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j PaHreJloB H H. 1'4 80 4[1 t 

I 0 KBBHTODOM AD"*~'""' ( ao6oA:<oro :meKrpoHa. 
2. Cot~ , TDCHHbU" M(!Xc1HH .aecKH~ tt MarHHTHbiH h(QMeHTbl 

H )llCKTPOC. T ntt~C"'t.K.)C r one 

Hccl'eAOBaHo rooc~A<'"":' AHP~K.>ocKoro 3nrKTpoHA 11 H~y4eHbl creA
CTBHR ero BbiCOK04dCTOTHCro WPI'AHHrrpOBC~OrO ApQO<aHHR. HCXOAR HS 
npO(.TbiX ¢HZ .. 14CCK~1X {Oo()pa"'..,HHH ..., C OOMOUlbiO JnCH""HTapHYX Bbi"'HCI"CHHH 

OC':"YLtCHO, lotTO BbiCC KOII~C TOTHWC o::: ...... 1-1P.:-R ~.:.1H ~:lCKTPOHa C03.QaiOT C06CTBCH-

Hble HeXat-fH.IoleCKHH H MJrHHTHbiH MOMCHT.. nc Y"'£t-lt"'J 1 "'TO BC~ 3HeprHR 

OOKOR JneKTPOH8 mc 2 Of'H<biBdCT fOnbKJ l~:;rH~ ero Tp~XMepHOrO 
OCLt,H.niiHP088HHR, TclK K~K cofSctBC"HHUI' lnCt<T&;:>CTcl,.lo4"4eCK8R 3Heprt.1R 

3net<TPOHa E t t<OMne::~ttpycT,.,A CT O KH .. CTl-11.4( _ K )H ) .cprHPH E. k ABH>Ke
HHR B HyneBOM ~HC ~!leKTPOMllr ... -Hor 0 " ')Jl-' 'lp11 Y'<CH' 'lpC'CTpaHCTBeH
HOro pacrpe,qe.(:CI-IHR 01 . ,..toifL.-HPY~Cr') "l.,£!t<TPO'M OC ny~t HC, ll.fTC 31let<TpQ

Cra•H«eCKHH noreH~Han V(r) ero ~aJMa3u>HJro llJAna AanReTCR npoH3 
BeAeHHeM KYilOHOBCKo~o noTCH~>181', V(r) HcroABHO<HOrc IBPAAd Ha $y;a<~~<IO 

aepoRTHOCTH <I> 0<t '. a ero ~pM$aKTOP V(q) • ropOHJRe~;=:HHCM II>CPM
¢aKropa KynoHOBCKoro "'OTeHt.>1ana V(q) 11a )KcnoHCH~HBJlbHbiH MHOO<HTCJlb 
exp[-q2,>.2J4]. 

Pa6ora BblnOnHeHa a fla6oparop1111 TeopeTH'<CCKOH <I>H3HKH OHRH. 

Coo~eHHe 06~eAHHeHHoro HHCTHTyra RACPHblx HCCJleAOBaHHH. Ay6Ha 1980 

Rangelov 1.'1. P4 80 494 
About Quantum Mot1on of a Free £ lectron. 2. Pr·oper 
Hccharoical and Hagnetic Ho~ents and Electrostatic Field 

The behaviour of tt>e Di rae e'ect•or is st cdied and tiJe conse
quence of its riqh frequency Schroedinger zitterbewegung are stJ
d'ed. Go'ng ollt from simple physic.al ojj ' 'lions and by means of ele
mentary calculations it is obtaired that IJigt> frequc.,cy oscillatiors 
o• tt'oe Dirac electron causes proper 'llecranical and magnetic moments. 
•• t- -~-·--~ •~-• h-1• r•~• on4rnv R nf th~ ol~~trnn ic in ~C~ 

1 
j 

HccneAOBaHO noBeAeHHe APOma~ero 3neKTpOHa. nony4eHo, 4TO 
B~COK04aCTOTH~e OC~HnnR~HH 3neKTPOHa npHBOART: a/ K C03AaHH~ 
COfiCTBeHHbiX MexaHH4eCKOro H MarHHTHOrO MOMeHTOB; 6/ K C03Aa-
HH~ 3neKTpocTaTH4eCKoro noTeH~Hana ero aapRAa, KOHe4Horo npH 
Man~X r H 3KCnOHeH~HanbHO yfi~BaiOII\ero npH 6onbWHX q tl>OPMtl>aK
TOpax, T.e. K ycTpaHeHH~ ynbTpatt>HoneTOBOH KaTaCTPOtl>~. noKa-
3aHo, 4TO BCR 3HeprHR 11 nOKOR 11 me 2 aneKTPOHa eCTb 3HeprHR 

ero OC~HnnR~HH. 
XoTR e~e a 1921 r. KoMnToH111 npeAnonomHn, 4To aneKTPOH 

ofinaAaeT BHyTpeHHHM /cofiCTBeHH~M/ MeXaHH4eCKHM MOMeHTOM /CnH

HOM/ H COfiCTBeHHbiM MarHHTHbiM MOMeHTOM, BCe e~e fi~TyeT MHe
HHe/~4/, 4TO CnHH eCTb 4eTBepTaR BHyTpeHHRR CTeneHb CBOfiOA~ 
AHpaKOBCKOrO 3neKTpOHa, KOTOpaR He HMeeT aHanorOB B KnaCCH-
4eCKOH tl>H3HKe l5a-71. BnepBble rayACMHT H YneH6epr ssenH cnHH 

AnR OfioRCHeHHR HeKOTOp~X AeTaneH aTOMHOrO cneKTpa 18~ 0HH B~ABH
HynH npeAnonomeHHe /aHanorH4HO KoMnToHy/, 4To 3neKTPOH o6na
AaeT Bpa~eHHeM OTHOCHTenbHO OCH, npOXOAR~eH 4epe3 ero ~eHTp /9,101, 

H no3TOMY ofinaAaeT C06CTBeHH~M MexaHH4eCKHM MOMeHTOM 

_., 'tla 
L = ns =-

s 2 

H CBR3aHH~M C HHM C06CTBeHH~M MarHHTH~M MOMeHTOM 

-ells 
p. =--= 

s me 
-e11a 

2me 

/1/ 

/2/ 

BcerAa np~-1 3TOM 
HHTHOrO MOMeHTa 
TY /cnJ.-~Hy/ L (1) 

8 

OTMe4anOCb, 4TO OTHOWeHHe CofiCTBeHHOrO Mar

p.6(~ K C06CTBeHHOMY MexaHH4eCKOMY MOMeH
B ABa paaa npee~waeT OTHOWeHHe op6HTanbHo-

ro MarHHTHOrO MOMeHTa 

P.f = 
-e11f 
2me 

/3/ 

K opfiHTanbHOMY MeXaHH4eCKOMy MOMeHTY 3neKTpOHa Lf =11f. 

