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«AHTAPMOHUYECKHE» 3P PEKTbI KBAAPYNOJIbHBIX
KOJIEBAHUN CPEPUYECKUX SJAEP

C. T. Beases, B. I'. 3eaesurckuiii

B pamkax MHKDPOCKONHYECKOH TEOPHH KOJIJIEKTHBHBIX BO36yxlenuil chepruecKuX 4YeTHo-
UeTHBHIX sANep PACCMATPUBAIOTCH OTKJIOHEHHsI OT OCHOBHOIO TapMOHHYECKOTrO TPUG/IHIKEHNS.
ITokasano, 4To B HepBOM IPUOJIHMKEHHM IO INapaMeTpy aauabaTHYHOCTH «aHTApMOHHYECKHEy
MONPAaBKH BBEIPAXKAIOTCS uepe3 OJMH IapaMerp. B 3ToM IpuOIiKennn HaliJeHbl H3MEHEHHs BOJ-
HOBBIX (DYHKITHIl, CABMTH SHEpPreTHUYeCKHX yPOBHeH M BepossTHOCTH E2-mepexoioB AJs [EpBbIX
JIBYX BO3OYKIEHHBIX COCTOSIHUI. PacCMOTpEHBl TaKzKe MONPAaBKH BTOPOTO NPUOIHIKEHHs, KOTOPHE
MOTYT ObITh BbIpaxKeHbl TaKXkKe 4yepe3 OJUH IapaMerp.

1. BBepneHue

Huxxnue B030YKIEHHBIE COCTOSIHMSI YETHO-4EeTHHIX cepuuecKux siep v
00/1a1a10T ONpeJieIeHHBIMI  KOJIIEKTUBHBIMU CBOHCTBAaMH, KOTOphIE B IIEPBOM
NPUOMMKEHUH MOTYT OBITh OMHCAHBI MOJENBIO KBAAPYIOIbHBIX KoJeGanuit [1].
[TepBoe BO3OYXKIEHHOE COCTOSIHUE, COTJIACHO 3TOH MPOCTOH MOJEIH, UMEET CIIHH
i yeTHOCTh 2°. BTOpoe BO30yKIeHHOE COCTOsIHHe, HMelollee yABOEHHYIO SHep-
ruio, coctout u3 tpuisiera 0%, 2%, 4. ITpu sToM £2-nepexoj U3 BTOPOTO COCTOS
HUsI B OCHOBHOE (2, — 0) samnpeinen, a nepexox (2, — 2;) BIBOe MHTEHCHBHEE,
yeM (2,—0).

CpoiicTBa BO30YKJEHHBIX COCTOSTHHE PEaJbHBIX fxep 3aMETHO OTKJIOHAITCHE
OT 3THX IpPOCTHIX 3aKOHOMepHocTeHd. EcTecTBeHHO IpeinosioXeHue, 4TO 3TH.
OTKJIOHEHHSI MOMKHO ONHCATh IyTeM BBEJEHHUS AHTaPMOHHUECKHX IIONpPABOK B
MOJIe/Ib KBAAPYIOIbHLIX Kosebanuii. OnHaKo NoJo0HBIe pacueThl A0 CHX IOp
He GBUTH MPOBEJIEHBI, TAK KAK YHCTO ()eHOMEHOJOrHYecKoe pacCMOTPeHHe aHrap-
MOHHYECKHX MOIPABOK CBSI3aHO C BBeJeHHEeM OOJIbILOTO YKC/Ia CBOOOAHBIX Tapa-
METpPOB U [OSTOMY He SIBJISIeTCSI YAOBJETBOPUTENbHBIM. B 1on06HOH cuTyaiui
€CTECTBEHHBIM SIBJISIETCS MUKPOCKOIIHYECKHH NOJXOI, IPH KOTOPOM Iapamerphl
BO30YIKJI€HHI BO3HUKAIOT KK pe3yJbTaT TeOPETHYEeCKHX pAaCUeTOB. ‘

Kak 6bL10 yCTaHOBJIEHO OJHUM K3 aBTOpoB [?], mpupozxa koseGaHuii cepl=
YecKHX sifiep CYIEeCTBEHHO OTJIMUAETCS OT THAPOJUHAMHUeCKOd. B ocHOBHOM B
KoJefaHusX YyUaCTBYIOT HYKJIOHBI I0OBEPX OCTOBA. Bo3HUKaIOmAst IPH 9TOM M0/~
pH3aIysi OCTOBA MPUBOJIMKT JIUIIb K [IepeHOPMHPOBKE B3aNMOJEHCTBU I HAP yIKHHIX
HYKJIOHOB. 3TO 0OCTOATEIBCTBO IT03BOJSAET OTPAHHUUTLCS PACCMOTPEHHEM JIHIIb
HYKJIOHOB B BepXHefl He3aMOJHEHHOH 000/I04Ke, UTO 3HAYUTEILHO YIPOIILAeT 38
nauqy. C MEKPOCKOTIHYECKOI TOUKH 3peHHs «DOHOH» STUX KoseOaHui npeicTabiss
eT co00#l CUIBHO KOPPENUPOBAHHOE (CBSI3aHHOE) COCTOSIHUE JBYX KBA3HYACTHIL €
MOJIHBIM MOMeHTOM k = 2. Taxas Mojenb AaeT NPaBUJIbHYIO SHEPTHUIO [1€PBOro
BO30YKIEHHOTO COCTOSIHUS U BEJIMUMHY BEPOSITHOCTH £2-nepeXxofa ¢ 3TOro ypos:
Hfl, 2 TAK¥KE 3aBHCHMOCTb 3THUX BEJUYMH OT YHUCJA HAPYKHBEIX HYKJIOHOB.

B macrostimeil pa6oTe B paMKaX yKa3aHHOH MOJeNH AHATM3UPYIOTCA P asjiuds
Hble MOMPABKH K TapMOHHYECKOMY NpHOMMmKeHH:o. IlpoucxoxieHne 3THX M0
IIPaBOK CBSI3aHO C OTJHUHEM I1apbl CBSI3aHHBIX KBA3UYACTUI B siipe OT Hjealb:
HOTo Bo30OyxKaeHusi boze («poHoHAY). DTO OTJIMUNE IPUBOAUT K JONOJHUTEILHH

D Wmerotcst B BUAY fApa, He NpHHALIENKAIMHE K JAe)OPMIPOBAHHBIM, C XOPOLIO IPOSBASIO
IHMCsI BpailatesJbHBIM CIEKTPoM. Takoe jejieHHe, KOHEUHO, YCJOBHO. He HCK/IIOUEeHO CyIlect
BOBaHUE sfiep INIPOMERKYTOUYHOTO THIA. :
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JleHaM B TaMUJIbTOHHAHe, IpHYEM IapaMeTphl, BXOAdAILYNe B STH YJeHbl, B IIPHH-
e MOTyT ObITh BHIUKCJEHBl Ge3 BBeJIEHHS] HOBBIX (DEHOMEHOJOIMYECKUX KOH-
1aHT. AHa/NH3 pPA3THUHBEIX IIOIPABOK NPOBOAUTCS B INPEANOJONKEHHH MAJOCTH
aCTOTHl KOJIJIEKTHBHLIX BO3OY:KIEHUH («afnabaTHYHOCTbY).

2. Tapmonuyeckoe npubIMxenue

PaccmoTpuM cucTeMy HYKJIOHOB (II0KA OrpaHMYMMCS JJ1sl HPOCTOTHI OJHHM
HIOM) B BepXHel He3anmoJHEHHOH 000/I04Ke, COCTOSIIeH H3 HeCKOJbKHX MOJ-
00J10UeK ¢ KBAHTOBBIMH UHCJIaMK v = {n, [, j} u sHeprusamu &,. Kak Obuio no-
kasano pawmee [®], npu M3yYeHHM KOJJIEKTHBHBIX BO30Y:KIeHHUI chepryecKux
#lep MOMKHO pacCMaTpHBATh MOJIEJIbHBIH [aMUJIBTOHWAH, BKJIOYAIOMUHE TOJBKG
apHble B3aMMO/I€HCTBHSI HYKJIOHCB B COCTOSIHMSAX ¢ MOMeHTaMi B = 0 u k = 2:

B o Houe o Hye= Ditey — N 2 abavm = 2lee—0V 2 & TByulv),
v m v

(k=0,2)

Hz'nt =T % 3 fle (V v ) Aku (V)Aku (V )a

vy’ 32

(k=2)
1
—1 2 g (v, v )EB@ (v) By (v'). (2.1
‘/I
‘BILCCI: BBeJI€Hbl onepaTopr, OIluChIBAroniue napy HyKJIOHOB B COCTOSIHUHU C onpe-
JeJIeHHBIM INOJIHBIM MOMEHTOM k U ero HpOGKHI/Ieﬁ p,Z

Ek}x (V) == Z C;e‘tkm/'vm'avm’avm, 1 (22)

mm”

kau (V) e (““ I)Y’L BZ—}L (V) 5 2 ( )]v—m C],m], m’ ajm’avm

(C.. — xospdunnentsr Kaedma — Foprana). Onepatopsl Az, 1 Aj,  cooTBer-
CTBYIOT Ilape YacTHI{ (IBIPOK), O3TOMY INepBHIH UijieH B H;,; ONHCHIBAET CIIapH-
BaHMe KYNePOBCKOro THNIA. BTOpoil uien B H.ng, coniepamuil By, onuchBaer
B3aMMOJIEHICTBHE TTAphl YaCTHIA — JBIPKA B COCTOSIHHE C MOMEHTOM B = 2 («KBaj-
PYIOJIBHOE B3aHMOJIeHCTBHEY).

