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J.K. Makcgenn

DdupHBINA 3apsr ¢ Maccoir m,/2 (m,- Macca DJIEKTPOHA) COCTABJISACT
OCHOBY CTPYKTYpPBI JIBH)KCHHUS JJICKTPOHA, YK€ MMeromiero maccy m, [1].

Kak ceronHs oOLENpUHATO, NEKTPOH TAKXKE MMEET COOCTBEHHBIH CIUH
hi/2 ¥ MAarHATHBIA MOMEHT £, , CO3/1aBAEMbIIi BHYyTPEHHUM JJIEKTPUYECKUM

TOKOM B HEM. CIIMH 3JIEKTPOHA U CBA3aHHBIM C HUM TOK CO3/IAIOTCS 34 CUET
KOJIBLIEBOTO JABWXKEHUSI 3apsida Ha paauyce r,. Ilpu sToM BenuuuHa 27r,

M3BECTHA KaK JJIMHA BOJHBI KommnToHa 1jisi 3JIeKTpoHA. DJIEKTPUYECKUE
3aps0bl IO CBOEW MPUPOJE YKE UMEIOT JIMHEWHYIO CKOPOCThH IBUKEHUS
paBHyl0 ¢ (ckopocTh cBera). Torma couH dJeKTpoHa U Oyner
g, =Mt _h
2 2
B kBaHTOBOW MEXaHUKE CIIMH D3JIEKTPOHA, XOTS U CPaBHUBACTCS C
MEXaHUYECKUM MOMEHTOM HMIYyJbCca, HO HE CUHUTAETCA IMOJTHOCTHIO
TaKOBBIM 0€3 BCAKUX pPa3bsICHCHWH nouvemy. Ecim cuyuTaTh, YTO CIHH
AJIEKTPOHA CBSI3aH MOJAbKO C MACCOM €ro 3apsjia, TO OH U OyJeT TaKuM, Kak

H IT0Ka3aHO BBIIIC.

C npyro# CTOpPOHBI, TaK Kak 3apsj Bo30ykKIaeT BOKPYT ceOsl BHEIIIHEE
MarHuTHOE T0JI€, TO OH U HaOUpAeT MOJHYI0 Maccy m,, T.. YK€ MOJHYIO

Maccy 3JekTpoHa. IIpu 3ToM 3a CUET KONBIEBOIO IBWKEHHUS 3apsjia 6
CmpyKmype 271eKmpoHa Macca MarHUTHOTO TOJISI 3aps/ia paclpenesieTcs
y>K€ BOKPYTI CO3[JaBa€MOI0 MM TOKa, 00pa3ys BHEIIHIOI TOPOHJIAIBHYIO
000JI0YKY MarHUTHOM MHIYKIUHU CTPYKTYPbI JJIEKTPOHA, pUC. 1. DIeKTpoH
CTAaHOBHUTCS MarHUTOM C JIBYMsI YETKO BBIpaKEHHbIMHU mosrocamu. Ho ero
TOPOMJANIBHOE «TEJ0» NPH ATOM HE HMMEET YETKUX TPAHMI, XOTA €ro
IUIOTHOCTb U CHMIKAETCS C YBEIMUEHUEM pauyca JOBOJIBHO OBICTPO.
MarauTHass WMHOYKOUsA ~ 3JEKTpOHA B mejloM B,  co3maércs

e

HEIMOCPEICTBEHHO BpalIeHUEM MO KOJIbILY YX€ €ro MojJHOW Macchl M, U

" . m, ¢
ucxons u3 e€ pusmueckoii cyru [2], onpenenurcs kak B, =—-—, (1)
e
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Il e — DJIEMEHTApHBIM AIEKTPUUECKUI 3apsii, paBHbIA 1, ecinu 3TO HE
OTOBOPEHO MHAYE.

[Ipu 5TOM B 3JIEKTPOHE 3aps]i BMECTE C MACCOM CBOEro MarHUTHOTO
MOJISL BPAIIAeTCsl Ha CO37aBa€MOM MM K€ MarHUTHOM MHAyKIuu B, puc. 1.

+ Be Macnummuas unoykyus snekmpona

MACHUMHASL UHOYKYUSL
BOKpY2 3aps0a e

Bry

NEeKMPUYeCKUll 3aps1o0

Puc. 1. MarautHoe nojie ToKa 3JIEKTPOHA; 3apsa e (CrpaBa) IBHXKETCS
10 KOJIbIYy OT HAac BOKPYT CO3/1aBa€MOI UM € MarHUTHOW MHAYKLIUHU B,.
mc mgc-re

Pannyc ero BpallleHHsI MOXHO ONPENEIUTh KaK I = é r,, TJe
eB, e-mgc

= p,- HAMIIYJbC TOJHOW MacChl 3apsifa dJJEKTPOHA B €€ KOJBLEBOM
e

JIBUKCHUU.
[IoTok MarHWUTHOM WHAYKIMH B, dYepe3 KOIBLUO «TOKa» 3apsia

mc > h .
-ar,” =—. DTy BEIUYUHY, OTHECEHHYIO K

re 2e

e

AIIEKTPOHA OTPEACTUTCS KaK

3apsiAy DIIEKTPOHA, BHIPAKEHHOMY B KVJIOHAX, MOYXHO YHCIIEHHO 3aIucaTh
Kak @, =h/2e=2,0678506-10"°B6. To ecTh OHa U OyJCT paBHA U3BECTHOMY

KeaHmy MAacHUmMHO20 noniokda.

