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I. 

.. , 
BBe.nemm 

H.neIO O BOJIHO~blX CBOHCTBax MHKpoqacTHU BnepBble BblCKa3aJI 

JiyH .ne, · 6pOHJlb B . 1923 r. , a ee 3KCnepHMeHTaJibHoe 

no.nTBepx.neHHe 61i1JI0 noJiy~eHo B . 1927 r. B onuTax no .nmppaKUHH 

3JieKTpOHOB. 3TO H nocJiyIHJIO HaqaJioM C03,naHHH KBaHTOBOH 

MexaHHKH. )le 6pOHJib·. npe.nnoJIOIHJI, . t.{TO c · .nBHIYUteHCH qacTHUeH 
. . 

CBH3aija nJIOCKaH BOJIHa 

➔ ,➔➔ 
I 

¢(r,t)=Aexpi(kr-wt), 
. ➔ 

r .ne A ._ . noCTOHHHaH aMnJIHTy_.na BOJIHbl, k H . w - BOJIHOBble BeKTop 

H qacTOTa, KOTOpble -, ·cB5I3aHbl C HMilYJibCOM p H 3HeprneA E 
qacTHUbl KaK 

-➔ ➔ 

. P=hk; E=hw
1 

r.ne h - nocT05IHHa5I IlJiaHKa. Il03JIHee mpe.nHHrep H JlHpaK, Ha 
OCHOBe HJieH .ne 6pOHJIH, noJiyqmm .iIHHe8Hble JIH!fXPepeHuHaJibHble 
ypaBHeHH5I; KOTOpblM ynosJieTBop5IJia nJIOCKaH ~-. . BOJIHa 

cynepn03HUHH nJIOCKHX BOJII-I: 

r.ne 

" h 0¢':!_ _ = Hm!/lw i -- . 
at 

" · o•"o = HD•'"' , ih ~f-- 'f'U 

A ··A ➔ 
1 · e 2 I'\ Hm = ---(P - --A) + el./J 
2m' C ' 

A' I\ A ➔ . , A 
e ·. 2 Ho= ca(P - --A)+ el.{)+ m c ~ 
C o 

·2 
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'• ........ 

OnepaTop* faMHJlbTOHa )lJI5I ypaBHeHHH lllpeJIHHrepa H JlHpaKa, B 
A A . 

KOTOpblX P=-ihV - onepaTOpbl HMilYJibCa, a Hp - qeTblpexp5IJIHble 
➔ 

MaTpHUbl .llHpaKa, e, m - 3ap5I.ll H Macca qaCTHUbl, I.{) H A -

CKaJI5IpHb1H H BeKTOpHblH noTeHuHaJibl 3JieKTpOMarHHTHoro noJISI, C 

CKOpOCTb CBeTa. 

TaKOBa BKpaTue HCTOpHqecKa5I IlOCJie)lOBaTeJibHOCTb 

CTaHOBJJeHH5I KBaHTOBOH <tJH3HKH. O)lHaKO, Ha Haw B3rJI5I)l, 

B03MOXeH H npyroH IlO.llXO)l K npo6JieMe KOpnycKynSipHO-BOJIHOBOro 

.nyaJIH3Ma MHKpot.JaCTHU. OH OCHOBaH Ha KJiaccHqecKOH MeXaHHKe H 

3JieKTPO.llHHaMHKe 

onpe.n:eJieHHOCTH, 

H . H3JIOXeH B pa6oTe /1 /, . r .ne, )lJI5I 

MHKp9qacTHUeH 5IBJI5IeTC5I 3JJeKTpOH. 3TOT 

aJJbTepHaTHBHblH TTO.llXO)l fi03BOJIHJI IlOJiyqHTb H HHTeprrpeTHpOBaTb . 

TaKHe, H3BeCTIIble H3 KBaHTOBOH MexaHHKH, CBOHCTBa 3JJeI:<TPOHa, 

KaK HyJieByIO 3HeprHIO, cnHH, MarHHTHblH MOMeHT H COOTHOWeHHe. 

Heonpe,n:eJieHHOCTeH )lJl5I KOOp)lHHaTbl H HMilYJibCa H noKa3aTh, qTo 

3TH CBOHCTBa 5IBJ15IIOTC5I CJie)lCTBHeM era BOJIHOBOro JIBHXeHH5I. 

B npe.nnaraeMoH pa6oTe H3JiaraeTC5I cymnoCTh. 3Toro 

aJibTepnaTHBHOrO no.n:xo.na K HHTepnpeTaUHH BOJIHOBblX CBOHCTB 

3JleKTpOHa, BbllJHCJI5IeTC5I nonpaBKa K ero MarmiTHOMY MOMeHTY .. H . 

,n:aeTC5I BblBO)l ypaBHeHHH )lBHXeHH5I )lJl5I BOJIHOBOH <tJYHKUHH'¢(r,t). 

