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_ BnacToJirn;ee npeMJI 6mu,moe BHIIMamrn yµ;eirneTC.ll oKcrrepnMeHTam,HbIM nc- . 

. crrep;onamIJIM rrpon;eccon rrry6oKoHeyrrpyroro pacce.lIHIIJI rrerrTonon rrerqan:- · 
0

llIIIMII .!Ip;paMn[l- 5j. Ilpn OTOM OCHODHble Hap;e)Kp;bI op;ecb CBJIObIBaIO_T c 

npep;norraraeMoii · D03MO)KHOCThIO. xmnrreqeHIIJI cTpyKTYPHbIX q>yHKD;IIII · ( C<P) 

cno6op;Horo HeHTpoHa Ff2 II3 KOM6IIHIIponaHHoro aHamma p;aHHhIX Ha .!Ip;pax 
, ,,- ' , I 

.II nop;opop;e c n;errhIO nocrrep;y10rn;ero ux ucnorrh30DaHII.ll p;rrJI rrponepKII II yToq-

HeHIIJI. pe3yrrhTaTon II npep;cKa3amrii KDaHTOBoii xpoMop;IIHaMIIKII (KX.I(): 
/ BbITIOlIHeHIIJI npanIIrracyMM B:&epKeHa II npaBIIlla cyMM

0 

roTTq>puµ;a, npII

~IeHUMOCTlI nepTyp6aTunHoii Tcop1m II T.µ;. OcHOBHaJI rrpo6rreMa oµ;ech co

CTOIIT D Haµ;e)KHOM DhIµ;erreHIIII pomr JIµ;epHoii CTpyKTYPhI, IIOCKOllhKY'. KaK 

. .rroKa3arrlI _IIccrreµ;onaHII.ll EMC-oq>q>eKTa II Oq>q>eKTOD JIµ;epHoii OKpaHIIpOBKII 

· [6, 7], KnapKonoe pacrrpelierreHIIe n· .llp;pe oTrrnqaerrc.ll OT pacnpeµ;erreHII.ll :e 
-... cno6op;HbIX HyKrronax, II yqeT JIµ;epHoii CTpyKTYPbI CTaHODIITC.ll cyrn;ecT'.neH

HbIM. B pa6oTax[8, 9j 6blrro rroKa3aHo, qTo II3MeHemie C<P HYKlIOHOB D .llp;pe 

o6'hJICHJieTcJI nx CBJI3aHHOCThIO n JIµ;epHOM rroTeHD;uarre. Bo3HIIKa10rn;ee npn 

. 0TOM He60llhlllOe HapymeHile 3aKoHa coxpaHeHII.ll IIMIIYllhCa BOCCTaHanlIIIBa-

·.eTCJI yqeT01'1'. Me3oHHbIX cTeneHeii cno6op;bI[lO]. 3aµ;~qa u::mrreqemrn Heii

TpOHHhlX C<P ycrrO)KH.lleTc.ll ern;e II TeM q>aKTOM, qTo npII OTOM ne6 6xoµ;IIMO 

pe~aTh IIHTerparrhHoe ypanHeHire oTHOCHTellhHO Ff2, .llp;po KOToporo 3ann

CIIT. OT Moµ;errhHbIX npeµ;rrolIO)KeIDili O MexammMe peaKD;IIII II CTpyKType Mil

uieiin, npnqeM OKa3bIBaeTC.ll, qTo qyncTBIITellhHOCTh pe3yrrhTHpy10rn;eii C<P 

- F{'2-·K Moµ;errII no3pacTaeT Ha rpam1n;ax KIIHeMaTIIqecKon: o6rracTII x: x--+ 1 
' • I 

n x -+ 0[11]. 8To Ila)KHOe o6CTO.lITellhCTBO Heo6xoµ;nMO IIMeTh n nuµ;y n 

_ (;BK3II c nocrreµ;HIIMII OKcnepIIMeHTaMII rpynIIbl NMC[4], n KOTOpbIX npone- · 

. µ;enhl II3MepeHII.ll C<P noµ;opoµ;a II µ;en:TpoHa, i3 TOM qncrre II rrpII oqeHh MaJibIX 

X :x ~ 10-3• B pe3yllhTaTe OKa3alIOCh, qTo OTHOllleHIIe F.f(x)/Ff(x)-1 B 

HHTepnarre 10-3 + 10-2 npaKTIIqecKn He oTrr-aqaeTC.ll OT eµ;IIHnn;hi, T.e., Ha 

nepm,iii B3rll.llµ;, o~ech BlIIIJIHiie .llp;epHbIX: oq>q>eKToB (oKpaHIIponKa, Meooa:

Hhle'o6MeHHble TOKII, CB.ll3aHHOCTh HYKlIOHOB ••• ) norrHOCThIO OTCYTCTBYIOT. 

Borree Toro, on;eHKa IIHTerparra J( Ff - Ff) dx / x Ha ocHone OTIIX p;aHHbIX, a_ 

· TaK)Ke p;aHHbIX BCDMC[2] µ;aeT CIIllhHoe_ ( ~ 20%) HapymeHIIe npanIIrra cyMM 

fObt~)tiHLi!l HJ:cm,i •1 
~ oo-:r1.m:3.z m:C.:JE:J!OB!Uml 
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. roTT<ppn;u;a, qTo, • B -CBOIO oqepe;u;h, CTaBIIT rro;u; co1rnemrn . crrpaBe;u;mmocTh 

rrpe;u;rrorro)KeHirn 06 IIOOCITIIHOBOH CIIMMeTpuu MOpCK,IIX·KDapKOD B rrpoTOHe II 

HeiiTP,OHe[12] n rrpe;u;cKaoamrii rrapTOHHoii 1rn;u;e'rru. O;u;HaKo, KaK 6hlrro 0T11e-. 

qeHO DbUlle, o;u;ecb crre;u;yeT co6mo;u;aTh IIODeCTHJIO OCTopmKHOCTJ>, IIOCKOlibKY 

Ha caMOM ;u;erre B TaKnx aKcrrepm1eHTax Herrocpe;u;cTDeHHo uoMepJieTCJI JIµ;ep

HaJI (;u;e:iiTpoHHaJI), a He HeiiTpOHHaJI CTpJKTYPHaJI <pJHKD;IIJI. AKKypaTHhlll 

yqeT JIµ;epHhlX a<p<peKTOB, ;u;a2Ke ecrrn OHJI rrpOTIIBOIIOlIO)KHhl ITO OHaKy II KOM- ·, 
' ' . 

rreucnpyroT ;u;pyr ;u;pyra, Mo2KeT rrpunecTII coneprneHHo K ;o;pyrIIM Dbrno;u;aM. 

Ilo KpaiiHeii Mepe, npII perneumr IlHTerpalib~oro_ypaDHeHirn Ha C<P F1~2 D03-

M02KHO c<popMyrruponaTb TaKire HaqarrhHhle ycrromrn, qT06b1 B peoylihTaTe 

HeiiTpOHHaJI cTpJKTypHrur <pYHKD;HJI · y;u;onrreTnopJirra 6hl nceM Tpe6onaHIIJIM 

napTonHoii Mo;u;errII II Bee upanIIrra CJMM DhlriorrHJilIIICb 6hl n ToqHocTu[13]. B · 
CBJI3II ·c 0TIIM oco6yro aKTJaITbHOCTb IIpeµ;cTaDITJieT paopa60TKa CaMocorrra.; 

coBaHHoro no;u;xo;u;a K yqeTy JIµ;epHoii: cTpyKTJphl, B paMKax KoToporo mm-
( , . u . 

ChlBaIOTCH He TOlibKO aMIIlIIITJ;u;hl µ;aHHoronpo~ecca; HO II llIIIpOKUII CIIeKTp 

µ;pyrIIX CBOHCTB MllllieHII: IIOTeHD;IIalI BOaIIMO;Il;eHCTBHJI, OCHOBHOe COCTOJIHIIe 
' . ' . ', 

JIµ;pa, ero BOlIHOBhle. 'PYHKD;Illl II T.;u;. 

