCIIOITb30BaHHCM cp-IT 

(3.77) H (3.79). 11.HTerpanhHhIC no yrny ttcrrycKaeMoro cpornna H 
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.n:mp<Pepem.nrnnbHhie no ero :mepnm ro ceqeHH.si KoMnTOHOBcKoro 
pacce.siHH.si B npH6nm1<eHHH X<I> H ITC<l>O ,n:aIOTCH <P-naMH (3.83) H 
(3.84). Ceqemrn. KOMnTOHOBCKoro ceqenm1 so36y:>K,n:eHH.sJ .n;HcKpeT­
HhIX ypoBIIeii onpe.n:en.siIOTCH B (3.85) H (3.86). OnrocHTCJihHhie ce­
qeHHH KOMnTOHOBCKOro B036y:>K,n:eHH.s! ,ll;HCKpeTHhIX ypoBHeii ,1WIOTC.s! 
B (3.78) 

rionHble ynpyn1e H Heynpyrne ceqeHH.sJ pacce.siHH.sJ no3HTPOHa 
nonyqeHbI c HCnOJih30BaHHCM cp-JI (3.14)-(3.16) c xapTPHCBCKHMH 
cpa3aMH H non.sipH3aUHOHHbIMH nonpaBKaMH K HHM, .n:aHHbIMH B 
(3.89), f,lle IIOJI.s!pH3aI~HOHHOe B3aHMO,lJ.eHCTBHe onpenen.sieTCH cjJ-JIOH 
(3.91). CyruecTBeHHO, qTO s cp-ne (3.91) np116JIH:>KeHHO yqTena B03-
MO:>KHOCTh 06pa3osaHH.si BHpTyan&noro no3HTPOHH.si Ps. 

HanoMHHM, qTo, KaK yX<e OTMeqanocb s rn. 2, Harneif ucn&10 
.sJBJI.s!CTC.sJ He B03MO:>KHO 6onee ToqHoe TeopCTHqecKOC onHCalIHC 
)laHHhIX OilhITa no KOHKpeTHOMY aTOMY HJIH Hony, a npose.n:eHHC 
Maccoshrx pacqfaos. Mhr s&16HpaeM naHnyqrnee, npHro.n:Hoe .n:n.si 
TaKott uenH npH6JIH:>KeHHe, - ITC<l>O HJIH ynporueHnoe ITC<l>O 
(YrIC<l>O), ero pa3nHqnhre o6o6rueHH.sJ. Harnett uen&ro .sisn.sieTc.si 
TaK:>Ke H ,n:eMottcTpauH.si, nonyTHo, nyTeM cpas11enm1 c pe3ynhTarn­
MlI a nptt6llH:>KeHHH Xct>, sa:>KHOCTH Me:>K3llCKTPOHHhlX Koppe;rnuuu. 
ct>aKTHqecKH, rnasHa.sJ UCJih - 3TO C03.rJ:aHHC HOBOfO HCXO.D:HOfO 
npH6JIH:>KeHH.sJ, qTO CTHMynttposano 6hr nocne.n:yroruee npose,n;eHHe 
6onee TOqHbIX H3MepeHHH H Heo6xo)lHMhIX ,lJ.JIH HX HHTepnpern1nm 
6onee CJIO)KHbIX pacqeTOB. 

Ha caMHX pttcyHKax HCilOJib30BaHbI a66pesHaTyphI pyccKHX 
Ha3BaHHH nptt6JIH:>KCHHH, COOTBeTCTBYIOIUHX CBOHM aHrJIHMCKHM ana­
noraM, a HMCHHo: X<I>-- HF (Hartree-Fock), ITC<l>O--RPAE (Ran­
dom Phase Approximation with Exchange) H YITC<t>O - SRPAE. 

KaK H B rn. 2, ,llJIH y.n:o6cTBa qHTaTen.si H nocne.n:osaTeJihHOCTH 
H3JIO)KCHH.sJ Mhl pacnonaraeM paCCMOTpCHHhie aTOMhI H HOHbI B COOT­
BCTCTBHH c ITepHo.n;HqecKoif CHCTCMOH 3JieMeHTOB Men.n:eneesa, c 
TCM TOJibKO H3MCHCHHCM, qTo naqueM c aTOMOB H HeKOTOpbIX HOHOB 
6naropo.n;uI>Ix ra3os. 

KaK npasmro, pe3yn1>TaThI, ,n:a)l{e paHee nonyqenHbie B paMKax 
HCnOJib3YCMblX 3,n:ecb TeopeTHqecKHX no.n:xo.n:oB, ony6JIHKOBaHHhIC 
pe3yJibTaTbl, KaK II B rn. 2, CIICUHaJibHO nepecqHTbIBam1cb ,lJ.ll.sJ 3TOH 
KHHfH. l103TOMY CCbIJIKa Ha HHX .n:aeTCH He npoCTO HOMepoM B CITHC­
Ke JIHTCpa1ypbI, K npHMepy [1], HO yl<a3aHHCM (CM. [l]). 

PacqeTbI ceqeHHH 3JICKTPOHHOfO ( Il03HTPOHHOro) H KOMIITOHOB­
CKOfO pacCCHHH.sJ ropa3,n:O 6onee Tpy.n:oeMKH, qeM .n:m1 cpoTOHOHH3a­
UHH, a IlOTOMy npose,n:eHbI .n:n.si MCHbUiero qHcJia aTOMOB. 
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4.2. ATOMLI 6Jiaropo1111L1x raJoB 

B 3TOM pa3.n;ene npe.ncrnBneHbI pe3ynbTaTbI naurnx y:>Ke 113BecT­
HhlX 11 llOBbIX Bb1q11cneHHH IlOJlHbIX II napQllaJlbHbIX ceqeHIIH ynpy­
roro pacceJUIII5I 3JleK'rpOHOB JI II03IITpOHOB Ha BCex aTOMax 6naro­
po.n;HbIX ra30B B npII6nII:>KeHHH Xcl> II c yqeTOM non5Ipll3aQIIOHHoro 
B3aHMO)J:eHCTBHSI B ynpomeHHOM npII6J1H:>KeHHII cnyqaHHbIX cpa3 c 
o6MeHoM - YI1C<l>O (cM. n. 3.3 H 3.4 11 [All1Iq]) 11 BllpTyanbHoro 
o6pa30Banm1 no3IITPOHHH (cM. n. 3.8). B cpopMIIpoBaHIIH nom1pma­
unonuoro B3aHMO/.\CHCTBmI yqTCHbI B036y:>KAeHH5I 3JleKTpOHOB ls2 B 
He, 2s2, 2p6 B Ne, 3s2, 3p6 B Ar, 3dlo, 4s2, 4p6 B Kr H 4d10, 5s2, 5p6 B 
Xe. B JTOM :>Ke np116nmKCHHH BbI'rncneHbI s-; p-, d-,f:cpa3bI pacce51-
HHS1 H COOTBCTCTBYIOIQlle napunanbHbie ceqemrn. ripe,D;CTaBJJeHbI pe-
3YJibTaTbI AHcpcpepeHUJiaJlbHbIX no yrny pacce5IHH5I ceqeHlIH ,LJ;JJ5I He­
KOTOpbIX 3Hepmii. IlpHBe)J:eHbl o6o6meHHbIC CHJlbI OCQHJlJlSITOpOB 
(OCO) H ceqeHH5I KOMilTOHOBCKoro pacceHHlfSI cpOTOHOB c yqfaoM 
11C<l>0-Koppemn.J,HH ynoMSillYThlX BhlllIC 3JICKTPOHOB. IlpHBC,LJ;CHbl 
oco H ceqeHHSI KOMIITOHOBCKoro B036y>K.n;CHIIH HeCKOJibKHX nep­
BbIX ,LJ;HCKpeTHbIX ypoBHCH HCI<OTOpbIX aTOMOB 6naropo,D;HbIX ra30B. 
)J.aioTC5I TaIOKe OCO MH 3d51r, 3d3;r3neKTPOHOB Xe. 

KpamKue KoMMeHmapuu K pucy11KaM n. 4.2 

Pncymm 4.2_.::He npe,u;cTaBJlHIOT pe3yJihTaTbI BbiqHcneHHH AJISI 
aTOMa fCJIHSI (He). 

Pttc. 4.2_He_al (CD, 351) tt3o6pa:>KaeT ccqe1me ynpyroro (s 
npII6JIH:>KCHHH X<I> H YI1C<l>O) H neynpyroro (B YilC<l>O) pacceH­
HHH :meKTPOHOB Ha aTOMC He (cM. [1, 2)). 3KcnepHMeHT H3 [3-5). 
Btt.ntta 3Haq11TeJibHCHll1aH ponb YilC<l>O-nonpaBoK, y6hrna1om11x no 
Mepe yMeHbll1CHH5I :3Hepm11 nanernmmero 3JICKTpoHa oT 30 3B .no 0. 

Pttc. 4.2_He_bl (CD, 352) npe.ncrnBn»eT BKna.n s-, p-, d-,f-nap­
unanhHbix BOJIH B ceqeHHC ynpyroro pacceHHH5I 3JICKTpOHOB Ha aTO­
Me He. KaK H J(OJI>KHO 6bITb, npH MaJibIX 3Hepm»x ,u;oM1rnnpyeT 
BKna.n s-BOJIHbI. BKJia,lJ,bI i:i:pymx BOJIH pacTyT OT E = 0. 

Puc. 4.2_He_cl (CD, 353) ,u;aeT .nmpcpepeHI.J,HanhHoe no yrny ce­
qen:11e pacceHHHH 3JICKTPOHOB c pa3JIHqHbIMH HMnyJibCaMH p Ha aTo­
Me He. B ceqeHHH .noM11n11pyeT MaKCHMYM pacceHHHH Bnepe.n H 
HMCCTC5I MaKCHMYM B pacce5IHHH Ha3a,LJ;. 

Pttc. 4.2_He_dl (CD, 353) npHBOJlHT cpa3bI pa3n11qnbIX nap­
QHaJibHbIX BOJIH B pacceHHHH JJICKTpOHOB na aToMe He. IlpH HM-
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rryJihce :rneKTpoua p--0 Bee cpa3hI, KpOMe 05 , KaK 11 ,IJ,omrrno 6hITh, 

CTpeMJITC51 K uymo. IlpH p---0 cpa3a S-BOJIHhI OTJIHqaeTC51 OT ,llpyrnx 
3HaKOM npOH3BO,lJ,HOH - ona OTpm1aTeJihHa. 

Pttc. 4.2_He_el (CD, 354) npe,D,CTaBJI51eT IIJIOTHOCTH MOHOIIOJih­

HhIX 060611JeHHhIX CHJI OCIJIIJIJIJITopoB aToMa He B IIC<I>O KaK cpynK­
IJHII nepe,D,aHHOH aTOMY :meprnII rrpH pa3JIHqHhlX q (CM. (6, 7]). 
c pocTOM q B oco B03HIIKaeT MaKCHMYM Ha nopore, CMeIIJaIOIIJHHCJI 
3aTeM B CTOpouy 60JihllllIX :meprIIii co. 

Pttc. 4.2_He_e2 (CD, 354) II3o6pa:>KaeT nnornocTII ,llIITIOJihHhIX 
060611JeHHhIX CIIJI OCIJIIJIJIHTopoB aToMa He B IICCl>O KaK cpynKIJIIII 

nepe,llaHHOH aToMy :meprnM rrptt pa3JIMqnhIX q (cM. [7]). BM,IJ,Ho, KaK 

c poCTOM q cpopMIIpyeTC51 BTopoii MaKCHMYM H no.n:aBJI51eTC51 rrep­
BhIH, BilJIOTh .n:o ttcqe3u0Bemrn ero rrpII q = 0. 

Pttc. 4.2_He_e3 (CD, 355) ,IJ,aer rrnornocTH KBa,D,pynonhHhIX 

060611Jenuh1x CIIJI oc1111nnuopoB aToMa He B l1CCl>O KaK cpyHKIJIIH 
nepe,D,amroii aToMy :rneprntt rrptt pa3n0qnh1x q (cM. [7]). 3acny:>KttBa­

eT BHHMaHH51 MaKCHMyM, KOTOphIH C,IJ,BHraeTC51 B CTOpouy 6onh -
IIIIIX W C pOCTOM q. 

Pttc. 4.2_He_fl (CD, 355) npHBO,IJ,IIT o6o6IIJeHHhJe CHJihl OCIJIIJI­

mnopoB ,IJ,IICKpeTHhIX MOHOIIOJihHhIX B036y:>K,IJ,eHIIH He H3 ls-cocTo-
51HH51 (ls - 2s, ls - 3s, ls - 4s) KaK cpynKIJHII MOMeHTa nepe,D,auuoro 
aTOMY (cM. [7]). 3KcrrepIIMeHTaJihHhie ,IJ,aHHhie B351ThI II3 [8]. 06pa­

IIJaeT BHHMaHIIe corrracIIe c OIIhITOM, OKa3aBIIIHMC51 crroco6HhIM pa3-
JIHqIITh cpaBHIITeJihHO 6JIII3KO Jie:>KaIIJHe ,llIICKpeTHhie ypoBHH. 

P11c. 4.2_He_f2 (CD, 356) ll3o6pa:>KaeT o6o6IIJeHHhie CIIJihI 
OCIJIIJIJIJITopoB ,IJ,IICKpeTHhIX ,IJ,IIIIOJihHhIX B036y:>K,IJ,emrii He II3 ls-co­

CTOJIHHH (ls - 2p, Is - 3p, ls - 4p) KaK cpyHKIJHH MOMeHTa, rrepe,D,aH­

uoro aToMy. 3Kcnep11MeHTaJihHh1e ,IJ,aHHhie B351.ThI tt3 [8]. Cornacue 

<OKcrrepnMeHT-pacqfa» xopomee. 
PIIC. 4.2_He_f3 (CD, 356) rrpe,D,CTaBJI5leT o6o6IIJeHHhie CIIJlhI 

OCIJHJIJIHTopoB ,IJ,ttcKpeTHhIX KBa,D,pynoJihHhIX B036y:>K,IJ,eHIIH He H3 

ls-COCT05IHII51 (ls - 3d, ls - 4d, ls - 5d) KaK cpyHKIJIIII MOMeHTa, rre­
pe,llauuoro aToMy. BII,IJ,eH KBa,D,pynoJihHhIH MaKCHMyM. 

P11c. 4.2 _He_ f4 (CD, 357) ,naeT 060611JeHnh1e cttnh1 OCIJMJIJIH­

TopoB ,ll,IICKpeTHhlX ,IJ,HIIOJihHOro ls - 3d II KBa.n.pynoJihHOro ls - 3d 
B036y:>K.n;enIIif He KaK cpyHKIJIIII MOMeurn, rrepe.n:auuoro aToMy, II IIX 
cyMMhI. 3KcrrepIIMeHTaJihHhie .n:aHHhIC B35IThI H3 [8]. KoM6IIHaIJIIIO 

,IJ,IITIOJihHOro II KBa,D,pyrroJihHOro ypoBneii rrone3HO paCCMOTPCTh 
IIOTOMy, 'ITO OHII 3KCnepIIMeHTaJihHO IIO'ITII uepa3JIII'IIIMhl II3-3a 

6JIH30CTH 3HeprMii. 0.n:naKO BJIII51HIIe KBa.n:pyrroJihHOrO nepexo.na 
rrpene6pe:>KMMO Mano. 
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Pnc. 4.2_He_f5 (CD, 357) H3o6pa)KaeT o6o6rn.eHHhie CHJihI 
OCIJ,HJIJ15ITOpOB )J,HCKpenihIX )J,HIIOJlhHOro ls - 4p H KBaJJ,pyIIOJlhHOro 
ls - 4d-Bo36y)KJJ,ettn:H: He KaK <i>YHKIJ,HM nepeJJ,attttoro aToMy MOMeH­
Ta H HX cyMMhl. 3KcnepMMCHTaJlhHhie .n;aHHhie B351Thl 113 [8]. 06cy)K­
JJ,eHne CM. np11 Pnc. 4.2 __ He_f4. 

P11c. 4.2_He_il (CD, 358) .n;afa ce'!emw ynpyroro (B npn6Jrn)Ke­
HMH Xct> M YI1Cct>O) n tteynpyroro (B YfIC<t>O) pacce5IHM5l II03HT­
poHOB Ha aToMe He. 3aMeTHM, 1IT0 YfIC<PO .n;n5l (e+ + A)-pacceHHM5l 
BKJI101rneT y'!fa o6pa3oBamrn BHpTyanhHoro II03HTpOHH5l (cM. [9, 
10]). BKna.n: tteynpyroro pacce5IHM5l BIIJIOTh .n:o :meprnH II03HTpOHa 
16 ::>B npette6pe)KHMO MaJI. 3KcnepHMeHT B35lT I13 [ 11]. 

PucynKH 4.2_Ne npHB0.[(5lT pe3yJihTaThI BhI'IHCJieHHH .[(JI5l aToMa 
HeoHa (Ne). 

PHC. 4.2_Ne_al (CD, 358) H3o6pa)KaeT Ce'!eHHe ynpyroro (B 
npn6JIH)KeHHH X<P H YI1C<PO) (cM. [l, 2]) 11 Hcynpyroro (B YIIC<t>O) 
pacce5!HH51 ::>neKTpottos Ha aToMe Ne. Ponh KoppeJI5IUHM np11 MaJihIX 
::>Hepr115Ix ::>JieKTpOHa E < 25 ::>B CTaHOBHTC51 Bee 6onee 3HaqJITeJihHOM. 

Pnc. 4.2_Ne_bl (CD, 359) npe.n:crnBJI5leT BKJiaJJ,hI napunaJihHhIX 
BOJIH B ceqen11e ynpyroro pacce5IHH5l ::>JieKTponoB Ha aToMe Ne. Han-
6oJihllIMH BIOiaJJ. BHOCHT MaKCHMYM B p-BOJIHe, onpe.n;eJI5Il()IIWH <i>OPMY 
ce11eHM5l ynpyroro paccexnM5l npM MaJihIX E. C pocToM ::>tteprttH 
::meKTPOHOB Bee 6onee 3HaIJMTeJieH BKJia)J, BhICOKHX napll,liaJihHhIX BOJIH. 

Pnc. 4.2_Ne_cl (CD, 359) JJ,afa .n:11<t><i>epettu11anbuoe no yrny ce­
qenne pacce5IHH5l 3JieKTpOHOB c pa3JIHqHhIMH MOMeHTaMH Ha aTO­
Me Ne. 3Kcrrep11MeHTaJJhHh1e .n:attHhie B35IThI H3 [12]. 

PHc. 4.2 __ Ne_dl (CD, 360) npnBo.n;HT Xct>-<t>a3hI pa3JIHqHhIX nap­
IIHaJihHhIX BOJIH B pacce5IHMH ::>JieKTpOHOB Ha aTOMe Ne. 3.n:ech He 
TOJlhKO s-, HO M p-<i>a3a HMeIOT OTpnuaTeJihHYIO rrpOH3BOJJ,HYIO BO 
BCeM pacCMOTpeHHOM .n;nana30He 3HeprHH. 

PMc. 4.2 Ne el (CD, 360) JJ,aeT IIJIOTHOCTH MOHOIIOJlhHhlX 0606-
rn.enHhIX c11n ocIJ,11JIJIHTopoB aToMa Ne B IIC<PO KaK <i>YHKIIHM rrepe­
.uanno:H: aToMy ::>neprnH npn pa3JIHqHhIX q (cM. [13]). BHJJ.HO, KaK c 
pocTOM q MOHOIIOJihHa51 o6o6rn.enna5l cmrn OCIJ,HJIJI5ITOpa 6bICTpO 
pacrfa H 5IBCTBeHHO npocTynaeT MaKCHMYM B oco, CMern.aIOIIJ,HHC5l 
c pOCTOM q B CTOpony 60JibIIIMX ::meprHH. 

Pnc. 4.2_Ne_e2 (CD, 361) H3o6pa)Kaer nnornocTH JJ.HilOJihHhIX 
o6o6IIJ,eHHhIX CHJI OCIJ,MJIJI5ITOpoB aToMa Ne B fICct>O KaK cpyHKIIHH 
nepe.ri:anno:H: aToMy ::>neprnn npH pa3n11quh1X q (cM. [14]). B OTJIMIJHe 
OT Pnc. 4.2 __ Ne __ el, MaKCHMYM npncyTcTByeT npM BCCX q, CMCill.a5!Ch 
cnerKa B CTopony 60JihllIHX nepeJ].aHHhIX :meprn:H:, H HCCKOJlhKO 
y6hIBa51 npH '.HOM no BCJIHq11ne. 
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Pttc. 4.2_Ne __ e3 (CD, 361) npeJJ,CTaBJrn:eT nrrornocrn KBaJ1py­
norrhHbIX o6o6rn:enHhIX CMJI ocumrmnopoB aTOMa Ne B IIC<t>O 
KaK <l>YHKUMM nepeJiaHIIOM a To My :meprm1 npH pa3JIJlqHblX q (CM. 
[13]). IloBeJieirne BTOporo MaKCHMyMa (Ha BCTaBKC) pe3KO OTJIHqa­
eTC5l OT crryqa51 JilIIIOJibHblX oco (cp. BCTaBKY Ha Pttc. 4.2_Ne_e2). 

PHc. 4.2_Ne_e4 (CD, 362) npHBOJJ;MT IlJIOTHOCTM OKTYITOJibHblX 
o6o6rn:eHHbIX CHJI OCUHJIJI5ITOpOB aTOMa Ne B fIC<PO KaK <l>YHKUHH 
nepcJiaHHOM aTOMY :meprnM npH pa3mJqHbIX q (CM. [14]). 3.uecb 
pocT q HMeeT CBOHM pC3YJihTaTOM BeCbMa 3Haqf!TeJibHOC yBemrqe­
HHe 3HeprHH MaKCHMyMa. 

PHc. 4.2_Ne_fl (CD, 362) JiaCT o6o6meHHhIC CHJihI OCUHJI­
JI5ITOpOB )IBYX oqenh 6JIH3KHX no :meprHH JIHCKpCTHbIX MOHOIIOJih­
HOfO H KBa)l;pynonhnoro B036YfI<JleHHH 2p - 3p aToMa Ne I<aK 
cjJynKIIHH r<BaJipara nepe)l;am1oro aToMy MOMCHTa q B IIC<t>O 
(CM. [13]). BHJIHO, lJTO BTOpoif MaKCHMYM CCTb TOJibKO y KBMPY­
IlOJibHOfO ypoBH5l. Ha 3I<cnepHMCHTe pa3JrnqHTh CTOJih 6JIH3KHe 
ypoBHH Kpaiine CJIOJI<HO, a IlOTOMY npHBOJIHTC5l cyMMa oco JIBYX 
ypoBHCM. 

PHc. 4.2_Ne_f2 (CD, 363) H306pafI<aeT 0606u1eHifhIC CHJibI oc­
IJ,HJIJI5ITOpOB JIHCKpeTHblX MOHOilOJlbllOfO 11 KBaJ1pynoJihHOfO B03-
6yfI<JICHHM 2p - 4p aToMa Ne KaK <l>YHKUHH 1<sa.upaTa nepe.uannoro 
aToMy MOMeHrn q B IIC<l>O (cM. [13]). KapTmm 6m13Ka K H30-
6pafI<famoil: na PHc. 4.2._Ne_fl. 

PHc. 4.2._Ne_f3 (CD, 363) npe)l;CTaBmICT 06061IJ,CHHhIC CHJihl 
OCUIUIJJ5ITOpOB JIHCKpCTHbIX KBaJipynOJihHb!X B036yfI<JICHHM 2p - 4/'H 
2p - ~f aTOMa Ne KaK KBaJlparn nepeJiaHHOfO aTOMY MOMe1na q B 
rIC<t>O (cM. [13]). B11J1eH 6b1crph1if pocT OCO c yseJIHlJCHHeM q2 

BilJIOTb JIO JIOCTHfI<CHH5l MaKCHMyMa npH q2 ~ 0.3. 
P11c. 4.2 Ne f4 (CD, 364) COilOCTaBJI5ICT 06061ue1rnb1e CHJibl 

OCUHJIJI5ITOpOB JIHCKpCTIIhlX JIHilOJlbHbIX B036yfI<JieIIHM 2p - 3s, 2p -
- 4s aToMa Ne KaK cpyHKUHH KBa.npaTa nepeJiaHIIOfO aTOMY MOMeHTa 
q B npH6JIHfI<eHHH X<l> H ITC<PO (cM. [14]). <PopMbI ITOJI06HhI, a 
BeJIHqmrbI 3aMCTHO pa3JIHlJaIOTC5l. IlpH q2 ~ 9 0606IIJ,CHHb!C CHJibI 
OCIIHJIJrnTopoB JJ;JI5I o60HX ypoBHCH HMeIOT MaI<CHMyM, XOTR H 
ycTyna10111ttiI OCO nptt q2 = 0 6onee, lJeM Ha nsa nop5IJII<a. 

PHc. 4.2 Ne f5 (CD, 364) JiaeT o6o6memme CHJibl OCUHJIJI.HTO­
poB JU1CKpCTIIbIX JIHilOJibHhlX B036YfI<JieHHH 2p - 3d, 2p - 4d aTOMa 
Ne KaK cpyHKIIHH KBaJiparn nepeJiannoro aToMy MOMeIIrn q B upH-
6HJifI<eHHH X<t> H 11C<DO (cM. [14]). OCO c pocToM q y6h!Ba­
IOT MOHOTOHIIO H 3aMeTHO MeHhllIC, qeM y p - s-nepeXOJJ,OB, H30-
6pafI<CHHbIX na PHc. 4.2_Ne_f4. 
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Pttc. 4.2_Ne_f6 (CD, 365) tt3o6pa'.>KaeT 0606meHnb1e cttJihI 
ocI.:(HJIJIHTopoB .D;HcKpeTHhIX OKTynoJibHhIX Bo36y)l<,D;eHHH 2p - 3d, 
2p - 4d a TO Ma Ne KaK cpyHKQHH KBap;para nepep;aHnoro a To My MO­
MeHrn q B npH6JIH)l<eHHH X<l> n fIC<l>O (cM. (14)). <l>opMbl OCO p;m1 
o60HX nepexo,D;OB npOCTbI H COBila,1'.{aIOT. 

Pnc. 4.2_Ne_f7 (CD, 365) npep;crnBm1eT o6o6menHhie CHJihI 
OCQHJIJUITOpOB AMCKpeTHbIX ,D;HilOJlbHOro H OKTYITOJibHOro B036y'.>K­
,D;CHHH 2p - 3d aToMa Ne KaK cpyHKUMH KBaJ.:(para nepep;aHHoro aTO­
MY MOMeHTa q B fIC<l>O (cM. (14]). XoT.SI ITOBCACHHC ypoBHCM cy­
mecTBCHIIO pa3Jill'UlO, OHM CTOJib 6JIH3KH no :meprHH, qTo CTOHT ro­
BOpHTb Jllllllb 0 cyMMe HX oco. 

PHC. 4.2_Ne_f8 (CD, 366) p;afa o6o6meHHb1C CHJibl OCQHJI­
JHITOpOB .U,HCKpenrhIX .D;HITOJihHOro H OKTynonhHoro B036y'.>Kp;enHM 
2p - 4d aToMa Ne KaK cpyHKQHH KBap;para nepep;amroro aToMy MO­
MeH'ra q B rIC<l>O (CM. (13]). 

Pttc. 4.2_Ne_gl (CD, 366) npHBO.D;HT ceqe1me MononoJibHoro 
KOMilTOHOBCKoro pacceRHHR y-KBaHTOB 3HepmH E = 2000 Ry aa 
aTOMc Ne B fIC<l>O KaK cpyHKQHIO nepep;anHoro aToMy MOMeHTa q 
pa3JIHqHblX 3neprm1x (I) (nepep;aHHbIH yrnoBOH MOMCHT L = 0) 
(CM. (15]). 06pa1naeM BHHMaHHe Ha 60JibllIOH .U,Hana30H paccMOT­
peHHbIX 3HaqeHHH q, 0 < q < 8. c pOCTOM (I) MaKCHMYM CHll)J<aCTCR ll 
nepeMCll(aCTCR B CTOpony 60JibllIHX q. 

Pnc. 4.2_Nc_g2 (CD, 367) M3o6pa'.>KaeT ceqe1rne p;nnoJibHoro 
KOMIITOHOBCKoro pacceRHHH y-KBaHTOB 3Hepmtt E = 2000 Ry Ha 
aToMe Ne B rIC<l>O I<aK cpyHKQHIO nepe.n;aHHoro aToMy MOMeHrn q, 
npll pa3m1qnbIX 3Heprm1x (I) (nepep;aHHblH yrnoBOM MOMeHT L = 1) 
(CM. (15]). BTOpoii MaKCHMYM c poCTOM (I) yxo.U,HT B CTopony 60Jib­
llIHX q. 

Pnc. 4.2_Ne_ g3 (CD, 367) npe,l:ICTaBJIHeT ceqeune rrna.npyno11h­
noro KOMHTOHOBcKoro paccemmR y-KBaHTOB 3Hepmtt E = 2000 Ry 
na aTOMe Ne B llC<l>O KaK qJyHKHHIO nepe.u,aHHoro aTOMY MoMenra q 
npH pa3JIHqHblX 3Heprm1x (I) (nepep;aHIIb!M yrnOBOH MOMCHT L = 2) 
(CM. [15]). BTOpoiI MaKCHMYM c poCTOM co yxo.u.11T B cTopoHy 6onh­
UIHX q. 

Pttc. 4.2 __ Ne_g4 (CD, 368) ,l(aeT ceqeHHC OKTYUOJibHOI'O KOMIITO­
HOBCKOro pacceHHHH y-KBaHTOB 311eprntt E = 2000 Ry Ha aToMc Ne B 
ITC<l>O KaK cpyHKQHIO nepcJ.:(aHHhIX aToMy MOMeuTa q npn pa3nnq­
HhIX 3IIeprm1x co (nepe.n;ammli yrnoBoiI MoMeHT L = 3) (cM. [15]). 
BTOpoiI MaKCMMYM naxo,n;HTCR BHe npep;e110B pncynKa. 

Pnc. 4.2_Nc_hl (CD, 368) npHBOAHT OTHOCHTCJlbHOC ceqentte 
KOMilTOHOBCKOro B036y)l(J.(CHHR J.J;HIIOJlbHblX ypoBHCH 2p - 3s H 
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2p- 4s arnMa Ne B ITC<I>O (cM. [16]). 06paru,aeT BHHMami:e mumqHe 
.ll.BYX MaKCHMYMOB B ceqeHHH. 

PHC. 4.2_Ne_h2 (CD, 369) mo6paJKaeT OTHOCHTeJihHOe ceqe1rne 
KOMnTOHOBCKOfO B036yJK,ll,eHml ,ll,HnOJihHOfO l1 OKTYIIOJlbHOro ypoB­
neii 2p - 3d aToMa Ne B ITC<I>O (cM. [16]). 3.n;ech, B ornHqHe OT 
PHc. 4.2_Ne_hl, MaKCHMYM B ceqeHHH O.D.HH. 

PHc. 4.2_Ne_h3 (CD, 369) npe.D,CTaBJI»eT OTHOCHTeJibHOe ceqe­
HHe KOMUTOHOBCKOfO B036yJK.D.eHH5I KBa.n;pynoJihHOfO H MOHOnOJih­
noro, noqn1 rnqno BhlpOJK.D.eHHhIX ypoBneii 2p - 3p aToMa Ne B 
ITC<I>O (cM. [16]). OneTJIHBO BH.lJ.HhI .n;Ba MaKCHMyMa B ceqeHHH. 

PHC. 4.2 Ne h4 (CD, 370) .n;afa OTHOCHTeJihHOe ceqeHHe KOMn­
TOHOBCKOfO B036yJK.D.eHmI p».n;a 6JIH3KHX no :meprHH .ll,HnOJihHhIX, 
MOHOnOJihHbIX, OKTynoJihHhIX H KBa.n;pynoJihHhlX ypoBneii 2p - 3d, 
2p - 4p, 2p - 4d, 2p - 4s aToMa Ne B ITC<I>O (cM.[16]). KaK H B 
PHc. 4.2_Ne_h3, BH.ll.HhI .D.Ba MaKCHMyMa B ceqeHHH. 

PHc. 4.2_Ne_il (CD, 370) npHBO.D.HT ceqenHe ynpyroro H neyn­
pyroro pacce»Hm1 no3HTPOHOB Ha aToMe Ne B npH6nmKemrn X<P H 
YITC<I>O (CM. [ 1 OJ). Ilon»pmau.Honnoe B3aHMo.ll,eiicrnHe yqHThrnaeT 
B036YJK.D.enHe 2s-, 2p-no.n:o6onoqeK H o6pa3oBanHe BHpTyanhnoro 
Il03HTpOHH». 3KcnepHMeHTaJihHbie ,ll,aHHhie B35!Thl H3 [17] H corna­
cIIe c HHMH oqeHh xopornee. 

Pucymm 4.2_Ar co.n:ep:/I<aT pe3yJihTaThI Bh1qHcJieHHii .D.Jrn aTOMa 
aproHa (Ar). 

PHc. 4.2_Ar_al (CD, 371) npHBO.D.HT ceqeHHe ynpyroro (B npH-
6nHJKeHHH X<I> H YITC<I>O) H neynpyroro (B YITC<I>O) pacceHHHH 
3JieKTPOHOB na aToMe Ar (CM. [ 1, 2]). 3KcnepHMeHTaJihHhie ,n:aHHhie 
B3HThI H3 [18, 19]. MHHHMYM B ceqeHHH, HMeHyeMhIH MUftUMYMOM 

PaM3ay3pa [20], B03HHKaeT JIHIIIh npH yqcTe non»pH3aUHOHnoro 
B3aHMO.ll,eHCTBHH. 

PHc. 4.2_Ar __ b1 (CD, 3 71) H3o6paJKaeT BKJia,n: napuHaJihHhIX 
BOJIH B ceqeHHe ynpyroro pacceHHHH 3JieI<TponoB Ha aToMe Ar 
B YITC<I>O. 06paiuaeT na ce6» BHHMa1rne MOIUHhIH MaKCHMYM B 
d-BOJIHe, KOTOpbIH c ,ll,aJihHeHIIIHM poCTOM 3ap».n:a H,n:pa nepeXO,D:HT 
B CB»3aHHhIH 3d-ypoBeHh. llMenno OH onpe.n:em1.eT ceqeutte ynpyro­
ro paccemrn» 3a MHHHMYMOM PaM3ay3pa. 

PHc. 4.2_Ar_cl (CD, 372) .D.afa J~mpcpepenuHaJihHoe no yrny ce­
qem1e pacce»HH» 3JieKTponoB Ha aToMe Ar. llMeeTc.H TPH MaKCHMy­
Ma -- nptt 0°' 100° 11 180°. 3KcnepHMeHTaJihHh1e ,ll,aHHble B351Thl 
H3 [21]. CornacHe :nx c pe3yJihTaTaMH pacqern xopornee. 

PHc. 4.2_Ar_c2 (CD, 372) npe.D.CTaBJI.HeT .D.Hcpcpepenu.Hanhnoe 
no yrny ceqenHe pacce.HHH» 3JieKTPOHOB na aTOMe Ar. Pe3yJihTaThI 
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6JII13KH K npe.n:crnBJieHHhIM Ha Puc. 4.2_Ar_cl. ,UaHHhie 3KcnepH­
MeHTa B351.ThI m [12]. Ponh KoppenHuuiI 3aMeTHa u ynyqruaeT corna­
cHe c OIThITOM. 

Puc. 4.2_Ar_d1 (CD, 373) npttBO,IIHT X<I>-cpa3h1 pa3JIH'IHhIX rrap­
UIIaJihHhIX BOJIH B pacceHHUII 3JieKTpOHOB Ha aTOMe Ar. KaK H .n:on­
)KHO 6hITb B COOTBeTCTBIIH c (3 .21 ), rrpH HyneBOM 3Hepnm 3JieKTpo­
Ha s-4Ja3a paBHa 3n, p-4Ja3a - 2n, a d-,f-cpa3hI 06parn:a10TcH B HOJih, 
ecnn ux Bee orrpe.n:enHTh TaK, qTo rrp11 E -- oo cpa3bI 81 - 0. 

P11c. 4.2_Ar_el (CD, 373) mo6pa)KaeT IlJIOTHOCTU MOHOilOJlb­
HhIX o6o6rn:eHHhIX c1111 ocu11nnHmpoB aToMa Ar B ITC<I>O KaK <iJYHK­
UHH rrepe.n.aHHOH arnMy 3Hepnm rrp11 pa3JIH'IHhIX q (cM. [7]). BH.IJ.HO 
yse1111qeHHe 3Hepnm M3KCHMyMa c pOCTOM q. 

P11c. 4.2 Ar e2 (CD, 374) .n:aeT rrnoTHOCTH .n:11rroJihHhIX 0606-
1uem1b1x c11n ocu11nJIHTopoB aToMa Ar B IIC<I>O KaK cpyHKUIIII rrepe­
.n.aHHoii arnMy 3HeprnII rrpu pa3JIIIqHhIX q (cM. [7]). BemiqIIHa .IJ.H­
rroJibHhIX oco Ha rropH,n:OK 6oJihIIIe H MOHOITOJihHbIX (P11c. 4.2_Ar_el), 
u Ksa.n.pyrronhHhIX (PIIc. 4.2 Ar_e3). 

PIIc. 4.2_Ar_e3 (CD, 374) rrpe.n;cTaBJIHeT rrnoTHOCTH KBa.n:py­
rronhHhIX o6o6rn:enHhIX cIIn ocu,11nnHTopos aToMa Ar B IIC<I>O KaK 

cpyHKUHH rrepe.n.aHHOM aTOMY 3Hepnm npu pa3JIHqHbIX q (CM. [7]). 
0TqfaJIUBO BII.IJ.HO .IJ.BU)KCHUe MaKCUMyMa B CTOpony 6oJihIIIUX 3Hep­
rnii c pocTOM q. 

Puc. 4.2_Ar_e4 (CD, 375) rrpuBO.IJ.UT nnoTHOcTu OKTyrronhHhIX 
o6o6rn:emmx cun ocummHTopoB aToMa Ar B ITC<I>O KaK cpyHKUHU 
rrepe.n:aHHOH aTOMY :meprnu rrpu pa3JIJlqHbIX q (CM. [7]). 0TMeqaeT­
C51 CMeJuenrre MaKCHMyMa K 6onee BbICOKHM 3HeprU5IM c pOCTOM q. 

Puc. 4.2_Ar_fl (CD, 375) co.n:ep)KUT o6o6rn:eHHbIC CUJibI ocuun­
JIHTOpOB )],UCKpeTHblX MOHOITOJibHOro u KBa.n:pynoJibHOro B036y)l<­
.n:eHUM 3p - 4p aToMa Ar KaK cpyHKUHU KBa.n:parn nepe.n:annoro 3JieK­
TponoM aToMy MOMema q B ITC<I>O (cM. [13]). KBa.n:pynonhHhie 
oco UMeIOT )],Ba MaKCUMyMa, HO BCJIC)],CTBUC 6mI30CTU MOHOITOJib­
HOro H KBa.n;pynonhHOro yposHeiI H3MepuMbI nurub cyMMhI OCO, 
r.n:e cne.n;oM MaKCHMyMa ocrnfac51 He6onbruoiI neperu6 (CM. BCTaB­
Ky). 

Puc. 4.2_Ar_f2 (CD, 376) mo6pa)l(aeT 0606u~ennh1e cHJJhI 
OCI~UJIJI5ITOpOB .D:HCKpeTHbIX MOHOITOJibHOro u KBa.n.pynoJibHOro B03-
6y)K.n:enuiI 3p - 4p aToMa Ar KaK cpyHKUHU nepe.n:aHnoro aToMy MO­
Mema q B fIC<I>O (cM. [13]). B paccMOTpenHoii o6nacTu q OCO 
HMeeT O.UUH MaKCUMyM. 3KcnepuMeHTaJihHble )],aHHbie B351Tbl U3 
[22]. Bu)~Ho 3aMenme pa3nuqIIe no sennqune, ysenuqusa10rn:eec51 c 

pocTOM q2 > 0.5. 
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P11c. 4.2_Ar_f3 (CD, 376) 11306pa)K'.aeT 0606mem1h1e CHJihI 

OCIIHJIJHITOpOB ,[(HCKpeTHhIX MOHOIIOJihHOro H KBa,[(pyrroJibHOro B03-

6y)K'.,[(eHHH 3p - Sp aTOMa Ar KaK <PYHKIIHH KBa,[(parn MOMeHrn q, rre­

pe,n:aHHoro :rneKTpOHOM aTOMY B IIC<PO (cM. [13]). 06a rrepexo,[(a 

HMCIOT MaKCHMYM rrptt q2 < 0.5, TOr,[(a KaK B KBa,[(pyrrOJihHOH oco 
HMeeTCR BTOpoH:, MaJibIH, MaKCilMYM rrpH q2 < 10. 

P11c. 4.2 Ar f4 (CD, 377) COIIOCTaBmieT o6o6meHHhie CHJihI 

OCIIHJIJI.srropoB ,[(HCKpeTHbIX KBa,[(pyrrOJihHhIX B036y)K'.,[(eHHH 3p - 4/'tt 

3p - Sf aToMa Ar KaK cpyHKIIHH KBa,[(parn rrepe,[(aHHoro :meKTpOHOM 

aTOMY MoMeHTa q B IICct>O (cM. [13]). B paccMoTpenttoii: o6nacrn q 
oco HMeeT 0,[(IlH MaKCMMyM. 

P11c. 4.2_Ar_f5 (CD, 377) rrpMBO,[(IlT o6o6meHHhie CilJihI OCIIIlJI­

mITopos ,[(IlCKpeTHbIX ,[(IlIIOJihHhIX B036,Y)K'.,[(eHMH 3p - 4s Il 3p - 5s 
aToMa Ar KaK <PYHKIIHII KBa,[(parn rrepe,[(annoro 3JICKTponoM aTOMY 

MOMeHTa q s IICct>O (cM. [14]). B o6ottx yposm1x OCO IIMe10T xa­

pa1<Tepnh1ii: npll O,[(IIHaKOBhIX q2 MaKCMMyM. 

P11c. 4.2_Ar_f6 (CD, 378) II3o6pa)l\'.aeT o6o6meHHhie CIIJihI 

OCIIIIJIJIRTOpOB ,[(IlCKpCTHhIX ,[(IlIIOJihHhIX B036y)K'.,[(eHIIH 3p - 3d Il 

3p - 4d aToMa Ar KaK cpyHKUIIM KBa.uparn nepe,[(anuoro 3JICKTponoM 

aTOMY MOMCHTa q B rrptt6JIII)K'.CHIIII Xct> Il IlCct>O (cM. (14]). oco 
MOHOTOHHO y6brnaeT c pocTOM q. 

Pttc. 4.2 Ar f7 (CD, 378) ,[(afa 0606menuh1e CMJihI OCIIHJIJIRTO­

poB ,[(IICKpCTllhIX OKTYIIOJihHhIX B036y)K'.,[(eHIIH 3p - 3d II 3p - 4d aTO­

Ma Ar KaK <PYHKIIIIH KBa,[(parn rrepe.uamwro 3JieKTpOHOM aToMy MO­

MeHrn q B rrpII6JIII)K'.CHIIH Xct> II ITCct>O (cM. (14]). KaK II Bee, KpoMe 

,[(HIIOJihHOH, ,[(a1rnaR OCO pacTeT c yBenIIqentteM q OT q = 0, ,[(OCTII­

raR MaKCHMyMa rrpH q2 :::::: 1. 7. 
PIIC. 4.2_Ar_f8 (CD, 379) npe,[(CTaBJIReT o6o6meHHhie CIIJihl 

OCIIHJIJIRTopoB ,[(IICKpen1hrx ,[(IlIIOJihIIhIX II OKTyrronhHhIX B036y)K'.,[(e­

HMH 3p -- 3d aToMa Ar KaK cpyHKIIMII KBa,[(parn nepe,[(annoro 3JICKT­

ponoM aTOMY MOMeHTa q B IlCct>O (cM. [14]). IIocKOJihKY ypoBHil no 

3Heprtttt oqenh 6Jrn3KM, npe,[(crnBnena TaK)K'.e M cyMMa ttx OCO. 0K­

TyrroJihHa5I oco IlMCCT OJl,IlH MaKCilMYM rrpll q2 :::::: 1.25, a Jl,IIIIOJibHa51 

CTpCMIITCJihHO y6brnaeT c pOCTOM q2 ,[(0 3, c TCM qrn6hI o6pa30BaTb 

umpoKIIH H ne6oJihllIOH MaKCIIMYM IIpII q2 :::::: 1 7. 
Pttc. 4.2 _Ar __ f9 (CD, 3 79) rrpIIBO,[(HT o6o6meHHhIC CilJihI OCUilJI­

JIRTOpos ,r~ttcKpeTHbIX ,[(MIIOJihnoro M OKTYIIOJihHOro B036y11<,[(eHIIH 

3p - 4d aTOMa Ar KaK <l>YHKIIMII KBa,[(parn MOMCHTa q, rrepe,[(aH­

uoro 3JieKrponoM aToMy, B IICct>O (cM. (14]). Ifa-3a 6rrmocrn ypoB­

nett na6n10.uaeMOH Bem1qIIHOH RBJIRCTC5I no cyTM JIIllllb cyMMa IlX 

oco. 
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PIIc. 4.2_Ar_f10 (CD, 380) II3o6pa)KaeT o6o6m.eHHhie CIIJihI 

OCI{IfJIJIRTOpOB ,llIICKpeTHhIX ,llHIIOJihHhIX B036y)K,lleHHH 3p - 3d, 5s 
aToMa Ar KaK cpynKUIIII rrepe,n;aHHOro aToMy MOMenTa q B IlCCf>O 
(cM. [14]). oco 6hICTpO y6hrnaeT c pocTOM q AO q2 :::::: 1, a 3aTeM BhI­
XO,llIIT Ha rrnarn. 3KcrrepIIMeHTaJihHhre ,n;aHHhre B35IThI II3 [22]. Co­

rnacIIe npeAcTaBnReTCR YAOBnernopIITeJihHhIM. 
PIIc. 4.2_Ar_fl 1 (CD, 380) .n:afa 0606IIIe1rny10 cmry ocuIIJIJIRTO­

pa .D:IICKpeTHoro ):(IIIlOJihHoro so36y)K)l;eHIIR 3p - 4s aToMa Ar KaI< 

cpyHKUIIIO KBa.n:paTa MOMeHTa q, rrepe.n:amrnro 3JieKTpOHOM aTOMy, B 
rrpII6nm1<eHIIII Xef> II IlCCf>O (cM. [23]). 31<crrep11MeHTaJihHhie ,n;aH­

Hhie B3RThI 113 [22]. PacqeT xoporno rrepe.n;aeT rrono)KeH11e MIIHIIMY­
Ma s OCO. Pa3JrnqIIe B ero rny6IIHe MO)KeT 6h1Th oTqacTH cB.sr3ano c 

pa3perna10IIIeM crroco6nocThlO 3KCIIepHMeHTaJihHOM ycTaHOBKII B [22], 
HO MO)KeT 6hITh II OTpa)KeHHeM neo6xo,n;IIMOCTM BhIXO,ll,a B OI<peCTHO­

CTII MIIHHMyMa 3a paMKII rrepBoro 6opHOBCKoro rrpII6JIII)KeHIIR. 
PIIc. 4.2_Ar__f12 (CD, 381) II3o6pa)KaeT 06061uenHy10 c11ny oc­

UIIJIJI.srTopa ,Il;IICKpenrnro MOHOIIOJlbHOro B036y)K,n;eHMR 3p - 4p aTO­

Ma Ar KaK cpyHI<IlIIIO KBa,n;parn nepe.n;aHHoro :rneKTponoM aTOMY MO­
MeHTa q B rrpII6Jm)KeHMII Xef> II IlC<I>O (cM. [13]). 3KcnepIIMeHTaJih­

Hhie .n;aHHhie B3RThI II3 [24]. I1MeeTC5I Kaqecrnenuoe cornacIIe, HO 
cyIIIeCTBeirnoe KOJIIIqecTseuuoe pa3n11qtte. 

Pwc. 4.2_Ar_f13 (CD, 381) npe.n;crnsn.sreT 0606IIIe1rny10 cwny 

OCUIIJlJlSITOpa ,llIICI<peTIIOro KBa,n;pynOJihHOro B036y)K)l;eHIIR 3p - 4p 
aToMa Ar KaK cpyHKUIIIO KBa.n;parn nepe.n;anuoro 3JieKTpOHOM aToMy 
MOMeHTa q B npII6JIH)Kemm Xef> H ITC<f>O (cM. [13]). OCO IIMeeT 

)];Ba MaKCIIMyMa, nepBbIM II3 KOTOpbIX, npII MeHhIIIeM q, Ha rrop.sr,n;OK 

60Jihllle BTOporo. 3KcrrepHMeHTaJlhHhie .n:aHHhre B3RThI II3 [24]. I1Me­
eTC5I KaqecTBeHnoe corrracrre, no cyll1eCTBe1rnoe KorrrrqecTBeHnoe 

pa3n11q11e. 
Pwc. 4.2 __ Ar_gl (CD, 382) npHBO,n;lIT ceqeHIIe MOHOIIOJihHOro 

KOMIITOHOBCKOro pacceHHIIR y-KsanToB :meprHII E = 2000 Ry na 
arnMe Ar B ITC<t>O 1<a1< cpynKumo nepe.n;amrnro aToMy MOMenrn q 
npII pa3nIIqHhIX :meprIIRX (!) II npH nepe.n;aHI-IOM yrnoBOM MOMeHTe 
L = 0 (cM. [15]). 06paIIIaeM BHIIMa1me na 6onhllIOM .n;11ana3on pac­

CMOTpenHhIX 3Haqe1mn q, 0 < q < 8, II CIICTeMaTIIqec1<oe CMeIIIeHIIe 
Mar<CIIMyMa B crnpony 60JihlIJIIX q c pocTOM (!). 

PIIc. 4.2 __ Ar_g2 (CD, 382) II306pa)1<aeT ceqe1me ,n;IInonhnoro 

1<0MnTonosc1<oro pacceHHIIR y-I<BaHTOB :mepnm E = 2000 Ry Ha arnMc 
Ar B IIC<f>O I<aI< tjJyHI<QIIIO nepe.n;aunoro aTOMy MOMenrn q rrpH pa3-
nIIqHhIX :meprII5IX ffi II npII nepe.n;aunoM yrnosoM MoMeHTe L = 1 
(cM. [15]). MaKCMMYM c poCTOM (!) nepexo,n;IIT B CTOpoHy 60JihllIIIX q. 
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PHc. 4.2_Ar_g3 (CD, 383) npe,D,CTaBJUICT ceqeHHe KBa,D,pynonh­

Horo KOMITTOHOBCKoro pacce51HH51 y-KBaHTOB 3Hepr1111 E = 2000 Ry 

ua aTOMe Ar B IlC<l>O KaK <PYHKU,HIO nepe,D,aHHOro aToMy MOMCHTa q 
npH pa3n11qHblX 3HeprH51X (!) H npH nepe,D,aHHOM yrnoBOM MOMenTe 

L = 2 (cM. [15]). Ceqem1e HMeer ,D,Ba MaKCHMyMa, Koropb1e c pocroM 

co yxO,D,51.T B CTOpony 60JihlllHX q. 
Pwc. 4.2_Ar_g4 (CD, 383) ,D,aeT ceqeHHe OKTYTIOJihHOro KOMTITO­

HOBCKOro pacce51HH51 y-I<BaHTOB 3nepr1111 E = 2000 Ry Ha aToMe Ar B 

IlC<l>O KaK <l>YHKU,HIO nepe,D,aHHOro aTOMY MOMeHTa q npH pa3JIHq­

HhlX 3HeprH51X co 11 npH nepe,D,aHHOM yrnoBoM MOMenTe L = 3 (CM. 

[15]). BH,D,eH O,D,HH MaKCHMyM, KOTOphIH c pocTOM co yMCHhlllaeTC51 
no Bem1q11He H nepeMemaeTC51, KaK H Ha npe,D,hl,D,YII(HX pHCYHKaX, B 

CTOpony 6oJihlllHX q. 
Pwc. 4.2_Ar_hl (CD, 384) npHBO,ll.HT OTHOCMTCJihHhIC ceqe­

HH51 KOMTITOHOBCKOro B036y:>K).(CHIUI ).(HTIOJihHhlX ypoBHeli 3p - 4s, 
3p - Ss aroMa Ar B IlC<l>O (CM. [ 16]). 0TqfanHBO BM,D,Ha ).(Byrop6a51 

CTPYKTypa OCO. 11p11 nepexo,D,e OT ypoBHH 3p - 4s K ypoBHIO 3p - 5s 
oco 3HaqHTCJ1hHO y6brnaeT. 

Pwc. 4.2_Ar_h2 (CD, 384) mo6pa)KaeT OTHOCHTCJihHhlC ceqe1m51 

KOMnronoBcI<oro so36y:>I<,D,en11H ,D,IInonhHhIX H OKTYITOJihHhIX ypos­

ueli 3p - 3d aTOMa Ar B IlC<t>O (cM. [16)). 

Prrc. 4.2_Ar_h3 (CD, 385) npe).(CTaBJ151CT OTHOCHTCJihHbIC ceqe­

HII51 KOMilTOHOBCKOro B036y)K,D,CHII51 KBa,D,pynoJibHOro H MOHOilOJih­

noro 3p - 4p-yposneli, noqTII Toqno BhipO)K,D,CHHhIX, aToMa Ar B 

IlC<l>O (CM. [16]). BH,D,CH CJIC).( KBa).(pynoJihHOro MaKCHMyMa B ceqe­

mm. 
PHc. 4.2 Ar h4 (CD, 385) ).(aer OTHOCHTCJibHhlC ceqeHH51 

KOMilTOHOBCKOro B036y)K,D,CHH51 KBa,D,pynoJibHOro H MOHOilOJibHOro 

3p - 5p-ypoBnei1, noqrH Toqno BhipO)K,D,CHHhIX, aToMa Ar B IlC<l>O 

(cM. [16]). BH,D,en cne,D, I<Ba).(pynonhuoro MaKCIIMyMa B ceqenHH. 

Pwc. 4.2_Ar_h5 (CD, 386) npHBO,l],HT OTHOCHTCJibHOe ceIJ.eHHe 

KOMilTOHOBCKOro B036y)K).(CHH51 pR).(a yposneu: MOHOilOJihHOro, ).(H­

IlOJihHOro, KBa,D,pynoJihHOro H OKTYIIOJlhHOro, 3p - 5p, 3p - 3d, 
3p - 4d, 3p - 5s COOTBCTCTBCHHO, - H HCKOTOpblX HX KOM6Hnall,HH 

,D,JI51 aTOMa Ar B IlC<t>O (cM. [16]). YpoBHH 6rrII3KH no 3HeprnII. 06-
pamaeT BHHMaIIIIe HaJIHqMe ,D,BYX MaKCHMYMOB B «,D,HilOJlhHOM +OK­

TYilOJibHOM»- ceqenHH, ne3aMeTHbIX nocrre cyMMHposanH51 no ,D,py­

rHM 6JIH3KMM rrepexo).(aM H pa3HbIM MYJibTHilOJibHocrnM. 

Pttc. 4.2 Ar il (CD, 386) ,D,aer ceqenHe ynpyroro pacceHHII51 

no3HTponoB na a TO Me Ar B npH6JIII)KCHHH X<t> H YilC<l>O (CM. [ 1 OJ). 
3KcnepHMCHTaJibHbie ,D,aHIIbIC B351Tbl H3 [ 17]. 11orr51pII3aU,HOHHOe 
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B33IIMO)],eHCTBIIe yqIITbIBaeT B036Y'IK)],eHIIe 3s-, 3p-no)],o6orroqeK II 

o6pa30B3Hlle BUpTyarrhHOro IT031:1TpOHII51. 0,n:HaKO OTJIMtrne OT ,n:aH­
HbIX 3KCnep1:1MeHTa BeJIIIKO, XOT51 pacqeT 1:1 BocnpOII3BO)],IIT 3Haqu­

TeJibHOe II3MeHett1:1e B CKOpOCTil y6hIB3H1:151 ceqeHil51 npII 2-2.5 3B. 

