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B ,AaHHOH pa6oTe ,AenaeTCB nonLITKa pacc'IHTaTL cTpyK

TYPHLie clJyHKUHH .AJIB npouecca HHKmoJHBHoii aHHHrHJIBUHH 

e+ + e- -> p + ... o paMKax KBaHTooo-noneooii MO,AeJIH 

~int = -igt/1 *a
11

t/l A 11 .PaccMaTpuoaiOTCJI .AHarpaMMLI, He co

,Aep)l(a~ue JaMKHYTLIX BaKyyMHbiX neTeJib, H HCllOJib3yeTCJI 

npu6JIH)I(eHHe TopMoJHoro H3Jiy'leHHB. HecMoTpB Ha To, 

'ITO HMllYJibCbl pO,AHBWHXCJI 'laCTHU C'IHTaiOTCJI "MBrKHMH", 

TeM He MeHee y'IHTbiBaeTCJI HX BKJia,A B JaKOH coxpaHeHHJI 

3HeprHH-HMllyJibCa. 
+ - -

llpouecc aHHHrHJIJIUHH e +e -> p l+ ... B O,AHOclJoTOHHOM 

npH6JIH)I(eHHH OllHCbiBaeTCJI ,AHarpaMMOH 

P, 

Puc. 1 

,nucllclJepeHuHaJILHoe ce'leHHe 3Toro npouecca HJBeCTHLIM o6-

paJoM /eM., HanpHMep, / l / / BLipa)l(aeTCB 'lepe3 TeHJop 
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- 2 ~ 
W ( n. , q) = ( 2 11) 2 w ( p 

1 
) ! < 0 I j (0) I p 

2 
~ n > x 

/lV _•1 n /l 

x <n,p
1

1 jv(O)I 0> (2rr)
4 

o(
4
)(q-p1- P

0 
)= 

q q - 1 plq ) 
= (- g -~)WI (pl ,q)+ ~<P.,- -q2 q/1 X 

p.v q2 m r 

piq -
x (plv- q2 q )W 2(pl ,q ). /1/ 

CTpyKTYPHble li>YHKUHH W ij ( i = 1, 2 ), 3aBHCJI~He oT .D.BYX 

KHHeMa TH'leCKHX rrepeMeHHbiX 

- 2m v 
mv=pq=-P q<O, w =----, 

1 1 -q2 
/2/ 

MOryT 6b1Tb rrpe)J,CTaBJieHbl B CJie)J,yiO~eM BH)J,e: 

- 1 1 
WI (v,w)=- 2A + 2 

B 

1- ~· 
/3/ 

q2 

1 2 
W2 (v,w)= [- (1--;. )A +3B], 

[ 
v2 ]2 q 

2 1- --:::2"" 
q 

/4/ 

r.D.e 

-p. 1 p.- a 
A = ! W 11 , B = - 2 ! P W , a P 1 11 m p.,a I r 

liy.D.eM C'IHTaTb, 'ITO pmKJJ.eHHe BTOPH'IHhiX qacTH:u; rrpH 

aHHHrHJIJill;HH JieiiTOHHOH rrapbl IIpOHCXO)J,HT CJie)J.yiO~HM 06-

pa3oM. BHpTyaJibHhiH !l>oTOH c BpeMeHHIIO.D.06HhiM HMIIYJihCOM 

q2 >0 pacrra)J.aeTCJI Ha HYKJIOH-aHTHHYKJIOHHYIO rrapy C HM

IIYJibCaMH p H p l . 3TH HYKJIOHbl B3aHMO)J,eHCTBYIOT )J,pyr 

C )J.pyrOM IIyTeM 06MeHa BHpTyaJibHbiMH KBaHTaMH BeKTOp

HOrO non» A 11(x) H HcrrycKaiOT rrpH 3TOM peanhHble Me 30Hhl 

4 

.. 

I puc. 2/. llpe.D.rronaraeTcJI TaK:>Ke, 'ITO po:>KJJ.eHHe 3THX Me-

30HOB HOCHT xapaKTep TopM03Horo H3Jiy'leHHJI. 3To rrpocTeB:

WHH MeXaHH3M reHepall;HH BTOpH'IHbiX 'laCTH:u; B KBaHTOBOH 

TeOpHH IIOJIJI. 