,Il;aHHaJI pa6oTa rrpeµ;cTaBITJieT µ;alibHeIIWee paODIITIIe MeToµ;a yqeTa JIµ;ep-:

HOII CTJ)JKTJpbI B peaKD;IIJIX rrry6oKoHeyrrpyroro pacceJIHIIJI, npe;u;rro2I(tHHoro 

B pa6~Tax[8 - 10]. Oco6oe BHIIMaHne o;u;ech y;u;errJieTCJI norrpocy o oal\IeHe 
• - • 1 

Dbl'IIIClIHeMhlX Bem1q1m COOTBeTCTBJIOill,IIMil IIM 0KcrrepIIMCHTalibHblMII ;u;aH-

.HbIMII. · HarrpIIMep, n peaKn;IIJIX pacceJIHIDI arreKTpoH~B Ha JIµ;pax IIcrrorrhoy

eTcJI npeµ;IIOlIO)I\'.eHIIe[14j, COrliaCHO KOTOpOMJ B IIMIIJlibCHOM IIpII6lIII2I(eHirn 

<pJHKD;IIOHalibHaJI OaBIICIIMOCTb aMIIlIIITJ;u;hl pacceJIHIIJI Ha JIµ;epHOl\~ HJKlIOHe 

OaMerureTCJI <pJHKD;IIOHalibHOH O~DllCilMOCTblO aMIIlIIITJ;u;hl ~no6o;u;Horo Hy

KlIOHa c yqeT01,1 ero cxo;u;a c·.~acconoii noBepXHOCTII. KaK 6y;u;eT noKaoaHo 

HII)Ke, B HallieM no;u;xo;u;e 0TO COOTDeTCTBJeT y'IeTy.co6cTDeHHO 0Hep~e~u~re-

CKIIX II MeooHH006MeHHhlX ;u;1mrpaMM. · 

B HacToJI~eu pa6oTe Ha oc:iione_caMocorrraconaHnoro HepeITHTIIDIICTCKoro 

IIO;Il;XO;Il;a onpeµ;elIHIOTCJI: 

- JIDHhlll BII;Il; orrepaTOpOD rrry6oKOHeynpyroro pacceJIHIIJI B IIpOCTpaHCTDe 

MoMeHTOB cTpyKTYJ>HhlX <pyHKn;nu, ' · ' · 

- MaTpnqHhle arreMeHTbl OT orrepaTopoB MOMeHTOB no OCHODHOMY COCTO- . 

JIHIIIO ;u;eiiTpoHa II <pIIoIIqecKoro uyirroHa, 

- CBJit3J, 'Me2K;u;y MaTplfiHhlMII arreMeIITaMII ;u;eiiTpoHa II Ha6rr10;u;aeMbIMI:I ' . 

BerrnqIIHaMII ero cocTaBrrJIIOill,HX ( HJKlIOHhI n Meo OHhl). 
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2 . . ThyooKoHeyrrpyroe pacce.nHHe H orrepaTopHoe paono

)KeHHe · 

B rrpu6m12KeHIIII o;u;Ho<poTOHHoro o6MeHa. ceqeHIIe rrry6oKoHeyrrpyroro pac-. 

· ceJIHIIJI rrerrTonon Ha a;u;poHHoii: MIIllieHII Mo2I<eT 6hlTI; oarrrrcaHo B nn;u;e: 

. <,l+A~e'+.Y ex: V"W,!, · · (1) 

r;u;e a;u;poHHhlll TeHoop W 4, CBJIOaH OIITII'IecKoii TeopeMoH c aMIIlIIITy;u;ou Tµv 
' KOMIITOHOBCKoro pacceJIIIIliI BIIepe;u; BIIpTyarrbHoro 'Y* - KBaHTa: ' 

A · · _ 1 A . 1VIAWµ 11 (PA,q)- 21l"ImTµv(PA,q). (2) 

. B. TO Me npeMH uoBeCTH~, qTo Tfl11 orrpe;u;errJieTCJI T-rrponoBe;u;emieM µ;Byx 

a;u;poHHhlX TOKOB[15]: i · 

Tt11(PA,q) = i j d4xiqx(pA I T(Jµ(x)Jv(O)) IPA)- (3) 

l3 (3) rro;u;paoy1ieBaeTcJI ycpe;u;neHne no rrpoeKn;IIJIM crrIIHa Mnrneun. TaKIIM 

o6paooM, no. (1 )-(3) nn;u;Ho, qTo oa;u;aqa TeopeTn'IecKoro orrncauIIH peaKD;HH 

rrry6~KOHeynp:yroro pacceHHIIH JClIOBHO µ;errIITCJI· Ha µ;Be 'IaCTII:. a)· on:peµ;e

rreHIIe JIBHoro m1;u;a orrep~Topa T - nponone;u;emrn n 6) onncaHne .BeKT_opoB 

. OCHOBHOro COCTOJIHIIH MIIllieHII rPA)- Ilpu'IeM µ;ITH DhlqncrreHIIH MaTpII~blX 

arreMeHTOB (3) caMocorrraconaHHbIM o6panoM o6e qacTii Heo6xo;u;nMo pac

CMoTpeTb · B paMKax e;u;uHoro TeopeTnqecKoro, no;u;xo;u;a. 

IlpII 60lihllIIIX nepe;u;aHHhIX IIMIIJlibCax Q2 --. 00 Han6orree CTpOrIIM Teope

TIIqecKIIM MeTO;Il;OM BhlqucrreHIIH T - npoimBe;u;e~IIH JIBITHeTCH onepaTopHoe 

paOlIO)K~HIIe BIIlibCOHa[16, 17]. 8To 06I11,IIH MeTO;Il; aHalIII3a npoIIoBeµ;eHIIH 

onepaTopoB, BOJIThlX B TO'IKaX, IIHTepnarr M:e)K;u;y KOTOphlMII CTpeMIITCH K 

Hyrrro. B MeTo;u;e onepaTopHoro panrro2KeHIIJI BKrra;u;hl Marrhlx II 6orrbllIIIX 

pacCTOJIHIIll <paKTOpnoyIOTCH. B crryqae rHP Ha .Hp;pax 6olibllIIIM pacCTO

JIHIIJIM COOTBeTCTBJIOT MaTpII~ble arreMeHTbl no JIµ;epHbIM COCTOHHIIHM,. a 

MarrhlM paccTOJIHIIHM - pacceJimre Ha KOHCTIITyaHTax. B ;u;aHHOH pa6oTe MbI · 

cocp~;u;oTo~aeM BHIIMaHIIe Ha nccrre;u;oBaHIIII polIII JIµ;epHhlX a<p<peKTOB B 

peaKn;IIII rHP, a "arreMeHTapHJIO" aMIIrrnTy;u;y pacceJIHIDI Ha KOHCTIITyaHTax 

~qnTaeM IIOBeCTHOll II 6epeM IIO aKcnepIIMeHTa. ,Il;ITH Toro, qTo6bl Bblµ;elIIITb 

pom~ JIµ;epHhlX cTpyKTYPHbIX a<pq>eKTOB, HaM npe;u;cTaBITHeTCJI Han6orree ec

TecTBeHHhIM paccMOTpeTh JIµ;po B paMKax Tpaµ;IIn;IIOHHOll MeOOH-HJKlIOHHOll 

·2 3 
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• 
Teopm1 .xµ;ep1n,1x cIIll. Torµ;a OIIepaTopHoe pa::mo2Kemre c11eµ;yeT npommecTII 

TaJ()Ke B TepMIIHax B3aIIMOµ;eiicTBYIO~IIX MeOOHHbIX II HYKlIOHHhlX no11eii. 

B orrepaTopHOM pa3110)KCHllII Mhl orpaHn'IIIDaeMC.X rrprr6mnKCHIICM .11uµ;u

pyro~ero TBIICTa (r = 2), T.e. rrpeHe6peraeM rrorrpaBKaMII m2/Q 2 BhlCUIIIX 

TBllCTOB. Torµ;a aMIIlIIITyµ;y T/v, coµ;ep)Ka~IO DCCDOOMO)KHhle orrepaTOphi 

TBIICTa µ;Ba (xoTophle COCTaDlleHhI 110 noam.mµ;eiicTDYIO~IIX HYKlIOHHhlX II 

MCOOHHhlX rro11eii) MO)KHO rrpeµ;cTaBIITh D nnµ;e[18}: 

i j d4xeiqzT(Jµ(x)Jv(O)) = 

= ~- c(l) (-g + qµqv) 2ma2nqµ1 • • • qµn Qµ 1.,.µn (0) + (4) 
L.. a,n µv q2 (- 2)n · a 

a;n=2,4,... q 

+ ~ c(2) (g· • _ qµqµ 1) (g _ qvqµ2) 2ma2nqµ3 • · • qµn 0µ 1.,.µn (0) 
L.. a,n µµ1 q2 vµ2 q2 ( 2)n-l a . , . ' , 

a;n=2,4,... -q 

rµ;e a - HyKlIOH 111160 MCOOH, Ciit - K03q>qnm;IICHThI B,IIllhCOHa II ma - CO-
, . ' ' "• 

OTBCTCTDYIO~aJI Macca. iIDHhlll BIIµ; ouepaTopon orr.peµ;e11.ireTC.lI HYKlIOHHhlMII 

IIOll.lIMII II IIOll.lIMll KOHKpCTHhlX MCOOHOD. ,I(irn IIpOCTOThl B HaCTO.X~CH pa-

6oTC Mhl pacc:r.rnTpIIBaCM TeopIIIO TOllhKO , co cmrnopHhlMII II CKall.lipHhlMH 

IIOll.lIMII, XOT.X BhlDOp;hl II peoylII.TaThl µ;eiiCTDIITCllhHhl µ;11.x ncex TIIIIOD MCOO

HOD (IIoocxa11.irpHhlX, BeKTOpHhlX ••• ), µ;a10~nx BKllaµ; B noTeHIJ;IIall HYKlIOH

