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{TPEAHCJTOBT{E

I4syueuue 3aKoHoMepHocrerl peHrteHoBcKlrx c[eKTpoB H3ryqeHr.rrr ll rto-
r.lrouleHuff, $opuynnpoBKa 3aKoHa MosJm, orKpbrrne eQ$exra Koruru-
ToHa cbrrpadrrn BaxHyro poJrb B QoprunpoaaHar{ KBaHrosoft NrexaHrlxn.
IogAnee reopnr aroMa pa3BnBaJracb, r4cxoAfl B ocHoBHoM r{3 pe3yJrb-
TaroB 6o,ree roquoli ournqecxoft c[eKTpocKorrrtr, B To BpeMff KaK
peH?reHoBcKafl ctreKrpocKorrufl 6ula lecsee cBfl3aHa c Qnsurofi roep-
Aoro reJra u MoneKyJr. O4uaxo npr.rMepHo x 60-M roAaM MeroAbr peHr-
reuoscxori cneKrpocKo trrrLr, a raKx(e peHrteHo3iiexrpoHHoft H ox<e-cneK-
rpocxortrlu (xparro Ha3brBaeMbix 3JreKrpoHHofi cnexrpocxouueft) 6or-
."qH cl/xlecrBeHHo ycoBeprueHcrBoBaHbr. O ceoeo6pa3HoM peHeccaHce
.Susaxu peHTreHoBcKHx Jyr{efi, o BaxHocrr.r ee MeroAoB B HayKe r.{ Tex-
HuKe. cBHAer.eJrbcrByer, HarrpxMep, npHcyxiAenne Ho6enencxoft npe-
uau no Qnsuxe sa 1981 r. K.3ur6aHy <<...3a BKJTaA B pa3BHrHe 3r'reKr-
pouHofi cneKrpocKonHr.t>>.

B peurreHoscxofi r{ 3JreKrpoHHoft cnexrpocKofluu ace 6o,rnuree rrpn-
\'IeHeHHe r{ pa3Br.rrHe noJryqaror MeroAbr MHoro3JreKTpouHoft TeopHH
cno6o4uoro aroMa. 3ro onpe4eJrflercfl cJreAynrrrnMu npHqHHaMrl.

Bospacrae'r r4Hrepec K cneKrpaM aroMoB B ra3o- x napoodpa:uolt
cocrorHurix. Onu coAeplKar BalKHyro nuQopnaaqun o cBoficrBax cH,Tb-
uopos6yx4eHHbrx aroMoB, o pa3"rrnqHbrx [poqeccax, trpotlcxoAflu-(ax c
vr{acrl.IeM BHyrpeHHax H BHelrHI,tx oJIeKTpo}rHbIx o6o.noqer, o MHoro-
3Jrer(rpouHbrx aS$errax. CpaaueHne c[eKrpon cso6oAHHX aroMoB co
,cneKTpaMH TeX Xe aTOMOB B MOd{eKyJIaX H TBepAhIX Terlax IrO3BO,'rfeT
BbrAeJrr.rrb ecprfexru oKllyxeHnfl lr ceo6oAHoto aroMa.

3saqilre;lou.oe KoJrr4r{ecrno pa6or nocBflu{aercfl crreKTpaM aroMoB
r{HeprHbrx ta3oB, r,r3yr{eur,re Koropbrx Hau6o.nee fipocro KaK 3Kc[epn-
MeHTaJbHO, TAK Z TeOpeTI4qeCKW, H TeM CaMbIM OHn ilpeACTaB,'IflFOT
yao6Hmfi o6r,'er<r AJrfl rrpoBepKu pa3.rruqHux wro4eleft, nprr6,raxeHnfi H.rHnoTe3.

I4HrepecHlruu Sasnxo-xr.r MlrqecKr4l',ru ceofi crea Mr.r, ruupoKo HcnoJrb-
3yeMblMr.r B HayKe v rexHr.IKe, o6.na4anr coeAuHeur.rfl peAKo3eMerbHbrx
3'rleMeilroB. I,Ix arornrlr coAepxar BHyrpeHHroro orKpbrryro f -o6o,rouxy.
MoAe.ll cBo6oAHoro aroMa B KaqecrBe Hyd'reBoro npu6.uuxeHaa
lpl{roAHa H LJltr O[I.rcaHHfl MHOTHX CrreKrpoB repexoAHbrx 3d'reMeHrOB
c orrpuroft d-o6oloqrori. Srlsexrbr KpHcra,'rJrHqecKoro noJrf 3areN{
)'rrurbrBarorcrr B neptsoM nopflAKe reopllfi nosuyuennfi.

Ec,ru peurreHoscxnfi HJrr{ oxe-repexoA lpolcxoAnr c yqacrueM
itHtrrb BHyrpeHHr.rx o6onoqex aroMa, ro npn6.tnxeHHe cBo6oAHOrO aro-
Ma uJtLr IroHa npHMeHlrMo H Altfl. HHrepnpeTarlan crreKTpoB Apyfr-rx
3d'reMeHTOB - aQSeKru oKpy)KeHHq qacro npoqBJrflrorcfl .nnrur o6qulr
cABLlrOrl crreKTpa.

PeHrreuoscKne H SJreKrpoHHbre cneKTpbr eL,rcoxofi roqHocr' HMe-
IOr cJrox(Hyro crpyKrypy, Koropas coAepx{r4r uH@oprraauHro o pasrlrq-
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6 npeAucnoBr.re

HbIX KoHKypI,IpyrcIIIux npoqeccax Bo BHyTpeHHHX O6O,'IOr{KaX aroMa,.
MHorooJreKrpoHHblx H peJIsrlIBHcrcKHX aQQexrax, a raKxe cBeAeHHfl
o cpaBHHreJIbHo MaJIo HccJIeAoBaHuHx ceoficrBax BHyrpeHHI{x, oco-
6eHso [poMex(yroqHblx, o6o.tto.Iex. 3ro sblebleaer Bo3pacraroulnfi ns-
Tepec K peHrreHoBcxoit pt gJIeKrpoHHofi cnexrpocKorlull.

Teopuvt H rrHTepnperalrlttr peHTreHoBcKLrx Lt 3JIeKTpoHHbIX crIeKT-'
poB rIocBflrIIeH pflA rraouorpaQr.rfi [-10 LI Ap.], oAHaKo B HHx B oc-
HoBHoM paccMarpnBarorcfl cneKrpbl TBepAbIX reJI I{ MoJIeKyJI. Pasaa-
rrie Iz rrpHMeHeHHe MeroAoB reopu]I cno6o4Horo aroMa B orAeJIbHbIx
o6.racrsx peHrreHoBcxoft tz 3JIeKrpoHHofi cnexrpocKolluli o6o6ula,rucl
B pflAe crarefi e c6opHlzxax [11-25] , a raKxe B orAeJIbHbIx o6sop"
HbIX crarbflx [26-3 I H Ap.]. Hacrosurat KHI{ra npeAcraB,rlfler co6oir
o6ur,ee BBeAeHl,re e Susr.rxy BHyrpeHHI.rx o6o,'loqer aroMa, HSJIOx{eHIle

TeopeTHrlecKlrx ocHoB pa3JII.Ir{HbIx peHTfeHoBCKI{X I,l s,rleKTpoHIrbIX
c[eKrpoB. Aerop crpeMLLIIctr rrocJIeAoBareJIbHo IrctioJIb30Barb arIrra-
paT Herrpr.rBoAr{Mblx reH3opHblx oleparopoB 14 AoBecrI,I paccMorpeHl'Ie

Ao BbrpaxeHIlfi, npaxruqecKl{ np[roAHbIX AJIfl pacqera crleKrpoB. llpn
groM Bo3HLIKaer Borlpoc o6 orHocurellnofi poJrr Lt o6nacru npI'IMe-
HI4MOCTI1I peJIflTIIBI'ICTCKHX H HepeJIflTI'IBnCTCKI'IX' a TaK)Ke O4UOXOH$r'r-

ryp aur4oHHbrx r.r KoppeJI'lIIlIoHHblx MeroAoB.

Pensraencrcr<ue aSSexru 6ucrpo Bo3pacralor rIpil yBeJIxqeHHI{
saps,Aa fl.r.pa v rpu6lzxeuuu o6o.noqeK K flApy. K coxaneirlzlo, pe,Tfl-
THB14crcKne MeroAbl 3HaqI,tre,rlbHo cJIo>xHee Hepe,{qrHBHCTcKHx. Kpo-
Me roro, fipI,r HaJII,IqHI{ orKpbITbIx o6o,roqex paclpeAeJIeHIze Ilx 3JIeKT-
poHoB no roAo6onoqKaM Bo3MoxHo pa3JIIrqHbIMIl cnoco6antw, 14 3Tr1.

peJrrrr.rBlrcrcxrae xouQvtypa\ilu HdrIH IIoAKouQurypaqul4 ca"rlbHo cMe-
rrruBarcrcq" Me)KAy co6ot1, nooroMy HepeJIflrHBLIcrcKoMy ogHoxoH$u-
rypaqnoHHolry npn6ruxteHl4to coorBercrByer cyneptto3rrt1r4r pqAa noA-
roHQr,rrypauuii, vto eu1e 6o.nee ycJlo)KHler pe/'ItrllBacrcKoe olrucaHi{e
arortaa. Bo ntrorzx cryqanx peJlflrllBllcrcrne e$Serru, oco6euHo A/Tr
npoMex{yro.{ubrx o6o,'IorleK, Moryr 6url aQ$errnnHo yrlreHbl B itep-
BoM rropflAKe reopI4LI Bo3MyureHltfi. Bc,reAcrBLIe Sroro Heped'Iflrl'lBllcr-
cxoe upu6,'tnxeHlle IxHpoKo HcnoJlb3yercfl rIpI4 HHreprlperalrull peHr-
r€HoB,cKrrX L{ 3JreKTpoHHbtx cneKTpoB, LI eMy B KHHte yAellercn 6o,rr-
[roe BHHMaHne. Pe,rqrHBv crcKl{e BbIpa)KeHHt 6yayr npnBoAllrbcs ts

ocHoBHoM B oAHo- IaJIII AByxo,'IeKTpoHHoM npz6,nuxeHIII,I, Koropble rIpH-
roAHbr Ar'rfl orrucaHus nepexoAoo n r,ly6oKnx BHyrpeuHIax o6o.[o,{xax.

B uacroquree BpeMq B peHmeHoscxoit I,t oJleKTpoHuoft clexrpocxo-
III'IH Bce lxzpe npl'IMeHflorcfl MeroAbI, yql4rblBaloql{e Kopper'ItUlllz Mex{-
Ay 3JleKrpoHaltu (arn MeroAbI 6yaeu HasblBarb Kopped'IfluHoHHbIMH, a

HC MHOIOsITICKTPOHHbIMH, IIOCKOd'IbKY MHOIO3JICKTPOHHbIC AQ$CXTU YUIZ-
TbrBarorcfl Lr B o4uoxoHQutypaulioHHoM npl.r6nuxeuntl, HanpIiMep,
npH Hcrro,'Ib3oBaHI{Ir BoJIHoBbIx Syuxqzrl cBs3aHHbIX r.tonaeuroe) . D,ns
sL'rcoxoeog6yxAeHHbIx aBroHoHu3aIIt.roHHbIx cocroqHufi, KpoMe Kop-
pe,'rfl rlr.roHHbrx aSSexroe, o6yc"lonJ'teHHbIX nsauuo4eftcrBI.ieM Snssne-
)Kar[r4x xouQnrypaqufi 4ucrperHoro cIIeKTpa, cyu],ecrBeHHo rax)Ke
rsazl4oAeficrnHe rousurypaquii c HerIpepbIBHL'IM clleKrpou. I(oppe,ra-
uI{H Me>KAy 3JreKTpOHaMH CU,rlbHo Bo3pacralor A,Tfl HeKoropblx npo-
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MexyrorrHr,rx I,I cy6BaJreHTHbrx o6oJoqeK. Bce xe Bo MHoII{x cnyqaflx
oAHOKOHoT{rypaUr{oHHoe np}r6JrHxeHHe rro3BoJrreT He roJIbKo Kaqecr-
BeHHO, HO 14 KOJII4qeCTBeHHO OrrHCaTb OCHOBHbIe qepTbl pa3nI'IqHbIX C[eK-
TpoB, BbrflBuTb LlX 3aKOHOMepHOCTH. oHO OCTaeTCfl HaU6o,'Iee yHI{Bep-
caJIbHbrM H HatJIflAHbIM ITpH6JIH)KeHlreM, a TaKlKe [O3BOJqeT nonyqliTb
6asuc AJrr yroqHeHHbrx pacqeroB. C Apyrofi cropoHbl, MHotHe Koppe-
Jrflrlr.roHHbre MeroAbI, oco6eHHo MeroAbI reopnH Bo3MyureHnfi, nparrn-
qecKE noKa pea,'[r3yrorcfl roJIbKo AJIfl npocrefiunx r<ononrypaquli c
3arroJrHeHHbIMH O6O,lOqKaMVr r'lJrr He6OIbr[UM qHCJIOM SJIeKTpOHOB B

aroMe. Taxuna o6pa3oM, BcerAa Heo6xoAHMo xopomo B3BecI,ITb, B Ka-
Khx cJryqaffx AocraroqHo 6orburoft Aono.ruurerlsltfi TpyA no yqery
KOpper,rf rILloHHbrx t4 perqrr{Br.rcrcxux a@Qexroe B peHrreHoBcKHx r{

3.{eKrpoHHbtx cIIeKTpax, oco6eHHo B Hy,'IeBoM npH6,'Iu)KeHI,IIi, Aeficr-
Bfl TeJ'lbrro He06xoAltM.

B Aasuofi KHr{re He pacclrarpuBaercr r{HTeprrperalrt{fl KoHKperHbrx
crreKi-poB. Eu6",ruorpaQafl oxBarbrBaer Jrr.rrub Ma,'ryrc vacrn pa6or no
paccluarpr4BaeMoMy tlprpoKoMy Kpyfy BonpocoB, B rrepByro oqepeAb
o6sopanre, a raKx(e 6o,ree Ba)KHbre reoperr4r{ecKHe crarbn.

Paccru arpun aerlrbre reoperllqecKr-re MeroAbI He orp a HHqesu o6r acrln
peHTreHoBcxlax nyueft H, 3a peAKrzMH HcK,rrcqeHurMrz, ilpI,IMeHr.IMbI TaK-
>Ne AJrr otrIzcaHr4fl crreKrpoB BaKyyMHoro ynlrpaQuorera.

B nepnux AByx rJIaBax KHHra KoporKo H3,'rararorcfl cBeAeHI{rr no
Teopll{ aToMa, KoTopbre rIoToM ulr4poKo [clo,'rb3yloTcq e ocra,'rlHofi
qacrr.i KHr{ru. B rperuefi r"[ase paccMarpuBarorcfl oco6euuocrr4 KoH-
.$urypaqzfi c BaKaHcrirMr.r rr crpyKrypa oHepreruqecKoro crreKrpa.
t{ereepraa rJraBa 3HaKoMar c ocHoBHbrMI,I MeroAaMI,r pacr{eTa 3aceJIeH-
sacrerl nos6y>x4euHbrx cocroflirlait aroua. floc,re4yro[lne rJraBbr tro-
cBrrilIeHbr TeopttH pa3,ruqHbrx peHTreHoBcKHX 14 SJreKTpoHHbtx clreKT-
poB - H3,'iyI{eHHf I,l llold'IouleHl,lt peHTleHoBcKHX ,ryueii, $oroanerr-
poHHbIM, O)Ke-, TOpMO3HOIO I'l3ilyI{eHHfl I.I paCCegHLIfi peHTIeHOBCKLIX

"ryueri.
B eupaxeHuqx coxpaHeHbr Be,'rnqutbr e, m, ft, roropue, KaK a3-

BecrHo, trpr,rHI,IManrcfl paBHbrMr4 eAI.IHr.rqe g aroNauofi ctlcreMe eAr,rHIiu
(Qopsaq 3). tr4cx,uroqeHr.re cocraBJIflIor HeKoropble Soptuy.ttu, B Koro-
pbrx lzcrroJrr,3oBaHI,re arouuofi cucreMbl eAr.rHr,rq fln,'rflercfl o6ulenpuHn-
Tblr,t, oiiH cHa6xeglt 3HaKoM *.

@opuy,ru HyMepyrorcs B npeAeJlax r,rraB, a B ccF,IdrKax ua Qoptnry-
,'rbi u3 Apyrax r,'raB cHar{a,'ra yKa3blBaercf r,'IaBa, a 3areM Sopuy.ra,
HarpnMep (4.12\ . @opnry,ru npr.urox(eHlrft o6osuaqar,orcfl c AorroJrHlr-
re.rrHoft 6yxeofi lI, 4a.nee qepeg ror{Ky cJreAyror HoMepa npr.rJ'ro>KeHr.rfl
u Qoprray.ru, HanpnMep n.2.6.

3r a KHr.Ira Mor,rra rosBl,rrbcq d'II{rlrb BcJIeAcrBae [,roAorBopHoro
rirLtr1rr1rfl, Koropoe oKa3a,'I Ha aBTopa ero yql.ITe,rb aKaAeMilK AH ,rIu-
roecxori CCP A. IOqnc. tr4uesuo no ero vrr4r\Lrarr4Be n l'IHcruryre
QusurH r{ MareMarrzxu AH ,rlzroecKofi CCP npnnrepHo rrrrHaAuarb
r'rer Ha3aA 6rr,rir uaqaru pa6oru rro reopnu peHrreHoBcKI.IX c[eKrpoB.
Anrop 6,raro4apeir npo$. 3. Pyasaxacy 3a BHr.rMaHHe K pa6ore, no-
./re3Hbre coBerbl I.1 co3Aanue yc,roeuft Ad'Ir HarrflcaHufl KHIlrn pr cBoHM
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llpe4uc;rorue

corpyAuuKaM, KaHArrAaraM Qne.-rr,rar, H. A. CaeyxaHacy, IO. Ka-
HqycKacy, 3. Hauinesacy, C. Kyuacy, A. I(apoceHe, a raKxe KoJrJre-
raM H3 Pocroea-Ha-Aony KaHL. Qus.-rr,rar. H. Vl. A. flerpony n
4-py Qus-nrar. H. B. /I. Cyxopyxony sa r{eHHbre 3aMeqaHr.rr rpn
npor{reHafi pyKonr]c[ KHHIH Hd]nI orAeJrbHbrx ee r.[as. Oco6yrc 6,raro-
AapHocrb aBrop Bbrpaxaer peueH3enraM KHH_ru Aou. A. fpa6aycxacy
u npo$. 3. C. llapuJrlrcy 3a KoHcrpyKrnBHyro Kpr4rr.rKy pyKorrprcu.
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I. OCHOBbI TEOPI,II,I ATOMA.
oAHOKOHO 1l |yPAUHOH HOE nPI46JI I4XEH HE

Bo,rnosas QyHxuun aroMa, coAepx{aqero N a.lexrpouoa, SaBI'IcI'IT

or 4A/ [pocrpaHcrBeHHblx H cnlrHoBblx [epeMeHHblx I'I Mox(er 6url
roqHo onpeAeJleHa rlyreM pelxeHnq ypaBHeHHq lllpe4Izurepa ,IIHllib rlpl'l
/y': l. L"ra npu6.nu)KeHHoro onHcaHLIq MHoro3JIeKrpoHHoro aroMa HaI{-
6onee lurlpoKo IicnoJib3yercq oAHoKoH$zrypaunoHHatl MoAeJIb, ocHo-
BaHHafi Ha CreAyloqHx npeArloJloxeHI{qx:

1. B aroMe cyurecTBylor oAHo3JIeKrpoHHbIe cocroflHHfl, Koropble
onucbrBarorcf oAHos,'IeKrpoIIHbIMH BoJIHoBbIMLI $yHxIlnnruu.

2. f]o,re B aroMe sBrqercq crlepuuecru cltMMerpIzqHutlt (noreuunan
3aBr.rcr{r Jrnrrrb or pa4uantuoft nepelreunoii).

3. O.a,Ho:.neKrpoHHble cocToflHl{s 3JIeKrpoHoB, LlMeloiqnx re }Ke

KBaHroBbre trirc,,Ia nl (n uepe.nflTnBncrcKou npu6,'tnxeuwv') unu nli (Y

pe"'lsrliBncrcKoM npu6.iluxeHltu), orucblBaIorcfl oAI'IHaKoBbIMI4 pa-
Alt a JIbitL,r M rr BoJtHoBbrMI,I $yuxuuruu.

ilepeoe npeAnoJlox{eHI,Ie rIogBoJIfler nocrpolirb BoJIHoeyrc Qyuxqnro
aroMa B Br.rAe alrTrIcHMMeTpI43OBaHHOrO npOLI3BeAeHI'Ifl OAHO3JIeKTpOH-
HbIX Bo,'rHoBux Qynxqr.rfi .

Bc,reAcrelze cQepuvecxofi cnumerpu!r ro[tr oAHooJIeKTpoHHyIo Bo,'I-
FroByro QyHNqlto Mo>xHo pa3AeJII4Tb ua op6ura.nbHylo, c[LIHoByIo K

paAna,'rbnyro Qynxrlun. B raxou noJle coxpaHflercfl MoMeHT KoJur{ecr-
Ba ABr.rxeHHs 3JIeKTpOHa, IIOSTOMy ero Op6ttTaflbHaq BoJIHoBaff Qyitx-
,Ur.rfl Ao,rr)KHa 6urr co6crgeHuoii QyHx[Iaefi uoueura KoJII{qecrBa ABI'I-
)KeHr4fl I{ ero [poeKIILIH Ha ocb z, T. e. oHa HMeer craHAaprHblft nuA,
olpeAeJrfleMuli ro.rrxo clruuerpnefi nons. IIocroJIbKy oAHos"IeKrpoH-
urrfi Hepe.nnrnsricrcxNfi raMuJlbroHaaH TaK>Ke KoMMyrI'IpyeT c onepa-
TOpOM Crrr.rHa 3JIeKTpOHa, CraHAapTHoft ss,'Isercs I,I oAHog,IIeKTpoHHafl
c[raHoBaq QyHxqua. Or e.texrpoHuoii xoHQl{rypaqru n oco6esHocrefi
rrorq B aroMe 3aBI]crIT JII-IIIb paAI{aJIbHafl BoilHoBaq QyHrqzl. Kporue
roro, B c$epuuecru cIIMMerpI,IriHoM IIoJIe BoJIHoByIo SyHxqIzn acero
aroMa yAo6Ho crpol4rb rax, uto6u oHa flBHJIacl co6crsesHoir @yHx-
queft pesy.nbrr4 pylourt4 x MoMeHToB KorzqecrBa ABuxeHI{fl 3JIeKTpoH-
Hofi cucreltu, a orteparopu SusnuecKl4x BeJII{qI'IH npeAcraBd'IflTb B

Br.rAe He[pHBoAr{MbIx TeH3opHL,Ix OneparopoB. TorAa npH pacqere cpeA-
HHX 3gaqeHlrft ernx BeJIITTTHH MoxHo npl4MeHflrb a0QexruaHylo Mare-
Marr.rqecKyro rexHr.rKy FrenpIiBoAI.IMbIx reH3opHbIx onepaTopoB, ocHoBbI
xoropoii 6u.niz cQopMyJIHpoBaHbt B crarbflx 132, 33] . 3ra rexHI4Ka
I,I3JIAIACTCE B HAqAJIC T,TIABbI H SATCM [PHMCHqCTCg. T,JI'I HAXO)KACHPIfl

MarpnrrHbrx 3JIeMeHToB HepeJIfl THBI4CTCKOIO H peJISTHBI4CTCKOTO laMI{JIb-
roHr{aHoB r.r oleparopoB paAHa[I4oHHbIx nepexoAoe. PasA. 1.5 no-
cBflureH MeroA,v Xaprpu-OoKa AJIfl pacqera paALIar'tbnbl;i BoJIHoBbIx

Qyuxuufi. B aroli rr'IaBe oAHoxoa$nrypaul4oHHoe npu6.nnxeHne pac-
cr\rarpHBaercr KoporKo, 6es no4po6sutx AoKa3are.IlbcrB, opIIeHTHpy-
rcb B ocHoBHoM Ha ero npHMeHeFIHfl B Apyr[x rJIaBax. Cucreuaruqe-
cKoe r43,'IolKeHl,re arHX MeroAoB r{rzrare/Ib Moxer uaftrx B MoHotpa-
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1.1. Morueur Ko{HrrecrBa,tI,BI{xeHut u 3ni'xoaSQnquenrrt

OcnOny reoperl4qegKoro OnI{caHLIn MHOIO3JIeKTpOHH9TO aToMa cocraB-
JrfeT rroHflrl{e MoMeHTa KoJII'IqeCTBa ABI{XeHHfl U elo CBofiCrB [36,
42, 441.

KsaHroso-I{exaHI,IqecKoe onpeAeJIeHHe MoMeHra KoJII{rIecrBa ABH-
)KeHIAq [Oryrlaercg Ia3 onpeAeJIeHI'Ifl, HCIIOnb3yeMolO B KraccxqecKofi
MexaHHKe,

l:[r x p] (l)
[yreM 3aMeHbI paAI.Iyc-BeKTopa r n I'IMnynbca p Ha coorBercrBylo-
uue o[eparopbl. I'I3 npaBI{n KoMMyraI{nH 3rllx oneparopoB cJIeAyIor
BbrpaxeHHfl AJIfl KOMMyTaTOpOB KOMIIOHeHT MOMeHTa KOJII{qe,CrBa ABI',I-

xeHua ii;
U', irl:ihj,, li, i"1:ihi,, U", i"l:ihjv (2)

3Aecl o6o3HaqeHge MoMeHra I saMeHeHo Ha j, fiocKo,rlxy (2) BbITI9JI-

Hfercfl He roJrbKo Anfl op6I{TaJIbHOlO, HO TaK)Ke AJIff CnIIHOBOTO (S) n
rroJrnoro (1:lfs) MoMeHroB KoJII{qecrBa ABI'IxeHI'II' Taxam o6pasou,
(2) re,rrercfl 6oree o6qnM o[peAeJIeHI'IeM 3Tofi BeJII'MHHbI' uertl (l)-
, I(ea4par MoMeHra KoJIL{qecrBa ABI{}KeHI{I KoMMyrl'rpyer c .ln6oft

r{3 efo KoMrroireHT, [oaroMy j2 u, uanpvtMeP, iz cocraBrqlor na6op
KOMMyTr.lpynuI4X onepaTopoB, HMeloIIIux oAHH H Te )Ke co6crBeHHble

Qrynxrlnn ljm>. Hs ycnonnft xoumyraqnn (2) noryr{a}orcq ypaB-
HCHH'I

i'ljm):h'j(i + t)lim),
j"iim):hmlimS.

l0

Sr.ux [34-49]. B
rpynil [40,4l] Lt

HOTO KBAHTOBAHHq

l. OauoronQr-rypaqqoHuoe npn6auxeuue

TJIABC NOIITH HC 3ATPATKBAIOTCfl BOTIPOCbI TCOPHII

JrnIIrb oqeHb KoporKo on?IcblBaeTcfl MeToA BropHrI-

[40, 49].

(3)

(4)

j ,l jm) : hl.j (i + t) - m(m t l)1ttz Iim t r> . (5)

co6crsenHHr'ru QyuxquflMl{ KBaApara op6uralbHoro MoMer,ra 12 u

KoMrroHeHrbI l, xnniiorca c$epnvecrne QyHxqnv Yt*(0' q) l44l-
HeperarnnHcr,cKl{fi oAHo3JIeKTpottHuft raMHJIbroHI'laH KoMMyrI"Ipy-

er c l2:, l, u s2, sz, rlogToMy oAHoSJIeKTpoHHyIo BoJIHoBylo QyHrqurl
(oAHoenexrpoHHyro op6ura.rrt) MoxHo npeAcraBnrb B BHAe:

I lsm, y.) : Y mr(g, q) X* (") I*

Co6creeHHHe 3HaqeHl,Ifl i, m 
- 

O6a qglue WnU O6a IIOJIyIIeJIbIe qHCJIa

" -l-#ffi';Heur f" u i, t'toxtto cocraBl{rb oneparop w ia:i,tiis,
Koropbre, 4eficrnyn Ha co6crsennyro Qynxqnrc li*>' npe-o6pasynr
ee B Apyryr,o Synxqulo c ilpoeKlrlleft, 6o,rruteft HJII'I MeHbIlIeft sa eAu-
HHIIY:

(6)
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1.1. Mouenr KoJruqecrBa ABuxeHr.rr u 3nl-xoeQ$nulreHrbr

3Aecr P.L(r) - paAl{aJrbHar BoJrHoBaq QynKr{lrf, a Xu (o):8 (p, o) -
cnI4HOBarr QyHru,ur, rAe p - IlpoeKllrafl crrI,IHa SJreKTpoHa Ha ocb z B
eAHHHrIax ti; o - cnuHoBafl rrepeMeHHafl, rrpr{HuMaroqar ABa 3Haqe-
wvrn:- -tf z u tf z.

Morraeirr KoJrHqecrBa ABH)KeHHI recno cBfl3aH c tpyflflofi apaqe-
nrzfi. Oneparop noBopora R, xoropuri npa BparrreHr.ru cncreMbr Koop-
Lvrar npeo6pasyer BoJrHoByro Syurqr.to aroMHoro l,'reKrpoHa $ B
HoByro BonHoByro Syuxqurc

ll

O':RQ,
Bblpaxaercfl t{epe3 onepaTop
floaronry $yuxquu rp: lim>
cTaBJreHr.rfl fpyrrrrbr epaqeuufi
pasyrorcfl Apyr qepe3 Apyra:

Sr, J:L+S,

(7)

MoMeHra Ko,rrrqecrBa ABrlxeHHs [50] .

o6pasym 6aevr,c Henpr.rBoAr.rMoro [peA-
r noA 4eficreueu oreparopa R npeo6-

(10)

Rlim): Dfr) ^iim'1,

rle 4I,^ - MarpnqHHri srelvreHr oneparopa R.
Heperaruer4crcKr.rft raMr.rJrbroHr4aH crircreMbr 3JreKrpoHoB He KoM-

Myrl4pyer c oAHoaJreKrpoHHbrMH oleparopaMu l!, sf , lu, si,, Ho oH
KoMMyrrrpyer c o[eparopaMrr KBaAparoB H z-fipoeKrluft pesy.tlrupyro-
IIIITX MOMCHTOB KOJIHqCCTBA ABHXEHI'Iq

r: r r,,
I

nogToMy cocrotHHe MHorosJreKTpoHHoro aroMa yAo6no onHcHearl co6-
cTBeHHbIMH QyHxquxult H co6crsenHbrMn sHaqeHHrMH Ha6opon rou-
Myrr.rpyrcurr4x o[eparopoB L2, S', Lr, S, H.tlr Lr, Sr, J,, 1,.

Paccuorpuu rrocrpoeHrae BoJrHoBbrx QyHxqHft pe3ynbrr.rpyrc[ILrx Mo-
MeHTOB B CJryqae BeKTOpHOtO CTOXeHUq AByx KOMMyTHpyTOUIHX MO-
MeHroB jr*jz:j (ero rraoryr 6nrs uotreHrbr or4eJrbHblx eJIeKrpoHoB
Llilll fix rpynrt nu6o op6uraJrbnbrfi n cnnsonoli MoMeHrbI oAHoto r{ To-
ro >xe a.rexrpoHa).

Jlerxo y6e4nrtcx, uro j2 KoMMyrr4pyer c j?, ji u i,, Ho He KoMMy-
rllpyer c it, w fz,. llepexo1 or 6azwca co6crseHHux SyHxqnft onepa-
ropoB i1,, jr",i7, jr" x 1azucy co6crBeHHbrx Qyuxurzr? i?, j7,ir, f, ocyrqe-
crBlqercrr rrp]r rroMorqn Jrr{HeftHoro yHlrTapHoro npeo6pa3oBaHufl:

(8)r
m,

(e)S:T
t

u,i,im, : 
F,^"1;, 

t;, t*lrt,*,) 
ri,m,).

Be.nuqana B KBaAparHux cxo6Nax - xoe@Quqzeur K.rre6rua-fop-
4aua. Ou r{Meer AocraroqHo cJro)KHoe Bbrpa)KeHr{e 142, 44]1, Koropoe
3Hair[rerbHo ynpou{aercq npr4 oAHoM r{3 napaMerpoB, paBHottt 0, t/z
unn 1 [39, 441. Vraxerra ocHoBnbre ceortcrsa xoeQQNqlrenra l(;le6-
rua-lopAaua. OH orrpeAeJrsercs KaK BerqecrBeHHaq BerlrrruHa. Cyrnr-
Ma MoMeHra H ero npoeKuurz, crofltrlrrx B oAHoM cron6ue, a raKxe Bcex
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12 l. OanorouQunyparlloHHoe upn6aaxenre

rpex MoMeHroB Aonx(Ha 6Hrb TIeJIbIM qIIcJroM. Kportte roro, xoa$$u-
ur.reHT He Lrcqe3aer nutrlb trpH BbInoJIHeHHn ycnoBl,rfi:

ljr* jr l (j(jr */r,
m: mt+ nlz.

flepeoe H3 HLrx npeAcraBnser co6ofi rpL.IaAHoe ycJroBne, nparro o6o-
snauaerr,roe {i1 jz is}: qrcJla ib iz, ie cocraBJlflIor rpHaAy, ecJIH JIto-
6oe llg nnx 6o.nrure a6conrorHoro snaqenufl pa3Hocrll AByx Apyrux a
MeHbrrre cyMMbI AByx Apyr[x.

Hs yc.nonufl oproHopMnpoBaHnocru BoJIHoBbIx QyHxunft creAymr
ycJroBas 4;rx roa{Ql,tuueHroB K.ire6ura-fopAaua:

A,lt;, 
t;, '^llt;, t;, t;'l:8(i'i') 8(m'm'){i'i'i}' (r3)

nl:, ';, :llk k;]:' (m" mi)8(m" mt) (r4)

Taxoft :xe xoa$Quqnenr Kle6rua-fopAaHa ocyqecrBnrer npeo6pa-
3oBaHr{e, o6parHoe (10) :

VJzmtmz) =li,m,) tizmzr:Zlt;, :, 
t)),,,,,t^, . (rs)

Buecro xoeQQnqnenra K.ne6ura-fopAaHa qacro HcnoJIbsyercfl
6o.lee cuMMerpxrrHas BerLIunHa - xoe$Qnufieur Buruepa wnw 3j-

(l l)
(12)

xosSSuqr,ienr:

( i' i, ir \ - ( - t;-r,+r.+ n.ljsl-rtz
\tz, mz mt/
3Aecr u Aar'ree HcrroJlb3yercq o6os
X (2i,*1)...

KoaQ$uqueHr Blrruepa o6laAaer cneAyIotqI,IMH ocHoBHbIMI,t csoft-
CTBAMI'I CHMMCTPHH:

( .i, i, ,' \:t _11,,*,,*,, ( it i, i, \
\-r mz mt / \ -rnr -;" :;")' (17)

(';, ';, ';"):, (';, ';- ';,), (r8)

rA€ s: i, ecnn nepecraHoB *u ( | 
' '\ o"""ufl H (- l)jt+jr+r'- ecJII'I

\i k pl
OHA HCIICTHAfl.

KoeQQlrqaeur Bnruepa c oAHHM MoMeHroM, paBHbIM Hy.nro, HMeer
npocroe BbIpaxeHLIe:

l';, :, :"-"1 (,6)

HaqeHI.Ie lit, ir, ...1 : (2ir+l)X

( i' i" 
9 \: t (i,, i,)D(n,, - m,)(- l)J,-n, U,l-'t'

\2, tfrz O/
(1e)

Free Hand



1.1. Morr.renr xoJrl{qecrBa ABuxeHHfl u 3nj-xoe$$u[fleHTtr 13

B qacrsocra, Hs (10), (16) n (18) cneayer, rlro e norlroeofi Qyttx-
Ilr4r.r BaxeH nopflAoK cBfl3bIBaHItf MOMeHTOB:

i 
jrjJm) : ( - 1)j,+ j,-i ijJzjm) . (20)

B c,ryuae cB.n3bIBaHHfl Tpex u 6o.nlruero qIacJIa MoMeHroB co6cr-
BeHHbIe QyHxunv pe3yJlbrlapyrcqero MoMeHra Molyr 6url no,'IyveHu
nyreM MHoroKparHoro npI{MeHeHIlfl (10), uro 3KBHBaJIeHTHo I{cnoJ'IL'-

3oBaHI{r,o raK Ha3bIBaeMbIx o6o6uessux xoeSQuuueHroB Kne6ua-
lopAaHa [36] . AyuxuHH, coorBercrByloque pa3rHr{HbIM cxeMaM cBfl-
3blBaHr.rr MoMeHToB, ylxe orJll{qalorcq He roJIbKo Qasonurra MHo}KI{Te-
d'reM, KaK n (20), Ho I,I npoMexyrorlHblMn MoMeHTaMz, a raxxe IaHofi

3aBI4CHMOCTbIO OT pa3JII4qHbIX MOMeHTOB.

llpeo6pasoBaHufl MexAy BoJIHoBbIMLI Qyuxunxul.t, B Koropblx oAHH

r.r re )Ke MoMeHrbI pa3rI,IqHbIM O6pasou cBt3aHbI B o,(LIHaKOBUfi pe-
3yJrbrrrpyrcquft uonesr, ocyuecrBJlflIoTcfl [p]I IOMOUII'I MarpHII npe-
o6pasonaHun (npu.rtox. 3). OHn Bblpaxalorct rrepe3 3nl-xoa$$raqaeH-
Tbr, He 3aBr4cflxlr4e or npoeKullfi ne.nnqnuu, npeAcraBJIflI,OIrIHe co6oii
cyMMbr rrpousBeAeHnfi xoaQ$uqlreHroB K.rre6rua-fopAaHa.

Marpuqu npeo6pasoeaHllfl Me)KAy BoJIHoBbIuu QyHxullflMu c pa3-
Jrr{\rHbrM nopflAKoM cBfl3bIBaHLIs TpeX MOMeHTOB Bblpax(aIorcfl qepe3

6i-NoaQSnulreHr I,IJur xoaQSlrqresr Paxa. Ou npe4craBrqer co6oft
cyMMy xoaQ$nqneuron BtruePa:

mi ni

*( It i' 13 
),\-r, -mz -nr/

g:jr- mt* jz- mz+ jB-ms+ lr- nr* lr- n2* ls- n".

li, i, i"\:li, iu i"\:1.i" tb /. I (a,b,c:1,2,3).
\t, 12 trl \1, tb t"l \1" -ib i"l

t;,'J 
):t 

(i" t'\8(i" /') {io'i'i'}(-

lt; 
t;'i):t- r)J'+rr+1

1 )j''r.ri + j" 
l-i r, j rf- t 1,

lt,,,t;,i: ): r (-,), (:;, ';" j;,) ( !,,,,';, il fi 1",,',:,)"

(2t)

C,re4onarenlHo, napaMerpbr 6i-xoaQ$hul4eHra AoJIxHbI BbIrIoJIHtrL
rrerbrpe rpHaAHbIx ycroBnq. (oeQQnqnesr o6.naAaer ABaAlrarbro qe-

TbipbMs ocHoBHbIMH ceoficrsaMn cHMMerpIlu:

\22)

Uacro HcnoJlb3ylorca Qoprr,ry.lbI AJIs 6i-xoeQSuuHeHra c oAHHM

napaMerpoM, paBHbrM HyJIIo,

Ii'
lt'
r.rJra eAr.rHr{rle [pII Apyrlx

(23)

napaMerpax, paBHbIx nonapHo:

2U"Q"+l)-irUl+l)-i'(i,+1)l /^A\. \Lat

Free Hand



l4 l. OAuoronQxrypalrroHnoe npu6.nzx<euue

l''r,t'r,i l T o'(-'1)'" l','"'i"')l',',': ';,1{r: i: i) (zs)

poBarb rrapaMerpbr orHocureJrbso o6eux 4narona.neft :

{'i,'i,'i"17':,';,

cyrrarraa rponsBeAeHzft rpex 6j-xoaQ@HqneHroB gaer Bni-xoreeHrlneHr
6o.nee BbrcoKoro ropflAKa - 9l-xoa$SrqueHr:

B neu MoxHo rrepecraBr.rrb crpoKr.r n croa6qu (ec;ru nepecraHoBKa
HeqerHaf , To nosBJrflerca Qasonufi usoxNrenn), a raKlKe rpaHcnoHr.r-

Ii, iz ,lg I

l; 
t;, 

'-1 l:t' 
ecrtr k'+k'+ft3 He'rer'o'

3

e: f (i,+t,alt,). e6)
t:l

I4s nocne4uero csoficrBa cJreAyer ycnoBae ncqe3HoBeHnr 9l-xoaQ-
rpaqlrenra c AByMq paBHbrMH crpoKaMr.r nan crol6qauN:

(27)

9l-xoaSQuuueHr c oAHvM HyJIeBbrM napaMerpoM paBeH:

{",,'',,l} t : *l}:t i:;;l:{ 'i'i"i}:{i 'i"'iL:

# :,:lfi'iji,l { i i r) li,"i, n
: 8 (kr, kr) I Ur, /r) ( - l;r'+r'+ "*J'Ur, Orl-''' l'i, 

t; t;rl (28)

3ni-xoeQQrrrueHrbl 6o.nee BblcoKoro flopflAKa noxBrqlorcs B Bblpaxe-
HLrs,x AJrfl MarpHIl npeo6pasonaHufr. 14 MarpLIrIHbIx oJIeMeHroB ofleparo-
poB 3Haqr.rreJrbHo pexe H Moryr 6url eupax(eHbl rlepe3 cyMMrr 6l- u
9i-xoe$$Hrrnenroo [36] .

.II,.na nocrpoeHnfl n npeo6pasoBaHLIff BoJIHoBbIx Qynxuutl cBq3aH-
Hbrx MoMeitroB I,I HaxoxAeHufl B Hx 6asuce MarpltuHblx 3.IIeMeHToB
yao6Ho HcrroJlb3oBaru rpaQnuecrnft ueroA 136,42,471 , a raxxe @op-
MyJrbr cyMMHpoBaHHr 3ni-xosQQnqueHroB, eaxHeftrlrue Hs Koropblx
npr{BeAeHbr B rrpfi"ro>xeunu 2.

Free Hand



1.2. Anrucurr,rrraerpr.rqHbre Bo.ttHoBHe @yuruuu

BHrueHsnoxeHHbII? MeroA IIo3Bor'IJr€T cBfl3blBarb MoMeHTbI HeaKBH-
BaJTeHTHbIX 3JTeKTpOHOB I.1 OTKpbrrL'IX O6OnOrreK, HO OH HeAOCTarOqeH

Arq nocrpoeHrrr BoJ'rHoBoft QyHKr{HH cBfl3aHHblx MOMeHTOS o6O.uOqru
3KBI.IBaJIeHTHbTX 3JreKTpOHOB, TaK KaK OH He yqLITbIBaer npHHIUlila
Ilaynu, 3aflpeqarcuero aJreKTpoHaM HaxoAl,rrbcrr B oAI{HaKoBbIx oA-
H03JieKTpOHHbIX COCTO_fl H llff X.

1.2. AHrucnMMerpHqHHe BoJlHoBbre QyHrqxn MHonoeJreKrponnofi
CHCTEMbI

llprauqun flaynn Bbr[oJrHrrercq aBroMarHqecKLI, ecJIH BoJIHonan Qyur-
rlr.rfl 3neKrpoHoB npeAcraBJrrer co6oft AerepMHHaHT H3 oAHoeJreKrpoH-
Hbrx BonHoeux Synxquft. flosrorvry aHrHcI,rMMerpLIr{Hy}o BoJIHoByIo

$yHxquro cBfl3aHHbrx MoMeHroB Mox{Ho rrocrpouTb B BHAe nnHefiuoft
xou6nHarlnfi AerepMr.rHaHroB, Koropas 6y4er co6,crBeHHofi QyHxunefi
pe3ynbTr.rpyrotllr4x MoMeHToB KoJr HqecTB a ABHx(eHl,rg.

Paccuorpau cnyvari AByx He3KBHBa.neHTHbIx aJIeKrpoHoB. Bo.nHo-
nan Qyuxuuq HecBff3aHHbrx MoMeHroB paBHa

lnrtrmrp., nrrrmrvr>:-> I tl"lmrvlxt) *@'l"nrpllx'z) l, eg)' V 2 1 +(nrlrmrpzlxr) Q@rlrmrlt2l x2) I'
rA€ rt o6osHaqaer Ha6op rpex npocrpaHcrBeHHbrx H cnllHoBoft xoop-
Ar.rHar; p - npoeKlq.r4fl cl.nHa 3reKrpoHa, g@lmp"lx)-:lnlmp").

,Pacrcpunaa AerepMLrHaHT H cBtsbrBar orAeJrbno op6uranr,Hbre H

crruHoBbre MoMenrbr oJreKrpoHoB nplr noMorrlu roaQ$nuueHroB K.ne6-
ura-fop4aHa, fioryr{aeM aHTHcLIMMerp[r{HyIo BoJIHoByI,o QyHxquro n
lS-csssu:

ln,t, n2rzLSMLMS>": iT _,A,_,1:, :, 
tr,ll'l: tl: 

;]"
x { tll (n, ltmr4rl x) c! (nrl2mzp.zl xz) -
- rlt (nrlrmrFz lxr) r! (nrlrmrpl l nr) ). (30)

llo"ar,syacl BblpaxeHxeM AJrn SyHxqux cBf3aHHbrx MoMeHroB (10) u
CBOI?TCTBOM NCPCCTAHOBKII MOMCHTON (20), BbIPAXAEM AHTI.ICI'MMCTPHq-
Hyro BoJrHoayro QyHxquro qepe3 HeaHrxcnMMerp[qHbre (n unx roop-
LVHary .rr lrM€€r 3JreKTpoH, xoropufi yKa3aH nepouu):

lq\ nrl, LSML Ms>" : iT fl nrl, nrl, LSM"Ms) -t

*(- 1;t'+t.-'-tlnrlrnllrLSMlM)f . (31)

EcrE ceqsuBarb cHaqa.la op6uralrxufi u cnnHosofi MoMeHTbr Kax-
AOIO SJIeKTpOHa, a SaTeM - nOJIHbIe MOMeHTbI gneKTpOHOB B pe3yJrb-

l5

Free Hand



16 1. Oa,uoroH$nrypaquoHHoe npu6;rrxeuue

rr4pyrorrlaft .I, ro no.nyqr.rM AByxaJreKrpoHnyro BoJrHoByro $yHxqrzrc e
jj-csasu:

l\hjr nzlzjzJM>":

: 
i, [)nrlri, nrtri, JM )- (- 1y,*;,-'', nrlri, nttri, JM)]. (32)

B 4a.ntueft[reM, v croJrb3ys aHTr{cHMMerpLIrrHbre BoJrHoBbre Qy,in-
qI,rH, sHaqoK a 6ynet'l. oflycKarb Be3Ae, tAe 3ro rcHo Hg KoHTeKcra.

B c.nyuae AByx aKBr.rBaJreHrubrx eJreKrpoHoB r{3 (31), (32) cJre-
Ayer, qro Bo,rnoBaq Qyuxqna He r{cqe3aer, ecJrr{ lfS a.rn ./ coor-
BercrBeHHo paBHo rrerHoMy rrncry (21:21-+l qs,'rqercs HeqerHbrM
vnc.norra). Kpoue Toro, A.rrfl Qyurunn 3KBHBaJTeHTHbIX 3JTeKTpOHOB He-
o6xoAlttvto gaMeHlrrb HopMr,rpoBoquuft uHoxuTeJrb 2-t/2 na 2-t.

Ec.rn ror )Ke AerepMLIHaHTHbrfi MeroA npHMeHHTb AJrfl flocrpoeHrafl
eonHoeofi QyHxrluu MnorogJleKTpouuofr cr{creMbl, To Bbrpa)KeHufl rro-
,lyqaioTcf oqeHL, cJro)KHbrMr.I r,I HeyAo6Hbrir,rn. 5o,ree eQQexrunHuri nae-
roA ocHoBaH Ha HcrroJrbgoBaHHr.r teHearoruqecKHx xoeQQnquenron.
OAnaxo cuaqaJra KoporKo paccMorpr.rM x.ilaccnQnxaunrc cocrosnnii or-
Npuroft o6o.noqxu.

Cesel Mex{Ay 3KBr.rBaJreHTHbIMlr gJreKTpoHaMr{ o6uqHo 6;lzxe x
LS-caxsn, qeM K ij-cnnsu. I(ax eu4uo ns (30), 4.na o6osHaqeHr4fl co-
croqHufi AByx sJreKrpoHoB nl2 AoctatoqHo KBaHroBbrx qlrce,rr LSMrMs,
I{o yx(e AJrff Tpex d- unvt f-a.nexrpoHon Heo6xo4llMo BBoAtrrb Aorro,rrulr-
TeJIbHbre KBaHToBbre qncra. To.rHHx KBaHToBbrx qr{ceJl, xoropue 6u,ru
6H , co6crseHHbrMu 3HaqeHr4sMH o[eparopoB, KoMMyrHpyrouux c
IaMLIJIbTOHI{aHOM, K COXaJIeHLIIO, He I,IMeeTCt. B ,C,'ryUae d-O6OnOqXU
oKa3blBaeTcfl AocTaToqHo BBeCTLI KBaHTOBOe qI{CJIO ,u, paBHOe

HaIrMeHbIrIeMy qucJry oJIeKTpoHoB e o6oroqKe, [p]t KoropoM Brrep-
Bbre noflB,'rflercfl AaHHbrft reprr,r - napa KBaHToBbrx qaced'r I u S. [.na
x.n accuQ u ra uIz fi cocro nunfi f -o6oJrorrKr.r ncnoJrbgyrorcfl Herrp rzBoAlr M bre

npeAcraBJreHrrfl HerrpepbrBHbrx rpynn Rz s Gz I41 , 401. 3rz rpynnu,
KaK H rpyfirra rpexMepHbrx BparrleHnft, onncHearor yHr.rrapHtre npeo6-
pasoBaHr.rq oAHo3d'reKTpoHHbrx op6nra;lruux BoJrHoBbrx Qynxqnfi:

llm) --> u^,^llm'), (3 3)

a raK>xe rrocrpoeHHbrx rz3 HLrx Qyuxqnfi o6o"'loqxz 3KBr.rBaJreHrFrbrx
3reKrpoHoB. (7 npe4craBrqer co6ofi rpyrily nparueuzfi e (2lf l)-
MepHoM rrpocrpaHcree @yHxqafi llm> c QuxcnpoeaHHbrM l, a G2 -ee cneIIHaJIbHyro no.q,rpy[[y. I4x HenpnnoAplMlrre npeAcraBJreHvtr xa-
paKTepv3yrorcfl coorBercrBeHHo ua6opanan ueJroqnc,'reHHblx lapaMer-
pon IZ: (ap2as) u U:(urur), Arq Koropbrx npn /:3 cnpaseAJrn-
Bbr HepaBeHcrBa:

r
m'

2 )- wr7 w2>- w3> A, 4 2 u12 ur> 0, 4 2 u1t u2. (34)

Free Hand



1.2. AsrucurtrrueTpuqHble Bo,'lHoBbIe $yHrurzu

Quc.ro Bo3rvrox(Hblx cocroflHl{ft o6oflorlKll lN Hasusaercfl ee crar-
BecoM, oH paBeH 6Iasoulta.nruouy xoaQQuqaeHry

J'):

I7

ro\:(o' (4t+2)t
(3 5)

(38)

Crarsec 6ucrpo pacrer, KorAa /y' npn6,rnxaercfl K 2I+1, a IIoroM
cHMMerpIir{Ho yMeHblxaercfl AJIa lrOqTI,I SaIIOJIHeHHOft o6o,'toqXH.

Cor.racHo MeroAy reHeaJlornqecKllx r<oaSQuqueuToB, aHrKcHMMer-
pr.iqHafl Bo,'rHoBar $yHxqIar lN-e.nexrporioB Moxer 6ntrl nocrpoena
peKyppeHrHblM cnoco6oM n3 aHrLIcI{MMerpllitHux QyHruufi lN-r-a.nexr-
poHa, cBrrsauHux (Ho He aHrl{cl4MMerpn3oBaHnux) c sorHosoll QyHn-
qnefi oAuoro /-anerrpona [33, 39]:

,1N-rlLS\LSMLMs>:

5. f L / /. lr.s .s .Sl: 
*-4^.L ;, m ;')liu "* ;,I' tN ,TLSM,M 

') 
tmv)' (36)

rAe ! - 
aa6op KBaHToBbIX qfice,'I, Koropble BMecre c yKa3aHHbIMli

sBflo xapaKrepll3ylor cocrotHl{e o6oloqxu. flpacoe4nHqel,IHfi 3JIeKr-
pou e (36) I{Meer N-rc xoopAnHary.

r{:ro6sr H3 repMoB LS, no.nyuennblx BeKTopHbIM cJIoxeHI'IeM, I{c-
x,{nquTb repMbr, 3alpeqeHHble npnHlrllnou llay,ra, 4,ln o6ono'lxh lN
cocraBJrrrorcs nuseftuue xom6usauura $yuxunft (36) :

(4l,+2- N)1, Nt

jlN y LSM'Mt) : t
7Z-s

11 
* - t yLSt ii /N^1rs), 1n -' liSlLS M L M s> . (37)

I(os$$urlneuru 3roro pas,'Iox{eI{I{s Ha3bIBaIorcq teHearorHrtecKllM}1
roaS$aqrzeriraMh. Oun yAon.nerBopflror cJleAyloque ycJIoBI{n oproro-
HAJIbHOCTLI:

f {l"yrs li /x-1Tts/) i7w-r 7Zs} il /Ny'rs) : E (r, y'),
7LS

t
h
YLs

[a, s] (/N-1yz5llt /NyLS) (/N1zs 11 7N-ty',z5l) :

:D(t, I) 4t+*-N 
iZ, sl.

I,Ix $a:a Mo)Ker 6url ru6pana raK, qro oHH craHoBsrcff
BeHHbrMrr, TorAa BbInoJIHflercf paBeHcrBo:

1/nyLS 7^, r7Z5/):(/N-1 rZStr iNiLS).

B npocreftruux cJryqasx

{t llto t): | ,

(3e)

BCII{CCT-

(40)

(41)

Free Hand

Free Hand

Free Hand



IB

0,rsll tD:+ u +(- l).n"1.

'I

l. OaHoxou$urypaqrioHHoe npu6.nuxeune

(42)

<Doprray.ua (42) cnetyer HenocpeAcrBeHHo H3 (31).
Arre6pauuecKr.re BbrpaxeHufl AJrr reHea,TroruqecKnx roaS$raqr.reu-

roB, oco6eHuo fN-o6o;roqKa, HMeror AocrarorrHo cJroxHbrin nnp [49j .

I4xra6nuubr rrpHBeAeHbr, Hanpl{Mep, e [51,52] .

leHearoruqecxue xoe$Suqueuru Arq lorrru garroJrHeHHoft o6o.no,{-
Klr (N>21+1) Bbrpaxarorcff rrepe3 xoaQQaqraeHru AJrfl qacrr.{rrao
3aroJIHeHHori o6o;roqru (N<21+1) [53] :

(l+t+z-NyLSl lrr: r -.vyzS/)-(- l;r s'r+sf/rrl u-+x

(41 + 2 - N ) (2L+ l) (2.t + l) (43)

I4cnorlsyeuufi n (43) Qasosuft MHoxil reJlb rBJrrercfl noJlHoct ro

corJracoBaHHbrM AJrfl reHeaJIorIiqecKlrx xoa$QuqueHroB rI BoJIHoBbrx

SyHxrrrrfi [53] n He rrpnBoAr4r K HeoAHo3Har{HocrqM, Koropbre BosMox(-
Hbr npu r{Hbrx, npeAJraraBlxuxcr B [33, 43] , MHo)KI{Ted'Iflx.

B qacrurtx cIyrlaffx c yrleroM (41), (42) nolyqaeM:

U+t({L+ l) (25+ 1) lr /2

J (rn*'1t,S 1 /N1lS/).

l1+(- l)'*"1 
[

rl

s S"I
^s, S i (/"vz's /N-'TLS/)x

(/4.+2 rs 
ll /4t+1 /): l,

(/ar*r ,, /a,uZS/): ( -
(2L+ 1) (25 + 1Dr+

(44)

rtz . (45)
(2t + t) (4t + 1)

flpurueHrrcrcfl raKxe 6o.ree o6que reHea,Ilorlrqecxne xoeSQi.rqn-
eHTbI, rIOSBOJrffIOlrlxe trpHCOeALIHtrb K aHTlrCHMMerpLIr]HOIi eOrHOeOft

$ynrqnr.r HecKod'rbKo gJreKrpoHoB, qaure Bcero ABa 3JreKrpoHa [33, 431 .

OHu nupaxalorcfl uepee o6uuHbre feneaJroruqecKrie r<oaQ$nrlneHrsr:

(i x y ZS ll lN -2 y' L' S'12 L" S'): r
tts

( _ l;z+s+r'+s,+l [2, s, L,, , s,,1r/z *

..lt r z"lls
^lz z' Z f Is
x (/w-t TZS 11 l"-"' L' S, l). (46>

Ecru s xoHQnrypaqr.ru r4Meercfl HecKoJIbKo orKpblrblx o6oloqeir, ro
BoJrHoBafl SyHrqua aroMa KoHcrpynpyercr Lrg aHrItcItMMerpLIqHbIx
Qynxurafi orAeJrbHbrx o6o.loqex nyreM cBff3bIBaHLts I{x MoMeHTos, A!{-
rucr.r M Merp lr s arrLts, MexAy oJIeKTpoH a M Ii orAeJrbHblx o6oJro.Iex rrp u p a c -
qere Marpr.rqHbrx gJ'reMeHroB Qrzsnuecxnx oleparopoB BaxHa JILIIub B

crreAyrox{nx c.rlyuarx [39] :

a) n 4uaroHaJrbHoM orHocl{reJlbuo xouQnrypauuit MarpnrlHoM 3re-
Meure oneparopa AByxaJreKrpoHHoro rlrna, ecJII{ oneparop 4eficrnyer
Ha gJIeKTpOHbI paSJII{qsErX O6O;IOUeX (OUa O6eCneqnSaercq UCtrOflb3O-

Free Hand



1.3. Henpr.rnoar{Mbre reH3opHbre oneparopbr

BaHHeM AByXSIeKTpOHHOTO MarpL.IqHOrO
Tr.rcr{ M MeTp r-rrrHbrx BoJr HoB brx QyHKIII,Ifi ) ;

6) s HeAr.raroHaJIbHoM orHocnTenbHo
Dr'reMeHre (pazl,. 2.2).

l9

3.IICMCHTA OTHOCHTCJIbHO AH-

xoHSrrypaquft MarpHrrHoM

1.3. HenpnBoAnMbre refl3opnbre oneparopH r{ r{x Marp[qHble
9JIEMCHTbT

Marpavuue gJreMeHTbr ofleparopoB aroMHbrx BeJII,IqHH npLto6peraror
Haa6o.nee npocroft Br,rA, ecJrr{ oneparopbr r{cnoJlb3yrorca a Qopnae ue-
npHBoALrMbrx TeH3opoB, Koropble npH BpaqeHLIrI cHcreMbl KoopAHHaT
rpancQoprr,rHpyrorcfl raKHM xe o6pasoM, KaK u cQepnvecrNe SyHr-
ur,ru - co6creeuHHe SyHxrlnn MoMeHTa KoJII{qecrBa ABIIX(eHHfl.

Kax Nseecrgo, npeo6pa3oBaHulo QyHxqnN rp---Rrp coorBercrByer
npeo6pasoeaHue oneparopa I-+RIR-I. Taxuu o6pasou, HerIpI,IBoAH-
rrrufi reusopuuft oneparop - aro na6op (2k+l) ne.nnuau Tf;t(q:
:-k, -k+1, ..., k), Koropbre [pr.{ BparqeHuu cr.rcreMbl KoopAr{Har
npeo6pasyrorcfl rro HenpHBoAr{MbrM npeAcraBdlleHnrM rpynrlbl Bpaqe-
ttufi

RTf;> n-t- D*toT*), (47)

r4e ft - paHr o[eparopa, a q - [poeKIIHtr paHra. Ocra,ltsue o6osua-
FreHr.Ifl re xe, qro H B anpaxeHur (8).

Tar rar oleparop Bpa[IeHL{q R nupaxaercfl qepe3 MoMeHr Ko-
JuqecrBa ABr{)KeHr4s, To Mo}KHo Aarb Apytoe, 3KBHBareHTHoe (47),
onpeAe!'reHr,re HenpI,rBoAlrMofo reH30pHoro onepaTopa npH noMoIIIH
rrpaBnJ'r KoMMyrarrLtr{ c KoMrIoHeHraMa ruoueura [34] :

t
q'

Lj", Tf;)l:hqTf;),

ur, Tf)l:hlk(k+ 1)- o@tt1|p7a>,.
CpasHunaa (48), (49) c aHaJIorHI{HbIMI.I ypaBHeHLIflMH Anq co6cr-

seriHoft Qyurrlr.ru ljm> (4), (5), orrr,revaeM, qro BMecro oreparopa
i,0), 4eficrnyrouero Ha Qyuxqvrc, 3Aecb HcrloJlb3yercfl KoMMyrarop
j,(i") c oneparopoM.

,rlerro y6e4I,rrlcr, qro .nusefisue xonn6uuauur.r KoMnoHeHT MoMeH-
Ta XOdllI{qeCTBa ABH)KeHI'Ifl

;(l)-; ;(l)-r Ijo"':j- j'ii: + V- U.!ij,\

(48

(4e)

(50)

yAosJrerBoprior rrpaBuJIa KoMMyrat1au (48), (49) H, cJIeAoBareJIbHo,
cocraB,rrfror Heflpr.rBoAr.rMufi reusopttuft oneparop [epBofo paHra.

VpanHeHrarvu (47) nnw (48), (49) oreparoptil Zf;) onpeaerrrorcq
c rorrHocrblo 4o $asoBoro MHo>Krzre,rr. Ou Ao.r)KeH no46uparlcn
corJlacoBanHo AJIfl Bcex ilcnoJlb3yeMblx oneparopoB I,I BoJIHoBbIX QyH^-
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rlufi; 3ro o3Haqaer Bbl6op HeKoropofi cllcreMbl Qas. B pflAe MoHo-
rpaQuft 134, 42, 43, 497 HcnoJlb3yercs craHAaprHafl cl'Icreua $as, a

xoropoft Arq 3pMuToBolo oneparopa BblnoJlHflercfl coorHolUeHl'Ie:

f,t, :(_ t)k-e7o,tn. (51)

Eo.ree rullpoxo pacnpocrpaHeHa [39, 36, 45-47] ilceBrocraHAaprHar
cucreMa Saa, n xoropofi (51) sairleHrercfl Ha:

Tff :(- 1)'xq)4. (52)

Oira 6o,ree yAo6na reM, rlro s Hefi Marpl4qHble 3JIeMeHrbl op6nrall-
HOIO k CIII'IHOBOIO MOMeHTOB KOJHqeCTBa ABLI)KeHllf I4 HeKOTOpbIX Apy-
tHX OnepaTOpOB tBJIgIOTCI BeIqeCTBeHHbIMII BeJII{qI,IHal\{n. B Ha,CrOg-

u{efi xr:vrre Be3Ae HcrloJlbsyercf IlceBAocraHAaprHafl cucreua Qas.
OAuo rrs [peI,IMyIIrecrB TIpLIMeHeHI{t oneparopoB B $cpn,le Henpn-

BOAI'IMbiX TeH3OpOB COCTOHT B TOM, IITO Arfl HI',IX BbInO.IIHsercfl Teope-
ua BrlrHepa-3xxapra, rlo3BoJlflIoxrar.BbIAeJIHrb B MarpI{r{HoM 3re-
MeHre qa,crb, saBl4cslqyrc or npoeKul{fi uonrenroB, B BIIAe xoao$n-
rrueHra. Buruepa:

/ i I t',\/Tjn, T,l, ^i.i'rtt' 7:1- l)i-"' ( r " ' ,\ yi T(k) 'i i'>. (53)
\-rl Q ttt'/

Be.ilu.ruua <ii ll>, ue 3aBucsrrafl or npoexIlNfi, uasunaerca cy,6-
MarpuirHbrM r.r"[I,I peAyuI.IpoBaHHbiM MarpI.IqHbIM 3JIeMeHToM. flptt, h :
:0 c y.{erorra (19) noJlyqaeM:

3.im' T@ ly' j' m'): 8 (.i,.1') 8(iz, m')[i1-ttz (y,r ii Z(o ,t^(' ]'), (s4)

r. e. Marpnqnui g,relueHT cKaJltpHoro oneparopa AHaroHaJIeH orHo-
cHreJrbHo pe3yr'Ibrllpynuero MoMeHTa n He 3aBIlcHT Or elo IpOeKIIHH.

tr4cxo,u,q Hg onpeAeJIeHfifi gpMLIToBoto o[eparopa, coorBercrBylo-
ulero SnsHvecxofi BeJI H.II,IHe

(yjm'Tf" y' j'm'):'.^( j'm' ,Tft yjn)*. (5s)

Hcnorb3yq A,rs ,resoft iiacru coorHorueHlle (52) u npEMeHtlfl x o6euvr
cropoHaM (55) reoperr,ry Bnrnepa-3xrapra, nodryqaeM npaBI'IJIo rpaHc-
noHr4poBaHr4r cy6n,tarpl4qHoro g,rIeMeHTa spMl{ToBoto oneparopa:

(yt il f,o lit' t'):( - l)i-i' (y'-r' llftu) llyl )* (s6)

O6H,rHo cy6tr,Iarpnuultft erel4eur qBJflercfl BeurecrBeHHoii seruqk-
sofi n 3HaK KoMUreKcHoro conpllKeHl.Iq MolKHo orlycrnrb.

!,,ra cy6ruarpurrublx gJreMeHroB op6nralr,uoro H cnltHoBoto Mo-
MeHroB sJreKrpoHa Ha ocHoBe Qopuy.rr (4) , (50) z a.nre6pauuecrur
nupaxeHnri 4,rrr roa@QHIILIeHTa Bnruepa HaxoAI{M:

( / 
11 
lrrr ll /' ) : D (/, /') hu (l + t) (21 + r)1u,, (57)

(s8)(slls{r) ll'>:oV +

Free Hand



1.3. Henpusoar{Mble reu3opHble o[eparopbl

Henpnno4nMble reH3opbI, KaK I,I MoMeHThI Ko.IIHqecrBa ABHxeHHR,
cBri3brBarorcfl rrpn [oMoIrrH xoeQ$HuueHroB Kne6ua-lopAaua:

_ fk, k" k1
[r(t') x wF)l(.t: ) Lr; s; s)rttw*t. (se)

Qt 4z

Cy6uarpnvuuft 3JIeMeHr reH3opHoro npoH3BeAeHI'Ifl orleparopoB
Bbrpaxaercfl qepe3 cy6MarpHqHble 3JIeMeHrbI oTAeJIbHbIx oneparopoB:

I

(yl llIrt*', xw{k)7ttr')lly' j'):(- 1y+i'+r [k]t "
,, f <f,r llf(k')ll^/'i'>

\tr jD

Ec;rn peeyJlbrupyloqali paur b-0, ro reH3opHoe rIpoH3BeAeHHe
TeHSOpOB rrpeBpalqaercfl B cKaJlflpHoe, Koropoe onpeAenflercfl cJIeAy-
roulnM o6paeon:

(T@ . W@)- r r - l)s T(k\Wg)n:(- 1)k [k1tiz [Itk) x W{k)]to) .

Tor,{a (60) ynpou-iaercq:

(y.t il(f,u, .W$))i y' j' ):8(/, i')U1't' x

" f (- t)l-r.'^t' llrtrrl, \" i"> (.^r" i" t:w@lly'i').
' 

,Eclu o[eparopbr f{tt) v Vtr@) LeftcrBylor B pa3HbIX noArlpocrpan-
crBax (op6r.rra,rruoM H cllllHonor,a) wltr4 Ha pa3JIHqHbIe floAcucreMbl
(uearnunareHrribre 3JIeKrpoHbI, o6o.tto.{xu HJIH tpyrrrlbl o6o.touex), ro
cy6uarpnuabre SJreMeHTbI ux ren3opHoto II cKaJlspHoro npou3BeAesnft

Sarropusynrcn:
(.T ri t"hi, i I I Irtt'r \ w (k'))(k) 

)i y\ i i y zi i .l' ) :

{i,. ii k,.|
:lk, .i, ,'1,t, I 1, j; t, \ , Trj, Ttr,)' yi.ri\ ( Tri' Wft)l t5fi), (63)

li i'kl
(Tr.i, yriri li (rtot . L'{'(k))lltvi i\^rz i z.i' ) :

:8 (,r, ,r',) ( - 1!i+;, .tUr,' 
I j, 

to, 
'- l "

x ( y,.ir li f(k) rr ti ji'> <f ,jr1lW$) llyL j z). (64)

B qacrHou c,ryqae, KorAa kz:0 I{ oneparop 4eficreyer ro,'IbKo B npo-
crpaHcrBe QyHrunft l\rltmt), re (63) no;ryuaerca:

(^h"it triri ll rttr t1 yi ii vL i L-l' ) : ,\ (T* yz) I (;', ri) *

x(- 11;,+;,+ i'-rl.i.i',','|.,i' i i"\ ,t,l''' i i, ji t i Q'i' llT(k) rrvi ii)' (6s)

2l

Q'i"lt,Wt*'t't"t i'r ll) 
O; 

: I
(60)

(61)

(62)

Free Hand
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AHalornqso Anq ofieparopa, AeficrBylouero ro.rtbKo Ha lyrir*r>,
I{MEEM

(rri, y,i,i ll rttr 1, yi ii tL iL i' ) : I (v', vi) I (r" "ri) "
x(-lfr+;i+i*oU, (66)

.Ilm6oft Lr3 oneparopoB B (59)-(66) Moxer LIMerb BHyrpeHHIoIo
crpyKrypy, Koropafl pacKpbIBaercfl rloBropHbIM npHMeHeHHeM 3rI'IX

$oprray.n.
Bupaxenue 4.rn cy6rr,IarpnqHoro 3JIeMeHra reH3opHoro oneparopa

B OCHOBHOM OrrpeAeJlflercq paHraMLI oneparopa Ii JIllIrIb qepe3 oAHo-
I4JII'I ABYX3,IICKTPOHHbIC MATPI4tIHbIE 3,TICMEHTbI 

- 
CIO KOHKPCTHbIM BH-

4olr. llo arofi npnuaue yAo6uo BBecrH craHAaprHblfi eAnsnqsufi oue-
parop, oAHoa,'reKrposHtrfi cy6uarpnuuufi 3JIeMeHT Koropoto paBeH
eAr{Hriqe:

(111u<r't11/'):8(1, l'){l k l'}. (67)

Vls oireparopoe u*), 4eftcrnyrcql{x Ha KoopAIiHarbI pa3rutiublx
s,qeKrpoHoB lN-o6o.nouxu, cocraB,'Iflerct oneparop U(h) (upoexunn
paHroB B nocJreAyroulnx $opruyJlax ororo pa3Ae,'Ia 6yaertl onycrarl) :

u!),

,,r,, Iti l, 
til 

,r,t,n rto,1, y;ii>.

u$): (68)

rAe,"l 
-. 

HoMep KoopAHHar sr'IeKrpoHa.
Moxuo BBecrr{ 6o.nee o6qnft oreparop - AuofiHoft reu3op YGh'),

4eficreyrcu1uft ue ro,lbKo Ha op6uralbHble, Ho LI Ha cnl'IHoer'Ie Qyux-
qHIl:

y(*re') - -,(kk')ui ,

r
t:1

r
i:1

(lsllz:<kk't ll/'s):8(/, /') {l k l'} {s /c' s },

V(ko) : l- gru) .
l./ 2

Tpua4uoe ycJIoBI4e {s ft's} orpaHur{tlBaer
nar.r 0 n 1.

B xa.{ecrse [pl.rMepa [pI,IMeHeHI{fl rexHI4KH HenpI'IBoAI'IMbIx olepa-
ropoB noryquM BblpaxeHl{e AJIx oAHoo6o,roqeqsoro cy6lrarpl{rlHoro
3,'reMeHra oneparopa V(h1). llocror'IbKy 3,rIeKrpoHbI sBrqlorcq gKBII-

Ba"rreHTHbrMr.r, Bce r{reHbl oneparopa BHocqr oAHHaKoBbIfi exJaA B Mar-
pH.rur,rfi 3JIeMeHT:

< lN "{LSMLM|\ V$k') lN Y' L' S' Mt, Mt') :
:N ( /NyZSM" Ms oq,*'t 1 rt y' L' S' M y My ),

(6e)

(70)

(7t)

cnuHoeoft paur h' 3HaqeHufl-

(12)

Free Hand

Free Hand



1.3. Henpnno4r.rMble reH3opHbre oleparopbr 2J

rAe N - 
qHLcJIo gneKTpoHoB B o6onoqKei ur - oAHogJIeKTpoHHbrft

oneparop, AeftcrByrorqr4i4. Ha N-ft ua6op KoopAr.rHar. flpu nouorqn re-
HeaJrorHrrecxrzx xoao@uuHeHroB oTllenJqeM B 6pa- H Ker-BO.rrHOBbrx

$yHxuzax no oAHoMy sd'reKrpoHy (elry nprznncbrBaeM xoop4zHaru x^*):

(lNyLSMrMs)V<*r"ttl*y' L' S' M",MyS :19 f (/tryZSl! 7'v-r.pf,S?)x
Tisi'L's'

x(lN-rl' L'S'l ll /ny'Z'S') x

x 1tn-tVt1ltsMLMsloSol I 1N-r1' E y t L' s, MI Ms,).

llepexo4a n o6eax qacrflx paBeHcrBa ttpu noMorrlr.r reopeMbr Bnnse-
pa-Sxrapra or Marpr.{qHbrx 3JreMeHToB x cy6uarpnqHbrM, rrpaMeHflfl
x cy6uarpuqHoMy 3JreMeHry oneparopa o(*o), 4eficrnyroulero Jrnrxb
Ha BoJrHoByro $yHxquro orAeJreHHoro aJreKrpoHa, Qopuy.ny (60) v
KoHKperr.r3npyfl k', oKoHqare,rrbHo noJryqaeM:

(73)

(74)

(75)

(76)

(77)

(lNyLSllftkl)ll l*^(L' S'):,r{LL, L', S, S'Frz 
I f - l;l+'iz+sr,

^(Ls

x ( - 1 ;t-r1z+ 
k (/Nlzs 

11 tN -1 IL st)17r-r yZ.s/ ll /N y' z, s,) x

_.tt r klltt2 tt2 rt^lz L'LIl ^s s' SJ'

(tN yLS 1U{t') I lN y' L'S' ) : 111 <t* yfS llvr*ot y lN y' L, S,} :
:8(,s, s')//[z,. L'. s|'z _f f - t7L't+t+*(/Nyzs y 1*-r1Lst)x

v L.s

x(/N-lTZSti!tNy'1, t,, {; : :l
B .{acrFrr,rx cr'ryqaflx Bbrpa)KeHr4fl (74), (TS) ynpouarorcfl:

(/NyZS;; U<ot 11 lN ^/ L'.S') :8(yZ^S, ^/ L'S') t/ [2, -s]1/2 Ul u?,

(/N^yZ,S )t1V{otl t:, lN y' l' S''r\ :

:8(yZS, y'L'S')tW j",'

( /NyISil ,<tt it IN \' L'S') :

:l(yzs, r'L' s') [lJiif#i}j;t! ]"' (78)

Free Hand
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AH a.[ orn.rHo coorHollre HHIo M e)KAy reHe ar otIaqecKl{ M I'I Koo 0 OHqI'Ie H -

raMlr AJrfl qacrur{Ho I{ noqrH 3aloJIHeHHbIX O6OrOqeK (a3) u corJlaco-
BAHHO C HI'IM IOTYqACTCfl PABCHCTBO:

L : L' t 1L D-V

ql+r+z-NyvLSIl Z(r{k') jlPt+z-Nr' u'Z'S'):(- l)' " ' 2 x

x ( /Nyu LSllVon't ll /Ny'u'X'S'), k + k' *0. (7e)

fTpta k{h':0 (79) reprer clldly, rlosroMy A,'Ifl scex -\- i{eo6xoAl'IMo
nprril{eHnrb (76), (71).- 

l['afi.nuqd cy6MarplaqHblx 3JIeMeHroB oleparopoB U(h) In V(tt) Ailfl
pN-, dN- u fN-o6onouer (1/{2lf 1) npueeAeHr.I n [51], a,-onepalopoB
{J(h) 14 I/&I') rnn pN, dN (N<21+l) u fr,lr, ln - a [52] _(ux oupe-
AereHHq HecKoJrbKo orJlllqarorcfl or HcnoJib3yeMblx B AaHHOii pa6oTe).

B reopun aroMa BaxHyIo poJlb llrparcr clreqltaJlbHble otrepal-opbl
poxAeHufl r.r yHlzr{rox<eHllr a,rleKrpoua [40, 49] . Oneparop po>KIeHHfl
3,IreKrpoHa dI, 4eficreya Ha Bo,'IIloByro $yuxUnro IIecBfl3aIlHbIx Mo-
NaeHroe ,V-1 3d'IeKTpoHa, e xoropofi orcyTcTByer cocroJ{Hl'Ie r.'(v:
:nlmp), rpeo6pasyer ee B Bo/'IHoByIo SyHxuuro ly' e,reNrpouoB c 3a-
HrrbIM cocroqHlleM v. Oneparop yHHr{To)KeFIIzfl 3"rIeKTpoHa dv, Hao6o-
por, r4cKJIIoqaer 143 sorHoeofi QyHxqnn cocroflHI'Ie v. TaxIrn'r o6pason'I,
co6creeniryro SyHr<qrzro ly'-a.lexrpouHoro aroMa Mox{Ho no.nyuarl 4eft-
creya N oneparopaMl{ po)KAeHLIfl 3r'I€KrpoFIoB Ha BaKyyMHoe cocrofl-
Hne l0>;
a!,ai... 4i0). (80)

Qneparopu ctt v a. norqvH:tlorcl c,'IeAyKluIHM npaBItJIaM aurll-
r{oMMyraultIl:

aI4+ a\a!:9, auan* a, au--0,

a,af,+ alau:8 (r, tt). (8 1)

Oneparopu aroMHblx Be,''II{!II4H Bblpax(alorcfl qepes al u a [40,
49] . Hanpr-rltep, uan6oJlee [IHpoKo Hcrlo,'Ib3yeMble oneparopbl oAHo-

I'I ABYX3JICKTPOHHOIO TI{IIOB

G: \ E,:
i<j

lpeAcTaBIqlorcfl B BHAe:

t- 
T 

a!,(ulf)r) 6n,

G : i Z ,!,*l(.,",: is,, ',C"q) anai
vit a

.[s)rx?.trer(rpousuft ltarpuuHuft sJIeMeHr e npanoii qacrll (84) onpe-
refieii orHocKTeJIbHo HeaHTHc[MMerpI'IqHbIx BoJIHoBux Syrirqnft, tax
Kail RbriroJIHeHHe npI,IHIIalra llaynu yAOBJIeTBopflercfl aBToMaTHqecKI'I

(82)r: \ f,,

(8 3)

(84)

Free Hand

Free Hand
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npaBnrraMlr aHrnKoMMyrarrr4u (81). CynaunpoBaHl.re s (83), (84) npo-
BOAHTCfl rro BCeM BO3MOXHbTM OAHO3JTeKTpOHHbIM COCTOEHHflM.

I,Icno.llsoeaHue o[eparopoB 4l n a Antr [ocrpoeHufl BoJIHoBbrx

SyHr<qrzfi r] BbrpaxeHna QHsuuecKr.rx oneparopoB coorBercrByer re-
pexoAy B npeAcraBJreHue BropnqHoro KBaHroBaHHn [40, 49].

Paccuorpeuue KoMMyrarr[{ oneparopoB aI a a c op6urar'IbHblM rir

crrr.rHoBbrM MoMeHTaMH KoJlr4qecrBa ABI,IxeHI,rq lroKa3blBaer [40] , uro
ua6opnr af, tr du:(- i;t+s-' vai(v=nlmg, i=nl-m-p) c Qnx'capo-
BaHHbIMi.! KBaHToBbTMH qucJraMI,I /s Ir ecellr4 Bo3Mo)KHbIMLt Hx rrpoeK-
rIHEMrr npeAcraBJIrrKlr co6ori HerrpIrBoAr.rMbIe reH3opHbre orreparopbr
paFrra Ln op6uraJlbHoM rrpocrpaHcrBe r{ s- B crrr.rHoBoM npocrpaH-
cree. 3ro [o3BoJrfler cBfi3brBarb aI u d B orreparopbr pa3drruqHoto pau-
ra, a raKNie gosAeftcrBoBarb klwr4 Ha QyHrqzn cBflgaHHblx MoMeHToB.
B qacrriocrlr, reHea/'roruqecr<ufi xoaS$lrqneHr oKa3brBaercs rrpolrop-
{fior{aJrbr-rbrn cy6lrarpuqHoMy eJreMeury oneparopon al vnu d [a0] :

(/N1IS',7"-tyZs/):(- l)rvlv 1/2tI. Sl-rrz (/NyLS' d+ !N-ttZS):
lr ur*s , 1., I rZ:(-l) j tiy'-r/z[L.S]-ri:a7"-ryZ.SltdllNyLS)

(85)

Cornauro (83), (53) u (A), eAr.iutrrrHbrfi reusop .o(kk') c roq-
HOCrbro Ao rrpocroro MHoxrrTeJq paBeH BeKropHoMy npor{3BeAeHr.r0
oneparopoB poxAeHafl LI yHllqrox{eHlzf gJleKrpoHa [40]

obk') N1a(rs)t x d@)f(kk'). (g6)

. ltls at u d Mo>NHo o6pasonam raK Ha3blBaerraufi oreparop KBa3r.{-
cnl{Ha [48, 491, KoMrroHeHrbr Koroporo

e*:t ll, sfrtzl4(rs)t xa(rs)tl(00), 0 - -\ V, r1t,rld{b)xa(,s)l(.o),

Q": - \ [t, t1','{ [arrlt x A('s)](00) * [d(r") * otr"lf itool 1 (87)

KOMMyTHpyIOT TaK X(e, KaK KOMIOHeHTbI CIIIIHOBO|O MOMeHTa KO!'[I-
r{ecrBa ABII)KeHIzr. Co6creeHunle sHaqeHI,II KBa3HcIIuHa 14 ero trpoeri-
qzrr paBHbr:

(21+ 1 --v), Ma: - f, fu*l -ir),a:+
T. e. oHIr OAHO3HaqHO CBfl3aHbI C KBaHTOBbIM qIZC,'IOM u Li qXCJIOM 3,'teK-

(8 8)

C KBA3IICIIT4HOM TIO-

reHsopHoro ollepa-

(8e)

(e0)

rpoHoe -ly'.

Paccuorpeune KoMMyrarI[[ oneparopoB dt, A
Ka3brBaer, qro d+, d negyt ce6q xaK KoMrroHeHTbI
ropa c paHroM q:tf z:

olf] = ofiti) u, dy":J : e l)L + s - m - w aQ 
s) 

- u 
: o@ \'lr* u

Ii I,r3 Hr.rx Mox(Ho o6pasosart rpoftHue eAr.rHatrHbre reH3opbr

n(ktkzn") -fa@tsl x d@rs)f(r-k,4),

Free Hand



26 1. OAHoxoHQurypaquoHHoe npu6;trxeuue

IAe ftl - paHl oflepaTopa B AOIIOJIHIiTeJIbHOM KBa3HCIIHHOBOM npo-
crpaHcrBe. flocxo,rlry KaK olr3rrqecKr.re ofleparopbr, TaK w BoJrHoBbre

$yuxqran Moryr 6url nocrpoeHbl trpIl troMourI.r oleparopoB at, a, To
B KBa3r{CTEHOBOM [pOCTpaHCrBe TaKXe MOXHO rrpHMeHflTb rexHr.rKy
Henpr{BoAnMbrx reH3opoB. B qacTHocrr,r, npnMeHeHr.re B 3roM npocrpaH-
cTBe Teopervrbr Br.{rHepa-3KKapra no3Bo,'rfier Bbrpa3HTb saBHcHMocrb
MarpflrrHoro 3r'IeMeHTa IIJiH reHeaJloruqecKoro Ko3oQHqaeHTa or r{[c-
Jra sJreKrpoHoB (npoexqnu KBa3r4crrHHa) n nra4e Ko3ool4r{IreHra BHf-
Hepa.

IlpeAcrasreHHe BTopr.rqHoro KBaHroBaHHq yAo6Ho Arr loryr{eHufi
cooTHolueHHfi rnre>x4y MaTpHr{HbIMH 3r'IeMeHTaMlr, BbIrrOJIHeH14fl cyMM
IIo HLIM, paccllorpeHur KopperqqploHHblx eQQexron [40, 49] .

1.4. BsanMoAeficrBnq B HepercrfiBr{crcKorr{ aroMe

B Hepe,rsrI,rBncrcKoM npu6.nuxeHun raMlL'IbroHI,IaH MHoro3J'IeKTpoH-
HOIO ATOMA I,IMCCT BHA:

H:Hv+HP+H", (91)

Hk: -

u": z ,i,:
i<j

3Aecr Hh u Hp - coorBercrBeHHo oleparopbl KuHerur{ecKofi aueprun
3r'ieK'rpoHoB r.r ux noreHqna,rrsoii SHeprun B [o/'Ie ngpa; H" - ore-
parop oJreKrpocrarllqecKoro esaHluoAeficreNq MexAy 3neKrpoHaMI,t;
tn - Macca aJIeKTpoHa; LIHAeKcbI cyMMI{poBaHna npo6erator KoopAH-
Harbr Bcex 3JreKTpoHoB rIJrH Bcex [ap SJIeKTpoHoB.

Onepalopar HH u [!n - cKaJIflpF,I, rro3roMy HX MarpLIqHbIe sJIeMeH-
TbI AI,raroHa,'IbHbr I4 He 3aBECflT OT MHOIO3JIeKTpOHHbIX KBaHTOBbIX qfi-
ce,r. Co6creeHHoe 3HaqeHHe HA no,'toxnre"tbHoe, a Hp - orpLII{areJIb-
Hoe n, cor,'racHo reopeMe Brpr4aira, adco,rroriras BeJIHqI4Ha Ep s rsa
pasa 6o"rlue, r{eM EA. CyrrauapHslft uarpuqsufi sJIeMeHr paBeH:

(Ky J M | (Hk + H e) I Ky' J M ) : 8 (y, y')

fne

N;rI (nl),

I (nt): - lilLl p^1e) dr .

e nl-o6oroqxe, K
sceM o6oroqralr

1 3ua.lox * y HoMepa $oprray,ru 3aecb H Aanee o3Haqaer, riro oHa lrpuBoAl.trcfl B

aroltqoir cncreMe eAIIHHU.

H,:-ZFrz S
2mL

i
Vi,

t"'
i<j

1 I o r.tl d' -22-Z.J ,ntVtldrz , ,
o

Ze2

fi

(rt;:',ri-r;i)'

(e2)

(e3)

(e4)

(95)*'

- xon$urypauafl,
eroft xoHQnrypa-

:
nl

B (94) Nn - 
qI,IcJIo 3JieKrpoHoB

a cyMMHpoBaHHe npoBoAllrcq [o
tlrllj.

Free Hand



1.4. BaauruoAeitcrst4s B HepenqrxBncrcKoM aroMe 27

IrIHrerpa.n I(nl) orHocr{reJlbHo BoAopoAorroAo6Hbrx paAr.raJrbHbrx

$yuxuufi nponopqrioHailer 22 [54] ; c yqeroM 3KpaHr4poBKI.{ o6ororrKn
ApyrHMH aJreKrpoHaMw Z cile4yer saMeHnrb ua e$QexrusHstft sapflA
2". I4tax, KHHerHqecKar H noreH(r4aJrbHafl 3Heprnr{ 3JreKrpoHoB Bo3-
pacraror KBaAparHqHo rrpll yBen[qeHlru aQferrr.rnHoro saprAa qApa"

Oneparop sJreKrpocrarlrqecKoro esaauo4eftcrBus MexAy l-rr,r n i-m
3JreKrpouaM" hii nprr HcnoJIb3oBaHHH pasJroxeHuu rrr no c$eprl-
r{ecKHM QyHr<qnau npeAcraBnflercr B $oprrle Henpr{BoAr.rMbrx reH3o-
poB:

hfi: e, (C$*t. g<*t1, (e6)

fAe r< il t, - coorBercrBeHHo MeHbtrruit u 6onuruHfi ras lto4y,reft
BeKropOB ti H ri,

cf)(s, d:l L)''' 
"un(o, 

p). (e7)

Bx"rra4 3r'IeKTpocrarltr{ecKoro orraJIKHBaHHfl 3dleKTpoHoB B aHep-
lllrc aTOMa gBJIfleTCt IIOJIOXI{Te,'IhH['IM, XOTfl OTA€JIbHble qJIeHbI B

MarpnrrHoM oJreMeHre Moryr 6rrrl u orpurlareJrbutilru. flpunaeHan r<

H" Qopmyny (54) r.r Bbrpaxafl 3aBrrcuMocrb Marpr.iqHoro 3r'reMeHra oi'
S, / npu nolrourn (65) (H" ue 4efi'creyer Ha craHoBbre nepeMeHHbre),.
noryqaeM:

(yLSJM IH" ly' L' S' J' M') :

=8(./, J')8(M, M')8(L,1,')8(s, S')[r, S]-trz l yLSllH" ily'zS). (98)

Marpuuuue gJreMeHTbr o[eparopa sJreKrpocrarl{qecKoro B3alIMo-
AeftcreHq He 3aBrlcrr or KBaHroBbrx r{HceJr JfuI (unu Mt, Ms) H A:aa-
roH a,'r bH br orHocr.rreJr bHo pe3yJrl,Tlr pyroulnx l,, S.

OAsoa,rexrpouHuft cy6uarpuvHHfi ererreHr orreparopa C&) Bbrpa-
)Kaercfl uepea xoarpQnqzeHr BarHepa c HyvrreBbrMr{ npoeKuriflMlr:

/t k /'\(llCtr'>ltl'>-(- l)'U, 7'f i'(O 0 0/:
: ( - 1;t+e ll, l'yrz

@-t)t (e-k)t (s-t')l lWl','.rer)
Cy6narpnvnlrfi sreN,reHr He r{cr{e3aer, ecnu 2g:l+k+f - 

qerHo'J
rrac,ro. flpanuro rpaHcnoHr{poBaHr.Ifl eroft serr.r'InHbr cJreAyroqee:

<l ll cG) ll /') :(- l)t+t' <l' II c@ | l>. (100)

3HaqeHuq cy6rr,rarpuuubrx gJreMeHroB oneparopa C@) Nts l, l'{4 ttpu-
BeAeHbr e ra5,'rnue. B npocreiiurilx c,'ryqasx oHr.r paBHbr:

<tllcG) il0) :E(/, k), (/ll cror il /') : 8(1, t,)vfitl,
(lilc<Dl t'):(-t1,*'y.{t 1 t'), /,:max (t, t').

*ks
A rk+r
k'

(10r)

(r02)

Free Hand



28 i. OaHoxoH$nrypaquoHHoe npu6.nnxenne

Layxa.ner<rpoHHbrfi Marpar{Hblfi 3JreMeHT orreparopa lzn otHocnrelt-
Ho BoJrHoBbrx QyHrunfi (31) cocror,rr LI3 AByx qJIeHoB ilpt{Moto rurla
r.r AByx - o6MeHHoro (n oAHoft Qyuxqnn KBaHroBbIe qvcila 3JIeKrpoHoB

OAgosnexrpot*rrre cyOuarprrvrble 3reMeHTbt oleparopa cSepr.rrecrofi $ylrfiralr C(r)

I k t' <ltlc(k\1lr> I k Y <l'tt'C(k, llf >

0 k k (-i)o
101 1/1
t2t -y2.3lvs
112 -v1
1 3 2 3tr,7
123 3tv5
! 4 3 -2tv1
r 34 -zlr {11/7
1s4 Vt.slt'n
202 1/t
222 -l/'z.slt/1
24z -t/2.sll/ 

7

2 t ,3 -i'T
2 3 3 Ltv'T
253 -s1/zlV3.tt
224 3vtlfT

244 -2.stvr11
261 3.stvr.t3
303 v7
32i -2vil\/3:s
3 4 3 Y;2 7l\/ 11

3 6 3 -z'sVf lV j-.tr.r:
314 -2
334 tllllu
-1 54 -z.3VslVtt.t3
374 tvslvrt.n
404 3

424 -2.3V5:V7.n
444 3.sv211/ t'rr-n
4 6 4 -z.zVilVIr.n
4 s 4 3 .7 V-2.slV tt- 13.11

nepecraBJleuu uecraua) runa. Bc.neAcrBl{e 3pMHroBocTH oneparopa
o6a npanaux (a rarxe o6ueunux) qJIeHa paBHbI Me)KAy co6ofi H BbI-

paxaroTcfl qepe3 6AHO3JISKTpOHHbIe Cy6uarpHr{Hble SIeMeHTbI corJIaC-
Ho (6a):

{ntl, nrlrLS h" ,nrl, n2l2LS):2N',,t,,,"r, f ( - l;t'+r'+z *

x(/,ll6tr)11/1) (t,tc<*tr,", {'; '; ll orrr,t,, n,t,)+

+(- r)s (t,tco,t1t,>,lt;, ';, 
rrl 

*@,t,, n,t.,)\.

3Aecl N n,t,, n,tu- HopMllpoeoqHrtll MHolKHTeJrb,

I ll2, ecrrr n1l1:nrlr,
Nn't" n'tt:\ 

t tlT , ecrrr.r nrlrl nrlr:

(103)

(104)

Free Hand
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a Fh w Gh - coorBercrBeHHo npsMoft u o6rraeHsbrfi par,vailbHbie ilH-
TerpaJrbr:

Fk (nrlr, nrlr):

Gk (nrlr, nrlr):

fAe

Y*,1,, o,t"?r):,, I -,.,1, Pn,,,(rr\ P,,r,(rr) drr.
o '>

r
0

r
0

P|,,, (rr) r t I Y*,r,, n, r,(rt) dr t,

P,,r,(rt) Pn,t"(rt) rrl Y*,t,, n,t,(ry) drr,

(105)*

(106)*

(107)

(108)

(10e)

tr4urerpa.rrr Fh u Gh cuMMerpLIr{HbI orHocl4reJlbHo nepecraHoBKx KBaFI-
TOBbIX IIUCCI NTh V NZIZ:

Fk(nrlr, nzl"):Fk{n"lr, n, lr), Gk(nrlr, n2l2):GkQtrlr, n1l7)'

Osr.r no.noxr.rreJlbHbr H yAoBJIerBopqlor HepaBeHcrBa

Ft >Fk+1> 0, Gkl(2k + l)>> Gk+tl(2k+ 3) >0.

O6HqHo AJrfl LlHrerpanos Gk raKxe cnpaBeAJII{Bo HepaBeHcleo Gh}
>'Gh+l. 3Haqeulrq Gh n oruorueuna Fhf FA+2 6ucrpo y6biBalor rptl
yMeHbrxeHn[ crerreHu rrepeKpblBaHlls BoJIHoBbIx Qynxuuti Pn,u(r) n
P,"1"Q) [47].

Ecnu'nl1:nzlz, ro .FA: Go t \103) npenpaulaercq B

(.nl2LS1h" ntzLS):(- r)" I tr*(- i;'*"1 ) <lllf,ter 1l/)'? x
k

"l', ', il Fk(nt, nt)'

3ror nrarpHqusrfi gnelaeHT Mo)KHo npeacraBl,ITb B B\IAe:

(nl2 LS i h" lnlt f SS :

: f ( p1gi1u{rc)-u@)ltzLS> (tilc<ot llt>'Fu(nt, nl).
k

3anr{cueaq ero ts oneparopHofi Soplvre uepes
u(h) (67)

nL : Z tulkt . $!,t1 (l X 
gtr,t 

ti t>, Fo (nl, nl),
k

rroAcraBJrflfl e (93) H pa:.1eiltrfl cyMMlrpoBaHns [o i u i, noflyrlaeM
cJreAyroqee BbrpaxeHlre AJI' onepaTopa 3JleKTpocTaT[qecKolo BsaH-

(1 10)

(l l l)

eAlrHI{rlHbre oilepaTopbI

(tt2)

Free Hand

Free Hand



30 l. OanoxouQuryparrnoHHoe npu6,raxenue

MoAeficrBr4fl, AeftcrByloqero BHyrpH o6onorrKH aKBr.rBaJreHTHbIx 3JreKT-
poHoB, qepe3 orrepaTopbr, cocTaBneHHble H3 eAHHLIrrHbrx TeH3opoB:

H": + f [ru,o 
.u(k))- f (rf-,."f\] <tllc@llt)zFk(nt, nt'). (113)

ki

OAsoo6o;roqeqnufi uarpnvuufi gJreMeHT H" naxo4ttrcq rtpu rroMoilIu
Sopuy.n (54), (62) w (72). B uerrl cnr.rH-yrJroBoft xos$tpzqneHr npu
HnrerpaJre Fk (nl, nl) paYeu:

JTQNyLS, -('LS):, <tllstxt ll/), {[2, s]-1 f x
'('L"

x ( /NyZS ll g{D 
ll lN y' L'S) (/N1' trS ll U(D ll 1n y" L' S)- 8(y, V'l fi}.tf f +l

B qacrsux cnyqaflx

JIQN y LS, Y' ,^S) : I (y, t') 4$:1) ,

l*(lrt+2LS): - <l ll c(D ll / ), (k > 0),

f*(t,'*,,t): - ;i rt llc@ llt >2 (k >o).

EcJH s xouQurypaqlrn r.rMenrcq ABe orKpbrrbre o6o.nouxu, ro gJreKr-
pocrarr.rqecKoe B3anMoAeftcrsae Me)KAy 3neKTpoHaMH MoxHo pasAe-
JrHTb Ha sganlt{oAeficrgke MexAy 3JreKTpoHaMs, o6eux o6o.uoqer u
esannao4eftc'r'Br.re BHyrpu o6o.noqex. llocne4Hee oltHcbrBaercn Sopuy-
.noil (ll4). Bc.teAcreue roro, qro H" seilsercfl cKaJrflpoM n op6n-
TaJII,HOM H CIII{HOBOM npOCTpaHCTBaX, B elo MaTpHqHbIX 3JIeMeHTaX,
corJracHo $a) w (65) rpn ft:0, rraoxHo orrycrurb KBaHroBbre qprcJra

o6o.nouex, B ToM r{Lrcre orKpblTbrx, Ha Koropbre ne 4gftcrnyer onepa-
rop. Marpuqnrrfi e.neueHT, coorBercreyroulnft esauruoAeftcrBl,Iro Mex-
.Ay o6onouxaMH, Ilpe,{craBrqercq B BHAe:

<ly'ty,lH"lt{,ty, ): f lfrFr(tr, tr)*srckQb l)f,

rAe fe vt gn - xoaQoNqr.reHrbr npH LrHrerpaJrax npflMoro l.t o6ueuuoro
THIIA.

Oneparop hii, onHcbrBaruulHft ssararvroAeficrsHe MexAy He3KBHBa-
,'reHTHbIMLt gJreKTpOHaMH, TOXe BbIpaXaercq qepes eAI,IHHT{Hble reH-
3opbr, Ho npeo6pa:oeauae o6rr.reHHoro rrJreHa n (103) rpe6yer BBeAe-
H Hff AOnOJrHr.rreJlbHOIO CyMMHpOBaHHT :

hfi: (ufkt . s\o1( /, 1; 6rtr ll /, ) ( lzil C@ ll lr) Fr (n111, n2l2) -r
k

(115)

(n6)

(l r7)

(l l8)

-fr- D't*, ,)ll',','i,
o.lrr-',.oe{)(I,il 

c,o ilt)z Gk(n1t1, r,,,rl (l le)

Free Hand



1.4. Bsaul,roAerlcrefiq B HepeJrqruBrlcrcKoM aroMe 3l

Cooreercreyrcu{ur? oneparop,Fl" no.lyuaerca sarlreHofi ulkr --(J@t vl
t\xx') -->VGx'), ilpfi sroM ycJroBue i1j BbrrroJrHflercq aBroMarr.rlrecKri,
TaK KaK l, i npo6eraror KoopAlrHarbr 3JreKTpoHoB pa3d'rnlrHbrx o6o.uo-
uer. flpHueHaa (64), Haxo4HM Bbrpa>KeHnr 4na xoaQSzqueHroB lA
u $n:

-fr (l {' I {" ^h L, S r ^( z L, S, LS, yi L'1 S'1 y 2L2 S i LS) :
:8(,Sr, Si)8(Sr, S;)(- t)Li+L,+LlSt Srl-tlr (lrX6rrslllr) (lrilC<&rll/r) x

IL, L" LI
" \ ti Li p | (tf 'v'r1s1 ll u(*) ll /iv'viz!si ) x

x (l{"yrLrSr ll Ur*t ll U"yLLzS) .

g * (l {' I {" y, Lt S t ^( z LzS, LS, 1! .t.i S'1 y 2 L2 S i L S) :
:(_ I)LI+1,+r,+s{+s,+s+t 4lr11g<rt Illr), Z (_ l), fx, x'f x

..lL 12 kllr' L2 zlls' s2 sl
^11, t, xl\t; L,t *f ls; s; *, 1"
x ( l{' yrLrS, 

11 7r"'r tl I{' yi L'r S} (l {, yr L2 S2llt/(*,'t il t {, yLfL S} . (t2t}
KoaQSrEqr.reursr AuaroHaJrbHbr orHocHreJrbHo MHorosJreKrpoHHbrx

KBAHTOBbIX I{HCE,'I 14 HC 3ABHCqT OT HIIX B CJIEAYIOXIUX CIYIIAflX:

.f;tt{'U')_ N,iy',,

f*(ltt'*, l*,)-o (ft > o),

sr(1"*2 tY,): -;i, (/1llc(&) il/,)2.

Ec,'ilr xou$krypauuq coAeplKur 6olsrue AByx orKpbrrtrx o6oloqer,
TO B MaTpUr{HOM 9.rteMeHTe OnepaTopa gdlIeKTpOCTaTI,rqeCKOfO B3alIMO-
,4eftcranq MolKHo o[ycrnTb o6osHaqeHafl orKpbrrbrx o6olo.{er, Ha Ko-
ropbre He 4eftcrsyer oneparop (ux KBaHroBbre qucJra 4o.ntxuu 6trrl
Ar.raroHaJrbnu), xor4a paccMarpr.rBaercfl B3aaraoAeficrsr.re nHyrpn o6o-
rorrKr4 r4[Iv Bsarruo4eficrnne MexAy o6o.{o.{xarfu, MoMeHTbI Koropblx
cBr3aHbr HenocpeAcrBeHHo MexAy co6ofi. Ecnn MoMeHTbr cB13aHbr
zuuu o6pa3oM, To 3aBucaMocrb or KBaHToBbIX rrxceJl <<rraccuBHbrx>>
o6oroqex onp-ereJrflercq ltpr ltoMorrln Marpuu npeo6pasonaunn a Sop-
My"'I (65), (66). O6urr{e Bbrpaxeltfl, I\llfl, xoHQilrypauurl c ;rrc6dnr
rrucJr_oM orKpbrrbrx o6o.noqex npr.rBeAeHbr n [ O] .. I'IHrerpatu Fh n Gh orsocureJrbHo no4opo4onoAo6nux Syuxqaft
HMeFor a.nre6paauecKr.{e Bbrpax(eHnfl [54] - our.r npsMo nponoprruo-
HaJIbHbr Z. CnehonareJrbHo, gJreKTpocrarr.rqecKoe ssatrr,roAefi,crB[e pac-
:rer_rnHeiruo rrpu yBeJrnqeHlru sQQexrunnoro 3apsAa rApa.

S,rexrpocrarr4qecKoe nsanuo4eftcrnHe MexAy 3JreKrpoHaMw pac-
ulerrJrser co6crgesnoe 3HaqeHr4e ofieparopoB lnaHn Ha sHeprur,r rep-
MOB, HO He CHHMaeT BbIpOX{AeHnff rro noJIHoMV MOMeHTV .I. Sneprur.r

(120)

(122)
' (123)

(124)

Free Hand
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ypoBHeft onpeAeJlsiorcs crIHH-op6HraJIbHblM B3aHMoAeftcrBI'IeM. 3ro
83aHMOAeftCTBlre CJIeAVeT H3 peJIflTI'IBt4CTCKOfi TeOpUU !,UpaXa, OAHaKO

ecJrH nocryJrlrpoBaTb cyulecrBoBaHHe cnuHa 3JIeKTpoHa u cBq3aHHoro
c HHM MaTHilTHOIO MOMeHTa, TO o[eparop ciluH-op6HTaJIbHOro B3aII-
MOAeftCTBHq rroJlyqaercfl I,I B HepeJIqr[BI,IcrcKoM [pu6JIHXeHHH npl',l
paccMoTpeHHH 83aI{MOAef,CTBHfl CnI{HOBOIO MaIHI{THOIO MOMeHra C

MaTHHTHbTM rroJleM, KOTOpOe CO3Aaercfl op6I'IraJbHbIM ABI'lXeHneM
sJleKrpoHa B Kyd'IOHoBCKOM nO,'Ie fll^pa Ll ApyrUX e,rerrpOnOn 7(r):

N

H*: th I -];
t:t

ryP (/f1).s(1)),

rAe /11), s!1) - oneparopbl op6nra,rruoro r cnnHoBoto MoMeHron i-ro
3,'reKTpOHa.

Ecnu yvnruBarb roJIbKo [oJIe flApa, To

t/(r): -+, +

Oneparop f/"' tztvteet paHrI{, paBHbIe eAI'IHhIre ornocltreJlbHo op-
6llraltsux I.r CIIiHOBbIX MOMeHTOB H HynIO OTHOCI,ITeJIbHO IIOJIHOIO NIO-

MeHra. Cor.nacuo (54), (64) , ero rraarpauuufi sJIeMeHr Bblpaxaercfl
cJreAyloulr{M o6pasolvt:

(rLSJMlH"o | ^(' L' S' J' M'>:8(./, J')8 (M, M',) x

IL S JI*(- l)''*t*, I s, L, f i (vrs'H"o,^( L's'>. (127)

B cryuae oAuoii orrpuroft o6o.noqrlt cy6rraarpnvuufi a.lelteur npx-
Mo rrponopqr.IoHaJleH cy6uarplruuoMy oJIeMeHry otteparopa 7(lt);

(nl* \ LS llfl'o lllnlN ^y' L' S') :

:11 ,r,*r)(2/+ qf''' lFvtsillzt'r lllnT'L' s') (,,, (128)

fAe (nl - rrocroflHHafl c[I4H-Op6nra.llHoro BSaHMoAeficreHs

+ 
qP- p]1e)dr. (r2e)

B V (r) LIHorAa BKJIIoqaercr raKxe rIoreHIrHaJI, co3AaBaeMblft Apy-
tHMI,r 3JIeKTpOHaMII, OAHaKO OH I{MeeT C.ltOXuUft HeJIOKaJIbHbIfi pWA.

Eo.nee ro.{Hrtri lt rocJleAoBarenlultft MeroA - yql'IrblBarb B (129)

roJrbKo rrore rApa, a cnnu-op6lirar'IbHoe ssaIaN{oAeficrBI'Ie c ApyrlrMI'I
3JreKTpOHaMI,I paccqHTblBarb KaK rr,tarpuvnuft sJIeMeHT Oneparopa
<<cnHn-qy)Kan op6ura>> (crr,r. paa4. 1.6). OcuoeHoft 'uIeH elo Marpl{q-
HO|O 3,rreMeHTa'I4MeeT TaKyIo xe cnHH-yfJIoByIo 3aBHCI.IMOCTb' KaK H

(128), a ero yr{er npI,IBoAtIT JIHIIIb K t-tslraeuenurc ("t.

dl, (rL _ zez
dr r-

(t2s)

(126)

,h
-nr 2m2 c2 r

0

Free Hand



1.4. Bsaunogeficrsus B HepenrrlrBr.rcrcKoM aroMe 83

CorlacHo (79) u (128), MarpkrrHbre 3.rreMeHrbr oneparopa H"o giln
ilor{TH- I{ noJIy3anoJIHeHHbIX O6OIO.IeX OT.TIUqaIOTCfl TOJIbKO 3HaKOM:

u-u'
i1tt+z-xyJi Hsot I4t+2-Ny, J) :(-l)-t-*t (lnyJlH"ollNy, J), (130)

nosroMy AHarOHaJrbHUft nrarpuuuuli eneuesr r.rcqe3aeT UpU N:21{1.
. B c.lyvae .oAHoro o.rreKrpoHa, r.rcnoJrb3yr Bbrpaxenne a.na 6i-xoeQ-

Snquenra (24), no.nyuaeu:

(nlsjm il h"o'. nls j' mli'2 :
:8(,r, j')8(mi, 4UU + l)-/(/+ 1)-s (s+l)l(,r12. (l3l)
CoruacHo (130), (131)_, fponHu sJreKrpoHa tr, BaKalcnn pacnoJroxeHbr
a o6parHou nopraxe [55]:

(132)
I !h, i:t++,Ev(ntj):l t+t .,,

1 - , \nt> i:l-+

Eso (nl4l+t j): E,'(nlj-r): { ;:tz
,

It
I
a

/,

(r, j:l+

Ca, j:l-

Ho paccroqHne Mex(Ay ypoBHqMr.r c i:l-fr
JIHqnHy

lAal: z* h.

{ l{, y, J, I {" y"J, J I H'. I l{, yi J,1 I {, y2J2 J) :
: E (yr"Ir, f;J) <l{'yrJr.i H"" ) l{, yiJl) +
* 8 (y*rr, yiJl (l{" yzJrl H"o I tl"tlD,

, 
(133)

I4MeeT OALIHaKOByIO Be-

(134)

(1 35)

I4nrerpa;r <nllr-3lnl> orHocr.rreJrbHo BoAopoAono4o6uux eo.n-
Hosbrx $yHrrruft nponopunoHanen zB [54] , noaronry cnr.rn-op6uraarsoe
esauMoAericrBr.re Bo3_pacraer fipn yBerurreHr.ru eo$exruonoro sapr4a
flLpa B eto qerBeprofi creneuu.

.R c.nyuae AByx lz 6oltuero qrrcJra orKpbrrbrx o6o.no.rex Marpriq-
urrfi e,reneHT orreparopa Hto s ll-csssu paBeH cyMMe o4uoo6o.noueu-
Hbrx gJreMeHroB (oneparop - cKa,'rflp B npocrpaHcTBe rroJrHofo Mo-
veHra)

a a Ls-csq3v Ll,g.3a HepaBeHcrBa HyJrro op6rErarlHoro r.r cnHHoBoro
paHroB coAepxnr Ao[or'rHrrreJ]rtHue Oi-xoe$QnqneHru [46, 52].c yverou cnun-op6uraJrbHoro esauMoaiftc""ur tep"u pacuerrnff-
rorcs Ha ypoBHH. Bupox4enne ypoerieft no M c:f.uuaeicq rr.rur, BHerrr-
HHM NOJICM.

2. 177

Free Hand
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O4Ha za ocHoBHbIx I.IHrerpaJlbHbrx xapaKTepLIcrHK 3HepterHqecKo-
ro cneKrpa - cpeAuqq 3HeprHfl xoH$rarypaqun:

E(K):s(K)-' f (KyJlHlKyJ):c(,<)-'\ttl<xyt H KyJ), (136)
aJM fl

rae g(K) - 
qrcJlo cocroqsnfi e AaHHoiI r<oH$Lrypauvu K unw ee

crarBec. Oa paaeH npor.r3BeAeHl{ro crarBecoB Bcex orKpblrblx o6o"tto-
uer (35).

Cnnu-op6nraJlbHoe ssauilroAeficrBlle BKJraAa B cpeAHloro 3Hepruto
He BHocr.rr (npn cyrurranpoBaHr.rur Marpr.rqHoro 3,rreMeHTa no ./, cor,racso
(n.2.4), rrorB,rlflercr 6(1,0)). Bnpalr(eHne AJrfl cpeAHeli :.rexrpocra-
rlrqecxofi 3Hepruu rroJryqaercr nyreM yMHolKeHHr cpe4uefi 3Hepruri
napbl sJreKrpoHoB Ha qacJro raKr.rx nap [35, 49] :

E(K): f { t,t (n,t,)+ U,\:-D Fo(n,t,, n,l,)-
-(

-d#6iT f <l,llcro,, I,)'Fu(n,t,, n,/,)+N' f, r,i'r''1,,, t,, n,ii)-
/i>0 j (>t)

_N,SSN)4t,*2 L L zt,h' <l'l c(ft) I li)zGk(nilt' ntlt) 
l' 

(137)

i(>r) k

CyuuuponaHl4e rrpoBoAlitrcfl Iro ecel\a o6oroqKaM H IIo BceM ltapal,l
o6onoqex.

1.5. Merol Xaprpu-Qoxa

llycrl V - npu6JruxeHHafl BorHoBaq Syuxqza aroMa.
s 6aszce rorrHbrx BoJIHoBbrx Qyuxuttfi O ranan.nlroHr4aHa

P: f c,O;, H@t:8.O..
i

TorAa

E: .[ y* Hvdr: ) t c,l,E,.
t

Arq ocHosuoro cocrosHr4s, arora Eo4E, H, gaMeHqfl BCe

a raKxe HcroJrb3yr 
f ,", 1': I , nonyiraeM HepaBeHcrBo

s,< I y*HYd.t.

Pasencrso Aocruraercfl roJIbKo 4.[n ]P:Os.

Pae"'roxrttlr ee
arorraa H:

(r38)

(1 3e)

E, ua Eo,

(r40)

Free Hand
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tlro,6u (140) BbrrroJrHflJrocb AJrf ft-ro nos6y)KAeHHoto cocrorHlrs,
/'toJrxrrbr yAoBJrerBop fl r"bcrr AoloJIHI,IreJIbH ble ycnonua [ 56] :

,,:.[ Y<Df dc:o Arn i<k. ( l4r)

Taxzrr,r o6pasou, 3Heprlrfl aroMa xax QynxquoHaJl or V nueer a6-
conrcrusl,fi MHHlrMyM, r{ BoJIHoBbIe QyHxrlun Moryr 6urr no;tyueHbl I{c-
xoAs r{3 tsapHarlfioHHoro [pr,IHIlI{[a, yTBepxAalotqelo, qTo B oKpecT-
Hocrr.r aKcrpeMyMa QyuxquonaJla Bapl{aqllfl BoJIHoBoft QyHxllun 0V
(va.rroe ee lrsMeHeHrae V-+VfOV) npneoAnr K HsMeHeHI,Irc SyHxqIao-
uana E, xoropuft B nepBoM ropqAKe no 6V paBeH ny.nn [50, 56]:
6E:0. (142)

B oAHoxosQr.rypaqr.roHHoM HepeJlrrllBl{crcKorvr npu6.nnxeHuu c$e-
pnrrecKl4 cuMMerpraqnoro [oJrfl, ri'cttoJlb3yfl r,ts E BbIpax(eHl{e pnlEol
{E", sapnnpyfl B HeM paAI4aJIbHbIe BoJrHoBbre Synxqnu Pn(r) ri
cql{ratr vx Bapl{aqnla He3aBHcilMbIMI{, noryrlaeM ypaBHeHHfl Xaprpu-
@oxa.

9ro6rr paAnaJrbHbre QyHxqran 6unn oproHopMupoBaHnblMr.r

"[ r,rg1r., ,(r) dr :8 (n, n'),
o

x Synxquoua,ry neo6xoAlrMo Ao6aeum ALIaroHaJIbHbIe (?'n,"t) u ne-
nuaroHaJrbHue ().,,,n,,; MHox(r.rreJrr{ Jlarpaux<a r.r BMecro (142) rpe-
6osarl BbrrroJrHeHI,If ycroBllq 137, 451

a(r+ f ^,,, 
o, i ,,,(r)Pn,1r1ar):0.

nln' 0

Bueo4 ypaaueHlaft Xaprplr-@oKa Aaercfl, HanpnMep, B 137, 45,
391 . OHu npeAcraBJlsror co6oft cacreMy HHrerpo-ALIQSepenunaJIbHbIx
ypanueHnfi, qucJro Koropblx paBHo rlucfly o6onoqex e xouQurypaqun.
Vpaaneuue Ars oAuoli QyHxurr Pn(r) LIMeer BHA:

(#-2v^1e)- I!i!-r",, ",) 
pae):2x^,(r)+ f u",, n,rpnt (r), (145)*

n'( *n\

(143)

(144)

(146)*

(147)*

(r48)

rAe

V 6(r):

cnl, n'l - -

2.

| -'* Yf,, ,,(r) +1- 2fk(lN)
AN
k

1

r

rS'.L
k

t 4Y y*,,,,,,,e)l;
n'l'(*nl\

x*(r):+ I f t+2Y*,,,,,,(r)Pn,,e);
k n'l'(*nl)

2\t, n't
N.

Free Hand
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I4urerpa"rluar QyHKuHn Yf;1,,,,,(r) orpeAerreHa rro (107}. iH
u 9n - cnr4H-yttoBbre KoSoouulIeHTbI B MarpHrrHOM 3,'reMeHre orrepa-
TOpa SJTeKTpOCTaTUqeCKOtO BSariMOAeftCTBHr AJIfl KOHKpeTHO|O repMa
(ror4a HMeeM ypaBHeHHfl Xaprpu-<DoKa AJrn repMa - X@-r) r.r,,ru
xoeQQnuneHrbr B Bbrpa)KeHur4 Ailfl E(K) (137) (roraa 3ro ypaBHeHHq
AJIn cpeAHeft aHepruu - X@-cp).

V.t(r) - noreHrluaJrbHas Qyuxqnn (n arouHoft cHCreMe eAlrHHu
OHa paBHa nOTeHqI.IaJIy, OlpeAe,'IeHHOMy AJIq eAI.IHLIqHOIO orpI4I{are.IIb-
Horo sapffAa). Ec;rH e (1a6) onycrrirb uecQepuvecKr4e r{reHbr c E}0.
rc V6(r) coorBercrByer Kraccuqecxofi 3,rreKrpocrarr4r{ecKoft eHeptfiH
n/-anexrpoHa B no,'re s1pa il IpyrHX sJreKTpoHoB, 3apflA Kax(Aoro H3
Koropbrx <<pa3MasaH>> no o6telry aroMa c paAnaJrbHorl n.qorHocrsrcl
- eP]r(r).

t{.neu 
-l(ll1)/r, npeAcraBrrrer co6ofi qeurpo6exHy}o 3Hepfum,

yMHolKeHHyro Ha -2. Oua eospacraer rrpr{ yBe,'rrir{eHr.r[ op6uranouoro
MoMeHra r{ npenflTcrByer sJreKl'poHy c l}0 nponrzKH.vrb e o6lacrl
flApa. Xaprpn-Qoxoscxur? IIapaMeTp tnr,nt cBF.3?.H C O;lHo3d]reKrpoH-
uoft aHeprnefi. Ec.nu ypaBHeHr.re X@-cp yMHox(zrb cJreBa ua Pn1(r) m

npoHHTerpupoBarb Do dr, To EnL.nL BbrpaxaeTcq qepe3 rrHrefpaxbr
Fk, Gh,.l a npegcraB,'rflercq B BHAe:

f, "*.,, 
: E' (xnt-ry - E (K) x I,t.

3Aecs E (K) - cpeAHfls 3Heprr4s aroMa, a E' (Knl-t) - cpeAHqs oHep-
tI{fl I4OHa C BaKaHCHeft nl-t, BblqI{C,'reHHaq c 3aMOpox<eHHbIMIl Bo,lHo-
nuuu QyuxrJHfl,MLr aroMa. TaNttr o6pasovr, Ber'nrrruHa -rf zant,ni ttw€-
eT CMbICJT OAHOSJreKTpOgUOfi SHeprlII4 ,nt, & Qe a6co,'ilOTHOe 3HaqeHr4e
lpf6,'IuxeHHo paBHo gHepruu cBfl3H 127 3"rreKrpoua nl. Coorsoriresne
(149) uasunaercfl reopenrofi I(yniraauca.

Xn(r) - o6MeHHaa QyHr<r1na, [poficxoAqrr{ari or o6:uesnoft .lacir
MarpHrrHoto g,rreMeHra oneparopa H". Hanu\we Xn1(r), a raK)Ke qrTe-

Ha c ent, n,t AeJraer ypaBHeHue (145) HeoaHopoAHbrM. Ouo lroNer
Surr sanaeHeHo 6oJIee rrpocrbrM npu6nuxeuHbrM ypaBHeHr.reM, ec,rr14

X 
"t( 

r ) an[poKcr{Mr4poBarb JroKaJrbHoft noreHrlr.raJrbHofi SVHKur4efr., Ha-
npI,IMep, no.ryuenHoft C,rerepou, HcxoAq r,r3 crarucrr.rqecKor? Mone.,i[i
SJIeKTpOHHOTO ra3a:

( I 50)*

rae g(r) - cQepuueaKr.r ycpe.u,HeHHafi nJrorHocrr, BepoflrHocrr.r Haxo>K-
AeHHfl 3,'reKrpoHoB B aroMe (-ep(r) -- lJrorHocrb paclpeAed'reHilfi
3JreKrpoHuoro sapr4a).

(i 4e)

(l 5l)\ u*r',,1r1, I p(r)ar:Z ]/,r:N.
nl nl

O6uessas QyHxqns (150) I,rMeer HerorrHyro acnMnrorr.rKy rrprr
r-->oo, [ogToMy o6ut.IHo c HeKoropote f:f1 oHa cllJliBaercfl c rlpa-
sr,'rrgoft acr.rM[rorr{rrecxoii QyHxufiefi. Kpolre roro, Vfr(r) BKrroqaer

Free Hand



1.5. Meroa Xaprpu-<Doxu t,
e ce6g caMoAeftcrBne 3r'IeKrpoHa (g (r) coaep>K[r raKxe fi,'IorHocrb
paccMaTpr.rBaeMoro a"rerrpoua) n rBJ'iflercfl MeHee ToqHofi Bo BHyT-
peunefi o6ilacrv aroMa, rAe saprA 3,'rer(TpoHHbrx o6o,'IoqeK aueer HAra-

6o;rlruym n;lorHocrb lr MeHee npI,IMeHItMa MoAeJIb g,'reKTpoHuoro raga.
Hacro rcno,'rb3l,'rorcq pa3,'r4qHble MoAI4QrlKalu.Lfii rrorenullaJlbnofi Qyux-
qI,trz C"rarepa, i.rcKrroqarcxlne caMoAericrslle i.r vroqHrrotql{e ee nyreM
yMilo)xeHnfl Ha noJry3Mnupnvecxuft [apalrerp B, no46npaeltufi e as-
repBaJre 2/r{F{ l, wnw MHoroq,rreH or r [57, 46].

Pa4Ha,rruue Bo/'rHoBr,re QyHrqr.rn Xaprpn-<Doxa coorBercrByror
n p u6,r uxeu Hor,ry ra M i.r JrbroHr.ra Hy oAHoar'reKrpoa Horo rr.ril a :

N

Ho: I (- :: r?- z:' +,,ir,;),
d \ at/! ti /

rae u(r) - oAHo3,'IeKTpoHHafl noreHrlr4a",IbHafl 3Heprr{n Xaprpa-<Do-
Ka, cocroflit1afl r.r3 rrpflMoft u o6lresHori,{acreir. Cyr,rlra f rr(r,) BKJno-

i
rraer B ce6ri ocHoBuyrc c0epuqecKr.r cuMMerpr.rr{Hyro qacrb 3drleKrpocra-
Txqe'cKoro esaHN{oAericrBLIs Mex{Ay 3,'reKTpoHairrr.r. Ocra,rbHaf ero qacrb

v: u (r,) (l 53)

'vrJurbrBaercfl B rrepBoM rropflAKe reoprln Bo3r{vu{enaii npn pacr{ere
ypoeHeft 3Heprnr.r.

Peureslle ypaeneuufi Xaprpu-@oKa rrpoBoAnrcfl MeroAoM caMo-
cotd'IacoBaHHoro tloJrfl: c ucxoAHbIMH BoJrHoBbInnn SyHrqufMI,I Bbrrrnc-
,'rflK)rcr{ Qyuxquu V"t(r) u Xq(r) gnx nl-zneKrpoHa fl q[cd'reHHbrM

HHrerplrpoBaHr.reM HaxoArrrcfl €ro p3[H2r'rbH&fl Bod'rHoBafl QyHxrlua,
yAoBJlerBopfl lolrlafl ycJIoBHe ( I 43 ), rp a H Hq Hbre \-c,'roBr.rfi

P^(0):P", (o):0 (1 s4)

I{ 14 Melouafl n-l-| ys"rron [45].
Ecnu npauyrc u o6ueuHyro qacrrr r{oreHuna"[a B ypaBHeHaax Xapr-

pn-<Doxa anlpoKclrMl{poBarb JroKa,'rbHbIM H oAr.rHaKoBbIM A,'rrr Bcex
3JreKrpoHoB noreHr{HaJroM, ro B o6ulerr,r cfiyr{ae 4,'ra rouQnrypaufiu c
orKpblrblMlr o6o,roqxarr,ru QyHrqnu P"r.(r) c oAr.rHaKoBuu / no"'ryvarorcfl
aBToMarlzqecKlr oproroHa,'IbHblMH 6es ene4eHnq HeA[atoHaJrbHblx MHo-
rxure,refi ,riarpaHxa, [ocKoJrbKy BXoAsr B oAHy i.r ry ]Ke opronopMr.r-
poBaHHyr,o crrcreMy paAr.raJrbHbrx @yHrunft. Xors raKoe ynpouleHHe
yMeHb[raer roqHocrb BoJrHoBbix $yuxqnrl, oAHaKo AeJraer rax 6o.nee
yAo6nurrau Ar'rs [ctroJrb3oBaHllfl B KaqecrBe 6a:prcsux QyHxIIuri.

B c,'ryuae r<ouQzrypaquft c o4Hofi orxpurofi o6o,'lo.{xoft HJrH AByMr{
cpaBHlrred'rbuo c.na6o gJreKTpocrarLIqecKI{ geanMoAeficrBytloIrIHMI,r or-
KpblrbrMr.r'o6o;loqxanar{ 3aBr.rcnMocrb BoJrHoBux QyHrrlnfi or repMa
o6uqso cJra6ati, [osroMy peuarorcfl ypaBHeHr.tr X@-cp, AaroIr1fie oAHH
ua6op paAna,'rbHbrx Bor'rHoBbrx QyHxquft AJrrr AaHHori rou$nrypaqar.r.
tr4cro.ntsonar{He 3r[x SynxrlHfr sHaqr.rrefi bno,vnpouaer nocJreAyroq]re

(1 s2)

t4-tL) nj LJ
i<j i

Free Hand
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pacrrerbr $usauecxHx BeJrr{qr.rH. !,na uexoropbrx KoH$r.rtypauufi c or-
KpblTbrMr.r o6ono.{raMI,r, oco6euuo Ar'rfl xonQurypaquft, co4ep>xaulnx
Konnancr4pyroulufi gJreKrpoH (pasa. 3.3), Heo6xoAr.rMo paccqr.rrbrBarb
pelxeHr.rfl ypaeneHuri X<D-r. Ec;ll.r A.ns raxoft xoHSurypaqwkt auerorcfl
6o.nrurne HeAliaronaJrbubre MarpvrrHbre gJreMeHrbr oneparopa H", ro
QyHxrluonaJr cJreAyer o[peAeJrflrb orHocrareJrbHo $yHr<uufi npoilrexy.
roqHofi cBs3I,I, Ar.raroHaJru3r.rpyrcqnx Marpr{uy sHeptur.t, n pemeHne 6o-
.lee o6uux ypanHeuuft npoBoAr.ITb caMocorJracoBaHHo c AHaroHad'irr3a-
qxefi rvrarpuqH [58].

llpu no,ryrreHur4 ypaeHeHnil Xaprpn-Oora Qyni<rlraoHad'r Bapbr4:.
pyercfl 6es xouxperLt3arJLrn nup,a Pr1(r.), noarouy perxeuuq orlrx ypaB-
uesufi npeAcraB,rqror co6ofi JryqrxHe oAHo3JreKrpoHHbre Qynxqzr. Mox-
Ho 3aAaBarb AJtn P"{r) Bbrpa)KeHr{r co cso6oAHbrMr.r [apaMerpaMrr u
no46nparr lzx raKHM o6pasolr, qro6u oH].r Mr.rHr.rMr.r3r.rpoBaJra 3Heprr4ro.

[59] . Tarne aHarlrrliqecKae Qynxqnu c HecKoJrbKr.rMlr rapaMerpaMr.l
IIo ror{Hocru IIoqrI,r He ycryrrarcT qLIcJeHHbIu QyuxqnlM, oAHaKo cr'Io>K-
Hocrr{ pacqera aHaJrurr.rqecxux Qyuxrlufi 6rrcrpo Bo3pacraror rrpu yBe-
JIItr.q-eHl4Il rrUCJIa I]X y3d'IOB.

Kax orueqaJrocb B Haqa,'re pa3Ae,'ra, oueptlrfl nos6y>x4euHoro co-
crorHHfl I,rMeer a6co,'rrcrsrtft lrauuiuyu rHilb npll Bblrro.rrHeHlrr,r AorloJ'r-
HLITeJIbHbrx yc,'Ionlrfi, qro6u BoJrHoBafi Q)rnxqus 6u,ra oproroua,,rlnofr
K TorrHbIM Bo,'rHoBbrM QyHxqzau HI4)KeJIex{auIHx cocroflHlrii. t{acro ero
Bblrror'rHfleTcg aBToMaTHqecKH Bc,'reIcTBHe opToroHaJrbHocTH yt"[oBbrx
LrJrH cflr.rHoBbrx BoJrHoBux QyHxrlzfi (ec"rrra s o6onx cocroflHaqx xo'rfl
6u oALtu gJIeKTpoH orllrrraercfl KBaHToBbIM rrl{croM I ulu coctosuun
r.rMeror pa3JrurrHbre pe3yr'rbrr.rpyloxlr4e MoMeHrbr L, S unw "/). O4Haro'
TepMbr AByx orKpbrrux o6o.noqeK xapaKrepr.r3yrorcq He roJrbKo KoHeq-
HbIMI.I MoMeHTaMv, Ho 14 MoMeHTaMIt orAeJrtHsrx o6o,roqeK, orHocr,rreJlb-
HO KOTOpbIX TepMbI HeJIb3fl pa3Ae,'rlrrb Ha COAeplKaIqHeCr U He
coAepxaqnecfl B Hax{eJlexaqux rouQurypaur.isx oAHoro r{ roro )Ke
runa. t{ro6br [poBecrr{ raKoe pa3AeJIeHIre, B [60,61] npe4,roxreu 5a-
slrc BoJrHoBux Qynrqufi, n xoropoM repMbr xou$nrypauuH lN'lN" xa-
paKrepu3yrorcfl no r,rx npovcxoxAenvro B pqAy xonQurypaqwit nrlNt
n2lN,,n1lNr+I n"lN"-r, . . . t4Jrt4 I,I3oCIIHHoBL,IM KBaHToBbIM TIZcJIoM [6] j.
B erou 6asuce MoxHo ycpeAHr{rb oHeprr{lo no repMaM, Koropbre He

coAepxarcfl B HulKed'rexraulux xoHQ[rypaq[qx roto x<e pfl.La, v ra-
xnrr,r o6pasoM rloryqnTr SyHxqIloua,t, o6ecne.rzearcuufi Bblfi]ey[oMfl-
Hyryrc oproroHaJrbHocrb BoJrHonux Qyuxqufi 162,601. B AaHHoM Qysx-
qlzoHaJre roa$QnqraeHrbr npu lrHTerpaJlax gJreKrpocrarllqecKoro B3a[-
\aoAeficrsuq HMeror ella [60] :

jo 1t*' ln'1 : Nz(41+2- N)
<l I c@tt l>2, k>0,(2t + 1) (4t + 1) (4t + 3)

(l 55)

(rs6)

(l s7),

81"(tN, tN"): - -#\y#_+Al, (, ,, ctkt t>2, k>0,

8n(/r'/ry.)- -,V2.
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1.5. Mero4 Xaprpu-@oru tn

BupaxeHuq Arfl roa$SnqueHron fo(l*'l*^) u -fo(ln) coBraAaror c
coorBercrByrou{rr Mr.r Qop nryna rvrr.r AJrfl cpeAneli aHep rnn xouQnrypa qan
( 137).

