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JIEKUllfl I. BBE.llEHII}; H IIOCTAHOBKA 3AllHU 

fl ·xoTen dbl uaqan C Han.OMHHaHHR O .118CRTHJJeTH8M nepH0.118 Teope~H

qecKo~ qlH3HKH 1964-74 rr., KOTOpblll Cle3 npeyBeJJHQ8H~S MOY.HO 01,1110 OH 
Ha~aan "30110Toll anoxoll". B noT nepHo.11 Cl1,111H rrpe.nnoir.eau qepaue xaap

.K_oaue M0.11811H' 'nap!OHHaH MO,ll;811b; H CKellJJHHr' anreOpa TOKOB 'it KHpa11bHH8 

narpamKHaim,. 8.IIHH8.8 TeopHs cnadHX H_ :rneKTPOMarHHTHiix B38.HMO.IleRCTBHR 

H KBaHTOBaa .. xpm40.11riaaMHKa; cqiopuynHP.OBaHH OCHOBH1i8 noHllTH~ H · MeTO.IIH 

KBaHT_oaoR i-eopHH KanHOpo.aoqeux noneli, H.11im TeopHH cTpye ,. cynepcHMMeT

pHH H KOHqiopMHHX TeopHR~ 3To ClHno apeMa n110,110TBOpHoro e:iu1HCTBa TeopHH, 

(p8H0~8HOJJOrHH H 3Kcnep~eHta, Bp0MS OypHoro "H3MHmJJeHHll 11 HOBHX H,n;eR, 
.·, " . :· . -' t • 

npHHLIHOOB, TepMHHOB H noHBTHll. coapeMeHHOll tpH3HKH BHCOKHX 3HeprHR •. 

IIoc11e.11HH8 OllTHa,n;uaTb 118T B 3TOM OTHOm8HHH Oonbme xapaKT8pH3YDT-

Cll TeXHHQeCKHM H .¥,~TeMaTHQeCKHM coaep!DeHCTBOBaHHeM "cyMacme.11lllHX-TeopHtt" 

30110TOrO .118CllTH118THll H, B KaKott-TO Mepe, .IIOrMaTH3al.lH8tt CtpOpMy11HpoBaH-
HHX Tor.Ila noHaTHR. · ··. · · · 

· IIepe.11oaon~ qipoH; .TeopeTHqecxoa tpH3HKH c 1974 r. nepeMecnrnca Ha 

npoOneMH KO.HqiaRHM8HT8. 11 a,n;pOHl13al.111H' a B 80-x ro.11ax; He pemHB' 3TH 

npoOneMu, oKa3anca B_ saodJJaQHHX ·,1ta11sx nocTpoeHl11! cynepcTpyHHoll (1111H 

cynepKOHtpOpMHott)e.1111aoll Teop1111 BCeX B3aHMO.IlellcTBHtt, IIOKa cn11mioM'Aa-

11exoa OT peanbHOCTH 11 B TO xe BpeMll aecbMa Kpac11aon, QTOOH cq11TaTb ee 

Xl1Mepoll. 
H.11ea crurnx "CTPYH" IIOl1B111JaCb 113 qieHOM8HOJJOr1111 Cl111bHHX B3am.rn

.11eRCTB11R, H 0.1111H 113 nyTell npeo.11oneHl1ll TPY.IIHOCTell C03.IlaHHll e.1111Holl 

TeopHH eCTb pemeH11e _OCTaB118HHHX•· xor.11a-TO B xpoM0.1111HaMHKe npoOJJeM a,It
pOHl13al.111H H KOHtpaRHM8HTa, XOTH OuHa.ypoBHe CTporoCTl1 coapeMeHHOll 

KBaHTOBOR 3118KTP0.1111HaMl1Kl1. 
MOH 118Kl.11111 rrpe.110TaBJJllDT coooa 003op nonHTOK npo.IIBHHYTbCa B Ha

rrpaBJJ8Hl1H co3.11aa11.s cauocorJJacoaaHHoR. TeopH11 · cBR3aHHWX· cot:TORHH'R , · 
KBapKOB H rJJDOHOB. 3Tl1 nonHTKl1 He MOryT npo11raop11poaan. ODHT_. onHca

HHll aTOMOB KaK CBR3aHHHX COCTORHl1R B K3.II, T8M 6o·nee . "QT() a.11poHH, co

cTaBJJ8HHHe H3 TllX811HX KBapKOB, no CBOHM CBOllCTBaM B8CbMa HanOMHHaDT 

aTOMH. 
HecKOnhKO 0110B oO 06nteR peJJSTHBHCTCKOR teopH11 CBH3aHHHX COCTOHHHR. 

CynteCTBYDT TPH YPOBHH TaKoR TeopHH: peJJllTHBHCTCKaa KJJaCCHQ8CKa8 T80-
pHH /I/, p811HTHBHCTCKaH KBaHTOBaSMexaHHKa/2/: H KBaHTOBall T80pHH 

IIOJIH / 3/ • 
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IlepBhle ,n;Ba ypoBHH c~opi4ynHpoBaHhl ~aKTHqecKH TOnLKO ,n;na npHMhIX 
B3aIDLo.n;encTBHn, KOTOphle TaKxe Hfi3hIBaIOT ,n;encTBHeM Ha paCCTOHHHH (npH
MepaMH HX HBnHIOTCH KynoHOBCKHe H HLIOTOHOBCKHe CHnhl). qeM Bhlme ypoBeHL, 
TeM MeHLme npOTHBopeqHa B TeOpHH CBH3aHHhIX COCTOHHHn. HanpHMep, He 
cy~eCTByeT KnaccHqecKon penHTHBHCTCKon TeOpHH B3aHMo.n;encTBHH ,n;Byx 
qacTHU, KOTOpaa Ohl He npoTHBOpeqHna IlOHHTHI0 11Tpae_KTOpHH 11 /I/. TeM He /4/ 
MeHee nocne,n;oBaT_enLHYIO KBaHTOBYIO MeXaHHKY ,n;Byx qaCTHU MOJICHO nocTpOHTL. 
Tpy.n;HOCTH B03HHKaIOT npH oOoO~eHHH 3Ton TeOpHH Ha MHOroqaCTHqHhle CHCTeMhl. 

Bo3HHKaeT Ha,n;ex,n;a, qTo cneAY~Hn ypeBeHL (RTTI) n03BOnHT pemHTL 
H 3Ty 3aAaqy. 0,n;HaKO KaK pas B cnyqae RTTI CTaTyC HCTOpHqeCKH xopomo 
3HaKOMhIX npHMhIX B3aIDLo.n;encTBHn CTaHOBHTCH BeCLMa ueonpe,n;eneHHhIM. 

C o,n;uon CTOpOHhl, npawe B3aIDLO.n;encTBHH B RTTI HBnHIOTCH e,n;HHCTBeH
HhIM npHMepoM, AJIH KoToporo Oes ,n;ononHHTenLHHX npe,n;nonoxeuHn cy~ecT
ByeT ~H3HqecKH nocne,n;oBaTenLHaH H uenpoTHBopeqHBaH TeopHH CBH3aHHhIX 
cocToHHHll B HX CHcTeMe noKoa. Buxo,n; sa paMKH npHMhIX B3aIDLo.n;eltcTBHll 
TpeOyeT BB8,ll;8HHH ,n;ononHHT8nLHhIX B RTTI rHnOT83 (THna "OAHOBpeM8HHOCTH" 
B KBa3HilOT0HUHanLHOM no,n;xo,n;e 151 ). 

C ,n;pyrolt CTOPOHhl, BO BC8X KanHOpOBOqHhIX TeopHHX, BKnIOqaa rpaBH
TaUHIO, IlpHMhl8 B38IDLO,n;ellCTBHH B03HHKaIOT TOnLKO npH onpe,n;eneHHOM Bhl
Oope KanHOpoBKH. HanpHMep, B R3.Il ,n;~a OilHCaHHH aTOMOB BbIOHpaIOT KynoHOB
CKYIO (HnH pa,n;HaUHOHHyIO) KanHOpOBKY, r,n;e nponaraTop B3aHMO,n;eacTBHH 
Mew ABYMH sapmiteHHhIMH TOKaMH J,..0 

I :J,..® HMeeT BH,n; cyMMhl KynoHOB
CKoro B3aHMO,n;ellCTBHH q;· H nponaraTopa nonepeqHhIX ¢oTOHOB 7T : 

(j) -{ {jJ ©/. I ) @ 
{ -I- 7r =- Jo ~ JO + Jc: L d.:,· - 9.- 2~ i~i Ja" · (I.I) 

HMeeTCH BilOnHe onpe,n;eneHHaH npaKTHKa OilHCaHHH B R3.Il CBH3aHHhIX 
COCTOHHHll H HX BOnHOBbIX ¢yHKUHll, KaK B CHCTeMe IlOKOH, TaK H B pena
THBHCTCKOM cnyqae. 

B R3.Il aTOM paCCMaTpHBa8TCH KaK HenepTyp0aTHBH08 KonneKTHBHOe 
B030ylf,lleHHe sapaxeHHhIX qaCTHU B·HX KynoHOBCKOM none fl • ATOM 
~OPMHpyeT CTaTHqecKaH HH~paKpacuaa CHHrynapHOCTL KynoHOBCKoro nona. 
q,_2 ::::- 0 • BTopoe cnaraeMoe 7T paCCMaTpHBaeTCH KaK pa,n;Ha.UHOHHaH 

nonpaBKa. 
BhlpaxeHHe (I.I) penHTHBHCTCKH HeKOBapHaHTHO, OHO HBHO 3aBHCHT 

OT BHemuero BeKTopa 2; =(1000), KOTOphllt qacTo Ha3hIBaIOT "BeKTOPOM 
OCHBpeMeHH". Ha npaKTHlt8 ,n;na onucaHHH ABHxy~eroca aTOMa B HH3meM no
pH.n;Ke no pa,n;HaUHOHHhIM nonpaBKaM Bhl0HpaIOT KynoHOBCKHll OOMeH c OCLIO 
Bpeueuu f/,,/' B.n;onL 4-BeKTopa nonuoro HMnynLca aToua. 
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B COOTB8TCTBHH C Teopuen Ka.nHOpoBoquux nonen, c¢opMynupoBaHHOll B 

1964-74 rr.,cy~ecTByeT rnyOoKoe yelex,n;euue, qTo ~HsHqec.KHe pesynLTaThl 
He 3aBHCHT OT BhIOopa, OCH BpeMeHH, TaK KaK H3MeHeHHH · 'l;'< 8CTL H3M8H8-
HHH· Ka.nHClpOBKH, a ¢H3HqecKH8 pe3YnLTaThl OT KanuClpoBKH He 3aBHCHT B CH
ny KanHClpoBoquon HHBapHaHTHOCTH KBaHTOBOll T80plm. ,Ilpyrm.rn cnoBaMH, .n:o-:
Y.a3aTenLCTBO HBHOll penHTHBHCTCKOlt KOBapH8HTHOCTH KynoHOBCKOlt KanHOpoB
KH (I.;[) 3aKnIO<{a8TCH B nepexo,n;e K ,n;pyrolt, penHTHBHCTCKOlt KanHOpOBKe . 
H B ,n;OKa3a.TenLCTB8 H83aBHCHMOCTH ~H3HqecKHX pesynLTaTOB OT BhIOopa Ka
nHOpoBKH. ,B TaKOM no,n;xo,n;e_ qHCThlll- KynoHOBCKHlt oClM8H "penHTHBH3YeTCH" 
pa.n;HaUHOHHOlt nonpa,BKOlt 'Ir • ,IlellCTBHTenLHO, YMHOlKaH, cnaraeMoe ~ B 
(I.I) Ha ~a~TOP, paBHhln e.n;HHHUe: cq.~- 7j 1)/(f// - 91

) ' Mhl MOll8M pas-
,n;enHTL BCD cyMMy q; -t 7I' ua KoBapuaHTHhlll ~eltuuau OBCKHlt nponara.Top IF 
H qHcTo npo,n;onLHYD qacu IL : 

J@.J<D 
([ + 7f = IF+ fl = - (CJ_· ff,) + 

f (j) I- (!) ) /.JiJ ) ® 
1_,Jo t)t.J. i, -(J,~tJ.- J. CJ.· 

. (} ';J 

q2 (q•~) 

(A· B = A~ Bo - A,· l?r ) . 
Bee ,n;oKa3aTenLCTBO penHTHBHCTCKOlt KOBapHaHTHOCTH (cu. 161) 
B oOocuoBaHHH Toro, qTo BKna,n; OT nocne,11uero cnaraeirnro fl 
uyn10, B CHny 38.KOHa coxpaHeHHH TOKa 

Jo i., == JC: C/,,· , 

H HM88T M8CTO paB8HCTBO 
. (!) (f) I 

q:,+1r =IF""-'- ':J .;; 1Ctt·V• 

(1.2) 

COCTOHT 
pa.BeH 

(I.J) 

(I.4) 

TaKHM oelpa30M~ nonepequhllt nponaraTop 7f' OTOJ[,ll;8CTBnH8TCH C penHTH-
BHCTCKOR nonpaBKOlt ( IlOCKQnLKY "peJIHTHBH3yeT" KynoHOBCKOe none 
(/; ), a KynoHOBCKHll OOMeH H CBH3aHHaH C HHM noTeHuHanLHaH MO,n;enL 

aTOMa paCCMaTpHBaDTCH KaK uepenHTHBHCTCK~e npHClnHxeHH~. (OTCIO,lla.·· YT
B0pllC,I1;8HHe: IlOT8HUHMLHaH Mo,n;enL 8CTL HepenaTHBHCTCKaH Mo,n;enL). OnHCa.H
HaH Bhlme npa.KTHKa BhlqHcneHHH cneKTpa CBH3aHHOro COCTOHHHH, a TaKll8 
penHTHBHCTCKOro npeoClpasoBa.HHH ero BOnHOBOlt ~YHKUHH, H TeopHH ,n;oKa.
·3aTenLCTBa penHTHBHCTCKolt KOBapHaHTHOCTH KynoHOBCKoa KanuClpOBKH Ha.
xo.n;HTCH B H8COOTB8TCTBHH ,n;pyr C ,n;pyrou. Ha ":npaKTHKe" cnaraeMbl8 (t: 

H 7f paCCMaTpHBa.IOTCH HepaBHonpaBHO: nepB08 yqHThIB8.8TCH Toqua, BTO
poe - KaK npnpaBKa; B "TeopHH" OHH CKna.,n;l,,IBaIOTCH (I.4), B pesynLTaTe 
qero BOOO~e ucqesaeT HH~paKpaCHaH CHHrynapuocn, ~opMHpy10~aaaIOM 
(npH BH<iucneHHH cneKTpa e penHTH'BHCTCKHX KanHOpoBKaX (1.4) Kynouoe -
c1;toe none npuxo,n;HTCH ,n;oClaBnHTL "pyKaMH" 171 ) • Ha npaKTHKe ,n;na nape-
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XO,l\a B ,l\BHJKYIIIYDCH CHCTeMy H3MeHHDT KaJIHOpoBKY H3MeHeHHeM OCH Bpe
MeHH; B TeopHH ,l\OKa3li1BaDT He38.BHCHMOCTb OT KaJimlpOBKH' T. e. OT -?.,. • 

Eonee Toro, npHMl,IM auqHcJieHHeM ,l\HarpaMM cf?eAHMaHa nerKo yOe,l\HTh

ca, qTo npo.I\OJihHaa qacTh fl.., B (I.2) He Hcqe3aeT a ,l\HarpaMMax cf?euH

MaHa, onHCliOO.DIIIHX CBH3aHHlie COCTOHHHH, r,l\e TOKH ,J.. npeapantaDTCH B 

HecoxpaHHDntHeca B epmHHli ,;. ( r; ?,, f f7 tt,,) H, CJie,l\oBaTeJihHO, ,l\OKa3a
TeJibCTBO KaJIH0poBOqff08 He3aBHCHMOCTH (I.4) c nOMOllthD 3aKoHa coxpaHe

HHH (I.J) HeBepHO. 
TaKHM o0pa30M, npH BliqHcJieHHH coeKTpa aTOMa Mli He MOl[eM BliKHHYTh 

npO,l\OJll,HYD qacTb {L , KOTOpaa BOCCTaHaBmrnaeT B (I. 4) npaBHJihHlie 

aHaJIHTl{qeCKHe CBoncTBa KYJIOHOBCKOro oOMeHa. 
Ho npo,l\OJlhHM qacn 3aBHCHT OT BHemHero BeKTopa >z,/", H B03HH

KaDT CJieAJDntHe BOI!pOCli: 
I. qTO TaKoe peJIHTHBHCTCKaH KOBapHaHTHOCTh ,l\JIH aTOMOB, ecJIH eCTh 

3aBHCHMOCTh OT BHemHero BeKTopa? 
2. Tioqeuy Bli,l\eJieHa KYJIOHOBCKaH KaJIHOpOBKa, KOTOpaH npH BliqHcJieHHH 

cneKTpa aTOMOB oOXOAHTCH Oe3 ,l\OnOJIHHTeJibHliX qHCTO npo,l\OJlhHliX 

nponaraTopoa, TWia IL ? 
J. KaK onHCHBaTh aTOM B ,l\pyrHX KanHOpoKax? 
4. KaKOB CTaTyc noTeHUHaJihHOA MO,l\eJIH?. 
5. 03HaqaeT JIM KaJIHOpoaoqHaH 38.BHCHMOCTh q>H3HqecKHX pe3yJihTaTOB 

KaJIHOpoBoqHyD HeHHBapHaHTHOCTb? 

CoOcTBeHHO OTBeTaM Ha 3TH BOnpocli H noCBHllleHli HaCTO!l!JlHe JieKUHH. Mli 
HaqHeM C nocJie,ll,Hero Bonpoca, KOTOpliA HMeeT q>yHAaMeHTaJlhHOe 3HaqeHHe 

MH TeopHH KanHOpoaoqHux nonen "3oJiotoro AeCHTHJieTlrn". 

KaJIHOpoaoqHaH HHBapHaHTHOCTh narpaHJKHaHa 

'J = - t r;,.; 15,. J =- ~ II II - 'J.1 ,4-/1 

03HaqaeT, qTo OH He MeHHeTCH npH KairnOpOBOqHliX npeoOpa30BaHHHX 

11>- ~fl;.,+~>.. 
/' 

(I.5) 

(I.6) 

Buoop KaJIHOpoBKH ecTh cnenHq>HqecKoe KaJIHOpoBoqHoe npeoOpa3oBaHHe 
)/ , -raKoe, qTo Hoaoe none A f Y.I\OBJieTBopaeT ycnoBHD 

,,.. f f 
f [ Afl = o,' Ar= Ar~~~ cr.1) 

Ha3liBaeMOMY KaJIHOpoBoqHliM. 
KBaHTOBaHHe KaJIHOpoBoqHliX noJien H q>eAHM~HOBCKHe npaBHJia, B KoHeqHoM 
HTore, BCer,l\a q>OpMyJIHPYDTCH B TepMHHaX onpe,l\eJieHHliX KaJIHOpOBOK 

J, =- O , ~ = 0 , HanpHMep, 

6 

0 A = 0 1 3 
d,· ,4,:= 0 . (I.8) 

YToqHeHHeM :JTHX OOIQenpHHHTliX onpe,l\eJieHHA HBJIHeTCH HBHoe pemeHHe KaJIHcl-
poBoqHHX yCJIOBHA (I.8), KOTopoe Be,l\eT K q>yHKUHH )..(J) , HJIH >.7' 
KaK ·K q>yHKUHOHaJiaM OT HCXO,l\HHX noJie·n (I.5) 

)...(j)[A) = - ~ A-.1 / 
>.'[A]= -: !_ c).1(-. 

'c) Z. '- I , 
. . 3 

. . ® .,- . 
H CJie,l\OBaTeJihHO, Be,l\eT K q>H3HqecKHM nepeMeHHHM ~ , . A-. KaK K 
q>yHKUHOHaJiaM OT nonen ,4- : . C. 

(]) - - _:!_ (I ) A ~ A® = A[AJ-(J',..iJ -~'-;) o3 v n-v 1 .?[A) D, 
/1 /. 'J 

'<7,4/°"[/1]=0. (I.9) ,4.: [A] ~ ( di·· - ?.· --1- ?,.)ft'.J. 
L .) 'G>2 V 

nerKo' BH,l\eTh, qTo 3TH q>yHKUHOHaJili.(I.9) KaJIHOpoaoqHO-HHBapHaHTHli 

OTHOCHTe·JihHO npeo6µ130BaHHn HCXO,l\HliX noJien ,4 B TOM l[e CMliCJie, B 
KaKOM HHBapHaHTeH narpaHXHaH (1.5). 

C ToqKu 3peHHH.HBHoro pemeHHH KaJIHOpoBoqHux ycJIOBHn,BuOop Ka

JIHclpoBKH (1.7) 03HaqaeT BHOop qlH3HqecKHX nepeMeHHliX KaK KaJIHOpoBoq
HO-HHBapHaHTHHX WYHKUHOHaJIOB OT HCXO,l\HliX nonen. 

ECJIH KaKHe-To WH3HqecKHe pe3yJihTaTli 3aBHCHT OT 11 BH0opa nepeMeHHHX" 
(I.9), . TO 3TO He 03HaqaeT HapymeHHH npHHUHna KaJIHclpoaoqHoa HHBapHaHT

HOCTH, TaK KaK JIDclon "BHclop nepeMeHHHX" (I. 7) KaJIHclpoBoqHO-HHBapHaH-

1.fil!• ,B nocJie,l\HeM,nO,l\qepKHYTOM npe,l\JIOXeHHH BBe,l\eHHHn 3,1\eCb HOBlin Tep
MHH "BHOop nepeMeHHHX" HeJib3H 3aMeHHTh Ha CTapun TepMHH "Bliclop Ka -
JIHclpOBKH", He TepHH npH 3TOM sceto CMHCJia npe,l\JIQXemi:a. . _ _ 

Pa3Hlie "nepeM8HHlie" CBH3am, M8XAJ coclon npeoOpa3oBaHHeM, KOTopoe 
Ha3uBa.eTCH "3aMeHoa nepeMeHHliX", mnpHMep, Ar CBH3aHo c 1t® 3aMe-

HA~-[ A~= A-<f-'J.·}i ?A-P)= v-rrij)J(,4~-~:~ ~Jv-rr;q~-\ 
iJ- r [ A-] = exp { r:e ,./2. ~-.,f(j. . . , (I.IO). 

XOTH :JTO npeoclpasoBaHHe _BlirJIH,l\HT KaK KaJrnclpo
0

BoqHoe npeoclpa3oBaHHe, OHO 
no CMHCJIY He OTJIHqaeTCH OT aHaliorH~HHX: npeoOpa30BaHH'1 nepel,!eHHliX B 

JIDOHx HeKa.JIHOpoBoqHHX TeopHHX n Mo~eT ·nprnioAHTh ~ ~HSH~eCKHM c'ne.I\CT
BHHM BHe .MaCCOBon noaepXHOCTH, eCJIH He yqHTHBil.Th cBepx npaBHJl cf?enH

MaHa ,l\OnOJIHHT8JlhHliX (T.Ho mnypHOHHHX),l\Harp:l.MM, llpOHCXO,l\H~HX He H3 
JiarpaH:maHa, a OT pyKOTBopHHX q>aKTopoB v- 7 £ t4] • 

7 



Koaeqao, Bee qm3HqecKHe pe3yJ11,TaTb1, .B TOM q11JCJ1e· cpe,ItHHe 

,-:;-, 0 ~(!) TrA0-1 
<'Y'r, . • 1/-'r') == <W-[AJ rip ... ¥'. V L' J ),( ) 

I.II 

He 3aBHCllT OT "3aMeHH nepeMeHHHX", O,ItHaKo·, · npaBa51 qacTb TOlt,IteCTBa 
(I. II), Kpoue 001,1·qa1,1x ,ItHarpaMM c MO.ItHil>HKaUHell npaBHn <Pelluwrna, co,Itep

itHT mnypHOHHHe ,ItHarpaMMl,I (npHMepoM 3THX ,ItHarpaMM JIBJIHeTCll npO,ItOJlbHaa 
qacTL IL B (I.2)). TepMHH "H3MeHeHHe KaJIH<lpOBKH" OTJIHqaeTCll OT TepMH

Ha "saMeHa nepeueHHHX" TeM, qTo 03HaqaeT TOJILKO MO.ItHil>HKaUHll npaBHJl 

<}ellHMaHa. ooa 3TH TepMHHa coana,ItaDT B TOM CJiyqae,,Kor,Ita BKJia,It OT mny

PHOHHHX ,ItHarpaMM paBeH HYJID, HanpHMep, ,ItJlll s -MaTPHUH paccellHHll C 
acHMnTOTHlleCKHMH CO~TOllHHllMH Ha Maccoaon noaepXHOCTH. 

EcJIH 3TH mnypHOHHHe ,ItHarpaMMH HecyT HeHyJieBoR BKJia,It B ¢H3HqecKHe 

BeJIHqHHH, THna cneKTpa CBll3aHHHX COCTOllHHI, TO B KaJIHOpoaoqHoR TeopHH 
HMeeT MeCTO HepaBHOnpaBHOCTh ¢H3HqeCKHX nepeMeHHHX: Bee nepeMeHHHe, 
3a HCKJll)qeHHeM O,ItHOR, ocoOol, TpedyDT yqeTa "PYKOTBOPHl,IX" il>aKTOPOB 

THna.v-r , KOTOpl,le HeB03MOltHO onpe,IteJIHTL H3 raMHRLTOHHaHa HnH Jiar
paHJKHaHa. 

,llJill OilHCa_HHll CBll3aHHHX COCTOJIHHR B K3.U TaKHMH "ocoOHMH" nepeMeH
HHMH llBJli!IDTCll nonepeqHHe IlOJlll (I.I). 

IlpelK,Ite qeM oOcyE,ItaTL BOllpOC·O npHqHHax BH,IteJieHHOCTH nonepeqHl,IX 

nepeMeHHHX, HanoMHHM OCHOBHHe Il0JlOE8HHll oOieR peJIJITHBHCTCKOI TeOpHH 
0HJIOKaJILHHX (IOJieR, TaK Kart aTOMH OllHCHBal>TCll 01rnoKaJILHHMH IlOJlllMH: 

1n.{xl,) = ?n (2 /X) j 2 = ><-:; X =2!!:1 
I 2, 

(I.I2) 

B paOoTax /?,B/ OHJIH Hall,IteHH YCJIOBHll Toro, qTQ OHJIOKaJILHHe IlOJlll 

llBJllll>TCll nenpHBO,ItHMHMH npe,ItCTaBJieHHllMH rpynn1,1 Ilopenua 

c) .. 

~'c)x.A m (i! Ix)= o. (1.13) 

3TH YCJIOBHll 03HaqaDT, qTo peJillTHBHCTCKOe 0HJIOKaJILH08 noJie 3aBHCHT JIHmL 

OT TpeniepHoll IlJIOCKOCTH OTHOCHTeJlhHHX KOOp,ItHHaT,riepneH,ItHKYJillpHoll onepa
Topy IlOJIHOro HMilYJihCa CBll3aHHoro COCTOJIHHJI %~ • 

,llellCTBHTeJILHO, Y.ItOBJieTBOpllllll(ee YCJIOBHD. (I .IJ)' OHJIOKaJILHOe noJie 
aTOMa BO,ItOpo,Ita B CHC.TeMe IlOKOJI HMeeT BH,It 

. .. ,· MA·x; ry /.-J' r{; ) 
'}'n(?/X) = e · ,<,ti! 0 ~o., (I .14) 
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rne X (2) - BoJIHoaaa ¢YHKUHa, no.1tqHHHDll(aac11 ypaBHeHHD Illp.e.1tHHrepa. 

,lleJILTa-¢yHKUHJI no OTHOCHTeJILHOMY BpeMeHH i!o 03HaqaeT O,ItHOBpe
MeHHOCTL aneMeH·TapHHX qaCTHU, oOpa3YlllllHX aTOM. (Ila oOpaSHOMY 3aMeqa
HHll 3AAHHrTOHa: aneKTpOH Bqepa H npOTOH cero,ItHll aTOMa He oOpa3yDT). 

0.ItHOBpeMeHHOCTL aTOMa (I.14) OTpal[8.eT O,ltHOBpeMeHHOCTL KYJIOHOBCKoro 

oOMeHa a([.I), KOTOpHR B KOOp,ItHHaTH~M npocTpaHCTBe HMeeT BH,It 

© ) ® Io rxJ V (2 S{e.,,) lo (yJ. (I.I5) 

B I978·r. (l1,1na ,ItOKa3aHa Teopeua o TOM, qTo pa,ItHaUHOHHHe nonpaBKH, Ha

pywaDll(He O.ItHOBpeueHHocTL·noTeH~Hana (I.I5), He paspymaDT O.ItHOBpeuea
HOCTL BOJIHOBOll ¢YHKUHH (I.I4) 91 • TaKHM o0pa30M, nonepeqHue nepe

MeHHHe B K3n (I.I) B paMK!iX TeopHH B03Myll(eHH0 He HyJK,ItaDTCll B ,ItOilOJlHH
TeJILHHX rHilOT83aX "o,ItHOBpeMeHHOCTH" BOJIHOBOll ¢YHKUHH HJIH ¢yHKUHH rpH
Ha /S/ 

IlpeoOpa3oBaHHe TiopeHua, MeHHDll(ee OCL BpeMeHH Ha npOH3BOJlLHH0 
apeMeHl'!Il0,It00HHll BeKTOp 

YJ 0 = (1, o, 0,0) f'? 
l/" . 

2/- = {Y/o,f) 
h 2 -2 (r,->z -=1 

C O,ItHOBpeMeHHHM,H3M8H8HHeM KYJIOHOBCKoro nona (I.15) 

@ (j) ( .1. f.. 1\ (J-~) V(?))K(i!·tc)J·i j ~=~-?,,, (i!•iz; 

(1.16) 

(I.17) 

(TaK, qToOH OHO ,ItBHraJIOCL BMeCTe C qaCTl{UaMH, oOpasy~ll(HMl'l aTo~),Be,IteT 
K penHTHBHC.TCKOMY OHJIOKaJILHOMY llQJll) aT OMa 

·:P-X rm (e IX),== e l z (p/< ·') s {z!· '{)' 
(1.18) 

r.1te i =- 'l/< MA 4· - HMnyn1,c atoua. 
ll B COOTBeTCTBHH C Teope11on Ilaaa 191 HHKaKHe pa,ItHaUHOHHHe .nonpaBKH He 
H3MeHHT BH,Ita (1.18). 

