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I. B BE)J,EHHE 

AHaJJH3Hpyg nOll)"'OHHMe B [I] HHTerpa.nbi a
1
(t) H x 1(t) reii3eH6eprOBCKHX 

ypaBHCHHfi .UBH:>KelUUI C pemiTHBHCTCKHM raMI·fnhTOHI.JaHOM 

- "' 2 H = c(a, p1 + p3mc (I) 

Jl,JlSI CBO.U06HOf0 ( C HYJICBblM BHClliHHM 3JlCKTpOM3fHHTHbiM flOJICM H COfiCTBCHHbiM 

3HaYeHHeM (c.3.) H - mc
2

) sneKTpoHa 

.m 
- . _!!_ . 0 -tp;t -I 

a, -t 
2

H a 1e +cp1H (2) 

"

2 -i2HI ___ c_ ·O ,, H-I 
x1 - 2 a 1 e + cp1 t + al' 

4H 

(3) 

,llHpaK 06Hapy)KJ.In 1 qro ca
1
(t) - npOCKUHSI CKOpOCTH Ha OCb Xl COCTOHT H3 06bPI-

HOH nocrOHHHOi:f c~opocrH sceii qacrHU.bi 
2 H-I PI 0 c p =--

1 m 
H Ha3B3HHOH HM 

«OCUI1nJIHPYIDIUeii» 

.2H 
.ch . o -1-,;t 

ee qacrH t
2
H a 1e Haii)leHHbiii HM MO.IJ.YJib nocne,UHCH 

seer.!(~ paseH CKOpOC1'H csera c. 

<fJH3M4eCKHH CMblCJl ca
1
(t) JlefKO nOHgTb, BCnOMHHB, 4TO (§66, C.334 [I]) 

H~pSillY C On~paropoM 4-BeKropa K00p.D.HH3T X ,I{HpaK B8CJ1 B TeOpHIO HOBLie 

crenemt: cso6o.u.bi, onHCLIB3IOlll.lle BHyrpeHHee .UBH%CHHe B ::meKrpoHe (p~:l3yMe­

ercs - J(JISJ. OT06pa)KCHHSI ct>aKTa CY:plCCTBOB3HHJI erO Cfll-iH3 H M3fHHTHOf0 MO­

MCUTa), OpH'·IeM; CKOpOCTU no 3THM CTene;H.51M CB060JJ,bl OOHCbiBaiOTC51 TaK)Ke 

onepaTopoM ca. 

TaK qTo H «rpaeKropM51» 3neKTpoHa x
1
(t) (3) TO)Ke co)lep)KHT <<OCUHnnHpyi0-

2 .2H 
ch ·0 -~-~ 

IUYIO» qaCTL ---
2 

a.
1 

e 11 Hap51,lly c o6bilJHbiMH cnaraeMLIMH. 

4H 
I 

, I 

I 



B )laHHOii pa6ore 3TH 3axsaTI.I8aiOme HHrepecHMe pe3yJibTaTM TeopMH )J.HpaKa 

HCIIOJib3YIOTCSI C UeJibiO Bbi)leJUtTb 113 o6mefi KapTHHbl )J;BIDKeHH.st ::>JieKTpOHa H 

HCCJie.n;osaTb TOJibKO )J;BIDKeHHe 06'beKTa 8HyrpH3JieKTpOHHOrD. 

2. fAMI1ITbTOHJ1AH, 01111Cb!BA!Oll\1111 )lBJ1)!(EHI1E 

BHYTPI13ITEKTPOHH0f0 OEbEKTA, 11 11HTEfPAITbl a 1(t) 11 x
1
(t) 

Cne.nySI nornKe llHpaKa, noc-rpoH8Wero peJJSITHBHCTCKoe ypa~euHe .usmtWHHSI 

aneKTpoua so suemueM none ·c 4-noTetrunanoM (A
0
, A) c noMOlllblO 

raMHRhTOHuaua H = c(a, (ji +~A))+ p3
mc2

, uali11eM MeKsaTHhtli onepaTOp H; J1RH 

. .c - - .. - . ~ 

8H}'TpH3JieKTp0HHOf0 06'beKTa, )J;8Hfal01UerocSI C V = C 8 IIOKOSUleMCSI 3JJeKrpoue. 

