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1. DaexkTpocTaTHyecKoe 1moJjie B BAKyyme

1.1. TeopeTnueckuii MaTepuaJl

DJIGKTPUYECKUN  3apsii  YacTUIbl  SIBJISIETCA  OJHOM
U3 €€ OCHOBHBIX XapaKTEPUCTHK. EMy INpuCylid cleayrolmue
¢dbyHaaMeHTanbHbIE CBOWCTBA:

1) 3apsim cyiiecTByeT B JABYX BHIAaX: KaK ITOJIOKHTEIIbHBIN,
TaK U OTPULATEIIbHBIN;

2) B 000H  DICKTPHYCCKH  M30JUPOBAHHONW  CHCTEME
anrebpanyeckas cymMma  3apsAI0oB HE  HM3MEHseTcH,
3TO YTBEPKACHHUE BBIPAKAET 3aKOH COXPAHEHUS 3apsA/ia;

3) 3zapsn SIBJISIETCS PENSATUBUCTKHI VHBAapUAHTHBIM:
€ro BEJIMYMHA HE 3aBUCUT OT CHUCTEMbI OTCUéTa, a 3HAYUT,
HE 3aBUCHUT OT TOTO, JIBMXKETCSI OH WUJTU TTOKOUTCS;

4) 3aps AMCKPETEH, T. €. 3apsijl JII0OOT0 Tea COCTABIISET LEJI0e
KpaTHOEe OT »JeMeHTapHoro 3apsja e (e = 1.6 - 1071 Kn).
DJIEKTPOH U MPOTOH SBJSIOTCS HOCUTEIISIMH DJIEMEHTAPHBIX
OTPHUIIATEITEHOTO u MOJIOKUTETHLHOTO 3apsi/ioB,
COOTBETCTBEHHO.

Enununeit 3apsaa sensercs kynoH (Ki).

ToueuHbIM Ha3bIBAETCA 3apsi, COCPEIOTOUEHHBIN Ha TeIe,
JUHEHHBIE  pa3Mephl  KOTOPOTO  MPEHEOPEeKUMO  Majbl
M0 CPaBHEHUIO C PACCTOSHUEM [0 NPYTUX 3apsiKEHHBIX Te,
C KOTOPBIMU OH B3aWMO/ICHCTBYET.

3akoH Kynona: Monynb CHIIbl B3aMMOACHCTBHS F Mexay
JBYMsI HEMOABUKHBIMH TOYEYHBIMU 3aps/ilaMU, HAXOMSIIUMUCS
B BaKkyyMe, MPOMOPIHOHAIECH 3apsigaM ¢; U ¢, U 0OpaTHO
MPOTIOPITMOHAIICH KBAJPATY PACCTOSHUS " MKy HUMH:



1 19192l

4me, 12

)

rie € ~8.85-10712 Kn?/(H-M?) -~  snekTpuueckas
MOCTOSTHHASI.
B BekTopnoli popme 3akon Kynona umeer Bu:

1 qqprp
2= e (1.1)
rae F;, — cuna, nelictByromas Ha 3apsiJl ¢ CO CTOPOHBI 3apsa (;;
ri> — PaANyC-BEKTOp, MPOBEIEHHBIN OT 3apsiaa ¢, K 3apsaay (q,
r = |ry5| (puc. 1.1).

Ecnu B poCTpaHCTBO, OKPYKAKOIIEE AIEKTPUUECKUM 3apsi,
BHECTU JAPYroW 3apsi, TO Ha Hero OyAeT JeHCTBOBaTh CuIa,
CJIEI0BATEIIbHO, B IIPOCTPAHCTBE, OKPYKAIOIIEM JJIEKTPUUYECKUE
3apsiibl, CYLIECTBYET CHUJIOBOE IoJIe. B TaHHOM citydae roBOpAT
00 DJIEKTPUYECKOM TOJ€ — TIoJIe, TOCPEICTBOM KOTOPOTO
B3aUMOJICHCTBYIOT JJIEKTpUYECKUE 3apsAnbl. B naHHON TiaBe
OyZeM paccMaTpUBaTh IEKTPUUECKUE MO, KOTOPBIE CO3AAI0TCS
HEMOABUKHBIMU  3JIEKTPUYECKUMH 3apsilaMM U Ha3bIBAKOTCS
aneKTpocTaTndeckumMu. s oOHapyKeHUST U ONBITHOTO
MCCJIEI0BAHMS DJIEKTPOCTATHIECKOTO TOJISI UCTIOJIB3YIOT MPOOHBIMA
3apsaa (o — MaJIbld TOYEUHBIN MOJOKUTEIBHBIN 3aps]l, KOTOPBI
HE HCKaXKaeT HcCIeayemMoe nose (He BBI3BIBAET
nepepacnpeesIeHre 3apsaa0B, CO3AAI0INX M0JIE).
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Puc. 1.1. Hanpasnenue cui Kynona B ciiyuyae 0THOMMEHHBIX (a)
Y pa3HOMMEHHBIX (0) TOYCUHBIX 3apsI0B (4 U G5

Jnst omMcaHus TOJIE BBOASAT CHJIOBYIO M DHEPreTUYECKYIO
XapaKTepPUCTHKH  3JICKTPOCTATHUECKOro Imojs. B kadectBe
CHJIOBOW  XapaKTEPUCTUKH  HCIOJB3YIOT  HANPSHKEHHOCTD
AIIEKTPOCTATUICCKOTO TIOJIS. HanpsoxéHHocTh
anekTpocratudeckoro monss E B nmaHHOW TOuke (TOuke
HaOJIOZICHUS) C PaJNyC-BEKTOPOM I — oTHomIeHue cuibl Kynona
F (1.1), neiicTBytomieii Ha HEMOABMXHBIM TMPOOHBIA 3apsa g,
NOMENIEHHBIN B TAHHYIO TOYKY, K BEJIMYMHE 3TOTO 3apsiaa

E(r) = @ (1.2)
do

Enununeil u3MepeHuss HaNpsKEHHOCTH SIBISIETCS BOJIBT
Ha wMerp (B/M). DrektpocraTHyeckoe TMoje  SBISETCS
noreHuuanbHelM, a cuna Kynmoma F —  KoHcepBaTHMBHOM.
CrnenoBarenbHO, 3apsabl B 3JEKTPOCTATHUYECKOM TOJIE 00JIagaroT
MOTEHIMANBHON 3Hepruent U, a camMO 1mosie — MOTEHLHAIOM ¢
(oHepreruyeckas XapaKTepUCTHKA). [Torenuman
ANEKTPOCTATUYECKOTO TIONS (P B JaHHOW TOUYKe (TOYKe
HAOMIOJIEHUs1) C  PaJUyC-BEKTOPOM I —  OTHOIICHHUE
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NOTEeHLUaNbHON 3Heprun U HEemoABUKHOIO MPOOHOTO 3apsijaa ¢
B mose cwi Kymona (1.1), moMmeméHHOro B JaHHYIO TOYKY
C painyCc-BEKTOPOM I, K BEJIMYUHE ITOTO 3apsiaa

U
o(r) = ;r). (1.3)

0

Enununa usmepenuss noteHiuana - BoiabT (B): 1B —
MOTEHITMAJ TAKOH TOYKH TOJIsA, B KOTOpo# 3apsa B 1 K obnagaer
noTeHuuaibHou sHeprueit 1 [Ix.

CornacHo CBSI3U KOHCEpPBAaTUBHOU CHUJIBI F
Y TOTCHIMAIBHOW SHEpruu mnojisi U, M3BECTHOW M3 MEXaHUKH,
Y YCJIOBUIO HOPMHUPOBKH CBsi3b Hanpsik€éHHOCTH E u moTeHimana
(p aneKTpocTaTHUeckoro nois ¢ yuérom (1.2, 1.3) umeer Bug

E=—Vo, (1.4)

@ = —f Edl + C, (1.5)

rae dl — »nemeHTapHOe mepeMenieHWe 3apsga. [loTeHIma,
Kak U TIOTEHIMaIbHAs SHEPTHUs, ONPEIEIIAeTCs] ¢ TOUHOCTBIO
JI0 TPOU3BOJIBHOM MOCTOSTHHOM €, KOTOPYIO MOXHO 331aTh, €CIIU
MOTEHIMATY POU3BOJIBFHON TOYKH TIOJS MPHUITACATh KOHKPETHOE
3HayeHue. B Teopernyeckod (u3MKe 3a HYJIEBOW NOTEHIIMAT
yI100HO TPUHUMATH MOTEHIMAT OECKOHEYHO YNAIEHHOW TOUKH
npoctpaHcTBa. Ha mpakTuke 3a HyJIeBOW MOTEHLMAT OOBIYHO
NPUHUMAIOT MoTeHIran 3emid. [loTeHnman moss — HenpepbIBHAs
(GyHKIMS KOOpIMHAT.



Pabora CHIT ANIEKTPOCTATUIECKOTO TOJISt
NpY TEPEMEICHUH 3apsijia ¢ U3 TOYKU TOJS ¢ MOTECHIAIIOM (P
B TOUKY C IMOTSHIAIIOM (P, PaBHA

Az = q(@1 — @3). (1.6)

I'paduuecku >MEKTPOCTATUUECKOE TI0JIEe H300paXKaroT
C TIOMOIIbIO JIMHUN HANpPsKEHHOCTH U AKBUIIOTEHLMAIBHBIX
ITOBEPXHOCTEH.

JIlunun  HanpsHKEHHOCTH —  JIMHUHM, KacaTelbHBIE
K KOTOPBIM B KaXJ0W TOYKE cOBMaaarT ¢ BekTopoM E (puc. 1.2).
HanpaBnenue muHui HanpsKEHHOCTH COBITAIAET C HAIIPABJICHUEM
Bektopa E B paccmarpuBaemoit Touke. CHIIOBBIE JIMHUU
HaIPSKEHHOCTH AJIEKTPOCTATUYECKOIO MOJIsl BCEr/1a HAUMHAKTCS
Ha TIOJIOKUTENbHBIX M 3aKAHUMBAIOTCA HA OTPULIATEIBHBIX
3apsaax. YToObl ¢ MOMOUIBIO TUHHUHM HAMPSKEHHOCTH MOKHO OBLIO
XapaKTepu30BaTh HE TOJBKO HANpPABIEHUWE, HO M 3HAYEHUE
HAnpsDKEHHOCTH  DJIEKTPOCTATHYECKOrO  MOJIsl,  YCJIOBUIIUCH
UX ITIPOBOJUTH C OIPEACIEHHOM TyCTOTOM: YHCIO JIMHUU
HanpsDKEHHOCTH,  NPOHU3BIBAIONIMX  €AUHMIY  IUIOIIAIU
MOBEPXHOCTH, MNEPIEHIUKYIAPHYIO JIMHUSIM HanpsKEHHOCTH,
JIOJDKHO OBITH paBHO Monyito BekTopa E. Ha puc. 1.2 nokasaHo,
4YTO NIPU NEPEMEUICHUM IOBEPXHOCTH IUIOLIANBIO S, KOTOpas
NEePIEeHIUKYIIApHA JUHUSAM HaNps>KEHHOCTU B KaXAOW €€ TOuKe,
13 TOJIOKEHUs 1 B MOJIOKEHUE 2 YUCIO JUHUN HANpPSKEHHOCTH,
IIPOHU3BIBAIOLINX JAHHYIO MIOBEPXHOCTb, BO3pacTaer,
CJIEIOBATEIIBHO, YBEJIMUUBAETCS u HaNpsHKEHHOCTD
AIIEKTPOCTATUYECKOTO MOJISL.



1

Puc. 1.2. Jluanu Hanpspk€HHOCTH (CIUIONTHBIC IMHUN
CO CTpEJIKaMu), S — IUIOIIAIKA, IEPIEHUKYIIApHAasl JINHUAM
HanpsHKEHHOCTH B KAX0M €€ Touke

OnHOPOIHBIM HAa3bIBAETCS TAKOE AEKTPOCTATUYECKOE TOJIE,
B KOTOPOM BEKTOp HANpsKEHHOCTH IMOJii B JIOOOH TOuke
IIOCTOSIHEH IO MOAYJIIO M HAIpaBJIEHHIO. B mpoTuBHOM ciyyae,
110JI€ Ha3bIBAE€TCS HEOTHOPOAHBIM.

OKBUINOTEHLIMATbHBIE TIOBEPXHOCTH — IOBEPXHOCTH, BO BCEX
TOYKaX KOTOPBIX MOTEHIMAJ (P UMEET OJIHO U TO € 3HAUCHUE
(puc. 1.3). JIuHMM HANpPsDKEHHOCTH MOJS IEPIEeHAUKYISIPHBI
K DKBUIIOTEHIIMAJIbHBIM IIOBEPXHOCTSM U HAIIPABJIEHBI B CTOPOHY
yObIBaHus noteHuuania (puc. 1.3). JlaHHble TOBEPXHOCTH PUCYIOT
TaK, 4TOObl PA3HOCTh IOTEHIMAIOB MEXAY JIIOOBIMH JByMs
COCETHUMHU  SKBUIOTEHUUAIbHBIMU  TOBEPXHOCTSIMH  OBLIU
onuHakoBbl. [lo rycroTe SKBUMNOTEHIMAIBHBIX IOBEPXHOCTEH
HarJSiJHO  XapaKTepU3yIOT BEIMYMHY HAMpPsDKEHHOCTH OIS
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B Pa3HbBIX TOYKAX: YEM I'yIIE PACIIOIOKEHBI JaHHEBIE TIOBEPXHOCTH,
TEM OOJIBIIE TI0 MOIYJIK0 HANPSKEHHOCTH HOJIS.

BekTop HaNpsOKEHHOCTH M IOTEHIHMA] DIIEKTPUYECKOrO
1OJIss B TOYKE HAONIOIEHUS C PaguyC-BEKTOPOM I TOYEYHOIO
3apsizia (, MOJIOKEHHUE KOTOPOTO OMPEIEIISETCS PaInyC-BEKTOPOM
r’, paBHbBI

P> P B>

"/ “¢=const
" @,=const

" @=const

Puc. 1.3. JIuaun HanpspkEHHOCTH (CIUIOMIHBIE JIMHUU
CO CTpEJIKaMHU) U MONEPEYHOe CEYCHHE HKBUIIOTEHIIMATBHBIX
MOBEpXHOCTEN (TyHKTUPHBIE TUHUN)

[TpuHIMn CYIIEpIIO3ULINH (HamoXkeHus)
JJIEKTPOCTATUYECKUX TIOJIEH: HaNpsKEHHOCTD E
pE3YJIBTUPYIOLIETO IIOJIS, CO3/1aBAEMOT0 CHUCTEMOM 3apsyioB,
B TOYKE HaONIOJEHHs C paAUyCc-BEKTOPOM I  paBHa
reoMeTpHUYecKoil (BEKTOpHOI) cyMMe Hampsbk€HHOcTel noneil E;



(i = 1,n), co3aaBacMbIX B JaHHOW TOYKE C PaJHyC-BEKTOPOM I
KaXIbIM U3 3apAJI0B B OTAEIBHOCTH:

E(r) = Z E, (r). (1.8)
i=1

U3 (1.5) u (1.8) cnemyer, 4TO MOTSHIIMAI TTOJSI () CHCTEMBI
3apsloB B TOYKE HAOIIOAEHUS C PAaJUYyC-BEKTOPOM I paBeH
anreOpanyeckoll CyMMe IMOTEHLIUAIOB MOJEH (p;, CO3/1aBaeMBIX
B JIAHHOM TOYKE C pPagUyC-BEKTOPOM I KaXAbIM M3 3apsioB
B OT/EJIbHOCTH:

o) = ) ;). (19)
i=1

Harnpspk€HHOCTh M MTOTCHITHA DJIEKTPOCTATHIECKOTO TIOJIS
CHCTEMBI TOYCUYHbIX 3apsioB q; (i = 1,n) B Touke HAOIHOICHUS
C panycoM-BEeKTOpOM I coriacHo (1.7-1.9) paBHbI

n !
q;(r—ry)

n
o) = ! z % (1.10)
= |r—r/| 4me i=1|r—ri|

E(r) =

41E ) £
l

rJe Ij — paguyc-BEKTOP MOJIOXKEHHUS 3apsifa q;.

Jlng ynpoleHuss MaTeMaTU4ecKUX pPAacy€TOB BO MHOTHX
ciIydasix ObIBaeT yAOOHO WTHOPUPOBATH TOT (PAKT, UTO 3apsiibl
UMEIOT  JUCKPETHYIO  CTPYKTYpY  (3JIEKTPOHBI, = IPOTOHBI
U TaK Jiajee), U CYUTaTh, YTO OHU «Pa3Ma3aHbl» B MPOCTPAHCTBE
WIM Ha 3apsoKeHHOM Tene. [[pyrumu cioBaMu, YA0OHO 3aMEHUTh
UCTUHHOE paclpeesieHue AUCKPETHBIX 3apsaoB (UKTUBHBIM
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HETPEPHIBHBIM PACIPEICICHUEM, YTO 3HAYHUTEIHBHO YIIPOCTHT
pacy€Thbl 0€3 BHECCHUSI 3HAYUTEIBHBIX ONIHOOK.

[Ipu mepexone K HEMPEPHIBHOMY pPACHPEACICHHIO BBOJST
MOHSATHE TUIOTHOCTH 3aps0B — O0OBEMHOM P, TIOBEPXHOCTHOU O
u smHelHo# A. [1o onpeneneHuto:

dq dq dq
_W, 0’—%; }\_E' (111)

p
rae dq — 3apsn, 3aKIYEHHBIM COOTBETCTBEHHO B 00bEMe dV,
HaXOJAIMIACS Ha MMOBEPXHOCTH dS U Ha anuHe dl.
Hanpspk€HHOCTh M OTEHIIHAN 3JIEKTPOCTATHYECKOTO OIS
3aps70B, PacHpeIeIEHHBIX HEIMPEPhIBHO, B TOYKE HAOJIOICHUS
C pPaInyCOM-BEKTOPOM I' paBHBI

1 —r')dqg’ 1 dg’
E(r) = j (r-r)dq o j )

r—r'|3 "’ " 4me, —r'|

rIe  MHTeTPUPOBAHHUE  MPOUCXOOUT MO  Bced  obmactu
pacrnonokeHus 3apsaa, dq’' — dIeMEHTapHBIN 3apsijl, MOJOXKEHHE
KOTOPOTO XapaKTEPU3yeTCs PaanycoM BekTopoM I (puc. 1.4).

WuterpanbHas ¢opma TeopeMsl ['aycca B BakyyMe: MOTOK
BEKTOpa HanpsLKEHHOCTH 3nekTpuueckoro monss E  depes
3aMKHYTYK0 TIOBEPXHOCTb PABEH 3aKJIIOYEHHOMY BHYTPHU ITOU
MOBEPXHOCTU  DJIEKTPUUECKOMY  3apsany ¢, JeIEHHOMY
Ha AJIEKTPUYECKYIO MOCTOSHHYIO €y

ngdS o (1.13)

€o

11



Onpenenenne

IIOTOKa

CMOTPM B MNpPWIOKEHUH 1.

[IpeoOpazoBanme JE€BOM YacTH ypaBHEHHs Teopembl [aycca
B CIIy4ae ONpeaesIEHHON CUMMETPUH CMOTPHU B MPUIIOKEHUU 2.

\

HEIIPEPBIBHOE
pacnpezneneHue
3apsiaa q'

Puc. 1.4.

1.2. Ilpumepsl pelieHust 3a1a4
IIpumep 1.1. Onpenenuts MoJ0KEHHE TOYKH, B KOTOPOM
HaNpsOKEHHOCTh paBHA HYJIO BOJM3M JABYX HEOJMHAKOBBIX

OI[HOI/IMéHHLIX 3apaa0B (1 U (,, HAXOOANIUXCA Ha paCCTOSIHUUA X.
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Pemenne. Hanpsok€HHOCTD 3JIEKTPUYECKOTO MOJISL OT JBYX

Puc. 1.5.

TOYCUHBIX 3apsAgoB g U g, coriacHo (1.10) moxeT ObITh paBHa
HYJIIO B TOUKE M, HAXOASIIECHCS MEXKY 3apsAIaMH U JIEKAIlel Ha
npsmoit  (puc. 1.5), Tak KkKak B O3TOH TOYKE BEKTOpa
HANPSDKEHHOCTEH OT JBYX TOUEYHBIX 3apsI0B MPOTHUBOIOJIOKHO
HAIPAaBIIEHBI U MOTYT OBITH CKOMIIEHCUPOBAHBI.

U3 onpenenenus HanpsHKEHHOCTH TOYEUHBIX 3apsiioB (1.12)
u u3 puc. 1.5 cienyer, uyto B Touke M,

q1 qz \/E

= X—

— , y X
egy? ey (x — y)? e

OTBeT: HaNPsHKEHHOCTH JEKTPOCTATUIECKOTO MOJIsl paBHA

HYJIIO B TOYKE, JIGKAIIEH Ha MpsIMOM, MPOXOMSAIIEH 4depe3 JBa
TOYEYHBIX 3apsAaa q, U g, MEXKIY dTUMH 3apsagaMu Ha PaCCTOSTHUUA

y = x/q:/(\/a1 + \/42) or nepsoro 3apsna q; .

IIpumep 1.2. IlomyOeckoHeuHast mpsiMasi, pPaBHOMEPHO
3apspKeHHasl HUTh C JIMHEWHOW TUIOTHOCTBIO 3apsima A. Haiitu
MOJlyJIb U HaIpaBJICHUE HANPSHKEHHOCTU NOJIS B TOUKE, KOTOpas
OTCTOMT OT HUTM Ha PACCTOSIHUM d WU  HAXOAUTCH
Ha MepHeHANKYISpe K HUTH, IPOXOSIIEM yepe3 e€ KOHell.