Otmerum, 4To B (2.1) yuTeHbI JHUIIL COCTOSHUA 11ap, HAXOASAMMUXCS HA OLHOM
ypoBHE. BKioueHue NapHBIX COCTOSHHH (Qym Qum), V' ==V TPUBOAUT JIHILb
K HE3HAUUTENbHBLIM M3MEHEHUSIM B OKOHUATeJbHBIX (opMyaax. i ynpomeHus
BbI"iIiICJIeHHﬁ MBI OTpaHnyuBaemMcs napamu (2.2). O6mui cjaydai paccMaTpuBaeTcs
o171
Il yueta KyNepoBCKOTO CIIapPHBAHUS B COCTOSIHMH C MOMeHTOM k2 = O co-
| BEUINM H3BECTHOE KaHOHHYECKOe npe06pa3oaaﬂne Boromo6oza:

jy—m

OCym = UQvn — (”‘“ 1) 0, av —ns Ll/ —*- U; = l, (23)

KOTOpOe 3KBHBAJIEHTHO CJEYIONEMY NPeo0pa3oBaHUIO HAPHEIX ONepaTOpOB:
Ay, o (V) — 03 (— 1)PAL_, (v) — 2u,0,B 5, (V) + V' 2y + 10,0,8408 00,
B,m (v) — (12 —02) By () + w0, [A gy (v) + (— D Ai, )] +

+ Vo + 1 020 0. 2.4)
Hosele mnapubie onepatopbl Ay, M Bp, BEPaxXKaloTCs Yepe3 Oy, C MNOMOLIBIO
COOTHOLIeHHUsI, anajiorudnoro (2.2). Ilapamerpsl u, u v, npeobpasosanus (2.3)

onpe}lem{}oTcsi, KaKk OOBMHO, M3 YCJOBUS OOpaiieHHs B HYJIb KoahdHIHeHTa
npu (A7, + Ag) B IpeoOpasoBaHHOM raMH/IbTOHHAHE. B pesy/pTare raMuiIbTO-

HUAH IpUHUMAET BHA

H = Hoe By =W 1t Zszv 1E,Byy (V) -+ Hins. (2.5)
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3nece W, He comepKuT omepaTopos, a sHeprus napel KBasuuactuy E, =
— 2], 0" A%, rie A, YZOBJIETBOPAET YpPABHEHUIO

L S e s
A\,:WZ*&T- V2, +1A,. (2.6)

v’

Hocnennuit unen B (2.5), onuchiBaomuil B3anMoeficTBHe KBa3HYaCTHUI[, HMEeT
BHJT

(k=0,2)

Hpt =— 2% folv, v) D (— 1)» [cos B, A, (v)— AL, ) —

v’

P
—2sind, By (v)] [cos 0,44 (v) + Al (v)) — 2 sin 9, By, (v')] —

(k=2)

—3 2 Fe®,v) ) (— 1) [cos 9,B,_, (v) + sin A5, (V)] x
vy’ P

% leos B By, (v') + sin 9, AL (v')], (2.7)
rne nasa COKpaHLeHI/IH ITOJIOXKEHO

A% (v) = 3 [Ar (%) 4 (— )AL, )], (2.8)
sin ¥, = 2u,v, = 2A,/E,, cos ¥, = Uz — @ =2 (e, — )/ E,. (2.9)

Unen Hy B (2.5) cooTBeTCTBYET CHCTEME HE3ABHCHMBIX KBaguyacTuu. Bo36yx-
ACHUS TAKOHM CHCTEMBI CBSI3aHBI C PA3PEIBOM KYIepOBCKOI Iaphl ¥ UMEIOT Hep-
THIO, pABHYIO CyMMe SHepTHi JIBYX KBasumuacTui £,. Takue BO30YIKJIEHHBIE CO-
CTOSTHUA NOJIYYAIOTCSI JeACTBHEM Ha OCHOBHOE COCTOSIHIE omeparopa A;W KOTOD I
ABJISITCST COOCTBEHHBIM ONePATOPOM I'AMHJIbTOHUAHA A

[Hy; Ape (V)] = — E,Ay, (). | (2.10)

ITpn BrmIOYEHUN B3aumopeficTBus MEXK]Yy KBA3HYACTHIIAMH IOSBJISIETCS BO3-
MOXHOCTE KOJIJIEKTHBHBIX BO3OYMKJICHHH, KOTOpHe ¢ MHKDPOCKOIUYECKOH TOUKH
SpEHUS MPEACTABAIOT COG0H CBA3AHHBIE COCTOSHUS KBASHUACTHIL, ITH COCTOSIHHA
OBLTH paccMOTpeHsl [3] ¢ momombio ABYXYACTHUHBIX GyHKuui ['puna. s fajp-
HEHILIET0 OKAa3bIBAETCS YIOGHBIM BOCIOMb30BATLCS meroniom Anpepcona [°].

o ananoruu ¢ ypasuenuem (2.10) 115 coSerBennoro omeparopa «ojHoYac-
THUHBIX» BO30YKICHUH AZP, raMUJbTOHUAHA H(’, OyZleM UCKaTb COGCTBEHHBIH Olle-

patop %, TONHOIO FaMHIBTOHHAHA (2.5), yrosaersop somuii YPaBHEHHUIO
[H; QI@L] = —(Dk%m. (2.11)

[ HaXoxIeHus: 3aBUCHMOCTH onepatopa % or napHeIX onepatopos A u B pac-
CMOTPHM KOMMYTALHOHHblE CBOHCTBA NOCJENHHX. JIETKO BHJETH, UYTO HMeIOD
MECTO CJIeZlYIOIHE IepeCTAHOBOUHBIE COOTHOMICHUS

[Akgx (V); AZ’{L’ (V/)] = 26\1\0’ {akk’épp’ —2 2 w, (k,kl, k) Cgix’klpl Bklpl (V)},

iy

(B (¥); A (V)] =26, D w, (By, k; &) ChieuAh, (v), (2.19)

Ry

Tlle BETHUMHBL W, CBSI3AHBI C Koadduunentamu Paka:

W, (kyks; ky) = V(2k1 + D@2+ 1) W (i vk ks ksj). (2-12’)
OcHoBHOH BKJag B 06

P430BAHHE KOJJIEKTHBHBIX BO3OYMKIEHUH NAIOT YpOBHH
¢ GonbiuumH f. TTostomy

AJIs1 OLCHKH ONePATOPHEIX UJIEHOB B IPABBIX YacTsIX (2.12
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I0ICTABHM BMECTO W, €ro ACHMNTOTHYECKOE BEIDAXKEHHE, CIPABELIMBOE IpH
fobrnx j, [6]:

(21 4 1)(2ks + 1) ka0

1
Wy, (klkg, k3) = Vm—! 2% = 1 Ry0ky0+ (2. 13)

Kax caenyer u3 (2.13), onepaTopHele uneHsl B (2.12) CoJlepKaT MaJibli Imapamerp

Vg, =1/V2j, + 1 (2.14)

il B IePBOM NPHO/HKEHHH MOTYT GBITh ONYIIEHH! ¥, T. €. omepaTopsl Al V2
Ar/ V2 MOXKHO cunTaTh GO3EBCKHMHE 1 KOMMYTHPYIOUEMH C ONEPATOPOM Bipy,.
Onepatop By, B 3TOM HPUOGIMMKEHHH KOMMYTHDYET C IaMHUJIBTOHHAHOM H €ro
NOXKHO TOJIOXKUTh DABHBIM HYJO. 3aMeTHM, OfHAKO, 4T0 B H, omeparop By,