PucyHKH 4.2_Kr co.n:ep)J(aT pe3yJihTaThI BLrq1Icrre1mii ,n:rr51 aToMa 

KpIIIlTOHa (Kr). 
P1:1c. 4.2 _Kr _al (CD, 387) mo6pa)J(aeT ceqett1:1c ynpyroro (B 

np1:16JI1I)J(etttt1:1 X<l> 1:1 YllCct>O) II neynpyroro (B YllC<l>O) pacce51-
mrn 3JieKTpOHOB Ha arnMe Kr (cM. [l, 2]). PorrL 3JieKTpOHHhIX Koppe­

mn~IIH BeJIIII<a BnrrOTh .n:o :meprIIH 3JieKTpotta B 20 3B. MHHHMYM 

PaM3ay3pa [20) B03HttKaeT JIIllllh npII yqfae nOJrnpmau,IIOHHOro 
B33IIMO)],eHCTBil51. B BbllI1:1CJieHM51X norrararrocb, 'ITO BKJia)], B Hero 
BHOC51T no,n:o6orroqK1:1 3d, 4s, 4p. 

Puc. 4.2_Kr_b1 (CD, 387) npe.n:crnBJI51CT BKrra.n: napu,HaJihHhIX 
BOJIH B ceqe1-11Ie ynpyroro pacce51Hl151 3rreKTPOHOB Ha aToMe Kr. 06-
pam.aeT Ha ce651 BHMMaHIIe MOII]JibIH MaKCIIMYM B d-BOJIHe, KOTOpbIH 
c ,n:aJihHeHllIMM pOCTOM 3ap51)],a 51)],pa nepexo)],HT B CB513aHHbIH 
4d-ypoBeHh. HMeHHO OH onpe.n:errReT rny61:1ny MMHHMyMa PaM3ay3-
pa. Yq11Tb1BaJICR BKJia)J, B IlOJI51pH3aIJ,HOHHOe B3aHMO)J,eHCTBMe OT no­

.n:o6onoqeK 3d, 4s, 4p. 
Puc. 4.2_Kr __ cl (CD, 388) ,n:afa .n:mpcpepeuu,ttaJihHOe no yrny ce­

qeHIIe ynpyroro pacce51HH51 3JICKTpOHOB c pa3JIIllIHblMH MOMCHTaMH 

Ha aToMe Kr. lloMIIMO MaKCIIMYMOB B pacce51HIIH nnepe.n: 11 Ha3a,n:, 
.n:1:1cpcpepeHIJ,IIaJibHOC CC'ICHHC IlMCCT em.e )],Ba MaKCMMyMa npOTHB 
o,n:Horo B aprone - CM. PIIc. 4.2_Ar_cl. 

PIIc. 4.2_Kr_dl (CD, 388) 1:1306pa)J(aeT B nptt6JI11)J(ett11II X<l> cpa-

3hI pa3JIIIqHbIX napu,ttaJihHbIX BOJIH B pacceRHilII 3JICKrpOHOB Ha aTo­
MC Kr. KaK 1:1 )J,OmKHO 6bITb B COOTBCTCTBIIH c (3.21), npu nyrreBOH 

:meprn11 3JICKTpona s-cpa3a paBHa 47t, p-qm3a - 37t, d-cpa3a - 21t, a 
.f<Pa3a o6paru,acTC51 B HOJib, CCJIII HX onpe,n:CJIHTb TaK, 'ITO npH £--- 00 

Bee cpa3I.I o1 __. 0. 

PIIc. 4.2_Kr_el (CD, 389) npIIBO)],MT ITJIOTHOCTH MOHOITOJibHbIX 
o6o6m.enHhIX CIIJI oc11,11nn51Topon aTOMa Kr B ITCct>O KaK cpynKIJ,IIII 
ncpe.n:annoi1 aToMy 3HeprnII npII pa3n11qnhrx q (cM. [7]). KpIIBhre .n:o­
BOJihHO CJIO)J(HLre. Hx MaKCHMYMhI c pocTOM q nepeMem.a10TC5I B cTo­
poHy 6oJibllIIIX 3HcprIIH. 

PIIc. 4.2_Kr_e2 (CD, 389) npe)],cTaBrr}leT nrrornocrn JJ,IInorrL­

nhrx 0606111,emlblx CIIJI oc11,1IJIJI5ITOpoB aToMa Kr B IIC<l>O KaK cpyHK­

Ll,IIII rrcpe,n:am10H: aTOMY :m:eprnII rrpII pa3JIII'IHhIX q (CM. [7]). BerrII­
Lirrna )],IIIlOJibHbIX oco Ha nop51)],0K 6oJibllIC II MOHOilOJibHbIX 

(Pile. 4.2_Kr_el), II KBa,n:pynonhHbIX (Pile. 4.2_Kr_e3). MaKCIIMYMLI 
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c pOCTOM q yMeHhlllaIOTC5l Il rrepe'Mern.aIOTC5l B CTOpOHY 60JihlllllX 

:meprttM:. 

Pttc. 4.2_Kr_e3 (CD, 390) ,n:afa IIJIOTHOCTil KBa,n:pyrroJihHhIX 

o6o6rn.eHHhIX cHrr ocu;ttrrrr5ITopoB arnMa Kr B IIC<PO KaK cpyHKIJ:HM 

rrepe,n:aHHOH aToMy 3Heprntt rrptt pa3JIIlqHhIX q (cM. [7]). KpttBhie 

OCO B paccMOTpeHHOH o6rracTH q Il co HMeIOT ,[(Ba MaKCHMyMa. ITep­

BhIH, Ha rrop5I,[(OK 60JibllIIlH, c pocTOM q CMern.aeTC5l B CTOpOHY 6orrh­

llIIlX 3Heprttll:. BTopoll: rroKa3aH Ha BCTaBKe. Btt,n:Ho rrepeMern.eHHe 

MaKCMMyMa B CTopoHy 60JibllIIlX 3Heprttll: c pOCTOM q. 
Pnc. 4.2 _Kr_ e4 (CD, 390) Il306paJK:aeT IIJIOTHOCTil OKTYIIOJih­

HhIX 0606rn.ennh1x CHIT oclJ,HJIJI5ITOpOB aTOMa Kr B IIC<PO KaK <iiYHK-

11,HII rrepe,n:aHHOH aTOMY 3Heprnll rrpH pa3JIIlqHbIX q (cM. [7]). IloBe­

,n:eHHe oco BeCbMa 3K30TilqHo 11 xapaKTeptt3yeTC5l MHOrHMH MaKCH­

MyMaMH, rrpHTOM .D;JI5l BhICOKHX 3HeprHM BeCbMa 60JihllIHMH. 

P11c. 4.2_Kr __ fl (CD, 391) rrpHBO.D;IlT o6o6nreHHhie CHJihl OCU,HJI­

mnopoB JIHCKpeTHhIX MOHOIIOJihHOro Il KBa,rrpyrrorrhHOro B036yJK:,n:e­

HHM 4p - Sp aTOMa Kr KaK cpyHKU,HH KBa,n:parn rrepe,n:aHHOro aroMy 

MOMeHTa q B rICct>O (CM. [13]). KBa,n:pyrrorrhHbie oco IlMeIOT ,n:Ba 

MaKCMMyMa, HO BCJIC.D;CTBIIe 6rrH30CTil MOHOllOJihHOrO 11 KBa,n:py­

llOJihHOro ypoBnell: H3MepHMhI JIHlllh cyMMhI OCO, r,n:e crre,n:oM MaK­

CHMyMa ocrneTC5l oqeHh ue60JihIIIOH rrepertt6 (cM. BCTaBKy). 

PIIC. 4.2 _Kr_ f2 (CD, 391) II306paJK:aeT o6o6rn.eHHbie CIIJihl 

OCUJ1JIJI5ITOpOB ,[(HCKpeTHhIX MOHOIIOJibHOro II KBa,n:pyrroJihHOro B03-

6yJK:,!feHHH 4p - 6p aTOMa Kr KaK cpyHKU,Hil KBa,n:paTa rrepe,n:aHnoro 

aTOMy MOMeHTa q B rIC<PO (CM. [13]). KBa,n:pynoJibHhIH MaKCHMYM 

qiaKT11qeCKil IIeBil,D;HM B IIOJIHOM ypoBne oco. 
PHc. 4.2_Kr_D (CD, 392) .rrafa 0606rn.enHh1e CHJihI oc11,11JIJI5ITO­

poB ,n:11cKpeTHhIX KBa,n:pyrrorrhmrx Bo36yJK:,n:eHHH 4p - 4f M 4p - Sf 
aToMa Kr KaK ¢ynK~HH KBa,apaw rrepe.rrannoro aroMy MOMeHTa q B 

IIC<l>O (cM. [13]). 
PHc. 4.2_Kr_f4 (CD, 392) npe.zrcrnBJrner o6o6rn.eHHhie CHJihI 

ocu,urrJI5ITOpoB ,n:IICKpeTHhIX )..(IlITOJihHhIX B036yJK:.n:enHll: 4p - Ss H 

4p - 6s aToMa Kr KaK cpyHKlJ,HH KBa.nparn nepe.naHHOro aTOMY MO­

MeHTa q B npn6JrnJK:eHHII Xct> II IIC<PO (cM. [14]). IIpuMeqa-rerrhHO, 

qTo B o60IIX ypoBH5IX oco IIMeIOT xapaKrepHbIH, npH O,UIIHaKOBhIX 

q2, MaKCIIMyM. 

PIIc. 4.2_Kr_f5 (CD, 393) npIIBOJ.IIIT o6o6rn.ennhre cIIrrhr ocu,IIrr­

JI5ITopoB )..(IICKpeTHhIX JJ.IIIIOJihHhrx Bo36yJK:,n:enIIM: 4p - 4d II 4p - Sd 
aroMa Kr KaK qiynKu,IIII KBa,n:parn rrepe.n:aHnoro a-roMy MOMenm q B 
rrpII6JIIIJK:eHIIII Xct> u rICct>O (cM. [14]). Porrh Kopperr5IU,IIH ne3uaqII­

Terr1na. 
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Pttc. 4.2_Kr_f6 (CD, 393) lI3o6pa)KaeT o6o6meHHhie c1rnb1 
OCUHJIJHITOpOB .D:HCKpeniblX OKTYITOJibHbIX B036y)K,n:eHlIM 4p - 4d H 
4p - 5d aToMa Kr KaK <PYHKQIIII KBa,n:parn nepe,n:aHHOro aToMy MO­
MeHTa q B rrpH6JIH)KeHIIH X<:f.J H DC<DO (cM. [14]). KpIIBbie HMeIOT 
O.D:HH MaKCIIMyM, rrptt q2 ~ 1.25. Ponh Koppem1QIIM 3aMeTHa, HO He­
BeJIIIKa. 

Pttc. 4.2_Kr_f7 (CD, 394) ,n:aeT o6o6meHHbie ClIJibl OCIJ.lIJIJI51-
TOpOB .D:HCKpeTHbIX .UIIITOJibHOrO lI OKTYIIOJibHOro B036y)K)J,eHIIM 
4p - 4d aToMa Kr KaK <PYHKIJ,HII KBa.n:parn rrepe.n:aHHoro aToMy Mo­
MeHTa q B DC<:f.JO (cM. [14]). B OKTyrroJibHOM rrepexo.n:e ecTh MaKCM­
MYM rrpII q2 ~ 1, a B .UIIIIOJibHOM OH pacnoJIO)KeH B Hyne. DocKOJihKY 
ypoBHII no 3HeprHII oqeHb 6JIII3KII, npe,n:CTaBJieHa cyMMa IIX oco, 
MaKCIIMYM KOTOpOM HaXO.UlITC51 JIIIUib B HyJie. 

PIIc. 4.2_Kr_f8 (CD, 394) npe,n:cTaBJrneT 0606mem-1b1e CHJibI 
OCUIIJIJI5ITOpOB ).:(IICKpeTHbIX .UIITIOJibHOI'O II OKTYTIOJibHOro B036y)K­
.n:enIIM 4p - 5d aTOMa Kr KaK <PYHKUIIlI KBa,n:parn nepe.n:annoro aTOMy 
MOMeHTa q B IIC<t>O (cM. [14]). Ifa-3a 6m13ocTII ypoBneiI na6mo.n:ae­
MOM BeJIIIqIIHOM 5IBJI5IeTc51 no cyTH JIIIIIIb cyMMa IIX OCO. 

PIIc. 4.2_Kr_f9 (CD, 395) npIIBO.UIIT B npII6JIII)KeHIIII X<t> II 

IIC<t>O 0606meHHb1e ClIJihI ocQMJIJI51TopoB lI IIX OTHOIIIeHIIe .UJI51 
3d-3JieKTponoB Kr (cM. [7]). Btt,n:Ha 3aMeTHa51 pOJib IIC<:f.JO-nonpa­
BOK, )..\OCTIIra101.u:a51 no a6COJIIOTHOH BeJillqIIJIC 20 %. 

PIIc. 4.2_Kr_f10 (CD, 396) .uafa B npII6JimKeHIIII X<:f.J lI IIC<t>O 
o6o6meHHbie CIIJibl OCUMJIJI5ITOpOB II IIX OTHOUieirne ).:(JI51 4s-3JieKTpo­
HOB Kr (CM. [7]). Ponh IIC<t>O-nonpaBoK ropa3,n:o 6oJibIIIe, qeM ua 
Pttc. 4.2_Kr_f9. IIptt MaJibIX 3HeprII5IX II 6oJihIIIIIX q OTHOUientte 
)J,OCTIIraeT 4. 

Pttc. 4.2_Kr_f11 (CD, 397) lI3o6pa)KaeT B nptt6Jrn)KeHIIII X<t> M 
IIC<t>O 0606mennb1e CIIJihI oc1~MJIJI5ITopoB II IIX 0TnoIIIe1rne .UJI51 
4p-3JieKTpouoB Kr (cM. [7]). Ponb IIC<:f.JO-nonpaBoK ropai.no 6oJib­
IIIe, qeM ua Pttc. 4.2_Kr_f9. 

PIIC. 4.2_Kr_gl (CD, 398) npIIBO)J,lIT ceqe1rne MOHOIIOJibHOro 
KOMIITOHOBCKoro pacce5IHII51 y-KBaHTOB ::meprttn E = 2000 Ry na 
aToMe Kr B IIC<t>O KaK <PYHKQIIIO nepe.n:amrnro aTOMY MOMeHTa q 
npH pa31rnqub1x 3Heprn5Ix ro (nepe.naHHbIH yrnoBoi1 MOMCHT L = 0) 
(CM. [ 15]). CeqenIIe xapaKTeplI3yeTc51 MaKCIIMYMOM, yMeHbIIIa10-
Ill.lIMCH no BeJIIIqHne c pOCTOM 3HeprHH H nepeMemaIOill.HMCJI npH 
3TOM B CTOpony 6oJibllllIX q. 06pamaeM BHIIMaIIIIe Ha 60JibUIOM .ntta­
na30H paCCMOTpeHHbIX 3HaqeHIIM q, 0 < q < 8. 

Pttc. 4.2 _Kr _g2 (CD, 398) II3o6pa)KaeT ceqe1rne .r~HUOJibHoro 

KOMnTonoBcKoro pacceHHH5! y-KBaHTOB 3HeprIIH E = 2000 Ry na 
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aToMe Kr B ITC<DO KaK cpyttKQIIIO rrepe.n:attttoro aToMy MOMeHTa q 
rrpII pa3;mqHhIX :meprm1x w (nepe.n:aHHhIH yrnoBOH MOMeHT L = 1) 

(cM. [lS]). MaKCIIMYM c pOCTOM w yxo.n:IIT B cTopoHy 6oJihIIIIIX q. 
PIIc. 4.2_Kr_g3 (CD, 399) rrpe.n:cTaBJI5IeT ceqeHIIe KBa.n:pyrronh­

Horo KOMIITOHOBCKoro pacce5IHII5I y-KBaHTOB :meprIIII E = 2000 Ry 
Ha aToMe Kr B ITC<DO KaK cpyHKQIIIO rrepe.n:aHHoro aToMy MOMCHTa q 
rrpII pa3JmqHhIX :mepm5Ix w (rrepe.n:aHHhIH yrnoBoH MOMeHT L = 2) 

(cM. [lS]). Brnpon MaKcIIMYM c pocToM w yxo.n:IIT B crnpoHy 6onh­
IIIIIX q. 

PIIc. 4.2_Kr_g4 (CD, 399) .n:afa ceqeHIIe OKTYIIOJibHOro KOMIITO­
HOBCKOro pacce5IHH5I y-KBaHTOB :meprIIII E = 2000 Ry Ha arnMe Kr B 

ITC<DO KaK cpyHKQmo rrepe.n:aHHOro aToMy MOMeHTa q rrpII pa3JIIIq­
HhIX 3Hepm5IX (!) (rrepe.n:aHIIblH yrnoBOH MOMeHT L = 3) (CM. [ 1 S]). 

BTopoiI MaKCIIMYM naxo.n:IITC5I BHe rrpe.n:enoB pIIcyHKa. 
PIIc. 4.2_Kr_h1 (CD, 400) mo6pa)KaeT OTHOCIITeJibHOe ceqeHIIe 

KOMIITOHOBCKOro B036y)KJJ:eHII5I JJ:IIIIOJibHOro II OKTYIIOJibHOro ypoB­
HeH 4p - 4d aTOMa Kr B ITC<I>O (cM. [16, 2S]). 3.n:ech, B ornIIqIIe OT 

PIIc. 4.2 _ Kr __ h I, MaKCIIMYM B ceqeHIIII OJJ:IIH. 
PIIc. 4.2 __ Kr_h2 (CD, 400) rrpeJJ:CTaBJI5IeT OTHOCIITeJihHOe ceqe­

HIIe KOMIITOHOBCKOro B036y)KJJ:CHII5I KBa.n:pyrroJihHOro II MOHOIIOJib­

HOro ypoBHCH, rroqTII ToqHo BhlpO)KJJ:eHHhIX, 4p - Sp aTOMa Kr B 

ITC<DO (cM. [16, 2S]). 0TqenmBo BIIJJ:HhI JJ:Ba MaKCIIMyMa B KBa.n:py­

rroJibHOM ceqeHIIII, CJIIIBaIOil(IIeC51 B OJJ:IIH B oco. 
PIIc. 4.2_Kr_il (CD, 401) .n:afa ceqeHIIe ynpyroro pacce5IHII51 

rro3IITponoB na arnMe Kr B rrpII6nm1<eHIIII X<D II YITC<DO (cM. [10]). 

3KcrrepIIMeHTaJlbHbie .n:aHHhie B351Tbl H3 [17, 26, 27], pe3yJihTaTbl 60-
nee CJIO)KHbIX pacqeTOB MO)l<HO HaHTII B [28]. IlOJrnpmailIIOHHOC 

B3aIIMo.n:eHCTBIIe yqIITbIBaeT B036y)KJJ:CHlle 4s-, 4p-rro.n:o6onoqeK II 

o6pa30BaHIIe BIIpTyaJihHOro lI03IITpOHII51. 
P11cy11K11 4.2_ Xe co.n:ep)KaT pe3yJihTaThl BhiqIIcnenIIH JJ:JI5I aTo­

Ma KCeHOHa (Xe). 
PIIc. 4.2_Xe_al (cM. c. 22S) (CD, 401) rrpIIBO.IJ:IIT ceqenIIe yrrpy­

roro pacce51HII51 JJieKTponoB na aToMe Xe B rrpII6JIII)KeHIIII X<D II 
YITC<I>O (cM. [1, 2]). Ponb 3neKTpOHHhIX Koppen5IQIIH BeJIIIKa. 

Bcne.n: 3a Y3KIIM MIIHIIMYMOM PaM3ay3pa IIJJ:fa .n:Byrop6hIH MaKcII­
MyM. 31<crrepIIMeHTaJihHhie .n:annhie B35IThI II3 [29]. MIIHIIMYM PaM-

3ay3pa [20] B03HHKaeT JIIIIllb rrpII yqeTe IIOJI5Iptt3aQIIOHHOro B3aIIMO­
JJ:CHCTBII51. B BbJqIIcneHII51X nonaraJIOCb, qTo BKna.n: B nero BHOC5IT 

no.n:o6onoqKII 4d, Ss, Sp. 
PIIc. 4.2 Xe bl (CM. c. 22S) (CD, 402) mo6pa)1<aeT BKna.n: OT­

.n:enbHhIX rrapnIIaJibHhIX Bonn B ceqenIIe yrrpyroro pacce51HII5I JJieKT-
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poHoB Ha aToMe Xe B YITC<DO. MHHHMYM PaM3ay3pa Y30K H rny6oK 
H3-3a 60JibllIOH BCJIHqHHbl MaKCHMyMa B d-BOJIHe, XOT51 MaKCHMYM 

ecTh H B p-Bom1e, a BfBOJIHe HX l~Ba. KaK H B PHc. 4.2_Xe_al, yqH­
Thmanocb IlOJI5IpII3aQHOHHOC B3aHMO)..(eHCTBHe. 

PHc. 4.2_Xc_dl (cM. c. 226) (CD, 402) )..(afa B rrpH6nmKemm 
X<l>-cpa3hI pa3JIHqHhIX rrapQHaJihHhIX BOJIH B pacce5IHHH JJieKTponoB 
na aToMe Xe. KaK H )..(OJDKHO 6hITh B coorneTCTBHH c (3.21), rrpH Hy­

neBoH JHeprnH JJieKTPOHa s-cpa3a paBirn 57t, p-cpa3a - 47t, d-cpa3a -

27t, a.f<Pa3a o6paru,aeTC51 B HOJih, ecnH HX orrpe)..(eJIHTh TaK, qTo rrpH 
E _.. oo Bee cpa3hI 81 -+ 0. 

PHc. 4.2_Xe_el (cM. c. 226) (CD, 403) rrpHBO)..(HT rrnornocrn 
MonorronhHhIX o6o6ru,ennhrx cHn ocQHJIJI51TopoB aToMa Xe B ITC<l>O 

KaK cpynKQHH rrcpe)..(aHHOH aTOMY :meprHH rrpH pa3J!HqHbIX q 
(cM. [7]). MaKCHMYM c pocTOM q rrepeMew:aeTC51 B CTopoHy 6oJihllIHX 
3HeprHH. 

PHc. 4.2_Xe_e2 (CM. c. 227) (CD, 403) CO)..(Cp:>IrnT ITJIOTHOCTH )..(H­

IlOJibHb!X o6o6ru,ennhrx CHJI ocQHJIJI51TopoB arnMa Xe B IIC<DO KaK 

cpyHKQHH rrepe)..(aHHOH aTOMY 3HeprnH rrpH pa3JIHqHh!X q (CM. [7]). 
BenHqHHa )..(HITOJihHhIX OCO na rrop51)..(0K 6onbllle H MonorronhHhIX 

(PHc. 4.2 .. _Xe_el), H KBa)..(pyrronhHhIX (PHc. 4.2_Xe_e3). MaKCHMYM 
c pocToM q rrepeMeru,aeTc51 B CTopoHy 6onhllIHX JHeprHH:. B paH:oHe 
co = 7 Ry BH)..(eH rHranTCKHH )..(HITOJihHhIH pe3onanc, rrp05IBJI5IIDilJ,HH­

c51 rrpH Bcex q. 
PHc. 4.2_Xc_e3 (cM. c. 227) (CD, 404) rrpHBO)..(HT rrnornocrn 

KBa)..(pynoJihHhIX 0606ru,em1hIX CHJI ocQHmrnTopoB aToMa Xe B 

ITC<l>O KaK cpynKI~HH rrepe)..(aHIIOH aToMy Jnepnm rrpH pa3JIHqHhIX q 
(cM. [7]). BH)..(HO nepeMeru,eHHe MaKCHMyMa B CTOpony 6oJihllIHX 

3HcprnH: c pocTOM q. CTPyKTypa OCO KaK cpynKQHH co BeCbMa CJIOJK­
ua. TaK, npH 3naqHTeJihHhIX q CCTh TPH MaKCHMyMa. 

PHC. 4.2 __ Xe_e4 (CM. c. 228) (CD, 404) H306paJKaeT IIJIOTHOCTH 
OKTynonhHhIX o6o6ru,emrhrx CHJI ocQHJIJI51TopoB aToMa Xe B ITC<l>O 

KaK cpyHKQHH rrepe)..(aHHOH aTOMY 3HeprHH rrpH pa3JIHqHhlX q (CM. 
[7]). KaK H B Kr, rroBe)..(eHHC OCO BeChMa 3K30THqHo H xapaKTepH3y­
eTC51 MHOI'HMH MaKCHMyMaMH, IIpHTOM BeCbMa 60JibllIHMH. 

PHc. 4.2_Xe_e5 (cM. c. 229) (CD, 405) rrpHBOJJ:HT nnornocrn 

MOHOIIOJibHhIX 0606ru,eHIIhlX CHJI OCQHJIJI5ITOpOB 3ds;r H 3d3;z-3JICKT­
pmIOB aTOMa Xe B rrpH6JIHJKCHHH X<l> H err ITC<l>O KaK cpyHK­
QHH rrepe)..(aIUIOH aTOMY 3HeprnH npH pa3JIHqflhIX q (CM. [30]). 
PacqeT rrpoBe)..(eH cornacno omrcarrnID B caMoM KOHQe pa3JJ:. 3.6 H B 
pa3)..(. 1.10. BH)..(Ho cHJihHOe B03)..(CHCTBIIe JJieKTponoB ypoBH51 3/2 Ha 

oco ypoBH51 5/2 npII MaJibIX q. 
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Pnc. 4.2_Xe_e6 (cM. c. 230) (CD, 406) H3o6pa:>KaeT nJIOTHOCTH 
.UHITOJibHbIX o6o6IT(eHHbIX CHJI OCUHJIJI5ITOpOB 3ds;r H 3d3;z-3JieKTpo­
HOB aToMa Xe B npn6Jm:>KeHHH X<l> Herr rrC<I>O KaK cpyHKUHH nepe­
.uanHOH aToMy 3Hepmn npH pa3JIHqubIX q (cM. [30]). KaK H Ha 
Pnc. 4.2_Xe_el, pe3yJihTaTbI noJiyqeHhI cornacHo onncaHHOMY B 
pa3,n. 1.10 H 3.6. Bo3,nettcTBHe 3/2-3JieKTpOHOB npHBO.UHT K JJ,onoJI­
HHTeJibHOMY MaKCHMYMY B err ITC<PO oco 3JieKTpOHOB 5/2-ypoBH5I 
npn -52 3B npn Bcex paccMoTpeHHhIX q. CHTyau1rn no.uo6Ha IIMe10-
IT(eH MeCTO B cpoTo3cpcpeKTe - CM. Pnc. 2.2_Xe_b7. 

PIIc. 4.2_Xe_e7 (CM. c. 231) (CD, 407) .uaeT IlJIOTHOCTH KBa,npy­
IlOJibHbIX o6o6IT(eHHbIX c1m 0CUlIJIJI5ITOpOB 3ds;r H 3d3;z-3JieKTpOHOB 
aTOMa Xe B rrpH6JIH:>KeHHH X<I> Herr IIC<l>O KaK cpyHKUHH nepe,naH­
HOH aToMy 3Hepmn npH pa3JIHqubIX q (cM. [30]). PoJih B3aHMo.neH:­
CTBH5I 5/2- H 3/2-ypoBHeH CBO.D;HTC5I JIHIIIb K I105IBJieHHIO ue60JibIIIO­
ro ,UOIIOJIHHTeJibHOro MaKCHMyMa rrpH -50.6 3B B oco ypoBH5I 5/2. 

PHc. 4.2_Xe_fl (cM. c. 232) (CD, 408) npe.ucrnBJI5IeT o6o6n~en­
Hbie CHJibl OCUHJIJI5ITOpOB .UHCKpeTHbIX MOHOITOJibHOro H KBa.n;pyno­
JibHOro Bo36y:>K.neHHH 5p - 6p aTOMa Xe KaK cpyHKUHH KBa,nparn ne­
pe.n;aHHoro aToMy MOMeHTa q B IIC<l>O (cM. [13]) . .D:Ba KBa.npynoJib­
HhIX MaKCHMyMa BH.D:HhI H B noJinofi OCO. 

Pnc. 4.2_Xe_f2 (cM. c. 232) (CD, 408) .uaeT 0606IT(eHHh1e cHJihI 
ocu1mmnopoB .UHCKpeTHbIX MOHOilOJibHOro H KBa,npynOJibHOfO B03-
6y:>K,UeHHH 5p - 7p aTOMa Xe KaK cpyHKUHH KBa.n;parn rrepe.naHHoro 
aTOMY MOMeHTa q B rrC<I>O (cM. [13]). KBa,npynoJihHbIH MaKCHMYM 
BH,UeH H B IIOJIHOH 0C0. 

PHc. 4.2_Xe_f3 (cM. c. 233) (CD, 409) npttBO.UHT o6o6IT(ennhre 
CMJibI OCUHJIJI5ITOpOB .UHCKpCTHbIX KBa.npynoJibHbIX B036y:>K,UCHHH 
5p -4fn 5p- 5f aToMa Xe KaK cpyHKUMH KBa,nparn nepe.nanHoro aTO­
MY MOMenrn q B npn6mnKeHHH Xct> H rrC<t>O (cM. [13]). 

Pnc. 4.2_Xe_f4 (cM. c. 233) (CD, 409) npe.ncTaBJI5IeT 0606IT(en­
Hb1e CHJibI OCUHJIJI5ITOpOB ,UHCKpeTHbIX .UMITOJibHbIX B036y:>K,neHHH 
5p - 6s H 5p - 7s aTOMa Xe KaK cpynKUHH KBa,nparn nepe.nanttoro 
aTOMY MOMeHTa q B npH6JIH:>KeHIIH X<l> H 11Cct>O (cM. [14]). rrpnMe­
qaTeJibHO, qTO, KaK H B Kr (CM. Pnc. 4.2 __ Kr_f4), B o6onx ypOBH5IX 
oco HMeeT xapaKTCpHbIH np11 O.UHHaKOBbIX q2 MaKCHMyM. 

Pnc. 4.2_Xe_f5 (cM. c. 234) (CD, 410) M3o6pa:>KaeT o6o6IT(en­
Hbie CMJibl OCUHJIJI5ITOpOB .UMCKpeTHbIX .UMITOJibHblX B036y:>K,neHIIH 
5p - 5d H 5p - 6d aTOMa Xe KaK cpyHKUHH I<Ba,nparn nepe.na1rnoro 
aToMy MOMeHTa q B rrC<t>O (cM. [14]). 

PHC. 4.2_Xe_f6 (CM. c. 234) (CD, 410) .uafa o6o6lll.eHHbie CHJibl 
ocumm5ITopoB .uncKpeTHbIX OKTynoJibHbIX B036y:>K,neunH: 5p - 5d n 
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Sp - 6d aToMa Xe KaK cpyHKIJ;IIH KBa)lparn rrepe.n;aHHoro aToMy MO­
MeHTa q B 11C<PO (CM. [14]). oco o6oHX ypOBHeii HMeeT MaKCHMY­
MhI rrpH rrpHMepHo Tex )J(e q. 

PHc. 4.2_Xe_f7 (cM. c. 23S) (CD, 411) rrpHBO)J,HT o6o6rn;eHHhie 
ClIIThl OCUHnrnITopoB )J,lICKpeTHhIX )J;lIIlOIThHOrO H OKTynonhHOro B03-
6y)J(,n:eHHM Sp - Sd aToMa Xe 1<a1< cpyHKUHH 1<sa,n:parn rrepe.n;aHHoro 
aTOMy MOMeHTa q B 11C<DO (CM. [14]). IIocKOIThKY ypOBHlI IIO 3Hep­
flilI oqenh 6ntt3KH, rrpe.n;crnsneHa cyMMa HX oco. 0KTYIIOIThHhIM 
MaKCHMYM MaCKHpyeTCR B IIOITHOM oco. 

Pttc. 4.2_Xe_f8 (cM. c. 23S) (CD, 411) rrpHBO.lJ.HT o6o6rn;eHHhie 
ClIIThI OCUHnnRTOpOB ,ll,lICKpeTHhIX )J,lIIIOIThHOro lI OKTYIIOIThHOro B03-
6y)J<)J,eHHM Sp - 6d aToMa Xe KaK cpyHKUHH KBa,n:parn nepe,ll,aHHoro 
aTOMy MOMeHTa q B IIC<DO (cM. [14]). lfa-3a 6ntt30CTH ypoBHeii, Ha-
6mo,n.aeMoii senttqHHOH RBnReTCR no cyTtt ntturh cyMMa HX OCO. 
KaK II Ha PIIc. 4.2 __ Xe_f7, OKTynonhHhiii MaKCIIMYM MaCKIIpyeTcR B 
IlOJIHOM OCO. 

PIIc. 4.2 __ Xe_f9 (cM. c. 236) (CD, 412) rrpIIBO)J,IIT B nptt6nH)J(eHHII 
X<t> II I1C<DO o6o6rn;eHHhie CHIThI OCUIInnRTOpOB JI HX OTHOUieHHe 
,ll,nR 4d-3neKTpouos Xe. BII.ll.Ha 3aMenrnR ponh rIC<DO-nonpasoK. 

PHc. 4.2_Xe_f10 (cM. c. 237) (CD, 413) ,ll,afa B rrpII6nII)J(eHHII 
X<t> II IIC<t>O o6o6rn;eHHhie cIInhr ocuIInnuopoB II IIX OTHOilleHHe 
,ll,nR Ss-3neKTponos Xe. Ponh ITC<t>O-nonpaBoK ropa3.n;o 6onhllle, 
qeM Ha PIIc. 4.2 Xe f9. 

PIIc. 4.2_Xe_fl l (cM. c. 238) (CD, 414) H3o6pa)J(aeT B npII6nH­
)J(eHHII X<t> II ITC<t>O 0606II1eHHhIC cttnhI ocuttnnRTopoB H HX OTHO­
ureHtte ,ll,nR Sp-3neKTponoB Xe. Ponh ITC<t>O-nonpasoK 3HaqIITenh­
Ha, )J,OCTIIraR cpaKTOpa 1. 7. 

PIIc. 4.2_Xe_gl (cM. c. 239) (CD, 41S) npe,ll,CTaBnReT ceqemre 
MOHOHOIThHOfO KOMilTOHOBCKOro pacceRHHR y-KBaHTOB 3HeprHH E = 

= 2000 Ry Ha aToMe Xe B I1C<DO KaK cpynKIJHIO nepe.n;aHnoro aToMy 
MOMCHTa q npH pa3nHqHhIX 3Hepnrnx co (nepe,ll,aHHhIH yrnosoii MO­
MeHT L = 0) (cM. [15]). 06parn;aeM BHIIMam1e Ha 6onhuroH: mrnna30H 
pacCMOTpeHHhIX 3Haqe1mii q, 0 < q < 8. c pOCTOM co MaKCHMYM rre­
peMeruaeTCR B CTOpoHy 6onhlllHX q. 

Pttc. 4.2_Xe_g2 (cM. c. 239) (CD, 41S) H306pa)1<aeT ceqenMe ,ll,M­
nonhnoro KOMI1TOHOBc1<oro pacceRHMR y-KBaHTOB 3HeprIIM E = 

= 2000 Ry na aToMe Xe B ITC<DO KaK cpyn1<umo nepen,anHoro aToMy 
MOMeHTa q nptt pa3nHqHhIX 3HeprHRX co (nepe11;aHHhIM yrnosoii MO­
MeHT L = 1) (cM. [lS]). BTOpoii MaKCMMYM c pocToM co yxo,n.HT B cTo­
poHy 6onhlllttx q. Ka1< II Ha PMc. 4.2_Xe_gl, c pocToM co MaKCMMYM 
nepeMern;aeTCR B cTopony 6onhlllMX q. 
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Puc. 4.2 __ Xe _g3 (CM. c. 240) (CD, 416) co.n,ep:arnT ceqeuue KBa.n,­
pyrrorrhnoro KoMnTonoBcKoro pacce5IHH51 y-KBaHTOB :meprttu E = 

= 2000 Ry Ha aTOMe Xe B llC<l>O KaK cpynKnmo nepe.z:i;anHoro aToMy 
MOMeHTa q npu pa3nuqHhIX :mcprtt5IX (0 (ncpe.D,aHHhIH yrnoBOH MO­
MeHT L = 2) (cM. [lS]). MaKCIIMYMhI c pocrnM c.o yxo.z:i;5IT B crnpouy 
60JihlIIHX q, rrpuqeM BTOpOH OKa3bIBaeTC51 3a rpa1rnnei1 pIICYHKa. 

Puc. 4.2_Xe_g4 (cM. c. 240) (CD, 416) .z:i;aer ceqenIIe OKTyrronh­
noro KOMIITOHOBCKOro pacce5IHII51 y-KBaHTOB 3HeprIIu E = 2000 Ry 
Ha arnMe Xe B 11C<DO KaK cpyttKnmo nepe.z:i;a1moro aTOMY MOMCHTa q 
rrpu pa3nuqHhIX 3Hepru5Ix c.o (nepe.D,aHHhIH yrnoBoH MOMeHT L = 3) 
(cM. [lS]). Brnpoi1 MaKCIIMYM naxo.z:i;IITC51 BHe npe.D,erroB pIIcynKa. 

Pnc. 4.2_Xe_h1 (CM. c. 241) (CD, 417) Il306pa)l<aCT OTHOCUTeJih­
noe ceqeHUC KOMIITOHOBCKOro B036y)KJI.eHII51 ,ll;lIIlOJihHhIX ypoBHeH 
Sp - 6s 11 Sp - 7s aToMa Xe B ITC<PO (cM. [2S]). 3.D,ech, B onrnqtte OT 
PIIc. 4.2_Xe_hl, MaKCIIMYMOB B ceqenttll -- .z:i;Ba. 

Pttc. 4.2_Xe_h2 (CM. c. 241) (CD, 417) rrpHBO.D,IIT OTHOCHTeJih­
HOC ceqeuwe KOMIITOHOBCKOro B036y:>K.n,eHH51 ,ll;IlIIOJihHOro Il 
OKTynonhnoro ypoBI1ei1 Sp - Sd arnMa Xe B IIC<l>O (cM. [2S]). 06-
parn.aeT BHHMantte nanwqJie acIIMMeTpwquoro MaKCHMyMa B ce­
qeHHil. 

Puc. 4.2 Xe h3 (cM. c. 242) (CD, 418) rrpe.D,crnBrr5IeT ornocw­
Terrhnoe ceqentte KOMilTOHOBCKOro B036y:>K.D,emrn -- Jl,IlIIOJihHOro Il 

oKTynonhnoro, rro'ITII TO'IHO BhrpO:>K.lJ.CIIHhIX ypoBnei1 Sp - 6d aToMa 
Xe B rIC<l>O (cM. [2S]). 0Tqfammo BIIJl.HhI .n,Ba MaKCHMyMa B ceqe­
HIIH. 

PIIC. 4.2_Xe_h4 (cM. c. 242) (CD, 418) .n,aeT OTHOCHTerrhHOC ce­
qenIIe KOMIITOHOBCKOro B036y)K,ll;CHII51 p5I.z:i;a 6rrU3KIIX no 3HeprIIII 
MOHorrorrhHOro II KBaJI.pyrronhnoro ypoBnei1 Sp - 7p aToMa Xe B 
IIC<l>O (cM. [2S] ). KaK II Ha P11c. 4.2_Xe_h3, BII.IJ.HhI crre.IJ.hI .n,Byx 
MaKCilMYMOB B ceqeHHU, BTOpOH lI3 KOTOpbIX o6ycrrOBJieH KBa.n,py­
IIOJlhHhIM nepexo;~OM. 

Puc. 4.2 Xe hS (cM. c. 243). (CD, 419) npttBO.D:HT ornocHTerrh­
noe ce~1e1rne KOMIITOHOBCKOro B036y)K,ll;CHl151 .D,IlIIOJihHhIX, OKTYIIOJlh­
HhIX, Monononhnhrx H KBa;wynorrhHhTX ypoBnei1 Sp - 7s, Sp - 6d, 
Sp - 7p aToMa Xe B llC<l>O (cM. [2S]). 11 3.z:i:ech, KaK 11 na 
Pttc. 4.2_Xe_h3 u Pttc. 4.2_Xe_h4, Btt.n,en crre.z:i: BToporo - OKTyrro­
rrhnoro MaKcttMyMa. 

P11c. 4.2 __ Xe_il (cM. c. 243) (CD, 419) npe.z:i;crnBJI5ICT ccqem1e 
yrrpyroro pacce5IHH51 IT03IITponoB na aToMe Xe B nptt6Jitt)KeHHH X<P 
11 YllC<PO (cM. [10] ). 3KcnepIIMeIITarrhHhIC .z:i;anHhre B351ThI H3 [17, 

3]]. llo1rnpH3anIIOHHOe B3aJJMOJl,eHCTBilC yqJIThTBaeT B036y)K.D,eHIIC 
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4d-, Ss-, 5p-rroLJ.o6onoqeK II o6pa3oBaHIIe BIIpTyanhHOro rro3tt:Tpo­
HM51. 06parn:aeM BHHMmme ua cIInhHoe pacxo)l(.n;enne YITC<l>O c 

3KCIICpIIMeHTOM. 
Ta6JIHU,a K II. 4.2. (CD, 482) 06o6rn:eHHbie CIIJibl OC1(MJIJI5ITOpOB 

IIpII q = 0.00001. 
IlpIIBeLJ.CHhI OCO Ne, Ar, Kr, Xe. Ilptt CTOJih MaJihIX q OCO 

6ntt3KH K onn1qecKHM, T.e. LJ.HllOJihHhIM, cttnaM ocu:ttnJIJITopa. Ponh 

ITC<l>O Koppen5IU:tti1 3uaqHTCJihHa. 

4.3. ATOMhl H HOHhl 3JICMCIITOB 

I rpynnhI nepHOJ~HqecKOH CHCTCMhl 

B 3TOM pa3)],ene npe.n;crnsJieHbI pe3yJihTaTbI narrn1x y:>Ke H3BecT­
HbIX H HOBbIX Bbrq11cnen11i1 IIOJIHbIX H IIapu:MaJihHbIX ceqen11i1 yIIpy­
roro pacce5IHH51 3JleKTpOHOB H II03HTpOHOB Ha HCKOTOpbIX aTOMax H 

HOIIaX 3JieMeHTOB I rpyIIIIbl IICpHO)].HqecKOH CHCTeMhI 3JieMeHTOB B 
np116n11)1(en1111 X<l> 11 c yqeTOM rronHpH3au:11ouuoro B3aHMOLJ.ei1cTBH51 

B yIIpOII~CHHOM IIpM6J!H)l(CHHH cnyqaHHbIX cpa3 c o6MeHOM -

YITC<l>O (cM. II. 3.3 113.411[AJ1l-lq])11 BMpTyanhuoro o6pa3oBaHM51 
II03MTpoum1. (cM. II. 3.8). B cpopM11poBau1111 non5IpH3au:110Httoro 
B3aMMo.n;ei1crntt51 yqTeHhI B036y)l(LJ.eHM51 3JICKTpottoB: ls2, 2s B Li; ls2 

s J,i+; ls2, 2s2 B Li~; 2s2, 2p6, 3s B Na; 2s2, 2p6 B Na+; 3s2, 3p6, 4s BK; 

3s2, 3p6 BK+. B 3TOM )l(e IIp116n11)1(ett1111 Bhrq11cneHhI s-,p-, d-,j:cpa3bI 

pacce5IHH51 II COOTBeTCTBYI011(IIC IIapr~MaJihHbie ceqeHII51. IlpMBC)],eHbl 

0606rn:eHHbIC CHJibI OC1(HJIJI5ITOpOB c yqfaoM 11C<l>O- KoppeJI5IU:HH 

ynoM51HYTblX BbIIIIe 3JieKTpOHOB. ,Ll,aIOTC51 TaK)l(e oco )],JI51 3d512-, 
3d312-3ne1<rponoB Cs. 

KpamKue KoJ11.11te11mapuu K pucy11KaM n. 4. 3 

PttcynKH 4.3 _Li co.n;ep)l(aT pe3ynhTaTbI Bhrqttcneu11i1 .D;JI51 aToMa 
JIHTH5I (Li). 

Pttc. 4.3 _Li_al (CD, 420) 11306pa)l(aeT ceqen11e ynpyroro (B 

nptt6JIII)l(eH1111 X<l> 11 YrIC<l>O) 11 ueyIIpyroro (B YrIC<l>O) pacce51-
HM51 3JieKTpouoB na aToMe Li. Yq11TbmaeMbIH tteyrrpyrttH: Kanan -

MOHH3aU:M5I 2s-3JICKTponoB Li. 
Pnc. 4.3_Li_bl (CD, 420) IIpe.l(CTaBJrneT BKJia,l( napu:11anhHhIX 

Bonn B ceqcnIIe yrrpyroro pacce51HM51 3neKrpOirnB Ha aTOMe Li. 

BKnaLJ. s-BOJIHhI LJ.OMMHMpyeT TOJihKO IIptt oqenb Manoi1 3HeprMII. 
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Pe3KO pacTeT BKJiaJJ,p H d, a 3aTeM yX<e c 5 3B H d -BOJIHbl, KOTOpbIH, 

OJJ,HaKO, ycTynaeT BKJiaJJ,y p H d. 0TMCTHM He60JibllIOH MaKCHMYM 
npH 2 3B B S-BOJIHe. 

Pttc. 4.3_Li_dl (CD, 421) JJ,afa B nptt6rrmKeHHH X<D cpa3bI pa3-
JIHqHbIX napQttaJihHhIX BOJIH B pacceHHHH 3JieKTpOHOB Ha aToMe Li. 

3JJ,eCb s-cpa3a HMeeT OTpHQaTeJibHYID npOH3BOJJ.HYID BO BCeM pac­
CMOTPeHIIOM ,!lHana3oHe 3Heprttii. KaK H ,!lOJDKHO 6bITb B coorneTcT­

BHM c (3 .21 ), npH ttyrreBOH 3HeprnH 3JleKTpOHa s-cpa3a paBHa 21t, a 
p-, d -, f-cpa3bl o6paJIJaIDTC51 B HOJlb, eCJilI HX Bee onpeJJ,eJIMTb TaK, 

qm npH E - oo cpa3bI 81 - 0. 
Pttc. 4.3_Li_el (CD, 421) npHBOJJ,HT IlJIOTHOCTH MOHOilOJibHbJX 

o6o6JIJeHHbIX CMJI ocQMJIJIHTopoB aToMa Li B ITC<DO KaK cpyHKQMM 
nepe.n:attttoii aToMy 3Hepmtt nptt pa3JIMqHbIX q. EonbIIIoii pa.n:11yc 

aTOMa H, KaK CJie,!lCTBMe, 6bICTPbie OCQHJIJIHQHH cpaKTopa exp (i qr) 
y:>Ke npH cpaBHHTeJibHO MaJibIX q npHBO,!lHT K BeCbMa CJIO:>KHOMY rro­

Be,!leHMIO oco. 
Puc. 4.3_Li_e2 (CD, 422) coJJ.ep:>KHT nnoTHOCTH .!lHilOJibHhIX 

o6o6JIJeHHbIX CMJI ocQMJIJIHTopoB aToMa Li B ITC<DO KaK cpyHKQMH 

nepeJJ,aHHOH aTOMY 3HepmH npH pa3JiliqHblX q. IlepBbIH MaKCMMyM, 
OT 2s-3JieKTpoHa, CMeJIJaeTCH B CTOpoHy 6oJibllilIX 3HeprHH c pocTOM 

q, Tor.n:a KaK BTOpoii, rrpOHCXO.D:HJIJHH OT lIOHH3aQMlI ls-3JieKTpOHOB, 
CTOMT Ha MecTe. ,I(HnOJibHbie oco 3HaqMTeJibHO 6oJibJIIe MOHOilOJlh­

HbIX H KBa.!lpynOJibHbIX. 
Pnc. 4.3 _Li_ e3 (CD, 422) H3o6pa:>KaeT IlJIOTHOCTM KBa.n:pynOJib­

HbIX o6o6JIJeHHbIX cttn ocQttnJIHTOpoB aToMa Li B ITC<DO KaK cpyHK­
QHH nepeJJ,aIIHOH aToMy 3HeprHH nptt pa3JIHqffbIX q. IlpHMeqaTeJib­

HO, qTo c pOCTOM q nepBhIH MaKCMMYM y6brnaeT, Tor.n:a KaK BTO­

poii - pacTeT. 
Puc. 4.3_Li_il (CD, 423) .n:aer ceqeHHe yrrpyroro (B rrptt6JIH:>Ke­

HMH X<D 11 YITC<t>O) H tteyrrpyroro (B YITC<DO) paccen:HMH rro-

3HTPOHOB Ha aToMe Li (CM. [ 1 O]). I1orrnptt3aQHOHHoe B3aHMO­
.n:eiicrntte, B KOTOpOM yqHTbIBaeTCH o6pa30BaHMe BHpTyaJibHOro rro-

3HTpOHH51, pe3KO yBeJIHqlIBaeT ceqeHHe (CM. o6cy:>K,!leHHe B KOHQe 

pa3.n;. 3.8). 
PncyttKH 4.3_Li+ co,!lep:>I<aT pe3yJihTaTh1 BbJq11crreHMii .n:nH tto­

Ha Li+. 
Pttc. 4.3 _Li+ _al (CD, 423) rrpHBO.D:HT ceqerrnc yrrpyroro pacceH­

HHH 3JieKTpOHOB na lIOHe u+ B rrptt6nmKCHlilI X<D lI YITC<DO. 
BKnwqeHbI BKJia.D:bI s-, p-, d-, ;:BoJIH. 

Pttc. 4.3_Li+_bl (CD, 424) lI3o6pa)KaeT rronHoe ceqettne n nap­

QHaJibHbIC BKJia)J;bI s-, p-, d-,j:BOJIH ynpyroro pacceHHMJI :meKTPOHOB 
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Ha ttone Li+ B YIIC<t>O. B ceqenttII 5IBCTBeHHO BIILJ.eH BTopoii MaKCH­
MyM, CKJla)J,hIBaIOlll,HHC51 B OCHOBHOM Il3 ceqemlii d-, ,f BOJIH. 

PHc. 4.3_Li+_dl (CD, 424) npeLJ.CTaBJ15IeT B npn6JIJI:>Kemm X<P 
cpa3bI pa3JIIIqlfhIX rrapI1IIaJibHbIX BOJIH B pacceHHHII 3JieKTpOHOB Ha 
IIoue Li+. IloBe)J,eHIIe Bcex cpa3 KaK cpyHKIIIIH 3HeprnII noxo:>Ke. 

PIIC. 4.3 _Li+_ el (CD, 425) L1,afa IlJIOTHOCTH MOHOilOJibHhlX 0606-
rn,eHHbIX CIIJI OCIIIIJIJI51TopoB JIOHa Li+ B IIC<PO KaK cpyHKUJIII rrepe­
Ll,annoli aroMy 3Heprmr rrpII pa3JIJiqHbIX q. C pocroM q npoHBJIHeTcH 
MaKCIIMYM B 0C0. 

PIIc. 4.3 _Li+_ e2 (CD, 425) rrpttBOLJ.IIT nJIOTHOCTH LJ.IIIIOJihHhIX 
o6o6menHbIX cttn ocunJIJIHTopoB JIOHa Li+ B ITC<PO KaK cpyHI<UIIJI 
nepeLJ.aHnoif ttony 3HeprnII npII pa3JIJiqHbIX q. BKJiaLJ. LJ.IIIIOJihHbIX 
oco npttMepno Ha nopHLl,OK npeBOCXOLl,IIT BKJiaLI, MOHOIIOJibHblX H 
KBaLJ.pynOJibHbIX. 

Pnc. 4.3_Li+_e3 (CD, 426) OTPa:>KaeT rrnoTnocrn KBaLJ.pyrroJih­
HhIX o6o6menHbIX cIIn ocuttJIJI5ITOpOB aToMa Li+ B IIC<PO KaK cpyHK­
IIIIJI rrepeLl,aHHOH aTOMY :rnepmn npH pa3JIJiqHbIX q. c pOCTOM q 
cpopMHpyeTC51 MaKCIIMyM, KOTOpblH CMern,aeTC51 B CTOpoHy 6oJib -
umx w. 

PIIc. 4.3 _Li+ _i 1 (CD, 426) mo6pa:>Kaer rroJIHoe ceqeHJie ynpyro­
ro paCCC5IHII5I II03IITpona na Hone Li+ II BKJia)J, B Hero rrapUIIaJibHbIX 
s-, p-, d-,j:BOJIH. 11pHMeqaTeJieH BTopoif MaI<CHMyM, cpopMttpyeMhIH 
BI<Jia)J,OM d-, ,f BOJIH. 

PIIc. 4.3 _Li+_ i2 (CD, 427) L1,aeT cpa3bI pa3m1qnh1x napuIIaJibHhIX 
BOJIH B pacceHHHH 1103HTPOHOB Ha HOHe Li+. 3aBHCIIMOCTH BCCX pac­
CMOTpeHHbIX cpa3 OT 3HeprHH II03HTpoHa IIOLl,06HbI. c poCTOM op6II­
TaJibHOro MOMeHTa cpa3bl yBemrqHBaIOTC5I. 

Pncymm 4.3 _Li- coL1,ep:>KaT pe3ynhTaTbI BbiqIIcnenttif LJ.JIH Mo­
na Li-. 

PIIc. 4.3_IX_al (CD, 427) H3o6pa:>KaeT ceqem1e ynpyroro (B 
nptt6JIII:>KeHIIII X<P II YITC<PO) II Heynpyroro (B Yl1C<PO) pacceH­
HIIH 3JieKrpoHoB Ha IIone Li-. CeqeHIIe qpe3Bb1qaiiHo 6bICTPO y6hrna­
er c pOCTOM 3HeprIIII 3JieKTpOHa. Ilptt 5 3B HMeeTC5I He6oJibllIOH MII­
HHMyM. 

PIIC. 4.3_Li-_bl (CD, 428) npeLl,CTaBJrneT BKJia)J, rrapn:IIaJihHbIX 
Bonn B ceqenIIe ynpyroro pacceHHIIH 3JieKTponoB Ha IIone Li-. HaII-
6oJibIIIIIH BKJia)J, BHOC5IT BOJIHbI paCCC5IHII5I c 60JibllIIIM op6HTaJibHbIM 
MOMCHTOM. 

Pttc. 4.3_Li-_dl (CD, 428) L1,aeT cpa3bI pa3JiffqHhIX rrapU:IIaJibHbIX 
BOJIH B pacce5IHIIH 3JieKTPOHOB Ha Hone Li-. floBeL1,em1e s- II p-cpa3 
KaK cpyHKU:IIH 3HeprIIH ).{OBOJibHO CJIO:>KHOe. 
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PncynKH 4.3 _Na co,nep)KaT pe3yJihTaThI Bh1qncrrcHHH )J,JI5I aToMa 
HarpH5I Na. 

Pnc. 4.3_Na_al (CD, 429) H3o6pa)Kaer ceqeHHe yrrpyroro (s 
rrpH6JIH)KeHHH X<I> H YITC<I>O) ll Heyrrpyroro (s YITC<PO) pac­
ce5IHH5I 3JieKrpoHOB Ha aroMe Na. I1osrnpH3aIIHOHHoe B3aHMO)J,ettcT­
Blle orrpe.nerr5IeTc5I BKJia)J,OM 2p-, 3s-3JieKrpOHOB. CeqeHHe yrrpyroro 
paccemrn5I 6hICTpo y6hmaer c pocTOM 3ueprm1 HarreTaIOIIIero 3JieKT­
poHa. 

Pttc. 4.3_Na_b1 (CD, 429) .naer BKna.n s-, p-, d-, f-rrapIIHaJihHhIX 
BOJIH B ceqe1rne yrrpyroro pacce5IHH5I 3JieKrpoHOB na aroMe Na. 
ITpttMeqarenhHO, CKOJih 6bICTpo y6hmaer BKJia)J, s-BOJIHhI. 

Pnc. 4.3_Na_dl (CD, 430) rrpe.ncrnBJI5IeT c}Ja3hI pa3miqHhIX rrap­
IIIIaJihHhIX BOJIH B pacce5IHHH 3rreKTpOHOB Ha aToMe Na. YITC<PO­
rrorrpaBKH rrpoHCXO)J,5IT OT HOJI5IpH3aIIHOHHOro B3allMO)J,eHCTBll5I, co-
3)J,asaeMoro BHpryarrhHhIM B036y)K.nentteM 2p-, 3s-3rreKTpOHOB. KaK 
ll )J,OJI)KHO 6hITb B COOTBeTCTBllll c (3 .21 ), rrpll uyrreBOH 3Heprllll 
3JieKTpona s-qia3a pasHa 37t, p-c}Ja3a - Jt, a d-,f-c}Ja3hI o6paIIIaIOTC5I 
B HOJih, ecnH HX Bee onpe.nenttTh TaK, qro rrptt E --. oo c}Ja3hI 81 --. 0. 