EcnH lll,I 3aOy,IteM "noBepHyTL" KyJIOHOBCKoe noJI_e (I.15) npH npeoOpa-
30BaHHllX JiopeHUa IlOJlHOro HllllYJILCa ~ · ·, TO, KaK H80,ltHO!tpaTHO yOe:Qa-
JlHCL MHOrHe aBTOPH (cM.,Hanpfwep,/IO/ ), peJillTHBHCTCKHll 3aKOH ,ltHCnep-

1)2 :i . 
cHH HapymaeTca (T.e. J- I MA ). :3To osHaqaeT, qTo cootaeTCTBYD-
~ee OHnoKaJILHOe none He YAOBJ1eTBop11eT ycnoBHll MapKoBa-DKaBH (I.IJ) H 
He HBJIHeTca HenpHBO.ltHMWM npe.1tcTaaneHHew rpynnu Ropeuua. c onpe.1tenesuol 
Maccoll H CilHHOll. 
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.TaKma oOpa3OM, nepexo;i; B ;i;pyryD JIOpeHI.\eBCKYD CHCl'eMy Ol'tJeTa 

npe;i;nonarael' nepexo;i; K ;i;pyrHM "nonepetJHUM" nepeMeHHm& c .D;Bl'l:ey"IIIHMCH 

KYJIOHOBCKl'IM noJieM (1.17), IJl'O O3HatJael' B l'8pMHHax "Cl'apux" nepeM8HHUX 
BO3HHKHOB8HH8 HOBl:,IX mnypHOHHUX ,D;HarpaMM. Mu He l'OJlbKO ,Il;OJIXHl:,I ,D;OKa3al'b 

BU,D;eJieHHOCl'b nonepetJHHX nepeMeHHUX, HO I'! onpe;i;eJil'll'b HBHUll BH,D; 3l'l'IX 
mnypHOHHHX ,Il;HarpaMM, BO3Hl1KaDutHX npH npeoOpa30B8.Hl1HX ,'Iopem:~a. 

HenpHBO,Il;l1MOCl'b no cnHHY OHJIOK6JlbHOro nOJIH l'aKxe rapaHl'11pyel'CH 

ycnoaHeM (1.13), TaK KaK cnHHOBYD Cl'PYKIYPY aa;i;ael' opOHTaJibHOe paa
noxeHHe B npocTpaHCl'Be Ol'HOClfl'8JlbHl:,IX KOOp,Il;HHal', nonepetJHOM noJIHOMY 

HMnyJihcy (cu.,Hanpm.iep/II( ). Ilo3l'oMy ycnoaHe (I.IJ) ecl'h .KounaKTHaH 

aanHCb lf3B8CTHUX B JIOKaJibHOM npe.neJie KaJIHOpoBOIJHl:,IX yCJIOBlfll ,D;JIH B8Kl'Op

HHX, l'8H3OpHHX If .npyrHX nonen 

J -It= o 
/" /" ) 

~?;l)=O i ... , (I.19) 

O3HatJaDUIHX HenpHBO,D;lfMOCl'b npe,D;Cl'aBJI8Hlfll rpynna IIyaHKape Ol'HOClf~8JlbHO 

npeoOpasoaaHHtt rpynnu JiopeHua. 3TH ycJIOBHH (l .19) O1:,1n11 o;i;Hon Ha MHo
rHx Ol'npaBHHX TOIJ8K ,D;JIH qJOPMYJIHpOBKH l'8OpHH KaJIH0pOBOqHl:,IX noJiell/l2/, 
C .npyroa CTOPOHH, CaM.lf KaJIHOpoBOIJHHe noJIH ,D;aDT HaHClOJiee HenpoTHBopelllf
BOe ·onHCaHHe Ha YPOBH8 KTII ClHJIOKaJ!bHUX nonen CBH3aHHl:,IX COCTOHHHll, 

y,noBJieTBOPHDIIIHX a JIOKaJibHOM npe;i;eJie YCJIOBHD (1.19). 
il:TaK, rJiaBHHR lfTOr nepaol! JI8KUHH -:no BB8,D;8HH_e l'8pMHHa "BHOop 

nepeMeHHHX" H HeoOXO,D;HMOCTb npH onHCaHHl'l CBH3aHHHX COCTOHHHR BHOopa 

OCH BpeMeHH KBaHTOBaHl'IH H. rpaHHIJHlilX YCJIOBl'la B COOTB8TCTBHl'l C ycJio
B1'18M MapKoBa-DKaBU (1.13), 8CJ!lf Ml:,I XOTID4 coxpaHHTb peJIHTHBHCTCKYD' 
KOBapHaHTHOCTb. 

IO 

JilliIU!H 2. MUHHMAJII,HOE KBAHTOBAHHE 3JIERTPOJUIHAMMKH 

B nepaoa JieKUl'll'l Ml:,I BUHBHJll'l npoTHBopetJHH Mex;zy npaKTHKoa onHcaHHH 

CBH3aHHHX COCTOHHHa B K3n I'! l'8OpHea 1964-74 rr., ,D;OKa3HB6DUl8a p8JIHTH
Bl'ICTCKYD KoaapHaHTHOCTh H KaJIHOpoBOllHYD HHBapHB.HTHocn. B TeopHH 

"peJIHTl'IBH3aUHH11 ,D;OCTHraeTCH ytJeTOM pa,D;HaUHOHHOll nonpaBKH, a Ha "npaK
Tl'!Ke" - CM8HOll KaJIHOpOBKlf. 

TeopeTHtJecKoe ,noKaaaTeJibCTBO He3aBHCHMOCTl'l oT BHClopa KaRHOpoBKH 

onpoBepraeTCH npaKTl'IIJ8CKHM B l:,IIJl'ICJI8HH8M ,D;Harpruw C npo,ttoJI_bHOll, 3aBHCH
l!l811 OT KaJI11OpoBKlf, tJaCTbll- H, caMoe r JiaBHOe, TaKHM H3M8H8Hlf8M aHaJIHTl1-
IJ8CKl'IX CBOllCTH nponaraTOpOB B peJIHl'l'IBl'ICTCKHX K6JIHOpOBKaX, KOTOpoe 

l'ICKJillltJaeT qiopMHpOBaHH8 _"aTOMa" KaK H3B8CTHOro HaM OHJIOKaJibHOro HenpH
BO,D;l'IMOro npe,ttCTaBJI8Hl'IH rpynn1:,1 IlopeHUa. 

"IIoTeHUHaJihHl,IM Oapbepm,1", npenHTCTBYDllllfM nOHl'IMaHl'ID 3THX npOTl'IBOpe
tJHa M8l!C.Izy Teopiea H npaKTHKoa, nanneTci nyTaHHua noHHTHlt "KaniopoaotJ

. HaH H83aBHCl'IMOCTb II I'! "KaJIHOpoBOllHaH l'IHBapHaHTHOCTb II B Teop1m KaJIHOpo

BOIJHl,IX nonea nepHo.tta 1964-74 rr. 
IIepBl,IM maroM K paapymeHl'!D 3Toro "Oapbepa" OUJIO BB8,lt8Hl'!e nOHHTHH 

11 BHOop nepeM8HHliX 11 BM8CTO noHHTl'IH "auOop KaJIHOpoBKH" • MH noKa3aJIH, IJTO 
"a1,1Oop nepeM8HHliX 11 Call no ceOe HBJIH8TCH KaJIHClpOBOIJHO-l'IHBapHaHTHOR 

npoue;zypoa, B8.Izy1I1en K YCTaHOBJI8HlfD onp8,tt8JI8HHl,IX npaBHJI peaHMaHa B T8O
pHH BO3MYlll8HHn. 3aBHCl'IMOCTb pe3yJibTaTOB aTOMHOll.qJH3HKlf (cneKTpa aTO
MOB, l'IX BOJIHOBl,IX qiyHKIH1a) OT BliOopa npaBHJI peaHMaHa ( T. e. OT 11BHOopa 

KaJ111OpOBKH 11 
- Ha CTapOM H3l,IK8) He O3Halla8T HapymeHHH KaJIHClpOBOIJHOR 

HHBapHaHTHOCTH. BM8CTO 111'13M8H8Hl'lll K6JIHOpOBKH" eCT8CTB8HHO BO3Hl'!Ka8T 
''npoue;zypa 3aM8HH nepeMeHHliX ", OCTaBJIHDll(aH l'IHBapHaHTHWK qll'l3Hll8CKl'le 
peayJILTaTH H _co.nepxautan,Kpoue H3MeH8HHH npaBHJI PellHMaHa,.ttonoJIHHTeJIL

Hlie mnypHOHHHe ,D;HarpaMMH, Kotop1,1e HeJIL3H onpe,tteJIHTh 1'13 narpaHXHaHa 

B36HMO,tt8!1CTBHH. 
B paMKax 3TOll HOBOR ·TepMHHOJIOX:l'IH' BO3HHKaeT aa;if.aga oOOCHOBaHHH 

B1,1~8JieHHOCTH nonepetlHliX nepeM8HHl:,IX If onpe,tteJieHHH l'IX TpaacqiopMaUHOHHHX 

CBOllCTB OTHOCHTeJILHO peJIHTHBHCTCKl'IX npeoOpa30BaHHll. 
3Ta aa,ttatJa H HBJIJl8TCff T8MOR H6CT0ftl!l8i JieKUHH. 
PaCCMOTpHll KB6HTOBaHH8 .nayx npocTellmHX CHCTeM KJl6CClfll8CKOl1 Mexa-

HlfKlf C JiarpaH:maHaMl'l 
·1 

·,.p _: q, 
OV1._ - 2. I 

II 

;t:l = .:t2. 
:z ) 

(i:c;i). 



JiarpaHlKHaH ;;l 1 onHC!alBaeT HetpHBHaJibHYD .l(l!Hfil!HKY toqKI! C 
11MnyJibCOM p = 

0 ~2- == q, ii: ypaBHeHHeM 3l!Jiepa q, ::- 0 • KBaHTOBaH11e 
03Haqaet nepexo;i; K onepatopaM l!MnyJibCa H KOOp,ll;HHaT!al C KO!.IMYT~HOH-
HlalM cootnomeHHeM i[P,q]~t. Btopol! JiarpaHl!GlaH onnc1a1Baet MatepnaJibHYD 
TQqKy B noKoe C HyJieBID.4 .HMilYJibCOM p = ',ol2/4 q = 0 H HY JieBol! Koop;i;1rna

TOI! 'ilt2.~t.i- = ff, = o KaK pellleHHeM ypaBH eH 11S1 3l!Jiepa. 3to npoctel!mnl! npn
Mep Cl!CTeMU C HyJieBlalM IIMilYJibCOM, xapaKtepHOI! .l(J!Sl KanHdpOBQqH!alX teop111!, 
r;i;e paBeHCTBO HYJID HMilYJibCa tpaKTYDT KaK CBSl3b (nepaoro po;i;a) 1131, 
KotopaSI HaKJia,l(l,laaetcSI Ha maunqeQ.!YD_ne~eMeHHYD, npe,D;HaaHaqeHHYD ,D;JISI 
.KBaHTOBaHHSl B ;i;yxe nepaol! CHCTeMbl ( al 1. ) • 3ta CBS13b He e,D;HHCTB8HHaSI. 
Mlal ,l(OJllKH!al TaKxe BlalqHCJ!HTb BTOpHqHyD CBH3b, KOMMYTHPYSl raMHJlbTOHl!aH 
1/2 =-"t.1 c nepaol! CBSI3bD: -c[f,112.1=9::o • JierKo BH;i;en., qto 

3TH .l(BEl CBS13H ( p = 0 1 9'" 0 ) npOTHBopeqaT KOMMYTallHOHHOMY COOTHOme
HHD if?, iJ = t; H BUTeKaDmeMy H3 Hero COOTHOIJieHHD Heonpe;i;eJieHHOCTH 

renaeHdepra <fo><{>>-- ~ , Kotopoe aanpemaet. o;i;HoapeMeHHYD <f!HKcaunD 
codCTB8HHUX 3HaqeHHI! KOOp,D;HHatlal H llMilJJibCa • 

BtopaSI CH.cteMa C JiarpaHlKl'laHOM '£2 B npHHUHne He MOl!t8T dlalTb 
pacCMotpeHa KaK KBaHTOBaSI. 

IIpimepoM HM8HHO TaKol! HeKBaHTOBOl! Ctan1qecKoll CHCTeMU. HBJ!Sl8TCH 
JiarpaHlll!aH 3Jl8KTpO,D;HHaMHKH, B KOTOpOM npeHedperaetCH npoctpaHCTB8HHl&H 

. KOMilOH8HtaMH KaJIHdpoaoqHoro llOJIH 4, :c 0 

i=-f!5,!+~~1 = f<J,flof+Ao'Jb = ;/(£_ 
11,=-o 

Ha perue HHSlX ypaBHeH HH 3llJiepa 

d·'-11 = ,y fl (x),,. - .i._ fc1ly/-f_ JJy) ~ 
• C1 Vo I o ~Jr X-Y/ 

I 
~2. Jp[x). 

3TOT JiarpaHll:HaH B TQqHOCTH ;i;aet KYJIOHOBCKOe B3aHMo;i;ellCTBHe TOKOB 
(I.I) 

';X d: = "i Jo ;2 Jo , 

(2 .I) 

(2.2) 

(2.3) 

KOTOpoe 8BJIHeTC8 OCHOBOR HeneptypdaTHBHoro auqHcJieHH8 cneKTpa H BOJIHO
aoll <f!YHKUHH atoMa B CHCTeMe ero noKo.li, B HH3IJieM nopSI,D;Ke no KOHCTaHTe 
CB83H. 

TaKHM odpa30M, npaKTHKa OilHCliHHSl aTOMa · CT8,BHT 3a)lllqy npm.teHeHH8 
Meto;i;a KBaHTOBaHH8 3JieKtpO,D;HHaMHKH, OCHOBaHHOro Ha 8BHOM KJlaccnqecKOM 
peruemm ypaaHeHHH 3llnepa ,D;JIH apeMeHHoff KoYnoHeHT!al nonn /1

0 
• (3to 

ypaBHeHHe Ha 3ll BaDT ypaBHeH HeM raycca). 

B nepBHX paootax no KBaHTOBaHHD 3JieKTpO,ll;l!HaMHKI! reaaeHOeproM H 

12 

IIaynH paCCMatpHBaJIC8 HMeHHO TaKol! MeTO,l( KBaHTOBaHHH /I4/_ 3aTeM H3 

coodpa~eHHff BO~CTaHOBJleHH8 8BHOll pe118THBHCTCKOll KOBapHaHTHOCTH ctaJIH 
npe;i;naratb M8TO.l(lal paBHOilpaBHOro KBaHTOBaHH8 Bcex ltOMIIOHeHT KaJIHd~oaoq
Horo IlOJIH. Handonee nocne;i;oBateJlbHO 3TOT MeTO.l( pa3BHT IlHpaKOM /I/ H 
¢a;i;;i;eeBUM 1151 (cu. taKxe /l6/ ). 

UtaK,BCe MeTO,l(U KBaHTOBaH1!8 KaflHdpoaoqHl,IX nonen rpydo MOJICHO pa3-
;i;eJIHTb Ha ,D;Ba no;i;xo;i;a. B nepaoM ,l(JIH 8BHOI! peJIHTHBHCTCKOll KOBapHaHT
HOCTH CtapaDTCH npoKBaHTOBaTb ace KOMilOHeHTH (MU dy;i;eM Ha3HBaTb TaKoll 

no;i;xo;i; - KBaHTOBaHHeM no IlnpaKy), BO BTOpOM - HBHO pemaDT ace CB83H 
H KBaHTYDT TOJlbKO OCTaBmHllCSl MHHID!aJibHHll Hadop <f!H3HqecKHX CTeneHell 
CBOOO,D;H (Ha30BeM TaKoR no;i;xo;i; "MHHHMaJibHHM KBaHTOBaHHeM"). MHHHMa.Jlb
HOe KBaHTOBaHHe nocne;i;oBaTeJlbHO C~OPMYJIHpOBaHO B paootax /I7,ra,rs,2o~ 

OCHOBHOR npodJleMoll"MHHHMaJibHOro KBaHTOBaHHH" SlBJIHeTCSl .l(OKaaa-
TeJibCTBO peJIRTHBHCTCKOll ioaapHaHTHOCTH. 

PacCMOTPHM pemeHH8 3TOR npoOJieM!al Ha npHMepe CB000.l(HOro 3Jl6KTpo
MarHHTHOro IlOJ!Sl (I.5) 

~ {x) = - .i. F 2 = 
~ fail 

Fo, = 'do A.- - ~,Ao 

-I 

~ 

/ 

~/- -.1..·s .z 
:l .. (2.4) 

8 .- ::= e,.fk. ~ A1c = 1 E'.l·1c /j'1c. 

B COOTBeTCTBHH C npe;i;nHCaHl,feM 11MHHHMaJI!,HOro KBaHTOBaHHH", npexie 
qeM KBaHTOBatb, Mlal ,l(OJIXH!al SlBHO pell!l,fTb KJiaCCHqecKoe ypaBH8HHe Ha 

CTaTnqecKyD ltOMilOHeHTY !lo , KOTOpaa He HMeet HMilYJibCa: 

12 Ao == ?.- 00 Ai I=? Ao = ;2 ~· ?0 1· · (2.5) 

Hetpy,D;HO yOe,D;HTbCH, qTQ ypaBH0HHe CBJl3H (2.5) H ero pemeHHH HHBapHaHT
HU OTHOCHT8JlbHO,KaJIH0poBoqHHX npeoOpaaoaaHHff (I.6). IIo;i;ctaBJIH8 peme
HHSl (2.5) a narpaHEHaH (2.4), nonyqHM awpaxeHHe ;;{<:, 1totopoe He 
3aBHCHT OT npO.l(OJlhHUX noneR ( 'J,·11.- ) 

dr: = f (r;.,11-;)2- - i ('iJJA~f, (2,6) 

r~e 

A:= (s,".i - r)l;z uJ)i¾ J 
r).; -A~·v-= 0 

(2.7) 

nonepeqHoe none. 
3TOT ~aKT ycrpaHeHHSl Cpa3y ;i;ayx KOMilOH8HT (apeM8HH011 H npo,D;OJ!h

HOR) nyteM pemeHHH O.l(HOfO KaJIH6poaoqao-HHBapHaHTHOro ypaBH6HHSl (2.5) 
MOEHO Oonee HarJIR.l(HO npo;i;eMOHCTpHpoaatb Ha npHMepe T8H30pa aJieKTpH-
qecKoro IlOJIH Fu, = o>Q 14.- - ol,; .4a ' KOTOpHR 3aBHCHT JIBHO OT qer1a1pex 
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Ko11noHeHT {Ao, fl.-) . Ilo,»;cTaBJllUt s aero pememrn ypaBHemUi (2.5J 

Foe"= 'r>oAt - d.;/to/ _ .i. =. t7o[t1-, -?.•1z ?·Aj] = ~oAlT• 
Ao - -il ~. e)oAt 

IIH OCIHapyxHBaeM, qTo 3TOT TeH30p 3aBHCHT TOJlbKO OT ,ll;BYX nonepeqHHX 
nonea A-}' (2.7). Ilpo,ll;oJI&HaR xo11noHeHTa Hcqesna B cHny KaJIHClpoBoq
eoa HHBapHaHTHOCTH TeH3opa Foi . 

PemaH RBHO CBH3b, Mlil nepemJIH OT KaJIHClpOBoqao -HHBapHaHTHOrO 
narpaH:maHa K KaJIHClpoBoqHO-HHBll.pHaHTHHM nepeMeHHJ,IM (2.7) KaK K !liYHK
ltHOHa.JiaM OT HCXO)l;HJ,IX none!! Ai , lJ:ToCIH npe,ll;CTaBHTb 3aBHCHMOCTb 
OT ,ll;BYX nepeMeHHliX HBHO' BBe,ll;eM ,ll;Ba nonepeqffl,IX OpTa e .. 4. ( C1) ; 
o.- e,4.(u)=- 0 • Q = I,2, KOTopue B!il8CTe C BeKTOPOM ,»;~epeHUHpOBa-

HHR ( 77.- ) o0pa3yllT IlOJIHJ,II aaelop H3 Tpex BeKTOpOB C yCJIOBH8M IlOJIHO-

TH: 

L eJ e.a. + q,!:-<9. -=-cf. .. ~ L e/e.Q.:: .f...- <).-! :;,. c2.a) 
J 'Ql (/ 'J ,..,., Q; I '2 d I ~ l J 

Q=~2 • 

Ilocne,»;aee paBeHCTBO nosBonneT BMecTo Tpex saBHcmwx no11ea A,.r BBeCTH 
.nBa eeaaBHCIIDI.HX noJIR I/ o..(x) 

A"':= (f..;.. 'v.-'1-rJ .. )Av-= ~ e•Q (e.a.A-r_) = L e'! It 
' ld;J • -z. J . L.. ' cJ J ' • 

1) ) Q: I l Q ::/, 2 , 

(2.9) 

B TepMHHax 3THX He3aBHCHM!,IX nonea narpaa~HaH (2.6) npHHHMaeT BH,ll; 
narpaHxHaaa )l;Byx "cxannpHux" nonea 

1c = L 1 ~ fl Ct ?,(,A~ .. 
a:: ,1, 2 

(2.10) 

KBaHTOBaHHe 03HaqaeT 3a,»;aHHe KOMMyTaUHOHHJ,IX c90THOmeHHI ,ll;JIR ,ll;BYX He3a-
BHCHMlilX KOMilOH8HT! 

[ 
t:t Ab/, ] ,;i, .J 

i rJo/l YxJ) ff ( Y) = J J' (x-!J) (2.II) 

HJIH B TepMHHax nonepeqaux nonea: 

i{1u./{/x) J ~-"fYJ] =·{f.i- ?)i;z J;)J.J(x_fl). (2.12) 

J!HHMmqeCKHe BeJIHqHHlil MOliCHO. IlOCTpOHTb H3 T8H30pa 3HeprHl!-HMilYJihCa 
CHCTeM!l (2.10) / 2I/. , 

I4 

G . /1QR Q. "--I' 7;.ll =L,_ ~N 1111 - ~vo(..(1,. 
a=-r2 

(2.13) 

KOTOpHll COBila,ll;aeT Ha ypaBHeHHRX raycca (2.5) c KaJIHClpoBoqao-HBBapHaHT
HHM TeH30pOM 3HeprHH-HMilYJibCa HCXO,ll;HOI :reopHH (2.4) (Ha3HBaeMHM T8H-
30POM EeJIHH~aate) 

-,;~::;: ~(X F
0'v - ~ll :X. (2.I4) 

TaKHM o0pa3oM,Mhl npOKBaHTOBaJIH KaJIHClp0BoqHyD TeopHD, He HCTIOJib-
30BaB YCJI0BH/1 KaJIHClp0BKH KaK HCXO,ll;HOro npe,ll;Il0JI0EeHHR. B MHHHMaJ!bHOM 
KB8HT0BaHHH-CaM TepMHH "BHClop K8JIHClpoBKH" OKa3HBaeTCR HeHyliCHUM, a 
"BHC!op nepeMeHHHx" ocymecTBJIRetcR onosHaqao nyTeM HBHoro pemeHHH 
ypaBHeHHH raycca. 3,!1;8Cb Clonee JM8CTHlil tepMHHlil "KOHCTPYKIUIR nepe:!teH
HlilX" H "KOHCTPYKUH/1 ,ll;HHaMHtleCKHX B8JIH'IHH". 

B TepMHHaX KB8HT0B8HHR no J!HpaKy CJI8~0BaJIO (11,1 CKa3aTb, 'IT0 Wal 

Il0JIYllHJ!H "npaBHJia" ~elHLtaHa B "pa,ll;HaUH0HHOI" KaJIHClpOBKe. O,ll;HaK0 BHpa
xeHHR (2.9) HeJib3R Ha3B8Tb "KaJIHClpoBK0I" B o0menpHHHTOM cwc11e, T.K. 
noc11e npeo0pasoBaHHH nopeana Hcxo,»;aHx nonea Ha pemeHHHX ypaBHeHHH 
raycca 

st Al<. (x) : Et' {x,.' 'J() - XO' 'J,x) ll .. (xJ + C1c llo /41, 
')(/ . I 

le = K le f ~ IC XO I K. " X0 -f ~ 11< )( i, , 

(2.I5) 

J/ 'i}IC = E,, ?., I. ~"(jz) ~ - ,2 £.,_ ;2 ~ .. ~o ,/-2 
'PYHKUHOH8Jl nonepellHlilX nepeMeHHHX (2.9) "MeHHeT" CB0D "KaJIHClpOBKY" 
asroMaTHqecKH 

~; [ A -f ~ofl] - fl/"" [ fl] = J'/ 11: (x) -,. <7k A lX) • (2.16) 

f,!1;8 ..(\_ {x) -"KaJIHClpOBO'IHJ,Iff IlOB0pOT" : 

/2(x)::- Er-;2 7Jofl;. (2.I7) 

B TepMHHaX "MHHHJ48RLHoro KBaHroBaHHH" 3TOT noBopoT 03Hat1aer, 'IT0 
npeo0pasoBaHHH nopeana conpoBox,»;rucrcn saMeaoff nepeueHaux. B HOBoff cic
teMe MJ,I ~OJIXH!,I BlilClpaTb nepeMeHHHe nonepeqHliMH 0TH0CHT8JlbH0 H0BOR OCH 

BpeM8HH rz~::: I'/./' -t Jt,o ~,tt . , r~e ,Z_,..-' (1,0, 0.0) • 
Ilpeo0pasoBaHH/1 nopea~a BN/IBJI/IDT aeo~H03Ha'IH0CTb MHHHM8JlLH0ro KBaH

T0B8HHa, CBH3aHHYD C BU0opoM OCH Bp8M8HH HJlH BpeMeHH0ff K0MilOH8HTli 

IS 



Ao ;- (,4. 12). (2.18) 

Mli YBH,IIID4 HHJit8, qTo OCb Bp8M8HH rz,.,,,. ipHKCHpyeTC!I rpaHHqHliMH ycno
BH!IMH H CaM08 nocTaHOBKOR $H3HqecKoR 3aMqH,· 

MHHHMaJlbH08 KBaHTOBaHHe - 8,IIHHCTB8HH08 KBaHTOBaHHe KanHdpoaoqHoR 
TeopHH, B KOTOpOM KJia.CCHqecKHe npeodpa30BaHH!I nopeHna (2.16) nonHOCTbll 
COBna,11allT C KBaHTOBHMH npeodpa30BaHH!IMH 

ici [Mo,~ 11:1 = J/A;(x) + dl(.I\. (2.19) 

Ha ypoBH8 onepaTopoB (s,11ecb Mo1c =- f d 3
x {xi<. -r;,/-xo To;) - onepaTop 

dycrn). 
H,lfe!I od rpynne COBMeCTHliX npeodpa30BaHHR ·(pen!ITHBHCTCKHX H Ka

nHdpoaoqHHX), 3KBHBaneHTHa!I H,llee 3aMeHH nepeMeHH!iX (2.16), BnepBb18 od
cyx,11anHCb e~e B padoTe renseHdepra H IIaynH /I 4/ co ccHnKoR Ha Heonyd
nHKoBaHHble saueqaHH!I ~OH HeRMaHa. Mb! dy,11eM Ha3blBaTb (2.19) npeodpaso-
BaHH/IMH renseadepra - IIaynH. . 

B R3~ 3TH npeodpa30BaHH!I dHnH HaR,118HH 3j'MHHO 1221 , a 38TeM MHOrH
MH aBTOpaMH (cM.,Hanp;mep, 161 ), O,IIHaKO HCTHHHHR CMHCn 3THX npeodpa-
30BaHH8 (KaK ,IIOKa3aTeHbCTBa !IBHOR pen!ITHBHCTCKOR KOBapHaHTHOCTH no
nepeqHblX nepeM8HHliX B Ka%,IIOM nopa,IIKe TeopHH B03My~eHH8 no pa,11HaUHOHHHM 
nonpaBKaM) He dun TIOH!IT H3-3a ".IiOrMbl" KaJIHdpOBOqffOR H838BHCHMOCTH. • · 

3:ra 11,liOrMa" OTKpliBa eT. oqeHb npocToR nyu ,IiOKa3aTenbCTBa pen!ITHBH
CTCKOR KOBapHaHTHOCTH, 3aKnllqalJll{HRC!I B apM!pM8THqecKOM Od'b8,IiHHeHHH Kyno
HOBCKOro ([ H noIIeIJeqHoro 1f' nponaraTOpOB B (I.I) (CM, MOHOrpaiplUl 
161 ) ' B TO Bpe1.rn KaK (2 .19) 03HaqaeT noBopoT BHemHero BeK:ropa OClf Bpe
M8HM, OT KOToporo 3aBHC!IT !IBHO oda nponaraTopa (H ([ M 'if ), T.e. KO
BapHaHTHOCTb G: H 'If' OT,lienbHO. (MeT0,11 KB8HTOB8HH!I no ~HpaKy C BH

dopoM KanHdpoBKH He Od'b!ICH!l8T TaKxe cyll{eCTB8HHYll ponb TeH3opa EenHH-_ 
$aH:re, KOTopwn o:rnHqaeTC!I o:r KaHOHHqecKoro Teasopa nonHoR npoH3BO,IIHo8, 
KoTopa!I ,IiaeT BKna,Ii B onepa:rop dycTa (2.19): 

. r 1 -,- (i s 3 -,- Ca/4,. 
J of x I o0 )( 1,c /: of x X ~ 1 oo • 

PaCCMOTPHM Tenepb MHHHManbHOe KBaHTOBaHHe aneKTpO,IIHHaMHKH 

__, - - 1.. F :i. + "I' (1·? - ~.)'V-' + 1;. j--'• 
cf-. - " .,,.." 

i; =e~11. 
(2.20) 

Ha pemeHH!IX ypaBHeHH!I raycca 
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,{ 

-a2 ('d, ?., tf-.. -t j.,) 

narpaH~HaH (2.20) npMHHMaeT BM.Ii /I?,18/: 

,-/ -I (?, ..,-) z -f fr: v- JZ 1 · T I j r 
<1"- = j_ lCo A,: - J ~~le fl,-; -1- "ff. J., ---a~ l'o -

-T A-r - Jc' ,- + 'lf 7(,-jf- ~.) ¥r, 

Ar r 
r,Iie 

1 
'If - nonepeqHue nepeMeHHHe: 

~ ,4: a Z,(tl}(A-. - ,~ ;;>,) ?,-'T(Ar' j 'f Y-o 2f(AJ,t,, 

(2.21) 

(2.22) 

(2.23) 

(2.24) ~ . 2rr(,4) = eyp { ie 'olz ~- ,tJ 
~ c:. KnaccHqecKHMH npeodpasoaaHH!IMH renseHdepra - IlaynH TMIIa (2 .16): 

~ 1/JT [A-+[/ fl 1 'If -4- f/ 'f] - 'lfT[/1, II] : J/"V.,r +/e Af.::J ?t-
7 

((v,r = E,-(x,.''d,, -x.,'o>,.)1V(x~ -+ f fie [t".)'.,.] ~r(xj) 
(2.25) 

A'[II .. -1-J'/A] - ft[ll,J = J'/A:: + t>1cA 

1s/ 11: = E.- (x'.';o' -X.(), ';.,) ,4 '"/x'' + E .!_ J' r) ~ I ' I< / le 'ijt o 1 

(2.26) 

r,11e 

A = t" ! 2. l'rJ., A; + ~,,_ -t-jt) ~ V 7)2. • 
(2.27) 

IlpH OllHCaHMM npone,11ypbl KBaHTOBaHM!I xo:renocs dH odpaTHTb ocodoe BHHMa
HHe Ha TOT qiaK:r, qto noKaJlbHOMY KB8HTOBaHHOMY nonll -i;;,r 

{ 1rr11<) 'f/fr(y)f,, J'1fx-p) 
(2.28) 

conoctaBn!leTC!I B8Cb HenoKanbHliR KnaccHqecKHR ~YHKUHOHan (2.23). 
.lmeHHO B 3TOM cnyqae KnaccHqecKHR 3aKOH npeodpa30B8HH!I (2.25) COBna-

,Ia8T C KBaHTOBblM i:,;;:.,.,.,,,-..,,,w_•p·_"• ,,:·•~1 t1V.~JHlil1'. 4ft("Jr,,, ,"'.nw1w11• 

sz~:~iit~g~!:~an u 
~l _,_J 



(£"[Mo1c 'lfT] 
) 

r o ,,;, -r /l .,, r = d4 'r + c'e 1/' , 
(2.t:9) 

ec1m onepaTop ClycTa CTpOI!Tb, KaK Mil yKa31,1BaJm BllUI8, C IlOMOUlblO T8H30pa 

Ee1urni;iaHTe 7;: == /j,. ~ F.tv -,. i/, (i· ~- e1)ov rif- ~~rf_ +[ ~ (i ~v'f ), 
c~.3o) 

r;/' v: ~ [o;., J;. J ov_ + t 11_,,,. r>- - cf,.,.., ~ , 

Molt = Jd 3X (xi<~: -XO 7;f ). 

