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J.K. Makcgenn

O¢upHBIN 3apsii ¢ M, /2 COCTaBIAET OCHOBY CTPYKTYPBI JABH)KECHUS
JNIEKTPOHA, yxe mMeromero maccy m, [1]. Kak ceromus oGmenpussro,
AJIEKTPOH TaK)KE€ UMEET COOCTBEHHBIN CIIUH //2 M MAarHUTHBIM MOMEHT 4, ,

CO3[1aBAEMBIM BHYTPEHHUM JJIEKTPUYECKUM TOKOM B HEM. CIIMH dJIEKTPOHA
Y CBSI3aHHBIN C HUM TOK CO3/AIOTCS 3@ CUET KOJBLEBOTO JBUKEHUS 3apsa0d
Ha pamuyce r,. [Ipu 3TOM BenmuuHa 271, W3BECTHA KaK JJIMHA BOJIHBI

KomMritona a1 31eKTpoHa. DIEKTPUUECKUE 3aps0bl IO CBOEU TPUPOIE YHKE
MMEIOT JIMHEUHYIO CKOPOCTh JIBUXKEHUS paBHYIO ¢ (CKOpPOCTh cBeTa). Toraa
CIIMH 3JIEKTpOHA U OyaeT J, = % = g

B KkBaHTOBOW MEXaHUKE CIHUH 3JIEKTPOHA, XOTS U CPAaBHUBAETCA C
MEXaHMUYECKUM MOMEHTOM HMITYJIbCa, HO HE CUHUTAETCS IOJIHOCTHIO
TaKOBbIM 0€3 BCAKUX pa3bsACHEHUN novemy. Eciu cuyuTaTh, YTO CIHH
AJIEKTPOHA CBSI3aH MOAbKO C MACCOM €ro 3apsjia, TO OH U OyJeT TaKuM, Kak

H IT0Ka3aHO BBIIIC.

C napyroil cTOpOHBI, TaK Kak 3apsi BO30y»KJIaeT BOKPYT ceOsl BHEITHEE
MarHuTHOE T0JI€, TO OH U HaOUpAET MOJHYI0 Maccy m,, T.. YK€ MOJHYIO

Maccy dJeKTpoHa. lIpu 5ToM 3a CY€T KONBLEBOTO ABMKCHUS 3apsAla 6
cmpyKkmype 2]1eKmpoHa Macca MarHUTHOTO IIOJISL 3aps/ia PaCIpenesieTCs
y’K€ BOKpYI' CO34aBacMOI0 UM TOKa, 00pa3ysl BHELIHIOI TOPOUAAIBHYIO
000JIOYKY MarHUTHOW MHAYKIUU CTPYKTYPHI 3JEKTPOHA, puc. 1. DIEKTpoH
CTAHOBUTCSI MarHUTOM C JIBYMsI YETKO BBIpaXEHHBIMHU Ioarocamu. Ho ero
TOPOUJAIBHOE «TEJO» MPHU ITOM HE HMMEET YETKUX TPaHUll, XOTs €ro
IUIOTHOCTb U CHMIKAETCS C YBEIIMUEHUEM pauyca JOBOJIBHO OBICTPO.
MarnutHass ~ MHAYKOMSA ~— DJJEKTpOHA B LEJIOM  CO34aETCs
HEIOCPEACTBEHHO BPAILLIEHUEM I10 KOJIBIY YK€ €ro IOJHOM Macchl m, H

. . m, ¢

ucxons u3 e€ pusmueckoit cytu [2], onpenenurcs kak B, = —-—, (1)
e

II€ e — DJEMEHTApHbIA JJIEKTPUYECKUM 3apsl, paBHbIM 1, ecin 3TO He

OTOBOPEHO UHAYeE.
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[Ipu 3TOM B 3JIEKTPOHE 3aps] BMECTE C MacCOM CBOErO0 MarHUTHOIO
NIOJISL BPAIIAeTCsl HA CO3AaBAa€MOM MM K€ MarHMTHOM MHAYyKIHMH B, , puc. 1.

B, macnumnuas unoyxyus snekmpona

MACHUMHASL UHOYKYUSL
BOKpY2 3aps0a

Bry

Puc. 1. MarauTtHoe 1moJsie TOKa 3JIEKTPOHA; 3apsij (CIpaBa) JBHXKETCS MO
KOJIBILY OT HAC BOKPYI' MArHUTHOM MHIAYKLINHU B,.

mC _mgc-re
Panuyc ero BpamieHUs: MOKHO OINPENENIUTh KakK I = B - eme ~ e TAC
e e-m.C

e

¢ = p,- UMIIYJIbC ITOJHOM MacChl 3apsiia JJIEKTPOHA B €€ KOJIbLEBOM
e

JIBU)KCHUU.
[IoTok MarHUTHOM WHAYKUHHM B, dYepe3 KOIbLO «TOKa» 3apsna

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

e

re 2e

e

3apAay S3JCKTpOHA, BBIPAKCHHOMY B KVJIOHAX, MOXHO YHUCJIICHHO 3aIlNCATb

AIIEKTPOHA OTPEACTUTCS KaK

Kak @, =h/2e=2,0678506-10"°B6. To ecTh OHa U OyJeT paBHA U3BECTHOMY

K8AHMY MACHUMHO20 NONOKA.

