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1. BBenenne

MarHuTHOe I0Jie SIBJISIETCS OJHUM W3 OCHOBHBIX IOHSTHH 3JEKTPOIUHAMHKH.
OHO ompenenser CUIOBOE B3aUMOJICHCTBHE MEXIY IBIKYLUIMMHUCS 3apsaamMH, a
TaK)Ke BXOAMT B OOJIBIIMHCTBO €€ ypaBHEHHH. B ero cymiecrBoBannm yOoexIaer Hac
MarHuTHas CTpelKa KOMIIaca, KOTOpas BCErja MOBOPAYMBAETCS B OIPENEIEHHOM
HalpaBIeHUM, a TaKKe JKEJC3HbIC ONMIKH, KOTOpbIE JPY)KHO MPHIHNAIT K
HOJIFOCaM MarHuTa. M, ka3anoch ObI, B CYIIECTBOBAHUS PEATbHOTO MaTEPHaIbHOTO
MarHUTHOTO TOJNA COMHEBAaTbCsl He mNpuxoauTca. OJHAKO €clnu BCIHOMHUTH Te
BpEMEHa, KOTJa MarHUTHOE IIoJie TPHOOpeno OQHIMAIBHBIM CTAaTyC, a BBOJUT
MarHuTHOE nose (PeHOMEHOJOTHIECKUH 3aKOH AMIIepa, TO HeJlb3s1 He 3aMETHTb, YTO
Mexxay AmmepoM n BebGepom mpomcxonuia OXWBIEHHAs ITOJEMHUKA IO ITOBOXIY
npuposl dToro siBineHus. Eciau Bebep mpuaepxuBaics TOH TOYKM 3peHHs, YTO
MarHUTHOE TOJI€ SIBJISIETCS CJICACTBHEM W3MEHEHHS CBOWMCTB CaMUX 3apsiioB,
OTIpEICTSIEMBIX MX JIBHJKEHHEM, TO TOYKa 3peHHs AMIIepa CBOJUIACH K TOMY, 4TO
MarHUTHOE TIOJIE  SIBJISIETCS ~ CAMOCTOSITENIBHBIM ~ MaTepHaJbHBIM  IOHSITHEM.
®dopmanm3anueil TOro MOHATHS U SABJSIETCS M3BECTHBIN 3aKOH AMIIEpa O CHIIOBOM
B3aUMOJICHCTBUM IPOBOJHHUKOB, MO0 KOTOPBIM ABHXKYTCS 3apsiibl. MarHUTHOE IOJe
ObUTIO BBEJCHO AMIMEPOM (EHOMEHOJIOTHYECKUM MNyTEM Ha OCHOBE HAaOIIO/CHHMS
CHJIOBOTO B3aWMOJAEHCTBUSI MEXy IPOBOAHHKAMHM, MO KOTOPBIM TEYET TOK. DTOT
3aKOH, BBIPD&KCHHBII B BEKTOPHOH (hopMme, OINpeaesseT MarHUTHOE II0JIe B TOYKE
HaOJIIOZICHUS B CIICTyIOIIEM BHJIE:

ﬁ:%j—l[i d (1)

rae I - Tox B snemente dl , ¥ - BekTOp, HanmpaBIeHHBIH U3 sneMenTa dl B TOUKy
HaOJIIONEHUA.

AKCHOMaTHYeCKUM ITyTEM, B BHJE OTIEIBEHOTO MOCTYJaTa, Obljia BBEJCHA M CHIIA
Jlopenmnia, koTopas oOmpenesieT CHIy, NCHCTBYIONIY0O B MAarHHUTHOM IIOJIE€ Ha
JIBIDKYIIAHCS 3apsi.

FL:e[Vx,uH]. (1.2)

TJ¢ € - BCIU4MHa 3apsja, \7 - €r0 CKOpPOCTh, /,l - MarHuTHas MpOHUIAEMOCTb CPEIBI,

B KOTOPO IBUXKETCS 3apsill.



OnHako y TakoW aKCMOMATHKH €CTh CYIIECTBEHHBIH HemocTatok. Eciu Ha
JIBIDKYILMHICS 3apsi] AEMCTBYeT CHila, TO B COOTBETCTBUM C TPETBUM 3aKOHOM
HbroTOHa poMKHA HMMETh MECTO CHJIAa PEAKIHUM, YypaBHOBEIIMBAIOIIAs CUITY,
JIEHCTBYIONIYIO Ha 3apsll, U HaM JOJDKHO OBITH M3BECTHO MECTO TPHIIOKEHHS ITOU
cuibl. B JaHHOM ke ciydyae MarHUTHOE TOJie BBICTYNAeT B KaueCTBE HEKOTOPOU
CaMOCTOSTCIIFHOW MaTepHUaibHON CyOCTaHIIMU W SBJISICTCS TMOCPEIHUKOM MEXKIY
JIBIDKYIIUMUCS 3apsiiaMu. U eciii Mbl XOTUM HaWTH CHITy UX B3aUMOJAEHCTBHUSI, TO MbI
JIOJDKHBI MpHOETaTh K YCJIyraM 3TOro MOCpPEIHUKa. J[pyrMMu ciioBamH, y HAc HET
3aKOHA TPSMOTO NIEHCTBHUS, KOTOPHIM OBl JaBajd OTBET HA TOCTaBJICHHBIH BOIPOC,
MUHYS PACCMOTPEHHYIO IPOLENYPY, T.€. Mbl HE MOKEM [1aTh OTBET Ha BOIIPOC, IIE
HaXOJATCsl CHJIbl, ypAaBHOBEIINBAIOIINE ACHCTBYE MAarHUTHOT'O TI0JIS HA 3apsil.

Cootnomerne (1.1) ¢ ¢usnueckol TOYKH 3peHUE BBHI3bIBaeT HepoyMeHue. CHIIbI,
JIefCTBYIOIIME HA TEJIO B OTCYTCTBHU NOTEPh, IOJDKHBI OBITH CBSI3aHBI WM C €ro
YCKOPEHHEM, €CIIH OHO OCYIIECTBISIET IIOCTyHaTelbHOE JABIKEHHE, WIH C
EHTPOOCIKHBIMU CHJIAMH, €CIIH TEJNO OCYIIECTBISICT BpallaTeNbHOE BIDKCHUE.
Hakonen, cratudeckne CHIBI BOSHHKAIOT B TOM CIydae, KOTJa MMEETCS TPaJIHCHT
CKaJSIPHOTO IMOTEHIIMAaa MOTSHIIHAIEHOTO IO, B KOTOPOM HaxomuTcs Teno. Ho B
cooTHomieHun (1.1) Hmyero storo Her. OOBIYHOEC NPSAMOIHMHEHHOE JBHIXKCHHE
BBI3BIBAET CHITy, KOTOpasi HOpMaJlbHa K HANpaBlIEHHUIO ABIKeHHE. UTO 3TO, Kakoil-To
paHee HEBEAOMBIN HOBBIN 3akoH mpuponsl? Ha 3ToT Bompoc B CyliecTBYOLIEH
JUTEepaType OTBETa TOXKE HET.

KOHHGHHI/IH MAroMTHOrO T1OJid 3aKJII04acTCsi B TOM, 4YTO BOKpPYT 0060ro0
JABMKYIICTOCd  3apsgaa BO3HUMKACT MArHUTHOC II0JIC, MUPKYJALOUSA KOTOpPOro
ONPEACIACTCA COOTHOILIEHUEM

j Jdl =1, (1.3)

rae - tok mposogmmoctu.  Cnenctsuem cootHomenus (1.3) sBusercs Bropoe
ypaBHeHHe MakcBeiuia
- . OE . dD
rot H=nev+&—=—=nev+—,
ot ot
€CJIM K TOKY MPOBOJANMOCTH JOOABUTH TOK CMEIICHUS. Tak MarHUTHOE TIOJIC ITOTIaJo
B ypaBHEHHsT MakcBeia.



Cnez[yeT OTMETUTH, UTO BBCACHHUC IIOHATHA MArHUTHOIO ITIOJS HC HMCCT II0Q
co0ol KakoH-MOO0 (M3NIECKON OCHOBHI, a SBISIETCS KOHCTAaTaled Habopa
HEKOTOPBIX 3KCIEPUMEHTANIBHBIX (DAaKTOB, KOTOPBHIC IIPH IIOMOILIHM ONpPENeNeHHbBIX
MaTeMaTHYECKUX NpOLeNyp B OONBLIIOM KOJMYECTBE CIydYacB HAlOT BO3MOXKHOCTb
MOJYYUTh NPABWIBHBIM OTBET NPU pPELICHUH NpakTHYeckux 3amad. Ho, k
COXAJICHHUIO, UMeeTCsl psijl (PU3NUECKUX BOIPOCOB, IPU PEIIEHUN KOTOPBIX B paMKax
KOHLIEMIIMK MAarHUTHOTO TIOJISI, TTOJTy4al0TCsl Mapa oKcaIbHbIe pe3ybTaThl. BoT onuH
U3 HUX.

[Mone3ysice coorHomenusimu (1.1) u (1.2) HerpynHO moOKas3aTh, 4YTO IIpH
OJIHOHAIPABJICHHOM IapajjelbHOM JBUXXEHUU JBYX OJHOMMEHHBIX 3apsiioB, WU
MOTOKOB 3aps/I0B, MEXIy HUMH JOJDKHO BO3HUKATh JIOMOTHUTEIBHOE MPUTSKEHUE.
OnHako eciaM TepedTH B HMHEPUUAIbHYIO CHCTEMY, JBIXKYILIYIOCS BMECTE C
3apsiaMH, TO TaM MarHUTHOE MOJIe OTCYTCTBYET, U JAOMOJHUTEILHOTO MPUTKECHUS
HET. DTOT NMapagoKc OOBSICHEHUS HEe UMEET.

IIpn cunoBoM B3aMMOAEUCTBUH MaTEpUANbHBIX CTPYKTYp, IO KOTOPBIM TEYET
TOK, CHJIBI TPHJIOXKEHBI HE TOJBKO K JBIDKYLIMMCS 3apsiaM, a K peleTke, HO B
KOHLIENIIMK MarHUTHOTO TIOJIT Ha 3TOT BONIPOC OTBETA TOXE HET, T.K. B YPAaBHEHMAX
(1.1-1.3) mpuCYTCTBHE PEUICTKH HE YYUTHIBaeTCs. B TO ke BpeMs, IpH MPOTECKAHIH
TOKa 4Yepe3 IUIa3My IPOUCXOIWT €€ CKaThe (Tak Ha3bIBaeMbId MUHY-3(Q(EKT), Ipu
9TOM CHJIBI CXKaTusl AEHCTBYIOT HE TOJBKO Ha JBIDKYIIMECS 3JIEKTPOHBI, HO M Ha
MOJIOKUTEIBHO 3apsDKeHHbIE HOHBL. M, OmATh, KOHLEMIMS MarHUTHOTO TONS HE
MOXET OOBSCHHUTH 3TOT (haKT, TaK KaK B TAKOH KOHIEMIIMU OTCYTCTBYIOT CHIIBI,
KOTOpPBIE MOTYT AEUCTBOBATh HA HOHBI IJIA3MBI.

2. BekTOpHBI MOTEHIMAJT MATHUTHOTO MOJIS.

JnurensHoe  BpeMsi  CUMTAJIOCh, YTO  BEKTOPHBIM  NOTEHLHA
MarHuTHOTO TIOJII CKOpee MaTemMaThyeckas oIepanus, 4YeM peajbHO
CYILIECTBYIOLIEEe MaTepUaIbHOE 10JIE€, HO OKa3bIBAETCS UTO ITO HE TaK.

HUcnone3ys cootHomienue (1.1), MOKHO 1okasars, 4To
[dir]

3
r

1) -
=| grad P dl



1, KpOME TOTO, YTO

Puc. 1. ®opMUpOBaHHE BEKTOPHOTO MOTEHIIMANA BIEMEHTOM MPOBOIHHKA dl, 1o
KOTOpOMY Te4€T ToK 1 .

Ho porop dl paBen HyIIO M TO3TOMY OKOHYATENBHO

. dl -
H—rotj] 4_7Z'I" =rot AH
e

- dl
4, :I[ = @.1)

BEKTOPHBIH MOTEHIMAN MarHuTHOTO ToJs (Puc.1).

3amMeuaTeIbHBIM CBOMCTBOM 3TOIO BBIPDAXKEHUSA SBIIACTCA TO, YTO 3aBHCHUMOCTH
BCKTOPHOI'0 IMOTCHIHAJI O6paTHO nmponopuroHajibHa pacCTOAHUIO [0 TOYKHU
HaGHIOZ[CHI/IH, YTO XapaKTEPHO AJId 3aKOHOB HU3JIYyYCHUS.



TMockoneky [ =gV, Te g KONMYECTBO 3apsA/OB, NMPUXOAIIEECS HA EIUHHILY

JUTMHBI IPOBOJHAKA, 13 (2.1) momydaem:

4, =g

) Axy

Ecnu pasmep snementa dl , mo KOTOpOMy TEYET TOK, 3HAYMTENHHO MEHBIIE, YEM
paccTosiHME 10 TOYKM HAOJIOAEHHS, TO BEKTOPHBIH ITOTEHIHAN, ITOPOXKIAeMbIH

anementoMm dl , o Kotopomy Tewét Tok [ = gV, umeer Bux:

;1 =ngl

2.2
a - Agy 22)

W3 aToro cooTHoUIeHWs cieAyeT WHTepecHbld (akT. [lake Ha IOCTOSHHOM TOKE
3aBHCHMOCTh BEKTOPHOIO TIOTEHIMANa OT pPACCTOSIHUSI COOTBETCTBYET 3aKOHAM
n3mydeHns. M, kazanock Obl, 4TO, MEHSISI CKAUKaMHU TOK B KOPOTKOM OTpPE3Ke MPOBOJA,
W U3MEpPssl BEKTOPHBIA MOTEHLMAN B YOAIEHHOM TOYKE, MOXKHO IIE€pelaBaTh
uHpopManMIO B 3Ty TOYKYy IO 3aKOHaM wH3nydeHus. Ho sTtomy wmemaer To
00CTOSITEICTBO, YTO IIEMb IIOCTOSHHOTO TOKa BCErjJa 3aMKHYTa Ha JIOKaJbHBIH
WCTOYHMK ITUTAHHS U TI03TOMY BCET/Ia €CTh KaK MPsIMOM, TaK 1 0OpaTHBIN MPOBOJ. JTa
0COOCHHOCTh NMPUBOAMT K TOMY, YTO B JaHHOH CHUTyallMM BEKTOPHBIH NMOTEHIHAT B
JaldbHeH 30He OKa3bIBaeTCsl OOpAaTHO MPOINOPLHOHAICH KBaJpaTy PacCTOSHHUA 0
HabmomaeMod TOYKM. OTO JIETKO IOKa3aTh Ha INpUMepe IBYX HapajlielbHBIX
3JIEMEHTOB ITIPOBOJHUKA, PACIIOJIOKEHHBIX Ha paccTosHud d (puc. 2), B KOTOPBIX
TEKYT BCTPEYHBIC TOKH.

B sTOM cnywyae BEKTOPHBIH IOTEHIMAI B yJaJEHHOW 30HE OIpPEAENsieTcs Kak
CyMMa BEKTOPHBIX MOTECHIMAJIOB, CO3/IaBaEMBIX B JalbHEH 30HE B OTACIHHOCTH
KaIbIM TOKOBBIM 3JIEMEHTOM.
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Puc. 2. (DOpMI/II)OBaHI/Ie BCKTOPHOI'0 MOTCHUHAJIa ABYMSA IMapalICIbHBIMU y4aCTKaMU

IMPOBOAHUKOB, IO KOTOPBIM TCKYT BCTPCUHBLIC TOKH.

[Ipu ycrnoBuu, 4T0 7 3HAYUTETHHO GONbLIE ¢ TIONyYaeM:

7 :gvdi_ gvdi :gvdid
T Azgr  Arm(r+d) " 47?

ITockosbky

. 04

E=th5

rae [, - MarHuTHas IPOHMLAEMOCTh Bakyyma, U3 (2.2) u (2.3) Haxoaum:

n o M8a dl

E = 4rzr

Ez __Mga czlld
4rr

2.3)

(2.4)

2.5)

(2.6)



dv

IZle d = —— - YCKOpPEHHE 3apsI0B.

dt

[TOCKONIBKY CKOPOCTh CBETA OMPEAEISETCS COOTHOIICHHEM

1
c=—.
\]80/’10

rae &, - AMDIEKTpHYECKas IPOHMLAEMOCTh BaKyyma, TO paseHcTBa (2.5) m (2.6)

MOXHO IEPEICaATh:

E=--80dl_
4re,c r
E2 ___8a dZId :
dre,c” r

OcHoBHast 3aJlaya 3aKOHOB MHAYKIIUU 3aKIIFOYAaCTCA B BBISICHCHUU IPUYNH ITOABJICHUA
B NPOCTPAHCTBE WHAYKIMOHHBIX JJICKTPUYICCKUX HOHCﬁ, a, CJIICIOBATCIbHO, U CHII
ﬂeﬁCTBy}OHlHX Ha 3apsii, B ,HaHHOﬁ TOYKE IMMPOCTPAaHCTBA. DTO riaaBHas 3aza4ya 3aKOHOB
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WHAYKIUH, T.K. TONBKO DJJEKTPUYECKHE IIOJS, TeHEpPUpPYeMble TEeM WM HWHBIM
CIocoOOM, OKa3bIBAIOT CHJIOBBIC BO3ICHCTBHMS Ha 3apsil.  Takue MO MOTYT
BO3HMKATh IPH M3MEHEHUH PACIIOJIOKEHUS JPYTHX 3apsiI0B BOKPYT 3aJJlaHHOW TOUKH
npocTpaHcTBa. Ecim BOKpYr paccMaTpuBaeMoil TOUKH UMEETCs KaKasi-TO CTaTHIECKast
KOH(UTypanuus 3apsoB, TO HANpPSHKEHHOCTb JJIEKTPUYECKOrO OIS B ATOW TOYKE

OyIeT ONpeneNAThes cooTHoueHneM FE =—grad @, tae () cKalspHbI MOTEHIHA,

ompenesieMbld JTaHHOW KOHQUTypamuweld Mo TMpHHIUIY cymnepro3unuid. Ecmm
W3MEHUTh  PACIOJIOKEHHE 3apsAloB, TO JTOM HOBOW KoHGHTypamuum  OynoyT
COOTBETCTBOBATh U JPYrHe 3HAUEHUs CKASIPHOrO MOTEHLMANa, a, CIeJ0BaTEIbHO, U
JIpyTue 3HaueHMs HaNpsHKEHHOCTH 3jeKkTpuueckoro nois. Ho Takoe mepemeieHue
3aps/I0B B IPOCTPAHCTBE B 0053aTEIHHOM IIOPS/IKE CONPSDKEHO C MX YCKOPEHHEM U
MOCIENYIOIUM 3aMEeAJICHUEM. YCKOpPEHHE MM 3aMEJIeHHE 3apsloB KaK MOKa3aHOo
BBIIIC TaKKe MPUBOJUT K BO3HUKHOBEHHIO B OKPYKAIOMIEM IPOCTPAHCTBE
QJICKTPHUUCCKUX ToJIek WHAYKOWU.

OCHOBHBIM 3aKOHOM HMHIYKIHMH B KIIACCHYECKOW DSJIEKTPOJMHAMHUKE CUHUTAETCA
3akoH Dapajies, KOTOPBIH U1 BaKyyMa 3aIlIHCBIBACTCS CIEAYIOIUM 00pa3oM:
90, 0H (9B

IEd :—?:—ﬂo WdS:— gds, 2.7

rne B= ,UOH - BEKTOP MarHUTHOW WHIYKITHH, @B = ,UOIH dS - OTOK MarHHUTHOI

WHIYKIIH.

W3 3ToT0 3aKO0HA CIEyeT, YTO IUPKYIALHUS BEKTOPA SIEKTPHUIECKOTO MO pPaBHA
M3MEHEHHIO MOTOKAa MArHUTHOM MHIYKIMH 4epe3 IUIOIMAAKY, KOTOPYIO OXBaTbIBAET
IaHHBIN KOHTYp. Cpasy mNog4epkHEM TO OOCTOSATENBCTBO, YTO PACCMATPHUBAEMBIN
3aKOH TNPEACTaBIsSeT IMPOLECChl B3aUMHONM HMHIYKIMH, T.K. U1 IOJIy4eHUs

[UPKYJIAIUA BeKTOpa F  GepéTcs CTOpOHHEE MAarHUTHOE MO, C(POPMHUPOBAHHOE
CTOPOHHUM MCTOYHHUKOM. DTOT 3aKOH SIBJISICTCS MHTETPAIBHBIM U HE AT JIOKAJIbHOM
CBA3M MEXJIy MAarHUTHBIM M D3JEKTpHUeCKUM mosieM. M3 coorHomenus (2.7)
HOJIy4aloT epBoe ypaBHeHHe MakcBeiuia
- 0B
rot £ =———. (2.8)
ot
Cpa3dy ykaxkeM Ha TEPMHUHOJOIMYECKyl0 ommMOKy. 3akoH @apazes ciemyer
Ha3blBaTh HE 3aKOHOM 3JICKTPOMArHWUTHOM WHAYKLIWH, KaK 3TO JellaeTcs ceilvac B
CYIIECTBYIOIIEH JHMTEpaType, a 3aKOHOM MAarHUTOIJIEKTPUYECKONH HHAYKIHH, T.K.

9



W3MEHEHHE MarHUTHBIX MOJIeH MMPUBOJUT K BOSHUKHOBCHUIO DJICKTPUICCKUX HOHGFI, a
HEe Hao0O0pOT.

Ho 3pmech HeoOxommMmo caenath OJHO 3amedaHue. [lepexox OT HMHTerpaibHOMN
dopmer  (2.7) Kk ouddepeHmmansHO  popme (2.8) He BIOTHE 3aKOHEH.
[IpaBOMEPHOCTh TAKOT'O MEpexo/ia CIPaBeJIuBa TOJIBKO B TOM Cilydae, KOrjia KOHTYP
MHTErPUPOBAHUS B JIEBOW dYacTd cOOTHOWIeHUs (2.7) OXBaThIBaeT IUIOMIA/(H
MHTErPUPOBaHUS B MHTErpalie paBoii 4yactu. Ho onbIThl, KoTOphie mpoBen Dapanei,
COBCEM HE NPEAIoJaraloT 3TOro, KOHTYP MHTErPUPOBAHUS B JICBOM 4acTH, a BEpHEe
MPOBOJIOKA, B KOTOPOW WHIYIMPOBANach 3JC, MOXET HE COBIAJaTh C TPaHULAMH
TUTOIaIK! HMHTETPUPOBAaHUsI B TPaBOMl 4acTW. [JIaBHBIM YCIIOBHEM COOJIOJEHUS
COOTHOIIEHUS (2.7) SBIANOCH TO, YTO KOHTYp HHTETPHUPOBAHHSA B TPABOH YacCTH
JIOJDKEH OXBaThIBaTh KOHTYp WHTETPUPOBAHUS B JIeBOW. [IpuMepoM TOMY MOXeT
CIY)KHUTh CIy4ail JUIMHHOTO COJIEHOW/a, KOTJa MOTOK WHIYKIUH COCPEIOTOYEH BO
BHYTPEHHEH €ro 4YacTH, a KOHTYp HHTErPUPOBAHUS MOXET IPOXOIUTh 3a €ro
npejenaMy, T[e MarHUTHBIX MojJed  HeT.  BaXHO TOJBKO, YTOOBI KOHTYP
MHTErPUPOBAHUS B JIEBOM YaCTU COOTHOIICHUS (2.7) OXBATHIBAI COJICHOM/.

