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l.BBeaeHHe 

Heo6XOill1MOCTb y'leTa HeaAHa6aTI1'1eCKHX 3tlJtlJeKTO 3 BO BpawarenbHLIX 

crreKTpax He'leTHbiX ne¢opMuponaHHhiX 5!1lep B03HHKna y >Ke naBHO, BrrepBbie 

M8T0Jl y'leTa CMeWI1BaH11H llBYX BpawaTGJlbHblX IIOJJUC 1 o6yCJ10BJ1811HOrO B3aH

MOJlei1:CTBI1eM Kopuonuca, 6Lrn pa3pa6oTaH KepMaHOM It 1 u B )lanbneilweM 

ycoBepweHCTBOBaH B pa6ore EpoKMailepa u Jlp. /2/. llJ:H o6bHCHeHHSI Ha6-

monaeMbiX 3HepreTH'I8CKHX CI18KTpOB 1 BepOHTHOCTei\ rrep~XOHOB 11 :V!OMeHTOB 

06hl'!HO HCI10J1b3yroT MeTOJl HaHMeHbWHX KBa)lpaTOB, B tOTOpOM Tpe6yeTCSI 

60J1bWOe KOJ111'!8CTBO BXOilHhlX rrapaMeTpOB 11, CJieJlOBaTeTbHO, H8Jli1'IH0 60J1b-

WOrO 'lHCJia 3KCI1epi1M8HT8J1bHWX )laHHWX, 

n ocneaoBarenbHhiil cpeHOMeHonoruqecKI1i1: Me ron y'le'I a aeaaua6aTH'leCKHX 

3q1cjJeKTOB pa3pa6oTaH EopoM 11 MorrenbCOHOM 
131

• 3TCT Meroa npenrrona

raer, 'ITO B3aHMOJlei\CTB!18 BHyTpemrero 11 Bp8!ll8TeJibiiOI 0 L\BfDheHHH MOiKHO 

paCCM8TpHBaTb KBK B03MyweHHe H npellCTBBHTb ljlOpMyny llJI51 Bpall!BTCJlbHblX 

3Heprui1: B BUlle psrna reop11u B03MyweHulr no crerreHs.~M I (I , 1) 

11K (II-K_)!_ .. \ 
U11~11'l8CKHX 3HaKonepeMeHHNX 'IJieHOB T£1118 (-1) 

'!' (!-\)' ~·-

u crre-

B rrocneAHHe roahr pa3BHTbi pa3J1H'IHhie MHKpoc~orr~~;ecKue noHXOJlhl nn>1 

Bbi'IHCJ18HHH rrapaMeTpOB tlJeHOMeHOnOrH'IeCKOH tlJOpMynJ,J lll15I BpawareJJbHhlX 

3Heprl1i1: B 'leTHO-'leTHbiX HApax (eM., HarrpnMep, 
14- 11 ), HeAaBHO npcmeAe

Hbi Bbi'l11CneHI1H rrapaMerpa B rrpu qneHe 12 (It 1) 2 
B He'leTHbiX aeq,op~tu

posaHHNX Hapax 181, B 3THX pa6orax ucrronb3yercs.~ KpeHKHHr-Moaenb,nu6o 

MeTOJl XapTH-¢OKa-ooromo6ona JlJJH Bhi'IHCJ18HH5l MO!I.leHT'l HHepUHH, a B3811-

MOJlei1:CTBHe KopHonnca Y'~HTbiBaercs.~ KaK B03MyweHue. TaKoil rro)lxon oKa-

3hrBaercs.~ HerrpuMeHHMbiM B CJly'lae B3aHMO)lei1:CTBHH 6.IH3KHX ITO 3HeprHH 
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Bpaw:aTeJJbHhlX COCTCHHHA H B03HHKaeT Heo6XO).lHMOCTb TOqHOA J.lH8POH8JlM38UHH 

B38HMoaeAcTBHH KoJHOJJHCa, 

TaxoA MeTOJ.l .,qeTa CMeWHB8HHH OJ.lJIOqacTHqHLIX COCTOHHHil C ~K :::1-1,'2 

Ha 6a3e 11pOH3BOJlb IOi1 OJ.lHOqaCTHqHQll CXeMbl Hell8BHO rrpe).lJJOMeH 4epHe

eM H J.lp, /B/. f1epliOHaqaJJbHhie pacqeThl 1 rrpoBeJ.leHHLie 6e3 yqeTa rrapHI>IX 

KOppeJJHUHll 1 ITOK83BlH 1 qTo eCJJH B3BHMO).leHCTBYhlWH8 ypOBHH H8XOJ.lRTCH 6JJH3-

K01 TO He8).lH808THq<!CKHe 9<jl<jleKTbl CHJlbHhl H He MOryT paCCM8TpHB8TbC51 ITO 

TeOpHH B03MymeHuH B 9TOM cnyqae BNJ.leneHHe "aHyTpeHHHX" B036ymaeHHA 

H OITpeaeneHHe 110plJ.lKB 38ITOJJHeHH51 OJ.lHQqaCTHqHWX COCTORHHH CT8HOBHTC51 

38TpyJ.lHHTeJJbHbll\1, -!eooXOJJ.HMO HBHO BBOJ.lHTb XHMHqeCKHH 110TBHUH8Jl H Bbl

qHCJJHTb ITOJJHym 9!eprHm CHCTBMN (HJJH HX 9KBHB8JJBHThl) JJ.JJH pa3JJJ1qHWX 

3HaqeHHH CITHH8 1 ).lJJ~ orrpeaeneHHH "pOT8UHOHHhlX
0 

ITOJJOC H HX OTHOCHTBJlbHO

ro ITOJJOMeHHH B CIT?KTpe HJ.lpa. YqeT rrapHhlX KOppeJJHUHH H IT03BOJJHeT pa3-

peWHTb BCe BhiWey~ 838HHbie TPYAHOCTH, 0J.lH8KO II pH BKJJmqeHHH rrapHLIX KOp

peJJHUHH B0311HK8eT HeOOXOJ.lHMOCTb yqeTa B38HMOJ.lBHCTBllH CIIapHBBIIHH H Bpa

W:8T8Jlbi!OPO JJ.BH)KBJIHH, KOTOpoe BJJIIHeT Ha BeJJHqHHY 9HepreTJ1qeCKOH W:eJJH 

( 8HTHCII8p11BBT8JlbH ole 9<jlcjJeKTbl), ¢opM8lli13M yqeTa 9TOPO B3811MOJ.leHCTBH 51 

