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1. BBe.n:eIme 

KBaHTOBaR XpOMO,I\HHaMHKa B OCHOBHOM rrpllMeHReTCR ~ H3Y'IeHHR 

rny6oKoHeyrrpyrHX npo~eCCOB C nOMOll(bID RHTepnpeTa~ Ce'IeIm~ 3TllX npo

118CCOB ~K MIlliMWC 'faCTeM KB8pK-rJUOOHHID: ,I\HarpaMM (nePTyp6aTHBHaR 
KX,U /1,2 . CTaTYc TeOpID! BOaMYmelll!~ B 3TOM 06JIaCTH O,I\H03HalfHO onpe

.n:eJIReTCR ~PMYJIOH aCHMllTOTRlfeCKOM cBo6o.n:H, a KBapKH H rJIIDOHH pac

CMaTPRB8JOTCR KaK cBo6o,I\Hble COCTO.fIHRii (rraPTOHH). 

O.n:HaKo ~HaH'IeCKR Ha6JUO.n:aeMblMH RBJIRIDTCR He napTOHH, a a.n:pOHbl 

- CRQ3aHHHe COCTORHHH KBapKOB H rJIIDOHOB. OITHCaHHe cneKTpa H ynpyI'RX 

B3aRi'1I0.n:eHcTBHi! a.n:pOHOB BHXO,I\HT 3a paMlGl ne PTyp6aTHBHoH KX,U, H 3a.n:a'Ia 

nOCJIe.n:OB8TeJIbHOrO nOCTpoeHHR ~ -M8TPH~ C aCHMTITOTH'IeCKH~m a.n:poH

HHMH COCTORHHRMH .n:o Cill{ nop He peilleHa. 

ITOITHTKe peweHHR 3TOH 3a.n:alfH nOCBRmeHa HaCTORm8R pa60Ta. B OCHOBe 

Haillero nO,I\Xo.n:a JIeXRT aHaJIOrHR OITHcaHHR cneKTpa H B3aHMo.n:eiicTBHR aTO

MOB B K3~. ~3BeCTHO, 'fTO B K3~ BHlfHCJIeHHR cneKTpa aTOMOB npOBO.I\RTCR 

HCKJUOlfHTeJIbHO B pa,I\HaUHOHHOM KaJIll6pOBKe, H pe3YJIbTaTH C BHCOKOH TO'I

HOCThJO COrJIaCYIOTCR C 3KCnepHMeHTaJIhHHMH .n:aHHblMH. CTaTYC .n:PY.rHX KaJIH6
POBOK, B TOM 1ffiCJIe KOB8pllaHTHIDC, paCCMOTpeH B pa60Tax /3,47. 

B pa60Te /3/ nOKa3aHO, 'fTO B Hepa,I\Ral.\BOHHID: KaJilll6POBKaX (H3-3a 

neperrYTblBaHHR HenePTyp6aTHBHoro KYJIOHOBCKoro H nePTyp6aTHBHora norre
pelfHoro nOJIen) B03Hl'1KaeT 6ecKoHelfHoe lfllCJIO ,I\HarpaMM B KalK,UOM nOPR.n:Ke 

TeoPHll B03M.)'meHRH no ol . AllTOp /3/ .n:OKa3aJI B3aHMHOe COKpamelll!e He

lKeJIaTeJIhHIDC (OTCYTCTBYJOIUIIX B pe.nRaUHOHHO~ KaJI1f6pOBKe) nonpaBoK

O(ol;o!.l&rJ} H c.n:eJIaJI BIiBO.n: 0 T1XlUl'IecKoH HeB03MOlKHOCTll TaKora .n:o
KaaaTeJIbCTB8 B nOPR.ll:Ke (dtt.{}n d- ) H Bwe. 06111ee .n:OKa38TeJIbCTBO Kah6

POBOlfHOH HHBapRaHTHocTll, .n:aHHoe B pa60Te /4/, B OTJIHlfHe OT pa60Tbl 3/ 
HeKoHcTPYKTlrnHO, OHO He YlfHTblBaeT Bbl.I\eJIe~yIO HerrepTyp6aTHBHYIO POJIb 
KYJIOHOBCKoro o6MeHa. A B o6eHX pa60Tax 3,41 He Y'fRTblBaeTCR, 'ITO KY

JIOHOBCKoe nOJIG aa.n:aHO C TOlfHOCTbIO .n:o npOH3BOJIbHOra BpaMeHHllo.n:06Horo 

BeKTOpa ?( (~2.-=:t) , H H3MeHeHl'le 3Toro BeKTOpa 1-'>'7' (r'2;:: iJ COBep
waeTCR C nOMOlllblO 'fRCTO KaJIR6poBO'llUlX npeo6pa30B8HR.It. TaKoe R3MeHelll!e . 

1-"> 1'Be.n:eT R HapymeHIDO PMRTRBHCTCKoro aaHOHa )J,llcnepcID1 (0)''=*/151, 
eCJlll O]¥lOBpeMeHHO He COnpOBOlK,UaeTCff 06bllfHHM npeo6pa30Balll!eM!OpeH

L1i'l !p-=>::p1 TaK, 'IT06H '1' 6blJIa napaJIJIeJIbHOn !P' (CM. /6 ). 
C Haweii TO'IKR 3peHHR,npo6JIeM,Y KaJIH6pOBOlfHOH aaBHCHMOCTR Rbl1{HCJIe

HHR cneKTpa aTOMa MOlKHO pelllHTb 6ea .n:eTaJIbHHX paC'IeTOB C nOMOll(bRl aHaJrn

3a HMeHHO rpylUlbl CHMMeTpHH TeOpJlm. 

HanOMHHM, 'ITO ~po O,I\HO~TOHHoro 06MeHa (BeTe - COJIITHTepa) B 
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p a,ll;l1alU10HHoti KaJIIf6pOBKe (K~) conna,n:a eT C 1'OtrrIOCTblD ,no np0;UOJIbHUX 

qa cTe j,i ( K L) C H.nPOM n JlJ06o~ 1<8Jrn6pOBKe , B TOM 'lUCJIe iPe inIMBH0 3CKOJ;l 

(KF) , ReT) F L 

K (7) = (K{7) + J{'lJ =}( + K ("(J (I) 

(mmeKCb! c. If T OCi 03Ha'ialOT KYJIOHOBCKYJO If IIOnepetJ:HYJO 'la CT11 

COOTBeTCTBeHHO), 

//F ~ 3; "" .{ ( 2) 
f\(?7I I 

J =-.J4) rT-f t. ~ :;;I)=-:l/:J~/ 'ar ,~ ~ ('0 ) 
KL __ (f14))ff1t~)-(r~1.,,)fl· ;;~J (3) 

f'lJ - ({'-F' (Cf~-1-l'O) ) 
11 (')(1 1. If 7 

r.ue 1-'r ""1r r·Y! , ?,, =- fl'-1" • J(.,£) - BepumHIl Iix:lTOHROrO 
06MeHa Meli\ItY 'l:aCT11ll.8Ml l a.. If -t , '7 - e,ll;l1HWUlliR BpeMeJUllO

.uo6HIlH BC1{TOP (OCh BpeMeHH KBaHTOBaHlHI). ECJIl1 BepllIJIlHIl .7r~, 8) np e,n;

CTaBrrfiJOT COd OH TOKl1 CBo6o,n:HIlX '-IaCTHU ( pHC. I a ) , TO npO~OJIblund o n epa

TOP K,;, (3) 'loparua eTC.Fl B HOJIb B CI1JIY 3aKOHa coxpaHelOOl TOKOB (Y' ~:;fJ). 
11 BMeCTe C K (1 ) I1C'l:e 3aeT 3 aBIfCl1MOC~'b OT "BHe llIHero" BE:KTOpa 1( • 
3To 03Ha'l:8eT . 'lTO,J -M8 TPHll.8 C aCHMIlTOTH'l:eCKHMH COCTOJIHIDIMH CBOO O,n;H1lX 

'l:aCTHU (~~) HBnRe TC.Fl K8Jrn6pOBO'lHC-HHBapHaHTHO~ H .FIBHO peJI.FlTKBH CTC

KH-KOBapHallTHoH. TaKl1M .OOpa30M, rpymroa CIDI!MCTPHH " CBOOO,n;HOil:" J - MaT

PlW.bl .JY~~ .FIB.1I.ReTC.Fl npOJd3Be.ueHHe rpyrurn: JIopeHll.8 (L ) Ha 

rrpoH3BOJIhHYlO KaJlJ10 POBO'lliYlO rpyrury (~) 1 

cit> .IJ4~ ...t. = L 0 2/. ( 4) 

B CJIy'l:8e CM3aH.H.blX COCTO.FlHlri1: cOCTaBJIJIlOOU~e 'l:aCTI'lIlJ;ol HaXO.n;.fITC.Fl BHe 

MaccoBoH IIoBepXHocTH ( pHC. I 0), H HeJIh3.Fl YTBeplli,IlaTb, 'ITO rrpo,I(OJIbHUe 

clJoTOHll He ,I(alOT BKJIa,I(a. IIpo cTetIIImM rrpml!epoM .I(HarpaMM . r,I(e 'l:aCTl'Il.\hl B Bep

lllIlliax HaXO.n;.fITC.Fl BHe MaCC OBOa rroBepxH.ocTH, .FlBJI.FleTC.Fl ,ll;I1arpaMMa coOcTBeH

HO~ 3HeprHH 9JleKTpoHa (pac.IB). 

XOPOlllO 1!3Be CTHO , 'ITO BhI'l:eTU illYHKUIDl I'pHHa 9Jle KTpoHa B illeful(d) 
MaHOBCKO:i1: (r:) H pa,ll;l1all}lOHHOH (R.) KaJrn0POBKaX OTJrn'laJOTC.Fl: 

!&;GF(p)=I={; (P~(f~/f),(}, o), %- ..,(t:~~ e))) 
~dA (p)= i. 

3Ha'l:HT • .II)IJt ,ll;I1arpaMMR. r,I(e 'l:8CTHUU HaXO.n;.fITCJI BHe M:aCCOBO~ nOBepXHOCTH 

y.a;m:OPOBOtJR8H IDUlaPB8 HTHOCTb MOlKeT OT CYTCTBOB8T b . KpoMe Toro , n pRMlie 

B~CJIeHR.Fl BU'leTa illYHRDRR rvnaa .II)IJt ,n;BHXYmeroC.Fl aJI~poRa IIOKa3UBalOT, 

'ITO OTCYTCTByeT 1'1 peJI.FlTID3ltCTCltaSI ItOBapnauTHocTb /7 

2 

Jr.) J(&)rn 0 
J(u ( s ) (~ ) 

PHc. 1. 
<1ioTOHRIlH oOMeH MelK.lrY 'l:8 CTHuaMl'l (a) l'! (t) B CJIY'l:a.FlX, 

KOr,I(8 'l:8CTHUU Ha MaccoBoH nOBepXHOCTM (a) H B CB.Fl3aH

HOM COCTOIDll111 ( 'F) • a TaKJKe B CJIy'l:ae reHe paLUlli 

COOCTBeHHo l! Maccu IPePMJiOHa ( ,() 

Ak ~ (p~::t:i I (f/='(/; P"'o¥'O) 7,,:;(i,~O,o)) (5) 

KaK OllJlO YKa3aHo BnepB~e re~3eHoeproM H rray~~ /8/ ( 1'1 rrepeOTKpu

TO ,I(pyrMMM aBTOpaMJi /91, rpyruro}1 CHMMeTpHH aJIeRTpO.I(HH8MI1Kl'1 B pa;ma

l.lj10H.H.blX ( rrorrepetJ:Hwc) rrepeMeHHWC .FlBJI.FleTC.Fl rpyrrrra COBMeCTHIlX rr~~o6pa30-

BaHHl! JIOp8Hua M Crrell}laJIbHIlX KaJrnOPOBOtJ:H1lX rrpe 06pa30BaHHl! (~~), 

( 6) d4.L~.JJ = L (f)g~. 
Crrell}laJJbIDIe KaJJH6pOBOtJ:HUe npeoOpa30BaHll.Fl HM810T rrpOCTOa IPH3H'l:ecront 

CMblCJI: OHH 113MeH.FlJOT KaJlH6 POBRY TaK, 'l:T06u rro rre petJ:Hble H KYJIOHOBCltOe 

rrOM "rrOBopa'lHBaJrnCb" rrpJII rrpeo6pa30BaHH.FlX JIopeHua BMeCTe C CHCTeMO~ 

OTC'l:9Ta,T.e. KaJII16poBO'lHUe rrpe06pa3 0BaHH.Fl a~KTl1BHO rrepeBO.I(.FlT HCXO,I(

11YlO CHCTeMY C OCbJO BpeMeHH 7 B CllCTeMY C OCbJO ?I (pHc. 2). 

~pL. p' .) fie..: > P; L(t)~h ~:' 
;>0 7 ~--;' IJ ~ 7 

7' 2/ 

PMC. 2. 
113MeHeHl'le HMITYJIhCa ( p) 'l:8CTHl.\hl npH rrpeo6pa30BaHlm 

.~opeHua (L) H OCl'! BpeMeHll npM KaJJH6poBOtJ:HWC rrpe06pa30

BaHHRX (.ff~). 

