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OB'bE_nHHEHHYA HHCTHTYT SAEPHHX HCCJIE_nOBAHHA 

2 - 9026 
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ny6Ha 1975 



LJacTbl 

1. FaMu.m.•oHuaH cAa6ozo e3auMooeuc•eu.lf 

Bwnonaeaawe B nocne~aae ro~w :nccnepaueHThl aa nyq
Kax HeBTpHHO BLICOKHX 3HeprHii HMeiOT orpOMHOe JHa'leHBe 
~JI cl>HlHKH lneMeHTapHLIX 'laCT.BIJ;. .6wnH OTKPLI~"LI HOBble 
cna6we npo~eccw /aeiiTpam.awe TOKH/ H nony'leH bl nepBwe 
~aHHLie 0 rny60KOHeynpyrHX HeBTpHHHLIX npo~ec1:ax B HH
TepBane J&epraii ~o -150 F3B. 3TH ~aaawe B WHPOKOii · 
KHHeMaTH'IeCKOB o6naCTH cornaCYJOTCJI C MaCWT86HOR HH
BapHaHTHOCTLIO H napToaaoii uo~enLIO. HecoMHE:aao, 'ITO 
B 6nJDKaiiwee BpeMJI 6y~yT nonyqeaw cyutecTBeHHo. 6onee 
TO'IHLie ~aHHLie 0 npo~eccaX BlaHMO~eRCTBHJI HeiiTpHHO 
C HyKnoHaMH H BOlHHKHeT B03MO)I(lf0CTL ~eTanLHOB npoBepKH 
TeOpHH. 

B JTHX ne~JIX MLI paccuoTpHM: 
1. rauHnLTOHHaH cna6oro BJaHuo~eiicTBHJI, 
2. HHKniOJHBHLie npo~eccw 

v +N-+ p.+ 
/1 

V +N-+11+ ••• , 
/1 

/1/ 

/2/ 

3. napTOHHYIO HHTepnpeT~HIO npo~eccoB /1 I H /2/ 
H 3KCDep&MeHTanLHLie ~aHHLie. 

HcTOPHJI raMHJILTOHHaHa cna6oro BJaauo~eiicnsHJI 'lpe3-
BLI'IaBHO HHTepecaa H DOy'IHTenLHa. fiepBLIB raMHllLTOHHaH 
(3 -pacna~a 6wn nocTpoea Cl>epMH B 1934 ro~y. Cl»epMH no
cTpoHn raMHn'LTOHHaH npo~ecca 

/3/ 

3 



DO aaa;IOrHH C raMHnhTOHH&HOM 3neKTPOM&rHHTHOrO B3&H-
u * MO,D;eHC TBHJI 

en . - A 
J( = ;1 e p y a P a , /4/ 

ODHChiB:liOIIUIM nornOIQeHHe H HCDYCK&HHe Y -KB&HT& npo-

TO HOM 
p: p + }' 

/B /4/ p(x) H Aa(x) - onepaTophl npoTOHHoro H JneKTpo

M&rHHT II OrO DOneii/. 

)J.n.11 &,D;pOHHOH qaCTH raMHnhTOHH&Ha nponecca /3/ 
Cl>epMH lpHHJin Bhlp&)l(eHHe 

pya n, 

r,D;e n • onepaTOp HeHTpOHHOro DOnJI. qT06bl DOCTpOHTh 

raMHnhrOHHaH nponecca /3/, 3TOT seKTOp cne,D;yeT yMao

)I(HTh ua seKTop /ecna npe,D;nonO)I(HTh, qTo coxpaHJJ:eTCJI 

qeTHOCTh/, DOCTpOeHHhiH 83 ODepaTopOB 3neiCTpOHHOrO H 

aeiiTpHHHoro noneii ( e ( x ) H v (x )) • IIpe,D;DonaraJJ:, qTo 

B raMBnhTOHHaH {3 -paCDa,D;a HeiiTpOHa He BXO,!J;JIT DPOH3-

BO,D;Hhle noneii, nonyqaeM 

J(f3=G(py n)(ey v)+h.c., 
a a 

/5/ 

r,D;e G - KoHcTaaTa BlaHMO,D;eiicTBHJI. 

OTMeTHM CYIQecTseaaoe pa3nHqae Me)I(,!J;y rauan.LTOHHa

aaua /4/ H /5/. raMHnhTOHH&H /4/ ODHChiB&eT B3&BMO

,D;eHCTBne Me)I(,!J;y cllepMBOHHhiM B 6030HHhiM non•ua; raManh

TOHB&H /5/ - B3&HMO,D;eHCTBBe Me)I(,!J;y qeThiPhM. cllepMBOH

HhiMH IIOnJIMB. Bcne,D;CTBBe :noro KOHCT&HT& e 6e3p&3-

uepaa, a KOHCT&HTa G aueeT pa3uepaocTh M-2 /e,!J;HHHJlW 

h=C=l /. 

* M1a1 acnonJ.lyeu xeTpHKY IIayna. EcnaA H B-:-4-seK-
~ ~~ -+ 

TOphi, ro AB = AaBa = AB - A0 Bo(A =(A, iA 0), B =( B, i B o). 
B 3TOii ueTpHKe ypasaeaae )J.apaKa HMeeT BHA 

(yp-lirn)u(p)=O, u(p)(yp-1irn) =0, 
r,D;e }'a • 3pMHTOBbl M&TpHnhl, y,D;OBneTBOpJIIOIQHe COOTHO
meHHIO Yay {3 + y {3 ya = 28 a/3 . OTMeTHM Tal()l(e, qTo 

Ys=YIY2Y3Y4· 
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0Dh1Thl DO B3y'leHBIO f3 -pacna~a Jl~ep, BhiDC•JIHeHH:We 
DOCne pa6oThl ~epYB, DOKa3anB, 'ITO raYBnbTOHBaH 151 
He YO)I(eT ODBCaTb BCIO COBOKYDHOCTb ~aHH:WX. B CBJI3B C 
3TBY 6:wno npe~nO)I(eHO BBeCTB B raYBnbTOHBaH f3 -pacna~a 
~ODOnHBTenbH:We 'lneH:W, DOCTpOeHH:We DyTeY Y:UHO)I(eHBJI 
cKan.l!_pa (po) ua CKan.llp(ev), TeH3opa (paaf3 n) ua Tea
lOP (e a a8v) B T.~. raYBnbTOHBaH f3 -pacna~a DpBo6pen 
DpB 3TO~ B~: 

f3 5 . . 
}( =I G. (p0 1 n)(e0

1
v)+h.c., /6/ 

i=} I 

r~e G i - KOHCTaHThl B3aBYO~eHCTBBJI, a YaTpBI.\hl 0 i , co-

OTBeTCTBeHHO, paBHhl 1; Ya ; a oj3 ; YaY 5 ; Y 5 • 
B Te'leHBe ~onroro speueHB ue y~asanocb B:WJICHBTb sonpoc 
0 TOY, KaKBe 'lneH:W B B:Wpa)l(eHBB 161 BrpaiOT •lCHOBHYIO 
ponb 3KcnepBYeHT:W ~aBaJIH pa3u:we, npoTBB·lpe'IBB:we 
pe3ynbTaT:w. 

B 1956 ro~y JIB B Jlurou 6:wna s:wcKa3aua r~noTe3a 
o uecoxpaHeHHB 'leTHOCTB B cna6ou B3aBYo~eiicTB!IB. B co
OTBeTCTBBB C 3TOi rBDOTe 30H BHa'lane 6:wno Dp ~MO*eHO 
~o6aBBTb K B:Wpa)l(eHBIO 161 DJITb DCeB~OCKan.llpH:WI[ qneHOB, 
DOCTpOeHH:WX auanorB'IHO 'lneHaY, BXO~JIUUIY B /61. ra
YBnbTOHBaH f3 - pacna~a npBo6pen BB~ 

f3 5 . . 
}( = I ( p o 1 

n )(eo 1 
(G . + G : y

5 
) v ) + h. c . 111 

i=} I I 

r.Ae G . B G ~ - KOHCTaHT:W. 
I I 

KoBel\ 1956 ro~a 03Haueuosanc.ll co6:wTBeY ell vu~aueu-
Tan~> a oro 3Ha'leHB.II - 6:wno OTKPWTO uecoxpaueuue 'leTHo
CTB B cna6ou B3aBwo~eiicTBBB. BcKope nocne 3Toro oT
KPWTBJl 6:WJIH BhiCKa3aH:W rBDOTe3:W, KOTOp:we DpBB~nB K cy-
11.\eCTBeHHOYy ynpomeuBIO B~a raYBnbTOHBaua cna6oro 
B3aBYO~eiCTBBJI B D03BOnBJIH DOCTpOBTb COBp ~YeHH:WH, 
cornaCyiOII.\HiiCJI C OD:WTOY, raYBnbTOHBaH. llepBa.ll TaKaJI 
rBDOTe 3a - TeopB.II ~yxKounoueHTHoro ueiiTpBHO I Jlau~ay, 
JIB B Jlur, Canaul. PaccuoTpBY 3TY TeopBIO. llpe~cTaBBY 
onepaTop nonJI ueiTpBHO B B~e: 

181 
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OnepaTnp l' (x) y.nosneTsopJieT ypasHeHBIO ~Bpaxa: 

av 0 Y -a-= . a xa 
0Tcro.na cne.nyeT, 'ITO 

Ya %x [ ~ (1 ± y 5 )v]= 0. 
a 

TaKBM o6pa3oM, Krutc.nLiii B3 'IJieHoB B pa3JIO)KeHBB /8/ 
y,nOBJieTBOpJieT ypaBHeHHIO ~BpaKa. 

,D;anee, ,nJIJI onepaTopa v (x) BMeeM cne,nyroll(ee pa3-
JIO)KeHBe: 

1 i x -ipx + -> 
v(x)=---:-;<,J[ur(p)e P c (p)+ur (-p)e d (p)}dp, /9/ 

(2,)3;«- r r 

r.ne C r (p) ( d : (p)) - onepaTOp YHB'ITO)KeHBJI HeiiTpBHO /pO)I(
,neHBJI 8HTBHeiiTpBHO/ C BMDYJILCOM p B CDBpaJibHOCTbiO r 
CnBHOpl.l u r (p) B u r (- p) y,noBJieTBOpJIIOT ypaBHeHBJIM 

... 
(! ~ )u r(p) =fU r(p) 

... /10/ 
O. ( -~ ) ) u r ( -p) = r u r ( -p) ; 

-> 
0 -> ~ 

3.necb n' = --5---, a I "' - i y5 y 4 y /B npe.ncTaBJieHBB ~B-
I PI • 

0 
paxa-DnyJIB :I = ( ~ & )/ .HcnoJIL3YJI ypasHeHBe ~Bpaxa 

y • pur (p) =0 y• pur (--p)= 0, 

nonyqaeM 

->_. r r() 
t :I n) u (p) = - y 

5 
u P 

/ll/ 
-> -> r r 

( :I(-n))u (p)= y5 u (p) · 

B cny'ls.e qacTa:u;:w c paBHoii HYJIJO Maccoii cocTOJIHBJI c on
pe.neneHaoii cnapaJIJ.HOCTbiO JIBJIJIJOTCJI, cne.nosaTeJIJ.Ho, co6-
CTBeHHb:MB COCTOJIHBJIMB MaTpBD;LI y5 : 

6 

y ur(p)=-rur(p) 
5 

y
5 

u r (-p) =ru r (-p). 

/12/ 



C fiOMO~biO /9/ H /12/ HaXO,nHM 

1 +)5 1 -1 ipx 
--v =--J[ u (p)e 

1 -ipx + -> 
c (p)+u (-p)e d (p)].lp 
-1 1 2 (2rr )3/2 

/13/ 

1 1 1 -ipx + .... 
----=.l!.v= --J[u 1(p)eipx c 1(p)+u- (-p)e d (p)]:ip. 

2 (2n)3/2 -1 

TaKHM o6pa3oM, B paJno:>Keuue 
1 +ys 

2 

1- y 5 
v (--- 1) axo-

2 

,llJIT onepaTOpbl YHH11TO)I(eHHJI ueiiTpHHO C OTpHUalellbHOH 
/nonO)I(HTen&uoii/ cnupan&uocT&IO H onepaTopw po~eHHJI 
auTHHeiiTpHHO c nono)I(HTen&uoii /oTpHUaTen&uoii/ cr:upan&
HOCT&IO. 

Dpe,llnono)I(HM, 'ITO onepaTop nonJI ueiiTpHHO BXOJlHT 

1 +Ys 
B raMHllbTOHHaH cna6oro B3aHMO,IleHCTBHJI B BH,Ile -2. V , 

1 - Ys 
nu6o -

2
-- v I runoTe Ja JlBYXKOMnoueuTuoro ueii rpuuo/. 

HJ /13/ cne,llyeT, 'ITO B 3TOM cnyqae cnupan&uocT& ueiiTpH
HO, yqaCTBYJOIUero B cna6oM B3aHMO,IleHCTBHH, BCer,Da OTpH
D;aTell&Ha, a cnupan&uocT& anTHHeiiTpuuo nono)l()lTen&ua 

1- Ys 
/eCnH B raYHllbTOHHaH BXO,IlHT -

2
-- v , CnHpaJibHOCTb 

HeiTpHHO fiOllO)I(HTen&Ha, a aHTHHeHTPHHO OTpHD;aTell&Ha/. 
B 1957 ro,lly 6wn awnonueu 3KcnepHMeHT no HJN epeHHIO 
cnHpallbHOCTH HeiTpHHO. 3TOT OfibiT fiO,IlTBep,llHll rJinOTe3y 
JlBYXKOMnoueuTuoro ueiiTpHuo. 6wno noKaJauo, 'ITO cnu
pan&uocT& ueiTpuuo oTpuuaTen&ua. 

Cne,lly~i pewa10~ war B nocTpoeHHH raMHlli»Touua
ua {3 -pacna,lla 6wn C,llenau Cl»eiiHMaHOM H renn-MaHHOM, 
a TaK)I(e MapwaKoM H Cy,llapwauoM /1957 roJl/. 3TH aBTopw 
OCHOBbiBanHCb Ha TeOpHH JlBYXKOMfiOHeHTHOrO HeBTpHHO. 
Ouu npe,llnono)I(HnH npu 3TOM, 'ITO onepaTop non• 3.JeKTpo
HOB TaK)I(e BXO,IlHT B raMHllbTOHHaH cna6oro B3aiiMO,IleH-
CTBHJI B BH,Ile: 1 + YS 

---e 
2 
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EcJIH npHHJITb :no npe~nono)Keuue, TO ~nJI nenTouuwx ciCo6oiC 
raMnm.Tonuaua au~a /7 I nonyqaeM 

( l+ys-oi 1+ys ) (- 1-ys oi 1+ys ) -e v=e---- v 2 2 2 2 . 

~anee, ueTpy~o BH~eTb, 'ITO 

1- Ys i 1 + Y5 
---0-

2 2 

0 Oi = 1; aa/3; Ys 

1 +y5 
Ya ---2-

i 
0 =ya;YaYs 

/14/ 

raMHnhTOHHaH /3 -pacna~a DpHo6peTaeT, TalCHM o6pa30M, 
cne~yKtiJ{H:ii aecbMa npocTo:ii a~: 

f3 G - -
}{ =-(ey (1+y )v)(py (l+g y )n)+h.c. J2 a 5 a AS 

/15/ 

MuoroqucneuHble 3ICcnepuMeHTbl no uccne~oaann10 /3-
pacn8.,Ila cao6o~oro ueiiTpoua H 13 -pacna~a .11~ep no~Taep
~JIH <:npaae~aocTb /15/. KoncTaHTbl 'G H gA npu :now 
OlCaJanHCb paBHblMH 

G ::: 10-5 - 1-, g A ... 1,25, 
M2 

r~e M • Macca npoToua. 
fipil Bbl'IHCneHHH MaTpH'IHOrO 3neMeHTa f3 ·pacna~a WH• 

3H'IeCI<OrO HeHTpOHa, lCpOMe raMHJIJ.TOHHaHa B3aHMO~eiCT· 
BHJI napw 3neiCTpou-ueiTpHHo c uyiCnOHHblM nonew:, aeo6-
xo~uMu y'leCTb TaJOKe raMHJIJ.TOHHaH B3aHMO,AeiCTBB.Il e -v 
napbl C DBOHHblM B ~pyrBMB a~pOHHblMB DOnJIMH /~HarpaYMhl 
puc. 1 H 2 H ~p./ 

:x 
-7 p 

~-e v 
~ Jl,o 

I ' 

~~ 
Puc. 1 Puc. 2 

8 



CyMMa scex B03MO:lKHLIX .AHarpaMM npouecca npt:.n;cTasneHa 
Ha puc. 3: 

Puc. 3 

3amTpHXOBaHHaJI 'laCTb 3TOB ]J;HarpaMMLI o6ycno11neHa CHn&
HLIMH B3aHMo.n;eiicTBHJIMH H xapaJ<TepH3yeTCJI clloJ•MtilaKTopa
MH. raMHDbTOHHaH 1151 OllHCLIBaeT npouecc 113aHMOJJ;eii
CTBHJI e -v napw c HyJ<noHOM nHWb npH wanwx I nQ cpaBHe

HHIO c M 2 I nepe.n;aqax 4-Hwnyn&ca. 