Hcnorbsosanr.re xoeQQnqueHron (155)-(157) B ypaBHeHHflx
XaprpH-<DoKa no3Bo;rrrer raKxe vqecrb HeKoropble Koppeflqur4oHHbre
e$Qerru [62, 601.

fpyrofi MeroA o6ecneqeHufl oproroHaJlbHocrr.r eoruoeoft SyHrquu
x QyHrqrrau HIzx(eJIe)xaqr.rx cocro-flH*tir op,wuaxoBofi clrMMerprrlr -Hcllod'rb3oBaHr.re oAr4HaKoBbrx <<3aMopolKeuHbrx>> BoJrHoBbrx Synxqnft oc-
ToBa, oAHaKo 3To npr4BoAHT K 3Har{I.ITer'rbHbIM norpeuHocrflM, oco6en-
Ho AJrr xoHQurypaqzfi c HecxoJIbKHMr.r orKpbrrbrMr.r o6oro.{KaMr.r.

Ae"la.rucr, HeMHorogHcJIeHHbIe nonblrKu yr{ecrb ycJroBue (lal) ny-
reM BBeAeHrrrr coorBercrByroq[x MHoxr.rreJreft ,rlarpanxa B ypaBrre-
uua Xaprpu-(Doxa, Ho 3ro cyulecrBeHHo ycJro)KHrrer pacqerbr H npv,-
BoAHr K Bo3pacraHuro rorpettrHocrefi [63] . B cJ'ryqae eucoroeos6yx-
-qeHHbrx cocrogHzfi c BHyrpeHHr.rMlI BaKaHcHTMI{, r.rMelou{ilx 6onturoe
qlrcJro HuxeJrexarlux cocrorHufi o4uwawoeofi crlNrlrerpnn, raxofi ue-
ToA npaKrHr{ecKH HenpriMeHr{M. Vcroeae opToror{aJrbuocrr,r raKx{e Mo-
:rier 6utr Bburod'iHeuo npfi nc[oJib3oBaHHLI cneqka./IbHoro genaHeftuoro
'orHocxreJrbuo l'l $ynxqrioHaJra [64] , uo gro cBfl3aHo c So"nnuraMn Bbr-
{illCJIHTeJr bHbl M H TpyAHOCTg MLl.

B uworoa.neKTpoHHoM aroMe 3JreKTpoHHafl rrJ'rornocrb ocroBa rrpH
nepexoAe or ocHoBHoft x nos6yxAeHnofi xoaQrarypaqul.r l{sMeHflercfl
ll{aJro. nosroM,v Qynxuuvt P"r(r) c reM rxe I u nt'nn flo,ryqarorcfl Arr
pa3raqHbrx xonQurypauuit npu6nu>xeHHo oproroHaJrbgbrMrz [65] . 3ua-
unr.,xoeS$HurzeHrbr cr s (139) ana i<k (h - paccMarpr.rBaeMoe co-
cronHlre) HNreror MaJryro BeJrnqaHy; r(poMe roro, npu rrov'ryqeHr,rr{ He-
paBeHcrBa, aHa,rlorHrrHoro (140) , E;3aweTfrrorcf He cpeAHIrM sHaqe-
HLIeM, a oAHr.rM rzs co6crBeHHblx 3Haqenaft - u3 Haqalta pn4a. 3ro
o6r'rcuaet, floqeMy r{cnoJrb3yeMble Bo MHoTHX pa6orax BoJIHoBbre QyHx-
qun nos6yxAeHHbrx xou@nrypaquii, nonyuaeuue 6es yuera ycnonnfi
(141), Aaror QnsuqecKu AocroBepHbre pe3yr'rbrarbr.

BapHauuoHnnrft npauqprn Mox<er 6urr npalreHeH lr AJIfl ofipeAeJ"re-
Ituli Bo,rlHoBoft cpyHr<uur{ ceo6oAHoro ar'reKrpoHa c KriHeruuecroft auep-
rueii e H op6nraJ'rbHr,IM MoMeHrolr /, ABHxiyuerocfl B ltoa'r€ aroMa.
Ypaeueuue Xaprpu--<DoKa A,'Ifl Pr(r) aHa,roruqHo (1451 (ro.ltxo
orpul{areJbHafl oAHo3d'IeKTpoHHafl 3HeprHn -1lt€nt, nr MeHrerc-fl Ha
IOJ'IOXI'ITeabHyIO sHeprUrO e) :

2x",(r)* 
T 

n.,, ntP,r\r). (158)*

Bupaxeunn r.Jtfl Vu?) v Xu?) coorBercrByror 3aMeHe e (146),
(117) n--+E v rroAcranoBKe .fy':1. Onu paccqnrbrBarorcrr c <<3aMopo-

xeH HbIMIt >> OAHo3,rreKrpOHHbrMH BOJTHOBbTMLI QyHxqr.raun aTOMa, Ta K KaK

)'cpeAH.eHHoe no ABuxeHrlro floJre cno6o4Horo 3JreKTpoHa paBHo Hi/r'rro

(i; -2v",(r)- Lq:"!L +ze) r",g1:

Free Hand



40 l. OAsoronQurypa[nonHoe npu6nrxenre

[66] . <Dyuxqun PuQ) AoJrx(Ha yAoBJrerBoprrL, ac,Mnror]rqecKoe
ycnoBr.re IIpil r->oo:

P.t(r\ n-* (*)''' sinlVz"r- | t"+\f(e)+01(e)], (l 59)*

sAecr 0r. - @asa pac,ceflHuq u.nn Qasorufi c4aur, a n? - AorroJrHlr-
re.rrguft KyJIoHoBcKr.rri cAsgl, noflBJrgloull{fics ecneAcrnl,re rrae4.ueHHoto
y6unaHrEr rroreHqnaJra LIoHa_ no 3aKoHy r-t; vnr. no.na HeftrpaJrbHoro
aroMa oH orcyrcrByer. P"r(r) HopMr.rpoBaHa Ha d-$yHxunro-[wpau,a:

@

.l P"(r)P.. ,(r) dr:8 (e - E').
0

r{acro rroJrb3yrorcfl raKx{e QyHxrlrefi Prr(r), HopM}rpoBauuoft sa 0(q-
-q') (q -. a6co.nrorHoe 3HaqeHHe BoJrHoBoro BeKropa, paBHoe 6-t1/ Zm),
u.Jrrt P!LQ), HopMI.{poBausofi sa eAriHnrrHy}o [,'rorHocrb rroroKa oJreKr-
poHoB. OHn csssaHar c P"r(r) coorHorueHlrsMn:

(l 60)

P*(r):hf * ,uQ),

Plt (r): (2rh)'t2 P"r(r).

3asrcnr4ocrb pap.walrbnux Qyuxqui.i cBrsaHHoro lz cso6oAHoro
3fleKrpoHoB or sapfl,I\a ngpa npw6nH)r(eHHo coorBercrByer saKoHy npe_
o6pasoeaunr BoAopoAono4o6Hux $ynxquft [37, 39] :

P{1Q):/rrzPH(zr), P?,(r):z-1t2P5(zr). (163}

Huy'exc H o6osHaqaer QyHxqraro BoAopoAa, a Z - $yuxqalo aroMa c
3apfiAoM nlpa Z.

1.6. PeflquBucrcKoe npn6nuxeHue

oAuoa.nexrpouuufi aroM B peJrflTnBr{crcxoru npu6 Jttr>r<eHLru orrncr,rBa-
ercs craquoHapHbrM ypaBHeHHeM flwpaxa:

lrD (D:.q,

hD:cd.p+p*r, - 7 ,

rAe or r.r B - Marpr.rqbr lnpaxa qerBeproto rropflAKa, BbrpalKaroulueol
rlepe3 Marpuqu llay.nu o fi eILrHLtqHyro Marpurly Bropoto nopa4xa 1:

:,), (l 66)

(D 
- o4nogr'reKTpoHuas qerbrpexKoMrroHeHrHafl Bo/'rHoBax SyuxqrlN;m - Macca rroKor a,rreKTpoHa. I(eaHronue qncJra l, m1 u p y)Ke He

fBJIqIOTCg XOpOIXHMH XapaKTepHCTHKaMH eto COCTOqHHq, IOCKOIbKy,

(l 6 1),

(162',

(164>

( 165),

":(: ;), 
':(;

Free Hand



(167

(l 68)

!,"rix oguosHaqHoro o6osHa.IeHlafl oAHosJIeKTpoHHbIx BoJIHoBbIx

Qyiixuufi I{ cocroflHafi Aocraro.IHo KBaHroBbrx tilceil flxtrti L*i -npoexuna i ), o4Har<o no aHaJIorI'III c HepeJIflrItBIlcrcKHM npn6.nuxe-
HueM lr AJrfl yKasaHlrr qerHocrn soruoeoft QyHxqrzu (oHa oupe4elr-
eTCfl KBaHTOBbIM qLICJIOrr,r /) UaCrO I4CnOJIb3yeTCfl 3KBI,IBa.leUrgUfi Ua-
6op nljmi.

B c$epuuecKu cIIMMerputIHoM noJle oAHosJIeKTpoHHafl BoJlrioBafl

$yuxqnn HMeer BI{A:

Q,ui*r(Y, (1 6e)

I.6. Peasrunucrcr<oe npu6;ttlx<eHlle

raMr.rJlbroHllau ,LI,Npaxa hD rte KoMMyrI'Ipyet c 12, I' u sr,

i2, i", s2, a raKxe c oneparopoM.

1-:h-2(12+sr-j')- I : -(l +2fi-'zs.1).

Ero co6crseHgble 3Haqeuufl PaBHbI

I t, ecrlIt i:l-+,
":l -t-t, ecrllt i:t++.

Orr-r(0,9,

rr€ Ym -IIHH.

3Aecr !:2i-l; P u Q - coorBercrBeHno 6o.ilr,urag n MaJIafl KoM-
noHeHrbr pa4ua,'rnuoft Qynxuun (o6e eu6nparorcfl 4eficrenre.nluurrau)-
flpu af c-->g Pnti nepexoAHr B HepeJItrHBI.IcrcKyIo $yHrqrzro Pnu a
Q',3 tEcuesaer. Q - o6o6u{eHnal cQepnuecxal QyHxqua

41

A TOJIbKO C

(1 70)

": i (:;.'rlln";,';:,ll:,;: 3)

l- t-iz r |.y,,,_*(0, g)Xu(o),

V mil"r:f l'u L*t- t,
cSepuvecraa, a X,, -- cnl4noBafl AByxKoMnoHeHrHaa Qyur-

B pe.narunncrcKoM npu6.nuxeHl4l'I sJleKrpo\\an^o6o.noqxa pasAe-
Jltercfl Ha ABe noAo6oro'{xn c j:l-t/, t l*t/r' 3ano'nseHsaq [oA-
o6o;loqxa coAepxr.rr 2i+l 3JreKrpoHoB. 3ro pasAeJreHlre gB,IIflerc.g

eAr4HcrBeHHbIM ro"IbKo AJIfl 3a[oJlsessot? o6oro'IKI'1, a npla AaHHoM
j 

- Lno o5o.ito,{xu c oAuofi eaxaHcuefi. B o6qelr cryqae oAuoft ue-
pe,'IflTI{BIICTCxOII xouSttrypaUtzn cOorBeTcTByeT HeCKO,'IbKO peJItTI4BI4cr-

CKnx rroAKonQurypaqufi C paS.lElIHbIM pacnpeAeJIeHLIeM 3r'IeKrpoHoB
nO nOAo6onOiIKaM. B C,'Iyuae OTKpblTbIx npOMexyTOqHbIX I'I BHeIIIHII1

O6O,lOuer, B KOTOpbIX KyJIOHOBCKOe OTTaJIKIiBaUue npeO6JIaAaeT HaA

cnun-op6ura,IlbHblM ssaHMoAeficrBI{eM, 3rI{ noAKoHQurypauHI'I cI'IJIbHo

CMerxHBarOTCfl MeXAy CO6Ofi. TaxIau O6paSOU, peJIflTLBI'ICTcKOe OAHS-

xoHQrzrl,paurroHHoe npa6nuxeurie yqr{rbrBaer MeHbrrre KOppeIqIIuoH-
uux- aQSerroB, qeM HepeJlsrliBHcrcKoe o4HoxouQnlypaquoHnoe npu-
6,ruxeriue.

S,rexrpOnU xaXAOft nOAO6O.nOqrU O1UC6IBaIOTCfl pa3flHr{HblMH AByX-
KoM TTOHeHTHbI MLI p aAHaJIbH bIMlI BOJIHOBbIMLI QyUxqUr un, sH aq1IT' qUCJO

Free Hand



42 l. OaaoxonQurypaql4oHHoe npx6luxenue

paAr{anbHbrx Qynxqnft B penqrHBl'IcrcKoM rtpI,I6flLr>xeHI'IH yqerBepfler-
cs. Eqe oAI,IH HeAocraroK gToto npH6rI'IxeHI'Iq - B HeM eAI'IHcrBeH-

Ho Bo3Moxuoft ceqgrn flBJIflercfl ii-cuxst, B To BpeMq KaK B aroMax,
oco6esso BHyrpIi o6orouen, qacro peaJlll3yercs' uwoit rI'III cBfl3I'I.

C 4pyroft cropoHbl, otIHcaHLIe uoAo6oloqxl{ c MeHbIITHM qI'IcJIGM

3JreKTpoHoB 6o.nee npocro, qeM sceft o6ono'IKa: Arfl cocroqunfi iN
snrorb Ao (7/2)4 AocraroqHo oAHoro KBauroBolo qucJla "/, a a 6o,rl-
IIIHHCTBe clyqaeB - AonoJIHHreJIbHolo qlIcJIa u [67] .

Toquuft peJIflTHBHcrcKI,Ift taMLIJIbroHHaH AByxoJIeKrpoHHoro aroMa
HeH3BecreH, oH JIITIIIb annpoKcl{Ml,Ipyercq pflAoM TeopI{H eosuyuleunfi.
B nepeou nopflAKe rtpu yqere o6rraesa AByx sJIeKrpoHoB BI'IpryaJIbHbIM

Sorouou AByxgJleKrpounufi peJlsrl'IBncrcKl'Ifi raMl4rbroHaaH B ctyqae
KyJroHoBcKoft xa;rn6ponKu l4Meer nrza [67, 68] :

hii : * [ 
t - o, . osr cos (kr,) +(4, . v,) (ar' VJ g 

YP:L ], (171)

rAe /c: <o 
- BoJIHoBoe qucflo Bl{pryaJlbHoro Qoroua; di - MarpHI{a

c

f,upawa ( 166) ; rt.i: lrr-ri l.
!,lr pe;rxrlrBucrcKoto oilncaHr4fl, aroMa o6ltqso HcrloJlb3yercfl ra-

u",rotosnaH Bpefira [54], xoropufi lo.nyvaercq H3 oneparopa Lii:
nplr pa3Jro)KeHLIH KOCIIHyCa IIo crerleHfM krii u coxpaHeHI4I'I n (l7l)
nepBbrx r{JIeHoB, He 3aBI'IcflurI'Ix or ft (xponae roro, I'Is orleparopa I,tc-

KJrroqaeTcfl Oleparop MTHOBeHHOIO KyJIoHoBCKOIo B3aliMO4eficrnua) :

h?i : -, * L",. 
u, + @'' r't\-Lat' qt)-f-

ez I 1: rv Lo''ai* 1
flepnufi iureH B (1726) - oreparop MrHoBeHHoro MarHlirHoro B3aI,I-

rtroAeftcreuq Me)KAy AByMf roKaMH flupawa, a nropofi qfleH' rpI'IMep-
HO Ha nOpffAOX IyIeslnnfi, npa6.nnxeHgo onacblBaer 3aIIa3AbIBaHHe

KyJIoHoBcKoto 83 aLIMoAeft crsuq MexAy sJIeKrp o H a M l{.

Oneparop Epefira yqurblBaer AByxsJIeKrpoHHbIe peJIflrHBHcrcKHe

a$Qerrir c rotlHocrblo Ao rloptAKa (Zu)', oAHaKo rIpaKrI.{qecKI'I oH

rro3BoJrfler noJIyqHTb AOCTaTOqHO TOqHbIe pe3yJlbraTbl ll IlJrfl TflX(e-

,'rblx aroMoe. Arq aHeprnfi cBr3H sJIeKTpoHoB lnwxaitrruux K flApy
o6O,rOqex B rnx<eJlblx aTOMaX cyqecTBeHuufi nxna4 BHOCIT TaKXe

HeKoTopbre nonpaBKg BbICIlerO nopqAKa IIO o - cO6crseHHag 3Heplgfl
H nodrflpn3aullfl BaKyyMa (pasa. 1.7).

lalrnnlrOgllaH MHOIOS.neXrpOHttOft CIICTSMbI COCTaBJIfeTCf B BI'IAg

cyMMbI-IIoBceMSJIeKrpoHaMI'I[apaMsJIeKrpoHoB-raMl'lJlbro-
HuaHa !,upaxa hl (165), oreparopa MrHoBeHHoro KyJIoHoBcKoro
ssanl,roAeflcrsut hli(93) ra hfl (172):

h?+ >, hrr+ z hrr.
i<j i<j

(o, . V,) (ar. V, tfu] .

(172a)

(1726)

r
i

Htet-HD4geaHB: (1 73)

Free Hand



1.6. Peagrsslrcrcxoe upn6;ruxeHr{e 4Z

flocrpoeune aHTr.rcIrMMerpr,rrrHbrx perqraBncrcKrix BoJrHoeux $yux-
ULIfi cBflsaHHbrx MoMeHToB LI noryqeHHe Bbrpa)KeHr{ft Arq Marpr.rrrHbrx
sJIeMeHroB oneparopa Hr"t nposog.trrcfl. TaK xe, KaK H B HepeJrflTr{-
BI{CTCKOM CJIylIae, XOTg BbIpaXeHHq HecKOJIbKO yCJIOXHTIOTCfl B pe-
3yJrbrare z,clo,rrr,3oBaHHr qerbrpexKoMnoHeHTHbrx BoJrHonux Qynxqafi.
flo4po6no oro rr3rroxeHo B pa6orax [67, 69, 48]. 3aecr rpr.rBeAeM
Jllrrrrb oKoHqareJrbHbre Qop uy.lrtr.

Marpuunuft srel,reHrl oleparopa Hn ne 3aBr.rcr.rr or MHotogJreKT-
poHHbrx KBaHroBbrx rrr{ceJr Il [peAcraB.nser co6oft cyMMy oAHo3JreKT-
poHHF,IX MaTpI4qHbIX SJIeMeHTOB

I (nlj) : (nljm 1 t hD i nljm ) : P)-

(174)*

Ec,ru sa Hyd'IeBoe sHarleHne oHeptI4H npl{Hl4Maercn gHeprur, coor-
BercrByroqafl Macce ttoKor gJreKrpoHa, ro qJreH c2 (P2-Q2) cJreAyer
3aMeHr4rb ua - 2c2Q2.

B c,ryuae oAsoft noAo6o.noqrr.r Marpr4qHbre g,rreMeHTbr oneparopoB
Hu v HB paBubr:

-', (#-? o)-1e,+o\|.

i o, { c2(pz - e\+ ce (#. :o'I

(l+: +)'lvr-' .-

CETE.

(n,tj N yJ I H " I ntj N y' 4 : f fo U 
* y^r' "D F', ()., ),),

k

fo(i* w' J): I til'

x ("/*T' J llu(k) I j* y" J")- I (y, t) #, ) ,

(l 7s)

(i* vJ Il uto ,, in v" J") x

(17 6)

(177)(ntin yJ I HB lntjN y' J): - 4;il, >, i### Rk ().r, f I),

rge )^,-nlj. 9eprouxa naA l, o3Haqaer, qro B paAnaJrbHoM rrHrerpaJre
I.{cnoJrb3yercx @yHxqlrn Qnii?), a B orcyrcrBr.re qeproq 6eper-
ca SyHxqun P6iQ). Marpuvnue eJreMeurbr o6otx oreparopoB Bbrpa-
xarorcr rrepe3 re xe paAr.raJrbHbre rzHrerpa.nu Rh.'

Fo (\r, lr) : Rk (lr 12, ).1 lz) + R* (1, lr, l, trr) +

+ Rt (?,.1 ).r, -)., ).r; + Ro fir-Lr, fr-Lr;, (178)

I Marpuuurre n cy6uarpuvuble gJreMeHTbr oruocr.rreJrbHo pecrqrlrBl{crcKux BoJrHoBblx
Qyuxqurl 6yAenr o6osnauam (l l) u (ll ll).

Free Hand
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Rk (^1 ).2,

l. OAnoroHQnrypaqxonHoe npu6nuxenue

tr. )'4) : (h I s k) (l' I nk) x

x J .f n,,tr,).fr.,(r,)

3,xecr f^=P,rr(r); fi=Q,fi(r); cnrrrno.n (li lj k) o3Haqaer, r{ro coor-
BercrByrouHe napaMerpbr cocraBnsror rpuaAy c qernoft cyurraoii
It+tj+k.

Oneparop U(A) eHpaxaercfl rrepe3 eAHHHrrHbIe reHsopbl u@) s6-
rJIacHo (68). Cy6uarpnuustft 3JIeMeHr uG) s peJIfirLIBI,IcrcKoM npI-I-
6.nuxesuH o[peAerqercs B cJIeAyro[IeM BI.IAe:

ulluw,lli,):8 (j, j,){ jk j,}. (180)

Cy6rraarprauHHfi sflel{enr o[eparop 2 iln) paBeH:

(.in yJ ll uctr 1J 
jn T' J,): N lJ, J'ytz r r - l)7+;+r-t *

(181)

C.neAyer orMerlrrb, rrro HeHynesoft exraA B MarpltqHrtfi elenaenr
(177) nnocr.rr r'rr{rrrb o[eparop MatHurHoro esaunloAeftcrenx (nepnuft
qreH B (1726) ) [67, 48].

llpu rV:2i*l n N:2i (176) ceoaurcrr K Br.rAy:

;ai fx,Q).fi., (rr) d r' d rr'

(2j+')rrt -,t (lt : 
t+)", 

k>0.

fr(i'i*t): -

fru"): - +

(l 79)*

(l 82)

(1 83)

(1 84)

7i

x(iNyJ ll ir-,\iilUn-,Tii tti-y' J) I 
tt, t, 

i,l

;,,r (!: : ;)' , ,c>0,

fr(jy, jy):(-1;ri+a+r+r,+rr+r ti,,irt (t_'t : 
t) 

(!+ : 
t;)"

"{:, ?, 
orl 

rtr'r"'Llu(o)ll i{'virl)(i{'r,r,llu$)lli{"v,r), (185)

KoeSQuUneHr f6 luaroHa.IleH I.I 3aBI,IcI,Ir ro.lnxo or N:

fo7n): ff(T-r) 
.

MarptruHurl aneMeHr ofieparopa gJIeKTpocrarl,IqecKoto ssa[r{o4efi-
crBlrfl Me)KAy AByMff noAo6o.ito.IxaMll B peJItTLIBI{crcxou npu6JILIxe-
Hlrrr roxe [peAcraBJlflercff B BLIAe (llB), ronlxo o6o.noqxa 3aMeHq-
rcrrcs noAo6oJroqKaMlr, a nl sa nlj:),. KoeQQHIraeHrbI rIpH I,IHretpa-
.nax Fh (1q, Lz) u Gk(1v,lq) pannu:

Free Hand



1.6. Pergrusucrcroe npu6;ruxeHr4e

x (i {"^hJzll ut,t,, j{, yLJ).

Persrusncrcrnft nnrerpan Gk, KaK r.r f'E (178), Bbrpaxaerct
nurerpaau .QA:

G* (tr, lJ : t I + II (i\,, r,;1 1nk 1r., ?,.2, ).2 

^J 
+ R& (1r 12, r'ir)l .

Oneparop II (I,, 1) npor43Borur saMeHy ),, *-, f,.

(1 86)

qepes

(1 87)

Te xe rosQ$nqueuru fa (ro.nlro c Her{erHbrMu k) n gp Bxo{flr
I{ B BbrpaxeHfie Arq MarpriqHoro sJreMenra oneparopa l1B:

(n1lt j{'yrJrnrl, j{'yrJrJ lH" lnrl, j{,"1\Jinrl, j{,y'rJ'rJ):
E€qCT.

:(- l)-r'-j'*u*" 
T 

joroirl 
u,' irl-fr(i{'i{')R*(l'lr, iJJ-

- r ,* uy'i{,)[l +rr (r,, r,)] l*+" t#* R**,(tr,i,, i,],)-

-,;* R**'(fr).2, ).ztJ - *,Rk-r(trrl,r, lr1,;+

* ;_l Ro-'(t, rr, r, \)]* ( - t;r,+;,+',, { [( - l)j,+r,+r 1rr] + [rr]l "

"L#n ^t*r(-),1tr, 
rr\) - # Ro-'(iriz, ).ztJ+Rf*'(trrir, frfr;-

-Rl''r (),1),r, ).'2fr)-Rf-t(^r tr, )e).r) + R!-r 1LrLr, i.Lry]+

* -rm#, [( - r)r'*r,*,, [,r,] + [,r,]], tW (R**'(r, r,,, l,r,y +

+Rk+l 1-L, r.r, i.rrr;) + z (n*1r, lr, 1.r1.;+Ru(1, ),r, i, 
^J) 

-
- (k-29+D 

(R*-r1)..1r, frLr;+Ro-r1Lri,r, irlrl)] ). (lgg)

Hurerparu Rf, Rt orJrrrqarorcf or RA reM, rrro B HHx r.rHrerplrpoBa-
HHe llo ,r'1, r'2 rrpoBo[LtTcfl He rro B'cefi o6IacTLl Hx suaueuEfi, a orpaHrz-
qriBaercfl ycJroBHeM rrlrz prtn Rt il r1)r2 nns RE.

Ecnn oAsa Hs no4o6olor{eK 3a[orHeHa, ro xoaQQnrlneHru fp c
h,>0

45

CrUl,i!,):(- 1;t+r+; L+i2+rl+rz+! Ur, irS (t-'t : 
t:)' 

"

* r ( -D,Hli; t;, :ll:: :i *,1,,r,,,,,'u,", 
1 i{.yir,'x

.frU?i'+t i{') : 8 (k, 0) I (y2.rr, TLJL)UI N, (l 8e)

Free Hand



gk(i?i'+t jy"): -8(Tr"Ir, ^(iJi)Nrfrrf (j'f : 
t;)'

46 1. OauoxoHQr.rrypaqnoHHoe npu6.ruxenue

14 rrps.Mafl. qacrb Marpr.rrrHoro aJreMeHra (188) Ilcqesaror. Tor4a o6-
MeHHoe KyJroHoBcKoe u 6pefiroBcKoe BsanrvroAeficrsus Bnocflr BKJTaA
TOJTbKO B [OJrHyrO sHeprUb:

(1eo)

Cne4oeare.nbno, B peJrsrr,rBl{crcxoirn npn6JrlrxeHnn 3HeptHH ypoB-
Heii onpe4eJlflrorcs KyJroHoBcKnivr r.r 6pefiroBcKuM ssaurvroAeftcrBrirMn
MexAy orKpbrrbrMr.r noAo6oro.{xaMr4 Lr BHyrpr,r nux. BpeftroBcKas gHep-

rl4q rpeAcraBJrfler co6oft Jrr.rrlb nonpaBKy K sJreKrpocrarnvecxoft auep-
rr.IH, rro3roMy oHa He yqnrbrBaercr B cpea.seft gHeptnn no4xouSury-
paul4r{ c QuxcuponaHHbrM pac[peAeJreHr{eM gJreKrpoHoB no uoAo6oro'r-
xarrr (o4HoxoHQr.rrypaunosnoft ij-cpeaneft aneprnz), rroJryrraeMoft revr
)Ke MeroAoM, trro lr (137):

E(K): ) I'r,r1i,,;+

(l'+ :'+)' *ti,, r',)]+

. ] *'" [.,(tr,, tr.) - 4 ('+ : 
t+)' 

*(^,, 
^r]

.I og 
['',^, ^t-T L

-x{(r)- } : Nr.er, t,Qt,Q)8(x, x'),

^',( 
I l)

(lel)

Ec,ru e 3roM BbrpaxeHLIH npoLI3BecrLI BapbHpoBaHHe SyHxuKft P,

Q c yuerorr,r ycJIoBHfl

-[ Ir*,Q)Po,iQ)+Q^7,Q)Q,,7,?)Jdr:8(n, n'), (192)

cd'reAyrouero us rpe6oBaHHfl oproHopMl,rpoBaHHocrr.r oAHogJIeKTpoHHbrx
BoJruoBbrx Synxqnft, ro noJlyqanrcfl peJlflrlrBlrcrcKlle ypanuenru !.rE-
paxa-<Dora r\Its, pacqera QyHxunft P7Q) n QiQ) 167l:

(#.+) P1(r): I lr,'-e^,r- Y.^(r)lQ^()-

(+ -i) a^o>| ler, r* Y^(r)lP^(r)+

tx?{r)+}; ". 
:t,t,Pt,(r)8(x, z').

r.( *l)

( l l:;*

(194)*

Free Hand



1.6. PeJrsrusucrcroe upn6;luxeHue 47

34ecr L-nli, L:nlj, a roreHrlaaJrbHas u o6MeHHas Qynxqnn onpe-
,qeJreHbr cJreAyloil[rM o6pasou :

Y:e):il-t*Tr*.-D(tr, r')l trl,, r,(r)+ rf,,i, (r)J -

- ) tn^ -D 't+t
&>0

xPTQ): -

x (jj' k)trf, 
" 

(') + Yt^. 

^, 

(r\J Qt, Q), (r 96)*

x? (r):

x(jj'k)lyf, 
^,(r)+vt^,^, 

{01pr0). (1e?)*

Yf,,xU) - HHrerpailblafl, $yHxuna rur.a (107), a rt^.1, {r) - ra-
Kafl xe Syuxqna, Ho ornocnrenbno paAilanbHbrx Synxqufi Q;1r?);
€r, l, - MHoxHTeJrb JlarpaHxa ( - ei,, r,: - er HMeer cMbrcJr oAHo-
gJIeKTpoHHoft eHeprun, us xoropofi IacKrrcqeHa gHeptllfl noKoq gJreKr-
pbHa)'.

Hapa4y c (193)-(194) rcnorb3yrorcq ypaBHeHHq filrpaxa-Oo-
Ka Arr cpe4rieft oueprnr.r KoMrr.rreKca peJrflrr{Br{crcKux [oAKouQury-
paqnft [70] , nonyuaeMbre trpn Bapbr,rpoBaHnrd aneprufi

E(K):s(r)-' \ sG)E(Kt) (st&: ) sfrrl), (le8)
KreK KJeK

(Ki - no4ronSurypaqHq, coorBercrByroqaf HepeJrflrr.rBr,rcrcxofi xoH-
Qnrypaqr.ru K, S6) - ee crarnec), a raKxe ypaBHeHnr 4.na Qnx-
cI,IpoBaHHoro sHaqeHnq noJrHoro MoMeHra f 1711 .

C.rre4yer orMernTb, qro npr.rMeHeHl{e Bap[aqr{oHHoro npI4HrIHna K
Qyuxquoua"uana (l9l) unu (198) He rBrqercr crporo o6ocHoeaHHbrr,r
[68, 72, 73] . 3ro cB.fl3aHo c cyqecrBoBanueM Arq ypaBHewun flupaxa
n o6o6ularcqero ero ypaBHeHhfl fiupaxa-QoKa He roJrbKo AHcKper-
Horo cleKrpa co6croennux snaqenuft oAHooJreKrponsofi sHeptltll
(-2rnc21e;t{0) n HelpepblBHoro crreKrpa (e1 >0), Ho raK)Ke Bro-
poro KoHrnHyyMa (e^< 

-2mc2).9ro6u ucKJrroqnTb Bo3Mox(Hocrb cnoHTaHuoro lepexoAa B3ar{Mo-
4eftcreyrcrtr.Hx gJreKrpogoB B cocrorrH[s c orplrrrareltsofi auepruefi
e7< -2mc2, ,],npax npeAnoJIoxI,IJI, qro Bce 9Tr.I cocroflHlrfl o6H,IHo
3aHqrbr 3JreKTpoHaMH, a Hx KoHTKHyyM [peAcraBJrser co6ofi Heua6nn-
4aeuufi BaKyyM, ua6trcAaercq ruurb BaKaHcuq B HeM - rro3r.rrpoH.

('+ :+

+ r ,^>(',
l'(+l) r \ 2

-#^),* T(i :+:)'.

or)' 
r,rr[Yf.^(r)+ rii(,)] ], (resy*

:+;)',.

Free Hand



48 1. OAuoronQnrypa[uoHHoe npu6,rnxenue

Tar rax ilpLI BbIBoAe ypaBHeHHft .(upaxa-<DoKa sarlper Ha raKue tte-
pexoAbr He yqKrblBaercq, ro ypaBHeHHfl CoAepx{ar ueousnuecxue
peureHnn, onHcbrBaIOqIie aroM xax gecra6I'IJIbHyIo cI{CTeMy. Do.nee crpo-

rnft noAxoA rpe6yer saMeHLIrb n QyHxquonane f V* uVar orlepa-

Top AByxeneKrpoHHoro rvna He oneparopoM /\qH".l\q, r4e Aa - oIIe-
parop [poeKTHpoBa}lufl. Ha oAHo3JIeKTpOHHbIe COCTOqHHS C [oJIoxH-
renrsofi no;rnoft aueprneft eytmcz >0, oAnaxo 3ro cyuecrBeHno yc-
Jro>r(Hfler ypaBHeHHq. llpaxruuecxu neQusuqecKlle pe[IeHI.Iq HcKJIIo-
r{arOTcfl CaMKM IrTepaqUOHHbIM MeTOAOM peIIIeHI{fl o6ltqnUX ypanneHnft

f,rzpara-@oKa, raK KaK HcxoAHbIe BoJIHoBbIe Qynrqnu 4nr xax4oft
lrrepaqnn o6pasyrorca H3 npaBLInbHbIX pelueHr'rft npe4u4yxiefl firepa-
qnu [68].

O4noxoHQurypaIIHoHHoe penflrnBl{crcKoe npn6.nnxeHl'Ie B ocnoB-
HOM HcnoJrb3yercfl A.[q onucaHl,Ifl cBoRcrB BHyTpeHHHX SJIeKTpOHOB B

cJrvqae xouQnrypaqnfi c oAnoft anyrpeHHeti naxancuefi, KorAa He

ilpo[cxoAr.rr cMerrruBaHLIfl perqr[BncTcKI'Ix ronQrarypauilft, coorBercr-
Byrou{ux oAnoft u roft xte Hepellrnencrcxoft xoHSurypaquu.

1.7. Ilpn6uuxeHnuft yqer peJIflrI,IBI{crcKI{x eQserron

I'ls-ea cJIo)KHocrI.r perqrllBllcrcKoro MeroAa no cpaBHeHI'Ilo c HepeJlfl-
'r'r.rBHcrcKHM, oco6eiso 4nr xoHQLtrypa4Hfi c orKpblrblMn o6onouxauu,
KOrAa seO6xOAurraO [pLIHI{MaTb Bo BHHMaHne cMe[ILIBaHIIe KBaSIiBbI-
polK,(eHHblx peJIfl TI,IBLIcrcxIlx xoHSurypaquft , a raKxe as-sa Heo6xoAH-
r\,rocrw HcrroJrbsoBaHllfl B peJIflrI-IBLIcrcKoM MeroAe il-cexsn Aa)Ke BHyr-
pu o6o,roueK, rAe oHa qacro He ffBJIflercfl peaJll'Icrl4uHoft, qe,recoo6-
pa3Ho perqrllBucrcKue s$@exru yqurblBarb, lAe 3To Bo3Mox{Ho,

npn6.rruxeuHo, rcxoAq LI3 HepeJIflTIlsHcrcxoft MoAeJII{.
HeoenqranficrcKoe LI perqruBI'IcrcKoe npu6.nux<euv I Mo)KHo co-

qerarb, i:lcllo,rlb3yfl IIpeIzMyIqeCrBa KaxAOrO LIs HI{x, MerOAoM sQSex-
Tr{BHO|O rrJlrr. SKBUBa,'IeHTHOIO O[eparopa [74, 75]. nns pelrlsrHBlzcr-
cKoro oneparopa O" naxoAurcr eSQexraeHutl oneparop Oe, Marpfiq-
HHfi ereMeHT Koropolo orHocI,ITe,'IbHo Hepe.lIgrl'lBI'lcrcK]'Ix BoJIHoBbIX

Qyurqufi paBeH MarpuqnoMy 3JIeMeHry O' OrnocureJlbHo peJlflrnBllcr-
cliux $yirrqufi:

{^(Jo'iy):(v)o"l\>. (1 ee)

BupaxeHue 4;rr aQ$exrrBHoro oleparopa ssal4rloAeticreua Bpetlra
6u.uo no,ryqeHo B [74f, ono coAepxl'Ir AByx3JIeKrpoHHbIe ofieparopbl
runa([ct xdJG,k,k).lat yfiltkiklft)) (op6r.rra.rrluuft n cnI4Hoeoft paHIII cBff-
3aHbi B o6qprft paur), 6l- n 9i -roeQQuuneurbl I4 penflrl{BltcrcKlle pa-

!r{aJrbHbie r.rHrerp aJIbI.
Ec,ru s BbipaxeHI.IH 4.na eQSerrI'IBHoro oleparopa ocraBllrb ror'Ib-

Ko er'I€H c h2:ki- 0, coornercrnynulvl ft KJIaccHqecKoMy KyJIoHoB-
cKoMy oTTSr'IKlrBaHl4W, H COKpaTHTb qHC,rIO peJIflTI{BHCTCKI'IX I{HTelpa-
,iroB rrpr{ ilor,lour,u npn6nnxeuHblx coorHoueHnft MexAy HI'IMI{, To Mox-
Ho [oJryqflrb npocrble Qoprrrynu 4.rra eQSexrHBHbIx I'IHrelpaJIoB -

Free Hand



:llpu nl:ru'l' cyuuHpoBaHl'Ie ilo i, i' olpaHHql'IBaercfl ycJloBueru j(i''
gfi, {) - crarl'Icrl'Iqecxuft MHoxlire,'Ib

I jQj+l), ecrrl n:n', l:l', -i:i', (2ol)8U' J'): i tz;* l)(zi'+ 1) o ocra-urnbrx cryqa.nx.

coorsoruenne (200) Aono,rrHflror aHa,'rorrrqHbre BbrpalKeHwfl nlIfl. ttl{-
rerparra I (nl) w. nocrosnnofi en [76, 771

1.7. llpu6ruxeuHltfi yuer penflrl'lBl.rcrcKux eQ$exron 49

ornseftultX xolt6IaHailnft pe,nxrnnlzcrcKl{X IlHTelpa,IIOB' coOTBergrBy-

IoIqHx HepenffrHBI{crcKI'IM nnrerpa;rarrt [76] :

.Xk(nl, n' l'):
I r U, j') xk (nti, n' t'i')
jj' , Xk:Fk, Gk. (200)

\ sti,i')
j j'

I (nt) : (4t + 2)- | Qi+ 1)I (ntj),

c",,: # &.ru*'(Ko)-E '"'{{,)J,

rAe (r H Kii o6osHaqat9r 3HeprerI4IrecKII HI{3Ixyrc I'I BbIcUylO I'I3 IioA-

xoH$r-rrypau,ilft, a

(N Ant l<N<2/,
%.=l il rus 2/+ 1< N <2t+2, QO4)

I

| +t+Z-.v anq 2/+ I < N '141+2'
B (200), (202) n (203) Bce perlnrl'IBl'IcrcKl{e I'IHrerpa'rlbl Heo6-

.xoAr4Mo paccr{r4TbrBaTb c oAI'IHaKOtsbIMIt BO,'IHOBSTMH, s_yuxunxlru. Ec-
rlr r.iMercrcfl Apyrr{e orKpbirbie o6oIoqKI4, ro Eut-p (203) ycpeAHtercs
no HuM. CoorHoiuenHq, noAo6sue {200)- t202') , 6u"ryn ror}''qeHbl
raKlxe a [77] IIyreM cpaBHeHnq cpeAHI4x gnaqeHIaft Hepe"lfirI'iBI'IcrcI{I4x
r.r p eJI rl THB HCTCTU;I NI a Tp H r{H bIX 3JIe Me I{ TOB.

BUiUenpUeeAeHHbIe COOTHOrrtSHHfi iIO3BO,'Ifl IOT yTOr{Hfl T'b HepeJltl'16-

BI1ICTCKEe paCr{eTbI IiyTeM 3aMeHbI B MaTpHTIHbIX 3'teMeHTax Heped'lflrll-

BI{C'tCKI,IX LIHTetOa,'IOB e$SexrNnnUltu ped'IfTI'IBIICTCKIIMII i{IlTelpa-
JI a l"lll.

BOnee nOCr'IeAOBaTeJIbHbIt"i MeTOA yqeTa pe,'IflTI'IBI{CToKIlX ilOnpa-
Boli - 

uX pacqeT B nepB6\{ nopflAl(e reOpI{H Bo^3MyU{eF{Hfi ortt6cu-
reirirlro HepeJIqrI4BLIcrcKLix BoJIHoBbIX QynxUuft. Oneparopsl ilonpa-
BOr.i noJryqaIoTCfl lI3 peJIfiTHBHCTCKOIO ypaBHeHI.{f !r-Ifi ABVX3,'IeI(i-
pouHofi cucreN{bI

r: /" V* (HD+H"+HB)*'tl:,

,ecJIH MaJIyIO KOMIIOHeHTy OAHO3JIeKTpOgsOft r{eTbIpeXKOMnolte;truOli

SyHxrlr4u npu6;tnxeuHo BbIpa3urb rlepe3 6o;lsuryro KoMrIoHeHry I1 B

r
j

(202)

(203)

(205)

Free Hand



50 l. OaHoxonQurypaqlroHHoe npa6rrxeHue

pa3JroxeHHn MaTpHqHoto gJreMeHra ocTaBHTb qJeHbr Ao rroptAKa
(a / c)2 BKJrloqr.rreJrbHo [78] . ([,ra e.nexrpoHa B BoAopoAoloAo6Hou
aroMe quzf c2):(Zaln)2, no3'roMy peJrflrr.rBucrcxue eQ$exrn 6yayr
yquTbrBarbcfl TaK xe, KaK H r4cxoAHbrM orreparopoM (172), c Torr-
Hocrbro (Zu)t.) lloc.ne HeKoropbrx npeo6pasonaHnli lis (205) Bbr-

AeJItroTcs, KpOMe HepeJIrrr{BlrcTcKoro raMHJrbToHrzaHa, oleparopbr:
]!m - yqllrblBaloluufi gasucul,Iocrb Maccbt o.IleKrpoHa or cKopocrl{,
Hto - o[eparop cll.rH-op6llTaJrbHoro nsauuo4eficrB].rfl B rroJle flApa
(125) u Hd - raK HasbrBaenauri 4apnr{HoBcKnii q"reH:

H^: +#!; r s(.,).

B rov xe npn6nnx(eHur,I 6peftroncrnfi oreparop 118 npeo6pasy-
ercfl B cyMMy

HB _.> Hsoo + Hoo + Hss + H'" -1_ H" (201)

oneparopoB AByx3JreKTpoHHoro rHtra, npu6rn>xeHno or]HcbrBalotrltlx
Ma|HHTHbre 83aEMOAeI{CTBLts. H 3arrasAbrBaHUe 3JreKTpOMaf HUTHOTO IIO-
,rs. OrAenrHbre qJreHbI npeAcraBJrflr,or oneparopH: H''oo - <<crr.IH-
rry)Kafl op6nra>>, Hoo - <<op6ara-op6HTa>), ltss - cnfiH-crrl{HoBoto,
esanuo4eticrBrf, H" u Ht" - KoHTaKTHoro H cnLIH-KoHTaKTHoro B3aH-
MoAeiicrsuft. Onn Bbrpaxarorcq qepe3 HMrryJrbcbr sJreKrpoHoB, Hx c[u-
HoBbre MoMeHrbr H BeKrop pacc"toflHlrn MexAy sJreKrpoHaMu [54,391 . B
Qoprr,re HelpuBoAr.rMbrx reH3opoB grr.r oleparopbr [prrBeAeHbr, Harrpn-
'Mep, B [48] . Vuer Marpwqirblx sJreMeHroB 3rrzx oneparopoB, a raK>Ke
Ha'n H^ B Marp[ue anepran orHocllreJlbno QyHxrlafi Xaprpu-Ooxa
Ha3brBaercs MeroAoM XaprpH-@oxa-ilaylu.

Cpe4n peJrflrnBacrcKnx nonpaBoK rro BeJrzqriHe BbrAeJltlorcfl Mar-
purrHbre sJreMeHrbr oneparopoB Hm A Hd, oAHaKo oHr{ He 3aBHCqr or
MHOTOSJIeKTpOHHbIX KBaHTOBbIX rrHcer Il H3MeHflrcT TOJIbKO IIOJIHyTO

3Hepruo xoHQurypaqnu (er.na4u or orAeJIbHbIx eJreKrpoHoB aAAr.rrLrB-
nu):

(nln t I H- t nlN y'):S (Y, y') -# c 1g { 1' (/?/ i 0) +

-*#- f Pl' Hd: (206)

(208)

(20e)

+ 2l (t + t) I' (nt i - 2) + I (l + t) u (l + t) - 6J I (ni, - 4) j,

(nlnyiHdlntNy'):8(y, r) #* p(n/N '0).

3aecu Hc[oJrb3oBaHH o6oeHa.IeHga:

I (nt ip1: reP],qr)dr, I'(nllp): fre,t\
0

t
0

tI" (nl i 0\: (o'a*uu' )' o''

aP", (r) \2 ,
----- I Al'

drl

(210)



1.7. llpr6;rnxeuuufi yuer peJrtrr.rBricrcKux aSSexron

Q - rrJrorHocrb BepofTHocTr,r Haxo)KAeHIrf 3JreKTpoHoB B fApe, Ko-
TOpafl B HepeJTflTnBHCTCKOM rrpl{6Jrlrx(eH}rLr He paBHa HyJIFo ToJIbKo
AJrs s-3JIeKTpOHOB

5l

p(ns"lo): * (t+.I):_, (2tt)

Co6creeHHoe 3HaqeHHe oneparopa Hd nonoxureJlbHoe, a HnL -oTpLlqareJIbHoe, H oHI,I AJIfl S-9,'IeKTpOHOB qaCTIir{HO KOMTIeHAIIpyTOT

Apyf Apyfa.
Marpnuurre gJIeMeHTbI oneparopoB H", 51"" Lr Hoo, KaK I,I oilepa-

Topa gJleKTpocrarrir{ecKoro BsaaMoAeficrnaq, He 3aBacflT or rIoJIHoro
MoMeHTa "/ n yrovuaror rro,/roxeHlrs repMoe. MarpuuHbre gr'reMeHTbr

oneparopoB o6olrx KoHraKrHbrx (coaepxaurux 6 (rr3) ) ssaurr.ro4eficr-
sHfi or,'ruqarorcfl Jrntrrb nocroflHHbIM MHoxI]TeJIeM [48] . Hx cnns-
ytJroBafl qacrb Ta xe, r{ro 14 B cryqae oneparopa 3JreKrpocTarHqe-
cKoro naalruo4eficrBlrfl, rro3roMy grLI [onpaBKH yqurbrBa]orcfl npoc-
ro nyreM ltsMeHeHufl HHrerpaJIoB Fh u Gk:

Fk(nl, nl)--+Fk(nl, z/)+8(u, u')[ft]R, (n/, nl),

Xk (nrlr, nrl") -> Xk (nrlr, nrlr)*lk) Rr(nrlr, nrlr), X: F, G,

.tAe

(212)

(213)

(2t4)*Rr(nr lr, n" l2) : -t P|,r,(r) P],,"(r) dr.

'OAHoo6onoqequorft uarpzunsrfi 3JreMeHr orreparopa Hou esrpaxaerca
e cn64yrouleM BrlAe

(nlNyvLS Hool,nlN\t u'LS): -8(u, u')/(/+ l)(21+1)x

+f,
0

t'
I

2i2xr
/<:0

a.2 r
4l

0

QIlCrxtl t>2Mk@t,nl)x

" [[r, s]-' f (/Nyurs ll utt+rr lltN y" v" L" s) x
'(" u" L"

x (l* y' u'IS li (J$+1) lllN y" v" L" S> - I (f,r') 8 (u, u') 1/ t/l-t] , (2ts)

(216)*Mk (nl, n' l'): r-k'3 PSrQ) t rt P|, , Q) dr,.

Bsaanao4elicrBlle <<op6r4ra-op6ura> Me)KAy o6o,roqxauu cna6ee,
,qeM BHylpa o6oJrouxtt, rroaroMy B pacr{erax o6bl.rHo onycKaercn.

MarpauHue 3JIeNIeHTbI ocra,rbHblx AByx ruIeHoB H'soo u Ht" e pas-
.Jrox(eHr.rn 6peftroncroro oneparopa 3aBrz,crr or "I u yroqHqror ilono-
)KeHr{fi ypoeHefi 9Heprr4r4. ocHoeHaq r{acrb 83auMoAeficrBtrfl <<crr.rH-
qy)Kafl op6nra> (nsaurr,to4ericrBue orKpuroft o6o;roqKr.r c 3arroJIHeH-
r{brMu u qacrb B3auMoleficrBnfl BHyrpr{ orxpuroft o6o.nouxn) HMeer

4(zk+tttzk+3t Ik I k+l
k+i-\t t t

Free Hand



E2 I. OanoroirQurypaulroHuoe npu6,rrxeuae

TaKyK) }Ke cnIrH-ylJIOBylo saBI'ICIIMOCTb, KaK I',l IIpoCroe crlHH-op6H-
raJrbHoe B3ar.IMoAeficTBHe, H MOX(er 6url yureHo npH HcrIoJIbSoBaHHU

yroqHeHHofo Bblpax(eHr4fl. !,Jrfl nocroflHHofi cnI4H-Op6HraJIbHOrO B3aI1I-

naoaeficreun [52]:

i*: + 1nl r-B,r/ + !'iut. n, t. t-i'nt.
n' l'

ent,n,t,- BK,raA or BsaHMoAeftcrBnfl c 3arlor'IHeHHofi o6o.:loqKoft n'l',
no'3roMy cyMMLIpOBaHiie npoBoALITCt r'II'IllIb 11O Sari6'rlHeHIIblM O6OJIOq-

liaM. HTaK,

lnt,t,t,: -4et' + 1)/t'fc (nl. n' l')+g f u./tl Cik)r,l'>2x

*l'o r;t 1'l'"--'(nt, 'lt'i)].i##fi;+'l'''l'u 
r, 

i').
" [{r- t)}'i-g (nl, n'l')-(k:,-2)Nb(nl, n'l')+}.Kk(nl, n'l')+

(217)*

r-k-3 Pnt e) P,., ,, (r\ cit" r! P,, (rr) F,, y (r1) drr, (219)*

,.-" dPn (r I D
' ,!, an'l drx

rt k-t Pn,e) P,, 1, e1) drrf . Q2o)*

2(2k+ i i [t:t+ 
3) 

{ 
t,, rT t 

1' }'r{k(ri, 
,'t')-(2r':- r) x

+(t+l'+ 1)(/-l')(t-r Nk-2(ril, n'l')-(k+ tS-'1'r(rrl, ,,'l'))] l. (218)
I

I
I

o

3aecl 
^4t - 

uHrerpaJl MarHl{rHoro nsauuo4eftcrBl.Ifl nptMolo rllra
(216), a ly'A s Kh - nHrerpar5l cOuensoro runa:

ry2

Nk(nl. n'!'1::- i'+
0

f
d2a

Kk (nl, tt' l'): 4 !

0

*[" I r\P,r1rr\ P^,1, (rr) dr1+ rk+t

(.)

r
l

I(oeQ$raqHeuru nptl I4Hrerpa,rtax B (n, n,y ta6ynupoBaHbl

e'rr coorsercrByer oAHo3JieKTpOngofi qacrLI nsa14l\4oAeficreilg
qyxafl op6ura> BHyrpn rilN-o6oJIoqxu:

-(!,o:(3 - 2N) Mo (np, np),

lio:Q-2N)tr,,|o(nd, nd)* | A'(nel, nct),

4,r:G-2N)Ma(nf, nf)+M'(nf, nf)+ j, U'(nf, nf).

a [52].
<<crLtH-

(221)

(222>

(223>,

Free Hand



1,.7 . [1pu6nu>rteuuuii yuet peJlrrliBfi crcKax a$$erroe

Ocra.nlsoft qacrblo B3aLIMoAeficrBHfl <<cllun-tlyxat op6uTa>>, TaK
X{C KAK I'I CPABHI4TCJIbHO CJIA6bIM CIITIH-CINHOBbIM B3AUMOACfiCTBHCM,

o6br,$ro B pacqerax 3Hepr[r4 rrpeHe6pera]or.
Mero4 Xaprpn-@oKa-llayJItI IIo3BoJIter Aocraror{Ho 3QQeKrIlB-

Ho yqurbrBarb peJIflTI{BI,IcrcKI4e eQQexru A,'Is gHeptaft ceRsH 3d'IeK'r-

poHoB npoMexyroqHbrx o6oflor{eK H eHeprufi [epexoAoB e arn o6o-
rorIKH [79] . B rqxe,Ilblx aroMax oH oKa3blBaercfl HeroqHbIM I{e roJIb-
Ko AJq rny6oxux BHyTpeHHLIx o6o.{oqeK, Ho I,I AJIfl eHeII]HI'Ix d- n

f-arexrpoHoB. Bo,'IHoBbie SyHxrinra 3rax 3JIeKTpoHoB Ma,'Io npoHaKa-
Ior e o6,'racrb qApa, no3roMy rlptMbIe peJltrllBHcrcrue aoQexrbl Ar'Ifi
HI4x MaJrbr, oAHaKo peJIflrI,IBHcrcKoe c)Karue Bod'IHoBbIX Qyuxqrzfi suyr-
peHHHX, oco6esso s-sJIeKTpoHoB, iIpaBoAHT K yMeHblieHI{Io aQ$ex-
rr.rBHoro 3aprAa s.Apa Ailfl. BHeIIIHHx d- n f -zner<rpoHoB [73, 80] . Sror
sropraunsrfi per'rflTuBlrcrcxraft eQ$eKr Mo)Ker 6url yvreu r'IHIxb npLI
Iro Mour,I{ p eJr nrlrB r{crcKlrx BoJI Hoeux Qyuxqr.rri.

,{.rrn r.ny6or<ax o6o,roqeK B Tq)Ke"rIbIx aroMax cyqecrBeHHblMi.{ cra-
HoBslcE pe,'ifirr{BHCTCKLIe aQ$exru, He yqLIrbIBaeMbte 6peftroecxult
oneparopoM, - B3ar.rMoAeficrene gJIeKTpoHa c co6creeuHblM paAna-
IrlroHHbrM rroJreM u rroJrflpHsalrllfl BaKyyMa (onn 06a qacTo Ha3bIBa-
Iorcs ,rar'r6oBCr{IrM c4nurona). 3r'IeKTpOH u3IyqaeT H rIOlr'IorqaeT BI4p-
Tyar'rbHbre $oroHlr, qro rtpHBoALIr K Ir3MeHeHI,Io ero oHeptHH (nonpaa-
Ka Ha3brBaercfi co6crseHHoft auepruetl elexrpoHa) I{ noatsr,'IeFIIlto
aHo\la,'rbHoro MarHHTHoro MoMeHTa. I(porrae rofo, BoKpyt 3/'IeKTpoIra B

BaKyyI'ie Bo3Hr.rKaior Brrprya,IIbHble 3.neKrpoHHo-no3ErpoHHble napbI.
f,Apo aroua lrpIrrflrIIBaer 3,rreKrpoHbI ]r orrad'IKHBaer BI{pryaJIbrrble
nosrrrponu, nponcxoAr4T TaK Ha3blBaeMafl [oJlqpLrcat]vfl BaKVx,jMa, qro
qsns6rcR npravHHofi sKpaHLIpoBKI.r [orq rApa.

B o6uqHo r{crroJlb3yeMor? oAsoa.nenrpouHoft MoAeJ'III 3rH flonpaB-
KI{ K SHeplHH UieKTpOHa npeACTaB!'IflrOTCtl B BHAe pfi[a IID CTeneHflNI
Za. I.nq oAHoro nlj-ercwrpoHa o6uraq no[paBKa. coAepx(auafi r{,qe-

Hbr Hn3[rero ttopfi,nKa, r{Meer BbrpaxeHlre [8], 82] :

A . _ 4Zaa"mc2 tAEntj: 
\ .nur* Aarlr.{Z e)"2 + AroZ t"-r

+ (Z x)2 |Au"kf (Z u)-z * ,40, ln (Z t"-t + .46,, -l- O (Z e)l+

())a\

flocioqHuue A*n cocroflT I{3 cJlaraeMux, o6ycnoBd'IeHHbIX co6crnea-
Hoii euepraefi a"riei<rpoHa (SE), uarHHrHbrM MoMeHroM (I'i,M t u no-
.nripusauaeft BaKyyiua (V P) :

53

++ lB4o+o{za)l*o (#) }*ot,*^u,

A : ASE -y AYP J_ t.\!M..mn;'ltlnl.'111n|..n|n,

Li.leuu Hn3[rero [oprAKa no Za paBHbr:

Af{:tn [g*3]+ 11, lir, o;, A{{: -1 t(,, o),

,tMM 
- 

ln4o - - g,_(2/a1 , Bn:0.650i it1. 0)--0,1464 ,rr]*,

(225)

(226)

{227)

Free Hand



54 l. OaHoxonQurypaqroHnoe npa6,ruxeHne

rAe Ry - pr.rA6epr, paBHbrr? [oJroBr{He a. e. aHeptrrr4; x - KBaHroBoe
rrr.rcJro (168); Ltent - cpeAHss 3HeprKfi Bos6y)KAeHr.rfl Eere, flpoucxo-
Ar{UIag OT rrepeHopMr{poBKn HepeJrrrr}tBHcrcKori co6cTBeHHofi auepruu
ar'IeKrpoHa [54, 82] ', LE^ rr LEr - IIonpaBKH, o6ycr'roB!'reHHbre Ko-
HerIHoft Maccoli Ir KoHeqHbIM o6beMoM flApa. Bbrp a>KeH:afi l\rrtr ?rvx
nOIIpaBOK, TaK X{e KaK LI !,ilr A21, [pI]BeAeHbI, HaIIpHMep, B [82] .

llpn 6o,'rrnLrx Z cxo[t4Mocrb pflAa AIrn LE4i lxlllraercfl, rroero-
My cr'reAyer npoBo.(urb cyMMapoBaHr.re tto 6ecxoHe.{HoMy prAy rto-
npanor [83].

Pesy"alraru pacr{era co6crBeHHoft eueprar.r 3JreKTpoHoB Ailr ru<2
H i0<Z<110 c BoAopoAorroAo6HbrMr.r rlyuxqnalrz ra6y,'rupoBaHbr Bl

[83] . Ouu llcnoJrb3ylorctr H p*tfl, MHoro3JreKrpoHHbrx aroMoB rryreM
3aMeHbr z-*z* r4 cyMMrzpoBaHvs, rro BKr'raAaM or orAeJlbHbrx 3JreKTpo-
HoB [84, 85] . Ilonpanr<a or [oJlflplt3ar{arr BaKyyMa cocraBJrfler npr{-
ruepHo 20|e co6crBeHriofi 3Heprr4r.r [84, 86j , Ho r.rMeer o6paruuft -orprirlare,rrbsuri - sHaK r.r qacrlzqHo KoM[eHcnpyer paAr{aunoHHyro
ilonpaBKy. B Kaqecrse [pr.IMepa Mo)KHo yKa3arb, qro Becb .tau6otcxafi
cABr4r.B cryqae Hg cocraa.irqer: -157 eB ann sHepruu cBfl3r.r Is-
gJleKrpoHa, 

-22 sB - !.Jtr 2s- u -2 eB 4,ra 2pt12-znexrpc.twon.
flpra npone AeHuu roqHbIX peJlqrrlBucrcKl4x p acqeroB 3Heprrzfi euyr-

peHHIlX SJTeKTpOHOB B Tt)Ked'IbIX aTOMaX TaKXe CJeAyeT B rIepBOM
nopsAKe reopv r4 B03MyxleHHfi yunruearl 3aB14 CaMoCTb 3Heprr.t H OT
r{acrorbr Birprya,'rr'Horo soroua, orpeAeJrfleMyro pa3Hocrbr,o B3ar.{Mo-
Aeftcreuri (17 1) u (172). (MarprzuHue ad'reMeHrbr oreparopa flret yyls-
ro'r raKr.{e xe crIHH-yrJIoBbIe rIacrH, Ka:K Lr olleparopa HB, otnntanrcq
,rflIIrb panuaJlbHble rHrerparTbr tB7. 481 .) 3ra nonpaBKa n Hg cocrae-
.rser:6 gB Ars.Ir", -0,5 eB 4,ra 12" n -0,08 aB 4nx lror,,186l.

1.8. BsanMo4eficrnne aroMa c gJIeKrpoMarHETHbrM rroreM.
Oneparopu paAHaunonHbrx repexoAoB

faunrrroHl{aH cl{creMu arontfu3r'tyrleHHe cdlaraercfl It3 qJIeHoB, co-
orBercrBylourux raMIlJrbroHHaHaM aroMa, cBo6oAHoro a,'IeKTpoMarHHT-
HOrO rlor-rfl I.r BsaLrMOAefiCTBr.{f Me)KAy HHMri. oneparOp ASaIlUO4eii-
crBLtrfi N-e.rreNrpouHofi cI4creMbI c tto,rreM ttpI] HcrIoJIb3oBaHHIi Kyr'ro-
HoecKotl KaJIIl6poBKH rIoJIfl (div A:0, q:0) HMeer BL,IpaxeHLIe

[50, 78]:

H':_ .f i,(.).A(r)rlr, (228)

- cKadl'I pHbrii noreHr,HaJl gJeKrpoN{&f-

nJrorHocrb roroKa 3,rreKTpoHa i s roq-
rae A(r) - eeNropHsrir, a q(r)
HHrHoro no"ra. !,apaKoBcKafi
Ke r:

ir(r):ccu,8(r,-r),

N
e\r
c /-t

i:1

(22e)



1.8. Oueparopbr paAuarrltoHubrx nepexoAoB

rAe di - Marpr{qa fiwpaxa (166). CynnuuporaHHe B (228) npoeo-
Ar.rrcs rro BceM 3JreKrpoHaM aroMa. flo4crae.nnn (229) Y (228), rua-
xoAl.iM:

H': -n Z o,.A(r,).
i

Oneparop B3axMoAeficrBr4rr B HeperqrHBLIcrcKoM rtpn6rHxeHHH
[oJyqaercq rroAcraHoBKoft B (228) HepeJrsrlrBr..rcrcKoii a[[poKcHMa-
uan ,qlq jr (r) [50] r,rJru, 6oJlee [pocro, nyreM saMeHbI B raMLIJIbro-

HuaHe aroMa (91) arrany,rbca o,'reKrpoHa p; H8 p,-? A(r,) r BbIAe-

JreHHfl ns H 'rreua, orzcblBaroxrero B3aI,IMoAeficrBHe c [o,'teM:

55

11',:-!
.!.mc f b,.A(r,)+A(r,) .vJ+ fi; f o(.,)'

i

B crryuae Ky.IIoHoBcKofi r<a.nu6ponKll ofleparopbl p I{ A t<ot'rlryrn-
pytor MelKAy co6ofi, no3roMy

It' : H't+ H;, H't: - + >, p, .A (r,), H;: 4-, f n (t,)' . (232)
ii

B arovrHbrx eAHHHqax # paBHo MaJroMy napaMerpy

ilo3BOrqer paccMarpHBarb npoqeccbl, rrpoHcxoAfluIHe npIr
Aeficrerlz aroMa c 3JIeKTpoMarHI4THbIM IIoJIeM, npIa IIoMou-u{
aqsuyrqeuuri.

BexropHuft rroreHrrnar'r A(r, /) MoxHo npeAcraBnrb B BI{Ae pa3-
r'lOlI{eHI,If nO II,IOCKI,IM BO,'IHaM :

2

A(r, l): f f 660{auoet(k'r-o') ratoe-t(k'r-o')r.
k p:l

rAe cd - IIHK,TItlqecKafl qacrora, a k - Bo,ttHoBofi eexrop, KoMnoHefl-
Tbr Koroporo rrpH fpaHtrrrHbIX ycJloBHflx neprzoAl,IirHocrlI no,rlfl (e uc-
noJrb3yeMoM <<npocrelirueM)> Bapl{aHre - Ha tpaHtx xy6a o6-oeltont
V) npannnaamr Ar.{cKperHufi pa4 gsaqesufi. €ur x €r., - eALIHHII-
Hbre BeKropbr rroJlflpll3aqI.rn Qoroua (€r.rI€t, u o6a oF{lr neprteH-
Anvi,trJrflpr.{br Bo,rrHoBoMy BeKropy k). af o !'I akp c ror{Hocrblo Ao
nocronsuori paBHbI coorBercrBenHo otreparopaM pox{AeHI{r H yHIlq-
To)KeHr.rfl Soroua c BoJIHoBbIM BeKropoM k u nolxpfisatrueii Q. I4x
MarpI]rIHbIe 3JIeMeHTbr orr'Il4rrHbl or Hy,IIfl TOJIbKO Me)KA-_V COCTOflHHqN',IU

rlor'tfl, B Koropblx qucdrlo KBaHToB txup .orJll{qaercfl ira eAtlirnuv (Ha-
qa,'rrr rroe cocTofl Hr,re yKa3blBaeTca cnp aea ),

(nup- r ayo n1,o):lz^rflael't',

(n1o * l' a{, nr,,> :l 2":} 4-(?e+ 1) lu'

(230)

(231)

o. 3ro
B3AI,IMO-
reopHH

(233)

(234)

(235)

Free Hand

Free Hand

Free Hand
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dw>f:+

Taxuu o6pasou, B nepBoM nopqAKe reopuu Bo3MyrrreHnft onepa-
rop Hi, ,'rnueftsufi rto A, onucbrBaer o4HoQorouHbre nepexoAEtr, &
HL, coAep>Karqxfi A u lapaMerp MaJrocrr.r no nropoft crerreHu, -4ayxQorouHue nepexoAbr (oHa oltpeAeJrflrorcfl raK)r(e oneparopoM
Hl, uo y>xe Bo BropoM nopflAKe reopun nosuyuleHur:r).

Bepoxruocrb rrepexoAa cucreMbr aroulnsnyqeHne B eAr.rHauy Bpe-
MeHIr I{g HaqarbHoro cocroflHl,Ifl I n nurepeal KoHeqHbIx cocrofiHuft
HenpepbrBHoro cneKrpa f , f+df B rrepBoM rropsAKe reopnr.r BosMy-
ulesuft orrr4cbrtsaercfl Bbrpaxeunervr [56]

l. OaHoxon@urypaqnoHHoe npu6,ruxeuue

(238)

I Mfilr 8 (4- Ef) df . (236',

Et u Ei - nod'IHble SHeptHI.I sCeft CHCTeN{bI B HarraJIbHOM H KOHer{HOM
cocToqHusx. Mru - aMn,'rHTyAa npouecca, paBHaq Marpr.rrrHoMy sJre-
MeHry oneparopa nepexoAa npn l:0
M7,:(fifl'(0)lt). (237',j

Bo,rHoebre QyHxqrau KoHetrHoro cocroflHrir a (236) 4olxHu 6srro
HopMnpoBaHbr Ha d-Qyuxqarc n f-upocrpaHcrBe. Bupaxennx (236),
(237) ocratorcs B cr.rJre H B peJrflrr{Br.rcrcKoM npn6.nnxeHuu.

Ecru e KoHeqHoM cocrofHLtu rrpeAcraBJrfler HHTepec JrLIrxb guepthfi
cl4creMbl, ro (236) MoxHo nponHTerpnpoBarb rro 3Har{eHr.rflM ocra,rrb-
Hbrx rapaMerpoB df' eroro cocroqHnfl, rrocJre qero ouo npeo6pasyerca
n Qopnay.ny:

'r*dW,-'--. r lMt,i'8(E,-E)p(E)dE, E:Et.

3lecr BtseAeHo 0603HaqeHue

f

I I M.t, t,lf': Mo,l'p(E), df:df'dn, Q39)

rAe a (E) - nJrorHocrb KoHeqHbrx cocroqHlrft.
flycrl B npouecce rroflB,'rsercs ceo6oAHHft gJreKrpoH (uanpuuep,

ttpo[cxoAr.rr Sorououusaqur aroua). TorAa

df = d q: dq,dq,dq,: q2 dq dL)n. Q40)

p:nq - LrMrIyJIr,c, a q - BoJIHoBoft eexrop gdrreKrpoHa. Borgosas
Qyuxqaa 3,rreKrpor-ra HopMt4pyercs sa 6 (q-q').

Ec.[H e KoHeqHoM cocroflHr,ru BosHI,IKaer $oroH, To, HMefl B BLIAy,
qro 3.rreKriloMarHrzrnoe rro;re paccMarpriBaercq n xy6e o6teirloru V,
HMCCM

af: {^rn au' (24|j

B c.ryuae, KorAa B KoHeqHoM cocrotrHxrl rloflBJlgerct H Qorou, 14

csoSoAr;lrrii 3JieKrpon (uanpnuep, a$$exr Kounrona), df panno npo-
Ir3nererJr4ro (240) na (241). Auanoruqso HaxoArzrcn df , xorga B npo*
uecce noriBJrflrorcq 4na ceo6o4Hbrx gJreKrpoHa.

Free Hand
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1.8. Oneparopbr paAr4arrxoHHbrx flepexoAo" 57

Qoprray.ra (238) nplrroAHa raKxe AJrs orrncaHun Soronos6yx4e-
HHfl aTOMa H3 OCHOBHOTO COCTOqHHfl B COCTOflHr.re AHCKpeTHO|O CrreKr-
pa, HMer,ouee HeKoropyrc ecrecrBeHHyro rxHpHHy, Koropar olpeAeJrfl-
ercq ero paAr.{aqnoHHbIM BpervreHeM )KH3HH. TorAa nJrorHocrb cocrofl-
Hrzfi q (E) orrucbrBaercr rropeHueBoft Qynxqraeft (pasa. 9.1). (Ec.nn
n saqalrurrft ypoBenb r{Meer HeHyJreByn paAnaqr{oHHyro ttlnprlHy,
To (238) c,'reAyer yMHo)Klrrb raKxe Ha nJrorHocrb HaqaJrbHbrx co-
croquilfi S(E') li dE'.) tlpu rHrerpupoBaulrr (238) no aHeprili{ no-
Jlyqaercs Bbrpa)KeHr{e AJrfl rroJrHoft neporrHocrn eos6yxAeHr.rfl aroMa
rr3 cocroflHr.rfl Y B cocTonuve y':

I My,nyo-r, .yr1^o1n (242,

B cryuae o6parHoro rpoqecca - H3ryqeHna $oroHa npu rrepe-
xoAe aToMa Mex{Ay cocTofHI{flMH Ar,rCKperHorO C[eKrpa - Bepofir-
Hocrb coAepxnT rrd'rorHocrl, cocroqHraft Qoroua B KoHerrHoM cocroflHnra
(241). Beposrso'crb nepexoAa aroMa H3 cocrorHrifl T B cocroflHr4e
y', conpono)KAaloqeroct H3,'IyrIeHHeur Soroua c lolapnsaquerl er.o
H BoJrHoBbrM BeKropoM B HHrepBaJre k, kfdk, paBHo

dw".t-y,: # tM^y,nyr+r,rnuoit 8 (Er- Er,- tar,D #.
,[,nx Hexoropbrx rpoueccoB Marpr{qHbrft sJreMeHr <flH' ll> pu-

BeH HyJrio. TorAa BepoflrHocrb rrepexoAa Bo BropoM nopflAKe reopfirr
Bo3Myu{eHl,rft onucHeaercs Bbrpa)KeHrie\,r (236), Ho c aMrr,'rary4oft

Mrr: / 
"f \H')i> Q lH' iS (244\

Cyrr,runpoeaHl{e no [poMexyroqHbrM cocrosHnrM i coAepxnr raKxe
r.{Hrerp}rpoBaiiue no HenpepbrBHoMy crreKTpy.

LIacro BMecro Bepoqruocrz npoqecca Hcrro,rrb3yercfl Apytafl eto
xapaKrepucrrrKa - ceqenne flpoqecca o. llycru Ha aro]\4 [aAaer lro-
roK qacrr{rl c nJlorHocruro i. Tor4a BeporrHocrb r4 ceqeHr.re npouecca
CBff 3AHbI COOTHOIIIEHI{CM :

d o: dw lj . (24s

I4x ql.rcnesHble gHalreHr.rfl coBnaAalor B crylrae eAr-rHr4rrHoir n,lorsoc-.
rr.r rroroKa naAaroqr{x qacTr4q.

llpz paccruorpeHr.ru nsaauo4erlcrBr.rff gJreKTpoMarHHrHoro nor'rff c"

aroMoM yAo6Ho rroJre npeAcraBl,rrb B Br4Ae cyneprro3nrlan no,refi pas-
JIlrqHbIx rr,ry,rrrnno.neft. 3ro MoxHo BbItroJrHHTb nyreM pa3roxeFir.{.q
3KCIIOHeHTbI B BLIpaxeHHW AJII BeKTOpHOIO noreHuuaJla no BeKTOpHbIIvl
c@epzuecxn*r QyHxqnnna [39, 78]:

Yf? (i): lt (t + t))-uz rY Y,o(i),

Yff) (?): [t (.t-r t11-trt t Y,p (i).

34ecs t - oneparop -l[rlVj; Yip
:Alriraqsufi BeKrop, olpe4elaeuuft

Et-E:

(243',j

{1"+6}

(2,4.7),

- cSepuuecxax Syur<qun; i -
yr.naun 0, rp.
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B BUAe Cyfieprro3lruHl{ BeKTOpHbTXIlo.ne us"ryueHt,tq rtpeAcraBrflercq
cQepurrecKr.rx SyHxqIlft [88] :

€e'k.,: a" Z Gy(ip(ky*.ay;i (k, r)-ey$r@;*.Ali,(k, r)1,

tp

lr(iP &, r) : i r [r (t + t11-'t, i, (kr) t y, 
o (i),

Ll"o) (k, r) : i' [t (t + t71- r t z p- t 1v x t] i, (k r) Y, o (i),

(248)

(24e)

(2s0)

tAe A(e) pr A(m) - perxeur.rfl BoJIHoBoro ypaBHeHl-rfl (A+k)A:0, uue-
tourne coorBercrBenHo qerHocrl (-l)t u (-1)t.r; jr(kr) - cQepx-
qecKaff Qynnqnn Eeccenn; € - eAuuraqsntft BeKrop rIoJIflpI{3aIII4Ir

Qoroua.
tl.resu pa3JloxeHlrn (248) c HHAeKcoM e coorBercrByror noJIro I43-

flyqeHHq oreKrpHirecKoro MyJIbrr{noJIfl IIopflAKa t, a olosuaqeHHbIe
3HaqKOM m - lz^3[ryr{eHrlrc MargfiTHofo Mv,lbrlr[o,'rq nopn4xa 1.

Ec"rlr ocuonuorl nrna4 B aMnJILIryAy npoqecca BHocflr 3HaqeHaq
k.r<I, uro coorBercrByer ycJIoBHro 7,)a, rAe ]" - Anwua BoJIHbl
H3JryqeHzfl, a - pa1vyc o6lacrn arorua, onpeAed'IfiIol1eft pa4uanlsuil
vHrerpa,rr nepexoAa, ro BerLIr{HHa Synr<r1r.rrz jr(kr) (n co4epxaqux
ee rrr'reHoB pa3Jro)KeHr.ra (2a8)) 6ucrpo y6unaer c pocroM l. Vc.no-
sue')")a BbrnoJlHflercq He roJ'IbKo AJIfl oIITHqecKLlx, Ho u 4na 6onl-
rrrr.rHcrBa peHTreHoBcKr.rx nepexoAoB B aroMax. !,e.ro B roM, irro AJr
Hlrx yMeHbulaercfl He ro,rlbKo i, uo a a; nepexoAbr rlpoucxoAqr Bo
BHyrpeHHrax o6o,roqrax aroMa, a Bc,reAcrBze 6ucrporo acuMnroraqe-
cKoro ctraAa r.rx BoJIHoBbIx Qyurqufi a Saxrzvecxtr coorBercrByer
o6taCrw, lAe 3Har{r.rrer'IbHyro Bed'I[qI{Hy HMeer BoJIHoBae Qyurqna 6o-
JIee rry6oroft o6o.noqrn Lr3 AByx! yr{acrByrotqHX B paAL{aqIzoHHoM
[epexoAe. !,axe A.ns U noJIHafl BepoqrHocrb paAllaul{oHHoro pacna-
Aa r(-saxaucr{H B ocHoBHoM orlpeAe,'Irercrr AHTIoJIbHbIMI{ [epexoAaMl,l
(nx BKJTaA cocraBJIfler 98,8%, sreKrpHqecKHx KBaApyno,rbHbIX
0,6%, MarHlrrHr,rx Ar.r[oJIbHbIx - 0,2olo II Bcex ocrar'IbHblx MyJIbrI.I-
rro,rrbHbxx nepexoAoB - rorrxo 0,40/q t89l ). Taxum o6paeou, B Hepe-
rqrHBHcrcKoM npra6,rnxeHuH Mo)KHo npeue6peul nonpaBoqHbIMH
MyJrbrlrnor'IbHbIMLI qd'IeHaMH H yrII,ITbIBarb iII{rrrb ocHongofi q,'IeH B

(248) - sJreKrpr{qecxuii Arano,'truuft, ec.ilr.t flepexoA npoucxoAl{r Me}K-

Ay xou$urypaurrflMr.r pasruvuofi qerHocrn, r.r 3r'reKrpfiqecrHfi KBaApy-
no.llur,ril - B clyrlae [epeXOAa Me]KAy xOuQurypaqnst'ln rOfi >xe
qCTHOCTI4.

PasroxeHIle (2a8) ro3Boflqer BbIpasHTb raMr4JlbroHHaH 83aLIMo-
geficrnua aroMa c h3,{yqeHllexr. H' qepe3 cyMMy oneparopoB MydIIb-

rr.rrroJrbHbrx nepexoAoB. I'lx ylo6uo onpeAe,rrfirb raKHM o6pasolt, uro-
6u B HepeJrflTr.rBzcrcKoM AJrr.rHHoBod'IHoBoM npu6,rzxeunu (k'r< 1,

it(kr) - (kr)t/(2t+1) !!) oun rpeAcraBrInrlLI coorBercrByloqae My,'Ib-
rurroJrr,Hbre MoMeHrbr. flocxolrxy MarHr.rrHbre AHrroJrbHbre nepexoAbr B

HepeJrffrHB14crcKoM npu6.nuxeur,rH Bo3Mox{HbI d'rLrrrrb Me)KAy ypoBHfl-
uu oAuofi u roit xe xou$urypaqun [39], ro B oroM npu6nux<enuw
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1.8. Oneparopbl paAllaquoHHbrx lrepexoAos 59

6y4ena paccMarpr4Barb Jrlrrrrb oneparopbr sreKTpHqecKHX MyJrbrrirroJrb-
uslx (Anno.nbHbrx r{ KBaApyrroJrbHbrx) [epexoAoB:

oo: _rz ,ic["(0,, p,).
a

KBAHTOBOIO qI,IC-

. (2s3)

He AeficrByer Ha

(2st)

I,Iu4exc I npo6eraer KoopAr.rHarbr Bcex sJreKrpoHoB aroMa. O(l):D(ri
rpeAcraBrser co6ori AznonrHuft, a OQ) - KBaApyronlHurl MoMeH-
TbI gJreKTpongux o6o.noqeK aroMa.

Paur oreparopa [epexoAa He paBeH HyJrro, nosroMy ero Marprrq-
sntfi a,reueur, corJracHo (53), sannclrr or npoeKrrr,rft uo.nuoro MoMeHra:

/ t t J,\ <y"r 
, o@llr, J,>. (252)(YJMtO9' Y' J' h['>:(-t1t-tu (_, p M,/

Bsrpaxeuue (252) onpeaedrrfler npaBnJro or6opa 4.lt
"na "/. HanpvMep, Ar'rr Ar.rrrodrrbHbrx [epexoAoB

A,I:0, tl; J+J',>1.

Oneparop D(1) AeiicrByer Ha op6ura,ttune, uo
crrr4HoBbre nepeMeHHbre, [o3roMy e LS-cessu

AS:0; AZ:0, + 1i L+L'>1. (2s4\

llocNo"rrxy Anro,rruuft MoMeHT D(l) qersercr HerIerHbIM, To Harra,lb-
Hoe rI KoHeqHoe cocroflHnfl aroMa AoJr>KHbI 6urr nporusoro,'IoxHoir
qerHocrr4 P (LP+O).

B c.ryuae cBfl3r.r, 6,rHsxoii r LS-csqsu, o6uuno BbrrroJlH;rrorcfl c,re-
Ayroulze 3aKoHoMepHocrr.r [46] : uarpuqsuil e,reueur oneparopa D(1),
oco6euHo npv 6o,rrruux L, L', gocruraer MaKCHMylaa a6co.nrorHoro
3Har{eHnfl npu A"I:AL u uv.eer reHAeHrllrrc yMeubrlrarbcfl c yMeHb-
rrreHpreM !. F.cnu Ll+LL, To MarpriqHufi e,reuesr r.rMeer gKcrpeMy\{
Ad'Iq npoMe>KyroqHblx sHaqeuari "/. O6irree [paBrrJro, c[paBeAJraBoe lr
llpI4 ApyrI4X THIIaX CBfl3II: [epexoAr,i CLIJIbHee, eCd'IH MHOlO3d'IeKTpOH-
HbIe MoMeHTbr r4sMeHsrorcfl oAr'tHaKoBbrM o6pa:ona - yMeHbrxarorcx
Irrlr yBe.rr4qnnarorcx [46] .

PaAr.taqzouuufi nepexoA gr'reKrpoHa npr.rBoAr.rr K H3MeHeHaro noJrfl,
B KoropoM ABr.rxyrcfl Apyrr4e gJreKrpoHbr aroMa. flpu ux othcaHuw
e o6eux ronQnrypaqliflx pasJlrrqHbrMr.r oAHogJreKrpoHHbIMlr Bo,'rHoBbr-
vru QyuxqnrMrz MarprrqHHfi erervreHr o[eparopa [epexoAa coAep)Kar
LIHTetpad'IbI ItepeKpbIBaHI,Ifl, a TaKx{e se6o"nr,nttle o6ueggue q.tleHF,I.

3ru nonpaBKlr rracruqHo KoMrreHcupyror Apyr Apyra [46] , noarolry
o6nquo e npu6.nnxeHHbrx oAsoxonSnrypaulaoHHbIx pacqerax 14MH

npeHe6peraror (Ho n paAHaJrbHoM riHrerpaJre lr sHeprIrH nepexoAa
rrcnoJrb3yror cfl p a ruailbHbre Bod'rHoBue $yur<qnz oSenx xoH$raryp au ur:r ) .

llpunrepHo ralr^as. x{e roqHocrb Aocrlrraercfl. rr lrpu coBMectuoft onlr.r-
Mu3arpil4 BoJIHoBbrx Qyurcunfi HaqadlbHoro H KoHeqHoto cocrorHnft,.
HanprrMep, MeroAoM oneparopa repexoAa [90]. B ueroropbrx cJry-
qaflx yqer nonpaBoK o6rrresa H rrepeKpbrBaHWs. Bod'rHoBbrx Qyuxquri
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60 1. Olnoriondlnrvpaqfiognoe rlpI{6rr.r}KeHr.{e

MOXeT ycTpaHr.rTb CHCTeMaTpIqeCKHe pa3d'rl{qHfl MeXAV TeOpeTIirreCKIl-
Mrl 14 3Kcnepr4MeHraJrbHbnlH pe3yJrbraraMr.r [91 ].

Ec,rH sruilari no[paBKaMH npeHe6peqb, ro B oAHoKoH$Hrypauuo]r-
HOU npn6,ru>KeHr4Lr Har{arbHoe H KoHeqHoe cocTorIHLIfl [epexoAa, onn-
cbiBaeMoro oAHo3JreKTpoHHbIM ofleparopoM OQI , Moryr orr'It,tqarbcf
KBairToBbrMH r{r.rc,'raMI1I,1]ilrb oAHoto 3JreKTpoua. Han60lee npocrofi
rug cy6n,iarprtuusrfi oJ'reMeHT LrMeer e lS-cessu, raK KaK otreparop
ue 4eftcreyer Ha cnHHoBbre [epeMeHHbre:

(ntl{'yrlrS.n, U"yrL*Srl"t"rl O(')iinrl{'-lyiaiSin-ll'+ty2L2SiL'S'J'):
: g(,9, .S,) ( _ i)r.+si+ri+.ri+L,+L-r, +Nr+r [Nr(ff, + l)]1ir x

x[Zr, Sr, Li, S';, L, L',.1, J')ri2(ll' yrlrS'r i lf' t.fiLiSilr)x

x (t!"1r1r5r 1, /iv, ''trt!t, Il : i : l
.ti r/r 1..
s2 ,s [^

l'1

'iJ'"""' "''"'

MHoxnre,rl (- I )f [N' (tr2* 1 ) ] ri, no,'r]rqaercrr B pe3y,ylbrare aH-
rprcnMMerplr3ar{atz BoJrHoBbrx Synnt{Hfi 3JreKrpoHoB pas.ur.iuuux o5o-
,TOrJeX" r{OrOpyro seo6xoAnuo ilpLrHr{l/raTb Bo B}ir{MaHHe B r\,re)KKoH-

QarypaqzonHoM MarpHqHoM gJreMeHre, oH raKxe yq[rbrBaer HeoAr{-
HaKoBocrr, HopMHpoBor{Hbrx MHo}riure"ryeft BorrrHoBbrx $yuxuufi o6osx
cocrosHufi (pasa. 2.2). Epyrwe MHo)Kr,rrenu n (255) rroflBJrflrorcq rpr
oiuefl.uegaH oAHoro 3JIeKTpoHa or o6o,'toqxH ?KBHBaJreHTHbrx 3JIeKT-
poHoB, nepecBfl3bIBaHLII{ MOMeHTOB H BbIpaNieHflr{ Cy6ltarpUVUOfO SJIe-
MeHTa rrepre3 oAHo3JreKrpoHHyro Be.n14riHHy

s*1,,,,,r": e (1, 1 Q{t) ll lr) (ntlrt, r' ) n, 12), (2s6)

rAe e - a6co"nrcrsoe sHarreHr.re gapfrAa aJreKrpoHa.
EcnH e aroMe HMerorcr Apyrrze orKobrrbre o6o.noqxa, He yrracr-

Byiouue B nepexoAe, ro SaBHcI{MocTb MaTpHqHoro sJreMeHTa onepa-
ropa nepexo.(a or KBaHroBbrx r{?rceJr onpeAer'rflercs rrpr4 nouoqu $op-
Nry.r (65), (66) (n rvrarpnq npeo6pasoeaHfiq, KorAa uouenrn o6o-
.r'ror{eK, Ha Koropbre 4eficrnyer o[eparop, He cBfl3aHbr HerrocpercrBeH-
Ho MelKAy co6oft).

cy6rrlarpauirnft :rreuesr ofleparopa nepexoAa rpaHcrroHHpyercfl
COIJIACHO COOTHOIXEHHflM

<yJ tl oG' iiy' J') :(- t1t-t' (^f' J' I o(,) ilTJ), (yrs o(t) Jty' L' s> :
: {- 112-t-' (y' li S 1l Ot't 1, yZ.S) . (257)

llpuee4errr BbrpalKeHl{f 4,ln cy6uaTplrqHbrx gJreMeHToB oneparopa
O(t) a HeKoropbrx [paKTnqecKr.r BaxrHbrx cr'ryqarx (xoanronue silcila
n onycr<anrcx) :

{llt'+21{'yrL, SrJ il OG) | Ilt'+t ly"+t ^iL2S;L' SJ'> :

Is'
lsi

1?'i':
(255)
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:8 (Sz, S) ( - l;r"'.s +J'+Li+L'+i'+N,+ll/FF 
[S

xfL', L!2, S;, l, l'l'," ll? : : ) t ; 
t;,

x (l{'+t yiL2Sill ll'".1r1,r5, lr) s!f] r,,

6t

t-1/2
2J

zrt
t, {

<l{t'+zltt"+ljrl{"yuJ"J ti Ot') lf',*t j"l:t,+2l{.yiJ 3J' > :

:D(ra.r,, \\g(- l).r"+r,+il+ tlJ, r,flt2l'; tr, tilr,,r,tlo\i 
)t"i,), \2se>

(||,,+t{,yrJ ll Or'r 11 ftt,-, jrlf,^i2J2(J") lsjzJ'> :

:8 (y,J, ^(iJi)(- l)r+r,,+i"+, lJ, , 1,,yizlt; 
tr, t 

," 
11l ,,r,1 o(r) ij /,7u) , Q60)

(lrjr,,lo(r)llt"jr):(- i)', 7t2+i2+tUr, jrl,t* I l' i' l/2 Ll',, :
Ii, 12 t |'t"r'-

: e (-r)j"+r/:+r ,r., ,,,,,, ( 
ji 'o t)Q,t 

t,) (n,t,ir, )nztz) ,

(2s8)

t26t)

llft'+2 1+t"+r lrjri)o(r) ,llt,-t l+t,+zlr,/r):(- 1;,u,*;"*' (lrjriio(r) llrjr), (262)

(ll',*".SollO@ ll ll',*t t,LSl>: -8(X, r)8(S, 0)8(./, )l/1 sfl,'. r", (263)

<l{,*rll ot't 
" 

lft,+r'rlrjrl) : I ("r, 0 (lrjrll ott) ll l rjr) . (264)

PaAwa.nrsuri uirrerpa,r lepexoAa Inl|rt|n'l'] orHocl{reJlbHo Bo-

AopoAotroAo6nux Syuxquft saeucur or Z waw Z-t I54, 461. llpu n+n'
Aunorruufi I.IHTerpaJr s 6asuce arlrx Qynxquft ncer4a nonoxilre,ltsuft
126, 461 . Ecnu ucnoJrbsyrorcq 6o,'Iee peaJIHcrI.IqHue Qyuxqan, ro AI{-
no.nrsslft r.rHrerpaJr xax $yHxqus n' vJrn 3HeprI4LI coorBercrByloqeto
KoHTLrHyyMa s Mox(er l4sMeHflrb 3HaK H crarb orpuqare.tliruu. Co-
rJracHo pe3yJrb'raraM pacqera HepeJIflrliBIIcrcKrlM MeroAoM X<D-cp c
rroreHulrarron Cnarepa [92j, nnrerpan <nllrln' (e)l+1>, coorBer-
crnyrcu{uft $oloaos6yxAeHrzro I,r3 ocHoBHoro cocroflHllfl aroMa, LIMeer
B [puloporoeoii o6,'racru aHepruft xorq 6bI oAI-IH HyJIb gnn zcex nl-
o6orouex, paAnaJrbHbre Bod'iHoBble QyHxqIau Koropblx coAep>Kar ys-
,'IbI, 3a r4cKd'rr,orreHHeru 2s-o6o.noqrn. floc.lte IIoflBJIeHils, nl-o6onoqKll B

HopMaJrbHofi xoHQnrypauIlx aroMa HyJIb, KaK npaBI4JIo, HaxoAHTcfl B

KoHTHHyyMe r4 c pocroM Z cHa'aana yAaJltercfl or rlopota, a sareM
Haqr.rHaer npI,r6;uxarbcfl K HeMy LI nepexoAllr B Al.tcKperHuft cnexrp.
B6rusH roqKri nepexoAa lrHrerpaJIa rrepe3 Hy,'Ib oH I{Meer MaJIbIe
SHaqeHI'Ig - 3TO IpHBOAI'IT K I'ICqe3HOBeHHIO HeKOTOpbIX ,'II{HI'Ift cepn,'t
Plr46epra ililfi K rrosBJIeHHro raK Ha3blBaeMoro MI{HI{MyMa Kynepa e
ceqeulrn SorouoHusa \uu [26).
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Oneparop paAr{arlnoHHoro [epexoAa Mox(Ho npeAcraBr,rrb B Apy-
rofi $oprvre. I4cno.nleyr BbrpaxeHVe Alrtr KoMMyraropa raMr.rJrbroHna-
Ha c paAr.ryc-BeKropoM

[H, r): -ih * ,

rroJryqaeM:

(ti f,,,'r'):-"#"i<rl
,[,uno.rlHuft oneparop B BHAe (251) Ha3brBaercff ero r-Qoplroi.l,

a coorBercrnyroulnft npaeoft qacrr.r (266) - p- HrrH o-Qopuorl.
Bupaxenna AJrfl Marpr{qHbrx gJreMeHToB oneparopa An[oJrbHoto

nepexoAa nl-->n'l' n o-Qopue noJryqarorcrr H3 BbrrrrerrpHBe.4eHHbrx rry-
TCM SAMCHbI:

(nt lr t n' t' ) -->(Ar';-r (r,l (*, +) I 
n' ,' ) , (267)*

rAe /,:InzX (1, l'), a L,E - 3Heptr.rfl [epexoga, paBHar pa3Hocrn
IIoJrHbrx euepruft HarraJrbHoro H KoHeqHoto cocroflHlrft ,E (V) -E (y')
(cpe4unx 3HeprHfl, ecJrr{ r{crroJrb3yrorcq paAr,raJrbHbre Bod'rHoBbre QyHr-
qHIa X@-cp, HIIH pa3Hocrb eHeprvr? repMoB - B cryrrae Qynxquft
XA-r). 3uax <<f>> e (267) coorBercrByer rrepexoAy L-*l+l, a suar
<<->> 

- [epexoAy l-->l-1.
!,.na rouHux BoJrHoBbrx QyHrrlnft r- u u-$opMbr aKBHBaJreHrHbr.

Pesy"rrraru coBrraAaror r.r ttpu pacqere c npu6nuxeHHbrMu $yuxqnx-
Mrr, ealrr.r. oHH fBIqroTcfl pe[IeHI{flMH oAHOpoAHOtO ypaBHeHl{fl, HO pac-
xoAflrcq B cJryqae paAuar'rbHbrx Qynxuzft Xaprpn-@oKa r.r3-3a Hanrrr-
qaa B ypaBHeHr.rflx o6uessoro q/'reHa. !,nx e.nexrpoHoB BHyrpeHHr.rx
o6o.roqex oror rr,rreH o6srqHo LIMeer He6o.tlruyrc BeJrr.rqngy, nogroMy
BepoffrHocrr.r peHrreHoBcKux nepexoAoB B r- H c'-Qopuax e 6ortuprH.
crBe cJryqaeB corJracyrorcfl xopouro. llpaxrr4qecKr.r unpe uc[oJrb3y-
ercq 6oree npocrafl x He coAepxaulafl npolr3BoAHorl no npa6;rulr(eH-
uori Qyurqnz r-Sopua.

Pe.ltqrHeHcrcxI,Ifi oneparop oJreKTpr{qecKoro MyJrbrr.rnoJrbHoto lr3-

"1lyqeHr,rfl n Sopue Henpr.rBoAr.rMbrx reH3opoB rrpLrHI.rMaer BI,rA [48]

.oP : - _F+ 
': I ,y, [ri,-,{r,,)- 711 i,.,(r'n]+ ,ly i,{r,,y *

" (1/ t Ct - Tl lC{t -tt x ,,o)f(\ - V A+tCt +5[6(,+rt " o,',]f,) ], (268)

rae ft!! paBeH k(k-2) ....2 npu A qenron n k(k-2)... I npu A ue-
qerHoM. Oneparop (268) coorBercrByer Ky,'roHoBcKoft ralv6ponxe
sJIeKTpoMarHHrHoro norq c ra.uz6ponounoft rocroqsnofi 9C:0 r.r g

HepeJlflrr{BncrcKoM AJr}rHHoBoJrHoBoM npqAeJre nepexoArrr e (251 ) .

Odqee BbrpaxeHr.re A,rq O$, [93, 48] coAepxr.rr AorroJrHlrre.rbHbre
qreHbr c rrocroflHHofi 9C. OHl.r llc,resalor, ecJrr{ r4cnoJrb3yrorcfl Toqgbre
BodrHoBbre Qyurqun, Ho rrpl{ pacrrere ornocr.rreJrbHo npu6.nnx(eHHbrx

Tn'l''>

(26s)

(266)

Free Hand



1.8. Oneparonbl paAualrfloHHhtx nepexoAoB

Qyuruarl Aalor HeHy,teBofi BKJIaA, npHBoAt K 3aBLIcI{MocrI'I pe3yr'Ib-
Tara or BH6opa flocrorHHoft ?i (oua Moxer 6url acnonb3oBaHa KaK
norry3Mnupr.rqecxuft napaMerp t94l ). llpn nepexoAe B 3roM oreparo-
pe K HepeJIsrHBIlcrcKoMy npeAeJIy Mo)KHo [oJyqxrb raK)Ke HepeJIfl-

rnnracrcxzfi oneparop nepexoAa, coAepx{aIIIHfi xanu6poBor{HyIo tro-
crosHHyro [93] ; r- u o-Qopuu [peAcraBJlflIor eto qacrHble c"Iyqa[.

Pe,rsrueilcrcxzft oneparop MatHIrrHoro MyJIbrI,Ilo,lbHolo H3r'Iyqe-

Hr.rs He 3aBr.rclrr or rrocrorHnofi xa.nu6poaxu 9C [48] :

^og: - t, I (2r + l)! ! ld-t ICQ) x atrtJ$t i, 1kr). (269\

Ero paArza.rbHaq qacrb He llcqe3aer I{ npu t:7. Taxult o6paaorra, pe-

JIflTI,IBHcrcKnft uaruurnltfi AIlno;ltHufi oneparop, B orJII'Iq[e or Hepe-

JrflruBlrcTcKoro oneparopa, oIIHcbIBaer TaK)Ke nepexoAbl MexAy ypoB-
HflMH pa3JIHuHux roH$urypaqnft.

3aencuN4ocrb Marp14rrHoro oJIeMeHTa oAHoaJleKTpoHHolo rI'Itra or
MHOfO3JTeKTpOHHbIX KBaHTOBbIX qHCeJI OIIpeAeJIfleTCfl JII{IIrb paHlOM

oneparopa, no3roMy cydvrarpuuHue oJIeMeHrbI olreparopoB "O(t) 
fi

^OQ) w;paxarorcfl r{epe3 oAHo3JIeKTpoHHF,Ifi cy6naarpuqHuft aneMeHr

oAr{HaKoBbIlr,I o6p asou :

(rr.lrj{,T, Jlnrl2j{" y2JzJ t,1 OG) Il nrlri{'-t ylJinzlziy'+r "$4J'):

= 
( - l)iv"+ ;"+ r,- t;l 19 a1'r, 41 (j{, y, J, I 

jf ,-, y r Jij ) x

A3

t
t+1

* (i!'yrJr.i" iJ'iv'+r yiJi'llJr. J2. J, J'11t2

irt
JzJ
Ji J,

x (nrlrjrll o{') ll n2lrjr). (270)

O4Hoe.nexrpoHHble cy6uarpuuHble 3JIeMeHrbI onep aropoB 3JIeKrpI'I-
rrecKoro H MarHr4THoro rI,IrIoB LIMeIor nua [93] :

(nrlrjr ll "o(o ll 
nrlrj"): ( - 1;j,+r/z +t (2t - 1)!! U1, irf i'x

(27 t\

(nrtrjrll .or,r 11 nrlzjz):(- t)1,(2t + l)ttv # l.ir, jrf,t, x

l'i,

" (j; 'o ') R,(e),

"(j1 

" 

:) R,(m). (272)

Free Hand

Free Hand

Free Hand

Free Hand



64 l. Oanororr0nrypaqlroHgoe npu6lHxenne

Pa4na.llutre HHrerpaJrbr [epexoAoB onpeAenflrorcfl cJreAy]o[IHM o6pa-
30M:

R, (e): ;- { I U,,,t1 fr,r,i,-,- * p,p,j,*,- +# e,p,j,]+

+(7,1,,) fQ,Q,j,-,- # e,ezj,*,*1# p,e,j,f rdr, (273)

a,@): # r
0

l(lrlrt) PrQ2+ (lLlzt) QrPrlj, dr .

i .(,) l

(274)

34ecl [cnoJrb3oBaHbr o6ogna.reHus r4 coKpauleHarr: !t- i1(kr) ;

Pi=Pn,r,t1?): Q,=Q^,1 ,;,(r); (lJ2t) rpr.raAHoe ycJroBr.re c AoroJr-
IrHreJrbHbrM rpe6oeaHneM qerHocru cyMMbr h+12+t.

B c.nyuae oArioii nepexoAsrrleft saxaHcuu cy6naarpuqHHrl srer,{eHr
oneparopa 

"O(t) 
unu *Q(t) auanorr.runo (262) c roqHocrblo 4o eaao-Boro MHoxl{refirr paBeH oAHogJreKrpoHHoMy cy6uarpHuuoMy oJreMeH_

ry:

-i7i'"t j?i"j,lt,Oat 1izi' 'zi,+1jt):(- I;i,+;,*r U,ilo$) ll.i). (27 s)

BeponrHocrb paAnaur4oHHoro flepexoAa Bbrpaxaercfl qepes KBaA-
par MoAyJrs Marpr.rqHoro gJrreMeHra o[eparopa ilepexoAa. B clyuae
HertoJrflpr.t3oBaHHoto [gryqeHr.rfl yAo6Ho BBecrH BeJrLrqHHy, He 3aBr.rcr-
relro'or npoer<qnfi, - raK HasbrBaeMvro cuJry JrrrHLtH:

,S,(TJ, T' J'): f t<yJM Of y' J' M''),,r:i(TJ lOatrr' J'>lr. (276)
L{M'p

OHa cuuuerpur{Ha orHocLITeJrbHo nepecraHoBKn KBaHToBbIx r{uced'r Ha-
qa'lbHolo Li KOHeqHOIO ypOnUeft:

S, (Y"Ir,'{' J'): S,(y' J', yJ). (277)

Crina ,runnu, npocyMMl{poBaHHaff no BceM KBaHToBbTM r{I{cd'IaM, 3a
HrKrror{eHr.reNr o6osHaqarcuIIzx o6e roH(ratypaqIat,t (nx nu4e.lurr,r ns
y, y'), rpeficr2B;rrqer co6ofi cr4,'ry coBoKyrrHocrtr nepexoAoB. Osa xa-
paKrepr.r3yer cr.rJry nepexoAa Me)KAy BCeMlr cocrosHHsMr.r paccMarpH-
BaeMbrx non$urypaquft z se 3aBr.rcHT or rnrra cBtr3Lt. Cyurvrnponanne
rvlox{eT 6slrr gHnor'IHeHo e o6xlela cJIVlrae, TotAa IIoJryqaeTcg npocToe
a.rreSpau.recKoe Bbrpaxesue. B HepeJrrruBrrcrcKoM npn6lnxeurzn [38]

.S, {Ko/I, $r,,i;ot!,-t /fl-*') :

:(li;: i) (-';; '),,1J-,(";;') (278)

Free Hand



1.8. Oneparopbr paAaauxor{Htrx nepexoAoB

B pennrurucrcKoM rrpH6JrHlKeHHH

S, (Ko t,i!t loi[*, tcol,i!'-t I kjNk+ 
t) -

l(t,j,lloo llrj)i, (27e)

B (278) , (279) (o o6osHaqaer rraccr.rBHbre o6oroqKr,r, a s(r) orpeAeJre-
Ho no (256).

IIpu paccrr,rorpeHilr,r SreKrpHqecKHx AH[oJrbHbrx nepexoAoB raKxe
IxHpoKo LrcrroJrb3yercn 6espasuepHaq BeJrHrrHHa - cwila ocqlrJlJrrropa
nepexoAa

-f (^{, -('J'): n;&i, lE(y'J')-E(yJ)lS(yJ, y'J').

Oga uueer cMbrcJr eQQexruenoto qncra tapMoHr{qecKr,rx ocqr.urrqro-
poB - KJraccuqecKr.rx sJreKrpoHoB, Koropbre notJrorrlaJrz 6u Ns.nyueuae
TaK )Ke, KaK aTOM npl,r AaHHOM nepexoAe.

B cryvae repexoAa B Henpepbreubrft cnexrp BMecro (280) pno-
AHrCq nJToTHOCTb CI{JIbr OCTIHJTJTfl TOpa

df Qr, y' J' eljl ") 2m lE (r' J '\ + e - E (:yJ)l

65

: 
G',J:, ) (il-),,| o('T')

de

(280)

S QJ, '(' J' eljJ"), (28 l)

(282)

(283)

3hze2 (U+l)

rAe s - oHeprnq cso6oAHoro gJreKTpoHa.
Cyrrlua crrJl ocquJlJlrropoB rro BceM BogMoxHbIM KoHeqHbIM KoH-

Qurypaqr-raM a Hx cocrorHr.rrM, BKJrro\rar HerrpepbrBHbrft cnexrp, npe4-
craBJrfler co6ofi [oJrHyro crzJry ocu.IJrJrrropa. Hs o6uero coorHolre-
HHfl KoMMyrar\Hrr r w p cJreAyer, qro B HepeJrrrnBl,rcrcKoM upu6nH-
xeHur.r 3ra BeJrHqHHa paBHa qncJry 3JreKrpoHoB aroMa [54, 46] :

\ f {t, Y')+ f I dr+{ "' de: N .

't' ^t"

Hrraeer raKxe MecTo npaBr.rJro cyMM AJrfl nos6yx4eHvfl r,1g oTAeJrb-
Hofi o6o;roqxu:

KlNt-t n' l'y' J')l

df G{,{, xtft-r er y' J')

f [f r(KtY'vr,
'Y'J'r n'

+[ d "l: N-.de

3ro coorno[reHxe, B orJrnqr.re or (282), He qBrqercrr roqHbrM: oHo
BblrorHqercfl JrHrrJb n o4HoxouQutypaql{oHHorr,r upn6nnx(eHr.rr4, a, Kpo-
ue roro, B cyMMy ilo n'l' BxoArr cocrorHHfi, 3anpeqeHHbre npr.tHr{HrroM
flayna [54, 46].
3. t71

Free Hand
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2. KOPPEJIflUI,IOHHbIE METOAbI TEOPI{N ATOMA

llo rr,repe yTor{HeHlfl MeroAoB perHcrpalll,In aToMHbIX CneKTpOB, I'i3y-
qeHlrfl r.rx s o6racrll [oporoBux eHepruft, paccMorpeHut MHoro3d'leKr-
pouHbrx rrepexoAoB LI pa3Jlir{HbIx aHoMaJIfiil a cnexrpax, pasBl{rlle
eQQexrunHbrx lr B ro x(e BpeMfl AocraroqHo flpocrblx li yHuBepca,'Ib-
HbIX MeroAoB yqera roppe.nauufi MexAy 3,rleKrpoHaMH craHoBHrctl
Hau6o,ree eaxHofi npo6,rerltoti arot'tHoft $usuxu, B roM ql'IcJIe I'l reo-
pHH peHrreHOBcKI{x It 3dreKrpOHHbIx c1leKrpoe. Hacroqxlaq r1'1aBa He

npereHAyer Ha cllcreMaruqecrufi o6sop pa3,rluqHblx KoppeJIfl(I{oIiFIbIX
MeroAoB. Taxux MeroAoB I{ I,tx MoALISnxaqufi trperJlox{eHo MHoro,.
xorq 6orlrxl,IHcrBo ug HLrx or{eHb c,'IoxHble Il npaKTIlqecKH npHMeHI4-

MbI Jrr4lllb 4,ra r<oHQurypaqlrft, coAepx(aullax HecKo/'IbKo 3.IIeKrpoHoB
I4d'rlr ro,/IbKo 3anoJIHeHHbIe sJIeKTpoHHbIe o6oJto.IxI-l. 3Aecl KoporKo
oxapaKTepr{3yeM Jr}IIxb MeroAbI, uau6onee lxEpoKo HcrloJb3yeMble npH
Oil]].ICaHUVI peHTIeHOBCKI{X II SJIeKTpOHHbIX CneKTpOB' Hel(OTopble
nodTyaMrrl{pIaqecK].Ie lt npocrefiur]Ie reoperl,IrIecKl,Ie MeroAbI yl{era Kop
pe,rrqr.rrl (pusa. 2.1), urioror<ouQurypaulloHHoe npndluxeulle u ero
Bapr.raHr 

- 
MeroA B3auMoAeficraux xouQtt^rypaqrft (pasa. 2.2) , cza-

unoHapHylo reopun Bo3MyxleHufi (pasa. 2.3) u aaxHHIi AJ'II BbIcoKo-
nos6yx4euHblx cocrofluuft yver ssauN'IoAeficrBnfl ArlcKperHoro cocro-
flHLtfl c KoHrLIHyyMoM (pa3A. 2.4). PaznuqHble Koppe/'lrul'loHHble Me-
roAbr reopu[ aroMa no4po6Ho paccMarpuBalorcs n naouorpaSwax [47,
45, 95, 96 u ap.].

2.1., Koppensu[oHHac aHeprfic N npocrefiu[e MeroA],l ee yqera

I(oppe.rrqvoHuoii euepruefi, corJlacHo,{6e4I'rHy [97], _Ha3bIBaerctl
pa3Hocrb Me)KAy roqHofi Hepedrqrl.IBucrcxoft aueprueit E"', tpudttu-
xeHHo ro,ryuaeuofi nplr BbIqI.IraHvtkr k13 SKcrlepl'IMeHra.nlHofi sHepruu
peJlsrr{Bucrcrofi nonpaBKvt, rr xaprpn-$oroecxofi auepruefi:

Ecot - Ew _ EHF 
=(Eexe 

* Eret) - EHF , (1),

floa f,nt o6nqso iloHaMaercq 3Heptus, paccql4TaHHafl MeroAoM Xapr-
pn-<Dor<a Ar'Ifl cpeAHeft aueprnu (X@-cp). Taxunr o6pasou, Koppedrr-
qI{oHHbIMr.I 6y,qeu Ha3blBarb MeroAbI, BblxoAfltrll{e 3a paMKI'I MeroAa
X@-cp.

MeroA Xaprpa-<DoKa Mox<er 6url yrouHeH nyreM cHsrnfl orpa-
Hr.rrreHHr, qro6u Bce aJleKrpouu o6o.rloqKH HMe,IIll oAI{HaKoByIo pa-

AlraJ'rbHylo BoJrHoByIo Qyuxuuro. Ec,ru npe4no,'IoxHTb, r{To oHa 3aBu-
cI{T LI OT OpI4eHTaUI{H CIIHHa 3JIeKTpOHa, TO nOJyrlaeTcg cIIHH-IOJ'I-qp}r-
soeaHHHft MeroA Xaprpr.r-@oxa [98-1001. OtHaxo npu Quxcaquu
rpoerqufi cnHHoB 3,'IeKrpoHoB pe3yJlbrLtpyroqufi cnaHosoll MoMeilr
y>xe He HMeer orrpeAeneHHoto 3HarIeHHr. Kpoue roro, pa3AeJIeHHe

o6oJro.rxa Ha ABe roAo6o"'Ioqru co clrHHoM BBepx I{ BHI'Is npHBoAHT
TaK xe, KaK I'I B peJIflTI{Bacr,cKoM npn6lnxeuI.1]l' K pa3AeJIeHHIo KoH-

$urypaqun Ha HecKoJlbro no4xoHQurypaqilIl, coorBercrBylox1fix pa3-
,rr{r{HbrM pacnpeAereHHqM gJIeKTpoHoB no noAo6onot{xaN'I - TaKKe
cnr.rH-no,rrrpI{3oBaHHbIe xoHQnrypaqllH cMe[IHBaIorcfl cnnu-op6nra.nl-

Free Hand
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HbrM BsaHMOAeftCTBT{eM. fIO 3rI'rM npI{qHHaM CnnH-nOJrflpI,r3OBaHHbrft
MeTOA He [OJryqgJI rr[IpoKoto [pLIMeHeHr.rfl.

B grou HarrpaBJIeHLIH Mor{Ho I{ATI,I Aanblxe !I [peAnoJIo)KHTb, qro
paAllaJrbHafl BoJrHoBafl QyHrqux 3aBucnr raKx(e or rrpoeKrlnn oAHo-
3JIeKTpoHHoro op6ura;Ibuoro MoMeHTa, T. e. qro Bce gJIeKTpoHbI onn-
.cbrBaroTcq pa3,irHrrHbrM11' paAHaJrbHurran QyuKrIErMH. 3ro cooTBeTcr-
Byer HeorpaHnqeHHoMy MeroAy Xaprpu-@oxa [101]. Bo.nee
rpocrofi ero Bapr.raHr - pacuvpeHHbrfi MeroA [02] , B KoropoM oAHo-
3,reKTpoHHafl paAr4aJrbHan SyHxqnr He orHocxTcfl K KoHKpersofi cnuu-
yr.nonoft QyHxqnu: BoJrHoBafl Qynxrlr.rx o6o,'roqxlr Hxlercr B Br4Ae
npolr3BeAeHHfl aHTlrc[MMerpH3oBaHuofi cnHH-yrnosoft QyHxtlnlr H cr{M-
MerplasoBaHuoir paAuanlsoft Syur<qun B Br.rAe rrepMaHeHra v3 pa-
AHaJIbHbrx QyHrur.rr?. Bce xe pac[[peHHufi uero4 3Har{r{reJrbHo cJro)K-
Hee, qeM MeroA XP-cp, a no3BoJrrrer yquTbrBarb roJrbKo qacrb Kop-
pe,raquouuori 3Heprhr.r [45] , r. e. Jrr,rurb paAr.ra,'rbHbre KoppenfluHH
Me)KAy SKBr,IB aJreHTHbrMLI SJIeKTpOHa MH.

B lrero4e Xaprpu-OoKa raKx{e MoxHo orKa3arbcfl or ycJroBrrrr
oproroHaJlbHocrr.r oAHogJreKrpoHHbrx paAlraJrbHbrx BoJrHoBbrx SyHxqHft
'c oAHHaKoBulr I [103] . 3ro npnnoAr.rr K yrorrHeHnro BoJrHoBbrx Qynx-
uuti u 3HeprHH B c,{yqae xoHQnrypaquft, co4epxarlr4x ABe uln 6onee
orKpbrrbrx o6o.noqxu c oAHHaKoBurr,r l. Tor4a aHeprnfl, paccqr,rraHHafl
npa rroMorqH HeoproroHaJrbHbrx BoJrHoBbrx QyHrquft, noryqaercfl Toq-
Hofi s [epBoM x BTopoM rlJreHax pagrlo)KeHaq tlo cre[eunM Z, e ro
BpeMq KaK paccquraHrafl c yqeroM ycJroBns (1.143) r.rMeer roqsufi
JIHrrrb nepeufi v;leu [45] . OAsaxo npr{ orKa3e or ycroBuq oproroHaJrb-
Itocrl{ BbrpaxeHr.rq AJrfl 3HeprHH K rroreH\Ltalra Xaprpu-@oKa cy-
UIecTBeHHO yCJrOlKHrrOTCq: IIOSBJqIOTCq AO[Od'IHrZTeJIbHbre qJIeHbI, cO-
,Aep)KaxlHe HHTetpaJrbI nepeKpbrBaHafl,, a B noreHuzaJre - raK)Ke r.rH-
rerpaJrbr I (n11.

CpanHure.nluo npocrofi, xorr He or{eHb crporurl H yHr.rBepcaJrb-
uufi, meto4 yrrera KopperqunouHux eS$eKToB - r{cnoJrb3oBaHne B

oAHogJIeKrpoHHoM paAr.raJrbHoM ypaBHeHlrr{ noreuqlraJrbuoft $yHrquu
c oAHLIM r.rJrr.r HecKorrrbKHMH noJrygMrrr.rpnqecKHMI.r napaMeTpaMvt. Haw-
6oree ycrretrrHo pa3rarrHble noJrygMrrnplrqecKae noreHqllaJrbr HcrroJrb-
3yIOTCt I]pA Onr]CaHLIH OAHO|O, pe]Ke AByX, BHeIIIHI{X 3d'IeKTpOHOB
cBepxsanoJ'rHeHnbrx o6o,'roqex [57] . B cflyqae cJroxHbrx xoHszrypa-
qnfi Aocrarouuo aSQeKrr.rBHbrM flBrflercq rroreHrlaaJr l(naluura [1041.
Ou nonyuaercs rryreM anrrpoKcr{Mar\uw pa1Lta.nrsofi nJrorHocrrr pac-
npeAedreHr.rq KaxAoto oJreKrpoHa B aroMe 6esys;lonofi $yuxqnefi C.la-
repa c oAHHM napalrerpou 02.:

4nr2 pn. r,(r): r2t,+2 e-ot' . (2)

Tor4a a/reKTpuqecKoe rlor're B aroMe c N-a,rexrpoHaMLI onEcbrBaercfl
Bbip a)KeHHeM:

V (r): - * tz - N + I + (N - 1) e-d' '-t arre-u"r 1 . . . *

* un-1:r" e-d"' \.
3*

(3)

Free Hand

Free Hand
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t{acro Hen3BecrHbrx napaMerpoB o,1 coKpaxraercfl c }-qeroM ,vcJro-
BIzfl oproroHaJrbHocrr.t BoJrHoBbrx QyHxqnft, a ocraJrbHbre onpeAeJrfl-
Iorcq MeroAoM HanMeHbIrIHx KBaAparoB c rpe6onauneM HauJryr{illero
corJacurr paccrrHTaHHux aueprufi yponHefi r,Id'ILr 3Hepfr.rft csssu c rrx
oKcnepHMeHraJrbHbrMlr 3HaqeHuflMr.r [571. florenrlua,r I("ralnrua vc-
rloJlb3yercn raK)Ke H B perqrr.{Br{crcKoM Bapr.raHre [104] .

Vcnemgocrb napaMerpnqecKoro MeToAa Bo MHoroM 3aBI4cHT or
peaJrHcruqHocrr.r HcnoJrtsosaHHofi Qasuuecxorl MoAeJru. B noc.ne4Hee
BpeMfl, ucxoAfl H3 KBaHToBofi anerrpoAvrHauvKvt, paspa6orau o4no-
rrapaMerpaqecxuft g-XaprpN MeroA [05] , roropurl no3Borrrqer Aoc-
TLIqb Xopolxero cor,'racHg c SKcIIepr.rMeHTOM AJIfl SHeprHft CessH w

Apyrux xapaKrepncruK BHyTpeHHHX o6oJroqeK aroMa [1061.
Koppe;rnquoHHafl, KaK r.r o6l'reHuar, 3Heptuq Moxer 6urr oqeHeua

LIcxoAs r.r3 MoAeJrr4 oAHopoAHoro sJreKrpoHHoro ta3a [07] . B cny-
qae c.na6o r{3MeHqloureftcq rrJrorHocrr.r aJreKrpoHHoro 3apqAa (npu-
6,taxeHr.re roxa.illsofi n,rorHocru) KoppeJrfluxoHHar 3HeprHfl a'ioN{a
BbIpa)KaeTCf r{epe3 cpeAHI,OIrO KoppeJIsUlloHHyIo 3HeplHIO sJIeKTpoHa,
Koropa_fl annpoKclrMr{pyercfi no,rysMnupnr{ecKoft Sopn,tyaor:r [07, 461-
fIpu6,rrraxeHHe,'roKa,rIbHofi n.rorsocrH trBJlqercff 6oJIee roqHL,IM AJTfl
OAHOSJIeKTpOHHbIX XapaKTepHCTI.IK, B TOM r{I{CIe AJIfl SHeptHr,r CBfl-
sn [46, 107].

I4seecrHo, qro o4uorouQuryparlnoHHbre 3Har{eHr.tq HHrerpanoB
3,reKrpocraruqecKoro ssaul4oAeficrsun Fk u Gh, KaK npaBr4iro, 6oJ'rb-
Ixe noJryaMnnpuqecKr{x. Iloc.neAsue onpeAed'rfl rorcr MeroAoM HaHMeHb-
rxrrx KBaAparoB rlpH 14crIoJIbsoBaHr,rH 3KcnepIiMeHTaJIbHbrx 3ua.renlrii
yponHeft 3Heprxlr r.r reoperr.rqecKux aupaxeHuft 4,rn xoaSQuu[eHroB
npH r,rHrerpanax Fk, Gh, Enu Koropbre paccMarpHBalor,cfl rar ceo5oA-
Hbre napaMerpu. t{uc,ro yponnefi xouQurypaqHr,r o6brqHo 3Har{HreJrb-
uo 6onrure, qeM HHTerpaJIoB, onpeAeJlflIoqlrx 3Hepreruqecruft crreKTp
n o4Hoxou$HfypaqaoHHoM nplr6rl1>KeHlrlr, rrosroMy B BblpalKeHr.re AJ'rt
SHeprHL{ MOXHO BKJIIOqaTL, AOIOJIHI4TeJIbHbTe lapaMeTpbl, KaK Harrpt4-
Mep, H3BecrHyro nolpanxy aL(t+l ) I.rdrIH rrapaMerpbr, olucbrBarou-llre
nsauno4eftcrnue c 6JtnsnexauIHMrd ronQaryparlvsMLt. Mero4 rtpH-
MeHqercq Arrr onpeAeJreHnr l.r x;laccuQuKarlalr yponuefi, ecJH H3Becr-
Hbr Jrr4rrrb HeKoropbre u3 HHx [08, 461 . B pe,raruBr.rcrcKoM npu6nu-
)KeHlrH qr.lc,ro flapaMerpoB cylqecrBeHHo Bo3pacraer, qTo yMeHburaer
ero e$QexruBHocrb.

Vnleurureuue noJryaMrllrpnqecKl.{x gHaqeuufi I,IHTerpadroB Fh, Gh no
cpaBHeHr{ro c xaprpu-QoKoBcKr.rMl{, a raK)Ke neo6xoAranaocrb BBeAeHr.rfl

Aorror'rHaTeJrbHbrx napaMerpoB (a, F u Ap.) o6yc,roB,ireHbl asauuogeft-
cTBrreM paccMaTpr.rBaeuofi xousurypaqHH co MHOTLTMH 3HepleTHr{ecKlt
yAa,'reHHbrMr.r xoH$u ryparraffMLr. 3ro c,re4yer r43 paccMorpeHr{fl [ro-
npaBKn K gHeprr.ru Bo BropoM noptAKe reopr{u Bo3Myu{eHufi [109, a0] :

(Ky I Hl K' ^( > <K' y' ) H t Ky)
AE (ir1): f f

K'(*K) \'

EcrH [e-noA 3HaKa cyMMbI no y'BuuectH
rr.rqecKoro suaMeHareJrq E (Ky) -E (K') ,

(4)

cpeAHee sHaqeHHe sHepre-
TO MaTpr,rqHble 3JIeMeHTbt

E (Ky\- E ( K' y')

Free Hand



2.1. Koppe,nnufioHHarr 3Heprns

MO)KHO npocyMMHpoBarb rro Y/
eHeprnu ypoBHfl r(y ns-sa ero
rypaqr.rn (' nupaxaercq KaK
QexrunHoro oueparopa 1/"1:

.L,E (Ky, K') :lE (K y) - E 1r'y-'
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n anre6paHqecKoM oa4e. llonpaBKa K
ssanMoAeftcrBnfl c ypoBHflMH roH$a-
uarpuvunfi 3JreMeHT uexoroporo eS-

X

(s),aILJ
't'

(KyiH K'T') (K'T'iH)Ky):(Ky H"f Ky).

Sror oneparop_Hau6onee npocro uafiru, Hcno,rb3ys MeroA BropHqHoro
KBA}ITOBAHHq. ECJIH B (5) NOACTABHTb |AMHJIbTOHI4AU H, BbIPAX(EH-
uufi vepes cyMMbr oneparopoB poxAeHHfl r.r yHnqroxeHr{fl s,rreKrpoHoB
(npeo6pa:yroulul_ BorrHoByro QyHxrlnro xouQurypaqwu K s QyHxquro
xonQarypaqun I(' u.npr uao6opor), ro Mox<Ho BbrnoJrHrrrb cyMMnpo-
BaHHe c noMorr{bro ycJroBufl rroJrHorbr 6aswca Qynrqtift, raK KaK or_
cyrcrByroqne B cyMMe rureHbr BHocffr Hylenorl BKraA. 3arelr npu
iroMorqa ttpaBr.rJr aHrHKoMMyraqr{H (1.81) Bce oneparopbr dr [epe-
HocflTcfl BJIeBo' a olepaTopbt a - BnpaBo A ttpLr KcrIojIb3oBaHHII
$oprray,r c,vMMHpoBaHna xoaQ@uqrer{roB BurHepa' n Snj -xoe$$uqaeH-
TOB OTAeJ-IbHble qJIeHbI npeAcTaBJIflrOTCrI KaK MaTpHr{HbIe SJreMeHTbr p-
3neKTpOHHr,rr OnepaTopoB :

Hd:> H"d, ,{: 
,.o\...,rr{..., 

:* 
,Zu.1 -4j

x(a,. .9lh{...riy...$) (6)

B cyurrae no p Moryr coAepx<a'r'bcq He 6oree qe'r qerbrpexsJreKrpoHHbre
orreparopbr, irocKo:nbKy H co4epxar rod'rbKo oAHo- r.r Atsyx3JreKT-
poHirbre oreparopbr. 3SQexruauufi oreparop KaK oneparop 3HeprHr.r
,40,rr)KeH 6urr cxalspoM orHocHTeJrL,HO pe3yr'rbrHpyroulrx MoMeHTOB,
no3ToMy eto oAHo3JlexrpoHnufi qJreH, TaK x{e KaK H qJIeH C p:0,
o6yc.non.ruearor Jrr{rxb oA[HaKoBbrfi c4anr Bcex ypoBHeft. r{acrl 4nyx-
3JreKrpo.HHofo a$$errunuoro oIIeparopa oKa3brBaercfi nponoprlHo-
Ha.ryoriofi olleparopy 3JreKTpOCTarHqecKoto ssau[4oAer?crBr4s, 11 BCJTeA-
cl.BHe oAaj:iaKoBocra ciluH-ytJloBux qacreri Hx MarpHrtHbIX S,rreMeHTOB
Aaer "q.t,ttrrb rrorpaBKy K parr(HaJrbHbrM fiHretpa"ralr l-A N Gh. 3Q$ex_
itleirHfi oneparop rzna (Jnt. g<tt1 ltpHBoAHr K rrorBJreHr.rrc rureHa
uL(Ll l). ts o6ureM cryqae H"r coAepxr.tyr.aKxe rpex- r qerbrpex-
3rTeKTpOHHbIe q"IeHbr, BKvlraA KOTOpbtX MO)Ker 6sIrt annpoKcHMHpOBaH
AOTIO,'i HIlTeJrbHbI M H n OJly3Mn H p n qecKH M H rra pa MeTp a MH.

Mero4 aQ$exruaaoro o[eparopa ucnonb3yercq u B reopernrrecKoM
BAP}IAHTE, OAHAKO HMCET MCAJICHHYIO CXOAHMOCTb. OrrA CYIIIECTBCHHO
yryquaerctr, ecJrH B KaqecrBe paAHanbHbrx @yHxr1nft iloIIpaBorrHbrx
xonSnrypaquft r{crroJrb3ylorca _rpaHcQopullpooauHue QyHxqun pac_
cMarpr{BaeMofi xonQurypaqlrn Il 10].

66nluran BeJrIuqHHa xaprpu-EoroBcKr.rx HHTerpaJroB 3,,reKrpocra-
Tr'rqecKoto nsauruo4efic'rnax IIo cpaBHeHr.rn c noJry3MrrHpHqecKHMrI

Free Hand



70 2. Koppe,'rauuoHHble MeroAbI reopull aroil{a

npHBoALIr K CIICTeMaTI4qeCKOMy paCilHpeHIIIO 3HeprerHqecKofo cleKr-
pa. 3ro HHorAa I{cnpaBJlsercq nyreM yMeHL'IIIeHI4fl 3HaqeHzft HHrelpa-
noB.Fh u Gh s 1,2-1,5 pasa F1l-ll3l.

IIpx neyueHlrri ypoBHefi cepuu Pu46epra, B roM qI4cJIe sos6yrx-
AeHuq SJIeKTpOHOB Ha raKl{e ypOBHI'I npll norJIoIqeHLtI'I MflTKHX pe}lr-
reHoBcKnx Jryqeft, IUplpoKo IIpLIMeHflercg nonygMrlupuuecxuii MeroA
KBaHroBoro AeOeKra Ill4-Il5l. B npocrefiueM - oAHoKaHa"lt'-
HoM - BapI,IaHre (ceplra He Bo3Myulaercs ypoBHqMH Apylllx cepnfi
Pz46epra) sHeprnq cBq3H Bo36yxAeHHoro sd'IeKrpoHa attttpoKcllMI't-
pyercfl BoAopoAorroAo6Huu BbIpax{eHI{eu c aQ$errHBFibIM IJIaBHbIM
KBaHToBbIM .{[croM n".'

I.: (z*)' - (Z-N+llz (7)*'nt- 2(n*12 - 2(n-palz '
t[Q. fl*:n-pt - 

KBaHroBblft AeoeKr, c.na6o 3aBlIcflull]ft or n, qro'

IIO3BOJIfleT IIHTepIIOJII4pOBaTb I,IJIH SKCTpanO,'lHpOBaTb 3HeplulI CBfl3i{.

B 6o"'ree o6qeu MeroAe MHoloKaHaJIbHoro KBaHToBolo Ae$eKTa
BBOAqTCfl AOTTOJIHLITeJIbHbIe IIapaMeTpbI, Tox(e cJIa6o 3aBHcflulne oT
3Hepflrr{, Koropble yqI,lTbIBalor BsaulvloAettcTBLIe Me}xAy cepHflMI{-
Sror naeroA cQopnay"'rupoBaH H Ad'lq pe"rlsrHBI'IcrcKoro cJyqaq [116j .