Lf='Tlf. /4/ 

noaAHee AHpaK 1111 HanHcan penRTHBHCTCKOe sonHOBOe ypaBHeHHe 

nepeoro nopRAKa, BBOAR 4eTbtpe KOMnneKCH~e BOnHOB~e tl>YHK~HH 
/Btl>/: 1{1 1, 1{1 2 , 1{1 3 H 1{1 4 • BBOAOM AOnonHHTenbHbiX MaTpH~ ax, a , 

R. v v o6 y az H ~ OH nony4Hn 4neH, Y4HT~Ba~~HH B3aHMOAeHCTBHe CB OA-
Horo aneKTPOHa C BHeWHHM MarHHTH~M noneM B BHAe CKanRpHoro 

1 
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npoHsBe.QeHHR ABYX Bei<Topoa: Hanp~meHHOCTH MQrHHTHOro nonA H 
-eiiu 

H {t "' 
2 

- C06CTI3BHHOrO MarHHTHOrO MOMCHTO, 
s me 

nos,t:~Hee, I-1CnOJlb3YR 38MB48HHR 6pei1Ta I 12l VI <1>01(8 I 18~ npH 1-iC

CJlBAOBaHHI-1 (jJI-131-14BCI<OrO CMbiCJla ypaBHBHHfl ,llHp81<8 illpC.QHHrep /l4/ 
noKa38!1, 4TO .QBI-!}f(eHI-!e 3JleKTPOHa COCTOV!T 1-13 /3,1!10 • 15,10/: 

a/ perynRpHoro nocTynaTenbHoro .QBVI>KeHVIR co cKopoCTb~ 
+ -

[ itr_] = v + v = JL. 6/ HanomeHHoro Ha Hero .QpomaHHA 
dt 2 m ' 

(Zitterbewegung) c 60JlbWOH 43CTOTOH w- m;
2 

1-1 c Manoi1 aMnJlf.1TYAOi1 

fl -. H1-1me 5y.QeT noKa-nopf!.QKa ero KOMnTOHOBCKOi1 .QJ11-1Hbl BOilHbl 
me 

33HO, 4TO APO}f(3Hf.1€ 3JleKTpOHa .QBHCTBHTeJlbHO cy~eCTByeT, TaK 

KaK OHO npo.ABIIABTCA. 

l..lenb l~acTO.Rfllei:\ pa6oTbl - noKasaTb, 4TO V!HTepnpeTatli-ll'l J:~poma

HHR 3JlBKTPOH3 K3K I<OJJe6aHV!fl TPBXMBpHoro 'f.130TPOI1HOro OC~f.111Jl.R-

TOpa 1 S OCHOBHOM COCTORHVII-1 C 3Heprf.1eH 31lw =me 2 
2 

rtpaBV!IIbHO 

onV~CbiBaeT ero noBe.QeHv1e, .Qae-r HarnflAHoe ¢HSI-14ecKoe o6bRCHe

Hf.1e ero C06CTB€HHbiM MexaHV.4BCI<OMY 1-1 MarHV!THOMy MOM€HT8M VI 06b

RCHR€T npi-141-lHY f.13MeHBHV!fl ero KyJlOHOBCKOrO noTeH~Hana Ha ManoM 

paCCTOflHI-11-1. 

"MTaK, eCJll-1 .QBHlliBHV!e .QV!paKOBCKOro 3JlBKTPOHa flBJlReTCfl COBO

KynHOCTbiO ABYX ABH>KeHV!r::i: l<one6aTenbHoro ABHlkeHV!FI I .QpomaHV!R/, 

onV!CbJBaeMoro B<J> OCHOBHOrO COCTORHV!fl TpexMepHoro OC~V!JlJlfiTOpa 

ljJ ~b) ,., perynflpHoro nocTynaTeJlbHoro ABHmeHVIR, onV!cbrsaeMoro 

op6VIT3JlbHOH B<J> 1/J(r, t), TO 3TO .QOJl>KHO npORBVITbCfl B TOKe, co-

31-\3HHOM ero 33PRAOM. B npV1611f.1>KBHHOM npe.QCTasneHI-11-1 TeopVIVI AV~

paKa MOlKHO 110K333Tb, 4TO TOK .QV!paKOBCKOrO 3JlBKTpOHa AeHCTBI-1-' •· 

TeJlbHO COCTOHT 1-13 .QBYX KOM110HBHT /56 • 16·18l ,: a/ o6bi4HOro wpe

AVIHrepoBCKOro TOKa 

j,
1 

=- e !8 (r -r
0 

) IT+ rr8(r -r ) I /2m /5/ 

VI 6/ TOKa, C03.Qa~~ero ero MarHV!TH~H MOMeHT 

j
11 

=-e{8(r-r 
0

) (pxu) -(pxu)8(r-rJl!2m, /6/ 

r.Qe 1T = (p- ~A) - KOJlV14eCTBO .QBV!>KeHV!fL 
c 

B I lSI nayJll-1 110K33biBaeT, 4TO pa3AeneHI-1e TOKOB B03MO>icHO,, 

VI KB3HTOBOMeX8HVI4eCKV!M nyTeM nony4aeT pa3AeJleHV!e MOMeHTOB 311eKT

poHa .1-f~ C06CTBeHHbld VI op6V!T311bHbiH. no3TOMY MOMBHT 11MI1Y11bCa OH . ' 

3311f.1CbiB3eT B onepaTOpHOM BVI.Qe: 
' itl 

L ik = (r i "k - r k" i) -. 2 a~ ak:, 17 I 

2· 
.... 

EcnH y4eCTb, ,4TO 

. ikj 
a 1 ak =H u j 

TO Vl3 /]/ MOmHO 110JlY4VITb 

1i ik' L = (r rr - r rr ) + - € J a • 
. ik i k k i 2 j 

/8/ 

/9/ 

0.QHaKO nayJll-1 He rOBOpVIT, 4TO CnVIH 3neKTpOHa RBJlfleTCR CJleA

CTBI1eM KaKOrO-TO BHyTpeHHero .QBV!>KeHHR /KaK 3TO C.Qenan llipeA11H-

rep/. nayJlM YTBepm.QaeT, 4TO H311f.14f.1e A06aB04HOrO 4neHa 

-~-aiak B onepa:rope MOMBHTa 11MnyJlbC3 Lik CBR33HO 

c noee.QeHVIeM B<l> 1/J. (r, t), np1-1 6ecKoHe4HO ManoM nosopoTe. naynH 
' , 1 ' 