AliaJIOrM'!Ha.Fl cHTya LmR B CMUCJIe CillIIMeTpHH cyruecTByeT 11 .ll,Jl.Fl CB.Fl3aHHllX 
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COCTORHHH, y~OBneTBOPffID~ ypaBHeHRID BeTe - CO~nHTepa C KY~OHOBCKID~ 

MpoM. RaK BbIlUe OTMe'IaJIOC:b, 06h1lffiOe rrpe06pasoBalille JIopeHlIa !J=(rP:D,O,o) 
~ !J>'= (P'· ~'"l:O) B 3TOM ypaBHeIDm Be~eT I< H8PYW8HRID peJI.llTUBUCTCKOrO 

S8KOHa lO1c~epCUU /5/ .!J;'''-;; I1 j (r~e 11- Macca aTOMa). ::trOT saKOH 

MOliteT 6h1T:b BOCCTaHOBJIeH TOJI:bI<O B TO/.J CJIY'iae, Kor~8 BMeCTe C HMrrYJI:b

COM (!J>y'> P') nOBOp8'lUBaeTCfI H Ky~OHOBCKOe no~e, 'iTO COBepwaeTCfI 

rrocpe~CTBOM ClIelll!8~hlil£( KaJmc5 pOBO'iHlDC npe06paSOBamrn rpYillIhI -!It<.oJ.. 
crnmopHl£( rrOJIeli ( B BhlClIIHX rroJlfJ,nKaX TeOpl1l1 BOSMYll1ellliK, 01.." H 60~:bwe. 
rrOBopa'lUBaX)'J'CfI HaJllI,nY C KY~OHOBCKID..! H rronepe'llUie nOJI.iI ) (CM. pHC. 2) . 

lAli Bl:!,!tHM, 'iTO saBHCHMOCT:b Bhl'lUCJIeHIDI crreKTpa CBfIsaHHIDC COCTOfI

Hldl: OT K8Jll16poBKH, T.e. rrpO~OJI:bHOH 'iaC'TH Mpa K~) ,He TO~:bKO CY

ll1eCTByeT, HO H .IUlJIJIeTCfI BalKHefilllHM 3JIeMeHTQM ~ il>OPM.Y~HPOBKH peJI.llTH

Bl1CTCKOH KOB8PH8HTHOCTH TeOp~! B TepMHHaX ~3H'ieCKHX rrorrepe'1HhlX rrepe

MeHHhlX. I'pyrrrr8 CHMMeTpIDI TeoPHH YKaShlB8eT, 'iTO OTJIH'lUe pesy~:bTaTOB 

,1J.il.fI crreKTpa 8TOMa, rrOJry'ieHHIDC B TeplVGlH8X 3THX rrorrepe'ffihlX rrepeMeHHIDC, 

OT ~pyrnx KaJIH6POBOK CJIe;n:yeT OlKH,lJ;8T:b KaK pas B rrOJlfJ,nKe d".tJ,J:{ , TaK 

KaK CXO~ C M8CCOBOH rrOBepxHOCTH 'iaCTUlll:l B 8TOM8 rrpoHCXO)U1T B rroJlfJ,n

Ke ",2. • TaKHM 06paSOM, pa)U1alll!oHH8fI KaJlll6POBKa MneT 6h1T:b YllliKaJI:b

HOH He TOJI:bKO B TeXHl1'IeCKOM, KaK OTMe'ieHO B pa60Te 3/, HO H B ~SH
'i8CI<OM acneKTe. KpoMe Toro, TaK KaK BMa~ OT K(;) B (I) He HC'ie

sa8T, S -MaTpHlIa CBfISaHHI£( COCTo!IHllli ,.1~. • B OTJIH'lUe OT S~.. , 
S8BHCHT OT "BHeIllHero" BeKTopa - OCH BpeMellli KB8HTOB8HIDI f'/. 

TMrrOT838 saBHCHMOCT11 CBfI3aHHoro COCTOfIHl1fI OT BHe~{erO BeKTOpa 

xoporno H3B8CTH8 B peJI.llTHBHCTCKOK TeopHH s~a'iH ~ByX Ten /6/, r~e B 

Ka'IeCTBe T8KQra BeKTOpa Bhl6HP8IDT 8)U1HH'iHhIH BeKTop, rrponoplll!oHa~:bHhIH 

orrepaToPY )U1tfqlepeHlll!pOB8HHfI no rro~HoK 1<00p.mrn8Te X" (:r,4J+1(I))j~ , 
T.e. 

~1f1 ~ ?dx" ( 7) 

Crrerm8JI:bHOe Kam16poBO'lHOe rrpe06p830Balille (rpYIIIIhl .g~.), oCY

ll1eCT~ee 3tfqleKTll~ rrOBopoT OCH BpeMeHH (~) ,6linO rrOCTpoeHO 

B pa60T8X MHOrux aBTopoB /9/, O.IU!aKO H8H60~ee rroc~e~OB8TeJI/r0 3TO 

c~en8HO ~ Hea68~eBoH KBaHTOBoil TeOpID! B pa60T8 lllEllmrepa ra/. Oc

HOBRhle nocTYJIaTU KBaHTOB8mlfI lllBHHrepa H M8TeM8TH'I8CK8fI YllliKaJIbHOCT:b 

pa,llH8rmOHHOH KaJlll6POBKH (c TO'lHOCT:bJO ~o Bhl60P8 1. ) CT8HOBfITCfI ec

TeCTB8HH.h1Ml'l, eCJIi'l BMeCTO 06u'lHoro MeTO~8 KB8HTOB8HIDI .ltHP8Ka (rrpHMeHfI

eMoro I< geJ.r: ) HCjOi:bSY8TCfI T.H. "MHHHMa~:b~" MeTO~ KBaHTOBaHIDI 

KaJIH6POBO'lHhlX rroJIeil: 7 , OCHOB8HH~ H8 HBHOr.! pellleHHH ypaBHeHIDI I'ayc

CB H8 BpeMeHHyJO Kot-moHeHTY rrOJIfI d., =: 't.IJ H He TeHsope 3HepI'lU'I 

-m.myn:bC8 BeJIHHqeHTe. B "MHHHM8JIbHOM" rro~o~e ~ K8.ll, 6e3 dnntc8mm 

K§JIMooBg Kal< HcxolIHoro rrOJIOlIteHIDI, y~8eTcfI rroJIY'illT:b ,llH8rpaMMHYID Tex
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HllKy B p a.IUWUlWHHOli KBm16poBKe C HBHUM rrOCTp08 HHeM rpyrrIIhl rrpc06p8S0

BaHH1i I'eils eH6epra - IIaYJIH (6). 

TaKHM o6 pa3 0M, ~ peJI.llTHBl1CTCKH-KOBapHaHTHoro orrnC8HIDI crreKTpa 

J1 BSa1!Mo,ne i!:c TBl1fI 8TOMOB B K3.ll Heo6xo.rnUlrL! ,UBa rrpm-!ll;rm8: "MJ1HHM8~:bHOe" 

KBaHTOBaHl'le 11 Bbl60p OCH KB8HTOBalillB: (7). 

11MeHHo H8 9TIDC ,nByX npHH1J;fflI8x B H8cTomue~i p86 0Te OCHOB8HO orrnC8

HlIe a.npoHoB 13 paMKax KB8HTOBO~ XPOMO,n;HH8MI1Kl1. MH~'~:bHOe KB8HT013BHHe 

Hea6 eJIeBOa Teopvill 6h1JIo Cil>OPMY~HPOB8HO B pa60T8X 7 , r~e lI0K838HO, 

'lT0 JIDROe peill8HHe ypaBHeHHfI I'aYCC8 ,norryCKaeT KB8,nP8TI1'lHO P8CTYll1J1~ no

TeHrm:aJI , KOTOphlil: CJIYlItHT :HHrppaKpaClUiM )loorrpe,neJIelllieM r8MiW :bTOllf8H8 

KXJl. KBaHTOBYJO XpoM0.IJ:l1H8M1iKy C YKa38HHhlMH ~oorrpe~eJIeHHfIMH 6y~eM H8

3tiB8T:b " MHlllMaJI:bHOH" (I~. ). 
Pa60T8 Opr8Hl130BaH8 CJIe~IDll1J1M 06p8S 0M. P83~eJI 2 lIOCBHm8eTCB: OIIH

C8Hl'11O cne m pa R BS8ID110,neHCTBlffi 8TOMOB B 3JIeKTpo,JJ;lm8MHKe C :HcrrOJI:b

S OB8HHeM~BYX BlilII8yR838HHl:iX rrpHHrm:nOB. B lI. 2.I KpaT,KO HSJrar8JOTCfI 

OCHOBHhle OTJIHtmTeJI:bHhle 'ieprhl MIDmM8~:bHOrO KB8HTOBDHIDI OT )U1paK013CKoro 

.IJ:JI.Il 3JIeKTpo,llHHaMlfKM. B n. 2.2 BhIBO,nRTCfI yp8BHeHIDI ~ 'iaCTHU B 8TO

Me n peJI.llTHBRCTCKH~KOB8pn8HTHoe TpeXMepHoe ypaBHeHMe ~ CMSBHHIDC 

COCTommH, OIIHCbIBaeMtDC 13crrOMOr8T8.iI:bH!illiJ1 6J1JIOK8~bHb[MH rrOJL<IMl1, B HHSllleM 

rrOJlfJ,nKe TeOpIrn BOSt!,Yll1eHMH rro lIorrepelffihIM qxJTOH8i.l. B n.2.3jl8eTCfI d)oPMB

JIH3M S -MaTpHlll:l (,J'~.) ~ OIll!camm B38HMo,neficTBM CBfIS8HHI£( " COCTOfI

HUH, B KOTOPOM M8TpH'iHhle aneMeHThi rrpoueccoB oITpe~eJIHIDTCfI Me~ 8CHMII

TOTYl'ie CKliMU CT86H~:bHhlMl1 COCTOmrn.HMH (lIOJIY'iaeMblMM pellleHHeM TpeXMepHoro 

y p8BHemm). P8s,neJI 3 rrOCBfIll1eH OIIHC8B~ CITeKTp8 H BS8HMo,neHcTBM 8~pO

HOB B paMK8X KX.U 
I"TIfH. 

2. PeJI.llTHBHCTcKoe OIIHC8HMe CM38HH1£( COCTOHHHH B K8.ll 
2. 1. MmrnM8~l>HOe KB8HTOB8HHe 

R8K OTMe'i8~OC:b BO BBe,nemrn, "MI'lIDIM8~:bHOe" KB8HTOBaHHe ID3JI.fIeTCfI 

60~ee ~eKB8THhlM. 'ieM KB8HTOB8HHe .ltHpaKB, ~ 0icimm CBfIS8HHIDC COC

TOB:lillM. MHHHM8~:bHOe KBaHTOBBHHe 3JIeKTpo.ItllHa~mJ~ 7 COCTOHT B TOM, 

'iTO 11S JI8rpaHlltH8H8 

d (y) = - : (~J2"))l_ 'f/(X) (/+ ~(r)- m-)'1(l:) J (8) 

(r~e ~.. r 8. Ay - 9vJi/f 'ft'::: rl"dl'" ,J -=!I'.I,.. H TeH30

p8 3HeprIIH - mmy~:bC8 EeJIHHqeHTe 

~v =~,l~+Cj/(l'~-e1)rv'f-gl';£+ i "i'{rr;~t') (9) 

(r,ne /~Ii = ; [t).Jr]Orl+g,.~O" - gil) or 
HCMID'i8DT H8 KJI8CCR'ieCKOM ypo13He HerpMsR'IeCKHe CTeneHE cB060~ rryTeM RB
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Horo peLUelUlR ypaBl}eH11R raycca 

a: 11" = j. + 'd.~~ JI. )(J. ~ :;'l (;).~i.ll" + e r~r)) , (IO) 

B peSYJIbTaTe TeOpl'lR (8), (9) BhlpalKaOTCJI 11CRJIIO'mTeJIhHO B TepMlffiaX 

~3HqeCKHX nonepe~hlX nepeMeHHhlX KaK WYHKUHOHaJIOB OT HCXO~ nOJIea 

JI,; lil If : "A 	 '" 

A: = If(Ai -+ dJ-V-~ Cv= erx:/>(-~!)/ fir =ie~)/' 
( II)1fT~ 'If t / f7+== t'~7/-: 

B qaCTHOCTlil, raMl1JIbTOHlilaH 3alllilChlBaeTCJI B ~e 

II' i q---'- 71 J.. cr~ -7"/: r'] .J T ,T Tdt= /". =T.::1;,; (.I}-/-+ 'I ~'iJ" -+ r{f,Jj~' +}1{J'f+j .. .JI-i ( I2a) 
~ cB060~oro nOJIR ~: COOTBeTCTBYIDmMH r8MHJIhTOHHaH ~arOHaJIeH B 

TeJlMllliax .IJ;Byx HHBap11aHTIUDC nepeMeHHhlX .Jlr (rd,tj, onpe,neJIReMIDC KaK 

flT r L , flL (~ l" 7" _ s:-' ki 1- )
Jr. (i<.) = ei (ld.ftr{IO) ¢:;,l€i. €j - Oil - fk:tJ. 

T.e. 

d.;2. 1- l. .£('.1 ') )N~ (JI) = ~ ,:/;, (j() -f- I-{ ry;; =2:LcIIr + ( Cf;. Jr:/, 
(126) 

YCJIOBl1e nonepe~OCTn nepeMeHHhlX (II), HCMIOqaJOmee O,nHOBpeMeHHO BpeMeH

HYID (.fi.) 11 npo,nOJIhHYID ('d i. .II,) KOMIIOHeHThl nOJIR, RBJI!l:eT CJI CJIe,nCTBH

eM peweHruIypaBHeHl1R raycca (IO) 11 KaJIH6POBO~oi:l >lHBapl1aHTHOCT>l TeOpID'J 

((5), (6))X). 