13



Pemenne. Ha puc.

1.6 MoKa3aHa
PaBHOMEPHO
noJry0ecKoHeYHAS
npsimast pPaBHOMEPHO
3apsHKCHHAS HUTh

B JICKapTOBOW CHUCTEME
KOOPJMHAT C BEKTOpaMu

r u r'. Paguyc-BekTop
TOYKH HaOmoaeHus M
pasen r = (0, a,0). Paguyc BekTOp 3i1eMeHTapHOTrO 3apsaa dq' B
Touke A 3apspkenHoi Hut paBen ' = (x',0,0). Cornacuo (1.11)
cienyer, uro dq' = Adl' = Adx’, rme nuHeiHas IUIOTHOCTH
3apsga A = const OT KOODPJIMHAT HE 3aBUCHT I10 YCJIOBHIO
3ajaun. Pamuyc-Bektop TOukM HaOmoneHuss M paBeH I =
(0,a,0). Paguyc BekTOp 3JeMeHTapHOTO 3apsaa dq' B Touke A
3apspkeHHoM HuTH paBen I’ = (x’, 0,0). Cormacuo (1.11) cnenyer,
yro dq' = Adl' = Adx', rae nuHelHas IUIOTHOCTH 3apsja A =
const OT KOOpAWHAT HE 3aBUCHT I10 YCJIOBHIO 3aJauH.
[MozacraBisieM Bce BBIPaXKEHHBIE HAMHU BEJTHUYHHBI B YOPMYIIBI ISt
HANpPsOKEHHOCTH TIOJIsI  HEMPEPBIBHOIO PacCIpeieNieH st 3apsia
(1.12) u monmy4yaem

0
1 (r—r)dq" 1 (=x',a,0)Adx"

E = = =
dmeg )] |r—r'I3  4me, ) ((x")2 4 a?)3/2
_ (Lex + Ley), (1.13)
4me,

14



0 0
- f x'dx’ L= j‘ adx’
1= ((x)2 + a2)3/2 ’ 2= ((x)2 + a2)3/2'

Wurerpan I; MOXHO PacCUUTaTh, €CIIA 3aHECTH X' TIOJ 3HAK
muddepeHnmana;

0
B x'dx' _
h=- f ((x)% +a2)3%

L1 [ A +ad) 1
T2 ) ("2 +a?a

(1.14)

Wuterpan I, MOXHO mpeoOpa3oBaTh € MOMOIIHIO 3aMEHBI

HepEMEHHBIX:
( x' = atge’ \
0 /
; ] adx’ ! dx' = %
2 = Y 2\3/2 cos @ =
—oo((X) +a?) |x' - -0 @' =—1/2|

xX=0e¢ =0 )

SHN

0
1
f cos@'do’ = p (1.15)
/2

[MoncraBnsst (1.14) m (1.15) B BeIpakenue B (1.13),
noJry4aemM
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A(1,1,0)
 4mega

CnepnoBarenbHo, BEKTOP HaNPsHKEHHOCTH TOJIS
OPUEHTHPOBAH MO/ yriioM 45° K HUTH, a MOJYJIb HAIPSDKEHHOCTH
pasen E = \W2/(4mgya).

Oteer: E = \W2/(4meya), BEKTOp HANPSKEHHOCTH MOMS
OPHUEHTHPOBAH IO YIJIOM 45° K HUTH.

Hpumep 1.3. HaliTu HanpsskeHHOCTh M MOTEHIMAN OIS
PaBHOMEPHO  3apsDKEHHOTO  TOHKOrO JWCKa paaumyca R
C MOBEPXHOCTHOM IJIOTHOCTHIO 3apsifia O B TOUKE, PACIIOI0KEHHON
Ha OCH JMCKa Ha PACCTOSHUU A OT HETO.

Pemenne. Ha puc. 1.7 wun300paxéH paBHOMEpPHO
3apsDKEHHBIM ~ JUCK B JIGKAPTOBOM  CHCTEME  KOOPAMHAT
¢ BekTopamu I u I'. Pamuyc-BeKTop TOUKkU HaOmoaeHuss M paBeH
r = (0,0,a). Paguyc BekTOp TOUeuHOTro 3apsiga dq' B Touke A
3apsbkeHHOTo jaucka paBeH r' = (x',y’,0). Cormacuo (1.11)
cienyer, uro dq’' =odS' =odx'dy’, tne moBepxHOCTHAs
IUIOTHOCTh 3apsa O = const OT KOOpIMHAT HE 3aBHUCUT
no ycinoBuio 3amaud. [lojmcraBisieM Bce BBIpaKEHHBIE HaMU
BEJIMUMHBI B (POPMYIBI A HAMPSHKEHHOCTU U MOTEHITMANA OIS
HENpepBIBHOTO pacrpeneneHus 3apsiaa (1.12) u monydaem

1 f (r—r')dq’
E=
4mg, Ir—r'|3

+R +/R*=(¥')?
f f (—=x',—y’,a)odx'dy’
(7 + )2+ a7

16

41'[8
"R JVRZ-(y")?



y =<

( x' =r'cosd’ )
y' = r'sind
R 2]
=<dXdy—WdeO(>=
o yI| _
\ a(r',a) J
2m R

o j‘ (=r'cosa’, —r'sind’, a)r'dr'da’

" 4me, ()% + a?)3/?
0

o 1
=— (1 - ———),
250( J1+ (R/a)2>

__ 1 [ da’ _
(p_4m»:0 Ir—r/|
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+R +/RZ-(¥")?

odx'dy _
47[50 f _f \/(xr)z + (yr)z + z2 =

—R_RZ(

( x" =r'cosa’ )
y' = r'sind
i, y")
—{dx'dy' = drida’ \ =
< y a( ! /) >
o yI| _
\ o(r',a’) J

2T R

r'dr'da’ o
= — —— (+Ja?2+R2— .
4“80! fW 2o, (Vo4 =)
Omser: E = (0/(280) (1 - 1/y/T+ (R/2)?),
¢ = (0/(2e0)) (Va2 + RZ —a).

IIpumep 1.4. HaiiTu Bo Bcex TOYKax MPOCTPaHCTBA

HaNpsDKEHHOCTD U MOTEHIMAI 3aps/ia ¢ 00bEMHON MIIOTHOCTHIO

p:{arz, a=consta<r<bh,
0, 0<r<ab<r<oo,

rme r=+x?>+y%?+2z2 — paccTosHHE MEKIy Ha4YaJIOM

KOOPJWHAT U TAaHHOW TOYKH IPOCTPAHCTBA.
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Puc. 1.8. [lonepeunoe ceyeHre Mporu3BOJILHON 3aMKHYTON

ceprueckoil MOBepXHOCTH (TOUCUHAsI TUHUS) PAIUYCOM T,
npoxosiiee yepe3 HeHTp chepbl: naHHas chepa paauyca 1
OKPY’KaeT HENPEPBIBHO PaCIpeIeIEHHBIN 3apsi]]
(3amTpuxoBaHHasi 00J1acTh), PacloIOKEHHBIN MeXy chepamu
c paauycamu a U b, B ciyuasix: a)r > b,0)a <r < b,B)r <a

Pemienne. 3anaua obsajaer cdepuueckoil cCUMMETpHEH.
IIpn noBopoTe Ha NPOU3BOJBHBIA YroJl OTHOCHTEIBHO LIEHTPA
CUMMeETpHUH (LICHTP I11apa) pacipenesieHrue 3apsiioB HE MEHSAETCS.
CnenoBarenbHO, 3ajady HaJIo pematb B CHEpUUECKUX
koopauHatax (r,0,@) U HCHONB30BaTh B KAYECTBE 3aMKHYTOM
MOBEPXHOCTU U3 MHTErpaJibHONM Qopmbl Teopembl [‘aycca
B BakyyMme (1.13) — cdepy, eHTp CHMMETPUHU KOTOPOii COBIAIacT
¢ meutpom mapa (puc. 1.8). B kaxmoil Touke 3aMKHYTOM
cepuyeckoi IIOBEPXHOCTHU MOJyJIb HanpsHKEHHOCTU
AIIEKTPOCTATUYECKOTO IOJII IMPUHUMAET MOCTOSIHHOE 3HAYEHHE,
a BEKTOp HaIPsHKEHHOCTH NEPIEHIUKYIIAPEH 9TOM NOBEPXHOCTH.
JleBas wacTh ypaBHeHHMs Teopembl laycca (1.13) B ciyuae
chepuueckoit cummerpun umeer Bua (I1.2.3) (cmorpm
NPUIOKEHHUE 2).

3aps B mpaBoil yactu ypaBHeHHs1 TeopeMbl [aycca (1.13)
coryiacHo (1.11) onpenensiercs uepes3 UHTErpai
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q =M pdV=ﬂf pdx'dy'dz" =

( x' = r'sinb’coso’ )
y' = r'sin0'sin¢g’
z' =r'cosb’
a(x',y',z") N2
= FICICRTD) = (r')?%sin®
\ dx'dy'dz' =1dr'd0'de’ )

2 T T
f ffp(r’)zsine’dr’de’dcp’ =
0 00
r T 2T T
=fp(r’)2dr’fsin6’d9’f de' = 41'tfp(r’)2dr’,(1.16)
0 0 0 0

r7ie MHTETPUPOBAHHE MPOUCXOIUT IO O00BEMY, B KOTOPOM
pacrioniockeH 3apsa. OObEMHas IUIOTHOCTb 3apsiia P 3aBHCUT
OT KOOPAWHATHI 7', HO HE 3aBHUCHT OT 0’ U (' COrIacHO yCIOBHUIO
3aauu.

I[lpuy r <a (puc. 1.88) mpomsBOIBHAS 3aMKHYTas
MOBEPXHOCTh HE OKPY’KaeT HEMPEPBIBHO pacipeaenEHHbIN 3apsil.
CrnenoBarenbHO, 3apsii B TPABOW YaCTH ypPaBHEHHS TEOPEMBI
I"aycca (1.13) paBen Hys10:

q=0. (1.17)

I[lpu a <r <b (puc. 1.86) mpousBoibHASA 3aMKHYTas
MOBEPXHOCTh OKPYXKAET YACTUYHO HETIPEPHIBHO pacrpeaeaEHHbIH
3aps (3amTpuxoBaHHas ob6nacte). CrlenoBaTenabHO, C YYETOM
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(1.16) 3aps B mpaBoii yacTH ypaBHeHHs TeopeMbl ['aycca (1.13)
paBeH:

r a T

q= 411[ p(r)2dr' = 41Tf 0(r"2dr’ + 4-1'[J a(r)*dr’ =

0 0 a

M 565y (118)

T
= 0 + 41q, f(r’)‘*dr’ =
a

I[lpu r>b (puc. 1.8a) mpousBoimbHAS 3aMKHYyTas
MOBEPXHOCTh OKPYKAaeT BECh HEMPEPHIBHO pacHpeaeaEHHbIH
3apsn (3amTpuxoBaHHas oOsacth). ClieoBaTeIbHO, ¢ YIETOM
(1.16) 3apsa B mpaBoit yacTu ypaBHeHus TeopeMbl ['aycca (1.16)

paBeH:
r

q= 41'[f p(r")idr' =
0

a b r
= 41r] 0(r")2dr' + 4-1'[J a(r)*dr’ + 4th 0(r")2dr' =

0 a b

4
“5% (b5 —a%). (1.19)

b
= 0 + 4may f(r’)“dr’ +0=
a

Taxum 00pa3om, B 3aBUCUMOCTH OT pajuyca 1 chepudeckoi
MOBEPXHOCTH 3apsill, HAXOSMIINNCS BHYTPU ITOH TOBEPXHOCTH,
u3 Beipakenuit (1.17-1.19) paBen
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0, r<a,

41t 5 5

q = z (r>—a>), a<r<h, (1.20)
41
knso(bs—as), r > b.

[MoncraBnsiem  (I1.2.3, 1.20) B Teopemy Iaycca
B uHTerpanbHoM Bre (1.13) ¢ yuérom opTOroHaNbHOCTH BEKTOPA
HaIPSOKEHHOCTU  JIEKTPOCTATUYECKOIO I0JIS K IPOU3BOJIIBHOU

chepuueckoun MOBEPXHOCTHU noJiy4aem BBIPAKECHUE
JUT HANIPSIKEHHOCTH
(O, r<a,
ar?r  aya’r
0 0
— 3 a<r<hb,
E={ 5¢g S5gor (1.21)
oo (b® — a®)r
—_— r > b,
5¢or

rae r = (X,y,Z) — paamyc-BEKTOp, MPOBECACHHBIN W3 Hayaia
KOOPJMHAT B JJAHHYIO TOYKY ITPOCTPAHCTBA.

[Tepen BbumcinenneMm mnoreHimana (1.5) mnpeobpazyem
MOJIBIHTETPAITEHOE BBIPAKEHHE K BUTY

rdl rdr

Cornacuo Beipakenuto (1.5) ¢ yuérom (1.21, 1.22)
MOTCHIIUA PAaBEH

(p(r)z—fEdl+C=—fE(r)dr+C=
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((Pl(r) = (4, r<a,
art  opa’

|
=— - C,, <r<bh,
= { P2(r) =05t a<r (1.23)
_ap(b® —a®)
lcp3(r) = Seor + Cs, r > b.

[Toctostaabie €y, C, u C3; B Beipaxkenuu (1.23) HaxomsaTcs

U3 YCIIOBUH HOPMHPOBKH (lim @;(r) = 0) U HENPEPHIBHOCTH
T—00
norenana (9, (b) = (), ¢1(@) = 9,(a));
C3 == 0,

(
| apa® agb*
Cz = 0 + 9 )
S5¢ob  20¢q (1.24)
|

a0a4+a0a5 oob*
4g,  5ggb  20g,

Cl =

IMoacramsas (1.24) B (1.23), momy4aeM OKOHYATEIbHOE
BBIpaXEHHE IS TOTEHITNANA!
( apa* apa®  ayh*

- ) < )
4, + 5¢9b + 20¢, rsa
oao(b* =1 apa®  oya’
= — + , <r<b (125
? =1 20¢, S5eor  5gpb asT ( )
oo (b® — a®
M’ T > b.
\  5Sgor

OtBer: cmoTpu Beipakenus (1.21) u (1.25).

IIpumep 1.5. Haiitu HanpspkEHHOCTH BO BCEX TOYKAxX
IIPOCTPAHCTBA, B KOTOPOM HAXOAMTCS 3aps] C IOBEPXHOCTHOU
IUIOTHOCTBIO
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_{a, p=R,
0, p#R,

rme o = const, p=+/x%2+y? — pacCTosHHE MEXKIy OCBIO
cummeTpud (0Ch Z) ¥ JTaHHON TOYKOM MPOCTPAHCTRA.

Pemenue. 3amaya 061a1aeT MUIIMHIPUICCKON CUMMETPHEH.
[ToBOpOT HEMpepbIBHOTO pacmpeiesieHus: 3apsia OTHOCHUTEIBHO
ocH CUMMeETpuu (OChb Z) Ha TMPOU3BOJIBHBIN yroll M MEepeHoc
JAHHOTO paclpeiesieHusl 3apsiia BIOJIb 3TOM OCH HE MEHSET
IUIOTHOCTh pacnpezaeneHuss 3apsnoB. CleqoBareibHO, 3agady
HAIO0 pemiath B IWIMHIPUYECKUX KoopauHatax (p, @, Zz)
U UCHOJb30BaTh B  KAayeCTBE 3aMKHYTOM  IOBEPXHOCTHU
U3 MHTerpaibHOU (GopMmbl TeopeMbl ['aycca B Bakyyme (1.13) —
HWIMHIpP, OCh CHUMMETPHUM KOTOpPOTO COBMNAJAET C OCbl0 Z
(puc. 1.9). B xaxmoil Touke OOKOBOH IHIMHAPHYECKOM
MOBEPXHOCTH MOAYJIb HANPSHKEHHOCTU SJIEKTPOCTATHUECKOTO
MoNisi  TMPUHMMAeT  TOCTOSHHOE  3HAu€HHWE, a  BEKTOp
HANPSDKEHHOCTH TIEPIICHIANKYISAPSH 3TOW TOBEpXHOCTH. JleBas
4yacTh ypaBHeHUs Teopembl [aycca (1.17) B ciydae
mumHApraeckoir  cummerpun  umeer Bun (I1.2.7) (cmotpwm
NPUIOKEHHUE 2).
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Puc. 1.9. [Ipou3BosibHAs 3aMKHYTasi paIAyCcoOM P
WIMHIPUYECKas MOBEPXHOCTh (IyHKTUPHAS JIMHUA),
OKpY’Karollas HeMpepbIBHO pactpeaeEHHBIN 3apsi
(3amTpuxoBaHHAas 00JIaCTh), PACTIONOKCHHBIN
Ha WIMHIPUYECKON MMOBEPXHOCTH paanyca R, B ciydasx:
a)p>R,0)p<R

I[lpu p <R (puc. 1.9a) mpou3BOIBHAS 3aMKHYyTas
MOBEPXHOCTh HE OKPY)KAeT HEMPEPHIBHO pacpeAeIEHHBIN 3apsI.
CrnenoBarenbHO, 3apsii B TPABOW YaCTH ypPaBHEHHS TEOPEMBI
I"aycca (1.13) paBen Hys10:

q=0. (1.26)

IIpu p>R (puc. 1.90) mpowmsBosbHAs 3aMKHYTas
MIOBEPXHOCTH OKpYyXaeT MIOJIHOCTBIO HENPEPBIBHO
pacrpeaenéHHbIN 3apsiz (3a1ITpUXxOBaHHAS 00J1acCTh).
CnenoBarenbHo, ¢ yuérom (1.11) 3apsg B mpaBoil yacTu
ypaBHeHus Teopembl [aycca (1.13) paBen
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q = oS = 2mRha. (1.27)

Takum 00pa3oM, B 3aBUCHUMOCTH OT pajuyca p OOKOBOM
MOBEPXHOCTH TPOU3BOJILHOTO IWIMHAPA 3apsijl, HaXOISIIUICS
BHYTPH 3TOTO IIMJIUHPA, U3 BelpakeHuii (1.26, 1.27) paBen

0, p <R,
a={

2mRhaq, p>R. (1.28)

[MoncraBmsass  (IL.2.7, 1.28) B Teopemy [Iaycca

B wuHrerpaibHoM Buae (1.13) ¢ y4éroM OpTOrOHaIBHOCTH

HaNpsHKEHHOCTH  AJIEKTPOCTATUYECKOTO TOJII K OCHOBAHHSIM

POU3BOJIEHOTO HWINHAPA, MoJTy4aeM BBIpa)KEHHE
JUT HAIPSKEHHOCTH:

_ {0, p <R,

ap/p, p>R, (1.29)

rae p = (x,y,0) — DONAPHBIA pagMyc-BEKTOpP, MPOBEACHHBIN
OT OCH CUMMETpHH (0Ch Z) B IAHHYIO TOYKY IPOCTPAHCTBA.
OrtBet: cMoTpu BblpakeHue (1.29).

1.3. 3agauu AJ51 CAaMOCTOSITEILHOTO pelIeHust
1.1. OmnpenenuTh TMOJOXKEHWE TOYKH, B  KOTOPOW
HANpPsDKEHHOCTh paBHA HYJIIO BOJIM3M JBYX HEOJHHAKOBBIX
Pa3sHOMMEHHBIX 3aPAI0B G U (5, HAXOMAINXCS Ha PACCTOSIHUH X.
Otset: ecim |q,| < |q,|, TO HanpsLKEHHOCTH paBHA HYJIIO
B Touke M;; ecnu |qq| > |qz|, TO HampsHKEHHOCTH paBHA HYJIIO
B Touke M, (puc. 1.10).
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lq, | lq2|

-

y N
b gl - 1l * g - Vgl

Puc. 1.10.

1.2. Tpu OOMHAKOBBIX TOYEYHBIX 3apsia BEIUYUHOW ¢
KOKIBIA  pacrlojoXeHbl B  BEPIIMHAX  PaBHOCTOPOHHETO
TpeyroibHuKa. Haiitu BenmuunHy TO4euHOro 3apsiaa @, KOTOphId
ClleyeT TOMECTHUTh B IIGHTP MacCc TPEYrojbHHUKA, YTOOBI
BCSl CUCTEMa HaXxO0JIUJIach B PABHOBECHH.

Yka3anue K pellleHMIO: NPU PEIICHUH BOCIOJIb30BATHCS
BeKTOpHOU (opMmoii 3akoHa Kyrnona (1.1).

Otger: Q = — q//3.

Y 1.3. B BepmmHax KBajapara

9 4 CO CTOPOHOM @ HAXOMATCSA TOYEUHBIE

3apaael G, 42, q3, qs4 (puc. 1.11).

Onpenenure HaNpsKEHHOCTD

DIIEKTPOCTATUIECKOTO TIOJI B IIEHTPE

4, KBaj[paTa B CICAYIOIINX CITydasix:

A G =q2=q3=qs =G;

Puc. 1.11. 0)q1=93=9 q2 =494 = —¢;

B)q1 = q2 =—q, 43 = qa = q.