B paMxax Teop1111 BJ3MymeH11H 6hrJJ pa3BI1T B pa6oTax 4aHa 11 BanaTuHa 
151 

11 Mapwanexa /6/. 

HaCTOHW8H piiOOTa !!MeeT UeJJbhl pa3pa60T8Tb MeTOJJ. peweHHH 38JJ.aqH 

JJ.JJH He"'eTHhiX Rile[- B cnyqae, KOI"JJ.a B3811MOHeiiCTBI18 Kop110Jli1C8 He MO)KBT 

paCCMaTpHBBTbCH KBK B03MYWBHI18 1 T,e, KOI"JJ.B BJ.li1808Tl!qeCKBH Bp8W8T8Jlb

H8H MOJlBJlb CT8!10EI1TCH He11pi1\IBH11MOH. B 11pHOJ111)!(8HHH CT8TI1qecxoro cna

pHB8HHH 9Ta 3anaqa peweHa n Hawei1 rrpenwnywei1 pa6oTe 
1101 • B aaHHOA 

paooTe pa3BIIT cjJop ,JaJ1113M 1 B pa~IKBX KOToporo OJlHOBpeMeJIHO paCCMBTpHBB-

hlTCH H cnapHBaHHe H spamaTeJJbHOe Jl!3H)l\eHHe. EaHHCTBeHHoe orpaHuqeHue, 

HCITOJJb3yeMoe npu peweHHH,- napaMeTpl!38UHH MOMeHTa HHCpUHH. B pa3}le

JJBX 2 H 3 pa3BHTB HeBJ.lHBOBTJlqeCKBH BpBWBTeJJbHBH TBOpHH JlJJH 0JlHOKBB31!

"18CTl!"'HLIX B036yHJ.leHui1 H nony"!eHhi o6o6meHHhie ypasHeHHH nnH 1'1. (I) 

u A(l) c y"'eToH 9<jl<jlexTa 6noxHpoaxu 11 a3aHMoneAcTBHSI cuapHaaHH>I H 

spameHHH. B pa3aene 4 MeTa~ cnyqaAHoi1 <jla3hl ucnoJJb30BaH anH y"'eTa 

B38HMoneilCTBHH KEa3H"'aCTHU c napHhiMH BH6pauuHMH xopa 11 noxa3aHo, xax 

9TO B3811MOJleticTBI e MOMeT ObiTb yqTeHo npu peweHHI1 ypanHeHuii J.lllH ,'\(1) 

11 A (I). 
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flnR ITpOCTOThl H8MH HCCnBAOB8H TOnbKO cnyqaA CHnbHOrO CMBWHB8HHR 

aayx yponHel1. 

2. TaMIIJibTOHI!aH 

PaccMOTpHM MoaenbHhtH raMHHbTOHHaH a.rrR qacrnL LI, B3aHMoaeAcrayiO

weA C Bp8W810WHMCR 8KCH8.r1bHO-CH~.1l\19TpllqHb!M KOpOM KOTOpb!H 6bJn BBe

llBH KepM8HOM /}/, H 11068Blllvl K fie MY q.rreH, COOTBBTCTB {IO!llHH napHblM B38ll

M01l9HCTBHRM: 

r11e 

H = H , II , II 
s.p. rot 

II'"' 
11" 

--ll(ltl)-1-. 
:lJ 

til 
pair ( 1 ) 

I. 

(2) 

8 OCT8nbHbl9 qneHld B npe!lCT[lflnBHI!l! flTOpl!qHoro Kfi8HTOBL1HI!Sl l\!O)KHO 3a-

ITHC8Tb B B!!/19: 

."''.p. (3) 
H 

II 
pn. lr =-G 

, .. I' ['- ~ a a 
1'':>0 

,. ,. (4) 

II fl" cl )F ::-:- -(1 
2J ' 

F = ~ J . I' I j I j F '• a 1 a 
l',l! I ,. ,. 

<•':'I I,; >a~ - '. ' ~...,.a 
.. 

j cj a~, + <I' iJ I 
I j ;I/ a .. - 1/ 1/ ,:;- 1/ 

(5) 

<F I j +i 1 ,:; > a a "V I. 
+ 1/ 

3119Cb I n K 0603HaqaiOT 110.r1HWH MOMBHT CHCTEMhl H ero npoeKUHIO 

H8 OCb CHMMBTpllH RAp8 1 oaHoqacTllqHwe aHep'llll cpeaHero rronR, 
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XHMHqBCKH~ IOTBHUHan. OrrepaTOpW a+ 
1/ 

.QBHIHI H yHHqTOlKBHf Sl qaCTIIUbi B COCTOSIHHH u 

·, .. 2;'2.1 ~BHO ITO BpBMBHH CTHOCHTenbHO 1/ II 

H au - orrepaTophl po~-

COCTOSIHHe l/ corrpSI-

(He BhlqHCnSieTCSI B .Q8HHO~ aa.oaqe, a Bhl6HpaeTCSI 

HHepUHanbHhl~ rrapaMeTp 

H3 3KcrrepHMeHTa). Orre

ll I. paropbi I 
+ H j + orrpe.oeneHbi o6bi'IHbi M o6paaoM 

I ~I + ii + X- y 
j = j + ij 

+ X - y (6) 

< u I i + i 
+ 

!l/ '"">=-<;~ j +j ~~o>.cj 
+ -

I v 0 > "'i 
w 

= j vov 

(7) 

nocne.QHHe MBTpHqt:biB 3neMeHTbl OTnHqHbl OT HynSI TOnbKO .QnSI COCTOSIHH~ 

c K =1/2. 