W3 puc. 1 HaArmsgHO BUIHO, YTO DJIEKTPOH TNPENCTaBIAECT COOOM
KOJIBIICBOM TOK, 3aKIIOUEHHBIM B TOPOUJAIBHYIO OOOJIOUKY CBOETO
MAarHUTHOTO MOJIsl, HE UMEIOIIET0 YETKUX BHEUIHUX TPAHULL. 3apsii B CBOEM
TOKOBOM JBHKEHHH MPOXOJUT YE€pe3 TOP C KOJBLEBBIM PAANYCOM I, U

TOPOBBIM paanycom 2r,. IIpm 3TOM BMeECTE C BHEIIHMMU MAarHUTHBIMH

BUXPSIMU €r0 CMEUIAeT MO KOJbIy HAIMpPSIKEHUE, CO3AAOUIEE KOJIBLIEBYIO
Hanpsaxcénnocmy 3apaoa E,. OHa Oyner onpezeneHa 4yTh HIXKE.

Ha30BéM BHYTPEHHIOIO DJHEPIrUI0 MArHUTHOIO IIOJSA JJIEKTPOHA
NOMEeHYUAIbHOU KUHemuyeckol, Kak 1 camo 3T1o nose. Ero Macca BMecre ¢
MAacCOM 3apsa ¥ CO34aET MOJHYI0 MacCy dJIEKTPOHA PABHYIO m,.

Tak kak 3aps 3JEKTpOHA BpAIaeTCsl MO KOJbIY C PaIdycoM I, CO

CKOpPOCTBIO ¢, TO OH TEM CaMbIM CO3JIa€T KOJBLIEBOU 21€KMPUUECKUL MOK

. ec
i=——. Ecimu e — 3apsa 2JMEeKTpOHA B K)JIOHAX, ¢ — CKOPOCTh CBETa B

27,

e



cm/cex, r,- B CM, TO TIONy4UM TOK B amnepax. MarHUTHBII MOMEHT

e
3EKTPOHA 1, =iS;, THE Sy =ar,” - IUIOIAJb «TOKOBOIO KOJbL@». Miu

ec 2 Ecr, 2 .
= [A-cv’]. Kak wu3BecTHO, STOT MArHUTHBIA MOMEHT

ﬂe=2_7zre. € 2

Ha3BaH MarHeToHomM bopa. Ecmm  moacraBute B hopmyinry
e=1,6021892-10"°Kz, TO 3Ta BeIUYMHA OyIeT u, =9,274078-10° Acv® win
1 =9,274078-107** [{xcl Tn , KaK 3TO W TIPUBOJUTCS B CIIPABOYHUKAX.

A ceiluac mNpoBEpUM MPUTOAHOCTH TIPU ONHCAHUU AJIEKTPOHA

KIIACCUYICCKOT'O YpaBHCHUA Makcaeia I naomHocmu noJjIHo20 MmokKa,

.1 AE
3aIKCaB €To IS JAHHOTO CiIydas B BUJIE j=-—VxB, — gOAt z, (2)
Ho

rae: B, -. pacxomAliascs MarHUTHas HHIYKIHS OT «TOKOBOTO KOJIBIIA»
(akTHUeckn OT 3apsja 3JEKTPOHA), a i, =4zmr, /e’ U &, =e*/4amrc® -
MarHuTHass M OJCKTpUYecKas IOCTOSHHBIE Bakyyma. M 31ech  yke
HOSIBJISICTCS KJIACCHYCCKHUI PaJNyC dJIEKTPOHA I = o, T « - MOCTOSHHAS

TOHKOHM CTPYKTYpPbl KBAHTOBOU (PU3UKH.
Brauane omnpenenum nepBoe ciiaraéMoe, 3anucaB €ro Ui moxd
1 .
anekmpona B Buae —VxB, . To ecTp 310 3aKk0H AmIiepa 1JI1 MarHUTHOU
Hy
WHYKIIUU, KOTOPYIO OOBIYHO CO3JaET BOKPYT MPOBOJHUKA MOCTOSIHHBIN
TOK. Jlanbiie oHa pacnpocTpaHsercs BOKPYT IIPOBOJHUKA B COOTBETCTBUU

. 21
C SMIUPUICCKH HANJIEHHBIM 3aKOHOM B, (r) = ’LXJ : (3)
ar

rae: | —Tok B MpOBOJHHKE, a [— PACCTOSIHUE OT OCH MPOBOAHUKA [3, C. 266].

MaruutHass MHAYKIST BOKPYT TOKa B 3JEKTpOHE Bry(F) HCXOIUT OT
TOPOBOTO BpAIICHUs] CaMOi Macchl 3apsijia e. [Ipu 3ToM Ha camoM 3apsijie
m,c

ero TopoBas wWHAyKuus [2] paBHa B, =
er,

A Bpamenue >¢upa,

ucxoosiujee OT TOPOBOTO BpAILEHUS 3apsia, pUC. 2, CO3TAET yxKe
MarHUTHYIO UHAYKIIUIO MOoKa dIEKTpoHa B, ,I0Ka3aHHYIO 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
re-r

JIBHMXKETCSI IO KOJIbLY C PaguyCoM I, IUMKINYECKH, & WHIYKIUSA HUCXOIAUT
UMEHHO OT HEro, TO 3a KaXJIblil LUK CBOEro IBMKEHHS OH Oyner
CO3[1aBaThb BOKPYI TOKA AJIEKTPOHA B €r0 KaKJIOM YCJIOBHOM IIOIIEPEYHOM
CEYEHUN MArHUTHYK MHAYKIUIO IMPONOPUAOHAIBHO OTHOLIEHUIO 2,/ 27f,.