HYKlIOHHOro BoaIIMoµ;eiicTnn.x. HeTpyµ;Ho y6e~IIThC.lI, 'ITO orrepaTopa:r.m T = 2 
cxamrpHo:ii MeooH-11yx110HHoii TeopIIII 6yµ;yT: · 

O'fj···µn = (½) n-l S {fl(0),µ 1 •ta .. , fln N(O)}, 

O~1 
.. :Jin = ( ½ r S { <I>(0) t/1 

••• 7/n <T?(O)}, 

(5) 

(6) 

rµ;e s OOHa'JaeT CIIMMCTpimaD;IIIO no BCCM IIHµ;excaM II Bhl'IIITamre 'IlICHOB, KO

TOphle coµ;ep)KaT cnepTKII c 9µ;µ 1 , Nu <I> - HYKlIOHHI.Ie II MCOOHHhIC (cKaMp

Hhle) no11.x cooTBCTCTDCHHo. OnepaTophl (5)-(6) oanncaiihl n rrpeµ;cTanlleHHII' 

reHOCH6epra, II µ;M onpeµ;elICHII.H IIpormnop;HOH {)µn OT BOaIIMOp;eUCTDYIO~X 

rro11e:ii N n <I> Heo6xoµ;nMo oHaTh .HBHhlII nnµ; raMIIllhTOHIIaHa cIIcTeMhl,'a µ;11.H· 

Bhl'IIIClICHII.x MaTpII'IHhlX 3lICMCHTOB no OCHOBHOMY COCTO.HHHIO MIIUICHII - ero 

co 6CTDCHHhIC BCKTopa n co 6cTDCHHhlC OHa'Jemrn •. B HaCTO.H~ec npeM.lI ra-: 

MIIllhTOHIIaH ~COOH-HYKlIOHHOII CIICTCMhI ,II ypanHeHII.X Ha ero co6cTBCHHhle 

4 
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• 
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OHa'ICHIIH Han6011ec µ;cTallhHO II nolIHO ncc11eµ;onaHhl D Hepell.lITIIDllCTCKOM 

npn611rr)KeHnrr. Hallie paccMoTpenne TaK:iKe 6yµ;eT rrponoµ;nThC.lI n paMK.ax 

Hepell.lITIIDllC7'KOr O IIpII6JlII:iI..CHII.lI. 

,I' 

3. · OcHOBHoe cocTo.H~He Jig_pa B Me::JoH.:.HyKJIOHHOH 

M0AeJIH 

Eyµ;eM pacc:r.rnTp1maTb .Hp;po KaK CIICTeMy noanMoµ;eiiCTBYIO~IIX HYKlIOHHhlX 

II MeOOHHhlX no11ei'I c 11arpam1manoM: 

- . ~ 1 ( 2 2 ')) -£ = N (z8- m) N + 2 (8<I>) - µu<I>~ - guNN<I>, (7) 

rµ;e N = ( {) II <I> - HYKlIO~HOe II MCOOHHOe noll.H 'cooTBCTCTDeHHo,_· m II µu -
oaTpaBO'IHhle ("ro111,1e") MaCChI HYKlIOHa II a-MeOOHa, 9u - KOHCTaHTa CB.HOil,' 

CooTDeTCTDyIO~IIe KllaCCIPieCKIIe ypanHeHII.H µ;mnKeHII.H ~orr~fr IIMeIOT nnµ;: ' 

(i8- m)N(x) = gu<I>(x)N(x), 
(□ +p!)<I>,(x) = -guN(x)N(x). " (8) 

B npon;eµ;ype HepemITIIBIICTCKofr peµ;yKD;IIII ypaBHCHIIII (8) lICKlIIO'IaIOTC.H He- · 

cy~e-CTBeHHhle µ;rr.H .xµ;epHOII q>IIOIIKII aHTIIHYKllOHHhIC CTenemr cno60µ;1,1. ,I(11.H 

3TOro, ucno111,oy.x nepnoe ypaBHCHHC (8), BhlpamIM Ma11y10 X KOMIIOHCHTY 

cmrnopHoro no11.x N 'Iepeo 6011hUiy10 f KOMIIOHeHTY, rroc11e 'Jero n rrepnoM 

'n:'op.Hp;Ke paOlIO)KeHII.x no c~erreH.HM 1 / m no11rmeM µ;11.H I Heperr.XTIIBIICTCKOe 

ypanHemie µ;nmKe~u.x: \.} . " · , . , 

ij(x) =:7nf(x) - 2':,J(x) + gu<I>(x)f(x). (9) 

0 ' 
0TMC~IIM, 'ITO paolIO)KCHIIe 1/m orpaHII'IIIBaeT 'To•IHOCTh Dhl"IIIClICHIIll µ;o 
g2 IIO KOHCTaHTe noanMoµ;c:iicTBII.lI, 'ITO COOTBCTCTBYCT npIIH.HTOMY B .Hµ;ep:: 

.. HOH q>IIOIIKC IIpII6lIII)KCHIIIO IIpII norrrremrn IIOTCHD;IIalla nciammµ;eiicTDII.X ii: 
· ypanHeHn.x illpeµ;1111repa. · · 

B IIpIIHD;IIIIe, ypaBHCHilC (9) MO:iI\'.CT 6hlTh IICIIOllhOODaHO ~ll.X p;aJihHCllllICI'O 

· KBaHTOBaHII.x(~ orrpeµ;e11eHII.H q>II3II"ICCKIIX CDOHCTB CIICTCMhl., Oµ;naxo, KaK 

'61,1110 oaMC'ICH0[19, 20), IIOM f(x) He yµ;oBlICTBOp.HIOT yc110BII.HM HOpMIIpOBOK 

n110T11oc~n nepo.xTHOCTII n oap.Hµ;a n, c11eµ;~naTc111,no, He :r.mryT c11y)KIITh n · 

Ka'ICCTBC IICTIIHHhlX BTOpII'IHO~KBaHTOBaHHhlX IIOlICU CIICTCMhl. 061,1•1110 DBO

p;.HTC.X 11on1,1e IIOM t/J(x) = (J + F)f(x), rµ;c J - cµ;IIHII'IHhlII prrepaTop. Orre

paTop F onpeµ;eMeTc.x TeM, 'ITO noM t/J(x) µ;omKHhl yµ;on11eTnop.lITh nceM 

5 
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ycrrODlllIM ;a;mr KaHoHfr'ICCKII~ DTOpII'IHO-KDaHTODaHHbIX norrei'r: JJ.mr paccMa:.. 
' ' ,: ' . . ' 

TpIIDae1rnro crry•IaJI HYKlIOHHhlX II a-MC30HHhlXH01Ieii: HCTPYJJ;HO, II01I}''IIIT!>: 

(10) 
'· 

1/J(x) = (1- 8~ 2 ) f(x). 

· faMIIJibTOHIIaH. )];1IH TaKou cucTeMhl norry•rncTc.a◊ cTaHµ;apTHbIM. nyTeM · un 
, ' . . . ', •' ; . j '1'''1 

11arpam1maHa (7) c y'leTOM (10) n i111eeT"nn;:i;: . · . 

H0 = ½ j d3x{(V<I>(x))2 + ~{x)1Jx) +pu2<I>(x)<I>(x)}, 

HI(+ Hint = j d3x{
2
~ v¢+(x)V1/J(x) + m1jJ+(x)1jJ(x)} + 

+ 9a: j d3x{1/J+(x)<I>(x)1/J(x)}. (11). 

TaKIIM o6panoM, · Mhl orrpe;a;emmu npon;~JJ;YPY HeperrHTIIDHCTCKOII pe;a;yu~mI 

;a;M HJK1IOHHhlX rrorreii: II. rrorry'i:111111 HDHhr·h BHp; Heperr.lITIIDIICTcKoro :raMIIllh

TOHIIaHa cIIcTCMhl. TaxrrM 2Ke nyTeM, nHa.a HBHhlII DIII]; mo6oro JJ;pyroro one

. paTopa Il ·TepMIIHax MC30HHhlX II HJKlIOHHhIX rrorrefr, MmKHO HallTII ero Hepe:. 

1IHTIIBIICTC~Oe Bhlpa)KCHIIC. . 

. ' BexTop .ocHODHoro cocToHmrn I A) mo6qro z;a;pa HD11.lleTc.a co6cTBCHHhlM 
1: . . '.i.....)· . 

DCKTOpOM raMII1IhTOHIIaHa (11) C co6CTDCHHhIM 3Ha'ICHIICM, paBHhlM II01IHOU 

aHeprIIII OCHODHoro COCTOJIHIIJI: 

(Ho+ Hint) I A)q = EA(q) IA)q, (12) 

rp;e EA(q) - II011HaJI aHeprirn CIICTCMhl C IIMIIJ1IhCOM q. 
3;a;ech crre;a;yeT OTMCTIITh, 'ITO n penyrrnTaTe Hepe):THTIIBIICTCKOll pe;a;yKD;IIII · 

. • V 
Mhl norry'IIIllII Teopmo _TIIIIa CTapbIX MC30HHhlX Teopuii: (HanpIIMep·, "9:y .II 

Jloy[21]). B '!aCTHOCTII,raMII1IhTOHiraH (11) o 611a;a;aeT TCMII )Ke CDOIICTDaMII, 

. 'l~O II raMIIllhTOHIIaH' Il 0TIIX TeopIIJIX, a IIMCHHO: a) _naxyyM )];llJI Taxor~/a-' '• 

MIIllhTOHIIaHa. conrra;a;aeT c q>ImII'lecKIIM DaxyyMoM, 6) ouepaTop 'IIIC11a Me- . 

