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91.'01.' KOHcrreKT OCHOBaH Ha JIeKIl;IUIX no ,rr,onOJIHHTeJIbHbIM rJIaBaM KBaHTOBOn MCxallilKH, npo
qHTaHHbIX B MT9¢ ,Il,JIH cTy,rr,eHTOB 4-ro KypC3 M(J>TJ:I B 1996-2000 r.r. KOHcneKT CO,lI.ep)f{HT 
pH,n; BonpocoB, KOTopble XOTH H Tpa,n,HIJ,HOHHO OTHOCHTCH K MeTo,n;3M KBaHTOBOH MexaHHKIl, 
HO JIK60 Bo06m;e ue BXO,lI.}lT HJIll He .n;OCTaTOqHO nOJIHO OCBcm.aIOTCH B CTt1H)J,apTHbIX Kypcax 
KB3HTOBOn MexaHHKH. K TaKHM BonpocaM OTIIOC5ITCR ypaBHeHlIe JhmMaHa-llIBlmrepa, HC
CJIeAOBaHRe 3<p<peKTOB TeH30pHblX cRn B .n:eATpouc, <poTopacm.enJIeHHe .n:eHTpona, cnHHOBble 
BOJIHOBbIe <pyHKIJ,HH B CHCTeMe Tp€X ¢epMHOHOB, CllKHOBble pacllJ,enJIemUI Macc B KOIICTH
TJ0311THOA KBapKOBOH Mo.n:emi H .n:p. TI03TOMY HaCTOHIIIHH KOHcrreKT CJIe~eT HCrrOJIb30BaTb H 

,n;OITOJIHeHHe K .K3BeCTHbIM yQe6HHKaM, HanpHMep, K KYpCY KBaHTOBofi MexaHHKH JI.,U.JIaHAay 
H E.M ..ITH<pUIHIJ,3 !1] K K C60~HHKY 3a.n,aQ no KBaHTOBOH MexaHIIe UO,lI. pe,lI.aKII,HeD CllnJOrre 12J. 

Lectures on advanced quantum mechanics 

I. M. Narodetskll 

This manuscript present the lecture notes on the Advanced Quantum Mechanics given by the 
author for the graduate students of the Moscow Physical Technical Institute in 1996-2000. 
The following su~jects are discussed: 1. Elements of the formal scattering theory. 2. Quantum 
mechanics of the deuteron. 3. Tensor forces. 4. Electromagnetic interactions in nuclei. 5. 
Magnetic and quadrupole moments of the deuteron. 5. Spin wave functions in the three
fermion systems. 6. Variational solutions in the constituent quark model. The manuscript 
contains those topics that either are not contained or only briefly discussed in the standard 
textbooks on quantum mechanics. Collecting these notes in a more systematic way was done 
after request from the students to be provided the full text of the lectures. 
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JIeKD;HSI 1. Bne,n;eHHe B <pOpMaJIbHyro TeopHIO pacceSlHH~ 

1.1. YpaBHeHHe JlHIIMaHa-llIBHHrepa 

PaCCMOTpI1M ypaBHeHIie lllpe~HHrepa 

H'I! = Ew, H = Ho+ V, (1) 

r,ue Ho - faMHJIbTOHHali cBo6o,uHoro .n;mDKemul, V - nOTeHI~RaJI. <PYHKIJ.IHI 

fp.l1Ha (pe30JIhBeHTa onepaTopa H) onpe.n;eJUleT~ CJIe.n;ylOIIJ,HM 06pa30M: 

1 
G(z)=-H' (2)

z-

r.n;e z - np0I13BOJIbHOe KOMTIJleKCHoe 'IHCJIO. I1pe,ueJlbHbIM nepexo,u. K Bell1,ecTBeu

HhIM 3Ha~:IeHHJlM SHepnm ocym;eCTBJI5IeTC5I C nOMOrn;hlO COOTHOIIIeHH.H 

G(E) = limG(E + ic).
e-tO 

B ,ll,aJIbHeHmeM MbI 6Y,lI,eM HCIIOJlb30BaTb CHMBOJIHl..JeCKHe Bhlpa)KeHH.H G(E +ic) 

11 G(E - is), nO,Il,pa3YMeBaJI IIpH 9TOM npe,ll,eJIbHbIH nepexo,ll, E: -t O. 

TIOJIyqliM ypaBHeHHe ,uJI.H <pyHK:u.HH fpHHa. ,l];JIJI SToro 3armmeM (2) B BII,Il,e 

G(z) = (z - H)-l = (z - Ho - V)r1= ((z - Ho){l _ _ l_y )-l (3)
z-Ho 

BBe,n;eM CB06o,lI,HYIO <PYHK:u.HIO rpHHa 

1
Go(z) = ----r;:-. (4) 

Z - no 

Tor,n;a (3) MO:lKHO nepenHcaTb B BR.n;e 

G(z) = (1 - Go(z)V)-l Go(z). (5) 
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IIpe.n.nOJIO)KlIM, 9"TO nOTeHI~l1aJI V MaJI H Pa3JIO>Kl1M OnepaTOp 

(1 "- Go(z)Vr l 

B P~,Il, no CTeIIeH~M CoV 

(1 - Go(z)V)-l = 1 + Go(z)V + Go(z)VGo(z)V + .,. (6) 

Tor.rr,a .n.JI~ G(z) nOJIyqaeM <pOPMaJIbHbI:tl: P~,Il, 

G(z) =	 Go(z) + Go(z)VGo(z) + Go(z)VGo(z)VGo(z) + ... (7) 

nepemuneM (7) B Bu,n;e 

G(z)	 Go(z) + Go(z)V X 

x [Go(z) + Go(z)VGo(z) + Go(z)VGo(z)VGo(z) + ... ) (8) 

P5I,n; B KBa,n;paTHbTx cKo6Kax COBrru.n.aCT C p5i,LJ,OM (7), n09TOMY (7) MO)f(HO 

rrepenucaTb KaK 

G(z) = Go(z) + Go(z)VG(z).	 (9) 

JIerKo BH,Il,eTb, qTO (9) MO)f(eT 6bITb 3aIIucaHO B 3KBHBaJIeHTHotl <popMe 

G(z) = Go(z) + G(z)VGo(z).	 (10) 

YpaBHeHlI.H (9), (10) Ha3bIBaIOTC5l (orrepaTopHbIMU) ypaBHeHH.HMM JInIlMaHa

lIlBHHrepa ,Il,JIH ¢YHKIl,HH fplfHa. TIOlI,qepKUeM, qTO 3TH ypaBHeHI1}l crrpaBe,n;

JUIBhI, HecMoTp.H Ha TO, "tfTO ¢OpMaJIbHble pa3JIO)KeHlUJ BH.n;a (7), 113 KOTOpbIX 

ORR 6bIJIH nOJIyqeHbI, MoryT He RMeTb CMbICJla. 

BBe,n;eM Tenepb onepa'l'Op T(z) (T-MaTpI1JW): 
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G(z) = Go(z) + Go(z)T(z)Go(z).	 (11) 

06paTHoe eOOTHOillemle "MeeT BII)J, 

T(z) = V + VG(z)V.	 (12) 

P5[A IITepali,l1H ,lJ.Jl5I T(z) HMeeT BH~ 

T(z) = V + VGo(z)V + VGo(z)VGo(z)V + ... (13) 

l1cnOJIb3y5I TOT )Ke npHeM 1 YITO H npH BbIBOAe (10), nepeUl1WCM (13) 13 BR,n;e 

T(z)	 V + VGo(z) [V + VGo(z)V + VGo(z)VGo(z)V + ... J = 

= V + VGo(z)T(z). (14) 

YpaBHeHHe (14) rrpe,n;C'raBJI5IeT c06o:ti ypaRHcHHe ,n;JI5:l onepaTopa T(z). IIoJ1Y'IHM 

Tenepb MHTerpaJIbHOe ypaBHeHHe ~J1H MaTpRQHblX 9JICMCHT013. Onpe,n;eJIHM 

V(p', p) = < p'IVlp >, T(p', Pi z) = < p/IT(z)lp > 

Ii yqTeM, qTO 

o(p' - p)
Go(p', p; z) 

z-~ . 
2m 

Tor,IJ,a llOJIyqHM 

T(p',p;z}	 = V(p'-p) + !V(p'-p") z-:2/2m < p"IT(z)lp > (~:;3' 
(15) 

r.n;e Y~TeHO, qTO ~JlH n;eHTpaJIhHOrO IIOTeHli,HaJIa V (pI, p) MOJKeT 6bITh 3aIIIi

caHO KaK V(pl - p). YpaBHeHlie (15) rrpe,n;CTaBJUleT .H:Il'rerpaJIbHOe ypaBHeHl1e 

JIHIIMaHa-ilIRHHrepa ,[J,JI51 T-MaTpm.J;bI. IIo.n;qepKHeM, qTO 91'0 ypaBHeHHe CB51

3bIBaeT MaTpWIHble ::meMeHThl BHe ::mepreTHYIeCKOil nOBepXHOCTH. 
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Ha 3HepreTlfqeCKofi: nOBepxHocTIi, Ip/j = Ipl = k Ii Z = E + ie, E = k2 /2m, 
T-MaTpl1IJ,a C TO"lJHOCTbIO ,Il,0 MRO:>KHTeJI5I COBrra,Il,aeT c aMIIJUITyp,oil pacce~HlUI 

feE, cosO). t.h06bI Hai1:TR 3TOT MHQ)fG1TeJIb cpaBHlIM 60pHOBCKHM. "'IneH B ypaB

HeRRR (14) 

TB(p', p; E + it:) = V(p' - p) = f V(r)ei(p-p/)rdr (16) 

c H3BeCTHbIM H3 Kypca KBaHTOBOH MexaHHKH Bblpa)f(emleM ,l.I.J151 60PHoBcKoro IIpH

6JIJI)f(eHH.9. ,IJ,JIS! aMTIJUITY,u,hI pacceHHHH 

(17)
 

r,u,e m - nplme.n;eHHa51 Macca, 

f(E,cos8) = -;;T(p',p;E+ie), Ip/l = jpl = -..I2mE. (18) 

B 3aKJIIOQeHlle 3Toro pa'3,n.eJIa OTMeTHM, '-ITO ypaBHeHlie (15) C rrOMO~hlO TpH

BHaJIhHOM 3aMeHbI HCKOMOi1: <pyHKUHH Bcer,u,a MO)KHO npHBeCTH K ypaBHeHHIO C 

cHMMeTpHQHhIM 5l,u,pOM K(z). TaKlfM 06pa3oM, (15) ~BJIHeTC5I <Dpep,rOJIhMOBbIM 

HHTerpaJIbHbIM ypaBHeHlIeM IIpH y'.JlOBl1l1, 'ITO r(z) = SpK(z)Kt(z) .9.BJUIeTC.fl 

£2 _ onepaTopOM. ECJIH rrapaMeTp Z JIe)KHT Ha rrepBOM JlHCTC, HO He npHHa,l];JIe

)IUIT Be~eCTBCHHoR nOJIOfKll.TeJIhHofi: rrOJIyocli, TO 

r(z)= ~flv(r)12dr < (19)00. 
27r 2Imz 

3amlcaHHoe ,LJ;JI5I napUHaJIbHhIX BOJIH YCJIOBHe (19) HaJIaraeT OrpaHliQeHlUI Ha 

TToBe.n;eHHe rrOTeHIJ,l1aJla tl Ha'-IaJIe Koop,u,HHaT H Ha 6eCKOHeQHOcTH: 

(20)f IV(r)1 2r 2dr < 00, 

o 

9TH yeJIOB1UI ,u,OBOJIhHO CJIa6bre H y,lJ,OBJIeTBOpJIIOTC5I ,u,JI5I 60JIbIIIHHCTBa rrOTeH

~HaJIOB, lfCilOJIb3yeMblx B 51,I1,epHo:tt <pH3HKe, BKJIlOqaJI KYJlOHOBCKI1H nOTeH~Ra.JI. 

O,I1.HaKO IIpn Z = E + iO, E > a B03IIHKaeT <popMaJIhHaR rrp06JIeMa, nOCKOJIh

Ky He3aBI1CI1MO 01' Toro, KaK XOpOIIJO orrpc,n;eJleH nOTeHUHaJI V (r), r(E + iQ) 
HHKor,n;a He CYIII.eCTByeT IIpH E > O. B ,n.e:A:cTBHTeJIbHOCTH, :na Tpy,IJ;HOCTL TOJIL

KO Ka)'KyI.l\aHCH. By,n.eM C"·UITaTL, '-ITO Bce BhlqHCJICHH.H: ~eJIaIOTC5I <pOPMaJIbHO npH 
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Im.JZ f= 0, r,n;e <ppe,Il,rOJIhMOBhI CBo:A:cTBa BhIllOJIHHIOTCSI, II JIHIIIh B KOHI~e BhPIMC

JIeHwi1 BbmOJIHHM aHa.rrHTH~eCKOenpO,Ll,OJ1:>KeHHe K cPH3HQeCKHM 3HaQemHl napa

MeTpa 3Hepnrn; npH 3TOM 6y,n;eM MOJJTI3.JHIBO rrpe,n;nOJIaraTb qTO <ppe,n,rOJIbMOBbI 

cBofiCTBa rrpH TaKOM aHaJIHTHQeCKOM npo,n;OJDKeHHH He HapyrnaIOTC51. CTporoe 

,n;OKa3aTeJIbCTBO 9Toro yTBep)l(,[(eHH5I rrpe,n;CTaBJI5IeT xopornylO 3a,n;aQy ,n;JIH MaTe

MaTliqeCKOM <pH3I1KI1 11 BhIXO,Ll,HT 3a paMKH HaCT05lIlJ,lIX .neKI~Httl 

1.2. Pa3JIO.:>KeHHe no napIJ;HaJIbHbIM BOJIHaM 

,Ll;JIH paccemUI B u;eHTpaJIhHOM none Op6HTaJIbHhltt MOMeHT L COXpaH5IeTC5I. 006

CTBeHHble 3HaQemm onepaTopa L2 paBHbI l(l + 1), r,n;e 1 = 0,1,2, .... B 3TOM 

CJIyTIae MO)KHO BbIllOJIHllTb B ypaBHeHI111 JhmMaHa-IlIBlmrcpa HHTeqmponaH.l1e 

no yrJIaM 11 nepettTH 0'1' TpeXMepHoro HHTerpaJIbHOrO ypaBHeHlul (14) K O,Ll,HD

MeplIoMy HHTerpaJIbIIoMy ypaBIlemno. C :nOM U.eJIblO pa3JIO)f{HM V(p' - p) H: 

T(p/, Pi E + it:) B p5£,LI,bI no nOJIHHOMaM JIe:>tmn,Il,pa }'z(cos (J), r,n;e () = p'p: 

V(p' - p) = L(21 + l)}'z(cos (J)V'i(p',p), (21) 
[ 

T(p/,Pi E + ic) = L(21 + 1) 11 (cos (J)ll(p', p; E + ic). (22) 
[ 

nO,lI.C'raBH:M 9TH: Bblpa.>KeHlUi B (14) 11 BhlHOJIHHM B (14) I1HTCrpl1pOBaHlle dQpll. 