Blillll!CJISISI B Teopm1 B03MYUl8Hllil MaTpllllHli8 3JI8M8HT!l Tllna q>yHKl\Hil 
fp1,rna <,;,V: .. ijT / Ha ypoBH8 ,lll!arpaMM ¢eilHMaHa, Mil ,ll;OJIJ;Hli OClSl-

3aT8JlbHO YllllTlilBa Tb B HOB Oil peJISITllBllCTCKOll CllCT eMe OTClleTa ,11;onoJIHll
T8JlbHbl 8 (mnypllOHHhl8) ,lJ;llarpaMMll, npol!CXO,ll;SIIJ.tll8 UT q>aKTOpOB (1+ ,·eA). 
YlleT 3Tl!X ,lll!arpaMM, KaK Mil yKa3blBaJill Blllli8, 3KBllBaJI8HTSH Bllelopy HOBhlX 

nepeMSHHllX' nonepellHblX OTHOCllTSJibHO HOB Oil OCll Bp~MSHll 'Z;, =- t. +,r; 
0

~,t• 

Ilepexo,n; B HO BYD, ,ll;BlllKYIIIYIOCSI Cl!CTSMY cor JiaCH O (2 .29) 03HallaeT Blil

Clop KYJIOHOBCKOro noJISI, 11 ,ll;Bl{:¥.y!llerocSI" BMecre C 3TOi1 Cl{CTSMOil, r.e. 03-
HallaeT SIBHYIO KOBapllaHTHOCTb Ky,10HOBCKOro oClMeHa ([_ B (I.I) ,n;alKe 

ror.n;a, Kor.n;a Mil npeHeClperaeM pa.ll;llaUl!OHHblMll nonpaBKaMll x). B MllHllMaJib
Hoi1· cxeMe KBaHTOBaHll!I pa.n;llaUHOHHlle nonpaB:Kll He llMSilT C M!ilCJia peJI!ITll

BllCTCKllX nonpaBOK, a IlOTSHUllaJibHa!I MO,ll;SJ!b ae OTOlK,lJ;SCTBJISISTCSI TOJlbKO 

c HepeJIRTl!BllCTCKllM npl!ClJill:!:eHlleM~ 3TO rJiaBHllll llTOr Hacromnea JieKUml, 

Cle3 KOTOporo HSB03MOYHO,IlOHSITb ycnexn penJ!TllBllCTCKOil IlOTSHUllaJibHOil 

MO.l!SJ!ll npn omicaHllll a.n:poHHOil q>ll3l1Kll. 

3TO y:Ke USJib CJ!S.l!YD!l18il JieKUll11. 

x) !oKa3aT8JlbCTBO peJISITl!BllCTCKOil llHBapHaHTHOCTll Bllqera 

TllllHOil ¢YHKUllll fpl!Ha 3JI8KTPOHa B Ml!Hl!Ma.JlbHO-KBaHTOBaHHOil 
AllHaMHK8 C,ll;8JlaHO B paCloTaX /Is-201 

xx)Bce YTBepKA8HllR ,n;eJian,ca B KOHT8KCTe 3aAallll onl!CaHllSI 

CBR3aHHblX COCTORHHn. 

I8 

O,lJ;HOll8C-

3JI8KTp0-

JIEKI.ll'1il 3 , ATOMH B K3,n H ~EHOMEHOJ!Ofl1.H A.UPOHU3AU1111 

B nepBOil JieKUllll Mil IlOKa3aJill, llTO ll3B8CTHaSI reopeMa O He3aBHCll

MOCTll qlll3llllSCKllX peayJibTaTOB OT BblClOpa KaJil!ClpOBKll OTHOCllTCSI Jll!Ulb K 
8'-MaTpl!Ue C acllMilTOTllll8CKllMll COCTOSIHllSIMll CBOClO,lJ;HllX 3Jl8M8HTapHllX 

llaCTllU, B CJiyllae CBR3aHHhlX COCTOSIHllil 3Ta TeopeMa He padoraeT ll SIBJISIST

CSI nperpa.n;oil, Memailllt8il YBll,lJ;8Tb pa3Jlllllll8 M8llt,JtY reopl!eil ll npaKTllKOil 

OilllCaHllSI aTOMOB B K3.n. 
tJTOClll ycTpaHllTb 3TY nperpa.n:y Mil pa3,!18Jll1Jlll nOHRTHSI "KaJIHClpOBOllHaSI 

H83aBl!CllMOCT_b" H "KaJrnClpOBO'lHaSI llHBapllaHTH OCTb", BB8,!ISI repMHHhl "KOHCT

PYKUllSI nepeM8HHblX 11 ll "3aMeHa nepeM.eHHllX" BM8CTO TepMHHOB 11Blldop KaJillCl

poBKH" ll 11 ll3M8HSHH8 KaJIHClpOBKH". 
Bo BTOpoil JI8KUlllf Mbl yCle,llllJ!llCb, llTO B KaJillClpoBoqHoil T80pllll CYllt8CT

BYilT ocodll8 "eCT8CTB 8HHll8 11 nepeMSHHll8. 3T·ll nepeM8HHll8 CTpOSITCSI nyreM 

_SIBHOro pemeHHSI ypaBH8HllSI raycca Ha BI)SM~HHYD KOMilOH8HTY IlOJISI 

flo == ("L·A) (J.I) 

ll HX TpaHCq>OpMaUHOHHllS CBOilCTBa OTHOCllT8JlbHO npeoelpa30B8.Hllil rpynnli 

JlopeHua KaK a KJiaCCl!qecKoil, TaK H B KBaHTOBOil TeOplfll a,!18KBaTHli npaK

THK8 OilllCaHllSI peJISITHBHCTCKHX npeoClpa30BaHl!R aTOMOB, 
TaKoil cnocoel MllHllMMbHOrO KBaHTOBaHl!SI 3Jl8KTpO,ll;l!HaMl!Kll, npe,!IJIOX8H

Hliil eme renaeHCleproM ll IlayJIH 114~ BCKpb1Ba8T npoClJieMy 3aBl!CllMOCTll 
HaClJiil,JJ;a8MliX qlll3l!ll8CKllX B8Jlllql!H (Hanpl!Mep, cneKtpa CBSl3aHHliX COCTOSIHllil) 

OT __ BH8llll!ero B8KTOpa '?.,,,.. (J.I), Ha3liBa8J.40rO OCbll Bp8M8HH KBaHTOBaHl!SI, 

Hanp:m.iep, ,!IJ!SI OCll Bp0M8Hll tz_,/" 
n" "' (1 o ) (J.2) (_,/' ,o, ,o 

ll3 JiarpaHlKllaHa 3Jl8KTpO,ll;llHaMl!Kll B Hll3Ul8M nopSl,ll;K8 no pa,!IHaUHOHHHM 

nonpaBKaM Mli noJiyllaeM .n;eilcrBHe 

\tJ:Jdt rif(~tn;)V,-1- if,,1!«J fMiMK (x,y) :l. fl• 11(
1 

.1'1 .I, /.JJ,ol.z 
1f.. {x) 1/'{J,J 
'/• of2 . 

C KyJIOHOBCKHM H,ll;pOM OClMeHa 

K rx, y) 
fl 1. r1., f .f,"1.. 

= (to). V(x-9) r(xo-;;,,) i). 
cl'}!', (0 ',,(t.,P, 
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Xopomo H3BeCTHO; qTo 3TO ,n;ellCTBHe HCil0Jlb3yeTCH ,lVIH BllqHcJieHHH cneKTpa 

aTOMa B ero CHCTeMe IlOK'OH 

rr)O ( . ) J :: MA O O O . .,,« J I J 
(3.5) 

EcJIH Mil B!lelepeM ,n;pyryD OCb BpeMeHH' CBH3aHHYD C nepBoll (3.2) npeoelpa3o

' BaHHeM TiopeHI~a 

y,= (? 0 ,iz) · 
· 2 -2 
~o-1_=1 j ( f :to}, (3.6) 

TO BMeCTO (3.4) B03HHKaeT ,n;pyron KYJIOHOBCKHll oelMeH 

K {x,~) = J{ V(x;-t1t(rx-J)·'t) fl J 
'xJ.= Y,. - 2 (X-'f), 
/4 . '/' 7' (3.7) 

a ,n;ellCTBHe (3_.3) c 3TID4 OelMeHOM (3.7) OilHCllBaeT cneKTp ,D;BH~Yl!lerocH 

aTOMa C ID.lilYJlbCOM, napaJIJieJlbHW HOBott OCH BpeMeHH: 

~ =MAi I 

',)2_ M2. 
~ - A 

(3.8) 

ECJIH BllqHCJIHTb cneKTp ,D;Bm1:ymeroca aToMa (3,8) ,D;JIH CHCTeM!l IlOKOH (3 .2), 
TO nonyqHTCH aelcyp,D;H!lll. pe3yJibTBT ,D;JIH peJIHTHBHCTCKOll TeopHH /IO/: , 

(f> J.. _J. !1 2 
V/f -r A, 

KOTOplln 03HaqaeT; 'qro "aTOM" He HBJIHeTCH HenpHBO,D;HM!lM npe,D;C1TaBJieHHeM 

rpynnll TiopeHua c onpe,n;eJieHHon Maccoll~ 
OelmenpHHHTOe YTBepK,D;eHHe O TOM, qTo B!lelop OCHBpeMeHH KBaHTOBaHHH 

HBMeTCH JIHmb BOilpOCOM y,n;oelCTBa, C TOqKH speHHH npaKTHKH eCTb HJIJID3HH. 

3aBHCHMOCTb aTOMHOll ~H3HKH OT OCH BpeueHH ,n;ellCTBHTeJibHO cymecTByeT H 
Bllelop < OC/1 BpeMeHH ~.I' ocymeCTljJUieTcH B CO OTB eTCTBHH C ynoMJiHYT.llM 
B JieKUHH l YCJIOBHeM MapKOBa - 0KaB!l / 7 ,8 ,lI/, KOTopoe rnaCHT, qro 

7.,,,,.,. eCTb coOcTBeHH!lll e.JJ;HHmH!lll BeKTOP onep~Topa IlOJIHOrO HMilYJibCa 

CBH3aHHOro COCTOHHH,H (3.8), T.e •. 

2 rv 
/' 

.,/ 

i 
0 

r;) ( :.:::.I) , 
.,A 2 

x+Y · ' 
r,n;e ~ ec'Ib noJIHaH Koop,n;HHaTa ,n;Byx qacrnu, oOpasyDl!IHX aTOM 
(He oOH3aTeJibHO C paBH!lMH MaCC&lH, KaK MU YBH,D;HM HH~e). 
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(3.9) 

,llellCTBHe (3 • .J) c H.n;poM oelMeHa (3. 7), r,n;e OCb BpeMeHH B!lOHpaeTCH 
cornaCHO (3.9), ffBJIHeTCH HBHO peJIHTHBHCTCKH-KoBapHaHTH!lM .n;ellCTBHeM, 

H npH BllBo.n;e (3.3) HHr.n;e He HCilOJlb30BaJIOCb npe.n;nonoxeHHe O HepeJIHTH
BHCTCKOM npHdJIHJ!(eHHH. (KaK dlillo yKa3aHO paHee' .B MHHHMaJlbHOM KBaHTO
BaHHH HeT CM!lCJla cqHTaTb pa.n;HaUHOHHlle,nonpaBKH peJIHTHBHCTCKHMH nonpaB
KBMH). 

ITO-BH,ll;HMOMY, HaHOOJiee npOCTOll H HarJIH,D;Hllll.cnocoO IlOCTpoeHHH Teo

PHH CBH3aHH!lX COCTOffHHll B paMKaX .n;ellCTBHH (3.3) eCTb BBe,D;eHHe ClHJIO
KaJlbH!lX nonen c IlOMOl!lbD npeodpa3oBaHHH HeimH,D;pa 123~ 

.!... fdtJy {'lf{v) Tf(xJ) K(x,Y) 'lffxJ-if[yJ== 
2 (3.m) 

-1 r f y 
== -f f a1t1 t m (x, y) k {,x,!JJ m (x, Y) + J c1)rc1 Y ?f(x} 1lfJ-Jm~d, 

r.n;e K- i - odpaTH!lll onepaTOp a.n;py oOMe~a. I<. CJ1e.n;ya 1231, 
BBe.n;eM KpaTKHe Od03HaqeHHff s d\,, 'f ()() (,7'- Pio) '"1/fx) = f d;, cly '/f (J1~/· (><) (-i'/+ ""•) f1/,r-j) = 

. = ('11-i7)-Go), 

fo14xcfy '1/(x)i(>:)tl16,'f) ~ {~?F, m), 

B TepMHHax KOTOpllX .n;ellCTBHe (3.3) nocne npeodpa30B8HHH (3.10) npHHH
MaeT B H,D; 

W(rm) =('1f,v,,,(-C0-i +m)) - I (m, K~
1 m). (3.II) 

KBaHTOBaHHe ~epMHOHOB H HX HOpMallbHOO ynopa.n;oqHBaHHe B ,n;el!CTBHH (3 .II) 
Be,D;eT K stWJeKTHBHOMY .n;elkTBHD none!! ??'l (x,y) 

W (rm)= - i (rm K-1 712] + if ~ ({io· '112)
11

, 
Q.. i ) n:1 

r.n;e G
0
·?n: cp , {cpt H T.,D;. 0:3HaqaDT cne.n;yDl!IHe BllpaxeHHH: 

G,,·m 

((f) y 
(cp )3 

= 

= 

= 

Jo1"2 Go (x,2) m{r:, Y) =- c/J {X,Y), 

J a'x oly <p(x,Y) (p (~><), 

J dx o/yd~ (p (x-, Y) <r:'(Y, ~) <p (-z, x) 
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Mli OCTaBHJIH nocne KBaHTOBaHHH "f cnaraeM1,1e TOJILKO C BHYTP8HHHMH 
qiepMHOHHliMH JIHHHHMH, TaK KaK Hae 1rnrepecyeT TOJlhKO 3a,D;a'la onHCllHHH 
CBH3aHHliX COCTOHHHR (HX cneKTpa H B3aHM~,D;eRCTBHH Oe3 ,D;HCCOUHaUHH Ha 
CB000,D;Hli8 qiepMHOHli). 

Blipa~eHHe.(J.12) Oy,D;eM paccMaTpHBaTL KaK HCXO,D;HOe KJlaCCH'l0CKoe 
.D;eRCTBHe ,D;nff OHJIOKaJILHliX nonei:t m ~ 

IlepBliR mar K KBaHTOBaHHD ,D;eRCTBHH (J.I2) - 3TO HaXOK,ll;0HHe ero 
MHHHMyMa (HJIH TO'lKH 3KCtpeMyMa); 

~ ~ -1 ·.. ,( 
sw~(7fl)., -K-1m +~L Go (mc.g) =-Km +,C, ___ 1._-?72-·(3.14) 
6'Yn 1!1-=1 0 

Mli o003Ha'lID4 pemeHHe aroro KnaccnqecKoro ypaBHeHHH qepe3 ~ {x-~). 
OHO 3aBHCHT TOJlhKO OT pa3H_OCTH (x-:}) B CHJJY TpaHCJIHUHOHHOR HHBapHaHT
HOCTH BaKyyMHliX pemeHHR. 

ene.D;yDmHR mar - 3TO pa3JIOE8HH8 .D;eRCTBHH (J.I2) BOKpyr "TO'lKH MH
HHMyMa" m = ;f:_ -f- f)'n 

1 
; 

[ 

1 I •1 I 
O 0 ,127 

\:{_ (-r:_ + m~ = ~ fr) + - i m k 1'fJ + f- l~-m J J + 

00 1 fr' ')11 + c.· ~ -;;;- LLTz'rm , (3.15) 

/, )-J. n:.1 I 
r.D;e G;z-~(~o--t_ ~ H npe,D;~TaB]!8HHe "cnaOlix B03MYlll8HHR" ?7l . B BH,D;e 
cyUMli no OOJIHOMY HaOopy KJJaCCHqecKHX pemeHHR r: 

er 2 w~ {:E. _,_ ?P0 j ·.. r = o. 
Jr,r,' tr;n'. rrn'=o 

McaoJJL3Yff onpe,D;eJJeHHe (J.IJ), (3.15),HeTpy.iuio aonyqHTL HBHliR BH,D; 
ypaBHeHHR (3.14) H (3.16): 

L (x-;1} = t""lo S'
4
fx-j) + i K (x,y) {!-~ {x-:;), 

(J. 16) 

(3.14) ' 

r (x,Y) = t I< V, y) f c1t at 4-z.(><.- ?:,) rrr1, ?,) Cr r~2 -y). · (J.16)
1 

Ilepaoe ypaBH8HH8 Ha3NBa.8TCH ypa.BH8HH8M filBHHrepa- nalCOHa (m.n.), 
BTOpoe - Eeie - ConnHTepa (E.C.). IlepBoe onHCNBaeT cneKTP qiepMHOHOB 
B aTOMe, Btopoe - cneKTP caMHX 8.TOROB. 
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J 
,I 

B HMnyJJpCHOM npOCTpaHCTBe 
. . 
. 2=.'{k') = J «4x'E{x) ec·k.x 

"--' . m :P ,•C)(- >)·tJ,,, 
[ (i!Y) == f o1";<«iy e' <! e r (x, Y), 

,D;JIH H,D;ep 00MeHa (3.7) Ml,I nOJJY'lIDl CJl8,D;yD~He ypaBH8HHH ,D;JIH C06CTB8HHOtt 
aaeprHH H BepmHHHOI iPYHKnHH: 

~ (kJ = n. 0 + .. J «4
i- v r~J.- iJJ Jt c;E {iJ Jt 

,..,.,. (i'li)', ~ ,._ ' (3.I~) 
II 

+ . i] (3 16)
11 

! {k!J')= ,J:,,~, y(•-'-i1Jt!fr{i,fJrfif J>J Hq,-fJ.J t, · 
ue y'(,1c.1.)-cpypLe-oelpa3 noreHnHana, k).~-~-'2,_,,,(k,,z) - nonepeq-
HliR BeKTopy 'Z-/'- m,myJILC. ii: - OOJIHldl" HWIYJILC, aapaJ1J18JlhHtlR 'l.ft, 

1 i~ (i) = ,t(-Z:{i) 
. ~ 

(3.17) 

B1,1pal!t8HHH ~ H r 3aBHCHT TOJlhKO OT nonepeQHNX HMnym,COB 
,.._ l"-

r{k) = :z:- (kl) r {k/JJ): r (J:.L/ J') ,..__ ~ I 

BCJ18,D;CTBH8 O)U!OBpeueHHOCTH noTeHUHaJJa (J.7). 
Il03TOMY MN MOl!t8M npoHHTerpHpOBaTb no npo~OJlbHOMY mmyJJLCY 

?.=<tt--·lz) B.(3.14)° H (J.16)", HCnOJIL3YH npe,D;CT8BJl8HPJ8 ~Jiff 41YHKUHH 

rpHaa (3.17) H :z:::: 
...., -.2. -< + '=a (t/) ~ ( 7-J.)' Z:{1) = (3.18) 

~q 

~-2.(q,.l)=exp{-$2.ZJ;{iJ.J}; i.L:: ~.1.;, (J.19) 

-i. 

Gz. =[ ~o}t - EQ (r1J:r~-')] ~ (l 

/1 ('1) { -'-) 

! (-1-)<1 t 
Iµ, - E.,_ (r;.-')-t ,·~ 

(lz) (q;'-) 7· fr Ile-) .;r_ , 
+ £ (ff_-'-) +r"E 'lo + " 

= 
(3.20) 
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r.ite 
('l) (1,) . rt-1. 

11 (:t )/ iJ.J = ~ (9-') 11{±} { 0 )J4 (9) ; 
11(i) 1±J(· 

11ft) (o)== -:i..- (3.21) 

npoeKUHOHHHe onepaTOpH Ha COCTOHHHH C TIOJIOllCHT8JlbHOR (+) H OTpHUa
T8JlbHOR (-) aHeprHeR E~ • J:: Ha3blBaeTcH YaTpHuen npeoOpa3oBaHHH 
~011,ltH - BayTxonaeHa, ~ - yroJI npeoOpa30BaHHH. MH BB8JIH 3,lt8Cb TaK~e 
HH,lt8KC (a) , 03Ha'lallmd copT 3apHllC8HHHX qaCTHU (npOTOH, 3118KTpOH , ••• ). 

HHTerpHpOBaHH8 no 1o COBepmaeTCH C noMombll ¢opMyJIH KomH 

f ( = .:!_ ~ :f(i.,) 
i) ;J..·,d ::r --- o/70 I 

C C/,o - Z, 

r.ite KOHTYP oOXO,ltHTCH npOTHB qaCOBOR CTp811KH. 
B p83YJibT8T8 no11y11aeM CJl8,JtyllmHe ypaBH8HHH ,lt]IH O,ltHO'laCTH'IHOR 

aneprHH E H yrna V-: 

J 
1.L. 

Eq (k~ Col :2.2f(J/) = m: + f ;.,,~J ,l( (I<~ i.t)_eot 2 2J-('i.l) (3.22) 

EQ (k1J;n~7J{1t~ = / k.J./ + ±fc:1: l( (k: f:) If .J.. qJ./ ~,·vi :l. ?Y-Ctt) (3 .23) 

H ,ltJIH BepmHHHOR ¢YHKUHH 

~ { k1 rJ>) = f ~::: )t ( Jc-L_ 1r') If 71:b {r'))Z, (3 .24) 

r.ite ~& ,oOoaH~'laeT. BHpallteHHe 

'1/./ rl w[_Ac+) r,1 r;b fr'J?)J1.c-;(tJ 11,-;Q r.:,, 11r-,-~·,,_✓ C . ·) 
T, ~ J = ,;c ~ + ----- iC 3.25 

<t~ ff, Ev--VJ'2'+1·[.. Er-1-/J'2-lE: 

H Ha3blBaeTCH BOJIHOBOR (JlyHKUHeR ; Fr= E "'- + E1, cyw.ta 0,1tH011acTHtJHHX 

:rneprHR .ltBYX qacTHU {qJ H (/,) 

llttJ (r') :-
. - -J . 

,st (<;1 Ar±J to)~ ft11 . (3.26) 

nencTBYH npoeKUHOHHHMH onepaTOpaMH (3.21), (3.26) Ha ypaBH8HH8 

(3.25)' MH nonytJHM ypaBH8HM~ ,lOIH BOJIHOBOR ~YHKUHH 1V B npOH3-

BOllbHOR ,ltBMJlCYmeRcH CHCT8M8 
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IE /k.t) - /"m"i')J1(~J /kJ. 1 ~ 'k.i.1/l-r1> (t.i 1== 
( l. r (' -+ fl ✓ - {±.Ja ( I / ol, ( J:. / {;:)b / 

= ~ }> ( k.L J{J c/Ji .! v (k.L_ c; 11:., (i1711 _re/Ky. 
- (:?tr-)1 ,--.,, . /J + (3.27) 

Bee 3TH ypaBHeHMH (3.22)-(3.27) ITOJIY118Hli 083 npe,1tno110~8HHH o MaJIOM 
OTHOCHT8JlbHOM HMITYJlbC8 /k~} H ,ltJiff npOH3BOJibHOro IlOJIHOro HMITYJibCa 
J:,. = (/Ml +:J> 2

, !Ji10). Ec11H aToM noKoHTCH ~ = (HA, qo,o) 
ypaBH8HHe (3.27) COBITa,l!,aeT c ypaBH8HM8M COJIITHTepa 1241. 

B cnytiae, Kor.ita Macca rn" MHoro OOJlbllle cpe,ltHHX IDIITYJibCOB HH -
TerpHpOBaH HH /ti,_J. I , CHCTeMa ypaBHeHHn (3 .22)-(3. 27) npeBpamaeTcH 

B O,ltHO yp8.BH8HMe illpe.itHHrepa. YpaBH8HHH (3.22), (3.c3) B CHCTeMe no~ 
KOH J>,,;:; MA ,lOIH OOJiblllHX Mace n, "-'> 00 • OITHCliBallT H8p8JIHTHBHCTCKYll 
tJaCTHUY 

EQ (,z) == ✓ 111: 2 + j<l = h7/ + .:L E z 
:l mo 

Q 

itJ 2.7J- = ~ -> 0 ,r'(f)::.1 11ttj .'.!c. 1±i;, mo ) ) :z. 

B ypaBH8HHH (3.27) Bli~HBaeT TOJibKO npoeKUHH Ha COCTOHHH8 C nono~HT8Jlb
HOR :rneprHeA 

J\M <if llt-> ~ ~w I 
11(-) 1f 11,-1-, ~ 0. 

B pe3yJibTare (3.27) CBO,ll;HTCH K ypa.BH8HHD illpe,ltHHrepa 

[Lr 2 + (tn~+m;, - MA>1'1fJ1<) =S;.1

i;1J!(ic-i)~{f) ( ) [~/f · ~ ~;f" J.28 

,ltllff tJaCTMUH C npMBe.iteHHOR Maccon _/" = J'nq•m1,/(;,,,e, + ~1,J • .nna npOH3-

BOJlbHOro IlOJIHOro HMITYJibca .;Jj_ ypaBH8HH8 (3.27) CTaHOBHTCff ypaBH8HH8K 

[ - .:z,( (I<;/+ {m;-,.m/-i:i2)] 'ljf. (t-:J=J« 4
f.L v~~fl/ -1!_ (9.il 

~ .,,,. lJI (2,p "' / ,/J/ J,, /r 
· GJ.29) 
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onHCllBaD~HM penHTHBHCTCKHlt aTOM C aepenffTHBHCTCKHM OTHOCHTenbHllM 
HMnynbCOM /k'-/ << f'Yl~,1, • B paMICax IaKoro BllBO,ll;a ypaBHeHH/1 lllpe,ll;HH-
repa ,JJ;OCTaToqHo onpe,ll;enHTb nonHyD KoOp,ll;HHaTy B BH,ll;e (3.9) X= x;y 
aesaBHCHMO OT BenHqHHH Ma.CC ,JJ;BYX qacTHU, oOpasyD~HX aTOM • 

PaCCMOTPHM Tenepb npOTHBOnono~HHR cnyqaR OesMaCCOBHX qacTHU 

m;= rn: ➔ o • Ilpe,JJ;nono:irnM, qTo ypaBH8HHll (3.22), (3.23) 

2. E Q (k.-') CtH 2 7)1-{kJ.) = J d.?f.t V (1c-=-i.i) Ce! 2 21-{rf') 
{!-,.J3 rv · (3.30) 

tEQ. (1tJ.)-J;ii 'J.V(k1=Jrl 3
'1} V(1eJ-q;l) } .k-':9JJ.g,-~:z 2J-{t1:'-) 

{J.1i JJ f', 

HMeDT aerpHBHan1,aoe pemeHHe V-{ ;,.i.) ::JO • 3To pememrn no cBoeMy 
qJH3HqecKOMY CMHCny on•cHBaeT cnoHTaHHOe B03HHKHOBeHH8 MaCCH qiepMHOHa 
H HapymeaHe KHpanbHOR CIDWeTpHH, npHCy~eR HCXO,ll;HOR CHCTeMe Oe3Macco
BHX qacTHU (3.3) C°KHpanbHO-CHMMeTpHqffHM B3aHMO,JJ;eRCTBHeM (3.7) • 

. . JlerKo BH,JJ;8Tb, qTo ypaBH8HHe (3.30) COBna,JJ;aeT C ypaBHeHH8M Ha 
BOnHOBYD qiyHKUHD CBH3aHHOro COCTOffHHff (3.27) c HyneBHM co0CTB8HHliM 

3HaqeHHeM ~
2

==- 0 H ycnOBH8M 

/\(+>'If' X (-) = 11(-, 1l-- 11(+) = ?f, 
iE{k4) 1f (k4)::: j ct

3
(/· V /j.L__ z.t)?f (c;.t). 

[2r-JJ ~ l' 
Cne,n;oBaTenbHO, 

~ = Caj ,Q 2J-(k-'-_) fr, 
r,lle F - KOHCTaHTa nponopUHoHanbHOCTH. 