1. 3JieKTpOH KaKBOJIHa-qacTHUa 

B pa6oTaX /1,2/, B · paMKaX KJiaccHqecKHX MexaHHKH' H' 

3JieKTPO.llHHaMHKH, BBe)leH H OOOCHOBaH HOBblH (He KJJaCcHqecKHH) 

HMilYJJbC 

. HMny JlbCOM, 

3JieKTpona, 

KOTOpblH 

Ha3BaHHblH 

CB5I3aH C 

BOJIHOBblM 

BeKTOpHblM 

3JJeKTpOMarHHTHOro Il0Jl5I B BaKyyMe KaK 

➔ ➔ ➔ 

Po = mVo = -2e/c A 
1 

''H'""'·•·-;'"••1' .,.,~~ , / ◄·}\ .~-'•.r,.,::::,· . .• tit.J~. ll:llbl~•,1 a. 

l 1111-el'.1.m.Jh m:caenoannml · 
~r~.m,H···n-~1:<1.1 · 

.nonnepOBCKHM 

noTeHuHaJioM 

( 1) 



.. 
H ,KOTOphll1 5IBJIHeTC51 peweHHeM CHCTeMbl ypaBHemn1 

➔ 

(lPn - ! 
CZ 

➔ 

~~~-+!--VP5 =0 
dt 2m 

➔ 

o2 Pn 
ot =O, ( 2) 

( 3) 

r)le m~m;,fJ1-~
2 

- Macca 3JieKTpoHa B 3aBHCHMOCTH OT era nocTyna

rraTeJibHOfl CKOpOCTH ~=V/C. YpaBHem1:e ( 2) 5IBJI5IeTC51 BOmlOBblM 

ypaBHeHHeM, a ( 3) - ypaBHem1:eM TpaeKTOpHH, HJIH Jiy'la - aHaJJOr 

ypaBHeHH.51 faMHJibTOHa B KJiaccH'leCKOfl MexaHHKe. CJie)loBaTeJibJJO, 

CHCTeMa ypaBHeHHfl ( 2) H ( 3) OIIHCblBaeT 3JieKTpOH KaK som1y, He 

HMeIOIUYIO TpaeKTopHH,' H KaK 'laCTHUY o6Jia)laIOIUYIO TpaeKTOpHefl. B 

Ha3B8.HHblX pa6oTaX noKa3aHo, 'ITO peweHHeM 3THX ypaBJ-IeHHfl 

5IBJI5IeTC51 )lOIIJiepOBCKHfl HMIIYJibC 
➔ ➔ 

➔ ( 1-K V/wo) ➔ 

Po = m C 
0 

0 

r:~z no , ( 4) 

r )le ~o=Ko/Ko - e)lHHH'lHblH seKTOp, onpe)leJI5IIOIUHH 1mnpasJieHHe . . 

pacnpocTpaHeHH.51 nJIOCKOfl BOJ!Hbl, 
➔ 

Ko, . Wo - BOJIIIOBble BeKTOp H 

➔ 

'laCTOTa, V - nocTynaTeJibHa.51 CKOpOCTb 3JieKTpoHa. COOTHOWeHHe 

(4) CB513blBaeT napaMeTpbl IIJIOCKOfl BOJ!Hbl C napaMeTpaMH qacTHUbl. 

ll3 (4) CJie)lyeT, 'ITO .nonJiepoBCKa.513HeprH51 3JieKTpoHa paBHa 

TaK KaK K; 

KaK 

➔ ➔ 

En= CPD= moc
2 i!:~~~:'.'.'.~~2 (5) 

l 1-~
2 

= w;1c2
, TO DOJIHOBOfl HMIIY JlbC ( 4) MOJKHO 3a!1HCaTb 

/·;.···•· 4 

:; . , 

" ,! 
'{ 

J 

f 
. ~ 

r ·, 

➔ ➔ 

➔ 2 ➔ 
moC (1-KoV/wo) 

Po=---- ----------Ko. 
Wo 

j 
1-1l 

Ha OCHOBaHHH (6) BBO)lHTC.51 llOCT05IHHa51 OJiaHKa: 
2 

h = moC /Wo, 

Tor.na (5) H (6) MOllCHO npeJlCTaBHTb D BH)le 

B1i1pallCeHHe 

➔ ➔ ➔ 

Po= h i!:~~V/wo) ➔ ------- Ko; 

J 1-~2 

➔ ➔ 

( 1-K~~:'.'.'.~~2 Wo . 

ED = h 1-,_µ, 

➔ ➔ 

W = Wo t!:~~~/wo) 

j 1-~2 -----

(6) 

(7) 

(8) 

(9) 

B ( 8) ecTb )lOIIJlepoBCKOe CMe111e1111e KOMl1TOIIOBCKOfl YaCTOTbl 

Wo=moc
2 /h 3JieKTpOHa - a11aJIOr OIITH'leCKOrO peJI5ITHBHCTCKoro 

3qxfleKTa )lOIIJiepa. H03TOMY, Ha OCHOBaHHH ( 7) H ( 8), onpe)leJIHM 

DOJIIIOBble BeKTOp H 'laCTOTY )lOilJiepa KaK 

➔ ➔ 

➔ 

Kn= i!:~oV/wo) ➔ ------ K 

j 1-~2 0 

(10) 