MCilOJIb3yeM <popMyny llHTerpnpoBaHliSI no yrJIaM ,LI,JI.H nOJIllHOMOB JIe)KaH,LI,pa 

lf
R (~I ~ ")R ( ~ II ~ ) 41r £ R ( ~ I ~ ) (23)Jda 

n 
p [' P PIP P = 21 + 1Uil' I P P , 

Tor,Il,a rrOJIy~aeM 

I . ) II! (' 1 ( 1/ ) 1/2 1111 •ll(p ,Pi E+~c = Vi(p ,p) + -22 Vi P ,p ) 1/21} P ,Pi E+~c P dp. 
1r E+ ic - ~ 

(24) 
3aMeTHM I <.ITO Vi (p', p) orrpe,Il,eJI5£eTC5I llHTerpanoM 

00 

Vi(p',p) = (_1)1 !V(r)il(p'r)il(pr)r2dr. (25) 
o 

I1YCTb V (r) y6bIBaeT 6hlcTpee, <.IeM JI106a5I CTeneHb r, Harrpl1Mep, 

IV(r) I < exp( -KT) rrpH r --t 00, TOr,Il,a nlHi P --t 0 w p' -+ 0 
00 

Vi(p',p) rv (pp')l! V(r)r21 +2dr. (26) 
o 

1)J,a.a HHTepeCyKllII,HXCH MaTeMaTl'I'IeCKHIlfH acneKTaMH TeOpl1H cPpe,ll,['()JIbMOBbIX HHTel'paJIbIlbIX ypaBHenHH 

6YlJ,eT nOJIe3HO B3YTlHTb KHllry [3) 
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7l(k, k; k2 /2m + ic) = lI(k, k) (27) 

7l(k,p; k2/2m + ic) = ll(k,p). (28) 

PaccMoTpHM p5I,Il; HTepaI.J;HA ypaBHeHI15I JIHnMaHa-Il1BI1Hrepa ,lJ,JIH ll(k, k). KaJoK
,lJ,hltl: qJIeH B 3TOM p5l,D,y B l1pe,lJ,eJIe k --+ 0 CO,lJ,ep)KHT MHO)KHTeJIb k21 • OTCIO,lJ,a 

3aKJIIOIIaeM, t:ITO If caMO peIllCHI1e Tl(k, k) rv () (k21 ) l1pH k -t O. 9TO paccy

)K,Il;eHHe He 5IBJUIeTC5I CTpOrI1M, 110CKOJIbKY caM p5l,Jl. TeopRU B03MYII.J;eIIHM: MO)KeT 

paCXO,lJ,HTbC5I. O,lJ,HaKO H 60JIee CTporoe paCCMOTpeJme l1PHBO,ll;JfT K TOMy )Ke pe

3yJIbTaTy. OqeBH,lJ,HO, qTO ll(k,p) rv 0 (k1pl) npH k,p --+ O. 

1.3. CneKTpaJILHOe npe,n;cTaBJIeHHe ,ll;JUI T - MaTpHD;bl 

PaCCMOTpHM COOTHOIIIeHue nOJIHOTbI co6cTBeHHblx <PYHKIJ;JfM: raMHJlbTOHHaHa H 

Lin >< nl = 1. (29) 
n 

YpaBHeHI1e (29) 3aIUlcaHO R CHMBOJU1yeCKOM BR,lJ,e: L B ,lJ,Ct!cTBHTeJIbHOCTH npe,T.J.
n 

CTaBJl5IeT CyMMy no ,lJ,HCKpeTHbIM YPOBH5IM H HHTerpa..n no HenpcpbTBHoMy cneK-

Tpy raMHJIbTOHHaHa. TIpaBa5I qaCTb B (29) eCTb e,lJ,HHHqHblit orrepaTOp C MaT

PUqHhIMH 3JleMeH'l'aMH < x'lII x >= 8(x - x'). IIo,n;eitcTByeM Ha (29) onepaTopOM 

11 (z - H), TOr,lJ,a nOJIyqHM 

G(z) = 2: In >< nl (30) 
n z - En 

RJHf 

,,< xln >< nix> __ ,,'l/Jn(X)'l/J*(x).< x'IG(z) Ix > = L.-, L.-, (31) 
n Z - En n Z - En 

HCnOJIb3Y5I (12), rrOJIyqaeM aHaJIOPUqHOC cnCKTpaJIbHOC pa3JIO)KeHHe ,lJ,JI5I T
MaTpHI.J;bI: 

T(z) = V + L Vln >< niV. (32) 
n Z - En 

lb ypaBHeHIUI IlIpe,LI.HHrepa CJIe,LI.yeT, lITO Vln >= (En - Ho)\n >. <I>YHKIJ;HU 

Vln> HMelOT HaH60JIee npocToti BH,IJ, B HMUyJIbCHOM npOCTpaHCTBe 

p2 
< plVln >= CPn(P) = (En - 2m)'l/Jn(P). (33) 

IIo3TOMY crreKTpaJIbHOe pa3JIO)KeHHe ,LI.JI5I T--MaTpHIJ;hI HMeeT BH,LI. 

T(p', P; z) = V(p' - p') + 2: CPn(P')CP~(p). (34) 
n z- En 
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1.4. TO)l{,LJ;eCTBO rHJIb6epTa. YCJIOBHe yHHTapHocTH 

TO)f{,ll;eCTBOM fMJIb6eprra Ha3bIBaeTC5:l COOTHOIlIeHHe 

(35) 

KO'l'OpOe rrpOBep5:leTC5:l HerrOCpe,ll,CTBeHHo. YMHO)KliM (35) crrpaBa Ii CJIeBa Ha V, 
Tor,ll;a B JIeBot! qaCTI'I (35), MCIIOJIb3Y5I VGV = T - V, nOJIyqHM T(zI) - T(Z2), 
a B npaBoH ~IaCTH, HCIIOJIh3Y5:l COOTHOIlIeHH5:l VG = TGo, GV = GoT, nOJIyqHM 

T(zI)GoCzI) Go(z2)T(Z2)' IIOJIO)KMM Zl = E + i6, Z2 = E - i6, Tor,ll;a 

T(E + ic) - T(E - ic) = -2icT(E + ic)Go(E + ic)Go(E - i6)T(E - ic). (36) 

fIpHMeHHM 9TO COOTHOrneHl1e K llapIJ,HaJIbHOH: aMllJIHTY,ll;e paCCe5:l:HHH Ha 9Hepl'€

TM"tJeCKot! rroBepxHocTH. yqTeM, qTO 

limcGo(E + ic)Go(E - ic)
E:~O 

(37) 

Iml1(k, k) 

fIepexo,ll;51 K rrapIJ,HaJIbHOH aMllJIHTY,ll;e Ie (k) J rrOJIyqaeM 

(39) 

8TO COOTHOIIIeHHe H83bIBaeTCfI yc.rrOBHeM yIIHTapliOCTI1 ,ll;JI5:l: rrapIJ,l1aJIbHOH 3.M

llJIHTY,ll;hI. B ,ll;aJIbHCl1:UICM paCCMOTpHM ,II,JI5I npOCTOThI S BOJIHOBOC paCCe5:lHHe H 

orrYCTMM I1H,n;eKC l = o. 

1.5. ,LI;JIHHa paCCeSIHHg Ii 3~~eKTHBHbIApa,n;Hyc 

YpaBIIeHHc (39) ,n;onycKaeT o6lll,ee peIIIeHHe 

1 
(40)j(k) = g(k2)-ik' 
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r,n;e (rrpoH3BOJThUaR) cPyHKU;HR g(k2) paCKJla)l.bIBaeTCR B p51,ll. ITO k2. TIepBhle qJIe

RbI ;:noro pa3JIO)KeHYl51 3arrHCblBalOTCR B BR,ll;e 

2 1 1 2g(k ) = -- + -rok . (41) 
a 2 

Bem{qHHa a Ha3bIBaeTCR ,ll;JIHHOM paCCe51HH51, a ro - 3¢¢eKTHBHhIM pa,n;HycOM. 

Ol.JeBR)l.HO, \.ITO a = - j(O). 

IlpeHe6pera51 BpeMeHHO B cPopMyJIe (41) qJIeHOM '" rok2 
no cpaBHeHHIO C l/a, H 

orrpe,n;eJIJI51 H3 (40) nOJIIOC aMITJIHTy,n;hI paCCeRHH}i, T.e. BOJIHOBOe qHCJIO, O'l'Be-qa

lOllJ,ee CBH3aHHOMY IIJIH BHpTyaJIhHOMy COCT051IIHIO, rrOJIy'IaeM 

(42)
 

TIepBa51 H3 3TRX cPOpMyJI CrrpaBe,ll.JIHBa C TOl.JHOCThlO '" 20%. 

JIeKu;uR 2. TeopuSI ,l];eiiTpOHa 

2.1. :QeHTpaJIhHbIH nOTeHIJ;HaJI 

Ilpe,n;rroJIO)Kl1M, '-iTO ,u,eti:TpOH OllHCbIBaeTC}i ypaBIleHHeM llIpe,u,HHrepa C 11,eH

TPaJIbHbIM I10TeH11,HaJIOM VCr) = V(lrl), 

[ _ti2 ~ + v(r)] 'l/J(r) = ED'l/J(r), (43)
2mred 

f'JI,C 
mpmn m 

mred = ~-2 (44)
'mp+mn 

B ,ll;aJlbHettmeM HCITOJIb3yeM 3HaqeHHR Macc TTtp = 940 MeV, m n = 938 MeV, 

m = 939 MeV, fl ti2/m = 41.47 MeV· fm. PaCCMOTpl1M BHaqaJIe S-BOJIHOBOe 

COCT051Ime. BBe,u,eM HOBylO cPYHKll,HIO u(r), r)l.e 

'l/J(r) = 1j;(r) = u(r), (45) 
r 

d2 m ]
dr2 + h2 (ED - V(r)) u(r) = 0 (46)[ 

rpan:wIHble yc.nOBfl5I, HaJIaraeMhIe Ha u(r), l1M'elOT BH,ll; 

u(O) = u(oo) = O. (47) 



10 

,ll.JHI rpy60:tt OIWHKM paCCMOTpHM BHaYlaJIe npHMOYl'OJlbHbIH nOTeHll,HaJl. KaK H3

BeCTHO If3 Kypca KBaHToBo:A: MexaHMKH, pellIeH.l1e ypaHHeHIUi (46) MO)KeT 6bITb 

IIOJlyYIeHO H3 Tpe60BaHlISI HerrpepbIBHocTM JIOrapM.<pMWlecKoll rrpoM3Bo.n;Holl 

u'(r) 
(48)

u(r) 

IIpI1 r = ro- 9TO Tpe60BaHI1e npHBO)J.MT K TpaHcu;eu.n;eHTHOMY ypaBHeHMIO ,ll,JI5I 

9HeprMM E CB5I3aHHOro COCTOHHHH. 

cot (V1n(Vo + ED )ro) = ED ~O. (49) 

9KcrrepMMeHTaJIbHOe 3HaYIeHMe 9HepniM. CBH3M ,ll,e~TpOHa 

IEDI = 2.22452 ± 0.00010 MeV. (50) 

IIpe,n;noJIO)lUIM, YITO va ~ lEI_ Tor,n;a 

vmVo
ro 
~ '!!.. (51)

Ii 2' 

McrroJlb3Y5I 3HaYIeHHe ro = 1.7 fID, rrOJlyYIaeM 

va = 35 MeV, (52) 

qTO He npOTHBOpeqHT HarneMy npe)),I10JIO)KeuM.I0 Va » IE I. 
M3 ypaBHCHI151 (46) CJleAyeT, Y.TO peWeHl1e ypaHHeHI1}[ IlIpe,ll,MHrepa HHe 06

JIaCTM )J.e:A:cTBM5I H.n;epHblx CMJI, T.e. rrpM r » ro rrpOrrOpIJ,HOHaJIbHO exp(-~r), 

r,ll,e 

" = ~ _m:'D. (53) 

I10,ll,CTaBJUUI 9KcnepMMeHTaJIbHOe 3Ha'1eHMe 9HeprMH CBH3M )J.e:A:TpoHa, IIOJIylJaeM 

~-1 = 4.3 fID ~ ro = 1.7 fID. TaKIfM 06Pa30M, rrpOTOH If HC:A:TpOH, COCTaRJl5lJOrn.Me 

)J.etlTpoH, npOBO,Ll,5IT 60JIhWyIO YIaCTb BpeMeHH BRe 06JlaCTH .n;e"ftcTBHH H,n:epHhIX 

CHJl. I109ToMy ,ll,eMTpOH y.aCTO HrpaeT POJlb "aTOMa BO,ll,opo.n;a", no KpallHetl Mepe 

B Tex rrpoIJ,eccax, KOTophle He qYBCTBHTeJIbHbI K BKJIa,n;y MaJIhIX paCCT05l.Hu~i:. B 
9THX npou;eccax <pyHKU;HH exp(-~r) Upe,ll,CTaBJI5IeT xopowee IIpH6mDKeHl1e ,ll,JI5I 

BOJIHOBOn ¢YHKIJ,HH ,ll,eHTpOHa. HOpMHpOBaHHaH BOJIHOBaH <PYHKIJ,HH, OTBetlaIO

lIJ;a5I ?tYJl,eeo.MY paauycy aeucmeuJI, Jl,aepu,'btX CUJl" IfMeCT BI1}1, 

u(r) = ~exp( -Kr). (54) 
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O,rr,HaKO 3Ta cPYHK~IUI He Y).I,OBJleTBOpHeT rpaHWIHOMY YCJIOBHIO u(O) = O. Jly'lJ

IDee rrpH6JlH)KeHHe rrpe,rr,CTaBJlHeT BOJlHOBaH cPYHKII.HH XIOJIbTeHa 

(55) 

KOTopaH HBJlHeTCH TO'lJHbIM perneHHeM ypaBHeHHH IIIpe,rr,MHrepa C IlOTeHlI,HaJlOM 

XIOJIbTeHa 

(56)
 

MHOfHC HCTPJlBHa.TIbHhle rrp06JIeMbl, CBH3aHHble C ,rr,et1:TpoHoM, MorYT 6b1Tb 

perneHbI C HCrrOJIb30BaHHeM rrpOCTbIX aHaJlHTH'lJeCKHX BbI'lJHCJIeHHn. IIpH'lJHHa 

3Toro 3aKJIIO'lJaeTCH B TOM, "ITO 3HeprHH CBH3H ,n,eHTpOHa IED I anOMaJIbHO MaJIa. 

B pe3YJIbTaTe, KaK 6blJI0 OTMe'lJeHO BbIllIe, ).I,eHTpOIIHa5:l BOJlIIOBa51 cPYHK~H5I BHe 

pa)l.Hyca 5l).I,epHblx CMJl y6blBaeT OqeHb Me,rr,JIeHHo. B 9KcrrOHeH~HaJIbHoit aCHM

rrTOTHKe (54) Ha 60JIbllII1X paCCTOHHI1HX napaMeTp fi, = JmlEDI = 45.7 MeV 

MaJI; COOTBeTCTBeHHO TlfrrJ11·ma51 ,rr,JIJma, Ha KOTOpOit rra,rr,aCT ,n:etiTpoHHaH cPYHK

r~IUI, BeJll1Ka, fi,-l = 4.3 fro. ~ha )l.JII1Ha ropa3)J,o 60JIbllIe pa)l.I1yca H,lJ,epHbIX CI1JI 

r 0 rv 1 fro. 8TO 06CTOHTeJIbCTBO n03BOJIHeT I1CnOJlb30BaTb BOJIHoByro cPYHK

ll.HIQ (54) BO MHOfHX 3a)l.a'qax, He 'lJYBCTBHTeJlbHbIX K BKJla,n,y MaJlblX paCCT05IHHti. 