X

Otser: a) E, = E, = 0,6) Ex = E, = 0;
B) E, = 0, E, = V2q/(meoa?).
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1.4. Tonkoe kom0 paguyca R wumeer 3apsng ¢,
HEPaBHOMEPHO pacrpeAeNEHHbli Mo Koibily. Haiiti paboty cui
Kysnona mpu mepeMenieHur TOYCYHOTO 3apsiaa ' U3 IEeHTpa
KOJIBIIA IO TIPOM3BOJILHOMY ITYTH B TOUYKY, HAXOJSIIYIOCS HA OCH
KOJIBIIA HAa PACCTOSIHUM | OT €ro 1eHTpa.

Yka3zaHue K PpelleHHIO: BbIUMCICHUE MOTEHIHANIA
AIIEKTPOCTATUYECKOTO TMOJISi HEPABHOMEPHO 3apsKEHHOTO KOJIbIIa
BerumucisieTcs mo Gopmyne (1.12). B atom ciydae 3apsasl OyayT
HaXOJUTHCS HA PABHOM pACCTOSHUM OT TOYKH HaONIOIEHUS,
MOATOMY CYMMAapHBIH 3apsii MOXHO OyJIeT BBIHECTH 3a 3HaK
uarerpana (1.12). Pabora cun Kymnona paccuuThiBaeTCs
o ¢popmyie (1.6).

OrBer: A = (1 —-1/J1+ (l/R)Z) qq'/4megR.

Tq Tq 1.5. B BEPIIMHAX KBaJpaTa

C JIuaroHaipio 2l HAXOIATCS TOYCUHBIC
3apsabpl @ U —(, Kak MOKa3aHo Ha puc. 1.12.

51 Haiitn MOJYJIb HaIPsHKEHHOCTU
JJIEKTPOCTATUYECKOIO  IOAs B TOYKE,

-4 "4 orcrosmiel Ha pacCTOSHMM X OT IEHTpa
Puc. 1.12. KBaJpaTa M paCIOJIOKEHHON CUMMETPUYHO

OTHOCHTEJIEHO BEPIIMH KBaIpaTa.

Otser: E = ql/[V2mey (12 + x2)3/2].

1.6. PaBHOMepHO 3apspkeHHass HHUTb C JIMHEHHOI
IUIOTHOCTBIO 3apsja A HMeeT KOH(Urypaluu, IOKa3aHHbIE
Ha puc. 1.13. Paguyc 3akpyriieHust R 3HAYUTEIILHO MEHBIIIE JITHHBI
HUTH. Halltu Monynb HanpspkEHHOCTH DIEKTPUYECKOTO OIS
B Touke O nns koHpurypanuii (a) u (0).
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Ykazanue K  pelIeHHIO:
npu  pacu€re  HaNPSHKEHHOCTH
3JE€KTPOCTATHYECKOTO noJis

\R{ o R.O 3apsOKEHHOW  AYyrM  OECKOHEYHO
T 5) MaJIblii 3apsA] JIydlle MpPEICTaBUTh
BBuae dq' = Adl' = ARda', tne R —

Puc. 1.13. pamguyc ayrd, da' — OGECKOHEYHO

MaJIbli yroi, OIUPAOLIUICS
Ha OecKOHeYHO Maiyio ayry dl'. 3HaueHwe HaNpPsHKEHHOCTH
3apsKEHHOMN MOJIyOeCKOHEYHON HUTH OBLJIO MOJIYY€HO B IPUMEpe
1.2

Oteer: a) E = \W2/4meyR; 6) E = 0.

1.7. Bpluncauth  NOTEHUMAT U HANPsHKEHHOCTH
AIIEKTPOCTATUIECKOTO 0TSt B Havaie KOOpAWHAT
OT HENPEpPBIBHOTO pacHpenenéHHOTo 3apsana ¢ O00bEMHOM
miotHocTso p = a(x? + y? + z2)3/2, a = const, orpaHUYeHHEI}
mockocTsiMu 6x + 3y +2z=6,x =0, y=0uz = 0.

YkazaHue K PpelIeHHI0: T[pU peleHUH MOSBUTCA
TpEXKpaTHBIA MHTerpai. Paccmorpum TpéxmepHyro obsacts V.
CHu3y U cBepXy (TO €CTh MO BBICOTE) 3Ta 00JACTh OTrpaHUYECHA
wiockocTaMu z = z1(x,y) u z = z,(x,y). C GOKOBBIX CTOPOH
npoekiust oonactu V Ha miockocTs XY orpaHuveHa KpUBBIMU Y =
y1(x) u y = y,(x). U, HakoHer, 110 TiryOMHE MPOEKIUs 00IaCTH
V Ha ocu X orpaHudeHa ToukaMu X = a U X = b. B aToM ciyuae

WHTETpaNl Heu3BecTHOU Qyukuuu f (x,y, z) mo obnactu V paBexn
b y2(x) z2(x,y)

jf(x,y,z)dxdydz=de J dy J dzf (x,y, z).

14 a y1(x) z1(x,y)

29



B namewm ciydae 06béM V' orpanunyeH miockoctamMu 6x +
3y+2z=6,x=0,y=0, z=0 (puc. 1.14) (mpsimoyrosbHas
nupamuja). Koopannatel Touek A, B u C Ha ocCSIX HaxoIsATCs
U3 ypaBHEHUs IJIOCKOCTH 6x + 3y + 2z = 6. K npumepy, Touka
A nexutr Ha ocu X, cienomaTenbHo, Y = z = 0, moacTaBisieM
JaHHbIE 3HAUCHUS B YpaBHEHHE IUIOCKOCTH, TIOJy4aem, uto x = 1,
03TOMY KoopauHatel ToukH A pasusl (1,0,0).

ZA Obnacts V  CHu3y

U cBepxy (BOOib ocu Z)
C(0,0,3)

OrpaHMYeHa IUIOCKOCTSMH
z1(x,y) =0 n z;(x,y) =

3—-3x—3y/2.
[ToBepxHOCTH z1(x,y)

B(0,2,0)

COOTBETCTBYET IUIOCKOCTH
A(1,0,0) XY (OAB), a noBepXHOCTb
z,(x,y) — miockocTr 6X +
3y + 2z = 6 (ABC).
[Mpoexims o6macTu

Puc. 1.14.

V na mockocts XY ecThb
TpeyronbHuK OAB. JlaHHBIA TPEyroJIbHUK OTpaHHYEH MO OOoKam
muausima Y1(x) =0 uw  y,(x) =2 —2x. KpuBas y;(x)
COOTBETCTBYET OCH X, a KpuBas Y, (X) — mpsMO¥i, onpeenseMoit
U3 ypaBHEHUs IockocT 6x + 3y + 2z = 6 npu z = 0.
[Tpoexuust obnactu V Ha och X nexut Mexay toukamu O
(x =0) u A (x = 1). Takum 06pa3om, B HAIlIEM CITydae HHTETPas
HekoTopo# dyukiwu f(x,y, z) mo obnactu V paBeH
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1 2-2x 3—-3x-3y/2

Vf f(x,y,z)dxdydz = f dx Of dy f dzf (x,y,z).

0 0

OrBer: E=a(—1/4,—-1/2,-3/4), @ = 7a/5.

1.8. Tonkoe 3apsHKEHHOE KOJIBIIO HUMeeT paauyc R.
JluHeiHasT TUIOTHOCTH 3apsjia KoJbIla paBHAa A = AySing, Ay =
const >0, roe ¢@ — asuMmyTanbHbli yron. Hailltu monynb
HANPSHKEHHOCTU  DJIEKTPOCTATUYECKOTO TIOJII HAa OCH KOJIbIlA
Ha PacCTOSIHUU h JIO €ro IEeHTpa.

OtBet: E = Ao R?/4¢,(R? + h?)3/2,

1.9. 3apsan ¢ MOBEPXHOCTHOM IIOTHOCTBIO G = BzZpCose,
rae B = const >0 u (p,,z) — UMIMHAPHYECKHE KOOPIUHATHI,
pacroyio)keH Ha  (parMeHTe KOHHYECKOH  IMOBEPXHOCTH,
ONUCHIBAEMO} ypaBHEHMEM z2 = x2 + Y2, 3aKIIIOYEHHBIM MEKIY
mwiockoctssMu  z=1 wu z=2. Onpeneauts  MOIYJb
HaNPsHKEHHOCTH AIEKTPOCTATUYECKOTO TOJIS B HAaYaie KOOPAMHAT.

Yka3zaHue K pelleHHIo: NepeiaéM K HUIMHAPUISCKUM
xoopauuaram  (p’, @', z'). Jlna  momoxenws Toukm A
Ha KOHMYECKOW MOBEPXHOCTH TOCTATOYHO IBYX KOOPIUHAT:
u z' (puc. 1.15). Koopmunaty p’ MOKHO OIpPEIETHUTH
U3 ypaBHeHHs1 KoHnueckoii nosepxuoctu ((z')? = (x")? + (v')?)
c yuérom x' = p'cos@’, y' = p'sing’: p' = z'.
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A HanpsokéHHOCTD
U TOTEHLHAN BBIYUCISIOTCA
c HIOMOILBIO
A2 IIOBEPXHOCTHOI'O HHTErpana
[ SO IEPBOTO poja M Iepexoia
! K HOBBIM KoopauHaram. [Io

g OTIpeIeIICHUI0
0(0.0.0 1 IIOBEPXHOCTHBI ~ MHTErpall
Q' i NEepBOTO poja OT (DYHKIHMU

Bx'y'0)
X f(x,y,z) o moBepxHocTH S
Puc. 1.15. paBeH JBOMHOMY MHTETpaLy

oT byakuuun  f(u,v)
B HEKOTOPO#t 00sactu onpeneserus D (u, v):

j f(x,y,2z)dS =
s
= ff fxw,v),y(w,v), z(w,v)) ”g—; X %” dudv,

D (u,v)

rJie U, V — 3TO HOBBIC KOOPIUHATHI HHTETPUPOBaHUS; I = (X, Y, Z)
— paauyc-BEKTOP.

B Hamem cinydae crapeie KoopawHaThl (X,V,Z) — 3TO
(x',y',z"); voBeie xoopauuatel (u,v) — 310 (@', 2'); paguyc-
BEKTOP 3IIEMEHTAPHOTO 3apsiaa r=u'y',z")=
(z'cosg’, z'sing’, z").

OtBer: E = 7(/24¢,.

1.10. Ilap pagmycom R wmMeeT 3apsj, paclpeacieHHBIH
¢ 00BEMHO# MJIOTHOCTHIO P = ar, IJIe @ — MOCTOSHHBIN BEKTOP, I
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— paauyc-BEKTOp, NPOBEAEHHBIM W3 IeHTpa Mmapa. Haiitu
HaNpsHKEHHOCTD AJIEKTPOCTATUYECKOTO M0JIs B LIGHTPE 11apa.

Yka3zaHue K pelIeHHMIO: ITOCTOSHHBII BEKTOp a Jyylle
HanpaBUTh BAOJIb ocH Z. [Ipu nepexose k cepudeckoil cucreme
koopauHar (r',8’, ") 00béMHas IIIOTHOCTD 3apsia OyaeT paBHA
p =ar’' =ar'cosb’.

Otser: E = —aR?/6s,.

1.11. Haiitu Moaynb Haps>KEHHOCTHU 3JIEKTPOCTaTUYECKOTO
HOJISl HEMNpEepbIBHO paclpeseNéHHOro 3apsjga ¢ 00bEMHOM
IUIOTHOCTBIO P = poe~ %", Tae pp U O — MONOKHUTENbHBIC
HOCTOSIHHBIE, " — PACCTOSIHUE OT LIEHTPA CUCTEMBI.

Otger: E = py(1 — exp(—ar®))/(Bagyr?).

1.12. Haiiti HanpsKEHHOCTh BO BCEX TOUYKAX MPOCTPAHCTBA,
B KOTOPOM HaxoOJIUTCs 3apsi, paclpeieleHHbld ¢ 00BEMHOI

IJIOTHOCTBIO
ar?, a=const>0 0<r<a,
p=1B/7, B=const>0, a<r<h,

0, b<r<o,

rae r = +/x% + y? — paccTosHUE MEXY OCBI0 CHMMETPHH (0Ch Z)
Y JJaHHOW TOYKOM IIPOCTPAHCTBA.

OTtBer:
(aa*/4 + B(b — a))r/r?g,, r>b,
E =1 (aa*/4 — Ba)r/(r?ey) + Pr/(rey), a<r<hbh,
ar?r/(4g,), r<a,

rae r=(x,y,0) — MONSpHBIA paanyc-BEKTOpP, MPOBEIEHHBIN
OT OCH CUMMETpPHH (OCh Z) B JAHHYIO TOUKY IIPOCTPAHCTBA.
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1.13. Haiith Monaynb HampsoKEHHOCTH BO BCEX TOYKaX
NPOCTPAHCTBA, B KOTOPOM HAXOJUTCS 3apsijl, pacupeiciCHHBIH
C TIOBEPXHOCTHOH IIOTHOCTHIO

G_{a, a=const>0, r=R,
Lo, r #R,

rae r=+x?+y2+2z2 — paccTosHHE MEKAy HaYaJIOM
KOOPJMHAT U TAHHON TOYKOM MPOCTPAHCTBA, U 3apsii C JIMHEHHON

IIJIOTHOCTBIO

}\={B, B=const>0, p=0,
0, p#0,

rae p = 4/x? + y2 — paccTossHiE MEKIY OChIO CHMMETPHH (OCh Z)
Y IaHHOM TOYKOI MPOCTPAHCTBA.

Otser:
1 2 aBR?
— [o?R* + ZB, —+ B , r >R,
E = {¢&T 41*sin“0 T
21eyrsind

rae 6 = arcsin(p/r) — yron Mexay ocbio Z U paauyc-BeKTOPOM

r=(x,y,2z).
1.14. Haiitu B obnactu r > R Moaylb HampsKEHHOCTH
HIIEKTPOCTATUIECKOTO TOJIA 3apsAaa ¢ 00BEMHON TIIOTHOCTHIO

_ {a, o = const > 0, r <R,
p= B/r, B = const > 0, r >R,
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rme r=+x?4+y2+2z2 — paccTosHHE MEKAy HAYaAJIOM
KOOPJAMHAT U JAHHOW TOYKOM IIpocTpaHcTBa. HaliTh OCTOSHHYIO

Q, TIPY KOTOPOH MOAYJb HANPSKEHHOCTU IIEKTPOCTATUYECKOIO
1oJ1s B 00J1acTu 7 > R HE 3aBUCHUT OT T.
Otser: E = /255 + (2aR3/3 — BR?) /2¢g,7?,
a = 3B/2R.
1.15. Haiitu Hanpsk€HHOCTH 3JIEKTPOCTATUYECKOTO IOJIS
BO BCEX TOYKax IIPOCTPAHCTBA, B KOTOPOM 3aps]l pacupeneiéH
¢ 00BEMHOM TIOTHOCTHIO
_(po(1=1/R), po = const > 0, r <R,
P= {0, r > R,

rae r=+x?>+y2+2z2 — paccTosHHE MEKAYy HAYaJIOM
KOOpAMHAT W  JAaHHOM  TOUKOM  mpocrpaHcTBa.  Haiitu

MakCHMajJbHOE 3HAUEHHUE MOIYNA HANpPsSKEHHOCTH  Epqy
U COOTBETCTBYIOLLEE EMY 3HAUYCHUE Ty -

Yka3aHue K pelIeHHI0: YCIOBHEM MaKCHUMyMa SIBISETCS
BBINIOJIHEHHE CIEAYIOIINX YCIOBUM

dE 3 d*E <0
drly—y, ..~ dr? N '
OtBeT:
(por 3r
%(1—5), 0<r<R,
_ 0
) poR3r
A 2 2 RI
L12£0r3 r
5 _ PoR _ 2R
max — 980 ) Tmax - 3 )

rae r=(x,y,z) — paanyc-BeKTOp, MPOBEAEHHBI W3 Hayaga
KOOPJIMHAT B JIAaHHYIO TOYKY MPOCTPAHCTRBA.
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2. JeKTpocTaTH4YecKoe MoJje NPH HAJIUYMHU NPOBOIHHKOB

2.1. TeopeTruueckuii MmaTepua

BemiectBO  COCTOUT U3 TOJOXKUTEIBHO  3apsSKEHHBIX
ATOMHBIX SAACP U OTPUIATCIIBHO 3apsKCHHBIX 3JICKTPOHOB. 3apsm51
9THUX qacTulg BO36y)KIIaIOT QJICKTPOMArHMTHBIC I10JI4,
HaKJIAJbIBAIONINECS Ha BHEIIHEE I0Jie, B KOTOPOE BHECEHO
BemecTBO. HanokeHnemM Takux TOJNEH U ONpeAemsieTcs
JJIEKTPOMAarHuTHOE TMoje B BemiecTBe. llome B mpoMexyTkax
MEXIy aToMaMU U DJEeKTPOHAMH, a TaKkKe BHYTPH YACTHUIL
HEOOBIYHO CIIO)KHO MEHSIETCS B MPOCTPAHCTBE M BO BpPEMEHHU.
Takoe mone Ha3bIBACTCA MHKPOCKOMUYECKUM, WIH, KOpoUe,
MuKponiosieM. Takoe 1osie Henb3s U3MEpPUTh IyTEM BHECEHUS
B BEIIECTBO MPOOHOTO 3apsija, TaK Kak HaWMEHbBIIUM
AJIEeMEHTapHBIN 3apsj (3apsij 3JIEKTPOHA) CYIIECTBEHHO MCKA3HII
OBl MHKpOIIOJIE M paclpeleieHue d3JIEKTPUYECTBA B aTOMHOM
cucremMe. TakuMm 00pa3oMm, OINpeneleHrne HaNPsHKEHHOCTEH
MHUKpPOIOJeH BcTpeuaeT onpeAeiéHHyI0 TpyIHocTh. bonee Toro,
JUI peleHUsT MaKpOCKOIMMYECKUX 3a/ady Takoe I0Jie U BOBCE
He HY>kHO. Ha mpakTuke ucnosiap3yercs Makpornoiie — ycpeAHEHHOE
B TPOCTPAHCTBE MHKpPOIOJIe. YCpEAHEHHE  MPOUCXOJIUT
no ¢Qusuueckn OECKOHEYHO MaloMy oOO0BEMY — 00BEMY,
coziepKamieMy OOJIBIIIOEe YHCIO aTOMOB, HO MMEIOIIEMY pa3Mephbl
BO MHOTO pa3 MEHbIIEe, 4YeM T€ pACCTOSHHs, Ha KOTOPBIX
MaKpOII0JIe MEHSIETCS 3aMETHO. Y CPETHEHHE MO TaKuM 00BEMaM
CrlaXWBaeT OBICTPO MEHSIOUIMECS] W3MEHEHUS MaKpOTOsI
HA PACCTOSHUSX TIOpSAKAa AaTOMHBIX, HO COXpaHSET IUIaBHbBIE
M3MEHEHHUS MaKPOIIOJsl HA MAaKPOCKOITMYECKUX PACCTOSHUSX.

Bce npoBoaHMKHN (HampUMep, METAIIIBI) XOPOIIO MPOBOIST
BJ'IGKTpI/I‘IeCKI/II\/'I TOK, TaK KaK B HHX HUMCHOTCA CBO60)IHI)I€
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HOCHUTEIIH 3apsi/ia, KOTOpble MOT'YT NIEPEMEIIATHCS B IIpeieliax Teaa
Ha KakMe YroAHO pacCTOSIHMA, HO HE MOIyT IIOKMIaTh
IIOBEPXHOCTh Teja. BO BHEIIHEM 3JEKTPOCTaTUYECKOM II0JIe
BHYTPU IIPOBOJHHMKA MAaKPOCKOIMYECKOE pe3yIbTHUPYIOLIEe
AIIEKTPOCTATUYECKOE II0Jie paBHO Hyro. M3 teopemsl ['aycca
(1.13) cmenyer, 4YTO 3apsAa  MOXKET pACIOaratbCs TOJBKO
Ha T[IOBEPXHOCTH, a HE BHYTpU NpOBOAHMKA. JlaHHBIE
IIOBEPXHOCTHBIE  3apsAAbl  Ha3bIBAIOTCS  MHIYLHPOBAHHBIMHU.
SIBneHue, TmNpU  KOTOPOM  BO3HUKAIOT HAa  IOBEPXHOCTH
UHAYyLMPOBAaHHbIE  3apslbl INPU  BHECEHHMM  IPOBOJHHMKA
BO  BHEIIHEE  JJIEKTPOCTATMUECKOE  I0jJe,  Ha3bIBaeTCs
3JIEKTPOCTATUYECKOM UHYKIHEH. Cornacho CBSI3U
HaMpsHKEHHOCTH U MOTEHIMANA dJIeKTpocTaTnueckoro mojs (1.4)
NOTEHLIMA] BO BCEX TOYKaX IPOBOJHUKA MPUHUMAET OJHO
U TO K€ 3HAUYEHHUE, I03TOMY MOBEPXHOCTh IIPOBOJIHUKA SBIISETCS
SKBUINOTEHIMANBHOU. ClleJ0BaTE€IbHO, JUHUM HANPSKEHHOCTU
HaIpaBJIEHBI [10 HOPMaJIU K TOBEPXHOCTU IIPOBOIHUKA.