Pttc. 4.3_Na_i1 (CD, 430) rrpHBO)J,HT BKrra.n napIIHaJihHhIX sorrn 
B ceqenHe yrrpyroro pacce5IHH5I IT03HTponoB na aToMe Na. 3aMeTHB, 
qTo rrpH oqenh MarroiI 3Hepnm rro3HrpoHa ceqentte Ha aroMe Li ro­
pa3)J,O 6onhll1e (cM. Pttc.4.3_Li_il) (cM. [10]). 

PHc. 4.3 _Na_i2 (CD, 431) H3o6pa)KaeT cpa3hI pa3JIHqHhIX rrapIIH­
aJihHhIX Bonn B pacce5IHHH rro3HTponos Ha aroMe Na. 

PucynKH 4.3 _Na+ co.nep)KaT pe3yrrhTaThI BhJqttcrrenttiI )J,JI5I 

Mona Nar. 
Pttc. 4.3_Na+_al (CD, 431) rrpe.ncraBJI5IeT ceqentte yrrpyro­

ro pacce5IHH5I 3JieKTponoB na Hone Na+ B nptt6nmKeHHH X<P H 
YrIC<PO. I1Meerc5I oqeBll)J,Hoe cxo.ncrno c Pttc. 4.3_Li_al - ceqe­
HHeM ynpyroro pacce>rHH5I 3JieKTpOHOB na aroMe Li. 

PHc. 4.3 _Na+ _a2 (CD, 432) ll3o6pa)KaeT BKJia)J, s-, p-, d-,,fnap­
IIHaJihHhIX BOJIH B ceqe1rne ynpyroro pacce5IHH5I 3JieKrpoHOB Ha 
HOHe Na'. ripHMeqarenen .norronmnerrhHhIH MaKCHMYM B s-sorrne H 
no )J,Ba MaKCHMyMa BO BKJia.11,ax .11,pyrHX BOJIH. 0TMeTIIM pocT BKJia)J,a 
c yBeJIHqenHeM yrnosoro MOMeHTa rrapIIH3JlhHOH BOJIHhI. 

Pttc. 4.3_Na+_a3 (CD, 432) .11,afa c}Ja3hI pa3JIHqHhIX napIIH3Jih­
HhIX sonn B pacce5IHHH 3rreKrpo110B Ha Hone Na+. 0TMeqaerc5I ecre­
CTBeHHhIH )J,JI5I KyrrouoBcKoro rrorr5I pocr cpa3hI rrptt E - 0. 

Pttc. 4.3 _Na+_il (CD, 433) rrpHB0.11,HT rronnoe ceqeHHe yrrpyroro 
pacce5IHH5I rro3nrpona na HOHe Na+ H BKrra.11, B Hero napIIHaJihHhIX s-, 
p-, d-, j~BOJIH. ripMMe1IaTCJICH BTOpOH MaKCHMyM, cpopMHpyeMhIH 
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BKJia.[(oM d-, j-BorrH. Ceqemie Na+ BCChMa noxo:>Ke Ha ceqem1e Li+ 
(cM. Pttc. 4.3_Li+_il). 

Pttc. 4.3 _Na'_ i2 (CD, 433) )J,aeT <!Ja3hI pmrrttqHhIX napIJHarrh­
HhIX Bonn B pacce5IHHH n03HTpOHOB Ha HOHe Nae. 11pHMeqaTeJihHO, 

qTo <!Ja3hI yBerrwrnBaJOTC5I c pocTOM yn10Boro MOMeHTa. 
Pttcymrn: 4.3 _ K co.[(ep:>KaT pe3yrrhTaThI BhJqttcrreHHH .[(JI5I aTOMa 

KaJIH5I (K). 

Pttc. 4.3_K_al (CD, 434) .[(aeT norrHoe ceqeHHe ynpyroro (B 
nptt6rrH:>KeHHH X<P H YI1C<l>O) H Heynpyroro (B YI1C<l>O) pacce5I­
mrn 3JieKTpoHOB na aToMe K. X<P-MaKCHMYM ynpyroro pacce5IHH5I 
Hcqe3aeT B Yl1C<PO. 

PHc. 4.3_K_b1 (CD, 434) H3o6pa:>KaeT BKJia.[( s-, p-, d-, ;:nap­
IJHarrhHhIX BOJIH B ceqeHHe ynpyroro pacce5IHII5I '.)JieKTpOHOB Ha 

aToMe K. HaH6orrhlllHH BKJia.[( - OT BhIClllHX op6HTaJihHhIX MO­
MeHTOB. 

Pttc. 4.3_K_dl (CD, 435) npe.[(craBJrneT <!Ja3hI s-, p-, d-, ;:nap­

IJIIarrhHhIX BOJIH B pacce5IHHH 3JICKTpoHoB Ha aroMe K. 11ptt HyrreBoiI 

3neprnH 3rreKTpona s-<!Ja3a paBim 4n, p-<!Ja3a - 2n, a d-,,f<Pa3hI o6-
paw,aJOTC5I B HOJih, ecrrH HX Bee onpe.[(eJIHTh TaK, qTo npH E __. oo 

01 --> 0. <l>a3hl cyw,ecTBeHHO MeH5IIOTC5I nptt MaJibIX :rneprH5IX. 
PHc. 4.3 __ K_il (CD, 435) npHBO.[(HT norrHoe H napIJIIarrhHhie s-, 

p-, d-,_fceqeHH5I ynpyroro pacce5IHH5I no3HTponoB Ha aroMe K. YqJI­

ThIBaIOTC5I s-, p-, d-,f-BOJIHhI II BKJia)J, 3s-, 3p-, 4s-II0.[(06orroqeK B rro­
JI5IpH3aIJHOHHOe B3aHMO)J,eHCTBHe, KOTopoe naxo)J,HTC5I c yqfaoM o6-
pa30BaHH5I BHpTyarrhHOro Il031ITpOHH5I. 

PHc. 4.3 _ K _i2 (CD, 436) )J,aer cpa3hI pa3rrHqHhIX napIJHarrhHhIX 
BOJIH B pacce5IHHH Il031Irp0HOB Ha aTOMC K. 

PncynKH 4.3 _Ki- co.[(ep:>KaT pe3yJihTaThI Bh1q11crreH11iI )l.JI5I 
110Ha K+. 

P11c. 4.3 _ K+ _al (CD, 436) 11306pa:>KaeT ceqen11e yrrpyroro (B rrp11-

6rr11:>KeH1111 X<l> H Yl1C<PO) H neyrrpyroro (B Yl1C<PO) pacce5IHH5I 
3JieKTpOHOB na 11one K+. Yq11TbIBaJOTC5I s-, p-, d-, ;:BoJIHhI H BKrra.[( 

3s-, 3p-, 4s-II0.[(06orroqeK B IlOJI5IpH3aIJIIOHHOe B3aHMO)J,eHCTBIIe. 
PHc. 4.3_K+_bl (CD, 437) npe.[(rraraeT BKrra)J, s-, p-, d-,,fnapIJII­

arrhHhIX BOJIH B ceqcnHe yrrpyroro paccC5IHII5I 3JieKTpOHOB Ha IIOHe 
K+ B Yl1C<l>O. 11orr5IpII3aIJIIOHHoe B3a11Mo.[(eiicrn11e rrpo11cxo)J,11T OT 

3s-, 3p-no11.06orroqeK. I1p11 MarrhIX E .[(OMIIHIIpyeT BKJia.[( f-, d-nap­
IJIIarrhHhIX BOJIH. 

Pttc. 4.3_K+_dl (CD, 437) npIIBOAHT <!Ja3hI s-, p-, d-, f-nap­

IIHaJihHhIX BOJIH B pacce5IHIIII 1rreKrpoHoB na 110He K+. riorr5IpII3aIJII­
OHHoe B3aHMO)J,CHCTBIIC npOIICXO)J,IIT OT 3s-, 3p-no)J,o6orroqeK. 
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Puc. 4.3_K+_e1 (CD, 43 8) JJ.aer nnornocTII MononoJihHhIX 0606-
mennhrx cun ocu,HJIJIHTopoB Hmm K+ B nptt6JIH)[{eHHH X<D H IIC<DO 
KaK cpyHKIJ,Ilil rrepe}J.aHHOH eMy :meprnH rrptt pa3JIHqHbIX q. oco 
pacTyT c pOCTOM q. 

Pttc. 4.3 K+ e2 (CD, 439) npeJJ.naraeT nnoTHOCTH JJ.HITOJihHhrx 
o6o6rueHHhIX CHJI OCllHJIJIHTopoB ttoaa K+ B rrptt6mDKeHttH X<D H 
IIC<t>O KaK cpyHKU.HH rrepeJJ.aHnoH: aToMy :meprnH rrpH pa3nuqnh1x q. 
11pu ro :s 3 Ry JJ.HrIOJibHhie OCO rrpeBocxOJJ.HT MOHOIIOJihHhie H 
KBaJJ.pyrroJibHbie 6onee qeM Ha nopHJJ.OK (cp. c Pttc. 4.3 K+ el II 
Pttc. 4.3 K+ e3). 

Pttc. 4.3_K+_e3 (CD, 440) rrpeJJ.CTaBJrneT unornocrn KBaJJ.py­
IlOJihHhIX o6o6rueHHhIX cHJI oc1i;ttJIJIHTopoB IIOHa K+ B nptt6JIHJKeHHH 
X<D H rIC<DO KaK cpyHKUIIII rrepe}J.annoH: aTOMY :meprnH uptt pa3-
JIIIqHbIX q. oco yBeJJilq11BaeTC5I c pOCTOM q. 

P11c. 4.3_K'· __ i1 (CD, 441) 11306pa1KaCT BKJia}J.bI s-, p-, d-, j:rrap­
ri;HaJihHhIX BOJIH H rromrne ceqenHe yrrpyroro pacceHHIIH II03HTpOHOB 
Ha HoHe K 1

• IIpn:MeqaTenea BTopoH: MaKCIIMyM, cpopMHpyeMhIH 
Brrna}J.OM d-, j:Bonn. CeqenIIe K+ BeChMa rroxo)Ke na ceqentte Li+ n: 
Na+ (cM. Pnc. 4.3 __ Li+_il H Pnc. 4.3_Na+_il). 

PncynKH 4.3 _Cs COJJ.ep)[{aT pe3yJihTaThI BhrqHcnennH: JJ.JIH aToMa 
u,e3IIH (Cs). 

Pttc. 4.3_Cs_el (CD, 442) npIIBO}J.HT IIJIOTHOCTII MOHOIIOJibHbIX 
0606ruem1I>1x CIIJI OCllHJIJIHTopoB 3d51r II 3d312-3JICKTponoB aToMa Cs 
B rrpII6JIIl)KCHilII X<D II en 11C<DO KaK cpyHKllIIII nepe}J.aIUIOH aTOMY 
3HeprnII rrpII pa3nIIqnr,1x q (CM. [30]). PacqeT npOBe}J.en cornacno 
orrncamno B caMOM KOHIJ,e II. 3 .6 II B II. 1.10. BII}J.HO CHJibHOe B03-
}J.eHCTBIIe 3/2- na 5/2-ypoBeHb rrpII MaJibIX q. 

P11c. 4.3_Cs_e2 (CD, 443) 113o6pa)KaeT rrnornocTII JJ.HIIOJII>HhIX 

o6o6ni;enIIhIX CHJI OCIIHJIJIHTopoB 3d51r n 3d3;r3JieKTponoB aToMa Cs 
B rrpII6JIII)[{eHIIII X<t> II en IIC<DO KaK cpynKIJ,IIII rrepe}J.aHI-IOH aTOMY 
3HeprnII upu pa3n11qnhlx q ( cM. [30]). KaK II na PIIc. 4.3_Cs_e1, pe-
3YJihTaThI nonyqeHhI cornacuo orrncannoMy B n. 1.10 11 3 .6. Bo3-
JJ.eH:crnIIe 3/2-3JICKTpOHOB rrpIIBO}J.IIT K }J.OIIOJIHHTeJII>HOMY MaKCIIMY­
MY B en rIC<DO OC0-3JieKTpOHOB 5/2-ypoBH5I npII ~55 JB rrpn Bcex 

paccMoTpemmx q. 
PIIC. 4.3_Cs_e3 (CD, 444) }J.aer IIJIOTHOCTII KBaJJ.pyIIOJibHbIX 

0606ruem-1i,1x CIIJI ocIJ,IIJIJIHTopoB 3d512 - II 3d3;r3JieKTpOHOB aToMa Cs 
B npII6JIH)KeHHII X<D I-I en ITC<t>O KaK cpyHKIJ,I-II-I rrepe}J.aHHOH aTOMY 
JHeprnI-I rrpII pa3n1-1q1mx q (cM. [30]). Ponh B3aIIMOJJ.Ci1:cTBH5f 5/2- 11 
3/2-ypoBneH: CBO}J.I-ITC5I JII-Illlb K II05IBJieHI-IIO ne6oJihlllOro }J.OilOJIHI-I­
TeJihHOro MaKCHMyMa npH ~54.2 JB B oco ypoBH5I 5/2. 
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Ta6JIHU,a K II. 4.3 (CD, 483) CO)J,ep)KIIT KBa)J,pynonbHble II MOHO­
IIOJibHbie o6o6meHHbie CIIJibl OCllIIJimITOpOB Li II u+ npII q = 
= 0.00001. 

Ifa-3a ManoH: BeJIIIqIIHhI OCO norpeIIIHOCTb pacqfaa BeJIIIKa. 

4.4. ATOMhl 3JieMeHTOB 
II rpyrrnhl nepuo~HqecKoii cttcTeMbI 

B :noM pa3)J,ene npe)J,CTaBJieHhI pe3yJihTaTbI naIIIIIX y)Ke II3-
BeCTHbIX II HOBblX BblqIIcneHIIH nonHbIX II napu;IIanhHbIX ceqeHIIH 
yrrpyroro pacceHHIIH 3neKTPOHOB Ha arnMax 3neMeHTOB II rpynrrhI 
B npII6nII)KeHIIII X<P II c yqfaoM nonHpH3aIIIIOHHOro B3aJIMO)J,eHCT­
BIIH B ynpomeHHOM npII6nII)KeHIIII cnyqaHHbIX cpa3 c o6MeHOM -
YITC<PO (cM. n. 3.3 H 3.4 II [AHlllI]). B cpopMIIpoBaHIIII rronHpma­
llIIOHHoro B3aIIMO)J,eHCTBIIH yqTeHhl B036y)K)J,eHIIH 3JieKTpOHOB ls2 B 
Be; 2s2, 2p6, 3s2 B Mg; 3s2, 3p6, 4s2 B Ca; 3p6, 3d10 , 4s2 B Zn; 4p6, 

4d10 , 5s2 B Cd H 4d10 , 5s2 , 5p6 , 5s2 B Ba. B 3TOM )Ke rrpII6Jitt)KeHIIII 
Bb1qttcnenb1 s-, p-, d-,fcpa3bI pacceHHHH II IIX nap11IIanbHb1e BKna)J,hI 
B ceqenIIe. IlpIIBe)J,eHbI o6o6meHHbie CIInbr OCIIHJIJIHTOpOB (OCO) c 
yqfaoM ITC<PO-KoppenHUHH ynoMHHYTbIX BhIIIIe 3neKTpOHOB. ITpII­
Be)J,eHhI oco II ceqeHIIH KOMIITOHOBCKOro B036y)K)J,eHIIH HeCKOnh­

KIIX nepBbIX )J,HCKpeTHhIX ypOBHeii HeKOTOpblX aTOMOB 6naropO)J,HbIX 
ra3oB. ,D:nH Be II Mg )J,aI-OTCH ceqenIIH pacceHHHH no3IITponoB. ITptt­
Be)J,eHbI TaK)Ke OCO )J,nH 3d51r, 3d31r3neKTPOHOB Ba. 

KpamKue KOM.MeHmapuu K pucyHKaM n. 4.4 

PttcyHKH 4.4_Be co)J,ep:II<aT pe3ynhTaTbI BhrqttcnenIIH .unH aToMa 
6epHJIJIHH (Be). 

Pttc. 4.4_Be_al (CD, 445) mo6pa:1I<aeT ceqentte ynpyroro (B rrpH-
6nII:II<eHHH X<P II YilC<t>O) II neyrrpyroro (B YilC<l>O) pacceHHHH 
3neKTPOHOB Ha a To Me Be. BKmoqeH BKna)J, s-, p-, d-, f BOnH. ITonH­
pmau;IIoHHhIH IIOTeHUHan yqTeH perneHHeM ypaBHeHIIH ,JJ:aH:cona 
II3 II. 3 .4, TOr)J,a KaK caMO nonHpII3aUIIOHHOe B3aIIMO)J,eHCTBIIe Haxo­
)J,HTCH rrpII6nII)Kenno, cornacno npIIHHTOMY B YilC<PO. CeqeHIIe 
IIMeeT MOIUHbIH MaKCIIMYM npII 0.5 3B II pe3KHH nepern6 npII ~1 3B. 

PIIC. 4.4_Be_bl (CD, 445) rrpe)J,CTaBnHeT BKna)J,bI s-,p-, d-,f~nap­
IIIIanbHbIX Bonn B ceqenne yrrpyroro pacceHHIIH 3neKTpOHOB Ha aTo­
Me Be. BH)J,HO, qTo rnaBHhIH MaKCHMYM rrpII 0.5 3B o6pa3yeTcH 

207 



BKJia.ll.OM p-BOJIHbl, a BKJia.n: d-BOJIHbl HMeeT MaKCHMYM np11 5 3B, 
cne.n: KOToporo BM.ll.eH 11 B IlOJIHOM ceqeHHH (Pnc.4.4_Be_al). 

Pnc. 4.4_Be_dl (CD, 446) np11BO.ll.HT cpa3hI pa3n11qnh1x napu11a­
JibHhIX BOJIH B pacceHHHM :rneKTpOHOB Ha aToMe Be, Bb1q11cs1eHHh1e B 

pe3ynhTaTe peIIIeHMH ypaBnemrn ,[(aiicoHa. Ha BCTaBKe s-cpa3a rrp11 
E = 0 paBHa 21t, Tor.n:a KaK OCTMhHhie cpa3hl paBHhl nymo B COOTBeT­
CTBMH c (3 .21 ). Ha OCHOBHOM p11cynKe s-cpa3a C.ll.BHHYTa .u:m1 KOMilaK­
THOCTH KpHBhIX Ha 21t. 

P11c. 4.4_Be_el (CD, 446) .u:aer IlJIOTHOCTH MOHOilOJihHhlX 0606-
IlleHHhIX CMJI oc1vrnnHTopoB aToMa Be B rIC<l>O KaK cpyHKUMH nepe­
.n:anuoii aTOMY 3Heprn11 npM pa3JIMqHhlX q. c poCTOM q oco np1106-
peTaeT HBHhiii, noqTn cHMMerp11qnh1ii MaKCHMYM npn E ~ 0.9 3B. 

Puc. 4.4_Be_e2 (CD, 447) npHBO.ll.HT nnornocrn ,D,HilOJihHhIX 
06061IleHHhIX cttn ocuttnJIHTopoB arnMa Be B rICct:>O KaK cpyHKUHH 
nepe.n:aunoii aTOMY 3HeprnH nptt pa3JlllqHblX q (CM. (32]). c pOCTOM 
q 3aBHCHMOCTh oco OT 3Heprtttt CTaHOBHTC51 BCChMa cno:>I<HOH. 

Pttc. 4.4 __ Be __ e3 (CD, 447) M3o6pa)l(aCT IIJIOTHOCTH KBa.u:pynonh­

HblX 0606mennb1x cun ocuwrrmnopoB aToMa Be B IIC<l>O KaK cpyuK­
unu nepe.n:anHoii aToMy 3Hepnrn nptt pa3nuqnbIX q. KaK H ua 
Pttc. 4.4_Be_e2, c pocToM q nepBbIH MaKCHMYM B OCO cMemaeTcH B 

cTopouy 6onblnttx co. 
Pttc. 4.4_Be_il (CD, 448) npe.r.tCTaBJIHCT ceqeuue ynpyroro pac­

ceHHMH II03HTpOHOB na aTOMe Be (cM. [10]). lfao6pa)l(eHbI BKJia.U:bl 
pa3nuqnhrx napuIIaJibHbIX Bonn B ceqeHIIe II cpa3br s-, p-, d-,.fnapuII­
anbHbIX BOJIH aToMa Be. 

PucynKH 4.4_Mg co.n:ep)l(aT pe3y11bTaTbI BbI'IIIcneHIIH ,ll.JI51 aTo­

Ma ManmH (Mg). 
P11c. 4.4 __ Mg_al (CD, 449) p:aeT ceqenue ynpyroro (B npu-

6m1)1(enu11 Xct:> M YIIC<l>O) II neyrrpyroro (B YrIC<l>O) pacce51HII51 
3JICKTponoB na aToMe Mg. Y'IMTbIBaeTC51 BKJiap: s-, p-, d-, /-BOJIH. 

PIIC. 4.4_Mg __ bl (CD, 449) rrpIIBO)l:IIT BKJia.ll.bl napuIIaJihHbIX 
BOJIH B ceqeuue ynpyroro pacce5IHII51 3JICKTpOHOB na aToMe Mg. 
BMp:no, qyo y)l(e npM Manbrx E .ll.OMmmpyeT j~Bonna, BKna.u KOTopoii 
IIMCCT MaKCIIMYM npII 0.7 3B, a BKnap: d-BOJIHbl IIMCCT MaKCMMYM 

npH 3.5 3B. 
PIIc. 4.4 __ Mg_dl (CD, 450) npe.ucrnBmieT s-, p-, d-,.fcpa3bI pa3-

JIIIqHbIX napuManbHbIX BOJIH B paccemrntt 3JICKTpOHOB Ha aToMc Mg. 
ct:>a3hI orrpe.ue;reHbI B paMKax npII6Jitt)l(eHtt51 Yl1Cct:>O. B coorneTcT­
BIIM c (3 .21 ), npII nyneBoil 3neprnu 3JieKTpona s-cpa3a paBna 3n, 
p-cpa3a - 1t, a d-,.fcpa3b1 o6pamaioTC51 B HOJih, CCJIH IIX BCC orrpe,Lte­
JIIITh TaK, 'ITO npH E .__. oo cpa3bI 81 -.. 0. B6mm1 E = 0 p-cpa3a 6b1cT-
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po HapacrneT, 'ITO rOBOpHT 0 nptt6JIHJKeHHH 3p-ypoBHR yJKe B coce)J,­
HeM aTOMe - Al. YToqHeHHe nomipII3aUIIOHI-IOro noTeHuIIaJia rrpII­
BO,IJ,IIT K pe3onancy B ceqenHH yrrpyroro pacceHHHH - npe,IJ,BeCTHII­
KY 06pa30Banm1 O"rpIIuaTeJihnoro Mona Mg-. 

PIIc. 4.4_Mg_il (CD, 450) 11106pa)KaeT ceqenIIe ynpyroro (s 
npII6Jitt)KeHIIH X<l> H YITC<PO) II Heyrrpyroro (B YITC<PO) pacce.ii:­
HII5I rro3IITpona Ha aToMe Mg. 

PIIc. 4.4_ Mg_i2 (CD, 451) naer BKJia,IJ,hI napuIIaJihHhIX s-, p-, d-, 
.f sonn s ceqeHHe ynpyroro pacce>IHIIH rro3IITponoB Ha a To Me Mg. 
)l,oMIIHIIpyeT BKJia,IJ, S-BOJIHbl. 

PIIc. 4.4 _ Mg_i3 (CD, 451) rrpIIBOJJ.IIT cpa3hI s-, p-, d-, .f rrap­
UHaJihHhIX Bonn B pacceamm no3HTpoHoB na aToMe Mg B nptt6JIH­
')KeHHH YITC<l>O. 06pamaeT BHIIMaHIIe sapIIaUIIH B s-cpa3e B 2.5 paJJ.. 
npII 3HepmII OT 0-3 3B. 

PttcynKH 4.4_Ca co.n;ep)KaT pe3yJihTaThI BhiqIIcnenIIii .n;na aToMa 
KaJihUII5I (Ca). 

PIIc. 4.4_Ca_al (CD, 452) npe.n;crnsnaeT ceqenIIe ynpyroro (s 
nptt6JIII')Kemrn X<l> lI YITC<PO) II Heyrrpyroro (s YITC<l>O) paccea­
HII5I 3JieKTponoB ua aToMe Ca. YqTeH BKJiaJJ. s-, p-, d-, j~Bonn (cM. 
TaK')Ke (33, 34)). 

Pttc. 4.4_Ca_bl (CD, 452) H3o6pa)KaeT BKJiaJJ; naputtaJihHhIX 
sonu B ceqeuIIe yrrpyroro pacceanIIa 3JieKTpoHOB Ha aToMe Ca. 
YqTcH BKJiaJJ; s-, p-, d-, j~BOJIH. Br,1qIIcneuna npose,IJ,eHLI s paMKax 
npn6JIJI)KeHIUI YI1C<PO nyTeM perneuna ypasuenIIa )l,aiicoua (3.45) 
c IICilOJib30BaHHCM (3.46) (CM. TaK')KC [35, 36]). Tion>IpH3aQHOHHhIH 
IIOTCHUIIaJI BKJIIO'IaeT BKJia,ll.bl s-, p-, d-, .f3JieKTPOHOB. 

PIIc. 4.4_Ca_dl (CD, 453) rrpIIBO!J:IIT cpa3hI pa3n11qnh1X nap­
u11arrbHhIX Borru B pacceRHIIII 3JieKTponos na aToMe Ca B npII6JIII­
')KCIIHH YITC<PO. <l>a3bI rrp11 uyrresoii 3Hepr1111, B cornac11tt c (3.21 ), 
paBHbJ: s-cpa3a - 47t a p-<}la3a - 21t. 06paTHM BHHMaHHe Ha TO, 
qTo p-cpa3a oqenr, 6i:,rcTpo uapacrneT, noqT11 JJ.OCT11ra51 3n. 3To 03Ha­
qaeT, qTo rrpII HeCKOJibKO 6orree CIIJibHOM IlOJIRpH3aI~HOHHOM 

B3aHMO)J;CHCTBHH B03MO')KH0 o6pa30BaHHe CB5I3annoro COCT05IHH5I 
e- + Ca, T. e. oTpIIuaTcnr,noro Motta Ca-. Ha ocnosttoM pIIcynKe 
cpa3hl nopMHpOBaHbl TaK, qTo BCe OHII o6paruaioTC5I B HOJlb rrpH 
E "'° 0. I>onee aKKypaTHLiii pacqeT rrorrapH3auuonuoro B3aIIMO!J:CHCT­
BHR II IICilOJib30BaHIIC ypasneHIIR )l,aiicona (rr. 3.4) Il03BOJIIIJIH OilII­
caTh oTpm~aTeJihHLie HOHhI Ca II pR.n;a JJ.pyrHx aTOMOB BTopoii rpyrr­
IlhI [35, 36). 

PIIc. 4.4_Ca_el (CD, 454) ,IJ,aCT IIJlOTHOCTII MOHOilOJibHhIX 0606-
rueHHhlX CHIT ocuHnJ15!Topos aToMa Ca B npn6JmmeHHH X<l> 11 I1C<PO 
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KaK cpyHK[(Hll rrepe)J.aHHOH a TO MY :meprnn rrpH pa3JIHl!HhlX q. c poc­
TOM q rrepBhlH MaKCHMYM CMemaeTCH B crnpoHy 6oJibllIHX ro. 

Pn:c. 4.4_Ca_e2 (CD, 455) mo6pa)KaeT nnornocm .D.ttnon1-
HhlX 0606mettn11x cnn ocQHJIJIHTopos aToMa Ca B npn611tt)KeHHH 
X<P n ITC<PO KaK cpyHKUHH nepep,aHHOM aTOMY 3Heprnn: np11 pa3-
JIH'IHhlX q. 

Pn:c. 4.4_Ca_e3 (CD, 456) npe.D.crns1rneT nnornocm KBa.D.py­
no11hHhlX o6o6meHHhlX cn11 ocn;II1111HTopos aToMa Ca B npII6m1)Ke­
HHH X<P II ITC<PO KaK cpyHKQIIII rrepe.D.aHHOH aToMy 3Heprm1 npn 
pa311IlqHhlX q. 

PncyHKH 4.4_Zn cop,ep)KaT pe3y11hTaThl Bh1qncnem1li .IJ.1151 aToMa 
l(IIHKa (Zn). 

Pttc. 4.4_Zn_al (CD, 457) II306pa)J(aeT ceqeHIIe ynpyroro (s 
nptt6JIII)J(emm X<P II YITC<PO) II ueyrrpyroro (s YITC<PO) pacceH­
HH51 :rneKrpottoB na aToMe Zn. Yq11ThrnaeTCH BKJia.D. s-, p-, d-,j:sorrn, 
a BK11a)J. B 1101IHp1I3aUHOHHOe B3aHMO)J.e:llcTBI1e BHOC5IT 3d-, 4S-3JleKT­
pOHhl. 3aMeTHO BJIIIHHIIe 3JieK'rpOHHhlX KoppeJI511(1IM, npHBOP,HJUHX K 

ornnqmo YITC<PO OT rrpII6JIII)J(eHH51 X<P. 
Pnc. 4.4_Zn_bl (CD, 457) BKJia.D. rrapu11a11hHhlX sorrn s, p, d, 

f B ceqe1rne yrrpyroro pacceHHHH 3JieKrponos Ha aToMe Zn. ITo­
mrpmaurmnnoe B3aHMO)J.eHCTBHe C03)].aerCH BHpTyaJibHhIM B03-
6y)J()J.eHHeM 3d-, 4s-311eKTpOHOB. OcnoBHhlM HB11HeTCH MaKCHMYM 
B p-B011He, CHTHaJIIl3HpyromH:ll 0 II05IBJICHHH CBH3aHHOro 4p-
311eKrpOHa B cocep,neM rarrmm. OcTa111nb1e MaKcHMYMhI ropa3)],0 
MeHhlllC. 

Pttc. 4.4_Zn_dl (CD, 458) IlpHBO)J,HT <Pa3hI s-, p-, d-, f-nap­
unaJihHhIX so11H B pacce5lmrn :rneKTpOHOB na aToMe Zn B rrpII6m1-
)!(eHHH YITC<PO. <Pa3h1 (na BCTaBKe) IIPH Hynesoli 3HeprnH, B corna­
CIIH c (3 .21 ), paBHhI: s-cpa3a - 47t, p-cpa3a o6pamaeTCH 27t, a d-cpa-
3a - B 1t. Ha OCHOBHOM pHCYHKe <Pa3bl HOpMIIpoBaHhI TaK, qTo Bee 
o6pamaroTC51 B HOJih npM E = 0. 

PHcyHKH 4.4_Cd cop,ep)J(aT pe3yn1raT11 Bhll!McrreHHH .IJ.1151 aToMa 
KaP,MH51 (Cd). 

PIIc. 4.4_Cd_al (CD, 458) mo6pa)J(aeT ceqenue ynpyroro (s 
I1pII6rrmr<eHHII X<P II YITC<PO) rr neynpyroro (s YITC<PO) pacce51-
HII51 311CKTponoB na aToMe Cd. YqttT1rnaeTc5l BKJia)J, s-, p-, d-,f-sorrn, 
a BKJia)J. B IlOJ15IpH3aUHOIUIOe B3aHMO)J.CHCTBile BHOCHT 4d-, 5s-3JICKT­
p0Hhl. Bec1Ma 3aMeTno smrnntte 3rreKTpottn11x KoppenHQIIH, rrprrno­
.IJ.51IllHX K onmq11m YITC<PO OT npH611II)J(emrn X<P. 

PHC. 4.4_Cd_bl (CD, 459) rrpe.D.CTaBJrneT BKJla)J. napn;HaJihHhlX 
s-, p-, d-,j:so11n B ceqentte ynpyroro pacce51HHH 3JieKTponos Ha aTo-
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Me Cd. fiomrpmaUHOHHOe B3aHMO)J,eHcTBHe co3_n:afac51 BHpTyarrh­
HhIM B036y:>KJJ.emieM 4d-, Ss-:rneKTpOHOB. OcHOBHhIM, KaK H B _n:py­
rttx 3JieMeHrnx II rpym1h1, 5!BJI»eTc5! MaKCHMYM B p-Bosme. BnorrHe 
3aMeTeH lI BKJiap: nmpoKoro d-MaKCHMyMa. fipHMeIJaTeJihHO HaJIII­
IJHe BTOporo MaKCHMyMa B S-BOJIHe. 

PIIc. 4.4_Cd_dl (CD, 459) _n:aer <jJa3hI s-, p-, d-,fnaputtaJihHhIX 
BOJIH B pacce5!HIIH :JJieKTJ)OHOB Ha aToMe Cd. cDa3hI (Ha BCTaBKe) np11 
HyneBoil 3Heprntt, B corrracm1 c (3.21), paBHhI: s-<jJa3a- 57t,p-cpa3a 
o6pamaeTC5! B 37t, a d-cpa3a - B 21t. Ha OCHOBHOM pttcyHKe cpa3bI 
HopMttpoBaHhI TaK, IJTO Bee 06pama10Tc5! B HOJih npII E = 0. 

PHCYHKH 4.4_Ba co)J,ep:>KaT pe3yJihTaThI BhIIJttcrre1rni1 JJ.JHI aToMa 
6apmr (Ba). 

Pttc. 4.4_Ba_al (CD, 460) H3o6pa)f(aeT ceqe1me ynpyroro (B nptt-
6rrmKeHIIII X<!> H YITC<DO) II Heynpyroro (B YITC<!>O) pacceHHHR 
3rreKTpOHOB Ha aToMe Ba. Qqenh BeJIIIKO BJIHRHHe 3JieKTJ)OHHhIX Kop­
perrRuttil, npttBO)X5!J.llllX I< I105!BJieHHIO MHHHMyMa ( nma MHHHMyMa 
PaM3ay3pa [20]) n MaKCHMyMa B YITC<DO-ceIJeHttH B orn11qne oT X<!>. 

Puc. 4.4_Ba_bl (CD, 460) npeJJ:CTaBmreT BKJiap: s-, p-, d-,f-nap­
uuanhHhIX BOJIH B ceIJeHtte ynpyroro pacce5!HII5! 3rreKTponoB na aTo­
Me Ba. l1orr51p113au11onttoe s3anMoJJ:eiicrnne co3)J,aeTcR BttpTyarrh­
HhJM Bo36y:>KJJ.eHtteM 5d-, 6s-3ner<TpoHoB. OcnoBHhIM RBJIReTcR MaK­
cnMyM B p- n d-Borrnax, BnorrHe 3aMeTen tt BKJia)J, nmpoKoro 
f MaKcttMyMa. KaK u B Cd, ttMeeTcH BTopoH: MaKcHMYM B s-BOJIHe. 

Pttc. 4.4_Ba_dl (CD, 461) npeJJ:naraeT cpa3hI pa3JIHIJHhIX napuH­
arrhHhIX BOJIH B pacceRHHH 3JieK1'pOHOB Ha aToMe Ba. <!>a3hI nptt tty­
rreBoiI 3Heprntt, B cornactttt c (3 .21 ), paBHhI: s-cpa3a - 6n, p-<iJa3a -
47t ll d-<Pa3a - 21t. 06paTHM BHHM3HMC na TO, lJTO p-<iJa3a OKOJIO 
E = 0 cTpeMttTeJihHO ttapaCTaeT, noIJTtt JJ:OCTttra51 5n. 3To 03HaIJacT, 
lJTO npH HeCKOJihKO 6onee CHJibHOM nosrnptt3aUHOHHOM B3aHMO)J,eil­
CTBHH B03MO:>KHO o6pa30BaHHe CB5!3aHHOro COCTORHMR e +Ba, T. e. 
OTPMUaTeJihHOro HOHa Ba- [35, 36]. Ha OCHOBHOM pHCYHKe cpa3hl 
HopMHpoBaHhI TaK, IJTO Bee o6pamaroTcR B HOJih nptt E = 0. 

PHC. 4.4_Ba_el (CD, 462) npHBO)XHT IlJIOTHOCTH MOHOilOJihHhIX 
06061nennhrx cm1 ocumurnTopos aToMa Ba B nptt6Jitt:>KeHHH X<!> H 
ITC<!>O Kar< qlyHKilllll nepe.uarrnoil aToMy 3HeprnH npH pa3JIHIJHhIX q. 
C pocTOM :rncprHM, npH co:::=:: 2 Ry naIJttHaioT .ll,OMIIHttpoBaTh BKJiaJJ,hI 
6oJihllllIX q. 

Pttc. 4.4_Ba_e2 (CD, 463) JJ.aeT nnornocrn ,n:unonhHhIX 0606-
meHHhIX CHJI ocuHrrJIRTopos aToMa Ba B rrptt6JIH:>KeHIIII X<D H ITC<DO 
KaK cpyHKUHH nepe,n:annoiI aTOMY '.)HeprmI npH pa3JilllJHhIX q. c poc­
TOM q oco npH ,n:amIOH 3Hepnrn y6hrnaIOT. 
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Puc. 4.4_Ba_e3 (CD, 464) mo6pa)J(aeT nnornocrn KBa,n:pynonh­
HhIX 06061!.:(eHHbIX c11n oc11,unn11TopoB aToMa Ba B npH6nmKcHilll 
X<t> Il fICCf>O KaK cpyHKIJ,I1Il nepe,n:aHHOH aTOMY :meprnu npH pa3-
JIHqHbIX q. flptt npaKTilqcCKil JII06bIX (J) HaqllHaJOT ,n:oMmmpoBaTb 
mma,n:hr Bee 6oJihllrnx q. 

PHc. 4.4_Ba_e4 (CD, 465) npe,n:naraeT nnoTHOCTH MOHOIIOJih­
HhIX o6o6IIJ,CHHbIX CIIJI OCIJ,IlJIJIJITOpOB 3ds;r Il 3d3;r3JieKTpOHOB aTo­
Ma Ba B npII6JIH)J(eHIIIl X<P Il en rIC<PO KaK cpyHKIJ,IIIl nepe,n:aHHOH 
arnMy :meprnu npH pa3JIIIqHbIX q (cM. [30]). Pacqfa npoBe,n:eH co­
rnacHo OilIICaHIIIO B caMOM KOHIJ,e II. 3 .6 Il B n. 1.10. BII.D:HO CIIJibHOe 
so3,n:ettCTBIIe 3/2- na 5/2-yposenh nptt MaJibIX q. 

Pttc. 4.4_Ba_e5 (CD, 466) npttBO.D:IIT IIJIOTHOCTII ,n:IInOJibHhIX 
o6o6IIJ,eHHbIX CilJI OCIJ,IIJIJIJITOpOB 3d512- Il 3d3;r3JICKrpOHOB aTOMa 
Ba B npII6JIII)J(CHilll X<t> Il en nc<Po KaK cpyHKIJ,IIII nepe,n:aH­
HOH aToMy 3Heprntt npII pa3nIIqnhIX q (cM. [30]). KaK Il na 
PHc. 4.4_Ba_e1, pe3ynhTaTbI nonyqeHhI cornacno onHcaHHOMY B 
pa3,n:. 1.10 II 3 .6. Bo3,n:eH:crnIIe 3/2-3JieKTpoHOB npHBO.D:IIT K .n:onon­
HHTeJihHOMY MaKCilMYMY B en rIC<PO OC0-3JieKTpOHOB 5/2-ypoB­
HJI B paH::one :::::: 58.3-7-59 3B ):(JIJI BCex pacCMOTpeHHbIX q. 

Pttc. 4.4_ Ba_ e6 (CD, 467) II3o6pa)J(aeT nnornocTH KBa,n:pynonh­
HhIX o6o6IIJ,eHHbIX CIIJI OCIJ,IlJIJIJITOpOB 3ds;r II 3d3;r3JieKTpOHOB aTo­
Ma Ba B npII6mI)J(CHilH X<P II err IIC<PO KaK cpyHKll,Illl nepe.n:auuoi1 
arnMy 3HeprnH npII pa3JIIIqHbIX q (CM. [30]). Ponh B3aHMo,n:ettcTBIIJI 
512- II 3/2-ypoBHeH: CBO):(IITCJI JIIIIlib K IlOJIBJICHIIIO He60JiblliOH .n:o­
IIOJIHIITeJibHOH OCIJ,IIJIJ15l1l,Illl npH :::::: 58.2 3B B oco ypoBHJI 5/2. 

4.5. ATOMhl 11 11onhl 3JieMeHTOB 
IV 11 V rpynn nep110,n:11qec1mii c11cTeML1 

B 3TOM pa3,n:ene npc,n:cTaBJieHhI pe3yJihTaTbI nallillX BbrqHcJicHIIM 
o6o6IIJ,CHlibIX CilJI OC1l,IlJIJIJITOpOB (OCO) B rrpII6JIII)J(CHIIII X<t> Il c yqeTOM 
nccI>O-Koppen5IU,IItt B cnc,n:y10IIJ,IIX B3aIIMo,n:ewcrny10mIIx no,n:o6o­
noqKax: 2p6, 3s2, 3p3f B Si-; 2s2, 2p3i B NII 2p6, 3s2, 3p3 i BP. 

Kpam1<ue KO.llLwenmapuu K pucyuKaM n. 4. 5 

PHcymrn 4.S_si- co.n:ep)!<aT pe3yJ1hTaThI BhrqttcneHttH: ,n:JI11 uo­
na St. 

Puc. 4.5 _ si-- e I (CD, 468) mo6pa)KaCT IIJIOTHOCTH MOHOIIOJib­
HbIX 0606menHhIX cttn oc11mrn11Topos ttona Si- B nptt6Jitt)J(eHHII X<P 
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H CIT fICct>O KaK cpyHKUHII nepe.[(aHHOH eMy :mepnrn rrpM pa3;mq­

HbIX q. c pOCTOM q MaKCIIMYM oco CMemaeTC.H B CTopoHy BbICOKIIX 
:meprniI. 

P11c. 4.5 _Si-_ e2 (CD, 469) npe.n.crnBn.HeT mrornocrn .!J.IIIIOJILHLIX 

o6o6meHHLIX cIIn ocu,mm.HTopoB IIOHa SC B npII6Jrn)!(emrn X<l> n 

Cl1 fIC<PO KaK cpyHKUHH nepe.n.aHHOM eMy :meprnM npII pa3JillqHbIX 
q. Bmrnm1e KOppen.HUIIM 3JICKTpOHOB, yqIITbIBaeMbIX B paMKax err 
rICct>O, BCJIIIKO. KaK o6LrqHo, .!J.IIITOJihHhre OCO 6oJILIIIe MoHononh­
HbIX H KBa.n.pynOJibHblX. 

Pnc. 4.5_si-_e3 (CD, 470) .[(aeT nrrornocTII KBa.[(pynonLHLix 

o6o6mcnHLIX CIIJI ocUlIJIJI.HTopoB IIOHa Si- B npII6nmKeHHH X<I> H 

Cn rICct>O KaK cpyHKU.HH rrepe.[(aHHOH eMy 3HeprnII npH pa3Jillq­
HhIX q. c pOCTOM q cpopMHpyeTC.H BhICOKIIH MaKCHMyM, a 3aTeM CHII­
)l(aCTC.H II CMemaeTC.H B CTopony 6oJibllIHX co. 

PttcyHKtt 4.S_N CO.[(Cp)l(aT pe3ynhTaThI BbJq11cnenliiI .[(JI.H Motta 
aTOMa a3oTa (N). 

P11c. 4.5_N_e1 (CD, 471) H3o6pa)!(aeT IlJIOTHOCTlI MOHOilOJibHblX 

0606mcm-1L1x CIIJI ocunnn.HTopoB aToMa N B nplI6JIII)!(eHIIH X<P II 
Cfl llC<PO KaK cpyHKIJ.HH nepc.n.aHHOH aTOMY 3HeprnH rrpH pa3JIHq­

HbIX q. c pOCTOM q oco npII .n.aHHOM (!) pacTeT. 
Pttc. 4.5_N_e2 (CD, 472) rrpe.[(CTaBn.HeT nnoTHOCTH .n.ttrronI:.HhIX 

0606lll,eHHhIX CHJI ocu11nn.HTopoB aTOMa N B npII6JIH)!(en1111 X<P H 

Cn llCct>O KaK cpyHKll,IIll rrepe.n.aHHOM arnMy 3HeprnH npH pa3Jillq­

HbIX q. KaK 3TO BecbMa xapaKTepno .n.n.H OCO, MaKCHMYM c pocTOM q 
CMemaeTc.H B cTopony 6onLIIIIIX nepe.n.aHHhIX 3HeprHii. Kar< 06b1qno, 
.[(HUOJibHhIC OCO 6onLIIIe MonorronhHbIX (cM. Pttc. 4.5_N __ el) II 

KBa.[(pyrroJihHhIX (cM. P11c. 4.5_N_e3) np11Mepno na nop.H.!J.OK. BOT­
n11qHe OT MOHOBOJibHhIX H KBa.n.pynonhHbIX OCO, .n:11nonhHhIC OCO 
y6LIBaIOT C pOCTOM q. 

PHc. 4.5 _N_e3 (CD, 473) .n.aeT rrnornocTH KBa.n.pyrronhHLIX 
0606m.ennL1x cm1 OCilIIJimrropoB aTOMa N B rrp116nmr<eHHH X<P H 

err TIC<I>O I<aK cpynKI~HH rrcpc.n.aHHOH aTOMy 3HeprnH rrpH pa3Jiliq­
HblX q. c poCTOM q oco rrpH ,[(aHHOM co pacTCT. 

Pttcym~tt 4.5 _ P co.[(ep)l(aT pe3ynhTaTbI BhrqwcneHlIM .[(JI.H aToMa 

cpoccpopa (P). 
Puc. 4.5_P _el (CD, 474) rrpe.n:naraeT IIJIOTHOCTH MOHOIIOJibHhIX 

o6o6meHHhIX CHJI OCUHJimITopOB aTOMa p B npII6JilI)!(CHHII X<I> Herr 

fIC<PO Kar< cpyHKUIIII nepe.n:anHOH aTOMY 3Heprm1 npH pa3JIHqI-lblX q. 
c pOCTOM q KapTmrn IlOBC.D:CHII.H oco yrrpomaeTC.H ll B Hen IIO.HBJI.H­

eTC.H rnaBHhIH MaKCHMyM, CMelll,aIOill,lIHC.H B CTOpony 60JihIIIHX 3Hep­

rnn C pOCTOM q. 
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P11c. 4.5_P _e2 (CD, 475) 11306paJKaer rrnornocrn JJ:HfIOJihHhIX 
o6o6meHHhIX CHJI OCIJ,HJIJI5ITOpOB aToMa p B rrpH6JIH)KeHHH X<P H err 
IlC<PO KaK cpyHKIJ,HH rrepe.naHnoil arnMy :meprmr rrpH pa:mrrqHhrx q. 
IIo.n BJIHHHHeM :meKTpOHHhIX KoppeJIHIJ,HH B03HIIKaer qfaKaH crpyK­
Typa c JJ:BYMH MaKCHMyMaMH, OTHOCIITeJihHa51 curra KOTOpbIX MeHHeTC51 
c pOCTOM q. ,[(urroJihHbie oco npHMepHO Ha nopHAOK npeBOCXO)l.5IT 
MOHOIIOJihHhie (PIIC. 4.5 _P _el) II KBa.npynoJibHhie (Prrc. 4.5 _P _e3). 

Pttc. 4.5_P _e3 (CD, 476) npe.ncrnBJrneT rrrroTHOCTII KBa.z:i;pynoJih­
HhIX o6o6mennhrx cnrr ocu,rrrnrnTopoB a To Ma N B nprr6JIH)KeHHII X <l> 
H CIJ IJC<l>O KaK cpyHKIJ,IIII nepe.naHHOH aTOMy 3HeprnH npII pa3Jrnq­
HhlX q. Porrh KoppeJI5II1IIH neseJIIIKa. C pocToM q IT05IBJI5IeTC51 MaKcII­
MyM, cnaqana HapacTa10m,11iI, a 3aTeM - y6hJBaIOIIJ,IIH. 

4.6. HoHhl JJleMeHTOB 
VII rpynnhI nepnoi:n1qecKoH: cHcTeMhl 

B 3TOM pa3JJ.erre npe.ncrnsnenhI pe3yrrhTaThI nanmx Bh1qttcrren11iI 
nonttoro II napI11IarrhHhlX ceqeHHH ynpyroro pacce5IHII51 3neKTpo­
noB na OTpIII1aTeJihHOM Hone cprnpa F- B npII6JIII)KeHHII X<f> H c 
yqeTOM IlOJI5IpH3aI1IIOHHOfO B3aIIMO.I(eHCTBII51 B ynpOIU;CHHOM npII-
6mrJKeHHH cnyqaiIHhIX cpa3 c o6MeHoM - YITC<PO (cM. n. 3.3, 3.4 
H [Allqq]). B cpopMHpoBamm non5IpH3aI1rrouHoro B3arrMo.neilcTBH51 
yqTeHhI Bo36y)KJJ:eHH5I 3rreKrponos. B 3TOM )Ke rrp116rr11)KeHrrII Bhl­
qncneHhI s-, p-, d-, f-cpa3hI pacce5IHIIH. IlpIIBe.nenhr 0606mennh1e 
CIIJihI OCIIIIJIJIHTOpoB (OCO) c yqfaoM ITC<PO-Koppem1I1IIH 3JieKTpo­
HOB 4d lO, 5s2 , 5p6 B r. 

KpamKue KOMMeHmapuu K pucyHKaM n. 4. 6 

PttcynKH 4.6_F- co.nepiKaT pe3yrrhTaThI Bh1qncrrennii JJ.IT51 oTpII­
u,aTerrhnoro IIona cprnpa (F-). 

Pnc. 4.6_F-_al (CD, 477) II306pm1rneT ceqenIIe ynpyroro (B 
rrpII6JIII)Kenm1 X<f> II YIIC<f>O) II neyrrpyroro (B YfIC<PO) pacceH­
HII51 :meKrpoHOB Ha orpIII1aTeJibHOM IIOHe p-. IlpII 5 3B IIMeeTCH ne-
6oJiblllOH MaKCIIMyM, CBH3aHHhlH c pe30HaHCOM B d-BOJIHe. 

PIIc. 4.6_F _bl (CD, 477) rrpe.ncrnBJIHeT BKJia.I(hI napI1IIaJihHhIX 
s-, p-, d-,f-sonn B ceqenIIe ynpyroro pacce5IuIIH 3JieKrponoB na OT­
PIIIlaTeJihHOM IIOHe p- B ITC<PO. B p-, d-, j~sorrnax IIMeeTC51 no ):(Ba 
MaKCIIMyMa B ceqeHII5IX. 
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PIIc. 4.6_F-_dl (CD, 478) ,ll;aih cpa3bI s-, p-, d-, j:rrapIJIIaJihHhIX 

BOJIH B pacce51HIIII 3JieKTpOHOB Ha OTpIIIJaTeJihHOM IIOHe p-_ KaK II 

,ll;OmKHO 6bITh, see KynoHoBCKIIe cpa3hI pacxo,ll;51TC51 rrpII E = 0. 

Pttcymrn 4.6_r co,ll;ep:>I<aT pe3ynhTaThr BhJqIIcneHIIii ,ll;JI51 OTPII­

IJaTeJibHoro IIoHa IIO.ll:a (r). 

PIIC. 4.6_r _el (CD, 479) rrpe,ll;naraeT IIJIOTHOCTII MOHOIIOJlbHhIX 

o6o6IIJeHHhIX CIIJI OCIJIIJIJI51TOpOB OTpIIIJaTeJihHOro IIOHa r B rrpII-

6JIII:>KeHIIII X<l> II IlC<J:>O KaK cpyHKIJIIII rrepe,ll;aHHoii aTOMY 3HeprnII 

rrpII pa3JIHqHbIX q. BII,ll;HO CMeIIJeHIIe MaKCIIMYMOB c pOCTOM q B CTO­

poHy 60JibllIIIX 3HeprIIii. IlpIIMeqaTeJihHO KpaiiHe MaJIOe 3HaqeHIIe 

OCO rrp11 q = 2 BIIJIOTh .ll:O co ;:::; 4 Ry. 

PIIc. 4.6_r_e2 (CD, 480) .ll:afa rrnornocTII .ll:IIIIOJihHhrx 0606-

IIJeHnhrx CIIJI OCIJIIJIJI51TOpOB OTpIIIJaTeJibHOro IIOHa r B IIpII6JIII:>Ke­

HIIII X<l> II IlC<J:>O KaK cpyHKIJHII nepe,ll;aHHOH aTOMY 3HeprnII IIpII 

pa3JIIIqHhIX q. B KpIIBhIX .n;oMIIHIIpy10T ,ll;Ba pe3oHauca, CB513aHHhie c 

IIOHII3aIJtteii BHelllneii 5p6- II MHOro3JieKTPOHHOH rrpoMe:>KyToqHoii 

4d10-no)J;o6onoqeK. 06a MaKCHMyMa BeCbMa MOIIJHbl II BbirJI51,ll;51T KaK 

,ll;Ba, a He O.lJ:IIH, KaK B Xe, rIIraHTCKIIii pe3oHaHc. ,lJ;IIIIOJihHhie OCO, 

KaK 06h1q110, npIIMepHo Ha rrop51,ll;OK 60Jibllle MOHOIIOJlbHhIX 

(PIIC. 4.6_r_el) H KBa,ll;pyIIOJibHhlX (PIIC. 4.6_r_e3). 

PIIC. 4.6_r_e3 (CD, 481) mo6pa:>KaeT IIJIOTHOCTII KBa,ll;pyrrOJib­

HhIX 0606IIJeHHhIX CHJI OCIJIIJIJI51TOpOB OTpIIUaTeJibHOrO HOHa r B 

rrpII6JIII:>KeHIIH X<l> H IlC<l>O KaK cpyHKUIIH nepe,ll;auuoii aToMy 3Hep­

rHII npII pa3JIIIqHhIX q. 3,ll;ech c pocTOM q OCO cnaqana pacTyT II B 

HHX ,ll;OMHHIIpyeT O,ll;HH MaKCIIMyM. ripII q > 0.7 oco HaqIIHaIOT 

y6hIBaTh, a MaKCllMYM - paCllIHp51TbC51 H yMeHblllaThC51. 

4.7. KpaTKoe 06cyiK,ll;em1e peJyJihTaTOB Bb1qncJie11nii 

B ,ll;aHnoJ:i rnase o6beKTOB IIccne,ll;oBamrn 3aMeTHO MeHbllle, qeM 

B rn. 2. 3To nony:>K.ll:aeT nposecTH necKOJihKO no,ll;po6nee o6mee 06-

cy:>K.ll:eHtte norryqeHHhIX pe3yJihTaTOB. 

Ceqentt51 ynpyroro H Heynpyroro pacce51HH51 6bIJIH nonyqenhr B 

nptt6JIH:>Kemm X<l> H B IlC<l>O (YrIC<J:>O) ,ll;JI51 p51,na aTOMOB c 3anon­

neHHhIMH II norry3anoJIHeHHbIMH o6onoqKaMII. 

KaK BII,ll;HO, BO BCex crryqa51x TOJibKO BKJIIOqeHIIe 3JieKTPOHHbIX 

KOppeJI51IJHM, TO eCTb BbIXO,ll; 3a paMKII O.I(H03JieKTpOHHOro nptt6JIII­

JKeHII51 X<J:>, II03BOJIIIJI BOCIIpOII3BeCTII Ha6mo,ll;aeMbie Ha OIIbITe MH­

HIIMYMbI PaM3ay3pa B ceqenH51X. 

215 



TaJihHhIM11.naHHhIMl1113 [8]. AHarrornqHo, P11c. 4.2_Ar_f8 rrpe.ncrnB­
mreT cyMMY )J.11IIOJibHbIX 11 OKTYIIOJibHbIX BKJia)J.OB 3p - 3d, B TO Bpe­
MJ! KaK P11c. 4.2_Ar_f9 .naeT TO :>Ke caMoe .D;JIJI (3p - 4d)-rrepexo.noB. 
I1o)J.06Hh1e cyMMhI )J.aHbI TaK:>Ke )J.JIJI 4p - 4d, 4p - 5d-rrepexo.n.oB B Kr 
11 5p - 5d, 5p - 6d-rrepexo.n.oB Xe. 06rracTh paccM01-peHHhIX 3Haqe­
n11i1 q BeCbMa urnpoKa, .uo q :::::: 4 a. e. 

