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KBapKOBbie IlOTCHQJiaITbHble Moµ;errlI .lIBIT.lIIOTC.ll OCHOBHhIM lIHCTpyMeH

TOM Jiccrreµ;oBaHlI.ll cneKTpOCKOillilI T.ll)KeITbIX KBapKOHJieB. 3TH MOp;errlI 

lICilOITbl3YIOT Heperr.lITlIBlICTCKOe ypaBHeHJie illpep;HHI'epa C acpcpeKTlIBHbIM 

IlOTeHQHarroM, COCTO.ll~lIM lil3 KYITOHOBCKOI'O lI pacTy~ero p:oTeHQliaITOB. 

Ilp.l!Moe npHMeHeHHe aToii Moµ;errH K CB.lll3aHHhIM cocTO.lIHH.lIM rrerKHX 

KBapKOB He o6oCHOBaHHO, TaK KaK B 9TOH o6rracTlI cy~eCTBeHHhIM CTaHO

B.lITC.ll perr.lITlIBlICTCKJie acpcpeKTbI lI TaKJie HeITHHeHHble .lIBITeHH.ll,KaK KOH

cpaHHMeHT JI cnoHTaHHoe HapyweHJie KHparrhHOH cJIMMeTpH:n:.' MexaHimM 

TaKHX .lIBrreHHH B KBaHTOBOH xpoMOAHHaMHKe· (KX,II;) e~e He Hl3BecTeH. 

IIoaTOMY B nonhITKax npHMeHeHH.ll KBapKOBOH noTeHQHarrhHOH Moµ;errH 

K rreI'KlIM aµ;poHaM BMeCTO 9TlIX MexaHJil3MOB HCilOITbl3YIOTC.ll pat3ITlI'lHble 

npeµ;norro)KeHH.ll. 

OnHCaHHe Cil0HTaHHOI'O HapyweHlI.ll KHparrbHOH ClIMMeTplilI lI cneK

Tpa Mace rrerKHX Me130HOB B paMKax KX,I( - MOTHBHpoBaHHOH noTeH

QHarrhHOH Moµ;errH 6h!rro· npeµ;rro)KeHo B pa6oirax [l]. · Moµ;errh ocHOBaHa 

Ha acpcpeKTHBHOM raMHIThTOHHaHe KX,I( B KyrroHOBCKOH KarrH6ponKe, Ko

TOphIH coµ;ep)KHT 'leTbipeXKBapKOBOe BtlaHMOp;eHCTDHe, BOl3HlIKaIO~ee_ B 

penyrrhTaTe lIHTerpHpoBaHlI.ll acpcpeKTlIBHOI'O µ;eHCTBHH no I'ITIOOHHbIM no

IT.lIM. B aToii Moµ;errH KOHcpaiiHMeHT npnHHMaeTc.ll KaK aKCliIOMa, nanpe

~aIO~a.ll Bl3alIMOp;eHCTBH.ll C .lIBHblM Hl3MeHeHHeM QBeTa KBapKOB. CnoH

TaHHOe HapyweHJie KHparrbHOll ClIMMeTplIH, .lIBIT.lIIO~eec.ll 'lHCTO perr.lITH

BlICTCKHM acpcpeKTOM, OilIICbIBaeTC.ll cpep;HlIM 13Ha'leHJieM onepaTopa co6-

CTBeHHOH 9HepI'lilI KDapKa OTHOCJITeITbHO HenepTyp6aTHDHOI'O BaKyyMa, 

KOTopoe norryqaeTC.ll nyTeM peweHH.ll ypaBHeHH.ll illBHHrepa - ,I(aiicoHa 

(ill.I() C acp<peKTlIBHbIM IlOTeHQJiaITOM. CneKTp Me130HOB lI - I'OIT1);CTOYHO

BCKa.ll Moµ;a, o6ycrroBrreHHa.ll CilOHTaHHbIM HapyweHneM KHparrbHOH CHM

MeTplIH, onHChIBaIOTC.ll peweHH.lIMH ypaBHeHH.ll BeTe - CarrnHTepa (BC), 

norry'leHHOI'O lil3 acpcpeKTlIDHOI'O raMJIITbTOHJiaHa B "rrecTHH'lHOM" npH-

6rrH)KeHJIH. B npeµ;erre T.ll)KeIThIX KBapKOB ClICTeMa ypaBHeHHH ill.I( JI BC 

nepexoµ;HT B ypaBHeHHe illpep;HHrepa. 

IlpH paCCMOTpeHHlI rreI'KlIX KBapKOD lI HX CD.lll3aHHbIX COCTO.lIHHH B 

KX,I( - MOTHBHpoBaHHOH rioTeHQHaIThHOH Moµ;errH QeHTparrbHhIM Bonpo

coM .lIBIT.lleTC.ll onpeµ;erreHJie cpopMhI pacTy~ero noTeHQHarra. B pa6oTax 

[1-3] D Ka'leCTBe TaKOI'O IlOTeHQHarra npeµ;rro)KeH0 HCil0ITbl30BaTb Te )Ke 

IlOTeHQJiaITbI, 'ITO lI B cneKTpOCKOillilI T.ll)KeITbIX KBapKOHJieB. Op;HaKO B 

TaKOH Il0CTaHOBKe naµ;aqJI DOl3HlIKaIOT µ;Be npo6rreMbI: ycTpaHeHJie pac

xop;lIMOCTeH ypaBHeHlI.ll ill-,IJ;, BOl3HlIKaIO~lIX p;rr.ll irrnpoKOI'O xrracca "pe

aITbHbIX" IlOTeHQliaITOB, lI yqeT HeITHHeHHbIX acpcpeKTOB (KoH<paHHMeHTa), 

KOTOpbie CTaHOB.lITC.ll 6orree cy~eCTBeHHhIMH B o6rraCTH rrerx:nx KBapxoB, 



'!eM T.lDKem,rx. B'rrrrTepaType [1-3] ;rvrn: peUieHrrH npo6rreMhI ycTpaHemrn 

pacxo;a;rrMocTen nprrMeHHIOT xopoUio rrnBeCTHhlll ( nepTyp 6a TITBHhIII) Me

Toµ; nepeHopMrrpoBKrr, KOTophln, o;a;HaKo, He o6ecne'IrrBaeT caMocor.i:iaco

~aHHon nepeHopMHpOBKll ypaBHeHITH ill,[( µ;JIH KOHCTllTJeHTHoro KBapKa. 