B~o OTMeTRTh CJIe.ny~e TpaC~pMaUHOHHhle CBOHCTBa WYHKUHoHaJIOB 


(II): I) 01Ul RBnRIDTCJI HHBap>laHTHHMH OTHOC>lTeJIhHO KaJIH6pOBO~ npe

06pa30BaHHH >lCXO~ nOJIeii, >l 2) npe06pa30BalUle JIopeHIJa 11CXO,nHhlX no


JIett 11i, <jI reHep>lpyeT B TepMIDiaX IPYHKUIIOHaJIOB .ft- , <fT rpyrrrry 


(6) COBMeCTIUDC KaJI>l6POBO~hlX 	11 peJIRTHBl1CTCKRX npe06pa30BaJrnii 

~l-0ell;rJ7] = S; A: (2;) -+ ';)" ~ (:cJ ) 


~:<ftr} = ~: I.fT(T~ -+ [" e 1\ (x)y/(:rJ, 
(3) 


.{ (tiT" 'd~ (//r// \ 	 ~" 
r.ne ~:- £" ';1.1 lurK + 'O~ r ,) - KaJIH6POB0tnllii1 nOBopoT, Ol.

-o6hl~oe npe06pa30BaHHe JIopeHIJa C rrapaMeTpoM '(:" (x ~ ~ x"" + f~ -t), 

X)B 3TOM JIerKO y6e.n;l1ThCR, Yqj\ThlBaR TOlK,IleCTB8 :1;<" = 2;"./1,; - d,; JI.[,I,'}= 

( 
\' '\.£ ")t1 n 'd.: + n T ,,1.. T+ i:: (J'd - 0, -oa ~ (/" Hi - '0 a e r Cf = CI.,Jli - eYi- -W e. <t cr, 
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Ha KJIaCC11'1eCKOM ypoBHe IDlleIDTCJI CJIe.l\YIDmMe OTJIH'!lIIR "lI'oornMaJIhHOro" 

no,ItXo,na OT llleTo,na ,Ib1paKa: RBHOe peweHHe ypaBHeHlUl CMSl1 (IO), qTO 

03HaqaeT nepexo,n K HeJIOKaJIhHhlM nepeMeHRhlM (II); Bbl60p KaJIH6POBOq

HO-l'IHBapl!laHTRoro TeH30pa 3Hepnm-RMIIYJIhCa (9); HeJIOKaJIhHhle npe06pa3o

BaHlUl JIopeHl.\8 (13) nonepe'llWX IPH3>lqeCK>lX nepeMeHHhlX.:Ift 11 <p T • 

ITPH nocTpoeHl!ll'l nepeMeHHhlX (II) OCTaeTCR ~ffih npo>l3BOJI B B~60pe OCH 

.KBaHTOBaHl1R 7/'f = 0 ,0,0,0 ) / (.II., -=- ./11'.1r)' B Ka'1eCTBe KOToporo 

MOJKHO Bhl6paTh JI1060H e.IJ;IDm'1H.IDl BeKTOp l' ( r\ 1..) , CM3a~ C HC-

XO,nJUli\~ BeKTopoM ~ npe06pa30BaIDleM JIopeHlJ,3 ("TOT npo>l3BOJI aRaJIor 

B~60pa KaJI>l6POBKH B MeTo.ne ,Ib1paKa). 

KBaHTOBaIDle TeopKH C raMHJIhTOIDlaHOM (12), B~palKeHHHM TOJIhKO B 

TepMI1Hax qIH3HqeCKHX nepeMeHHhlX, oCYll1eCTBJIReTCJI C nOMOllU>JO 06hl~ nepe

CTaHOBO~ cooTHomeHHH 

[ ~ (i, X), .J1~f(!f)l 	 firo.r a(.i'-;) 
r' ... -oj[<fT(t, x)/ VT({fJ}+ -== 	 a (x -,!f. 

(OCTaJIhH~e KOMMYTaTop~ Tpl1Bl!laJIhH~). 
TpaHC~pMaU1'lOHHhle CBOi1CTBa KJIaCC>lqecK>lX nepeMeHHhlX (13) H KBaRTO

r nT )"
BhlX onepaTopoB 'F (r) 11 J1: (r)= ej:rjJ,JljcoBna.nDJOT. 3TO 03HaqaeT, qTO 

KBaHTOBaHHhlM JIOKaJIhRbIM onepaTopaM r.;T(X) >l q(T(r) cooTBeTcTBYIDT Ha 

KJIaCC>lqeCKOM ypoBHe HeJIOKaJIhHhle neWMeJUWe (II)', 

TepMI1H "peJIRTl1Bl1CTCKaR KOBapl1aHTHocTh" B Ml1Hl'IMaJIbHOM RBaHTOBaIDm: 

HMeeT .ItB8 CMhlCJIa: peJIRTl!lBHCTCKaR KOBapl1aHTHocTh KaK ~PMa 3a11l'lC>l, 

KOTopaR ,nOCTl'IraeTCR Bu60pOM OC>l KBaHTOBaHRH (7), >l peJIRTHBMCTCKaR KO

Bap>laHTHOCTh KaK TpaHC~pMaUHOHHOe CBOHCTBO. onpe,neJIReMOe rpyrmoH 

({j~~JJ COBMeCTHhlX peJIfITl1BJIlCTCKl1X >l Cnel.l)18JIhHhlX KaJI>l6pOBO~ 
npe06pa30BaHHtt, 4M31'1qeCK>lX rrepeMeHHhlX (13). 

2.2. PeJIRTHB>l CTCKR-KOBap>laHTHOe OIT>lcaHl1e aTOMOB 

3JIeKTpo.n;l1HaMHKa C ,nonOJIIUlTeJIhHl:IMH np>!HUHnaMl1 - MHIDlMaJIbHOrO KBaH

TOBaHlilR >l Bhl60por,l OCl1 KBaHTOBaHlUl - ,naeT peJIRTl1BRCTCKR-KOBap>laHTHOe , 

OIT>lCaIDle aTOMOB B KallU\OM nOPR.nKe TeOpID'l B03MYll1eIDli1. KaK OTMe'lWIOCb Bhl

rue, B TaKOM no,ItXo.ne pa,nnaU1'lOHHaR KaJI>l6POBKa BMeCTe C rpyrmoa Cl!lMMeT

pKl'I (6) B03Hl'lKaeT eCTeCTBeHHO ( B pe3YJIhTaTe fIBHoro peweHlilR ypaBHeHlUl 

raycca) • 

PaCCMOTp>lM peJIRTJffi>lCTCKOe KOBapHaHTHoe OI1l'lCaHHe aTOMOB B npeHe6-

peJKeHl!ll'l pa~aUHOHHbIMl'l nonpaBKaMH ( 06yCJIOMeHHhlMH 06MeHoM nonepe T.!HHMlI 

~TOHaMl1) C nOMOll1bJO ~pM8JIlil3Ma BCnOMOrBTeJI.hHhlX 6l1JIOKaJIhHhlX nOJIea 

'001 (X'1) III!. By,neM l!lCXO~Th R3 3qxpeKTilllHOro ,nei1cTBruI C '1eThlpexcIJep

M110HHHM B3am.10,ne~cTBHeM, KOTopoe RMeeT B>l.l\ 
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J =Jd"X Cj/(':C)(-i/-+ I??~ rt(:£) 

- iId~:rdj<f:/:f)~ (X)!K" ,(~dj V:.(X)r;;t fJ) = 
"l,/'j "-.,.

_ ( - d-11 .{ (, - J/ ( //-; \ (I4) 
=- l-tf lf "/ - ~ (rtf A t"!) r r.j'/ . 

3,nec:c -A, Yl Jt - WipaKOBClGIe lfil,l\eKCbI; Kr'r) - RJU)O, olIpe,neJllle
Moe "!epes IIOTeHIwaJI KyJIOHa \.{ (£) -= - d h£{ ~ OJIe.DYIO!UeM mUle 

( 15)K(1) (X) ""!f' lie (XJjf ~(x ')} 

r,ne if -: r~r J X~ :0 XJ' - ~/'f (?''C) J 11. =i . 

l1MeHH.0 TaRoe orrpe,lleJIeR11e R,J.ij)a C B.bI6oPOM OCYl BpeMeHl!, napElJl.lIeJI:CHoH 
BeKTOpy Wi~peHDHpoBaHRff IIO IIOJJHO~ Koop~aTe CBffSaHH.Or O COCTOflHHH 
(7)/Be.n:eT R peJlllTHBHCTClGI-KOnapHaHTHOMY OII»C8HllID aTOMOB. 

3qxpeKTHBHoe .n:e~cTBHe (14), IIOOJle ycpe.u;HeHRff IIO 1JePMHOHHblM IIO
Jl.RM, saIlllClffi8eTCSl B TepMHHaX 6HJIOKaJI:CH.bIX IIoJIei1: m (:t"J) B cJIe.uyJ(}
lIleM BH,l(e III, 12/ 

,)lIlm]=+!(m,K:;m)-iTr&(- d.-~ 'm)) 
(16) 

r,lle 	 OJIe,ll TY' OSHa"!aeT HHTerpHpoBaHHe H c~~poBaHHe. 

YCJIOBHe sKcTpeMYMa :rvm SToro ,ll;ei1:cTmm B TO"!Ke '101 == 2: 

SS4l lm1 = 0
5'm 

Be.n:eT K ypaBHe~ na~COHa - illBHHrepa :rvm MaCCOBOro OlIepaTOpa ~PMYlO-
Ha 	

26-/1) "" ~''fh'-d) mO- L (Kr1J d..) (x-J) ~ (I7 ) 

r,ne HCIIOJI:CSOBaHO KOMIIaKTHOe 060SHa"!eHHe 

(K'1 i d~ )(x-J):: jcl~ K7! (T- ~) G-7 (~-J-). 
3'1'0 ypaBHeHHe OlIpe.n:emIeT ClIeKTp 1JePMHOHOB B aTOMe. 

PaSJIO~HHe .n:e~CTBHR (16) B oKpecTHocTH cTa~oHapHoi1: TO"!lGI IIO 
(pJIyKTYa mmM 00]' =on- 2: olIpe.n:eJlfIeT cBo6o.u;Hoe ,lle~CTBHe /II-I3/ 

J{~)[mj~ 1-! (ori, {r;lon) + Tr (d~ Ofl)j ( 18) 

11 ,ne~cTBHe. OIIHC.bIBalOU1ee BsaHMo,lleitcTBIDI 

8 

(f 	 00.f '>!. r:>O ''''I 
,J~. [mj=& /Ve Z n lr ~ =: Z S'~. , (I9)

"'''3 	 jp!>r ,I(e 

pry,?) = (~'Or») (xq/=Jd~ ~ (1,?) OQ) '(2}J. (20) 

YOJIOBlle 3KCTpeMYMa S'e4r.[~/] B TO"!Ke 'OdJ I = r COBlIa,llaeT C 
O,l(Hopo.u;H.bIM ypaBHeHHeM neTe - COJIII11Tepa B JIeCTH11"!HOM IIp1l6~eRH11 Ha 
BePllllffiHYlO cWHKmno 

rr'X'}) =:-i /(r;fT-j!fo?jrJ~" ci(r-~,)0f' ~:) d (2J -/fJ (2I)r 

KOTOPYID Ha.IlO paCCMaTp11BaT:C COBMeCTHO C ypaBHeH11eM (17). 

B YIMIIyJIhCHOM IIPOcTpaHcTBe ypaBHelU1H (17) Yl (21) SaII11C.bIBaIOTCJ! B 
OJIe.DYIO!UeM BIme 

~ (//) -: mo- ifrtt Y(f~r)!f~ (1 ff) (22) 

G) ("/q:j=-1~"Y()~f/t) d{~-fl)ft) ~/))4,r:-lJ;;;J .(23 ) 

3,nec:c 

CJ't)~ fj_ 
1 
'Z(() , 

(24)[I) OJ!)) =jri?dX G, (?,X).e;z;pf</ !PX+9 r)/, 

x == j. (X'ra.J+ X{~ ) 1'1 l = (X(4-r :r(~;) - IIOJIRaH 1'1 OTHOCllTeJI:CHaH 
Koo p,ll;RHaTH.IlJlfI CBHsaHHoro COCTORHRH . cooTBeTcTBeHHo; a oc:c BpeMeHH 

HalIpaBJIeHa IIO IIOJlll.oMY 1'IMIIYJI:Ccy r~ "- ~ (l!JI11 1Ji - -idIdx'" ) ; 
t; = ~~ -1:, ~; =~ (fPtf)/P'1 ~5>=(£p'rp)/v9~' 
~ "!HGJIeHHOrO peweHHR CHCTeM.bl ypaBHeH11~ y,l106HO 1'ICII0JI:CSOBaT:C 

:rvm MaCCOBOro OlIepaTopa IIpe,llCTaBJIeH11e Tlliia ~JI,l(H - Ba~TxayseHa /14/ 
-.2. .I. 

~(r/) = [(r/)S (~)+~ , 	 (25 ) 

r,lle 

S(~) = ex;;f- fjrC(ff)- fJJ, 
.L 	 (26) 

( 
CY).... 1.

<f = 11tj . 