BXOIUT C OOJIBbLIMM MHOXKHTEJNEM g,, TAK YTO B 3TOT UJIeH cllelyeT MOJCTAaBUTh
fosiee TouHOE BEIpazKeHHe JJist Byy:

By (v) =g," DAk (v) Ay ), (2.15)

KOTOpO€e y/IOBJIETBOPSET COOTHOLIEHHUSIM KOMMYyTamuu (2.12) ¢ TouyHOCTBIO 10
YIeHOB O 2. :

Takum oGpasom, B 5TOM IpUGIHAKEHHH TAMHJIBTOHUAH SIBJISETCS KBaJpaTuy-
Hoit opmofi OTHOCHTENbHO Gose-onepatopos Ay, u Aj,:

=5 2 EA A ) + 2 D (= D& {fe vy, vo) AL 0)AS) (vg) —

' vy kp. ViVe; Rp.

b — [fr (v1, v3) cos O, cos B, + Fy (vy, vy) sin 9, sin 9] AP vy) AS) (v)}
(2.16)

(noctosinmble umenbl omyumiersl). B nepsoii cymme (2.16) moment & HPUHUMAET

TOJBKO OJIHO 3HAUeHHe B = 2 (WIeH C [, IJs JaJbHefIero HECYIIeCTBEH); OJHa-

KO MBI PACIIDOCTDAHUM CYMMHPOBaHNE HA OCTA/IbHble 3HAYEHNsI K, CUMTAS HUIKeE,

uro fr = Fr =0 mpu k == 2. CoBCTBEHHBIH ONepaTop TAKOro TaMHJIBTOHHAHA
MO}KHO MCKaTb B BHJle JINHEHHOH KOMOUHAIIHH:

U = 21{1” WAL () 4+ 5 @) AL ). 2.17)

Us yemoust [Wp,; Wiyl = 84 0,0 cotenyer (Hume cuntaem xE  neiicrsu-
TeJIbHBIMI)

2 27 ) %8 () = 1. (2.18)

loncrapnsas (2.17) B (2.11), nocse HecnoXHBIX MPeoGpasoBaHuil IOJIyYUM CJIe-
LAYIOILYIO CHCTeMY ypaBHeHuit s y() (v):

oxy () — B 0+ 3,07, %) 1) ) =0, (2l

0xX{P) — B ®) +
+ e [f(v', v) cos O, cos O, + Fp (v, ¥) sin 9, sin9,] gy =10

v

Penrenue cucremsl (2.19) B obutem Bujie mpejicTap/sieT 3HAYHTENbHbIE TPYAHOCTH,
03TOMY IOJIEBHO PACCMOTPETh HEKOTOpHIE YACTHEIE CJydaH.

) QaxTHueckH, KaK Gy[eT BANHO U3 NaJbHEHNIEro (CM. pasjen 4), Majslil TapaMeTp ompeje-
JETCA HE YHCJOM COCTOSIHMI B MOXOGOJIOUKE, a IOJIHBIM UYHCJIOM COCTOSIHHE BO BCell 060J0uKe.

11 X3TD, N 6
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a) Paccmorpum crauana pemenue (2.19) mast oxHo# nojnoGonouku ¢ j > 1.
CexyasipHOe ypaBHEHUE B 3TOM CJyuae JA€T JAJISl SHEpTHH BO3OYKACHUT

(Fp— fp)sin® & :|‘/2 (2.20)

(Dk:(E—‘fk)I:l——"E—_fk_‘——

?

a kosddunuents (), onpenensemele u3 (2.18) u (2.19), pasusl

WP —VelBE—T), % —VE—T) % (@208

Bos6yxpeHHbe COCTOSHMA MOTYT MMeTh MOMEHTH 2, 4, ..., 2j — 1, mpuyem

sHeprusi BO30yxKJeHui c k == 2 copnanaerc E, a 1 =% (om0 COOTBETCTBYET

Tomy, uT0 Up, = A/} 2 — Bo3OyKAEHUS OCTAIOTCS ONHOYACTHUHEIMHK). Co- |
CTOSIHHE C MOMEHTOM & = 2 «KOJIJIEKTHBU3HP YETCSI», SHEPTHSI STOTO COCTOSHY 1 CHH-
xkaercs (mpu Fy — f5 > 0), npuuem CHU2KEHHe YBeJIMUUBAETCS 110 MEpE yaeHus
oT 3aMKHyTO#H 06004k (Sin? ¥ =4 [N/ (2j + DI (1 —N /(2] + 1)] - 1).
Tlpu pocraTouHo Xopouled anuabaTHYHOCTH KOJJIEKTHBHBIX BO36YKIEHUH
(o (E—[) < 1)

E—fs

(=) s
XS =

y s A (2.22)

6) B cayuae ogHOro j-ypoOBHSA CYIIECTBYET JIMIIbL OJHO COCTOSIHHE C ONpejie-
JIEHHBLIM MOMEHTOM, TI03TOMY YpPaBHEHMs JJIsl PA3jIMUYHBIX COCTOSIHHH He Iepeny-
ThiBaloTCA. [lpu HAMMYuy rpynnbl N0J0000YeK CYHIeCTBYET HECKOJNBKO MapHBIX
BO30Y:KJIeHUH C OJHMM H TeM e MoMeHTOM. B ofmem cjyuae Bce COCTOSIHHA €
OJJHAM ¥ TeM K€ MOMEHTOM ONNCHIBAalOTCs ofiedl cucteMoil ypaBmenui. Hac
HHTEPEeCYIOT JIUIIb NTapHble BO30YKIE€HHbIE COCTOSHUSI C MOMEHTOM 2, TaK KAaK Mbl.
He paccMaTpUBaeM NapHLIX B3AMMOJEHCTBMI € ADYTMMH MoMeHTaMu. ITostomy
Jianee Mbl 6yzieM BHINUCHIBATD JIMIIb YpaBHEHHS M k = 2 1 onycKaTh MHAEKC k.

st Toro uTOGBl YCTAHOBHTH XapakTep HOBBIX BO3OYXKIEHUH, pacCMOTPUM
ciydaii rpynnbl GIUSKHX M0J0GOJIOUEK, KOrAad HX DacUlelJieHHeM IO SHeprif
MOxKHO npenebpeub. B sTom cayuae cucrema (2.19) mMoxeT ObiTh pelneHa, eci
NPEeANOoJIOXUTb, YTO KO3hdhuUMeHTH B3auMmogelicTBuss [ u F dakTopusyores:

[, v) =fggwm F@v)=Fgg (2.23)

((2.23) cipaBefIMBO B JOBOJBHO IIHPOKUX NPEJIIONOKEHUSIX O BUJE B3auMOel-
CTBHS A1 6OMBIIMX jy, jv). C yderom (2.23) cuctema (2.19) npunumaer suj

oy (v) — Ex® (v) 4+ flg.a® =0,
oM (v) — EX) (v) 4 (f' cos? & + F' sin? §) g,x) =0, (2.24

e x&) = Z gxE (v). U3 (2.24) nerxo nosyyaercst CHCTeMa OJ{HOPOAHBIX il
v

re6panyecKuxX ypaBHeHuH Jyisi BeJnuuH X, YcjoBHe CylieCTBOBAHUST HETPH
BHAJIBHOTO PEIUEHNs! 3TOU CHCTEMbI NPUBOJMUT K BIpaxkeHHo (2.20) 1yisl sHeprH
KOJIJIEKTUBHOTO BO30Yy:KJeHud, Iie BMeCTO [ U F cToAT 3(peKTHBHbIE 3HAUEHNS
K03(b(pUIIEHTOB:

= fer = e B e (2.20)

a BelpaxkeHus s ¥, BMecTo (2.21), mpuHMMAIOT BHJ

e ® CE—Ty
1 (v) = ‘/—m Pvs 1O (V) = V Py
Py =g (Z A (2.9

/
/
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akuM 0o6pasoM, BCe MOAOCONOYKH JAIOT KOTEPEHTHBIH BKJ4X B KOJJIEKTHBHOE
030y K eHue.