B pa6oTe [4] npe;a;rro)KeHo BMecTo nepTyp6aTIIBHOII nepeHopMrrpo

BKIT llCilOJih30BaTb Moµ;rrqirru;rrKan;rrro ypaBHeHrrH ill,[( nyTeM BhI'IITTaHlrn 

ll3 noµ;hIHTerparrhHhIX q>JHKD;llll ypaBHeHITH peryrrrrprrnyro~rrx <PYHKD;llll. 

PeryrrHprrnau;rrH Heo6xo;a;rrMa He TOJihKO µ;JIH ycTpaHeHITH pacxo;a;nMOCTeH, 

HO rr ;a;rrH o6ecne'!eHITH BhIIlOJIHeHITH na;a;aHHhIX ll3 !pll3II'IeCKllX coo6pa)Ke

Hllll rpaHH'IHhIX JCJIOBllll KpaeBOll naµ;a'Ill µ;JIH' CllCTeMbI ypaBHeirrrn ill,[( 
rr BC. PeUieHITH TaKon KpaeBon naµ;a'In B pa6oTe [4] norry'IeHhI Fia npn

Mepe noTeHu;rrarra I'aycca. IloKa□aHo, 'ITO B oTJIII'Ine OT nepTyp6aTITBHon 

nepeHopMrrpoBKn, Moµ;rrqJnKan;rrH ypaBHeHITH ill,[( nonBorrHeT Bocnpoi:rnBe

CTrr aKcneprrMeHTaJihHoe nHa'IeHne KOH<;TaHThI rrenTOHHoro pacna;a;a nn

OHa (f"' ). O;a;HaKo noTeHn;rrarr Thycca He ;a;aeT yµ;oBJieTBopnTeJihHoro onn

ca:anH cneKTpa Mace rr KOHCTaHT pacna;a;oB ;a;pyrrrx MenoHoB. 

,[(pyrrrM npoCThIM nprr6JIII)KeHHhIM rioTeHu;narroM, lICil0lih3JeMhIM B 

JIITTepaType [2] µ;JIH onrrcaHITH CilOHTaHHoro HapyUieHITH KrrparrbHOH CllM

MeTpnn rr cneKTpa Mace rrerKrrx MenoHoii, HBJIHeTcH rapMOHIT'IecKrrn ocu;nrr

JIHTOpHhlll IlOTeHn;rrarr. 8TOT IlOTeHu;rrarr: TaK )Ke,. KaK IlOTeHn;rraJI I'aycca 

B ypaBHeHnrr ill,[( _He nprrBo;a;rr-i.' K pacxoµ;rrMOCTJIM n onnchrBaeT 6orree 

UirrpoKrrn cneKTp MenoHoB, 'IeM noTeHn;rrarr Thycca[4]. 

B HaCTOJI~eu pa6oTe 6yµ;yT norry'!eHbI peUieHITJI KpaeBOll naµ;a'Irr µ;rrJI 

Moµ;nqinu;npoBaHHOro ypaBHeHrrJI ill,[( C OCD;lllilIJITOpHbIM IlOTeHIJ;llaJIOM 

n ypaBHeHrrJI BC ;a;rrJI nceBµ;ocKaJIJipHhIX MenoHOB rr rrx pa;a;rraJihHhIX B03-

6y)K;a;eHrrn. Mo;a;nqinKan;nJI 6yµ;eT nporrnBoµ;nThCJI np_~cTeIIUIIIM cnoco6011, 

a ITMeHHO nyTeM BBeµ;eHIIH B ypaBHeHrre <PYHKIJ;llll BhI'IITTaHITH, co;a;ep

)Ka~e:rr HOBhIH napaMeTp. PeUieHnJI KpaeBou naµ;a'Irr 6yµ;yT norry'!eHhI c 
IlOMO~bIO 'IllCITeHHhIX MeToµ;oB. 

Pa6oTa nocTpoeHa crre;a;yro~rrM o6panoM. B pan;a;eire 2 cqiopMyrrrrpo

BaHa KpaeBair naµ;a'Ia ;a;rrJI Mo;a;rrqirru;rrpoBaHHoro ypaBHeHITJI ill,[( c ocu;nrr

JIJITOpHhIM noTeHn;rrarroM. B pan;a;erre 3 ;a;aHo ypaBHeHne BC µ;JIJI nceBµ;o

cKarrHpHhIX Me30HOB KaK CBJI3aHHhIX COCTOJIHllll napbI KBapK-aHTllKBapK 

B norre ocn;rrJIJIJITopHoro noTeHu;rrarra. B pan;a;erre 4 npnBeµ;eHhI peUieHITJI 

KpaeBhIX naµ;a'I µ;rrJI ypaBHeHrrn ill,[( rr BC, norry'!eHHhre c noMo~hIO 'III-
. . 