BBenéM  BeKTOpHBIM moreHuuan A, , YAOBJIETBOPAIOIUNA  PAaBEHCTBY
ﬂOIAH dl =®,, rae KOHTYp HHTCIPHPOBAHHS COBIAZAET C  KOHTYPOM

MHTETPUPOBaHUST B COOTHomIeHHH (2.6), a BEKTOp A, OIpeaeneH Ha BceX €ro

y4dacTkax, Torga

. 04
E=—u, a—tH (2.9)

[lyrém BBemeHust Bektop A, obecreunBaeTCs JOKaIbHYIO CBS3b MEXIY O3THM

BEKTOPOM U DJICKTPUYECKUM IIOJIEM, a TaKXKE€ MEXAY MNPOCTPAaHCTBEHHBIMU
IIPOU3BOAHBIMU OTOI'O BEKTOpa W MArdHUTHBIM IIOJIEM. CJ'IC,Z[OBaTeJ'IBHO, 3HadA

IPOM3BOJHBIE BEKTOpPa A, 10 BPEMEHH M 10 KOOPAMHATAM, MOXHO OIPEICIIHTH

MHIYIHPYEMbIE SJIEKTPUYECKHe M MarHWTHBIE IIONIs. BBeneHHBIH TakuM o0pa3om

BCKTOD AH , CBA3aH C MAroHuTHBIM I10JIEM COOTHOILICHHUEM:

rot A, =H. (2.10)
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Takum o6pa3om, BeKTop A,, sBisercs Goee yHUBEPCATbHBIM MOHATHEM, YeM BEKTOP

MAarHuTHOT'O II0JIsI, TIOCKOJIBKY Ja€T BO3MOXKHOCTD OIPEACIIATh KAK MAarHuTHBIC, TaK U
QJICKTPHUYUCCKHUEC ITOJIA.

Jlo cux mop pemieHHe BOMpPOCa O BO3HHUKHOBEHWUH OJJIEKTPHYECKUX TMOJIeH B
pa3MYHBIX HHEpPIHUATIBHBIX ABIWKymuxcs cucremax (HMCO) MOXXHO OBIIO
OCYIIECTBIISATH JABYMs MyTsiMH. [1epBbIii - 3aKitodacst B BhIUMCICHUH cuibl JlopeHiia,
JICHCTBYIOIIEH Ha ABMXKYIIHECS 3apsifibl, BTOPOH MyTh 3aKIIOYANCS B H3MEPEHHU
M3MEHEHHsST MArHUTHOTO TOTOKAa 4epe3 ucchenyembiii kouTyp. Oba Merona maBaiiu
OJIMHAKOBBIA pe3yiabpTaT. OTO ObUIO HEMOHSATHO. B CBA3M ¢ HENOHUMaHHEM
(hu3uuecKoil TPUPO/IBI TAKOTO MOJIOKEHUSI €T U HAYAlM CUUTATh, YTO YHUIOISAPHBIN
TeHepaTop SIBIIACTCS MCKIIOYCHHEM U3 mpaBwia mortoka [1].  Paccmotpum sty
CUTYAIHIO ITOIpoOHEee.

Jis Toro YTOOBI OTBETUTh HA TIIOCTABICHHBIA BOIPOC, CICIYEeT HECKOJIBKO
HU3MCHHUTH COOTHOIEHUE (2.9), 3aMEHUB B HEM YACTHYIO MPOU3BOIHYIO Ha TOJIHYIO:

dA,,

E,:—,UOT.

(2.11)
HItpux okono BekTopa £ o03HA4Yaer, 4TO 3TO MOJE ONPEACISICTCS B IBIKYIICHCS

CHUCTEME KOOpAUHAT, B TO BPEMS KaK BEKTOP AH ONIPENCIICH B HeHOHBH)KHOﬁ CHUCTEME.

TakuM 00pa3oM, MpPEANoIaracTcsi, 4YT0 BEKTOPHBIM MOTEHIMAT MOXKET HMETh, Kak
JIOKaJIBHYIO, TaK U KOHBEKI[HOHHYIO IPOU3BOJIHYIO, T.€. MOXET MEHSTHCS, KaK 3a CUeT
WU3MEHEHHs JIOKAJBHOIO BPEMEHH, TaK M 3a CUeT JIBIDKEHHS B IIPOCTPAHCTBEHHO
MeHsoneMcst moje 3toro noreHnuana. CoortHomenue (2.11) MokHO mepenmcarth
CJIEAYIOLIM 00pa3oM:

_, 04 [
E =_ﬂoa_tH_:uo (¥V)4,,

rac \_/: - CKOpPOCThb IHTpHXOBaHHOfI CHUCTCMBI.

CJ'IC,HOBaTCJ'H:HO, JOIIOJIHUTCIIbHAA CHJIa, I[CfICTByIOHIaﬂ Ha 3apsaa B I[BH)KymeﬁCﬂ
CHUCTEMC, 3aIlIMIICTCA

vl

Fl\=—p,e(¥V) 4, .

Ora cumia 3aBUCHT TOJBKO OT IIPOCTPAHCTBEHHBIX IPOM3BOAHBIX BEKTOPHOTO
MOTEeHIMaa U ckopocTy mrpuxoBanHoi NCO.
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3apsin, ABIKYIIMHCS B MOJE BEKTOPHOrO MOTeHIuama A, €O CKOPOCTBIO V,
o0amaeT NOTEHIHANBHOM sHeprueit [1]

W =—eu, (VZH).

[TosToMy momKHa CyIIECTBOBAaTH €II€ OJHA CHJIA, JeiCTByIomas Ha 3apsa B
newkymeics MCO, a uMeHHo:

F’v',z =—grad W = ey, grad (17;1H )

Taxum obpasom, BemuuuHa [, (VAH) UrpaeT Takyl K€ pOJib, YTO M CKAJSIPHBIN

MmoTeHIUall (0, rpaguCHT KOTOPOro AacT JJICKTPUUYCCKOC II0JIC. CJ'IeI[OBaTCJ'H)HO,

CyMMapHasl Cuja, KOTopas HCﬁCTByeT Ha 3apdn, HBH)KymHﬁCH B IMOJIC BEKTOPHOI'O
IMOoTEeHIIKaIa, MOXKET UMEThb TPU COCTABJIAONINC U 3alMUIICTC KaK

, 04 A -
F =—e,uoa—tH—e,uO(vV)AH+e,uograd(v H). (2.12)

IlepBass u3 COCTaBIAIOLIMX 3TOW CWJIbI JEHCTBYET Ha HEMOJABMKHBIM 3apsj, Koraa
BEKTOPHBIN IIOTEHIMAI HMEET JIOKAIbHYI0 INPOM3BOJAHYIO IO BpEeMEHH. BTopas
COCTABIISIFOIIAS TAKXKE OMPENENCT N3MEHEHHsI BEKTOPHOTO TOTEHIIMAIa BO BPEMEHH,
HO OHU CBSI3aHBI YK€ C JBIDKCHUEM 3apsiia B IPOCTPAHCTBEHHO MEHSIOIEMCS MOJe
atoro norennuana. CoBceM MHas MPUPOAA y CHIIBI, KOTOpas ONPEAENIeTCs MOCIEAHUM
ciaraeMbIM cooTHomeHus (2.12). Ona cBsi3aHa ¢ TeM, YTO 3apsi[, ABUTAIOIMIMIICS B
MoJie BEKTOPHOTO TOTEHIMaNa, o0JafaeT  MOTEHIUAJbHOW DSHEpPruer, rpajueHT
KoTopoii u gaet cuiny. M3 cootHomenus (1.12) cnenyet

_, 04 = -
E :_'UOE}_;I_'UO (vV) A4, +,uograd(vAH). (2.13)

DTO U eCTh MOJHBIA 3aKOH B3aUMHON MHAYKIUH. OH onpeAessieT BCe dJIEKTPUIECKUe
0JIsL, KOTOpbIE MOTYT BO3HUKATh B 33JJaHHON TOYKE MPOCTPAHCTBA, IPUUEM 3Ta TOUKA
MOJKET OBITh KaK HEIOIBIYKHOM, TaK U ABIDKYIICHCS. DTOT SAMHBIA 3aKOH BKIFOYACT B
cebs u 3akoH Dapanes, U Ty 4acTh cuibl JIOpeHIa, KOTOpasi CBs3aHA C JIBIKCHHUEM
3apsaa B MarHUTHOM IT0Jie. DTOT 3aKOH 0e3 BCIKUX HMCKIIOUEHHUI IaeT OTBET Ha BCE
BOIIPOCHI, KacaroIIMecss B3aMMHOM MarHUTO3JIEKTpruecko nHAykuuu. 11lokasaTensHo,
YTO, €CIIM B3ATh POTOP OT 00eux uyacteil paBeHcTBa (2.13), MBITAsACH MONYYHUTH IEPBOE
ypaBHeHHe MakcBeita, To cpasy OyIeT HOoTepsHa CYIIECTBEHHAs 9acTh HH(OpPMAIIHH,
T.K. POTOp OT 'PaJUEHTA TOKIECTBEHHO PABEH HYJIIO.
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Ecimn BwIgenuts Te CUJIbl, KOTOPBIC CBsA3aHbBI C JBWXXCHHUCM 3apsja B II0JIC
BEKTOPHOT'O IOTEHIIAJA, U YIECTh, YTO

,uograd(\ZZIH)—,uo (¥VV) 4, = 1, [\7><r0t ;lH],

1o 3 (2.12) momyanm

F/=ep,| vxrot 4, |. (2.14)
YunteBas (2.10), 3anumem:
Fl=ep,| v H |, 2.15)
UIH
E;:;zo[vxﬁ]. (2.16)
OKOHUATENBHO:
ﬁ':eE+eE:=—e%+eﬂo[\7xljl]. (2.17)

Moxer moka3arthcsi, 4To cooTHomIeHue (2.17) mpeacrasinser nonHyto cuity JlopeHnna,
- -,
OJIHAaKO, 3T0 He Tak. B oToM coortHourennn u mone £, u mome E, sBusrorcs

WHIYIUPOBaHHBIMU, IIEPBOE  CBSI3aHO C JIOKAIBHOW NPOW3BOJHON BEKTOPHOTO
IOTEHIUAJa [0 BpEMEHH, BTOPOE JKe 00513aHO IBMKEHUIO 3apsija B MIPOCTPAHCTBEHHO
MEHAIONIeMCS IOoJIe 3TOro  IOTEHIHAlA. UroObl TONYyYUTH MOJHYIO CHIIY,
JNCUCTBYIOIYI0 Ha 3apsja, HEOOXOAMMO Ul Ciydas, KOTJa CHCTeMa He SBIISETCS
JNIEKTPOHEHTpaNFHON, K IpaBOd 4YacTH cooTHomieHus (2.17) mobGaBuTh ciaraemoe

—e grad @:

, - -
F5 =—e grad (p+eE+e,u0[v><H],

rie (¢ - CKaJsIpHBIH IOTEHIMald, CO3/JaBaeMbli B TOYKe HAOMIOAEHMSA
HECKOMIICHCUPOBAHHBIMU 3apsiiaMu.

Teneps cooTHOMIeHHE (1.13) MOXKHO TIepenucaTh CISAYIOIMINM 00pa3oM:

_, 04 e = -
E =—,uoa—tH—,a0(vV)AH+,uogmd(v H)—gmd @, (2.18)
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WY, coOpaB MepBbIe JBa WICHA B IOJIHYIO IPOM3BOJHYIO BEKTOPHOTO MOTEHIMANA 10
BpPEMEHH, M, BHECS MOJA 3HAK TpaJieHTa JBa IOCISIHHX 4YICHa MNpPaBOil YacTh
cooTHoIeHU (2.18), momydmm:

E'=—ﬂo%+grad(ﬂo(\ﬁ)—¢). 2.19)

Ecimu o6e wactu cooTHomieHus (2.19) yMHOXHUTH Ha BEIMUYMHY 3apsiga, TO MOXHO
MOJYYUTh TOJNHYIO CHITy, NeHcTByromyro Ha 3apsa. Ot cuisl Jlopenna ona Oyner

OTJINYAThCsl CUIIOU —eluoa—tH. W3 cootHomenus (2.19) BUIHO, YTO BeTUYMHA

( ,uO\?A) — (0 urpaet poiab 0000IIEHHOTO CKASIPHOTO IMOTeHIHana. Eciu B3STH poTop

oT obeunx yacTeit cooTHomerus (2.19) u yuects, uto rot grad =0, To nomyunm:

rot E'=—,uocil—i1 :

Ecnu B 1aHHOM COOTHOLIEHUH 3aMEHUTh MOJIHYIO IMPOM3BOJHYIO HAa YacTHYH, T.€.
CUUTATh, YTO MOJISI ONPENENISIOTCA TONBKO B 3aJaHHOW HHEPLUAIBHOW CHCTEME, TO
MOJTy4UM MEpBOe ypaBHEHHE MakcBena.

Panee cuna JlopeHia paccMaTpuBanach Kak ()yHIaMEHTAJIbHBINA OMBITHBINA (akT, He
CBSI3aHHBIN C 3aKOHOM MHIYKIMH. PacYeTHBIM IyTeM MOJYyIUTh TIOCIEIHEE ClIaracMoe
npaBoi yacTu cooTHomeHus (2.17) MoxHO ObUTO TOJBKO B pamkax CTO. B nmanHOM
cllydae BCe cjaraeMble coOoTHOIIeHHe (2.17) moaydeHsl U3 3aK0HA HHIYKIIUU B PaMKax
npeodpazoBannii [ammies. [Tpuuem cootHommenue (2.17) 3TO M €cTh MOJHBIA 3aKOH
B3aUMHOW HMHIYKIWH, €CJIM €ro 3allicaTh B TEPMUHAX BEKTOPHOTO IOTEHIHANA. DTO
€CTh KaK pa3 TO NPaBWIO, KOTOPOE JaeT BO3MOXKHOCTH, 3Has moiist B oxHoi MCO,
BBIYHCIIATH TIOJISI B APYTOW MHEPLHUAIbHOW CHCTEME, U 3TOTO MpaBUIIa JI0 CHX IOp He
OBUIO B KJIACCHYECKOH 3JIEKTPOIUHAMHUKE.

CTpyKTypy CHJI, ACHCTBYIONIMX Ha JBIKYLIMICS 3apsil, JETKO IMOHATH Ha IIpUMepe,
KOTZa 3apsii JBHKETCS MEXAY ABYMs MapajUIeNbHBIMU MIOCKOCTSAMHU, O KOTOPBIM
TeuéT ToK (puc. 3). Boibepem ocu KOOpIMHAT TakkMM 00pa3oM, 4ToOBbl OCh z Oblia
HAIpaBJIeHAa HOPMAJIBHO K IUIOCKOCTSIM, & OCh ) IapajuieibHa uM. Toraa s ciydas,
KOT/Ia PACCTOSIHIE MEX/Ty TIACTHHAME 3HAYHTEIIbHO MEHBIIIC UX Pa3MEpoB (B JaHHOM
ClIydae Ha PUCYHKE 3TO COOTHOIICHHE HE COOMIOEHO ), MarHUTHOE
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Puc. 3. Cunsl, geiicTByrolue Ha 3aps/, IBIXKYIIUMNCS B II0JIe BEKTOPHOTO MOTEHIIHATIA.

none H_ mexxy Humu Oyier paBHO yjelnbHOMY TOKy [ »» TIpOTEeKaKolIeMy 10

miactuHaMm. Ecin IIOJIOKUTB, YTO BeKTOpHLIfI IIOTCHI Al Ha HIDKHEH IIJIaCTHHE paBeH
HYJIIO, TO €ro )Y — KOMIIOHEHTa, OTCUHUTBbIBa€Mas OT HIDKHEH IJIaCTHUHBI, 6y[[eT

Bo3pactarth 1o sakony 4, =1 z.

Ecan QJICKTPOH JABUI'aCTCd B HAIPABJICHUU OCHU y B6J'II/I3I/I HIDKHEN IJIACTUHBI CO
CKOPOCTBIO V, TO CHIIA F, neiictByromas Ha 3apsj, ONpenessieTcs MOCIeIHHM

cinaraeMbIM cooTHoreHus (1.12) u paBHa
F =euvl,. (2.20)

Hamnpagnena sta cuna OT HUKHEH TUIACTUHBI K BEPXHEH.

Ecam 3apsn aBuraercs BOOJNB OCHM  Z OT HIWKHEW IUIACTHHBI K BEpXHEU CO

CKOpPOCTBIO Vz = VV, TO IJIT HaXOXIACHUS CUJIBI CICAYET HCIOJIb30BAaThH YK€ BTOPOEC

ciiaraeMoe MpaBoil 4acTu cooTHomieHus (2.12). OTa cuia 1mo abCOoIIOTHON BEITUYHMHE
ONSITH paBHA cuJie, onpeaensieMoil cooTHomeHueM (2.20), 1 HampaBiieHa B CTOPOHY
MIPOTHUBOIIOJIOKHYIO OCH y. Ilpn nroObIX IpyruX HampaBlIeHHAX ABMKCHUS
cymMMapHasi cuia OyleT BEKTOPHOW CyMMOH JABYX CHJI, TIPENCTaBIIEMbIX
MOCTICTHIMH ClIaraeMbIMU cooTHOIIeHus (2.12). CyMmMapHas ke BEIHYMHA ITOM
CHJIBI TIO-TIPEXXHEMY OyZIeT ompeneNsiThess cooTHomeHueM (2.17), a cama cuiia Beerna
OyzmeT HOpMaJbHOW K HAINIPABICHHIO IABWKCHUS 3apsina. PaHee Hanmnune Takod CHIIBI
paccMaTpuBaoch Kak aeiictBue cuibl JlopeHna, mpupoaa KOTopoii Obljia HEM3BECTHA
W BBOAMJIACH KaK HEKas SKCIEpHMEHTalbHas akcuoMma. Tereph MOHITHO, YTO OHA
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SBJISICTCS CJICACTBHEM COBMECTHOIO HeﬁCTBHﬂ ABYX CUJI, Pa3JINYHBIX 110 cBOEH
npupojie, pu3nvecKuii CMBICI KOTOPBIX Tereps onpeaenéH. OHAKO B JaHHOM Clydae
BO3HUKAET OJUH CYyHIECTBEHHBIH BOmpoc. Kak Mbl yke rOBOPWIIH, C TOYKH 3PCHUS
TpeThero 3akoHa HpIOTOHA, eciu Ha 3apsj ACHCTBYeT CHiIa, TO JIOJDKHA OBITh U
paBHOJCHCTYIONIAsT €fl CHJIa M MECTO NPUIOKCHHE TaKOW CHIIBI JIOJDKHO OBITh
n3BecTHO. KoHIenus MarauTHOTO TOJIst OTBETA Ha 3TOT BOIIPOC HE AT, MOCKOJIBKY U
MarHUTHOE TOJIe, U BEKTOPHBIN MOTCHIIUA BBICTYIAIOT B KAYECTBE CAMOCTOSITEIBHOMN
CyOCTaHITUH, C KOTOPOU M MPOUCXOTUT TAKOE B3aUMO/ICHCTBYE.

[ToHuMaHue CTPYKTYpBl CHII Ja€T BO3MOXKHOCTH ITOCMOTPETh Ha YK€ M3BECTHBIE
SBJICHUS] C JPYroil TOYkM 3peHus. Hampumep, ¢ 4yeMm CBSI3aHO CYILECTBOBAaHHE CHII,
KOTOpBIE PACTATUBAIOT TETI0 C TOKOM? B 1aHHOM cilydae 3TO OOCTOSATENIBCTBO
MOXET MHTEPIPETHUPOBAThCS HE Kak JielcTBUe cuuibl JIopeHla, a ¢ 3HepreTHYecKon
TOUYKHM 3peHHs. TOK, TeKyIIUi MO 3JeMEeHTy KOJbLIEBOIO BUTKAa HaXOJHUTCSl B IOJE
BEKTOPHOTO IOTEHIIHAa, CO3/aBaEMOr0 OCTAJIbHBIMH 3JIEMEHTaMU 3TOTO BUTKA, a,
CJIEZIOBATENIbHO, MMEET 3amac IOoTeHIHanbHOW »Hepruu. Cuia, AeHCTBYyromias Ha
TaKOH 3JIEMEHT, 00yCIIOBIICHA HAIMYUEM y HETO TPajHeHTa NOTeHINAIbHOW SHEPTHH,
W TPONOPHIMOHANIBHA TPAJUEHTY CKALIPHOTO NPOW3BEACHHS BEIWYWHBI TOKA H
BEKTOPHOI'O MOTEHIMaJda B JAHHOW Touke. TakuM oOpa3oM, MOXXHO OOBSCHUTH U
MIPOMCXO’K/ICHHE TOHJEPOMOTOPHBIX CHil. EciiM TOK pa30oWTh Ha OTAENbHBIE TOKOBBIE
HHUTH, TO BCE OHH OYJyT IO OTAEIHHOCTH CO3[aBaTh I10JIE BEKTOPHOTO IOTEHIIHAA.
CyMmMmapHOe mojie OyneT IeWCTBOBaTh Ha KaKAYI0 HUTH B OTICIBHOCTH, U B
COOTBETCTBHH C MTOCIICTHIM CIaraeMbIM MPaBOH 9acTH cOOTHOIIeHus (2.12) sato Oyner
MPUBOJMTH K B3AUMHOMY UX HPHUTSKECHHIO.

Crnenyer momyepkHyTh, 9TO B cooTHomennun (2.14) u (2.19) Bce moist MMEOT
MHIYKIIMOHHOE MPOHUCXOKACHHE, U OHHU CBSA3aHbI TO JIM C JIOKAJIbHOW IPON3BOTHOMN
BEKTOPHOTO MOTEHNHaNa, TO JU C JABWKEHHEM 3apsfa B IPOCTPAHCTBEHHO
MEHSIOMIEMCSI TI0JIe 3TOTO MOTeHIHana. Eciu mois Bo BpeMEHH He U3MEHSIOTCS, TO B
npaBoit yactu cooTHoueHu (2.14) u (2.15) ocTaroTcs TOIBKO MOCIEAHUE CllaracMsble,
U OHH OOBSCHAIOT paboTy BceX CYMIECTBYIOMIMX 3JIEKTPOTCHEPATOPOB C
JBIDKYIIMMHCS MEXaHWYECKUMH YacTsIMH, B TOM 4YHCIE€ W PabOTy YHHIIOJISPHOTO
reaeparopa. CootHomrenue (2.13) maeT BO3MOXHOCTH (PU3MUECKH OOBSICHUTH BCE
COCTABJSIIOIIME  HAINPSHKEHHOCTH  DJISKTPHYECKOTO  IMOJIS,  BO3HHMKAIOIIEIO B
HenonBwkHOM U gBwkymeiics MCO. B ciyyae yHUNONSpPHOrO TeHepaTtopa B
(hopMUpOBaHUM CHJIBI, JACHCTBYIONICH Ha 3apsii, NPHHUMAIOT YYacTHE J[BA IMOCIICIHHUX
CllaraeMbIX IpaBoi 4acTH paBeHcTBa (2.13), BHOCS OommHAKOBBIE BKJIambl. Temeps sICHO,
YTO MpPEACTABICHNE 3aKOHA WHAYKIMH B TEPMHHAX BEKTOPHOTO IMOTEHIMAla 3TO U

16



€CThb TOT ,,0CHOBOIIOJNAralOIUil NMPUHIUI , 00 OTCYTCTBUM KOTPOTO TOBOPHUTCS B
pabote [1].

IIpu paccMOTpeHUM AEUCTBHMS MAarHUTHOIO IIOJIS Ha JBMXKYLIMICS 3apsi yxe
OoTMEYanach €ro MOCPEIHUYECKas PONb M OTCYTCTBHE 3aKOHA MPSIMOTO ACHCTBUS
MEXy ABIKYIUMHUCA 3apsiiaMu. BBeleHNs BEKTOPHOTO MOTEHIHANa TaKXKe HE JaeT
OTBETA Ha 3TOT BOINPOC, 3TOT MOTEHIUAI MO-NPEKHEMY UTPAET MOCPETHUYECKYIO POIIb
U HE OTBEYAeT Ha BOIPOC O KOHKPETHOM MECTE IIPUIIOKEHUS CUIL.