BcnH npHHJITb rHnOTe3y «<>eiiHMaHa H renn· MaHHa, TO 

cyMMY raMHnbTOHHaHOB B3aHwo.n;eiicTBH.II e -v naJ•LI co sceMH 

aJJ;pOHHLIMH llODJIMH MO:>KHO 3anHCaTb B BHJJ;e 

J{=~(ey (l+y
5
)v)j (AS=O)+h.c. 1161 [2 a a 

3.n;eCb ja(l\S=O) - He MeHJIIOIQBH CTpaHHOCTb a.n;p,>HHLIB cna-
6Liii TOJ<. ToJ< j ( AS=O) HMeeT BH]J; a 

j (l\S=O)= v (AS=O) +a {L~S=O), 
a a a 

r.n;e va(l\S=O) H aa(l\S=O)- BeJ<TOPHLIB H aJ<CHanioHLIB TOJ<H. 

raMHn&TOHHaH 1161 onHcwsaeT TaJ<He npoue,;cw cna6o
ro B3aHMOJJ;eHCTBHJI napLI 3DeJ<TpOH-HeiiTpHHO C a.n;poHaMH, 

B I<OTOPLIX He MeHJieTC.JI CTpaHHOCTb a.n;pOHOB: 

+ + 
1T ->C + v 

- + v +p->e +n H .n;p. 

9 



Tenepb .Mbl nepeii~e.M K paccMoTpeHHIO Toii: qacTH raMHnL

TOHHaHa, KOTOpaJI ODHCbiBaeT B3aH.MO~eBCTBHe napbl /1 -

.Me3oH-HeiiTpHHO C a~pOHa.MH. llepBbiB 3KCnepH.MeHT C nyq

KO.M HeBTPHHO BbiCOKHX 3HeprHB, BbiDOnHeHHbiB B 1962 ro~y 
DO npe~JIO)KeHHIO li.M.llOHTeKOpBO, DOKa3an, 'ITO 3JieKT

pOHHOe H .MIOOHHOe HeBTpHHO laeii:TpHHO, y'laCTBYIOUUie 

B cna60.M B3aH.MO~eBCTBHH B.MeCTe C 3JieKTpOHO.M H /1 - .Me30-

HOM, COOTBeTCTBeHHOI - pa3Hble 'laCTHD;bl. liy~e.M 0603-

H8'18Tb onepaTOpbl noneii: 3JieKTpOHHOrO H .MIOOHHOrO HeBT

pHHO V e H V /1 • ra.MHJibTOHHaH cna6oro B3aH.MO~eBCTBHJI 

napbl 3apJI)KeHHbiH nenTOH-HeHTPHHO C a~poHa.MH CTpOHTCJI 

TaK, 'IT06bl HMena .MeCTO 11- e YHHBepcanbHOCTb IHHBa

pHaHTHOCTb OTHOCHTenbHO 3a.MeHbl 11 _, e H v/1 -+v e I 
H3 Bblpa)KeHHJI 1161 nonyqae.M 

J{ G - -
= yT[(e Ya(l+y5 ) v .. )+(flya(l+y5 )v

11 
)] ja(AS=:O)+ h.c. 1111 

HMeiOUUieCJI B aacToJimee spe.MJI ~aHHble no~TBep~a
lOT ranoTe3y 11-e -ya&sepcanbHOCTH. )J.o nocne~aero spe.Me

HH 3Ta r&noTe3a nposepJinacb nHWb npa Mallblx 3HeprHJIX 

I ~ + + + + CpaBHeHHe BepOJITHOCTeH pacna~OB rr ' e r;e H 77 • ll v 
R ~p.l. He~asao 6blnH nonyqeabl nepBble pe3ynLTaTbl ~o 
V"li .. IA'ftAU~ ,..Aw .. -••-- ._. __ ,.,..,... --...,. -----r--.-... ...... -- ·- ... -- ... _..,v,....""'"""'~ 

v +N-+e+ ... 
e 1181 

OnbiT 6biJI Bblnonaea a QEPHe.MHweHbiO H ~eTeKTopou cny

)KRJia Kauepa "rapra.Menb", 3anonHeaaaJI cllpeoaou. CneKTp 

ReiTpHHO QEPHa H.MeeT .MaKCHMYM npR 3HeprHH - 2 r3B. 
lly'IOK cocToHT B ocaosao:w H3 MIOOHHblx aeiTpBHo I oT 

pacna~a rr .... flv 
11 

I. HueeTcJI ae6onbwaJI I -o,S.,I npHuecb 

ve OT pacna~a fl-.Me30H9B H Ke3 -pacn~OB. libiJIO aa6lliO

~eHO BCero 45 C06biTHH C 3JieKTpOHOM B KOHe'IHOM COCTOJI

HHH. llonyqeBHble ~aHHble cornacyroTCJI c nHHeiHoi 3aBH

cHMOCTbiO nonaoro ceqeBHJI nponecca 1181 oT 3HeprHH. )J.nJI 

OTHoweHHJI ce'leHHJI nponecca 1181 K ceqeamo nponecca 

nonyqeao 3Ha'leHHe 

~ = 1 ,26 ± 0,23 , 
a 

11 

vll+N-+fl+··· 

cornacy10meecJI c 11-e -yHHBepcanLHOCTbiO. 

10 

raMHllbTOHHaH /17/ OUHCbiBaeT TaJCBe neUTOH-a,ApOHHble 

npo:o;eCCbl, B JCOTOpbiX He MeHJieTCJI CTpaHHOCTb ~pOHOB. 

fiOnHbiB raMHllbTOHHaH B38HMO~eBCTBBJI napbl nenTOH-HeHT

pBHO C a~OH&.MH MO)KeT 6b1Tb UOJiy'leH H3 1171, eCnH C~e
llaTb 3aueay 

j (AS=O) .... jh= j (AS=O) +j (AS=l), 
a a a a 

r~e j a( AS= 1) - TOJC, H3MeHJIIOlD;IIii CTpaHHOCTb Ha e~HHH-
:u;y*. llony..ae:w 

J{ G [(- ) - . h =-= e y (1 +y 5 )v +(fly (1 + y 5 )v )] J t h.c. 120/ ..; 2 a e a 11 a 

O~HM H3 xopowo H3yqeHHbiX cna6blx nponeccos JIB

nJieTc• pacna~ 

fl+ -+ e++v +v 
e fl 

1211 

- npo:u;ecc, B JCOTOpOM Y'I&CTBYIOT TOJibJCO JieDTOHbl. 3TOT 

npo:u;ecc ODHCbiBaeTCJI raMHJibTOHBaHOM 

J{ G -= -=-<ey (l+y )v )(ii y (l+y )fl) + h.c., y2 a 5 r 11 a 5 
/221 

::::·:::-:--yc:::::=-:.a O:U. U~iiUii~ "i~A -~ iiJIIIHli.JlUUJS, ._IU Jl JI~UTOH

H&JI 'I&CTb raMBJibTOHH&Ha 1201 lonepaTOpbl nonei HeiT

pHHO H JieUTOHOB BXO~JIT B ra.MBJibTOHBaH B38RMO~eiCTBHJI 

1 + Ys 1 + Y 5 
B BB,Ae 2 V B 

2 
f {f =e ,(l}; onepaTOp Vf BXO,ABT 

B O.ABY CJC06JCy c onepaTopou f ./. 
raMBJibTOHB8Hbl B3&BMO,AeBCTBRJI /201 H 1221 y~OB

neTBOpJIIOT 38JCOHY COXpaReHBJI 3JieJCTpORHOrO Le B MIOOHHO· 

ro Ll' 'IRCen. ,l(eicTBBTen&Ho, npanxwe:w 3apJilKeHHbiM nen-

• Hueeu: 
AS=Sr-Si, 

r~e Sr ( S i ) - cyu.Mapaa• CTpaaaocTb Koae'IHbiX laa'lanbHblxl 
a~poaoa. H3 120/ O'leBH~Ho¢ 'ITO 

\ Q = Or - ; ~ 1 , 
r~e Qr(Qi) - Cy.MNapHbiB 3apJI~ KOHe'IRbiX IHa'I8JibHb1XI a)l
pOHOB B e~ana:u;ax ( -e ) I c: • 3ap•~ :meKTpoaal. TaKHM 
o6pa30M, YCJIOBHe .\ S = ] 3KBHBaneHTHO \ Q .\ S . 

II 



raMBJIJ.TOHBaJI 117 I ODBCWBaeT T&KBe nenTOH- a,ApOHHWe 

npo .. eCCW, B ICOTOpWX He MeHAeTCJI CTp&HHOCTb a.APOHOB. 

Donxwi raMBm.TOHBaH B3&BMOAeiicTBBA napw nenToH·HeiT

pBHo C &AJ)OH&MB MO)J(eT 6WTJ. DOJiy'leH B3 1171, ecnH C,lle

n&Th 3&MeHy 

j ( ~ s = 0) -+ j h = j ( ~ s = 0) + j ( ~ s = 1) ' 
a a a a 

r,Ae j a(~S = 1) - TOJC, B3MeH.uoutBii CTp&HHOCTh H& e,ABHB-

.. y*. Dony'laeM 

J( G [ - - . h =v2 (e Ya(l+ys)ve)+(~tya(l+ysh'p)]Ja th.c. 1201 

0.AHBM B3 xopomo B3Y1feHHWX cna6wx npoll.eccoa •a-

nAeTCJI pacna.A 

ll+-+ e++v +v 
e ll 

1211 

- _Dpo .. ecc, B KOTOpOM Y'f&CTBYIOT TOJIJ.ICO JieDTOHW. 3TOT 

npo~CC OBBCWBaeTCA raMBJIJ.TOHB&HOM 

J( G -
= ....:::......(e y (l+y )v )(v y (l+y )p ) + h.c . ...J2 a 5 r ll a 5 

1221 

DOCTpOeHBWM B& OCHOBe TeX )J(e DpBB ... DOB, 'ITO B JieDTOH

B&JI 11acT• raMBJIJ.TOHB&Ha 1201 lonepaTopw ncnei HeiT

pBBo B BeDTOBOB BXO.AAT B raMBBJ.TOBB&HB3&BNO,AeBCTBBA 

1 + Ys 1 + Y s 
B BB.Ae 

2 
v B 

2 
f {f = e , 1L); on epa TOp vp BXO,ABT 

B O.AHY CK06Ky C onepaTOpOM f .1. 
raMBJI.TOBB&HW B3&BMO,AeBCTBBA 1201 B /221 Y.AOB

JieTBOpJIIOT 3&KOHy coxpaHeHBJI 3JieKTPOHHoro Le a MIOOHHo

ro LIL 'IBcen. ,&eicTBBTen~oHo, npaBBmeM 3&pJI)J(eiiHWM Jien-

* Hueeu: 

r.Ae Sr ( S i ) - cywuapaaJI CTp&HHOCTJ. KOHe'lawx lna'lan~oawx/ 
a.IQ)oaoa. H3 /20/ o'leBB.AHO,a, 'ITO 

\ Q = Qr - '<; ~ I ' 
r,Ae Qr(Q;) - cyMMapHWB 3&pJI,A ICOHe'IHWX IH&'I&JibHWXI a,a
poaoa a e,Aauauax (. -e ) I <: - 3apJI.A :mexTpOH•ll. TaxaM 
o6pa30M, ycnoaae \ S = 1 3KBHBaneHTHO \ Q .\ s 

II 



TOHaM H HeiTpBHO npuae,neHHLie B •a6A. 1 3Ha'leHBJI 'le B 

Lf!. 

C! 

'Le 

'L fL ) 

v 
e 

1 

0 

Ta6Au11a 1 

fL v 
fL 

0 0 

1 

-e 

-1 

0 

v 
e 

-1 

0 

fL vp. 

0 0 

-1 -1 

~oTOE au a a.npouau npanuweu paBHLie uymo 3Ha'leHBJI 
L., a 'Lp. . laKoH coxpaHeHBJI nenToHHLIX 'lac en 4lopuapyeTcJI 
cne,nyiOIIUIM o6pa3ou: 

I ('L ) 0 = const . i e 1 

I ('L ) . = const • 
j fL 1 

:v 

/23/ 

O'leBB,IIH(J, 'ITO /20/ B /22/ y,noaneTBOPJIIOT 3aKouy coxpa
HeHBJI /2:&/. 

fiOMBMO /23/ Cyll\eCTBYIOT ,npyrae 41opuynBpOBKB 3aKOHa 
coxpa:~~eHRJI nenTOHHLIX 'IBcen. MLI o6cy;nuu TaK Ha3LIBaeu~a~i 
MYHLTBllJJBKaTBBHLIH 3aKOH: 

I ('L + 'L ) 0 = const e p. 1 

~ (Le) i 
( -1 ) 1 = const . 

/24/ 

0'1eaa.nuo, 'ITO ,nnJI npoueccos c yqacrueu nap1a1 nenTOHOB 
/23/ H /24/ 3KBBBaJieHTHLI. Pa3nH'IHe Me)I(.Q.y /23/ H /24/ 
B03HBKaeT B cnyqae npoueccos c y'laCTHeM 'leTLipex nen
TOHOB. Ecna HMeeT MeCTO /24/, TO HapB,ny C pacna,noM 

12 



ll+ .... e + +v +;; 
e ll 

CTaHOBBTCJI B03MO>KBWM pacna,Il 

,+ .... e+ +;; +v 
r e ll • 

/25/ 

/26/ 

3anpeaQeaawi /23/ I aAABTBBHWM 3aKOHOM coxpaaeaJtJI nen
TOHHWX qacen/. Bcna BCCne,IlOBaTL HeBTPBHO OT J~CDa,Ila 

+ J1 -Me30HOB, TO MO>KBO BWJICHBTL BODpOC 0 TOM, KaKaJI 
(lopMa 3aKoaa coxpaaeaaJI nenToaawx qacen /aAAI!iTBBHaJI 
ana MYJILTHDnBKaTBBHaJI/ BMeeT MecTo. ITepawi TaKI)B onwT 
6wn awnonaea a UBPHe. Mw y>Ke roaopana o TI)M, qTo 
B nyqKe aeiTpBHO UBPHa CO,Ilep>KBTCJI OKOno 0,5~ :meKT
pOHHWX aeiTpaao. PacqeTw noKa3wBaJOT, qTo 3neKTpoaawe 
aeiTpBHO C 3Hepraei MeHLWe 3 F3B DpOBCXO,IlJIT B OCHOBHOM 
oT pa.cnaAa 11 + Me3oaoa. Bcna BMeeT MecTo MYJILTannaKa
TBBBwi 3aKOH COXpaHeBBJI neDTOHHWX qacen, TO BO:l MO)I(HW 

pacnaAW /25/ B /26/ B B nyqKe 6YAYT CO,Ilep>KaTbCJI KaK 
r· , TaK B v,.. fipB B3aBMOAeiCTBBB 3TOrO nyqKa C HyK;IOHaMB 
6YAYT pO>K,IlaTLCJI, cne,IlOBaTenLHO, KaK 3neKTpOHW .. TaK B 
no3BTpoaw. Ha onwTe aa6nroAanacL :meKTpoaw. E 3 3TBX 
,IlaHHWX CJie,IlyeT, qTO 

1· ( 11 -1- .. e+ ii v ) 
e U 

I · { J1 + .... all ) 
< 0,25. 