B HekoTophIX cinydasx ygoOHee MOBEpXHOCTb MPOBOJHUKA
C 3a/JIaHHBIM NOTEHIMAJIOM 3aMEHHUTh CHCTEMOW (DUKTUBHBIX
3apsoB —  “U300pakeHU”,  Moje  KOTOpBIX  HMMeeT
HKBUIMIOTEHIMATIBHYIO MIOBEPXHOCTB, COBIMAJIAOIIYIO
C TIOBEpXHOCTBIO  JIaHHOIO  MpOBOJHUKA. B  obmactu
BHE TIPOBOJHMKA T0JIe (UKTUBHBIX 3apsA70B  MOJHOCTHIO
MOJIEJIMPYET TOJ€, CO3/1aBaéMO€ IOBEPXHOCTHBIMU 3apsiiaMi,
pacroIoKEeHHBIMU Ha IPOBOIHUKE, TaK YTO MOJI€ BHE POBOHUKA
MIOJIHOCTBIO COBMAJNAeT C IOJIEM MCXOJHOM cuUcCTeMbl. B 3Tom
3aKJII0YaeTcss CyTh MeEToAa H300pakeHus (MIM  MeTona
3epKalbHbIX 0TOOpaskeHuit). [IpuMeHeHne metona n300pakeHus
pa3oOpaHo B mpumepax 2.2 u 2.3.
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CHapyX  TIpOBOJIHMKA  BOJM3M  KaKOW-TO  TOYKH
€ro MOBEPXHOCTH HAMPSHKEHHOCTH JIEKTPOCTATHUECKOTO mojs E
CBSI3aHa C TOBEPXHOCTHOM IUIOTHOCTBIO 3apsijia G B JAHHOM TOUKE
MOBEPXHOCTU IPOBOIHUKA CIEAYIOUIIM COOTHOUICHUEM:

E =on/¢g,, (2.1)

rZ€ N — HOPMaJIb K IOBEPXHOCTH MPOBOJHUKA B JAHHOM TOUKE,
poBeAEHHAs HAPYXKY MPOBOTHUKA.

YenuHEHHBI TPOBOAHUK — OTO TMPOBOJIHUK, KOTOPBII
yAQJIEH OT APYTUX NPOBOAHUKOB, TEJI U 3apsAI0B. DIEKTPOEMKOCTh
(émkocTh) C yenMHEHHOTO MPOBOAHUKA OTIPECIISIETCS 3apsioM ¢,
COOOIIIEHUE KOTOPOTO MPOBOAHUKY M3MEHSET €ro MOTCHIHAT
HA eIUHUILY:

C= (2.2)

1
o

EMKOCTh MPOBOJIHHKA 3aBMCUT OT €ro pasMepoB M (OpbI,
HO HE 3aBHCHUT OT MaTepuaja, arperaTHOro COCTOSHUS, (HOpMBI
U pa3MepoB TOJOCTEH BHYTPH MPOBOJHUKA. DTO CBSI3aHO C TEM,
9TO0 W30BITOUHBIC 3apsAIbl paCIpENeNIoTCs Ha BHEIIHEH
IOBEPXHOCTH MPOBOJHUKA. EMKOCTB Takke He 3aBUCHUT OT 3apsja
MIPOBOJTHUKA M €r0 MOTeHIINAA.

Enununna snekrpoémroctu — dapan (P): 1P — émkoctsb
TAKOTO  YeIUHEHHOTO IPOBOJHHUKA, TIOTEHIHAT KOTOPOTO
u3Mensercs Ha 1B mpu coobmenun emy 3apsiga B 1 Ku
N3 dopmyn (1.3) u (2.2) cnenyet, 4TO €IWHUIIA DITEKTPUUECKON
HIOCTOSIHHO# €y — (apan Ha mMeTp (P /m).

YenuHuéHHple TPOBOJHUKH O00JIATAIOT MaJIOW EMKOCTHIO.
Jaxxe map Takux pa3MepoB, Kak 3emilsi, UMeeT €MKOCTh BCETO
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700 Mmx®. Bmecte ¢ TeM Ha TpakTUKe OBIBaeT MOTPEOHOCTH
B YCTpPOHCTBax, KOTOpbIE NpH HEOOIBIIOM OTHOCHUTEIHHO
OKpYXKaIOIIMX TeJl MOTEHIMaJle HakarMBanu Obl Ha cebe
3aMETHBIC 10 BEJIMYMHE 3apsiabl. B OCHOBY TakMX YCTpPOWCTB,
HA3bIBAEMBIX KOHJICHCATOPAMH, TIOJIOKEH TOT (DAKT, 9TO EMKOCTh
MIPOBOJHMKA BO3pPACTaeT MPH MNPUOIKEHUH K HEMY JPYroro
MIPOBOJIHHUKA. JleicTBUTEIBHO, noJ JNIEUCTBUEM TTOJIS,
CO3/1aBa€MOr0 3apsKEHHBIM MPOBOJHUKOM, Ha MOJHECEHHOMY
K HEMy JpyroM I[pPOBOJHUKE BO3HUKAIOT WHIYLUPOBAHHbBIE
3apsabl.  3apsAapl  MPOTUBOIMOJIOXKHOTO 3HAaKa pPAacIoyiararoTcs
OJIKe K MPOBOJHHUKY, YeM OJHOMMEHHBIC, W, CJIEIOBATEIBHO,
MOTEHIINAJ IPOBOJIHAKA YMEHBIIACTCS 110 a0COTIOTHOM BETMYNHE.
CornmacHo ¢opmyne (2.2) 3T0 O3HA4aeT yBEIMUYCHUE EMKOCTH
MIPOBO/THHKA.

Kongencaropsl pgenailoT B BUAE JABYX IPOBOIHHKOB,
pacmoioXKeHHbIX  Onu3ko apyr K Apyry. OO6pasyroiiue
KOHJCHCATOp MPOBOJHUKM Ha3bIBAIOTCA OOKIagkamMu. YUTOObI
BHEIIHME TeJa HE OKa3blBaJM BO3ACUCTBUA Ha EMKOCTb
KOHJCHCATOpa,  OOKJIagKkaM  TpPHIAIOT  Takyilo  (GopMmy
U TaK pacrojiaraloT JPYr OTHOCHUTEIBHO Jpyra, 4ToOBI TOJIE,
CO3/aBacMOE HAKAITMBaeMBIMH HAa HHX 3apsiaMu, ObLIO
MOJTHOCTBIO  COCPEJIOTOYCHO BHYTPH KOHJACHCATOpa. OTOMY
YCIIOBUIO YJOBIETBOPSAIOT JBE IIJIACTHMHKH, PACIOJIOKECHHbBIE
ONM3KO JIpyr K JApYry, JIBa KOAaKCHAJIbHBIX IIMIIMHIpPAa U JBE
KoHI[eHTpuYyeckue chepsl. COOTBETCTBEHHO OBIBAIOT TLIOCKUE,
WIMHIPHYECKUE U CPepUIeCcKre KOHACHCATOPHI.

[TockonbKy TOJIE 3aKITFOYEHO BHYTPU KOHJEHCATOPA, THHUH
HANPSOKEHHOCTH HAYHHAIOTCS Ha OJTHOM oOKITaKe
W 3aKaHuMBarOTCA Ha Japyroi. CremoBaTenbHO, CBOOOIHBIC
3apsapl, BO3HUKAMOIIAE HA Pa3sHBIX OOKJIAIKaX, WMEIOT
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OJIMHAKOBYIO BEIMYMHY M pa3iauyHbl 1Mo 3HaKy. [log éMKocThiO
KoHAeHcaropa C  moHumaercss  (u3Myeckass — BEIUYMHA,
NPONOPIMOHATIBHAS 3apsily ¢ W 00paTHO MPONOPIHOHATBHAS
pa3HOCTH TOTEHLHUANIOB MEXIy oOkmagkamu A (maaeHue
HAIpPsDKEHUS WK HaMpsDKEeHUe Ha KoHaeHcatope U = A):

q
C=-—. (2.3)
U
Bennuuna EMKOCTH OIIpeneIsieTCs reoMeTpuen

KoHzeHcaropa (popmoil M pazMepaMu OOKIIAIOK, BEIWYHHOM
3a30pa  MEXIYy HHUMH), a TaKXKe CpeIoH, 3aroJHAIOIICH
IPOCTPAHCTBO MEXKIY OOKIJIaIKaMu.

DHeprus 3apsyKEHHOI0 KOHJIEHCATOpa paBHA

: (2.4)

rae C — €MKOCTh KOHAeHcaTtopa, U — pa3HOCTh NMOTEHUIHAJIOB
MeXIy  OOKIagKaMu  KOHJEHcaTopa  WIU  HampshKeHUe
Ha KOHJIEHCATOpe, ¢ — 3apsa] KOHAeHcaTopa.

[ToreHManbHass SHEpPrus  B3aUMOJEUCTBUS  CHCTEMBI
HETMOABUKHBIX TOUCUHBIX 3aps/I0B paBHA

1
W=2> o 25)
i

rle (p; — MOTEHIMAJ, CO3/IaBaeMbIii B TOUKE HAXOXKJICHHUS 3apsiaa
q; BCeMH 3apsaMu, Kpome i-ro.
Ecnum 3apsiipl pactipesiesieHbl HepaBHOMEPHO, TO, pasJiarast

CHCTEMY 3apsJIOB HAa COBOKYITHOCTH DJIEMEHTapHBIX 3apsiaoB dq
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U TepexoAs OT CyMMHpoBaHus (2.5) K HWHTETPUPOBAHUIO,
TOJTyJaeM:

1
W = EJ @dq, (2.6)

rie (P — NOTEHIMAN, CO3/1aBaeMblii BCEMU 3apsiiaMH CHUCTEMbI
B MECTOPACMOJIOKEHUU 3apsiia dq.

Bripaxxenue (2.6) omnmcbiBaeT TMOJHYIO HHEPrUI0 BCEX
3apsiIoB, KOTOPasi paBHA CyMM€ COOCTBEHHBIX SHEPTUM U SHEPTHM
B3auMojieicTBuil. COOCTBEHHAs! YHEPTHUA 3apSHKEHHOTO Tejla — 3TO
SHEprus, OOYCIIOBIIEHHAs] B3aMMOJEHCTBHEM 3apsI0B IaHHOTO
TeJa IpYr ¢ IPYroM. DHEPTUsl B3aUMOACUCTBUS IBYX 3apsyKEHHbBIX
TeX — 2TO DHEprus, 0OyCIOBJICHHAs] B3aUMOJICHCTBUEM 3apsioB
OJIHOTO T€JIa C 3apsigaMu APyroro Tenia.

2.2. llpumepsI penieHus 3a1a4

IIpumep 2.1. "3 IBYX
KOHIEHTPUYECKUX METAINIMYECKUX cdep
' ¢ pammycamu R; < R,. Buemmnss cdepa

3a3eMJIeHa, a BHYTpeHHEN cooOmEH 3apsin Q
(puc.  2.1). Haiitu  Hanps>KEHHOCTH
AIIEKTPOCTATUYECKOTO MOJS BO  BCEM
IIPOCTPAHCTBE.
Puc. 2.1. Pemenue. Ilon JeUCTBUEM
JIEKTPOCTATUYECKOr0 Mo  3apsna @,
pacroI0KEHHOT0 Ha BHEIIHEH MOBEPXHOCTH cdeprl paguyca Ry,
Ha chepy c pamuycom R, w3 3emun mneperekaer @, TaKuMm
00pa3oM, 4To MOTeHIHaI cepsl ¢ paanycoM R, craji paBeH HYIIO.
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Hanpsok€HHOCTh  DIIEKTPOCTATUYECKOTO TOJIT  OT  JIBYX
KOHIICHTPUYECKMX METAIUTMYECKUX cdep, KOTOPYHD MOXKHO
noyduTh u3 Teopembl [aycca (1.17) B ciywae chepuueckon
cummerpuu (I1.2.3), paBHa

r 0, r <Ry,
E = , Ry <r <R,, 2.7
yr— 1 2 (2.7)
Q + Qz, r > Rz,
rae I —  paguyc-BeKTOp, IIPOBEAEHHBIM OT  LEHTpa

KOHIIEHTPUYECKUX chep 10 TaHHOH TOUKHU MPOCTPAHCTBA.

BeipakeHue s TOTEHIMAda MOXKHO OIPEICIUTh C
nomotipio dopmyn (1.5, 1.22, 2.7) u ycnoBuil HEmpepbIBHOCTH
Y HOPMUPOBKH:

( _ (2 %)
p,(r) = 4reg \R, + R,)’ r <Ry,
B 10 Q
0() =1 0a(r) = 7 (Z+ RZ), Ry <7 <R,
L Q+0Q,
kq)3(r) - 41TSOT ] r > Rz.

HewnsBecTHblil 3apsig (@, HaiWaéM U3 pPaBEHCTBA HYIIIO
norennuana chepbl ¢ paguycom R, (@,(R;) = @3(R,) = 0):

Q,=—-0. BeIpaxxenue JUISL HaINpPsKEHHOCTU
3NIEKTpOCTaTH4ecKoro nous (2.7) ¢ yuérom @, = — Q paBHO
r (O r <Ry,
= Q, Ry <1 <R, (2.8)
3
Ameor o, r > R,.
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OTtBeT: cMOTpH BhIpakeHue (2.8).

Ipumep 2.2. TodeuHslii 3apsia ¢ HAXOAUTCS HA PACCTOSTHUN
a OT 3a3eMIEHHOM mpoBozsiield IIockoctu. Omnpenenure
HaIpPsSKEHHOCTh oJI, C0371aBa€MOI0 3apsAI0M q
Y MHJIyLIUPOBaHHBIMU HA IPOBOJHUKE 3apsjaMH, IOBEPXHOCTHYIO
IUIOTHOCTh MHAYLMPOBAaHHBIX 3apsloB G M MOJAYJb CHIIbI
B3aUMOJICUCTBUSA 3apsAJia ¢ € IPOBOIALLEH IIIOCKOCTBIO.

Pemenune. Ilox neicTtBuEM DBIEKTPOCTATHYECKOTO OIS
TOYEYHOI'O 3apsja ¢ Ha 3a3¢MIIEHHOW NPOBOJALICH IJIOCKOCTH
OyIeT MHAYIUPOBATHCS MOBEPXHOCTHBIN 3apsa o. [loTeHmman
MIPOBOJIALLEH INIOCKOCTH PaBEH HYJIO, TAK KaK 10 YCIOBHIO 33/1a4U
OHa 3a3eMiieHa. 3apsapl OyayT Harekarh (WIM CTeKaTh)
Ha MOBEPXHOCTh MPOBOJIHUKA U3 3EMIIU.

Jlerko mnpuaymaTh Opyryro 3agady, B KOTOpoH Oyner
IPUCYTCTBOBATh IIJIOCKAsl SKBUIOTEHIMAJIbHAS IIOBEPXHOCTh
C HYJIEBBIM IOTEHIHUAIOM. J[€CTBUTENBHO, PACCMOTPHUM IIOJIE,

(0.0 4 CO3/1aBaeMO€ JIByMsI TOYCYHBIMH
J,_,alq : 3apsagamMu q u q = —q,

5, HaxXOJSAIIMMHUCS Ha PAacCTOSHUU 2a
000,0,0)| apyr ot gpyra  (puc. 2.2).

B npou3BoJIBHOM TOUYKE IUIOCKOCTH
(rouka M wHa twiockoctu XY)
MOTEHIINAJ PaBEH HYJIIO, TaK KaK 3Ta

B(0,0,-a)

TOYKa HaxoaguTcsA Ha  paBHOM

paccTOSTHUU  OT JIBYX  3aps/oB
PaBHBIX 110 BEIHYHHE Y TIPOTHBOIIONIOKHBIX 110
3HAaKy, COIJIACHO TMPHUHIMIY CYNEPIO3UIUUA NI TOYEUHBIX
sapspoB  (1.11). Takum oOpasowm,

C TOMOIIBI0 METOJa H300pa’keHHi
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3a3€MJIEHHYI0 TPOBOJAIIYI0 IUIOCKYK0 IOBEPXHOCTh MOXHO
3aMCHUTh TOYCYHBIM (UKTHBHBIM 3apsjioM ' = —¢, KOTOPbI
HaxOJHUTCs Ha IPSIMOM, MPOXOIALICH Yepe3 TOUYCUHBIN 3apsia q U
NEPHEHANKYJIIPHON NPOBOIALIEH IUIOCKOW IIOBEPXHOCTH, Ha
TaKOM K€ PaCCTOSHUH OT ITIOBEPXHOCTH, YTO U
TOYECYHBIN 3apAn q.

Hanpsk€HHOCT  DJIEKTPUYECKOrO MO B TOYKE
HaOmomeHuss I = (X,y,Z), HAXOAANIEHCS B TMPOCTPAHCTBE
HaJ NPOBOJALICH IUIOCKOCTBIO, OT JABYX TOYEUYHBIX 3aps/ioB
(puc. 2.2), ¢ y4éTOM MpPUHIMIA CYHNEPIO3UIMH IS TOYCUHBIX
sapsioB (1.10), paBua

_ CI(X, VZ— Cl) _
T 4mey(x2 + y2 + (z — a)?)3/2

q(x,y,z+ a)
4meg(x2 + y2 + (z + a)?)3/2°

(2.9)

Cuapyxu nipoBoHuKa BOmH3u Touku M(x,y,0) (puc. 2.2)
€ro TOBEPXHOCTH HANPSDKEHHOCTH JIEKTPUUESCKOTO TIOJIS paBHA

q(0,0,a)
21y (x? 4 a? 4 z2)3/2°

(2.10)

CornacHo (2.1) u (2.10) noBepXHOCTHAsI IJIOTHOCT 3apsiia
Ha MPOBOIAIICH MOBEPXHOCTH paBHA

qa
2n(x? + a? + z2)3/2°

o =¢gyFE = (2.11)
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Moynb cuiibl B3aUMOJCHCTBHS 3apsaaa q C IPOBOASIIECH
MJIOCKOCTBIO paBeH Moyt cuibl Kynona (1.1) B3aumoencTus
MEXTy 3apsiIOM q U ero u300pakeHueM q':

laa'l q¢?

- 4me,(2a)?  16meya?’

(2.12)

OTtBeT: cMoTpH BhIpaxkeHus (2.10-2.12).

Ipumep 2.3. TodeuHslit 3apsia ¢ HAXOAUTCS HA PACCTOSTHUN
b ot nentpa 3a3zemnéHHON mpoBoAsmel cdeprl paguyca v < b.
Onpenenure MOAY/Ib CHIIBI B3aUMOAEHCTBHSI TOUEUHOTO 3apsija q
¢ IpoBoOJsAIIEH Chepoid.

Pemenne. Ilpexne ueM NOPUCTYNMHTh K PACCMOTPEHUIO
Cleylolled Trpynmbel  3a7ad, CBA3aHHBIX C  OINHCAHUEM
B3aMMOJICHCTBHS TOYEYHOTO 3apsaa M NPOBOJSIIEH cdepsl,
peurumM OJIHY BCIIOMOTaTEJIbHYIO 3az1ayqy. [ycts
AIIEKTPOCTATUYECKOE TI0JIE  CO3JAaeTcs JIByMS TOYEUYHBIMHU
3apsilaMM, HaxOoMSIIMMKCS Ha PacCTOSIHUM L Japyr oT apyra.
BenuuuHbl M 3HAKM 3apsAI0B pa3IUYHBI U PaBHBL —(@q; U (,
(g1 >0, g,>0, g, <qy). Tlokaxkem, dYTO TIOBEPXHOCTH
HYJIEBOT'O MOTEHIIMAA 3TOTO MOJIs IPEACTABISAET co00i cdepy.

Ecin monokeHue mnepBoro 3apsga —qi OIpPEAEIAeTCS
pamuyc-Bekropom Iy = (0,0,0) (Touka 0), a MOJIOKEHHE BTOPOTO
3apsiia q, — paauyc-Bekropom I, = (0, L, 0) (Touka B) (puc. 2.3),
TO TMOTEHIMAl OT 3THX JABYX 3apsA/0B B IPOU3BOJIBLHON TOYKE
Habmonenuss r = (x,y,z) (Touka M) COIIaCHO IPHHIHITY
CYIEpPIIO3UIINH T TOYeUHBIX 3apsaaoB (1.11), paBen
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0= —0 + i (2.13)
dmeg/x2 +y2 + 22 dmegx2 4+ (y — L)? + 22
7 A
M(x,y,z
R AR

i 4 ; 1, Y
 A(0.-.0 0(0,0,0) B(0,L0)

X e

Puc. 2.3.

[ycte @ =0. Torma Belpaxenne (2.13) mnpeoOpaszyercs
B YpaBHEHHE

x2+<y+_q1L >2+ 2 _G%EL
q —ai (g5 — )2

[Monyunnu ypaBHeHHEe cdepbl C IEHTPOM B TOYKE
A(0,—a,0), rae a=q?L/(q5?—¢q?), u pamuycom R =
q192L/(q3 — q?) (puc. 2.3). Takum 06pazoM, CyIIECTBYET
OKBHUIIOTCHIOHAJIbHAA IMTOBEPXHOCTh HYJICBOI'O NMOTCHIMAJIA B BUC
cdepbl OT IByX TOYEHHBIX Pa3HBIX [0 3HAKY U MOAYIIO 3apsJIOB.
CormacHo METOIY n300pakeHUs, ecim TAHHYIO
SKBUIIOTCHIMAIBHYIO IOBEPXHOCTh 3aMEHHUTh  3a3€MJIEHHOU
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npoBojsAmeld chepoil, TO DIEKTPUUECKOE TI0JIe CHApYKHU
npoBosiei chepsl He usMeHUTCs. [1o ycrioBuio 3a1a4u U3BECTHO
TOJIbKO PAcCTOSIHME OT TOYEYHOro 3apsia q = ¢, 10 LEHTpa
cheppt b=L+a wu pamuyc cdepsl 7 =R. Brpazum
yepe3 JaHHbIE T[apaMeTphl BEIMUMHY 3apsaa-u300paskeHus
q' = —q, v paccTosHuE Q.
q =- %, a= %

Mopynb cuiibl B3aUMOJCHCTBHS 3apsaaa q C IPOBOASIIEH
chepoit paBen monymo cwibl Kymona (1.1) B3aumonencTBus
MEXTy 3apsiIOM § U ero u300pakeHueM q':

_ el q’rb
dneg(b — a)?  4mey (b2 —r2)%

F

Otser: F = q?rb/4mey(b? — r?)2.