~ 

t;~>O· p 

Puc. 2 

-
TeH30p W p.v< v ,w ), orrpeJJ.eJIJieMhiH !l>opMynoB: /1/, MO:>KHO 

rrpe)J,CTaBHTb B CJie)J.yro~eM BH)J,e: 

3-> 

W p.v( v ,w) 
4 oo dp n d kj (4) n 

=(2rr) ! I --_II I 
3 

o (q-p1-p-_!ki)x 
n=O 2 w (p) J= I (2rr) 2 k . 1=0 

OJ 

X r/1 (q,pl ,p,kl' ... ,kn)rv* (q,pi ,p; kl , ... ,kn)' /5/ 

r)J,e r/1 ( q, PI ,p, k I' k 2, ... , k n ) - BepWHHHaH li>YHKll;HH, co

OTBeTCTBYIOwaH )J,HarpaMMe, rrpe)l.CTaBJieHHOH Ha pUC. 2. 
)l.JIH r /1 HCIIOJib3yeM 3aMKHYTOe Bbipa:>KeHHe B BH)J,e !l>yHK

ll;HOHaJihHOrO HHTerpaJia /
2

, ~ 
. 4 "" 

r, ( q, PI, p , k I' k2 , ... ; k ) = -1 I[o v 1 [ 2v (0) +P - p1 1, 
r n -oo f1 · 11 11 

- ig 2 11 1/ 1 ° 
exp!--

4
I dkj (-k)D 11 v(k)j (k)l- TI 

2( 2rr) y'fi! j=l 

/6/ 

i g ev <~_>- r (k). 

(2rrf/2 v' 2k oj 
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4 
3AeCb f[ 0 V] ... , KaK 06bi"'HO, 03HaqaeT ciJyHKUHOHallbHOe 

HHTerpHpOBaHHe no ciJeHHMaHOBCKHM TpaeKTOpHSM C rayc

COBCKHM BeCOBbiM MHO:>KHTeneM 

b 
[o 4 v 1 

a 

b 

TI d 
4 

v( 17) exp l - i f v2 (17) d 17 I 
....!.)_ a 

4 b 2 f TId v(17)exp!-i f v {17) d17 I 
17 a 

"HyKllOHHbiH" TOK j
11

(k) B paccMaTpHBaeMOH MOAellH f. = 
• <-> 

11 
1nt 

=-tg 1/J* a .pAr onpeAenseTCS Bblpa:>KeHHeM 
/1 

00 

j /1 (k ) = j 
11 

(k , p 
1 

, p I v) = f d a 2 [ v ( a ) + p 0 (a ) - p 1 6 ( -a) ] x 
~ /1 

a 
x exp!2ik[pO(a)-p18(-a) )a -2ik f v(17)d17l. 

0 
/7/ 

B npH6nH:>KeHHH TOpM03HOrO H3nyqeHHS HMnynbCbl BCeX 

Me30HOB, KaK BHpTyanbHbiX, TaK H peallbHbiX, Ha AHarP._aM

MaX puc. 2 6yAeM C"'HTaTb MBrKHMH. KaK H3BeCTHO 
131

, B 

3TOM cnyqae ciJeHHMaHOBCKHe HHTerpanbl no TpaeKTOpHSM 

B ciJopMyne /6/ MO:>KHO Bbi"'HCllHTb no ClleAYJOIUeMy npH6nH

:>KeHHOMY npaBHny: 

4 --- ---f[o l'] F1 [ v] exp I F
2 

[ v] I::::; F 
1
[ v] exp l F

2 
[ v] l, 

rAe 
--- 4 
Fi [ v] = f [ o v] F i f v] 0=1,2). 