B cnyqae, ecna &MeeT MecTo MynLTBDnBKaTBBHLiii 3aKoH, 
CJie,IlyeT O>KB,IlaTL, qTo 3TO OTHOWeHBe paBHO 1/2; TaKBM 
o6pa30M, nonyqeaawe ,IlaHawe ae CBBAeTenLCTBYJOT 1:1 nonL-
3Y uynLTBDnBKaTBBHOrO 3aKORa COXpaReBRJI nenTORRWX 
qacen. Heo6xoABMO, OABaKo, RMeTL a BBAY, qTo 3To TOnLKO 
nepawe Aaaawe. ,nanLaeiwero BWJICHeHRJI aonpoca <• (lopMe 
3aKoRa coxpaReHBJI nenToaawx qBCen cne,IlyeT O>KBAaTL 
OT yaenaqeHBJI CTaTBCTRKR aeiTpRRHWX 3KCDepBME!HTOB R 
OT ODWTOB, KOTOpWe DnaHRpyJOTCJI Ha Me30HHWX (lat5pBKaX. 

DpoAOn>KBM TenepL o6cy)I(JleBBe raManLToRaaaa <:na6oro 
B3aBMOAeicTBBJI. ~iBMaH B renn- MaHH npe,IlnOXOL!IR npo
CTeiwBM o6pa30M 061oeJlHHBTL raMRnLTOHRaHW /20/ R /22/. 
A RMeaao, ORB npeAUono>KBnB, qTo nonawi ra:wRm.TOHRaR 
cna6oro B3a&MO,IleiCTBBJI B:YeeT cne,IlyJO~B KOMDaKTRLii 

BRA: 

13 



I 
I 
:1 

!I I 
l; 

~~ 

l'l. 1 . 

. 

:H G . 
--) 

v2 a a 

3,~~;ecL 

i ,.(;:; Y 0+~5)e)+(i7 Y (l+y5)1l) +ib 
a ea jla a 

a 

:-
( 1J a 

-1 a = 1,2,3 

1 a = 4 a 

.+ 
1a 17a 

) . 

1271 

1281 

rawanLTOHBaH 121 I co,~~;ep>KBT 'lneHw ,~~;syx TBnos: He
,~~;aaroF..anLHWe lnpoB3Be,D;eHBJI pa3HWX qneHOB /B ,D;BaroHanL
Hwe: 

d 
:H G - ---==- [ ( e y ( 1 + Y. ) v ) ( v y (1 + y ) e ) + y2 a 5 e e a 5 

+ ( ~ y (1 + y ) v ) ( ;:; y ( 1 + y ) ll ) + 
a 5 ll 11a 5 

1291 

+ j (t~S =0) J (~S = 0) + j (~ S = 1) J (~S = 1) ] . 
2 a a a 

Bwpa»teHBJI 1201 B 1221 - He,~~;aaroHanLHwe qneHw raMBnL
TOHBana 121 I. lloMBMO 3TBX 'lneHoB, B 121 I co,~~;ep>KBTc• 
TaK>Ke He,D;BaroHanLHwi qnea 

:H = ~ j ( ~ S = 1 ) J ( ~ S "' 0) + h.c. , 
,17 a a 

OTBeTc:TseHilwi 3a HenenTOHHwe cna6we npol(eccw, B xo
Topwx MeH•eTC• CTpaHHOCTL: 

A ... p +77 

1+ ... n +11+ 

;e- ... A +11- B ,D;p. 

14 



Ilpoueccw, onacw.BaeMwe ue,naarouan&HWMH qneHaMH ra
MHJihT,OHHaua /27 I, ,nasao H3y'laiOTCJI ua onwTeo B uacToJIIUee 
speMJI aaKonneua 6on&maJI aacllopMaiUIJI o6 :nux np,>neccaxo 
0CHOBHOi BWBO,n, KOTOpWi MO)f(eT 6WTI. c,nenaH, COCTOHT 
B TOM, 'ITO ae,nuaroaan&uwe cna6we nponeccw onacwsa
IOTCJI raMHJihTOHHauoM /27 I o 

0 opoueccax, KOTOpWe ODBCWB8.10TCJI ,naarOHlLJihHWMH 
'IJieHaMH raMHJihTOHBaHa /27/, H3BeCTHO O'leHh MllJIOo 06-
cy,nHM KpaTKo HMeiOIUHecJI ,nauuweo IIepswA 'IJieH ra:wan&
TOHHaua B3aHMO,neiCTBHJI /29/ OTBeTCTBeHeH 3a nponecc 

v +e ->v +e 
e e 

3TOT nponecc npa Manwx 3HepraJix aHTBHeiTpiiHO /.no 
-10 M3B/ y)f(e :wuoro neT H3y'laeTcJI rpynnoi l'aiucao 
OnwT sec&:wa Tpy,neu /o)f(H,naeMoe ce'leuae - 10-17 

CM /o 
Ilonyqeuo, 'ITO 

a3Kcn 
""1,1 ± 0,8 ' /30/ 

r,ne av-A - ceqeuae, BW'IBcneuuoe c DOMOIUhiO /29/o IIony
qeaawA pe3yJI&TaT cornacyeTcJI c npe,ncKa3auaeM Teopaa 
Cl»eiauaaa H reJIJI- MaHHao KaK BH,nHO H3 /30/' ,non:fCTBMW, 
o,naaKo, .nonoJIHHTen&Hwe 'IJieaw B rauan&TOHHaHe cna6oro 
B3aHMO,neiCTBHJI, ,naJOIUIIe TOrO )f(e DOpJI,nKa, 'ITO H /29/, 
BKJia,n B aunJIHTy,ny npoueccao Ilocne,nual 'IJieH .raMHJI&
TOHHaaa /29/ DpHBO,nHT K 3cllclleKTaM HeCOXpaaeHJIJI 'leT
HOCTH B •.nepawx nponeccaxo TaKae 3cllclleKTW aa6mo,naJIHch 
pa3JIH'IHWMH rpynnaMHo Hanpa:wep, IUIPKYJIJipHaJI uonJipa-
3aUHJI y -K.BaHTOB, o6pa3YIOIUHXCJI npa pacna.ne t~enonJI

pH30B8.HHOro •.npa I81Ja I P - He'leTHwi 3cllclleKT/ pasua -
/6±1/o10 -6 /pe3yJI&TaT rpynnw Jlo6amo.Ba/o 3TH ,nauuwe 
CBH,neTeJihCTBYIOT 0 TOM, 'ITO B DOTeHIUiaJie JI,nepHWX CHJI 
a:weeTcJI uecoxpaHJIIOIIUii 'leTHOCTh 'IJieH nepsoro lopJI,nKa 
no G o O,nuaKo, ssa,ny CJIO)f(HOCTei, CBJI3auuwx <: KoJIH
qecTseaaw:w y'leTOM JI,nepHWX B3aHMO,neiCTBHB, D)OBeCTH 
,neTaJihHWi paC'IeT TeX 3cllclleKTOB, KOTOpWe Dpe,ncKa3WBaiOT
CJI JiarpaH)f(HaHOM B3aHMo,neiiCTBHJI /29/ ,nJIJI JI,nep, BeC&Ma 
TPY.nHOo 

HTaK, ae.nuaroaanLuwe cna6we npoueccw onac~saiOT
CJI raMHJILTOHBaHoM /27 I. OnwT ae HCKJIIO'IaeT uaJIB'IHJI 
,nODOJIHHTeJILHLIX 'IJieHOB B ,naaroHaJILHOB 'laCTH -aMHJIL-

15 



ltl' 
II 
~ ,l 

~ ·~ 

' I 
·~ , 
'i~i 
I' 

~!~ 

1 
~~ 

I 

TOHHaHa 127 I. 3TH pe3yJII>TaTw Heo6xoAHMO y'IHTYBaTb 

npH MO.D.IfcllHKa:UHJIX TeopHH cna6oro B3aHMO.D.eiicTBHJI. Xo

powo H311eCTHO, 'ITO He06XO,IUIMOCTb MO.D.HcllHKa:UHH CBJI3aHa 

C Henep•:mopMHpyeMOCTbiO TeOpHH, BCJie.D,CTBHe KOTOpoii 

ce'leHHJI PJI.D.a cna6wx npo:ueccos pacTyT c pocTOM 3HeprHH 

H npH HeKOTOpoi 3HeprHH lnopJI.D,Ka 300 T3BI B03HHKaeT 

npOTHBOJie'IHe C COOTHOWeHHeM YHHTapHOCTH. 

Mo.u.HcllHKa:UHH TeopHH cna6oro s3aHMO.D.eicTBHJI :JcllclleK

THBHO CI!O.D.JITCJI K .u.o6asneHHIO K raMHJibTOHHauy 127 I uoswx 

'IJieHOB. llpH 3TOM npe.D,CKa31o1BaiOTCJI HOBiole CJia61o1e npo· 

:ueccw 11 MeHJIIOTCJI aMnJIHTY.D.Y .D.HaroHaJibHYX npo:ueccos. 

B 1973 ro.u.y 6wJIH, .u.eicTBHTeJibHO, OTKpYTY TaKHe cna6we 

npo:ueCCiol, KOTOploiM OTBe'laiOT raMHJibTOHHaHiol, OTCyTCT· 

syroii(Jie B 127 I. I TaK Ha3wsaeMwe ueiTpani>Hiole TOKHI. 

TaKHM o·5pa3oM, 121 I He JIBJIJieTCJI noJIHYM raMHJibTOHHaHOY 

cna6oro B3aHMO.D.eiicTBHJI. 

Mw ~6cy.D.HM O.D.HH H3 HaH6onee HHTepecuwx sapHaHTOB 

TeopHH cna6oro s3aHMO.D.eiicTBHJI - TeopHIO Baiiu6epra

CanaMa. B ocHose 3Toi TeopHH ne)I(HT o6'be.D.HHeHHe cna6oro 

H 3JieKT])OMarHHTHOrO B3aHMO.D,eiCTBHi. llpe~e qey nepe • 

xo,IUITb 14 TeopHH Baiiu6epra-CanaMa, HanoMHHM, 'ITO y)l(e 

MHOro neT , cyiQecTsyeT B OTJIH'IHe oT 121 I cllopMyJIHpOBKa 

TeOpHIJ <:na6oro B3aHMO.D,eiCTBHJI - TeOpHJI C npoMe)l(yTO'I· 

HYM 6o3 )HOM. BH.D. swpa)l(eHHJI 127 I IToK x ToKI uaso.D,HT ua 

MYCJib u TOM, 'ITO raMHJibTOHHaH 121 I JIBJIJieTCJI 3~eK
THBHioiM raMHJibTOHH&HOM H B03HHKaeT BCJie.D,CTBHe 06YeHa 

Me)I(.D,y ~~OKaMH 3apJI)I(eHHOii BeKTOpHOii 'laCTH:Uel lauano· 

rH'IHO T<J MY, KaK 3JieKTpOMarHHTHOe B3aHMO.D,eiCTBHe Ue~y 

3apJI)I(eLRioiMH cllepMHOHaMH o6ycnaBJIHBaeTCJI 06UeHOM clio· 

TOHOM/. IECJIH npe.D,UOJIO)I(HTb, 'ITO CyiQeCTByeT aHaJIOrH'IHaJI 

clloTOHy aeKTOpHaJI 'laCTH:Ua, nepeHOCJIIQ&JI CJia6oe B3aHMO· 

.D,eiCTBH•~, TO narpaH)I(HaH cna6oro B3aHMO.D,eicTBHJI HMeeT 

BH.D. 

f 1 g J W + h.c., 
0 a a 

1311 

r.u.e j a - . cna6wi TOK /swpa)l(eHHe 1281 I, W a - onepaTop 

UOJIJI 3a];'JI)I(eHHioiX BeKTOpHioiX 'laCTH:U, a g 0 - 6e3pa3MepHaJI 

KOHCTaH~ra B3aHMo.u.eicTBHJI. ~HarpaMMa npo:uecca {3 -pac-
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nana HeiTpoHa, B cny'lae, ecnH cyiQecTByeT npo:ue)l(yTo'I
Hwi 6o3oH, npencTaBneHa Ha puc. 4. 

Puc. 4 

O'leBB.IlHO, 'ITO, ecnH KBa,!lpaT uaccw npoMe)l(yTO'IHoro 6o<:: 30Ha MHoro 6om.me KBa,!lpaTa nepena'IB aunym.ca HY_KnOHY, 
'"' TO MaTpB'IHhiH 3neMeHT TeOpBB C npoMe)l(yTO'IHWM 0030HOM 
~ IBo BTopo:w nop.&,!lKe no g 0 I coBnanaeT c uaTpB'IHWM 
~...:J 3neMeHTOM, Bhi'IBCneHHhiM C nOMOIQLIO raMBnLTOHBaHa 1211 
:::_IB nepBoM nop.&,!lKe no G I. KoHcTaHTW G B g 0 CB.&3aHw 

npH 3TOM COOTHOWeHBeM 

-~=JL 
...;7 m2 

EcnH cyiQeCTBye~ npoue)l(yTO'IHWi 6o3oH, TO npu nncTaTo'I
HO BhiCOKHX 3HeprB.&X OH ,!lOn)l(eH po)l(,!laTLC.R B npoueccax 
COy,!lapeHB.& 'laCTHU. 0TMeTBM, 'ITO B3 HMeiOIQHXC.R :tKCnepH
MeHTanLHWX naHHWX cnenyeT, 'ITO uacca 3ap.&)l(eHH e>ro npo
we)l(yTO'IHoro 6o3oHa 6on~ome 10 T3B. 

Teopa.a BaiH6epra-Canawa npennonaraeT CYIQilCTBoBa
HBe npoue)l(yTO'IHWX 6o3oHOB. Cnaooe H :JnexTpouarHHTHOe 
B3aBMO,!leiCTBH.R CTpO.&TC.R TaK, 'ITO OW BWnOnH.RJiaCL HH
BapBaHTHOCTL OTHOCBTenLHO KanHOpOBO'IHhiX npeo6pa30Ba
HBi JIHra- '4annca. Ha 3TOM 3Tane nocTpoeHHJJ TeopHH 
MaCChi BeKTOpHWX 0030HOB B nenTOHOB C'IHTaiOTC.R paBHWMH 
HyniO. 3aTeM KanHOpOBO'IHa.& BHBapBaHTHOCTL uapymaeTC.R 
IBBe,!leHHeM ,!lOnOnHHTenLHOrO B3aHMO,!leHCTBB.&I TlLKBM 00-
pa3oM, 'ITO y Bcex 'laCTHU, xpoue ciJoToHa H He:iTpuuo, 
B03HBKaiOT waccw. Mw o6CY.IlBM TonLKO TY 'faCTI· TeopHB 
BaiH6epra, KOTopa.a cB.&3aHa c nocTpoeuaeu narpaH)I(BaHa 