Tenepp nokaxeM, YTO COOTHOLICHHS, MOJTyYCHHBIC IIyTeM (HEHOMEHOJIOTHYECKOTO
BBEJICHUSI MArHUTHOTO BEKTOPHOIO IOTEHIMAJA, MOTYT OBITH IOJY4YCHBl U
HerocpeAcTBeHHO 13 3akoHa Papanes. Cam Papazeil npu NpoBEJEHUH CBOHMX
OIBITOB YCT@HOBWJI, YTO B KOHTYpPE MHIYLHMPYETCS TOK, KOrJa B COCEIHEM KOHType
BKJIFOUAETCSl WJIM BBIKJIIOYACTCSl IIOCTOSIHHBIM TOK, MJIM COCEOHUIl KOHTYp C
IIOCTOSIHHBIM TOKOM JIBMDKETCSI OTHOCHTENBHO IEpBOT0 KOHTYypa. Ilostomy B obmiem
BuJie 3akoH Dapazges cienyer 3amucaTh CISAYIOIIAM 00pa3oM:

dd
dt

=7 177
jEdl =25 2.21)
I[aHHaH 3alliCh 3aKOHa yKa3I)IBaeT Ha TO, 4TO HpI/I 3aIlIucu HI/IpKyHﬂIII/II/I BeKTOpa E B

newkymieics (mrpuxosannoit) UCO okono E w dl cnemyer craButh mrpuxw,
YKa3bIBAIOLIUE HA TOT, YTO NMOTOK ompenenéH B oguoil UCO, a nons B apyroi. Ecin
€ IUPKYJLIIUS ONPENEISIETCS TOIbKO B 3anannoi UCO, To mrrpuxu oxono E u dl
OTCYTCTBYIOT, HO IIpM 3TOM CNpaBa B BbIpaXeHHH (2.21) IODKHAa CTOATH YacTHAs
MIPOM3BO/IHAS TIO BPEMEHH.

[lomnas nmpowsBomHas 1O BpeMeHH B cooTHomeHmHn (2.21) o3Haugaer
HE3aBHCHUMOCTh KOHEYHOTO pe3yjbTaTa MOSBIEHHS 3]C B KOHType OT crocoba
M3MEHEHHS NMOTOKA. [IOTOK MOXKET M3MEHSTHCS Kak 3a CUET JIOKAIBHOM IPON3BOJHOM
MarHUTHOTO IIOTOKAa IO BPEMEHH, Tak M 3a cuer Toro, yto MCO, B KoTopoit

™ 177
HN3MEPSCTCA HUPKYJIAIUA -[Edl , ABVOKETCA B IPOCTPAHCTBEHHO MECHAIOIIEMCS T10JIC

B. Bennuuny MarHuTHOTO TMOTOKA B COOTHOIIEHHH (2.21) BBHIMUCIAEM MPU MOMOIIH
BBIPAKECHUS:

D, = .[E ds’, 2.22)

TAC MarHuTHasd WHAYKOUA B= ﬂOH onpeaciicHa B HCHOHBI/I)KHOﬁ CHUCTEMC

—r o
KOOpAUHAT, a 3JICMCHT dS OIIPEACJICH B ABMIKYIICHUCS CUCTEME.
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VYuureBas (2.21), u3 (2.22) nonxydaem:
N d = /
JEdl =——[Bds'.

[TockoNbKy priRET +V grad , sanviuem:

ot
[ B =[5 a5 [[Bxv] di-[vanBas. @2

. 7
B naHHOM Ciydae KOHTYpHBIH MHTErpan Gepercs mo KOHTypy dl , OXBaThIBAIOIIEMY
—/ v
wiomaaky ds . Cpasy OTMETUM, UTO BCE NANbHEHIIEE U3NOKEHHE OYIET BECTHCH B

. 7
IPEAIIONIOKEHAN CIIPABEUIMBOCTH IIpeoOpasoBanmii Lamunes, 1.e. dl =dl n

ds’ = ds . Tlockomsky divB = 0, u3 (1.23) nomydaem COOTHOIICHHE
E’:E{vxé], (2.24)

U3 cootHomIeHus (2.24) ciemyer, 4To MPH JBUKCHUU B MATHUTHOM ITOJIC BO3HUKACT
JIOTIONTHUTEIBHOE DJIEKTPHUIECKOE I0JIe, OMpPEAeIieMOoe TTOCIECIHUM CJIaraeéMbIM 3TOTO
COOTHOIICHUS. 3aMETHM, YTO NAHHOE COOTHOIICHHE IIONyYeHO HE IyTEM BBEACHUS
cubl JIopeHIa akCHOMaTHYECKIM CTIOCOO0M MIIM U3 KOBAPHMAHTHBIX MpeoOpa3oBaHuUit
JlopeHnia, a HeocpeAcTBEHHO U3 3akoHa dapajes, MpUYeM B paMKax MpeoOpa3oBaHUI
lamunes. Takum oOpaszom, cunma JlopeHma sBISETCS MPSIMBIM CIICACTBHEM 3aKOHA
MarHUTOAJIEKTPUIECKON HHAYKIIMH.

Vuursisast, uto [ = rot A,;, u3 cootHowenue (2.23) noayyaem

E'= —,uoag;tﬁtuo [\7><rot ;1],

W fanee

My _
ot

CHoBa norydeHo cooTHomeHue (2.13), Ho MOTydYeHO OHO HENMOCPEICTBEHHO U3 3aKOHA

E' =—u, 4y (¥V) A, + p,grad (\ZZIH ) . (2.25)

dDapaz[eﬂ. HpaB,ua, " OTOT IIYTh IIOKAa HC IMPOJMUBACT CBCT Ha (l)I/ISI/IquKyIO npupony
MMPOUCXOKACHUA CHUJIbI HopeHua, TaK KaK MHCTHHHBIC (1)I/I3I/I"IGCKI/I€ MMPUYUHBL

18



BO3BHUKHOBCHHA U MAarHuTHOI'O ITOJIA U BEKTOPHOI'O IMOTCHI[MAJIa HAM BCC paBHO IIOKa
HC SICHBI.

Bropoe ypaBHenme MakcBema B TEPMHHAX BEKTOPHOTO IOTEHIMANA MOXKHO
3aIucaTh CIEAYIOIIM 00pa3oM:

rot rot;lH = ]( 4H ), (2.26)

rae J(A4,,)- Hexotopblii ¢dyHKumOHan or A, , 3aBHCAWMI OT CBOICTB

paccmarpuBaemoit cpenpl. Ecnu, Hanpumep, j = OF, T.e. Boimonusercs 3akon Oma,

TO

.- 04
J(Ay)=—ou=—=r . (2.27)

I[J'IH CBO60)1HOFO MMPOCTPAaHCTBA UMECT MECTO COOTHOLICHUEC

2,

= (2.28)

](;‘iH) =-Hue

Jist cBOOOTHBIX 3apsI0B, KOTOPBIE MOTYT IBUTAThCS 0€3 MoTeph, (YyHKIMOHAT OyIeT
UMETh BUJ

J(4,)= —LﬁZH, (2.29)
k

rae Lk = - KHHETHYeCKasi MHIYKTUBHOCTD 3apsnoB [4]. B aToM cooTHomennn

2
ne
m, e 1 n -Mmacca 3apsaaa, €ro BEJIM4YnHa U IUIOTHOCTb COOTBETCTBCHHO.
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Cootnomenust (2.27 — 2.29) oTpaxkaroT U3BECTHBIH (PaKT O CyIIECTBOBAHUH TPEX
BHUJIOB JIEKTPHYECKOTO TOKA: aKTHBHOTO M JIBYX PEaKTHBHBIX. KaXkablii U3 HUX MMeeT
XapaKTepPHYI 3aBHCHMOCTh OT BEKTOPHOTO MOTCHIHMANA. JTa 3aBUCUMOCTh H
ompenensieT NpaBmWila PacpOCTPaHSHUS BEKTOPHOIO MOTEHLIHWANa B Pa3IMYHBIX
cpenax. 3/1ech ciaenyeT MOMYCPKHYTh, YTO HANMCaHWe COoTHomeHuid (2.27 — 2.29)
MpeAroiaraeT He TOJIbKO HaJIW4KMe TOKOB, HO M HaJM4YMe TeX MaTepPHUAIbHBIX Cpel,
KOTOpBIE MOTYT Takue TOKM uepe3 ceOsi mporyckaTb. TOK TPOBOJMMOCTH,
ornpezesieMblii cooTHoweHusiMu (2.27) u (2.29), MoryT mpormyckars uepe3 ceds
IPOBOJHUKH, B KOTOPBIX MMEIOTCS CBOOOIHBIE HOCUTENH TOKa. EMKOCTHOH TOK, Hin
TOK CMELIECHHs, MOXKET IIPOIyCKaTh 4depe3 ce0s CBOOOAHOE HPOCTPAHCTBO, HIIM
TUANIEKTpUKH. JIJ1s1 CBOOOAHOTO MPOCTPAHCTBA COOTHOIIEHHE (2.26) NMEeT BU:

2,

rot rot;l =—UE
H /,l atZ

DTO BOJIHOBOE ypaBHEHHE, CBHIETEIHCTBYIONIEE O TOM, YTO BEKTOPHBINA MOTEHIIUAT
MOXXET PaCHpOCTPaHATHCS B CBOOOTHOM MPOCTPAHCTBE B BHJIE IJIOCKHX BOJIH.
Hanuyue 3TOro ypaBHEHHS UCKIIIOYACT HEOOXOAMMOCTh HCIOJIb30BAHMS YPAaBHCHHIA
MakcBeina, T.K. ¥ 3JEKTPUYECKHE U MarHUTHBIEC IOJISI 3JIEKTPOMAarHUTHOM BOJIHBI
MOTYT OBITh IOJIYYCHBI BCETO JIUIIH TIPY TIOMOIIH MTPUBEICHHOTO YPaBHCHHUS.

Bcé ckazaHHOE CBUIETENBCTBYET O TOM, YTO BEKTOPHBII IOTEHIMAJI HMEET OUEHb
BRKHOE 3HAUYCHWE B KIACCHYECKOM OdIeKTpoAuHamuke. Ero wncnomb3oBanHue
MIPOJIMBACT CBET HA MHOTHE (PU3NYECKHE SBICHHS, KOTOPHIE PaHee MOHITHBI HE OBUIH.
W ecim  ynacTcs BBIACHUTH (DPU3HMYECKYIO NMPHPOAY 3TOTO INOTEHIHANA, TO OyaeT
pellleHa OueHb BaXkHas 3ajjaua Kak TEOPEeTUUECKOr0, TaK U IMPUKJIAIHOTO IUIaHa.

3. ®usuueckue NpUYvMHbl BO3HUKHOBCHHS BCEKTOPHOI0 MOTCHHHAJIA
MAarHMTHOI'O I10J14.

Tor 1myTh, KOTOPBIA MPOJEMOHCTPUPOBAH B MPEABAYINEM paseiie, Kacatoluics
BBEIICHUS TIOJIHBIX TPOW3BOJHBIX IOJIEH, MPOHIEH B 3HAYMTENHHOW dYacTh  emé
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I'epuem [2]. IlpaBma, I'epuy He BBOAWI MOHATHE BEKTOPHBIX ITOTCHLHMAJIOB, a
OTIEpUPOBAJ TOJIBKO MOJISIMH, HO 3TO HE yMaisieT ero 3aciyr. OH ommbancs Juib B
TOM, YTO CUHTAJ SINEKTPUIECKUE U MAarHUTHBIE ITOJISI ”HBAPHAHTAMH CKOPOCTH.

[Mons, xoTtopeie co3matorcst B ganHOM MCO mBWKymuMucS 3apsoaMd |
IBIDKYIIAMUCS ~ MCTOYHMKAMH ~ JJCKTPOMAarHUTHBIX  BOJH, OyIeM  Ha3bIBaTh
TUHaMA9ecKuMU. [IpuMepoM TUHAMAYECKOTO TIOJSI MOYKET CIIY’)KUTh MarHUTHOE II0JIE,
KOTOpPO€ BO3HUKAET BOKPYT ABMXKYIIMXCS 3apsI0B.

B iaccmueckod 3IEKTPOJAWHAMHKE OTCYTCTBYIOT IIpaBHJa IPeoOpa3oBaHUsS
SNEKTPUYECKUX U MATHUTHBIX TTOJICH IPH ITepexo/ie U3 OJHOW HHEPIIUATFHONH CHCTEMBI
B Jpyryto. Ortor Hepoctatok ycrpaHser CTO, ocHOBOH KOTOpOH SIBIISIIOTCS
KOBapuaHTHbIe  mpeoOpa3oBanus  Jlopenma. Ilpm  Bceli  MaTemMaTH4eckoit
000CHOBaHHOCTH TaKOTo MOJX0/a (GpH3nvecKasl CyIIHOCTh TaKUX NMpeoOpa3oBaHHUN 10
HACTOSIIETO BPEMEHH 0CTaéTcsl HesicHOH [3].

B nmamHOM pasgene OymeT cielaHa TMOMBITKA HAWTH WMEHHO (DU3MYECKH
00OCHOBAHHBIC ITYyTH MOJYYCHUsS MPEOOpPA30BaHUN TOJCH NpPU TIEpexoje U3 OJHOMN
HCO B gpyryto, a TakKe BBIICHUTH Kakue JHHAMHYECKHE MOTEHIMAIBI U MOJIS MOTYT
TE€HEpUpOBaTh JBIXKyLIMecs 3apsanbpl. IlepBelid mar, NpONEMOHCTPUPOBAHHBIN B
pabotax [4-7], ObUT cienaH B 3TOM HAIPaBICHUHA MYTEM BBEACHUS CHUMMETPHUYHBIX
3aKOHOB MAaTHHUTOYJCKTPUYCCKOM H DSJICKTPOMArHUTHONH WHAYKIWH. JlanbHeiimee
pa3BUTHE THX HIEH NX MpaKTUIECKOe MPUMEHEHHE POBEIeHO B padorax [8-15]. Otn
3aKOHBI 3aIMCHIBAIOTCA CICAYIOMINM 00pa3oM:

IE’d1’=—J‘%d§+ j[vxé]dl’

¢ , 3.1)
jﬁ’dl’ =jaa—]t)d§— j[vxf)]dl’
501050
rotE’ = —%—i— rot[ﬁxf?]
(3.2)

rotﬁ':%—rot[ﬁxﬁ]

21.]'[5[ IMOCTOSIHHBIX TTOJICH 3TH COOTHOIICHUS UMEIOT BHUI:
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E’:[ﬁxlﬂ )
H’=—[\7><f)]. '

B coornomennsax (3.1-3.3), mpenmnonararomux CIpaBeAIMBOCTh NpeoOpa3zoBaHHUN
lannnesi, MTPUXOBaHHBIE M HE LITPUXOBAHHBIC BEJIMYMHBI MPEACTABISIIOT HONS U
3JIEeMEHTHI B IBIDKYyIIeHcs n HemoasikHol MICO cooTBeTcTBeHHO. ClieiyeT 3aMeTHTh,
yTo mpeobOpazoBaHus (3.3) paHee MOXHO OBUIO IIONYYUTH paHEe TOJBKO U3
npeobpazoBanwmii JlopeHma.

Cootnomennsa (3.1-3.3), mpeacraBigomue 3aKOHBI — HHAYKIHWH, HE MaiOT
uHpopMaUK O TOM, KaKMM 0O0pa3oM BO3HHKIM TOJS B MCXOIHON HEIOJBIIKHOM
NCO. OnHu  ONUCBHIBAIOT  TOJBKO  3aKOHOMEPHOCTH  PACIpPOCTpPaHEHHs] U
npeoOpa3oBaHus MOJEH B Cloydae JBHKEHHS MO OTHOIIEHHIO K yXKe CYNIECTBYIOIIUM
TIOJISIM.

Cootnomenns (3.3) CBHIETENBCTBYIOT O TOM, YTO B CIy4ae OTHOCHTEIHHOTO

JABWKCHUS CHUCTEM OTCUCTA, MCKAY MNOJIAMU E unu H CYHIECTBYCT MNEPCKpECTHAA

CBA3b, T.€. JIBMKEHME B NONsIX H mpuBomuT K mosiBieHuio nojiek £ u naoGopor. Uz
3THX COOTHOLICHUH BBITEKAIOT JOTIONHUTENBHBIE CIEACTBUS, KOTOPHIE BIIEPBBIE OLLIH

paccMoTpeHsl B paborte [4]. Dnekrpuueckoe mone E = 3a TpejeaMu

2mer
3ap51>1<eHHoro JJIMHHOTO CTep)KHSI, Ha eL[I/IHI/IIJ,y JJIUHBI KOTOpOFO HpI/lXO)ZlI/lTC}I 3ap$m g

, YOBIBaeT MO 3aKOHY —, TJIE 7 - PACCTOSHUE OT I[CHTPAILHON OCH CTEPXKHSI IO TOUKH
r
HaOJIIOAEHHSL.

Eciu mapauiesbHO OCH CTEpKHsS B mojle £ HauaTh JIBHTaTh cO CKOpOCThIO AV
apyryto UCO, To B Hell nmosBuTCS JononHuTensHoe marautHoe one AH = EAv.
Ecmu temeppr mo otHomieHmio K yxke nBukymeiics MMCO HadaTe HBUTATh TPETHIO
CHCTEMY OTCYETA CO CKOPOCThIO AV, TO yke 3a cuer aBmwkenus B none AH mosutcs

2
noGaBka K omektpudeckomy nomo AE = ek (Av) . JlaHHBIA TpoLEecC MOXKHO
IIPOJIOJKATh M JIAJIeE, B PE3YJbTATE YETO MOXKET OBITH MOJYYEH PSI, JAFOIIUN
4 v
BeuuHy onextpudeckoro nomst E. (r) B aewkymeiics UCO npn aoctikenun
ckopoctu V=HnAV, xorga Av — 0, a n —>co. B KOHEYHOM MTOTE B JBMKYIIEHCS

HNCO BennumHa IMHAMHUYECKOTO 3JIEKTPHYECKOTO MOJS OKaXeTcs OOibIIe, YeM B
HCXOJIHOM U OTPEESITUTHCSI COOTHOIICHHEM:
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v
gch—=+ v
’
E'(r,v,)=——%=Ech—~.
2mer c
Eciu peus uper 00 3JEKTPUYECKOM TIONIE  OJMHOYHOIO 3apsga €, TO €ro
BIEKTPHUECKOE TIOJIE OyIET ONPENENATHCS COOTHOUIEHUEM:

, echv?l
E (I",Vl) :W

rjae V, - HopMajbHas COCTaBIAIOLIAs CKOPOCTU 3apsifa K BEKTOPY, COEIUHAIOLIEMY

JBIDKYIIMHACS 3apsil U TOUKY HaOJIIOACHUSL.

BLIpanceHne A CKaJIApHOT'O IMOTCHIIMAJIA, CO31aBaCMOT0 ABWXXYIIHUMCS 3apsa0M,
JJIL OTOT'O ClIydas 3almieTCs CJICAYIOINM 06pa30M:

\%
ech—+
@ (rv,) =——C = p(r)ch L, (3.4)
4rer c
rae @(r)- CKaISIpHBIA MOTCHIMA HEMOABIKHOTO 3apsijia. [loTeHIuan (/)’(I’,VL)

MOXeT OBITh  Ha3BaH CKaIPHO-BEKTOPHBIM, T.K. OH 3aBHCHUT HE TOJBKO OT
aOCOIOTHON BEJIMYMHBI 3apsAa, HO M OT CKOPOCTH U HAIpaBICHUS €TO JBHKCHHS
[0 OTHOIICHHWIO K TOYKE HaOmojeHus. MakcuMaabHOE 3HAUYEHHE 3TOT HOTCHIHA
MMEET B HAIlPaBJIECHHH HOPMAJIbHOM K JBM)KEHHIO caMoro 3apsaa. bonee Toro, ecnm
CKOPOCTh 3apsja MEHSETCS, 4TO CBA3aHO C €ro YCKOPEHHEM, TO MOTYT OBITH
BBIYHCIIEHBl U 3JIEKTPUIECKUE MOJS, HHAYUPYEMBIE YCKOPSIEMBIM 3apsIIOM.

QDapajeil yCTaHOBIIJI 3aKOH MHAYKIIMHU, MPOBOJS 3KCIEPUMEHTHI Ha COJEHOUAX,

BKJIIOYas M BBIKJIIFOYasd B HUX TOK, WJIM ABUTAA IO OTHOIICHUIO K COJICHOMOAAM, 4Y€PE3
KOTOPBIC HPOTEKAJI MMOCTOSIHHBIN TOK, BUTKU IPOBOJIOKH, K KOTOPBIM ITOJKIIOYAJICA
TaJIbBAHOMCTD. Ero Touka 3pEHUs, KOTOpAasA CYUTACTCA BepHOﬁ " CEroJHsA, CBOAMWIACH K
TOMY, YTO €CJIK K COJICHOUY MOJKIIFOYEH UCTOYHHMK ITOCTOSTHHOTO HaPpsPKCHU L U , TO
TOK BO BCCX €T'0 BUTKAaX HapacTacT Mo HHHeﬂHOMy 3aKOHY

[== (3.5)

rie L - MHJIYKTHBHOCTE CONIEHOM A,

CJ'IG,HOBEITGJ'ILHO, MAarHuTHOC IIOJIC TIpU TaKOH HUHTCPIIPpETAllMN  Ha BCEM
MPOTAKCHUU COJICHOM A 6yL[6T HapacTaTb CUHXPOHHO. OﬂHaKO TaK JIM 3TO HaA CaMOM
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nene? Jlist Toro yToObl pa3o0paThcs B 3TOM, PAacCMOTPHUM BOIPOC O TOM, Kak Oyzer
HapacTaTh TOK B 3aKOPOYCHHOM OTpE3Ke JUTMHHOM JIMHHY.

Ecnu nunuto (puc. 4) 3aKkOpoTUTh Ha PACCTOSHUU Z; OT €€ Hadajia, TO CyMMapHas

a
MHIYKTHBHOCTb JIMHHM COCTaBUT Benumumby Ly =z, L) = ZIZ M, . Eciu BonHOBOE

CONIPOTUBJIEHUE JIMHUKU COCTaBJIACT Z W K Hed OOOKIKYNUTh ITOCTOAHHOT'O

HanpsOKEHUS, B HEl HAYHET PAcIpOCTPaHAThLCS BOJHA Toka | = 7 n Hanpsokenus U

, KaK moka3aHo Ha puc. 4 . BonHa Toka B mpaBoil CBOEH 4acTH HMMEET MEePeXOAHON

y4acTOK Z,, KOTOPBIH HMEHyeTcs (POHTOM HANPSHKCHHS. DTOT yYacToK
Z

COOTBETCTBYET BPEMEHHM II€PEXOJHOT0 Mmpolecca 7 = ——, 3a KOTOPOE HamNpsHKEHHE
C

HCTOYHHKA, ITOJKIHOYACMOI'0 K JIMHHUH, JOCTHUIaCT Ha €€ BXOJ CBOETr0 HOMHMHAJIBHOTI'O
3HA4YCHUA.

_> —
©
e
> Z,
« 25
al Z Ll

Puc. 4. Pactipoctpanenue BOIHBI TOKA U HANIPSDKEHUS B INTHHHOM JIMHHU.

NmeHHO Ha 3TOM MEPEXOJHOM YHACTKEC U IMPOUCXOAUT YCKOPEHUE 3apsA10B OT HyHeBOﬁ
CKOpOCTH B €TI0 Ha4daje, A0 3HAYCHUH HeOGXOILI/IMLIX JUI1 CO3J1aHusA HOMHHAJIBHOT'O

TOKa B JIMHUH, BECIMYHWHA KOTOPOTO ONPEACIACTCA COOTHOIIECHUEM I=—.K 3TOMY

Z
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Y4YacTKy U HPUIIOKEHO HANPSDKEHUE UCTOYHUKA TUTaHKs. B 1aHHOM cilyyae NpUHATO,
YTO BO BpeMsl IIEPEXOHOTO MPOLecca HANpsHKEHHE HApacTaeT Mo JIMHEHHOMY 3aKOHY
(x0T B 001IEM CcITydae OHO MOXKET HapacTaTh 110 JIF0OOMY NIpyroMy 3akoHy). [IpuHiaTO
TaKKe, YTO BPEMs 3TOT0 MEPEXOIHOr0 NPoIecca 3HAYUTEIbHO MEHBIIIE, YeM BpeMs, 3a
KOTOpOoe (POHT HANpsHKEHHs MpoOeraeT Mo JMHUM B OJHY CTOpoHy. MHTepman z,

COOTBCTCTBYCT HCPEXOAHOMY IIpoIeccy, KOTOpBIﬁ CBA3aH C HWHCPHUOHHBIMH
CBOICTBAMU YCTpOfICTBa, MNOAKIIYAOIIECT0 HWCTOYHUK HAIPSOKCHUA K JIMHUU.