3aMeTl1M, qTo 3HeprI1Jl B036y:>K)J.eHI1Jl co, BXO)J.JllllaJI B cp-rrbl 
(3 .58, 3 .65, 3 .67) .n.rrJI .n.11cKpernoro i - j~rrepexo)J.a, B ITC<DO o6o-
3HaqaeTCJI oYj1 II OTJIIIqaeTCJI OT X<P-3HaqeH11J1 roJ;<t> = E f - E i. I1po­
ue.uypa Bb1q11crreH11J1 oYJ1 orr11caHa B [A 1!]. 3HeprI111 B ITC<DO .UJIJI BhI­
meynoM51HYThIX nepexo)J.oB Ne, Ar, Kr II Xe co6paHhI B rn6n. 4.2. 

B uaurnx Bblq11crreH115IX 3HeprIIR B036y)K)J.eH11J1 c pa3JIIIqHbIM 
IIOJIHbIM MOMeHTOMj = 3/2 11 1/2 113 OCTOBa c BaKaHCl1eH 3p np11HII­
MaJil1Cb O)J.IIHaKOBblMII. 

06cy.n.IIM 6orree no.npo6no pe3yJihTaTbI )J.JI51 Ar, r.ue B03MO:>KHO 

cpaBHem1e c 3Kcnep11MeHTaJihHhIMl1 ,n;aHHhIMII [22, 24]. ITC<DO 

3Hepnrn paccMOTpeHHhIX B036y:>K.n.em1H: ecTb rofp-4s = 12.01 3B, 

rof2-4p = 13.45 3B MOHOIIOJlbHbIX 11 rof J-4p = 13.70 3B KBa)J.pynoJih­
HbIX ypoBHeH 3p - 4p. 3Heprn11 )J.IIIIOJlbHbIX ypoBHett 3p - 5s II 

3p - 3d cooTBeTCTBeHHO: (J)~p-5s = 14.46 3B Ii (J)~p-3d = 14.53 3B. 
3Tll 3HaqeHllJl MO)l<HO cpaBHl1Tb c 3KCrrepHMCHTaJlbHbIM11 3naqe­
HIIJ!MH: (J) 3Kcn = 11.8 3B (J)3Kcn = 13 4 3B 11 (J)3Kcn = 14.2 3B. 

3p-4s ' 3p-4p · 3p-5s,3d 
BII.n.no, qTo cornanre .UOBOJihHO xopouree. 

MononorrhHhie II KBa.upynorrhHbie ypoBHII OTJIIIqaioTC51 TOJihKO 
na 0.25 3B II 1103TOMy, KaK oqeBl1)J.HO 113 aHaJIH3a 3KCI1epttMeI-ITaJ1h­
HbIX )J,aHIIbIX, IIX qIICTO 3KCnepHMeHTaJibHOe pa3.uerren11e BeCbMa 
Tpy.n.Ho. To )l<e caMoe BCpHO )].JUI 3p - 5s H 3p - 3d-ypOBHei1, r.ne pa3-
m1q11e eI1Ie MeHbllie, TOJihKO 0.07 3B. PacqeTHhie OCO (B rrp116rr11-
:>Ken1111 X<D 11 ITC<DO) II H3MepeHHbie 3HaqenII51 [24] npe.ucrnBrreHhI 
BMecTe na PIIc. 4.2 Ar f2 11 Puc. 4.2 Ar fl 0. Ha PIIc. 4.2 Ar f2 - - -
mo6pa:>KcHa cyMMa G~p-4p(q,ro~2-4P) 11 G~p-4p(q,~1;_ 4P) 
(cM. onpe.uerrenIIe (3.67)). 0Ha cpaBn11BaeTc5! c II3Mepe1rnoH: 
oco ypoBH5I 3p -- 4p B 13.4 3B. PIIC. 4.2_Ar_f10 COIIOCTaBJrneT 

cyMMY G3P_ 5/q,ro3p-ss) 11 G3P_ 3d (q,~p- 3d) c OCO-ypoBIUI np11 

14.2 3B. B11)J.HO, qTo B 06011x crryqaJix cornacIIe c 3KcnepIIMeHTOM 
y.uosrreTBop11Terrbnoe. 

Pttc. 4.2 Ar fl (CD, 375) npe.n.crnBJI51eT MOHOIIOJibHbie 

G~p- 4p(q,rof1~_ 4P) tt KBa.n.pynorrhHhie G~p-4p(q,rof;_ 4P) OCO. 
BII!J.HO, qTo BKrra.u MOHonoJihHOro OCO 6orrbure, )J.eMOHCTpttpy51 qTo 
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B cyMMe pacqeTHhIX 3naqeHI1H, npe)J,cTaBJieHHhIX na PI1c. 4.2_Ar_f2, 

rnaBHbIM HBmieTC5I BKJia)J, MOHonoJihHoro nepexo)J,a. Cne)J,oBaTeJib­

Ho, 3KCnepHMeHTaJibHO Ha6mo,n;aeMbIH MaKCIIMYM npn 13 .4 3B -

3TO He KBa)J,pynoJibHbIH ypoBeHb, KaK yTBep)K)J,aJIOCb B [22], a CMeCb 

ypOBHeH - MOHOilOJibHOro II KBa)J,pynoJibHOro, npilqeM MOHO­

IlOJibHbIH BKJia,n; HBJIHeTCH .l{OMHHHpyromHM [13]. 3aMeTHM, 'lTO npH 

q > 1.3 a.e. KBa)J.pynoJibHbie oco HaqIIHaIOT yseJIIlqIIBaTbC5I, B TO 

BpeMJI KaK MOHOilOJibHbIH qneH yMeHbIIIaeTC5I. 11pI1 q > 2 a.e. )J,OMil­

HHpyeT y)l(e KBaJJ.pynoJibHbIM qJieH. 

HeJJ,aBHO 6bum BHOBb Il3MepeHhI OCO HecKOJihKIIX nepBbIX 

yposneH: Ar [24]. IihIJIH paccMoTpeHhI JJ.HITOJibHhre 3p - 4s- II KOM-

6Jman:m1 Monononbuoro II KBa,npynoJihHoro nepexo,n;os 3p - 4p. 
BKJia)J, MOHOITOJibHOro H KBaJJ.pynoJibHOrO ypoBHeH 6hIJI pa3)J,eJieH c 

IlOMOin;bIO pacqeTHbIX MHO>KIITeJieH. IlorryqeHHbie oco cpasmrna­

JIHCb c pe3yJibTaTaMH pacqern: )J,JIH MOHOilOJibHOro B036y>K,n;eHil5I -

Ha PHC. 4.2_Ar_f12, a )J,JIJI KBaJJ.pynoJibHOro - Ha PHC. 4.2_Ar_f13. 

I1MeeTCH KaqecTseunoe cornacI1e II 3aMeTHoe KOJIJiqecTseHHoe pa3-

JIJiqHe. 0):(HaKo HeT cosna.n;eHHJI H cyMMapHoro pe3yJihTaTa, np1rne­

.n;eHHoro B [22] c cyMMOH COOTBeTCTBYIOin;IIX oco H3 [24]. Onpe­

)J,eJieHHO 6onee BbICOKa.ir TO'IHOCTb Tpe6yeTCJI OT )J,aHHhIX 3KCnepI1-

MeHTa. 

Piie. 4.2_Ar_fl 1 (CD, 380) )J,eMOHCTpttpyeT pa3yMnoe cornacHe 

c IIMeromHMHCJI .n;aHHhIMII OIThITa )J,JI5I G3P_ 4s(q,wfp- 4.) 3rn OCO 

KaK <i>YHKD;H5I q H)J,eT B MHHHMYM npH q = 1.25 II 3aTeM naqIIHaeT 

yseJIIlqJIBaTbCJI. 3aMeTHM, qTo HaI16onee 3aTpOHYTblH 3JieI<TpOHHbI­

MH KoppeJI5IU:H5IMH - 3To 3p - 5s-nepexo)J., xorn ero OCO 3naqil­

Terrhno MeHbllle, qeM )J,JI5I 3p - 3d-nepexo.n;a. 

CMecb KoMnonenToB, cooTBeTcTByrou1I1x pa3JIHqHhIM MYJihTH­

nonbHOCTHM, Tecno CB5I3ana co BpeMeneM )Kil3Hll )J,HCKpeTHbIX B03-

6y)K)J,CHHH. HanpI1Mep, MonononbHbIH yposeHb MO>I<eT pacnacTbC5I c 

ttcnycKaHHeM no MeHbllieH Mepe JJ.BYX <PoTOHOB, B TO speM5I KaK 

KBa.n;pynoJibHhIH yposeHb pacna.n;aeTC5I naMHOro 6hICTpee, HcnycKaH 

eJJ,HHCTBeHHblH KBa.n;pynoJibHbIH ¢oTOH. l13MeH5I5I q, MO>KHO lI3Me­

HIITb OTHOCHTeJibHbIH sec pa3JIIl'IHbIX BKJia)J,OB, TaKHM o6pa30M yse­

JIMqIJBa5I HJIH YMCHbllla5I CKOpOCTb pacna.n;a B036y>K.n;aeMoro npII 

pacce5IHHH c .n;aHHbIM q COCT05IHH5I. B CMCCII KOMilOHeHT, c<PopMH­

posannoil npH .n;anHOM 3Haqemm q ' KOpOTKO>IrnByrn;a5I KOMilOHeHTa 

Hcqe3aeT 6bICTpee, c pOCTOM speMCIIH yseJIH'IIIBa5I OTHOCHTeJibHbIH 

Bee .n;pyroil KOMIIOHCHTbI. 

Ba>KHa5I rrpo6neMa cocTOHT B ynyqllleHIIH 3KcrrepI1MeHTaJihHOro 

pa3pCllICHil5I, KOTopoe IlOMOrJIO 6hI OTJIIlqaTb 6JIIl3KO pacnoJIO)KCH-
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npmmMaeM, qTo, 6y,lJ,yqII noqTII ue 3aTparIIBaeMbIM ,lJ,eHCTBIIeM oc­

TOBa, 3TOT 3JieKTpou II II03IITpou Moryr <!JopMIIpOBaTh CB5I3auuoe co­

CT05IHIIe, noqTII II,lJ,eHTIIqnoe CBo6o,lJ,HOMY II03IITpOHIIIO Ps. 3To Me­

nReT 3Heprmo npOMe)l(yToqHoro COCT05IHil5I, C,lJ,Bilra5I ee Ha Jp5 -

3Heprmo CB5I3II II03IITpOHII5I, Il Il3MeH5IeT BOJIHOBYIO <PYHKQIIIO npo­

Me:>KyToqnoro COCT05IHII5I, KOTOpoe He 5IBJI5IeTC5I B ,lJ,eHCTBIITeJibHO­

CTil npo113Be,lJ,eHIIeM X<D-BOJIHOBhIX <PYHKU.HH II03IITpona, Bo36y:>K­

,lJ,eunoro 3JieKTpOHa II BaKaHCl1II, C03,lJ,aHHOH IIOCJie BIIpTyaJihHOrO 

B036y:>K,lJ,eHl15I aTOMHoro 3JieKTpOHa. BMecTo 3Toro ,lJ,BII:>KeHIIe no-

3IITpoua OTHOCl1TeJibHO 3JieKTpona CIIJibHO II3MeHeno 6naro,[(ap5I IIX 

CB5I3II. 

qT06bI yqecTh C,JJ,Bl1r 3HeprHII, BeJIIIq11na lps ,lJ,OJI:>KHa 6bITb BbI­

qTeua 113 cyMMhI 3Hepr11H: II03H'rpo1rn 11 3JieKTpoua E 1 + £2 B 3HaMe­

naTene IlOJI5IpII3aIJllOHHOro B3a11MO,lJ,eHCTBl15I BTOporo IIOp51,lJ,Ka, qTO 

II C,lJ,eJiaHo B (3.91). CymecrneHHO 11MeTb B BM,lJ,y, qTQ eCJIM 3Heprn5I 

CB513II no311TpoHII5I 6onhIIIe 3HeprIIII aT0Ma-M11IIIen11, /p8 > I, TO ,lJ,II­

nonbHa51 IIOJI51pII3yeMOCTb aToMa a (fps) ecTb KOMilJieKcHa51 BeJIIIqII­

Ha, 06h1qno co 3HaqIITeJibHOH MHl1MOH qaCThIO. 

nhmo 6b1 naMuoro npome 11cnoJih30BaTh (3.94) BMecTO (3.93); 
no ac11MITTO"rnqecKoe Bb1pa:>Ke1me (3.94) cnpaBe,lJ,JIIIBO TOJihKO Ha Ta­

KIIX 6oJibllll1X paCCT051H1151X OT aToMa, BKJia,lJ, OT KOTOpbIX B IlOJIHbIH 

<lJa30BbIH C,[(Bllr MaJI. BOT rroqeMy B naIIIMX Bb1q11cnemrnx MCilOJib30-

BaJlllCb cjl-JibI (3.91) 11 (3.93). 
Pe3yJihTaThI ynpyroro pacce51HII5I no3I1TpOHOB Ha He, nony­

qenHbie c IlOMOIIIhIO <P-n (3.91), (3.93), ,lJ,eMOHCTpIIpyIOTC5I Ha 

P11c. 4.2_He_il. Btt,lJ,IIO, qTO C,lJ,BMr 3Hepnrn 113-3a cjlopMnpoBaHM51 

II03IITpOHII51 Be,lJ,eT K 3aMeTHOMY yMeHbIIIeHIIIO ceqemrn npII HII3KIIX 

3HeprII51X. qT06bI rronyq11Tb npttBe,lJ,eHHbIH pe3yJihTaT, 6hIJIII yqTeHhI 

BKJia,[(hI s-, p-, d-, 1:qia3 napu;ttaJibHbIX BOJIH II03IIl'J)OHa. 3aMeTIIM, 

qTO o6pa30Ba1me BHpTyaJihHOro Il03HTpOHI151 Be,lJ,eT K 3aMeTHhIM Ba­

pnau.m1M BO Bcex BKJiaL(aX napu.IIaJibHhIX BOJIH. 

CeqeuIIe ynpyroro pacce51HH51 ,lJ,JI5I (e+ +He) npII HII3KOH 3Hep­

rIIII naMnoro MeHhIIIe, qeM ,lJ,JIR ( e- + He). Kaqecrnenno 3TO MO:>KHO 

o6b51CHIITh cne,lJ,y1om11M o6pa30M. CaMocornacoBannoe none Vm 
,lJ,eHCTBYIOIIIee na naneTaIOIQIIH Il03IITpOH, 51BJI5IeTC5I OTTaJIKIIBaIO­

IIIIIM, TOr,lJ,a KaK IlOJI51pH3aQIIOHHbIH IIOTeHQIIaJI VnOJJ ' KOTOpbIH na 

60JibIIIIIX paCCT051HII51X OT aTOMa r y6hrnaeT KaK [-a (fps) I 2r 4] -

npttrnrttBaIOII~IIH. 3To npoIIcxo,lJ,HT noToMy, qTo ,JJ,JI51 He non5!pII-

3yeMocTb a (/p5), TaK :>Ke KaK a (0), IlOJIO:>KilTeJihHa. 0TMeTIIM, 

qTo ,JJ,JI51 He IlOTeHn;IIaJibI Vee II vnon - BeJIHqIIHbl O,JJ,Horo II Toro :>Ke 

nop5I,[(Ka. TaKIIM o6pa30M, BKJia,[(bI Vee II vnon KOMnencIIpyIOT ,JJ,pyr 
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Apyra, yMeHblllaJI ceqem1e yrrpyroro pacce5IHH5I. qTo KacaeTC5I pac­

ce5IHH5I :rneKTpoHa, TO Vee 5IBJI5IeTC5I rrpHT5II'HBaIQIIIJIM, TaK )Ke KaK 

-VDOJl' H BMeCTO KOMIIeHCaUHH COOTBeTCTBYKHUHe BeCbMa 60JiblllHe 

BKJia,Uhl CKJia,UhIBaIOTC5I Apyr c .upyroM, pe3KO yBeJIH'lIIBa5I ceqem1e. 

B :noiI CB5I3H 3Ha'lttTeJibHhIH mnepec rrpell,CTaBJrneT cpaBHeHHe 

pacce>IHHR (e+ +He) H (e+ +Li), rroToMy 'ITO aLi (Jp5) OTp11uaTerrhHO, 

KOMIIJieKCHO H no a6coJIIOTHOH BeJIH'lHHe HaMHOI'O 6oJibllle, qeM 

aHeUPs). 0TpHUaTeJibHbIH 3HaK aLi (fps) 03Ha'laeT, cornacHO (3.95), 
'l:TO IIOJI5IpH3aUHOHHhIH ll,OTeHU1IaJI, BMeCTO Toro 'lT06bI 6hITh npH­

TRrHBaIOIU:HM, MO/KeT OKa3aTbC5I TaK)Ke OTTaJIKHBaIOll.(HM, KaK JTO 

6hIJIO y)l{e ynoMRHYTO B 11. 3.8. ,lJ,aHHbIH cpaKT HMeeT o6ll.(ee 3Ha'le­

m1e B cpH3HKe. ,lJ,eHCTBHTeJibHO, ecrrH «CHap51ll,» H :rneMeHT MllIIIeHH 

MoryT cpopMHpOBaTh CB513aHHYIO qaCTHUY B npoMe)l{yTO'lHOM COCT0-

51HHH, nom1pu3auuom10e B3aHMOll,eHcTBHe MO)KeT H3MeHHTh cBoii 

3HaK, CTaHOB5ICb rrpHTRI'HBaIOll.(HM. 

0Ka3bIBaeTC51, IIOll,06HbIH cJiyqaii MO)KHO HaHTH, narrpHMep, H B 

51ll,epnoiI cpH3HKe, a HMeHHO B 7t-Me30H-5Ill,epHOM pacce>IHHH, r.n:e ClIC­

TeMa (1t-Me30H + nyKJion) cpopMHpyeT TaK Ha3bIBaeMhIH L\33-pe30-

uauc, Bell,yll.(HH K H3MeHCHHIO 3HaKa B l10JI51pH3aUHOHHOM B3aHMO­

.uelicTB1IH [3.28]. q·ro r<acaeTC5I MHHMOH qacTH, c TO'IKH 3peHHR 

yrrpyroro pacce51Hll5I OHO MO)KeT 6hITb cyll.(eCTBeHHhIM, OTTaJIKHBaIO­

ll.(HM HJIH rrpttT5IrHBaroII~HM, B 3aBHCHMOCTH OT ero BeJIH'lHHhr. Ta­

KHM o6pa30M, HY)KHO O/KHll,aTh, 'ITO 6Jiaro,n:ap51 TOMY 'ITO Vee H Vnon 

HMeIOT Oll,HH H TOT )Ke 3HaK, OHH BHOC51T cym;eCTBeHHblH BKrra.n:, rrpH­

BOll,51 K oqeuh 6oJiblllOMY ceqeumo, Toro )Ke pa3Mepa 11rr11 ,IJ,a)l{e 6oJib­

me, qeM ceqeHHe ( e - + Li). 

Pe3yJihTaThI wrn (e- + Li)-ceqenH51 rrpeACTaB1IeHhI ua Pttc. 4.3 _ Li_il. 

Bttll,HO, 'lTO yqfa C.ll.BHra Jnepnrn Ha Bem1qttny, coorneTcrny1oll.(y10 

cpopMHpoBaHHIO II0311TpOHH5I B BHpTyarrhHOM COCT051HHH, 3Ha4HTe­

JlbHO BJIH5ICT na ceqenHe rrpH HH3KHX :meprH51X. 

KapTHHa, om1cauua51 Bhnne ll,JI5I pacce51HH51 no3HTp01-m ua He 

H Li, Kaqecrneuno crrpaBell,JIHBa TaK)l{e ,n:rr51 naphr Ne-Na. ,lJ,elicT­

BHTerri,no, (e+ + Ne)-ceqe1-me MaJI6, 31i:aqttTeJILHo MeHbIIIe reo­

MeTpnqecKoro, a ceqenne ynpyroro paccemmJI (e+ +Ne) oqeui, Be­

JIHKO. 

)J,JIH 6orree T51)KeJihIX aTOMOB 6rraropO.ll.HhIX ra30B, a HMeHno Ar, 
Kr, Xe, rroJI51pH3aUHOHHOe B3aHMO)J.elicrnne ropa3,n:o 6oJibllle H ceqe­

HH51 pacTyT c pOCTOM aTOMHOI'O HOMepa. ,lJ,JI51 cocemmx aTOMOB ll.(e­

JIO'lHhIX MeTaJirroB, no,n:o6no CHTyaUHH B nape Li-He, ceqen11R pac­

ce>IHH51 no311Tpona Ha HHX naM110ro 6orri,me, qeM na 6Jiaropo,IJ,HhIX 

ra3ax. Pe3yJILTaTLr ,n:rr51 Kr H Xe naXO.ll.51TC5I B KaqecTBennoM corrra-
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Cllll c nonyqeHHb!Mll B pa6oTe [28], B KOTopoll: HCIIOJib3yeTC51. HaMHO­

ro 6onee CJIO)KHbIM MeTO,[(. 

Cneuna.ribHoro BHHMamrn 3acny)K1rnaeT u3yqemre MHHMOM qac­

TH cpa3 pacce~IHH51. 118~ ( E). 0Ha onttcbmaeT coorneTcTByIOil(He 

BKJiaJ(bI napuHaJibHbIX BOJIH B ceqenue Heynpyroro pacce51.HH5I e+ + 

+A ---. Ps +A+. '.:ho ceqerme crHeynp (E) Bbipa)KaeTC5I qepe3 MHHMYIO 

qacTb cpa30Boro C.[(BHra µ1 (E) cornacno (3.14). TaK )Ke KaK B Bb1quc-

1ren1151x cr (E), MbI orpanttqnBaeMc5I yqeTOM qeTbrpex nepBbIX nap­

l(HaJIMibIX BOJIH: c l = 0, 1, 2, 3. CoorneTCTByIOil(He pe3ynbTaTbI .[(JI5I 

Li H Mg npHB0.[(5ITC5I na Pnc. 4.3_Li_i1 11 Pnc. 4.4_Mg_i1 coorneT­

CTBCHHO. 

HnTepecno y3naTb, MO)KHO JIH B paMKax rrpocToro no,[(XO.[(a, KO­

TOpbIM Mb! HCIIOJib30BaJIH 3,[(eCb, OilHCaTb CB5I3aHHhle COCT05IH1I5I B 

(e 1- + A)-cHcTeMe. ):(elicrnttTeJihHO, ,[(aneKo He TpHBnanbHO, qTo npn 

OTTaJIKHBamrueM xapaKTepe Vee 11 B03MO)KHOCTH TaK)Ke OTTaJIKHBaIO­

Il(ero xapaKrepa Vnon MO)KeT B006Il(e Cyll(CCTBOBaTb CB5I3aHfIOC CO­

CT05IHHC. TaK, yMeCTHO 6bIJIO 6hI O)KH,[(aTb CB5I3aHHbie COCT05IIUI5I 

I103HTpOHOB c TeMH aTOMaMH, .[(ml KOTOpblX aA (fps) 5IBJI5ICTC5I 6onb­

IIIHM (ropa3.[(0 60JibIIIe, qcM B 6JiaropO.[(HbIX ra3ax) H IlOJIO)KHTeJib­

HbIM aA (fps) > 0, T. e. nOTCHUHaJI Vnon ,[(OCTa-roqHo CHJibHbIM H 

rrpttrnrHBaIOII(HM. I11nepecnoi1: H npHBJICKaTCJibHOM 5IBJI5ICTC5I B03-

MO)KHOCTb Toro, qTo (e+ + A)-CB5I3annoe cocT05IHHe 5IBJI5ICTC5I pe-

3YJibTaToM J(eMcTBH5I MHHMoil qacTH Im (V110Jl ). 

c .[(pyroH: CTOpOHbI, CB5I3b MO)KCT B03HlIKHYTb BCJIC,[(CTBHC B3aH­

MO,[(CHCTBH5I Ps H A+ 3a cqeT cnn Ban .[(ep Baanhca. 3rn CB5I3b oco-

6enno BCJIHKa, CCJIH HOH A+ HMCCT JJICK'fPOHHYIO CTpyKTypy, no­

.[(06HyIO CTPYKType aTOMa JJieMenrn I rpyrrrrbI nep110.[(HqecKoi1: 

CHCTCMhI, TO CCTh CCJIH A OTHOCHTC5I KO II rpyrrne 11C. qT06bI o6na­

py)KHTh B03MO)KHOCTb cpopMHpoBanm1 CB5I3aHIIOrO COCT05IHH5I, CJIC­

.[(yeT H3yqHTh C,[(BHr cpa3hl pacce5IHH5I rrpH nyneBoii JHeprHH: CCJIH 

OH ,[(OCTHraeT TI, CB5I3aHHOC COCT05IHHC B paccMaTpHBaCMOM KaHaJie 

06pa3yeTC5I. 0.[(HaKO CJICJ(YCT npoBepHTh, ycrniiqHBO JIH JTO co­

CT05IHHC OTHOCHTCJihHO pacna,[(a B KaHaJI (Ps +A+). 3To 'rpC6yeT 3Ha­

HH5I Jneprnn CB5I3anuoro cocT05IHH5I. HattTH ee naMnoro 6onee 

CJIO)KHO, qeM BhrqncnHTb cpa30Bhie C.[(BHrH npn nyJieBott JneprHH no-

3H'fPOHa e+. 

Pe3yJibTaThI naumx pacqernB npo.[(eMoncTpnpyeM na npnMepe 

6JioKa pncyHKOB, OTHOC5Ill(IIXC51. K aToMy Xe - JJieMenrn VIII rpyn­

IIbI nepHO,[(HqeCKOM CllCTCMbI. 
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pa3Jnt'IHhIX 311aqe1mnx 11Mnynbca q (cM. [4.30)). 
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5p-3JICKTpOHOB KCCHOHa. 
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P11c. 4 .2 - Xe _g 1. Ce'-lett11e MOHOilOJlbHOfO KOMIITOHOBCKOfO pacceHHHH Ha aTO­

Me KCeHOHa KaK cpyHKl\HH nepe,L\aHHOfO aTOMY HMIIYJibCa np11 pa3JIH4Hb!X ne­

pe,L\aHHb!X :mepnrnx B IlC<l>O (cM. [4.15]). 
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P11c. 4.2 _Xe _g2. CeLJeH11e L\HlIOIThHOro KOM!ITOHOBCKoro pacceirn11H tta aTOMe 

KCeHOHa KaK cpyHKl\HH nepe,L\aHHOro aTOMY HMilYJibCa np11 pa3JIH4Hb!X nepe­

,L\aHHb!X :rneprnHX B IlCcDO (cM. [4.15]). 
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P11c. 4.2_Xe_g3. Ce'leu11e KBaApynonhHOro KOMflTOHOBCKoro pacceJrnmi Ha 
aTOMC KCCHOHa KaK cpyHKL(Hll nepeAa1111oro aTOMY llMflYJlbCa np11 pa.3!1111.JHblX 

nepeAaHHhlX 3HeprnllX B flC<PO (CM. [ 4.15]). 

l.80E-009 

1.60E-009 

1.40E-009 

..; 
1.20E-009 o:l 

~ -a 1.00E-009 l3 -a 
<!) 

8.00E-010 :s: 
:t: 
<!) 

:r 
<!) 6.00E-010 u 

4.00E-010 

2.00E-010 

OE+O 
0 2 

- .... 
' ' .... 

m=I Ry 
IORy 
24 Ry 
53 Ry 
77 Ry 

101 Ry 

Xe (oKrynonh) 

£=2000 Ry 

----~~ ~-=~~~--;;-;._::.;~-:::~;;:~::: .. 
4 6 8 

q, a. e. 

P11c. 4.2_Xe_g4. Ce1.Je1me oKrynonhHoro KOMnTottoscKoro paccellHHll Ha aTo­
Me ttemrn KaK cpyHKL(Hll nepeAaHHOro aTOMY HMilYJlbCa np11 pa3Jil11.JHhlX nepe­

AaHliblX 3HCprHllX B f1C<P0 (CM. (4.15]). 
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P11c. 4.2_Xe_hl. 0Tttoc11Tenbttoe ceqemrn KOMrrTOHOBCKoro so36y)l(llemrn ;J;H­
noJibHbJX ypoBHeH Sp - 6s 11 Sp - 7s aTOMa KCeHoHa B TIC<l>O (cM. [4.24)). 
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P11c. 4.2 _Xe_ h2. Onwc1neJ1buoe ce'letttte KoMnTonoscKoro Bo36yw:1lemrn AH­
nOJibHoro 11 OKTYIIOJJbHOro yposliett 5p - Sd aToMa KCeHOHa B I1C<l>O 

(CM. (4.24)). 
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P11c. 4.2 _Xe_ h3. 0THOCl1TCJJbHOC CClJCHHC KOMllTOHOBCKOro B036Y:)K):\CHlUI ):111-

llOJ!bHbJX ypoBHCtt Sp - 6d aTOMa KCCHOHa B IlCcPO (CM. [4.24]). 
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P11c. 4.2 _Xe _h4. 0THOCl1TCJJbllOC CClJCHHC KOMI1TOHOBCKOro B036ylK/:\CHHl! ):IH­

flOJJbHb!X ypoBHCtt Sp - 7 p a TO Ma KCCllOHa B I1CcPO (CM. [ 4.24 ]). 
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Puc. 4.2 Xe h5. 0111oc111eJibHOe ceqe11ue KOMl!TOHOBCKoro B036y)l(ACHHH 
J(HllOJJhHhIX, OKTyno11bH1>1x, Mo11011011hHbJX H KBaApyrIOJJhHhJX ypoBHei1 Sp -

- 7s, Sp - 6d, Sp - 7p aTOMa KceHoHa B llC<llO (CM. [4.2S]). 
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Puc. 4.2_Xe_il. Ceqe1-111e ynpyroro pacceHHHH no3111pOHOB Ha arnMe Kceuo1-1a 
B rrp116n11)1{eH1111 X<ll 11 YllC<llO (cM. [4. IOJ). 

3Kcnep11MeHT B3l!T 113 [4.31, 4.17]. 
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P A3~EJI III 

P ACITA,I( BAKAHCHH 

fJIABA5 

OCHOBHbIE TEOPETI1LJ:ECKHE 110J10)1{EHH.5I 
11 PE3YJ1bTATbl PACLJ:ETOB 

5.1. Hatt6oJrne sa11moe o BaKancusrx H ux pacna]le 

BaKaHc1rn:, 06pa3y10I11,a5Ic5I B mo6oii 113 3JieK-rpOHHhIX o6onoqeK 

aToMa llJill MOJieKyJihl (3a llCKJIIOqeu11eM caMOH BHenrneii), MO)KeT 

pacrra,D,aTbC5I, TO eCTb rrepeXO)J,llTb B .D.pyr11e COCT05IHll5I c O)J,HOH llJill 

necKOJihKllMll BaKanc11HM11. Bcne,D,crn11e pacrra,D,a TaKaH BaKaHCH5I 

(.II.blpOqHblH ypoBeHb) npno6peTaeT KOHeqHyIO UlUpUHY [k, r,D,e k 
o603HaqaeT COBOKYIIHOCTb Bcex KBaHTOBbIX qnceJI (rJiaBHOfO KBaH­

TOBOfO n, yrnoBoro MOMeHTa / H UOJIHOro. MOMCHTa j) ,D,aHHOH 060-

JIOqKll. CB5I3b MC)K)J,y epeMefteM J/CU3HU 6GKGHCUU 'tk II IIIllpHHOH rk 
,D,afac51 coomHotueHueM 11eonpeoeJ1ewwcmu ,D,JIH 1neprn11: 

(5.1) 

B OTCYTCTBHe pacna,D,a cneKTp saKaHcHii aToMa rrpe,D,CTaBJI5IJI 6b1 na-

6op JlllHllH nyneBOH IIIllpHHbI. 

Bo3MOJKHbl )],Ba OCHOBHhIX KaHaJia pacrra,n;a: lI3JiyqaTeJihHbIH H 

6e3hI3JiyqaTeJihHhIH. IIp11 113nyqaTeJibHOM pacna,D,e .D.bipKa k rrepexo­

.D.HT B o6onoqKy i c MCHblllCH 3HeprHeH CB5I311, qeM 81c, a BbICB060)K­

,D,aIOill,a5IC5I 3HeprH5I W1c; = £ i - £ k rrepe,D,aeTC5I cpoToHy. IIp11 6e3bl3-

nyqaTeJibHOM nepexo,D,e ( O)Ke-npou:ecc) BhICB060JK,D,aIOI11,aRc5I 3Hep­

rHR nepe,D,aeTC5I .D.pyroMy 3JICKTpouy j, KOTOpbIH nepeXO)J,llT B 

COCT05IHlle q c IIOJIO)KllTCJibHOH 3Hepr11eH: II IIOKH,D,aeT aTOM. 

,IJ)rn ll306paJKeH115I TaKllX npou:eccoB 6y,D,eM HCIIOJih30BaTb ,D,11a­

rpaMMny10 Texn11Ky, on11caHHy10 B rr. 1.3. IIpocTeiilll11e ,n;11arpaM-

* HarrOMHHM, 'ITO B i~aHHOH KHHre rrpHHl!Ta aTOMHal! CHCTCMa enmrnu, B KOTO­

poti 3aplln :meKTpOHa e, ero Macca m H ITOCTOl!HHal! ITnaHKa Ii ITOJiaraJOTCl! paBHbl­

MH 1, e = m =Ii = 1. 
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Mbl, Il306pa:>KaIOII11:Ie H3J1yqaTCJlbHblM H 6e3bl3JiyqaTeJibHblM KaHaJibl 

pacna.n;a BaKaHCilll, COOTBeTCTBeHHO HMeIOT Bll,ll;: 

a 6 
k .. k 

(5.2) 

q 

Pa.n;nan:noHnaR nmpnna ypoBHR, aMIIJIHTy.n;a KOToporr H3o6pa:>Ka­

eTCR ,ll;HarpaMMOH (5.2, a), rJ, .n;aeTCH CJie.n;yIOII1eil: <!JopMyJIOH (CM., 

K npnMepy, [EJ1Il], [AM] H [Alfqq]): 

rJ = ~ I,cokii(iJerj k),
2

, 

C i<F 

(5.3) 

r.n;e e - BCKTop noJIHpH3an;HH tt3JiyqaeMoro ¢oTona. CyMMHpoBa• 

HllC npOH3BO,ll.IlTCH no BCeM 3aHHTblM :meKrpOHHbIM COCTOHHIIHM c 

Jeil< lekl· 
llfapHHa ypOBHH r,~A), o6yCJIOBJieIIHaH O)Ke-paCIIa,ll.OM, aMIIJIH-

Ty.Ua I<OToporo H3o6pa:>KaeTcH .n.narpaMMOH (5.2, 6), .n;aeTcH ¢opMy­
JIOrr (cM., nanpIIMep, [AM] II [Alfqq]): 

r,~A) =2n I, f \(kqlUIU)l
2
8(e 1+ei-eq-ed. (5.4) 

i,j<Fq>F 

B KaqecTBe O.ll.H03JieKTpOHHoro npIIHHTO, I<aK II B npe.n;bl,l:i:y­

IIIMX rnaBax, npH6JIH)KeHHe XaprpII-<l>oKa (X<l>). Yqf:T MHoro3JieK­

TpOHHhIX KoppeJIHU:IIH B paMKaX npII6mI)KCHlUI cnyqaHHbIX <!Ja3 c 06-

MeHOM (ITC<l>O) ocyII1eCTBJIHCTCH 3aMeHOH B (5.3) wrn pa.n.wan:HOH­

Horo nepexo.n;a ( i I er I k) na ( i I eD( co) I k) - pernem1e ypaBneHHH 
(1.37). ,[(JIH 6e3pa.n.nan:nonnoro nepexo.n;a yqfa IIC<l>O CBOAIITCH K 

3aMeHe ( kq I u I U) B (5.4) Ha ( kq I re co) I U) - perneHIIC ypaBne­
HIIR (1.40) [1], [AM]. 

HapR.UY c yrnHpentteM JIMHHtt, coorneTCTBYIOIIIHX Xc:t>-BaKaHcH­

HM, B3aHMO,ll.ettCTBHe aTOMHbIX 3JieKrpOHOB npIIBO,UllT K IlOHBJieHHIO 

HOBbIX. TaK, o.n;nnoqnaH BaKaHCIIH k MO:>KeT nepexo.n;HTh B 6onee 

CJIO)KHbie KOHeqHbie COCTOHHIIH, He)KeJIII rrpe.n;cTaBJieHHbie .n;IIarpaM­

MaMII (5.2). B pe3yJihTaTe crreKTp 1<oneqnb1x cocToHHIIrr ycJIO)KHReT­

CH, B HeM HapR.ll.Y c O,L(H03JieKTpOHHblMM JIIIHIIRMII IIORBJIRIOTCR 60-

Jiee CJIO:>KHbie, COOTBeTCTByIOII1He C03,L(aHIIIO ABYX II 6oJiee BaKaH-
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cttii. Bo3HttKaIOrn,tte nptt 3TOM 3JieKTPOHhI MoryT ntt6o 3am1MaTh 

.Lr:HCKpeTHhie ypoBHH B HOHe-OCTaTKe, JIH60 yxo.n:HTb B CIIJIOIIIHOH 

CIIeKTp. 

CooTBeTCTBYIOIIJJie JIHHHH Ha3hIBaIOTC5I cameJlJlumaMu. Om1 

C03,n:aJOTC.5I B OCHOBHOM 3a cqeT ecmp.RCKU - BHe3arrnoro H3MeHe­

HIUI IIOJI.51, .n:eiiCTByIOrn,ero Ha OCTaJihHhie aTOMHhie 3JieKTPOHhl 

( 06b1qHo H3 BHeIIIHllX no.n:o6onoqeK) npH y.n:aneHllll 3JieKTPOHa H3 

npoMe)KyToqnhIX HJIII BnyTpeHHIIX o6onoqeK. BcTpRcKa np1rno,n:HT K 

rrepexo.n:y o.n:noro HJIH .n:a)Ke HeCKOJihKHX 3JieKTpOHOB Ha B03-

6y)K.n:eHHhie ypOBHll llOHa-ocTaTKa HJlll B ero CIIJIOIIIHOH cneKTP· 

ITepBhIH rrpoIJecc Ha3hIBaeM ecmp.ncKou-eo36y:J1Cdenue.M ( «sha­

ke-up»), a BTopoii ecmpRcKou-ydaJ1euue.M («shake-off»). BcTpHcKa 

1no6pa)KaeTcH cne.n:ymrn,HM 3rreMeHTOM, .n:o6aBrrHeMhIM K mo6oif 

.D;hipoqnoii JIHHHH B o6rn,eii .n:ttarpaMMe, onttchrnaiorn,eii pacna.n: sa­

Kanctttt: 

k k 
(5.5) 

s 

06paTHM BHHMaIIHe, qTo B OTJIHqtte OT (5.2) COCT05IHlle naqaJib­

HOH .ll:hlpKH COBna.n:aeT c COCTOHHHeM O.D;HOH ll3 .D;hipOK KOHeqnoro 

COCTOHHHH. 3neKTpOH MO)KCT 6hITh na .D;llCKpeTHOM ypoBHe ll B 

CIIJIOIIIHOM cneKTpe. 

llomihIC 3HeprIIH B036y)K.n:eHHhIX aTOMHhIX COCT05IHHH THIIa 

«O.D;HH 3JieKTpOH s ll .n:se .D;hlpKH k-1j-1, sk-1j-1» 60JihIIJe, qeM 3Hep­

rHH COCT05IHH5I c O.D;HOH BaKaHCHeH k. I1o3TOMY B cpoT03JieKTpOHHhIX 

CIIeKTpax [2-6] OHH COOTBeTCTBYIOT MeHhlllHM KHHeTIIqecKHM 

3HepnrnM BhIJleTamrn,ero cpoT03JieKTpoHa II o6pa3yIOT caTeJIJIIIThI 

BCTPHCKH-B036y)K.n:eHII5I. Ontt ttMeIOT «XBOCT» H B o6nacTII crrnorn­

Horo cneKTpa, BhI3BaHHhIH BcTpHcKoii-y.n:anenHeM. Cornacno Teope­

Me KyrrManca [7], rrepBhIM np116m1)KeHIIeM K 31-1eprHII HOHH3aIJHH 

HBJIHIOTCH TeopeTHqeCKHe op6ttTaJibHhie O,ll,H03JieKTPOHHbie 3Hep­

rHH. Hx pacqfa B npH6Jitt)KeHHH X<l> .n:oBOJihHO rpy6. YqeT MHoroqa­

CTHq1-11>1x nonpaBOK .Lr:JI5I IIOJIO)KeHHH BaKaHCHH TaKHX B036J)l(.n:eHHH 

TIO MeTo,n:aM MHOroqaCTHqnoii TeOpHH B03Myrn,eHHH [8] npHBO.D;HT K 

yMeHhIIIeHHIO TeopeTIIqecKHX 3HeprHH HOHH3aIJHH BHyTpeHHHX 

o6onoqeK Ha Benttqttny 10--20 3B H B pe3yJihTaTe .n:aeT BeJIHqHnhr, 

naxo.n:Hrn,HecH B y.n:oBJieTsop1neJihHOM cornacm1 c 3KcnepHMeHTOM 

(c rnqnoCThIO .n:o 1-2 3B). 
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O)Kc-pacna.n, saKaHCMH B cocT051HM5I THrrn «.n.Be ,!I,bipKH H o.n.Ha qa­

CTMI\a», noKa3aHHorii na .n.warpaMMe (5.2), npMBOJJ:HT K yumpeumo 

ocnoBnoii cpoT03JICKTponnoii: JIHHHH. B HCKOTOporx cnyqa51x BbICB0-

60)1(.n.aeMoii :meprMH HC)J;OCTaTOqno )J;JI51 y.n.anemrn 3JICK1'pOHa H3 

aTOMHbIX o6onoqeK, HO )J;OCTaToquo )J;JI5I B036y)KJJ:CHM5I ero B CB5I3aH­

HOC COCT051HHC, KOTOpoe o6o3Haqeno .D:BOHHOH CTpenKoii: 

k 
(5.6) 

m 

MaTpMqHf>Iii 3JICMCHT O)KC-nepcxo.n.a oco6enno seJIHK, ecm1. 

rJiaBHbIC KBaHTOBbIC 'llICJJa B3aHMOJJ:CHCTBYIOII~HX BaKaHCJIH j-lk-l 

cosrra.n.amT. TaKtte nepexo.n.01 HMCIOT crreuttaJibHoe 1ia3sauue - rre­

pexo.n.01 KocTepa-Kpo1mra. Ecnu cosrra.n.aioT nrnm-101e KBaHTOBI>Ie 

'lHCJia BCCX Tpex BaKancttii: ni = nk = ni, TO HMCCT MCCTO rrepexo.n. cy­

nep-KocTepa-KpoHHra. 

Bo3MO)KCH TaK)KC .n.soiinoii O)Ke-npouecc, nptt KOTopoM o.n;Ha sa­

KancuH pacna.n.aeTC5I na TpH JJ:bipKM M .n.sa JJICKTpoua [9, 10]: 

p 

k (5.7) 

q 

f 

BKna.n. B umpmiy BHOC51T TaK)KC .n;ttarpaMMbI, no.n.o6HblC (5.7), HO 

c nepecTaHOBKOH MOMCHTOB p0)1(,!l.CHH51 nap pj-1 II qf"--1, a TaK)KC c 

qacTMUeii B npoMe)KyToq110M COCT051HHH (CM. npaBHJia IIOC1'pOCHII5I 

.n;HarpaMM B n. 1.3). 
B JTOH rnase 6y.n.eT OIIHCaHa MHOroqacTM'lHa51 TeOpH51 B03MY­

ll~CHHH (MTB) (CM. II. 1.4) npHMCHHTCJlbHO K npHBCJl:CHHbIM BbIIIIC 

npo1\eccaM. Ey.n;yT paccMoTpenbI MCTOAbI pacqcrn KaK AJI51 3anon­

nenno1x, TaK lI JJ:JI51 HC 3arromICHHbIX B OCHOBHOM COCT051HHH 060-

JIO'ICK. 
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5.2. 3neprHH aTOMHhIX yposneii 

EcrrII orpaHtttIHThCH onHo::meKTpoHuoii KapTmIOii cpoTOIIOHma-

1\IIII, TO B KOHe'IHOM COCTOHHIIII npIICYTCTByeT TOJihKO OJI.Ha Jl.hlpKa k 
II OJl,IIH 3JieKTpOH q B KOHTIIHyyMe, 3HeprIIII KOTOpbIX CBH3aHhI 3aKO­

HOM coxpaueHIIH: 

(5.8) 

Cornacuo TeopeMe KyrrMauca [7], op6InaJihirnH 3HeprnH Ek, 

paccqIIrnirn:aH B rrpII6rrmKeHIIII XapTpII-<POKa, paBHa 3HeprIIII 

IIOHII3aQIIII aTOMHOH o6orro'IKII k. Ifa cpaBHeHIIH TeopeTIIqecKIIX op-

6IITaJihHhIX 3HeprIIH c 3KCrrepIIMeHTaJibHhlMII 3HeprIIHMII IIOHII3a-

1\IIII, npIIBeJl,eHHhIMII B Ta6rr. 5 .1, BIIJl,HO, 'ITO OJl,H03JieKTpOHHOe rrpII-

6nmI<eHIIe (TeopeMa KynMauca) cyniecrnemrn 1aBhnnaeT 3HeprIIII 

IIOHII331\IIH Jl,JIH BHyTpeIIHIIX H npoMe)KyTO'IHhIX o6orro'leK. 3To pa3-

JIII'IIIe CBH33HO c perraKCaQIIeiI IIOHHOI'O OCTOBa. PerraKcarurn rrpIIBO­

Jl,IIT K YMCHhIIICHIIIO 3HeprIIH CBH3Il no cpaBHCHIIIO c OJ1,H03JieKTpOH­

HhIMII 3Ha'leHIIHMil II K IlOHBJieHMIO caTeJIJIIITOB BCTpHCKH - B03-

6y:>KJl,emrn II ynarreHIIH. 

To'IHhie 3Hepr11II IIOHII3al\IIII MoryT 6hITh nonyqenhI KaK pa3no­

CTII UOJIHhIX 3HeprHH HeihpaJihHOI'O 3TOMa II IIOHa, paccqIITaHHhIX 

MCTOJl,OM caMOCOrJiaCOBaHHOI'O fIOJrn: 

El'i.CCIT (k) = EX<l> (k-1) - EX<l> 
b non non , (5.9) 

rne k-1 -- BaKaHTHOe OTHOCHTCJ1hHO OCHOBIIOH KOHqmrypaUIIH HC­

XOJl,HOI'O aTOMa COCTOHirne (JJ.blpKa B o6oJIO'IKC k ). llono6HhIH MCTOJI. 

pacqern 0601naqaeTCH KaK i::lCCII (ttn11 SCF B anrn. Bap11anTe). 

K011cpHrypa1111H OCHOBHOI'O COCTOHHIIH (IIMeHyeMaH IIHOr,Ua rjJep­
AIU-6GKYY1\WM) He IIMeeT ,UOITOJIHHTCJihHhIX IIH,UCKCOB, a yKa3hIBaIOT­

CH TOJihKO B036y:>KJJ.CHHhIC ( OTHOCIITCJihHO OCHOBIIOH KOHcp11rypa-

1um) COCTOHHIIH II )J,hlpKII. KaK OTMC'leHO BhII.I.Ie, caTeJIJillTHhle co­

CTOHHHH TIIITa «JI.BC Jl,hlpKII-OJJ;Ha 'l3CTIIQa» o603Ha'laIOTC51 K3I< 

i-11-1s. MeTon i::lCCIT - xopornee np116nmI<e1rne .IJ:JIH pacqern 3Hep­

rIIII IIOHII331\HH, CCJIH HaqaJihHOe II KOHC'IHOe COCTOHHIIH HaXO)J,HTCH 

Ha .IJ:OCTaToqno 6oJihIIIIIX 3HepreTII'lCCI<IIX paCCTOHIIHHX OT .n:pynix 

COCTOHHHM aTOMa HJIII IIOHa, II CJIC.IJ:OBaTeJibHO, B3aHMO.IJ:CHCTBIIe 

Komfmrypau11H: Mano [ 11]. 3ueprnII HeI<oTOphIX auyrpemrnx ypoB­

ueii m1epn1hIX ra30B, pacC'IIITaHHbie pa3JIII'lHhIMH MeTO.IJ:aMII, cpaB­

HlIB3IOTCH c 3KCnepHMCHTOM B Ta6rr. 5 .1. 3HeprIIII CBH3II, paccq11-

TaHHbIC perrHTHBIICTCKIIM MCTOJl.OM i::lCCIT [12] II MeTO.IJ:3MII MTB, 
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HaXOJJ;5ITC5l B xoporneM cornac1rn c 3KcrrepttMeHTOM, B TO BpeM5l KaK 

:mepnrn CB5!3H, paccqHTaHHhie no TeopeMe KynMattca (B OJIH03JieKT­

pmrnoM nptt6Jim1<ettm1), BO Bcex cnyqa51x cyIUecrnenno 6onhrne. 

0,ZJ;HaKo Mo:>KeT cnyqHThC5l, qTo pa3HOCTh 3Hepruii Me)KJIY COCT0-

5IHHeM c OJIHOH JJ;blpKOH k-1 H KaKHM-TO M3 COCT05IHMH TMna «JIBe 

JlblpKM H OJIHa qacnu1a i -11-1 S» MaJia, a KyJIOHOBCKOe B3aMMOJieHCT­

BMe BeJIMKO. HanpttMep, :mepru51 4p-1-BaKancm1 B aTOMax, naxoJJ;5l­

U(HXCJI B IIepHOJIHqecKoii cttcTeMe ::ineMeHTOB MenJieJieeBa B6m13M 

Xe, 6JIH3Ka K :meprHM cocT05IHMH THrra «JIBe JihipKH-OJIHa qacTM­

ua» 4d-241; a MaTPHqHbJH :meMeHT B3aMMOJielicTBMJI Me)KJIY 3TMMH 

COCT05IHHJIMM BeJIMK, TaK KaK rJiaBHbie KBaHTOBbie qMCJia BCex B3aM­

MOJJ;CHCTBYIOIIJHX cocTOHHHH coBrra.LJ;aIOT. B pe3yJihTaTe, B 4p-cpoTo-

3JICKTPOHHhIX crreKTpax 3THX aTOMOB na6moJiaIOTC5I oqenh 6oJihlllMe 

cJ~BHrH :mepruii, ymupem1e H pacll(ermem1e JIHHHH [13], KOTOpbie 

ue onttchrna10Tc5l B paMKax rrptt6nmr<emrn X<t>. 3TH 3cpcpeKTbI MoryT 

6hITh paccqHTaHhI B 6oJiee BbICOKHX nopH,Zl;I<ax TeopHH B03Mym:e­

HM5l MeToJJ;aMH MTB [14, 15], HJIH B3aMMoJJ;ettcTBM5l Koncpttry­

pai_i;ttii [16]. PeJiaKCaU:M5I HOHHOI'O OCTOBa, TO eCTh ero rrepeCTPOHKa 

nocJic o6pa3oBamrn BaKancMM, npHBOJJ;HT K acttMMeTpwrnoMy yrn11-

pcnmo ocnoBnoii JIHHHH H II05IBJien1110 caTeJIJIMTHhIX JIMHHH. .[l,n5I 

pacqern HHTCHCHBHOCTeM H cpopM caTeJIJIHTHhIX JIHIUIH ,Zl;OJI)KHa 

6hrrh yqTeua JJ;MHaMMKa penaKcaUMM ocToBa. IToJJ;XOJihI K pemenmo 

3TOH rrpo6JieMhl 6yJiyT paCCMOTpeHtr B crre.n:y1oru:Mx pa3)J;eJiax HaCT0-

5!11(eH rnaBhI. 

5.3. Ilom1pu3au;1rnnnoe B3aHMOJICHCTBHC BaI\'.aHCHH 

Bo3HMKHOBem1e BHYTPenneii BaKancMM k-1 MmKeT 6h1Th rrpeJJ;­

cTaBJieno KaK BHe3arrnoe BKJIIoqe1rne IIOTCIIUMaJia JibipKM W11. 3TOT 

IIOTenuMaJI rromrpM3YCT 3JICKTpOIIHbIC o6onoqKM M rrpHBOJIMT K B03-

6y)KJJ;emuo qaCTMqHO-JibipoqHhIX nap, KOTOpbIC 3KpauttpymT IIOJie 

BaKaHCMM: 

(I) 

(5.10) 
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Cornacno MTB [17], B036y~emrn. '.3JieKTpoH-,Ll.bipoqHhIX nap npH­

BO)].KT K )].IUiaMHqecKOH '.3BOJIIOIJ,HH :rneKTpOHHOH 060J10qK11 ITO)]. ,l].eH­

CTBIIeM IIOTeHIJ,HaJia Wh. 3TO IlOJIKpII3aIJ,IIOHHOe B3aIIMO,Ll.eHCTBIIe 

npIIBO)].HT I< H3MeHeHlllO TaKHX rrapaMeTpOB BaKaHCiill, KaK :meprmr, 

nmpuHa II HIITeHCHBHOCTb JIHHIIH, no cpaBHeHIIIO c O,l]JI03JieKTpOH­

HhlMII 3HaqenIIKMII. KpoMe Toro, B03HIIKaJOT caTeJIJIIITHbie cocToK­

HHK k-11-1s. TaKHe )l(e COCTOKHIIK B03HIIKaIOT npn B3aHMO,l].eHCTBHH 

BbIJieTa101u.ero 3JieKTpOHa c aTOMHbIMH 060J10qKaMII, H306pa)l{eHHhI­

MH Ha cne.n;y101u.en .n;IIarpaMMe: 

(J) (5.11) 

BnIIKHIIe TaKIIX npou.eccoB na mnencIIBHOCTH II ynrnBoe pac­

npe.n;enerrne na116onee cyru.ecrneHHO B6n11311 nopora IIOHH3au.m1. 

B noli rnase MhI paccMaTpHBaeM <PoToHonmau.mo aTOMHhIX 

o6orroqeK, )].OCTaToqHO .n;aneKO OTCTOKIIJ,IIX .n;pyr OT .n;pyra IIO 

3HeprnH. B TaKOM cnyqae BepoKTHOCTh nepexo.n;a )].hipKH k -1 B .n;py­

rne COCTOKHH}l Marra, qTo COOTBeTCTByeT TaK Ha3hrnaeMoMy )].Raro­

HaJibHOMy npR6JIH)l{eHHIO [ 18). 3To Ha3BaHHe npOHCXO)].HT OT orpa­

HHqemrn npor~eccos c o.n;11naKOBhIMH BHennmMH JIHHHKMH. B naH­

HH3UieM np116JIH)l(eHim ITO Me)l{3JieKTpOHHOMY B3aHMO)].CHCTBMIO B 

TaKOM IlO)].XO)].e rronpaBKy I< COCTOKIUIIO )J,bipKH H3o6pa:>I\aIOT cne.n;y­

roru.en ,[(HarpaMMOH, npe)J.CTaBJIKIOIIJ,eH BKJia)]. B3aIIMO)].eHCTBIUI BHp­

TYaJibHOro COCTOKHHK i-1J-1q C )J.blpKOH k-1: 

k k (5.12) 

Ha K3hIKe Teop1rn MIIornx Terr (cM. pa3)].. 1.4) 3Ta ,Ll.HarpaMMa B 

BbI6paHHOM npn6JIH)l{eHHH BHOCRT OCHOBHOH BKJia,l]. B TaK Ha3brnae­

MYIO co6cmeeH110 3Hepzemui1ecKy10 ttacmb ooHottacmuttHou ¢YHK-
4uu Tpuua. 
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IlocKOilbKY 3IlCKTpOHHblC KOppemIIJ,IUi, rrpHB0,!1.HIIJ,HC K o6pa3o­

Bamno caTennHTOB, BO MHOrHx cny1rnRX RBJUUOTCR BCCbMa CHJibHbl­

MH, TO cymecTBCHHbIMH OKa3bIBaJOTC}l TaK)KC .rvrnrpaMMbl 'fPCTbero 

IIOp.R,UKa, rrpe.11.cTaBJI}llOIIJ,He B3aHM0,!1.CMCTBHR MC)KJJ.Y TaKHMH COCTO­

}lllif}IMif. IlpHMCpbl TaKHX ,UHarpaMM rrpHBC.11.CHbl Hlf)KC: 

k k k k 
+ 

(5.13) 

TaKHe npoueccbI onpe.11.en}IIOT urnpHHhI ypoBneii rrpH yqeTe HX 

B3aHMO,D.eiicTBH}l c B036y)K,D.CHif}IMM crn1ournoro crrcKT}Ja. BnH}IHHe 

II0Il}lpll3aIJ,HOHHOro B3aHM0,!1.CMCTBHR H .11.pyrttx MHOrOJJICK'fPOHHblX 

rrpoIJ,eCCOB Ha CIICKTP BaKaHCHH paccMaTpHBaeTC}l B ,D.aHHOH rnaBe 

npH IIOMOIIJ,H TCXHHKH CI1CK1'paJibHbIX <l>YHKIJ,MM, OCHOBaHHOH Ha Me­

TO,D.e <l>YHKIJ,HM f pttHa. 