30HOil. KOMMYTIIpyeT ·c nollHhlM raMIIllhTOHIIaHOM CIICTCMhl, T.e. MC30Hhl .Il 

. ;a;aHHoii Teopm1 JIB1IHIOTCJI q>II3II'ICCKIIMII, B) 'IIICTO HYKllOHHhle (" rorrhle") . co

CTOHHIIH He HB1IHIOTCH co6CTilCHHhIMII COCTOJIHIIJIMII IIOllHOrO ratmllhTOHII.: 

aHa. <PII3U'ICCKIIMII HYKllOHHhlMII COCTOJIHillIMII CIICTCMhl JIB111IIOTClI cyneprr~-·· 

niin;nri cocTo.HHIIii c "ro11hlMII" HyK110HaMII II paci111I'IHhlM 'IIIcif§M MenoHOD;', · 

npll'leM B TaxoM .rrpe;a;cTan11eHn11 · pH)]; o6phlDae±cH Ha orrpe/ierreHHOM. ~Herre , '. . t .. ,,..J' i'~, ~;, 

"cno6o;a;HhlX" MC30HOB, TeM caMblM rrpe;a;rro11araeTCJI, 'ITO aMIIllllT}';a;hl COCTO-

.lIHIIH c 6011hU1IIM 'IIICllOM Menouon panHhl Hy1110 (MeTO)]; TaMirn-)J;aiiKona[22))/. 
" ' ' ._ , ' • I • ► 

· I A)q = J1 - ZA<pi I Ni··' NA);+ cpf I Ni··· NAu)q + 'P1 I Ni··· R,tuu)q + · · :,, (13) 

6 

I 

) 

,) /. 

• ✓H 

'' 

l 
♦, 1 

$ 

) 

:j' 
) 

-

r;a;e ZA -:KOHCTaHTa nepeHopMnponKn norrHonofr q>yHKn;im, onpe;a;eMeMaJI 
ycrronneM (A I A) == 1. CncTeMy ypanHeHIIII ;a;1rn BOlIHOBhlX q>ym:n;IIH 'Pf 
M02KHO norry'IIITb, npoeKTIIpyH (12) Ha panmI'IHbie KOMIIOHeHThl q>OKOBCKoro 
CTorr6n;a: · · 

(Ni·· •NA I (Ho - EA) I Ni·· •NA)'Pi+ I {N1 ·••NAu I Hint I Ni ·••NA) 12 cpi/61 = 0, 

cpf = {Ni••• NAU I Hint I Ni•,• NA}'Pt /61 + 0(/), (14) 

A - - -·- - - - - A 3 
'P2 = {N1 · · • NAuu I Hint I Ni··• NAu){N1 ·•·NAU I Hint I Ni··• NA}'Po /6162 + O(g ), 

r;a;e 

61 = {N1 · · • NAu I Ho I Ni··• NA) - EA, 

62 = {N1 · · · NAuu I Ho I Ni··• NAu) - EA. 

(15) 

B COOTBCTCTBIIII C rrpn611II2KCHll.lIMII, npIIHJIThlMII B npon;e;n;ype Hepe1IHTII

BIICTCKOH pe;a;yKD;IIII ( ~ Um), Il ypaDHCHII.lIX (14) Mhl orpaHII'IIIBaCMClI .TOllbKO 

'IlleHaMII 1];0 g2 • <l>opMallbHO KOHTp011IIpoBaTb TO'IHOCTb MOJKHO, Y'IIIThl:BaJI 

'lllCHhl, co;a;epJKarn;11e KOHCTaHTY g2 D .lIBHOM BII;a;e, o;a;HaKo Ha;a;o IIMCTb B BII;a;y, 

'ITO B npon;ecce Bhl'IllcrreHim noJID1IllIOTClI TaK2Ke '!lleHhl (T) / m ~ (p2) / m2 ~ g2 

(T- KIIHCTU'ICCKaJI aneprira HYKllOHOB). 

. 3HaH pelllCHIIC (14), Mhl MO)KCM BnOCllel];CTBIIII Bhl'IIIClllITb 11I060II Ma
Tpll'IHhlH arreMeHT OT 11106oro onepaTopa. Hae IIHTepecy10T MaTpII'!Hhle arre

MeHThl onepaTopon (5)-(6) (nocrre ux HepeMTIIBIICTCKoii peµ;yxn;1m) no co

CTOJIHIIHM JI;a;epHoii MIIllleHII. Kax. 6h1110 OTMe'leHo Bhlllle, B · l];aHHOM no;a;xo;a;e 

Mhl CTpeMIIMC.lI BhlpanIITb IIX 'Iepen COOTilCTCTBYIOlll;IIe Ha61110p;aeMI,Je. Ma

Tpll'IHble arreMeHThl no JI;a;epHhlM KOHCTIITyaHTaM (HJKllOHOD II MenoHo:s). C 

0TOH ~ellblO HmKe Mhl BhlnIIUICM OTl];CllbHO pellleHIIJI (14) l];lllI q>II3II'lecxoro 

Hyx110Ha II q>II3II'!ecxoii JI;n;epHoii MIIUICHII cooTBeTCTBeHHO . .Il:M npIIMepa B . 

Ka'!eCTBe .H;a;pa Mhl 6epeM ;a;eiiTpOH KaK "TO'IHO peUlaeMyro .lI)];epHyIO MO;a;e111,". 

8To no3B01IHCT nOllJ'IIITb aHallIITII'leCKIIe Bhlpa2KeHIIH B 38.MKHJTOM BII;a;e 

n, xpoMe Toro, 1Icno111,nonaTb xopOUIO 113BCCTHhlC penyllbTaTbl 11cc11e;a;ona

HIIH OCHOBHhlX ero CBOHCTB[23 - 25) (nollHOBhle q>JHKD;IIII, nOTCHD;llall HYKllOH-

HYKllOHHOro BnaIIMo;a;errcTDII.lI n T.;a;.). · · 

HyKJIOH 

PruJ1102KeHIIe (13) ;a;M q>II3U'lecKoro Hyx110Ha (A= 1) c 11Mnyrr1,coM q 11MeeT 

nu;a;: 

I N)q = JI-ZN'Prf I N)q +'Pf I Na)q +'Pf I Naa}q + ···, · (16) 

7 



rµ;e, KaK HeTpyµ;nd ynnµ;eTb, cp{f = 1, a DOlIHODI,Ie q>ynKtinn cpf.2 D CIICTeMe C 
q = 0 IlMeIOT nnµ;: . J 

9u ~ 
cpf" (k) = - J2w(k). w(k) (17) 

92 1-. 
1/lN(k k ) - u · · 
-,- 2 1

' 
2 

- J2w(k1)2w(k2) w(ki)w(k~)' 
(18) 

rµ;e w(k) = Jk2 + µ~ II ~Teno, 'ITO b.1 ~ -w(k), b.2 ~ -w(k1) -w(k2). 
KoncTanTa rrepenopimpoBKII Z; IIMeeT nnµ;: 

J d3k 92 
ZN= (27r)3 · 2w3(kf (19) 

Mhl 11orry'lnrrn pacxoµ;Hrn;ni'1cJI IIHTerparr. Pacxoµ;uMOCTb ycTpaHHeTcH.rrpo
cToii peryrrHpnnau;neii n nneµ;emreM cooTBeTcTny10rn;ero KOHTp'Irrena n ncxo
p;Hhln rrarpam1mau. HarrpnMep, Maccon1,1ii: KOHTp'IrreH nam1chlnaeTcH: 

incp,m. = m + om, 

._rµ;e 
. . d3k · gi · 

· om= - j (27r)3. 2w2(k)" (20) 

YpaBHeHIIH (16)-(20) IIOJIHOCTI,IO 011peµ;errHIOT COCTOHHIIC q>IIGI:I'ICCKOro uy
KlIOHa . .IJ:rrH rrpnMepa Dhl'II:IClIIIM cpeµ;uee · ntta'lettue. crreµ;a Teunopa o~eprnn
IIM11yrr1,ca no C0_CT0HHlIIO HYKlI0Ha .. 8TOT orrepaTop nrpaeT Ba)KHYIO p0llb D 

. Teopnu, IIOCK0llbKY OH 11ponopu;nonarreH onepaTopy 6µiµ 2 D panlIO)KCHIIIi (3) 
npn 7i = 2. O'ICDII)];HO, 'l'.!'0 D CIICTCMC IIOK0H HYKlI0Ha Mhl µ;omKHhl II0lIY'IIITI, 
ero q>IlnII'ICCKYIO Macey; ' ,' 