crreHHhIX MeToµ;oB. 
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2. Kpaeaa11 oaµ;aqa p;JI.H ypaaueHH.H illaHurepa-,IJ;aiicoaa 

YpaBHeHne ill,[( ;a;rrJI npoII:JBOIThHoro noTeHn;IIarra MO)KHO npe;a;cTaBrrTh 

B crre;a;yro~eM Bnµ;e [5,6]: 

E(p) sin cp(p) = mo+½ I {~:r3 V(IP - qi) sin cp(q) • 
d3 n 

E(p) cos cp(p) = p + ½ 1 ~ v(IP - ql)e cos cp(q),. 
(1) 

r;a;e IIHTerpnpoBaHIIe Beµ;eTCH B TpexMepHOM npocTpaHCTBe Koop;a;nHaT 

IIMilJlibCa q, e = pij, fi = p/lPI, mo - Macca KBapKa. 8To ypaBHeHIIe peUia

eTCH OTHOCUTelihHO <PYHKD;IIII cp(p) II aHeprIIII KBapKa E(p) K8.K <PYHKD;llll; 

naBIICH~ne TOJihKo OT p = IPI• 

r;a;e 

Ilocrre xrnTerpnpoBaHrrH no yrrraM dflq ypaBHemre (1) nprrHIIMaeT Brrµ; 

E(p)_sincp(p) =mo+ ½J1(P) , 

E(p) coscp(p) = p + ½J2(p), 

I1(P) = J dq½(p,q)sincp(q), 
I2(P) = J dqVi(p, q)cos cp(q), 

½(p, q) = c£>a J dflqV(jp - qi), 

V2(P, q) = cl:>3 I dflq V(IP - ql)e. 

(2) 

(3) 

(4) 

,[(rrH peUieHIIH ypaBHeHrrJI (2) yµ;o6Ho npIIBecTII ero K crre;a;yro~eMy 

BIIµ;y: 

2m0 cos cp(p) - 2psincp(p) + I1(P) cos cp(p) - I2(P) sin cp(p) = 0, (5) 

E(p) = (mo+ 1I1(P)) sin cp(p) + (p + 1I2(P)) cos cp(~)- (6) 

PeUieHIIe ypaBHeHIIJI (5) naBIICITT OT HBHoro BIIµ;a IlOTeHn;IIarra rr rpa

HlI'IHhIX ycrroBnii. ,[(rrJI UirrpoKoro KJiacca noTeHD;llaJIOB, llCilOJib3JeMhIX B 

cneKTpOCKOilIIII a;a;poHOB, lIHTerparrhI I1 II I2 B aCIIMilTOTIIKe MaJihIX IT 

6orrhllllIX llMilJJihCOB IIMeIOT pacxoµ;rrMOCTII. ,[(rrH ycTpaHemrn 9TITX pac

xoµ;IIMOCTell B pJIµ;e pa6oT [1-3] 6blrra npIIMeHeHa npou;e;a;ypa nepeHop

MIIpoBKII, IIcnorrhnyeMair B Teoprrn B03My~eHIIH. lIH<fJpaKpacHhle pacxo

µ;IIMOCTrr o6hl'IHO ycTpaHJIIOTCJI rryTeM rrepeorrpep;erreHIIJI <pll3II'IeCKOro 

3Ha'!eHIIJI aHeprrrII KBapKa, KOTOpaH HBJIHeTCH HeHa6Jiroµ;aeMOH BeJIII'Ill

HOH. CyTh nepeHopMnpoBKII B yrrhTpacprrorreTOBOll o6rracTir naKJIIO'IaeTCJI 
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B TOM, 'ITO B 'ypa:imemre BBOIJ;HTCJI Bemr'IIIHhI Zm II Z, KOTOpbie B rrpeµ;ene 

6ecKOHe'IHO _60JiblliIIX 3Ha'IeHIIH IIMITYJibCa KBapKa (p - (X)) COKpa~aIOT 

. paCXOJ:1.llll\Hec.11 'l/IeHI,I IUITerpaJIOB I1 II I2. Torµ;a peryn.HpH30BaHHOe ypa-

BHeHIIe 3aITIICbIBaeTCJI B cneµ;y10~eM BHµ;e : 

E(p) sin cp(p) = mo{l - Zm) + J0= dql/i(p, q) sincp(q), 

E(p) cos cp(p) = p(l - Z) + J0= dq½(p, q) cos cp( q), 
(7) 

B JIIITepaType II3BeCTHhI panJIII'IHhie crroco6bI orrpeµ;eneHIIJI Zm II Z. 
8TII rroµ;xoµ;hI OCHOBaHb! Ha ycnOBIIII rrpeBpa~eHH.lI pemeHII.lI B CB06oµ;Hoe 

B rrpeµ;ene p -+ (X). Oµ;HaKO B cny'!ae, KOrµ;a KBapK .lIBJIHeTC.lI COCTaBJI.lI

IO~eii CBJI3aHHoro COCTO.!IHIIJI, HeJib3.lI rrp.!IMO rrpIIMeHIITb rrpoQeµ;ypy rre

peHOpMIIpOBKII, IICIIOJih1JyeMy10 B TeopIIII B03My~eHIIH. IloaToMy BbI6op 

BeJIII'IIIH Zm II Z µ;orr)KeH 6hITh 6orree o6~IIM, 'IeM B TeopIIII B03My~eHIIH. 

