
COOfilllBHMH 
Ofib8AMH8HHOro 

MHCTMTYT8 
HABPHblX 

MCCfl8AOB8HMM 

0 CKOPOCT~ PACnPOCTPAHEH~H 

c~nbHOro B3A~MOtJ.E~CTB~H 

AY6Ha 

tl,2-91-185 

1991 



BBEJlEHl-'lE 

no cospeMeHH~M npeAcTasneH~RM c~nbHoe B3a~MoAe~cTB~e on~c~
saeTcR KBaHTOBO~ XpOMOA~HaM~KO~. BMeCTe C TeM yKa3aHHaR Teop~R 
BKn~YaeT B ce6R, KOHeYHO, ~ npemH~e pe3ynbTaTbl, 06bRCHR~~~e, 
Hanp~Mep, KOpOTKOAe~CTB~e RAepH~X c~n. nocKonbKY np~ STOM 
rn~6HH~e nonR RBnR~TCR onpeAeneHH~M~ aHanoraM~ aneKTPOMarH~THO
ro, TO, Ha nepBbl~ B3rnRA, OTBeT Ha Bonpoc O CKOpOCT~ pacnpocT
paHeH~R c~nbHOro B3a~MOAe~CTB~R npeACTaBnReTCR AOCTaTOYHO oye
B~AHblM. rn~OHbl - 6e3MaCCOBble YaCT~4bl ~ B CBO60AHOM COCTORH~~ 
OH~ AOnmHbl AB~raTbCR co CKOpOCTb~ cBeTa, a noaTOMY ~ nepeHoc~
MOe ~M~ c~nbHOe B3a~MOAe~cTs~e, Ka3anocb 6b1, AonmHo pacnpocTpa
HRTbCR c TO~ me CKOPOCTb~. 0AHaKo 11 BHYTP~ HyKnOHa 11 Mbl ~MeeM 
COBOKynHOCTb B~pTyanbH~X rn~OHOB ~ KBapKOB. nocKOflbKY~ 8 OTn~
y~e OT cpOTOHOB' . rn~OHbl o6naAa~T 4B eTOBblM 3apRAOM' TO 8 pe3ynb
TaTe B3a~MOAe~CTB~R MomeT npo~CXOA~Tb ~x TOpMomeH~e*. Ecn~ 
yYeCTb e~e npo4ecc~ aApoH~3a4~~ Ha 11 rpaH~4ax 11 HYKnoHa, TO acp
cpeKT~BHaR CKOPOCTb pacnpOCTpaHeH~R c~nbHOro B3a~MOAe~CTB~R 
B np~H4~ne MomeT 6~Tb MeHbWe C. B CBO~ OYepeAb, ~MeHHO 8 pe-
3ynbTaTe aToro npo4ecca aApOH~3a4~~ ~ o6ecneY~BaeTCR, oYeB~A
HO, KOpOTKOAe~CTB~e RAepH~X c~n. 

nOTEHLll-'lAn IOKABbl 

KaK ~3BeCTHO, B CBOe speMR 3AeCb samHy~ ponb Cb1rpana ~AeR 
IOKaBbl / 1 /' corn a CHO KOTOpO~ HyKnOHbl B3a~MOAe~CTBY~T MemAY co6o~ 
C noMO~b~ o6MeHa ~-Me3oHaM~. np~ STOM noTeH4~an B3a~MOAe~CTB~R 
IOKaBbl (CTa4~0HapHoro Me3OHHoro nonR) ~MeeT B~A 

~ = _
9 

exp(-µR) 
~ R (1) 

*3gecb, MOJKeT OblTb, YMeCTHO HanoMHHTb, 'ITO IlOXOJKee l'IBJieHHe -

TOpMOJKeHHe (pOTOHOB B none TJDKeCTH COJIHQa,IlPHBOAHT K H3BeCTHOMY 
3(pqJeKTY OTKJioHeHHH CBeTOBOI'O Jiyqa, XoT H, C APYI'OH CTOpOHbl, 