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➔ ➔ 

WD = (1-KoV/wo) 

J 1-(32 

Wo I (11) 

Tor.na BOJIHOBble HMilYJibC H 3HeprHI0 3JieKTpo11a MOJICHO npe)lCTaBHTb 

B BH)J,e 

➔ ➔ 

Po= hKo; En= hwo, ( 12) 

2 2 2 
npHtieM K = w /c . 

D D 
-+ 

BOJIHOBble BeKTOp Ko H qaCTOTY WD MOJICHO 3an11caTb KaK 

➔ [1 --
Ko= ~

2 

➔ ➔ l ➔ 2 . 
_c ____ m~--- Ko Ko , 

2 ~2 
Wo hv 1-(3 

(13) 

➔ 

2 2 
moV 

➔ 

moc C 
Ko (14) WD = ------ - --- • ----

h~2 
2 

h~2 Wo 

r.ne 

➔ 

➔ 

moV 
2 (15) moc 

KE=----- WE.=-----

h~2 h~2 

- H3BeCTHble BOJIHOBbl~ BeKTOp H tiaCTOTa BOJIHbl .ne EpOHJl5I, TaK 'ITO 

o6bltIHble HMTTYJibC·H 3HeprH5I tiaCTHUbl CB5I3aHbl COOTHOWeHH51MH 

P=hKs;E=hws 

Ey.neM CliHTaTb, liTO 11anpaBJieI1H.H .UBHllCeHH5I BOJ!Hbl H qacTHUbl 

coBnaJlalOT, TO eCTb Ko/ /V, 11 paccMoTpHM 0606u1eHHblH HMny Jibe 

6 
Q 

\ 
J.J 
t 

l,1 J 

l 
ir 

\ 

'11 
) 

• 

➔ ➔ ➔ ➔ moV mocCl-(3) 
Po6 = PD + P = 

J -.. no + I i-(32 
1-rl 

OTCK>.Ua HMeeM: 

➔ 

➔ ➔ 

moC ➔ -~~-:.. = hKoo, Po6 = ----- no = h 

~2 ~2 

r.ne 

➔ 

➔ 

Koo = -~~---
~2 

113 ( 16) CJie.nyeT ,. 'ITO 

TaK KaK 

2 4 
c2P~o = ~~~-- =·E2 

1-(32 

2 2 2 2 4 
E = c P + moc , 

( 16) 

(17) 

(18) 

➔ 

, no 

TO H3 ( 18) noJiy'IHM CB5I3b o6o6meHHOro H OObl'IHOro HM1:IYJibCOB 

tiaCTHUbl: 

P~6 = P
2 

+m~c
2

. (19) 

2. 3JieKTpOH l<aK BOJIHa 

B 0pa60Te /1/ noKa3aHO, 'ITO peweHHeM TOJibKO BOJIHOBOro 

ypaBHeHH5I (2) 5IBJI5IeTC5I IlJIOCKa5I nonepetIHa5I BOJIHa - BOJIHOBOH 

.nonJiepOBCKHH HMilYJibC 
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➔ 

PD= moc 

➔ ➔ 

(!=~~~~wo) ➔ r--' ---- 't'oexp · (;-t ➔ 
V 1-rl l !'..or-Wot), 

( 20) 

➔ 

1)le 't'o e)lHHHqHh!H BeKTop, 
➔ 

IlpHqeM 't'o.l Ko. flyCTb 

rro- rr pe:i1rn eM y Ko//V, T01)la 

➔ (1-(3) ...:. ➔ ➔ 
moc-------roexpi (Kor - Wot)_ (21) PD 

~2 

.,,. -
TaK KaK, no onpe.ueneHHIO Po= mVo, a 

- --'r 
VD. = dRo/dt, rne 

.. 
VD 

.uorn1epoBcKa.SI CKOpOCTb, 
➔ 

RD OTKJIOHeHHe qacTHUU OT 

paBHOBeCHO['O IlOJIOJICeHH.Sl, TO H3 (21) nonyqHM 

➔ 
➔ 

dRD ➔ • ➔ 
at--= c(l-(3) -roexp1(Kor-Wot). (22) 

HHTerpHpy.SI (22), Hafi)leM 

➔ ➔ 
C ➔ ➔ ➔ 

Ro = i--(1-(3)-roexpi(Kor-Wot)+cl 
Wo . 

(23) 

IlOCTO.SIHHhlH 
. ➔ 

BeKTOp Cl onpe)leJIHM H3 YCJIOBHH 

➔ 
• C ( 1 -(3) ➔ • ➔ ➔ ➔ 

Ro/ =1------ -roexp1Kor+c1., 
t=O Wo 

OTc10.ua nonyqHM, qTo c1=0. Bhl)leJI.SI.SI B ( 23) )leficTBHTeJ1b11y10 

qaCTb; '6y )leM m.ieTb 

0TMeTHM, 

qacTHUU 

➔ ➔ 
C ➔ ➔ 

Ro= - ---(1-(3)-roSin(Kor-Wot). (24) 
Wo 

qTo BOJIHOBOH )lOilJiepOBCKHH HMilYJibC H OTKJIOHeIIH5I 