nepe~.QeM K r.pe.QCTaBneHHID KB83HqaCTHU C ITOMOllibiD rrpeo6pa30B8HHSI 

Boi'onro6oBa: 

a + 
=ll a + v a 

1/ v i5' 1/ 1/ 

a, + =U a -v a"'. 
1/ 1/ v 1/ 1/ 

(8) 

BBe.OeM orreparophl 

B + 
l a 

1/ 1/ 

A 

c 
0 
=2 a 

"'0 
+a _a 

vv 1/ 1/ p ~0 

(g) 

D =a + a -a+ (1 

l/1/ "' vo f/ v 1/ 
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c = a 
v 

a 
v 
-a~ ... a== 

v v 

D , = a + a , + a• a "', , 
vv v v v v 

C UOMOlllbiO KOTOpbiX on epa TOphi f' H F MOMHO 38UHC8Tb B BRAe: 

r =-l u v + l u v B 
)/ )/ ~' )/ v v v 

-l(u 2 A v v 
-v 2 A+ ) 

v v 
1.1 

1 + 
+ - l [ j ,( c ,+ c 

2 lJJ!~ 1/lJ l/V f/V 
+ 

M 
VI/ 

u u ;1- v v , 
v v v v 

L ,= u v - u , v w v v v f/ 

(10) 

( 11 ) 

00ACTaBnSIR BbipaMeHHSI (9)-(11) B nonHbiH I'8MIWbTOHH8H (1), 3anl!-

llleM H B BI!Ae: 

H + H coli + H rot + H lnt + H e 
( 12) 

rae 
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(l2a) 

II £.[(, -A}(u 2 -v 2 )-Gu 2 v + 
:sen• , V V V V V 

(12B) 

t 2 u , (I :i u , v , 8 
V V V V 11 

v 

X 

(12c) 

x :i ( ( u 2,-v ; )(A 
v ' v v 

+A )-(A ~ -A 
v' v' v v 

) l 

u v 18 
l-' Jl I/ 

I {~. c . I . 

3AeCb H sqp <•fHlCbiBaeT KB83H'18CTH'IHbie B036y;>KAeHHH HApal H coli -

KonneKTHBHhle B036yKAeHH~ reHepHpOBBHHhle napHhlMH B38HMOAe~CTBHHMH 

(napHhie BH6paUHH) 1 a H lnt - B3aHr-toAeilcTBHe KBa3uqacTHU c napHbiMH 

BH6pauHSIMH. BaaHMOHeHCTBHe BHyTpeHHero n spamaTenbHoro ABU)I(eHHH ocy

wecTsnSieTCSI qepea Ic· 

, I. 0,aHOKBB3HY:acTHY:Hble B036yJI>J1eHHJl 

flpeHe6pe)l(eM C HB'Iana B38HI.IOAeHCTBHeM KB83H'I8CTHU C BH6paUHHMH 

KOpa H pelllHM 38A8'1Y B OAHOKB83H'I8CTH'IHOM npH6nH)!(eHHH. 

HeaAH868TH'IeCJ>YIO CHMMeTpH30B8HHYIO BOnHOBYIO <fJyHKUHIO COCTOHHHH 

smpa, xapaKTepH3YIOiileroCSI CllUHOM 1 ero TpeTheH npoeKUHe~ M B 

na6opaTOpHOH CUCTe~e KOOpAHH8T H 'leTHOCTbiO 38llUllleM B BUAe: 

I 

I ~I-,= l CvK i 1\lr-K" 
l/,K 

(13) 

rAe 
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D lvK>+ 
MK 

+ (-1) D I 

M,-K 

(13a) 

3AeCb BbiAe1IeHO KBaHTOBOe 'HIC110 K - ITpOeKUHSI M )MeHTa Ha OCb CHM

MeTpH .siApa, a V 03Ha'laeT Ha6op OCT81lbHhlX aCHMf TOTH'IeCKHX KB8HTO

Bb!X 'IHCen, CooTHOllleHHH I v K > H I vK > coiTpmKeHhi ITO BpeMeHH. AMIT1IHTy-

a hi K -cMelliHBaHHSI ITpeaiTonarahlTCH BemecTBetHhlMH HOpMHpOBaH-

HbiMH 

(14) 

CyMMHpOBaHHe B (13) MO:>!WT ITpOBOaH:TbCH ITO BCe vt COCTOHHHHM oaHOH 

'leTHOCTH c t.K ~ I -1/2 . 

Bbi6epeM B Ka'leCTBe I vK > oaHOKBB3H'IaCTH'IHhie cocTOHHHH a + I 0 >, 
l/K 

rae I 0 > - BaKyyM ITO KBa3a'laCTHUaM. 

nnA OITpeaeneHHH aMIT1IHTya c:K , ITapaMeTpoB u 
1
, H v v H 3Hep-

rHli HCITOnbayeM BapHBUHOHHhlH MeToa. HaliaeM cpeaHeE aHa'IeHHe raMH1Ib

TOHaaaa (12) ITO COCTOHHiihl (13): 

&, (I)= < IM I H I IM > = 

2 
I 2 

.,l &, K(I)[C Kl 
ft l+l/2 

VK V V 
+- (-1) 

2J 
(I+l,'2)a{l), 

rae, ITO oiTpeaeneHHhl, 

-AvK +21 (£ -A K )v 2 

s ~ VK 8 J.J s 

z 
-G[ l u v 

s/s IlK s 
8 

1i 2 2 
+-[I(I+1)-K l, 

2J 

9 

(15) 

( l5a) 



I f. I /z 
(-1) (I+ 1/2) a(l)= 

=-L £ CI Cv~K-<IMvK\ l+j_+l j+IIMv'K'>= 
VK JJ ~K" vK 

(15B) 

=-L :~ CI CI, ,M , ,A , , (1), 
v K v K" vK v K vK , v K v K , v K 

rne 

Ha-aa Heo6Xl.llHMOCTH Y'IHT~BBTb B~~eKT 6noKupoBKH B B~paMeHHH 

(15a) BBeneH XHMII>lTBHUHan ,\v K , orrpenenSieMhrli nnSI KaMnoro coc TOSI-

HHSI I vK > H3 ycnCBHSI coxpaHBHHSI •mcna 'IBCTHU B cpenHeM. npoBO.llHM He-

c T 
3BBHCHMbiB BBpHBUHH flO BMIInHTY.llBM v K , U, H V s • B peaynbTBTB 

I 

BBpHBUHH ITO CvK rrony'IHM cnenywwyw CHCTBMY nHHBHH~X ypBBHBHHR: 