Bcne.ncT8He v = c Macca rioKosi Ofu.eKra :_ oqes'miuo - uynesrui. 'Ho tor.n;a 

)lflSI 06JiaJl:aHHSI HM npH V = C mi ::J:. 0 T8KHM 06'beKTOM MO)KeT 6biTb TOJJbKO 6e3MaC-

coBbii{ 3apa.u -e, crroco6HbiH npH l/ = c npno6Pecrn Macey 

-e 
mi = c2 A; 

(4) 

(A; - cpe.uuee 3Hal.feuHe co6cr8euuoro 8eKropuoro noreuunana, C03.Ua8aeMoro 

n 
3apH.UoM 8 Mecrax C8oero nponera). neo6xo.uHMyro .anSI co3.uaullil emma sz = 2• H 

8MeCTe C TeM C03)l8Tb M8fHHTHbii{ MOMeHT 3JieKTpoua Jl . 
. z 

Orcro.ua HCKOMblfi faMHJibTOHHaH MO)KHO 3aiiHC8Tb 8 BH)J;e 

2 
H;=P3mic . H 2 c c.3. ;=m;c. (5) 

C noMomhro npoue.uypbi, npuMeneuuoM Jl:Hpa.KoM ilJIS nonyq.e·uHH Imrerpanos 

(2) H (3), i1RH ypaBHeHHH ):IBHlKeHHH C raMHRhTOHMaHOM (5) HaXO):IMM 

2m.c
2 

A o -l-'-t 
a (t)=i--i:t. e n 

I 2m.c2 I 
(6) 

' 
2m.c

2 

~:.2 -i-'-, 
Cn ·0 H 

x1(t) =- --z-4 a 1 e 
4~ic 

(7) 

3. 11CCITE)l0BAHI1E <<TPAEKTOPI111» x1(t) 

IlOnh3)'HCb nepHO):IHqHOCThiO a
1 
(t) (cne):IOBaTeRbHO, H nepH0)1HqHOCTbiO a

1
(t)), 

a TaKJKe pa8eHCTBQM-l MOAYJIH K:03<lJcfJMUHeHT8: -nepe)l 3KCIIOHeHTOH_,B .. (6), T8K_ 

2 

o/ 

I 

I 

BbJ6epeM MOMeHT BpeMeiU-1 1 = 0_ HUlJa.Jia lHIT~rpHpOBUI-Il-!51. reihe116eprosc~HX ypa8-

2m.c2 
Het-mH JlSmKellltsl, '-IT06hl (t~ = --~-' -. 3To npi-1JlaeT HJITerpanaM Y,U0611bJii: WUI 

HCCJie)lOSUJIHSI SH.U 

a 1 =-i e-irot; x1 = R e-iror =R cos WI- iR sin WI; (R = 
2
,::/ W=*l· (8) 

KoMnneKcnocrh <<TpaeKropHH » x
1
(t) ronopHr o ee Kpnsu3He, npw-1eM ee se­

rnecrseHHrul '-!aCTh cooTsercrsyer x 1-KoOpJll-mare (x), a MHHMruJ - ee npoeKum-t 

113 MIIHMYIO OCh, KOTOpoi-i 51.SJ1HeTC51 OfiHChJBaeMrul MUTpHUeJ.i a 2 KOOpitHHUTa x 2(v). 

3ro nerKo nOII51.Tb, cpamm8 MarpnUhl JlwpaKa 

[
000 I] [0 0 
0 0 I 0 0 0 

al = 0 1 0 0 • a2 = 0 -i 

1000 i 0 

0 -il [0 0 I OJ i 0 0 0 0 -1 
o 0 · a3 = I 0 0 0 · 

0 0 0 -1 0 0 

KaK 81-J)]J-IM, e)lHHCTSeHHOH cpe,JUJ IIHX MaTpuueH C '-IHCTO MHI-IMbiMH He pas"": 