B pa6oTe (4] rrpeµ;JIO)KeHO paCCMOTpeTh MOµ;mj>IIQIIpOBaHHOe ypaBHe

HIIe ill,[(, B KOTOpOM H3 IlOJ:lhlHTerpaJihHhlx cl>YHK~HH B 11 II 12 BhI'IIITaIOTCJI 

q>yHKQIIII, He HapymaIO~IIe q>II3II'IeCKIIe rpaHII'IHhie ycJIOBII.lI. B YKa:JaH

HOH pa6oTe rrorry'IeHbI 'IIICJieHHbie pemeHII.lI ypaBHeHH.lI ill,[( c IlOTeHQIIa

JIOM B BIIµ;e q>YHKQIIII Thycca µ;JIJI panrrwrnhix cxeM BhI'IIITaHII.lI. IloKa3aHo, 

'ITO B cxeMe rrpeHe6pe)KeHII.lI BKrraµ;oM IIHTerpana h B ypaBHeHIIII (2) yµ;a

eTc.H IIOJIY'IIITb 3Ha'IeHH.lI IJ;lI.lI MaCcbI II KOHCTaHTbI JieIITOHHoro pacrraµ;a 

IIIIOHa, yµ;oBJie';I'BOp.!IIO~IIe 3KCIIepIIMeHTaJibHbIM µ;aHHbIM. 

B HaCTOJI~eii pa6oTe MOIJ;IIq>IIKaQII.lI ypaBHeHII.lI ill,[( 6yµ;eT rrpOII3BO

µ;IITbC.lI B_ crry'Iae, Korµ;a IlOTeHQIIaJI IIMeeT BIIIJ; rapMOHII'IeCKoro OCQIIJI

JI.lITOpa 

4 
V{IP - qi)= 3Vo(21r)3o(IP - qj)~q, (8) 

rµ;e Vo - IlOCTO.lIHHalI IIOTeHQIIaJia. 

,[(JIJI rrorry'IeHH.lI MOIJ;IIq>IIQIIpoBaHttoro ypaBHeHH.lI ill,[( rreperrmueM ypa

BHeHIIe (7) B crreµ;y10~eM 3KBIIBaJieHTHOM BIIµ;e: 

E(p) sincp{p) = mo {1 - Zm(P)) + ft dqV,,(p, q)f1(q), 
+ f0= dq ½ (p, q) {sin cp{ q) - Ji ( q)) 

E(p) cos cp(p) = p(l - Z(p)) + Jo'°° dq½(p, q)f2(q) 
+ J0= dq½(p, q)( cos cp(q) - f2(q)), 

rµ;e !1 II f 2 - rrpoII3BOJihHbie q>yHKQIIH. 

EcrrII q>yHKQIIII / 1 II h BhI6paTb KaK 

Zm(P) = ~o Jo'°° dqVi(p, q)f1(q), 
Zcp) = ¼ fo(X) dq½(P, q)f2(q), 

4 

(9) 

~ 

}-

' 

TO ypaBHeHIIe (8) rrpHHH!l,IaeT mrµ; 

E(p) sincp(p) =mo+ J0= dqVi(p, q) (sincp{q) - fi(q)) , 

E(p)coscp(p) =p+ftdq½(p,q)(coscp(q)-h(q)). 
{10) 

Ilorry"leHHOe ypaBHeHIIe q>OpMaJihHO COBIIaµ;aeT C rrepettopMIIpOBaH

HbIM ypaBHeHIIeM, pacCMOTpeHHbIM .B JIIITepaType [1-3], rµ;e pa3JIH'IHhIM 

orrpeµ;erreHIIHM Zm II Z cooTBeTCTByeT panJIII'IHhIII BbI6op q>yHKQIIH f1 (p) 
II h(p). 

Ctta'Iana paccMoTpHM crry'Iaii 6e3 rrepettopMnpoBKII 

BapIIaHTl)f1(q) = 0, f2(q) = 0. (11) 

Torµ;a nMee.M crregy10~y10 KpaeBy10 3aµ;a•1y 

,, ) 2 '( ) . ( ) sin 2cp(p) ) cp (p + -cp p - 2p sm cp p + 2 + 2m0 cos cp(p = 0, 
p p 

(12) 

rµ;e rpaHH'IHbie ycJIOBH.lI HMeIOT BHIJ; 

7r 

cp(0) = 2' 
mo 

cp(p) P=.~ Jp2 + m
0

2 
(13) 

'lfIIcJieHHhIC peUieHirn TaKOII 3ap;a'IH 6bIJIH IlOJIY'ICHbl B pa6oTe (5]. 

PaccMOTpHM crroco6 MOIJ;Hq>UKaQIIII, KOTOpbIII 6bm UCITOJib30BaH B pa-

6oTe (4] IJ;JIH CJIY'IaJI ITOTeHQIIaJia raycca, T.e. 

BapIIaHT II)fi(q) = 0, h( q) = cos cp( q). (14) 

BBoµ;JI o6o3tta•reHne 

sincp(p) = w(p), 

ypaBHeHIIC (9) rrpeµ;cTaBHM B Bnµ;e 

w"(p)+~'1i'(p)+2mo-2p ✓ '1i(p) =0. (15) 
p l - iJ2(p) 

rpaHU'IHbie YCJIOBU.ll ( 13) IJ;JIH q>yHKQHH l]i (p) IIpIIHUMaIOT BUii; 

'1i(0) = 1, 
mo . 