C
1 

[&, (1)-w(I)l-
vK l-- K 

r/ 
---1 C 

1
- -\I 

21 v'K V K l'K,l' 

(16) 

rne w(I) HrpaeT p<•nb MHOMaTenSI flarpaH!Ka. 3necb BHepraa &, vK (I) 11 w (I) 

~BKTH'IBCKii SIBnSIIOT8SI ~yHKUiiOHBnBMI1 1 38BiiCSIWHMH OT napaMeTpOB ( U, V)

rrpeo6pa30BBHH SI. 

flnSI IIpOCTOTb paCCMOTpHM cnyqaA ABYX B3BHMO.QBHCTBYIOWHX ypOBHBll 

c ;\ K = 1 ' Korna YP~BHBHHSI ( 16) MOI"'YT 6hiTb peweHbl TO'IHO. nycTb CMe

lliHBBIOTCSI qepea B~·BHMoneil:cTBHe Kopuonuca cocTOSIHHSI I v K > =o 11 > H 

lv 'K '> =o\2 > • Torna BHeprHu w (I) MOI"'YT 6b!Tb H8ll.llBHhl H3 CeKy-

nSipHOf'O ypaBHBHHSI X) 

x13aecb H B aan-,a-e-il::-w-e_M_n_o_n_a_r_a_eM, 'ITO, ecnH B cocToHHHH \1 > HnH \2 > K=l/2, 
TO B 3Hepi"'HH {ij HnH {ij z BKnJO'IeH AOUOnHHTenhHbilf 'lneH 

2 I 2 
JL(-1) '+ 112 (l+l/2)a =-1i-A (I) 21 s.p. '2J v 1/2 ,vl/2 · 
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~2 2 
[ G; (1)-w(l) l[ G; 0 (1} -w (I)]~ [ -M 

1 
oA 

1 2 
(1):, 

I " 4J •" , ( 17) 

I I 
B 8MfillHTVJlhi C J H C 2 - H3 OTHOllJeHHH 

C i (Ji 2,'2J) M 1,2 A 1,2 (I) 

--cr- ~ 2x[G;, (1)- w (I)_] ____ _ ( 18) 

Teneph MO)I{HO npncTynnTh K eapuauuu w (I) nc napaMeTpaM (u,v)-

npeo6pasoeaHHH. OpeJlBapnTellhHO BhinH!lleM HeKoTopble none3Hbie Bbipa)l{eHHH: 

aG;
1
(1) aG;

1
(1) 

=0 
av; 

( i = 1, 2) 

( i / j) 

=-2i\ 1 ui +4(fi-A 1 )vi, (it: j ) 

,\I ~-G < 0 I a I r a + 
I 

( l9a) 

( 19e) 

( 19c) 

( 19Jl) 

Bbtpa)KeHne JlllH !\ 1 coenaJlaeT c onpeJlelleHHeM 9Her reTn'!eCKOH !llenu JlllH 

CHCTeMbl He'!eTHOI'O '!HC118 '!8CTHU npH y'!eTe 9cpc\JeKT8 6llOKHpOBKH, 

CHcTeMy ypaeHeHHH JlllH onpeJlelleHHH napaMeTpoB us u V MQ)I{-
s 

HO 38TIHC8Th B BH)le: 

aw (I) a(JJ(I) 
~o. v u 

au dv s (20) 

u2 tv 2 
= 1 

11 



8biJl9nHM OTCIOJl8 CHCTE MY ypaeHeHHi!: )lnSI COCTOSIHHi!: S f. 1, 2: 

I'Jle 

(u 
2 
-v

2 )~(1) -2u v [c -A (I) 1 = 0, 
s s 8 s s 

u 2 + v2 = 1, 
s ~ 

I 2 I 2 
~(I)=-G<1Mir1M>=[C 1 1 ~,+[C 2 1 ~ 2 

A(I)=[C \1\, +[C'z 12 
A 

2
• 

(20a) 

(20e) 

BblpalKeHHSI (20e) npencraenSIIOT co6oi!: o6o6meHHOe onpeJleneHHe aHep

reTK'IeCKoi!: IUenH K XKttK'I9CKOI'O ITOT9HUHana B cnyqae TO'IHOI'O yqeTa B38K

MOnei!:CTBKSI KopHOnKC.l, 3TO IT03BOnsteT HCITOnb30B8Tb nng COCTOSIHHi!: Sf 1, 2 

o6bi'IHbl9 Bblp8lK9HHSI .ll.Hst napaMeTpOB U 8 H V 
8 

, a HM9HHO! 

2 us vs 
~(I) 

y~ 2 (1)+ [c -A(I)1 2 

4 

(21) 

u2-v2 
f

8
- A{l) 

~ s 
2 2 

v~ (I)+ [cs -A(I)] 

0TM9THM 1 'ITO B ~ (I) H A (I) 38BHCHMOCTb OT CITHHa BXOJlHT He 

I 
TOnbKO 'lepea aMnnKTY lbl C 1 • BenH'IUHbl ~ 1 " A 1 TBKlKe SIBnSIIOTCSI 

<flyHKUKSIMH CITKHB, 0AH lKO K3 ypaBH9HHH (20a) eme H9B03MOlKHO Hai!:TH ~ (I) 

H A (I) • Heo6XO~HIV 0 Jl06aBKTb K HKM ypaBH9HKSI )lnSI COCTOSIHHi!: s = 1,2. 