W3 puc. 1 HaArmsigHO BUIHO, YTO DJIEKTPOH TNPENCTABIAECT COOOM
KOJIBIICBOM TOK, 3aKIIOUEHHBIM B TOPOUJAIBHYIO O0O0O0JIOYKY CBOETO
MarHUTHOTO TOJIsSI, HE UMEIOIIET0 YETKUX BHEUTHUX TPAHUIL. 3apsii B CBOEM
TOKOBOM JBHKEHHH MPOXOJUT Y€pe3 TOP C KOJBLEBBIM PAANYyCcOM I, U
TOPOBBIM pamuycoM 2r,. Ilpu 3TOM BMecTe ¢ BHEINIHUMU MArHUTHBIMU
BUXPSMHU €0 CMEIIAET MO KOJIbIY HanpsiceHue, CO3JIaloIIee KOIbIEBYIO
HanpscénHocmo 3apsada E,. OHa Oyner onpeerneHa 4yTh HIUXKE.

Ha30BéM BHYTPEHHIOK SHEPTrUI0 MArHUTHOIO TOJS AJIEKTPOHA
NOMEHYUAIbHOU KUHemu4eckou, Kak U caMo 3To 1noJjie. Ero macca BmecTte ¢
Maccoi 3apsia U CO3Ja€T MOJTHYI0 MacCy 3JIE€KTPOHA PaBHYIO M, .

Tak kak 3apsji 3JEKTPOHA BpAIaeTCsl MO KOJbIY C PaiuycoM [, CO

CKOpPOCTBIO ¢, TO OH TEM CaMbIM CO3MA€T KOJBLIEBOU 21€KMPUUECKUL MOK
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I=2—. Eciu e — 3apsaa 9JICKTPOHA B KyJjoHax, ¢ — CKOPOCTb CBE€TA B
il

e

cm/cex, Tf,- B cM, TO TIOJyYUM TOK B amnepax. MarHUTHBII MOMEHT

e
. 2
ANEKTPOHA 4, =iS;, TH€ S, =, - IJIOWIAJh «TOKOBOTO KoJblia». Wmu

ec 2 ECr, ) .
U, :2—-7zre == [A-cv”]. Kak wu3BECTHO, ATOT MarHUTHBIA MOMEHT
ﬂre

Ha3BaH MarHeToHoM bopa. Ecmm  moacraBute B hopmyiry
e=1,6021892-10"°Kz, To 3Ta BenuuuHa OymeT u, =9,274078-107°Acv’® wnm

1y =9,274078-107** JTnc/ Tn , KaK 3TO ¥ MPUBOAUTCS B CIIPABOYHUKAX.

A ceiliuac IIPpOBCPHUM IIPUTI'OAHOCTL IIpU OIIHMCAHHUH JJICKTPOHA
KJIaCCHYCCKOI'0 YpPaBHCHUA Makcaeia I naomHoCmu noJjIHo2cO0 MmMoKa,

3aIMcaB ero IS JAaHHOTO CJIyYasi B BHJIE | = ERVN By — goitl% ; (2)
Ho

rae: B,,.-. pacxXoJIIascs MarHWTHAs WHAYKIHS OT «TOKOBOTO KOJIbI[a»
(akTHUeckn OT 3apsia JJIEKTPOHA), a i, =4zmr, /e’ U &, =e*/4amrc® -
MarHuTHass M OJCKTpUYecKas IIOCTOSHHBbIC Bakyyma. M 31ech  yke
HOSIBIISICTCS KJIACCUYECKHMI paNyC dJIEKTPOHA I, =TI« , TAC « - MOCTOSHHAS

TOHKOH CTPYKTYpPbl B KBAHTOBOU (PU3HKE.
Bnavane ompenenum nepBoe ciaraeémMoe, 3alldcaB €ro JUisl MoKa
1 o
anekmpona B Buae —Vx B, . To ecTb 3TO 3aKkOH AmIiepa 1Ji1 MarHUTHOU
Hy
WHAYKIUU, KOTOPYIO OOBIYHO CO3JAET BOKPYT MPOBOAHUKA MOCTOSHHBIN
TOK. [lanpmie oHa pacnpocTpaHsAeTcss BOKPYT MPOBOJHHUKA B COOTBETCTBUU

o 21
C SMIUPUICCKH HANJICHHBIM 3aKOHOM B, () = /j’ : (3)
ar

rae: | —Tok B MPOBOJHMKE, a [— PacCTOSIHHE OT OCH MPOBOAHKKA [3, ¢. 266].

MaruuTHass WHIYKIHS BOKPYI TOKa B 3JEKTpOHE Bry(F) MCXOIUT OT
TOPOBOT'O BpAIICHHS CaMOW Macchl 3apsija e. [Ipu 3ToM Ha camoM 3apsijie
m.c

ero TopoBas HWHAyKIus [2] paBHa B, =—°
er,

A Bpamenue >dupa,

ucxoosiwjee OT TOPOBOTO BpAIICHUS 3apsiia, pUC. 2, CO3MalT yKe
MarHuTHYIO UHIYKIIUIO MoKa d1EKTpoHa B, ,Moka3aHHYIO Ha puc. 1.