npHaHae:r, 4TO nepay~ 4acTb (r1 "k -rkrr 1 ) onepaTopa MoMeHTa 

V!Mnynbca L ik , no aHanon1VI C HepeJlRTI-16\"ICTCf<OH TeOpV!eH, MOl«HO 

V!HTepnpeTMpoBaTb KaK op6V!T3JlbHbiH MOMeHT. Ho BTopyiO 4aCTb -~tl a i a k 

OH He paCCM3Tpi1BaeT KaK <!>l-13114eCKOe CJ1e.QCTBV1e peaJlbHOrO ABIII>Ke

HVIA, a npV!HV!MaeT ero TOJ1bKO KaK MaTeMaTf.14eCKOe ~JleACTBVIe CHM

MeTpHH B<J>. naynl-1 y~eep>KA3eT, 4TO pa3AeJleHVIe nonHoro MOMBHTa 

~1MI1Y11bCa Ha op6V!TaJlbHbli1 VI CniiiHOBbiH ecTb TOnbKO nplll6nf.1>KBHV!e 

B ~tepeJlRTV!BVICTCKOH o6naCTVI. 0AH3KO 6op OTMe4aeT, 4TO CllV!HOBbiM 

MOMeHT 3JleKTpOHa, O.QH03H34HO O,TAeJleHHbiH OT ero op6VITanbHOro 

MOMeHTa, HVIKOr.Qa He MO>KeT 6btTb onpe.QeneH nocpeACTBOM 011biTOB, 

K KOTOpbiM npV!MeHV!MO KJ13CCf.14eCKOe nOHflTHe ero TpaeKTOpl-11-1. 

OnepaTop 110J1HOro MarHVITHoro MOMeHTa 3JleKTPOH3 

Mik = 
-e en ik" 
2me (r i " k - r k" i) - 2me £ , l a j /10/ 

COCTOVIT V13 ABYX 4aCTei1: op6VIT311bHOH 43CTVI, KOTOpafl npeACT3BJ1R

eT co6oi1 npoV!aBeAeHV!e op6f.1TanbHoro MexaHH4ecKoro MoMeHTa 

-e v 

(r i 77 k - r k 17 i ) Ha rVIpOMarHHTH~H <J>aKTOP ---, VI CnHHOBOM 4aCTM, 
2mc ' ,.,_ .:') ~ .. 

KoTopaR nony4a~~Cfl. 6naro.Qapf! Han~4VIIO.~.KBaApaT~ c~anRpHoro. 

npOV13BeAeHV!R ,, '1i 

(a.rr).(a·. rr) = (rr.rr}·+'iu.{rrxrr) !1'11 

cMewaHHoro nppV13Be.QeHVIfl ~· ("x xr). T~KV!M o6pasoM, co6cTEI~HHbiH 
MarHV!THbiH MOM~HT 3JleK~POHa eCTb Y.QBOeHHOe ,npOV13B~AeHV!e ero 

CI11-1H3 ·.!_€ ikj 'u, Ha rMpoMarHMTHblr::i '<!JaKTOp .·, ~ 
2 J 2~c 

.nocne KB3HTOBOMeXqHf.14eC);<Q,rO 06CY>KAeHI(lfl <!>VI3M4~CI<i1 6onee . , 

HarnRJ\HO noKa>Kefrl,. 4To APO>KaHVIe /Kone6aTenbHoe .QBV!>KBHVIe/ •3JleKT

poHa cnoco6HO C03.Q3Tb ero C06CTBBHHbiH MarHY.THbiH MOMeHT. 
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,l\ei1CTBHT8JlbHO, 8CJ111 3!18KTpOH KO!le6J1eTCR BOI<pyr CBOero paBHO

aeCHOro nO!lOl!<eHHR, TO ero Kpyroaoe ABHJKeHI1e AOJ1JKHO C03AaBaTb 

MarH!-1THbii1 MOM8HT ilg/ p. 
8 

BAOJlb Jll06oro 8bl5paHHOro HanpaB!18HI1l'l 

.JS -e w p 2 
P.s = -c- = 2c- 112/ 

8 I 121 J oni1CbmaeT TOK, C03AaHHbl~ 31leKTPOHOM (J =-ve), a S 
oni1CbiBaeT npoe<<l.\>110 flllOll\aAIII Ha Bb!5paHHOM HanpaB!leHI1H, KOTopaH 

o6TRHyTa Ha Tpaet<TOP>-111 311eKTpoHa (S=rrp 2). TaK KaK c)>opMyna 

/121 RB!lfleTC.R KJlaCC>-J4eCKOW 1 TO OHa npHMeHHMa A!lR I<JlaCCVIlleCKO

ro AF:H1lKeHHR 3J1ei<TpOHa, 'KOrAa T04HO l-13 BeCTHa ero TpaeKTOPHH. 

Ho AHpaKoBCKHi1 31leKTPOH - 3To APOlKall\aR KBaHToaal'! 4aCTHI.\a, 

a B KBaHTOBOM OCI.\HJl!lRTOpe HaM HeH3BeCTHa HaCTORll\al'l T~aeKTOPI1l'l, 

a 113BeCTHa TOJlbKO sepoHTHOCTb ee npocTpaHCTBeHHoro pacnpe,qe

neHHH 

2 - -3 b 2 
P (b) = I !f 0 (b) I · = ( vfrr A) exp (- -) • 

,\2 1131 

nd3TOMY AilH nony4eH~1l'l 3Kcnepi1MeHTaJlbHO Ha6niO,qaeMoro 3Ha-

48Hilll'l C06CTBBHHoro MarHHTHOrO MOMeHTa <p. > He06XOAMMO BW4HCJ111Tb 

cpeAHee 3Ha4eHI1e <b 2 > c secoM P(b) /13/.
8 

Ecn~-1 yqecTb;~ 4To 

np!l! c¢ep1148CKOW CII1M~eTpWI1 <p 2 >=,i<b 2 >, TO 113/12/ ~1 /13/ 

MOlKHO nony4HTb CJ1eAYIOU\ee Bbtpall<eHHe Alll'l 3KCnepHMeHTaJJbHO Ha6mo-' 

A8eMoro 3H~4eHHR C06CTBeHHOrO MarHMTHOrO MOMeHTa 3neKTPOHa: 

4 . .., b2/' 2 
rrew fe- "b'4db=-

3rry rrCA 
3 0 

ewt..2 

"'2C <1L s > /11~/ 

2 
TaK KaK napaMeTp A HMeeT 3Ha4eHHe 

t 
TO 113 /14/ nony-

\.fa eM mw 

eli' 
<p. >=-·---

B 2mc 1151 

BbtPalKeHI1e /15/ noKa3btaaeT, 4To Kone6aTenbHoe ABHlKeHHe I Apo

lKaHI1e/ 3!18KTPOHa AeHCTBHTe!lbHO C03AaeT ero co6CTBeHH~H Mar-

HI1THbiH MOMeHT fl. 
8 

(2) (s = 1/2). Heo6XOA11MO AOKa3aTb, \.ITO 3TO 

IKe APOlKaHI1e 3!18KTpOHa C03AaeT 1-1 ero C06CTBeHH~~ MexaHH4eCKI1H 

MoMeHT /cnHH L 8 (1) /. 
~aeecTHo 120~4TO A11A onpeAeneHHH co6cTBeHHoro aHa4eHII1R npoeK-

1.\1-111 opfiHTa!lbHOrO MOMeHTa ~Mny!lbCa 4aCTI11.\bl Ha HeKOTOpOM Hanpae

!18HI1111 YA06Ho eocnonb30BaTbCR BbtpameHI1eM A11R ee onepaTopa 

B C<!JepH48CKHX KOOPA111HaTax, Bbl6paa MPH 3TOM nO!ll'IPHYIO OCb BAO!lb 

paccMaTpi1BaeMoro 'iianpaaneHII1fl. ·HaM KalKeTCR, 4To AJlR onpeAeile'-

HHA C05CTB8HH~X 3Ha4eHHH npoeK~I1H nO!lHOIO MOM8HTa \.fa~TH~~ 

4 

..... 