Ha ypaeHeHui!: (20) no 1yqaeM: 

12 



[w(I)- 6; 1 (1)H(u~ -v nL\
1 

-2u
1

v
1

(£
1
-A

1
)]-

2 

-[-fi-A (1)] 2 [(u 2 -v 2 )u v 
t J ll I I J j 

-u v (u 2 -v 2 )]=0 
I I l i 

U~+V 12 =1, (i ,j = 1,2; u j) 

(20c) 

nnH llOJIHOTbi CHCTeMbl ypaBHeHHll (20) He06XOAHMO A068BHTb ypaBHe

HHe AJIH qucna qacruu: 

+ + I n=<IM!~(a"aR+a:;a,;') IM'>= 

( - .\ (I) 
l I 1- " I + R.;, 1,2 -

yL\ 2
(1)+ [f -A (I) ]2 

(22) R 

I 2 2 
+ 1 + [ C 

1 
] 2v 

2 

I 2 ::! 
+[C 2 )2v 1 

11cnonbay H Bhrpa:>KeHHSI ( 19) u (21 ), nepenumeM ) pasHeHue AnSI menu 

A (I) B BRAe: 

2 - l I) ] 
2 A (I ) I G "f: 1,2 V A\ I) + [ f e - ,\ ( 

(23) 
I 2 I 2 

[ C , l 2u 
2
v 

2 
+ [ C 

2 
] 2 u 

1 
v 

1 
• 

Ecnu Marpn'IHbdl: aneMeHT saaHMOAeiicrsuH KopH<•nnca npeHe6pe:>KHMO 

Man, TO ypaBHeHHH (2Qc) OnpeAenSIIOT BenH'IRHbl U I 1i VI B COCTOSIHHH 

lj> C yqeTOM a<jJ<fleKTa 6nOKiipOBKR, T.e. llpH w(l) = ff>J (1): 

AJ 

2u IV I = --=:::;:::========
yA2 +(c -t\ )2 

J I J 
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,\ 
0 -v 2 u~ 

I I 

\I ~2 + ( ( _,\ . ) z (20n) 
j i .} 

BemPlHHbi u. H v 
J j 

B BTOM eoeTOHHHH He onpeABllBHbl, TaKHM 06pa30M, 

npeHe6peraH a~~BKTBMH B38HMOJleileTBHH KB83HqaeTHU e napHhlMH BH6paUHH-

MH, Mbl nonyqllllll 061lyiO eHeTeMy ypaBHeHHH (20e), (22) H (23) LlllH eny

qaH LIBYX B3aHMOLIBHCTBYIOWHX ypOBHeA, KOTOpaH yqHTNBaeT KaK a~~BKThl 

6noKHPOBKH, TaK u aiTHenapuBaTellbHNA a~~eKT B3aHMOAeileTBHH KopHOl!Hea. 

YpaBHeHHH (20a) noKa3hiBaiOT, qro B3aHMOAeAerBue Kopuonuea, no

BHAHMOMy, oena6llHBT a~~BKT 6llOKHpOBKH, KpoMe Toro, anpuopu HBllb3H CK2-

3aTb1 qTO BTO B38HI\lOAeiieTBHB 06H38TBllbHO YMBHbill8BT BBl!HquHy ill8llll !'\ 

e poeTOM cnuHa, Tio··BHLlHMOMy, BllHHHHe B38HMoneAeTBHH KopHOl!Hca 6yner 

pa3l!HqHblM LlllH LlBYX B38HI\IOLlBHeTBYIOWHX nonce, 

HaKoHeu, OTMe1 HM, qro Koraa B3aHMoneAeTBue KopHonuea eTaHOBHTCH 

npeHe6pe:>I<HMO ena6hl vi, nonyqeHHhiB ypaBHBHilH COBnanaiOT e 06biqHO HenOllb-

3yBMbiMH LlllH eueTe vlbl HeqeTHOrO qnclla qaeTHU (eM,, HanpHMBp, I 11 I), 

4, B3tl!I.\ oacJ1CTBJte KBB3H'WCTII!l c uapHJ.tMtt BIIOf''llllf>t.\111 

a ) 0 n H e a H H e n a p H bl X B 11 6 p a U H H 

B eueTeMB, OnH•:biB8BI\10il raMHllbTOHH8H ( 12), eyweeTBYBT BJlHHeTBBH

Hb!H THIT KOlllleKTHB!UIX eoeTOHHHH e K 17 = 0 + , HMBHHO, napHblB B116paUHH, 

reHBpllpOB8HHblB napH >lMH B38HI\10JlBHeTBI1HI\111, <IJopMHpOB8HH8 napHblX BH6pa

UHH H HX eBoileTBa ITOLlp06HO paeeMaTpHB8l!Heb B PHLlB pa6oT (eM,, Hanpu

Mep, ll 2- 141 ), OapHl·lB BH6paUHH B net;.JOpMHpOB8HHbiX HLlpaX HeellBLlOB8JIHCb 

B pa6oTe 
1151 • 

TipOBBLIBM yqeT B38HMOLlBileTBHH KBa3uqaeTHU C 0+-B036ylliL18HI1HMH 

KOpa, HCnOllb3yH MeT )Jl XaOTHqeCKHX cjJa3, a 38TeM BKlJIOqHM B38HMOLlBiiCT

BHB KopHOJIHea. 

CcjJopMHpyeM on ?paTOpbl o+- cjJoHOHOB e nOMOWb!O KaHOHHqecKoro npe

+ 
o6pa30BaHHH onepaTOJ,OB A .., 11 A v : 

14 



gl 
v 

wi 
v 

(24) 

f'A8 aMIInHTYAbl rrpeo6p830B8Hii 5I g ~ li wl 
v 

COOTBeTC TBYIOT 3H8K8M ( +) li 

(-). 06paTHOe rrpeo6pa30B8HH8 38!11illi8M B BHAe: 

wl 
l I v 
v g' ,, 

~3 ycnOBH51 nHH8HHOH 38BHCHMOCTH orrepaTOpOB rronyq~M 

w' 
v 

a 
II 

C IIOMOlllbiO (24) 38!11illi8M 

H coli "'-_!_Gl[R
1

R 1 - +P P,]Q+Q" 
2 1,1' I I I I 

R I l I ( u 2 -v 2 ) 
v g v v v 

l WI 
v v 

(24a) 

(25) 

(26) 

(27) 