IIpumep 2.4. JIBa napamienbHbIX HPOBOJA OJMHAKOBBIX
paJuycoB CEUYEHHUs pAcHOJOXKEeHbl B Bakyyme. Pamumyc MHOTro
MEHbIIE JJIMHBI IPOBOJA U B 1] pa3 MEHbIIE PACCTOSHHUS MEXIY
npoBogamu. Haiith €MKOCTH MPOBONOB HA €AMHUILY WX JUIHHBI
IIPH yCJIOBUH, 4TO 1 >> 1.

Pemenne. 3apsum MbIcieHHO 00a MPOBOA OJAMHAKOBBIMHU
[0 MOJYJIIO, HO MPOTHBOIOJOXKHBIMU TIO 3HaKY 3apsjiaMH Tak,
9ToOBl HA  CAWHWIlY JUIMHBI  TPHUXOIWICS  3apsia A
Torna, mo onpexaenenuto (2.3), EMKOCTh MapauIeTbHBIX TPOBOJIOB
B BaKyyMe Ha eIMHUILY JJIUHBI (yelbHas EMKOCTh) paBHA
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A

Cen = 37 (2.14)

rac A(p — Pa3HOCTh IMOTCHIUATIOB MEXKAY IIPOBOAAMMU.

BBeném nexkapTtoByro cHCTEMY KOOpPIMHAT, OCh X KOTOpPOU
HallpaBUM BJIOJIb INPSIMOW, COEAMHSIOMIEH TOYKM Ha OCAIX
MPOBOJIOB, KOTOpBIE JIeKAT B IJIOCKOCTH, MEPHEHAUKYISPHOMN
ocsaM 3TuX mpoBomaoB (puc. 2.4). M3 teopemsr I'aycca (1.13)
CleyeT, 4YTO HaNpsKEHHOCTh DIIEKTPOCTATUYECKOTO MO
OT paBHOMEPHO 3apsDKEHHON OECKOHEYHOW IMJIMHIPHYECKON
noBepxHoctu paaunycom R ¢ yuérom (I1.4.7) paBHa

Ap >R
E={2mepz. P70 (2.15)
0, p <R,
rae P — NOJSAPHBIA paguyc-BEKTOpP, IPOBEAEHHBIA OT OCH

cummeTpun (ocb Z) B JJaHHYK0 TOYKY HPOCTPaHCTBA
Y HaIlpaBJICHHBIN MEPIEHIUKYISPHO JaHHON OCH CUMMETPHH, A —
3apsii Ha €IUHUILY JJIMHBI BIOJHb OCH CHMMETPHUH 3apsHKCHHOM
MOBEPXHOCTH. B 3TOM citydae pe3ynpTHpyromas HarmpsokEHHOCTD
AIIEKTPOCTATUYECKOTo MoJyii B Touke M (puc. 2.4), coriacHo
npuHIMny cyneprno3unuu (1.8), paBHa
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Ae Ae
E=E, +E, =—= ad

2TEyX * 2neg(MR — x)’

rae E; u E, — Hanps®EHHOCTh OT JIeBOTO (II0JIOKUTEIHHOTO)
U 1paBoro (OTPULATEIHHOTO) TPOBOJOB COOTBETCTBEHHO,
KOTOpBIC ompenenstores mno dpopmyne (2.15), e, — eAUHUYHBIHI
BEKTOD BJIOJIb OCH X .

CrenoBaTesbHO, Pa3sHOCTh MOTEHIHMANOB, coriacHo (1.5),
OIIpeeIAETCS CIEAYIOINUM 00pa3oMm:

(n—-1R
Acp=fEdl=j Edx =
R
M-1DR
= [ Gtz =
B 2megx | 2meg(mR —x)) X T
R
A -1~ 2.16
e T (.16)

13 (2.14) u (2.16) cnenyer, uto C,, = Mgy /Inm.

Otser: C,; = ey /Inm.

IIpumep 2.5. Nmeercs mnpoBopsumuii map paamyca 17
U KOHLIEHTpUYECKasi ¢ HUM ceprueckas MpoBoasIas 000I04Ka,
BHYTPCHHSISI TIOBEPXHOCTh KOTOPOM MMeeT paauyc 1, (1, > 1),
a BHEIIHsIE — pamuyc 13 (13 > 17). 3apspl mapa u 000JIOUYKH
PaBHBI COOTBETCTBEHHO (1 U (5. HaliTh 3HEPruro 3TOil CUCTEMBI
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3apAJ0B M TMOTEHIHMAIBHYIO  DHEPrHIO  B3aMMOJCHCTBHSA
HPOBOJALIETO IIapa co chepruIecKor 000IOUKOMH.

Pemenue. 3apsy mapa g, pacrojaraercsi Ha IOBEpXHOCTH,
TaK Kak BHYTPH  TPOBOJHUKA  W30BITOYHBIX  3apsIoB
B DJIEKTPOCTATUYECKOM TIoJie HeT. 3apsia Ha chepuyueckoit
o0oJlouKe pa3zensercs Ha JBa 3apsija: 3apsi Ha BHYTpEHHEH
IIOBEPXHOCTH, KOTOPBI paBeH —(@; COTJIacHO Teopeme [ aycca
(1.13); 3apsia Ha BHEIIHEH TOBEPXHOCTH, KOTOPBIN PaBeH g1 + (o,
COTJIACHO 3aKOHY coxpaHeHus 3apsiaa. 13 teopemsr ['aycca (1.13)
s chepudeckoit cummetpu (I1.2.3) crnenyer, 9to

rO, r < Tl,
qr
W, 1] <r< 1,
E=1o, T, <71 <13, (2.17)
(g1 + q)r >
\ 4mgyr3 3

r7ie I — paguyc-BeKTOp, IPOBEeIEHHBIN OT LIEHTpa I1apa 10 JaHHOH
TOYKH TIPOCTPAHCTBA.

BeipaxkeHue sl MOTEHIMANa  MOXHO  ONPEIECIUTh
¢ nomoibto popmyn (1.5, 1.22, 2.17) u ycnoBuil HenpepbIBHOCTU
Y HOPMUPOBKH:
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(1 +
(ﬂ+q1 qz—ﬁ), r<m,
4meg \ 1y T3 T
1 +
1 (ﬂ+q1 qz—ﬂ), r<r<r,
() ={ Mo T T3 T (2.18)
qd1+ q2
, r, <r<r;,
4meyrs
+
q1 T 4> , r>r.
\ 41teyT

[Tonuast sHeprus, cornacHo (2.6) u ¢ yuérom (2.18), paBHa

W=1f<p(r1)alq’+l j(P(Tz)dq’+% f @(rz)dq’ =

2 2
q1 —q1 q1tq>2
1 1 1\ (q1+gp)?
= ==+ ———). 2.19
8meg <Q1 <r1 r2> T3 ( )

Jns Toro 4dToOBl BBIYUCIUTH COOCTBEHHYIO JHEPIHIO
NPOBOJSIIErO IIapa, HYXHO paccuuTaTh »dHepruto (2.6)
0e3 cepruueckoil mpoBOIAIIEH 000TOUKHU:

1 a1 qz

W, == dq' = . 2.20

172 j 4meyry 1 8meyry ( )
q1

AHaNOTMYHO  BBIYMCISAETCS  COOCTBEHHAsh  DHEPTHS
cdepudeckoil mpoBoasIIei 060104kH 63 MPoBOASIIEH chepbl:
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1 a2 1 72 q3
W, == dq' += dq' = (221
2 2 J.41T€0T3 1 2 .l- 4-1'[807‘3 1 81-[807‘3 ( )
—q1 q1+4q;

[loTeHIMabHAs  SHEPrHs  B3aUMOJCHCTBUS ~ CHCTEMBbI
NPOBOJHUKOB paBHA MOJHON 3Hepruu cucrembl (2.19) muHyc
COOCTBEHHOI YHEPTUH BCeX MPOBOIHUKOB (2.20) u (2.21):

1 1 1 2419,
W, =W -—-W, — W, 2—(2(———> ) 2.2
12 1 2 = By qi —y + s (2.22)

OtBet: cMoTpH BlpakeHusd (2.19) u (2.22).

2.3. 3aa4M AJ19 CAMOCTOSITEILHOTO pelIeHus
2.1. ToueuHbIl 3apsn q HaXOOUTCS Ha PACCTOSHUU T
OT LEHTpa HE3apsHKEHHOro IpoBozsimero mapa. Haitu
NOTEHLIMaN JJAaHHOTO 1Iapa.
OtBet: @ = q/(4meyr).
2.2. HaiiTu mnoTeHIMan B IEHTPE He3apsHKEHHOU
OpoBOJAIIEH O000JOYKM, BHYTPEHHHUH M BHEIIHUN pajnychl
KOTOPOT'O paBHbI COOTBETCTBEHHO A U b, €ClM OT IIeHTa 000I0YKH
Ha pPacCTOSHUU T < a HaXOJUTCS TOYEUHBIN 3apsf q.
OtBer: @ = (q/(4mey))(1/r —1/a + 1/b).
2.3. ImeroTcst 1Be KOHIICHTPUYECKHE
chepsl ¢ pagumycamu Ry < R, (puc. 2.5).
' Buytpenneii chepe coobmumm 3apsa Q,
MOCJie 4Yero JAaHHyl cdepy COeAMHUIN
MIPOBOJHUKOM C BHelIHed cdepoii. Haiitu
HanpsHKEHHOCTD AIEKTPOCTATUYECKOTO

Puc. 2.5. MOJIs1 BO BCEM MTPOCTPAHCTBE.
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Otsert:

_ r 0, r < R,,

B W{Q: r > Ry,
rae I —  paguyc-BeKTOp, IIPOBEAEHHBIM OT  LEHTpaA
KOHIICHTPUYECKHX cep 10 JaHHOH TOUKH IPOCTPAHCTBA.

24. B uentpe ABYX KOHLEHTPUYECKUX PABHOMEPHO
3apsuKeHHbIX cdep ¢ paauycamu Ry U R, mOTeHIuan paBeH .
[ToBepXHOCTHBIE TUIOTHOCTH 3apsiioB Ha oOenx cdepax paBHBI.
Haiiti 1aHHYI0 TOBEPXHOCTHYIO IIJIOTHOCTD 3aps/a.

OtBet: 0 = )y /(R + R,).

2.5. JIBe KOHIICHTPUYECKHE MPOBOAAIINE  Chepsl
¢ paguycamu R u 2R 3apsbKeHBI Tak, YTO Ha BHyTpeHHeH cdepe —
3apsia ¢, a Ha BHemHel — 2q. Ha paccrosinuu 3R ot uentpa cdep
noTeHIuan paseH . Haiitu R.

OtBet: R = q/(4mey ).

2.6. Haxg mpoBopsmieil IUIOCKOCTBIO Ha pPacCTOSHUM [
PacIoJIOKEHBI JIBa TOYEUHBIX 3apsaa, ¢ U — ¢, PACCTOSHUE MEXY
KoTOopeiMH paBHO [. HaiiTn neicTByrommii Ha 3aps q MOIYJb
cuibl Kyiona.

Otser: F = (2v2 — 1)q%/(32meyl?).

2.7. Mexny  aByms
e 4 .tq 3a3€MJIEHHBIMH [TPOBOSIINMU
B3aUMHO MEPIEHIUKYISIPHBIMU

HOJIYTIIIOCKOCTSIMU

Ha pacCTOAHUU [ or Kaxa0i

MOJYIUIOCKOCTH  PAcHoI0KeH
TOYEUYHbIN 3apsa ¢q. Haitu
g @ *q MOJIYJb CHJIBI Kymnona,
WCTB M Ha 3apsn g.
Puc. 2.6. ACHCTBYIOLLE sapin q
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Yka3zaHue K pelleHHI0: JBE 3a3¢MJICHHBIC IMPOBOJISIINE
B3aUMHO  MEPICHAMKYJSIPHBIE  TMOJYIUIOCKOCTH  COBIIAJAIOT
C DKBUIIOTCHIIMAIBHBIMH TOBEPXHOCTSIMH OT YETBIPEX 3apsiioB,
PacIoIoKEHHBIX B BEPIIMHAX KBajapaTa co cTopoHoii 21 (puc. 2.6),
rie q' =q — Moaynb (GHUKTUBHOTO 3apsga (wim 3apsa-
n3zo0pakenusi). [loreHnanm B KaXm0i TOYKE TMOIYILUIOCKOCTH
paBeH HYyIIO, TaK KaK 3apsabl I[POTHBOIIOJIOKHBIX 3HAKOB
HAXOJATCS Ha PAaBHOM DPACCTOSHUU OT JAHHOM TOYKH COTJIACHO
(1.10).

Otser: F = (2v2 — 1)q?/(32me,yl?).

2.8. TodeuHbIl 3aps] ¢ HAXOAWTCS HA PACCTOSHHUH b
OT LIEHTpa HU30JMPOBAHHOW HE3apSIKEHHOM MPOBOAALIEH cdepbl
pamuyca r < b. Omnpenenute MOIYJdb CHIIBI B3aUMOJECHCTBUSA
3apsiia ¢ ¢ IpOBOJIAIICH CHEpOid.

Yka3zaHue K PpelleHMIO: €CIM [Iap H30JHPOBaH,
To ero moreHmuan paBeH q/(4meyh). TIockoabKy 3apsi-
u3obpaxenue q' = — qr/b obecrieunBaeT paBEeHCTBO MOTEHIIUATA
cdepsl HYIIO, TO U1 yBEIHUYEHHUs € MOTeHLHaNa /10 HYKHOTO
3HAYEHHs] HaJI0 JOOABUTH B IEHTP INapa TOYCYHBIA 3apsm q'
TaKoii, 4T0OBI HoTeHIMan chepsl ctan paseH q/(4meyb).

Otser: F = (rq?/(4mgy))(b/(b% —1r2)2 — 1/b3).

2.9. ToueuHblil 3aps g HAXOAUTCS Ha PACCTOSHUU b
OT LIEHTpa H30JIMPOBAHHOMN 3apsDKEHHOM MpoBOIALICH cdepbl
pagmycar < b. 3apsa cdepsl paBeH Q. OnpenenuTe MOTYIIb CHIIBI
B3aMMOJICHCTBUS 3apsijia ¢ C MPOBOJsAIICH chepoid.

Oteer:F = (rq/(4mey))(qb/(b? —12)2 — Q/b3).

2.10. ToueuHslii 3apsim ¢ HaXOAWTCS HAa pacCTOSHUU [
0T Oe3rpaHMYHOM 3a3eMJIEHHOW MpoBoOAIIEeH TuIockocTH. Haiitu
paboty, KoTopyto coBepmiuT cuia Kynona, paelcTByromas

54



Ha 3apsj ¢ TPHU €ro MEJICHHOM YAaJCHHHM Ha OYeHb OOJIBIIOE
pacCTOSIHUE OT TIOCKOCTH.

Oteer: A = — q?/(16mgl).

2.11. PaccrossHme Mexay OOKJIaJKaMH  IJIOCKOTO
KOHJICHCaTopa  paBHO  d.

b ? B  mpoctpancTBO  Mexmy
Vd hI A 0oOKIaJIKaMd  KOHJIEHCATOpa
BHOCHUTCSI MeTaJuTnuecKas

P,

IUIaCTUHA  TOJIIUHON  h,

IIOBEPXHOCTh KOTOpOH

Puc. 2.7.

napajuiesibHa oOKJIaKaM

U HAXOJHUTCS HAa PACCTOSHUU

b ot omHo#t u3 oOkmamok (puc. 2.7). [lmacTuHBI KOHIEHCATOpA

MMEIOT TNOTEHUHAIBl 1 U P, < ;. Haltn noreHuman ¢

METAJJTNYE€CKON TIACTUHBI.

OtBer: @ = @1 — b (91 — @2)/(d — h).

2.12. VI3 Tpéx mapaienbHBIX METAJUIMIECKUX TTACTHHOK A,

| 4 — B n C (puc. 2.8) kpaitHne
X : ¢ E, . A u B HENOIBIKHEI
| C | — u COGI[I/IHCHIil
— Y rajJJbBaHU4e€CKON
- \ $ " Oatapeei,
LB — MOAJEPKUBAKOLIEN
Puc. 2.8. Pa3HOCTb IOTEHIHAIOB
14 MCKAY HUMU

ITOCTOSIHHOM.

Cpenusas minactuHka C CcHadajga HaXOJIUTCS B KOHTAKTE
C BepxHeH IacTMHKON A. 3aTeM C NMOMOIIBIO H30JIUPYIOLIEH
PYUYKH OHA TIEPEMEIIACTCS 10 HAMTPABICHUIO K HIDKHEH TUTACTUHKE.
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[IpeneOperass  kpaeBbiMH 3 deKTamMu, HAUTH  MOIYIH
HanpspkEHHOCTH Tonterd E; u E, B 3a30pax MEXy IUIACTHHKAMH
B 3aBUCHMOCTH OT NIEPEMEHHOTO PACCTOSIHHS X.

Yka3zanue K pelieHuIo: s pacu€ra HanpsHKEHHOCTEH K
u E, HeoOX0aMMO COCTaBUTH JiBa ypaBHEHUs. [lepBoe ypaBHEHHE
cBs3biBaeT E; u E, ¢ HanpspbkenueMm Oartapeu V yepe3 pasHOCTH
NOTCHIIMAIOB ¢  mnomomibio  Beipakenus  (1.5)  wmexny
METaJUIMYeCKUMU TUTACTHHAMU. BTopoe ypaBHeHHe cBsi3bIBaeT E;
u E, uepe3 teopemy Iaycca (1.13). Jlns Tteopemsl ['aycca
B KayeCTBE 3aMKHYTOW MOBEPXHOCTH B3SATh IHJIHHIP, TOPIIBI
KOTOPOT'O IMapajuieibHbl METAJUIMYECKUM IUIOCKOCTSIM. BepxHwuii
TOpPEI IHJIUHIPA PACTION0XKEH MEX Ty TiacTuHaMu A u C, HWKHUN
TOpeI HWIMHAPA — MeXAy TuacTuHamu C u B.

Oteer: E; = Vx/d?, E, =V(x +d)/d>.

2.13. Haiitu B3auMHYI0 EMKOCTh CHCTEMBI U3 JBYX
OJIMHAKOBBIX METATMUECKUX IAPOB painyca @, HEHTPBI KOTOPBIX
HAXOJATCS Ha PaCCTOSTHUU b.

OrBer: C = 2neqga(b — a)/(b — 2a).

2.14. Haiitn B3aMMHYIO €MKOCTb CHUCTEMBI
U3 METAUIMYECKOro Imapa paadyca a ©  Oe3rpaHuvHOM
OpOBOJAIIEH IUIOCKOCTH, OTCTOSIIEH OT LeHTpa IIapuka
Ha paccTosiHue b.

Otser: C = 2ngga(b — a)/(b — 2a).

2.15. JInuHHBIA OpsAMOil MPOBOJ C pajuycoM CEYeHUs a
pacroyioxxexH napaiesbHO MIPOBOJIAIIIECH IUIOCKOCTH
Ha paccTosHWUU b. Haiitm €MKOCTh CHCTEMBI Ha EIUHUILy HX
JUTUHBIL.

OtBer: C,, = 2ngy/In((2b — a)/a).
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2.16. 3apsan q pacupenenéH paBHOMEPHO IO MMOBEPXHOCTH
cdepsl paauyca R. HaliTu coOOCTBEHHYIO 2JIEKTPUUYECKYIO IHEPTHIO
CHCTEMBI.

OtBer: W = g% /(8meyR).

2.17. B BepmmHax KBajpara cO CTOPOHOH a HaXOIATCS
TOUYCUHBIE 3aPAbI q1, 42, 3, 4. HAlTH MOTEHIIMATEHYIO SHEPTHIO
3TOM CUCTEMBI 3apSI0B.

Yka3zaHue K pelleHHI0: MPH PEIICHUH BOCHOJIb30BAThCS
(bopMyJI0ii TOTEHIMATBHON SHEPIHH TOUYCUHBIX 3apsiioB (2.5).

OtBer: W = (1/(4“500))(611612 + 4293 + 4394 +q1q4 +
(9193 + 9204)/V2).

2.18. ToueuHblil 3apsa G HAXOOUTCSA HaA PacCTOSHUU h
OT OE3rpaHUYHON MPOBOJAIICH IUTOCKOCTH. HaiiTm moMHYFO
SHEPIHUIO 3TOW CHUCTEMBI.

OtBer: W = — g% /(16mgyh).

2.19. PaBHOMEpHO 3apspDKCHHAs 3apsaaoM q chepudeckas
obosiouka pacmupsieTcss oT paauyca R, mo pamuyca R,. Haiitu
paboty cun Kynona.

Oteer: A = (q%/(8ngy))(1/R, — 1/Ry).

2.20. TInockuii BO3AYIIHBIA KOHIEHCATOpP C IJIACTHHAMH
IIOMAAbI0 S ¥ pAcCTOSHHEM MEXIy HUMH d  3apsKeH
o pazHocTu moTeHnuanoB U u oTkimouéH ot Oartapen. Kakyro
MUHUMAIbHYIO paboOTy HaJA0 COBEPIINTH, YTOOBI YBEIMYUTH
paccTosiHie MEeXIy ero miacTiHamMu Ha Ax?