(3.31) 

(3.32) 

TaKHM o0pa30M, CHCTeMa ypaBH8HHlt (3.22)-(3.27) B COCTO/IHHH onH
CHBaTb qHCTO pen,HTHBHCTCKHR sqxpeKT B03HHKHOBeH~ll ron,JJ;CTOYHOBCKOR 
MO,ll;li npH cnOHTaHHOM HapymeHHH KHpanbHOR CHM118TpHH, qTo npotHBOpeqHT, 
YTBepx,JJ;eHHD O HepenHTHBHCTCKOR npHpo,JJ;e noteHnHanbHOR MO,JJ;enH, KOTopoe 
cne,zyeT H3 oO~enpHHffTOlt TeOpHH KanHOpOBQqHHX nonen (1964-1974 rr.). 

~H3HqecKall noTeHUHMbHa/1 CHCTeMa (3.3)-(3.7) BnepBlie ,JJ;aer npH
Mep ,JJ;OKa3aTenbCTBa TeopeMH ron,JJ;CTOyHa B OHnOKanbHOM BapHaHre, KOr,JJ;a 
HenoKanbH08 CBH3aHH08 COCTOffHHe O,ll;HOBpeMeHHO HBnffeTCff ron,JJ;CTOYHOBCKOR 

qacnrneR. 
liMeHHO 3TOT 'npHMep 11BnlleTCff

0 

H,JJ;eano1,1 ,JJ;nSI iIOCTpOeHHSI HH3K03Hepre
THqecKoR T80pHH nerKHX M830HOB, B KOTOpoR nHOH TaK~e paccMaTpHBa8TCSI 
,ll;BORCTB8HHllM o0pa30M,. T.e. KaK CBH3aHH08 COCTOSIHHe KBapKa H aHTH
KBapKa H KaK ron,JJ;CTOYHOBCKaSI qaCTHUa. Mli BH,ll;IOl, qTo nocTpoeHHaSI HaMH 
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penHTHBHCTCKa/1 MO,ll;enb MS! aTOMOB B HH3lll8M nopSl,ll;Ke no pa,ll;HaUHOHHliM 
nonpaBKaM cnocoOHa OllHCHBaTb TaK:.:e H M830Hli! 

,iJ,ellcTBHT8JlbHO, cy~eCTByeT Oonbmoe qirnno paOoT ( CM. ,HanpHMep / 10/ 
H CCHnKH B HeR), r,JJ;e ypaBHeHHSI (3.22)-(3.27) HCnOJ!b3YDTCll ,JJ;nll BHqHcne" 

,HHS! cneKTpa Mace nerKHX M830HOB, KOHCTHTY3HTHOll MaCCli KBapKOB H KOHC
TaHT pacna,JJ;OB M830HOB. IloTeHUHanH B 3THX paOoTax onpe,JJ;enSIDTCSI H3 
cneKTpOCKOnHH TH~enux KBapKOHH8B B BH,JJ;e CYMMli pacTy~ero H KYJlOHOBCKO
ro noTeHUHMOB~ HanpHMep, 

~(2) = ol...1 - Vn 't 2 
' 1' 0 I 

½ (]50 . <X.r !!::(2/l.. . 
V0 ;:::,. ,<, Me v / · ' (3.33) 

IlpH 3TOM CaMH TS!Xenue KBapKOHHH ( m0 >> 250 MsB) onHCHBaDTCSI ypaB
HeHH8M lllpe,JJ;HHrepa (2.29), KOTOpoe, KaK MH BH,ll;enH, 8CT8CTB8HHO BliBO
,ll;HTCSI H3 HCXO,ll;HOro ~~aBH8HHll (3.27) B npe,JJ;ene OonbmHX Mace, H, KaK 
noKa3aHo B paOote / /; B 3TOM npe,ll;ene 34XP8KT cnOHTaHHOro HapymeHHSI 
KHpanbHOR CHMMeTPHH TeK¼8 HcqesaeT, a KOHCTHTY3HTHlie MaCCH KBapKOB 
cosna,JJ;aDT C TOKOBHMH. 

,iJ,oCTOHHCTBOM raxoro HanpaBneHHll no.cpaBH8HHD co BC8MH ,ll;pyrHMH 
SIBnSieTC/1 nepBa/1 KOHCTpyKTHBHaSI CBSl3b 4lYHMM8HTanhHliX napaMetpOB qJH3H
KH Manin paCCTOllHHlt (napaMeTpOB pacTy~ero H KynoHOBCKOro'noTeHUHa
noa H TOKOBliX MaCC KBapKOB) C 4JYH,JJ;aM8HTaJlbllliMH napaMeTpaMH .qJH3HKH 
a,JJ;pOHOB OonbmHX paCCTOSIHHll (MaccoR IlHOHa H KOHCTaHTOlt era cnaooro 
pacnaM F,. ) 7251 • · · 

He,JJ;ocTaTKaMH noro no,JJ;XO,ll;a OHnH ero aepenSITHBHCTCKall qiopMynHpOB
Ka B CHCTeMe IlOK0/1 CBH3aHHoro COCTOSIHHSI 1107 , OTCYTCTBH8 penSITHBHCT
CKoro narpaH~HaHa B3aHMO,JJ;81lCTBHSI M830HOB, H H8IlOHHMaHH~ CTatyca 
pa,ll;HaUHOHHliX nonpaBOK 'a KX.iJ.: 

IlepB!i8' ,ll;Ba ae,JJ;OCTaTKa CHHM8.DTCSI H3nO:ll:8HHOlt 3,ll;8Cb HOBOR Hepen11-
THBHCTCKOlt IlOTeHUH8JlbHOll MO,JJ;enbD / 25/; KOTOpall 11BnS1eTCSI nocne,JJ;OBaTenb
HHM H3nOl!CeHHeM penSITHBHCTCKOlt aTOMHOll qlH3HKH, I.e. H3noieaHeM "aTOMH-
sanHH" K3,U. . . 

C ToqKH speHHH noR Mo~e;rn, "a~poHH3aUHH'1 KX.il. Kai:ie.CTBeaao OtnH-_ 
qaetc11 nHmh !1ID@MeRQI!!.~M- noteauHana KBapK-KBapKoBoro isaHMo,JJ;encT-. 
BHH ,JJ;nSI nerKHX KBapKOHHeB,H aqxpeKTHBHoe ,JJ;enctBHe nerKHX MesoaoB (Ko
topoe cona;D;aet c (3.15) c ToqHQCTbD ,ll;O q>aKTOpa qHcna UB8T~B ~ . , H 
H3MeHeHHfl KOHCTaHTli B3aHMO,JJ;eRCTBHll KBapKOB B OecuaetHOM Kaaane Ha 

Y/3 ) ~on~Ho'OHTb ~eRcTBHeM ,JJ;n11 x11pan1,Horo· narpaHxHaHa. ,iJ,0Kasaten1,
crBo· Toro,' qr O (3.l5)ae,JJ;et K KHpanbHOMy narp~HlKHaHy, C,JJ;e~aHO B paOote 
1271 c nouombD cenapaOenbaoro npHOnHJKeHH11,·~01opoe xopomo paOotaer 
HMeHHo MR OnHsKo,JJ;eRctBYDmHx noteauHaxoB. ,iJ,n11 HH3mHx opOHTanbHHx Mo
Meatoa TaKHe IlOTeHUHanH MOXHO npe,ll;CTaBHTb C xopomeR ToqHOCTbD B BH,JJ;e 
npOH3Be,JJ;eHHll ,JJ;BYX qiaKtopoB: 
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<j=o / V (p- 'i) /t=o) = f (pj f{'J/). 

B 3TOM CJiy'lae HCXO.IJ;HaH MO.IJ;eJIL (J.J) CTaHOBHTCH 3KBHBaJieHTH08 o~olt 

H3 BepcH8 Mo;(eJIH Hauely :- lfoHa -Jia3HHHO 128 •291 c HBHHM yKa3aHHeM tpOpM-

'aKTO~a ee YJILTpaqmoJieTOB08 peryJIHpH3aUHH f(pJ~ • Xopomo H3B8CTHO 
28

,
2 I, 'lTO 3Ta MO.IJ;eJil, Be.IJ;eT K KHpaJILHHM narpaHxHaHaM. 

CnpaBe,l(JIHBOCTh cenapaeleJil,HOro npHClJIHl!eHHH ,l(JIH ClJIH3KO.IJ;e8cTBYDUIHX 

noTeHUHaJIOB oel~HCHHeT ¢aKT OtleHL CJiaelon 3aBHCHMOCTH HH3K03HepreTH

qecKon ¢H3HKH nerKHX Me30HOB 01 BH.IJ;a noTeHUHaJia H cymecTBOBaHHil orpoM

Horo 'IHCJia MO,IJ;enen, y.n;OBJieTBOPHTeJILHO omfCliBaKlE!HX 3Kcnepm,1eH:raJILHHe 

.n;aHHHe. 

3.n;ec:i, cne.n;yeT ynoM.RHYTh taKllte Clo111,moe 'IHCJIO paeloT, noCBH!lleHHHX 

T.H~ .IJ;6Ka3aTeJILCTBY HeJI:r,1He8HNX KHpaJILHHX JiarpammaHOB H3 KX.U (CM. 

CChlJIKH B 
1291 ), CYTh KOToporo B ¢opMaJILHOM. BHBo.n;e .IJ;eTepMHHaH:ra (J.IJ), 

(3.15) C nOMOUILD Kll:paJILHHX npeoelpa3oBaHHll, napaM.e:rpH30BaHHHX Me30HHHM 

no11eM. MHorHe H3 3THX ".n;oKa3aTeJILCTB" .IJ;alKe He co.n;epYaT BHBO,lT,a ypaBHe

HHH Ha cneKTp Me30HOB, He roBopH yl!Ce O ero pemeHHH. OCHOBHa.R ueJIL 

3THX paelo:r: HaliTH K03¢¢_HUHeHTH npH BHCO.KHX 'IJieHax p8.3JIOllteHHil KHpaJIL

HliX JiarpaHJ!!Y,aHOB no HMnyJILCaM. M830HOB H oeloCHOBaTL onHCaHH.R ClapHOHOB 

B BH,ll;e."CKHpMHOHOB"/SQ/ (T.e. H30TOnH'leCK08 BOJIHH HeJIHH88HHX Me3o

HOB) ~ Bee 3TH paelorn no oCloCHOBaHHD H3 KX.U KHpaJILHHX JiarpaHJKHaHOB 

He c:raBHT CBoen ueJILD noctaHOBKH 3a.IJ;a'IH BH'IHCJieHH.R H3 KX.U 

OCHOBHliX napaM8TpOB HH3K03HepreTH'leCK08 ¢H3HKH; F3r 
1 

F1c 
1 

m,; , ... 

tITo HOBoro ,ItaeT "e;i;HHaH" ptHIHTHBHCTCKaH MO,ll;eJIL aTOMa H a.n;poHa 

(J.J)-(3.27) no cpaBHeHHD c yKa3aHHliMH B~me nonyJIHpHliMH no.n;XO,ll;aMH: 

HepeJIHTHBHCTCKHM llO/ .H HeJIHHe8HHM 1291? . . 

OHa CBHSliBaeT 'oela' 3TH no.n;xo.n;a B e.n;HHOe ueJioe H .n;aet KOHC:rpyK

THBHOe oeloel111eHHe KHpaJILHHX _11arpaHJKHaHOB Ha_ ¢H3HKY THlK8JlliX KBapKOHH8B, 

:r.e. n03BOJI.Rer OilHCliBa:r:i, pacna.n;u THJKeJIHX KBapKOHHeB Ha JierKHe- B paM

KaX O~Horo e,IJ;HHOro .n;eicTBHH THna (3.15) C_M.HH~aJILHliM. 'IHCJIOM. napaMeT

poB, onpe,l(eJIHeMHX H3 oelnaCTH _MaJlliX pacCTOHHHl1, r.l(e Ha'IHHaer paOo:raTL. 

:reopHa B03MYllleHH8 • 

KOHCTPYKUHH raitoa· KBaHT~B08 peJIHTH.BHCTCKolt :reopmt a.n;poHOB. Ha oc-

HOBe ,Ite.8CTBH.R (3$} npe,n;c:raBJieHa B paelo:rax / 26 ,3l/ • . 
"HoBliM TaKlK8 HBJI.R8TC.R KOHCTpyK.-THBHaH nocraHOBKa ,3a.n;aqH O pa.n;Ha-. 

UHOHHliX ilonpa.BKaX, pemae»a.R 'B K3,U_ M8TO,It0M MHHHM.aJILHOrO KBaHTOBamrn. 

. K qeuy ile.n;e:r 3TOT M8TO,ll; B KXJ{? 

3:rouy Bonpocy riocBilll!eHa cJie,ll;yDllla.R JieKUHH: 
. . . . 
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JIE.l{lU!fl ~- MHHliMAJibHOE KBAHTOBAHHE HEAEEJIEBOl-!_ TEOPID! 

3TH JieKUHH MH Ha'laJIH C .H3JIOJKeHHil npOTHBOpet1Hlt Mew KaJIHClpOBO'I

HOlt teop11en 1964-74 rr. H npaKTHKOlt OilHCaHHH CBH3aHHHX.COCTO.RHHl1 B 

K3.U. 

B "teopHH" .n;yMaDT, 'ITO ,ltJlil )iOKa3aTeJILCTBa 

pHaHTHOCTH ,ll;OCTaTO'IHO K KYJIOHOBCKOMY noJID ([ 

nonepet1Horo nonn 7f: 
([-+ 71' = {F+ll., 

peJIRTHBHCTCK08 KOBa

.n;oelaBHTL nponaratop 

H B nonyt1HBmeltcH cyMMe ¢enuuanoBcKoro nponaratopa fF H npo.n;o111,Holt 

qacTH fL OTClpOCHTL nocne.n;HDD ( fl~ 0 ) B CHJIY KaJIHClpoBO'IHOlt He-

3aBHCHMOCTH (KoTopyD OTOJK,ll;eCTBJIHDT C KaJIH~pOBO'IHOlt _HHBapHaHTHOCTLD ). 

Ha "npaKTHKe" ,ll;BHeylllHl1Cl! peJI.RTHBHCTCKH8 aTOM onHCHBaDT (B Kal!C

,ll;OM nopH.n;Ke no pa.n;HaUHOHH08 nonpaaKe 7J' ) H3M8H8HHeM KaJIHClpOBKH 

nonepe'IHHX nonea ( (I) 7l' ~ (£ ', 1T
1 

) ' a peJIHTHBHCTCl<He KaJIHClpOBKH 

(des npo.n;OJILHHX qactelt) TepHDT aHaJIHTH'leCKHe CBOltCTBa O,ll;HOBpeMeHHHX 

B3aHMO,!J;eltcTBH8 H T8M caMHM repHDT 11 0,ll;HOBpeMeHHHe" CBi13aHHHe COCTOH

HHH, T.e. CTaHOBHTC.R "Mep:rBolt" TeopHelt ,ll;JIH aTOMOB. 

B llteop1rn" - no:reHUHaJILHaH MO,ll;8Jll, BHrJI.R,ll;HT KaK HepeJiilTHBHCTCKaH; 

Ha "npaKTHKe" - 3Ta MO,ll;eJIL cnocoelHa OilHCHBaTL B,!J;Bo8He peJIHTHBHCT-

CKH8 (no OTHOCHTeJILHOMY H aelCOJIDTHOMY HMnyJILCaM) rOJl,ll;CTOYHOBCKH8 IlHOH. 

tI:roClli nocTpOHTL KaJIHClpOBO'IHYD KBaHTOBYD :reopHD, a.n;eKBaTHYD 

"npaKTHKe", MH pas,n;eJIHJIH IlOHHTHH "KaJIHClpoBmrna/1 He3aBHCHMOCTL" H 

"KanHClpoBot1'i1aa HHBapHaHTHOCTL ". BMec:ro· noHHTH8 "BHClop KaJIHClpoBKH" 

H "H3MeHeHHH KaJIHClpoBKH" MH BBeJIH "KOHCTPYKUHD nepeMeHHHX" H "SaMeHy 

nepeMeHHli.X" H oelpaTHJIHCl, K caMOMY nepBOMY M8TO,ll;y KBaHTOBamrn 311eKTpo

,ll;HHaMHKH, npe,n;JiolKeHHOMY ranseHCleproM H IlayJIH B 1929-30 rr. 

·corJ1aCHO 3TOMY M8TO,ll;y HYllHO COrJlaCHTLCff_C ilBH08 BH,ll;8Jl8HHOCTLD 

B'peMeHHolt KOMilOHeHTH KaJll{ClpoBO'IHOro nonn; KOTOpail He HMeeT CBoero 

"conpnxeHHOro HMny JILCa ", H HBHO CTpOHTL M.HHHMaJILH_H8 Haelop ¢H3H'leCKHX 

nepe»eHHHX ny:reM pemeHHil KnaccHt1ecKoro ypaBHeHHil raycca .IJ;Jlil BpeMeH

Hon KOMilOHeHTH. 3ateM KBaHTOBaTL TOJILKO 3TOT MHHHMaJlhHH8 Haelop. B 
:raKOM "MHHHM.aJihHOM" no.n;xo,Ite ecteCTBeHHO B03HHKaDT np.RMHe B3aHM.O,D;eicT.: 

BHH, KOTOpHe ¢opMHPYDT "OAHOBpeMeHHHe" ~B.R3aHHHe COCTOHHHH, a npeoel-. 

pa3oBaHHe JiopeHUa conpoBOE,ll;aeTC/1 aBTOMB.TH'leCKH "3aM.eHo8 nepeMeHHHX", 

a.n;eKBaTH08 "npaKTHKe" OilHCaHHH peJIHTHBHqtcKHX aTOMOB. 

HeJIL311 He Olr.H,ll;aTh, 'ITO ace 3TH BHBO,ll;li oO_ onHCaHHH CB.ll3aHHWX co-. 

CTO/IHH8 cnpaBe.n;nHBH He TOJILKO ,ll;Jl/1 K3.U, HOH JIDClott .n;pyrott KanHClpoBO'I-
non reopHH. 
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Hey,llHBHTeJibHO, t!TO B HaCTOlllll88 speM/1 B KX.U He CYJll8CTBY8T 'HK O,ll
HOK /IBHO peJI/ITHBHCTCKH-KOBapHaHTHOH KaJIH6poBKH (c CHHryJ111pHOCTIIMH 
nponaraTopoB KaJIH6poBOtlHHX noJieH Ha CB8TOBOM-KOHyce), Kotopa11 61,1 

npeteH,llOBaJia Ha CaJ40COfJiaCOBaHH08 onHCaHHe cneKTpa a,llpOHOB H HX BOJI

HqBHX rpyHKUHH. B KX.U (TaK xe,KaK H.B ksn) TaKHe peJI/ITHBHCTCKHe KaJIH6-
pOBKH "MeptBill" ,llJl/1 onHCaHH/1 "O.llHOBp8M8HHl,IX" CBll3aHHl,IX COCTOIIHHH. 

q70 IIBJlll8TCII "XHBOH" KXn ,llJIII a,llpOHOB, ,llJIII KOTOpHX CilpaB8,llJIHBH 
CJIOBa JIOp,lla;3;mHHrtOHa: "KsapK Btiepa H aHTHKBapK cero,llHII He o6pasyllT 
a,llpoaa". 

OnHT peJIIITHBHCTCKOro onHCaHHII aTOMOB nO,llCKa3HBaet B Katiecrse 
OTBeTa Ha 3TOT BOnpoc MHHHMaJibHOe KBaHTOBaHHe HeaOeJiesoa TeopHi/17- 201: 

W == J c/Yx ;;t (x), 

-;L (x) = - ; 5 vQ ,Z + '1f (e'~ - Y1J 
O 

)'1/ , ( 4.1) 

_ :!... [ d. It-a_ 'i7l".4)""111,] :l + j; -fl-/ + ii\ Y., c>. V, + LJ ';/ {-lt,}P), - :z 0_ < o(l it;, 

ue 

4 ~(A,,'11) =-
-I a 2· •a4a ~--(--. ,-, ,j'Y. - '-- F_ .. (.ri--) - I . . + ~t V. P'· - m• 9 'J ' t1 ~ (, 0 ,· ' , 

A 
" q q _ " ( 4. 2) 

,4,,.:: 8 t1. 'c · F,,, ~ (11) = fl Al) - -;;., Ilk"'+ gc""U'Ar ~ = ~ + A,,,. J / 2, I ✓- ,,,. ,,,__v' 

\7.. f.tl,(A) = t aJ ~-

' 
+ L' Q Ch A (', 
J C 17,· • , / j q = if '{l: d, :?_Q Y. 

1/"' 1/' .2. , 
(4.3) 

a . 
'c - Ma.TPHUH IlayJIH (a=I,2,3; MH noKa 6y,lleM pacc,mTpHsau SU{:l.J-

TeopHv). 

· BHatia.iie noc:rp'oHM rpH3HtiecKHe nepeMeHHHe, pemaa ypasHeHHa raycca Ha 
BpeMeHHYll KOMilOH8HTy: 

;;;: = 0 ~ (~ 2(A)ffo)a= (¼ (ll)~o /1-,.) ll+ J/. 

CornaCHO ,o6~eH-TeopHH ,llHifJ<t>epeHUHaJibHl,IX ypaBH8HH2 pemeHH8 
~opO,llHOro ypaBH8HHII (4.3) npe,llCTaBJI88TCII B BH,lle cyw1,1 pemeHHH 

po,llHoro { .lk 1, 

Vi·(A))O = 0 

H H80,llHOPO.llHOro (4.4) ypaBH8HHH ub 

A-: = OQ + CloQ(A) + r-;,AJJ j/ 
30 

(4.4) 

H80,ll-
O,llHO-

(~.5) 

(4.6) 

j 
I 

ue 

Cl: {A) :: (-~~)l ~ (A) ~oJfJ q• (4.7) 

Ilo,llCTaBJIIIII 3TO pemeHHe (4.6) B narpaHXHaH (4.I), IlOJIYt!HM CJl8,llylllll88 

BHpaJK8HH8: . _ Q ai t . •b 1, {t 1 . ~ 2 
~(x)= .!...L ?o,{ · - Pc•ao(A} - ~(,4)0 - ~-T?-(A)~Ju)] + 

:l. o (4.8) 

+ j
0
a.{Oa.+a:+{~r,....J2Jt) -t--ifirJ.y.,"f + '61fA,rt). 

B OT~Ht!He OT K3.ll Ml,I ,llOilYCKaeM, tITO Bp8M8HHa8 KOMnOHEiHTa co.n;eplKHT 

,llOilOJIHHT8JlbHYll creneHb cso6o,lll,I 0~ KOTOpall no MaTeMaTHtI8CKOMY CMliCJIY 
ee BB8,ll8HHII (4.5) -,llOJllKHa onHCJ,IBaTb "sosOylI,ll8HH8 .CHCT8MH B uenoM", KaK 
H BCl!Kall "HyJieBall MO,lla". neHcTBHT8JlbHO, ·a CHJIY ypaBH8HH8 (4.5) none 

BXO,llHT B narpaHr~aH (4.8) B BH,ll8 IlOJIHHX npOH3B0,llHHX 

'ls (o, Jo} dotT, -Y}a.) :, (\?- o/f tc~-o).a + W.· ~2Sl- (u~ A.--~qo)]+ 

-+ O'lJ: -
. 1 "' Q = ~, f O "rJi 0 + o'[>:- ~' J: - (,;,A, -v; a,t] J. 

(4.9) 

.UeHCTBH8 \ti Ha peweHHIIX ( 4 .6) SaBHCHT OT n OJ!ll O 0. TOJlbKO B nosepx

HOCTHHX tlJieHax. 
Mli nocTyJIHpyeM CYlll8CTBOBaHH8 TaKoro KOJIJl8KTHBHOro "sos6yi!t,lleHH8 

s· U8JIOM", t!T06H BHllCHHTb ero noJie3HOCTb C TO'IKH speHHII rpeHOM8HOJIOrHH 

a,llpOHOB. 
Onpe,lleJIHM no aHanorHH c K3.U, !pH3HtiecKHe nepeMeHHHe 

A V" It ) T/, -.1. a,T[ fJ] = 2/[A] l n· +?,· 7J- { A) i ~-r-=- 3)1-7,4)¥ / t3v; 2)-'T(}C/r:l 

r,lle MaTpHUa ?}- r Y.llOBJl8TBOp88T ypaBH eHHll 
,'\ 

'oo 2lr(A) = V-v-(A) tl,. {A) 

H npe.n;cTaBJI88TCII rpopMaJibHO B BH,lle T-npOH3B8,ll8HHII 

v,v-(A) = T-e.xp / f~I' {io {Afx,t'J)j 

JI 

(4.10) 

(4.II) 

(4.12) 



IlepeMeHHHe (4.10) HHBapHaHTHH 

pa3oBaHHR HCXO,ll;HHX noJieR 

" f"" ) -1 A.~ == g l 11. + ~. a ; 
' 

OTHOCHT8JlbHO KaJIHOpOBO4HHX npeoO-

... " -J_ 

ripo= g?f ✓• o3 = a 0 a , 

TaK KaK MaTplfiia v-r B COOTB8TCTBHH C ypaBH8HHeM (4.11) npeoOpa-

syeTCH Y)AHOX8HH8M CJ!eBa: 

v-~{llg) = v-I(f!) t(:t. 

narpaHXHaH ,cl. {x) B T8pMHHaX nepeMeHHHX (4.10) npHHHMaeT llH,ll;, 

ll8CbMa nOXOl!CHR Ha JiarpamrnaH K3.ll B nonepe•rnHX nepeMeHHHX 

~· (x)=J. (o.,.~~Clvj[) +~v-(o~v-')+ir¥-r+~
7 zv-, ce J J I , (4.13) 

r.ll;e 

';J.r(o~'lfr)= f {J;a~):i. + 
• c,~1 )

4

~ b 1 V" T -r v-
°i Jo '?Ya") J,, -+ 1/-,·J; q, 11' 4J{c-;~'I-~ 

( 4.14) 

;;ts 
1 

Ad 
noJIH 

onpe,D;eJieHH ~OPMYJ!aMH (4.2), (4.9), a KaHOHH48CKHR HMnyn:i,c 

Jr/cl ::. EV:= ~,,a.v-
r::ir, r) · , , ·v{&>oa,- ,, 

( 4.15) 

TOX,ll;eCTB8HHO YAOBJleTBOpHeT YCJIOBHll nonepe4HOCTH 

J, 7" b . ,.1, l, 

'v;·{av-J" £,. = O; ~-(Qv-J~.,a~ =-o. (4.16) 

--r 
M1,1 BB8JIH 3,ll;8Cb HCTO4HHKH cnHHOpHHX noJ1eR 2.- H '2 V-, 4TOObl paccwarpH-

BaTb ~YHKUHH rpHHa. 
CymecrayeT TaKxe ,D;pyroa, KJ1a?CH48CKH 3KBHBaJleHTHHR (4.10) cnocoO 

onpe,D;eJleHHH ~H3H48CKHX noJieR: 

"'"pl, (,. ) -1. -A-,. = w ar + ~ w- I 

?f'p). = w-1£-V-, 
( 4. 17) 

r,ll;e MaTpHUa '2,(r y.D:OBJl8TBOpHeT ypaBH8HHll 

UJ'--d.fy
0

1,t,}--= ~T j (iv-=T.exp(/:1-' 07ff'J]). ( 4.18) 

'.32 

j 
.\ 

3TH no JIii B C 1rny ypaBH eH HH (v;; ( c; ,:,/' 0 j; 0 

BHll nonepe4HOCT~ 
r ( 1"4) /I "

4 
er 

L V:- A ?o ifc" ] = 0, 

3KBHBaJl8HTHOMY (4.16). 

YAOBJl8TBOpl!DT ycJio-

(4.19) 

.!CXO,ll;Hblil narpaH:rnaH (4.8) B repMHHax (4.10) npHHHMaeT c TO41lOCTbll 

,ll;O noaepXHOCTHblX 4Jl8HOB H BHemHHX ttCTO4HttKOB raKoR xe BH,ll; (4.18) 

;f Q. = ;( 'r{ll r~ 'If"~) + i "' 'Jv P
4 + <f' ,.,,~ ~P~_- (4.20) 

B KaiJeCTBe narpamrnaHa, HCXO,ll;HOro ,1\Jl/1 KBaHTOB8HHH, npHM8M narpaH

XHaH (4.20) H ycTaHOBHM KOMMyTaUHOHHble COOTHOmeHH/1 CilHHOPHHX nonea 

{ ¥ +JDl (.9); 'lf "~(.i,-t) l-= J' :?fK-;,). ( 4.il) 

Hy:rno OTM8THTb, 4TO TaKa/1 cxeMa KBaHTOBaHttH ( 4.20) tt onpe,D;eJieHHe 
nepeMeHHblX (4.17) COOTBeTCTBY~T aeRJieBCKOR HHTepnpeTaUHH KaJIHOpOBO4HblX 
noneil 1321' cor.na.CHO KOTOpoa 'qJH3tt4eCKHlt. CMblCJI HM88T He <pa3a 8 ' a 

B8Cb qJ830Bb1R <paKTOp UJ"" (4.18), KOTOpwt Mbl, Oy,D;eM H83b1B8Tb 11 BeltJ1eB
CKHM <paKT opoM II • 

PaBeHCTBO (4.17) Oy~eM IlOHHMaTb KaK rpynnoaoe pa3~8:lI8Htte KBaHro
BblX nepeMeH HblX Ha "Mamie" ( Q, v;--

1 
'\VT) l'I 11 OOJ11>mtte II nepeM8HHH8 {uJ/) t3a{ 

KpoMe Toro, B KB8HTOBOM JiarpaH~HaHe (4.20) no aHanorHH c noTeH

UHaJibHOlt MO,ll;8Jlbll B Jl8KUHH 3 npoae,D;eM npoue,D;ypy 11a,ll;pOHl'138UHtt", BBO~H 

Ol'l:lIOK8HbHbl8 IlOJIH a,b ' . u • b /4 ,.t - ,,, ) 1 Ir. - t.,. ' ~ 
:!.Jctxt, clyt, i ~ (_1_ s·3rx-i)Jf;<o·j.) J/0 = l y. 'j? ' rm -:i L rm, K(A) ?72; 
2 do L t> 2{,4') 

( 4.22) 

H npOBO,ll;H T-ynopH,ll;O4HBaHae ~epMHOHHblX noJieR: 

(,rf, - c. :' (,('/; 177) + r~ , Y:-('- dr ,C,, ( c;,,' 0"-!)1 G ,rG,,., ), 
(4.,:!'.3) 

3~ec1, <llYHKUHH rpHHa Gtm (A) y~oBHeraopaeT ypaaHeHHll 

s «"~ !(_x -m,, -,· A11r.) J' ~-~) - 117 Ai')] r;. 'm {x,y/A): cf' ~fk-,y}. 