+ + 
B BblpameHHH (26) Mbi or6pocHmr Bee qneHbi c orrepaT)paMH Q Q H QQ 

H qneHbl 6e3 orrepaTOpOB. B IIpH6nHmeHHH XaOTHqeCJ< HX cpa3 KOMMyTaTOp 

+ 
Orrpet:~enHM OAHOcpOHOHHOe COCT05IHHe Q I ljl 0 

(28) 

Hhlfi BaKyyM. B &TOM rrpH6nHmeHHH ypaBHeHHe AnA SH~pf'HH OAHOcpOHOHHhlX 

COCT05IHHH HM88T npoCTOfi BHA: 

(29) 

15 



rJJ.e 

b(WI ), ; 
2-W 2) 2E ( 4E 

I v v 

(30) 
( v -A 

-W) L- 2 W~ d( I ' v 2E ( 4E - I 
v v 

B ypaBHeHHHX (29) H (30) wenb L'. H XHMH"'eCKHH rroTeHUHan .\ 

orrpe.neneHhl .llnSI OCH03HOf'O COCTOSIHHSI CHCTeMhl C "'eTHhiM 'IHCnOM '18CTHU. 

BenH"'HHa E 
v v"""":~z +(fv -A)z - O.llHOKBa3H"iaCTH"'Hhle sHeprHH. B 

ClfCTeMe C He"'eTHhiM 'l{lfCnOM "18CTifU BhipaMeHHSI (29) If (30) He06XO.llHMO 

MO.llH~IfUifpOB8Tb, 'ITOChl yqeCTb 3~~eKT 6nOKHpOBKH H BnlfHHife B381fMO.lleHCT

BifSI KopHonHca. TaKoil peuerrT MO.llH~HKau lflf 6y.neT .naH B .nanbHeH:rneM. OT

MeTHM, "'TO B ypaBHe !Hif (29) YliW OT.neneHO noMHOe 0+ -COCTOHHife, KOTO-

MY COOTBeTCTByeT 8HE!pf'HH W=O. 

YJcrronb3YSI ypaBt eHHH .llBHMeHHH .llnSI onepaTOpOB Q I ( KOTOphie 3.lleCh 

He BhiiTifC8Hbi) H ypa }HeHHSI (25) H (29), MOMHO nony'IHTb Bh!paMeHHH .nnH 

R I H PI : 

r.ne 

2 

[ G R I ] = w I I z (WI ) ' 

PI 
2d (WI ) 

Rt' 
W

1
b(W

1
) 

Z(Wt)= :L [4E~ -W~ ]-
2 

!2E [ W
1
2 -41'. 2 + 

v v 

2 2 2 2 2 
+ W 1 ( 1- 4u vV v) ) - ( 4E v + W 1 ) x 

x(u 2 -v 2
) 

v v 

~d(W 1 ) 

----!. 
b( W

1 
) 
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B) B3aHMOP.eilcrBHe KBB3H'lacrHu c cjJoHOHBMH 

BaaHMOllel!:CTBHe KBa3H'IaCTHU c <iJoHOHSMH onHChiBaeTCSI H lnt 

TOpbil!: MO)KHO npellCT8BHTb B BHl{e: 

H lnt =+ ~ G I u v I I B +[ R ( Q + + Q ) -
v V V 1 V I I I 

- pI ( Q t- Q I ) ] + c .c. I. 

,Ko-

(32) 

BHyTpeHHIOIO BOnHOBYIO <iJyHKUHIO CHCTeMhl He'leTHOr•> 'IHCna 'ISCTHU Te

nepb 38ITHIUeM B BHAe: 

(33) 

rAe N VK H sl.vK - BeiUeCTBeHHhle SMITnHTYllhl, HOpMHpOBSHHble ycnOBH-

eM 

1. 
(34) 

C'tHTaeM onepaTopht a 11 H Q1 npH6nH)KeHHo KOMMY"HPYIOIUBMH. Y'ITeM 

9<iJ<iJeKT 6nOKHpOBKH B <iJoHOHSX B nepBOM nopSIAKe nyTeM npOCTOrO Bhl'lepKH

B8HHSI COCTOSIHHSI lvK > B CYMMSX, BXOllSIIUHX B ypaBl:eHBSI (29) H (31) • 

BaaHMOllel!:cTBHe c <iJoHOHSMB npHBOllHT K 9HeprE·Tif'tecKoMy CJlBifry 

OllHOKB83H'ISCTH'IHblX COCTOSIHifl!:, senH'IIfHS KOTOporo MO >KeT 6hiTb nony'leHa 

c noMOIUbiO sapBaUBOHHoro MeTOAa. AJlHa6aTH'IecKy~ sonaoay~ ~YHKUR~ 

CHCTeMbl Tenepb 38ITHIUeM B BRAe: 

2 I+ 1 
liM ,v K > ~---~ 

16 Tr 
2 

1+. f +K I 
+ (-1) D ¢ v""K I. 

M,-K 

(35) 
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rae ¢ v~ conpsnKeHa no speMeHH OTHOCHTellbHO ¢ vK o Heaaua6aTH'Iecxag 

BOn HOBBS! cpyHKUHSI C HCTeMbl no-npe)I(HBMY HMeeT BHa (13) o 

BhmuweM BhiJ: a*eHHSI anSI MaTpH'IHbiX sneMeHTOB paanu'IHhiX qneaos 

1"8MHnbTOHH8H8 (12) ITO COCTOSIHHSIM (35) B rrpu6nH)I(BHHe X80TH'IBCKHX cpa3! 