· KonapnaHTHOe n1,1pa2Kenue µ;rrH crreµ;a Tennopa oneprni1-uMrryrr1,ca cncTeMhi 
DGaIIMO)];CllCTDYIOrn;IIX HYKlI0H0D II MCG0HOD C rrarpamI(IIaH011 (7) IIMCCT IHI)];: 

0t(x) =: mfiT(x)N(x): +: µ~<P2(x):. '(21) 

HepelIHTIIBHCTCKM peµ;yKIJ;IlH (21) corrracno onncannon: Dhlrne npou;ep;ype p;aeT: 

0t(x) = v1J,+(x)v1J,(x) + m1/J(xt1/J(x)+: µ~<P2(x) :, • · (22) 

Torp;a MaTpII'IHhlll 0lICMCHT (22) 110 HYKlI0HHOMY C0CT0JIHIIIO (16) IlMCCT nnp;: 

(~ I Bt(O) I N) = m + omo, . (23) 

8 

l"/ 
'' '~ :! ' 
r 

.-lJ 

;~ 
. ,1 .,l' 

,., 

rµ;e . ' 

. j d3 k. .· gi . 2 j d3 k k2 
omo = (27r)3. w2(k) - 9u (27r)3. w4(k) =I= om. (24) 

; 

Ha rrepnhlii 'nnrrrHp;, Mhl II0lIY'IIIlIII IIp0TIID0pe'Ine c (20), op;naK0 rrerKo y6e
/];IITbCH, 'ITO peryrrHpnnonaHHI,Ie Dbipa)KCHIIH (20) 11 (24) C0DIIap;aIOT. 

)];en:TpOH 

B OTOM panp;erre . Mhl 011pep;em1M 0CH0DHhlC na6rr10p;aeMhlC xapaKTepn
CTIIKII p;eiiTpona II IIOKa)KeM; KaK 0HII CDHGaH:bl C COOTBeTCTDYIOUJ;IlMII ira6rr10-

. • . ' ··1 ' 

p;aeMhlMII pearrbHoro HYKlI0Ha. ., . ' 
.IJ:ei°ICTBYH corrracno o6rn;eii cxeMe, 11pep;cTaDIIM OCHOBHOe COCTOHHIIC p;eii

TpoHa B nuµ;e: 

ID)= J1-:-Zvipf? INN) +<pf I NNa)+<?f I NNaa) +·.. (25) 

B CIICTCMe C q = 0 yp;o6no HCCK0llbK0 11epeo11pep;el11ITI, B0lIHODYIO q>yHKIJ;IIIO 
u,D. 
rO • 3 . . 

<pf?(P1,P2) = (27i-) 0<3>(p1 + P2)cp{?(p1), (26) 

Torp;a ypaDHCHIIC p;rur Hee IIMCCT nup; o6hl'IHOro ypaBHCHIIH illpep;IIHrepa c 
II0TCHIJ;IIalI0M op;no6onoHHOro o6MeHa: 

... 2 . · .· d3k. , 2 · 

2 P D( ) J . · 9u D( k) _ D( ) 
. 2mcpm:i.<po p - (211")3w2(k)'Po p+ - Ev<po p' (27) 

rp;e Ev = Mv - 2mcpna., Mv- qnmII"ICCKM Macca: p;eiiTpona. B p;arr1,neiirneM 
Mhl 6yµ;eM IICIIOllbGOBaTb /];lIH cp{? 6orree rrpIIBhl'IHOe o6onHa'IeHIIe- \JI D, IIMeH 
D nup;y TOT q>aKT, 'ITO CClIH BKlIIO'IIITI, D paCCM0TpCHIIC p;pyrne MC30Hhl 
(7r.-,w-,p - ... ), To \JI D 6yµ;eT cooTneTcTnonaT~ xopowo nnnecTnoii qiys:.,. 
KIJ;IIII p;eiiTpoiia, nhlqucJieHHbll, narrpnMep, rrapII2KCKOll IIJIII. 6oHHCK0ll, rpyrr
IIaMn(23, 24]. 

BoJIHOBhle q>yHKIJ;IIII cpf 2= 
' ' , 

<p1(P1,P2, k) = - ~w(k) (27r)
3

0<3>(p1 + P2 + k)(\JI v(pi) - \JI v(P2)), 
. 2 I , . .· 

<p2(Pi,P2; k1, k2) = 2j'2w(ki)2wf {
2
)w(ki)~(k

2
) (27r)

3
8<

3
>(p1 + P2 + k1 + k2) x 

. \ ' 

! 

x (\JI v(P1 + k1) - \JI v(P2 + k1) + W v(P1)- W v(P2)). (28) 
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.J:i:arree, npJIMhlM Bhl<incrreHIIeM HCTP)~HO y6eµ;ITThClI, '-ITO KOHCTaHTa rrepe

HOpMIIpODKII µ;eii:TpoHHon norrHonoii <f>ym:n;uu CDJI,:iaHa c cooTneTcTDJIOlll,err 

HYKlIOHHciii xoHcTaHToii cooTHOIIH)H~e11: 

Zv. = 2ZN+Zv, 
. (29) 

Z - j d3 kd3p gi + 
v - (21r)6 w3(k/'v(p)Wv(p+k). 

OTMeTIIM, 'ITO 'IIICTO µ;en:TpOHHM 'IaCTh KoHcTaHThI rrepeHop1mponKH .Z v 
KOHe'IHa II; KaK Bil;IJ;HO II:J (29), Olia orrpe;a;errJieT IIOlIHoe·'IIIClIO ;IJ;OIIOlIHIITCllh:

HhlX Me:JOHOB B ;IJ;CIITPOHC, o6ecrre'IIIBaIOlll,IIX nnan110;a;eiicTDIIe Me2Kp;y HYKlIO

H&.\m: 

Bhl'IIIClIIIM MaTpII'-IBhlli :meMeHT orrepaTopa Tem:30pa :meprmI-IIMIIYllhCa 

no _COCTOJIHIIIO µ;eiiTpOHa (25) n y6eµ;IIMCJI, 'ITO ero IIOlIHM Macca Dhlpa2Ka

eTCJI 'lepen Macey HJKlIOHa II OHeprIIIO CBJI:JII Ev: 

(DI Bi(o) ID)= 2J d
3
P 3 (m - 2P

2
) wt(p)w ~(p) + 

(21r) . . . m . 

2 2 J d3
pid

3
p2 gi ff•+( )'T' ( .) 2{: + µtr 6 • 4(k)'cl'v PI 'cl'V P2 + umo, 

(21r) w . 
(30) 

,;;, 

.rµ;e k =PI+ P2• IleperrIIIIIeM (30) n Koopµ;1rnaTHOM rrpeµ;cTanrremni: 

(DI 0t(0) ! D) = 2m<JJ1m. + j d3r (-! + r fr V(r) + V(r)) wb(r)w v(r); (31) 

rµ;e V - noTe~arr (IOKanhl) HJKlIOH-HJKlIOHHoro nnanMo~e:iiCTBIIJI. C rro:

MOlll,hIO TeopeMhl DIIpIIarr·a: (rdV/dr) = 2{T) ({T) ~ (p2/m<JJ1m.) - cpe)];HJIJI 

KIIHeTII'IeCKM oHeprIIJI HJKlIOH0B B µ;eiiTP{>HC) Haxoµ;IIM: · 

Mv = · 2m4Jim. + Ev, 

. Ev =. {T) + {V). 

(32). _ 

ThKIIM o6panoM, Mhl BII;IJ;IIM, 'ITO n )];aHHOM HO)];XO)];C OCHOBHhlC xapaKTCpII

CTIIKII ge:iiTpOHa (Ma.Cea, ITOTCHIJ;IIarr nnaIIMO)];CIICTDIIJI, BOlIH0BaJI <pJHK:a;II.lI) 

orrIIci.maIOTCJI caMocorrracoBaHHhlM · crroco 6oM. 
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4. AMIIJIHTyp;a rny6oKoneyrrpyror? pacce.s:HHJI 

BepHeMcJI K CC'IeHIIIO rHP Ha .Hp;pax. Aµ;poHHhlIT TeHnop lVµv o6hl'IHO rrapa

MCTpunyeTCJI B TepMnHax 6enpa3MepHhlX cTpyxTypHhlX <pJHKn;IIii F{12, Herro-
' 

cpeµ;CTDCHHO Il3MCp.HeMhlX Ha OIIhlTe. B HarneM IIO)];XO)];e yµ;o6Ho paCCMOTpeTI, 

DMCCTO CTPYKTypHhlX g>yHKD;IIII nx MOMCHThl, KOTOphle CBJI3aHbI C BllllhCOHO

. BCKIIMU KOO!p!pllD;IICHTaMil ctt i = 1, 2; a= N, <I> II MaTpII'IllbIMII 0lleMCHTa:M:II 

a1,n onepaTopon ( 4) - (5) cooTHorneHlllIMII: 

2M (FA) ~C(I) -A n I = L.J a,n · aa,n, 
a 

Mn-I (Fl) = L c£~J. a:n, 
. a 

rµ;e n-hlM MOMCHT JI)];CpHOM rTPYKTypHOII <pyHKD;IIII orrpe)];ClIJICTCJI KaK: 

I 

Mn(Ff) = j Ff(x)xn-Idx. 
0 . . 