5.4. CoOCTBCHHO JHepreTHqecKaH qacTL <flyHKU:HH rpHna 
H cne1apocKonHqecKHe napaMeTphl 

<PyHKIJ,H}l fpmrn BaKaHCHH B O,D.HOJilCKTpOHHOM npH6JIH)KCHHH 

3aIIHCblBaCTC.R KaK [ 19' 11]: 

(5.14) 

r.11.e Ck - xapTpH-<l>OKOBCKa}l 3HeprH}l ,D.blpKH ( COOTBCTCTBYJOIIJ,a}l Te­

opeMe KynManca); E - 311epreTHqecKMii napaMeTp; l) - 6ecKOHC'l­

HO MaJia}l BCJillqMHa. CneKmpa!lbHOe pacnpeoe!leHue, MJIH CIICKT­

paJibHa5I <PYHKIJ,H5I, onpe.11.eJrnCTCR COOTHOUICHHCM 

A(E) =Im G(E)' 
1t 

(5.15) 

r.11.e G(E) - rnqna}l O,[J,HoqacTHqHa}l cpynKIJ,If}l fpwua (CM., K rrpttMe­

py, [20)). 
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B o,UH03JieKTpoHHOM rrpII6m1)Kemrn X <D crreKTpanhHa5I <PYHKUII5I 

IIMeeT BII)J, )J,eJibTa-<PynKUIIII: 

(5.16) 

<DyHKUll5I fpmrn )J,blpKII, B03HIIKIIJeM B CIICTeMe B3aIIMO)J,eMCTBY­

IOW:IIX 3JieKTpOHOB, OilIICbIBaeT 3BOJIIOI~lll0 CIICTCMbI rrocne y.uane­

mrn 3JieKTpona. B yrroM5IHYTOM BbIIIIe )J,IIaronanbHOM rrpII6JIII)KeHIIII 

3Ta <PYHKUII5I I'pmrn 3aITIICbIBaeTC5I KaK 

(5.17) 

r.ue I. k ( E) - co6crneHno 3HepreTIIqecKa5I qaCTb <PYHKUIIII I'pII­

na, KOTOpa5I orrpe.uen5IeTC5I .uei1CTBIITeJibHOM Re I. k ( E) II MHIIMOH 

Im I. k ( E) qacrnMH. 

Tor.ua cneKTpaJibirnJr <PYHKUII5I BaKaHCHII c yqernM 1<0ppen5IUIIH 

3ailHlllCTC5I KaK [14, 18-22] 

Im Gk(E) 
Ak(E)= = 

1t 

= ________ _:=_Im I. k (£) _____ _ 

1t (-E +Ek +L.k(E)) 2 +(ImL.k(E)) 2 
(5.18) 

B uamm3IIIeM (BTopoM) rrop5I)J.Ke .uei1cTBIITeJibHa5l II MHIIMa5l qacTH 

co6crnenno 3HepreTIIqecKOH qacTH <PYHKUIIH fpmrn )J,aIOTC5I .UBYM5I 

CJIC.UYIOW:IIMII <PopMynaMH [14, 18]: 

(5.19) 

ImL.k(E) = 

= 1t L ( -1 )' +" I (lg \ U \ is )12 8 ( - E + E i + E i - E s ) . (5.20) 
ijs 

3.uecb l -- Lmcno <PepMHOHHbIX neTenh; h -- q11cno )J,b1poqnb1x JIII­

HIIM Ha <PettHMaHOBCKOM ,n:IIarpaMMe; IIHTerpan B ( 5 .19) HOHIIMaeTCR 

B CMbrcne rnaBI-roro 3Haqenm1; (kJ\ U\ is) - KYJIOHOBCKIIe MaTpIIq-
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Hhie 3JieMeHThI c yqeToM o6MeHa, KOTOpb1e YJJ.06Ho 3JJ,ecb rrpeJJ.CTa­

BIITh B BIIJJ,e, aHaJIOrJJqHoM, HO HeCKOJibKO OTJIJJqHOM OT JJCilOJib30-

BaHHOro B (1.37): 

(191 UI is)= L f '- ( kJIV'-1 is)- Lgµ ( ki IVµ I Js), (5.21) 
A µ 

rJJ,e paJJ.IIaJibHhie qacn1 1<ynoHOBCKIIX mnerpanos Vhis onpeJJ,eJieHhI 

<l:>-JiaMII (1.61 ), (1.62). B OJJ.H03Jie1<Tpom1hIX <l:>YHKIJII51X ( 1.57) pa3JJ,e­

JieHhI paJJ,IIaJibHbJe, yrJIOBbie II CJJIIHOBbIC nepeMeHHbIC. 

llHTerpIIpOBaHIIC no yrnOBbIM nepcMeHHbIM II cyMMHpOBaHIIe 

no CJJIIHOBbIM JJ,JI51 pacqeTa BKJiaJJ,a JJ,IIarpaMM MQ)KHO npoBeCTII aHa­

JIIITIIqeCKJJ. ,[(Jrn 3Toro 6hrna pa3pa6ornna crreIJHaJILHa51 rpa<l:>IIqe­

cKa51 TeXHIIKa [23]. BecoBLre MHO:>KIITCJIII h II g~, paccqIIThIBaIOTC51 

JJ,Jrn Ka){()J,OH BCpimIHbI, o603HaqaIOil(CH B3aIIMOJJ,CHCTBII51 corJiaCHO 

MOAteHm11oi{ OuazpaJHMe [23], TOJJOJIOrIIqecKJJ 3KBJJBaJICHTHOH [24] 
<l:>ettHMaHOBCKOH JJ,IIarpaMMe. llJIJIIOCTpaQIIII IICIIOJib30BaHII51 3TOH 

TCXHIIKII JIJ!51 pacqeTOB MHOr03JieKrpOHI-IhIX aTOMOB MQ)KHO naHTII 

B [25]. flpIIBOJJ,IIMbie B JJ,aHHOH rnaBe pe3yJihTaTbl IIHTerpIIpoBaHII51 

no yrJIOBbIM rrcpcMeHHbIM II cyMMIIpOBaHII51 no CJJIIHOBhIM IJOJiyqe­

Hbl C IlOMOil(blO TCXHIIKII [23--25). 
C<l:>opMynIIpyeM npaBIIJia rrpIIMeHeHII51 TeXHIIKII ,i10MeHmllblX 

OuazpaMM K <l:>ettHMaHOBCKJJM JJ,IIarpaMMaM, COOTBeTCTBYIOII~IIM qac­

TIIqno )J,bipoqHblM COCT051HJJ51M, CB513aHHbIM B rIOJIIIbIH MOMeHT. 

1. <I>parMeHT <l:>ettHMaHOBCKOH JJ,IIarpaMMbI c JIJJHIIeH B3aJJMOJJ,CH­

CTBII51 3aMeirneTC51 TOIIOJIOrIIqecKII 3KBIIBaJICHTHbIM <l:>parMeHTOM 

MOMeHTHOH JJ,IIarpaMMbl, co CTpCJIKaMJJ Ha HaqaJibHOH )J,blpKe, KO­

IIC'IHOH 'faCTIIIJe II na JIIIHIIII B3aIIMO)J,eHCTBII51 II c BCCOBbIM MHO)KII­

TeJieM ( -1)'-+1
" +I, (ki IV'- I is) CJICJJ.YIOIUIIM o6pa3oM: 

k i ~ 

----"- (-I)'-+I k +Is V-'-"""'x--A--.----
'---v" k/ IS (5.22) 

s 

11pII '.)TOM CTpemrn Ha IICXOJJ,HOH qicwnMaHOBCKOH JJ,IIarpaMMe ne 

yqIJTbIBaIOTC51, a nanpaBnemrn CTpeJIOK na MOMCHTHhIX )J,IIarpaMMax 

JJ.JI51 IJenoro I Hecy111,ccrBeHHhI [25]. 0TMCTIIM TaK:>Ke, qTo rrocKOJihKY 

KYJIOHOBCKOe B3aIIMOJJ,eHCTBIIe OTJIIIqno OT nyJrn TOJibKO Me:>KJJ.Y KOH-
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qmrypaUJUIMH O):(HHaKOBOH qeTHOCTH, <l>a30BhIH MHO)KHTeJih MO)KHO 

3aJmcaTh KaK ( - l)A+i;+l1' a crpeJIKH IIOCTaBHTh Ha ):(Be ):(hlpKH B KO­

HeqHOM COCT05IHHH. 

2. Bee JIHHHH Ha MOMeHTHOH ;:i:ttarpaMMC c Ka)K):(OH CTOpOHhl 

BepIIIHHhl ):(OJI)l(Hhl 6hITh CB5I3aHhl B npoMe)KyToqnhie yrJIOBhie MO­

MeHThl H IlOJIHhIH MOMeHT. Ilptt CB5I3hIBaHHH B IIOJIHhIH yrJIOBOH MO­

MeHT Ha;:i:o yqttThIBaTh BeCOBOH MHO)KHTeJih (2L + 1) 112, qro rpaqm­

qecKH [25] H3o6pa)Kaerc5I TOJICTOii: nmrneii:. 

3. Ilptt CB5I3hIBaHHH MOMenra .[{hlpKH c MOMeHTaMH .[{hlpKH lIJIH 

qacTH[(hI cne;:i:yer HCIIOJih30BaTh npaBHJio )J;)Ka;:i:;:i:a [24), cornacno 

KOTopoMy rrptt CB5I3hIBaHH1I JJ:hlpim B IIOJIHhIH MOMeHT c ;:i:pyrHM JJ:hl­

poqHhIM HJI1I 3JICKTpOHHhlM COCT05IHHCM ManmTHhIC KBaHTOBhie 

qttcna (npoeK1(1IH yrnoBoro MOMeHra) MCH5IIOT 31-IaK 1I B03HHKaer ;:i:o­

nonnttreJihHhitt <i>a30BhIH MHO)KttTeJih (-l)l+l/ 2+111;+~,. Ha MOMeHT­

uoH: ;:i:narpaMMe 3TO Bhlpa)Kaerc5I B ;:i:o6aBneHMH crpenoK, HanpaB­

neHHhIX K Bepumne Ha op6HTaJihHOH JI CIIHHOBOH ;:i:ttarpaMMax. 

4. riocKOJihKY MhI paccMarpttBaeM TOJihKO KynonoBcKoe B3aHMO­

;:i:cH:crBHe, He 3aBHC5II1(ee OT CIIHHa, CIIHHOBa5I ;:i:HarpaMMa IIOJiyqaeT­

C5I H3 op6ttraJihHOH y;:i:anentteM JUIHH1I B3aHMO):(eHCTBH5I 1I COOTBCT­

CTBYI011(HX CTpenoK. 

PaccMoTpttM pacqeT BecoBoro MHO)KHTeJI5I JJ:JI5I ;:i:ttarpaMMhI BTO­

poro IIOp5I;:i:Ka (5.12), H3o6pa)KalOI1(eH B036y)K.[{eHH5I caTeJIJIHTOB 

BCrp5ICKH nptt cj;>OTOHOH1I3a1(1IH. IlpH HOHH3a1(HH aTOMa c 3aIIOJIHeH­

HhIMH o6onoqKaMH B03HHKaeT TOJihKO O):(HO COCT05IHHe HOHa c IIOJI­

HhIM yrnOBhIM MOMCHTOM L = lk 1I CIIHHOM s = 112. B IIpH6JIH)KeHHH 

LS-cmnH yrJIOBhie MOMCHThI JJ.BYX JJ.hipOK i-1 H J-1 CBR3hIBaIOTCR B 

11p0Me)Kyroqnh1tt MOMeHT Lu H c11tt1-1 Su. riocKonhKY cocT05IHII5I co 

BCeMH IIpOMe)KyToqHhlMH MOMeIITaMH npttHHMaIOT yqacTite B 3Kpa­

HHpoBaHHlI BaKaHCHH, no;:i:pa3yMeBaeTC5I, q'[O cyMM1IpOBaHtte <t>enn­

MaHOBCKlIX JJ.HarpaMM 110 BCCM i 1I j B cpopMynax ):(JI5I co6crnen­

HO 3Hepre·rnqecKOH qaCTlI cpyHK[(lIM rpmrn ( 5 .19) M ( 5 .20) BKJIIOqaeT 

TaK)Ke Bee B03MO)l(Hhie 3naqe1urn Lu M Su. BecoBhie MHO)l(MTeJIH 

IIp5IMOro M o6Memrnro qnenoB KynoHoBcKoro B3attMo;:i:encTBH5I, 3a­

BHC5III~Me OT Lu M S;i, ;:i:aroTc5I JJ:BYM5I cne;:i:y1omttMM cpopMynaMH [26): 
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r.n,e sse.n,eno 0603naqe1rne (q] = 2q + I, a Bbrpa)Kemrn B qmrypnbrx 

CK06KaX - 6)-CIIMBOJibI [HC]. 
3TII cpopMyJibl omIIqaIOTC51 OT cpopMyn pa6oTbl [27] TOJibKO 06-

IlJ:IIM cpa30BbIM MHO:>IrnTeneM. TaKIIM o6pa30M, MbI rronnocTbIO onpe­

.n,enmrn MCTO.D, pacqeTa BCCX BCJIIIqIIH, neo6xo.n,IIMbIX JJ,mI rronyqe­

HII51 cpyHKIIIIII rpIIHa )J,blpKII, II Tenepb paCCMOTPIIM npIIMCHCHIIC Me­
TOJJ,a cneKTPaJibHhIX cpyHK!IIIH .n,nJI onpe.n,eneHIIJI napaMeTpos 

cneKTpanbHbIX JIIIHIIH. 
OnIIcanIIe cocTOJIHIIH B TepMIIHax KBa3IIqacTIIII B03MO)l{HO, ecnII 

BbIIIOJIHCHO CJie.n,y1orn:ee COOTHOllICHIIC [ 19]: 

(5.25) 

CneKTP ::meprIItt CB513II 3ne1<Tpona onpe.n,e;rneTCJI m pemeHIIH ypas­

HeHHJI tl,aifcona [20]: 

(5.26) 

PemenIIJI yp-51 (5.26) cooTBeTCTBYIOT ocnosnoif II caTennIITHbIM JIII­
HIIJIM B cpoT03JICKTpounoM cneKrpe. TaKIIM o6pa30M, snmrnIIe pe­
naKCaQIIII Ha 3Heprmo OCHOBHOH JIII11IIII MO)l{CT 6bITb yqTeHO JJ.BYM51 

MeTo.n,aMII: pemenIIeM ypasueHIIJI )_(aifcona (5.26) II paccM01-pen­
HbIM BhillIC MCTO.D,OM L\CCIT. B Ta6n. 5 .1 TeopeTW-ICCKIIe 3HeprIIII 

HOHII3aQIIII aTOMHbIX o6oJIOLJ:eK, paccLJ:HTaHHbIC no yp-IO (5.26) II Me­

TO)J,OM L\CCIT, cpaBHIIBaIOTCJI c 3KcnepIIMeHTOM. H3 3TOH n6nII!IbI 
BIIJJ.HO, qTo 3ueprttII CB513II, paccLJ:IITaHIIhie no TeopeMe KynManca, 
KaK ynoMIIHaJIOCb BhIIIIC, 0TJIIIqarOTC51 OT 3KCnepHMCHTanbHbIX 3Ha­

LJ:CHIIH Ha 10 3B II 6onee, B TO BpCM51 KaK 3HeprIIII CB513II, paccqIITaH­
Hbie c yqeTOM penaKcaQIIII JJ.BYM51 yKa3aHHbIMII MCTO.D,aMII, cornacy­
IOTC51 c 3KCIIepIIMCHTOM c ToquoCTblO OKOJIO 1 3B. 

Pa3JIO)J<JJB s6mI3II nomoca .nettcTBIITCJihHYIO LJ:aCTh co6crsenno 
3HepreTIILJ:CCKOH qacTII cpyHK!IIIII rpmrn II npene6pera51 II3MCHCHm1-

MH MHHMOH qacTII, nonyqIIM, LJ:TO cneKTpanbHaJI cpyHK!III51 MO)KCT 

6bITb npe.n,crasnena B BII.n,e: 

A( E) = f !_ 1 I 2 ' 
n (E - £) 2 + (1 I 2) 2 

(5.27) 

r.n,e IIIIIpIIHa CIICKTpaJibHOH JIIIHHII f (I10JIHa51 IIIIIpmrn Ha IIOJIOBHHC 
BbICOTbl) .n,aeTC51 cpopMynou 

(5.28) 
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a cneKmpoCKonu'tecKuil rjJaKmop f onpe,n:eneH cpopMynoH: 

/--
1-a 

(5.29) 

r.n:e 

(5.30) 

CneKrpocKorrn:qecr<ni1 cpaKTop paBeH .n:orre Bcero cneKrpanhHoro 
pacnpe,n:eJieHmI BaKaHCHH, COOTBeTCTBy101uei1 OCHOBHOM JIHHHH. 
Mo)KHO raK)Ke rroKa3aTh, qTo Bhmo11m110rcR c11e,n:y10mne npaBmra 

CyMM (18, 21]: 

£j+£r-£s 

LfnEn+ f (5.32) 
11 

HepBoe II3 3THX cooTHOUieuni1 03uaqaeT, qro penar<caunouhre 

3cpcpeKThl ue MeHRIOT IlOJIHOM HHTeHCHBHOCTH JIHHHII, a rrpIIBO)J:51T K 
IlORBJieHIIIO ua6opa )J:fICKpenihIX caTCJIJIIITOB B036y)K.n:emrn I1 
CilJIOUIHOro crrer<1-pa )J:BOHHOH HOHH3aUHI1 BMeCTO O,D:HOH Y3KOH JIIl­
HlllI. Bropoe COOTHOllleHHe 03naqaeT, q'fo 11e1ITp TR)KCCTH Bcero 

cneKTpanhnoro pacnpe1~esremrn c yqeroM penaKcau1rn: coBna.n:aeT c 
o,n:no3s1er<rponnow Jnepniew wcxo1.(now BaKanc11w. TaKoe 1Ke npaBH­

JIO cyMM no11yqe1rn B MO)J:CJIH, B KOTOpOH HHTCHCHBHOCTb caTeJIJIHTa 

nponopUIIOHaJihHa ncpeKpbrnanmo MC)KJIY HCXO)J:HbIM H perraKCHpO­
BaHHbIM COCT051HlIRMH (28]. 

B nptt6Jitt)Keirnn X <I> yqrcHbI ,n:ttarpaMMhI nepBoro nopR.n:Ka no 
MC)KJJieKTpOHHOMY B3attMOJ!CMCTBHIO, COOTBCTCTBYIOlliIIe B036y)K­
,n:eHIIIO qacrIIqno-.n:b1poqnh1x nap (reopeMa EpIIrrrrI03Ha [7]). Crre.n:y­

IOII~IIH nop5IJ~OK TeopIIII B03Mymerrni1 COOTBeTCTByeT npIIMeIIrnBa­
HlfIO [( OCHOBHOMY (Bar<yyMHOMY) COCTORHHIO qacrttqno-,n:hrpoqubIX 
nap TIIna z--1j-1rs. B MTB BKJiaJ~ TaKHX r<oppCJI5ll~lIM COOTBCTCTBYCT 

yqeTy )~IIarpaMM «Ha3a.n: no BpeMeirn» (cM. 06cy)K,n:e1rne (1.36)). 
B3aIIMo,n:eHcTBHe TaKoro Bo36y)K.n:e1nrn c BaKancnei1 k-1 noKa3ano 

na cne.n:yromew ,n:IIarpaMMe: 
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k 

k 
(5.33) 

BKJia,LI, '.lTOM ,Ll,IIarpaMMhl B co6crneHHy10 :iHeprmo JJ,aeTcH cpop­

Mynoi1 

(5.34) 

KpoMe Toro, CITOHTaHIIO B03Hlll<lllee B OCHOBHOM COCTOHHlllI B03-

6yJKJJ,eime TIIIla «,ll,BC )J,blpKII II O)J,Ha qaCTIIl!a f-lj-1qs», B3aIIMO)J.CM­

CTBY51 c BaKaHCIIei1, MmKeT amrnnumpoBaTh, npIIqeM onepaTop Ta­

Koro B3aIIMOJJ,eilcTBIIH coBnaJJ,aeT c onepaTopoM Wh, npHBO,Ll,Hll!IIM K 

o6pa30BaHIIIO CaTCJIJIIITOB: 

k k 
(5.35) 

BKJia,LI, '.lTOtt ,Ll,IIarpaMMhl B JJ,ettcTB11TeJihHYIO qacTh co6crneHHOH 

:iueprnu JJ,aeTCJI cpopMynoiI 

Rel:, (E) ~ ~ ( "~'+JtdE,dEµ Jx 
(-1) 1+" (UI UI ps)(kll UI tp)({il UI ks) 

x - -
(EJ +£1-Es-Ep )(-E +E;+EJ -Es) 

(5.36) 

3JJ,ecb mnerp11p0Ba1rne npoBO,Ll,IITCH B CMhlCJie rnaBnoro 3HaqeHIIH. 

PenaKcar~II5I BHe3anno B03Hl1Kmei1 BHyTpennei1 BaKa11c11II - '.lTO 

nepexo)J, OT BOJIHOBbIX cpyHKUlIH OCHOBHOro COCT051HIIH aTOMa B 

peJiaKCIIpOBa1moe COCTOHHIIC IIOHa. HeT O)J,H03!IaLfHOro Bh16opa 6a-

3l1Ca BOJIHOBblX cpyHKUHM )J,Jl}J pacqern napaMeTpOB 3TOro npouecca. 
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Bo3MO)J(HbI HeCKOJihKO 110.uxo.uoB, ocHOBaHHLIX Ha X<l>-aTOMHhIX 

BOJIHOBbIX <PYHK1Im1x. B 11ptt6m1)J(eHHH «3aMopmKennoro» ocToBa 

BOJIHOBbIC <lJyHKl~HH B036y)J(,!l,CHHblX COCT051Hllll paccqttTblBaJOTC51 B 

llOTClll~ttane, IIOJiyqeHHOM c HCllOJib30BaHHCM pa.uHaJibHbIX qacTen 

BOJIHOBbIX cpyHKIIHll OCHOBHOI'O COCT051Hll51. flptt 3TOM OTCYTCTBHC 

.UBYX '.)JICKTpOHOB yqHTbIBaCTC51 B qHcnax 3a110JIIICHH5! .UBYX o6ono­

qeK. B penaKcttpoBaHHOM npH6JIH)J(CHHH caMocornacoBaHHO pac­

cqHTbmaeTc51 KOHcpttrypaI1H5! aTOMa c .UBYM51 ,!l,blpKaMH H B 3TOM llOJie 

HaXO,!l,51TC51 B036y)J(,!l,CHHbIC COCT051Hll51. 

Bo3MO)J(HO TaK)J(e 11poMe)J(yToqHoe, TaK cKa3aTb, pe!taKcupo6alt­

fta-3aAwpo;;teewwe npH6nmKemre, B KOTopoM caMocornacoBaHHO 

paccqHThIBaeTC51 COCT051HHC c O,!l,HOll BHyTpemren ,!l,blpKOll, a BTopa51 

JJ:bipKa yq11TLIBaeT01 JIHIUb B qHcnax 3a11onneHH.5!. HaH6onee 11po­

cToe, Ha3hIBaeMoe 3aMopo;;1cefi1tblM, npH6Jitt)J(CHHC COOTBCTCTByeT 

o6ru;eMy no.n:xo.n:y MTB K 01111canmo ::>BOJIIOIIHH cHCTCMhI 110.11. .uen­

CTBHeM OllepaTopa Wit. 
PeJraKcHpoBam10-3aMopo)J(eHHoe 11ptt6nmKeHHe 06h1qHo uc110-

JIL3yeTC.51 ,!l,JI51 pacqeTa CKOpOCTCll O)J(e-pac11a.ua H lllllpHHbl JIHHllll. 

Pe3yJILTaTbI .UJI51 ::>THX BeJIHqm1 naxo.U51TC51 B xoporneM cornacHH c 

3KC11epHMCHTOM [29]. floJIHOCTbIO penaKcttpoBaHHOe 11ptt6JIH)J(CHHC 

.uaeT HaHnyqrnHe pe3ynLTaTb1 11pH pacqeTe IIIHpHH H cpopM caTen­

JIHTHbIX JIHHHH [30, 31 ]. CneKTpocK01111qecK11e cpaKTopLI II ::>ueprn11 

CB513H .UJI51 JIHHHH ls Ne, paccqll'rannL1e B pa3nttqnhIX 11p116JIH)J(CHH-

5!X cpaBHHBaJOTC.51 c ::>Kc11ep11MeHTOM B rn6n. 5.2. CneKTPOCKOllttqe­

CKHH cpaKTop, paccq11rnHHhitt B <<3aMopo)J(eHHOM» np116Jitt)J(eHHH BO 

BTopoM nop.51.n;Ke MTB, neMHoro MeHLme 3KcnepHMCHTaJihHoro 3Ha­

qemrn, a a6coJIIOTHa51 BeJrnqHna 3HeprHH penaKCaIIHH HCCKOJibKO 3a­

BbIIIIeHa. YqeT KoppeJI51Illlll B OCHOBHOM COCT0.51HHH YMCHhlliaeT 

::mepnuo penaKcaI1HH 11 ynyqmaeT cornac11e c 3Kc11ep11MeHTOM. 

3nepr1151 penaKcaI1HH, paccqttTauna51 B penaKc11poBanno-3aMopo­

)J(CHHOM np116JIH)J(CHHH, HaXO,!l,HTC51 B xoporneM COrJiaCHH c 3KC11ep11-

MCHTOM .ua)J(e B HaHIIH3IIICM 110p51,!l,KC Teop1111 B03MYII~CHHll. 113 11p11-

BC,!l,CHHbIX .uanHhIX cne.uyeT TaK)J(e, qTo CllCKTpOCKOIIllqecKHH <jJaK­

TOp OCHOBHOll JIHHHH MeHee qyBCTBHTCJICH K MeTo.n;y pacqcTa, qeM 

cyMMapHble CllCKTpOCKOllHqecKHC <jJaKTOpbl caTCJIJIHTOB. 

PaccMoTpHM penaKcar~mo BaKanc11H B aTOMax c o.unon He3a11on­

neHnoH: BHCIIIHCH o6onoqKoH. flpH HOHH3aIIMH BHyTpe1rnen o6onoq­

KH aToMa c He3arronnennon BnemHeii 06onoq1<0ii l N Lj S j op611-
~ J 

TaJibHhlH MOMCHT H cmm BaKaHCHH CKJia,ll;hIBaJOTC.51 c IlOJIHbIMH op-

611TaJihHbIM MOMCHTOM H CllHHOM HC3allOJIHCHHOH 06onoqK11 B 

cocT051HHe LS HOHHOro ocTOBa. B cxeMe LS-CB513H TaKHe cocT051HH.51 
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c pa3JrnqnbIMH L H S ne B3aHMop,eiicrny10T p,pyr c p,pyroM. flo3TOMY 

paccMoTpeHHbIR ITO,D,XO.D. MTB MO)KeT 6bITb npttMenen K Ka)l(,D,OMY 

H3 TaKHX KaHaJIOB B OT,D,eJibHOCTil. 0,D,HaKO B 3TOM crryqae Ba)l(HO HC­

CJie,D,OBaTb 3aBHCHMOCTb Bem1qHHbl 3HeprHH perraKCaU,Hll OT TepMa, 

qTo II 6y1~eT C,D,eJiaHO HII)l(e c ITOMOlll,bIO rpaqrnqecKIIX MeTO,D,OB TeO­

pIIH yrrroBoro MOMCHTa [23, 25]. 
PaccMoTpHM BKJia.D. B perraKcau,mo B036y)K,D,Cmrii caTeJIJIIITOB H3 

HC3anoJinennoii o6oJioqKH. B Ka)l(,D,OM H3 LS-KananoB caTeJIJIHTHOC 

COCTOHHHC f"j 1 l~-:l/s xapaKTCpH3yCTCH TCpMOM Lj S j 060JIO'IKH f 1N -l 

H npOMCJI<yToqnbIM MOMCHTOM H CUHHOM Lij s ij HX CBSI3bIBaHHH c Ba­

KaHCIICR Ii. Hcnorrb3Y5I rpaqrnqeCKHC MCTO.D.bI, nonyqttM BMCCTO 

(5.23) Il (5.24) CJIC,D,ylOllJ,HC ,D,BC cpopMyJibl ,1J,JI5I BeCOBblX MIIO)l(HTerreii: 

I . = NU2GLjSj " (-l)L+L1+b+L11+1;+1k+S+3.S:;+2S;; x 
. 'A(L1S;L,;Sij) J ~;.S:J L.J 

q 

[][LS LS ]"2{!::..1 L q }{lk l.1 ~}x x q j j ij ij l /. L- l /. /\, 
s l I} s l 

(5.37) 

(5.38) 

LS ~ 
r,D,e G L 1 ;. - - reneaJlOfH'IeCKHC K03'±'cpHUHeHTbl [HC], a COCTOHHIUI KOH-

cpttryp~ii~H l :- 1 - yrrroBOH MOMeHT L..1 Il CUHH s.j ITO,D,'ICpKHYTbI. 

qT06bI rrorryqHTb IlOJIHblll BKJia,D, B036y)K,1J,CHH5I caTeJIJUITOB H3 

HC3aUOJIHCIIHOH o6oJIOqKil B peJiaKcau,HIO BaKaHCIIIl na,D,O npocyM­

MHpOBaTb ,D,JIH Ka)K,D,Oro LS-Kanarra no BCCM TepMaM L./iJ KOHcpttry­

pau,1m / 1:'-1 II no BceM B03MO)KHbIM 3naqenm1M LiiS;1·. KpoMe Toro, 
J . . 41 +2 

Ha,D,O yqeCTb ·raK)l(e B036y)l(,D,CHHH H3 3aIIOJIHCHHbIX BHClllHIIX l p jJ -

o6oJio'IeK B ne3anorrneuny10 l N . B 3TOM rnyqae ls coBrra,D,aeT c 11·. I . 
flpHMCHHB MCTO,D, MOMCHTHbIX ,D,HarpaMM, nonyqttM: 

f =(N+I)ll2[L·l S-S· ]ll2GLh(l)L+S+2S;+3S;x 
'A J ~1p J 1P L;SJ 

x {~ip 1
1

kp 1
1
-

11
_.} {L

11
_ Lzk

1
. L. } {s i12 s . } 

/\, L~, 1/2 S .i S ~ ; 
(5.39) 
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CocTOHHlUl TCpMOB KOHqmrypau1m l f +I o6031Jal.JCHbl qeprnii 

csepxy. 

KaK s111.i;no 113 nonr1eHnb1x Bbillle cpopMyn, a TaK:>Kc H3 cp-n 

(5.23) H (5.24) ):tJIH 3anOJ1HCHHbIX o6oJIO"ICK, B peJJaKcaumo BaKaH­

CHH .naIOT BKJia)J. HCCKOJibKO npoMc:>KyTO"IHblX MOMCHTOB Lu H Su. 
,Um1 Toro "IT06b1 nony"IHTb nomme cneKrpaJihHoe pacnpe.n.enen11e 

BaKaHCHH (CilCKT}JaJlbHYIO c[:>yHKl~mo), Ha,!J,O npocyMMHpOBaTb B cp-JIC 

(5.39) no BCCM pa3JIH"IHblM 3Ha"ICHHHM Lu H Sii• HCIIOJib3YH IIpH 3TOM 

pa3JIHqHbIC 3HeprCTH11CCKHC 3HaMeirnTCJ1H. 

YpaBHCHHC ,UaiicoHa HMeeT O)J.HO pemeHHe, cooTBCTcTBy10ruee 

OCHOBHOH JIHHHH H rpynny pellleHHH, COOTBCTCTBYIOIUHX CaTCJIJIH­

TaM. PaccMOTpHM pc111c1mc, cooTBetcTBy1oruee ocHos11oii JIHHHH. 

B JTOM cny11ae JHcpret11qecKHH 3HaMc11aTcJI1> pase11 311epr1111 B03-

6y>K,nenm1 qaCTH"IHO-,llbipO"IHOH napbI Hapy>KHbIX o60JIO"ICK, 'ITO co­

CTaBJIJieT 061>r11110 10--30 3B. Ec1m .n.1>1pKH i Hj npttna.n;JIC>KaT pa3-

JIH'lJHbIM aTOMHbIM 06ono11KaM, :mepreTH"ICCKOC pacruenJICHHC MC:>K­

.n.y pa3Jiff'lHMMH TepMaMH LuSu onpc.n.em1cTcJ1 1<yJ10noBCKHMH JJ 

o6MCHHbIMH MaT}JH"IHblMH 3JlCMCHTaMH B3aHMO)J.CHCTBHH 3JlCKT­

pOHOB pa3JIH11HbIX o6ono"lcK. PacqeThI noKa3bJBaioT, 'ITO B 3TOM cny-

11ae 3HeprCTH'lCCKOe pac1ucm1CHHC COCTaBmleT CAJJHHUbl 3JICKT­

pOHBOJlbT H MCHee. 11penc6peraH pacrucnJICIIHCM MC:>I<)J.y TCpMaMH H 

npoBC)J.H cyMMHpOBa1me )J.JIH MOHOIIOJlbHOro "IJICHa (i = k) no BCCM 

B03MO*HbIM L!i H Sil B (5.23) 11 (5.24), nony"IHM .nnH cny'IaH 3anon­

ne1IHbIX o6ono"leK cne,ny101ucc Bb1pa:>Ke1me WIH KynoHoscKoro MaT­

ptt11Horo 3JICMCHTa: 

/(~i/U/ksl!2 = ·-~1/l<JJV'A/ks\j2 - 4(-_!llr+·li {'k lk A.µ}x 
[A,/ k] \ f [l k] ls l j 

x (l<J/V 'Ai ks )(kk /Vµ I js) + "[µ~~) j(kk IVµ \js )1
2

. (5 .41) 

B cny11ae uc3ano;menHoli 06ono11KH, KpoMc :noro, Ha1.i;o nposcc­

TH cyMMHpOBaHHC no BCCM TCpMaM Koncp11rypaUHH l f -I ' UOCKOJihKY 

BCC TaKHC TCpMbl, COBMCCTHMblC c coxpaneHHCM nommro yrnosoro 
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MOMe1na, .ua10T BKna.n B 3Hcprmo pcnaI<caum1 saKaHCHH. IlpocyM­

MHposas no q ¢-ny (5.37) ,lJ,JIR cnyqaJI MOHOllOJlbHOI'O caTCJIJIHTa 

(A = 0, l; = lk H Ii= ls). B03Be.UR B KBa.upaT, npocyMMHpOBaB no BCCM 

npoMe:>1(yToqub1M MOMeHTaM Lu H Su, no;1yqHM: 

2 
N GL1S1 

b.1~1 = _....__ __ _,__ (5.42) 

IlpocyMMHpoBaB .uanee no BCCM TCpMaM KomtmrypaUHH I J -I H BOC­

llOJib30BaBillHCb COOTHOillCHHCM opTOfOHaJibHOCTH ,lJ,JIR reHeanorH­

qecKHX K03¢qmu;HeHTOB [11C), nonyqHM OKOHtiaTCJibHO: 

/
·2 - N; 

' 0 - [i;:ij ]' (5.43) 

TaKHM o6pa30M, Mbl nonyqHJIH Ba>1rnoe COOTHOilleHHe: BKJia,lJ, 

B MOHOllOJibHYIO penaKcaumo BaKaHCHH BCJIC,lJ,CTBHe B036yJK,IJ,CHHR 

caTCJIJIHTOB H3 HC3anoJIHCHHOH o60JIO'IKH nponopuHOHaJieH 'IHC­

JIY 3JieKTpOIIOB B 3TOH o60JIO'IKC H He 3aBHCHT HH OT TCpMa '.HOH 

o60JIO'IKH L/)i, HH OT TCpMa HOHHOrO OCTOBa LS. f!o.n,o6HOC cyMMH­

poBaJIHC )J.JIR o6MCHIIOro qnena HC MO/KCT 6bITb C,D,CJiaHO B RBHOM 

stt.n:e. 0.nnaKo O'iCBH.UHO, l.JTO s cnyqae MOHonoJibHOH peJraI<cau;HH 

rny60KHX o6onoqeK o6MeHHblH l.JJICH cyiuecTBCHHO MCHbllle npR­

MOro. 

AnanomqHoe cyMMHposa1me MO/KHO nposeCTH H ,lJ,JIJI B036yJK­

JJ.CHHH H3 3allOJIHCHHOH o6onoqKH B HC3anoJIHCHHYIO o6oJIOtIKy. 

B 3TOM cny•rne cj;>opMyna .UJIJI npRMoro MOHOnOJibHoro qneHa BbJrJIR­

.UHT ananorHqno: 

(5.44) 

B 3TOM cnyqae BCJIHtIHna penaKcauHH nponoputtonaJibHa tIHCJiy 

CB060):{HbJX MCCT B m.~3allOJIHCHHOH o6oJIOtIKe H TaK>Ke He 3aBMCHT OT 

TCpMa. 

l10J1yqeHHblC cj;>opMyJibl JlJLll BCCOBoro <PaKTOpa ll03BOJl.R:IOT c.n:e­

JiaTb OUCHKY MOHOllOJlbHOH peJiaKCa[lHH, conpoBO>I\,IJ,aJOIUCH cj;>oTo­

HOHH3aIJ,HIO aToMOB c ue3anom1ennoif 060;101.JKOH. TeopeTHtICCKMe 

CllCKTpOCKOnlflJCCKHe cj;>aI<TOpbI [26] JIHHHH, o6bI'IHO HCnOJib3YlO­

IUHXC.R: B cj;>oT03JICKTPOHHOH cneK'rpOCKOrIHH .UJI.R: 60JibIIJHHCTBa aT0-
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MOB, rrpirne.n.eHbl B rn6n. 5.3 (CD, 000). IlpH pacIJeTe Y'IHTbIBailHCb 

TOJibKO MOHOIIOJibHbie B036y)l{.n.enm1, a BKna.n. rrpOIJ.eCCOB, H3Memno­

Ill,HX HCXO.IJ.HYIO BaKaHCHIO, rrpene6peraJIC51. Ilptt pacIJeTe BOJIHOBhIX 

cpyHKQHH H :meprttH HCIIOJib30BaJIOCh penaKCHpOBaHH0-3aMopo:>KCH­

noe rrp116mt)l{e1me. YIJttThIBanHCh B036y)l{.n.enttH 113 o6onoIJeK c 

:meprtteiI CB513H .n.o 150 3B B qacTH'IHO 3aIIOJIHeHIIbIC H He3anonnen­

Hhle o60JIO'!KH, paBHO KaK H B CIIJIOllIHOH cneKTp. 

1fa anamBa 3ToiI rn6n11uh1 MO)l{IIO c.n.enaTh cne.n.y10nu1e BhIBO.IJ.hI. 

CneKTpocKOIIH'!ecKtte cpaKTOpbI pa3JIM'!HhIX BHYTPemmx o6onoIJeK 

0,lJ,HOro H Toro )Ke aTOMa IIO'ITH COBIIaJJ,aIOT. HarrpttMep, crreKTPOCKO­

IIM'IeCKHe cpaKTOpb1 JIHHHH 2p Kr 11 3d Kr paBHhI coorneTCTBcnno 

0.84 H 0.86. 3To COBrra.n.entte CB513aHO c TeM, 'ITO penaKCaQH51 orrpe­

.n.enHeTC51 3Kpau11poBaHHeM BHyTpenneiI BaKaHCHH B036y)K.IJ.eHH51MH 

H3 BaJICHTHblX o60JIO'!eK. Il03TOMY crreKTpOCKOIUI'!eCKHH cpaKTOp 

orrpe.n.enHeTC51 B OCHOBHOM 'IHCJIOM 3JieKTpOHOB B BaneHTHblX 060-

JIO'!Kax H HX 3HeprHHMH CB513H H KynonoBCKHM B3aHMo.n.eiICTBHeM c 

B036y)K.IJ.CHHhIMH o6onoIJKaMH. EcnH caMaH BHellIHHH o6onoIJKa 

S-THIIa, TO 3KpanHpOBKa MeHhllle H cneKTpOCKOIIH'!CCKHH cpaKTOp 

ocnoBnoiI JIHHHH 6oJihllle. IlpH 3arronnenHH c pocToM aToMnoro no­

Mepa BHelllneiI o60JIO'IKH crreKTpOCKOITH'!eCKHH cpaKTOp yMeHhllla­

eTC51. HanpHMep, crrc1<Tpoc1<orrH'Iec1<He cpa1<TOpb1 yMeHblllaIOTCH B 

pH.IJ.Y OT B .n.o Ne, B TO BpeMH 1<a1< B Na qacTHIJHoe 3anonne11He 

3s-o6oJIO'!KH rrpHBO.IJ.HT K yBeJmqenmo 3HCprHH CB513H 2p-3neKT­

poHOB H crreKTpOCKOIIH'IeCKHH cpaKTOp HCMHOro yBeJIH'IHBaeTC51. 3K­

panHpOBaIIHC BaKaIICHH 60Jihllle, eCJIH BOJIHOBa51 cpyHKI~H51 BHellIHCH 

o6oJIO'IKH He HMeeT pa.n.HaJibHb!X nyneiI. Il03TOMY cneKTPOCKOHH'!C­

CKHH cpaKTop JIHHHH ls Ne MCHhllle, qeM cpaKTOphI JIHHHH 2p Kr H 3d 
Kr, TaK)l{e 2p-crreKTPOCKOHH'!eCKHe cpaKTOpbI 3d-aToMOB MeHbllle, 

IJeM 3d- crreKTpOCKOHH'IeCKHC cpaKTOpbl 4d-aTOMOB. 

Cne1<Tpoc1<onttqec1<He cpaKTOphI BHyTpeunHx o6onoIJeK Me1rn10T­

c51 ne3naIJHTenhno: OT 0.91 JIMHHH ls Li .n.o 0.77 JIHHHH 2p Zn. Ilo­

CKOJihKY Bee crreKrpoc1<orrHqec1<He cpaKTOphI naxo.n.HTCH B Y3KOM 

mnepBaJie B6JIH3H 0.8, yIJeT crreKTPOCKOIIH'!eCKHX cpaKTOpOB rrpH 

pacqeTe OTHOCHTeJihHb!X HHTeHCHBHOCTeH JIHHHH B pCHTreH03JieKT­

pOHHbIX crreKTpax necylll,ecrnen. YIJeT cneKTPOCKOITH'!CCKoro cpaK­

Topa neo6xo.n.HM npH paCIJCTe CC'!eimH cpoTOHOHH3aQHH, COOTBeTCT­

BYIOill,HX ocnoBHhIM JIHHHHM. 3naqentte crreKrpoc1<0IIHIJec1<oro cpaK­

Topa 0.8 .IJ.JIH ls Ne xopolllo cornacyeTC5I c 3KcrrepHMeHTOM [32], r.n.e 

6hIJIO rronyqeuo, 'ITO HHTeHCHBHOCTb Bcex caTeJIJIHTOB HOHH3aQHH 

ls Ne cocrnBJrneT 25 % HHTencHBHOCTH ocuoBnoiI JIHHHH (20 % Bce­

ro crreKTpa ls Ne). 
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Ilptt HCCne.n;osaHHH rnep,ll;hIX o6pa3U:OB ou:eHKH mneHCHBHOCTH 
caTennttTOB cttnhHO 3asttC5IT OT MeTo.n;a y.n;anenttH <l:>ona. Anantt3 .n;nH 

nHTH 3JieMeHTOB Al, Cu, Mo, Sn H Ta c y.n;anentteM <l:>ona no lllttp­
ntt [33] .n;aJI 3naqentt5I 0.27, 0.24, 0.12, 0.20 H 0.28 COOTBeTCTBeHHO 
[34] ( cpe.n;nee 3naqe1rne 0.22), qTo Kaqecrnenno B ocnosnoM corna­

cycTCH c HaIIIHMH pe3yJihTaTaMH 0.11, 0.22, 0.18, 0.17 H 0.16 ( cpe.n:­
nee 31rnqe1rne 0.17). 

CaTeJIJIHThI <l:>oTOHOHH3au;1rn snyrpenm1x H sanenTHhIX o6ono­
qeK HHepTHhIX ra30B B03HHKaIOT H3-3a MHOr03JieKrpOHHhIX Koppe­

JI5IU:HH, corrposo:>K.n;amru:ttx <l:>oTottOHH3au;mo. B MTB nono:>KeHHH 
caTCJIJIHTOB ,ll;aIOTC5I perneHH5IMH ypasneHH5I )J;aH:cona. 3neprHH MO­
HOIIOJlhHhIX caTeJIJIHTOB C,ll;BHHYThl B CTOpony 60JihllIHX 3HeprttH: 
CB5I3H OTHOCHTCJihHO O,ll;H03JICKTpOHHhIX 3HeprttH: COCT05IHHH Tttrra 

«,ll;Be ~(hlpKH-0,ll;Ha qacTIU(a». 11HTCHCHBHOCTH caTeJIJIHTOB paBHhl 

COOTBeTCTBYIOIQHM CIICKTpOCKOirnqecKHM <l:>aKTOpaM. TaKoe nptt-
6m1:>KeHHe crrpase.n:mrno B o6nacTH .n;aneKoli OT nopora HOHH3aQHH, 

r.n:e sep05ITHOCTh B036y:>K,ll;CHH5I TaKHX :>Ke COCT05IHHH BhineTaIOIQHM 

3JICKTpOHOM npene6pe:>KIIMO Mana. 
PaccMoTpIIM B Kaqecrne np11Mepa caTeJIJIIIThI <l:>0To11011113a­

u:1111 2s-06onoqK11 aToMa Ne. Cyru:ecTBYIOT .n:sa Kanana Monononh­
HhIX caTeJIJIIITOB, OTJIIlqaJOIQIICC5I nOJIHhIM cnIIHOM .n:syx ,ll;hlpOK 
2s-12p-1( 1·3P) np(2S) H ,ll;Ba ,ll;IlnOJihHhIX Kanana pacna.n:a B COCT05IHil5I 

2p-2('S) ns(2S) H 2p-2(1D) nd(2S). Pe3yJihTaThl pacqeTa IIHTCHCIIBHO­

CTCH caTemrnToB B np116ntt:>KeHHH <<3aMopo:>Kennoro ocToBa» [22] 
npttse.n:enhI B rn6n. 5.4 (CD, 000). KaK stt.n;no 113 3TOH rn6n11u;h1, 

naIIHII3IIIHH rropH.n;OK MTB xoporno socnpott3BO.ll:HT HHTenc11sno­
CTH 60JihllIHHCTBa caTeJIJIIITOB c n = 3 c TOqHOCThIO 20 % npa ycno­

BHII, qTo caTCJIJIIIThl ,ll;OCTaTOqno .n;aneKO OTCT05IT .n:pyr OT .n:pyra 
no 3uepr11tt. 

IlpII BhIBO,ll;e Bhipa:>KeHHH ,ll;Jl5I <l:>opMhl JIHHHH (5.27), ee IIIIIpIIHhl 

(5.28) H cne1<TpocKonttqecKoro <l:>aKTopa (5.29) npe.n;nonaranoch, 
qTo uepaseucrno (5.25) Bhrnonneuo 11 H3Meneu11eM MHHMOH qacTII 

C06CTBeHHO 3HepreT11qecKOH qaCTH <i:>YHKQHII rpmrn MO:>KHO npene-
6peqh. B cnyqae UittpoKHX nttnttH:, BKmoqtts TaK:>Ke pa3JIO:>Kentte 

MHIIMOH co6crnennoH: 3Heprntt B pH.n; no (E - E) [21], nonyq11M cne­
.n:ymru:tte <l:>opMyJihl ,ll;Jl5I yKa3aHHhIX BCJIHqttu: 

A(E)=_!_ 1-a r/2+~(1-a)(E-E). 
n (1-a) 2 +~2 (E-E) 2 +(fl2) 2 

(5.45) 
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r.n;e 

r = 2(1 - ex) Im 2: k ( E) ; 
(1-ex )2 + ~2 

-: 1-ex 
f = (1- ex )2 + ~2 ' 

o Re1:k(z) o Im:Ek(z) 
ex= =----ox oy ' 

~=a Im:Ek(z) = _ o Re~k(z), 
ax (Jy 

E=z==x+iy. 

(5.46) 

(5.47) 

(5.48) 

(5.49) 

lfa cp-JibI (5.45) cnc.nyet, qTO yumpeHHC OCHOBHbIX mnrn:H 

Bcne.ncTBHe pacna.n;a BaKaHCHH Bcer.n;a acHMMetpn1:IHoe. TaKoe ynm­

peHHe JlHHllH B cpOT03JICKtpOHHblX cneKTpax MO)l(eT 6bITb Bbl3BaHo H 

.z:i;pyrHMH npHtJHHaMH. JIHHHH B <Pot03JieKtpOHHblX cneKtpax TBep­

AbIX TCJ1 Bcer.na YlllHpCHbl H3-3a Heynpyroro pacceRHHR cl>oT03J1CKT­

pOHOB. HeynpyropacceHHHblC 3JICKtp0Hbl HMCIOT MeHblllYIO KHHCTH­

qecKylO 3Heprnl0, qTO npHBO.IlHT K IlOA'bCMY BbICOK03HepreTHqCcKOH 

(no :rncprnHM CBH3H) CTOpOHbl JIHHHH [33]. fI03TOMY 3KCnepHMCHTa­

J1bHO Ha6mo.n;acMaR acHMMetpmI wnpOKHX JIHHHH B TBepAbIX Tenax 

HBJIHeTCH pC3YJibTaTOM ,n;ayx yKa3aHHbIX Bbillie 3cp¢eKTOB. 

3aMeTHM, qTO B npoBO.IlRIUHX TBepAbIX Tenax IlORBmICTCH emc 

0.IlHH KaHaJI penaKCaUHH BHytpe1rnefi BaKaHCHH. 3To HBJieHHe, Ha-

3Ba1moe pe!la1<ca4ueii <jJepMu-noeepxuocmu, npHBO.IlHT K TOMY )Ke 

HanpaBJICIIMIO aCHMMetpHH, qTo H Heynpyroe pacceHHHC [35, 36]. 
By,ncM Ha3hIBaTb 3To 11arrpasJieHne rrono/I<HTCJII>HhIM. BhrnCHHM 3HaK 

acHMMetpHH, 06ycnosne1111oii pacnaAOM BaKaHCHH. YBem1qem1e 

3Heprmr CBR3H HCXOAHOH saKaHCHH k-1 npHBOAHT K yBenHqeHHIO 

KHHCTHqecKOH 3HeprnH Es B KOHeq110M COCTORHHH t-"j-ls. A6cOJilOT­

HbIC BCJIHqHHhI KynoHOBCKHX MatpH1:IHhIX 3JieMeHTOB (kJI UI is), 
onpe.nenRIOIUHX WHpHHY JIHHHH, o6wrno yMeHblllaIOTCH c pocTOM 

KHHCTH'iCCKOH 3HeprnH. IT03TOMY 3cpcpeKTHBHaH ll1Hp1rna JIHHHH 

YMCHbWaeTCH c pOCTOM 3Hepnrn CBH3H, npHBO.IlH K Otpm.1,aTCJlbHOH 

aCHMMCTpHH (npoTHBOrIOJIO>KHOH HanpasneHHIO aCHMMCtpHH, BbI-

3BaHHOH HeynpyrnM pacceHHHCM H peJiaKcauHeH cpepMH-IlOBepXHO­

CTH). Cne.z:i;yet OTMCTHTb, qto acHMMetpHH, BbI3Ba1rnaH penaKcauHeH 

cpepMH-noBepxHOCTH, 06h1qHo HaMHoro 6oJII>llle penaKca1.1,HH, BbI-

3BaHHOH pacna.n;oM BaKaHCHH. 
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11peo6pa3osas cp-ny (5.45), 3amnueM acHMMe1'pH4HYIO nopemi;e­

sy cpopMy JUIIUIH B BH.lle [37, 38]: 

La(x)= l+P'(x-xo)/f/2. (5.50) 
I+ (x - x 0 )2 I (l'/2)2 

B c;1yqae acttMMCTpH4Horo yumpeHHK, BhI3BaHHoro npoueccaMH 

O:>Ke 11 KocTepa--KpoHttra, napaMeTP acttMMerp1111 qJopMbI JUIHHH 

CB513aH c npOH3BO,llHblMH ,n;eHCTBHTCJibHOH H MHHMOH qacreH co6cT­

BCHHOH :meprnH a. H ~ cnc.ny10ui;eii cpopMynoii: 

W=-P-. 
1-cx 

(5.51) 

fIOJIHaH umpHHa JIHHHH r pasua cyMMe JICBOH f1/2 H npasoii 

C- 12 norryump1rn. MoX<Ho noKa3a'fb, 'ITO c TO'l'HOCTblO ,n;o 6ccKo­

neqno MaJiblX BCJlH'!HH BbIClllHX nopKAKOB r, /2 = er /2) I (1 - p') H 

r,. /2 = (r/2) I (1 + p'), a nonHaH um:pmia na no;1os11Hc BhICOTbI He 

MelrnIOTC51. 3TO CBOHCTBO .nenacT aCHMMeTpH4HbIH npoqJHJib (5.50) 
O'ICHb y.ri;o6HbIM np11 no,llro11Ke cnc1npos MeTo,n;oM nattMCIIblllHX 

KBa,llpaTOB, IlOCKOJibKY llIHpIIHa JIHHHlf If ee aCHMMCTplrn RBJIHIOTCR 

ne3aBHCHMbIMH napaMe1'paMH. HcnoJib3YCMbIM B He1<oropbIX pa6o­

Tax HH,llCKC aCHMMC1'pHH 0 = r,. /r1 CB.sI3aH C BBC,llCHHblM HaMH napa­

MC1'pOM acttMMC1'pHH P' cnc.uy10ui;eii cpopMynofl: 

p' = 2( o_:}l . 
(S + 1) 

(5.52) 

)..lJI5I pa3JIO/KCHHR nepeKpbIBaJOUJ;lJXCff JllJHHM HCil0Jlb3YCTCH Me­

TO,ll no.nroHKH cneKrpa napaMeTpH'ICCKHMH <l>YHKUHHMH [39). 06bl'l­

HO LJ;JIH IlOLJ;fOHKH CilCKTpa AOCTaTO'lHO 1'pCX napaMCTpOB cpopMbI JIH­

HHH: JIOpCHUCBOH nrnpHHbI, rayccosa ywttpCHHH H napaMcTpa aCHM­

MCTpHH cpopMbl. fayccoso HHCTPYMCHTaJibHOC yumpcrmc MO/KeT 

6bITb yqre1rn cseprr<oii ipynKQHH raycca c acttMMcTpwumii rropeH­

acsoif cpyHKUHCH (5.50) HJIH HCilOJib30BaHHCM CMelllaHHblX ra­

ycc-nopCH[(CBblX cpynI<[(HH [39]. Ilo.nrOHI<a 3I<CIICpHMCHTaJibHOro 

CTICI<l'pa aCHMMC1'pH'lliOH JlOpCHUCBOH cpyHI<UHCH, YllIHpCHHOH rayc­

CHaHOM, Il03BOJHICT TIOJIY'l'HTb napaMeTpbI f H P' H3 3KCilCpHMCHTa. 