Yka3anue K pellleHHIO: TPU PEIICHUH BOCIOIH30BATHCS
dbopMyIoii SHEepruu 3apsHKEHHOTO KoHAeHcaTopa (2.4).

OtBer: A = £,SAxU?%/(2d?).
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3. DyeKkTpocTaTH4YecKoe MoJjie NPH HAJINYMH INIJ1eKTPUKOB

3.1. Teopernueckuii MaTepuas

JusnexktpukaMu (WM U30JISITOPAMH) HA3bIBAIOT BEILECTBA,
MIPAKTUYECKU HE MPOBOASIINE 3JIEKTPUYECKOTO TOKA. ITO 3HAYMT,
4TO B IUAJIEKTPUKAX B OTJIMUUE, HAIIPUMED, OT IPOBOJHUKOB HET
3apsA0B,  CIIOCOOHBIX  II€peMellaTbCsi Ha  3HAUYUTEIIbHBIC
paccrosiHus, co3daBasg TOK. Iloxg  nelcTBUEM  BHELIHETO
JIEKTPOCTATUYECKOTO MO  IMPOUCXOTUT  NOJSpU3ALUSL
JTUDJIEKTPUKA — CMEIICHUE MOJIOKUTEIbHBIX U OTPULATENbHBIX
3apsA0B JUAJIEKTPUKA M0 MO0 U IPOTUB MOJISI COOTBETCTBEHHO.
B pesynbrare mnosspuzanud Ha MOBEPXHOCTU JUAJIEKTPUKA
U B €ro 00bEMe MOSABISAIOTCS HE CKOMIIEHCUPOBAHHbBIE 3apsibl —
NOJIAPU3ALMOHHBIE WM CBSI3aHHBIE 3apsbl, KOTOPbIE BXOJIAT
B COCTaB AMDJIEKTPUKA. 3apsbl, KOTOpbIE HE BXOJAT B COCTaB
MOJIEKYJI TU3JIEKTPUKA, HA3BIBAIOTCA CTOPOHHUMH. DTU 3apsiibl
MOTYT HaxOJUThCSl KaK BHYTPU, TaK U BHE JMUAJIEKTpUKA. Takum
o0pazom, HaIpsHKEHHOCTD INEKTPOCTATUYECKOTO 0JIA
NPy  HaJUYUM JUAJIEKTPUKOB paBHA CYNEPHNO3ULIMM TOJEH
CTOPOHHHUX M  CBSI3aHHBIX  3apsAgoB B Bakyyme. g
KOJJMYECTBEHHOTO  OMMCAHUS  TOJSPU3ALMH  JTUAJIEKTPUKA
MOJIB3YIOTCA BEKTOPOM MOJIIpU3aluu P — AUIIONBHBIA MOMEHT
€IMHUIIbI o0Béma JUDJIEKTPUKA, BO3HUKAIOMIUN
IIPU €ro MOJIIPU3ALUH.

Huddepenunansuas popma teopemsl ['aycca ans BekTopa
NOJIIpU3allMU: JMBEPreHlus BeKTopa mnossipuzauuu P B TOuke
HaOJIoIeHUsT paBHA ¢ OOpaTHBIM 3HAKOM OOBEMHOM IMJIOTHOCTH
CBSI3aHHBIX 3aps/I0B P’ B IAHHOM TOYKE:

divP = —p'. (3.1
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['paHryHbIC YCIOBUS /il BEKTOpa TOJSPU3AIMH: CBS3b
MEXy BEKTOPaMH TOJISIPU3AIMH 110 pa3HbIE CTOPOHBI OT TPAHHUIIBI
pa3iena JBYX JUDJICKTPUKOB  OIPEICISETCS — CIETYIOLIM
obOpazoM:

n(P, —P,) =0, (3.2)

rae P; — BekTOp momspuszanud B NEPBOM AUDIIEKTpHUKE, P, —
BEKTOP IMOJSAPHU3aLMU BO BTOPOM JMIJIEKTPUKE, N — HOPMAalb
K TpaHMIIe pa3fiena, HaIpaBJICHHBIM OT IIEPBOIO AMIJICKTPHUKA
BO BTOPOH JHMAJICKTPHK, O — TOBEPXHOCTHAs IUIOTHOCTh
CBSI3aHHBIX 3apsAI0B HAa IPAHULIE Pa3zeiia IBYX IUIEKTPUKOB.
Bekrtop  2yeKTpHuYecKOW — HMHIYKLIHH D (BexTop
3IIEKTPUYECKOTO CMEIEHHS) OIpeaenseTcs no popmyiie

D = ¢E +P, (3.3)

rae E — Hanpspk€HHOCTB 3J1€KTPOCTaTUYECKOIO IM0JISI CTOPOHHUX
U CBSI3aHHBIX 3apsnoB. Bekrop D sBisercs BcoMorarenbHBIM
BEKTOPOM, HE MMEIOIINM KaKOTro-Tu00 TIIyOOKOTO (PU3UUECKOro
CMBICTIA.

WnterpanbHas ¢opma Teopembl laycca mpu Haluyuu
JUDJIEKTPUKOB: TIOTOK BEKTOpa JJIEKTpUYEeCKOW uHAyKuuu D
CKBO3b IPOM3BOJIBHYIO 3aMKHYTYIO TIOBEPXHOCTh S paBeH
AIIEKTPUYECKOMY CTOPOHHEMY 3aps]ly ¢ B 00bEME, OXBAaThIBAEMOM
JTAHHOW MTOBEPXHOCTHIO S’

DdS = q. (3.4)
f
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[IpeoOpazoBanme JIEBOM YacTH ypaBHEHHS TeopeMbl ['aycca
it Bektopa D (3.6) aHanornyHO mpeoOpa3oBaHUIO JIEBOW 4acTH
ypaBHeHust TeopeMbl ["aycca s Bekropa E (1.13).

B cnyuasx: 1) cimaboro BHEIIHErO 3JIEKTPOCTATHYECKOTO
1OJIsl, HAampPsHKEHHOCTh KOTOPOTO OYEeHb Masla 10 CPaBHEHHIO
C HanpsKEHHOCThIO mnons BHyTpH atoma (E,.~101° B/m);
2) U30TPOMHOTO IUANICKTPHUKA; 3) HE 3JeKTpeTa (DIEKTpEeT —
JTURJICKTPUK, JUTUTEFHOE BPEMs COXPAHSIOMIUHN HOISIPU30BAaHHOE
COCTOSIHUE TIOCJIE€ CHSTHSI BHEIIHETO 3JEKTPUYECKOTO IOJs) —
CBS3b MEXAY BEKTOpaMu HampspkeHHoctd E u snextpuueckoit
unaykuuu D umeet Bua:

D = g4¢E, (3.5)

I/I€ € — AUDJIEKTPUUYECKask IPOHULAEMOCTD TUAIEKTPUKA, KOTOpas
IIOKa3bIBAET BO CKOJIBKO pa3 HaNpsHKEHHOCTD
AJIEKTPOCTATUYECKOTO TOJISl B BaKyyMe OOJbllle HANpsSKEHHOCTH
AIIEKTPOCTATUYECKOTO TOJISI B TUAIIEKTPUKE.

['pannuHble  yCNOBUS Uil BEKTOPOB  HAIPSHKEHHOCTH
U JIEKTPUYECKOTO CMEIICHUS:

w(E, —E|) =0, n(D, — D,) =g, (3.6)

raie E; m D; — COOTBETCTBEHHO BEKTOpPA HAIPSKEHHOCTH
U DJIEKTPUYECKOW MHAYKIMH B IepBoM nuaekTtpuke, E; u D, —
COOTBETCTBEHHO BEKTOpa HANPSHKEHHOCTH M DJIEKTPUYECKOU
UHIYKIUUA BO BTOPOM IUDJIEKTPUKE, T — BEKTOp KacaTelbHOM,
JeXalllui Ha TpaHULE pasjena MEXAy ABYMsS IHUDJIEKTPUKAMHU,
N — EIUHWYHBIM BEKTOp HOPMAaJIM K TpaHULE pas3zena,
HaIIPaBJICHHBIN OT IEPBOr0 AUAJIEKTPUKA BO BTOPOU JUDIIEKTPUK,
0 — IIOBEPXHOCTHAs IUIOTHOCTh CTOPOHHMX 3apsiOB Ha I'PaHHULIE
paszznena.
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3.2. [Ipumepsl penieHus 3aaa4
Ipumep 3.1. [udnekTpuk wumeeT BHUI ChHEpUICCKON
000JI0YKY, BHYTPEHHUH U BHEIIHUN PaNyChl KOTOPOTO PABHBI A
U b. JIMdJIeKTpHK 3apsHKeH CTOPOHHUMU 3apsiaaMu ¢ 00BEMHOM
IUIOTHOCTBIO p = ar, a = const. JlmdnekTpudeckas
MPOHUIIAEMOCTh cpenbl  paBHa € = 31, = const. Haiitu
MOBEPXHOCTHYIO U 00BEMHYIO IJIOTHOCTH CBSI3aHHBIX 3apsIJIOB.

Puc. 3.1. [TonepeyHoe cevyeHrne MPOU3BOILHON 3aMKHYTOM

ceprueckoil MOBEPXHOCTH (TOUEUHAas! IUHUS) PAIHYCOM T,
poxoJsiiee yepes HeHTp cdepsl: Chepa paauyca r oKpyxKaeT
HETPEPBIBHO pacnpeenEéHHbIN 3aps] (3alITPUXOBaHHAS
00J1aCTh), PaCHOJIOKEHHBIN MeXly cepaMu ¢ paanycaMu a u b,
Bcnydasx:a)r > b,0)a<r<b,B)r<a

Pemenne. 3anaua obGiajaer cdepuueckoil cuMMeTpHen.
[Tpy moBOpoTE Ha NMPOM3BOJIBHBIN YroJl OTHOCUTENBHO IIEHTpa
cuMMeTpun (LEeHTp cepudeckor O0O00J0UKH) pacIpeaesieHue
3apsnoB He MeHsercs. ClenoBarenbHO, 3aJady HaJIo pelarb
B cheprueckux KoopanuHatax (7, 0, () 1 UCIOIb30BaTh B KAUECTBE
3aMKHYTOM TOBEPXHOCTH W3 HMHTETPAIbHOM (OPMBI TEOPEMBI
laycca mnpu Hamumuum audniektpukoB (3.4) cdepy, uUeHTp
CUMMETPUHM KOTOPOM COBIAJaeT C LEHTPOM CQepruuecKoi
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obomouku (puc. 3.1). B kaxxaoi TOUKe 3aMKHYTOH CeprUIeCcKOi
MOBEPXHOCTU MOAYJb JJIEKTPUUYECKOW MHIYKIUU HPUHUMAET
MOCTOSIHHOE 3HA4YeHHE, a BEKTOpP OJJIEKTPUYECKOW HHIYKIIUU
NEePIEeHIUKYIAPEH 3TON MOBEpXHOCTH. JleBas yacTh ypaBHEHHS
teopembl ['aycca (3.4) B ciayuyae ceprdeckoil CHMMETPUU UMEET
Bua (I1.2.3) (cmoTpu mpuiiokeHue 2) mpu 3ameHe BekTopa E
Ha BekTop D.

3aps B MpaBoil yacTu ypaBHeHUs Teopembl ['aycca (3.4),
cornacho (1.11), onpenensiercs uepe3 HHTETpa

q =M pdV=Jff pdx'dy'dz’ =

( x' = r'sinb’coso’ )
y' = r'sin0'sin¢’

z' =r'cosb’
a(x', y,'Z’) ' . ’
= 300 = (r")?sinB
\ dx'dy'dz' =I1dr'd0'de’ )

2T T T
f ffp(r’)zsine’dr’de’dcp’ =
0 00

r T 21 r

=fp(r’)2dr’fsin9’d6’f de' = 41Tfp(r’)2dr’, (3.7)
0 0 0 0

TAC HWHTCTPUPOBAHUC TIPOUCXOAUT 11O O6’béMy, B  KOTOpOM
PacIoJIOKCH 3apsan. OO0bnéMHas IIJIOTHOCTB P 3aBUCHUT
OT KOOpAWHATBI T", HO He 3aBHCHT OT 0’ u (P, COTJIaCHO YCJIOBUIO

3a7auH.
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I[lpu r<a (puc. 3.1B) mpousBOJIBbHAS 3aMKHYTas
MOBEPXHOCTh HE OKPY’KAeT HEMPEPHIBHO paclpeaeEHHBINA 3apsi.
CnepnoBarenbHO, 3apsii B IPaBOM 4YaCTH YpPaBHEHHUS TEOPEMBbI
I'aycca (3.4) paBeH HYJIIO:

q = 0. (3.8)

I[Ipuy a <r <b (puc. 3.16) mpou3BOJbHAS 3aMKHYyTas
MOBEPXHOCTh OKPY)KAET YACTUYHO HEMPEPBHIBHO PACIIPEICIEHHBIH
3apsaq (3amrTpuxoBaHHas o0macth). CleaoBaTeIbHO, C yIETOM
(3.7) 3apsia B mpaBoii yacTH ypaBHEHHs TeopeMmbl ['aycca (3.4)
paBeH:

r Ry r
q= 4‘1‘[f p(r")idr' = 411[ 0(r")2dr' + 4n far’dr’ =
0 0 Ry
T
=0+ 41« fr’dr’ = 2ma(r? — a?). (3.9
Ry

I[lpu r>b (puc. 3.la) mnpousBoOIbHAS 3aMKHYTas
MOBEPXHOCTh OKPYXKAaeT BEChb HEMPEPbIBHO pacHpeaeaEéHHbIHN
3apsj (3amITpuxoBaHHas ob6nacTe). CrenoBaTenabHO, C YUETOM
(3.7) 3apsin B mpaBoit yacTu ypaBHeHHs Teopembl ['aycca (3.4)

paBeH:
T

q= 411[ p(r")idr' =
0
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Ry Rz r

= 41‘[.f 0(r")?%dr' + 4m f ar'dr’ + 4m fO(r’)zdr’ =

0 Ry R
R

=0+ 41« f r'dr’ + 0 = 2na(b? — a?). (3.10)
Ry

Takum oOpa3oM, B 3aBHCHMOCTH OT paadyca T
NPOM3BOJILHON CEPUIECKON MOBEPXHOCTU 3apsi]l, HAXOSMIIUICS
BHYTPH 3TOH MOBEPXHOCTH, U3 BeipakeHuit (3.8-3.10) paBen:

0, r<a,
q =1 2na(r? — a?), a<r<hb, (3.11)
2no(b? — a?), r > b.

[Moacrasnsiem (3.11) u (I1.2.3) npu 3amene BekTopa E Ha
BekTop D B uHTerpansuyro ¢hopmy TeopeMsl ['aycca nmpu HaTUIun
monekTpukoB  (3.4) ¢ yu€ToM OpTOTrOHAIBHOCTH BEKTOpa
UHAYKIUA ~ DJEKTPOCTATUYECKOTO TMOJNsT K  MPOM3BOJIBHOMN
cheprueckoil MOBEPXHOCTH U MOJIy4aeM BhIpaXEHHUE NIl BEKTOpa
UHIYKIIUU:

0, r<a,
ar aa’r 5
D={2r 273’ &<T<Ph (3.12)
| x(b? — a®)r
T, r> b,

r7ie I' — paJnyc-BeKTOp, NMPOBEAEHHBIM U3 LeHTpa cheprudecKoi
000JIOUKH B IaHHYIO TOUYKY IIPOCTPAHCTBA.
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Ucnonb3yss  cBa3p  (3.5), (3.12) wu BeIpakeHue s
JTUDIIEKTPUIECKON TpoHHUIIaeMocTH € = r, B = const, a <r <
b, 13 yc0Bus 33124, Oy4aeM BBIpaKEHHUE TSI HAPSKEHHOCTH
3IICKTPOCTATHIECKOTO TIOJIS

0, r<a,
( ar aa’r r<b
- ] a r ]
E = 4 ZBT'ZEO 2[37'480 (313)
| a(b? — a®)r
_ r > b.
2r3g,

Bekrop nomnsipusanuu onpenesiuM U3 ONpeieieHns: BEKTopa
aniekTpudecko uHaykuuu (cmemienus) (3.3) ¢ yuérom (3.12)
u (3.13)

(O, r<a,

{ ar ar oaa’r aa’r

—— - , <r<b, (314
2r  2Pr?  2r3 + 2pr* asT (3.14)
kO, r > b.

CBs3aHHbBIE 3apsabl MOT'yT HaXOOAUTHCsS TOJIBKO
Ha JUDJIEKTPUKE, CJIEA0BAaTeNbHO, OOBEMHAS  IJIOTHOCTH
CBSI3aHHBIX 3apsfaoB p’  onpexaensercs w3 Boeipaxenus (3.1)
¢ yuérom (3.14):

p' = —divP = —div(P(a <r< b)) =

10
= —r—zg(rzP(a <r<b))=

10 ar? ar aa2+aa2 3
2 2B 2 @ 2Br)



_ %y o 3.15
T r 2prz  2prd (3.15)

[ToBepxHOCTHAs TIOTHOCTH 3apsAnoB (3.2) Ha BHYTpEeHHEH

MOBEPXHOCTH chepuyeckoii 00omoukn (paguyca a) ¢ y4éToMm
(3.14):

o'(a) = Pip(a) = Ppp(a) = P(a—0) - P(a+0) =

o a a x

2+%+5—E, (3.16)

rae nox mudpoit 1 moxpaszymeBaeTcs BakyyM, a Mo ugpoi 2 —
TUDIIEKTPHK.
[ToBepXHOCTHAsT IIOTHOCTh 3apsaoB (3.2) Ha BHENIHEH

noBepXHOCTH chepuyeckoii obosouku (pamuyca b) ¢ ydérom
(3.14):

0'(b) = Pip(b) = Pyp(b) =P(b—0) = P(b+0) =

a o oaa® aa?

=27 28 207 T 28D (317

rze nox uudpoit 1 noxpasymeBaercs IUAIEKTPHK, a oA HUdpoit
2 — BaKyyM.

OtBeTt: cMoTpu BeIpaxkenus (3.15-3.17).

Ipumep 3.2. HaiitTh mnoTeHIMan U HANPSHKEHHOCTD
ANIEKTPOCTATHUYECKOrO0 IIOJISI BO BCEX TOYKax MPOCTPAHCTBA
OT PaBHOMEPHO MOJIIPU30BAHHOTO JHMIJICKTPUYECKOrO IIapa
¢ paguycoM R u BekTopoMm nosispuszanuu P.
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Pemenne. CBs3aHHBIN 3apsij PaBHOMEPHO
nossipu3oBanHoro mapa (P = const) BO3HHMKAaeT TOJNBKO Ha
MOBEPXHOCTHU IIapa, TaK KaK B 00BEME IMIJICKTPUKA, COTIACHO
dopmyite (3.1), 00bEMHAs MIIOTHOCTH paBHA HYJIIO

p' = —divP = —div(const) = 0.
[ToBepXHOCTHBIN CBsI3aHHBIN 3aps (3.2) paBeH

G’=n(P1—P2)=P1n—P2n=Pn—0=Pn, (318)

rae non mudpoit 1 moapazymeBaeTcs MOJSPU30BAHHBIN MIap,
a moJ uudpoii 2 — BakyyMm.

BBeném nexaproByro
CUCTeMY KoopAHHAT (puc.
3.2). Ocb Z HanpaBUM BIOJIb
paanyc-BeKTopa I TOYKH
HaOmonenuss M. Bextop
nojspuzauuu P jexur
B Iiockoctn XZ. OA -
MPOEKIUs PaINYyC-BEKTOpa
r’  CBA3aHHOTO  3apsaa
Ha 1iockocth XY. Panmyc-
BEKTOP TOYKH HAOIOJICHUS

Puc. 3.2. M  paser r=(0,0,71).
Pannyc BexTOp CBSI3aHHOTO
3apsiaa dq’ 3apsHKCHHOU cepsl paBeH r =

(RsinB'cos@’, RsinB'sing’, Rcos®’). N3 coorHorrenuns (1.11)
crenyer, uro dq' = o'dS’, rie moBepXHOCTHAS IUIOTHOCTH 3apsiaa
o' =P, cormacao (3.18). JlanHHoe pacHoOJOKEHHE OCe
JIEKapTOBOM  CHCTEMBI ~ KOODIAMHAT  OOYCIOBJIEHO  TEM,
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4T0 HEOOXOAMMO 00JerdnTh pacuéTr moreHnuana. [lomcraBnsem
BCC BBIp@KEHHBIE HamMM BeauunHel B ¢opmyry (1.12)
JUTSL IOTEHIIMAJA U TIOJTyqaeM

f 1 P, dS’
®= ey ) [r—1'| 41'[80 VRZ + 12 — 2rRcos@’

(3.19)

HopmanbHas cocTtaBisiomnas BekTopa nossipuzauuu P, u3
puc. 3.2 paBHa

I !

r
P, —Pn=P_ —p_-=—
[r’| R

_ Psinb; - RsinB’cos@’ + 0 - Rsin®'sing’ + PcosB, - Rcosb’
= - =

= P(sinB,sinB®’cos’ + cosO,cosO’). (3.20)

DONEeMEeHT MOBEpPXHOCTU cdepbl B chepuueckoil cucreme
KOOPJWHAT paBeH

dS’ = R%sin0'd0'd¢’. (3.21)

[Morenmman (3.19) ¢ yuérom (3.20) u (3.21) mpumer BuA

2T T
1 J‘ f P(sinB,sin®’cosq’ + cosB,cos8’)R?sin0’'d0’d¢’ _
4mg, VR2 + r2 — 2rRcos8’

p 0 d
L S
2¢gg 2 JR% + 12— 2rRE
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2R Pr
PR%cosBy | 3,22 TR R |3
280 27" o 380 PI‘

ﬁ, T'<R, ﬁ,

r >R,

(3.22)
r <R,

riae cos6, = Pr/Pr. 3uas noreniman (3.22), MOXHO OIPEACIIUTh

HaHpH)KéHHOCTI) QJICKTPOCTATHYCCKOI'O ITOJIA € IMOMOIIBIO CBA3HU
(1.4)

Pr? — 3r(Pr) R
R3 - r )
E=-Vp=—— re (3.23)
3¢y | P
F, r < R.