(4.24) 
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B pe3yJibTaie nonyqHM 3ipp8KIHBHOe 'A8RCIBH8 

'via_(!(, m) = Wp~ (1f\m) + Wsource (ir~ r/], (4.25) 

WI'), (AP4, m) ::c f cf''x 1 [~,,f!P'/ -{Bc-fA";J2] 

- { ( ?il , K -y II"') m) -1- c" tr ,In (- a.;), ( A "4)), (4.26) 

WS'o.,rct (i('\ z"' 4
) == (~p4 'if'\ G'}'YI (-A,,9 ). (4.27) 

ITocJie pa3'A8Jl8HHH nepeMeHHHX (4.17) B03HHKaeI 'AeiCIBHe 

Wa {i.J-{a.'"--1~)?.v---t 1 w 7nr-w-•-i) = ~1, (o,-~ mv-) + 
(4.28) 

-tr J · ft, -, J /4 _, ,,L ', t o( t ra."{l W ~ Wj 7), (W ~o 'W !J' , . I ( - "'' ~1 I'~ I + W SouN(_ ?, , 'W J W i / + 

+ /j, ll111omal. ( Qr-8 (fr),.~ 'W'). 

ITocJieAaee cJiaraeMoe HBJIHeICH aeaOeJieaoA aHOMc1JI11eA, B Hacroamee BpeMH 
a1,1q11cJieHHOA IOJlbKO B noKaJ!bHOM cnyqae 1341: 

_r-m_V"(x,Y) ~ ?71L(x) S 4
(x-!J) (4.29) 

(KOIOpHA, KaK MH yKa3HBaJIH B!lllle, HBJIH8ICH. · xopomHM npH0J!Hll'.8HHeM
133/ 

'AJIH M830HOB H3 JierKHX KBapKoB): 

/J..A~ov,,.al {arg 'm;w):::-tlJ' di.- Qr~ m~{K) ~ l<o fx), (4.30) 

r,JJ;e 

,f Ii"' ~ ~) }<'0 (x) :::- .2',sZ F,;i· 1< fr\ V,· ~- VIG I 

,( 

v;. :, W- -~ ~- w. ( 4.31) 
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TaKHM oOpa30M, KBaHIOBaH BeAJieBcKaH reopHH (4.20) HMeeI ~Ba OI
JIHqHH OT pe3yJ!btaIOB KBaHTOBaHHH KJiacc11qecKH 3KBHBaneHIHOA TeOpHH 
( 4. 13) (KpOMe BeAJ!eBCKOA HHTepnpeta~HH KOJIJl8.~THBHOro B030yllt,l(eHHH Or): 
I) HeaOeJieBa aHOMaJIHH (4.30) H 2) nepeonpe'AeJieHHe ¢H3HqecKHX HCToq
HHKOB (I.e. HO~He mnypHOHH!i.e 'AHarpaMM.bl ) • . .. . . 

B. MJlbHeAmeM MH OCTaHOBHM. . CBoe BHm!aHH8 Ha Tpex IlOCJie~HX qJie
HaX ~eACIBHH ( 4.28) H paCCMOTpHM rrpOCTeAmyD I40'A8JIJ, _KOJIJieKTHBHOrO 
B030YX'A8HHH B KOHeqHOM rrpocTpaHCIBe-BpeMeHH. 

HanoMHHM, qro JIDOaH KBaHTOBaH noneBaH TeopHH paCCM8IpHB88TCH 
BHaqaire B KOHeqHOM npocTpaHCTBe (Ix/~{< ; t-~;- ). ITpe~eJI OecKOHeq
HOro npocrpaHCIBa H BpeMeHH OepeTCH IlOCJie BliqHcJieHHH Ha0JID,JJ;a8MHX 
~H3HqecKHX BeJIHqHH_ (ceqe~HA BepOHIHOCie8 pacrra,JJ;OB H T.,JJ;.). 

ITpe,ll;IlOJIOll'.HM, qTo B OKpeCTHOCTH rpaHH~ npocipaHCTBa X MOXHO 
rrpeHeOpeqb ·JioKaJihHliMH B030Yll'.'A8HHHMH TaK, qro Be8JieBCKHR ~aKIOP Y,JJ;OB

JI8TBOpHeT ypaBH8HHD 

a/· ( w--' ~" w-) = o (4.32) 

H "HyJieBHMH" rpaHHqHliMH YCJIOBHHMH 

,,l•WI 7,<J-{ X, -C ;:;- ± f) = :!:: 1 • (4.33) 

lx}->R 

O'AHO H3 pemeHHA(4.32), y,JJ;OBJI8TB0pHDmee (4.33), HMeeT BH,ll; 

w(x,t).:::ll1<"P {i x<ie-a n(t):71') 
R ) ··' 

h.(i= ±T) = n+ 
2 - ' . (4.34) 

r'Ae n ± - npoH3BOJihHHe nenHe qHcJia. 
i.PaKtop -W-(x, ":!: f) aa rpaaHne BpeMeaaoro HHTepBaJia orrHCHBaeT 

oToOpa.ceHHe npocTpaHctBa R (3) B rpynnoaoe npocTpaHCTBO SV{2). 
UeJIHe qHcJia YI± Ha3HBaDTCH TOilOJIOrHqecKHMH HH,ll;8KC8MH OTOOpa:a:eHHH. 

JlJIH rrpOH3B0JlbHOA MaTpH~li ,, 

-W-(x,t) ;:: .eyp f ,· ,:/ c()(x,t) r I 
<P (o,£) = O 

3TH HH~eKCH BliqHCJIHDTCH no ~OpMyJie 
. " 

N-= J d 1x K0 : ..:!.. Je1~ .!!L [t/J('l t) 
.?Jr t{~ I " . 

- --:r,.,,. Cf'(?, f)] = 

== cp(R,t) - --!,'a,, 1/)(R,t) I .. 
~~ . -

'-P(R,t J =- 2ir h 
Y{_ , 

(4.35) 
r,JJ;e J<.0 orrpe~eJieHo ~opMyJion (4.31). 
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TononorHqeeKHtt HH,ll;eKe (4.35) npe,11;eTaBJIHeT eo6ott npHMep BeJIHqHHll, 
KOTOPM He o6pa~aeTeH B HOJIL B npe,11;ene 6eeKoHeqHoro o6~eua, HeCMOTPH 
Ha Heqe3HOB eHHe Hexo,l!;lloro nona V,· =- .i,,,--, .>.- w ( 4.3I). 

Bee nBeTH!le iliYH~HH B TeOpHH ;1 a OTnlfqaIJTeH OT TeopHH ;tq 

l38:lb:t8BCIWMII[ qmtTOpaMR 'l,,Q- , KOTOpNe Be)lj'T K TOnonorHqeeKOMY BllpOllt,ll;e
HHll Beex nBeTHllX aeHMnToTmeeKHX eocTOHHHtt 

/>4 /, . (. xt; r" 3 '7 r· ) 
'II/ c.x, i) = 12.,xio / ' -;;;- he,1 :Ji 'V-q 1 .,,.,P. ~ t , 1 Ctry ... ,.. ,..., , • ( 4.36) 

t-I 
2 

r,11;e ~T - 0611qHlle aeHMnTOTHqecKH8 eoeTOHHHH B BH,D;e nnoeKHX BOJIH. 
B COOTBeTeTBHH e npaBHRaMH KBaHTOBOtt TeOpHH Mil ,ll;OJIEHN BHaqane 

yepe,D;HHTL no BeeM napaMeTpaM Bllp0l[,ll;6HHH, B TOM qHcJie no HH,ll;eKeaM n: 

{;M j_ 
2L 

L-">e,c 

L 

f_;xp {" x,;r•.-• j, / ; 
/~I= O 

/fl /o, 

a 3aTeM nepexo,11;HTL K npe,11;eny 6eexo9eq9oro o6~eua. 

(4.37) 

B 3TOM cnyqae H3-3a ,11;eCTPYKTHBHOtt HHTep!liepeHUHH BettneBeKHX qiaK
TOPOB (4.37) Bee aMilnHTY,D;ll pOE,ll;eHHH UBeTHllX qaeTHU o6pa1J!EiDTeH B HOJIL• 
/I7,I8/. 

AHaJiorHqHaH KapTHHa HMeeT MeeTo ,ll;JIH JID6ott KaJIH6pOBOqHott rpynnll 
SU(!v), B TOM llHCJie SV(.1) • B aToM enyqae poJIL uaTpHn IIaynH f' 9 

HrpaDT MaTpHUll .\t ,>is- 1 ,\;i MHHHMaJILHOro BJIOJ!teHHH rpynnN .J'v (2) B 
S V(3) (,11;na xoToporo qiyH.na.MeHTaJI&Hoe npe.,11;eTaBneHHe SVt.1) HBJiaeT

ca HenpHBO,ll;ID.lliM npe,11;eTaBJieHH8M , .. ftt(2) ). . · 

"'' Xou qlH3HqeeKHe KBapKH H rJIDOHN 'J.?I"~ ,4 · He MoryT paenpocTpaHHU-
CH B BH,ll;e TIJIOeKHX BOJIH, 3TO He MemaeT ID4 B Ka'lee:i:Be "pa3,D;8TllX" 11-~ Q,r 

yqaeTBOBaIL B nponeecax o6pa3oBaHHH 6ecnBeIHllX a,D;pOHOB, onHeNBaeMNX 
,11;etteTBH8M (4.28). 

MN ,ll;OJIJ[Hll npoeTO "BNKHHYID" H3 qlH3HlleeKHX ,coeTOHHHtt useTH!le 
qacTHUll, qTo, co6eTBeHHO, H ,ll;8Jiae:i:ea B napTo°i:iHott qleHoMeHOJIOrHH KBapK
-a,D;pOHHOtt ,D;yaJ!bHOeTH, r,11;e no,D;''napTOHIU4H 0 IlOHHl4B.DT TOJ!bKO MHHMN8 qacu1 
KBapK-rJIDOHHNX ,ll;Harpaw :i:eopHH B03My~eHHtt ,ll;JIH "6ecnBeTHNX" nponeccoB. 

Cne;zyD~ee, :i:petLe cnaraeMoe B (4.28) HBJIH8ICH ,11;ettCTBHeM ,ll;JIH' 
KOJIJieKTHBHOro rJIDOHHOro B030Jl[,ll;eHHH H ,ll;JIH Mo,D;eJIH (4.34) •. 3TO ,11;eRCTBH8 
npHHHMaeI BH,11; 
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Ji r t 
I 

l 
L 
l~ 

w{~> = -Jttfx _!__ tr ~-f(,w~0 zv) ~-(w-';J,,w)] = 
't~-2 L ( . 

(4.38) 

s cit Ji {f/ j_ (~
21e) :z ol.r I 

h=-~nff) · 
C(f , 

<4 = _!_:_ 
fr · 

fiOJIHaH 3HeprHH KOJIJieKTHBHllX B036yllt,D;eHHtt (4.34) 

Ei,,, = 
p2 o<s 
Q {!~FR 

P == ~i' k .;- & ) ,· k= t?,1,2, ... 

0$,' ~.{r 

(4.39) 

HC4e3aeT B npe,11;ene decKoHeqttoro od~eMa.·cnexTp HMnynLca P onpe,11;e
JIHeTca H3 YCJIOBHH Toro, qTo nen11e 3HaqeHHH 17 {f) HBJIHDTCH qlH3H
qecKH 3KBHBaJI8HTHNMH. 

4eTBepToe CJiaraeMoe B (4.28) OTOX,ll;eCIBJIHeTCH B KHpaJILHOtt TeopHH 
1341 c noneM ~, -Me3oHa: ar~ ?nL =- c.2,v,./½ r,..-:1. >z'rK} 
( fi:.. - KOHCTaHTa. pacna,D;a M830Ha, ~ - 4HeJIO ''3anaxoii,. 

IlpodneMa OonLmott uaccu 3Toro Me3oHa ( (/(I) -npo6ne1,1a) wo:;:eT 
CJIJllHIL TO_tt cawott ,iI,8HOM8HOJIOrHett, Ha KOTopyD HYlltHO opHeHTHpo11anca 
npH ,ll;aJILHettmeM HCCJl8,ll;OBaHHH TOilOJIOrHqecKHX B030yx,11;eHHR. 

HaM oc:i:a.11oc& npoxsaHtoBaTL cauo HeaOeneBo rrone, T.e. narpaHxHaH 

;/_= .!.. (~ Clrq,) ~ _ :!.. v! /c1v-l.Q. 
.:l. 0 & :?. 0 1 ( C / 

a6 

v.'· fQ r-) ?o Cl _n· = 0 
C _,/ < 

(4.40) 
HJIH raMHJibTOHHaH 

Too= ; (E,.7tt]2+ J{g/(qj)i ) 

,.I, b 

'il,(a:}E/" EO. (4.41) 

£y,11;eM KBaHIOBaTL IlOJIR 
£.rq 

' ' 
v- .. 

a,· ' paex.11a,11J,1BaH HX no OPTOHOpMHpo-
BaHHNM BeKTOpaM 

,q ..,- ol E <f 
£. ::L- e, "'-

' oL.::r1✓ z 

-I- ol; f 'I ,, cJ,. e,~-== o, 
(4.42) 
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av:• -
C -

z 
ol.:: ,, z 

J, e c.t a 
L. o/ -f ,;), "/} o1, 

r,11;e nOJUI f H J BHpal!'.all?CII qepe3 Eot H er« 
I10.D;crasn1111 (4.42) B ro:uecrso (4.41),MH nony1rnM, 11ro 

HJIH 

4 , ;, acl,/,. e o</ r 6 
v;. (a-r) ~,. f = fj c (E o( e,- / Ci, 

Q - r ., 7 q; 
:f - rv;. (qr)~-

L'1,(',,1 E c. ✓ 
c J ai. 

(4.43) 

~4.44) 

(4.45) 

ECJIH llOJIOXID4 llOJie 8Q B (4.43) paBHHM HYJill, H llpHJoleM KOMJlyTa

UHOHHHe COOTHOmeRHII 

[E / (x/J, a) 6, fJ] = /'..(_fl J' Qb l' .1/4-J J, (4.46) 

TO llOJIYt!IUI KBaHTOBaHH8 Hea6eJieBoR reopHH, npe,D;J!Olll:8HH08 81l!8 B 1962 r. 
illBHHrepoM 1351 , KOropua ,ll;OKa3aJI peJIIITHBHCTCKYll KOBapHaHTHOCTb TeopHH 
nyreM 8CT8CTB8HROR "KpHBOJIHHeRHOR" MO,D;~HKaUHH raMHJlbTOHHaHa (4.41) 
H llOJIYt!HJI IIBHO ace peJil!THBHCTCKlle npeo6pa3oBaHHII reR3eH6epra - IlayJIH. 
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JIEKUlffi 5. K T EOP.11.11 A.llPOHOB 

CospeMeHHall reopHII a,D;pOHOB CTPOHTCII Ha OCHOBe KBaHTOBOR xpoMo
.lUIHru.tllKll 1361. KXJt OTJlllt!aeT~II or K3,U IIBJl8HH8M acHMnTOTllt!eCKOR CB0-
60,D;H 1371 , KOTOpoe 03Hat1aer YM8HLWeHll8 KOHcraHTH CBll3H C poCTOM eB
KJUl,D;OBa nepe,ILaHHOrO HMllYJILCa Q 2 = - i~: 

ex, (Q.2) = [ I -t,,, (aip-t 
112 J 

-I( 2.) -t ~ YT 11 - T /1/.1. J (5.I) 

r.D;e A - paaMepHHR napaMeTp, npoHCXOAllll!HR H3 rpaHHIIHHX ycnoBHR ypas
HeHHR peHopMrpynnu. 

~OpMyJia (5.I) 6uJia O,D;HHM H3 rJiaBHHX apryMeHTOB ,D;JIII 060CHOBaHHII 
KBapx-napTOHHOR cpeHOMeHOJIOrHH / 38/ B paM.KaX reopHH B03MYlll8HHR KXJt 
(HJIH, Hao6opoT, ,D;JIII "onpaB,D;aHHII" KXJt H3 KBapKOBHX H napTOHHHX MO-
.D;eJieR). 

C .n;pyroa CTOPOHH, cpopMyJia aCHMllTOTHt!eCKOH CB060,D;H (5.I), .KOTOpall 
llOJ1yt1eHa B npe.n;noJIOlll:8HllH Manoa KOHCTaHTH CBll3H; .n;aer TaKJKe Kat!eCTB8H
H08 yKa3aHHe Ha B03MOJKHYD CHJILHYll CBll3b B 06JiaCTH MaJIHX HMrJILCOB 
cl~ /\t. , H, KaK CJle,D;CTBHe, Ha CJIOJKHYll CTpyKTYPY BaKyyMa/39 , c KOTOpoa 
CBll3HBaDT Ha,D;elll:JH Ha .D;OKa3aTeJILCTBO HeHa6JID.n;aeMOCTH KBapKOB B CB060,D;-
HHX COCTOIIHHIIX 40/ • · · 

0KOHllaTeJILH08pemeHHe npo6JI8M BaKyyMa, KOH<paRHMeHTa, a,D;pOHH3aUHH 
Olll:H.D;aeTC.fl Ha flYTH TOt!HOro "BblllHCJieHH.fl Ha. pemeTKaX" 'PYHKUHOHaJILHOrO 
HHTerpana,,KOTOpblR sa.n;ae:rc11 KJlaCCHll8CKHM JiarpaHJKHaHOM XpOMO.D;HHaMHKH H 
cpopMynoR (5.I) • 

Ha,D;eJK,ILa Ha TaKoe peweHH8 llOKOHTCII Ha y6eJK,D;eHHH, t!TO B q>OpMyJie . 
(5.I) OTpaxeHH see HeO.D;H03Hat1HOCTH°KBaRTOBaBHII .KJlaCCHt!eCKOR xpoMO,D;HHa
MHKH. OllblT, HaKonJIBHHblR npH KBaHTOBaHHH pa3JIHIIHblX KJiaCCHtleCKHX CHCTeM, 
B0061l!e rosopa, c:raBHT 3TO y6ex,D;eHHe llO,D; COMH8Hlf8. Hanpirnep, B K3JJ; 
KOHCTaHTa TOHKOR c:ppyKryp1,1, KaK MaTpHt!HblR :rneM8HT, 3aBHCHT OT :rnepre
THt!eCKOR paapewaDll!eR cnoco6HocTH q>H3Ht1ecxoro npH6opa, H3M8pi!Dll!ero sTOT 
MaTpHt!HHR 3Jl8M8HT,/6 ,I7/ •• KBaHTOBall :reopm1, KaK llO,D;tlepKHBaJI M.Eopef 41< 
npe,D;Ha3HatleHa ,D;Jl.fl OllHCaHHH JIHmL BllOJIHe onpe,D;8Jl8HHOf0 3KCll8pHM8HTa, 
llOCTaBJieHHoro ,D;JIII aa6Jlll.D;8HH.fl HeKOTOpoR qacTH BH8mHero MHpa, a He .D;Jl.fl 
OllHCaHJ,rn caMoro "06'beKTHBHOfO" BH eWH era MHpa. 

B "onpe,D;8Jl8HH8 3KCll8pHM8HTa" no H3MepeHHll Jl3M60BCK0f0 C.D;BHra 
YPOBH8R aroMa BXO,D;HT Bb160p OCH BpeMeHH KBaHTOBaHH.fl llOJieR B CHCTeMe 
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IlOKOH HaOnD,ll.aeMoro aTOMa. EcnH aTOM ,ll.BHJKeTCH, TO MH ,ll.OnJKH!,1 BUOpaTb 
OCb BpeMeHH Cl'ICTeMU KOOp,ll.HHaT, ,ll.BHJKYII1eltca BMeCTe C aTOMOM. B npOTl'IBHOM 
cnyqae, He3a.Bl1Cl1MO OT npHMeHHMOCTl'I TeOpl1l1 B03MJII1eHHlt, He aunonHHeTCH 
penHTl'IBl'ICTCKHlt 3aKOH ,ll.HCnepcirn (!].'1.= M2., T.e. aTOM He OIIl'ICUBaeTCH 
"o.n.:rnBpeMeHHolt" aonHoaon <l>YHKUHelt, npHHa.n.neiimmen HenpHBO.IJ.HMOMY npe.n.
cTaaneHHD rpynnu IlopeHua. 

B cnyqae OilHCaHH.fl aTOMHUX CTOnKHOBeHHlt OCb BpeMeHH CTaHOBl'ITCH 
onepaTopoM, nponopUHOHanbHUM onepaTopy nonHoro HMnynbca. 

HK qJOpMyna (5. !) , H~· ·coapeMeHHUe B!,lqHcneHHll Ha pemeTKe TaKoro 
po.n.a HeO,ll.H03HaqHQCTH He yqHTUBaDT. OHH He yqHTUBaIOT TaKJKe, qTo npH 
OilHCaHHl'I cnekTpa CB.fl3aHHUX COCTOHHHlt B KanHOpoBoqH!,IX TeopHHX cne.n.yeT 
pa3nHqaTb ,ll.Ba po.n.a B3aHMO,ll.eltcTBHlt: "np11Mue" (Hm-1 0,11.HOBpeMeHHUe) 1 KOTO
pue q>OpMHPYIOT HenepTypOarnBHUlt "a.n.poH", l1 "3ana3,ll.!,1BaIOII1He" 1 KOTopue 
yqacTBYIOT B OilHCaHHH pa,ll.HaUHOHH!,IX nonpaBOK H B OilHCaHHH pacna.n.os, 
3anpemeHHUX npaBHnOM 0Ky0o-UBeltra-HH,ll.3JKH 1421. 

Ha ManOCTb "3ana3,ll.UBaDI!IHX" B3aHM0,11.eltcTBHlt, KpOMe npaBHna OU~, 
yKa3uBaeT ycnemHoe onHcaHHe noTeHUHanbHOlt Mo.n.enbIO (T,e. npHMHMH B3a
HMO.IJ.eltcTBHHMH) HH3K03HepreTHqecKolt Me30HHOlt q>l131'1Kl1 co cnOHTaHHUM 
HapymemieM KHpanbHOlt Cl'IMMeTpl'll'I H ron,11.CTOYHOBCKl'IM Me30HOM 126 ,27 ,JI/. 

IToTeHUHanbHaH qieHOMeHonorHH cneKTpOCKOill'll'I KBapKOHl'leB /Io, 421 B 
Kaq·ecTB e npHMoro B3al'IMO,ll.elt CTBl'IH l1Cnonb3JeT, B OCHOBHOM I CYMMY Kyno-
HOB CKoro H· pacTymero noTeHuHanoB. ,Un.fl T HJKenux KBapKOHl'leB ,11.0Ml'IHl'lpyeT 
eynoHOBCKHlt noTeHuHan, a pacTyII1Hlt - CTaHOBHTCH nonpaaKon. ,Una nerKHX 
KBapKOHHeB.C Maccon TOKOBUX KBapKoa; MHoro MeHbllll'IX,qeM Tpl1CTa·M3B, '. 
.n.oMl!HHpyeT paCTYII1Hlt noTeHUHan, KoT9~ult nonHOCTbIO onpe.n.enaeT cnoliTaHHoe 
HapymeHHe KHpanbHOlt Cl'IMMeTpl'IH /I0, 2 /. B KaKOlt-To CTeneHH IlOTeHUHanb
HaH qieHoMeHonorHH KBapKOHHeB np11Mo npoTHBonono~a H,ll.eonorHH "pemeToqHUX 
auqHcneHHlt" pacTJIIlero noTeHUHana B npe.n.ene OecKoHeqHo OonbmHx Mace 
KBapKOB, TaK KaK JaCTYIIIHlt noTeHUHan B q>eHoMeHonorHH l1Cnonb3JeTCll ,11.nH 

Oill'ICaHl'IH nerKHX KBapKOB, B pemeToqH!,IX BliqHcneHHHX - ,ll.nH THJKenux. 
B auqHcneHHHX Ha pemeTKaX pacTymHn noTeHUHan paccMaTpHaaeTcH 

KaK noTeHUHan KOH<paltHMeHTa (H 3TO nonoJKeHHe HBnHeTCH l'ICXO.IJ.HOlt ,ll.OrMon·, 
He no.n.neJKamen oOcyJK.n.eHHD), B noTeHUHanbHolt Mo.n.enH Bee nonuTKH ,11.0Ka3aTb 
C IlOMOI!lbD pacTymero IlOTeHUHana KOH<paltHMeHT B CMUCne Hcqe3HOBeHHH non10-

·c0B qiyHKUHlt rpHHa KBapKoB·He yaeHianHCb ycnexoM /Io, 43 , 44;_ B noTeH
UHanbHOlt MO,ll.enH paCTYIIIHlt noTeHUHan paccMaTpHBaeTCH KaK noTeHUHan a.n.po
Hl13aUHH, TQqHo TaK JKe, KaK Ky nOHOBCKHlt CBH3UBaeTCH C "aTOMl13aUHelt" • 

Pa3nHqHun cTaTyc pacTyII1ero noTeHUHana B TeopHH (pemeTKH) H B 
q>eHoMeHonorHH eme Oonee oOocTpaeT aonpoc oO npHqHHax B03HHKHOBeHHH 
3Toro noTeHuHana B KXJt. 3TOT Bonpoc TeCHO CBH3aH C npHql'IHOlt pa3MepHolt 
TpaHcMyTaUHH B KXJt ,ll.n.fl nerKHX KBapKOB (r.e. C npl'lql'IHOlt CilOHTaHHOro 
B03Hl1KHOBeHHll napaMeTpa, 3HaqHrenbHO Oonbmero, qeM MaCC!,1 nerKHX KBapKOB) • 
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<I?opMyna (5.I), C KOTopon B HaCTOHII1ee BpeMH CBH3HBaDT oO'LHCHeHHH 
pa3MepHolt TpaHCMJTaUHH (H .n.aJKe B03HHKHoBeHHe pacTJIIlero noTeHUHana), 
oOna.n.aeT ,11.BJMH He,11.ocTaTKru.rn. <l>opMyna (5.I) oTpa:imeT nHlllb ynupaqiHo
neToBue caoncTBa reopHH: CTOHT HaM B3HTb ,11.ocraToqHo Oonhmoe qi,rcno 
qiepMl'IOHOB, T.e. "3anaxoa" tlf > 33/2, Hm-l paCCMOTpeTb reopHD 003 
ynbtpaq>HOneTOB!,IX paCX0,11.l'IMOCTelt, TO l1Cqe3aeT CBOltCTBO aCHMilTOTHqecKon 
CB000,11.li BMecre C q>OpMynon (5.I) H "pa3M0pHon rpaHCMyrauHelt", B TO 
apeMH KaK JaCTYIIIHlt mireHUHan HMeeT HPKO Blipall:BHH!,llt xapaKrep q>l13Hqe
CKOro l'IH<ppaKpaCHoro oOpe3aHHH, IlOCKOnbKY ae.n.er K KOHCTl'ITJ0HTHliM Mac
CaM KBapKOB l1 rnDOHOB lJI/, KOTOpHe He Moryr He ycTpaHHTb l'IH<ppaKpaCHliX 
JECXO,ll.l'IMOCT~n B T00pHl1 B03MYII10Hl1lt KX,U. 

Bropon He,11.0CTaTOK qiop1,1ynH (5.I) B TOM, qro OHa C03,ll.aeT q>H3HqecKH 
npHMl'ITHBHyD HnnI03l1D B03HHKHOBeHl1.fl pa3MepHoro napaMerpa B 3aMKHyTon 
TeopHH 1'13 "H~ero". 

RDOaa q>H3HqecKaa TeopHa, ecnH B Helt npl'I KBaHTOBaHl'll'I B03HHKaeT 
HOBHlt q>l13HqecKMlt napaMeTp, npe,11.nonaraeT CBOIO He3aMKHYTOCTb H C TOqKH 
3pemrn MaTeMaTHKl'I (rpaH~n!,10 ycnoBH.fl) 1 l1 C roqKH 3peHH.fl qJl13HKl1: HO
BUit q>H3HqecKHlt na:i:aMerp (HanpHMep, pa3Mep BHxpa B caepxreKyqen apaII1aD
men.ca JKH,11.KOCTH) o.6113arenbHO Hecer HH<popMaUHD o MeraTeopHH, BKnDqaDmen 
B ceOa crapyIO reopHIO KaK q>eHoMeHonorHD (B ,ll.aHHOM npHMepe~Ml1KpOCKOilH
qec1roi:\ reopmt caepxreKyqecTH), H a KaKolt-To creneHH crwAynHpyeT awxo.n. 
Ha HOBHR reopeT~eCKHlt ypoBeHb. 

KpoMe roro,-caM BHBO~ qiop~ynu (5.I) nepeaopaqi,raaer norHKY KBaHTO
aon reopHH c Hor Ha· ronoay; B KBaHTOaon reopHH aHaqane onpe.n.enaerca 
cneKTP q>H3HqecKHX COCTOHHHlt, a 3aTeM BliqHcnHIOTCH cnaOwe MaTpHqHue 
nepexo.n.u Mex,11.y Hm,m; B ItX.U, ocHoaruiHolt Ha (5 .I), BHaqane onpe.n.en11erca 
MaTp~Hw·n ::ineMeHT (5.I), a 3areM muamca onpe,11.enHTb aaKyyM H ,11.pyne 
qJH3HqecKHe COCTOHHHH. 

Ha Halll B3rna.n., Oonee nn0,11.0TBOpHon, XOTH, M0~0T O!itb, He MeHee 
npHMHTHBHon, aanaerca ToqKa 3p0HHH, cornacno KoTopon q>H3HqecKon npH
qHHolt Onl13KO,ll.eltCTBHH nerKHX KBapKOB l1 rnDOHOB H pa3M0pHolt TpaHCMyTa
Ul'll'I Moryr OliTb HeTpHBHanbHlie rpaHl'lqHHe ycnOBHH pemeHl'lll ypaBPeHH.fl rayc
ca npH nocrpoeHHH q>H3HqecKHX nepeMeHHUX MHHHManbHOro KBaHr'oaaHH/Jil. 

HanpHMep, pemeHHeM ypaaHeHHa raycca 
'iJ/-1/

0 
= j

0
, (5.2) 

KOTOpoe Be,ll.eT K TpaHCnHUl'IOHHO-l'IHBapHaHTHOMY noTeHUHany 

Lx,{ = i f«-'x J, {x) ,4,, (1<) =-J J i,11xi1j-J°c,(x) V(x-:,) J°,, (y) > (5.3) 
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HBnHeTCH BUpaxeHtte 

A-o(><) ~-Jcf1r[ ,:~y} -Co +2V., Y(K-YJ] jof>)-, (5.4) 

r,l.\e Co H Yo-KOHCTaHTU. 