(jli = C1l. + sh) YA06Hee .aocnonb3oBaTbCR BbtpameHHeM AllA ee onepa

Topa B l.\H1lHHAPH4eCKHX KOOPA111HaTax, Bbt5paB OCb Z BAOJ1b pac

~MaTpHBaeMoro HanpaeneHHR. ,l\nR 3Toro Heo6xoA11MO nepen11caTb 

ypaBHeHI1e WpeAHHrepa AllA paA111anbHOi1 4aCTH B<!J R(r, E) a c$e-
PH4eCKHX KOOPAHHaTax/2, 56- • 6,9, 20/ 

d2 R 2 dR 
--+- -· 

dr 2- r dr 

C(C +1) R 
r2 

2m (U- E) R 
112 116/ 

B ypasHeHHe WpeAHHrepa AllA aKcHanbHo-cHMMeTpH4HoH 1.1acT111 

B ~HJ1HHAP1114eCKI1X KOOPA111HaTax, T.e. Heo5XOAI1MO 3aMeHHTb r 
p, a R(r) Ha <P(p)/..jp. · JorAa 1113 /16/ MOIKHO nony4111Tb 

B<l> <P(p) 

Ha 

~ + .!._ J!.<L- (C + 'lz)2 <P = 2m (U-E) <P. 
dp2 p dp p2 112 

/17/ 

113BeCTHO /56,21,22/ , 4To' ypasHeHI1e WpeAHHrepa a l.\111lHHAPH-

4ecKHX KOOPAII1HaTaX 111MeeT BHA 

:1 
2

·'· 1 a·'· 1 a 2·'· a 2!f 2m ..:::......:t:.+- -L+- ..::_...:t:_+--=-(U-E)!f. ap 2 p ap P 2 a¢ 2 az 2 11 2 
118/ 

CpaBHeHHe ypaBHeHHH 117 I 11 118/ noKa3btBaeT, 4To MHOJKI1Te!lb 

( f + 'lz) 
2 

B I 10/ nony4aeTcA scneACTBHe ABYKPaTHoro AH<!J~peHI.\W 
poBaHHA B<!J !f(p, ¢, z) no a311MyTa!lbHOMY yrny ¢. no3TOMy 3aBI1C111-

MOCTb nO!lHOW B<!J !f(p, cp, z) 3!1eKTPOHa OT yrna cp npll1oppeTaeT 

C118AYIOII\HW B11A! 

!f (p, ¢, z) = !f e (p, z) e 1 ( f ± 'lz ) ¢ /19/ 

TaKHM o6pa3oM, Mbl nony4M!lll1 paaeHCTBo 

~ ± 1¢/2 
!f(p, Z, cp) = !f (p, Z, cp) e /201 

rAe !f(p, ¢, Z)=!f(r) - op5HTa!lbHaA B<li 3JleKTpoHa ,onHCbiBaiOII\aR ero 

perynApHoe ABHJKeHHe B npOCTpaHCTBe. 1-13 /201 CJleAyeT, 4TO np~1 

nepeXOAe H3 c<!JepH48CKOW B l.\11!111HAPH48CKyiO ~qOPAHHaTHyiO CHCTeMy 
v + 1C!Jt 2 v Mbl nony411JlH AOn01lHII1Te!lbHbiH MHOlKII1TeJlb e - , Y4HTbiBaiOll\111H 

AOnonH111Te1lbHYIO 3aBHCI1MOCTb nonHo~ B<!J AHPaKoBcKoro 3neKTPOHa 

oT a3HMyTai1bHoro yrna ¢ H3-aa HanH4HA HeHynesow npoeKI.\111111 

ero co6cTBeHHoro MexaHH4ecKoro MoMeHTa /cn111Ha L (1) I. no3-

ToMy Heo6XOA>1MO noKa3aTb, 4TO npii1BeAeHHOe AOKa3a~enbCTBO He 

l'IBJ1A8TCR C118ACTBH8M <!JOpMa!lbHOrO /6e3 $1113H48CKOW Har!ll'IAHOCTHI 

nepeXOAa ypaBHeHII1A 116/ B ypaBH8HHe /171. ,l\nR 3TOrO He06XOAI1MO 

3anHCaTb ypaBHeHHe ,l\HpaKa B l.\HI111HAPH48CKHX KOOPAHHaTaX. . 

5 



-J'paeHeHHe· ,l.lHpaKa· AJUI' CB060AHOrO 3IleKTpOHa HMeeT -061.11Hi1 BHA 

iti a~(r,t) .::e(a···p) 1/J(r,t) +J3~e 2 1/J(r,t)' /21/ 

Kat< yw.e 6biJlO yKasaHo, ax , a Y , a z 1-1 {3 - 4eTI.JpexpfiAHble M~n
PH~bl, a 1/J(r, t) - 4eTbtpexKoMnoHeHTHafl B!l> AHPaKOBJ:Koro 3IleKTpo

Ha 0· •KOTOpyiO MOIKHO KOpOTKO 3ani-1CaTb B 'EiHAe CTOJ16~a •. no3TOMY 

ypaBHeHHe /21/ MOli<HO pacnHcaTb no KoMn6HeHTaM. B ,QeKapToBoi1 

KOOPA11HaTHOi1 CI;1CTeMe nony.4aeTCR CJleAYIOillqR Cl1i=TeMa 4aCTHblX 

A'1<1/!l>epeH~Hani!.HbiX ypaeHeHHi1 123,24/: . ·· · :· . 

a·'· a·'· ... ,. . a·'· . 2 , . : 
i1i 'f' 1 ''... [' 'f' 4 ' V'f' 4 'f' 3 ] ,/, , --+ luC ---1-- +-- =me 'I' 

at ax ay az . 1 

. dt/12 . al/;3 . aljJ 3 aifJ 4 2 
rti-- + 11ie[ --+1--- --] =me ljJ 
,' at ' ax ay ' .. az " 2 

ai/J3 aifJ2 aifJ2 aljJ1 2 
/22/ 

it\--+i'fle[---i--+--] .. -me ljJ, 
at ax . ay az, 3 

a..;, 4 aifJ t aifJ t ao/ 2 2 
111- + it.e[-- + i-----]=-me ljJ • at ax ay ,, az 4 