) -- 2' iJ,(p p->= Jp2 + mo (16) 
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Crre.r1y10~aJI c!xeMa Bbl'IIITaHIIH, paCCMOTpeHHall B [4], COCTOIIT B ::m

MeHe BTopou Bbl'IIITaeMou <pyHKQIIII acIIMIITOTIIKOH q>YHKQHII, KoTopaJI 

COOTBCTCTByeT CB06ql:(HOMY perneHIIIO ypaBHCHIIH 

r.r1e 

BapIIaHT III)J1 (q) = 0, 

Torl:(a (9) rrpIIHIIMaeT BIIA 

q 
h(q) = 

I ,, 

r.p" + ~r.p'(p) - 2psinr.p + sin;r.p + 2m0cosr.p + I22(p)r.p(p) = 0, 
p . p 

p [5m5 + 2p
2

] 122=---;::::;;::::::== 
Jp2 + mo2 (p2 + m5)2 

(17) 

(18) 

(19) 

B pa6oTe [4] paccMOTpeH TaK.lKe crry'Iau, Kor.r1a <pyHKQIIII Ji (p) II f2(p) 
COOTBCTCTBYIOT CB060,I:(HbIM perneHIIHM. ,UJIJI OCQIIJIJI.lITOpHoro IIOTCHQII-

arra 0TO COOTBCTCTByeT BbI6opy 

mo 
BapIIaHTIV)f1(q) = Jm

6 
+ q2' 

q 

h(q) = Jm5 + q2 
(20) 

Tor.r1a 6y,I:(eM IlMCTb 

r.p" + ~r.p'(p)-2psinr.p+ sin2'Jp +2mcrosr.p+In(p~os(p)+I2h)sin(p) =0, (21) 
p p 

In = _ m5 + 2m~ 
(p2 + m5)½. (22) 

PerneHIIH Bhlmeyxa3aHHhlX KpaeBbIX :Ja/:(a'I :JaBilC.lIT OT BHCllIHIIX rra-

paMeTpOB, KOTOpbIMil .lIBJI.lIIOTC.lI "TOKOBaJI" Macca KBapKa (mo) Il IIOCTO

.HHHaJI rroTeHQIIarra (V0 ). 8TH rrapaMeTpbI <pn:KcIIpy10Tc.H rryTeM cpaBHe

HII.H perneHil.lI ypaBHeHH.H BC Ha co6cTBeHHble :JHa'IeHH.H c aKcrrepn:MeH

TaJibHhIMH :JHa'leHHJIMil Mace Me:JOHOB. 

1lncrreHHbie perneHil.lI KpaeBbIX oaga'I AJIJI ypaBHeHH.H Ill,U, a TaK)Ke 

grr.H aHeprIIH KBapKa E(p) H MaccoBou <pyHKQIIH1 orrpegerreHHOH KaK 

m(p) = E(p )sinr.p(p ), (23) 

B CJIY'IaJIX Bbl6opa Bbl'IHTaeMbIX <pyHKQilll no cxeMaM (14), (17) n: (20) 
AJIH paoJIII'IHbIX Mace TOKOBOro KBapKa H:Jo6pa)KeHbl Ha pIIcyHKax 1-9. 

6 

1, 

r 

Terrepb paCCMOTpIIM cxeMy Bbl'IHTaHil.lI, B KOTopou CHa'Iarra oagaeTCH 

He HBHhIH BHA Bhl'IHTaeMbIX <pyHKQIIH, a IIHTerparrbI OT aTn:x <pyHKQHH c 

HgpoM n:cxogHoro ypaBHCHHH. ,UrrH paccMoTpeHH.H TaKoro crroco6a pery

rr.Hpn:oaQHH ypaBHCHHe (9) ygo6Ho rreperrn:caTh B crregy10~eM Bnge: 

rge 

E(p) sinr.p(p) =mo+ Ii(P) - In(P), 
E(p) cos r.p(p) = p + I2(p) - I22(P ), 

In(P) = fo00 dqVi(p, q)fi(q), 
I22(P) = fo00 dq½(p, q)f2(q). 

(24) 

(25) 

<l>yHKQHII Ji (p) n: h(p) orrpegerr.HIOTC.H rryTeM perneHHH cncTeMhl ypaBHe

HHH (25) rrpn oagaHHhIX KOHTp'IrreHax In(p) n I 22(p), rrocTpoeHHbIX no 

<pll:JH'ICCKHX coo6pa)KeHHH. 

Mo)KHO paccMaTpn:BaTb MHO)KeCTBo paoJIH'IHhIX <pyHKQHH In (p) n: 

I22(p). ,Urr.H rrpoCTOTbI Bbl6epeM 0TH <pyHKQilll B crregy10~eM BHge: 

In(P) = 0 (T.e.f1 = 0), I22(p) = pexp(-ap), (26) 

rge a - cBo6ogHhIH rrapaMeTp. 

IIapaMeTp (1 ll gpyrn:e BHCllIHIIC napaMeTpbI oaga'IH ( BKJIIO'laJI "TO

KOByro" Macey KBapxa H IIOCTOHHHYIO IIOTeHI:Qi:aJia) ' <pllKCHpyIOTCH rryTeM 

<pllTHpOBaHH.lI perneHHH CllCTCMbl ypaBHCHHH rn,u Il BC K 0KCIIepn:MeH

TaJibHbIM p;aHHbIM. 

Ha pn:c. 10 n: 11 rrpegcTaBJieHo rroBegeHn:e HHTerpanoB I1(p) II J2(p), B 

HerrepeHOpMHpOBaHHOM (11) n: MOAilqlllQHpoBaHHOM (24) CJIY'IMX. lfo pn:

cyHKOB BHAHO, 'ITO MOAilqlHKaQil.lI (24) KaK 6hr "cpeoae-:r" IlH<ppaKpacHyIO 

o6rraCTb. 8To 6orree HarJIHAHO BIIAHO Ha pn:cyHKe (12), rge Il:J06pa)KeHa 

cpyHKQHH 

z (p) = E(p )cosr.p(p) . 
p 

lIMe.H 0TII perneHn.H, MO)KHO pernIITb ypaBHeHn:e BC. 