COOCTBeHHaH Macca qJOTOHa (urparo~aH POJib rpaBHTaQHOHHOro 3apH
ga) paBiia Hymo, 



3AeCb g - KOHCTaHTa B3aVIMOAe~CTBVIH, aHanorVIYHaH 3aPHAY 3neKT
poHa B 3neKTPOAVIHaMV1Ke, µ - Macca ,r-Me30Ha, ~ = C = 1. ~MeHHO 
HanVIYVle IOKaBCKO~ 3KCnOHeHTbl y cpyHKL..\VIVI ij>1T npVIBOAVIT K TOMY, YTO 
11 PaAV1YC Ae~CTBVIH II HAePHblX CVln -µ - 1 ( -1(1)) ropa3AO MeHbWe. 11 paAV1y
ca 11 3neKTpocTaTV1YeCKVIX c1.1n, on1.1cb1BaeMblX KY.JlOHOBCKVIM noTeH4V1a,;. 
noM. KoHeYHO, 3AeCb MoryT CKa3aTb, YTO paccMaTpVIBaeMwe nVIOHW -
BVlpTyanbHble YaCTVIL..\bl, a no3TOMY VIM Henb3H 3anpeTVITb ABLffaTbCH 
co CKOPOCTblO CBeTa. Ho, C Apyrol CTOPOHW, He HymHo 3a6wBaTb, 
YTo B noKa3aTene 3KcnoHeHTW noTeH4V1ana ~KaBw cp1.1rypV1pyeT Bee me 
Macca peanbHOro nvioHa. B AanbHe~weM AnH 06bHCHeHVIH noBeAeHVIH 
CVlnbHblX B3aVIMOAe~CTBVI~ Ha MeHbWVIX paCCTOHHVIHX npVIWnOCb TaKme 
YYVITblBaTb 06MeH VI 6onee TH>KenblMVI ( BeKTOpHblMVI) Me30HaMVI: p' w 
VI T.A. B 3TOM cnyyae HapHAY c (1) 6yAeM VIMeTb 

exp(-µ v R) 
ij> V = -g V. R I ( 2) 

rAe µv - Macca BeKTOPHWX Me30HOB. 
C APYrci~ cTopoHw, nonaraH, HanpVIMep, B nocneAHeM Bw

pameHVIVI µv = 0 MW B03BpalJ.laeMCH, OYeBVIAHO, K noTeH4V1any Ky
nOHOBCKOro TVlna. npV1MeHV1TenbHO K rnlOOHHWM nonHM TaKO~ noTeH
l.,\Vlan Ha3WBaeTCH l.,\BeTOBWM VI 3an1,1cwBaeTCH B BVIAe 

as 
ip = - R (3) 

rAe as - 6erylJ.laH KOHCTaHTa. K nocneAHeMy pe3ynbTaTy MOmHO npV1~
TVI VI VIHaYe, ecnVI npVI Manwx µy R 3KCnOHeHTY pa3nomV1Tb B PHA. 
0YeBVIAHO, YTO nepsw~ YneH VI 6yAeT npeACTaBnHTb BWpameHVle (3). 
nocKonbKY, KaK yme OTMeYanocb, B npVIPOAe CB060AHWe rnlOOHW 
VI KBapKVI He Ha6n10Aa10TCH, L..\BeTOBO~ noTeH4V1an HymHo 11 06opBaTb 11 

Ha rpaHVll.,\e Ae~CTBVIH HAepHWX CVln, rAe npOVICXOAVIT aApOHVl3al.,\VIH 
KBapK-rnlOOHHOrO nonH. 0YeBVIAHO, YTO BO BCHKOM cnyYae KaYeCT
BeHHO VIMeHHO 3TY ponb VI swnonHHeT IOKaBCKaH 3KcnoHeHTa. 

BepHeMCH Tenepb K OCHOBHOMY Bonpocy. OYeBVIAHO, YTO B BWpa
meHVIHX AnH CTal.,\VIOHapHWX noTeH4V1anoi BenVIYVIHa CKOPOCTVI pacnpo
CTpaHeHVIH CVlnbHoro B3aVIMOAe~CTBVIH vs He cpV1rypV1pyeT. Ee BnVIH
HVle AOnmHo npoHBVITbCH npVI nepexoAe K ABVlmyll.le~CH CVICTeMe oT
CYeTa. 

no aHanorVIVI c nepeXOAOM OT KynoHoBcKoro noTeH4V1ana K noTeH
L..\Vlany TTVleHapa - BV1xepTa npeACTaBVIM cHaYana (3) B BVIAe 

as 
ij> = - t. (4) 

3AeCb MW yYnVI, YTO AnH rnlOOHHOro nonH, KaK VI AnH 3neKTPOMarHV1T
Horo, CKOpOCTb pacnpocTpaHeHVIH V g= 1. B pe3ynbTaTe AnH VICKO-
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Moro 4-BeKTopa nonyYVIM (CM., HanpVIMep, 121 ): 

Ai 
a u i 

- - s --
u i R . 