[Ipenmonaraercs, uro z,  Z,.

B MoMmeHT, KOorma Ha MEpeMbIUKE, 3aKOPAUMBAIOMICH UIMHHYIO JHMHHUIO, Ha
KOTOPOH BBINOJHsETCS rpannynoe yenosue U = 0, mosBisercs GPpOHT HANpPsKEHUs
U, Bo3umkaer oTpakeHHass BOJHA ¢ HampsokeHwmem —U , Gerymas B 0OpaTHOM
HampaBieHuH. Tak Kak TOK B 3TOM OTpaXCHHOM BOJHE paBEH HANPSDKEHUIO C
OTpUIATENFHBIM 3HAKOM M JIBUTAETCs OHAa B 0OpaTHOM HalpaBJIeHUH, TO CyMMapHBIH

U U
TOK, CO3aBacMbIii 3TOH BOJIHOW OymeT paBeH —| —— |=—-, T.e. OH OydeT Te4b B

Z) Z

TOM K€ HAIpaBJICHHUH, YTO M TOK MAJAOIICH BOJHBL. TakuM 00pa3oM, OTpaKeHHas
BOJTHA, IBUTAsICh B 00OpaTHOM HalpaBlIeHUH, OYAET OCTABJIATH Mocje ce0s TOK, paBHBIN

2U
A n HyneBoe HampspkeHne. Korma (poHT HampspKeHHsl BO3BPATHUTHCS K Hadally

JIMHWU, OH MPUHECET C c000ii cocTOsTHHE YABOCHHOI'0 HA4YaJIbHOI'O0 TOKa U HYJICBOC

HanpspkeHue. VICTOYHMK CHOBA MOIUIET B JIMHKIO (GpoHT Hanpsokenus U u Tok —.

Z
OTOT TOK CIIOXKHUTCS C TOKOM 7 1 CyMMAapHBbI TOK B JINHUU COCTaBUT - Tox u
Janee OyneT HapacTaTh CTYNEHbKaMH, J00aBIsisl KaXIIblii OuepesHON pa3 K CBOEMY

2U

MPEeXHEMY 3HAYCHUIO BETUYNHY 7 Ecnu sToT mpouecc 0To0pa3uTh BO BpeMEHH,

TO OH 6yH€T BBITJIAACTD, KaK [OKa3aHO Ha pUC. 5. Ha stoMm PUCYHKC BpEMs

A

T="=z.L,C, =z\1e,

c

PaBHO BPEMEHH, 32 KOTOpoe (POHT HAIPSHKEHHUS MPOOETaeT 110 JIMHUH B OJTHY CTOPOHY
0T € Havaja A0 3aKOPOYCHHOTO YJacTKa.

OCOOEHHOCTBIO TAaKOTO TPOIECcca SBISETCS TO, YTO OTOOP PHEPTUM OT MCTOYHHUKA
HalpsDKEHUsT He OyleT MOAYMHATHCS JIMHEHHOMY 3aKoHy, a Oy#eT WMeTh
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CKa4yKooOpa3HbIi xapakTep. MOIIHOCTh, OTOMpacMasi Ha MHTEpBaJie BPEMEHHU OT HYJIs
2

no 2T, GymeT cocTaBIATh 7 Ho Ha xaxqoM mociieayromeM HHTepBalie BpEMEHH,
2U*?
7

paBroM 27", oHa OyzIeT BO3pACTATh yiKE Ha BEJIUUHHY

Takum 00pa3om, HapacTaHWE TOKA HOCHT BOBCE HE JIMHEHHBIN, a CKAYKOOOpa3HbIi
XapakTep, ¥ OH TeM 00Jiee BRIPAXKCH, YeM OOJIBIIE JUINHA JIHHUK. Y Ka3aHHBINA TPOIIECC
HUMEET MECTO IpH JIF000H JyinHe NuHUU. [Ipu Maod JUIMHE JIMHUK CKAYKU CICIYIOT
yepe3 Mallble IPOMEXYTKH BPEMEHH U 3aBUCHMOCTH TOKa OT BPEMEHHU MPUOIIKEHHO
MOJKHO CYHTATh JTMHEWHOW, UTO M XapaKTEpHO VIS AJIEMEHTOB C COCPEIOTOYEHHBIMHU
mapaMeTpamH.

Crnenyer obpaTuTh BHUMaHHE Ha TO, YTO, MOIIHOCTh, OTOMpaeMas 3aKOPOYCHHOU
JUHUEH Yy UCTOYHHKA HampspkeHus (puc. 4), He ABIsAeTCs JIUHEHHON QyHKIUeH, a 1o

2U°

MCTEYEHHH BpeMeHH paBHOMy 271 CKauKOM yBEIMYMBAETCS Ha , IpAYEM IIEPBBIN

2
U
CKaueK COOTBETCTBYET OTOMPAEMOIl MOIIHOCTH —— .

Z

N &

NI N|&

> [
2T AT 6T

Puc. 5. I'paduk 3aBUCUMOCTH BXOJHOTO TOKa OT BPEMEHH VISl 3aKOPOYCHHOM JTHHUH.
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Herpynno moxasarb, 4TO MarHMTHBIM NMOTOK B JAaHHOM CIIydae HM3MEHSETCS IO
JTMHEHHOMY 3aKoHY (puc. 6). JledicTBUTENBFHO, BO BpeMs MPSIMOTO X0Aa, 1O MOMEHTa
JOCTHDKCHUSI BOJIHOH 3aKOPOYEHHOTO YYacTKa, MOTOK OyJeT yBelIW4MBaThCs II0

z
JIMHEHHOMY 3aKOHY, U K MOMEHTY I  JOCTUrHeT BennduHsl Py = LU.
C

KOF,I[EI, OTpasuBUIUCh OT 3dKOPOYCHHOIO Y4YaCTKa, q)pOHT HAIIpsOKCHUSA HAYHCT

JABUTATBCSA B O6paTHOM HallpaBJICHUHU, TO HOTOK 6yz[eT OpoaoJiKaTh BO3pacTaThb IO

JUHEHHOMY 3aKOHY, M K MOMEHTY Mpuxoia (poHTa HANpsKEHHs OOpaTHO K
2z,

HCTOYHUKY HApPSOKEHHs! HOCTUTHET Bennuuubl D ZTU . Takum obpa3zom, npu

IIOAKJIFOUCHU N 3aKopoquH0i& JIMHUU K UCTOYHUKY HANPSHKCHUA BBIITOJHACTCA 3aKOH
A,
dt

uaaykuun U =

D, 4
AUT f=mmmmmmmmmme e
UT -
2UT |-

UT |---

T 2T 3T 4T 4

Puc. 6. 3aBHCHMOCTb MarHUTHOTO TIOTOKA OT BPEMEHH VIS 3aKOPOYEHHON JIMHUU.
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DJIeKTPUYECKUil IOTOK B JIMHUM TOXE OYJeT M3MEHSTHCS, HO 10 JPYroMy 3aKOHY
(puc. 7).

IT| A

Puc. 7. 3aBucuMocThb SJIEKTPHUYECKOTO IMOTOKA OT BPEMEHU JIA 3aI<0p0quH01‘/'1 JIMHUU.

B ornmume OT MarHMTHOTO TOTOKa OH OyZeT HM3MEHSTHCS MEPHOANYECKH, TO,
BO3pacTtas, TO, YyObIBas, 1O JMHEHHOMY 3aKkoHy. Korma BomHa JABHXKETCS B
MOJOXKUTETPHOM  HANpaBJICHWH, OJHOBPEMEHHO BO3pacTacT M MArHUTHBIA |
3JEKTPUYECKUH MOTOK. [Ipm 3TOM, Kak B MAarHUTHOM, Tak M B JJIEKTPHYECKOM IIOJIE
HaKOIUICHHAs! SHeprust Bo3pacraer. Korzja BoyiHa HauyMHAET JABUTAThCS B 0OpaTHOM
HaMpaBJIEHUH, TO JIEKTPUUECKOE T0JIe HAYMHAET UCUe3aTh, & €0 SHEPTrHs NepexXOoanuT
B MarHUTHYIO SHEpPruio0 oOpaTHOW BoiHBI Toka. Ilocie Toro, xax (POHT BOJIHEI
HaMpsDKEHUS JOCTUTaeT BXOJla JMHUU, MarHUTHOE IOJIe ¥ TOK B HEH yABauBaeTcs, a
3NIEKTpUUECKOe 1oyie ucuesaeT. Janee nukn nosropsiercs. Cie10BaTeIbHO, IPOLECCY
BO3pacTaHKs MarHUTHOTO NTOTOKA B MHAYKTUBHOCTH 3aKOPOUCHHON JAJIMHHOM JIUHUSA, B
00513aTEIbHOM MOPSAIKE COIYTCTBYET IPOLECC IEPUOJUUECKOTO M3MEHEHUs IOTOKa
JJIEKTPUYECKONH WHAYKIWH, B pe3ylbTare 4Yero MeXIy IUIOCKOCTSIMH JIMHUA
MEPHOANYECKH BO3HUKACT U HCUE3aET HIIEKTPUUECKOE TIOJIE.

JlomycTMm, YTO JHMHUS BBINOJHEHA W3 CBEPXIPOBOJHHKA M HE HMMEET IOTEpb.
Tornga 3aMeHUB B OTpeeEHHBI MOMEHT TeHEPATOp HAIIPSHKCHHUS] CBEPXIPOBOASIICH
MEepeMbIYKOH, MOXXHO  3aMOpPO3MTh TOK B JuHHH. HanbGonee O1arompusiTHHIM
MOMEHTOM U1l TAKOW TPOLEYpPhl SIBISIETCSI MOMEHT, KOTJa B JIMHWH HOJHOCTBIO
OTCYTICTBYET OIeKTpuueckoe moje. Torma B JuHUM OyAeT 3aMOPOXKEH IIOTOK

2Nz

@, =——LU, xotopomy GyneT coOTBETCTBOBATH TOK [ = — Yro Gymer, ecian
c

3aMEHY UCTOYHMKA HAIPSIKEHMS CBEPXIPOBOJALICH NEPEMBIYKOW IIPOU3BECTH B TOT
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MOMEHT BPEMEHH, KOTJla B JIMHMM HAaXOAWUTCS (DPOHT HANpPSDKEHUS M Kakoi-To e€
Y4YacTOK 3alojIHEH 3JIEKTPHUYECKUMH MoisiMu? B 3ToM cirydae 3TOT y4yacTok Oyzaer
JIBUTAThCSl B JIMHUH, MOMEPEMEHHO OTPaXkasCh TO OT OJHOrO, TO OT APYroro KOHIA
3aKOPOYEHHOW JIMHHMM, MOKa HE HCTPATHT CBOIO JHEPruI0 Ha uamydeHue. Ilo sroi
NPUYMHE B 3aKOPOYCHHOH ¢ 00€MX CTOPOH JIMHUM MOJKET OBITH 3aMOPOXKEHO TOJIBKO
LEJIOYNCIIEHHOEe (KBAHTOBAaHHOE) 3HAUEHHWE IIOTOKA M TOKa B COOTBETCTBHUH C
MPUBEJEHHBIMUA COOTHOLLICHUSMU.

DTO SBIICHUE SBIISCTCS MMPpUMEPOM MAKPOCKOIMNYECCKOIO0 KBAHTOBAHHS IIOTOKAa B
MAaKpOCKOIMNYCCKUX CTPYKTYpax, HNMCIOIINUX OHpe}IeJ’IéHHHe pa3sMEphI. Takoe xe
KBaHTOBAHHUEC INOTOKAa MNPOUCXOAUT U B MUKPOCKONHNYCCKUX CTPYKTYpax, KOTOPbIMU
SABJIAFOTCS aTOMBI.

C TOYKM 3peHHs Lenel ¢ CoCpelOTOYEHHBIMH MTapaMeTpaMH, HapacTaHWe TOKa B
COJICHOW/IC TIPH IMOJKIIOYEHUH K HEMYy HCTOYHHKA HANpPSDKEHUS MPOUCXOIHT II0
JUHEHHOMY 3aKOHY, IPUIEM BO BCEX €ro BUTKax oxHoBpeMeHHO. Ho Tak nu 310? s
BBISACHEHHUS] 3TOTO BONPOCAa 3aMEHHM BEPXHIOI IUIOCKOCTh PacCMOTPEHHOM
JIBYXIPOBOAHON JHHUU (puc. §) ATMHHBIM COJEHOMIOM. Eciam K Takod JIMHUU
MOJKJIIOYUTh UCTOYHHK HAMPSDKSHUS, TO IPOIECC HAPACTAHUS TOKA B HEH HUYEM HE
OyZeT OTAMYaThCsi OT PACCMOTPEHHOTrO. [lOroHHAs WHIYKTHBHOCTH JMHUH OyaeT
TErmepb B OCHOBHOM OMNpPEIEISITHCS IMOTOHHOM HWHIYKTUBHOCTBIO COJICHOMJIA U
CKOPOCTh PACIpPOCTPAHEHUS] W BOJHBI TOKA, M BOJHBI HANPSOKEHHs (HANPSDKEHUE
Tenepb OyneT TNPHIOKEHO MEXIy COJICHOWJOM W HW)KHHM IPOBOJHHKOM JIMHUH)
OyzeT MeHbIIIe, YeM B IIPEIbIAYIIEM ClTydae.

Korzma B paccMOTpeHHOH JMHMU BOJIHA JIOMJET 10 TOYKHM C KOODJMHATOH Z,, TO
MAarHUTHBIM TOJIeM OyNeT 3alloJIHEHa TONBKO YacTh COJICHOWIA, PACIIONIOKCHHAS
MEXly MCTOYHMKOM NUTaHMsl U Toukod z,. Korma Bonma JOHIET 10 €ro KOHLA, TO
MAarHUTHBIM MOJIeM OyJeT 3amoJIHeH Bech cosieHown. [Ipu oOpaTHOM XOJe BOJIHBI
MarHUTHOE TOJi€ B COJICHOWJIE YJBOUTCS, M MPOILIECC HAYHETCS CHauyaja. Takum
00pa3oM, BHYTPCHHUN MAarHUTHBINA MOTOK B JIFOOOM IMOMEPEUYHOM CEUCHHUHU COJICHOUA
Oyzmer HapacTaTb HE IUIAaBHO, a CKadykaMH, M TIEpHOJ 3THUX CKAa4ykKoB OyneT
ONPENENATECS BPEMEHEM IPOXOXKIECHUS BOJHOM JAHHOIO 3aKOPOYEHHOI'O OTpPE3Ka
COJIEHOM1a.
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"1

Puc. 8. Cxema pacrpocTpaHeHHss MAarHUTHBIX W DJIEKTPUUYECKUX TIOJEH B JITTMHHOM
COJICHOHIE.

[Tonoxum TCHEPb, UTO COJICHOW T B OIIPEACIICHHOM MECTC OXBa4Y€H BUTKOM.

DTOT mporiece mog00eH MEXaHHUECKOMY OJICBAHHIO OXBATHIBAIOIIETO BUTKA HA KOHEIl
COJICHOMZJA C TOW JIMIIb DPA3HULE, YTO B [JAHHOM CJIy4Yac MarHUTHBIA IOTOK,
mepeMeniasch BHYTPH COJCHOHWIA, CaM IPOHHU3BIBACT OXBATBHIBAIOIINI €ro BHTOK.
[Mpuuém ckopocTh ABMKEHHS (POHTAa MarHUTHOTO MOTOKA MPHU STOM HECOU3MEPHMO
Oosblile, YeM MpH MeXaHudeckoM ojeBannu. Ho 00a mpoiiecca MMEIOT OJMHAKOBYIO
OPUPOLY. DTUMHU HpoLEecCaMy U OOBSICHSACTCS SBJICHHE B3aUMHOW MHIYKIIMH MEXITY
COJICHOM/IOM U OXBATBIBAIOIIAM BHUTKOM. IIpy HeEOONBIIONW MJIMHE COJICHOUIA
paccTosiHUE MEX/y UMITYJIbCAMH HEBEIIHKO, I03TOMY OHH, CIIUBAsICh, 00Pa3yIoT MOYTH
MOCTOSIHHOE HampsbkeHue. HampsbkeHue B BUTKE OyJeT WHIYLMPOBATHCSA TOJBKO B
MOMEHT MEPECEUYCHUS] MATHUTHBIM IOTOKOM COJICHOHMJA OKPECTHOCTEH MOMEePEYHOTO
CCUYCHHS, OXBAYCHHOTO BHTKOM. B 3TOT MOMEHT B OKPECTHOCTSIX OXBaTBIBAIOIIECTO
BUTKa Oy/leT BO3HHMKaTh, KaK BEKTOPHBII MOTEHIMAJ, TaK W MarHutHoe mose. U,
HMCHHO, HNEPECCUCHHUE OXBATBIBAIOMICTO BUTKA MArHUTHBIMU IIOJIAMU PACCCAHUA
(Takoro ke, Kak W Ha KOHIIE COJICHOMJA C TIOCTOSHHBIM TOKOM) MPHBOIHT K
WHIyIUPOBaHHIO B HEM 3.J1.c. DTOT MOMEHT Oy/IeT HACTyNaTh KaK MMPH NPSMOM, TaK U
npu  00OpaTHOM XOJE BOJHBI, MNPUYEM MOJSPHOCTh HMITYJIbCOB HANPSDKCHUS,
MHIYIUPYEMbIX B BHUTKE, B 000OHMX ciydasx OymeT omHa U Ta xke. Yacrora 3THX
UMITYJIbCOB OY/IET 3aBUCETh OT JUIMHBI COJICHOM/A, U OyIeT TeM OOoJblile, Y4eM Kopoue
conenon. ClemnoBaTeNbHO, CpeHEe 3HAUCHHE HHIYIIMPOBAHHOTO HAMpPsHKEHHs OyaeT
pacTd ¢ yMCHBIICHHEM [UIMHBI COJICHOWIA, T.C. €ro KOJMYECTBA BHUTKOB, YTO H
ompenensier Kod(pGUIMEHT TpaHCPOPMALUU Takoro  TpaHchopMmaTopa, KOTOPBIH
paBeH OTHOLICHHIO KOJIMYECTBA BUTKOB COJICHOH/IA M OXBAThIBAIOIICH OOMOTKH.
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PaccmotpeB npoliecc HapacTaHUsl TOKOB M MOJIEW B IJTMHHOM COJICHOUJIE, BEPHEMCST K
BOIPOCY O HAIMYMU LUPKYJSIMH BEKTOPHOIO MOTEHIMANa BOKPYT JJIMHHOTO
coneHonga. IlpuBenéM CyHmIECTBYIOLIYIO TOYKY 3pPSHHS IO 3TOMY BOIIPOCY,
MpeJCTaBICHHYIO B pabote [1]. 3HaueHHEe BEKTOPHOTO MOTEHIMANa B MIPOCTPAHCTBE,
OKpY’KaIOIIEM COJICHOM/I, HAXOANUTCS U3 COOTHOLLIEHUS

2
nlr,

Ar)= (3.6)

2 b
2g,c°r

riae A - KOJMYECTBO BUTKOB, MPUXO/IAIIEECS HA MHUILY JUTHHBI cojieHonaa, I - TOK,
TEKyIHil depe3 COJIEHOWI, 7, - OWAMETp COJICHOMAA, /' - PAcCTOSHHE OT OCH

COJICHOU/IA J10 TOYKHU HAOIIOIECHUA.
IIpy 3amKUCH 9TOr0 COOTHOLICHHS IPEATIONIATACTCS, 9TO V' 2 ;.
I/IHI[yKTI/IBHOCTI) COJICHOn A OHpeZ[eHHeTCH BI)Ipa)KeHI/IeM

2 2
_nmyz,

L
£,C°

: 3.7)

rje Z, - JUIMHA COJIEHOM]IA.

Ecmu k COJICHOUAY MOAKIOYUTH HCTOYHHK ITOCTOSHHOTO HAIPSXKCHUA U, TO C
yaéroM cooTHomeHHi (3.5 -3.7), momy4yaem

Ut

Alr,n)= 27 Nr’

rac N - 061].[66 YHCJIO BUTKOB B COJICHOUEC, a IIOCKOJIbKY

04
E= _'UOW’

TO HaprI)KéHHOCTI) QJICKTPUYCCKOTO  IMOJIsI B OKPCCTHOCTU COJICHOHMJAa B MOMCHT
MOAKIIOYCHHUA K HEMY UCTOYHHUKA IMTOCTOAHHOI'O HAIPSYKCHUS COCTAaBUT

U
E(r)= —%.

VYkazanHas HaHpSDKéHHOCTL QJICKTPHUYICCKOI'O 10JIsA B COOTBCTCTBHU C
paCCManHBaeMOﬁ Bepcneifl BO3HUKA€T B MOMCHT MNOAKIOYCHUA K COJICHOUAY
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HCTOYHMKA TNUTaHWS MIHOBEHHO Ha BcEM ero mpoTskeHnu. Ecmu y comeHonga
OTCYTCTBYET COINPOTHBJIEHHE, TO HAIPHKEHHOCTh 3JIEKTPUYECKOro TIoNs Oyzaer
HEM3MEHHOW 3a BECh IIE€pHOJ] BPEMEHH IOAKIIOUEHHS K COJICHOMIY HCTOYHHUKA
MOCTOSTHHOTO ~ HampspkeHusl. Kakwe 371ech BO3HHKAOT NMpOTHBOpeuwsi? Bo-mepsbIx,
JJIEKTPUYECKHE TOJIsi 00JajaloT SHepruei, U BO3HHKAaTh MTHOBEHHO HE MOTYT.
Bropoe npotuBopeune BBITEKAEeT U3 MEPBOTO U 3aKJIIOYAETCA B TOM, YTO, MOCKOJIBKY
JJIEKTPUYECKHE TOJISl 00JIalaloT SHEpPTUel, TO dTa JHEpPIusl JOJDKHA BKIIFOYATHCS B
o0IIIyI0 SHEpruio, HaKOIUIEHHYIO B cosieHouzae. Ho mpu pacuére Takoil SHepruu
YUHUTBIBAIOTCSI TOJNBKO MAarHUTHBIE NTOJISI BHYTPU COJICHOHA.

Takum 00pa3zoM, caM IPOIECC UHIAYKIMH ICKTPHUUCCKUX MOJICH BOKPYT JJIHHHOTO
COJICHOW/Ia ITPOMCXOTUT COBCEM HE TaK, KaK 3TO MPEJCTaBJIIEHO B CYNIECTBYIOIIEH
muteparype [l], korma cumTaercs, UYTO UHPKYISMIHUSA MAarHUTHOTO BEKTOPHOTO
MOTEeHIMaa Ha BCEM €ro MPOTSDKEHUH BO3PACcTaeT OJHOBPEMEHHO, UYTO U MPHUBOIUT K
WHIYKIIUH 3JIC B OXBATHIBAIOIIEM BUTKE.