Hcnonb3YB 3TO, nony"'HM 

6 

r/1 (q,pl,p,kl' ... ,kn)=-i(p-pl ]/lx 

. 2 
xexp!- tg f dkDID'(k) < j/l(k)j"(k)>l 

2(217)4 

n igev(kj) .v(k) rAe 
1 TI J i ' 

X --== . -3/2 
yn! J=l (217} y2koj 

X 

/8/ 

l 
} 

l 

-- 4 oo ·IL · 
jiL ( k] =· f ( 0 v ] J ( k, Pt 'p I v ) 

-oo 

2pck IL 
-~--2] ' 

2pt k-k 
/9/ 

1L v 4 oo ·11 Y ) 
< j (k) j (k) > = f ( 0 v )-ooJ (- k 'Pt ' p I v) J (k 'p 1 ' p I v = 

2p+k 2PJ-k IL 2p+k 2p1-k v 
= ( - 1 [ - ] . /10/ 

2 pk + k2 2 p
1 

k - k2 2 p k - k 2 2 p1 k - k 

llocne nOACTaHOBKH /8-10/ B ciJopMyny /5/ H CJMMHpOBaHHS 

no "'HCllY H{;nyiUeHHbiX Me30HOB ciJopMyna AllB fl/lv npHHH-

MaeT BHA 

W ID'(v,w) = -g2 f 
d3--> 

2 (pp) [~pi] [p-p ] f dx i(q-pl-p)x 
w IL 1 v -e 

( 217 )4 

. 2 
x expl-Re ~fdki:}tv(k)< j/l(k)j"(k)>l expiK(x)l, 

(217) 

rAe 

K(x) = _ _£_ f dk--> e-ikx I j (k)J~ 
(2 "r 2 k o 

/11/ 

HHTerpHposaHHe no nepeMeHHOH x B clJopMyne /11/ 
B03HHKllO H3- 3a 0 -clJyHKUHH 3aKOHa COXpaHeHHS 3HeprHH

HMnynbCa B Bblpa:>KeHHH /5/. Mbi He 6yAeM 3aHHMaTbcs 

SBHbiM Bbi"'HClleHHeM :noro HHTerpana /no 3TOMY noBOAY 

eM. pa6oTy /4/ /,a npeo6pa3yeM senH"'HHY 

&, = f ~ e i(q-p Cp) x e K(x) 

(2TT )4 
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cne.IJ.YIOIIlHM o6pa30M /S/. BepHeMCH Ha3a,IJ, K TOMY MOMeHTy, 

Kor,IJ,a expl K(x) 1 6Lina paJnO)KeHa B PH.D. 

·~ 
(3) .... .... .... n .... ) 

I 8 ( q -pI - p - . I k i ) 8 ( q 0 -pI 0 -p 0 - t' n x 
n •=I 

n g2 
xll[ ---]f 

i=l (2 1T )
3 

.... 
d k i 

2koi 
/12/ I j (k . > I 2 

I ' 

r,IJ,e 
n n ->2 2 

( =Ik .=I vk. +Jl 
n i =I o• i =I • 

Tenepb 6y.IJ.eM paccy)K.IJ.aTb TaK, KaK 3TO ,IJ,enaeTcH B nap

TOHHOH MO,IJ,enH 16 1. Bue,IJ,eM B paccMoTpeHHe P( 11 )-ueposT

HOCTb TOrO, 'ITO nonHaH 3HeprHH CTanKHBaiOUUIXCH nenTOHOB 

q
0 

6y,IJ,eT pacnpe.IJ.eneHa Me)K.IJ.Y po.IJ.HBWHMHCH HyKnoHaMH 

H Me30HaMH TaK, 'ITO HyKnOHbl nonyqaT 3HeprHIO 11q 0 . Qqe

BH,IJ,HO, 'ITO P( 11) H 11 - 6eJpa3MepHbie uenH'IHHbi, npH'IeM 

2m 
-q <11 < 1 .3HeprHH,yHOCHMaH 0 -Me30HaMH,paBHa f ={1-11)q . 