06'L ... )<l:i.u~,;;.:du!t nm:mryr 
t\. ... ;:;:'~X nce.ilenoMI-U!I 

6h~Jiiv!OTEY'-~ 
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' 
' ,j 

!I 
!1l 
~~~ 
3~1 

B3aBMOA•~icTBBJI. Baa'laJie paccuoTpBM B3&BMOAeicTBBe 

JienTOHOfl B BeKTOpHWX 'I&CTBU. llpeADOJIO)I(JIM, 'ITO CTOJI6eu 

IL 1 + Ys 

2 

v 
( e ) 

e 

npeo6pa.tyeTCJI K,!lK cnaaop. TorAa BeJIB'IHHa 

·L y T• ·L a 1 

/r 1 - _MaTpauw llayna/ JIBJIJieTcJI BeKTopou. EcJIB onepaTop 

DOJIJI A~ npeo6pa3yeTCJI K&K BeKTOp OTHOCBTeJILHO TeX lKe 

npeo6pa10B&HBB /B K&K BeKTOp OTHOCBTeJILHO rpynnw Jlo

peaua/, To narpaH)I(JiaH 

. g - I 
~I = 1 2 ·L y a r i 'LA a , /32/ 

rAe 8 - BeaQeCTBeHH&JI 6e3p&3MepH&JI KOHCT&HT&, JIBJIJieTCJI 

CKaJIJIPO!ol. 83 /32/ nonyqaeu 

. g -
·~I =, [ 1 --=< e y (1 +y5 ) v ) W + h.c. ] + 

2 y 2 a e a 

+ 1i _!_ :L y r 'L A 
3 

2 a 3 a 

3AeCL 

w 
a 

AI 
a 

2 
+ i Ag. 

..[2 

/33/ 

• _onep8.TOp DOJIJI 3&pJilKeHHhiX BeKTOpHWX 'I&CTBU. fiepBWi 

'IJieH BblpalKeHBJI /33/ COBD&A&eT C TOR 'I&CTLfO JiarpaB· 

lKB&Ha /31/, KOTOpaJI ODBCWBaeT B3&BMOAeiCTBBe napw 

3JieKTPC'H ·aeiiTpBBO 
3 

C 3&pJilKeBBWM npoMelKyTO'IBWM 60-

30HOM. OnepaTop Aa JIBJIJieTcJI onepaTopoM noJIJI aeiiT

paJILHW:[ BeKTOPHWX 'I&CTBU. QqeBBAHO, 'ITO 3TOT onepaTop 

He yOlKeT 6WTL OTO)I(AeCTBJieH C onepaTOpOM 3JieKTpOMar· 

HBTHOrC1 DOJIJI * • ,no6&BBM K Jiarp&B)I(JI&Hy /33/ 'IJieH, On& • 

--~=--------~--~~--1 1-
*BeJIB'IBHa ·Lya r3 ·L = '2~ ya(1+y 5 )ve-yra(1+y5)e ae 

COBD&AUeT C onepaTOpOM 3JieKTpOM&rHBTHOrO TOKa. 
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CWBaiO~Bi B3&BMOAeiCTBBe JienTOHOB C HeiTp&JIItHUM noJieM. 

3TOT narp&H)I(B&B MW T&JOKe nOCTpOBM, OCHOBL!Ba.IICit H& 

COOOpalKeHBJIX CBMMeTpBB. PacCMOTPBM onepa-rop TOK& 

e Ya e . 

HeTPYAHO BBAeTit, 'ITO 

- 1- 1 - -
e Y.a e = - - 'L y r ·L + -'L y 'L + R y R , 

2 a3 2 a a 
/34/ 

DpeAnOJIO)I(BM, 'ITO R - B30CKaJI.IIp. TorAa 

1 - - 1 -
-·l y ·L + R y R = - ('L y r 'L + 2 e y e ) 
2 a a 2 a3 a 

T&KlKe B30CKaJI.IIp. EcJIB onepaTOp nOJI.II HeBTpaJILHWX BeK-

TOpHWX 'I&CTB~t Ba- '30CK&JI.IIp, TO narpaHlKB&H 

~ =-iL ( Ly r ·L + 2ey e)B /35/ 
2 2 a 3 a a 

BBB&pB&HTeH OTHOCBTeJIItHO paCCM&TpBBaeMWX Ha:W:B npe

OOp&30BaHBi /rpynna SU (2) xu (1) I. QqeBBAHo, 111~0 one

paTOP Ba no Te:w: lKe npB'IBHa:w:, 'ITO B A~ , He MG:IKeT OWTit 

OTO)I(AeCTBJieH C onepaTOpOM 3JieKTpOM&rHBTHOrO nOJIJI. 

B:w:ecTo nonei A 3 B B BBeAeM non.11 Z B A ·• 
a a a a 

A3 cZ +sA 
a a a /36/ 

B = -sZ +cA 
a a a 

rAe 

c2 2 + s = 1 . /37/ 

ICo34NI»BueHTW c B s - :w:oryT OWTit uwopaHw T&JCBM :>opa3o:w:, 

'ITOOW onepaTop Aa JIBJIJIJICJI onepaTopow: 3JieKTpowarHBT~ 
BOrO nOJIJI. ,[leiCTBBTeJIJoHO, BWAeJIBM B3 JI&rp&HlKBELH& B3&B• 

MOAeiCTBBJI TY 'I&CTio, JCOTOpaJI onBCWBaeT B3&BMO,Q;eicTBBe 

nenToBoB c seiTpan~oaw:w:s qacT~MB. HcnoJUt3·r• /36/, 
nonyqae:w 

19 



~ i 

.I 

ii 
!I 
·1 
i .. ~ 

! 

f 0 = :i ..!. I [ ( g s - g 'c) ·L Y. r3 IL - 2 gc e y e ] ·A 
2 • a a a 

/38/ 

+ [ ( gc + g 's ) •L y r 1L + 2 g' s e y e ] Z I . 
a 3 a a 

EcnR K03~Rn&eHTW C R S YAOBneTBOpRIDT COOTHOWeHRRM 

gs = g'c 

g 'c = -e ' 

/39a/ 

/396/ 

rAe e - .38PRA 3neKTpOH8, TO O'leBRAHO, 'ITO nepBWi 'lneH 

/38/ COJJD8A8eT C narp8H)I(JI8HOM 3neKTpOM8rHRTHOrO B38R • 

MOAeiCTBRR 

C<Jem • - A 
.t. =tecy e . 

a a 

H3 /39a/ cneAyeT, 'ITO 

g' 
S = ·-C • 

g 

IIOACT811nRR /40/ B /37/, nonyqaeM 

c "" . :::;;=8 ===v g2+g'2 
,lJ;anee, 113 /40/ H8XOARM T8JOKe, 'ITO 

/40/ 

/41/ 

g' 
s = - . /42/ 

\'82+g'2 
)];ns BeJIR'IRH, BXOARIJtiiX B narp8)1(J18H /38/, nonyqaeM C DO

MO&qhiD /41/ R /42/ 

, 2 , 2 
gc + g s = y g + g 

g's 
g'2 

/43/ 

y'g2+ g'2 
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3&UHWeM TenepL UOJIHLII: narp&IDKH&H B3&HMOJleiCTBHJI 
nenToHOB c sexTOPHLIMH 'I&CTH.U&MH. IIpe~nonaraJI, 'ITO 
&MeeT MeCTO 11-e·yHHBepcanLHOCTL, nonyqaeM 

1441 

PaccuoTpHM aexoTopwe cne~CTBHJI, BLITexaiOIIUie H3 1441. 
Oepswl: qnea narpa)I(HaHa I 441 onacwsaeT B3aHMOitelcTBHe 
napw nenToa-aei:TpHHo H W -6o3oHa. MaTpH'IHLII :JneueHT 
pacna~a 11 -ue30Ha ~aeTCJI ~arpauuol: puc. 5 

e'...... A y ,, 
IW 
I 

A ?l 
Puc. 5 

c UOMOUU.IO I 441 H&XO~M: 

r G 
smi = "1/2 ' 

r~e m w· .Macca 3ap••eaaoro npoue•yTo'IHoro 
~pyrol: CTOpOHLI, H3 1391 H 1421 HMeeM 

r~e 

2 e2 e2 
g =-=~..,...--. 

s 2 sin2e 
1' 

145/ 

6U30H&. C 

/46/ 
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' 

;li 
,:·'. 

~ = tg ew 
g 

1411 

lyron ()W HOCHT Ha3BaHHe yrna Baiu6epral. H3 1451 B 
1461 DOJJ.y'laeM cneAYJOD.tee COOTHOWeHBe, CB.a3WBaJOD.tee 
KBaApaT :t.~accw 3ap.a:lKeuuoro npoMe:lKyTO'IHoro 6o3oua c na
paMeTpo:.. sin~ ': 

Tra m2 
w 

y2 G sin 2 ew 

3Aec& 
e 2 1 

a=':"'-·--· •i77 - 137 
H3 I 481 naxoABM 

l/2 
( 

17C 
m ·> --) 

w- v7G 
= 37,3 F3B. 

1481 

TaKBM o6pa30M, B TeopBB Baiiu6epra Macca 3ap.a:lKeuuoro 
npoMe:lKy·roquoro 6o3oHa ue MO:lKeT 6wT& MeH&me 37,3 F3B. 

HoswM qneuoM, O'tnH'IaJOD.tBM TeopBJO Baiu6epra OT 
TeopBB q,eiiHMaHa B renn- Mauua, JIBn.aeTc.a TpeTBii qneu 
narpau:lK11aHa 1441. Ou onucwsaeT B38.B.d&OAeiicl'BBe c nen
TOHaMB Heii:Tpan&HOrO DpOMe:lKyTO'IHOrO 6030Ha /Z- 6030Hal. 
EcnB a· nnrpa:lKHaHe cna6oro B3aBMOAeiicTBB.a, AeicTBBTen&
uo, ecT& Taxoi 11neu, To ero uanuque npBBOABT, so-nepswx, 
K nponec:caM, KOTopwe 3anpeD.teHw Is HB3meM nop.aAKe 
TeOpBB E03MYD.teHB:iil Teopseii: fl»eiHMaHa B rellJI·MaHHa, 
B, BO·BT :>pYX, K DO.aBneHBIO HOBWX 'lneHOB B aMDnHTyAaX 
ABarouanbHWX npon;eccos. 

Ilpe:lK,~e 'I eM nepexoABT K paccMoTpeHBJO :nux 3~eK
TOB, OTM~TBM, 'ITO MaCChi Heii:Tpan&HOrO B 3ap.a:lKeHHOrO B 
npoMe:lKY1'0'IHWX 6o30HOB cs.a3auw B TeopHB Baiiu6epra co-
OTHOWeHBeM: 

g2 +g' 2 2 
m 2= ( )m z 2 w g 

1491 

Hcnon&3YJI 147 I B 1491, nonyqaeM 

2 Tra 

mz = ·- 2 2 
,/2 'G sin ew cos e w 
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rnz·;::: 2( :_a ) 112 = 74,6 F3B. 
y2'G 

EcJIB cyiQeCTByeT Z -6o3oH, B3aBMO.QeicTBYJODtlli c seiTpHHO 
B JJeDTOHaMB, TO CTaHOBBTCJI B03MO>KIIhiM npol(eCC 

/50/ 

3anpeiQesswl o6w11Hoi Teopuei. ,D;uarpaw:w:a :noro nponecca 
npe.QcTaanesa sa puc. 6 

Puc. 6 

2 
llpese6pera•q a nponaraTope Z -6o3oHa * B ucnoJJL3YJI 
COOTHOWeHBJI /45/~ /47/ B /49/, MJI 3~eKTBBHOrC•raMBJJL
TOHBaHa npouecca /50/ nonyqaew: 

}( = V~ (j;ll Ya(l+y5)vll)( e ya(gllv+g~ Ys)c), /51/ 

1 gil=--. 
A 2 

* q2~ s = 2rnEv-:::. 10 3 r3B. E (E - 3Hepr:HJI 
j/ v 

HeiTpBHO B JJ.C./. 

/52/ 

23 



I

I, 

' 

Ceqeaae npoQecca /50/ 3aBHCHT, cneAOBaTenbao, OT oA
aoro na~.MeTpa - sin

2 ew· HeAaBao B UEPHe B ny3wpbKo
uoi KaMepe "rapraMenb" 6wno aa6moAeao ADa co6wTHJI, 
B03MO~HaJI HHTepnpeTaQHJI KOTopwx - npoQecc /50/. He
Kana· , C06biTHJI C OAHHOqHbiM 3neKTpOHOM, 3HeprHJI KOTO
poro 6on bWe 300 M 3B a yron uwneTa no oTaoweaaiO K 
DyqKy HeBTpHHO MeHbWe 5° /3TH KpHTepHH o6ycnaBnBBanBCb 
ycnoBHJIM.il flloaa H KHHeMaTHKOB npoQecca /50//. 0CHOBHOi 
acToqaaK flloaa - npoQecc 

v +n-+e e 
+ ... , p ,, 

/53/ 

/Koaeqawi npoTOH ae BRAe a/. KaK Mbl y>Ke rouopana, 
npaMeCb 'e B ny~e "aeiTpaao" cocTaBn.HeT 0,5~. ,D;ua 
C06b1THJI C OAHHOqHbiM 3neKTpOHOM 6wna o6aapy~eHbl aa 
ny~e "a fiTHHeiTpHHO", B KOTOpOM npa:MeCb Ve 3HaqaTenb
HO MeHbUie /npaMepao B AeC.HTb pa3/, qey B nyqKe "aeiT
paao". 11(1 pacqeTaM auTopoB flloa OT peaKQHH /53/ a APYrHx 
npoQecco.s cocTaun.HeT 0,18±0,12 co6wTai. Ilonyqeaaoe H3 
3THX nepswx Aaaawx c~qeaae npoQecca /50/ co~.llfcyeTCJI 
c Teopaeii Baia6epra. Ilpa 3TOM AnJI napaMeTpa sm ~ B03-
aaKaeT cJieAyromee orpaaaqeaae: sin2 .ew :;: 0,45. 

PaccMOT])HM Tenepb npoQecc 

1· (v )+e -.v (ii) +e. 
e ·~ e e /54/. 

Hap.HAY c AHarpaMMoi puc. 7a Teopaa c W -6o30HOM, B Teo
paR Baiin6epra B03HHKaeT AnJI 3TOro nponecca AOnonaa
TenLHaJI ;UiarpaMMa I 76/ 

~ 
t VI 

~ 
Puc. 7a 
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Puc. 76 

Hcuon1.3 YJI upeo6pa3osaHHe ~Hpu;a, ,ZVIJI 34;14le KTHBHoro 
rauHnJ.TOHHaHa upou;ecca /54/ uony'laeu cne.ZU'IOIIJ;ee swpa
)l(eHHe: 

/55/ 

r~e 

e 
g 

A 

1 

2 

/56/ 

0TMeT,M, 'ITO H3 ODWTa PaiHCa H ~p. cne~yeT, 'ITO 
sin Ow5 0,3 . 

Teuepb o6cy~HM narpaH)I(HaH s3aHMo~eicTBHJI npoMe)l(y
TO'IHWX 6o30HOB H a~poHOB. BHa'lane uw He 6y~eu pac
CMaTpHBaTb CTp,aHHWe 'laCTHIJ;W. JlarpaH)I(HaH B3HHMO~ei
CTBHJI CTpOHTCJI: DO aHanOrHH C neDTOHHWM cnyqae". IlyCTb 
cTon6eu; 

N =3(P) 
L 2 n ' 

/pH 0 - ouepaTOpW DOnJI upOTOHOB H Hei:TpOHOB/ o6pa,3yeT 
~y6neT. ~JI narpa)I(HaHa B3aauo~eicTBHJI c uom~u A• 

a 
aHanorH'IHO /32/, aueeu 
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it1 

f. = i ~ N y T .NL A i 
1 2 "L a 1 a 

/57/ 

BW,IleiDIJI B3 :noro narpaiDKBaHa 'lJieH, ODBCWB8JOUUIB B3aB
YO,IleBCT eme c W -6o30HaYB, nony'laeu 

f.l = [ i g __ (ny (1+y )p)'1W +h.C.)+ 
2 v2 a 5 a 

/58/ 

+ i g N N A3 
2 Ly a 

73 L a' 

.U.anee, auanorB'lHo /34/, 3anaweu on epa Top TOKa B cne

.IlYIO~eY BB,Ile: 

. em - 1 - 1 - -
Ja= PYaP=2NLyar3NL+ TNLyaNL +I\tYaPR· /59/ 

3,IlecJ. 

p =~ R 2 p. 

HusapuuHTHWii narpaiDKBaH B3aBYO.IleiicTBB.Il a.npoHoB c 
noneN H a BYeeT BB.Il 

. g' - . em 
f2 = - 1 2 ( NLya r 3 N L- 2 J a ) B a . /60/ 

HaKOHeJJ,, c nouo~10 /36/, /41/, /42/, /47 I .nn.11 narpau