MaruuTtHas HHAYKIMS OT TOPOBOTO BPALLEHUS 3aps0a CUANAET, UCX0OS]

r, mc
om 3aps0a B 3aBUCUMOCTH OT I, kKak B, (r)=B,, > =——_ Ho Tak kak 3apsj
roe-r

JIBUKETCSI TIO KOJIBILY C PaguyCcoM [, OUKJIMYECKH, & UHAYKUHUS HUCXOIUT
WMEHHO OT HEro, TO 3a KaXIbli IMKI CBOETO JBWIKEHUS OH OyIeT
CO3/1aBaTh BOKPYI TOKA AJIEKTPOHA B €r0 KAXKJAOM YCIOBHOM IONEPEYHOM
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CEYCHUN MArHUTHYK) MHAYKLMIO IIPONOPLUHAOHAIBHO OTHOLIEHUIO 2r,/24f,.

To ecTb 3TO OTHOIIEHHWE WIMPHUHBI TOPOUIA 3apsiia K IJIUHE TOKOBOIO
KoJblla. Torma MarHWUTHAsS WHIYKIHAS TOKa JJIGKTpOHA B JIIOOOM €ro
YCIIOBHOM TIONEPEYHOM CEUEHUU, OyAydd NPsSMO MPONOPIHOHATIHHOM
BpEMEHU MPeObIBaHUS 3apsi/ia B HEM B TEYCHUE KAKOTO LUKIIA IBMXKCHHUS,

2r, mc 2r,
oyner B,,(r)=B_(r)—=—-.—0, 4
YACT By =B, () = o (4)
Bripaxxenne (4) MokHO 1peoOpazoBaTh CIEIYIOIIUM 00pa3oM.
BTa(r):meC~ 2, A _ 47zmerg : 2ec‘ A Tak Kak 47zrr216r0 = ly» aizi, TO B
e-r 2a, 4ne 4nr-e” 2m, e 27,

2i
KOHEYHOM BUJE B,,(r) = 'ZO— To ecTh MBI U TIOTY4HIN BeIpakeHue (3) st
ar

MAarHATHOW MHIYKIIMU BOKPYT TOKa 31€KTpoHa. OTKylla HEMOCPEACTBEHHO

2i

BOKPYT «TOKOBOTO KOJIbIIa» Ha paauyce 2r, oHa Oyaer B, = 4”0—2

72r,
1 2721, 2i i .
Torpa mepBoe cnaraeMoe —VxB, = > =——=] KU Jaer

Ho w(2r) 4r2r,  4ar,

. €eC .
HaM IUIOTHOCTh TOKa i=——. TO €CTb 3TO TOT TOK, KOTOPBIU

27

e
AJIEMEHTAPHBIA 3apsAl CO3Ja€T NpPU JBWKEHUU IO KOJIbIy BHYTpHU
AJIEKTPOHA M KOTOPBINA MBI HAIIUIM BBIIIE YHCTO M3 MPOCTHIX (PU3NYECKUX
COOOpakeHU. A HaWJeHHAas MIOMHOCMb TOKa CBsi3aHAa C TOMEPEUYHBIM
CEUEHUEM JBIDKCHHUSI caMoro 3apsjaa. Mbl TakKe HArjsiHO BUIUM, YTO
M0JIe MarHUTHOM MHAYKIIMUA TOK 3JIEKTPOHA MUMEET HE MOTOMY, YTO 3apsij
o0gudcemcsi, a IOTOMY, YTO 3apsi/i UmMeen €ro yKe no ceoetl npupooe.

UtoObl HaliTH BTOpOe cnaraemoe B (2), BHavale HalaéM
HanpsDKEHHOCTh HA 3apsife JJIEKTpOoHa FEj3, KOTOpas SBISIETCA IJIsl HETO
JBUXKYIIEH CUJIOW B €ro KOJIBIIEBOM JBM)KEHUM Ha paauyce r,. B naHHoM
CIyyae OHa He SIBJIIETCS DJIEKTPUYECKOM, a BO3ZHUKAET 1O ocu 3apsia 3a

cuér mepenana naBieHuil Ha HEM [1]. A Tak kak sHeprusi (Hanpsoicenue)
m, c?
KOJIBIIEBOTO JBIDKCHMSI MAacChl TOpa 3apsiia B DIIEKTPOHE paBHA PR a
e

JUIMHA OKPY>KHOCTH KOJIbIIAa 3JIEKTPOHA COCTAaBISIET 2af,, TO 3TO W HAET

2
HanpsHKEHHOCTD E, :%. (5)
e2-2xf,

Hanee, u3sMmeHeHue AFE,/At Haiaém wu3 creayronmx GU3NIECKUX

cooOpaxeHuit, puc. 2. I3 nonoxxenus 1 B mosioxeHue 2 3apsij cMeniaeTcs



3a At =z, /c. IIpu TOM HaNpsHKEHHOCTh HA HEM U3MEHSIETCSA HAa AE, = —2E,.

e’ 2m c?

&AE : L
4mr,c® de-2ar, ar,

Tornma oTHOIIEHHE — ¢ yuérom (5) Oyner

Puc. 2. JIBuxxeHue 3apsia 1moj BO3ACHCTBUEM HANIPSHKEHHOCTH E3.
Ortcrona, moacTaBisis I, =r,/« B 3HaMeHATElb BMECTO OJHOTO U3 I,,

ec a
.—. To ecTp

3HAY€HHE BTOPOIO CJIaraeMoro B (2) moJy4yuM Kak ——————
2ar,-4m,” 2rx

. ec-o 2 o
9TO 6yI[€T TOK I, = —— 4Y€PE3 CCUCHUC 4721’0 , HA3BAaHHBIN Maxkcsemiom

L 21

mokom cmeujeHusa. OH CO30AETCS HANPSHKEHHOCTBIO FE3, KOTOpas H
cmewjaem 3apsia.
(04

)

. . ec
Toraa oOwmMii TOK 1O KOJIBILY DJIEKTPOHA COCTABUT i, = —— (1+
27,

e

ecr,

o v o
a Co3JaBaCMbli HM MArouTHBIM MOMCHT 6y,[[€T Mo = (1+ 2—) , 4TO
T

npumepHo Ha 0,12% Oonbme wmarHeroHa bopa u  moaTBepKIEHO
AKCIIEPUMEHTAIBHO.