RD OT paBHOBeCHO['Q IlOJIOJKeHHH y )lOBJJeTBOpHIOT 

ypaBHeHHHM JIHHeHH010 rapMOHHqeCKO['O OCUHJIJIHTOpa: 

~D + w~PD = Q l 

➔ 2➔ 
Ro + WoRD = 0. 

8 

' Jl, 

~ / i 

~ 

-11' 
~ 

3. ManIHTllhlH MOMeHT 3JieKTpOHa 

H3 3;1eKTpo.uH11aMHKH H3BecTIIO, qTo neKTOpHhlH noTeHUHaJI A 
ocUHJJJHrropa 11a 60;11,111Hx OT nero paccl'o.SIHH.SIX R MOJICHO 

11pe)lCTaBHTh B mvte 

➔ ➔ 

➔ 

A = t! X R ----- + 
➔ ➔ 

R3 

1 o c;i ~t (M x R), (25) 

r-;te M - ManmTllhlH MOMeHT oc1tHJJJrnTopa B MOMeHT BpeMeHH t-R/c. 

B paooTe /1 /, 11apHJlY c KJiaCCH'teCKHM paJlHYCOM 3JieKTpOHa 

2 2 
rKn=e /moC , llOJIY'lell H KBa!ITOBhlH paJlHYC rKs=rKnlv'a~ [' )le 

cx=e
2
/hc JJOCT05llllla51 

rKa>>rKn( rKs~12rKn). B 

TOIIKOH 

Ka'{eCTBe 

CTpyKTyp1:,1, npwteM 

MO.UeJIH OCUHJIJJ5JTOpa 

paCCMOTpHM KJJaCCH'{eCKHH ::rneK'rpo11 H 6y JteM CYHTaTb ero 

HCToqHHKOM 3aMKIIYTOf'O 11epeMeHJJOf'O TOKa ( noJrn), TOf')la Ha 

paccT05!11HH rKs>>rKn OT 3JJeKTpOHa neKTOpHhlH llOTeHUHaJI ( 25) 

MOJICIIO npeJtCl'aBHTI, KaK 

➔ ➔ 

➔ ➔ ➔ 

A( rKs) 
MxrKs 1 o ➔ 

= ------ + ---- ---(MXrKa) 
3 2 ot • · 

(26) 

rKB CrKB 

TaK KaK 
➔ ➔ 

Po= -2e/c/\, 

rJte Po onpe)lem1eTC5I BhlpaJKe1meM ( 21), TO ypaime1me ( 26) 

npHMeT BHJl 

➔ ➔ ➔ ➔ :? 2 ➔ 
0 . t: 
---(M X rKs)+ ---(M X rKs) = 
Ot rKB 

1 ~!:-~8 1'D. 2 - e 
( 27) 

Bne;teM 11rnme 11epeMe11111,1e: 
➔ 2 " ➔ 

➔ -► ➔ 1 c-rKs 
y = M X rKs; I' = clrKs; Q = - -2 ---:-e-- Po, 

TOl'Jta ( 27) :-mlIHllleTt:51 KaK 

dy ➔ 
dt- + Py = Q . 

( 28) 
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o6utHM peweHHeM yparrnellH5l ( 28) 51BJl5JeTC5I 

➔ -fPdt ~ fPdt ➔ 
y · = exp · [ fQexp · d t + c1 ] . ( 29) 

BU4HCJl5151 B ( 29) mrrer·paJJU H 11epeXOJl51 K CTapHM I1epeMellllhlM, 

IIOJJY4HM 

➔ 

➔ 

2 2 
le rKa A'!_ __ 

M x rKa:- 2e(c/r;;-iwo) 

➔ 
➔ ➔ 

expi (KorKa-wi t) +c1exp ( -clrKat), (30) 

rite 

➔ 

O:@L ~o. 
Ao = moc--~2 

v 1-(3 

(31) 

nocT05lHHhll1 BeKTOp 
➔ 

Ci 13 ( 30) onpeJteJJHM H3 YCJIOl3H}I 

nepHO)lH4110CTH: 

OTCJO)la no11y 4HM 

➔ ➔ 

( M x rKB )/ T = 
t=- --

2 

➔ 

➔ 

(M X 

➔ ➔ 

➔ 

rKB )/ T 
t=--

2 

➔ ! 
Cl = 2 

c 2 r~s Au expiKorKa(exp TTi-exp-TTi). 
e(c/rKa-iwo) exp(cTTlrKsWo)-exp(-cTT/rKsWo) 

➔ 

TaK KaK exp(TTi)-exp:(-TTi)=O, TO ~I= 0. 

➔- ➔ 

BBO)l51 e)lHHH4HJ,111 BeKTOp -ro = rlrKs, nony4HM H3 (30) 
~t 

HJIH 

rJte 

➔ ➔ ➔ 
Mx-c~=- !_ ~-~~~_Ao ➔ ➔ 2 e (1-ir;;;;;~/c) expi (KorKa-Wot), 

➔ ➔ . 2 ➔ 

• 1 
Mcrox-Co=- 2 

·CrKB Ao-Co ➔ ➔ 
eci=irKBWOIC) exp1 (KorKa-Wot), (32) 