9 

http:CHCTeM.bl
http:CBffSaHH.Or


fI
B pe3"JfJl:bTaTe IffiTerp:l1pOBamrn (22) n o ~ H lIo.n;CTaHOBKl'I (25) ypaB-

HeInIe na:l!COHi - illB~repa npe Bpama eTcl B CHCT 8M:y ypaBHeHIDt Ha rt{';) 
H E(,L) 15,17/ !..< 

E(f;. /Jtftr(i~ =m-- fit!; Y'(k:~.L).fi)t,r;(ll), (27a) 

!>.t A 

E(Il)Co!ftt j = /k.£/+ ffr1!l y(A~1)(k~f)ewt(~). (276 ) 

IIpe.n;cTamm fPYHKUHIO I'pIDla B BH.n;e 

G )=[ lI+rt l:J» + /\- ((/:P~ _Z,fir 
'E (r: 9~-[(t/)+ c'f ~g;+- Err.t)- t f.j R . (28) 

r.n;e ~poeRUHoHH~e olIepaTop~ 

J. fP Cj> ...fr )- J I. !
I\t; (~/!P)=f(t);1 t t (()) 11:t. =: :t (1 !:. liT (29) 

y.n;OEJleTBOpRIDT COOTHOWeHR.qM 

!I:t ((/fP)$'==JYA± (cy~/P)) II!: (1IP)=l(l)A~ S(~), (30) 

113 ( 23) IIOCJIe ~TerpHpOBaHM lID 't!J> IIOJIY'lllM TpeXMepHoe ypaBHeHl!:8 


THna COJllIHTepa /16/ 


[£(CfJ- Vry~f (~~/!P) '41) (t/I:P)X_ (f(I!p) + 
(3I) 

+[E;(~J+IiY/t (r//!P)¥/:,) (~.tI!P)Ii+ (~.LI:P) = 

:=-it.;3.tY(rf-tJ.)~!) (e/!p)) (Er (~/)= Er,,/~~+0R)('~ 
3.n;ec:b BBe.n;eHa HOBaR ¢YHKUHR, olIpe.n;enReMaR ~epe3 nepillID!UYID ¢YHKllHD 

MK 

~l) ((//p)~ if1iG
yr 
£1.f ;)r;',; (p.L/g»d-:E{r{~ - f). . (32) 

HeTpy.n;HO y6e.n;l'lTbCR, 'ITO ypaBHeHHe (3I) y.n;OEJleTBOplIE:'I' 3aROHY ,lDIcne:p-

Clm P~=!1J.. 
PeJlRTHBHCTCKH-KOB8pHaHT~e ypaBHeHKR (22) H (23) B HepeJlRTHBHCT-

CROM IIpe.n;8JIe H IIpH6JIHJKerurn CJIa6o:l! CBIl3H (UZle'" rJ. L~ { ) COBna.n;alOT 

C ypaBHeHHeM illpe.n;HHI'epa ,lI,ilff aTOMa C KBaHTOBWDI 'llICJIaMH H H lIepe

HOPMHpDBaHHOt1 MaccoH /16/ (KaK rrpH6JIl1)WHHHM peweHHeM y paBHeHIDl ,Ua:l!

COHa - illBIDU'epa, m.,.fII, = L ) : 
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~2 1 

[MH -lmrel!- ~r~]~(f)=dj~ Ii::ti'l t [if), (33) 

r.n;e IIOJlOlKeHO ~., (M/-(~ 0, 0, 0) 11 k-J. ~ (0, t) ,a BMHonaR ijiYHRLUffi aTO

Ma C~3aHa C i!iYH~UHeH COOTHOweHReM 

\j{{flMH} ==;1f(¥/M/-()~ (ifJIi- ({/MH)' 
TpeXI.18 pHoe peJlRTI1I3HCTClO!-ROBapJlIaHTHOe Y paBHe /ie (31) OTIDIqaeTCR 

OT KJlacca H3BeCTHUX KBa3HIIOTeHUH8J1:bHUX ypaBHeHMM IB/, rJlaBHWM o6pa

30M, 3aJlOlKeHHEM B HeM IIPI1HUHIIOM peJIJITHBH3aUHH, 06eClIe'lllBaIDllijIlM .n;BH

lKeHRe RYJlOHOBCKoro IIOJIJI BM8 CTe C ~aCTJlIuaMll aTOMa. 3TO ypaBHeHMe II03

BOJlReT B~'llICJlHTb c rreKTp aTOMa C yqeTOM peJlRTJlIBJlICTClO!X rrOlIpaBOR B 

Hl13Well! lIop.q,nRe TeOpJIIJII B03N't,YllIeHHit lID IIOlIepe~h!M IPOTOHaM (BKJla.n; ROTOPUX 

MO~O B~CJlI1T:b CTaH.n;apTHWM nyTeM /16/). 

2.3. TeopM B03MYIlI8HHil .n;nR CBIl38HHUX COCTORHl1il 

• 
B KBaHToBoil TeopHH IIOJIJI OlIHcaHHe B3aJlIMo.n;eilcTBJlIR JlID6ux qaCTJlIU 

oCYllIeCTBJlReTCR B p8MKaX IPoPMaJlJlI3M8 S -MaTp:fUlJl. CYLQeCTBJeT olIpe.n;eJIeH

HaR IIOCJle.n;OBaTeJl:bHOCT:b lIocTpoeHHR MaTpJlIquux aneMeHTOB ~. -MaTpJlIUU: 

BHa~aJIe B~qnCJlRIDT clIeRTp aCJlIMlITOTJII~eCKHX cTa 6I1JI:bHUX COCTORHaH, a 3aTeM 

- MaTpl1~~e 8JIeMeHT~ MeJK.nY 8THMH CO CTORHJlIRMJII B IIpocTpaHcTBe ~M 

KBaHTOBaHHIlX lIoJleil, paCCM8TpI'JBaR mOOoe B3aJlIMo.n;eilCTB.i'le RaR "MaJIoe B03

r·~YLQeHJlIe :' 

KaK 6~o YCT8HOBJIeHO B~we, cTa6J1IJI:bHOCT:b JII p eJIJITHBJlICTCKaR KOBapH

aHTHOCT:b aCJlIMlITOTH~eClO!X COCTORHM:l! aTOMOB O.n;H03Haquo olIpe.n;eJIJIeTCR B~-

60pOM OCJII BpeMeHH (1), lIapaJlJleJI:bHo:l! BeRTOpy ,!U!qxpepeHLmpOB8H1'JR IIO 

IIOJIHOH KOO p,ll.HHaTe (7) (YUill nOJlHoMY IDIllIYJI:bCY cBo6o.n;Horo aToMa). Tor.n;a 

RBaHTOBaHHe 6J1IJIDRaJl:bHIlX IIOJle:l! oCYllIeCTEJlReTCR Raf( o6~quo, rryTeM pa3
l+'( ~) (-J -') /13 15/

JlOlKeHMR IIO orre paTopaM pOJK,l(eHM C!-II !J>/ JII YHH~TOlKeHI'JR alJ (~) " 

001' (X,y) =on'(2,X) = 2iJclJiIl~4. ef.l(l?t) ~" (34) 

~fexp(c"9x)[(r//!J)a~~9)+ eXIk"r;X)7;{- (//rp)a~-'r:/)l 
r.n;e d 3:;p (=-?2 1.'

d J?t{ = rA_l')A ~, U{ = :; + NH I 

II 
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a r: (q..Lj:P) - pemeHHe TpeXMer1oro peJUIT~BHCTCKOro ypaBHeHHH 
(31) ,ll)lR aTOMa H. On8paTopli a..,-) y,nOBJIeTBOpRlOT nepeCTaHOBO'ffi1iM 

COOTHOlIIeHIDIM 

[ 0.. (-)(i'l a (+)(§"J 7 == ~ , '6(i: !$j 
H /" H' 'l- HH ) (35)

[a~~)(1l)/ a~~) (P">'J] = 0, 
COCTOJlHWl OT,neJIbHoro aTOMa (H) HJIH CHCTeMli aTOMOB (H,) .. 'J 1-1",,) 

onpe,neJUIlOTCH (B npOCTpaHCTBe ~Ka) ,neJ:icTBHeM onepaTopOB a.L~) Ha coc

Tomme BSKYYJ.!a 10/ 

(L~+)(J)jo> == /1-1) r> I 

(36) 

If!".>;. (+! -.... I / -"? H. ~>a (!J>~).. , {l", (fJJn-)/O> = ",/}~; ... ; ~::r1C • 
H I .. 

rrpe~e ~eM ,naTb onpe,neJIeHHe MaTPHqRNX 3JIeMeHTOB, YCTaHOBHM HOp
J~pOBKY BOJIHOBHX ~HKUH~ aTOMOB. PeJIHTHBHCTCKY~ HOPMHPOBKY pelIIeHHa 
ypaBHeHHH (31) Ha CBH3aHHHe COCTOHHHH onpe,neJIHM aHaJIOrH~O TOMY, 
KaK 3TO ,neJIaeTCH B JIOKaJIbHOM cJIy~ae, HarrpHMep, ~ CKaJUIpHHX Me30
HOB ~(~CO CBo60,nHHM ,neaCTBHeM 

gd.J: [¢]:: ~jd~!f1.~(rJj:!1~~rz)j :: 
(37) 

-=- 1- rb ri (~) ,v-}-9»/(9) ) 
~ J{).M.y¥ ,! 

3,necb 

1(;?)=j1!c eXI{-,'!Px)r!{X),,' 2)-7Y» =' (f~ 11: 

¢ (r) lIMeeT CJIe.rcylOlllee pa3JIOlKeHHe no one PSTOpaM poJK,nemm H 
YID'l~OlKeHHH 

t1J(;c) =jd3~ 1. !eXh{t'9x)a (-1(9)-+i 

T (J.;;) t l~lJ r 

-+- €Xf{-i qJ:r) a (-)(g)JI 

::,1 'i)r.I\e -d W = ~ -f11!/,Rv/l) = til?? (Cf.-w) X(9) ==,flU? ( I 
~-'>W 
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To'!HO TaR ¥8,nO.I\CTaBJIHH ( 34) H (32) B (18) H HCnOJIb3YH COOTHOllieHHH 
(35) H 

( Er T M~,) - (~ 'j- !1H)j(Er:t /iF) 


-= W H /11h'(~-wH) -f o(r!A -tV,,)') ) 


rrOJIY'lliM HOPMHPOBKY .I\M IPYHKrnm r:;(9-J/l1w ) /13/: 


1. _;:d~J. •~ l' oJ. 9 -f.L \} .J. 9 + ~17 
(38)Lf!1~i) (J,-;;? i/1L~1- Y;({)/t <!:(~)-;1f V:/t/,)~- tift!;=/, 

r.I\e 

c;:((/)== s:~;({) r:;ffj/#~) 0~{(fJ./ (39) 

.. If ¥~II 
(HH.I\eKCH Cl- H (> OTHOCHTCH K ~aCTHu.aM aTOMa): /f" 

MaTpH'lHID! 3JIeMeHT y,n06HO 3arrncaTb B TepMHHaX iPYHKUI'!a ':J:!(X,Jj) , 
BBe.I\eHHHX B (20), .I\JIH KOTOPHX ( C y~eToM (28 ) H (34) )pa3JIOEeHRe no 
onepaTopaM pO~eID'lH H YHR~TO~eHRH HMeeT BM.I\ 

P{Yrj)== ~(r,X) =- f jlJl#ffJi €XI(iCfr):: 

::' {eJp(i'PX)a~"(~PJ'!/rP)+exp{-'fPX)a:'(q,)1;fJ'l q>J} 
r.I\e IPYHKlUlH ~ ('1..L/!P) BHpaJKaeTCH ~epe3 iPYHKU\flO (39) cooTHorueID'leM 

~ (91 f!»= dZ(Q/~+§) T/; fr;.i/!P) ~ 
( 40) 

= s: (~ )!JET(~/)-!1H)I1:<ff-(r) J1~ t 
(4) ~ E(4/~()-lf 9'_ if - c' E. 

(Er({)+-I1H)/t.~ rwu. )A~ }af,-i (r;/J.)
+ F(Q){1-'-)+'1"''';'' - i£. (I) I' . 

MCKOMW! MaTPH'!HID! 3JIeMeHT, Harr~iMep, MeliiAY COCTOJI!iEJIMH aTO-

MOB H BaKYYMa,3arrnCHBaeTCH B B~.I\e/1 

I :~ 

http:aCTHu.aM


_") ~I (71)/ ><. Ht,l 'iPJ~ ... ; H... ,g;... i 	S..IJ , 0 = 

r"'J -") ->-:. 
 ( 41a)vU ~'''')~)=-i(#l8/tf:~) 

<~t n V(~\3~W' 7
d'~{ l' J d 

r,ne 
If _(Q,a.) 