2.2. MnoroxoHQnrypaqnoHHoe npn6.nnxrenne

OAIH as ocHoBHbIx MeroAoB yqera xoppe,raunft Me)KAy 3'TeKTpoHa-
^Mr4 

- l,ruororou$I{fypaulloHHuft (MK) MeroA. B sent Bo./IHOBafl oyux-
I1ufi aroMa [urercfl B BHAe pa3JIo)KeHIII He roJIbKo s 6as[ce Qyur<qnit
rofi xe ron$aryparlvv, KaK 3ro AeJlaercr B npoMexyrouuoti cBfi3i'l'
Ho x Apyrux xouQnrypaquft oAliuaxoeofi qerHocru:

o (t/) : z 
"F,", 

rY (K' y', J).
K'Y'

34ecr CI'r', - xoa$Qnqzeur pa3,'IoxieHut; V - o4uoxouQnry-
paquouHan- $yHxurza, onpeAeJleHHafl B oAHo- ullLr uuororou$Hrypa-
qraouHorra ilpt6,luxeHnrt; (D 

- MHoloKoHor'rrypaquoHHafl Syuxqua, co-
OTBeTCrByrOxIafl CMecU xonQurypaUuft, x6tx qacro 10 uan6o,rluer,ry
Becy prJrr{ nO npo14gxo1{AeHl4rc oHa npn6nvxeHHo O6osHaqaercq KBaH-

ToBbIMr.r qLlcJraula oAsofi rou$nrypaquH.
Ec,rn Qyuxullu V paccql.IrblBalorct B oAHoKoH$rrypaquoHuou

npu6nuxeHrrqr, a r<oaQQrzqueHTbI pa3JloxeHI'{r onpeAeJIflr;Tctl nyreM

AHaroHaJ'rH3aIlzll vrarpuubl aHepru14 e 6aszce arnx Qyuxu,l'tli, ro nue-
elr 6o,ree npocroft BapI{aHr uuoroxoHSurypaql{oHHolo MeroAa, Ha-

slrs aer4rrft tr-eroAonl B3av MoAeft c rBug HJtr4 H a,'IOxeHLIfl rOnQnryp a Uafi
(BK-;uerol).

B oprouopunpoBaHHoM 6asl'Ice ltuoroxoHQl'{lypauaoHnble Marpl{q-
Hbre g,'teMeHTbI ucitegaIOT, eC,lH rOuQUryDaUvV OTnI4qaIOTCfl KBailTO-

BbrMri rryrc,rrauu 6olee r{eM AByx 3JleKrpolloB. Tarae xoH$arypaunn
Br1,1rrroT Apyr Ha Apyfa .71I4[Ib rlepe3 esaar,IoAel?crBue c Apyll']MI{ KoI{-

(8)

Free Hand



2.2. MHoroxonsurypauuounoe npN6,'Iuxenue 7l

QHrypaurErlrH. Ec,ru rouQurypauwr or[IrqarcTcr cocrorHuqMl4 AByx
3,reKrpoHoB LIr'I14 OAHOTO 3,'IeKrpoHa, Xoropuft MeHfleT op6I{TaJIbHoe
KBaHroBoe qr4cr'ro, ro paBHbI HyJIIo MexxoHSarypauuoHHble Marpnq-
Hbre SJreMeHTbr oneparopoB oAHo3JIeKrpoHHolo rvna Hp, Hh H Hso
(no eroporr,r cryirae - 

BcJIeAcrBI4e cKaJIrpHocTH Ho, Hh I'I AI{aloHaJIb-
Hocrr.r Marpaqnblx a,'IeMeHToB Hto otuocfiTeJlbHo l). trns orKpbITbIX
BareHTHbrx u cy6ealeHTHblx o6oJloqeK, 3a I.{cKr'I}oqeHHeu p-o6o.novex
B TAXeJIbIX aroMax, o6blqHo orlycKaloTcfl cpaBHilTeJIbHO MaJIbIe MeX-
xouQurypaqv orrHble MarpHrrHble 3JIeMeHrbI oneparopa H"". KorAa
?TI'I M 83 AI,I MOACfi CTEV C},{ MCX(AY XOHQ UTYP A UHfl MIl NPCHE6PCUI HCJ'Ib3'I,

"u,rq pacqera Me)KKoHQHrypauuouuoft nocroqHHoft cnnu-op6uraJIbHo-
.ro B3aaMoAeficretas Cn, n,r Mox{Ho HcI]oJIb3oBaro npu6,'ttlxeHHoe pa-
BCI]CTBO

\nt, n'rxl,(,te,'itl2 (9)

OHt-i no.nyuaercfl I43 HepaBeHcrBa lllaapua, Koropoe Bc,'IeAcrBLIe tro-

Ao6us BoJIHoBbrx QyHxqufi P"t(r) u P,,,(r) e o6racrr MaJIbIx r,
B.i{ocflIrlefi ocHoBHoIi BKJIaA B (n, n't, flpaKrl{qecKl'I Mo)I{Ho 3aMeHHTb
paaeHcrnoirn [46] .

Ec,rn oAHor<ouOurypaqlloHHble BoJIHoBbIe 0yHKqI'IH paccqlrrblBa-
lorcs orAe,'rbHo AJIq ra>x4oft xou@uryparluII, ro oHH ,'II,Ilrlb npn6;ru-
)KeHlio oproroHa,IIbHbI MelKAy co6oft. lIo;rHuft oproHopMI4poeaHHHfi
6asuc Mo)KHo no,ryqllrt, flyreM 3aMopax(HBaHI'Iq BorHoeux Qyur<quri
ocroBa 14 pacr{era OyHxrl[fi eos6yx4euHblx sJIeKrpoHoB c oAHTIM I] reM

.xe rrpH6Jir.rlKeHHblM JIoKa,'IbHbIM IIOTeHIIHa"ION,I. oAUaXO 3aMOpa)KXBa-
Hne/ cyu{ecrBeHno yxyAmaer roqHocrb 6aglrcultx BoJIHoBbIX Qyux(HIi
H OnpaBAaHO TOJIbKO B TOM CJIyqae, KOrAa BaxHbI xapaKTepI,IcrIrKH
oAucii xon$urypaqIIH, a Apyrne rlpeAcraBJlflIor co6oft BcnoMotareJlb-
Hbre nonpaBOqHble xou$Hrypaquz.

C apyroft cropoHbl, paAHaJIbHbIe QyHxqr.rn pa3r'IHqHbIX xouQurypa-
rlHii c oAuHaKoBbIM I oprorouaJlbHbl c roitHocrblo l0-2- 10-3. Kar
noKa3aHo e [a6] , npu IzclroJIb3oBaHIlH npu6nrxeHHo oproloHaJ'tbHblx

Qyuxuurl norpelrrHocrrr rt3-sa onycKaHHfl HHrerpaJ'IoB flepeKpbIBaHHr
B pa3Jrr{qHbrx 3JIeMeHrax MarpI,llIbI eHeprli14 KoMIIeHcI{pylor Apyr lpy-
ra. C.[eAoearer'IbHo, BK-rr,reroa BbIIrrpbIBaer B rlpocrore H r-II'IIUb He-

3Haqure.rlbrlo nponrpblBaer B TorIHocrI,I, ecJIH B pa3,'IolKeHI,Iu (B) uc-
noJrb3oBarb xopollrl{e o4Hoxou$utypat1uoHHbIe BorHoBble QyHxllau,
HO Marprzrr.y 3Heprurr I{ BepoqTHocrI.I nepexoAoB paccqflrblBarb, npeA-
noraraq $yuxtltllt oprofoHailbHbIMI'1.

Mexxon$urypaIrHoHHble MarpHI{HbIe 3JIeMeHTbI raMI4JIbroHI'IaHa

BblpaXarcTcfl r{epe3 OAHO- I{ AByXSJIeKTpOHHbIe MaTpHr{HL'Ie SJIeMeHTbI

rpu noMoulr.r rexHI,lKH HenpHBOALIMblx reH3OpOB I,I leHeaJIOfHqeCKHX

xoa$$uqueHroB, r. e. raK xe, KaK a o4uoxoHSnrypaqlloHHoM c,ryqae.
OcHosnoe orJrurr[e - 

B MHox{urer'te, Koropstft noqersercr nplz nepexo-

Ae or MarpHrrHoro sJreMeHra oneparopa I, co4epxauero cyMMbI rlo Ko-

opAl'rHaraM Bcex S,rIeKTpoHoB cl{creMbl, K MarpHqHoMy .?neMeHTy OAHO-

rr.nr.t AByx3,'reKrpoHHoro oleparopa l, 4eficrnyrcu{efo ro,'IbKo Ha Koop-

Free Hand
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72 2. I(oppe;launoHHl,re MeroAbr reopuu aros4a

AI.IHATbI 3JICKTPOHOB, OTIIICTIJICHHbIX TCHCAJIOIAqCCKI,IMIA KOgOOHIII,ICH-
raMH ( ll ):

<KlrlK'):A(il) (,K tlK'>. (10)

Msoxnre,rl A yuurunaer pa3Jrrr-rrrHyro HopMr.rpoexy 6pa- u Ker-BoJrHo-
nux Qynxquft, coAepxalqHx pa3Hble qncra oKBI4BaJreHTHbrx H HeaK-
BI,IBAJICHTHbIX SJICKTPOHOB, OAIIHAKOBOCTb BKJIAAOB PASJI?IqHbIX qJICHOB
olleparopa I, a raxxe Sasy, loaeJrflroqyrccfl upu raxol'r [epecTaHoB-
Ke qacrrrrl qro 3JreKTpoHbr, Ha Koropble 4eficrayer oneparop, 3aHr.r-
nranu 6tt onuHaKoByro no3uurlrc s o6er4x $ynxuuax [1lT). B c,lyuae,
orreparopa oAHo3JreKrpoHHoto runa HMeeM:

(l l)

rAe K:nrl{,nrl{, ... nnlf;,; K':nrtfinrt{l ... nnlL; p H r -.
HoMepa o6oro,{eK, B Koropbrx qacra aJreKrpoHoB N ; n N! ord'rr4qa-
Iorcq Ha eAr.rHarry (Ann ocra,rsnwx q-2 o6o,ro.{ex oHH Ao,TxHbr coB-
na4am) i mt n mi - 

q.vcila 3JreKrpoHoB u /I: v lli o6o.rouxaxn
Ha Koropbre 4eficrnyer oneparop; \rp n vi a (ll) r{Meror cMbrcJr:

p-l r -l
ur: f .t/j+(Np- t), ,;: f N',+(N',- l), il/, > N,,, N,< N,,. (12)

j:l j:t

- B seAIaaroua,'IbHoh{ orHocLlTed'rbno xoH$nrypaqnrl Marp[r{HoM 3,'re-
Meirr€ on€paropa [B]x3reKTpoHHoro runa aHaJrot[qubrri MHo)KHTeJIb
paBeH:

Az(K, K'):(- l;uai v, 6r'- v/ v' r6.r (1 3)

3Aecl p, r, s, / - Holrepa o6o,'ior{eK c pa3,rInrIHbIMIi r{ncj'Ia}4Ll 3.r-IeKT-
poHoe ly'd n Ni s o6eux xoHQrarypaqr.rflx: vr, \'i il tfti, tt't'i lrMeror
ror >Ke cMbrcr, irro n e (l I ) .

Coorsercreytou1ne BHpa)KeHHr B pe,'iflT14BHcrcKoM npH6.rzx{eHHr.i
noJlyqarorcfl salregoft o6o",roqex ua noAo6o"roqxn.

floc.ne onpeAe,rreHlrq MHox(Hrenx A2 u orulenJreHr,rq npil noMouln
reHeaJ'ror[qecKux xoeQQuuneHroB aJreKTpoHoB r.r3 o6oroqex p, t, r, s
MoMeHrbr aJreKTpoHoB, Ha Koropbre 4eftcrnyer oneparop, cBfl3brBalorcq
npH noMoxlu Marpxq npeo6pasoeaHr.rx e oSutne pesyJbrr.rpytoxlrre
MoMeHTbr u rorAa uexronSlrrypaqlroHHbrfi uarpuvulrii sre\,{eHr Bbrpa-
x<aercr cord'racHo (1.65), (1.66) qepe3 AByxa/,'reKrpoHHL,rft sreNleHr.

B Heperqrr4B14crcKoM npn6,rux<eHnra oSuluft AByx3JreKTpoHsuft
naarplavHrrii 3r'reMeHT orreparopa aJreKrpocrarlrqecKoro esanuo4eftcr-
BHrr paBeH:

A,(K, K'):(- r)uo-u'. 
II (;j)"' (,,\,)",

n (il;)"' (:,)"

T ['-
(n11, nrtzLS Ih" I nili n2liLS) :2NN' ( - 1)'i*" l)t x

Free Hand



2.2. Msoroxon$unypauuouuoe npu6,raxeuue

"l'; ',i 
tol 

,t,il cto ,, t) (t,tl ctu ,, ti) Rk (n't'n,t,, nitinzt)+

*, - t," { ii '; l,l ,,,1r cro ,, t)) (r,r c(k) l /i) x

x Rk(2, lrnrlr, nrlin'1fi],

R*(49, n'9):* I f jr-- r,Q1)Ps(r2)Po,?')Ps,Q,)drydr2'
0

IJ

rAe N u N' - HopMr,rpoBorrHble MHox<areJlkt BoJIHoBbIX @yHxunfi 3JIeKT-
poHoB n111, n2l2 u nil't,nlli (1.104), a Rh - o6urnft HHrerpaJI sJIeKr-
pocrarHqecKoro 83aLIMoAetlcrsus :

(14)

(l 5)

Os se MeHflercfl flpn cJIeAyIoqIdx nepecraHoBKax ua6opos KBaHroBbIx
tII'ICCJI:

Ru(o9, n'9'):Ro(n'9', dP):Rt(e9', a' p):Ru(or'p, ocB'):

: Ru (9oc, 9' oc') . (t 6)

B qacrsux cJryqarx LIHTetpa,'I RA npenpaulaercfl B oAHorouQnry-
paulroHHbre r4HrerpaJrbr Fh u Gh:

Ru(o9, o"P):Fo(o, 9), Ro(nF, 9a"):Go(", 9). (17)

B or.nnqlte or Fh n GA, xoropble BcerAa rIoJIoxLITe.IIbHbI, HHTerpa-
nu -Qa, coAepx{aul4e pa3iluqHble paAuaJtbHue Qyurqrn, Moryr npl{-
HI{Marb I{ OTpI{iIareJIbHble 3HaqeHuq.

!,eyxanenrpouuutfi nrarpuvuufi sJIeMeHr oneparopa h" otuocnte,ll-
Ho peJrflrI{BLIcrcKI4x BoJIHoBbIx @yHxunfi laMeer BHA [7 l, 48]

().1 ).2 "f I h" | trr 
^4J)o 

:21y'1,, i,.l[1", i. [(]1 lz "f I ftiz I ]u \nJ) -
- ( - l;,:+,;-r (),1 12.r I hiz \a\ J)1, 7,,, = n, 1,j,,

+ Rr (-I1 i.2, Is).4) + Ro 6, ).r, rrrd]. (t e)

3Aecn LIHrerpaJI Ra o.npe4e.neH corJlacHo (1.179), a Ni, r, - aHaJIo-
rr4rrHo (1.104). HeAnarosaJIbHbIe orHocLIreJIbHo xouQnrypaqufi uar-
pHqHbie 3JreMeHTbI oneparopa 3a[asAbIBa]oulero 83aLIMoAeft crsns (sro-
pofi u,reu a (1.1726) ) pannu uy.nn [7], 48].

t .it
().1),2'I lhiz)^s\4J):(- l;i"+"r.+ ttir'ir'i"'inftt' r ( I

; \-t

(1 8)

:':)"

"('-+ : 
t)lti, t,', 

i ) ,^-,n,)'2, )'s)'4)+Ro(1,I,, r,t4)+

Free Hand

Free Hand



74 2. Koppe.'lsqnoHHbre MeroAH TeopHI{ aroMa

O6qlre BbrpaxeHnff AJrfl MexKoH@nrypaqnoHHbrx MarpLIr{HbIx 3re-
MeHTOB OrrepaTopa SJreKrpocrarHqecKoro uaar,rNroAeficrBlrfl B HepeJrfl-
rlrBrrcrcKoM npu6ra>xeunr.r npr.rBeAeHbr B lll7, 43, 461 , a oneparopa
Bpefira B peJrrrlrBucrcKoM npu6auxeunH - B [7], 48] .

Ecnu xoH$urypaqHH orruqalorcfl KBaHToBbIMn r{ncraMH To,'rbKo
oAnoro gJreKTpoua, ro Me)KKoHQurypauuoHHuft uarpnr{Hblft 3.rreMeHT
oneparopa He coc"tonr r{g cyMMbr qJreHoB, coorBercrByrournx B3aHMo-
AeficreHro groro sJreKTpoHa c sJreKrpoHaMr.r pa3JrHqHbrx o6onotreK, B

roM qr.rcJre sarroJrHeHHbrx. B c.nyuae roHQnrypauuft ( vt I(', ornuua-
torr1uxcq rJraBHbrM KBaHToBbTM qr.rcJloM oAnoro 3JIeKrpoHa (coornercr-
Byloxrnx oAHo3neKrpoHHoMy nos6yx4euuro nl--+n'l) npu HcnoJrb3o-
BaHuLt AJrfl Bcex oJreKrpoHoB xonQurypaq[rr K', KpoMe n'l savopo-
x(eHHbrx BoJrHoBbrx rpyuxuufi xouQurypa\Hr4 K, uexxou0uryparluoH-
HbIe MarplrqHbre aJreMeHTbr oneparopa H" rroJrHocrbro HJIH r{acrnqHo
KoMneHcupylorcfl MarpurrnbrMtr gJreMeHraMH orreparopoB Hh v He (oHt4
Bbrpaxarorcfl r{s ypaBHeHnfi Xaprpr.r-(Doxa qepe3 oAHH r.r re x<e
paAllaJrbnbre HHTerpaJrbI Rh). IIorHaq KoMfieucarlsx Qoprvry.rrnpyercq
KaK reopeMa Epun.rrceua:

(Ky l(Hk + H p + H,)l K' T') : 0. (20)

OHa ssrnorHrercs AJIfl Bcex xoHfnrypaqrEfi sroro runa roJIbKo s 6a-
3r.rce oAHoAerepManaHrHbrx BoJrHonux Syuxqwft, a s 6asuce BoJrHo-
nux $yurqufi csssaHHbrx MoMeHroB - fifiurb Arrr HeKoropblx xoHQn-
rypaquft. Hs o6lldr.rx coorHorrreHrlfi rr,rex4y rrlexroHoarypaqproHHbrMH
MaTpHqHbrMr.r 3JreMeHTaMr{, noJlyqeHHbIx Ha ocHoBe Bapr,raq}roHHoro
rrpnHrluna IlB] , cJleAyer [19] , qro B npu6luxeHnsx XO-r unn
nsocfiuHoiloro 6agnca reopeMa Epurnrcaua Bbrrro.rrHrercs. EJtr, Bcex
MrroroSr'reKrpoHHbrx cocToffHHft cJreAyr,oulx (u ro.nlro arnx) xouon-
rypaqnft:

K[nl - K'on' l, Konlz - Konl n' I,

Konlat+z - Konlat+r n' l, K6n1nr*z n' llt+t - K[nlar+r n' lat+z,

Konl4t+z n' l4l - Konl4t+t nt l4t+t .

3Aecr Ko - 3anoJIHeHHbre o6oroqru, a Ki MolKer coAeplKarb, Kpo-
Me 3arror'rHeHHbrx, TaKxe oAHy orKpbrryro o6o.novxy rnna fl616 Elw
,oltt"*t. O6e rouQHrvpaqut,t BXoAqr B sru ilapbr HepaBHonpaBHbrM
o6pasom (ucno.nlsyrorcq saMopoxeHHble BoJrHoBbre Qyurunu nepnoft
xon$urypaqur.{) r s o6qeM cflyqae Hx HeJrb3fl nepecraBJrrrb MecraMr.r.

B npr6.nuxesnn X@-cp reopeMa Bpu,r.nrcaHa Bbrnor'rHnercrr Jrr,mrb

4na xoH$nrypauuft:

Konl - Kon' l, K"nlatnz - Konlat+r n' l,

Konlat+2 4' l4I+1 - Konl4t+t n' I4l+2 .

Ec,'tir uexxouQnrypaqnoHHbre MarpaqHble sJIeMeHrbI Hcqesalor B

npn6nvxeHau X@-r, Ho He paBHbI HyJIro B npu6.nuxeHr.ru X<D-cp, ro
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BorrrgoBafl QyHxqux X@-r npn6JII,IxeHHo (n nepeonn noptAKe reopull
Bo3MyrrleHrih) eupaxaercf B BI4Ae cyrepno3llllIlx Bor'IHoBbIX Syur<quit
,coorBercrByrox{ux KoHsAlypaqI4fi B 6a3HCe XO-cp,HanpIzMep:

Y (Konrlfit'+t nILSJ)xo-,: \ c^,Y (Konot{"+1 n' ILSJ)xo-.p. (2t)

CylrriaupOeaHue tto n' TaK>Ke BKIIOqaeT LIHrelpupOBaHHe IIo K9HTI4-

HyyMy nol$t"+t el.
Ecnn reopeua 6pu,r.nnaHa He BbltloJlHflercr, Bce )Ke B Mex(KoH-

QnrypaqnoHHoM MarpuqHoM sJIeMeHTe, coorBercrBylouell oAHogJIeKT-

fOnnouy B636yX{AeHVIO, [crIe3aIOT HeKoTopble qIeHbI. B uarpuuttgtvt
3JreMeHre HepeJIflTHBHCTCKOTO TaMLIJIbTOHHaHq Me)KAy KoHoHrypaqHfl-
Mr.r Knrl{'i, $'n" l{' v Knt l{'n, $'-r n, l{"*t (( . ,r.ro6ue o6o-
rorrKu) novrneucupynrcn (12:ls) unu paBHbI wynro (l2t'le) c,'reayro-
ulr4e qreHbl [119] : 1) npu .lrc6ux Nt, Nz, NB - co4ep>xati(lte HHret-
pa,ru R0 ln2tinztzi n2l2nsls) , R0 (nslenzls, nzlsnzlz) u ft),(n2l2n1h, nzlznlt);
2l npn' ly'1:4lil2
Rk lnrirntlt, nllpsls) ; 3) npu N 2: 41212 unu N s: llrf I - coaeplKalure
rrurerpa;rn Rt'(n212n212, izlznsls) u Rh (nsftnzle, nzlsnzlz) coorBercr-
BCHHO.

Cor.nacso [onpaBKe K aHeprua Bo BTopoM rlopltAKe reopl'In Bo3"

rr,tylIleuuft r,r K BoJlHoBofi QyurqzH B nepBoM nopqAKe' ypoBHn AByx
xouQurypauuft cMexluBalorcfl reM cIlJIbHee, qeM 6onrrue coorBercr-
Byroulge uexxoHsntypaugoHHbre MarplrrrHbre 3JreMegrbr H r{eM 6l1rxe
3Heprerr.rqecKH HaxoAflrcfl ypoBHH arux xoH$r'rrypaquft Apyf K Apy-
ry. 3rO [o3BO,rIseT AJIfl OIIeHKU CTeneHH CMeIIIHBaI]]Ifl BBeCTH BSJIHllI{-

Hy - cr.rJry B3aHMoAefrcrBLIq KoHo[rypaqaft [120]:

T(K, K'): tE(K)- Eqx'11-.. f (Kyl 
I 
H I K'y' J)2,

''t"t'lM

rAe .E(K) a E(K') - cpeAHI'Ie 3Heprnlr KoHQurypauuft. Cyurvrlrpoea-
Hne ro vrexrcoHSurypaqll6HHblM MarpHqHbIM 3JISN{SHTaM MOX(HO_IIpO:

Becrr{ B o6qeM-eLIAe [19] r Bblpa3ltrb 3aBI'IcHMocrl 7(K' K') or
qI{ceJI aJIeKTpOHOB B o6oloqKax B BLIAe MHOX{IlTe,rIeft twna 6nsolrua.nl-
Hux xoa$$rIrHeHroB.

Ecnu T(K, (') Aenr.nr, Ha P(K K') - 
r{Hcro cocroflHlift r<ou$n-

rypaquu K, cMeurrasarcxluxcfl c cocroflHunuIz xouQurypaqlla K" to
nory.raercrr Be,'I[qI4Ha, npu6.nuxeuno paBHafl cpeAHeMy 3HaqeHI4]O

KBaA,para Beca KoHQI{rypaItHH /( s Syuxqnz ypoBHs KoHQvrypa-

\uu K',:

c2(K, K'):#E# (23)

@opruyna (22) yrouHflerct, ecrll{ BMecro [E (K) -E (K') ]2 Hcnonsso-
Barb KBaApar pa3Hocrn eueprufi Me)KAy B3aHMoAeftcrByIouIHMrI ypoB-

(22)

Free Hand

Free Hand
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HrMH, ycpeAHeHHbrft c yverou Be.nr{qHHbr Mex(KoHor.rrypar{HoHHbrx Mar-
pHqHbrx gJIeMeHTOB:

f IJ!((K^il | Hi KyJ)-(K' r' JIHrK' r' J>)2 ( K{t Hi K' r' J>z

_:-'t, ., .t' J _
t-r
Z lJl (KtJ lH 1 K'y' .1 ,z

;'t' '('J

(24)

OcHosHbre rHnbr cnnbHo BsaHMoAeftcrByrorrlHx xonsr.rrypaqnfi B
aroMax paccMarpr.rBarorcr B pa3A. 3.4. Vqer MeroAoM BI( Hecxo.rrlxux
raKHx xou0Hrypaqufi qacro nosBoJrrer cyrqecrBeHHo yroqHnrb 3Ha-
qeHrrfl sjl_e-pruft r,r ApyrHx sennql{i{. OAsaxo npn pacrrrHpeHrH 6asHca
MeroA BI( cxo4nrcs AocraroqHo MeAneHHo - AJr pacqera Koppe-
,rtqnouuoft 3HepfHri ocHoBHoto cocrotHltrr c roqHocrbro Ao HecKoJrb-
KHX lrpoqenroa rpe6yercq yrrer HecKoJrbKHX COTeH r4 AaXe rbrcrrr
xottQurypaqafi Il21). !,.rr lerrnx aroMoB HMerorcfl pacrrerbr s 6a-
sncq coAepxaqeM 6olee tuecrr.r rbrcflq xouQnrypaqnft.

Eoree sQQexr:xnHHft H sna.rnreJrbHo 6ucrpee cxoAsulHficrr MHo-
rorou$urypauuoHuuf, MeroA U22, 45, l23l -(uueHno 

oH B y3KoM
cMblcJre a HocHT 3rO Ha3BaHne), npn KoTopoM B pa3JIO)KeHHH

o:r
"tYt (2s)

olruMn3npyror-ql'He roJrbKo xoeQQuqnenru cl, Ho H caMH BoJrHo-
nue Qyurqnu Y' Flogcrao.nnx (25) B BbrpalKeHue AJrfl aHeptnr{

.E:(olttt, :Z r?(Yyllli!ry)+ 
A,'"r,,(y.,lr1lyy> 

(26)

tt Ao6 aailfl.fl, Mgox(r{reJru .Ilarpanxa, o6ecreqnsanqae oproHopMr.tpo-
BaHHocrb oAHogJreKTpoHHbrx paAr{an},Hbrx Qynxqfifi, loryqaeM MHo_
roxoHQarypaquoHHuft Synrquoua;r. flpu Bapbr.rlroBaHnH ero orHocr.r-

Tg+oHg P"t(r) noryqarorcn ypaBneHr.rfl Xaprpu-<Doxa-IOqnca [122,
4,5] . OHa HMeror raxofi xe o6qnft BHA, KaK r{ ypaBHeHHa Xaprin-
@oKa, rro coAepx{ar AorIo.rrHHTeJIbHbIe r'rexxoHQaiypaquoHHue qJreHbr,
IlpokcxoAsxlHe or nropofi cyMMbr e (26) (e sanucnuocrpr or rlrla
uexxoHQnrypaqrouHoro HHrerpaJra r.r qacJra Qyurunft p,r(r), co-
Aepxaufixcq B HeM, oHr,t Ao6asJrrorcrr x o6rrlesnoft, rroreHqHanlgoft
QyHxrlnana HilH K ent,nr). Vpannenux Xaprpn-<Doxa-IOrlHca peua-
rorcs caMocorJracoBaHHo c pacqeroM xoaSQnqueuros cr _ Anato_
uarnsauxefi lrHororoHSHrypaqhonHoft uarpuqu aHeprrdri.

_ llpaxrnvecrq MK-rvreroA rleJrecoo6pasno coqerail c BK-rrreroAou:
6oree roqnbrM H3 HI,rx oilp.eAensrb cMeuI.rBaHHe 6Jrnsrexa[rnx, cr.rJrb-
Ho nsaiauo4eftcrByroqux xon0nrypaqnft, Hanpr.rMep, xoH@zrypaquft,
rrpr.rHaAJrex<aqux K oAHoMy r.r roMy )Ke KoM[JreKcy, a sareM BK_ue_
ToAoM AorIo"'lHI{T€JIbHo ytlKTbIBarb HeKoropoe qI{cd'Io MeHee Bax(HbIx
rrJIeHoB pa3,rroxeHr.rn (25) [45] . 3ro coorBercrByer pa3AeJreHHro BoJr-
Hosofi $yHxqraa Ha ABa qreHa

O:1 0> + l l ), (0 1 1) :0. e-t)

Free Hand
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flepnuft a3 HHx paccqnrbrBaercs MK-MeroAoM, a Bropoft - BK-ue-
TOAOM.' OcnosHafl qacrb roppelaqurt MexAy 3neKTpoHaMH HMeer AByx-
aJleKrpoHHbrft xapaxrep [23, 95] , rroaroMy l l > npu6.nuxeHHo Mox-
HO IIPCACTABI{Tb B BI.TAC CYMMbI I]O IIAPAM 9JICKTPOHOB, COACP)KAIqNX.
ca a l0):
tr>:r lrp).

I
34ecr I lp) - Qynxqnx napHori KoppeJrrquu

I lS ) = | ln,4n,t"L,s,^1,z,s"ls) :

: f cn,r"nat4Llslln"lunnlnLrSr.{zLz,S2ZS),
nr16nala

t[e n1lfi2l2 - rapa 3JreKrpoHoB paccMarpHBaeuoli xoHQurypaqna,
nepecBt3aHHbrx B o6qne MoMeHTbr LrSri KBaHroBbre qHcJra yzLzSz
o6ogn atl alor noAclrcre My ocraJrbHbrx gJreKTpoHoB aro M a.

Vrovnrrculas flapa nslsnala or.rrHqaercfl or nJflzlz xorq 6H oAHr4M
KBaHroBbrM qncJroM. (oa@Q[queHrbr c onpeAeJrflrorcfl nyreM Ariaro-
HaJIH3arIHrr Marpr,rrlbr gHeprrrs c yqeroM ocHoBHbrx (nxo4xllnx B l0>)II Bcex nonpaBoqHbrx KoHQzrypaquri (ucno.nlsyeuux B cyMMe rro
nslstrala Adrrr AaHHoro p). llpu 3ToM noJryqaeMar nonpaBKa eg K
:Hepruu fMK

Eu:6ux*EB, Ew:(0lal0) (30)

Ha3brBaercfl aHeprneft napnoft Koppensr{Hn.
OcHoeHoe nper.rMyruecrBo MeroAa napHbrx Koppe!'rffrlr{ft - aAAu-

TKBHocrb BeJII,IqHH eB, I,tX cna6ag 3aBl{cnMocrb or KBaHToBbIx rIH-
ceJI rraccriBHbrx gJreKrpoHoB a xoH$urypaqwvr, AJrfl xoroport oHH orr-
peAeJleHbr, a raK)Ke MoHoroHHafl 3aBncl4t\,rocrn or Z. 3ro nosgortier
Arq pacqera oHeprrar4 HcrroJrb3oBarl Qopuy.lry

E:EMJ{+ (3 1)

B npasori qacrr.r (29) onepaqkn cyMMr.rpoBaHHfl. H cBfl3brBaHlrrr Mo-
MeHToB KoMMyrrapyror MexAy co6ofi, [ooroMy cyMMHpoBaHHe MoxHo
npoBoAt4rb rro AByxsJIeKrpoHHbrM BoJrHoBbrM $yux{nalr.

!,eorluaa cyMMa rro rJraBHbrM KBaHToBbTM qrdclaM aJreKTpoHoB no-
rrpaBoqHbrx [ap

r
nnt

cno. lnln'l'LS> (32)

(28)

(2e)

I .^.
I

npn HcrroJrb3oBaHnH TaK HasLdBaeMbIX eCTeCTBeHHbTX Op6nra.nefi
[97] - xnHeftHbrx KoM6nHarlufi pa4uaJrbHbrx Qyuxqtfi, Ar.ratonaJrn-

Free Hand
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sr.rpyrcurx MarpHuy Koeoor,rqHeHroB cnn,, peAyqupyercn K oAHo-
KparHbrM cyMMaM [45]:

t Z t,,lnln'ILS):Z t;inlzLS)^,,I,+,S - qeruoe,
n n'(>n) n

(3 3)

; Z ,,,,)nln'tLS): Z ,;lnl(n*l)lLS>,t, Z+,S - Her{ernoe, (34)
n n,(2n) 

to,,'= D

f Z r^,, lntn' t' LS) : Zr;1nln' I' LS)o,, l* I',n" :nt(nr-nr). (35)
n(>n) n'(>n) n(>n^)

3iraqox nt y vonuonoft @yuxqnr.r yKa3brBaer, qro flpu ee nocrpoeHlrn
ac rroJr b3oB a r{ br ecTecTBe H Hbre p aAr{ a JrbHbre op 6 wT ailr4.

flepexo4 K ecrecrBeHHbrM op6ura.nnn rrosBoJrfler r4cK,rnqnTb u3
pa3/ro)KeHi4n $yHxrluu napuofi KoppeJrflrlr{E MHotr{e qr'reHbr. 3ro ue
AaeT Bbrrtrpbrrxa B Bl(-rraero4e, raK KaK AJrff orrpeAeJreHr{fl caMr.rx ec-
recrBeHHbrx op6nrareft ueo6xo4uuo 3HaHHe Bcex BoJrHoaux Qynxqzfi.
O4uaro n Ml(-rraeroAe ecrecrBeHune op6nrarn [oryqarorcq aBroMa-
rllqecKr KaK Jryqrxne oAHo3JreKrpoHHbre BoJrHoBbre $yuxqnra [a5] , no-
3roMy B pa3Jro)Kenurz MK-QyHKqar{ cJreAyer yqr.rrbrBarb Jrulrb KoH-
Surypaqan, coxpaHflrorqaecfl B cyMMax ttptl repexoAe K ecrecrBeH-
uurr,r op6ara,IflM.

llo4o6uoe pasAeJreHr,re KoppeJrflr{r{oHHofi aueprnu Ha BKJraAbr or
IIap atreKrp.oHoB HcrroJrbgyercfl H B peJrflTKBHcrcKoM uuororou$ury-
parlr4oHHoM uero4e [73].

2.3. CraquoHapHas reop[c nosruyuleHnfi

Paseurae MeroAoB TeopHH Bo3MyureHr.rft w paatupeHr4e Bo3Mo)KHoc-
reft ux pealru3ar\kru Ha 6brcrpo4eficrnyrcrqvx KoMrrbnrepax c[oco6-
crByror 6onee ulrpoKoMy npraMeHeHlrrc reopuu Bo3MyrqeHr{fi A.ts onH-
caqvrtl He Tod'rbKo IIpocTefiIxI4X aToMHbIX CICTeM, HO H aTOMOB C OTKpbr-
rut'rn o6o.noqKaMa [47, 124-1271. Cnaqa.ua 66nr;lrux ycnexoB Ao-
cTlrr,ra 3aBHcqruafi or BpeMeHr.r Teop[q Bo3MyrrleHr.rfr. tr Io cux IIop
oHa qacro npr.rMeHflercfl TaKx(e Arfl pacqera ypoaHeri eHeprufi n Apy-
rtlx cra(I{oHapHbrx BerI{.rLIH. O4uaxo B noc,'IeAHee BpeMfl 6ucrpo
pa3BnBaercs 6o;ree ripocrafl cral{[oHapHafl reopnq Bo3Myr{eHr4ft, sua-
KoMcrBy c xoropofi (a ocuosHoM orrnpaflcb Ha ilAeH pa6or [47, l2B,
1291) u rocBflureH sacrosurnft pasAeJr.

TeopHa BosMyuleHr-rft ucxoAur r.r3 B03MoxHocrr{ pa3AeJreHr.rfl ta-
MI,IJrbroHHaHa cvcreMbr ua 6onee npocroft H B To x{e BpeMfl Aocra-
ToqHo pea,'IIIcrI,rqHltfi uo4e;llHuli rarr,rnnbroHl{aH Hs I,I aosr,Iyulegae V;

H:Ho*V. (36)

Free Hand
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llycrr r{3BecrHbr co6crBeHHbre QyHKuHr4 H co6crBeHHble 3HaqeHws. ta-
MIdflbTOHI,IAH& I1g

11oY\,o): Eto)Y(o), (37,

a }Irqyrcq peueHHq ypaBHeHHq lllpegr.rHrepa AJrn no"rrHoro raMr.rJrb-
TOHLIaHa

HY^r:ErVr. (38)

Pas4e.nHu npocrpaHcrBo OyHKqHfi V!0) Ha MoAeJIbHoe llpocrpaHcrBo
P, co4epxauree BoJrHoBHe SyHKrlr{r paccMarpr.rBaeMoii KoHSHrypaIrI4r
r( (n c.nyuae KoHQIlrypaIIHH c 3aTIoJIHeHHbIMLI o6oJIoqKaMLI - oAHy
SyHxIIuto) 14 Aono,'IHIrreJIbHoe ltpocrpaHcrBo Q, n xoropoe BXoAsr
Bce ocraJrbuue SyHKllrzrz Yfo). Ec.nn ,K coAepxr.rr orKpblrble o6o,roq-
Kr4, To s P rrerecoo6pasuo BKJrroqr{rb raKx(e QyHxrlutt Apyrnx KoH-

Qnrypaqnft, cr.rJrbHo B3aHMoAeficrByIoIrIHx c K, s roM uI.tcJIe Synr<qun
xoHQurypaquft, rroJryqaeMbIX nyreM nepepacnpeAeJleHHr aJIeKrpo-
HoB B orKpbITbIX o6oror{Kax.

BseAer{ oleparopbr npoeKTxpoBaHvfl Ha MoAeJIbHoe n AoTIoJIHIZ-
reJrbHoe npocrpaHcrBa :

P: r lYfo)) (Y\.0) l, ^(:r, . . ., d,
"(eP

a: r
gdP

lY[o)) (Y[o)1.

Bc.reAcrs Ize rroJl Horbl 6 aswc a Bod'I HoBbI x Qyttxqu fi

P+ Q:t. (41)

3ro noseorqer pa3Aelurl Y" Ha MoAeJIbHyro SyHxuHIo Vto) H rlo-
nPaaxy (Dr:

7g

(3e)

(40)

Yy-(P+O)Yr:Vfo)+(Dr, 1:1, ..., d,

Yfo):PYy, <Dr:2Yr.
O6uqHo r{cflonb3yercfl. raK Ha3blBaeMas rlpoMexyroqHan HopMIipoB-
xa: Vfo) cqr.rrarorcfl HopMLIpoBaHHbIMI,I " 

(Ylo'lor;:0, rorAa ,f.,
fl Brfl rorcq,rnurr npu6JIHX(eHHo Hop Ml.rpoBaHHbIMLI.

Aa.nlHefimee paccMorpeHI4e pa3,'IHqaercr B rroAxoAax Bpu.n,'Iroa-
Ha-Bnrirepa n Pe.nea-[IpeAl4Hrepa. Csaqa.na roryr{uM psA Bo3-
rrayureHrzft Bpnn.nrcaHa-Buruepa B HeBbIpox(AeHHoM cryrlae. llpeo6-
pa3yeM ypaBHeHHe (38), ucno.nazyx (42) Cf{,o)=Yo, @r:O, Ef)=Er,
4= E)

(E- H)a:yv -(E- Eo) vo (44)

(42)

(43)

cropoHbl paBeHcrBa (44) c,'Iesa oneparopolrl Q,
Ho

n 4eftcrnyr ua o6e
KOMMyrHpyroqr,rM c

(E-H)A:QyY. (4s)

Free Hand

Free Hand
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Onpe4enravr o[eparop pe3orbB€Hrbr IE.]

(46)

3HaMeHareJrro caeAyeT Ao6aB-
fE paccMarpllBarb KaK IIpeAeJI

(47)

(48)

TE(E-HJ:Q, Tn- .oE-Ho'

Ec.nu Ee: E, ro K 3HepterllqecKoMy
JrflTb MaJryro MHr{Myro BenHqHHy irl r.r

npk r1-+0. l{cnonrsyr roxAecrBo

T":Z zEtY"8)) (v[o)i,
I

HaxoAHM crreKrpanbHoe pa3Jro>KeHrze ofleparopa T s:

- -T 1v[o);1v[o),, E_ h __E_ny_

, I,Icno,rlsya AJrfl (D Bbrpaxenne, cJreAyroqee r.r3 (45), H noAcraBJrflfln $2), rroJryqaeM ypaBHeir.re A.irs V:
Y:Yo +TEI/Y . @g)

BeeAeNa no.ilHoeofi otteparop e,
$yHrqraro Ve B roeHlro Syurr1zrc
HoM npocrpaHcrBe):
u/ _ a\ trtr -A.E r 0.

VpasneHue Ann e2e cJreAyer r,rs (49) rpn HcnoJrb3oBaHHH

Qr: 1,+ TEv(tE.

Peruaq ero r.rrepaqaoHHbrM rryreM

or:r +rEv+rFvrFv+ : i (#q r)^
z:0

LI IloAcr-aBr'rna n (50), HaxoAr.rM pa4 Epr.l.rr.nrcsHa-BnrHepa AJI' BoJr-
Hosor? Qyuxqr.rr.r:

v: f G+ r)'*o. (53)
n:o

Ec,'ru oneparopoM P no4eficrnoBarr, cJreBa Ha ypaBHeHue (44), a
sareM yMno)Krrrb eto Ha qVol, ro floJryqflM ypaBHenr.re AJrq oHeptlrn

E:Eo* (Yo IZOE LYo), (54)

xoropuft npeo6pasyer MoAeJ'rbHyro
V (oH AeficrByer Jrr.lllb B MoAe,yrb-

(s0)

(50):

(s l)

(s2)

Koropoe npr{ r{crroJrb3oBaHur.r pa3J'roxeHnn (52) rpeBparqaercfl B prA
4,'Ir. sHeprflrl. I(ounaxr+afl saTrLrcb pflAoB a onepaiopHori Qoprrae (52),
(53) .nerxo repeBoAr{rcs e o6Hqnyro uarpuv"yto $opry, ecJur ore-
paropbr 3arracarb B Br.rAe (48). llpoexqnosusrft oreparop Q Hcirnro-

Free Hand



2.3. CraquonapHar reopufl Bo3MyueHufr

qaeT H3 KaXAOIO I{IeHa CyMMbI HeKoTopble MaTp}IqHbIe 3JIeMeHTbI.

Hanpnuep, Anfl sHeprun noryqaercq H3BecrHblfi pn4:

B1

E: Eo,_ (Yo Vl Vo) + f l < Y'-LZ rI8) 
" 
i' *

seP L-EA'
(5 5)

B c.nyuae BbIpoxAeHHfl paccMarpl'IBaeMolo ypoBHfl Ee Bce ocHoB-

Hue $opuy.nu ocrarcrcfl B cEJIe, oAHaKo B KaqecTBe Vo Heo6xoAuuo
HCrlOJrb3OBarb .nUneilHyto xolr6uHarlurc MoAe,'IbHbIx @yHXI{Hfi sroro
ypoBlrr, Koropar sBJlflercr coScrBeHHofi QyHrqI'refi oneparopa VQr n

aanHou npn6nux<euuu Ii reM caMbIM c,ra6o ficKa)Kaercff noA, Aeftcr-
BI{eM BO3MyUleHHfl.

Kaxaufi q"'reH pflAa Epu.,r,rrcena-BurHepa coAepxl{r 3aBI'IcHMocrL'

or Her.r3Becrnoft roqnoir auepruu E, noarouy pacr{er rpe6yer rrpoue-

Aypbi caMocorJlacoBaHlrq, a pellleHl{e AoJIxHo npoBoAl'rrbcfl orAeJIbHo

AJrr KalKAoro ypoBHq. B c.nyuae xon$nrypaunfi, co4epx_aurux MHo-

ro ypoeuefi, 6oiee lAo6uuu oKa3blBaercfl PqA Pe,ren-lllpeAl{Hlepa.
llycru MoAeJIbHoe npocrpaHcrBo coAep>rur 6o,ree qeM oAHy Qynt<-

qnro. Aga;rorur{Ho, KaK v A"Iq pf4a Epa"r,rrcaua-Burnepa, BBoAI'IM

oneparopbr flpoeKrr{poBauvs P (39), Q (a0) n Bor'IHoBofi oneparop Q:

Y":QY\.0), ^(:1, 2, ..., d. (56)

llpu nouou{rl 3rLIx oneparopoB ypaBHeHI4e lllpe4anrepa (38) npeo6-
pasyercr B gKBr{Bad'IeHrHoe erray o6o6qeHHoe oneparopHoe ypaBHeHHe

6roxa {a7l:

[Q, flo1r:VQP-QPVQP. (57)

I(aa4parHue cro6ru o6ogna.Iarcr KoMMyrarop Q c H6. Oneparop P,
croqlrrufi cnpaBa, [oKa3bIBaer, qro ypaBHeHHe BbInoJIHffercfl. Ailn
QyHxurzfi MoAeJIL,Horo npocrpaHcrsa. Peuraq ero HTepaqnoHHbIM rly-
TeM, Haqr,rgafl c O(0):1, noryvaevr px4 4,la Q:

C):1*Q(r)-uQtz)+... (58)

n-it qneH psAa orrpeAeJlffercfl ypaBHeHHeM, cJIeAylouHM H3 (57):

[o("), I/ ] P:QVQQ-|) P * Q(a-n) Pv{l(n-t) P . (5e)

SHeprHn aroMa, KaK v B cryqae pa4a BpN.rurcgHa-BurHepa, Ha-

xoAr.rrcfl H3 ypaBHeHI,Ifl (54), Ho c BoJIHoBbIM orteparopoM, yx(e He

3aBr{csrqllr{ or E. 3ro ypaBHeHLIe }Ao6uo npeo6pasoaarl, neo4a e$-
QerrHnuuu raMHJIbroHHaH, Koropblft, 4eficrrya Ha MoAeJIbHyro $yux-
uHro, AaeT ToqHyro SHepturc:

tr: (Vfo) lH"/ Vto)),

H"f :PHQP:PHrP+ PVQp.

Ec.nH e Marplrue o[eparopa 11""t, onpe4e.neHuoft orHoct{reJibHo Bo,'IHo-
nux $yur<qnfi uoAenrHoro npocrpaHcrBa, HMelorcr HeAaatouar'IbHble

F:',

(60)

(61)

Free Hand

Free Hand



82 2. Kolrpe"rquHoHHbre MeroAr,r reopufi aroMa

3JreMeHTbr, TO npaBr.tJrbHbre MoAeJrbHbre syHKrIr{K, yAOBJrerBOpfrOrrlHe
ypaBHeHr.rfl (56) k (60), rroJryqaKlrcs nyreM Ar{aroHaJrr.tsarlar.r 3roft
MaTpr.rrlbr.

Pacqer r.rJreHoB pa3nox(eHlr.fl BoJrHoBoro o[eparop a uJrH snepru]t
cyulecrBeHHo ylpouaercfl npu ucnoJrb3oBaHwv Auarpamusol:r rexHr{-
KH. Bne4eu ee cHar{ara 4la lrso6pa)KeHaq oneparopoB; npr{ 3roM
oqeHb yao6soft oKa3brBaercs sarrucr, oneparopoB n @opue Brop[r{Ho-
fo KBaHroBanux (1.83), (1.84).

llo4eftcreyeM orreparopoM oAHosJreKrpoHHoro runa y (1.89) Ha
AerepMnHaHrHyrc Syuxur{ro, B xoropoft t4Meercr oAHo3jleKrpoHHoe co-
croqHr.re | (apyrrze cocroflHr{fl He yKa3brBarorca):

v iO: a[as o'csi€) = (62)

_ Oneparop dn yHaqro)Kaer sJreKrpoH B cocrorHxu I, a oleparop
dt po)KAaer 3JreKTpoH B cocroflHzu (. Bc,re4crBue Bganuo4eftcreul,
orr.lcbrBaeMoro onepaToporta /, 3JreKTpoH [epexoAHr as cocroRnufl f
B cocroflHLIe !. Aun.rraryla r':i:{€l"lE> xapaKrepr43yer Bepo-

rrHocrb raKoro nepexoAa. B rpa@n-
qecxor? $oplre ero uso6paxeuo Ha
puc. l,a.

EcnH gsaaNaoAericrBr4e orllicblBaer-
cr oIIeparopoM AByx3JreKTpoHHOtO Tr4-
na (1.84), ro oHo Mo)Ker MeHflrb co-
crorHrlfl AByx 3.rreKrpoHoB (pnc. 1,6).

fleficreue oneparopa HHrepnperr.r-
pyercq Ha fl3r,rKe eos6yx4euwfi., ecnvt
oneparop y,4oBJrerBopfler HeKoTOpbre
y-c"{oBHfi. tlro6u ux coopruy,rrr{poBarb,
seo6xoanuo BBecrI{ rroHsrHfl ocroB-
Hbrr, BHpTyaJrbHbIx H oTKpbrTbrx co-
:roqHafi. OcrogHHe cocrorHafl - EMe-
IOUII{eCq BO BCeX AeTepMVHaHTax MO-
Ae/rlbHoro npocTpaHcTBa, oTKpbrTble -I4Mei0ilIr4ecrr Jrv rub B HeKoropbrx AerepMr.rHaHTax, I,I BHpryaJrbHbre _ or_

cyrcrByrouze B sroM npocrpaHcrne. !,.1a o6osHa.{eHr.tq ocroBHbrx co-
crosur.rfi 6yaerra HcnoJrb3oBarl 6yxru a, b, c, d, e, ... AJrfl Bt4pryaJrb-
Hbrx H orKpbrrblx cocrorrnafi - 6yxnu €, e, $, E, x, y,..., ocraB,rrflfl
i, i, k, l, ... gnt HeKoHKperr.r3upoBaHHbrx cocrossuft.

B npe4craureHun BTopar{Horo KBaHToBaHHa 6y4eu HcrroJrb3oBarb.
AerepMr.rHaHrutre QyHrqvtH (nepexo4 x SynxqlrrM cBr3aHHbrx MoMeH-
TOB IIpOLI3BOAHTCq r'II4IIIb Ha KOHeqHOM 3TaIIe pacqeTa BKJIaAOB nna-
rpaMM I44).Ec,ru oneparop po>x4ennfl sJreKrpoHa B ocroBHoM co-
cronuun a[", rrJrr] oileparop yHtlqroxeHr{q sJreKTpoHa B Br.rprya.rrb-
HoM cocroflHrVt asvp,r 4eficreyrcr Ha AerepMnHanrHyro QyHxquro Ns
MOAeJIbHOTo npOcTpaHCTBa, To, cotJlacHo onpeAeJreHHIo,

T
/-t

sL
($

lr
[- v

h/v\AA  : a!.a1(llo:l)
It-
le

6

: atalatae((clgrrll$)
.f)

Puc. 1. ,ILuarpauur,r, ueo6paxarc
u1lie oAHo3!'reKrpoHuufi (a) u anyx
r,texrpouur,lii (6) oneparopbr

ef,", P: a"rn P:0. (63)

Free Hand



2.3. Craquonaprias reopuq eoauyueHnr?

Jlerxo y6eAnTbcfl, qro, HarlpHMep, oneparop

a[ar: - araf,+86,

B3

(64)

= {a'lala,at} (E( I t'i,I s")

He coorBercrByer Bo36yxAeHHIO, raK KaK nepBblfi qleH e npaeofi
aracrfi, corJracHo (63), ncvesaer, a eropoft qJIeH, AeftcrByfl Ha Aerep-
MHHaHT, He LI3MeHfler ero, ggnv i.-s, I'IJIII Aaer Horb, ecJrw i+b.
Oneparop, 4eficrnyrorqrl.fi. Ha BoJIHoByIo SyHxqIarc Yto), cosAaer oA-
HO- r.rJrr{ MHOTOsJIeKTpOHHbIe Bo36yxAeHl4fl (nvr6o 4aer uonl) JIHllIb

npn ycJIoBWH, ecJrv: oH 3arlucaH B HopMaJlbuori Qopue: ofleparopbl
oi"r; aBzpr HaxoAflTcfl clpaBa coorBercrBeHHo or Qo., u al^o,
OrsocurerlHo otreparopoB oq16p, 4eftcrnyrcqrx Ha 3JIeKrpoHbI orKpbI-
TbIX 06oJIOI{CK, I,IMCCTC'I BO3MOXHOCTb BbI6OPA; YC,'IOBHMCS, TITO OHI,I

AOJTXHbT Croflrr, cnpaBa or di"*p. HopuallHax Qoprua oneparopa
o6o3Haqaercrr saKJIFoqeHI,teM eto B Qlzrypuue cKo6KI4, HanpnMep:

{otoc}:dtac, {4a.\: - a"al: - {a"o|}. (65)

llpeo6pasoBaHI4e oreparopa B HopMa,'Ibnyn $opuy H llcno"Ib3o-
BaHr.re (63) no:eo,rqer BbtAe.[ttrb B HeM cKa,'IspHyl'o, oAHo-, AByxs"IIeKr-
poHHyIo x r. A. qacrx.

Tenepl Mo>xHo c$oprray,rrzpoBarL, npaBI'Id'Ia rpaQvuecxoro HsoSpa-
xeHurr oneparopoB. Oneparopbl pox{Aenuq I'I yHl'rqToxeHl{fl sJleKrpo-
Ha B Br.rprya,rrbHoM cocroqHllH 6yaertr o6osHaqa$ crpelroft, HanpaB-
,leHuoft BBepx: B cryr{ae aq - c1r43y K BepreKcy (roure B3auMo-

4eficmua) , [ilr a[. ' BBePx
or BepreKca. Pox4eHIae I4JII{ IiC-
!le3HSBeHI'te 3JIeKTpOHa B OCTOB-

HOM COCTOflHIZLI MOXHO paccMar-
pHBarb coorBercrBeHHo KaK Hc-
qe3HoBeHHe vilVt" polKAeHIle Ba-
KaHCIln, uro 6yAeu o6o:saqall
crpe;rxofi, HanpaBJIeHHoft e o6-
parHyro cTopoHV - BH}I3I a6 -cBepxy K BepreKc.v, a aI -
BHr,r3 or BepreKca. Orxpltrlte
cocToqHHfl AoroBopI,IMcf c11r4-

rATb qACTI-IqHbIMI,I COCTOfl HI{'IM14

a o6osHaqars HX crpeJIKaMII,
HarrpaBr'reHHbIMH BBepx (ec,rH
necdxoArllro HX pa3JIHqarb, MoNi-
HO BBOAI{rb ItVHnV C AByMg
crpenxauu).

Oruernu, qro re >xe Al,tal-
paMMbI qaCTO IIC[O,'Ib3yIOTCfl Ar-lH

uso6paxeuutr OAHI,IX ToJIbKo aM-
nJrr,rryA npoueccoB (xpaftnne lpa-
BbIe MH0XI{Te"'II'I Ha pl{c. l' 2),
TOrAa cll.rlorxHaf JrLrHWfl, Hanpats-
reHHafl BBepx, npe.u,cTaBJIfler

= {af,a"\ (blolc)

= { a[ af, a oa"] (b El hizl cd )

Il,
V*""tt = {a[a.](( lo lt)

Pv.c. 2.
paropoB,

Qopue

!,u arpauunoe ltao6paxenue one-
3anfiCaHHbIX n UOPua,rr,aOfi

Free Hand

Free Hand

Free Hand
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9JI€KTpOH, a HanpaBJIeHHat BHH3 
- 

BaKaHCHI,O B OAHOM I.l3 COCTOflHI,II{
A.TOMHOft CHCTCMbI.

Ecnu s HepeJItrHBI,IcrcKpri4 MoAeJIbHbrri raMH,rrbroHHaH BKJIror{xrb
xaprpq-0oKoBcKHft lloreHUr4aJr xyJroHoBcKoto B3a14MoAeiicrBr.u Mex-
Ay 3JIeKrpoHaMH >,u(rt), ro H pas4e"raercf Ha lle H V cotJracHo
(1.152), (1.153). 3anucusaq oneparopbr, cocraBrrflloulue 7, a Qopue
BTOpLIIIHOIO KBaHTOBaHLIfl H IIpllBOAt Hx K HopMaJIbHOMy BI{Ay, pa3-
AeJreeM V ua cxanflpHblft, OAHO- r.t ABVx3JreKTpoHHbrri onepaTopbr:

V -Yo+Vt+Yz.
34ecl

vo:

Yr:

(b -u 6)+ )'1i,c
bc

{a! o,} \i'tzt j'),

hi2 bc')- (cb hi2lbc)1,r
b

r
ij

r'
ijkt

(66)

(67>

(68)

i5r)

(70)

vz: {a! aja,ak} <ij', hiz kl't,

flle 
ocr

(i z: j):<ii-u,j>+ r t<,athiz jb)-<bi hizijb';l

lllrpltx y 3HaKa cyMMbr rro oAHo3JreKTpoHHbrM cocronHuflM o3Har{aer,
,{ro a uefr yrruTbrBalorct roJIbKo He paBHbIe roxAecrBeuHo MarpuqHble
3iioMeurbr ( < ,j I hizlkl> orrnqaercfl or {ijlhi2llh>, Ho paBeH
<tilhir l/ft> ).

Ecnu u(r) qBrflercfl rroreHrruaJrona Xaprpu--<Doxa, ro o6a cna-
faeMbre e (70) KoMreHcnpyrorcq ii Marpuqublfi a,'reMeHr oleparopa
71 i.icee3aer, rrro coorBercrByer reopeMe Epu;r,rrceHa AJII AerepMlr-
HaHrHbrx QyHruufi.

Ha pr.rc. 3 npeAcrasJlelrbr ronorornqecKn HegKBr-iBaJIeHTHbIe AHa-
rpaMMbI, uso6paxarcrrlHe y0, V1 u V2 (e o6qeu cJlyqae roflor'rotHqe-
cKr,r 9KBr.rBa"'reHTHbI r{ IaIoT oAI,rHaKOBbIe BKJraAbl AHarpaMMbI, KOTOpbIe
Moryr 6nrr npeo6pa3oBaubr oAHa B Apyryro 3epKaJrbHbIM orpalKeHLIeM
oTHocnrev'rbHo BepTnKa.rlHoft [rLlHvrH re;ru 4eQopuauzefi Hx oTAe,''IbHbIX
qacrell, He MeHflroilIeft ropu3oHTaJlbHblx no,roxeHufi neprexcon) . fiua-
IpaMMbr cKaJrflpHoro oflepaTopa vs He coAepxar BHeI]IHHX (cso6oa-
Hux) .nnunfi.

lnasHas 3aA,aqa MeroAa Bo3MyuleH&ft - HaxoxAeHI.Ie BoJIHoBoro
oneparopa Q. B npe4craBJreHlrH BTopltqHoro KBaHToBaHHfl oH Toxe
Mo)Ker 6url pas,roxieH Ha cKaJIspHyIo (Qo:1), oAuoaneKrpoHHylo
(Q1),4nyxsJreKrpounyro (Ar) u r..q. uacrr [47]:
O:1+Or+Qr+ ..., (71)

(72>r
ii

Qr: {a! a,} xi,



2.3. Craquosapnafl reopur uosuyr{exnfi

er: f {a! a\a,a*} xl1.
ijkt

KosQQ[queurbr .r orrpeAenffrorcfl H3 o6o6qesnoro ypaBHeHnq Eroxa
(57). (onauyrarop, coAepxau-{Hftcq s nesoft qacrn ypaBHeHr.Is (57),
ripuBoArzrcff K HopMaJ'rbnoft $opue Ha ocHoBe patseHcrBa

(Ybo, I [O, Ho] iY(,.0)) :(flot -E[o) (V[o) | O V!0,),

[o, ]1ol: { o! o,} (e, - e,) .r} +

(74\

^= l^^ ^ t . V^^* - /f* . 
l^'-"t

"'=h^^^^,| . V^^*i * v^^^Y. 
,r-'l 

+

M.d.l*J.A*n.
h*n.M

Puc. 3. Tono;;orurqecru seaxnunaaeHTgr,re ;laarpaMr,rbr craJ'rflpHoil (Vd, oAHo3r'r€Kr-
ponuori (Vt) H aByxoreKrpoHHofi (Vz) uacrefl oneparopa Bo3Myrr{eHnr y (66).
3uraaroo6pasi:,afl ::r.iHLltr c KpecrriKoM coorBeTcrByer gaaH14oAeficrelro, onHcblBae-
Mohry MarpH.iHbiM g.IIeMeHTov (,0)

cnpaBeAJrr.iBoro orHocr.rre,rrbHo .nlo6ux BoJrHoBbrx QyHxuHr'r HyJreBoto
raMr,rJlbroHHaHa. lloAcrae.,rqq e ttpaBy]o qacrb (74) Bbrpax{er{Hq
(71 )- (73) u yqr.rrbrBar, qro pa3Hocrr.r co6creeHHlrx sHaqeHufi ra-
MLLrbroHHaua Ho (1.152) paBHbr pa3HocrrM oAno3,'reKTpouubrx 3Hep-
rufi (tto) - Et?, : ei - 3;), no,lyqaeM:

85

(73)

(75)

t
ij

+ f' { a! ala,ae}(e*re,-ei-e;) x{t* . .

ijkl

llponsne4eur.re oneparopoB B rrpaBofi qacra ypaBHer{afl D"ro-ra lpu-
Bo.(r{rcr B HopMaJrbHyn $opuy rpa$uvecxu 1471 . fiuarpaMMbr, coor-
BercrBylou?te npor,r3BeAeHnro otreparopoB UT, loryqarorcrr rryrerr

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand
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H3o6paxeHr.ifl Ar{arpaMMbr U HaA AaarpaMMofi Z H coeAuHeHr4r 0, l,
2, 3, .-. BHerrrHHX JtvHvrfr, HaxoArurnxcfl BHr,r3y Ar.ratpaMMbr U, acenos-
MO}KHbIMI{ CIIOCO6AMH C OAIiHAKOBO HAIIPABJICHHbIMI] BHEIIIHI{MI{ ./II{-
HHflMH B BepxHeft qacra Ar.rarpaMMbr T (puc. 4).

/vv\ ,u'AA^,.^,..1,,
,q*qTt4.""-Fh.
.u/v +

Pac. 4.. fpaQuuecroe nor'ryqeHr{e AnarpaMivr oneparopa, IIpeAcraB,,lflroqero IIpori3Be-
AeHIteofleparoposUuT

B xaqecree lprrMepa npaMeHeHr.rq AfiarpaMnsoft rexnnKlr rroJry-
rIHM BblpaxeHr.re Adrrfl rrepBoro nopsAKa BoJrHoBoro oneparopa Q(t).
Cor.racuo (59), oH olpeAerqercr ypaBHeHr4eM:

[o(1), 11] P:QVP. (7 6)

Orrepafop y (66) cocrour r.r3 cKa,'rrpHoft oAso- H AByxsJreKrpouuori
qacleri. Cxa"rrpuaa qacrb B (76) nxna4a He BHocr4r, trocKoJrbKy cnpa-
Ba r.r cJreBa or 7 crosr oneparopbr npoeKrr.rpoBaHr.rr{ Ha pa3Hbre [po-
crpaHcrBa. C yverorra 3roro, a raKxre ypaeHeiruri (74) w (76) S2(1)

rolxe aMeer oAHo- H AByx3,'reKTpoHHyro qacra. B c,ryuae 3arroJrHeHHbrx
o6o,'roqex oHH B HopMaJrbuorl Qoprrle Motyr coAepxarb Jrnrxb orrepa-
TOpbI yHt4i{TOXeHUq 3JreKTpOHa B OCTOBHOM COCTOflt.tHII H pOXAeHIjfi B
BUpryaJrbHoM cocrorHrrH :

O(r):O!1i r Qli -- \ a[aox5trr1 )' a[a!ra"a6x!!0
bZ b"(E

(77)

lpaQnvecr<u o6a qJieHa oleparopa Q(1) uso6paxeHbr ua puc. 5.
Bupaxaa coAep>Kaulrficq e (76) xonvryrarop npr4 noMoulu (75),

\77) 14 [oAcraB,'Iflq B r'IeBvro qacrb 3roro ypaBHeHufi pa3Jrox(eHne
gnn V i66)-169), npeoSpa3yeM sro ypaBHeHrie K nn4y {oneparopbr
Q u P ,rrr4rub KoHKperx3upyror r.rFrAeKcbr oneparopoB eri u ai s V):

2 ,Lou(e, - eg) ,Eo + Z' ottta"du(e5-F c. -- sB - es) x!"{ {r):
bZ bcr.(

: Z o!.ou (Zt, )e ) + f a[a[a"au (|C hizlbc) .

bZ bct"l

(78)

Free Hand



2.3. CrauucuapHar reoour nosuyu{enxft

Puc. 5. !,narpaunru nepBoro [opt.{,Ka BoJIHo-
Boro oneparopa Q(l) B cflyqae sanoflHeHHhlx o60-
r'I OIIeK V^^^^. V,**V

87

llprpanuueafl r{JreHbr, coAep}Kaurue oAHo- H AByxoJIeKrpoHHbIe one-
paropbr, onpeAed'rffeM Herr3BecTHble KoSs0LIuHeHrbI .f B pa3,'IoxeHIiH
oneparopa Q(1, (77):

o(1, - (1e)

B cooreercrBua c pac. 5 Ha Ar.rarpaMMax, r.r3o6palKaloql{x BoJt-
HoBofi ol]eparop, Jrr4HLwr BgariMoAeftcTBl.rr IIprrnHcbrBaerct AorroJrHH-
TeJrbHbrri 3HepreruqecKr]ft 3HaMeHareJIb (B cJlyqae 6olee c"'rox(Hofi
Ar.r arp a MMbr, coAepx{ a ulefi HecKoJb Ko JtuHHi4. 83 aHMoAeft crBH rr, - MHo-
)r{r4TeJrb B 3HaMeHareJre)

D:Xer-Xet (80)

€1, E1 
- OAHo3,'IeKTpOHHble 3HeplI'IH, COOTB€TCTByIOI{Ze HanpaB,'IeH-

HbIM BHI,r3 HJIH BBepX JILIHHfiM, KOTOpble IIepeceKaIOTCfl fOpH3Or{raJrb-
HbIM CCI{CiI}ICM HAA COOTBCTCTBYIOqCiI JTHHVEiI B3AI,IMOACIiCTBI4fl.

Oneparopu V u S)(r) rro3BoJrflror nocrpourb fiepBbrft a n'ropofi lo-
pffAKH e$$exruaHoro ofieparopa (61) u reu caMbrM HaftrH norrpaBKr.t
A,'Ifi fHepr?tft E(t) n EQ)'

Ef):({'f)'t H"r<ttl V!0)) :(Vto, 1V y\y) : (V{.0)l Z0i\l/lo)) :Vr. (St)

flocxo,rrx,v cneparopr,r vt rl vz 3arrficaHbr B HopMaabHofi $opue,
LIx MarpLIqF{bIe 3J-reMeHrbI, Corr'IZCHO (63), acuesaror, r4 fg) paBHa
flocroqHHori Ve. T'anNu o6pa3oM, Ar.rarpaMMbr gnn Vs (puc. 3) xn,'rr-
rcTcs raK)Ke Ar,rarpaMMaMV g;rn aHeprau E(t).

flpn no4craHoBKe pflAoB 4;ra Q H 3Heprrr E:>Etn> a (60), (61)
n [pupaBHVBaHHLt TIJTeHOB OAUHaKOBOTO [OpflAKa IOIVrraeTCfl Bblpa-
xeHr4e Arrr EY) l47l

Ef,:(vlo) (2, +v)Q(k-r') y'1.o'), k>2. (82)

IIpn pacuere E(2) B c,rryqae aroMa c sanoJrHeHHbrMH o6oroqKaMr{
AI4arpaMMbI Vr u Vz (pac. 3) coeAr.rHflrorcfl c Ar.iarpaMMaMu Q(1)
(pHc. 5) H oclaB.rrflrorcfi Jrl4rrrb re H3 HI{x, Koropbre He r.rMeror Br-reul-
Hux .nnuufi. Ilpousne4eune Olt) u Vr Aaer roJrbKo oAHy raKyro Ar{ar-
paMMy (puc. 6, a), a 9!t kI I'z - 

qerbrpe Ar.{arpaMMbr (pac. 6, 6-
d). -4;rre6pauqecKr.ie BbrpaxeHr.ur, coorBercrByr,oque orAe,rrbHbrM Ar.rar-
paNrMaM, no"{yqar,orcq nyreM rroAcraHoBKH BbrpaxeHwfi p,nn V1 (68),
yr (69), gtti (79) n (82) u ax rpeo6pa3oBaHr4r rrplr noMoula rpaBr{rr
aHrl.tr{oMMyraunr.r oneparopoB dt u a. fluarparuuu 6 u e rononorr]rrecKr.i
gKBIlBaJreHrHbr coorBercrBeHHo AriatpaMMaM I Lr d, noarolry 6 u e
Mo>xHo onycrnTb, y',ruTbrBaq ro"irbKo ArlarpaMMbl e w d. OT naerl.rr,r, "1i6B cryqae AHarpaMM AJIF, eHeptllu MHoxureJrb D {80) B

\ alq^ <{ zib) *Y'Z) €6 - €r_ LJ
bZ bc'-l

a[ata"au t#P#+

Free Hand

Free Hand



88 2. Koppe,rruuoHHble MeroAbr reopnr{ aroMa

( bc I hi" | 1() ( \( I hf, t bc )
eb+e.-e'-ei

s'
.L
bcZ(

eb+€.- eg- e(

BKJraAbr AJrs aToMa c 3a-
c KpecTITKOM TOT )I{e, rrTO

A ^. 
/\^,@

,{ }f :5 (6rur8>(llula>

\f' A eo-EE

\nnazrn@
6n

:m:,ffn':
I\A/\/1!/1r'\/\ ./\

r=bt ,Y- i':- v'' lq./\( I zt

V*""; 6'ir

Puc. 6. [uarpanuu Broporo flopffAKa 3Hepruu EQ) u ux
rroJIi{eHHbrMH o6o;rouxarr,ru ; cMb,rc,'r 3fi t3aroo6p aeHoii auu ilx
ua pHc. 3

3naMeHare.[e conocraBr'rflercfl c Ka)KAoft JrzHwefr. B3aalvroAeiicrBufi, 3a
HCKJrOqeHr.reM BepxHeil, nJrr4, HHbIMH CJIOBaMI,t, CO BCeMr,r IIpOMeX<y-
TOqHbrMr.r BnpTyaJrbHbIMH cocToflHaflMr{ cacTeMbl.

Ec"'ur onpeAeJreH[e 3Heprerr]qecKoro 3HaMeHareJls pa3r[qaercq
Ar'Ifi Ar.rarpaMM pa3JIr4riHbIX BeJIHr{I.lti, TO ApytIe IIpaBH,Ta Ux pacruHQ-
poBKr.r HMeror o6rquil xapaKrep r.{ [plrMeHr]Mbr A,'rs Bcex ArdatpaMM, Ko-
ropbre nprBoAflrcq B Hacrosu{efi xuure.

Kaxloi 3r.rr3aroo6pa3Hofi [rHHrrH Bsar4MoAeftcrBfifl coorBercrByer
MaTpI,tqHbIfi g,rleNreHT oIiepaTopa hiz (orr{ocr.lTe,rbHo HeaHTr.IcI{MMeT-
pnsoBaHHbrx BoJrHoBbrx $yuxqIlfi), oHr4 3anl,IcbrBarorcq cnpaBa Ha-
JIeBO COTJTaCHO paClOJrOXeHr{rO JlrrHl.rir H Ar{arpaMMe CH?r3y nnepX. cO-
CTOSFIHfl B MaTpLIqHOM SJIeMeHTe 3alI,ICblBaIOTCfl IIO AI4arpaMMe CJIeBa
HanpaBo:

{et'Ixo4ar1ile ilHHLtLr I fufr] sxol;riqve irn*urr>>.
Bxna4 AaarpaMidbl cyMMLIpyercfl rro KBaHToBbTM quc,rlaM Bcex

BHyTpeHHr4x Jrvtivfi (cy,vrvruponaHr4e no Br.rprvaJrbHbrM cocrosHrlrflM co-
AeplKrrr raKxe r.iHrerpHpoBaHr{e I]o HencepbrBHo\,Iy cneKrpy). Panunre
Me)KAy Co6oft Marpr.rqHbre 3JreMeHrbr AByx3,rreKrpoHHbrx oneparopoB
liilhrtlkl> v ljilhttllk> yuurbrBarorcs B cyMMax roa'rbKo o{HH
pa3 (aro y63351Baercfi rxrpH..ioM y 3HaKa cyrulru). Bx,raA ,1rlatpaM-
Mbr yMuoxaercq Ha @aaoaufi MHolxfire,qb (-l;n+r, rre h - 

qacJro
BHyTpeHH14X JfiIHUfr., HanpaB,'ieHHrrrx BHH3. I - 

qnC.rrO 3aL,IXHyTbIX qaC-
THTIHO-AbIPOIII{bIX ICTEJIb B,4HAIP AMMC.

B Henoroprtx c,Tlyqaqx 3Hepferr,Iqecx[fi sHar\aeHareJlb B Bblpaxe-
rrliI.i A,rtt AHarpalvlMbr Mol'r{eT 6sIrl paeen HV"rrro: B xaqecrBe IlnirMepa
paccMorpHM A[afpaN,rMy s Ha puc. 6. Ec"uli cocroflHr.rr{ i u ( cooraer-
cTBl'r0'l' nos6yx4earrfiM 3JIeKTpoHa Bo BHeiui{He oTKpbiTble HJIH He3a-
IroJiHeHlrbre o6o,'Io.rKH, a raKlKe B KOHTHHyyM, To sb+sc BcerAa MeHb-
ule eE*F-r. OAuaxo npH HaJluqur.r B oaccl,rarpnnaeuofi xoHQury:

Free Hand



2.3. CraquouapHafl Teopus noaruyueHzfi

paufir.r BHyrpeHHefi BaKaHcLIH OAI,IH sJIeKTpOH MOXer <<Bo36ylKAarbcfl>>

BHI{3, a Apyrofi .?r'IeKTpoH - B cocToflHl{e HelpepblBHoro cneKrpa I',I

rrpr{ HeKoropoft ero sHeplnfl Bo3HnKaer cl'IHlyJlflpHogrb - 3HeprerH-
.recx[ft 3HaMeHareJIr D craHosl4Tcfl paBHbIM HyJIIO. 3rO CoOreercrBy-
er BO3MO)KHOCTI'r peaJlbHoro ox<e-nepexoAa. TorAa x D c,'re4yer Ao-
6asura Ma,'Iyrc MHI4MyIo Berur{taHy tT(q>0) It BKJIaA or AliarpaMMbr
onpe.(e"rrqrb B BHAe

B9

E@ (b, c,1):llq f G() hi':!!))'-
tr*O 7

llpe4e.rr nu*oo"r"" npr rloMoxtu Soprray,ru !,upaxa [54] :

rrg (o+ irlt-l : p (; ) -i nD (D),

(8 3)

(84)

(8 s)

rAe P o6ossaqaer,
l,'IaBHOe 3HaqeHl'{e

I{TO ilPU I4HTCIPI4POBAHI{I,I TO KOHTHHYYMY 6CPCTCN

r.rHrerpaJIa:

e'Ao@

PI
0

a 0{D) - 4e,'Itra-QyHKuufl fiwpara.
llpnueueuue (84) x (83) aaer

Ez(b, c, e):pf 
r'"'' Fu bc)' -i * f ,(r-elmp. hl2 bc) z,

I t^t"

e:ep* er-eqla, lmlte(. (86)

Asa.nornqsulr o6pasoM o[peAeJlflercl BKraA or o6nlesHoft 4Ilarpata-
rlru (pNc. 6, d). L{x cyMMa rpeAcraBrqercq B BI4Ae:

Eo) (b, ,, E):E@ (b, ,, Z)- il(t) (bc-ee) 
, (87)

t1e EQ) - BeulecrBeHHafl nolpaBKa K sHeprIlu ypoBHs Bo BropoM
rropfiAKe reopr4ri Bo3MyrrleHr.rr"r; f(l) - napur{aJlbHar oxe-nupl{Ha ypoB-
Hfl, coorBercrByrouaq oxe-flepexory bc--+le(C-t--+b-tc-tE)' flpLI Ae-
JreHr.rr4 f sa ft [oryr{aercfl BepoflrHocrb groro lepexoAa B IIepBoM
iloprAKe reopHI4 Bo3MyqeHufi. MHanaue qacrlz BItJIaAoB AI'IarpaMryI
aHeprrzu 6o.ree BblcoKoro nopflAKa Aator KoppeJlflI{tzotiHble nonpaBKI,t x
BepoqrHocr.flM o)Ke-repexoAoB [128] . Taxau o6pa:olt, pacr{er AHar-
paltM 3Heprr4u rro3Bo.Ilfler olpeAe,rqrb He roJIbKo aHepl'Iltt yponHeft, rro
H BepoflTHOCrH OXe-[epexoAoB.

CraqzonapHar reopl4q Bo3MyilreHl{fi npuueuunaa u Altfl, pacqera
BepoflrHocrefi nor,rou{eHllff H Ll3ryr{eHHff aroMoM soroua. flocro,'toi<v
orreparop e:alrlro4eiicrnua aroMa c 3JIeKTpoMarHI{THbIM IIo,'leM co-
Aepxlrr ua,ruft lapaMerp 0,, ro npI,I pa,cqeTe MeroAoM reopHH FC,?-

uyuleur.ru aMrr!'IHryAy npoqecca MolKHo onpeAeJlflrb B IIepBoM rlopsA-
Ke, a yrorrHtrb .rr14rrJb BoJIEoBble SyHxqzu HaIIaJIbHoro II Kot{er{}ioro
cocroqHEfi aroMa. Auunurlt4a npoqecca orHoclzre,'IbHo roqtibil, Bo/'I-
HoBbrx QyHxuufi rrpu rroMolqn BoJIHoBoto oneparopa (56) BL,Ipa>Ka-

Free Hand

Free Hand



90 2. Koppe,raquoHHbre MeroAbr reopuu arotra

ercq KaK Marpr.rrrHbrfi 3r'reMeHr aQQerrnsnoro oflepaTopa orHocHreJrb-
HO MOAEJIbHbIX SYHKqI,Ifi :

M zr: (Y z I O(') I 
lI'1) : (Y5oi Oer iY\o) S ,

o"f :c)\o() erL.

(8 8)

(8e)

3Aecr O(t') - oneparop nepexoAa, a Q1 H Qz - BoJrHoBbre onepaTo-
pbr cooTBeTcTtseHHo Haqa,ribHoro H KoHer{Horo cocToflHr,rit. llplr [cIIoJrb-
3oBaHr.rH npoMe)KyrorrHofo HopMI.rpoBaHHfl $yHxrlr.rn vd noJIfr{arorcfl
Irillrb rrp[6Jil2)KeHHo HopMLIpoBaHHbrMr.r, Bc,ireAcTBVe qero Bo,,tHo-
Bor:I H a@$exrueHbrft oneparopbr rlBJlflrorcff r'rLrrrrb nprz6rI.rxeHHo 3p-
r,rr.rroBbrMr.r (Qt =Q). 3ro Mor'r{er 6url yvreuo npH rroMoU{H cneu,HaJrb-
Hbrx HopMlrpoBor{Hbrx Ar.{arpaMM [128] . !,uanpaunau 4la a$Qexrr.rn-
HO|O Oneparopa I.I aMfinr.rryAbr nepexoAa noJryqarorcfl a3 Ar4arpaMM
A.rrs Q v O(t) (noc.le4uax npeAcraB,rrrrer co6oii txrpuxoBylo c roqKofi
JTHHUTO B3ar{MoAefiCrBt4fl) aHa,'rOrHqHO, KaK AJ-rfl Ss$eXiUAUOfO OIIe-
paropa. 3HeprerurecKnfi SHaMeHareJIb D onpe4e.rrrercq [o [paBHJ'ry
(80) ,rnrrxb AJrfl sarsaroo6pasHbix nuuvit e:aanao4eficrorx, HaxoAfl-
tquxcs HH,xe urpuxosofi JtLtHVrr, ec,rrr )Ke B Ar,rarpaMMe JrrLHLrr Bsat4.-

MoAeiicrBnfl HaxoAr.rrcfl Bbrrre, ro x (80) c,reAyer 1o6aBr:llb 3Hepruto
ror,'rourer{Horo Soroua hro.

tia fiuarpavuu aMn,'I['ryAbr B

"\ l" n- 
.. c,'ryqae oAHo3,'IeKrpoHHoro

" 
\l- "t l, : Z' <" o:+:+!4:-!! nepcxorla aod'r)KHbr coAep-

\r,r^" y b4( )Karb ABe BHetllHl'le ilu-

Puc. ,7.. fl,.rarpauua, uso6pax<arouraa .aQQex- 
Hlln'' oillicblBarcque I4cqe3Ho-

rr,B'bri oneparop ,n^ u'nn ryay {or6no- BeHHe 3ileKTpoHa B Harlarb-
flrouleHlr,q B Hlt3[IeM ttopflAKe reopfir1 Bo3- HOM COCTOflHLILI H BO3HI'IKHO-
MyueHEfi c yqeroM xoppe,rrqHfi, u ee BK.{aA BeHHe B KOHer{HOM COCTOflHLIH.

B xaqecrse npuMepa Ha pr{c.
7 npnae4eua oAHa H3 AHatpaMM aM[,rrury4u Qoronot,'roueHlrq, yqn-
TbrBaloilIaq [o[paBKy nepBoto nopqAKa K eorHosoft QyHxulllz Har{aJrb-
Horo cocroflHza. flo4po6Hee 4r.rarpaMMbr aMrrJrnryA paAr{aqrroHHbrx ne-
pexoaoB 6yayr paccMarpr.rBarbcfl B r,q. 5-7 u 10.

Oruerlrna Bo3MoxHocrb HarJrflIHofi uHrepnperarran Ar.ratpaMM: r4x
Mo)KHo paccMarpaBarb KaK pacnpocrpaHeHr.re Bo36yx(AeHr.rfl B aroMe
BCJICACTBI,IC B3AHMOAEfiCTBI,Ifl MCN(AY 3JICKTPOHAMH OT HAqAJIbHOIO CO-
croflHHr r{epe3 ilpoMe}KyToqHbre Br.rpTyaJrbHbre cocToflHHfl K KoHeqHo-
My cocroqHIzrc (cnpaea Ha,rleBo B MareMarr.{qecKl4x Bbrpa)Keur{flx I,I

cHI43y tsBepx B Ar4arpaMMax, ltpH 3ToM JrHHl,rr4 BaKaHcHfi HarlpaBJ'IeHbr
e o6parHyrc cropoHy, qeM aJreKrpoHHbre IrHHur4). Hanpnuep, Arlat-
paMMa Ha przc. 7 onucstnaercrr raK: Ky.rroHoBcKoe 83aaMoAeficrBlte
MC)KAY 3JICKTPOHAMI,I B ATOMC CO3AACT ABC BI,IPTYAJIbHbIX TIAPbI <<3JICK-

rpoH-BaKaHcHr>>: BaKaHcHH B cocroqHus,x b, c r.r gJreKrpoHbr B cocro-
flHrrfix ( u y,. O4uH elerrpoH rronJroutaer $oros .hrrr n 3ano,rrHqer Ba-
KaHcuro, a 4pyrofi gJreKTpoH ocraercfl nos6yx4euHbrM, TaKHM o6pa-
3oM. B KoHeqHoM cocrorulllt r,IMeercq BaKaHcHfl b-t u sos6yx4eHauft
3ireKrpon B cocroffHr{r{ ArdcKperHoto LrJrI{ HelpepbrBHoro cnerrpa (.

Free Hand



2.4. Bsauuo(eficrsHe AncKpergoro cocroflHnfi c KoHrr.rHyyMoM

flo4o6Haa HHreprrperarlrifl r4cxoAur l.r3 Hecraur-roHapHor? reopflIl
Bo3MyqeHr4ft, HO rrOCKOJrbKy AJrfl, rlso6paxeHHfl rOrO H ApyrOrO pflAa
IlCrrOJrb3ylOTCq OA[HaKOBbre AI,IarpaMMbI, TO qacTo OHa nepeHocr4Tcfl
H B CTa(r4OHapHyrO TeOpHrO, npHqeM He TOtbKO AJrfl InatpaMM aMIl-
JIHTyA nepexoAoB, Ho H A"rlfl Ar.rarpaMM 3HeprnH (s4ecl locr're pflAa
Br.rpTyad'rbHbrx B036y)KAeri14fi sJreKrpoHbr Bo3Bpax{arcTcr B r.rcxoAHbre
cocroaHnn ) .

Tar<Irurz >t<e AHatpaMMaMH orruIcbrBaerctr kl pr.A 6pu,'t.lroeHa-Bur-
Hepa, a rax pacurz@poBKa orr'Iliqaerc-fl To,rbKo orrpeAeJreHrzeM sHepre-
ruqecKoro 3HaMeHareJrn (pas4. 5.3). C.neayer orMerlrrl saxHoe ceoii-
crBo pqAa P:.rea-lllpeAuHrepa - B HeM MolKHo onycKarb AHatpaM-
Mbr, r{MerorrlHe HecBfl3Hyro qacrb 6es BHeuHHx ocroBHbIX LIJIH
Br.rpryaJlbHbrx Jtr4Hr4it, raK KaK BKr'raAbr raKr4x AuatpaMM KoMrreHcr4pyror-
cfl MexAy co6oii; 3ro He HMeer Mecra Ails. pflAa 6pn,rnrcana-Bur-
rrepa.

(DeftHNrauoecKlie AlrarpaMMbr B npeAcraBJreHl,tr{ AerepMr.tHaHrHbrx
SyHxuzfi rorroJIor14qecKH 3KBI{BaJIeHTHbr Ar.rarpaMMarrl }Oquca-,{e-
ei.rHcoHa-BaHafaca, otrrrcbIBaroIJlHM cJIolxeHI,re yr,'roBbrx MoMeHToB.
3ro roseo,raer cQoprvryflr{poBarb rrpaBara riepexoAa or Bert.tr{aH, on-
peAeJreHHbrx B AerepMr.rHaHTHoM 6asuce, K coorBercrByroqr.rM BeJrrdrlr.r-

HaM, orrpeAer'IeHHblrvr e 6asgce Qynxunir cBf3auHrrx MoMeHToB, rryreM
yMHOXeirHr BKJaAOB AHarpaMr\{ Ha COOrBerCrByrOrIIUe CIIr.rH-yr"rroBb!e
xoaQQnqueuru L471.

2.4. Bsautvto,u,eficrBr.re Ar,rcKperHoro cocroqHr.rq c KoHrr4HyyMoM

Pas,roxeHr.{e Bo,,rHoBofi Qynxqulr ro oAHoKoH$r4rypaqnonuur,r Qyr-ni-
rlnrN,r (8) coAep)Kr.rr He ro",rbKo cyMMHpoBaHve rlo AricKpeTHoMy cneKT-
py, Ho r.r rrHrerpHpoBaHHe no HenpepbrBHoMy cneKrpy u/'rr.r KoHrr4Hy-
yMy. !,,ra ocuonuofi, a raKx{e cna6onos6yx(AeHHbrx roaQurypaqrlfi
BrruflHr{eM KoHrItHyyMa o5br.ruo npeue6perarcr. OAsaxo oHo craHoBur-
cfl cyxlecrBeHHbrM AJrfl aBTotioHr.r3aur{oHHbrx ypoenefi, HaxoA-fiilIlzxcrr B

KoHrLIHyyMe orHocI'ITe.lIr,Ho ApyIolO npe[ea'Ia VOHV3a\uH H cooTBercT-
Byrou[x KBa3r.rcrar{HoHap HbIM cocToqHr.rrrM aroMa. Ha npuuep, ypoBeHr}
1s2s22p6 25 npraHa4,rex{Irr ArrcKperHoMy crreKrpy eroli r<ousurypaunr4.
Ho orr lraxoAr{rcr{ B KoHrr4HyyMax 1s22s02p6tl 25, ls22s2psel 2S n

1s22s22pael 25.
trllupoxo r.r3BecrHbr aBrorroHLr3aqhoHHbre ypoBHn, coorBercrByrou1tle

xoH$nrypa{uqM c AByMfl eos6yx4euHbrMn BHeulHaMr{ s;reKrpoHaMu"
Harrpl{Mep, He2s2p lP, HaxoAqu{Hftcq B KoHruHyyrrle lsrp rP. Aero-
uoHasaunoHHbrMIl raK>xe .flBJrrrorcfl ypoBHH roHSurypaqHa c BHy'i'-
peuueft saraHcr4efi r{ HeKoropbre ypoBHri, rroJryqaeMbre npu soa6yx-
AeHH14 OAHOTO BHerlrHerO 3!-IeKTpOr{a c OAHOBpeMeHHbTM H3MeHeHr4eNl
I\rHoroa"'reKrpoHHbrx KBaHroBbrx rrricer orxpr,lrofi o6o,loqxn (uarru-
Mep, ypoBHvr p3(2D)ns 3D Moryr HaxoAr.rrbcfl B Korrrr4t-r'flMe orrrocu-
rerlbrro p3 (aS) d 3D) 

.

CneruIzeauue cocroflHHrl 4ttcxperuoro lr HerrpepbrBHoro cile]'^rpoB
c oAuHaKoBoft eueprueft npano4Nr K Bo3Mo)KHocrH pacna4a eos6yx-

9l

Free Hand

Free Hand

Free Hand



92 2. Koppe,rnuroHHbre MeroAbr reopxrl aror{a

AeHHoro cocroqHuq 6espa4uaquoHHbrM nyreM. Tar<ofi ttpoqecc Ha3hr-
BaeTcfl aBToHoHH3arIHefi H,'rU - npn pacrraAe cocTofHHfl c BHyTpeH-
Hefi BaKaHcnefi - o6uqso oxe-nepexoAoM.

Bsa[MoAeiicrBr{e Mer{Ay xonQrarypaqr.rrMu AxcKperuoto H Helpe-
pbrBHoro cneKrpoB orrpeAeJrrercrr Berur{HHofi uexrou0urypaq}roHHoto
MarpHqHoro gJreMeHTa raNILrJIbToHtlaHa cHcTeMu. c,re4osaTer'IbHo, aB-
TOHOHU3aIIHq BO3MOIKHa nHUIb C COXpaHeHHeM qeTHOCTI.T U IOJTHOTO

MoI4eHra KorfiqecrBa ABH)KeHHI. flocro.nlxy xoH$urypaur.ru AlrcKper-
HOIC U HenpepbIBHOlO CneKTpOB OTJ'IHI{a}OTcf COCTOflHI,IffMH AByX 3r'IeK-
TpoHoB HJrr.{ 3JreKTpoHa H ocroBa, ro BKJTaA e lrexxouQarypaquouHslli
uarpuvnufi gi'reMeHT BHoCLIT JIIIIIJb AByxa.{eKTpoHHafl qaclb taMpt.rtb-
roHHaHa, B ocHoBHoM - oneparop 3JreKTpocrarr.rqecKoro ssaar{oAefi-
crBHr{ Mex{Ay 3JreKrpoHaMH.

CHaqana paccMorpr{M H3oJrxpoBaHHoe AncKperuoe cocrorHr.re, Bsa-
uuo4eftcreyioqee c oAHLTM KoHrr.rHyyMoru F30] .

flycn B HydrreBoM oAHoxouSnrypat-1uonHoN{ rpur5,raxeunu
q - BoJrHonar $yurql.Ifl AucKperHoro coc-ioqHnfl, u ,!E 

- BorHo-
nar Syuxullfl HenpepbrBHoto crreKrpa. O6osHar{HM 3JreMeHrbr Marprr-
ubl 3HeprflIr:

&l H I s) :8,, (*s,\ H tQe,\ : 6' 3 (E' - E"),

(*6tHtp):va.

nns ynpou{eHllfl ga.nluefiurnx nupaxeunfi 6yaeu cqr.rrarb, r{?o
qac]b Marprrubr 3HepraH MexAy cocTofHHfMH He[pepbrBHoro CneKrpa
npeABapxreJrbrro AriaroHaJrx3upoBana (rurero4 ee AnaroHaJrr.r3ar1HH H3-
.ruox{ed, Haiipr-ruep, e p3ll).

Bo.[ Hosaq Oys^qn" aBror.{oHn3a ur.rongoro cocrofl Hr.tfl Aor'rxHa rrpeA-
craBJiqrb c)/repn03r{uHr.o {yHr<unfi Ar.icKperHoro n HenpepbrBHoro
cIIeKTpOB:

YE:oq+ [ oa,!6,dE', (e2)

rAe c u bA, - xoa0Qnul.reHrbr pa3,'IoxeHr.ra (oHa 3aBacflr raKxe il
sr E, uo paAr.{ KparKocrn ee o6osHaqeHae 6yAeu onycrarn).

llorpe6yelr, uro6ri Y6 6una co6crnessoft $yHxqseft H:

HY6:EV( (e3)

floAcran,rqfl croAa Bbrpa)KeHae (92), yr'luo>KaE cJreBa Ha QE", a za-
reM Ha g r.r r.rHrefpHpyfl no BCeM KoopAHHaraM (rp u Qa rrp€Ano.lara-
rorcfi oproroHa,rrbHbrMn MexAy co6oft), [oJryqaeM cJreAyrouyrc crdcre-
MV ypaBHeHnft A,rs olpeAeneHr.ra xoe$QuuueHroB a u bg,:

VE'd+bE,E':EbE,,

E,a I l' vb,bs,dE' :gs.

(e0)

(el)

(e4)

(es)
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ftper E +E' bE, Bblpa)Kaercs H3 nepBoro ypaBHeHlls

V 
",aba,: fg. (e6)

C yuerou cHHryJlffpHocrH Ko3ooI4I-(HeHr bg, Lxt\ercrr B BfiAe:

%,:1, i* *n x(e)stt -s'1f vu,a, (s7)

r4e P o3Haqaer, rtro ilpH I.rHTetpI{poBaHLIH 3Toto r{r'IeHa no E' 6epercn
rJraBHoe 3HaireHre uHrerpaJra (85). HeasrecrHax BeurecrBeHHan Qyux-
r\Hfl d (d) onpe4edrrercfl H3 ypaBHeHux (95):

(e8)

HopMr.rpoBKN $yarunn Y5, [130]:

(ee)

xlS): E--Ee F!8)
1, ) y td()

a xoa$$uqveHr a - ir3 ycJIoBI4t

IV o'
l^ tl- o
t" E - lE - Ea--F (d tl, +i, v 6 n'

B {98), (99) acnod'Ib3oBaHo o6osHa,{eHl'Ie

. 'tV o''
F\8): P I -u-u--r, d6', ..' () - ()

Bu6apax AJIfl a noJIo)KIlTeJIlHtrfi sHar Ii rloAcraB,rlnt a, b5, u (92),
HaxoAHM Bbrpa)KeHHe AJIfl Bo,rHonoft Qyurqna aBroIIoHI{3auI,IoHHoro
ypoBHt:

Yr:olr* i* t8 -Eo-r@)tQal*o, t :##: ds' (r0l)

KoeQ$uuneHr a B (92) npta QyHxqure AucKperHoro cocroqHllfl g
paBeH eAr{Hr.rqe B HyJIeBoM npn6lnxeul,zla, a npv BKJIaqeHHI{ B3auMo-
J.eficleHs c KoHrr.ruyyMoM <<pa3Ma3bIBaerct>> K craHoBLlrcx SyHx-
qrieri or d. Beporruocrb HaxolKAeHHr ypoBHfl '1 aglz locrnraer MaK-

cI.{MyMa npn 3ireprnu E: E,:

E,: Eq+ F(f-"), (102)

Ha3brBaeMofi pesouaucuofi aueprueil. Taxuu o6paeou, esaHIr,ro4eficr-
Br.re c KOHTHHyyMOM He TOJIbKO pacullpfler ypOBeHb, Ho I{ CABLIraer
CIO HA BEJ'IIII{I4HY F, EC.IN E, Y4AICUO OT KPA' HOHI,I3AUI{'I, TO VE V

F cna6o 3aBl4cflr or8 u BKJIaAbI a -F or E')E, u E'1E,, HMeI,ourHe
nporr.rBono,rro)KHbre 3HaKH, IIoqrlI KoM[eHcHpyIoT Apyr Apyra.

Eclu V6 u F s o6nacru pe3oHaHca MolKHo ctIHTarL, ltocroflHHblMu,
ro 1oE' (99) zso6pa>raercx cuuuerpruuofi .nopeuuenoii xpueoft
(pr.rc. 8, a), uupwua xoropofi Ha rroJlyBblcore paBHa:

(100)

I : 2nV26 : zr | (Qe i H 1 q)'' (103)

Free Hand

Free Hand
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Puc. 8. AnronclHr.raaquolHbre pe3oHaHcbr pa3,'rfir{Hofi Qopruu, Bo3Mot{Hr,re B ceqeHurr
r.{oHfi 3a{UU aTOMa B OKpeCTHOCTT{ aBTOr-rOHLr3arI}rOHHOf O ypoBHt

I4s coorHoueHr.rfl MexAy rxtrpHuofi ypoBHfl r.r rroJrHofi BeporrHocrbro
pacrraAa Bo36yx(AeHHoro cocroflHilfl (0.01 cJreAyer nupaxeune 4.nn
BepoflrHocru 6espa4aaunoHHoro pacnaAa aBroHoHH3aqHoHHoro co-
cro-flHLII (n egr.{Hr.rqy nperr,renu) :

w:+ )(Q6i,nlq)1,.

flpu auno4e ncxoAHbrx ypaBHeHr.rfr (94), (95) rpeArrorraraJrocb,
uro Qyuxquu cp u tlg oprotoHad'rbHbr Mex(Ay co6oli. Ecnn ero yc.iro-
Bue He BbilrroJruflercfl, ro cJreAyer 6olee o6qee BbrpaxeHae ana W:

w:+ Ies)H-stq)1,.
llpuuaroe 3Aecb npeArroJroxeHne o [ocroflHcrBe Be,yrprr{Hu F(S) u

Vg v o6nacra pesoHaHca Hapyuaercr B cJryqae c[JrbHoto asarzuo4eri-
crBr.rfl c KoHrr.rHyyMoM - B rrepByr,o oqepeAb Ans F (E). Torga (99)
Mo)KHo npeo6pasonarb, ucrroJrbsys pa3JroxeHue Syuxqun

-f(E):E-8,-F(E)
B pgA Teft"uopa B oKpecrHocrn pe3oHaHcsoft aHeprun E,
B HeM nepeuft Heficqe3ar,oulnft q,leu

.f (s)x g# 
'ia:", @ - E,):[z (E,)1-1 (s - E,).

3Aecr z - raK Ha3brBaeMbrfi cnenrpocxonuqecxuii $axrop
z:z(E,):[r - # ,fu>lu:",f-'.
lloscran.rat (107) s (99), HaxoAr.rM

(104)

(1 05)

(106)

H COXpaHflfl

(107)

(108)

(10e)
z2 lyElz

loal': ($-E,)z+QtzIVEt ),

Free Hand



2.4. Bgaurrro,r.eicfBlre AUCXpeTHOTO COCTOflHHfl C KOHTirHyyMoM

r{, CJIeAOBareJIbHO,

w:+21(QalH p)l'.

Paccuorpnu nos6yx4euue aroMa u3 cocroqHllfl ALICKpeTHoro cneK-

Tpa Y B aBToI,IoHI,I3auI,loHHoe cocToqHHe H Bo3HHKaIoxI[e npI,I 3ToM

uHrepSepeHultoHHble aQQexru. Hcnollsyn BblpaxeHl{e r,rfl +E (l0l)'
aMnJIHryAy nepexoAa, onucblBaeMoro oneparopoM O, uoxuo npe4-

CTABIiTb B BHAE

<vslo lY"):c* (ae,o lYr)+ a*nvfux(Qs1o lY"):

- 
('o ? o y,>+ 11fiy; Qalo lv,),nVUG+x2)1'2 '-e

(r l1)

fAe peAyqrpoBaHHafl 3Heprnq x onpeAeJleHa corJlacHo (98)' a @E

fipeAcraBr,rqer co6ofi uo4uQaqnpoBaHHylo Qynxqurc cp (c yqeroM rIpH-

oa'ecu eo,ononux Qyuxrluft roHrlaHyyrua ) :

- Vo,Qo,
Qt:q+P .l +:;, d6,.

95

(l l0)

(112)

Ec,ru noa6ylKAeHr{e BO3MO)KHO J'rl4[rr, B COCTOflHI'Ie Q' a MaTpHqHbIe

s,rleMeHrbl <'Qi\o .Yr) paeHH HyJIIo' ro JIIIHHfl nos6yx4eurIfl npeA-

craBJlfler coOblt cABLIHyryIo 14 pacuupeHHylo B3anMoAeficrsl4el'l c KoH-

rflHyyMoM r'IHHI'lIo I]epexoAa Me]KAy AByMq ypoBHflMI'{ AI4CKperHoro

cneKrpa (puc. B, a).
Ec"'r.y laarpr.rvuufi 3r'leMeHr <q I O I Yy) paBeq HyJIIo' ro cer{eHl'Ie

eos6yx4eHrzr B KoHTr4Uyyu (ceueHr4e HoHn3aquu) ttir,reer [poBaJI npI,I

un"pr"t, paeuoit oHeprHI{ aBrolloHll3aulroHHoro ypoBHs (puc' B' 6)'
B o6ueu cdrryqae KBaApar aMnJII'IryAbI nepexoAa coAepxnr' Kpo-

Me qJISHOB, COOTBeTCTByTS1TIH; nos6yx4eHl,Ito B COCTOflHLIe p i{ KOH-

rr4HyyM, erlle u ranrepQepeuur.ronHnfl q,reu. Be,'ln\IvHa 7" (d) craHonur-
ca pieuofi HyJIIo lrptl E:E,, a Kol-Aa d lpoxo4ur 3ro 3HaqeHHe' Me-

n"ei snr^. llocxo.nlxy nropotl qJIeH B (1ll) coaepl6'r x, n nepeoft

crerreHu, a repnufi - ee KBaApar, ro IrHrepQepeHuul c oAsoft cro-
poHbr pe3oHaHca qB,rltlercq AecrpyxrtleHoft, a c apyroft - KoHcrpyK-

rlaenofi (puc. 8, a, e).
BeeAeNa napaMerp @auo:

<'a ot*!- 
(r 13)q: 

"rya|A,o.f;
tf zfiQ2 lpn6,luxeuHo paBHo orHoueHlrlo ceqeHllfl nos6yx4euafl B co-

CTOflHI'IC Q K CCIIEHI]rc ilOHI'I3AUI]I'I B IIOJIOCY HEBO3MYXICHHOTO KOI{TI'I-

HyyMa runpuuofi l.- 
coraacHo (lll), (113), ceqeHr4e B oKpecrHocrll aBroHoHLI3auI.loH-

Horo ypoBHs Mox<Ho QaxroPnsonarl:

l<vuroly,) l':l( Qalolvy) i' +#. (1r4)

Free Hand

Free Hand



96 2. Koppe,rnuuoHHbre Meroau reopun aroMa

llepnufi MHox(r.rreJrb B rrpaBori qacrr.I npeAcraBnfler co6oft cJra6o sa-
sncqxlee or d QoHoaoe ceqeHue, a nropofi onncbrBaer pe3oHaHcHoe
r.r3MeHeHrze ceqeHl,rfl s1nkrsw aBToHoHHsauHoHHoro ypoBgr. q u ,n Bo
MHorItx cfiyqarx MoxHo cr{HTarb fiapaMerpaMu, He 3aBncnuiHnar.r or 6.

Ecrl,I esaaMoAeficrBue AricKperHoro cocrorHllfl c KoHTHHyyMoM flB-
JrreTcfl cla6brl,r, To rrpu MaJroM V5 ilapauerp q AocraToqHo 6olsurofi
r.r pe3oHaHc orrHcbrBaercq cr.rMMeTpr..rqHbrM JropeHqeBbrM xourypou. flpra
q fiopnI'Ka HecKoJIbKr{x eAr.rHr{rl AJrfl pe3oHaHca xapaKTepHa spKo Bbr-
pax(eHHar acnMMerpr{n [30] .

@optrly.na (114) uapoKo r{cnoJrb3yercq He roJrbKo AJII reopern-
rlecKoro, Ho w AJIfl rroJly3Mnr{pnqecKoto otrucaHl,Ifl LI3oJII{poBaHHbIx aB-
Tor.IoHra3aqaoHHbrx pe30HaHcoB B ceqeHr{rx SorouoHusaIIHr.r HJrK He-
ynpyroro pa,ccerHur 3JreKrpoHoB aroMaMr.r. Ee o6o6ureHr,re AJrs pe3o-
HaHCOB B yTJTOBOM r.r 3Heprerr{qecKOM pacnpeAeJreHtrrrx 3JreKTpoHoB,
ncnycKaeMbrx aroMaMH, 6u.no Aauo n [132, 133] .

Cnyvart oAHoro ri3o.tIupoBaHHoro AHcKperHoto cocrorrHltr, B3ar4-
uo4eftcrnyroulero c HecKo,rrbKHMI.t KoHrlrHyyMaMr.r ft8, cBoAr.rrcfl K
BbnuepaccMorpeHHoMy cJryqarc - oAHo Ar.rcKperHoe cocroxnnefogau
xolrrlrHyyM F31, 130]. llyreu yuurapnoft rpaHcQoprraaqur.r Qynruurl,lBE MO)KHO BBeCr[ naO4r.rQUqUpOBaHHbre KOHTr,IHyyMbr, Jr[urb oAr4H H3

Koropbrx nsauuo4eficrByer c paccMarpr.rBaeMbrM Ar.rcKperHbrM cocrofl-
HHeM. Bonnoeaq $yuxqur aroro B3aarrao4ericrnyrotqero KoHrHHyyMa
Bbrpaxaercfl r{epe3 {p6l cneAyIoiqI,IM o6paeou [l3lJ:

, VsE:(Qsa)njp). (115)

Hcro.nrgoBauue QiA nuecro Q6, n (91 ) , (92) a nocrreAyioulux
Bblpax{eHuffx rrpeAcraB.lqer co6orl ux o6o6uleHue AJrrr cryqaq MHotr{x
xoHrHriyyMoe. B qacrHocru, rro,'tHafl BeporrrHocrl 6espaAHarllroHHoro
pacflaAa AHcKperHoro cocroflHkrfl rroJ'ryqaercr panuoft cyMMe Bepoflr-
uocleft nepexoAa B pa3,rr[r{Hbre KoHTHHyyMbr:

w:+ (Q',6 H e)J,:#Z\(Qse\H\q)\
p

flocxonoxy fipfi r.roHr.r3aur{lr aroMa pe3oHaHcHoe H3MeHeHHe ceqe-
HI4s B OKpeCTHOCTT,T aBTOAOHTT3aULIOHHO|O ypOBHq HMeeT MeCTO JIlrrXb
B oAHoM ruo4utpnqapoBaHuoM KaHaJre, a nepexoAbr B Apyr[e HeB3aH-
l'ao4eficrnyrouue KoHrr4tryyMbr He racrrbrrbrBaror BJTHffHHq AHcKperHoro
cocroqnizfi, ro crreKrp 6yaer [peAcraBJrflrr co6ori HaJro)KeHHe pe3o-
uaucsofi $yurquu Ha MoHoroHr{o MeHs}o[Iuftca Qon.

!,,rx orucaHnr fiepeKpbrBarourrrxcfl pe3oHaHcoB cJreAyer rrpurueHrn'b
6t,. ee o6uryrc reopurc MHornx AucKperHbrx yponueft, nsanuo4eficrny-
loutux c oAHr.rM [30] n.uu HecKor'rbKHMa [130, 134, 135| KoHrHHyvMa-
ruu. 3ro sBJrrercfl AocraroqHo c.noxuofi MareMarr{qecxoft saAaqeft, xo-
ropafl noKa rrpaKTnqecKk peuraJlacb Jrurrrrb B HeMHotoquclesHux 6o-

f vsE *BE
.1.; g
Yd- r-- trtz-

l).'voa "l'

(ll6)

Free Hand
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JIee npocTbrx cfiyrrarx. vpoeuu aToMOB C BHyTpeHHLIMIi BaKaHclIflMI'I,

HMeroxrl{e oAHHaKoByIo cli\,IMerpHro, o6bIrIHo yAaJIeHbI Apyr or Apyla'
KpoMe roro, qHcJro Ba>KHbrx AJrrr npouecca nos6yx4eHl4fl ypoBHeft co-

rp a ulaercn r.r3-3a cyqecrBoB a HI,IS eQ $exrraen6ro noreHqu a,nlnorO 6 ap r-
epa (pasA. 3.3), noeroMy AJlfl HHreprperaqutr peHrreHoBcKHx cIIeKr-
poB notaoue[lgltl LI O>Ke-CIIeKTpOB B OCHOBHOM npI'IMeHffeTCfl MOAeJIb

I4sO,'IHpOBaHHorO pe3OHAHCA, BsauMoAefCTByIOqerO Co MHOTHMH KoH-

rr{HyyMaMr.r.
Onncairne aBroI{oHHsaIrHoHHbIx ypoBHeft Moxer 6nrl o6o6qeso

lyTeM yqera He roJIbKo 6espaAnaquoHHolo, Ho Ii paAI4auHoHHOlO Ka-

HaJroB r,rx pacraAa [135-1371 . lnx eroro aroM cJleAyer paccMar-
pHBarb coBMecTHo c gneKTpoMarHI,ITHbIM IIOJIeM II IICIIOJIb3OBaTb tla-
MHr'rbTOHHaH, a raKge BOJIHOBbIe $yHrqI.rU Bceft 3Toft CIICTeMbI. TOr4a
K aBrogoHprsaqaoHgot.i unp1lHe pe3oHaHca 4o6aennercfl paAHaIIIloH-
Haq [Ir{pnH a - tlx CyMMa IIpeACraBJIgeT co6oft IOJIHyIO eCTeCTBeH-

Hyro ilrlpHHy.

3. CTPYKTYPA gJIEKTPOHHbIX OBOJIOIIEK ATOMA.
KOHOI,T fyPAUI4 H C BAKAHCUflI{TVT

Ilpu o6pasoBaHI{I{ peHTreHoBcKHx H s,rIeKTpoHHbIx crieKTpoB yuacr-
Byror KoHOrIrypaqllH c BaKaHcI{rMI,I 14 HopMaJIbHble KoH0IIrypaqI]u
aroMoB. flocxo,lllxy HopMaJIbHbIe r<ou$nrypaunu,'Iyqne uccJIeAoBaHbI
H rBJrflrorcfl 6o;lee npocrblMll, e aroft tJIaBe ocHoBHoe BHIzMaHhe yAe-
;ruu roHQurypaIIHsM c BHyTpeHHHMII BaKaHcatlMLt.

KoHQurypaqz[ c BaKaHcI{fiMLI Bo BHyrpeHsIax o6oloqrax o6.laAa-
lor pflAoM oco6eHHocreil: llx cocroqHHfl flBrflIOTcq aBTOIIOHId3aIIHOH-

HbIMH, KOpOTKOXIIByIIII{MI4, LJIfl HI'IX CyqeCTBeHHbI peJIgTLIBI'ICTCKI'Ie

aQQexru, 3Heprerr.rqecKlzl? cneKrp I.IMeer crtequ$lzqecKllfi (e c;ryuae
oAHoft BaKa*cr4u - KBa3l{qacruvHuft) xapaKrep. Hexoropue Its arl4x
BorrpocoB (reoperuuecroe otrucaHHe aBTolioHH3aIIIroHHbIX yponHefi,
yqer perfirr.{Br.rcrcKnx e$Sexror) y>Ke paccMarpIIBaJII.Icb B npeAblAy-
ilIrix rJraBax, KOpOTKOe BpeMfi Xr.r3Hrr BbICOKOBO36y>KAeHHbIX COCTOfl-

uuft aroua 14 ero noc,{eAcrBl,rr{ (6o.nlurax ruIIpHHa crIeKTpa/IbHblx JILI-

Hr'lfi, cBqsb Mex{Ay flpou,eccaMl4 Boe6yxl4gHkrs, u pacna4a cocroauna)
6yayr o6cyx4arrcfl B rJI. 5, 7-9. B sacrosqeft rnase paccMarpl,IBa-
ercfi cHMMeTpHq MexAy BaKaHcLIfll\{I4 H 3JIeKTpOiieMI{, KBa3I'IqaCTI4q-
Hnre csoricrtsa BaKaHcuu 14 BJrrtfl.Hlie BaKaHcufr. ga xapaKTepllcrr{Kr.r
aroMa (pa:a. 3. l), ocuoeHbre rllnbr cBfl3n (paea. 3.2) n xoppe;uquft
(pasa. 3.4) uexay 3JIeKrpoHaMH B pa3JlnrrHltx xou0nfypaur{flx, KoJr-
lanc nos6yxAenHoro gJreKTpoua u o6ycnon,'reHHbre orlrM aHoMaJrr4w B

csoficrsax aroMa (pasa. 3.3).

3.1. Cnruruerpfic MexAy BaKaHcHflMu r{ gJreKrpoHaMH.
BaxaHcnq KaK KBa3nqacrnqa

Hapa4y c o6osnaqeHuflMn o6o.noqer u noAo6o.iloqeK, Hc[oJrbsoBaHHbr-
I\III B npeAbr.{,yrrlux rJraBax, B peHTrenoecxoft H 3JIeKTpoHnoft cuexr-
pocKonIrH qacro ynorpe6natorcn cr.rMBoJIbr Eopa-Kocrepa: 6yreu
4. 177

Free Hand

Free Hand
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K, L, M, N, O, P, Q, ... o6osHaqaror coorBercrBeHHo cJrou c rJraBHbrr,I
KBaHToBbIM qHcJoM n-0, 7,2,3, 4,5,6,..., a rloAo6o,'toqKfl HyMepy-
rorcq B nopflAKe yBerur{eHar I u Ans AaHHoro /- KsaHrosoro vlcna.y:

lst/, 2srl, 2pr,, 2prl, 3srt, 3prn 3p"t, 3d"t, 3ditz
KLrL2LsMrM2MsM4Ms

4srtz 4prh 4p"n 4dttz 4dstz 5srir. . .

N1 N2 N3 N4 itr5 Or. . .

Te >xe HI4XHI,Ie cLIMBoJIbT ucnoJrb3ylorcfl H Ailn o6o3Ha'{eHlrq cocrofl-
HI4ft aroMa c BaKaHcr{eft s IaHHofi noAo6oJroqKe. B clyuae eos6yx-
AeHHbIX xouQurypaqnfi c orKpbrrbrMn o6o,'roqKaMx yAo6Hee yKa3bi-
Barb pac[peAeJreHne oJreKrpoHoB s o6oro.rxax (o6uuuo - Jrr4tub B
orxpurux) LTJILI ToJIbKo BaKaHcLrv B Hr4x (nl-N:n7+t+2-^-).

3auega oJIeKTpoHoB BaKaHcLrflMrt Bo3MoxHa He roJIbKo e o6osna-
qeHuu ronQurypaqlu4, Ho aMeer 6onee rny6oxufr. cMbrc,'r. !,,rr pac-
cMoTpeHr.rfl caMMerpnu Me)KAy 3JreKTpOHaMV h BAKaHCrasrtAu OCO6eHUO

YAo6Ho rrpeAcraBJreHlre BropzqHoro KBaHTOBaHr4s. B c,ryuae aroMa
(u.nu ocrona) c sano;rHeHHbrMu o6o.roqraun oleparop yHzr{rorxeHus
s,rleKrpoHa OAHOBpeMeHHO ffBdTfleTCfl OI]eparOpoM pox<AeHr.rf BaKaH-
cvIl, a olepaTop po)KAeHr.rs 3reKTpoHa - o[eparopoM yHr.rqTo)KeHHfl
BaKaHcnI4. 3ro noseolfler noJrHocrblo nepexoAaTb or orrl{caHnfl 3JIeK-
rpoHoB K onlrcaHlrro BaKaHcr{fr [47, 49, 53] . OcuoeHoe cocroqHr.re
aroMa rorAa rrpeAcraBrqer BaKyyMHoe cocro_aHlre AJrq BaKaHcuft ur.n-
. 3ra cuMMerpxfl Hapyuaercq B3ar4MoAeiicreuel,{ MexAy 3,qeKrpo-
nautz; niru ero yqere BaKaHcHro cJreAyer paccMarpr.rBarL, KaK KBa3H-
qacrHuy, ABH)KyxIyrccq He B IIoJe qApa, a B HeKoroporvr a@QexrHBHoM
noJle aroMa. OAHaxo s oAuoxoH$r{typarlr4oHHou npu6,'rlrxeunn c$e-
pliqecKH cHMMerpHqHoro nolq HapyrxeHr.re cr.rMMerpH[ Mex{Ay sJreKr-
poHaMr.r w BaKaHCr4flMri npoucxoArrr ,'rHrxb B paAHaJrbHOM npocTpaHcr-
Be; crrMMeTprifl coxpaHreTcr B crrHHoBoM I1I op6ara.ntHoM npocrpaH-
cTBax, B KOTOpbIX SJreKTpOHbr O[HCbrBaIOTCrr TeMH >Ke OAHO3JIeKTpOH-
HbIML BOJIHOBbIMLI QyHxqIaauu, rIrO Ii B orcyTcrBlre BSatIMOAericTB[fl.
3ro noseorrrer rroJryqr4Tb coorHotrreHl{s MexAy crrr4H-yrJroBbrMu r{ac-
TflMIr MaTpHqHbrX SJTeMeHTOB COIIpqX(eHHbrX xoHQUrypaunfi (Huero-
Iqllx oAr.rnaKoBbre rrucJra gJIeKTpoHoB u eaKarcufr B Tex >xe o6o.nouxax,
HaIlPHMep, lN u l4t+2-N).

Bee4eu oleparop KoHbroraUuw C, nog 4eficrenerra Koropoto one-
parop 4(cls) s3ru"fler npoeKrluro KBasr{cnnHoBoto paHta [a0] :

caff] c -t : (- l)q- e a@ts) &.

Cor.racHo (1.89), C npeo6pa3yer orreparop poxAeHxfl
orreparop eto yHurrro>r(eHufl, n uao6opor:

Cal C-r: d, CAC-a: - el .

(1)

3JIeKTpOHa B

(2\

Free Hand
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kle (2) cJreAyror npaBr.IJra rpeo6pasoBaHllfl rtoA 4eftcrnneu one-
paropa c onepar:opon v(ft,krk) (1.90), Q, (1.87) u ero co6crBeHHori
BorrHoBoft Qynxqr.u lyQMq> [a0]:
CV*'A:{,) C -' : ( - 1)k,- n, Yq,[,:fi,,

CQ,C-': -Q",
clyQM) -(- r)o-*o\yQ - M).

CooruorueHue (5) c yverou (1.88) npLIHIiMaer BLIA

(3)

(4)

(5)

clt*t):(- 1)"*t-!* 1y,*r-*rs. (6)

Taxurrr o6pasorr,t, Ka)KAoMy cocroflHlllo y qacrntlHo sano,'IHeHHofI
o6oro.rxlz /N coorsercrByer raKoe >lte cocrorHl{e [orITH sanolHeHuoft
o6o;rouxrz, r.rHbrMH cJroBaMr{, conpfl}KeHuue xonQnrypaq[H HMeror re
>Ke repMbr (npnuqnn eaxaHcrzft llay.rra).

Zs coorHouresuft (2)-(6) cJreAyror coorHorreHr4s MexAy re-
HeaJrotl{qecK}rMri xoeQQuqzeHTaMr{, a raKx(e Mex(Ay MarpI{qHbIMH
aJIeMeHTaMA AJItr qacrI,IrIHo I{ [orITI,I 3arroJlHeHHbIx o6o;loqer, Koropble
6u.nn npneeAeHbr s rr. I 6es AoxasareJlbcrB.

Cor.nacHo ( 1.130) , AHaroHaJrbHbre Marpr{rrHbre sJreMeHrbr onepa-
Topa cnnu-op6uraJrbHoro asauuo4eftcrnua H"o AJtfl xou$urypaqnrl
lN 14 l4t+2-N r{Me}or [poraBorroJro)KHbre 3HaKr.r. Ecnu ueAuaroHaJrbHbre
Marpl{qHbre oJleMeHrbr Ma,rrbl, To sro rrpHBoAHT x o6paqenuro yponHert
TepMa rrpu nepexoAe or lracrlrqHo K rroqru 3ano,'rHeHHoft o6ono.rxe.

,CnraH-yr.noBar 
qacrb MarplrqHoro 3JreMeHTa oneparopa 

- 
aJreKTpo-

crarn.{ecxoro BsauMoAeftcrsns ann xoHQrzrypaunfr lN v l4t+2-N o'rJru-
qaeTcr Ha Ber'rItqHHy, He 3aBIIcflIIIyro oT TepMa, oAHaKo ecJlr{ lic-
KJrroqr{rb us H" cpeAuroro 3Hepruro E", ro peAyu[poBaHHuft roaQQu-
rlr{eHr .fL(l*) noJryqaercfl oAr.rHaKoBbrM AJrfl conpflxeHHux xouQu-
rypa4rafi. Co6creeHHsre 3HaqeHr4s qr.rcro cKaJrflpHbrx oneparopoe HA n
Hp, z raKxe per'rflTrrBr4crcKnx flonpasox H* u Hd npolopqnoHaJrbHbr
I{I,ICTY 3JICKTPOHOB B O6O,'IOqKC H HC CI,IMMCTP[qHbI OTHOCI{TCJIbHO 3A.
uesn -A/->41+2-N.

B npu6.nuxeunn Xaprpn-Ooxa-llaynn rrpn yqere ocHoBHbrx
ssaHlvroAeftcrezft eHeprfis o6o.toqxn c o4uofi eaxaHcl,Ieft paBHa:

E (nlat+ ti| : @l + t) lI (nl) + R (nt)l - # t
k>0

QllC<r,t lll)2 Fk(nl, nl)+

+ 2l (41+ t) fl (nl, nl) - UU+t)-l(l+ 1)-s(s* 1)l(n,, Q)

r'e R(nl) o6osHaqaer oAHo3JreKrpouuurt rrrarpuunufi 3JreMeHr orre-
paropoB peJrsrlrBr.rcrcKr{x nolpasoK H* u Hd (1.206).

C Apyrorl cropoHbr, B roM xe npn6.naxeunu oHeptnfl oAHoro
3JIeKTpoHa B rroJre slpa Z HMeer Bblpax(enue:

E(ntj):r(nt)+n@fi+) l,j(j+ l)-/(/+ t)-s(s+ l)l(",. (8)

1

,

Free Hand
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llpn racno.nb3oBaHlrrl reopeMbr Bupvaila v alrce6pakrr{ecKxx Bbrpa}Ke-
Ht4fi AJrfl, I,rHTerpaJroB orHocl4TeJrbHo BoAopoAo[o,[o6Hb]x BoJrHoBbrx

Qynxuufi [54] nnpaxeune (8) cBoArrcfl [39] r o6uqHoi:i Qopnyne:

E(nti): - Rhc [#. #- (i;rr-;)]
3Aecl R - nocroflHHafl Pu46epra 4.ua 6ecxoue.rHoft Maccbl (sanxcu-
Mocrbro 3Hepruu s,rreKrpoHoB or Maccbr qApa sAecb H B Aa"TbHefiiuer,r
6yaerr,r npeHe6perarl).

tlro6u npeo6pasoearb BbIpaxeHr.re (7) K raKoMy )Ke Bi.rAy" r{3
E(l+t+t1 cd're,(yer Bbrr{ecrb sHeprr4ro 3anodrrHeHHofi o6onoqxn, paccqa-
TaHHyro c oAriHaKoBbIMH paAr.ra.irbHblMr{ Bo,rruoBbrMrr Syrixquxuu:
E (nli -r'1 : E (nl4t + L j) - E (nlat + z1 :

: - tI (nt) + R (nt)l - | ti fi * \ - t (t + 1 ) - s (s + I )l (", -

- (4t + t) F (nl, nl) + lll- ' t
/c>0

<l ll C(k) ll l)z Fk (nl, nl). (10)

VpaeuenNe ( 10) no cpaBHeHr{ro c (8) coAep)Kr{r [orro"rrHXre;1bHbr€
qJIeHbI, npoucxoAfl rque or aJreKTpocrarr.rqecKoro 83auMoAer?crena nuyr-
pn o6o.nouxu (ec.nn r xoirQurypaqr.rH r4Melorcfl Apyrre 3aloJrHeHHbre
o6o,loqxa 1(0, ro IIpLI BbIqLIraHHvr rls E(Kol4l+t) aHeprul4 E(Kol4t+2)
nogBJIflIorcfl TaKxe lrr'IeHbl, coorBercrByio[I[e 83aI]MoAeflcreIzrc i-a"'rex-
rpoHa c 3arroJrHeHHbrMrr o6o;louxauu). Bo"[Hoeaq $ynxqux PnL(r')
npuQ;ruxeHHo orrncbrBaercfl BoAopo4oro4o6noft Syuxquefi c aQQex-
THBHbTM sapfAoM flApa ZIt:Z-oa, r.(€ 6nt - rrocTofiHHafl 3Kpa-
Hr.rpoBaHr.rr, oilpeAeJrrreMaa no Xaprpn l37l :

o^r:z-W I Frt- @l 1r)nt)' (i 1)

Bupaxaa r.rHrerpaJrbr a ( 10) orHocnreJrbHo BoAopoAorr04o6surx
Qyuruufi qepes crerreuu (Z-o), (7) npeacraB,'rfleM B Bl4Ae:

E (nti -t1 : Rhc L=)'- + lry G;ir- +) ] (t2)

Bo eropou c,'IaraeMoM, orrncblBaloxreM perqruBr{crcKue norpaBKl{, r(
od I)'aBJreHo KBaHTOnOe UUC.IO i. Benr.r.{[ua 64i LtHOt/.a Ha3brBa-
ercfl rrocrofluHori rHylpeHHero 3KpaHr.rpoBarr4tr - oHa B ocHoBHoM sa-
Bllrcr.rr or 3apflAa BHyTpeHHI{x IIo orHorxeHHro K nl o6anoqeK, sKpa-
HllpyrcIrlux noJre qApa. B oj, errnqeHbr AonorHnreJrbHbre KyJIoHoBcKHe
IIJIeHbr, coAep)Kaul,[ecx a (10), Koropbre coorBercrByror B3ar.rMoAeftcr-
BHIO CO BCCMIJ SAIIOJIHCHHbII,TH O6OJTO'{KAM}I I{ I4MCIOT 14HYI.O 3ABI.{C14-

Mocrb or Z, uev noreHquaJlbrag, H KHHerLIqecKar gHepiHI{, nooroMy
oh y)Ke rBJrflerca $yHxqneft or aroMHoro HoMepa u onpeAeJrqercfl
KaK BHyrpeHHr{Mr.r, TaK vr BHeruHzMH tro oruolxeHliro K nl o6ono\wa-
MI{ aroMa. 3ro nocroqHHafl noJlHoro gKpaHrrpoBaur.rq [, 55] .

tDopuy.la AJq 3Heprr{H BHyrpeggeft saraHcr.ru (12) ocraercfl B

(e)

Free Hand



3. I . Baraircun KaK KBa3r.rqacrulr,a l0 I

cHJIe H npl{ HaJIIdqHI'I B aroMe OTKpbITbIX O6OIOUeX, eCJII,I OHLI CIa6O
B3ariMoAeftcrByror c BaKaHcLIeft. 3Heprnr BaKaHcIaH (12) nrvreer npo-
ruBonoJrolxnsrfi sHax no cpaBneHuro c 3HeprHeft elerrpoua (9), no-
sror\{y ypoBHr.r aroMa c saraHcHefi coorBercrBylor nepeBepHyroMy
cneKrpy oAHo3JreKTpoHHoro aroMa: ypoBeHb r{Meer reu 66lluryrc IIo-
JroxiureJrbHyro aHeprnio, qeM B 6o.rree r.ny6oxori o6oloqxe HaxoAI.ITcs
BaKaHcnfi, a ocuoeHoft ypoBeHb coorBercrByer BaKaHcII[ so suemHeft
sareHrl{ofi o6oJro,{xe. Coxpauar z (12) Jrr4rxb nepBHft ocHoeHoft .uIeH,

noJry-qaeM 3aKoH Moslra AJrfi ypoBHr xoHQurypaqnu c saxaHcuefi.
Odquri MeroA orrLrcaqvtr BaKaHcHH KaK KBa3nqacrllqbl npeAcraB-

Jrner AHarpaMMFrafl reopr{s BosMyrrleHr.rfi, upn grou 6oree yAo6HbIM
or(a3brBaercq px.u, Epa.n"rrc:ua-Buruepa [38, 139] . BaKaHc]rs e sa-
MOpOXeHHOM no,'re ApyrHX 3JIeKTpoHoB - 3TO I.rAeaJII{3HpOBaHHas. vilw
3aMopoxeHHaq BaKaHclrfl, Koropar uso6paxaercf cnJloruHofi nnsneft,
HatipaBJreHHoii sHHs (prc. 9). O6pasonaBll]aflcfl BaKaHcI{r ttpl4rfltl{-
Baer oKpyxanu{ur? 3JreKrpoHHblfi sapa4. 3ra penaxcaunt 3JIeKrpoH-

I
yqeToM ee

+

-r'
xbc

l.+-8. 
:

Puc. 9. Pn4 ,truarpavu, uao6paxiarou{Hfr eaxaHcuro KaK KBa3ul{acrfiqy c
paccerHHfl Ha oKpyxarcuxx 3JleKTpoHax

usrx o6o.rtorreK Moxer paccMarpuBarbcg KaK pacceflHl.Ie BaKaHc[H Ha
3JreKrpoHax, B pe3yJlbTaTe Koroporo Bo3HLIKaIoT peaJlbHble LI BLIpTy-
aJrbHbre nos6yx4eHua. floc.re4Hne uso6paxalorcs $paruenraMLI Alrar-
pauu (ue coAep)KaxruMa BHeIIIHI4x nLruuft), Koropble Mo)KHo BcraBl{rb
B .rrr{Huro BaKaHclrr4, pa3pe3aB ee nocepeAuue. 3ro sganN{oAeftcrs[e
C 3JIeKTpOHaNIII II3MeHfleT 3HeplHIO BaKaHCHVI: 

-&a 
Ha 

-eo-Xa, 
fAe

Io - rroflpaBKa, Ha3blBaeMaq co6crseHHoft eueprueft BaKaHcLII{.
Bxra4 orAerlsofi AI4arpaMMbI e co6crneHuylo 3Heprurc onncblBaercq
qacrbro AuarpaMMbI, iloryqaeMofi ryreu orceqeHl,Ifl or Hee cBepxy a
cHr.i3y saxaurHoft Jrkr[Lrv. Bx.naA orlpeAe.Ilsercq no [paBHJIaM, yKa3aH-
HbrM B pasl,. 2.3, roJrLKo K sHeprerlrqecKoMy 3HaMeHareJIio D (2.80)
cJreAyer Ao6ae"'rqrl E - ncxouylo sHeprfirc cocronHl4fl c eaxauc[efi
(era ne.nrEunHa c o6paruuu 3HaKoM paBHa oHeptur cBflsl4 yAa,'IeH-
Horo 3d'reKrpona). Hanpuuep, BKJIaA or nepnofi ALIarpaMMbI prra,
ilpeAcraBd'ieHHoro Ha pl{c. 9, paeeH:

l(cb l hi,l xa)\'z
e"1e6-er* E*ir1' (13)

Free Hand



109 3. Crpyxtypa gJIeKTpoHHbrx o6o.toqex atoua

5ecxoseqsuft p"a AHarpaMM o[ucblBaer BaKaHcLrFo-KBa3liqacrulry]
Koropafl uso6paxeHa Ha roM xe pacyHKe yroJrrqeHHort .nunueli, ua-
npaereuuofi suus. Co6crBeHHar sHeprnr KBaglrqacrartbl [oryqaercr.
IryreM cyMMr{poBa}l}.Ifl. BKITaAOB AI{arpaMM sroro ptrn'a rr coAep)Klrr
peaJrbHyro H MHnMyro qacrr4. Munuas qacrb npotzcxoAnr or Ar.rar-
paMM, KOTOpbre COOrBerCTByrcr AOs6yxAeHHqM C COXpaHeHI{eM sHep-
rar{ (ror4a 3Heprerr4qecxuli sHaraeHaredrrb r{Meer crzHryJqpHocrb r.r K
nelry Heo6xoAr.rMo Ao6aerqru MaJlyro MHIiMyro BeJrr{qHHy lq). Taxuu
o6pasolr, nos6yN4enr.rfl, yAoBJlerBopflroullre 3aKoH coxpaHenr.rr onep-
II{I'I, BHOCflT BKJIAAbI B BEXICCTBCHHYIO U MHI'IMYIO qACTI,l CO6CTEEHHOft
aHeprxlz, a 3Heprerr4qecKrr 3arlpexreHHue nos6yxcAeHrirr - JrRrrrb B
BeIIIeCTBeHHyTO qacrb.