HbiMH Hymo 3JieMeHraMH 51BJI51.eTC}I o:
2

. Ho Tor)la «TpaeKTOpmt)) x 
1 
(t) ne)lotr s nno-

CKOCTH xQy, npHl-leM 6narO)l3pS1 paseHCTBY paCCTO}IHHSI 3ap51.Jl3 OT H34aJI8 KO­

op.n;unaT I x
1
(t) I = R =canst OHa MO)!{eT oKa3aThCSI clJHKcnposamwH s npocTpaHCT-

se oKpy)KHOCTblO. 3To npe.unono)t(etme 6y.ueT npaBHJlbHhlM, ecnH ynacrc51 

)l0K333Tb, '-ITO npOXO)J;HMLiii JlSH)t(YJJ_{HMC51 CO C8eTOBon CKOpOCTblO 3ap51.1lOM Il)'Tb 

L Ja onwn nepHOJl T;:::. 
2

1t oKa:>KeTC}I TO'-IUo pasnhiM L;:::. 21tR. 3ro Jlel-icTBHTeJibHO 
(j) 

c 
TaK, M6o M3 (8) ro = R' OTKyAa L = cT= 2nR. 

3,ueCL Mhl fiO)lOWJlH K cynt np06JieMhl, peweHI-1.10 KOTOpoH H llOCS51lUeHa pa6o-

Ta. 

OllltospeMeHHOe cymecTsosai-me c.3 . .usyx pa8HbiX no senu'-llme KOMIIOHenr 

cKopocrH 3ap5111a H BJlOJib ocH Ox H s,uonb Ov v _;:::. v = ±c,ua nepsLJi-1 B3rii51Jl, 
. X y 

llpOTMBOpel-IHT TeOpHH OTHOCHTeJlhHOCTH. 0)lHaKO TOJihKO 8 TOM CJlyqae, Kor,ua Mhl 

6bi npe.n;noJJQ)tUiJIH rolle'-IHOCTh ¢opMhl 3JieKrpoua _(a, cne)losaTeJibHO - 1-1 ero 

33p}l)l8), llpOeKUHSI CKOpOCTH 3ap51Jl3 ll8 IIJIOCKOCTb xQy 6yueT HMeTL He)lonyCTHMO 

6onhwoe c.3. , npesocxo)l51LUee cKopoCTh cseTa. OpontBope'-llte nerKo npeo.uone­

saeTca. )ln51 -3TOrO HeOfiXOJlHMO H )lOCTaTOliHO npe.n;riOJIO)KI-JTb 3ap51ll HeiiOK<VlhliO 

pasuopacnpe.n;eneHI-thiM no seeM era uaH.n;emwi-i 8LJme Kpyro80H rpaeKTopuu. To­

r.n;a S COOTBeTCTSHH C BhiWeH3JJO:>KeHBhlM IIOJillrul CKOpOCTb 3ap51.)la S JII06oii TOlJKe 

rpaeKTopm-t scer)la paBHa cseTosoH. 
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HTaK, sMecTo xaont'-lecKoro: -T.fl. ~<Zitterbeweguhg'a» seen> 311eKTpoua s 

.!IelicTBHTeJlbHOCTH l-U.teeT MeCTO cynepcTi6H1lbllllil UHpKyJHIUHa ero 6e3MaCCOBOI"O 

3aps1Jla s c·m.wcomacosa.HuoM, co6cTsemw~1 3neKTpoMarHHTHOM none no 

<PnKcHposamwH oKpy.IKHOCTH pa,unyca R = ~2 li soKpyr oc11 Oz-. )lBH)f(em-te 3ap.H-
m.e 

' 
)la BJlOnb oc11 Oz np11 310M HCKJIK>LJeuo, T.K. z-npoeKuHa co6cTBeHHoro BeKTopuoro 

noTeHuHana A~ =A3:;:;; 0. 11, cnenoBaTeJibBO, B 3HaJIOrHl.JHbiX (6) H (7) mnerpanax 

. -
·o . ·o 

fS(t) " z(r) nocTo•HHa» a3 )lom•ma 6h1Th a 3 ~ 0. 

,IJ,anee paCCMOtpe!H-le yno6uee BeCTH B UHllHH)lpHLJeCKOi-1 CHCTeMe KOOpJlMI-JaT 

C ee H3'-laJlOM B ueHTpe 3JleKTJ)QHa. 