OrtBet: cMoTpH BlpakeHus (3.22, 3.23).

Ipumep 3.3. [IpocTpaHCTBO MEXTy IJIACTUHAMH IIJIOCKOTO
KOHJEHCATOpa 3alOojHEHO JUAJIEKTPUKOM, IMPOHHUIAEMOCTh
KOTOPOI'O MEHSETCSl MO JIMHEHHOMY 3aKOHY OT 3HAUeHUs &
y OJHOW OOKIagKd 10 3HaueHus &, (&, > &) y Ipyrou.
Paccrosiane mexay oOkinankaMu — d, TIomaab Kax10i 00KIa K
paBHa S. Haiitu émkocts C KOHAEHCATOPA.

Pemienue. BBenéMm €KapTOBYIO CHCTEMY KOOpIMHAT,
HanpaBUB OCh X MEPHEHIUKYISIPHO IUIOCKOCTH KOHJEHCATopa
(puc. 3.4), oOknanku KOTOPOro Jexar B IUIOCKOCTSIX x = 0
ux =d.
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L 8 JuanekTpudeckasl MpOHUIIAEMOCTh
cpeasl B KOHIEHCATOPE,  COIIACHO
s YCIIOBHIO 3ajauu, U3MEHseTCs
+c -0 mo snuueiiHomy 3akony. £(x) = a + bx,
e rae kKo3QQUIUMEHTE a ¥ b HaxonaTcs u3
rpannunbix ycaoBuil €(0) = g, €(d) =

X
> &. B wrore mnonyyaem CIEAYIOLIYIO
3aBUCUMOCTh JUAJIEKTPUYECKOU
Puc. 3.4. MIPOHULIAEMOCTH OT KOOPJIUHATHI X
€7 &
e(x) =¢ + —g X (3.24)

Hanpsk€HHOCTD AJIEKTPOCTaTUYECKOTO OIS MEXAY JBYMSI
OECKOHEYHBIMU IPOTUBOIIOJIOKHO 3aAPSKEHHBIMU IIIIOCKOCTSIMU
Haxo uTcs u3 Beipakenus (1.11), teopemsl ['aycca npu Hau4um
mmanektpukoB  (3.4) s mwiockod  cummerpun  (I1.2.10)
npu 3ameHe Bekropa E Ha Bektop D u u3 cBssu (3.5):

E=—. (3.25)

Pa3HOCTh MOTEHIIMAIOB MKy OOKIIaJAKaMHU KOHIEHCATOPA,
cormacto (1.5) u ¢ yuérom (1.11), (3.24) u (3.25), paBHa

2 d d d
q

o
Ap = E = = —_— = _— =
© j dl Jde Jsso dx Js(x)sode

1 0 0 0
d
qd qd &
= f dx = ———1
; (e1d + (g2 — €1)%)gS g0S(e; — €1)

n—.
%)
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EmkocTs koHgeHcaTopa (2.3) paBHa

q 505(52 - 51)
C=—=—-——"—, 3.26
Ao din(e,/e) (3.26)

OtBet: cMoTpH BhIpakeHue (3.26).

3.3. 3agaum 11 CaMOCTOSAITEILHOTO PellIeHUus

3.1. Meramuueckas chepa paguyca R, Hecymas 3apsia q,
pacrnojiokeHa B O€3rpaHUYHOW OJHOPOJHOW JUAJIEKTPUYECKON
cpele C TMPOHHUIAEMOCThI0 €. OnpenenuTh MOBEPXHOCTHYIO
U 00BbEMHYIO TUIOTHOCTH CBSI3aHHBIX 3apSI0B B IUDJICKTPHKE.

Oteer: p' = 0,0" = —q(e — 1)/(4meR?).

3.2. OnpeaenuTs IIOTHOCTh MOBEPXHOCTHBIX U 00BEMHBIX
CBSA3aHHBIX  3apSAJOB B JUAJICKTPUYECKOM  IUIACTHHKE,
HAXOJAICHCS MEXIy OOKJIaJKaMU KOHJIEHCATOpa MapajuieIbHO
JTaHHBIM OOKJIamKaM. 3aps] KOHACHCATOpa paBeH ¢, TUIONIAJb
MJIACTUHOK — S.

OtBer: p' =0, o' =q(e—1)/(Se) Ha mNOBEPXHOCTH
IUIACTUHKH Yy OTPUIATENBHO  3apsOKEHHOW — OOKIIagKu
KoHIeHcaTopa, o =—q(e—1)/(Se) Ha  TMOBEPXHOCTH
IUIACTUHKH Yy TIOJIOXKHUTENBHO  3apsHKEHHOW  OOKIAAKU
KOHJICHCATOPA.

3.3. beckoHeuHO IIMHHBIA AMAICKTPUUECKUN IUIHHIP
C TIPOHUIIAEMOCTRIO € = 37, [3 = const 3apsHKeH paBHOMEPHO IO
00BEMY 3apsioM ¢ U HaXOJIWUTCSA B Bakyyme. Paamyc numuHapa
paBeH R. OnpenenuTs MOBEPXHOCTHYIO U 0OBEMHYIO TNIOTHOCTH
CBSI3aHHBIX 3aPSAJI0OB B TUIJIEKTPUKE.

Oter: p' =—q/@mr3nB), o = (q/(2nhR))(1—
1/(BR)).
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3.4. TodeuHslii 3apsl ¢ HAXOAUTCS B LIEHTPE MIapa paanyca
R W3 [udJIeKTpUKa ¢ NOpoHHMIAaeMocTbio €. Illap oxkpyxén
0e3rpaHUYHBIM  JUIEKTPUKOM €  HPOHHMLAEMOCTBIO €.
OnpenenuTh MOBEPXHOCTHYIO W OOBEMHYIO  IJIOTHOCTH
CBSI3aHHBIX 3apsAJI0B B IUIEKTPUKE.

Otser: p' = 0,0 = (q/(4mR?))(1/g; — 1/%,).

3.5, Mexny oOkimangkaMu IJIOCKOTO — KOHJEHCaTopa
HaXOJATCS ABE IPWJIETralollue ApYr K JIpYry IUAIEKTPUYECKUE
IUIACTUHKH, IIPOHULAEMOCTH KOTOPBIX PpaBHBI & H &,.
Ha nnacTrHax KOHIEeHCAaTOpa paBHOMEPHO PACIIPENEICHBI 3apsi/ibl
C TOBEPXHOCTHOM IJIOTHOCTbIO 0 U — 0. OnpenenuTb MOIYJb
IIOBEPXHOCTHOM IIJIOTHOCTH CBSA3aHHBIX 3apsAJ0B HAa TIpaHULE
paszzeina AByX JIUAJIEKTPUKOB.

OrBer: 6’ =o|l/e, — 1/54].

3.6. OnpenenuTh HANPSHKEHHOCTD AJIEKTPOCTATUYECKOTO
NoJis BHYTPU W BHE IUIACTUHKM M3 DJJIEKTPETa, BEKTOP
MOJISIPA3ALMU KOTOPOM HAIIPABJIEH I10 HOPMAJIX K €€ IIIOCKOCTH.

OtBeT: Eyyyrpn = P/ €0y Ecyapysu = 0.

3.7. Haiitm HanpsoKEHHOCTH 3JIEKTPOCTATHYECKOTO TTOJIS
B LIEHTPE MPSAMOT0 KPYIJIOro HMINHJPA [UIMHONW h U paanycoM R,
BEKTOp nossipuzanuu P = const koToporo napasieneH ero ocu.

Otser: E = —(P/so)(l —h/vVh? + 4R2).

3.8. Haiitm HanpsoKEHHOCTH 3JEKTPOCTATHUECKOTO OIS
B LIEHTPE MPSAMOT0 KPYyIJIOro HMINHJpA [UIMHONW h U paanycoM R,
BEKTOp mnoispuzanuu P = const KOTOporo neprneHIuKyjIspeH
€ro ocH.

Otser: E = —Ph/(2g,Vh? + 4R?).

3.9. ToueuHblii 3apsg q  HAXOOUTCA B  cpefe
C JMAJIEKTPUYECKOW TPOHUIIAEMOCTBIO €; Ha pPacCTOSHUU [
OT IUIOCKOM TpaHMIBl C IAPYIrOM Cpenod C AUDIIEKTPUUYECKOU
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IPOHULAEMOCTBIO  €,. OmnpenenuTs Cuily B3aUMOJCHCTBUS
JAHHOTO 3apsja ¢ rpaHulel pa3ziena.

Yka3zanue K peleHuo: oJ NEUCTBUEM
AJIEKTPOCTATUYECKOTO I0JII TOYEYHOIO 3apsiia ¢ AUDIEKTPUKU
nossipu3yrorcs.  CBsi3aHHBIE  3apsiibl  BO3HUKAIOT — TOJBKO
Ha IpaHulE pas3jena ABYX AUDJIEKTPUKOB, TaK KaK AUAIEKTPUKU
OJIHOPOJHBIE. CrnenoBarenbHo, HaNpsHKEHHOCTD
JIEKTPOCTATUYECKOTO OIS B KAXAOM JUAJIEKTPUKE MOKHO
paccMaTpuBaTh Kak CYINEpIO3HUIMIO [JBYX HaIpsHKEHHOCTEH
3MIEKTPOCTATUYECKUX TMOJIEH B BAKyyMe: MMOJIsl TOUEYHOTO 3apsijia q
U ToNA 3apsbKeHHOM miockoctd. Jlamee ecth nBa cmocoOa
pemieHus 3amaud. B mepBoM crocobe BEKTOp HaMpsKEHHOCTH
JMEKTPOCTATUYECKOTO  MOJsl ~ paBeH  CyMME  BEKTOpPOB
HANPSDKEHHOCTEH AJIEKTPOCTATUYECKUX TMOJIEH TOYEUHOTro 3apsa
q Y 3apsHKEHHOM IUIOCKOCTH U3 CBA3aHHBIX 3apsiioB. Mcmonb3ys
cBs3b (3.5) u rpannynoe yciosue (3.6) mis Bektopa D, mosaydaem
BBIPaXEHHUE ISl IOBEPXHOCTHOM IJIOTHOCTH CBSI3aHHBIX 3apsiiOB
Ha TpaHMIle pa3fesia JAUAJIEKTPUKOB, C TIOMOIIBIO KOTOpPOM
HaxoauTcsl Hampspk€HHOCTh (1.12), W, Kak cieicTBue, cuia
Kynona (1.1). Bo Bropom cmocobe HCIONB3YEeTCS METOJ
U300pakeHMs, COIJIaCHO  KOTOPOMY  CBSI3aHHBIE  3apsiibl
Ha TpaHWIle pasfena AUDIEKTPUKOB 3aMEHSIOTCS (UKTHBHBIM
TOYEYHBIM 3apsgoM q'. HampsokeHHOCTh 3IIEKTPOCTATHIECKOTO
MOJISI B TIEPBOM JIUAJIEKTPUKE, B KOTOPOM HAXOAUTCS TOYEUHBIN
3apsi], paBHa CyNepHo3UIMH M0JIeH TOUeYHOTo 3apsiia q 1 3apsa-
U300paKeHUsl q', PACIOJIOKEHHOTO 3EPKaTbHO CHMMETPUYIHO
OTHOCHUTEJIBHO T'PAHUIIBl pa3Jesia TUIIEKTPUKOB 110 OTHOLIEHUIO
K TOYEYHOMY 3apsily ¢, B cCpele C JUDJIEKTPUYECKOi
MPOHUIIAEMOCTBIO €. BO BTOpOM AMAIEKTpHUKE HAMPSKEHHOCTh
AIIEKTPOCTATUYECKOTO TOJIS paBHA HAMPSHKEHHOCTH TOYEUHOTO
(GUKTHBHOTO 3apsaa q'', KOTOPHIM 3aMEHHIN TOYCYHBIN 3apsaa g
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W CBs3aHHBIC 3apsfbpl Ha TpaHWIE pasfeiia JAUAICKTPHKOB
U KOTOPBIN PACIIONIOKEH B TOH K€ TOYKE, YTO M TOYCUHBIN 3apsi
q, B Cpelie C TUAIIEKTPUUYECKON MPOHUIIAEMOCTBIO €,. C IOMOIIBIO
IPaHUYHBIX YCIOBHiA (3.6) HAXOSTCS BEMYUHBI 3apsiaoB q' u q''
u 1o 3akony Kynona (1.1) onpenensiercs cuna.

Otser: F = q2(g; — &3)/(16meoh?e, (51 + £3)).

3.10. beckoHeuHBI MIMHHBIA UOWIMHAP paguyca R
U3 OJHOPOIHOTO JTUAJICKTPUKA C MPOHUIIAEMOCTBIO € TIOMECTHIIH
B OJIHOPOJIHOE JJIEKTPOCTATUYECKOE T0Jie HanpspkEHHOCThIO Eg,
KOTOpO€ TNEPIEHAUKYJIIPHO OcCH IwmHapa. Haitm BekTop
NOJISIPU3ALUH TUDIIEKTPUKA.

OtrBer: P = —2¢)E, (e —1)/(e + 1).

3.11. Mexnay oOkiagkamMu ceprUuecKoro KOHJIEHcaTopa
HAXOJUTCS cpela C  JAMDJICKTPUYECKOH  IMPOHUIIAEMOCTHIO
€ = a/r?, roe a = const > 0, r — paccTosHHE OT LEHTpa IIapa
N0 TOYkM HaOmonmeHws. Haiitu EmMKOCTh KOHJEHCATOpa,
€CIIH PaJryChl €ro 00KIIamoK paBHbl a u b (a < b).

Otsert: C = 4neya(b — a).

3.12. Kongencatop &mxoctu C;, TpeaABapUTEIHLHO
3apsOKEHHBIA 0 HampspkeHus U, TOAKITIOYHIN TapaiedbHo
K He3apshKeHHOMY KoHjaeHcaTtopy €mkoctn (,. Haiitu
HpUpalLIeHue dJIEKTPUUYECKON SHEPrun 3TOW CUCTEMBI K MOMEHTY
YCTaHOBJICHHS PAaBHOBECHSI.

OtBer: AW = —U2C,C,/(2(Cy + C2)).

3.13. [udnekTpudeckasl MIACTUHKA C MPOHUIIAEMOCTBIO €
LEIMKOM 3aloJHIEeT 3a30p MEXAy OOKJIaJKaMu IIJIOCKOTO
KOHJIeHCaTopa, EMKOCTh KOTOPOT'O B OTCYTCTBHE IJIACTUHKU paBHA
C. KonpgeHcarop MNOAKIIOYEH K MCTOYHUKY TMOCTOSTHHOIO
HanpsbkeHuss U. IlnactuHky MeaneHHO (6€3 TpeHMs) H3BIIEKIIH
u3 3a3opa. Haltm npupamenne -SHEpruM KOHJEHCATOpa

74



U MEXaHUYECKYI0 paboTy, COBEPIIEHHYIO TPOTUB JIEKTPUUECKUX
CHWJI IIPU U3BJICUCHUU TJIACTHHKHU.

OtBer: AW = — (e — 1)CU?/2, A= (e —1)CU?/2.

3.14.  llepBoHayalbHO B  IUIOCKOM  BO3IYIIHOM
KOHJICHCATOpe, 3apsHXKEHHOM M OTCOEAMHEHHOM OT HCTOYHHKA
OJC, Hampsok€HHocTh mons paBHa E,. 3arem 1oJ0BUHY
MPOCTPAHCTBA MEXKIY IUIACTUHKAMU KOHIEHCATOpa 3alOJHSIOT
OJIHOPOAHBIM  JMIJIEKTPUKOM C IPOHUIAEMOCTBIO € Tak,
4YTO IUIOCKas TIpaHULA AUBJIEKTPUKA IapajulejbHa IUIACTUHAM
KoHgeHcaropa. Haittu moxynu BektopoB E u D BHyTpu u BHE
JUDJIEKTPUKA.

Otset: E; = 2¢E,/(e+ 1), E, = 2E,/(e+ 1),
D; = D, = 2egyEy/(e+ 1), rne nox uuppoit 1 moHumaercs
BO31yX, a moJ; UQPoH 2 — TUIIEKTPUK.

3.15. Pemmuts MPEABITYIYIO 3ajaudy, cuuTas,
YTO KOHJIEHCATOP € CAaMOI'0 HavyaJla MOJAKI0YEH K UICTOUHUKY DJ1C
Y Pa3HOCTh MOTEHIIUAIOB MEXy OOKIaIKaMHU HE MEHSIETCS.

OrtBer: E, =E, E, =Ey/e, D; = D, = ¢yE,,
rae non nudpoi 1 moHuMMaercs BO3nyX, a moja Lugppor 2 —
JTUDJIEKTPHK.

4. TlocTosiHHOEe MAarHUTHOE T10JI€e B BAKYyMe

4.1. TeopeTuueckmii MaTepua
PaccMOTpuM TNOHATHE D3JIEKTPUYECKOIO TOKA, KOTOPBIM
ABJIIETCS NICTOYHUKOM MAarHUTHOTO MOJIS. DNEKTPUYECKUM TOKOM
Ha3bIBAETCs JII000€ YMOpsAJOYeHHOE (HAIPABICHHOE) ABIM)KEHHE
ANEKTPUYECKUX 3apAloB. B  mpoBOAHUMKE MOI ACHCTBUEM
MPUIIOKEHHOTO AIEKTPUYECKOTO MOJIsi CBOOOIHBIE AIEKTPUUYECKUE
3apAnbl  MEPEMEIIAIOTCS:  TOJIOKHUTENIbHBIE — 10 IO,
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OTpHLIATENIbHbIE — MPOTHUB MOJIA, T. €. B IPOBOJHUKE BO3HUKAET
NIEKTPUUECKUN TOK, HAa3blBa€MbIi TOKOM IPOBOAMMOCTH.
3a HampaBleHHE TOKa YCIOBHO IPUHMMAIOT HalpaBlIeHUE
HOJIOKHUTEIBHBIX 3apsI/I0B.

KonnyecTBEHHON MEpOM DJJIEKTPUYECKOIO0 TOKA CIIYXKUT
cuia Toka | — ckansapHas Gu3nueckas BEIMYHMHA, ONpeessemMast
JIEKTPUUECKUM  3apsiioM, IPOXOISIIUM 4epe3 IOoNepedHoe
ceyeHHe TIPOBOJHMKA B eIWHUIY Bpemenu: [ = dq/dt.
dwusnyeckas BeJIMINHA, ONpeessieMast CHIION TOKa, TPOXOASIIETO
Yyepe3 eIMHUIY TUIOIMIAAKK TONEPEYHOTO CEYCHHs IMPOBOJIHUKA,
NEepIEHANKYIIIPHOTO HaNpaBICHUIO  TOKa, Ha3bIBACTCS
IUIOTHOCTRIO TOKa: j = dI/dS,. EnuHuma IJIOTHOCTH TOKa —
ammep Ha MeTp B kBaapate (A/M?).

Cuna TOKa CKBO3b IIPOM3BOJIBHYIO IOBEPXHOCTH S
OTIpeNIeNsIeTCs KaK IOTOK BEKTOpa j, T. €.

I=|jds, (4.1)
/

rae dS = ndS (n — eAMHUYHBIN BEKTOP HOPMAJIH K IIoIIaake ds).

Ecnmu cuma Toka M ero HampaBlieHHE HE HW3MEHSIOTCS
CO BpEMEHEM, TO TaKOM TOK Ha3bIBAETCSA MOCTOSIHHBIM.
Jlnst mocrostHHOTO TOKa [ = q/t, TAe q — DIEKTPUYECKUH 3apsi,
MIPOXO/ISIINIMA 32 BpeMsi t Yepe3 MONepeuHoe CEUeHHUEe ITPOBOTHUKA.
Enununa cwiel Toka — ammep (A): 1 A — cuia HEM3MEHIEMOTO
TOKa, KOTOPBIA TPHU TPOXOXKICHUH IO JIBYM MapajieIbHbIM
MPOBOJIHUKAM OCECKOHEYHOW [ITMHBI M HHUYTOXHO MAaJIOro
MOTIEPEYHOTO CeueHus, pPACIOJIOKEHHBIX B BaKyyMme
Ha pacCTOSsHUU 1M OJIMH OT Jpyra, CO3Ja€T MEeXAy OSTUMH
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NPOBOJHUKAMU cHily, paBHylo 2-1077 H Ha Kkaxawlii Merp
JUIMHBI.