[Tony4yeHHsbli BbIlIE B MEPBOM cllaraeMoM (4) TOK aHAJIOTMYEH TOKY
IIPOBOJMMOCTH B MPOBOJHMKE, KOTOPBIM onpenesnsercs yepe3 3akoH Oma B
amnepax kak i=U/R, rme U — HampspkeHHE Ha KOHIIAX IMPOBOJAHUKA B
gonbmax, a R —compoTuBieHue MNpPOBOAHMKA B omax. B anexkTpoHe

2
m,c

HaMpsHKEHUE KOJIBLIEBOI'O JIBMKECHMS MOJIHOM Macchl 3apsga U, = 2e a
e
. €ec
TOK  «IPOBOAUMOCTH»  PABEH |=2—. Otrcroa  3IEKTPUYECKOE
.

e

COTPOTHBJICHUE JABHKEHHIO 3apsi/ia B 3JIEKTPOHE PaBHO
_mc? 2a, amc h

*T 2 e & 2

PaccunTaem 4rCIeHHbIC 3HAYCHUS BCEX ITHX BEJIMYHH.

R




Tak Kkak TIOJIHAs DdHEpPrus dJeKTpoHa m.c”=0511-10°eV, TO

6
HamnpsHKEHUE KOJIBLICBOIO ABIDKCHHSA 3apsiaa U, =O’5112ﬂ =0,2555-10°V
e
T.€. paBHO 255500 B. Cuiia Toka «1mpoBOIUMOCTI»
i~ 1,6022-107"°.3.10"°

DIEKTPUYECKOE COMPOTUBIICHUE JBWXCHUIO 3apsiaa R~ 222900 1085

19,8286
Owm.
OTcroma MOITHOCTB, 3aTpaurBacMasi IPUPOJIOH TOIHKO Ha KOJBIICBOE
BpallleHHe 3apsia B 3JEKTPOHE U CO3/IaHHE TOKa B HEM, paBHA IMPUMEPHO
SMBT, uto TpyaHO cebe BOOOPa3UTh.

Wrtak, kak ¥ TMOKa3aHO Ha pUC. |, MEPBUYHBIA YK€ 21EeKMPOHHLIU
(«TOKOBBII») TOpPOUJ C paauycaMd I, W 2r, Jajieeé OXBaThIBACTCS

BTOPUYHBIMU  TOPOMJIHBIMH  BpamieHusMu  dpupa ¢ OBICTPO
YMEHBIIAIOMIEHCS UX TUIOTHOCTBIO. Tak anexmpon HaOUpaeT CBOIO MOJIHYIO
Maccy m, W TOJHYIO SHEPTui0 «mokos». OOpa3HO TOBOpSA, AIIEKTPOH

CHapyd HMEET CBOIO JS(PHUPHYI0 «MAarHUTOMHAYKIIMOHHYIO IIIyOy» C
yOBIBAIOIICH IIOTHOCTBIO. DTO M €CTh BHEIIHEE MAarHUTHOE TIOJIe
DIIEKTPOHA, 6HympenHss (M TEM CaMbIM YK€  NOMEHYUAIbHASN)
KHHETHYECKask SHEPTHS KOTOPOTO 8030)o4c0aemcsi 3apsioom.

B pa6ote [1] yxe ObUTO CKa3aHO, YTO Macca BTOPUYHBIX TOPOHIIOB B
3aBUCHMOCTH OT WX PaJnyca HU3MEHIETCS B COOTBETCTBHH C 3apsIOBOM

o m,r,
IIOCTOSTHHOM KakK m(r) :ZLO. A Tak Kak OHa MMEET TOPOBOE BpalllCHUE, a
r

eié BpaIlaeTcs B 9JCKTPOHE U IO KOJIBILY CO CKOPOCTBIO €, TO M COAEPIKHUT

,  mrc? .

B cebe sHepruro m(r)c = ITpu 5TOM COOCTBEHHAS SHEPTHS IOJIHOM
r

m.c?

MAaCChI BHEIIIHETO MAarHUTHOTO TIOJIS 3JIEKTPOHA paBHa U, = "2

HTaK, B OCJIIOM SHCPIHA MACChI «IIOKOA» JJICKTPOHA CKIAABIBACTCA U3

SHEPI'UH KOJIBLIEBBIX U TOPOBBIX BpallleHUI BCeX 00pa3yroIIuX ero BUXpei.
OnHa, mpexie BCEro, BKJIIOYAET COOCTBEHHYIO SHEPrUI0 TOPOBOTO U
KOJIBLIEBOTO BpPAllCHUM MAacCChl TEPBUYHOTO 3apsI0BOTO TOPOMAA C
paguycoMm r,, T.c. U, =mec2/ 2. Jlanee Bcs Macca 3JIEKTpOHA HMEET
KOJIBIIEBOE BpallleHHue ¢ sHepruei U, =m.c’/2, uyto yxe maér m.c’. Kpome

TOTO0, MdACCa BHCIIHUX MAIHUTHBIX TOPOHMIOB HMCECT OJOHCPIrHUrO0 CBOCIO
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TOPOBOTO M KOJIBIIEBOrO Bparienuit U,,, =m.c’/2. W Torma sHeprust Bcex

COOCTBEHHBIX BHYTPEHHUX BpaICHUI 3JEKTPOHA BMECTE C €r0 BHEUIHUM
MarHUTHBIM TI0JIEM B IIEJIOM COCTaBUT U, =15m.c?.