.(33) 

(34) 

(35) 

. CTpyKTJpHhlC <pyHKD;IIII M02KHO IIOlIJ'IUTh, rrpIIMeHJIJI o6paTHOC rrpeo6pa30-

BaHIIC MerrlIIIHa (cM;, Hanpm.rnp, [26]) K ypanHCHIIJIM (33-34). 
_B rrry6oKoHeyrrpyro:ii KIIHeMaTIIKe q = (v, 0, 0, -v-MAxA) orrepaTopbI (4) 

IIMCIOT BIIp;: 

ON = 2n(~~~/µ"OljJ···Pn = (½) n-I (~;2) n N(O)(,o + ,~)(80 + 83)n-IN(O), 

0,p = 
2
nq(~~~}Pa,nQ~1 --·Pn = (½) n ( ~;2) n <I>(0)(8o + 83?<!>(0). . (36) 

.J:i:arrhlleHlII~~ npeo6pa3oDaHIIe orrepaTOp0B (36) CDC:>;IJ;~TCJI K nepexoµ;y OT pe

lIJITIIBIICTCKUX cnIIHopon N(x)K HepelI.lITIIBIICTCKIIM nolI.lIM 'lf;(x) 11 Bhl'Illcrre

HIIIO, c llOM0lll,bIO ypanHeHIIJI ABII)KCHIIJI norre:i'I (9) II raMIIllhT0HIIaHa (11), 
npoII3DO)];HbIX (80 + 83)~. Ilocn:e )];0DOllbHO rpoM03)];KUX npeo6pa30BaHIIH 

pe3JlII,TaT HCpClI.lITIIDIICTCKOH pe)];JKD;IIII M02KCT 6bITh nanIICaH .B Bil)];C CJMM 

onepaTopoB B nopK)];KC B03pacTaHIIJI no KOHCTaHTC B3aII1!0)];CIICTBli g: 

0 ' - on + ontr + onn N- N N N, 

O;p =Oi +OJttr +o;n, (37) > _· 

1£BHhlll BII)]; onepaTopon µ;aeTcJI B IlpIIn:02KeHIIir. Mn (33) II (37) Mhl norry'IaeM, 

'ITO MOMeHT <pU3Il'ICCKOrO HYKlIOHa onpeµ;elIJICTCK ClIC)];JIOlll,IIMII BKlla)];aMII: 

. Mn(Ff)·= Mn(Ff): a%,n +-Mn(Ff) · ii~n, (38) 

II 
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rµ;e Mn(F{'), Mn(Ff)- MOMeHThl "rorroro" ny1mona II Menona cooTneTcTnenno, 
a MaTpII'IHhle arreMeHTI,J a%,n af:.n paDHI,I: 

(1-:: ZN) (NI ON IN) +.rpf +rpf (Na I ON IN a)+ rpf (NI 01/f IN a) +c.c. ----------N -aN,n 

a 6 B 

-N 
au,n -

(39) 

rpf +rpf (Na I oi IN a)+ rpf (N I ogu IN a)_+ rp!j (N aa I oi IN) +c.c. 
r 

IIocKOlII,KY orrepaTOphl oNn 
· 11 Ogn IIMeIOT p;DyX'IaCTll'I

HYIO CTPYKTYPY, 11x DKrrap;hl 
no HYKlIOHHOMY COCTO.HHIIIO 
panHhl Hyrrro. KaK. n11µ;Ho 
113 (39), MOMeHThl . q>II311~ 
'!ecKoro HYKlIOHa orrpeµ;err.s:
IOTc.s: DelIII'IIIHaMII a{; n, KO-

' 
TOphle Dhl'IIICll.HIOTC.S: HaMII 
Herrocpeµ;cTDeHHO, II .MOMeH
TaMII "rollhlx" KOHCTIITY0H
TOD, KOTOphle, noo6m;e ro
nop.s:, HeII3DeCTHI,J II D Ha-

A e 

,,--., ,.--, 
e- l 9 I ~ 
a 6 R 

,..o...,_ 
~ ./? 

r Jl e 

Puc. 1: JJ:narpaMMbI, orrpel:\eJIJIIO~IIe MoMeHTbI 

ip1muqecxoro ay1moaa: paccenane: Ha. "rorroM" 

HYKJIOHe C y'IeTOM rrepeaopMUpOBKII BOJIHOBOll 

ipyHK~mI(a) u rrorrpaBKII B:JaIIMOl:\ellCTBIIJI: {6) -
OTl:\a'Ia, B) - e) - co6cTBeHao :mepreTuqecxue 

BKJial:\bI. 

CTO.Hm;ee npeM.H MoryT 6hJTb Dhl'IIIClleHhl lIIIIIIb rrp116rrII2KeHHO, D paMKax, Ha
IIPITM~p, rrepTyp6aTIIDHOII KX,II; [27]. B (39) panmI'IHblM MaTpII'IHbIM arre
MeHTaM COOTDeTCTDYIOT pa3llll'IHhle IIpon;eCCbl: pacce.HHIIe Ha· "r~lIOM" Hy-

. Krrone c y-qeToM rrepenopM11ponK11 norrnoBoii qiy~Kn;Im (a), DKrraµ; oTp;a'III ( 6) 11 
C06CTDeHHO 0Hepre;II'IeCKII~ IIOIIpaDKII ( D )-( e),' KOTOphle "oµ;enaIOT" MOMeHT_ 
"rorroro" 1Iy1rnona. Harll.Hp;HO ~TO rrpoµ;eMOHCTpIIponaHOHa p11c.l, rµ;e Me-
30H06onna'!aeTC.H rryHKTIIpHoii rrnnneii, nyKrron - crrrroIIInoii; a HYKlIOHHbH! II 
Me30HHhle. ori:epa-:ropbl - 'IepHI,IMII II cneTJihlMII xpy2KKaMII CO~TDeTCTDeHHO. 
B µ;arr1,nei'IIIIeM 6yµ;eM C'IIIT8.Tb, 'ITO (39} IIOlIHOCTbIO orrpeµ;en:.s:IOT ( c TO'I- . 
HOCTbIO, IIpIIH.S:TOil D HaIIIeM rroµ;xoµ;e) IICTIIHHhle _ MOMeHTI,J HYKlIOHa, II3Me
p.S:eMhle Ha OIIhJTe, II 6yµ;eM IICIIOllb30DaTb. IIX rrp11 Dhl'IIIClleHIIII MOMeHTOD 
µ;eii:Tpona. · · 

,II;IT.H µ;eiiTponnoii MIIIIIeHII· a.fl n coµ;ep2KaT crreµ;yroI.Qne MaTpII'IHhle arre-. 
MeHThl: . ' 

ii~,n = (1- Zv)'ViJ'V!)(NN I OR, INN) +.'PP+'PP(NNu I OR, I NNu) + 
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A 

:.,,., t I\ h t) t7 I l:P OJ 

I ✓' . o' 
I 

r. (I 

z. f t· ·V · kl .o.J · 1"° 
. , 

I 
I 

I' v·v 
( 1 ( ') 

Puc. 2: JJ:uarpaMMbI rrry6oKoaeyrrpyroro paccenaun aa Aei'1Tpoae: A) - u~myrrbcHoe 

npu6rrmKeHI1e, B) - nepeaop:i,;mpOBKa n OTl:\a'm, B) u r) ~ M~::ioHHbie ofo.IeHHbie 

TOKI!. 

+cpf+wv(N.Nu I ow I &.IV)+ wbwv(NN I O'JP I .IV.IV) +c.c .. , 
(40) 

a~n = cpf+ cpP(R Nu Io~ IN Nu)+ cpf+wv(N Nu Io;" I RIV)+ 

+cpf+wv(N Nuu Io~ I .IV .IV)+ wtwv(N NI o;n I .IV .IV)+ c.c. 

Ilorry'IeHHhle MaTpll'IHbie 3lICMCHThl MoryT 6hlTb crpynmrponaHhl TaK, 'IT06hl 
n .s:nnoM nuµ;e Dhlp;emITb pacce.s:nne Ha q>II:JIPICCKOM nyKrrone ( nKrraµ; ~narpaMM 
(a)-( e) n IIMrryrr1,cnoM rrpn6mnKeHIIII) rrrrroc DKrraµ;1,r •rncTo 11cnonnblx o 6MeH-
HhlX TOKOD (cM. pnc.2). . 