'I .. ,, 
CHcTeMy.ypasHeHHi1 /22/ MOIKHo nepenHcaTb'B ~11ni1HAPH4ecKYIO 

KOOPAHHaTHYIO CHCTeMy /npl-1 3aMeHe X=peos¢ H Y=··psin¢ 'Yo 
r,Qe OHa npHo6peTaeT CJle,Qy~Hi1 BHA: 

'· 
. ai/J 1 -1¢ a!fr 4 i alf; 4 a!f; 3 2 
11'1-+ itic[ e 1---- --I+--]= me 1/; , 

at ap p a,p az . .. 1 

a!f; 2 i¢ a!f; 3 i a!fr 3 a!f; 4 2 
iTl--+iTlc[e 1--+---l- --]=me ljJ, 

' 

at , ap p acp az 2 
li31 

,., aw3- [ -1.-~. 1 a!/1.2 i iJ!fr2 1 ~1/J 1 1. · 2 
··11i__,__ + i1ic e '~-' --.-- .._ "--'--- + -·- =-me 1/J , 

at, ap p a,p az 3 

'~ 

'ao/4 · 1¢ a1frt 1 .ao/1 a!fr 2 2 
in-+ ific [e 1-. + ----l- --]=-me 1/; 

at ap p a,p at 4 
' 

,. 
l-13 /23/ BHAHO, 4TO 1/J 1 1-1 1j; 3 II!MeiOT O,t\HHaKOBbU':i Q>a3DBbiM MHO; 

lKHTeilb, a 1/;2 1-1 lf;.4 - TOIKe OAit1HaKOBbli1, HO ylKe ·APYrOM (jJa30Bbli1 

MHOlKII!Teilb, Pa3HOCTb MelKAY ABYMR (jJa30BbiMI-1 MHOIKHTeilRMI-1 eCTb </J, 

6 
""" 

11 n03TOMY, HCXOAR 1-13 CIIIMMeTpl-11-1, Mbl MOIKeM npeAnOilOIKkiTb, 4TO 

~ -i¢/2. ~ i¢/2 o/ 1 (p, ¢ , z) = ljJ 1 (p, ¢ , z) e , 1/; 2 (p, ¢, z) = 1f; 2 (p, ¢, z) e , 

o/ 3 (p,</J, z) = J: 3(p, ¢, z) e -i¢/2; i/J4(p,¢,z) =t/'74(p, ¢, z) ei¢/2 
•/24/ 

3aBHCI-1MOCTb op6HTailbHbiX KOMnoHeHT ij (p, </J, z) OT a3HMyTaJlb

HOrO yrna ¢ OnHCbiBaeTCR MHOlKII!TeneM exp(±~i e¢) H onpeAeJlReTCR 

op6HTailbHbiM MoMeHTOM KOJll-14ecTBa .QBHIKeHIIIR £11 .. <[rxp]>. XoTR 

APOlKaHI-1e RBJlReTCR C(jJepl-14eCKI-1 CI-1MMeTpH4HbiM, OHO HMeeT npoeK~HIO 

11 ± 2 BAOil b n106oro HanpaaneHHR 17 ,9,.22/ , T. e. c(jJepH4eCKI-1 CHM-

MeTpH4ecKoe Kone6aHHe 3JleKTPOHa HMeeT O,QHHaKOByiO npoeK~I-110 

cnHHa eo ecex HanpaeneHHRX. 

H3eecTHO, 4TO 6naroAapR npHH~Hny HeonpeAeJleHHOCTI-1, ecn1-1 

OAHY Bei1H4HHY MOIKHO onpeAeJlii!Tb MaKCHMailbHO T04HO, T.e. C M~HH

MaJlbHOi1 OWI-16Koi1, TO HeKOMMyTIIIPYIOll\~e C HeJii Bei1H4VIHbl AOilli!Hbl 

HMeTb MHHHMailbHOe 3Ha4eHHe. 4T06~ onpeAeJlHTb cpeAHee 3Ha4eHHe 

onepaTopa L 2 a npeACTaeneHHH, B KoTopoM L 2 1-1 Lz AHaroHa!lbHble, 

npH 3KcnepHMeHTe He06XOAHMO -H3MepHTb Be111-14HHy /9;24/ 

2 2 2 2 
<L > = (Lz max) + <( I1Lx) min > + <(i1L y) min >' /25/ 

, H3 COOTHOWeHHR HeonpeAeileHHOCTI-1 CileAyeT, 4TO eCill-1 ABa one

paTopa Lx 1-1 LY He KOMMyTHpyiOT MeiKAY co6oi1 ([Lx,Lyl=it.Lz), 
TO AilR HX cpeAHeKBaApaTH4HbiX HeonpeAeileHHOCTei1 (11Lx)2 H (i1L y)2 
CYI.lleCTByeT HepaeeHCTBO 

2 2 
<(11L ) 2 . >·<(11L )2 

11 
(Lzmax) 114e2 

x mm y min > = 4 = ---4 . /26/ 

Y4HTbiBaR c(jJepH4eCKyiO CIIIMMeTp~IO, MOIKHO nOilO>KHTb, 4TO 

<(11L x) !1n>=<(i1LY) ~in>. TorAa H3 /26/ cneAyeT, 4TO 

2 2 ~2 e 
<(11L x) min>= <(i1L y) min > = -2-' /27/ 

no3TOMY ·MOlKHO YTBepiKAaTb, 4TO npl-1 3KCnepHMeHTe noJly41-1M 

<L 2> =.fi2e 2 + 112e -= TJ.2e < e + 1). /28/ 
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Ho ace 3TO QTHor;,HTCR K op6v1TaJlb HOMY MOMe,I·FY en. KoHe4HO. 
!jJOpManbHO Mbl MO>KeM BOCnOJlb30BaTbCFt (j)opMyJlOH /26/, y4HTb1BaR 

npH 3TOM, 4TO <(~sz)!!n> '7 <(sz)~ax>= S~ . 6CJ1!=!ACTB,I-1e, 1130TpOnHo
CTH npOCTpaHCTBa' HMeeM paBeHCTBa 

<(~s ) 21 >= <(~s ) m2J·n > = <(~sz) m2J·n >' = const . x m n · • y • /29a/ 

no3ToMy 113 /26/ Mo»cHo onpeAeJl!IITb 3Ha4eHI1e const 

2 2 2 11
2 

sx = sy = sz = -4-. (296/ 

'1 I :·: 

Kot-ie4Ho, TaKoi1 me pesynbTaT MO>KHo nony41dTb 1-13, /26/, .ecnH .. 