To ecTb 3TO OTHOIICHUE IIUPUHBI TOpoHda 3apsaga K MJJIMHE TOKOBOI'O
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KoJbla. Torma MarHUTHasT MHIYKLUMS TOKa 3JIEKTpOHA B JIIOOOM €ro
YCIIOBHOM TIONEPEYHOM CEUEHUU, OyAydd NpsSMO MPONOPIHOHATILHOM
BPEMEHU MPEObIBAHUS 3apsiia B HEM B TEUEHUE KaXKJOTO IUKJIA IBUKEHUS,

Gymer By(r) =B, (1) oo = 0 2 (4)
2nt, e-r 2af,
Bripaxxenne (4) MokHO 1peoOpaszoBaTh CICIYIOIIUM  00pa3oM.

e
mc 2r, 4ze  4zmtr, 2ecC
BTa(r): : : = >
e-r 2a, 4ne 4ar-e” 2m,

4rm,r, ec .
. A Tak Kak =2 =y, a—=i, TO B
e 27

e

2i
KOHEYHOM BUJE B,,(r) = ZO— To ecTh MBI ¥ TIOTY4HIH BeIpakeHue (3) st
ar

MarHuTHOM HHAYKIOIUHN BOKPYI TOKa 3JICKTPOHA. OTKy,Z[a HCIIOCPCACTBCHHO

2i
BOKPYT «TOKOBOT'O KOJIbIIA» Ha paguyce 2r, oHa Oyzaer B, = 4” 02 :
el
1 272r,2i i . .
Torma mepBoe ciiaraeMoe —VxB,,. = . =——=] u naér
Ly 7 (2r)°4x2r, 4,
. €ec o
HaM IDIOTHOCTh TOKa i=——. To ecTh 3TO TOT TOK, KOTOPbIAN

27,

e

JIEMEHTAPHBIN  3apsii CO34AET IMPU  JBMXKEHUM 110 KOJIBLY BHYTPH
AJIIEKTPOHA M KOTOPBIA MBI HAIIUIM BBIIIE YHCTO M3 MPOCTHIX (PU3NYECKUX
COOOpakeHUI. A HaWJeHHAas MIOMHOCMb TOKa CBSI3aHA C IMONEPEYHBIM
CEYEHHEM JBUKEHHUSA CaMoOro 3apsijaa. Mbl Takxke HarjasgHO BUIUM, YTO
110JIE MATHUTHOM MHIYKIUU TOK 3JIEKTPOHA UMEET HE MOTOMY, UTO 3apsif
osuoicemcsl, a IOTOMY, YTO OH uMeem €ro yKe no cgoeli npupooe.

UtoObl HaliTH BTOpoe cnaraemoe B (2), BHavale HalaéM
HaNpsHKEHHOCTh Ha 3apsifie dJEKTpoHa K3 KOTOpas SIBISETCS IJISI HErO
JBUXKYIIEH CUIOW B €ro KOJIbLIEBOM JBWKEHUM Ha paauyce r,. B naHHOM
Cllydyae OHa HE SBJSETCS BJEKTPUYECKOM, a BO3ZHUKAET 710 ocu 3apsjaa 3a

cuér mepenana maBineHuil Ha HEM [1]. A Tak Kak sHeprusi (Hanpsicenue)
m. c?
KOJIBIIEBOTO JBMOKEHHSI MACCHI 3apsia paBHA 2—‘*-? , @ JUIMHA OKPYXHOCTH
e

2
KOJIbLIA COCTABIIAET 27f,, TO 3TO U 1aET HATIPSKEHHOCT E, = — e’ (5)
¢’ P ’ 222,
e

Manee wusMeHeHue AE,/At HainéMm wu3 cleAyomux (QU3NIECKUX

cooOpaxeHuit, puc. 2. VI3 nonoxxenus 1 B mosioxeHue 2 3apsij CMEaeTcs
3a At=zr,/c. IIpyu 3TOM HaNpsLKEHHOCTh HA HEM U3MEHSIETCS HA AE, = —2F,.

2 2
SAE yuérom (5) Oymer © 2m,C

C
Torma oTHomIEHHE — 5 —
At 4rmr,c® 4e-2ar, nf,



Puc. 2. JIBrkeHune 3apsaaa 1o BO3ACUCTBUEM HANPSHKEHHOCTH L.
Orcropa, moacrasiss r,=r,/« B 3HAMEHATENb BMECTO OJHOIO U3 T,

ec a
.—. To ectb

3HAQ4YEHUE BTOPOTO CIaraeMoro B (2) MOJy4yuM KaKk ———
2ar, - Amy” 27

. ecC-a 2 o
9TO 6y,ZlCT TOK I, =———— 4YCPC3 CCUCHUC 47Zf0 , HA3BaHHBIN Makcaemiom

L 2T

moxom cmewgerusi. OH co30a€TCsl HANPSHKEHHOCTBIO, KOTOpast U cmewaem
3apsi.