DIEKTPUYECKOE noje 3apsaoa DIEKTpPOHA TOXKe 00JaaeT dHEeprueu, o
yéMm ObUTIO ckazaHo B pabote [1]. Ho oHO uucmo nomenyuanvnoe u He
n00aBIsIET Macchl MeKTpoHy. Ho uMeHHO OHO 3a CUE€T nomenyuanrbHbIX
cul, COCPEIOTOYEHHBIX Ha 3apsne, U Hnepesooum 4YacThb 6HYMPEHHe20
nomenyuana dIEKTPOHA B €r0 6HEUIHION KUHETHYECKYI0 SHEPruio, T.C.
COOOIIaeT eMy €ro JHMHEHHYI0 CKOPOCTb. OJTO TPOUCXOAMUT TMpH
B3aMMOJICHCTBHM  JJIEKTPOHA C JApYyruMu 3apsgamu. llpu  sTom
usMeHsIueecs Jguxcenue 3apsaoa dIEKTPoHa (ero NBUKEHHE CTAaHOBUTCS

CIUPAJIHBIM) U3MEHSIET U CTPYKTYPY JIBHIKEHHSI €r0 MarHUTHOTO TOJIS B
nenoM. B pesynbpTare y JHUHEHHO IBMXKYIIETOCS AJIEKTPOHA (UTO YXKe
CUMTAETCS JIEKTPUUECKUM TOKOM) U MOSABISAETCS MacHUMHoe nojie mokd.

Ho xorna B3auMOJIEHCTBYIOT JUIIb JIBE 2J1eMEHMAPHbIX YACTHUIIBI C UX
Pa3HOMMEHHBIMU 3apsIaMH, TO UX NOTEHIMAIbHASI SHEPTUs NEPEXOJUT B
KUHETUYECKYI0O SHEPTUI0 JIMHEHHOro JBMXKEHMsI Oe3 pocTa HX Macchl.
bonee Toro, 3a c4€r HEKOTOPOW YAaCTH MACCBl M SHEPIUHM BHEUIHETO
MarHuTHOIO TOJIA 3JIEKTPOHA IIPU €ro B3aUMOJCHCTBUU C HPOTOHOM,
HanpuMep Ipu oO0pa30BaHMU aTOMa BOJOPOJA, U CO3JAIOTCS U3JIydyaeMble
pHU 3TOM (DOTOHBI.

3a CU€T NOTEHUWAIBHOW HHEPTHM DJIEKTPUUYECKOTO TOJISI, KOTOpas
Oyner, e6o3deticmeys Ha 3apso, UBMEHAMb Qopmy O08UdNCEeHUs 3apsaod
(mpeBpartas €€ U3 KOJIbIIEBOW B CIUPATIbHYIO), JJIEKTPOH U OyJIeT pa3orHaH
JI0 IMHEMHOM CKOPOCTH € B MPOLIECCE €r0 aHHUTWISILIUU C TTO3UTpoHOM. Ho
oOmiasi KWHETUYeCKas PHEeprusi BCEM MacChl 3JIEKTPOHA IPU ATOM HE
n3MeHUTCs. [IO3UTPOH TOXKE HMMEET TaKyr K€ YHUCTO IMOTEHUUAIbHYIO
HHEPTHUIO U 32 CUET €€ MOIMYUUT HpU 83AUMOOeUCmEUlU C HIEKTPOHOM TaKyIO
XK€ JIMHEHWHYI0 CKOPOCTh ¢. D@upHas Macca 0o0eux CTPYKTYp MNpU 3TOM
MOJIHOCTBIO TEpernér B Maccy 3QUPHBIX CTPYKTYPHO-IUHAMUYECKUX
JBUKEHHUM pa3jieTaromuxcsi (POTOHOB.

Korna 3nexTpoH ¢ NO3UTPOHOM aHHUTHIIMPYIOT C 00pa30BaHUEM JBYX
(OTOHOB C MacCOii Ka)I0T0 paBHOW M, W SHEPTUEH KaXK0To paBHON m.c’,

TO 3TO yKe OyJeT HamoJIOBUHY UX (OTOHOB) IHEPruer YMCTO BHEUIHETO
JIMHEWHOTO JABUKEHHUSI CO CKOPOCTBIO € M HAIIOJIOBUHY YHEPTUEN BpPAILCHHUS
C TAaKOM K€ CPEOHEN CKOpPOCThIO ¢ Ha paauyce fr,. [loaTomy mnoJsiHyrO

SHEPIUI0 9mux POTOHOB U MOKHO BBIPa3UTh (HOpMYJIOn



e

E=hv= 27zremec2L =m,’. (6)

e

B o6miem ke ciydae uist GOTOHOB 2ar,m,C = 241, m,C, a IOATOMY UX SHEPTHUs

c
upaBHa E. =hv, =2ar.m.c =m,c?. 7
p f f ¢ My 2, f (7)

Kak u3MeHsieTcs CTpyKTypa JIBUKEHUS 3JIEKTPOHA U €ro Macca Mpu €ro
JMHEWHOM JBUXKEHUM C 00pa30BaHKMEM BOJIHBI Jie bpoilis, OyneT moka3aHo
B OTJEIBHOM CTaThE.