3. YpaBHeHHe BeTe-CaJIIlHTepa 

,UJIJI rrceBgocKarrHpHbIX Me:JoHoB ypaBHeHne BC B crry'Iae OCQHJIJIH

TopHoro IlOTCHQHaJia (10) HMCCT BHA [6] 

U{' + W1U1 + MU2 = 0, 
U~' + W2U2 + MU1 = 0. 

7 
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Pnc. 2. 8Heprn.lI KBapKa npn Maccax KBapia m 0 /V0 = 0, 1; 0, 5; 1; 2, 17; 5, 
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Pnc. 3. MaccOBa.lI q>yHK~H.lI npn Maccax KBapKa m 0 /V0 = 0, 1; 0, 5;1; 2, 17; 5, 
µ;1rn BapnaHTa (14). 
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PHc. 7. PeweHHH ypaBHeHHH ID.II: rrpH Maccax KBapKa m 0 /V0 = 0, 1; 0, 5;'1, 
gJrn BapHaHTa (20). 
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PHc. 8. 8HeprHH KBapKa rrpH Maccax KBapKa -mo/Vo = 0, 1; 0, 5; 1, gJrn 

BapHaHTa (20). 
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Puc. 10. Bug q>yHKQHH 11 (p) npH Macce KBapKa m 0 = 0.0044 B Henepe

HopMHpoBaHHOM (11) {cmmurnrur JllIHHJI) n nepeHOpMHpo~aHHOM no {26) 
(nyHKTHpHas.c JIHHirn) BHµ;e. 
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Puc. 11. Bug q>yHKQIIII I2(p) npn Macce KBapKa m 0 = 0.0044 B Henepe

HopMHpoBaHHOM (11) (cmmurnas.c JilIHIIJI) n nepeHOpMnpoBaHHOM no (26) 
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Puc. 12. PeweHIIJI ypaBHeHHJI BC grrJI q>yHKQIIII U1 (p ): a )µ;rrJI :re -Me3oHa; 

b )µ;rrJI K-Me3oHa; c )µ;rrJI D-Me3oHa lI d) µ;rrJI B-Me3oHa ( ocHOBHOe cocTO- · 

JIHHe). 
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ii'! 

3µ;ech 

W {E 1(, ')2 2. 2(Cf'1-Cf'2)} 
i = - t + 4 'f'1 - 'f'2 + p2 sm 2 ' 

{ 
1 ( 1 . 1 )2 2 2 (Cf'l + Cf'2)} 

W2 = - Et + 4 'f'1 + 'f'2 : P.2 cos 2 ' 

U1 II U2 - co6cTBeHHhie <f>YHKD;IIII, a M - co6cTBe1rnoe nHa"IeHIIe ypa

BHeHmI, K0T0phle oTo:iKµ;ecTBITHlOTCH BOITHOBOH <f>YHKD;IIeH II Maccoii cBo-

6oµ;Horo MenoHa. Et = E 1 + E 2 - II0ITHaH :.meprlIH CIICTeMbI KBapKa ( 1) II 

aHTIIKBapKa (2), C0CTaBITHlOlllIIX CBH3aHH0e C0CT0HHIIe, 'PI' Cf'2 - perneHIIH 

ypaBHeHIIH III,IJ; )];ITH KBapKa II aHTIIKBapKa. 

CIIcTeMa ypaBHeHIIH (29) yµ;oBITeTB0pHeT crreµ;y101IIIIM rpaHn~rnhIMII 

ycIT0BIIHMII: 

U;(0)=U;(oo)=0, · i=l,2. (28) 

YcITOBIIe H0pMIIp0BKII 6bIITO II0ITy"IeH0 B pa6oTe [6] n lIMeeT BII)]; 

4Nc 1 f'X) 
M (21r)3 }

0 
dpU1(p)U2(P) = I. (29) 

rµ;e Ne = 3 ( "IIICIT0 n;BeToBhlX cTerreHeii CB0 6oµ;hI KBapKa). 

,Il;ITH perneHIIH naµ;a"III (28)-(30) HY:iKH0 cf>IIKCIIpOBaTb 3Ha"IeHIIH BHe

llIHIIX rrapaMeTpoB. 3Ha"IeHIIH rrapaMeTpoB m 0 , Von a 6bmlI orrpeµ;eITeHhl 

rryTeM cf>1IT1IpoBaH1IH co6cTBeHHhIX nHa"IeHIIH ypaBHeHIIH BC K aKcrrep1I

MeHTarrhHhIM nHa"IeHIIHM Mace 1r-, J{ -, D-, B- MenoHoB. 

rµ;e 

V0 = 521MaB; a = 0.35(V0 ) = 182(MaBt1; 

mud = mdu = 0.0044(¼) = 2.3MaB; 

m.0 = 0.1225(¼) = 64MaB; 

mco = 2.26(Vo) = ll 77MaB; 

mbo = 8.84(Vo) = 4606MaB; 

· Vo 1 
Vo= (43 )3. 

Pewemrn ypaBHeHIIH BC µ;ITH 1r-, K-, D-, B- MenoHoB 1Ino6pa:iKCHhl 

Ha p1IcyHKax 12 II 13. YpaBHeH1Ie BC 1IMeeT TaK:iKe Y3IT0Bhle pewe

HIIH, KOT0phle 0T0:iK)];eCTBITHlOTCH C B0ITH0BhIMII <PYHKD;IIHMII paµ;IIarrbHO 

14 

12 

,.,>· ...... .. 
10 / .... ... 