B npHpOll.e He CYlll.eCTBye'r B036y)K,rr,eHHbIX 381 - COCTOHHHn ,lJ,etlTpoHa, a TaK)Ke 

1So - If P - BOJIHOBbIX CBH3aHHbIX NN - COCT05IHl1H:. OCHOBHoe COCTOHHue ).I,eH

TpOHa CO).I,CP)K'l1'.r HapH,LJy C 381 - COCTOHHHeM MaJIyIO rrpHMeCb 3D1 - COCTO,HHHH 

(CM. pa..'3)J,eJI 2.2), KorropbIM BO MHorHX cJIyqa5lx MO)KHO rrpeHe6peQb. BOJIHOna51 

cPYHKll;IUI HerrpepbIBHoro crreKTpa B 3Sl - COCT05IHHl1 CHCTeMbl npOTOll-HeHTpOH 

rrplf E = 0 IIMeeT Bl1,n; 
at'l/Jt = 1 - -, (57) 
r 

r,n;e ~-TpHrrJIeTH8.5I )J,JIHHa paCCC5lHl1H, at = 5.42 fro . AHaJlOrwiHoe Bblp~eHHe 

,lJ.JIH ChllrJIeTllOH ISO - <PYHKll.l1H HenpepbIBHoro crreKTpa HMeeT BH,ll; 

'l/Js = 1 _ as, (58) 
r 

f,n,e as = -23.7 <I>M - CHHrJIeTHaJI )J,JIHHa paCCeHHl15I. 

BOJIee TO'lJHbIe BbIpa)KeHH5I )l.JI5I BOJIlIOBblX ¢YHKlJ,HH S-COCT05IHuit HcnpepbIB

Horo crreKTpa, B KOTOphTX y'tJTeHbl qJIeHbI rrOp5l)l.Ka k OTHOCHTeJIbHOrO HMrryJIbCa 
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CTaJIKHBalOllJ,HXC5I qaCnUI: (3TOT HMnyJIbC MaJI no cpaBHeHHIO C llro, HO He MaJI 

no cpaBHeHHIO C 1/at,s), HMelOT BH,n; 

1/J = sinkr _ .a (59)
kr 1 + ika r 

B pa...'1AeJIe 3.6 MbI HCnOJIb3yeM 3nl cPYHKIJ.HH ,lI,JI.H BbIQHCJIeHfi51 ceQemri1: <POT0

pacm;enJIeHlf51 ,lI,ei1:Tpoaa rrpH MaJIhIX 3HeprHRx. 

2.2. TeH30pHhlU nOTeHII,HaJI 

PaCCMOTpHM ypaBHeHlie llIpe,n;HHrepa ,n;JI.H ,n;elfTpoHa 

[--2Ll + v(r)] 1/J(r) = (60)h2 E1/J(r), 
mred 

rAe Ha 31'01' pa3 rrOTeHIJ.HaJI V(r) COCTOlfT M3 IJ.eHTpaJIbHoft QaCTli Vc(r) H TeH

30pHOlf KOMnOHeHTbI Vr(r), 

(61) 

rAe 

(62) 

OnepaTOp 812 Ha3hIBaeTC5I TeH30pHhIM nOTeHIJ.HaJIOM, rrOCKOJIbKY B KOHqmrypa

IJ;HOHHOM rrpocTpaHcTBe 3TOT orrepaTop rrpe,n,cTaBJI.HeT orrepaTop BToporo paHra. 

OH .HBJl5leTC5I TaK)Ke TeH30pHhIM orrepaTopoM, ,n;eacTByIOIIJ;HM B crrliHOBOM npo

cTpaucTBe ,lI,BYX HyKJIOHOB. 9TH J1.Ba TeH30pHbIX orrepaTopa CBepTbmaIOTC5:l B orre

paTop 812, KOTOpbI:t1 51BJI5ICTC5I CKaJI5IpOM B 06be,lJ:HHeHHOM CIIHH-KOop,lJ:l'lHaTHOM 

rrpocTpaHcTBe. 1'13 3a cBoe:A TeH30pHo:A rrpHpo,n,hI 8 12 CMeIIIHBaeT COCT05lHH5I C 

Pa3JIHQHbIMH Op6HTaJIbHbIMH MOMeU'ISMlf. 81'01' onepaTOp, O,lI,HaKO, COXpaH.HeT 

nOJIHbIM: MOMeHT J = L + S. 
TeH30pHbIfi onepaTOp B ypaBHemm (62) rrpe,npraBJI.HeT e,n;HHCTBeHHO B03MO)K

2HbIH CKaJI5Ip, KOTOpblfi JHmCeH no ih H 82 H C0Jl.CP:IKHT QCTHhlC CTcrreHH r . JIcrKo 

Bli,n;eTb, QTO Bce ,lU)yrlie B03MO)KHbIe BblpaJKeHM5I, JII.mettHblc no if1 H ih, CBO,n;.HTC5I 

K (62), HarrpMMep 

(63) 

qJIeHbI, co,n,ep)KaIIJ;He BblCillHe CTcrrCHH if, CHOBa MoryT 6bITb rrpHBe,n;eHbI K TOMY 

)Ke Bll)J.y, eCJIH BOCnOJIb30BaTbC5I CBOHCTBOM MaTpmI: nayJIM 

(if . A) (if . B) = A . B + iif . (A x B). (64)
-::--------------

2llOCJIe.n;Kee CBOftCTBO 06eCrre'lHBaeT COXp3.HeHHe 'leTHOCTH TeH30pHbIM onepaTopOM 
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B '-IaCTHOCTH, JIerKO rrpOBepl1Tb, ~TO 

(65)
 

(66)
 

Orrpe,u.eJII1M Terrepb TpM COCTO£HIUI ,nByX-HyKJIOHHOH CI1CTCMbI co cnHHOM 

S=l: 
0.1132 + o.2fh f3 f3: (67)

X+1 = 0.10.2, XO = y'2 ,X-I = 1 2, 

T',11,e Q. and 13 rrpe,11,CTaBJI5IIQT nayJIHeBCKlie Clll1HOPbI co CTII1HOM Imepx 11 ERR3. 

BBe,u.eM ,naJIee cmm-yrJIOBble <PYHKIJ;RH COCTO£HH}l IJ M L > 
l.!L=+L 

1>JML = L cfff,t1MsYLMLXMs I (68) 
ML=-L 

r,IJ.e Ci:JLIMs - Koa<p<PIU~HeHT K.lIe6ma-rOp/l:OHa. B ypaBHemiH (68) c<l>epJIT-Ie

CKl1e rapMOHHKH YLMLl OTBe-qalOll.J.l1e Op6HTaJIbHoMY yrJIOBoMy MOMeHTy L, KOM

6HHHpyroTCX co CIIRHORbfMH <PYKIJ;~UIMR XMs TaKHM 06pa'30M, ~To6bI nOJlYQHTb 

co6CTBeHHoe COCT05IHl1e IJ M L > nOJlHOrO MOMeHTa J. B03MO.JKHble 3HaQemUI L 

L=J, L=J±1. (69) 

~JI5I ,n;CHTpOHa J = 1 H L = 0 HJlH 2. <DYHK~HI1 <PIML B aTOM CJIytme RMelOT BHll, 

1 
<I>Ufo = y'4;XM 1 (70) 

<l>U2 = ~1'20(B, 'P)xl - M1'21(B, 'P)Xo + n1'22(B, 'Plx-l> (71) 

iI>102 = ~1'2-1 (B, 'Plxl - ~~1'20(B, 'P)xo + ~1'21(B, 'PlX-I' (72) 

<PH2 = ~11'2-2(O, 'Plxl - ~1'2-I(O, 'P)xo + ~Y20(O, 'P)X-I- (73) 

<I>YHKIJ,HI1 (68) o6p33yIOT OpTOHOpMl1pOBaHHblfi Ha60p co6cTBeHHblx <pyHKIJ.M:a, 

onpe,l1,eJIeHHblX 13 o6belvmeHHoM npOCTpaHCTBe BeKTopHbIX CIIHHOBbIX <PYHKIJ;l1li 

Ii <pyHKIJ,Hfi, 3aBHC.HIlI,HX OT HarrpaBJIeHI1.H r. TaKHM 06pasOM, ,D;JUI 3a,n;aHHoro J 

udr)
1j;(r) = E --~JJv[L. (74)

L r 
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1'13 yc.nOBHR HOpMHpOBKH ?jJ(r) nOJIyqaeM 

00 

L / u~Jr)dr = 1. (75) 
L 0 

ITo,n;cTamfB (74) B (60)) nOJIytIHM cHcTeMy ypaBHemrti 

:>L(r) + :. [E - 11~;2L(L + 1) - Vo(r)] udr)
m 

-2VT(r) L SJLVUV(r) = 0, (76)
11 L' 

f,n;e 

SJLL' = / (ipJMLIS12\ipJMv)dn. (77) 

I1cnOJIb3YH CTaH,n;apTHylO TexHHKy anre6pbl Yl'JIOBbIX MOMeHToB, IIOJIyqaeM 

2 ~ ~ J+l 20 I [ LO L'O]8JLV = 03LL'(-1) CLOvoW(LL 11; 2J) = 2 OLD - 3CJOlOCJOlO . (78) 

9TH. 3HaqeHlHI 6bIJIH BnepBbIe nOJIy-qeHbI r.BeTe [4]. 5IBHble 3Ha-qemUI SJLL' npH

Be)J,eHbI B Ta6JI. 1. 

Ta6JIH~a 1. t.IHCJleHHble 3HaqeHIUI K03¢<pHI.VieHTOB S.JLD B <PoPMyJle (78) 

J+l 

J+l 2 J+2 
- . 2J+l 0 6 . .j.J(J+-f)

2J+l 

J 0 +2 0 

J-I 6 . .j.J(J+-f) 0 2 J-I 
- . 2J+l2J+l 

,UOMHHHpylO:rn:HM COCTOJIHHeM B ,n;etfTpoHc RBJIReTCJI 381 - COCTOHHRe. TeH

30pHble CHJIbI npHMellIHBalOT K 3TOMy COCTORHHlO TOJlbKO KOHqmrypaIJ,HlO 3D1 . 
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BOJIHOBaJI cPYHKI.J;:aR ,n;eilTpOHa MO:IKeT 6blTb 3aIUICaHa B KOMnaKTHO~ cPOpMe 

u(r) w(r)
'IjJ(r) = ~q>U10 + --cf>Uf2' (79) 

r r 

r)J,e MbI CJTerKa H3MCHMJII1 0603HaQemre pa,n;:aaJIbHbIX cPYHKI.J;:a1t 

u(r) = UQ ( r), w (r) = U2 ( r). (80) 

YCJJOBHC HOpMHpOBKH Tenepb flMeeT BH,ll, 

00 

J[u2(r) + wtr)]dr = 1. (81) 
o 

HCIIOJIh3Y£ 3Ha' leHH.£ K03cPcPHqHeHToB H3 Ta6Jl. 1, rrOJ1YQaeM 

8120 = 8102 = vB, 8 122 = -2. (82) 

IIo,n;CTaBHB (82) B (74) nonYl.IH:M CliCTeMY CBg3aHHblX ypaBHeUl1fi ,ll,JUI pa,ll,H

aJIbHhIX cPYHKI.J;Mtl u(r) H w(r) 

d2 

dr2u(r) + m [E - Vc(r)] u(r) - v8mVT (r)w(r) = 0, (83) 

rP . [6 ]dr2w(r) + m E - mr2 - Vc(r) + 2VT (r) w(r) - v8mVT (r)u(r) = O. (84) 

YCJIOBl1e IIOpMl1pOBKH BOJIHOBOfi <PYHKIJ;HH HMeeT BH,ll, 

J
00

(u2 + w 2)dr = 1. (85) 
o 

TIPH TaKOH HOpMl1pOBKe 3Ha"lemte 

00 

PD Jw 2dr 
Q 

rrpe,ll,CTaBJI.HeT co6otl Bep051THOCTh HaxO)K,L(eHl1.H )J,eHTpoHa B COCTOgmUI 3D 1. 

YpaBHelme (74) MO)f(eT 6hITh TaK)f(e 3anMcaHO B cJIe,n:ylOIIJ,efi KOMrraKTHOH 

cPopMe 

1 [U(r) J~ W(r)] (86)'IjJ(r) = - - + -812-- XM,v"41r r 8 r 
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KOTopaR BnepBhlC 6bIJIa rrpe,LJ;JIO)KeHa B.Papumoil If ,l(aIC.lli8UHUpOM B 1941 f. 

[5] 
I1oKa)KeM, lITO BTOpOl:f "'IJIeH B (86) ,rr,e:ti:cTBI1TeJIbHO onWCbIBaCT rrpamWbIIO 

HOpMHpOBaHHoe COCTO}IHHe C J = 1 H L = 2. 3aMeTHM npe)K,n,e Bcero, "'ITO TpVl 

<PYHKI1,HVI XM npe06pa3ylOTCR npH Bparn.eHHH CilHHOBblX Koop,rr,HHaT IIO IIpe,n,CTaB

JIemBO, xapaKTepH3ylOlIl,eMy MOMeHTl paBHbIl:f 1. TaK KaK orrepaTop 812 Ilpe,n,

CTaBJIReT co60fi HI-IBapHaHT no OTHOllIeHHIO K BpaI.IJ;eHlfIO 06bIQHbIX H CIIHHOBblX 

Koop,rr,flHaT, TO TpM <pyHKw,m: 812XM TaK)Ke npe06pa3yIOTC5I no npe,n;CTaBJIeHHIO, 

xapaKTepH3YI01I1,eMY J = 1. I1HbIMH CJIOBaMH, TpH cPYHKI1,VlH S12XM OIIHCbIBa

10'1' TpHIIJIeTHOe COCTO}IHlIe C J = 1. OCTaeTC5I ilOKa3aTb, lITO <PYHKI\HH S12XM 

OTIHCbIBaIOT HMeHHO D BOJIHY. 

,.LVIR 3TOfO 3aMeTlfM, l.ITO eCJIn HeKOTopaR <PYHKI1,H}I YfJIOB YMHO)KeHHaJI Ha 

r L (L - I1,eJIoe QHCJIO) Y,Il,OBJIeTBOp5leT ypaBHeHHIO JIaIIJIaCa, TO OHa ODVlCbIBaeT 

COCTORHHe C Op6Wl'aJIbHbIM MOMeHTOM L. TI03TOMY ,rr,OCTaTOlIHO TIOKa3aTb, "'ITO 

TIO)J,CTaBJI5I}I CIO,n,a 5IBHOe Bblpa)KeHHe ,rr,JUJ 812 IIOJTyLfacM 

lITO H Tpe60BaJIOCb ,n;OKa3aTb. 

11TaK, <PYHKI1,HR S12XM OIIlICbIBaeT lIMeHHO 3D 1 - COCT05IHlIe C MOMeHTOM J = 1. 
OCTaeTC5I ,rr,OKa3aTb, l.ITO 3'1'0 COCTORHlIe rrpaBHJIbHO HOpMHpOBaHO, T.e. "'ITO 

,L!;JIR 3'1'01'0 HCnOJIb3yeM (66) H 3aMeTHM, "'ITO 

/ dn812 = O. 