>KIIaHa, ODBCWB~ero B3aBYO.IleBCTBBe a,npOHOB C DOJIJIMB 
ueiiTpaJIJ.HWX 'laCTB~, nony'laeu cne.nyro~ee Bwpa)l(eHae: 

---
(,) • . em • 1 ...2 , 2 - . 2 . em 
J-. 0 =-t•eJa Aa+t-yr,- +g )(NLyar

3
Nc2stn OwJa )Za. 

2 /61/ 
Tenep1. paccuoTpBY Bonpoc o BKJIIO'leHBB B cxeuy Baiiu-
6epra CTpaHBWX 'laCTB~. llarpaiDKBaB, ODBCWB8.10~ B3aB
YO.Ileiic:TBBe W ·6030HOB C a,npoBaYB, BYeeT BB,Il 

·f
1 

= i- 8 _ [(ncosO +X sinO )y (1+y
5
)p)W + h.c., /62/ 

:~y2 c c a a 

r.ne e(~ - yron Ka6u66o, a p , n , A - onepaTopw noneii 
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COOTBeTCTBYJOUUIX KBapKOB. 3TO BLip8JKeHHe MO>!CeT 6hiTI• 
nepenHcauo cne~yiOlltHM o6pa30M: 

i\ = \;~ BLYa~ (r 1 -ir2 )BLWa +h.c. 

3~ec& 

1+ Ys 
B = . 

L 2 

p 

( n cos e + ,\ sin e 
c c 

) . /63/ 

EcJIH npe~onmKHTh, 'ITO B L npeo6pa3yeTcJI Kal4 ~y6neT, 
TO BMeCTO /61/ nonyqaeM 

• • em . 1 . 2 , 2 . z 
J: 0 = - 1 e J a A a + :1 2 V g + g J a Z a ' /64/ 

r~e ueiTpaJII.HLiii: cna6wi TOK paseH 
z - • 2 . em 

j a = B L y a r 3 B L - 2 Stn Ow J a • 

qacTh 3Toro narpaH)I(]IaHa, KOTopaJI onHcwsaeT npoueccw 
C H3MeHeHHeM CTpaHHOCTH, HMeeT B~ 

s:; =-it v lt g '
2
sineecos e J .:i"ya (1 +y s)A+ Aya (1 +Ys )n]Za. 

EcJIH B narpaH:>KHaue cna6oro B3aHMo~eicTBHJI ec Th TaKoi 
'IJieH, TO B nepsou nopJI~e no G cTaHOBJITCJI B03UO)I(HWMH 
npoueccw 

+ 
K + 

~rr +v+v /65/ 

H ~pyrHe auanorH'IHWe npoueccw. llpouecc /65/ uc: ua6mo
~ancJI ua onwTe, npH'IeM 

+ + -r <K ~ " v v > < 6 • w -7 . 
r (K+ ~ all) 
~JIJI Toro, '1To6w B narpaH)I(Haue cna6oro B38HMO~ei

CTBHJI He B03HHKJIH H3MeHJI~UUie CTpaHHOCTh HeiTpaJI!.HWe 
TOKH, 6wna npe~JIO)I(eHa cne~YJOIJlaJI npoue~ypa. Bse~eM, 
HapJI~y C /63/, ~y6JieT 

p' 
B'- ~. ( ) /66/ 

L- 2 -n sin 0 + ,\ cos 0 ' c c 

r~e p' - onepaTOp fiOJIJI KBapKOB C HOBWM KBaHTOBbiN 'IHC
no,. (charm). ~JI narpaH:>KHaHa B3aBNo~eiicTBBJI e noneM 
A 1 

npHMeN swpa)l(eHHe 
a 
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fi 

t 
f 

l,: ... ··· 
,' 

:tj, 
);, 
~( 
'!' l· 

g - - i 
f I = 2 ( B Ly a r i B L + B L y a riB i) A a 

AHanorH 'IHO /64/, .AJIJI narpaH)KJI&Ha B3&HMOAeicTBHJI c 

3JieKTpm&arHHTHWM none:M H noneM Z -6o30HOB nonyqae:M 

C<l • • em A 1 . 2 , 2 . z Z 
J-. 0 =-·leJ +-•v's +s 1 • a a 2 a a 

rAe Hei1 panLHWi cna6w:ii TOK jz paaeH a 
z -

ja = 8 LYa'3 8 L + BL Ya'3B'L- 2sin
2
0wi :m 

/67/ 

/68/ 

,D;n.11 TOKa. j ~ , HcnoJIL3YJI /63/ H I 66/, nonyqae:M cne.zu'IOlllee 

Bhlpa.>Ke HBe: 

.z 
J a 

.. 1 . 2 .em . s 
1· -2sm Owl tJa a 

/69/ 

])leCL 

. :l 
Ia 

1 
N Ya (1 1 y 5 ) 2 r 3 N 

- 1 p 
- TpeTLJl KO:MllOHeHTa TOKa Ia~ Nya (1+y5 ) 2 riN (N = ( n )), 

a 
. s 1 -, (1 ) , 1 ~ (1 ) ' 
1 __ p y 1 y p - -- 1\ y + Y

5 
1\ • 

a 2 a 5 2 a 
'j 

ToK ia npeo6pa3yeTcJI K&K H30BeKTOp /npB o6W'IHWX H30-

TOllB'Ie CKBX npeo6pa3 OB&HHJIX/. KO:MllOHeHTW j la ± i j: 
3TOrO TOK& BBO)lJIT B He MeHJIIOlllYJO CTpaHHOCTL 'I&CTL Jiar

p&H)KJI&Ha B3&BMOAeicTBHJI c W -6o30H&MB. ToK j ~ npe

o6pa3yeTcJI K&K B30CKaJI.Ilp. HTaK, ecnB aaecTB qeyaepTwi 

KB&pK, fO TeOpB.Il MO>KeT 6WTL llOCTpOeHa T&KBY o6p&30Y, 

'ITO B narpaH>KB&He B3&BYO,lleBCTBBJI He B03HBK&IOT B3Ye

HJIIO~e CTp&HHOCTL HeBTp&JILHWe TOKB. KB&HTOBOe 'IBCJIO 

charm fie coxpaHJleTcJI B cna6wx B3&BMOAeicTBBJIX. B onw

Tax C ll~''IK&MB HeiTpBHO )lOJI)KJIW,CJie)lOB&TeJILHO,pO)I(Jl&TLCJI 

'I&CTBUill, o6JI&A&IO~e HOBWM KB&HTOBWY 'IBCJIOY. Ha :now 

MW 3&KOH'IBM paccYoTpeHue Teopuu BaiH6epra. B 3&KJIIO

'IeHBe J::eCKOJILKO CJIOB 06 OllWT&X, B KOTOPWX 6WJIB OTKpW· 

TW Hei-rpaJILHwe TOKB. Pe3yJILTaTLI nepawx 3KCnepB:MeHTOB 

6WJIB ony6JIBKOBaHW B 1973 ro,lly. B IJ.EPHe B ny3WpLKOBOB 

K&Yepe "rapraMeJIL" H&P.IIAY C o6W'IHWYB MIOOHHWYB npo

uecc&:Mll 
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v (v )+ N .... "(i"i)+ ... p. p. . r r . 
/701 

6:wnB ua6mo.z.eu:w 6e3MJOOHH:We ue:ihpuuu:we co6wTB.II 

v(v)+N-+v(v)+··· p. p. p. p. /711 

0CHOBHOH IICTO'IHBK cl»oHa - HeiTpOH:W, o6pa3yeuwe HeHTpB
HO B 3auune B MarHBTe B nona.Z.aJOII{Be B Kauepy. ,l;nJl Toro 
'1To6:w no.z.aBBTL 4lou, aBTop:w oT6upanu co6wTBJl, B KOTop:wx 
3HeprBJl a.z.pouos 6onLwe 1 F3B. ,ll;nJl OTHomeuni 'IBcna 
6e 3MIOOHH:WX C06:WTBH K 'IBCHy C06WTBB C MIOOHOM B KOHe'I
HOM COCTOJlHHB 6:WHB Hai.z.eH:W cne.z.yJOII{Be 3Ha'leHBJI: 

R = 0,22 ± 0,03 v . 

R -= 0,43 ± 0,12. 
v 

Jie3MJOOHHWe HeiTpBHH:We C06LITBJl 6:WnB TaiOK'~ Ha6nJO
.z.eH:W DPB 6onLWBX 3HeprBJlX ueiTpBHO I$. 150F3B/ rpyn
uauB, pa6oTaJOII{BMB B 6aTaBBB. ,ll;nJl oTuowelfB:ii H B R- B v v 
3TBX 3KcnepuueuTax uonyqeu:w cne.z.yroli{Be 3Ha'leHilJl: 

R v = 0,12 ± 0,04 
I .z.auu:we oAUoi rpynn:wl 

R- = 0,32 ± 0,08 v 

R-=0,33. v 
I .z.auuwe .z.pyroi rpynnwl 

HaKoHell, ua ycKopuTene B Aprouue npu oTuoc BTenLHo 
uan:wx 3HepruJlx ueiTpBuo IS. 1,5 F3BI 6:wnu ualinro.z.eu:w 
upo}lecc:w 

v + p -+v + p + 11° 
p. p. 

v + n-+ v + p +17 
p. p. 
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TaKBM O(ipa30M, B UOCHe,llHBe rO,IlW OTKpWT HOBWB KJI&CC 

cna6wx nponeccoB - 6e3MIDOHHwe HeiiTpBHHWe npoueccw. 

fiepBWe :tKCnepBM.eHTaJibHWe ,ll&HHWe He D03BOJI.IJIDT, O,ll

H&KO, BWRCHBTb CTPYKTYPY HeiiTpan~oHoro cna6oro Toxa, 

B, B 'I&CTHOCTB, npoBepBTb Teop&ro BaiiH6epra. 

Ha :JTOM MW 3aKOH'IBM o6cylK.D:eHBe raMHJibTOHBaHa cna-

6wx B3&1lMO.D:eiicTBBii. Mw BB.D:eJIB, 'ITO nocne.D:HBe ro.D:w 

03H&M.eHOB&JIBCb 3H&'IBTeJlbHWM nporpeCCOM cliB3BKB CJia6WX 

B3&BMO,IleBCTBBB. fiOBCK npoMelKyTO'IHWX 6030HOB, B3y'leHBe 

CTpyKTypw HeiiTp&JlbHWX TOKOB, BCCJle,llOB&HBe ,llB&rOH&Jib

HWX cnaf,wx nponeccoB, .D:eTaJibHoe accne.D:OBaHBe He.D:aaro

HaJibHWX npoUeCCOB K&K B 06JI&CTB 60JlbWBX, T&K B B o6-

JiaCTB M8JIWX 3HeprBii, DOBCK HOBWX ,llOJlrOlKBBYJIUIX 'I&CTBU 

B peaKUBRX Ha ny'IK&X HeiiTpBHO - BalKHWe 3a,ll&'IB 6JIBlKaii

WBX JleT. 
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l..JaCTbll 

- -
2. liPO&IeCCbl vfl (t' fl) + N .... fl (fl) + •·· 

/~eHOMeHOAOZU~eCKUe eonpOCbV 

Mw paccMoTpBM 3,IJ.ecb auxnro3BBuwe nponeccw 

/72/ 

/73/ 

fiponeccw /72/ B /73/ B HaCTOJIIUee BpeMJI BH~~eHCBBHO 
a3y'laiOTCJI aa onwTe B BHTepsane 3nepraii ueii~rpauo ,IJ.o 

150 - .200 F3B. 3TH ODWTW COBMeCTBO C 3KCDep&MeHTaMB 

DO rny60KOHeynpyroMy paCCeJIHBIO 3HeKTpOHOB H)KHOHaMB 

np&Bena K Cy&neCTBeHHOMY nporpeccy B DOHBMaHBB t:TpyK

TYPW uyxnoua. 

Mw Ha'IBeM C DO,D.po6uoro paCCMOTpeHBJI BODpOCOB KB

BeMaTBKB. 3aTeM 6y,IJ.eT o6cy)I(.IJ.aTbCJI napTOHHaJI BliTepnpe

mna• nponeccos /72/ a /73/. 
raMBJlloTOBBaH cna6oro B3aBMO,IJ.eiCTBBJI, ,IJ.aiOIQBi BKHa,IJ. 

B YaTpB'IHWe :JneYeHTW nponeccOB /72/ B /73/, &MeeT BB,IJ. 

:H..,= G [(; y (1 + y5)v )jh + (-;, y (1 + y5) ) jh I /74/ 
" v'2 a f1 a fl a a ' 

r,IJ.e j~ - a,IJ.pOHHWB cna6wii TOK. C y'leTOM CBHbHWX 

B3aBMO,IJ.eiCTBBi a,IJ.pOHOB MaTpB'IHWB 3HeMeHT llponecca 

/72/ ,IJ.aeTCJI cne.IJ.YIOIQIIM swpalKeHBeM /puc. 8/: 
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. . G 1 m 1/2 - , ) ) 
<fiSI1>"-1---=:::- 3 (-,) u(k )ya(l+y3 u(k . 

y 2 ( 2 rr) k 0 1751 

h 4 
<p'IJaiP>(2rr) o(p' -p -q). 

3ACC.b k a k' - aunynJ.cw Heii:TpHHO a p. -ue3oHa, p
HYDYH.bC liallaH.bHOrO HYKHOHa, p' - nonHWB HYDYH.bC KOHC'I
HblX a,ApOHOB, m - ~acca p. -ue3oHa, 

q = k - k' = p' - p' 

J h y 6 y r y a a - _a,ApOHHWH cna WH TOK B DpC,ACTaBnCHHH CH3eH-
6epra *. 

* B ne PBOY -no-pi"iiCeno G I c yqeToY BCCX CHH.bHWX 
maa._:oAeiicTBaiil AH.II onepaTopa S HYeeu cne,AyiO~ee 
Haipa:lKe Hll e : 

,-if (J(W(X) + J(g(X)) dx) 
S=T(e . ::::. 
, ( 'f J( ( ) -if J(s< x') dx') 
- 1 + T -1 w x dxe · 

r,A~ J( S - ~OHHWB raYHH.bTOHHaH C.HH.bHWX B3aHYOACBCTBHB. 
:Ma TpH:liH.brii: :meueHT npouecca 1721, .em. AOB~ TCH.bHO, paBCH 

G 1 m 112 · 
<fiS!i> --i-= · 3 (-) il(k')yau(k). 

y2 ( 2rr) ko 

fe-i(l '-k)x<p'IT(j b( x) e-ifJ\; (x') dx' ) I p>dx. 
a 

/161 

~nee, nepCXOA.II K npe,ACTaBHCHHIO reii3CH6epra, HYCCY 

< 'IT .h() -if}( 5 (x')dx')l p IJ xe p>= /171 

=out<p'IJ:(x)lp>
1
• = t<p'IJb(O)Ip>. e-i(p'-p)x 
n ou a m 

IHHACKCW in H out B ,AaH.bHeiimeY 6YAYT onycKaT.bC.III. 
C nouo~J.IQ 1761 a 177 I nonyqaeu swpa:lKeHae 1751 An.ll 
MlTPH:liHOJ'O 3HCYCHTa npouecca. 

32 



0rMeTBM, 'ITO CDBHOp u(k'), ODBChiB8.10Ullli CDBHOBOe CO· 

CTOJIHBe 'I&CTB~hl C OTJIB'IHOi OT HYJIJI M&CCOi, HOJ:OMBpO:&a.H 

ycJIOBBeM 

ur' (k')ur(k') = 8,. 
r r 

CoOTBeTCTBeHHO, BMe~M: 
" 

I. ur ( k , ) ii r (k , ) = k , 2~ im 
r 1m 

Cnaaop u( k) , ODBChiB8.10Ullli aeiTpBHO, HOpMBpy eTCJI yc • 

IDBBeM 

ur'+(k)ur' (k) =Br'r 

Ilonyqaew 

k 

2ik 0 

B M&TpB'IHWi 3JieMeHT npo~ecca 1131 A&eT BKJI,lABTopoi 

'IJieH raMBJihTOHB&Ha 1741. HeTPYAHO BBAeT~>, 'ITO nenToHHaJI 

CK06Ka MaTpB'IHoro 3JieMeHTa 3Toro npo~ecca pas11a 

rAe Uc ( k) ( U c ( k' ) ) - CDBHOp, ODBCbiB&IOUllli &HTBHeiTpB-

uo c aunynJ.COM k I ~ -we 30H c awnyJihCOM k ' I. 3HaK 

MBHYC nepeA y5 B Bhlp&)l(eHBB 1781 CBJI3&H C TeM, 'ITO 

CDBp&JihH.OCTh &HTBHeiTpBHO DOJIO)I(BTeJihH&. 0TME·TBM T&K • · 

)l(e, 'ITO M&TpB'IHhli 3JieMeHT npo~ecca 1131 OTJIB'f&eTCJI OT 
MaTpB'IHoro 3JieMeHTa npo~ecca 1121 lswp&)l(eilae 175/ I 
3aweaoi Jh _, jh . 

a a 
~JIJI cyMMhl ABtlMl»epea~aanhHWX ce'leaai scex B03MO)I(-