//(~)/J! rl)=c. fh v _1._ C) (cl'/c.P.,) 2 
r.M- (-~,I ...) J£ J{c2;i'~, n.. Jlt r i 

IW {cO( ~ 

r:- fi/"Ll1'-!rcZ.L_ 9c~ +CJ!l>/1J ) t1/1?311.~-,_ ~ _ $, + !lt~/g;, ):; (416)
'-- J;,.L Cr '" t~~.. (" ,~ J. ~3 '" 

- (tl...t2t)~ .L_ fJ:. + ~I r:7Y ) 
, :'I [A a [p -	 - :..r,
'- H", r ~2' , ' ~ "II' 

~Y IlK~ rpHf\a Mll 6HJIOKa.nhHID: rro.ne» OOJ'{?,X) JII m'(~/'X) 
1meeT BJII,n !I2,15/ 

..;n'(~,X) ~'O;X/) =(~llJd!Pcitr utI ti, 2 

::: exp{i(~X- QX 'Tpr-frJl§u,r/~ Q), 

r,ne 

!l0'~ /~ &2) = L[ rz(~/9)iJ(-PI9)
H ,"-WH (9). - ~# - t'£) 

r: (p.1/9) it(- tf?fP) 	7 
() W (~ + WI( - ( '£) ],

H 

~PMYJIH (40)-(42) B cOBoKyrrHocTH COCTaBrr!lDT SJIeMeHTH Teop~ B03
MYmeHHi!: ,n.7I!l CB!l3aHHID: cocTomrni!:. Hawe orrpe,neJIeHHe if?opMaJm3rr ,C,Y-MaTPH
L\ll ,n.7I!l aTOMOB (..f'cl'.:iJ )OTJIH'IaeT Cll OT ,npyrHX (CM., HarrpHMep, 19/) BH6o
poM OCR BpeMeHH (7), o6eCrre'IHBa~M caMOCOrJIaCOBaHHoe TpeXMepHoe pe
nRTRBHCTCKoe OITHCaHHe Ra~oro CB1l3aHHoro COCTOllHRR. 

3. KX0MHII RaK TeopIDI a,npoHoB 
3.1. 061111W 3aMe'iaHIDI 

PeweHHe rrpo6JIeMN penRTHBHCTcKoro OlIHcaHIDI CB!l3aHHllX cocTomrni!: B 

1-1

KSn, rrany'IeHHOe B rrpe~meM pa3,neJIe, OCHOBaHO Ha .nByx ,norrOJIHHTeJIh
HID: (no cpaBHeHH~ C OllHcaHHeM CBo6o,nRHX aCHMTITOTHqeCKHX COCTOHHHH) 
rrpHHUijrrax: MRHHMaJIhHOM KBaHTOBaHHH H BH60pe OCH BpeMeHH KBaHTOBBHIDI 
(7) • 

c TO'tKH 3peHHll o6wrno2 "rrapTOHHO}f" KXJI, ilrn3H'ieCRall Hea,neKBaTHOCTh 
llBHO KOBapHaHTHID: MeTo,nOB KBaHTOBaHIDl ( B TOM '1HCJIe MeTo,na .ll.HpaKa) 3a
,na'Ie peJIllTHBHCTCKoro OITHCaHIDI CB!l3aHHllX COCTOllRHi!: OCTaBJIReT HaH60JIbWee 
'iYBCTBO Hey,nOBJIeTBopeHIDI. ECJIH STY Hea,neKBaTHOCTh rrpHHRTh RaK HCXO,n
HHH ~KT B KSn, TO TPY.nHO o~,naTh OT KXJI KaK TeopHH KBaPK-rJI~OHHllX 

CB!l3aHHllX COCTORHHH (a,npoHOB) 60JIhwero COBepweHCTBa, 'ieM OT K3n. 
TaKHM 06pa30M, HMeeT CMHCJI rrpH3HaTb, 'iTO MHHHMaJIbHOe KBaHTOBaHHe 

He TOJIhKO HaJll60JIee y,n06HHi!:, HO 11 e,nHHCTBeHHO B03MOlKHhlil. crroco6 rrOCTpo
eillm KXJI RaK TeopHH a,npoHOB. 

MI1HMMa~hHOe ~HTOBaHJIJe 	Hea6eJIeBOH TeopHZ He,naBHO CWOPMYJIMpOBaHO 
B cepID'l pa60T /7,20 ,TOqIJO TaR * e RaK B cJIY'iae 3JIeKTpo,nHHBMHKH (rr.2. I) 
OHO 03Ha'IaeT, 'iTO MH KBBHTyeM TOJIbKO ,nHHaMl1'ieCKHe CTerreHH CBo6o,nH. 
3TOT MMRHMaJIbHHi!: Ha60p ~3H'ieCKHX rrepeMeHHHX ,naeTCll rrpoeKUHe~ RaJIH6
POBO'1HO - HHBapHaHTHl:iX BeJIM'1HH (JIarpaJOOlaHa, TeH30pa EeIDIH~HTe) Ha 
llBHoe peweHHe ypaBHellliR I'aycca. B TaKOM MJIlHHMaJIhHOM KBaHTOBaHHR H3Me
HllIDTCll rrOHllTHll KaJIM6pOBO'1HOM HHBapl1aHTHOCTI1 H penRTI1BI1CTCKOil. KOBapHaH
THOCTH. Tpe60BaHHe KBJIM6pOBO'1HO~ I1HBapHaHTHOCTH HaKJIa,nllBaeTCll He Ha 
MaTpH'tHHe 3JIeMeHTH, a rrp!1hl0 Ha ~3J11'IeCKHe rrepeMeHH~e (orrepaTopH rrOJI e ~). 

06U'iHOe rrpeo6pa30BaHHe .JIopeHIm HCXO,ll,HHX rrOJIeH COOTBeTcTByeT RaK pa3 
rpyrrrre rrpeo6pa30BaHH~ feil.3eH6epra-ITaYJIH (13) .nJI!l IPH3H'IeCKHX rrepeMeHHllX 
(RaK IPYH~OHaJIOB . OT HCXO,ll,HHX rrOJIe2), rrocTpoeHHoi!: M!l Hea6eJIeBO~ 
TeOPHH illBI1Hrepo~IO/. 

RBHall KOHCTPYKUHll Hea6eJIeBHX IPZ3Z'ieCKHX rrepeMeHHHX B MI1HHMaJIh
HOM rro,UXo,ne (B OTJIH'IHe OT MeTo,nOB KBaHTOBaHHll .ll.HpaRa H UlBRHrepa) Torro
JIorn'ie CKI'I BUpOlK,lJ;eHa H Be,neT K MexaHJIJ3MY KOH~lffiMeHTa RaK ,neCTpYK
TI1BHO~ JIIHTep¢epeHUijH ~30BHX ~KTOpOB TOrrOJIOrn'IeCKOrO BHpolK,lJ;eHH!l/20,~/ 
TaKoil. KOH~~eHT HaH60JIee 6JIM30K K JlJHlPpaKpaCHOMY KOHIPail.HMeHTY, B 
.nBYMepHO~ KXn 2I!, KOTOpHi!: 060CHOBllBaeT rrpl1HUJlJrr JIOKBJIhHOil. KBBpK-a,npOH
HO~ .nyaJIhHOCTH (T.e. rrpHMeHeHHe TeopHZ B03MYmeHHi!: Herrocpe,nCTBeHHO 

.nJI!l MHHMIIX '18CTeil. KBapK-rJI~HHHX ~ar~'MM B npOCTpaHCTBe MHHKoBcKoro, 
'ITO xapaKTepHO ,n.7I!l "rrapTOHHO~ KXJI I, ). 

3.2. Pa3MepHall TpaHcMYTaUHll 

,lI)I.q OllHcaHHll a,npoHoB B CHCTeMe rrOKOll (?,. -:0 ({, 0, 0) O})HCXO,nHHM 

!lBnReTCll raMHJIhTOHHaH KXnMH~ , BupaxeHHH~ B TepMHHaX rrorrepe~ ~3H
qeCKHX rrepeMeHHID:~:~ E.G., 'O,,,f.,T"=nE.~= 0/' e =i " ,) a" ISoTOpHi!: C TO'lliOC~J .. I 'I .. I 0, t l '/77/ 
Th~ ,no HeJIOKaJIhH~ WBHHrepOBCKHX '1.7IeHOB I1MeeT BH.n 	 . 
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H6~0]=jd~fl (0(r))~ : (!J;/rx)/+1rxYir/K flx-fm~1(r) 

g2. Q. ~I! J. r al '>/,\ ~ J 
+ y:{, (r!; d!lL 2J {£j j.Jl):{,t (tfJ; . \42) 

~eCb ~ 

VI< =: 
=-4 

~. = ~~. -~;f. -+J At'~' / 	
(43) 

~Q. = 1ti./~E/ -lie + (c/' ~~ ?f) J 

~f/, .... '-'>/ 4)WHKmm fl 

KOB8pM8HTHaR npoE3BOnH8RA: >,0dl( -+ 9 ~ , I 
r) Q n il. 16Z/e ~ .fa 

a $) LX-(J 

r;( ) 1.
Ll'ildi 'd.1 (~' 

a:l _ c:;:al n 
" . - (!J d.' -+ Q ~,." "if t-. 

XOPOWO E3BecTHo, ~o B KBBHTOBOH TeOpRH no~ (42) YCTpaHeREe 

HHrppaKpaCHliX paCXO,llHMOCTeit He RBJIReTCR CTOJIb XopOWO onpe,neJIeHHOH 

npou.e.n;ypoA, KBK YCTpaHeHEe YJIbTpatPHOJIeTOBIiX paCXO,IWMOCTeit. HanpMMep, 

KYJIOHOBCKoe nOJIe i/'Y'- B O,nHOneTJIeBOM npE6J1ID1(erum nPH06peT8eT rpaKTOp 

l.-+etltA-r (r,ne;\ - n8paMeTp HHrppaKpaCHOH pery;mpli3aIUili). 

ITpo6JIeMa YCTpaHeHKH HHrppaKpaCHliX paCXo,nRMocTel B nOTeHUHaJIe 

B38EMO,neAcTBHR TOKOB npe,nCT8BJIReT co6oA cneUHtPRKY KXll.06u~o C~T8IOT, 

~O HMeHHO EHrppaKpaCHHe paCXO.nEMOCTH Be.nyT K RBJIeHHD pa3MepHOH TpaHC

MYTamm. CymeCTBYIOT ,llBe o6menpmurrue IlOlIblTKE OlIHca?2R 3TOro RBJI6HIDi. 

OnHa H3 HEX OCHOBBH8 H8 PeHOPMI:~~iOBOM ypaBHeHIDl 22/, a .npyrruI-

Ha peweTO~~ ~CJIeHHRX KXll / ,ilepBaR Be,neT K rpoPMYJIe aCEMllTO

TE'ieCKOA cBo6o,nu C 1I8paMeT POM A j()( 11 ""300 MsB, BTOpaR 060CHOBHBaeT B 

npe,neJIe 6eCKoHe~oit MaCCU KB8PKB pacTY~1 xapaKTep S~KTKBHoro nOTeH

UHaJIa BsaHMo,neAcT~HR UBeTHliX TOKOB. 

OnH8KO s,neCb CJIe.nyeT c,neJI8Tb CJIe.nyxllI\He ,llBa S8Me'laHIDI. Bo-nepBIDC, 

B H8CTORillee BpeMR E3BeCTHU cynepCHMMeTpE~Ue TeopJm 6es YJIbTpatPH0JIe

TOBHX paCXO,llHMOCTel, KOTopue B OTHoweHHH EHrppaKpaCHliX P8CXO,nBMOC-

Tea Be~ ce6R TaR ~e K8K KXU.PeHOpMrpynnoBoe ypaBHeHHe ~ TaKEX 

TeopHI CT8HOBHTCR TOJr,lleCTBOM, KOTopoe He co,nepItHT ~KOI tPE3H'leCKOH 

HHIPoJNBUHH, B TOM 'UlCJIe 0 paSMePHOH TpaHCMYT8IlHH /2 • 3TOT nPHMep 

16 

y,nOBJIeTBOp.iIeT yp8BHeRElO 

17'~ f 	 It' _ --'> ,,(» -» _-, a.c,

0) RJ (~-;'/.II) =: 0 (Z'-;)E ) 
( 44) 

1~/c I!~ 

' 


CBH.neTeJIbCTByeT, 'iTO 1I8paMeTp ;\ K. 'f. ~ OTpaiKaeT CKopee YJI~TpatPEO-
JIeTOBUe CBolcTBB TeopIDI, 'leM EHrppaKpaCHue; KPOMe TOro, rpoPMYJIa 8CEM

nTOTE'ieCKOA CBo6o,nu He YCTpaHReT ,nO ROHua HHrppaKpaCHue paCXO,nHMOCTE, 

TaK KBK ORE OCT81OTCR npE 1" .... 1./I..I(.I$) .BO-BTOplDC, BlffiO,nu peWeTO'ffiHX 

BU"lEc.JIeHHI /23/ 0 paCTYll\eM nOTeHUH8JIe lIpE 6eCKOHe'lHOH Macce KBBPKOB 

B HeKoTopoM CMNCJIe npoTKBOpe'l8T cneKTpoCKOlIHE T~eJIHX H JI8rKKX KBBPKO

REeB. T~JIU8 KB8PKOHKH OITHCURalOTCR CYMMO~ KYJIOHOBCKOro H paCTY1I\8ro 

nOTeHUK8JIOB C RBHOa ,nOMHHaHTHOCTb~ KYJIOHOBCKoro lIOTeHUH8JIB ,nJIR 60Jlee 

~ 	 TRXeJIUX KBaPKOB (a He H806opoT). A ,nOMEH8HTHOCTh paCTymero n OTeHUHa

JIa B peJIRTKBHCTCKOM lIo,nxo,ne, OCHOBBHHOM H8 ypaBH8HIDiX naACoHa - illBKH
repa E BeT8 - COJIIlHT8pa (CM. pa3,n8JI 2), HaH60JIee a,n8KBaTH8 RBJIeHlOO 

I 

'\ 	
cnOHTaHHoro Hapyw8HRH KRpaJIbHOa CM~~eTPHH ~~ RR8PRoHHe~5, 25~ 

P83YJIbTaTU pa60T /5/, nOJIY'i8HHH8 ,nJIR 683MaCCOBUX KBaPKOB, a03

BOJIIDOT CllAJI8Tb BURO,n 0 TOM, 'iTO C8MO BBe,neHE8 paCTYlll8ro lIOT8HUHaJIa 

~ (-r-) B raMMnTORE8H8 (42), 

H!i~[rl.J)j~ H[~ (rJ+l9)(r/IIJj, 	 (45) 

(r,nA i<,m 2)(r /1) = 0 ) MOlteT .IOlJLfITbCR XOPOl1lHM HHrppaKpaCHHM 
,.. .. 00 

,noonpe,neJIeHEeM Teopm!. OTMeTHM, 'iTO BOSHHKHOBAHHe paCTYm8ro n"TFlHUH8

JI8, B03MOlKHO, 0 6YCJIOBJI8HO OC06ID.\H rpaRE'lHIDIffi YCJIOBIDl:Ml{ .nJIR ypaBHeHHR 

I'aycca, RBHHe peW8~ KOToporo HClIOJIbSYIOTCR npE MHREMaJIbHOM KBaHTO

BaHHH XPOMO.nEH8MHKH I5/. T 

A.H.38U (45 ) B RESIll8M nOp.fI.nK8 ao pa.nEaUHOHHUM lIOlIpaBKBM (O(.rf~)) 
npIDmMa8T BE,n 

~ 

~ (r)+l9)(r/o) = -v; (r) - ;r )(d$ = !; ). (46) 

STo nepeonp8,neJI8HHe nOTeHUH8JI8 He apoTEBope'iMT Cn8KTpoCKOllRH JIerKRX 

H TRX8~IDC KBapKOHMeB, 8CJIM 6YlleT,nOK83aH8 M~OCTbpa,llH8UHOHHliX nOlI

paBOK, 06YCJIOBJI8HHHX nOlIepe'lHNMH rJIlOCH8ME, 'iTO H 6y,n8T c,neJI8HO B 

CJIe.nynm8M pas,neJIe. 