06paTIIM oco6oe DHIIMamre na ;ri;narpaMMhl nMrryrr1,cnoro rrpn6mr.iKC'HIIB. 
Tpaµ;nn;IIOHHO rrpn paccMoTpcnmr IIHKlII03IIDHhlX npon;eccon pacce.s:nn.s: rrerr
TOHOD na .s:µ;pax D II1IIIYllbCHOM rrpn6rrn.a-;:emm D03HIIKaeT norrpoc 06 aMIIlIII
Tyµ;e nnanMoµ;eiicTDII.S: rreIITOHOD c Jtµ;epHhlM HYKlIOHOM[l4]. 06hl'IHO npeµ;rro
rraraeTc.H, 'IT~ p~rru'!ue aMIIlIIITJp;bI nnan~rnµ;eiicTnn.s: rrerrToHon co cri:anan- · 
HhlMII II c·o cno6oµ;HhlMII HyKrronaMII Marro, n .Hµ;epnhle aqiq>eKThl Y'IIIThlDa
IOTc.s: lIIIIIII, B KirneirnTIIKC. 8To rrpeµ;IIOlIO)KCHIIC 01ipanµ;1,rnaeTC.lI 1h posteriori" 
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cpanHeHIIeM "'IIICJICHHIDX paC'ICTOB C 3KCITepnMeHTOM. B HallICM cnrrne, I..:aK 

BII;rJ;HO II:3 pnc.2, n ;a;narpaMMhl IIMIIYJibCHOro rrpn6rrmKeIIUlI BXO;D;JIT MOMeHThl 

q>Il:3II"<JeCKOro HYKJIOHa, Henocpe;a;cTBeHHO ImMepJICMhle Ha. OIIhlTe. H;a;epHM 

CTpyKTypa Y"'IIITbIBaeTC.lI 06MCHHhlMII p;11arpa?.f:l\IaMII, a TaK:m::e qepe:3 IIOTCH

D;IlaJI HyKJIOH-HJKJIOHHOro B:lam,rn;a;eiicTBUlI II 3Heprmo CBJI:3Il. Ilo CJTII, ITorry

"<JeHHhle Hal\III Bhlpa)KeHJI.lI IIOKa:lhlBaIOT, "'ITO naMeHa B 111\iIIJJibCHOM ITp116n11-

)KeHIIII aMIIJIIIT)'Ahl pacce.lIHII.lI Ha .lI;rJ;CpHbIX HJKJIOHaX cno6op;HhlMII aMITJIIITy

;a;aMn COOTBeTCTBJeT TO"'IHOCTII p;o g2 ITO KOHCTaHTe B:JaIIMO;rJ;ellCTBIIJI II He 

J"'IIIThlBaeT Me:lOHHhle CTeIIeHII cno6op;hl. 

5. IlpHMep: n=2 

PaccMoTpIIM KOHKpeTHhlH npIIMep Bhl"<JIIcnemur BToporo MOMeHTa cTpJKTyp

HhlX <pyHKD;IIii. Ih1eHHO nTopoii MOMeHT urpaeT na)KHJIO poni n Te6pmr I'HP, 
IIOCKOJibKY :laKOH coxpaneHIIJI :meprllII-IIMIIJJibCa IIOJIH0CTbIO onpe;a;eJI.lICTC.lI 

IIM, II, cne;a;onaTeJibHO, nccne;a;onam1e BToporo MOMeHTa .lIBJI.lieTC.lI O;rJ;HIIM Im 

KpIITep11en nponepKII caMocornaconaHHOCTII Teopmr. HanoMHITM, ."'ITO n paH

HIIX <peHOMeHOJIOrII"<JeCKIIX no;a;xo;a;ax ITO yqeTy BKna;a;a MC:JOHHbIX CTeneHeII 

CB060p;hl B peaKD;IIJIX I'HP[8, 9, 28] naK0H coxpaHeHirn 3HeprIIII-IIMIIJ1IbCa 

nn6o Hapyrnanc.lI, nII6o q>IIKc1rponarrc.lI <peHoMeHorrornqecKir, no;a;6opoM napa

MeTpon. 

3aMeH.lI.lI n Bhlpa)KeHll.lIX ;rJ;lI.lI MaTpII"'IHblX :)JICMeHT0B n = 2 ( CM. IlpIIrrmKe-

HIIe), nonyqaeM p;1I.lI HJKJIOHa: 

M2(Ff) = M2(Ff)- M2(Ff) o:::. (41) 

. <PII:3II"<JeCKIIll CMhlCJI nonyqeHHoro Bhlpa)KeHII.lI oqenIIp;eH: HJKJIOH B npon;ecce 

B:laIIMOp;eiicTBll.lI "o;a;enaeTc.H" Me:lOHHhlM .o6naKOM II BTOpoii qneH B npanoii 

qacTII Bhlpa)KeHll.lI ( 41) HrpaeT porrb KOHTpqneHa ;D;JI.1I MOMeHTa. (co6cTBeHHO 

3HepreTII"'IeCKIIe nonpanKir). KpoMe Toro, np.lIMhlM Bhl"'IIIcneHJieM MO)KHO no

KMaTh, "'ITO p;IIarpaMMhl nepeHOpMHpOBKII II OT;IJ;a"'III ((a)-(6) Ha pIIc.1) co-

.. KpaUJ,aIOTC.lI. O6paTIIM BHJIMaHIIe, "'ITO n BbipruKeHmI ;D;JI.lI BToporo MOMeHTa 

Mhl He IIOJIY"'IIIJIII ;a;onoJIHIITeJibHhlX pacxop;IIMOCTeii no cpanHeHIIIO C nepno

HaqaJII,HhlMII 6eCKOHe"'IlihlMII KOHCTaHTaMII nepeHOpMHpOBKII BOJIHOBhlX q>JH:

KD;HH ·II Macconoro KOHTpqneHa. 8To cornacyeT. C.lI ~ .o6m.eii Teopueii nepe: . . 

HOpMIIpOBOK, cornacHO KOTOpoii coxparurrom.nec.lI.COCTaBHhl.e orrepaTOphl .(n 

cnyqae n = 2 3TO 6y;u;eT TeH:30p 3Hepr1III - IIMIIJJibCa) He Tpe6yroT nne;a;eHIIJI 

, ;a;onolIHJITennHhlX KOHCTaHT nepeHopMHpoBKII[27]. · 
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MoMeHT ;a;efrTpona: . 

' ltfv Jv!P = M.N (l +~('.I')+ {V))- ~u (~ (T) +.!. (V) + 8m). 
2m 2 

· 
2 3 m m 2 3 m 2 m m (42) 

Ilpu rronyqemm ( 42) Mhl DHOBb BOCIIOJib:30BaJIIICI, TeopeMofr BllpIIarr:a. Ilep

Bhlll "'IJICH· ( 42) OIIIIChlBaeT MOMeHThl .B IIMIIJJibCIIOM rrpn6nmKeHIIII c yqeTOM 

. CB.lI:JHOCTII, BTopoii "'IJICH - "'IIICTO Me:30HH0~6MCHHbie 3<p<peKTbl. KaK II B Hy: 
• • • • I 

KJIOHHOM crryqae, ;a;uarpaMMhl rrepeHopr.mpoBKII n OTp;aqu IIOJIHOCTbIO COKpa-

TIIJIIICb. Bhlpa2KeH11ro ( 42) MmKHo npu;a;aTb 6orree Harrr.Hp;Hhlii n11;a;, :laIIIICI:IBM 

BMecT.o MOMCHTon MN,D, corrracHo 11apTOHHoi'1 Mo;a;enu, cpe;a;m1e IIMiiynichl, 

JH0CIIMhle. xnapKal\m. Tor~a, ecrru oTmK;a;ecTBIITb K03<p_<pun;neHThl rrpu · Mo

MCHTax co cpep;HIIMII :3Ha"'!CHIIHMII IIMIIJJibca, YHOCIIMoro KOHCTHTJ3UTaMII B 

;a;eiiTpOHe, TO naKOH coxpa~eHIUI IIOJIHoro IIMITJJibca 6y;a;eT IIMCTI, nn;a;: 

(xq)D = (xq)N · (Y)N +(xq}u · (Y)u 

(xg)D = (xg}N · (Y)N + (xg}u · (Y)u, (43) 

r;a;e (fq(g)) - cpe;a;m1ii IIMIIJJibC, yuocIIMhlfr KnapKaMII (rnrooHal\m) B KOHCTII

TJ3HTe, (y) - cpep;UHH IIMIIJITbC, YII0CHMblll CaMIIM K0UCTHTJ3HTOM: 

(y) N = 2m4iu::i, (l + ~. JD_ + (V) ) 
. Mv 3m4iu::i. mcfim:i. 

(Y)u = (~ (T) ·+_j}l). ·.· 
3 mcf,im. · 2mcf,m:1. · 

CKnap;hlBa.lI npanhle u JICBhlC "<JaCTII ( 42) II UCIIOllb:3J.lI paneHCTBO 

2rn4ina,/Mn ~ 1- En/2mcf,ua., y6e)Kp;aeMC.lI, "'ITO IIpaBIIlIO CJMM BOCCTaH~BJIII-

. BaeTC.1I n T0"'IHOCTII. 3;a;ecb cne~yeT o6paTIITb BHHMaHne,. "'ITO, KaK BII;rJ;HO Im 

, ( 41f ( 43), OKOH"<JaTCllbUhle peoynnTaThl :3aBIIC.1IT. TOllbKO OT cpep;HIIX_ :3Ha- · 

."<JeHIIH KIIHCTII"'IeCKOH 3Heprrm HJKlIOHOB II IIOTeHn;nana HJKlIOH-HJ~lIOHIIOr~ 
, ' l ' ' " 

B:laIIMOp;eHCTBII.lI u'He 0aBIIC.lIT OT KOHKpeTHoro BHp;a MC:30HOB. PacCMOTpeH-

Hhlll rro~xo;u; MO)KeT 6hlTb o6o6UJ,eH Ha CIICTeMy c lII06bIMII copTaMII MC0OH0B, 

n qacTH<>CTII, MO)KHo paccMoTpeTb Ha6op Me:louon, 11cnon1,:3yeMhlii 6oHHCKoii . 