HhiX npo~eccoB 1121 1731 I, B KoTopwx o6pa3yeTC:I ll - ue3oH 

c onpeAeJieHHhiM awnynJ.co:w, nonyqae:w: 

1791 
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La{:1 kak~- na{-:lkk' I k~k {-3.' /80/ 

a 

~f<p 'I J: I P > <p If; I P '> 8 ( P '- P - q) dr. = - 1 
- ( -M ) ";{3 , 

(2rr) 6 Po 

/81/ 
- h h 1 -M v 

~J<p'IJ lp><p1Jf:JIP'>8(p'-p·-q)dr=--
6
(-)\\ ~· 

a (2rr) Po a,_, 

I dl' - npoB3Be.ZJ;eHHe .ZJ;B«W!epeH:uaanos HMnynLcos a.ZJ;poHos; 

cyMMBpmsaHHe B /81/ nposo.ZJ;BTCJI no seeM B03MO)I(HbiM 

KOHe'IHbl),l a.ZJ;pOHHbiM cocTOJIHBJIM; M - Macca HYKJIOHa/. 

BwJICIIHM o611(y~ CTPYKTypy BeJJB'IHH Vt~fJr; H3 /81/ 
CJie.ZJ;yeT, 'ITO \\'::A v 3&BBCBT OT BMDYJibCOB p B q B 

npe.ZJ;CT&BIIJIIOT co'tro:ii cyMMY TeH3opa B nces.ZJ;oTeH3opa. 

0'1eBB.ZJ;HO, 'ITO C DOMOII(biO p B q MOryT 6b1Tb DOCTpOeHbl 

TeH3opw p p {3 , q qB, p q f1, q p 8 a nces.ZJ;oTeH-

30P e a{3 7aq;p a Oifll(ee Bblp~)l(eHBe ~JI.II W ~ BMeeT, 

CJie.ZJ;OB&T,~JibHO, BB,IJ; 

n. v; v ( ) q a q {3 v v 
" {3 p, q = ( 8 {3 - ) w ' + a a _ 2 1 

1 p q p q v 'v 1 v,v 
+ -2(p a- - .. qJ ( P {3- -2 q {3) \\2 + -:::-2M eaf3pa qp Pa \\3 + 

M q"' q 2 

1 .. y,v 1 ( v,v 
+ Wqac {3"4 + M2 Pa qf3+ qaPf3) W ~ + /82/ 

+ i ( M2 Paq {3- qaPf3) W~,v' 

-v v ... 
r.ZJ;e W i ' - ~y&JCI(BB CK&JIJipOB, KOTOpble MOryT 6b1Tb no-

CTpOeHbl B3 BeKTOpOB p B q • H3 /81/ CJie.ZJ;yeT, 'ITO 

¥,1~ 'I y )~OBJieTBOpJieT COOTHOWeHBIO 
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- -
W v , v _ ,../ " v, v) * 

af3 - TJ P' af3 TJ a ' 

/83/ 
( TJ a = - 1, a = 1, 2, 3; T/4 = 1) . 

fiOACTaBHJIJI B /83/ pa3HO>KeHHe /82/, HaXOAHM 

/84/ 

OTMeTHM TaK>Ke, 'ITO l)yHKIUIH If i HMeiOT pa3MepHOCTb 

[ M]-l /B 3TOM nerKO y6eAHTbCJI C UOMO~biO /79/ lf /82//. 
BenH'IHHbl wr' ii JIBHJIIOTCJI l)yHKIUIJIMH HHBapHaHTOB 

H pq. /85/ 

HeTPYAHO BHAeT~a, 'ITO 

q 2 ::. - 2pq. /86/ 

,l\eiCTBHTeHbHO, 

-p, 2 = _ ( p + q) 2 = M 2 _ 2pq _ q 2 ~ M 2, 

/3HaK paBeHcTBa HMeeT MecTo B cnyqae ynpyrcro npo

necca/. Ce'leHHe da _ 3aBHCHT OT HHBapHaHTOB q2 H v,v 
p q , , a TaK:IKe OT 

pk. /87/ 

HHBapHaHTW /85/ H /87 I YAOBneTBopJIIOT Hept~BeHCTBy 

li + 1 
pk 4 

l\12q2 
- 1 ::; 0. 

( pk) 2 
/88/ 

,l\n• Toro, '1To6w y6eAHTbCJI B ero cnpaBeAHHBocru, pac

cYoTpHM DCeBAOBeKTOp 

Na = e af3f1•7 k f3qpp a· 

HeTPYAHO BHAeT~a, 'ITO B n.c. 
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N4 = 0, 
.... .... 

Ni = iM(kx q) i 

0TCIO,II,a 

N2 =-M 2(kxq) 2 _::;0. 
2 

Tax KaK N - HHBapHaHT, TO BO BCeX CHCTeMax 

N2 < 0. /89/ 

Hl /89/ nonyqaeu aepaBeHCTBo /88/. BBe.u.eu BeJIH'IHHW 

ll = -pq 
M 

E- -pk 
/90/ 

M 
O'leBH.D.H<t, 'ITO B n.c. v -3HeprHJI, nepe.u.aBaewaJI ayxnoay, 
a E - ;lHt·praJI aeiiTpHHO. 

Buecro nepeueaawx q2, pq a pk y.u.o6ao acnoJIJ.3oBaTJ. 

H 

X " 
q 2 q2 

--=--, 
-2 pq 2Mv 

ll y '"-
E 

E. 

Hl /86/ a /88/ cne.u.yeT, 'ITO 
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0 < X < 1, 

0 < y < 1 

1 + Mx 
2E 

/91/ 

/92/ 



Tenep:t. Yhl nony'IBY o6~ee Bhlpa:>KeHBe AJIJI ct:.'leHBJI 
nponecca 1121 I 11311. 0TYeTBY, npe)I(Jle Bcero, 'ITo lilYHKnBB 
'W4 B \\5 B Bhlpali<eHBB AJIJI Ce'leHBJI YYHO:>KaiOTCJI Ha KHaApa T 
MaCChi /1 ·Ye30Ha ( bcif3qf3 = m 

2 k a ) , a lilYHKnBJI \\6 HKJiaAa 
B ce'leHBe He AaeT. TaK KaK Hac BHTepecyeT o6nacT:t. 6on:t.· 
WBX 1::_ r3BI 3Ha'leHBB nepeueHHhiX "I) q2 B v, BiiJiaAOY 
B ceqe-HBe lilYHKnBii W4 B " 5 6yAeY npeHe6peraT:t.. ,D;anee 
nonyqaeu lnpeHe6peraJI uaccoi: 11-Ye3oHal 

Laf3S af3= q 2 = 2MExy, 

Laf3PaPf3= 2(pk)(pk')+M 2(kk')=2M 2 E2
(1-y- ~;. ) , 

1931 

HHTerpBpyJI no cp .BYeeu TaK:>Ke ... 
dk, 
-- ... 2rrMvdxdy. 
k' 0 

1941 

llocne Bcex 3TH X 3aYe'laHHl HeTPYAHO nony'IBTI, Bhlpa
)l(eHBe AJIJI ce'leHBJI nponecca 1121 I 1131 I. C nuwo~:t.IO 
1191, 1821, 1931 B 1941 HaXOAHY 

dxdy 1951 

-
- xy ( 1 - .I) F3v 'v ] . 
+ 2 

1961 

Fv i7 
a . i' - 6e3pa3wepHwe lilYHKnBB, onpeAeJieHHhle cneAyiO-
~M o6pa3oM: 

Mw v,ii -F v,ii. W v,v -Fv,v. Wv,ii _ F v,v 
1 - 1 ,v 2 - 2 'v 3 -. 3 . 1911 
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fl»yHKIUIJI F 1 aa3WBaiOT CTpyxTypawua c)yax~B.BMB. Do.u.
cTaBJI.BJ. B /96/ 3Ha'leHB.K G B M , nony11aeu: 

"' 1 5 11\-38 2 E 
a

0 
- , • JU CM --

faB 
/98/ 

0TMeTBY, 'ITO B o6nacTB rny6oxoaeynpyroro pacce.BHH.B 
c)yHKIUIII F 1 nop.B,D.Ka e.u.aaa~w B a 0 onpe.u.en.BeT, cne.u.o:aa
TeJIJ:oHO, UOp.B,D.OK Ce'leHB.B B3aBMO,D.eiCTBB.B HeiTpHHO C HyK
JIOHOM DPB BWCOKBX 3HeprB.BX. 

B :saKmo'leHBe UOJIY'IBM COOTHOWeHB.B, CB.B3WBaiOUUie 
CTPYKTypawe c)yHKIUIB npo~ecca /72/ B cny11ae, xor.u.a ua
weaJ:oiO JIBJI.BeTc.B npoTOH /aeiTpoa/ co cTpyxTypHWMB c)yax
~B.BMB npo~ecca /73/ .D.JI.B cny'la.B, xor.u.a aHTBHeiTpaao B3aa
uo.u.eicTByeT c aeiiTpoaoM /npoToaou/. Hanouaau, 'ITO 
a,D.pOHHJ:oli CJia6wi TOK paBeH 

h J =, J (~S=O) +J (~S = 1). a a a /99/ 

flepBWi /BTOpoi/ 'IJieH /99/ ,u.aeT BKJia.D. B MaTpB'IHWe 3Jie
MeHTW TaKBX npo~eCCOB /12/ B /73/, B KOTOPWX CYMMapHa.B 
CTpaBBOCTI:o KOHe'IHWX a,u.pOHOB S paBHa HYJIIO /e.D.BHB~e/. 
0TBOWeJlBe BHKJII03BBHOrO Ce'leHB.B o6pa3oBaHB.B a,u.pOHOB 
c I Sl = 1 x ce'leHBIO o6pa3oBaaa• a,u.poaoB c S = 0 xa
paxTepa :JyeTC.B BeJIB'IBHoi tg 20 c I 0 c - yron Ka6a66o/. 
H3 OJIWTa cne,u.yeT, 'ITO tg2()c ='0,05. Taxau o6pa3oM, 
BKJia.D.OM npo~eccoB o6pa30B8.HB.B a.u.poaoB c I Sl = 1 MOlKHO 
npeae6p·e'IJ:o. B 3TOM npa6JIIDKeaaa cna6wi a,u.poaawl TOK 
paBeB 

1 h I = 1t .12 = 1 t + 12 
a () = 0 a + 1 a a 

c 
/100/ 

r.u.e TOI: J ~ ( i = 1, 2, 3) npeo6pa3yeTc.B xax B30BeKTop. 
H:YeeM (:Jie,D.yiOUUie KOMMyTa~BOBHWe COOTBOWeiUI•: 

k] . 
[Ti,Ja =Ieikf J e 

a' /101/ 

r.u.~ T 1 - . onepaTop B30Tona'lecxoro cnaaa. HcnoJIJ:o3YJI 
/101/, JieTpy,D.HO UOKa3aTJ:o, 'ITO 

Fvp=Fvn 
i i ' 

F':'n = F':'P 
I I 

/102/ 
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3 F vp Fvn "' AeCh · i H i · .CTPYKTYPRWe wYHKnHH np O~ecca 
/72/ s cny11ae, xorAa ueiiTpuuo s3aHMOAeiicTsyeT, cooT
seTcTseuuo, c npoTOHOM H ueiTpouou. ~ns 3Toro YA06uo 
ucnon&30BaTh onepaTop 

u = 
asnaJOawdca onepaTopou nosopoTa ua yron 11 soxp~rr BTO· 
poi OCR B H30TOUH'IeCKOM npOCTpaHCTBe. 

Hueeu 

/103/ 

Taxuu o6pa3ou, 

UJ1 +t2u-1 = -(J1_ iJ2) = _ 1 1-12 = _:J 1 + 12. 11041 a a a a a 

Ecnu I p > T. m - .co6cTseuuwi seKTop onepaTopo 11 T 2 H 
T 3 c co6ciseuuwuu 3Ha'leHHBMB T( T + 1) u m , TO 

T+m 
Ulp> =(-1) lp> 

T,m T -m 

B 'lacTuocTH, uueeu 

Ulp>P = -lp>n ' 

Ulp >0 = IP>p • 

Hcnon&3ya /104/ H /106/, nony11aeu 

1 + i~ -1 1 - i2 
<p' I J a I P > n = - <p ' I U J a I P > p • 

/105/ 

/106/ 

/107/ 
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0TCIO.[Ul, Y'IBTLIBaJI, 'ITO no BCeM B03MOlKHLIM COCTOJIHBJIM 
KOHe'IHLIX a~pOHOB npOBO~TCJI CYMMBpoBaHBe, noJiyqaeM 
CJie~yiOUU! e COOTHOWeHBJI! 

W 'P 
,~(3 

-lt vn 
a(3' 

ftl'D = ftvp, 
1!{3 af3 

/108/ 

H3 /108/ MJI CTPYI<TypHWX 41YHKIUIB F1 CJie~YIOT COOTHO
meHBJI /102/. 

Taxa•! o6pa30M, ecJIB npeae6pe'IL sxn~ou npoueccos 
o6pa3osaHa• ~poaos c I S I = 1 I cocTasn•IOIUBY .. 5~ oT 
BI<na~a npoueccos, B xoTopwx o6pa3YJOTCJI a~poaw c pasaol 
BYJDO cyyyapuol CTpaHHOCTLIO/, TO CTPYKTYPHWe 41YHKQBB 
Y~OBJieTBC•P•IOT COOTHOWeHBJIY 3apJI~OBOI CBYYeTpBB/102/. 
3TH COOTJIOWeHBJI OCHOBaHW Ha npe~nOJIOlKeHBB 0 TOY, 'ITO 
a~pouuwl cna6wl TOK npa () c = 0 npeo6pa3yeTc• xax "nmoc
xounoueu~ra" B30Tona'lecxoro TpanneTa. Hx nposepxa ua 
OnWTe no3BOJIJieT, CJie~oBaTeJILHO, nposepBTL npaBBJILHOCTL 
uamax npe~onolKeaal o cTpyxType a~poauoro cna6oro Toxa. 

EcJIB 11pa B3y'leHBB npoueccos /72/ a /73/ B xaqecTBe 
MBWeHB BCnOJIL3YIOTC.. ·~a C 6JIB3KBM 'IBCJIOM npOTOHOB 
B aeiTpoE!OB, TO B3 3TBX .[UlHHLIX MOlKeT 6WTL noJiy'leHa 
aa41opu&JUil• o6 ycpe~euuou no p a n ceqeaaa. B awpa
•eaa• M• ycpe~eHHwx ceqeaaii sxo~•T cTpyxTypuwe 
ftyRKQRR 

J. [ F ~ P + F ~0] = ( F ~ ) cp • 
2 

~ [ FrP + Ff0 J = ( Ff>cp 
2 

/109/ 

EcJIB RMeJOT MeCTO COOTHOWeBB .. /102/, TO O'leBB~O, 'ITO 
ycpe~eauwe no p a n ce'leua• po~eaa• f1 -ue3oHa a 
71 -.. e3oBa xapaxTepR3YJOTCJI o~uaua a Teua lKe cTpyxTyp
uwua ftyBJCIUI•Ma 
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-
( F ~)cp = (F ~) cp 

R RMeiOT BR,IJ; 

da v,v 

dxdy 

- xy( 1- L) F J. 
+ 2 3 

/110/ 

/111/ 

B cne.u;yiO~ei neK:URR npo:ueccw /72/ R /73/ 6y.u;yT paccuoT

peHW Ha OCHOBe napTOHHOB MO,IJ;enH. Mw nony'IRM Bbl]>aJKeHH.& 

,IJ;n.& CTPYKTYPHWX cliYHK:QRii F i B :noa MO,IJ;enH R 4:paBHRM 

npe,IJ;CK&3&HR.& napTOHHOB MO,IJ;eJIR C 3KCnepRMeHTOM. 

3. llpo&~eccbl v11 (;;11 ) + N .... f1 (p.) + ... 
/nap•oHHaJI MoOeAb, cpaeHeHue c 3KcnepuMeHltOM/ 

Ha'laTwe B 1968 ro.u;y onwTw no rny6oKoHeynpyrouy 

pacce.&HRIO 3JieKTPOHOB HYKJIOH&MR npRBenH K 3Ht,'IRTem.

HOMY nporpeccy B noHRMaHRR cTpyKTypw HyKnoHa. 3TRMR 

3KCnepRMeHT&MR 6wno fiOK&3&HO, 'ITO B 06JI&CT il q 2 f; 
;;; 1 /r3B/c/ 2 , v ;;; 1 r3B CTPYKTypHwe cliYHK:URR 

2 

6 
v v q 

3&BRC.&T OT e3p&3MepHOR nepeMeHHOR X = -M -2 ,, /uac-

WTa6Ha.& RHBapRaHTHOCT.b (scaling} CTPYKTYPHWX <>YHK:URii/ 

0TKpWTRe M&CWT&6Hoii RHB&pR&HTHOCTR npRBeno K B03HRK

ROBeHRIO :Qenoro p.&,u;a H&npaBJieHRii TeopeTR'IeCKRJ: RCCJie • 