Kak wu3BecTtHO, B 20-€ TOABI MPOLLIOTO CTOJETUS PEISATUBUCTCKYIO
TEOPUIO ANEKTpOoHa paszpadateiBas u aHraudanud [1.A.M. dupak [4]. Ero
noaxo ObUT abCTpakTHO-Mamemamudeckum 0e3 Kakoi-nmmbo pusznyeckomn
Mozaenu. M xots ero paboTta v moiyyuia MPU3HAHUE B OPTOJOKCAIBHOM
(¢u3MKe, HO TaK U HE pelwiia NpodyieMy 3JEeKTpoHa. A mamepuanbHoe B
CBOCH OCHOBE TaK HA3bIBAEMOE «IJIEKTpOHHOE Mope [lupaka» ¢ ero
«IBIpKaMU — TIO3UTPOHAMMY» MPUHYUNUATLHO Npomusopeyum oOLEen
uaeosnorun HUHITERHOBCKOM TpakToBKkM CTO. Ho opromokcanbpHas
bu3MKa U MO cel NIeHb 3aKpbhIBae€T Ha BCE JTO IJ1a3a, KaK U Ha MHOTOE
JPyroe, 4To W TMOPOJUJIO KPU3UC B (PyHIaMEHTaJbHOM TEOpPETUYECKOMN
dusuke.

Ccpuikn:
1. ®dusnueckas MOIETb BJIEKTPUUYECKOTO 3apsiia W BBIBOJ 3aKOHA
Kymona. http://new-idea.kulichki.net/pubfiles/180213154844.pdf

2. Ddup 1 ero TMHAMUYECKOE CaMOJIBI)KCHHE.
http://new-idea.kulichki.net/pubfiles/180209165008.pdf
3. P. ®eitnman, P. Jletiton, M. Counc. dDeliHMaHOBCKHE JIEKIIUU TI0

buzuke. Y. 5. Dnekrpomarnetusm. M.: «Mupy, - 1977.

4. I1.A.M. lupak. PensiTUBUCTCKOE BOJTHOBOE YPABHEHUE DJICKTPOHA.
YO®H, 1. 129, BhIII. 4, 1979.

[ lpunoxenue.

Kak u3BectHO (cM., HanmpuMep «DeHMaHOBCKHE JICKITUU TIO (U3UKE)
[1.1, c. 92-95]), peiuenus ypaBHeHHMH MakcBeiia IS IOJHOTO TOKa
MIPUBOJISAT HAC K BOJTHOBBIM ypaBHEeHUsIM. OTCIO/1a CJIEIYET, YTO U JIEKTPOH
KaK BHEIIHE JIWHAMUYECKH YpaBHOBEIIEHHAs W JOBOJBHO YyCTOMUYMBAs
OTKPBITasl CMPYKMYPHO-OUHAMUYECKAs ¢hopma OsudceHus 3¢ghupa Kak
CIUIOIIHOW CPeJibl JTOJKEH OBITh OKPYXKEH PaCTIPOCTPAHSIONTUMUCS OT HETO


http://new-idea.kulichki.net/pubfiles/180213154844.pdf
http://new-idea.kulichki.net/pubfiles/180209165008.pdf
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BOJIHAMU. S IpUBeAy 37€Ch ATH PEIICHUs, HECKOJIBKO YTOYHHUB UX B CBSI3U
C HOBBIM TOJIXOJIOM M HIMEHHO IS SJICKTPOHA, a TAK)XKE HATJISITHO PACKPOIO
X (PU3UYECKYIO CYTh.

CoOcTBEHHO, pelIeHus] TEePBhIX ABYX YPaBHEHHM OCTAIOTCS KaK €CTh.
DTO, NpEXIe BCEro, YpaBHEHUE [JII MAarHUTHOM WHAYKUMA B =VxA4 ,

KOTOpO€ OBUIO MPUMEHEHO BBILIIE U KOTOPOE TENEPh HE MPOCTO MOHATHO,
HO M HaranHo. [lanee upér 3axon Papanes, KOTOPBIM TOXE CO BCEU
HaIJISTHOCTBIO ObUT pacKkpbIT Bblie. Ho sl HanpspKEHHOCTH BHEIIHETO
JJIEKTPUYECKOTO TOJS AJIEKTPOHA OH MOXKET OBbITh 3allucaH B BHUJE

OA(r)
E(r)=-Vo(r) -
KMHETHUYECKHI) TOTEHIIMAJN, COTJACHO 3aps0BOM MOCTOSHHON pPaBHBIM
2
m,r,C
ry=—°2- A(r) =
o)== > (r)

3apsaga TOPOHOOB, B HX KOJBICBOM BpallCHUU. 3I[CCI) MBI JOJI’)KHBI

. [1.1, c. 93], rme: ¢(r)- ckansgpHbId (IO CYTH

m.r,C o
—£0 . BCKTOPHBIM IIOTCHLHAJ, PACXOIAINMNXCA OT

paccMaTpuBaTh KOJBIEBOE BpAICHUE, TAK KaK UMEHHO OHO OIpEIelisieT
3HAK 3apsfa W ero dJeKTpudeckoe moie. Toraa B JABMKCHUU 3apsIoBON
m,rc® u  OA _ mrcc_ m,r,c?
e2r? ot e2r-r e2r?
mrc®  4z-mrci-e e

er>  A4z-r’.@®  dmgsr

Otkyna

CTPYKTYPHI Vo(r)=-—

E(r)=

~, 4TO U COOTBETCTBYET 3akoHY KyioHa.