W3 cKa3aHHOTO MOXKHO 3aKJIFOYHTh, YTO TOYKA 3PEHHS O BO3HHKHOBEHUH
ANEKTPUUECKUX TIONeH WHIYKIUH BOKPYT COJICHOMJAa B TOM MeCTe, TJe pPOTOp
BEKTOPHOI'O MOTEHIIMAIA PABEH HYJIO, HE COOTBETCTBYET NCHCTBUTEIBHOCTH, & CaM
npotiecc GOPMUPOBAHHSI BEKTOPHOTO MOTEHIIMANA CHAPYXKH COJCHOWAA U MATHUTHBIX
MoJiell BHYTPU HEro HE COOTBETCTBYET TeM IPEACTABICHUSAM, KOTOPbIE CYIIECTBYIOT
Ha CEerOJHSAIIHUI JeHb. POTOP BEKTOPHOrO MOTEHIMANIA CHAPY)XH COJICHOHMJA PaBEeH
HYJII0, U TaKOE TOJIC He 00JIaaeT HUKAKON 3HEPTUci, OPTOMY U OOHAPYKHUTh €ro B
CTaTHYCCKOM PEKUME HE TPEACTABISICTCS BO3MOXKHBIM. ITo aroit mpuunHE
JKCIEpUMEHTH ApoHOBa 1 boma 1o 00HapyKEeHHIO0 BEKTOPHOTO MOTEHIIAATA CHAPYKH
JUIMHHOTO COJICHOMJAa, B KadeCTBE KOTOPOrO HCIOJIb30BANCS HaMarHHYeHHBIN
(heppOMarHUTHBINA IMIMHIPHYECKUN 00paser] Majloro JuamMerpa, CIEAyeT CUUTATh
OIIMOOYHBIMH.

PaccmoTpuM auarpaMmy pacnpoCTpaHEHHs TOKA M HANpsHKEHUS B OTPE3Ke AJIMHHON
JMHWY, TpelcTaBleHHoi Ha puc. 4. Ha sToM pucyHKe cam (pOHT BOJNHBI IOKa3aH

CKOIICHHBIM U 3aHUMAET OTPE30K JIMHUHN ,I[J'II/IHHOI\/'I 22 , CJIENOBATEIIBHO, BPEMS TaKOT'O

z
TIEpeXOIHOTO TIpoIlecca paBHO [ =—=. DT0 Kak pa3 TO BpeMdA, 3a KOTOPOE
c

HamnpsHpKEHUE Ha BXOAC JIMHUM BBIPACTACT OT HYJISA 1O CBOCTO HOMUHAJIBHOI'O 3HAYCHUA.
I[JII/ITGHBHOCTB JaHHOTO IMEPEXOMHOTO MpoLecca ABISACTCIA perHpreMOﬁ, 1 3aBHCHUT
OT TOr0, IO KaKOMY 3aKOHY MBI YBECJIIMYNBACM HAIIPSHKCHUE HA BXOJC JIMHUU, Ceiiyac
MBI TIOTIBITAEMCS TOHATH, OTKyHa 6CpCTCH Ta HAMNPsHKEHHOCTH II0JIA, KOTOpas
3aCTaBJISICT  3apdAbl B IIPOBOJHHUKAX, PACIIOJOKECHHBIX BOJIM3H TOKOHCCYHINX
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QJIEMEHTOB JIMHUH, JBHUTaThCsi B HAIMPABICHUU IPOTHBOIOJIOXKHOM HAINpPaBICHUIO
JBIDKCHUS 3apsiI0B B NMEPBUYHON (MHIYLHUPYIOIIEH) JIMHNN. JTO KaK pa3 TOT BOIPOC,
Ha KOTOPBIH /10 CHMX MOpP HET (PU3MUECKOTO OTBeTa. IIpenrnonokum, 4To HampspKeHNe
Ha BXOJIE JIMHUH BO3PACTAET T10 JIMHEHHOMY 3aKOHy  3a BpeMs Af mocTuraer cBoero
MakCUMalbHOTO 3Hauenust U , mocie uero ero poct mpekpamaercs. Torga B camoi
JIMHUM TIEPEXOJHOM mpouece 3aiiMer yuactok 2, = cAf. U306pasum 3TOT y4acTok

OTACJIbHO, KaK IMOKa3aHO Ha pUC. 9.

Puc. 9. ®poHT BOJIHBI TOKA, PaCIPOCTPAHSAIOLIEHCS B JIIMHHOW JTMHUHI

Ha y‘laCTKe Zl HpOI/ICXOI[I/IT YCKOpeHI/Ie 3ap51ﬂOB OT Ux HyHCBOﬁ CKOpOCTI/I (HpaBee
yJacTKa Z; ) 10 3Ha9eHHUs CKOPOCTH, ONPEIETIEMOr0 COOTHOIIEHHEM
2eU

V= ,
m

TJ€e € U Nl - 3apsija U Macca HOCHTENICH TOKa, a U - HaACHUC HAIIPSHYKCHUA HAa YIaCTKE

z,. Torpaa 3aBUCUMOCTb CKOPOCTH HOCUTEJIEH TOKA OT KOOPAUHATHI OyIET UMETh BUJL:

“m 9z

Vv (2) (3.8)

HOCKOJ’ILKy Mbl IPUHSIA J'IPIHCfIHyIO 3aBUCHUMOCTb HANPSPKECHUSL OT BPEMCHU HAa BXOJEC
JIMHUU, TO UMECET MCCTO PaBEHCTBO

W_U_p

. z
Jz  z,

rac Ez - HaIIPS’KCHHOCTD IMOJIA, YCKOPAIOIIasa 3apsJbl Ha y4aCTKE Zl . Cﬂe)IOBaTeJ'ILHO,

cooTHoteHue (3.8) Mbl MOKEM TepenucaTh
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2e

2

=—E_z.
vi(z) —

Tenepp, wucnonp3yst coorHomeHue (3.4) UIs BENWYMHBI CKAJISPHO-BEKTOPHOT'O
MOTEHIMala, BEIYMCINM €ro 3HaYeHUe Kak (PYHKIMIO Z Ha HEKOTOPOM PAacCTOSHUH V'
OT JINHUH

e 1 Vi(2) _ e 1+ ek z
4 &) 2 cz B 4r & mc2

P(z)= (3.9)

[Ipn 3ammcu cootHomeHUsT (3.9) HCMONB30BaHBI TOJBKO TMEPBBIE JBa YJICHA
pasnoxeHust B psifl, GYHKIMH, OTPEeIsieMOi COOTHOIIeHHEM (3.4).

Hone3syscs dopmysoii £ =—grad ¢, v npomuddepenuuposas cootnomenue (3.9)

o z, mojrydacm

2
’ e'E
E =——=— (3.10)
4r g,rme

’
rae Ez - DJIEKTPHUYCCKOEC II0JIC, MHAYLHPYEMOC Ha PAaCCTOAHHUU 7 OT IIPOBOJHHKA

mauand. Okono E MBI MOCTaBHIIM MITPUX B CBSA3M C TEM, YTO BBIUHCIECHHOE IIOJIE
IBIDKETCS. BIONb TPOBOJHMKA JIMHUM CO CKOPOCTBIO CBETa, WHAYIHPYS B
OKPYXAIOUINX JIMHAIO MPOBOJHUKAX HWHIYKIMOHHBIE TOKH, HPOTHBOIOJIOXKHBIE II0
HalpaBJICHUIO TEM, KOTOphIE TEKyT B WHAYNUpPYIOUIEH JIWHUHM. YCKOpeHHe d,

eE

WCIIBITyeMoe 3apsiioM € B mone [, ompenensercs cootHomeHneM a, =—=. C
m

yaetoM 3toro u3 (3.10) momyyaem

’ ea
E =i . (3.11)
4r g, c r

Takum o0pa3oM, 3apsfbl, YCKOpseMble B OTpE3Ke JIMHUM Z;, MHIYLUPYIOT Ha

PacCTOSHUU ¥ OT 3TOr'0 Y4acTKa 3JEKTPUYECKOE I10JIe, ONPEeAeIieMOe COOTHOUIEHUEM
(3.11). Hampapnenue 3TOoro mojis OOpaTHO MOJIIO, MPUIOKEHHOTO K YCKOPSEMBIM
3apsgaM. Takum 00pa3oM, HOJTy4eH 3aKOH MPsIMOTO JACUCTBHS, KOTOPBIN YKa3bIBacT Ha
TO, KaKhe JEKTPUYECKUE IOJIsI BOKPYr ceOsi reHepupyer yCKopsemblil 3apsi. DToT
3aKOH MOXXHO Ha3bIBaTh 3aKOHOM JJIEKTPO-3JIEKTPHUYECKOW HMHAYKIMU, TaK KaK OH,
MHHYSI TI0JISl IOCPEAHUKH (MAarHHHOE MOJIe MJIM BEKTOPHBIM MOTEHIINAI), JAaeT IPsSMOi
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OTBET Ha TO, KAKHWE DJJICKTPUUCCKHE IO TEHEPUPYET BOKPYT Ce0s YCKOPAEMbIi
SNEKTPUYUCSCKUI 3apsin. JIaHHBIA 3aKOH JaeT TakKe OTBET O MECTE INPIIIOKCHHS CHII
B3aMMOJICHCTBHS MEXy 3apsnaMu. VIMEHHO 3TO COOTHOIIEHHUE, a He 3aKoH Dapanes,
MBI TOJDKHBI CYUTATh OCHOBHBIM 3aKOHOM WHAYKITUH, T.K. UMCHHO OHO YCTaHABIINBACT
MPUYMHY TOSBJICHUS WHAYKIUOHHBIX AJICKTPHYCCKUX TIOJIEH BOKPYT JBHIKYIIETOCS
3apsna. B deMm 3akmiowaercs pasHHIIA MEXIy NpeAjaraeéMbIM IIOIXOJOM M paHee
CYIIECTBYIOIIUM. PaHee TOBOPUIIOCH, YTO ABMXKYIIMIACS 3apsii TCHEPUPYET BEKTOPHBIH
MOTEHIMAN, a YXE M3MCHSIOUIMICS BEKTOPHBIA  MOTCHIMA  TCHEPUPYET
anektpuyeckoe mose. CootHomienune (3.11) maeT BO3MOXKHOCTD HCKIIOYHTH 3Ty
MPOMEKYTOUHYIO OIEPALUIO U TMEPEHTH HEIOCPEACTBEHHO OT CBOMCTB JIBIDKYILETOCS
3apsAfa K WHAYKIUOHHBIM moisM. M3 coortHommenuio (3.11) crmeayer m BBemEHHBIN
paHee ()eHOMEHONOTHYCCKHM ITyTeM BEKTOPHEIN IOTEHIMAIN, a, CJICIOBATENBHO, U
MarHuTHOe 1oie. PaBercTBO (3.11) MOXHO mepenucarh

Bl ¢ dv, _ 04y
: 4r gyrc* Ot

OTKYyJa, UHTCIpUpYys MO0 BpEMCHHU, IMOJTydacM

— evZ
Ay

H

310 COOTHOHICHUEC IIOJIHOCTBIO COOTBETCTBYCT OIpECACICHUIO BCKTOPHOI'O
oTCHIUaia. Tenepb BHUIHO, 4YTO BCKTOpHBIﬁ MOTCHIKAI €CTh MPAMOC CJICIACTBUEC
3aBUCUMOCTHU CKAJIIPHOT'O TIIOTCHIIMAJIa OT CKOPOCTH. BBG}IGHI/IG N BEKTOPHOTI'O
IOTCHIMaJIa 1 MarHUTHOI'O IIOJIA 3TO BCETO JIUIIb IIOJIC3HBI MaTeMaTHISCKUN HpI/IéM,
KOTOpLIﬁ IIO3BOJIACT YIIPOCTUTH PCIICHUEC psaa SJICKTPOANHAMHUYICCKUX 3a4a4, OJJHAKO,
CJIEAYET TIOMHUTB, 9YTO HepBOOCHOBOfI BBCIACHUC DOTHUX MOJICH SIBIISACTCS CKaJIsIpHO-
BeKTOpHLIﬁ OTCHIHAJI.

4. Hogsble nmoaxoabl K BOIIPOCY CHJIOBOI'O B3aI/[MOI[el7[CTBI/Iﬂ
TOKOHECYIIUX CUCTEM.

Ho BekTOpHBII MOTEHLMANT ONPEAEIAeT HE TOJIbKO JJIEKTPUYECKUE I10JI,
UHIYLUPYEMBIE YCKOPSEMBIMM  JIEKTPUYECKUMHU  3apsjaMd, HO U  CHIIOBOE
B3aMMOJIEICTBAE IPOBOJHHUKOB, IO KOTOPBIM TEKYT TOKH, a TakKXKe CHIOBOE
B3aMMOJICHCTBHE JABIKYIIHNXCS 3apSA0B C TAKUMH IPOBOJHUKAMH.
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C TOYKH 3peHUs CYIIECTBYIONIEH TEOPUU IEKTPOMArHETU3Ma CHITBl B3aUMOCHCTBYS
MIPOBOJHUKOB MOYXHO HAWUTH IBYMS IYyTSAMH.

[TepBBIii M3 HHUX 3aKJIIOYaeTCs B TOM, YTO OAWH W3 TPOBOJHUKOB (HAIpUMED,
HIDKHUH) CO3MIaeT B MECTE PACIIONIOKCHHUS BEPXHETO NMPOBOJHMUKA MAarHUTHOE TIOJIC

H(r), xotopoe onpezensiercs COOTHOLICHHEM

ah
H(r)=
") 2 r
&2 > 1,
1 '
< AZ
V4
p >
i :
& >V,

Puc. 10. Cxema cuI0BOTr0O B3aUMOACHCTBHSA TOKOHECYIIUX MPOBOJIOB
JIByXTIPOBOJHOM JTMHAH Ha OCHOBE CYIIECTBYIOIICH MOJICITH.

B cucreme xoopauHat, ABUTaroIeiics BMECTE C 3apsAaMH BEPXHEro NPOBOIHUKA,
BO3HHKaeT nojie £, onpesienseMoe COOTHOMEHHEM

E =[I7><B] =uV.H(r)

T.€. 3apsi/ibl, JBUTAIOIINECS B BEPXHEM IPOBOJHUKE, UCIBITHIBAIOT JEUCTBUE CHUIIBI
Jlopennia. 3HaueHue ATOM CHJIBI, MIPUXOAIICHCS HA €IWHUIY IJIMHBI IIPOBOIHUKA,
3aMMCHIBAETCS KaK:
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2y recr

OTO COOTHOILICHUE MOYKHO TMOJIYYNUTh U APYT'UM ITYTEM. MosxHOo cuuTaTh, 4YTO HIDKHUHN
MMPOBOAHUK CO31aC€T B paﬁOHe PACIIOJIOKCHUA BerHeﬁ TIPOBOJIOKHN BeKTOpHBIﬁ
IMOTEHIINAJ, Z — KOMIIOHCHTA KOTOPOT'O 3alIMIICTCA

gV, Inr [, lnr

rec 2rec?

[TotennuanpHas OHEPrus €AMHUYHOT'O yJacTKa BEPXHETO MPOBOAHUKA, 10 KOTOPOMY

TCUCT TOK [2, B I1OJIC BEKTOPHOI'O IMOTCHIINAJIA Az ONpPEACIATCA COOTHOMICHUEM

I, I, Inr

W=L4, :_27r£c2

HOCKOHLKy Chujla OHNpeaAciseTCsa KaK IMPOU3BOJHAs HOTeHLIPIaJ'ILHOﬁ OHEPIruu 110
KOOpAuHATE, B3sATasd C O6paTHLIM 3HAaKOM, TO OHaA 3aITUIICTCA

W _ 4L
o  2mCT

Ob6a paccMOTpeHHs TIOKa3bIBAIOT, 4YTO CHJa B3aWMOJCHCTBHSA IBYX
MIPOBOIHMKOB BO3HMKAET KaK PE3yJIbTAT B3aMMOJECHCTBHS ABIKYIMXCS 3apsI/IOB, T.K.
OIHM W3 HHX CO3JAIOT MONA, a APYrHe C JTUMH TIOJSIMH B3aHMOJEHCTBYIOT.
HenoaswxHble 3apsiibl, IPEACTABIAIOIINE PELLIETKY, B TAKOM CXEME B3aUMOJEHCTBUS
yuactusi He mpuHUMaioT. OnHaKo, CWIIBI, BO3HHUKAONIME TIPH MarHUTHOM
B3aMMOJIECHCTBUN TNIPOBOJHUKOB, MPUIIOKEHBI UMEHHO K pemierke. Bompoc o Tom,
KakuM 00pa3oM JABMXKYIIMECS 3apsiibl IEpefaloT TPHIOKEHHbIE K HHUM  CHIIBI
peleTke, B KIacCUYECKOH 3JIEKTPOANHAMUKE HE pacCMaTPUBACTCSI.

OTMeTUM TakXke, 4YTO PACCMOTPEHHBIE CXEMBbI B3aMMOJECICTBHS 3aKJIIOUAIOT B
ce0e 0/IHO HepaspemnMoe MMPOTHBOPEYHEe, KOTOPOE CHENHUAIUCTHI O KIACCHYECKOH
ANIEKTPOJMHAMHUKE OOBIYHO yMamyuBaioT. OHO CBSI3aHO C HaXOXKACHHEM CHII
B3aI/IMO)ICI‘/‘ICTBI/I$[ MCXKAY ABYMA MapalICIbHO JABMKXKYHIUMUCA 3apsagaMu. C TOuKH
3p€HUA pPAaCCMOTPEHHBIX CXEM, MCKAY TaKUMU ABYMS 3apdaaMu  JOJDKHO
CyLLECTBOBaTb  NpUTsKeHUE. JleMcTBUTENbHO, MHAYKIUS B, co3gaBaemas

IBIDKYIIAMCS 3apsaoM 8 Ha PacCTOSHUH 7 OT HETO0, 3alMCHIBACTCS

37



gV
B=———s
2recr

Ecnu unmeercs apyroil 3apsn g,, ABUTAIOLIMMHCSA C TOM XK€ CKOPOCTBIO V, 4TO M
MEPBBI U B TOM XK€ HANpaBICHUH HAa PACCTOSIHUU 7 OT MEPBOrO 3apsAza, TO 3a CUET
HAJIMYKs B TOM TOUKe MHAYKIMK B Ha Hero Oy/eT JAeiiCTBOBAThH CHJIA IPUTSHKEHHS K
HEPBOMY 3apsy

& g2V2
F=—
AT ecr'

T.e. ¢ TOYKM 3peHHs HETOJBMKHOTO HAOIIONATENsl TaKHe 3apsiibl, KpOMe HaJH4Hs
CHJI KYJIOHOBCKOTO OTTAJIKUBAHU JTOJKHBI TOTIOJIHUTENIFHO NPUTATHBATECS. C TOUKH
&Ke 3peHHs HaOJllofaTens, ABUTAIOLIErocs BMECTE C 3apsgaMH, MMeEeTcs TOJIBKO
KYJIOHOBCKOE OTTAJKHBAaHHE U HHUKAKHX JOMOJHUTEIBHBIX CHJI MPUTSKEHUS HET.
OTMeTHM, 4YTO JAHHOE IPOTHBOPEYHME HEPA3pelIMMO HE TONBKO B paMKax
KJIACCHMUYECKOM 3JEKTPOAMHAMHUKH, HO ¥ B paMKax CHCOHAIBHON TeopHH
OTHOCHUTENBHOCTH.

C ¢usmueckoil TOYKM 3pEHHS BBEJCHHWE MArHUTHBIX MOJEH €CTh IMPOCTO
KOHCTATaIMsl ONPEICICHHBIX SKCIIEPUMEHTAIBHBIX (PAKTOB, OJJHAKO, MBI IO CHX IOP
HE ITOHUMaeM, OTKy/a 3THU II0JIst OepyTCsl.

KoHnenmuss MarHATHOTO TIIONS BO3HHKIA B 3HAYUTENBHON CTENEHW Onaromaps
HAONIOCHUSIM 33 CHJIOBBIM B3aWMOJCHCTBHEM TOKOHECYIIMX W HaMarHUYCHHBIX
cucreM. OcOOEHHO MOKAa3aTEILHBIM SBJISICTCS OIBIT C )KEJIC3HBIMU OIMHIKAMH, KOTOPEIC
BBICTPAMBAIOTCSI OKOJIO TMOJIIOCOB MAarHuWTa WM BOKPYT KOJBIEBOTO BUTKAa C TOKOM B
4y€TKHE reoMeTpudeckre QUrypbl. OTH QUTYPHI U MOCTYKHIH TIOBOJIOM ISl BBEICHUS
TAaKOTO IOHATHUS, KaK CUJIOBbIC JIMHUH. [Ipw Jr0O0OM CHIIOBOM B3aUMOJCHCTBUH, B
COOTBETCTBUU C TPETHhUM 3aKOHOM HBIOTOHA, BCETJa CYIICTBYET PaBEHCTBO CHII
JIEHCTBUS M TMPOTHBOJCHCTBUS, a TAaK)Ke BCETJa UMEIOTCS T€ DJIEMEHTHI CHCTEMBbI, K
KOTOPBIM 3TH CHJIBI TPHWJIOXKEHBI. BOJBIIMM HETOCTATKOM KOHIEMIIMM MAarHUTHOTO
TOJIS SIBJISIETCSI TO, UTO OHA HE MAET OTBETA Ha TO, Ky/Ja KOHKPETHO MPHIIOKEHBI CHJIBI
JIEHCTBUS M TIPOTUBONEHCTBHSA, T.K. MATHUTHOE TIOJIE BBHICTYIAET KaK CAMOCTOSTEIbHAS
CyOCTaHITUS, ¢ KOTOPOH U MPOUCXOAUT B3aNMOACHCTBHIE ABIDKYIIIXCS 3apsI0B.

OKCIIepUMEHTAIFHO U3BECTHO, YTO CHJIBI B3AUMOJICHCTBHS B TOKOHECYIIIUX CHCTEMAaX
TIPHII0KCHBI K TEeM TMPOBOJHHUKAM, IBIKYIIHECS 3apsasl KOTOPBIX CO3MAIOT
MarHuTHOE mosie. OIHAKO B CYIIECTBYIOIIEH KOHIEHIINH CHIIOBOTO B3aUMOJICHCTBUSL
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TOKOHECYIIIMX CHCTEM, OCHOBAHHOW Ha MOHATHSAX MAarHUTHOTO IMOJIS U CHIIbl JIopeHia,
MOJIOKUTEIBHO 3apsHKCHHAsl PElIeTKa, KOTOpasl SBJISIETCS OCTOBOM IPOBOJHHKA U K
KOTOPOW TMPHJIOKEHBI CHIIbI, HE YYaCTBYeT B ()OPMHUPOBAHUH CHJI B3AHMOJICHCTBHSI.
To, 4TO TOJNIOKHUTENBHO 3aPSKEHHBIC HOHBI IPUHUMAIOT HEMOCPEICTBEHHOE yYaCTUE B
CWJIOBBIX MpOIeccax, TOBOPUT YyxkKe, XOTS Obl, TOT (DakT, YTO B IMPOIECCE CHKATHUS
TUTa3MBI, IPY MPOTCKAHUU Y€Pe3 Hee MOCTOSIHHOTO TOKA MPOUCXOAUT CHKATHE U HOHOB
(Tak Ha3pIBaeMbIil TUHY-3dEKT).

PaccmoTpuM 3TOT BOIPOC HA OCHOBE KOHICHIMH CKAJIPHO-BEKTOPHOTO
MOTEeHIMana. ByJeM CuuTarh, YTO CKaJISIPHO-BEKTOPHBIA MOTEHIMAT OJHHOYHOIO
3apsizia onpenessieTcs COoTHoIeHneM (3.4), ¥ 4To AIIEKTPUUYECKUE T10JIs1, CO3/1aBacMble
9THM TOTEHIMAIOM, JIEHCTBYIOT Ha BCE OKPY)KAIOIIWE 3apsiabl, B TOM YHUCIE WU Ha
3apsiIbl MTOJIOXKHUTENLHO 3aPSDKEHHOM PEIIeTKH.