IlOCKOJIbKy cpe,n,Hee 3HaT.Jemm orrepaTopa ala2 no TpHIIJIeTHoMy COCT05IHHIO paB

HO 1, TO HCKOMblt\: HHTerpaJI paBeH 8, lITO H ,n;OKa3bIBaeT IIpamlJIbHOCTb HOpMH

pOBKW. 

2.3. HyKJIOH-HyKJIOHHbIe nOTeH~aJIbI B Me30HHoti TeopHH 

B 3TOM pa3,n;eJle, I1CnOJIb3Y51 KJIaCCHT.JeCKHfi MeTO,IJ;, MbI IIOJIy"tUIM IIOTeHl\HaJI B3aH

Mo,n;eiicTBM5I Me*)J,y ,n;ByM5I CTaTHQeCKMMH nyKJIOHaMH, 06yCJIOBJIeHHblt\: 06MeHoM 
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rrCeB,LJ;OCKaJIHpHbIM Me30HOM. B Ka~eCTBe HJIJIIOCTpaIJ;HH Mbl rrpHBC,LJ;eM TaK)I{e rro

TeHlI,HaJIhI, OTBe'-IaIOLU,l1e o6MeHy CKamlpHbIM H aeKTOpHbIM Me30HaMvL 

PaCCMOTpIiM ,n;mr rrpOCTOTbI CJIy"Iafi rrCeB,ll;OBeKTOpHOil CB5I311 1I'"-Me30Ha C HY

KJIOHOM. faMHJIbTOHHaH B3aHMO,n:eficTBIUI HMeeT BH,n: 

(87) 

r,n;e iii H fi 5IBJI5UOTC5I OIJepaTOpaMH 06bIQHOrO l-I l-I30TOIIWICCKoro cmmOB i-ro 

HyKJIOHa, cp(r) - nceB.n:.OCKaJI5IpHOe IIone C M30CIIHHOM T = 1. B ypaBHeHJm(87) 

f - KOHCTaHTa nceB.n.OBeKTopHO~CBRSH. KOHCTaHTa CB5ISH g 3KBHBaJIeHTHO~ pe

JI5ITHBHCTCKOH. TeopHH C IICeB,LJ,OCKaJI5IpHOll CB5ISblO CB71SaHa C f COOTHOllleHHeM 

2m
m

g=--f. (88) 
7r 

9KcrrepHMeHTaJIbHoe 3HaqeJ-me g paBHO 

2 

!L = 15.9 ± 0.2, (89)
411'" 

II03TOMY 
f2 
- = 0.088 ± 0.001. (90)
411'" 

B CTaTWleCKOM rrpe,n;eJIe ypaBHeHHe KJIeMHa-fop,LJ;OHa )J;JI5I rrOJl5I r.j5(r) HMeeT BH,IJ; 

ypaBHeHHR TIyaccoHa 

(91) 

r,n:e Ka)K)J.bIH nyKJIOH n rrpanoH qaCTH lI.eikTBycT KaK <pHKcHpoBaHHhIt{ TOQetUlMti 

HCTO'IHHK. 

QTo6bI BbIQHCJIHTb HyKJlOH-HyKJIOHHbIfi IIOTeHIJ;HaJI, MbI CHatIaJIa BbIqHCJIHM 

nHOHHoe nOJle, CB5IsaHHOe C HyKJIOHOM 2, KOTOpbIfi 5IBJIHeTC.H HCTO'UUIKOM rrOJI5I 

COrJIaCHO (91), a 3aTeM Ba'lHCJIHM 9Hepnno B3aHMo.n:.eficTBH5I nOJlyqeHHOrO TaKHM 

06pasOM II110HHoro nOJI.5l C HyKJIOHOM 1. (:ha IlOCJIe,rr.H5I5I 3HeprH.SI OIJHCbIBaeTCR 

ypaBHeHHeM (87). By,n:eM CqHTaTb, 'ITO sa BpeM5I B3aHMo,n;et1cTBMH o6a HyKJIOHa 

OCTalOTca Heno,n;BlDKHbIMH (T.e. 3<p<peKTaMH O1',n:aqH npeHe6peraeTca) H HaxO.I(-HT

C5I Ha paCCT071HHI1 r ,n;pyr 01' ,n;pyra. BhIQHCJleHHYIO TaKHM 06Pa30M 9Heprl1IO ,lJ,Byx 

HyKJIOHOB, o6yCJIOBJleHHylO HX B3alIMo)J.eticTBl1eM C nl10BHbIM nOJIeM, MhI O1'O)K

,n;eCTBJI5IeM C rrOTeHII;l1aJIOM o,n:Ho-mlOIIlIOCO o6MeIIa VOPEP. PClllcHMe ypaBHeUlf5I 

(91), B KOTOpOM TOJIhKO HyKJIOH 2 ,n:eficTByeT KaK MC1'O~HRK, nOJIyTIaeTC5I CTaH

,n;ap1'HbIM cIloco6oM, HCrrOJIhSY5I <PYIIKqMIO rpI-fHa ypaBHeHHH TIyaccoHa. 3aMe'IM 



18 

T.ITO 
-m,.!r-r/I

(-2 2)e ,
"V - m7r Ir _ r'l = -47ro(r - r), (92) 

1 - e-m"./r-rz! 
$(r) = ---72 (iJ2."V2) I I . (93)

47rm1T r - r2 

IIo,n;cTaBJI5H! HaH,n;eHHoe pemeHHe (93) B (87), rrOJIyqaeM 

/2 _ _ e-m"lrl-rzl 
H'=--42 (7172) (iJ1"V1)(iJ2"V2) I I (94)

7rm1f rl - r2 

8'1'0 Bhlpa)KeHlie H corrOCTaBJIHeTC5I nOTeHll;HaJIY l-rrHoHHoro 06MeHa. BbIlJHCJIHB 

rrpOlf3Bo,n;Hble, OKOHT.IaTeJIbHO IIOJIyy.aeM 

TT 
VOPEP = 

1 (12 
)( __ )

~m1l" - 'Tl'T2 X
3 47r 

( __ S [ 3 3])e-X 

0'10"2 + 12 1 + - + 2 -, 
X X X 

(95) 

rAe 

x=m1T T, (96) 

3,n;eCh 812 -TeH30pHhlM: orrepa'1'op, OIIpe,n;eJIeHHhIH B (62). ITO,Ll,T..JCpKHeM, Y.TO fIplf 

BbIBo,n;e (95) Mhl paCCMaTpHBaJIH rrHOHHoe nOJIe KaK KJIaCCHl:JeCKoe. 8'1'0'1' )Ke pe

3YJIhTa'1' MO)KHO rrOJIyqHT.b If B TeopHlf, r,n,e mtOHHOe nOJIC KBaHTyeTC5I: pe3YJIhTa'1' 

If clm3HKa rrpH 3TOM He MeH5I1OTC,H. B TO )Ke BpeM5I Ham pe3YJIhTaT OCHOBaH Ha 

HrrOJIb30BaHHH Teop~H B03Myrn;eHHH. CaMa no ce6e '1'eoplUI B03Myrn;eHHH 3,n;ec.b He 

rrpHMeHHMa, nOCKOJIbKY nl10Hbi CHJIbHO B3aHMOAeUCTBYIOT C HyKJIOHaMH. Yl:JeT 

BblCllIHX rrorrpaBOK, HarrpRMep, CB5I3aHHbIX C 2-nl10HlIblM 06MeHOM 6hlJI rrpo,n,e

JIaH B p5I,LI,e pa60T, HO Mhl RX 3,n;eCb 06cy)K,n;aT.b He 6y,n;eM. BMeCTO 3Toro IIpl1MeM 

CTaH,n;apTHylO TO'1Ky 3pemUl:, "lITO OPEP nplfMeHlfM na 60JIbllIHX paCCTOHHH5IX, 

r 2 2/rn1f , r,n;e 06MeHbI Me30HaMM C 60JIbllIeti MaCCOH: BbIMHpalOT. ITo ,LI,pyroMy 3'1'0 

npe,n,rrOJIO:>KeHHe MO)KHO C<pOpMyJIRpOBaTh KaK rrpHMeHHMOC'1'b OPEP ,n;JI5I oml

CaHR5I rrapll;l1aJIbHblX BOJIH C ,n,OCTaTO"lIHO 60JIhIIIHMH MOMeH'1'aMH, CKaJKeM, L :;:: 4. 
B TaKofi ¢opMe OPEP OKa3bIBaeTC5I IICKJIlO"t.IRTeJIhHO rrOJIe3HhlM ,LI,JI5I yCTOMY.MBD

CTR pe3YJIbTaTOB <pa30BOrO aHaJIR3a, r,n;e rrpe,n;rrOJIaraeTC5I, 'lTQ <pa.-~bI pacceRHHR 

C 60JIbUIHMH L OUI1CbIBalOTC5I OPE IIOTeHIJ,I18JIOM. 

RCHO, qTO nOTeHll;HaJI OPEP He 51BJI5IeTC5I e/I.HHCTBCHHO B03MO)KH.bIM Me30H

HhlM nOTeHu,HaJIOM. MHorOKpaTHhle rrHOHHble 06MeHbl 11 06MeHbl ,n;pyrHMH Me3(}

HaMlf MO,Ll,H<pM~HPYlOTHyKJIOH-HyKJIOHHbIM nOTeHI~HaJI. B pe3YJIbTaTe Mbl npMXO

,n;HM K rrOTeH~M8JIY 1-603o'H/Ho20 06Me'Ha (OBEP). B Ta6JI. 2 rrpMBClJ;eHbl CTpyK

TypbI nOTeH~I1aJla, reHepMpyeMoro 06MeHoM Me30HOM H 3aBlIC5Irn;Me 0'1' cmma 

MC30Ha l1 ero '1eTHOCTM. 
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Ta6JIHn;a 2. Me30HbI, BKJIIO'laeMhIe B OBEP 

Tall Me30Ha I <IlH3H'leCKl1.H Me3011 I Ol'pyKTypbI OBEP 
C1CMJl.P'H:bL'U 0

nceedOC1Ca.ll.R.ptLbl:U IT, 17, 17' 
6e1CmopH:WU p, w, ¢J 

1, L·S
 
812
 

I, Sl . S2, 812 , L· S
 

)J;JI5I JI30BeKTOpHbIX 7f - R P - Me30HOB B3aIlMO,neticTBRe CO.uep)IGiT ~OrrOJIHH

TeJIbHbItI MHO)KHTeJIh 71 . 72 

B KalleCTBe HJIJIIOCTpaIJ,HJI rrpl1Be,lJ,eM BhlpaJKeHRe .uJI5J nOTeHIJ;JiaJIa, OTBeqaIOm;ee 

o6MeHy CKaJmpHhIM Me30HOM: 

H' = y'4;gs7J)'ljJ . <p(S) ,	 (97) 

S 2 ( m~ ) m~ m~V( )(r) = gsmS -(1- 4M2 Y(Xs) + 2M2 (1 - 8M2 J(xs)L . S, (98) 

e-X 

Y(x) =-, J(x) = .! . dY(x). (99)
X X dx 

,lJ,JIH BeKTopHoro J1f = 1- B3aHMo,n;eH:CTBIUI 

H' =	 .;:fi9V¢'YJj'ljJ· <p1
V)+ 

+V41r Ti
/ 
v ¢aJjv1/J . [8/1<P1V) - aJj<p~V)] (100)

2mve 

rrOTCHlJ,RaJI IiMeeT BH.u 

V(V)(r) =	 g~mvc2[Rc(1 + ~.,\2)2y(xV) + 

+112RI2(2Y(XV)Ul' a2 - Z(XV)S12) + 
3 2 (+2"'" RLsJ xv)L· S],	 (101) 

r.n,e Xv = mvcr/h, .,\ = mv/m 11 

(102) 
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R = (1 + 21v )2 (103)12 A' 

RLS = 1 + ~. Iv (104)
3A gv 

2.4. B3auMo,n;eHcTBHe C 3JIeKTpOMarHHTHbIM nOJIeM 

PaCCMOTpHM £,lJ,pO, HaxO,lJ,£IIJ,eeC5I BO BHellIHeM 8JIeKTpOMarHHTHoM fIOJIe, KOTO

poe Mbl 6y,lJ,eM C~HTaTh ,lJ,OCTaTO~HO CJIa6bIM, ~T06hI IIpeHe6pe~h ero BJIH5IHl1eM 

Ha pacnpe,n;eJIemte 3ap5I,n;a B 5I,lJ,pe. IloCJIe,lJ,Hee xapaKTepH3yeTC5I nJIOTHOCTblO TO

Ka j(r) H nJIOTHOCThIO 3ap5I,n;a p(r). IlYCTb A(r) Ii cp(r) npe,l.l,CTaBJI5IIOT BeKTOp

HbIH H CKaJI5IPHhlit nOTeHIJ;HaJIbI BHeIIlHero TOKa, Tor,n;a 3HeprH5I B3aHMo,lJ,eHCTBR51 

3JIeKTpOMarHRTHoro rrOJI5I C 5I,lJ,pOM onpe,lJ,eJl5leTC5I Bblpa.JKeHIfeM 

E = I cp(r)p(r)dr - ~ I A(r)j(r)dr. (105) 

JiIHTerpI1pOBaUHe npOH3BO,lJ,HTC5I TIO 06'beMy 5I,ll;pa, pa.1Mep KOToporo npe,lJ,nOJlaI"'£1

eTC.H MaJIbIM no cpaBHeHMJO C xapaKTepHbIMH )l.JHmaMH BOJIH, TaK "{{TO nOJle MO.JKHO 

C~MTaTb Me,lJ,JleHHO MeH£IO.IIJ;HMC5I. XOpOillO H3BeCTHO, "{{TO B TaKIfx CJIY~a5IX Bhlpa

)KeHHe (105) MO)KHO Pa3J10.JKHTh B P£,lJ, no aMTTJIliTy,n;aM nOJI.H If I1X npOH3BO,lJ,HbIM 

B KaKott-Jm60 TO~Ke. 9Ty TO~KY eCTeCTBeHHO BhI6paTh B l~eHTpe 5I)l.pa. K03<pqm

IJ;HeHTaMH pa3J10)KeHH.H 5IBJI£IOTC5I MYJlbTHTIOJIhHhle MOMeHThI 5I,lJ,Pa.. B35IB IJ;eHTp 

Macc 5I,lJ,pa B Kay.eCTBe Ha"{{aJIa KOop,lJ,HHaT H Pa3JIO)KHB A(r) II cp(r) B OKpeCTHO

CTH STOn TO~KH, nOJIyqI1M, npeHe6pera5I BbICIIIHMH ~JIeHaMH, 

A(r) = A(O) + (r. grad)A(r)lr=o + ... (106) 

1 
. ep(r) = cp(O) + (r· grad)cp(r)lr=o + 2(r. (r. grad)cp(r))lr=o + '" (107) 

Tor,lJ,a CTaTl1y.eCKa£ -qaCTb 3J1eKTpOMarHI1THOM 3Heprl1H paBHa 

1
Estat = qcp(O) - DE(O)- J.LH(O) - 6Qij(grad)iEj Ir=o 

(108)-~ :t (PA(O) + ~ tr Q;k(ViAk(O))) , 

r,lJ,e MbI onpe,n;eJIHJIH 

q = I p(r)dr, (109) 

D = I rp(r)dr, (110) 

J.L = ~ Jr x i(r)dr,
2c 

(111) 
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-> 18A 
Eo = [- \7rp - ~8t]lr=O' (112)
 

H o = [rotAJlr~o, (113)
 

Q~j = ! 3XiXjp(r)dr, (114)
 

H llCnOJIb30BaJJH <POpMyJIY 

! i(r)dr = :t! p(r)dr, 

KOTOpa51 nOJIYlfaeTC5l 113 ypaBHeHH5l HenpepblBHOCTll 

divi + %tp(r) = o. 