< I M' V K I U 0 + H sqp + H coli + H lnt IM, v 'K '> ~ 

~ B VJ.I " 8 KK , ~ [ 12+ 
\9 VK ( I) + 1 W I S I, V K 

+ 2G u vKv vK N vK ~ R1 S 1 , vK I , 
I 

2 < IM, v K H I IM, 1/ 'K '> ~ 

(36) 

(37) 

llHai"OHanbHhie Ma TpH qHbiB sneMeHTbl ( 36) orrpeaenSIIOT BHyTpeHHIOIO H Bpama

renbHyiO- SHepi"HIO CHCTBMbl, 8hip8)1(BHHe (37) ITOK83biBaeT, 'ITO B o6meM cny

'18e B38HMOaeliCTBHe <B83H'I8CTHU C lfloHOH8MH rrpHBOAHT K yMeHbWBHHIO M8TpH'I

HhlX sneMearoa Kopuonucosa aaauMoaeitcTBHSio Oaaaxo oao He MeHSieT oaao

qacTH'IHOro 3H8'1BHH.I rrapaMerpa pa3B513b!B8HHSI B OTnH'IHB OT B38HMOaeli

CTBH51 C y - BH6pltllHSIMH HnH C OKTyrronbHhiMH ~OHOHBMH/16/, 0TMBTHM, 

'ITO rrpH rrony'leHHH B blp8)1(BHH51 (37) HCITOIIb30B8H8 TOnbKO OllHOKB83H'I8CTH'I

H851 'laCTb orreparopa He , aaaaoro Bbrpa}l{eHHSIMH (5) u (11 ). Y'leT qne

HOB, Bb!p8)1{8IOII1HXC51 'lepe3 OrrepaTOpbl C ss' , CT8HOBHTC51 B8)1{Hb!M rrpH 

BKniO'IBHHH B (33) T]lBXKB83H'I8CTH'IHbiX ITpHMBCBH THIT8 (a+, , c+ , ] 
V K ss VK. 

Y'ler srux rrpuMeceli aeo6xoauM rrpu paccMorpeHHH slfl~eKTOB crruaoaoH: rronSI-

pH38UHH ( rrepeHOpMHJIOBK8 oaHO'IBCTH'IHbiX T'HpOM8I"HHTHbiX g s - ~aKTOpOB 

fl, HHOraa, rrapaMeTpOB pa3B513b!B8HH51), OllH8KO He ripHBOllliT K CylllBCTBBHHOMy 

3HepreTH'IBCKOMY CllBii"Y OllH0'18CTH'IHhlX COCTOSIHHA/17,18/, BenH'IHH8 ripHMe

ceil:, K8K rrpaBHnO, HE rrpeBbi!ll8BT 1-2%. flo3TOMY BKniO'IBHHe T8KHX ITpHMe

CBH, ITO-BHLlHMOMy, HeCylllBCTBBHHO CK8}1{BTC51 Ha BBnH'IHHe M8TpH'IHbiX sne-

18 

• 



MBHTOB saaHMoneficTBH£ KopHonHca. TpexKBB3HqacT~qHhle rrpHMeCH THrra 

(u + • • C + • ] MOf'YT llBBBTb BKliB/l B BBliHqHHY napaMeTpB B , BBO-r; K :;:;:-: VK 

llHMoro B cjJeHoMeHonorHqecKoil ljlopMyne nn51 qneHa [ I( I c 1)- K 2 
] 2. OnHaKo 

pacqeThl no TeOpHii B03MyllleHHH, npOBBilBHHhlB B pa6<•Te/8/, nOKB3hiBB!OT, 

qTo HX ponb Mana, 

npeHe6pef'8H nOKB B3BHMODeikTBHBM KopHOliHCB HBHDBM BMnliHTY/lbl 

N I/ K H S I, 1/ K C nOMOlllb!O BBpHBl{HOHHOf'O MeTOJ::(B; 

o! <I\J,,;K 1 U
0 

+H 
.sqp + H eo II +ll 

lnt 
I IM, vK > 

(38) 

-A [ N 
2 

+ ~ ( S ) 
2 

-1 ] ! = 0. 
1/ K VK I,VK 

3J::(eCb MHO>KHTBllb flarpaH>KB A v K lif'paeT pOnb 8HB)f'BTHqeCKOf'O CDBHf'B 

COCTOHHHH lv K > , o6ycnOBlleHHOf'O B38HMOJ::(eilCTBHBM C napHbiMii BH6paUHHMH, 

CeKyn51pHoe ypasHeHHe AliA onpeAeneHHH sTofi senHqHHd HMeeT BHD: 

u 2 v 2 
VK VK 

}; 
I 

[ G R
1

]
2 

---------A w A VK' 
I !JK 

(39) 

onpeJ::(eneHo ypaBHBHHHMH ( 31). H H>Kailwe•l no SHeprHH peweHHe 

sTore ypasHeHHR A v K < 0, T,e. B38HMO/l9HCTBHe C !}>OHOHBMH ITOHH>KaeT 

9HeprHJO COCTORHH£, H3 ypaBHe~Hfi (38), (39) H yCliCBHH HOpMHpOBKH (34) 

HBHJ::(eM BbiPB>KeHHR .[(1151 BMllliHTYA: 

l GR
1

] ~ 
(40a) 

[WI -A FJ 2 

S =- N u v 
I, vK VK lJK VK w - A v K 

(40s) 
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C IlOMOII(biO STII:X BbiJ8/K8HII:H nerKO 110K838Tb, 'ITO 

2 
) W 1 +- 2Gu v N l S R 

vK VK VK I I, VK I ( 41) 

c) DonHaH sHep'RH rr ypaBHeHRH AITH 1\(1) rr A(l) 

8blp81K8HII:e ( 15; AITH ITOITHOH SHeprll:ll: CII:CT8Mbl rrMeeT Terrepb BrrA: 

(;~ (I)+ A l(C I ) 2 ~ 
VK 1/K VK 

+ l C 1 C 1 < IM, vK I H I IM, v 'K '>. 
, ,. 1/K l1

1
K' 

vK,v K 

( 42) 

MaTpii:'IHbiH sneM mT B3811l\IOAeiicTBrrH Koprronrrca orrpeAenHeTCH Bbipa!Ke

I 
HReM (37). YpaBHeHrrH (16)- (18) AITH orrpeAeneHRH aMrrmnyA CvK 

If SHeprii:H Bpama TellbH ,IX COCTOHHII:H w (I) B cnyqae B3811MOA8HCTBI1H ABYX 

ypOBHeH coxpaHHIOTCH liprr ycnoBrrrr 3aMeHbi <1; 1 (I) Ha (1;
1 
(I)+ A 

1 
11: rrc

rronh30BaHII:If Bhlp81K8HdH (37) AITH MaTpii:'IHOro sneMeHTa B3811:MOAeHCTBII:H 

Koprronrrca, T.e. 