OcTanbHble BO30YK/EHUS COOTBETCTBYIOT TPHBHANbHOMY peernio x(+) = 0.
pH 3TOM, KaK HENOCPEe[CTBEHHO BHJHO U3 (2.24),

©i=2F; X (v) = xN(v), (2:27)
2 3aBHCHMOCTb BeJiHuuH ¥(F) 0T v onpefensercs U3 ycJaoBHUs
@ =g (v) =0. (2.28)

TaxuMm 06pasoM, NpH HAJHYHH HECKOJbKHX MOA0GOJIOYEK NOTOJHUTENbHBIE pe-
meHusI, Kak cjaenyer u3 (2.27), UMEIOT ONHOUACTHUHBIA XapakTep, a Xapakrep
KOJIEKTHBHOTO pEIleHUs] He MeHseTcq. B gactHocTH, B ciayyae Xopolled ajua-
GaTHYHOCTH OCTaeTcs CIpaBelJIUBLIM HepaBeHCTBO (2.22). B oTsimyne oT KoJl/IeK-
THBHOTO COCTOSIHHSA, BKJAJbl PA3JHUHBIX NOJ000JOYEK B OJHOYACTHUHHIE BO3-
6y:xeHHs HEKOTePEeHTHBI, 4TO BHAHO u3 (2.28).

B) PaccmorpuM oOmuil cyyadl NPOM3BOJNBLHOIO YHCJA PACLIEIVIEHHBIX IOJ-
o6os1oueK, HO AJs yhpomeHusi GyieM npeHeGperaTe BequunHoi f(v, v') (kak
BHJHO M3 MPEIbUIYILEro, YYeT ee CBOJUTCS JHMLIb K HEKOTOPOH IMepeHOpMUDPOBKE
OIHOYACTHYHBLIX 3HepTHHl W KoHCcTaHTH E). Kpome Toro, GyneM cuuTath, 4YTO
SHepTHsl KOJIIEKTUBHOTO BO30YKJeHUsI 3HAUNTEIbHO HUZKE SHEPTHH OFHOYACTHY-
HOrO BO3GYZKJeHHsl C MOMEHTOM B = 2, T. €. BBHINOJIHACTCSA yCJOBHE aauabaTuy-
gocTd. [Ipu cleJIaHHBIX TPEJNIONOKEHHAX CEKYJIsSPHOE YpaBHEHHE, ONpeJelsito-
lee SHEPTHIO KOJJIEKTHBHOTO BO30YK/IEHUS, TIPUHUMAET BH]JL

2 312 ’ﬁ D s ,a,

g, sin® v, gy sin® v,

2 o R 7 =S4 : e U

02 = [1 B £ F 2 . (2.29)
v v v

npuyeMm ycJoBHue a;maéamqnocm 03HauaeT, YTO BeJAUYMHA, CTOMAlLAasaA B KBaApaT-

HHIX CKOGKAX, Masd. T0 yCJIOBHE IO3BOJIseT HcKmounts F’ = [2,g5 sin® 0,/E,17
i BLIpA3uTh peleHne cucTeMbl (2.19) HEmocpeiCTBEHHO Uepe3 SHEPTHH BO3-
By:KIeHHBIX COCTOSIHMIL. BBOJS MHJEKC O, COOTBETCTBYIOUIMH PA3JIHUIHBEIM THIIAM
B030Y:KJleHHl (0 =0, OTBEYaeT KOJJIEKTHBHOMY BO3GYKJEHUIO), HETPYLHO MOJY-
UUTh B pe3yJIbTaTe IPOCTHIX BBIKJIAJOK

J E  (5)
ARECT 0):\/2—(@)%(6% X (v, 0) ="\ Zg, v (9), (2.30)

e IJI5 KOJJIEKTHBHOH BETBU
sin @, sin? @, \": ,
pv (00) = & / (2 g3T>, (2.30%)

4 BeJINUMHEL p, (0) 1is BO36YMXKEeHUI JPYTHX THIIOB HAaXOJISTCS H3 YCJIOBHH Op+
TOTOHAJbHOCTH ©

D (O (v, 0) % (¥, 0) + %) (v, &) %P (v, 0)} =Dy (0) py (67) =84 (2.31)

Tak, B yacTHOM cJiyuae JByX ypoBHeil u3 (2.31) caenyer:
p1 (01) = p2 (00), p2 (01) = — p1 (09). (2.30")

s cpasuenust (2.29) ¢ (2.26) BuIHO, UTO 3HEPreTHIECKOE PACIIEIVIEHHE 0106010~
yeK He BHOCHT IPMHIMINAIbHBIX U3MEHEeHUI; MEHSIeTCS JIULIb BKJIAJ Pa3JIHUHBIX
ypoBHEHl B KOJIJIEKTHBHOe cocTosiHHe (BHJ py). [Ipu s10M, corsacuo (2.30°), npu
ylaneHun Toao6oJouKH OT rpanunsl PepMu BKJIAJ ee NajaerT OYeHb pPE3KO
=8 o _5
(~E;" sin®, ~E;").
11*
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Hcrnonbsysi cBOACTBA OPTOrOHAJNBLHOCTH PA3JHYHBIX BETBEH, MOMKHO o6pa-
TUTh paBeHCTBO (2.17). B pesysbrare mosyuum

AP v) =D F (v, o) (Y (0) £ (— D+ UL, (0)). (2.32)

3. AHaquM3 NONPaBOK K rapMOHMYECKOMY NPUOIHMKEHHIO

B npeneinymiem pasjene B onpeneseHHOM NpHOMHKEHHs GbUIM HAHMEHB KOJ-
JIEKTHBHBIE ¥ OJHOYACTHYHbIE BETBH BO3OYxkIeHMH cdepuueckoro siupa. [lepsoe
ylpomaomniee npearnooKeHne OTHOCHIOCh K ()OpMe HCXOAHOTO TaMU/IbTOHHAHA,
re OblIM OCTABJIEHbl JIMUIb YJIEHB, ONHCEHIBAIOMIAE B3AUMOJNEHCTBHS TAp B
COCTOSIHHAX C MOMeHTaMH k = 0 u k = 2. BxJioueHne B raMUJIbTOHHAH TApHBIX
B3aMMOJIEHACTBHI C BBICIIMMYM MOMEHTAMH HE 3aTPATHBAeT KOJJIEKTHBHOH BETBH,
MeHs151 IMIIb CIIEKTP OJHOYACTUUHBIX BO30YKIeHH . MBI He CTABUJIH CBOEH Ie/IbI0
paccMoTpeHne 3THX BO30YKIEHHH, KOTOPHIE, K TOMY e, O4eHb UyBCTBUTENbHH
K CXeme HYKJIOHHBIX ypOBHell B camocoryiacoBanHoM roge. C apyroii cToposs,
AJIs1 pACCMOTPEHHU 1 TOJIBKO KOJIJIEKTHBHOM BETBH MOMKHO OIDaHMUUTLCH TaMUJIBTO-
HuaHoMm (2.1).

Bropoe cyuiectBennoe npuGimKenne CBI3aHO C 3aMEHOH ONepaTopoB Iap
KBA3HYACTHI, HA GO3eBCKHE, T. €. NpeHeGpeKEeHHeM ONepaTOPHBIMH UJIEHAMH B
(2.12) ®. Tlops0K BeJHUMHEL oneparopa Ay, BXOASILEr0 B 5TH YJEHBI, MOKHO
OUEHHTDH, 3aMEHHB €ro aMIIUTYJ0H HyJIeBBIX Kose6anuil (cM. (2.31)):

Agp, — ) ~V Elo. (3.1)

TlosTomy OTOpOIIEHHble YIEHB HMEIOT MOPALOK E(E/w)", rne mapamerp & B
ofleM cyydae OINpeNessercs BeJHYNHON [Z (2, —H)J_x/‘"‘ (cMm. omenky (4 1)),

Hast ofHOYACTHUHBIX BO3GYKIEHHH IOMOJHHUTENbHBIE MHOKHTOND (E/w)' ~ |,
HO ]I/l KOJITEKTHBHBIX BO30YKIEHHH OH MOMKET B 3HAUHTENHHOH Mepe KOMIeH-
CHpOBATh MAJOCTb &, NpUYeM KOMIEHCAIMSI TeM GoJiblle, YeM Jyulle ajpafa-
THYHOCTD. Ilenbio nanbpHelimero paccMoTpenust siBJSETCS yd4eT MO TEOPHH B0
MYIIeHHH YIEHOB, B KOTOPBIX MAJbIi NapamMeTp § MaKCUMATLHO KOMIIEHCHPOBAH
napaMeTpoM annabatuuHocTd E/w. :