. . ec a
Tornma oOumuii TOK 10 KOJbILY DJIEKTPOHA COCTABUT i, = 2—(1+ 2—) ,
7. /s

e

. . ecr, a
a CO3/laBa€Mblii UM MArHUTHBIN MOMEHT OyAeT u, = 5 1+ 2—), 4TO
T

npumepno Ha 0,12% Oonpme MarHetoHa bopa W moATBEpKIEHO

OKCIICPUMCHTAJIBHO.

[TosryueHHBIH BbIlIE B MEPBOM ciaraeMoMm (4) TOK aHAJIOTUYEH TOKY
IIPOBOJMMOCTH B IMPOBOJHMKE, KOTOPBIM onpenesnsercs yepe3 3akoH Oma B
amnepax kak i=U/R, rne U — HanpsbkeHHE Ha KOHIIAX MPOBOAHHUKA B
goremax, a R —compoTuBneHne NpPOBOAHMKA B omax. B anekTpoHe

_ myc?
2

HaIIPAKCHUC KOJBOCBOI'O JABHIKCHH A 3apsaaa U ) a TOK

. ec
«(IIPOBOIUMOCTH» PABCH | = 2— . OTCIOI[a QJICKTPHUYCCKOC COIIPOTUBJICHUC
il

e

m,c’ 2ar, armc _ h
2 ec e? 20

PaccunTaem 4yucjeHHbIE 3HAYEHUS BCEX dTUX BEIMUMH.

JBIJKCHUIO 3apsaa B 3JICKTPOHE paBHO R, =

Tak kak TmoJiHAs DJHEPrus OdJekTpoHa mc®=0511-10°eV, TO

6
HanpsHKEHUE KOJIBLIEBOTO ABMXKEHUSA 3apsaaa U, = 0’5112& =0,2555-10°V ,
e
T.€. paBHO 255500B. Cuia Toka «IpoBOIUMOCTH»
i . 16022-107°-3-10"

2.3.14-386-10 ~19,8286 A.

255500
19,8286

DJIEKTPUYECKOE COIMPOTUBJIEHUE IBMXKEHUIO 3apsija R =~ ~12885-

Owm.
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OTcroma MOMIHOCTH, 3aTpayuBaeMasi IPUPOJION TOIBKO Ha CIMHOBOE
BpallleHHe 3apsia B 3JEKTPOHE U CO3/IaHHE TOKa B HEM, paBHA IMPUMEPHO
SMBT, uTo TpyHO cebe BOOOpa3UTh.

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

e

BTOPUYHBIMU  TOPOMJIHBIMU  BpaimleHusMu  3pupa ¢ OBICTPO
YMEHBIIAIOLIEHCS UX MIOTHOCTHIO. Tak anexmpon HabUpaeT CBOIO MOJIHYIO
Maccy m, W TOJHYIO SHEPrui0 «mokos». OOpa3HO TOBOpPS, DJIEKTPOH

CHapy)Xd HMEET CBOIO J3(PHUPHYIO «MAarHUTOMHIYKIIMOHHYIO MIyOy» C
yObIBaIOIIEH TIJIOTHOCTBIO. OJTO W €CTh BHEIIHEE MAarHUTHOE TOJie
SJICKTPOHA, 6HympenHsss (A TEM CaMbIM YK€  NOMEHYUATbHASL)
KHUHETUYECKasi SHEPTUSI KOTOPOTO 8030)oHcoaemcsi 3apsiooM.

B pabote [1] yxe ObUTO CKa3aHO, YTO Macca BTOPUYHBIX TOPOHIIOB B
3aBUCHMOCTH OT WX PaJnyca HU3MEHICTCS B COOTBETCTBHH C 3apsIOBOM

o m,r,
IIOCTOAHHOU KaK m(r) =2LO . A Tak KaKk OHa MMEET TOpPOBOC BPAIICHUC, a
r

eme BpamacTC:A B 3JICKTPOHC U 110 KOJIBIY CO CKOPOCTBIO €, TO U COACPIKUT

m 2

e .
B cebe sHepruo m(r)c’ :—920 . IIpu »TOM CcOOCTBEHHAs! SHEPTUs MOJHOU
r

m_c?

MAaccChl BHCITHEIO MarHUTHOI'O MOJISA 3JIeKTpOHAa paBHA U, = 92

I/ITaK, B ICJIOM OHCPIHus MACChl «IIOKOs») JJICKTPOHA CKIAABIBACTCA U3

SHEPTUH KOJIBIIEBBIX U TOPOBBIX BpAIIEHUH BCEX 00pa3yIONINX €r0 BUXPEH.
Ona, mpexae BCEero, BKIOYACT COOCTBEHHYIO DJHEPIHI0 TOPOBOTO H
KOJIBLIEBOIO BpAIllEHUH MacChl MEPBUYHOIO 3apsiIOBOrO TOPOHAA C
pamuycom r,, T. €. U, =mc’/2. Jlanee Bcs Macca D3JCKTpPOHA HMEET

KOJIBIICBOE BpallleHHe ¢ 3Hepruei U, =m.c’/2, uro yxe gaét m,.c?. Kpome
TOrO, Macca BHEIIHUX MAarHUTHBIX TOPOHJOB HMEET JHEPTUi0 CBOETO
TOPOBOI'O W KOJBIIEBOrO Bpamienuit U,,, =m.c’/2. U Torma >Heprus Bcex

COOCTBEHHBIX BHYTPEHHHUX BpaICHUI 3JEKTPOHA BMECTE C €ro BHEUIHUM
MarHUTHBIM TIOJIEM B IIEJIOM COCTaBHUT U, =15m,c?.