2 
-w (I) ] = 

(43) 

=I<IM,liH,! IM,2> I 

I 
c 

I <111,IIHC I IM,2> 

(44) w(I}- & (I) -A 
I I 
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C'IHTaH i\vK H aMrrm;:TyAhi NvK H S i,vK cna6o 3aBHCHIUifMH oT 

U H V 1 Mhl rrony'IHM B rrepBOM IIOpHAKB rrpeMHHB ypaBHBHHH (20)-(23) 

AnH onpeAeneHH 51 i\ (I) H A(l) 1 B KOTopbiX npoBe!:leHa BhimeyKa3aHH851 

MOAH~HK8UH51 Bhlp8MBHHA anH MaTpH'IHOrO aneMBHTB B3B~MOAeACTBHH KopHOnH

ca If BHeprHA C~ i (I). 

BnHHHHe B38HMoaeACTBHH KopHonHca Ha BenH'IHHbi W 1 H .\ vK MO:>!<-

HO y'IeCTb 1\:BTOAOM HTepauHA 1 nOACTaBnH5! peiUeHH5! :rpaBHeH!fi:i (20)-(23) 

B ypaBHBHHH (29) If (39) H HCnOnb3Y51 HCnpaBneHHJ,JB :.Ha'IBHHH W i H J\ VK 

Jln51 nony'IBHH5! HOBbiX 1'1(1) If ,\ (1). 

Mo)KHO TaKMe npoeeCTH KBa3HKnaccuqecKyiO oueHJ y AvK H MOAHlPHUH-

poBaTb ypaBHBHH51 (20c) An51 OnpeaeneHHH UVK H I VK , 3HepreTH'IBC-

, KaK npaBHn0 1 ManN no CpaBHBHHIO C BHeprHeA tPOHOHa 

(AnH Hlf)KaAWHX no BHeprHH COCTOHHHA ). CneAOBaTen~H0 1 

[W. 
I 

-1 -1 2 
-A l ~(W ) tj\ /W 

vK i vK i 

If H3 ypaBHBHH5! ( 39) nonyqaeM: 

1 ~"-u "V" \ 
• ') ? t 

I/K 1-'K l/K 

[GR ] ~ 
---~-[1 + 

W. 
I 

(45) 

(39a) 

W. 
I 

B 

nepBOM nopHAKB He 38BHCHT OT U vK H Vz.•K • I..JCJ10.Ib3Y51 ypaBHBHH51 (20) 1 

( 43) H ( 39a) 1 nony'IHM MOJJ.HtPHUHpOB8HHb!B ypaBHBHH5! An5! IIapaMeTpOB U 

H V .Qn51 B38HMOABACTBYIOIUHX COCT051HHA 11> H 12> B BHAe: 

[(u (1)- &;i (I) -J\ i ][ (u i 
2 2 ) ~. -2u ( t .-A.)] -v v + 

J 1 J 

2 

+[w (I)- t~. (I) -A l u ( u 2 -vz L 
[I; R ,\] 

v ----x 
J 1 i ,\ w ,\ 
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t.~ 
-[-A (I)(N .N. 

4l ij I J 
+ ~ S \ .S \ . ) ) 2 

X 
,\ A,l 1\,J (46) 

YpaBHeHIHI ( 46) Tt•rrepb B SIB HOM BH.Qe CO.QeplKaT s<jl<jleKTbl OT B38HMOAeil

CTBHSI KB83H'l8CTHU C IT<tpHbiMH BH6paUHSIMH 1 KOTOpb!e MOr'yT rrpHBO.QHTb K H3-

MeHeHHIO menH A (I) 

HeHHH (22) H (23). 

H XHMIIOTeHUHana ,\(I) 

3 a K n 10 q e H H e 

, orrpeaenHeMbiX H3 ypaB-

TaKHM o6pa3oM, 1.nH cny'laH .QBYX CHnhHOB3aHMO.QeilcTBYIOU!HX ypoBHeil 

B He'leTHbiX HApax rrony•tellhi HenHHeii.Hhte ypaBHeHHH anH menH A (I) H XHM-

rroTeHUHana ,\ (I) 1 t.KniO'lBIOWHe B Ce6H s<jl<jleKTbl B38HMO.QeHCTBHSI CITapH-

BBHHSI H Bp8W8HHH, s<jl<jleKT 6nOKUpOBKH H B38HMO.QBRCTBHH KB83H'l8CTHU C nap

Hb!MH BH6paUHHMI1 KOpa nony'leHHbie peaynbTBTbl MOr'yT 6l>ITb nei'KO o6o6-

U!eHbl HB cnyqai\ npOH3BOnbHOr'O qncna B38HI\IOLleHCTBYIOU!HX yp013HBH, nnH 

y'leTa B38HMOL!BHCTBHH KB83H'l8CTHU C npyrHMH THITBMH KOnneKTHBHWX B03-

6ylKLteHHH KOpa, HHLlyUH lOBBHHh!MH, HanpHMep, KBBLlpynOJJbHbiMH B3811MOL!BH

CTBHHMH, T8K)!(8 HBT HHI.BKHX npH!!UHIIHBJJbHbiX Tpy.QHOCTBH, Eonee cepb83Hb!M 

Or'p8HH'l8HH8M HBJJSIBTCSI napaMeTpH38UHH MOMeHTa HHBpUHH 11 1 CJJB.QOBa TBJ1b!l0 1 

rrpeHe6pe)!(eHHe a<jl<jleKTBAH H3MeHeHHH ero ao BpamaTenbHOA nonoce. ~ccne-

1.\0BaHHe aroro aonpoca npencraanHeT caMOCTOHTenbHWA HHTepec H awxonHT 

38 paMKH .QaHHOH pa60T ,J, 

B 38KJJIO'lBHHe Bhlp8lK88M 6naronapHOCTb BCBM COTpy.QHHKBM OTLtena 

TeOpHH HLtpa Jla6opaTO!JHH TeopeTH'leCKOH cpH3HKH 1 rrpHHHMBBWHM Y'lBCTHe 

B o6cy)!(Ll8HHH 3TOH pa6•lTbl, 
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