<ro=M/M e;mHH4Hl,111 BeKTOp. 
➔ 

TaK KaK cro, 
➔ I 
'Co, 

➔ 

'Co 

e)lHHH'Hme BeKTOpH, TO 11a OCHOBa!IHH ( 32) Ol!H B3aHMIIO 

opTOT'OHaJiblll,I, rI0'3TOMY, TaK KaK 
2 2 2 3 

rKa=e h/moc , TO H3 ( 31) H 

10 

ti: ,ill 

l 

,j;) 

1 
I· 

(32) IIOJJy•mM 

(33) 1 ~!! 
M= 2- moc 

1 -------

~ 
1!:@L_ 
iH2 

MHOJKHTeJJb ( 1-(3) 1iH2 
B ( 33) 

)lJI51 3JieKTpOHa. npH {3=0 HMeeM: 

o6yCJIOBJieH 3cfXpeKTOM .nonn~pa 

1 eh __ 

MZmoc- ~ 
v l+ex 

Pa3JJara51 IIOCJJe)lHee BhlpaJKeHHe B p51Jl C T04HOCTblO )lO ex, IIOJJY4HM 

eh 1 M = ----(1- - ex) 
2moc 2 ' 

r)le Mo = eh/2moc - MarHHTHhlH MOMeHT 3JJeKTpOHa, aoxeh/4moc,. -

nonpanKa K MarHHTHOMY MOMeHTY, CB513aHHa51 C KOJie6aHHeM 

3JleKTpoHa. OTMeniM, 4TO aHaJJorH4HOe nupaJKeHHe )lJl51 MarHHTHOro 

MOMeHTa 3JieKTpOHa, 

HMeeT ·nHJl 

IIOJ1yt1eIrnoe B KBaHTOBOH 3JieKTpOJlHHaMHKe, 

eh ex 
M = 2m~;:;< 1+2rr - ... i 

4 .. BOJIHOBUe ypaBHemrn 

EyJteM xapaKTepH30BaTb )lBHJKeHHe CBOOO)lHOro 3JieKTpoHa 

o6o6uteHHUM HMIIY Jib COM Po6 ( 16) H 3Heprttefi E. PaccMoTpHM 

BOJIHOBYJO clJYHKUHIO• 

11 



1/J{r, t) = Aoexpi (Poor/h - Et/h), (34) 

r..ue Ao - nocT051HHa51. no..ueffc·rnyeM Ha ( 43) onepaTopaMH grad 

Ho/ ot, T ar;i.a; 

( 35) 
... 

YMHO:XCa.51 Ha ce, .. 
Poo, IIOJIY"'IHM 

➔ 

VI/J = iPoo/hl/J, (35) 

~t/!_-= -iE/hl/J 
ot 

➔ 

r ..ue e - e,.UHHH'UlhlH BeKTOp, 

➔ ic 
ceVI/J = -- Pool/J h . 

(36) 

napa;u1eJihHhlH 

( 37) 

TaK KaK cornacHo (19) 

E = ±cPoo, ( 38) 

TO, Bhl6Hpa51 B (38) 3HaK nn10c, H3 (36) H (37) Haff,.ueM 

➔ . ol/J 
ceVI/J = - 5t-· (39) 

nocKOJlbKY ~o6 =-ihV - onepaTop o6o6u1emmro HMllYJlhCa, TO 113 

.( 39) 6y..ueM HMeTb 

➔ o•'· .... 
ih 5t- - cePool/J = 0. (40) 

npune..ueM ypaBHeHHe ( 40) K raMHJibTOHOBOH lflOpMe, . 3am1caB 

raMHflbTOHHaH B BH..Ue 
A ➔ ➔ 

,. ~,. ➔ 

H=c<TePoo=c<TPoo, ( 41), 

r..ue u - onepaTop, no..uneJ1CalllHH onpe..uenenu10. noTpe6yeM, tJTOOhl 

CB513h MeJK.Jly onepaTopaMH PaMHnhTOHa 11 o6o61uem1oro HMnym,ca 

61,1na TaKOH JKe KaK H Mex..uy 3Hepr11eff H HMllY JlbCOM, T. e. 

12 

E2 = c2 P~o = c
2 

(P~o ~ P~o + P~o ) . 
X y Z 

ll03BO)l.H ( 41 ) B KBaJtpaT, IIOJIYYHM A . . . 
2 2 22 22 22 

H = c [ crxPofi +cry Pofi +crzPofi + ( crxcry+crycrx) Poo Poo + 
X ·' y Z X y 

+ (crxcrz+crzcrx)Pofi Poo + (crycrz+crzcry)Poo Poo]. (42) 
X Z . y Z 

B cmrrneTCTBHH C 11peJlf,IJ!YlllHM BblpmKe1meM )lJI.H 311epr1111, 113 ( 42) 

6yJleM HMeTh 
2 2 2 

crx = cry = crz = 1, 

<Txcry +_crycrx = 0 1 

crxcrz + crzcrx = 0 ., 

crycrz + crzcry = 0. 