DIEKTPHYECKOE nojie 3apsoa dICKTPOHA TOXKe 00JadacT dHEPrueu, o
yéMm ObLIO ckazaHo B pabote [1]. Ho oHO uucmo nomenyuanvnoe n He
no0aBsieT Macchl 2JIeKTpoHY. Ho MMEHHO OHO 3a CUér nomeHyuarbHulx
cunl, COCpPEIOTOYCHHBIX Ha 3apsjie, W nepesooum 4YacTb GHYMPeHHe2O
nomenyuaia SIEKTPOHA B €r0 GHEW MO0 KUHETHYECKYH0 DHEPTHIo, T.C.



COOOIIAeT €My €ro JIMHEWHYI0 CKOpOCTb, OTO NPOUCXOJUT TMpHU
B3aMMOJICUCTBUM  DJIEKTpPOHA C JpyruMu 3apsgamu. [lpu  stom
usmMensoujeecs: 0guicenue 3apsaoda 3IEKTPOHA (€ro IBM)KEHUE CTAaHOBUTCS

CIIUPAJIbHBIM) U3MEHSIET U CTPYKTYPY JBMXKEHHUS €0 MarHUTHOTO TOJIS B
uenoM. B pesynbpTare y JHMHEHHO IBWXKYIIETOCS AJIEKTPOHA (UTO YiKe
CUHMTAETCS JIEKTPUUECKUM TOKOM) U MOSABIISAETCS MASHUMHOE noJie mokd.

Ho xorga B3auMOAEHCTBYIOT JIUIb JIBE 2J1E€MEHMAPHbIX YaCTULIBI C UX
Pa3HOMMEHHBIMU 3apAIaMH, TO MX MOTEHUMAJIbHAS SHEPIUs MEPEXOIUT B
KMHETHYECKYI0 JHEpPrui0 JIMHEHHOTO JBMXKEHUSI 0e3 pocTa MX MaccChl.
bonee Toro, 3a CY€T HEKOTOPOW YACTH MACChl W 3HEPTUM BHEIIHETO
MAarHUTHOTO TIOJSL JJIEKTPOHA IPU €ro B3aWUMOJCHCTBUU C TPOTOHOM,
HaIlpuMep Npu 00pa3oBaHUWU aTOMa BOJAOPOAA, U CO3JAIOTCS M3Ty4aeMble
pHU 3TOM (DOTOHBI.

3a Ccu€T NOTEHUMAJIBbHOW HHEPTHM BJIEKTPUYECKOTO MOJIA, KOTOpas
Oyner, 6o3delicmgysi Ha 3apsad, UMEHAMb QOPMY OBUNCEHUS 3apsod
(mpeBpaiasi €€ BHaYajae U3 KOJIbIIEBOW B CIUPAIIbHYIO), SJICKTPOH U OyAeT
pa3orHaH [0 JMHEMHOM CKOPOCTH € B IIPOLECCE €ro aHHUTWISIUUUA C
no3utpoHoM. Ho oOmiass kuHeTHdecKasi SHEprusi BCE MacChl JIEKTPOHA
IpA 3TOM HE HU3MEHUTCA. [IO3UTPOH TOXKE HMEET TAKYK XK€ YHUCTO
NOTEHIMAIBHYIO YHEPTUIO U 3a CUET €€ MONYUUT npu 63auMOO0eucmeuu ¢
AJIIEKTPOHOM TaKyl0 ke JIMHEWHYI0 CKOpPOCTh ¢. DdupHas macca obOeux
CTPYKTYp TIPH 3TOM MOJHOCTHIO MEPEUIET B Maccy d(PUPHBIX CTPYKTYPHO-
JTUHAMUYECKUX JABUKCHUHN pa3ieTaronmxcs (OToOHOB.

Korma »iekTpoH ¢ MO3UTPOHOM aHHUTHIIMPYIOT ¢ 00pa30BaHUEM JBYX
(OTOHOB C MacCOi Ka)JI0T0 paBHOW M, M SHEPIUEH KaXkI0ro paBHOH m.c’,

TO 3TO yKe OyJeT HamoJIOBUHY UX ((OTOHOB) IHEPrUEH YUCTO BHEIIHETO
JMHEHHOTO ABUKEHUS CO CKOPOCTHIO ¢ M HAIIOJIOBUHY DHEPTUE BpaleHus
C TaKOW XK€ CpPEIHEH CKOpPOCThIO ¢ Ha paauyce r,. [loaTomy mnonHyro