! \ 
B-1 f \ 

-;;: 61 / ,' ', \~ 
-;.; f ,' \ \ 
:::> ' I \ C '. 

4 j/ \ ·--:.. ... 
:' .. ,, . 

2-jf,' /.--..,b ' \._ 
,, / ' "' \ i' I a '•, ''. '•,., 
~ '' ·-._ 

0 0 - - - - ~-:-~---
2 4 

p 
6 

Pnc. 13. PeweHIIH ypaBHeHIIH BCµ;ITH <f>YHKU:IIII Ui(p): a)µ;mI n-Me3oHa; 

b )µ;ITH K-Me3oHa; c )µ;ITH D-Me3oHa n d) µ;ITH B-Me3oHa ( ocH0BH0e coc_T<>

HHne ). 
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P1Ic. 14. PeweHIIH ypaBHeHIIH BC µ;ITH cf>YHKD;IIII Ui(p): 
b )µ;ITH K-MeaoHa; c )µ;ITH D-Me3oHa II d) µ;ITH B-MeaoHa · 

Bon6y21<p;CHHOC COCT0HHIIC ). 
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PHc. 15. PerneHHH ypaBHeHHH BC ;a;mr <pyHKQHU U2 (p ): 
b );a;irn K-Me3oaa; c );a;irn D-Me3oHa II d) ;a;irn B-Me3oHa' 

B036y:iKp;eHHOe COCTOHHHe). 

a);a;nH :rr; -Me3oHa; 

O -e paAHaJibHO, 

Bon6y:iKp;eHHbIX cocTOHHHM Me30HOB (puc.14) II .(puc.15). Cneµ;yeT OT

MeTIITh, "ITO perneHHH 9TIIX COCTOHHIIH He co;a;ep:iKaT ;a;orronHIITeIThHbIX 

CBo6op;HbIX napaMeTpoB, a orrpe;a;eITHIOTCH TeMII :iKe napaMeTpaMII, KOTO

pbre BXO)];HT B perneHIIH )];ITH OCHOBHhlX COCTOHHIIH Me30HOB. 

KoHCTaHTbI ITeIITOHHbIX pacrra;a;oB )];ITH OCHOBHbIX II pa;a;uaITbHO B03-

6y:iKp;eHHhlX COCTOHHIIM IICeBp;OCKaJrnpHbIX Me30HOB orrpe;a;eITHIOTCH cne

;a;yroIIICH <J>opMyITOH [5]: 

4Nc 1 ;-;- / 00 
• 'Pl +r.p2 

FM = M (21r )3 v 41r lo dpU2(p) sm( 2 ). (30) 

Co6CTBCHHbIC 3Ha"ICHIIH ypaBHCHIIH, IIOITJ'ICHHbIC C IIOMOllibIO 'IIICITCH

HbIX MCTO)];OB, II KOHCTaHTbI ITCIITOHHhlX pacrra;a;oB MC30HOB II IIX pa;a;II

allbHO B036y:iKp;eHHbIX COCTOHHIIH rrpIIBC)];CHhl B Ta6ITIIQax 1-3. 

4. 1:JHCJICHHbie peoyJibTaTbI H OaKJIIO'ICHHC 

PerneHIIH MO)];II<pIIQIIpOBaHHOI'O ypaBHCHIIH III.II: C pa3ITII"IHhlMII cxe

MaMII BbI"IIITaHIIH lI ypaBHCHIIH BC IIOITY"ICHhl C IIOMOllibIO "IIICITCHHOI'O 

MeTo;a;a HAMH [7]. Pe:JyIThTaThl ;a;nH <pyHKQIIH r.p(p) E(p) II m(p) µ;ITH 

pa3JII1"IHbIX BapIIaHTOB rpaq>H"ICCKII 1mo6pa:iKCHbI Ha pncyHKax 1-9. To"I

HOCTb rronyseHHOI'O pa3HOCTHOI'O pernCHIIH IICCITC)];OBaHa nyTCM pac"ICT0B 

Ha TIOCITeµ;oBaTCITbHOCTII cryIIIaIOIIIIIXCH CCT0K. IIpoBOp;H "IIICITCHHhlC 9KC

rrepIIMCHTbI Ha Tpex cryIIIaIO~IIXCH CCTKax, MbI y6eµ;nnncb B cxop;IIM0CTII 
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pa3H0CTHhIX perneHnii. Pe:JyIThTaThl BhI"IncneHnii no Ka:iKp;oMy II3 Bapn

aHTOB B npn6ITII)KCH:im paBeHCTBa _Mace ( m1 ° = mo2) KBapKa II aHTII

KBapKa ( crrpaBC)];JIIIB0I'0 )];ITH 7!"- MC30H0B II IIX pa;a;nanbHhlX B036y:iKge

HIIH) OTpa:iKCHbI B Ta6ITIIQe 1. lI3 Ta6ITUQbI BII)];H0, "ITO B OTITII"IUC OT 

pa60Thl [4] KaK B CITy"Iae I2 = 0, TaK II B 0CTallbHhlX Tpex BapnaHTax 

Bbl6opa BbI"IUT~CMbIX <pyHKQIIH HCB03M0)KH0 II0ITY"IIITb 6JIII3KOC K aKcne

pnMeHTY 3Ha"ICHiie µ;ITH 0TH0lllCHIIH • 

M" -=l. 
J,r (31) 