QJIeH, cO,n;ep)fffiIIJ,H.t1: npO:H3Bo,u.HylO no BpeMeHH, MO)KHO onYCTHTb, TaK KaK OH 

He ,u.aeT BKJIa,u.a HH B cpe,u.Hee 3Ha"tleHae 3HeprHH B3aIiMo,n;e:itcTB:HR B CTaU;HOHap

HbIX COCTO}lHH5lX, Hll B MaTpl'fl:fHble 3JIeMeHTbI rrepexo,n;OB Me)K,IW COCT051II.ll51MIi C 

O,LI;HHaKoBo:it nOJrHo:it 3Heprnett. 13 pe3YJIbTaTC nOJIyqaeM 

rAe MbI 3aMeHHJIH Q~j na 

(116)
 

"<ITO 3KBHBaJIeHTHO, T.K. BHellIHee nOJIe BHyTpH SI,D,pa y,D,OBJIeTBOp.51eT ypaBHeHHIO 

divE = O. 

BeJIH"tlHHa q B (108) npe.D:CTaBJISIeT rrOJIHblIt 3JIeKTpOMarHHTHblfi 3ap51.D:, 

BeKTopbI P H J..L - 3JIeKTpllQeCKlifi II MarHHTHbIH ,lJ,HnOJIbHbIe MOMeHTbI, a TeH30p 

Qij - 3JleKTpHQeCKHH KBa,lJ,pynOJIbHbIH MOMeHT 51,n;pa. ChOT TeH30p MbI no,n;po6HO 

paccMoTpHM B CJIe,n;ylOIIJ,eM pa3,lJ,eJIe. 
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2.5. KB~pynOJIhHhlttMOMeHT .H,1JJJa 

TCH30P KBa,ll,pyrrOJJhHOrO MOMCHTa .H,ll,pa co cm'IHOM J orrpC,ll,eJUIerC.H COOTHome

HReM 

< J JzlQijlJJz >= e ! W~Jz L:(3x}k)x;k - 6ijT(k)2)W JJzdr(k), (117) 
k 

r,ll,e CyMMHpOBaHIie npOR3BO,ll,MTCa no rrpOTOHaM H,ll,pa. O-qeBM,ll,Ho, qTO 3TO Bblpa

LKeHMe MOLKHO nepenMcaTb B BM,ll,e 

(118) 

r,ll,e KOHCTaHTa C He 3aBMCMT OT i M j. IIporne Bcero ee orrpe,ll,eJIMTb M3 MaTpHy.Horo 

3JJeMCHTa Q33 ,ll,JI.H COCT05[HvUI C Jz = J: 

Orrpe,n.eJIHM Terrepb KBa,ll,pynOJIbllbI:lt MOMeHT H,II,pa Q COOTHOIIleHMeM 

Q = < JJlQ33IJJ >. (120) 
e 

Tor,ll,a TeH30p KBa,lJ.pynOJJbHOrO MOMeHTa MOLKHO 3aIIHcaTb B BH.n;e 

(121 ) 

CMbICJI :noro BblpaLKeHM.H 3aKJIIO'1aeTC5I n TOM, qTO 6 KOMITOHeHT TeH30pa Kna

.n;pyrrOJIbHOrO MOMeHTa Bce Bblpa)KalOTC5I TOJIbKO '1epC3 O,ll,HY CKaJUIpHylO BCJJH

.'1MHY Q. KBa,lJ.pyrrOJIbHbltl MOMeHT .n;e:fiTpoHa paneH 

Q = 4"1 < J = 1, Jz = 113cos
2 

(J - IIJ = 1, Jz = 1 > . (122) 

MHO)Kl1'reJIh 1/4 B03HMKaeT, rIOCKOJlhKY 

r p = 2
1

r , 

Ii MhI orrpe,lJ.eJIlfJIH cosO = xz/r. )lBHoe Bbly.HCJIeHHe rrpHBO,ll,lfT K BhlpIDKeHHIO 

(123)
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2.6. MarHHTHbIH MOMeHT ,n;e:ATpoHa 

OrrepaTOp MarHHTHoro MOMCHTa ,u,ci1:rpoHa M, BblphDKeHHbIH B 5l)l,CPHbIX Marue

TOHax en/2mc, HMeeT B:H,n; 

(124)
 

r,n;e J.Ln :H J.Lp - MarHI1:THbIe MOMeHTbI HeHTpoHa If rrpoToHa B e,n;MHl[U;aX eTi/2mc, an 
If a p - crrHHOBble MaTplfIJ;bI TIayJIM ,n;mr HeH1'poHa rr rrpOTona, L - orrepaTOp op6rr

1'aJIbHOro MOMeH1'a. BBO,ll,5l cmU-JOBbIll H rrOJIHbIfi MOMeHTbI KOJTH"4eCTBa ,Il;BIDKeHlur 

S If J rreperrHIueM M B BH,Il;e 

M = ~J + (J.Ln + J.Lp - ~)S + ~(J.Ln - J.Lp)(an - ap). (125) 

51BHoe BbI"4:HCJIeHl1e rrpHBO,ll,HT K BbIpmKeHlUO 

3 1 00 
2

J.LD = J.Lp + J.Ln - 2(J.Ln + J.Lp - 2) / w dr. (126) 
o 

8KCnepllMeHTaJIbHO 6bIJIO Hafi,n;eHo, Y:1'O 

J.Lp = 2.7896, J.Ln = -1.9103, J.LD = 0.8565. 

(127)
 

2.7. ((>oTopaCIIl,errJleHHe ,n;eHTpoHa npH MaJlhIX 3HeprHRX [6] 

PaCCMOTpMM <poTopaCIIJ;errJIeHHe ll.cf:ITpona "(d ---+ np rrpM MaJIhIX 9HeprH5lX. Pac

CMOTpHM BHaY:aJIe BKJIa,n; E1 rrepexo,n;OB. )];HIIOJIbHbIH MaTpH"4HbIn: 9JIeMeHT paBeH 

3 3 ~7fa p< FlrJ S >= -4 . (2 2)2' (128)
1 - art P + 0 

Coo'rneTcTByIOIll,Mtt BKJIa,n; B CeqeHHe paBeH 

87fO Kp3 
aEl = (129)

3 (1 - Krt)(K2 + p2)3' 

Mbl BI1,lJ,lIM, Y:TO aMIIJTHTy,n;a B MaTpw-IHOM 3JIeMCHTC (128) yCMJIeHa <paKTopOM 

(1 - Krt)-1/2, t.ITO rrpHBO,ll,HT K cPaKTopy yCHJIeHlf5I (1 - Krt)-l B Ce"4eHlfH (129). 
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3,n,eCh rt = 1.76 cDM - 3<p<peKTHBHbI~ pa,n,lfYC B 3S - COCTORHHH. 9Ta no

npaBlffi He Ma.TIa, nOCKOJIhKY 1 - krt = 0.59. <I>H3H-qecKH 3Ta nOnpaBKa OTBeqaeT 

H3MeHemuo aCWMITTOTMKH BOJIHOBOit <PYHKIJ;MM npH 60JIblIIWX paCCTORHI-iRX} f,n,e 

,Ll,OMHHHpyeT MaTpH-qHbIit 3JIeMeHT (128). KaK 06bl-qHO} cetleHHe E1 - nepexo,n;a 

orrpe,lWJIReTCR nopOfOBhIM MHO)f(M.TeJIeM p3. • 
C ,Ll,PYfOH CTOpOHbl, BKJIa,Ll, Ml - nepexop;a B CeqemlC <poTopaCI.IJ;enJIeHHR ,Ll,eit • 

TpOHa onpe,Ll,eJIReTCR IIOP0r0BbIM MHO)KHTeJIeM p. OI~eHMM 3'1'0'1' BKJIa,Ll,. TaK KaK 

MbI rrpeHe6peraeM 3,n,eCb BKJIa,Ll,OM D - BOJIHbI, onepaTOp MafHHTHOfO MOMeH'1'a 

CBO,ll;HTCR npOCTO K 

M = e-2 (/-lpUp+ /-lnun).
m p 

BBM)J,y 0PTOfOHa..lJbHOCTH BOJIIIOBbIX cPYHKll,HH ,ll.eHTpOHa H HenpepbIBHOfO CIIeK

Tpa B COCTORHMH 3Sl, Ml - IIepeXO,Ll, rrpHBo,n;HT K KOHe-qHOMY 1So - COCTORHHIO 

HenpepbIBHOf'O cneKTpa. Henocpe,n,CTBeHHoe BblqHCJIeHHe ITpHBO,ll.HT K BblpIDKe

HHIO 

(130) 

9TOT BKJIa.n, YCI-1JleH ,LJ,ByMR 60JIbWHMH qHCJIeHHbIMH MllO)KMTCJIRMH: {Lp- {Ln = 4.7 
H 1 - ",ali = 6.5. HeCMOTp5f na 3'1'0, MarHHTHblii rrepeXO,ll. ,Ll,OMHHHpyeT rrpH 3Hep

rJ.f5fX, He rrpeBbIWalOlll,Hx 0.2 MeV 0'1' rropora cPOTopaCI.IJ;errJIeHHR. 

JIeKD;HSI 3. PacceRHHe npoToHa Ha npOTOHe 

)J,JIR paCCeRHH5f rrpOTOHa Ha npOTone 3KcrrepHMeHTaJIbHaR TOqHOCTb ropa3)J,o Bbl


llIe, TaK KaK 3apR)KeHHhle qaCTHIJ;bI pefHCTpHpOBaTb JIcrqe, tleM HettTpaJIbHble.
 

II03'1'OMY )J,JI51 CHCTeMbI npOTOH-rrpOTOH rrapaMeTpbI pacceRHHH orrpe,n;eJIeHbI ro


pa3,ll;O TOQHee. CHCTeMa npOTOH-rrpOTOH ,n;omKHa 6bITh CHHfJIeTHOH ITO cmmy B
 

qeTHbIX Op6R'raJIhHbIX COCTORHH5fX H TpHnJIeTHO~ B HeqerHbIX Op6HTaJIbHbIX co


CTOSIHHHX, -qT06bI ITOJIHaH BOJIHOBaR cPYHKIJ;HR 6bIJIa aHTHCHMMeTpH-qHa. CJIe,Ll,o


naTCJTbHO, npH aHaJIH3e ,ll;aHHbIX npw MaJIbIX 3HepfIUIX MbI HMeeM TOJTbKO CHH


fJIeTHOe pacceHHHe. 9'1'0 CMJlhHO yrrpOlll,aeT aHami3. 3aMeTMM, qTO B CHHfJIeT •
 
HOM COCT05fHHH TeH30pHbIe CHJIhl OTCYTCTBylOT, qTO TaK :>Ke yrrpom,aeT aHaJTH3.
 

C ,ll.pyroH CTOpOHbI, KYJIOHOBCKwe CHJIbI YCJIO)KHRIOT aHaJIH3 paCCe}iHHR rrpOTOHa
 

Ha rrpOTOHe, HO I1X ,u,eHCTBHe XOp0II10 113BeCTHo, If He npe,IJ;CTaBJIHeT npHHll,HIIH


aJIhHhIX ycnO)KHeHllfi..
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Hcxo,n;Hoe ,LJ,H<p<pepeHlJ,liaJIbHOe ypaBHeHHe ,nJI5I CliCTeMbI rrpOTOH-IIpOTOH BH

,n;0I13MeH5IeTC.a CJ1C,IJ;yIOIIJ,liM 06Pa30M: 

,
n2 'e2]

--=-~ + V(r) + ~ 'lj;(r) = E'lj;(r), (131)
[ 2mred r 

r,n;e e - 3JIeMeHTapHbIM 3ap.a,n;. Pa3JIO)KJ.iM 'lj;(r) = 'lj;(r, cos B) B p5I,ll, no nOJIlIHOMaM 

JIe)J{an)l.pa 
1 

'lj;(r) = - Luz(r)l1(cosB), (132) 
r I 

r,LJ,e Ul (r) y,IJ;OBJIeTBop.aeT )l.I1<p<pepeIIlJ,HaJIbHoMy ypaBHeHlilO 

d
2 [2 1 [(l+l)]-d2 uZ (r) + k + v(r) - - - 2 uz(r) = 0, (133)
r pr r
 

c rpaHHqHbIM YCJIOBMeM Ul(O) = o. B ypaBHeHlII1 (133)
 

k2 _ mE v(r) = _ mV(r)
- n2 , h2

2
Ii P = 1i2/me2 = 2.88 x 10-12 

CM . 

JIC['KO nOKa3aTb, '"ITO aCYIMIITOTlI'"IeCKOe peweHHe (133) 51BJI5IeTC5I JII1He11Ho1i 

KOM6HHaIJ,lieit sin(kr - T] In 2kr) Ii cos(kr - T]ln2kr), r,n;e T] = (2kp)-1. JIora

plf<pMlfqeCKMA ~IJIeH B apryMeHTe sin lfJIIi cos xapaKTepH3yeT KyJlOHOBCKoe pac

Ce5lHMC. 