(5) 

1 

rAe u i - 4- CKOPOCTb HyKnoHa, Ri - 4-BeKTOP 3ana3Ab1BalOlJ.lero pac
CTOHHVIH, i = 0, 1, 2, 3. C yYeTOM me OTMeYeHHOro pa3nomeHVIH 
B PHA Mbl cpaKTVIYeCKVI VIMeeM penHTVIBVICTCKVI KOBapVlaHTHYIO 3anV1Cb 
npeA3KCnOHeH4V1anbHoro MHOmVITenH B (2) VI 3HaMeHaTenH B (1). 
OnHTb me Ha OCHOBaHVIVI 3TOro Tpe6oBaHVIH noKa3aTenb 3KCnoHeHTbl 
AOnmeH 6b1Tb CKanHpOM. Ho 3HaMeHaTenb B ( 5) v1 npeACTaBnHeT Ta
KO~ npocTe~WVI~ CKanHp. 8 pe3ynbTaTe AnH COOTBeTCTBYIOU.lVIX penH
TVIBVICTCKVI KOBapVlaHTHWX BWpameHVI~ 6yAeM VIMeTb 131 

ij>1T = - g 

VI 

,f, i = -g 
't' V V 

exp ( -µu _i R·. ) 
1 

u iR . 
1 

ui • exp ( -µ v ui R i 

u i R . 
1 

(6) 

(7) 

Ha OCHOBaHVIVI (6) paHee 6wno noKa3aH0 141 , YTO 3KBV1noTeH4V1anb
Hble noBepXHOCTVI nVIOHHoro nonH ABVlmylJ.lerocH HyKnoHa (B cnyYae 
vs = 1) VIMelOT cpopMy 3nnV1nCOVIAOB BpalJ.leHVIH, BWTHHYTWX B HanpaB
neHVIVI ABVlmeHVIH. npVIYeM 11 CTeneHb BblTHHYTOCTVl 11 onpeAenHeTCH Be
nW-tVIHO~ u0 

( VlnVI nopeH4-cpaKTOPOM). KpoMe Toro' 6b1no ycTaHOBne
HO, YTO C pocTOM 3HeprVIVI BKnaA BeKTOPHWX none~ 3a CYeT U i 
B YVICnVITene (7) B03pacTaeT VI npVI u0 ~ 10 2 CTaHOBVITCH AOMVIHVI
PYIOlJ.lVIM. 

CKOPOCTb PACnPOCTPAHEH~H B3A~M04E~CTB~H 

OcTaHOBVIMCH Tenepb Ha oco6eHHOCTVI noBeAeHVIH penHTVIBVICTCKVIX 
noTeH4V1anoB ~KaBW npVI ~cnoBVIVI, YTO Vs< 1. B 3TOM cnyyae AnH 
BpeMeHHO~ KOMnoHeHTW R1 6yAeM VIMeTb R0 =vs t. 4nH npocTe~-
wero BapVlaHTa, KOrAa Hae VIHTepecyeT 3HaYeHVle HAepHoro nonH 
(nepeA HYKnOHOM) Ha OCVI X, COBnaAalOlJ.le~ C nVIHVle~ ABV1meHV1H Hy
KnOHa, KOMnoHeHTa ip; 6yAeT onpeAenHTbCH BwpameHVleM 
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0 

cf> V 

exp [-µ{l + v/v )- 1 Rfy- 1 ] 
_ S X 
- -g 

v (1 + v/v )-1Rf y-2 
S X 

MomHo cKa3aTb, YTO Bn~RH~e o6cymAaeMoro aqxpeKTa no cyT~ 
Aena CBOA~TCR K noRBneH~~ AOnonH~TenbHoro MHOm~TenR 

k = 1 + v 
1 + v/v5 

(8) 

(9) 

nepeA Ben~Y~HO~ R~. nocKOnbKY k < 1, TO Ha 3aAaHHOM pacCTOR
H~~ M~ 6yAeM ~MeTb MeHbwee 3Ha~eH~e noTeH4~ana. ~n~ ~Ha~e, 3a
AaHHOe 3Ha~eH~e noTeH4~ana 6yAeT AOCT~raTbCR Ha 6onbWeM pac
CTORH~~- 3¢xpeKT~BHO 3TO AOnmHO npORBnRTbCR KaK YBen~YeH~e Aanb
HOAe~CTB~R nonR RAepH~X c~n. 

BB~AY Toro' YTO' KaK KameTCR' B03MOmHoe OTn~Y~e V s OT 1 
AOnmHo 6b1Tb He OYeHb 3Ha~~TenbHblM' 3Kcnep~MeHTanbHOe o6Hapyme
H~e yKa3aHHOro 3$$eKTa npeACTaBnReTCR AOCTaTOYHO cnomHblM. 
C APYrO~ CTOPOHbl' ~3 caMblX 06lJ.l~X coo6pameH~~ CYlJ.leCTBOBaH~e 
B np~pOAe HapRAY co CKOpOCTb~ CBeTa ell.le OAHO~ KOHCTaHTbl, ~Me~
lJ.le~ pa3MepHOCTb CKOPOCT~, KameTCR ManoBepORTH~M. 
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