!IO,l.\CTaBnH/l (5.4) B (5.3), nonyllml narpaHJKl-!aH C CJMMOll KYMHOBCKoro 
H ocunnnHTOPHOro ITOT8HUHMOB: 

L = _ i J r.t'x«y cf" txJ rJ'.fy) [ ,:~,.., - C'o + 2 Vo Y (x-;,; J = 
,Z (5.5) 

,{ s J J • • ( • ' [ ~'Ir = -- d xcl y Jo {x) J" Y.J 1-:J. 'X-y/ 
- Co - Vo {x- y)'2]. 

Ilocne,l.\Hee TOl!C,l.\eCTBO HMeeT MeCTO B cnny CKMMeTpnn BepxHero BUpalll:eHH/l 
no ,l.\BYM TOKaM J., (1<) ' J; (y) • 

IlpHBe,l.\eHHUe coodpalll:eHttll, KOHe•rno, He l!Bnl!KlTC/l 11,l.\OKa3aTenbCTBOM 11 

pacrymero nore Hunana ( ocunnnHTopHoro), O,l.\HaKo oHn ',l.\eMoHcrpnpyor 
B03.!0l!CHUe H80,l.\H03HallHOCTH_ITOCTpOeHH/l KBaHTOBOll Teopnn H3 KnaccnqecKoll 
H ,l.\aDT MO,l.\enn, none3HUe ,!\nil H3Yll8HH/l BaKyyMa Kxn H ,l.\pyrnx $tt3HlleCKHX 
COCTO/!HHll B COOTBeTCTBHH C odmenpttH/!TOll nornKott KBaHTOBOll Teopnn. 

0,1.\Ha H3 TaKKX MO,l.\enen C raMHRbTOHHaHOM 

L( s 3 - (- ·) I J 3 J ' q I //, ' ll r = dx j -i&>,t+fl-i i +;i_ ttx1yJ 0 fxJve:-y)J0 {-tJ, 

(5.6) 
rAe 

•q - >/ . ~ Je1: i0o-;:-i ;V{z:J~~-v.;~2. 
I 

½· 
o/.r.,,.. tp j V., ~ 2SPM.J8

1 

duna paCCMOTpeHa )Vil! tt3ylleHH/l cneKTpa KBa~KOB H M830HOB B padorax 
MHornx asropos (cM.,Hanpmiep, padoTR /IO, 5 ,26 ,JI, 43- 45; n ccunKn B Httx). 

IIepBUM maroM .llnll ITOCTpOeHHH $H3itll8CKHX C.-OCTO/IHHll l!BnHeTCH onpe-. . .,. 
,l.\eneHtte OAHOl!acnrllHUX oneparopoB POl!C,l.\eHH.'I o+, I, H YHHllTOl!C8HH/l a, I, 

. I C ITOMOll!bil doronDdOBCKoro pa3ROl!C8HH/l ~epMHOHa 
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,;;-s d3(J,- ti[,x[ 
}c1- {x) = L. t<-:J e Qs (f) '2fc1, (9~s) + 

s ~Ji) Yi 

+ -t/{-ij)~(-if,J') ], (5.7) 

f,1.\8 7,,(_ol (f, S) , ~ {-f,s) - e~Th K03~HUH8HTH 1 onpe,l.\enHewe H3 
ypasHeHHII lllpe,l.\ttHrepa ,l.\nH 0,1.\HOllaCTHllHOll 3Heprna: . 

(o/ as (1) / ~ / 0/ (9,1/o) = E(i) (o} Qs(?) a1,(iJ/o). 
(5.8) 

Ecnn u.o(_ (f,,r)' ~ {-i, .t} npe,l.\CTaBHTb B BH,l(e 

U,J. (f,s) = t (9).1.ft Uy. (o,.r) ; ~ f-9
1 
s) =- S/i)"'Jl ~ (o,.r}, 

r,l.\e ,f (9~/3 -Marpnua if>on)(K - BayrxoffseHa (3.39),. . · 

S.1..1• riJ [ 2 u.i' fo,sJ u;, r~.cJ],{.1 
r~J =fs 1;r0tf: 11ff(iJ, 

s jl 'jJ {.J -<1,1 "-/J 

f ] -i fc I r,,' -1) 
s'.1.11{1>1f ?J.J.,(~r) '¾·(~!) ~;s (r;,)=(J 2.--os /.t,4=/lr)~;/ 

npoeKUHOHHHe oneparopH Ha COCTO!IHHH C nonoimreihHOff K OTpHQaTenhHOll 
3HeprttHMH, TO ypaBHeHKe (5.8) npKHl!MaeT BH~ yxe 3HaKOMoro HaM ypaB
HeHHII lllsnttrepa - nancoHa (3.22), (3.23): 

. c1-2. A -i 
E ( P) JJ ( P) = in ° + I;- o" + j I ?ff· $' (i), (5.9) 

.,.. 
r,l.\e. In - KparKoe odoaHalleHne KHTerpa~LHoro onepatopa 

.A 

I,,· f(iJ = 
s d1fj, . 

(2;rJ3 y (r>-'I Jf'(1,). (5.10) 

YpaBHeHne (5.9) onpe,l.\enaeT ~K3ttlleCKKff cneKTP KBapKoB K KX KOHCTKTyeHT
HHe MaCCH /ro, 25 ,261 •. 

raManLTOHttaH (5.6) nocne no,l.\cTaHOBKH (5.7) npnHauaeT BK,!\: 
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H =- Eo + Hi i- H": 

£
0 

= <o / H/o) 
1 

Jl2 =- f £ (P,) (o; a1 -1- ii,+ '1i) 
. .. ' ( J 

:I-I,.:=~ L(l.x/
6
Si{,:-Pzffz-4)}!(F:-1>f q:l/o/l,,1°1{,1'2{ u/zt+ 

+ a/ t; g1 af u; 2'2 ~I'll" + -t1 a,. a/ t4 + v, ;i u,. u/ Z{ -+-

+ l,1. tti b1 a,, Z{ JI. 112 ~;; + · · · J + (5_.II) 

MH ocTaBHRH B : H; TORbKo cnaraeMHe, ¢opMHpyIOmHe decuBeTHHe Meso
HH KaK napHHe KOppenaUHH 147 , 48 , 49~ H BBeRH KpaTKHe odoSHaqeHHa 

~ ::: ~ s cJ1P, ) 
{ I ) = ( Px , Sx) ; I= 1, 1, J', 4. 

1 .S1 

,Il,na ,l(HaroHanHsauirn raMHRbTOHHaHa (5. II). OTHOCHTeRbHO napHHX KOp
penauHi:t c0 1-1,+) , (to J onpe,1tenam HOBHJ.l BaKyyM KaK i<orepeHTHoe 
COCTOHHHe / 47- 49/._ . 

lo~·= exp{ L.. ol. (,, 2,1,1,) {Cl; t-1-';) { a}' I/ i')} Io> 
I 2 3{, ~ ) 
I • I 

(5.12) 

H onepaTOP po~,IteHHa cBaSaHHOro COCTOHHHH (napHoi:t KOppeRHUHH) 

B'+> = L &3(P,-~J[X(+l1,2Ja+;,~ t+f~J--x_~,2JA~)a¼J]. 
1,2 (5.D) 

Ko3qxpHUHeHTH xfl-J H X-) BHqHCRHJOTCH H3 ypaBHeHHH Illpe,ItHHrepa .ItRH 
,1tByxqacrnqHoi:t 3HeprHH Ms 

} 
Hi ) <+1/ \\ ((o 8 LH:i + :J.14 : B 0).,.1 

«. rX 
= M"' [< o I rt1 Rr+, I o))o1 

B TO BpeMa KaK napaMeTp o( B (5.12)-H3 onpe.1teneHHa onepaTopa 
YHHqTo~emrn ·"napHoi:t KoppeRHUHH" 

sr- 1 I 0>)ot =- o. 
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(5 .14) 

(5.15) 

!. -

YpaB'HeHHe (5 .• 14) ITORHOCTbll COBITa,ItaeT C ypaBH8HHeM Conn11tepa 

(3.27) ,It/lH cneKtpa MeSOHOB B CHCTeMe ITOKOH: 

1£ Ip)+ E [P/:; Ms) 'lf++ (P)=.f..A(t)(pJ[_ ipo (71;ji)+1/:_f?J)],1c;/1 l" 4(/ 2 -- 3 I 

(5 .16) 

C TOqHOCTbll ,1(0 OdOSHaqeHHJ.l 

1f == '7f, + + 1f_ - I ¥+ ., = 11(:tJ 71 /\{+} , 

lf++ (P) = L X11-, (i;f;s,,~) u/ (J3,r.J ?{(ft, J'l), 
;,/~ .f,Sl 

(5.17) 

lj/__ {P)J.fl = L. >(_, (~F; s,,r1) ?J;/(;;,1,} ~ (p;.ri). 
.r, f, . 

0.1tHoqacTHqHHe sHeprHH E1 (P) ·, Ez (r) B · (5 .16) onpe.1tenaDTca HS ypaB

HBHHR IlIBHHrepa - ,Il,ai:tcoHa (5.9). 

YI8BH8HHH THna (5.9), (5.16) BCTpeqaDTCH B Teopl!H ¢epMH-XH,ltKOCTH 
IlaH,Itay / 4~/, B npHdRHll'.eHHH CJJY4ai:1HHX ¢as / 48~ H HrpaDT _cymecTB8HHYD 
ponb B OITHCaHHH SR8M8HTapHHX B03dyX,It8HHi:l B aTOMHon H H,ItepHoi:t ~HSHKe<49~ 

Hx penHTHBHCTCKHMH aHanoraMH, a,IteKBaTHO OITHCHBaDmHMH ron,ItCTOY
HOBCKHi:l ITHOH H KOHCTHTY8HTHH8 MaCCH nerKHX KBapKOB, HBRHDTCH 'ypaBHe
HHH (3.22), (J.2J), (J.27). 

H:'MOll'.eHHwl B R8KUKH 3 M8TO,It ¢ YHKUHil rpHHa H onepaTOPHHil ITO.ItXO.It 
B8,ItyT K O,ItHHM H T8M l[8 ypaBH8HHHM H BSaKMHO ,l(OITORHHDT ,1tpyr ,1tpyra. 

.Il.~a nepBoro nerKo C,It8MTb penHTHBHCTCKoe ododmeHHe H ITOCTPOHTL 

3qxp8KTHBHHlt narpaRXHaH BSaHMO,Itel!CTBHH M830HOB; BTOpoi:t ,ItaeT a,IteKBaTHYD 
~HSHqecKyD HHTepripeTaUHD KBaHTOBliX COCTOHHHil H ,ItOITYCKaeT OITHCaHH8 . 

donee CROll'.HHX CHCTeM, HanpHMep, dapHOHa H ,1tpyr11x MHOfOKBapKOBHX 
COCTOHHHlt / 45 / • 

ITOCTPOHM onepaTOpHHM M8TO,ItOM peRHTHBHCTCKOe ypaBH8HH8 ,Itna dap110-
Ha KaK TpeXKBapKOBOlt CHCT8MH. 

B Me30HHOM "KorepeHTHOM" BaKyy.u.e (5 .12) onepaTop P0ll'.,1(8HHH dapHO
Ha COCTOHT He TORbKO 113 onepaTOJIOB I)OX,lt8HHH KBapKOB ( Q+) , HO H one
pa.TopoB YRHqTOX8HHH aHTHKBapKOB ( /,) C T8MH ll'.e KBaHTOBID4H q11cmurn: 
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I 
i 

! • 

. ! 

B ~ <'1( J [X ( ,<+, J°(+) ,_,) = L- cJ P,+f{+~ 12,3) Cl (f) Cl {2) Cl '/:;I+ 
....... 11] . ++-f" I (•,) 

I 1 

J ,· j ~-f-) ) ] '-it -+()( __ _/~2,3) /;(t)P '(2.)Cl{JJ + ne1,ecraH,rtku~~1) E . (5.18) 

Orrpe,n;eJll'IM BOnHOBHe ~YHKUHH 6apHOHa 

·r+++ (1,2,1) =2- u;r1)u;r2Ju;r1JX++-1-l1,:1,1) 
"Ji .r s,s, .r, 

I I 

'"If __ -t (1, 2, i)"H= L ?J-/o) ~ "r2.J u; f1JX __ + f r,2,1\ ... 
s,.r,r1 

Tor,n;a ypaaHeH_He Ha co6cTBeHHHe 3Ha'leHHSI orrepaTopa raMHnhTOHHaHa 

f O / § J-1 §+ /o)>ol = H ~ ~(o / §.g+Jo~ (5.19) 

3KBHBaneHTHO cne,n;yD~e~ CHCTeMe ypaBHeHH~ Ha.aonHOBHe~yHKUHH OapHOHa: 

[ +f,(P.) + £J~) -t-E,{PJ) - M~] 7.f+;+ (1, 2,3) = 
f!J (;J UJ G) . . ·(: ! :) 
= 1- f1,+-,(P.)J\r+i(Pi)I\,.;(~) 1· ii .2 [ 11'+++(!,J,3) + 'If_~+(!, ~,J)]+· 

3 (;) (~) (;J -,- {;.~J (~:=) . 

ti ,['f'.,/!,•,!)+ 1/;;_:_ (!, 2,1g], 
,- .(=-~) (+-r- .. ). . .· . + - - + . +--

+ t .. ,! [7f+ +/1,3-,l) + 'lf.,__J1,J:,:!J] 
. (- - -t r-+-J -·+- . ---t +--). +++ 

(5.20) 

r,n;e 

I q 11' (!' i Is) ·= s :Ji .1 y (ff,) 11' ( P, -JI Pa + 't I '1) 
-,- var) (5.21) 

~ -t ~ -+ P:i = o. (5.22) 
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YpaBHeHHe (5.20) SIBnSieTCSI aHanoroM ypaBH8HHSI ConrrHTepa (5.16) 
,ll;~H Tpex'laCTH'IHOfO CBH3aHHoro COCTOSIHHSI, ConrrHTepoBCKaSI HepenHTHBHCT

CKaSI pe,n;yKUHSI 1241 OT (3.27) K ypaaHeHHD llipe,n;HHrepa (3.28) 
--t 

£ (P) ~ / m.,' + P v. ~ m4 + f L 
., Ynq 

J"() ( P) ~ 1. 
J rif~ +-I = ¥' >> '¥f !J;) 

Be,n;eT B HameM cnyqae K H3BeCTHOMY HepenSITHBHCTCKOMy ypaBHeHHD ,n;nsi 
BOnHOB00·$YHKUHH CBSI3aHHoro COCTOSIHHSI Tpex 'iaCTHU 

[ r:~ + !l"- + ~i -{MB - l'n,-m
2

-m.:1)] ?/(r:,IJ,"3) = 
2. m1 :l. m2 .2 ml ~ 

- R[1"' ,,,JrP.P. A) ~1:11 1'(,; ~ P,)+Jj~ o/1(1,Pa,J)j 
- ~ I 2 j (:!,_I) _3 -,-: •-J- I . 
~ ~- . ' 

. fr) I. 
c ycnoBHeM (5.22), KOTopoe 03Ha'laeT BH6op CHCTeMH ITOKOSI J:.,.:: tMJJ,q~o\ /50/ · ,, '/ . 

Koop,n;HHaTH HKo6H, KOTOpue IT03BonSIDT 3aITHCaTh CB06o,n;HHff raMHnh
TOHHaH B TepMHHax ,ll;BYX OTHOCHTenbHHX HMnynLCOB, HMeDT CMHCn TOnbKO B 
HepenSITHBHCTCKOM rrpudnu~eHHH. 

)!nSI_ OITHCaHHSI 6apHoHa :a penSITHBHCTCKOff CHCTeMe OTC'leTa rrone3-

HO o6o6~HTb ycnoBHSI MapKOBa - UKaBH (I.D) ,n;nsi 6unoKanhHoro rronSI Ha 
fl -noKanbHoe none . (/) ('X,, X':i 1 ••• ,,XN). 

Ha ITpHMepe 6HnOKanbHOff CHCTeMH MH BH~entt, 'ITO orrpe~eneHHe rronHoll 
H OTHOCHTenbHon KOOp,ll;HHaT 

X=. x,+X2. 
2. 

Z=X,-X2 

HBnSieTCSI YHHBepcanbHHM ,ll;nSI KBapKOB rrpoH3BOnhHHX Mace, B TOM 'IHCne ,n;nH 

KOHCTKTY8HTmlX MaCC,3amICJmlJ1[lC OT mroyncoB.ITo aHanorHH ~nSI JV~noKaJ!b
HOro rrona BBe,n;eM rronHyD H N OTHOCHTeJlbHHX KOOp,ll;HHaT 

JI 
X =- .i.. L x'° 

;,'< N ,:-1 /' 

(i) . X 
~ -==-Xe_:,e.- 0, 

£ z(,"J::: o 
CBSl3aHHHX TOllt,ll;eCTBOM! i=1 ,..... ' 

Tor ,n;a o6o6~eHHe ycnOBHSI MapKoBa - DKaBH HMeeT B H,11; 
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r,:J ;J rn( 01 2 ro /"J!X) = o 
2/41 'o X y i!. , , · .. , 

/"' ( i = 1
1 

2 I,,, ,'I/ ) • (5.24) 

IIycTb .J)., eCTb COdCTBSHHOe 3Ha49HHe 1/-oneparopa ilOJIHoro HM-

nyJibca, a ~,... - 9,14HH"14Hblll BSKTOp B HanpaBJISHHH .!}. (~ r,,...-:31 ). 
B CHJIY YCJIOBHll (5 .24) /1/ -JIOKaJibHaa q>yHKUHH ;!:>( p.J,f:) ... , p-'IN} / J)) 
KaK qiypbe-odpa3 ¢(i-(<) /x), no BCSM KOOp,14HHaTaM 3aBHCHT TOJlhKO OT 

nonepe4HblX OTHOCHTSJlhHblX HMnyJibCOB r::.,·)~ ~re;_ ~ {Pr,'}_~); 
,V 

~ p(•J= o .. 
t'::: 1 (5.25) 

nJia nepexo.14a B npoH3BOJ!bHYID CHCTeMy orcqera AOCTaT04HO B ypaB

HSHHH (5.20) Bee OTHOCHTeJibHble HMnyJihCbl P.- 3aMeHHTb Ha nonepe4Hble 

e,;;(n , a: npoeKUHOHHble oneparopbl 11(±, (P) Ha oneparopbl 

/1 + ( r:) = / (?1 (Ml ~ ~ S' (P1 -f. 
-: · fiMs -

AHaJiorH4HO MOlKHO nocrpOHTb a11aJior ypaBHSHHa CoJinHrepa AJIH 

npoH3BOJ!bHOrp f/ -KBapKOBoro COCTOHHH/1, 

OnblT KBaHT·OBaHH/1 paccMOTPSHHOll Bb!llle qiepM.lrnHHon CHCT9Mbl MOlKHO 

HcnoJih3oBaTb AJIH Bb14HCJISHHa rrapaMerBoB rJIDOHHblX cocro11HHtt, onHCblBaeMblX 
raMHJlbTO..-HHaHOM RXn (4,4!) /J5,I8,2 /: 

H = J «J)( .!.. [ {E/ r) .2. + (B?) /l] + 
XH. 2 . 

b I b,r,'¼ ~T ~T t T rf.T V ,oz f f t A ,( s,..,.3 J r Ir, r/,E .\) A-.rx) (,4 /X,Y) J·(Y} 1r)J(5.26) + - w xrly "J' , <' , · 
~ . 

+ Schw,-wa,er l:er.,,,s, 

r.14e V(A}~l'.) oneparop noTeHUHaJia, YAOBJieTBopaDmHtt ypaBHSHHD 

{[t1.-(A)~-] r,;~ [~- (A)cJo· 7f cth V {A- /x,y) :: -git i(,,-J ). 

Balltllo OTM9THTb, 4TO noJieBble onepaTOpbl B raMHJlbTOHHaHe (5.26) 
ynopR,14049Hbl no BettJIID /!8 , 20 , 351 "13 TpedoBaHHR peJIRTHBHCTCKon KOBapHaHT
HOCTH. 
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flpe.14craBHM .rJIIJOHHble noJia B BH,149 dorOJIDCJOBCKoro pa3JI0:!9HH/I no 

oneparopaM pox.neHHR H YHH4TOlK9HH/I 

~ r ... 1, ., r,J 1, « -;J ,. r Jr 
E Ttx) = (J c/Jp V ~ [ ao( (-,,a)q.fp)-. Q,(_ (?Je,.f,o}_j e , 

i, . (2ir) 3
/2. :l. . (5.27) 

rb 5 c{3p 
i, ol. -,•px 

-1 [ O<~ibfpJe'//PJ + a!;°~& ec'ft>J] e · Ai rxJ =-. c2,.yt12 ✓.2 Cf'{P) 

C <PYHKUHen . 'f (!') , Bbl4HCJIReMon "13 YCJIOBH/1 AHaroHaJIH3aUHH HCXOAHOro 

( 
• ) (+) ,,..c.-) 

raMHJ!bTOHHaHa 5~26 OTHOC_HTSJ!bHO onepaTopoB a ~ l,,C, • 

IlocJie npHB8A9HHH K IIOpMaJibHOtt qiopMe rJIIJOHHblll raMHJlbTOHHaH npH-

HHMaeT BHA IY,«i 

S 3 [ (-1-) (+) /. (-J - (- )17 <l' [I<' J H = E o -t' ct k oot' {-1cJ Cfol2. ( /() ·+ ct, (ic) a.,t, -~ IJ· 2 + 
(5.28) 

+ a;&Jo~i(1e) w«,r:1t['P) 
I t 

-+ 0 (Q4)], 

r.14e d;'[rpJ' W['P) - KOHKpeTHble qiyHiutHH, :mBHCHMOCTb KOTOpblX OT .,0 
onpe,148JIR8TCR B'HAOM raMHJ!bTOHHaHa (5 .26). TpedoBaHHe AHaroHaJJH3aUHH 

raMHJlbTOHHaHa (5.28) 03Ha4aer paBeHCTBO HYJID KO:lqlqJHUHSHTa (£ r'f'J : 

([, ['f'J = o. (5,<'.9) 

ECJIH dbl OH He dblJI pa.BeH HYJID, Mbl dbl AOJ!l!tHbl CASJiaTb HOBOS npeoOpa30Ba

HHe EoroJIDCJoBa (r.e. nepettT11 K HOBOMY BaKyyMy), 4To cooTaercrayeT 

3aueHe. B (5.27) ,P Ha HOBoe 'iJ H nepecrponKe 'Bcex qJieHOB pa3-' 

JIOlKeH11a (5.28) K HOBOMY HOPMaJILHOMY npoH3BeAeHHD. B KOHe4HOM HTore 

Mbl nOJIY4HJIH dbl TO l!t9 ypa.BHSHHe EorOJIIJOOBa (5.29): q: {'1):: 0. 

_4'YHKUHH _W{'I') Ha pemeHH/IX (5~29) on'pe.14eJIR8T :rnepr~THQ8CKHn 

cneKTp rJIIDOHOB, T04HO TaK l!te, KaK ypaBHeHHe lliBHHrepa - nancoHa (5,9) 
onpeAeJiaer :rnepreTH4ecKHn cneKTP KBapKoB. 

rl>yHKU11a rpHHa non_epe4Horo r JIIJOHa A,: , cooTaercTByvma11 

qiopMyJiaM (5.27) (5.28), HMeeT BH,n 

ft) ta 'i-)-('-<J(f)) -I (f..-9..1-9.) 
J./iJ° l io, . - 'P(i) 9/ - W(,p2. -(r 'J 'qt J 

( w cl.JS = (,,_) J'l.-4 )· 
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(5.30) 



BeJil!'lilHY OTHOilleH.IIR (%) ::;- ?'{f) no CMb!CJIY MOJ!(HQ Ha3BaTb i!HqJpa

KpacHoR KOHCTaHTOR nepeHOpM.i!pOBK.11 BOJIHOBOR 4JYHKU.ilil. PYHKUilil rpilHa 
KBapKa. rnna (3.20) ii fJIKlOHa (5.30) RBJI/IIOTCR 3JieMeHTaMil HOBOi1 KBa3il

'laCTil'IHOR Teopilil B03My~eHilR, B TepMilHax KOTopoR ocymeCTBJI/leTC/1 Bbl

'lilCJieHile acex MBTpil'IHhlX 3JieMeHTOB, B TOM 'lilCJie "6erymeR" KOHCTaHTbl_ 
CBR3il (5.I). . . 

HBJieHile pa3MepHoR TpaHCMyTaUilil, corJiaCHO J!OfilKe KBaHTOBOR TeOpili!, 
cne.iioaaJio 6bl i13Y'li!Th Ha cTa;i;,rn onpe;i;eneHilR :rneprernqecKoro cneKTpa 
KaapKOB ii nilOHOB ii ilX G,ll;HO'!aCTil'IHblX qiyHKUi!R rp11Ha. 

Ilpo;i;eMOHCTpi!pyeM i13JIOXeHHYD Bhlme cxeMy Bbl'li!CJieHIIR O,ll;HO'laCTil'IHOR 

3Heprilil fJIKJOHa .ii era CBll3aHHhlX COCTO/!Hi!R Ha 6onee npoCTOM npi!Mepe Teo

pH.i! (5 .26), B KOTopoR on epaTop noTeHU.11aJia 3aMeHeH Ha 3qiqieKTHBHb!R 

noTeHUHaJI, T.e. paCCMOTp.i!M CYMMY CB060.JJ;Horo raMHJ!bTOHHaHa 

Ha~ f J cl3x [(E/) 2 1-{?.-~:)2.] 

ii raMilJlbTOHHaHa noTeHUilaJibHOfO B3aHMO,JJ;ei1CTBilR UBeTHblX fJIKlOHHhlX TOKOB 

J V/4 p,} er l.l,, :f C< r, r1 
I I ::- - !_ ]«~ cf* c/~ di d (F,-1 t 'l, -ft) .,,... ,- i _f 9 
Hl 8 1 . l t 1 (2,r-)3 -

~ 

!, WP.)<Pf'i,J [ Q~!,) _ a<,.-Jf,J] [ c/+1f2J + (/->[-2)) [ Q r-1-f 1:)- ~i<-y1~]K 
<f(P._) lf{jt) . ,, . l . d 

(x>[af/2') +af-J(-2')]. 
0 

b. .. . . 

3;i;ech 11cnOJib3yeTCR KpaTHtie o603Ha'leHile 

B 3TOM cnyqae ,ll;JIH K03qJqli1UileHTOB (L ii 

Ctol,'(-P,) e,°:1(-q) =. e:r-1) j (- f ,r(). 
w nOJIY'lilM Bhlpal!(eH.i!R 

/1 0(, o1, [ f.. k_ i + ?r/'/.,_J .. _ 
<v (It:} = ',I ( ·, ,, 

:l.. <p{1e) -

C/J(,cJ2· .. ] e:°'[Jc)e':f-~) -=. 0, 
- ~.,, I J 
2 

(5.31) 

,, . ') "-,ii l Si; 1:.2 + 1n~(icJ,·/ cf)t1eJ -:z J e f") e·o/k) 
U./ {1t:.J <:; ----- + Tt:,:; ,· J ' 

2 Cf (tc) 

r;i;e 
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mp_{IG).-j = 1 s ~ ,!( (1c-1) 'f(9)(!,j' - 9,•t i), 

r i~) .. = gij + !;E f ~1
i V (tc-tt) {~/. (t.j• - 9,-f ~· ). . 

'j c. ~,;j 1 rv , r<fi) l 

Ilo aHanor11il c Me30HOM (5.13) aae;i;eM onepaTop pol!(.JJ;eHilR rnDe6ona 

G-+ = L. S d 3k [ XJ1c) J e,. °' (1c.J e _i"tf 1c) <Y<:'b{tc) Ck t;JL(-k)-1-
1, u1 rl J 11, ~ 

t, r, (- r-J/, (-) J. ] + x;,~l(k.) e, '{{:J f'j l -le) Q(, (,e,Jao'i (-ie) 

ii "KorepeH THbl~" BaKyyM 

1. i ~ «;<,, l :r. 1 ,t .. ,.,. o1r •. ,, J ~;,, r~1 or Yv.}t;, 1..) li;;r •• yJ, >. 

Tor;i;a ypaaHeHHR llipe;i;HHrepa Ha co6CTBeHHoe 3Ha'leHHe oneparopa 

raMilJlbTOHilaHa 

((o) Q /1 Q +} o:>'>ot :::: M ~ 'f'o / Q c; t-/ o>)o1 
ot 

(5.32) 

3KBl!BaJieHTHO cne;i;yD~eMy ypaBHeHl!D Ha BOJIHOBYD qiyHKUilD fJIDe00Jia: 

ffy) M_ /1 { (j-) 2, J++) f-)2, vf--) z 
(?. w(k) - He. )>(.f1cJ = i 1~1 wY1J1eJ ~•/fJ - Wr,,"J ll,i· (7)), 

. (5.33) 
<-~; M" { -i ~-J rl (n) Z 

~W("-) + fvf, )X,~(1eJ ==-f I", wr:/1eJ X,,;r1J - vvr,111J 'X,/'IJ J, 

r.n;e 

~ 
- . A. 

-;t + cf(k) . _ r/3'( 
'VJ c1J~):: [ C{)(Jc) - / ciri, ] i I"'i ffr) -fc,~)lY(1t•9) f (9). 

(5.'.l4) 
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MOllllO Han11caTb .Takxe ypaBHeHHH Ha BORHOBYD ~YHK~HD Tpex~DOHHoro 

aHTJ1CJ1MMetp11qHoro COCTOHHJlH '¥c'tt-t) (-1'--) (- ... -J (--~) 
I I I 

C COClCTBeHHHM 3HaqeHJleM M /3G-

- ,,v;: I ,. r r .. , (+) 'U/ ('? 
lw(,)+w(t)+ w(.r)-M8'" l "f+++ (1,2,1) == z.' I~,! L ~ ~ 1 T+t.,--J)r 

-f- Wt/\½~' 'If.._ 4 (L,l,J)] -t • • • J (5 .35) 

B nonHon aHaROfJlJ,I C ypaBHeHHeM ARH OapHOHa (5.20). 
~na· o~eHKJ,I perueH11n ypaBH8HJ1tt (5.31) BOCilORb3yeMCH cenapaOenb

HHM np110n11J1CeHJ1eM ARR' noTeH~Hana 

JrJ39 V(r-q) 'f (9 ){J'u -9.--kt·) ~ ~7{/ rv · a 7 

.,{ . 
!2. -
3 ../4!,1.1 

L 

s o/1tz_ CfJ(q) \· 
0 (21r)J 

C napaMeTpaM11, KOTOpHe onHCHBaIDT ~11311KY nerKHX KBapKOHJ1eB 

( t.. ~ I,6 r:rn, ,)1'2cD = 0,2 r:iB). 
YpaBHeHHH (5.29) np11HJ1MaDT BHA 

L. 