,IJ;OBaHRB. Mw paCCMOTpRM npo:ueccw /72/ R /73/ H!l OCHOBe 

O,IJ;HOrO R3 HOBWX fiO,IJ;XO,IJ;OB • napTOHHOii MO,IJ;enH tll'~iiHM&Ha, 
Ha'IHeM c KRHeMaTRKR. B cany 3aKoHa co;lpaHeHRJI 

4·RMfiYJI.bCa 

q + p = p' ' /112/ 

r.u;e q- RMDYJI.bC, nepe.u;asaeuwii napoii 11 -Me3oH·neiiTpRHo 

HYKJIOHY /RMfiYJI.bC npoMe>KyTO'IHOrO 6030Ha, ecJIIl OH cy· 
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IQeCTByeT/, p • . BMDYHLC HYKHOHa, a p' - CYMMapBWB 

BMDYBLC KOHe'IBLIX a)lpOBOB. B naoopaTOpHOB CBCTeMe 

q = ( qJI, iqJI)' 
0 

p=(~,iM). 

2 ->JI JI 
Tax xax q > 0 , TO I q I > q o · PaccuoTpau cacTeuy 

OTC'IeTa, CKOpOCTL KOTOpOB B n.C. HanpaBneHa DO BeKTOpy 

q .11 • B 3 TO it CBCTeMe )lnJI 'leTBepTOB KOMDOHeHTW 4- BeKTOpa 

q BMeeM 

... 
qo ooy(q~-f3(jJI) = y(q:-f3lqJII), /113/ 

r)le i1 - CKOpOCTL CBCTeMW B n. C., a y = ( 1 - f3 2)-l/2': Ec

nB CKOpo<:TL CBCTeMW f3 BWOpaTL paBHOit 

qJI 
13 = _o_, /114/ 

I li JI I 
TO O'leBB,[;Ho, 'ITO 

qo = o' /115/ 

liy)leu paccuaTpBBaTL npoueccw /72/ B /73/ B noit cacTe

ue. EC.{IB BMDYHLC HYKHOHa 3aDBCaTL B BBJle 

-+ -+ ... 
p o: lP I k /116/ 

TO 

... ... ... 
q = -lqlk. /117/ 

HHBapaaHT x 11epe3 BenB'IBHW IP I B I q 1 awpa>KaeTCJI cne

JlYJOIQBM o6pa3ou: 

q2 ->2 
q 

/118/ X=---

-2pq 2lpl 

H3 /117/ 11 /118/ aueeu 

... ... ... 
q = - 21 pI xk. /119/ 
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)J;JIJI RMnyJILCa HyKJIOHa B paCCMa TPRBaeMOi HaMil CRCTe
Me nony'laeM c nOMODlLIO /114/ cneAYIOUlee swpmKeuae: 

I PI = yMf3 
Mv 

/120/ 
v' q2 

0TCIO,Ila 
->2 v2 p v 
--
M2 2 2Mx q 

/121/ 

B o6nacTR rny6oKoueynpyroro pacce.aua.a v > > M R, cne
AOBaTeJILHO, p 2 >> M 2 . TaKRM o6pa3oM, npR 3Hn'leHR.&x 
nepeMeHHwx, OTBe'laiOIIUIX KRHeMaTRKe rny6oKoueynpyroro 
pacce.&HR.&, RMnynLc uyKnoua B paccMaTpRsaeMoli uaMR 
cReTe Me ( q 0 = 0 ) seJIRK no cpasueuaro c ero 1•accol. 

fipe,llnOJIO>KIIM, 'ITO HYKJIOH COCTORT R3 TO'Ie'IHLIX 'laCTRn 
/napTOHOB/ R 'ITO napa /1 -Me3oH-ueiTpRHO B3aHMO,IlllBCTBy
eT c OAUOi R3 TaKRX 'lac Tan. llpeAnono>KIIM TaKJKe, 'ITO 
MaKCRMaJILHLii RMnyJILC napTOHa B JI.C. orpaHR'IeH /nOp.&,ll
Ka F:JB/. HMnynLc napToua B cRcTeMe q

0 
"' 0 3anaweM 

B BR,Ile 

p = 1)11 + p'l 
1 1 1 

/122/ 

... II ... .... 
p 1 =(p 1 k)k, 

TaK KaK B o6nacTR rny6oKoueynpyroro pacce.aua.a 1 I, TO 

pll »pl. 
r 1 

fipeue6pera.a B /122/ -. 1 -· II p 
1 

no cpasueuaro c p 1· , 3anaweM 

-+ -> 

P1 X 1P. /123/ 

)J;anee 6yAeM npe,llnonaraTL, 'ITO B3aRMOAeiicTBReM Me)l(,lly 
napTOHaMR, RMnyJILCLI KOTOPLIX BeJIRKR, MO>KIIO npene6pe'IL. 
Y'IRTLIBa.& /119/, nony'laeM /3aKoH coxpaueua.a a:wnynLca/ 

... 2 -> ... , 
Pt- xp = P1 • /124/ 
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~ 

r,lle P t' .HunynLc KOHe'IHoro napToHa. H3 3aKOHa coxpa-

HeHHJI 3Ht:prHH CJie,llyeT, 'ITO 

PlO=P;o· /125/ 

HaKoHe~ , nocne,llHee npe,llnonolKeHHe. ]) y,lleM C'IHTa TL, 'ITO 

uaccw nnpTOHOB uanw no cpaBHeHHJO c HX HMnynLcaMH. H3 

/125/ noJ1yqaeu 

I i>II = I i~l . 
0TCIO,Ila, .:ICJie,llCTBHe 3aKOHa COXpaHeHHJI HMllYJILCa, 

~ -> 

P~=-PI' 
--> -> 

/126/ 
PI = xp 

CpaBHHBaJI /126/ H /123/ 3aKJIIO'Iaew, 'ITO 

XI= X . /127/ 

TaKHM o(ipa30M, ecJIH cnpaBe,llJIHBLI C,lleJiaHHWe HaMH npe,ll

llOJIOlKeHHJI, TO B CHJIY 3aKOHOB COXpaHeHH.II HMllYJILCa H 

3HeprHH, IIMllYJILC q = - 2-,q} MOlKeT llOrJIOTHTL napTOH, 

HMnynL-C JCOToporo paBeH xp I puc. 9/ 

-- -q:::-2:x:p ... -~;r .. 
~ 

a/ ,llO CTOJIKHOBeHHJI 6/ llOCJie CTOJIKHOBeHHJI 

Puc. 9 

IIoJI}"'HM 3TOT pe3yJILTaT .llPYrHM cnoco6o:u. H3 /123/, 
Y'IHTWBaJI, 'ITo I PI » M H I p II » M I I M I - :uacca 

napTOHa/, HMee:u 
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)J;anee, c noMO~ItiO 3axoua coxpaueuu.a 4-HMnyn~tca 

P1+q=pJ. 

HaXOAHM 

2p1 q + q 2 = 0 . 

H3 /128/ H /129/ nonyqaeM 

q2 
X =-

1 
--= x. 
2p q 

/128/ 

/129/ 

/130/ 

Teneplt npHcTynHM K swqucneHHIO CTPYKTypuwx 41YHK~Hii 
F 

1
• Dpe,llnonO)I(JIM /B Aan~tueiiweM MW YBHAHM, 'i.To 3TO 

npe,llnOno:>KeHHe nO,IlTBep)I(JlaeTC.B OnWTOM/, qTO naproHaMH 
.BBn.BIOTC.B KBaPKH renn-MaHHa-Useiira c AP06HWMI! ~ap.a
,llaMH. )J;n.a a.JlPOHHoro cna6oro Toxa npHMeM o6wquo~ swpa
*eHHe 

jh=PY (1+ ·y,.)(ncose +Asin(J ). 
a a " c c 

/131/ 

3AeCJ. p , n H A - onepaTopw noneii, p, n H A -xaapxos; 
ec - yron Ka6u66o. QqeBHAHO, qTo B MaTpuquwii 3JieMeHT 

onepaTopa TOKa BXO,IlHT 

ii ( P '1) y a ( 1 + ·y 5) u ( P 1) 

B cnyqae, ecnu napa p. - v
11 

B3aHMOAeicTsyeT c napTo-
HOM H 

u c ( Pt ) Y a( 1 - Y 5) u c ( P 1) 

B cny...ae auTHnapToHa. CyMMHpy.a no seeM B03MO)I(HWM co
CTO.BHH.KM xouequwx a,llpouos, nonyqaeM /B CHCTeMe q

0
= 0 I 

- 1 M v If <p'IJhlp><p I J~ I p'>S(p' -p- q) df' =- --6 -\\ af3 
a p ( 2rr) Po 

/132/ 
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x ii' (p1 1 yf3( 1 + y 5) ur' (p;) 8(p~-p 1 - q) dp;I~u i ( x ~ dx 1+ 

+ /BKll8,1J; aHTHnapTOHOB/. 

]JJ;eCJ. ll i ( X) - 'IHCllO napTOHOB i -oro COpT a B HYKllOHe, 
HMnynhC KOTOpbiX paBeH p 

1 
= p X l , , I~ - MHO)I(HTenJ., 

onJ>eJJ;enJI,~Mblii BHJJ;OM ToKa /s cny1:1ae /131/HMeeM I~= 0 , 
In= oos t 1 c, , I A= sin () c /. BwnOnHJIJI s/132/ CYMMHpo
BaHHe no r H r' nonyqaeM 

M n.V ~ f 1 ( , a , , 
- "af3= "'- - Pta P 1{3- af3Pt Pt + P1aP 1{3 + p 0 i p 10 

, ) s;:,( , ) dpt v 
+ eaf3fXJ PtpPta u Pt-Pt- q -,-I 1 u1(x 1) dx1 + 

Pto 

+ /BKllh,IJ; aHTHnapTOHOB/. 

YJJ;o6uo s /133/ BMecTo seKTopos p
1 

H 

p'-p =q, 
1 1 

p'+J =n. 
1- 1 

Pt 

/133/ 

BBeCTH 

/134/ 

Y'IHTblsa:r TaiOKe, 'ITO 
d ->, 

f8(p;-p 1-q)4=2f8(pi-p
1

-q)8(p'12+M?)()(ptd dp' = 
Pto 

= 28( 2J't q + q 2) = - 1
- 8( x 1- x), 

-pq 
nony1:1ae14 

M v 1 1 1 2 
-W {3= If -(-n nf3+ -q (8 f3-
P 0 a i p 10 2 a 2 a 

qaq{3)

q2 

/135/ 

/136/ 

1 v 
-ea{3p7 qppa) 8(xl-x1)Iiui(xl) dxl+ 

( -p q) 

+ /BKllil,IJ; aHTHnapTOHOB/. 
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v 
O'leBH.AHO, 'ITO BKna,x. B \\ a(3 auTanapTouos MO)I(eT 6WTL 
nonyqeu H3 /136/ nyTeM H3Meueuag 3HaKa nepe,x. nces,x.o

T~H3opoM e a(3 pa q (,1 p a H 3aMeuw ll~ ui ( x 1) -.IT~ tT i ( x 1) 
/u1 ( x) - qacno l -auTanapTouos c! HMnynLcbM p x I 
Y'IHTWBaB, 'ITO nocne HHTerpaposauag no x 1 

q p q 
n = 2 x( p + -) = 2 x ( p - -

2 
q) , 

2x q 

H3 /136/ nonyqaeM 

v qaq(3 1 v -v-
Wa~=(Sa~- )-MI(I.u

1 
(x) +I. u. (x))+ 

1-' 1-' q2 j I I I 

1 1 v -v-
+ -- e f3 q p - (- 2) I (I. u 1( x) -I . u . ( x) ) . 

2M 2 a pa p a v j I 1 1 

/138/ 

Cpasuasag /138/ c /82/, .AnJt CTPYKTypuwx cl>YHK~Bil uaxo,ABM 
cne,x.y~e swpa>Keua•: 

/139/ 

-v 
O'leBH,AHO, 'ITO CTPYKTypuwe «l>YHK~HB F i , xapaKrepH3yJO-
~He npo~ecc /73/, ,AaJOTCJI auanora'IHWMB swpa:tceHBBMB. 

HTaK, senH'IHHW Fi B napTouuoi KapTHHe 3aBHCJIT 
TOnLKO OT X H onpe,AenBIOTCJI cl>YHK~HJIMH, xapaK'repH3YJO· 
UUIMB pacnpe,AeJJeHBe napTOHOB B aHTBnapTOHOB no BMnynL
caM /s cacTeMe, r.ne BMnynLc uyJCnoua senaK no c:)asueuaJo 
C ero MaCCOB/.Ih Bhlpa>KeHBB /139/ CJJe,AyeT, 1H<• ¢JyHIC~BH 
F 

1 
B F 

2 
CBJI38Hbl cooTuornemwM 
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l F- --F 1- 2) 2 . 11401 

0TueTBM, 'ITO 3TO cooTHomeHae lcooTHomeHae KannaHa
rpoccal B03HBICaeT IC~IC CJie,ACTBBe npe,AnOJIOlKeHBJI, 'ITO 
CnBH napTOHOB paBeH 2 • 

llepei:,AeM Teneplo IC cpaBHeHBIO noJiy'leHHWX Ha OCHOBe 
napTOHHOB MO,AeJIB pe3yJIJ.TaTOB C 3ICCnepBMeBTaJIJ.BWMB 
,AaHHWMB. 1 aK KaK sin 2() c :: 0 ,05, BICJia,AOM BTOporo 'IJieHa 
uwpalKeHBJI 11311 6y,Aeu npeHe6peraTJ.. ,D;anee y'ITeu Tal()l(e, 
'ITO aueiOII{IIeca 3KcnepaueHTaJIJ.Hwe ,AaHHwe noJiy'leHw ny
TeM B3y'leHIIJI B3aauo,Aei:CTBBJI uei:Tpauo c a,Apaua. H3 onwTa 
uoryT 6w11o uabeuw, cne,AouaTeJIJ.Ho, ycpe,AHeuuwe no 
npOTOHY B l!ei:TpOHY 3Ha'leHBJI Ce'leHHB. llpe,ACTaBBM ycpe,A
HeHHWe no p B n CTpyiCTypawe c)yHIC:QBB B BB,Ae CYMMW 
BKJia,AoB napTOHOB a aHTBnapToaou. ,lJ;JIJI c)yHKI{BB F 2 nony
qae:w: 

r,Ae 

F2 (x) = q(x) + q(x), 

q(x) =x~(I~u~(x) +l~u~(x)), 
l 

- • V-P V-0 
q ( x) = x I ( I i u i ( x) + I i u i ( x) ) , 

i 

11411 

11421 

lu~ ( x) ( u~' x)) - c)yHKI{BJI, xapaiCTepB3yiOII{8.JI pacnpe
,Aeneaae no aunyn~ocau i- napToaou B npoToHe laeiTpoael I. 
H3 11391 B 11421 BMeeu 

1 -
F 3 ( x) = - x ( q ( x) - q ( x) ) . I 1431 

fiO,ACTaBJIJIJI 11401, 11411 H 11431 B BWpalKeHBe 11111 ,AJIJI 
ycpe,AHeHHJ.IX no p H n ceqeuai: nonyqaeu cne,AYIOII{Be 
npocTwe BJ.rpalKeHBa: 

da11 
2 -

dxdy =ao[q(x)+(1-y) q(x)] 

11441 -
da 11 

dxdy 

2 -ao [( 1-y) q(x) + q(x)]. 
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0TMeTBM, 'ITO MHO)I(]ITeJII:, ( 1 - y )2 , B 3TBX BWpaJI~eHBJIX 
B03HBKaeT BCne,nCTBBe V -.A CTpyKTypw cna6oro B3aBMO
,neiiCTBBJI* 

HcnonJ.3YJI /131/ B /142/, HeTpy.nuo nony'IBTh swpalKeHBJI 
,nnJI c)yHK~ii q(x) B q(x) B cnyqae, Korona napToHaMB 
JIBBJIIOTCJI KBapKB C ,npo6HWMB 3apJI,naMB. 06o3Ha'leHJIJI ,nBJI 
c)yHK~ii, xapaKTepB3Y~X pacnpe,neneHBe napTOHOB B aHTB
napTOHOB DO BMDyn:i.CaM, DpBBe,neHW B •a611. 2. 

qBCBO p ·KBapKOB C BMDYBhCOM xp B DpOTOHe 06031:la'leHO 
u( x) , , d( X) - COOTBeTCTBYIOll\ee 'IBCBO n KBapKOB JJ npo

TOHe, s( X) - 'IBCBO CTpaHHWX KBapKOB. Ilocne,nHJIJI K<tBOHKa 
Ta6nBI(Ial /'IBCna napyoHOB B aHTBDapTOHOB B HeiiTpoue/ 