BMeCTO f, nOAC~aBI1Tb S=%, T.e. s = 11
2

, Ho HaM HeOOXOAWMO 
zmax · 

npeAcTaBHTb ¢1113H4ecKoe o6i.RcHeHHe, no3TOMY He'o6xoA1>1M·o 3HaTb, 
OTKYAa noRBJlReTCR, 4JleH T! 2 /4r 2 B I 17 I. ' 

HsaecTHo 124·25/, 4To e KBaHToeoo Me~aH)'!Ke cpeAHee 3Ha4eHHe 

KHHeTI14ecKoi1 3Hep,n>~l1 4ac:nt4bl f k onpeAenReTCR ¢opMynoi1. , 

<p2> p2 .;;:(~p)~ 
<f k > = ~ = 2iil + ' 9~ • /30/ ,. 

nep8biH,, 4JleH B /30/ pnHCbiBaeT KHHeTH4eCKyiO 3Hep~HIO KJlaCCH-

4eCKOro ABI1>KeHIMI 4aC~~14bl C YCPCAH8HHbiM, HMnyJlbCOM p, a, B:rOPOH 
4JleH - KBaHTOBYIO 3HeprHIO AeJlOKaJlH3a41111, KOTOpaR noRBJlReTCR 
BCJleACTBHe KBaHTOBoro Oni1CaHI1Ft ee noBeAe~HR C noM~biO BOJlHOBOH 
<i>YHKL\HH. 3TOT 4JleH oni1Cb!BaeT MI>II~~IMaJlbH~~~O KHHeTI14eCKyiO 3Heprl110 
noKam130BaHHoi1 a orpaH~14eHHoi1 of5nacTI1 4acn14bl. BTopoi1 ~Il.eH 

o6ecne4HBaeT yCTOH4HBOCTb OCHOBHOrO COCT~~HHR 3JleKTPOHa B BO
AOPOAHOM aTOMe H HeHyJleBoe, BaKyyMHOe ,COCTORHHe B OC4HJ1JlRTOpe, 
no3TOMY He06XOAHMO Bbl'-111CJ111Tb BKJlaA KBaHTOBO,ro, 4JleHa B K11HeTJ1·-, 
4eCKyiO 3Hepn110 4aCT114bl. 

HTaK, 

<(~p)2 > == <(~p x) 2 > .+ <(~py)2 > + <(~p z) 2 > ,' /31/ 

H3BeCTHO, 4TO MHHHMaJlbHOe 3Ha4eHI1e·npoH3BeAeHI1R AHCnepcl-1/:1 

(~p x> 2 
11 (~x) ~ ecTb 11 2 I 4. nono~o~y ... ~ • 

112 
) 2>- - 2 <(~p x - 4<(~x) > 

2 . ·' 11 2 
2 1i 2 

<(~p Y) > = 2 ,; <(~p z) > ,= ' 2 • 
4 <(~y) > 4<(~z) > 

132-1 
TaK KaK <(~px) 2 > !-1MeeT MHHHMYM np11 MaKC11MaJlbHQM (~X) 2_,=X 2 , 

a x = r (x MaKCHMaJlbHO np11 y J 0 11: z =0). 1 To :((~x)·2 >==r2. max max 

Ecn11 y4eCTb, 4To <(~x) 2 > =<(~y) 2 >=<(~z) 2 >, TO c noMOI!IbiO max max max 

8 

,oil,. 

1.' 
J\\ 

~ 
' 

:} 

J 

/31/ 11 /32/ MO>KHO nony4HTb · ... 
,. v 

1i 2 >- __ ,_ <(~p) min - 4r 2 

1i 11 
+--+--. 

4r 2 4r 2 

3Tl 

4r 2 
:1331 

6narOAap.A BbiBOAY .<PopMyllbl /33/ HaM CTaHOBI-l'fC.R RCHO, '·no4eMy 

np~-t nepexoAe 113 I 16/ s I 17/ no.RBI111C.A 'MHOlKI1Tenb'"'(T! 21 4Y 2). 3To· 
ecTb He 4TO ·f'IHOe ,. KaK · <(.'lp ) 2 1 >"'(1i 2 I 4r 2 ) , HaX:OAHBw~-ti1cR "' 

o z m n 
1 d" 

B - --(rR).• 
r dr2 
Aei1cTBI1TeJlbHO, pasAeneHHe TpexMepHoro H3oTponHoro oc~HnnA

Topa Ha TpH O,AI>IHaKOBbiX B3ai-!MHO nepneH,QHKYJlRpHbiX OCI.IWJlJlRTopa 
Oflpe,QeJlReT npoeK41110 C06CTBeHHOrO MOMeHTa 3JleKTpOHa B npOI13BOJlb
HO Bb16paHHOM Hanpas11eHI1H. Ta,K KaK OpHeHTal.IH.A 3Tl1X OC.~HJlll,.TO
poB AJlR MeAJleHHOro 3JleKTPOHa B C(j)epl14eCK11 CHMMeTpi14HOM llpOCT
paHCTBe npm13BOllbHa, ,To 11 npoeK~I1R. co6cTBeHHoro MexaHH4ec.<oro 
MOMeHTa /cnHHa/ 3JleKTpOHa BA011b J1~6oro npeASapHTellbHO aw6paH

HOrO HanpaaneHHA AOJl>KHa 6b1Tb nocTORHHoi1 /·29/·. HHTepnpeT<tl.lHfl 
(31i 2/ 4r 2)., KaK 11 (s(s+ 1)'h 2 /4r 2) , HaM KameTCR $113H4eCKH 6onee 

npaBHJlbHOH; TeM 6onee, 4TO TaK11M o6pa30M YCTpaHReTCA OAHO aa-
6biTOe .HeCOQTB~TCTBHe 8 npaBI-!JlaX. paHHero KBaHTOBaHHA, 

HsaecTHO, 4TO s TpeXMepHoM npocTpaHcTBe cy~ecTBYIOT TP~
CTeneHH CB060AHOrd AB11>KeHHR BAOJlb Tpex OCeM ,QeKapTOBOH Koop
AHHaTI-tOH clicTeMbl. Ho HeRcHo, no4eMy np11 o6o6uleHHI-1 npaBHJla 
KBa3HKJlaCCH4eCKOrO KBaHTOBaHHR 6opHa··3oMMep$eJlbAa npi1BO,Q.ATC.A 
TOJlbKO,. ABa CI1MMeTpH4HbiX BblpameHHfl /20/ · 