.II,ns onncaHnn @opnau aBrorioHllsaulroHHoro ypoBHfl yAo6Ho BBec-
rrz cneKrparrbHyro Qynxquro BaKaHcwLl [138] (cp. c (2.99)):

A^(E\:lI-=il=,=,:1 4n .L-.eo->,"(E) rc [.8-eo-Re)"(E)]'z*[Im>,(,E)]'' (14)

B cnyuae HeB3auMoAeftcrnyrouteft BaKaHcr.rri cleKrpa,'rbHaa $yHxqza
rpeBparqaercn n 6-QyHKqI,Irc:

A"(E) * I (E- e,). (l 5)

Ec.nn co6crBeHHylo sHeprI4lo BaKaHcI4t4 B oKpeLcrlrocrn ypoBHfl crJlz-
rarb rrocrossuoft rernuuHofi, ro (14) rpeAcraBJrfler co6oft JropeHqe-
nuft xouryp c o>xe-ttrlzpuHoft, panuofi:

l,:2Im Zo(E,), ( l6)

rAe b, - pe3oHaHcHas gHeprl,Ifl.
llpa yvere saBucr{Mocrra E-eo-ReXo or 3Heprulr e npn6"nuxeHun

nepBoro qJreHa paga Teft,ropa, aHaJrornirHo KaK B (2.109), rroJryqa-
ercfl 6o,ree o6u1ee Bbrpax{eHrze, coAepxaulee crreKrpocKonuqecxufr
Qaxrop z;

lo:2zo(8,) Im >,(E,),

z,(8,): (r - * *" >,@));':u,

(t7)

(18)

Penaxcaqurc aroMa npn o6pasoBaHr{r{ BaKaHcnH Mox(Ho pasAe-
Jll4rb Ha MOHOIOJTbHyTO peJraKCaUUrc. nponcxoAsrqyia c coxpaHeHr.reM
opdHra.nnuoto KBaHToBoro rrI4cla I saxarcuu npu ee pacceflFllll,I Ha
oKpyx<anql{x odTeKTpoHax, tr My,rlbrrrrroJlbH-yro - 6es coxpaueHntr l.
OcHoenaq qacrb MoHouo.nruoii pe,rlaKcar{Hr.r - per.rraKcarrnq B paMKax
4aHuoii roHSnrypaqrryr HoHa - yqr4rbrBaercx npH6nr4x(eHueM Xapr-
pu-@oxa. Co6crseHnafl gHeprns BaKaHcLtkr B 3roM npIa6,ruxeHau
paBHa pa3Hocrr.r KyrrM3HoBcKoft z xaprpu-Qoxoncxor? aueprzr? cBfl3r.r
I,I coBnaAaer c 3Heprxert pe.rarcaqlllr, Koropaf qacro t4crroJlr,3yercrr B

KaqecrBe Mepbr peJIaKcauulr aboua npu o6paeoeariv r.r BaKaHcr.ru B

o4uoxoHdlraryp aqlroHHou np u6.ruxesnn. I,IcxoAfl r.r3 orrpeAeJleHHfl 3Hep -
rult peJraKcaqr.ru KaK pa3Hocrn xaprpa-r]oxoncrzx [oJrHbrx eneprnfi

Free Hand
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HOHa, paccqr.rraHHbrx c 3aMopoxeHHbIMIi BoJIHOBbIMLI syUXqnnUu aro-
r{a (E'(a-r1) rn c SyHxqlrrlan aroft xonQnrypalrHll, roryqaeM:

E,,1a-t): E' (a-r) - E (a-t):
: (e' 1a-r1 - n) - (n 1a-r)- E) : i,o - I o: EfF > 0.

3ueprua peJraKcaulrlr r.rMeer BerLIqHHy or Aonefi Ao rIpHMepHo
100 ats [9] . Oua reu 6o.nuue, r{eM s 6oree r.ty6oxotrr cJloe HaxoAllrcl
BaKaHCrrf, a ilpn yBeIr4rreHr.{H aToMHoro HoMepa pacTeT rIoqTH JIH-
ueftHo.

O6pasoeauxe BaKaHcr{n sau6oree cfiJrbuo Bruqer Ha xapaKTepuc-
Tr.lK[ He COCeAHITX C BaKaHCI4efi, a eHemHIax, C.na6o cgqsaHHHx o6o-
r'rorreK [40] . HsMeHeHne nocrossHoft 3KpaHHpoBaHHx Alts. BaJIeHrHoro
3d'reKTpoHa rrpH o6pasonaunu nuyrpeuuefi BaKaHcHH Mo)Ker Aocru-
rarb AByx r.r Aa)Ke rpex eALIHI4q (pr,rc. l0), r. €. aQQexr BaKaHcHH
coorBercrByer yBedl[qeHr.{ro 3aprAa fl.Apa e Heftrpa.nrHoM aToMe Ha
HecKoJrbKo eAr.rHr.lq. 3ro o6rqcnflercfl TeM, qro npn y6aileHwv 3JreKT-

Ao"1(3p-t)

Puc. 10. I4srueHeHue nocroqHHori gKpaHnpoBaHI,Is. 6nr !,Jts, pa3r'rr.iqHr,Ix n/-srerrpoHor
uplr o6pasonaulru 3p-l-uaKaHcr4r (pesy;rrraru pacqera MeroAoM Xaprpu-@oxa
[140] )l Lont(n'l'-t1 :ont-6nr(n'f-').8 aroMax c 3acrpauBaloqefrca dtr-o6o.itou-
xofi reunne roqKr.r coorBercrByror xonQxrypaur-rsu dNs, a cBerJrble - xonQurypa-
qfiflM dN-ls2

(l e)

Free Hand

Free Hand



104 3. Crpyxrypa 3,'IeKrpor{Hblx o6o,loqer arorua

pOHa MeHgeTCfl aCHMIITOTI{Ka nOTeHIIHaJIa CaMOCOIJIaCOBaHHOIO IIOr'Ig'
a oTHoclrTeJrbHoe H3MeHeHIie rroTeHuLIaJIa pacTeT c yBe,r[qeHHeM r.

flpu nououln reopeMbl Kynueuca iloryilaercq npI46nI.IxeHHoe co-
orHoueHne [141]

Leo(b-t)x L,eu(a-l), (2O>

corJracHo KoropoMy r43MeHeHLre 3HepraH 3JreKrpoHa a rpv o6pa3oBa-
HI{I4 BaKaHcvrLt b-" rrpH6rHxeHHo (o6blqHo c rorlHocrblo rlopffAKa He-
cKoJrbKnx rpoqer{roB) paBHo H3MeHeHI,Ip sHeplilH sJleKrpoHa b npu
o6p asoBanr.r Lr B aKalcrkr a-t .

Vqer He roJIbKo MoHo[oJrbHott nnu paAI]aJIbHoft, Ho H ytd'IoBofi
putaxcaquft 3,rIeKTpoHHbrx o6ororreK coorBercTByeT oI]l4caHHIo cocro-
fl.Hufl. c BaKaHclreft B MHoroKoHSErypailnouuou npu6JIHxeHIiI{. B c",ry-
qae clzIbHoro cMe[iHBaunx rou$nrypaqufi KBa3I]r{acTI.Ir{Haq KaprHHa
Hapyuaercfl H Aa)Ke coBceM repfler clrd'Iy. Hanpnrvlep. 4ptl|,- ypo-
BeHb B Xe sc,'IeAcrBr{e oqeHb cIIJIbHoro B3anMoAelicrBllfl c KoHrLIHyyMa-
*ut 4d-2el(l:1, 3) K coorBercrByloxruMl.I cepnsMlz Ptt46epra, pac-
fiJrbrBaercr B rxr.{poKyro [o,'rocy e Qoroa,'lerrpoHHoM cneKrpe U42,
139] . flossrne BaKaHclrr4 KaK KBaBI,rqacrliu,bl Hapyulaercs rd AJIfl
BHyrpeHHI.rx saKaHcI.rft, KorAa HMeer l\{ecro cMeuIIzBaHI,Ie co MHorI,IMrr
KoHrr.rayyMaMr.r [143] . Cw,nruoe cMeuIHBaHHe eolHoeoll SyHxIluu co-
cToflHHfl C BaKaHcr.reft C QyHxrrI4flMLI HenpepbIBHoro CneKTpa coorBeT-
crByer 6onluroft KoMrrJleKcHofi qacru co6crBeHHoft eHeprnn BaKaHclrr4,
H rrcxoAfl H3 cBoficrB crreKrpaJIbHofi Qyuxqull MoxHo c$opuy.rrupo-
Barb cdrleAypqee ycJIoBIze npHMeHltMocru KBa3I4qacTl,IrrHolo [peAcTaB-
Jrenris rla{l:

ReX,(,8) l> 1tm >,(E) l.

B [145] 6uno npe4rro]KeHo MeHee xecrroe yc,roBlle.

3.2. Tnnu cBc3r.r r.r gHeprerr.rqecxufi crreKrp

(21)

B aroue Bo3MoxeH pas.rvuuufi nopsAoK cBfsbIBaHI{s MoMeHroB sr'IeK-
TpoHoB - THrr cBfl3II. Pea.nasaqufl Toto I{JIH Apytoto rl{na cBs3i,I 3a-
Bucur or orHoc?ITe,urgofi BerIiqnHbI eaafiN{oAeficrsHii, cegsblBalout{x
MOMeHTbI 9"'TeKTpOHOB: B rrepByrO OqepeAb CBs3bIBaIoTcff MoMeHrbI
6o,ree cr.rJrbHbrM B3ar4MoAeftcrBI,IeM [38, 46] .

Cnaqa.na paccMorplrM cBff3biBaHI,Ie MoMeiIToB AByx o,'IeKrpor{on B

Heperqrr.IBr.rcrcKoM npa6,rnxeuun. llpauoe g,rleKrpocrarI{qecKoe or-
rad'rKHBaHrle Me)KAy aJreKrpoHaMvt lf6 cBrr3IJBaer roJIbKo Ilx op6u-
TaJrbHbre MoMeHTbr ra He sarparl{Baer crruHoBbix MoMeHroB (puc. li).
C 4pyroft cropoHbr, o6MeHHoe g"IleKTpocrarl4rIecKoe nsauuo4eftcreze
h""* cBr3bIBaer raKx(e n c[I,IHoBbIe MoMeHTII. Cnnu-op6I,ITaJIbHoe
esauuo4eficrene o6'seAugs'er op6ur:alluul? u cnzriosofi MoMeHrbI
KaxAoro oJIeKrpoHa e norHuft oAHogJIeKrpouuuft MoMeHr.

Ec.nu npeo6,ra4aer gJIeKTpocrarI{qecKoe ssalzi\,IoAeftcrBIie MeiKAy
3JIeKTpOHaMI'I:

h"d, h"r>hf , hf , (22)

Free Hand



3.2. Tunn cBrgr{ fi gHeprerfiqecKuft cnertp

ro peanr{3yercfl .Ls-cBflsb:

lr+lr:L, s1+s2:S' L+S:J. (23)

Ec.irn cnpaBeAJILIBo o6paruoe Hepa-
BEHCTBO:

h'f , htf >hd, h"",

ro r.Meer Mecro ii-cnnss:

(24)

lr+sr:j1' lr+sr:jz, jr*jz:J. (25)

3ru ABa r[IIa cBq3LI Ha3blBalorct{
oAHopoAHbIMr.r (o6a gJIeKrpoHa y.ra-
cTByroT B HI4X CI{MMeTpHqHbIM, paB-
HorrpaBHbrM o6pasou). Bosl\aoxHlt
err{e ABa HeoAHopoAHbrx nJrr4 napHblx
rr{rra cBrr3r{. IIpu ycJroBrar,r

hk>hl'>h3,, hli

pe ar'r r4syerc fl L K - csfl,ar:

lt+lr:1, L+sr :K, K+s, :3t,

a B cJryqae

hi'>h"d>ht", hli

- f/(-cnnsl:

lr+s, :j1, jr *1, :11, K+s, :31.
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hi h:in^ -A_++1
11 51 Ir s.w

h, hi,
Prac. 1 1. Csqsfi iuexAY op6ura;rl-
HbIMI-I U CTII{HOBbIMH MOMCHTAMI{

,(Byx aJIeKTpoHoB, o6yc"ror.neunue
npirtruu (hil u o6rraessun (h!r)
gJreKTpocrarltqecKLIM esaltMoAeficr-
BI.ICM MEX(AY HI,IMI,T, A T2K)K€ CTIHH:

op6nramulttu ngaHMoaellcrsI4etvt
(h"")

(26>

(27>

(28)

(2e>

flpn6.nuxeuHoft rvrepoft B3alrMoAellcrsuft s BbIIxenpI4BeAeHHbIx He-
paBeHCTBaX MOryT CJIy)KHTb 3HaqeHHq OCHOBHbIX paAI'Ia,rIbHbIX IIHTe-
rpaJIoB F2(nrlr, nrlr), Glr'-t"t(txt.lr, nrlr), F2(nl, nl) u (6[381.

B perqrr.rBncrcKoM npn6nnxennu oAHooJIeKrpoHHaq BoJIHoBaq

Synrqua 3aBr{cr.rr or KBaHToBoro qHcJIa i, noarouy BogMo)KeH eALrH-
crBeHHbrri rurr cBf3r.I - ij-cna:l.

Moueuru gKBIIBa,rIeHTHbIx gJIeKTpoHoB cBflgblBalorcfl dr14rxb paB-
HOnpaBHbrM o6pa3oM, cJIeAoBareJIbHo, BHyrpH o6o.uoqr<u n"ua no4o6o-
roqKlr Bo3Mo)KHa roJrbKo lS- n;rn ii-cnasl. B .lerxux aroMax, a raK-
)Ke B Bad{eHTHbIX n Cy6ea"reHrsux o6o;toqKax Tfl)Ked'Ibix aToMoB rlplI
He6orbl]ux 3Har{eHlrrrx e00exrnnHoro 3aprAa rApa AoMLIHupyer oJIeK-
TpocrarHqecKoe 83ariMoAeftcTBl,Ie Me)KAy 3JIeKTpOHaMII, [O3TOMy I'lMe-
er Mecro lS-csqsl. C yne,rnueuaeu eS$er<TI,IBHoro saptr1a sApa cnLIH-
op6r.rra,'rr,Hoe B3arrMoAeficrslae pacrer B qerBeproil crenegu, a 3r'teKr-
pocTaTI{qecKoe 83aI,rMoAellcTBue JIl4lrrb ,'IIzHefiHo, rlo3ToMy cBfl3b
npu6.ruxaercq K ji-runy. llpu arou Bax{Ha BerldrIuHa op6llrarbHoro
KBaHTOBOTO q^Vcila /; e,leXrpoHu c 66.rluruu I pacnoJralalorcfl 6onee
TecHo I{ cur'rbHee oTraJIKVBaroT Apyf Apyra, B To Bper\{fi KaK rlocToflH-
Hafl CnlrH-op6HraJibHoro B3alrMoAeftcrnur, Hao60por, yMeHblrraercfl c
yBerr4r{eHr.reM I ecreAcrBr4e yAa,reHr{rr or fl,g.pa vs-sa ileurpo6exuoro
eQ$erra. Taxnla o6pa3oM, ii-cnasr pead'Iusyercrr roJIbKo BHyrpr{ Ba-

Free Hand
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JreHrHoii p-o6oiloqKu B Tfl)r{eJrbrx aroMax, a raK)Ke Bo BHyrpeHHHx
.o6oro.IKax c BaKaHcHflMLI B cpeAHl,tx LI Tfl>KeJIbIX aroMax.

Mex4y o6oroqKaMr{ Bo3Mo)KHbr Bce qerblpe rl'Ila cBnsLI. Buyr-
peHHfls BaKaHCrir o6brrrHo cBfl3brBaercfl c BHeuHefi orxpurori o6ono,{-
xofi npu rroMoII{lI jj- unu jK-czazu. floqrn ql{crble HetoMoreHHL'Ie cBq-
su jK u LK uuorAa pear'Il{sy}orcq MexAy ocroBoM l,t nos6y>r4eHHblM
3JreKTpoHoM, oco6eHHo ecJrr.r oH LrMeer 6o;rlruofi op6uranruufi nto-
MeHr [38, 461 . B HsoaJeKrpoHHoM pflAy LrJtLt [pri yBe,rnqeHI,IrI crerre-
HH r4oHr.r3ar{r4r{ aToMa cnnsr npu6rl4N(aeTcq x ji-csxsu.

flepexo4 or BoJrHoBbIx QyHrqHft oAHoro rlafla cBq3H r Qynxqzru
Apyroro rnrta cBqsu B HeperqruBlicrcKoM npu6rnxeHull ocyurecrBJrr-
ercq npu rroMoura Marpr{q npeo6paaoeauur (npun. 3). HanpuMep, or
ZS- x JJ-cessu N{ex{Ay AByMfl o6onoqxauLr liJrr.r AByMn He3KBuBaJreHr-
HbrMr{ 3JreKTpoHaM[ - npI.I rroMolql,I MaTpHIIbI

<L1L2L, ,S1 'S2 ^S "/ i11 51 Jr, Lz S2J2J> :

:[2, S, Jb J27u2

Lr 51 Jr

L2 52 J2

L S J
(30)

Bcre4crnue ee yHnrapHocru o6paruufi nepexoA ocyulecrBJlflerca npu
noMorru roii xe Marpr.ir{br.

llpaxruvecrw .uvcrar, cBs3b B aroMe r{Meer Mecro B cpaBHHreJIb-
HO peAKr.rx c.nyqaflx, Harrpl.{Mep, AJrf ocHoBHoro repMa nopuarrHoft
xouQurypaqun. Bo;rHonue QyHxqun qrcrofi cBq3lr r.rcrroJlb3yrorcfl Jrr]urb
KaK rzcxoAHath 6asuc npu Qoprr,rnpoBaHr{a Marpulrbl 3Heptn}L llyrenr
Anarbna.[usaquu eroft Marpnrlbr [oryqarorcq ux ,rzsefisue rona6usa-
r\ut4 - BoJrHoBbre $yHxrlun [poMexyroquoft csssu; oHH I.l HcnoJlbsy-
IOrCq Ad'rfl HaxoxAeHHr BepoflTHocreft uepexoAoB r..r ApyrHx aroMHbrx
Ber'rr4quH. Pesyrlraru pacqera B npoMelKyroqHofi cBfl3rl He 3aBucqr
or nu6opa HcxoAHoft qacroft cBtr3Lr, xorfl LIcIIoJrb3oBaHlre 6o,ree pea-
,rlncrlrrlHoro 6asaca AeJIaer Bo3Mox(HbIM o6osnaqeHlre yponueft xeau-
ToBbrMH r{r.rcraMu rrucroft cBr3H (no uan6o;rbrrreMy BecoBoMy xoaQ0u-
queury).

AJtq oqeHxrr qncrorbr cBq3r.r HcloJrb3yercfl cpeAHflq rlncrora 
-ycpeAHeHHbrfi xna4par BecoBoro xoaQQuuneHra B pa3JloxeHl,rlr BoJr-

Hosofi @yHr<quu npoMelKyrovuoft cnxsu [46] .

I(naccaSararlr4fl ypoBHerl xeaHrosbrMu qucJrauu qucrorl cBfl3r.r co-
npqxeHa c HeKoropbIMr.I rpyAHocrflMll. Bc.[eAcre[e roro, .Iro 6orl-
IILIHCTBO KBaHTOBbtX qUCeJI COOTBeTCTByeT OrreparopaM, He KOMMyTI.I-
pyIoUIHM c raMLIJIbToHI,lalioM, MarpHqa 3HeplHH B c"Iyqae xCiuoury-
paqxfi c orKpbrrbrMa o6o,'roqKaMr.r coAep)KHT MHoro HeALIaroHaJrbHbIx
3JIeMeHToB, a repMbI cl{,irbHo cMeIIrI{Barorcq Bo Bcex rr.r[ax ceqsH. Tor-
Aa MaKcr{MarrHnfr Bec B pa3JloxeHuqx BoJIHoBbIx Syuruaft HecKoJrb-
Kr.rx ypoBHeft c oAuuaroerrlr "/ Moxer coorBercrBoBarb oAHoMy r.r ro-
My xe TepMy, B To BpeMs KaK HeKoTopble repMbr He BblAeJlflrorcq no
BecoBoMy xoa$QzqneHry HH e oAuoft $yHxqzrz [poMexyroqnorl csqsu.
Ec;lz paccMarplrBarb ypoBeHb B u3o3JreKrpoHHoM ptr1y uJrH e psa.v

I

I

Free Hand



3.2. Tnnu cBff3tt lr gneprerrqecKfiii cnexrp

aroMoB, To oH Moxer nsMeHfrb cBoe o6o3HaqeHHe: B oAHoM aroMe
coorBercrBoBarb oAHoMy floqTr,r q[croMy TepMy, a B ApyroM - I,IHoMy
repMy roro )Ke Tr{[a cBr3ll. flpou.nnrccrpHpyeM 3ro Ha npHMepe AByx
ypoBHeri [a6] . I]pfi ArraroHaJru3aqrrn MarpHrIbI oHeprull

lr, E,"

I u",, Ez

(l coornercrByer KBaHToBbIM irI,IcJIaM \t, a 2 - \z) [od'Iyitalorcfi cJe-
AyIoIqHe,co6creeHuHe 3HaqeHI,If :

a,,,:!*r"*l(E?),*,]',,. (3r)

Ilvcrn HeAlraroHaJllnufi uarpuquuti sJIeMeHT E12:5, a E1 w, E2
3aBUCrT Or HeKOTOpOTO ilapaMerpa X, ttpn u3MeHeHLIH KoToporo or 0
4O I ypoeuu E1 u E2 repecerarorcs r,r MeHqrorcfl MecTaMu (urpuxo-
Bbre nprMbre Ha pr.rc. 12). tlpu arorrl o6a cocroqnllfl ocrarorcfl ql{c-
TbrMr{ cocroflHrlflMpr \r H \2. Ecflu sxJroqllrb MaJroe Bo3MyII{eHHQ Ee,
ro r4sMeHeHue eueprHft 6, u Er. corJlacHo (31), 6y4er uso6paxarlcx
cn.nourHurran Jrrl]Hl4t[.Mu Ha ToM xe plcyHKe. vpoeun yxe He nepece-
Karorcg. OAuaxo BcJreAcrBI{e MaJIocrI{
En KpI'IBbIe npoxoAqr AocraroqHo E

6.nusxo K rIIrpr{xoBbIM JIHHIIIM H co-
cTogHDq, 3a ItcKJllogeHlleM o6,racrn
c6nu>xeruus, yponueli, coorBercrBylor
IOqTH qHcTbIM cocTOflHIttM ]r H ]2.
Taxnu o6pasou, npfl u3MeHeHHrl X
qLICrOe COcroflHI'{e Yr npeBpaUIaeTcq
B r{HCTOe COCTOflHHe y2.

107

Bo,ree rouurtit, Ho He cJ'IIIuIKoM
axonouurtr2 cnoco6 o6osua.reHr4s
ypoeuefi c,rro)KHbrx xoHQurypauufi -yKa3bIBaTb HeCKOJIbKO CMeIIHBaTO-
ullrxcfl TepMoB.

fAe cf, - eecoeoii xoa$SlrqueHr pa3Jrox{eHnfl
cocroslrr4fl f no Qyuxur.rflM qr.rcroli cnasn ly);

Puc. 12. I4gueuenue 3Heprur.r ABvx
sgari\.roAericreyroqnx (cnnouruue
nunuu) il HeB3anMo.qefrcrsyrcu1ur
(nynnrr.rpHure) yponuefi B 3aBrlclt-
MOCTTT OT sHepfeThqecKoro napa-
Merpa x

Pesy"nlraru pacrrera BepoffrHocTeft nepexo4oB B npoMexyrovHoii
cBfl3lr MOryT coAepxaTb cyrqecTBeHHbre rrorperuHocrH ldlq HeKoropblx
c,la6rtx nuuuft. 3ro nponcxoAl,IT B Tex c,rlyqaflx, KorAa BKJTaAbI or
pasJrnqHbrx rid'reHoB pa3JroxeHr.rt no QyHxrIHflM qr.rcroft ceqsu rzMeror
nporrzBonoJro)KHbre 3HaKn H noqrlt KoMleHcnpyror Apyt Apyra. Arfi
[poBepKr.r HaAe]KHocrr.r pe3yJrr,raroB Moxer cr'ryxrzrb Saxrop KoMireH-
caIIHH [46] :

cf<riolr'>.f,

lcf(rioly','cf,l
(32)

soJi{osoir Qyuxqun
O - oneparop re-

lrt
lL) 4

! ^('

ttZJ L)
v\'

Free Hand
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pexoAa. Cuna nusuv paAnauuoHHoto nepexoAa S (f, f') rrloxer co-
repxarb cyrqecrBeHHylo norpeuHocrb, ecJrr.r r<(0,05-0,1) t461.

!,la oqeuo:x Hitkt fipeABapnTeltnofi HnTepnperarl]r[ cJro]r(Horo
3HeprerfiqecKoro cneKTpa He o6q3arerbHo npoBoAllTb AeraJrbHbre pac-
qerbr B npoMex{yToqHoft unu qucrofi cBflsrr - rroJre3Hyrc o6ulyro un-
Sopuaqurc o cneKrpe Aaror eto crarr,rcrr,rqecKue MoMeHTbr - cpeAHflfl
3Heprr.rfl, Arrcnepcr.rfl ra 4p. @opMyJrbr AJrr cpe4aefi 3HeprHH r<ou@n-
rypauuu B Heperqrr-rBr.rcrcKoM H penqrnBucrcKoM npn6ntxeHr{flx y>xe
ilpr.rBoAr.rdrrucb ((l 137), (l.l9l)), a or4e,rlHbre c,'raraeMbre Ar{cnepcun,
coorBercrByroqne 3JreKrpocrarr.rqecKoMy u cnuu-op6fiTaJrbHoMy 83au-
MoAer?crBr4rM, HMelor BbrpaxeHr.rfl [1a6] :

o?(l*): N (N- r) (4/+ 2- N) tqt + 1 - N)
(4t -r 2) (4t + 1) 4t (41 - r)

r
1- 5. | 28(/c, k') IL Ll 2k+t --(zr+T\ei+f)-

k>o k'>o -

-lt, ', 
rrl] 

,',,t'-' ttt>"<ttlc@itit>2Fk(t, t)Fk'(t, t), (33)

(34)

"[]a

o10n) :'## N @t+z- ne',,

o' (/iu, if,) : #l##i*##ihi;l "

x Gk (lr, l) Gk' (lL, lr) - 4

g## (rll c@ ll r,), (t,ll c(r') rr I,), Fo (t,, r,) Fk' (rr, rz) +

rS S Ia}(k'k't' L' .L L 2k+t (2tt+t)(Zt)+t)
kk'

avl""

(/, ll c,o, il lr)" (lr116tr"t l) lr)2 x

Irkl
t2 k' l"

x (4 ll C(e) ll /r) (/, ll Cttt tj lr) (lrt1g<*'t l2>2 Fk (lb l) Gk' (lb 12) (3s)

Ecnn roHQarypaqnfl coAeplKlrr HecKo.rrbKo orKpbrrbrx o6onouex,
ro Ar.{cnepcufl paBHa cyMMe qreHoB (35) lto BceM napaM o6onoqerc
H cyMMe (33), (34) no BceM o6o.no.rKaru. B cnyuae nHyrpeuHax o6o-
,'IOqeK Hepe,rrflTr.rBHCTCKr{e HHTerpaJrbr CJreAyeT 3aMeHl{rb COOTBeTcT-
ByrorrlHMH cylteprt03nrlnqMH peJrflrr,rBHcrcKHx lrHretpaJroB (1.200)--
{ 1.203) .

Bxragu B Alrcltepcnro or pa3nnrrnbrx nsanuo4eficreufi npe4crae-
.trqor 6oree roquylo, qeM Ber'Il{lrnHa I,rHTetpaJIoB, oueHKy cHJrbI 83aH-
lro4eficrnuft npn eu6ope rnrra cBfl3lr.

_!,ucnepcnfl gneprernqecKoro cfleKrpa xapaKrepu3yer eto rrrapnHy
.\E, xoropyro MolKHo oqeHr.rrb no Soplry.ne

LE:2121n2o211t2x2,3548\f o2 (36)

KaK rur.rpnHy HopMaJrbHoto pacnpeAeJreHr.rrr ypoaueft sneprilfi.

I
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3.3. Ko.rr.rrartc Bo36yx(A,eHHono gneKrpoHa

B KoH$Hrypaqr,rflx c Bo36yxAeHHbIM 3JIeKTpoHoM npH Il3MeHeHI{H
aToMHOtO HOMepa, CTe[eHI4 LtOHU3aI4]dm HJII,I MHOTOSJIeKTpOHHOTO CO-

Cr0flHklf. aToMa BO3MO)KHO pegKoe LISMeHeHUe XapaKTepHCTLIK 3TOro
3JreKTpOHa, AaXe Ha HeCKOJTbKO rrOpflAKOB. 3rO sereHHe [OJyrr[,IO
Ha3BaHHe Ko,rrJranca BO,'rHOBOri QynXqnU LIJIH KOpOTKO - KOJIJTanCa
3JreKrpoHa. o.{eHl flpKo oH Bbrpax{eH n xoHsrarypauusx c BaKaHcHer?
e cy6earenrsofi o6o.noqKe H Mox{er 6urr npuur.rHori pa3,'InqHbrx aHo-
vanufi B peHrreHoBcKr4x r.r aJreKrpoHHbrx cneKrpax [29, 147, 148].

Vp aaueuHe Xaprprz- cDoKa, onp eAeJrfl rorqee p aAHar'rbnyro BoJrHoByro

Qynxquro P"t(r), [peAcraBJlfler co6oft ypaBHeHHe Ar]rr oAHoMepHoro
ABLIxeHr.rr c eQQexruBHofi noreHrlnallsoft eHeprueri

v"fi(r):Y*(4+ ll*P. (37)*

34ecl Vn(r) - noreHrlrdaJlbHas 3Heprr,rfl 3JreKrpoHa B [oJre flApa H

Apyrux 3JreKrpoHoB, BKJrroqab[{afl H ee o6uennyrc uacrt (6yleM cqH-
Tarb, rrro oHa a[[poKcHMHpoBaHa JroKaJIbHofi noresqna.ntHoli Oynx-
4nefi rzna rroreHur{aJra C,rerepa vlru B cJryqae 6esys,ronoft Qyuxquil
P"L(r) nor'ryrieHa nyreM AeJreHHrr o6uesuoro qJreHa ypaBHeHr4ff Xapr-
pn-(Doxa Ha ory Qyuxunro). Bropoe cJraraeMoe n (37) npeAcraB-
Jrser co6oft [oJroxnreJrbHyro rreHTpo-
6exHyro oHepruro. OHa 6ucrpo Bo3pa-
craer npH yBeJrr4rreHrlrr,r I u AJrfl I>2 v{Q)
craHoBurcq 6onrue V (r) (arr,reroqeft
orpuqare.nrHuft sHax) He roJrbKo npu
MaJ,I.bIX /", HO BO MHOII{X aTOMaX H Ha
paccrorHuflx nopsAKa (0,5-5) a. e.,
fAe rrpHrf>xeHr4e rrApa 6r'rcrpo yMeHb-
IXaercfl r,r3-3a ero 3KpaHHpoBKu BHyT-
peHHHMH 3rrreKTpoHaMra. B pe3yJrbrare
eroro SyHxuIza e$QerrneHoft noreHull- puc. 13. (DyHxquq aQ{errr.rouori
anlgotl gHeptHH rlpt4 HI{Maer BHA AByx roreHqr.rarrbHofi saepiuu V?t (r),
IIOTeHIII4aJIbHbIX gM, OTAeJIeHHbIX IIOJIO- uMeloqat BUA AByx tM' orAe-

x(HTeJIbHbIM noreHql{aJIbHbIM 6apreporr,r'lIeHHbIx 6aprepou

(pac.13).
B xonQurypa[r{flx c BaKaHcHefi runa nftt'+r nl 6apnep AJIfl Bepx-

Hero lP-repMa erqe sHarrHreJlbHo noBbllrlaercq LI3-3a 6o.nluroro noJlo-
x{r,rreJrbHoro xoeQQuqzeHra npl{ o6rvrensou r.rHrerpaJIe gJleKrpocrarl{-
qecKoro esauN4oAeftcrezq (cu. pas4. 5.2). D,ns Apyrllx repMoB 3ror
roa@Quqneur lrMeer se6o,'rruroe orplrqareJlbHoe 3HaqeHve w V"$1r'1
xopouo annpoKcrrMnpyercr noreuqua.nlsofi Qynxqr.reil ypaBHeHHfl
XO-cp.

B c.nyvae eos6yx<g,euHoro eJreKrpoHa V"iQ) c.na6o saBllcHr or
n, no3roMy ery SyHxqr.rlo Mox(Ho crrl{rarb oAt{Haxoeofi 4,rx nceft ce-
pnu Png6epra.

Bc.ne4crnne uarofi nJroqaAu anyrpeuuefi flMbI oHa coAepxltr JIHIUb
HecKoJrbKo yponHefi, a ,{rrfl. HeKoropbrx aroMoB * Aaxe HIi oAHoro
ypoBHfl. B nocleAneM cJryqae ocHoBHbIe Marrcr,rMyMbl ycex P6(r) c

Free Hand
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AaHHbIM L'roxafiusoBaHbr AaJreKo or flApa B o6racrr..r BHerrrHefi sMbr,
Koropafl r,rMeer BoAopoAonoAo6Hbrft xapaKrep.

llpu eospacraHrrvr 3apflAa flApa BHyrpeHHflr nMa yrJry6Jrrercfl 14 pac-
urnpqercs. KorAa B Heft iloflBJqercfl ypoBeHb 3Heptna H oH craHoBHrcs
IIH>Ke OCHOBHOTO ypOBHg sHeprHlt BO BHeIXHeft flMe, paAlaaJrbHafl BOJI-
HoBar SyHxqnx [epBoro cocrorrHufl 4aunori cepun KoJrJra[cupyer -€e ocHoBHoft uarcnuyM [epeMe[Iaercfl B o6.nacru nuyrpeuuefi auu.
ilpu erou nto6an Apyraf QyHxqrlx P,,r(r) 4aHuofi cepna craHo-
Barcr s o6racrll BHe[rHeft nuu no4o6Ha flpex(Heft P, -y(r). Aanl-
Hefinree yr,ry6neuue BHyrpeHHeft flMbr npr{BoAktr K Ko,rrJra[cy BoJrHo-
noft Qynxqnr{ Broporo cocroflHuq 14 r. A.

B nefirpa.nbHblx aroMax c nos6y)KAeHHbrM BaJreHTHbrM nl-stexr-
poHoM Ko,rJralc lpoHcxoArzr rrpu aToMHoM HoMepe, Ha eAr.rHl.rqy MeHr,-
rIIeM, rreM y od'reMeHra, B KoropoM BnepBbre B HopMaJrbirofi xouQury-
paIIIIH rrorBJrrercfl nl-o6onoqxa Ia91. Ec.nn eos6y>x4en 3JreKrpoH
Id3 BHyrpeHsefi o6oroqKlr, ro aSQexrrzenurt sapa4 flApa AJrfl 3roro
aJreKTpoHa 6oJrrue, qeM rrpu HopMaJIbHoM ocroBe, [ogroMy KoJrJralc
SJIeKTpOHa r.rMeeT TeHAeHqr4rO [pOI4 CXOA]rTb npu MeHbrrreM aToMHoM
HoMepe- (ara ren4eurlufl Moxer Hapylrarbcs Bbrueylouauyroft cu.nr,-
Hor? saevcrMocrblo VirQ) or repua).

Ko.tt.nauc reu 6o.iree flpKo Bblpax(eH, qeM BbIuIe n ruIzpe [oreH-
qna.rluuli 6aprep, flooroMy BoJIHoBafl Qyuxqan H pa3r'Il{qHble xapaK-
Tepr.rcTI{KI4 f-alexrpoHa H3MeHflloTcf 3HaqI,ITeJIbHO CI4JIbHee Il pe3qe,
qeM KoJrrrancrpyrculero d-enexrpona 1149, 1471. Eaptep 6ucrpo
yMeHblxaeTcfl c yBedIIHqeHHeM cTeIIeHI4 HOHH3aIIHI,I - OH 6O,ree xa-
paKTepeH 4"nn uefirpaJrbHbrx aroMoB, oAHaKo 14 B r,roHax co crerreHbro
lrcuusa\u.u B-10 B rz3oaJreKrpoHHoM pqAy Moxer IrMerb Mecro He-
M O HOTO H HOe I43 MeHeH Iie CLIJI OCIU{JIJIqrOpOB.

B xousnrypaq[qx $r,+t I KoJrd'ranc l-a.nexrpona 3aBr4czlr or MHo-
ro3JreKrpoHHbrx KBaHroBbrx quceJr: AJII HrrxHeft rpynnu repMoB aJreKr-
poH Moxer 6url xo.n,ra[clrpoBaBuvIM, a AJrfl BepxHero lP-replra e
.oAHoM r.r roM >Ke aroMe - JToKaJILI3oBaHHbIM eo eHe[rHeii aue [150] .

I4crroJrb3oBaHlre perxeHr.rfi ypaeHennfi XcD-cp, oco6esso 4,ra lP-repua,
Mox<er rrpr{Becrr4 x 6o.nrurnu norpelrlHocrsrvr. C 4pyrofi cropoHbr, npn-
6lHxesue X@-r, KaK rroKa3brBaer cpaBHeHr.re pe3yJrbraroB pacqera
c[eKrp oB Soro norno u1 enus 4 dto--+4 ds 4f c oKcrrep H MeHra Jr bH br M r.t cne Kr-
paMr.r |47, l5ll, Aaer npaBr{JrbHoe o[HcaHr.re KoJr,rrarca oAHoto Bo3-
6yx4euHoro 3JreKTpoHa, xorfl s6nusv KpnruqecKoro 3Haqennn eSQer<-
TI{BHoro gapr.Aa Moryr 6urn cyulecrBeHHblMr{ TaKxe KoppelquuoH-
HbIe I{ pe,ylfruBl{crcxrze e$$exrrt. Ec.nn Bo BHe[rHeri o6oro.rxe ralae-
ETCq HCCKOJIbKO SJIEKTPOHOB, TO HsYI{CHI-IC I4X JIOKAJIil3AT\WU BO3MOXHO
JIIIITIb rlpx crflTLrr4 otpaHI,IqeHI{r, uto6bl oHH onncblBarrllilcb oALIHaKo-
noft pa4raa.nlHofi so,'ruonofi $yuxqaeft. Pesy.rrtrarbr pacirera paAr.raJrb-
HbIx BoJIHoeux QyHxqurl c[HH-iloJIqpv3oBaHHbrM MeroAorr,r Xaprpn-
@oxa cBr{AereJrbcrByror, qro n xoHSr.rrypaqnax defN nerlrpa.nlHux
peAKo3eMedTbHbrx aroMoB oAr{H f-elexrpou flBnqercq HeKoJrJrarrcupo-
BaBTIHM Aaxe rpu N:8 [00].

B c.ryuae MaJroro noJroxnTenbHoro HJrr.r orpltuareJrbHoto 6aplepa
Bo3Mo)KeH rlocrerleHHblft xo.n.nanc, a raKx(e qacrnqHoe npoHI{KHoBe-
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3.4. Cu,rrso cMeulfiBalo[lrlecn ron$urypaunu

Hlre B o61acrb BHyrpeHHeft fMbI Bo36yx{,U,eHHbIx /rl-s;eKrpoHoB c pa3-
rnrrHbrMr,r n [29, i5l]. B <<nepexoAHofi>> olilacrLt sHaqeHl,Iir Z, coor-
BeTcTByrorlefi o[ycKaHHIo KBa3HHe3aBIiCHMolO ypOBHff BO BHyrpeHHeft
qMe B LIHTepBaJIe gHeptllli ypoBHeft BHeLuHefi gMbI, I{Meer MeCrO IIO-

oqepeAHoe pe30HaHcHoe rIpoHI'IKHoBeql{e BoJIHoBbIx QyHxuufi cepHi'r

Pua6epra BHyrpb aroMHoro ocroBa [152].
CyqeCreonaHl{e IIoJIoxI{reJIbHoIO IIOTeHqIlaJIbHOro 6apbepa cI,IJIb-

HO BJrHrreT I4 Ha ABxX(eH11e MeAJIeHHOTO cBo6OAHOlo sJleKrpoHa B nOJIe

aroMa, OgO6eHHO eCJIII BO BHyTpeHHeft flMe cyUIeCTByeT KBa3I'IAI{CKpeT-

Hbrft ypoBeHb c [oJIo]KLIreJIbHofi 3HeplHefi. KorAa gHepluq cBo6oA-
HOIO sJreKTpOHa npl{6Jlll>Kaercfl K sHeprHI4 raKOrO ypoBHfl, PtQ)
pe3oHaHcHbrM o6pa3oM npoHllKaer Bo BHyrpeHHIoIo 06,'Iacrb aroMa

[26, 147, 153] . 3ro sBJIeHI{e LIHorAa Ha3blBaercn xoJlrarcoM BoJIHo-
Boft oyHKqHr.r HerlpepbIBHoro crleKrpa.

llporn,reune 3S@eKToB KoJIJIaIIca 3JIeKTpoHa H rloreHuLIar'IbHolo
6aprepa B peHueHoBcKLIx H 3JIeKrpoHHbIx cIIeKTpax 6yAer paccMar-
pHBarbcfl B nocJleAyloxlllx lJIaBaX.

3.4. Cnrlno cMeruI{Banulfiecs KoH$Hrypaqux

Kparxo paccMorpl.IM, B KaKHx cnyqatx oAHoKoH$HrypaIrI4oHHoe npu-
6,rux<esae oKasblBaercq HeAocraroqHblM LJtfl onvcauatt crpyKrypbl
SJIeKTpOHHbIX O6OJrOqeK - I'IMeer Mecro cuJlbHoe cMeuIIlBaHI'Ie KOH014-

ryparlHfi, oco6eHHo npH HaJIHqIILI BHyrpeHHefi BaKaHcuu.
,I(ax useecrHo, KoHSI{typauHI4 AncKperHoro cneKrpa cMeIIII'IBaIor-

Cfl TCM CHJIbHCE, IICM 6OJbIXC BC,'IIIqI'IHA MC)KKOHOUIYPAqTTOHHbIX MAT-
pHqHbrx 3JreMeHroB I{ qeM MeHbIxe paccToqHne Me)KAy ypoBHflM14.
BsauNaoAeficrBne AlrcKperHoto cocroqnl4r c KoHTI.IHyyMoM, B KoropoM
oH HaxoAr.rrcs, corJracHo (2.99), onpeAeJlflercfl MarpI4qHbIM gJIeMeH-

rotrrVg Il yAaJIeHLIeM ypoBHq or Kpafl KoHrlrHyyMa.

3uaqesus MexKoHSlrrypaqnoHHblx HHretpaJIoB 3aBucflT or cre-
neHri rrepeKpbrBaHHfl coAepxaquxcfl B HHx BoJIHoBbIx oyHKI{Uft: Se-
JII'IqHHA ],IHTCIPAJIOB BO3PACTAET, CCJI14 6O.NITUUNCTBO I{JIII BCC BOd'IHO-

BbIe oyHKrII1IH HMeTOT OAI,IHaKOBbIe lJIaBHbIe KBaHTOBbIe q]IcJIa.

Bsanno4eftcrBrie MexAy KoH$Irrypaqllfl MH, coorBercrBylourl{Mu oA-
HOMy r{ TOMy Xe ua6Opy r,laBHbIX KBaHTOBbIX qIlCeJI (npnna4,reXa-
rrIHMrr AaHHoMy KoMnJIeKcy KoHQI4rypaquft), Krpaer BaxHyIo poJlb B

cy6na,reHrHbrx o6o,'IorrKax rrplz AocraroqHo 6o.ntmou eQQexrrznuont
sapflAe r4pa. tlerr,r 6olrrue Z*, reM 6o.nee BoAopoAonoAo6Hbl cocrot-
HLI|., 14 eCr'IIrI IilX 3Heplllfl B OCHOBHOM O[peAeJIfleTCg 9,'IeKTpOCTaTI{qe-
cKHM B3aI4MOAefrCTBI,IeM, TO XOHQUrypaqI4U KOMILTTeKCa CTaHOBtTCfl
KBa3HBbrpO)KAeHHbrMr.r. I'IUrerpa.ilsr fth, xax u Fk, Gh, saBucqr or z"
Jr[HefiHbrM o6pa3oM, a paccroflHl,Ie MexAy ypoBHflMl.r 3Heplul{ AByx
xoHSrzrypaqrift c BaKaHcvrfl.Mw BeAer ce6s pasruunuu o6pa3oM, ecJILI

oHLr np[HaA,rre)Kar K oAHoMy H ToMy xe KoMIIJIeKcy I4JIH K pa3JHr{-
HbIM KOMn.rIeKCaM. 3ry SaBUCUMOCTb MOX(HO OqeHLITb, LICXOAfl I{3 BbI-
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pax(eHHfl (12) u ocraBJrrfl B HeM ocHoBHofi KBaAparr.rr{Huft q.ueH. B
nepBoM cJryqae HMeeM:

L,E:Et_Ez-_q;r _ g#:*F-lr_ 4yl-2.. (3s)

C apyrorl croponbr, [pr4 orfinqarcrrruxcfl rJraBHbrx KBaHroBbrx quc-
rax qJIeH c 66,rruruu /r Mox(Ho orrycrldrb, TotAa noJryqaercfl KBaApa-
rurrHaq saBuclrMocrr or 2". Taruu o6pasou, (Rh)r/(E1-E2)2 ant
ronQnrypaqzrt oAsoro H roto xe KoMrrJreKca noqr[ He saBr.rcrrr or
Z*, a B cJlyqae lonpaBoqHoft ron@nryparlnn, He np[HaA,rexaulefi x
KoMrrJreKcy, gra BeJrr{qnHa yMeHbrrraercfl KaK (2. ) -r. CNreilHgaHue KoH-
$Hrypaq[ft KoMrrJreKca BaxHo B MHorosapflAHbrx r{oHax 6es sFrelrrHux
aJreKTpoHoB, a raKx(e B aroMax c BaKaHcHqMH B fipoMe>xyrouuttx o6o-
Jror{Kax. Hanpurraep, cMerrHBaHr{e KoHeqHbrx xoHonrypaqnfi 2p-a-ta
!2s-22p-o+l npa pa4narIHoHHoM pacnaAe uoHoB Is-r2p-q, [oryriaeMbrx
B I4OHHO-aTOMHbIX CTOJIKHOBeHHflX, npI,IBOAI,IT K nOflBJIeHHIO I'IHTeHCHB-
HbIX CaTeJrJrlrroB AByxsJreKrpoHHoro paAnaqlroHHoto [epecTpar.rBa-
HLrr [54].

Ec.rrv xoHQaryparlnlr orJrnqarorcff oAHHM gJreKrpouoM, ro AJrfl
6pu;lnloeuoBcKtrx xonQurypaqnrl urueer Mecro qacrurrHaq r.rJru rroJrHar
KoMneHcarrar qreHoB o uexxonQurypaqlroHuoM MarpHqHoM 3JreMeH-
Te, a npr{ l'{l ypoewr.r oAnHaKoBofi qernocru rracro yAaJrenbr Apyt or
Apyra. Cpe4ra xopperaqnft raKoro rurra cJreAyer BbrAeJrurb (s*d)*
cMerrr{BaHr.re B aroMax lepexoAHbrx 3JreMeHToB c orrpuroft d-o6ono\-
xoft [55, 156, 120]:

(s + Q)N =nd* * rON-r (n* l) s + nln-z (n + l) s'z. (3e)

B cnyuae HopMaJIbHbrx xon$nrypaqnfi sro cMerrrnBaHlre cuJrbHee
AJIfl KoHIIa rpyrrlr, Ho rrpu HailHqHLt aHyrpeuueii BaKaHcIiIl oHo cy-
ulecrBeHHo raK)Ke AJrfl HaqaJra rpyun, oco6esso npeAlrrecrByroulr{x
HM oJreMeHroB c KoJrJranc[pyrcur.rM d-enexrpoHou [29, 120J.

B xouQurypaqllflx c orKpbITbIMLr BHerrrnrrrr,ru o6o.noqxauu o6uqso
BaxHbr AByx- fi oAHosJreKrpoHHbre noe6yx4enlrfl, H3 o4Hofi o6ono.rxn
B Apyryn, a raKxe AByxgJreKTpoHHbre aos6yx4enus, e 6nu>xafiruue
He3anoJrHeHHue o6onoqxw f45, 123, 1571.

KonQHrypaqr,rfl c nnyrpeuHeft eaxaHcuefi nrlrjrr cr.rJrbHo Bsarr-
rro4eficrnyer c xoHQurypaqrzflMu HenpepbrBHoro crreKrpa (e xoropolr
oua HaxoAurct) u AficKpernoro crreKrpa rr,rra [158-161, 113]

(40)

H B Menbrrreft creueun - c xou@urypallnflMu

nrl;r nrl;r nz)t4.

nrt;tnr,rt ("r) ,, 
^,r, 

(:) t,

Orsocure.rruo hhjlr KoHrLIHyyMbr
Mr.r cynep-Kocrepa-I(poHllra, a $l)

(41)

(40) Hasusarorcr KoHrr.rHyyMa-

- I(ocrepa-Kponura (uaena-

(;),
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Hnq npoHcxoAqr or coorBercrBylolrlHx 6espa4I'raquoHHblx IlepexoAoB
us nrlriyr B 3rLt KolrrHHyyMbI, cM. pa3A. 8. 1).

BennquHa KBaApara uexxoH$urypaqlloHHoro MarpuqHolo sJIe'
MeHTa fipH tL2, nz*nt cocTaBJItleT

V7:QrlrtlH"lrrltt n"l;lel)z = l0-3- 10-aa.e. (42)*

B cnyuae tlt:t\2, ns*nr oHa Bo3pac_Taer npl'rMepHo Ha nopflAoK, a

fipn n2:tt4:tr1 - erqe Ha ropqAoK [159]. C apyrofi cropoHb_I,_yp_o-

aeur ,, lri;t naxoxtrrcfl BraJru or Kpafl aebfiHoft HoHH3auI{u nrl;tn"l;r
(n2,nslny), rloaToMy V" cna6o 3aBHcHr OT E H BKJIaA,bI B cABIil
ypoBHq (2.100) npu. E,:P (nrlri r-')

ive, 12 de', (43)L E (rt ltj r t) = F (n' It i ;t1 : P f
I

E (n, Itj ; L) - E (n, I ; I n" l; t) - e'

or E' < E (n, Iri ;t) - E @, lrt n" l, t) n e' > E (n, lri t t) - E (n, l; I n" l;r) rorlrl4
KOMneHCIlpyIor Apyr AP)'ra. Ecnu n2:nt*nt u oco6eHHo rIpH paBeH-

crBe Bcex rpex tJIaBHbIx KBaHroBbIx qpIceJI E(ntlti;t) npu6"rnxaercr
K Kparo AsoftHoii uatvrsal\Lrlt, rotAa raKoii xorrlnencail[I4 He rlpol4c-
xoALrT.

Asror.{oH.uearraonHbie KoHrHHyyMbI cynep-Kocrepa-I(pouNra Hilr4

Kocrepa-I(ponl{ra 4,'rr xousHiypauuz c BaKaHcl{eft nllri;1 cyqe-
crByror, ec,'In cnoft c n1 co!,ep)Klrr Apytl{e o6o,toqxn u,ln no4o6onou-
ra c op6nraJIbHbIM MoMeHToM lllt, a Iloporn llx AeofiHoii HoHH3aII[a
HaxoAqrcq HZ)KO nopora I4oHH3alIHkt n1l1i1.

BsavuIo4eiicrBI{e MexAy xouSnrypauilt{MI.I AHcKperHolo crleKrpa
nrlrjr 1 n nrl;t n"l;t nl roxie cy[recrBeHHo Bo3pacraer, ecJII{ tx2:rlr Lt

oc66eHHo fipv nz:rls:nr. Cpe4n raKolo rl.Irla Koppe"ilqqufi cJleAyer
BbrAerrr4rb [58-162]:
ns-r +np-' n' d + np -2 n" s * np-1 (n * 1) d-1 n"' f,
np-7 +nd-z n' f,
nd-1*nf-2n'9. (44)

Bce osn coorBercrBylor raK Ha3bIBaeMoMy rl4ny cuMMerpfiqecKoro H3-

MeHeHr.rfl cr.rMMerpur4 [158] - 
I oAuoro 3,lleKrpoHa yMeribmaercfl FIa

eAI'IHLIIly, a Apyloro sJIeKrpoHa yBe,Iut{HBaerc.tl Ha eAHHI'Iqy.
BuureyxasaHHbre KoppeJIfl IrI.rI{ MexAy 3,'IeKTpoHaMIl npofl BJIfl Iorcfl

He TOJIbKO B CneKrpax ypoeueft SHeprI,IlI, Ho LI B peHrreFIoBcKHx, 3r'IeK-

TpoHHbrx, QoronornoueHllfl cleKTpax, qro npHBoAIIr K trepepacrpe-
AeJIeHI.I19 I,IHTeHcI4BHocrefi, [oflBJIeHHro cI,Ir'IbHblx careJ-ldliHTHbIx nug.uit
Ii Hx rpytttt. C;reAyer orMerllrb, uro nu6op xonQarypaquti npu pac-
qere Beposrsocrefi nepexoAoB AoJIxeH onpeAeJlflTbcfl He roJIbKo cre-
IlCHbI,O }IX CMCIII],IBAHHfl,, TIO I{ BCII4III,IHOft UATPUUUUX S,TICMCHTOB OTIE.

paTopa IIepexoAa MexAy ocHoBHbIi"{II II nofipaBoqHbIMI'l xouQury-
paql'IflMl{ BO3MOXHOCTbIO yqeTa AOIIOJIHI4TeT'IbHbIX KaHa-IIO-B IIpO-
qecca (pnc. 14). HanpnMep, nropoft r{reH B pasr'Iox{eHl'in Yf/ aaxe
fiPil Azlbz MOX(er 6Url 60.nee Ba)KHbIM AJIfl BepoflrHocrH llepexoAa,
uer,.l eropoft q,'IeH B pasJIoxeHHLl Y.g'. Ec.nn npn pacr{ere ypoeHefi

Free Hand
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3Hepruu BK-nreroa norrra BcerAa yrorrHqer oAHoKouQnrypaqrroHHbre
pe3yJrbraTbr, To B cJryqae BeJIUTILIH nepexoAoB c,'ryqaftHbrft eu6op He-
cKoJrbKr.rx lonpaBoqHbrx roHQurypaqnft rraoxer [paBecrr4 Aa]Ke K yxyA-
rrreHHro corJracl{s c 3KcfiepI,IMeHTaJIbHbIMIl AaHHbrMH.

t 

- 

YF:a'lT') *9n'> +a"lv;)
Y.z' V

2 

- 

V{--bLI Yi) +b,lYi>+D.lYi>
Puc. 14. Cxeua, I.rJlnlocrplzpyrcuraq Bo3HI.tKHoBeHue Aonor'rHr'rrer'IbHrrx sogMoxHocreri
nepexola Mexay ypoBEflMIr E1 u E2 rIpH t{cnofib30BaHr.i}r .(Jrfl I'tx orrHcaHus BoJrHoBbrx

SyHt<Iufi Vcr s guAe pasJ'toxeHnt o4noxoHQurypallr4oHHbrx Syux{rft V;; ai, b;-
roaoSHqueHrbr pa3,'roxeslit

4. CO3AAHHE BO3EyXAEHHbtX COCTO'HI,tn

Ec,rlu o6pa3oBague nos6yxrgenHoro cocroflHvfr n peJraKcaqur gJreKr-
poHHbrx o6oloqex [poHcxoAflT 3a BpeMfl,3HaqilTeJrbHo MeHbIrIee Bpe-
MeHu )KH3Hu nos6yx4enHoro cocrorHr.rq, n ecilv Mox(Ho [pene6perrb
xHrepSepeHUHoHHbrMH eQQerrarrru Me>KAy pa3rHrrHbrMrz flpoqeccaMr.r,
cBfl3brBarouIuMH oAuHaKoBhIe HaqaJIbHbIe I,r KoHeqHbIe cocToflHHfl, To
o6pasoaaHue u pacnaA Bo36yxAeHHoro cocroflHLrfl c BaKaHcr,rer? MolK-
HO paccMarpuBarb orAedTbHo KaK AByxcTyneHUarufi [poqecc. Taroe
rpn6rnxeuue rxnpoKo pacrpocrpaHeHo B peHrreHoBcKori lr 3JreKrpoH-
uoft cnexrpocKorruu Ir 6yAer HcnoJrb3oBarbcs B Hacrotuleri tJraBe.
Hexoropsle Bo3Mo)KHocrH yroqlreHr.rs AByxcryneHqaroft MoAeJrr{
ollHcaHHfl. eos6y>x4eH[tr il pacfia!.a KaK eAr4Horo npoqecca - pac-
cMarpr.rBarorcfl B pa3A. 5.3, 7.2 u 8.3.

Bos6yN4enHbre cocroflHLtfl,, pacraA Koropbrx rrpaBoArar K Bo3Hr.rK-
HOBeHI'IP peHTIeHOBcKLIx ii Oxe-cleKTpOB, nodIyqaIOTCq npH B3aIlMO-
Aeficrsara aroMoB c peHTIeHoBcKHM I,I3,ryqeHHeM, eJIeKTpoHaMLI, I,Io-
HaMLr, a raKx<e B pe3yr'rbrare flAepHbrx flpeBparqeHr.rfi. Heynpyrue
croJlKHoBeHr{t aroMoB c pa3JrHqHbrMH qacTHr{aMI{ cocTaBJrfl}oT oTAeJrb-
Hyrc rxr.rpoKyro 06racrr naurpoQa3HKLI, Koropoft flocBflu{el{br MHorr{e
rrrouorpa$uu u o6eopubre crarbn (cu. [163] ). B Hacroqqeft rraBe
KparKo xapaKrepll3yroTcfi d'rr.r[rb Te reoperr.rqecKHe MeToAbI, KoTopbre
6o.ree uupoKo licnoJlb3yrorcq npu lrHTepnperarralr peHrreHoBcKux r]
3JreKTpOrrHbIX CrreKTpOB.

OcHonsue cnoco6br riorvqeHur peHrrenoBcKux r.r sJreKrponHbrx
cneKTpoB - Bo3Aer?crBlre Ha aroM nyqKoM peHTreHoBcKr.rx nyveft u.nu
sJIeKrpoHoB. 3.nexrpoHHoe Bo36yxAeHHe rroAqr.rHrercr Menee crpotaM
npaBrlJraM or6opa, B ro BpeMfl KaK npr{ aos6yx4eur.ru peHrteHoBcKr.r-
MH,ryqaMu, oco6elrHo MrtKI,lMrl, [peuMyr{ecrBeHHo 3aceJrrirorcfl ypoB-
Hr,t, cBg3aHHbre c HaqarbHbIMII AHno,rlbHbIM14 npaBI,IJIaMn O16Opa. llpU
3JIeKrpOHHOrrl nOS6yX4eHUu J.rerqe o6ecneqHsaercs 6olluar HHreH-
clrBHocrb nyqxa u ero QoxyczpoBKa, oAHaKo aJreKrpoHbr sosAerlcrsyrcr
Ha aroM MeHee ceJIeKTHBHo, ueu QoroHbr, Bbl3blBaror AonoJHI4TeJIbHbre
aQQer<ru, B roM qucJre Qouonoe ropMosnoe il3ryqeHne, a reoperr,rqe-
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cKoe oIIucaHHe I{x B3aIzMoAeficrBI,Ifl c aToMaMI{ fBJIfleTcfl 6olee cJ-lo)K-
HbIM.

B pas4. 4. I npueo4trrcfl. Lr o6cyx4arcrcs o6ulne BbIpaxeHLIq Ar'Ifl
3aceJreHHocreft ypoBHefi n ycronuqx AuHaMnqecKoro paBHoBecI,If cuc-
TeMbI. Boe6y>N4eul{e H HoHr43alu{fl aroMa peHTreHoBcKLIM lt3flyqeHneM
paccMarpr.rBarorcf e rr. 5. PaeA. 4.2 nocBflIqeH saceJIeHI{Io eos6yx-
AeHHbrx yponuefi rrpH Hey[pyroM CToJIKHoBeHHI,I aToMoB c 3JIeKrpoHa-
MH, OCHOBHOe BHT4MaHI{e B HeM yAeJlser,Cfl III[poKO I{CnOJIb3yeMOMy
rrepBoMy 6opnoncxorr,ry npu6,'rnxeHlrlo. B pas4. 4.3 o6cyx<4alorcs He-
Koropbre MeroAbI 6ucrpo pa3BriBaroulerocfl, Ho erqe cpaBHureJIbHo
MaJro pa3pa6orassoro reoper[qecKl4 pasAed'Ia Szsuxn croJrKHoBe-
p.uft 

- HoHHo-aroMHbIx croJlKHoeeHLIfi .

Kpoue oAHoKparHoft uonwea:qll{ 14 oAHosJIeKrpoHHoro nos6yx4e-
Hnr aroMa, cyqecrBeHHyro poJlb npu o6pa:oBaHr4t4 pa3rI,Ir{HbIX crIeKT-
poB r{rparor raKxe MHoroqacrliqHble [poqeccu. BcneAcTBIie cJloxHoc-
rH r,rx ofiHcaHufl IIpI,I rroMoIqI4 KoppeJIflIlLIoHHbIX MeTOAOB, BepOflTHOC-
TI'I TAKI'IX NPOUCCCOB B MHOIOSJ'ICKTPOHHbIX ATOMAX MOIYT 6UTI OqC-

HeHbr MeroAoM BHesatlHoro Bo3MyxreHl{fl (pasa. 4.4). Ou npHMeHnM
uptz .rro6ou KparKoBpeMeHHoM eosAeftcrszrr Ha gJIeKTpoHHbIe o6o,roq-
KH, B rracTHocr?r, [pr4 sAepHo\,r lpeBparqeHr4r.r.

4.1. 3ace,reHHocrr,r yponnefi B ycroBr.rqx
AnHaMUrrecKo[o paBHoBecllq cucreMbr

Baxsoft xapaKrepl4crrlroft eos6yx4euHoro cocroqHI,Ifl aroMa ttBJrtr-
eTefl erO 3aCeJ'IeHHOCTb r{[C,rIO aTOMOB B AaHHOM COCTOflHI'II B eAI'l-
gnqe o6relta. O6rtqgo l.tcnoJIL'3yIorcg orHocHTeJIbHbIe 3ace,'IeHHocr14
(Hanpnruep, ro orHo[reHHio K 3aceJleHHocra ocHoBHoro cocroflHI.{fl
arorraa). Ec"qIz [od'rHyro 3aced'IeHHocrb Hopr\{upoBarb K eALIHLIqe, To IIo-
Iyr{aIOTCfl BepOqTHOcTI'I HaXOX{AeHufl aTOMOB B pa3,qI{rIHL,IX COcTOq-

HI'I,'IX.
PeHrreuoecKue HJrrz o)Ke-crleKrpbl, KaK npaBLLrIo, perucrp[rpyrorct{

B CTaUr.rOHapHOM pe)Kr.rMe. TOrAa CHCTeMa HaXOAIITCfl B AfiHaMilqe-
cKoM paBHoBecrllr: quc,'ro aroMoB, IlepexoAflullrx B eAl,lHau--v BpeMeHLI
B cocroqHr.re i(L,c)(i'), paBlro r{Hc/'Iy aroMoB, Koropble [oKI4Aar,or 3a
oro BpeMr cocrorHue i(Lc)(?"'):

Lc/(i": LqC?"'. (1)

Ha ocHoee gToro paBeHcrBa [oryrlaercfl o6rqee BbIpaxeHLte AJIfl
3aceJreHHocrr4 cocrorHLlr [39] . Hxc.no aroMoB, nepexoAfltrIIIx B co-
croqHl4e l, paeuo:

A'YCT: c[(u l]t{tt(k -- i),

rge clLy 
- 3aceJleHHocrb cocronsus k; V((t\ - BepoflrHocrb nepexoAa

[p}I noMouIH [poqecca / us cocroquus k B cocroqHi.Ie l. Cylrrurapoea-
HIre npoBoAI,ITCfl rIO BCeM npoqeccaM I;I Har{ad'IbHbIM cocroqHHfM.

(2)tt
rk
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C lpyroii cropoHbr, q[cro aroMoB, yxoArrrlr4x l.rg ,u,aHHoro cocro-
qHHt, paBHO:

Lry(.?*:%,ZZ wu,(i-->k):c.t(iWi. (3)
tk

Asofiuas cyMMa n (3) npegcraBJlrer co6oft rroJrHyro Bepoflruocrb pac-
na4a eo:6y)KAeHHoro cocrotHlrfl B eAuHr.Iuy BpeMeHH u,1II4 cKopocrb
pacrraAa V(t (s aroMHbrx eAI,IHHT{ax oHa paBHa no,rsoft ruHpHHe ypoB-
ns f r).

CpanueHrae (2) c (3) aaer

f f qckw('(.k+i)

cY(-i: tk (4)

Be,'llr,{r.rHa K(t) (k-+i) Ha3brBaercs xosSQnqneHToM BerBreH}rfl.
Ecnu orcyrcrByer BbrcrpanBaHne aroMoB (nce cocroaHHfl oAHoro

H roro )Ke ypoBHfl rrMelor paBHbIe 3aceJrenHocrn) unu Hac HHrepecy-
rcr ;lUlIIl 3&C€r-IeHHOCTI{, yCpeAHeHHbIe IIO [pOeKUI{flM MOMeHroB, ro,
HCnOnb3ys cooTHolueHHt

cn U JM): W, w (y rM):w (y r),

;* Z wu, (y' J' M' -->yJM):[r'@ (y' J' --->yJ),
, MM'

H cyMMHpy fl (4\ no M, noJryqaeM BbrpalKeHr.re AJrfl 3aceJIeHHocrH
ypoBHr:

cr| (t J):
\ N<v' t') Z wo' (^( r'+vr)
v' .I' t

wQr)

K(t) (y, J, ->yJ),

Ec.nn aroubl r.roun3l{pyr,orcfl HJrr4 eoa6yx4anrcr qacr}IqaMu c

QyHxunefi pacrpeAeneHr.rfl rro oHeprur4 F(e), ro c yrreroM (i.245) ne-
poflTHOCrb rrpouecca Bbrpa>KaeTcff rrepe3 ycpeAHeHHoe no pac[peAe-
JreHHro qacrr{u ceqeHne <uo(t)} coorBercrBy}ou-(eto npouecca l:

WG) : N , (z: tii)), (z ot'i; : .[ "otr) 
(e) F (e) rte, (7)

r4e No - rrJlorlrocrb iraAaroluux qacrr{u.

IIpu noa6yx4eHuu aroMoB AocraroqHo MoHoxpoMarllqHbIM rty,{-
KoM, gHeprr{s Koroporo yAaJreua or nopora rpoqecca, ceqeHr{e cna6o

wi
:f f 1(.oK<'t(k-->i).

tk

(5)

:\ rre(y,"r,) f
'('J', t

(6)
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3aBr.rcr.rr or sHeprHr{ e, [osToMy n (7) uoxno BbIHecrH o'(i) zs-noA gHa-

Ka I{HTetpa,'Ia, T e. clirTarb Vf$\-6(t).
PeuuenoscKr4e HJrt4 ox(e-crleKrpu cno6o4Hblx aroMoB o6H'{Ho re-

HepHpyrorcfl B crpye la3a [yqKoM HeKoropblx qacrHq, rIpH 3roM BO3-

6)rxAegsue aroMbI I4 I{oHbI cocraB,IIfl}or JIIllxb MaJiylo AoJIIo Bcex
aroMoB, I,I MOxHo Cr{LITarb, vro eos6yxAeHHe aToMoB rIacTHuaMI'I IIpo-
r.rcxoAnT roJrbKo lrs ypolueft ocHoBHoro repMa (rar npaeuJlo, yAa-
d'reHHoro sHepreruilecKll or apyrux) LI Aaxe npI'I He oqeHb BbIcoKI{x
reMneparypax (xoropue MoxHo oqeHlirb rIpH noMotrln coorHolxeHl{fl
leB/k:l1604,5 K, rAe ft - nocroflHHaq BollurvIaHa, a K-rpaAyc
I(e.nrenHa) roJIbKo H3 HLIsIxeto ypoBHfl HopMaJIbHoft xon$lrrypaulrll
aroMa. 3acenesuocrl,I HaqaJIbHbIx ypoBHeft uroxso cllHTarb 3aBHcg-
xllIMId JrI{IUb or rer,tileparypbl B aKTI{Buofi soue, a B cryqae oAHoro
HaqaJrbHolo ypoBHs elo oTHocIlTeJIbHyIO SaCeJIeHHOCTb MOX(HO IIpII-
Hflrb paBHofi eAHHnqe. 3ace.neusocru noa6yxAeHHblx yponueft onpe-
AerqroTcfl flpo[eccaMa nos6yx4eunfl v uolHl{3ar\Hv aroMoB r{acrl]qa-
MI4, a TaKlKe paAHaI{UOHHbIMII Ir HepaAI'Ia([OHHbIMLI [epeXoAaMI'I npH
cnoHTaHHoM 4esos6yx4eHllH aroMoe. B aroft ltoAelll 3aceJleHHocrll
nos6yx4eHHblx ypoBHefi uoryr 6url paccul{raHbl IIocJIeAoBare.[bHo,
HaquHafl c BepxHLIx ypoaueft, npx 3roM paccMarpHBalorcfi Bce ypoB-
HU, nepexoAbr c Koropblx Molyr npgMo I'IJII'I KOCBeHHO Br[qrb Ha H3y-
.{aeMHh cneKrp. !,nn npoeeAeHaq raKl'lx pacqeroB ueo6xoAKtlto sHa-
HHe ceqeHllft n neponrHocreft pa3rur{Hblx npoueccoB, B ToM r{Hcre

MHOTHX paAHaULIOHHbIX I.I OlKe-nepexoAoB, KoTopbIMH onpeAeJltlorcf
ecrecrBeHHbre mHpHHbI nusnit. t{ro6u coKparnrb o6telr pacr{eroB,
qerecoo6pa3Ho cHaqaj-ta olpeAeJII-ITb cyMMapnble 3aceJIeHHocrH KoH-

Ql,lrypaqHfr, BbrqBHrb r,rlaBHbIe npoqeccbl 14 AeraJIbHble BbIrilIcJIeHHfl

npoBoAr.rrb !'II{IrIb A,'Ifl ocHosHoii qacrll KacKaAa rlpo[eccoB.
B uexoropux cJlyqarx N'Iox{Ho cql{Tarb, tITo Bce cocroflHIIfl oAsorl

n rofi xe xoHSurypau[E 3aceJIe]IbI oALIHaKoBo, a saceJleuuocrn ypoB-
Hefi npouopur{oHad'IbHbI HX crarBecaru. 3ro rptt6.nu>renI'Ie HcloJIb3y-
ercfl, HarIpHMep, KolAa ocHoBHbIM [poqeccoM, 3aceJIflIOUIHM cocrofl-
HHs aroMa c BHyrpeHHeft saxaHcHeft, lsrlercs ero oAHoKparHafl i4o-

HU3aUnq [yrrKoM qacrl]q c sueprueft, yAa,rleHHofi or nopora, a BHeru-

Hue o6ono.{Ka aroMa 3anoJlHeHbI rrllvr cJra1o Bgal{MoAeficrBylor c Ba-

KaHcneri. flpuuantaa Bo BHLIMaHI,Ie, qro cer{eHIle uoHH3aI{HII BAaJIU or
nopora nponopuuouaJlbHo r{Hc,ry 3JIeKrpoHoB e noAo6olouxe 2lf 1,

a unpr.rHa ypoeueft I (nlj-t) cla6o 3aBLIcI4r or i (pasa. 9.2), lrs (6)
HAXOAI{M:

cY((nti-t1-2j+r. (8)

3aceneunocrl{ Bcex yponueft oAHoli xoHQurypauull MorxHo npu6nn-
xeHHo cqHTarb nponopulroHa/'IbHblMl,I HX crarBecaM, ec.[H 3ace,'IeHHe

IpOUCXOAHT IIpH IIOMOUIIi pa3Il,Ir{Hbix npoUeccoB }I HX KaHaJ-IOB (ec,re4-

crBI,Ie cr'Iox{Horo KacKaAa npoqeccoB, oco6eugo npH I.loHHo-aroMHbIx
,croJrKHoBeHnffx).
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B c;ryuae repMoAr.rHaMrir{ecKoro paBHoBecns clicreMbl (ono, Hanp.,
o6uqso r4Meer Mecro JroKaJIbHo B ,nJloruoft [JIa3Me) orHocI.ITeJIbHbIe
3aceJreHHocTH 3aBr{cqT rotbKo or a6coJl}oruofi r'eunepaTypbl:

cy@yr):,rcUt""n (-gP) t I [.r,]exp (- E(K:tr') )l-t. (e)
K'v' J'

3Aecs Bce ypoBHr,r ra xon@urypaqI4II coorBercrBylor oAgofi n roft xe
crerreHri rloHri3arIHr.r (saeu,cunaocrb 3aceJreHsocreft or creneHLr rloHH-
3aqriu olpeAeJrsercq ypaBHeHraerr,r caxa); k - uocroflHHar Eo;lr,qua-
ua; E (Ky/) - 3Heprun, orcrrl.IrblBaeMafl or 3HeprLrH ocHoBHoro ypoB-
un; c|( 

- rroJrHar 3ace.IleHHocrl yponuefi 4aHuor? crerteHll rloHlr3arrril{.
Eclu E<kI, ro saceJIeHHocTI,r Bcex ypoBHeft npn6nuxeHHo Mo>xHo
cqnrarb oAr.IHaKoBbInrn [146] .

4.2. Bos6yxAeHr.re H HoHr.rsaqr{c aroMoB sJreKrpoHaMu

CrorxHoeeur{r oJreKrpoHoB c aroMaMr.r rroApa3AeJrsrorcq Ha MeA,'reH-
uue, 6ucrpbre H npoMe)KyroqHbrx sHeprnft; KpurepneM cJIylKHr or-
HotueHue cKopocru HaJreraroqero 3JreKrpoHa x op6ara.nlHoft cKopoc-
rrr cB13aHHoro gJreKrpoHa, yqacrByrouero B cror'rKHoBeHHLr [64-
r661.

B clyuae MeAJreHHoro croJrKHoBeHL{r naAaroruuri enerrpoH H aroM-
MHrileHb o6pasyror cocraBHyro cacreMy, Bce 3JreKrpoHbl Koropoft cle-
Ayer onr4cbrBarb oAHHaKoBbrM o6pasou, no3ToMy B3ariMoAeiicrBae Mu-
rrreHH C pacceHBaeMbrM 3JreKrpoHoM He,'rb3fl paccMaTpvBaTb KaK Bo3-
MyrrIeHHe. TorAa cyxIecTBeHHa cBrr3r, Mex{Ay pa3rnqHbrMr{ cocroflHuq-
MH c/ocraBHofi cncrenu H KaHadtaMli ee pacflaAa, rrTo yql4TblBaercg B
MeroAe cz,rruofi cBflglr - o6o6rueHr.rl{ MHoroKouQnrypaurroHHoro Me-
roAa AJIfl cucreMbr aroufpacceneaer\anfi 3,'reKrpoH [66] .

Bo"rHoeas QyHxqlra clrcreMr,r nqercrr B tsHAe

V.r("r, . . ., rN,.{rrr):l O,(xr, . . ., -t.n)g,;(x"*r), (10)

rAe ,4 - oneparop aHrl.rcaMMerpr43ar\Lwt; xa- (rp, oo); Or - BoJrHo-
eaa Syurqfis N-ereKrpoHHoro aroMa-MlrueHr.r; qrj - BoJIHoBar Qyux-
IILIs 3JIeKTpOHa, paCCeI{BaeMOlO I,I3 HarIaJbHOlO COCTOqHI'Ifl CI4 CTeMbI
I4,rn KaIra,'ta BxoAa j e xoueunoe cocrotrHrTe v.Jrrr KaHaJI pacceflHHq
i. KaHa,r xapaKrepr.r3yercr rro,rrHbrMr.r ua6opann KBaHroBF,rx qnceJ"r

aroMa rz oJreKrpoHa. Cyruunponauue e ( 10) ripoBoAnrcfl rro BceM
BO3l\{OiKHbiM KaHa,'IaM paCceflHllfl - OTKpbITbIM, B KOTOpbIX tpli COOT-

BercTB\,'eT KOHeqHOMy COCTOflHLIrc paccei.rBaer,roro SJIeKTpOHa C nO,'rO-
Nzre,rltrofi euepruefi, H saKpbITbINr, B KoropL,rx oH ItMeer orpIzllareJlb-
HVrO 3Heprurc.

Ha 6o.nr,ruux paccroflHuflx or aroMa Bo,rrHoBar Synrunn pacceflH-
Horo B l-li orrpursrfi xairan 3JreKrpoHa npeAcraB,'rfler co6oft cynep-
no3r,runro n,{ocKotl n cSepzvecKoft BorH:

t,L)
i

g,:(x),1.8(r, .i)8(pr,,, o)etkr''+ !* t,r(i, o). (l t)



4.2. Boa6yxaeHfie H fiouu3ar{ur aroMoB sJeKTpoHaMu

3Aecr fni - 
aMnJII,IryAa pacceflHHfl, Koropaq oAHo3Har{Ho orlpeAeJlfl-

er 4u<p$epeHuLIaJIbHoe cer{eHHe pacceqHI'Iq.

+*:1.6;(i, o)l'. (12)

B cQepnuecKoM rIoJIe x4pa QyHxIIurc qii yAo6Ho pa3JloxHrb rlo
rrapuI]aJIbHbIM BoJIHaM c QnrcnpoBaHHbIM op6ura.nluult MoMeHroM.
B ganlHeiiureM noA cpi: 6y,u,eu rIoHI'IMarb oAHH qreH 3roto pa3Jlo-
X<EHI,Ifl:

gi.i(x): Y,,^,(i)8(p,, o) r"!'L.

9ro6u o6ecneqnsa,racr acHMrIrorHKa (l I ) ,

F u U) AoJIx{Ha yAoBJIerBopqrb ycroBne:

I

F,t (r) ,3_r, 
t 

ta (i, i) sin rtii_ Kiicos r1,1,

Kni - SJIeMeHT Aeficrsnrenlsoft (-uarpl{Ubl, ceqgaHHoft c Marpl't-
paccefl HLIfl S coorsoureuHeu

@asa r1i B cryr{ae noJIfl LIoHa c
xapaKTepa liMeer BbIpa)KeHI4e:

(l s)

yqeroM ero AaJlbHo4eftcreyrcuero

- l,r z, z\
ri:ktr-t'i+^ln(2k,r\+argl(/r+l-, k), (16)*

TAe,z:Z-N - sapa4 uosa. X,ls ueftrpa.nlnoro aroMa ABa nocJIeA-
Hr.rx qJIeHa paBHbI Hy,rlo.

Mouesru arolrsofi MXIIIeHII H paccenBaeMolo sJIeKTpoHa B BoJI-

Hoeoft Qynxqnn cIIcreMbI 6o;lee yAo6Ho cBfl3[,IBarb s o6qne MoMeH-
TbI. llepexo4n or cxeMbl cBfl3I'I Y; Zi Sr Mr. M s.li mi Vi K cxeMe

ytLtSilrLSMiMs, HM€eMl

Vr("r, . . ., xN, xN*r): A
T "'t""
L lrs,
,)1r,,

x (D,(xr, . . ., xr,) Ir,-,(i"*r) 8(p,, o"*r). (18)

Cyrrarraa no I upaxrnqecKll otpaHHqI{Baercfl KoHeqHbIM qI'Icd'IoM Bax{-
gefirUnX KaHaJIOB. B KaqeCrse (Di O6H.{HO UCnOJIt,3yIOTCfl Ii3tseCTHbIe,

HanpI]Mep, xaprpu-QoroBcKLIe BoJIHoBbIe $yur<qHIa aroMa. {"rx on-
peAeJIeHIlfl HeH3BecrHbIx paALIaJIbHux Qyurquft Fi1() Iipl'IMeHrercfl
Bapr{aur{oHHuft npuHqnn I(oHa [167] :

t { ,*, t(H- E)lY,) - } *,,1:0,
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fAe
IIefi

sl: l+iK
l-iK'

(13)

pa1wailbHafl SyuxqHr

(14)

., xr, irv+ro"*r) 1*3 , Q7)

o,: r ft, I
' MLtfr.^,u,LMt, mi !;'1.

(1e)

Free Hand

Free Hand
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120 4. CosAaHr-re eoe6yxAeunbrx cocroguufi

rAe V - npo6uan BorHoBaq @yurqur rlrna(L7); KU - e.neuenr -K-
Marpurlbr. llpu no4craHoBKe (17) e (19) u eupaxeHuu zapuaguit
or orAeJrbHbrx qdrreHoB noJryqarorcrr ypaBHeHHfl cra.nrnoft cBf3u, !IMe-
Iourre eua [66]:

+2v1Q)- I!* +ze,] r,,1r1: Wi, Fi,t. (20)*

3Aecr VI/r, - rrHrerpadrrbHurl oneparop, npn 4eficrsnu Koropoto Ha
F;..,' no.ryuaer,ct HeJroKaJrbHas noreHqr{arbHaq $yuxqur, yr{r4TbrBa-
rcIr1aq cBfl3b Me)KAy KaHaJraMH pacceflHr.rfl, a raKxe o6ilaeHHoe seau-
uo4eftcrnne pacceflHHoto s i-N,r KaHaJre g,rreKrpoHa c aroMoM, rrpflMafl
qacrb sroro eeauuo4eftcrBnfl orrr{cbrBaercfl roreHrlaa,rrbHoft $ynxqneiiVi(r). Ecna cnrrslro Me)KAy KaHaJraMLr npeHe6pevr, ro (20i repexo-
4ur n (l.l58).

MoAr.rQuxaqvro MeroAa cu.nlsoft cBfl3r.r npeAcraBJrrrer rr.reroA R-
Marpl.rrlbr [167], B KoropoM perxeHuff ypaeueunft cpr.ntnoft cBqsn nulyr-
cs ro"rrbKo BHyrpH cQepu, tAe r.rMeer Mecro cr{d'rL,Hoe o6NleHHoe ssaI{-
uo4eftcrnr.re Me)KAy paccer.rBaeMbrM gdrreKrpoHoM H aroMoM, a Ha rpa-
HI,Iqe cSepu OHI,I CIIII,IBaIorcfl c acI4MIITorI{qecKaMn BoJrHoBbrMI{
QyHxrlnanau.

Merogu cu.lrlHori cBq3H u R-ruarpuqbr B nprdnrlfi[e [pr]Menr.rMbr H
s o6,'racra [poMexyroqHbrx gHeprurl, o4Haxo c yMeubrxenkeM gHep-
rHLi yBeJIlrqV BaeTcfl rrHcJIo KaHaJroB, KoTopble HaAO yrILITbIBaTb IIp14
pacrlere eo,'Iuoeoft Qyuxqun, rITo 3arpyAHfler irplcreHHyro peaJrr.rsaql{Io
oborzx MeroAoB. C 4pyrofi cropoHbr, e erofi o6nac.ru ua-cro y4onne-
rBopr.rre,'r.bnbre p$yJrbrarbr Aaer - xors w 6es AocraroqHoto reope_
Tr.IqecKoro o6ocHosaHr.rs - Teopufl Bo3MyqeHuii - nau6o.nee u[poKo
rlpHMeHfler{lrft naeroA Teoperfir{ecKoro ollrcaHl]g croJlKHonenntl aroMoB
c 6ucrpntrn sJreKrpoHanrra [64-166].

Ec.rn aneptr{fl craJrKHBarorlerocs c aroMoM sJreKTpoHa cyqecr-
BeHHO 60"rrlure sHepflr[ cBtrsu sos6yx4aeMoro HJrr,r yAaJrfleMoto Lr3
aToMa 3,'reKTpoHa, TO OHI{ MOtyT paccllaTpl,rBarbcs pa3Jrnqnulr o6-
pa3oM. EUCrpSrr? s,rreKrpoH CI{.irbHo esaHtro4eficrByer c aroMoM Jrr{rrrb
B Ter{eHr.re orreHb KoporKoto BpeMeHr.r, no3roMy BepoflrHocrb HoHrr3a-
I{Lru 3Jrer{rpouuoft o6o"loqxz HMeer He6o,ltruyrc Ber'r[rrrrHy H ee Mo]K-
HO OrrpeAeJrflrb lvreroAaMr.r reopHrj Bo3MyuleHrrft. Tat<_oit, noAxol K orru_
caFrHro cro,'rKHoBeHr.rii uacruq Ha3bItsaercr dopiloncxul,r npn6"ruxe-
HHeM. Ec,ru orpaHlrqrzrbcfl [epBbrM rropsAKoM reopHr.r nosuvulennfi,
coorBercrBeHHo rrMeeM rrepBoe 6opHoecroe npn6,ruxeune.

Bos6yx4enze aroMa o6lr.{Ho paccMarpr.rBaercs B HepedrrtruBr.rcrc-
xou npu6.rH)KeFtr'rI,i, nocKo,IrbKy rlepexoA 3/]IeKTpOHa BO BHeTIIH]OrO OT-
Kpbrryrc o6onoury HMeer 66"rrnryrc BeporrHocrb roJrbKo ns cy6na-
.ilerlrHor? o6oJloqxz lr npH nos4efiCrezr.r Ha Hee Hepeflqrr4 Bl.rcrcKr4 Mlt
s,,'reKrpoHaMa. Ceqesue Lroqwgat\Hr4 Toxe cHaqa,'ra paccMorplrM B 3roM
npv 6nnxeHura.

r

Free Hand



4.2. BosbyN,ueHue n fioHr.r3aqr.rs aroMoB sJreKTpoHaMr.r

Bsaurr,ro4eftcrBl{e Me}KAy aroMoM LI HaJrerarou{LtM 3JreKTpoHoM orru-
CbIBACTC' fAMHJIbTOHHAHOM:

t2l

H': Z
e2 Zez

;-7 ' rek: it"-t*'' (2 l)

(23)

rAe re - paluyc-BeKTop cBo6oAHoro gJreKTpoHa, f7. -- cBfl3aHHoro
aToMHOTO 3JIeKrpOHa.

Ecrll eecl H' paccty,arpaBarb KaK Bo3MyIIIeHHe, To B HyJreBoM
rpn6rtlxeHnlr HMeeM HeB3a[MoAeficrnyroulue MexAy co6oft aroM H

cBo6oAubrr? aJIeKrpoH. Tax xax o6MeHHbre e$Qexru npn 6ucrpor,r
coyAapeur{H r4Meror MaJry}o BeJIHqHHy, BoJrHoByro Qynxqnro cricreMbr
B Hyr'reBoM [pH6rHxeHI,lI{ MOXHO 3arrncaTb B Br.rAe HeaHTHCUMMerprr-
3OBaHHOTO npOr.r3BeAeHHr BOJTHOBbTX syUXqnfi aTOMa Yy I.r gJreKTpO-

Ha - ndrrocKofi BorHbr Qq

Y5o): Y" pn. (22)

flycrl \r Lr \z - cocroflHufl aroMa, a qr u g: - BoJIHoBbIe BeKro-
pbr 3JreKrpoHa Ao H rocJre coyAapeHr.rfl. Cornacso (1.236) , Beporrr-
Hocrb [Iepexo,4,a !1Qr--+\z{z s [epBoM nOpfAKe reopufi aoeuyu{eunft
paBHa:

dw (\r{r + yz sr) : + | (:y, q, 
I H' l\rq' ) i' I (E, - Er) d qr.

3AeCr E1 u E2 - 
gHeprHH HaqaJIbHolO H KOHeTIHOTO COCTotHHft cnc-

TeMbr B HyJTeBOM npZ6nUrXeHr.il.r:

nr:a(yr)+ff, Er:E(\r)+ry. Q4j

B (23) BoJIHoBarr Qyuxqrza gn,(r) HopMHpoBaHa Ha eAHHH.THHft
troroK (ror4a BepoflrHocrl eos6yx4eHuf, paBHa ceqeHrro nos6yx4e-
vust), a gn,(r,) - na 8(qr-q):

gn. (r,) :z;;tt2 
"it''r", 

gn, (r,) : (2n)-312 siq-'r". (25)

Bo,[HosHe SynruIlu aroMa Y", " Y", 6yaeu cqnrarb oproro-
HaJrbHbrMH Me)KAy co6ofi, TotAa BKJTaA B BepoflTHocrb Heylpyroto
paccerHr.rr BHo,cHr ,rnub AByxgJIeKrpoHHafl rracrb oneparopa l/' (21).

CocroqHze aroMa nocJre yAapa onpeAeJlrercf rror'rHbrM cer{eHr.revr
ros6yx4eunq. lloAcrannna (21) u (25) a (23) u BF,rrroJIH.flr lrHrerpu-
poBaHHe no dre rrpu noMorrru Sopnry.nu

f .t0.. .]= , 61y: !! sit''*,.t ir-rp| q,
(26)

a raKXe IIo BoJIHoBoMy BeKrOpy pacCeflHH0lo 3.[eKTpoHa Qz C yqeroM
roro, qTO IIpII cOBMetqeHI{lI Q1 C OcbIO Z

qrqrsin0rd 0r: q dq, (zt1

Free Hand

Free Hand



122 4. CoeAaHne aos6yx.4eHnux cocroqHnrl

(q:q'-qz 
- [epeAaHHrrft airrnynbc), oKoHqare.rrbHo noryqaeM:

6"i(TrJlMr-->y2JzM):
qt+q,

:t*(#)' 
,,1," 

I (t'J'M' Z t'o''u lY' t'M') P #, (28)

f[e t1 - K[HeTI,IqeCKafl 3HeptHfl IIaAaIOqetO 3JreKTpoHa.
Ec.lu paccuarpHBaercq 3aceJreHae yposueft, a He orAeJrbHbrx co_

ctoauufi, ro (28) cJreAyer rrpocyMMr.rposars ,o M, r ycpeAHHrr no M1:

o!i(y, Jr+TzD:;n f 4i(trJrMt-^(zJrMr). (2s)
M, M"

V,Uo6no BBecrr.r 6espasr'repnyro BeJrfiqr.rHy - o6o6uleuuyFo cHJry
ocqr.rrrqropa:

.fn(tr.J,., yzJ2\:'# 883#U 
"

" f i (r,t,r,ll."'L jy, L*r,)il , (30)
MtM, k

rae AE. - 3geprur eos6yx4eHax (AE)0). Oneparop n npanofi uac-rn (28) u (30) cnoanrcq K Sopue Henpr.rBoAriMbrx reH3opoB rryreM
pa3JroxeHrrq oKcnoHeHrbr ro cSepuvecrnu Qyuxqnau:

.@t

€'n''*- \.i,1t1i,1qro1 r r- t)oc9e(ocf)(i*). (31)
t:o p:*t

3gecr jr(qr) - c@epHuecxaa SyHxqun 6ecce.na; i - eAnHaqnuri
BCKTOP B HAIIPABJICHLILT N, ONPCACJIflCMSTft CQCPIVCCKHMH Y|JTAMI'I OO'9O.

Marpauuuft arreMeHr orreparopa (31 ) , ior.,racHo 1i.SSy , pui",i,

(yrlrMrletn'"1y, JrMr): ) ;'lrl f (- l)'Cgo@)(- l;a-,v,,

"(-:;, 'o 
t;,) 

Q,r, ii T 
c(')(i)i,@,*)lt,t,I,). e2)

". lloAcraenan (32)_e (28), (29), Bbrrrorrrrflr cyMMr{poBauue no M1,
M2 npu roMoxlu (1.13) H r4croJrbsyq reopeMv 

"rorn"n"" 
coepnvecxux

QyHxurair ) Cftiz:1, Haxo4ur,r
p

"fn(ytJt, ^(rJr):

:2'^!1b4.L!L f trt l(r,t,,l T 
r, (q4)Cct(i1) 

[] ,,a) l'. (33)

Free Hand



4.2. Boz6yxgeHl-Ie il lioHl43au'Iq aroMoB 3reKrpoHaMI-I

lim fn (y1 Jr \z J r) :_f (yt J t, T, Jr).
q+o

(34)

Ry - puA6ept, paBHbIIl 0,5 a. e. sHeprl{Il, 1 &o - nepBblfi 6oponcr<uii
paArzyc.- 

Ec,rn LE/er(1, ro AJIfl pa3peueHHblx B AI4noJIbHoM npIl6JII{x<eHHn
nepexoAoB r,rHTelpa,'I B ocHoBHOM OnpeAeJlflerctl rIIeHoM c t:l e o6-
JracTr4 MaJIblx SHa.{eHzft q. flog,craeilflfl B I4HTelpad'l acI{M[ToTl]qecKoe
Bbrp a)KeHHe Ans j r (q r), ucnonbsyfl npIl6,'IlI)KeHHbIe npe.[eJlbl HHrelpH-
poBaHI{f : HH)KHLIft, Cnegyrcquft I,I3 coorHouleHl'Iff

^ - hz h2a,LE: i; @?-qilx "-a' (qr-qr\- (36)

r.r BepxHr{fi {6, onpe[e,{qeMbIIl, HarlpLIMep, H3 rpe6oBaHIIq, r{T06bI ce-
qeHlre AJrfl HeKoropoft aHepruu coBrIaAaJIo c pe3yJlbraroM pa'cqera no

123

Cynna no I orpaHlitluBaercl cBepxy rpI'IaAHbIM yc,rIoBHeM. UJzt| . Ee
orAeJrbHbIe qJIeHbI [IMeIOT raKHe xe cn14H-ylJIoBbIe Xoassuqueuru,
]g.aK Lr Cy6naarpIauHbIfi s,'IeMeHr OIIepaTopa cOOTBercrByIOxIero Myd'IbTH-

rrorbuoro nepexoAa (1.251).
llpn q+0 it@r) eeAer ce6n xax (qr)i, n ocHonHofi BK,'IaA e (33)

g.Jttt pa3pelxeHHbIx B AI4TIOJIbHOM npIZ6JII'IXSHI'II4 IlepexoAoB BHocI4T

Jrl{rrrb qJreH c t:1. TorAa fn nepexoalrr e o6uuHy}o cHJIy ocul'IJIJIflropa
AI,InOr'rbHOlO lepexoAa :

I4CnOJleOgaH:vte f (t yAO6HO TeM, rITO 3Ta Ber'll4ql,lHa He 3aBI{CIIT

oT sHepr[I{ Har'leTaloulelo 3d'IeKrpoHS tt. ce'IeHI'Ie nos6yx4eHvfl' KaK

Syuxuua or e1 noJllqaercq [yreM HHrelpnpoBattun f, ilo dq (nurer-
paJI 3aBI'ICIIT OT 8t rlepe3 [peAeJIbI I{HTelp[pOBaHI4s) :

o3i(r, Jr, ^(zr,): ryP .[ f"Q,J,, y,J) 3. (3 s)

(35), npuxoAlrM K Qopruyne Eere:

6"i (T,. - ^h) : # Vr,", ln (er/Ry) - Br, r,l,

,4",.,.,:Tr,H vJ f(\r, r), Br,r,:Ar,r,ln tffi{#]

(37)

(3 8)

flapauerpu A w B He 3aBncqr or 3Heprlllt HaJleralouren qacrl'r-
qbr r{ ee npflpoi{bl (a,'rer<rpoH HJI] nporoH), a sanucflT ro,rbKo or
ceoiicrs MlrrreHlr. Anrporcanta\un (37) npe.qcraB,'Ifler co6oft nepBbie
qr'reHbr pa3,'roxeHlla 6opuoecNoro ceqeHlifl o'e'r no creIIeHflM efla]peruii
r{d'reH pqAa B KBaAparHux cxo6rax paBeH C",",Ryie1 [165] . t37)
qacTo ucllo"Ilb3yeTcg KaK no"Iy3MIIHpI{qeCKOe AByX- Hr'IIl TpexlapaMeT-
pilqecKoe ypaBHeI{lle.

Vqer o6lreua Me)KAy rIaAaIoilII4M Il aroMHbIMI{ 3JleKTpoHarra*t (npz-
6,'r[)KeHr.re 6opria-Onneureiiuepa) ycnoxuxer BbIpa]KeHHe Ar'Ifl ce-
qeHnq, Ho B cryqae paspeIIIeHHbIx B ALI[o"lIbHoM npn6,lzxeu]I[ nepe-
xoAoB yroqHeHLIe oKasblBaercq HecyuecrBeHHbIM. 3$Qerr o6tresa
6o.ree Bax{eH AJII 3anpeueHHblx repexoAoB [166] .

Free Hand

Free Hand

Free Hand



124 4. CosaaHlre soa6yx.u,euHHx coctoRHtii

Ilepnoe 6opHoncroe rpil6JIH)KeHue Molxer 6urr yrouueHo nyrell
BKJraqeHHfl s nyrenor:r rarlruJlbrolluaH r{acru B3anMoAeficrBnt Me}KAy
aroMor\,r H HaJreraioI]IuM 3,lIeKrpoHoM, HaIIpHMep, xaprpl{-0oKoBcKofi
rroreHqr.raJrbHoft 3HeprLIu u(r"). Tor4a raMHJIbroHLIaH Bo3Myuresus H'
e (23) paBeH:

H':t "'-u(r-\.
L) fek
k:r

(3e)

B c;ryuae eos6yx4euntr HirH ttoHLIsarruLI aroMa naarpuuur'tft a.ne-
MeHr oAHO3JreKTpOHrrOrO Oneparopa u(r") Hcqesaer, H ceqeHlle onpe-
AeJrflerc, oIIeparopoM 3d'IeKTpocTaTHqecKolo B3aIiMoAeftcrBLIf Me]I{A,v
aroMoM n cBoooAHbIM gJreKTpoHoM.

l{craxessafl [oJreM aroMa oAHoKaHaJIbHafl BorHoBaq @yuxqun
pacceuBaeMoro ateKTpoua rp+ Lo,r)(Ha B 6ecKoneqHocrtt l4Merb BHA
cynepno3r.rquH rrJrocKoft Ir pacxoAruleftca crpepr.rqecKorl Bo,lIH, a QyHx-
rlar 1,- paccerrHHoro (r.r.nu BbIJIereBlrlero H3 aroMa) sJIeKrpoHa -cyrepno3urlau n.rocxoii r cxoAflrqeftcr cSepuuecxofi Bo,IH [56] . Oyax-
(HH rf+, orrHcbrBalourue aJ'reKrpoH, Koropbtft aBulKercfl n cQepuvecxn
cIrMMeTpHrtFiOM norre aToMa c BoJlHoBbrM BeKTopoM q I{ [poeKr{Heft
CIILIHa [r, pa3IalarcTcfl qepe3 llapqaaflbHble BO.]IHbI:

*;'*(r, d:+ f ire+'o, yr*^G) ri,(i) fuP x,u(o),
Im

(40)

f,u.€ Y1* - c$epuuecxan, xv - cnLIHoBaf , a Pq1 pafivaJlbHas BoJIHo-
Bbre $yHKIItut; Oz - Qasa paccesHzfl; $f HopMLIpoBaHbI Ha 0(q-q'),
a Pfi(r) - Ha 6(q-q').

no,4craenqn (a0) e (23), rpoBoAr{ LIHrerpupoBaHHe ro yrJIaM
BbrJrera pacceflHHoro s.rreKrpoHa, ycpeAHeHl{e IIo yrJIaM HaJleTaroqero
3JreKrpoHa, cyMMnpoBaHr.re IIo npoeKrlHflM MoMeHToB KoHeqHoro co-
crotrHLlfl. H ycpeAHeHHe no [poeKuHflM MoMeHToB Har{a.rlbHoro cocTofl-
HHs, a raKx(e [epecBfl3brBafl MoMeHrhI aroMa Ir o,'reKTpoHa s o6ullri
rroMeHT, nodlyqaeM c,'IeAylo[Iee BblpaxeHl{e AJ'Ifl rlorlHoro ceqeHHt Bo3-
6yx4eHrrr aroMa n npn6nnxeHnl,I HcKaxeHHbrx BoJIH [66, 168] :

- )ns eaoii (yt Jt, \rJ"): Ii,+f*l x

" f Ul ' (y, J2e,t,i"J', Z f, ,,J,=,t,i,r)',', ,,:e,-AE. (41)
hlrjrj2r k

Bo.nHosHe $yuxqan P"r(r) 3Aecb HopMapoBaHbr Ha 6(e-e'). Ecln
e (al) t,4r, € H rsp onp€A,eJIflTL B aroMHblx eALIHHIIax, To rrocrotH-
Has B rrpaBofi qacru (41) panHaercn 2n3fi.

flpz uoHasauuu HMerorcfl ABa ceo6oAHHx 3JreKrpoHa, flogroMy reo-
pernrrecKoe orIHcaHHe iloHH3atIHH qBr'Iterct 6olee cJrolKHbIM, qeM Bo3-
6yx4euHa. Cornacze c sKcneprEMeHroM npn r,rcrroJrbsoBaHHI,I oAHr.rx u
Tex xie MeToAoB Arfl ceqeHHfl HoHn3auHn raK)Ke noryr{aerct MeHee
yAo B,'r e rBo p H TeJI b H bI M.
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4.2. Bo:6yx.teHI,Ie H I'IoHH3aullff aroMoB sJlexrpoHaMH t25

Bupaxeune Ars ceqeHnt HoHH3auHlI B nepBoM 6opuoecxoru npu-
6,rnXeUnU IIJIOCKI,IX BOJIH HaXOAI,ITCtI aHaJIOII{IIHbIM IIyTeM' KaK AJIq
ceqeHIIs BO36yXAeHHs.

Brvrecro o6o6qeHHoft cu,'tlt ocuHJIJIflTOpa ,.Jtfl. nepexoAoB B Hefipe-
pununri cneKrp BBoAIlrcfi ee IIJIorHocrb

dfn((rJt, TzJzeljJ) _ 2m \E(TzJre. ^ttJt) *
de h2 \2J1+ D qz

* f lrl ] (r,t, etiJ 
i,, Z cu'(io)i,(qr) 

ll t,r') l',
/>o k

A E (y, J z e, \ r J t) : lEin" (Yr "fr) - E"' Q r.,rt)] + e.

llo;rnoe ceqeHue LIoHI,I3auuH noJlyqaercfl B BI'IAe:

--- Y
LE lyrJre, yr,/r) "

lrl(/ 11 6ttt lll')' x

(47\

(42)

(43,

o'4' (\r J r, \ z/r) : -ry3.(R{)'

4*".

" I >, %w#@ * n,, (44t
d . lil

rAe sl - 
9Hepfl4fl naAaaluelo 3,'IeKTpoHa, a ApyfHe o6osHaqeHlaq I'rMe-

}OT CMbIC,TI;

€max : El - lE"t (\, J ,) - E'on (^t, J r)J, @5

Qmin:4 ,Vr,- l/u,-A,e;, 4*a*:4- Ur*Vr,-TEr. (46)

BupaxeHne AJIfl rto,ttHoto ceqeHl4fl I'IoHH3aIrIlI{ o6o.rloqxu coAep)KHT

rpexxparHuft nurerpa"r ra a, q u r' B cryr{ae 3anoJIHeHHoft o6oloqxlr
o6ruaq Qopuy.ra 4aer:

c'4'@ti-t1-Yy #
4^u*

{ * <.t i,(qr) et')zdqde'
o

3Aecn P., (r) - Bo.rlHoBafi QyHruux Me,llJIeHHoro I'IJII'I BTopI'IqHoro
3JreKrpoHa, HopMHpoBaHHar Ha 6(e-e'). B or;tu'rue or Qyurquft na-

Aalou1ero u 6slcrporo BblJleralou1elo sJIeKTpoHoB, Koropble Hcnor'Ib-
3yrorcr B BHAe rrJIocKI,IX Bo,tH, P"1 (r) o6uqHo Bblquc,Ilgercn B noJle
MI4UICHI,I.

flpn 6onrurnx (Ho HepeJlflruBuc't'cxux) glleprntx nepBI.IqHbIx 3.IIeK-

rponoB sion 16vs annpoKcl4Mllpyerct Sopruynoft Eere:

i-u,

f
I

0

ttL.J L)
l' t>O

"lI

0

",:: 
: # [,+"" 

r'(; 
) 

+ 8," +9"}], (48)
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fAe

Aion _
@

rRv df
.l " Eae'

E6

4. Cos4auue Bo36yx(AeHHbrx cocrorur.rfi

(4e)

a IIOCTO'HHbTe Bioll 14 Qion He 3aBHCflT OT 3HeptHI4 naAaloqeft qacTH-
rlbt. (42) Moxer 6url yrovueHo rryreM Ao6anneHus [oilpaBKu, o6yc-
JIOBJICHHOii O6MEHHbIM 83AI,IMOACIlCTBI{CM MC)KAY ATOMOM I] PACCEH-
BaeMbrM 3r'reKrpoHoM [165] :

Aoii,: ffi f oe, [r+ro (*)],
nl

(50)

r!e.. In1, 
- 

3Hepll,Ifl CBfl3LI, Z NnL 
- 

qI,ICJIO 9JIeKTpOHOB B I.IOHI.I3I,Ipy€-
uofi o6onoqKe HJrLt noAo6oroqKe.

'4,1n pacveTa rroJIHoro celleHHtr IloHIrgaIrHIr qacro I4cfloJrr,3ylorcfl
npu6nnxeuuue noJry3MnupnqecKr.re @oprraynu JIorqa Il69] , 

-Bafin-

ulrerlHa ra Ap. [70] , MoAr{$Hur{poBaHHar Soprr,ry.rra Morfa tl6b]
LI T. I].

llp.z :ueprnr4 naAaroqero eJreKrpoHa sr)10ft eB Ha ceqeHue HoHn-
3aqII[ HaqHHaer Bd'Illfrb 3aBI{cIzMocTb Maccbl 3JIeKTpoHa oT cKopocrl{,
a B cryqae vorngat\uv BHyrpeHHr.rx o6o,{o.{eK craHoBqrcr cyqecrBeH_
HbrMr4 peJqrHBrzcrcKlre oco6essocru lrx crpyKrypu. B4a,'rr{ or [opora
uoHv3arlr4Lr riprzMeHr{Ma Sopiray,ra 6ere (48), yrovHeHHafl c yqeroM
PC.IIflTIIBI{CTCKOIO BbIPAXEHHfl AJI'I q V BKJTAAA OT MAJIOIi KOMIIOHCHTbI
peJrflruBr.rcrcxoft eonHoeofi QyHr<qlrrr cBr3aHHoro 3JreKrpoHa IlTl)

",^-!ff 1.n- ['" (#b) _e,]+nr"],

P: + , Bf" : Aion tn (K) + Bio'.

(51)

(s2)

3Aecr ul - cKopocrb laAarouleii vacrur\br; Aion 14 fiion - HepeJrfl-
rr4 BlrcrcKr{e rapaMerpbr, BXOAsulue e (aB). (Taxze x{e pe/rflrtrBrrc-
TCI{HC TIOI]PABKH K NAPAMCTPAM A U B MO)KHO BKTIOqI,ITb IZ B CCqCHHC
nos6yN4euus (37).)

ilpa uouasaquu r.ny6oxoft euyrpenHeri noAo6oJroqKr{ peJrflrr.rBr4cr-
cKHMr.r 3,rreKrpoHaMg seo6xoAunr 6o,ree noc,rreAoBare.ntsrrfi yrrer perfl-
THBucrcKr.rx eQ$exron. B [172] npnBeAeHo Bbrpa>KeHr4e AJrq ceqeHr.rfl
HoHusarlHtr ro4o5o.[ouxtr B pe,rrrr]4BHCTCKOM rrepBOM 6OpuOeCxOU npn-
6rax<esuu u ra6y,ritpoBaHbr cer{eHLtn votnsarfuu K- i l-cnoee 4.nl
aroMoB 1B<Z<92 B ruupoKoM HHrepBaJre eHeprarl [aAaroxlero
3JIeKTpoHa. Cpe4rz Apyrrrx pe,rrqruBr.rcrcKr{x MeroAoB pacqera 6ion 91-
MerlrM noJIyK,'IaccI4'{ecKHft MeroA, B KoropoM orAeJrbHo paccMarpEBa-
rorcq 6rHsKr{e a AareKr]e yAapbr ll73l , a raKxe MeroA, 3auMcrBo-
eaHHHft us a4epuoli Susuxw, rro3BoJrrlor{uft nupasurb cerreHr.re qepe3
JropeHrl-r.rHBapnaHrHbre crpyKrypHbre Qyuxqtn e npn6.nnxeHr{r{ oAHo-
QoroHHoro o6uesa [1741.

Ecnn arou coAepxr'r BHerrrgroro orKpbrryro o6onouxy, c.na6o sgar4-
uo4eftcrnyrcqyn c nHyrpeuueft saxaucieft., ro npH wottusaquw sJreKr-
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4.3. Croaxnoseunr aroMoo c r{oHar,rr 12?

poHaMr.r lr,'ru ooroHaMH MoxHo rrpr{MeHflTb npH6JrHx{eH}1e ocHoBHoro
repMa, rrpeAloJraraForqee, qro BHerrIHflfl o6oJroqKa ilpH o6pasonaunu
BaKaHcar4 coxpaHfler ceofi replr [113, 175] . B Aeficrsr.rreJrbHocrr.r B
qrcrofi cBffsl{ ceqeHl]e HOHH3aI{I,I]I AI{aroHaJIbHO OTHOCHTe"TTbHO KBaH-
ToEbIx r{Hcer naccnsHofi o6o.ro.{xu, a ecJIH B3anMoAeficrBr4e Me)KAy
eroft o6o,'ror{Kor? u BaKaHcHeft EBrflercq cJIa6bIM, To cMeruaBaHLIeM
repMoB Mo)KHo npeue6peur.

llpn 6orree caJrbHoM nsaulro4eiicrBLtn B cJryqae ZS-ca.asH s,rreKT-
poHbr BHe[Iseft o6o"roqru npu6.nn)KeHHo coxpaHflror ,rnrul csoft cnu-
Hosofi MoMeHr (ns-sa reHAeHur4?t aHeprerlrqecxoro pa3,qe"rreHaq repMoB
pas,unvuoft My,rrbrr4n,'rerHocru - cHH3y BBepx B rroprAKe yMeHbrrrer{r.rfi
S [98] - H He3aBHCr.rMocrH orreparopa [epexoAa or crrnHoBbrx ne,
peueuuux).

4,3. O6pasoBaHue cocrosHnfi c BHyrpeHHr.rMr.r BaKaHcnqrur.r
B CfOJIKHOBEHH9X ATOMOB C I{OHAMU

Cro.[xHoeeune aroMa c I4oHoM rlpeAcraBJlfler co6orl IzcKJIIoqHTerrbHo
cr{JrbHoe Bo3MyxleHne g.rreKrpoHnux o6oroqeK, B pe3yJrbrare Koroporo
Bo3Mo)KHo o6pasoeaHue saxaHcnft B pa3rnrrHbrx o6oroqxax BcJreAcr-
Br.re MHoroKparaofi lIoHHsauLIH rz nos6yx4eHas aroMa, a raK)Ke 3a-
xBara gr'IeKTpoHoB I;roHoM. TeoperuuecKoe orIHcaHHe I,IoHHo-aroMHbIX
croJIKHoBeHnt? noxa fln,'Iaercr Aocraror{Ho npa6.nnxeHHbrM I,t Henor'r-
HbIM 

- 
J'InIxb A,rIrI HeKoropbrx pexHMoB crod'rKHoBeHl.tft H3BecrHbI rrpaK-

TAI{CCKI4 NPIZMEHITMbIC BbIPAXCHI,Ifl, B OCHOBHOM IIOTYqCHHbIC UCXOAfl I]3
on4osJreKrpoHHbIx r4,qaxe noJlyKJraccnrrecKlrx uoAeneft. Mo>xso BbIAe-
JIHTb cJleAyrcuue Ase o6racrn rrpllMeHlrMocrr.r reoperur{ecKlIx Mero-
aoe [76-178]:

l. Aronnun odnacru. Ec;ru sapa4 qApa Mr.rxleun Z|e 3Har{r.rTe,rbHo
6olrrue 3apflAa flApa HaJleraroulero uoua Zoe, a orHocareJrbHarr cKo-
pocrb cra,rKl{Balorqnxcfl qacr[q up He qBrqercr tualofi no cpaBHeHuro
co ,cpe4neft cKopocrbro oJreKrpoHa Bo BHyrpeuser? o6oroqKe aroMa
A., ro eos6yxgeuve r4Jrr4 r.ronll3aqurc aroMa MoxHo paccMarpr,rBarb
KaK BosM)'rqeHae Ky,'roHoBcKHM noJreM noua. flpz groM r{oH paccMar-
pl.IBaercq xax 6eccrpyKrypHafl r.{ Aaxe KaK KJraccuqecKaq qacrnqa.
OcHosHsle MeroAbr, npHMeHreMbIe B aroMHofi o6nacru, 3To - nepBoe
6opuoecxoe npH6,rnxeune IIJIocKlrx Bod'IH, IroJryKJraccnqecKuft ueroA
rrapaMerpa yAapa lr KJracc[qecrafi uero4 6auapHoro yr,apa-

2. Keaeu*tolreKArtnpHan o6nacro. Ec.ur.r sapx4 r4pa vo:na cpaBrrr.rM
c sapffAoM aroMa-Mlrurerh, a coyAapeHrae flBJrflercr MeAJreHHbrM (uoK
40"), ro reopllr Bo3Myx{eHHr? HenpuuenuMa u o6pasoeanr.re BaKaH-
cHfi eo BHyrpeHHr{x o6oro.{Kax paccMarpr.rBaercfl Ha ocHoBe KBa3r,r-
MoJIeKyJItpHoft uo4enu xax a(uafararrecKoe n3MeHeHHe oAgos,rreKr-
poHHbIx ypoeneft H cocrorHr.rft n no.ne AByx flAep.

Bupax<euur AJr-fl ceqeHl{ft noa6yxgetrfl Lr uolv3ar\Lr.vl aroMa nor{oM
IUIH rlporoHoM B nepBolr 6opHoncxorr,r npu6JrHxeHHLr noryqarorcrr H3
cgorBercrByroqnx Qopuy;r AJrs aJreKTpoHHo-aroMHbrx croJrKuoeeHKft
((35), (37), (44), (47), (48)) nyreu Hx yMuo>xelun Ha (Zf ,), -
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128 4. CosAanNe Bo36y)xAeHHbIx cocrosnuft

KBaApar as$errueHoro sapflAa HoHa c yrreroM 3KpaHHpoBKn frApa H

IicIIOJrbSOBaHAf BMeCTO HaqaJbHOfi SHeptnil HaJreTaIOUeft VaCrnqu e1

BeJIHqr.rHbr elmf M, t$e M - Macca sTorl qacTHrlbr, a m - Macca
sJreKTpOHa. PaSJIH.rI4q B ceqeHHqx Heylpytoro paccerHr.Ifl Ha aToMax
Tfx(eJlbrx 3apfl>KeHHbIX qacTr4q I]o cpaBHeHI,rIo c SJIeKTpoHaMlI B Oc-
HOBHOM OflpeAeflqroTcfl HeOAHHaKOBbIMLT [peAeJraMH r.rHTerpHpoBaHr.rq
tto nepeAaHHoMy r.rMrryJrbcy [176] : rrpn croJrKHoBeHnr{ aroMa c rq)Ke-
JoIi qacTHrleft q^tn AocTarO\IHO 6onr,ruoft, z Qmax npaKTr.rqecKH Mo)KHo
cqHTaTb paBHbrM oo. Ec.nll B 3JreKTpoHHo-aToMHbrx cToJrKHoBeHr.rflx ce-
qeHHr LIOHTZ€AT]IL*\ pasrr.rrrHbrx 060roqeK AocTHtaroT Mar{cHMaJrbHbrx
3HaqeH}rir npH oHeprfiflx gJreKTponoe 0,1-100 xaB, To B cJiyqae npo-
roHHo-aroMHbrx croJrKHoBeHr.rft - [pI,I gHeptr,rflx 0,2-200 MeB, a npr.r
Soru6ap4upoBr(e iloHaMr,r - B o6,racru eule 6o.nsrunx 3Heptufi [76] .

llepnoe 6opuoecxoe rrpH6JrHxeHHe rrJrocKlrx BoJrH AJrs HoHHo-aroM-
HbIX cTOJIKHoeeHIaft yroqHfleTcq nyreM yrrera persrHBI{cTCKLrx aQQex-
ToB AdIIfl aroMHoro gdrleKTpoHa (Aeuxeuue I.IoHa o6blirHo cqLlTaercff
Heper'rrrI4Br.rcrcxuu), yBeJrHqeHr.rg 3Heptr.rH cBfl3Lr 3JreKTpoHa B noJre
HoHa, I{crror'Ib3oBaHnq He rL'IocKI,IX, a IicKa)KeHHbIx Bo,'rH U76, 179).

llpn ZoKZr B AOCrZtrOqHo rrrripoKoM r{HrepBaJre cKopocreft eoe-
6yx4eHrze aroMa KyJroHoBcKHM rroJreM fioHa Moxno ollrcblBarb KBa-
3HKr'raccrqecKrrM MeroAoM rrapaMerpa yAapa F76, 179, 180] .

Ec,ru npe4loJror{rrrb, qro LroH ABr4xercfl rro KJraccr4qecxorl npa-
r,ro.uauefiuoii rpaeKropHr.r c orHocnre,rlHoft cKopocrbro u, To ceqeHr4e
noe6yx4eHHfl aroMa H3 cocroqHHn p n cocroflHHe y

o, (P * T):2tr r Wo,,(9 *"y)b db, (s3)
o

t\Q W6l, - BepOflrHOCTb TaKOlo nepexoAa B CTOJIKHOB€HHZ c npk-
uer'IbHbrM rrapaMerpoM yAapa b. Osa BbrqucJlqercfl rrpu noMoirru 3aBr4-
cflxlell or Bpe\{eHL{ reopHr{ BosMyrrleHHli nyrerrl pe[reHr.rq cncreMbr ypaB-
HeHuri [66] :

f -ffi;f-]r')"*nLze,- E)tfc,,(t). (s4)
k

3Aecl cr{t) - sasncsqr4ft or BpeMeHr{ xoeSQuqneHr B pa3Jro)KeHi.rr{
eorHosofi $yuxqr.rlr KoHeqHoro cocroflHlrfl aroMa no SynxquqM eto
HeBo3MyIqeHHbrx cocroxullli, R(l) - BeKrop orHocareJ'rbHofo paccrofl-
HHn sn.pa I{oHa or sApa Mr.r[reHI,I, Er - 3Heptr.rfl H3oJrlrpoBaHHoro
aroMa B cocroquna y, Zf, - aQQexranuuft sapn4 uoHa.

I4cxouas BepoflrHocrb [epexoAa F*y e repBoM ropqAKe reopr.ru
Bo3MyueHr.{ft no.nyqaercfl nyreM [oAcraHoBKH B [paByro qacrb (S4)
cf9t:5(y', 9) H nHrerprpoBaHr.rfl (54) no BpeMeHr{:

wu,,(g*y):' + j ,"(Datl':

,, dc.r(il : t 1, _
dt a \r l

^(,
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4.3. Cro.nrnoseHr,Is aroMoB c LtoHaMlr

(s7)

flpz uexoropbrx ynpourenllflx (npxuo.nunefiuocrr rpaeKropl{H volna Lr

rrocroflH,crBo ero cKopocru) n (57) rvroxcro BbInoJIHLIrb HHreFpHpoBa-
HHe no dt, db H qacrurrHo no dq, TorAa ceqeHne Bo36yxAeHr4r npr,rHlli
Maer BriA, noAo6uuft ceqeHnro B nepBoM 6opuoecxorvr npn6.nuxeuHn
(35) F8ll.

B arousoft o6.nacru coyAapeHnft AJrr paccMo"peHuf, Heynpyroro
croJIKHoBeHHfl aroMa c LroHoM npI.IMeHHM TaKxe KraccuqecKnft noA-
xoA, KaKHM flBrrrercq MeroA 6nuapnux croJrrnoseHuft [82]. B seu
aronrnuft gJreKTpoH H lroH cquTarorcfl ToqeqHbIMLI 3aprrxeHHbIMH KJrac-
cuqecKr,rMH iracrr.ruaMH. flpu ucuo.rrrgoBaHuI,I 3aKoHoB coxpaHennq gHep-
rHH H I{MnyJIbCa, a TaKXe 3aKOHa KyJTOHOBCKOTO B3aI{MOAefiCrSHg
Bepoflrnocrb nepeAaqr{ oJleKrpoHy eHeprtlu AE nupaxaercff B Br{Ae

Qyuxqr.ru oT HaqarbHofi cxopocru fioHa or, YA?Jrfl€Moto H3 aToMa 3JreK-
rpoHa u2, rrzrpaMgrpa yAapa H yrJroB paccerrHnfl. flpn unrerpupoBaHnr.r
BeporrHocrr.r IIo yrJIaM, [apaMerpy yAapa E B cryqae noHr.r3aqu]r
lto nepeAaHuofi sneprun [oryqaerca a.rre6pauqecKaq @opuy.rra 4.nr
o (us u2). Ans Haxox(AeHufl noJrHoro ceqeHr4rr uorusar\uv nl-o6onoq-
xu o(aea2) ycpeAHflercfl rro paclpeAeJleHlrp cKopocrr.r cBs3aHHoro
SJreKTpOHa I.r yMHOXaeTCq Ha qHCJTO SKBUBaJTeHTHbIX SJTeKTpOHOB:

t29

:(Zf ez)z tR(r)-r*t-' I p) *, [+(E,-Ea),]a,l'. (5s)

Hcnonleyx npeo6pasoeauze <Dypne

lR-rl-.:# / eic't"-nr * nn, (56)

BepoflrHocrb MoxHo Qarropneonarb Ha uHTerpaJr no op6Hre HaJIera-
rcIr1efi qacruubr H aroMHyro BeJrI{qLIHy, cBfl3annble LIHTetpHpoBaHHeM
no dq (a arou H gaKrroqaercff flperrMylrrecrBo irrero4a):

o,(p-y) :s#i U atexofis,-nu1tf*

"/cl e-,q.R(,) ! atl' nat.

f('lr
-@k

r "'u I B)
k

c,,(nl-l): r,l r, f o @r, oz) f,tt(o) do2.
0

(s8)

34ecr f u(u) - Qynxqua pacrpeAeJreHr.rfl cKopocrn cBff3aHHoro aJreKr-
poHa, Bbrpaxanqaqcfl qepe3 KBaApar MoAyJrfl sorHosofi Synxqun
sJIeKrpOHa B r.{MIIyJIbCHOM npocrpaHCrBe:

I

-f,,(r):4np' ,h f lr",-,(p)l',
mt: -l

5. 177

(5e)
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130 4. CosaaHI-Ie eos6yxaeHHHx cocroqHr.rfi

r4e unmt(P) - @yple-o6pas o4uoeJreKrpoHHofi BoJrHoBor? Qyuxqan
B KoopAHHarHoM IlpocrpaHcrBe (1.6) (cu. pas4. 10.2). IIpu rcrrorrb-
3oBaHHI.I BoAopoAorroAo6Hbrx BoJrHoBbrx Qyurquft lJrfl fnt(u) nonyva-
eTCs aJrrc6paHrrecKoe BbrpaxeHne, HarrpriMep, Aflq ls-sreKrpoHa

f,,@):| &, Do:[+]''' (60)

B ao4opo4onoAo6Hou npn6rlr>KeHr.rr.r HMeer Mecro cJreAyroqee [po-
croe BbrpaxeHae Ad'rs cer{eH[q o6pasonauns. nl-t-sar<aucLrLt 11771 :

au,(nt-r): e!#Y ofr>. (6 l)

V - peayqllpoBaHHarr cKopocrb, paBHafl orHoneHr,rrc u1 x cpe4ueft
op6nranrHoft cxopocru aJreKrpoHa o.. VHranepcaJrbHafl $yuwaux G(V)
ra6y.nuporaHa, HarrplrMep, n [77].

B c.nyvae MeAJreHHoro yAapa (uoK.O") u cpaBHnre,rrbrro cr.rr'rbHoro
Bo3MyuIeHns (Zpx 21) octoeuoii ruero4 pacrrera 3acer'reHHocreft ypon-
uefi 

-,KBa3r.rMoJrery.nnpHufi, 
paccMarpr{Barounfi coyAapeHr.re rar o6-

pasoBaHr.re 14 pacrraA ueycrofiuueoft 4nyxqenrponorl Mo,'reKyJrbr

[83, 17Bl . flpn MeAJIeHHoM c6rI,t>xeHlru aroMa w uora rlx 3,rleKrpoHbr
ycneBaror aAua6aru'tecKlr npl,tcrroco6uTbcs K AByxueHTpoBoMy rro,'rro,
u o6pasynrcr oAHo3JIeKrpoHHbre MoJreKyJrspHue op6ura"'lN. 06 srona,
HanpHMep, cBHAeTeJrbcTByror peHrreHoBcKrie cneKTpbr B Br{Ae MoJre-
KyJIspHbrx rrodrroc, r.r3dryqaeMbre rrpfi TaKHx croJIKHoBeHHflx [84] .

Sueprun pa3lr.rqHbrx .MoJreKyJrrpHux op6nra,reft ueo4zuaxossrxa o6-
pa3oM saBlacflj OT MeX{'bflAepHOrO paCCrOsHHrr, nOSTOMy BO BpeMq
cro,rKHoBeHr.rfl npoucxo.qxr c6nn>xeHr.re ypoBHeft eueprnu r.r H3MeHeHr.re
nopflAKa Hx pacnoJroxeHns. flpa erou oJreKrpoHbr 3arroJrHeHHErx o6o-
JroqeK Moryr rrepexoAlrrb n nos6yN4eHHbre ypoBH]r. Bos\aoxHocrn
TaKI'IX [epeXOAOB OnpeAer'rflroTcfl npl nOMOrrIU KOppeJIr[[OHHbIX AHa-
rpaMM - cxeM n3MeHeHr{fl MoJleKyJrspHbrx ypoBHefi s sasucuMocrlr
or paccrorHr.rfl MexAy qApaMH. BeporrHocrfi nepexoAoB Bbrpa)Karorcfl
qepeg HHTerpaJlbr nepeKpbrBaHHff 3aBucflrqefi or npeueHn soJrHogoft
QyHxqrau KBa3r.rMoJreKy.nnpuofi cxcreMbr c $ynxqnaMu ee KoHeqHoro
pa3BeAeHHoro cocroqHktfl. npv t--+a. I(nasHuo.nexy,rapHuri MeroA rro-
3BoJrfler raKxe o[ficarb [poqecc, npoucxoAffrrlzil ro,rtxo ilpIa coyAa-
peHHflX aTOMOB C ItOHaMr{ IjJtLt fl,EpaMU 

- 
3axBaT aTOMHbIX SJTeKTpOHOB

HaJleraroqeft qacruuefi r.rJrrz nepe3apflAKy qacrau [66] . 3ror rpouecc
sau6onee BeposreH npu 6ornnoM sapqAe Zoe, uo ero ceqeHr{e 6ucr-
po yMeHbrrraercq c yBerHqeHr4eM cKopocrH orHocl{re.rrbHoto ABH)KeHrrfl
nAep [66].

B uosso-aroMHbrx croJrKHoBeHrfl,x c 6o.nruofi BeporrHocrlru o6-
pa3ylorcr xon$urypaqvw co MHorHMr.r BaKaHcrasMri. Ce,renr,re Muoro-
rparuoft HoHr{3aunrl BHelrHr.rx u npoMexyroqHbrx o6o;loqer Mox<er
6urs rpu6JruxeHHo Bbrpax(eHo rrepeg ceqeHlrs oAHoKparsofi Houlr3a-
qlzl npn rroMoulr] crarncrzqecKoro noJryKJaccuqecKoto MeroAa [185,
177] . Bosrraoxnocrb crarucrr{qecKoro rroAxoAa ocHoBaHa Ha [peArro-
.IION(eHaH, qTO xapaKTepLICTI4rIecKOe BpeMt peJIaKcaII[u SJIeKTpoHHbIX
o6o.noqer BeJrHKo no cpaBHeHHro c npoAoJrx(r{reJrbHocrbro yAapa, no-
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4.4. Mero.( Bne3anuoro Bo3MyIIIeHI4t aroMa

sTOMy B3aHMOAeriCTBi.{e MeXAy HaJIerapu(I{M HoHoM H 3JIeKTpOHOM

cJra6o 3aBHcr.rr oT cocroflHHft ApyrHX sJIeKTpOHOB MLITeHI'I.
flycrr wu(nrlyt) -- BeposrHocrb o6pa3oBaHufl BaKaHcIIu nrl r

B OAHO3JIeKTpOHHOM COCTOTHLIn npu LIOHHO-aTOMHOM CTOJIKHOBeHI',IH c
npHqed'rbHbrM rrapaMerporr,r b. BepogrHocTb roro, qro gToT 3JIeKTpO_H He

6yaer yAa,'IeH, paBHa l-w6(ntl;l). EcnN rtpIlHqrb, tlro w6(ntllt) ue
3aBrTCRT Or qprcJra 3JreKrpoHoB /v1 e o60.loqKe, To BeposrHocb o6pa-
3OBaHHf B rt?it tT\ SaXaucHft HMeeT BHA

(62)

BepoxrHocrr o6pasonaHnr BaKaHcafi o 4nyx o6oaoqxax (unu no4-
o6o.nouxax) Bblpaxaercfl B BI.rAe npoH3BeAeHHq BeposrHocreft nx ue-
sasPrcuMoft noHlrsaqr.rn (62):

W o(nr ll*'nr l;n',1:Wr(ntll*') W u(nrl;^'). (63)

flonsoe ceqeHue npo{ecca B noJIyKJIaccHqecKoM npu6;tnxeulln noJly-
qaerc-fl nyreM rroAcraHoBKvr (62), (63) AJrrr AaHHoro rapaMerpa yEa-
pa b n (53).

llpu crorrHoBeHr4flx aroMoB c MHoro3apqAHbrMlt HoHaMH, o'co6eu-
Ho B cryrlae MaJIbIx cxopocretl orHocuTeJlbHoro ABI,IX{eHIIfl sAep, cJ're-

AyeT npnHr.rMarb Bo BHr;rMaHr.re He ToJrbKo npflMyro rroHH3allarc, Ho I,I

SaxBar aroMHbIx 3JIeKTpoHoB HOHOM.
Bc"reAcrs[e npu6nnxeuHocrl,r MeroAoB orrucaHl,Is rIoHHo-aroMHblx

croJrKHoBeHari N c,roxHocrr.r peHTreHoBcKI.rx k ox{e-c[eKrpon, aos6yx<-
LaeMbrx .rroHHbrM nyqKoM, r4x rrHTepllperauHE qacro orpaHKqlrBaeTcfl
.nnru'n rpynnarurz nu:nvtit. llpn erou 3aceJreHHocrr.r ycpeAHflrorcfl no
MHOrOg,reKTOHHbrM KBaHTOBbIM TIIIC,IIaM HJII\ HCIIOd'Ib3yeTCfl IIpe,4nO,IO-
)KeHue, qro- ece cocroflHr.rfl o4Hofr xoHQnrypaqalr 3aceJreHr,I oAlrHa-
KoBbrM o6pasornr.