0 n 0 

C yqeTOM 3TOrO 4JopMyny /12/ B CHCTeMe l.{eHTpa Mace 

CTanKHBaiOUJ,HXCH nenTOHOB q = 0 JanHWeM B cne,IJ,yiOUJ,eM 

BH,IJ,e: 

. I (3) .... .... n -> 

& = f d 11 P ( 11) 8 ( q 
0 

-p
1 0 

- p 
0 

- ( 1 -7] ) q 
0

) I 8 ( p
1 

+ p + <.I k. > )x 
0 n •=I I 

n 2 qo0-11) dk~ -- 2 
X II [- _g_ 1 f _. I j (k) I ' 

i=l (2rr)3 0 2 koi 
/13/ 

r,IJ,e < ... > 03Ha'laeT CTaTHCTH'IeCKOe ycpe,IJ,HeHHe. QqeBH,IJ,-

n --+ ·" 
HO, 'ITO<!, k > = 0 B CHCTeMe OTC'IeTa, r,IJ,e q ~ 0. HHTer-

i= I I 

pHpOBaHHe no HMnynbCaM pO,IJ,HBWHXCH Me30HOB B 4JopMyne 

/13/ Be,IJ,eTCH B npe,IJ,enax 

8 

0 < v k-> i2 + 112 < q 0 ( 1 - ., ) (i=1,2, ... ,n), 

B TO upeMH KaK B HCXO,IJ,HOH 4JopMyne /12/ OHO BenOCb C yqe

TOM paBeHCTBa 

I·;k2~2=q -p -p =(1-11)qo . 
i= I V j r 0 10 0 

TaKas JaMeHa npe,IJ,enoB HHTerpHpoBaHHH onpaB.IJ.biBaeTCH 

TeM, 'ITO B npH6nH)KeHHH TOpM03HOrO H3nyqeHHH C'IHTaeTCH, 

'ITO pO)K,IJ,eHHe Ka)K,IJ,OH BTOpH'IHOH 'laCTHI.{bl He BnHHeT Ha 

po)K,!J,eHHe OCTanbHLIX qacTHI.{. 

Tenepb cyMMHpoBaHHe no n B 4JopMyne /13/ MO>KHO 

BbinOnHHTb : 

I 
[i; = 8(3

) (p
1 

+ p) f d 11 P(11)8(<lo11 -2 p
0

)exp I K11 (0) l, 
0 

/14/ 

r,IJ,e 

2 {l-11)'1o d k -- 2 
K (0) = - _g:_ f -- I j < k) I . 

11 (2rr)3 o 2ko 
llocne nO,IJ,CTaHOBKH /14/ B /11/ H HHTerpHpOBaHHH no 

d 11 H d p nony'IHM 

- P( ) W ( v,w)=g2_w_[p-p
1

] [p-p
1

1 exp{f(v,w)l, 
JlV 2 mv J1 v 

r ,IJ,e llJyHKI.{HH f ( v, w) HMeeT BH,!J, 

( 
kll k v 

g - ) 
JlV J1 

ig2 
f ( v, w ) =- Re -- f dk ----

(2rr)4 J12-k2 

< ;11(-k)((k)>-

2 g ( -> 

--~·fdk
(2rr)3 0 2k- I j(k) 12 

0 

c =q
0
(1-w). 
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IlepBbiH qneH B :HOB <}>opMyne OTBeTCTBeHeH 3a HyKnOH· 
aHTHHyKnOHHOe B3aHMOAeHCTBHe nyTeM'o6MeHa BHpTyanL
HblMH Me30HaMH, BTOPOH qneH npeACTaBnHeT C060H BKnaA 
Hcnyll(eHHbiX TOpM03HbiX Me30HOB. B Bbi6paHHOH CHCTeMe 
oTcqeTa, rAe q = 0, 4-aeKTop p- p1 HMeeT TOnLKO npocT
paHCTBeHHble KOMnoHeHTLI p-p1 =2 p. B acHMnTOTHKe 