AHEPIUI0 9mux POTOHOB U MOKHO BBIPA3UTh (hOpMYJIOn

E=hv=2mmc— =mc?. (6)
27,

e

B o6miem xe cimydae st GOTOHOB 271, M, C = 241,m,C, a TIOATOMY UX DHEPTHS

v paBHa E, =hv, =2ar,mc ¢ =m,c’. (7)
27t

Kak u3MeHsieTcst CTpyKTypa IBUKEHUS 3JIEKTPOHA U €r0 Macca MpPHU €ro
JUHEWHOM JBUXXEHUU C OOpa3oBaHUEM BOJIHBI J¢ bpoiiss, mokazaHo B
OTAENBHOU cTaThe [4].
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Kak wu3BecTtHO, B 20-€ TOAbl NMPOLLIOTO CTOJETUS PEISATHUBUCTCKYIO
TEOPHIO JIEKTPOHA pa3padaTeiBan U anrauuanuH I1.A.M. dupak [5]. Ero
no/xoJ Obul abCTpakTHO-Mamemamuyeckum 0e3 Kakon-1mbo (pu3nueckoi
mozaenu. M xoTs ero paboTa W Mody4yuia MPU3HAHKE B OPTOJOKCATHLHOM
¢dusnke, HO Tak W HE peurwiia npodjeMy 3JIEKTPOHA. A MamepuaibHoe B
CBOCM OCHOBE TAaK HA3bIBAEMOE <«AJIEKTPOHHOE Mope Jlupaka» ¢ ero
«IBIPKaMU  — TIO3UTPOHAMUY» MPUHYUNUATLLHO Npomugopeyum OoOUeh
ujeoorun HUHIITeHOBCKOM TpakToBkM CTO. Ho opTomokcanbHas
bu3MKa U MO cel NIeHb 3aKpbhIBAE€T Ha BCE 3TO IJ1a3a, KAK U Ha MHOTOE
JPyroe, 4To W TMOPOJUJIO KpU3UC B (PyHIaMEHTaIbHOM TEOpPETUYECKOM
¢dusuke.
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1. ®usndeckas MOJETb 3JIEKTPUUYECKOTO 3apsa W BbIBOJ 3aKOHA
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2. Ddup 1 ero TMHAMUYECKOE CaMOJIBHKEHHE.
http://www.sciteclibrary.ru/rus/catalog/pages/15062.html

3. P. ®ciinman, P. Jleiiton, M. Conpc. DeliHMaHOBCKUE JIEKIIMH I10
¢uzuke. Y. 5. Dnexrpomaraetnsm. M.: «Mupy, - 1977.

4. Bonna ae bpoilsist 1 yBenrueHre MaccChl JJICEKTPOHA.
http://new-idea.kulichki.net/pubfiles/151125212517.pdf

5. [1.A.M. lupak. PensiTuBUCTCKOE BOJTHOBOE YpaBHEHHUE AJIEKTPOHA.
VOH, 1. 129, BpIN. 4, 1979.

[Ipniaoxenue.

Kak u3BectHO (cM., HanpuMep «DeHMaHOBCKHE JIEKIIUU N0 (PU3HKEN
[1.1, c. 92-95]), pemieHus ypaBHeHHMH MakcBelia Ui TOJHOTO TOKa
IIPUBOJST HAC K BOJIHOBBIM ypaBHEHUAM. OTCIOJa CIEIYET, YTO U SJIEKTPOH
KAaK BHEIIHE JIWHAMUYECKH YPaBHOBELIEHHAs W JOBOJIBHO YCTOWYMBAs
OTKPBITAst CMPYKMYPHO-OUHAMUYECKAsL (hopma OsudceHus 3¢hupa TOIDKECH
OBITh OKPYXEH PACIPOCTPAHSIOIMIMMUCA OT HEro BOoJHamH. Sl mpuBemy
3]1€Ch 3TU PEILIEHUs, HECKOJIBKO YTOUHHUB UX B CBSI3H C HOBBIM MOAXOJ0M U
MMEHHO JJIs1 3JIEKTPOHA, a TaK»KEe HATJIAIHO PACKpOI0 UX (PU3UUECKYIO CYTh.

CoOCTBEHHO, pElIeHHs MEPBbIX JIBYX YPaBHEHUN OCTAIOTCS KaK €CTb.
OTO0, IpexXIe BCEro, ypaBHEHWE [JIi MAarHUTHOM HMHAYKIMH B =VxA4 ,

KOTOpPOE€ MbI IPUMEHSIIN BBIIIE U KOTOPOE TENEPh HE MPOCTO MOHSATHO, HO
n HarisigHo. Jlanee wup€r 3akoH Dapanes, KOTOPbIA TOXE CO BCEH
HarJISIAHOCTRIO OBLT PackphIT BhIIe. Ho i HanpspkKEHHOCTH BHEITHETO


http://new-idea.kulichki.net/pubfiles/151213202104.pdf
http://www.sciteclibrary.ru/rus/catalog/pages/15062.html
http://new-idea.kulichki.net/pubfiles/151125212517.pdf
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QJICKTPHUYCCKOI'O IIOJA OJJCKTPOHA OH MOXKET OBITH 3ammcadH B BUJC

E(r) = —Vo(r) - A0

. [1.1, c. 93], roe: ¢(r)- ckamgpHblii (IO CYTH
KUHETUYECKUI) TOTEHIIUAJ, COIJIACHO 3aps/IOBOM TMOCTOSIHHOW paBHBIN
2
m.r.c
&) A(r) —
ez2r

3apsaaa TOPOHOOB, B HX KOJBICBOM BpaAlICHUU. 3ILCCB MBI JOJI’KHBI

m,r,C

o(r) = - BEKTOPHBIM IMOTEHIMAN, PACXOIAIIUXCS OT

paccMaTpuBaTh KOJBIIEBOE BpalllcHHE, TaK KaK MMCHHO OHO OIpeesseT
3HAK 3apsifia U €ro 3JIEKTpUUYecKoe noJie. Torma B JBUKEHHUM 3apsiiOBOU
m,r,c® u OA _ mrcc_ m,r,c?
e2r? ot e2r-r e2r?
mrc?  4z-mrci-e e

er>  Az-r’.@®  dmgr

CTPYKTYpEl  Vo(r)=— Otkyna

E(r)= ~, YTO U COOTBETCTBYET 3aKoHy KyioHa.