BbJLJHCJlHM cnHH s = -R !!.. A . • noJJHhiH noTOK Manmnwro nona CKB03b TOKo-
z c l<p 

.. ~ 2RA .. R21 
BbiH KOHTyp '-Y = 1t . , MafHHTHbli-1 MOMeHT Jl = 1t - M M3fiiHTOMeXaHH'-IeC-

.: l<p - z c 

ll, 
KOe OTJIOWelll--te ~. 

s • 

c h 
113 (5) H (8) llaXO)lHM RA. =---

2 
H 

"P e 

-"-· sz.- 2' 

I I 1tfte -7 
<1>

2 
=<1>0

=-e-=2.06785·10 (c.e. rayccosa); 

en . 
llz = 4mic ' 

llz e 
----;-=-2m.c· 

z ' 

(9) 

(10) 

(II) 

(12) 

T.o., H_ap51.UY C M3BeCTHbiM opraHH'-IeCKH BXO.[lHBWHM B JlHpaKOBCKyJO 

h 
pe1151THBMCTCKyto TeOpHIO 3JleKTpOH3. KB3HTOB3HHeM ero COHHa SZ = 2' np0-

51BHBJ.llHMC51 B COOTfiOWeHHH (9), C rTOMOJ.llhlO 311aJIH33 HHTerpaJIOB )lBJ1)KeHH51 6e3-

M3CCOB0l'O 1ap.su:m B ~)JleKTpmte YJlaJIOcb BLJ51BHTh TaKJKe 1-1 KBaHTOBaHHe npoHH3hi­

Batomero TOKOBMH KOHTYP B 3ToM· Jap.soKem-JOM nenToue nonuoro BeKTOpHoro 

I I 1thc 
M3riiHTI:IOfO fiOTOKa <1> = <1>

0 
~ -- (1 0). 

z e 

CyrnecTBosaHHe KsauTa nocneJtHero H ero senwmHa 6LJJIH npeJ1CKa3aHhi J11151 

M3KpOCKOHH'-IeCKHX CBepxnpOBOJl5llllHX (Cn) KOJieU JlOHJlOHOM (2], a H3MepeHH51 

3H3\JeJIH51 <1>
0 

Ha TaKHX Cn-KOJlbll3X 6blnH BblllOJilleHhl B pa6bTaX (3,4]. 

4 

\ 
I 

} 

OnpenenHM, HaKoueu, noJIHOCTbJO 3neKTpoMarHHTHYJO Macey nOKO>J_m ~neKT-

. poua C flOMOlUhlO H3BeCTHOfO Bhl{Ja)l(eHHa (5) . 

2 ·1JJ[M · ] me =p e+-
2 

d x A. (x)+cr(x)'l'.(x) 
<p c'<f> ' 

(13) 

(p = !__ I A. I. j n o-nnoTHOc;H' TOKa H 3apaJla, \f._:___ CKaii>Jp~bni noteHuHaii) H 

<f>c'<f> ' 

nocne HHTerPHposaHwa (13)- noKa eme He onpeJlerieuHoe JHaLJeuwe m .. 
' 

Pa3yMeeTc51, J11151 TOro, '4T06bl Macca Heno,uBH)I(Horo 3JieKTpoHa 6Lma Koueq-

HOH H paBHOi-i H3BecTHOMY npeUH31-tOHHO H3MepeHHOMY ee 3HaqeHHIO 

m = 9,1095·10-28 
r, np·eJlllO)I(eHHOl'O BbJWe paBHOpacnpe)leJICHH51 f!JIOTHOCTI-t 0' 

lU-tpKy.rmpyiOlUero_ B,UOJlh OKpy)f(HOCTH 3ap51)l3 He )l0CT3T0'4HO, T.K. 3,Uech 6yJleT­

m ~ 00 H3-3a Aicp -~ 00 H 'I' ~ oo. ll03TOMY MHHHMMbHO He06XOJl~MbiM tpe60-

B3HHeM K cpopMe UHpKynHpyiDmero Jap.s~.ua 51BJ151eTC51 ero pasuopacnpe.ueneHHe no 

nosepxHocTH cynepTOHKofo Tapa c OonhWHM ero pa,uHycoM R H p3il.Hyc0M MaJioH 

OKpyJKHdcTH Mepn.!IHaHHoro cet.JeHH51 tapa ·p
0 

<< R. 