H3BeCTHO, LITO B CJIyLJae V(r) = 0 pewemle ypaBHeHI15I (133) aCHMIITOTlp·feCKlI 

Be,ll,eT ce651 KaK 

iu1e 1 
uz(r) -+ (2l + l)i l sin(kr - 2l1r -1] In 2kr + al), r -+ 00, (134)T 

['!I.e al - KyJIOHOBCKHH C)l.BI1I' <pa3bI, KOTOpbIM onpe,n;emieTC.H 13blpa)KeH:UeM 

2iu r (1 + l + i 1])e 1= . (135)
r(l + l - iT]) 

TaK KaK 5l,n;epHble CI1JIbl I1MeroT KOHeLIHbli1: pa,n;I1yc ,n;e11CTBI15I, IIpHcyTcTBHe v(r) 
HC MeH5JCT BI-I)l.a pa,n;YIa.TIbHOi;f 3aBl1CYIMOCTlf aCHMIITOTHQeCKo1i <pOPMbI (135), a 

BbI3bIBaeT JIHllib II05IBJIeHI1e B apryMeHTe ,ll,OrrOJIHMTeJIbHOrO C,ll,Blfra <pa3bI bl: 

eiu/ 1 
uz(r) -+ (2l + l)i l sin(kr - 2l1r - 1] In 2kr + al + bl) T -+ 00, (136)y 

B pe3YJIbTaTe IIOJIy'laeM 

'lj;(r) -+ I(r) + j(B)S(r), r -+ 00, (137) 
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r,D,e l(r) H S(r) rrpe.n;CTaBmnOT na.n;alOmylO H pacceHHHylO BOJlHhI, COOTBeTCTBeH

HO, HCKa)KeHHble .n;aJIbHO,D,ef.\:CTBYIO~HMHKyJlOHOBCKHMH CHJlaMI1 

l(r) = (1 - ~ In 2kr )e-i(kr-ry In 2kr) cosO, (138)
kr 

S(r) = ei (kr-f/ln2kr) (139) 

f(B) = ~ E(2l + 1) (e2i (tT/+Od - 1) PI (cos 0). (140)
2zk 1==0 

HOpMHpOBKa I (r) H S (r) TaKOBa, "tlTO ,D,H<PcPepeHIJ;HaJIbHOe ceqeHlile pacceHIIHH 

er(B) paBHO 

(141)
 

COrJIacHo rrpHHIJ,Hrry I1ayJIH, aMrrJlH'!'Y,il,a paCCeHHH.H MMeeT BH,il, 

f(B) + f(rr - B) 

.r:vm CHHrJIeTHOrO pacceHHHH (KoOp,D,HHaTHa51 "tJ:aCTb BOJIHOB01t <pyHKIJ,MM CHMMeT

pH"tJ:Ha) H 

f(B) - f(1r - 0) 

,D,JI5I TpHIIJIeTHOrOO pacce5lHH5I (KOOp,D,HHaTHan -qaCTb BOJIHOB01t cPYHKIJ;HH aHTH

CHMMeTpli'iHa). ECJlH B 9KCllepHMeHTe HarrpaBJleHl:l:e CIIHHa He cPMKcMpyeTC5l, TO 

Ha6mo,n,aeMoe ,ll.HCPcPepeHIJ,MaJIbHOe ce"tJ:eHHe paBHO 

3 1
er(B) -If(O) - f(rr - B)!2 + -If(B) + f(7r - B)1 2 = 

4 4
 
= 1f(0)12 + If(1r - B)1 2 

- Re[j(B)j*(7f - B)], (142)
 

r,ll.e f(O) orrpe,n;eJICHO B (140). TIOCKOJIbKY pa,ll,HYc R,ll,epHbIX CHJl MaJI, IIpH HH3KHX 

3HeprM5IX Hy)KHO yqMTblBaTb TOJIbKO cPa3Y bo, OCTaJIbHble cPa3bI rrpeIle6pe)KHMO 

MaJIhI. 9TO C006pa)f{eHHe He npHMeHHMO, o.n;HaKO, K KyJlOHOBCKOMy C,lJ,BHry <Pa3bI 

erl, nOCKOJIbKY H3-3a 60JIbIlIOrO pa,l1,Hyca ,n,etfcTBH5I KyJIOHOBCKHX CHJI B Pa3JIO)f{e

HHII (140) ny)f(HO Y'-lHTbIBaTb Bce KyJloHoBcKHe cPa3bI ,lJ.a)Ke IIpH MaJIbIX 3HeprH5Ix. 

3aMeTHM, o,n,HaKO, qTO eCJIH B (140) IIOJIO)KHTb bl = 0, TO cyMMa napIJ;HaJIbHbIX 

KyJIOHOBCKHX BOJIH MO>KeT 6bITh 3armCaHa. B 3aMKHyToM BII,ll.e 

1 00 

fc(O) = 2'k "E(21 + 1) (e2itT
, - 1) ~(cosB) = 

1, !=o 

= -~. _._l_exp (-2iTllnSin~+2iero). (143) 
mv2 sm2fl. 2

2 
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BelI~eCTBeHHa5I 'laCTb Ie COBna,rr,aeT C Pe3ep<pop,rr,OBCKotl aMIlJUiTy.rr.oti If MWKeT 

6bITb TaK)Ke IIOJIy'leHa B 60pHOBCKOM npH6JIvDKCHMH ,lJ,JUI KyJIOHOBCKoro nOTeH

e	 ~I1aJIa. Y'leT 13l>ICliHIX norrpaBOK npMBo,rr,IIT K rr05IBJIeHllIO y 60pHOBCKOtl: KyJIo

HOBCKOR aMTlJIMTy,rr.bI 3KCIIOHeHII.MaJIbHoit ¢a3bI. yTleT 3TOil <P83bI cyrn;eCTBeHeH 

UpM BbI'<1HCJleHMI1 HHTep<pepeHIJ;mi KyJIOHOBCKOil H a,rr.epHoft aMIIJIMTY,rr.. B '<1aCTHo

cnI, eCJIH y'IeCTb TOJIhKO S - BOJIHOByro H,rr.epuyro <pa3Y 80 , ,lJ,ll<p<pepeHII.HaJIbHOe 

Ce'<1emle B CliCTeMe ll,eHTpa Macc MMeeT BH,rr. 

CT(8) =	 CTMott + O"i1lt + O"stro1lgJ (144) 

r.rr.e nepBbIll 'IJIeH OIIHCbIBaeT KyJIOHOBCKoe paCCCHHHC 11 Ha,3bmaeTCR <popMyJIofi 

MOTTa: 

O"Mott = ( e\) 2 . (~ + ~ _ ~~ cos (2'1] In tan ~2)) , (145) 
mv sm"2 cos "2 sm 2 cos '2 

BTOPOH qJIeH IIpe,rr,cTaBJIaeT I1HTep<pepeHI..J;HIO KyJIOHORCKOH " 5l,IJ;epHo"tt aMlIJuITy,rr,: 

O"int = -~sinoo (~. (COS(Oo+2'1]lnSin~)), (146)
'1] cos '2	 2 

a IIOCJIe,IJ;HHH 'IneH npC~CTaBJIReT 5IjI,epHOe S - paCCe5lHHe 

4 . 21'" 
(Jstrong = 2 SIn uo·	 (147) 

7] 

OTMeTHM TaK)Ke, qTO ITOJIO)KHTeJIbHbltl' HJIH OTplfUaTeJIhHblft 3HaK 01 HerrOCpe.rr.

CTBeHHO YKa3bIBaer Ha rrpHTR)J(eHHe "JIM OT'l'aJIKIfBaHlIe B COCT05IHHH C Op6HTaJIh

HOlM MOMeUTOM t. 

JIeK~luI 4. CnHHOBhle <PYHK~IUl ,D;JUI CHCTCMhI Tpex 

<pepMIIOHOB 

PaCCMOTpHM BHa'Iane cHcTeMy jI,BYX <pepMHOHOB. TIOJIHblM cnHH 9TOH CI1CTeMbI 

paBeH S = 0 MJII1 S = 1. CmmOBble <PYHKI~MH XOpOIllO H3BeCTHhI. ,2l.JI5I S = 0 
CnImOBa5I <PYHKll,HR x8 HMeeT BII,IJ; 

o 0:1132 - /31 Q.2 
Xo = V2	 (148) 

,l],JIJI CITHHa S = 1 CIIHHOBble ¢YHKll,HI1 xi, m = -1,0, 1 HMCIOT BH,lI. 

1 0 0:1/32 + /31Q.2
Xl = /31132, Xl = J2 ' X~l = G'1Q.2· (149) 
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¢yHKll,llH (148) aHTHCI1MMerpWma, a <pyHK.u.HH (HSD) CMMMeTpWIHbI npl1 nepe

CTaHOBKe I1H,l1,eKCOB 1,2. 
nepeit,l1,eM Terrepb K CHCTeMe Tpex <pepMHoHoB. PaccMoTpHM BHal-lane cmm 

S = 3/2. JIerKo IIOH5ITb, qTO ,lJ,JUI ;CHoro COCT05IHlUI CIlHHOBhIe <PYHKUMH CHM

MeTpHt.:IHbI npM rrepeCTaI-IOBKe I1H,lJ,eKCOB 1,2,3. ,D;eHcTBHTeJIhHO, ,lJ,JI.H SZ = ±3/2 
ClUiHOBble cPyHKIl,MH, 

(150) 

O~eBI1,l1,HO, CRMMeTpW-lHbI, Il03TOMY cHMMeTpRqHblMll ,l1,OJDKHbI6bITb 11 OCTaJIhHhie 
1 1 

)J.Be <PYHKIJ;HH X;2 H xl. TIOCTPOllTb 3TH <PYUKI1,HH OqeHb rrpOCTO. ,ll,JJ.H 5z = 1/2
2 2 

B03hMeM, HarrpHMep, COCTO.HHHe, CHMMeTpH'"iHOe no llH,lJ,eKcaM 1,2: Q1a2!33. CI1M

MeTpll3yeM ero no BceM TpeM HH/I,CKcaM .Ii yy:rreM HOpMMpOBO'"iHblil MHO)£(MTeJIb. 

Tor,l1,a nOJJY"4HM 

(151) 

1 

AHaJIOrH"tIHO ,lJ,JI5I X; 2 rrOJIy~aeM 
2 

-* Q1132133 + 1311320!3 + 131Q2f33 (152)X! = J3 
PaCCMOTpHM Terrepb COCTO£HHe C S = 1/2. 9'1'0 COCTORHIfe MO)KHO rrOCTpOHTb 

,lJ,ByMfl crroc06aMH. BhI6epeM COCTOHHHe naphl <pCpMMOHOB, CKa)KeM (12), co CIIR

HOM 812 = D. Tor,n;a 

(153) 

9TH <pyHKI.J,lUI, O,lJ,HaKO, He e,lJ,RHCTBeHHble <PYIIKI.J,JUf, OIlHCbJBalOll1,He COCT05lHHe 

co CTIHHOM S = 1/2. ,ll,pyrMe q)YHKIVHI IlOJIY'"iaIOTC.fl, ecml BhI6paTb 812 = 1. 
Tor,n,a nOJIyl.fllM 

~ _ (Q1132 + 131D:2)a3 - 2a1Q2133 -! _ (01132 + 1310!z)133 - 2{31132Q3 (154) 
Xi - V6 ' X~ - .J6 

B ,narrhHettllleM 0603Hat.:IMM <PYHK.u.Hll (153) If (154) 

XMA(12; 3) = X'(12; 3), XMs(12; 3) = X" (12; 3), (155) 

COOTBeTCTBeHHO. ll:JUI TOI'O l.JTo6bI He YCJIOLKH.flTb 3arrHCh CIUIHOBhlX <PYHKI.J,ll:t1 

B (155) onYII.I.eH 3Ha"tlOK MarHHTHoro KBaHTOBoro l.uICJla. BYKBbI S H A 03Ha

qalOT CHMMeTpIIIO ¢YHKIJ,lfH (cHMMeTpwIHafl (symmetric) RJIIf aHTIiCHMMeTPIf~

BaH (antisymmetric)) OTHOCllTeJIhHO rrepecTaHoBKH HII,lJ,eKCOB 1 II 2. ByKBa M 
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03Ha'-laeT, t.ITO rrpH rrepeCTaHOBKaX HH,neKCOB <pyHKII.IUI (155) rrpe06pa3ylOTC5f ITO 

npe,D,cTaBJIeHH:lO CMernaHHOH (mixed) CHMMeTpHH. IIo5ICHHM, qTO 31'0 03HaQaeT. 

Hap5I,rJ;y C <PYHKII.ll5IMli 

Xl (12,3), X" (12,3) 

Mo:IKHO BBeCTH ,n:Ba Ha60pa <PYHKIJ;llH 

x'(13,2),	 X"(13,2) 

X'(32,1), X" (32,1), 

KOTopble OTJU:l:QaIOTC5I 01' (155) HyMepaU;I1.eti 'IaCTllIJ;. JIerKo rrpOBepl1Tb, '-ITO 3TH 

<PYHKII.liH BblpadKalOTC5I Qepe3 (155) rrOCpe,LJ,CTBOM 0pTOrOHaJIbHhIX rrpe06pa30Ba

Hrr:A: 

, ) 1 I V3 " X (13,2 ="2X (12,3) - 2-X (12,3), 

/I vf:3 I" 
X	 (13,2) = -TX 

1(12,3) - "2 X (12,3), 

, 1 J3 
X (32,1) =	 2X 

,
(12,3) + T X

1/ 

(12,3), 

vf:3, I" 
X

/I 

(32,1) = T X (12,3) - 2X (12,3). 

8TH coorrIlOlUeli11}1 Y,LJ,061IO 3arrrrcaTb J3 MaTptI '{HOM <popMe. OUpe,ll,eJIHM 6a311C 

COCT05IHHH B BH,D,e cToJI6II.a 

X' (12,3) ) 
( X" (12,3) . 

Torp;a MaTpl1II.bI npe06p33oBaHHH Aij , OTBe'IaIOllJ,HX rrepeCTaHOBKaM Pij HMelOT 

BH,D, 

(-1 0) 1 __1_3~).
A12 A23= 0 1 ' =	 ( -J 

MaTpHI~hI Aij 3TlIX npe06pa30BaHliH y,n:oBJIeTBOpaIOT ycnOBJUIM 

A~ = 1 
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IdetAij I= 1. 

fIOCKOJIbKy 1130TOmPlecKlfi\: CIIHH HyKJIOHa paBeH 1/2, TaKl1e )Ke 1l0CTpOeHH.H 

MO)i(HO IIpOBeCTH H ,lJ,JUI co6cTBeHHbIx <PYJIKll,HH B CHCTeMe Tpex TeJI. Mbl pac

CMOTpHM TOJIbKO HeTpnBHaJlbHblff CJIyqaii T = 1/2. CooTBeTcTBYIOIqHe H30CIIH

HOBbIe <PYHKll,HH 0603Ha"9.HM (' H ('. CJIe,n;YIO~aH 3a,n;aQa 3aKJllOQaeTC5I B TOM, 

"9.T06bI Hai\:TH co6CTBeHHbie <PYUKll,HH B 06'he,rvmeHHoM npOCTpaHCTBe cmma R 

H30CIUIHa. 