Tar<aH napaMeTptt3aUHH B03MO'>Ima, ecrrH acttMMeTpm1 JIHHHH He 

O'lCHb CHJlbHaH. Ilo.no6HblC JIHHHH 6y.neM Ha3blBlffb KBQ3U!Wpem4e­

BblMU. B cnyqae 6onbllIOH acttMMC1'pHH .nrrn no.nroHKH 11cno11r,3yeTCJ1 

cpopMyrra <Parm (1.50). 
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B Ka•iecrne rrpnMepa npnMeHeHH5I H3JIO)Kennoi1: TeopHH pac­

CMOTpHM cpopMy 2s-JIHHHH aTOMOB OT Si .no Sc [38]. )J,n5I rronyqe­

HH5I cneKTpOCKOIIHqecKHX cpaKTOpOB H napaMC'fPOB aCHMMCTpHH 

¢opMbI JIHHHH nprr pacqeTe co6crneHHOH :meprm1 yqrfTbIBaJIHCb 

HCCKOJihKO KaHaJIOB pacna)l,a H penaKCa[(HH 2s-BaI<aHCHH. lllttpH­

Ha JIHHHH onpe)l,CJI5ICTC5I O)KC-nepexo)l,aMH 2s-1--'> 2p-1 3 p-1£d( es) H 

2s-1--'> 2 p- 13s- 1£p, nptt KOTOphIX 3JICK'fPOHbl B CilJIOIIlHOM CilCK'fPC 

HMCIOT .IJ:OBOJibHO MaJIYIO KI:IHCTHqecKyIO 3HeprttIO. YquTbIBaJIHCb H 

O)Ke-nepeXO)l,bl, BKJia)l, KOTOphIX B MHHMYIO qaCTb co6cTBCHHOH 

3Heprmr ropa3JJ:O MCHhllle. I1pttMCH5IJIOCh penaKCHpOBaJIH0-3aMopo­

)KCHHOe nptt6Jitt)Kenne. TcopenrqecKHe urnpHHbI JIHHHH H napa­

MC'fPhI acHMMCTpHH 2s-pCHTreH03JICKTpOHHbIX JIHHHH npttBe)l,eHhl B 

rn6n. 5.5 (CD, 000). 
TeopeT11qecKa5I lllHpHHa JIHHHH 2s Ar rt = 2.21 3B HaXO)l,IITC5I B 

XOpOIIlCM COrJiaCHII C 3KCnepHMCHTOM rJKcn = 2.25 3B (40) H TCO­

ptteH JJ:pyrnx aBTOpOB [41] (r = 2.27 ::iB). 3KcnepIIMCHT [40] TaK)KC 

)],an oTpm~aTCJibHYIO acHMMeTpmo JIIIHHH 2s Ar. ABTOphr cTaThH 

[ 41] Kaqecrnenno o6o5ICHIIJIH rnKoe nanpaBnenIIe acIIMMeTpHH ca­

TCJIJIHTaMH B036y)K)l,CHH5I B uenpepbIBHbIH CIICKTp, B03HHKaJOrn;HMH 

nptt cjJOTOHOHH3a[(HH 2p-o6onoqKJ:!. 

5.5. <l>opMa caTCJIJIHTllhIX JIHllHH 

B cI>oT03JICinpOHilhlX CllCKTpax 

PaccMOTpHM COOTHOIIlCHH5I MC)KJJ:Y TaKHMH napaMe-rpaMH caTeJI­

JIHTHhIX mnrnil, KaK 3Heprmr, peJiaKCa[(HOHHhIH C)l,BHr, HHTCHCHB­

HOCTh M lllMpMHa. I1pu B036y)KJJ:CHHH caTeJIJIMTOB BaKancrrn ne MeH5I­

eTC5I 11 YJJ:06HO BBCCTH MaJibIH napaMeTp /1 - C)l,BHr 3Hepnrn caTeJI­

JIHTa OTHOCHTCJibHO O)J,H03JICKTpOHHOro 3HaqeHH5I: 

(5.53) 

Tor)l,a ocHOBHOM BKJiaJJ: B co6crneHHYIO ::iueprmo s6JIH3H ca­

TCJIJIHTa k-1j-1s 3aIIHIIlCTC5I B BH)l,C, CJie)l,y1orn;eM H3 cpopMyJihl 

)l,JI5I BKJia)l,a BToporo nop5I)l,Ka TCOpHII B03Myrn;eHHH ITO MC)K3JICKT­

pOHHOMy B33HMO)l,CHCTBHIO B co6CTBCHHO 31-IepreTHqecKyIO qacTb 

(5.12): 

Re:r.Cz)_ (/1) =- \(kJIUlks)\
2 

k(JS) /1 (5.54) 
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B 3TIIX o6o3HaqeHmrx ypaBHem1e ,l.l,aH:coHa 3amurreTC5l KaK 

I( kj I U I ks )1 2 

£k+£J -£,1,- Ll =Ek - Ll . (5.55) 

c yqeTOM MaJIOCTll L1 nonyqIIM perneHIIe ypaBHeHII51 ,l.l,aH:coHa: 

(5.56) 
Es-£ j 

TorJJ.a crreKTpocKorrJiqecKIIH cpaKTOp II3oJIIIpoBamrnro caTeJIJIIITa 

MaJIOH IIHTeHCIIBHOCTll MO/KHO rrpe,n:CTaBllTb cpopMyJIOH, COBila)],aIO­

ru:eli c pe3yJibTaTOM, nonyqaeMblM c IlOMOW:blO cp-Jibl (1.132) B paM­

KaX TeOpIIII B03Myru;eHIIH [JUI]: 

1 
hus)= 2 ~ 

I+i(kJJU\ks)i I L1~Us) 

~2 1(191 UJ ks)i2 :::::::: = (5.57) 
I( kj I U I ks )1 2 

1-IeKOTOpble MOHOilOJibHhle caTeJIJIIIThl B cpOT03JieKTpOHHhIX 

crreKTpax HMeIOT rrpocpHJih c IlO)],WIThIM BhICOK03HepreTHqecKHM 

KpaeM [ 6]. IloKaJKeM, qTo 3TO nanpaBnem1e acttMMeTpm1 cne.n:yeT H3 

cpopMyJihl )],Jl51 cneKTpaJihHOH cpyHKU,llII BO BTOpOM nop51)].Ke TeOpIIII 

B03Myru;e1mii II He 3aBHCHT OT 3HaKa MaTpttqHoro 3JieMeHTa. IIpeJJ.­

noJIOJKIIM, qTO MHttMa51 'IaCTh co6cTBCHHOH 3HeprIIrr (5.20) IlOCT051H­

Ha. Tor,IJ,a acIIMMerpII51 cpopMhI cneKTpanhttoii cpyHKU,IIH ( 5 .18) onpe­

JJ.CJI5leTc51 pe3KIIM mMeneHrreM Re L k~j.1,l ( £), cJieJJ.y10ru:rrM tt3 cp-JihI 

(5.54). IlpII L1 ---,> 0 Re L k2l (£) pacxo,n:IITC51 II cneKrpaJihHa51 cpyHK-

11,1u1 o6paru:aeTC51 B HOJih. Ilo3TOMY JlIIHII51 6yJJ.eT JIMeTh JIOpem:~eBy 
cpopMy, eCJIII C)],Blff JIIIHIIII OTHOCIITeJ1hHO 3TOH TQqKJI 6oJihIIIe nony-

IIIIIp IIHhI JIIIHIIII: 

L1>>rI2. (5.58) 

11cnOJih3Y5l (5.56) II (5.57), 3TO HepaBeHCTBO MO/KHO npeo6pa30BaTh 

K BHJJ.y: 

(5.59) 

TaKIIM o6pa3oM, MhI nonyqJinII, qTo npII BhmonnenIIII cTaHJJ.apT­

noro ycJIOBII51 KBa3JiqacTJiqHOH KapTIIHhl caTeJIJIIITHa51 JIIIHII51 51BJI5l­

eTC5l nopenu,eBoli (1rnn KBa3nnopettu,eBoii), JI ee npocpnnh MOJKeT 
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6hITb Bbipa)KeH qepe3 napaMeTpbI,. paccqIITaHHble B O)JJIOH TOqKe. 

B npOTIIBHOM cnyqae, TO ecTh ecnII MHIIMa}l II )J,eiicTBIITCnhHa}l qacTII 

co6crnem10ii :meprIIII - BenIIqIIHhI o,unoro rrop}IJIKa, cpopMa crreKT­

panhnoii nIIIIIIII }IBJrncTC}l nenopem1eBoii II He Bb1pa)KaeTC}l qepe3 na­

paMeTphI, paccqIITaHHhie B OJIHOH TOqKe. IlpII 3TOM, KaK cneJiyCT II3 

cpopMyJihl )J,rnI cneK1-paJibHOH cpyHIGJIIII, IIHTCHCIIBHOCTb JIIIHIIII, co­

OTBCTCTBYIOUJa}l MCHhlllIIM KIIHCTIIqecKIIM 3HeprII}IM, YMCHblllaeTC}l, 

qTo npIIBOJIIIT K npe,unoqTIITCJlbHOMy UOJIO)KIITCJibHOMY nanpaBJie­

HIIJO aCIIMMeTpIIII c IIOJIH}ITOH BblCOK03HepreTIIqecKOH CTOpOHOH. 

C11yqaII napyrneHII}l KBmIIqacTIIqnoii KapTIIHhI MoryT 6b!Th naii­

.n:enhI B 3KCI1CpIIMCHTanbl-IbIX cpOT03JICKTpOHHhIX cneKTpax, ecnII 

011enIITh Re "ik KaK CJIBIIr 3ueprIIII caTeJinIITa OTHOCIITCnhHO i1eH1'pa 

TmKeCTII cne1<Tpa, a lllIIpm1y JIIIHIIII npeJICTaBIITh KaKjj, Im "ik. IlpII 

3TOM CIIeKTpOCKOnIIqecKIIH cpaKTOp paBCH 3KCI1CpIIMCHTaJibHOMY OT­

HOillCHIIIO IIHTCHCHBHOCTif caTCJIJIIITa K OCIIOBHOH JIIIHIIH. 3KcncpH­

MCIITaJihHhle 3HaqeUII}l IIIITCHCIIBIIOCTCH II lllIIpIIH HCKOTOpbIX ca­

TCJJJIIITOB B cpoT03JICKTpOHHbIX CHCKTpax Ne II nonyqemihlC Ha IIX 

ocHOBe Re 2.1c II Im "ik npIIBCJICIIhl B rn6n. 5.6 (CD, 496). 
IIpeue6pe)J<CHIIe .IIBoiinoii IIOHII3a!lIICH npII TaKOH o6pa6oTKe 

3KcncpHMCHTaJihHhIX .11aHHhIX npIIBOJIIIT K Ollltt6Ke OKOJIO 10 %. He­

cMoTp}l Ha 3TO, MmKHO c.1:i;cnaTh ,IJBa Bhrno,ua. Bo-nepBhIX, BO Bcex 

paCCMOTpeHIIb!X CJryqa}IX JieHCTBIITCJihHa}l II MHHMa}l ciaCTil C06CT­

BeHHOH 3HeprIIII -·· BeJIHqlIHbl OJIHOro IIOp}IJJ;Ka II CTaHJiapn1oc ycnoBIIC 

npIIMeIIIIMOCTII KBa3IIqacTuqHott KapTIIHhI (5.25) uapylllacTC}l. Bo-BTO­

pbIX, pacqeThI Im "i BO BTopoM nop}IJIKe TeopIIII B03MYlllCHHH no cp-ne 

(5.20) BCCr,IJa JiaCT BeJIHqIIHbl nop}IJIKa CL(IlHillJ 3JieKTpOHBOnhT, 

TO CCTb na I10p}IJIOK MCHbllIC 3KCnepHMCHTaJ!hHb!X 3HaqenIIH. 3TO 03Ha­

qaeT, qTo B JiannoM cnyqac )IJI}l npaBIInhl-IOro pacqeTa lllIIpttHhI ca­

TennIITa JIOJI)KHhI 6hITh yqTeHhI Bhicrnue nop}l,UKII B pa3JIO)KCHIIII W11 • 

PaccMOTpttM o6u:yIIii cnyqaii Bm6y)KJICHII}l JIHCKpeTnoro caTen­

Jmrn k-1 ---7 k-1J-1s npII HanO)KCHIIII KOHTttnyyMa k-1 ---7 k-1/- 1q. Ko­

neqnhIC COCTO}IIIII}l HOiia k-')-1 II k-- 11-1 MoryT OTJIIIqaTbC}l na OJIHY 

)J,hlpKy IIJIII COBUaJiaTb, OTJIIIqa}ICh TOnbKO CXCMOH CB}l3II MOMCHTOB 

II CIIIIHOB. BKJiaJI BTOporo nop}IJIKa B nmpttuy JIIIIIHH o6ycnOBJICH 

B036y)KJICHII}IMil B KOHTIIHYYM q/-I: 

k k k (5.60) 
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BKrra.n :non JJ.IIarpaMMbI B MHIIMYIO qacTb co6crnemrnli 3Heprm1 

II nmpIIHY JIIIHIIII .naeTC51 JJ.BYMH crre.nyIOlllIIMII cpopMyrraMII: 

ro =2rr/_L i(ktlUlkq)i
2
0(-E+rk+r 1-rq); (5.61) 

lq 

Im1:k2)(E) = 

=rr L (-I) 1+"i(kllUlkq)j2o(-E+£k+£ 1-Eq). (5.62) 
lq 

Bo3MO)KHbI TaK)I(e 6orree CJIO)KHbie pe1onaHCHbie rrponecchI, B 

qacTHOCTII Bo16y)K.nenIIe JJ.IICKpeTttoro caTeJIJIIITa II ero rrocrre.ny10-

lllIIH pacrra.n B KOHTIIHYYM [ 42--44]. 3rn nponecCbI mo6pa)KaIOTC51 
JJ.BYMH cpeunMaHOBCKIIMII .nuarpaMMaMII (npHMOH II o6MeHHOu): 

k k k k k k 
+ 

(5.63) 

CooTBeTCTBy1omIIli BKrra.n TpeTbero nopH.nKa B MHIIMYIO qaCTb co6-
crnettHoli 3HeprnII HMeeT BIIJJ. [42--44]: 

Im1:k3)(E) =2rr (kJIUlks) L (-I)l+h x 
~ 

l,q 

x (k.J I u I ks) (.Jq I u I ls) o ( -E + r k + r, - r q ). (5.64) 

BecoBbie MHO)KHTeJIII ,IJ:JIH BHellIHHX BepllIHH TaKIIe )Ke, KaK II ,IJ:JI5I 
)J,IIarpaMM BToporo nopH.nKa. IlpIIBe.nem1e MOMeHTHbIX )J,IIarpaMM, 

COOTBeTCTBYIOill,JIX BHyTPeHHIIM BepnmHaM, .naeT cne.nyIOill,IIe <!Jop­
MYJibl JJ.JI5I npHMoro II o6MeHHoro qJJeHOB: 

. ' [LuluS uS iJ ]112 
j ~ = x 

jlsq 2 

x {L Ii A }{L li A }o(S,1/2); 
11 lq Lu 11 ls L11 

(5.65) 
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µ {L-· La µ } {Lu Lu µL} x gJlsq =[LuLuSaSu]112 1,Y l 
f j ; ls lq 

x(-l)L+Lif+Lu+l;+l,+lq+µo(S·· s.) 
!J ' ti . (5.66) 

BKna)J,hI 'IpeThero nopH)J,Ka pe3onancno B03pacTaIOT B oKpccTHO­

CTH )J,HCKpeTHOro caTeJIJIHTa H3-3a npwcyTCTBHH ManoiI BeJIHqlIHbl Li 
B 3HaMenaTene <P-nhI (5.64). 3TO 03uaqaeT, q·ro cne)J,yeT yqecTh TaK­

)Ke BKJia)J,hI qernepToro nopH)J,Ka, mo6pa)KaeMbie cne)J.ymrn,eiI )J,Ha­

rpaMMoiI: 

k k k 
(5.67) 

BKna)J, :noiI )J,HarpaMMhI B MHHMYIO qacTb co6cTBeHHoiI 3HeprHH 

)J,aeTCH cne)J,yIOrn,eiI <PopMynoiI: 

Im1:(4J_ (E) =7t l(!qJUJks)l2 x 
k(;s) Li2 

x L (-1) 111il(JqlUI 1s)j20(-E +Ek+E1+Eq). 

/,q 

(5.68) 

flo)J,CTaBHB 3TO Bbipa:>KeHHC B cpopMyny )J,Jl5I umpHHbI mIHHH 

(5.28) lI lICTIOJlb3YH npH6Jm:>KeHHOe Bbipa)KeHHe )J,Jl5I cneKTpOCKOillI­

qecKoro cpaKTOpa (5.57), IlOJ1yqHM yumpeHHe JIHHHH k 3a cqeT B3aH­

MO)J,CHCTBirn pe30HaHCHOro COCTOHHH5I 1-1s c KOHTHHYYMOM 1-1q: 

(5.69) 

3rn cpopMyJia COOTBCTCTByeT «30JIOTOMY rrpaBHny», Ha3BaHHOMY 

HMeIIeM ¢epMH, cornacno KOTopoMy, BHe 3aBHCHMOCTH OT rrpHpO)J,bI 

B03HlIKHOBeHH5I caTeJIJIHTHOro COCTOHHHH, ero yumpeHHe paBHO 

KBa)J,paTy MaTpwqnoro 3JieMenTa B3aHMO)J,eiicTBH5I c KOHTHHYYMOM. 

QqeBH)J,HO, qTO 3TOT qJ1en HBJI5ICTC5I OCHOBHbIM B yumpeHHH caTeJI­

JIHTa, IlOCKOJibKY B HCM orcyrcrnyer CIICKTpocKormqeCKHH cpaKTOp 
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JIHHllll. ,1J;warpaMMa TpeTbero rropH,n;Ka ll COOTBeTCTBYIOIUaH cp-na 

(5.64) rrpe,n;CTaBJIHIOT mnepcpepeHI.J,HOHHbIH qneH .n;syx KaHaJIOB 

yurnpeHHH. 

I-h-1a ManocTH il B 3HaMeHaTene (5.68) Tpe6osam1e rrnaBHoro 

ll3MCHeHH5I co6cTBeHHOH 3HeprHH He BbIIlOJIHHeTCH ll rrpocpHJib Jlll­

Hllll He MO:>KeT 6bITb OIIHCaH rrapaMeTpaMH, paccqHTaHHbIMH B O,ll;HOH 

ToqKe. ,1J;JIH 3TOro rpe6yeTC5I BblqHcneHHC cueKrpanbHOH cpyHKIJ;llll 

BO sceM 3nepreTwqecKOM HHTepsane caTeJIJIHTHoii JIHHHH. Bee TpH 

BI<na.n;a B MHHMYIO qacTb co6crneHHOH 3HeprHH MoryT 6hITb o6ne,[l;H­

HeHbI O,ll;HOH cpopMynoii: 

Im L k2,3,4) =7t L J ( -I)l+h x 
I 

(5.70) 

r.n;e cpa30BbIH MHO:>KHTeJib (-1) I+ h COOTBeTcTByeT ,n;HarpaMMe BTOpo­

ro nopH,n;Ka (5.60). 
lfa 3TOH cpopMyJihI cne.n;yeT, qTQ 3HaK cyMMbI BKJia,[l;OB BTOporo, 

TPCTbero H qeTsepToro rropH,n;KOB B MHHMYIO qacTb co6cTsenHoii 

3nepnm coBna.n;aeT co 1naKoM BKJia.l~a BToporo nopH,n;Ka (5.62). Pac­

CMOTpennhIH IIO,ll;XO,ll; co.n;ep:>KHT OCHOBHbIC )J,HarpaMMbI, orrpe,n;eJIHIO­

IUHC urnpwny JIHHHH BilJIOTh .n;o qernepToro rropH,n;Ka. By,n;eM na3hI­

BaTb ero yrrpOIUCHHbIM qeTBCpTbIM rrop51,ll;KOM TCOpHH B03MymenHH. 
PaccMOTpHM pe1ynhTaThI pacqcTOB cpopMbI caTeJIJIHTHhIX JIHHHH 

B 3TOM rrpw6JIH:>KCHHH. CaTennHT ls-1 2s-1(3S) 3s(2S) B ls-crreKTpe 

cpoTOHOHH3aU:HH Ne 11MeeT rrpocp11nh THrra <Pano [2, 3]. 3TOT caTen­

JIHT ac11MMCTp11qno yurnpen B3aHMO,ll;CHCTBHeM c ,n;ByMH KananaMH 

crrnoumoro crreKTpa ls-1 2p-1(1·3P) r, p. CrreKrpanbHaH cpynKU:HH ca­

TeJIJIHTa ls-I 2s-1(3S) 3s (2S), paccqwrnHHaH B ynpomennoM qernep­

TOM rropH,ll;KC B penaKCHpOBaHHOM rrpH6JIH:>KCHHH [45], rrpHBe,n;ena 

Ha pwc. 5.1 (CD, 000) BMeCTC c 3KCIIepHMeHTMbHbIMH ,n;aHHbIMH [3]. 

llo.n;ronKa TeopeTwqecKoro crreKTpa cpyHKU:HCH <Pano (1.50) .n;ana rra­

paMerpbI [' = 0.54 3B H q = -2.3, KOTOpblC HaX0,[1;5ITC51 B xopOIUCM co­

rnaCHH c 3KCI1CpHMeHTaJibHbIMH BCJIHqHHaMH [' = 0.57 3B ll q = 
= - 2.2 [2, 3]. ,1J;JI51 ou;eHKH TCOpCTHqecKOH HHTeHCHBHOCTH JIIIHHH 

paccqHTbIBaJilICb ,ll;BC rrnoma,n;H: no.n; KpHBOH B llHTepsane 3 3B 11 IIO,ll; 

KpHBOH 3a BbiqeTOM JIHHCHHOro cpona, KOTOpbie ,[l;CJilIJIHCb na CIICK­

TpOCKOIIHqeCKHH cpaKTOp OCHOBHOH JllIHllll. llonyqenHbIC ,n;Ba 3naqe­

Hll51 0.92 % ll 0.59 % HaXO,ll;5ITC5I B y,n;oBJICTBOpHTCJibHOM cornaCHll c 
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3KCIIepIIMeHTaJihHOM IUITeHCHBHOCThlO caTeJIJIHTa OTHOCIITeJihHO 
OCHOBHOM JIHHIIII, paBHOM 0.7 % (3]. 

CaTeJIJIHThI 2s-12p-1(2S+ 1P)ns (2P) cpoTOIIOHtt3aU:IIH Ne ynmpe­

HhI TpeM5I KaHaJiaMII pacrra.n;a B CIIJIOIIIHOM crreKTp 2p-2(1S, lD, 3P)sp 
(2 P) II ttMeIOT KaK CHJihHO acIIMMeTPttqHy10 cpopMy, rnK tt rroqTH 
CIIMMeTPIIqHy10. Ha pIIC. 5.2 (CD, 485) IIOKa3aHa TeopernqecKa5I 
crreKTpaJibHa51 cpyHKU:H5I caTeJIJIIITa 2s-12p-1(3P)3s (2P) (JIIIHH51 60), 

yIIIttpeHHa5I rayccIIaHOM c IIOJIYIIIIIpIIHOM 0.17 3B, qTO COOTBeTCTBY­
eT 3KcrrepttMeHTaJihHOMy yIIIttpeHHIO [6]. Ha pttcyHKe rrpttBe,n;eH 

TaK>Ke pe3yJihTaT no.n;roHKH 3KCrrepHMeHTaJihHOro crreKTPa cpyHK­
u:tteM <Dano (1.50). 11onyqeHHhie rronronKoM TeopeTHqecKHe rrapa­

MeTphI q = -1.8 II f = 0.37 3B HaXO,ll;5ITC5I B XOpOIIIeM cornaCIIII C 3K­
crrepttMeHTaJihHhIMH BeJIHqHHaMH q = 2.7 (6] II f = 0.42 3B (5]. 

TeopeTIIqecKa5I cneKTPaJihHaR cpyHKU:II5I caTeJIJIHTa 2s-12p-l 

(1P)3s (2P) (JIIIHH5I 67 [6]), npIIBe.n;eHHa5I Ha pttc. 5.3 (CD, 486) HMe­
eT CJIO)I<HYIO ¢opMy, COCT05IliIYIO II3 ,n;Byx IIHKOB. 3KcrrepHMeHTaJih­
HO na6monaeTC5I O,ll;HH rroqTH CIIMMeTpIIqHhIM IIHK. Ha pIIC. 5.4 (CD, 
486) IIpIIBe.n;ena IIOJIHa51 crreKTpaJibHa5I cpyHKU:H5I Bcero caTeJIJIIITHO­
ro crreKTpa 2-1s2p-1(25 + 1P)ns (2P) ¢oTOIIOHH3aU:ttH Ne, yIIIIIpeHHa51 

rayccIIaHoM rronylllIIpttHOM 0.17 3B. KaK Btt.n;Ho tt3 3TOro pIIcyHKa 

TeopeTIIqecKa5I crreKTpaJibHa5I cpyHKU:IIII BOCIIpOII3BO,ll;IIT KaK aCIIM­
MeTPJ1qny10 cpopMy JIHHHH 60, TaK II rroqTII CIIMMeTPIIqHyIO JIH-

1-IHIO 67 [ 6]. 

Eru:e o,UHIIM KaHaJIOM pacrra.n;a caTeJIJIIITOB 5IBJI5IIOTC5I TaK Ha3hI­
BaeMhie 6alleHmHble MYllbmunnemHble o:J1ce-nepexoObl [30]. B 3TOM 
cnyqae ,ll;hipoqHhie COCT05IHII5I B naqaJihHOM lI KOHeqHOM COCT05IHH5IX 

COBrra.n;aIOT, HO MeH5IeTC5I cxeMa CB5I3II HX op6IITaJihHhlX II CIIIIHOBhIX 
MOMeHTOB. MaTpwmhie 3JieMeHThI TaKMX rrepexo,n;oB paccqJ1TaHhI B 

pa6ornx [30, 31, 46]. 
,l(Be cepttII caTeJIJIIITOB IIOHH3aU:IIII 2s-o6onoqKII: 2s-12p-1(1P) np 

(2S) (ctturnema5I ceptt51) H 2s- 12p- 1(3P) np (25) (TPHIIJiernaR cepH5I), 
HHTeHCIIBHOCTH KOTOphIX 6bIJIII paccqIITaHhl B II. 5.3, aCHM­

MeTPHqHo yIIIttpenhI HeCKOJihKHMH KananaMtt pacrra,n;oB. 06e cepHII 
caTennHTOB pacrra.n;aIOTC5I B CIIJIOIIIHOM CIICKTP KonqmrypaU:IIH 
2p-2(1S) ES (2S) lI 2p-2( 1D) sd (25). KpoMe Toro, BCe CHHrJieTHhie 

caTeJIJIIIThI pacrra,n;aIOTC5I B KOHTHHYYM TPHIIJieTHoro KaHana. Teope­

TttqecKa5I crreKTparrhHa5I cpyHKU:H5I, yIIIttpeHna5l rayccnanoM rro­

nyIIIttpttnou 0.17 3B, qTo COOTBeTcrnyeT 3KCIIepttMeHTaJihHOMY rrptt-

6opHOMY yIIIupeHIIIO [6], rrpttBe,n;ena Ha pttc. 5.5 (CD, 487). PacqeThI 
BOCIIpOH3BO,ll;5IT IIIHpHHY lI cpopMy naII6onee IIHTeHCHBHhIX caTerrntt­
TOB 2s-12p-1(1P)3p (2S) (JIHHH5l 68 [5]) lI 2s-'2p-1(3P) 3p (2S) (nttHH51 
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62 [6]) H HX OTHOCHTeJihHble BhICOTbl. lllttpHHbI rpmmernoro H CHH­

rnernoro careJIJIHTOB 0.4 H 0.17 3B, ou:enennhre no reopernqecKoMy 
rpacjmKy' HaXO)J,5lTC5l B cornaCHH c 3KCnepHMeHTaJibHbIMH [ 4 7] BeJIH­
qmraMH 0.53 H 0.12 3B COOTBeTcTBeHIIO. 

AmurorwqHhie careJIJIHThI B03HMKaIOT npw cj)OTOHOHM3aI~HH Ba­
nenrnoH: o6onoqKH Ar [ 6], cj:JopMa JIHHHH KOTOphrx 6bma paccqnraHa 

MeTO)J,OM cneKrpaJihHhIX cj:JyHKU:HH B ynpomeHHOM qersepTOM no­
p5I)J,Ke reopww B03MymettwH:. Ha pwc. 5.6 (CD, 487) rrpwse)J,ena reo­

perwqecKa5l cneKTpaJibHa5I cj:JyHKU:H5l careJIJIHTa 3s-13p-1(3P) 4s (2P) 
(JIHHIUI 68). 3TOT caTeJIJIHT ynmpeH H HMeeT aCHMMerpnqnbIH IlO)J,b­

eM B CTopony 60JibIIIHX 3HeprttH: CB5I3H H3-3a pacna.n.a B COCT05IHH5l 
3p-2(1S, 1D H 3P)ep [6]. Ero cj:JopMa xoporno rrepe)J,aerc5l reopernqe­

CKHM pacqeTOM. On HMeeT CJIO)KHYJO cpopMy, TaK KaK HaXO)J,HTC5I Ha 
rropore KOHTttnyyMa 3p-2( 1S) ep. Pe3yJihTaThI pacqera cj:JopMhI cnnr­

nernoro careJIJIHTa 3s-13p-1( 1P) 4s (2P) [44] uarroM1rna10T pe3yJihTa­
ThI )J,JI5l ero ananora B Ne. On cocTOHT H3 )J.Byx nHKOB c nposanoM 

rrocepe)J,HHe (CM. pttc. 5. 7) (CD, 488). OOJlhIIIHH IIHK co CTOpOHhI 

60JibllIHX 3HeprttH: CB513II COOTBeTcTByeT 3KCrrepIIMeHTaJibHOH JIHHIIH 
71 c 3HeprweH: 50.4 3B, a MeHbIIIeMy IIHKY co CTOpOHbI MeHhIIIHX 
3HeprHH CB513II COOTBCTCTByeT JIHHH5I 70 c 3Heprn:eH: 50.0 3B. 

TaKHM o6pa3oM, acnMMerpttqnoe yIIIttpenne cj:JoT03JieKTpOHHhIX 
caTeJIJIHTOB B036y)K)J,eHH5I B pe3yJihTaTe BCrp5ICKH 5IBJI5leTC5I CJie)J,CT­

BHeM MHOr03JieKTpOHHOH rrpnpO)J,hI 3THX COCT05IHHH H ua6mo)J,aeTC5l 
)J,J15I 6oJibllIHHCTBa caTeJIJIHTOB. 

5.6. 3<f><f>eKThl MeJKCaTeJIJHITIIOro B3aHMO)J,eHCTBHH 

B 4p-cj:Joro3neKTponHhIX crreKrpax nanrantt)J,OB II neKorophIX 
aTOMOB c MeHhllIHM aTOMHbIM HOMepoM BMCCTO CIIHH-)J,y6nera 4p112 
H 4p3;2 BCJieJ~CTBHe rrepeXO)J,OB Kocrepa-Kpo1rnra B COCTO>IHII>I 
4d-24f' ( f, /) II05IBJI51eTC5l CJIO)KHa5l crpyKrypa, CHJihHO Me1rn10ma5IC5I 
rrptt H3Menentttt aTOMHOro noMepa [13-16, 48-50]. Ananornqnh1e 
3cpcpeKTbI na6mo)J,aJOTC5l II B 5p-crreKrpax coe)J,HHCHHH aKTHHH)J,OB 
[ 51]. 3ro 5IBJieHHC, IIa3bIBaCMOe HHOr)J,a )J,HHaMttqeCKOH )J,HTIOJihHOH 

penaKcauttei1, ttccne)J,oBanoch reoperttqecKH MeTo)J,aMH MTB [14, 
15, 49, 50] H B3aHMO)J,CHCTBH5l KOHcj:JttrypauIIH: [16, 50, 51]. 

MTB rrpttMeHttMa, Kor)J,a B3aHMO)J.ettcTBHe Me)K)J,y ypoBH5IMH OT­
nocttTeJihHO Mano, a paccT05IHIIe Me)K)J,y HHMH BeJIHKO. B 3TOM cny­
qae C,IJ,BI-ffH ypoBneH: Mnoro Menhnre paccromnrn Me:a<,IJ,y HHMH. 

B paccMarpi-rnaeMOM pH,IJ,Y 3JieMeHTOB 3TO ycnom1e BhII10JIH5leTC5l, 
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rrpHTOM ,n,aneKo He rronHOCTbIO, TOJibKO ,n,m1 Xe, r,n,e HaH6onee CIIJib­

HhIM JIBmieTCH B3aHMO,IJ,eHCTBHe 4p112-BaKaHCHH c COCTOHHHHMH KOH­

TlIHyyMa 4d-2 r,f; npIIBO.IJ:Hrn:ee K noqTH IlOJlHOMY HCqe3HOBeHHIO 

4P11z-nIIHlIH B cneKTpe, B TO Bpew1. KaK cpopMa JIHHIIH 4p312 rroqTII He 

Mem1.eTc5l [13, 14]. flmToMy ,n,n51. Xe pacqeT rrpoBo,n,HncH MeTo,n,oM 

crreKTpaJibHbIX cpyHKUlIH BO BTOpOM nopH,n,Ke TeopHH B03Myrn;eHlIH. 

Ha pttc. 5.8 (CD, 488), r,n,e npHBe,n,eHhI TeopernqecKHii H 3KcnepH­

MeHTaJibHhiii [ 48] 4p-cpoTo3JieKTpOHHhie crreKTpbI Xe, rroKa3aHbI 

TaK)Ke TeopeTHqecK11e 3HeprHl1 CB5I3H 4P112, 4p312 11 4d 2, paccq11TaH­

Hbie MeTO.J.J:OM caMocornacoBaHHoro IlOJIH KaK pa3HOCTH IIOJIHbIX 

3Hepr11ii. lb 3TOro pucyHKa BHJ(HO, qTO .D;lIIlOJibHaH penaKCaUII51. npII­

BO,IJ,HT K cyw:ecTBeHHOMY (Ha 13 lI 11 3B COOTBeTcTBeHHO) yMeHb­

rnemuo 3Heprttii CBH3M 4p 112 11 4p312 . B cne,n,y10IUHX 3a Xe aToMax Cs, 

Ba u La B3attMo.n;eiicTBHH Me)K,n,y 4p-BaKaHcHeii H cocT051.HH51.Ml1 

4d-2(3 F, 1 D, 1 G) 4f ( 1 P) oqeHh Ben11K11 ( oKono rronoBl1HbI aTOMHoii 

C)J,IIHHUbl), a B3aHMO,IJ,CHCTBHC c KOHTHHYYMOM CTaHOBHTC51. MaJibIM. 

PacqeT cneKTpoB 3Tl1x aTOMOB npoBo,n:11ncH MeTO.D:OM B3al1MO­

.n:eiicrnyrorn:Hx KOHcp11rypau11H:. ,[.(nH Ka)K,IJ,Oro 113 naqaJibHbIX COCT051.­

HIIH 4p 112 11 4p312 pernanocb ceKyrrHpnoe ypaBHCHIIe B 6a311ce 113 qe­

Tbipex cocTo51.Hl1H 4p-1 11 4d-2(3F, ID, 1G) 4f (IP). ilHTeHCIIBHOCTb 

Jil1HIIH np11HHMaJiaCb paBHOH KBa,n,paTy K03cpcp11u11eHTa rrp11 COCT051.­

Hl111 4p-1 B co6crneHHOM BeKTope. JiopenueBo yurnpenHe paccq11-

ThmanocI> no «30JIOTOMY npaB11ny» <l>epM11, TO eCTb KaK KBa,n:paT 

MaTpuqnoro 3neMenTa B3auMo,n,eH.crnuH c KOHTl1HYYMOM. ,[.(nH yqeTa 

cmnr-op611TaJihHoro paciuennen1151. 11cnonh30Ba1111cb TeopeTuqecK11e 

penHTHBHCTCKHe 3Hepruu CBH3H. CneKTpbI 4p 112 u 4p312 paccquTbrna­

JIHCb OT,IJ,CJibHO, yurnpHJil1Cb rayccuanaMu lI CKJia.I(bIBaJIHCb co CTa­

THCTIIqecKl1Mll BecaMH. 

TeopeT11qecK11e crreKTpbI Cs, Ba 11 La 6brnl1 c,n,B11nyThI ,n,o coBrra­

.D:eHHH HaH6onee lIHTeHCHBHbIX JIHHHH B TeopeTIIqecKOM H 3KCIIe­

pHMCHTaJibHOM crreKTpax. 3TH C,Il,BIIrll, BeJIHql1Hbl KOTOpbIX OKOJIO 

1 3B, IIOKa3aHbl Ha pHC. 5.9-5.11 (CD, 489-490), r,n,e rrpHBe,IJ,CHbI 

Teopen1qecK11e 11 3KcnepttMeHTaJibHbie cneKTphI coe,IJ,HHeHHH nccne­

,n,yeMbIX aToMOB. B aToMax Ba, Cs u La B3a11Mo,n:eH.crn11e Me:>K.n.y 

4p-1
112 11 4d-2(3F, 1D, 1G) 4f(2P)-cocTOHHl1HMl1 B03pacTaeT no cpaB­

HeHmo c Xe H 4p 11r ypoBeHb pacw:errnHeTCH Ha HecKOJibKO n11nttH:. 

YpoBeHb 4p112 COCTOl1T ll3 TpCX Jll1Hl1H, C,IJ,BHHYTbIX OTHOCl1TCJibHO 

JIHHHH 4p3;2 rrptt6mI3HTCJibHO Ha BCJIHqHHY CilHH-op6HTaJILHOro 

paciuerrneHH51. 11 qeTBepTOH JIHHHl1, Cl1JlbHO C,IJ,BHHYTOH B CTOpoHy 

60JibllIHX 3HeprHH CBH3H. 3rn CJIO:>KHaH CTpYKTypa 4puz-JIHHl111 rre­

peKpbrnaeTCH co CTpYKTypoH. 4p31z-Jil1Hl1ll. 
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0TMCTHM, qTo Hanm rrpe.n:BapttTCJJhHbie pacqeTbI MCTO.ll.OM MTB 

.n:rn1 Ba, Cs tt La 6e3 yqeTa B3aHMo.n:eilcTBIUI MC)l(.ll.Y caTemmrnMtt .n:a­

BaJJH TOJ1hI<O .D.Ba COCT05IHH5I .D.JIH Ka)l(.l(Oll H3 CIIHH-op6ttTaJibHbIX 

KOMIIOHCHT: OCHOBHYIO J1HHHIO 4p-1 H Bee TpH CaTCJ1J1HTa, CJ1HBUIHC­

C5I B O)J.HH c cymecTBCHHO 3aBbllllCHHbIM C)J.BiffOM B CTOpOHY 6oJ1b­

IIIHX 3Heprnii CB5l3H. TaKHM o6pa30M, rrpH Hannqm:1 HHTCHCHBHbIX, 

B3aHMO.D.CHCTBYIOllJHX MC)K.ll.Y co6oi1 caTCJIJII:!TOB nyqUIJie pC3YJibTa­

TbI .n:aeT MCTO.ll. B3aHMO.l(CHCTBYIOllIHX KOHcpttrypaUHH. 

5. 7. Pa;~ua1vrnm1blii pacna.u 

Kor.n:a 3JJCKTpon y.n:an5leTC5l II3 aTOMnoii o6onoqKn, ttcKmoqa51 

caMyro snernmoro, B03MO)l{HhI .n:Ba nma pacrra.l(a BaKaHcJrn: pa,nua­

UIIOHHbIH pacrra.n: H O)l(e-pacna.n:. B cnyqae pa.n:Hauuomrnro pacrra.n:a 

3anonnenIIe BaKaHcHH 3JJeKTponoM BHeUineH: o6onoqKII corrpoBO)l{­

.n:aeTC5! II3nyqenIIeM cpornna c 3HeprneH: ffi. Bep05ITHOCTb pa.n:IIauIIoH­

noro rrepexo.n:a II3 3ailOJ1HeHHOH o6onoqKH 17 B COCT05!HHC BaKaHCIIH 

k - 1 .n:aeTC5l cne.u:yromIIM Bbrpa)l(eHIIeM [AM]: 

(5.71) 

r.n:c .IJ.HIIOJibHbie MaTpll<IIIbIC 3JICMCHTbI dV, R ( (!)) onpe,neJieHhI <P-JiaMH 

(l.59a), (1.596). 
B aTOMHhIX e,nIIHIIUax Bepo5ITHOCTb pa.n:Hau1wnuoro rrepexo.n:a 

coBrra.n:aeT c rroJiyUIHpttnoii JIHHHH (cM., K rrpHMepy, [11)). B naH­

HH3IllCM rrop5l.D.Ke TCOplm B03MYllJCHHH, TO CCTb CCJ1H npene6pe<Ib 

pcJiaKCaIJ,HCH BaKaHCIIII, IIOJIHa5! lliHpHna JIIIHIII:! rrpe.n:cTaBJI5lCTC5l KaK 

cyMMa .ll.BYX BCJIJiqm1: paJJ,HaIJ,IIOHHOH IllHpHHbl II O)l(C-lliI!pIIHbI: 

r - ""'rolKe ""'r pall 
k - L.J k->i/ + L.J k--;f. (5.72) 

if I 

B rrcpBOM cnaraeMoM cyMMIIpoBaime rrpoIIcXO.D.IIT no BCCM 

3HepreTIIl.fCCKII B03MO)l(HbIM )J.BYX.ll.blpO<IHbIM COCT051HII5IM i-1;-1, a 

BO BTOpOM - no BCCM BHCllIHIIM o6ono<IKaM. Ecnn npcHe6peqb 

BKJia)J.aMII HC.ll.lIIIOJihHblX nepeXO)J.OB B nmpnuy J1HHIIH, TO BTopaH 

cyMMa orpaHII<IHBaeT01 BHCIIIHHMH o6ono<IKaMH c I J = lk ± 1. 
C1rnpocTH paJJ,ttau,IIomwro pacna.n:a neKoTopbIX aTOMOB npttBe­

.D.CHbI B Ta6JI. 5.7 (CD, 497). 
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IIp11 pacqeTe rrapaMeTpOB JIHHHH MeTO.llOM crreKTpaJihHhIX cpyHK­

u;Hii pa;:i;uai~HOHHhIH pacnan MO)KeT 6hITh Y'lTeH rroJJ,o6Ho O'/Ke-pac­

rra,n:y B co6cTBeHHO 3HeprernqecKOH "IaCTM <i>YHKQHM f pMHa [ 49]. 
BKna,n: B co6cTBeHo 3HepreTH"IecKyIO qaCTh cpyHKQMH fpmca OT pa­

,n:HaQMOHHoro 3aITOJIHeHmI BaKaHCMli k-1 3JieKTpOHOM H3 o6oJIO"IKH 

17 JJ,aeTC5I cne,n:y1omeH: JJ,HarpaMMoii: 

k ... f 
~ . . 

' I ' ,, .... ___ .,,,,, 

ro 

k ... (5.73) 

Ecrrrr o6ono"1Ka 17 nepBoHa"IaJihHO 3anomrena, TO cpopMa MO­

MCHTHOH JJ,MarpaMMbI COBilaJJ,aeT c cpopMOH mrnrpaMMbI <Pethr­

Mana (5.73), rJJ,e BMCCTO KBaHTOBhlX "IHCeJI ,llblpOK HaXOll5ITC5I HX 

MOMeHTbI, a BMecTo w Haxo,n:HTC5I e,n:HHHQa. BecoBOH MHO:>KHTeJlh 

noiI mrnrpaMMhI paBeH 1 I [lk]· CpaBHHBa5I noT pe3ynhTaT c cp-noH: 

(5.72), IIOJiyqaeM, "ITO rrpH pac'leTe nmpHH JIHHIIH 6onee CJIO'/KHbIX 

KOHqmrypao:HH rpacpH"IeCKIIMII MeTO,n:aMII HaJJ,O B Ka:>KJJ,OH BeprnIIHC, 

BKJIIO"IaIOIIWH J],HITOJibHhIH orrepaTop, JJ.06aBHTb BeCOBOH MHO:>KIITeJib 

(5.74) 

PaccMOTpIIM nepexon H3 COCT05IHII5I li;117 (LS )(L'S') c BaKaH­

CHCH B 3arro;mennoa BHyTpenHea o6orro"1Ke B Koneqnoe cocTo5IHHe 

17 -1 ( L1S1 ). IlpHMCHCHHe rpacpH"ICCKHX MeToJJ.OB JJ,aeT crre.uy1omy10 

<flopMyny J],JI5I BKJiaJJ,a paJJ,HaQHOHIIOfO nepexona B umpIIHY ypOBH5I 
Jc-1: 

(5.75) 

QqeBH,U:HO, 'ITO paCCMOTpeHHa5I paHee MOHOIIOJibHa5I penaKcao:HR 

BaKaHCIIH o,a;HHaKOBhIM o6pa30M BJIII5IeT na yrnHpeHHe 3a cqeT 

O:>Ke-nepeXOJJ,OB H 3a cqeT pa.uttan:HOHHhIX rrepeXOJJ,OB (CM., K npIIMe­

py, [57] [MAJ). TaKHM o6pa30M, crrpaBe,n:JIHBa cne.u;ymma5I cpopMyna 

,UJI5I pa.n.ttaQHOHHOH llIHpHHbI JIIIHHH, OTJIH"Ia101Ua5IC5I cpaKTOpOM f OT 

rrpIIBe.D,eHHOH, K rrpHMepy, B [AH1.P·I]: 

(5.76) 
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BKJia}J,bI pa.nHaUHOHHbIX nepexo,noB B umpHny JIHHHH cymecT­

BeHHbI .nm1 BHyTpeHHHX o6onotieK nJ:)KeJibIX aTOMOB. KaK cne.nyeT H3 

Ta6JI. 5.3 (CD, 494), cneKTPOCKOillltieCKHe cpainopbl BI-IyTpeHHHX 

o6oJIO'IeK }J,JJ.SI Bcex :rneMeHTOB rrpHMepHO paBH1I 0.8. 

3neKTpOHHbie Koppemi:urrn nma ITC<I>O yqHTbIBa10TCH 3aMeHoH: 

B (5.76) orrepaTOpa d v, R (ro) H3 (l.59a, 1.596) Ha D v, R (ro) m (1.55). 

Bo3,neH:cTBHe Koppemn\HM MO)KeT 6b1Th BeChMa CttJibHbIM, BTIJIOTb .no 

o6pameHmI f k/ B HOJib 3a CtieT }J,eCTpyKTHBHOM HHTepcpepeHI:(Hll IlpH­

MOrO H n.nyruero qepe3 BttpTyan1noe B036y)K,neHHe .n:pyrnx ::ineKTpo­

HOB KattanoB pacrra.na (cM. rn6n. 5.8 (CD, 499) tt [l, 11, AHqlJ]). 

5.8. lie3LI3JiyqaTeJibHhlH HJIH ome-pacnaJJ. 

Bcrre.ncTBHe Me)K::JJieKTPOHHoro B3aHMo.aeifcrnmr BHYTPeHIDI.H 

BaKaHCmI MmKeT 3ailOJIHHTbCH 3JieKTPOHOM I13 BHellIHHX o6onoqeK c 

O}J,HOBpeMeHHbIM BbI6pocoM O}J,HOro mm HeCKOJibKHX 3JieKTPOHOB B 

CilJIOillHOH crreKTp --- KOHTHHyyM. B O)Ke-npouecce naqaJibHbIM HB­

JIHeTCH COCTOHHHe c O}J,HOM BaKaHCHeH, a KOI-IeqHblM - 3TO }J,By- mm 

Tpex (II }J,a)Ke, B03MO)KHO, 6once)-KpaTHblH HOH c 0,l(HHM HJIH He­

CKOJibKHMH 3JieKTponaMH B KOHTIIHyyMe. Bo3MO)J(Hbl TaK)J(C 6onee 

CJIO)J(I-lbIC rrpouecCbl, B KOTOpblX Ha'IaJibl-lbIM COCTOHHHCM HBJI5leTCH 

caTeJIJIHT cpoTOHOHH3aUHH HJIH B036y)K}J,CHHOC COCTO.HHHe aToMa. 

PaccMoTpHM npol.(ecc 3anonneHH5l aTOMHOM BaKaHCHH k-1 3JieK­

TponoM BHel11Heli o6onoqKH i c O}J,HOBpeMeHHbIM BbI6pocoM 3JieK­

TpOI-Ja o6onoqKH j B COCTOHHHC KOHTHHyyMa q. TaKHe nepeXO}J,bl 

cooTBeTCTBYIOT .u;ttarpaMMHbIM JIHHMHM tt 0603uaqa10TcH 6yKBOH A 
[52]. BKJia}J, TaKoro npoQecca B co6crne1rny10 3Heprn10 Bb1pa)KaeTC5l 

cne,u;y1omdi ,u;uarpaMMOH: 

(5.77) 

B OTJIH'Itte OT (5.60) npoMe)KyToqnoe cocrnmrne 3ACCb co,u;ep:amT 

J:.(1IpKy £- 1 -:t- k-1. CqHTaeTcH, qrn Bepnm:HhI, B KOTOpbIX }J,bipKH i ttj 
o6MeHttBaIOTCH MCCTaMH B o,u;noil ttnM ):(Byx Bepunrnax, TaK)KC BKJIIO­

qenhr B ::iTy .n:uarpaMMy. AMnnttTy):(a coorneTcrny10mero o)Ke-npo­

uecca OIIHCbIBaeTCH ,u;ttarpaMMOH (5.2, 6) - c 0,l(HOH BCpI11HHOH. 
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Ilptt pacqfae y.ZJ.o6ttec Hcxo)lHTh H3 (5.77), nocKonhl<y npome 

HCnOJih30BaTh TeXHHKY cneKTpMhHhIX <PYHKUHH, pa3BiiTYIO B npe­

.ZJ.bI.ZJ.YmHx pa3,ZJ.enax. B O.ZJ.Ho:meKTpOHHOM npH6nm1<eHHH nontta.H 

o:>Ke-urnpHHa aToMHOH BaKaHcHH k ,ZJ.aeTc» <P-noii (5.4). B noii ipop­

Myne U o6o3HaqaeT Me)K'.mCKTpouuoe KynouoscKoe B3aHMO.ZJ.eiicT­

BIIe c yqeTOM o6MeHa .lJ.bipmc B KOHeqnoM COCTO.HHHH (CM. (1.37)). 
B peJrnTHBIICTCKOM cnyqac Me)K3JICKrpouuoe B3aHMO.ZJ.eHCTBIIe 3anH­

cbrnaeTC.H B 6011ee CJIO)KHOM BH,ZJ.e [EJ1Il]: 

I ( ) exp ( iwr12 ) 
Uw =-- a1 ·a2 + 

~2 ~2 

( 
n ) ( n ) exp ( iWr12 ) - 1 

+a1·v1 a2·v2 , 
ro2r12 

(5.78) 

r,ZJ.e r 12 - Me)K3neKTpOHHoe paccTo.Hm1e; w =I£ k - £; I "' of= I£ j -

-£ q I; ai, a 2 - MaTpHUhI )J;HpaKa. 

3To o6mee Bblpa)KCHHe MO)KeT 6bITh npeo6pa3oBaHo K BH.ZJ.Y 

(53], B KOTOpOM B3aHMO,ZJ.eHCTBHe pa3JI0)KCHO no CTeneHHM nOCTOHH­

HOH TOHKoii cTpyKTYPhI a: 

Vw = -1
- - -

1
-[(a1 · a 2) +(a1 · ri)(a2 · r2) I r1~]-

r12 r12 

(5.79) 

3.ZJ.eCh BTOpOH qJICH npC.ZJ.CTaBJIHCT 6peumoecKoe 630UMOdeucmeue, 
HMeIOmee nop.H.ZJ.OK (Z*a)2 no cpasueumo c qHcTo KynouoscKHM 

B3aHMO.ZJ.CHCTBHCM. TpeTHH qrreu - 3TO OCHOBIIaH MHHMa.H qaCTh no­

p.H,ZJ.Ka (Z*a)3, H nocne,ZJ.HHH qrreH HMCCT rrop.H.ZJ.OK (Z*a)4; Z* o603Ha­

qaeT 3cpcpeKTHBHhlll 3apH.ZJ. paccMaTpHBaCMOH 3JICKTpOHHOH o6onoq­

KH. Ilo3TOMY .lJ.JI.H aTOMOB c z < 40 .ZJ.OCTaTOquo HepeJI.HTHBHCTCKOfO 

npn6nmKCHH.H. ,Il,n.H aTOMOB 40 < z < 70 II .ZJ.JI.H BHCIIIHHX o6onoqeK 

6onee nl)KCJihIX aTOMOB Tpe6yeTCH yqeT 6peHTOBCKOfO B3aHMO.ZJ.CH­

CTBHH. ,Il,nH 70 < z < 90 HC06XO.ZJ.HM yqeT TaK)KC OCHOBHOM MHHMOH 

qacTH, a .ZJ.JI.H z > 90 .ZJ.OmKHbI yqHThIBaThC.H Bee B3aIIMO.ZJ.CMCTBirn, 

BXO.lJ.Hmne B <P-ny (5.79). 
MbI paccMaTpHBaeM o:>Ke-npouecchI B nerKHX aToMax H npn pac­

qeTe MaTpnqnhIX 3JICMCHTOB nepexo.n:a yq11nrnaeM TOJibKO KynonoB­

CKOC B3aIIMO.ZJ.CMCTBHe. B cxeMe LS-cB.H3H .ZJ.Be BaKancun B KoHeqnoM 

COCTO.HHIUI CB5f3bIBaIOTC5I B llOJIHhIC op6HTaJibHbIM Lij- lI CIUIHOBbIM 
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S;rMoMeHThI, a 3aTeM c O)l{e-:rneKrponoM q - B MoMeIIThI L M S. 110-
CKOJihKY cxeMa CB513M B O)l{C-rrpou:ecce TaKa51 )KC, KaK H npM B036y)l{­

,D,CHMM caTCJIJIMTOB, ,D,JI51 pacqeTa BCCOBhIX MHO)l{MTCJICH MO)l{HO MC­

HOJih30BaTh <!J-Jihl (5.23) H (5.24). 
rlepett,D,CM K pacqeTy BeCOBhIX MflO)l{HTeJICH ,D,J151 O)l{C-IlpOUCCCa 

B aToMax c nc3anorrnennh1MM o6orroqKaMH. PaccMoTpHM crryqaiI 

MOHM3aUJ1M 3al10JIIICHHOH 060JIOqKM zttk+Z B npHCYTCTBHM HC3al10JI­

HCHHOH l f i ( L 1S1 ). ,nrnr Ka)l{,D,oro m TepMoB Lisi ue3ano1rnennoiI 

060JroqKJI nptt JIOHH3aUMM B03HMKaeT na6op TepMoB LS-na­

qaJihHhIX COCT051HMH ,D,JUI O)l{C-npouecca. llx o603HaqMM KaI< 

l;N i(k_; .:i_;) I 1N/a,_J §_ 1 ) ( LifS if )lq (LS). TepMhI Kom}wcrypau1111 

Ni - 1-3JICKTPOH 6y.D.eM IIO,D,qepK1rnaTh O.D.HOH qepTOiI, a TepMhI KOH­

qmrypar~HH ~ - 2-3rrenpona - LJ:BYMR qeprnMH. B 3aBHCHMOCTH OT 

Toro, KaK KoneqflhIC .LJ:blpKH pacnpe.n.eneHhI MC:lKLl.Y rrepBOHaqaJibHO 

3arromICHHhIMH o6oJIOqKaMM JI HC3anorrneHHOM o6oJioqKoii, B03-

MO:lKHhI ·rpu cnyqa5J. MoMeHTHa51 ,D,HarpaMMa .[(JI51 cnyqa51, Kor,D,a ,D,Be 

)J,blpKH KOHeqnoro COCT051Hll51 ,D,aeT crre.n:yroru:IIIi BCCOBOH MHO>KlI­

TCJib: 

(5.80) 

Ecrru O,D,Ha ,D,hlpKa KOHCquoro COCT051HH51 naXO)J,HTC51 B 3al10JIHCH­

HOH o6onoqKe, a ,D,pyraH - B He3al10JIHCHHOH, TO IIOJIHOC B3alIMO­

)J,CHCTBMC COCTOHT M3 ,D,BYX qacTeH, npHMOH M o6MennoiI, BCCOBbIC 

MlIO)l{fffCJilI ,D,JI51 KOTOpbIX ,D,aIOTC51 CJIC,D,Y10lll:lIMI1 ,D,BYM51 cpopMyJiaMM: 

!."- =Nli2GLisi_[L--S-L-S]ll2(-l)s-1-,,s:i+1{S SJ 1/2} 
. kiiq j I b_i,,S:1 1) If j ./ §_ j s if 1/2 X 

(5.81) 

(5.82) 

281 



Ecm1 ;:i;Be .UhipKII KOHeqHoro cocTo5IHII5I Haxo.n;HTCH B nepBOHa­

qaJibHO He3allOJIHeHHOH o6onoqKe, TO OCTaeTC5I TOJibKO np5IMOM 

qJieH, <flopMyna .umr KOTOporo IIMeeT BII)J;: 

f A. == (N· (N· -1))112 "GL,s1 oL1s1 [L· L .s. s·~1 ]112 x 
· km 1 1 L.J £1§_1 ~l=i 1 -J 1 -J 

b.1§_1 . 