YCJIOBH51M ( 43) Y.llOBJleTBOp5IIOT CIIHIIOBhle MaTpHllH nay;m: 

(0 1) (0 -i) (1 0) crx = 1 0 ; cry = i O ; crz = 0 -1 . 

CJie)lOBaTeJILIIO, ypan11e1me ( 40) MOJICIIO 3aIIHCaTh KaK 

1\A 
lh ~t/!_ . A 

ot-= HI/J = ccrPool/J 

C Jlpyroff CTOprnm' TaK KaK 

c
2

P~~ = c
2

P
2 

+ m~c
4 

r )le P - 061,1y111,111 HMIIY ;11,c:, 

npe)lCTaBHTb B BHJle 

TO onepaTop raMHJlhTO!la 

A A A 
A 2 

H = ca:P+ /3moc, ( 45) 

(43) 

(44) 

MOJKIIO 

)')le :} H ~- 11e-r1,1pexp5IJlIIHe MaTpHLll,I )lHpaKa. C y 11eTOM ( 45), 

ypaBHe1me ( 44) npHBOJlHTC5I K H3BecnIOMY ypaBHeHHIO JlHpaKa: 

A A 

ih it-= (c:}P + moc
2

/3)1/J (46) 

Ypan11e1me ( 44) 1103nonHeT pewaTh Te J1Ce 3a)la 1m Knairrouofl 
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f; 
it 

i 

MexaHHKH, •no H ypa1mem1e JlHpaKa ( 46), H B -➔TOM CMUCJle OIIH 

3KBHBaJielrrHbl. 8 Ka4eCTBe npHMepa paCCMOTpHM 11pHMe11e11He 

ypaBHeHHH ( 44) K 3aJta4e o ;wmce11HH ·:rneKTpo11a n mrne 

ueHTpaJibHblX CHJI, a Hr,iellIIO HCCJie)lyeM pe111e11He :1-ror·o y pan11e11H51 

B KYJIOHOBCKOM fIOJie 51.npa aTOMa BO)lOpoJta C noTellltHaJJl,11011 
. 2 

3HeprHeH V = -ze /r. 

B CHJIY ueHTpaJibllOH CHMMeTpHH 3a)la4H 

3a1rncaTh II. ""' tt=ccrPo6+V ( r) ypaBHeHHH ( 44) y JlOOHO 

CHCTeMe KOOp.IlHHaT. CJieJtyH . /3, 4/, 11a11.neM 

A A 1, I\ 

H=c~rPr +ihc/rcrr~K+V(r),(47) 
06 

r.ne 
A • ( o Pr = -1h ---

06 or + ~-) 
I 

- pa.nHam,111,111 onepa-rop HMnym,c:a, a 

" I\ (0 -i) " /\ ('1 0) <Tr= <Ty= i O; ~ = <Tz = 0 .-1 

I'aMHJibTOIIHaH 

n cqJepwiecKoH 

( 48) 

( 49j 

- aHTHKOMMYTHPYl()lllHe MaTpmru flayJIH, K=±l, ±2,... - Knairronoe 

4HCJIO, CBH3a1rnoe C flOJIHblM MOMeHTOM KOJIW!eC'rBa .IlBHJICeHH51 

3JleKTflOHa /3/. BBeJteM BOJIIIOBYIO ctJYHKUHI() 

11Cf10Jlb3Y51 

1/J(r) = (F(r)/r) 
G(r)/r . 

( 44, 48-50), IlOJIY4HM CHCTeMy .nsyx ypaBHeHHH 

dF 
dr 

K (E-V) 
--F - ----.--G = 0 · r he ' 

dG K (E-V) 
--- + --G + ------F = 0 
dr r he 

Onpe;teJIHM ':lHeprHI() E C TO'HIOCTJ,I() .no 3HaKa nocTommoH 

( 31Iepl'HH TIOKOH), TOl'Jta ee MOJICHO npe.ncTaBHTb KaK 

14 

( 50) 

( 51) 

2 mac 

HJIH 

2 
E = S + mac , 

E = g 2 
mac ' 

( 52)· 

r)le S - 311eprHH, no.nneJKalllaH onpe.neneHHI(). B 3TOM cJJyqae H3 

ypanHeHHH ( 51) CJie.nyeT cne.nyl()llla51 CHCTeMa ypaBHeHHH: 

dF K (S+moc2 -V) 
-- - --F - ---------- G = 0 dr r he ' 

dG K (S+moc2 -V) --- + --G + -----------F = 0 
dr r he ' 

dF 
dr 

!;_F 
r 

(S-m~~::~lG = 0, ---tic 

dG K (S-moc2 -V) -- ~ --G + ----------F = 0. 
dr r he 

CJte11aeM :3aMeHy: 
2 2 