1'b ABYX Hap COCTOHHH"ti (X', X") H ((', () MO)KHO 06pa30BaTb KOM6MHaIJ;11I0 

JIerKo rrpOBepnTb, 'ITO 31'a KOM6HI1aIJ;mI CHMMeTpnQHa npH m06hIX nepeCTaHOB

Kax cnHHOBbIX H H30cnHHOBhIX Koop,n;HHaT. KOM61'lHaIJ;H.H 

5IBJUleTC}l rrOJIHOCTblO aHTRCRMMeTpH'IHO'H:. ,ZJ;Ba ,n:pyrHx co6CTBeHHbIX COCTOHHHH 

c' _ X'''' + X"(' 
l"  V2 

" X'" - X"('
t = V2 

rrpe06pa3ylOTC5I no CMemaHHoMy npe,n;CTaBJIemnO rpyrrIIbI rrepeCTaHOBOK. C TOq

KH" 3peHH.H TeOpl1R rrpe.n;CTaBJIeHHfl BBe,n;eHne YKa.1aHHbIX BbIIlle <PYHKIJ;Htt OTBe

qaeT npammy nepeMHO)f(eHHH npe,lIpraBJIeHH'tt rpynnbI nepeCTaHOBOK 

BOJIHOBa5I <PYHKIJ;H5I CHCTeMbI Tpex HyKJIOHOB y,n;OBJIeTBOp5IeT o606llJ,eHHoMy 

rrpmUJ,Mny fIayJIH - OHa ,n;OJI)Kua 6blTb aHTI1CHMMeTpn'IHa rrpH rrpH mo6o"ti ne

peCTaHOBKe 06hf"4'HbIX, CIIRHOBbIX M H30CIIlfHOBbIX Koop,n:HHaT. ,LJ,JI5I COCT05IHHH CO 

CIIHHOM S = 1/2 H H30CITHHOM T = 1/2 (5I.n;pa 3H H 3He) 06l.U,a51 c06cTBeHHM 

<PYHKll,H5I HMeeT BH,n; 

(156) 

r,D,e <PYHKl.J,HH 7/Js, 7/Ja' 7/J' H 7/J" 3aBHCRT 01' npocTpaHcTBeHHblx Koop,n;HHaT. 
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OTMeTIIM, 'ITO rrpHBe,lI.eHHOe Bblille paCCMOTpeHI1e rrpHMeHHMO TaK>Ke ,lJ.JUI BOJI

HOBblX cPYHKlJ,Hil rrpOTOHa H HefiTpOHa B KOHCTHTI03HTHOfi KBapKOBOR MO,lJ.eJII1, 

rrpIi 3TOM X Ii EIIpe,IJ,CTaBJUllO'I' C060H: CnHHOBbTe H H30CIIHHOBbTe cPYHK~HH CH

CTeMbl, COcTo51llJ,eil H3 U- Ii d - KBapKOB. E,lI.HHCTBeHHOe P83JIIPIHC 3aKJIIO'IaeT

C~ B TOM, 'ITO KBapKH HMeIOT IJ:BeT. rrpWleM IJ;BeTOBa5I ¢YHKI.J;ll51 6apHOHa cabe 

rrOJIHOCTbIO aHTHCHMMeTpWIHa. n03TOMY aHaJIOr BOJIHOBOH <PYHK~HH (156) ,lI.JI5I 

Tpex-HyKJIOHHbIX .H,lI.ep 5lBJI5IeTC5I rrOJIHOCThlO cHMMeTpvp-rHa5I <pyHKlJ,I1H 6apl:1.0Ha 

B KOHCT.l1TI03HTHOfi KBapKoBofi Mo,n,eJIH 

p, n. (157) 

JIeKIJ;HH 5. CIIHH-CIIHHoBoe paCrn;enJIeHHe B Me30Hax If 
6apMoHax 

C TO"'lKH 3peHH5l KX,LJ, Me30HbI H 6aplloHhI COCT05IT H3 KBapKOB (RJIR aHTH

KBapKOB), KOTophle rrorpY)KeHhI B HerrepTyp6aTHBHbI:ti BaKyyM, COCT05IllJ,Idl H3 

MOp5I rJlIOOHOB Ii KBapK-aHTHKBapKOBhIX nap. B pe3YJIhTaTe B3a.l1MO,LJ,eM:CTllH.H C 

BhlKYYMHhlMH nOJUIMR KBapKH npH06peTalOT KOHCTHTI09HTHYIO Maccy (,IJ,JIH nc>

"'lTH 6e3MaCCOBblX TOKOBblX U - H d - KBapKOB HX KOHCTHTI03HTHa5I Macca OKa

3hIBaeTCR paBHott HCCKOJIbKHM COTH5IM M3B). TCH30pHble If CIIlfB-Op6lfTaJIbHLle 

CHJIbI He BHOCRT nepTyp6aTT1BHbIM BKJTa,n; H MaCChI OCHOBHbIX cocTomIHii: 6apHC>

HOB, He CO,lI.ep)KamHX BKJIa,u. pa;:J;liaJIhHbIX H Op6HTaJIbHbIX B036Y:iK,lI.eHHit TOJIb

KO cmm-CillfBOBoe B3aT1MO)l;eMCTBT1C (H83hIBaeMoe HHor,n,a ~BeTOManIHTHbIMHJIH 

IJ;BeTOBhIM CBepXTOHKHM B3aHMo,u.e"ttCTBHeM) MO)KeT BbPlllCJI5IThC5I B TeOpl1ll B03

My~emrfi. OraH,lI.apTHa5I cPopMa 3Toro B3aHMo,n;eikTBM5I aHaJIOrWlHa nonpaBKe 

<I>epMH-BpettTa K KYJIOHOBCKOMy rrOTCHtJ,T1aJIy B KBaHTOBOM 3J1CKTp0,lI.llHaMllKe: 

VSP1N = - 2 • ~(FiFj)8i8j6(rij), (158)
3
1f 

mimj 
3r,IJ,e as (r) - (6ery~a$J) KOHCTa.IITa CllJlbHOH CB5I3M , Fa = Aa/ 2 (Aa - MaTpll~bI 

feJIJI-MaHHa) - reHepaTophI u.BeToBo.tl rpy.rrrrbI SU(3}F ,lJ;Jl51 KBapKOB l1. aHTH

KBapKOB, mi I1 mj - KOHCTI1TI03HTHhIe MaCChI KBapKOB. 3Ha"'leHHH onepaTopOB 

Ka3MMupa < F iF j > paBIIbI 
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,LVISI 6eCIl,BeTHhIX ijq - Me30HOB H 

< FiF j >=-3
2 

,ll;JI5I 6eCI.I,BeTHbIX TpeXKBapKOBhlX COCTOHHUt:% - 6apHOIlOB. 3aMeTHM, 'ITO 6eC~Ber

HOCTb 6apHOHOB 03Ha'IaeT, 'ITO HX IJ.BeTOBaH ¢yHKIJ,iUI HMeeT BlI,ll; cof3'Y' r,n;e a (3, 'Y 
- IJ,BeTOBhIe JlH~eKCbI KBapKOB. 8m <PYHKIJ,lISl IIOJIHOCTbIO aHTHCHMMeTpH'IHa npH 

rrepeCTaHOBKe KBapKOB. ~13 ypaBHeHll.H (158) c.ne,nyeT, B 'IaCTHOCTH, 'ITO Il,BeTO

MarHHTHoe B3aHMo,n;eHCTBlIe YMeHbiliaeT Maccy 1r-MC30Ha R YBeml'IHBaeT Maccy 

p-Me30Ha IIO cpaBHemno c HX HeBo3Myrn,eHHbIMH 3HaQeHHSlMH. 

B KBaHToBoi{ 3JIeKTpO,II.HHaMI1Ke rronpaBKa wepMH-BpettTa K KyJIOHOBCKOMy 

nOTeHIJ.lIaJIY MaJIa H 06hlttHO paCCMaTpHBaCTC51 I3 TeopHH B03Myrn;eHH"A:. B KX,lJ, 
3Ta rrorrpaBI<a ,IVIR pacrn,eUJIeHH.H Macc JIerKHX a,ll,pOHOB He MaJIa H npHBO,D;HT, 

HarrpHMep, K pacrn,enJIeHHlO mA - mN f"V 300 MaB. IToaToMy CURROBoe B3a

HMo~eiicTnHe B KX.n: CJIemreT paccMaTpRBaTh 60Jlee aKKypaTHO. 3aMeTHM, 'ITO 

ypaBHcHRe IIIpe,II.HHI'epa C cHHryJUlpHhIM nOTeHI.:(HaJIOM npl1.T5DKeHl.f51 ,......, b(r) He 

HMeeT <pH3HQeCKH npHeMJIeMhIX perneHHH H <paKTWleCKH npI1BO,lI.RT K KOJlJlan

cy KaK B KnapK-aHTHKBapKOBO~, TaK H B TpeX-KBapKOBOH cHcTeMax. 06bPIHoe 

B TaKHX CJIY'Ia5IX JIeKapCTBO 3aKJIlOl.laeTC.H BO BBe.n.eHHe napaMeTpa 06peSaHH51, 

l:IT06bJ CrJIa,n;I1Tb cHHrymlpHocTb [7]. MOiKHO BBeCTH, HanpHMep, CrJl8.)KeHHYIO 

§-¢YHKIJ.HIO 

28(r) = 1r
b
3

3 

/ 2 exp(_b2r ), (159) 

r~e rrapaMeTp b f"V 11ro HMeeT CMblCJI o6paTHoro pa,D;lIyca 06pe3aHH51 H MO)KCT 

6bITb Hati,n;eH, HarrpHMep, H3 paCI..IJ,eI1JIeHlUI Mace ~ H N. 3aMeTliM, liTO eCJUf pa

)J,l1YC 06pe3aHlUI ro .n;OCTaTOl.lHO MaJI, TO crrHHOBoe B3aHMO,II.eiicTBRe MO)KeT CTaTb 

.n.OCTaTOYHO CHJTbHhIM. LIT06bI OlJ,eHHTb CHJIy 3Toro B38.HMo.n;e~CTBH~,BBe)J,eM rra

paMeTp 

00 ( ) 4 ash
). = m q 

/ 1VSP1N r Irdr =-. --. (160) 
o 3 J1rmq 

Heo6xo,n;HMoe YCJlOBUe nOHBJleHH51 CBH3aHHoro COCT05iHI151 )J;Jl51 IIOTem\IHI.JIa npH

T51)KeHH.fl VSP I N lIMeeT BH~ 

(161) 

ITo,n;CTaBJI51.H as = 0.39, nOJIytfHM 

b 
..\ f"V 0.3-. 

mq 

IT03TOMY ,ll,JI~ JIerKl1X KBapKoB (mq "'" 300 MaB) CI1HHOBOe B3aHMo.u.eilcTBl1e CTa

HOBHTC51 CHJIhHbIM npH b 2:: 1 raB. ,lJ,JI}I T51)KeJIbIX KBapKon (c H b) pasM83Kon 
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cmmOBbIX CHJI MO)f(HO rrpeHe6peqb. O,rJ,HaKO ,lJ,a:JKe ,lJ,JHI Ac - H Ab - nmepOHOB 

3Ta pa3Ma3Ka MO)f(eT 6bITb cYm.eCTBeHHa rrpll HbrqHCJIemm BKJIa,lJ,a JIerKHX ud 
,lJ,HKBapKOB B ClUiHOBoe paCIll.errJIemfC. 

CmmOBoe pacm.errJIeHlle .n;JUI 6apllOHOB cor'JIaCHO (158) HMeeT Bll,lJ, 

T.T.. 161rCts "S S f(rij) 
VSPIN = -- ~ i j--, (162)

9 i<j mimj 

r,lJ,e 

(163)
 

(164)
 

Rtjk =< ijklf(rij)lijk > (165) 

r,lJ,e lijk > - HeB03MYIll.eHHaR rrpocTpaHcTBeHHaR BOJIHOBaR <PYHKIJ,llR 6apllo

Ha. X0T51 oIIepaTop f(rij) ,lJ,JI5J. 6apHOIIoB rrpe.n;cTaBJUleT 2-KBapKOBhlfi orrepaTopl 

ero MaTpMQHhle 3JIeMeHTbI 3aBHCHT 01' 3-1'0 "cIIeKTaTopHoro"KBapKa qepe3 3
KBapKOBYK> BOJIHOBYK> <PYHKIJ;IlK>. OTMeTI1M, qTO R;,j CllMMeTpl1QHbI rrpll rrepe

CTaHOBKe rrepBbIX ,lJ,BYX llH,LI.eKCOB, HO ,n;JIR Pa3JII1QIIbIX KBapKOB, Bo06m.e rOBopH, 

(166)
 

JIeKD;IISI 6. BaplIan;lIOHHhle pae'leThI CIIIIHOBoro 
paCm;enJIeHlISI ~-N 

PaCCMOTpllM uud - BOJIHOBYK> <PYHKIJ;IlK> rrpOTOHa B cmfH-1130crrHHOBOM rrpo

CTpaUCTBe. KaK 6bIJIO 06'hHCHeHO B rrpe,lJ,hI,II.yrneti JIeKIJ;11Ii, MO)KHO BBeCTIi rrOJIHo

CTblO CHMMeTpl1QHYIO 3U(6) CIIHlI-H30CIlHHOBYK> <PYHKIJ;IiK> ~s Ii <PYHKIJ;l1ll CMe

rnaHHotl CI1MMeTpl111 ~MS, 6;1A, KOTopble CliMMeTpWiHbl I1Jlli aHTHCHMMeTpHQHbI 

rrpH rrepeCTaHOBKe KBapKoB 1 H 2, COOTBeTCTBeHHO. CnHH-H30crrHHoBbIe <PYHKU;IUf 

KOM6HHHPYK>TCR C npocTpaHcTBeHHbIMH <PYHKIJ,I15fMH 'ljJ TaKI1M 06pa30M, QT06bI 

rrOJIyqHTb nOJIHOCTblO cllMMeTpHQHYK> <PYHKIJ;HK> (157), rrpI1 3TOM nOJIHa5J. aHTll

CHMMeTpHH 3-KBapKpBOH: BOJIHOBOH <PYHKIJ,HH 06eCrreQHBaeTCH IJ;BeTOBbIM <paKTo

pOM. BOJIHOBa51 <PYHKIJ;lUI Y,lJ,OBJIeTBOp5IeT ypaBHeHllK> IIIpe,n;I1Hrepa 

(167) 
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TIpe)l.IIOJTO:>KHM, "'ITO V eCTb cyMMa rrapHbIX, He 3aBHCH~HX OT cnHHa nOTeHIl,lIa

JIOB 

~ 2 as
V = ~ Vii, Vij = - - . - + arij' (168)

i<j 3 Tij 

3)l.eCh Q s ~ 0.39 - KOHCTaHTa CHnbHofi CBZl3H, a (J ~ 0.18 GeV2 - HaTZl)KeHl1e 

CTpyHbI. 

TIpe)l.CTaBHM 'if B BM)l.e CYMMbI Tpex <paMCCBCKHX KOMnoHcHT4 

'IT = '1/;12 + '1/;13 + '1/;23, (169) 

¢ij = a(ij, k)XMA(ij, k)(MA(ij, k) + b(ij, k)XMS(ij, kKMS(ij, k), (170) 

r)l.e <pyHKIJ,HH a(ij, k) H b(ij, k) 3aBHCRT OT nepeMeHHbIX 5IKo6M 

ri - rj 
(171)Pij = --2-' 

BeKTopbI p H ..\, TO"'lHee BeKTopbI p' = V2p, H X = /3/2..\ npa nepeCTaHOBKe HO

MepoB 1.:faCTHIJ, npeo6p83YIOTC5I TaK >Ke, KaK Clll1HOBhle <PYHKIl,HH XMA H XMS, T.e. 

no ,n.ByMepHoMy npe)l.CTaBJIeHHIO rpynnbI nepeCTaHOBoK. ,II,cA:cTBHTeJIbHO, BBe)l.eM 

cToJl6eu. 

Tor)l.a JIerKO rrpoBepHTb, l.J:TO 

r,u,e MaTpHIJ,bI A12, A13 , AZ3 oIIpe,n.cncHbl B npe,l],hl)J,y.l.U,eM pa3)l.eJIe. OTMeTHM 

(172)
 

5IBn51eTC5I llHBapHaHTOM rpynIIbI nepeCTaHOBOK. 

.l(ml HamHX n;eJIe1t ,l\OCTaTOLIHO pelllHTb ypaBHeHHe (167) BapHaI.I,HOHHbIM Me

TO)I.OM [11]. BBe,n;eM rrpocTeHIIlHc BapHau,J10HHble <PYHKll,IUI. 