!p-p1 12 = u]q~ +4m 2 » m2 <l>YHK:UHH f(v,w) B ABa)KAbi 
norapH<}>MuqecKoM npu6nH)KeHHH HMeeT BHA /7 I 

f (v,w) =- Lfnl~ 1 fn Po P10 
I vi ... oo 4 112 m --;2-

g2 2 v 2 
=- -:2fn I-I fn __ w __ 

417 m 4(1-w )2 

~nH TeH30pa W
11
v(v,w) nonyqaeM OKOHqaTenbHOe Bblpa-

)KeHHe: _2 o 
1
2v I 

2 p ( ) g- /217 tn -g w 1 m 
w,v(v,w)= [p-pl] [p-pll)4(--1)1 

r 2mv 11 (tJ 

J1cnonb3YH Tenepb_ <}>opMynbi /3/ H /4/., MO)I(}{O HaHTH 
CTPYKTYPHbie <}>yHK:UHH Wi (i=l,2). IlpH v-> oo W1 o6paiD;aeTCH 
a HynL, qTo cornacyeTcH c yTaep)I(AeHHeM KanaHa H rpoc-
ca/8/ a CTpyKTypHaH <}>yHK:UHH v W2 HMeeT BHA 

_ ~2 /211fnl 2r!' I 
vm W

2
(v,w)= ~P(w)[1- L(l-L)][4(L-l)] . /15/ 

w w w 

113 dJopMynbl /15/ cneAyeT, qTo CKeHnHHrOBOe /HnH aBTO
MOAenbHOe/ noBeAeHHe !' W2 OKa3biBaeTCH HapyWeHHbiM no
rapH<}>MHqeCKOH 3aBHCHMOCTbiD OT aCHMnTOTHqecKOH nepe
MeHHOH v · K TaKOMY )Ke HapyweHHID cKeiinHHra npHBOAHno 
paccMoTpeHHe rny6oKoHeyn,Ryroro pacceHHHH B paMKax 
3HKOHanbHOrO npH6nH)KeHHH · 91 · 

CneAyeT OTMeTHTL, qTo nonyqeHHble pe3ynLTaTbl HMeiOT 
MeCTO TOnbKO npHw""1/ToqHee, 1-w«m/q /, TaK KaKTOnbKO 
B 3TOH o6naCTH nepeMeHHOH w HMeeT CMbiCn HCnonb30BaTb 
npu6nH)KeHHe TOPM03Horo H3nyqeHHH. 

CTpyKTYPHble <l>YHK:UHH AnH aHHHrHnH:o;HH nenTOHHoii napbl 
B aApOHbl 6blnH paccquTaHbl B PHAe pa6oTI10- 121 a pa3nuq-

10 

HbiX KBaHTOBO·noneBbiX MOAenHX. J13yqanacb TaK)Ke HX CBH3b 
C COOTBeTCTBYIOU.(HMH <}>yHKD;HHMH rny60KOHeynpyroro nen
TOH-aApOHHOrO pacceHHHH /xopowo H3BeCTHble npaauna 
"nOACTaHOBKH" rpu6oaa H JlHnaTOBa/10/ /. 0AHaKO pe3ynL· 
TaTbl 3THX pa6oT oTnuqaiOTCH APYr OT APYra, TaK KaK uc
nonb3oaan:Hcb pa3nHqHLie npu6nH)KeHHH /HanpHMep, pac
qeTbl c o6pe3aHHeM/ll/ H 6e3 o6pe3aHHH no HMnynLcaM 
BHpTyanbHbiX H POAHBWHXCH qaCTHU/, pa3Hble aBTOpbl Bbl· 
AenHnH pa3nHqHble acHMnTOTHqecKHe qneHbl B AHarpaMMax 
<l>eiiHMaHa 110,I2/. 

IlpeAnO)KeHHbiH HaMH pacqeT CTPYKTYPHbiX <}>yHK:UHii co
OTBeTcTayeT B AHarpaMMHOH TeXHHKe CYMMHpOBaHHIO rnaa
HbiX norapH<}>MHqeCKHX qneHOB OT BKnaAa Ka)KAOH <}>eiiH
MaHOBCKOH AHarpaMMbl, npuqeM B OTnHqHe OT pa60Tbi/10/ 

aCHMnTOTHqeCKHMH AOR)I{Hbl cqHTaTbCH He TOnbKO norapu<}>
Mbl BHAa fnq2 /m 2 ,HO H ·fn(1-w),TaK KaK HaMH paCCMaTpHBa· 

eTCH TonLKO o6nacTL, rAe 1- w<< m/ q. Haw noAXOA oqeHb 
6nH30K K ?IacqeTaM no TeOpHH B03Myll(eHHH, BblnOnHeHHbiM 
a pa6oTe 121 ,oAHaKo B 3Toii pa6oTe npeAnonaranocb, qTo 
1- w >> m 2/ q 2 . Il03TOMY HenocpeACTBeHHOe cpaBHeHHe pe-
3ynLTaToB BblnonHHTb He yAaeTcH. 