4.4. Pacqer BepoflrHocrefi MHoroeJeKrpoHHbrx nepexoAoB MeroAoM
BHeSanHoro Bo3MyrqeHr.rc aroMa

O6pasonaHae HecKoJrbKr{x BaKaHcHir s anerrpoHHbrx o6o;roqrax aro-
Ma BO3MO)KHO He TOJIbKO B HOHHO-aTOMHbIX CTOJIKHOBeHLIflX, HO C

lteuuureft BeporrrHocrbro raKxe npu B3auMoAeficrenn aroMa c 3JteKr-
poHaMH rz QoroHaur4, B pegyr'rbrare MHotoar'reKrpoHHbrx paAuaqnoH-
HbIX tr o)Ke-[epexoAoB B aroMax r.r qAepHbrx [peBpar(eHuri. lloc"ae4o-
earerL,Hlrfi pacr{er BeporrrHocreft raxux MHoto3JreKTpoHHbrx [poqec-
con rpe6yer npr4MeHeHlrq cJrolKHbrx KoppeJrflUHoHHbrx MeroAoB (crur.
paeg. 5.3, 7.2, 8.3), rrosroMy pe3yJrbrarbr raKrrx pacqeroB rroKa He-
MHoroqlrcd'reuuu. flpn r{Hreprrperaqur,I careJrJrnrHbrx ttuuufi B peHTte-
HOBCKHX rr 3r'reKTpOHHbrX CrreKrpaX IIIprpOKO rrpr.rMeHfercrr MeHee roq-
urrfi, uo AocrarorrHo npocrofi H yHnBepca.nlHuri MeroA olrucaHnfl MHo-
ro3JreKrpoHHbrx [poqeccoB, Hcnonnsyu{Nft MoAeJIb BcrpffcKn aroMa
rpr ero BHe3arrHoM Bo3Myu{eHHu [86, 189] .

5.
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flpe4nonoxr4M, qro Ao MoMeHTa BpeMeHH /:0 arou HaxoAnJrcrr
B craqrroHapHoM cocroflHlav n, onucbrBaeMoM BoJrHoBoii Qynxqr.reft ra-
Ml4IbTOHl4zHA Hs

Houo: Eoun, (64)

a 3a MaJrbrfi npouexyroK BpeMeHn 0{l{r fipor{3otuJro BHe3arrHoe
BO3MyrrIeHAe aroMa (Hanparr.rep, H3MeHHJrcfl 3apqA flApa). laul{Jlnro-
HnaH HOBOfi ClrcreMbi - Ht, eMy CoorBeTcTByloT CO6CrBeHHbre oyHK-
\HV AM:

Hro^: E'^a^, (6s)

Bc.[eAcrsKe BHe3anHocrn Bo3MyrqeHr.rg cocrorHHe a"nexrpouuoir
CHCTCMbI HE YCNCJIO IiSMEHI{TbCq H B MOMCHT T OHO OTIICbIBACTCfl BOJI-
HoBori Qynxuaefi

Y(c): u,"^o f- a E,rl. 66)

Pasnaras ee no noJrHoMy 6aslrcy BoJrHoBbrx Qynxunfi HoBoro raMr.rJrb-
TOHHafra CHCTeMbr, n0JryqaeM

,,"*r [-] n,r]:Z cmz)nexp[-i u-_:]

Ecrz aHuoJlHflercfl ycJroBue

-h
"u 4-^ '

TO,

*o [; (E'^- E,)"]: r.

Vusoxag ypaBHeur.re (67) sa ztfi, u r,rHrerprpyt B KoopAVHar-
HoM rrpocrpaHcrBe, a raKxe yqltrblBar (69), uaxoAHM BbIpalKeHHe

AJrfl BepogTHOCTH nepexoAa H3 COCTOflHnfl. n B COCTOflHITe HoBoro ra-
MHJIbTOHLIaHa /n.'

I4t (n --> m):l c^\' :1 Qt^lu,) l' :\ (u^lo^) \'. (70)

O6parnrra BHHMaHHe Ha ro, rITo npn BbtBoAe (70) ue 6uno cAela-
HO npeAnoJroxeHHf o MaJIocrI{ Bo3MyIqeHHfl, [peArloJlaraJlacb roJ'IbKo
ero KparKoBpeMeHHocrr (68).

Ecnw n v rn oriln.ualorcfl cocrotHlreM oAnoro gJIeKTpoHa, To 3Ha-
MenareJrb n npanofi qacrn (68) npa6.ttu)KeHHo paBeH pa3Hocrll oAHo-
oJIeKrpoHHbIx euepruft rrIIV, ecilv: onycrl,Irb MeHblxya u3 HI{x (aneprNro
noa6yx.qeHHolo gJleKrpona), -- 9H€Pl[Il cBfl3ll l elerrpona B Haqarb-
HoM cocrorutltl. Taxuu o6pasou, Bo3MyIIIeHHe MoxHo cqurarb BHe3aII-
HIIM, ecJIr.I ero npoAonxl{reJlbHocrb MeHbIIIe nepno.4a It/1, xoropwft
HMeer noprAoK l0-r3-10-17 c.

B o6qervr cnyqae MoAeJIb BcrpscKll npeAnonaraer Bo3MolKHocrb
pa3AeteHr.It crlcreMbl Ha ABe noAcIIcreMbI, BganMoAeficreue MexAy

(67)

(68)

(6e)
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KOrOpbrMu orprcbilBaercr cpeAHHM noJreM; B OAHOft nOACHCTeMe rrpo_
HCXOAUT KBaHrOBbrft cKatroK - 3ro AeftcrByer Ha Bropyp rroAcHcreMy
KAK BHE3ATIHOE H3MEHEHilC NOJIfl I{ IPIIBOAI{T K CE BO36YXACHHIO HJII{
HoHH3aTIHH F86]. LIrat<, MHoroqacrHqHbrft npoqecc pasAenrercfl Ha
ABa STana H noJIHafl BepoqTHocTl, Bblpax(aercf KaK rrpor.rsBeAeHHe:

W:W1VI/2, (7 1)

rAe lYt - BepoflrHocrb H3MeHeHr.tfl. 3apfl,Aa flApa, olpa3oBaHr.rfl Ba-
KaHcuLl r'rJrH ee nepexoAa H3 oAHOfi O6OrOqKr.r B Apyfyro npr <<3aMopo_
xeHHoM>> cocroflHrlll Apylrx gIeKTpoHOB, A Wz * BepoflrHocrb BO3-
6y>x4eHrar r4JrH Lrolngarllru noAcl{creMbl rraocr.rBHbrx sneKTpoHoB npr{
HX BcrprcKe, He 3aBrrcqqafl oT rrpHpoAbr BCrpfcKH.

Taxnu o6pa3oM, Heo6xoAHMbrM ycnoBxeM rrprrMeHnMocrr.r MeroAa
BHe3ariHoto Bo3Myrr{eHI{f flBJtfercfl He TOJTbKO KparKOBpeMeHHOCTb
BO3MyXIeHUfl, HO H CpaBHHTeJrbHAfl cra6ocTb cBfl3r.r MexAy O6euMH
no/tcHcreMaMH - MaJroe [epeKpbrBaHHe HX BoJtHoBbrx eyuxqr.rfi. Olo
cBOAHTCfl K Tpe6oBaHriro, rrTo6bl gJreKrpoHbr, yqacTByroulge B npoqec-
ce' co3AaloqeM Bo3MyIIIeHHe, Ii 3dreKTpoHbl, HcrIbITbIBaIouIue 3To Bo3-
MyIrIeHHe, HaXOAr.tJrHCb B pa3rr.rrrHbrx o6oJroqKax r.r Aaxe cJroqx.
Buno,rHeHHe 3roro ycJroBafl rpyAHo o6ecneqnTb, ec.rru nepBauuufi npo-
qecc npeAcraBirfler co60fi peHTreHoBcKHir, HJfi4 0>Ke-[epexoA, 3arparH-
BaroxlHft HecKO,rrbKo o6oroqeK, noSToMy MeroA BHeSarrHoto Bo3MyUreHI{fl
PC){(E H C MCHbIIII,IM YCNCXOM NPI{MCHqETCfl AJIfl OTILICAHI4fl MHO|O3JIEKT-
POHHbIX IICPEXOAOB B ATOMAX, qCM AJI'I MHOIOKPATHOii NOHI43AUWW WIH
XOHIi3AIII,IH H BO36YXACHI.Iq ATOMOB TIPH I.IX 83AI,IMOACfiCTBI,IU C qAC-
rl.rqa}4rr r.rJJr4 peHrfeHoBCKrrMH ryqaMH.

B pesy.nrrare BHe3anHoto Bo3MyrrleHr.tfl Bo3Mo)KHhr cJreAyroullre [po-
rreccbr: BcrpflxHBaHze (shake up) - sos6yx4eHue naccr.rBHoro sJreKr-
poHa, crpflxHBaHHe (Shake-off ) - AonoJrHrrreJrbHafl r4}Hr4sat\v,n aroMa,
a raKxe - co 3Haqr.rTeJrbHo MeHbrxeft BepoflTHOcTbrO _ Bo36yxAeHHe
I{JIH YAAJICHI,IC I{3 ATOMA HCCKOJIbKI{X sJIEKTPOHOB, ECTH BO3MYII{ACTCfl
3JreKrpoH, HaxoAfrruficr B Bo36yxAeHHOM COCTOSHr.rH, TO MOXeT npo_
usoiarw raK)Ke eto nepexoA B Hr.rx(eJrexaulee cocroqHr.re (shake-down).

. BeDoqruocrr nepBrirrHoro rrpouecca (V r) , ofitrcbrBaeMoro oAHo-
(aeyx-)sJreKrpoHHbrM orreparopoM, paccqarbrBaercfl B oAHo-to"V*:i
3JIeKrpoHHOlr npn6.nuxeHrrl{. EcJrr{ HaC HHrepecyer Jrr.rrxb Bepofl THOcrr,
o6pasonauufl AorroJrHHTeJrbHoft BaKaHcI{H, a He MHorooJreKTpoHHoro
cocroqHl'Iq aroMa' To rlp}l pacqere W2 ruoxHo [pHMeHqrb oAHosJIeKT-
poHHyro MoAeJrb. Tor,4a BepoqrHocrl o6pasosaHHfl BaKaHCUl.r y406no
Bbrpa3urb rrepe3 BepoflTHocrl' 3JreKTpoHy ocrarbcfl e ceoefi o6o,'roqKe
a.nu no4o6oroqKe. 3ra noc.neAnrq BerllqltHa paBHa KBaApary HHTet-
PAJIA NEPCKPbIBAHHfl PAAI.IAJIbHbIX BOJIHOBbIX QYUXqNft 3JICKTPOHA B
aroMe H r.roHe c arofi saxaucae,ft (nHrerpa;l nepeKpbrBannq c[HH_op_
64rarrHux Bod'rHoBbrx $ynxuuft gJreKrpoHa paBeH xpoHexeponcnofi
6-$yHxuuu). BoseoAq sry Bepoflrnocrb B creneHb, paBuyro qucJry
SJIeKrpoHoB e o60,'roqre u.nu noAo60JloqKe, HaxoAHM BepOflTHOCTb ro-ro' r{To Bce 3KBHBa,IIeHTHbI€ SJIeKTpoHbI He LI3MeHflT cBoltx cocroqHl,Irt
npH BHe3anHoM BO3MyrqeHVIV, a BbIrII,ITag ee H3 €AI.IHI,ITIbI _ Bblpaxe-
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HHe AJrfl BepOflTHOCTH yAaJIeHWf XOrfl 6U O4UOTO 3KBHBaJIeHTHOIO

sJIeKTpOHa. B pe.nrruulcTcKoM I.I HepeJIgTLIBLICTCKOM rIpI{6JII{X(eHHflX
r{MeeM [89]:
Wret (nli-t):

: I -{ [ Vn,Q)P;,,(r)+QhtU)Q',ti?)Jarl'**' -w';t, (72>

(73)w(nt-t1: t -(/
I4sAexcu a u i o6osHaqaor BoJIHoBbIe Qyuxqnr,r aroMa H HoHa (c
eaxaHcraeli, B03HIiKHoBeHHe Koropoft qgJgercq npzultnoft B03Myxre-
uua). Wp npeAcraBJlfler co6oft [o[paBKy, yqI'IrbIBaIoxIyIo HeBo3Mox-
HOCrb BCTpTIXLIBaHHS 3JIeKTpOHOB B 3aHsrble OAHOSJIeKTpOHHbIe cOCrO-
qHr.rs, HanpLIMep, uts (72)

w'ft : N or t >., ## .f Vl,, Q) P)',, (r) + Qlti Q) Q',' i1 Q)l dr' (74>

fipyrar npu6.nuxrenHaa Qoprvry Jra AJtfl. BepotrHocrl't o6pasonaHarfl, Ba-
KaHcI,IIr noryqaercr ns (62) B cJlyqae m:l fipkt onycKaHlil4 38BHCH-

Mocrl4 BepoflrHocrl{ or napaMerpa b n oupaxeuuu a (nl-t) qepeg

HHrerpaJr nepeKpbIBaHLIr oAHo3JIeKrFoHHbIx BoJIHoBbIx Qynxq[ft 1-

[ 4,91r;,,91ar.
BcreAcrgue oproronaJrbHocrl.I cnuH-op6uraJlbHbrx BoJIHoBbrx Synx-

qnfi, nepexoAbr ttpu BHeBanHoM Bo3MyrqeHr.rn B oAHoKonQurypaqnon-
HOTT,I iTPn6Nil>KCHUU Bo3MoxHbI JIHIIIb c coXpaHeHI,IeM oAHosJIeKTpoH-
HbIX KBaHTOBbIX qI{CeJI, 3a LICKJIIOTIeHVeM rL.

Pesy.nrraru pacrrera BepoflTHocreri crpsxuBaHnr. Anrfl. aroMoB
I,IHeprHbrx ra3oB H Apyrnx 3JreMeHroB [89, 9] rroKa3brBaror, rrro aror
npoqecc npn o6paeoBaHur{ BaKaHcr.rn Bo BHyrpeHueft o6oro.rxe 6o.nee
Bepoflren AJrfl gJreKrpoHoB BHerusnx o6o.noqex. BepoxrHocrb crpffxu-
BaHHq y6neaer npu yBernqeHr,rlr 3aprAa flApa u noJrHaq Bepoqruocrb
o6paeoaauufl BaKaucuu s nrc6ofi o6o.noqxe noqrr4 He sasucur or Z.
Bcrpnxaoaul{e aneKTponoB r.r3 BHyrpeHHHx o6o,'roqer MaJloBeporrrHo
ns-sa cna6oro nepeKpbrBaHr.rfl Hx Bo,rrHoBbrx Qyuxquft c Syuxqnaun
oos6yx4eunbrx cocrosHt4ft, a AJrfl BHerrrHr.rx gJreKTpoHoB BepoffTuocrb
gToro flpoqecca craHoBt{Tcs cpaeuuuoft c BepoflTHocrbro crpflxaBa-
Hr4n [89].

B uexotopux cryrlaflx AJIfl pacqera 3aceJleHHocreft yponseft ne-
o6xo4nuu raKxe BepoqrHocrlr Bcrprrx[Barrfl, H crpqxl4BaHar aJreKT-
poHHbrx o6o.nouex, gaBncqlqne or MHorogJIeKTpoHHbrx KBaHToBbrx qH-
cen. CoorsercrBylolllue BbIpaxeHLIs nory.rarorcfl HerrocpeACTBeHHo Lt3
(70) npn ucnoJrbsoBaHr{K MHoroaJleKrpoHHbrx BoJruoBbrx Qynxqnft aro-
Ma I,r HoHa roJIbKo B cJryqae BHe3a[Horo Bo3MyrrleHr.ra, o6ycnon.rren-
Horo flAepHbrM npeBpaIrIeH[eM, Harpr]Mep, B-pacna4ou a4pa. Ec.nn
npuul-ruoft BosMyurenuq sBrflercq o6pasoeanae BaKaHcHH Bo BHyrpeH-
uefi o6onoqKe, To B HaqaJrbHoM cocroflHllfi noAcl,rcTeMa naccl,IBHbrx

Pf;1 Q) P',1 g1 arfN "' - w o.
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sJreKrpoHoB He olll{cblBaercf co6cTBeHHoft BoJIHoBoft SyHxqneft n cJIe-

Iyer BB0ALITb Marpl{uy IJIOTHOCTH." flpe4noroxl'IM; rlio rprl l(0 ff-a;reKrpo'Hblft aroM HaxoALrIrcfl

B COCrOfHHr.l y, KoropoMy coorBercrByer BoJIHoBafl Qyuxqna Y111, a

cocrorHr.re noAcHcreMbr kts N-l 3d'reKrpoHa orilrcblBaJlocb peAyqH-

poBaHHofi Marpl4llefi nJIorHocrI'I (N-l) -ro nopflAKa:

Ifl-tl @i, . . ,, xk_ v t) xv . . ., x*-r, t):

:N! f Y*(yI xi, ..., x'r'r-t, xN, /)Y(Yixr, "', xN- 
', 

xn, t)dxn' (75)

Ec.nz o6pa3oBaHl,te BaKaHcIIu npoucxoAHT BHe3arIHo' To Marpl'{Ila
trJrOTrrOCTIi He yCIIeBaeT I,I3MeHI,ITbCn. Ee pa3JIOXeHI{e nO CO6CTBeHHbIM

Qyuxqlrnna (D raMr{,'rbroHr4aHa (N- I )-a.nexrponuorl cr.{creMbI I{Meer

tsI,IA:

I'fl-tl (xi, ..., xk-t, tlx',, . ", J(,v-r, /):

t/-t
v'v"

clt,cry" O* (y' I "i,

CyurraupoaaHl,Ie B (76) coaepxl{r I'IHrerphpoBaHI'Ie 11o HerIlepbIBHoMy

cnexrpy. CpaaHLrnaa (75) c (76) npn /:0, yusoxas o6e cropoHbl
paeencina Q6)na@(y' Ixi, .. -, xk-)O*(y' i xl, .., xrv-r)I{ I'IHrerpflpyr
nodxr, ..., dx* r, dxi, ..., dxk-t, noryqaeM c,'IeAylouee BbIpa>KeHI4e

AJ'I BepoflTHocrl'I nepexoAa y--+y' ecleAcrBl'Ie BHe3aIIHolo BoSMyIqe-

HUs.:

W(y-'y'):irn,f : I a, -'1 [

x Y (y I "r, . . ., rN-1, x*) dxr, (77)

llycrr xonQnrypaql{q aroMa coAepxl'rr oAHy orKpblryrc o6o;to.uxy,
a HaqarbHa fl. BaKaHcLtfl o6pasyerca B 3arloJlHeHuofi o6o.tto'{Ke nlllt'+2.
Bnpaxeuna Adrfl BepoflrHocreii BcrpflxI4BaHI'ItI lI crptxnBaHrs' 3,'IeKT-

poHoB I.{3 o6o,roqKu n, $' nod'Iyqalorcfl I'13 (77) ryreM [epecBq3bl-
BaHVtr MOMeHTOB e syuxqau rP u nupaxeHl{fl I'IHTerpar'Ia KaK MaT-
pErrHoro 3JIeMeHra oneparopa HyJIeBoro paHra qePeJ I4HrelpaJIbI
nepeKpbrBaHl4s oAHo3JIeKrpoHHbIx BoJIHoBbIX Syuxqufi. llpu arona npe-
He6peraercq o6N{eHHHM 83aHMoAeficrsl4er,{ MexAy noAcl{creMaMH, a
TaK)Ke r\{aJrbIMI4 qd'IeHaMI,I, COAep)KaIiIHMI,I I'IHTelpaJIbI IIepeKpbIBaHI'Ifi

lnlln'l> \n*n') e 6oree BbIcoKI'IX crerlenflx:

W'" (Ko n, lfi' +z r, t{' y, LrS2 .I -> K o n, llt'+ 1 n, $' - r 7 rLr S, (Ls S ) ntLS J') =

tD* (y'i xt, . . ., :crs-r) x

l2...rdx*-rl.

l)Z;+-s;11'*"',:N2 8(/2, Dn?lLz, sr, "r'l f [r]
[a 

*'-
x [I[, S[, L', 5'1ttz (U'1r"LrS, Il 4'-' -72L2Sllr) x
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.+r nz lN,-r y, frS, to So I o1 :

"Eiw6,s[]t/z "
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4i ',1,i;W; ? ::J[i
lloo (Ko n1 l{'+2 n, U" yrLrS2.I -> Ko n, lfi,

:nril1fLr, Sr,,lrl f tr, r', ,'rl Z
jj'r' 

] :
TLi Si

x (t{,yrLr.S, ll /fl'-' y;L;S;,r, | ,, 
t,

I t' 's2

4. CogAaune sos6yx,qeHgr,rx cocrosHufi

(78)

34ect uz - Ha6op MHotoaJIeKTpoHHbIx KBaHToBbrx rrrircerrr KoHeqHoro
cocrori{llt, sa [cKJrroqeHHeM Ioi "ii - xoa$QurlneHr pa3JroxeHr.rfi
eorHoBoft Synrqnn groro cocrorHttfr. n npouexyroquoft inssrz qepes
QynrunH qncrofi cBs314 (a.rrs HaqaJIbHoro cocroffHLr fl I.IcnoJrb3yercn
QyHxqnr qucroli cnasn); IIr u flz - npoH3BeAeHilfl pab4ailbHbrx r-rH-
TerpaJroB rrepeKpbrBaHHfl :

L6 56 Jo

tL+j
L; s; r'

J'

j'

J

rr, :,_[ Pfi, 4e\ p)1e) a, fl s (noty)Nr,
O keK

nr:[ -t(rrlrx] il s(nolufNr,

(80i

(8 1)

rAe K:Kolfh+r 1y"-r, HHAeKcbr a tt i o6osuaqaror BoJrHoBbre Sysx-
I{HH aroMa v wora c BaKancr{efi nrl;1 , a

s (nl): Pf,' (r) Pil Q) dr . (82)

Msoxrzrenl II2 npeO6pa3oBaH raK, qro OH, KaK H fI1, H€ coAep)Kr4T
I,IHTerpadTa no Syuxqnrz HerrpepbrBHoto crreKTpa; trpII 3roM HcrroJrb-
soBaHo ycd'roB[e, .rro6u (79), npocyMMnpoBaHnoe flo MHoro3dleKrpoH-
HbIM KBaHToBbIM rllacraM KoHeqHoto cocroflHull, nepexoAlzd'Io 6tl B
BblpaxeHue B oAHooJreKrpoHHoM npwlnuxeuuu, aHaJrornqHoe (62)
npu rn:l.

Ec.utr o6olow<a nr$" flBJrflercff garroJrHeHHoft, ro npz crpflxr.rBa-
HlIil ypoBHn nrlytnrl;l yJ 3aceJrflrorcfl npffMo npolopquoHaJrbHo r4x
CTATBCCAM.

f
0

Free Hand
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5. CNEKTPbI NOTJIOIIIEHI,Ifl PEHTIEHOBCKI'IX flYIIEA

Vrr,reururegne HHTeHcI{BHocrH [yqKa peHTreHoBcxl'tx .nyuefi npI4 efo
npOXO)KAeHHn qepe3 ra3bl H napfi, Oco6ennO Tq>KeJbIX sJIeMeHToB,

o6yc.nonrnnaercs HeSK6JIbKI4MI'I npoqeccaMl{: IloHu3ar\Lrefi w Bo36yx{-

AeHr{eM aroMoB, pacceflHl4eM ryqeft, a IIpI,I 6olnurnx gHeprl{qx Qoro-
HOB erqe o6pasoBaHLIeM sJIeKrpoHHo-rIo3HrpoHHbIx [ap.

O6pasoeaHlle flap craHoBI'ITcfl Bo3MoxHbIM B cJlyrlaflx, KolAa 9Hep-
rfis ooroHa'npeBbllxaer cyMMy Macc rloKofl SJIeKrpoHa H llosl'IrpoHa'.
paBHyro [pr,rMepHo I MeB, n coorBercrBeHHo AJInHa BOJIHbI I'I3ryrIe-
iwn t S 10-t nu. 3ror npoqecc orHocnrcfl 6o.llue K tAepHoft, qeM K
aroMHor? Qnsnxe, H 3Aecb paccMarpl{Barbcr He 6yaer'

Ocra6;renue nyqKa peurreHoBcxutx nyueft or I MaB 4o npn6.ln-
3HTeJrbHo 100 xaB B ocHoBHoM rIpolIcxoAI{T 3a crler Hx pacceflHntr Ha

aroMax (pa3A. 10.2). llpta exre MeHbIIrlIx 3Heprnflx, coorBercrByl'oulnx.
nHrepBaJry eHeprnfi cBtSLI aJIeKTpoHoB B aroMax, AoMIIHI'rpyrcuIIzM
npoqeccoM craHoBl{rcq [olJIoIIIeHI'Ie ;lyUefi BcJIeAcrBue soroeQQexra-
Siorvry [poqeccy, a raK]I{e recHo cBt3aHHoMy c HIIM $orooos6yx4e-
Hr4ro aroMa r{ rrocBflIrleHa Hacroflulafl rJIaBa. B pasa. 5'1 ssoAqrcs
aroMHble r.r MaKpocKoII14qecKLIe BeJIIlqHHbI, XapaKTepI'IsyloUIne I]or,]Io-
rrleHlre peHrreHoBcKLIx Jlyqeft, 14 rIOJIyqaOlCs O6qUe BbIp_a)KeHHq Arfi
ceqeuuft QorouoHllsa\ur4 v @oroeos6yxAeHnfl. B pas4. 5.2 ouu xola'
KpeTH3upyrcrcfl AJIfl aTOMOB C OTKpbITbItvIA O6OJtOqKaM[ rlpk HCnOJIT,-

sosaHr.rN o4uoxouQntypaqLIoHHbIX Bor'IHoBbIx $ynxqufi. B pas4. 5.3
paccMarpr.rBarorcfl TeoperllqecKl{e MeroAbI yrrera KoppeJIfl IlI{ounux eQ-
Qer<ron B cneKrpax QoronornoureHur.

5.1. Koe0Qt{qneHr H cerleHl{e Soronorloulennn

Paccrvlorpuu nol,rouleHIIe MoHOxpoMaTI'IqHOlO rtyqKa peHTleHoBcKI'IX

.nyuefi B ra3e, cocroflIlleM I,Ig aroMoB oAHoto aJIeMeHTa. llycrt 1artpaB'
JIeHr.re nyqKa coBrlaAaer c ocblo sc. Idure:r.cuBHocrb .tyueft 1. (x) (eHep-
rns, npoxoArrilIar B eAI.IHIIily BpeMeHH rlepe3 eALIHLITIHyIO loBepxHocrb,
pacnoJroxeHHyro ilepneHAI4KyJIqpHo K HanpaBJIeHIiIo nyuxa) LI3MeHs-
ercfl B cJroe Mex{Ay x u xld.lr Ha BeJIIIquuy dl-(r), roropafl ltpottop'
rlr.IoHaJIL,Ha r{HTeHCLIBHOCTn 1. (x) u ro,ruruqe cnos dx:

dl-(x): - p.r. (x)dx. (1)

Orpuq,are.rlHHrl sHax yKa3bIBaer Ha yMeHbIIreHI,Ie I'IHreHcLIBHocrI'I.
p. - ,rraHeftsnrft r<oe$tpuql4eHr ttolJlorleHur peHrleHoBcxux nyuet? c
aueprveri ftro s AaHF{otu eeulecree (e o6qerra cr'Iyqae rtpa yqere Apy"
rrrx ripoueccoB ocJIa6,leHl,Ifl nyqKa oH Ao,rI)KeH 6ttrr, sa\,{eneu cyttttr,toft
xoeQ$rzuneHroB rrorJloxleHl{fl, pacceflHllq nyueft z o6pasonauza nap).

Zurerprzpyr ypaBHeHLre (1) c rpaHLlqIIbIM yc,IIoBIzeM 1(0):10, no-
,'IyqaeM:

1-(x):/os-P." (2>

Free Hand
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Corlacno (2), xoe@Qr4rU.reHr rrotJrorqeHr,rfl riMeer pasuepuocrr l. I

lr paBeH lld, r4:e d - paccroqHue, ttpu [poxo)KAeHr.rfi Koropoto HH-
reHc_HBHOCTb ilyrrKa yMeHbrrjaeTcfl B e pa3.

O6uqHo ncrroJrb3yercq MaccoBbrfi koaQQ[uueHr rrorJrorqeHr.rfl p. /prAe Q - rrd'roTHocTb BexIecTBa. ou xapaxrepH3yeT oTHoC[TeJrbHOe IIo-
tJlolueHr.re peHrteHoBcKr4x ryr{eft egariuqefi Maccbr BeulecrBa.

Hapa4y c r<oaQsuurieHror\{ notJroureHnfl, rrpeAcraBJrfl}orqr{M co6oii
b{aKpocKorIuqecKyIo BerI{q14Hy, BBoAHTcq aroMHat BeJrr.rqHHa _ e$_
QerraeHoe ceqeHrre norJrorrleHr4 o o., xapaKTepr.r3yrouee IlotJrouleHile
peHrreHoBcrzx ,ryuefi qacrorbr o oAHr.rM aroMoM. cor.nacso o6llleri,Iy
orrpeAeJreHr.rrc, ceqeHr.re Qoronor.noqeHaa paBHo orHorxeHHro qucJra
KBaHTOB fr^, ItOf"IIOqeHHbIX OAHI{M aTOMOM B eAr.rHI.Iqy BpeMeHlr, K
nJIorHocrr.r rroroKa rraAaroxlnx QoroHon:

(3)

vrr,rHox<aq qacJrareJrb L 3HaMeHareJrb Ha 3Heprnto KBaHTa, noryqaeM:
n^ h <tt

rae n^ha - sHeprus, notJrorrleHHafl oAHr.{M aroMoM B eAr.rHrzqy BpeMe-
ur'r. Ecnu B eArrHHrIe o6reua nMeercq 1y'6 arouon z r<ax4srfi Hs Hr.{x
rloldllor{aer H€32BI{,CHMO or Apyr[x, To LIHTeHcHBHocrb, nol,lotrIeHHafl
B cJroe Me)KAy x u xldx, Bbrpa>Kaercfl cJreAyroqxu o6paaou:
dl^(x): -n.ltaNodx: - o.No/. (x) dx. (5)

€pasHrze"aa (5) c (l), HaxoAr.rM coorHorrreHr.re MexAy cer{eHr.reM r.r

xoaQ$a(neHroM rrorJroueHufl :

o.: p./1y'0. (6)

C apyrofi cropoHbl, e:NoM, rpe M - Macca oAHoro aroMa, r.r

MaccosHfi xoasQnqueur [otJrorrleHr.rfl Bbrpax{aercq qepe3 aroMHbre
BCJII,IqI{HbI:

tluc,rio ilordroureHHbrx QoroHon na paBHo qrcJry I,oHH3I,IpoBaH-
HbIx aroMoB' a flocKo,llbKy paccMarpl'IBaercfl OAI{H aroM, To oHo npeA-
craB,rifleT CO6Oft BepOrrrHocrl Qoronouu3ar\w aroMa rryreM rlot,rlo-
illeH[q KBaHra coorBercrByrouleli qacrorbr. Taxutr o6pasolr, (3) 3K-
BHBa,'leHTHo coorHoueHl4}o MexAy ceIIeHLIeM H BepotrrHocrblo npoqec-
ca (1.245) .

E,c,rH e xy6e o6reuov V, Ha rpaHqx Koroporo HaJrararorcfl ycJro-
BHII [epI4oAI{rIHocrI{ A/Ifl 3JIeKTpoMarHI,ITHofo ro,rrq, LlMeercfl n Sorouoe
AaHHoto copra, To ["rrorHocrb rloroKa $oroHoe paBHa

Ia (4)

(7)
(ao _ 6o

?M

.cnJ:,., (8)

Free Hand
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O6uqso
TOTAA

o:Wlc.

npn paccMorpeHlaH Qoronornorqeuur 6epencs V-l v n:1,

BepoarHocrb Bos6yxAeHl{s aroMa QoroHorvr B cocroqH[e AI{cKper-
Horo HJrH He[pephrBHoro cneKrpa onpeAeJreercq B [epBoM [opsAKe
reopur Bo3Myr{eHurt rupaxeuunuu (1.242) rz (1.236).

Ec.uu n HaqaJrbHbrr? MoMeHT BpeMeHH aroM HaxoAr..IJIcfl B cocrosHult
y, TO BepOflTHOCrL erO O4UOQOTOHUOft nOHH3aTIHI'r nyreM O6paSOOaUUR
vloHa, a raK>Ke QoroerexrpoHa c Bo,lIHoBbIM BeKropoM B r.rHTepBaJIe
q,q+dq (reauronue .uvclt,a c[creMbl lloufa.rexrpon o6osuaquM qe-
pe3 p), corJracHo ( 1.236), (1.240), paBHa:

,ndW(y-il: + (\nxr-llH' l'yny)'8(Ep- Er-ha)qzdqd{2, (ll)

fAe flt^p - 
qncJro $oroHon c BoJrHoBbrM BeKropoM k a eAnsnqsuu

B€KTOpOM IIoJIflpII3aII[vI eko B Haqa.rIbHOM cOCToffHI'IH CIICT€MbI;
dO 3JreMeHr npocrpaHcrBeHHoro yrJra BbrJrera Qoroenerrpoua.
Bo.rHoeaq QyHxqHn @oroe.nexrpoHa HopMr.rpoBaHa Ha 6(q-q').

Oneparop BgaHMoAeficrBHfl aroMa c 3JreKTpoMarHarHbrM rroJreM
B penrrHBr.rcrcKoM upll6.naxeuun uMeer BHA (1.230). B uepe.nrrz-
BrrcrcKoM npla6luxeuuu s H' (1.232) cJreAyer ocraBurb Jrlrurb oc-
HosHori r{reH, flllHerlsrrfi no A, raK KaK KBaAparnqsuft qJreH B [epBoM
nopqAKe o[[cbrBaer roJIbKo 4nyx$orouHbre fiepexoAbl, Koropbre r.I3-3a

Hailr4,.r[fl. B 3rOM Oneparope napaMerpa MaJrocrr.r o Bo Bropofi crene-
Hr,r lponcxoAsr co 3Haqure.rrbHo rraenlurefi BepoqrHocrbro H lrMr.r B ce-
qeHHr.r fiorJrorrleHr4 q Mox{Ho npeHe6pevr.

BorHogas Synxqur cricreMbl aroufusnyqeHne [peAcraBrqer co-
6ofi npoHseeAeHr.re Qynxql,tri aroMa v noJrr, rroeroMy uarpnvHufi ene-
MeHr orreparopa H1' Qaxropusyercfl Ha aroMHyro r,r SorouHylo qacru.
B QoroHuufi uarpruuhlft 3reMeHT BHocrrr BKJTaA Jxurb oAHH rureH

pa3Jro)KeHnq BeKropHoro noreHIIHana A (1.233), coAep)Kauluft one-
parop ouo. C yqeroM (1.234) H npLtHHMa, nke:I, V- l, uaxo4r.rru
(4nn l:0):

(e)

(10)

(t2)

Vs-sa Hailuqwfl, B Bbrpalr(eHnn (l l) O-rpyHxunlr HHrerpupoBaHne rro
dq npn noMorrll

(nxo* I lA(r) lruo): fz"":'zh ltt'z 
€1oeik'r

,[* @,-d)f:;" 8(q-qo) (1 3)

Free Hand

Free Hand
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CBoAHTCS K BbrAeJreHr{ro SHaqeHLrfl q, onpeAeneHHoro 3aKoHoM COXpa_
HeHr.rr SHeprI,rH

(t4)n,:[?# (8.(- Er, + ro4f'',

rAe y'- cocroflHt4e HoHa.
L1cno;rlsyn olpeAeJleHr.{ fi H' e HepenflTllBr.rcrcKoM H peJrrrrr4Bucr-

crou npu6Jrr.r)KeHrzflx, coorHorrreHr.re (10), a raKxe Qoprr,ryarr (12),
(13), nonyuaeM cJreAyror.ru{e Bbrpa}Ke.u.us. A'rfl. aueQepeirrr'a.rlrHo.o ce-
Lienprfl QorouoHusauun [190] B HepeJrflruBricrcKoM

dot" 1y - B1 4n2 e2 q 
I

dQ- : 
,nonW 

I

(PI f P;'Eloeik'" 1; l2

jt

H B peJrflrr4BncrcKoM (It2q2/2m4mc2) npu6naxeHnrx

4"4#;P: 4"::!L 
I fpl f qt.er,o",u.',,y) 

l'.
i

Cyurraupoea'He B (15), (16) nponoAt4rcr, rro BceM 3JreKrpoHaM aro-
va, dQ - oJreMeHT rrpocrpaHcrBeHgoto ytJra Bbr,rrera QoroanexrpoHa.

.fl_pa nouorrr' coorHorreHr{q (1.206) Hepeflqrr.rBucrlrcwfr oreparop
n (15) us p-$opruu MolKer 6urt npeo6pas-oaan s 6o,,ree rxupoKo Hc-
noJrb3yeMyro r-Qopuy:

.46i"(^(-p) _ 4#e2mqk ,,,ar S - ; ^ik.r, -.. 2

-7o-: 
- h, 1 

\P l r;'€tpe ' T)
I

!,nr onncaHr,rs HepeJrrrrl{Br.rcrcKoto Qoroe.nexrpoHa, ABr.rx{yqetocflc eonHoe[rM eer<roportr q H [poeKrlr.refi inuna p, 6y4er HcnoJrb3oBarb
BoJIHotsyrc QyHxunro p- (4.40). Esrz BaxHo Jrurub cocroflHr4e HoHa,
ro rro4craBj'rfle 3ro Bbrpax(eHHe AJrfl $- n (17) H aclo/'rbsys csoficrso
oprofoHaJrbHocrlr cQepnuecrnx $ynxqnft, 4rnQsepeHrlr4aJrbHoe ceqe-
Hr{e MoxHo xpor4HTetpHpoBarb no yrnaM BbrJrerarotuero Qoroa,rexr_
poHa n no,tyqr.rTb rroJrHoe ceqeHHe;

oton(y-T'slll:4n' "j.! * y I (v'alm,* f .r.euoeik'rlr),'. (lg)o i,,., 
, 

j
Cor.nacHo o6cyx4eHnro, [poBeAeHHoMy B pagA. 1.8, e ueperflrlrBncr-
CXOIT NPU6"UNX(EHHH TIPU OTIHCAHHI.{ TIOIJ'IOUICHI'Ifl ATOMOM M'rKI'IX PCHT-
feHoBcKrrx .nyveft 3xc[oueury etk'', Mo>KHo npr.rHuMarb panuoft egn-
Hr.{qe (ex,ra4 Apyrux qJyreHoB ee pa3Jro}Kelnr 1rrfl. aHepirlft Soroua,
MeHbrrilzx 1 xgB, He npeBbrruaer oAHoro npoueHra, a r,Jrg eHeprrzfi 4ol0 xeB - r4Meer nopflAoK HecKoJrbKr.rx nporleuroB tlgll).

Oneparop AurroJrbHoro [epexoAa ri. €r.p npuno4arca x eopnre
HenpHBonHMoro oneparopa nyreM BbrpaxeHrrf cKaJrflpHoro npor.r3Be_
q,eur{fl uepes c$epHqecKlre KoMnoHeHTbr BeKTopoB:

f;. €ro: f t - 1)' cg)ec) c[1) (i j) r j.

(15)

(l 6)

(17)

(1 e)

Free Hand
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Ec.nn aroubr Bo36yxAarorcfl HerroirflpH3oBaHHbrM nyrrKoM. ir_yqeft U

pa,ccMarpHBaercff saceJleHHe ypoBHefi, a He cocroqHufi, ro (18) ue-
AyeT[pocyMMI,IpoBaTbno[poeKIII4flMMoMeHToBKoHeqHolococToq.
Hrrfl (uoua I{ gJleKrpoHa) Ir ycpeAnl'Irb rlo fipoeKlruflM MoMeHroB

HaqaJlbHoro cocToflHltfl, a TaKxe no AByM KOMnOHeHTaM BeKTOpa IIOJIfl-

pr{3arIHH Q:1,2. flpn arou y,Ao6Ho H3MeHlrTb cxeMy cBq3H: MOMeHrbl

i.terrpOHi I 1s CersHBarb B nOnuufi MOMeHT, a IIOcJIeAHIifi-c nO;l-
HbrM MoMeHTOM LIOHa. oXOsqarelbHo, npHMeHflfl TeopeMbl BulHepa-
Sxxapra r.r AJII Cjt) (e) - cJIoxeHIIs cQepnqecxnx $yuxqnft

f r- t)ecqe(0,, 9J C[')(0,, 9):P (cosorr)

(P(cos0) - noJIHHoM Jlexan4pa, r<otopufi npu 0:0 panen l), a

raKxe cooTHoIxeHI{e

r
MM'

| 3JM I CP ly' J' M'> l'g 
:[r]-1 

I (y/ ll 6{t)ll7' J')12,

IroJIyqaeM

6,oneJ --.( J, E:# # Z l(\' J' eriJ'llp{t)llyJ) 'iz

tjJ"

(22)

3Aecr P*(r) yxe HopMHpoBaHa Ha d (e.---e'); o - nocroflHHafl roH-
xofi crpyriyfn;-Dtr): Zerto> -oneparop AI{IIoJIbHoro nepexoga. Ec-
Jrrr ero pa3AeJllrrb HA asa v raKnv- o6pasoira cAeJIaTb 6espasuepnuna (ero
rtrSrpu;firsrft 3JIeMeHT I{crIOJIb3oBarb B aroMHblx eAuHl{uax), ro xoe@-

Q"quent s (22) craHoBllrcq paBHbIM 4t&ufi13:2,68909'10-22 M2.IIoJI-
HOe CelreHHe Mox(Ho Bblpa3lrrb TaKxe qepes rIJIoTHocTb cRJIbI oCIIHJI-
Jrnropa (l.2Bl):

)_zahz s d/(y"/, y,J'eljJ")otoo&J_"(,J,e): 
h,T

Ceqenne Qorououusaqnlr B penflTllBl{crcroirt npu6JIHxeHI'IH [oJIy-
qaercrr aHarornqHo, T. €. HcxoAs ne (16) npu ucnoab3oBaHnl{ qerbl-
pexKoMnoHenrHofi sonHosoft tpyuxqnn rp- Qoroa.ilextpona [78] (nuec-
re c reM npnBoArzM BbrpaxeHr,re H AIIr Qynxqun rp+, xoropan 6y4er
ueo6xoAurraa n r.n. l0):

Qf (", o):* Z i'e+i$t,(oi-rt0 X*)@q11-,1r7.
jlm I

3Aecr O - oAHosJIeKrpoHHaq peJlrrnBxcrcKafl BoJIHoeaa Synxqux
(1.169); Q - o6o6ureunaa cQepnvecxan Qyurqun (1.170) or yrJIoB

BorrHoBoro BeKropa 9i xr, - eAanuquufi crr'Hop, panuufi (;) np'

p:I/2 " (?) IIpH p:-1 /2; oi,- Qaea paccenHlls.

t4l

(20)

(21)

(23)

(24)

Free Hand

Free Hand
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OxonqarelbHoe BbrpaxeHr.re AJrfl rroJlHoro ceqeHr.rr l{Meer Br{A

o',"Ji(y -y'4: *;" f I ft' ejlmlleuo . Z o,"tu'! ly) l',
ilmt t

rAe y KBaH'roBbre qncJra aroMa B HaqarbHoM cocrorHlrw; a y' u ejlmS -coorBercrBeHHo KBaHroBbre qficJra woHa 14 Qoroelexrpona B KoHeq-
HoM cocroflHr.Ilr clrcreMbr; paAua,[bHaq BoflHoBan Qynxqnx Soroa.nexr-
poHa HopMr.rpoBaHa na 0(e-e').

BepoarHocm Soroaos6yxAeHufl aroMa Ha AucKperuuft ypoeenl
I,IMeer BeJrLrqHHy, cpaBHuMyro c BeporrrHocrurc QorolroHr{3aqnu ToJrb-
Ko rrpk eoeAeficrnau peHrrcHoBcKnx .llyueft Ha BHerrrur.re Hilw npoMexy-
roqHbre o6onoqxz, Bo,rHoBbIe QyHxqran Koropblx 6o.lee cHJrbHo [epe-
KpbrBarorcrr c QyHxqntvrrz orKpbrrbrx o6o.noqex, rrogroMy Qoroeos6y>x-
AeHr.re o6uqso paccMarpr.rBaercq B HepeJrrrr.rBncrcKoM npn6.nuxenun.
Sror npoqecc r{Meer pe3oHaHcHbrft xapaxrep - oH BogMoxeH Jrutxb
nprr gHeptuu peHrreHoBcKlrx .llyveft, panuoft oueprzn nos6yx4enna.
BepoarHocrl o4noQoroHHoro nos6yx4envfl. arora B eAr{Ht4rly Bpe-
MeHr,r r4s cocroflHraq y B cocroqHue y' onpe4eJrrercs Qoprray,rori (1.242) .

Asanoruquo, KaK H B cJryqae QorowoHusaquu, nuuni;lar Soroirnyror{acrl, MarpnqHoro 3JreMeHra oneparopa H' no (1.234) n npeo6pasya
oneparop flepexoAa as p-$oprvru n r-Qoprray npr4 rroMotrlfi coorHone-
urax (1.266), HaxoAr.rM:

o"'fu-y):4rczh.a ] (v'i€uo.) rretu''rlr) l'.j

B' c,rygae florJrolrleHltfl HenoJIflpr.I3oBaHHoro cBera B AHTIoJIbHoM
npu6.nux<en[[ ceqeH[e noa6yx4enr4q r,r3 ypoBwa y! B y'J' Bbrpa)Kaer-
cfl qepe3 crtJry lrrrrwkr S znH cr.rJry ocrlnJrJrflropa | (1.280):

6"' (yJ -r -{' J') : * n, #h^ ;u S (yJ, y' J') : Xr, a $ "f kJ, ^(, J,). (27)

Orruernu, qro rroJrHbre ceqeHuq nos6yxgeHr.rfl rz3Mepslorca a lr-2)(
)(e4. eHeprnv.

llprl aoe6yxAeHnn aroMa BbrcoKo3HepterlrqnbrMlr peHTteHoBcKI4MH
JIyqaMz ero KoHeqHble CoCToflHHq flBJIflIOTCf aBTOt4 OHH3aIIHOHHbIMH.
Corlacso pasg. 2.4, BoJrHoBar Synxqnn raKoro cocroflHurr npeAcraB-
rqer co6oft cynepno3r.rqurc Qynxqnft 4ncxperuoto u HerrpepbrBHoro
crIeKTpoB, HanpI,IMep, B cryrrae KoHeqHoto cocrosHr.Is, nsazuogeftcr-
Byroqero c oAHr.rM KoHrr.rHyyMoM, HMeer Br.rA (2. 101). Ilo4cran.raa
aro Bbrpa>KeHr.re B uarpuuuufi aJIeMeHT oneparopa nepexoAa, cotJracno
(2.lll), r.rMeeM

M Ph : ab M"' * ob nvfu xMio", s : f, (nl-r) t e,. (28)

3Aect fir'h, l,/lion - coorBercrBeHHo aMrrJrr4TyAbr SorolououleHilfl r.r

Qoronouusagwvt. M", .nurul npn6Jrr{xeHHo paBHa aMrrJrr{ryAe Qoro-
eos6yx4eHLtfl,, TaK KaK paccquTbrBaercfl rrpn rroMouru lr,ro4rzQarlupo-
saHHoft eorHosoft QyHr<qNn Ar{cKperHoro cocroflHlrn (2.112). VE v

,ryueft

I le2]

(2s)

(26)

Free Hand

Free Hand

Free Hand
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x orpeAeJreHbr corrracHo (2.91) u (2.98). Koe0$uuneul a6 Q.109)
orrr4cbrBaer <<pa3Ma3brBaHr4e>> ALrcKpeTHoro ypoBHfl BcJreAcTBr4e ero
nsauuo4eftcTBKr c KoHTr,rHyyMoM.

Bosno4a MoAyJrb (28) n KBaApar, HaxoAHM cJreAylouee Bbrpa)<e-
HHe AJrfl ceqeHuq QorolornouleHl,Iq B oKpecrHocru ypoBHrr:

6oh -6ion I "b #**a.6nv.gxl', (2e\

rAe otoz - ceqeHrre Sorouonnsaqnn 6ee yr{era HaJrrq.vfl B KoHTr.r}ryy-
ME ABTOI'IOHI,I3AqI{OHHOIO YPOBHfl. BTOPOfi MHOXI'ITCJII,, ONNCHEATqUfi
pe3oHaHcnoe I,I3MeHeHHe ceqeHufl s o6racrll sroto ypoBHfl, MoxHo
Bbrpasnrb vepea c.na6o 3aBucflrqr{e or eueprur.r Beruqr4Hbr q (2.113) w

x (2.98):

-ph - -ion 
(q +*\'

6en _ 6.uil ffi_. (30)

Ec,rv grraercrcr KoHTHHyyMr,r, He Bsar{MoAeficreyroque c AaHHbrM co-
croffHneM, ro K (q0) cJreAyer Ao6asrrt cerreHae QorouoHasar{Ha B

3TH KoHrr.rHyyvw o'f' 126l

oph: oyn 1i# t c,fn . (31)

3ra QopnayJra npHMeHr{Ma raKxe B cryqae KoHeqHoro AncKperHoro
cocToir Ii14fl , gsaulaollefi c'i'tsyloilIefo c HeCKoJIbKIIMII KOHTHilyyMaMI{.

,B Hexoropblx cJryqaflx, KorAa gJIeKTpoH eos6yx^ae_rcq 6eg Izsnre-
HeHlrfl ero tJraBlroro KBaHToBoro rrHcJra (crr,r. pasA. 5.2), arran.nr.ITyAa

Sororor.nouleHr{fl Moxer cyrlecrBeHHo rrpeBbrlrlarb aMlJrr{TyAy $oro-
HoHr{3aqlrrz. TorAa, ocraBfiqfl n (29) s cxo6rax Jrarxb nepBblir v.leu,
nor'IyqaeM:

oeh=lagl2o". (32)

KoeQSHqNeHr ldEl', orpeAeJrrreMuft ypaeneHueu (2.109), onr{-
cbrBaer Qoprrry ilrrtttw Qoronos6yxAeHr.ff (on rpeAcraBJrfler co6oft
rrJrorHocrb KoHeqHbIx cocrosHlrr? S@) s BbIpaxeHHH AJrs BepoflTHocra

$oroeos6yxAeHnr (1.238)). Ec.rrr.r rvrexxouQuryparIVoHHbIfi uarpuu-
Hufi eleueur VE Q.gl) e o6Jracrn pesoHaHca cna6o 3aBlrcur or
3Heprnlr, ro Jranlrs r4Meer JropeHueBbrft nwg u orrpeAeJrflercn urupuuofi
aBroHoHH3arIHoHHoro ypoBHfl H ero euepruefi. Tor4a npa6luxeHuuri
pacqer cneKrpa eos6yx4enr.rrr Mox(Ho npoBoAnrb no Qopnry;re (27):
cHaqa,la o[pele,rrsrb rroJrHbre ceqeHnfl rlepexoAoB, a saTeM pacnpeAe-
rqrb HX c yqeroM ecrecTBeHHofi urnpnnu ilulr-nfi, a raKxe $ynxquu
a[naparypHoro r.rcKaxeHus (pasA. 9. l). flo.nnbre ceqeHu.s nJrw cvrJtbl
ocuuJrJrrrropoB nepexoAos Qoronos6yx4eHux Moryr 6Hrt conocras-
JIeHhr c Bbr'coraMr{ nnunfi gKc[epriMeHTaJlbHoro cner{Tpa Jrr.lub B cJry-
uae npu6.nn3I,ITeJrbHo paBHbrx ruupr{H .lmuttft.
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5.2. florroqeHr{e peHrreHoBcKr{x nyqefi MHorosJreKrpoHHbrM aroMoM.
O4HoxonQnrypaqnoHHoe rrpndnr.rxeHne

3asncuruocrb ceqeHr{ff QoronououleHl.rfl or MuorosJreKTpoHHbrx KBaH-
ToBbIx qficeJr B ocHoBHoM o[peAeJlqerca cy6uarpnqHblM g.ireMenToM
oneparopa nepexoAa, BbrpalKeHufl Anq Koroporo B HepenflrHBucrcKoM
r,r penflrr{Br{crcKoM npu6.naxeuurx npuBeAenbr B pas4. 1.8. llpu nos-
6yx4enuu aroMa peHrreHoBcKnMH ayqaMrr ocHoBuoft run nepexoAoB
npeAcraBJrflroT

nrl\t,+2 nrl{' --> nrlarl'+t nrly'+r .

14x eepomHocrn Aocrr{raror Hau6o.uonreft serr.r,{Huul, ecrn o6e o6o-
JroqKr, [prrHaAJrexar K oAHoMy H roMy xe cJroro, a 12- lr11 [26] .

B KoHerrHoM cocroqHr.ru MexAy coceAHIrMH BHeITTHHMI{ o6olro,rxar\aa
peanlr3yercs cBfl3b, lnusxan x LS-csqsu, TorAa B HepensrnBlicrcKoM
npu6nzxeufin Marpnqsrrft ereueHr oneparopa AnnoJrbuoto fiepexoAa
ollpeAenflercfl Bblpaxeuuerrr ( 1.258).

B cnyuae Qoronos6yxAeHnq B cepuro Pr,r46epra r,rJrr.r HoHH3aur{H
B coorBercreynunfi KorrrunyyM cneAyer HcrroJrb3oBarr, Sopnay;ly
(1.260), a ec.lln MexAy BaKaHcLIeft u orKpbrroft o6oao.rxoft uueer
Mecro He j/-, a LS-csrrsr, ro (1.260) aantearercfl cJreAyroquM Bbrpa.
}I(CHI{CM:

(n,lal'+2 n,I{'y,L,S,J rll OG, ll n,l!'+| n,I{'y2L;S,L' S' J' eliJ S :
:8(Trzz Sr, y2L\S))(-1;z'+s'+r+t+tfLt, S', J', j, Jr, /l11'x

L' ,S' J'

lL'l 11 L'llr' J2 srI
L'tl\t Lo tl sf),, "t. (33)

Cy6rr,rarpr-ruHHir sreN{eHr rrpr{BeAeH AnR o6qero oneparopa 3JreKr-
puqecKoro MynbrunoJrbHoro flepexoAa, [ocKon],Ky noAcraHosxa l: I
He nplrBoAr'rr K KaKoMy-.rrl6o ynpoqeur.rrc.

llp,n Qoronouusaqnn nneurHeft orrpurofi o6oroqru uarpzuHufi
?JreMeHT npHHHMaeT BLrA:

(nr{'yrLrSl,rt 
11 
pt't 

ll nrl{'-t ylLi SiJieljJ) :( - 1)ri+&+r+ tl x

* | tz'l
r

B (33), (34) Moxer 6urr sunorrneno cyMMr.rpoBatue no Sni-
xosQQaq[eHTaM, oAHaKo gro npBBoAHT K nosBJresuro 6oree cJIoxHo-
ro l2i-roe$QnqneHra. flpu noacraHoBKe MarpuqHoro g.ireMenra B Bbr-

Ir,lr"!
,1tzl

Lns2J

x [Zr, Sr, Jr., j, Ji, illnV NL(y,yrIr Sr ll I{,-, yiLiSil) s[l],, 4 x

ril
,,ll', '; "; ) {? ;, i:l (34,

Li si

t+
L' S,

Free Hand

Free Hand

Free Hand
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paxeHr.re AJrfl CeqeHr{fl Qoror,roHr.r3arlHn TaKX(e MO)KHO npoBecrr.r cyM-
MLIpOBaHT{e no KBaHroBbrM qr.rcJraM f r,r Jr.

:! #a # r.[t(ntlrlei - r;z+(i +l) (nl]rlet+t),1,

ha:In r+e,

B HepeJrflTHBr{crcKoM Ar.rro,rrbHoM
3arroJrHeHHoft e.nexrpoHnofi o6oro.{xa
croft $opnaynofi:

,o7117co7: 6r'n (nl*t+z --> nlal +r i e):

npu6.nnxeunu SoronouusaquR
onr{cbrBaercfl cJreAy}oqefi upo-

(35)

(37)

r
j

(36)
8

-t

rAe 8 - 
gHeprr{f Qoroa.nexrpoHa, a Jnrj - 3Heptuq cBfl3H nlj-znext-

poua B aroMe. Ec.nn eHeprlafl Lr pa1uaJrbHbre r{HrerpaJrbr e (35) pac-
cqr.rrbrBarorcfl B a. e., a ceqeHr.re - e M6, ro roeS$r,rqrreHr paBeH

! ".'xafi:2,68909 M6.
Cyrr,ruupyx (35) no i ra npeHe6perafl 3aBacr.rMocrbro I or 1, no.ny-

qaeM Bblpa>KeHr,re Arq [oJiHoro ceqeHkfl soronoHusaq[r{ 3a[oJrHessofi
o6o.no.mu:

o,fi @) : dion (nl4t + 2 --> nl at +t s) : oi;@)x

nz aha U (nl I r i el - I ), + (/+ t) (nl lr I et + I )zl.

.B pe;larnaucrcKoM npz6nuxeur4u rroJrHoe ceqeHlre Qorououusaqnu
Bbrpax<aercfl rrepe3 cy6lrarpuuubre 3JreMeHTbI oneparopoB MyJlbrr,r[oJrb-
Hbrx nepexorol eo(t) (1.270) u nOG) (1.269). l{cno;lrsyrr pa3ro}KeHr.re
Arrs aKcrroHeHrbr (1.248), rpoBoAfl pa4 npeo6pasoeaHr.rft [67, 93] H
BbrrroJrHflfl cyMMHpoBaHlre IIo npoeKrlr.rfM MoMeHroB u HaIIpaBreHUqM
IIOJIffpII3aUHH g: 1, 2, naxOguM COOTHOTIIeHHe:

f | {t'r' M'ld*e'f or.-tu'"lvtM)li':
MM'c i

: "-' V 1e)" ffiffi l(r' t' ll(.oo + -o'')llv,r) r'

r{ro6u ero ripuMeHurb K BbrpaxeHnro (25), cuauana Heo6xo4r.rMo B
KoHeqHoM cocroflHnn rrepecBfl3arb MoMeHTbr vora 14 Qoros.nexrpouan o6lrlr.rft MoMeHr, ycpeAHr.rrb ceqeHHe na M, Q rd flpocyMMr.rpoBarb
no M':

.oi?i:2n, > (:)"-' I/l-1 {#I#} x

xr
Ijt'

l(^( J', eliJ',ll("ott, + 
^o@) lly,r) l, (38)

Free Hand

Free Hand

Free Hand
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Cy6rr,rarpuuurtft eletresr
onpeAeJrrercs Bbrp a)KeHr{sMI{
3aqur.r 3arroJrHeHHofi o6o.noqxn

6?:i (qL j2ri'+1 --> nrl, jli'e):2:|'2

5. Cnexrpr,r norfloureHuq peHTreHoBcKLIx nyuel"r

olrepaTopa MyJrbTHrroJIbHoro r43JryqeHKfl
(1.270)-(1.274). B cnyuae Qoronoun-
ceqeHr.re npao6peraer Br{A :

(f)"-'r'r

,+r / i' t

rtz+rtr \-r o

r

i)' ^,k).(:+',

f [.,r, i]"
tj

iy
' I 

n7@)
- rl , (39)

rae Rt(e) n Rt(m) - parrratbHbre r{Hrerparrbr (1.273) u (1.27a).
Bupax<eune (39) exnuraJreHrno npIrBeAeHHoMy B [92] , o4Haro 6o-
nee y4o6uo reM, qro xoe$Quqr.reHTbr rrpn HHrerpaJrax He 3aBrrcflr or
op6nrarrurrx MoMeHToB gJreKTpoHoB.

Oruoczrerlsas BepoflrHocrrb o6pasoeauufl. ilplr @oronouwsaq,vn
saKaucl4ft c i:l*l/2 u j:l-lf2 uaswnaerca xoeQQnIII4eHroM Ber-
BJreHHfl. . Ec;ru B HepeJlflrr,rBucrcKoM npu6.nuxeuuu npeHe6perrb pas-
Hocrbro aHeprnft cBr3H grHX aJIeKTpoHoB u cr{r,ITarb, qro Me)KAy Ba-
r<aHcuefi B 3arroJrHeHsoft o6o.noqre n Qoro3JIeKTpoHoM LrMeer Mecro
rrncras ii-ceasl, ro xoaSSurrlieHT BerBJIeHr.rfl paBeH orHo[IeHlrro crar-
BecoB KoHeqHbrx cocrotrlnwfr, eaxau,cuu (lll)/1. I4ttetorqarr Mecro AJrfl
HeKoropbrx noAo6o,ro,reK cyl{ecrBeHHafl 3aBncr{Mocrb xoeQQrzqneura
or oHeprur.r Qoroua, oco6euuo y nopora H s o6lacrn Mr.rHIIMyMa Ky-
nepa, o6rscusercq Koppelflul{oHHbrMr{ erpQerranru, a npx MaJrbrx
ageprHsx, cpaBnr{Mbrx c eHeprneft pacqenr'reHua yponHefi cocroflHnrr
c BaxaHcveft nlj-t, - raK)Ke pa3,rrur{HeM eueprnfi Qoroenerrpouoe,
BbrJrerarorur{x us noAo6oroqeK c j:l-+l/2 11901

Eclu npeux BbrJrera Qoroa,lexrpoHa fi3 aruMa ,"=oof i MeHbrrre

BpeMeHr.r peJraKcaqr4u aroMa npu o6pasoBaHnu BaKarcrtv txftf E'*,
r4e E'" - 

gueprl{fl peJraKcaqr4v (3. 19) (aro uueer Mecro npH eHep-
rnu $oroareKrpoHa e nopqAKa 100 eB n 6o.nee), ro BoJIHoBT'Ie QyHr<-
rIHH Apyrlrx gJreKrpoHoB aroMa He ycneBaror rr3MeHr.rrbcn u QyHxqzro
LroHa cJre.qyer crponrb v13 3aMopox<eHHblx paAr.raJIbHblx op6ura.neft
aroMa. B cnyuae MeAJreHHoro Qoroa,rexrpoHa, a raKxe npn Qoro-
nos6yx4eunx HatraJrbHoe r{ KoHeqnoe cocroqHr.rr onucblBalorcfl pas-
JrHqHbrMu BoJrHoBbrMIi Syuxqaarrrlz. Bcre4crnfie I{x HeoproHopMr.rpo-
BAHHOCTI'I B MATPHqHOM gJICMCHTC ONCPATOPA IEPCXOAA IO'IBJqCTC'I
MHoxr.rreJrb, coAep>Karrluft uHrerpaJrbr nepeKpbrBaHr{q Syuxqnrl rac-
CHBHI,IX 3JI€KTpOHOB B HaqaiIbHOM I'I KOHeqHOM COCTOflH?1fl.X, a TaKXe
AOnOJIHVTeJTbHble qJreHbI, COOTBeTCTByTOlllue IIepeCTaHOBKe B BOJIHO-
eoft $yuxqulr aJreKTpoHoB c oAI{HaKoBbIu op6nra.nbHbrM KBaHToBbTM

rrr.rcrroM r.r coAepxau'e rzHrerpar,rbr r'rra I r;1g1r;i'e)dr. tr4x yuer
npHBoAr{T K cyrqecrBeHHoMy yc,rroxHeHl.Irc pacrreroB. Kar orMeqa,rrocb
B pa3A. 1.8, n o4uoxouQurypaqlloHHoM npu6nnxennu ueJlecoo6pasHo
rrpoBoAr.rrb pacqerbr, Hcflorb3yrr B paArraJIbHoM r]HTerpaJre H 9HeprHr.r
pa3rr,rrrHbre paAlraJrbHbre BoJrHoBbre QyHxquu Haqa,'rbHoto H KoHeqHoto

Free Hand

Free Hand
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cocrosHr.rfi, Ho rrpeHe6perafl qacrrrqHo KoMneHcHpyIoIIlHMHCq nonpaB-
KaMr{ [epeKpbrBaHHfl r{ o6MeHa.

Ec.nu roreHIIHa,'I, ac[oJrbsyeMblri rrpH pacqere HepeJItrllBHcrcKI4x
BoJIHoBblx Qynrur,rft, flBJlflercs HeJIoKaJrbHbrM (uanplrlraep, rIoreHIIIaaJI
Xaprpv-<DoKa), ro paAuaJrbrrbrft uurerpa.n paAr.raqnoHHoro flepexoAa
u cerreHlre Bo36yxAeHwfl, krJrw vto:f'W3ar\r4u [prrHHMaror pasrntlHble quc-
JIeHHbre 3Haqeur.rs n $opnaax A"'rlrHbr H cKopocrn (n odurerra cryqae -B 3aBucr4Mocrn or xa,ru6ponru s,'reKrpoMarnnrHoro nona [48] ). Pac-
xo)KAeHI,re noryqaercfl TeM 3HaqlrreJbHee, qeNI 6oJrilre HeJIoKar'IbHafl
o6MeHnaq qacrb rroreHrllraJra. Osa o[peAer'rrrercfl creneHbro [epeKpbl-
BaHLIq aorHoeoft $yHxqun paccMarplrBaeMoro 3JreKrpoHa c SyHxqIzeft
"&,pyrux (e nepnyro oqepeAb orxpurux) o6o;roqex. Tarnla o6pasolr,
pe3y,rbrarbr pacr{era ceqesuft MeroAoM Xaprpx-<DoKa B Soprraax ,1.nvt-
Hbr I,r cKopocT}r Moryr cyuecTBeHHo ord'rnlraTbcfl. AJtfl rrepexoAoB Mex-
Ay coceAHnMr.r BHerrrHr4ur.r o6o.noqKaMl{, occl6enHo c oAI{HaKoBbtM n,
tro o6uquo xopouo corJracynrcfl B c,rryqae Qoronouusarlr{r{ r.rJrrr Bo3-
6yx4eHraa ws ouyrpenHefi o6o,'roqKr4, BorHoBaq QynxuHx xoropofi
c;ra6o flepeKpblBaercn c Syuxquefi eHeuxefi orrpnroft o6o,noqxn. Tax
KaK pe3yJrbrarbr pacqera ceqeHlrfl e o6eux Qopuax s6nvsw ltopora
iracro pacrroJrox(eHbr B pa3Hbrx cropouax or sKcnepnueura"rluofi xpn-
eoii, to B cd'Iyqae cr{JlbHoro o6uessoro esauuo4eftcrBlrfl B xogequofi
xouQnrypaql{r.r ue!'recoo6pasHo r{cilo,'Ib3oBarb reoMerpr{qecKoe cpeA-
Hee 3rvx 4eyx $opu [93].

Pa4ua.nluue r4HrerpadTbr, coorBercrByrour4e nos6yx4eulzro B ceprllo
PN46epra n Qoronouz3au,Hr{ B ror xe KaHaJr HenpepbrBHoro c[eKrpa,
cBfl 3aHF,I aclr M[TorriqecKHM ycJroBrleM, Koropoe ycraHaBJr4Baercq 126,
46] ,, rzcxo4fl rr3 MoHoroHHocrI,I I43MeHeHnfl lrJrorHocrr4 curbl ocur,uurq-
ropa npa [epexoAe vepes xpail uouusar\uu [26]

# o:,--tm.f, (+l'. (40)

3Aecn' En:-lnt - sHeprHrr /r-to ypoBHfl cepHr4 Pu46epra, onricbr-
BaeMafl BoAopoAonoAo6nnu Bbrpa)KeHIzeM (2.7) c aSQexrr.rBHbrM
ld'laBHbIM KBaHTOBbIM qHC,TIOM n"-fi.-ptt, rAe p,l - KBaHTOBUft 4e$eXr
cepuu, c.na6o saeucqrqfift or n. OnpereJrfltr 4nr 6onlurvx n ilpotr3.
BoAHyro

(41)

(42\

dEo _ dEo _ (Z*)2 _ 2E.. 3/2

dn * dn* (n*)t - Z*- '

dft
E l.:o

Haxo/tZM:

:in ffi-
n-@ 'Ln

3ro nogeorrer [oryrlgTb acI,IMI]TorI,IqecKoe coorHolrleH[e Me]KAy I-IH-
TerpaJIaMI.I AI4rIoJIbHoro u e o6ulela cryqae - 

Myd'rbrr{noJlbHoro nepe-
xo,u,a

:*(Gw')''' <n' i rt n' t's : Qt i rt le:o t')' (43)*
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B AHno.nrHoM [pn6,'r]rxenur{ aJreKrpoH Hs o6oroqKl.I c op6nraJrb-
HbIM KBAHTOBbIM IIHCJIOM I UOXCT BO36Y}KAATbCfl B COCTOflHUq C I':I-+
-+1, Kaua.r l--+l1'l, KaK npaBnJro, flB/Iflercfl AoMr.rHapyroqraM [26, 190] .

3ra eaxoHoMepHocrb Mo)Ker 6utr o6rgcHeua, rlcxoAt Lr3 Kraccnqe-
cxoft uo4e,rn: HaxoAffIrruficn Ha rpyroeoft op6lrre sJreKrpoH, rrorJro-
rqafl 3Heprnro, AoJrxeH yBerrlrrflrl cnoft op6r{rar'rbHbrft uoueur. Pe-
3yJrbrar qacrnrrHo c[paBeAnr.rB v Ailfl sJrJrunrrrqecxoft op6nru [26] .

Cor.nacso BoAopoAonolo6noft MoAeJIIa, B Koroporl ceqeHHe Qoro-
[orJroureHHs r.rMeer a.nre6pauuecxoe Bbrpa)KeHne [0], notJrorrreHr.re
peHrreHoBcxnx nyuefi nuyrpennet? no4o6otouxoft cKaqKoo6pasuo nos-
pacraer [prr aneprnn nyuefi, panuofi sHeprur4 cBfl3n gJleKrpoHa, Ao-
cTHraeT 3Aecb MaKcI{MyMa, a c yBeJII4qeHleM qacToTbl y6uraer no
creneHHoMy 3aKoHy o-(o-n, ?Ie n IrMeer noptAoK 4. Acuunrorlrqe-
cKoe noBeAegue ceqeHns. npv 6o.nrruux aHepraflx Qoroua (1"2(fto(
< mcz\ onl4cbrBaercfl coorHorxeHl.IeM

otf;ft - 6-r-t1z (44',)

Co cropoun MaJrbIx gHeprufi K MaIncIIMyMy cneKrpa @orouoHusa-
unu H3 nHyrpeuueft noAo6onoqxn o6uqno [pI{MbIKaer He6orbuoe quc-

Jro pu46eproecxux nwuuit Soronos6yxAeHl,Ifl; ocraJlbHble ilulr.lavr

cepHH cJrrrBarorcf c MaKcl{MyMolrr QorouoHrLgaIIltH, o6pa3yq rpafi Qo-
ronohrroueHux. flpz yBeJIr4qeHI4H 3HeprHI{ peHrreHoBcxux .nyueft cra-
HOBHTCfl BO3MOIKHbTM IOTJIOUIeHLTe sJIeKTpOHaUU 6Onee Uy6oXnX nO4-
o6o.noqex I{ B c[eKTpe noflBfiqlorcs HoBbIe nunoo6pasnble MaKcLIMyMbI.
flop.nouesne Heftrpa.nbHoro aroMa npn6ruxeHHo onHcbIBaercff no-
rlyeMrrIIpHqecKofi @opuy.'rori I I ]

6eh - CZ4 @-B (45)

flocroRssaa C yre.nnullBaercq crauxoo6pasHo y KaxAoro nopota I,to-

Hr{3aqHI,L

FIpu 6o.nlurofi 3HeprHI-I Qoroa,rexrpoHa Hs-3a ocqnnnsqufi ero
sonuosofi Qyuxrlnn ocHoslroli BKnaA B ceqeHne BHocI{T o6nacrr s6la-
3Lr flApa, rAe KyJroHoBcKag MoAeJIb flBJlflercs AocraroqHo peaJlI'IcTI'Iq-

sofi.
OHa c yqeroM 3KpaHLIpoBKL ycnelllHo LlcnoJlwyercfl npI'I pacqere

diij tn^ aueprnft Qorona, rpeBblluaroutHx rIpI{MepHo l0 xeB [26]-
flpa ueHrrul{x sHeprutx cJleAyer npI{MeHrTb HepeJlflrlrBucrcKoe I{JIH

peJlrrnBncrcKoe (n sanncnuocrll or roto, KaKas o6oJlo'Ira noHH3lI-
pyerca) og,uoxoHQIarYPaunouHoe npH6.nuxeHne. B6nuzu rtopota, B

o6.nacru aHeprnft QoroenexrpoHa MeHbIIIe Z2/3Ry [27), u aro npn6nu-
x(eHHe oKa3brBaercq HeAocTaroriHhIM - 3Aecb BaxHylo poJlb HaqI{-
Halor Hrparb KoppeJIflIlI.IoHHbIe aQQexru, a raKx{e egal,traoAeftcrsne
He rorbKo ArlcKperHbrx cocroqHl.tft t4ora HJIH aroMa, Ho H pa3JIHqHbIx

KaHaJroB Qoronounsaunu 127, 28, 190]
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Tpa4nqnonHbrft Br.rA cneKrpa QoronououleHnr B6JII{sH Kpafi tto-
rd'roxleHHf MoxeT cyIqecTBeHHo r{cKaxaTbcs SQQeKTaMLI TIoTeHIII{anb-
Horo 6apbepa H KoJrJra[coM BoJrHoBoft oyHKI{Irr{ AHcKperHoro I,IJILI He-
rrpepbrBHoro cfleKrpa. Kar yrasuBaJro,cb B pasA. 3.3, aQoerrunsuft
noreHqHaJr 3JreKrpoHa c op6r.rranbHbrM MoMeHrou I;>2 o6blqHo HMeer
Br.rA AByx [oreHrlr.raJrbHblx flM, pasAeJreHHbIX [oreHr{r{a.rrbHblM Sapoe-
poM. EcrH 3JreKrpoH n nos6yx4eHHbrx cocroflrrt4tlx n'Lll cepua Prag-
6epra nl4t+tnll+l rrBJrflercfl HeKoJrJrancapoBaBrrlr4M _- ero BorrrHoBaq

$yHxqr.rx JroKaJIH3oBaHa s o6racru eHeuHeft rrorenrrnaJrbnoft nuu 4a-
JreKo or aroMHoro ocroBa, To rrepeKpbrBaHr.re Bo.rrHoBbrx $yurquft
P"t(r) Lt Pn,a.t(r) an.naercq cra6blr4. 3ro npuno4lrr K r.Icqe3HoBeHaro
ceprru Pu46epra B cneKrpe QoronorrouleHns H3 d- unw f-o6olovrn
(us p-o6o,roqKr.r Bo3Mo)KHo .soa6yx4eHne <<qepe3 6apbep> BcJ'reAcrBHe
IreHbrrero 6aprepa ann d-ener<rpoHa t26l).

CyuecrnoeaHr.re rroreHuaa,'rbHoro 6aprepa flpnBoAr'rr raK)Ke K rro-
AaBJreHraro norJrou{eHrrr{ sa noporou $orolroHLrsar\uw. @yur<4nn P.,*r(r)
npri MaJIbrx 3Haqeur4qx s roqrn He rrpoHlrKaer qepes 6aprep u cna6o
nepeKpbrBaercs, c Pni(r). Ec.rn Bo BHyrpeHHefi gN,Ie cyurecrByer KBa-
3uAr4cKperHuft yponeub c rro,roxure.nrHoft eHepraerl sr, ro npt,r €->
->Er [por4cxoAl4T cxa uxoo6pa3Hoe npoHr.rKHoBeHr.Ie soruonorl QyHxqfi a
Qoroa.rrerrpoHa B o6,racrl aroMHoro ocroBa, qro npHBoAHT K roqB-
JIeHHr,o raK Ha3brBaeMoro pe3oHaHca $oprrau B crreKTpe norrrrouleHnrr

U47l . Ou npe4craBr'lIfler co6ofi xax 6sr c4enHyruft xpaft nornoqe-
uHs. 3a HHM Bo3Mo)KHo o6pasoeaH[e KynepoBcKoro MHHLIMyMa Bc,rreA-

CTBHe Iz3MeHeHLlfl 3HaKa LIHT'elpaJIa [epeXOAa npH yBeJII.{qeHuu e [26,
l90l (pasa. 1.8).

flilu rbn.rrance Bo,/rHoBofi QynrqaLt Pn,*t (r) uHrerpaJI ALirroJlbHoro
nepexoAa lnllrln'Il1'> Bo3pacraer Ha HecKoJrbKo nopflAKoB. B
pe3yJrbrare sroro Bo3MolKHo cyqecrBeHHoe rrepepacnpeAeJleHHe HH-
TeHCHBHOCTI.I B CrreKTpe IOTJIOllleHI'If peHTIeHOBCKI,IX .nyUeft MeX(Ay
aonusaqneft H sos6vxAeHueM B noJrbsy [ocJreAHero npoqecca" llpa
rr : nl cr{JrbHoe nepeKpbIBaHae Ko./rrancupoeaemefi sorHosoii $yrixqaa
P"r+r(r) c P.t(r) ilpr.rBoAr.Ir K nosB.IleHulo B rrepexoAHhlx 3"IeMeHrax
TaK Ha3brBaeMbrx rr.rranrcKlrx MaKcHMyMon Qoroeos6yxAeHlrt, coor-
Be?crByroq[x nepexoAaM nilt+2n(/+1) N > nt4t+tn(la11iv*t (L:p, d)
I29, 1471. B cnyvae qacrrrr{Horo KoJl.[anca eorHoeol? Qyur<qun aos-
Mo)KHo rrorB,'reHue B cleKTpe uHTeHcr{BHbrx nuuuft cepvru Pa46epra
[194, 151].

B rouQnrypa(uqx c AByMr orKpblrblMrr o6o;roqrauu nrl{'nrl{',
qacrHbrM cryrraeM Koropbrx rBJrrrorcfl KoHeqHbIe xouSurypaqul.{ aro-
Ma npr4 QoronorroueHua, Bax{Hyro poJrb r4rpaer sJleKrpocraraqecKoe
o6uesHoe rsanuo4elicrBr.re, a ecrt o6e o6o,roqru npHHaAJIexar K oA-
HoMy BHeIuHeMy cJIorc (nt:nz), ro oHo onpeAeJlter ocHoBHbIe qeprbl
3Heprerl{qecKoto cfleKTpa.

Cyrrarr,tlrpya Marprrr{Hbre sJreMeHrbl ofieparopa MyJrbrl4rroJlbnoro ne-
pexoAa MeToAoM BTOpLrqHoro KBaHToBaHlrr, MoxHO rroKa3arb, qro



r50 5. Cnerrpu [or,'roqeHfiq peHTreHoBcKLIx nyueii

KosooriqueHr gA (k+0) npr o6MeHHoM 14 HrerpaJle Bblpaxaercff qe'
pe3 cy6Marplrr{Hble sJIeMeHrbI oneparopa repexoAa [95] :

gv(l{'$"yy'l):

: 
{ U -t (n1lrl erk I nrlr)-' f <lf' U"yJ llo(k) ll /f'+ I 1n"-1y" J" ) x

{r"
x(tl'l{'y'J llOttrll ll'+11N"-tr',r")-8(y, y') dit Qr11C<*t ll/r)'z}. (46)

A.[q AlraroHaJlbHoro KyJIoHoBcKoro MarpllqHoro gJIeMeHra nepnuft
qreH qBrqercfl [oJIoxI{Ter'IbHbIM, a nropoft - orpHuare;Ilgrtu. Ta-
Kr,rM oopa3oM, repMaM xouQnrypaqau l{'|y", cBfl3aHHbIM c repMa-
ur.r xoHQrtrypaulllr ly,+t ryt'-l MarpLIqHbIM 3JIeMeHroM oneparopa
O():Do), coorBercrByer 6orluree gHaqeHue ocHoBHoto o6lleuuoro
xoaQ$lrweHra $1, rrosroMy OHLI IrMeFOr 6olee BbIcoKyIo anepruro. Ha-
npuuep, 4rr xonQnrypauuu llt'*t I,

gr(lrat'+tI,LS):Url-' (t,llc(u) ll,>' lH+ 8(^s, 0)s(2, k)- l]. G7)

Eo.rrruofi rroJroxureJllsuft o6ueHHnft .IreH AJIfl repMa lP xoHQn-
rypaur.ru 1tt+r(l1.l) (na ypoBeHb "I:1 xoroporo B AIITIoJIbHoM rlpu-
6,rnxeuun B ocHoBHoM rlponcxoAflr nepexoAbl npr'r $oronolJlouleHlrl4
3arroJrHeHHofi o6o.noqxoft n cnyvae lS-cnasn) [pI4BoAI'lr K cyurecrBeH'
rroMy Bo3pacraHl4ro eQ@exrl,tnuoro noreHql'IaJlbHolo 6aplepa p,ns (l*
f l)-eler<rpoua B groM MHoto3JIeKrpoHHoM cocroflHt4Lt il <3aA9PNIl-
Bagr>> gro KoJIJIaIIc no cpaBHeHHI,o c HI'IxHI'IMH cocroflHtflMrr 'Pr n
&Di. Bc;reacrBne 3roro rtpu pacrlere cneKrpa Qoronorlourenun Hs

cy6naleuruoft o6oloqxn c l)0, oco6euno s6Jtusu KpI'IrI'IqecKolo 3Ha-
qeHlrfl Z, npu KoropoM npoucxoAl.rr KoJIJI2TIC nos6yx4euHolo 3JIeKr-
poua, Heo6ioAuuo uclloJlb3oBarb BoJIHoBbIe Qynxqlru XQ-t, raK KaK
MeroA XcD-cp Mox(er Aarb Aa)Ke KaqecrBeHHo HenpaBI'InbHbIe pesyJlb-
TATbI.

flo,no6Hoe pa3AeJIeHI,Ie repMoB o6trlesuuna sJIeKrpocrarl{qecKuM
nsaanao4eftcrBlleM Ha BepxHIoIo H HI{xHIoIo lpynlbl HMeer Mecro I'I B

Apyrrx xou$nrypauLrnx rufia nl4t+tn(l+l)N npn N<2|,+1. Corlac-
uo (46), Soroeos6yxAeHue I{3 HopMaJllttofi xoHQl{lypaIIHI'I B ocHoB-
HoM npoucxoAllr Ha BepxHlolo fpyflny repMoB (ua uuxnnrc lpynrty
JIHrub B pe3yd'IbTaTe CMeUIIIBaHI'Ifl 3TI'IX TepMOB C nepXUntrln).

llpu reruneparypax ra3a T35'102 K SorolorJlolqeHae rpaKrll-
rrecKr.r npoucxoAllr roJIbKo K3 cocroflHlrft ocHosnolo repMa, a aro-
iT,IAUN 6ONT,UI'IHCTBA oJICMCHTOB 

- 
TOJIbKO I43 HH3IIICTO YPOBHq I'IX

HopMaJrbHofi xonQnrypa{un. B cryrlae _oAnoft orxpuroft o6o.noqxu

KBaHToBbIe q^vcila HI,r3IIIero ypoBHfl ?/,^S o[peAerqlorcq npaBI'uIoM
Xyn4a r,r Bbrpax(anrcq qlIcJIoM 3JIeKrpoHoB s o6ofloqxe H ee op6n-
raJrbHbrM KBaHToBbIM qLIcJIoM [96] :

L:+ cfcQt+|-'lC), 3:T (.P, it:c/(, (48)

Free Hand
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(4e)

Hecrorrxo 6o.lee cJrox{Hbre Bbrpax<eHl,tq r,rMeror KBaHToBbre qacila
0 u V 4,rn o6o.uouKri |or. 3ra coorHorrreHr4E rro3BoJrflror rroJryqr.rrb [po-
crl,re aJrre6paIzqecKr.re Bbrpa>KeHr.rfl AJrfl sJreKrpocraTHqecKor? :uep rru
ocHoBHOrO TepMa H crrr.rH-op6r.rraJrbHofi sHeprulI ocHoBHoro ypoBHq B
BHAe MHororr,'reHoB or lV npu AaHHol\{ I u96l (nc.te4creue yAa,'reHHoc-
TLr OCHOBHOTO TepMa Or OCTaJrbHbrx Ar'rfl ero ypoBHefi utreer MecTo
rroqril ,urlcrafl. lS-carsl). Cpe4uaa 3Hepr[r r.r Ar.rcnepcLra cnexrpa Qo-
roeos6yx4eHufl ro)Ke Bbrpax{arorcfl qepe3 Marpur{Hbre 3,'reMeHTbr or-
HocI4reJIbHo BoJIHoBbrx Syur<qr.rri o,cHoBHoto ypoBHr, coorBercrByrouae
$^op_rr,tv.nu Arq nepexo1on llt'+2 1{"->llt'+r /}+1 npnee4euu B [lg7,
1e81.

5.3. VroqHenHbre MeroAr,r ofl[caHr{q crreKTpa $oronon.roulennn

Tolrxo yroqHeHHbre MeroAbr, yr{HTbrBaroqne KoppeJIfl r\LIrr KaK Me)KAy
aroMHbrMr.r 3JreKTpoHaMH, raK u Mex<Ay HHMI4 u Qoroa,reKrpoHoM,
Mofyr AaTb [oJrHoe, xopotxo corr'racyrcxleecq c 3rncnepHMeHToM Onr{_
caHlle crleKTpa $oronor"uorqeuua, o6uacHl4Tb ero oco6esuocrv, o6yc-
JIoBJIeHHbre uouvsauueii c oAHoBpeMeHHbrM nos6yx4enr.reM, AByKpar-
Hoft uonusaqiaeri, cyqecrBoBaHHeM aBToHoHI{3arIu oHHbrx ypoeHefi 14

r. A. Oco6eHHo Ba)KHbr r(opperfluzouuue eS$eKrbr B o6lacru 3a rro-
poroM r{oHrl3arlrfi npuMepHo .4o 50 :8. 34ect AJrff aroMoB c 3apqAoM
napa, 6nusrilrM K eto Kpr.ITurrecKoMy 3FraqeHlrrc, [pr.r KoropoM rrporjcxo-
4r.rr KodrrJralg ngs6yxAeHHoro 3JreKrpoHa, MeroA X@-cp (nanpuuep,
4d-cner<rp Xe t26l ) H Aa)Ke MeroAbr, yqr.rrbrBaloxlr4e HeKoro-
pble rr4rrbr roppe,raquri, xar< X@-r lr MeroA cnyvariHtrx Qas c o6rue-
HoM (5p-cnexrp Ba [38] ) Moryr Aarb He roJrbKo xo,irnqecrBeHHo,
HO I'I KaqeCTBeHHO HeBepHbIe pe3yJIbTaTF,I.

Koppe.naqrnoHHbre aS$exrtr B HaqarrbHoM cocrotrHur4 aroMa, a raK-
xe B KoHeqHoM cocroqH:,ula LroHa ($orozollzsa4ux) n.nn arolra (eos-
6yx4enue) Motyr 6nrn vqreubr MHoroKoaQurypaqr.roHnbrM MeroAoM
[99] . llpn erom 6o;louofi BKJTaA B ceqeHr.re BHocflr [onpaBorrHbre
xoHQnrypaquk, Koropbre cBq3aHbr c HopMaJrbHofi unu [onpaBoqHbrMr,i
xoH$urypaur{rr\{r.r Apyroro cocroflHr.rr 3Haq[reJrbHbrMr4 MarpHrrHbrMtz
3_JreMeHraMK oneparopa [epexoAa (xora ?rrr r<onQr.rrypaqau Moryr
5r,rr nropocreneHHbrMr4 Arfl yroqHeHurr 3Hepr[N nepexo4a).

llpn pacvere aBTor{oHr.r3ar{HoHHbrx pe3oHaHcoB B ceqeHr.rn Qoro-
rrorJroqeHr,rq mI.rpoKo npuMeHflercr (n nonyaMnrapI,rirecKoM, pe)Ke _
B reoperr.rqecKoM napHaHre) MeroA, lr3JrolKeHHbrli e pas4. 2.4 u b.l .

[pyruu c[oco6oM yr{era cMe[ruBaHvfl pa3JrlrqHbrx KoHeqHbrx cocror-
snft cucrelru nonfaneKrpoH (pas.trzuHux KaHaJroB [poqecca $oro-nor.uoqeuua) flBJrgercfl MeroA ctr,lbHofi cBq3H, 3aI,IMcrBoBauultft I{s
reopran croJrKHoBeHr.rii aroNlog c 3JreKrpoHarran (cu. pasg. 4.2). B c.rry-

l5l

-, l N (21 - N\12 rtn N <21+ 1,

"-f1+/+ z- N)(N-2t)12 Anf, N>2t+1,

{ N rnl- N <21+ l,
c'u7 _ t'"-l4l+2-N AIrn N>2t+L

Free Hand

Free Hand

Free Hand
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qae ooroHoHlr3aqlrH BoJrHoBafl @ynxqaa i-ro cocroflHuq cucreMbr
aroM + Qoroe.nexrpoH rrpeAcraBJrffercfl B Br,rAe pa3no)KeHufl

Yt("r, ..., x*-rx*):A T
i

O, (xr, . . . , xrv- r) gi; (:riv) . (50)

3Aecr ,4 - oneparop aHrHcr{MNrerpH3aquw,; Qi - BoJrHoBan Qynxqna
I{oHa B i-lr,r cocroqHlllt, Koropafl cqllTaerct olpeAe,'Ieuuoft orge.nluul,t
pacrleroM; Qij - r{cKoMaf BoJrHoBafl Qyurqua Qoroa,'rexrpoHa. KaK
L B cryrrae paccerHlrfl aJreKTpoHa aroMoM, QyHxqua rpt3 n cQepnqecKa
cHMMerpr.rqHoM IIoJre pa3Ae,YrqeTcq Ha craHAaprHyro cIIHH-yrJroByro
r{acrb r.r paAr,raJrbHyro QyHxqraro Fii, !,Jrft orrpeAeJreHrla xoropori llc-
xoAfl u3 Bapr{aqnoHHofo npl{Hur{na noJryqa}orcs ypaBHesprs cr.r.nlsofi
cBflsl4 (4.20). t{ro6u {ti rrpe!,craBJrtrila cxoAfltrryrcca cQepuvecr<yro
Bo.IIHy a f-u xaHa,re rrJlroc pacxoAffIquecx coepuvecKHe BoJIHbr Bo Bcex
KaHaJIax, F ii U) AoJrx(Ha yAoBJrerBopsrb acr.rMtrrorr4qecKoe yc,roBr.re:

Fri Q),=" k;tlz 7s-i 
n' 8,, j - s,j et'1'), (sl)

rAe fti ,* BOIHOBOe r{llcdllo 3JIeKrpoHa e i-w ra[ane; S1i - aJreMeHT
Marpr4rrbr pacceflHr4f; qt - Qasa, orpeAeJreHHaq ro (4. 16).

Cpanueuze (51) c $Ja) npn yqere coorHorrreHux rr.rex4y S- n
I(-uarpnqarvrz (4. 15) rro3Bo./Ifler Bbrpa3Hrb lri vepes peureHr.rq ypaB-
sesufi cnJrbHofi cBfl3r.r Y6, r.rMeroque acr4 Mrrrorr.rKy (4.14):

(1-;K)srrY[. (s2)

floAcranonr<a (52) e o6qyro $opuy.ny AJrs ceqeHlra Qorouour.r3aulru
B AI,IloJIbHorvr npn6;lnxeHl4[ Aaer [200, 201] :

o'o'(T --./) : o"':{' 
f (v" I 6uo .D r v[ ) x

x (l -iK)e;1(t +iK)j& (Y6, l€uo.D lvy). (s 3)

I4e rrirorzx yroqHeHHbrx MeroAoB pacrrera cneKrpoB Qoronor"no-
xIeHI{fl uala6o,rlruee pacnpocrpaHeHr.re rroJryqzJrr{ pa3rr4rrHbre Bapr.raH-
rbr reopr.ru Bo3MyuleHrfr 127, 28, 128, 129, 13Bl . OcHosHoe AocroHH-
crBo raKoro noAxoAa - Bo3Mo>Kuocrb yqera Noppelaqnfi B HaqaJrbHoM
r KoHeqHoM CocroflHr4flx cHcTeMbI [pH pacrreTe aMnJrr.rTy.q,bl nepexoAa,
MI{Hyfl pacqer yroqHeH}tbrx BoJrHoBbrx $yuxqzfr. flpyroe Aocror{Hcr-
Bo - Harr'trAHocrb aHailvga pa3r'Ir{qHbrx Noppe,raqnfi Ha fl3blKe AHat-
paMM n yAo6crBo rrpoBeA,eHur c HHMH pa3Jrr{qHbrx Aeficre}rft. Bc,reA-
crBr.re rorro.[orn.IecKoii 3KBI{BaJIeHTHocrI,I arllx AI{atpaMM AIIatpaMMaM
yrroBoro MoMeHTa MoxHo liclrod'rb3oBarr, 6onee trpocrble AeTepMIiHaHT-
Hbre BoJrHonue Syuxqvu rr JrurLrb Ha KoHeqHoM 3Tane nepexoAlrrb K

Qyuxrlnrnr cBqsaHHbrx MoMeHroB. C apyrorl cropoHbr, rrpHMeHeHHe
Teoplrr4 Bo3MyuleHvfi cgssaHo c prAoM rpy4,uocrefi: crpeMureJrbHbrM
BO3pacraHileM BpeMeH[ pacqeTa rrp]r yBeJrr,MeHHH nopsAKa rrJIeHoB,
n,Ia,rofi r'reyqeHHocrlrc npo6.neMbr cxoAHMocrLI prAoB H oqeHKri Ba)K-

Yr:, r
I

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



5.3. VroqgeHHlre MeroAhr onncaHur c[eKTpa $orouorrouleuur

HOCrH pa3Jrr,rqHbrx Ar.rarpaMM, cJloxHocrbro o6o6qeszs TeopI,Ir,r AJrs
aroMoB c orKpblTbrMH o6oroqKaMH.

B pas4. 2.3 6rttu r43JroxeHbr ocHoBbr crarlHoHapHorl reopnn eos-
uyueuuft H KoporKo o6cy)KAeHo ee lpr.rMeneur.re Anfl pacrrera aMrrJrr]-
ryA paAHauHoHHbrx flepexoAoB. llpn noruoulrir BoJrHoBoro Oreparopa
Q, npeo6pa3yloqero npn6.nnxeHHyro MoAeJrbHyto BoJrnonyro Qynxquro
B rorrHyro BoJIHoByro Qynxqnro (2.50), Mo>xHo nocrpor4rb e$$exrrzn-
uuft oneparop nepexoAa O"t (2.89), uarpuunnrl aJreMenr Koroporo
orHocr.rreJrbHo MoAeJrbHux Qyuxquft iraqa.nlsoro n KoHeqHoro cocrofl-
Hnft aroua paBeH Marpr;rqHoMy sJreMeHry oleparopa nepexoAa O or-
Hocl{reJrbHo rorrHbrx BoJrHoBbIx QyHxq}rft.,ll,narpaurvru oneparopa O"f
(u conna4aroqae c Hr.rMH Ar.rarpaMMbr aMnJrr{ryAbr nepexo4a) no;ly-
qarorcfl nyreM coeAr.rHeHr,rfl BceBogMoxHbIMH cnoco6arrau 4uarpaMM BoJr-
HoBbIx oneparopoB HarraJrbHoro H KoHeqHoro cocroflHlrfi Q1 r,r Q2 c

AnarpaMMofi oneparopa O auailotnqHo, KaK B cryqae aS$errunnoro
orreparopa aHepruu (paea. 2.3).

'\;/'

'Vl-

W
%

,__{
Teopllu aosuyueuzfi AJrr aMnnuryAu @orolor,roqeriilq

Hexoropue AHarpaMMbr Hr{3[reto [opsAKa, BHocflrqfie BKJTaA B

aMUrHTyAy $oronor.roiq,eg[q 3alo,rsesnoft o6o,rouroft, uso6paxeuu
Ha pr4c. 15. Cn,roruHafl. Itrr:e.Lrfl' HanpaBJIeHHafl BBepx, o6osHa.{aer
3JIeKrpoH e eos6yx4eHHoM cocroflHr.rur, HarrpaB,rreHHar BHrrB - Ba-
KaHcliro B ocroBHoM cocroflHnn. 3nrsaroo6pa3lafl. JtwHrtr, rzso6paxaer
gJreKTpocrarl4rlecKoe nsanlro4elicrBlle, a IUTpI,IxoBaq c roqr<ofi - B3av-
MoAeiicreue ar'reKT'poHa c Qorouol,r. J\*tuuu gJreKrpocraruqecKoto 83au-
LaoAettcrel,tq cHlr3y or rrocJreAHer? npoucxoAflT or AIratpaMM 4,'rx O1 u
aso6paxarcr KoppeJrrur.rn B Hairar'rbHoM cocros,HLrv, a cBepxy or Hee
coorBercrBylor KoppeJrflrrusM B KoHeqHoM cocrorHur4. flpannla pac-
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t54 5. Cnexrpsr norJrou{eHr.{r peumeHoncxux .nyreft

ulrQpoBKr.r Ar.rarpaMM, yKa3aHHbie B pa3A. 2.3, noseonqlor ollpeAe.ltrb
BKJraAbr oTAeJIbHbIX AI.IarpaMM. Hanpnrr,Iep, npocTefi Ixaq Au arpaMMa a
r.r3o6paxaer Marpl{qublft sreN,IeHr oreparopa nepexoAa <-gldtrtlb},
a BKJraAbr AI{arpaMM 6 u a panuu:

((cIhf.z b'z'> (xld(L>Ic )
@:
< c dtt, x e)4' hfz bc

I

(6) 
;

(") f
cxDc

(54)

(s s)

3uaMeuarerl e (54) Mox<er o6parnrlcx B HyJIb, no3roMy K HeMy
g,o6aereua Maraq MHI4Mafl BerHq[Ha in.

,Il,narpaunra 6 uurepnpernpyercn raKHM o6pasovr: QoroH co3Aaer
BaKaHcr.Irc B cocrotHHH c H oJIeKTpoH a aos6yx4eHHoM cocrogHt4ll x,
xoropuft ssaprl\4oAeficrByer c ApyrI4M 3JIeKrpoHoM 14 nepeAaer eMy gHep-

rurc eos6yx<AeHIrfl, B pe3yJlbrare qeto o6pasyerca BaKaHcI'Iq B co-
crofiHtr4 b v $oroalerrpon [. Ec.nn cocrotlHl4fl b u c npuuaAJlexar
o4uofi ..ra roii xe o6oloqKe, To Kopper'IfliIIlI.l, oIII4cbIBaeMble AI'IarpaM-
uoil 6, Ha3t'rBarorcfl BHyrpi4KaHaJIbHbIMI,I (out yvaruBalorcfl B MeroAe
X<D-r):, a ecJII{ oHLI [prIHaAJIex{ar pa3HbIM o6o,toqralr, ro I{MeeM Me)K-

KaHaJrbHbre Koppe,rflIILIlI. I,IHrepnperar\ltfl, AL{arpaMMbI a 6l'tJra laHa
B pa3A. 2.3, oua orlucblBaer AeoftHtre BI'tpryaJIbHbIe eos6yx4eHliq B

HAqATbHOM COCTOflHHI{.
I(ax c,le4yer H3 pesyJlbraroB pacqera ceqesnft QoronoHusaqun

(6orrruraHcrBo r.rg Koropblx BbIrIoJIHeHo AJIn aroMoB HHeprHbIX rason),
gru rpn runa qacrLIqHo-BaKaHrHbIX Koppefiquuii qacro oKa3blBalorcfl
Han6orree BarxHbIMI,I EJrfl orIHcaHI'II paccMarpl'IBaeMolo [pouecca
[190] . I{e"rrecoo6pa3Ho ocHoBHbIe Kopper'Ifluul.I npI.IHHMarb Bo BHHMa-

Hue v g 6oree BbIcoKI.ix [opflAKax. 3ro xapaxrepHo npn6ln>reuurc
c.lyuaftunx $ae c o6ueuou (ilCOO), Koropoe yqurblBaer eos6yx-
neHHfl Tl{rra <<3JreKTpoH-BaKaHcI{g>>, uso6paxeuHble Ha AHalpaMMax
6, e, e, e, Ao 6ecr<oHer{Hoto [opflAKa.

Cyurua 6ecxouequoro pfl.(a AI4atpaMM ilCOO rpeAcraBJlrer co-
6ofi marpuuuurl a.reueHr aS@erraBHoto ofleparopa lepexoAa B 3roi\,I

uU'-- ='V: - 
* u\ffi;;'W^* -

cY I,"v_-

PqA AuanpaMM, onucHBaroulttx QoronououleHlre a npu6,ruxeHuu cnytaft'
c o6uenorra u cyMMapHaq AI-IarpaMMa (n ,reuofi cropone paneucrna)

Prc. 16.
Hux Qaa

Free Hand



5.3. VrosHenHbre Meror,bl o[]IcaHufl cneKTpa QoronououreHus

) lr) : <cld(t)lb> +
( cI /(<o) t.t )l(. .0< | hizl bc ) - (x(| hi,J bc>l

e, - e*- h<'> { ir1

r55

lpu6Jrr4xeH LIL: - o6o3Ha.{I,IM ero d (ol ) . OH yunruBaer..BceBo3Mo)KHble
nos6yx4eur4f AaHHoto rlIna H I43o6paxaercs lpocreft_urefi 4Lrarparyl-
Mofi c 3arxrpl.IxoBaHHoft BepIUHHofi (nepnaa Ha prc. 16). C Apyroft
cropoHbr, Sror 6ecKoHeqHblfi pgA Al4alpaMM MoxHo pa3AeJIHTb Ha

npocreftuyro AI,IarpaMMy a u HecKoJIbKo 6ecxoseqHux pflAoB, Kalx-

Abrfi r.r3 Koropblx 3arll4cblBaercfl B BI4Ae AI'IalpaMMbI, coAep)Kalqeft KaK

cocraBHylo uacru QparMeHr c aSQerrunnblM orleparopoM (puc. 16)-
3an[cnaaq BKJIaAbI Bcex ALIarpaMM Arq rlpaBoft I'I JIeBoft cropoH pa-
BeHCTBa, [OryqaeM HHTelpaJIbHoe ypaBHeHHe AJIfl olpeAeJleHHfl Mar-
pr.rrrHoro 3JreMeHra oreparopa d (a) :

+

((ld (a

.; 
{

, t((c hi, bx)-(c( hirlbx>l<xld(<,r)'c) tTl. (56)

B O6OsHaqeHHtX MaTpHtIHbIx gJIeMeHTOB yKa3aHbI JIIIIIIb SJIeKTp_OHbl

LlJrr4 BaKaHcnu, yqacrByloIrlue B nepexoAe Iun eoe6yx.u,eHlrtx. CyM-
Ma IIO BIIpTyaJIbHbIM CocTosHHtM 1{ coAepxLIT H I'IHrerpHpOBaHHe IIo
HerrpepbrBHoMy cneKrpy; IIpaKrI]qecKII oHo 3aMeHfiercfl cyMMoft ro
KoHerrHoMy irHcry cocioqHrfl KoHrHHyyMa tl29] .

|ICOO He yqnrblBaer eQQexroB pe.rIaKcauI4I'I (Auarpaurrau s, u
Ha pnc. 15 n ap.) - oHH Moryr 6trrl sxrloqeHbl B ilCOO npu6,ru-
x(eHHo, ecJIH I{CIIOJIb3OBaTb SKCrIepHMeHTaJIbHble 3HaqeHHa eneprnft
cBfl3H.SJreKrpOHOB n OAHO3JIeKTpOHHbIe BOJIHOBbIe Qynrunn KoHeqHoro
cocroflHr{fl, Bbrqr4cr'reHHbre B [oJIe noHa 12021 . Bce xe raKofi MeroA
oKa3brBaercfl HeAocraroqHblM npI.I cLIJIbHbIx KoppenqqnoHHblx aQ$ex-
rax, He yqr.rrbrBaeMblx B ypaBHeHLIflx IICOO, HanpltMep, B cJlyqae
B3aHMOAefiCTBLIf BaKaHTHOIO COCroqHHs C KoHQHlypaqnqMI1I rl'IIIa
(3.40), (3.41); BKJIaA coorBerc'I'Byloulux AuarpaMM cJleAyer onpeAe-
rqrb orAerbHo [203].

OrMeruu, qro B npIl6.nuxeHnH c.nyuaftublx Qa3 cerleHl4fl Qorouo-
HHsaqr.ru He pa3JllrqaloTcfl B QOprr,rax AJILIHbI LI CKOpOCTI'I [28] .

ilCOO B ocHoBHoM rIpI,IMeHflJIocb AJIfl pacqera crleKrpoB Soro-
rrorr'roqeHr.rfl aroMoB c 3a[OJIHeHHbIMI.I O6OJIOqKaMI,I (a raXXe C IIO-
Jry3anoJrHeHHbIMr.r o6oJIoqKaMLI, KOrOpbIe MO)KHO paccMarpHBarb KaK
3aIIOJIHSHHbIS 1OAO6OJIOIIKI{ CO CILIHaMI,I 3JIeKTpOHOB, HaTIpaBJIeHHbIMI'I

B oAHy cropoHy 12041). B pa6orax 1124, l25l ypaBHeHrq IIC@O
o6o6ula;rncb ArrI aroMoB c orKpbIrbIIr,tH o6oro'IKaMI'I. Paspa6oraH
raKxe perqrr.rBkcrcxuft rapuaut IIC<DO [205].

Teopnn Bo3MyIrreHI'Ift npe4craerqer co6oft tlocJleAoBare.nlsuit tr'Ie-

TOA pacqera ce.{eHHft MHoroqacrHqHblx [poqeccoB, B ToM qHcJIe .4Byx-
sJreKrpoHHoii QoronoHLBa\LrLt uiln HoHVsaqIlH c noe6yx4enneM Apy-
roro gJreKrpoHa. Ha puc. l7 [peAcraBJIeHbI AuarpaMMbI HI'I3IIrero lto-
pflAKa, BHOCflIIIne BKJIaA B aMTIJIHTyAy TaKOTO npOUeCCa, H3 HHX A U 6
olucblBalor KoppeJIgIInn B HaqaJIbHoM cocToflHHK, a I Lr e - B KO-

HCIIHOM COCTOSHHI{.



156 5. Cnerrpu rtorrourennq peHrreuoecxnx lyveli

14s6Hror 3HeprHr.r, nepeAaHHoft KBaHroM peHrreHoBcKLIx JIyqeft
aroMy, Mox(er pa3JrnqubrM o6pasoM pacflpeAerqrbcfl MexAy o6oHMH

QoroelexrpoHaMH, rro3roMy norHoe ceqeHLle AByxsneKrpouHoft Qo-
rolroHn3aur{rr coAep>KI.rT AoIro,'IHHTelrHuft HHTerpaJr no 3HeprHr.r oA-
HO|O H3 3JreKTpOHOB.

V--V V--# W
Puc. 17. .II,uarpauusr Hu3rrrero firnopf-1Ka B cJ\"rae anoiiarrri QuToHoPH3auuH

Koporxo oxapaKTepH3yeM raKxe MeroA pacr{era crreKrpa rrorJro-
n{eHHfl peHTteHoBCKHX ,'tyqeft, oCHoBaHHbIfi Ha HCnOJIb3OBAHULI ptr/a
Bo3Myxleur{ri Eprl.n.nrcaHa-B[rHepa, fl coorrro[reHurr MexAy ceqeHae]r
Soronorlouteqwr w rorrrplr3yeMocrbro aroMa [138, 139] (6y4eu pac-
cMarp rrB arb aroM c 3 anoJrHeHHblrr,rH o6o.nouxaun ) .

/luHaunuecKas flo,rspn3yeMocrb aroMa npu ooa4eficrBr.In Ha Hero
sJreKrpoMarHr.rrHbrM r.rsJryqeHaeM c qacrorofi t,l onpeAerqercq KaK or-
HOII]CHAC AI4NOJIbHOTO MOMCHTA ATOMA, I,{HAYI{HPOBAHHOIO NOJIEM, K

Hanprx(eHHocrll 3JreKTpuqecKoro rIoJIrr H Bblpaxaercs B BHAe 6ecxo-
HeqHoft cyMMbr:

as(a): * Z
v'I

rAe I(y/, y'J') - cr.rJra ocqtrJrJrffropa; ha",t,, yr paBHo oHeprHH Bos-
6yx4euun B cocroflHne AucKperHoro HJIr{ HenpepbrBHoro cneKTpa y/.//.
B oAHo:,rerrpoHHoM npz6.ttuxeHIzl.t

S -fuoL -"""- -' '

rae (z - ocroBHoe, v - aos6yx(AeHHoe cocrorrHxt 3JreKrpoHa; h(t,o:
:Ey -Ea.

flepenrrrrreu (5Bt e 4pyroft 3KBtrBaJreHrnofi rfoprrae:

a(<,,):; 
T T 

(v dt",,[--f-. ",_-]
OcsonsorT BKdrraA B rroJrflpu3yeMocrb BHocHT BTopoe cJlaraeMoe

s6rDsu {duo:o)r noSToMy ocraBr{M JrI,I[Ib 9To cJlaraeMoe u Ao6aeuM
K ero 3HaMenareJrro MaJryro MHuMyro BeJ'rHqr{Hy lq. Onpeaens,fl. rrpu
noMor{rl Soprr,ry.nu (2.84) npeAeJr npu {-+0 n yqr.trbrBaq, qro KBaApar
MOAyJrfl Marpr.rqHoro 3JreMeHra oneparopa lepexoAa, npocyMMI{poBaH-

f (yJ, v' J')
@'.7' t' , yt - 6'

(s7)

(58)a (<o): "' t'nlH
a

(5e)



5.3. Vroqneunbre MeroAH orrficaHr.rr cleKrpa $oronorloureutx

HbIft rlo BceM HaqaJIbHbIM H KoHeqHbIM cocTofHI,IflM, paBeH c ror{Hocrblo
AO TIOCTOflHHOfi IIOJIHOMy CerreHHrO QOrOnOr.nOiqeHuq, HaxoAr.rM coor-
HoIrreHHe (onruuecxaa reoperraa)

6ot(o):a* i Im a(<o).

I(oppe,'uqun Mex(Ay s,lreKrpoHaMH fipu Qoronoraou"leHlru MorNHo
yqr.rrbrBarb, lpeAcraBlqa o6pasynqyn,cq BaKaHc]4ro KaK KBa3aqacrrr-
IIy, oHeprua xoropofi or.rruqaercfl or 3Heprlru <<gaMopo)KeHHoft>> sa-
KaHcnn Ha BeJrlrqr.rHy co6creeuuort eHeprzL! BaKaHcLrLt X" (pasa. 3. l).
3aueHss B Bbrpa>KeHvtrr AJtfr. noJrrpn3yeMocrr.r (59) Ea Ha eo*Xo, a
raKxe ncnodrrb3yr coorHorrieHne .ho:-E+ev, rAe -E - 3Heptrrfl co-
crol.Hlrl. c BaKancr{erl oruocureJlbHo 3HeptIzH ocHoBHoto cocroflHl4q,
HaxoAI{M:

,[,anee, oilpeAerqq MHr.lMyro qacrb o(o), no4craBJrflr ee a (60) u
BBoAfl cneKrpa,rrbHyro Qyuxuarc (3. 14), no.nyuaeM cJreAyroqee Bbrpa-
)KeHr4e A,'rfl ceqeHIzx $oronor.nouleHrifl :

o7h (a) :+ | I <" ldl:lr i d> tz A"(ha - e) de. (62)

CyuunponaHne no nos6y>x4euHblM cocroqHnsM AncKperHoro r.r He-
npepbrBHoro cneKrpoB v 3AeCb 3aMeHeHo I{HTetp}IpOBaHr4eM nO sHep-

"IHI.I SoroeJreKrpoHa e (Qoronos6y>x4euue B aBrouoHr.r3aur.toHHoe co-
crorHr.re' MoxHo paccMarpnBarb KaK Qoronounsauuro B oKpecrHocrrr
pesouaHca).

Cnerrpa,rluax Qynxrluq orpeAerfler Qopuy cneKrpa Qorolor.no-
IIreHHfl, coAepxau1ero aBTor.rorrr.rgallrioHHbre pe3onaHcbr. I4x no;rorxe-
HHfl coorBercrByror MaKcilMyMaM crreKrpaJlHofi Qyuxquu (3.14), r.{Me-
roulrrM Mecro rrpK aHeprlrtx Er,, yAoBJrerBopflIoru,ux ypanueHue .{,afi-
coHa

E - uu- Re X,1f';: g. (63)

Ouo peuaercq nyreM pacqera QyHxqr.rr ReX"(E) r orpeAeJreHr.rr ro-
qeK ee repeceqeHr.t x c npauoft E-eo !39] .

Ec.nw $orolroHrlsarurs nponcxoAur y rropora uoHusarlur,r BHyrpeH-
Hefi o6ono.{KI,I, To BpeMt BblJlera lr3 aroMa MeAJIeHHoro Qoroe.nexr-
poua t" Moxer oKagarbcfl 6o.ntrue cpaBHareJ'rbHo KoporKoto BpeMeHH
xIt3HH BaKaHcLl4 r,, T. e. eos6yx4eunoe cocroflHue pac[aAercfl
paHblrre, ueu QoroaneKrpoH rroKaHer arou. Onucanue SoronotJroule-
HHs c yqeroM eto cBfl3n c flpoqeccoM pac[a,qa (4unauuvecxoft pe-
JIaKcarIHn arorua) npeAcraBJrrer co6ofi AocraroqHo cJroxHyro npo6-
JreMy. B [206] paccMorpeH acriMnrorr.rqecxnft cnyuafi t"]ro. flpn
BbIrIoJIHeHnr.I aroro ycroBr4q Mor(Ho crrllTarb, uro $oroe.leKTpoH ABH-
)Kercq B IroJIe noHa, yxe He coAep>Karqero [epBlr.{r{oft saxaHcnra. Be-
poflTHocrb o6pasoeannfl nolF^a B cocrorrHr.I[ y npH 3arroJrHeHlrH BaKaH-

t57

(60)

(61)

Free Hand
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cr,rH paBHo orHorleHHro napquaJlbHoft ruupnttEl l? coornercrByloqeft
[epexoAy B 3ro cocrosHlle, K rIoJIHofi IxHpuHe ypoBHfl c BaKaHcKeft
(l). Taxurvr o6pasorlr, noJlyqaercs cJleAyloulafl npocran Sopnayla 4.nn
noJrHoro ceqeHlrrr QoronouonleHua :

oPh: (64)

rAe oo^! - [apIIHaJIbHoe ceqeHue Qoronorlouleuva c o6pa3oBa-
HHeM npr{ pacnaAe BaKaHcI{r{ }IoHa B cocroflHl,Iu y (ouo Bblpax{aercfl
qepes oAHoad'reKrpoHHblil vrarpnuublfi 3JeMeHr orleparopa nepexoAa,
B KoropoM BorHoBaq QyHrqnx $oroa;Ier<rpoHa paccqurblBaercf B no-
ne nepecrpoenuoro uona [206] ).

6. OOTOSJI EKTPOHHbIE CNEKTPbI

Cnexrpu [orJIoIIreHLIt peHmeHoBcKHX ,'Iyueft ta3aMl{ I{ [apaMu Aalor
HuQoprraziqnro o troJIHoM ceqeHLIH QorozoHnsa\wv u Qoronos6y>xAeHl'Ifl
ceo6oAiroro aroMa IIJIH MoJIeKy.tu. Perucrp a\ufl, Qoroa;ler<rpoHoB Aa-
er Aono,rIHHTeJrbHbIe cBeAeHIzfl o B3aHMoAeftcrgHu aToMoB c QoroHaun:
lo3BodrqeT orrpeAeJrfl Tb rrapqIIaJIbHble cer{eHHq, cooTBercrByloqne y.(a-
r'reHlrrc 3,rreKTpoHoB H3 orAeJIbHbIx o6oror{eK, u3Mepqrb 3HeplI{I{ cBfl3I,I
3JreKrpoHoB B aroMe, r.r3yirarb reoMerpnrc v Ax:naMrr:r.y lpouecca. Peur-
reHoSJIeKTpOHHafl CneKTpoCKoIILlfl tB,rlflercg OAHI,IM Ir3 OCHOBHbIX Me-
roAoB r4syqeHr.rfl crpyKTypbl 3JieKrpoHHblx o6o,roqex aroMa, B ToM

unc,rg 
-,,Koppe,'IquHoHHbIX 

eQQexroe B HLIx. Lllnpoxoe ee [pI,IMeHe-
Hr,re AJIfl r.rcc,'reAoBaHI,ts cso6oAHbIX aroMoB craJlo Bo3MolKHbIM npv
llCItOJIb3OBaHI,lI{ CAHXpOTpOHHOIO lI3JIyqeHLIfl KaK ]'ICTOtIHI'lKa peHTle-
HoBcKLIX .nyueii.

@oroa,rerrpossltfi cneKTp reHepl.rpyercs nyreM Bo3AeftcrBlIfl Ha
aroMbr nyqKoM MoHoxpoMarl4qecKllx peHueHoBcKr4x rrJrr4 yllrpaSno-
J'reroBbrx ,ryueri. flocro,rilry Arrfl Teoperl,MecKoro otrvcatufl o6oux ra-
noB cneKTpoB [pI,tMeHqrorcf OAHI,I I,l Te >Ke MeroAbI, To B AaJlbHefiruen
6ygeu yrorpe6rnrr o6urafi repMIlH - Qoroa.neKrpoHHble crleKrpbl.

B pas4. 6.1 paccnaarpnBaercfl yrJloBoe paclpeAeJleuae Qoroe.lexr-
poHoB lr ero orrHcaHlle MeroAoM nepeAarlH ylJloBoro MoMeHra. B pas4.
6.2 us.uararcrcfl oAHoKott$urypaquoHHble Lr KoppeJIr(I,IoHHbIe MeroAbI
pacqera r.rHTerpaJrbHoro SoroaneKTpoHHoro cleKrpa, a raK)Ke o6cyx-
Aaercfl poJrb KoppeJIsurIoHHbIx aQQexron. lloc,re4uLtfi pa3Aer'I ltocBfl-
uleH SHeprHfiM cBfl3r.r 3reKTpoHOB B aTOMax H I'IOHax.

6.1. Vr.nonoe pacrpeAeleHl{e Qoroe.rexrpoHon

Ce.leHr.re SoronornoqeHnfl r,rMeer MaKcIrMyM e6nusu flopota, no3To-
My AJrfl rroJryqeHKfl $oroe;rerrpoHHr,Ix crleKTpoB yAo6Ho ltcrIoJIb30-
Barb r.rsryqeHHe c eueprzeft, HeHaMHolo npeBbllxalou{eft eHeprurc cnx-
sa aJreKrpoHoB Hsyqaeuux o6onoqeK B aroMe. 3ro nogeorner AJIr

r +"i',
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6. 1 . VrJroeoe paclpeAelreHlre Qoroa,rerrpouon

orncaHlrfl ytJIoBoIo pag11peAeJeHLIq QOTOSIeKTpOHOB, BbIJIeTaIoII1IX I43

BHeIIHI,IX U ilpOMe)KyTOitHbIX O6OIO.IeK, [pI{MeHqTb HepeJIITHBI{CTCKOS

AI'rnoJrbHoe np u6r nx<eHne.
flpn nosgeficrsl4ll Ha xaorlzqecKll opHeHTHpoBaHHbIe aroMbl rasa

NYqKOM MOHOXPOMATI,IqCCKHX,TYIICft AHSQCPCHqHAJIbHOE CCI]CHI4E OO-
TOI'IOHI43AUI{H ATOMA C BbIJICTOM SOTOE.ICTTPOHA B IPOCTPAHCTBCHHbIft
yroJr g, 0+d0 roryr{aercfl ycpeAHeHHeM cer{eHHs (5.17) no rpoeK-
qr4qM llorHoro MoMeHTa Haqad'IbHolo cocrotHl/-fl, M H cyMMI'{pOBaHI'IeM

llo lpoeK[rrflM rroJIHOlO MOMeHTa KOHeTIHOIO COCTOflHI',Ifl M', U Ct4lHa
3reKipoHa p. B 4nnonbHoM rIpu6JIIl)I(eHIlrI HMeeM [190, 207] :

#: o"?;' ,tr-' 
A,.l(\'J'M'q,vl€uo.D 

lyJM)1'. (1)

B grou pa3AeJIe 6yayr paccMarpuBarbcfl roJIbKo ceqeHl'Ifl Soro-
Lrortt3ar\r4v, rro3ror\ry LIHAeKC <<ion>> y o 6yAerr,r olycxarb; /' - no,rsltri
MOMCHT HOHA.

@oroa.nerrpoH olllzcblBaercfl BoJIHoBoft Syur<uxefi {;u e.40),
Koropafl BAaJIIZ or aroMa npeAcraBdllfler co6ol? cynepno3lrulln nnocxoft
H cxoAflIqelicr c$epauecKoft BoJIH. Ec;tll n (l) noacraBllrt Bblpaxe-
Hr.re AJrfl r1l-, nepeceq3arb MoMeHrbI HoHa u Soroa.nexrpoHa_ e o6utnit
MOMeHT rZ [p].IMeHHrb K aM[JIHTyAe rlepexoAa reopeMy Buruepa-
3xxapra, ro Mox{Ho npoBecrll cyMMIzpoBaHHe rlo npoeKul'IflM. flp"
3roM A,rrfl paccMarpLlBaeMoro cryqafl xaorl4qecKl4 opI'IeHrHpoBaHHbIX
aroMoB B pa3JIoxeHHH npoil3BeAeHl'Ifl c$epnuecxzx Qyuxqufi

Y,.(Q) Yf *,g):(- 1)' 
=h E 

ft, t" vfitz a

*(-'* '* ;) (i ; i) """r0,
coxpaHqlorcfl JIIIIIIb qreHbl c P:0 Ll Fnt:7n, a v B AII1OTbHOM rIpZ--

6nuxeuuu orpaHlrqeHo 3Har{eHuflMl.r 0 u 2 [20B] . tDyuxuua I,o (4
c roqHocrblo Ao nocrossnoft paBHa no,llaHoMy .Ilexau4pa crerIeHI'I \r

r."o(0, e): l+Lf''' ,,(coso) (3)

v, TaKilM o6pasolr, 3aBI,IcItr roJIbKo or nor'lqpHoro ylfia 0. BxoAqur[e
e (1) no.nnsonsr JIexaHApa uy.nenoft a eropofi crereHn paBHbI:

Po (cos 0): l, P, (cos 0) :; cos' 0 - j
lIpH r.r3yqeH14 H yrJIoBoto pacnpeAeJIeHv r Qoroed'IeKrpoHoB qalue

Bcero r4crlod'Ib3yIorcq "tngefiHo-loJlflpI'r3oBaHHble Jlyqu, Koropble Aalor
MaKcuMad'rbHyro aHn3orponlrrc Qoroa.nerrpouoe. Tor4a ocb z yAo6uo
coBMecrrzrb c BeKropoM noJIflpI4SaqI{u. [uS$epeHIrI'IaJIbHoe ceqeHIIe
BbrJrera Qoroe,nerrpoHa LI3 o6o.noqxu nl wtpaxaercfl r{epe3 TIoJII{oe

ceqeHr.re QorouoHusaL\Ltv 6n1 I{ napaMerp aHx3orponun B"l [208, 190] :

159

(2)

(4\

don, 6nr

dO hc [1 * 9,, P' (cos 0)]. (s)
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160 6. oorosrerrpoHHbre cneKrpH

34ecr 0 - yro,r Mex{Ay BeKTopoM noJrflpusaur{'r4 u HaflpaBJreHr4eM
BbIJIera Qoroa.nexrpoHa. Ilapauerp P n o6u1eu cryrrae nupaxa€rcl
r{epeg cyMMbr npor.rsBeAeuuft cy6uarpr.rqnbrx aJreMeHroB o[eparopa ne-
pexoAa, 3ni-xoeSQwllreHroB H Qasonux MHoxr{reJreri [208]. B c.ny-
uae @orouoHn3aunr4 r43 3anoJrHensoft o6o.touru B HMeer Br.rA:

9" : { I (l - t) (nl I r I e I - tSz + (/ + 1) (l + 2) lnl 1 r I e I + t)2 -
-61(l+l)(nllrl,el+l) (nllrlel- 1) cos [.$1*r(")-$,_r(r)] ] x
x (21 + 1)-t U (nl I r I e I - 1 ), + (/ + t) (nl I r I e I + I )z ] -t. (6)

Hs yc.ronnq noro>KETeJrbHocrH ceqeHr.rfl cJleAyer, uro naparraerp p
yot{er npr4Hr.rMarb 3HaqeHr{fl Jrr4rub B r{HrepBaJre -l<p<2 [208,
2071 . 3waueHne B:0 coorBercrByer r.r3orporHoMy pacrpeAe.tesnp So-
rosJreKrpoHon, B-2 - paclpeAeJreHHro cos20 c MaKcr{MyMoM BAoJrb
BeKropa noJrspasarlnu, a p--l - sasucuMocru sin20 c MaKcr{My-
MoM B HanpaBJreHlrr4, nepneHAr.IKyrqpHoM BeKTopy noJrflprr3auupr. llo-
JIHHoM P2(cos0) rcqesaer AJrs ytJra 54"44', xoropufl HasbrBaercfl
MaraqeqKr.rM. Bnr.neraouurl noA orHM yrJroM rrorox Soroeaexrpouoe
He gaBHcHT or rrapaMerpa P, I4 TaKoe H3MepeHIre rrogBoJrfleT orrpeAe-
JI,ITb 3HAiICHI'E TIOJIHO|O CCqCHHfl.

!,.na usyueHnr 3aKonouepHocreft yrJroBoro pacnpeAeJreuua Qoro-
3JreKrpoHoB, a TaK)Ke AJrfl [OJry3MnHp]4qecKoto oIIpeAeJreHr,rfl napa_
ygTpa p u ceueHut o pazpa6oraH MeroA nepeAaqn yrJroBoro MoMeHra
[209, 2r0].

Vrroeoft MoMeHr, nepeAanHbift arouy B npouecce eorouoHusaqnu,
paBeH pa3Hocrl{ noJrHblx MoMeHToB KoHeqHoto uoua J' H aroMa B Ha-
qaJlrrrloM-cocrossnu J. Ecnu x I'-J Ao6aBr{rb He rasuepneuurl n
sKCnepr4MeHTe Cirr{H sOrOalexrpoHa s, To rroJryqaeTcf BeJrI{qHHa, Ha-
3bIBaeM a g IIep eAaHHbltvt l.tU nyllCOtr,t j 1.'

ir:K-J, K:J'*s. (7)
IuIg gaxoua coxpaHenr.rfl rror'rHoro MoMeHTa cJreAyer

j, : j. - l', (S)

rAe j.- uol,leur lor,rou{aeuoro QoroHa (n 4uno,'rtrloru npn6Jrr{x<e-
HUV ero KBaHroBoe r{Hcflo paBHo e4nuzqe) , l' - op6llTarbHblfi uoueHt
QoroenempoHa.

OcHoeHoe yAo6crBo BBeAeHr,rr j1 cocronr B roM, uro 4r.rQQepen-
III.raJrbHOe ceqeHr4e H napaMerp B rraoxHo pa3AeJrnrb Ha BKJraAbr c pa3-
,IIUqHL'IMI'I 3HaqeHLIqMpI /r, KaXAOUy H3 KOTOpbIX COOTBeTCTByeT XapaK-
repHoe yrrroBoe pacnpeAeJreHne [209, 210]:
do^, sr
da-L

irK
dc,, (ir)

-o:

do* (i,)-dQ, (e)

(10)

(11)

'P [l * 9,,(7.)Pr(coso)],
{

'\

!

;

r
irK

onr:f 6or(ir), P*:*
irK

onU'\9^U)-

Free Hand

Free Hand



6. l. Vrrosoe pacnpeAereHr.re $oroerexrpouon

B o6osHaqetwsx oil(it) u Bn(i) panu KparKocrn orryqeHa 3aBr.r-
cI,IMocTb oT Apylnx KBaHToBbIx qI{ceJI, B TOM rII{cJIe Or r(.

3uaqesue i1 HasbtBa€rcg rlerHo-He6raronplisrHblM, ecnw PP':
: -(-l)r' (P - 

trerlrocrb aroMa, a P' - uona), rorAa l' npuuw.-
Maer roJrbKo oAHo gHaqeHue, paBHoe it, a o u B panHn [210]:

9r Cr,) - - l, (12)

onr(i,): + + h, # | Do(i)1, (13)

(16)

(17)

161

x (^(' J' s (K) el' J" ll D@ lly/). (14)

I,Iu4exc 0 npn D(jr) s (13) osnauaer, qro lrcnoJlb3yerct 3HaqeHLIe
lt-;L 

- 
I t.

A.lg ,rerHo-6flaro[plrsrHoro cJlyqas, KorAa PP'=(- l)i', nap-
uaarbrlbre BKJTaAbI r B a o uMeror 6onee cJIoxHbIe BblpalKeHaq [210] :

9^U):{(/'+ 2)ID*(il:'+U,- l)la- 0)l'- 6u,u,+ l)ltrz '
x Re [D* (j,) D!- (ill] Qj,+ l)-t Il D* (j,) ln + I D- U,) l'l-', (15)

D(11) npeacraBJrrer cyMMy cy6uarpaunbrx 3JreMeHroB oneparopa AI,I-
rrodlrbHoro [epexoAa c HeKoropbrM BecoM:

D(i,):f, f - 1)r-r'-r V'P,,lf '; t;,1"

s,tu): + + h^ # t I D* (,r) l,+ I D- (;) 1,1.