O rpynnoii, "'lbll pe:3JllbTaThl (nolIHOBa.lI. q>JHKD;ll.lI 'llv,. ~Heprll.lI CB.1I:3II ED, II0-

TeHn;nan. VII T.;a;.) MoryT 6hlTb 'IICII0llb:lOBaHhl Ha?.fII _;D;JI.lI BhlII0lIHeHIDI K0H

KpeTHhlX "'IIICITeHHhlX pac"<JeT0B. 

6. 3aKnioqeHHe 

1. Ha npIIMepe· cKall.lipHhlX Meoouon II:lIT,o)KeHa Hepell.1ITJIBIICTCKM MC:lOH- ·

HJKITOHHaJI Teoprrn peaKn;nii · rrry6oKoHeynpyroro pacce.lIHll.lI rrenToHon • 

\.. 
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") 

L.-v 

. : 

. Ha ;a;eiiTpo:s,:e. B' MeTo~e onepaTOJ>HOro pa3JI02KeHIIJI Bmn,coHa norry'IeH 

.JIDHhlll nn;a; HepeIDITnnncTcKnx onepaTopon rHP n TepM11Hax nnaIIMO

;a;eiicTnyro~Hx HJKJIOHHhlX II Me30HHhlX norreII. 

. 2. IIorry'IeHO aHaJIIITII'IeCKOe Dhlpa2KeHue ;a;mi: DToporo MOMeHTa CTpyK

TypHhlX q>yHKD;llH ( C TO'IHOCTbIO ;a;o g2), Dhlp;erreHhl DKJiap;hl co6cT~eHHO 

0HepreTII'IeCKIIX 'IaCTell II o6MeHHhlX Me30HHhlX TOKOD. IloKanaHo, 'ITO 

MOMeHThl ~eiiTpoHa Dhlpa2KaIOTC.lI 'Iepen q>nnu'IecKII na6rrro;a;aeMhle Mo- . 

MelIThl KOlICTIITJ0HTOD - HJKlIOHOD II Me30HOD. 

3. IloKanano, 'ITO Hapyrnem1e naKona coxpaHeHII.lI aneprim-nMnyrrbca D IIM

nyrrbcHo'.M npn6JIIDIWHIIII n TO'IHOCTII DOCCTaHanmrnaeTC.lI y'IeTOM Me-

30HHhlX o6MeiIHhlX TOKOD . 

AnTOpbl C'IIITaIOT CDOIIM rrpIIHTHhlM ;a;orrroM DbipamITb 6rraro;a;apHOCTb H. 

KpacHIIKony na norrenHhle 06cy2K;a;emrn. · 

. IIPHJIO)KEHHE 
Ilocrre HepeIDITIIBIICTCKoii pe;a;yKD;IIII onepaTophl ( 4)-(5) npIIHUMaIOT BIIp;: 

HyKrrOHHhlII onepaTop: 

OR, = 

O'Jl = 

O.ivn = 

J d3p1d3p2 _,v,p>(p1,p2). a+(pi)a(p2), 
(2rr)6 

. ·1 d3
pid

3
P2 ~NJ2l(k). a+(p1)a(p2) (b+(k) + b(k)), 

Yu (2rr)9 y'2wW . 

2 J d3
p1d

3
P2 d

3
PJd3k _,vJJ)(k). a+(Pi)a+(p2)(a(p2 - k) + a(p2 + k)) a(p3), 

Yu (2rr)6 (2rr)6 

(1) . 

(2) 

(3) 

r;a;e a+(p);a(p) II b+(k),b(k) - onepaTophl pmKp;eHII.lI II JHII'IT02KeHIIH ny:: 

KrroHa II· Me::rnHa cooTBeTCTBeHHo, a NAi) ( k) paDHhl: 

. NJ_I)(p ) = 2mn .(1 _ ~i + P~ +·· P~P2 +· Plz + P2z) [l+ Pi+ P~ + Plz + P2z] n-l 
· n t,P2 · Sm2 4m2 2m 4m2 2m 

.N'J2)(k)·= 2mn ([1 + w+(k)]n-1 - [1- w+(k)]n-1) 
w+(k) 2m 2m · · 

\ 

_,vJJ)(k) = 2mn .([1 + w+(k)J·n-1 - [1- w;:(k)]n-1 - w!(k) ([1. + ~1n-l -
. 2w2(k)w+(k) 2m · 2m k, 2 . . 2m 

c_ (1 - ::r-1) )-
16 

0 

McnoHHhlII orrcpaTop anarrorII'IHbI!-1 o6panoM M02KHO npe;a;cTaBIITb B nup;e: 

o; = !
. d3k1d3k2 . 1 . · . i 

(211')6 J2w(ki)2w(k
2
)',\,f;(k1,k2) (b+(ki)b +(k2) + b(k1)b(k2)) + 2M!(k1, k2 )b+(ki)b(k2), 

1 

o;u = J d
3pd3 k2 d3k 1 (2) ( + .. 

Yu (2rr)9 J
2
w(ki)Mn (k1,k2) · a (p)a(p- k2)b(k1) + a+(p)a(p+ k2)b+(kt)), 

o;n = 
2 J d3k1d3p1 d3k2d3P2 (3) + + . . . 

Yu (
2

rr)6 (
2

rr)6 Mn (k1,k2) · a (pi)a (p2)a(P2 + k2)a(p1 + ki), 

C 

r;a;e·M~)(k1,k2) IIMCIOT crre;a;yro~nii nu;a;: 

M;;'(k1,k2) = 
2
1
,.(w+(ki) ±w+(k2)t, 

M~21 (k1,k2) = 
2

nw!(k
2

) • ((w+(ki)-w+(k2)t + (w+(ki) +w-(k2)t- (w+(k1)- k2,t), 

1 . . 
M3(k1,k2) = 2,.+2w2(ki)w(k

2
) · (2[w-(k1) +w+(k2)t + [w-(k1)-w-(k2)t 

. +[w+(k1) - w+(k2)t - 4[w+(ki) - k2zt + 4[k1z - k2:f), w±(k) = w(k)_ ± k,. 

IIpnne;a;eM Dhlpa2KCHIIJI MaTJ)ll'lHbIX 0JICMeHTOD orrepaTopon ( 4 )-(5) no p;eii

Tpony l];JIJI ClIJ'IaJI n. = 2, D KOTOphIX Mbl Dhll];CJIJICM paOJIII'IHhlC DKJiap;hl DO 

DTOpOII MOMClIT. 

MaTpII'IHhIII 0JICMCHT ax 2 = 
a) IIMIIJllbCHOe npu6JIII2K~HIIC: 

( . j d3p . 2 [ p
2 

. P5 ] ·) 2 1+ --3 1\J!v(P)I ~+-2- -. 
, (27r) . _,n,f,n::i. m<Im::i: 

6) Me:JOHHhlC o6MCHHhlC TOKII: 

2 
_ _ 2_j cl3pd

3

6kw v(P)+w v(P+ k) wf(k) + 
ffi¢1m. (27r) 

n) oT;a;a•m: 

d3 d3k . + : gJ j <l3k . gJ -
+2 j (:7r)6 Wv(P) Wv(p+kt3(k) + 2 (27r)3w3(A:) 
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(6) 

(7) 

(8) 

(4) 

(5) 

i 

1. 

ail' 



• 
r) rrepeHOpMIIp0DI,,a: 

-2(2ZN+zn)• 

MaTpII'IHLIIl 31IeMeHT a~2 = 
a) Me:J0HHl,Ie 06Memu,1e T0KII: 

, k2 . . 
2gi j d

3
pd

3
:w n(P)+wn(P + k) w4{k) -

- m4iua. (21r) . ' 

6) co6cTD,eHHO ;mepreTII'IecKiiii: n:rnaµ;: 

2g2 j d3k k2 2' j d3k g2 _ u __ 3 _____ u_ 

m4i1m. (21r)3 w4(k) m4i1m. (21r)3 2w2(k)" 

(9), 

..(10) 

(11) 

lfa ;in,1p8.)KeHirn (29) µ;mi: K0HcTaHThl nepeHopMIIp0BKII norrHonoii q>YHKD;Irn 
Zn II (9) BIIµ;Ho, 'IT.o 'IITeHI,I rrepeHopMuponKII II oTµ;a'III coKpaI.QaIOT µ;pyr 
µ;pyra, a ocTanwnecJI 'Irrem,1 B cyMMe µ;aroT ( 42). ~ 
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