Ha uyrto 3mece cnemyer oOpaTuth BHHMMaHue. [lanee Mbl Oyzaem
paccMaTpuBaTh paCXOAALIMECSs OT 3apsAJOBOM CTPYKTYPhl BOJIHOBBIC
IPOLIECCHL.. A TaK Kak BTOPHWYHBIE TOPOWIBI UMEIOT CKOPOCTh C KakK B
KOJIBLIEBOM JIBMPKEHUH MAcCChl HA PAINYCEe I, TAaK U B TOPOBOM Ha paauyce
r/2, TO IpU ONPENEIECHUN NPOU3BOJAHBIX CIEAYET Pa3indarh K KaKOMY
BPAILIEHUIO B KaXKIOM KOHKPETHOM cCilydae OHU oTHocsTcs, puc.l.l. Tak,

or
HAIPUMEP, OPU KO/IbYe80M BPALLCHUHU PACXOIAIIUXCS TOPOUIOB c=a, a

or/2
[P MOPOEOM C =%. To ke camoe OTHOCHUTCA U K MPOU3BOJHBIM IO

paauycy. Iloatomy Oynem OpaTh MEpBYIO NMPOU3BOJHYIO ISl TOPOBOTO
BpalIeHUs], a BTOPYIO JJISI KOJIBLIEBOTO.

-,
r/Z< /V I r
L

Puc. 1.1. TopoBoe BpaliieHHe BTOPUYHBIX TOPOUJIOB (PACXOIALIUXCS OT

I'o 3apsiia) Ha pajuyce r/2 U KOJbIEBOE BpalllCHUE Ha Payce I .

I[anee HCKOTOPBIC YTOYHCHUA CBA3dHbI C YPABHCHHUCM, CBA3BIBAIOIIUM

o(r,) u A(r,) ¢ UX ICTOYHUKOM —Vz(p(ro)—gv-A(ro):%(rO) (1.1)
0

(ctipaBa B umciuTeNe J00aBJICHO ), a TaKke ¢ ypaBHeHHeM (2) s
TUTOTHOCTH TOKA DIIEKTPOHA, KOTOPOE YK€ pacCMaTPUBAIIOCH BBIIIIE,
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j=Ltvxp_fE (2.1)
Ho ot

Bnavane paccmorpum ypaBHenuwe (1.1), rae HMCTOUHMKOM SIBIISIETCS
CTPYKTypa IABHIKCHHA 3(1)Hpa, cozgaroman INIOTHOCTL JJICKTPHUYCCKOI'O
3apsga dnekTpoHa. Eciam, kak 3T0 OOBIYHO W JENaloT, MPUHATH B HEM
1 o¢(r)
¢z ot
BOJIHOBOC YpPAaBHCHHC, KOTOpPOC Ha CaMOM HCTOYHHUKC IIPUMCT BHU]

kanuopoBky JlopeHma V-A(r)=-— , To ypaBHenue (1.1) mact Ham

1 8%p(r mo(r,
V() - gt(zO) == '08(00) ’ (3.1)
2
a 3a MpeaeIaMy HCTOUHUKA OyaeT  Vie(r) — Ciz 0 a(/;gr) =0. 4.1)

[lpoBeprM, MpaBOMEPHO JH  3[1eCh MPUMEHUTh  YKa3aHHYIO
_10p(r) 1 mrc®-20(r/2) _mprc

xkaymOpoBky?  Tak  Kak o S e et

mr,c 4z°r> _ myrgc
e2r 2z  er?’

V-Ar) = TO KaJIMOpOBKa JlopeHnia 371€Ch

JIEVUCTBUTEIBHO ITPUEMIIEMA.

Teneps packpoem ypaBuenue (3.1). Tak kak KHHETUYECKUN MOTEHITAAT
m,c?
3apsAA0BOrO JBHIKCHUS go(ro):—z, TO €ro MPOU3BOJHAs BHaA4ajle II0
e
2
m,C
paauycy r,/2 TopoBOro BpamieHusi Oyaer Vo(r,)= , a 3aTeM IIO
er,

2
paanycy r, KOJBIIEBOTO BpamieHus OyaeT Vzgo(ro):—mecz. Taxxe
er,

NPOM3BOIHYIO II0 BpeMEHM OepéM BHauajge Ha paguyce TOPOBOTO
1 0p(r,) _ 1 mc?-20(r,/2) _ mgc

, da 3arcM M KOJbLCBOIO BpallCHUA

¢ ot et er,
1 &*p(r,) mc-or, mc’
= (0(20) == Torpa B 3.1 cieBa nMeeM
c” ot er, ot er,
2 2 2 2 2

mc® mgc®  2mc mp(r,)  7e-4amgi,c”  2m.cC T
T2 T 2 T T 2 u clpaBa - == 3~ e .C.

er, er, er, & e 27T, er,
ypaBHeHue (3.1) BeIIOJIHSETCS.