Hajinem BblpaxeHus il mapHbIX onepatopos Ay, u By, Tak, 4ToGbH npa-
BHJIA KOMMYTauuu (2.12) yIoBIeTBOPSIINCH C TOYHOCTBHIO JO BBICHIMX UJICHOB I0
MaJIoMy IapameTpy (aHalorudno npubiuxenuto aas Bo, (2.15)). st sToro BBE
ZeM TouHble Gose-ornepatopsl A, (KOTOpbie B HyJIEBOM HMPHOJIHKEHHH COBNANA
¢ Apy) m Oynem uckare Ay, u By, B BHe pAfa 1o A%y  Koshpodunuments pag
ONIpEJIe/IUM U3 YCJIOBUsI BBEIIOIHEHHA (2.12) ¢ TOUHOCTBIO JI0 YJIEHOB BHICIIEro M0
psnKa. JIerko npoBepuTh, 4TO MepBble YJleHbl PA3JIOMKEHHS HMEIOT BH/L

Bku (v) = bku () + Bgelu) %) = by, (v) +2 Z W, (ky, ky; k)(Agj v) Azz (V))ki“

kyky
A () = Ay (v) — 2w, (kukes; £) (A, () b, (V) —
Rk,
—3 2 (= Dfw, (eakas D, (g B) (AR (v) AL (9))1 AR, (4)) 2y, (32

Fykalesl
Tiie w, onpeneneHo B (2.12"), a cuMBoi (...),, O3HAUAET CJOKEHHE C Koa(huiuer

%) 310 IPUGIHIKEHNE TIONHOCTBIO SKBHBAICHTHO CYMMHPOBAHHIO HENPEPHIBHON LEMOUKH By
YaCTHUHBIX TpagukoB (cp. npubmuxenne Capajpl A5 J€KTPOHHOrO rasa [7]) i
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ramn KaeGima — opjlana B MOMeHT k, Hamnpumep,

(AY AL = DG Al (3.3)

()

B (3.2) BXOAHT NIPOM3BOJLHBIH onepatop by,, KOMMyTHpylomuii ¢ A%,. B nep-
BOM MpHUONHKEHUH 10 § OH KOMMYTHPYeT TakikKe C raMuybToOHHaHOM. Ero jei-
CTBHE KaK Ha OCHOBHOe, TaK M Ha BO30Y:KIeHHOE KOJJIEKTUBHOE COCTOSIHHA JaeT
gledb. ITosToMy B nanbHelineM Mbl He 6yJieM pacCMaTpUBaTh YEHE!, CofepiKamiye

ky. V.

l [MoacraBnsist pasioxenue (3.2) B ramuibToHUaH (2.5) — (2.7), MBl HOJTyUUM
 Hapsly C OCHOBHOM uYacThlo (KBajpaTHuHOMH 1o Gose-onepatopam Aj,) 1o6aBou-
Hble UJICHEI, COJIepIKAIHe IPOM3BEIeHUsT TPeX, YeTHIpex U T. /. ornepatopos Aj,.
Uro6Bl TOUePKHY T MOPSJOK BEJHUHHBI U CTPYKTYPY HAOOABOUHBIX UJIEHOB, 3a-
NUIIEM 3TO PAa3JIOKEHHe B CJeLYIOlmeM CXeMaTHYecKoM BHJe:

H — HO(A") - EERO(A%) + EEA®(AY) 1 . . ., (3.4)

rae h'9) — Ge3pasMepHble JUHEHHble KOMOWHAUHMM COOTBETCTBYIONIMX HNPOH3BeE-
JeHuii Gose-onepaTopoB. XOTs KaK JUHEHHBII, TAK U KBAaAPATUUHBIH 110 § YJIeHb
B (3.4) MAIOT MOMNPABKY K 3HEPTHH, MPOMOPIHOHAJIBbHYIO &%, OHAKO BKJIABl OT
3THX WJIEHOB COJlepyKaT pasJuunble crenenu napaMerpa £/w. Jlunelinsi no § uien
(3.4) maer monpaBKy K 3HepTHU BO30OYIKJEHHI BO BTOPOM MOPsIJKe TEODUU BO3MY -
IEHHH; ee MOYKHO OLEHHTh, HCIOJAB3Ys (3.1):

O'E ~ E*E2 )6/ ~ & (E/w)s. (3.5)

C mpyroi CTOPOHBI. CIBHT 3HEpPTHHM, BBLI3BAHHLIA KBaJpaTHUHLIM 0 § YJEHOM
(3.4) (B mepBoM MpUOIHKEHHH TEOPUH BO3MYIIEHHUH), N0 MOPAAKY BeJHYMHBI pa-
Bed

8'E ~ EEy1 — oF? (Elo)?. (3.5")

W3 (3.5) u (3.5") BUAHO, UTO TONPABKA OT JTHHEHHOTO 1o § YsieHa COepKHUT JIMMI-
HUil KOMIIEHCHD Viomuil MHOXKHUTeNb (E/0)? 1, TakuM 06pasoM, B ciydae XOpouiei
aI1a6aTHYHOCTH KOJJIEKTHBHOTO B030OyxieHusi (E/o > 1) aBnasercs npeobna-
Jaromen.

WmMesi B BHAY paccMaTpuBaTh JHIIb MONPAaBKH ¢ Haubosee KOMIEHCHPOBAH-
HBEIM I1APAMETPOM MaJIOCTH, Mbl OTDAHHYMMCSI CHAyajga TOJbKO JIHHEeHHBIM N0 §
YJeHOM B ramujbToHHaHe (3.4). jIBHOe BhIpa)keHHe JJIS 3TOTO uJeHa MMeeT BHJ

» H(”:——;—E {F (v4, v5) cos O, sin 9,, — f(vy, v5) sin &, cos ¥,,} B;ﬁ) (vy) X

% | gi (vo) + (— I)HA(;,H (v2)l, (3.6)

rie BY) ompenesieno B (3.2). Yao6Ho BrIpasuts H V" yepes onepaTopsl «POHOHOB»

%4 (0), cBA3L KOTOPBIX ¢ Gose-oneparopamu Aj, aaercs dopmyioii (2.32) (rae

crenyerT 3ameHuThb Ay, Ha Ay,). Tloncrasass (3.2) u (2.32) B ravusbTonuaH (3.6),
TOJTYIUM ;

A 2 Wy (kiks; 2) {F (v, v') cos ¥, sin ¥, — f(v, v') sin ¥, cos ¥} X

Ry Ropa;ps vy’

i 1)“C2‘:§hk;’uz Z [X§e:) (v', 0y) xﬁg’ (v', 09) 91;;:&1 (o1 52),5*1 (02) —

616503

— ) (v, 0p) 1) (v, 05) B (03) UL (©2)]1 %) (v, 03) %), (0g),  (3.7)

A Rapz

4) B peuerHoM sjpe oneparop by, ONHCHIBaeT BO30YKEHUSI HEUETHOH YaCTHILBI.
2
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FIe
Uit (0) = Uny (6) £ (— 1) Uiy (9). (3:8)
lamusbronmnan (3.7) comepuT CyMMy IO BCeM THIIaM Bo3OyxaeHuil. Cpemn
HHX €eCTb KOJJIEKTHBHAsi BeTBb (k = 2,0 = 0,), 111 KOTopo# ) > 1 > yH*.,
C Ipyroil CTOPOHEI, JJIfl OCTAJbHBIX, OJHOYACTHUHBIX, BO3OYKICHHI () ~

~y" ~ 1. TlosTomy ocHOBHEIM IO napameTpy amuabatuunocTd Elo S 1
GyleT ujieH, B KOTOPOM Bce onepaTopbl ¥ IpUHALTIEKAT K KOJJIEKTHBHON BETBH:

HP =— 1T 0 (0)) D (— D*Chb,, 98 (00) UE) (60 Y00,  (3.9)

PPz

rzie BBesieH Ge3pasMepHBIH Iapamerp
I = 07%0)2&“' (22; 2) {F (v, v') cos ¥, sin 9, — f (v, v’) sin 9, cos 0} X
X 2 (v, ag) ¥ (v, 6g). (3.10)

4. AHrapMoHHYecKHE NONPABKH NEPBOro NPUOJIMKEHHUS

3Jiech MBI pACCMOTPHM NONPABKH, CBA3AHHEIE C FAMHILTOHHAHOM (3.9). Ipex-
J€ BCero oleHHM MaJjocTb napamerpa I', BXxozgsmero B 510t uieH. st pocToTH
cuutaem, 4to [ (v, v') =0, a F (v, v') y1oeaersopsier yesaopuio (2.23). Mcmomb-
3ysl QopmyJibl pasjena 2, B, noJy4yum npu 3toMm u3 (3.10) ‘

3 . , |
F = 2 v v ; ¥ e
2V2 [(1) (50)]6/22‘]] pv (60) Ev;pv, (Go)g w (22 2)E COS’&' %

2 gip2 e 2 qin?
g5 sin? O, g5 sin? O,
X E A ST 4.1)

M3 (4.1) menocpencTeenno BuaHO, uTo Majocth | cBs3ana ¢ CyMMapHOH Be-
o 92 o
JHYHHOM g, 1O Ipymmne mogo6onouek, NosToMy napamerp &, BBefeHHbI B (3.4),
IO NOpAAKY BenuynHsl pased § ~ [2 (2f, - 1)I-":. (Cymwmsl ¢ g2 naror yumb
v
Cpe€IHHE 3HAYEHUsT COOTBETCTBYIOLIMX BEJIUYMH, TaK Kak p2 (0p) u3 (2.30") s

JISIETCST HODMMPOBAHHOH BecoBoll ¢ynxumneif. Hamomuum, uto cornacuo (2.13),
gw, ~1.)