L+Lr!·b_1+~j+lr!·lq {L b1 ').. } {L b1 /... } s: 
x(-1) /. l L. f. l L u(S,S1 ). (5.83) 

J k J J q =J 

Ha npIIMepe nepexo.n;oB KLL B Ne paccMoTpIIM ocnoBHhie :meK­

TpoHHhie KOppeJI5IUIIII, BJIII5IIOill,IIe Ha IIHTCHCIIBHOCTII OiKe-cneKT­

poB. B [54] 6bIJIO IIOKa3aHO, qrn B3aIIMO.UCMCTBIIC KOH<flIIrypaQHM 

2s-2(1S) II 2y2(1S) npIIBO.UIIT K cy:w;ecTBeHHOMY nepepacnpe.ue­

neHIIIO IIHTeHCIIBHOCTeM ncpeXO)J;OB, yMeHbllla5I IIHTeHCHBHOCTb 

nepsoro. PacqeThI Mern.n;oM MTB [55], no Teoprm pacceHHII5I [56] 
II MHOfOKOHqmrypaUHOHHbIM MeTO.UOM )J;HpaKa-<DoKa (29] Il0Ka3a­

JIII, qTo B3aIIMOJ].CHCTBII5I, mrn10qa1on~He :meI<TpOHbl B KOHTHHyyMe 

TaKiKC cyn~eCTBCHHO BJIH5IIOT Ha OTHOCHTeJibHhie HHTeHCHBHOCTII 

JIIIHIIM B O>Ke-cneKTpax. fIOJIHbIC Ta6JIIIUbI O>Ke-nepexo.uoB B o.u­

H03J1CKTpOHHOM npII6JIII>KeHHII .UJI5I aTOMOB 6 < z < 92 paccqIITaHbI 

B (57). 
B3aIIMo.uewcrn11e Me>K.uy KattanaMII oiKe-pacna.ua II3o6pa>KaeTC5I 

.UBYM5I CJIC.UYIOlllHMH .UIIarpaMMaMH (np5IMOM II 06Me1rnow): 

k k k k 

+ 

(5.84) 

B1rna.n: 3TIIX npoueccos B co6cTBemry10 3Hepnno 3arrHchrnaeTc5I r<aK 

Im r /c ( E) = 2n I, ( -1) 1 + h ( /q' I u I iq) x 
i,j,l<F 

, f (!dlU!iq)(tr!U/jq)dEr (
5

.
85

) xo (-E +E; +E 1-eq )deq -----, 
-E +£;+£1-Er 

r.n:e BTopow mITerpa1r 6epeTC5I s CMbicne masuoro 3naqemrn. 
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ECJIM KOHqmrypalllU1 KOHeqnoro COCT05IHH5I OTJIMqaJOTC5I ,lJ,BYM5l 

,lJ,blpKaMM, TO ua.n;o TaK:>Ke yqecTb B3aHMO,lJ,eHCTBHe KOHqmrypau;HH 

HOHHbIX OCTOBOB, H306pa:>KaeMoe CJie.n;ymmeif .n;narpaMMOH: 

k I k 
(5.86) 

q 

3To B3aHMO,n;elicTBHe OTJinquo OT nyJrn, ecJIH L1111 = Lii H Sim = Su. 
<PopMyrrn ,lJ,JI5I BKJia,D,a 3TOH ,!l,HarpaMMhI s MHHMYIO qacTh co6crnen­

noli 31iepnm 3am1chrnaeTC5I KaK 

Im1: k(E) = 2n L (-1) 1+h f (kfl UI iq) x 
i,j,l,m<F 

(kmlUI lq)(!mlUI i.i) 
x8(-E+£;+£ 1 -Eq)d£q . (5.87) 

-E +E;+Em-Eq 

B MaTpHqHbIH 3JieMeHT o:>Ke-npou;ecca sxo.n;HT BOJIHOBa5I cpynK­

IJ;H5I :JJie1npoua q s crnIOllIHOM cneKTpe. Ee Mo:>Kno paccqHTaTh JIH6o 

B IlOJie ,ll,BYX «3aMopo:>KeHHhIX» ,Ub!pOK i H j B KOHC'IHOM COCT05IHHH, 

1m60 cHa<JaJia pellIHTh ypasHemrn X<D mm aToMa c .UBYM5I ,lJ,bipKaMH i 
H j H y)Ke B JTOM noJie pacc<IHTaTh BOJIHOBy10 cpynKu;mo q. Bo3MO­

)KeH TaKJKe H npOMC)KYTO'lHbIH sapHaHT, B KOTOpOM CaMOCOrJiaco­

Bamro paCC'fMTbIBaeTC5I aTOM c HCXO,ll,HOH BaKancHeli k, a BOJIHOBa5I 

cpyHKI.(1151 q paCC'lHThIBaeTC5I c HCilOJib30BaHHeM 3THX pa.n;HaJibHblX 

qacTett, HO c peaJibHb!MH 1IHCJiaMH 3ailOJIIIeHH5I, T. e. ,lJ,blpKaMH i Hj. 
I1pH6JIH)KeHHe na'faJibHOH peJiaKcnpoBaHHOH BaKaHCMH npe.n;no­

JJaraeT, tITO 3TOT npou;ecc H.n;er 6b1crpee o:>Ke-pacna.n;a H BbIJieTaiomnli 

:rneKTpOH qyBcrnyeT H3MeHeHHOe peJiaKcau;HeH IlOJie. 3Ty BaKaHCHIO 

TaIOKe MO)KHO OilHCarb B paMKaX npH6JIH)KCHH5I 3aMOpO)KeHHOro OCTO­

Ba, ecJIH yqecTb ){HarpaMMbl B3aHMO,UCHCTBH5I Me)K.n;y npouecCOM B03-

6y:>K,D,eHH5I caTeJrnHTOB H o:>Ke-npoueccoM, K npnMepy, cJie.n;ymmym: 
k 

(5.88) 

k 
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BKrra.n; 3TOM .n;HarpaMMhI B co6crneHHYIO 3Heprmo Bhipa:>KaeTCJI crre­

.uy10mei1 <J:lopMyrroi1: 

(5.89) 

BKrra.n; 3TOM ):(IIarpaMMhI He Marr, nocKOJihKY B Ma1'PIIqHoM :rne­

MCHTe B036y:>KJJ:CHIIJI caTCJIJIIITa ;-1s I<Ba,UpaT BOJIIIOBOM tPYHKIJIIII IIC­

XOJJ:HOH BaKaIICIIII k IIJITerpIIpyeTCJI no 0,ll;HOH KOOp,UIIHaTe. 

EcrrH o6pa30Ba1me ttcxo.n;Hoi1 BaKaHCIIII B O:>Ke-npouecce corrpo­

BO:>KJJ:aeTcJI B036y:>K.D;CHHCM caTCJIJIHTa, TO O:>Ke-rrpouecc 6e3 yqaCTIIJI 

Bo36y:>KJJ:CHHoro COCTOJIHHJI rrpIIBOJJ:IIT K IIOJIBrrenmo Cu-CaTeJrnII­

TOB [52], IIMCIOill,IIX KOJieqttoe COCTOJIHHe, OTJIHqa10I11,CCCJI OT KOJieq­

Horo COCTOJIHIIJI OCHOBHOM JlllHIIll Ha qacTHqHO-JJ:hipoqHyio rrapy 

/-1s. BKrra.n; 3TOro npouecca B co6cTBeHHy10 3Heprttm II3o6pa:>KaeTCJI 

crre.n;yIOill,CM ,D;IIarpaMMOM; 

k k k k (5.90) 

II ;~aCTCJI <J:lopMyJIOM 

Im:Lb(E) = 

=2rr(-l)l+h f l(kilUliq)j
2
D(E-£;-£ 1 -£1+£s+Eq)dEqX 

x(L,. + di:,.) l(kll UI ks)l2 . (5.91) 
s ! . (E-£k-£1+Es) 2 

Bo3MO)KHhI JJ:Ba rryTH .n;oCTII)KCHIIJI Kouequoro cocTOJIHIIJI 

;-11-11-1sq: pe3onaHCIIhIM ll uepe30HaHCHhIH. flpII pe3oHaHCHOM 

nyTII COCTOJIHHe tPOT03JICKTpOimoro caTeJIJIIITa pacrra.n;aeTCJI B 

O)KC-CaTemmT Ca [52]. B <J:loT03JICKrpoHHOM cneKTpe 3TO cocTOJIIIIIC 

COOTBCTCTByeT CaTeJIJIIITY c 60JihllICM 3HeprIIeM CBJI3II, qeM OCHOB-
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Ha5J JIHHH5J. IlpH 3TOM :meprH5J, Heo6XOJJ:HMa5J JJ:JI51 Toro qTo6hI KO­

HeqHoe COCT05JHHe 6bIJIO B036Y">KJJ:CHHhIM, 6epeTC5J OT cpOT03JICKTpo­

Ha H qacTHqHo OT O:>I<:C-3JICKTpOHa. 

Bo3Mo:>1<:en TaK:>I<:e H Hepe3onancHhIH nyTh, cooTBCTCTBYIOill,HH 

3HeprHH CB513H OCHOBHOH JIHHHH B cpoT03JICKTpOHHOM CilCKTpe [58]. 
3ToT nyTh npoxo).(HT qepe3 BHpTyanhHhie caTeJIJIHTHhIC cocT05JHHH, 

H 3aKOH coxpaHeHJrn 3HeprHH BhIIlOJIH5JCTCH TOJihKO B KOHeqHOM co­

CT05JHHH. ripH 3TOM JJ:OilOJIHHTCJihHaH 3HeprHH, Heo6xOJJ.HMaH JJ:JI51 

Toro qT06hI nonyqHTh B036y:>I<:,n:CHHOe KOHequoe COCTOHHHe 

i-1j-1/-1s, ueJIHKOM 6epeTc51 y O)f(C-3JICKTpona. TaKHe caTennttThI 

O)Ke-npouecca 6y,n:eM Ha3hIBaTh cameJl!lumaMu ocH06Hoii (cpoTo-

3JICKTPOHnoH:) flUHuu. Ero KHHCTHqecKaH 3HcprttH paBHa pa3HOCTH 

MC:>I<:JJ:Y KHHCTHqecKOH 3HeprHeH COOTBCTCTBYIOill,ero caTeJIJIHTa Ca H 

3HeprHeH B036y)KJJ:CHH5J cpoT03JICKTPOHHOro caTeJIJIHTa BCTpHCKH. 

I1oCKOJihKY O:>I<:e-caTeJIJIHThl OCHOBHOM JIHHHH COOTBCTCTBYIOT 3Hep­

rmI CB51.3H OCHOBHOH JIHHHH, OHM lJ:aIOT BKJiaJJ; B ee ynrnpeHHC. 

KoppeJIHUHH B OCHOBHOM COCTOHHHH TaK)KC MoryT 6bITh yqTCHhl 

MCTOJJ:OM MTB nptt pacqeTe O)Ke-rrpouecca. ITocKonhKY Bo36y:>1<:,n:e­

HHH o.n.noif qacTttquo-,n:Mpo1rnoif rrapbI y)Ke yqTeHbI B MeTo).(e XapT­

ptt-<l>oKa, naM ua,n:o yqecTb TOJibKO o,n:noBpeMeHHhie B036y:>1<:.n.emrn 

).(Byx qacTHqHO-AhipoqHhIX nap ;-1j-1pr. CneAy1omaH AttarpaMMa 

,l.(aeT npttMep BJIH5IHHH TaKoro B036yJKJJ:CHHH Ha O:IKe-pacrraJ(: 

k 

k (5.92) 

BKJiaA 3TOH JJ;HarpaMMhl B co6cTBeHHy10 3Heprmo COCTOHHHH k-1 

,n:aeTCH cpopMyJIOH 

(5.93) 

TeopeTHqecKHe cKopocTH O)Ke-pacna,n:a Ne KLL, nonyqennh!e 

B pa3JIHqlJhIX nptt6JIH)KeHHHX, cpaBHHBaIOTCH c 3KCnepHMCHTOM 
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II .n:pyrnMH TeopernqecKHMH ,tiaHHhIMH B rn6n. 5.9 (CD, 499). CK0-

pocn1 O)Ke-pacrra.n:a paccq1nauh1 B npH6J1H)KeHMHX penaKcnpoBaH­

HOH ncxo.n:uott ,IJ,hipKH M 3aMopo)l{eHuoro ocToBa. B o6onx cnyqaHx 

CKOpOCTM O)Ke-pacna,IJ,a paccqMThIBaJIHCb KaK BKJla,IJ,bI B MHHMYIO 

qaCTh co6cTBeHHOH :meprHH HCXO,IJ,HOH BaKaHCHH c yqeTOM B3aHMO­

,IJ,eHCTBirn OCTOBHhIX KOH<iJHrypau:HH M B3aHMO,.n:eHCTBHJI MC)K.ll:Y Ka­

naJJaMH, BKJIIoqa10ru:HMH BOJIHOBbie <PYHKU:HH nenpepbIBHOro cneKT­

pa. B npH6JIH)KeHHH 3aMopo)l{eHuoro ocToBa yqHThIBaJIHCh TaK)l{e 

B3aHMO,n.eikrnmr Me)K,n.y O)l{e-pacna,n.oM H B036y)K,IJ,CHHHMM caTeJIJIM­

TOB BCTpHCKM. B '.HOM cnyqae CKOpOCTb O)l{e-pacna,n.a paccqHTbIBa­

JiaCb KaK BKna,n. B MHHMYIO qacTh co6cTBennott 3HeprnH, yMHO)KeH­

HhIH Ha CIICKTpOCKOIIH'-IeCKHH <PaKTOp BaKancrm ls. Cne,.n:yeT OTMe­

THTb, qTo B npH6JJmKeHHH 3aMopo)l{eHHOro OCTOBa c yqeTOM TOJibKO 

B3anMo,n.encTBMH Me)l{,n.y KananaMH umpttna JIHHHH ls Ne cocTaBJJH­

eT Bcero 4.84· l 0-3 a. e. 

YqeT B3aHMo,a:encTBHH MC)l{AY B036y)l{,a:ermHMH caTennHTOB M 

O)l{e-pacna.n:oM npIIBO,IJ,HT K <PaKTHqecKoMy y.n:BoeHHIO TeopeTnqe­

CKOH nmpIIHhI JIMHIIII ls Ne. lJ,nH KoppeKTHoro conocTaBnemrn c 

.n:pyrHMH ,.n:aHHhIMH B npII6JJmI<eHHH 3aMopo)KeHHoro OCTOBa 3a 

C,Il,HHHI~y npHHIIMaJlaCb HHTCHCHBHOCTb IUITH ,IJ,IIarpaMMHhIX JIHHHH. 

Ilo3TOMY B 3TOM rrptt6JJtt)l{eHMM mttpttna JIHHHM ls Ne c yqeTOM ca­

TeJIJIHTOB ocnoBnoii nmnm OKa3hrnaeTCH 6onhme e,n.MHIIIJhl. IIomrnH 

nmpmrn ls-ypoBHH Ne, paccqlI'ramrnH B rmrenu:IIane pcnaKcHpoBan­

uoro Kmrcqnoro cocTOHHHH xopomo cornacyeTcH c 3KcnepHMCHTOM. 
YqeT B3attMo,.n:eil:cTBHH Me)l{,.n:y KananaMH npHBO,.n:HT K nepepacrrpe,n;e­

ncnmo HHTeHCHBHOCTCH, He H3MeHH5I cyru:ecTBeHHO IIOJIHOH umpH­

HbI ls-ypoBHH Ne. 

TeopeTHqecKHe HHTCHCHBHOCTH caTeJIJIHTOB OCHOBHOH JIHHHH 

)J.JIH Ne, paccqHTaHHhie B nptt6JIH)KCHHH naqanhHoro penaKcttposan­

noro COCT05IHH5I npHBe.n;eHhI B rn6n. 5.10 (CD, 500). B 3TOM )Ke npH-

6m1:>Ke1rnn paccqHTbIBanHch cirnpocTH KLL O)l{e-pacna.n:a aTOMOB C, 

N, 0 HF, np1rne,a:e1mb1e srn6n. 5.11-5.14 (CD, 500-502). PacqcThI 

,Il,JIH aTOMOB c OTKpbITbIMH o6onoqKaMH noKa3aJIH Ten,n.eHIJ,HH, ana­

norHqJ-IbIC TeM, qTo 6bIJIII ycTanosneHhI .n:nH Ne: B3aHMo.n:crrcTBHC 

Me)K)J.y OCTOBHbIMH KOHQJttrypall,HHMH 2s-2 II 2p-2 rrpHBO.ll:HT K rrepe­

.n:aqe IIHTCHCHBIIOCTH 'OT nepexo.n:a 2s-2cs K rrepexo.n:y 2p-2cs. B3aH­

Mo.n:eil:crnne Me)l{.n:y KaHaJiaMH c yqacTIIeM COCT05IHHH nenpepbIBHO­

ro crreK1'pa TaIOKe cym,ecTBeHHO nepepacnpep:,emreT IIHTCHCIIBHOCTII. 
:Ifa P:,aHHbIX, npHBe)J.CHHbIX B Ta6JI. 5.15 (CD, 502), r)];e Teope­

THqeCKIIC CKOpOCTII O)Ke-pacna)];a [58~60] )J.JIH aToMa KHCJIOpO)];a 

cpaBHHBaIOTC5I c 3KCnepIIMeHTOM ( 61]' CJie)];yeT' B qaCTHOCTH, qTo 
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KOppemm:im B OCHOBHOM COCT05!Hllll yMeHblllaIOT norruy10 nmpIIHY 

JIHHIIH, HO Marro BJIH5!10T Ha OTHOCIITeJibHbie lIHTeHCllBHOCTH. 

CKopocT11 O)Ke-pacnana LMM Ar, paccq1ITaHHb1e B np116JIH)Ke­

HH11 perraKCIIpoBairnoro HaqaJibHoro COCT05!HH5!, cpaBHlIBaIOTCR 

c 3Kcnep11MeHTOM lI pe1yJibTaTaMH .n:pyrHX aBTOpOB B rn6JI. 5.16 
(CD, 503). 

B ra6n. 5.17 (CD, 503) np1rneJJ,CHhI cKopocTH o:>Ke-pacna)],a 

LMM S. B 3TOM crryqae HaqaJibHOe cocT05!Hlle O)Ke-npou:ecca xapaK­

TepH3yeTC5! TepMOM KOHqrnrypau:1m 3p4 lI IIOJIHbIMH op6HTaJibHbIM lI 

CIIHHOBbIM MOMCHTaMH HOHa. 

5.9. <l>opMa HH3K03Hepren1qern:oro ome-cne1npa 

MeTO.n, cneKTpaJibHbIX <jlyHKU:Hii no3BOJIReT paccqHTaTb TaK)Ke 

cpopMy JIHHIIH o:>Ke-cneKTpoB. ripencrnBHM MHHMYIO qacTh co6cT­

BeHHoil :meprHH B BH,D,e cyMMbI BKJia,D,OB OT,D,eJibHblX KaHaJIOB: 

Iml:k(E) = :Iinki/q(E) 8(£ -£;-Ez+Eq ), 
ilq 

rne O.kiiq(E) - mrnan nepexona k-1-7 i-1/-1q. 

(5.94) 

Torna CIIeKTpaJibHa5! cpyHKU:IUI MmI<eT 6bITh 1anttcana B BHJJ.e 

cpyHKU:HH nepeMeHHhIX E II c:q: 

LO.kiiq(E) 8(£ -E;-E1+Eq) 

A
1 

(E,Eq) = ilq (5.95) 
( [E-Ek- Re L k(E)]2+ [Iml: k (£)]2 

I1HTerpaJJ no 3Hepr1I5!M COCTORHHM uenpepbIBHOro cneKrpa Eq 

.n,aeT cneKTpaJibHYIO cpyHI<UHIO IICXO)],HOH BaKaHCHII B llJKaJie 3HCp­

rlIH CB5!3ll <jloT03JieKTpoHnoro cneKrpa E. B lllKane KirneTnqecKHX 

:meprIIH O)Ke-3JieKTpoHoB 3Ta :>Ke cpopMyna onpe.nenReT cneKTpaIIh­

ny10 IlJIOTHOCTb <jlOT03JieKTpOHHOH JIHHIIM, nepeJJ,aBaeMyio o:>Ke-

3JieKTpoHy. EcJIII BhmomrneTC5! ycnoB11e Me.n,neHHoro H3MeHeHM5! 

co6CTBeHHOM 3HeprHH, TO BCe JIHHIIH HMeIOT nopem~eBy HJIH KBa3H­

nopeuueBy cpopMy II IIX lfHTCHCHBHOCTH nponopUIIOHaJibHbl napu:H­

aJibHbIM IIIHpHH3M 0.kijq (£). 
B cnyqae pacna,ri:a <jloTo3JieKTpOHHhIX caTeJIJIHTOB BCTpRCKH 

i-11-1s B COCT05!Hll5! uenpephIBHOro cneKTpa i-1/-lq ycJIOBHe Me.n,­

nenuoro lI3MeHeHH5! co6CTBCHHOH 3HeprHH He BbIIIOJIH5leTC5! lI pac­

npe,ri:eJieHHC CIICKTpaJibHOM IIJIOTHOCTH <jloT03JICK1pmIHOH JIHHHH 
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MC:>K.I(y O)l{C-JIIIHIUIMH MaJIOH 3HeprIIH [62] CTaHOBHTCH 6onee CJIO)K­

HhIM [43, 44, 63]. B 3TOM cnyqae pacnpe.z:i:eneHIIe IIHTCHCIIBHOCTH 

¢oT03JieKrpoHHOH JIHHHH Me)l{.z:i:y KaHanaMH pacna)l,a He IlOCTOHHHO, 

a 3aBIICIIT OT 3HeprIIII £: 
2 

Qktkq (E) = rr (!di U/ kq) + (kJI UI ks) (Jql UI Ir) (5.96) 
E-Ek-Ej+Es 

B6nH3H 3neprnH pe3onanca Qkijq (E) - oqenh pe3KaH ¢ynK­

I(IIH E. BII.n: 3TOH <l>YHKI(HH 3aBHCIIT OT 3HaKa HHTep¢epeHI(HH Me)l{­

.ll:Y ABYMH nyrnMH - pe3onaHCHhIM II 1-1epe3ouancHhIM. B cnyqae 

KOHCTPYKTIIBHOH HHTep¢epem~IIH ¢opMbI O)l{C-JIHHIIH npHMepHo rn­

KHe )KC, KaK H ¢opMa IICXO,ll;HOH caTeJIJIHTHOH JIHHHH. B cnyqae .z:i:ecT­

PYKTllBHOH HHTep¢epeHI(HH cneKTPaJibHaH nJIOTHOCTh MO)l{eT HMeTh 

6onee CJIO)KHYIO ¢opMy. 

Ha pHc. 5.12 H 5.13 (CD, 490, 491) npIIBe,ll;eHhI pe3yJihTaThI 

pacqeTOB .U)IH caTeJIJIHTOB 2s-12p-l(3,IP)3s(2P) ¢oTOIIOHII3aI(mI 2p-
3JICKTPOHOB Ne. <l>oT03JICKTPOHHhie JIHHIIH acIIMMeTpHquo ynrnpe­

HhI H3-3a pacna.z:i:a B KOHTHHYYM 2p-2(1S, 3P, 1D) Ep(2P). Ha pHCYHKax 

B IIIKane 3HeprHH CBH3H ¢oT03JICKTPOHHOro cneKTpa mo6pa)KeHhI 

TaK)l{e JIIIHIIII O)l{e-cneKTpa. llcnOJib3YH noporII O,ll;HOKpaTHOH II .ll:BY­

KpaTHOH ffOHH3aI(Hll, HeTpy.z:i:uo nepeBeCTH '.3TY IIIKaJIY B IIIKany 

KIIHCTlfqeCKIIX 31-1eprttfi O)l{e-cnCKTPOB. ll3 pIIc. 5 .12 BII,ll;HO, qTo ca­

TCJIJIHT 2s-12p-1 (3 P)3s(2 P) pacna.z:i:aeTcH npeIIMymecTBenno B KOHTII­

nyyM 2p-2(1D) sp, a HHTeHCHBHOCTH pacna)l,a B COCTOHI-Ille 2p-2(1S) f.P 
cyn~eCTBCHHO MCHhlIIC, npttqeM ¢opMbI JlllHIIH Q)Ke-cneKTpOB no­

BTOpHIOT <l>opMy <t>oT03JieKTpOHHOH JIIIHHll. llHTeHCHBHOCTb O)l{C-JIH­

HHH 2p-2(3 P) sp oqeHb Mana. ll3 pHC. 5 .13 BII,ll;HO, qTO CHHrJICTHbIH 

CaTeJIJIHT 2s-12p-1('P)3s(2P) pacna.z:i:aeTCH B OCHOBHOM B COCTOHHIIH 

2p-2(1D) E'.p II 2p-2(3P) sp, np11qeM ¢opMbI TIHX JIIIHHH B O)l{C-CITCKT­

pe pamHl!HbI, a llHTCHCHBHOCTb nocne.z:i:neil 60JihIIIe. 3TH TeopeTHl!CCKHe 

npe)l.CKmamrn: [43, 44] 6hIJIH IlO,U'TBCp:>K.I(CHhl 3KCnepHMCHTaJihHO [64]. 
TeopeTwieCKHH O)l{e-cneKTP MaJIOH :meprHH (63], COOTBeTCTBY­

IOII~IIH pacna.z:i:y caTeJIJIHTa ls-12s-1(3S)3s(2S) ¢oTOHOHH3aI(IIH ls Ne 

B ,ll;Ba COCTOHHlUI nenpepbIBHOrO CilCKTPa 1s-12p-1( 1•3P) E'.p IlOKa3aH 

na pttc. 5.14 (CD, 491). <l>opMa o6eux JIHHHH COOTBCTCTByeT ¢opMe 

¢oT03JieKTPOHHOro caTeJIJIHTa, npHBe,ll;eHHOH na pHC. 5.1 (CD, 484). 
OcHOBHaH qaCTb HHTCHCHBHOCTH nepe.n:aeTCH ClIHrJICTHOMy Kanany 

O)l{e (c KHHeTHqecKoii: 3neprtteii 8.3 3B), a HHTeHCHBHOCTh JIHHHJI B 

TpttnJieTHOM Kanane (c KHHCTJI'ICCKOH 3Heprneii 12.6 3B) cymecT­

BCHHO MeHbIIIC. 
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JTO rrpe,nCKa3aHHe IlO)J.TBep)K)J.eHO B pa6oTe [65], r.ne 6hIJIO 3KC­

rrepttMeHTaJlbHO ycTaHOBJieno, qTo MHTeHCMBHOCTb O:tKe-JIMHMM rrptt 

KMHCTHqecKOM :meprtttt 8 3B cymecTBeHHO 60JibUie lIHTeHCHBHOCTM 

JIMHHM c KMHeTttqecKOM :meprtteH 12.6 3B. 

5.10. )l;syxJJICKTpOHHhlH OJKe-pacna,rJ. 

Ilepexo.n H3 COCTO}IHH}l c O)J.HOM )J.blpKOH B COCT05IHMe c TpCM5I 

)J.bipKaMtt H JJ.BYMH qacTmi:aMH mo6pa:>KaeTC5I na6opoM .n;ttarpaMM, 

npoCTeMUIMH npHMCp KOTOphIX BbifJI}l)J.HT cne.n;y1omttM o6pa30M: 

p 

k (5.97) 

k--t-f 

q 

)J,JIJI KpaTKOCTH, )J.HarpaMMbI, COOTBeTCTBYIOUJ;Me o6Meuy )J.blpOK, 

orrymenhr. 1Io.upa1yMesaeTC5I cyMMa no npoMe:>KyrnqHLIM cocTOHHH-

5IM h. c 3KCI1CpHMeHTaJibHOH TOqKH 3peHH5I npe.D,CTaBJI5IIOT MHTepec 

)J.Be BeJIMqHHhI: BKJia,n 3Toro npOIJ:ecca B llIHpttny MCXO)J.HOH k-BaKaH­

CMH M Bep05ITHOCTb o6pa30BaHM5I KOHeqHoro COCT05IHM5I. IIocJIC)J.H5IJI 

BeJifiqHHa 3aBHCHT OT pacnpe.nenemrn :meprttH Me:>KJJ.Y 3JleKTpOHaMH 

pH q. 
Bo3MO)KeU TaK:>Ke KacKa)J.HbIH rrpoIJ:ecc, B KOTOpOM BCH 3HepfH}I, 

Bhl)J.eJI5IIOIIJ;a5ICH rrpH nepexo.n;e OCTOBa M3 COCTO}IHMH Jrl B COCTOHHHe 

f 1h-1, rrepe)J.aeTC}I 3neKTpony p. BKna.n TaKoro nponecca B rnttpttny 

HCXO)J.HOH BaKaHCMM JJ,aeTCH cne.ny1omeH: <PopMynoH:: 

r k = 2n f \( kj \ u \ hp)\ 2 8 ( E k - E h - E 1 + E P ) dE k . (5.98) 

BepoHTHOCTh B03HMKHoBeHMH Koneqnoro co'CTOHHHH nptt TaKOM 

rrpoIJ:ecce 1anttcbrnaeTC5I KaK 

rk,IJ/j>q =4n 2 j\(kJIU\hp}l28(Ek-Eh-EJ+Ep)dEp X 

X J-1 
\(hf\U\iq)\

2
8(Eh-Ei-Ef+Eq)dtq, (5.99) rh 
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me 11i - urnpirna rrpoMe)KyTOqHoii saKaHcirn h-1• B pe3yJihrnre Ka­

cKa)J.Horo npouecca B03HHKaror )J.Be O)J(e-JIHHHM, :meprnn KOTOpbIX 

coorsercrByror 3aKoHy coxpaHemu1 3Heprnu Ha o6oux rnarax pac­

rra)J.a. BHOBh 06pa3osanHbie )J.hlpKH Moryr B csoro oqepe.n,h pacrra­

.n,aThC5l .n,aJiee, ecJIH 11x 3Hepr115l .n,ocraroqHa, 06pa3y51 TaK na3hrnae­

Moe .n.epeso pacrra.na. TaKoii npouecc, ecn11 Haq1rnaerc5l c BaKaHcirn 

BO BHyrpc1rneii o6oJioqKe, rrpHBO.D,MT K BhlCOK03ap5I.D,HOMy HOHy. 

3TOT CJIO)f(HhlH rrpouecc paCCMaTpHBaJIC5l co 3HaqHTCJlhHh!Mll yrrpo­

meHM5IMH B (66]. 
Bo3MmKcn rn1or<e 11 npor~ecc O)J.HOBpeMeHHoro pacrra,L(a cocT05l­

HH5I C O.D,HOH .D,hlpKOH B COCT05IHHC C TpCM5l ,I\hipI<aMM H .D.BYM5l qaCTII­

UaMH, npH KOTOpOM 3aKOH coxpaneHH5l 3HeprHH BhIIIOJIH5lCTC5l TOJih­

KO )J.JI5l naqaJihHOro H KOHeqHoro COCT05IHM5I. B pe3yJihTaTc TaKoro 

rrpouecca BhICB06o)l(.n,a10ru:a5Ic5I 3HeprH5I pacnpe,I\esrneTC5I MC)J(J(y 

.LIBYM5I Bhmernmru:HMH 3Jie1<rponaMH nerrpephIBHO [ 67]. BKna)J, 3TOro 

rrpouecca B ump11ny HCXO)J,HOH BaKaHCHH pasen Bep05ITHOCTH B03-

HMKHOBemrn KOJieqnoro COCT05IHM5l BHC 3aBMCMMOCTM OT pacrrpe)J,e­

JICHM5I 3HeprHH MC)l(.I\Y qacTHuaMH p H q: 

;).rk,iJfflq = 2n ( L + J d£P Ix l p £p j 
\(kfl UI hp)\

2
\(hf I UI iq)\

2 
0 (Ek-£; - £ ;-£ 1+ £ p +Eq) 

X---
(£k-£h -£;+£p) 2 

(5.100) 

110,L(hlHTCrpanbIIOC Bhlpa)l<CHHC B 3TOH cpopMync (6e3 8-cpyHK­

UHM) paBHO Bep05ITHOCTH pacrra)J,a B C,[(lUJHqHhIH HHTCpBan KHHCTH­

qeCKOH 3HeprHH 3JICKTpOHa p. 
Bo3MmKen TaK)J(C rrepeXO.I\ H3 HCXO)J.Horo )J.BYX.r:\hipoqnoro co­

CT05IHH5I i ·- 11-1 B .n:pyroc COCT05IHHC m - 1.r-1 c O)J.HOBpeMCHHhIM y.n:a­

JICHHCM 3JICKTpona H3 o6onoqKH h B COCT05IHHC KOIITIUiyyMa q [67, 
68]. B 3TOM csryqae 3Hepnrn, Bhrcso6o)l</J:aIOII(a5IC5l rrptt o.n:uospe­

MCHHOM 3afIOJIHCHHll )J.hlpOK i-1 Hj-·1 3JieKTpoHaMH m Hf rrepe.n,aeTC5I 

aTOMHOMY :rne1<rpony h, rrepexo)J,5IW:eMy B KOHTHHYYM q. Bepo5!T­

nocTh TaKoro rrepexo,[(a B e;:i:ttHHUY BpeMeHH )J,aerc5I cnc)J.y1omeii 

cpopMynoii: 

1 iJq, mfh = 2n \M iJq, mfh \2. (5.101) 
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3.n;ecb M;jq, m/lt - MaT})nqHblll :meMeHT B3aHMOP,ellCTBH5l Me)Kp_y 

Tpex:meKrpOHHbIMH COCTOHHHHMH. MuoroqaCTnquaH TeopnH B03MY­

lll,eHHll o6bJqHo npnMeHHMa K TaKHM rrpou,eccaM, IIOCKOJibKY aTOM­

Hhie 3JieKTpOHHLie o6oJIO'IKH .ll:OCTaTO'IHO xoporno pa3,neJICHbl no 

3Hepnrn ll KYJIOHOBCKOe B3aHMOP,eHCTBlle OTHOCHTCJibHO cna6oe. 

Cne,nyeT oTMeTHTb, qTo HaHHH3IIme .n:narpaMMbI P,JIH aMnJIHTYAbI 

P,BOHHOro O)Ke-pacrral.(a ABYX.IJ.blpoqnoro COCT05IHI15l noHBJIHIOTCH 

TOJibKO BO BTOpOM nopH,U:Ke Teopun B03MYlll,CHHH, B TO BpCM5l KaK 

l.(narpaMMbI pacnal.(a Ka)K.!l,OH II3 lJ:blpOK no cxeMe rrpocToro O)Ke-pac­

nal.(a - 3TO l.(HarpaMMhI nepBoro nop5IlJ:Ka. Ilo3TOMY B o6meM cny­

qae BKJial.( P,BOHHOI'O O)Ke-pacrra.n:a B nonnyro BCp05ITHOCTb pacrra.n:a 

ll:BYX.IJ:bipoquoro COCTOHHHH HeBeJIHK. O.n:naKO .I(BOHHOH O)Ke-pac­

rra.I( CTaHOBHTC5l Cl.(llHCTBCHHbIM KanaJIOM pacnal.(a .IIBYXlJ:blpoq­

Horo COCT05IHII5l, ecJIH 3HeprIIH, BbICBo6mK.I(aCMOH npH rrepeXO.I(C 

i-1 ---> m - 1, ne,I\OcTaToquo .I(JI5l yAaJieHmI 3JieKTporra H3 o6ono'IKH h, 
B TO BpeMH KaK 3HeprIIH, BbICB060)K,I\aeMOH nptt .I\BYX3JieKTpOHHOM 

rrepCXO.I\C i-~J- 1 --) m -lf-1, l.(Jl5l 3TOI'O ,l:(OCTaTO'IHO. 

0)J,H03JICKT})OHHbIM O)Ke-pacrra.n: )J,BYXlJ:bipoq110ro COCT05IHH5l [70, 
71], mo6pa)KeHHhitt na cneJJ,yromeii .IlttarpaMMe, cocTOHT H3 nepexo­

.n:a )J.bipKH 1-1 B COCTOHHHe «)l;Be )J.blpKH-0,I(Ha qaCTHIJ,a» h -'j'-lp' 
To ecTh H3 BttpTyarrhHOro o)Ke-npouecca H nocne.n:y1omero nepexo­

)J,a COCTOHHH5l i-1p B m -lq: 

m 

(5.102) 

AMrnmTy;:i:a 3Toro rrpoI.(ecca HMeeT mm: 

(I) lL J ) \Jp\ U\ fh)\ip\ U\ mq) M .. fh (E) = + dt.1, x 
lf,l11 q E+£ ·-E1t+E 

p £ j p 
p 

(5.103) 

r;:i:e cyMMHpOBairne JI mnerp11p0Bam1e IIJJ.eT no .!l,HCKpeTHhIM H ne­

npepbIBHhIM COCTOHHH5IM p. 
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Ilpou,ecc, H306pa:>R:eHHbIH Ha CITe,D,yIOill,eH ,D,HarpaMMe, aHaJIOrH­

qeH npe,D,hl.JJ.Ylll,eMy, HO BTOpoe B3aHMO,D,eHCTBHe npOHCXO,D,HT Me:>R:.D.Y 

.D.BYX.D.blpoqHhlMH COCT051HJUIMH 6e3 yqacTH51 KOHTHHyyMa: 

--'"--~---'-''--._~..._~f 

q 

h 

<DopMyJia ,D,J151 aMIIJIHTY.JJ.bl 3TOro npou,ecca HMeeT BH,D,: 

(2) '-I (ihlUlrq)(iplUlmq) 
M .. 'h(E)- x 

IJ, m,. q E - £ . - £ - £ + £ 
r 1 r h q 

(5.104) 

(5.105) 

CyMMttpoBaHHe ,D,OJI:>R:HO rrpoBO.JJ.HThC51 no BCeM B03MO:>R:HhIM .JJ.hI­

poqnhIM COCT051HH51M, HO IIOCKOJibKY aTOMHbie o6onoqKH xopowo 

pa3,D,eJieHhI no 3Heprtt51M, B cyMMy BHOCHT BKJia.D. ue6onhwoe qttcJio 

cnaraeMhrx. B qacTHOCTH, ecmi: r = j, 3Ta ,D,HarpaMMa rrpe,D,cTaBJI51eT 

B036y:>R:,D,e1rne 3JieKTpoua H3 o6onoqKH h, ananorttqnoe Bo36Y:>R:.D.e­

HHIO caTeJIJIHTa BC1'p51CKH. 

Cnc.D.y10ma51 ,D,HarpaMMa, OTJIHqa10ma51c51 OT npC.JJ.hI.D.ymeii rrepe­

CTanoBKoil BepruttH, H3o6pa:>R:aeT BHpTyanhHhIH ncpexo.n: .D.BYX rny-

60KHX J.J:blpOK i-1j- 1 B .D:Be ).l,blpKH c MeHbllleH 3Heprtteii CB513H 

r-1 m - 1, c IlOCJie).l,yIOill,HM o:>R:e-pac1Ia).l,OM 0).1,HOH 113 HHX: 

-"-'"1-_._...._r ___ .__ f (5.106) 

q 

h 

BKna.n: :noil .D.HarpaMMhI B aMIIJIHTY.D.Y o:>R:e-rrpou,ecca .D.BYX.D.bipoqHo­

ro COCT051HH51 3aIIHCbIBaeTC51 B BH,D,e: 
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(5.107) 

KpoMe paccMorpeHHbIX BbIIIIe, cne.z:r:yer y 1iecrb u .z:r:uarpaMMhI, 

OTJIH'IaIOW:HeC}{ nepecraHOBKOM ,[(blpOK B HaqaJibHOM H KOHe'IHOM 

COCTOHHWIX. IloJIHbIH Ha6op TaKHX ,[(HarpaMM H cpopMyJibI ,[(JIH pac­

qera yrnoBbIX 11acreil npttBC,[(eHbI B [69, 70, 71]. 
0,[(H03JICKTpOHHbIM O)l{e-pacna.z:r: BHyTpeHHHX ,[(ByX,[(blp01IHbIX 

COCT05IHHM npHBO,[(HT K JIHHH5IM B CIICKTpe c 3HepnrnMH, 60JibIIIHMH 

qeM y O,[(HH01IHOM K-saKancm1. Hap51.z:r:y c 3THM OH OTKpbmaer H .z:r:py­

rtte B03Mm1nmcrH. TaK, ecrrn o6e ua11arrbHble BaKaHCHH HaX0,[(5ITC5I 

B npoMe)Kyro11HbIX no.n.o6orroqKax, ro B pe3yrrbraTe pacna.z:r:a 60-

rrec rrry6oKa5I BaKaHCH5I MO)KCT HeCKOJibKO «yrrry6HTbC5I», a Hapy)K­

HaH. - «BCIIJibITb» [72]. Bo3MO)l{Ha H cttryau,H5I «Bcrpe11ttoro ,[(BH­

)l(eHH5I», KOr,[(a H3HaqaJibHO 6orree MeJIKa5I BaKaHCHH yrny6HTCH, a 

MCJIKaH - BCIIJibIBer [73]. ,[(ByXBaKaHTHbie COCTOHHJUI Moryr HMCTb 

Ii caTCJIJIHTbl [74]. IIpttMepoM MO)J(CT CJIY)J<H'fb ,[(HarpaMMa (5.106), B 

Koropoil ;-11-1 = m-11·-1. 
Pacna,[(bl BaKaIICHM BCJie,[(CTBHe HaJIH1IH5I MC)K,[(y HHMH B3aHMO­

,[(CMCTBH5I ne ofol3aTeJibHO ,[(OJI)KHbI 6bITb 1m60 O)Ke, m160 pa.z:r:na­

ll,HOHHbIMH. Outt Moryr npoXO,[(HTb c ncnycKaHtteM 1rreKrpouoB 

H cpOTOHOB 0.lJ.HOBpeMCHHO H Ha3bIBaIOTC5I pa.z:r:ttall,HOHHbIMH nony­

O)Ke-pacna.z:r:aMH (cM., K npttMepy, [10]). 

5.11. O.n.noct>oTonnhltt pacna.n. ,rJ.Byx.n.Mpoqnhlx cocTOHHHH 

B3aHMO.[(CHCTBHe MC)K.[(y aroMHbIMH 3JICKTpo1rnMM npttBO,[(HT 

TaK)l{C K 0.[(HOBpeMeHHOMY pacna.z:r:y ,[(Byx BaKaHCHM c HcnycKaHHCM 

OL(HOro cpOTOHa. 

ripu pacna.z:r:e BaKancuii BO Bnyrpemrnx o6orro1IKax 1nepnrn ttc­

nycKaeMoro cporona npttMepno paBna cyMMe 1nepruil o6ettx BaKan­

cttil M, CJIC,[(OBaTCJil>HO, BeJmKa. fI03TOMY MO)KHO, KaK H B II. 5.10, 
llOJib30BaTl>C5I reopneil B03Myrn;e1mil no Me)K3JieKTpOHHOMY B3aHMO­

.z:r:eiiCTBMIO. AMnrrury.z:r:a npou,ecca M Jih;
1
;
2 

npc.z:r:craBJI5IeTc5I .n:ttarpaM­

Moil 

, ro ,, _. 

;;,~ 
k ,, _. ,, 

I 
... : ... j I 

(5.108) 

h 
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H eil\e TpeM.R: ,z:i:pymMH, r.ue cpOTOHHa.R: JIHHH.ff: HCXO,llHT H3 .z:i:pymx ,Ubl­

pO"IHbIX JIHHHH .UHarpaMME.I. 3].lecb 3Hepm.R: ttcnycKaeMoro cpoToHa 

pastta ro Jihiit2 = E Jih - E 1112 • ITo rrpoMc>KyTO'lHbIM cocTO.R:HH.R:M k, Ko­

TOpbie MOryT 6bITb KaK )J;blpO"IHbIMH, TaK H 3JICKTPOHHbIMH, B Bblpa­

>KCHHH ;J;JI.ff: aMnJIH'ry]lbI npOH3BO]lHTC.R: cyMMIIpOBaHHe (H HHTerpH­

poBaHHe ). Bepo.R:THOCTL (napuIIaJibHa.R: llIHpHHa) pacrra.z:i:a naxo.n:HTC.R: 

c IIOMOil\blO cpopMyJibJ, no;:i;o6HOH (5.71): 

r! ... =~ro; ... a31M'. ... 12. 
}1)21112 3 1)21112 )IJ2l1l2 

(5.109) 

ITomiaH 1IIHp1rna o.uHocpoTOHHoro1 paena.z:i:a J.lBYX.llbipotIHoro co­

CTOHHHH Yi1i2 nonyqaeTCH H3 napuHaJibHbIX rr. . . cyMMHpOBaHHCM 
11121112 

no j 1. 2 c yqeToM JaKmrn coxpaHcHII.R: 3HeprHH ro Ji.izt112 = E Ji.h - E 1112 • 

II,ucH o B03MO:>KHOCTH cyw:ecTBOBaHHH TaKoro pacna.ua BblCKa-

3bIBaJmci, eme s 30-x ro.z:i:ax A. 3e>MMepcperrb)lOM, OJ.{HaKo nepsb1e 

peaJibHbIC BbltIHCJICllHH 6bmH npoBC,llCHbl JIHIIIb B 1977 r. (CM. B [74]). 
0Ka3a11oc1>, 'ITO cJie)lyeT yqecTb Bee ticT1>1pe .nimrpaMMhI THna 

(5.108) H npocyMMHpOBaTb no BCCbMa II1HpOKOMY Ha6opy COCTO.ff:­

HHH k. 3aMeTHa.R: pOJib 60JibllIOro 'IHCJia COCTOHHHH B cyMMe no k 
no.z:i:qepKHBaeT MHOf03JICKTpOHHbIH xapaKTCp· npouecca O,IJ;HOcpOTOH­

HOro pacna.ua J.lBYXBaKaHTHblX COCTOHHHH. 

OueHKH H Bbl"IHCJICHH.ff: IlOKa3bIBaIOT, qTo umpmrn r! ... ' KaK 
J1J2l1l2 

npaBHJIO, Ha IllCCTb nop.R:]lKOB MCHbllle O>KC-IllHpHHbl KaiK.n;oro H3 

yposneii it H iz. OmollICIIHC rY .. ' K Y.llBOeHHOH IIIHpm1e pa.n;Hal.{H­
J1)2l1l2 

01moro pacna,lla Konc6anoc1> OT 0.002 .z:i:o 0.47. B' KaqecTBe npHMcpa 

npHBe;:i;eM pe3yJibTaTbJ .U,JI.ff: CJICJ.lYIOil\HX pacna.u.os: 

Ne2+: pacna.u ls'-2 ~2s- 1 2p- 1 , ero nrnp1rna rr= 1.3·10-5 3B, 

Ar+: pacna.u 2s-2 ~ 3s-12p"" 1, ero IIIHpHHa rr = 4.06·10-5 
3B, 

Xe2+: pacna.u 4d-2 ~ 5s-15p-1, ero urnpmta rr = 0.43·10-5 3B. 

_na11H1>1e on1>1Ta no pacna.lly s Ne no1<a3BIBa1or 3Haqeutte l.4·10-5 
3B, 

BCCbMa 6JIH3KOC K npHBC,llCHHOMY BbllllC pacqeTHOMy. 

Bepo.R:THOCTb oilHOcpoTOHHoro pacna,na 3naqHTCJibHO so3pacra­

CT, CCJIH ::meprHH cporona OTHOCHTCJlbHO Mana. YMCHbIIJeHHC O)J1hi1i2 

B (5.109) JierKO KOMIICHCHpyeTCH yseJlH'ICHHCM aMl1J1HTY.llbI, B KOTO­

pylO BXo,zvrr COCTOHHH.ff: c 60JibIIIHM nepeKpbITHCM BOJIIIOBbIX <i>YHK-

1.{HH. 3To MO'.>KCT HMCTb MCCTO npH pacna,n;e J.lBYX.UblpoqHbIX COCTO.ff:­

HHH B npOMCiKYTO~IHblX 060Jioq1<ax. IlpH'ICM O,lllJa:H3 KOHeqHblX Ba-
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KaHCHH MO>KeT 6hITb H rny6>r<e, 'ICM Ha'laJibHaR [70,71], TO eCTb 

HMeeT MCCTO m160 «yrny6nentte», JJH6o «BC'I'pe'IHOC» ,lJ;BH>KeHHC Ba­

KaHCHH. Pacna.n; ABYXBaKaHTHhIX cocTORHHH B npoMc>KyTO'IHbIX 060-

noq1<ax npHBO)J,HT K 60llblllOMY pa3H006pa3Hl0 B 3Hepl'HRX <PoTOHOB. 

B paccM0Tpe1moM cJiyqae 6naropoJJ.HhIX ra30B - Ne, Ar, Kr - .n;na­

na3oH 3HeprnH: ro1d211;
2 

H3MCHRCTCR OT 1 AO 60 Ry, a pa,n;naunoHIIbIX 

umpttH- OT 0.06· 10-7 .rr.o 227· l0-7 3B. Pe3yJibTaTbI AJIR Kr npnse.n;c­

Hbl B Ta6JI. 5.16 (CD, 503). 
Tat<HM o6pa3oM, o,n;Ho<PoTOHHbIC pacna,n;hI B HOHax c .n;ByMR H 

66JiblIIHM 'IHCJlOM BaKaHCHH RBJIRIOTCR 'IHCTO KoppcmJUHOHHbIMH 

upoueccaMH, BCpORTHOCTb KOTOpblX onpe~lCJIReTCR MC>K3JICK'fPOH­

HblM B3aHMO,!J,CHCTBHCM H KOTOpblC npHBOl.l;RT K IlORBJICHHIO 3Ha'IH­

TCJlbHOro 'IHCJia HOBbIX cneKTpaJibHblX JIHHHH 3aMeTHOH HliTCHCHB­

HOCTH (10]. 

5.12. YrJJosan JaBHCHMOCTb u cnu11osan noJJnpuJa~un 
O:>Ke-:meKTPOHOB 

Bo3HHKH0Be1me aHH30TponHH H cmrn-no.rrnpH3aI~HH o>Ke-3JICKT­

poHoB H <\JOT03JICKTpOHOB onpe,nemieTCR pa3JIH'IHCM B CHMMe'fplm 

onepaTOpos B3aHMo,neH:cTBHR. KynouoscKHH onepaTOp nepexo,n;a B 

0'1\e-npouecce RBm!eTCR CKaJrnpHbIM B OTJIH'IHC OT AHIIOJlbHOrO one­

paTOpa B3aHMO,JJ,CHCTBHR 3J1CKTpoMafHHTIIOrO H3JIY'ICHHR c BClllCCT­

BOM. ITo3TOMY yrnosoc pacnpe.n;eneane <\JoTo3JICK'fPOHOB Bcer,!l;a 

aCHMMe'I'pH'IHO, B TO BpCMR KaK yrnoBaR aHH30'1'pOilHR 0'1\e-3JICKTpo­

HOB B03HHKaeT TOJlbKO, ec1m HCXO;:\HaR BaKaHCmI aHH30'1'pOilHa [75]. 
EcJm seposrrnoCTb naXO>K)J,CHHR BaKaHCHH }1; B Ka'1\AOM H3 COCTOR­

HHH c MarHHTHblM KBaHTOBblM 'IHCJIOM mk O,!l;HHaKOBa, TO BaKancmo 

6y.n;cM Ha3bIBaTh c¢epui-1ec1<u-cuMMempul./11ou. 
Ec1rn noTOK <\JoTOnos mm 3apR>KCHHbIX qacTml npoH3BO.UHT B 

MIU!ICHH c<\JepH'ICCKH-CHMMCTpHqllbIC BaI<aHCHH, TO ccpepnqe­

CKH-CHMMCTpH'iHbIM 6y1,tcT TaK>KC H yrnosoc pacnpe,n;CJICHHC 

o>r<e-3JICK'fPOHOB. Ec;rn >r<e pacnpe,n:encHHC BaKancHfl acHMMC'fPH~1-
110, TO aCHMMeTpH'iHblM 6y,n;eT H yrnosoe pac11pc,n;enc11He O>KC-3JlCK­

TpOHOB. 

Pa3JIH'laIOT ,n;sa nma acHMMeTpH'inoro pacnpc~cneHHJI: opueu­
ma4wo («orientation») H ycmm10B1<y («alignment»). Opue1-1ma4ueu 
Ha3bIBaIOT pacnpe,ncne1rne, rrpH KOTOpOM 3aceneHHOCTH COCTOJIHHH c 

rrpOTHBOTIOJIO>KHblMH no 3HaKy MarHHTHbIMH KBaHTOBbIMH 'IHCJiaMH 

pa3JIH'iHbl, a ycmm1081<0t1 -- pacnpc.n;eneHHC, CHMMCTpH'IHOC OTH0-
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CMTerrhHO 3HaKa MarnMTHoro KBaHTOBoro qttcrra. Pmrrnqtte B 3ace­

rreHHOCTHX onpe.n;errHeTCH Mo.n;yrreM MarHMTHOro KBaHTOBOro qttcrra 

BaKaHCHH. Ifa :noro onpe.n;erreHHH crre.n;ycT, qTo optteHTaU:HH oTrrHq­

Ha OT HYJIH, eCJIH IlOJIHhIH MOMeHT .IJ:blpKHj; > 0, a ycTaHOBKa OTJIHq­

Ha OT HyrrH, ecrrtt j; > 1/2. 

PaccMoTpHM crryqaH: HOHH3aU:HH aTOMa HenorrHpH30BaHHhIM no­

TOKOM tj:loTOHOB. B 3TOM crryqae OChIO KBaHTOBaHMH HBJIHCTCH Ha­

npaBrreHHC IlOTOKa tj:loTOHOB, a pacnpe.n;eneHHC BaKaHCHH CHMMeT­

pnqHo OTHOCMTeJibHO TIJIOCKOCTH, nepneH.n;HKyrrHpHOH K 3TOMY na­

npaBJICHHIO. I1o3TOMY optteHTaU:HH OTCYTCTByeT. 0.n;naKo ycTaHOBKa 

MO)KCT 6bITh OTJIHqna OT HYJIH. 3To OTJIHqHe CBH3aHO c TeM, qTo BC­

poHTHOCTb tj:lOTOHOHH3aU:HH 3aBHCHT OT a6corrIOTHOH BCJmqmihl Mar­

HHTHOro KBaHTOBOro qttcrra. IlpH HOHH3aU:HH K-o6onoqKH B03MO)K­

HO TOJihKO O.D:HO 3naqen11e Mo.n;yrrH MarHMTHOrO KBaHTOBoro qttcrra 

Im J = 1/2 11 ycrnnoBKa oTcyTcrnyeT. I1o3TOMY yrnosoe pacnpe.n;erre­

Htte B O)Ke-cneKTpax K-o6orroqKH, B036y)K.n;aeMhIX nenorrHpH3oBaH­

HhIM M3rryqentteM, ctj:lepttqecKH-CHMMeTpttqno. EcrrH uaqarrhHhIM 

COCTOHHHCM B 0)KC-Cl1CKTPC HBJIHCTCH BaKaHCHH B p-o6onoqKe, TO 

ycrnHOBKa oTrrnqHa OT nyrrH B j = 3/2-KoMnoHeHTe. B 3TOM cnyqae 

yrrroBaH aHH30TPOTIHH B03HMKaeT, CCJIH CTIHH-op6ttTaJibHOe paciu:en­

JICHHC 6orrhllle, qeM IIIHpmm JIHHHH. EcrrH naqaJibHhlM COCTOHHHCM B 

O)Ke-nponecce 6y.n;eT BaKaHCHH B d-o6orroqKe, TO o6e KOMIIOHCHThl 

cnnn-.n;y6rrern MoryT ttMeTh onmqnym OT uyrrH ycTaI-IOBKy. Teope­

TnqecKoe OTIHCaHHe yrrrOBOH 3aBHCHMOCTH H CTIHH-IlOJIHpH3aU:HH 

0)KC-CTICKTPOB .n;ano B pa6ornx [76-82] . 