8TOT pe3yITbTaT TI0Ka3bIBaeT, "ITO CXeMa BbI"IIITaHirn, IIpeHe6pera

IOlliaH BKITagoM IIHTerpana 12 B ypaBHCHIIII III.II:, He HBITHeTcH o 6IIIeu u· 

npnroµ;Ha T0ITbKO )];ITH IIOTCHQIIaITa raycca. O;a;HaKo CITe;a;yeT 3aMCTHTh, 

"ITO perneHIIH ypaBHCHIIJJ; BC c noTCHQnanoM raycca npn TaKon: pery

ITHpn3aQIIII /!;ITH MaCChl pa;a;nanhH0 B036y:iKp;CHHOI'O COCTOHHHH 7!"- Me3oHa 

npIIBO)];IIT K CIIITbH0 3aHII:iKeHHOMY 3Ha"IeHHIO [4]. Ka"IeCTBeHHOe Bocrrpo

II3Bep;eHIIC 9KCIICpIIMCHTallbHhlX µ;aHHhlX [8] no MaCCaM ll KOHCTaHT nen

T0HHhlX pacrraµ;oB y;a;aeTCH B CXCMe (26).Bo3MO:iKHO, "ITO nyTeM no;a;6opa 

Bhl"IHTaCMOH <pyHKQIIH )];0CTIII'aCTCH ny1uuee cornacHe C 3KcnepHMeHTa.JlhHhlMH 

AaHHblMH. 

IloITy"IeHHhie pernemrn ypaBHCHIIH III.II: n BC c Mo;a;n<pnKaQneu ((24),(26)) 

M0I'YT 6hITb rrpHMCHCHbI B npaKTIIKe µ;ITH OQCHKH BepoHTHOCTCH pa3ITH'I

HhlX npoQeCCOB C yqaCTIICM MC30H0B II IIX pa;a;IIanbHbIX B036y:iK)];CHIIH. 

IIoaToMy 6oITblllOH IIHTepec npe;a;cTaBnHeT nccITep;oBaHIIe ypaBHeHUH 

III.II: C TO"IKII 3peHIIH o6ocHoBaHHH MO/J;II<pIIKaQIIII (24) IIITII IIOIICKa CO0T

BCTCTBYIOIIIero a<pq>CKTIIBHOI'O II0TCHQnana. 

ABTophr 6ITaro;a;apHbI KypaeBy 8.A, Ily:JhIHIIHY H.B :Ja 06cy:iK;a;em1e 

pe:JyIThTaToB, a TaK:iKC 3auQeBy A:M. KoTopbIH YKa:JaIT Ha H0Bhie aKc

nepnMeHTaJihHhlC pe:JyJihTaThl [9] no onpeµ;eneHIIIO Maccbl nepBoro pa

µ;nanbHoro B036y:iKp;eHIIH Me:JoHa, 6onee eornacyIOIIIIIecH c Ha

lllIIMII Bhl"IIICJICHIIHMII, 'ICM o6IIIerrpIIHHTOC 3Ha"ICHIIC [8]. 
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Ta6m1ua 1. P~nyrrhTaThI •rncrreHHoro perneHirn ypaBHeHirn BC n ::JHa
"!eHHH p;rrH Macchl nnoHa (Mrr ), KOHCTaHThI rrenTOHHOro pacna;a;a (frr) II 
OTHOIIIeHHH (32) npn pa3JIII"IHhIX BapnaHTaX BbI6opa <pyHKQHll Bbl'lllTa
HHH 

II BapHaHTbl I m0 /Vo I M,,/Vo I f,,/Vo I M1r/!1r I Vo I mo(M:rn) I !1r(M:m) II 
I 0.007 0.473 0.113 4.05 289 2.023 34 

0.00078 0.120 0.114 1.05 1151 0.898 131 
II 0.007 4.595 0.003 1387 30 0.21 0.099 

1 4.846 0.411 11.79 28 28 11 
2 5.926 0.603 9.83 23 46 14 
3 7.587 0.684 11.10 18 54 12 

III 0.007 4.567 0.003 1385 30 0.21 0.099 
1 4.816 0.406 11.11 29 29 12 
2 5.884 0.601 9.78 23 46 14 
3 7.587 0.684 11.10 18 54 12 

IV 0.007 4.569 0.003 1342 30 0.21 0.102 
1 4.946 0.443 11.16 28 28 12 
2 6.163 0.627 9.82 22 44 14 
3 7.765 0.700 11.09 18 54 13 

Ta6JIIIQa 2. 3Ha"!eHIIH Mace nceBp;OCKarrHpHhIX 
Me::JOHOB II IIX pap;IIarrhHo Bon6yMp;eHHhIX cocToHHIIn (B MaB ) 

MenOHhl OcHOBHOe 1-oe pap;. 2-oe pap;. 
COCTOHHIIe B0::36. COCT. B0::36. COCT. 

Teop. [)KCil. Teop. [)KCil. Teop. aKcn. 
71" 138 138 2093 1800 3370 1770 
K 493 493 2254 1900 3412 1830 
D 1869 1869 3030 4118 
B 5270 5278 6283 7200 
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Ta6nnua 3. 3Ha"!eHIIH KOHCTaHT nenTOHHhIX pacnap;OB 
nceB)J;OCKalIHpHhIX MC::JOHOB II IIX pa;:i;narrhHO 
Bon6yM;a;cH_HhIX cocTOHHHII (B MaB ) 

KoHcTaHThI ,U:nH OCH. ,U:rrH 1-ro pa;a;. ,U:rrH 2-ro pa;a;. 
rrenToHHoro COCTOHHIIH B0::36. COCT. B0::36. COCT. 

pacna;a;a Tcop. [)KCil. Tcop_. aKcn. Teop. [)KCil. 
f,, 131 132 1.6 1 
fK 168 166 22 13 

JD 337 <310 232 179 
fB 268 299 302 

Jl:uTepa Typa 
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