PaccmatpuBasi ramusibronnan (3.9) Kak BO3MYILEHHE, BHYUCIUM IIOTIPABKH
K SHEpreTHYECKHM YDOBHSIM M BOJHOBBIM QYHKIHAM. PYHKIMH HYJEBOTO MpH-
GIH2KeHH ST XaPaAKTePH3YIOTCS UHCIIOM «(POHOHOBY 71 M TIOJIHbIM MOMEHTOM k. Mbi Gy
AeM uX cCosnauathb |n; kp). OCHOBHOe coctosnue |0; 00 > = |0) (Bakyywm 10
«(QOHOHAMY) ONpejieNisieTcsl YpaBHeHHeM

A [05:—0. 4.9

OZ{HO- )4 ,ZLByX(l)OHOHHOE COCTOSIHUSI COOTBETCTBEHHO OIIpeAeJIAITCSA Kak

1 o
125 > = 75 (47%),, | 0y = Viz D) Chane Vi, Wi 0. (43

Balee

M&! orpannynMesl HAXOXK/IEHHEM TIONPAEOK K COCTOSTHHSM (4.2) u (4.3).
Matpuynbie s/1eMeHTH FaMHIBTORKAHA (3.9) OTIHUHBL OT HYJAS 7S Tnepexoo
MEXK]y COCTOSIHMSIMH, PA3/IMYAIOMNMUCS OLHUM HJIM TPeMsi (DOHOHAMH. YUHTH:

Bast, 4TO Tpu: omnepartopa B (3.9) cioxensl B MoMeHT 0, JIEFKO BHAETb, YTO HY
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4 1 =
|3; 00> = Vo (U300 | 0> = e % (— 1) Chti, Yop, You, aps | 0D
p.

3 > = s (0 B0 | O 14287 = 25 0 ¥ [0
155 iy = e (W00 (F s |0, (4.3)

V12011 + 3045)

e 2, = 5W(2222; 2k) =1; — 8/.4; 2/ COOTBETCTBEHHO IS E=0;2; 4.
B pesysbTaTe NpUMEHEHHs OGLIUHON TeOpUH BO3MYIIEHHUIT IOy IHM CICLYI0-
izie MCIIpABJEHHEE BOJHOBEIE (QYHKIHH W (1; kp):

¥ (0; 00) =0y — I ¥/ 753,00, (4.4)
¥ (1) =15 20 — T (/212 20 + V0 4 20},

¥ (2; kp) = |2: kpy — T {— 0 V2] 15 20> L2V 22| 3; k) +
+ V/%a7 (11 + 30k2) | 55 )}

[lompaBKy K HEPTHAM cocTostauit (4.2) u (4.3) paBHBI

SE (0;0) = — 2 T%0;  OE(1;2) R B
/ (4.5)

85 (2 B e {)1(58 + 722, — 1209) 0,

OTKYJia JIJ1s1 TIOTIPaBJIeHHbBIX sHepTHil BO30YRKIEHHBIX cocTosiHUH (OTCUMTAHHBIX OT
OCHOBHOIO) TOJy4YaeM

B2 —o(1—3T), E@Y=20(-3F) 44

E (2;0) =20 (1—%°—r2), E(2;4) =20 (1~§%r2>.

[IpencTaBisioT HHTEpEC BePOSTHOCTH 5/1eKTPOMArHUTHBIX TIEPEeXONOB MEeXIy
coctoguusmu (4.4). TlpenpapuTenbHO 3aMETUM. HTO obuiye GopMyJIbl TIPeibIy=
X Pa3/eioB CIPaBeJUINBhI TAKKE i B ClyHae cucTeMbl 13 HEHTPOHOB H NPOTO-
soB. [LJ1s1 STOTO CJIEyeT CUATATD, UTO HHIEKC V, HyMep IOyl n0A060N0UKH, OT-
HOCHTCSI KAaK K HeHTpOHHOW, TaK H K NPOTOHHOH IOJACHCTEMAM. OtcyTcTBHE
KYIepOBCKOTO CIIApUBAHMs MEKIY HefiTpOHAMH M NPOTOHAMH Mbl ydTeM, CHH-
ras B (2.6) napamerp fo(v, v') paBHBIM HYJIIO, €C/IA Y H v/ IpUHAJJIEKAT PA3HBIM
nofcuctemMaM. CBSi3b MEXKJY HeATpoHaMU ¥ IPOTOHAMH OCYHIECTBJSETCST KBAJL-
pYTIOLHEIM B32HMOJieHCTBHEM, KOTOPOe MOHHO CUUTATb OJIMHAKOBBLIM JIsl TTAPBL
HYKJIOHOB J11060T0 THIIA (nn, pp, np) ®.

JleKTpOMATHUTHbIE E2-Tepexofpl Mex1y KOJIJIEKTHBHLIMH COCTOSIHHSIMH C
TOYHOCTBIO 71O WIEHOB Topsiaxa (w/E)? ocyllecTBIIA0TCA orepaTopoM

»
o “+H) e 1 2 : i (+)
Qop. = Qo¥s’ (0g) = — Vs e, {r’Y ), sin G (v, ) sy (0n), &7
v

5) CoCTOSTHUSI C UACTOM (DOHOHOB 71 > 3 HE ONPENEAIoTC: OHO3HAUHO 3HAUEHHEM MOMEHTa;

OHAKO B COCTOSIHISs, OTJIHYHBIE OT 4.3"), TaMHJIbTOHHAH HD nepexonos He naer.
c

6) KpajpymoJbHOe B3auMOJEHCTBUE B 3HAYNTENBHON CTerneHu 00yC/I0BJIEHO sdherTOM CBSZH

PA3JNUHBIX HYKJIOHOB Uepes TIOBEPXHOCTb, KOTOPELl, ECTECTBEHHO, HE 3aBUCUT OT THIA HYKJIOHOB.

OrcyTCTBHE KYTEPOBCKOTO CllapuBanis MeKLy HeflTPOHOM H IPOTOHOM B CPEJHUX 1 TAKEIHIX af-
pax CBsI3aHO C PasJMuieM B MOJOKEHHH HX (epMHU-TPAHHIL.
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—

rje e, — 3(eKTHBHBI 3aps/| HAPYKHBIX HYKJIOHOB (¢p, =~ 1 + e,). Hcnoawpsyd
(4.4), nosyuuM JJ1st IPUBEJEHHBIX BEPOSTHOCTEH E2-nepexopios (B equunnax Q)

B2, -0) =1—=5T% B(2 —0)=2T12B(2 —»2) :2(1_% rz),-

B(0, »2) =2[1+5(1+9/VHI], (4.8)

B4,/ >2,) =2 [1 4+ 4 (1/)5 — 16/63) I'*].