•. 
 3.3. Droo;In'lH8MHKB 


P8CCMOTPMM I'8MEJlbTOHE8H (42) B 'UlCTO rJDOOHHOM ceKTope B HHSIll8M 

aOflii,nKe ao 0/:1 I/. 'IJ.7. f' 1,H = Jtt'r r((('P))'" T {~,~, rx'U..tt 
"{tl./li'/~otl;: 3 ) f~ hI _ -;'» e /}tL ( 47) 

+ ~ :f Jd:cd)! /X)~.rT)
1ry,/rtf/S' &)./1) (j) 
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5,19/C OCUH~nHTOPH~M nOTeHUHa~OM 

V:R ('r) =. Vo ../ '10 ~ (234 t,j3B) 3 • 
, (48)

Q. <t 

110nH Fe. J'l Ai J'lMeIilT c~eAYIOll!l1e pa3~OlKeHJ'lR no onepaTopaM pOlKJ\eJill.ii H 
0. ttJ. 

YHWITOlKeHlUl Cl : 
f I( ~f l" C (-ofJ -j;>fl. --, >7£. =:G ~'A 1t.J(IiJ eM r;:w(I:Jf- LZJe. ct?- (l)

d (~)'It ~ r L' ct 
(49a)--'''''' r f (-) ..., ) 


- exp{-t.·w(kJi.t/z:dje; CL T (1))/ 

~l . rtl~ i { -')..., 'Y It+)...,

Jtj J~~~ e'lp{t'w(~Jt-1<. :cJej a r (Il) + 

(~) v~(k)-I- e.XP[-c'W(K)f+t:?]e; a!r-)(}?JI 
 (496) 

/.. Y' r Y' '\' "'.., L / _--./
3,n:eCh 1<' e . =0 e. e - = 0" - }(.. r::. K -: /C

"I t1 .. ' • J- 'oJ- • 4, )
orrepaTOp~ Gt(-)y,n:OBneTBOp.A:lOT nepeCTaHOBO~ COOTHOWeHHHM 

IH"'" e{+) -'"»7 l~ ~ \/ -'/ ->:>
[ a r (1<:.), ar' (fj:);_ ::;: 2' ()In· f k-rp})()( 

[ Cl~r(k-'? a:~rff)l ::: 0/ 
a O,llHOqaCTll'lllaR 3HepI'WI vJ(~) orrpe,n:enHeTCJl R.a~ cpe,n:Hee OT raMl1JIh

TOIDlaHa (47) no O,llHOrmooHHIiiv! COCTO.fIHIDIM / ~ 7'.J' k >j- (r,n:e t, Y' 
KBaHTOB~e q}lCJIa, r - llMlIy~hC r~oHa) 

I _,,' _"? _.... J I' 
<'~"f1~'k/I-!/"r,'k> = W(R) S(k -()?; ~~r' 

(50) 

-t-:> 1(~) -") / .\ 
(r,n:e /i;"I"/ I? >,. =Cl r '(IL) 0/ ). 

110,n:cTa~OBK8 (49) B (47) M (50) BeneT K ypaBHeHllID Ha ~YHKUHIIl 
W(!:.) /26/ 

uJ!t) k.'- [[:1. duJ(1);'- f} k
T + JW{l) - '10M l.1.w(J;) eLf j - Y == wi ), (5I) 

(r,n:e c~arae~e ~eBoii l.£aCTM COOTBeTcTBylOT TpeM 'iJleHai,1 raMMJIhTOHllaHa 

(47)). ~CJIeHHOe peweJ-Uole yp[JBHe~ 55I) Hai1.usHo .n:BY,Mfl He3aBMCMMWvlH 

MeTo,n:aMll (PYHre - KYTTa - ThMa 27 11 "cTpe~h6hl" 128/), KOTop~e 
,n:a~ O.D:MHaKOB~e pe3y~hTaThl (pMC. 3). YlcrrOJIh3YR aCM).IIITOTMK11 peweHlUl 

ypaBH8HlUl (5I) 

0!(t~) ----7 :' ,((~) ~(A>V/j(~)J, 
(52) 

uJ (k -"'> r;c) -'> !, 

]8 

43
~ 

z 

'\ 

o 

PeweHllR ypaBHeJill.ii (5I) Ha crreKTp r~1Il0Ha , BhlpalK8HHhle B 

e)numIJ,Sx aHepreTHqeCKoro MaCWTada (I/. !V../1
". ( tV = 

=:.w(){V;lf:,~ .", J.(Alev.r£l)) rrYHKTHpHa.fl ~HHlUl,r,n:e 

cooTBeTTcTByeT CB060,n:HoMY (rraPTOHiOMY) r~oHY. a 

C~OWHaR ~Hlifl - r~100HY B anpOHe 261. 

~erKO BM,n:eTh, qTO g)YHKUHR r pllHa IIOrrepe'llloro rmooHa, 


1"'./ -') "") 1

£)'i ff~/~')-=(~·-Cf.;~· '(1;_.o1/~-'J ,'" (53) 

MCqe3aeT B od~aCTM M8~1IX MMlIy~hCOB k t~" 1 M npeBpall\aeTCR B 06hl'i 

HYIO rrapTOHH'y 1O IPYHKlll110 fpMHa ,IlJI.fl 60~hWJ1X milITy~hcoB !?:. 1-- i ( k ~ 300 ~A3B). 
AClliilllTOT~~eCKoe IIOBe,n:eHlle (52) B nponaraTope (53) YCTpaHReT Bce 

J'lH~paKpacH~e paCXO.D:MMOCTM M MO.D:M~UHpyeT ilJoPMY~Y aCHMITTOTMqeCKOn CBO

60.D:hl rrpH M8~1IX nepe,n:aHHIIX MMIIY~hcax. ~ cpaBHeHlUl aToM MO.D:MiPHKaU»H 

C 3KcnepEMeHTa~hHl:iMiI ,n:aHHHMM ,n:ocTaTO'lllO ee oueHllTh C rrOMOll\hlO 0,n:H~ 

lIeT~eBOa .D:Marpa~ C rrponaraTopOM (53). BK.1Ia,n TaKOH rreT~H orrpe,n:enHeT

CR MO.llH~U»pOB8HHHM nOnHpH3aUHOHRhlM orrepaTopoM, 

H.I 1 i: f'- H-' If..rJ 11«1 1.n ( oj=7TJdf iJ (~ .d;)j) ( , ) 2) (,/)== ----::------:-.. 
KOTOPbI..H C Y'IeTOM aCHMITTOTMKH ,IlJI.fl uJ (52) ,n:aeT MH~paKpacHoe rrepeonpa

,ne~eHHe 6erYll\eH KOHCTaHT~ CER3M, HMelOll\en KOHel.£HHa rrpe,n:e~ 

~•.t d' (.iI. )cL (0 = II)!:: 0, J ' := . 

r V .){i+~n(-9J/1: JI I J 'r7i (54) 

]9 

,, 
/ 

/ 

/ 
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PliC. 4. 
3aBl1Cl11v10CTb derYUlei1 KOHCTaHTbl CM3H OT MMlryJIbCa 

rrepe.ua~ [i. oKCrrepKMeHTaJIbHble .uaHHble H TeopeTM~eCKHe 
3Ha~eHl1R, 1130d~eHHhle IryHKTMPHhlMH JlHHl1RMl1 ~ 

pa3JIH'IJUl)( 1\ ,nOJIYQeHhl C rrOMOlllbJO Odbl~O~ IPoPMYJIbl 

aCKMUTOTM~eCKOH CB060.ubl. CnnOWHaR JIKHHR COOTBeTcTByeT 
"'""" H_/MO.IlHtlMllJ1pOBaHHO~ tlJopMyJIe d s (a) rrpl1 tis lC?)=O,24 , 

Ii K.i'D = lIO M3B,I1'l=~ It{ =3. 
1'1..' 

MO.IlH!JlHUHPQBaHHaR 6erymaR KOHCTaHTa CM311 rJ.~ (&) Bcer.ua MeHb

we oI.;,orl(o)", 0,2, 11 rr03ToM,Y MOlKHO HCnOJlb30BaTb Teopmo B03M,YllleHl1H 
.1

BO BceR o6JIacTH nepe.uaHHHX HMrryJIbCOB d¥ 
PaCCMOTpKM Tenepb npocTeHlliHe CM3aHHble COCTORHHR rJIEOHOB - CRa

JIRpHhle (deCCnHHOBble)r~OJlbl - RaK codcTBeHHble .llByx~cT~e COCTOR

HRR raMHJIbTOlUlaHa (47) 
-'> ..", 

H/~ r / t; c, S, - r'1'J-=HilI '1').; ~, ~ - Il 1a ) (55) 

r.ue 11 - Macca rJU06OJIJIa, COCTo.mrne orrpe.ueJIReTCi1 ~epe3 orrepaTopli 

pOJl,lJ;eHIDI l1 BaKY'yM : 

/ 
'P -'"> ...., 1(+)..,,, (~ ~'> /
/),~ ;~(,~-A >'1= Br (i)a~ (-I) 0). . 

4IuI 8TIDC COCTomrn:~ cneKTpaJIbHOe ypaBHeHHe KMgeT BM /26/ 

~ f.""» ,Ai'" .,{ ~d. Lwl!!J' " }  ">Mr4lA). =~W::fd(J)o)-~M~ wti) til} - 1/ +~ak ~(.i,J.)} 
( 56) 
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Ll l< :: ~ ) ~ ~ (~I, fJ?q (~).)  ~ / £,~ kI £,~-l)

g... :,l 

-BOJIHOBaR ~H~ rJIJOdoJIa ~ • llO.uCT8HOBRa B (56) CTaH,UapTHOro n pe.u

CTaBJIeHHR .IJ)l.ll ~d 

~(£~)=z:t;(J.):t,. (~/rt)
""" 

'Be.ueT K " pa,JtHaJIbHOMY" y pa'BHeHIDO Ha ;Ie ~ ~ ~ (i) 

l(JJ+[/1- YetkYff. (t) =D, (57) 

r ,ne ~(i) - slPPeKTJ1BH.btlt TIOTeHUHBJI (pliC. 5) . C KBaHTOBbIMH I{J1CJIa

!~ op6HTaJIbHOrO MOMeHTa ~ 

"I r fl.) 3 .. '7/J) k'" ~(~-I-I) ... i (Vt ( Il=~WO+J.W(~ + 1.2 ) .e= ~t~Z}·" ) ,( 58) 
"" \. \ 

> 
10 

o 2 3 ~ 

Plic. 5. 
K 

appeKTl1BHWi rrOT9HJ..maJI ,UTUl. d eCCllHHOBIiX rJIJOO OJlOB (58) , 
r.ue e - OpdHTaJIbHIDi MOMeHT, xapaKTepl13YlOOlH}i OpdHTaJIbHOe 

B03dya.ueRRe rJIX6oJIa. 

Ma cca rJIJ060JlB f1 l1"P,a~aJIbHhle" BOJIHOBble IPYH.KllJ1l1 Y; (fl) , TIOJIy~eHHble 
'il1CJleHHl:lM pemeHl1eM ;26 ypaBHeHl1.il (57) (c n OMOlllbBJ MeTO.uB "CTP9Jlb

61i',/28/ ) H30dpaJK9llli Ha PliCYHKax 6 li 7 . IIOJIyq9HHbl9 3HaQeHM Macc 

HaXO,URTCi1 B OllW.llaeMOH B HBCTOSDllee BpeMR OdJIaCTl1 /29/. . 
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P1>IC. 6 . 
"Pa;n;l1am;Hlle" BOJIHOBlle <PYHKUID1 r.7lJCl60JIOB C opCiHTaJIbHllMll 

MOMeHTaMll .e. = O,I,2 ( ! "" (J/c Ycy~/lk - OTHOCHTeJIhHIill: 

HMIIYJIbC rJU060JIa B 6S3pa3MspHOM MaCIUTa(8). 