PazbepeM ¢ 3THX MO3MIUIA CHUIIOBOE B3aUMOJICHCTBIE MEXAY NBYMSI MapajielbHbBIMU

+
npoBoAHUKaMH (puc. 11), Mo KOTOpPEIM HpOTEKalOT TOKU. bynem cumrath, uto g, ,

+ - -
gZ u gl . g2 OpeACTAaBISIIOT COOTBETCTBCHHO HCINOABHWIKHBIC W JABHMIKYIIUCCH

3apsAbl, MPUXOISAIINECS HA SIUHAILY JUTMHBI IPOBOIHUKA.

g F F, &,

ri R F, _ ,Z
g g

: v,

Puc. 11. Cxema cuioBoro B3auMoOJ€HCTBHUS TOKOHECYILIUX MPOBOAOB JIBYXIIPOBOIHOM
JIUHUM C YIE€TOM IOJO0KHUTEIHHO 3apsHIKEHHON PEIIeTKH.

+ +
Sapsmm gl 5 g2 NpEeACTAaBIIAIOT MOJOKHUTEIIBHO 3apAKCHHYIO PCHICTKY B HUXKHEM U

BEPXHEM IIPOBOJHMKAX. bynem Takxe cuuTarh, 4To 00a MPOBOJHHMKA OO Hadaia
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JABWKCHUA 3apsA0B ABJIAIOTCA BHGKTPOHeﬁTpaHBHBIMH, T.€. B IPOBOJHUKAX HMCCTCSA
ABE CUCTEMBI B3aMMHO BJIO)KEHHBIX PAa3HOMMECHHBIX 3aps10B C y,IIeHLHOﬁ IJIOTHOCTBIO

Ha g1+, g mg,, g, , KOTOpbIe JIEKTPUYECKU HelTpatusytoT Apyr apyra. Ha puc.

11 ot cucrembl [yl OOJNBUIETO YIOOCTBA PacCMOTPEHHs CHJI B3aUMOJEHCTBUS
pa3aBUHYTHI 10 ocH z. IlofcucTeMsl ¢ OTpUIIATETIBHBIM 3apsSA0M (3JIEKTPOHBI) MOTYT

JBHUTaThCs CO CKOpocTsmMH V, u V,. Culy B3aMMOJEHCTBUS MEXKIY HIDKHUM H
BEPXHUM IIPOBOAHUKAMH OyJeM HCKaTh KaK CyMMY 4YETBIpEX CHJI, 00O3HauCHHE

KOTOPBIX HOHATHO 3 pucyHka. Cuisl oTtankusanus F| u [, Gynem Gpats co 3HaKoM

MUHYC, a CuiIbl iputskerust [y u F, Gynem Gpath o 3HAKOM ILUIHOC.

JUIs emWHIYHOTO YyYacTKa NBYXIPOBOTHOW JMHHU CHIIBI, NEHCTBYIOIIHE MEXKIY
OTJIEJIHHBIMU MOJICUCTEMAMH, 3AIUIITYTCS

_g1+g2+
2rer
F __ &8 !

2mEr c
F‘3 =+gl g2 Chi
2rer c

b

b

@.1)

b

. -
F =488 g2
2mer c

CknagpiBasi BCE CHIIBI, MOJyYHM BEIWYMHY CYMMAapHOW CHJIBI, MPUXOJSINEHCS Ha
€IMHUILY JJIMHBI IPOBOIHUKA,

\% y V. —v

Fz:& ch-t+ch—*—ch—+—2-1]|. 4.2)
27er c c c

B JAaHHOM Bpra)KeHI/Il/I B KQUCCTBC gl nu g2 B3SThI aGCOJ’IIOTHbIe BCJIMYUHBI SapHI[OB,

a 3HaKW CUJI YYTEHBI B BhIpaKeHUH B cCKoOKax. s cimydas V<< C, BO3bMEM TOJBKO
2
v v 1v
JBa MICPBBIX WICHA PA3JIOKCHUS B PSIT ch—,1e. OyneM cuuTaTh, 9TO ch—=1+ 5—2
C C C

. 13 cootHomenus (4.2) momyyaem
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(4.3)

P

TI€ B KAUCCTBC gl u gz B3SITHI A0COJIOTHBIE BETUIMHEI YACHIBbHBIX 3apsA10B, a Vl u V2

OepyT CO CBOUMH 3HAKAMU.

HOCKOJ’II)Ky MAardvuTHOC II0JIC IPAMOIo IIpoBOJa, IO KOTOPOMY TEUYET TOK [,
OrnpeaciaseM COOTHOLICHUEM

1
27’
TO U3 COOTHOIIECHU (4.3) moTy4aeM:
F. = 1112 =H112 — ,UH
Mo2mecr ec? : ’

rae Hl - MarHuTHOE II0JIE CO31aBa€MO€ HMXXHUM IIPOBOJHUKOM, I10 KOTOPOMY TEUET

TOK [1 , B MECTE PACIIOJIOKEHNA BEPXHETO MPOBOJAHUKA.

AHanoruyHo
Fyy =1LuH,,

rac HZ - MAar"dvTHOC T1I0JI€, CO3/]aBa€MOC BEPXHUM IPOBOAHUKOM B paﬁOHe

PpacnoJIOXKEHNA HUKHETO IPOBOJHUKA.

OTH COOTHOIICHHUS ITOJHOCTBIO COBIAAAOT C peE3yJibTaTaMH, IIOJYYCHHBIMHA Ha
OCHOBaHHMH KOHICIIIIWKW MarHuTHOTO I1I0JIA.

CootHomenune (4.3) TpeacTaBiIsieT U3BECTHOE MPABKIIO CHJIOBOTO B3aHMOJICHCTBUS
TOKOHECYIIMX CHCTEM, HO TIIOJIyYeHO OHO HE (CHOMEHOJIOTHYECKUM ITyTeM Ha
OCHOBaHHMHU BBeICHHS (HEHOMEHOJIOIMYSCKOr0 MarHUTHOIO TIOJIs, @ HA OCHOBE BITOJIHE
MOHATHBIX (U3UYECKUX MPOIECAYpP, B TPEANOJOKCHHHA TOTO, YTO CKAaISIPHBII
MOTEHIIMAJ 3apsiaa 3aBHCHUT OT CKOPOCTH. B (GhopMHpOBaHUH CHUI B3aUMOICHCTBHUS B
JIAaHHOM CJIy4ae HEeTIOCPECTBEHHOE YJacThe MPUHUMAET PEIleTKa, Yero HET B MOJIEIH
MarHUTHOTO TOJIA. B paccMOTpeHHOI Monmenn XOpOIIO BHAHBI MECTa MPHIIOKECHUSI
cun. lloxydeHHBIE COOTHOIICHHS COBIANAIOT C pE3ydbTaTaMH, IONyYCHHBIMH Ha
OCHOBE KOHLIEIILIMM MarHUTHOTO NOJISl U aKCUOMAaTHUYECKU BBEAEHHOM criioil JlopeHna.

v
B JaHHOM CJIydac B34AT TOJbKO IICPBBIM YJICH PA3JIOKCHUA B P Ch—. I[J'IH
C
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CKOpOCTEl V~ CciiefyeT OpaTh BCE WICHBI Pa3jIOKEHHUS. DTUM IpeJiaracMblii METO/
OTIIMYaeTCd OT METOJAa pacu€Ta CHJIOBBIX B3aMMOICHCTBHII Ha OCHOBE KOHIICTIIIUH
MarHUTHOTO TONA. Eciu y4ecTs 3TO 0OCTOSTENBCTBO, TO CBS3b MEXKIY CHIIaMHU
B3aMMOJICHCTBHS U CKOPOCTSIMH 3apA0B OKA3hIBACTCS HEMTMHEHHOW. DTO, B 4ACTHOCTH
MPUBOJUT K TOMY, YTO 3aKOH CHJIOBOTO B3aUMOJEHCTBHUS TOKOHECYIIUX CHCTEM
SIBJISIETCS aCUMMETPUYHBIM. [IpH OJMHAKOBBIX 3HAUEHUSX TOKOB, HO MPHU Pa3HBIX HUX
HaIpaBJICHUSX, CWJIbl MPUTSDKEHUS M OTTAJKUBAHUS CTAHOBATCS HEOJUHAKOBBIMU.
CuJibl OTTAJIKUBAHUS OKA3BIBAIOTCS OOJIBIIIMMU, YEM CHIIBI TIPUTSDKEHUsI. DTa pasHUIA
HEBEJIMKA M OTPEIEISIETCS BBIPAKECHUEM
— v A

ar 2¢% 2mec’e’
HO TPH CKOPOCTSX HOCHTENEH 3apsoB OJMU3KUX K CKOPOCTH CBETa OHA MOXET
OKa3aThbCs BIIOJHE OLTYTUMOH.

Yoepem perieTky BEpXHETO MpoBOogHHUKA (puc. 11), ocTaBUB TONBKO CBOOOHBIN
3MIeKTPOHHBINA 1OTOK. [Ipu dToM nedesHyt cuisl [ u F;, u a10 Oyner o3Hadarth
B3aMMOJICHCTBUEC  HW)KHEIO IPOBOJHHKA C IIOTOKOM CBOOOHBIX 3JICKTPOHOB,
JBIDKYIIAXCS CO CKOPOCTBIO V, Ha MECTE PACHOIOKECHHS BEPXHETO IPOBOIHHKA.

HpI/I 3TOM 3HAYCHHUE CHJIBI B3aHMOICHCTBHS OINPEACIIACTCA KaK:

_ &8 chv_z_ch Vi =V

= 4.4
2mer c c “44)

z

Cuna JlopeHnia mpe/mnonaraet JMHEHHYIO 3aBUCHMOCTh MEX/Y CHJIOH, IeHCTBYIONICH
Ha 3apsii, JABUXKYILIHUICSA B MATHUTHOM I10JI€, U €r0 CKOPOCThI0. OTHAKO B MOJYYEHHOM
COOTHONIEHHH 3aBUCHMOCTH BEJIUYUHBI CHJIBI OT CKOPOCTH DJIEKTPOHHOTO IOTOKA

Oyner HenuHeliHoW. M3 cooTHowenus (4.4) HETPYAHO BHJAETb, YTO C POCTOM V,

OTKJIOHEHUE OT JIMHEHHOIo 3aKOHA YBEIMYMBAETCs, U B Clydae, Koraa v,>>V,, cuia

B3aHMOJICHCTBHS CTPEMATCS K HYIO. DTO OYCHb BaXKHBIA pe3yibrar. VIMEHHO STOT
(heHoMeH m HaOMIOMANM B CBOMX HM3BECTHBIX JKcmepuMeHTax Tommcon u Kaydmamn,
KOTZIa 3aMETHIIH, YTO C POCTOM CKOPOCTH JIEKTPOHHOTO ITy4YKa OH XYK€ OTKIIOHSETCS
MarHuTHBIM TosieM. Pe3ynbrarhl CBOMX HaONIOJNCHUIT OHU CBSI3AJIM C POCTOM MAaCCHI
anexTpoHa. Kak BUIUM NpUYMHA 34€Ch IpyTast.

OTMeTHM emg ONH UHTEPECHBIH pe3ynbTar. M3 cooTHomenus (4.3), ¢ TOYHOCTBIO 10
KBaJpPaTUYHBIX 4YJIEHOB, CHJIA B3aUMOJEIHCTBUS  DJIEKTPOHHOIO IOTOKAa C
MPSIMOJIMHEHHBIM MIPOBOJAHUKOM, [0 KOTOPOMY MPOTEKAET TOK, MOXKHO ONPEAEIIUTh 110

cleayronieil 3aBUCUMOCTH:
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W3 Beipaskenus (4.5) cuenyer, 4TO MPH OJHOHANPABICHHOM IBIDKEHHH 3JICKTPOHOB B
MPOBOJHUKE M B 3JEKTPOHHOM IIOTOKE CHJIa B3aHMMOJACHCTBHS TPH BBIIOIHEHUH

YCIIOBUA V) = Evz OTCYTCTBYET.

[TocKONBbKY CKOPOCTH AJIEKTPOHHOTO IMOTOKa OOBIYHO TOPAa3[0 BHILIE CKOPOCTH
HOCHTeJell ToKa B IPOBOJHUKE, TO BTOPBHIM YIEHOM B CKOOKaxX B COOTHOLICHHH (4.5)
MO>KHO TpeHeOpeub. Torna, mMoCKOIbKY

&V
H =—=>——
2mecr
MAarHMTHOC IIOJC€, CO3JaBa€MO€ HHUKHHUM HpOBO,I[HI/IKOM B MECTE€ JABUKXCHUA
3.]'ICKTpOHHOFO IIOTOKaA, HOJ'Iy‘H/IM:

_&8& W

_27[87’ Cz :gZIl'[VZH'

)
B nanHOM ciydae, moJy4eHHOE 3HaU€HHE CHJIBI B TOYHOCTH COBIIAJaeT CO 3HAaUEHUEM
cunel JlopeHna.

Y4auteiBas, 4To

F,=g,E=g,uv,H,

MOXHO CYMTATb, YTO Ha 3apsini, ,HBI/DKyIIII/II\/‘ICH B MAarHuTHOM IIOJIC, HeﬁCTByeT

QJICKTPHUYCCKOEC II0JIC E, HaIllpaBJICHHOC HOPMAaJbHO K HAIPaBJICHUIO JABUKCHUS

2
14

3apsana. I[aHHLII\/‘I PEe3yIbTAaT TAKXKE C TOYHOCTBIO [0 KBaAPATUYHBIX YICHOB >

c
MOJIHOCTBIO COBMAJAET C pPe3yJbTaTaMU KOHUEHIIMH MarHUTHOTO TOJIS U ONpEeesieT
cuny JlopeHua, 1elCTBYIOIIYIO CO CTOPOHBI MAarHUTHOTO TOJISI HA MOTOK JABMXKYIIUXCS
3JIEKTPOHOB.

Kak yxe ObUIO CKa3aHO, OJHHM M3 BAKHBIX MPOTHBOPCUYHMIA KOHIICIIIUH
MAarHUTHOTO TOJIs SBJISETCS TO, YTO JIBa MapajljIeIbHBIX My4YKa OAHOUMEHHBIX 3apsJIOB,
JIBUTAIOUIMXCSI C OJMHAKOBOM CKOpPOCTbIO B OJIHOM HAIpPaBJICHUM, JIOJKHBI
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MPUTATHBATECS. B maHHOI Mozmenu 3Toro mpoTtuBopeurs yxe HeT. Ecnu cuutats, uto
CKOPOCTH 3apsiioB B BEPXHEM M HIDKHEM IpoBoJe OyIyT paBHbBI, a pelIeTKa
OTCYTCTBYET, T.€. OCTaBHTh TOJIBKO 3JIEKTPOHHBIC MIOTOKH, TO OCTAHETCS TOJIBKO CHJIa

OTTAJIKUBAHUA F; HE3aBUCHUMO OT TOI'O ABMXKYTCA 3apsAbl U HET.

Takum 00pa3zoM, IBIDKYIIUICS 3JEKTPOHHBINA MOTOK B3aUMOJICHCTBYET OJTHOBPEMEHHO
U C JBIDKYIIMMHUCA DJIEKTPOHAMU B HU)KHEW MPOBOJIOKE, U C €€ PELIETKOM, a CyMMa
9TUX CHUJI B3aUMOJAEWUCTBUS U HasbIBaeTcs cuiioil JlopeHua. Jrta cuia u AecTByeT Ha
JIBIDKYILIMACS TOTOK DJIEKTPOHOB.

3aKOHOMEPHO BO3HHUKAET BOIPOC, a CO3AAET JIM MAaTHUTHOE TOJIE caM JBIKYIIUMCS
IIOTOK DJJCKTPOHOB B OTCYICTBUM KOMIICHCUPYIOIIMX 3apsAfOB PEUICTKH WU
MOJIOXKUTEIBHBIX NOHOB B Tu1azMe? PaccMoTpeHHast cxeMa II0Ka3bIBaeT, uyTo 3 dexT
CHJIOBOTO B3aUMOJICHCTBUS MEXIy TOKOHECYIIMMH CHCTEeMaMu Tpelyer B
00513aTeIbHOM MOPSAKE HATMYHS TOJIOKUTENBFHO 3apsbkeHHOH pemreTky. [loaTomy cam
JIBIDKYIIMHCST AJIEKTPOHHBIM MMOTOK HE MOXET COo3[aBaTh TOro 3(dekra, KOTOpbIA
co31a€Tcsl TP €ro JBUKEHUM B ITOJIOKUTEIBHO 3apsyKEHHOU peleTke. B To ke Bpems,
€CJIM PaCCMOTPETH J1Ba NMAPAJUIEIBHO ABHXKYIIMXCS IMOTOKA 3JIEKTPOHOB, TO BO3HHKAET
JIOTIOJTHUTENbHAS CHJIA B3aUMOJEHMCTBUS, 3aBUCSAINAS OT OTHOCUTEIBHOM CKOPOCTH
3THX MOTOKOB.

[IpoxemMoHCTpUpyeM e OJMH MOAXOA K MpOoOJeMe CHIOBOIO B3aUMOJCHCTBHS
TOKOHecymx cucteM. KoHcTaranusi (akTa HAJIMYUS CHJ MEXAYy TOKOHECYIHMMH
CHCTEMaMH yKa3bIBA€T HA TO, YTO CYHIECTBYET KaKOe-TO I0Je CKaSIPHOro
MOTeHIMala, TPaueHT KOTOPOTro M oOecneunBaeT yka3aHHylo cuiry. Ho uro sto 3a
none? CooTHomenue (4.3) Ha€T TONBKO 3HAYEHHE CUJIbI, HO HE TOBOPUT O TOM,
TPAJMEHT KaKoro CKaJsIpPHOTO TMOTEHIMala 3T CIIbl oOecreunBaet. bymem

MMOAAECPKUBATH IMOCTOAHHBIMU TOKH [1 n I , " HauyHEM COJIIDKATD WJIA YOAIATh

NpoBOAHUKK. PaboTa, KOoTOpasi MpH 3TOM OyIeT 3aTpaueHa, U €CTh TOT MOTEHIIUAI,
rpasueHT Koroporo maér cuiy. [IpomHTerpupoBaB cooTHomenue (4.3) mo 7,
MOJTy4aeM BETMUUHY SHEPTUH:

_ILInr

W 2
2mee

Ota 3Heprus, B 3aBUCHMOCTH OT TOTO YAAJSATh IMPOBOJHHKH APYr OT JApYra, WIH

cOMMKaTh, MOXKET OBITH TOJIOKHUTENFHON MM OTpULaTeNbHOH. Korma mpoBogHUKH

YIQISIOT, TO JHEPrHs MOJOXUTEIbHA, a 3TO O3HAYaeT, YTO, MOJUICPKHUBAs TOK B

IMPOBOAHUKAX MOCTOSAHHBIM, TI'C€HECPATOP OT}IaéT OHEPIHUlO. DTO SIBIIEHHE U JICKUT B

OcHOBe paboThI Bcex dreKkTpoasurateneii. Ecmu mpoBogHukn cOMmKaoTes, To paboty
44



COBEpHIAOT BHCHIHUEC CUJIbI, HA/T UCTOYHUKOM, MMOJACPKUBAIOIUM B HUX ITOCTOAHCTBO
TOKOB. DTO SIBJICHHUE JISKUT B OCHOBE pa6OTLI MEXaHUYECKUX TCHEPATOPOB 3C.

CooTHol1lIeHrE JJIA DOHEPI'UU MOKHO MEPENNCATh U TaK:

I Inr
W:ﬁzlz‘qﬂ =14,,,
rae
A, = 1, ll’ll;
2rec

€CTb Z- KOMIIOHEHTa BEKTOPHOTO MOTEHI[MAaja, CO3AaBaeMasi HIPKHIUM NIPOBOJAHUKOM B
MECT€ PACIOJIOKEHUS BEPXHETO MPOBOJHNKA, a

_Linr

2 2mect

€CTh Z - KOMIIOHEHTA BEKTOPHOI'0 MOTEHIHAIA, CoO3aaBaeéMasi BEpXHUM ITPOBOAHUKOM B
MECTC PACIIOJIOKCHUA HUXKHETO ITPOBOAHUKA.

PaccMOTpeHHBI 1OIX0 AEMOHCTPHPYET Ty OONBIIYyIO pOjb, KOTOPYIO HIPaeT
BEKTOPHBIN MOTEHIUAI B BONPOCAX CHJIOBOTO B3aMMOJECHCTBHS TOKOHECYIUX CHCTEM
U TIpeoOpa3oBaHus MEKTPUIECKON SHEPTHH B MEXaHMUYECKYI0. Takoi MoIXox Takke
SCHO YKa3blBaeT Ha TO, 4To cuia JlopeHIa ecTb cIEICTBHE  B3aUMOJCHCTBUSA
TOKOHECYIIMX CHUCTEM C MOJIEM BEKTOPHOrO MOTEHIMAja, CO34aBAEMOro IPYTHMMHU
TOKOHECYHIMMU CUCTCMaMM. N BaxxHbIM O6CTOSITC.H]>CTBOM ABJIACTCA TO, YTO
(opMHpOoBaHHME BEKTOPHOTO TIOTEHIMaNa O00s53aHO 3aBHCUMOCTH  CKaJSIPHOTO
noteHIana ot ckopoctd. C (U3NYECKOH TOYKU 3pEHHs 3TO SICHO. J[BHKyIImecs
3apsAbl, B CBSI3U C HAIMYUEM 3aBUCHMOCTH MX CKAISIPHOTO MOTEHLHANA OT CKOPOCTH,
CO3JAl0T CKAJSIPHOE IOJIE, TPaJHeHT KOToporo u maér cwry. Ho co3manue s060r0
CHJIOBOTO MO TpeOyeT 3aTpaT SHEPTHUH. OTH 3aTpaThl M COBEPIIAET TI'€HEpaTop,
co3/1aBasi TOKH B NMPOBOAHUKAX. IIpy 3TOM B OKpyKaromeM MPOCTPAHCTBE CO3MAETCS
oco0oe 1oJie, KOTOpOe B3aUMOJCHCTBYET C APYIMMH ABIDKYIIUMHCS 3apsgaMy IO
0cOOBIM BEKTOPHBIM MpaBWJIaM, HPH KOTOPHIX TOJBKO CKAJSIPHOE IPOM3BEICHUE
BEKTOpa CKOPOCTH 3apsja M BEKTOPHOIO MOTEHIUana AAa€T MOTEHLHUAN, TPagueHT
KOTOPOTro M JaéT CHly, NEHCTBYIOIIYI0 Ha JABIXKYIIMHCA 3apsa. DTO M eCcTh cujia
Jlopenna.
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HecMoTpst Ha MPOCTOTY ¥ OYEBUAHOCTH TAKOTO MOIX0Ja, dTOT MPOCTOH MEXaHU3M
JI0 HACTOAIICTO BPEMEHH HE OB OKOHYATENFHO Oco3HaH. [lo 3Toil mpuumHe cmia
Jlopenna 1o cux NOp BBOAWJIACh B KJIACCMYECKOW  AJIEKTPOJAMHAMUKE
AKCHOMaTHUYECKUM ITyTEM.

PaccmoTpum emé onaumH ciydaid, Korja —OJMHOYHBIM OTpUUATENbHBIM 3apsn e
JBIDKETCSA CO CKOPOCTBIO V, IapajlleNIbHO NPOBOJHHUKY, IO KOTOPOMY CO CKOPOCTBIO
V,  JIBUTaloTCA DJIEKTPOHBI, YJEJbHas IUIOTHOCTh KOTOPBIX, NPHUXOAAIIAACS Ha

€IMHUILY AJMHBI IPOBOJA, COcTaBisieT ¢, (puc.12). bynaem cuutaTh, YTO MPOBOJHUK

A0 Ha4daJia IBUKCHUA IJICKTPOHOB ObLI 3J'IGKTpOHCI\/'ITpaJ'H>HLIM " yaecibHasA MJIOTHOCTb
MOJIOKUTCIIBHBIX NOHOB U 3JICKTPOHOB ObLIN PAaBHBI. DIEeMEeHT 3apsnaa, HpHXOﬂﬂmHﬁCﬂ

HAa OTPE30K dZ NPOBOIHHKA C TOKOM, IIPH 3TOM COCTAaBUT ¢, dZ. DIEMEHT CHUIIBI

HefiCTBUS JABIDKYILETOCS 3apsijia € Ha SJIEMEHT ¢, dZ ONpEeIeIHTCs COOTHOLICHHEM:

2
dF: egldz vanZn _lvln
drer*\ & 2 )

rac vln u V2n - KOMITOHCHTBI COOTBETCTBYIOIIUX CKOpOCTGfI, HOpPMaJIbHBIC K paanycy,

COEIMHSIONIEMY IBIKYIIHUNCS 3aps] ¢ DIEMEHTOM 3apsiia ql_dz.