2 2 2
m,r,C m,r,C 2 m, I, (=2)
B ypaBHenuu (4.1) o(r) = gzor , vq,(r):_%, \Y go(r):_eoT,

a

10p(r) 1mrc*-20(r/2) myrc
= =—= =— u
¢’ ot c?  e2rt.ot er?
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1 0%p(r m.r,.c(-2)-o(r)  2m,r,c? . .
- ng )M (3 )-or) _ ©2°, 4TO JA€T B JIEBOW YacTU HONb, U
c® ot er-ot er

ypaBHeHue (4.1) Toxe BBITOTHSACTCS.

W, makonem, paccMoTpuM ypaBHeHue (2.1), mpuMeHWB ero He K
IUIOTHOCTH TOKa B OAJIGKTPOHE, YTO YK€ ObUIO ClIeTaHO BBINIE, a
HETOCPEJCTBEHHO K JBIKEHHUIO dupa 6 3apsaoosom mopoude W B
pacxoJAIuXcsi OT HETr0 BTOPUYHBIX Topouaax (puc. 2.1). Mcrounukom
BOJIHOBOT'O TIpollecca 37eCh OyNeT Ko.byesas 4HacToTa BpaAICHUS MAacChl

3aps008020 TOPOUA v = C/2ar, ¥ €€ TNIOTHOCTh j(I,) = LZ. (5.1)

0" 7o
Tak xak 1/, =c’¢,, To ypaBHenue (2.1), BHavane uist 3apsaa, MOXKHO
2 T .
< gOVxBU &0 Oy , AN c*Vx B, —ai
V4 & ot

3aIIucaTb B BHUJIC j =

Ho, Tak kak B, =rotA, u E, :—Vgog—%, TO YpPaBHCHHC MOXXHO

nepenucarb U B BHUJE LA PV x(VxA4,)— % (-Vo, _ 94 ) A Tak Kak
&
Vx(VxA)=V(V-A)-V?A,, TO YpaBHEHUEC IIpUHUMACT BU[
2 -
—C*VPA, +CPV(V-A) + %V% + aat—'? =) Nanee, ecom cHoBa mNpUHSTH
&

KanmuopoBKy JlopeHia V- A, = 1 a§3 TO Y MOJIyYUM BOJIHOBOE YPAaBHEHUE
c?

1 6%4, 7] .

2

VoA, - <2 o _ngo = -7y J (1) - (6.1)
A I PaCXOJAIIUXCA OT 3apsaaa BTOPUYHBIX TOPOUA0B OHO MPUHUMACT

1 0° A(r) 0. (7.1)

BUI  VA(r) -

I/ICTquI/IK BOJIHOBOTO Tporiecca ¢ y4€Tom (5.1) MOKHO 3amucath Kak

. 7 -4mm.r, -ec 2m,c
_ﬂ.ﬂoj(rO):_ez-Zﬂf .Oﬂrz = erz . (8.1)
0 0 0

N ypaBuenme (6.1) Ha 3apsize pacKpbIBaeTCs CICAYIOIIMM 00pa3oM.
m.C

BekTopHBII  TIOTEHIMAN  3aps0BOTO  JIBWXKEHHS A, = Torna
VA(T) _mc v Ar,) = o OA(r,) _mc-20(r,/2) _mgc-c
er, erO ot 2e-ryot er,

o°A(r,) mc*-or, mc-c? 2m.c
(f) _ M. 0 = _¢ , To 1 noiayuuMm B (6.1) cneBa ——=, 4TO M
2 2
ot er, - r,ot er, e

29
COOTBETCTBYET UCTOUHUKY (8.1).

1o
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A Temeppr packpoeMm JeByio uyacth ypaBHenus (7.1). Tak kak

m,r,c m,r,c 2m,r,c OA(r myr,c-C
AN =25, VAr) =T ZMGC, o 20 M
2er er er ot er

n VA®r) =

O*A(r) _ 2m,r,c-c?
ot er’

BBITIOJTHACTCSI.

, uro u naér B (7.1) cmeBa HOJB, T.e. ypaBHCHHE

®opmyny (8.1) ¢ yu€rom (5.1) MOXHO pacKpbITh U CIECAYIOIIUM

z-4am,r, .EC :1. 27zr§ . 272'(!‘0/22) -mc zlrotgrotAg, (91)
8227Zr0 -ty 2 n(r,/2)° e2 2

obOpazoM: mu, j(r,) =

yto emé¢ Oosiee HarJIAIHO PACKpPhIBAET MCTOYHHMK BOJHOBOTO IIpoliecca
BEKTOPHOTO MOTEHIIMANIa. DTO JBOIHOE BpallleHHe Macchl a¢upa B TOPOUIE
3apsana. Ecnu ygects, uto porop (9.1) nupkynupyert emé u Ha paguyce r,,
TO YK€ 00IIUM UCTOYHMKOM BOJHOBOIO MPOIIECcca, KaK Obl HCXOIAIIETO 0
971eKmpoHa 8 yeaom, OyAeT rot,rot,rotA,, 4To U CO3JaET BOKPYT AJIEKTPOHA

€TI0 KBa3HUCTAOMOHAPHOC MArHuTHOC I10JIC.

CCBUIKY K IIPUJIOKECHUIO:
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