1:1lOr-=: 3770 rsB
9 m o~·~i.Ol 
8 --~.;:;S--08.JO ·9.175 10·7 

511.73L~~·---;1l.~ .5.8& &962 . 

o 3 I 

PnC. 7. 
rAaCCll CKaJIRpHhDC I'JUDOOJIOB C pa3JIl'1'1HUMJo! opCiHTaJIbHill-lli 

MOMeHTaMH B 6e3pa3M8pHoM sHepr8TWlecKo;,1 MBclUTa6e

( 11.M-=J.kv" )-1" 
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3.4. 	06'h8,Il;llH8HHe IG!IpaJIbHhDC JIarpaH.JKHaHOB C rrOTeHlll'laJIbHoti: 

MO,n8JIblO 

I10CJI8 Toro KaK MbI rrOKa3aJIl'l MaJIOCTb pa,ll;J1alll'lOHHIDC rrorrpaBoK rrorr8

P8'1HbIX rmooHoB, OITHCaHHe M830HOB (KaK KBapK-rJUOoHHIDC CBH3aHHbIX COCTO

RHHfi) · MO~O rrpo,n8JI8Th B TOll ~e PeJIHTHBHCTCKH KOBapHaHTHoti: CXeM8, KO-

TOpaR 6wra H3JIOlKeHa ;rr)IR aTOMOB B pa3,n8JI8 2. OTJIl'I'l}'I8 cpoPMyJI COCTOHT 

TOJIhKO B pacTym8M rrOTCHlll'laJI8 

V(r) =1!- ~I -+ v.ri (d!,,-{),,-;lJ;,-::. (234 IAsB) (59) 

H qaKTope 'l}'ICJIa UBBTOB ~ , CTORmSM BCIO~ rr8pe,n 3~8KTHBHUM 6HJIOKaJIh

HUM ,n8 ficTBHeM (16) 

~I/-) ~ g'/I 
IIapaM8Tp Va B (59) rrpe,nCTaBJIR8T c060fi rpaIU'll}Y M8lK,!(J JIerlca;,tl1 H 

T.fDK8JIilliM KBapKaMH. )J.nR T.fDK8JIhDC KBapKOB (11!0~ (tv.) (/3) ,nOMHHHPY 8T KY

JIOHOBCKHti: rrOT8Hlll'laJI, n OITHCaHHe HX CBH3aHHhDC COCTORHHH aHaJIOrll'lliO 0Ill'l

CaHJ110 aTOMOB B K3JI ( CM. pa3,neJI 2).)J.nR JIerKl1X KBapKOB OCHOBHoti: BKJIa,n 

,na8T paCTYUU'ltt rrOT8Hlll'laJI, H B 3TOM ClfY'Ia8 ypaBH8HHR JIaficoHa - lllBHHr8pa 

(22) H EeTe - COJIIll'lTepa (23) H8JIb3R CB8CTn K ypaBHeHYIIO lllp8;n;1mrepa (33), 

TaK KaK KBaplG!I BHYTPH a,npOHa CTaHOnRTCR cy mCCTB8HHO peJIRTHBnCTCKHNM. 

Hau60JIe8 rrOID108 OITHCaHHe JIerKl1X KBapKOIDIeB C rrOMOmhlO ypaBHeHHn 

JIaficoHa - lllBHHrepa n EeTe - COJIITHTepa ~ 683MaCCOBUX KBapKOB B oc

lll'lJIJIRTOpHOMrrOTeHlll'laJIe ,naHO B pa60Tax 5. B 3TOn pa60Te ,nOKa3aHO, 'ITO 

ypaBHeHHe JIaficoHa - lIlBHHrepa OITHC1lBaeT CrrOHTaHH08 HapYlUeHHe KHpaJIbHOti: 

CHMMeTpllll, H rrOJIY'IeH CrreKTp JIerKRX Me30HOB. O,nHaKO rrpn OITHCaHHH KBapKO

HReB B pa60Te 15; 6wr ,norrymeH PR.n OIIIH60K (rreperryTaHll CTPYKTYPll M8S0HHhIX 

BOJIHOBUX <PYHKlll'lti: n rrporrymeHll HeKOTopue '1JIeHU B ypaBH8HHll EeT8 - COJIITH

Tepa ~ BeKTopHUX H aKCHaJIhHHX Me30HOB). KpOMe Toro, aBTopaM 3TOll pa

60Tll He y,naJIOCb rrpaBHJIhHO pelliHTh rrp06JIeMY peJIRTHBH3aUID1 KBapKOHHeB (H 

BU'1llCJIelmR ITHOHHoti: KOH CTaHTll F." ) . 
4nCJIeHHOe p8W8HHe ypaBHeHHR .uanCOHa - lllBHHr8pa (27) .nRR MaCCHBHHX 

KBapKoB (I"-Io:i 0 ) , KOTopoe B OClll'lJIJIRTOPHOM rrOTeHlll'laJIe ~ Cp) = 
=fVo(()ldlY&(~(r) rr PIDlJ'lMB e T BH,n 

.( f. '1'- i 2IE(f) '" h1°!lf1r{(P)+,ECD:J</(pJ- ;H <f(p~ - ,,2 CD5 cf(p) 
- I -	 ~. (60)

Clr(p»:: 2.llJ(,Jr'lff)-~ih1·CJ;Yf(f) - 3i~ ~cf(P), (FO: 1Ft). 
rro/fYQeHO B pa60T8 1I71 (PHc. 3), r,ne 6wro rrOKa3aHO, 'ITO pe~~ crrOHTaH

Horo HapYilleHHR Hc~e3aeT ~ T.fDKe~ KBapKOB. 

PeRRTRBllCTCKH-KOBapHaHTHoe TpeXl~epHoe ypaBHeHH8 (3I) C OCUHJlJlRTOP
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HID.l rrOT8HU>la.1l0M ,Il.l!H Me30HOB (H) B Cl~CTeMe JOKOH P" -;:; (l1u/~o,o) 

3amlChlBc18T CH B Bane CJIem IDUmX cHCTeM Yp8BHeHlIff 13.17/ 


( 6Ia) ML L {k} ~ {AK -Er (A:)~ ~[([ (~p:' Ii ftlt!if!JJL (k) , 

( 616)HL L(~)~f4~ -Er(k)- ~r~(P.!I'-- ;~ :'i~[0/Pd}jLl 0); 

M)/ N/(/t)={A k-[T {P-)-~[Cf(kf}: k[~~{k)+~ivJ}~~ - (62a) 

-f~ tr"J (t)S;,/t)ft./tJtr,iL)- Cr,/r)t-(C/I£Jj+ r.(k) ~'(tg (k.t1t)K: 

M,jv'/lk)={!JK-fr (k)-~[~{}.2=- ~{I;Q~(4)+J(~(RP} )I/(k)

-{k~ fr.Jk-)tf/kJ{fr.lP-)tfl/J} + t (4/ k)t(;l kJj- t,j/l}fr~(rlj(t.IJ,.)R~626) 

r- r- ~ ~ 

r,ne Y'r -= Yr:):t ~'); Er -= (./I(/); C/'rQ,f)::=: VrI),1) - f 
- p.elllemm ypaBHe~ nai1:COH8 - ~~.&J (601 .nJIR: !<BapKOB (a) l'l (t), 
tr.,l//J.)~!t-'n~) 'VI),I/JJ=~ ; , k':. f//t"1 . ~YHKUIDl L-t,2
H AI.:,i eCTh He38BHCHMhIe KOMllOHeHThI p83JIOlKeHIDI qJyHRUID'I (39) 


.zvm Me30HOB 


~ (q/) ~o;[L{(1)+ f: L: ct~Jj + 
( 63) 

+ r; [)(:f1J)+ ~ )I/('1~)l 
B Cl!CTeMe nOKM CM38HHoro COCTOIDrn:R: ~ -:: (Hit} ~ t:, 0) qJyHRUIDl L-t, ~ 
COOTBeTCTBYIOT BOJIHOBhlM qJyHItlU!R:M nC~B,noCKaJlR:PHhIX Me30HOB H HX pa,IJ;HaJlh-

HHM B036YlK,lJ;elllimr., 8 KOIi!ITOHeHThI ~.J - BeKTOplillM ('1ft) ,aKCl'I 

a.1IbHHM (at) M CKaJIRPHhIM rf) Me30H8M l! l'lX pa.m!8J1hlillM B036YlK,lJ;eHIDIM: 

M,~ === (~i-Kt iJ7J'!i).J-cfRd;,~a(k)+kRS'(I<.). 
YCJIOBM/' HopMrrpoB!G! (38 ) .zvm qJyH.KIJ:H:I1 1,/'). H ~~2. 3aIIl'lChlB8IOTCR: 

B Blme /13 
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(d3 J + +,7
~Jfilil[L{{")L~(1)+L1Cf)L(~~1 =- Hi, 

.. .j 

(L3tj.Lr {I/"~I (J. 1/"/..1) t ~)7
;V;J (;;} L)/d1);K If)+/YJ (f/ !rj (~/j = t1N . (64) 

oYpaBHeHHe (6I) B npe,neJle Mama: Macc KBapI<OB (m _ 0) COBna,naeT 

C ypaBHeHHeM nai1coHa - lllBlillrepa (npl'l k.L ~ 0 ), l'l l'lMeeT' co6CTBeHHoe 

3HaqeHHe /'IlL ..... a M co6CTBeHHhle WYHI<UID'I 

L f"-/ Ldof.irl~ ~llttf(~, L ry /ddd-:: Jm o 

(65) 
-{ Hf'-o " F / J.., _0 l t1. F J 

r,ne F' - KOHCTaHTa pa3MepHocTH ::lHepI'lm. KOTopaH onpe,neJIHeTCR: C 

nOMOllU>lO HOPMHPOB!G! (64). 
M3 MaTPl'l'fHOro 3JIeMeHT8 JIerrTOHHoro pacna,n8 ITMOH8, onpe,neJIReMOrO 

COrJI8CHO r/MYJIe (4I), BhlTeKaeT CJIe.ICYlOlIlee BhlpaJKeHHe .nJIR: IIl'lOHHOn I<OH

CT8HThI /1 / 

~ = J. ~ fbi (- L (~l)) ft/t (r,; . 
(66)T !1r; r(~/ 2, ') 

ITo,nCTaHOBKa 3TOro BhlpalKeHl'lR: B YCJlOBHe HOPMMPOB!G! (64) C yqeTOM roJI,n

CTOYHOBCKOro pellleHllR (65) ,naeT F= Fir . KBapKoBIffi KOH,neHCaT 

<- lf ~ >= i M1rf!t[4frJ- d~.rrril~-J~fr1t~ gtkt((f~) 
C nOMOmDD HM3K03HepreTl'l'feCKHX pemeHMH (65) MOlKeT 6h1Th 3anncaH B Bl'l 

~ ~ ~<q, €f; '> === _ F.r /1." 
(67) 

j" M II 
r,ne 111- - Ma CC8 JlerKoro (. ct HJll'l U ) !(B8PKa. 

B npe,neJIe Hl'l3KIDC 3Heprn~ peweHHe ypaBHeHHR: COJIIIl'lTep8 orrpe,neJllleT

CH rOJI,nCTOYHOBCKOti MO,nO:l1 L~(I"' fih ~aJ.)/FT • EMM yqeCTh, 'iTO B 3TOM 
[51 

rrpe~eJIe pemeHHe ypaBHeHllR .na:l1COH8 - lllBID1repa IDl4eeT 8CHMIITOTl!KY 

~(~)~ 1r ' TO HeTPY.nHO B~eTh, qTO rrpe,ne.1IhHhIM 3HaqeHHeM BepmRHHoA 

qJyJIKIJ;lm B HMIIYJIbCHOM npoCTpaHCTBe 6y,neT npoCTO KOHCTBHTB . B KOOp,ltHRaT

HOM npe,nCT8BJIeHJm COOTBeTCTBYDIlidtHl'l3K08HepreTRQeCKHI n pe,It9JI 6HJ101<8JIl>

HOro n OJIH Tor~8 HYeeT ~ 
C-- ('<I

raJ' (r,g) "- 0 (Y - if ~ . (68) 
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TaKOa lKe rrpe,IJ;eJI B03HHKaeT, eCJIH rrpe,nnOJIOmn, 'lTO smpo beTe - COJI
ImTepa JIBJUIeTG.fI S' -1PYH.I<nHea,K(x-~)~'8 (Y-J)' HMeHHO TaKOH rrOTeH

uaaJI ~eTHpeX~pMHOHHOro B3aHMO,IJ;eaCTBRR 6un BCXO~ rrpn6JIBXeHHeM 

B rrepBoA ~PMYJIHpoBKe /3I! CrroHT~oro HapyweHKH KHpaJIbHOa CRMMeTpHH. 

CymecTByeT MHOlKeCTBO JIHTepaTypli 32/, r,IJ;e .l(OKa3aHO, 'ITO S- -06pa3

HHi1 rrOTeHUHaJI Be,nOT R KHpaJIbHHM ~HOMeHOJIOI'lI':leCKlfM JIarpaHlKHaHaM. 