,er 2 -I f cl.Ip 
vz. ma =- h ~. - (pz+lt#l 

.r Qc.D O (2r} J 

z =-
L _,.7 

-f r "' P 
1. + vi" fa T .'i [21: J 3 

tl.L'l) 0 

W(y:,) = fi' ('pz -1- l)'Yl/ 

(5.36) 

(5.37) 

11 11Merot perueHm1: m~.- 0,7 r:iB, iii,- I,6. 
Macca cKanHpHoro rnroeOona KaK coOctneHHoe sHaqeH11e ypaBHeH11n (5.33) 

B cenapaOenbHOM np110RJ1XeHJ1J,I i 

[2fi /1et-1- t,,.l - M,)X(1c).,,, $-..vc
2 

I ~3 [w{11:/1) (tr,J- lf,J) +;;, (Xr,;+Y(9J, 
~II<!) 0 

[2/i /k'2+ t}il T M,]Y(")= 1¼2 f !1. f W(1t:/~) {Y(,)-X'(fv ·n(Yr,) +YIPJ)J 
1 r {il(p o er iJ3 L . · 

· (/¥;2 +;..1 . 
W{1t/9)::: a 

. ?'+ 1<1s7" 
cqotBeTCTByeT 3HaqeHl1D 

+ /f'i:+,.,1) 
V-: i · 

It: L+ ""$2 
Mi;.= I,5 f:iB. 
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(5.38) 

IloHBneH11e KOHCTl1TY8HTHHX Mace KBapKOB 11 rnDOHOB He MOXeT He 
CKa3aTbCH Ha BHqffCReHJ1J,I "Oeryll(ett" KOHCTaHTH CBH311, KOTOpaH B_ HOBon 

Teop1111 MOllCeT He J1MeTb HJ1KaKJ1X ocoOeHHOCTen BO Been eBKRHAOBon oOnaCTJ,1 
nepeAaHHHX J,IMilYnhCOB t B TOM q11cne np11 rt r.' 0 l 3II • 

Ilpan11no 0Ky00-Unenra-lf11AayK11, "sanperuaomee" tpexrnDoHHHe pac-
. • 2 

naAH MH Me30HOB C Mace on nopHAKa ! rsB ~·-; (½) {')1.Z ~ 0, 1 T:,11 2 

( "~ ( ",-f r9i, t] << 1. ) J,I ManHl1 BKRaA KY ROHOBCK~ro B3£111MOAel1cTBJ1H B MaCCH 
nerKHX Me30HOB roaopHT- HaM, 'lTO KOHCTaHTa d., { a~ •• ) MOl!l:eT ClHTb AettcT
Bl1TeRbHO Manol1. 

Toma OCHOBHHMJ1 napa.MetpaM11 KX~ HBRHDTC.fl KOHCTaHTH r/1 {g:,.) 
11 MacrutaO Cln113KOAettcTBHH nerKHX KBapKOB 11 rnDOHOB ( Vc, % ,., 250 MsB). 

B qeM ~J,13J1qecKaH np11q11Ha 3Toro 1RH3KO~enctB11H, H B qeM np11q11Ha 

HeHaClnD,11,aOMOCTJ,1 B CEoClOAHHx:cocTOHHMHX UBeTHHX qaCTHU - ABa rnaBHHX 

He pacKpHTblX 'AO KOHUa BonpocoB KBaHTOB011. xpOMOAJ1HaMJ11m. 
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JlllillIDI 6. IIPOE1IEMA KOH1>AlIHMEHTA H KXJl B 1YJJ,Y!UEM 

B HaCTOHmee speMH He cymecTByeT ,I\OKa3aTeJibCTBa KOHqianHMeHTa 

useTHHX qacTHU B KXJJ. Ha ypoBHe cTporocT11, np11HHTon B K3JJ.. HMeeTCH 
TOJlhKO pH.I\ KaqecTBeHHliX KapTHH KOHqianHMeHTa. Ha11Clonee m11pOKO pacnpoCT
paHeHO MHeH11e, qTO KOHqianHM8HT KBapKOB npo11CXO,I\IIT 113-3a yaen11qeHIIH 
Cl!Jlbl B3al!MO,l\encTBIIH KBapKOB Ha ClOJihillllX paCCTOHHIIHX. JTO MH8Hlle oc

HOBaHO Ha r11n0Te3e BIIJihCOHa O pacTymeM noTeHUHane 1511 • Jl,OKa3aTeJih

CTBY 3TOfO MeXaHH3Ma pacTymero IlOT8HUl!ana (neTJIH BIIJihCOHa) IlOCBHmeHO 
IlO,l\aBJIHDmee ClOJihillllHCTBO paClOT no pemeToqH!,IM Bblq11cneHIIHM. 3.I\eCh cq11-

TaDT, qTo MH .I\OKa3aTeJibCTBa KO~anHM8HTa ,I\OCTaroqHo ,I\OKa3aTh pac

Tym11n noTemumn. 
B OCHOBe BTOporo HanpaaneHHH JI8l!CIIT npe,I\TIOJ!Ol!CBHIIB 06 OTCYTCTBIIII 

TIOJI!OCOB qiyHKUlln rp11Ha UBBTHblX qaCTIIU KaK B03MOl!CHOn np11q11He KOH~ 

qiailHMeHTa. 0.I\HII aBTOpbl cq11TaDT, qTo nonDca OTCYTCTBY!OT y TBX qiyHK

u11n rp11Ha, KOTOpble Henocpe.I\CTBeHHO yqaCTBYIDT B qiopMIIPOBaHHII a,l\pOHOB 
II IIX B3aIDJO,l\eilcTBlln 1521 , .I\pyr11e pa3n11qa!OT ,!\Ba copTa COCTOHHl!n 

UBeTHblX qacr11u: qJll311qecK11e (11n11 11 0.I\8Tble") coctOHHIIH, qiyHKUIIII I'pHHa 
KOTOpb!X He CO.I\epY.taT nonroca II weHaClJI!O,l\aeMbl, 11 napTOHHble ("pa3,l\8Tble") 

COCTOHHIIH, qiyHKUIIII rp11Ha KOTOpb!X HMe!OT o(l1,1qH1,1e aHaJIIITl!qecK11e csoncT

aa, II B repMHHaX HMBHHO "pa3.I\8Tb!X 11 qiyHK/11n r~11Ha qiopM11pyeTCH TeOpllH 
B03MymeHHA II Bbl411CJieHIIH cneKrpa a,l\pOHa 53 ,r /. Jl,OKa3aTeJihCTBO. 

KOHqianHM8HTa B nocne.I\HeM IlO.I\X0,1\8 COCTOIIT B oClOCHOBaHIIII npoueAYpbl 
11 0,1\BBaHIIH" UB8THblX t/ll.CTHU. 

11TaK, Mli nepeq11cJI!llnll TPII M8xaHll3Ma KOHq,anHM8HTa: noTeHUl!aJibHbln, 

ClecnoJIJOCHblvl II MBJCaHll3M 11 0.I\eBaHIIH 11 
• Bee OHi! ,I\OJI~bl Clb!Th npoaHaJil1311po

BaHbl C roqKII 3p8HIIH 4)113HqecKOli 4)0pMyJIHpOBKII IlpOClJIBMbl HeHaClJIID,l\aeMOCTII. 

KorAa Mb! XOTIIM ,I\OKa3aTb HeHa6JI!O,lf,a8MOCTb KaKOfO-TO qlll31!qecKoro 

OCl'.&eKTa, TO B nepBy!O oqepe.I\b HYl!CHO KOHCTPYKTHBHO onucaTh 3KCnep11MeH

Tbl, CBll,l\8T8Jll::CTBYIDm11e O ¢11311qecKOM cymecTBOBaHHII noro OCl'.&eKTa. B 
COB!.)BMeHHOA 4)H3HKe TepMHH 11,l.OKa3aTeJibCTBO cymeCTBOBaHIIH" q>ll3HqecKOI'O 

oClMKTa 03HaqaeT 3KCnepm.teHTaJihHOe 113MepeHHe scex KBaHTOBblX q11tJeJI 

noro 06'.&eKTa. 
HanOMHIIM, qT O 11,1\88 KBapKOB 1541 O,I\H03HaqHo CJieAYeT H3 rpynnbl 

I<JiaCCHipl!KaUIIII a.I\pOHOB, HO .l(al!Ce Ha 3TOM 3Tane "KnaccllqJIIKaUllll 11 KBapKH 

paccMai'pi!BaJll!Cb CKopee KaK BCTIOMoraTeJibHble MaTeMaT11qecK11e oClMKTbl, 

qeM KaK peaJihHOCTh. 
KBapKH CTaJm cq11TaTb "peaJibHbllA o6'.&9KTOM 11 Jlllillb TO~.I\a, Kor.I\a 

TIOHBIIJil!Ch nepBble 113MepeHIIH_KB8.HTOBblX q11cen napTOHOB B rnyClOKOHeynpy
r11x 3KcnepHM8HTax, KOTOpble COBnan11 C KBaHTOBblMII q11cnaM11 r11noTeT11-

qecKHX KBapKOB reJIJI-MaHHa H llBellra. 
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ITapTOHHaH l!HTepnpeTaUHH rnyCloKOHeynpyrHX 3KCnepHMeHTOB Ha 

q>eHOMeHonor11qecKOM ypoBHe pa3BHTaH penHMaHOM II EbepKeHOM 1381 , HCTIOJlh-

3yeT CJ18.l(y!Om11e npe.l(TIOJIOJIC8HHH: 
I) 3aKOH coxpaHeHl!H BepoHTHOCTH, l!Jlll YHHTapHOCTh ,s' -MaTpl!Ubl: 

S S+== t 
1 

(,st; i+ 1T) I==;> , TT"=- ~Irn T, (6.1) 

2) Cnpa.BB,I\JIIIBOCTb Teopmi B03MymeH11n .I\JIH Bblq11cneHIIH MHHMOn qaCTII 

ynpyron aMTIJIHTY.I\bl ( I ... 'T ) B (6.I) (B.I\aJIH OT pe30HaHCHon oClna.CTII, 

IIJIII nocJie ycpe.I\H8HHH) B TepMHHaX napTOHOB: . 

-If 

:l..1h\ ~,- :: ~ T:p 0oj 
.J {P) . 

j(Tlp-1.o). (6.2) 

3) Ilpe.I\TIOJIOJICBHl!e O TOM, qTO a.I\pOHbl oClpa3y!OT IlOJIHbln HaClop 4)11311-

qecKHX coc TOHHHil : 

(TT~)~ Z Th Ti./ 
. " (h) 

(6.3) 

ITOCJI8,I\Hee npe,I\IlOJIO~eHHe PSilHMaHa 03HaqaeT, qTo sepOHTHOCTh a.I\pOHH3a

UHH pasHa e.I\11H11ue ({/~-, .S,,j "' t,·J· . ) , n, coorsercrii imao·, aepoHTHOCTh 
pOl!C,lJ;BHl!H UBeTHblX 'fdCTn~~JpaBHa HYJID, T • e. 03HaqaeT'. •. ·KOHqiailHM8HT 

T:: C 
0. (6.4) 

TaKHM_ oClpa30M' ,I\JIH caMoro H3MepeHHH KBaHTOBblX q119en UBeTHblX 

qacTHU no q>opMyne KBapK-a,l\pOHHOil .I\yaJihHOCTII 

z_ 1;1, T/ 
rh) J. 

-JF 
""" s:::;.-· -, T,., . - L 1,·p P0 ~ 

{P) 

(6.5) 

KOiopaH CJie,l\yeT 113 q>OpMYJI (6.1)-~.3) J l!CTIOJib3Y8TCH tl!IlOTe3a KOHq>ailH
MeHTa, B KOTopon q>H3H'leCKHe HeHaClJID,l\aeMble COCTOHHIIH (C) OTJillqaIJT

CH OT HX napTOHHblX oClpa30B ( P} 

Tc f: T::p ( I c> I= IP> ) . (6.6) 

HTaK, CaMa qlll3HqecKaH npone.I\ypa 113MepeHHH KBaHTOBblX q11ceJI 
useTHHX qacTHU npoT11Bopeq11sa (6.6), ecn11 He no.I\pa3yuesaeT HaJI11q11e 
HeKoToporo MexaHH3Ma "o.I\eBamrn" naproHoB /p), B pe3ynhTaTe KOToporo 
OHH, He TepHH CBOIIX KBaHTOBNX q11cen, npeapamaDTCH B HeHaClJID,l\aeMbl8 

ql113HqecKH8 KBapKH /c) (6.4). . 
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' I' 

Cy111ecTByeT PHA ocodeHHOCTett, KOTOpble MemaKJT OC03HaHl!D npOTl!BO
peq11g (6.6) 11 HeodXOAl!MOCTl! AOKa3aTeJU,CTBa pa3Jrnq11g napTOHHHx-'11 UB8T
HHX COCTOHHl-ltt. rnaBHble 113 3Tl-lX ocodeHHOCTen - 3TO npe11My111eCTB8HHaH 
TpaKTOBKa (6.5) TOnbKO B CMblCne ycpeAH8Hl!H no 3Heprl-lHM (rnodanhHaH 
KBapK-aApOHHaH ~aJlhHOCTb ( r .RA,]l) .) 11 TpaAl!l.\1111 AOKa3aTeJlbCTBa 'YHl!Tap
HOCTl! B nepTypdaTl!BHOtt Teoplll-1 nona, AJlH KOTOpHX npOTl!Bopeq11e (6.6) 
Henp11eMneMo AO TaKott cTeneHH, qTo nerqe caMy RAn (6.5) npeapaTHTh B 

r11n0Te~y, qeM 3aM8Tl-lTb 3TO np0Tl-!Bopeq11e (Ho B TaKOM cnyqae caM KOH

~attHM8HT npeBpa111aeTCH B rl-lnOTe3y, 11 npodneMa ero AOKa3aTenbCTBa l-lC
qepnHBaeT CH). 

r.RA.n oqeHb YAOClHa MH OClOCHOBaHl-lH coapeMeHHOtt eBKnl!AOBOtt TpaK
TOBKl! Teop1111 B03MY1118Hl-lH C ~OpMynon ac11MnTOT11qecKott CBOClOAH (5.I). 
Hcnonh3yeMaa B ~ RA.n npoue~pa sHepreTHqecKoro ycpe~eH11H TpaKTyeTca 
KaK ,D;11Cnepc110HHHtt l!HTerpan, CBH3HBaKJ11111n 3KCnepl!M8HTanhHO HadJlKJAae

MYKl MHl!MYD qacTb aMnnllTYAH (B npocTpaHCTBe MHHKOBCKoro) C TeopeT11qe
CKl-lMl! BHq11cneHl-!HMl-l B npocTpaHCTBe EBKJl11Aa. HMeHHO 3A8Cb B03Hl!KaeT 
11A80Jl0fl!H pa3nl-lql-!a donbilll!X 11 MaJlHX paCCTOHHl-lll, rAe HadnDAaDT l!Jlll aA
pOHH, llnl-1 KBapKll COOTB8TCTB8HHO. 

0,IIHaKo donhmoe q11cno Hal-ldonee l!HTepeCHHX'l!3MepeHlltt KBaHTOBHX q11-

cen (3apaM, cn11Ha, uaeTa 11 Ap.) 11cnonh3yeT ~opMyny RnA (6.5) B no
KanbHOM CMHCne, KOrAa pe3y'nbTaTH napTOHHOtt Teopm! B03MY1118Hl-ltt Henoc
peACTB8HHO B npocTpaHCTBe MllHKOBCKoro dyKBanbHO no TOqKaM COBnaAaKJT C 

pe3yJlbTaTaMl! l-!3MepeH11tt ceqeHHtt rnydoK0Heynpyr11x paaKu11n. (XapaKTepHHM 

npID,!epoM HBnaeTCH BeJrnql-!Ha R ={ Zrr~" /3 n-- ~ e'r) . B 3TOM cnyqae 
npl!XOAl!TCH KOHCTaTllPOBaTb, qTo HadnKJAaeMOCTb napTOHOB (6.2) 11 HeHa
()JlDAaeMOCTb KBapKOB (6.4) npOl!CXOAl!T B OAHOtt 11 Ton xe odnaCTll 3Hepr11n 

npOCTpaHCTBa Ml-lHKOBCKOro, qTo BHXOAllT 3a paMKll eBKJll!AOBott l-!Aeonor1111 
donhml-lX 11 ManHx paccToaH11n l-1 He od~HOHHeTca Hl-1 ~opMynon ac11MnToT11-
.qecKott CBOClOAH, Hl-1 IlOTeHUllaJlbHHM KOH~attHMeHTOM. 

3AeCb MH HanpHMYD CTaJlKl-!BaeMCff TaKxe C TpaAl-11.ll-lHMl-l AOKa3aTeJlbCTBa 
YHl!TapHOCTl-1 B nepTypdaTl!BHOtt RTil, KOTOPHM npoT11Bopeq11T pa3nl-!ql-le napToH
HHX 11 ¢113!-lqecKl!X COCTOHHl-!ll (6.6). 

PaCCMOTpl!M aonpoc O COOTHOilleHl-!l-1 Al!HaMl!Kl-1 (raMl!nbTOHl!aHa) l-1 3aKoHa 
coxpaaeHl-!H aepoHTHOCTl-1 Ha npl!Mepe KBaHTOBOtt Mexalll!Kll C ypaBHeHl!eM 
lllpeA11Hrepa 

H trx)= s. ~ rx> ) 
~{x) = <EJX>. 

B KBaHTOBOtt MeXaHHKe BepOHTHOCTHaH l!HTepnpeTaUl-lH BOnHoaon ~yHKl.\lll-1, T.e. 
TpedoBaHl!e ee KBaApaT11qHott l-lHTerp11pyeMOCTH 11 opTOHOpM11pyeMOCTl! 
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:z:: <£1.x><x{E '> ~ (E/E') = s~,, 
{x) 

2 <x / t > (£ Jx'> ::: <xix'); t (x-k1 

t 

(6.7) 

HBJlH8TCH AOnOJlHl!TenbHHM npeAnOJlOl!tCH11€M K Al!HaMHKe, l-lCKnnqaD111l-lM He
~11311qecKl-!e H8HOpM11pyeMHe pemeHllH.' 

He MeHHH AHHaMl!Kl-1, MH MOJK8M orpaHHql!Tb l!Jlll YM8Hbilll-!Tb q11cno ~H311-
qecKl!X COCTOHHl-lll nyTeM HaJlOJK8Hl!H AOnOnHl!T8JlbHHX ycnoa11n Tl!na 

1-f's (X-+l) = etfJ ?/(x) (6.8) 

(T.e. 113MeHaH CTPYKTYPY KoH¢11rypau110HHoro npocTpaHcTBa X ). 
Ycnoaue (6.8) MoxeT npeapaTl!Tb HenpepHBHHtt 3HepreT11qecK11tt cneKTP 

yµJ.BH8Hl!H lllpeAHHrepa B AHCKpeTHHtt, B pe3yJlhTaTe 113 CJMMH no C 
(6.7) BHdpaCHBaeTCH decKOHeqHoe q11cno COCTOHHlltt, OAHaKO BKJlaA OCTaB
illl!XCH COCTOHHHtt B03pacTaeT HaCTOJlbKO, qTo nonHaR BepOHTHOCTb OCTaeTCH 
paBHOtt 8Al!Hl!Ue. 

MH BHAllM, qTo CHCTeMH C OAHOll 11 Tott xe noKaJlbHOtt Al!HaMl-lKOll AO
nycKaKJT pa3Jll!qHHe ycnOBl!H YHl!TapHOCTH, B CMHCne 3aKOHa coxpaHeHl-lH 
aepoHTHOCTl-1 (6.7). 

HeodxoAl!MOCTb AOKa3aT8JlbCTBa YHl!TapHOCTl! B03Hl!KaeT TOJlbKO TOrAa, 
KOfM ¢113!-lqecKl!e COCTOHHl!H no KaKO"-TO np11q;ine nocTynHpyDTCH AO perne
Hl-lH YJaBHeHl!H lllpeAHHrepa. 

HanpID,!ep, AOKa3HBaH YHHTapHOCTb B nepTypdaTl!BHOll Teop1111 nonH, Ml:l 

HeHBHO npeAnonaran11 onpeAeneH11e ~113l!qecKH COCTOHHl!lt n~ Teop1111 B_03MY-
111eH11n. ECTeCTB8HHO, qTo np11 Hanl-!q1111 CBH3aHHHX COCTOHHl-ltt nep_rypdarna-· 
HaH ym1rapHOCTb He BHnOJlHHeTCH ,ll,al!te B R3n. .. ... 

AHanor11qHo RX.U AOnycKaeT, B np11Hu.ine,pa3n11qnue ycnoa11s yH11Tap
Hocrn: nepTyp6aTHBHYD, KOTOpaH He noATBepxAaeTCH Ha onure, 11 aApOH

HYD, KOI',lla aMnnl!TY.JU,i pox.11eHl-!H nKJdHX UBeTHHX COCTOH!rntt no KaKoV.-TO 

np11qHHe bdpanta:DTCil B Honh, l-1 a TO xe BpeMH B odnacT11,.11aneKon OT pe-

30HaHcoB AJlH MHl-lMl:lX qacTett aApOHHl:lX (11n11 nenroH-aApOHHHX) aMnJll!TYA, 
cnpaBeAnl!Ba Teop11a B03MY1118Hl-llt, B TepMl!Hax "pa3A8Tl:lX" uileTHl:lX qaCTl!U, 
T.e. napTOHOB. (IlapTOHl:l He COBnaAaDT nonHOCTbD C KBapKaMll l-1 rnDOHaMll, 
a HBnHDTCH Jll!illb l-lX "BepoHTHOCTHl:lMlf" odpa3aMH). 

B Jl8Kl.\lfll 4 Ml:l Bl!AeJllf, qTo B RXJl AellCTBlfT8JlbHO lfMeeTCH ecTeCTBeH

HHtt MexaHH3M "oAeBaHHH" UBeTHl:lX qaCTlfl.\ C nOMOIIIM) aenneBCKlfX ¢a30BblX 
~aKTOpOB TononoruqecKoro BblpOX,118HlfH. necTpyKTl-lBHaH lfHTe~epeHUlfH 

3TlfX ~a30BblX qE.KTOpOB BeAeT K HyneBh!M awnnHTYMM POXA8HHH UB8THblX 
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4aCTJIJU, T.e. BeAeT K KOHcpailHMeHTY 11 qiopMyJie JIOKaJlhHOil KBapK-a~poH

HOlt ,nyaJibHOCTl1 C Teop11en Bo3My111eH11n B npocTpaHCTBe Ml1HKOBCKOro. 

B npJ1JHU11ne TaKon xe HeadeJieB. MexaHl13M KOHqiailHMeHTa AOJIXeH pa
OoTaTh B MOAeJIJIJ BaltHOepra-CaJiaMa-rnsmoy. 3AeCb CJieAyeT OTMeTl1Th, 4TO 
AO Cl1X nap Ha aKcnep11MeHTaX HadJIDAaDTCll HenocpeACTBeHHO TOJlbKO qac
T11U!i U(t) ceKTopa STon MOAeJ111. 

Bee HadJIDAeH11ll HeltTpJIJHO 11 'v/ -Oo30HOB .HOCHT 11HKJID311BHHil xapaK
Tep, TaK ~e KaK HadJIDA6H11e KBapKOB. 

HaM OCTaJIOCh Tenepb odcyA11Th ABa APYrl1X 113 nepe411CJieHHHX B caMOM 
Ha4aJie Jl8KU1111 MexaHl13Ma KOHqialtHM8HTa: "noTeHu11aJ1bH!iil" 11 "OecnoJIDCHl:>li1" 

1 

B KOTOPOM HeT pa3Jil1411ll M8KAY roJIHM11 11 qJl13114eCKl1Ml1 KBapKaMH. 

Cci BTOp!iM "pacnpaBl1ThCll 11 npo111e, ClecnomJCHHi1 MexaHl13M KOHqJailHM8HTa, 
B KOTOPOM 11C4e3aDT MHl1MHe qaCTl1 KBapKOB!iX AHarpaMM, npoTl1BOp8411T 

He TOnh KO JIOKaJlhHOi1 KB8. PK-aApOHHOil AyaJihHO CT 11 ( T • e. qJl131148CKOil npoue

,nype 113MepeH11ll KBaHTOBHX 411CeJI KBapKoa), HO 11 ypaBH8Hl1llM11 Ha CB!l3aH
HHe aApOHHHe COCTOllH11ll, B ·TOM 411CJie ypaBHeHl1!0 lilpeA11Hrepa C paCTYUIHM 
noTeH u11anoM · 

[ 
f'i . 7 ~.,. ?/., 1/ + (l'Yl,-1rvt 1 -M1.)J'lf'(,)=3I,, ,(q) 

m, 1-\11 

1 /I:: hi,+ tl12. ' (6.9) 

raK KaK BHBOA .Bcex 3Tl1X ypaaHeHl1A on11paeTCll Ha cy111ecTBOBaH11e TTOJIDCOB 
qiyHKU11Il rp11Ha KBapKOB (cM. JieKU11H 3). HeyAl1BHT8JlhHO, 4TO MOAeRb C 
"KOHqiop1111poBaHHHMl1" KBapKaM111521 He B co CTO!IHl111 Ofll1CliBa Th C neKTp 
a;i;pOHOB. 

!IoTeHU11aJihHHtl KOH(flailHMeHT 03Ha4aeT, 4TO y.paBHeH11e (6.9) C pacTy-

1!{11M f!OTeHUlllaJIOM JIJMeeT TOJlbKO A11CKpeTH!iil cneKTp lll, CJ18AOBaTeJlbHO, paBHYJJ 
HYJIJJ aMITJIJIJTYAY pacceHH11ll .lUIYX l~B8THhIX qacT11U 

,: ) :: 0. ( I) (q.M. 6 .• 0 

0,ll;HaKo KoppeKTHOe ,ll;OKa3aT(:JlhCTi!O KOHrpanHMeHTa AOJIXHO d!iTb CAeJiaHO Ha 

YPOBHe KBaHTOBJil Teop1111 ITOJ!ll .. 1/-KBdpKOBOro B3amAOAeilcTBHll (5.8)' 
113 KoTr,pon CJieAyeT Bl:,IBOA ypaBH8Hl1ll -lllpeAJIJHrepa (6.9). 

PaCCMOTpHM·B TeOpJ/111 (5.8) C paCTYilll1M noTeHUHaJIOM aMITJll1Ty,ny pac
cellH11ll ,l(ayx KBapKOB B TOM:CaMOM Jl8CTH114HOM"np110J111KeH1111, B KOTOPOM BH
BOAl1TC!I ypaBH8Hllle llipe;i;11Hrepa. (nnll npOCTOTl:,I dyAeM npeHedperaTh 

UB8TOBOtl·cTpyKTypon, TaK KaK .HaM Ba11mo BliliCHJ/JTI, pOJih pacTyil{ero noTeH
UJ/JaJia). 

BHOepeM CJ/JCTeMy EpenTa: 
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G~ + If i = i :; ( ✓-i, ~op) , {'\.- P~ = ~ = ( o1 ~). 

TorAa ypaBH8Hl1e B Jl8CTHH4HOM np110JIHX8HHl1 ,ll;Jlll aMnJIHTYAH 

-,- ( ) -.:::- -r · r «+ T(ri-F. i){ ,~\ 
f .t « f',,P, ::- "- 1(.t,,lt) ( JJ el.+) b,1. = cl. ol k: Jfl•J 

I L .1.,, I I • I l 

11M8eT B11,ll; 
QFT f. , o.Fr 

T:rJ.(1£/J>)= ~'" vrk>-,-f%1 vr11:-,)'(G-r~+fJT(9JG r,-[JYc6.n) 
"'• l I ' fV l<:,. J" 0 "", t'<1 • 

. . 
C;i;enaeM 113B8CTHOe HaM HepeJIHTJ/JBJ/JCTCKOe npHdJIJIJEeHJ/Je COJIITJIJTepa 

G 0 ) = ( If+ r,) -1: ;L (r;J . }r. ~ -l+t 
t-1,,, 

1 \ 7. - E,,2 ($)-,·s 9. + E,,z f;)-1~ 
2 

BMeCTO ypaBH8H11ll (6.11) flOJIY4lllM 

-f 

-i 

?. -Ji, _9;,, • 
o •l 7-~ -,~ , ·' ,,, 

-~a ·· - an 
l,LJ [,e/J'):: s.J V(t) + 5"3"Vlii--JJ(1n-.) T r1i?) fttJ<6:1~) 

, 1. , "l (2rJz-l' t; 1; 2 ).!J!. 'o/" -l-14, t-...2 - {.j J,et2 

JierKo Bl1,ll;8Th, 4TO "KBaHTOBo-noJieBall" aMTTJIRTY,JJ;a HMeeT ,ll;Ba KaHaJia; 

Tt 
a.r.r. 

C Ill 7') ::, 
a,~ 

s«,~2 V()l,J + ts-/4,-'~ Tca-t1. J ( JC IP). 

YpaBH8Hl18 ,ll;JIH OAHOro JIJ3 HHX 7it.ff) TTOJIHOCThJJ COBna;i;aeT 
llipeA11Hrepa (6.9), eCJIJ/J c;i;eJiaTb IlOACTaHOBKy 

7;,_,_{t,/P):r "f(k-)(;.l +ltt,+J1.-,,-fi") / 

C ypaBHeHl18M 

r/i = M. 

BTopolt KaHaJI 11MeeT B Ka4eCTBe CBoero pemeHHli OQH4HOe OopHOBCKOe npJ1J
dJIJ1JXeHJ1Je 

V(~)= Ts0 ,. .. {~JP) 

AJ!ll JI~d!iX 3Ha48HHn 3HeprHH rs. 
TaKRM odpa30M, MH ,ll;OKa3aJIH, 4TO B KBaHTOaon teoplllH IlOJIH, 
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Oill'ICHBaDmelt .-4-KBapKOBOe B3aHMOASltCTBHC C paCTYmHM IlOTSHUHanoM, 
HST KOHqlaltH}.48HTa B TOM CaMOM npHclRHllCSHl'IH, B KOTOpOM B03HHKaeT H3BSCT
H08 ypaBHSHHe lllpSAHHrepa. 

IlpHMep TIOTSHUHanhHOfO KoupattHMSHTa TIOKa3HBaer, qTQ B KBallTOBOlt 
\ 

TeOpHH nona HYllCHO oqeHh OCTOpOllCHO OTHOCl'!ThCH KO BCSM paccyxASHHHM 
"Ha nanhuax" o rnDOHHol1 TpyclKe, HaTHHYTHX H pa3opBaHHHX crpyHax 

H T.,n:. 
IlOTSHUHaRbHia KOHqlaltHMSHT, KOTOpul1 npeACTaeT nepeA HaMl'l KaK O,ll;H~. 