A= (mac +@)/he, B = (mac -@)/he; V/hc = -ZaD/p, 

j 
~ 

2 4 2 2 
D = ~ = mac -S /he, p = rD, a = e /he . 

(53) 

KoM6HHHflY51 ypaBHeHH51 1), 4) H 2), 3) CHCTeMbl (53), noJiy'IHM 

dF 
dp 

~ !;_F - (~-+~~-JG= 0 
p D p ' 

a~-+ ~-G - (~~ - ~~-)F = 0, 

dF _ !;_F + 
ctp P 

(~- _ ~~-)G = 0, 
~9 + 
dp ~-G + (~- + ~~-)F = 0. 
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(54) 

(55) 



PaCCM0TpHM CHatJaJia CHCTeMy ypaBHeHHH ( 54) H npeJ{CTaBHM 

pemeHHe B BHJle 
co 

-p s+v F(p)=e ~ p a, , I... V 
v=o 

co. 
G(p)= e-pL Ps+vB. 

v=o v 

(56) 

TT0JlCTaBJI5151 ( 56) B ( 54) H npHpaBHHBa51 K031KflHI_{HeHTl1 npH 

s+v-1 _ 
p , naHJleM 

(S+K)Bo + Zaao = 0, v=0 
-ZaBo + (S-K)ao = 0, 

(S+v+K)B + Zaa -
V V 

= 0, ~-a - 8 v-1 
D v-1 v=,:0 

A (S+v-K)a - ZaB - --B - a = 0. v v D v-1 v-1 

(57) 

(58) 

YMH0)l(a51 nepsoe ypaBHeHHe (58) na D, a BT0poe ua.B H'Blll!HTaH 

0J{H0 H3 Jlpyroro, Il0JIYl!HM 

a [ J=~= Za - (S+v-K)] = -B []-~~(S+v+K)+za] V B V B . . , 
(59) 

a H3 CHCTeMll ypaBHeHHH (57) HMeeM 

S = JK2 -Z2a 2 
.• (60) 

PeweHHH ( 56) 51BJI5IIOTCH pery J151pH11MH Ha 6ecKOlle•mocT11, eCJIH 

. pHJllil o6p1i1sa10TCH npH v=N. TT03T0MY, ClJHTaH, l!T0 a = B =O, N+l N+l 

H3 (58) Hatt)leM 

✓Ba= -✓As N = 
N N' 

0, 1, 2, ... (61) 
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Il0JlCTaIJJIH51 ( 61 ) B ( 59) IIPH v=N H 3aMellHH A H B, 6y ){eM HMeTb 

f:Zcx 
j 2 4 2 = (S+N) mo c -f; . 

H3 C00Tl!0llleIIHH (62) 11a11)leM 

f: = 
2 

moc 

Zzcxz 
1+---- 2 

(S+N) 

(62) 

(63) 

AHaJIOrH"III0e 131,1paJ1Ce11He )lJ151 311epl'HH f: CJie)lyeT H H3 pe111e11HJ1 

CHCTeMll ypaBHeIIHH ( 55). Pa3JiaraH ( 63) B p51)l no CTeneHHM Z
2

cx
2 

H y•rnT1rnaH ( 60) , ll0JIYl!HM, orpaIIH"IHBaHCb llJleHaMH )l0 

l!eToepToro nopHnKa /3,4/: 

s - 2 ( 22 2 • - mac 1- --~-
2n2 

Z4cx 4 

2n
4 (7iD- - ~ J) · (64) 

f'Jle 

n = N + /K/=1,2, ... 

rJiaBII0e KBairrorme l!HCJI0, a /K/ npHIIHMaeT LleJI!le 

noJI0)l(H.TeJihlll:ile 3Ila'!ellHH. nepBllH l!JieII B npaB0H YaCTH ( 64) 

51BJI51eTC51 311epr11e11 fl0K0H 3JleKTp0ila, BTOp0H lJJieH 011pe)leJIHeT 

nonpanKy K 3HeprHH qacTHUll 6e3 cnmia, conna)laI01He11 c 

pe3yJibTaT0M, noJiyl!ellllllM H3 uepeJI51THBHCTCKOl'0 ypaBIIeHH5I 

lllpeJlHHrepa H, IIaK0llell, TpeTHH ljJ(ell - pemITHBHCTCKa5I nonpanKa 

K 311ep1~1111 l!aCTHlUJ co CIIHH0M 1 /2, onpe){eJ151IOllla51 T0IIKYIO 

c-rpyKTYPY aToMa B0J.l0P0Jla, K0Topa51 · xoporno ccw1mcye-rcH c 

0nl,IT0M. 
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5. 3aKJIIOYeIJHe 