TaKa51 cflop~a o6ecne'-IHBa~T, KpOMe TOfO, H H)leaJibHYIO CT3UHOHapHOCTb C06-

CTBeHHOro 3JieKTpoMarHHTHOf0 BOJI51 3apa)la, fiOJIHOCTb.lO HCl0110'4310lll}'lO B03M;Q)K­

HOCTb H311}"4eHH51 3Hepnm: HerTOJlBH)KHbiM 3JieKTpOHOM, 51Bll.sll0Il.\J1MC51 '4_3CTHUei-i cy­

nepcTafiHJlbHOi-f. 

Tor)la (5,6] C }"'OTOM COOTHOlllOHHH (4) H (8) 
2 r 

e ( 8R J m;e · e 8R mi c ( 4a) 
A (p) =-- 1n--2 =--; 'l'.(p '=--In-~-- 1 +-. 

upO 1tR p e •0' 1tR p e 1t 
0 0 . 

2 
(a=!'__- DOCTOHHHM TOHKOH CTpyt<Typhl). 

nc 
nr.e 8R 1t ( 4a) 

113<1> =2nRA.(p0
)=-- cne)lyeT1n-=-

2
· 1+- =217,256,·H 

z up e p
0 

a . n · · 

me =m.e + 1+- m.e =2 l+- m.e. 2 2 ( 2a) 2 ( a) 2 
I 7t I 7t I 

nocne :nora ctaHOB51TC51 onpe,lleneHHhtMH 

m· 
m-

i 2(1 + U/1t) ' 

R=lC (1 +~)=3 8706·10-ll CM; J.l =-.E!._(l+!!); 
0 1t' z2mc 1t 

ll,~-~(1+~); 
s me 7t 
z 

1! ( a) -28 m=- I+- ~9 1095·10 r. 
cR 7t • 
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m 
BhlpiDKenne m

1 2
(! +ot/1t) H3 (15) co)lepJ<<MT B ce6e tjlH3H'IecKyro npH4HHY 

Jl, e ( a) 
Y.ABOeHH-8 MarHHTOMexaHI-It.JecKoro orHoUieHH51 ::meKrpoHa ~ =-- 1 +- no s me 1t 

z 

e 
cpaBHCHIUO C op6HTaiihHbiM - -

2 
. 0Ha COCTOHT B TOM, 'lTO B o6pa30BaHHH emma 

me 
:meKrpoHa M3CC3 CT3UHOH3pHOf0 M3fHHTHOfO H 3neKTpOCT3TH4eCKOfO nOJJ51 (BTO­

poe cnaraeMoe Me){(JlY CHMnonaMH «=» n (14)) He yt~acrnyer. 

( 
()( J-l e 

OTMeniM eme, qro npoH3BeJJ.etme hv = 1 + 1t mc
2 

(v = Z1tR - l.Jacrora 

uHpKymiUJHI) c xopornell rolJHOCThlO conna.n.aer c 3HeprneH noKo51 3neKrpoHa, a 

' h ~ 
era KOMUTOHOBCKilll ,UJUIH3 BOJ1Hbl "-o = - - C JlJUtHOH OKpy)KHOCTH TOKOBOfO 

me 

KOHTypa 21tR (CM. (15)). 
B 3aKnJO'Ienue HCKpenne 6naro)lapiO E.M.Eap6awoBa 3a noMOlllb, B.M.Uy-

6oBHKa, C006llU1BlllefO B MOMeHT C]l3'1H pyKOnJ1Cii CT3TbH B H3~aTeJJbCKHfi OT.UeJI 

011~11 0 TOM, 'ITO B aHaJIOfH4Hb!X pa6oTaX ]98]-86 rr. A.O.EapyTOM C COT­

PYJlHHKaMM 3ap>m raK)Ke npHHHMaJlC51 n Kaqecrne nHyrpHaneKrpoiiHOro o6beKTa, a 

TaiOKe B.li.Jlyll(l!KOBa, r.B.EqmMOBa H COTPYIIHHKOB ceKTopa N'4 JlT<I> 011~11 3a 

o6cTmiTeJibHOe o6cy)K.IJ:eHM.e pa6oTLI B xone ee noJJ.rOTOBKM. K nel.JaTM.. 
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