Ha d4ro 3mecy crnenyer oOpatuth BHuUManue. Jlaiee ™Mbl Oynem
paccMaTpUBaTh PACXOMASIIMECS OT 3apsAJ0BOM CTPYKTYpPhl BOJIHOBBIE
MpoIecChl.. A TaKk Kak BTOPUYHBIE TOPOUIbI MUMEIOT CKOPOCTh ¢ KaK B
KOJIBIIEBOM JIBMDKCHHH MAacChl Ha paJiiyce I, TaK U B TOPOBOM Ha pajnyce
r/2, To TIpU OMpPENeNICHUH TPOU3BOJIHBIX CIEIYET pazindaTh K KaKOMY
BpAIICHUIO B KaXXJIOM KOHKPETHOM cCllydae OHH OoTHOcsTcs, puc.l.l. Taxk,

or
HAIIpUMEDP, NPU KO/IbYe60M BPAIICHUHU PACXOIAIINXCS TOPOUIOB c:a, a

o(r/2
[P MOPOBOM c:%. To e camoe OTHOCHUTCA U K MPOU3BOJIHBIM IO

panuycy. Iloatomy Oynem OparTh MepBYIO MPOU3BOJAHYIO AJII TOPOBOTO
BpAILEHHS, @ BTOPYIO JIJIs1 KOJIBIIEBOTO.
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r/ | A\ro

2N

Puc. 1.1. TopoBoe BpailileHue BTOPUYHBIX TOPOUAOB (PaCXOASIIUXCS OT

I'o 3apsiia) Ha pajryce r/2 U KOJNbLIEBOS BpalllCHUE Ha Pajyce .

Jlanee HEKOTOpbIE YTOUHEHHS CBS3aHBI C YPABHEHHEM, CBSI3bIBAIOIINM
0 mo(r,
o(r,) 1 A(r,) ¢ UX ICTOYHUKOM —Vzgo(ro)—av-A(ro):M (1.1)
o
(cripaBa B umMciIMTENE J00ABJICHO ), a TaKke ¢ ypaBHeHHeM (2) uis
IJIOTHOCTH TOKA AJIEKTPOHA, KOTOPOE Y>KE pACCMAaTPUBAIIOCH BHIIIIE,
.1 = g OF
j=—VxB-20— (2.1)
Hy ot
Bnauane paccmotrpum ypaBHenue (1.1), rae MCTOYHMKOM SIBJISIETCS
CTPYKTypa JBWXEHUS 3Qupa, co3faroiias IUIOTHOCTh 3JIEKTPUYECKOIO
3apsiia 2JekTpoHa. Ecim, Kak 3TO OOBIMHO W JENal0T, NPUHATH B HEM
1 Op(r)
¢’ ot
BOJJHOBOE YpaBHEHUE, KOTOpPOE€ Ha CaMOM HWCTOYHUKE MPUMET BH]

kanmmOpoBky JlopeHua V-A(r)=- , To ypaBHenue (1.1) mact Ham

1 &%p(r mo(r,
Vip(r) - gt(z(’) == /;(00) ’ (3.1)
2
a 3a MpejeIaMu HCTOUHUKa OyaeT  Vie(r) — C—lz 0 g;gr) =0. (4.1)

[lpoBepyuM, mpaBOMEPHO JIM  37€Ch NPHUMEHUTh  YKa3aHHYIO
_ 1 0p(r) _ 1 mrc®-20(r/2) _mypc
¢ ot & e-2r-dt er?’

KaJIMOPOBKY? Tak  Kkak

m.c 4z°r>  m,rc
e2r 2z°r®  er?’
JEMCTBUTEILHO IPHEMIIEMA.

V-A(r) = TO KaJIMOpOBKa Jlopenna 371ECh

Tenepp packpoem ypaBHenue (3.1). Tak kak KHHETUYECKHI TOTEHIIAAI
m.c?
3apsH0BOTO JBWXKEHUS o¢(r,) = 92 , TO €ro MOpou3BOJHAsA BHAYaI€ IIO0
e

m,c’
paauycy r,/2 TopoBoro BpamieHusi Oyaer Vo(r,)= eer , a4 3aTeM IIO
0

2
m
paaMycy [r, KOJBIIEBOIO BpallleHus Oyaer Viep(r)=-— ECZ. Taxxe
er,
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IPOM3BOAHYI0O II0 BpEeMEHH OepéM BHAYajle Ha paguyce TOPOBOIO
1 0p(r,) _ 1 mc®-20(r,/2) _ mgc

, ada 3arcM H KOJIbLICBOIO BpallCHUA

cc ot & ezr-ot er,
2 2
iza q)(zr(’) = mecz X _ mecz . Torna B (3.1 clieBa uMeeM
c- ot er, ot er,
2 2 2 2 2
B mec:2 B mec2 :_me n crpasa _ap(n) _ 7. 247zrrzlergc :_Zmeg  Te.
er, er, er, & e°27°r, er,
ypaBHeHue (3.1) BbIOJIHSIETCS.
m,r,c? m,r,c? m.r,c*(-2)
B ypaBHenun (4.1 N=—" Vp(r)=——2 Vip(r)=——2C =
yp (4.1) o) ==2" Vo =—="5 o(r) o<
1 0¢(r) 1 mrc®-20(r/2)  myrc
A Z—~ T2 2 =2 K&
c” ot c ez2re-ot er
2 9. 2
iza (pgr) =—mer°C(32) o _ 2mer§c , 4TO JA€T B JIEBOM YacTH HOJNb, U
c® ot er-ot er

ypaBHeHue (4.1) Toxke BBIMOTHSIETCS.