14uAexcrt <<-F>> y D(11) yrasblBalor, r{ro Marpurluufi aleueHT paccqn-
TblBaercfl c op6nra.nrHblM KBaHToBbIM qI{cJIoM MoMeHTa Qoroalexr-
poua l':i1*1.

He sasr4cqurne or upoexuuft ne.nuuuHn D(i1) Motyr He roJIbKo
ofipeAerqrbcrr reoperprqecKlr, Ho It paccMarpl{Barbcf KaK nQJIy3MTIH-
puqecKr.re napaMerpbl.

Vrrosoe pacilpeAeJleHne QoroaJIeKTpoHoB B cJlyqae Henolqpl'I3o-
BaHHbrx [2] l], tracrr.rquo noJlflpn3oBaHHbIx !2l2l H aJIJlIlrIrI{IIecKH
norqpa3oBaHHbrx [213] peHrreHoBcKl{x .nyuetl Bblpaxaercq qepe3

oAHH H ror .xe napaMerp p. Hanpnrraep, ttpu sosAeftcrsun Ha aroM
Henofl qpr.r3oBaHHbIMlI Qorouaun 4fi $QepeHqnaJIbHoe ceqeHI'Ie npI{HI'I-
MACT BI'IA:

#:# lt-$.e,1coso'1].
Ocs z Ha 3Tor pag coBMeulaercfl c HanpaBJIeHI4eM nyqKa nyuell.

Bupaxeurn 4.nr 4u$QepeHI{HaJIbHoro cerleHl{fl B AI{noJIbHoM npl{-
6luxeruEn (5) u (17) coxpauqlor ror >Ke BLIA H nplr yqere Koppe,'Ifl'
rIr4oHHbIx eQ$exror B aroMe, a raKlKe B peJIflTI4BI'IcrcKoM nplt6.nuxe-
uutr 128,2141 . B cryrrae QoroaoHusaqul'I 3arloJlHeusofi o6o.loqxn sut-
paxeHue AJIff p rlepe3 Marpllqghle 3JIeMeHrbI s00exruBHoro AHnoJIr,-
Horo oreparopa rpllBeaeno r [28].
6. 177
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162 6. (Doroa,rexrpoHHble cneKrpbl

Ipr,r yne.rruqeHuu sHeprHH peHrreHoBcKr.rx flyrreft Ar.rnoJlbHoe ltpIz-
6.rHxesze Aflq yrroBoro paclpeAeJrenur gJreKTpoHoB (paurrue, uenr

AJIn noJrHoro ceueuua) craHoBlrrcs HeAocraroquuu. Vxe [pI,I gHeprtln
hax2 xeB cyruecrBeHHyro rorpaBKy n do/dQ MolKer Aarb KBaApy-
no.rlsuft qreH, nprz yqere Koroporo B Qoprray.nax (5) n (17), xpoue
P2, n.oflBltflrorcr raKxe noJII{HoMbI Jlexau.qpa P1 u Ps 1541 .

Ec.nn aneprnq peHTreHoBcKHx .rryveft sHar{HTeJrbHo 6o.nrrue euep-
rnr.r cBq3H 3JreKTpoHoB B paccMarpHsaeMoft o6oJlovKe, To Arq BoJrHo-
noft QyHxuran Qoroe.neKrpoHa MoxHo rrcfioJrbsoBarb [JrocKyro BoJrHy.
Annpoxcurrarapyn Qynxqulo cBq3aHHoro gJIeKrpoHa BoAopo4ono4o6Hofi
Synxqaeft, n 6opuoecroru npn6.nuxeHnu MoxHo rrpor{HrerplIpoBarb
B KBaAparypax Marpuqsuft aJreMeHT o6uero o[eparopa repexoAa,
He pa3JrolKeHHoro lto MyJrbrHnoJIflM. Hanpnrrlep, npu ros4eficrnuu
HeroJrspr.r3oBaHHbrMr{ iQorouarr,ru (l,xK.ha 4.mc2) 4r.isSepenqxa.ur-
Hoe ceqeHrie Soronouu3auur.r Hs r(-o6onorrKr.r [pHHHMaer nu4 [0] :

#:z'tz zEdB d (; \-'l' sin'o
'' I (r-a.o.o)''

(18)

r4e .0 
- yro.n Me)KAy HanpaBJreHr.reM [yqKa, coBMeuleHnbrM c ocbro

z, r.r BoJrHoBbrM BeKmpou Qoroe.neKrpoHa; o - ero cKopo'crb; s -KLIHerHqecKafl 3HeprHfl SoroelexrpoHa.
Cornacno (18), npu u(c QorosJleKrpoHbr BbrJreraror B ocHoBHoM

leplenAr.rKyJrrpHo K nepBl4rrHoMy [yqKy $orouon, a BepoflrHocrb HX
BblJrera BnepeA vilv Hasa[ (0:0, n) panHa Hyaro. llo rr,repe yBer[qe-
HI,Ifl cKopocru Qoroa.neKrpoHoB nper.rMyqecrBeHHoe HanpaBJreHHe r{x
4bnr6eHun upu6.nuxaerca K HarrpaBJIeHl{ro [yr{Ka peHTreHoBcKHx
nyveft.

I4auepeuue noJluoro ceqeHr.rq QoroNounsa\uv n [apaMerpa B, Hav-
6onee qacro HcttoJllsyeMbIx xapaKrepl{crnK ttpoqecca QorouoHH3arrr{H,
eu,e He COCTaBIqeT nOJIHOIO 3KCnepLIMeHTa, IIOSBOJISIOUIeIO OIIpeAe-
Jrurb Bce MarpuqHbre oJreMeHrbr oneparopa nepexoAa n Qasonue c4nu-
rir sorHoeort Qyuxqau Qoroe.nerrpoHa. B cJryqae aroMa c 3a[oJrHeH-
solulr o6o.noqKaMr.r Qoronouuaaqnq B AHnoJrbHoM npn6.nuxeuHLr otrr-
cbrBaercfl rpeMq Marpr.rqubrMr.r 3JreMeHraMH (nosuoxau rpu ua6opa
MoMeHroB.B KoHerrHoM cocrorgr.rg nli-ts,lt j,[: I c Aansulr e) u 4eyutr
BoJIHoBbrMI,r Qynxqnaur.r P"ttt(r), TaKr.rM o6paeou, AJtfl noJrHofo
o[ucaHr.rfl [poqecca Qorououlrsaquu ueo6xoAr.rMo r.r3MepeHlie ttsril Be-
Jrnqr.rH L215-2171. LonolunreJlbHafl vHQopruaqns Moxer 6urr no.ny-
rreHa nyreM n3MepeHrlq cTerreHn cn[Hosoft noJlflpr{3aqllu $oroa,rexr-
poHoB:

o_ Ivr'I-rn _ Wrtr-ll/-rpt:ffi:-fr;Jq;;' (1e)

r4e 1* - HHreHcHBHocrb rroroKa Qoroa;rexrpoHoB c npoerquefi cnr.rHa
p,, BbIJIeTaIOTTIHX IIOA HeKOTOpT,IM yldloM; wv - BepOqTHOCTb BbIJreTa
TaKOro SJIeKTpOHa r,I3 aTOMa.
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6.2. Po,rt KoppeafluHoHHux aQQexros 163

flpn noraoureunu aroMoM Henonqpu3oBaunblx peHrreHoBcKI'Ix JIy-
qeft creneHb nonflpt{3alrnu npao6peraer Bbtpax(eHue

e : ha -lEt (\' J') - E" (y,I)1. (2t)

P,r (0) - 2lqsin0cos 0

r-+ P.(cos0)
(20)

3Aecr' 0 - yro,r BbIJIera Qoroe.lerrpoHa oruocl{TerbHo Ha[paBd'IeHHq
ryqKa nyqeft; Fu - IlapaMerp aHI'I3orponHH yuloBoro pacrpeAeneHHfl

sorosaerrpouon; [r1 - napaMeTp, Bblpaxarculuftcfl, KaK H $na qe-

pe3 Marpr{qHbre gJIeMeHrbI oneparopa nepexoAa n Qasu pacceffHHq.
flpoexqnr clLIHa 3neKrpona oflpeAennercfl orHocKTeJIbHo HanpaBne'
Hnq, nepneHAHKynflpHoro nJIocKocrLI peaKI{}IH.

HcnorlgosaHue q[pKylqpno nonflpn3oBaHHblx nyqeft no3Bonser
BBeCTH ellre ABe BeJrL{qHHbI, HeO6XOAllUUe Ang nOJIHOTO gKCnepHMeH-

rE, - nonHyro crrnHoByro nonflpn3aul{n $orosteKrponoB H napaMerp
ee yrnoBoro pacnpeAeJIeHHR npn B3auMo4eftctnun aroMa c TaKnMH
JryqaMn [215, 2161.

6.2. Pacnpe.u,eneHHe SotoelextpoHoB no gHeprncM.
Poar roppeJrfl ur{onHbrx eQQexroe

PerHcrpaqan QoroeaerrpoHoB, BHJIeraIoqHx B HeKoropoM HarlpaBne-
HI.IH r{3 aroMoB ttpK Hx $oronoHusaqnn, no3Bonqer fioryqllTb ABa
ocHoBubrx rnna crleKrpoB: l) pacnpeAeneHlre SoroanexrpoHor no
sHeprHaM npu aos4eficTBHH Ha aroMbl MoHoxpoMarnqecKHM nyqKoM
peHrreHoBcKHx HJIH ynbrpaonoJleroBbtx nyqeft c QnxcnpoaaHHofi eHep-
rnefi; 2) pacnpeAeneHHe HHreHcuBHocrLI Qoroe"rexrpoHoB npH HOHII-

3arrnn 4aHHoft o6oroqru xax Qyurqnlo or 3HeprIIH Qoronoa. Cnexrp
Broporo rl{na, H3Mepeuuotfi no AByM pasHbIM yrJIaM, no3Bonqer onpe-
Aenr.rrb napaMerp p xar Qyuxrlnn or ('l), a H3MepeHHbIft no4 Marl{se-
cKr.rM yrnoM * [peAcraBJlrer cneKrp Qoronor.nouesnt. (Doto3,leKT-
poturuft cneKrp B yaKoM cMbIcJIe gToto repMHHa - 9To cneKTp nepBo-
ro rurra, I{3MepeHHbIft noA MarHrIecKI{M yrnoM. Ero reoperntlecKoe
onncaHr{e H 6yAeM paccMarpnBarb B HacroflrqeM pa3Aene.

EcJm s HaqaJrbHoM cocroqHl.tll 3aceJIeH To.IIbKo ocHosnofi ypoBenb
aroMa, To orHocHTeJIbHbIe I{HTeHcHBHocru lnuufi SoroeaexrpoHnoto
cneKTpa nponopr{HoHaJlbHbl ceqeul,tn Qorouounsallnll H3 groro ypoB-
Hq B pa3nHqHbre KoHeqHbIe cocToqHl{t, npocyMMLIpoBaHHoMy no non-
HoMy MoMeHry cr{creMu noufQoroeneKrpoH n ero [poeKIIHn, a raK-
)Ke no KBaHroBblM qLIcJIaM Qorosaerrpona. Sneprnn Qoroa.neKrpoHa
oflpeAenqercq 3aKoHoM coxpaHeHLIR 3HeprHn:

HHAexcu a n I o6ogHaqaror aHeprnt.t aroMa LI uoHa.
floAcrasrqn n o6uyro Qoprvry.ny AJtfl ceqeHHR QoronoHusaquu

(5.23) Bbrpaxenus AJrfl nJlorHocrl{ cnnbl ocuunntropa (1.281) n uar-
pnrrHbrx sJreMeHroB oneparopa nepexoAa (5.34), (1.260) n npoBoAr

6{
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cy-MY.upoFqH4,8 no [oJIHblLr MoI\4.eHraM Qoroe.uerypoHa H cLIcreMH B

KOHeqHOM COCTOfl HLIH, nOflyqaeM:

.o(ry|{'y1L, 51d ->n, /iu'-tyi LiSlJiel):
: t n' a h a Ny ltrr, Sr, J i] [tr]-t(/io. y, "L, Srll /f' -' yi L'1 Si lr)z x

lrlel)2, (22)

o {nrlft'+z nrl{,\rL, SrJr-> nrlft'+r irnrU,fiLL52J2J el)-

:.8(V;r, S2J2, y'2L'2StJt) + rczahcolJlflr, Jrf tx

x (/r ll C(1) ilD, Qrtrl r'iet)z.' 
., , (23)

Beporruocrb BbrJrera $oroerexrpoHa r.r3 orxpufofi o6onouxu npx-
Mo nponoprlHoHaJrbHa KBaApary reHeaJlorHqecKoro xoaQQuqueHra,
cBflSbrBalouero cocrosHlir aToMa LI HoHa.

Cnnu ocnoBHoro repMa,'corJracHo npaBHJIy XyH4,a, r.rMeer MaKcH-
MarrbHoe 3HaqeHHe S, nosrouy npu iV;g2tf+t: :qf e qncroft cBs3H
Mo>Ker nplrHlrlrarl roJrbKo oAHo 3Haqeuue 51-l/2, a p,nn.[oqru 3a-
nti;ru'eunoft 'o6o.noqxn raKxe H'Bropoe 3HarreHr.re'S t+ l / 2. .flocxursry
feliud orripr,rroir o6onoqxn llilleror rer{AeHuuro pacnoJrafarbcfl corJrac;
uo gernqurie nb.risoro cfitiita (vetnr 6o.irlure cn,nHosoft MoMeHr, TeM
Hllike'pHepiernqecru naxo4lttcR :repr'r 

[98] ), ,fo's €JIyqae cBfl3H,, g;q3-
xcifi x l,S-csqglt, Qoroa,rextpoHHuft c{reKrp cocTo.Hr rt3 :oAHofi tpynnbl
niliwll,' a rpn Nr>.Zh*l -'ns AByx rpyrn ruHafi. 3ra saxoHoruep,
tioctr ua6,nn4aercr, nanpriM€P, s $oro3.nertpoHHbrx cnexrpax 4fN-
ri6o.ntrvxn"pegKo3eMerbHbixaJleMeHron[218,219] .', , ': 

:

- Ec;tu Ar'rfl onucauirfl KoHer{Hofi xouSurypauHn ltoua }rcrroJlb3yercrr
npoliexyroqHar cBr3b, ro coorBercTBytoqar $opuyna Anrr cer{eHnq
[onyqaercs nyreM BbrpaxrcHr.rq MarpnqHoro 3JreMeHra oneparopa IIe-
pe*bAa B npoMexyroquofi cBfl3u qepe3 Jrr.rHefiHyn xouSHHaL(Hro, Mar.
pHqHbIX erelreirroa .{Hcloft cBs3LI H noAcraHoBKI.r B (5.23) $oprr,ry.'rrr
(1,281), rpli 5roM MoxffO raKxe'Bbrrror'rHHrb cyMMnpoBaulre no j n "i.','BbpoqrHocrb BbrJreTa QoroalexrpoHoB Hg:rBa[oJlHeHHofi o6ono.rxl.r
(noatr6o.roqxn) r HepensrlrBncrcKoM' n peJ[ffrxBucrcxoM npN6rnxe-
HfiHx onp€Ierlflercs $oplry;rar'rr.r (5.36) u (5.39).

Bc,reAcrgne Kof{eqHocTri BpeMeHu xH3HH cocrorHur r,rona c BHyr:
peHHefi Barascneli Soroa,'rexrpoHHaq. JTHHHH HMeer HeKoropyrc IIIH-
pHHy. Ecnn paclaA cocrosHrls fiponcxoAlrr B ocnoBuoM paAnar{HoH-
HhrM nyreM (ero nsaauoAeficreae c HenpepbrBHbrM. cneKrpoM rBJrfiercrI
c;ra6ur,a), ro QoroeJreKrpoHuaff ilw*ns. utrtder $opr'ry ,ropenuenofi
xplr_o_ofi. : :. Koppernqulr Me>KAy 3neKrpouaMr.r B Haqar-briou u xoHequou co-
crqeHrrsx lpr.rBeAflT He ronbKo, K cABr.rry $oige.ne-xrpoHHbrx ruHHfi,
H3MeHenlrp ax Soputt H rrepepaclpeAeneHnro. HHreHcuBHocrefi, Ho
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TaK)Ke K rroflBJreHHro careJrJrHrHbIX JrHHI4ft, COOTBeTCTByTOqnX QOTOUO-
HI.I3aqulr c Bo36ylxAeHHeM Apytoro s,ireKrpoHa.

I,IcxoAq us Ml(-npr.r6nu>KeHnq, KoppeJrsrluouuue a$QeKrbr B $oro-
3JieKrpoHur,rx cneKTpax x,{oryr 6urr pa3AeJreHbr Ha HecKoJIbKo rrr-
noB 1220):

l) nsaaruogeilcrBr.{e rou$urypaq[fi s HaqarbnoM cocrotrtuu;
2) esanuo4ericrnue xouSnrypaur.rrl B KoHeqHoM cocrossan. llo-

cileAur{e rroApagAeJrflrorca Ha Kopper'rflrlr.ru: a) s KoHeqHoM HoHe, 6) B
KoHeqHoM cocrorHrrr.{ KoHrr4HyyMa (uexxaua"rbHoe cBqabrnaHae).

B tporoarexrpoHHbrx creKrpax BHerrrHr.rx o6o,noqex o6Hapyxennr
AOCTaTOTTHO HHTeHCtlBHbre CaTe,'rJrI4THbIe JrI'rH14I,I, COOTBeTCTByIOUII4e BSaH-
uo4ericrnurc HaqarbHoii xou$urypaqnu c xoHQatypaqlrrMH, B Koropbrx
eoe6yx4euu ABa BHerrrHt4 x sJreKrpoHa (Hanpuuep, nsz-np2- (n-
-l)42 B rqeJloqHo3eMeJrbnbrx r.r Apyrrx sJreMeurax nropoft rpynnu [220,22ll wnu ns2np6-ns2np+nt6z B r{Heprubrx ra3ax U99,2221). Cueuru-
BaHr4e rurra (s*d)* B Har{aJL,Hofi xouQurypaqnu HoHa lpoflBJrflercfl
B CneKTpax [apoB nepexoAHbrx S,rreMeHroB c 3arroJrHsrouleftcs d-o6o-
,'ro.rKoft Ir rrpeArxecrByrout[x r]M 3JreMeHroe [223, 2241 .

Ec,ra uog c BHyrpeHHefi saKancraeft saxoAurcfl B KoHraHyyMe rH-
ra cynep-I(ocrepa-I(poHnra Hrr\r l(ocrepa-I(poHHra (pasA. 3.4),
ro cHJrbHas cBs3b c srHM KoHrr4HyyMoM npHBoArlr K yMeHbrxeHuro
HlITeHcHBHocreft n r4cKa)KeHHlo Sopnru ocHoBHbrx nulaui't @oroa,rerr-
poHHoro crreKrpa, oAHaKo rxHpoKHe rro,/rocbr 4syxparuoil HoHrr3arlr.rn
c.na6o pa3Jri{qarorcff B HeM. C 4pyroft cropoHbr, ecJru BaKaHcua o6pa-
3yercs Bo BHyrpeHser? o6o.noqKe cJror H BosMoxHbr cuJrbHo 83allMo-
.aeiicrByrorrr.He c cocrorHrlelr uoHa n1l1i;L xoHSrzrypailnra Ar{cKperHoro
cneKTpa nrl;2nrl" nnu nrl;1n"l;tnalo, ro 3ro oKa3brBaerca npllvxnoft
IroflBr'IeHnfl HHTeHCI,IBHbIX care.rr,'rr{Tuttx ,ruHnfi. Ortterxlr raKoto rl,Irra
careJrJrr.rrbr B cneKrpax ns-o6oloqeK vJrrr np-o6o.uovex [58, ll3, 139,
203] . <DorosJreKrpoHHhrM crreKrpaM r.rHeprHbrx tasoB H Apytrrx aJre-
MeHTOB XapaKTepHbI TaK)Ke CaTeJIJII.ITHbIe JIHHVM, COOTBeTCTByI,OUIIe
cocroflHr{rM HoHa c nuyrpeuHefi earaHcneft n nos6yN4eHHbrM lI3 Buerrr-
Heft o6o.ro.rKr.r 3JreKrpo uou 1222-226, 311 .

KoppenxqnoHHbre e$Sexru rl4na B3ar.rMoAertcrBnfl xonQnrypaquft'
B KOHeI{HOM COCTOfiHHLI KOHT[HyyMa AJrfi QOrOSJreKTpOHHbrX C[eKTpOB,
Kax v AJrfl crreKrpon SoronourouleHnff, 6o.uee BaxHbr npr4 MaJrbrx
3ueprr{rrx QoroanexrpoHa n s o6racru MHHr.rMyMa Kynepa [90j .
Beanuo4eficrBue KoHeqHoro KoHTHHyyMa c HaxoAflrrlr4MLtcfl. B HeM aB-
TOI,IOHH3aqI{OHHbI Mr.r COCTOfl HUfl M H [pi.IBOAI4T K BO3HHKHOBeHHTO TaK Ha-
3brBaeMbrx pe3oHaHcHbrx caTeJrJIHToB, r{HTeHcHBHocTb KoTopbIX saBH.
cLIr or 3Heprrlu QoroHor [22A, 138, 2271 . Taxue careJrJrr4ru o6Hapy-
xeHbr n Qoroa.neKrpoHnbrx cneKrpax, nos6yx4enuux Sorouaua c
s_Heprneft, 6nusxoia K 3HeprI4Ii cBflglt cv6saneHrHofi o6o.noqrn, flapoB
Ca, Ba [38, 228], Xe [229] n Apyrax srreMeHroB. Hanpurraep, e-Ca
npu QoronoHr.r3arlun B KoHrHHyyu 3p64sel s o6Jacrn pacfloJro)KeHufi
yporneft 3psf,6lz Bc.rreAcrBr.re cMeurfiBannfl erux cocroqnr.rfi u unrepQe-
peuurru KaHaJroB Qoroeos6y>r<AeHr{s u $orouourl3arlnu, a raxxe (sf
fd)2 crrletlruBatvfl, B HatraJrbHoM cocrosHna Menrercfl pegoHaHcHbIM
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o6pagoM HHTeHcHBHocrb careJrJrLtra 3p63d iro orHo[reHl,Iro K ocnoBHoti
rrrtuw 3p64s [138].

!,na onucaHl,Ig carer'LrII{ToB, coorBercrByroqux oAHooJIeKTpoHHbrM
MoHoIroJrbHbrM (6ea usueHeHHr op6[raJrbHoto MoMeHra e.nexrpoua)
ros6yx4eHuau vs Br{euaeft o6ono'{xa npn o6pasoBatulz BaKaHcHr.r
BO BHyrpenseft o6o.noqKe fipr.rMeHrrercfl MeroA BHe3arrHoro Bo3MyxIe-
HI,Ifl (Ileaecruuft nplrMep [peAcraBJrfler ls-Qoro3JreKrponHbrfi cnexrp
Ne [225] unw 2p-cnerrp Ar 12261). 3QSerrunHbrM MeroAoM HHrep-
ilperarlari careJrJrHToB u $oroe.nexrpoHHbrx crreKrpax rBrqercq MHo-
roxouQurypauuosHufi MeroA, qacro rrpr{MeHseMrrfi s BK-npu6nr.rxe-
uun. C 4pyroft cropoHbr, $oroe.nexrpoHHbre c[eKrpbr, flBrrrflffcb 6o.nee
IIpOCTbTMH, qeM C[eKTpbr ri3JryqeHnfr, uJrlr oxe-crreKTpbr, rrpeAcraBJrs-
rcr co6ofi yAo6Hbril flHcrpyr\{eHr Arq H3yrreHr.rfl KoppeJrarluft uex4y
3neKrpoHaMn B aroMax. B orAe.nlHbrx cJryqaqx, HarrpuMep, KotAa ca-
redrrJrr.rrbr o6yc.noereubr Jrr.rrub neazuo4eficrBr.reM xoHSzrypaquii a ro-
HeqHoM cocrosHlzH volla, a Marpr{qHbre 3JreMe}rTbr ol]epaTopa lepexoAa
MexAy Ha.{artHofi n ilonpaBor{ulnru xoaQutypaunqlrr.r paBnbr HyJr}o
(Hanpunep, Adrfl repexo4on 3s23p6-+3s3p6f3s23pa3dl3s23pa4s), vu-
TeHcI4BHocra cared'rJrr.rrnux .nasuft [o3BoJrrror o[peAeJrflTb MoAyr'lr.] Ko-
eQ$nuneHroB p a3Jro)KeFrlrr MHoroxoHQuryp aqraoHuoft BoJr HoBoft Syur<-
III4L{ fio ogHoxoHQnrypaquoHHblna @yux4narra.

,4,aarparunrubre MeroAbI TeopHH Bo3Myu{euuri e ocHosHoM ripHMe-
Hfliorcfl Arr pacr{era SoroelexrpoHHbrx cneKTpoB aroMoB c 3alor'rHeH-
HbIMLI, a raK)Ke [oJIy3anoJrHeHHbiMH o6o,roqxanra, tAe rro3tso,{flror Ao-
crl.ilrb xopoileto corJracr.rr c gKcnepr.rMeuroM [27,28, 138].

Puc. 18. ,[,lrarpauua aMUrHTyAbr .(sor?Hort QorouoHnsa-qur (u,rx Qorouoausaqun fi nocneAyrouefo oxre-nepexo.
4a), co4epxarrrafl KBa3r-rqacrtlqHyro .ltr4Huro

.l,narpaulru Hx3rrrero lopflAKa, o[rrcbrBaroqae AByx3Jrexrpouuuft
nepexoA npn rrorJiorleHr4n aroMoM Qorona, ngo6pax{eHw ua puc. 17.
PaccnrorpzM oAHy H3 Hux (e). Ona npeAcraBJrfler npoqecc KaK oA-
HoKparHyro rroHr.r3arlnro r{ flocJreAyroqnii oxe-nepexoA HJ'rr.r BcrpflcKy
aToMa, nponcxoAqulrie B pe3yrrbTare KyJroHoBcKoto B3ar.rMoAeficTBHfl
3JIeKrpoHoB [230] . !,Narpananiu 6o,ree BbrcoKoro [oprAKa uoryr 6uis
yrrrenbr nyreM lrcrroJrb3oBaHnq cfieKrpa,rlnoli Synxqnn (3. 14) u co6-
crseririori gHeprHH BaKaHcI{r{. 3ro coornercrByer cyMMnpoBaHr4ro BK,-ra-
,qoB AnatpaMM, Koropbre noJryqaFoTcfl n3 AlratpaMMbr e nyTeM BcraB-
JeHUq B r'r[rHH]O BaKaHCWl4 qacTefi, COOTBeTCTByTOTTIHX BO3MOXHbTM npo-
Mex(yrorrHblM Bo36yxAeHI.IrM BcJreAcrB}Ie esanil{oAeftcrBltrr BaKaH.cr{?t c

OKPY>XAIOIIII.IMI'I 3JICKTPOHAMV. TAXAN BAKAHCI{g 
- 

KBA3IiqACTHIIA 
- 

I,I3O-

6paxaerca yroJIIIIeHHofi ,runuefi (pasA, 3. l). AnannfiryI.a aQQexr*tn-
Horo oleparopa, onucblBaeMafl AuarpaMMoft c yronu,essori nuuneft
(puc. 18), HaxoAl,Ircfl no o6quu rpaBr{JraM pacrunQpooKr.r AHarpaMM,
ToJIbr(o. K oneprnr4 HyJreBoto npn6.naxeuHs. Ea Ao6aBJrrercfl co6creeH-
Hafl 3r{epruf BaKaHcI{il :o.
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6.3. 9neprnu csssll. CAsaru ,ruufifi

Ec,rn o6a gd'reKTpoua nepexoAflT
nHryAa r4Meer BrrA

^,r 
/- _ \_ (e1ld(1) la)l(eralhizlcb)-(ezalhirlnc>lItrs\elr c2)-- 

- , (24)

lAe rr, s2 - 3HeprHr.r ooro9/reKrpoHoB. B (24) yqreHa raKxe o6MeH-
Har Ar4arpaMMa, fiMeroulaq ToT xe Br.rA, TOJTT,KO B Herl O6OeHaqeHLIq
c u b nepecraBJreHbr MecraMr4.

!,uarpaunau rvrra e o6blrruo BHocqr ocHoBHofi BKtaA e ceq6Hl.re
AByxgJreKrpoHHorl SoroaoHrasarrr{H, rotAa, r{c[oJrbsyfl (24), a raKxe
orpeAeJreHue creKrpaJrlHofi QyHxtluu A"(E) (3.14), 4u@Sepenrlnarrb-
HOe ceqeHr.re AByx3JreKrpossofi Qorouounsaqnu c BbrJreToM oAHO|O
3JIeKTpOHa C aHepruefi B r.rHTepBaJre €1, €1fde1,2 BTOpO|O - B HH-
TepBa,'Ie e2, e2ld.e2, npeAcTaBI.IM e aLlge [230]

)2-

,;,a; - ) I Mo('r, er) i'z 8 (e, f- ez- eo - e"- hi.o) :

: f t a"i', *l a)),,t,(e,- ha) tt)t(ezalhiz\p-Sz"l!k)t">), *
abc Im X, (e, - fio)

x 8 (e1* €z- €t- e"- hco). e5)
B (25) yuren rl4rtrb pqA AI-IatpaMM, aso6pax<aeuuft cylrrr.rapuorl

Ar4arpaMMoft Ha pnc. lB, e xoropoft BaKaHcr.rr.r B KOHeqHOM COCTOflHT{r.r
uoHa cllvT aroTcfl 3 aMopox{eHHbIMI'I.

6.3.' SHepr"H cBs3lr. c4enrn sJreKTpoHHbrx r.r per{TreHoBcKr.rx .nlrlrnfi

Ec.rn arou Ao Bsar4MoAeftcreus c Qorouoru HaxoArzrcq B ocHoBHoM
cocroflHlzl{, a }IOH O6pasyercx B cocrorHr{n c Ha[MeHturer? eueprteri
nplz 4auHoft BaKaHcHr{ 6-1, ro pa3uocrb eueprufi pt lg-r)-Eo n nr,lpa-
)KeHHH AJrfl sHeprlru Qoroe.lexrpoHa (21) npeacraBJrfler co60ft auep-
rrrro cBfl3r.r sJreKrpoHa ( n arolre. Tor4a (21) nepenucbrBaercfl B Br4Ae

e:ha-1r,. (26)

_ PeurreHo3JreKTpoHgarr cneKTpocKo[I]fl flBrflercq rrprMblM v Hav-
6oree rorrHbrM MeroAoM onpeAereHux auepruit cesiu BHyrpeHHHx
3,'reKTpoHOB n cno604nux aroMax (arrauccl.roHnbre H oxe-cneKTpbr no-
3BOJIflror onpeAeJrerb JrHrrIb pa3Hocrl4 sHept[fi csflsn pasdr[qHbrx 3d'reK-
rpouon). c 4pyrorl cropoHbr, peHrfeHogJreKrpoHHbre cneKrpbr aroMoB
C AOCTATOqHO TOqHO II3BCCTHbIMI,I 3HEPI}ISMIi CBfl3H 3JIEKTPOHOB HC-
noJrb3yrorcfl AJrfl orrpeAeJlei{Hfl AJrHH BOJrH peHTteHoBcxl.rx .nyveft (rrae-
TOA peHTteHo3rrreKrpoHuoft clexrpocKorrHH AJtfl a]Halr;/sa peHTfeHoB-
CKI4X d'IyrIeHr.

Brrrecro gHeprnr4 cBs3u r4HorAa ynorpe6.nrercfl oKBHBaJreHTHoe ,,o-
Hfrrie - SHeptr{fl LtolHvsal\Hrl O6O.nOqXn u.nn no4o6oJlorrKtr (eueprur,
Heo6xo4rzuas Ail! yAaJreHHn o,{Hoto sJreKrpoHa c nyleeoft r<zHerl{-
'Iecrofi aHeprueii). 3HeprHn r{oHr{3auHH Har{MeHee cnqgaHHoft c aro-
7*

t67

B HeflpepbrBuuft cnexrp, ro aMrr-
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MOrvr BHerxHeft o6o.noqru rrpeAcTaBdIIfleT co6oft 3Heplfiro I{oHI{3aIIHlI
aroMa. flocxo,rlry 3reKTpoH lrMeer eALlHHqHbIir gapfrA, To, corJlacHo
orIpeAe,'reHHIo 3JIeKTpoHBOJIbra, 3neplnq cBfl3I,I HJIlj LloIIu3aIII4II, BbI-
paxeHHafl B SJIeKTpOHBO./Ibrax, qricJIeHHO paBHa rioreHllHa,'ly IlOHr.{3a-

UIIH B BOJIbTAX.

3Hepriln cBrr3r{ BHyrpeHHHx a.ireKrpoHoB B Tr)KeJbIX aroMax Ao-
crr.rraror mc2f4 (m-macca rroKofl ererrpoHa). Toqsocrr ux reo-
perxr{ecKoro pacqera Arq caMbrx r,ry6orax o6o"ro.reK (npu ncno,rr-
3oBaHr{H o4HoxoH$urypaquoHHbrx peJrrirnBucrcKr4x BoJIHoBblx Qysx-
qnfi u yrrere ApyrLIx perqrlzBncrcKlzx aQQexron, B roM r{I'lcJIe nonpa-
BoK [oJrrrpusa:!.LrLt BaKyyMa rz co6crseHHoii auepruu) iaueer nopr{AoK
HecKoJrbKr.rx o,'reKrpoHBo,-rbr [1601. lloAo6uas a6conrcrsaff roqHocrb
pacqera aHeprufi cBrr3u aJIeKTpoHoB flpoMex{yro.rHrtx o6oro.IeK Aocrn-
raercfl n npu6nuxeunz Xaprpn-Qoxa-llaynu npu pacr{ere pe"rit-
THBHCTcKHX norpaBoK B nepBoM rropflAKe reopuu Bo3MyIqeHHfi c se-
peJrrrrlrBHcrcKuMH BoJrHoBbrMr.r QyHxuunlrn [79] .

Koppe.rrqq[oHHbre eQ$exru cpaBrrl.ireJlbHo cJla6o BrI4qIor Ha gHep-
rurr BHyrpeHulrx aJreKrpoHoB BcJIeAcrBHe cJleAyroqux rlpnqnH: l) xop-
peJrflrlxu MexAy 3JIeKTpoHaMI.I Apyll4x cJIOeB, B TOM qI{C./Ie BHeIIIHI'IX
o6o.notrex, ucKJrFoqarorcr npu BbIqHTaHHI{ sHeptl4ll aroMa LIs gHeptHH
uoya; 2) coceAHI.Ie o6oro.{rn fB,rtqlorctl 3arIoJIHeHHrIMn, [o3ToMy He-
Bo3Mo>KHbr nos6yx4eHr{q 3reKrpoHoB B erx o6o,'roqKn I.I Me)KAy Hr.r-

uu; 3) xorfl cocroqHl,Ie uoHa flBrtrerct aBToIioHH3auHoHHbIM rlo orno-
ITIeHHIo Ko MHoII,IM KoHTLlHyyMaM, oAHaKo esaumo4eficrBue KoHeqHoro,
ypoBHn c KOHTHHyyMOM Ma,lIO ri3MeHfleT 3HeprHiO CBF3H, eCJIH ypOBeHr'
yAarIeH or Kpaq KoHrLIHyyMa (pasr,.2.4).

eyuecrneuHyro no[paBKy K 3HeptIIaM cBt3H Aaer B3arlMoAeficr-
Br.re KoHeqHoro ypoBHs c KoHrLIHyyMaMr{ rlrna Kocrepa-KpoHnra n
cynep-Kocrepa-I(ponura (nr.rnuafl coorBercrByrourxe cepI4Lr Pn46ep-
ra), oco6enHo ec,'Iu [epexoAbl B HHx paspelueHbl 3Hepterllqecrn. ,[,,rn
ns- u np-?JteKTpoHoB B pa3IHqHbIx aToMax raKatr nonpaBKa npI,IBoAnT
K yMeHbrxeHur,o onepruu cBflsw sa 2-11-eB [60] . I4cK,r]oqarenrHo
crzJrbHoe ssauraoAeficrBue c KoHrIlHyyMaMH rxrra cynep-Kocrepa-
Kponura r.rMeer Mecro Ans 4p-t-saKalcLrr tpw Zx4B-58 [38, 139,
160] Lt r\rrfl. 4s-r-narancnn oKorlo Zx70-8A [60]. Hanpuuep, y
Xe, A.ns Koroporo xpaft 4eyxparHoft HoHH3auIlH 4d-2 noqrw coBna-
Aaer c sxeprueft cBt3I{ 4p-e.nexrpoHa, 4p,p-QoroeJleKTponHaff ilwHwfl.
xax 6u paclJrblBaercs B KoHrlIHyyMe 4d-2sf n coorBercreyroueft efi
cepun Pu46epra, a 4pth-ilH+Hq cABllraercs npuMepHo Ha I I sB no
cpaBHeHrrro c xaprpu-QoKoBcKLIM 3HaqeHI,IeM 11421 . C;re4yer orMerurb
raKxe cyuecrBeHHoe cMerrraBauze ronQurypauuft 2s-t -2p-t3d-tn (e) f
A"'rn 21<Z<60, 3p-'-3d-zn(e)f tns 2x30, 3s-r-3p-t4f-1n(e\ g
tnn Z)70 [162].

Bogruox<socrb rrepexoAon cynep-Kocrepa-I(poHura u I(ocrepa-
KpoHura orpaHnqnBaercrr H lrcKJlroqaercrr npn yBerHqeHpIH op6Hrarr-
Horo MoMeHTa BaKaHcru. 3ro o6rscHqer 3aBacnMocrb KoppeJrflrrnoH-
uoft nonpanKx K gHeprlrn cBs3r.r 3,'reKTpoHa or ero KBaHToBoro qucra
l: npn AaHHoM n sra [o[paBKa HMeer reHAeHrlr.r]o Bo3pacrarb c

Free Hand

Free Hand



6.3. Snepruu cnssr. CAeuru nuunit

yMeHbIxeHr{eM I [79] . fpyrofi Ba)KHbIft, a Ailfl In1 c l:tl,-l ocHoe-
Hoft rrln KoppeJrflrlufi o6ycroBfieH yMeHbrrreHLIeM qI{cJIa rtap flpn o6pa-
sOBaHHH BaKaHcr4H. llocxOnlXy sHeprlifl flapHoft KoppeJIfI{HII - OrpH-
IIaTeJIbHar BeJrlrqlrHa, 3ra rro[paBKa yBeIHr{HBaeT SHeplulo cnaan (oHa
cna6o saBucnr or Z Lt r{Meer BeflHr{r.rHy l-3 eB il60, 162]).

B 3aKJrroqeHue aroro pasAeJra paccMorpuM H3MeHeHHe aHeprufi
cBs,3H, a raKlxe aueprnft AriarpaMMHbrx peHTreHoBcKr{x nuwttit rtpn uo-
HH3aUI,IH aTOMa.

C4nnr gHeprltI,r cBfl3r.r B r{one rro cpaBHeHr.ro c aroMoM rrpeAcraB-
Jrfler pa3Hocrb pa3Hocreft fiofiHbrx eHeprufi, rrogroMy ecJrr{ paccMar-
pneaeuufi 3JreKTpoH H yAanffeMbre H3 aroMa 3JreKTpoHbr HaxoAsrcfl
B pa3Hbrx cJrosx, To KoppeJItuHoHHble, peJrflTr.rBI,IcTcKI{e I{ peJraKca-
rIHoHHbre e$Qexru 6o,nurueft qacrbro KoMneucnpyror Apyr Apyta, ro-
sTOMy A,rs OnECaHHfi CABHTa MOX(HO npHMeHrTb AOCTaTOqHO rrpocrylo
MoAeJrb. Onpe4e;ralr B Hepe"'rqraBucrcKoM npu6.anxeHnr.r cABHt qepes
cpeAHr.re sHeprur.r aroMa (8") H ,rora (Er) ,

31n, (uon - arorra) :lEt(nl-t)- Et|-lEa(nl-,)- E'1. (27)

llycm B LroHe no cpaBHeHLIrc c aroMoM orcyrcrByror 3JreKTpoHbr
nrft, nrl|,. I4cno.ntsya o6o6uleHnyio reopeMy Kyuuenca

Eo: Ei' * qr€r,t,l 4z€n"h- E" (nrlt,nrll,), (28)

BbIpa)KaeM sHeprHro aTOMa qepe3 3Heptl{ro troHa, BbrqilcIeHHyro c 3a-
MOpOXeHHbTMH BO.r'rHoBbrnru QyHxrluqMr{ aToMa (ero yxaauBaer [rrpHx
y o6o3narleHl{fl 3Heprl,tv), ant - oAHoaJreKTpoHHaq sHeprr.rff. floc,reA-
HI.tff.ureH s (28) 

- cpeAHflfl sHeprnff KyJroHoBcKoro BsauMoAeficrsrix
yAaJlreMbrx r.r3 aroMa 9,'reKrpoHoB. floAcrasnnr. (28), a raKxe aHaJro-
rnqHoe coorHorxeHue MexAy pa(nl-r) s [i'(nl-r) e (27), ficrrod'rb3yrr
gnn E" Bbrpa>KeHHe (1.137) H npeAnoJrarafl, qro peJraKcarruoHHbre no-
npaBKr.r npu6nnxeHHo KoMneHcapyror Apyr Apyra, loryqaeM:

8fn, (n, I{'- e, n, $"- e" - n, l{, n, $,) :
: et Len,r,(rl-t) * q2 Len,r,(nl-t1* er(et- l) Ao,r,(nl-L) *
* qz(qr- l) An,r,(nl-,) * 4rQzBn, r,.,,r,(nl-t).

34ecl BBeAeHbr o6osHa,reHris:

Ar,1,(nl-7):

169

: -+AP(n, tr, nrtr)+l

Bn,t,, n"6(nl-1):

: -AIt(rr Ir, nrl) +l,
T

LX:X-X(nl-t), rAe

(2e)

L, Fk (n,lr, nr lr), (30)
(tl ll c(t) ll L>,

(4/,+ l) (4h+2)

(/r ll C(i) ll /s)a

2(2lL+l) (ar+ D

X:eou Fr, Gr.

(3 1)

(32)

LGr (nrlr, nrlr),
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BenuqaHa L,eo, r,(nl -7) npeAcraBJrrer co6ori H3MeHeHr{e 3Heptrru 3JreKT-
pona n1\ npv o6pasoBaHr.rH BaKaHcHH nl-l u sBJrflercfl rro,rro)Kr{TeJrb-
Hoft ee,rz.rnuoft. llapamerpu A a .B npnuepHo Ha nopflAoK MeHbrrre
Ae u4l], no3roMy cqBr.rt pacrer noqr[ ,rnHefiHo npz yee.traqeHr4r,r
crefieHr] tlo[r43a\U11. He.nAueftHue [apaMerpst A n .B raxxe 3Ha!rr4-
TeJrbHo cJra6ee, ueM Ae, BaBvcflT or xouonrypauHr.r aroMa, c BoJrHo-
nuuu QyHxuusMr.r xoropoft oHH paccqurbrBarorcs.

Cpaaueuue. pe3yJrbraroB pacr{era 61nz ro Qopiuy,rana (22) u (2g)
loKasbrB?er [141], uro (29) xoporrjo annpoKcHMr.rpyer cABr4r 3Heprr{H
cBfl3r4. !,ocrouucrno BblpaxeHlrfl (29) sax,rroiraercr B ToM, .rro oHo
B flBHOM BI{AC COACPX(I]T 3ABACI]MOCTb CABI]rA OT qI,ICJIA YAAJqCMbIX
sJreKrpoHoB u rpe6yer pacrrera Jrr{rrrb BoJrHonux $yuxquli arorr,ra c
saxaHcnefr nl-t u 6es Hee.

Sue.prna AHarpaMMHorl peurrenoscxofi JrvrHt4r4 paBHa pa3Hocrrr
auepruft cBq3H [epexoAqrqeto sJreKTpoHa B HaqaJrbnoM r,r KoHeqHoM
cocroffHplrx, rro3ToMy ns (29) cJreAyer BbrpaxeHHe AJrfl CABHTa ililHrLht
I{3JyqeHI4fl nsls--+nala rrplr yAaJreHI4H ilg aTOMa 3,rreKTpoHoB nrlf,n, ll
[231]:

8 ,E .11,*rnln (rr lt o, nrllo,): 81"n l. - 81n, r" : Qt Cr,1,* q2 Cn,1,*

i Qr(qr- 1) A'",u* qz(qz- l) A',,r,* qrQzB'n, t,, n, t". (3 3)

flapanrerpu A', B', C eupaxarcrcfl qepe3 napaMerpbr cABVta eHep-
II-IH CBq3H:

C".,,,: A-1.".. ,,(nnlo \ - Aen, r, (n"lt t),

A'r, t,: An, ,r(nn lc l) - An, tr(nr la t),

B'n, tr, n,l,: Bn, t,, n"h(lla Io \ - Br, tr, n" t,(ns l{l).

llaparraerp c27 HM€€T cMbrcJr cABnra SHeptHI4 peHTteHoBcxoit nr,rHull
npu yAaJreHwrr. rr3 aroMa ogHoto g.rreKTpoHa nl u s orJrr{qrae or Aerrl.
Moxer 6url se roJrbKo rroJloxr4red'rbHbrM (s-, p-anexrpoHu), Ho H
orpr{rlareJrbustm (d-, f-a.nexrponu) 12321. nns cABr{ra peurreuoecrofi
IILTHHH raKxe 6olee BaxnbrMr. flBJrrrrorcfl KBaAparrarrHbre sJreHbr [231].

Bupaxeuur (29) n (33) ocrarorcfl B cnJre H B peJrflrr4Br{crcKoM
npH6naxeHI,IH, ecJrl{ B HHX 3aMeHHTb ua6opu KBaHToBbrx ,tr4cen nl ua
nli, a gJra napaMerpoB Au B ric[oJrbsoBarb orrpeAer'reHarr

Arrr, ir(nU -\:

(34)

(3s)

(36)

: - + a, Fo (nti, nti) +

Bnrt, Jr, nzlz jt:

L,Fk(nlj, nlj), (37>+r,(i'+:)'

4G :il',: - Af0 (rrlrjr, nrlr.ir)i L,Gy(nrUb nzlzjz). (38)

Free Hand



7.1. AuarpauMHble Ir careJlr'IurHble rrltHlitr 17].

34ecr Fh u Gh - peJlflrliBltcrcKl4e l.IHrerparbl (1.178) u (1.187).
Cgeuru peHTreHoBcKLrx Jrr4trrfi nplr yAaJIeHI'IIi BHeruHero 3,'ieKTpoHa

cocraB,rtglor d'ITIIIb HecKodrbKo AecflTEIx H Aa)Ke corblx Aoleit 3,'reKT-

poHBo,'rbra [233] . CAnItru 3Hepr]Ift cBfl3LI 61nl IrMenr nopflAoK Hel
cKoJIbKnx 3.IIeKTpoHBo.rrrr [141] la corJlacHo coorHorueHn]o Mex(Ay HI{-

uu u 6E (33) , a raKxe BcJIeAcrBIie MaJIocrH IIoc,'IeAHero c,ua6o sa-
BkrcfiT or nl.

Tarriu o6pasovt, 3Hepruir cBfl3l{ pa3JIIIqHbIX 3,'IeKTpoHoB npil 06-
pa3oBaHuH gaxaHcwft yBeJILIqLIBaIOTCfl noqrl4 Ha OAI{HaKoByIO BeJII{qH-
Hy - careJrJrI.{TbI xparuoft uoHI{3aqI{H sa6,rrcAarcrcfl rIpI{MepHo Ha
oAHHaKoBoM paccroqHLILI or ocHoBHbIx nwlnuit (ecnu uoHnsaul'Ifl He
npHBoAHr K t4 X AO[O,rHIireJIbHoMy pacu{en,'IeHIlrc) .

?. XAPAKTEP II CT I,I q EC KII E C N EKTP bI II3JIYq EH I,Iq

PenrreHoecKl.Ie JyqlE reHepupylorcfl 3apfxeHHbIMI'I qacrt{uaMl'I, ABI'I-
;KyII{IrMLIcfl c ycKopeHIteM, rfla3uofI, narperoft Ao reMrleparypbl
nopflAKa MLId'TJILIOHa rpaAyCOB, a TaKNte CIIJIbHO nOs6yx4enHblMIr aroMa-
MLr C BHyTpeHHKMH BaKaHCHSMII BCJIeACTBHe paAHaUHoHHbIX [epexo'
AOB B UnX. fIpU CTTOHTaHHOM U3ryqeHlIH aTOMOB C BaKaHCIZSMI'I BO3-

Hr{KaroT xapaKrepIrcTl4qecKLIe peHTreHoBcKI{e c[eKTpbI, oTpa)KaIoIqHe
crpyKrypy ypoeHeft sHeprl4lr aos6yx4euHblx aroMos. 3ru crleKrpbl In

6yayr paccMarprzBarbcfl B HacrofluleM pa3AeJIe. PenrteHogcKlze cIIeKT-
pbr MHoro3apqAHbrx HoHoB - ocHoBHoft xounogesrbl tIJIa3MbI - 6o.nr-
me noAo6sbl onraqecKl{M cneKrpaM [46, 48] , fioaroMy sAecb Izx Ka-
carbcs'ue 6yAeu.

Paccuorpeulle peHTreHoBcKI{x xapaKTepHcrLIqecKI,Ix crreKrpoB Haq-
HeM C [pocTefirx[X crreKTpoB aroMoB c oAHoii auyrpeHHeft BaKaHcHefi,.
cocroflLrlax H3 raK Ha3bIBaeMbIX AHatpaMMHbIX JIHHIIfi (pasa. 7.1),
H3yqeHHe saKoHoMepHocreft xoropblx cblrpaJlo BaxHyIo poJlb B cra-
HOB,'reHrlrH KBaHTOBOfi MeXaHHKH. B pas4. 7.2 6yAyr LI3JIOXeHEI OCHO-

Bbr reoperuqecKoro orHcaHHq peHrreHoBcKLIx cneKTpoB aroMoB B oA-
noxoHQr.rrypaqlroHHoM npu6.nuxeullu, a raKxe c yrleroM xoppe,rxqnft
Me>KAy 3JreKrpoHaMH.

7.1. Ocnornbre rreprbr cneKrpa H3JryqeHHfl.

,ll,nanpauunbre H careJrJlr.rrHble JIHHHI{

Arou c oHyrpeuueft BaKaHcHefi MolKer cnoHraHHo 4eeos6y4I.rrbcr, H3-
Jrryqaq SoroH c aHeprueii, paeHoft pa3Hocrl{ eueprnfi aroMa B Har{a,rlb-
HOM I,I KOHCIIHOM COCTOSHI-IflX:

ha: Et- Ez, (1)

rrplr aroM BaKaHclrr 3aloJHqercq g,'IeKTpoHoM LI3 o6onoqrn c MeHb-
ueft eHeprueft csssH. Xapaxrepncrn'{ecxuii cneKrp LI3,IIyqeHHl AaH-
Horo 3JreMeHTa npeAcraBd'Ifler co6oft Ha6op nwsufr. Bcex Bo3MoxHbIx
peHrreHoBcKr.rx IIepexoAoB.
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JIuuvwt, coorBer,crByroq[e pagJrHqH[,rM nepexoAaM H3 Haqalbublx
cocroqHlift c BaKaHCHeli S rOM Xe CJIOe, COCTaBJIflIOT Cepnlo CleKTpa,
Hanpr4Mep, K-, L-, M-cepnt w r. L. B cauuft rny6orwh K-c;roft, io-
crosurnft as o4uoft o60,rovxa, Moxer rrepexoAErb sJreKTpoH Hs Jrlo-
6oro 4pyroto croq. PeHrreHoscxnfi cnexrp gdrreMeHTa c aroMHbrM Ho-
MepoM MeHb[re 1l Moxer coAep)Karb roJtbKo (-cepun: no Mepe
yBeJrHqeHllr q[c,'Ia o6o.[oqer I{ cr'IoeB B aroMe noflBJIrrrorcg HoBble
cepHH H JtLtHHLt B HI.rX.

B c.nyvae _fiepexoAoB e rly6or<ue BHyrpeHHHe o6o.roqrn r.rHrepBaJr
eueprur? oAsor? cepurl, KaK rrpaBnJro, B HecKo,rrbKo pa3 yj-xe, veu pac-
crosHr.rfl MelKAy coceAHuMr.r cepHsMH. ilunuw pa3,rr4qHbrx cepnft c5;rx-
tI(aICTcfl H Aa)Ke rrepeKpbrBanrcr Mex{Ay co6or1, ecJrr{ fiepBr.{r{Hbre Ba-
KaHcrilr HaxoAsrcfl B [poNlex{yroriHbrx u cy6aaneurHr,rx o6o;toqKax.

ocHosnrre Ar.rarpaMMHbre Jrr{Hr{rr coorBercrByror AunoJrbHbrr\{ [epe-
xo1aM Me)KAy no4o6o,'rouxaMr.r pa3Jrr{lrHbrx cd'roeB. I( guarparvrMHbrM
.IIHHi.r.sM TaKx(e oTHOCTTCfl [il4HI4Ll KBaApyIOJIbHbIX nepexoloB _ I]X
orilocl'ITeJlbHafl I'IHTeHcLIBHocrb Bo3pacraer c yMeHbrxeHHeM AJrr.rHbr
BOJlFrbr u e o6Jacrn [opqAKa HecKoJibKHx aHrcrpeM I{ MeHee OHit yx{e
He CBdTtIOTCfl OqeHb c.na6unrn 3anpeureHHbIMI'I d'IHHHTMA, I(aK B OIITI,I-
qecKr{x:cI]eKTpax.

I4HreHcusHocrs nsunfi 6ncrpo yMeHbllraercfl [o Mepe yBeJr]rqeHr.rq
pasirocru tJraBHbrx KBaHToBbrx rrr{ceJr o6onx cocrorrHaft [epexoAsr{e-
ro s,'reKrpoua. flpanu.la or6opa Adrrff Ar.rrrorTbHbrx nepexoAoB L,l:7,
Al:0, -rl i.r oAHorracruqsufi xapaKrep ypoeHefi oHeptulr aroMa c
.3ano,rrHeHnbrMn 3,'reKTpoHHbrMH.o5o,'roqxauu u o4noft nuyrpeHHefi na-
raricneil (pa3A. 3. 1), o6ycnoBJrr.rBaror B ocHoBHoM Ay6nerHuft eu4
CNCKTPA, .NOAO6SO ONTHqCCKI,IM CIICKTPAM ATOMOB UIEIOqHbIX 3,1ICMCH-
ToB [55] . PeHmeHoscxufi cuexrp rBJrffercfl 4a)Ke 6onee rpocrbrM,
nocKoJrbKy eto cepHI,I, B OTJII,IqHe OT OIITr.IqeCKHX, COAep)KaT ,'Il[Ub
He6orbruoe rrr{cro nuuui't - r{eHbIUe qucJra uoAo6oJlo.reK B aroMe.

OcHosHHe JrLrtr4vr peHTteHoBcKoro cneKTpa H3JyrIeHHfl, coorBercr-
Byroque nepexoAaM Bo BHyrpeHnux o6o.uoqKax, coxpaHsrcr ceofi xa-
paKTep H B Cflyqae aToMoB c oTKpbITbrMH BHerrrHHl,rn o6ono,{KaMr.r,
TaK KaK OHII Mar'ro BJrr{rror Ha csoftcrsa BHyrpeHHnx o6o.noqer.

Jlwuprw peHrreHoBcKoto crreKTpa. HsJryqeHr.rfi, Koropbre onHcbIBa-
rorcr srori upocroft MoAeJrL,rc, Ha3blBalorcfl Al.ratp aMMHbIMH JrHr{I4sMr.r.
I4x o6osnarieHufl (Sopsau 4) eoenux.ntz nocrenenHo, ro Mepe orKpbr-
THs noBblx ilwailft, nogroMy He cyulecrByer npocroto rpaBr,rr'ra tzx pac-
ruuSponxn. B sacrosuee BpeMff HapqAy c gruMr.r rpaAHrIHoHHbrMr.r
o6osHa.reHr.rflMu qacro r4c[orb3yrorcq (oco6enno AJtfl [epexoAoB c
yqacrueM BHerrIHI,Ix orKpbrrbrx o6o"riouex) o6osnaqeHafl c yKasaHrreM
HairarbHoro I{ KoHeqHoto cocrogHl4ft arotta.

Ilocroltxy oAHr.rM r.r reM >Ke HairaJrbHbrM HJrur KoHer{HbrM cocrofl-
1IHflM COOTBeTCTByIOT pa3IUT{HbIe peHTteHoBcKHe Jrwqt4w, IiMeer Mecro
.xoru6uuaqrousuft [pr4Hrlnrr AJrs gHeptnft unw lracror nepexoAoB, Ha-
IIpr{Mep:

,(Kd,) : E (K",) -t E (L,,),

E (Ktp:) : E (Ktsl) + E (M <,).

(2)

(3)

Free Hand
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flOAo6nue COOTHOIIIeHI.Iq 1IO3BOJIfl1OT 11O 3Kc[epI'IMeHTa,'IbHbIM 3Ha-
qeHriflM 3Heptuft ilvHwfl olpeAeJrsrb gHeptrrH Bo36yxAeHHbIX cocrofl-
HI,Iil C BAKAHCI,IflMI'I.

Ec.nu s ypaBHeHHe (1) noacraBl'Irb BbIpa>KeHHe AJIfl 3HeprHI'I aro-
Ma c BaKaHcr{eft (3. 12) u coxpaHl.Irb JIHIIIb ocHoBHbIe KBaAparHrIHbIe

nO Z qIeHbI, To IIOJIyquM 3aKOH MOS.i1I4 Ay1q AI.IalpaMMHOft JII'IHHI{' OT-

KpbrTbrft rroJiysl\{rII{puqecKI'IM nyTeM :

1/#:^(Z-o').
3Aeci,

rAe v - 
qacl'ora ililHrtLrl o'' - cpe4Hee 3Har{eHHe rlocroqrlHoft nol-

HOr0 3KpaHI{poBaHHf, onpeAeJIfeMoe ypatsFIeHHeM:

(z - 6'sz l+ - +1: -?it- - tet*
3aroH Mos,"ILi He Bbltio,'IHgercg AJIfl

Aa KBa,{paruqsuii ro Z ,tner Hcr{e3aer
sanucur or Z:

' _]@_4l lz_"i+"LlcR---", L'- 2 l'
Tadae fiepeXOAbI Aa)Ke B AOCTaTOqHO TflxeJIbiX 3r'IeMeFIraX LIMeloT

cpaBurire,'IbHo MaJIyIo 3Heprlln. llo erofi [p]IqHHe, a raKxe BcrteAcr-
ene uHofi 3aB?rcllMocru or Z osu o6stqno He orHocqrcfl K pel{rreHoB-
CKHM AI.{af paMMFIbIM J'II{HHqM.

B penrieHoBcKoM cneKrpe I{3JIyqeHHfl Mo)KHo BbIAeJIIlrb cnuu-4y6-
.Irerbl rr Ay5,'IerbI 3KpaHnpoBaurza [, l0] .

Cor.nacso (3. 12), paccrosnlte Mex{Ay AByMs ypotsHfiMa c oAHHa-
KoBbrMr{ KBaHroBbrMr.r qncJIaNII{ n, I u c i:l-+l/2 panuo (saouctl-
MOcrbIo 6n1i or i npeHe6peraenr) :

L,E:Rhcuz #iH. (8)

Taxae ypoBHH Ha3blBal,orcx cnuu-gy6,'teraMirl. .[lse raul,ru cneKrpa I.I3-

nyqeHr.Ifl To>Ke Ha3blBalorcff cnnH-4y6neraMH, ecJIH oHA COOTBeTCTBy-

IoT OAHOMy I-I TOMy )Ke HallaJIbHoMy I'I,'IH KOHeqHOMy ypOBHIO' a BTO-

pbre ypoBHI.I lepexoAa flpeAcraB,'IflIor cIIIH-Ay6,rer (HanpnMep, Kn,-

v. Koo-trlr*vLr) . I,Icnonssyfl coorHolxeHlle

cA..r cLE (9)lAAl: ,,: hr, ,

Bbrpa)Kafl v2 ue (4), a LE us (B) H yl{nrblBaq upa6.nuxeuHoe paBeH-

crBo o ! o'', tro.lryvaeM, qro pa3Hocrb AJIIIH BoJIH cnuu-4y6.lera He

(4)

(s)

(6)

nepeXOAOB C tl1:f1,2:n. TOr-
14 qaCTOTa \t r'IHiIIb ,'IHHeftHO

(7)
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saBHcflr ot Z (nozroMy oHlr HHorAa HasbrBarorcfl peryr,rqpHbrMr,r Ay6-
,reraltn) :

d2
I A^ l! A-r"tU;tn:const' (10)

B 4er?crrnrerTbHocrr4 3Ta BeJrr.rqnHa MeAJTeHHo Bo3pacraer c yBedriuqe-
Unertr Z.

Lluafi sasaclrMocrb or z xapaxrepHa paccroflHr.rlo MelKAy rrapaMr.r
ypoBHerl c oAr.rHaKoeatrra ni , uo c /, orJaqarcquMcfl Ha eAr{Hr4rly.
3Heprun BaKaHCLtH He Bbrpox{AeHa rro l, xax 3Heprnq 3d'reKrpoHa B
BOAOpOAOrrO406uon aroMe: OHa SaBr.rcrlr or op6aia.nlHoro MoMeHTaqepe3 flocrosHHbre sKpaHr.rpoBaHras. ocraeJrtls, B (3.12) nuutb ocHoB-
uoii v.neu, KBaApari{r{Hnft no Z, uaxoguw:

(l l)

_ Ay6,'reru sKpaHHpoBaHHfl. - JTHHLIH, KoropbrM coorBercrByer oAr.rH
o6urur? ypoBeHb, a 4pyroli - r.r3 napbr c I:i*1f2. pasnocrb rrx oHep-rufi JtLtvJb,tunefiHo 3aBucrlr or Z. llocro.ntxy ypoBHr.r 11y6-Jlera r.rMeror pa3rHrrHyro qerHocrb,. ro o6e nuuiu He naoryr co-
orBercrBoBarb 3,rreKTpar{ecKHM AI4no,'rbHbINI nepexoAaM. O6uqgo oAga
r13 HHX CoorBercrByer 3JreKrprzqecKoMy KBaApy[orbHoMy nepexoAy.
Hanpuuep, Ay6"tr9J gKpaHr4poBaH[r cocraB nstoi nusuu LB" a Lu,". '

BupaxeHNa (B) u (11) nosno.nqror orpeAedrrflrb rroJrHyro 14 BFryr-
peHHroro [ocrorHHbre gKpaHapOBaHr.lf IIO SKCnepaMeHTa,rrbHbrM AaH-
HbrM [10].

[.un4u crreKTpa l{3ryqeur.rfl, Koropble He o6rscsrrorcq MoAeJrbro
oAHotl BaKaHc14tt, t4cropI4r{ecKn [oJlyqz,IIH Ha3BaHI]e caredrlJlITHbIX JIH-guit. l4x Bo3HHKHoBeHNe o6ycnoBJreHo HecKoJrbKprMri [puquHaMr.r:

l) nepexo4aMlr B AByx u 6o,ree KparHo Honr.t3r.rpoBaHnbrx aroMax,
BO3HI'IKaUqHX nps nsaulrogeficrBHH aroMa c HaJreraroueft vacruqeft
rlJrvl \pn paclaAe eos6y>r<leHHoro cocrofl Hr.rrr HepaAV aqHOHHbrM rryreM,
a raKx(e B aroMax c BaKaHcHefi n euelllHr.ru nos6yxAeHHbrM 3,reKT-
poHoM;

2) asauvro4eficreuer,r BaKaHclrH B HaqaJrbHoM vrJrLr KoHeqHoM co-
crorrHHH c eHemHefi orxpurofi o6o.noqrori HJrr.r yqacrr.reM sroft o6o-
JIOqKI'I B TICPCXOAC;

3) xoppe.nxur4oHHbrMr.r a$Qexraun B HaqaJrbuoM prJru KolreqHoM
cocToffHItH.

HsgecrHo MHoro peHTreHoBcKHx crleKTpoe, oco6eurio B AdrII,rHHoBoJI-
Hosori o6racru (cooreercrnyroqefi [epexoAaM a cy6na,reHrHbrx w
BaJreHTHbrx o6o.lovxax), Ailn Koropbrx BbrueylloMrrHyrbre IIpLrq14HbI
CTOJIb CYIqCCTBCHHO MCHflFOT CIICKTP, qTO I]HTEHCHBHOCTH CATCJIJII4THbIX
nwuuft craHoBrrcfl cpaBHaMbrMtr c uHreHcnBHocr.fiMlr AHarpaMMHbrx
n*truft, Aaxe lpeBocxoArrr lzx, B groM cryqae pa3Ae,'reHne cneKTpa
Ha Ar.rarpaMMHbre H CaTeJrJrHTHbre JrHHr.ru TepfleT CMbrCJr.

Ecnn s Harra,rrL,HoM cocrorHl{rj HMerorcfl ABe BaKaHcuH e oAHofi H
roft xe noAo6oloqxe, To Bo3uilKaroqr4e JruHWu oAHoar'leKTpoHHbIX pa-
Ar.raur{oHHbrx nepexoAoB Ha3brBarorcr tr{lepcareJrJrr]raMk I2gS, 286,

Free Hand

Free Hand
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1621 . Tax KaK oQQeKrItBHbIfI 3apflL flApa rpr rlornsatr4lt aroMa Bo3-
pacTaeT, lHnepcaTeJIJIHTbI, KaK I{ CaTeJIJII'ITbI KpaTHOI,I ItOHHsaIlnI,I,

cABr.rHyrbr or ocHoBHL,Ix nnnuft. B ,cropoHy 66,ruurux aneprnii.
Xorq H3,'Iyr{eHLIe gBJ'Iflerca ttpoueccoM, o6paruuna [ofr'IouleHIIIo'

Ho cleKTpbI Ii3,ryqeHItq o6ltqso cJIolKHee cneKTpoB Qoronos6yx4e-
HHtr: g,rreKTpOHbI 3anOJIHeHFIbIX O6OIO.{eX MOIyT yI{aCTBOBaTb B H3JIy-
qaTeJIbHbIX nepeXOAaX, HO HeBO3MOXUO eOS6y)KAeHI4e B 3aIIOJIHeHHbIe

o6o,'IoqK[; eos6yx4eHl{e [porlcxoAuT B ocHoBHoM I'Is oAHolo ypoBHfl

HariaJ'rbHoft xousnrypaulill, B To BpeMs KaK B CneKrpe H3ryqeHI'If
IIporBdrqrorcq MHolHe ypoBHH o6eux xon$nrypaqr'rft.

llo npoucxo)KAeHliro peHTreHoBcKI'Ie cneKTpbl Ia3JIyqeHHfl noApa3-
AeJrflroTcfl Ha rlepB14r]Hble, noJlyltaeMble B pe3yJIbraTe cror'IKHoeeauft
aToMoB c 9"'IeKTpOHaMH I4J1I4 ApyllrMn qaCTHIIaMI{, H BTOpIZqHbIe, HJII4

S.nyOpeCUenTHbIe, 11p11 IIX BO36y)KASHIILI nyqKgM peHrreHOBcKI'Ix Jyr-IeIi.

Cpe4n 3aperllcrpupoBaHHblx peHrleHoBcxux nusnii aroMoB oAHa

H3 CaMbIX AJII{HHOBO,'IHOZAIX M2-N1, kI3JI}lI?eMOfl aTOMOM KailVfl,
gMeeT AJrHHy BO,1IHbI, paBHyIo 69,2 Hra, Il 3HeprHIO [epexoAa 

- 
JII{lIrb

17,9 aB, c Apyroft cropoHbl, II14Hr4r4 Kg.(K-Na,) ypaHa coorBercr-
Byer A,'rr.rna BoJrHbr 0,0108 HM LI oHeprnfl rlepexoAa 115,01 K3B [234] .

llpulaepno Mex,(v arI4MI4 3HaqeHI4sMI,I In rlpocrllp aeTcfl xapaKrepl{cTld-
qECKOC PEHTICHOBCKOC U3IYIICHI,IC ATOMOB.

7.2. TeopernqecKoe onncaHl{e cneKrpa H3ryqeHnq

Bo'S6y*4eHHoe coCrOqHI{e aTOMa He qB;flercs CTaUIaOHapHbIM cOCTo-

flHr{eM cucTeMbl aToM+SJIeKTpoMalHI'IrHoe IIoJIe, nosToMy Aax{e B oT-

cyrcrBr.re BHSIIIHeTO 11O,'Ifl nponcxoAgT paAgaul]ogHltii pacnaA cocTofl-
Hr{f 

- 
crroHraHHoe HsryqeHlle aroMa 12371 . BcneAcrsue cJIa6ocrI'I

3,'IeKrpoMarHIITHOIO 83aLIMOAeftCrBI,Is OnpaBAaHO 11pHMeHeHHe nepBoro

nopsAKa reopl{I4 BO3MyxIeHI'Ift .

Bupaxeune Arfl BepoqrHocri.I ll3ryl{eHutl no'ryqaercg aHa'roll4qHo'
KaK B cJryqae notJlolqeHl4fl, HcxoAq I'I3 rIpaBHJIa <Depun (1.243) npn
ncrrOJrb3OBaHLIH OIIepaTOpa B3aHMOAefiCrBufl aTOMa c 3JIeKrpOMarHHT-

HbrM noJreM (1.230) LIJIII repBoro qJIeHa e (1.232)' Ec;ru B HailarbHoM

cocroqHHl.r LIMeeTcfl fl*p sorouon c BoJIHoBbIM BeKTOpOM k N eeXro-
pOM [OJ'IqpH3arIUn €rp, a B KOHeitHOM COCTOflHIIT1 HX qI{CJIO yBeJIH-

irTBaercfl Ha eALIHHqy, TO oOTOHHafl qacrb aMTIJII4TyAEJ nepexoAa oII-
peAer'rflercs Marpr{rrHbrM sJIeMeHroM oneparopa atrp ( 1.235). Be-
porrHocrb rlepexoAa aToMa B eAITHI'IUy BpeMeHI'I H3 COCTO'IHHS Y B

iocto"ntae y' nyrelr H3JIyqeHHfl Qoroua c rloJlsplr3aul{eft €ro B sJIe-

MeHr reJlecHoro yrJla dQ no;ryuaercq paBHoIl:

B Hepe,'Ifl TI{BLICTCKOM IIpH6JIH)KeHI'In -

t75

r
j

dwuo(\-y'): #^ i 
eu,.(r'l pr"-'u'', lr> l' {ruo + l) dQ, (12)
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llpr.r6rH>KeHHl1. -
dw1::W-,^fi:# Ouo.(y'I o're-tk''r lr) l' (ruo + l) d0. (l 3)

3Aecr di ._ Marpurra flrlpaxa; to - quKJrnqecKar rracrora $oroHa,paBnafl (Er-Er,)lh; p; - r{Mny.rrtc f-ro 3drreKrpoua; cyMMr4poBaHr.re
npoBoAr4Tcfl IIO KOOpAHHaTaM BCex SJreKTpoHoB aTOMa.

BepoarHocrb rrepexoAa cocrollT I.rs AByx cJraraeMblx. OAgo rr3 HHx,
ilponopUlroHaJlbHoe r{Izcd'Iy KBaHTOB B HaqaJIbHoM cocToflHHl{, oflllcbl-
BACT HHAYIILIPOBAHHOC 3JICKTPOMAIHIITHbIM NOJIEM H3JIYqCHI,IC ATOMA,
a nropoti qd'teH, He sasacgulilft or Hailvqwfl BHeIIrHeto rioJlfl, 

- crloH-
TaHHOe r{SJryqeHHe aroMa. B ga;lluelirueru 6y4err,r paccMarpr.rBarb crroH-
TaHHOe r43IyqeHr.re ti nkp rrpr4MeM paBHbIM HyJrrO.

Hepenrrunl.rcrcnuil o[eparop paAr.raqproHr{oto nepexoAa npeo6pa-
sveM rrpH rioMorrlrr coorHorrjeHHa (1.266) a 6oree urHpoKo r{crrodrb3ye-
r.ryn r-Qoplry:

dWyo(y-->y'):# i auo.<r'l ) rre-to'rtyl j'gaA.

Bepotrnocrb ocHoBgbtx [epexoAoB c I43MeHeHHeM op6ura,rtHoro
MOMeHra nepexoAflulero SJreKrpoHa Ha eAHHHT{y Aa)Ke B peHTteHOB_
cKoM AI'Iana3oHe AJIIIH BO"IH npaKTpIqecKH onpeAed'Iflercfl oneparopoM
AHlroJrbHoto nepex64a, xoropur? noJryqaercfl, ec,'rH B pa3jro>KeHHH

9 -r otpaHuqr.rrr,cr rrepBbrM rrJreHoM 
- eAr.{Hr.rqeft (cu. paea. l.g).

oneparop -e2ri 
qBlflercrr o[eparopoM Arrrro,,rbHoro MoMeHra arorua D.

noAcrasnsn s (14) pa3Jrro>KeHr.re cKaJrrpHoro rrpor43BeAenlrq (b. lg),
KoHKperu3rzpyq_HaqarbHoe r4 KoHeqHoe cocroflHHq H npr.rMeHflq reope-
uy Bnruepa-3xrapra, B Ar.rrroJrbnoru npn6nltx{eHlrn HaxoAr.rM:

dW1"o(yJM -->"( J' M'): # I ; f - t)c cg)q(e)(- t)t'-u',

l'rn. (l 5)

Bc.ne4crnue HeqerHocrlr oneparopa AHtroJrbHbre nepexoAbl BosMox-
HbI Jrr{trrb MexAy roHsllrypaqutu[ pas,rnvHoft qerHocrH. vcnosHs
Heucqe3HoBeHr{fl xooQQuqnenra BNrnepa 3aAaror rrpaBHJra o16opa
,qJ'rfl nepexoAoB:

iJ-J',I <1< J+J" LM:M-M' : -q. (16)

Corracuo BropoMy ycJroBriro Ar'rr nepexoAoB c L,M:0, B cyMMe

lp, q na Hcrre3aer Jrr.rrrrb qJreH c KoM[oHeHrorl nexropa rror'rflpr{saquH
ed'':€., T. e. peHrteHOBCKHe ryqr nofiqpHgyrorcfl no ocH KBaHTo-
BaHVfl Z (nu4elessoir xaxlrM-To BHelrnrlrra nosrtayqenuerr,r) , a ecilvr

B per'r gTr.r Br.rcTcKo M

\i
Z)
j

(14)

" (-';, : 
t*) (t' r' nprrr r y-r)

Free Hand
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IIpOeKIII.Ifl IIor'IHoro MOMSHTa I{3MeHteTct Ha eAIlHI4Ily (A'4{:-+-l), rO

BeKrop no,'rqpr.r3au[u, cor,'IacHo (1.50), paBeH

e$l: t j7' {e-+ ie")

H HMeer Mecro rrpaBoKpyroBafl uJlH d'IeBOKpyloBafl ilAIIfpLt3aUI',Is H3-

ryr{eHr.rfi B IIJIocKocrrr x!/. ytJloBoe 
.pacIpe4eJIeHI'Ie I'I3IyqeHI4t{ o11pe-

Ae;rsercs cSepNueg<oft $yHrUuefi CUG). Vusoxas BepoflrHocrb ne-

pexoAa Ha rrHc,{O BO36yx(AeHHbrX aToMoB B CocroflHvtv \ B eAI.IHHqe

oOta*u (saceleunocrb Haqa,'IbHolo cocrosttus' cl( (V)) n gueplurc 0o-
TOHa, nOJIylIaeM HHTeHCI{BHOCTb I'I3ryqeHHq:

dlur(t -\'):cl( (y) dWoo(^1 + 1') fi <o. (l 8)

ECrll SaCeIeHHoCTb He 3aBI]CI,IT OT npOeKUI{n IIOJIHOIO MoMeHra

aToMa - BCe COCTOSHHfi HaqaJIbHOlO ypoBHff saceJleHbl OAIIHaKOBO' TO

Bhrpaxenl4e AJIn BepottrHocrl4 nepexoAa c- ypoBHt yI na yponeHr y"I'
roryqaercfl rryreM ycpeAHeHr{fl (15) no M,ry gyvatHpoBaHl,rrr to M',-

flprz aronr, coi.nacso (1.13), BbrpaxeHr{e (5.21) craHonnrcfl He saBr-
ctt[I{M HI,I OT HanpaBJIeHI{fl BeKTOpa noJIflpH3aqHI{, HI4 OT ylrTa BbIJIeTa

$oroHa. llpone4n cyMMI'ipoBaHHe IIo Q:1, 2 LI HHrerpupoBaHue no
yt,'IaM, BbIpaxaeM IIO,rIHylo BepoflTHocTb [IepexoAa qepe3 cHJIy ,'lI'IHIllI{

S (y.I, y'.I'):

w QJ-->y'fi: *fi1a11 L,E(yJ, ^( J')t sQJ, y'J')' (19)

qucnosoft xoerlQnqIreHr n (i"9) paBeH 5,181248'10-7, ec,ra sce

Be.rrHqflHbI OnpeAeJIeHbI e arOe{HOfi CplCTeMe eAIiIIHU, I{ nMeeT 3l{aqe-

r.rHb 2,141998.1010, ecJrr.r 3ueprrrtr 11 cvJ\a,rrr.rgris Hciror'Ib3ylorcfl B a. e.,

aBeposrHoctl-sc-1.
Korna 3acer'reHHocrcclC(yJM) 3aBr.rcgr or M - aroMbl flBJlrrorcfi

BbICTpOeHHbIMI4 OTHOCHTeJIbHO OCH KBaHTOBaH\lfl, 
- 

HanpaBJIeHI4tl Bo3-

6yrx4anuero nyrlKa, To 3Ta 3aBrcuMocrb BJIHfler Ha yrJloBoe pacflpe-

AeJreHHe LI IIOJIgpH3aIInIO [OcJleAyroqero peHTleHoBcKoro HSJIyqeHHfl

[208, 238].
BupaxeHue Anq BepotTHocTllt crroHTaHHOtO MyJrbTr4rroJIbHOrO r43-

nyqeHufl [o,{yuaercl npu I4ctIoJIb3oBaHI{H rJrfl 3Kc[oHeHTbI e'k't'
co4epxanreincn z H', pa3JIoxeHHs (l .248). B Hepe.nnruBlcrcKoM npu-
6nUXenUU ITOJIHaf BepOqTHOCTb SIeKTpUtleCKOlO My,IIbTHnO,rIbHOrO ne-
pexoAa MexAy AByMt ypoBHflMI{ npI'IH[Maer nua [39]:

,fr s, (yJ, { J'). (20),wt(yr-->y'4:'z?o!#ff j (+)".'

(17)

Cpaaunnar (20) nPu l:2 c
AJrfl orgocnrellsoft BeJltqEHbI
3reKrpuqecKolo KBaApyrIoJIbHolo

+:#=(?)'ifrf "*

(19), no.rryvaeM cJleAyloqyrc oIIeHKy
BepoflrHocru (unu uureucnaHocru)
H3flyqeHI{ff:

(a"\'
a2

: (*)"
rAe a - paAI,Iyc Ll3Jlyqanqeft o6lactu aroMa.

(21\,
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Ans tvtnrxnx peHrreHoBcKLIX Jlyqeft ]uxlD HM, a axl,l HM (n
nepexoAe MotyT yqacTBoBaTb BaJreHTHbIe 3,TeKrpoHbr) r4, TaKr.rM o6pa-
sov, (alL)2x10-4. B cfiyr{ae xecrKoro peHrreHoBcKoro I43JIyqeHLIt
],"x0,1 HM, Ho BMecre c reM yMeHbrrraarcfl H pa3Mepbr ll3Jlyqarcqeil
o6.uacrn - ax l0-2 Hrr,r, orHorrreHHe Bo3pacTaeT, ocraBaflcr' cyulecr-
BeHHo MeHbrrre eAr.IHHrtbI: (a/?u)2x l0-2. CneAoBare.rlbHo, B peHrteHoB-
cxoft o6.nacrH rro cpaBHeHLIrc c orrrllqecKoa I,IHreHc[BHocrb 3JIeKTpH-
qecKax KBaApynoJrbHbrx [epexoAoB Bo3pacraer Ha HecKoJIbKo nopfA-
KoB, xorlt oHH ocrarotcq cra6ee ALrnoJrbHbIX [epexoAoB.

HepenrrHBr.IcrcKoe npn6.nnxeHue He orIHcblBaer peHrreHoBcKr{x
MatHHTHbTX AHnOJrbHbrX nepexoAoB Ilx BepofTHocTb lroJlyqaeTcfl
paeuoft ny.nro (oneparop He 4eficrayer Ha paAuaJrbHbre [epeMeHHbre,
noaroMy ero Marpuqurul e"reueHT Ilcr{e3aer a3-3a oproronanbnocru
p aAI,Ia JrbHbrx BoJIHoBbIX $yxxunfi ) .

B pe"raruer{crcKoM npH6.nnxeuaa BeporrHocrr{ 3,rreKTpnqecKlrx a
MATHHTHbIX MY,IIbTIJTIO/'IbHbIX IIEPCXOAOB BbIPA)KANTC'I AHA,lOIIzqHO
(20) uepee Marpnr{Hble 3vteMeHrbl oneparopoa "O(t) 

(1.268) H mo(t)
{ r.26e) :

W'(\ J .->y' J'):
:'?"#rn# (+)".' d$ l(Y"r'll o<0ttYr)i'

Cy6rraarpnuubre 3,'reMeHrbr ofleparopoB eo(t) H nOG) HaxoAnrcrr tro

Qopruy,ran (1.270) - (1.272) .

BuruenpneeAeHHbre Bbrpa)KeHr.Irr A,rfl eeponrHocreft paAlraquoH-
Hbrx nepexoAoB cooTBeTcTByroT rro!'rHbrM BepoflTHocTrM rrepexoAa Mex-
Ay AaHHbrMr.r ypoBHflMn. flocxo.rlry aepxHuft, a nHorAa n o6a ypoBHfl
IIMeI,OT KoHerIHOe BpeMf x(H3IIfi I'l B CBg3H C reM - OnpeAe,'IeHHy]O
IXr.rpHHy, ro uHreHcr{BHocTb JrLrHnn paclpeAeJrEeTcfl B HeKoTopoM prH-

repBaJre aHepruft. Ec,ru pacna4 eoe6yxAeHHoro cocroflHllfl rrporlcxo-
ALrr rodrrbKo paAr{aqlroHHbrM [yreM, To rrrrlorHocrb cocronHuft g (E) B

(1.238) rz KoHryp JtprHHL:t onr4cr,rBalorcfl ,'ropeHrleaofi SyuxqrEeii (pas4.
e.1) :

I(E):* -*#r-*,
r4e 1 - ro,rrHafl HHTeHcHBHocrb /'rIrHHn; I - ur-rpura ilr4trrr4, paBHafl
cyN{Me ur{pr.rH HaqaJrbHoro H KoHeqHoro yponHeft, a Eo - [oJro]KeHr{e
M aKCI{N{yM a I{HTeHCltBHOCTI,I.

B c"rriruae nepexoAa c aBTononlr3aurroHHofo ypoBHs AJrg onpeAe-
JreHr{s Sopun JruHrrr4 cJreAyer B Bbrpa)KeHvrr AJrs, Bepoflruocrr pa1wa-
IIHoHHoro nepexoAa ricnoJlb3oBarb Bo,irHoByo QyHx4lto aBToHoHr{3a-
rlrzoHHoro ypoBHfl , liMeroruyro BHA cyrreprl osLtr+ru Qyuxunft Ar4cKperHo-
ro H HerrpepbrBHoro cneKrpoB (pasa. 2.4). Bc,re4crBue B3al,rMoAeftcrsnq
nos6yx4euHoro cocroflHltfl c r(oHTLrHyyMoM JruHVfl H3ryr{eHr.Ifl Moxer
npuo6perarb acr.rMMerplrrrHyro Qopuy 1239, 2401.

flo,rn pasrxqHbrx MyJrbrnrroJrefi uurepQepfipyror MexAy co6ofi, o4-
I{aKO npr4 HHrerpupoBaHVIl \o yrJIaM Bc,'reAcTBI,Ie opToroHa,rrbHocTH

(22)

(23)
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cQepnuecxux QyHrq[ft rIoJIHafl I,IHreHcI{BHocrb I,l3ryqenl'Ifi [oryqaercq
panioft cyMMe BKJTaAoB or pa3rI-IrIHbIx MyJlbrllnoleft [88, 39] .

ZHreHcI.rsHocrb MyJIbrnnoJIbHoro, KaK H AI,IrIoJIbHolo, H3JlyqeHI{fl
Bbrpa)Kaercs r{epe3 3aceJleHHocrb BepxHelo ypoBHfl, BepoflTHocrE I.I

gHeprHro nepexoAa:

I Q J -> y' J') : cI( (y J) w (y J --> y' J') L' E (7 J, \' J'). (24)

B c,ryvae [epexoAoB nrlrj;t-->nrlri;|, npegnoJlarafl, qro 3acereH-
HocrI,I yponuefi i1:11*l/2 nponopul4oHaJlbHbl HX crarBecaM, a sHep-
IHfl nepexoAa He 3aBI'ICIitT Or ir, iz, MOXHO rIO"lIytII{Tb [pOCTr,Ie Bblpa-
:llJleHI4fl AJrf OTHOCI,ITeJIbHITIX I{HTeHCHBHOCTefr rr{y.nlrLIrIJIeTa nrlHnfi. C

pa3ruirHbrMn 3Haireuu.rv,w iy u iz. Cyuuttpyfl BbIpa)KeHI4e AJIfl LIHTeH-

crrBHocrn tHHLrrr, c,'IeAylouee us (24), (19) n (1.262),

r (ntlri;t - nrlrilt) - L E (nrlt t, nrltt)n *
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xUt, irl
Lir
i, lz

npu noMoilru (11.2.7) no i 1 H iz Haxo.(HM:

I t,, | (rl' Crtr , lr), (nrl1', rlnrlr)2,rl (2s)

(26)

(28)

(2e)

r
i,

iz

I (ntltj r 1 --t n, Irj;1) - ffi t

I (nrlrj 1t --> nrlrj;t): #
3ru, cyu.uu B 3aBncrrMocrlt or KBaHToBT,IX quceJl o6enx gaKaHcnfl co-
AeplKar oLrrH HJlrl, ABa rr,'reHa. orsocurerbHble LIHTeHCHBHOCTH rlpll
QuxcuponaHHoM rroJIHoM MoMeHre 4pyroft BaKaHcHI,I paBHbI:

\ t1n,t,i;'-n,l,i;')
i,

\ tqn,l,i;'*n,lri;')
i,

BupaxeHua (27) coornercrBylor I.IsBecrHoMy aM[I,IpHqecKoMy npaBu-
.rry Eyprepa-!,opreno [1, l0] . llpanaerrltfl LIx, HaIIpnMep, K JIUHVfl.M

LB,, Lo, r4 Lo", [odryrlaeM cl,IcreMy ypanueunfi (g - crarsec ypoeHa) :

I(La)+I(Ls,) :ggA_:L I(Ld)+I(Ld,, _ s(L,) _)- r(L.)- --g(M) - T' ---7(zht- V(75 - ''
perxeHHe xoropoft 4aer:

g(L") : I (L",) :1 (ZB,) : 1 : 9 : 5.

Ha"nnque B aroMe BHerxHeii orxpurofi o6o,touxtl, Aaxe ecr'Il4 oHa
He yqacTByeT B paccMaTp[BaeMbIx nepexoAax, BJIafeT Ha cneKrp I.I3-

ryqeHr.rfl. Bsanr\aoAeftcrBl{e BaKaHcIr[ c orxpuroft o6onoqxofi, oco6eu-
HO B KOHeqHOM COCTOflHLIH, lAe BaKaHCI'Ifl HaXOAIITCfl B MeHee rJIy-

f I (n1l'j7t-nrl"i;L)
2iz*l i, 2i'+l
;i'' Z 4r,,,i-,'-*,u) 

:;i'' Q7)

i"
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6oxoft o6oroqKe, pacuenJrfler ypoBHu ocroBa. B saeucuN{ocru or IUH-
priHbr ypoBueit u cv.nst pa3JraqHblx ssauuo4et?crsuft e aroMe 3ro MyJIb-
runJrerHoe pacuelJleHne npI]BoArdr K yIxHpeHHro AHarp aMuuux JrzHHft ,

HX aCI{MMeTpIiU, TOSBJIeHHIO CaTeJIJII{TOB llJlil K pa3Ae,IIeHHrO CrIeKTpa
Ha MHox{ecreo rHHafi [241-244, 112, 113, 161, 175].

Kax yxasuBad'rocb B pa3A. 4.2, npw o6pasonaHIzll BHyrpeHHeii sa-
KaHcItL{ B aroMe, xoropuil HaxoAI,IJIcr B ocHoBHoM cocroflHHtrI, Mo)KHo
npn6.nuxeHno crrnTarb, \rro sJIeKTpoHbI BHeiuHefi ori<puroli o6o,roqxn
coxpaHqr,or caoft repu. Ilycrl 3areM c,reAyer paAnaqnoHHuft nepexo4
3JreKTpOHa r{3 SanoJlHesnofi o6o.loqKll B BaKaHrHyro:

nl lft'+r nr llt'+2 n" l{" t ,r lft'+z ,r 4"*t n" U,.

Cnexrp rz3nyqeuus pa3AeJlflercn Ha ABe rpyflnbl nup'lafr lto KBaHroBo-
My r{uc,ry jr nepsofi o6o,rouxr.r, a pacuerrJresue ,rnsuii B rpytt[ax npu
fL2:ns B OCHOBHOM OnpeAeJIfleTCfl O6lr,tesHltU 3JIeKTpOCTaTI4qecKI{M
sgarlaoAeficrBr4eM MexAy l{"+r , ,r" [24], 242, 175, 195]. !,la xo-
He.rHofi xouQnrypaquu npu6.luxegne ocHoBHolo repMa yx(e repfler
cuJry, Ho Bc,reAcrBl{e npucyuleli raKI'IN{ xou$urypaqatM reHAeHui{}l
pa3AeneHr{fl repMoB corJlacHo nx crIHHy nplr H3,ryqeHzH upn6lu>xeu-
Ho coxpaHfleTcfl crII{H HIlsIIIero TepMa Orrpurofi o6o,'Ioqxn Sz:Ntl2 u
nepexoAbr B ocHoBHoM nponcxoAsr Ha ABe' lpynnbl ypooHeil, cooi-
BercrByroqrix 3HarreHlrsM rroJlHoro crllHa &+l/2 u $-1/2. Ecnu
npeue6peur MyrIIbrllrIJIerHbIM pacqelld'IeHIleM Ha'larlHofi xouQnrypa-
rIHH BCJTeACTB14e 3JIeKrpocrarHr{ecKofo B3aI'IMoAeficTB}',Ifl, a 3Heprulro
o6uesuoro g,rreKTpocrarurrecKoro ssaIEN4oAeficTBI{fl B xoueqHoft KoH-

^Qllrypaqrau llt"+r /.y" ycpeAHI.Irb IIo BceM KBaHToBbIM r{L{c,'IaM, 3a
r,rcKlror{9HxeM CIII{HOBbIX, rO CpeAHee paccroflHHe Me}(Ay AByMs rpyn-
IIaMu JrHHi{ft nepexo4oB c AaHHOTO ypOnHl fr nod'Iyqaercfl paBHbIM

[24 ], 195]

u(r:s,- i)-u(t:s,*;):
:(23u+r) f d##H, GkQt,t,, n"t"),

r. e. oHo npottopqllonaJlbHo qI4cJIy HecnapeHHbIX sJlexrpoHoe e o6o-

droqKe $(zsr+ l:NB+ 1). Caren.nurlt, yAoBJlerBopqlolqne 3Ty 
-3a-

xouorvrepllocrl, na6.nroaalorcfl B peHrreHoBcKHx Kpr,,-c n911gUI-(l!-t?
-+3p-t)- 3JreMeHroB c 3alloJlHflrcu1eficr 3dN-o6o,loqxoil 1241, 175,2441,
B Lr,- lt Lg,,,u-ctreKrpax (2p-r'-744*r) .uaHrauIl4or Ul2, 2441 I'r AP.

EcJtl,t Haqa,yrbHafl BaKaHcI]fl o6pasyercl B cJloe, K KoropoMy npn-
HaA,'rexLIT BHeIrIHflfl o6ono'Ixa, a crIeKTp l{3Jlyqaercs nyreM nepexoAa
sJreKrpoHa Hs sHemneft o6o.noqxn

n1 llt'+ r n, Ift --> n, lfi'+2 n, 1N'* r,

To, fipeAno Jratas. coxpaHeHl'Ie MaKcI{MaJIbHolo cnnHa o6o.loqrn Iy'
npl{IiOHH3aqHIIaToMaI{[oJIHolocnHHaIIpHpaA}IaqHoFIHoMnepexo-
ai (e.o oreparop ue g,eftcrnyer Ha cnRHoBbIe nepeMeuuue)' ycrauaB-

(30)

Free Hand

Free Hand

Free Hand
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JrHBaeM npr.r6nH)KeHHyio saKoHoMepHocrb: Ans Nz{212f I cnexrp co-
AepxLIr oAHy rpynny IruHVil c S:Sz-1/2, a tpu Nz>.2lz*l noss-
.Ilflercrr Bropafl rpylna nwsvrit c S:SzJ-l/2.

BaxHoft xapaKTepacrnxofi cleKTpa n3,'Iyrleanq sBrlercff elo cpeA-
Hflg SHepn[s. Ecnw IIpLIHtrb rlpeAnoJloxeHKe, r{To Bce cocrofHlrs' Ha-
qanluoii xonQnrypauLIH 3aceJIeHbI oAI,IHaKoBo, ro cpeAHst 3Heptl{fl
SaBHCr{T JrHIrJb OT XapaKTepHCTI{K aroMa I4 HMeer o[peAeJIeHI{e:

t <9 i I/l 9) - (y I HIDlws.(

E"(K-K',): (peK, yeK'), (3 1)

rAe H - raM?rJrbroHHau aroMa; wg, - BepoflrHocrb paAI{aqLIoH-
Horo [epexoaa B-+1.

Cpe4Han 3Heprnfl cneKrpa H3ryqeHllff orJluilaercs or pa3Hocru
cpeAHHx eHepruft HaqaJlbHoft n xoHeqsofi xoHQnrypaqnft sa BeJII{qn-
Hy, Ha3brBaeMyro cABHloM crIeKTpa:

}E"(K- K',): E"(K- K',)-W(n- E(X',)\. Q2)

B npu6.nuxeHprn X@-cp, 3aMeHflfl coAeplKaurufics s Ws, eiep'-
rernqecxuft MHo)KHTeJrb ero cpeAHI-IM 3HaqeH[eM AJIff AaHHbIX KoH-

$urypaunft l( u K', cyMMHpoBaHHe no $, y s (31) uoxuo BbIIIorIHHrb
s o6qelvr cJlyqae MeroAoM Bropnrlnoro KBaHroBaHI,Ix [a0] . CAsIar
crleKTpa onpeAe!'Iflercq r'II{IIIb SJIeKTpocTaTKrIecKHM gSaHI,IOAeftCTBI.IeM

Me)KAy o6o.no.{xaMH, yqacrByloull{MLI B llepexoAe:

8.E" (K, nrlf'nrl{, - Konrl{'+r nr$,-r1:

T

Z *u,
9v

-e { I ';, i I o'LI ctor 11 
t'') (t'll c(&) ll /'z> x

(4L+ l) (41,+1)

x [ - N, (4/, + 2 - N 2) Ff (n, lr, n, l r)* (N, - l) (4h + | - N') Ff (n, lr, nrl r)f +

(4h+1) (41,+r) t
k

L+
8(k, r) -r@*;Wf] ,r," c&r|tz>zx

x lN r(41, + 2 - N ) G! (n, l r, n, l r) - (N 2 - l) (4h + 1 - lrJ Gf (n, I', n, l r)1, (3 3)

I,{sAexcu l, f y nurerpaJloB yKasblBalor, llro oHH paccqurblBalorcs c
BoJIHoBbTMI,I Qyuxqaxrun coorBercTBeHHo saqalrnoft Hnn xoHe.Inoft
xonQurypaqufi. Ko - .nrc6ue o6o.nouxn, He yqacrByroulne B nepexo-
Ae, t - paur oneparopa repexoAa. CAeHr paBen HyJIIo roJIbKo rlpll
Nr:4h*1, Nr:41rLr2.

Pa4uaqnoHHbre fiepexoAbr c yqacrl,IeM o,'IeKrpouon r.iry6oKux BHyr-
peHHr{x o6onoqex cyqecrBeHuo saBucfr or peJIflrHBHcrcKHx aQQer-
ron. Ouu BJrr{flror Ha cfieKrp usfiyrleHfifl eJIeAyIoIIIHM o6pasou
1245, t62l:

- Bo3pacraHr4eM 3Heprnu nepexoAa, KoTopaff BXoAHT B Bbrpaxe-
HI,Ie AJIfl IzHTeHcItBHocrr4 JIr4HLtrz^ n uereeproft crefleHn;

8. 177

Free Hand

Free Hand

Free Hand
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- r{3MeHeHHeM BOJTHOBbTX oyHKrIU}i, OTHOCETeJTbHO KOTOpbTX BbI-
rrl,IcJrseTcfl MaTpHrrHbrft sJreMeHT OrrepaTopa [epexoAa;

- II3MeHeHiZeM OnepaTopa nepexoAa LI taMH,'IbTOHI,IaHa aToMa
(aro, e qacrHocru, o6bflcHfler cyulecrBoBaHlre JruHrifi, 3anpeqeHHbrx
B Hepe./rflTr{BHcrcKoM npu6nnxeHna).

PeHrrenoecxufi cnexrp H3ryqeHnfl, nosuuxarou_1zii B r,ry6oNnx
BHyrpeHHnx o6onoqxax c oAsoft BaKaHcaeft, AocraroqHo xopotxo onrj-
cblBaercfl o4Hoxou$ntypaunoHHbrM MeroAoM firzpaxa-@oKa rtpH yr{e-
Te AJrfl 3Heptlrl,I nepexoAa peJrrrr.rBr4cTcKr4x Lr KBaHTOBO-3/'reKTpOAHHa_
MlrqecKux e$Qexroe 6o,ree BblcoKoto nopsAKa B nepBoM rropflAKe reo-
pHH Bo3Myureuufit [246, 247, 162].

B sHaqurelbgo Menburer? creneHn peueHbr Bonpocbr yrrera B peHT-
reHoBcKHX crreKTpax KoppedrrrluoHuux aSQeKroB, poJlb Koropbrx oco-
6esso Bo3pacraer AJrfl rrepexoAoB c yqacrr.reM gJreKTpoHoB BHerrHux
n cy6naneurHux o6o;loqex.

Oneparopr,r paAnau14oHHbrx rrepexoAoB ffBr'rflrorcr orreparopaMH
oAHogJreKTpoHHoto rrrla, Ho BcJreAcrBHe xoppe,rxqur? Me)KAy gJreKT_
poHa_Mr.r Bo3MolKHbr raKlKe AByxaJreKTpoHHbre o4Ho$oroHHbre nepexo_
gn. HdnpnMep, cr4JrbHoe cMerrLrBanne xou$arypaqnft c eaxaHcuer? c
xoHQarypaqlrrMr.r AucKperHoro crreKrpa runa jS.+O) npzao4ar K no-
flBJ'ICH'IIO I'IHTCHCI'IBHbI.X TPYNN CATCJIJIIZTHbIX NWNUqT B CIICKTPAX HHCPT-
Hbrx_rasoB 1248, 2491, repexoAHbrx [113, I6l] H Apyrrx b.reinreHros.

!,nyxa,rexrpoHHbre o4uo$oroHHbre nepexoAbr pa3AeJrffrorcq Ha He-
CKOJIbKO THTIOB.

PaAuauuossuft oxe-a@$exr: npa pacnaAe nos6yx4eHnoro co-
glqflyne aroMa c BaKaHcHeft ns Hero BbrJreralor eoron H 3JreKrpoH
[250] . Tarae nepexoAbr Bo3Mo]KHbr H3 aBror{oHu3arr}rouHbrx ypoeueft
BCJreAcrBlre cMellrr{BaHr4r xoHQHrypaqnft 4ucxperHoto r] HerrpepbrBHo-
ro cleKrpoB HJrr{ cTpsxr.rBaHr.rr aroMa npw pa[varlrioHHoM nepexoAe.
HHo_r4a K paAr.rarluoHHoMy oxe-aQ@exry orHocflrcq r4 [epexoAbr c
eos6yx4euueM 3JreKrpona B Ar{cKperHoe cocrosHr.re, xorfl qaure raKrre
IIEPCXOAbI HA3bIBAIOTCfl ABYXSJICKTPOHHbIMI,I PAAHAIIIIOHHbIMH TICPEXO-
AaMI{.

K"" (KK-LL), Koe 6K-LM) H no4o6uue HM nepexoAbr: ABe
BAKAHCI]H BO BHYTPCHHCfi O6O.NOqKC 3ATIOJIHflIOTC' ABYM' 3JICKTPOHAMII
c BhrrreroM oAHoro Qorona 1251,2521.

KL*- 
. ^[epex-oAb^r_ AByx3d'reKrpoHHoro paAr.raqr4oHHoro rrepecrpaH.

BaHr.rg 1t-r2p-t-->2s-22p-q+t, Koropbre Bo3MoxHbI B pe3yJrbrare cMe_
IIIHBaHr.rfl rouQurypaqufi 2p-a-r v 2s*22p-ci+t [154].B cnyuae paAHarIHoHHoro oxe-sQQerra sHeprnfl rrepexoAa, paB-
Hafl 3HepfHI{ cooTBeTcTByloulero o)Ke-nepexoAa, MoxeT pa3JIHqHbIM
O6pasOrrl paclpeAer'IffT6cff Me)KAy QOrOHou H A,'reKTpoHoM:

ha l- e: E (a-r1- E (b-t c-r): Et(a-L --> b-r c-t), (34)

no3roMy Bo3HnKarouluft carelnnr flpeAcraBlser co6oft lltupoxrzri Ha-
n_JrbrB c Hl43KogHepreru.recxofi cropoHbr or ,rnHr.rfi ocHoBHoro crreKrpa.
I(oporxoe_o,'rHoeHft xpafi care.n.ltnra cooreercrByer sHeprnr{ Qorouahr'l-ur- 6o. Bepoaruocrb AByxaJreKTpoHHoro fl epexoAa, nponcxoAfl rr,e-

Free Hand
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ro 6e3 H3MeHeHI.Ir op6r.rraJbHoro KBaHToBoro qucJla oAHolo nepexo-
AflUICIO 3JIEKTPOHA, NOTIYqACTC'I HCPABHOIi HYJIIO H TIPN UCNOJIb3OBAHHH

oAHoKoHSIrrypaqr{oHHbIx He opToroHaJ'IbHblx Me)KAy co6oft Bor'IHoBbIx

Synxuufi o6olax cocrotiHnft. 3ro cooreercrByer MoAeJII{ BcrpflcKll: pa-
AHaqltoHHbrrZ nepexo4 oAHoro 3!'IeKTpoHa cogAaer BHe3anHoe Bo3Mylqe-
HHe loJrfl B aroMe, B pe3yJlbrare Koroporo Apyroft 3JIeKrpoH Bo36yx(-
Aaercfl B Ar.rcKperHafi. unu HerlpepblBHblfi cnexrp [250, 186, 235] . Bos-
MYIIICH}IC MOX{HO CI{IiTATb BHE3ANHbIM TOJIbKO B TOM CTYqAC, CCJIH IICPC-

xoA rrpo[cxoAI]T Bo BHyrpeHHI{x o6olouxax, a eos6yx4aercfl 3r'IeKrpoH
H3 BHeIrrHerO C,'rOq. c 66,rrurarr,r ycnexoM MoAeJIb BcrpfcKH 6una npu-
MeHeHa AJrr lrHreplperarlllfi careJIJIHToB xparHoft HoHH3aqI]u K-cepnn
B JrerKI{x aroMax [253, 2361. 3rn careJIJII4rbI o6rqcHqlorcfl rlepexo-
AaMH B I4OHaX, COAepXaIqHX AOIOJIHHTeJIbHyIO BaKaHCI{rc S l-CnOe,
KOTOpas BO3Hr{KaeT BCJTeACTBHe BHe3arIHOrO BO3MyIIIeHHfl aTOMa rIpH
o6pasonaHraH ttepBHqHoft eaxaHc[x.

OcHosHori MeroA, rcno.nlsyeuuft AJrfl pacqera nepotruocreft n
sHeprnfi AByx3r'reKTpoHHbIx o4uoQorouuux nepexoAoB B aroMax c or-
KpbrrbrMrr o6o.roqxanH, - MeroA ssaul"IoAeficrguq ronQnrypaqlrfi
1250, l13, 161]. fllx 6o,'ree ilpocrbrx xoHQurypaqnft npuueHqlorcfl
p a3Jrr{eHbre B ap r.raHrbr reopuu Bo3MyIqeHII fi 1254, 2551 .

!,narpauruHuft meroA reopxn Bo3MyIqeHI.{ft, ncnonlsyroqnft crleKr-
paJrbHyro QyHxqnro u co6crseHHyro gnepraro BaKaHcuu, yAo6eH A,'Ir
pacqeTa $oprrau ,'Ir.rnnfi cneKTpa H3JIyqeHHs. On rIo3Bo,'Iser raKlKe
o6o6qurs o[ncaHr.re c[eKTpa c yqeroM cBn3LI Me)KAy npoqeccaMn Bo3-
Hr.rKHoBeHr.rs aos6yx4euHoro cocroflHLtn H ero paAualraoHHoro pacla-
Aa, T. e. paccMarpHBa% $oronoHH3arlHro H H3JryqeHr.re aroMa KaK eArr-
un'Ift' npoqecc [256] . Taxoe yroqHeHHe Mo)Ker 6urt cyruecrBeHHblM,
ec.iru QoroNoHHsarlus rrpoucxoAl{r s6nustt nopora n MeAJIeHHUft So-
To3JreKrpoH BJrlrfler na nsnyuanulnii aroM HJrr,r BpeMfl ped'IaKcaur.rH

HOHa lrMeer ror xe rropflAoK BeJrI{qIlHbI, KaK H BpeMfl XH3HLI OOS6yX-
AeHHOTO COCrOqHr{fl, a raKxe AJrrr orrr{caHHfl pe3oHaHcnofi Qnyopec-
IIeHrIr{[ npa nos6yxAeHr{I] aroMa KBa3HMoHoxpoMaTHqecKHMH JIyqaMH
c eueprueft, npn6,ruxeuuo paouoft aHeprnlr [epexoAa [257].

CorracHo pasa. 3.1 u 6.2, Koppenqqrlu B cocrorrHHu aroMa c Ba-
xaucsefi Moryr 6url yureHbr nyreM 3aMeubr B AHarpaMMe paccMar-
pr.rBaeMoro npoqecca saxaHruoft JILIHrH yroJIIIIeHHoft xsasu.racruqnoft
lpntseit. Co6crseHHar 3Heprrlr BaKaHcI,II{ :, (E) HaxoAarcr cyMMH-
poBaHHeM ptAa AHarpaMM, noJlyqamlllHxcfl npr{ BcTaBJreHHIl B JrriHaro
BaKaHclrr{ @parureuroe, olrlIcbIBaIoIIIHx pa3JrI{qHHe soe6y)KAeHHrr. B
pas4. 3 npuHr{MaJracb Bo BHHMaHI.Ie roJrbKo qacrb co6crseHHoft auep-
rr.rn, co3AaBaeMafl HepaALIautoHHbIMIr eos6yx4en wfl.Mlt Htr4 Q.nroxrya-
rrHrrMH. [,rra r,'ry6oxort enyrpeuHeft saxaHcnn neo6xoAuMo raKxe yr{H-
rbrBarb paAr.raquoHHyro qacrb co6crBeHHofi aHeprnn >'"(E), coorBer-
crByroqyn r{crrycKaHgro H rrocneAyloqeMy norJrolrleHgrc QoroHa. OHa
B HH3rrreM nopflAKe nso6paxaercs Anarpawofi a Ha puc. 19, nx,ra4
xoropofi paBeH [230]:

ls"o (.,) l'>L@): -
8*

r - E-ha,+eb+i\ '
(3s)
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rAe g"a (cor) - Bed'rHqEHa, xapaKrepr{syroulafl 3JreKrpoH-OoroHHoe
B3aUMOAeriCTBHe. B AI{nOJrbHOM [pU6,1Ir)KeH zW oHa Hrvieer BbrpaxeHHe

4t#-q - [ ta*(rr, .", co)1'z8(e, rha,-er-ho)der, (37)

6B
tlr,\b I n^,\t I

'f,",.,^, ;iV.' LV'

llla noagraHoBKe (38) n (37) u BBeAeHHH cneKrpaJrbHoft QyuxqnnA"(E) (3.14) ausQepeuqnarrbHoe ceqeHrre nornoureHun Soroua ilo
sJIeKrpoHoM B cocrorHur a H rrocJreAyroqero nsJryqeuua Qoroua n
HnrepBaJre aHeptlrn htut'*, h(o"fdor) c o6pasonaHuelr BaKaHcrzH B
cocroflHr.ru 6 npznauaer nHa [230] :

(3e)

gob (o,) - (co,)riz (a j d<tt I bS . (36)

EAIaHufi npoqecc Qororouusailr4r{ aroMa H eto cnoHraHHoto Hsnyqs-
Hri{ or}rcbrBaercs o6o6qeHnbrM ceqeur.reM Qoronouusaquu:

r,', (a t dttt | IS 1z

Im Io (e6 - ito")

B o6uerr,r cJryqae, ecrl,I KoneqHyro BaKaHculo roxe cql{Tarb B3az-
lro4eficrnyrorqeft, xax H HaqaJrbHyro, d-SyHxqurc a (37) cJreAyer 3a-
MeHkrb, cor,'racHo (3.15), nropoft cneKrpaJrbHofi $yHrqueft u ceqeune
rlpeAcraBJrqrt ux caeprxofi :

!%*:") -.l"l(., laotla) t'ffiffi "
x Ao(er- h,a) Au(er- ha * ha,) der. (40)

O6o6utenae sroro MeroAa Ha xoHsurypaquu c orKpbrrlruu o6o-
.IOqKaMH CBs3aHO c HeKOTOpbTMH TpyAHOCTflMT{ TeOpeTI{qeCKOtO U pac-
rreTHoto xapaKTepa.

C.noxsas careJrJrurHafl crpyKrypa peHrreHoBcKux cneKrpoB cBo-
6oAgrtx aroMoB, Aax(e HHeprHbrx ragoB c garroJrHeriHrruu o6ororrKaMu
[239, 249], o6vcron.nr.rBaercfl He roJrbKo MexsJreKrpoHHbrMr.r Koppe-

,I
6t)
,fa

Psc. 19. flnarpauuw HH3rrrero [oprAKa rJrr paAna[xosHofi qacrs co6crneunoli euep-
rr-rtl BaKaHcr{u (a), a rarxe Arr aMrrnr4ryArJ eAr{Horo npo[ecca eorouonusaqHfi u
rr3nyr{eHHr Qorona hol. npn HcloJrrfoBaHr.ra oAsofi (6)' unn .a,nyx (a) KBa3Hqac-
TUqUUX ,rUnufi

rAe G) 
- 

qacrora rrotJroulaeMoro, (o, 
- 

H3Jryqaeuoro QorouoB; sl -3Heprr.rf Qoroa;rerrpol,j.a; Moo 
- aMnr'rHTyAa rrpoqecca. B c,ryuae, ror-

Aa rrepBr.rqHafl BaKaHcur cqHraercs B3aHMo4eftcroyrcqeft, Mo6 wzo-
6paxaerca ArrarpaMMoft 6 ua pllc. 19 u r.rMeer BbipaxeHr4e:

Mot(ey cor, <o): -
<a ld(t) I 6) (erl 6trt I a)

-el + eo + r<o + l, (er -fi<,r)
(38)

Free Hand
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Jrrqr{ffMu, Ho TaKxe paSJII{qHbIMI{ HepaAIraq?IoHHbIMIt H paAl,IaqnoH-
HbIMI,I npOUeCCaMH, BJII'IflIOIqIIMH Ha 3aCeJIeHHOCTH BO36yXAeHHbIX
ypoBHefi. Taxuu o6pasou, Aera.ilbHafl HHTepllperalll.Ifl crleKrpa rpe-
6yer paccuorpeHr.rfl Bcero KacKaAa npoqeccoB, [poncxoAffIqax npn
asauruoAeiicrBnr{ aroMa c HaJleraloulefi qacruqeft u noc.teAyrcu1eft ne-
pecrpoffxe aroMa 1258, 2481.

8. OXE-CNEKTPbI

Oxe-nepexoAaMH HagbrBarorcs aBToHoHH3auI.IoHHbIe [epexoAbl Ii3 BbI-
coroeos6yxAeHHbrx cocrosHr.rii aroMoB, coAepxaqux BHyrpeHHrolo Ba-
KaHcHlo. 3ro ocHosuoft npoqecc crroHTanHoro 4esos6yxAeHufl aroMoB
c BaKaHcueit, za uct<JtroqeHlreM caMbrx rny6oxnx K- u L-saraHcHft s
TflXer'IbIX aTOMaX, tAe IIO,IIHafi BepOtrHOCTb Ox{e-pacilaAa COCTOflHUq
MerrL,lne BepoflTFrocrr pa!.jl1'ilgxoHHoro pacrraAa. A n cryuae eaxaHcl,Iii
B JIerKHx aroMax r..I n cy6ea.neHTHbIX o6o.noqxax rtx(eJlblx arouoe (npil
3HeprHH rrepexoAa MeHbrre 5-10 xeB [9, 2591 ) oxe-nepexoAbr cra-
HoBflrcfl AoMr.inrrpynlqaM KaHaJroM cnoHraHHoro AeBo36yx4eHran aro-
MOB.

B pasg. 8. I 4aercr o6qee [peAcraBJreune o6 oxe-nepexoAax B

aroMax v rlx KrraccaQuxaqna. !,a,nee paccMarpuBaercr rxlrpoKo Hc-
rro,'rb3yer\{oe npn6.nuxeHue - orrl4caHne oxe-cneKrpoB B nepBoM no-
pflAKe reopnu Bo3MyIrreHI.Iii (pasa. 8.2) - n o6cyx4alorcq Bo3Mox-
HOCTH yTOr{HeHHfl arOrO npn6r'IHx(eHHfl rryTeM yqeTa KOppeJrflUr.rOHHbrX
e"QQexioe, a raKxie cBfl3n Me)KAy oxe-[epexoAoM rr npeA[recrByro-
ulrlM npoueccoM co3Aauua noa6yxAeHHoro cocrosHr.rs (pasa. 8.3).

8.1. Oxe-nepexoAbr B aroMax

'Cornacso pasg. 2.4, Bo!'rHoBafl Qyuruaa aBTouoHngarllronHoro cocror{-
HHrr rrpeAcraBJlrer co6oft cynepnosllrluio BoJrHoBbrx Qynr<qnft AHcKper-
Horo u HenpepbrBnoro crreKrpon. Bc.ne4crBr.re ltprlMeclr Syuxqalr KoH-
Tr.{HyyMa c rofi )Ke gHeprlreft aos6yx4eHHoe cocroflHrie He flBJrflercrr
roKaJrHsoBaHHbrM - c reqeHHeM BpeMeHH oHo cnoHrauHo 6espa4Ha-
III4oHHbTM nyreM nepexoAr-rr B cocroqHIae KoHTr.rHyyrr4a. Bsa]rN,rogeficr-
.BI,Ie AHCKpeTHOIO cOcToqHHfl c KOHTHI{yyMOM LIJIIz Hx cMelul4BaHue OII-
peAeJrsercfl MaTprzqHbIM 3JreMeHToM raMr{JrbToHHaHa oTHocnTeJrbHo
BoJrHoBbrx QyHxqufi aruX cocrosHl.rft. llocxo.ttxy cocroflHHe c
BaKaHcr{efi orJrnqaercfl or Koueqnoto cocrosHufl crrcreMbr l.roufcno-
,6oAgufi oJreKrpou KBaHToBbIMH rrlitcJraMlI AByx 3JreKrpouoB, To ox(e-
nepexoAbr o6uqso olpeAeJrflIorcfl o,cHoBHbrM B3aaMo4eftcrnneu AByx-
gJIeKTpOHHOTO -THlra 

- 3JreKTpOCTaTLrireCKHM BSa].INaOAefi CTBT,IeM Me)KAy
aJreKTpoHaMu. O4nu sJreKrpoH 3anoJrHfler BaKaHcuro, a gHeprfiq rlepexo-
Aa flepeAaercrr orr{M nsauN{oAeficrBueM ApyfoMy aJreKrpoHy, roropufi
BbrJreraer u3 aroMa xax cso6oAHuft oxe-eleKrpoH. OAsaxo sror [po-
qecc He flBrqercfl BHyrpeHHr.rM Qoroa$QexroM - 3Heptrlfl rrepeHocnrcr
r{e peaJIbHbIM, a BrrpryadrrbHbrM SoroHorrr [4] . I4s-sa aHrHcHMMerpur{Hoc-

Free Hand

Free Hand
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TH BO,'rHOBOii QyUr<UUll aroMa B rrpHHUllne He,lrr,3r ycTaHOBIITb, Lt3 KA-
Koft o6oro.rKr{ llJ'ru noAo6ono,{xr{ 3JreKTpoH treperrre,'r o ceo6o4uoe co-
croflHne u xaxoir gJIeKTpoH BbIJlereJI u3 aroMa.

B o6oeHaqeHr{rz o)Ke-[epexoAoB cHaqaJra yKa3broaercs noAo6o,ro,{-
Ka, B Koropofi saxoAunacb rrepBI.IqHafl BaKaHcHg, a 3areM - noAo6o-
,'roqKI4, B Koropblx o6pasonarncb BaKaHcHz B KoHer{HoM cocroflHLIH
(iranpr.ruep, KL&2, Mq,sOz,zOz,s unu Ma,5Of,,"\. OrAe;rluas iluHLrs
cneKrpa xapaKrepH3yercfl repMoM KoHeqHoro cocTosHr{fl c AByMfl Ba-
KaHcHflMr.{ (MqOtOz,eBPr). B c,'lyvae o)Ke-[epexoAoB c yqacrneM or-
Kpbrrbrx o6onoqer BMecro TpaAHrlr.roHHoro o6osHarreHuf qacro yKa-
3bIBaIOTCfl Har{adrlbHOe I.r KOHer{HOe COCTOflHHT aTOMa. cOnOXynHOCrr,
oxe-luuufi, coorBercrByloul[x TeM xe rpeM BaKaHcHqM, Ha3blBaercfl
rpynnorl crreKrpa (unw qacro coKpalreHHio crreKrpoM: KL;L2-
o>Ke-cfieKrp), a coornercTByroxlHx nepBHrrHoft eaxaHcr.rH B oAHoM K
roM xe cJroe - cepHeft oxe-cneKrpa ((-ceprEr, L-cepwn n r. a.).

B .{acrHo[,I cJlyrlae, KorAa nepBLIrIHafl BaKaHcI{fl H oAHa H3 BTo-
pnrrHbrx saxaHcufi npr.rHaAJlexar oAHoMy H ToMy xe c,rlolo, o)Ke-[e-
pexoAbr HasbrBarorcfl nepexoAaMr.r Kocrepa-Kpouhra (hL2M2i.

Ec;rn nepexoA rrpoucxoAllr B oAHoM croe (sce rpn no,a,o6oJroirKu
v Meror oAr.rHaKoBoe rJraBHoe KBaHroBoe uacno), To IrMeeM rrepexo!,
cyrep-'Kocrepa-KpoHura (N2,sNl,s). Bc.reAcreue 6onee cudrlbHoro ne-
peKpbrBaHlrr Bo,rrHoBbrx Qyuxqnfi c oAHHaKoBbrM n BepoflTHocTb rre-
pexoAoB cynep-KocrePa-Kpouura 6o,rr,ure BepoqrHocrH nepexoAoB
Kocrepa-KpoHura, a noc,rleAHux - 6o.nrure, qeM o6uquux oxe-
IIepexoAoB.

9HeprHa oxe-sneKrpoHa He 3aBHcI,rr or 3Heprr{H r{acrnlrbr, co3AaB-
ilefi nepnuirHyrc BaKaHcr,rro, u, corJlacHo 3aKoHy coxpaHeHr{fl 3Hep-
ruv, panua pa3Hocrl{ aneprHft HoHa B HaqaJ'rbHoM lr KoHeqHoM co-
cTogHIitx:

ee: E (a-r) - E (b-r c-t1, (l)
r4e a-r, fi-| , s-t - nrc6ue BaKancr.rr{, AJrr Koropbrx o)Ke-nepexoA pa3-
pelxeH sHeplerl{qecKl.{, r. e. ea}0.

Sueprun oxe-3JreKrpoHa MoxHo Bbrpa3rrrb r{epe3 3HeprHI,I cBflgrt
3JreKTpOHOB, yqaCTByIOlUrX B [epeXOAe:

e a : [E (a - t) - El - lE (t - 11 - E] - [z (t - t c - 1) - E (b' t)] :
:Io- Io-I "(b-t):l"- I "-I o(c-')' (2,

3Aecr l"(b-r1 - aHeprufl cBfl3u 3JreKrpoua s noAo6o,'roqKe c npll
Ha,'rI,rr{HIl BaxaHcHH b-t. Eclu b-r - BHyrpeHHflq BaKaHcHt, a c-r -BHenrHflfl (uo ue B BaJreHrHofi o6o.noqxe, cM. pa3r. 3.1), ro l"(b-t1
npa6.nuxeuHo MolKHo 3aMeHLIrb aueprneft cBrslr sJreKrpoHa noAo6o-
JrorrKH c B aroMe c 3aprAoM nlpa Zll:
e^x IoQ) - rbz) -I "(Z 

+ l). (3)

Bnecro (3) vacro HcnoJrb3yrorcq 6o,ree roqHbre no"rysMnnpalrecKrie
$opr'rynu [260, 162]. Hanpuuep, r [261] rrpu cocraBJIeHnI{ ra6luu
euepruft oxe-runnft tIpHMeHrurocb BbrpaxeHHe
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e,c.: I oQ) - + Vu(4 + I b(z + U - + V.(z) + I"(z + t)).

187

(4)

ot, r, 
"

iln."
i[r,t
N,

Mt,u
M.
M,
Mr

Pr-rc. 20. KacxaA oxe-repexoAoB,
Bo3HHKaIouIHx rtpH o6paaonanun
r(-saraHcuu n Xe. X - 3"'reKTpo-
gr'I, O - BaKaHcHIl, I - saxaH-
cHI{, BnocneacTBItIr 3anoJIHfeMble
SneKTpoHaMu

B no.nyaunnpnuecKoe BblpaxeHne AJrfl, et Moryr 6urr sxnnqeHH
peJraKcaquoHHbre H peJItrLIBI,IcrcKHe I]onpaBKH 12621 .

Sueprux olxe-nepexoAa MexAy pa3JII,IqHbIMH cJIoflMH, KaK It 3Hep-
rr.rfl peHrreHoBcKoro fiepexoAa, pacrer c yBeJIHqeHHeM sapqAa n(pa,
xorfl H3-3a Hailwqv9- n (1) aueplHH cocroqHHfl c AByMt BaKaHCHflMH

14 H€ qBd'rflercfl cro,'Ib flpocroft Qyuxquefi or z, :KalK 3aBHcHMOcrb IIO

3aKoHy Mos,'rI,I. B AeficrenreJlbHocrH €a olpe.{,eJlflercq 3SQeKTHBHbIM
3apflAoM s.Apa, v ee pocr AJI' AaHHOlo nepexoAa B pflAy aroMoB IIo-
crereHHo 3aMeAJrrercfl [261]. B c.nyuae nepexoAoB Kocrepa-KpoHl{-
la 

- 
npU paBHbIX T,YIaBHbIX KBaHTOBbIX TIHCJIaX SJI€KTpOHOB - 8a C

HeKOTOpOTO z HaqfiHaet yMeHbIrIarbct, qro IpLIBoAI'IT K HX 3Heplerl'I-
qecKoMy 3arrpery B 6o,'Iee rflx<edrlblx aroMax [10, 8] .

Oxe-nepexoA, KaK I.r paAHaIIHoHHbIft nepexoA, MoxHo onucblBarb
HA q3bIKC BAKAHCI{ft: B HAqAJIbHOM COCTOflHHH I4MCCTCfl BAKAHCI,Ifl BO

BHyrpeHHefi o6o.noqxe I.I B HenpepbIBHoM cleKrpe (oua norou 3aIIoJI-
HseTcs oxe-sJIeKTpOHOM), 2 B KOHeqHOM COCTOSHI'IIi - ABe Apyr[e
BaKaHcuu. S,rexrpocraTHqecKoe B3aHMoAeficTBHe AByx BaKaHCHft 3K-
BI,IBAJICHTHO B3AI'IMOAEfiCTBI.TIO ABYX 3JICKTPOHOB. 3TO NO3BOdII'ET AJIfl
oIIHcaHr.rfl oxe-nepexoAoB Bo BHyrpeHHI'lx 3arIor'IHeHHbIx o6o.noqxax
HcrroJrb3oBaTb flpocTyro MoAeJIb AByx BaKaHcrliL UJ|H AByX S,neKrpOHOB,
yr{acrByrouHx B oxe-nepexoAe. rlwuwu ox{e-cneKTpa, KoTopble ol]u-
CbIBAIOTCfl ETOfi N,IO4CNbIO, HA3bIBA IOTC'I AHAIP AMMHbIMI{ I4JII4 HOP M AJI b-
HbIMI'I J'II4HI,I9MH. HAPYII]CHHC ABYXITACTI4qHOI2 MOACNH H IIOflBJICHI,IC CA-

TeJIJILITHbIX nLr],j't4i4 B CneKTpax cBo6oAHE'IX aroMoB onpeAeJlflIorcf C,Ie-
AyroxlllMH OCHOBHbIMH IIpuqI{HaMH :

l. VqacrneM B o>Ke-flepexoAe gJIeKTpoHoB orKpbrrbrx o6o,'roqeK luru
Iix cHJrbHbIM B3aHMoAeftCrgner4 C [epexoAquIHMH 3r'IeKTpoHaMLI.

2. Aono.rrnureJlbHoft LIoHH3alraeft
Hnr.r Bo36yxAeHHeM aroMoB rIpI] 06-
pa3oBaHlirlt HaqaJIbHoft BaKaHCHI'I.

3. Koppe;lxqHoHHbIMLI aQQexrauu
B HAqAJIbHOM IIJIH KOHCqHOM COCTO'.
HVTV.

BcneAcreze KoppeJItIluoHHbIX a0-
Qexron Bo3MoxHbI MHoroqacrIrqHbIe
o>Ke-nepexoAbl.

Tpexa"rexrpoHHbIft o)Ke-[epexoA
(rnnepcare.nJrr.rr, cABoeHsrrft u,rn no-
JroBr.rHHbIft oxe-3o4eKr) - s HaqaJIb-
HOM COCTOSHI{I] I'IMCIOTCfl ABC BAKAH-
cvK, KoTopble 3ailorHf rorcq AByMfl
3JreKrpoHaMu, a SHepruq nepexoAa
nepeAaercfl oAHoMy oxe-3JIeKrpoHy
[251, 135, 263].

AsofiHofi oxe-3$SeKr - oAr{H
sJIeKTpOH nepeXOAr,IT B CBO6OAHOe cO-
cToqHile, a u3 aToMa BbIJIeraIoT ABa

44h
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ox{e-3JreKrpoHa (wnu oAHH BbrJreraer, a Apyroft Bos6y}KAaercfl)
[250, 159].

Pa4rzaquouHbrft oxe-nepexoA -- rtpn pac[aAe cocro.rrHr.rfl c BaKaH-
cueri r.{3 aroMa BbrJreraror 3JreKrpoH r.r rporon (cna. pasa. 7.2).

B pesyrrrare HepaAliaqkoHlloro sarroJrneHafl BaKaHcLrH Hau6o.,rl.
rxyro BepoqrHocrb 6url y4a,reHHbrMn H3 aroMa (ec,rn sro He 3aflpe-
uleHo 3Hepreruuecxu) r{Meror srrreKTpoHbr coceAn}tx, ca.rrbHee Bcero
B3aHMoAerlcrByrorrlHX c BaKaHcHeft o6oflo.{ex. C;re4onarenrno, uoH,
o6pasyrounkcn s pe3yJlbrare o>Ke-nepexo4a, o6uuHo ro)Ke HaxoAr{r-
cn a eos6yxAeHHoM cocrorrHr.rH - coAepx{i.Ir ABe BaKaHcr4H e O6O-
,rroqKax c MeHbueft sHeprireft cBfl3lt - a Bo3Mo)KHo AeBo36yx4eHue
aToMa nyTeM noc,TeAyroqfix ox<e- uJrlt paAl]ar{HoHHbix lepexoAots.
Cepna HepaAr.rau[ouHblx [epexoAoB, npoucxoAstqux rroc,{e o6paaoea-
Hr4fl BaKaHcr.rn n rny6oxori o6oroqKe, Ha3uBaercfl oxe-Kacxa4ou (puc.
20). llpu aroM creneHb HoHr.{3aqlr[ aroMa 6ucrpo Bo3pacraer Bcr're!,-
crsue o6sr.rHoro, a raKxe 4norlHoro oxe-e$$exra rrJrr BcrpqcKrz aro-
Ma rrpu olKe-[epexogax. Taxuu o6pasou, MHorog,'teKTpouriuft aronl,
coAepx(aqr4ti earancHro n rny6oxor? o6o.nouxe, Moxer oKa3arbcr Aa-
)Ke ABaArlarr.rKparHo a 6onee HoHr.r3npoBanxulr [9, 264] .