OrMeTuM JiBe XapakTepHble OCOGEHHOCTH IOJIYYEHHBIX MONPABOK OT IaMHUJIbs
TonHana (3.9). Bo-nepBbix, numeem

Ol e L o) : :
hp =gt =9 (1 o 1“2) >I2; (4.9)

BO-BTODHIX, ITOPSANOK ypOBHeﬁ I[Bqu)OHOHHOI‘O TpHUIlJIeTa Bcerjga TakoB, 4TO

E @2 0 < F(2: 4y Fi0-2) (4.10)

Ecan mpennosoxure, 4To Besl SKCHepPHMEHTANIbHO HAGMIOAAeMast AHTAPMO-
HAYHOCTB (Ap =~ 2,2) cBs3aua ¢ (3.9), To caexyer cuntath I =~ 0,2 = 0,3. [pu -
STOM OTHOCHTEJIbHbIE TIONPABKH K BOJHOBBIM (DYHKIHSAM U BEPOSITHOCTSM Tiepe-
XOJIOB B psi/ie C/1y4aeB CTAHOBSTCsI OIMSKUMHU K €HHHUIIE, T. €. TEOPUsT BO3MYIIe-
HHH He sBJseTcs JOCTATOYHO XOpOWMM TpuOAHxKeHHeM. OIHAKO UHCJICHHHE
pacuetsl o Metony Tamma — JlankoBa jaioT G/1n3Kue pesyabTaThl. B uacTHoCTH,
3akoHoMepHocTH (4.9) 1 (4.10) coxpausiores.

Cxembl ypoBHeil, HalieHHble SKCIEDHMEHTAJLHO, B PSJe CAYYaeB He NOJ-
unHstoTest (4.9) 1 (4.10). 910 0COGEHHO OTHOCHTCS K NIOP AAKY yPOBHEH TPHILIETd,

TaK KaK JIOBOJbHO 4aCTO YPOBEHb 2, JIEKUT HUKE OCTAIbHBIX. st o6bsicuenus
STHX OTKJIOHEHHH CJIe[lyeT YUMTHIBATh IONPABKHU CJAEAYIONMX P UGIHKEeHHU. ]

ITapamerp I, onpefe/siomuii MONpaBKu NepBOro NPHOMMIKEHHS, KAK BHIHO
u3 (3.10), 3aBUCHT OT 3aNOJHEHHS [I0CPEJICTBOM MHOKHUTeJed sin O, cos ¥, u
MOXKeT CTaHOBHUTBCSI MajbiM B CepefHHe OGOJOUKH, KOTJa CpeJHEee 3HAUeHHe

cos U 6ansko K Hymo. IMostomy B o6macti, rme cos O < @/E, monpasKu or
KBaJIpATHYHBIX 110 § YJIEHOB, He CONEPKAUMX MHOMKHUTENs cos U,, MOTYT CPABHH-
BaTbCsl ¥ NPEBOCXOAUTH NMONPABKH OT (3.9). D1a 06/17CTH MOXKET OBITh JOCTATOUHO
UIMPOKOIT, TaK KaK annabaTnyeckuii mapameTp o/E JUisi peanbHbIX sijiep He siBJIs-
ercst ouenb ManbiM (0,5 > o/E > 0,2). .

5. AHrapMOHHYeCK¥ie MNONPABKY BTOPOTO NPHGJIMMEHHs]

Paccmorpum Temeph carenyiomuii wien passioxenus (3.4), MpomOpIHOHANb:
HbIi E%. Ero ocHOBHASI 4acThb, CozieprKamiasi TOMBKO OINEepaTophbl KOJIEKTHBHON
BETBU, MOzKeT OBITb IPENCTABJIEHA B BHJE ‘

HE = o 1eh = o 211 (B (60) %7 (50) (P (50) TP (6o)))eo- (5.
i I

I10T usten onpesensiercsa Tpemst Kouctantamu v, (L = 0, 2, 4), KoTophle B npe-
HeGpexXeHUH YJIeHaMH, cojepKamumu ) u cos ¥,, UMEIT BHI

YL = ]/25% D F (v,v)w? (22; L) 7% (v; 60) 3 (V'; 6p) sin B, sin .. (5.2)

Ilpu nponsBoONBHEIX KOHCTAHTAaX Yy, BBUHC/IEHHe NonpaBok or (5.1) cTanosuTes
CJIMIIKOM HeonpejiefieHHbIM. OJIHAKO MOXKHO yCTAHOBHTb HEKOTOpBIE 0o0Iue Ka- .
YeCTBEHHble 3aKOHOMEPHOCTH, HCHOJb3Ysl JHUIb TOT (GaKT, UTO BCE 7, IIOJOXKH-
TeNMbHBI (CM. (5.2)). CABUT YpOBHEH OCHOBHOTO, OJHO- H 1BY X(OHOHHBIX COCTOSHHUI |
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B IiepBOM HpHGJII/I}KEHI/II/I onpe,ue.nﬂe"-rcsl MaTpUYHBIMHU 3JIeMeHTaMHUu
Oh |0y =580+2V2UF1, <1;2n|he|l; 20> =90+ V2 + 1,
2 Fyu | hy,|2; hud = 1 ey gERe
<,ka{ L]2vkp‘> 36L0+5V2L+1+V2L—E—16kL+
L8 VL 1 W (2222; EL). (5.3)

U3 (5.3) HeTpyAHO YBUIETb, YTO NpPH JIOO0M L CIABUT IBYX(DOHOHHOTO YPOBHS
2., OF (2; 2), Bcerna Gosbie, yeM yaBoeHHast Bennuuna OF (1; 2). ITosTomy Beer-
Ja g > 2 (kak u B (4.9)). U3 (5.3) caenyer Takike, 4To Bee /iy IPUBOAAT K OIMHA-
KOBOMY TOpPSIAKY YPOBHEH ABYX(MOHOHHOTO TPUILJIETA, & UMEHHO:

E(2;2) =E (2;4) <E (20), (5.4)

470, €CTECTBEHHO, COXpaHsIeTCsl W st Jo6oil KoMOuHamuu Sy Ay npu 1. > 0.

J1J1s1 KOMMYeCTBEHHBIX OLLEHOK KOHCTAHT 77, MOXKHO BOCIIONB30BATECS MPUOJIH-
xenueM (2.25) 1isa F u acumnToTHIecKuM cooTHoueHueM (2.13). Tlocse mpocThix
npeoOpa3oBaHuil HadxeMm

5 F ET e —
TL= = sin® 8 V2L +-1 (Clom)® =¥ VIEL 1 (G ~(5:5)

Ycpenunenue B (5.5) npoBogutest ¢ BecoBoil pynkuuei (2.30°).
N3 (5.3) u (5.5) moayuum MONpaBKH K SHEPTUAM YPOBHeMH:

8E (0; 0) = 157w,  OF (1;2) = 27yo,
8E (2;2) =8E (2;4) =2 q0,  8E (2; 0) = 5lyo, (5.6)

OTKyJla JiJIsi SHepTUi BO30OYkKIEHHBIX COCTOSTHHII (OTCUHTAHHBIX OT OCHOBHOTO)
C YYeToM TOJIBKO IONIpaBok OT (5.1) Haxoaum
E(1;2) =0 (1 +121), E22) =E(2;4) =20 (1 +¥7>,
E (2; 0) = 20 (1 4+ 18y); (5.7)
AE:2<1+%7). (5.8)
CpaBuum BhIpaxenue (5.5) 1JI ¢ ¢ aCHMITOTHYECKMM BbIpAXKeHUEM JUIsi KOH-

crantsl I' mepsoro npubaukenus. U3 (4.1), ucnoneays (2.13) u (2.30%), verpyn-
HO TIOJIYYHUTH

re—) &I EEcost (FE)™ (5.9)
[0 2

M3 (5.5) u (5.9) naxomum
I*/y = 22 (E cos 9)*/0* sin® 9. (5.10)

6. Cps13p ¢ NpyruMu BeTBsMM E030YyMAeHHH (HeainabaTHYHOCTH)

Brille paccMaTpuUBAaNUCh UJeHBl B pas/okeHHH (3.4), coiepKamiue TOJIBKO
onepaTopbl KOJJIEKTHBHOH BeTBH. 3aMeHa OJHOTO U3 KOJIJIEKTHBHLIX OIlepaTopoB

0ZIHOYACTHYHBIM BHOCHT JIOTIOJHUTEIBHYIO MANOCTh nopsaka )/ o/E. Tem He MeHee,
NONPABKU 3TOTO THIA MOTYT OKa3aThCsl CYLECTBEHHBIMH JIIS BBICOKMX BO30YXK-
JEHHBIX COCTOSIHUH (IBYX(OHOHHBIX U BhiUe). [TockoabKy ofHOYACTHYHbBIE BO3-
OyIeHU s CYIIECTBEHHO ONPENEesIIOTCS HHAUBHAY AJbHBIMH OCOOEHHOCTSIMM KaXK-
JOTO fJipa, TO KOJHYECTBEHHOE PACCMOTpEHHE IONPaBOK 3TOTO THIIA HEJNb3s
npoBectd B o6uieM Buje. IToaToMy MBI OrpaHHYMMCA JIMIIb HEKOTOPBIMH OLeHKa-
Mu. PaccmoTpuMm pist mpuMepa 4ieH ¢ JBYMsl KOJIJIEKTUBHBIMH U OJHHM OJHO-




1602 C. T. Benses, B. T. 3eTeBHHCKHUIT

JA4CTUYHEIM ONEpaTopoM, KOTOpHI HMeeT mopsigok Ht) (00, Gg, 0) ~ T (W/E)™,
STOT usleH MPUBOAUT K CARMIY B SHEPTHH, HANPUMeEp, JBYX(POHOHHOIO COCTOSHHS

rrr (‘021“2 ((l)/E)

h) E(n_2)~$_—mr‘), 6.1
Ilpu sHepruu onnouactuunoro BO30OYKJIeHHST 0(0), JOCTATOUHO GJIH3KOH K SHep-
THH JIBYX(DOHOHHOTO COCTOSIHHS, (6.1) mokeT naBaTh 3ameTHIN BKJIAZ, a IipH
[0(0) — 20] ~ 0¥E no TOpSIKY BeJUYHHBI CPABHHBAETCS C. AHTAPMOHHYECKOR
TIONPABKOH NePBOTO NpUGIHKEHHS.