W, nHakoHen, paccMOTpuM YypaBHeHue (2.1), mpuMeHHMB €ro He K
IUIOTHOCTA TOKa B DJJEKTPOHE, 4YTO YK€ OBLJIO ClelaHo BBIIIE, a
HEMOCPEJCTBEHHO K JIBIDKEHUIO 3pupa 6 3apsaoosom mopoude W B
pacxoIsuIMxcsi OT HEro BTOPUYHBIX Topouaax (puc. 2.1). McrouHukom
BOJIHOBOT'O IIpolecca 31eCh OYIET Kobyesdas 4acToTa BPALLEHUS MacChl

3apsi008020 TOpoUa v =c/2zr, U e€ MIOTHOCTE j(I,) = LZ. (5.1)

0" Mo
Tak kak 1/ u, =c’c,, To ypaBHenue (2.1), BHavase it 3apsiaa, MOXKHO
, - _ -
cg ~ &, OF T ~  OF
ovx B, -2 g zavem kak ) =2y B — 923,
7 ot & ot

3anucaThb B BUJIE | =

oA,

Ho, Tax kak B, =rotA, u E3,(:—V¢>3—E, TO YpaBHCHHUE MOXKHO

_ oA
ot

Vx(VxA)=V(V-A)-V’A,, TO YpaBHEHHE MPUHUMACT BUJ

nepenucarb U B BHUJIE 7o) eyx (Vx4,) —g(_v%
&y

). A Tak Kak

2 -
—C’V?A, +c2V(V~A3)+§V(p3 +aat—'2‘3: ”g . Janee, ecnm cHoBa mpUHATE
0

1 9¢,

KanuOpoBKy JlopeHna V- A, =——= Fa TO U MOJYYHMM BOJIHOBOC YPaBHCHHEC
c

10%°4 T
VA, -2 =
N & c’g,
A I pacxXoaAMuXCa OT 3apsaa BTOPUYHBIX TOPOUIOB OHO IIPUHUMACT
1 0°A(r)

C_2 atZ = O " (7. 1)

= -7, j (1) - (61)

BuI  VZA(r) -
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HcTouHNK BOJIHOBOTO nporecca ¢ yuéToM (5.1) MOKHO 3anucaTh Kak
-4mamr -ec 2mc (8.1)
e’ -2, -, er’

— g () = —

N ypaBueHnue (6.1) Ha 3apsijie pacKkpbIBaeTCs CIASAYIOITUM 00pa3oM.

o m.c
BekTopHblii 1mOTEeHIMan  3apsaoBoro  aBwkeHus A, =——. Tornma
2e

mC 4 V2A(L) = — m,C a OA(r,) _mcC-20(r,/2) _mgc-c

VA(r) =—2 ,
(fo) er, er,’ ot 2e -1 ot er,

O’A(r,) _mc?-or, mec-c? 2m,c
(20): . 0=—"—"—_ 10 ¥ noiyuuMm B (6.1) cmeBa ——=, 4TO U
ot er, - r,ot er, e-r,

COOTBETCTBYET UCTOUYHHKY (8.1).
A Tenepp packpoeM JieByl0 uyacTh ypaBHeHus (7.1). Tak kak
2m,r,c a OA(r) __mere-c
er® ’ ot er’

A(r) = m,r,c VAN =-— m,r,c
2er

er?

VZA(r) =

O*A(r) _ 2m,r,c-c?
ot er’
BBITTOJTHSICTCSL.

, utro u maér B (7.1) cmeBa HOIb, T.e. ypaBHEHUE

®opmyny (8.1) ¢ yuérom (5.1) MOXHO pPacKpbiTh U CIEAYIOIIHM

7;-247zmer0 .ezc :1_ 27z'r20 . 27z'(l‘0/22) m.c :lrot3rotA3, (9.1)
e?2at, - af, 2 ) n(r,/2)° e2 2

oOpazoMm: 7, j(r,) =

yTo emé Oojiee HAISIIHO PacKphIBAeT HMCTOYHHK BOJIHOBOTO IIporiecca
BEKTOPHOT0 MOTEHIIMAaA. DTO IBOMHOE BpallleHue Macchl A¢upa B TOPOUC
3apsa. Eciou yaects, uro porop (9.1) mupkynupyer emé u Ha paauyce r,,
TO YK€ OOIIMM MCTOYHHKOM BOJIHOBOI'O Mpoliecca, KaK Obl UCXOISAIIETO Om
9NeKmpoHa 6 yeaiom, OyACT rot.rot,rotA,, 4To M co31aéT BOKPYT AJICKTPOHA

€TI0 KBAa3UCTAITMOHAPHOC MAaIrHUTHOC I10JIC.

CCBUIKHY K MTPUJIOKEHHUIO:

1.1. ®eitamanoBcKue JIGKIUKM 10 ¢usmke. Y. 6. DieKTpoauHaAMHUKA.
M.: Mup, 1977.