8.2. Oxe-crreKrpbl MHorosJreKrpoHHbrx aroMoB

Ecla uueercq KBa3HAacKperHoe cocroflHl.re aroMa y, B3aaMoAeficr-
ByIOqee c KoHrHHyyMoM, B KOTOpOM OHO HaXOAT{rcfi, rO BepOfirHoCTb
HepaAr.raIIHoHHoro pacnaAa SToro cocTotrHl4fl B eAaHIirIy BpeMeHH Ha
noH B .cocrotHull y' u ceo6o4Hr,Ift e,'IeKrpoH c aueprneri r, cordrlacHo
(2.104), paBHa:

vfroe *\' "\\: + ] (T, ey,,lf,r I y) l',

r4e y" o6o3Harlaer ocra,rlbHble KBaHToBbIe qucJla gJIeKTpoHa, a raKlxe
o6ureft cncreMbl.

llepexo4 Bo3Mox{eH Jrrzrub Me}KAy cocroqHatMri cucreMbl c oAlrHa-
xosofi aHeprneft, [o3ToMy e onpeAeJIflercs cooruo[reHIreM

e:t(y)-E(('). (6)

Bo.irHosas Synxqur oxe-3JreKrpoHa B (5) HopullpoBaHa rro uKaJ're
3HeprHH, B sroM cJryqae l,rrorHocTb cocroqHl.{ii HenpepblBHoto c[eKrpa
paBHa eAnHr.rt1e [35] ; ttpn iiicnoJlb3oBaHl,ru uuoli uopunpoBKn Bblpa-
xeuue (5) ao.nxuo yMHoxarbcfl Ha Q (u) - 

qflc,ro cocrossaft B HH-
repBaJre, paBHoM eAnHrlqe sHeprsn, c roropoii I.r3Mepqercfi e a F4(r).
Kporrae roro, ecr'rrr BoJrHoBbre Syuxqun aroMa H HoHa HaxoAqrcfl ny-
reM HesaBHcHMHx napuaqxi.t, HatrpHMep, KaK peIxeHHn ypanneulrft
Xaprpn-<D oKa !\rrfl coorBercrByrolrlax xoH$nrypauufi , ro cJleAyer Hc-
rror'rb3oBarb 6o.ree o6uryn Qopuy,ry AJIfl Beposrnocrl{ ox{e-nepexoAa
(2.105) . Vrax,

2tt
h

(s)

wa(y'->y' ey'): ( t' "\" 1(H - E) l r) I' p (u), (7',
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rAe E 
- 

3HeptHrr Hzezr'IbHoro aBroiloHll3aqHoHHolo ypoBHf. 3ro ebl-
pax(eHHe oIIHpaercfl Ha cJeAyloque ocHoBHbIe rIpeAnocblJIKH:

L O6pasoearrne Bo36y)KAeHIloro cocroflHl{fl H o)Ke-nepexoA ffBJI*-
IOTCfl He3aBI4CHMbIMH npOIIeCCaMI'I.

2. AsrouoHlr3aurroHHblri ypoaeur yAa,'IeH or Apytux ypoBnetl oAH-
Haxosoft cHMMerpnII I,{ ero B3aHMoAeftcreue c HerIpepbIBHbIM c[eKTpoM
MOXr{O paCCMarpr.rB aTb KaK H3OJIHpOBaHUSIft peSOUaHC.

3. CuexrpocKonurrecKnfi Qaxrop uaqansuoft BaKaHcItH (3. 1B) nptl-
6nHxeHHo paBeH eAriHlrue.

Boguoxsocru yroqHeHI.Irr sroft MoAer'II{ 6yayr paccMorpeHbi B
pas,q. 8.3.

flpaxruuecKn rrpri pacrrere ox{e-cneKTpoB AeJlalorcfl Ao[or'II]I4TeJIb-
Hbie yfipouieHufl: B (7) onycxaercfl TLIIeH c E, xax ll He6orblxiae rto-
npaBKil K Marpr4qHoMy oJIeMeHry oleparopa H H3-3a lieoprotoruad'Ib-
Hocrr4 Bo.rrHoBbIx $yHruaii, a B taMLL'IbroHHaHe ocraB,lflerctt JIHTIIb.

oneparop AByx3,rreKrpoHHoro runa. B riepe,'Itrl.lBltcTcKoM nplaS.nnxe-
Hurl o6Hquo yrrurblBaercfl r'rIzIIib orleparop s,]IeKTpocrarllqecKoro 83all-
MoAeftcrBnt Me)KAy 3drreKTpoHaMv,, TaK KaK ocHoBHatr qacrb cnI,IH-
op6lrra.ruroro B3ar{MoAeftcrsns I,rMeer oAHo3JIeKTposHuii xapaKTep-
Lnyxa"rr exrpoHHbre ssalzx4oAer?crBl{s <<crrHH-r{y}Kaq op 6ura> Iz <<crrI4H-
crrr.iH>> Aaxe Ar'Ifi TrIlKeJIbIx aTOMOB CTaHOBflTCfl CyUeCTBeHHbIMI,I JIHIIIb
B Cryr{aqx, ecrl4 o)Ke-lepexoAbl H3-3a 3JleKTpocrarHqecKolo B3aHMo-
Aelicreuq 3 anpeueribl.

Bo,ruonyn @yHxquro olKe-sJreKrpona yAo6Ho HopMl.lpoBarb Ha eAr4-
riHririylo r,'rorHocrb rroroKa 3JreKrpoHoB (1.162). TorAa Q(e) : {2n)-r
[135] ir c yr{eroM BbI[IeyKa3aHHbIx ynpoqeuuii Bepoqriiocrb o)Ke-ne-
pexoAa rrpI,IH].rMaer Br{,r(

Vt/ok -^(' ey"):V-t l, (T' e\' H" lt) i' . (8)

3ro nnrpaxeHrze (Sopnry"ra Beurqe,rn) noryvaercfl raK)Ke ncxoAq Ir3
sorororo ilpaBr4Jra @epuu B nepBoM nopflAKe reopl4u nosuyuleHuft,
ecJrH aBTor{oHIz3arIr.{n paccMarpilBarb KaK rrepexoA, npoacxoAquluti
roA AerlcreueM rrocrorHHoro tso3MyIIreHHa [56] . Oneparop BosMyure-
Hr.rfl npeAcraBJrfler co6ofi pagHocrb Mexuy nor'rublM raMHJIbroHr4aHoM

MHoro3,rreKTpoHnoro aroMa ll a ltoAeabHblM raMHJIbroHHaEoM Hy,'Ie-
soro npu6nHxeHllq H6. O6uvuo 116 xe"naercfl orleparopoM oAHo3,'IeKr-
poHHoro rntta (xax uanpuMep, raMI4JIbroHLIaH Xaprpu-Ooxa), no-
3roMy ero, KaK H ocraJrbHyio oAHo3JIeKrpoHHyro uacrt H, x{ox<Ho
OIIyCTIITb B aM[JII4TyAe IIepeXOAa' TOIAa' yqHTbIBag d'IHrub OCiIOBHO9

3,'reKTpocrarnqecKoe esaNmo4eft crBr.re Me)KAy sJIeKTpoHaMI.{, npHXoArrM

K (B). C;re4yer orMerlrrb, qro I{ o (7) axna4 raMHJIbroHHaHa HyJIe-
ooro npn6.nnxeHI{s KoMireHcupyercrr coorBercreyrcqeft qacrbro q,rreHa,

coAepxaqerocq e E.
AHa.lorn,rgoe (8) Bbrpaxeglle Aflq BepoflrHocru oxe-nepexoAa B

peJrflrr.iBucrcxou npu6,rllxeHI{I{ ($oprr,ry,ra Mro.t,repa) noryqaercs npI.t
],IcI]oJrb3oBaHHr.r peJrflrr]BHcrcKoro AByXSJIeKTpoHHOrO O[epaTopa
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(1.171) EJrH ero a[rpoKcrrMarrall cyMMoft xy.nouoncKoro H 6pefiroe-
cKoro (1.172) oreparopoB:

*/ 
^Q -.( 

ey") : 6-t I (y' 
""(' | (W + n\ ly) f . (9 )

Ooprrly.nu (B) H (9) rpeAcraBJlflIor ocHoBHbIe [rHpoKo I4cnoJlb3ye-
naue npu6rvlneratl Arfl pacqera BepoflTHocretl o>xe-uepexoAoB.

MarpnuHue sJreMeHrbr, coAep)Kauruecr B rrpaBblx rracrtx (8) Lt

(9), onpe4eJrrror flpaBuna or6opa Ar]rs o)Ke-fiepexoAoB. Tax xax one-
parop nepexoAa rBJrflercr cKaJrtpoM (n ornuune or olleparopa pa-
Anaul{oHHoro nepexoAa), ro ox(e-[epexoA Bo3Mo]KeH Jrlrrrrb c coxpane-
HI,IeM roJlHoto MoMeHTa cHcreMbl "I, a eepotrHocrb He 3aBr.IcI,IT or
npoeKrrur.r gToro MoMeHra. Oneparop gBJrflercfl qerHbIM, no3ToMy qer-
HOCTb CrrCTeMbr AOJIX(Ha COXpaHtTbCfl, TOrAa Op6nralrUne MOMeHTbI
yqacrByroq[x B nepexoAe aroMHblx sneKTpoHoB \, 12, 13, ? TdK)Ke oxtg-
3neKrpoHa I yAoo.neroopqror ycroBlre:

-l)/r+lr+lr+l-1. (10)

B HepeJrsrl{Br.rcrcKoM trpv6Jn4>KeHfir4 3Harrenl{q op6nranrHoro H

rroJrHoro MoMeHToB cno6o4uoro 3JreKTpoHa orpaHI,IqeHbI ycnoBLIflMI.I
Heucrre3HoBeHr4fl oAHoaJreKrpoHHbrx cy6lrarpnqHblx aJIeMeHToB onepa-
rcpa cQepuqecxofi QyHxIlran u 3ni-xoz$QHqueuron. 3ru yc.noeaa He
gBJr9rorcrr )r(ecTKuMI,r, nO3TOMy O)Ke-nepeXOAbI n3-3a 3,rIeKrpOCTaTIIqe-
cKoro B3a[MoAeiicrBr4s oKa3brBarorcfl 3anpeqeHHbrMll Jrr4IlIb B Aocra-
TOIIHO PCAKI]X CJIYqAflX, B OCHOBHOM -_ IIO TIOJIHOMY CTIHHY CI'ICTCMbI.
floAo6Haq c[Tyarlr4rr HMeer Mecro H B peJIflTHBHcrcKoM npulnuxeuuu.

Hannqrre sHe[rHer? orrpurofi o6o,roqxn Lr ee B3auMoAeftcrsue c
BaKaHCr4sMr4, yqacTByrouIHMH B nepexoAe, 6oree BaxHbI AJIfl nepexo-
,(og d cy6ea,reurubrx H BHeIIJnIzx o6o.noqKax, rAe trpuroAHo Heper'rr-
TI{BI'tCTCKOe npA6;lnX<eHUe, [O3TOMy AJtfl O\laCaHHfl O>Ke-nepeXOAOB
Me)KAy cJroxHbrMn xoH$urypauufl.Mrl c orKpbIrbIMI{ o6onoqrauH 6yAeM
rrcrroJrb3oBarb BbIpax{enne (8).

flocxo,'rr,ry uarpuvuufi a!'IeMeHT oneparopa H" AuarouaJleH rlo [po-
eKIrI,IgM IIoJIHoro MoMeHTa Haqa.lbHoro H KoHeqHoro cocroflHuft a He
3aBHCHT OT HI]X, TO BepOflTHOCTb nepexoAa MeXAy COCTOffHHSMil pAB-
Ha BepofirHocrr.r nepexoAa Me)KAy ypoBHflMli. c yuerorra cKa,IrspHocrri
r{ SpMr.rroBocrr.r oneparopa HMeeM:

Wa(KyJ - K'^(' J'eljJ):lY'(KIJM --> K'\'J'eljJM):
:h-r | (.K' "{' J' eljJ lH" lKyJ) \2 

:h-r | (4Jl H" \ K' y', J', eljJ) 12. (11)

Mouesru uoHa r{ oxe-sJreKrpoga cBfl3aHbr Me)KAy co6oft ti-cna-
3bro, raK KaK 3To no3BoJlfleT HcnOJIb3OBarb AJrfl IIOHa BOJIHOnne QyHX-
qr.rH npoMe)Kyrouuoft cBfl 3}I.

BeponrHocrl o6pasonaHnq I4oHa K'\'I' B pe3yJlbrare oxe-nepe-
xoAa noJyqaercff rryreM cyMMlrpoBaHnn (ll) no nrorraerrraM o)Ke-3JreKr-
pona I u i:

r
jt

Wa(KyJ --> K' I' J'e):tr-r I ( KtJ I W I K', 7' J', eljl) 12. (12)
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Ec"rlr s HairaJbHofi KoH$IrrypauIau coAepxarctt JII]IIIb oAHa BaKaH-
cnfl., a ApyrHe o6oIoqKH 3anortHeHbl, To Me)I{KoH0I{rypaIlHoHHbIfi
Marpr.rr{Hbrf{ sJreMeHr onepaTopa Hn c toqHocrblo Io npocTblx MHoxH-
TC.UCI:i P ABCH ABYXsJCI(TPOHHOMY M ATP]'IIIHOMY 3JICMCHTY I{ BCPOflTHOCTb

HMeer BbIpa>KeHIle:

l4t n(nrlrj;t -> n"lrilt nrl"i;1 Joeli):
: h- 1 lJ ol t,rrl - 

t 
| ( n, l ri rn, I 

".i " 
J o I h" I n, I rj rlelj J ) \2

(1 3)

llycrr B KoHerrHoit r<ou$urypaqnu MelKAy BaKaHcLITMH [Meer Mec-
ro lS-ceqsr. TorAa BepotrHocrb, ycpeAHeHHafl no cocroqHl,IsM Ha-
qanrnofi BaraHczrkr r.r [pocyMMupoBaHHat uo j ceo6oAHoro sJIeKTpo-
Ha, roxe Brrrpaxaercfl qepe3 AByxsJleKTposttuft uarpnuuslfi 3JIeMeHT
e ,LS-ceqsu:

W a(nrlpt --> nrl; t n"l; I Io so e/; :
r-r QLn+l) (2,sn+ l): h-1 \'"o1_:t::'o " ), 

i (nrlrryl320S0 )h" I nrlrelLoSs) jz. (14)

@opuyru Arfl Bepoqrtrocrlr oxe-nepexoAa B cryqae cJIo)KHbIx 3JIeK-
TpoHHbrx xoHSurypaqufi noJyqalorcr tro MeroAI]Ke, ueroxeHHoft e
r',r. l. O6urrie Bbrpa)KeHntr Alrtl NoHSnrypauuft c .nro6uu quc.rol,r o6o-
,'roireK (paccnarpuBarorcfl BaKaHcI{lI, a He 3,'IeKTpoHu) npIIBeAeHbI B

[265] . 3Aecr orpaHuquMcr npaKruqecru 6o.nee BaxHbIMI,r cJryqaflMlr
nepexoAoB H3 HaqadrbHofi xoH$urypauar{, coAep>Kalqeft o4ny BaKaH-
crrlo H Aono,rrHureJlbHo oAHy orKpblrylo o6o.noury [266] .

llpu pacuerax Bepoffrnocreii nepexoAoB B npoMe)Kyroquoft cB.r3n
Ba)KHa. He roJrbKo a6co,rtorHaq BeJII{qI,IHa, uo u $asa MarpHrrHofo
3JreMeHra, rro3roMy Qopny.rru 6yaeru rJpHBoAHrb He Arrr nepoxrnocrefi,
a AJiff MaTpLIqHbIX SJIeMeHTOB.

Has6o,lee npocrofi eu4, y4o6ual.fi, r,ls, pacqeroB B npoMex<yroqnofi
cBs3u, uarpuunufi 3,'reMeHr npzo6peraer e LS-cexsu (r,raeuue KBaH-
ToBbre qucJra 3Aecb ri Aa"'ree paAlr KparKocrn 6yAena onycxarr) :

1) orxpuras o6o,loqxa, yqacrByloxlar B ox<e-nepexoAe:

(lft,+r f r"+z/f,yr I, SrZ,St, H" 111t,+z 7+r,+r $"-r yiLj Si (2, So) eILSS :
:(- t)t^+t,v nr!r", sr, zo, solur (/fl'-lTiLisll|ll fflrzr^sr) x

" r ( - l)zi+s6 [26, s6] <trhL'os6lh" I trelLlos[) x
Ll" S;

t9I

.{i:'i i,l Lt ls L3

L',o Lo 12

,s

.s6

I+ 'sg

l* +
l{lr

i s'l
,so i I'

^tj

.s6

(lfr'+r $,y"LrSrLS I H" illr,+z 1N,-2y'2LiS2elLS) :

tL)
troSo

:(- 1;r,+s,+li+si+Nr I 
N' (&-l) 

]U'? [zo, sn, Lr, sr|lz 7

(1 5)

Free Hand
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x (t{,-2 yiL'2 Sit\ Lo S o ll r{' y r Lr t S {tr"; 7l
x ( I] Lo So I h, I lletLo s ) ;

rt, L t^ll+ ,s
x [Zo, So, L'o, S'olrl, l;, ;, ; i j ; So

x (lrl"Lo Sol h" i lrel Lo S) .

8. Oxe-cnexrpsr

,S2 ,So Si

+ ^r + l.
2) naccnauafl orKpbrras o6oro.{xa:

(III, + t 7t 1,a2 l{, y, L" S 3 L,S I H" I llr,+2 lfr, y, 1, S, I {, y! LI S !(Zo So) e/ZS) :
:8 (TrZySr, ylzi sj) ( _ 1;r,-s"+r"-s"+il, x

x l/ +ffi fl r, Lo, s ojtt 
2 (tlt, y, L 2 s z IZ Lz s z 11 $t, +z) x

.{:, :, ? } { ; " 
?},,,,,,,,h"ir,er',s,,,

(llt'+r ItI,+214t.+2 qr.ynLnSnLS 
I H"l

I Jlt t +z 1lt " 
+ t /r0,.+ r (ro fi) ry, y I LI S 11 (L,sS[) e/zS) :

: 8 (ya,[,a sa, viLi si)( - 1;r" + s" +26+.e;+r4+.r. +.r.+ 1 x

(l 6)

(17)

;1"
(t8)

.flepexo4 s xoHe,rnofi xouQaryparrnr.r K I j-cnnsu MexAy HoHoM Hoxe-sfieKrpoHoM ocyulecrB.rrreTcr nyTeM yMHOIKeHHff MaTpr.rqHoro
aJreMeHra Ha Marpr.ruy npeo6pasooaHHr:

(KyLSJ l H"lK'y' L' S' J' eljJ) :
(L' t r)l.-l:[2, s, i, 1'|rz I s, t s | <ryrs,r tp"lK,y,L,S,etLSJ). (19)lr
lt' j J)

cyrunruponagl{e 
''o ls Hc.resaer l{3-ga Ar.raroHaJrbHocrr{ MarpHr{Horo

3JICMCHTA OTHOCNTCJIbHO 3TI{X KBAHTOBbIX qHCCJI.
B "I.I-csssk BbrpaxeHufl (lb)-(lg) 3aMeuflrorcq cJreAyloquMr.i:

<l4I#1i1Ut,+21{,y"LsSsJ3J I H" I l{t,+2ltt,+t jrt{,-t ylLl s!4(D elils :
:f (-l)j,+.rr+rVw"Ur,zr, sr, Jr, J6, Jolrtrx

i,

r
ri,

Li I3 L3

sj + &
Ji i" Js

x (/jv"yrl, S, ll /jy.-l y\ L:3 S! I 
")

(- l)r; ffi x

Free Hand
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Iti j" /.tfi, J" Jr
"l it ";, 

i;l l";" ; t,J Q,i,r'i'r6th"lti1etift), (20)

(lft,*r jrl{,^,(2L2 S2J2J I H" ! llt,+z 1t',7,-27',2L2SiJ2eljJ} :

:(-1;-r,+r;+rv, I 
lr,({,-rl 

ft,'lrr, Sr, Jr, J;!} f f -1)r.l/o]x
ro sr Jo

x($,yrL2Srllt{,-2y2LtstlSLrSr) IL; :: 3 }"
lt; ro r,l

x (l rr k l r) (l " 
kl) Rk (n r l r n" l r, r r r r Ul * (t-' ; : ) (: + : 

t 
+) "

"lt; ;" !,1 u,or (tskt) Rk (n2t2n"ts, 
" 
,,Dl.

..1 t; Jo J, \ ,,,
"ir, J j | <tiLosoJolh'tlJrtiJo>,

<ltt ^+ 
t j Jtt " 

+2 llt,+2 I{' y aLa s 4 J 4 J lH" I

I ltt' +2 ltl " 
+ t j, lt,.*, j 

" 
(J ) [' {a Ll1 s l1 J i u 0 elj J ) :

: 8 (ya Za Sa "ta, yi Llt S i J i) ( - 1["+r; +r. ailr+ 1 [,Is, JtJtl' x

..1i, Jo il,,
" i ;; ; ,nl <t'i'tui"Jolh"lt'i'etir)'

(I{t,+r irl+t"+2 l{.y"l:uSsJ"J 1H" I lfr,+z I!, yrLrSrJrl{,y"Lr S, "I, ("ro) eljJ) :
: ( - t)a-a- ro*NafL2, srl-r7z v 4lr+ | fJr, Jo, lrlrt, x

x 1tlt"y,r.,sz|Lzszu,t,*t {t}, l, 
t; 

l r.,;",t,r,ih" I l,i,etir,). (23}

,Il,nyxe,rexrpoHHufi uarpnuuufi 3JIeMeHr n ji-cnnsn paBeH [266]:

(nrlrjrnrlrjulolh"lrrlrjretito;:l/1 Nn,t,t,,n,t,J.(- l)r*r,Ur, jr, j",iJlt'x

(24)

O6osHa'{enr{fl r,rMe}or ror xe cMbrcJr, trro u e (2.1 ); Qyuxquu o6oux
cocroqHLrfi AoJIxHbI 6uro oAuuaxosoft qerHocrn.

BupaxeHue gnr Bepoqruocrll o)Ke-nepexoAa B npoMe>Kyroqsoft
cBs3K noryqaer,cq nyreM noAcraHoBKn e (ll) pas,roNent{ft so,'IHoeLIx

Qynxuuft HaqarbHoro rI KoHeqHoro cocrosnnfi no $yuxIIHqM qucroro
rurra cBfl3n I.r coAepxur He roJIbKo KBaAparuquble, Ho H I'IHrep$epeu-

(21>

(22)

"F [,- ""('_+I')(!+:'){,;,; :,1"

Free Hand
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rII.IoHHbre rrJreHbr. flpu srou [poncxoAnr lepepacnpeAeJrenne Bepoflr-
socrefi MelKAy rrepexoAaMu, Ho cyMMapHafl BeposrHocrb nepexoAa
MeNiAy AaHHbrMr.r xou@nrypaqnqMll coxpaHflercfl. fl,.nr nepexoAos Koc-
repa-I(pouura n oco6enso cynep-I(ocrepa-I(poHr.rra 3aBtzcHMocrb
soJHoeor? Synrqnn o)Ke-3JreKrpoHa or repMa Moxer 6urt cyqecr-
seuHor?. Oua onpe4eJrflercfl raKxe Qoprvroft aQQexrneHoto rroreHur{a-
JIa fioJrfl, B KoropoM ABI,I>Kercfl aJIeKTpoH. B qacrHocu{, npl{ BbIJIeTaHI]r,r
o)Ke-3JreKrpona c 6o.ntuau op6nraJrbHbrM MoMeHroM (l>2) H3 aroMa,
€IIre He coAepx{aiqero 3JreKrpoHoB c AaHHbrM I n Hopua.nrHoft xonQu-
rypaquu, a$@exrunuuft noreuqvail B o6.nacrn MaJrbrx nor'roxureJrb-
HbIx aHeprufl uoxer crlaAarb orlenb MeAr'reHHo, B pe3yJlbrare rlero
He6o,rluoe H3MeHeHlre gueptnlz o)Ke-gJreKrpoHa npnBoAr.rr K cI{JrbHoMy
I{3MeHeHr4ro crerreHu npoHHKHoBeHrr fl ero eorHoeofi QyHrrluu s o6-
Jlacrb ocroBa 12671. CyulecreeHnoft gagncunrocru p", (r) or repMa
TaKlr{e cJreAyer ox{HAarb 4,rr e$Ser<rnBHoto noreHuaaJra, coAepxa-
ulero 6o,rluoft no,'roxl.rre.tlHufi 6aplep ; BosMolKHo Aa)Ke noAaB,'renrze
rr_eKoropbrx 3Hepterr,rqecKrl p a3peueHubrx nepexoAoB cylep-Kocrepa-
Kporrnra. (auanornvuo rroAaBJreHr{ro cer{eHnff QoronoHnsaqHV y Kpan
I{OHr43aIIHII rtpr4 HaflHrrLrH rroJro)KuTe,'rbHoro 6aplepa 4,u Qoroa.nexr-
poHa).

O>xe-cnerrp o6uquo p accqr4TbrBaercfl rrpn rioMouru ped'raKcr.rpoBaB-
tuefi no.nHoaofi QyHr<uuH KoHequoro cocroflHnfl, Ho rrpu aroM qacro
npeHe6peraercr qacruirHo KoMrreHclrpyrcullrMricrr norrpaBKaME rrepe-
KpbrBaHr4r r.r o6lreua [135] r.r3-sa pa3Jrurrr4tr parnaJrbHbrx Qyuxqfifi
o6oux cocrosHuii. Mero4 oneparopa repexoAa [90, 135j, B KoropoM
Bo^,rrHoBbre $yHxqun HaqaJrl,Horo H KoHeqHoto cocroflHlrfi onrfiMHsrz-
pylorcff coBMecrHo H HaxoAHTcr. o1rtr Ha6op oAHo3JreKTpoHHbrx op6u-
ra,reft, He [pr{BoAHr K cyrqecrBeHHoMy yroqHeHraFo pe3ynbraroe [135] .

!,at cpanneHufl pasJraqHbrx KaHa,rroB ox(e-pacfiaAa, a raKxe AJrfl
npoBepKr.r pe3yJrbraroB pacqera oxe-c[eKrpon ygo6uo BBecrr{ noHfl-
TLIe cHJrbI coBoKyrrHocrri oxe-nepexoAoB (ana.nornuHo cnJre coBoKyrr-
Hocrr.r paAuaqnoHnbrx nepexoAoB (1.278) ). 3ra BeJrr{qlrHa, Ae,rreHHafl
ua .h, npe4craBd'rfler co6oft noJruyro BepoflTnocrb o)Ke-[epexoAoB Me)K-
Ay BceMr.r ypoBuflMr4 xoHQurypaquit K, K' c sH,'reroM oxe-3,'reKrpoHa
el (n nepeJrrrr.rBHcrcKou npn6nnxeunu) wnw elj (n pe"laruaucrcKoM
npn6.nnxeHun) . B HepeJIqrHBr.rcrcKoM cryrrae HMeeM:

.l"(K, K' el):ft ; Wn(KyJ -- K'\' J' eljJ):
'tlMY'f i

f I {KyJ I H" I K' y' J' etiJ> i'
rrMy'J' j

(2s)

Ecnu pa4rzaJrbgble HnTerpaJrbr Mo>KHo crrnTarb He 3aBr.rcflurnMr.r or
KBaHToBbrx qnceJr yI, \tI'i, To cyMMupoBaur.re lro crruH-yr.rroBbiM Ko-
:S$uqrzenraM BbrrroJrHsercq arre6palzqecKlr, KaK H AJq paAHarIHoHHbrx
ilepexoAoB (1.278), B pe3yJrbrare floJryqaercfl cJreAyroqee o6rqee eH-
paxeHue [266]

.Se(K, K' el) : g (K, K') s^(nrlrn"l", nrlrel). (26)

Free Hand

Free Hand



3AeCr nh, el H ll2l2, nelz - coorBercrBeHHo KBaHTOBbIe qItCJIa nepexo-

AgIIItzX 3JICKTPOHOB B KOHCqHOM I'I HAqAJIbHOM COCTOflHI{'X; g(K, K') 
-

CTaTI4CTI{lreCKIlft MHOXI,ITeJIb, npOUCXOAflIIIUfi OT CyMM lto KBaHTOBbIM
r{HCJI aM IIaCCI{BHbIX 3dIIeKTpOHOB :

s(K, K'):c(&) n (t'#;:'),
i

rAe g (/(o) - crarBec [accI'IBHbIX o6o,'Io'{eK; fttt - 
qIIcJIo SJIeKrpoHoB

o6onbqxu nili, l1acrByroqux B rrepexoAe; min Nt - MeHbrrree gs qgceJr

sJreKrpoHoB B o6oroqKe nili Io I{ [OcJIe llepexoAa; I',IHAeKC I npo6eraer
o6oroqKu, yqacrByloulle B IIepexoAe.

lloc,reAHIaft MHo)KHreJIb B (26) - cI{JIa coBoKy[HocrI'I o)Ke-[epe-
xoAa B AByx3JIeKrpoHHoIt MOAeJIH. Oua, xax n Sa(K, K'el), He 3a-
BI,ICI{T OT TI'INA CB'I3II:

s n (n, l rn" l r, n, I, el) : 6 | W 
^1n, 

l rn s I sLo S o --> n, lrelLo S o) :
Zo So

: 2l [zo, soll (nrlrnrlrz.s, lh" lntltelLoso) l':
Io So

:8N?,r",n"r" )
k

+ [ft]-t (lr11c<xt

- f t- 1)r+r' 

'k'

,.lh Iz k t^ll rs k'I
3Aecr No,a - HopMHpoBoqHblft MHo)KI'IreJIb (1.104), q Ro - o6qllft
HHretpaJr 3JreKrpocrarlltrrecKolo 83aHMOAeftCrBHfl (2.15) (ero a.nre6-
pauqecKoe Bblpax<eHLIe orHocIlreJIbHo BoAopoAono4o6Hux Qynr<unfi
npHBeAeHo n [268] ).

OrMetnu, qro cHJIa coBoKynHocrn nepexoAoB uMeer raKylo [poc-
ryIO 3aBI{cHMOCrb Or iy'1 T0JIbKO IIOroMy' r{TO npl{ OXe-nepeXOAe I'I3-
MeHerorcrr KBaHroBbIe qHcJIa nl guyx aJIeKrpoHoB [269] (noarouy (26)
He oxBarblBaer cJlyqafl nrlrir | '-> nrlri;t n"l"ilr).

B pe,rxrnsucrcKoM npn6ruxeHllu (26) 3aMenflercn BbIpa)KeHI'IeM

8.2. Oxe-cnerrpbl MHorosreKTpoHHbIx aroMoB

S';t (K, K'elj):g(K, K')sft (nrlrjrnrltjr, ntlrirelj),

rAe

g(K, K'):c(Ko)

Rk(nrlrn"l", nrlrel)Rk'(nrlrn"l", rlnrQ]. Q8l

r
I ltl-' ( L IICt*r llL), < l11gtr,> llt")2 Rk(nrlrn"l", nrlrel)z*
L

ll l)' (lt ll Ctur 11 lr)z Rk (nrlrnsl", elnrlr)z -
tzllc@ ll/r) (6llctor1lD (/r1l gtr,'tlll) (1"116<r't ll4)x

195

(27)1

(2e>

(30)
ry 

("'jj;:'),
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s'ft (nrlrj, nsl"j", nLLjr elj):h

8. Oxe-cnexrp;r

I4 n (nrlrj, n"lrj s J, --> nrlrj, eljJ o) :tLt
Jo

:T
LJ
JO

lJ ol | @, l rj 
" 

n" l ri 
" 

J o | (h" + hB) | nJ Lhelj J ) 12 (3 1)

34ecr g (Ko) , ftti H 1y'7 HMeIo? rar{oii )Ke cMbIcJI, KaK B (27).
Ecnx cu,ry coBoKy[Hocrli oxe-[epexoAoB AeJ'rHrb Ha crarBec Ha-

.IanrHor: xoHQuryparlnu, ro fioJlyqaercr cpeAHrfl rraprlaaJlbHafl oxe-
uLIpI4Ha HaqaJrbHoro ypoBur HJrur flps AeJTeHHH ua ft - cpeAHflr Be-
poffTliocTb cooTBeTcTByIoueIo ox(e-fiepexoAa H3 Haqa,'rbHoro ypoBHJl

[266, 135,270).
Ens pacqera o>Ke-cneKrpoB, Bo3HnKalourfix rtpn rrepexoAax Bo

BHyrpeHHax o6onouxax, rxflpoKo r{crroJrb3yeTcg peJrflTr.tBHcTcKaq AByx-
a,IIeKrpoHHar MoAe!'rb (ua-sa 6o,'rsruofi tulrpnHbi yponneft usauvogeficr-
BI4e BaKaHcuft c suelrner? orxpuror? o6o,roqroft nprrBoArrr .rrurrrb K

,[onoJrHr{reJrr,HoMy yrxnpeHr.rrc nuunfi). BeponrHocrb o}Ke-riepexoAa on-
peAe,lqeTCfl AByX9r'IeKTpOHHbrM MaTpr.rqHr,rM 3JreMeHrOM OrrepaTOpa
jvet (1.171) 12711 (nnu ero arrpoKcnMa:qwn h"lhB) oruocHrelrHo
r{erbl p exKo M rro He HrHbrx BoJr HoB brx Qynxqa ii :

lV 
^(n,,lrj;t 

--> nrlrj;t nrl"j;t Joeli) :

-h-l fJofl"lj]-t I (orlrj, n"lsj"lolh'"t t nrlrireljJ)i, . (32)

Ha ocHose cncreMarr4qecKr.Ix pacqeroB B sroM npa6,rnxeHnn (c
rrcrroirb3oBaHneM BoJrHonnx Qynxqr.rfi [Hpaxa-Ooxa-C.nerepa ) oxe-
cnerrpoB K-, L- u M-cepuit A.rs 6o.nnuruHcrBa oJreMeuroB rrepuoAn-
qecrofi crrcreMbr 1245, 1621 ycraHoBJIeHbr c,reAyrorque 3aKoHoMep-
HOCTH.

Perqr[sucrcKr4e ttollpaBKw K BeporrrHocrsM o)Ke-nepexoAoB (npn
xoppexrHofi 3Heprsn uepexoaa) orpel(eJlfirorcfl rpeMrr ocnonxuun $ax-
TopaMH:

l) pasauuuerra peJrrrr,rBHcrcKHX H HepeJrr{Tr.rBI,IcrcKLlx BoJIHoBbrx

QyHrqHfi, 2) sanas4uBaHr.ieM KynonoBcKoro BsauMoAeftcrBufl, 3) vrar-
HHTHbIM SSaHrvrOAeftCTBIreM <<TOK-TOK>; B SaBriCr4MOCTH OT LrX OTHO-
cHTeJrbirbrx BKJTaAOB H B3anMHOft KOM[eHCarIAH BeJILTqLIHa 3THX peJrrr-
THBlIcrcKrix eQQexroa cn,rrbHo Bapblrpyer r,Jrfl pa3,rl4qHblx nusufr
3anasAnsatue a MarHI{THbre esauuo4eftcrBr.rfl cyqecrBeHubl AJIfl rre-
pexoAoB n r.ny6oxux BnyrpeHHr4x o6oroqKax (uanpnuep, KLrLt,
Khh), a aQQexr peJrrrnBncrcKux BoJIHonux QyHxqnft 4orr,tnHIrpyer,
ecJILI B nepexo4e yr{acrByror raK)Ke H BHeIxHLIe o6o.noqxu (L2hN2).
Kax u npn ApyrHX yroqHen[sx, BepoflrHocru c.na6ux nuluwit. 6o,ree
qyBcrBurenbHbr K peJrflTHBi.rcrcKHM [o[paBKaM, qeM ocHoBHnx .itusprft.

BruqHlre perrrrr-rBr-rcrcxrx aSQeKroB Ha sHeprlrn oxe-nepexoAoB
san6onee Bax(Ho Ans [epexoAoB Turra Kocrepa-KpoHura n cynep-
I(ocrepa-KpoHr.rra c ua.nofi oneprrer? repexoAa [79, 162].

B o6qer'a cJryqae r.rHreHcr.rBHocru JrHHntl oxe-cneKrpa o[peAeJrs-
IOTCq He TOJTbKO BepOqTHOCTTMH O)Ke-nepeXOAOB, HO TaK)Ke LI 3ace-
JIeHHocrflMH ypoenefi. 3to, s qacrHocrl{, o6yc.non.unnaer Bo3MoxHocrb
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pe3oHaHcHofo olKe-3sQeKTa - crrJrbHofi 3aBr.Icr.rMocrH pacfipeAeJreHl,rfl
HHTeHCT4BHOCTI CrreKTpa OT gI]eprHH MOHOXpOMaTHqHO|O nyqKa peHT-
reHoBCKr.rX ,'ryqeft npH o6pasoBaHLrr{ cocTosHr{fl c BaKaHcI1Ieft nyrerr,l
Bo36yx<AeHr.rr gJreKrpoHa B cocroflHr.re Ar.rcKperHoro crreKrpa 12721 .

llpz uepesoHaHcHoM saceJreHrrr{ Haqa,'rbHbrx cocrosH14ft c oAHoft
BaKaHcI,Ieft nlj-t o6t'tuuo Mox(Ho npr{HflTb, rrro gaceJreHHocrH nponop-
IluoHanrrin 2if 1 (ceveuue HoHHsaTIHH [oAo6oroqKr.r npflMo nponop-
IIHOHaJTbHO r{Iicd'ry SJTeKTpOHOB B Hefi, a mVpI4Ha ypoBHq He saBr{cHT
or l). TorAa orHocureJrr,Haff HHTeHcHBHocrb oxe-JrI4HHI4 paBHa Bepo-
flrHocrrz nepexoAa, yMHox{eHHoii Ha crarsec 2i{1.

nns 6o"[turuucrea oTAe,]rbnbrx o>re-nnnuft xapaKTepeH cr4MMer-
puuHufi JropeHueBbrft r<onryp. 3ro Hcno.nn3yercq e npocreiinreM Me-
roAe pacqera Sopuu oxe-crreKrpa - rroJrHaq HHreHcHBHocrl xa>x4oii
JTHHLIH paclpeAenflercfl rro erofi Qyurqnr coh'racHo pe3yJrbraraM pac-
qeTa ee no,rtolKeHl{fl I.{ Il]trpHHbi tr fipoBoAliTcfl cyMMIlpoBaHHe rro BceM
JILIHTTTM crreKrpa. Eonee ro.rnHft pacqer Qoprrau nwuuit, yrrnrbrBaro-
qafi zurep$epenquouuue e@$exrbr rrpn cMemnBaHzx cocroqHr.rft 1uc-
KpeTiroto r.r He[pepbrBHoro crreKrpoB, Bo3MoxeH npr{ [oMorrIH reop[H
pe3oHaHcHoro p accerHr.r tr vJrH reop HH eoslryuleHafi .

Ao cnx nop paccMarpuBa,'rucb noJrHbre BepoflrHocru o>Ke-nepexo-
AOB, He 3aBHCfU{I{e OT yt,rla BbIJIeTa oXe-3JIeKTpOHa, TOtAa eto MO>K-

Ho orrucF,rBarb [apquanluoft c(tepnuecrofi eorHoft c onpeAeJreHHbrr\{
MoMeHToNr Ko"rrxqecrBa ABri>KeHr.rr. lIpN usyveHl.ur ytJroBoro pacnpe-
AeJreHr.rfl 3JreKrpoHoB BodrruoByro Qyuxrlaro olKe-aJreKTpoHa cJreAyer Hc-
[.od'rb3oBarb B BHAe Hepe,'rrrriBr{crcxori (4.40) HJrri pe,rrflrrasacrcKoft
(5.24) $yHxquu r.f.,;, xaparrepusylouleft ABHx<eHlie 3JreKrpoHa c
Bod'rnoBbrM BeKTopoM q H rrpoeKlinefi cnaua p. BupaxeHr.re AJrfl orHo-
cure,riluori Beporrrr{ocrr{ BbrJrera o)Ke-g/'reKTpoHa B rrpocrpaHcrgeHnttft
yro.rr dg B HarrpaB,rrenr{H q noiryqaercfl nyreM yMHoxeHurr BeporrHoc-
TH O)Ke-[epeXOAa Ha OTHOCXTeJTbHyTO 3aCe,rIeHHOCTb Haqa,rIbHOfO ypOB-
Ha. I(poue roro, B c,ryqae xaoruqHo opHeHTHpoBaHHbrx aroMoB ta3a
9To Bblpaxeur.re Heo6xoAHMo ycpeAunrb rro npoeKr{arrNr nor-rHoro Mo-
MeHra HoHa B HaqaJrbuoM cocrofiHlru c BaKaHcrzeft H npocynaMapoBarb
[o npoeKllurM MoMeHroB B KoHeqHoM COCTOTTHHH

w $) d o:1r1-t r qe QJM) dWa(yJM ->T', J', M', qv),
MM'lt

(3 3)

rAe W($dA - BepoffrHocrb Bbrrera olKe-sreKrpoHa rprl AaHHoM
nepexoAe B npocrpaHcreeHnlrft yro.n dQ B HanpaBJrennr.r ti; cY(yJM)-
orHocLITeJIbHafi 3aceJreHHocrb ypoBHfl ylM. Ocn KBaHroBaHHfl z coB-
MeuIeHa c HarrpaBreHl.reM nyqKa nepBHr{HbIX riacrr.ru, HoHlr3Hpyrouu4x
ATOMbI.

flo4cranrafl B Bbrpaxieuue gnn dIVa [cr. (1.236)] pasnoxeuue
SynrqraH r}.,* (4.40), repecBr3brBafl MoMeHrbr cso6oAHoro 3JreKrpona
l, s n noJrHblft MoMeHr j, a nocne4uilii csqgtrsafl c MoMeHroM rzona J'
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u yqr.rTbrBafl, rrro MaTpr.rrrHbrfi SJreMeHT CKaJrqpHoto ol]epaTopa B STOil
cBr3H He saBr4cr.rr or rrpoeKrlHli, no.nyuaena [273]:

w (il: cftQJM), f ;-'eto,Ym,(4)ljlrt, x
i lmrim,

x(- J
mj

BepoarHocrb BblJrera o)Ke-g,rreKTpoHa 3aBr{cur roJrbKo or yrna 0 or-
FIoc[reJrbHo HanpaBJreHr.rs nyqKa rioHr.r3r.rpytorqux qacrr]u. Ec,ru aos_
MolKHo eAuHcrBeHHoe 3HaqeHr.re KBaHroBoro qrzcra l, ro W (Q) raxxe
repser 3aBHCHMOCTb OT napqua.rrHofi sasu pacceflHlrf r97 r{ Bbrpa-
xaercfl qepe3 rroJrHyro BeporrHocrb ox(e-lepexoAa. IIpu cynanaupona-
HLII.I IIO trpoeKIII.rrM OKa3brBaeTCq, rITO p acnpeAeJreH[e oxe-sJreKTpoHoB
flBJrflercr r43orponHbrM p gJgyrcrsHe BbrcrpanBaH[fl, aroMoB B npoqec-
ce HoHr{3aqun (ecnu_c)(Qlm) l:3aBucr4r or M) r Aax<e Adrrr{ Bbrcrpo-
eHHbrx HoHoB, ec,ru /g l/2 [2731.

B c;lyuae He[oJrrpr{3oBaHHbrx aroMoB r.r }roHr43r.rpyrcul}rx HX qac-
ruq QyuNuHl yfrrgB_ofo pacnpeAereHnq o)Ke-erreKrp6iron W (e) npu-
HHMaer elan 1238,2741:

w (o):# [r+ X uu.d,opu(cos o)] , v{2J,.
.,_t

34ecr W - BepoqrHocrb ox(e-[epexoAa c BbrJreroM 3JreKrpoHa B re-
.necsuri yron 4n; Pu - lo,'rnnou JIexaHApa [opsAKa \r; o(v - rra-
paMerpbr, 3aBucsuue or aMrrJrr.rryA oxe-pacnaAa ra Qas pacceflHufl
oxe-aJreKTpoHa B pagraqHbrx KaHaJrrax; dvo _ napaMerpbr Bbrcrpau_
BaHIifl' onHcbIBalorlne Haqa,rlbHoe BblcrpoeHHoe cocrofHHe I{ Bblpa-
x(arcrrluecfl qepe3 cerren[e raoHr3arrlrn aroMa 1238, 274]. nnq p-t_ n
a3iBaKaHcr4I4 ac14MMerpI'Ifl ylJIoBoro pacIIpeAeJIeHHt oxe-gJIeKTpo-
HOB 3aBrrcHr oT eAHHCTBeHHO|O rrapaMerpa azilzs.Ero sHaqeHrir, oII_
PCTCJICHHbIC TCOPCTI,IqCCKH A IIOJIY3MTII]P}IqCCKTI AJTfl O}KC.TCPCXOAOB,
nos6yx4eHHux QorouaMLr rrJrr4 3JreKTpoHaMr.r, r.rMeror He6o,nnruyrc ne-
JrrqHHy (<0,1) [35,238]. B cryr{ae nouHoro yAapa yrrroBoe pacilpe-
AeJIeHHe 3JreKrpoHoB Moxer 6uru 6olee aczMMerpr{qHbrM [30] . Or-
MerIiM, r{ro nplz 0:54"44'P2(cos0):0, r]ogroMy r43MepeuHbrlt no4
raKHM ylJIoM o)Ke-crleKrp [peA[or{TareJlF,Hee AJq cpaBHeHllfl c HHTer-
paJIbHbrM Teoperr{qecKr4M C[eKTpoM.

Oxe-a.nexrpoHbr, BbrJreraroulre H3 xaor'qecKrj opHeHTr4poBaHHbrx
aroMoB ta3a, Motyr 6url opueurr4poBaHbr raKxe no HanpaBJreHHr,o ux
crrnHa. I,IcxoAq Lr3 cuMMerpHH flpoqecca, cJreAyer, qro BeKrop cnr.rHo-
aofi norapa3arlz u,qoJr)KeH 6urt nepneHAnKyJrrpHbrM [JrocKocrr.r peaK-
III{].r, B xoropoli ABHxyrcfl naAaroqufi [yqoK HenoJrspr.r3oBaHHbrx qac-

2rs
MM'u

! *) ,r' ,' etir iH"iYDl .11t-,+*,+t,-t.* (:, 
t* 

: *,) (t;, (34)

(35)

Free Hand

Free Hand
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THU I{ oX<e-gr'IeKTpOH. CreneHb IIOJIt1pH3aUHLI O[peAeJIseTcl COlJIacHo
(6.19) u npeAcraBJlflercfl B cneAyl,outeM BHAe 1275, 2741:

p(0) : "f,' r"*,,r,,] (cos 0)1 [t . X *u.iluoPu(cos 0)].
v:2 v:2

(36)

flapairaerpu uu v ,{uo HMeIor ror x<e cMbIcJI, vro Ia B (35), a 9" -
napaMerp no,rflpI{3aIItan, coAepxauIHft uurepQepeHuHoHHble qJIeHbI

Mex(Ay pa3JIIIqHbiMH KaHaJraMIi ox(e-pacrlaAa l27al; Pl - rpncoe-
Ansessuli rroJrHHoM ,Ilexau4pa [epBoro poAa.

8.3. VroqneHHble MeroAbI pacqera ox(e'cneKrpoB

Koppe;rsquoHnble aSsexru B oxe-crleKrpax, KaK u e Qoroa.neKrpoH'
HbIx cneKrpax, MolKHo xnaccuQuqupoBarb Ha B3aHMoAeficrBHe KoH-

Qrzrypauuft B HaqaJ'IbHoM cocrosHau H B KoHeqHoM cocroflHl'Iu cl{cre-
rr,ru noHfaJleKrpoH. lloc.neAuse eue noApa3AeJlflIorcfl Ha KoppeJIrI{HH
B cocroqHu:a rrola lr B cocroflHlill KoHrHHyyua [159] . Ocuoeusre rtlult
cI{JrbHo cMeIIIIIBaIOuI}txct xOHQarypaquit pnx cOcrOqHHft c BaKaHcI{-

eft 6u,rn paccMorpeHbl B pa3A. 3.4, ouvr qBr'IflIorcn cyqecrBeHHblMrl H

e oxe-cnerrpax [30, 159, 259, 276] . OrmerI'IM cMeIrIuBaHHe spN-
32 pN-2 d-S2 pN -25', npIiBOAfl u{ee r O6p aSOBaHI,Iru CaTeJIJILITHbI X ill4uuit,
no I4HTeHcI.IBHocrI4 cpaBHIIMblx c ocHoBHbIMI'I Jrr4Hr4flMtr u L2,sMM'
crleKrpe Ar 12771 ,' Ma,5N1N23-crleKrpe Kr u Na,5OvO2,3-cneKrpe

Xe 7228,279] , pesriuaHcHo Bo3pacraloqee cMeIIII4BariNe (sfd)N A.rq
xonqiarypaquh c nnyrpeHueft naxascuefi, npH Ko,rlJlance d-e,rerrpo-ua

[29,' I id] , nponBr'Isrcqeecfl B pa3JIIiqHbIX o)Ke-crexrpax Ca rz Ba

[159, 259].
Cu,rruue Koppe,'Iql{I4onHrre aQSeKTbI I'IMeIor Mecro B o)Ke-crIeKT-

pax, KorAa B rrepexoAax yqacTBylor 3J'IeKrpoHbI BHeIUHTIX OTKpbITbIX

o6o,rover<, v rrlrcila gJ'IeKTpoHoB HMeHHo B 3THX o6onoqxax orilgqa-
rorcfl B cLLrbHo cMelxltBalourttxcn xousurypaqrsx [265] . Cnequ$r-
qecK[M A,'rfl oxe-cneKTpoB SBJIfleTCg 83aI'IMOAeftCrnUe XoH$ulypaul4l{ c

AByMf BaKaHCI4SMI4 B KOHer{HOM COCTOflHIiH HOHa, B rIepByP oqepeAb -c KBa3i,rBbipoxAeHHbIMlr xonQurypa(I'rflMH [30, 280, 259] , oco6enHo
ecJrr.r oHH HaxoAsrcfl 6n[sro 3Heprergilecxa. HanpuMep, c6,'IuxeHge
KBa3HBbrpoxAeHHbIX ronQllrypaquft 3d-2 vr 3s-t3d-t s6nwsn Z:60
npr.rBoAr.rT K pe3KoMy Bo3pacTaHI4IO I{HTeHCI{BHOCTI.I OX(e-nepeXoAoB
LtMBMs Ha rlorlropa roprAKa [2Bl].

CMerilueaHne roH@rarypaqnit uoxer orKpblrb AonodIIHHTer'IbHbIe Ka-

Ha,'rbl ox{e-pacrlaAa nos6yx4euHolo cocToflHl'Ig, qTO Cd'IeAyer yqHTbI-

Barb npll no46ope nonpaBoqHblx xou$urypaqufi. 3ra gaellcaMocrb

sQQexra yqera [onpaBoqHoft xouQnrypaql]H or I4cnoJlb3yeMoro pa3-

JrglKeHr4fl sO,'IHOeOft Qyuxqura Apyrolo cOcTOqHufl Aer'Iaer HecKOJIbKo

ycJroBHbrM pa3AeJIeHHe xoppe.iraqnft Ha B3anMoAeficrsne xouSnrypa-
qlrfi r HarIaJIbHoM H KoHeqHoM cocroqHl'Ifx.

B;tugHtIe Me>KKaHar'IbHoro B3auMoAeficreuq B KoHeqHoM cocrotHliu
cHcTeMbr Ha ox(e-cleKTpbl elqe cpaBHI'ITeJIbHO MaJIO I43yrIeHO. PaCtle-

Free Hand
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rbr, rrpoBeAeHHbre MeroAaMr{ reopHr.l BO3MyIIIeHHft [282], H CBfl3I4 Ka-
HaJIoB paccerHHfl [135] noKa3brBalor, qro 3To B3aHMoAeficrBHe Mo-
}Ker 6brrb crod'rb )Ke BaxHbIM, KaK H BSaHMoAeIlcrBHe KoHoHrypa-
Ur4ft Ar4cKperHoro crexrpa B KoHeqHoM HoHe. HanpLIMep, cMe[iiiBaHHe
(ls22poes-ls22s2p5e' p)25 rpr.rBoAr.ir K cyrrecrBeuHor.{y repepacnpe-
AeJreHr.rrc HHreHcHBHocreii B (LL-cnenrpe HeoHa, I(aK I{ H3BecrHoe
HaJro>KeHr.re roHoarypaquft 1s22p6-ls22s22p+ B AByKparHoM HoHe Heo-
Ha 12821.

B c.nyuae o)Ke-[epexoAoB Bo BHyrpeHHI{x o6o"'IoqKax KoppeJIfIlIioH-
uue s$$exTbr recno nepen,'Ieralorcq c pe,'IqrnBttcrcKuMLI - tzx coB-
lrecrsuft yuer rpe6yer rrpHMeHeHHfl pe,]rgraBl,IcrcKoto trlHororouQury-
paqroHHoro MeroAa [280, 281].

Cate,'r.ngru B o)Ke-crreKTpax Moryr 6urn o6vc.roBd'IeHbl MHoro3,'IeK-
TpoHHbrMr.r eQQerrartln He roJIbKo Bo BpeMfl o)Ke-IrepexoAa, Ho Ir rpu
o6pasonauul,I HarlaJrbHor? BaKaHcnH BCJIeACTBHe Ao[oJIHa:renruot? uo-
Husarlun n.nu nos6yxAeHLIg aroMa.

llpn usyveHur.r KoppeJIsuHoHHbIX e$Qexroa B AHaTpaMMHL'IX oxe-
cneKTpax, oco6egso aHolra,'Inti n Qopue pl rlodrlo)KeHIaax lnultft, a raK-
Xie CaTeJIJIITTOB, COOTBeTCTByIOXIUX MHOIOqaCTLIqHbIM nepeXOAaM, 30-
$exrnanuu sBJrrercf MeroA reopI.IH Bo3MyxreHlzfi [230, 283, 284].
I(ax 6u"ro noKa3auo B pa3A. 2.3, reporrHocrb o)Ke-nepexoAa orlpeAe-
r'rr{ercfl KaK MHr.rMaq qacrb BKJIaAoB AIlarpaMM Ar'Ifl 3Heprfirz (pnc.
6, 6-d). Ans ottucaHue HaqaJlbHoro cocroflHl4r c BaKaHcl{eft yAo6uo
BBecru co6creeuuyro 3Heprnlo BaKaHcHH I.I ee cneKrpaJlbHylo SyHxuarc
.(3-14). flpone4eHnble grHM MeroAoM cucreMaruqecKlle pacr{erbi oxe-
IrrI{pHH .yponneri H Bepoflruocretl nepexoAoB, B qacrHocTn, rIoKa3bIBa-
r,or, lrro cneKrpocKonnqecKnil Qarrop (3. 1B) n 6o,nlutlscrBe cryr{aeB
6;rnsox K eAHHLrue; Aaxe AJq 4d-t-eaxarcuft, esauuo4eficreyrcrqllx c
KoHrHHyyMoM cylep-Kocrepa-I(poHula 4[-zel, oH ]1Meer BeJII{qHHy

oKoJro 0,97 12841. LI rorrro B cJlyqae, KorAa eHeprHH oAHo- H AByx-
BaKaHrHbrx ypoeieir ror{rlt coBraAalor E (ntl;l)>-E (nrl;r n"l;\, KaK
HanpuMep, gnr. 4s-I-,4p*t-naxavczft s Xe, cnexrpocKonltqecKnft $ax-
TOp CraHOBLrrCfl CyuecrBeHHo MeHbue eIIIHHIIbI ann noo6ule BbIpa-
)KeHHe (3.17) repfler cHJIy.

Teopna Bo3MyureHnft nossorqer raKxe o6o6qurr orIHcaHLIe oxe-
nepexoAoB nyreM yqera I4x cBfl3I.I c npeAbIAyulI{M npoueccou o6paeo-
BAHUq BAKAHCIIH B ATOMC.

@ololaoHns ar\utr v, [ocJleAyroqnfi oxe-nepexog uso6pax{alorcfl re-
Mu x<e Ar.rarpaMMaMla, KaK u ,{softHas tforououusauuq (cN{. ptzc. 17).
06H.rHo ocHoegota BK,rraA B aMnJrHryAy eAHHoro npoqecca BHocr.rr

AaarpaMMa a. Ec,'Iu BaKaHcuIo a-l paccMarpltBarb KaK KBa3HqacrIrIIy
l.r lrso6paxarb yroJlutessoii nusneft (uu. puc. 18), ro aMrIJIHryAa
c yqeroM nuurr eroft AIIarpaMMbI onpeAeJlflercfl BbIpaxeHI'IeM, coBIIa-
Aarour.rM c (6.2a), a AsofiHoe auOSepelrquaJIbHoe ceqeHI-Ie na6lrcAe-
HHR oAHoro sr]IeKrpoHa B IlHTepBaJIe aueprltii e1, elfder, a Apyroro
sJreKrpoHa - c 3Heprueft uex4y ez u ez*dez - IIM€€r nraa (6.25).
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Hurerpupyff 3ro Bbrpa>KeH[e IIo 3Heptnr.r $oroe.nexrpoH& 81, rroryr{a-
eM SopMy"'ry, orrr{cbrBaroUIyIo o}Ke-crreKrp:

P#*- ) L (e6f e"- e* li,o i fl{r) i a) l, AoGt*e"-e) x
abc

x nt, (ea i hizl cb) - (ea l hizl bc) le [Im ), (ar * e" - e)] - r. (37)

floc,reAsae ABa MHox{ureJrfl rrpeAcraBJIgror naprluaJrbnyro u noJrHyro
oxe-unpr4nu. Ec.nu yqnTbrBarb raK)Ke Apytne Ar{atpaMMbr eAHHoto
ilpoqecca, orrxcbrBaroulfie pacceflHue @oroe.neKrpoHa (puc. 17, e) unu
KoppeJrsur.rl B HaqaJrbHoM cocroqunrz (pnc. lT, a, 6), ro 4rzQeepeu-
IIHAJIbHOC CEI{CHHC YX{C HC CBOAI{TCfl K CTOJIb TIPOCTOMY BI,IAY.

flpyror? o6ului,t nolxoA, rro3BoJrsrollurl paccrvrarpriarr' o6puro"a-
Hfie H HepaAr.rarlnouHuft pacna4 aos6yxAeHHoro cocrorHr.rr KaK eAH-
Huft npoqecc, 6brrr pa3Br.rr n pa6orax [13], 135, 137]. Ero ocxoBy
COCTABJI'CT TCOP14q ABTOI,IOHI'I3AIIHOHHbIX YPONUCfi H COOTBCTCTBYIOIqHX
HM pe3oHaHcoB B ceqeHl.itx npoqeccoB paccesHPlfl, KparKo H3,IIO>KeH-
Haq B pa3A. 2.3. Ocsonuas HAefl MeroAa cocroar B c,'reAyrou{eu. 06-
pa3oBaHHe nepeuuHoft BaKaHCr{r{ A-I npvt HeyrrpyfoM pacceflHlrlr aro-
MoM Llacrur\ x tr rroc.rreAyroulurl pacna4 erorl naxaHclrr4 Mo>KHo pac-
cMarprztsaTb KaK AByKpaTHyro r4oHH3arl,Hro aroMa rracrHqaMH x trpu
Ha,rHqHH aBrouoHr{3arlnoHHoto ypoBHfl a-l (uanpaMep, o}Ke-9Q$exr _
KaK pe3oHaHc B ceqeHnlr AByKparHofi HoHusaqran). Aun"rnryAa raKo_
ro npouecca B oKpeCTriOCTr{ ypoBFrfl cocrour n3 MoHOTOHHO Mer{rrc-
uletocfl cJraraeMoro, coorBercrByroqeto npauoft 4nyr<paruofi rioHr43a-
r\r4v, a raKxe pe3oHaHcHofr uactu, otrHcbiBaiorueft nos6yx4eHrze aroMa
B KBa3ucrarllroHapHoe cocrosHr.ie lt loc,rreAyroulnft oxe-pacnaA. Orz
ABa [pouecca - npruoii H AByxcrylesqaruft - r.rMeror oAHH H re
)I(e HarIa,lbHble, a raKx(e KoHeqHbIe cocroflHl,Ifl, rloaroMy IzurepQepu-
pylor Me)KAy co6oil. Ec.nlr aHrepSepeuquoHHbrMr.r qJreHaMr.r MolKHo
npeHeSpeut, ro Bbrpa)KeHlre Arfl rrHTeHcr{BHocrH ox(e-Jrriultn sarropu-3yercs Ha 3aceJleHHocrb HaqaJlbHoto ypoBH'{ I.I BeporrHocrF, ox(e-
nepexoAa. B o6Ueu cJryqae HHTeHcr.rBHocrb Bbrpaxaercrr qepe3 ceqe-
HHe eAlrHoto npoqecca.

Ecnu p accroqH*e Me>KAy Har{arbHbrMr.r aBror.roHr.r3ar{HoHHbrM rr ypoB-
HIMH oAr.rHaxoeoft cHMMerpHr.r 6olrue ,cyMMbr r4x tilupIIH

LErru l, + lr, (38)
qro o6siqHo r.{Meer MeCTO AJrfl BHyrpeHH|X BaKaHCnfi, ro paccMorpe-
HI]C OXC-TEPCXOAOB I.I3 KA>KAOTO YPOBHff MO)KHO NPOBOAI,ITb OTACJIb}IO
rax o6pasoBaHHe I.{ pacrraA H3OJrHpoBaHHoto KBa3r.rAHCKperHOto co-
CTOflHII', ESAUN{OACfiCTBYIOilICIO C OAHI.IM I,IJII{ HCCKOJ'IbKI{MI{ KOHTI.IHY-
yyaMr.r. Ceqesne e o6.uacru pe3or{aHca orpeAeJrflercfl ypaBHeHHeM
(2'114), a BepoflrHocrb o)Ke-pacnaAa HaqaJrbHoro cocroflHlifl nf [po-
nopquoHar'IbHa IITHpI.IH€ pe3oHaHca H cocrol4T H3 aAAH'rHBHbrx BKJra-
AoB or Bcex KaHaJroB oxe-pacna4a B:

r
(.

w (Y): v,-t t (9 lr/'ly) I' (3e)
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I(a>r4srrl H3 qJreHoB cyMMbr npeAcraBrqer BeporrHocrb coorBercrBy-
rcu1ero oxe-nepexoAa, onpeAenfleMyro cotJracHo (B), Ho A,rrfl ottr{ca-
HHfl KoHrr{HyyMoB renepb HcnoJrb3yercs 6asuc Bo,rrHoBbrx $yHxqrail, a
KoropoM Marp?Iqa oHeprr.rH cHcreMbr uoufoxe-e,'reKTpoH sBJIflercs
AI{aroHaJrbHoft [ 31] .

Ec.nn ycnoeae (38) He BbrrroJrHflercq - pe3ouaHcbr [epeKpbrBa-
IOTCq MEXAY CO6Ofi, - TOTAA CJICAYET YqI'ITbIBATb B3AI]MOCBfl3b MC)KAY
coceAnr.rMr{ pe3onaHcaMr.r u peruarl 6o.nee cr'rox{Hyro 3aAaqy MHoro-
KaHaJIbHOTO pacceflHufl rrpr.r HaJrr.rtrHu 6ilugt<ux KBa3r.rAucKpeTHbrx ypoB-
seri [131, 135] . Mero4 pesoHancHoro pacceflHvfl !"Jrtr oracaHr.rfl ox{e-
eSQexra ueo6xo4Iauo raKx{e flpriMeHsrb B cJryqae cr.rdrbHoto B3ar.rMo-
4eftcreua BaKaHTHoto cocroflHLrfl c KoHrHHyyMoM.

EAunoe orrncaHae o6pasonauuq H pac[aAa eos6yx4eHHbrx cocro-
qHraft Nroxer 6trrl o6o6uleHo nyreM BKrroqeHr4rr KaHaJroB He roJrbKo
oxe-, Ho H paAaarlr4ouHoro pacrraAa [135-137] . Tor4a K raMudlrb-
ToHHaHy Ao6aenqrorcq qJreHbr, coorBercrByloilIne gHeprlrn aJreKrpo-
MaTHHTHOIO rroJtf H ero eSaUUO4eficTBHro c aToMoM, a BoJrr{oBafl
SyHxrlnn coAepxnr raKxe a Qorouuyn Qyuxrluro. llpru oroM ocHoB-
Hbre ypaBHeHr.rfl CoxpaHsror csofi Br{A, oAHaKO BO3Hr4KarOT r{eKoTopbre
cnequQnuecxue npo6.neMbr, cBfl3aHHble c orcyrcrBr{enr so,'ruosoft Qynx-quu Qoroua B KoopAHHarHoM npeAcraBd'retrl,t, a raKx{e c reM, qro
cABHr 3HeptHH pe3oHaHca B pesyJrbrare aJreKrpou-Sorouuoro B3ar.rMo-
Aelicrsnq Mex<Ay Ar.rcKperHbrM cocroflHueM 14 KoHrlrHyyMoM noryqa-
ercs 6ecxoHer{HbrM rr eto cJreAyer nepeHopMr4poBarb [135] . ltrocxo,ln-
Ky [pH pacnaAe aBror4oHHsarl[loHHoto cocTosHaq paAr4auHoHHbrM H/r]r
HepaAr.raq[oHHbrM IryreM aroM e 4anraeriuteM Moxer rrepexoAnrb B
oArio l.r To xre KoHeqlroe cocroruue (oxe-a.nexrpou pexorr.r6aHupoBarb
c HoHoM, rlsJryqafl $orou, a r.r3JryqeHHuii npn paAnaurloHHoM rrepexo-
4e Qorou BHoBr, norJroruarbcfl aroMoM c Bbr,.'reroM aner<rpoua), ro B
cr'ryqae noAo6sofi BeporrHocrn o6oux KaHa,'roB pacnaAa Bo3MoxHa
uurepSepenqr.ra MexAy HLtMLr, nposBd'rqrcqarrcrr B crpyKrype o>xe- uJrH
3Muccr.roHHoro cneKrpa [36] .

Csqsr \,relKAy npoqeccaMa o6pasonauns H pacna4a eos6yx4eH-
Horo cocrosHlrs craHoBrrrcs Baxsofi, ec.nH BpeMfl o6pasoaauufl. Ba-
KaHcHpt cpaBHHMo co BpeMeHeM ee pacnaaa. llpn uoHu3arlr{u o6o.noq-
xn QoroHoM c 3Heprveft, 6;lusr<ofi x eHeprur4 lroHasaul{u o6olovxll,
H3 aroMa Bbrdrreraer ueA.nerisrn2 gd'reKTpoH, xoropuir He yc[eBaer yAa-
,,Ilrrbcfl oT aroMa 3a BpeMrr, KotAa [poHcxoAi.rT oxe-nepexoA H Bbr-
Jleraer sropuuurift oxe-9J'reKrpon. B cryrrae 3JreKTpoHHoro yAapa B
oKpecrHo,crn aToMa Motyr esauuo4eftcrBoBarb Aax{e rpr4 3JreKTpoHa.
3ro rax HagblBaeMoe rrocJrecroJrKHoBlrreJrbHoe Bgar{Mo4eficreue npu-
BoAI.rr K aKcrrepr.rMeHTaJrbHo Ha6.nrcAaeuoMy H3MeHeHHro rroJrox esufi w.

Qoprrau oxe-rnHnfi, aos6yx4aeMbrx qacrlrl1aMlt c aueprueft, 6.nusrofi
x noporonor?.

flocnecronrHoBr{Ted'rbHoe B3auMo.4eficrsae orrrzcbrBaercfl MeroAoM
MHoroKaHaJrbHoro paccesHr.rfl u reopuefi Bo3MyrrIeHHr? [13], 285] , upll-
MeHHMbr raK)Ke 6onee [pocrbre npu6.nuxeHux [286, 2871 . Haxe,
cJIeAyfl [287], AaAr,IM KarrecrBeHHoe noJryKJraccnqecKoe ofir.rcaHr{e 9ro-

Free Hand

Free Hand
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fo gQQeKTa trpu $orouoHnsaqun, flo3BoJrflrorqee noHflrb ocHoBHbre
ero qeprbr.

llycrl aroM rrot,rrorqaer KBaHT peHTreHoBcKHx nytreft, aHeprnfl Ko-
roporo npeBbrlraer oHepttaio cBfl3u 3JreKrpoHa B rioHr{3r.rpyeuori o6o-
.IIoqKe Ha BeJruquuy AE, Ha3brBaeMyro 3Hepruefi grcuecca. tr4ueHso
TaKyro gHeprlrrc 6yaer HMerb $oroaaexrpoH, KotAa oH yAaJrnrcfl B
6ecxoHe.rHoct,. Ec,ru x<e aJreKTpoH HaxoAHTcr Ha paccroauuu ft(/)
or r.ioHa, nodrre Koropoto [peAcraBJrrer co6oft KyJroHoBcKoe rroJre eAr{-
HHqHoro 3apflAa, ro KlrHerlrqecKafl 3Heprr-rfl SoroelexrpoHa

erlt): L,n + fi;
B uouesr f-[" 14g aroMa Bbrr'reraer 6ucrpurl ox(e-3JreKTpon H noJie
HOHa BHe3arrHo MeHflercfl Ha rrone AByKpaTHOTO 3apfl.Ea, rrTO IIpIl-
BoAHT K ri3MeHeHriro sHeptHH QoroelexrpoHa Ha BerlrruHy

Ae. l'r*): "' - 
2e2 :- "- r \- / 

.lR (r*) R (r*) R (r*)

CorrracHo 6a.naHcy gHeprHta, ox{e-3JreKrpoH npno6peraer raKyro
>Ke Aorro,rrur.rreJrbHyro 3Heptltn (QoroenexrpoH qacrr-rqHo oKpaHripyer
[oJIe HOFra, no3TOMy o]Ke-3JIeKTpOH HCnbITbIBaeT MeHbIIIUft npurxra_
renluuft noreHqnal):

Aer:e: -k
@yHxqraa paclpeAeJreHr{rr oxe-3JreKTpoHoB rro rrocJrecroJrKHoBu-

TeJrbHoMy cABrrry MolKer 6lrrl no,ryueHa r.r3 3aKoHa pacnaAa eoe6yN-
AeHHOTO COCTOflHI{r:

'ft(t):qe (0) e-'r", (43)

IAe T - BpeMq X(H3HI1I cocroflHHri; ,ye@ 
- 

qr{cJro nos6yx4euHbrx aro-
MoB B MoMeHT npetreua /.

Bupaxaa us (a3) QyHxunro pacrpeAe.rreHr.rt

Dr-\- d:rL
t \e)- -cle

LI HcrroJrb3yfl paBeHcTBo

dcYe dc\( de dR
dtdedRdt'

a TaKx(e KJIaCCHqeCKOe COOTHOlIIeHHe

dR
dt:D\t)'

HaxoAr{M rrpv, t:t*
c)( (o) e, exp (- t* lt)

(40)

(41)

(42)

(44)

(45)

(46)

P('):
reza (t*) (47)
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oxe-pacnaAa l* nroxer 6url onpe.u,€r-r€Ho r.r3 ypaBHeHr.rfl

(48)

Halr6onee Bepoqruoe 3HaireHue cABHta oIKe-J'THHHH cJreAyer Lt3 yc-
JIOBIifl

dPl')_ :6.
de

B KBa3uK,TacclrqecKoM lpn6,lnxeuzn r,ns. t* [oJryqaercq qBHoe
BbIpax<eHHe, npa ncno,rrrr3oBaHr.rr.r Koropoto (u npeHe6pe)KeHrzu, xaK
n y (47), npalroli 4eyrparHort Qorouonusarluefi B KoHer{Hoe cocrofl-
Hr{e ox(e-[epexoAa, a raKxe nHrepQepeHrlraer? ruexAy 3rriM r.1 AByx-
cryneHr{arbrM rrpoqeccauu) naxo4nrcr ypaBHeurze [286] :

I [2 (At+ u)]'r' - 4e (AE+ e) - e2:0, (50)*

r4e I - ecTecTBeHHaf uHpr4Ha HarraJrbHoro ypoBHr aroMa c BaKaH-
cueft.

llpn AE)e (nparrauecKlz Arrr AE>0,2 a. e.) perreHr{e sroro
ypaBHeHr.rfl xoporuo a[npoKcHMHpyercfl Qopuy"ror?

s: Ia (8At)-u'z. (5 1)*

Cne4onarenbHo, nocd'IecroJlKHoBLITelsguft cABI,It olKe-,'InHHIt Bo3pac-
Taer c yMeHbrxeHHeM BpeMeHH )KH3HII eos6yxgeHHoro cocrosHnfl H
'oHeprulr 3Kcrlecca. V nopora cABHr HMeer Be,raqr.rHy [opqAKa l0-1 eB.
B cnyuae AByxr,sMHoro aQ$exrr4BHoto rroreHrlr.ia,rra c rro,{ox(HTeJrb-
HbrM 6aptepou, xoropsrri rpenfircrByer yAa,rreHr{ro $oroenexrpoua,
cABr.rr Moxer .[,ocrr.r.qb Beri.rr{Hnbr I eB [288] . lloc,recroJrr{HoBrzreJrbHoe
esauuo4eft crBue raKlKe npuBoAr.ir K yrx[peHr{io o}Ke-,'ir.iH uft .

OnucaHrze locJlecro,rrKHoBLrrer'tr,Hoto 83axMoAeft crsntr rrpn proHusa-
qlrH aroMa a,'reKrpoHaMr.r tipeAcraB,lser 6onee c,roxnyrc Teoperriqe-
CKyIO 3aAarly Ir3-3a Ha"r-lIiQI4f AByX MeAJIeHHbIX 3JIeKTpOHOB, ABHXeHlrfl
xoropbrx cHJrbHo KoppeJrupoBairu. Oira perxaJracb JrHrub AJrfl acHM[-
ToruqecKnx cryqaeB - paoHoft HyJIro H oqeHb 6o,lruofi eHeprr4n 3Kc-
qecca l2\7l.

9. llrprpHHA H OOpMA Jrr4HI,Ilt. BbTXOA OJTy0pECUEHUI{n

@opua H rrrxpnna nugufi, pa3rur{Hbrx cneKTpoB - peHTteHoBcKHx
sMHccI{oHHbrx, o)Ke-, $oroa;rexrpoHHbrx - onpeAeJrrrorcq o1rprupr vr

TeMIr x(e ocHoBHbIMH IIpHqHHaMU, [O3TOMy pacCMOTpeHHe 3TI'IX BO-
rlpocoB qe"recoo6pasHo o6te4unurb B oAHoft rJraBe. B pae4. 9.1 o6-
cyAHM pa3rr{trHbie Qaxropu yrrrupeHufl nnuuft: crroHraHnbre nepexo-
AbI, an[apaTypHbre HcKaxeHHq, AorrJlepoBcKoe yrrrHpeuue v T. A-
Pasn. 9.2 nocBflrrleH BeJrHquHe, recHo cBq3asnoii c ecrecrBeHsoft run-
pltuori Jrvrfivtfi, - BblxoAy S.lyopecqeHUnx, Koropsrfi xapaxrepn3yer

Bperun

,*
r: I at:

0

R (t*)
fdR
I

.f z (R)
R (0)

(4e)

Free Hand

Free Hand

Free Hand



9.1. (Daxropr,I, onpeAentrcque Qopmy ntlnuil 205

OTHOCI'ITCJIbHYIO POJIb PAAI,IAqHOHHOTO II OX{C-PACIIAAA COCTOqHNfl C

BaKaHcr4eit. B paaA. 9.3 usyuaercf 3aBLIcI4Mocrb ecrecraeHlrofi Ixupu-
Hbl [rLHrtrl r{ BbrxoAa $,-IyopecqeHqHH oT sapflAa tApa, oAHo- I'I MHO-

roSJreKTpoHHbrx KBaHTOBbIX qHCeJI, paCCMarpI{BaerCfl upn6lnxeuuax
LIHBapI{aHTHOCTb STHX BeJII{qLIH' I'IMeIOqag MeCTO L,IIfl HeKOTOpbIX KOH-

Srarypaqnfi.

9.1. Qarropbr, orpeAercrclr1ne $opt*ty peHrreHoBcKnx
u gileKrpoHnux lnnnfi

llycrl B MoMeHr BpeMeHLI / gace"'reusocrl gos6vxAeHHoro ypornl ft
paBHa cYCt. 3a [poMexyroK BpeMeHn t, t+dt BcJIeAcrBHe nepexo,4oB
Ha ypoBeHb I (xax cnoHraHHblx, raK I,I noA AeftcrslleM BHetuHI{x npta-
uraH), fipo[cxoAq[Iux c no.tsoti BepotrHocrblo Wni, 3aceJleHHocrb
ytvleHbllraeTcfl Ha Bed'IuquHy

- dc)(**t:cYtrWudt.
Cyrrrruupyn (1) no BceBo3MolKHbIM KaHa,rIaM pacnaAa
)CWu tLk - _ c.)1 \. Lv

dt---tuka"ki
i

r.i r.rHrerpHpyq 3ro aIz@SepeHqllaJIbHoe ypaBHeHI'Ie (17a1 npelnona-
raeTcq He SaBncrlqefi oT BpeMeHu), nonyqaeM sKcrloHeHilnarllHsrfi sa-
KOH pacrraAa:

-ZWrtt€lQQ):cY1o1g1" , (3)

rle 9(r(0) - 3aceJleHHocrb ypoBHl B HaqarbHblft MoMeHr BpeMeHi{.
Cpeguee BpeMfl xH3HLI (uacro Ha3blBaeMoe lpocro BpeMeHeM >K].t3-

Hrz) yponur onpeAe,'rfiercfl KaK BpeMfl, 3a Koropoe efo 3aceJleHHocrb
yMeHbrxaercfl B e pa3. cJeAoBareJlbHo,

r[ 
-

(4)

npr.rHql{ny HeonpeAeJieHHocTLI, Me)K-
elo IIIHpIzHOft fr HMeeT MOCTO coor-

(s)

3aMeHflTb 3HaKOM <<->. cpaeHeHHe
fe eepe3 [oJIHy]o BeposrHocrb Ae-

lr: h VI/*i. (6)

npe4craBJrfler co6oft cyMMy IrlupLIH[IInprHa cneKrpaJIbHofi raHLIfi
HaqarbHoro n KoHeqHoro ypoBHefi.

(1)

(2',)

C apyrofi cropoHbl, corJlacHo
Ay BpeMeHeM xLt3HII ]poBHfl ra H

HOUIeHHe

lax hl'co.

B Aa.nrsefirueM 3HaK << = >> 6yAeu
(a) u (5) Aaer BblpaxeHue ArIq
nos6yx4eur-rr ypoeHr ft

I

Zr*
i

r
i
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BcneAcreHe MaJroro BpeMeHr xH3Hr.r BbIcoKoBo36yxAeHHbIx co-
crossuft c BHyrpeuHefi BaKaHckeft Arq Hnx xapaKrepHa 6o.nuuafi ec-
TecTBeHHaq IlrupI{Ha, o6yc,ron,reHuaa cIIoHTaHHbIMH rlepexoAaMLI.
fipyrne np]rquHbr yu[peHnfl peHrrenoBcrrx Lt 3JIeKrpoHHbIx .nusuft -afiflaparypHbre hcKa>KeHlrs, Ao[JIepoBcKoe H yAapHoe ylxHpeHlrfl LI

rtp. - o6H.{uo BbI3bIBarcT nnurr ue6oJIbIIIue, Aaxe HnqroxHble, no-
npaBKH K ecrecrBeHuofi unpuHe .nunnft.

Zso"naponasuuft arou Moxer HaxoArITbcrr B ocHoBHoM cocroqHl.r[
6ecxosequo AoJrro - ecrecrBeHHafl IxHpHHa ocHoBHoro ypoBHq paB-
Ha Hyr'rro. Bos6yx4eHHbrM cocroflHr.rflM c rnyrpeHHefi eaxaHcfiefi xa-
paKrepHo BpeMfl xH3HH noptAKa l0-14-10-16 c, ,rro coorBercrByer
ecrecrBeHHoft ruapune 10 t-101 eB. t{evr 6,ruxe BaKaHclifl K flApy,
reu 6o,'rrrue pa3JruqHblx Bo3Mo)KHocreri ee 3arroJrneHufl H TeM rxnpe
craHoBurcs ypoBeHb, nooroMy Irlfr.)Iiw.

PacclrorpuM, KaK pacfipeAeJlgercfl rroJlHafl uHTeHclrBHocrb JrriHr{H
tro ee ecrecrBeHHor? urzpnue. Ha.rHeN{ c Ktacc[qecKoro ocrIHJrJIrro-
pa - 

gJreKTpoHa, ocrlHJrJrlzpyrouero oTHocLrTeJIbHo cBoelo noro)KeHnq
paBHoBecnq. f,nnrarcr c ycKopeHueM, oH r43ryqaer oJleKrpoMarHlrr-
Hbre BoJrHbr H repqer gHepfr.Ilo, no3ToMy ero r.r3JryqeHue He Moxer
6urr MoHoxpoMarl,rqHbIM. Botpaxeuue 4.nn co3AaBaeMoro 3apflAoM
SfleKrpnqecKofo floJrfl coAepx{Hr, KpoMe 3a[a3AbrBarouleft eolurr, MHo-

x(I,ITeJIb e-"tt12, onHcbIBaIoulufi saryxanne:

E (t): Eoe ei@o 
(t -rlc) ,

rAe Y - nOCTOqHHafl paAI{a(HOHHOIO SaTyxaE[fl, tog - 
qacToTa I{s-

TYIICHHg .B OTCYTCTBHE 3ATYXAgUfl,, T 
- PAOCTO'HI,IC OT IIEHTPA KOJIC-

6asus. Ao roqKn, e roropoft HsMepflercr sJreKrprrqecxoe no.ne E(l).
flpu noMourn npeo5pasonanax Oypne E (f ) MoxHo pa3Jloxurb

no MoHoxpoMaTurIecKI,IM BO,IIHaM:

E (t): E(a)ei^t da,

E(,o): E(t)e-tot dt (n|:o trrrr - cp < r.0). (9)

I4Hrerpnpyn (9) c yueronn (7)
I

-i (o-<,.lo)+; y -ioo I.Z 'c

'tt
-2

(7)

(8)f
0

O1r
;"1

0

E(o):-A
T (.-..)'+l r'

(10)

H HcflOr'rb3yfl H3BeCrHOe COOTHOITeHUe MeXAy aMfiJIHTyAOH 3JIeKTpK-
qecKoro no,IIg 14 HHTeHcLIBHOCTbIO I.I3,tryqeHLIff, nOryr{aeM 3aKOH paC-
rlpeAeJIeHrrg r,rHTeHchBHocTu B 3aBI,lcHMocrll oT qacroTbl:

4nz (. -.0)'+ i Y'

E3I(co): ft ln{tr1;J,: (1 l)



f.i. @axropu, orpe.4e,'rrrcque Sopruy nraHrli 2q7

Cnexrpa.rruafl r{HTeHcI{BHocrb Aocrnraer MaKcLrMyMa rrpH o:ro6

(12)

(E - Eilz + (l J2)2

1t l2t, (l s)(E-8il2+(r'i2)2'

1(,DJ:#
I.I yMeubmaercq cr.rMMerpr.rqHo e o6e cropoHbr or 3roro 3HaqeHHs.

1(ol), nupaxeHHafl vepes 1(roq) , npno6peraer r43BecrHrtfi nu4, Ha-
sbieae\anil "ropeHqenorl (ecrecrneHHor?) Qopuofi Jtt4HLwt (Sopuy.ra
4rzcnepcnu) :

1(co):I(r.i .-#fu, (l 3)

rAe y paBHa rrllrpnHe JrilHHr4 Ha ee [oJlyBbrcoTe.
KeaHrogo-r{exaHI{qecKoe paccMorpeHHe crroHTaHHoto I,IslyrreHuq

aroMa npuBoArar x raxoft xe SyHr<quH paclpeAeJreHar HHreHc[BHocrH
[289] . Ecnu k - nos6yx4euuufi ypoBeHb c 3Heprern.recKoft uupr-
Hori l, a i - ocrlosHofi ypoBenb, To BepoflTHocrb H3ryqeHufl rrpr{ ne-
pexoAe ft-+l SoroHa c 3Hepraefi n nurepnaile E, E+dE orpeAeJrflercrr
BbrpaxeHHeM

w*,@)az: Ls- f12 d.E, wo,: f wkt(E)dE. (14)

Pacnpe4e.neHuro BepoflrHocrr4 nepexoAa (14) coorBercrByer pac-
npeAeJreHHe ITHTeHCTzBHOCTH orHoCr{TeJrbHO Eo - SHeprr.rH nnuW\ 6eS
yr{era ee pacrufipeHlls:

IH(E) dE Wu, (E)u:fft: ff dE, Ivi(E):ts

r4e .Is - BbrcoTa ilvHr4L B MaKcHMyue E:Eo, Bbrpa)Kalolllaflcfl qepe3
rroJlHyro I4HTeHCLTBHOCTb Jrl{Hr.rr4 :

, -21,/o:;T' (16)

@yuxqlIr (15) onucuBaer raKxe @opnay JrLtHrrH creKrpa Qoro-
sos6yx4eHl{s, coorBercrByroqero nepexoAaM H3 ocHoBHoro cocroq-
HI{f ATOMA.

llycrl o6a yponua, yqacrByroulue B nepexoAe, HMeror HeHyJreByro
rxHpHHy. Ec.ru aHeprrrfl BepxHero ypoBHfl & uaxo4nrcx uex4y E n
E+dE, a Hr.rxHero ypoBHs I - ue>r4y E' u E'ldE', ro eueprur Qo-
roHa - MexAy E-E'-dE' u E-E'ldL .Vrax,

hd<'>: dE + dE' (17)

Bepoarnocrb u3ryqarer'rbHoro nepexoAa c eueprueft Soroua B groM
HHTepBaJre paBHfleTcq

wr(E)wt(E')dE dE"

rye Vp(E) u V/i(E') oupe4enenu no (14).

(18)
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HHrerpupoBanlre 3roro BbrpaxeHurr no dE c yqeroM coorHoruenus
E':E-hlo 4aer F, 10]:

Ir,@):* It*Ir (t e)
IE-(Ek- Et)lz+ (I!tI!-)' '

rAe Et - 3Heprr{fl MaKcHl\{yMa pacnpeAeneHufi i-ro ypoBHfl.
TaxHu o6pa3oM, B o6qeM cnyqae B Ar.rc[epcnoHnor? Qopnay.ne c.ne-

AyeT I{CnOJrb3OBaTb [rr.rprlHy JrIjHnH, paBHyro cyMMe uHpLrH HaqaJrbHo-
ro H KoHeqHoro ypoBHefi.

Ec,ru oAus nnu o6a ypoBHfl, yqacrByroqae B nepexoAe, flBJrrrrorcq
ABTO}IOHI'I3AqI'IOHHbIMK, TO $OPUA JIHHHH 3aBH,CHT TAKXE OT OCO6CH-
Hocreri 83alzMoAeftcrBr.rfl AlrcKperHbrx cocroflHHrl c KoHTLIHyyMaMH H

Mo>Ker npr4HnMarb acuMMerpr4rrnufi rn4 (pasa. 2.4). Bce xe raKafl
acriMMerpHqHocTb B peHTreHoBcKr{x H o}Ke-c[eKTpax BcTpeqaeTcrr
cpaBHHreJrbHo peAKo - 6o.nlurnHcTBo oTAeJrbHbrx nuuufi. HMeroT cHM-
Merpl.rr{Hyro JropeHueByro Soprnry. C 4pyrofi cropoHbr, BosMoxHocrb
oxe-pacnaAa cocToflHlrq npr4BoAHT K AoI]oJrHIiTeJrbHoMy ylxnpeHI.rrc
ypoBHfl, rr B (15), (19) c.neayer HcnoJrb3oBarb ero noJrHylo ecrecr-
BeHHyro nruprrHy, paBHyro cyMMe pa4uaqnoHnoft (f,) n oxe-(fa)
ruIipHH:

l:|,*fe. Qo)

Ia ra I" Bbrpaxaarcfl qepe3 cyMMbI BepoqrHocreft cooreercrBylorrlHx
uepexoAoB (6).

Kparxo paccMorpnM Apyrue rtpHtIHHbI ytxnpenua peHrreHoBcKI.IX
Ii g,'rEKTpoHHbrx Jrr.rHHii.

flonneponcKoe yrIIHpeHve ilHHLrLt H3ryrleHllf, Ha ee ltoJlynucore (Ao-
nJrepoBcKafl unpuHa), o6ycroB,'IeHHoe xaorl,rqecKr.IM ABuxeHHeM aro-
MoB fa3a npu ux MaKcBeJrJroBcKoM pacnpeAeJreHr{H IIo cKopocTqM, orir-
cblBaercs Sopuynoft [39, 66]

8.aD:z\/znz+v+, (21)

rAe Eo - sHeprHf MaKcriMyMa JTHHHH; T - a6conrcrHafl reMlepary-
pa; k - nocroflrruafl Eo,rlquaua; M - Macca aroMa. Eclu M ue-
Meprercfl s A. e. I,r. (1 A. e. na.:lfl2 vraccut HyKnHAa r2C), ro
IlMECM

(22)

flpu reuneparype I:500 K aJrq Ko, - lrrtvryt HaH6oJee ,'rer-
Kofo aroMa 6opa, co4ep>Kailrero 2p-enewrpoH, oro orHotueHne cocraB-
rqer 5.10-6, a a6conrcruoe 3HaqeHHe dEp - roJIbKo l0-3 aB. !,ra
Ts)Ke'lIbIx aTOMOB 6Eo/ Es yMeHbIXaeTct, Ho BCJI€ACTBI4e Bo3pacraHI.IR
3HeprHH nepexoAa xax 22 6Ep npa raKHX reMfleparypax l]Meer IIo-
psAoK 10-t eB.

*L:7,16-to-,T4.

Free Hand

Free Hand
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Vrunpeune Soroa.nexrpoHHoft HJIH oxe-JruHHH Lrg-sa refiJloBoto
ABHxeHr{fl aroMoB ra3a orrpeAeJrsercq sopuy.noft [9] :

8eo: 7,5 . 1O-n (23)

B Koropoft Ao[d{epoBcKatr u]vpLrHa 6eo a oHeptufl $oroalexrpoHa E

r.r3Mepflrorcrr B aB, a M - e A. e. r.r.

A.ts .nerrHx aroMoB npu T-500 K 6er Aocrntaer Be/Ilrr{unbr no-
pflrKa (tO-t - l0-2)eB, Ho B rrporlrBorroJroxHocrb pa4naqnouuoil
AorlJlepoBcKoft nlrpuue yMeHb[raercr c pocroM HoMepa gnelreura. 3ro
onpeAeJrfleT,cfl yBerr,rqeHlleM Maccbl aToMa, raK KaK cneKrpbl pa3,'rlrq-
HbIx 3,'reMenroe o6rr.{Ho perncrpltpyrorcr nprz He6o,'rbrulrx 3HaqeHrlflx
sr{epruI.t $oroenexrpoHa.

Ec,r[ e aKc[epr.rMenra"rytsori ycranoBKe trcnoJrb3]€Tcr [yqoK aro-
MoB, ro "'rraHeiiHbrft rro cKopocrrr AolJrepoBcKr4r? cAtsHr JretKo HcKJrloqa-
ercs [yTeM perHcrpauuH crreKrpa B HanpaB,'reHHr.r, IIepneHAr.rKyJrflp-
HOM CKOpOCTH rryqKa.

3,rexrpouHue c[eKTpbr, nos6yx4aeMbre B I]oHHo-aroMnbrx croJrK-
HoBeHIItx, 3aBxcfr or KLIHeMaTI4KH cToJIKHoBeHHI? - or cKopocreft,
npuo6peraeMbrx qacrr.rrlaMu Bo BpeMfl croJrKuoBeHaft. Ec,rn croJrKuo-
BeHHq colpoBolKAar,orcr 3aMerHbIM paccesHreM qacruil, ro o6yc.noe-
J'ICHHOC 3TI{M AONJICPOBCKOC CMCIIICHI'IC I.I YIII}TPCHI,IC SJIEKTPOHHbIX JIIi-
Huft uoryr [pHBecrH K cyxlecrBeHHoMy r{cKaxeHl{rc cfleKrpa [290] .
CroxHaq 3aB[cuMocrb SopMbr cneKrpa or pacnpere,rreHr.rs aroMoB rro
cKopocTflM r{ yrJraM pacceflHl.rfl 3aTpyAHqeT ycTaHoBJreHr{e cBssH Mex-
Ay per[crpupyeMbrMl{ JtHHtrflMLt r4 IlcruHHbrMH 3Hept[sMI{ rrepexoAoB.

fipyraa Bo3Mox{Haq ilpuqr.rHa yrr]HpeHHfi nuuufr, - sosAericrsue
sreKrpr4rrecKrix no.rert paccer{BaeMbrx qacrltu. B cnexrpax, eos6yx-
AaeMbrx 3JreKrpoHaMr.r, [poroHaMu HJu4 SoroHauz, npr.r MaJIbrx cre-
neHflX LIOHLI3aIIUH aTOI\{OB 3TI{M yIIIHpeHI.IeM, KaK IIpaBI,IJIO, MO)KHO
npene6peur.

3Q@errrr caMorrotJrol{eHufl B crreKrpax ta3oB tr napoB, B orJrr,rque
or cneKrpoB rBepAbrx reJr, o6brqHo He cyuecrBeHHbr.

@opnra iln:nuir s rofi u.nrl Huor? uepe B 3aBr{cnMocrr.r or coBep-
rrreHcTBa l4c[oJrb3yeMux npn6opoB l{cKa>KaeTcfl annap arypuurr,rra Qar-
ropaMr{, Hanp}rMep, ttpu petr4crpauaa peHrteHoBcK]ix .nyveft - AH-
SpaxquonubrMrr sBJreHltflMrr, seroqsofi Soxyclrponroft u r. n. [2] . On-
peAeJrHM Qynxquro anlaparypHoro HcKa)KeHufl Ka:r' Sopruy r'rr.rHrrra, Ko-
ropyrc npno6peraer rrpa perncrpauun oqeub ysKafl 4e.nr,ra-o6pa3Hafl
JtvHHr. Ecru AeficrBtreJlbHafl Sopua Jrrrtr4r4 orrlrcbrBaercx QyHxrlnefi
I.(E), ro B pe3yJrbrare annaparypHbrx HcKax{euuii ona fipeBpaqa-
ercq B cBeprKy arnaparHori QyHxqr.rrl I"(E-E') u I.(E):

I^(E',)1,(E- E',)dE',.

v4,

fI (E): (24)

Free Hand
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Kportre roro' AereKrop per'crpr4pyer He caMo pacnpeAer,reHr{e r{HreH-
CHBHOCTLI, a HHTetpaJIbHyro HHTeHCLTBHOCTb, fiOrraAarouyrc qepe3 I]IeJIb
AereKropa:

E*s12

i 121: .f r (E') dE' ,
E-s12

(2s)

rAe -s - SHepfeTHqecKaf, IilwpLtHa IIeJTI{.
AnnaparHax Qyurqnt peHmeHoBcKr{x r{ aJreKrpoHHbrx nunufi o6uq_

Ho xopoltro arflpoKcnMr,rpyercfl raycconoft Qynxqzeft 1291, 292]:

I,(E-E'): # "*p [- 4u'2 (!=)'], i,,rr-8,)dE,:t, 
(26)

rAej rxrlpuHaannaparnoftQyHxrlna.
llo4crauoBKa B (24), (25) Qynxqnu (26) u nopeuqeeoft eyuxqun(15) a,rr I,(E) saer

2t0

tr4HrerpupoBaHHe B
nToTIlqecKLIX C,lyqaqx.
HHrerpaJr (29) nHocar

lE'-Eol <o*s(1,

(27)

II-YTCTTI I{3MEHCHEg NCPCMCHHbIX I,IHTEIPI4POBAHHfl 3TO BbIPA>KCHIiC IIPC-
o6pasyerca K ApyroMy 3KBriBaJreHrHoMy Br.rAy [2gl] :

it,,t: IrV 2 uf''' ? exP | -qnz (Z#)'l
onl/ n e-r"tz 

dE' 
_l 

dE" +'_r.fiffi'

i(E)- # [ o u 

"in,'' 
ot d5#tr#

Bucora JrvHLrH npw E:Er, corJracHo (27), paewa:

(28)

B 3HaMeHaTeJre rroA,bIHTerpaJrbHoto BbIpalKeHI.rf(l/2)'. TorAa

r@o)x#

. (2e)

(29) npoeoar.rrcr B KBaAparypax JrHrub B acr4M-
Ec,ru s(o, a o(f, To ocHoBHofi nx.ua4 e
sHaqeHuq lE'-E"l{o. VqaruBafl, qro

(30)

OCTABJIflCM JII{IIIb

(3 t)

I.I BbICOTC NWNWft SKCIICPI,IMEHTAJIbHOTO CNCKTPA COOTBCTCTBYIOT TIOJI-
HbIe TeOpeTHqeCKI{e ?IHTeHCI'IBHocTI{' AeJIeHHbIe Ha ecTecTBeHHbIe IxHpH-
uu .nnnafi.

Bcne4crnue 6o;lluror? ttrupuHbr ypoauert xonQurypaquft c nuyr-
peHHI'IMI'I BaKaHcI4flMLI ilLrl1krv [epexoAoB B aroMax c orKpbrrbrMw o6o-

Free Hand

Free Hand



9.2. Buxoa, Q;ryopecqenqru 2ll

JroqKaMH qacro nepeKpblBalorcq MexAy co6oil - 
3To flBJIflerCfl OA-

Hoft r43 cfieuuQllqecKnx oco6eHHocreft peHrleHoBcKl{x I{ oxe-cneKrpoB.
Ecna nnleercg BHeIIrHgfl IIaccIrBHafl o6oror{Ka, cJla6o asanrr'to4eficrey-
IoilIas c BHyTpeHHHMI4 SJIeKTpOHaMI], yqacrByloulHMl4 B [epexoAe, To

He6oJrbrxoe MyJIbrI.rrIJIerHoe pacqefl,'IeHl,Ie npHBoAI]T JIIiIIIb K pacu]I-
peHr.rrc AIlarpaMMHblx JrrlH\ir H TIOffBJIeHi4IO I{X aCI'IMMerpni{ (Hanpr'r-
Mep, B rrepexoAHblx eJleMeHrax c orKpblroft d- wnu f-o6o"rovxofi).
Aclrnauerpu fl. IrHHku4 xapaKrepa3yercfl I'IHAeKcoM acI{MMerpHI'I t I ]

a:fr, o(+p:1, (32)

rAe (I H B - 
cooTBeTcTBeHHO AJII{HHOBOJIHOBafl I'l KOpOTKOBoJIHoBaq

no,'Iyl]'IupHHbr JILlHLlrl, OTCqHTbIBaeMbIe OT opAI'IHaTbI, COOTBeTCTByIOUeft

ee MaKc[MyMY, AO r^pas. JtrlHlirl.

9.2. Buxog, Qryopecqenquu

Buxo4 Q;ryopecIleHql{[ - BeJIIaqHHa, xapaKrepu3ylorlafl crloco6Hocrb
aroMa c BHyrpeHHefi BaKaHcLIefi 4eeos6y)KAarbcr paAnaIIHoHHbIM rly-
TEM:

W, W,

^:-w : w,a*' ,

r$e V, v Va - [oJIHbIe BepOflrHOcTI{ c[OHTaHHolo pacfiaAa nOe6yX-

AeHHOTO COCTOflHIIfl rlyreM CoorBercrBeHHo paAHaul'IoHHbIx Ir o)Ke-nepe-
xoAoB. Tax xar rIoJIHbIe BepoflrHocrll He 3aBl{cqr or npoexqnfi lto-
MeHToB, To BbIxoAbI QnyopecqeHqllu cocrotHrlfr Ll ypoBHr coBnaA.alor.

Coorsorueslle MexAy no.lsoft BepoflrHocrblo H Ilrhpnnoft yponur
(6) noseo,'rqer [peAcraBl{rb o B ApytoM oKBUBaJIeHTHoM BI{Ae:

T,,,\:- I,+1, ,

rAe l, H fa - paAHaUI.IOHHafl, LI o>Ke-IxllpHHbI ypoBHq.
Idlaor Aa l{cnoJl b3yercfl Ta Kxe BbIxoA oxe -s,'I eKTpoHoB

(34)

r/
o,1 : r)+r) '

xoropuii oAHo3HaqHo cBfl3aH c

co + cD/: 1.

Buxo4 r,l Mo)KHo BbIpa3Hrb qepeg gKcnepI.IMeHraJIbHo lus*ep"e"oti
BeJ'rr.rqnHbr: cyc 

- 
qucro nos6yx4euHblx aroMoB B paccMarpl4BaeMoM

cocroflHl4r4 B eAI{HnIIe o6r,eua u g - qItcJIo H3ryqeHHbIX arouauN Qo-
TOHOB B pe3yJlbrare CrIOHraHHbIx paAI4auIloHHbIx nepexoAoB II3 sTOlO

COCTOflHI,Ifl:

(r?3)

(3 s)

BbrxoAoM Q.nyopecueuunn

(36)

I
^: ,l(. (37)

Free Hand

Free Hand



34e-cr cyMMHpoBaJ{r{e ro y.I npo6eraer Bce ypoBHr.r xousnrypaquu c
eroft naxascneft. Be,ruqr.rHbr B 3HaMeHareJre H qacJrure.ne (38i HMeror
cMbrcJr qncJia saKaucnti e no4o6o.irouxe c)({ n q:acra $oroHoe, us-
JIyqeHirbIX IIpH 3aIIo,riHeHHH 3TLIX vaxauCuiA g{,

212 9. Illuprrna n Qopua ,rusuii. Buxoa S,ryopecqenuuu

Buxo4 Q.tyopecrleHunu noAo6oJIoqKLI, o6oJlo.rxn LIJrH cdtrofl onpe-
Ae"Iflercfl KaK cpeAHflfl BepoflTHocrb 3aIIoJIHeHHq BaKaHcrtrt B Aaggofi
noAo6onoqxe, o6oloqre r4ilr4 coorBercrByroureM CJrOe paAHar{rroHHbrM
nyreM. Taxuvr o6paaou, BbrxoA S;lyopecqeuqnr.r noao6bJroqKa i cnos
X sagHcltr He roJ'rbKo or Bbrxoloe Q.iryopecueurlnr{ ypoBHefi o (y.I), uo
r{ or rix eacereHHocreii c}((yl):

<of :
f, txtr4.tvrl
fl

cY(yJ)
(38)

cwx _tLi - ')( (y J), 9{: 'nQ 4 <o (y"r). (3e)

C,regoeare.nluo,
(37) :

dx

^{:ffi, (40)

npnvbu a{ craHoBnTcr qficro aroirasor? eernqllHoft !'rnrxb npu oAr{-
HaKoBoM 3aceJleHHH ecex cocroqHIIII:

cor:
\ fu*1)o,(1,r)
'il

(41)
l<u+r>
'tJ

Bupa>xeHne (41) He 3KBr.rBaJreHrHo Bbrpa)Kenr.rro AJrrr BbrxoAa S;ryo-
PCCIICHIIHI,I NOAO6O.[O'IK[ qCPC3 CPCAHI,IC BCPOflTHOCTH 3AIOJIHEHHfl BA-
KaHcHr{ paAnaqr.roHruwtr (,w{) n .nrc6uu (Itr{) nyreur

,f:'*L.'w{
[pHMeHeHHe KOTOpO|O npr.rBoAHT K CyrqecTBeHHbrM paCXO]KAeHHflM re-
o-perl'IqecKHx pe3y,'IbraroB c 3KcrlepHMeHTaJIbHbIMK AaHHbrMn
1294, 1621.

BEtxoA S.nyopecrleHrIHr.r cJros Bbrpaxaercq qepe3 BbrxoAbr Q.rryo-
pecqeHur.rH noAo6o.toqex; nas6onee rrpocroe coorHorrreHlre rtoJyr{a-
ercfl B c,rryqae, KorAa rrepexoAbr I(ocrepa-I(poHr{ta saupeiqeHu (He

r̂
i

t.i-)
'$

r
\J

(38) MolKHo rreperucarb n Qopue, aHarornquofi

(42)

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



9.2. Buxoa $;ryopecueuuttt

npoHcxoAxr nepepac[peAeJleHHfl BaKaHC]Ift
pLIBaeMOTO C"'IO9) :

2t3

[oAo6ororrKax paccMar'

(43)
\ Nr^r

<or: -i =-- (iex).^ Z'nr
t

Bupaxeuue (43) rarxe npeo6paayercx x en.ny (37):

gx
ux: # , (44)

rgecY(x - noJrHoe qr4cJlo aroMoB c rIepBI'IqHbIMI'I BaKaHcHsMI{ B c.noe X,
a 9x - 

qucJlo Qorouoe, H3ryqeHHblx 3TIIMI{ aroMaMI'I.

E,c.nu neprltqHoe paclpeAeJleHl'Ie BaKaHcI'tit s cJoe Mox(er H3Me-

Hurbcq B pesyJlbrare nepexoAoa l(ocrepa-KpoHnra' ro'-.l,tcxoAfl H3

BblpaxeHnr, aua.nornunoio (38), u o6osHauan uepes fd Bepoflr-
Hocrr 6esH3ryqare,rlbHoro [epeMeuleH]Ifl Banalcwpr Ias noAo6orovxu
i e no4o6o,roirKy j roro )Ke cJIofi X, nuecro (43) nonyuaeu [293]

ox: (4s)

H3MCHCHI-I'I3Aecr V{ - BroplaqHble 3aceJIeHHocrLI c yqeroM I'Ix
BcJreAcrBne repexoAoB Kocrep a-KpoHl{la :

v{:'t4'
v{:cte{ +,vc{ f6,
It{:crl{ +,yC{ fA+%{ (ffr+f6fn.

HnorAa npH pacrlere rrry ][o6uee HcnoJlb3oBarb rIepB_KqHbIe 3ace-
JIeHHocrI,r, Ho BMecro a{ seoAl,rm xoeQsuqnenru v{, I,IMeIouIne

cMbrcJr qHceJI peHTteHoBcKHx KBaHToB, H3JIyqeHHblx B pesy;llrare o6-
pa3oBaHnfl BaKaHcI{n s noAo6orouxe X; (no ne roJIbKo tlpx paAna-
rIr{oHHoM 3arroJIHeHHLI BaKaHcHLI s sroft noAo6onoqxe) [293] :

\,rer"r
(47)orx: -:-L-- .

z'vc{
i

BupaxeHna 4lr vf crleAylor It3 cpaBgeHwn (47) c (a5) a (aO).

9. 177

\ vr.r
i

-.Lvr
i

(46)

Free Hand
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9.3. 3asncrMocrb ecrecrBeHHofi unpnHu ypoBHeii
Ir BbrxoAa QlyopecqeHqHlr or xapaKrepHcrr.rK aroMa

PaAIzarIzoHHaq rxnpnHa ypoBHfl aroMa, corJracHo (O) , (7. lg) , Bbr-
pax{aeTcq cJreAyroxluM o6pasonr:

l' (v) - E((, T')t s(y, y'). (48)

3asncuMocrb oHeptuu nepexoAa or eQQexu.rBHoto 3aps,Aa rApa yc-
TaHaBJrrBaercfl 3aKoHou Mos.tr.t B BI,rAe (Z-o)t, a cr4ila JruHWr4 ru-
rlor'rbHoro nepexoAa u3Meuflercq no saKouy (Z-o)-z (o. npv6nilxeH-
Ho paBHa nocrossnoft 3KpaHrzpoBa*v.fl, I\Jrtr [epexoAflrqeto 3reKTpoHa
B Haqad'rbHoM cocrosHr.rn). Taxrzu o6pasolr,

l,-(Z-o)a. (4e>

!,.nx cauofi r.rry6oxoli K-ear<aucktu B Tfl)Ked'rbrx aroMax paAr.raqrzoHHaq
rtrnpuHa npu6,ruxeuHo paBHa no,'rsoft [r]4pr.rHe, Koropafl xoporuo olu-
cbrBaercfl noJry3Mnr4pa'recKor? Qopmy.trofi [I0] :

fx: 1,73 Zl,eB 10-6 oB. (s0)

flpn 6onlurux Z l6 Aocrr4raer BeJrHqHHbr HecKoJrbKLrx AecrrKoB r.r Aa-
x<e cra eB.

Oxe-urupnua ypoBHrr Bbrpa)Kaercr rrepe3 KBaAparbr MarpurrHbrx
s,rleMeHroB oneparopa aJreKTpocrarr.rqecKoto nsanuo4eficrena. Pa-
AHa.rlnrrfi HHTerpaJr 3JreKTpocrarr4qecKoto asauuogeftcrBrrfl orHocH-
rb.nrso Bor'rHoBbrx Qyuxqur? Ar.rcKperHoto cneKTpa npolropqnoHaJreH
(Z-o). Iip" sarr,rene'B HeM oAnofi'QyuKqrrr{ Ha QyHxqzn cno6o4Horo
sJreKrpoHa r.rHrerpaJr, corJracHo ( 1.163) , craHoBr.rrcq He 3aBricflr{r.rM
or Z-o [46] . C;le4onarenbHo, oxe-lrrnpr{Hy lpu6.nu>xeHHo Mo}KHo
crrrlrarb He 3aBr.rcflulefi or sapa4a sApa:

1,,: const. (sl)

OcHosnofi BKdrraA B olxe-lllnplrHy Aaror nepexoAbr Kocrepa-Kpo-
ullra. Ecln oHrl 3arlpeqeHbl, To oxe-tttupllua cocraBr'rger roJIbKo Ae-
cflrbre AoJrr.r gJreKTpoHBo.rrbra. KorAa oHH pa3peIxeHbr, ox{e-urt4pwla
HMeeT nopqAoK HeCKOJIbKI'IX 3JIeKTpOHBOJIbT, a [pI{ HaILIT{HH [epeXOAOB
cynep-Kocrepa-I(pour4ra Aocrrzraer Aecqrn u 6o.lee eB.

Cor,racso (33), (49) u (51), BbrxoA Q,'ryopecqeHrluu rpu Z>o an-
npoKca Ml,rpyerca $op rr,ryao fi

r
f'

o-
C+BZ4

z4
A+24 ' (s2)

rAe A:ClB - oMnuplrqecKaq rocroflHHaq, onpeAeJrfleMafl. nyreM
cpaBHeHltfl (52) c oKcneprzMeHraJrbHbrMu AaHHbrMrr. flpu Z--+a tl-->l
(puc.21).

tDoprrryna (52) uoxer 6urt yrovHeHa nyreM BBeAeHafl Ao[od'rHr{-
TeJIL,HbTX napaMeTpoB, ylrnrblBaioutrx 3KpaHhpoBaHr4e H peJrflTr{BHCr-

Free Hand



9.2. Borxoa Q.nyopecrleuquu

cKHe aooeKrbl. HanpHMep,
xoAa SJryopecrleHrlHr4 K-ctros
syercfl Bbrpa)KeHHe [8, 293]

(A+BZ+ Cz3\4@K: l+(A+Bz+cz"y '

215

Arq BbI-
IrctioJIb-

(s 3)

o
I,O

os

I.r; ToJrbKo A.rq K-cros Harrr.rHafl rl 80Z
c Z23A u pnn L-cnos. B gJreMeHrax
KoHIIa nepuoAnqecroft cncrelnrbl HaqI{- Pttc' 2l' BuxoA s'ryopecuenuuu

Han c z>so t2e3l. B nerxrax aro- fi*"^li'd"],"d::iffi,l t,::hi::
Max, a raKlxe B [poMexyroqHblx H o6onoqer, orpeAe,'reHHue no Qop-
BHeIIIHI.IX o6oloqxax rflxeJIbIX aroMoB si
BaKaHcHq 3a[orHflercq B ocHoBHoM 

vyne 5'r: z li]aill?l+2)' exc'

HepaALIaUIIOHHL,IM IIyTet'1. A eC,rV Sa- n"pr*""runo'"bre AaHHbre t25g,2g3]
noJrHeHHe BaKaHcLtv e cy6naleur-
soft o6o;loqxe Bo3Mo)KHo rryrer\r nepexoAoB I(ocrepa-KpoHnra
H cynep-Kocrepa-I(poHnra, ro BKJTaAoM paAr4aurroHHblx [epexoAoB B

nonHylo nupLIHy ypoBus npaKrr4qecKa Mox<Ho npeue6pevr u cqrirarb
ee panuofi oxe-lunplrHe ypoBns.

3$Sexruanuft aapr4 rApa yBeJrr{rrzBaercrr ttpu ]roHll3aurztr r{ Bo3-
6yx4eHulr aroMa, no3roMy Bbrxo4 Q;ryopecueHrlr{r.r B HoHax H, B MeHb-
rrlefi creneuu, e nos6yxAeHHbrx aroMax LrMeer reHAeHqvlo Bo3pacrarb.

Pa4uaIluonHafl. u oxe-url4puHu ypoeneft, a raxx-e BbIXoA Q"'ryo-
pecIIeHrlr.rH KaK CyMMapHbIe BeJrltqLIHbI 3aBr{CfT OT peJrflTI{BT4CTCKHX
,H KopperqrlvoHHbrx e$Qexroe c,rra6ee, qeM BepoqrHocrrr orAeJrbHbrx
[epexoAoB, - npu cyMMr.rpoBaHr.rH [onpaBKI] qacrltqHo KoM[eHcr]py-
rcrcq. floeroMy pe3y,'rbrarbr pacqera paAnaquouHbrx rxapriH Heped'rfl-
rnBI,rcrcKHM MeroAoM Xaprpn-@oxa-Cnerepa Aaxe gns K- u L-
saxaHczfi orJrr.rqarorcfl or pe3yJrbraroB peJlflTlrBlrcrcKl4x pacqeroB B

npeAerrax 10% F621.
Paccuorpuvr 3aBrrcr.rMocrb ecrecrBeHHbrx rxilpnH ypoBHeft K eH-

xoAa @.uyopecqeuqnn or MHoto3JreKrpoHHbrx KBaHroBbrx q[ceJr rr
npu6.nux<eHHyro nuBapr.raHTHocrb arlrx BeJrHrruH AJrn HeKoropbrx KoH-
Qnrypauufi.

PaAuaqnouHafl HrrH oxe-ilapr.rHa ypoBHs npeAcraBJrfler co6oft cynr-
My rrapquaJrbHbrx rxHprrH

I 
^(Ky 

J):

I,(Ky.r):

I a(Ky J --> K' el),

l,(KyJ --> K'),

r
K'I

;

(54)

(ss)

Koropbre coorBercrByror rrepexoAaM Ha Bce ypoBHr.r saAanHoii Koneq-
troft xonQnrypauun. B Hepe.ilnrnBucrcKoM npn6nnxeHr{t4 r.rMeeM:

Ta(KyJ --> K'ul): f lr*rtl H")K' y' J' etit)1,
t' J',j

9*

(s6)

Free Hand
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l, (K1"I -+ I(') :
9. Illupuua u Qopua nuuuii. Bsrxo.{ quyopecqeHunr-r

>, ESY#{fi l\Krr 1D(1) lt K,y, r,S\,2
v't'

Ec.nn npe4rroJloxaTb, qro paAr.ra,rbHbre r{Hrerpa,'rbl nepexoAoB He ga-
BucflT or MHoroaJreKTpoHHbIx KBaHToBbrx qllced'r, a B (57) aono,rnu-
reJIbHo cirHraTb, qro sHeprlrlo paAr.raur4oHHoro IIepexoAa Mo]KHo
3aMeHHTb cpe4nefi eneprneft crreKrpa H3ryrreHr4fl MexAy AaHHbrMlr KoH-
Qurypaqnauu (7.31), ro cyuuupoBaHue e (56), (57) MoxHo Bbrrrorr-
HIIrb B o6ulerrl cJryqae 12701 e npu6.nuxeHr.rr.r BroprzqHoro KBaHro-
BaHHq [a0] . llptn eroM cyMMa Bbrpaxaercq qepes uarpnuHorri a"le-
MeHT aQSerrunnoro olleparopa ornocrrreJibHo BoJrHoBbrx $yuxqnft
paccMarpHBaeMoro ypoBHr :

rl 12

) l<*tlrlK' Y'> | : (Kylr"rlKY).
T,

B c.nyuae paAI.iaquoHHoro Ar.rloJrbHoro nepexoAa

Ko n, l{' n2ll, -'> Ko n, l{'+1 nr l{'-r
((o - .no6ue raccllBHbre o6o.ruovrn, orKpbrrbre H,rrH 3arroJrHeluue)
eQQexruenuft oneparop ronyqaercfl paBHbrM

,":{- \ t- r)'rx, ot {,; ';, 'rl rrr,',.vy')).;ft1 
}"[ ','

x e2 ,(lr ll Cot 11 Ir)' (nrlrl r I nrlr)z. (59)

34ecr V{""', - oneparop ( 1.69) , cocrasreHHHrl r.r3 eAr.rHr,rqHbrx
reHsopoB u 4eftcrnyrcqnft sa gJreKrpoHbl i-r? o6oroqxu.

Pa4uaqnouHaq naprIHaJrbHafl rxnpr.rHa B llcrroJrb3yeuonr npn6.nu-
xeHI{H 6yaer HHBapr.raHToM, He 3aBrdcflulnM or KBarroBbrx qficeJr
ypoBnfl B ToM H To"rIbKo roM cryr{ae, ecJIH T"l flsnfl,ercq cKarflpoM.
O6a paura x H x' npllHaManr JIHrxb Hy,rreBbre 3HaqeHrarr, KorAa oAHa
Hs o6ono.reK - /fl' unu I{, - e xoHQnrypauun r( ssrsercq 3arroJr-
HesHori ,ru6o He coAepxr.rr gJreKTpoHoB. Taruu o6pasoru, nap-
ul4a,rbHafl paAuaur.rouHafl rrr[plrHa He saBlrcur (a c yqeroM npu6nw-
>xeHHocra MoAeJrH c.na6o saaucar) or KBaHToBbrx qnceJr ypoBHs B
cJreAyroqEx cJryqarx:

Ko n, I{, n, \t'+z -- *o n, l{,+ r r, ltt'+ t,

Ko nr ll nr $' --> Ko nr ll nr $,-t.
Bropoft Iig Hr.rx fl.BJrflerctr AocrarorrHo gK3orllqecKr.rM, [o3ToMy Bbr-

pa)KeHr{e Arq rtaputaa.ntsoft paAr.raq]roHuoft runpuHbr rrpr{BeAeM Jrutrrb
ann (60) (ono nonyuaercff rrpnpaBHuBaHueM n (59) paHroB x-x'-0
II c rloMorltro $opuynbr AJr{ cy6uarpnuuoro sJreMeHra Vt0o) (1.76))
12701:

l,(Kon1l{,nrtt'+'I J --> Kstttl{'+'nrftz+l): !#* B (nrlr, nrlr), (62)

(s7)

(s8)

(60)

(61)

Free Hand
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rAe

B (nrtr, ,r.tr):ZFi E.(K- K,)s (/, ll co, lllr)" (nrtrt,rlnrtr)z.

AHanorltqso AoKa3bIBaercfl, qro napql,taJIbHbre oxe-ruHpr.rHbI
.Ilrrorcfl npu6luxenHo HHBapr{aHTHbrMIr B cryrrae nepexoAoB

Konllf'nr$t'+z n"ltt'+2 -- Kon, iI'+l nrlft'+r nsllt'+t 
"1,

(64)

Konrl{,nr$t'+z --, Konrl{'+r nr$t'el, (65)

a He 3aBr.rcflulaq or repMa oxe-rrrHplrHa onucbrBaerca QopiraynaMr.r
[270]:

: o,';r?-:+ s^(nrtrn"rr, nrtret),

T 
^ 

(Ko n, I{, n, Ilt,+2 y J --> Ko n, lf '+ 
r n, $t, e l) :

:4#* s^(nr$, nltret),

rA€ sa - crrra coBoKynHocrH olKe-[epexoAoB B AByx3JIeKrpoHHofi rrao-

AeJILt (8.28); /K0 - ,rrc6ue orKpbrrbre lr,'rr{ 3arroJrHeHHbIe o6o.nouxll,
He yqacrByroxlHe B rrepexoAe.

llo,rune paALIauHoHHbre 14 olKe-ruupuHu 6y4yr npn6ruxeuHo r{H-
BapHaHrHbrMI4, ecJrr 3TriM csoficrso[4 o6;laAarcr Bce rrapqrraJrbHbre
IUHpLIHbI. 3ro nueer Mecro 4.nr 6o.nee y3Koto KJracca rouQurypaqnft,
coAep)Kaxr[x ror'rbKo oAHy orKpbrryrc o6onouxy:

nt lt

I o(K[nrl{'t J):
_ 4lr*2-Nt S:-ffi Z sa(nrlrn"Ir, nrlrel) (nrlr, nrl"eK[),

n, l, n,l, I

(63)

flB-

(66)

(67)

(68)

(6e)

rAe Jf6 - saloJlnesune o6o.noqxn.
Be.rn,ruHbr sa v B cna6o (rolrxo qepe3 paArraJrbHbre BoJlHoBbre

Qyuxuuu) saBncqr or ff, noarorvty

I(K[nlNfl) - 4l+2-Nridnry+;Txffi' (70)

3ro coornoureHue BblrroJlHflercs Ang. oxe-, paAHaunoHHbrx I{ noJrHbrx
rlrupr-rH. Orueruu, qro ecJII{ I{3MeHeHHe qI{cJIa 3JreKTpoHoB a nl-o6o-
JOqKe IIpnBoAHr K eHeprerr.rqecKoMy 3a[pery HeKoropbrx oxe-nepexo-
AoB, ro (70) rrloxno npHMeHrrrb roJrbKo B ToM cryirae, ecJru I{cKJrro-
qr-rrb BKflaA 3Tr.rx rrrlrpuH H3 noJruoft w.nu ox(e-rrrnpuHbr AJrfl apyroft
xonQnrypauzu.

BuxoA $.rryopecqeHqnll B cryrlae ronQnrypaquu K:K6nlN rax-
xe c,ra6o 3aBlrcur or repMa H qax{e (ns-sa Hailwqr4fl, oAr.IHaKoBbrx



2lB 10. Topruosnoe u3,iyrreHue u paccexuue ,ryuefi

MHo)KHre,''refi 4l+2-N B Bbrpax<eHHqx Adrr o>Ke- n pa/..var\xoHHofi
I]Iupr,rH) or qHcJra gd'reKTpoHoB B oTKpbrToft o6o,'roqKe.

tr4HnapuaurHocrb rxnpr.rH ypoBHer? HMeer Mecro H B pe,rflTr.rBrrcr-
cKoM npu6Jrr4)KeHuz. Coorsercreyrcu1lre Qopuynu lor'ryqarorcfl H3
(62), (66)-(70), ecrrH B Hrrx saMeHrrrb o6oro.rKn t!, no4o6o,rov-

Kawrr t,j!', BMecro 4ti*2 rroAcraBurb 2ji*|, !"rrfl sa t4crroJrb3oBarb
(8.31), a anx B - Qopuy;ry:

B (n,t,i,, n,tJr): > +H#! (u"'*or*-t)"*' *

" { 1 
(r, Irj rll "O@ ll 

n, I rj r) I' + I (r, t, j, ll,nOo ) ll n, l rj r) " },

(72>

(73|.

(71)

rre .E" (K-K') - cpeAHflfl 3HeprI4t paAr.raulloHHoro repexoAa.r{acrsuft cnyuaft paccMorpeHHofi uunapnaHrHocrr{ npeAcraBJrser
co6oil xopotuo Il3BecrHas cna6as 3aBr.IclrMocrb IrrHpI,IH oAHoBaKaHT-
HbIx ypoBueft I (nlj-t) or KBaHroBoro qr.rcJra i. Heuuoroqricd'reHHbre
I,IcKJrloqeHLra o6yc;loa.teHbr Kopper'rflrlrzoHHbrMr.r a$$erravu r4JILr gHep-
rer[rrecKlrM 3alperoM nepexoAoB Kocrepa-KpoHr]ra A,rrfl oAHoto 3Ha-
ueHux i.

B kaqecrse oqeHKr{ mupr.rHbr ypoBHfl, saencqqefi or eto KBaHro-
Bblx qlice,rl, MoxHo Hclro,'IbsoBaTb cpeAHIoio napuHarlbHylo tuHpltHy,
Bbrpaxarcqyrccq qepe3 cuJry coBoKynHocrH nepexoAoB, AeJreHHyro Ha
crarBec Ha,rarr,Hoii rouQurypaqtru g(K) :

f n(K, K' 
"D 

: 9g*I s a(nrlrn, 1", n, l, e l),

F,(ri, x'1:EE*2 B(nrtr, nrlr).

Craracruqecxlrrt MHo>xr.rreJrb g (K,K') orpeAeJreH corJracHo (8.27) -

10. TOPMO3HOE I'3JIYqEHVE 14 PACCEqHHE
PEHTTEHO BCKI,IX JIYIT EH

B gauHoft rJraBe o6reAnsuu paccMorpeHr.re pacceaHr.rr peHrreHoBcKux
.lyuefi na cso6oAubrx aroMax Lr ropMo3Horo lr3Jryqeuuf oJIeKTpoHoB
Ha aroMax. Cnexrpn o6olrx flpoueccoB sBJrflrorcfl HeflpepblBubrMu, xo-
rfl nplr HeKoropbrx 3HeprHqx B Hrax Bo3Mo)KHo roqBreH[e pe3oHaHc-
Hux oco6enuocreit. CoellecrHoe reoperurrecKoe onucaHr4e srr.rx [po-
IIeccoB o6reAHHqer geo6xoArzmocrr BbrxoAa 3a paMKH nepBorc
noprAKa reopr.ru Bo3MyxIeHHfi, I.rcuo.nlsoBaHr4e Ar.rcnepcrioHHblx coorHo-
urenllft, cna6ag 3aBllcr{Mocrt ce.{eHLrft or MHotogJreKTpoHHbIx KBaH-
TOBbrx qHcer I,l ocHoBaHHafl Ha 3roM rrpl{MeHr.rMocrb oAHo3JreKTpoH-
HbIx MoAeJrefi, cpanuureJrbHo MaJras. pod'rb KoppeJrfl unoHnbrx aQQexroa.

Topuosuunr H3fiyrreHueM B IIrxpoKoM cMbrcJie gToro rrogsrtrfl. fl,g-
rflercq H cl{HxporpoHuoe I{3ryIIeH[e - saxHHfi HcroqHI,IK peHTreHoB-
crax nyveft. OAsaxo oHo He orHocurcfl K aroMHbrM npoqeccaM, rro-

Free Hand

Free Hand
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STOMy 3AeCb ero Kacarbcfl He 6yAeM, teU 6O.nee qro cBoftcrBa cHH-
xporpoHHoro u3ryqeHHq iloApo6Ho paccMaTpHBalorcrl Bo MHoILIX Mo-
HorpaQnrx u c6opHuxax crareft.

10.1. Topnro3Hoe H3JryqeHr{e gJleKrpoHa B noJle aroMa

Cor.uacso K,'raccvqecKoft e.uexrpoAI,IHaMHKe, HHTeHcI{BHocrb ropMo3-
Horo u3JyqeHr.rq npflMo [po[oprll4oHaJlbHa KBaApary ycKopeHHfl 3apq-
x<eHsofi qacrr.rqbr, r. e. o6parHo rrponopq[oHaJlbHa KBaApary ee Mac-
cbl, [oSToMy ropMo3Hoe H3ryl{eHne rlporoHoB HJIIT IIoHoB SHaqHTerbHo
cJra6ee, qeM 3reKTponos. B Hacrosu{eM pa3AeJIe paocMorpl.IM ocHoB-
uue npn6,rI{)KeHIrfl, I{cnor'Ib3yeMble A,IIn oltlzcaHpIfl TopMo3Horo I,I3"'Iy-
rIeHIrlg, Bo3HV KaIoqero npu paccetHLln gJIeKTpOHOB Ha CBO6oAHf,Ix
aroMax (ero coxpauleuno 6yAeru Ha3blBarb ropMo3HbIM ns.ryveuneu).

HenpepunHlrft cnexrp ropMo3Horo n3lyqeHliq fipocrxpaercff or
qacror, 6nugxux K HyJrro (a.ner<rpoir nepeAaer QoroHy JIItIlb Hr{qrox-
Hyro Ao,'rro csoefi aueprru), Ao BbrcoKo3Hepfer[qecKoro Kpafl ro1:
:et/h, r[€ 11 - HaqaJlbHaq K].IHerliqecKafl 3Heprus e,rerrpoua ($o'
rou sa6npaer Bcro 3Hepruro a,'IexrpoHa). tr4ureHcIasHocrb ropMo3Horo
U3,rIyrIeHI4q paCTeT C yBeIIlrIeHLIeM CKOpOCTI,I HaJIeTaIOrqelO SJIeKTpOHa.
B pesy.rrrare 3Toro ilpoqecca a,'reKrpoHbr Har{uHar,or repqrb 3aMer-
Eyro qacrb caoefi aHeprulr ttpu er ) l0 xeB u ocHoBHyro qacrb npa el
sHrre 10-100 MeB, r. e. KorAa ropMo3Hoe r.r3ryqeHl4e oxBarbrBaer
peHrreHoBc r<uft guatazou qacror.

Zsryueuue, Bo3HZKarouee npH TopMo>NeHHrI 3,rreKTpoHa B [o,'re
aroMa, cocrouT r43 AByx KoMrroHeHr [295, 296] <<npffMoro>> HJIr.r 3J'reKr-
poHHOrO I,i3lrryqeH14g B CTaTllqecKoM noJle aToMa I{ [oJIflpH3aIIr4OHHO|O
urt{ aToMHoro u3Jryqeuiza, o6yc,roBJleHHoro Bo3MyIIreHI.IeM aroMa Ha-
JrerarouluM gJreKrpoHoM, HHAyr{Hpyr,oIrIHM B aroMe Anno.nlsufi MoMeHr.
Bropaa KoMrroHeHra craHoBurc.rr ea)KHoft rrpx aHeprun Qoroua, 6.nus-
xoft x sHeprlru LtolaLtsar\uLr o6o,roqru [296] . Cuaqa.la paccMorpaM
ryrrue H3yqeHHoe rz 6o.nee rrrIapoKo npoqBrrroueecfl <<rrpflMoe>> Top-
MO3HOe rr3JlyqeHHe SJIeKTpOHa B rrOJIe aTOMa.

OcHosHas BeJII,rqr{Ha, xapaKTepr{3yloqaq ropMo3Hoe H3dryqeHr{e, -4u@$epeuqnad'rbHoe tto qacrore $oroHa cerreHl.re. Ecnu ee yMHo)Kr.lrb
Ha gneprulo Qorona H rrpolrHrerpupoBarb no BceMy crleKrpy, ro no-
JryqaroTcfl no,rrHbre 3HepreTIIqecKHe rroreplr sJIeKTpoHa Ha I,r3JIyqeHHe
(o6srvno oHH ofipeAeJrrrorcfl oruoclrreJrbHo ero no.nsofi auepruu E1, a
IOTOK 3JIeKTpo HOB np I.I H HM aeTca e4I'lH lzu ttU lr,I )

Qroo: - d<sha lto d@

I.rJrr.r cpeAHrle norepn 3Heprr.rH SJIeKTpoHa Ha eAr.rHr{qHoM nyrH

eJh

*r
0

(l)

(2)dEt 
^a

dx

erl h

t
0

,^** da:ctcE,Q,oo,

rne cK 
- 

ql{cJro aroMoB B eAr.IHHqHom o6reue, Er - H?eaJlbHafl KI,I-
HeTHqecKaq 3Heprurl 3JreKTpoHa.
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!,,rn onncaHrzfl yrJroBoro pac[peAe-reHr.rq Qorouon HcloJb3yercq
ABoriHo_e Ar.rQQepeHrfuarrr,Hoe cerreHte d2a/da dek (eh - npocrpaHcr_
seHulifi yfoJr BhrJrera soroua), a npu r-rHrepnperarlHlr 3Kc[epHMeH-
roB rro coB[aAeHaro - TaKXe rpexKparHoe aa@sepeHrllradrrbHoe cerre-
uue (4ono.nHrrreJrr,Ho no ytJry_ABH)KeHr.rfl 3r'reKTpoHa rrocJre us.nyveuux)
u 6onee cJroxnbre ceqeHus [292, 2g9l .

B acnunrorr.rqecKoM npeAed're hti.,-f ey-.re ceqeHne ropMo3Hoto r.r3,rry-qeHns Bbrpa)Kaercfl .qepe3 ceqeHr.re ynpytoro pacceflHr.rfl sJreKrpoHa
Ha aroMe, a npu ttafev'->l - cBq3aHo c ceqeHrzeM paAr.raqaoHHoro 3a-
xBara gJreKTpOHa aroMoM C H3JryqeHr.rey QoroHa u"rl.r o6paruoro eMy
npouecca - aroMHoro QoroaQ$ewra [297].