Tax xak sHeprum oxHOuACTHUHBIX BO3GYIK/IeHUIl MEHSIOTCS OT spa K Py
HEPEryJyIsIpHO, TO HX CB$I3b C KOJIEKTHBHBIMU BO30YKIEHHSIMU [PUBOJIAT JIKIIb
K (IIyKTyaTHBHBIM 3(hhekTam. CymectByer, onnako, THI BO30YKJeHHH, KOTOpHIf
C/1a00 3aBHCHT OT MH/HBUIYaAJIbHBIX XapAKTEPUCTHK sIiep U CBsI3b KOTOPOrO ¢
KOJIIEKTUBHO! BETBbIO MOMKET NPHBOIHTL K CHCTEMATHYECKUM IIONpPAaBKaM,
Harasino stor tun Bos6yxuenuii Moo IPEACTABUTL KAK KoJIeGaHHsT KBaJpy-
NOJILHBIX MOMEHTOB HEHTPOHOB H IPOTOHOB B npoTuBOpase Ipyr K Apyry.
Moxno moxasars [4], uto xors SHEPTHUs TAKOTO BO3OYKAEHUS] HOPSAKA OJHO-
JaCTHYHBIX, IO CYINECTBY 3TO BO3OYKIEHHE KOIEKTHBHOE (uTo mposiBaseTcy,
HarpuMep, B yCHJIEHHBIX E2-mepexozax u3 3Toro coctosinud). CBSI3b TaHHOTO
THIA BO3OYMKIEHUH C PACCMOTDEHHBIMM BHImIle KOJITIEKTHBHLIMH  YCHJIUBAETCH,
KOrJa HEHTPOHBl M TPOTOHBI  3ATOJHSIOT pPasHble IOJNIOBHHBI  06GOJIOUEK

(cos ¥, cos 9, << 0). B PEANBHLIX SApax coctosiHue 2% paccMarpuBaeMoro Tuma
+

HOJKHO JIEKATh HECKOJIHKO BHIIIE ABYX(DOHOHHOTO COCTOSHUS 2,. dKcrepuMeH-

TQJIBHO HX JIEFKO DA3JIHYMTL [0 BEJIHYHHE E2-nepexona B onHodoHOHHOE Co-

+
CTOsIHHE 2; (B NEPBOM NPHG/IHIKEHHH [IEPeX0J U3 «IPOTHBODA3HOTO» COCTOSHUS
3aMpelIeH).

7. 3akarouenue

IIpoBenennblil MuKpoCKonuYecKuil anasns TO3BOJISIET 3HAYMTENBHO COKpa-
THTb HHCJIO HE3ABUCHMBIX (DEHOMEHOJOIHIEeCKHX KOHCTAHT, HEOOXOJMMBIX I
OIMHUCAHUA AHTADMOHHYECKHX MNOMPABOK KBANPYIOAbHBLIX KONeGAHUM cepuye-
ckux anep. Iloxkasano, uro B ammabaruueckom NPUOTHAKEHHH BO3MYIEHHe
H®, 1. e. unen B TaMHIILTOHNAHE, CONEePKAUMA TPU (DOHOHHBIX omeparopa,
OIpENENSIeTCs] JIUIIb ONHOM KOHCTaHTOl [, a ujen ¢ YeTBIPbMS (POHOHHLIMH OIe-
paropavu H® colep:KHuT Tpu KOHCTAHTHI, KOTOpEI€, OIHAKO, B 4CHMIITOTHYECKOM
NPUOJIHKEHHH CBOAATCS TOJBKO K OJHOI (7). B mpuHnume Bce st KomcTanTh
MOTyT OBbIThb BBIYMCJIEHBI JIJIsI KOHKPETHBIX sinep. XOTs IJIaBHble NONPABKH [0
napamerpy anunabarudnoctu jgaer /W, oxmaxo IpakTndecku H® moxer mnpu-
BOLUTD K CDABHUMBIM HJIH JaKe GOJIbIUMM TONpPAaBKAM K SHEPreTHYECKHM YpOB-
HAM. B T0 xe Bpems nonpaku or H® K BOTHOBHIM bynrkuusaM (4, cienoBaress-
HO, K BEpPOSITHOCTSIM IEPeXOI0B) MOTYT GHITH GoJee cymecrBeHHbmMu. Crrenyer
SaMETHTb, YTO BEPOATHOCTH 3JIEKTPOMATHUTHBIX TIepeXo/IoB 3HAUUTENLHO 60JIee
TYBCTBUTENBHEL K BHAY aHMADMOHHYECKHX IONDPABOK, Hem 9HEPTHU YpOBHeH,
K coxkanenuo, B nactosimee BPEMA SKCIIEDUMEHTAJIbHbIE JAHHBIE O BEPOSTHOCTAX
TIEPEXONIOB SBNAIOTCS OUEHDb HENOJHBIMH H HE IOCTATOYHO TOYHLIMIT JJIS JeTanb-
HOTO cpaBHenus ¢ Teopueli. HauGosee MHOrounc/IeHHbE I JOCTOBEpHEIE JIaHHbIe
MMEIOTCST JJIsi OTHOLIEHHSI BeposiTHOCTel B (E2; 2, — 2,)/B(E2; 2,—0,). Ecan
CYHTaTh, YTO BCS AHTAPMOHHYHOCTD onpezensieTcss ujaeHoM HW, 1o usz (4.8) u
(4.9) nist yrasamnoro oTHomenmst [IOJTYUUM

B(2:—2) 9 48
B(%—0y) 4" ~ T(h,—9" (7.1

Ananornunas ¢opmy.ia B Monenn HeaxcnajabHOro poraropa [®] umeer Bup

B(2:—>2) _ 10Ag (Ag 4 1) (Ag —-1) <.t 6D 79
B2 =0 7 Ap —2 T 10— (7.2)
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Pasnnume Mexny stumu QopMyJaMu HesHAuuTeNbHO. Bripaxenue (7.1) B Goib-
IIHHCTBE CJy4Yaes JaeT IPABUIbHYIO CBSI3b MEXIY OTKJIOHEHHEM YpOBHEH OT
5KBMJMCTAHTHOCTH H OTHOLIEHHEM BeposiTHOCTed mepexomnos [°], xora B ormenb-
HBIX CJy4YasgX DACXOMKJEHHE [JOBOJLHO 3HAUHTEJNBHO U JJIsI €ro OObSICHEHHSI,
BHIMMO, TpeOyercst Cojlee NeTaNbHBIH aHAMM3 MONPABOK OT H® H oT cBA3U ¢
0/143KHMH OJHOYACTHUHBIME COCTOSIHHSIMH.
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«ANHARMONIC»> EFFECTS OF QUADRUPOLE OSCILLATIONS OF SPHERICAL
NUCLEI

S. T. Belyaev, V. G. Zelevinsky

Deviations from the fundamental harmonic approximation are considered in the micro-
scopic theory of collective excitations of spherical even-even nuclei. It is shown that in a
first approximation in the adiabacity parameter the «anharmonic» corrections can be expressed
in terms of asingle*parameter. In this approximation corrections to the wave functions, shifts
of energy levels and the probabilities for E2-transitions for the first two excited states are
determined. Second approximation corrections which can also be expressed through a single
parameter are considered. '