BOJIII0130H JlOrIJiep013CKHH 11MI1YJll>C . '3JieKTpcma, 13BeJtelllrnH 11 

OOOCHOBaHHUH B pa6oTaX /1 '2/ 11 OCIIOl3alIIIUH 11a KJiaCCH'1eCKOH 

MeXaHHKe 11 3JieKTpOJlHIIaMHKe > 1103130JIHJI HaHTH, B OT JIHYHe OT 

o6menpHH51Toro rIOJlXO)la, aJibTepHaTHBHOe OrIHCaIJHe Cl30HCTl3 

3JieKTpoHa. Ha OCHOBe '3TOf'O 6UJIH nonyt1e1111 TaKHe, H3BeeTJme H3 

KBaHTOBOH MexaHHKH CBOHCTBa 3JleKTpOHa, KaK er·o HyJieBa51 

3HeprH51, CrIHH, MarHl1THUH MOMeHT H COOTHOUieIIHe 

HeOnpe)leJieHIIOCTeH )lJIH KOOpJlHIIaTU H HMflYJibCa, H noKa3aIIO, YTO 

3TH CBOHCTBa HBJIHIOTCH cy111ecTBem10 BOJIHOBUMH H HMeJOT 

HarJIHJlHYJO qll13HYeCKYIO mrrepnpeTaUHIO, KOTOpaH OTCyTc·rnyeT B 

KBaHTOBOH MexaHHKe. KpoMe Toro, aJ11,rep11aTHBIIUH IlO)lXO)l, He 

BCTynaH B npOTHBOpeYHe C Kl3allTOBOH MeXaHHKOH, npHBO)lHT H K 

OOUYHUM ee ypam1eHH51M )lJ151 BOJIHOBOH cpyHKUHH t/J.(1' t)' a HMeHHO 

K ypaBHeHHIO JlHpaKa H K BOJIHOBOMY ypam1eHHIO nepnoro nopH)lKa 

co CKpUTOH MaCCOH rIOK05I H onepaTOpOM raMHJlbTOHa, COJlepJICatUHM 

cnm10Bue MaTpHUU nayJIH. llOC:JleJUiee ypari11eu11~ · parrnoCHJibllO 

y paBHeHHIO J[HpaKa, YTO HJIJIIOCTflHpyeTC51, B YaCTHOCTH, pe111e1JHeM 

3a)laYH JtJIH aToMa BOJlOpoJta. 
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KneH11H 6.A. P2-,!:)2-163. 
K sonHOBblM 11 KopnycKynApHblM cso.::icrnaM M11KPO'!acrnu 

noKaJaHO, '!TO 11CTO'IHl1KOM BOJlHOBblX CBOHCTB 3JleKTP0Ha ABJlAIOTCA ero 

Hynesb1e Kone6aHl1A c '!aCTOTOH Aonnepa B ~ynesoM 3JleKTpoMarHl1THOM none 

saKyyMa. BseAeHa 11 o6ocHosaHa sonHosaA Q?YHK1.111A Aonnepa 11 Ha ee ocHose 

nony'!eHO Al1cpcpepeH1.111aJ1bHOe BOJlHOBOe ypaBHeHl1e nepsoro nopAAKa CO CKpbl· 

TOH MaCCOH nOKOA 3JleKTPOHa 11 onepaT0pOM raMl1JlbTOHa, COAep>t<alJ.l11M Cnl1HO·' 

Bble MaTp111.1b1 nay1111, pasHoc11nbHb1e ypasHeH1110 A11pa.Ka. 

Pa6oTa BbinonHeHa B na6opaTOp1111 · AAepHblX peaK1.111.::i OMRM. 

Coo6meuHe 061.e;iHueuuoro HHCrHryTa 11;iepHb1X HCc:ie;iosaHHH. Jly6ua 1992 

, nepeBOA aBTOpa 

Klenin 8.A. 
I, 

P2;92-163 
On the Wav~ and Corpuscular Properties of M icroparticles 

·.It is shown that a spring of the wave properties of the electron is its zero os

cillations with the Doppler· frequency in the vacuum zero electromagnetic field. 

A Doppler wave function is introduced and grounded and on its basis a wave equa- . 

tion with the Hamilton operators and Pauli spin matrices is obtained. 

The investigation has been performed at the Laboratory of Nuclear Reactions, 
JINR. • -
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