1 3 
Uij(P,..\) = eXP(-2"xs p2 ) exp(-"2y ..\2), (173) 

bij(p,..\) = Zexp(_!XtPZ) exp(_~y).2), (174) ________ 2 2 
4BnepBble TaKoe pa36MeHMe ROJIHOBOA <PYH~ Ha CyMMY TPex KOMnOHeHT nO)lBHJIOCb B pa60Te 110]. lIlop

MaIlbliO Wii onpe.n;e.mJeTcg KaX Wij = GO(EB)V,j'l/J, r,1l,e EB - 3HeprnH CBH3H. 
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C BapHaIWOHHbIMll napaMeTpaMll Is, It J1 t. CMbICJI BBe.n,euml ,lI.BYX napaMeT

pOB Xt,s 3aKJIJO<JaeTCH B TOM, "-lTO eCJUI BKJIa,ll, BpeiiT-BllrHepOBCKoro IIOTeHI..I.H

a.n:a onpe)J.eJIHeTC51 li3 pelliemUI ypaBHeHH51 Illpe,n;imrepa, a He BbPUiCJI5leTC5I no 

TCOPliH B03MYIlI,eHli1t, TO CJIe.l\YeT 3apaHCC O)J(H,l1.aTb, 'ITO 3TH ,n;Ba rrapaMCTpa OT

JIl'P·-IaIOTC51, rrpWfcM X s :» Xt. 9aMeTliM, "-fTO KOOp,l1.I1HaTHbI€ cPYHKIJ.Yl.li 'l/Js, 'l/JMA Yl. 

'l/JMS BbIpa:lKaJOTC51 l.Jepe3 (173) li (174) CJIe,n;yroIll,HM 06pa30M: 

(175) 

r,n;e 

(176) 

(177) 

ECJrvf cnHHOBbIe CRJIbI OTCyTCTByIOT, TO aij = bij li Vij = O. B 3TOM npli6mDKeHlili 

OTJIWIHa 0'1' HyJI5I TonbKO CMMMeTpwmaH cPYHKIJ.M5l 'l/JSl a cPYHKIJ.1111 CMCIlIaHHOH: 

CHMMeTpHH TO)K,n;eC'l'BeHHO 06paIll,aIOTC5I B HOJIb. 

PaCCMOTpHM 3aBHCHMOCTb paCll.l,eIIJleHliR Macc N H .6. B 3aBI1CHMOCTI1 0'1' pa

,lJ,Hyca 06pe3aHH5I b B cnl1HOBOM B3aHMO,ll,cficTmm. 3aMeTHM rrpe)K)l;e Bcero, <ITO 

,lJ,OMI1HHpYIOlIJ.eH KOHq>HTypaIJ.HeJil: B npOTOHe 5lBJI51CTC5l 8U (6) - CHMMeTpli<IHoe 

COCT05IHlie. B 3TOM COCTOHHHH CliHrJIeTHOe li Tpl1IIJIeTHOe CIlHHOBbIe B3aHMo.n,ett

CTBH.H ycpe,lJ,H}lIOTC}l B Ka:>K,lJ;oJil: nape KuapKoB, H MbI ,lJ,OJDKHbl IIonO)J(HTb X s = Xt 

H Z = 1. B ::ITOH CB5I3113a:rvIeTHM, '-ITO B npC)./,CJle 8U(6) - CMMMCTpllH acPcPeK'l'I1B

Hoe CIlHHOBoe BsaHMo,n,eficTBMe CJIHlIIKOM CJIa60, ~fT06bI 06ecne<JliTb Ha6JIJO,ll,aeMOe 

.6 - N paCIll,errJIeHlie. TIpO,lJ,eMOHcTpHpyeM 3'1'01.' ¢aKT, I1CrrOJIb3Y5I rl'mepc¢epwm

CKoe npH6JUDKeHHe ,lJ,JI5I BOJIHOBotl ¢YHKlVH:L 9'1'0 rrpli6JII1)KeHl1e npe,ll,CTaBJI51eT 

npH6JIH)J(eHlie nepBoro IIOpH,lJ,Ka B MeTO,lJ,e pa3JIO)KeHH5l no rI1I1Cpc<pepHQeCKHM 

rapMOHl1.KaM H npl1BOlJ,HT K BepXneH: BapHaIJ.HOHHoti OIJ.eHKe ,n;JI5J 3HcprHH. l1,n;e5I 

nmepccpepHQeCKOrO npll6mDKeHH.H5 3aKJIIOl.JaeTCR B TOM 'iT06bI BbI6paTb CHM

MeTpwmyro <PYHKIJ.HIO 'l/Js B cPopMe, 3aBliC51Ill,eH TOJIbKO OT rl1neppa,n;JIyca R, no
CJIe qero ypaBHeHl1e Illpe)J.lmrepa MO)KHO ycpe)J,HllTb no 6-MepHoti ccPcpe [26

BbIl.JRCJIHM npe)f(,lJ,eBCero 06'beM 6 - MCpHOJil: c<}:>epbI. BBe,a,eM yrOJI (), TaKon 'iTO 

11"" 
p = Rsin8, A = Rcos8 (0 < fJ < -). (178)- - 2 

Tor,lJ,a 

d3pd3 A = (41f)2p2dpA2dA = (411"")2R5dRsin2 Bcos
2 BdfJ. (179) 

5no,n;p06Hee 06 3TOM MeTo,o.e eM. [12} 
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TIOCKOJIbKY 

(180)
 

nOJIy-qaeM 

d3pd3 A, = 1r6 • R5dR. (181) 

TI03TOMY Y,lJ,06HO BBeCTH HOBYIO <PYHKIVUO 

(182)
 

,lJ,n51 KOTOpOn ypaBHeHHe lllpe,1I,HHrepa HMeeT I3JiI,IJ; 

3d':~~) = 2m [E - V(R) - U(R) - L(i; 1)] X(R) = 0, L= -, (183)
2 

r,lJ,e 

8K 1 + 320- . R (184)V(R) = - 1rV2 .R 51rV2 ' 

1 b
3 

2 2 2 I~I 2n '" 
U(R) = -2Ccpin 3/2 b2R2h(b R ) < ~S ~. eS >, Cspin = ----. (185) 

n t<J 3 mimj 

B rrpe,n;eJIe 8U(6) - CHMMeTpHH 3HaQeml.H BapHau,nOHHbIX napaMeTpOB npaKTH

tieCKH He 3aBHCHT 0'1' b, a caMO nOJIO)KeHHe BapHau,HOHHoro MlfHHMyMa ,n;JIfl 3Hep

rlfH rrpaKTHtieCK.l1 COBna.n.aCT co 3UaQeI-UfeM, BbI"tlHCJIeRHhIM B rrepaOM TIOpH,lJ,Ke 

TeopHlI B03Myrn.eHHfi, TIpM 3TOM X s ,--.; Xt. BKJIlO'-IeHHe KOMITOHeHT co CMernaHHOW 

CHMMeTpMeii. 'lfJMS H tPMA rrpMBO,i1,HT K Ba)f(HOMY 3<p<pCKTY: rrpH 3TOM nO~BJmeTCH 

HOBbIt\: MHHHMyM 3HeprHH, KOTOpbln OTJIWraeTCH 0'1' MHHHMyMa TCOpHI1 B03Mym;e

HHtt If OTBeqaeT OqeUb aCI1MMCTPWIHbIM 3HaQCHH5IM BapHaIJ,HOHHbIX rrapaMeTpOR, 

X s » Xt. 9'1'0 HJIJIIOCTpHpyeTcR pesyJIbTaTaMH Ta6JI. 2, r,n;e nOKa3aHbI 3HalfemUI 

EN H EA, KaK <PYHKIJ;H:H: rrapaMeTpa 06pC3amui b. 9KcnepHMeH'1'aJIbHoe pac1l.I,en

JIeHHe Mace A H N BocnpOH3BO,IJ;HTCH ,IJ;JUI pap,Hyca TO ,--.; lib ,--.; 0.3 Gey-l f"oo.I 0.06 
<I>M. 3aMeTHM, lITO pe3YJIb'1'aTbI Ta6JIHIJ.hI HeRO .l1JlJIIOC'1'PHPYIO'1' rrOHDJIeHHe KOJl

JIarrca B EN rrpH b ~ 4GeY (,IJ;JHl 8U(6) cHMMeTpHQHOH <PYHKI~HH 3'1'0'1' KOJIJIarrC 

TaK)Ke npl1cyTc'1'ByCT, HO rrpmlBJUleTCH rrpH 60JlbIIIl1X 3HaQeHHHX b.) 
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Ta6JIHn:a 2. 3-KBapKoBbIC co6cTBeHHble 3Hepnm B 3aBHCHMOCTH OT TIapaMeTpa 

06pe3aHIUI b (Bce BeJIWUfHbI YKa3aHbI B e)J.HHIUJ,ax GeV). 

b E{),. Er:) E~) 

0.0 1.530 1.530 1.530 
1.0 1.581 1.468 1.451 
1-6 1-584 1.458 1.409 
2.0 1.586 1.453 1.373 
2.5 1.586 1.449 1.302 
3.0 1.586 1.446 1.156 
3.5 1.586 1.442 0.716 
4.0 1.586 1.438 -0.854 

CJIy-qaM. (a) II (b) OTBe-qaIOT rrpe)l,eJIy SU(6) - CHMMeTpM.H M. BKJIlO'·leHllIO KOMTIO

HeRT CMernaHHOM CllMMeTpHH, COOTBeTCTBeHHO. 

3aiJaqta 1. I1oKa3aTb, '{TO nOJIHOe Ceqelme paCCeRHH5I B 60pHOBCKOM rrpH6mDKe

HIm HMeeT Blf)l, 
2k1 2(J"B = - . -mj dqV (q),

471" E 0 

r)l,e 
1 00 

V(q) = -I v(r) sinqr . rdr. 
qo 

B npe,LJ;eJIe E -+ 00 rrOJIyqaeM (J" -+ const/E. OrrpC)l,eJIMTb KOHCTaH

Ty rrpOrrOpIJ,HOHaJlbHOCTH )l,JIR 3KpaHl1pOBaHHoro KyJIOHOBCKoro nOTeHI~M.aJIa 

V(r) = -Ze2 
exp(-r/a)/r. qTo 6y,n;CT B rrpe)l,eJIe, Kor)l,a pa)l,I1Yc 3KpaRHpo

BaHHH a -+ oo? [9] 

3aiJa"l,a 2. BblYHCJIlfTh 60PHOBCKl1e aMTIJIHTY)l,bI )l,JUI nOTeHIJ,HaJIOB 

Vi> 110
V(r) = --2--2' V(r) = V(r) = --4--4' 

r +a r +a 

06CY)l,HTh npc)l,eJI a -+ 00. [9] 
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3aJa"ta 3. BhPUlCJIlfTh ~a3hI cSt ,lI.JIH pacceHHIUI Ha )f(eCTKOH c<pepe 

V(r) = 00, r ~ rO, V(r) = 0, r ~ ro. 

[8] 06CY,lI.HTh CJIyy:aJi kro ---+ 0 H kro ---+ 00. 

3aJa"ta 4. nOKa3aTh, '-ITO npu MaJIhIX '3JiepnfHX Ce'-Iemfe S-BOJIHOBOrO paCCeHlBUI 

JiMeeT BIiI,n; 
1 +aro 

(186)a = 41T' 2 k2 ' 
'" + 

r,n;e 

(187) 

EB - 3HeprH51 cBa3H, m - npIilBe,n;eHRa51 Macca. TaKHM 06pa30M, paceeaHHe npH 

MaJIhIX 3HeprHflX He 3aBHcHT OT ,n;eTa.nefi nOTeHIJ;HaJIa If onpe,n;eJIfleTCH TOJIbKO 

,n;ByM5I rrapaMeTpaMH '" Ii ro. 

3aJa'lJ,a 5. IIoKa3aTh, '-ITO ,n,n5[ np5lMoyrOJIhHOrO nOTeHIJ;Ha.rra IIpHT5DKeHli51 pa,lJ;H

yea R H rJIy6liHoll VO ,lI.JIHHa paCCe.HHH.H paBRa 

-R( tana)a- 1---, 
a 

rAe 
a = 2mVOR2

• 

TIoK83aTh, '-ITO B npe,n;eJIe a «.: 1 OTBeT COBIIa)J.aeT C pa3JIO)KeHHeM Teoplili B03

My~eHlifl 
1 2 4a = (_a2 + _a + )R3 15 .... 

3aJa'lJ,a 6. BhlBecTIiI <pOpMyJIY (55). 

3aJa'lJ,a 7. TIoKa3aTb, "tJTO ,n;JIliHa paeCe5lHH5£ Ra nOTeHI\HaJTa XIQJlbTeHa paBRa 

1 1 
a = - 2roa2 L00 - .---.

2 2n=l n n - 0:

CpaBHHTb 3TO Bhlpa:>Kemfe C pa3JIO)l(eHl1eM Teop.I1H B03MYlll,eHIiIH 

a = -2roa 2 L
00 

0:2k((2k +3), 
k=Q 
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r,n;e ((8) - ,n;3eTa-<PYUKIJ,IUI PI1MaHa. Ee nepBble HeCKOJIbKO 3HaT.IeHHti: paBHbI 

((3) = 1.202, ((7) = 1.00835, ((9) = 1.002008. 

3aaa'lf,a 8. IIoKa3aTb, T.ITO pememm ypaBHeIlH51 JIHrrMaHa-lllBHHrepa ,IJ,JI5I cerra

pa6eJIbHOrO rrOTCHIJ,llaJIa 

V(p',p) = - 2:g(P')g(p) 

I1MeeT BH,IJ, 

t(p',p; z) = - 27ng(P')7(Z)g(p), 

2 
7(Z) = [1- 47f- "YmJ(z)] , J(z) = /00 g2(p)h dp . 

2 o p2/2m - z 

IIOKa3aTb, ~TO ,IJ,JT5I JOKaBCKoro <popM<paKTopa g(p) = 1/(p2 + (32) 

4 -l = (,8 + a )2
1r

2m ((3 + .J- 2rnz)2 

11 l1CCJIe,n;OBaTb IIOBeJl,eHl1e nOJIJOCOD T-MaTpl1U;bI. 

3aaa'll,a 9. BhIBecTH Bblpa)KeHHC (123) ,n;JUI KBa~pYIIOJIbHOrO MOMeHTa ,n;eti

TpOHa, HCIIOJIb3Y51 ,n;JI5J COCTORHMR IJ = 1, Jz = 1 > cIlHH-yrJIOBble <pyHKIJ,HH, 

3amfcaHHhle B Bll,n;e (71) HJIH (86). 

3aaa'll,a 10. BhIBecTll ¢OpMyJIhI (129)H (130) CC~eI-IIUI ¢oTopaC~eIIJIeHH5I)J,eif

TpOHa IIpH MaJIbIX 3Hepr1UIX. 
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1.6
 

1.4 

> 
QI 

C) 

w 1.2 

1.0 

....... ---____ SU (6) 

~---
N 

o 2 3 4 
b(GeV) 

PRe. 1 Co6cTBeHHhIe 3HeprvU1: t!,. If N, onpe.n,eJI€HHbIe ypaBHeHl1eM (167). 
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8..--------------r---.., 

7
 

6
 

5
 

N
I
 
>
II 4
 
C) 

)( 

3
 

2
 

o 2
 
b(GeV) 

PIle. 2 3aBHcHMoCTb BapHaU;MoHHbIX napaMeTpoB X s If Xb 01' napaMeTpa b B 

ypaBHeHJUI (159). 

3 4
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