B 3aKnroqeHHe aaTopbl cquTaiOT CBOHM npHHTHbiM AOnroM 
no6naroAapHTb 3a HHTepec K pa6oTe H none3Hble o6cy)K
AeHHH li.M.Iiap6awoaa H B.H.IlepaywHHa. 
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PyKonucb nocmynUAa e U30ameAbCKUii omoeA 
15 beKa6pJI 1975 zooa. 

Y CJIOBHJI o6MeHa 
llpenpBHTW B coo6uteHBII OHJIH p&CCioUIAJOTCII 6eCDn&THO, R& OCHO&e 

B3aBMHOrO 06MeHa, )'HBBepCHTeTeM, BHCTBTyT&W, na6opaTOpRIIM, 
6a6naoTexaw, aay'IHWM rpynnaM B OT.llen•aww y'leHWM 6onee 50 cTpaB. 

Mw O>KB.ll&eM, 'ITO nony'laTena H3Jl&HRI OHJIH 6y.JlyT caMB npo•a
'niiTJ. HHHUH&THJiY B 6ecnna THO I DOCWJIXe Ry6JIBX&UIIi 8 Jlyfiay. 8 DOPII.llXe 
o6MeHa RpHHHMaJOTCII R&Y'IHWe XHHrH, )l(ypHanw, npenpBHTW B BHOrO 
BB.ll& ny6naxauaa no TeMaTBxe OHJIH. 

E.llBHCTBeHHwi BH.ll ny6naxauai,xoTopwi aaw npacwnaTJ. ae cne.lly
eT,-3TO penpBHTW /oTTBCXR CTaTei, y>Ke ony6nBXOB&HHWX B R&Y'IHWX 
>Kypaanax/. 

8 pii.Jle cny'l&eB MW C&MB o6pautaeMCII X DOJIY'I& TeJIIIM R&WRX B3Jl&
aai c npoc~o6oi 6ecnnaTHO npacnaTJ. aaw JCaxae-na6o xaara ana 
BWDHCaTJ. Jlnll H&Wei 6H6JIBOTeKH H&y'I&We >Kypaanw, H3Jl&JOutReCII B BX 
cTpaaax. 

0T.QeJJbHIIIe 3anpoc111 
H3JlaTeJIJ.CXHi OT,Jlen e>KerO.JlKO BWROnHIIeT OJCOJIO 3 000 OT.JleJIJ.HWX 

3anpocoa aa awcwmcy npenpRBTOB • coo6UleiHii OHJIH. B Taxax 3a
npocax cne.nyeT o6113&Ten .. ao yxa3Wa&T... HH.lleKc 3anpawaaaeMoro 
H3Jl&HHII. 

A.Qpeca 

ll&CJ.M& no aceM aonpocaw o6Meaa ny6n&X&UIIIIWR, a T&K>Ke 3anpo-
cw aa OT.Jlen•awe B3.1l&RRII cne.llyeT aanpaan•T• no a.npecy: 

101000 MocKea, 
FAaeHwil no'IROMR, n/11 79. 
H30aRf!A.CKUil OR~f!A 
06-.e~Uiff!HHOZO UHCRUR.)'IIG 
ll~f!PHWX UCCAf!~OfJQHUU. 

A.llpec .nn• nocwnxa acex ny6naJC&IIRi a nopii.JlJCe o6weaa, a T&JOI(e 
.llJIII 6ecnn&TIIOi DO.llDBCJCB K& R&Y'IBWe lK}'PR&nW: 

101000 Mocna, 
rMifJHWil IIO'IIIGMR, n/11 79. 
Jlay'llfo:••XHu'lecwaA 6u6Auoaewa 
OtfNt)UHftlfOZO UHCauayiiG 
ll~f!PHWX UCcAet)oeaHUil. 