1 
~p r dr = 2rrn(n r + 2 ) , 

1 
~p 0 de = 2rrfl(f -m+-), 

' 2 

/34a/ 

/346/ 

a T.pe'!:be .3,ani1CblsaeTc.R 6e3 ocTaTo.4Horo 4JleHa · /1.2/ 

~p¢d¢ .. 2rrT!m. /348/ 

Ho Kor,~:~a Heo6xo,AHMO pewaTb npoisn~My Kennepa 124,18/ KBa;~
KnaccH4ecKI1M o6pa3oM, TOrAa yme cne411anbHO AOKa3biBaeTC.R, 4TO 
Heo6XOAHMO 3aMeH11Tb , f(f ~ 1) Ha (t + ·~ ); '4T00bl nony4HTb 'npa- ~ 
BHJlbHYIO <fCHMnTOTHKY., rTo':hoM~ HaM KalKeTCR, ,4TO ec~11' p ¢ . ' 
o6o3Ha4'aeT np6eK~HKi nc>:nHoro yrnoaoro MOMeHTa jT! =( f +14)tl. TO 
e /3•/.fB/ He66xoAI1M6 st.~e'cTo m no,QcTaBHTb m + ~. Ta'KHM o6pa3o,.,·, 
CHMMeTpHFt' 'B /34/ BOC'CTaHOBJleHa, a /34,B/' sanHCaHO q)I13H4,eCKI1 

•. I ' 

npaBH:ril:iHO, ' 1 

· A<fnbwe ·He.66xoAi.1Mo" vtccheAoeat·b, KaKoe H3Me_Hei·n1e;, BHOCI-1~ ppo
maHHe AHpaKOBCKoro 3JleKTpOHa B ero 'K:naCCHLleckl<\i1 3neKTPOCTaTI1-
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4eCKI1~ KynOHOBCK~~ noTeH411an. AnH 3TOrO Heo6XO,QI1MO peW~Tb 
ypaBHeHI1e nyaCCOHa 

f'!..V(r) = 4rrep(r) , /35/ 
• 

11CnOnb3YH ,QnH $yHK41111-npOCTpaHCTBeHHOrO pacnpe,QeneHI1H 3QeKTpl1-
4eCKOrO 3apHJla 3fleKTpoHa Bblpa>KeHI1e I 13/, T. e. np11 p~r) = P (r) 
Tor,Qa AflR y~peAHeHHoro no epeMeHI1 c nep~OAOM APO>KaHI1R 

r = ~ 3fleKTpocTaTI14ecKor~ noTeH411ana A11PaKoBcKoro 3neKT-
4mc2 

poHa MW nony4aeM 

-2e r/A 2 e r 
V(r) = -- J e-x dx =-- <1> 0 (-), v;r o r A 

136/ 

rAe <I> 
0
(r/A) ecTb 11HTerpan eepoRTHOCTI1 I ow116K11/. 

~haK, eCfll1 npeAnOflOlKIH b, 4TO ycpeAHeHHOe npoc TpaHCTBeHHOe 
pacnpeAeneHI1e 3fleKTpoHa oni1CbiBaeTCR He ~AeanbHO noKani130BaHHO~ 
o -$yHK411e~ HenOAB11lKHOrO 3fleKTPOHa, a peaflbHO pa3MbiTbiM BOflH6-
BbiM naKeTOM /13/ OC4~flfli1PYIOIJiero 3JleKTpoHa 191, TO 3neK'rpOCTaTI-1-
4eCK11~ noTeH411an T04e4HOrO 3apHAa APO>Kal!lero 3neKTPOHa RBflR
eTCR npOI13BeAeHI1eM KyflaHaBCKara noTeH411ana T04e4HOro 3apRAa 

HenoAB~>KHoro 3neKTpaHa V(r) = ~ Ha $YHK41110 eepoRTHOCTI-1 <1>
0

(..!...). 
r A 

3Ta MOA11$11Ka411R KynoHOBCKoro noTeH41-1ana 4pe3BW4a~Ho ea>KHa, 
T. K. np11 ManbiX r (r <A), T. e. B o6naCTI1 pa3MbiBKI1 3fleKTpOHa ~1 
ero 3aPRAa, 113 /36/-MO>KHO nony411Tb noTeH411an paeHoMepHo pacnpe

AeneHHoro s npocTpaHcTee 3aPRAa 

lim V( r) = V 
1 

(r) = - ~(1 - ___:_:.__) • 
. ""A 3A2 

/37/ 

r<A 
CaMoe Ba>KHoe, 4TO np~ r 4 0 113 /36/ 11 /37/ nony4aeM KOHe4-

Hbl~ noTeH411an 

- - 2e -4 e mc 2 
V(O) = lim V(r). =---=-- . /38/ 

r-> 0 yrr'A y6rr lie 

l-1tnepeCHO TaK>Ke, 4TO Ha 6onbWI1X paCCTORHIIIRX, rAe J:lpO>KaHI1e 
3fleKTPOHa He AOJllKHO CKa3biBaTbCR Ha ero 3fleKTpOCTaTI14eCKOM no
TeH411aJ1e /np11 r > 3A I, ¢YHK411R eepoRTHOCTI1 <I> 0 (r/A) np1-1:_ 
HI1MaeT nOCTORHHOe 3Ha4eHI1e 1, 11 n03TOMy noTeH411aJ1 /36/ CaBna
AaeT c KynoHOBCKI1M noTeH~I1ano~ To4e4Horo 3aPRAa HenOABI1>KHoro 
3neKTpoHa V(r). KoHe4Ho, APO>KaHI1e 3neKTpoHa C03AaeT co6cTBeHHbl~ 
M<jrH11THbl~ MOMeHT era T04e4HOrO 3aPRAa, 11 TOilbKO, 6naro,QapR 3To
M~ MQ>KHO y3Ha')"b, 4Ta 31leKTPOH APO>KI1T. 
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I 
I 

$opM$aKTOP ycpeAHeHHoro 3neKTpocTaTI14ecKoro noteH41ttana' 
OC4~nl111PYIOI!Iero 3JleKTPbHa TO>Ke 11MeeT BC1A n'po'-13B'eAeHI1R 

~?( 4rre q 2A 2 
~- q) =- -- e~p(- --) 

·q2 ··4 /39/ 
,. 

ABYX MHO>KIIITene~: a/ $OpM$aKTOpa KYilOHOBCKOro. ~o'TeHI.\Itlana V (r) 
T04e4Horo 3aPRAa Heno,QBI1>KHoro ·3nei(TpoHa V ( q)' .Itt 6/ 3KcnoHeH-

2A2 · ' 
l.\11aflbHOrO MHOlKI1TeJ1R exp(- _q __ ),y'-lltiTbiBaiOillero pa3MbiBK~ 3neKTp0-

4 . 
-Ha, 11 ero. a,aPRAa. 3TOT MHa>KI1Te~b ljpe3Bbl4.a~HQ Ba>KeH, /.\eikTBI-1-
TeJlbH'a, $OTOHHbl~ nponaraTop D(k 2) .. np111 w =0 ,QOn>KeH YJ:IOBneT-
eopRTb. pas.eHc/ey. l2a;· · · ·' · · 

·: .' , ' 

e2D(q 2) = -eV(q) . 
'!,J. 

/40/ 

na3TaMy 1113 /40/ cpeAY~T, 4Ta 

., ' ., . ' ~ .. ' 21 :2. 
O(q2),=- . 4rr exp(- ~). 

q.2 4 
141/. 