( J:j3Y'lelme JIerKHX Me30HO]) C HCrrOJIb30BalmeM S- -06pa3HOro rrOTeHUHaJIa B 

HaWelfl rro,nxo,ne peJmTHBH3amm paCCMOTpeHO 'B pa60Te /30/). 
TaJillM Odpa30M, rrpe,neJI (68), o6yc.noBJIeI-IH.llli. aCHMIITOTHROa BOJIH0

BliX wyruami1: KBapKOJilleB ( a He B.b[60POM S -o6pa3Horo rrOTeHW\aJIa), 

T8K1Ke llPHBO,ll;HT K Kl'IpaJIbHliM ~HOMeHOJIOI'H'leCKHM JIarpaHllGl:aHaF.1. BalKHO 

OTMeTHTb, 'lTO B HaweM rro.rr.xo,ne (KX.U7"" ) B Jill3Ro::mepreTW1eCROM rrpe,ne

JIO He B03HHKaeT rrpoaJIeMH TaXHOHOB 30/, ROTopaR CBoHcTBeHHa MHOI'IDII 

Mo,ne.1IJl:M. 

B OaJIaCTH 60JIb1lll1X llepe,naHHbIX JIj,urYJIbCOB (KaR o6cYlK,IJ;aJIOCb B rrpe,nli 

JrYllnlX pa3,neJIax) WYHKlWI I'pHHa 1J:8CTHU, COCTaBlliIKillIDC a,npoHli, rrpeBpamalOT

G.fI B IIaprOHHlIe rrporraraToplI.H D pe3YJIbTaTe TeopM nepeXO,nHT B rrapTOH

HYIO KX.II. 

3aKJIIO'leHHe 

3,neCb 6wra rrpo,neMOHCTpllpoBaHa B03MOlKHOCTb IIOCTpOeHHR TeopHH a,n

POHOB, crroco6HOH HC TOJIblW ,naTb rrpe,nCRa3aHHR, HO H OUOHHTb TO':IHOCTb 

8THX rrpe,nCRa3aHHll. Kmo'10M R rrOCTpoeHIDO TaRO}! TCOPHH lIB.lli{eTG.fI rrOHHMa

HHe TOro, 'ITO rpyrrrra CHMlVleTpHH KX.II C 8ClOOlTOTll'l8CKMMH a,npoHHlIMH COCTO

.fIHWIMH 3Ha1J:HT8JIbHO MCHbW8, q8M rpyrrna CHlV!lV1eTpHH "rrapTOHHoll" KX.II. 
B K3~ TaRO\! rpyrrno\! CJlJMM8TPHH S -MaTp>l1JJ>l .JI.JIR B3al1Mo,neHcTIDlH 

aTOMOB JIBJIR8TCR rpyrma rrp806pa30BaHH\! rrorrcpe':IHllX rrepcMcHHIlX, BrrepBbl8 

OTMe'leHHaR rei138H6 cproM H ITaYJIH. ITorrepe1J:H.b[8 rrepeM81Ulblc BMeCTe C YRa

3aHHo\! rpyrmoi1 8CTeCTD8HHO B03HHRalOT B MeTo,ne MJlJHHM8JIbHOrO KBaHTOBaHHR 

C RBHbllV! pelUelmeM ypaDHeJrnR raycca 6e 3 KaJl}!6pOBOQHOrO yc.nOBHR KaK HCXO,n

HOro rrOJIoxeHHR. MCTO,n WUillMDJIbHOrO ImallTOBaHHR B cJIY'lac Hea6eJI8BIlX 

TCOPHi1 B8,neT (B OTJUP1ll8 OT !,ICTo,na .1I.llpaKa) R MexaHH3MY TOrrOJIOrH'leCKoro 

lcoH~lhlMeHTa KaK rrpHHUlmy JIOlillJIbHOH KBapR-8.upOHHOll ,nya.'lbHOCTJIl H .uorryc

l<aeT BK7IIO'leHHe pacTym8ro nOT8HUl!8JI8 KaR cnoco6 Hl1wpaKpacHoro ,noorrpc

.ueJIeHl~R raMlillbTOlU-!alla H s: - M8Tpmw B par.u<ax Teopml B03MYm8HHa rro pa,nH8

~OHHHM nonpaBRaM C MaJIoll KOHcTaHToi1 CaQ3H. ~ 

lAb! rrOKa3a;rn, 'ITO T8lCUM rrYTelA B H}!3Wer.\ nOpR.nKe (A/,,= 0) B03HHKaCT 

ROBaR pe.1l.l!TMB11CT CIWf! rrOTeHIDlaJIhH8R MO,nCJIb, o('i'h8,mUl.f!lOluaR KIlpaJILHllC a.u

pOHlille JIarpaIDKI181111 }! rrOT8HlU-l aJIb1IYlO Crrel{TpOCROrrulO JIerKllX }! TRE8JIIlX RDap

KOIDleB. B 06JIa CTJ~ 3RepI'111,i n8PTOHHoii (~ I-IOMe J]O.1jOI'IDI KX.II ,n..'L'I a,npOHOB rrcpe

XO,nHT B 06W-rnylO RX.ll .nmr rr8prOHOB C <l!oPMYJIOl'1 aCUlilJ1T OT:lFWCROH CBo6o,nu H 

nOJIHoi:! rpYl1nOM Clll\'!l\18TPml. 

2(, 

B 38J(.)I]O'l8!1ll8 aBTOpu 6JIaro,napRT A.B. EilJpcMoBa . P . r.L 116a,noBa , 

B. r. R8;Ul:lillCBCIWrO , A. A . AH.npn aHoBa , A.A. XCJWlIlIDlJW 3a TlJIO,noTBopnuc 

,nHc f\Y ccml. 

JIHTepaTypa 

<!leiiBIAaH P. B3anMo,ne~cTBHe tlJOTOHOD C a,npoH8MH . r.~ •• MHp, 1975.1. 
2. 	 I'f r ernov A. V., Radyushkin i •• V. Riv. 1\uov o Cimento, 1980, v 3, No2. 

Love S. Ann. i'hys ., 1978, ID, p. 15J. 

Feldman G., Fulton J., a nd 1,1eckath orn . iiucl. Phys. 1980, B167, 


J. 
4. 

p . J64. 

Le Yaonanc A., Oliver L.,Pene P., Raunal I.C. Phys. ReV., 1984,
5 . 

D29, p. 12 3J , 1985, DJI, p. 137. 

Sazdjin H. , Phys . Rev. 1986 , DJJ, p. 34 01 , p. J495.
6. 
A31!MOB 1' .A . ,nCp BYImlH B.H. TM<1i, 1986,6'7 , c . 3697. 

WrneB8 H. IT., BryeR Cy aH XaH , nepByLIrnH B. H. ilit>, 1987 . 


T. 	 4.5 , c. H 69; 
Pervushin V.N. Mod . Phys. Lett., 1987, A2 , p.J67;Neuen !juan Han, 
Pervushin V. N. Fortschr. Phys. to be publ i shed ,Nguen Suan Han, 

1989 , 8, BJ7 . 
Phys., 1929, 56 , p. I; 19JO,59,p. I68.8 . 	 Heisenborg W., Pauli 1'1. Z. 
PeJIRTHB¥. CT CKaR KBaHToBaR T80pHRDbepR8H ~.~. , EpeJIJI C.n .9. 

M. , 	HaYK8 , 1978. 

Zumino B. J. Math. Phys., 1960, vI, p. 1. 

10. 	Schwinger J., Phys. Rev., 1962, 125, p.I04J; 1962, 127 ,p. J24. 

II. 	Kleinert H. , Phys. Lett., 1976, B62,p.429; 


Schrauner S. , Phys. Rev. 1977, DI6 , p. 18 77. 

12. 	gepBYrnHH B.H., Pe~xap,n_ X ., 36~PT ~., 3~, I9?9 , _JO, c. 11 14. 

13. 	K8JillHOBCKHn ~.]. H ,np. OMm1, P2-88-5GO, nyaHa, 1988. 

14. Foldy L.L., Wouthuysen S.A. Pbys. Rev. 19 50, 78, p. 29. 


I5. Pervushin V.N. et al. Prepr i nt JINR E2-87-4 JO, Duena, 1987; 


o~ ,P2-87-674,ny6Ha, 1987; 
Preprint JINR E2-88-68 , Dubna, 1988. 


Preprint JINR E2-88-78 , Dubna, 1988. 


16. 	 Salpeter E. E. Phys. Rev . 1952, 87, p. 328 • 
17 . 	 ru~pxaHoB M.B. 11 ,np. O~ PII-88-50G,ny6Ha, 1988. 

18. 	Logunov A.A., Tavkhelidze A.N. Nuev o Cimento, 1963 , 29, p. )80. 

Kadysh evsk,y V.G. Nubl. Pb,y s . , 1968, 86, p. 125. 

Kl ein A. , Lee T.-S. H. Phys. Rev., 1974,DIO, p. 4308. 

19. Capr~ A.Z. et al., Nu evo C1mento, 1976 , AJ6, p. 3)1. 


20 • Pervushin V. N. Riv. Nuevo C1mento,1985,v 8, No 10; 


21. 	 • t Hooft G. NucL l'hys. , I974, B72, p. 461. 

27 

http:lIB.lli{eTG.fI
http:JIBJUIeTG.fI


22. 	Borom06oB H.ll., llMPKoB .II.B., BBe~eHl'le B TeopIDO KB8HTOB8HHID: 

110JIeH, M., HaYKa, 1976. 

23. 	 Petronzio R., Proc. of XXIV Int. Conf. on High Energy PhysiCS, 
, August 4-10. , 1988. 

24. 	 Ermushev.~ Kazakov D. I., Tarasov O. V. JINR, E2=85-794, 

Dubna, 1985 


25. Finger J.R., Mandula J.E. Nucl. Phys., 1982, BI99, p. 168; 
Adler S.L., Davis A.C. Nucl. Phys., 1984, B224, p. 469. 

26. BogOljubskaja A.A. et al. Proc. of XX Int. Seminar on 
HEP 	 and QCD, Dubna, 14-19 June, 1988. 

27. Abramowitz a nd 	 Stegun , Handbook of Mathematical 
Functions, National Bureau of Standarts, 1964, p. 896. 

28. 
Baohvalov N.S., Numerical?ethods, Nauka , 1975, vol I, p. 548. 

29. Barnes T., Close F. E., Monoghan S., Nucl. l'hys., 1982 , 
BI98, p. 	 380; 

Narison S. VI Lea r Workshop. Villars -sur-OIl on, Switzerland, 
1987. 

Shifman M.A., Z. Phys ., 1981, p. 347; Berg B., Blllore B., 

Phys. Rev. Lett., 1986, 57, p. 400; Michaev C. Proc. Int. SymP. 
of Field Theo ry on the La ttice, Seillac, France, Sept. I987. 

3 0• 
Ka1inovski Yu. L. et al. Preprint JINR E2-88-487, Dubna, 1988. 

31. 
Nambu Y., Jona 	- Lasinio G., Phys. Rev., I96i, 122, p. 345; 
1961, 124, p. 346. 

32. Kleinert 	H. Erice Lectures, 1976, 289 ; Proc. Int. Conf. 

on High Ener~y Physics, Tb1lisi, 1976, JINRDI, 2-10400, 

241;

Volkov M.K. Ann. l'hys., 1984, 157, p. 285; 


Ebert D., Reinhardt N. Nucl. Phys., 1986, B27I, p. 188. 


PYKOl1llCb 	 llOcTYllaJIa B H3~aTarrbCK~ OT~an 
9 C8HTH6pH 1988 ro~ . 

28 

-
nepBYWHH B.H. HAp. P2-88-674 
KXn n:nR aAPoHOB 

06CYJKJ~aIOTCR 06llJ,He npHH~Hnbl nOCTpoeHHR S-~1aTpH~bl ;J,Tif! 

C13f!3a HHbIX COCT05lHHH B KanH6pOBO\.fHblX TeopHRX, a TaIOKe CTa-
TYC no Te H~HanbH O~I ~lOAenH, KHpanbHblx narpaHJIG1aHOB H }lBneHH}I 
pa3MepHoH TpaH CMYTa~HH B KXn. IToKa3aH O, \.fTO rpynna CHMMeT
PI1V1 KXJ! ,lJ,Jl51 a APOHOB OTnl1\.faeTCH OT rpynnbl CI1~1MeTpHH KXU ,[{Jlf! 
n a pTOHOB . BbIBOARTCf! OCHOBHble ypaBHeHHH KXU AnR aApOHOB 
1-1 ;:J,Ci I::JTC5I ax llHcneHHble peweHHR. 

Pa60Ta BwnonHeHa B n a60paTOPHH TeOp eTH\.f e CKOH ¢H3HKH 
OI15U1. 

npenpHHT 06beD.HHeHHOro HHcTHTYTa RJlepHblX HCCJleJ].OElaHHH. ny6Ha 1988 

ITepeB oA O.C.BHHorpaAOBoH 

Pervushin V.N. et al. P2-88-674 
QCD for Hadrons 

The gene r al principl es o f construction of S-matrix for 
bound states in the ga uge th eo ri es are discussed, as well ~ 
as the status of the po t e ntial model, chiral Lagrangian s 
and the dimensi onal transmutati on ph e nomenon in QeD. It is 
s hown that the symmetry group of QCD for hadrons differs 
from that of QeD for partons. The hasic equation s of qeD 
f o r hadrons are obtaine d and thei r numerical solutions are 
g iven. 

The investigation ha s been p e r fo rme d at t h e Laborato r y 
of Th e o r et ical Physics, JTNR. 
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