H3 "BenHqaltmHX 3aclnyllr,IJ;eHHlt" ABaAuaToro CTOReTHst, OKa3ancst BSChMa 
none3HHM npHoclpeTSHHSM. AnH CTISKTpOCKOTIHH nerKHX l'I Tstl!Cenux KBapKo
HHSB. 

OnpeAeneHHS cpopMli TIOTSHUHana KBapK-KBapKOBOfO B3aHMOASltCTBHS! 
OCTaeTCH OAHOlt 1'13 fJJaBHHX 3aAaq !pH3HKH aAPOHOB Hl'l3KHX H cpeAHHX 
aHeprHn. 

1IOKa3aTenhCTBO penstTHBHCTCKOfO CTaTyca TIOTSHUHanhHOlt MO,llenH B 
Kx.n H oclOCHOBaHHS! ManOCTH paAHaUHOHHHX nonpaBOK Il03BOnHeT oqHCTHTh 
3TY 3aAaqy OT orpoMHOfO qHcna H,n:eonorHqecKHX HacnoeHHlt H ccpopMynHpOBaTh 
ee B BRAS e,n:HHOlt CIICTSMH ypaBHSHHB ,n:nst nerKHX H TS!l!Cenux KBapKOB' 
rnDOHOB H HX BC8B03MOllCHHY. CBS!3aHHHX COCTOHHHlt, OTIHCaHHOlt B rpetbelt, 
qeTBeptolt H TIS!TOl1 neKUHHX. 

C roqKH 3peHHH 3TOlt 3aAaqH onpe,n:eneHHH TIOTSHUHana npeACTaBnHeT 
HHTepec TIOHCK 3KCnepHMeHTaRbHliX ~!pSKTOB I OTpal!CaDutHX HenoKanhHOCTh 
nerKHX Me30HOB H cpopMy HX BOnHOBliX <PYHKUHlt. 

PeHOMeHonorHst l'I xeopHH CHnhHliX B3aHMOASltCTBHlt B KaKolt-ro CTeneHH 
cnyirunH MOASnhKJ ARH nocrpoeHHS! e.:urnolt TeopHH B3aHMOAeltCTBHlt, BKnKJtJaD
melt rpaBHTaUHD. B aaqane 70-x fOAOB CHMBOnOM al,pOHH3aUHH cluna CTpyaa. 
Jio Cl'IX nop no,n: not''cHMBon'nHTaDTCH no,n:orHaTb H xpoMOAHHaMHKY .H e,n:HHYD 
TeopHD. 

B Haqane 80-x ro,n:oB CHMBOnOM aApOHH3aUHH CTanH Kl'lpanhHl,(8 HSnl'I
_HeltHHe narpaHltG!aHH 1551, KOTopue,,n:eltcTBl'ITSnhHO, KaK clHno 3A8Ch noKa-

3aHo, CTporo Bl,(BO,ll;HTCS! H3 Kx.n B npe,n:nonoxeHHH clnH3KO,n:eltCTBHS! KBapKO
Boro noTeHUHana H oqeHb cnaclo 3aBHCS!T OT cpopMH 3TOfO TIOTSHUHana. 

Ha aroM yposHe teopHst rpaBHTaUHH 3ltHmtelt11a HMeer oqeah clnH3KyD 
aHMOrHD O impoHH3aUHelt. KaK noKa3aHO B paclote 1561, reopl'IH 3ltHWTeltHa 
stBnsteTCS! HSAAHeltaolt peanH3aUH~lt a~HHHOlt Cl'IMMSTPHl'I C rpaBHTOHOM KaK 
ron,n:CTOYHOBCKolt qacTHU~lt, TOqHo TaK lite KaK KHpanhHlilt narpaHllCl'laH
S!BnstSTCH HSnHHeltHolt peanH3aUHelt KHpanhHOlt CHMMSTPHH C ronACTOYHOBCKl'IM 
TIHOHOM 0 

TepMHH •~pOHl!aaUHS!11 B CBSTe 3TOA aaanormi: Be,n:eT K TepMHHY "rpaBH
TOHH3aUHst", KOTOplilt no,n:pa3yMeBaeT CYutSCTBOBaHHe 11MHKpOCKOTIHqecKoit" 
KBaHTOBOlt ~eopHH (THna Kx.n)~cpeHOMeHonorHqSCKHM orpal!CSHHSM KOTOpolt 
HBnsteTCH TeOpHH 3ltHmTeltHa. 
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Ilo aaanorHH C Kxn MOllCHO AJMaTh, q:ro B TaKoit KBaHTOBOit TeopHH 

rpaBHTaUHH TIOCTOHHHaH HhDTOHa (aaanor KOHCTaHTli pacna,n:a Ill'IOHa) 
eCTh KOHCTaHTa pacna,n:a rpaBl'ITOHa, H pel!CHM Manux pacc~OHHl'llt COOTBSTCT
syeT TaKoit CHMMSTPHl'I MHpa, B KOTOpOM npocTpaHCTBO-BPSMH H MaTepHH 
omi:cHBaDTCH e,n:l'IHH!A npe,n:CtaBneHHSM HSKOTOpon rpyn·m1:. arolt CHMMSTplrn, 
cnOHTaHHOe HapyweHl'IS KOTOpolt conpoBOXAaSTCH 01,n:eneHl'ISM "cBeTa OT 

ThMli 11 ' T. e. npocrpaHCTBa OT MaTepHH. 
B paMKax 3TOlt H,n:eonorHH rnaBHOA 3a,n:aqelt HBnHeTCH IlOHCK TaKoB 

rpynnu Cl'IMMSTpHH l'I peanH3aUHH ee HapyweHHH C IlOMOmhD cpepMHOHHliX ,n:e-

TepwrnaHTOB. 

EJ!ArGnAPHOCTll 

H xoren clu nodnaro,n:apHTh B.r.Ka.n:umescKoro sa npe,n:octaaneHHYD 
B03MOllCHOCTh npoqHTaTh 3Tl1 .neKUl111 11 M.A.11BaHOBa 3a opraHH3aUHD. H 
dnaroAapeH CBOIIIJ coaBTopaM H. Hn11eaon' [) •. 11. Kanl!HOBCKOMY' B.Kann11cy' 
JI.Kamny11y, 'I.MDHXOBY, HryeH CyaH XaHY, H.Jr.Cap111t0By, qel! BKna,n: B cpop
M11poaaH11e co,n:eplKa.HHS! nflKUl!lt Tpy,n:110 nepeo!-(SHl!Th. ABTOP BeCbMa np113Ha
reneH npocpeccopaM )lx.Jl.EhiipKeHY, E.M.Eapdamoay, n.B.BonKoay, A.JIH 
nxaKOMO, A .B. F,cflpeMOBY, B .r .Ka,n:blll!SBCKOMY, K .KOHlllllH, M. M1111qeay, 
P.A.M11p-l{ac11Moay, II.E.CKaqKoay, P.H.Paycroay II Jl,.3depry sa nonesHue· 

,l\V.CKYCCl'III. 
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IlPHJIO:tEHUE A. .6HJIOKAJibHAH A,IlPOHl13AIU!H 

PaccMOTpHM 3AeCb 6onee ITOAP06HO BliBOA 6HJJOKaJ!bHUX "q>eHoMeHOJIOrH
qecKHX" narpaHlltHaHOB, KOTopue BKJIRJ'laKlT B cedil KaK npeAeJJbHUe cny'laH 

KHpaJJbHUe narpaHKHaHu Mil BerKHX KBapKOHHeB H HepeJJilTHBHCTCKYRl no
TeHUHaJJbHYRl MOAeJJb Mil TilllCeJJUX KBapKOHHeB. 

B OCHOBe sroro BliBOAa Jl8l!CHT pa3BHT8.il B 3THX neKUHilX HAeil O TOM, 
'lTO peJJilTHBH3aUHil ITOTeHUHaJJbHOll MOAeJJH AOCTHraeTCil He yqeroM paAHa

UHOHHliX nonpaBOK (MaJIOCTb KOTopux MOllCHO 060CHOBaTb npaBHJIOM 0Ky6o
-UBellra-l1HA3YKH), a Bli60pOM OCH BpeMeHH ().9) B COOTB8TCTBHH C ycno
BHeM MapKOBa-KlKaBU (1.13). ,, // 

HCXOAHOe AellCTBHe KX.ll, ecTb !JOT eHuHaJibHail MOAeJJb 

Vi(=- j o1vx cf (.·7-- n,, •) i - J f ctfx«J j ~ q(x) V(x:y-1)) &t(k-r)~ 
·er -w>.« i. 

J rt = 9 ,'{_, 2 Cf , ~ ,0 >5- - ~ ~- ~ > 
(A.I) 

C OCbRl BpeMeHH (J.9) H noreHUl,faJIOM, npeACTaBJJillOll!HM CYMMY KYJJOHOBCKoro 
H pacrymero noreHu»anoa: 

V("t- )= ; - vll.-J~J VR.r ("i:,) = (6 2" , II., t 2 . . • ) • 

' (A.2) 

BBeAeHHe 6ecuaeTHUX 6HJIOKaJJbHUX nonell H KBaHTOBaHHe KBapKOB 
BeAeT K A8llCTBHRl THITa. (J.II), (3.12); ] 

(X) ~ 

+i" L. ~ (G: m) 
Ill::: f .J 

W { m) = fief i ( m, K-
1 1n) (A.3) 

r Ae Ale ecTb 'lHc:no UBeroa; K - ilApo o6Metta : 

K ('K,Y) = k(X/2) = Ne l.._
1 ~ V(?:}){ d~-~), 

2 fVc . 
. (A. 4) 

h ·x X+Y C,4 - ocb BpeMeHH (J.9); = 2 , ~=X-y - nonHail H oTHOCH-

renbttail KOOPAHHara; AellCTBHe (A.3) 3aITHCaHo B KpaTKHX 0603Ha'leHHilX, 
BB8A8HHliX HU CTp,21. 

Pa3JJOl!CeHHe AellCTBHil (A.3) BOKpyr TO'lKH MHHHMYMa L 
?n{x,y):::: L (x-yJ + 7n 1{'1<,Y) 
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1~• 

no MaJJUM B03MYll!8HHilM B8A8T K HCKOMOLIY 6HJJOKaJlbHOMY "q>eHoMeHOJJOrH'le
CKOMY" AellCTBlUl 

W(2..+?n')= \.v(~) + Nc[(m',fj ~-1+ferc•t;.z:)m')t
(A.5) 

• 

+ ( t, !. tr [fz:•'111t] ] , 

3AeCb 

(G'I.·?n1(x,y)= fd"l c/rx-?:} m'';{YJ -
~I, 

cp (Jtiy}} 

,, ~ r cl rl-.. l>, 'tz rA q,_ ".1 rf-.. Q., q, 
fr { <p ] = L.. J' X, ·--tlx,,, 't'(x,x,) 't" (x,. x3 ) • • • 'f-' (x., X,) 

ll, ... lf., I • I / .) 

q . 

G:. (x-y) - q>yHKUHil PpHHa KBapKa C "aanaXOM11 (a) 
2 

t9-x /. 4)- __ 1 ____ _ 
Jtt4xf;L{x)e = f-Ec9o,9 - <J-o)(-£,.(9')J¾-2(9")° 

rq = (ii· r J ; 9-:= i.-rrr~J-,.,,.. 

(A.6) 

Ee pa3JJOl!CeHHe ·no npoeKUHOHHliM oneparopaM Ha.coCTOilHHil C TIOJ!Ol!CHTeJJbHOn 
H 0TpHuaT8JJbHOll 3HeprHilLIH AaeTCil qiopMyJJaMH.(3.20), (J.21),£ (9~) 
H S'a.- 2 (9·') . - O,IIHO'laCTH'lHail 3HeprH!{ H MaTpHIJll. _'POJIAH-Bayrxoll3eHa, 
YADBJJeTBOPilD~ail ypaBHeHHD 

• ,.11,: 2 1 A , -2/. .I. J . 

E q {KJ) f-2(1e,J) = m ~ - ~].,.+ ;~ I.1c? ~ < 9 -,;, 
(A.7) 

.-1 

rAe I,., - HHTElrpaJibHUR oneparop ; 

i., fr9'J • J ;;~, y r:,-2'J H i'J. (A.8) 

63 



EIIJIOKaJU,HOe none m '{;r,yj a (A.5) npe,llCTaBJllieTCH a a11,1.{e pa3JIOJK:e

HIIH no onepaTopaM POJK:,lleHIIH II YHll4TOJK:eHIIH a,llpOHOa C KaaHTOaHMII 411C
JlaMII ( I, ) : 

'o-1, ' - J c13.P f ot"'j, err;-?- x' 
m rx,yJ=?'J?(xJr)-f (2,rJ¾.:l.wd.1')½ c2,.-;t ~ 

0x ~i, -,·.Y·X ~ erJ./,, .I /0) f-J _(A.9) 
...., [ ,·J. f: (r/l JJ) or1(P) + e . (i' l9 1J;a1, '(P) j 
X 8 t, ( - -) ,._ J;. = CA;J1, f Y) ) JI 
II KOMMyTaUIIOHHHMII COOTHOilleHIIHMII: 

[ a(~) (J'J, o,,t+> ( j5'J J = t;,~, s :i {f-f ). (A.IO) 

Bepm11HHHe WYHKUIIII no,ll411HHIDTCH ypaaHeH11ID EeTe-Conn11Tepa 

r a(l,J.JJ))= /Ve2_, i rx+a(9J.) rc;.1./?)/l:(11 f J .2 /II, P1 ____ _;_____ + 
· e l:.,_{9.J.J+½>fr')-M+•·~ (A.II) 

t1b(J. 11 b q iL:) (f'-) I . 'l IP11\(-t,{9J.J ] . 

+ Ea,_ {9"1) + g {7J.) + M - t''i ' 
. -i M + 7, (A.I2) 

« ("I M ± ff rri , /l- ct_ (I (,r1)-=-~ (cJ.I 11± (91 = eJ11 2 M ~Q <d I ± - ;Ja, 2M q I J 

II caH3aHH C aOJIHOaHMII WYHKUIIHMII COOTHOmeHIIHMII 

. <!l6 Ar+, r A-i + 11.,-, t+1 j( 
( 

-a e,I, J, - "'rie"lf J, ) 

1f = i E
11 

t£1, -Htir I; +E,. -t-M_-O· 
(A.IJ) 

1.f/ = A+ 'If IL + /l- '1f 11 + ~ o/f+J + 'M'-1 • 
noJiee no,llpOdHO 3Ta caH3h on11caaa a Od3op/571 • YpaaHea11a Ha "\fl 
mrneT a11,ll (3 .27) 

fi ~b ,1 ab h l!q {k4) -1fi,{l~J.) + M)%1;: 11;fif.1e9 {'lf/(1lJ) ;1(~){~1. (A.I4) 

KoBap11aaTHoe pa3JIOJK:eH11e pemeH11n y~aHeH11ll (A.7), (A.II), (A.I4) no 
KOMnoaeHTaM C,lleAaHo a padoTail26 , 7 , 57/, a KOHKpeTHHll npllMep OCUIIJIJIH

TOpHoro noTeHn11aJia ,llJIH n~Oll3aOJihHHX TOKOaHX Mace KaapKoa paCCMOTpeH 
a padoT/251 • B pa0oTe12 I np11ae,lleHO ,llOKa3aTeJihCTao Toro, 4TO ,llellcT
Blle (A.5) ,l!JIH JierKIIX KBapKOHlleB 3Ka11aaJieHTHO KllpaJihHOMY WeHOMeHQJIO

r11qeCKOMY narpaHJK:llaHy. 
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IIPUJIO· Elll1E b. TEOP!1.f! !1031!AHIDl 

Ha3BaH11e 3TIIX JieKu11n "ATOMl,I II a,llpOHbl a KaJI11dpoaoqHl,IX Teop11Hx" 
3BY411T HeCKOJlhKO napa,llOKCaJII,HO I OHO KaK Obi odoe,llHHlleT "np11po,1!y" II 

"Teop1rn", KOTopaH omr1c1,1aaeT np11po,1!y. 0.n;Holl 113 uenen aBTopa 01,1na )le
MoHcTpaUHH 3TOro "e,llllHCtaa" ij odpaTHOll CBH311 npaKTIIKll.11 Teop1111 a 

npouecce TeopeTuqecKoro noH11MaH11H np11po,1!H. 
MH ·a11,lle.1J11, KaK TaKoe "nOHIIMaH11e" 1 no Mepe HaKonneHIIH OilblTa, 

conpoaOJK:,llaeTCll YT04H8HlleM (11 ,llaJK:e 113MeHeHlleM) TepMHHOa, KOTOpoe a 
caoIO oqepe,llh MeHHeT ITOCTaHOBKY W113H4ecKoll 3aM411 II MaTeMaT11qecK11e 

MeT O,llbl ee pemeHIIH. 
R dblJI BeChMa Y.llllBJieH,_KOr,lla odHapy~IIJI a n11TepaTyp/58/ Teop1110 

Il03HaHIIH, B OCHOBe KOTOpon Jie~IIT npouecc noCTOllHHOro 113MeHeHllll CtapHX 
II TaopqecTao HOBblX nOHl!Tllll. TaKall teopllH n03HaHIIH OblJia .l(eTaJihHO pa3-
padoTaHa XpllCTllaHCKIIMII OorocJIOBaMH IY aeKa, ~HamHMII a B113aHTllllCKOH 

Kanna,l!OKIIH (cB.OTUbl BaCHJIIIH BeJIIIKHll, fpttrop11ll EorocJioa II fp11ropHll 
H11CCK111!), C ue.1h,J onpaB,llaHIIH .I{OrMaTa e,llllHCTBa CBllTon TpoHUbl. 

B 3aKJIID4eHlle ll XOTeJI OH no,lleJIIIThCH C 4HTaTeJieM CBOIIM Y.llllBJieHlleM 

II KpaTKO H3)10~11Th 3TY "Kanna,llOKllllCKYIO TeOpllID no 3H11Hllll" • 0Ha HeOT,lle:1111-
Ma, KaK II ace a Te MJieK11e BpeMeHa, OT XpllCTllaHCKoro Mnpoa033peHIIH 11 

MllponOHIIMaHIIH, corJiaCHO KOTOPOMY Eor TaopllT Mnp H qeJioBeKa B HeM KaK 
CBoero nOMOlllHIIKa B TaopqecTae 3Toro Mllpa. YcJioa11eM TaopqecTaa HBJIHeTCll 

CBOdO,lla. Eor C03,llaeT CBOdO,llHOro qeJioBeKa, KOTOpblA, Y3HaB IICTIIHY, cao-
00,l!HO a1,1d11paeT rpexona,lleHlle (KaK nyTh CMepr11, TJieHa II r110eJIII MHpa). 
Eor He MOXeT CIIJIOll 3aCTaa11th qeJioaeKa OCTaHOBIIThCH B caoeM rpexona

,lleH1111, TaK KaK Hacnn11e Ha,ll qeJioaeKOM Be,lleT K IlOTepe ero caodO,llbl II 
cnocodHOCTH.TBOpqecraa (T.e. K noTepe caMoro 3aMHCJia EoxwH). Eor TOJih
KO MOXeT yde,llHTh qeJIOBeKa Jlll4HblM npllMepoM, aonJIOTIIBillllCh B CblHe qeJioBe-

4eCKOM II B3Ham11 BCe rpex11 qeJIOBe4eCTBa Ha cedll. 
l.leHTpOM XpllCTllaHCTBa HaJIHeTCH HMeHHO 3TO "XIIBOe HBJleHlle" 

EoroaonnomeHHll - np11xo,ll U11cyca Xp11cTa KaK OnaraH aecTh o cnaceH1111. 
BcH IICTOpllll pa3,lleJIHeTCH Ha ,l!Ba nepllO,lla: ,1!0 XpHCTa - rpexona.n;eH11e, II 
nocne XpllCTa - nyTh cnaceHHll II TBOpeHIIH Mllpa aMecTe C EoroM. "IlyTh 
cnaceHllll" ecTh ,llyXOBHOe COBepmeHCTBOBaHlle, a KOTOpoe KaK pa3Hble 4aCTH 
ero BXO,l!HT ace CTOpOHH ,llyXOBHOll XH3HH qeJioaeKa (pen11r11H, WIIJIOCoWHH, 
IICKYCCTBO, HayKa II T.,1!.) 11, KOHe4HO, TeopHll n03'!aHllll. 

OcaoaHoe B n03HaHIIII eCTh MHCJIHlllaH aKTHBHOCTh noCTHra10mero pa3yMa, 
aKTHBHOCTh yMa, onpe,lleJIHIOlllero npe,l!MeTbl a IIX COOTHOilleHllllX II CTpOHlllero 
HOBHe noHHTIIH. Bee noHHTIIH (a TOM 411CJie noHHTIIH: Eor I Jlyx, MaTepHH) 
ao3MO~Hbl II 3Ha411MH TOJlhKO qepe3 onHT II BM0CTe C TeM OnblTa He 11cqepnHBaDT. 
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Bcer,n;a ocraeTCR Hppa!UiOHaJlbH!lll OCTaToK, He pasnaraD111HttCR Ha npH3HaKH 
li llOHRTHR. B 3TJM CMHCJle CJIOBa He orpaJKaDT HliKor,n;a ,n;o KOH~a CYTb 
Be111en, a orpaJKallT TOJlbKO HX 11 0THOllleHHR H ,n;eilCTBHR" HaCTOJlhKO,·HaCK0Jlb
KO 3TO none3HO ,ll;JIR Hae H_a .n;aHHOM 3Tane HCTOpHH qenoBetJecKoro 06UleCTBa. 
CnoBa HYJKHH TOJlbKO ,D;JIR naMRTH H ,D;JIR 06111eHHR. RHllHHtt OllllT Bcer,n;a BHllle 
"cnoBa 11 

• IIo Mepe "BOCXOllt,D;eHHR" 1 HaKonneHHR OllHTa H OllHI11eHHR yMa 
"cnoBo" ~Me!!I, H ocKi.n;~ruu:- Bee llOHRTHR HYJIC,D;allTCR B llOCTORHHOM 
YTOtJHeHHlio 

B 3THX JieKUHRX Mbl BCTpecmeMCJI C "ocKy,»;eHHeM'" c.~OB "Bll6op Ka11116-
pOBKl111 np11 on11caHl1l1 CBR3aHilllX COCTORHHll B COBpeMeHHOll Kam!ClpOBOllHOll 
Teop1111. YTOtJHen11e 3TOrO Tepu1111a (I.8), (I.9) 11 BBe.n;eH11e BMeqTo Hero 
HOBoro nOHRTl'IR 11 KOHCTPYKUHR nepeMeHHllX" (2.7), (2.23), (4.I0),(4.17), 
oKa31lBaeTcR,MenneT caMy nccTanosKy 3a,n;aq11 on11cau11n qi11s11K11 c11nbHllX 
B3a11MO,D;ellCTBllll, B KOT Op Ott r JlaBHllM CTaHOBliTCR Ollp9,»;eJieH11e OCH BpeMeHn 
KBaHTOBaHHR MR B3al1MO,»;ellcTBYD11111X a.n;pOHOB. KpoMe Toro, KOHCTpyKUHR 
¢11311qecK11x nepeMeHHllX, a.n;eKBaTHaR t11311Ke CBRSBHHllX COCTriRHHll, co,n;epl!CHT 
HOBllll MexaHl13M "3aKniJtJeHHR 11 KBapKOB, KOTOplltt He npOTl1BOpell11T npaKTHKe 

· H3MepeHl1R 11X KBaHT OBllX queen Ha. 3KCnep11MeHTe, B OTJIHllHe _OT Bcex 113-
BeCTHHX ,n;o cnx nop od~RCHeHHll KOHqJallHM0HTa uaera. 

3a,n;aqa onpe,n;eneHHR OCH BpeMeHH OKa31lBaeTCR He COBC0M TpHBHaJlhHOJ.l 
11 CBR3aHa c nocTpoeHHeM HenoKanhHllx npe.n;cTaaneH11ll rpynnll nopeHua. 
I1p11 KBaHTOBaHl111 KaJ1110poBOllHllX Teop11n, B TOM q11cne-reop1111 rpaB11Tau1111, 
oOllllHO B1l611paDT OCb BpeMeHH B CHCTeMe llOKOR. IIpe,n;CTaBHM cede, llTO Mil 
XOTHM 113YllHTb .D:HHaMHKY o6pa 30BaHl1R Bcene1rnon li ee B3al1MO,D;ettcTBHe C 
,n;pyr11Ml1 BceneHHHM~ KaK CBR3a.HHHMl1 COCTORHHRMH BCex o6pa3yDIIIHX qaCTHU. 
B :JTOM cnyqae Mil ,n;omrnll Bll6paTb OCb BpeueHH B HanpaBJl0HHH oneparopa 
nonuoro 11Mnynhca namelt BcenenHoll, onpe,n;eneHuoro KaK .1111<fxpepeHu11an no 
llOJIHOll KOOp,D;HHaTe Bcex qaCTHU,· o6pa3JDIIIHX BceneuHyD. Mil BH,D;eJIH, llTO 
onpe,n;eneHHe IlOJIHOtt Koop,n;11HaTll BKJIDllaeT CYMMY KOOp,»;HHaT Bcex tJaCTliU C 
O,lJ;HHaKOBllM BeCOM,H83aBHCm40 OT IDC MaCC. Boo6111e roBOpR, Mil ,D;OJIJICH!l 
BKJIDtJHTb B aTy cyMMY 11 Koop,»;HHaTll cauoro Ha6nD.n;aTena. Tor,n;a nD6oe ere 
,»;B11:iteH11e TaKJICe yqacTByeT B qiopMHPOBaHHlf OCH BpeMeHH BceJ!eHHOil. Tor,n;a 
CTaHOBHTCR nOHRTHllM onpe,n;eneHHe 11 CB060,n;H", ,n;aHHOe KpynuetlmHM 
BH'3aHTl1llCKl1M MllCJIHTeneM np.MaKCHMOM UcnoBe,D;HHKOM (580-662): "JID6oe 
,D;BJIJIC0Hl1e, ecn11 OHO OGMllCJleHo, oClna,n;aeT TaKJKe 11 CB06o,n;on, 11 sa,n;aqetl 
ere RBJIReTCR ocy1I1eCTBJ1eH11e xopomero,.upaBCTBeHHOro cy111ecTBOBaHHR, KO-
HellH_l:lM pesy Jib Ta TOM KOToporo 6y ,n;eT "CMllCJI BetJHoro cy1I1eCTBOBaHHR 11 

• 
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Tpe6OBaHID1, npe.zt'bJIB/IJleMHe K ceplill 6pollll0p 
"Jle~u MJl MOJIO,ItliX yqeHUX OMiill" 

CepWI 6polllllp ".fiexwm A1ISi MOJIO,ItWC J"l8HWC OMiill" lla,Ita0TCH c UeJil>D 
IIOBHlll8HWI Hay,mo-npc<Peccaom1.111>Horo Kpyroaopa ll YPOBHH MOJlo.ri:wc Y'li8HWC 
H CII8IU{WWCTOB owrn B aKTYWWIWC O6JiaCTHX HCCJI8,It0BaHlltt, B8.zzynplXCH.IIO 
TeMaTmte lmCTHTYTa. limyCRH .ztOJDKHU npe.ztCTaBJIJITL co6ol aaKOH'lieHHHe 
Itmt7m Jiemurll, IJpOt{HTEIHlW8 B OMiill H OpH8H'l'HpOBa!IHU8 IJp8llf,lt8 BCero HS 
MOJIO)tlll COT.PY.ItHmtOB li!ICTHryTa. 

Jie~ ,ItOJDKHU HM8Tl, xapaKT8.P J"{86HOI'O IIOCO6WI, npe.ItHa8Ha'li8HHOro 
J1,1Ul nepBoro oaHaKOMJI8HWI c pacCMaTpHBaeMott npo6JISMot!, a TaKlle co.ztep

zaT» O63O,P 88 COBp8M8HHOrO COO'l'O.llHWl. OHR ,ItOJDKHl:l 6UT» CHa6xeHU IlO.It
po6Hl:lM OI'Jia.BJI8Hll8M.ll OCHOBHOil JllITepazypoil. EOJI1,!llli8 naparpaqiu p8KOM8H-
1IY8TCH pa36UBaTI, Ha no,DJJaparp~u C BUH8C8HHUMH B orJiaBJI8HH8 llO,It3arO
JIOBK&m. 

Baell '1'8KCT, BK1I!Ot{8H OT,It8Jll,HU8 I'JiaBU R naparpaqiu, CJI81fY8T ne'li8-
TSTL, sanOJIHJlll.K8E.ItYlD CTpaliKitY ~8.IIW(OM. 

.Pyl<OilllCI, ,Ito.DHa 6HTI, HSil8'1iST8Ha Ha CII8IU{aJll,HWC MWIKa.X, II,P8.ItHa3-
BSll8mml'. J1,1Ul IJpm,fOI'O p8np0.ztYIOIPOBSHWI, KO'l'Opu8 MOZHO IIOJlyt{HTI, B H3-
,ItST8JILCRO14 OT,It8JI8. Bee q>OJ;MYJIH H cxew ,ItOJI!HU 6UTI, BIIRCSHU aRKypaTHO 
B JiCHO TYJlll,D wm qepaRJiru.m ll8JlHOI'O ~eTa. Pa3MeTKa q>op.zyJI ae npous
BO)tltTCJi, HX ByY8palU{Ji ,Ito.DHS HSXO,ItH'l'l>CH ll KOHit8 CT,POKH CnpaBS B 
Kpyr.ma CRO6RaX. TeKCT JieRitBtt II8'1ia'l'S8'l'CH ua MauumKe C qepaol (He ce
poA) JISHTOI qepea I,5 HHTepBSJia. 06'b01,( Jie~ He .ztOJIXeH npeBH111aT1> 
IOO CTpaBmt M8111BHOIIRCBOro T8KCTa. 

PyxomICL npe,ItCTaB.IIH8TCH B Pe.zt~OHHH1t COB8T cepllll 6pollll0p "Jlex
~ J1,1Ul MO.IIO,ItliX J"{8HUX 0Hfil1" COB8TOM MO.IIO,ItliX Y'I8HHX R Cil8IU{a.lIHCTOB 
Ollilli H COB8'1'8MH MO.IIO,ItliX J"{8HHX H Cil8IU{aJillCTOB Jia6opaTopd HHCTHTyTa. 
Pe.zt~OHHH.I! COB8'1' IlpruruMa8T OKOH'IaT8.IIl,HO8 pemeHUe O U8.1I8COO6pa3HO
CTH ee IJY~H. 

P8,ItaRIUIOHHuil COB8T 
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