Ecna aueprr.s_ Har'reraroilrero gJreKrpoHa He npeBbrrlaeT HecKoJrb-
KHX AEC-flTKOE XEB, TO PCJ]IflThBHCTCKI{MII E@QCXT-ArUrZ MO}KHO NPCHC.6peul [299] r4 ropMo3Hoe a3Jryqegr.re aJreKrpo'a paccMarpriBarb B
HepeJrfl rlrBrl cTcKoM Up ra6nax<euuu.

.. j^I"pu9y^lgp"a*e reopuu Bo3MyxreHaft, wcxogn us eupaxeuafi
(1.232),u (1.235), aMrrJrr.rryAa rpoqecca, coorBercrByroqero nepexo-
AY CEO6O4UOIO sTEKTPOHA U3 COCTOSHHfl C BOJIHOBbIM B€KTOPOM Q1 tInpoexqneft c[HHa p,1. B cocroflHne e2!2-[yreM [3ryrreHr.rr tforoui c
Bo,rrHoBbrM BeKropoM k u no.nrpusaqneri €uo, paeHa:

(yqz prrrp + 1l Hi I Tq, prnuo ) :
e | 2rh(nr.p+l)'ll: -; Ltr| Ql,lrz Gr.p'pe-ik'riYqrpr)' (3)

B oneparope onyqeHo cyMMHpoBaHr{e no KoopAHHaraM arrreKrpo-
HOB CHCTCMbI, TAK KAK MATPI'IHr,Ift ETCT4CHT HCqC3ACT H3-3A OPTOTO.
sa.trfrocrfi BoJrHoBbrx Qynruufi ceo6oguoro sJreKTpoHa, eCJrH orrepa-
rop He 4eftcrnyer Ha ero KoopAnHarbr. B cessIa c arHM cocrosHr,re y
<<Ilaccr4BHoro>> aroMa AOJr>KHO OcTaBarbcq HeIz3MeHHbrM rrpH paccefl-
ur.ru. MarpnqHnfi erer,reHr oreparopa Hi (1.292) e c.nyuie o4no$o-
ToHHOto nepexoAa paBeH HyJrro.

B xaqecrse sorHosofi QyHrrlun HaqaJrbHoro cocroflHrlfl 3JreKrpoHa
9r!_r,r 'c,rre.(yer HcnoJrb3onart syuKqnrc otttz (27r)3!2 {o] u,, HoprrrHpoBaH_
HYIO HA CAHHHqHYIO IIJIOTHOCTb NOTOKA 3JICKTPOHOB (rOr4A CCqCHUC
ropMo3Hoto H3ryr{eHr.rs 6yaer coBrraAarb c BepoflrHocruro) , a Ailfl,
so,'rHosofi $yHrqun KoHeqHoto cocroqHr.rfl_gzltz - Qynxqzo 0n-,,,"(4.40), HopMHpoBaHHyro Ha 8(qr-q0. flocro.ntxy B KoHeqHoM co-
croqur.rn r.rMerorcfl oJreKrpou a Soron, ro auQQepeurlr{aJr df e (1.256)'
cJreAyer 6parl B BuAe

df:dqr #
floAcrasnqn (3) u (a) o (1.236), (1.245) H npHHHMan
XOAI,IM

a"": 7ft I (yqrpr, I 6r.p'Pe-rk'' I yQrFr) 12 x

"r(+-+-o^) dq,dk.

(4)

zkp:0, Ha*

(5)

Free Hand
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f,HS$epeuulraJrbHoe ceqeHr.re Moxuo npouHrerpupoBarb no dqz,
qTo Bbrnor'rHseTcfl npr4 nos{oul.I cooTHo[reHl4ii

dk: c du>dQu, dqr: qidqrdQn, (6)

(7)[(-r,* !#-+): #; D(q,- 4,), Q,:t-2"
B ucro,rrsyeMoM uepeJ-IlfirriBr.lcrcKou npu6.nuxeunn 3r{cnoHeHra B orre-
parope oSuqso 3aMeHrercrl eAnnuqeii. Ilpeo6pasyfl orreparop ws p-
Sopn'tu e r-Soplay r.r Bbrpa)Kar qepe3 Anrto.nlunft MoMeHr D, oxoHrra-
re,rrbno Hnaeeu [39] :

d" o" ntas qt-ad;aofu;:ffi l€ro'(Tq,P,lDlYQrPr)12' (8)

3Aecr 4z Oilflra saMeHeHo Ha qz.

Llnrerpanluuft no yrJraM crreKrp ropMo3Horo r43ryqeHnq noJryqa-
ercfi lyreM izHrerpnpoBaHnr (8) no dQz u ycpeAHeHufl r1o Bo3Mox-
HbIM B3alr[,rHbrM opr{eHrarlr4rM BeKropoB Qr n k [39] , npn 3roM rrc-
noJib3yrorcfi pa3,rrorNeHua rl.l+ (4.40) a caoficrao oproHopMr.rpoBaHHoc-
ru c$epzuecxHx Qyuxquri:

* { on,de\ eke.(*n1,,,:, ffiu,) ':
: #*;E ) 1(qrlrmrir, i€r.p'rlqrlrmr$r) l'. (9)

I1m1l2 m2

flepeceasuBaq MoMeHTbr aroMa ra cno6o4rioro gJrerirpoHa e o6tr1tle
MOMeHTbI, yCpeAHfffl Cer{eHAe nC npoeKIII,IFM HaqaJIbHOrO COCTOflHUfl-
aToL{a i4 criuFia Ha,'IeTaIoil{eto 3r'IeKTpoHa, a TaK)Ke IIHTetpHpyfl no
d.Qu u cyMMrrpyfl no HanpaB,rreHaflM novrrspH3arlnn soroHa Iz flpoeKrlr.rn
p2, TrpI4xo[r4u x r]opuyre:

*:5#- Z f [,r]-l ; (vJe2t,i2J' llatu11 ^dehtJ">l'. (10)
t l':l!t f,'J"j,ja

Pa4aanlHr,re BoJrHoBbre QyHxultr ceo6oAHoro 3JreKrpoHa 3Aecb Hop-
MHpoBaHbr ua 6 (e-e').

lipu yee,ruqerrr{H KuHernqecKofi aueprun 3rreKTpoHa ero paguaJrb-
Hafl BoJIHoBaa Qyuxqlrrr HairHHaer rracro ocrlr{,rrJrr{poBarb BHyrpi{ aro-
Ma, ga l{cK"larreHueu o6,racrz s6nwss flApa, Koropafl 14 BHocr{? oc-
sonuoft BKJTaA B ceqeur.re. [.rra arouon c 6o.nrurnna Z ua\wytafl ar
eneprurl HaJreraioudero sJreKTpona er ) 100 raB, a rilrr JierKr.rx aroMoB
Aa)Ke or er ) 5 xaB peuTeHoBcKoe TopMo3Hoe H3JryqeHrre B ocHoBHoM
orpeAerqercrr noreM flApa [299]. TorAa Mox(Ho r{cnoJrbsoBarb npo-
cryr,o oAnogJreKrpoHHyro MoAeJrb, r. e. npeHe6peut auyrpeuueft crpyK-
rypoft aroMa ri paccMarpr.rBarb npoqecc KaK paAnarlrossufi flepexoA
3JreKrpoHa M€xAy cocroflHr{rrMr4 He[pepblBHoto cneKTpa B no,rre ro-
qeqHoro sapxya Ze.

*n?lu
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tr4nrerpa,r AHnoJIbHoro nepexoAa orHocureJlbHo BoAopoAorloAo6-
Hbrx Bo,rrHoaux QyHr<qltfi enpaxaercs qepe3 lHnepreoMerpHrlecKylo

$yHxur.rro, rrpH 3ToM ceqeHHe ropMo3Holo I'I3ryqeHtlfl onHcblBaercff

Qopuy.rroft 3ounaep$ent4a [54] :

v?./.o

(exp (22v,)-1) (t-"*p (-znr1))

1, Xo) l',

do" 16 oo'Aa^:3;tr"e"46

" * )F(iv1, iv,

TIC
Zez Zez 4v, v,\t: har, vz: h.tr, Xo: - lt-"rf-

3Aecr.F - runepreoMerpuqeci<an Qynxl\vr'i a1 il uz - HaqaJlbHafl Ir

KOHeqHafl CKopocTI4 3JIeKTpOHa. Tax r<ar u1)1)2, To \,2>vt'
Cor,racso (11), (12), ceqeul{e ropMo3Holo H3Jtyqenvn [ponopuuo-

HaJrbHo KBaApary 3apflAa x4pa. 3ro cJleAyer raKxe u3 rlpocrblx I{a-
qecTBeHHbIX COO6paxeHnfi: yct<opeHHe 3JIeKTpOHa, KaK H CI',IrrIa ero
ssanl,{gAeficrBl,rfl c flApoM, [po[opqIIoHaJIbHbI Z, a wsreucl]BHocrb H3-

JIyqeHIIfl, BbIpa)KanulaflCq qepe3 KBaApar lcK}pe:HIafr, - 22.

flpu 6o.nruIax cKopocrqx sreKTpoua, yAoBJlerBopflIolqllx yc,rloB]Ie

vr, vz(l, pas.naraa syuxurzro x" * F no ,cren€HflM v1, \2 V cO-

xpagqfl Jrr.rrxb nepBblfi r{,'IeH, BbIpaxeHlre (11) MoxHo npn6'nrax<eHuo

3aMeHurb cJreAyrolqliM [300] :

do- 1,6 .. 1, Ir*Qz
^ a.: 3 e"Z"qt- 

et_ez
(13)

Ec,rH ro,rrKo vr( 7, a vz I'IMeer rlo6ble 3HarleHvfl (n rorr'r qIacJle

B6Jru3kr BbrcoKoqacrorHoro npeAeJla), ro BbIpa)KeHI{e (ll) anupoxcu-
Mr4pyercq K BI{Ay

(1 l)

(12)

do- 16 na
^ a.: 3 o'A6\rv2

l-exp(-2rvt)
1-exp(-2rvr) 1n Qt*42 

.
Qr-Qz

(14)

(1 6)

Koropbrii or;tuqaercs or (13) [o[paBorIHbIM MHox<I{rer'IeM 3,'IbBepra:

v, 1-exp(-2rwr) (t 5)
!1 l-exp(-2rcvr)

Buno.lHeuue ycJIoBIIq haf erlval (ono npaKTI'IqecKII yAoB"tIer-

Bopfercrr Ad,rff Bcero peHleHOBcKOro AI{a[a3oHa AJII4H no,ru) 1O3BO-

rqer Hcnorb3oBaTb Apyfylo an[poKcI'IMaIIUIo:

d o. l6tt<o#:-'+-u"alvlxd6 3V3

I
t'

rAe I (n) - raurr,ra-QyHxrlfiq. Ecrra a snrypuslx cKo6Kax ocraBllrb
,"lxo n"publft uJIeH, ro- 1t0; rpeBpalqaercfl B KJIaccHrIecKyIo Qopuy'ry

Free Hand
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Kpauepca, npeAcraBJIsroqyrc co6ofi
qecroii $opuy,ru [301].

llpu paccnaorpeHi4g ropMo3lloto l{3,ryr{eHl'Ifl 6slcrpux 3JIeKTporloB
(vr, vz<< 1) rrlxpoKo rlplrMeHflercn 6opuoncxoe npu6.lu)KeHile [289,
54, 300] . Marpuuuuti ereN{erir oneparopa B3aI{MoAeftcrBI'Ifl 3,'IeKrpo-
Ha c 3JreKrpoMarHHrHbIM rlo,rleM (3) Hcqe3aer rlptr Hcrlorb3oBaHHIl
BodrrHoBbrx $yHxqHfi TI4rIa n,'IocKI4x BortH, ec,'IH B nepexoAe He coxpa-
Hsercs rzMnyJlbc 3JIeKrpoHa, noaroMy rieo6xoAlzuo IlcrIoJIb3oBarb
aropori [opsAoK reopul{ Bo3MylIeHI{ft. B alanluryAe llepexoAa, onpeAe-
,rselrofi o6ulpru BEIpa)KeHI{ew (1.2aa), H' npeacraBr'Iqer co6oft ofiepa-
TOp BO3MyIrIeHIrfl, B AaHHOM C,rlyqae pasHuft cyMMe onepaTopoB B3aH-
MOAeftCrBrrs paccellBaeMoro sJIeKrpoHa c 3JIeKrpoMalHI'ITHbIM rIoJIeM
(H') H KyJroHoBcKoro B3afiMoAeilcrBnfl aroro gJIeKTpoHa c aroMoM
(H"). llepexoA Ii3 HaqaJlbHoro cocroqHx.fl gr,ttkp:0e xoHeqHoe cocro-
flHr4e q2, noo:l Bo3MOlKeH rlepeS creAyloque [poMe]KyroqHble cocroflJ
HLl'l:

223.

r{acrHbrft cnyuaii o6uer? KJIaccu-

1) q' : qr -k, nuo:1' 2) q" :q"* k, ruo:0.

llpu arolr <<.rzutuzft>> IrMnyJIbc

hs,:h(q'-qr-k)
nepeAaercfl x4py (aunoJIHeHI,Ie 3aKoHoB coxpaHeHnq 3HeplI4I'I 14 HM-
rryJrbca B npouecce H3drIyqeHLIfl cso6oAHlt\4 sJleKrpoHol\{ SoroHa eos-
MO)KHO r'Il,Irr-tb npl{ yqaCTHLl Tperbero re,'ra).

Marpauuuft g,rreMeHr orleparopa H" ue l4cqe3aer rillllrIb M9x<ly
cocTo.flHr.rflMH c OAI{HaKOBbIM qLICd'IOM QOTOUOB, a OnepaTopa H', -npii coipaueHnlz HMny,'Ibca 3,IIeKrpoHa. .Il,a.nee ltarpuuuuft erelleur H"
Bbrpaxaercfl aHaJIorHqHo, KaK npll paccMorpeHHH t4oHll3aulj]j aToMa
3JreKrpoHaMu (pazr,. 4.1), a oneparopa Hl - npll noMourtl Qopnay.nu
(3).

Or<osqare,'rbHoe BbIpax{eHI,Ie Arq ceqeHuq ropMo3Hoto paccerHlrfl
a,'reKrpoHa qApoM e 6opuoncxorr,t npH6lIaxeHLIlI coBnaAaer c (13).

flpu yuere 3KpaHLIpoBKH IIor'La flApa 3JIeKrpoHHbIMIt o6o"noqxaur,t
6opuoncxoe 4u$QepeHIILIaJIbHoe ceqeHlle ropMo3Holo l{3ryqeHI'Iq
d3o/dadQpdQ2 npe.u,craB,'lflercfl B BHAe ceqeHl{fl usflyrreHI'Iq B noJle
sApa, yMHo)KeHHoe Ha I]oripaBoqsuti usoxHTed'Ib

lt - ]t P"@) l'
(1 e)

3Aecr F"(q) - arourislft SopuQaxrop

F"(q):(yletn''lt>:/ p(r)e,c''dr, (20)

rae g(r) - rrJrorHocrb BepolrHocrl{ Haxor(AeHns SJIeKrpoHoB B aroMe.
B xu.nogreKTpoHBoJlbrHoM I.I Mefa3JIeKTpoHBoJIbrHoM Allarla3oHax

BKJTaA aSQexron sKpaHupoBaHllfl Bo3pacraer npu yMeHbIxeHIrI{ cKo-
pocTr4 paccelrBaeMoro SJIeKTpoHa u yBeJEqeHHLI qI,IcJla 9JIeKTpOHOB B

aroMe [297, 300].

(r7)

(1 8)



flpu 4e.nennw adouf da wa vl iloflyqaercfl BeJrr.rrruna, cpaBH[rer'rb-
Ho c.na6o 3aBlrcflutaq or aroMHoro HoMepa oJreMeHTa H 3geptnr4 Ha-
Jlerarorrero eJreKrpoHa [2971. Osa xax Qynxqna holq HMeer Aoc-
TaroqHo no.tornir nlr4 (6es yvera sKpaHnpoBKt4 fl.Apa aJreKrpoHaMrr
uorapuQuttqecKn pacxoAurcs y l.rn3KoqacrorHoro t<pan ha/er-+0).

,,T LF F
Pnc. 22. .{uarpaunatr /lng aMflnnry,[br 3JreKrporinoro (a 6) n <<arouuoro> (a, a)
TOpMO3HOTO u3nyqeur.it B HH3rxeM nopsAKe Teopur.t eosuyuleuuft

!,ea vleHa aMnnr,rryAbr ropMo3Horo H3JryqeHr.Ifi B crarr.rqecKoM rrptr-
6rzxeHua, coorBercrByrourue AByM npoMexyror{HbIM cocroflHHfiNI
(17), uzo6paxarorcrr AHarpaMMaMV a H 6 aa puc.22. Kpecrnx o6o-
SHaqaer craTr.rqecKoe noJre aToMa. fne qpyrue AHatpaN{MbI Ha roM
)Ke pizcyHKe orrprcbrBaror (e unsureM noprAKe, rrpuroAHoM ,u,Jrq 6ucr-
pblx 3r'IeKTpoHoB €1217"t) <<aToMHoe>> I.I3JIyqeHHe. Cornacuo Ar{atpaM-
MC 2, BCJ'ICACTBI'IE 83AIIMOAEI?CTBI,I'I CBO6OAHOIO 3JICKTPOHA C ATOMOM
co3AaeTcfl BHpTyaJIr,Haq IIapa <<BaKa]rcHr-3JIeKTpoH>>, 3aTeM 3,'reKT-
poH Bo3Bpaxraercff B r.rcxoAHoe cocrorHue n u3iryr{aercl Sorou.

B .qHnonlHou npu6,ra)KeHrzu, orrpeAer'rrfl BKJTaA AHatpaMM B H e

H Bb]noJrHgt B MarpuqHoM gJreMeHTe onepa"topa h, npr4 [oMoIrIH co-
orHorueHqs (4.26) HHrerpupoBaHHe ro paAr.ryc-BeKropy cno6oAHoro
3Jret{rpoHa, on[cbrBaeMoro BoJrHoBoft $ynrqneft e sliAe nlocrofi BoJIHbI,
ilod'ryqaeM cJreAyroqee BblpaxeHrie AJrfl aMIIJrHTyAbr TopMoSHoro
<<aroMHoro>> Il3ryr{eHur [296] :
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Mor(^, s): -
(a I s-'q'11 x) (:c I €.p la) (.q : q,. - qr). (21)*(e"-eo)z-or2

Korla 3lreprufl n3ryqaeMoro OoroHa nplr6Jruxaercfl K 3Heprulr uoHH-
3aUI.rH OAUOft r{3 O6O,rOqeK aTOMa lot'e*-Eo, aM[d'rlrTyAa pe3OHaHCHO
BO3paCTaer, oco6enuo AJrrr Ma,rrbrx 3Har{eHH?i q. flps raKnx g Bbrpa-
xeHne (21) rr.roxuo ynpocrurb H aMrrJrrdryAy Bblpa3nrb npu [oMorrIH
(5.57) u (5.60) qepe3 AuHaMurrecKyro rroJtrpn3yeMocrl aroua o(o)
[2e6] :

4rro_ 5-q' Lt
a+x

Mo,(a, d:-+ "(r)6.q. (22)*

llpoue,leuurre e [295, 296] oUenxu Molf M"1 noKa3brBanr, qro rplr
Itt.lxlo gro orHolrreHr{e Mox(er 6url auaqureJrbHo 6o.rrne eAuHr.rrlbr.
Euu ftc'l) Io, To aMnnHTyAa Mat LIII 6ucrpux oJIeKrpoHoB KoM[eH-
cupyeTcq lrJIeHoM, orrHcbrBaroqlrM SKpaHHpoBaHIte, TorAa TopMo3Hoe
I4SIyrIeHIie MOIKHO paCCMaTpHBaTb B CTaTI'IqeCKOM npn6,'tUxennn C

yqeroL{ Jrr.rnrb KyJroHoBcKoro noJrfl rApa [296] .
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C.re4oeare,trHo, rtp14 MaJrbrx 3HaqeHHrx nepeAaHHoro HMrryJrbca
Ha MOHOTOHHO H3MeHrrrOIIIXftCf CneKTp 3JIeKTpOHHOTO TOpMO3HOTO r{3-
,ryrleHr4fl B oKpecrHocrl{ rlacror hlo:lo HaKJIaAbIBaercfl 60,lree HJIIT
MeHee BbrpaxeHHar crpyKrypa, o6ycroBreHHaq <<aroMHbrM> rzsryqe-
HI]CM.

flpu no4craHoBKe o6eHX aMnJrr{ryA B ceqeHrre fipoqecca H lrHre-
rpnpoBaHr.ru no dq aHrepQepeHrlrroHHbrM trJreHoM MoxrHo npeue6peur,
TaK KaK ocHoBHoft BKJIaA B oJIeKTpoHHoe I,I <<aroMHoe>> u3dryr{eHuq BHo-
cffr pasturrsne o6.nacru rinrerpnpoBaHilq [296] .

Als ceqeunfl <<aroMHoro>> TopMo3Hoto u3ryr{eqvr, B cryqae 6ucr-
pbrx oJreKrpoHoB no,rryqaercfl cJreAyroqee BbrpaxeHue [296] :

do" 16 1 <,r \s I a (to)-f 
6 Jy .d-: 3 \7) 

-"i 
@r

(23)*

r4e r - cpeAHurl paAr.ryc no4o6o.nouxlr, BHocflurerl ocuosHoft BKJTaA
B noJlflpH3yeMOcTb; Oy - CKOpoCTb Ha.IIeTaIOqerO SJIeKTpOHa.

Bc.ne4creue aHaJrrirr.trrHocrn $yurqlzla AulaMrrrecKori noJrflpr.r3ye-
MOCrH ee peaJrbHafl qacTb, cotJracHo reopeMe Kouz, BbrpaxaeTcfi
qepes MHHMyro qacrb npH noMorqra AHcIIepcI-IoHHofo coorHo[reHHs:

Re a(co) :] r I Is#$Yg{

(P o6osHauaer rJraBHoe sHarreHue nurerpana), a MHr{Maq uaclr o(o)
Bblpaxaercs. npw floMox{u onrnqecroft reopeMbr (5.60) qepes cerreH[e
$oronor.nouleHux:

Im cr (ol) - 
c otr (<o)

4tta (2s>

Cessr MexAy ceqeHr.rsMI.{ <<aroMHoro>> TopMogHofo u3dryqeHr.rq n
Qoronorrouleunfl npr.rBoAr4r K cyulecrBoBanaro no4o6Hbrx crpyKryp B
o6oux cneKrpax ltpt4 oAHHx H rex )Ke gHeprnqx Qorouoa. Hanprauep,
ruraHTcKr{M MaKCr4MyMarra e 4d-CneKrpax Qoronorlouleuns La n Xen
BO3Hr.rKarOUIlrM LI3-3a HAilvrlrfl, IOTOXLITeJIbHOtO [OTeHUI{aJrbUOrO 6apr-
epa B eQ$exrnnnoM [orenrlr]are Arq QoroenercpoHa, coorBercrByror
KBa3l{pe3oHaHcbr rroAo6noft Qoprvrbr B crreKTpax ropMo3Horo H3d'ryqe-
Hrrrr r,Jrfl. rex )Ke gr'reMeHroB [302, 303] .

B cnexrpe ropMosHoro IrgJIyqeHHfl, y eto BbrcoKoqacrorHoto Kpafl,
Bo3ivroxHo raKlr(e rroflBJreHr{e pe3oHaHca, o6yclonneHHoro aJreKTpoH-
Hofi xouuouesroft lr3Jryqeunr [297, 304] . Ec.lN sJreKrpou orAaer
Iroqru Bcro cBoro gHepralo QoroHy, ro B cryqae aQ@exruBHoro lto-
TeHrIHaJra C [O,rroxr.rTeJibHbrM 6apleponr rraeA.teuuuri SneKTpoH MoxeT
o6pasonarl c aroMoM-MI,r[IeHbro naeracra6u;rtHlrfi xounnexc (uHurrln
CJIOBAMI'I, BCJIEACTBI.IC CYIUCCTBOBAHIifl BO NNYTPCUUCfi flMC KBASI{AHC-
KperHoro ypoBHff c rroJroxl{Telssoft eHepruefi HMeer Mecro KoJrJranc
sornosofi Qyuxrluu cno6ogHoro snexrpoHa). Taxulr o6pasou 6uno
o6'bflcueHo npo[cxoxAeHrre ysKrrx MaKcHMyMoB B c[eKrpax ropMo3-
Horo lrsJryqeHufl MeraJrJruqecKnx La a Ce [305] . Pacqer cneKrpa AJrff
cno6o4uoro aroMa La noxaear, qro B cneKrpe AelicrefirerbHo nosB-

(24).
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Jqercfl noAo6nas crpyKrypa, o6ycroBreHHaq pe3oHaHcoM B f-nap-qaa.nlsoft BoJrHe pacceflHaoto eJreKrpoHa [30a] .

llpu 6ollruofi Knuerz,recxofi oHeptrIz Ha,'rerar,oilIero Ha aroM sd'reK-
TpoHa B CrreKTpe TOpMO3HO|O l{3IyqeHr,rs craHoBsTcfl cyrqecrBeHHbrMr.I
MyJlbrr4noJrbHbre r{ perqrr.rBncrcxrze a$@exru [299, 297]. Cpaeueuue
pe3y,'rbTaToB peJIrTr.rBlrcTcKr.rx pacqeToB do/da B cTarr.rqecKoM rrpu-
6.rnxeHraz c BoJrHoBbrlru Synxqaxvw fiwpaxa-@ora-C.narepa 4.ilr
aroMoB 2<2<92 [pr,r Kr{HernrrecKr{x 3ueptnflx adrreKrpoHa I xeB-_<
{er{2000xeB c pe3yJrbraraMr{ HepeJrffrr{BncrcKr.rx pacqeroB no Qop-
uyne 3ouuepQe.rrt4a [oKa3brBaer [306i , qro BKr'raA peJrflr].rBncrcKr.rx
aQ$exron B AuQQepeHuHaJrbHoe ceqeHr{e rprz aHeprnn 50 r<aB He
npeBr,rnaer 200fs, s ro BpeMq KaK rrptl 3Heptzr4 500 xeB y BbrcoKo-
rlacrorHoro Kpafl oH Aocrutaer 100%.

BupaxeHue Arr ceqeHnfl gJreKrpoHHoto ropMo3Horo H3rrryqeHufl B
peJrrruBrrcrcKoM oAHoaJreKTpoHHoM npn6,ruxeuz n no,'ryqaercfl TaK )Ke,
KaK lr B Heperqrr.rBr{crcKoM cryqae. llpa eToru c,'reAyer r.rcro,'rb3oBarb
peJlrrrlrBr{crcxtzfi oneparop B3ar.rMo4efi crnux 3,'reKTpoHa c 3rreKTpoMar-
HI4THIJM rroJreM (1.230), a flJrorHocrb cocroffHari paccerHHoro 3JreKr-
pgHa gnpeAeJrflrb, Hcxo4fl rz3 BbrpaxerLrtr AJrtr eto no,'rHoil oHeprnrr
(E2). Toraa

asr: # dEzd{rz,

df: # $ff wardekdEzdez.

Bo.[Hosaq $yHxrlzr cso6oAHoro 3JreKrpoHa B Hasa,'rbHoM cocroq-
HLIIZ HopMr.rpyercf Ha eAr.rHHrrHyro rrdroTHocTb noToKa SJreKTpoHoB

d:V #F- ,t,fi (., o), (28)

a SyuxqiEa B KoHerrHoM cocroflHr.r[ npeAcraBrqer t{ln,, HopMHpoBaH-
sylo Ha 8(qr-q0. PeJlqrl4sr.rcrcxue @yurqilH ,p+ n c$epuuecKoM no,'re
aroMa r{Meror nu4 pas.noxeunil (5.24) uepes o6o6qeHuue c$epzue-
crue Qyuxqnn (1.170). C Vqerou BbIIIrecKa3aHHoto cer{eHrae sJreKr-
poHHOrO TOpMO3HO|O u3,'ryqeHr.rfl B rrepBoM flopflAKe Teopr4r.r BO3Myrqe-
uu fi nonyvaercfl cd'reAyroxrrrM :

#;#"- : W !"*- I (,1.,; I 06' €10 e-'k'r i +q1) t'. (2e')

HnrerpupoBanr4e no yrJraM pacceflHnfl gJreKrpoHa ocyqecrBJrfler-
cg raK )Ke, KaK H B HepeJIflTI{Br.IcrcKoM npu6"uux<euvl{, IIyreM rloAcra-
HoBKn e (29) pa3Jrox<eHrrfi, Alfl, .p+ (5.2a) u r{cnoJrb3oBatr4n caorlcrsa
oproHopMrrpoBaHHocrr,r o6o6rueHsux cQepuuecxnx SyHxqraft. OAno-
SJIeKTpOHHbre MaTpHrrHbre sJreMeHrbI pe"rrrTI.rBItcTcKrrx olepaTopoB
MyJlbrrrnoJrbHblx nepexoAoB Me)KAy cocronHr.tsN.lll cso6oAHoto 3JIeKT-
poHa c 3aAaHHbrMr{ yrJroBbrMr{ MoMeHTaMr.r HMeroT TaKyIO X(e C[r.rH-
yrJIOByro qacTb, IKaK v B cryqae nepexoAa Me>KAy COCrOrrHr.rqMH ArrC-
KperHoro cneKrpa (1.271), (1.272). Esrn B er{cnepr.rMeHre r.rcrodrrb-

(26)

(27)

3

+': i; Qn)i Q[g,

Free Hand
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syrorcrr Herro,lrgpu3oBaHHble SJIeKrpoHbI I{ He U3MepfleTcfl rIoJIspI43aUI4q
TOpMO3HOTO lr3.rIyr{eHHfl, TO CeqeHHe CreAyer ycpeAHarb no 3Haqe-
Hr{flM npoeKurrH crrriHa 3JIeKrpoHa B HaqaJIbHoM cocToqHllll u npocyM-
r\{EpoBaTb no AByM 3HaqeHHfM IIpoeKuvH crIHHa B KoHeqHoM cocToq-
HUV, A TaKXe nO O6OHM HanpaBJIeHLItM nOIqpu3aqHI,I QoroHa. Oxon-
qareJrbHo AHsQepeHulraJlbHoe ro qacrore QoroHa ce.IeHLIe I{MeeT
BbIpa)KeHr.re:

, *- r Zo" {ffiffi},.i,hi,t, t

, { l (qri r l r ll "o() II Q J J ) ['z + l (q 
"i 

r l r ll^ o G) 
ll qr-r' D l' ], (30)

rAe eO(,) H mo(t) - coorBercrBeHHo oAHo3JIeKTpoHHbIe oleparopbt
3JreKrpuqecKoro ( 1.268) r.r MarHurnoro (1.269) MydtbrllroJlbHblx ne-
pexoAoB; BoJrHoBbre Qynxunn HopMHpoBaHbr rro uKaJIe BorHoBoto qnc-
ilI.

B [307] npr.rBeAeHo Apyroe aKBHBaJIeHrHoe Bblpaxenue 4nn gHS-
Sepeurlna.irbHoro ro qacrore ceqenl4s, a raK>Ke AaHo pe,'IgraBncrcKoe
BL'rpa)KeHne a,rs auS0epeHqI{aJIbHoro rro qacrore I,I HarIpaB,'IeHIrKr
Bbrrera SoroHa ceqeHrrfl, oAHaKo oun eqe coAepx(aT cyMMr{poBaHHe
IIo npoeKrlr4r4 [oJrHoro MoMeHra pacceHBaeMoro oJIeKTpoHa.

TopuosHoe H3Jryqeur,re pe,'rffTr4Bl,IcrcKoro gJIeKTpoHa c yqeroM AI,I-
Halrn.recxofi rroJr.spLr3yeMocrlr pacceHBa]oulero ero cJIoxHoro aroMa
paccMorpeHo B [308] ]r rroJlyqeHbl BecbMa npocrble BbIpa]KeHrIrr AJrs
ceqeHuq s o6racrH r{acTor Qorouoa h{ol I6i, a raKxe AJrfl yJrbrpa-
peJI fl TLIBr.rcr,cKoro cJyr{ afl ft o ) 1nr;.

Vrnoeoe paclpeAeJreHrre aJreKTporrHoro ropMogHoro asryqeHHq rIpI{
Erlmcz noAo6so pacnpeAeJreHHro ng,tlyqeHr.rt gJreKTpIrqecKoro An-
nOJIfl C MaKCLIMyMOM IIHTeHCI'IBHOCTH, HaIIpaBJIeHHbIM [epneHAI'IKyJIflp-
Ho rrJrocKocrr{ ABrlxeHlrfl oJreKrpoHa (qr, q). VsnyueHr,Ie ynbrpapeJrfl-
rl,rBlrcrcKoro sJreKrpoHa t,rlmc2 KoHueHTpHpyeTcfl B.4oJrb Qr B KoHlc€,
yr,loeoft pacrBop Koroporo paBeH mc2le1.

10.2. PaccesHue peHteHoBcKux .ryuefi aroMaMH

B pacceqHurz peurreHoBcxnx .nyuefi npaKTlrqecKr{ yqacrBy}or Jirrurb
gJleKrpoHHbre o6o;roqx[ aroMa, Ta:x KaK orreparop esa[NroAerlcreuq
aroMa c 3,'reKTpoMatHr4THbrM rroJreM coAep)KI.rT Maccy pacceHnarcu,eft
rIacrIIIIbI B MnHyc nepnoft creneHlr, u, TaKvIM o6pasou, ceqeHue gToro
npouecca o6parHo npolopqnoHaJrbHo KBaApary ee Maccbr. Pacceusa-
HHe or flppa HaquHaer nposBJrflTbcq Jrnrxb AJrfl taMMa-ryqeft npn
3Hepruqx Qoroua I MeB lr 6o.nee, a B peHTteHoBcKoM Auarra3oHe HM
Mo)KHo npeHe6pevn [309, 310].

Paccexuae peHrreHoBcxax "uyueri noApa3AeJtflercr Ha ynpyroe (xo-
repeHrHoe n,'ri'r psd'reeBcxoe) rz Heynpyroe (uexorepeurHoe). llpn yn-
pyroM pacceflHna coxpaHqercg aHeptns Soroua v reM caMbrM eto
qaCTOTa, HO MO)KeT I'l3MeHLIrbCq HanpaBJIeHLIe BoJIHOBoIO eer<ropa $O-
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ToHa v,fHI|H ero nonqpu3arlnfl. Heynpyroe pacceflHrre B cBoio oqepeAb
ACJII,ITCfl HA:

- KOMITTOHOBCKOe paCCesHHe, KOtAa rIaCTb SHeprfiLI KBaHTa nepe-
AaeTcfl oAHoMy H3 3JTeKTpOHOB aTOMa, H OH BbrJreTaeT r.r3 aTOMa;

- KoM6r.rHarllroHHoe (pauaHoncroe) paccesHr{e, KorAa Heynpyroe
pacceflHlre Qoroua upr4BoAr.IT x oos6yx4eHnro aroMa Ha AlzcKpersurl
ypoBeHb (aneprnn $oroHa r{3MeHrrercff Ha Bernr{r.rHy, paBHyro gHeprnu
nepexoAa n arolre).

B o6onx cltyqaflx QoroH repfler qacrb cBoeii eHeprnn, rrogroMy
€ro qacToTa yMeHbrrIaeTcf.

Vnpyroe pacceflHr.re peHrreHoBcxr.tx nyueft Ha aroMax, pacrroJro-
xeHHbrx B onpeAeJrenHoM rropsAKe, npr.rBoAur K 4a$paxuuoHHbiM rB-
JeHLIIM. I,IssecrHa 4z@paxqnn peurreHoBcrux .nyueft or KpacraJr,lroB,
a raKlKe or xaAKocrerl. !,axe B ra3e r4Merorcfl HeKoropbre Kopperq-
IIHH Bo BgaHMHoM pacrroJroxeHr{H aroMoB r.rJru MoJreKyn (oHn He Motyr
npv6nusnrr,cr Apyr K Apyry MeHbue HeKoroporo paccroflHnfl), no-
3ToMV AJrr ra3a 6o.nluroft nJrorrrocru Toxe Bo3MoxHa cJra6afl MexAy-
aroMnar nurepQepeHqna [, 3ll]. fas Mo)KHo cqr.rrarb 6ecnopa4ou-
HbrM cKorr,lreHr.reM aToMoB, ecJrH B HeM cpeAHee paccrorHae Me>KAy
arol.raMH 3Har{HTeJrbHo 6o.nlure AJrhHbr BoJIHbr pacceuBaeMux .tyueil.
Tor4a rroJrHafl r.IHTeHcr.IBHocrb pacceflHHoro H3Jryqeulrs o[peAeJrflercfl
oAHoaroMHoft sennunHoft - ceqeHneM pacceflHlrfl o-". Aua.nornr{Ho rto-
r,rrouleHrzrc peHrreHoBcKax ryqefi MolKHo BBecrH nnseftsuil xoa$Qn-
qr.reHr pacceflHHfl

p," : o" -ly's, (3 1)

rAe ly'o - 
qHcJro aToMoB B eAr.rHHqHovr o6teue rasa. BMecTo l-t,s r{aqe

ucnorb3yercfl MaccoBbrft xoeQ@nuneHr pacceflnun []
P,':P"/P:6"1M, (32)

tAe M - Macca aToMa.
Paccequne peHTreHoBcrHx .nyuefi B HeKoropoM HanpaBJreHHH xa-

paKrepn3yerca 4aQQepeHuHaJrbHbrM ceqeHlreM pacceqnr.rfl (ocn z coa-
Merrlega c HarrpaBJreHHeM rrepBnqHoro nyqKa nytert) :

ao":4#*L.
3Aecl lr(ot) - nJlorHocrb noroKa
<rl2, co2+dal2 3o €.itHHHIry BpeMeHI{ B

+dgi

(33)

rra4aloqnx Soronon c qacrorofi
npocrpaHcTeeuHuft yro,r Q, Qf

dn(our; 0, q):jr(,or; 0, 9)dardS:ir(,or; 0, 9) Rzdard{1, (34)

rle iz - nnorHocrb rroroKa paccerrHHbrx Qorouoe; ,R - paccroflHr.re
or aroMa Ao roqKn Hx H3MepeHus; dS H dQ coorsercrBeHHo oJreMeH-
TbI IJIOIIIAAI{ H TIPOCTPAHCTBCHHOTO YINA.

flo4craa.nRn Qa) o (33) H r.rcronbsyff coornorrreHae MexAy rJror-
HOCTbFO NOTOKA H HHTCHCHBHOCTbK)

rt(or):haJr(^t), L(,or; 0, q):fiazjr(.r; 0, p), (35)
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HAXOAHM

d'oo
7a d,,,

1, (or; 0, 9) R' * U j#c deda,:a").
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(36)

(36a)

1. (.J
B cryuae yfipyroro pacceqHnfl BMecro (36) Hrrleerra

d oo" 1, (0, e) nt
dQ IL

flonyvuu Bbipa)Keur{e Anfl Au$Qepeuqr,ranbHoto ceqeHr.rfl paccefl-
HLrtr B HepeJrflrr.rBlrcrcKoM npn6.tnxeuua. Paccegsae $orona [peA-
craBJ'rser co6ofi 4eyxQorouuuft npoqecc: oAr{H KBaHr peHrteHoBcKnx
nyqeft C qacToToft (o1, Bo,TIHOBbIM BeKTOpoM k1 ll no.nrpfiSaqneft Ql Uc-
qe3aer, a gpyrori $orou arzkzQz Bo3HHKaer. OcHosHofi q,'reH o[eparopa
B3aliMoAericrBrirr aroMa c 3"reKrpoMatHurHbrM noJreM Hi (1.232) av-
r'Iflercfl oAHo0oroHHbrM otreparopoM, rroaroMy ero uarpnuuuft a,re-
MeHr B rrepBoM riopflAKe reopun Bo3MyrrleHrrii ue snocrr BKJraAa B

celreHr.re pacceflHr.rfl. Ono onpe4eJrrrercfl Marpr.rrrHblM 3JreMeHToM orre-
paropa

H;: A (r.i)', (37)

a raKxe BKJTaAoM oT oneparopa

Hi: - pr'A (r.i) (3 8)

Bo'BropoM nopflAKe reopur.r Bo3MyuleHnfi (cyrrlltrpoBagne e (37) tl
(38) npoBoAlrrcr no KoopAr.{HaraM Bcex oJreKrponoB aroua). O6e
qacTH aMnJrr4TyAbr pacceflHr.ifl KBaAparHqHbr no BeKropHoMy rroreH-
qI4aJIy r.r uMeror oAnHaKoBbrfi nopa4ox BeJrHrrHHbr.

B uarpuuuufi a.neueur o[eparopa A(r;)2 orsocllreJrbHo HasaJrb-
HOIO COCTOflHHfl C OAHHM @OrOUOlr k1q1 H KOHeqHOTO COCTOflHr]r c
oAHr.iM rporoHou k2Q2 ,(aeT BKJIaA d'rHtxb cJreAyroulufi rireH pa3floxeHl,rfl
3roro oneparopa:

2€*r r,. €u" ordu, o,ot,o, et (k'-k,)'' (3e)

I4cuo.ntsyr Bbrpa)Keul,rr Ar'rfl MarpllqHbrx 3JreMeHToB oneparopoB a
(1.234) n a" (1.235) Lr BBoAq o6ogsaqesns

Cr= Ck,p,, €r=€k"p,, k:kr-k:, (40)

uarpnuuuft sJreMeHT orreparopa Hz' npe\craBJrreM B BHAe:

Mlt: <f I Hij i> : ;## €, ' €, (y, I I e'u'" 
1 ,,;, (41)

rAe Yr g y, 
- Haqar'IbHoe H KOHeqHoe cOcTOflHpIfl aroMa; ftk - uu-

rrydrrbc, nepeAaHHbrfi QoroHoru aroMy.

"'S2mc2 LJ
j

es
mc .L

t

Free Hand
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"ryuer?

Taxoft )Ke nepexoA

i:yrk, fu+f=Tzkzpz
no4 4eficrwreM oleparopa Hi Bo3Mo)KeH d'rnrub qepes npoMe>Kyroq-
HbIe cocToflHur:

n - B KoropoM orcyrcrByr.or QoroHbr, a aroM HaxoAr{rcfl B Bo3-
6y>x4eHHoru cocrofl HHn y;

nt - s KoropoM coAepxarcq no oAHoMy SoroHy krQr r{ kzQs H
aroM B coctoRHua y'.

Coorselcreyrculre MarpzqHbre 3JreMeHTbr paBHbr:

(nlHilr): - + l#l' (vl f €,.pre'k,'";1y,;,

,t
utuiin): - + l*l' (v,l f e,.p,e-ik'''t y2,

,t
(n't,Hi)i>: - +[#]' (v,t f €,.pre-,k,'".r1^1,;,,

,t

<ftHi)n'):-+ l{l' <r,l f .,.pre'k,'',1r').

- AunnzryAa rpoqeccr, ono.oJrfleMar oneparoponr rli
nopflAKe .Teopalr Bo3MyuleHr4li, cor.lacHo (1.244), paBHa:

M1:, lflH!ln)(ntA!tt> *9 (flHi'n'>tn' Hi'i)
't L,t Ei- En A E,- E,, '

(46)

rAe

Et:E(\)*ha1, E,:EQ), E,,:E(y)*ha1*har. (47)

..^Cyuuapuar aMnJrnryAa npoqecca rrpn noAcraHoBKe (a\-(ab) n
(46) no.tyuaercs B BHAe:

M.,:2n"', h
r. mV f/.r^,

(r,r ) e, ^ i k'.r,er'P.r€ ' )Tr)

(42)

(43)

(44)

(4s)

BO BTOpOM

€r.€, (y, I ) e'k''r lyr) +
j

'pr"-tu'"'ly)<Tl f
i

I
r

tt
mLl

l5'
mA

.t.

.-=-+
E(y,)-E(y)+ho>1

<rrr ) Er'pr"tk''"lY'><y'l :
ij

E(yr)-E(y')-ha,

^ -ik1.r,€z'P.r € ' I Yr )

(48)

Free Hand

Free Hand



10.2. PacceqHr.re peHrreHoBcxux .nyuefi

r{ro6u BErpax{enl.re ocraBad'rocb cnpaBeAJrr.rBbrM r.r AJrff 3HeprlIH 0o-
TOHa, IIpH KOTOpOft 3HaMeHaTe,'Ib CTaHOBLITCfl paBHbIM HyJIIO, B HeM
cJreAyer 3aMeHHTb 3HeprI.rrc npoMexyroqHoro ypoBnfl KoMnJIeKcHori
Beruqlluoft [289, 309, 310]

.E(1)+E(y)- +L , gs)

rAe f (V) - ecrecrBeHHafl rruplrHa sroro ypoBria (cp. c (2.87)).
Ilycrr \.r2 flBJrfercf cocroflHr.reM Ar.rcKperHoro crreKrpa. Toraa (48)

flpn Tr:Y2 H cD1:66r OlIlcbIBaeT yllpyroe paCCeflHLIe, a IIpH yt*yz,
ar*az - xou6usaqnoHHoe pacceflHlle. Bupaxeuua 4.nR ceqennii
3Tr4x npoqeccoB rroJryqarorcq nyreM rroAcraHoBK}r aMUILITyaU (48) n

$opuy.ny A,'rf BepoflrHocru repexoAa (1.236) H HcrroJlb3oBaHr.rq co-
orHolreHr{s MexAy ceqenueM r.r BeporrHocrbro (1.245). B xoseqsol,r
cocroflHllli HMeeTcrl'lHrub oAHa cno6o4nal qacTHua 

- $oron, rioSTo-
My cJreAyer 6parr

df : =:* kTdQ dkz. (50)" lztrl'

Lle-sa Hailvr.urrfl 6-Qynxuun or 3HeprllI't IlHrerpHpoBaHLIe ro dk2 cso-
Ar4T ctr K AotIoJIHHTeJIbHoMy MHo)KI{TeJIIo @c1 -r. Onon.Iare,'IrHo

do" (y, + yr) I e' \2
dO -\mc'J

(nz

co1
€r'€r(y2l ik.r-,e 'iYr2 +

23t

r
j

r
j

r
i+1 tmLl

+-l, tm /-l

(T, I

^ -i ka.r.€z'Pre " lT>1^(l ^ ikr.r,,
€r.pr€ 'lTt)

E(v,)-E (v)+h6' +

l2
IL (51)
l

the ezfmc2 paBHo K,'Iacc[qecKoMy paAl4ycy s,leKrpoHl rs. flepnuir
qJIeH B aMTIJIHTyAe paccefHnq Ha3blBaercfl HOpMaJIbHbIM, a qJIeHbI, CO'

Aep>XaIIII.e 3HeprI,IIo B 3HaMeHareJIe, - AIic[epcHoHHbIMH I],IILI aHO-

M AJIL'HbIMI{ qJICH AMI{.

Anq r,rqrx[x peHrreHoBcKux Jiyr{eft, r\IILtHa BoJIHbI xoropsrx 6o.nl-
III9 pa3MepOB aTOMa, 3KCIIOHeHUIIaJ'IbHbIe MHOIKI'ITeJII{' COAepXaUIUeCfl

B (51), no nnyrpeHHeft o6ilacrLr aroMa npaKrHqecKII IIocroflHHbI.
Torla

cDl

co1

(y, lf Gl.prstk''''r tT'><\'l ; a,'pr"-tk''"lTr>

E(Y,\-n

do"(yt+'yr) _ -,
- dt -'o el.ez8(Tr, yr)+

Free Hand
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1S
m/r

T

lsmA
f'

<t,l f €z'Piry><rt ) e,'PiiT,)
jj

.E ('y) -E (y) + fi co'
-+

,,t,.f €r.p.r y')<Y'i f €".p.rlyr) 
zti

E(y,l-E(y')-ha2 l'
B nepnou q"'reHe r.I3-ga oploroHaJrbHocrlr BoJrnoBbrx @yHxqr.rft noa-

BHJIacb 0 (yr, yz), cJIeAoBareJlbHo, B 3ToM npII6rI.r)KeHuu ro116uua-
uHoHHOe paccef HIIe orl.IcbrBaercfl. JrLIllJb Aac[epcHoHHbrMn q!'IeriaMr.r.

fipn yvreHl[reHr{H AJILTHbT BoJIHbr L, peurreHoBcKux .nyveft oKcrro-
HeHrbr e (51) ltepecraror 6url nocroflHHbrMu Be,rrnrrHHaMr.r BHyrpu
aroMa. 9eu ueulure X,, reM 6ucrpee ocun,'rJrHpyer @yuxqnn eik'r,
qTo npHBoAr4T K yMeHbrrreHHro ceqeHlrr? ynpyroto u xolr6HHaur.roHHoro
paccexuuft [289].

Po.irr Ancnepcl{onHbrx riJreHoB Bo3pacraer pe3oHaHcHblu o6pasou,
KorAa 3Heprns naAarouero QoroHa npn6,rHxaercr K 3Heprl{rr Bo3-
6yx4eHua aroMa. 3ro qsreHr.re HasbrBaercfl aHoMaJrbHbIM r.r,'IH pe3o-
HaHcHbrM pacceflHr.reM. llpu yAa,reHHH or xapaKTepacrr.rqecKr.rx aroM-
Hbrx rracror paccerHue peHTreHoBcxllx nyueft B ocHoBHoM o[peAeJrfl-
ercfl HopMaJrbHbrM .rJIeHoM a npu6narNeHHo Moxer 6uru a[npoKcn-
MHpoBaHo cJIeAyloulHM o6p asolt :

!"+;--:4 *i (€,.€J, | (y,l

ECJII{ tr12:1r;1, TO MHOX(HTeJIb y KBaApaTa MOAyJI'
naAaer c ceqeHneM paccernllfl peHrreuoBcNrlx .nyuefi
cHqecKr.rM gneKrpoHoM (aro pacceasue uo>xer 6nrl

(#.), :ft(e,. e2)2 .

BupaxeHue (54) Hasunaercr QopnayJoft ToMcoHa.
!,uSQepenquaJrbHoe ceqeFrue (53), xax u (5a), Aocrl{raer MaK-

cI{MyMa, KorAa BeKropbl rroJlflpri3arlau naAarouero u paccequnoro So-
TOHOB ItMerOT OAHHaKOBOe HJrH npOTr{BOTTOJTOXHOe Ha[paBfleHHq.

Pasrox([N,r BeKrop ez Ha ABe He3aBlactrMbre KoMrroHeHrbI: ezL,
nepneHAlrKynflpHylo €r, 14 €zy, HaxoArutyrocg B nJrocKocrn (kr, €r)
(eenlerr). O6osHa.rraN{ g - }ro",l MexAy rro,cKocrqMu (k1, k2) H
(kr, €.) r.r 0 - yroJr paccenHua (yro"r Me)KAy HanpaBr'reHurMr.r nara-
rculero il paccerHuoro QoroHoe). 3ro nosBorrrer 3arr[carr,

(€.'€r)t:l -sin20 cos2g. (55)

Ecnu paccelrBaForcf, HenoJIflpH3oBaHI{bre peHTreHoBcKHe r'ryqa, ro
(55) c"reayer ycpeAHurb rro HanpaBJrer{H}o [epBriqHoro Qoroua, r. €.
no yrrly g. C yuerou

f tto'" it')l'
j

(s2)

(s3)

aMnnl4ryAbr coB-
cso6oAnrtrr x"'Iac-
roJrbKo ynpyrurr'r)

(54)

cosz g: I l) (56)
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3aBIICr{MOCTb CeqeH}Ifl yrlpyfolo
oT yrJra pacceflHl{fl ollrcblBaeTcfl

233

pacceflHl.rfl HenoJIqpH3oBaHHbIx ryrlell
MHox(rrreJrerr,r ( lfcos2o) :

(62)

#:; O*cos'?o) | 111 (57)

Taxoe )Ke yrnoBoe pacflpeAe,qeulle xapaKTepuo L pacceflHlllo KJIaccH-
qecKi4M 3JreKrpoHoM:

(#),:; o*cos2o). (s8)

HHrerpnpyr (58) no ytr'IaM, nonyqaeM BbIpalKeHKe AJIn rlonHoro
TOMCOHOBCKOTO p aCCet{HIItl :

"r:* rfix6,65' 10-27Ms. (5e)

Cor,racso (57), (58), ceueHue ynpyroro paccelHns aroMoM Mo-
xer 6srt, BbrpalKeuo r{epe3 ceqeHl.Ie paccegHnq ,cso6oAHbIM KJIaccu-
qecKnM SJIeKTpOHOM

dc-, I dc. \#:(#ri), ir;" (60)

rAe I - atousrtft $opuSaxrop,3aKJIIoqaoqI4fI s ce6e BcIo 3aBHcuMocrb
CEI{CHH' OT CTPYKTYPbI ATOMA

-f:(yl ) e'u'.,1r1. (61)

J

Oneparop etk'r pas,itataercfl B ptrA no oneparopaira c@epnqecl(ux

Syrtxurafi C(t) pa3ruqnoro paHra t (4.31) . Ec,rra paccel'IBaloquft arou
o6raAaer cSepnvecr<ofi cllrvlnaerpueft, ro B npoqecce pacceflHl'Ifl AoJI-
xeH coxpauflTbcfl no,rgltft MoMeHT KorlzqecrBa AtsI'IxeHI.Ig aroua "/, a
aMnJrr.rryAa He AoJrx(Ha 3aBl{cerb or eto npoeKIII4Li M [78]. lloerouy
B pasJroxeHHH orreparopa cJleAyer yrlI-ITbIBarb JII.{IIlb CKaJItpHyIO
qacrb 

- eAHHcrBeHHsrfi qneH c /:0. MarpnuHufi sJIeMeHr cKaJItp-
Horo ofleparopa, corJlacuo pa3A. 1.3, paeeu cyMMe oAHo3JIeKrpoHHbIx
MarpliqHbrx gJreMeHToB, xaxAufi H3 Koropblx yMHo>KeH Ha qLIcJIo arIIeK-
TpoHoB B coorBercroyroqeft o6o,toqxe:

f:>, Na(nlljo\nt).
nl

3.u,ecl

(nlljrlnl) P3,?) jo(kr) dr: (63)

(64)e4nk: jkr-k,' :2k, sin i : ,"
rAe jo - c$epnuecxal Qynxunx Eeccenq HyJIeBoro nopagxa; 0 -yron Mex(Ay BoJIHoBbIMI.I BeKropaMLI flaAalouleto H pacceflHnoro So-
-TOHOB.

! .'u'', l.r) It/-) "Ij

{ ,?,(,) Y 0,,
0

@

:f
.l
o

.0Sint,
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flo,re aroua c orKpbITbIMLI o6oJIoqKaMH yxe He tBJltercf no,'IHo-
crrro cQepnqecKu cHMMerp[qHbIM, oAHaKo c yileroM upz6;lnxenHocrl
MOAe,lU gTIiM I{CKa}KeHHeM MO>KHO npeHe6perlb LI Toxe ncro,llb3oBarb
$opirryny (62).

llpn 0:0 (pacceauue nnepe4) HMeeM

(nlljolnl):1, f: r
nI

Nrt: N '
(65)

T. e. B rrcloJrb3yeMoii ruoAe.nz aroM paccellBaer ylpyro BIIepeA xax .M

cBo6oAHbrx sJIeKrpoHoB.
Sror pesy,'Ibrar, KaK u $usnvecrnti cuulcn SopuQaxropa, craHo-

Br.rrcfl 6o.nee qcHbrM, ec,ru QopMQaxrop (62) nupasltrb qepes cQeprz-
AIECKH YCPEAHEHHYIo NJIOTHOCTb BEPO'THOCTIt HAXOXACHHS 3JICKTPOHOB

B aroMe q(r) (1.151):

.f :4n f e it) "i\!!' ," 4r. (66)

3ra QopuyJra cHaqaJta 6u.na no,ryqeHa Kr'IaccllqecKu B KaqecrBe
MHo)Kr.rreJrfl, KoppeKrr4pyroqero,ceqeHl{e paccesHllt c yqeroM pacnpe-
AeJreHr.rr sJreKTpoHHoro 3apflAa B aroMe. Paccessue 3dileKTpoMalHxr-
Hbrx BoJrI{ BrrepeA pa3rnr{HbIMI{ TolrKaMI{ aToMa He TIpLIBOALIT K
pa3Hocrr4 $as, noatoMy pac[pe4eneHurtft 3apsA paccel{Baer B 3roM
Ha[paBJreur.rH KaK ly' roqeqsux 3,IreKrpoHoB. IIpu Ha6.rrroAeHna rloA Apy-
tHM yr,ToM BO,'rHbI, pacceflHHble pa3JIHqHbIMH TOqKaMU arOMa, yxe
[poxoAsr HepaBHbre nyrH Lr cKJraAblBarorcfl co CABLIIOM no sase, no-
qroMy

/(0)</(0)':N. (67)

llpu ua,rtrx yrJrax pacceflHl{r KaN(Aafl o6orol{Ka I sHocfir e Qopu-
Sar<rop BKJra,( ft(k), npu1Jrr.r3l{reJlbHo paeuufr q[cJly 3JIeKrpoHoB B

o6oloqxe. Kax c,reAyer n3 pe3yJlbraroB cIdcreMarHI-IecKLIx pacqeroB
ceqeHuq yrpyroro pacceqHnfl l3l2l , tt(k) cna6o 3aBHcI.Ir or nepe-
AaHHoro r{Mrry,rrbca, noxa hk MeHb[Ie cpeAHero LrMrIyJIbca oJ'IeKTpoHa
na op6l]re c tJraBHbrM KBaHToBbTM qI4CJIOM n.'

I Zamck<knx ha": nzh2 '
(68)

tre an - panryc n-fr 6oposcxoft op6ltru.
Koraa ft npenuruaer kn, Beiluqtla fi(k) nauwuaer 6ucrpo yMeHb-

Iuarbcq. flocxo.nrxy ftr, o6parHo npofioprruoHaJlbHo paAuycy coorBer-
croyrculerl op6r.rrbr, ro npn Bo3pacraHl.ru k csa.tata yMeublllaercfl
BKJTaA B CelreHHe OT BHerrHr.rX O6O.nOqer, 3areM - or npoMex{yroq-
Hbrx, H rIpI,I 6onburlrx 3HaqeHuflx nepeAaHHoro I.rMny,rbca peHTreHoB-
cKr,Ie flyrru B ocHoBHoM paccer.rBarorcr Jrlrrrrb cauofi r.rry60xot1 (-o60-
no.rxofi.

llpu6lnxenne Qopu$aKropa repfler cuJry c Bo3pacraHr,reM poJru

Ar.rclepcuoHHbrx qJreHoB, qro [poHcxoAHT nplr gHeprnxx Qoroua, 6nus-
Kr{x K 3HeprrrrM cBr3n s,rreKTpoHoB B aToMe, a raKxe 4lr 6o.nrruHx
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SHaqeHHft nepeAaHHoro HM[yJIbca x 6oJb[]Ilx ylJIoB 0, xor4a uop-
MAJIbHbIft IIJIEH HMCCT MAJIYIO BEJIHqI,IHY.

B cnyuae ynpyroro pacceflHaq B[epeA 6es nsi\,IeHeHl{s [oJIrpLI3a-
IIKI{ Ar.rcnepc}roHHble r{,'IeHbI Molyr 6urs yvreubl KaK noIIpaBKa X QOpIr',t-

$axropy, xoropaa npl{ KoMTIJIeKcHoM 3HaMeHareJIe n (51) urrleer pe-
aJrbHylo u MHHMyIo qacTu:

f(u):N+f'(t)+if'(^). (6e)

MHuMaq uacm f"(o) e 4nno;rnHolt npn6.tuxeHl{I{ Bblpaxaercs qe-

pe3 AHHaMLI'IeCKylO IIOr'IffpH3yeMOCTb aTOMa' a [pI{ nOMOtt{H OIITI4qe-

cxofi reopeuu (5.60) - 
qepe3 cer{eHlle Qoronor,rorqeuna aroMa

oPh(ro) [309, 313]:

.f" (^): & ooo(o). (70)

Bc,[eAcrs[e aH ar'IIrrl{qHocrn aMn"rlHTyAbI p accefl HI{fl peaJIbH af qacTb

rronpaBKrl f'(ro) cnrsaua c f" (ro) 4IzcnepcltoHHblM coorHoIrIeHI'IeM, tto-
oroMy ro>Ke Bblpalxaercfl uepes orh(o):

f'(^):|r"f SS a^,:
0

4fl$L a''' (71)

Arouuufi $opuSar<rop yrpyrofo paccetHl'Is
ueii nnepe4 rro3Bo./Iser onpeAe,'IHTb noKa3areJlb
nyueri [309]

t a \2
n(<o): t-2n (*)" 

^ f 
nr(,1,

rAe 1r/o - 
qr4cJlo aroMoB copra a B eAlzHl4quou o6telre la3a, a l"(ol)-

coorBercrByroul4fl SoprraSaxrop ylpyrolo paccequltr BrIepeA.
Coorsorueuue (69) rpu6.nnxceuHo ottrlcblBaer raK>xe paccerHI'Ie

Ha Madyrble yr.ru (f'(o) n f"(ol) cna6o 3aBl{cflr or yrJla pacceflHuq
0). I,luor4a A!'rq MflrKIrx peHrteHoBcrnx "ryueii oHo pacnpocrpaHflercfl,
u Ha 66nrttrl{e yrJIbI [313] , xorff 3ro AeJlaercfl 6ee Aocraroqnoro
reoperr.rqecxoro o6ocsoBaHufl [314, 315] .

lloqru Bce pacqerbl KaK HopMaJIbHoto, raK I'l aHoMaJIbHoro pac-
cerrHlrr peHrreHoBcxt.lx,lyueft BbITIoJIHeHbI B oAHosJIeKrpoHHoM npl{-
6nuxeHLru; xopouee cotJlacxe 3rHX pe3yd'IbraroB c 3Kc[epI'IMeHTaJIb-
HbIMIi AaHHbIMI4 CBI{AeTeJIbCTByer O ToM, IITO OTAerbHbIe 3,leKTpoHbI
paccenBaror d'ryrru rtolrrll He3aBI,ICLIMo Apyr or Apyra [312] . Oruerzlt,
qro B rar6u npn6.nux<eullll Al{cnepcnoHHble ruIeHbI Moryr Aarb He-

QnanvecNue pe3oHaHcbI, coorBercrBytoulue 3arlpeureHHbIM npvHIrI'InoM
lIay,'rn [epexoAaM B 3atroJlHeHgue o6o,'to!tKH, oAHaKo oHI4 l{cqe3alor
rpv cyMMr{poBaHHH ro BceM 3,'IeKrpoHaM aroMa [312, 315] . Koppe-
JIflrrHoHHbIe aQQexrrr BHocqr sal4erHlrft BKJIaA KaK B noJIHoe ceqeHue,
TaK A B yTJIOBOe paC[peAeJIeHHe B ocHoBHoM npH MaJIbIX 3HeplI{qX
pacceuBaeMux QoroHoB - nopflAxa 100 aB u IvIeHee [316,315]. I4x

235

j*r.[
0

peHTreHoBcKI{x Jry-
rIpeJIoMd'IeHHfl 3THX

(72)
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OTHOChTCJIbHOC B,]IH'IHHC yMeHb[IaeTcfl AJIfl Tflxe,Ilblx aToMoB c 6oJIb.
IIIr{M qHCTOM BHyrpeHHr.rx o6oJoqeK.

-C, apyrofi cropolr^br, n_pu yBerr.rqenr.ra 3ueprnlr peHrteHoBcKnx Jry-qeft (npuMepHo or 20 xsB Arq raAl r{ lbO xsB a,rq srpb [812, 30gi)
CTAHOBflTCfl BAXHbIMI{ PCJIflTHBI,ICTCKIIC H MYJIbTHNOJIbHUC EQSCXTN.

B-upaxennx AJIfl aMnJrrzryAbr L ceqeHnr pacceflHr{fl peHTreHoBcKr.rx
.nyvefi B peJrsr[B]rcrcKoM npn6.naxeuur{ no,lyqanrcr reM )Ke rryreM,qro H B HepeJTffTHBHCTCKOM rpH6,rnxeuun. Pensrunscrcxnfi oneparop
esanuo4eftcrBHq areKrpoMarHr.rrHoro fioJrff c aroMoM (1.230) coa"p-
XIiT JIHIIIb OAI{H qJICH, ,'IAHCftUUft NO A. TAXUU O6PASOU, LICKOMOC
BbrpaxeHue Mo)KHo noJryqarb fipocro H3 (51), onycxaq B HeM Hop-
ua.nr'gufi IIdIeH, 3aMeHflq B AHC[epcI.roHHbrx r{JreHax p Ha d I.t yMIroxaff
ceqeHHe Ha AorroJrHure.rrlurrr? MHoxHreJrb (mc)n, yqr.rrbrBanrqaft pas-
r_aque rocrosHHbrx, BxoAflrrlux B o[eparopsr H, (1.230) u H1, (Bg).
Kportae Toro, BoJruonue Qyurqnu, eneprax Lr Macca sr,IeKTpoqa MeHff-
IOTCfl Ha peJrflTI{BHCTCKHe BeJIHqHHbT:

^ -i k,.r .ez'dre ,ly) (y I

ik,.r.
e1. dJe ,lyr)

do" (11 + 1r) -a o)s

dO".,
r
j

(vrt)
j

t'

r+t
't'

? +

tr, I ) €1.arsik'''tIv')(y'i
j

E(y')-E(t)+&.'

^ -iks'r,.ez.dle " )\r)

CyunrupoBaHr.re n (73) Ao"rr)KHo rrpoBoArrrbcq .'o cocroflH*sM 3,,reK-
rpodos KaK C OTplrqare,lrbHoft, rai< I{ c no,ro)Kurerrsoli eneprueft. B
HeperqrHBI.IcrcKoM np_eAe!'Ie or cyMM nepBoto rHna [po{cxoAr.rr Hop-
Irlalssuri rtJril sopruQaxropuuii !rd'reH, a or cyMM Bropoto Trrla -AlrcrepcrroHuue u.neilu [78] .

flpn6.uuxeHHo peJrsrr4Br.rcrcKue nonpaBKr K HoprralbHoMy rureHy
npH yl:y2 Moryr 6slrl yvreubr nyreM BBeIeHHfl rrao4u@nqnpoBaHHoro
$opnaSarropa, BKJTaA e xoropEift or orreKrpoua ntj pieeu^[315]:

fu(k):4n .. sinftr
Pili\r) - kr

(75)

f
0

E(y)*E(y')-ha2

mcz - Ios-Y61 (r) r2 dr.

(73i-

(74>

3Aect Inrj - aHeprn.fl cBfl3r.r o,'reKrpoHa nli; VnriU) - IloreHrlHaJrb-
Har oHeptHfl sJreKrpoHa nli; Q"r;(r) - peJrqruBHcrcKaq rr,,rorHocrb
BepoflTHOCTH HaXOIKAeHHfl SJIeKTDOHa B aroMe:

P^r.i(r) : # V\,tQ)+Q\,ttr)|.

. vqer perrrlrBr{crcxlrx eQQerroB rrpnBoAr.rr K cxr,rMaHuFo BoJrHoBbrx
$ynrrlufi BHyrpeHHHx 3JreKrpoHoB r{, raKuM o6pa3oM, K Bo3pacraHnro
QopruQarropa H ceqeuur yrrpyroro paccesHar [StS1.llo cpaoHeHr.rrc c ynpyrnM pacceflHaeM rorra6nnauuounoe pacceq-
HHe peHrreHoBcKux nyveft ltpeAcraBnser co6oft c.ua6ufi r4 eule MaJro

Free Hand



10.2. Paccesnue penrreHoBcxux,ryuefi

I.rccJIeAoBaHHbIr:r sQQeKr. fIpH KoM6r.rHaUHoHHoM pacceffHlllr gHeprlrf
KBaHTa AJIfl BCeX yrJrOB pacceflHr.rfl H3MeHgeTCfl Ha AI{CKpeTHyrO Be-

"IIirrHHy - sHeprnlo Bo36y]r(AeHrzfl aToMa:

har: ft6 - (E,- Eo) (76)

(Eo - 3HeprHs ocHoBHofo cocroflHHq aroMa; En - 3Hepruq Bos6ylK-
AeHHOTO COCTOflHT{fl), rrosroMy rrpr,r Bo3AeficrBHH Ha arOM MOHOXpO-
MaTllr{ecKrzMn JryqaMrz Bo3Mo)KHo Bo3HHKHoBeHHe Jrr4Hnfr. co cABHHyTOfi
qacroroft. Or euuccaoHHblx JrHHr.rri oHl.t orJr[qarorcfl TeM, !trTo 3aBHcrr
He TOJTbKO OT CTpyKTypbr sHepreTurrecKr{x ypoBHefi aToMa, Ho rr oT
qacroTbr pacceHBaeMux $oroHoe. o6HqHo cJra6afL KoM6KHaqHoHr{as
Jtlr]lj.lrfl Ha6JrroAaeTcs Ha Kpbure MaKcHMyMa KoMrrroHoBcKoto paccefl-
HLrs, It0].

BosNIolKHo Bo3HHKHoBeHr.ie n 6o.nee r{r{reHcirBHbrx pe3oHaHcHbrx
KoM6HHaUIzoHHbIx JIVHt4i4, gro HMeer Mecro, KotAa gHeprl{r pacceliBae-
nrux .nyueft rrpH6,'ruxeHHo paBHa SHeprr{rr cBs3H 3JreKrpoHa Bo BHyr-
peHHeft o6oro'rKe aroMa [317, 310] . PesoHaHcHbrfi KoM6rHaqr{oHHbrft
eQQem o6ycroB,'rr4Baercfl qJreHoM B ceqeuur (51), co4ep>xaulnM 3Ha-
MeHareJrb E (yt)-E (v) *ftcor. PesoHaHcnoe paccefiHae rpoHcxoAHr
npr.r eHeprHH ficoy xE(y)-E(Vr) qepe3 rrpoMex(yrorrHoe BnpryaJrbHoe
cocroflHr.re y:n1l;Inl, coAepxauee BaKaHc[ro Bo BHyrpeuneft o6o-
JIor{Ke u aos6yxgesuuri e,rexrpou nl, B KoHeqHoe cocroflHr{e crrcreMbr
n2l2-tnllha2. (Hanpunaep, MaKcHMyM pe3oHaHcHoro rou6nsaqiloH-
HO|O pacceqHr,rfl BO3HI{KaeT npl.r paCCeflHLIg HeOFIOM peHTteHOBCKIrx ,'Iy-
reji c hror xly"-lsp [yreM o6pasonauutr uora B cocrofiHt4vt 2p-t3trt
n Qoroua hte2:lr"-12p - lpoMe]Kyroqgoe cocroflHlle npeAcraBJlser
1s-v3p.)' llponaex<yrorrHoe cocrofiHr{e Mo}Ker paclaAarbcfl raKxie He-
paAI-IaunoHHbrM nyreM (xoHeuuoe cocrosHr4e coAepxr.rr 3dreKTpoFr ts

HenpepbrBHor\{ cnerrpe) coorBeTcTByroulafi npoll,ecc HasbrBaercs
pe3oHaHcHbrM KoM6HHaquoHubrM oxe-eQQexrorra [3iBl.

Ec.nu eHeprna Soroua 6oltrtre 3Heprlru HoHu3aunr{ o6onouxu, ro
craHoBHTcq Bo3Mox(HbrM Heylpyroe KoMirToHoBcKoe paccerrHr.re oT 3Jre-
KTpoHoB erofi o6onoqxu. Tax KaK B npo[ecce paccerHuff rroflBJrflercff
ceo6o4uuft gJreKTpoH, cMeilIeHHafl JrlrHr4fl, HMeer rxr{poKoe pacnpeAe-
JIeHue lrHreHcr4BHocrn [289] .

Arranrury4a KoMnroHoBcKoro paccesHnq B HepeJrsrr4BucrcKoM rrpH-
6nuxeuupr onucbrBaercs rofi x<e o6qefi Qopuy.rroft (48), ronrxo yz
y)Ke cooTBeTcTByeT cocToflH?rro cucreMbr raoHfceo6o4uufi a.irexrpou.

Porl xolrnroHoBcKoro pacceqHkfl rro cpaBHeHHn c yfipyrnM perle-
eBcKr.rM paccerrnr.reM pacrer npn yBeJrHqeHHlr sacroru Qorouon. flpu-
qI4Ha Kpoercfl B ToM, rrro oclll4JlJlnpynulurl MHoxnreJrb sik'r B aM[-
r'IHTyAe KOMITOHOBCKOIO paCceflHHfl KoMneHcllpyeTcfl KOMIIJIeKCHO Co-
npaxenuoft norHosorl QyHxqneft cno6o4Horo gJreKrpoHa e-tq''r (ec.rrn
ero r.rM[yJrbc SHaqnTeJrbHo 6oJrbrue r,rMrryJrbca gJreKTpoHa B HaqaJIbHoM
CBflsaHHOM CO'CTOflHrII'I, TO Q2!k1-kz:k),

Ecnu aHeprafl, nepeAaBaeMafl Sorouou aJreKrpoHy aroMa, sHaqn-
Ter'rbHo 6onrrue ero 3Heprul{ cBs3H, ro raxoft gJIeKTpoH paccerrBaer
peHrreHoBcKue Jryqn rroAo6Ho ceo6o4Horr,ry 3JreKrpoHy - BKJTaA Aac-
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I (y,n,i - lotR.f , . l-e ,lyr) I x

nepcuoHHblx TIJIeHOB B aMnJIHryAy pacceflHfir fBd'Iflercf He3HaqETeJIb-
HbIM. ilOCXO.nrXy HMeHHO npU 60.tr,nux nepeAaHHbrx HMrryrbcax 14

3Heprurx paccerjBaeMux Soronon eSQexr Korunrosa craHoBrrrcfl Ao_
MHHIrpylorqI{M npoqeccoM B pacceHBaHl4tz lyueft, ro AJIfl oIIHcaHI,Ifl
ero.ro eQQexra o6u.rHo B aM[JrHTyAe yr{[rbrBaercs. JtLrrJ]b HopMaJrb-
Huft qJreg. onycr<an B Marpr.rrrHoM oJreMeHre (48) Ar.rclepcHoHHbre
!r./reHbr, [oAcraBrqff ero B (1.236) H KoHKperr,r3npyq AJrs KoHeqHoro
cocroflHrrfl crrcreMbr, coAepxaqei.r Qorou H Cso60Aulrfi e.nexrpou, Ar{o-
Qepeuqw a.rr

df:{*y kSdkzd{tdqr, (77)

HaxoAHM (paa{ KparKocrH crrnH gJreKrpoHa 3Aecb H AaJree He 6yAeru
paccrraarpzaart) :

,f#ri,:^4 *, (€,'€,)' r
j

r
h'q| \
2* )'

x r (,416+a.,

I/l(v,rl f
Ysj

-E(yr)-h^,- (78)

rAe Qz - BOJTHOBOft Aexrop cno6o4uoro g,rreKrpoHa; yt, y2 - Haqa,rrb-
HOe IZ KOHeTIHOe COCTO'HI,Ifl aTOMa; Ol,0)2 

- 
qaCTOTa IIaAalOIIetO il

pacceflH^Horo QoroHa; €r, €, - eAHHHqHbIe BeKTopbr eto noJrsplr3a-
rvu; dQ - 3r'reMeHT rrpocrpaHcrBeHHoro yrrrra BbrJrera pacceflHHoro
Qoroua; k:kr-kz.

fiu$$epeHrlr.raJrbHoe ceqeHr.re Mox(Ho Bbrpa3r.rrb qepe3 ceqeHue pac-
cerrHt4fl Kdrraccr4qecKoto 3JreKrpoua (54)

d'o" :l do" \ f .,
da,dd) \ dQ Js'" a,

ik.r-, . 12. ,tyr) 
i x

x s(r1y,) -E("o)*h(a,-oz)- #) nr,. (7e)

llpn pacuere ceqeHr{q KoMrrroHoBcKoto pacceflHas rx[poKo rrpu-
M€Hrercq v MrryrrrbcHoe lpu6"rvrxeHwe fl4, Bl9, 3201 . Ono cJreAyer r43
(79), ec.rn cAedtrarb pflA npeAronoxeHnft: 1) aner<rpoHbr aroMa pac-
ce?rBaror peHrreHoBcKr4e Jryqu HesaBr.rcrlMo Apyt or Apyra; 2) no.nHo_
nar $yuxut4 f KoMIITOHOBCKOTO 3JreKTpOHa coorBercrByer 

'n,rocroft

BOJIHE
3

,lo" (r) : (2x) ' eisu,' (80)
3) e_d-@yuKut4u Mox<Ho onycrrirb oHepturc cBfl3r{ 3JreKrpoHa B aro-
ue E(lr)-E(T,), roropafl 3HaqlrreJrbHo MeHE,rxe nepeAaHHofi snep-
THH.

O4Hoe.nexrpoHHuir naarpuunuft 3JreMeHT otreparopa eik'" orHocr{-
reJ'rbHo SyHr<urar (80) paaeu:

3

(qr letu'" la):(2n) ' [ $"(r)eitk-a,)'.71. (8 l)

Free Hand



10.2. Paccequxe peHrreHoBcxux,ryueil

Cor,'racHo saKoHy coxpaHeHr.rfl HM[yJrbca, h (q2-k) paBHo IIMrIyJIbcy
3JreKrpoHa B Haqar'rbHoM cocrofHHw hq1 u npaBafl qacrb (Bl) rn.na-
ercx (c roqHocr.bro Ao MHo)KI4rens h- 3/2) Bo,'IHoBoil SyHxql4eft e.nexr-
po}la a, B r{M[yJrbcHoM npeAcraBJreHHlz:

3
-fu,(q):(2r) ' .l +"(r)e-io'rdr.

I4cnonrsyr 3aKoHbr coxpaHeHlir lrMnyJlbca H aHeprlaa, a raKxe
MaJrocrb Q1 no cpaBHeHr4ro c k, no.nyuaeM coorHo[IeHHe

G)r-@z "#: 
h(q;*k)" 

= fr Qr"*2q,.k) (84)

uo(p): h-zlz u"7q1,

CJreAosarerlHo,

dzo, I do" \
da,dQ - \ aA Jn "

(82)

#) nr,. (83)

(8 s)

ycJIoBI.Ie )w, ),z))uz-Ir, 3ro
BLiI,

(86)

+ f f I ,, (q,) 1. E(fi o, - h^,-
@1 5J\

HJIH, COBMeU{afl. OCb Z C

or-oz:* for*2kqr").

Enx Annu BoJrH, yAoBrerBopqrcu[x
coorHoureune c yqeroM (64) npuHlzrraaer

2h -0 2h\, 0AL: lz - Lr: mc stn' , * ^"' 
stfr 2 4t,,

BoJrHoBbrM BeKropoM k, uueeu

rAe 0 - yroJr paccerur.rx Qorona; ?v kr ]"2 - AJrI{HbI BO!'IH coorBercr-
BeHHO AO LI nOCJIe pacceflHHfi.

flepeuft rrJreH B (86) coenaaaer c H3Becrnofi Qoprrry.irofi 4.nn KoMn-
ToHoBcKoro paccesHr.rfl ceo6oAHHNr noKorulr{Mcfl sJreKTpoHoM. Sror
cABr.rr He 3aBHcLrr or qacrorbl Qoroua v fipu 0:rcl2 paBeH yHHBep-
ca,rrsoft nocroqHHoft - KoMnroHoscxoft AJIUHe BoJIHbI

\c:hlmc:0,00243 srr. (87)

Bropofi qJreH B (86) o[r]cbrBaer AonoJrHI{reJIsHHtl cAeI,Ir AJIHHbI
BO,rrHbr Llg-3a Hailvql,1-fl y aroMHolo 3JIeKTpoHa cocraBJltloqeft auly.nr-
ca BAoJrb HarrpaBJrenuq BeKropa k. Pacnpe4eJleHl.te 3JIeKrpoHoB B aro-
Me tro HM[yJrbcaM rrpr.rBoAr.rr K pacruupeHlrro cABuHyroit nuuuvt u o6-
ycJIoBJrriBaer ee @oprray (xoltnrononcxnft npoSn.rrl).

flpu sa4auuux k1 u k2 LI3 coorHoIrIeHLIn qlz:QrJ-k c.ue4yer
dqz:dqr. Cogepx<aqaflcr B (83) 6-QyuKIrI{s orpagnquBaer HHrerpH-
poBaHI{e B r{MnyJrbcHoM npocrpaHcrBe rro dq1 l.locxocrblo, nep[eHAI]-
xy.irnpuofi [epeAanuoMy r.rMrryJrbcy. Ce.reHr.re KoMnroHoBcKoro paccefl-
Hlrrr B r.rMrryJrbcHoM [peAcraBJIeHI{I{ rtpHHLIMaer BHA [320] :

#tu:(#). o # r@), (8 8)'



240 10, Topnrosuoe ri3nyqenxe r.r paccerure ,ryuefi

rAe Q - npoeKrlris BoJrHoBoro BeKropa aroMHoro 3neKrpoHa Ha Ha-
npaBJIeHHe nepeAaHHOfO HMnyJrbca ooToHa, o[peAetfeMafl, cot./IacHo
(85), coornoureur.reM

a:+:# knt-r,)-+. (8e)

/(Q) - Syuxqur pacnpeAereHr{i BoJrHoBbrx BeKropoB 3neKrpoHoB B
ATOMC

J (Q): Z '"(Q),
rpeAcraeaqroxraq co6oil cyMMy
9neKrpoHoB

J,(Q)= J,(d: I f I a,(q)]' dq*ctcr,.

Bnpaxeuue gnx uoiq) Moxer 6urr ynpoqeHo nyreM r{crroJrb3o-
BaHI{fl Qaxropusaqan KoopAr.rHarnofi soruosofi Qyuxql.ru (l.O) H pas-
JloxeHr4fl €-iq'r no cQepuvecxnrra Syuxuurnr (4.31):

un,n(q):V+ i-'Y,^tll .f a, Q).i1(qr)rdr.
0

c,'ryqae aroMa c 3anoJIHeHHbrMr.r o6o.noqxauH cyMMnpyrr
lu",*(q)12 no m u rpr.rMeHrfl (5.20), a rrpu HailuqLrt orxpsriux o6o-
JroqeK - ycpeAHflfl lunm(q) 1., no yruraM, Mo)KHo Bbrpa3r.rrb /(e) ue-
peg oAuoMepHyr,o nJrorHocrb lun(O) 12, sanncnuyro roJrbKo or a6co-
nroCsoro sHa.reHr.rfl q.'

J(e):) lr,, J^(e), J,,(O:+
nl

u,r(il : V + "f ,,,r,r,,(qr) rdr.

(e0)

SyHxr{uft pacnpeAeJreHr{fl orAeJrbHbrx

(e l)

lu"r(q)l'qdq, (e3)

(e4)

(e2)

f
tQt

I4uny.nrcHaq a[[poKcHMarIHq cHaqaJla 6una no.nyrrega HcxoAr I.r3
npocrofi no,rryKJraccHqecxoft MoAeJrH: gJreKrpoHbl aroMa pacceHBaror
peHrreHoBcKfle Jryq[ xax cno6o4Hbre 3JreKTpOHbI, a HX CBfl3aHHOCTb
rlpotBJlflercf roJIbKo qepe3 pac[peAeJ'IeHHe HMrI]JIbcoB 3JIeKTpoHoB B
aToMe.

!,.na raxe,rbrx aroMoB peJrrrr.rBucrcxne eSSeKrbr Mo>xHo npa6.nH-
xeHuo yqecrb, paccqr.rrbrBafl KoMnroHoscxnfi npoQra.rrt /(e) npn no_
Morrrfi p eJrsrr.tBr{crcKr{x BoJr Hoeux Qyuxqnft

n@

J,,,(e):+ .[ Iu^,,@)1, qdq:* f l"L,@)1, +tug,i@)1,]q dq, (e5)

r6e uP u uQ - 6oJluraq 14 MaJIafr KoMnoHeHTbr oAHogJreKrpouHoft son-
Hosoft Qyuxqun B HMrryJrbcHoM rrpocrpaHcrBe:

Free Hand
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ulni (q): PotQ)j,(qr) rz dr,

hA1(.,1+",2)z (t.#r)
TAC

'qr:l +* , Az:l - 9- ,

n @rAr <nzAz 4 4D: .Jr+ -rA, - ArA, -r A'rAe'

@

vif
0
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(eo1

(ee)

(100)

(,:,-*).

@'tl2 ftl_ IvlrJ
0

@

Vir
0

u%(q):

e,ii e) j,*,(qr) rz dr (i a * ;7 ,

(e1)

Q"iiQ)j,-r(qr)rz dr

llosreAonareJrbHoe paccMorpeHlle KoMltroHoBcKolo pacceflHI]fl B

peJlflTl.rBricrcxou npu6JIH)KeHI.IH trpaBoAI'IT K yroqHeHIiIo He roJIbKo
7(Q), Ho r{ MHoxurerq npII HeM B BbIpaxeHHH r,Jttr ceqeHl4x [321]. B
c,ryqae yula 0:2n au$$epenullaJlbHoe ceqeHlle c roqHocrblo Ao
irr'reHoB h' q?lm' c2 npuuuuaer BHA:

rEmcazt"* j*)u
\ mc'I (e8)d'o"

da,d{l

#:+ {xr { #. '.-,io,o },

J (Q),

ko"ntoHoecxne npoQunu !ntj(Q), paccquraHHble Ans cso6oAHblx
aroMoB gJIeMeHroB l<Z<36 rIpH noMoxln Bod'IHoBbIx Qynxunft Xapr-
pu-Ooxa H g,rreMenroe 37{Z-< 102 - rIpH HcnoJIb3oBaHI't[ peJls-
rr,rBr{crcKr{x BoJrHoBbrx $yuxquft, ra6y.nupoeauu e [320] . PeJrqrheucr-
crr.re eQsexrbr npHBoAsr K BbIpaBHHBaHHro KoM[roHoBcxoro npoQu,ra.

O6uree BbIpalKeHlie anr 4u$QepeHul{aJlbHoto ceqeHuff KoMIIToHoB-
cKoro pacceflHllq Ha cao6o4Hblx cnHH-no,'Itpu3oBaHHblx 3reKTpoHax
roJlyqeHo n [322]. 3Aecr nprBeAeM JIHIxb ee qacrnufr cnyvaft - Iit3-
BecrHylo Sopuy.ny K.nefina-Huurusu-TaMMa, onucblBaloruylo ceqe-
HHe KoMrrroHoBcKoro pacceflHlifl QoroHa ceo6oAHHil,I HerIoJIgpH3oBaH-
HbrM gJreKrpoHoM, ycpeAHeHHoe no HaqaJIbHbIM LI npocyMMlrpoBaHHoe
rro KoHerrHbIM noJlflpllgaqnru Qorona n a,'IeKrpoHa:

(101)

rAe 0 - yroJr paccernux Qorou?, z o)2 cBfisano c ol coorHoIrIeHI{eM
(85). llpu (D1:ol, (101) nepexoAl{r a Qoprrry.rry TorucoHa (58).

KorAa gHeprr.rfl peHTreHoBcxI.rx .nyvefi HMeer Be"rurIHHy roto xe no-
pqAKa, lrTO H 3Heprnn cBf3H 3JIeKTpOHOB B aTOMe, BaX{Hy}O po,lb B

KOMnTOHOBCKOM pacceflHr4H HaqI{HaIOT Hlparb AIlCnepcIIoHHbIe qJIeHbI

Broporo nopsAKa B aMrrJIlIryAe npoqecca. OHr o6yc,roenunalor Bo3-
HTiKHOBeHUe pe3OHaHCOB B CneKTpe Hey[pyroro pacceflHHs y [oporoB
I.IoHH3aqr{u BHyrpeHHI{x o6o,roqex aroMa [323] .
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Ilpuloxqnue I
SHEPIHII CB'3H SJIEKTPOHOB B CBO6OAHbIX ATOMAX.
Srcnepnuenrarrb'hre AaEE6re 1324,9, 272, 325, 326r, a rptr ux orcyrcrBtrtr ,qncso6orsrrx aroMoB - rep€crrurangbre 3rreprtrtr gnx raep4rrx r6n pz4, s]. norpe[Edii
IroptAKa 0 - +3 uocneAnefi gnaqaqet qlat[prr

flo4o6onovxa

I H 13,60

2 He 24,59

3 Li 64,39 5,39

4 Be 123,6 9,32

5 B 200,8 12,93 8,30

6 c 296,1 16,59 11,26

7 N 403 20,33 14,53

8 0 538 28,48 13,62

9 F 694 37,86 17,42

t0 Ne 870,21 48,47 21,66 21,56

1l Na l079,l 70,9 38,46 38,02 s,l4
12 Mg 1311,3 96,5 57,8 57,6 7,65

i: ,Al lj67 t26 81 80 j.o,6z 5,g9
t4 si 1,844 154 lo4 104 13,46 8,15
15 P 2148 191 135 134 16,15 l1,4g
16 S 2476 232 170 168 20,20 10,36

17 cl 2829 277 208 206 24,s9 12,97

18 Ar 3206,3 326,3 250,8 248,6 29,24 t5,94 t5,76
19 K 3614,3 384 303,3 300,6 37 U,82 24,49

20 Ca 4048 441 360 357 48 34,7 i4,j
2l Sc 4494 503 408 404 56 33 33
22 Ti 4970 567 46s 4ss 64 3s 38
23 v 5470 633 525 518 72 44 43
24 Cr 5995 7oZ 589 580 80 49 48
25 Mn 6544 755 656 645 89 55 53
26 Fe 7ll7 851 726 713 98 6t 59
27 Co 7715 931 800 785 t}l 68 66
28 Ni 8338 1015 877 860 tt7 75 73
29 Cu 8986 ll03 958 938 127 82 80
30 Zn 9663 1l9B lO52 IO2g,t t4t 98.7 96.1

4,34

6,ll
8,0 6,56

8 6,82

I 6,74

8,2 6,77

9 7,43

9 7,90

9 7,86

10 7,64

il 10,4 7,73

t2 ll,2 9,39

lsu, 2svz 2pr," 3pu, 3pu, 3drn Asyt

Free Hand



SHepruu cBt3n g,rreKTpoHoB

flpn.noxenne I (npo,qonxenue)

floAo6onoqra

243

lz' lL" Ir"
3l Ga 10371

32 Ge 1,1107

33 As 11871

34 Se 12662
35 Br 13481

36 Kr 14327

37 Rb ts203
38 Sr 16108

39 Y t7041
40 Zr 18002

4t Nb 18990
42 Mo 20006

43 Tc 21050

44 Ru 22123
45 Rt 23225
46 Pd 24357

47 Ae 25520
48 Cd 26715

1302
1413
153 I
1656
1787

1923
2068
2219
2375
2536
2702
2872

3048

3230

34r8
3611
3812
4422

7146
1251

1362
1.479

1602
t73l
1867

20to
2158
2311
2469
2632
2800
2973
3152
3337

3530
3732

1119
1220
1327

1439
1556

1678
1807

1943

2083
2227

2375
2527

2683
2844
3010
3r80
3357

3542

t62
r84
208

234
262

292,8
325
361

397

434
472
5ll
551

592
634
677

124
77s

111 lO7
130 125
151 145

173 166

197 189

221,8 214,2
254,3 245,4
288 278
315 304
348 335

382 367
416 399
45t 432
488 466
526 501

s6s 537

608 s77
659 625

ls11z 2sr,, 2ptn 2pu, 3pu,

floao6ono.rra
EneMenr

3l Ga 2l
32 Ge 33

33 As 46
34 Se 67

35 Br 77

36 Kr 95,0
37 Rb tt7,4
38 Sr lM
39 Y 163

40 Zr 187

4l Nb 2t2
42 Mo 237

43 Tc 263
44 Ru 29O

4s Rh 318

46 Pd 347

47 Ag 379
48 Cd 419

20 r 1,87 6,00

32 14,28 7,90

45 18,96 9;19

60 22,19 9,75
76 23,80 lr,8l
93,80 27,s\ 14,6s 14,00

116 32 21,77 20,7 t
142,3 40 29,2 28,2

161 48 30 29

18s 56 35 33

209 62 40 38

234 68 45 42

259 74 49 4s

286 81 53 49

313 87 58 53

342 93 63 57

375,6 101 69 63

412 ll2 78 7t

6,38

8,61

7,17
8,56
8,6
8,50
9,56

8,78 8,34
11 t0
18,28 17,58

4,18
5,69
6,22
6,84
6,88
7,lo
7,28
7,37
7,46

7,58
8,99

3du,3dilz 4s!, 4pu, M",, 4dun 5srrr
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flprnoxexne I (npo4o-rrxerne)

flpu;ro;xeuue I

i lloao6ono.{xa
3,reueRt l-=--r--lx lL' I L, l, r"lu, l*t, liur"lu, lptu

455 447

497 489

542 533

589 s78

638 626

689 676,7

746 731,6
'197 788

851 834

903 885

9s4 934

005 983

057 1032

ilO 1083

3943 3735 830 701 669

4160 3933 888 761 7t9
4385 4137 949 817 771

4618 4347 1012 876 825

4858 4563 1078 937 88t

sto7 4787 1149 tO02 94t
5362 5014 1220 1068 1005

5626 5249 1293 1138 1063

5894 5486 1365 nll 1124

6167 5726 1437 1275 1184

6444 5968 1509 1342 t244

6727 6213 1580 1408 1303 I
7017 6464 1653 1476 1362 1

7315 6720 1728 1s46 1422 I

49

50

51

52

53

54

55

56

57

58

59

60

6t
62

4242

4469

4703

4945

5195

s453

57t7

5991

6269

6552

6839

7132

7432

7740

In 279M

Sn 29204

sb 30496

Te 31820

I 33176

Xe 34561

Cs 35987

Ba 37442

La 38928

Ce 44446

Pr 41995

Nd 43575

Pm 45188

Sm 46837

3P"n3pv,2p,,,2sr,, 2p",, 3su,ls./a

so"*"rl Iloaobonoqxa

Nr I N, | .nr, I N. I r, lNo,,l o, I o" \, o" I onl p,

3,89

5,21

20

28

37

46

56

67,5

79

98,3

103

111

tt7

90 82

lo2 93

tl4 104

127 tt7
t4l 131

157 145,5

174 164

193 181

49 In
50 Sn

5t Sb

52 Te

53 I
54 Xe

55 Cs

56 Ba

57 Ia
58 Ce

126

l4t
157

174

193

213,3

233

254

273

291

2l
29

38

48

58

69,5

81

101

105

tl4
Lzl

t26

131

137

11,03 5,79

13,10 7,34

16,86 8,61

17,84 9,01

20,61 10,45

23,40 13,43 12,13

25 19,07 t'1,21

31 24,8 22,8

36 22 t9 5,75

39 2s 22

4l

42

43

44

27 24

28 2s

28 25

29 25

59 Pr 3O7

60 Nd 32r

61 Pm 335

62 Sm 349

2lo 196

225 209

238 220

250 230

26t 240

n3 25r

tzz

127

132

6

6

6

6

6

5,58

5,54

5,47

5,52

5,58

5,64

4svz 4pu, 4p"r, 4dt), 4duz 4f51r,7A 5s115 Spu, 5p"n 5d"t, 6srru

Free Hand



Saeprua cBr3u gJreKrpoHoB

flpnaoxeme I (upogonxenre)

245

floao6orosra
Sneuesr K I L, i t, lz, ltut, lpr, l*r" Mnl M6

63 Eu

64 Gd

65 Tb

6; Dy
67 Ho
68 Er
69 Tm

10 Yb
7l Lu
72 Hf
73 Ta

74W
75 Re

76 Os

48522 8056

50243 8380

51999 87tl
53792 9050

55622 9398

57489 9754

59393 10r18

61335 10490

63320 10876

65350 1127s

67419 1t684

69529 t2t03
71681 12532

73876 12972

7621 6981 1805

7935 7247 1884

8256 7518 1965

8585 7794 2048

8922 8075 2133

9267 8361 2220

9620 8651 2309

9981 8946 2401

10355 92sO 2499

10742 9564 2604

11139 9884 2712

1t546 to209 2823

11963 10540 2937

12390 10876 3054

1618 1484 tl64 1135

1692 1547 pn 1189

1768 l6t2 1277 1243

1846 1678 133s 1298

1926 1746 1395 1354

2008 1815 l4s6 t4l2
2092 1885 1518 t47l
2178 1956 1580 1531

2270 2032 t647 1596

2369 2tl3 1720 1665

2472 2197 1796 1737

2577 2283 1874 18ll
2686 2371 1953 1887

2797 2461 2035' tg'64

3ne-
MEET

lstn 2tr,, 2pu, 2pu" 3stra 3Pu" 3pu, 3duo 3don

floAo6ono.rra

N, I N, L N., Nn I lr, i ar, I lr, I o, I o, I o, I o, I o" I r,
63 Eu 364 286 262 143 137 6

64 Gd 380 300 273 150 143 6

65 Tb 398 3r5 285 lsl 1s0 6

66 Dy 416 331 297 164 ls7 6

67 Ho 434 348 310 172 164 6

68 Er 452 365 323 181 172 6

69 Tm 471 382 336 190 181 7

70 Yb 490 399 349 2@ 190 8

?l Lu 514 420 366 213 202 13

72 Hf 542 444 386 229 217 2t

73 Ta 570 469 407 245 232 30

74 W s99 495 428 261 248 38

75 Re 629 s22 450 278 264 47

76 Os 660 551 473 295 280 56

7

l2

20

28

36

45

s4

45

46

48

50

52

54

56

58

62

68

74

80

86

92

30 26

31 27

32 28

33 28

34 29

35 30

36 30

37 31

39 32

43 35

47 38

51 4l

56 45

61 49

5,67

6 6,15

5,86

5,94

6,02

6,1 1

6,19

6,25

5,43 7,O

6,8 7,5

8,3 7,89

9,0 7,98

9,6 7,88

9,6 8,73

ul. L77

4sy2 4p112 4p312 4d31s 4dua 4f6n 4fzn 5s112 5p11s 5ps1s 5ds12 5d51s 6sy12

Free Hand
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flpnnoxeute I (upogonxenue)

flpn;roxesue I

Iloao6onoqra
9nevenr K I t, l t, 

I
L3 I M, I Mrt; pr"1, Me

77

78

79

80

8l
82

83

84

85

86

87

88

89

90

Ir 76115 13422

Pt 78399 13883

Au 80729 14356

Hg 83108 14845

Tl 85536 153s0

Pb 88011 15867

Bi 90s34 16396

Po 93105 16933

At 95730 17485

Rn 98400 18053

Fr 101135 18640

Ra 103920 19240

Ac 106760 19850

Th 109655 20475

11219 3175

11567 3300

11923 3430

12288 3s67

12662 371.0

13041 38s7

13426 4007

13815 4160

14213 4315

14615 4480

15030 4650

15450 4825

15875 5005

16305 5187

2912 25s4 2119

3030 2649 2206

3153 2748 2295

3283 2852 2390

3420 2961 2490

3560 3072 2s92

3704 3185 2696

3850 3300 2800

4000 3415 2905

4155 3535 3015

4320 3660 3135

4490 3790 32s3

4660 3920 3375

4835 4050 3495

12828

13277

13738

14214

t4704

15206

1s719

16242

16780

17335

17905

18490

r9090

19700

lsv, 2su, Zptn 2pu, 3sv, 3pv" 3pu, 3d"n

Snervtenr
floao6onoqra

Ms llv, lr, iN, llr. ilyu llr. lar,
77

78

79

80

8l

82

83

84

85

86

87

88

89

90

Ir
Pt

Au

Hg

TI

Pb

Bi

Po

At

Rn

Fr

Ra

Ac

Th

2044 693

2126 727

2210 764

2300 809

2394 8s2

2490 899

2588 946

2685 992

2785 1043

2890 1095

3000 1ls5

3110 1213

3225 1275

3337 1335

581 497 314

612 522 335

645 548 357

686 584 385

726 615 4lt
769 651 441

813 687 472

855 720 500

902 760 533

950 795 565

1005 840 604

1062 885 640

ilr8 930 680

lt73 972 718

298 67 64

318 78 75

339 91 87

366 107 103

391 127 123

419 148 144

448 170 165

475 190 184

504 212 205

535 235 230

572 265 255

608 293 28s

645 320 312

682 350 340

3du,, 4su, 4pu, 4p"n 4dtt, 4dut 4.fu, 4frn

Free Hand



@opiuynur cyMMupoBaHnx 6j- u 9i-xoeQQuuuenron

flpnnoxenre I (oronranre)

247

I

9nevenr 
I

flo,qo6onosxa

orlo, lo"lo, lo" lr, lp, li'. 1a,, lO,

77 Ir 99

78 Pt 106

79 Au 114

80 Hg 134

8l Tl 139

82 Pb 153

83 Bi 167

84 Po 183

85 At 198

86 Rn 215

87 Fr 235

88 Ra 260

89 Ac 280

90 Th 2ss

66 53

11 57

76 6l
90 72

98 79

lll 90

tzs 101

137 108

150 118

165 129

184 144

205 158

222 t73
238 185

9,6 9,05

9,6 8,96

l2,s 11,1 9,23

t4 12 tO,44

21198
27 25 10

34 32 t2

39 35 ls
45 42 19

53 48 24

65 60 33

757040
90 82 45

100 92 50

6,11

7,42

7,29

8,42

9,0

t4 10,8

t9 14

25 t9
to aa

33 25

5,2

6

4,0

5,3

6,3

6

5sv" 5ptrz 5pu, Sduz 5don 6suu 6pv, 6pu" 6du",ur^ 7su,

flpr.noxenue 2

oCHgBHbIE oopmyJrbt cymmr,rpoBAHlrf, 6-i n oj-Kogoo[qnEHToB

) t"l{";,;,} :Li,, i,i.

) t-rrt"t {xii}:(-t),rril. i

T 
r{; i,'; }:,-',,r. {i,i,i"}

(1)

(2)

f <-tl'r{/; ; ';}:ru,, o) (-1)-rr-rr u,, t,t/ (4)

(5)
Ii, i"

f r"rl" ',
" lir lr

IJ,
) t-rrr"tlr'- ll,
to*

i l:t 
(r" r') [r']-' {i'i'i'} {i'kt")'

ti"til:-r,'.r"(-1;'r'+r"ar'1"{i't't"\{i't'i"}'
(6)
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T 
r{l';,'il|';';,':}:*P {i.i,i"}{t,t,i"}.

T,-',' ^lt;, 
ti, t )lt;'; t:l:,-t)-,,-,ilt;, t;, 

l,l

T 
rIi, 'i"',)l';, o; 

I,l:,-,,*.1';.';"';,1(;" 
,;, ,;,1

It-rrfi.'i,iln l:):
: ( - l)Jr+ rr+ Jt+ rr + rr+ r, - rr -, * ", {t ;r 

t 
; r 

t 
r"rl l, ;r, i ", r"rl

I r.,, .,,{';;,'i,' 
il'l' i,' i,' :):

- 8 (.ri, ii) I (r,, ji): 
-;ffi {i, i,i 

"} 
{i,t' k,} {i, t 

" 
k,}'

) r -,r, tx,, xzi[ti,'i, 
t'){',' 

r, 
t 

i" 
t 

:):
: ( r)r,+r,+r t-4rtt*ri-rrl,tf,tf, 

i)

I r-rr*r,: l'; 
t;"t)(; ': ';"llr.' i: 

r,"J:{ti,ti.'i"l

T,-',.^lt; ;" ';,ll';" ;,';"1{,; ; l}:
:(_r)rr+rr+.,.+r!+r,+r,+11+o.,,{,1 i: fili,' f,, i:l

.T,,',, 
*tlt;" ';, i)l',", 

ti, 
; l {; 

t; 
':,11t,'" 

t;^ 
';,1

) (-,)o*.,rx,, xz)ll: t;,; l{; t,i 'i,l{t,'"t;" ':,1:

-(-1)t1 8(/r, /,)Url-'{jrrilr}{ j,j"lr} .

flpunoxeHue 2

(10)

(tr)

(t2>

(1 3)

(14)

(15)

(7>

(8)

(e)

(16)

Free Hand



249Matpnrlo npeo6pa3oBaHI-Iff

llpxaoxexne 3

II1ATPIIIbI NPEOBPA3OBAHH' ,qflfl TPEX I,I qETbIPEX MOMEHTOB
KOJI 14TIECTBA ABUXEHHfl

{upouexyrouHbre MoMeHTH saKrrorrenbr B cKo6Ku)

(i'i"(irr)i"ilirirOiJ.lii ):(-lXr*rr*ru*r' U'., t,-1+ Ii' i" i-\od- l; i" i,,l' (l)

(iri"0rz)iaili"ir(i,,)i,i):(-l)'rUrr, id"'li;" t; t;) e)

(ir, iri"(i'Jilirir(idi"i):(-l)r.+.t,+r.+ ,Ur", i"l* lt; '; 
t;) 

(3)

(it, hi"(iz)iU,i"(idi"i):(-l;r,+.r.11, i,", i"rl* lt;, 
t; t;J 

(4)

{jrjoUr), jrjn(jdjU'j"(jr"\, jzjnaz)j):Urr, j"t, j.., rrr,t+{i".ti, 
i:l 

(5)

(i J, ( i r) j g (i,zJ i ni I i J n (i,,) i 
" 
(i,o) j si ) :

:(-t)rrr-J1a- rw*rrrfjrr, jn", j-, ,rrrrilrli* 
ti" 

;1, I (6)

l,'; in i I

Qrizlr)iaUrrr)iriliri"(irJ;n(rr,n),ni):(-l)r.+r.+.r,.-r'-rrrr-r'rl [i,r,ir",irr",irnlf,,

.{';,';;:}tl' ';';:,1 e)

ljrjr(jrr)j"(j'r)irjljsja,(jsn)jr(j"r')jrj):(-l;r,+"r.1.1.* r,- rUrr, jrrr, j"n,,r|{rt**

"l'; ';*;,.,1{;:' ',' ',i",'l (8)

1iJ,(in), i,inhs)iliJ,Ur)i"(i,")ini):(-l)rr-.rr+ ro-rl.i,r,i"n, irr, ir,,ll *

"lt;,,t;" 
ti,'"llt," ti t,',i,| 

(e)

( i i z (ir ), i J a U 
") i li Js U r) i r Gri iri) : ( - l).rr -.L+ rt+ t t- rtt- ltt U rr, jr, j 

"n, 
j 

'nll 
*

"{t,' 'i,,t;:,1{t;';,,';,',1 (10)
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(itirjrr), i"in(idilirinjrn)i"(iro")iri):(- 1)jr-r.- r,,Ur,, i"n, itn, irnll ,

'{',' 
t,"",;,,,}{l ';,,"t;,^,1 (rI)

litir(it), i".inU"r)i)i"ir(i"r)ir(i"r)ini):(-l)'rr-:r+ r',- jUrr, 
i"n, i"r, i"rrll *

"lt; 
t;",, t,',i,llt," 

',- 'i'",1 ,,2>

(itizQrz), i"in(i"n)ili"i"(i")inj"rn)iti):(-l)'!-r'*Ja*J31-j31 Ut, i"n, irr, i"rnll ,

"l';",t; 
t;:,llt;",^',i ',",) (13)
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nu'. 27-31, 43-46, 73, 150
U(h), V(hl) 2l-23, 44

MuororoHQr.rypaqrroHHoe npu6,ruxe-
nue 70, Il8, 151 ctr raKme Bsaar4o-
,[eftcrBr.re KoH0nrypaqufi

MaTpuqHhre gJreMeHTbr HepeJIgTHBr.rcI-
cxne 71-73
MaTpnqHbre g,'reMeHTbI peJIrTr{BtcT-
cxue 73

Mo4e,ntuoe npocrpaHcrao 79
Mouesr Kor'ruqecrBa ,4BuxeHr.rq 10, ll,
r9

BeKTopHoe c,roxeHue 11
KoMMyrauur 10, 11, 19
co6crgeuunre sHaqeuus 10
cy6ruarpuuriuft glex{eHr 20

My,rrrun"rernoe pacnleurerire 180
Mynmunoluruii rraovenr 59
My.lr,runolluoe x3,'ryqeHrre cu. p agua-
r{IlOHHbre flepexoAbl

Henp-uaognrrrnil reHsopnnrii oneparop
19-2t

MarprdqHbre g,ireMeHrbr 20-22
cucreMa sas 20
cKa.rrspHoe npousneAeuae 2l
reH3opHoe npovsne4euue 2l

H_opuanrnaa xonQurypaqr.rq I l Z, 150,
15r
Hopulrpoaxa eornonofi Qyur<uuu ne-
npepbrBuoro cnerrpa 40

O6MeHnaq $ynruua
flupara-@oxa 47
Xaprplr-Oora 35, 36, 109

O_6-uesnoe seaur4oAericrste 28-30, 86,
150

B pe"'rerr.tBr.tcrcrotr npz6nuxenua 46
B 3JIeXTpOHHO-aTOMHbIX CTO/rt(HOBe_
uaqx 120, 123
r.r crpyKTypa peHTreHoBcKHX CrieKT_
poa 150, 180

OanoxonQnrypaurrcHHoe npu6nuxeure
Ans cneKrpa Ooronornoue:r.us 144_
l5t
npuMeHuMocrb lll, 148, 182
penqrrrBr.tcrcKoe 48, 182

OrHoe.nexrpoHHafl gHeptut
!,upaxa-<Dox a 47
Xaprpu-@ora 36

O,(Hoererrponubre cocroqHuq g, (q2
Oxe-nepexo4u 89, 185

aMnnrrry,qa l9l-193

Free Hand

Free Hand



BepoerHocrb 188-l9I
AByxrracruqHaf MoAeJrb 187, l9l, 195
KacKaAbr 188
npaBHna or6opa 190
cIIJIa coBoKyI]HocTrr
TpexsJrexTpoHHbre 187

eHeprrr 186, 187
Oxe-cnexrp

KoppenruroHHne aQQerru 187, 199-
201
EOC.IeC?OJIKIIOBUTeJIbHOe sgaAIrrOAeli -

ctsue 202-204
pe3oHaHcHoro pacceqHHf ruerol 201,
202
pe.[qrliBrrcrcKue e$Sexrn 196, 200
cepun 186

Oxe-urupuua ypoBHq 89, 102, 215,
2t7,2t8

npu6,raxeuuas Lt*BapvaHrsoc'rs 217
cpeAnqq 196, 218

0xe-s,net<rpoHnt
Bo,rHoBarr Synxqra 188,' 194
clrrHoBaq no"upuaauan 199
yrr'IoBoe pacnpereJ'reHue 197, 198

Oxe-e$$err
aeoftHofi 187
paAnauroHubrii 182, 188
peeouancusrri 197
pesoHaucnuli xolt6znauuon nr'rfi 237

Oneparop
s Qopue BToPHqHolo KBaHToBaHIlfl

.24,82
so,THoeofi. 81, 84-87
rpaouqecKoe I.r3o6paxeHI.{e 82, 83
AByx3J'reKrpoHnwfi 24, 82
rou:rrcraquu 98
Henpr4BoAnMbIfi rensopnutfi l9
HopMar'rbHaq Qopua 83
oAHog.rreKTpoHsntfr 24, 82
rrpoeKTrrpoBaHxs 79, 80
pesonsneuru 80
pox.qeHrrq Ir yHIlqroxeufifl Qoroua
55
pox,(eHI{q II yHI.lqTor*{eHI{t 3,{eKTpO-

sa 24, 25, 82, 83, 98
c(h) 27, 2g
u(h) 22-24, 29, 30, 44
v(hl\ 22-24, 30

Oneparopr,r paruaqt,toHHbrx nepexoAoB
gaBr{c}tMocrb or ra.nlr6pono'rHorl no-
croqunoii 62
MyJbTHnorrbHL'rfi ltarsnrltsrtl peJ'IHTll-

sficrcxuir 63
Marpr4qHbre e,'rel"teHrn 63, 64

MylrbrurrorbHbrft e,rexrpuuecrtrir 59,
62

Hepe,'rtTr.rBucTcKue MaTpr.it{Hble 3,1e-
uenrlt 60, 6l, 144
peIqTuBncTcKue MaTpltqHL{e 3,1e-

267

naeuru 63, 64
nonpaBKrr nepeKpbIBaHI{fl H O6MeHa
59
gopun 62, 63

On'rnqecxas reopeMa I57
Op6ura,n cil. racJtce Bonuoran $yHx-
IIufl

ecrecrgeagag 77
Oprorona,lruocrl BoJrHoBbrx,hy"rt{"fi
x $yurrlualr Hux(eJrexailIux coctosnur?
35, 38
Ocuonsoe cocroqnne 34
OcHosnofi repru 117, 150-151
Ocnonnoro repua upn6,rux<eHue 127,
180
OcHosHofi ypoBeHb 117, 151

llay.nr npuu[un 15, 17,24
flepexpnreauus r.r o6neua a$$exru

oxe-cnexrp 194
pa.{ua{uouHbre nepexoAr,r 59
eueprlu 71
cnexrp Qoronor,rolrtreuas 147

fleperpunanur r{Hrerpar'rbr 134, i36
llepexonpr ctt. PaAuaquosssre n.,
Oxe-n.
fI"'rotnoct, cocronnr.ifi 56
llonHuii gKcrreprrMeHT Qoror.ronusaqnlr
162
llo,ryenanupuuecxuri MeroA AJ'rq

aBTolroHrisaur{oHHbrx pesoHaHcoB 96
so:6yxAeHuq atoua 123
Bo"'IHoBbrx Qyuxqnfi 67
uoHH3arrlrH aroua 126
yponuet? enepruu 68
aueprair oxe-nepexogon 186

flo;rapusaqur Qorona 55, 177
flonapnsaqrlt naxyyua 53, 54
llo,rnpueyeuocrb aroMa

Ar.rHaMr.{qecKaq 156, 157, 224
llopororne eQQexru B cneKrpax c.ut.
rarcltce floresuua,'rbHoro 6aprepa r4,-
Qexrlr

ua,ryueHnl 183
xou6ssaqnosHoto pacceffHun 23i
Oxe 194, 202
ropMo3Horo r.r3ryrreHhs 224, 225
$oronor,roureHua 148, 149
Soroa,rexrpouHor'.r 165

lloc;recro"rrsoBrrreJ'rbHoe ssauNroAeftcr-
nue 203, 204
llocrogHnas cnun-op6uralbHoto B3ar{-
uo4eficreua 32, 49, 52, 71
llocroqHHas 3KpaHlrpoBaHrrs 100, 103

nHyrpenHero 100
no,ruoro 100

lloresuna,r ll oHIl3auHIt 167 ctn. rarccrce

Sueprna censu
flores{na,rrsar $yuxuaa (noreuqua;I)

194-19rt
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Xaprplr-(Dora 36, 84
o6ueuHas 36, 109
Cnerepa 36
eQSexrunuaa 109
[upaxa-Qora 47

florenrlnarr,rni.i 6rpucp 109-l I I
floreHquanrxoro 6aprepa eS$eKrbr B
cneKTpax

oxe 194
TopMo3Horo uztryuenzn 225
Qotonornoutesus 149

flpn6.nuxenre cnyqafiHbrx Qae 154,
155
flpolrexyrounaa HopMlrpoBKa 79, g0
flpouexyrounar cBs3b 38, 106, i07

Q-rr,rarpuqu r'rerog 120
Pa,[ua.nrsue uHTerparbr .

gasucuttoctt or Z
xy,rouoacxux 31
I(nl) 27
Ea 33
<nllrln'l'> 6l

Ky!'roHoBcKI.{e Hepe,'rflTr.rBr.rcrcKHe 29,
73

nonpaBKr.r x rinna 51, 69
KyJroHoBcKr{e pe,rartnucrcxue 43
KyJroHoBcKue Iror'ry3MnHpflqecxue 68,
70
e$Qerrannue pe,raruaucrcrue 49

Pa4naquonuar ulrpr.iHa ypoBHfl 57, 97,
214, 216-218
" npn6,raxeuuafl nHBapLrarrnocr" 216,

217
cpe.unra 218

Pa4uaquounne nepexoAbl cn. TLt,flve
Oneparopn, I4snyuenue

Beponrnocrb 56, 57, 175-178
AByxeJreKrpounue 182-183
Ar.rrroJrbubre MaTHLITHbIe 58, 178

ArirroJrbHble e,'rerrpuuecxue 58, 172,
176
4nyxQoronHne 56
Ko o, KogtLS2
KBaApynonbHHe gJreKTpr.rqecxHe 58,
172, 177
MyJIbTII[OJrbHbIe B peJTTTITBUCTCKOM

npr6"rNxeunn 63, 64, 178
npaBrna or6opa 59, 176
pa.qnaqr{oHHofo ,(Byx3neKTpoHHofo
nepecrpar.rBaHus ll2, 182

Pasroxeur.re uo cQepuqecKliM QinK-
IIIIgM

oneparopa Ar.rrroJrbnoro nepexo,la 140
orrepaTopa sneKTpocTaTxqecKoro Esa-
nuoheficrsus 27
arcnoirenru 122

PaAuaqaousnfi oxe-e$(perr 182, 188

PacceqHue peurreHoBcKrrx nyuefi 227
aMn,'rr.rry.qa 229, 230, 236
aHoMarbHoe 232, 235
DMny,'rbcHoe npu6nnxeHue 238-241
xon6usa[noHnoe 228, 236, 237
KoMrroHoBcKoe 228, 237-24I
Koppe,rrqlloHHue eQ$errsi 235
ueynpS'roe 228
ceo6oAHbrM erreKrponoM 232, 241
ceqeHae pacceauun 228
ynpyroe 228, 232-236
QoprrtqpamopHoe npu6nnxenne 233-
235

Pe3o.[r,seHrH oneparop 80
Pe"rarcaqaa o6onoqex 101-104, I14,
130, 155, 183

nperua 146
3ueprur 103, 146

Perqtusficrcxue nonpaBKIi
B repBoM nopq,4Ke 50-54
saBucrrMocrb Maccbr or cropocru b0
3ABI4CI'MOCTb OT I]ACTOTbI BI,IDTVA"IIb-
Horo $oroHa 54
no,rqpr-r3aur.tfi raxyyva 53, 54
nonpaBKa flapnuHa 50, b1
pa.[,Haur.roHHar 53, 54

Pe,rrsruer.rcrcxlle e$Qextr 6
B o)Ke-cneKrpe 196, 200
B cneKrpe u3,'ryr{eHHq l8l, 182
B^-CneKTpe Topiro3Hoto [3r'ryr{eHr4t
226
B SJeKTpOHHO-aTOMHbrX CTOr'IKHOBe_
uns,x 126
rropuunue 53
Lnfl ltupuH yponHert 215
A,'rfl gHepruu ceqsr 168
npfi ynpyroM pacceauuu 236
nplr KoMnroHoBcrioM paccenHuz 240,
241
flp]r6,'ruxelHbrfi yuer 4,rr sneprnu 48
npalrne 53

PuA6epra cepun 61, 70, 104, 144, 147,
149
Pe.rrea-IllpeluHrepa psA 79, 8l-gl
CarrlocorracosaHHoto norq Mero,4 37
Carer,rzru

rrnepcareJ'rJlxru 174
rparuoii uouuzaryvu 17l, I83
l,roAeJb Bue3anHoro Bo3Myr{eunfi 133,
183
oxe-cneKrpa 187, 188, 199, 200
pesouaucuue 165
creKrpa u3ryrreHr.tr ll2, 174, 180,
182-185

_ Qoroa;rexrpoHHoro crreKrpa 165, 166
Csqgb

jj 16, 48, 105, 106
iK u LK 105

Free Hand

Free Hand



LS 15, 105, 106
HeoAHopoAHafl 105

oAHopoAHaq 105
nepeioA or o,{Hoil cBq3fl K APYroii
13, 106, 249
npoMe)KyrorrHar 38, 106, 107
cpeAHrfi qr.rcrora 106
TTN CBfl3I,I 104

CAanr (eHepruz)
O)KC -,'IIIHI,iU T OC J'ICCTO''IKH OB HTC JIbH bII'
203, 204
peHrreHoBcKofi. nu:au:a l7A
Sotoerexrponnoii nunuu 169

Ce'reHHe (eS$exruonoe) npouecca 57,
228

ycpeAHeuHoe no pacnpeAeneHuro qac-
rrq I 16

Csna ssauruoAeftcreuq xouQlrypaqr.ifi
75

cuna tusns 64
cr{Jra ocqr.rJrJrsropa 65

o6o6qeHHaq 122
n.noiuocrr 65
cytr,rurr 65

Cu,ra coeoxyulrocrr.r repexo,4oB
oxe 194-196
parnaqfioHHbtx 64, 65

Cn,rruofi cBr3r{ Meroa 118-120
4ra $oronor,rouleuug 152
ypannennr 120

Cucrelra Qaa
nceB,locraHraprHan 20
crauaapruar 20

C;ryuafiHux $as c o6lreuou merog l5l,
154, 155
C.nerepa noreuqnar 36
CueuflsaHlre xonQllrypaqrzh, cu. Bsa-
zlaoaeftcrsue xonSr.rrypauufi
Co6crseHnas gHeprfin

BaKagcuu l0l, 183
e,rexrpona 53, 54

CocrosHEq oAHo3JreKTpoHHbre
auprya,rrnue 82, 83
ocrosHr,re 82, 83
orxparrue 82, 83

Cnexrp, crt. Llznytenut c., Oxe-c.,
(DoronorJtoueHr.rff c.
Cnexrpa,rruaa Qynr<quq 102, 157
Cuexrpocronuuecxr.rfi $axrop 94, 102,
200
CnuH-,a,y6rer 33, 173, 174
Cnun-op6uraabHoe B3al"IMoAefictrue 32,
33, 50, 52

B ocHoBHoM cocroqsfiu 151

B rloqrr4 u [ony3ano,'lHeHHblx 060-
noqKax 33
3aBr4CHMOCrb or Z 33
MarparrHble s,'reMeHTbr 32, 33
oAHo3neKrpoHsoe 32, 52
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uocrosnsas 32
<<cnr4H-rryxafl op6ura> 50, 52

CnNHoeas noJItpl.r3aIIfi fi
oxe-gJreKrponos 199

Qoroe;rerrpoitos 162, 163
CpeAaaa sHeprlrs

roirQurypaqr.ru B HepeJIflTItBIIcrcKoM
npr.r6,ruxennr.r 34
uo4xonSurypaqurl B peJIflrHBHcrcKoM
npr6ruxeHlru 46
cneKTpa us,ryuenun l8l

Crareec
o6o,'roqxr 17
xonQurypaquu 34

Crarucruqecrfie MoMeHrbI cuexrpa 108
Craquouapuas reoput so:myI{euufi 78

ee npnMeHeHl-le AJI'
aMlarrTyAbr ropMo3HOlo lr3nyqeHl.It
224, 225
BoJrHoBbrx QyHxuafi
79-88

r{ SHeprHIr

AByx3neKTpoHHor? Qorouonusauuu
166, 167
o)Ke-crreKrpa 88, 89, 200-202
parfiauroHHbrx nepexoaon 89-91
co6crseHHofi gHeptt,ttl BaKaHclru
101, 102, 183
cneKrpa us.nyqeHarr i83-185
crexrpa Qoronor,roqeuut 152-
157

Cro,rxgoeegr.iq aroMoB c uonattu 127-
t3l

KBa3r4MoneKyrapHurl rr.tero,q 127, 130
MeroA 6l{HapHbrx':roJlKuoseaufr L27,
i29, 130

MeroA rrapaMerpa yAapa 127-129
[epBoe 6opHoecxoe npu6nuxenue
127-129
crarrlcruirecKrlr? ueroA A,rg Muoro-
xparuoii uo*fisar\uv 130, l3l

CronxHoeeHng aroMoB c gneKTpoHaMrr

ll8-127 cil. ractce Eere $opuyna,
Eopnoncxoe upu6,nuxeuue, Cu,rrHofi
cBr3r.r Mero,( H ypaBHeHlrt

no,rygMnfipuqecxue Qopuy.nbr AJrr ce-

'tequir 123, 126
Crpxxurauue aroMa 133, 134, 136
Cynep-Kocrepa-I(pouura repexoAbr
186
C$epuuecxaa Qyxxura l0

nextopnaa 57
o6o6qennas 4l
oneparop 27
pa3noxeHue upousneAeuuft 159
c.noxenue l4l
cy6rraarpnunnri e;reueur 27, 28

Topnaosnoe l{3nyqeHI{e 219-227
<<aroMHoe> (nonnpuaa[rounoe) 219,
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224, 225
6opuoecroe npa6ruxenue 223
BoAopoAono.u,o6uoe npu6luxer.ue 222
rroJrnbre 3Heprerfir{ecKue norepr.r 219
g.IIeKTpOHa B CTaTrrqeCKOM I]One aTO-
ua 219-224
eQQer<rn zxpauuponaaun 223

Vraoeoe pacflpeAe,'renue
o)Ke-3JreKrpoHos 197-199
pacceqHtir peHTfeHoBcKux ,ryueri
228-240
TopMo3Horo usnyueuun 227
$oroelexrpoHos 158-162

@asa pacceanus 40
@arrop rorr.rleucaquu i07
@oprua creKrpaJrbHbrx nusuit 205-211

ailraparypHoe yilrilpeHrre 209, 210
,[olrrepoBcKoe yu]rpeHue 208, 209
ox<e-cnerrpa 197
cneKrpa r.r3rJ {eHr-rq 178, 206-208
cfieKrpa . Qoronos6y>xleuus, 207

@oprraQaxrop arovnwir 223
@opun A,rnrHbr x cKopocrrr 62, 63, 147,
155
@oroeos6yx.qenae aroMa 139, I42,
t43
@oroaouraaq:ar- aroMa 140-143, 158-
163

B Hepe,trrr.rBI.rcrcKoM npa6nltxennu
139-145
B peJltrrrBncrcrona npu6nuxeHr-rn 140,
l4l,r 145,"146
.qByxarrerrpoHnas 155, 156
au@Qepeuqua,'nuoe ceqeHrre 140,
159-163
Ko30QuqueHr sergreHrq 146
no;rsrrri ar<cnepltnreur 162
c oAHoBpeMeHHbrM B036yxAeHueM
133,135,151,155

@oronor,roueHlre aroMa
rosQQuuuear 137
cBff3b c [poqeccoM pacfla(a 157
ceqenre 138

(Doronor,rouleHfifl cneKTp
B OKpeCrHOCTrr aBTOr.roHrr3arllioHHofo
ypoBHr 142, 143
BoAopo,xonoAo6Haq [aoAe,'rs 148
c4eruyrurl xpafi nor,roqenxq 149.
rr.rraHrcKue MaKcr.lMyMr,r 149, 225

@oroe.nexriroauufi cnerrp 158
nos6y;xAeHrre JHuefiHo-norqpr.{3oBaH-
ur,ruu .nyuallu 159
MeTOI fiepeAaqu ytr'roBoto MoMeHTa
160,161
napaMerp aHrr3orporrzt4 159, 160
care,'rJrrirbr 165, 166

yr,'roBoe pacrpeAeneHHe 158-163
@ynxqna napHofi Koppenfiqfir 77, 78
Xaprpn-@o,r<a MeroA 34-40

HeorpaH[qeHHbrfi 67
HeoproroHaflr,Hnx op6nra.nefi 67
c[nH-rro,'rrpu3oBauHbrfi 66, 110

Xaprpu-@oxa npr6,rnx<enue
4,ra cpe,4neri sHeprulr rr repMa 37,
38,74, 75, tll, 150, 151

Xaprpn-Ooxa ypaBHeHrrr 35
Arq cBo6oAHoro anexrpoua 39
4.irr cpegnefi 3Heprurl 36, 37
Arrrr repMa 36, 38
A,'rq repMa B rrpoMexyroqHofi ceselt
38
rrficreHHoe peurenue 37

Xaprpz-@oxa-flaynu uptl6nr4xeHr.re
50, 53, 99, r68
Xyu.4a npaeu,no 150

IIIapnira
annaparuori OyuKr{r4a 210
cuerrpa.nluorl JruHt4r4 205, 207, 208

Illupuua ypoBHr I 16, 205, 206 cn.
rarccrce PaLnaqvogHar u., Oxe-ur.

ecrecrBeHHar 57, 97, 206, 208, 215,
231

Lllupuua oHeprerr4qecKoro cnexrpa 108

SrertporraarazrHoe no,Te
ggauMoAer?crslre c aroMoM 54-57
nerropunri floreHrlr{aJr 55
fpaHur{Hbre yc,ronun 55

S.nexrpocrauruecxoe eaau[4oAeiicrgt,re
gJreKrpoHoB ci4. ratctce O6MeHuoe ssat,t-
nro4elicrnue, Pagra,rrurte r-rHTerpa,'rbr,
Marp.u.lnue 3JIeMeHTbI

B ocHoBHoM cocrogsus 151
3aBrcr{Mocrb or Z 3l
HepeJrtTr.rBr.rcTcKoe IIpu6,'rx}I{enue 26
pe,rqruBr-rcrcKoe npu6.nuxesue 42

Sneprur
earaucrrlr 100
lroHlrsaqfiu 167
napHoii xoppennluu 77
cpeAHffrr xouSrarypaqun 34
cpe,4Hfir no4xonSurypaqvH 46

Sneprta cnasu
KoppeJrffrIuoHHue sQSexrr,t 168
pe,'rqrnBucrcKae e$Sexrn 168
c,uslr 169
ra6nv\a 242

SQ$erruarirrii raMr.rJrbrouHaH 69, 81,
87
SSSexrunHufi oneparop

Koppe"rrrttioHHr,rr? npv6;ruxesuufi 69
repexoAa 89, 90, 153
pe,rarunrcrcrufi 48



Crcreua aroMf,rrr eAmq

@nsuqecr[e AroNrubre
BCJItrIIIIH6I

eArmubr (a. e) 3nasems e,ryEru

Macca

.{.rrrua
3aps,q

Mouenr
KOJIIIqECTBA

.4BtrxeEur

Bpeux
3neprux
Ceqerme

QggggnFrg

Macca rloKor gnerrpoua n
Ilepnni 6oponcxnfi paryyc ao

3apr4 onerffpona e (a6conroruar
nenuunna)
h

flpouonognrre

mallh
mealh2

afi

9,109534 '10-31 rr
5'2917706 '10-11 u

1,6021892.10-re Kn
1,0545887.10-3r Ax.c

2,418884.10-17 c

4,359914. to-re [x
28,002836 M6

Coornouemr MexAy eA[f,EqaM[ gueprf,r

Koe$r[uurenr uepeBoAa B:
Erursuua

a. e. Ry gB clt- 1

a, e.

Ry
I
0r5

2

I
27,2116
1 3,6058
I

1,23985. to-t

q;urof, ro.nmr I

219474,64
t09737,32

8065,49

I
eB 0,036749 0,073498
cM-l 4,55633 . 10-o 9,11267 .lO-G

3naqeue rcoer[r[lrrinssla .B r coornouew rrex4y
a enepraefi nepexoga A.E

l, [urvr] :0,1 Bl LE, I[A]:376E'

EquHuqa a. e.
3rreprEu

sBRy clt-l

B 4,55633. 102, 9,1t26',1 . tOz 1,239854.101 1.108

3HaseHEs HecucreMnbD( eAIrMq AJrrEbr tr rurorqa4a

I A:0,1svr:10-10 M. 1 6 (6apn):10-28 M2. I M6-10-!z M2

Free Hand

Free Hand
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