.LJ:rrH KOJIHqecTBeHHOro OTIHCaHHH aHH30TpOmlhlX pacnpe.n;erre­

HHH BaKaHCHH 06b1q110 HCIIOJih3YIOT annapaT CTaTHCTMqeCKHX TeH-

30pOB, onpe.n;errHeMhIX <P-rroH: [78]: 

PkK = L (-1)2f'-2m'[k]x 

mm' 

x{j k /,}{j /, k}UllP"ll/). 
-m Km m -m -K 

(5.110) 

B paccMaTpMBaeMoM crryqae j coBna.n;aeT c / H paBnHeTcH norr­

HOMY M0Me1ny saKaHCHH nocrre tj:loTOHOHH3aU:HH. MaTpttu:a nrroTHO­

CTH p HOpMttpyeTCH na ceqeime tj:loTOHOHH3aU:HH (mm HOHH3aU:HH 

3JICKTpOHHhIM y.n;apoM): 

Tr(p) = cr. (5.111) 
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Tor,l(a JJ.11JI crnTIICTII'IeCKoro reH3opa Hy11eBoro nopRJJ.Ka no11y1-meM: 

( ") cr 
Poo JJ = [}]112 · 

(5.112) 

lfa aKcttaJibHOH CI1MMerpttI1 paccMaTpttBaCMOH 3a)J,aqtt CJie­

)J,yer, qTO OTJII1qHbl OT nym1 TOJibKO TeH30pbl qeTHOro panra, rrpM­

qeM 

(5.113) 

3TO 3KBMBaJieHTHO TOMy, qTO IIpM HOHM3aU,HH nenomipI13o­

BaHHhIM I13nyqeHtteM MO)l(eT 6bITh rronyqena ycTaHOBKa, HO He 

optteHTailMR BaKanc1111. CTenenh ycTaHOBKM onpe)J,eJIJieTcR napa­

MerpaMH: 

Ak = P kO IP oo, 

k = 2, 4 ... 

(5.114) 

B cnyqae HOHM3aU,MH p-o6onoqKH .D;JIR KOMIIOHeHTbl ik = 112 ycrn­

HOBKa OTCYTCTByeT, B TO BpeMR KaK .D;JIR}k = 3/2 ycrnHOBKa onpe.n;e­

JIJieTCR <P-noii [78, 79]: 

A = ~(3/2, _I 1121 ) - cr (3/2, I 3121) 
2 

CT (3/2, 11121) + G (3/2, 13/21)' 
(5.115) 

r)J,e (J (j, m) - cyMMa ccqeHHH cpoTOI10HH3aUI1H )J,ml COCTORHMR 

HOHa c )J,blpKOH, MMe10111,eii IIOJIHbIH MOMeHT j H ero npoeKU,I1H +m I1 

-m. 
Ilptt HOHI13aU,MI1 d-o6oJIOqKI1 o6e CHHH-op611TaJibHbie KOMIIO­

HeHTbI MoryT HMeTb yCTaHOBKy, OTJIMqny10 OT HYJIR, H yrnoBoe pac­

npe)J,eJienue L-cneKTpoB O)l(e ne 6y)J,CT ccpepttqecKtt cttMMeTptt'I­

HbIM . .D:nR cnyqaJI h = 2, ik = 3/2 ycranoBKa TaK)l(e )J,aeTcR <P-noii 

(5.115). 
B cnyqae l1c = 2, ik = 512, KpoMe A2, ttMe10mero Btt)J, [77]: 

2 4cr (5/2, 11121) +a (512, 13121) - Sa (5/2, 15121) 
A1 =-

7 cr(5/2,)1/2))+cr(5/2,)3/2))+cr(5/2,l5/2J) ' 
(5.116) 
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B03HHKaeT TaK>Ke KOMilOHCHTa yctaHOBKH qeTBepToro nopH.ri;Ka 

A
4 

= ~ 2cr (_?..12, ll/21) :.3cr_(5/2~!21) + <j_5/2, l~/21). 
7 cr(5/2,ll/21) +cr(5/2,l3/2I) +cr(5/2,l5/2I) 

(5.117) 

EcJIH 3HeprnH <PoT03JICKTPOHa cymecTBeHHO npeBocxo.ri;HT :rnep­

rmo O>Ke-3JICKTPOHOB, TO MOfKHO C'IHTaTI,, 'ITO O>Ke-npouecc npOHC­

XO.!J.HT nocne <PoTOHOHH3aUIIH. 06o3Ha'IHM qcpe3 Ji' Jf' H j IlOJillbIC 

MOMCHTbI O)l,HOKpanJO HOHH30BaHHOfO aToMa, .!l.ByKpaTHO HOHH30-

sa1moro aTOMa H OfKC-3JICKTpoua COOTBCTCTBCHHO. lb coxpaHeHHH 

MOMeiiTa KOJmqccTBa .llBH>KeHHH H qeTHOCTH npH O>Ke-npoueccc CJIC­

.ri;yeT, qTo nomme 'IHCJIO B03MOfKHbIX napuHaJibHbIX BOJIH 0)1<C-3JICK­

TPOHOB orpaHH'ICHO BeJIH'IHHOH 2Ji + 1, eCJIH Ji~ .f;·, H orpaHH'ICHO 

21;· + l , ecnH J1 Jr 
J~JIH Toro 'IT061>1 c.uenaTb 6onee nonHTHbIM onHca1me o>Ke-npo­

uecca B npH6JIH)l(CHHH CHJibHOro CIIHH-op6HTaJlbHOro B3aHMO.!J.CHCT­

BHH, paccMoTpHM KOHKpeTHbIH nepcxo,n; N4 ~ 0 2 30 2 3 B HOHe Xe: 
I ' ' 

{ 

ES112CV1 ,OJ) 

Xe[4d]D 312 ~ Xc[5p 2 ]3 P1 + ed312 (V2 ,o 2 ), (5.118) 

eds12(V3,03) 

r.ri;c BBe.ri;CHbI 06031-Ia'leHHH Vi H 81 - KyJIOHOBCKHX MaTpH'IHbIX 

3JieMeHTOB H <1Ja3 3JICKTPOHOB B CllJIOillHOM cneKTpe ,!l;JIH Ka>K.ri;oro 

H3 KaHaJIOB. 0TMCTHM, 'ITO Vi H 81 - BCJIH'IHHbl, onpc,n;eJIHIOmHe 

CKOpOCTH O>Ke-pacna,n;a H yrnoBoe pacnpe,!l,CJICHHC 0)1<e-3JieKTpO­

HOB. EcJIH H3MepHIOTCH TOJibKO OTHOCHTCJlbHbIC HHTCHCHBHOCTH 

H yrJIOBbie pacnpe.ri;eJICHHH, TO 'IHCJIO HC3aBHCHMbIX ncpeMCHHbIX 

Ka>K.ri;oro THIIa YMCHblllaeTCSl Ha CilHHHUY H MO'.>KIIO BBCCTH o6o3Ha­

'ICHHSl: 

(5.119) 

B npH6nmr<eHHH LS-cBH3H ocTaeTcsr TOJibKO d-son1:1a, 82, 3 = 0 H 

BCJIH'IHHa V2,3 onpe,ueJISlIOTCH TOJibKO yrnoBblMH qacnIMH BOJIHOBbIX 

<iJYHKUHH. 

,LJ:mr paCCMOTpeHHH KHHCMaTHKH npOllCCCa B cnyqae HCIIOJrnpH-

30BaHliOfO H3Jir1eHHH HJIH KpyroBOH IlOJIHpH3aUHH BBC,UCM CJie.ri;y10-

lllYlO CHCTCMY KOOp,ri;HHaT [ 81]: 
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(5.120) 

fIJIOCKOCTb npoXO)J,MT qepe3 HanpaBJieHMH <iJoTOHa M O:>Ke-3JieKT­

po1rn. CMcTeMa KOop.nmrnT .!lJlH OTIMCaHHH CTIHHOBOH TIOJIHpH3aQMM 

BbI6pana TaK, 'ITO HanpaBJICime OCH z COBlla)J,aCT c uanpaBJICHHe cpo­

TOHa, a OCb y nepnCH.!lHKYJIHpHa TIJIOCKOCTH. 

B o6meM cnyqac yrnosaH 3aBMCHMOCTb o:>r<c-cneKTPOB .naeTcH 

cpopMyJIOH [79) 

W,(0) ~ :~ (I+ '~'~,A,0P,(cos 0)} (5.121) 

r.ne pk (cos 8) - flOJIHHOMbl Jie:>r<aH.npa, a K03<iJ4>MQMCHTbl ak .na10T­

CH cpopMyJIOH [80) 

ak = I_(-l)J+Jr 112 [J]112 L [!(jj'k]112(-I)l'-tx 
W 11' .. , 

' 'j, J 

{ 
l !' k } { J J k } { . ·' k } 

x 0 0 0 } J' Jf' ;, ·: 112 VIJ Vij' . (5.122) 

CrmnoBaH nom1pH3aQH$I O:>KC-3JICKTPOHa B CHCTCMC KOOp.!lHHaT, CBH-

3aiiOH c cro HanpasnenHeM .n;BH:>KCHMH onpe)J,CJIHCTCH TPCMH cne.n;y10-

IQHMH cp-JiaMH [79]: 

Pz(e) = A10(~1 +y1P2(cos8)) ; 
J+LAkoakPk(cos0) 

k=2,4 

(5.123) 
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L,.A1co~k sin20 

Py(e) = k=2,4 ; 

1 + L,.A1coa1cP1c(cos0) 
k=2,4 

~ A10y1 sin 20 
Px(0) = -~4~----

1 + L,.Akoa1cPk(cos0) · 
k=2,4 

(5.124) 

(5.125) 

OptteHTau,II5I A 10 JI ycTaHoBKa A20 5IBJI5J.10Tc5I napaMeTpaMtt, xa­

paKTeptt3YIOlll,IIMH HOH. OptteHT311II5I HOHa OTJIIJqua OT uyrnr TOJibKO 

nptt HCTIOJib30BaHHH TIOJI5IpH30BaHHOro H3Jiyqeumr, B TO BpeM5I KaK 

OTJmqua51. OT uynR ycTaHoBKa B03MO)}(Ha H npH HCITOJib30BaHHH JJ,m1 

QJOTOHOHH33ll,HH HCIIOJI5IpH30B3HHoro Il3JiyqeHHe5I. 

IlapaMeTpbr a1c, f3 i, y1 H Sk Ha3hIBa10Tc5I 6HympeHHUMU. Ilapa­

MeTpbI a1c orrpe.nen5IIOT yrnoBoe pacrrpeJJ,eneuJie O)}(e-'.meKTpoHoB; Sk 
xapaKTepH3YIOT Jl.HHaMHqecKyIO CTIHH-IlOJI5IpH3all,HIO, T. e. IlOJI5IpH-

3all,HIO, KOTopa5I B03HIIKaeT BCJieJJ,CTBIIe HHTepcpepeHll,HH MC)l(Jl.Y 

JJ.BYM5I napu,HaJibHbIMH BOJIHaMH. IlapaMeTpbI f3 1 H y1 xapaKTepH3y­

IOT TaK H33bIBaeMyIO nepeda!tHyJo cnUH06YIO nOJl51,PU3QLfUJO, T. e. ne­

peJJ,anny10 BCJieJJ,CTBHC optteHTall,HH HOHa IlOJI5IpH30B3HHbIM H3JIY-

1ICHHCM. 3TH napaMeTpbI JJ,aIOTC5I CJieJJ,yIOlll,HMH TpCM5I cp-naMH 

[80, 81]: 

~k = .2_(-I)J+lr1124.J3[J]ll2 L [ll}/k]ll2(-1)1.2+1'-J'x 
W II'.' , 'j, J 

{l l' "}{JJ k }{/ !' k} x . .1 J 1/2 1/2 1 Im(V1. V1~,); (5.126) 
0 0 0 } } f . ·' k J J 

} } 

~] = .2_ (-l)J +11 +l/2 .J2 [J]ll2 L.. [j/]112 x 

w I'"' , JJ 

x . .I } } v . V*,. 
{ 

J J 1 } {. ·' 1 } 
} } JI 1/2 1/2 l 11 I; ' 

(5.127) 
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Y1 = _!__(-l)J +J1-112[J]112 L [jj']112 (l-j)[j] + (l' -j')[j'] + 2x 
W II' .. , -fj 

' }} 

{ 
J J l } { . ·' 1 } 

x J J' JI i12 i12 o vu v;,' (5.128) 

r.n:e J Jf Ji- IIOJIHhIC yrJIOBhIC MOMCHThl rrpoMe)KyToqnoro II KOHeq­

Horo IIOHHhIX COCT051HHH; l Hj - op6IITaJihHhlH II IIOJIHhIH MOMCHThl 

O)Ke-3Jier<Tpona; Vu - npIIse.n:euuh1e r<yJioHoscr<He MarpHqHhJe 3Jie­

MeHThI c yqeToM r<oMrn1er<cuoiI cpa3hl. KpoMe Toro, sse.n:euo o603Ha­

qeHHe 

(5.129) 

5.13. Pacna}J. BaKattcuii JH}J.03)1,paJihHhlX aTOMOB 

KaK y)Ke OTMeqaJIOCh B II. 1.13' B IIOCJIC)JJme ro.n;hI BHHMaime HC­

CJIC.[(OBaTeJieft 1IpHBJieKaIOT Tar< Ha3brnaeMbIC 3H.[(03JJ:paIIhHbIC aTO­

Mhl, T. e. aTOMhI A, 1IOMe111euub1e BHYTPH 060Jioqr<11 F, cocToR111ei1 

113 aTOMOB yrnepo.n:a, pa3Mepb1 KOTOpOH 6oJihllle aTOMHOro pa.n:Myca. 

B r<aqecrne F ofarqno paccMaTp.HsaeTCR naM6oIIee CHMMCTp.HqJiaR 

CHCTeMa C60 H o.n:HH aToM A snyTpH, B u,eurpe. 

B II. 1.13, 1.14 MhI IIOKa3aJIH, r<aK MO)KHO yqecTh BJIHRHHe cpyII­

IIepenosoif 060Jioqr<11 ua cp0To11onmau,mo a To Ma A. 3.D;ech MhI pac­

CMOTpHM BJIHRHHe F na pac1Ia.n: sar<ancHH A [83]. KanaIIhI pac1Ia.n:a 

3HJ1:03.ll:paJihHhIX BaKaHCHH 6y.n:eM pa3JIHqaTh no CTCIICHH yqacTH51 B 

HHX 3JICKTpOHOB cpynnepeua. A HMCHHO, BaKaHCH51 B 3HJJ:03,D,paIIbHOM 

aTOMe MO)KCT 3alIOJIH51ThC51 3JICKTpOHaMH Toro )KC aTOMa HJIH 3JICKT­

poHaMH BaJlCHTHOH o6onoqKH cpynnepeua, qTO MO)KHO Ha3BaTh 

amO,Wlbl.M HJIII rjJy;1J1epeH06blM pacnadOM COOTBCTCTBCHHO. Ecm1 HC­

xo.n:HaJI aTOMiraJI sar<anc1rn .n:ocTaToqno rJiy6or<aJI, ona MO)KCT 3a1Ion­

HIITbCJI snyrpeHHHMH 3JICKrpouaMH aToMa yrnepo.n:a-cpyIInepena, 

qTo ua30BCM MOJ1eKy11RpHblM pacnaooM. 

EcJIH aTOMHaJI saKanc1rn pac1Ia.n:aeTCR c 11c1Iycr<am1eM cpoTona, 

cpynnepenosa51 o6onoqKa MO)KCT IIOrnoTHTh 3TOT cpoTon, HCIIYCTHB 

<}JoTon TaKOH )KC :mepr1111. TaKMM o6pa3oM, pac1Ia.n: sar<anc1111 1Ipo11c­

xo.n:11T no JJ:BYM KaHaJlaM. flepBbIH - 3TO peKoM611HaU,HJI c H3Jiyqe­

HHCM cjJoTona m01mposannhIM aTOMOM. BTopoif - 3TO .n:syxcTyrreu­

qaThIH 1Ipou,ecc, rrpOHCXO.ll;JIIllHH qepe3 3JlCKTpOHHOC B036y)K.[(CHHC 
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cpym1epen0Boii o6orroqKM. AMnmfry.IJ.hl 3TMX KaHarroB MHTepcpeptt­

pymT anarrorttqno TOMy, qTo MMeCT MeCTO .D,Jl51 Il30JIMpoBaHHh!X aTO­

MOB (CM. pa3.D,. 1.14 Il 1.5), r.n.e Bep05ITHOCTh pacna.n.a MO:>KeT MeHHTh­

C5I OT CMJihHoro yBerrttqenM5I .n.o noqn1 norruoro rro.n.aBrreHM5I. To )Ke 

caMoe MO/KCT r10rryq11ThC5I Il npM O)Ke-pacrra.n.e: B3aHMO.D,eHCTBilC 

Me)K.n.y 3JICKTponaMM, BHYTPCHHMMM 11 BIIeIIIHMMM, MO)J(eT M3Menu­

ThC5I M3-3a BIIPTYaJihHhIX Bo36y)J(.n.eirnii 3JieKTponoB C60, qTo npMBO­

.IJ.MT K 3aMene qttcToro r<yrronoBcKoro B3aHMO.D,ettcTBII5I V na 3cpcpeK­

TMBHoc B3aMMO.D,eMCTBMe r(ro) (CM. (1.40)), 3aBMC5IIll,ee OT rrepe.n.an­

HOH 3IIepnu1 (J). Pa3JIIIqlle MC:>K.IJ.Y v II re (J)) onpe.n.eJrneTCH BIIYTPH- Il 

MC)K06orroqeqnhIMH 3cpcpeKTaMM. 

AMrnrnTy.n.a pa.n.ttal(ttonnoro pacrra.n.a MO)KeT 6hITh npe.n.crnBrre­

Ha .D,MarpaMMaMM, anarrorHqHhIMil )J,MarpaMMaM )J,J15I pa)J,Hal(IlOHHOro 

pacna.n.a II30JrnpoBannoro aToMa: 

f f ... • .. + .... .... 
........ 

mij 

(5.131) 

Bo3MO)KHO cymecrne1nrne yrrpome1me 3Toro Bhrpa)Kemrn, Ta1<oe 

)KC KaK Il B crryqae cpoTOIIOHII3al(IIIl, OCIIOBaHHOC na npII6rrmKCHilH 

(5.131). Mhr nOJrnraeM, qTo pa.D.IIyc cpyJIJiepena Mnoro 6oJihlIIC Torr­

Ill,HHhI era o6orroqrrn H pa3Mepa aTOMa. JTO npIIBO.D.HT K COOTHOIIIC­

HIIJO, anaJIOrIIqJioMy ( 1.114) .D.JIH aMHJIIITY .D.bI pa;iIIal(IIOHHOro pac­

na.ua. B pc3yn~TaTC Bepo5ITHOCTh JToro pacna.ua I'~';/ .D.IT5I aTOMHoro 

nepexo)J,a ;----:; j Bhipa)KaeTC5I qepe3 TaKHe )Ke napaMe1'phI, KaK II B 

crryqac cpOTOIIOrJIOill,CHII5I 3H.D,03.D,parrbHOro a TO Ma ( 1.115) - aMITJIH­

TY.D.Y I' { ,f H cpaKTop G(ro): 

I 1

2 
C - ~A a F (OJ;/ ) - 2 'A r 1. - 1 .1 1 - = 1 G F c ro)I r .1 .. y, I y, l R 3 y, l 

(5.132) 

06o3naqenII51 Te )Ke, qTO B (l.115). 
,[(n5I C60 cpaKTop G (ro) npe.D.cTaBrren Ha PIIc. 2.1 O _ C60_gl (CD, 

233) H Puc. 2.1 O _ C60_g2 (CD, 234). Oco6hri1: mnepec rrpe.D.CTaBJI5IeT 

pacrra.D. BaKaHcHII cy6BanenTnoi1: s-o6onoqKM aToMa 6rraropo.D.noro 

ra3a. TaKHe BaKaHCMII pacrra.namTc51 B aToMax TOJihKO pa.D.Mal(MOHHO, 

rrocKOJihKY MX O)Ke-pacrra.D. 3HepreTHqecrrn 3arrpemeH. 0.D.HaKo 3Hep-
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nm, Bh1.IICJl5IIOlll,eHC5I np11 BHyTpllaTOMHOM pa.n;IIa[(IlOHHOM pacna­

)J;e, JJ:OCTaT011no JJ:JJ5I YJJ:aJJeHII5I 3JJeKTpoHa 113 06ono11K11 C 60 . B pe-

3YJJh TaTe Bepo5ITHOCTh pacnaJJ:a CIIJihHO yBeJJIJ'IIIBaeTC5I, KaK MhI yB11-

JJ:IIM, Ha 4-6 nop5IJJ:KOB. 

O)Ke-pacnaJJ: MmKHO npeJJ:CTaBHTh, no auanorttII c ( 5 .131 ), KaK 

IIcnycKam1e <<epoTOHa» npII rrepexo,ll;e i ~fc rrocneJJ:yIOlll,IJM ero no­

rnomeHHeM 11 110H113au,IIeil 3rreKrpOHHOH 06ono11K11 C 60 : 

.. + 

k 

(5.133) 

Cuaqana npeHe6pe)KeM BTOphIM qneHoM B rrpaBott 11acrn (5.133). 
Tor,ll;a Bepo5ITHOCTh O)Ke-pacnaJJ:a f'8lKe, if' o6ycrroBrreHHa5I nepexo­

JJ:OM i ~ 1: MO)KeT 6hITh Bhipa)KeHa qepe3 aTOMHYIO paJ(Ha[(HOHHYIO 

II1IIpI1HY l A .1. I1 aTOMHOe Ce'IeHIIe cpOT0110HH3al]IJI1 (Jc ( (J)1.·t·) 3JICKT-y, l 

poHHOil 060JJO'IKH C 60 cpoTOHOM 3Heprn11 W;r [83]: 

4 

c - -A 3 ( c J (j c ( (J)if ) = A I ( (5 ) 10 .1. - I Y .1. - --. -f'y .1. 11AR w). .134 
lKe, z , i 87t W;r R 6 , ( 

OueHKa JJ:aeT, 'ITO Bee BeJIIJ'IHHhI, BXOJ.i:5IllJ,IIe B (5 .134) 3a 11cKmo­

'IeH11eM r A 'f' o6pa3yIOT O'IeHh 60JlhIIIOH MHO)KHTeJJh - IIOP5IJJ:Ka y, l 

104 -c-106. HcnoIIh3Y5I (5.131) 11 (5.133), MO)KHO pacc'IIITaTh rnK na-

3hrnaeMhIH BhIXO).J: cpmoopec[(eH[(Illl JR ( W;1 ), T. e. OTHOIIICH11e Bepo-

5ITHOCTII 113JIY'ICHII5I K fIOJIHOH IIIIIpIIne: 

(5.135) 

TaK)Ke npeJ.i:CTaBJI5IeT HHTepec O[(eHHTh, nacKOJihKO BHpTyanh­

Hhie B036y)KJ.i:eHH5I JJieKTpOHOB C 60 MoryT H3MeHIITh B3aIJMOJJ:eilcT­

BH5I Me)KJJ:Y aTOMHhIMH 3JlCI<TpOHaMH, y'Iacrny1olll,IIMII B nepexo).J:e c 

ypoBH5I f na ypoBeHh i c y'IaCTilCM JJieKTpOHOB c60· KaK 6hIJIO noKa-
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3aHO [83], COOTBeTCTBYIOlll,He nonpaBKH onpe)l.emnoTC5I BTOpblM CJia­

raeMbIM CJIC.ll.YIOlll,ero BblpaiKCHH5I: 

re = rA X 
Au, i --7 jkj Au, i --7 fkj 

OIJeHHB 3TH nonpaBKH, nerKo noKa3aTh, qTo onn MeHhllle e,1.1,HHHIJbI 

H HMII MOiKHO npene6peqb, 

KpnBa5I rtPR(ro) 6hrna nonyqena B [83]. Eep5I 3HeprmI paccMOT­

pemr1>1x B Kaqecrne rrpttMepa nepexo)l,OB 2s - 2p B Ne, 3s - 3p B Ar, 
4s - 4p B Kr H 5s - 5p B Xe, MOiKHO nonyqnTb cooTBeTcrny1olll,IIe Be­

JIIIqIIIIhI YJPR, KOTOpbie .ll.OCTaToqno BeJIHKH H MCH5IIOTC5I OT 3.5 )1,0 

6.2, Ona mo6paiKena na pnc. 5.15 (CD, 492). 
0Tnolllenne mKe-lllttpHHbI K nrnpnne pa,1.1,tta1Jttonnoro pacna.n.a, 

cornacno cp-ne ( 5 .131 ), ,1.1,aeTc5I YJPR, npe.ll.CTaBnennoH: Ha pnc. 5 .16 
(CD, 492) [83]. Esraro)l.ap5I 3TOMY <!JaKTopy Bepo5ITHOcrn pacna)l,a 
yBennq1rna10TCH B 2· 104 + 4· 105 pa3, rrpHHHMaH 3HaqeHIIH, COOTBeT­

CTBYIOlll,He HOpMaJibHbIM OiKe-pacna)l,aM, KaK eCJIH 6bI OHH ue 6hIJIH 

3anpelll,eHbl 3aKOHOM coxpaneHH5I 3HeprHH. 

0TMeTHM, qTo eCJIH rrptt 6e3pa,1.1,IIa1JHOHHOM pacna,1.1,e B 3H)l,03,1.1,pa­

JlbHOM aTOMe HcrrycKaeTC5I 3JieKTPOH c 3HeprneH: £ :::::; 70 3B, Bep05IT­

HOCTb TaKoro rrponecca MOiKeT cymecTBeHHO H3MeHHThC5I H3-3a OT­

pa)KCIUrn 3Toro 3JieKTpona noTCHUIIanoM o6onoqKJI cpynnepena. 

B pe3yn1>rnTe, BepoHTHOCTb pacna)l,a c ncrrycKanIIeM 3JieKTPOHa c 

yrnoBbIM MOMeHTOM l npIIo6peTeT MHO)KllTeJib F/(k), )l,aBaeMhIH 

( 1.106), r;:i;c k - lIMl1YJibC BbIJieTaIOlll,ero 3JieKTpona. 

MbI ycTaHOBHJIII CIIJibHbie H3Menentt51 BepoHTHOCTeH: pacrra,1.1,a H 

HCCJie)l,OBaJIH BJIH51HH51 OTKphITHH HOBbIX KaHaJIOB. KaK H B cnyqae 

¢oTOHOHH3aUHH, pe3yJihTaTbI Bbipa)KCHbI qepe3 3KcnepttMeHTaJibHO 

Ha6mo,IJ,aeMbie xapaKTepHCTHKH cpym1epena - ero cpO)l,CTBO K 3JieK­

Tpony II ceqerme <lJOTOifOHII3a1JIIlI B rrpII6JIIIiKCHIIH, qTo pa.ll.IIYC 

cpynnepeHa cylll,eCTBCHHO 60Jibllle pa.ll.Hyca aTOMa II TOJilll,IIHbl cpyn­
nepeHOBOH o6onoqKII. 
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3AKJII01IEHI1E 

B HaCTOHill,eH KHnre co6paHbI pe3yJihTaThI BbiqncneHHH ceqettnli 

lI BepOHTHOCTeH urnpoKoro Kpyra aTOMHbIX rrpor~CCCOB c yqaCTlieM 

cpoTOHOB lI 3JieKTPOHOB. llpnBe)J,eHhI: 

a) noJIHhie II napuIIanhHbie ceqemrn cpoTonornollJ,eHIIH, 

6) )J,IIllOJibHhie lI He)J,lIIIOJibHbie napaMeTpbl aHlI30TpOUIIlI cpoT0-

3JieKTpOHOB, 

B) ceqeHIIH ynpyroro pacceHHIIH Me)l,JieHHblX 3JieKTPOHOB II rro-

3IITpOHOB, 

r) 06061I~CHHbie Cl1Jibl OCUIIJIJIJITOpOB B036y)l{)l,eHIIH )l,IICKpeTHb!X 

II CIIJIOIIIHOro crreKTpOB, 

)],) ceqemrn KOMilTOHOBCKOro pacce»Hl1R c 110HJ13auIIeii IIJIII B03-

6y)l{)l,eHIIeM, 

e) )J,aHHbie O)J(C- H pa)J,IIaI~HOHHbIX pacna)J,OB ITO o6pa3yIOI11,11MC» 

B 3TIIX rrpoueccax BaKancIIHM. 

B KaqecTBe M11llICHCH cpnrypnpy10T aTOMbI, OTHOCJIIll,IICCH KO 

BCCM rpynnaM llepIIO)J,HqecKOH CHCTCMbl 3JICMCHTOB Menµ;eneeBa. 

B pH)l,e cnyqaeB paccMaTpHBaIOTCH TaK)l{e II HeKOTOpb1e HOHhI - no­

JIO)l{HTeJihHhIC n OTPHUaTeJibHhie - uenoro pHµ;a aToMOB. B KaqecT­

Be rrpHMepOB rrpIIBO)l,JITCH )J,aHHbie )l,JIJI 3H)J,03)J,paJibHhIX aTOMOB, T. e. 

aTOMOB, llOMCill,eHHblX B o6oJIOqKy cpynncpena C60· 

,I(nH naII60JibllICro qIIcna aToMOB rrpoBe)J,eHhI pacqfab1 ceqcHIIH 

cpoTOlIOHII3aUHII, )J,JI» HaHMeHbIIIero - np1rneµ;eHbl )J,aHHbJe no 

CJIO)l{HhIM O)l{e-pacna)l,aM BaKaHCIIH. Kom1qecrno paccMOTPeHHhIX 

npIIMepoB onpeµ;en»IOT KaK Tpyµ;oeMKOCTh pacqfaa npm:{ecca, 11:0-

CTIIrHyTaH 11 oueHHBaeMa}I naMII CTeneHh ero aBTOMaTl13aumr 11 HC­

o6xo)J,IIMOCTb B COOTBCTCTBYIOill,lIX MaCCOBbIX µ;aHHbIX. c pa3HOH 

CTeneHbIO IIO)l,po6HOCTH OCBellJ,aIOTCH H TeopeT11qecKIIe IlO)J,XO)J,bI, 

IICilOJib30BaHHhie B pacqeTax, B OCHOBHOM B 3aBIIClIMOCTII OT Toro, B 

KaKOH Mepe II CTeneHII TOT IIJIH HHOH npouecc IIJIII xapaKTep11CTHKa 

o6cy)l{)J,aIOTCH B JIHTepaType. 
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B pacqerax B I<a'Iecrne rrpocreihnero 6bIJIO npMH5ITO O,ll;H03JJeKT­

porrnoe npM6nmr<euMe XaprpM-<f>oKa (X<P), a AJI51 Heyt:ITCHHoro B 

ero paMKax MC)K3JieKrpOHHoro B3alIMO,ll;eHCTBlI51 lICITOJib30BaJIOCb B 

OCHOBHOM rrpM6JIM>Keirne CJiyqaHHbIX cpa3 c o6MeHOM (ITC<PO) lI ero 

pa3JIM'IHhie MOJJ.1HpMKaUMM. P5IJJ. pe3yrrhTaTOB rroJiy'IeH c noM011ib10 

MHOroqaCTlJqHOH TeOplilI B03MYiileHlIH (MTB). 11cnOJib30BaHHbie 

Bhl'IlICJilITeJibHbie nporpaMMbl OillICaHbl lI qaCTlI'IHO nplIBCACHbl B 

[A q]. OmrnKO c MOMema ny6JIMKaUMlI 3TOH KIIHrH npOillJIO 3aMeT­

HOe speM51 lI COJ(ep>KalliMeC51 B Hett nporpaMMbl .CyllieCTBelIHO MOAlI­

cpHI~lipOBaHbl M JJ;ononHeHhI. 3TM M3MCHeHM5l y'IMTbIBa10T, B TOM qlJc­

ne, lI COBepllleHCTBOBafrne Bbl'IlICJllITeJibHbIX MallllIH, B rrepsy10 oqe­

peAb nepcouaJibHbIX, BCJie)l;CTBMe yBeJIM'IeHlI51 6bICTp0TbI onepaUMH 

H o6oeMa naM5ITM - onepaTMBHoH: M AHCKOBoH:. B pe3yJihTaTe, rro­

HBHJiacb B03M0)KHOCTb yqlITbIBaTb 3HaqHTCJibHO 60Jiblllee qHCJIO 

B3aHMOAeHCTBYIOiilMX 3JieKrpOHOB. 

IlpH npOBCACHHH MaCCOBblX pacqeTOB Ba>KHbIM .5IBJHieTC5l KOHT­

pOJib TO'IHOCTH rronyqaeMbIX pe3yJihTaTOB. Mb1 JIMeeM B BJI.n;y BCJIH­

'IMHY qHCTO MaTeMaTM'IeCKOH norpernHOCTH, HCH36e>Irnoil rrpH rrpo­

BC,L(eHHII KOHKpeTHbIX BbJqlICJICHlIH B paMKax BbI6pa1urnH: cpH31I'Ie­

CKOH MOJ(eJIM JIM6o rro,n:xoJJ,a. HaAfoKHOCTb qncrreHHoro pe3yJihTaTa 

KOHrpOJIMpyeTCH He TOJibKO rrpoBepKOH 3a.n.aHJI5l lICXO.LI.HblX .z.:r.aHHbIX, 

HO lI poCTOM 'IlICJia TO'ICK, B KOTOpbIX uaxo.rv1TC5l BOJIHOBbie cPYHK­

UlilI npM pemeHMM MCXO)l;HbIX ypaBHeHMH X<P, H qlicna TO'IeK no 

3HeprHH B KOHe'IHbIX cyMMax, KOTOpbIMH 3aMeH5llOTC5l mrrerpaJibI 

no B036y)K,l.J,CHH5IM B CITJIOillHOM crreI<Tpe c 6ecI<OHe'IHbIM BepXHHM 

rrpe,n:enoM. 

Y,n:o6ttoiI rrpoBepr<oYI qJicnen11on ToqnocTH pacqera ceqenHH 

cpOTOlIOHH3aum1 - IIOJIHbIX lI rrapu,HaJibHbIX, ,n:ncptj:Jepeun;MaJibHbIX 

no yrny ncrrycKaHmI tj:JoT03JieKrpoua cny>KHT cornacMe pe3yJibTaTOB 

pacqeroB B cpopMax «.D.JIHHbr» M «cr<opocrn» (l .60). Pe3yJ1hTaTbI 

AOJDKHbl COBna,n:aTh KaK c TOqHbIMH BOJlHOBhIMH cpyHKI.l,M5IMH B na­

qaJihHOM lI KoneqnoM cocTo51HlI5IX, TaK lI B paMKax ITC<PO [AM). 

B paMKax MTB, X<P npM6nlI>Kemur H pa3JmqHbIX o6o6IileHHH 

ITC<PO pe3yJihTaTbI B cpopMax «AJIHHbI» M «CI<opocrm> Moryr pa3JIM­

qaTbCH. 3aMeTMM, 'ITO COBITa,n:e1rne pe3yJibTaTOB B cpopMax «AJilIHbI» 

JI «CKOpOCTH>> He 03HaqaeT BbICOKYlO TO'iHOCTb Bbi6pamroro rrpH-

6JIM)KeHirn B CMblCJie 6JIH30CTlI c ,n:aHHbIMlI ua,n:e>KHbIX, rrpoBepeH­

HbIX 3KCnepMMeHTOB, paBHO KaK pa3JIH'IHe ue 03uaqaeT, 'ITO rrp1IH51-

TOC npM6JIH)KeHHe nnoxo. K rrpJIMepy, o6na,IWIOiillIM BeCbMa HH3KOH 

TO'IHOCTbIO B OITHCaHHlI 3KcneplIMCHTa JIOKaJibHblH OJJ:H03JICI<rpOH­

HbIH IIOTCHUMaJI, OJJ:lIHaI<OBbIH .nm1 aTOMHbIX lI BblJICTaIOiillIX 3JieKT-
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pOHOB, npHBO,lJJIT K COBna.n;eHHIO pe3yJibTaTOB pacqern B cpopMax 

«JJ:JIHHbI» H «CKOpOCTH», HO CHJibHOMy OTJIHqmo OT 3KCrrepttMeHTa. 

CKa3amwe B npe.n;b1.n;ymeM afoau:e cnpaBe.n;nttBO H .n;rnr 

o6o6m;eHHbIX CHJI OCl.(HJIJIHTOpa (OCO), ,ll;JIH KOTOpbIX onepaTOpbI B 

cpopMax «.n;JIHHbI» H «CKOpOCTH» 3anHCbIBaIOTCH B BH,ll;e (3.56) H 

(3.57) COOTBeTCTBeHHO. Mb! cqHTaJIH pa3rrnn:y B pe3yJibTaTaX B npe­

.n:enax 2-3 % y.n;oBJieTBopHTeJibHOH, H B 3TOM CJryqae npHBO,ll;HJIH 

JIHIIIb O.llHO, ycpemiemwe, 3Haqe1rne. EoJihUiee pa3nnqHe cBH.l(eTe­

JibCTsyeT o6I>IqHO 0 TOM, qTO BKJia,ll;bI He scex 3JICKTpOHHblX rro.n;o6o­

JIOt.JeK H nepexo.n;oB H3 HHX yqTeHbI. 3To, I<aK npaBHJIO, BbI3BaHO B 

CBOIO oqepe.nb orpaHHt.JeHHHMH naUIHX BbiqHCJIHTeJibHhIX B03MO)K­

HOCTeH. 

CymecTBeHHOH nposepKoH: .n;nH noJIHbIX ceqeHHH cpornrrornome­

HHH H OCO, nonyqeHHbIX c TO'!HhIMH BOJIHOBhIMH <i>YHKQHHMH, HB­

JIHeTCH )l;HilOJibHOe «npaBHJIO cyMM» (CM. K npHMepy, [AM]). ,UJIH 

cetJeHHH cjJoTOHOHH3au;m1 OHO HMeeT BH)l; (1.7). 3aMeTHM, qTQ OHO 

cnpase,n:mrno He TOJihKO )l;JIH TOl!HblX BOJIHOBbIX cpyHKll;HH, HO H B 

11C<l>O. B paMKax MTB, X<l>-rrpH6mr>Kem1e H s pa3nlfqHbIX 0606-

menHHX IIC<DO nesaH qacTh B (1.7) ae cosrra,n:aeT, soo6me rosopH, c 

flOJIHbIM qHCJIOM 3JICKTpOHOB B aToMe. lfro6bl rrpHMCHHTh rrpaBHJIO 

cyMM )l;JIH rrposepKH BbJqHCJIHTCJibHOH ToqHOCTH, aa.n:o BhJqHcJIHTb 

cet.JeHHe BilJIOTb .n:o Ot.JCHb BbICOKHX 3HalJeHHH 3HeprHH. ,UnH rrpH-

6JIH)KeHHOH on:eHKH 3Toro He Tpe6yeTCH: rrpaBHJIO cyMM rrpH-

6JIH)KeHHO BbillOJIHHCTCH )J;JIH 60JibllIHHCTBa aTOMHbIX rro,n:o60JIOt.JCK, 

.n;a:>Ke eCJIH orpaHHqHTbCH o6naCTbIO 3HeprHH, He HaMHOro npesoc­

XO.UHIUHX noJio:>KeHHe MaKCHMyMa B cet.JeHHH cpoTonornomeHHH .n:aa­

HOH no,n:o6onoqKif. 

flpasnno cyMM, ananornqnoe (1.7), cnpase.nmrno H .n:rn1 OCO 

(3.65) rrpH mo6hIX q: 

I,cri(co,q) = Q(q) = N, 
f,i 

r.ne cyMMHposaime no f BKJIJOqaeT ,L(HCKpeTHbre B036y:>K,L(eHHH 

H HHTerpHpOBaHHe no CIIJIOllIHOMY CilCKTpy, a cyMMHpOBaHHe no i 
CO.l(ep)KHT JlHIIIh .naHHbie no 3JieKTpOHHhIM 3aIUITbIM COCTOH­

HHHM. 

0TMeTHM, qTo, nocKOJibKy, cornacuo onpe.n:enemno OCO, 

Q(O) = N, B uonh .n:on'>KHbI o6pamaThCH cyMMbI OCO mo6oH: n-ii 
rrpOH3BO.l~HOH TIO q B uyne: Q(11l(q) (q = 0) = 0. floKa TaKaH npoBepKa 

He npOBO,ll;HTCH, xorn nepBaH npOH3BO)l;HaH oco no q HJyqanacb 

.l(aBHO (CM., K npHMcpy, [ 1] r.ne myqeH cnyqaH: He). 
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11poBepKaMH TOqHOCTH BbJqIIcJieHHH CJiy)KHT TaK)Ke .D.OCTH­

raeMa5I 6JIH30CTb K Ha,D.e)KHO ycTaHOBJieHHhlM 3KCrrepHMeHTaJ1hHhlM 

pe3yJihTaTaM. 3,D.eCh, O,D.HaKo, CJie,n:yeT HMeTb B BH.D.y, qTo rrpHBe­

,n:eHHbie B KHHre pe3YJibTaTbl rronyqenhI c HCIIOJ1h30BaHHeM Haunyq­

IIIHX TeopeTuqeCKHX IIO.D.XO,U:OB, COBMeCTHMhIX c H,D.eeii rrpoBe,U:eHH5I 

MaccoBhIX pacqfaoB. CaMH no ce6e 3TH rro,D.XO.D.hI BOBce He rapaHTH­

py10T cornacHH c 3KcrrepuMeHTOM. Hao6opoT, Ha,D.e)KHO ycTaHOBJieH­

noe OTKJIOHeHHe Me)K,D.y rrpHBe,n:eHHhIMH B nacT05IIIIeii KHHre 

pacqfaHbIMH H 011bITHhIMH ,D.aHHhlMH .D.OJI)KHO 11pHBJieqh BHHMaHHe 

o6eHX 3aHHTepecoBaHHhIX CTOpOH - TeopeTHKOB H 3KC11epHMeHTa­

TOpOB. 3TO OTHOIIIeHHe MO)KeT CJIY)KHTb .[l.0Ka3aTeJibCTBOM orpaHH­

qenHOCTH H He,D.OCTaToqnocTH HCIIOJ1h30Bamrnro TeopeTHqecKoro 

110.[l.XO,D.a HJIH HaJIHqH5I OIIIH6KH, B 11epBy10 oqepe,D.b - CHCTeMaTuqe­

CKOH. KaK 3aHHTepecoBaHIIa5I B rrpaBHJihHOCTH pacqfaoB CTopoHa, 

OTMeqaeM, qTo o6uapy)KeHHe pa3JIHqH5{ TeOpHH -- 3KC11epHMeHTa 

COBCeM He CTOJib pe,D.KO o6uapy)KHBaeT 11orpeIIIHOCTh B 3KCrrepIIMeH­

Te. TaK, cpaBHHTeJihHO He,n:aBno paccqIITaHHOe B paMKax HCIIOJih3ye­

MhIX B ,n:aHHOM KHHre rrpH6JIH)KeHHM ceqeHHe cpOTOHOHH3aUHH 

4d-rro,D.o6onoqKH uo,n:a [2] B TPH pa3a 6oJibIIIe, qeM 11pHH5ITOe B JIH­

TepaType 31rnqeHHe. Ilocne,n:oBaBIIIHe 11p0Bepoqub1e H3MepeHH5I [3] 
110.[l.TBep,D.HJIH rrpaBHJlhHOCTh pacqfaa, coxpaHHB TeM He Meuee HeKO­

TOpbIC pa3JIHqH5{ Me)K.ll.Y pe3yJihTaTaMH pacqeTa H 011bITa, qTO 6y,D.eT 

crroco6cTBOBaTh, Ha,D.eeMC5I, COBepIIIeHCTBOBaHHIO MeTO.[l.OB pacqeTa. 

3To - OTHIO.D.b He e,D.HHCTBeHHhIM cnyqaii. 

B rrepc11eKTHBe, B rrpo6neMe c6opa II xpaHeHH5I ,n:aHHhIX MhI BH­

.D.HM, Hap51.D.Y c C03,U:aIIHeM 6a3bI pe3yJihTaTOB BhJqHcJieHHM, 11pe,D.­

CTaBJICHHblX B ,D.aHHOH KHHre, eIIIe H TaKOe pa3BHTHe TeXHHKH 

pacqfaoB, KOTOpoe C,D.eJiaeT B03MO)KHbIM, 11pH 3a,n:aHHH Ha3BaHH5I 

aToMa H 11pu yKmaHHH rrpe,n:cTaBJIHIOIIIett HHTepec xapaKTepHCTHKH 

HJIH ceqenHH 11pouecca, BhJqucJIHTh see ueo6xo,n:HMhie ,D.aHHbie B 

paMKax rrpe,n:BapHTeJibHO pa3pa60TaHHOro H Bh16pauuoro 11pH6JIH­

)KeHH5I, K rrpHMepy ITC<l>O, rrpe.UCTaBIIB ux B BH.Ue Ta6Jrnu HJIH pu­

cyHKOB, 11pHTOM - 3a CeKyH.IJ.hl. floKa TaKa5I 11porpaMMa .uaneKa OT 

peaJihHOCTH, HO TeMl1 cosepweHCTBOBaHH51 BbJqHCJIHTeJibHhIX Ma­

IIIHH He06b1qaiino 6hlc·rp, TaK qTo yKa3aHHhIM no,n:xo.u 3aCJIY)KHBaeT 

BHHMaHH5I. 0TMeTHM, qTo yBeJIHqe1me 6bICTpo.ueiicTBH5I H o6neMa 

naM51TH 11epconaJibHhlX KOMIIbIOTCpOB c.uenaeT B03MO)KHbIM IIOJIY­

qeuue .uaHHbIX, CXO)J.HhIX c 11pHBe)J.eHHhIMH B HaCT05IIIIeii KHIIre, He 

TOJibKO .LI.AA aTOMOB, HO II .[l.J15I rrpOCTbIX MOJieKyJI. 

KaK oTMeqanoch s flpe.UIICJIOBIIII, MhI ua.ueeMcR, qTo co6paH­

Hhie naMII .uaHHhie II MeTO)J.bl, IICl10Jlh3yeMhle rrpII IIX IIOJiyqenIIII, 
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MoryT 6hITb IIOJie3Hbl npH TeopeT.HqecKOM OIIHCaHHH y)Ke BbIIIOJI­

HCHHhIX '.)KCIIepIIMCHTOB H B npe,D,JIO)KeirnH HOBbIX, ,ll,JIJI KOTOpbIX 

TeOpeTnqecKHe OQCHKH MJIH ,ll,a)Ke BbJqHCJieHHJI MoryT 6bITh BbiflOJI­

HeHbl 3apanee. Bee 3TO, KaK 6bIJIO cKa3ano B Ilpe,D,HCJIOBHH, CMO)KCT 

IIOMOqb 3KCIIepHMeHTaTopaM IIJianttpoBaTb HX ,ll,eJITeJibHOCTb 60JICC 

3cpcpeKTHBHO, II03BOJIJIJI npOBO,ll,HTb nepe,D, peaJihHb!M 3Kcnepn­

MCHTOM ropa3,ll,O 6onee npOCTOH II MCHeee Tpy,D,oeMKMH BbJqMCJIH­

TeJibHblll 3KCIICpMMCHT. 
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CAHKT-rIETEPEYPrCKMI I13,[J:ATEJibCKA5I <l>HPMA 
«HAYKA» P AH 

fOTOBHT K Bb!nYCKY 

AKA,L(EMIUI HAYK 
B IICTOPHII KYJihTYPhl POCCIIII 

B XVIII-XX BB. 

B I<Httre npe,2:1crnB11eu onhIT ocMhICJieHHH poJIH AI<a,2:1eMHH HayK B 
crnnosne111111 oTe'iecrneHHOH nayKtt H pa3BHTMH KYJibTYPhI, noKa3aHa 
,LleHTeJibHOCTh AI<a,LleMMM uay1< KaK o.z:1uoro 113 oqaroB pyccI<oi1 KYJihTY­
pbI, KaK u;e11Tpa no pacnpocTpaHeumo o6pa3osamur 11 uayirno-nonymrp­
HhIX 3HaHMH. 

,n;rn nay'iHhIX pa6oTHlIKOB 11 urnpoKoro Kpyra 'iHTaTeJiett. 



CAHKT-IlETEPEYPrCKA51 H3,IJ,ATEJibCKA51 <I> HPMA 
«HAYKA» PAH 

roTOBI1T K BblnYCKY 

A. B. Kup10xun, B. A. Kup10xu11, IO. </J. Mauyxuu 

rII,IJ,POrEOJIOrlUI BY JIKAHOrEHOB 

PaccMaTp1ma10Tc~ o6mue u peruouaJihHhIC 3aKoHoMepuocTH pac­

npocTpaueum1 H cpopMHpoBaHH~ IIO)J,3eMHhIX BO)], B ByrrKanoreunbIX 

CTPYKTypax. Oco6oe BHHMaHHe y)J,eJrneTc~ paccMOTpeHmo rn)J,poreorro­

rHH HeoreH-lfeTBepTHlfHbIX BYJIKaHoreuHbIX 6accei1noB KaMlfaTKH, B 

KOTOpblX cpopMttpyIOTC» COBpeMeHHbie MarMaTw1ec1rne H nl)J,pOTepMarrb­

Hbie CHCTeMbl - pO)J,OHa'!aJibHHKH reoTepMaJibHbIX MeCTopmK)J,eHHH. 

06o6u~aeTC» OI!b!T pa3Be)J,KH ll 3KCilJiyarnuHH 52 BbICOKOTeMnepaTyp­
HbIX reoTepMaJibHbIX MeCTOpQ)K)J,eHHH MHpa, cyMMapHa» npo)J,yKUH» 

KOTOpbIX )J,OCTHrna 8900 MBT. Ilpe)J,CTaBJieHhI pe3yJihTaThI Hccrre)J,oBa­
HHH Tenrr0Macconepe11oca na BbICOKOTeMnepaTypHbIX reoTepMarrbHbIX 

MecTopmK)J,eHH»X KaM'!anrn (MyTHOBCKoe H IIay)J(eTcKoe ), paccMoTpe­

HbI HX KOIIUerITyaJibHbie rH)J,poreonorHlfeCKHe MO)J,eJIH, IIOKa3aHbl rrpH­
JIOJKeHH» TOUGH-Mo)J,eJIHpoBaHH» /~JI» onucamrn: 1) TepMorH)J,pO)J,H­

HaMH'leCKHX npoueccoB B Kpyrona)J,a10mei1 npo11uuaeMoi1 30He B ecTe­

CTBeHIIhIX ll uapyweHHbIX 3KCilJiyaTauuei1 ycrrOBH»x; 2) BTOpH'IHOro 

MHHCpanoo6pa30BaHH» npH BOCXO)J,HIT(ett cpHJibTpauirn TeIIJIOHOCHTeJI»; 

3) peweHH» o6paTHbIX MHOronapaMeTpH'ICCKHX 3a)J,a'! reoTepMaJibHOH 
rtt)J,poreorrorHH c 6oJiblUHM o6beMOM HCXO)J,HhIX )J,aHHbIX; 4) nporH03H­
poBaHH» pa60Tbl )J,06bllfHblX CKBa)J(HH. IlpHBO)J,HTCH )J,aHHbie no B3aHMO­

CBH3H anoMarrhHhIX H3MeneHHH )J,aBJieHH» B MyTHOBCKOM BhICOKOTeM­

nepaTypnoM pe3epByape c celicMHlfeCKHMH co6bITH»MH. IfanoJKeHhI 
npe)J,cTasneHH» 06 oco6en11ocT»X TerrnoMaccorrepenoca na rpanHue 

rH)J,pOTepMaJibHbIX H MarMaTH'!eCKHX CHCTeM. 

MoHorpacpH» npe)J,HaJHa'!eHa )],JI» cneuHaJIHCTOB rH)J,poreonoros, 
synKanorroroB, reocpH3HKOB, reoxMMHKOB, a TaKJKe cTy)J,eHTOB H acnH­

paHTOB COOTBeTCTBYIOIT(HX cneuHarrbHOCTeH. 



CAHKT-I1ETEPEYPfCKA5I I13,[(ATEJ11CKA5I <DI1PMA 
«HAYKA» P AH 

fOTOBl1T K BbinYCKY 

B. H. KJ1.J11J-KUH, H. A. Celle1neB 

BEPORTHOCTHhIE METO):(hl PEIIIEHIIR 
I'PAHHqHO-KOHTAKTHhlX 3A):(A q 

CTATHCTIIqECKOH rII):(POAKYCTIIKII 
lI rII):(PO<I> H3HKII. q. II 

BepOHTHOCTHhie MeTO)J,hI B 3a)J,aqax HHcpopMaIIHOHHoro attanH3a 

cnyqaiinh1x H cnyqaiitto-rrapaMeTpHqecKHX rro11eii pa3nwrnoro cptt3Hqe­
cKoro npoHCXO)l{)J,eHHH; cmue3 H aHantt3 noKa3aTene:i1 KaqecrBa anro­

pttTMnqecKHX CTpyKTyp, HX rrpocTpaHCTBeHHO-BpeMeHHOH o6pa60TKll B 

mnepecax cpII3HqecKoi1 H ttttcpopMaIIIIOHHOM a)J.pecaIIIIII ccpopMHpoBan­

HhIX nayqtto-npHKJia)J,HhIX ttanpasnem1i1, aHanII3 nonyqeHHhIX pe3ynh­

TaTOB HCCJie)J,OBaHHH. 



A,I.(PECA KHMfOTOPfOBhIX IlPE)]JIPMHTMM 
TOPfOBO M Cl> MPMhl «AKA,I.(EMKHMf A» 

Mara3HHhl «Knura - no11TOH» 

121009 MocKBa, Illy611HcK11ti nep., 6; 241-02-52 
197137 CaHKT-IleTep6ypr, IlcTpo3aBOllCKa5! yJI., 7E; (KOil 812) 235-40-64 

Mara3HHhI «AKa,JJ.CMKtmra» c yKa3auucM OT,ll,CJIOB 
«Knura - IIO'ITOH» 

690088 BJiallttBOCTOK-88, OKeaHCKHti np-T, 140 («K1-111ra - noYTOti»); 
(KOil 4232) 5-27-91 

620151 EKaTep11u6ypr, yJI. MaM11Ha-C11611p5!Ka, 137 ( «K1rnra - nolJTOH» ); 
(KOil 3432) 55-10-03 

664033 I1pKYTCK, yJI. JlepMOHTOBa, 298 ( «KH11ra - nolJTOH» ); 
(KOil 3952) 46-56-20 

660049 KpacHo5!pcK, yJI. Cyp11K0Ba, 45; (KOil 3912) 27-03-90 
220012 MttHCK, np-T HeJaBHCHMOCTH, 72; (KOil 10-375-17) 292-00-52, 

292-46-52, 292-50-43 
117312 MocKBa, yJI. BaBHJIOBa, 55/7; 124-55-00 
117192 MocKBa, Mw1yp11HcK11ti np-T, 12; 932-74-79 
103054 MocKBa, UBemoi1 6yJibBap, 21, CTpoeu11e 2; 921-55-96 
103624 MocKBa, E. qepKaccK11i1 ncp., 4; 298-33-73 
630091 lfoBoc11611pcK, Kpac11b1i1 np-T, 51; (KOil 3832) 21-15-60 
630090 HoBoc11611pcK, MopcKoti np-T, 22 ( «K1rnra - nolJTOH» ); 

(KOil 3832) 30-09-22 
142292 Ilymmw MocKoBcKoi1 o6JI., MKP «B», I («Kt111ra - nolJTOi1»); 

(13) 3-38-60 
443022 CaMapa, np-T JleH111ia, 2 ( «K1rnra - noYTOH»); 

(KOil 8462) 37-10-60 



191104 CaHKT-lleTep6ypr, ninei1Hbltt np-T, 57; (Ko.u 812) 272-36-65 
6YK. 273-13-98 

197110 CauKT-lleTcp6ypr, fleTpoJaBo,ncKIDI yn., 76; (Ko.u 812) 235-40-64 
199034 CaHKT-IleTCp6ypr, MeH.ue;reeBcKaH n111111H, l; (Ko.u 812) 328-38-12 
199034 CaHKT-fleTep6ypr, Bac11JibCBCK11tt ocTpoB, 9 JIHHHH, 16; (KO.U 812) 

323-34-62 
634050 ToMCK, Ha6epe)!<HaH p. Ywai1K11, 18; (Ko.u 3822) 22-60-36 
450059 Y<Pa-59, yJJ. P. 3opre, 10 («Km1ra - no<irni1»); (Ko.u 3472) 24-47-74 
450025 YtjJa, yJJ. KoMMYHHCT11<iecKaH, 49; (Ko.u 3472) 22-91-85 



MHT8pHet-Mara3MH 

OZON. 

1111/1/1111 / lllflf fl I . 