OpoBeJ:!eHHae 11ccne,Qo8at-1111e' n·aKa3biBaeT, 
J:111pai<OBCKO~ B -$yHkl.\l-lltl /,9,21,•22/ 

4TO 3aM.eHa ·.J.1j:leaJ1bHO~ 

- ·· - -3 'r 2 
o (r),., lim (..jrrA·) exp(-__,_:_) 

·A-. 0· ·' 11.2 /42/ 

peanbHO~ B'-$yHKI.\11e~ eonHoeor6 n'aKEiTa -1131 -np11 on111ca-' 
H11H npocTpaHcTBeHHoro-' pacnpe,Q~neHI1R 3neKtpoHa o6ecne4111BaeT 
KOHe4HOCTb era 3Jle'KTPOCTaTI-!4eCKOrO naTeH4111~3fla /36/ npltl Ma'ribiX t 
111 yt'tpatifleT ynbTpa$11oneToByiO pacxoJ:111MOCTb np111 6unbwlllx' q. 

'BHa4ane ·Mbl ·rasop~t~nlll; 4TO aCI.\1111l11R4111~ ·3nel<TpoHa ·aHepreTIII4ec:. 
1<1-1 BbfrOj:IHbi' Ill no3TOMY CyiJieCTByiOT, T. K. '3ileKTpOH 6e>KI1T OT nomi' 
csoe''ro 3aPRAa·, ·4l'"06bl e3aiiiMO,Qe~cTeoeaTb l-ie c ero 6ecKoHe4HbiM 
MOMel-tTHbiM 3Ha4eH~eM·, a C ero '3an03AaJ1biM KOHe4HbiM 3Ha4eH~eM. 
,lle~cTB~TeJlbHO, ecn111 y4eCTb ycpeAHeHHble pacnpe,Qeneli~R ·t~pa>Ka-
1J1ero 3fleKTpaHa /13/ 111 ero co6cTBeHHbl~ noTeHI.\Itlan /36/, TO t:\llR 

co6cTBet-tHO~ noTeHI.\IIIaJlbHO~ 3Heprllllll Ec OCLI~I11lltlp~10111ero 3ne.KTpoHa 
nony4aeM Bblpa>KeHIIIe 

2e 4rr e ~ -r 2/A2 r 2dr r/A 
.2 

E = .. Je ··--f e-x dx. 
c · 3 r y; 1i VrrA -0 ' 0 

/43/ 

n'ocne nep~xoAa K \'lOBo~ nepeM~H'!oi1 (Y= r/A) 1o1 nocnE1. !.1HT.erplll
poeaHI1R no 4a'CTflM ,' /4 3/ MOlKHO non:y4L-1Tb 

E =o_4e2 ·/'" e-2x2dx = .Y.2 . .£ = _2_ e2mc2 
c rrA 0 . yrr' A ..j""J'rr 1i c /44/ 

11 



3,QeCb He06XO,QI1MO BCnOMHI1Tb, 4TO HyneBOM"<IJOH 3JleKTpOMarHMT

HOrO non.R OKa3biBaeT Cyll\eCTBeHHOe 3Ha4eHI1e Ha ,QBI1J«eHI1e ,QMpa-

KOB~KOrO 3JleKTp~Ha. npoCTbte BbiKJla,QK11 /7,24, 27/ DOKa3biBaiOT, 

"'TO K11HeTM4eCKafl 3Hepri1R Kone6Jll01l\erocfi B HyneBOM'$OHe 3JleKTpo

MarHI1THOro nonR, 8-o6pa3HO pacnpe,QeneHHoro B npocTpaHcTee 

3JlelFPOHa, Oni1CbiBi"!eTCfl $OpMynoi1: 

E == 
k 

in< w2 (or) 2 > e 2m ti 2 
- ==--(-) 

2 171ie ·me 

wmax 

J wdw. /45/ 
0 

06bi4HO npi1H11Ma10T, 4TO BepXHflfl rpaHI1Lla 11HTerp11pOBaHI1fl B /45/ 

,QonmHa coena,QaTb c noporoeoi1 3Heprl1ei1 pom;t:teHIAfl 3neKTpoH-n03111T-

POHHoi1·;napbl "flw ==2me2. no3TOMy /45/ MOli<HO nony4111Tb , 
max 

2 
E = _g_ _e_ me 2 /46/ 

k 17 tic 

HaM KaJ«eTCR eaJ«HbiM coena,QeHHe KII1HeTI14ecKoi1 3Heprll1111 Ek 

3neKTpoHa, KoTopyiO OH nony4aeT 6naro,Qapfl Kone6aH11110 B HeHa6niO

,QaeMoM <!JoHe 3neKTpoMarHII1THoro nonfl, c ero noTeHQ111anbHoi1 3Hep

rll1ei1 Ec caMo.Qei1cTBI1R co6cTBeHHoro 3neKTPI1~CKoro nonfl Ha co6-

CTBeHHbiH sapfi,QI HeCyl!leCTBeHHbiM. OTJ1114111eM y'Jrr OT 17 B ,QaHHOM 

cny4ae MoiKHo npeHe6pe4b, ecn111 y4ecT b npll16nl!1ll<eHHbiH. xapaKTep 

. nony4eHII1R pesynbTaToB /44/ 11 /46/; nony4eHHoe coena,QeHIAe no

Ka3.bteaeT, 4To 6naro,QapR ,QpomaHI110 Hanl1411e sapfi,Qa y 3neKTpoHa 

BnonHe KOMneHC11pyeTCR BJlVIRHt-leM HyneBoro $OHa 3JleKTPOMarHvtT

Horo nOJlR. MMeHHO no3TOMY MOli<HO yTBepm,QaTb, 4TO BCR 3Hep[vtfl 
11nOKOR 11 me 2 3JleKTpOHa vtMeeT MeXaHvt4eCKOe npOVICXOli<,QeHIAe 

1-1 BnOnHe MOli<HO o6oi1THCb 6e3 npe,QnOJlOll<eHIAR ee'3JleKTPOMarHII1THo

ro npovtcxom,QeHI1R /5a, 28/ I me 2 = e 2 /r0 , r.Qe r 0 
- Knacci1LteCK111i1 

pa.Q11YC 3neKTpoHa/. TaKIAM o6pasoM CHI1MaeTcR eonpoc o pasMepe 

3JleKTPOHa, 0 ero CTpyKType 11 0 npocTpaHCTBeHHOM pacnpe,QeneHIAI-1 

ero 3apR,Qa. TeM caMbiM TepReTCfl CBR3b YJlbTpa$1110JleTOBOi1 KaTa

CTpo<!Jbl B .KBaHTOBOi1 3JleKTPO,QII1HaMI1Ke C KJlaCCI14eCKVIM pa3MepoM 

3JleKTpOHp. 
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