nonyqeua B3 npe,nnocne.nueii KonoHKB c noMOll\hiO 3ap.u.nosoii 
CBMMeTpBB. 83 /131/ HaXO.nBM, 'ITO B q( x) ,naiOT BKna,n 
n ·KBapKB 

*PaCCMOTpBM CTOnKHOBeHBe vf:l B aHTBDapTOHa CO COB· 
HOM 1/2 B c.u.u. I puc. 10/ 

< < 
Puc. 10 

,IJ;o CTOnKHOBeHBJI npoeK~JI nonuoro MOMeHTa ua uanpasne
uue BMnyn~oca v pasua -1. Qqesu.nuo, 'ITO y = 1 /a.npo
HY nepe,naeTCJI ~aKCBMan~oHaJI 3HeprBJI/ B cny11ae , ecnu 
f:l -Me3oH swneTaeT Ha3a,n /puc. 11/ 

Puc. 11 

KaK BB,nHo B3 puc. 11, npoeKUBJI nonuoro MOMenTa ua 
uanpasneHBe BMnyn~oca vf:l pasua B 3TOM cnyqa.e +1. 

dav 
TaKBM o6pa30M, npB y = 1 BKna,n aHTBDapTOHOB B 

dxdy 
,noJDKeu o6pamaTJ.CJI B uyn~o. 
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q( x) = x( d( x) + u( x)), /145/ 

a B q( x) -- p ·KBapKH 

q(x) =x(u(x) +d(x)). /146/ 

BecLMa cy~ecTBeHHO, 'ITO l}lyHKllHH q( x) H d x) , 
onpe~enJIIOUUie ce'leHHJI npoueccos /72/ H /73/, co lllaHLI 
B napTOHHOB KapTHHe CO CTpyKTypHLIMH l}lyHK.llHJIMH npouecca 
rny6oKoHeynpyroro pacceJIHHJI 3neKTPOHOB HyKnoHaMH 

e+N .... e+ ... /147 

llpouecc /147 I xapaKTepH3yeTCJI cTpyKTYPHLIMH l}lyHKHHJIMH, 
KOTOpLie B cny>~ae, eCnH CDHH napTOHOB paBeH 1/2 y~oBneT· 
BOpJieT COOTHOWeHHIO /140/. ~YHKJlHJI F~ pasHa 

F
2
e(x) =xiQ~(u. (x) + u.(x)), 

I I I 
/148/ 

r~e Qi - 3apJI~ i -oro napTOHa. HcnonL3YJI Ta6nHUY 2, 
nonyqaeM 

ep 4 - 1 - 1 -
F 2 = x( 1r ( u + u) + 9 ( d + d) + 9 ( 8 + 8) ) , 

/149/ 

0 u d. Fed u 
TCIO~a ~Jl CTpyKTypHOB ..,yHKUHH 2 , xapaKTepH~ yJO~eB 

npouecc rny6oKoHeynpyroro pacceJIHHJI 3neKTpoHoo •:a ~ei
TOHe, HaXO,IliiM cne~y10~ee BLipaJKeHBe: 

/150/ 

OTMeTHM, 'ITO KolcWIHUHeHT 5/9 paBeH cyMMe KBaApaToB 
3apJI~OB HeCTpaHHLIX KBapKOB. 

KaK MLI yoB~M ~anee, H3 onwTa cne~yeT, 'ITO BKna~ 
ed 

B F 2 cTpaHHLIX KBapKoB Man. ManwM oKa3LJBaeTcJI 
TaJOKe npoHHTerpBpooaHHLJB no x BKna~ B CTPYKTYPHble 
l}lyHKUBB aHTBnapToHoo. TaKBM o6pa30M, ocnonh3YJI nony-
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qeuuyro ll3 onbiTa uutlJopMaUHIO o WYHKUHH F~d , MO)I(HO 
npe,AcKa3aTJ • .AH414JepeuuuanLHble ce'leHHJI npoueccos /72/ B 
/73/. 

Ilpe>K,Ae 'leM nepeXO,AHT K cpasHeHHIO napTOHHOB KapTHHbl 
C 3KCnepHMeHTOM, llOJIY'IHM 06II.Uie COOTHOWeHHJI, KOTOpblM 
o6JI3aHw y,AosneTsopJITb WYHKUHH, xapaKTepH3yiOII.Uie HM
nynJ.cuoe pacnpe,Aeneuue napTOHOB. TaK KaK npoeKUHJI H3o
TOllH'Ieci<oro CllHHa npOTOHa pasHa llOJIOBHHe, 6apHOHHblB 
3apJI,A e,A:iiHHUe, a CTpaHHOCTb HyJIIO, TO 

11' i = f [ ~( u +d) + ( - ~ ) ( d +IT) ) d x, 

1 1 1 - - -
1=J [ 3 {u+d+s) +{- 3 )(u+d+s))dx, 

I) 

1 
O=J(-s+s)dx. 

I) 

/151/ 

IIepBOe ill :HHX COOTHOWeHHB - H3BeCTHOe npaBHJIO CYMM 
A,AJiepa. H3 BTOporo H TpeTbero COOTHOWeHHB, HCllOJib3YJI 
/145/ H /146/, nonyqaeM npasuno cyt.:M JleseJIJIHua-CMHTa 

j_l_q(x)-q(x)] dx=3. /152/ 
0 X 

Tene pb Mbl nepeii.AeM K o6cy)I(,AeHHIO 3KcnepuMeHTaJibHblX 
,Aauuwx. ~JIJI nonHblx ceqeuuii npoueccos /72/ H /73/ H3 
/96/ H I l44/ uaxo,AHM cne.AYIOII.Uie swpa)l(eHHJI: 

a = v 
G2 1 1 L -38 cJi 
-ME[Jq(x)dx+ 3 Jq(x)dx)=a E·ll --, 
rr o o v raB 

G 2 1 1 1 - - 38 c,; 
a_= -ME [-

3 
Jq(x)dx+ J q( x) dx) =a_ E • 10 --. 

v rr o 0 v faB 

/153/ 

TaKHM o6pa3oM, H3 napTouuoii Mo,AeJIH cne,AyeT, 'ITO noJIHwe 

52 



ce'leHBJI paccMaTpaaaeMwx HaMB nponeccoa pacTr~ JIHHeiiHo 
C pOCTOM 3HeprBB HeiiTpBHO *. 

B HaCTOJI~~.tee apeMJI ony6JIBKoaaHw pe3yn:t.TaTw accne.no
BaHBJI nponeccoa /72/ B /73/, awnonHeHHwe: 

1. B UEPHe /ny3wp:t.ICoaaJI KaMepa "rapraMem.", 3Hep
raa HeiiTpBHO MeHidlle 10 T3B/. 

2. B .liaTaBBB aa .ABXPOMaTB'IeCICOM ny'IICe /rpynna 
Cal tech - FN.AL , , 3HepraJI aeiiTpaao 38±9 T3B ·· oT pac-

na.na rr -Me30HOB B 108±15 T3B- oTpacna.na K-Ne3oaoa/. 

3. B .liaTaBBB Ha nyqKe aeiiTpBHo c 3Hepraeii .no 150 T3B 
/rpynna Harvard-Pmn-\\isc-~NAL I. /. Ha puc. 12 a 13 
npaae.neaw nonawe ceqeaaJI nponeccoa /72/ a /7~/, B3Me
peHawe 3TBMB TpeMJI rpynnaMB. KaK BB.AHO B3 3TiiX pacya
KOB, BMeJOD.tBeCJI ,AaHHWe cornaCYJOTCJI C HBHeBHOE. 3aBBCB
MOCT:b.~ Ce'leHBii a, B a- OT 3Hepraeii HeiiTpBHO. 

v l' 
83 /153/ ,AHJI CYMMW Ce'leHBii BMeeM 

G2 4 1 - -38CM
2 

-ME-3 f [q(x) + q(x)]dx=(a +a-)E· J) -r-· a + av v " o v v . aB 

/154/ 

rpynna Caltedt- FN.AL nony'IBna, 'ITO 

a + a _ = 1, 11 ± 0 , 12 . /155/ 
v v 

EcJIB Man BKna,A CTpaHBWX napTOHOB, BeJIH'IBHa a v f- a v MO
lKeT 6WT:b BW'IBCHeBa C fiOMOII.t:biO ,AaHBWX no rny60ICOBeynpy
rouy paccemaro 3nenpoaos ,neiiToaaua. OnycKaJI nocne.AHBii 

_ 'IJieH B BWpa)l(eHBB /150/ B Bcnon:t.3YJI ,naHHWe ~AC, 
BaXO.ABM: 

(a + a ) = 1,10 . 
" j7 SLAC 

/156/ 

llpa nonyqeHBB 3Toro qacna 6wn sec:t.ua cy~~.tecTseuea IC03cll
cllanaeaT 5/9 /CYMMa KBa,ApaTOB 3apJI,AOB HeCTpaHHbiX ICBap-

* 0TMeTBM, 'ITO nonawe ce'leHBJI nponopnaoaan:t.Hw 3Hep
raa B 6onee o6~~.teu cnyqae uacwTa6aoii aasapaaHTHOCTB 
cTpyKTypawx «ilYHKIJ;Bii Fi /cu. awpa.eaae /111//. 
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xoa/. TaKJIM o6pa3oM, napTOHHa.ll MO.D.em. cornacyeTc.ll c 
,D,aHHLIMH :10 nonHLIM ce'leHH.IIM, ecnu npe,D,nono>KHTb, 'ITO 
napToHaMH JIBn.IIIOTC.II xaapxH c .D.P06HLIMH 3apJI.D.aMH. Hl 
,D,aHHLIX no DOHHLIM Ce'leHHJIM paCCMaTpHBaeMLIX HeBTPHHHLIX 
npou;eccoa H .D.aHHwx no rny6oxoueynpyroMy pacce.IIHHIO 
3neKTpOHOII HYKHOHaMH MOlKHO onpe,D,enHTb C ,D,pyroi CTOpOHLI 
cpe,D,HHH K ~,D,paT 3ap.II,D,a HeCTpaHHLIX KBapKOB. H3 /148/ 
H /154/ nonyqaeM /npe,D,nonaraJI, 'ITO sxna,D,ou cTpauuwx 
napTOHOB MO>KHO npeue6pe'lb/ 

<Q'> 

1 .l f Fedd 
2 2 X 

0 

3( av + ~) 
4a0 

/157/ 

B cny'lae, ecnu napToHaMH JIBn.IIIOTC.II xaapKH c .D.P06HLIMH 
3ap.II,D,aMH, < s2 > = {- • Ha puc. 14 npHBe,D,eHLI 3Ha'leHHJI 
aenH'IHHLI ::: Q > , nonyqeuuwe H3 .D.aHHLIX rpynnw UEPHa 
H rpynnw Cal tech - FN AL . 

,IJ;anee, H3 /153/ ,D,n.ll OTJIOWeHHJI nOnHLIX Ce'leHHH nony· 
qaeM cne.D.:rromee awpa)l(eHHe: 

av 

av 

3.D.ec& 

a 

1 

3 

1 + 3a 

1 1 + -a 

l_ 
rq(x)dx 

3 

IJ ___ _ 

L 
J·q(x)dx 

0 a-

/158/ 

/159/ 

Ecnu a= 0 , TO 
v 1 

-a-- = "3 . IIony'leHHLie Ha OnLITe 3Ha-
a- v 

v 
'leHHJI OTHC,WeHH.II 
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av 

av 

av 

0 .~ ± 0,02 

6nH3KH K 3TOB BenH'IHHe: 

UEPH /160/ 



Mean Square Charge of Interacting Constituents (S=Ol 

0.6 

0.4 
<e 2> q 

0.2 

[ fF[N dx) 
2 J' 0.303±0.04 

<tq > : 3W' O'~'+CTP 

4G2M~ 
to= CG (ref. 4) 

• = This experiment · 
"lntec;aral 

------------------------ Un•t 
CharQel." 

t-- -----I--------------I- ___ .. ~~~;:e ... 

50 100 
E.,(GeVl 

Puc. 14 

57 



av 
a v 

av 

av 

0 ,34± 0,08 (Harvard- Penn- Win- FNAL) , 

0, 3 3± 0 ,08 ( Cal tedl - FNAL) . 

H3 3TBX ,llaHHwx cne,llyeT, 'ITO a « 1. 

OTMeTHM, 'ITO c noMOIQLIO npasana cyMM JlesennaHa
CMBTa MOlKHO noi<a3aTL /acnonL3YJI ,llaHHwe SLAC I , 'ITO 
a :::. 0,05 . 

OTCYWIM. n~nepb y - B x -pacnpe,lleneHBJI. H3 swpa-
>KeBBi /144/ nonyqaeM: 

dav 

dy 

-
dav 

dy 

1 2 
a

0 
f q{ x) dx [ 1 + ( 1- y) a] 
0 

1 
a

0
f q{x)dx[{1-y) 2 +aL 
0 

/161/ 

/162/ 

dav 

dY Tai< I<ai< a« 1, TO cne,llyeT o>KB,IlaTL, 'ITO ceqeaae 

He 3aBBCIIT OT y, a ce'leHBe 
da v 

cry se,lleT ce6.. I<ai< 

( 1- y )2 • Ha puc. 15 npe,llcTasneHa 3aBBCBYOCTb 'IRena 
aeiTpBHHJ.IX co6wTBi OT y • ,naHHhle cornacyroTc .. c npe,ll
ci<a3aHBeJ• napTOHHoi MO,Ilena. Ecna nonyqeuuoe ua onwTe 
y-pacnpe.a;eneHBe ODBCaTb C DOMOIQLIO /161/, TO 

a = 0,115 +O, 25 

-0,17 . 
HuTerpupyJI /144/ no y , nonyqaeM 

da v 1 -d;"- = a O ( q{ X ) + 3 q ( X ) ] , 

dav 1 
~- = a 0 [ 3 q{ X) + q( X) ] • 
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/164/ 

/165/ 

I 
1 
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Puc. 15 

expected distribution 
assuming F~d (x) 

(b) 

X 

Puc. 16 

1027 v events 
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Ha puc. 16 npe,ZJ;cTaBJieaa 3aBBCBMOCTb 'IRena co6wTBi oT 
x /npo:u;e cc v fl. + N _. p. + ... I. KpasaJI nonyqeaa c DOMOIJlbiO 

aai,Zleaaoi 11 onwTe SL.AC cTpyi<Typaoi cjlyai<:u;BB F~d • 
)l;aHBwe onuTa cornacyJOTCJI c npe,ZJ;ci<a3aHBeM napToaaoi 
MO,ZJ;ena. Ilo,:~;qepi<aeM, 'ITO TeopeTB'Ieci<aJI I<PBBaJI aai,ZJ;eaa 
6e3 I<ai<BX ·f•bl TO HB 6wno napaMeTpOB. flpB 3TOM ,ZJ;aHHble 
SLAC no;Iyqeaw aa ny'II<e 3nei<Tpoaos c 3aepraei 20 F3B, 

a HeiTpBHHJole ,ZJ;aHHble OTHOCJITCJI I< o6naCTB 3HeprBH "' 40 
B "'100 F3B. 

HTai<, pe 3 ynJ.Ta Tbl Depswx ODWTOB DO B3y'leHBJO rny6oi<o
aeyDpyrax ueiTpBHBWX Dpo:u;eccos cornacYJOTCJI c npe,ZJ;ci<a-
3aHBJIMB DaJITOHHoi Mo,ZJ;ena. 3To BDe'laTnJIJOIJJ;ee cornacae 
BPJI.ll na JIBnJeTCJI cnyqaiawM. 

Heo6XO,ZlliMO OTMeTBTb, O,ZlHai<O, 'ITO O,ZlHOH B3 pa6oTaJO• 
IJJ;BX B liaTaE·BB rpyDD (Harvard-Penn-Win -FNAL) 6wna 
aa6nm,ZJ;eaw B Docne,ZJ;aee speMJI 3aMeTawe OTI<noaeHBJI OT 
Dpe,ZlCI<a3aHBii DapTOHHOH MO,ZJ;enB. 

3TH 3cjlcjlt~I<Tbl MOryT 6b1Tb 06'bJICHeHbl po)J(,ZleHBeM HOBbiX 
qacTBil c Ma<:coi 3-4 F3B. 
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Pyi<ODBCb DOCTYDBna B B3,ZJ;aTenbCI<BH OT,Zlen 
26 BIOHJI 197 5 ro,ZJ;a. 

"3TOT CDB,;oi< BI<nJO'IaeT TOnbi<O Hei<OTOpble B3 DOCne,ZJ;HBX 
0630pOB B I<IDir DO c)IB3BI<e cna6WX B3aBMO,ZleHCTBB:ii. 
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