ITockomeky V;, =V, sina u Vo, =V, sin &, a Taxxke, YYHTBIBAs, 9TO ¥ =7 sin u

rdo
dZ :.0—2,
SiIn” o

MOKHO 3aIIicaThb:

dF =15 g4
drec’r,
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dF,

q,dz

Puc. 12. Cxema B3aMMOAEUCTBHS ABIKYIIETOCS TOUYEYHOTO 3apsAa C MPOBOTHHUKOM,
10 KOTOPOMY TE€YET TOK.

ITomydyeHHas cuyia - 3TO CHJIa NPUTSDKEHHs. DJIEMEHT 3TOH CUIIbl, TapajuleNbHOMN 7,
3aIIUIICTCA KaK:
q,v
dF =212 sinada, (4.6)

7 47r€c2r

a 3JICMCHT CHJIbI, HOpMaHLHOﬁ K VO - Kak:

dF. :q'v‘—ezvzcosa da. 4.7)
S dmec'r,

IIpounTterpupoBaB cooTHomeHue (4.6) U yIUTHIBasl, YTO TOK, TEKYLUIUH 10 HUKHEMY
IPOBOJIHUKY ONPEJIENSAETCS COOTHOWEHneM [ = ¢,V,, 3amulieM CHIly, JeiCTBYIOILYIO

Ha OJJMHOYHBIA JBUKYLIMICS 3apsil € CO CTOPOHBI IPABOM YaCTHU IPOBOJIOKHU:

I I
F = I ev"; smada:e—vzz. (4.8)
y dmecr, drmecr,

Ecnu yuectp Takke B3aMMOJIEUCTBHE C JIEBOW €€ YacThbiO MPOBOJIOKH, TO CHIIA,

JelCcTByIOINAsd NapaulebHO 7y W OIpejensdeMas cOOTHoleHueM (4.8), yaBouTes, a
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CHMIIBI, NEHCTBYIOIIME MO HOpMalmud K 7, KoMmeHcupyrorca. Takum obpasom,

CyMMapHasi cuja, AEMCTBYIOLAs Ha 3apsij, IBWKYLIUHCS MapajjIeNIbHO MPOBOJIOKE,

3aIHIIeTCS:

o lev,
z

=——2 4.9
27ec’s, *9)

HOCKOJ’ILKy MAarfvTHOC I10JI€, CO3JaBacMOC HWKXHUM IMPOBOAHUKOM C TOKOM B TOYKEC
HaXOXACHUA ABUIKYUICTOCA 3apdaaa, OpeACIsICTCSA COOTHOILICHUEM

I
2rr,’

1

a MarHUTHAs IPOHUIAEMOCTh [/ = —, TO U3 COOTHOMIEHUS (4.8) monyyaem
Ec

Fs =ev,uH
OTa cuiia B TOUHOCTH paBHa cuiie JlopeHia.

Tenmeppr paccMoTpuM  cilydail, Korja 3apsii  JBIDKETCS MEXOy ABYMS
6e3rpaHUYHBIMM TTApAJUICIBHBIMU IIJIACTUHAMM, TO KOTOPBIM IpPOTEKAaeT YIEIbHBII
TOK [, NPUXOMSAIINIACI HA eNUHMILY IMMPUHBI iacTHH (puc. 13). DTOT TOK TEYET 1Mo
HOpPManu K IUIOCKOCTH pHUCyHKa. [Ipym 3TOM 3apsin ABMXKETCS MapaieldbHO TOKY,
MPOTEKAIOIIEMY B INTACTHHAX.

Ty |dF dr

n

r

\ \
qrdy

Puc.13. Cxema B3auMOJIEHCTBUSI JBUXKYIIETOCS TOUYEYHOTO 3apslia € TOKaMHU,
TEKYIIUMH 10 TapasuieIbHbIM MTPOBOISIIUM ILUTACTHHAM.
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VYuuteiBast cooTHomeHue (4.9), 3ammmieM 3JEMEHT CHJIBI, JACHCTBYIOIIEH Ha
JBIDKYIIUICS 3apsil CO CTOPOHBI 3JEMEHTa TOKa, TEKYIEero HOPMAJbHO K 3JEMEHTY

dy

_dz dy nvq,v,

dF 5
2mecr

(4.10)

B sToM cooTHOlIEHHH dZ 3TO TONNIMHA CJIOS, 1O KOTOPOMY TEYéT TOK, a M -
TUTIOTHOCTB AJIEKTPOHOB.

rdo A
[epenumem cootHomenue (3.10), yuuTbiBas uto dy = — s> == ,
sin” o smmo

n

dF

r,a dF, - sneMeHT CHIIBL, HATIPABICHHBI HOPMAIILHO K 7 :

TaKX¢€ TO, 4YTO = sina, rae dF - anement CHUJIbI, HaHpaBJ’IeHHHﬁ nmapajjieJIbHO

_dz nvg,v,da

dF, 5
2re, e

n

HpOHHTGIpHpOBaB 9TO BBIPpAKCHUEC, IIOJTYUYHUM IIOJHYIO CHITY, Z[CfICTByIOHIyIO Ha
HBH)KymHﬁCH 3apdaa CO CTOPOHBI O,HHOﬁ TMOJYTIIIOCKOCTHU

Fe j‘ dz nv,g,v,da dz nv,g,v,
L 27E,C] dect

VuuTeiBas, 9TO B Cllydae, KOT/IA JJIEMERT dZ PABEH €MHUYHON JUIMHE, BBIOIHIETCS
cootHomrenne dz nv, =1 =H , a Taxke To, 4TO Ha 3apsj HEHCTBYIOT CHIBI €O

CTOPOHBI YETHIPEX TOIYIUIOCKOCTEH (B€ CO CTOPOHBI HIDKHEHW IUIACTHUHBI M JBE CO
CTOPOHBI BEPXHEH), OKOHYATEIBHO MOTYIacM:
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g,v.H
Fo==222—=ugyv,H.
£,C

W onare KOHEYHBIN PE3YyJbTAT B TOYHOCTU COBIAJI C PE3YJbTATAMU KOHICTIIHNHA
MAarHuMTHOTO IIOJIA.

Takum 00pazoM, pe3ysnbTaThl, IOIYYEHHbIE C YYETOM BBEACHHS CKAISIPHO-
BEKTOPHOTO MOTEHIMaJa W KOHIENIIMA MarHUTHOTO TIOJIS, TOJHOCTBIO COBIIAAIOT,
€CIIM yYHUTHIBaTh TOJBKO KBaJPAaTUYHBIC WICHBI PAa3JIOKEHHUS THUIEepOOIMYECKOTO
KOocHHyca B pal. B ciyuae yuéra 4ieHOB pasiokeHHs: Oojiee BBICOKHX ITIOPSIKOB,
KOTZIa CKOPOCTH ABHXKECHUS 3apsZIOB BEJIMKH, TAKOTO COBIAJEHHS HE OyIeT M CBsI3b
MEXIY CUJIOH U CKOPOCTBIO CTAHOBUTCS HEJIMHEHHOW, ¥ KOHIICIIIMS MarHUTHOTO TOJIS
YK€ He JIaCT MPaBUIbHBIX PE3YJIbTATOB.

JIOCTOMHCTBOM  JaHHOTO METOJa PACCMOTPEHHSI  B3aUMOJICHCTBUS  MEXIY
TOKOHECYLUIMMHM CHCTEMaMU M 3apsJaMM SBJISETCS TO, YTO OH YKa3blBaeT Ha
KOHKpPETHBIE MECTa MPWIOKEHMUSI CHJ, NEHCTBYIOIIMX MEXAYy HX 3JIEMEHTaMU U
JBHKYILIUMUCS 3apsaMu, YEr0 HET B KOHLENIMY MarHuTHOro noJisi. PaccMoTpeHHBIi
MOIX0A HAaéT BO3MOXKHOCTH OIPENETUTh CHIIBI B3aMMOJCHCTBHA MEXIY JIOOBIMHU
TOKOHECYIIMMH CHCTEMaMH TPH JII000H X KOHQUTYPAINH, W TIOKAa3hIBACT, YTO TAKHE
MOHATHS, KaK MAarHUTHBI BEKTOPHBIM MOTEHIMAl M MAarHUTHOE TIOJIe JJIst
CTAallMOHAPHBIX TPOLECCOB 3TO CIEACTBUE 3aBHUCHUMOCTH CKAJSIPHOTO MOTEHUHUAIa
3apsia OT CKOPOCTH €Tro JBUXKEHHsI. B ciyuae e HeCTallMOHAPHBIX MPOIECCOB, KOTAa
BO3HUKACT YCKOPCHHUE 3apsijia, MPH PEIICHUM 3a1a4d CIICAYeT YUHUTHIBATH dPPEKTHI
3aras/IbIBaHHMs.

5. 3aKoHBI 2JIEKTPO-3JIEKTPHYECKOH HHIYKIUH.

[MockonmpKy 000N TIPOLIECC PACIPOCTPAHCHUS OSJCKTPUUSCKUX TIOJNCH W
MOTEHIINAJIOB BCET/Ia CBSI3aH C 3ala3/IbIBAaHUEM, BBEIEM 3ala3/IbIBAIOIINI CKAIAPHO-
BEKTOPHBIH IMOTEHIMAJ, CYMTAs, YTO TOJE 3TOT0 MOTCHIMANA PACIPOCTPaHSICTCS B
JTAHHOH cpefie cO CKOPOCTHIO CBETA:
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o(ri)=——-5C—, (5.1)

r -
rae v t— | — COCTaBJIAOIIasA CKOPOCTH 3apsaaa , HOpMaJIbHaA K BEKTO ' B
L c

7

’ o o

MOMCHT BpEMCHU t=t-— —, '—PpacCTOAHMA MCXKIY 3apsA0M H TOYKOH, B KOTOPOU
C

OMpPEACIACTCA 1TOJIE, B MOMCHT BPEMCHU t.

Ho Bo3HMKaeT BOnpoc, Ha KaknX OCHOBaHHSX, €CIIM HE UCIIOJIb30BaTh YPaBHEHUS
MakcBeia, U3 KOTOPOTO CIIeNyeT BOJIHOBOE YPaBHEHHE, BBOJAMTCS 3alla3/IbIBAIOIINiL
CKaJISIPHO-BEKTOPHBIM MOTEHIManN? DTOT BOMPOC PAacCMaTPUBAJICS B TPHUHAALATOM
naparpade, KOrja oOIpelnessuiach CKOPOCTh pPaclpoOCTpaHeHHss (POHTA BOJHEI
HaTPsHDKEHHOCTH MAarHUTHOTO M DJIEKTPUYECKOTO TOJS B UIMHHOW JWHUHU. Tam, He
mpuberass K ypaBHeHHAM MakcBeiuia, OBIIO TOKa3aHO, YTO  DJICKTPUYECKOE U
MarHUTHOE TI0JI€ PACTIPOCTPAHSIOTCS ¢ KOHEYHOW CKOPOCTBIO, KOTOpas B BaKyyMHOM

r
JIMHUM paBHA cKopocTH cBeta. ClienoBaTeNbHO, TaKKe TI0JIS 3aIa3IbIBAIOT Ha BPeMs z
. Takoe >xe 3ama3gpIBaHWE BBOAWM B JAHHOM CIydae W [UIS CKaJISIPHO-BEKTOPHOTO
MIOTEHINalIa, KOTOPBIH SBISETCS HOCHTENIEM 3JIEKTPHUYECKUX TIOJIeH.

Hcnonb3yst COOTHOIIEHHE E= —grad @(r,t), waiiném none B Touke 1 (puc. 14) .

['paJMeHT YMCIIOBOTO 3HAYECHHUS Paryca BEKTOpA 7 €CTh CKAIApHas QYHKIHS JBYX
TOYEK: HayaJIbHOM TOUKU pajiyca BEKTOpa U €ro KOHEUYHOH TOYKH (B AaHHOM CIlydae
9T0 Touka 1 Ha ocu X u Touka (0 B Hayayie koopauHat). Touka 1 sBisieTcs TOYKOM
UCTOKA, a Touka 0 - Toukol HabmromeHus. Ilpu onpeneneHuy rpagueHTa oT GYHKIUH,
coJieprKallel paguyc B 3aBHCHMOCTH OT YCIIOBHI 3aauil HEOOXOIUMO pa3iniaTh JBa
ciyuast: 1) Touka ucToka (MKCMpOBaHa M 7 paccMaTpuBaeTcsl Kak (yHKIHUs
TNOJIOKECHHS TOYKM HAONIOICHHS; M 2) Toduka HabmrojieHuss (MKCMpoBaHA M 7
paccMmarpuBaeTcst Kak (OyHKIUSI TOJI0KEHHsI TOUYKH HCTOKA.
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Ya

L v, ()

V A Ey (t)

@

Puc. 14. Cxema ¢popMupoBaHUSI HHAYIIMPOBAHHOTO AIEKTPHICCKOTO TIOJIA.

Bynem cuutaTh, 4TO 3apsme coBepluaeT KojeOaTeIbHOe ABHKCHUE BIONb OCH ),
B OKpecTHOCTU ToukH 0, KOTOpas SBISETCS TOUKOH HaOMIOAEHUS, a TOYKOW HCTOKa

ABJseTcs (UKCHPOBAHHAs Touka | M 7 paccMaTpuBaeTcs Kak (DyHKIHUS IOJIOKEHHS
3apsazna. Toraa 3HaUeHHE HIEKTPUIECKOrO MO B TOUKE 1 3anHIIeM:

o [0
0@, (r,t) 0 e ’ c
E,(=-200

ay Ay 4re,r(y,1) ch c

Ilpn ycnoBuum, 4Yro amIUIMTYAa KojeOaHWMI 3apsna 3HAYUTENILHO MEHbBIIE, 4YeM
paccTosiHMe 10 TOYKH HAOIIOACHHS, MOXXHO CUUTATh PAJAUyC BEKTOP MOCTOSHHAS
BesinduHa. [Ipy 3TOM yciioBuu moirydaem:

X X
v | t—= v |t==
e Y c

E (x,t)=— proee. e sh c , (5.2)

rae X - Kakas-To Q)HKCHPOBaHHaH TOYKa HA OCH X .
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X X X
aVy (f _CJ aVy (l‘ _Cj at _ avy (f _Cj 1

YuureiBas, 4To = -

ay ot dy ot ( xj
Vy Z‘—E

u3 (5.2) momyuaem:

{ v, (t_)cCJ vv(t—)ch
e )
E (x,0)= h . (5.3)

9TO M €CTh MOJIHBIA 3aKOH H3JIYy4YCHUS ABUKYIICTOCH 3apsa.

y X
v, c
Eciu B34Th TOJIBKO NEPBHIN WIEH Pa3IoKeHus sh—————=
c

X X
8vy == ea,|t—"
e c c
E (x,t)=- =—

472'8002x ot 47Z€OC2X

, To u3 (5.3) momyaum

, 5.4

X
rie a, (t——} - 3ama3/pIBaloOIee YCKOPEHHE 3apsia. DTO COOTHOIICHUE SBISCTCS
c

BOJIHOBbIM YpaBHCHHEM W OHNPCACIACT KaK aMIUIMTyJHbIC, TaK H (ba30131)1e
XapaKTCPUCTUKH BOJIHBI JICKTPUYCCKOIO I0JIA, U3JTy4aCMOI0o ABMKYIIUMCHA 3apaa0M.

Ecnu B xauecTBe HalpaBJICHUA U3TTYUYCHUA B3SATbh BEKTOP, nemamnﬁ B IINIOCKOCTH xy,

U COCTaBIIAIOIIUN € OCbIO ) yros (¥, To cooTHouleHue (5.4) IpUHUMAET BUI;
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X)) .
ea | t—— |sma
Y c

E (x,t,0)=— (5.5)

Ame,c’x

CootHomenue (5.5) onpenenseT quarpaMMy HalpaBJIeHHOCTH W3TydeHus. I1ocKonbKy
B JAaHHOM CIllyyae €CTb OCeBas CHMMETpPUS OTHOCHUTEIBHO OCH ), TO MOXHO

BBIYUCJIUTh MNOJIHYIO JUAarpaMmMy HalpaBJICHHOCTU PACCMOTPEHHOI'O MU3JIy4aTcClis. OTa
JuarpaMma COOTBETCTBYCT AUarpaMMe HallpaBJICHHOCTU JUITIOJIbHOT'O U3J1y4aTCIid.

X
ev_| t——

c X
[Mockonbky ———= = A, | t —— | - 3ana3abIBAIOIINIA BEKTOPHBIA [TOTEHIKA,
Arx A c

TO COOTHOIICHHUE (5.5) MOXKHO MepenucaTh

X | . X X
eay t_z SiInox 1 aAH t_z aAH t_z

Ey (xﬂ t’ a) =-

I
I
o
(S}
Q)
~
|
=
Q)
~

dre,c’x

OnATh MOJIy4eHO MOJHOE COBMAJIEHUE C YPABHEHHSIMH 3ama3 bIBAlOIIEr0 BEKTOPHOTO
MOTEHI[Maja B KJIACCUYECKOW 3JIEKTPOJWHAMHUKH, HO BEKTOPHBIN MOTEHIMAN BBEIAEH
31eCh HE 3BPUCTUYCCKMM (DEHOMEHOJOTHUECKUM CIIOCOOOM, a C HCIIOJb30BAaHUEM
MOHSTHSI 3aIla3/IbIBAIOIIETO0 CKASIPHO-BEKTOPHOTO MOTeHuuana. HyXHO OTMETHUTH
OTHO BaXXHOE OOCTOSTENBCTBO: B YpaBHEHHSX MaKCBeIUIa SIIEKTPHUYCCKHE ITOJIA,
[IPECTaBISAIOUINE BOJIHY, BUXPEBbIE. B TaHHOM ke cilydae 3JeKTpUUYECKUE MOl HOCAT
rpaluEHTHBINA XapakTep.

ITponemoHcTpUpyeM emmé 0Hy BO3MOXKHOCTH, KOTOPYIO OTKPBIBAE€T COOTHOIIECHHE
(5.5). UzBectHo, YTO B DSNEKTPOAWHAMHUKE CYIIECTBYET TaKO€ TIIOHATHE, Kak
JNEKTPUYECKUH JUIONb M JMIIOJIBHOE M3ITydeHHe, KOT/a 3apsbl, KojeOuomuecs B
SNEKTPUUECKOM JHUIOJE, W3Iy4aloT 3JIeKTPOMAarHUTHbBIE BOJHBL.  J[Ba 3apsma ¢
MPOTUBOIOJIOKHBIMY 3HAKaMU UMEIOT JUIOJIbHBIN MOMEHT:

p=ed, (5.6)

Tae BEKTOpP d HanpasJICH OT OTPULATCIIBHOT'O 3apsi/ia K MHOJIOXUTCIbHOMY. HOSTOMY
TOK MOJKET OBITh BBIPAXKEH, YEPE3 MPOU3BOJHYIO JUITOJIBHOTO MOMECHTA IO BPEMEHU



CrnenoBaTesbHO

Ioxcrasmsist naHHOE COOTHOIICHNE B BEIpakeHue (18.5), momydaeM 3aKOH H3ITy4ICHUS
KOJIEOJIFOIIIETOCS TATIOIS.

2 r
1 O P(f_z).

Fo-
drre,c’ oF

(5.7)

DTO TaKke 0YeHb XOPOIIO U3BECTHOE COOTHOIIeHHE [1].

Takum oOpazom, B mpolecce KoyiebaHHs 3JIEKTPUYECKOTO JUIOJS CO3JAF0TCs
JNIEKTPUYECKHE TOJS JBYX BHUAOB. BO-TEpBBIX, 3TO 3JEKTPUYECKHE HHIYKIMOHHBIE
MOJIST M3YYEHHUs, TIPEe/ICTaBIIsIeMble cOOTHOIeHusIMHE (5.4), (5.5) u (5.6), cBs3aHHbBIE C
yckopeHueM 3apsga. C  Apyroit CTOpOHBI, BOKpPYr KOJEONIOMIErocs WMo
00pazyroTcsl 3JEKTPUYECKUE TOJISl CTATHYECKOTO JHIIONS, KOTOPhIe MU3MEHSIOTCS BO
BPEMEHU B CBSI3H C TEM, YTO PACCTOSHUE MEXKAY 3apsAAaMH 3aBHCHUT OT BPEMEHHU.
WMeHHO 3Heprus 3THX MoJeHd /i CBOOOIHO KOJIEOIIOIErocs AUTIONS U PACXOyeTCs
Ha u3nydeHue. CymMmapHOe K¢ 3HAYCHHE IOJII BOKPYT TaKOTO IUIONS B ITFO0OI
MOMEHT BPEMEHH OIPEACISIOT KaK CYIEPIO3UIMI0 TOJeH CTATUYECKOro IMIONS U
MOJIEH N3ITydYeHus.

3akonsl (5.4), (5.5), (5.7) - 3TO 3aKOHBI MPSIMOTO AEHCTBUS, B KOTOPHIX yXKe HET
HU MarHWTHBIX II0JIeH, HU BEKTOPHBIX MOTEHIUAJIOB. T.e. Te CTPOMTEJIBHBIC Jieca,
KOTOPBIMH SIBJSZIUCh MarHUTHOE I10JIE€ M MarHUTHBIH BEKTOPHBIA IMOTEHIHAJ, YKe
CHSITBI ¥ OHU HaM OOJIbIIE HE HY)KHBI.

Hcnonp3ys cooTHomieHHE (5.5) MOXKHO TIOJNyYUTh  3aKOHBI OTPAXKCHUS U
paccenBaHMs Kak ISl OJMHOYHBIX 3aps/iOB, TaK M, Ui JIIOOOTO MX KojmdyecTBa. Ecnn
KakoW-1m0o 3apsii WIM Tpynna 3apsIoB IOJBEpPraioTcs JACHCTBUIO BHEIIHETO
(CTOpPOHHEr0) 3JIEKTPHYECKOTO IIONs, TO TAKWe 3apsibl HAYWHAIOT OCYLIECTBIATH
BBIHY)KACHHOE  JTIBIDKCHHE, W KKABIA M3 HUX H3JIy4aeT ICKTPUYECKHE IO B
COOTBETCTBUH ¢ cooTHomeHneM (5.5). Cynepno3unusi 3JIEKTPHYECKUX TIOJNEH,

M3JTy4aeMbIX BCEMH 3apsiiaMHy, SBISIETCS JEKTPUUECKOM BOTHOM.
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v ’ ’ .
Ecnn Ha 3apsajn JeficTByeT cTopoHHee anekTpuyeckoe none E| = E  sin@r, to

YCKOPEHHME 3apsiia ONpeIeNoT KaK:
e :
a=——FE sinwt.
m V

C yu€tom 3T0r0 CoOoTHOIIEHHE (5.5) MPUHUMAET BHU]

2 .
e” sina : x, K . X
E,(x,t,0)=———FE, sina(t—=)=—E;sina(t—=>), (5.8)
dre,comx - c X ¢
2 .
e smo
rae  xodpdumuent K = — MOXeT OBITh Ha3BaH KO3()(UIIECHTOM
4re,c'm

paccenBaHMA (NEPEM3IYYEHHUs) OAMHOYHOTO 3apsga B 3aJaHHOM HaIlpaBJIECHUH,
MOCKOJIBKY OH OIPEZEIsIET CIIOCOOHOCTD 3apsiia NepEen3IydaTh ISHCTBYIOIIEE Ha HETO
BHEIITHEE IEKTPUUECKOE IOJIE.

Boure anexTprdeckoro mouts (5.5) COmyTCTBYeT BOJIHA TOKA CMEIICHHUS:

2 X
v |t——
c

y

: _ _0E,  esina
T P M Y

Ecnmu  3apsn  ocymiecTBiseT CBOE JBIDKEHHE IO BO3ICHCTBHEM CTOPOHHETO
’ , . o
anektpudeckoro noms £ =FE SIN@f, To TOK CMemeHHs B JanbHeil 30HE

3aIlIMChIBAIOT:

2

e w , X
——Ecosw t—; ) (5.9

i (x,t)=—
]y( ) drc mx

CyMMapHas BOJIHA, KOTOpas MPEJCTaBISET PaclpOCTPaHEHUE DIEKTPHUYECKUX IOJIeH
(5.8) 1 ToxoB cMemieHus (5.9), MokeT OBITh Ha3BaHA JIEKTPOTOKOBOH. B 3TOI BotHE

; %
TOK CMCHICHHUSA OTCTACT OT BOJIHBI DJICKTPUYICCKOIO IOJIA Ha 3 .

HapaHHeJ'ILHO C JJICKTPUYCCKHMMH BOJIHAMH MOKHO BBECTH MArnvTHBLIC BOJIHBI, €CJIN
IOJIOXKHUTH, YTO

- E .
j=80§=r0tH, (18.16)
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divH =0

BBenénHoe takuM 00pazoM MarHUTHOE IoJjie siBisieTcst BUXpeBbiM. CpaBHuBas (5.9) n
(5.10) momygaem:

oH (x,t) e’ sina X
(1) _ ——FE’ cosm| t ——
ox e mx - c

I/IHTCFpprH 9TO COOTHOIIECHUE 11O KOOpAWHATEC, HAaXOJWM 3HAYCHUC MArHUTHOI'O IMOJIA

2 .
e smo ., . X
HZ(X,t)ZWEVOSIDC() l—z . (5.11)

Takum o6pazoMm, cootHomeHus (5.8), (5.9) u (5.11) moryr OBITH Ha3BaHEI
3aKOHAMH JJICKTPO-3JICKTPUYCCKOH MHIYKIMH, T.K. JAIOT HEMOCPEICTBEHHYIO CBS3b
MEXAY MpPUKIAJbIBAEMBIME K 3apsly CTOPOHHMMH OJIEKTPUYECKHMH TMOJISIMH |
MOJSIMU Y TOKaMH MHIYLIUPYEMBIMU 3TUM 3apsJIOM B €ro okpecTHocTH. CaM xe 3apsj
BBICTYIIaeT B JAHHOM Cclly4ae B POJIHM TpaHc(opmaTopa, 00ECIIEUUBAIOIIETO TaKOEe
npeusTydyeHue. MarHuTHoe IoJe, KOTOPOE MOXKHO BBIYUCIHTH IPU  ITOMOLIH
cooTtHommeHus (5.11), HampaBieHO HOPMAalbHO M K JIIEKTPUYECKOMY MO0 U K
HAaIIPaBJICHUIO PACIPOCTPAHEHHs, & UX OTHOIICHHE B KaKAOHW TOYKE NPOCTPAHCTBA
COCTaBJISIET:

Ey(x,t):L: 4 _,
H_(x,t) &gc \¢g ’

rac Z - BOJIHOBOC COITPOTUBJICHUEC CBOGOI[HOFO MPOCTPAHCTBA.

Bonnosoe COIMIPOTUBJICHUE OIPEACIACT AKTHBHYIO MOIIMHOCTH TIOTEPHL Ha
G,E[I/IHH‘IHOﬁ IJIOIIAaaKE, paCHOHO)KCHHOﬁ HOpMaJIbHO K HarpaBJICHUIO
pacrpoCTpaHCHUA BOJIHBI:

Q-
P= EZE 50
IToaToMy 31MeKTPOTOKOBAsI BOJIHA, TIEpEceKas TaKyro IUIOIAKY, IEPEHOCUT depe3 Heé
MOIIIHOCTb, OMPEENAEMYI0 JaHHBIM COOTHOIICHHWEM, YTO HAaXOJUTCS B COTJIACHH C
TeopeMoil [IoMHTHHTra O MOTOKE MOIIHOCTH 3JIEKTPOMAarHUTHON BONHBI. [loaTomy, 1uist
HaXOXXIEHHUS  BCeX  IapaMeTpoB,  XapaKTEepU3YIOIIMX  BOJHOBOW  MpoIiecc,
pactpocTpaHeHHs ¥ TepeHoca SHEeprHuM TOCPEACTBOM  IOJeH, IOCTaTOYHO
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pacCMOTPEHUA JINIIb 3HCKTp0TOKOBOﬁ BOJIHBI U 3HAHHA BOJIHOBOI'O COIIPOTHUBIICHUSA
CpEabI. HpI/I 9TOM COBCEM HE 00513aTeIIbHO BBOJHTH TAKOC IIOHATHUC, KaK «MAarHUTHOC
IIOJIE» U €ro BCKTOpHHﬁ IDOTCHIHAJI, XOTA HHYCro HE3aKOHHOTO B OTOM HCET. B Takoit
IIOCTAaHOBKE COOTHOIIECHHA, IMOJYYCHHBIC U DJIEKTPUYCCKOTO W MAarHMTHOIO IIOJIA,
IMOJIHOCTBIO YIOBJICTBOPSAIOT TCOPCMEC FCHLMFOHLHa. OTta TCOpEMaA I'JIaCUT, YTO BCAKOC

OJIHO3HAYHOE M HENpPEPBIBHOE BEKTOpHOE Toie F', obpamaionieecs B HOIb B
0ECKOHEYHOCTH, MOXKET OBbITh NPENCTABICHO, U TPUTOM EIMHCTBEHHBIM 00pa3oM, B
BUJIE CyMMBI I'PaJMCHTa HEKOTOPOH CKASIPHOM (YHKLIMHM ¢ U  POTOpa HEKOTOPOH

BekTopHO# GyHKipu C , [UBEpreHiust KOTOPOi paBHa HYIIO:
F = gradp+ rotC,

divC =0.

CrnenoBarenbHO, JOMDKHO CYIIECTBOBATh YETKOE pa3/eieHUE MOJIei Ha rpaJlueHTHEIE
U BUXpeBble. BUIHO, UTO B MOJYYEHHBIX BBIPAKEHHUAX Uil UHIYLHUPYEMBIX HOJIEH
TaKkoe pasfielieHue UMeeTcs. DIEeKTPUUECKHe MOJIl HOCAT T'paJueHTHBIA XxapakTep, a
MarHUTHBIE — BUXPEBOIL.

TakuM 00pa3oM, MOCTPOEHHE 3JICKTPOAMHAMHUKH HY)XHO OBIIO HAdyMHATH C
MPHU3HAHUSA 3aBUCHUMOCTH CKAJSIPHOTO MOTEHIMAJA OT CKOPOCTH, KaK ATO TpeAsIaral
Bebep. Ho B TOM-TO 1 z1e510, 4TO MPHpPOJa OYCHD IIyOOKO MPSYET CBOU CEKPETHI, H,
4TOOBI MPUITH K TAKOMY ITPOCTOMY BBIBOJLY, IPHIILIOCH NPOWUTH MYyTh JUIMHOH MOYTH
B JIBa CTOJNETHS. MeTalndecKkue ONMIKH, KOTOPBIE TaK APYXKHO BBICTPaMBAIIUChH
BOKpYT' IIOJIFOCOB MAarHuTa, NpsIMbIM 00pa3oM YyKa3bIBall Ha HAJIUYUE KaKHX-TO
CHJIOBBIX TIOJIEH MOTEHIMAIBHOTO XapakTepa, HO Ha 3TO He OOpaTHiIM BHUMaHWUS,
IOPTOMY M OKa3ajoch, YTO BCE pa3MIAfenud TOJbKO BEpXYIIKy aiicoOepra,
3HAUUTEIbHAA YaCTh KOTOPOrO OCTaBaJIaCh HEBUAMMOM MOUYTH JBECTU JIET.

C y4€TOM BCEro CKa3aHHOIO CIEAyeT I0JIaraTh, YTO B OCHOBE MOJABIISIOLIETO

OOJIBIIIMHCTBA CTAaTHUYECKUX H JUHAMHWYCCKUX SIBJICHUM B QJICKTPOAMHAMUKE JIC)KUT
onHa eauHCTBeHHas (opmyna (5.1), mpenmosararorias 3aBUCHMOCTh CKAJISIPHOIO
MOTEeHIMaa 3apsijia OT CKOPOCTH €ro IBIXeHUs. M3 He€ cienyer M craTHueckoe
B3aUMOJICHCTBUE 3apsiloB, W 3aKOHbI  CHJIOBOTO B3aMMOJICHCTBHS B Cilydyae HX
B3aMMHOTO JBIDKCHHMS, W  3aKOHBl M3JIyYeHUS M pacceuBaHMs. Takodl mMomxox
HO3BOJWJI OOBSICHUTH C IO3ULMH KIACCHYECKOH BIEKTPOJHHAMHUKH CIIEIYIOLIHE
sapreHns: (azoBast abepparysi u monepedHsiid 3¢gdexr omnepa, KOTOpEIe B paMKax
CYIIECTBYIOIIEH KJIACCHYECKOH DJIEKTPOAMHAMUKHN OOBsicHeHHs He Haxoawnu. [locie
BCET0 CKAa3aHHOTO MOXKHO CHSTH CTPOMTEINIBHBIE Jieca, TaKHe KaK MAarHWTHOE ITI0JIe U
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MarHUTHBIN BeKTOpHBII\/’I MOTECHIIMAJI, KOTOPBIC HE IMO3BOJIAIOT BOT YK€ IOYTHU JABCCTU
JIET YBUJAETH 3JaHUEC DJICKTPOJUHAMUKA BO BCEM €ro BEJIUYMHU U Kpacote.

6. PeBoTIonIMA B KIACCHYECKOM 3JIEKTPOAMHAMUKE.

A Temepb MBI JIOJDKHBI OTBETHUTH Ha BOIMPOC, KOTOPHIA COJEPKUTCS B 3arjaBUU
KHUTH, TaK, BCE-TaKM, MAarHUTHOE II0JIE 3TO MAaTepUalbHAs CyOCTAaHIUS WA
MaTeMaTUYEeCKHUI BBIMBICE.

BekTopHbIli  aHanuM3 SBISETCS OCHOBHBIM  MaTEMaTH4eCKUM  amlapaTom,
UCIIOJIb3yEMBIM B 3JICKTPOJAMHAMHUKe. Takue BEKTOpPHbIE BEJIMYHMHBI, KaK CHIIA,
CKOPOCTb, YCKOpDEHHE, JJICKTPUYECKOEe II0Jie M TOK XOpOIIO JEeMOHCTPUDPYIOT
¢usnueckuit xapaktep 3TuX BennunH. OJHAKO NPH HCIOJIB30BAHUHM BEKTOPHOTO
anmaparta A OmucaHus (U3WYECKHMX IPOIECCOB BBOAATCS M TakHE BEKTOpa,
KOTOpBIE HE OTPaKaroT (PU3NYECKON CYIIHOCTH TEX IIPOIECCOB, KOTOPHIC OHH
OIMCHIBAIOT, 4 BBOAATCS IO JOTOBOPEHHOCTH. Takwe BEKTOPbI OyJIeM Ha3bIBaTh
BeKTOpamu-(anToMaMH. [IpuBenémM HECKOIBKO ITPUMEPOB.

Ecnu nmeercst nuck, BpallaloIIMKCs € YIJIOBOM CKOPOCTBIO (U, TO 3TOT MPOLECC
M300pakaroT B KAUECTBE BEKTOPA, KOTOPHIH COBIAJACT C OCHIO BpAICHHS JUCKA U
onupaercs Ha ero HeHTp. CrnpammBaeTcs, CylIeCTBYET JH TaKOH BEKTOp Ha CaMOM
Jlefie ¥ 4TO OH mpencTanisier? HeT coMHeHHs B TOM, YTO MO JOTOBOPEHHOCTH TaKOH
BEKTOpP MOXXHO BBECTH, HO KaKOTO-THOO (PH3MUYECKOTO CMBICTA, Kak, HalpuMep,
BEKTOpP CKOPOCTH, OH HE HuMeeT. TakuM TOYHO 0O0pa3oM BBOJIUTCS BEKTOP
MEXaHHYECKOTO0 MOMEHTa. OJTOT BEKTOp TOXE COBMAJaeT C OChIO BpalleHUs,
OHI/IpaeTCH Ha HeHTp IIJIOCKOCTHU BpaL[ICHI/ISI nu paBeH HpOI/I3B€JIeHI/IIO pa)manLHoﬁ
ckopocth Ha pazaumyc. [lomoOHBIM 00pa3oM BBOAWUTCS W BEKTOp MAarHUTHOTO
IUTONBHOTO MOMEHTa, KOTOPBIA IUII KPYTOBOTO TOKa paBeH IIPOU3BEIICHHIO
BEJIMYMHBI TOKa Ha IUIOMANb OOTEKAaeMOT0 TOKOM Kpyra. DTOT BEKTOP COBIANACT C
OCBI0 BpAaIICHWS Kpyra W ONHpaeTcs Ha ero IUockocts. Ho kakoro-mmbo
(hPM3UYIECKOTO CMBICTIA 3TH BEKTOPa HE UMCIOT.

BcnomHanM, 9TO Takoe BEKTOP, MPEACTABISIOMNN POTOP. DTOT BEKTOP BBOAUTCS
CJIEYIONIM 00pa3oM
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T ox dy oz
a a a

YToObl BBISCHUTh T'€OMETPUYCCKHH CMBICI POTOpa PAacCMOTPUM  TBEPIOE TEJO,
KOTOpO€ BpALLAETCS C YIVIOBOM CKOPOCTbIO (V) BOKpYr ocu z. Torma nuHeiHas

CKOPOCTb Teia V B Touke (X, ) ,z) OyIeT YucIeHHO paBHa

v=r=oyx’+y°,

a cjararonye e€ 1Mo ocsM, JJIsl IPAaBOBHHTOBOM CUCTEMBI KOOPIUHAT, OyAyT PaBHBI

Crararorme BeKTopa #0f V IIpH 3TOM OINPEAEIIATHCS COOTHOIICHUSIMHE:
rotv=rot,y=0

v, v
roty=————===2

ox dy

1 cHoBa NOJIyUCH BCKTOP, HaHpaBJ’ICHHLIﬁ napajjiejibHO OCH BpallCHUA
HOpMaJ’ILHLIfI K TIUIOCKOCTH  BpalllCHUA. 2TOT BCKTOP TOXC BBOJUTCA
Z[OFOBOpéHHOCTI/I M KaKoro-auoo (1)1/131/11{601(01“0 CMBICJIa HC UMECCT.

Te xe PacCyxACHNUA MOKHO PACIIPOCTPAHUTL U Ha BEKTOPHOC NPOU3BCACHUC.

n
1o

Takum 06p330M, npu HMCIOJB30BAHUU BCKTOPHOI'O0 HCYUCICHUA U1 OIMMCAaHU
(1)I/IBI/I‘I€CKI/IX SIBIICHHUI BBOJATCS ABa THIIa BEKTOPOB. HepBLIﬁ N3 HUX MNPEACTABIIACT
pCalibHbIC (I)I/I3I/I‘JCCKI/IG BCKTOpPA, KOTOPLIC XAPAKTCPUZYIOT CaMy (1)H3I/I‘{eCKyIO
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BEIMYUHY C y4€TOM €€ BeNMYMHBI U HalpaBleHHA (HaIpuMep, BEKTOpa CHIIBI,
CKOPOCTH, YCKOPEHHMSI, HANPSDKEHHOCTH 3JEKTPHYECKOro IO U Toka). Jpyras xe
KaTeropusi BEKTOPOB — 3TO T€ BEKTOPA, KOTOPBIE MOXHO MPEICTaBUTh C MOMOILBIO
oTepalii poTOpa MM BEKTOPHOTO TNPOM3BENCHUS. OJTH (U3MUYECKHE BEKTOpa HE
NPE/ACTABISIIOT (U3MYECKUE BEIWYMHBI M BBOZSTCS MO JIOTOBOPEHHOCTH, SIBIISSICH
BeKTOpamu-(anToMaMH. VIMEHHO K BEKTOPY TakOro THIIAa U OTHOCHUTCS MarHUTHOE
noJe.

MarsuTtHoOe 1moJie BBOJAT HUJIK ITPU IOMOILIX POTOPA JICKTPUYECKOT'O I1OJIA

oH -
—=——rotk,
ot
HJIKM KaK pOTOpP BEKTOPHOI'O MOTCHIHAJIa
H= rotZH.

DT0 o03HayaeT, YTO MArHUTHOE TIIOJ€ HE SABIIETCA (PU3MYSCKHM TOJEeM, a
MPE/ICTABISIET HEKUil BEKTOPHBIA CHMBOJI, KOTOPBIA BBOJST MO TOTOBOPEHHOCTH H
(hU3UUECKOro CMBICTIA HE UMEET.

Uro xe mpomcxomut namee? [lpm 3ammcu ypaBHeHHW MakcBeisia poTOp OT
MarHUTHOTO ITOJIS IPUPABHUBAIOT ITOJTHOMY TOKY

rotH = jz

U TOIy4aeTcsl TaK, 4YTO POTOP OT BEKTOpPa, KOTOPBIH BBOAST MO JOTOBOPEHHOCTH,
JIaéT peanbHbI (usnmdeckuii BekTop. TakuM 00pa3oM, BEKTOp MAarHUTHOTO IIOJIS
MPE/ICTABISIET TUITMYHBIA BEKTOP-(PaHTOM.

Mosxno mnpuBectu u apyrod npumep. Cuiy JlopeHna, AeicTByroImyro Ha
JBIDKYILUNCS 3apsif, ONPENeNsoT BEKTOPHBIM NPOU3BEJECHUEM PEAbHOIO BEKTOpa
CKOPOCTH ¥ MarHUTHOT'O TTOJIA:

ﬁ:u[ﬁxf[]

OnsTh NOMYYaeTCs TaK, YTO OIepanys BEKTOPHOTO MPOU3BEACHH, KOTOpas cama o
cebe (usnueckoro cmbIciia HE HMEET, ACUCTBYsT Ha BEKTOp, HE HMMEIOIIUH
(u3nueckoro cmpicia, 1a€T peasibHyI0 (U3NYECKYIO crily ¢ YU4ETOM e€ BEIWYMHBI U
HarpaejeHus. B 3TOM M cOCTOMT OCOOCHHOCTH BBEJEHHS BEKTOPOB (PaHTOMOB B
BEKTOPHOM HcUHCIeHUH. Eciau mocMoTperh Ha MaTeMaTH4YecKuil anmapar (U3HKH
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MPUMEHHUTEIBHO K BEKTOPHOMY HCYMCICHHIO, TO OKAa3bIBAeTCS, YTO ITOT ammapar
MPE/ICTABISIET CMECh PEATBHBIX (PM3HYECKUX BEKTOPOB M BEKTOPOB (JaHTOMOB.

Ho Torama Bo3HHKAaeT BOMPOC, a MOXKHO JM BOOOIINE HCKIIIOYMTH K3 00MXO0ma
BEKTOPHI-(D)aHTOMBI, KOTOpPBIE BBOAAT TONBKO IO JOTOBOPEHHOCTH W MOCTPOUTH
SIEKTPOJUHAMUKY 0€3 X MCHOIh30BaHMUs. Beimie ObU10 yOenuTenbHO MOKa3aHo, YTO
BCS DJICKTPOJTMHAMUKA MOXKET OBITH TIOCTPOCHA 03 MCITOIB30BAHUS TAKOTO TTOHITHS
Kak MarHutHoe mojie. [Ipu 3ToM B €€ OCHOBY JOJIKHBI OBITH IOJIOXKCHBI TAaKHE
(yHIAMCHTANBHBIC TOHSATHS Kak JJCKTPUYECKOE IIOJie, KOTOpPOE  SIBISACTCS
TPaIEHTOM CKAaJIIPHOTO MOTEHIMAIa, a TAKKe BEKTOPHBIM MOTEHIUAN, NPUIHHON
MOSIBJICHUSI KOTOPOTO €CTh 3aBUCHUMOCTH CKaJSIpHOTO [MOTEHLMajda 3apsiia oT
CKOPOCTH €ro OTHOCHUTENBHOTO IBMKEHHS. TakoW MOAXO - 3TO PEBOJIOLHUSA B
KJIACCUYECKOH  DIIEKTPOJUHAMUKE. OH CTaBUT BO TIJIaBy KJIACCHYECKOM
ANEKTPOANHAMUKY CKaJSIPHBIN MOTEHIIHANT 3apsiia U €T0 3aBUCUMOCTh OT CKOPOCTH M
JUIIACT MArHUTHOE I0Jie TMpaB (U3UYECKOrO IO, a TakKe HCKIFYaeT
HeoOxomuMmocTh ucnonb3oBanne CTO, T.K. Bce CYIICCTBYIOIIHE SIBICHHUS B
JNEKTPOJMHAMUKE HaXOAT CBOE 0OBsICHEHHE Oe3 €€ MCIIOb30BaHMS.

[ToHsATHE MarHWTHOTO MOJS KaK peabHOTO BEKTOpa CYLIECTBYET ¢ TeX IOp, Kak
yu€HbIE 3aMETHJIM, CKOJIb OPTaHM30BAaHHO BEIyT ceOs JKEJIe3HBbIC OIMIKU BOJIM3H
MarHuTOB MJIM KOJIBLEBBIX TOKOB. Takoe NX IMOBEJCHNE KA3aJI0Ch MOYTH OYCBHIHBIM
CJICZICTBHEM HAJIMYHMS KAKOTO-TO CHIIOBOTO BEKTOpa, AEHCTBYIOLIETO Ha HUX. VI Takum
BEKTOPOM OBLIO NMPH3HAHO MarHuTHOE moJjie. OKa3blBaeTCsi, YTO TAKOE IMOBEICHUEC
JKEJIE3HBIX ONWJIOK CBSI3aHO  HE C CYyNIECTBOBAaHMEM MArHUTHOTO TIONS Kak
(pM3MUECKOTO MaTepUaIbHOrO MOJs, a C TEM, YTO TOKM OOJIaJaloT MOTEHLIUAIbHOM
SHEpPTuel IO OTHOLICHHUIO IPYTY K APYTY, M 3Ta SHEPTHUs AJIs Ciiydas YCTOHYMBOTO
paBHOBECHSI BCETJa CTPEMUTCS K MUHUMYMY. VIMEHHO 1O 3TOi IPHYMHE >KENe3HbIC
ONWJIKK U BEOYyT ceOsl TakuM o0pa3oM. A MarHMTHOE IOJIE€ OKa3aJoCh BCETO JIMIIb
MaTEeMaTHYECKOW BBIITyMKOH, 0€3 KOTOPOH MOKET OBITh MOCTPOEHA BCA KIIacCHIeCKast
JJIEKTPOJMHAMIKA. B CBS3M ¢ yKa3aHHBIM MOXHO 3aKJIIOYHTh, YTO C TOSBICHHEM
pabdor [4-15] m nanHOW MoOHOTrpadMM 3aKOHYWICS OYEHb BAXHBIH M OYEHb
NPOTUBOPEUYMBBIA 3Tall B pa3sBUTUM COBPEMEHHOH (M3MKHM, W TIiepen Her
OTKpPBIBAIOTCSl HOBBbIE TOpW30HTHL. Ho ast atoro nonamobunocs Gonee 200 et
KPOIOTJIMBOIO TPyAa CO BCEMH ero omubOkamu M npoTuBopeuusiMu. Ho ucropus
(hM3MKH M POrpecca HAyKU TOBOPUT HAM O TOM, YTO TAKUE COOBITHS HE MOT'YT OBITh
OCO3HAHHBI OOIIECTBOM Cpasy, Tak ObuI0 ¢ JKopaano BpyHo, Tak Obuto ¢ [Manmueem,
Tak 66110 ¢ Komepaukom.

Bce 3ameuanus U nokenaHus 1O JI@aHHOM MOHOrpaduH cileayeT IMOChUIaTh MO
agpecy mende fedor@mil.ru .
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