[Tomo6HO TOMY Kak B MpPOCTPAHCTBE, OKpPY)KAIOLIEM
QJIEKTPUYECKUE 3apsiabl, BO3HUKAET 3JEKTPUUECKOE IIOJIE,
TaKk U B TPOCTPAHCTBE, OKPYXKAIOIIEM TOKH U TOCTOSHHBIC
MarHuThl, BO3HUKAET CUJIOBOE I0J€, HAa3bIBAEMOE MArHUTHBIM.
Hanuuue MarHUTHOrO mojisi OOHApYXUBAeTCs IO CUJIOBOMY
NEHCTBUIO Ha BHECEHHBIE B HEr0 MPOBOJHUKH C TOKOM
WM [TOCTOSIHHBIE MarHUTBHI.

DNeKTpUyYecKoe Moje JCHCTBYeT Kak Ha HENOJABH)KHBIC,
TaK U Ha JIBWXKYILUECS B HEM 3JIEKTpUUYECKUE 3aps/bl. Baxxkuelmas
OCOOEHHOCTP ~ MAarHUTHOTO  IOJII ~ COCTOUT B TOM,
YTO OHO JEHCTBYET TOJIKO Ha JBUKYLIUECS B HEM AJIEKTPUUECKUE
3apsabl. ONBIT  MOKAa3bIBaeT, 4YTO XapakTep BO3JEHCTBUS
MarHUTHOTO TIOJISi Ha TOK Pa3jM4eH B 3aBHUCHUMOCTH OT (HDOpMBI
MPOBOJAHMKA, IO KOTOPOMY TEYET TOK, OT PACIOJIOKECHUS
IPOBOJAHMKA M OT HampaBieHMs Toka. (CrenoBaTenbHo,
YTOOBl OXapaKTepU30BaTh MAarHUTHOE I0JI€, HAJ0 PacCMOTPETh
€ro JICVCTBUE Ha ONPEICIEHHBIN TOK.

n [TonobHO TOMY Kak MpU H3YYEHHUH
AIIEKTPOCTATUYECKOTO noJist
HCIIOJIb30BAJINCh TOYEYHbIE 3apsapl,
P MCCIEAOBAaHUU MAarHUTHOTO  IOJIA
MIOJIB3YIOTCS TUIOCKUM KOHTYPOM C TOKOM [
(paMka Cc TOKOM), JMHEHHBIE pa3Mepsl

Puc. 4.1. KOTOPOTO MaJibl o CPABHEHUIO

C paccTOSHUEM JI0 TOKOB, CO3JIAOIIUX
MarHutHoe mnone. OpueHTanuss KOHTypa B IIPOCTPAHCTBE
OIpPEAEIAETCS HAPABICHUEM HOPMaIM N K KOHTYpPY, CBA3aHHON
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C HalpaBJICHHEM TOKa IMPaBHIIOM IIpaBoro BuHTa (puc. 4.1). Takas
HOpPMaJIb Ha3bIBACTCS NOJIOKUTEIBHOM.

OneITBl NMOKA3bIBAIOT, YTO MAarHUTHOE IIOJIE OKa3bIBACT
Ha paMKy C TOKOM OpPHEHTHUPYIOLIEEC NEHCTBUE, MOBOpaYMBast
e¢ ompenenéHHBIM 00pa3oM. DTOT pe3ylbTaT MCIONb3YEeTCA
JUIs BBIOOpa HAampaBJIeHUs] MAarHUTHOTO TOJIA. 3a HampaBiIeHUE
MarHUTHOTO MOJIs B JAHHOW TOYKE NPUHUMAETCSI HaIlpaBJICHUE,
BJIOJIb KOTOPOIO paccMaTpuBaeTCsl IOJIOKUTEIbHAs HOPMaJb
K paMKe.

Pamkoi c TOKOM MO>KHO BOCIIOJIb30BaThCs
TaKKE€ M UI1 KOJIMYECTBEHHOI'O OINMCAHUS MAarHUTHOIO IMOJIA.
Tak kak paMKa ¢ TOKOM HUCIBITBIBAET OPUEHTUPYIOLIEE NEHCTBUE
1oJisi, TO Ha He€ B MArHUTHOM IIOJ€ JAEWCTBYET Iapa CHJL.
Bpamaromuii MOMEHT CHJI 3aBUCHT KaK OT CBOMCTB MOJISI B JAHHOU
TOYKE, TaK U OT CBOWCTB paMKH U orpenenseTcs no popmyie: M =
[m X B], rie m — BeKTOp MATHUTHOTO MOMEHTA PAMKH C TOKOM;
B — BekTOp MarHUTHOW UWHAYKIMHU  (KOJIMYECTBEHHAs
XapaKTepUCTHUKAa MarHuTHoro mofs). Jlis miockoro KoHTypa
¢ TokoM | m = [Sn, rae S — mIomags NOBEPXHOCTU KOHTYypa
(pamMKH), N — eIMHUYHBINA BEKTOP HOPMAJIU K ITOBEPXHOCTH PaMKH.

Ecnu B JaHHYIO0 TOUKY MarHUTHOTO MOJIS IOMENIATh PaMKH
C pa3IM4YHBIMU MArHUTHBIMA MOMEHTaMH, TO Ha HUX JEHCTBYIOT
pa3IMYHbIC BPALIAIOIINE MOMEHTBI, OJHAKO OTHOLICHUE My, /M
(Myax — MaKCHMANBHBIA BpAINAOIIAI MOMEHT) JUIsl BCEX
KOHTYPOB OJIHO U TO K€ M TI03TOMY MOXET CIYXUTh
KOJIMYECTBEHHOW  XapaKTEpUCTUKOM  MarHUTHOTO IO,
Ha3bIBAEMOM MarHUTHOU MHAYKIHEH: B = M4, /M.

MaruuTtHas MHAYKIUS B JJaHHOM TOYKE MArHUTHOTO IOJIS
ONpefenseTcss  MaKCUMAJIbHBIM  BpallalOIIMM  MOMEHTOM,
JNEHCTBYIOIIMM HAa PAMKy C MAarHUTHbIM MOMEHTOM, DPaBHBIM
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€UHULE, KOrja HOpMallb K paMKe NEepHeHAMKYJsApHa
HaIIPaBJICHUIO NOJIsl. MarHUTHOE I0JIE HA3bIBAIOT OJHOPOIHBIM,
€CIM BO BCEX €ro TOYKax MArHuTHas HWHAYKIUS OJUHAKOBA
KaK M0 HaIpaBJICHUIO, TAK U N0 3HAYCHUIO. EMHMIIA MarHUTHOU
uaaykiun — tecna (Tur): 1 Ta — MarHWTHAS MHIYKIMS TaKOTO
OJIHOPOJAHOI'0 MAarHUTHOTO 110JIs1, KOTOpoe JeHcTBYeT ¢ cuitoil 1 H
Ha KaXJbli METp MJIUHBl NPSIMOJMHEMHOrO0 IPOBOJHHUKA,
PacroI0kEHHOr0 NEPIEHANKYIISIPHO HAIIPABJICHUIO MOJIs, €CIIN 110
ATOMY MIPOBOJIHUKY TE€UET TOK 1 A.
Tak Kak  MarHuTHOe  TIOJIE
1 SABIISIETCS CUJIOBBIM, TO ero,
[0 AHAJOTUH C  BJIEKTPUUYECKUM,
@) U300paXaroT C TOMOINBIO  JIMHHMA
MAarHUTHOM  WHIYKLUMU —  JIMHWM,
B KacaTelbHble K KOTOPBIM B KaXIOH

TOYKE COBMIANAIOT C HAaIPaBICHHEM
Prc. 4.2. BekTopa B. Mx HampaBneHue 3amaércs
npaBwioM mpaBoro BuHTa (puc. 4.2). JIMHUM MarHUTHOI
MHIYKIMH BCEr/1a 3aMKHYThI U OXBAThIBAIOT IPOBOJIHUK C TOKOM.

WHayKnust MarHWTHOTO 10N OONajgaeT  MPUHIUIIOM
CYIEPIIO3UIINH: BEKTOP Pe3yIbTUPYIOMIEH HHYKIINA MAarHUTHOTO
MIOJISL OT CHCTEMBI IBUKYIIMXCS 3apsAI0B PaBEH BEKTOPHON CyMMe

WHIYKIIMA MarHUTHBIX TOJEH OT KaXKIOro  OTACIIBbHOTO

,I[BI/I)KyHIeFOCﬂ SapﬂI[aI
B = Z B,. (4.2)
i

3aKoH buo-Casapa-Jlannaca: BEKTOP UHIYKIHH
MarHuTHOTO nojs B, nopokgaemMoe NOCTOSTHHBIM AJIEKTPUYECKUM
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TOKOM [ BIIOJIB TIPOM3BOJIBHOM KpuBOH ', B TOuke HaOIIOACHMS,
MOJIOXKEHNE KOTOPOH OMPEEsIeTCs PaInyC-BEeKTOPOM I, paBeH

W (I[dlx (r—r')]
 4m Ir—r'|3
r

; (4.3)

rie Mo =4m-10"7 Tn-M/A — MarHuTHasg HOCTOSHHA,
r’ — pajanyc-BeKTOp MOJOKEHHs BeKTOpa 3aeMenTa dl kpusoit I
(nampaBienue BekTopa dl coBmamaer ¢ HampaBlieHHEM Toka [
B TOYKE C pajJnyC-BEKTOPOM TI'); HHTEIPHUPOBAHHE IPOUCXOJIUT
no Bceil kpuBoil [. HampaBnenuss Ttoka [ Ha yuactke dl
W UHIYKIUA MAarHuTtHOro moisi B OT 3TOro TOKa CBsA3aHBI
MIPaBUJIOM IIPABOr'O BUHTA.

Moyiib HHIYKIIMH MAarHUTHOTO 110JIs 0Tpe3ka AB (puc. 4.3)
psiMOro Toka I B Touke HaOmoieHuss M paBeH

B = ol (sinB, — sinB,), (4.4)
41ip

rJ€ WHAYKIUsS MarHuTHoro moisis B B Touke HabGmonmenus M
HalpaBJieHa IEPIEHIUKYIIIPHO PUCYHKY Ha HAC; P — pacCTOsAHUE
OT TOYKH HaOMoIeHusT M 10 OTpe3Kka ¢ TOKOM (3TO AJTMHA OTpe3Ka
CM wna puc. 4.3); 6; u 6, — 310 yriusl Mexay orpeskom CM

M (meprieHANKYIISp,

\:J . OITyIICHHBIA Ha OTpe30K AB)

915 92 u orpeskamu MA u MB

i . COOTBETCTBEHHO,  KOTOpHBIE

] COEIMHSIOT TOUKY
A Puc. 463,' B HaOmoneHuss M ¢ KOHIAMU



oTtpe3ka AB; yrael 01 u 0, OTCUMTHIBAIOTCS OT MEPIECHIUKYIISIpa
CM, nanHble yrael OepyTcs €O 3HAKOM ILIIOC, €CIH  YTJIbI
OTCUMUTBHIBAIOTCS MIPOTHUB YAaCOBOM CTPEIKH, U CO 3HAKOM MUHYC,
€CJIM YTJIBl OTCUUTHIBAIOTCS TI0 YACOBOM CTPEJIKH.

Monaysib MHIYKIIMM MarHUTHOTO TOJs OTpe3ka ayru AB
(puc. 4.3) kpyroBoro Toka / B Touke HaOmroneHuss M (LeHTp ayTrH
AB) paBeH
_ ol

B - )
4R P

(4.5)

r7€ WHAYKIUsS MarHuTHoro moisis B B Touke HaOmonmenus M
HaIpaBlieHa MEPIEHAUKYIISIPHO PUCYHKY Ha Hac; R — paauyc n1yru
AB; (p —3T0 LIEHTpaIbHBIN Yo, KOTOPbIM onupaercs Ha Ayry AB.

4 ]

Beipaxxenus s WHIYKIIUU

MarHUTHBIX —moJiei mpsimoro  (4.4)
U KpyroBoro (4.5) TOKOB MOJIyY€HBI
u3 3akoHa buo-CaBapa-Jlamaca (4.3).
B mnpumepe 4.1 paccMoTpeH BBIBOA

1' ' A B UHIYKLIUHA OTpe3Ka TOKa U3 JaHHOIO
3aKOHA.
Puc. 4.4.
NHuTerpanbHas TeopeMa

0 [MPKYISILIMM B  BaKyyMme. IUPKyIsqus Bekropa B
10 IPOM3BOJIBHOMY 3aMKHYTOMY KOHTYpY ' paBHa nnpou3sBeeHNIO
Ko Ha anreOpanyecKyro CyMMY TOKOB, OXBaTbIBAEMbIX KOHTYPOM
I

f Bdl = y,l, (4.6)

rne [ =) I, npuuém [, — BenuuuHbl anreOpanueckue. Tok
CUMTAETCS IOJIOKUTEIBHBIM, €CIIH €r0 HaIllpaBJIEHHWE CBS3aHO
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C HaIpaBlieHHEM 00X0/a IO KOHTYpY MPAaBHIOM MPABOTO BHHTA.

Toxk MIPOTHBOIOJIOXKHOTO HaIpaBJICHUS CUHTACTCS

orpunarenbibiM  (puc.  4.5).  OmnpeneneHue  HMUPKYISALUH
B MPUJIOKEHUH 1.

3akoH Ammnepa: cuna dF,

C KOTOpPOW MAarHMUTHOE TOJe

NeHCcTByeT Ha dneMeHT dl

I MIPOBOJIHUKA c TOKOM,

HaXOSAIIUMCS B MarHUTHOM

T0JIe, IPSIMO MPOTIOPIIMOHATBHA

cuie Toka | B IPOBOJHMKE

I
=0 4<0 5>0 U BEKTOPHOMY IPOHU3BEICHHIO
3J7eMeHTa JUTMHBI dl MpoBOHMKA
Puc. 4.5.
Ha MAarHUTHYIO HHAYKIHUIO B:
dF = I[dl x B]. (4.7)

[ToTokoM BekTOpa MarHUTHOM WHAYKIMHM (MarHUTHBIM
MOTOKOM) 4epe3 IUIOMAAKy dS Ha3pIBaeTcs CKalsgpHas
¢du3nyeckas BeIMUMHA, paBHAs

d® = BdS, (4.8)

riae B — BekTOp MHIYKIIMM BHEIIHETO MAarHUTHOTO TOJs; dS =
ndS; dS — smeMeHTapHas IUIOMIATh KOHTYpa; N — HOPMalb K
momagke ds.

MarHuTHBII IOTOK MOKET OBITH KaK IIOJIOKHUTEBHBIM, TaK
158 OTpI/II_[aTeJ'II)HI)IM B 3aBUCUMOCTHU OT BBI60pa ITIOJIOKHUTCIIBHOT O
HaHpaBJ’IeHI/Iﬂ HOpMaJ'II/I n. MaFHHTHBIﬁ IIOTOK CBA3BIBAIOT
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C KOHTYpOM, IO KoTopomy Te4€T TOK. IlojoxuTenbHoe
HaIpaBJIEHUE HOPMAJM K KOHTYpPY CBSI3aHO C TOKOM B KOHTYpe
paBWJIOM MpaBoro BuHTa. CienoBaTeNbHO, MAarHUTHBIA MOTOK,
CO3/1aBacMblii KOHTYPOM 4Yepe3 IOBEPXHOCTb, OTPAaHHUUYEHHYIO
UM CaMUM, BCET/Ia MOJI0KUTEIICH.

[ToTox BEKTOpa MarHuTHOU WHIYKIUU )
yepe3 MPOM3BOJIBHYIO MOBEPXHOCTh S MOJYYAETCS C MOMOUIBIO
WHTErPUPOBaHUS MOTOKA (4.8) MO 3TOM MOBEPXHOCTH

® = | BdS. (4.9)
/

Enununeit marHutHoro motoka ssisercs BeOep (B6):
1B6 — MarHWTHBIH TOTOK, NPOXOISANIMKA CKBO3b ILIOCKYIO
IIOBEPXHOCTH IUIOIIA/IBIO 1 m?, PacCIOJIOKEHHYIO
NEPHEHAUKYJIIPHO OJHOPOJIHOMY MarHUTHOMY ITOJIIO, MHIYKIUS
KoToporo pasHa 1 Tur.

4.2. Ilpumeps! pelieHus 3a1a4

IIpumep 4.1. Haiitu Moaynb MHIYKIIUM MarHUTHOTO MOJIS
oTpe3ka npoBojga AB ¢ OJHOPOIHBIM TOKOM [ B IIPOM3BOJIBHOU
TOYKe mpocTpaHcTBa (puc. 4.3).

Pemenne. Ha puc. 4.6 mnokazaH OTpe30K MpoBoOJa
C OJHOPOJHBIM TOKOM [ B JI€KapTOBOW CHUCTeME KOOpAMHAT
¢ Bektopamu I U ', Tok I He 3aBUCHUT OT TOYKH OTPe3Ka IMPOBOIa
0 YCJIOBUIO 3a/1auu. Paguyc-BekTop Touku HabmoaeHus M paBeH
r = (0,p,0). Paguyc-Bekrop sjaeMeHTa MpoBoAa ¢ ToKoMm dl =
(dx',0,0) B Touke C paBen r' = (x',0,0). BekropHOoe
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HPOM3BEICHUE [dlx (r—r1")] packpeIBaeTCs
4epes ONpeeIuTeb:

e, e, e
[dix (r—r)]=|dx" 0 O0f=e,pdx'.
—x" p 0
Y
M(0,p,0
r"&“— 2 \\‘.\
A
d],’/, r . X

s PN x
40,00 L 0,00 2500000 \Blan0,0)

Puc. 4.6.

HO}ICTaBHHeM JaHHBbIC 3HA4YCHUS BCIMYHNH B 3aKOH Bbuo-
Casapa-Jlamtaca (4.3) v noayyaem

+ p2)3/2 -

X2
B uojl[dl X(r—r)] uolezpj dx’
4m Ir—r'|> = 4n ((x")?2
X1

r

( x' =ptgod \

d I __ pde u Ie 62
= X = o520 = : - f cosBdo =
x'=x;,©0=-0, Trpel

x'=x,o0=0,
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— uolez

(sinB, — sin0,).

Vet 04, 6, (puc. 4.6) 6epyTcst co 3HAKOM IUTIOC, €CITU OHHU
OTCYHTBHIBAIOTCS MPOTUB YaCOBOM CTPENIKH, U CO 3HAKOM MHUHYC,
€CII — TI0 YaCOBOM CTPEIIKH.

OtBer: B = yI(sin®, — sin6,)/(41mp).

IIpumep 4.2. B Bakyyme 3a/1aH TOK C INIOTHOCTBIO

. (ap?, a = const, p <R,

)= {0, p >R,
rje p = /X2 + y? — pacCcTosIHUE MEXKTY OChI0 CHMMETPHH (0Ch Z)
U JaHHOM TOYKOM mpocTpaHcTBa. Onpenenutb HMHIYKLUIO
MarHUTHOTO TIOJI BO BCEX TOYKAX IMPOCTPAHCTBA.

AZ

Puc. 4.7. [Ipon3BobHBIN KOHTYp (IUTPUXITYHKTHPHAS JIUHUS) B
(bopMe OKPY>KHOCTHU PaZIyCcoM P, OKpYKaroliasl TOK,
NPOXOALINIA Yepe3 IIIoIalb KOHTypa (3alTpUXOBaHHAs
obnacTh), B cnyyasix: a) p > R,0) p < R
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Pemenne. Kak u Teopema ["aycca, Teopema 0 UPKYJISALUA
(4.6) nmpuMenHsieTcs B cliydae CHCIHHMAIbHON CHMMETPHH. 3amada
oOJrazmaer HWJIAHAPUYECKOMN CUMMETpPUEH. [ToBopoT
HENPEPBIBHOTO  paclpeiesieHus] TOKa OTHOCUTEIIbHO  OCH
cuMMeTpuu (0Ch Z) Ha MPOU3BOJIBHBIE YIJIBI U MEPEHOC JAHHOTO
pacipeneneHus ToKa BAOJIb TOM OCH HE MEHSIET IUNIOTHOCTh TOKa.
CrnepoBarenbHO, 3a7adyy Haa0 peliath B HUWIHMHIPUYECKUX
koopauHarax (p,,Z) W HCIOJIB30BaTh B KAuyecTBE KOHTYpa
U3 HHTETPAIbHOM (DOPMBI TEOPEMBI O IUPKYIIALINHU B Bakyyme (4.6)
— OKPY)XHOCTb, LIEHTP KOTOpPOW JeKUT Ha ocu Z (puc. 4.7).
JlokaxkeM, 4TO B KaXJIOM TOYKE KOHTypa MOIYyJIb HHAYKLIHU
MarHUTHOTO TIOJISi MIPUHUMAET MOCTOSHHOE 3HAU€HUE, a BEKTOP

MHIYKIIMM MarHUTHOT'O T10JIs HallpaBJIeH 110 KacaTelbHOM K 3TOMY
KOHTYDY.

HanpasiieHue HMHAYKIUM MArHMTHOIO MOJA 10
KacaTeJbHOM K NPOU3BOJIbHON OKPYKHOCTH (KOHTYP) ClIeyeT
U3 cUMMeETpHuH 3amauu (puc. 4.8): i KaxxJoro MpOr3BOIBHOTO
3JIEMEHTApHOTO ToKa dlq cymeCTByeT TaKOM K€ CUMMETPUYHO

pAacIoNoKEeHHBIN
OTHOCUTEJIBHO ocu
cUMMeTpuu 3apsan  dl,,
4TO0 CyMMa HHAYKUUH

~ Mar’HuTHOro noJs,
", or kortopeix dB; u dB,
B Touke HaGmoneHus M,
Jexaren

Ha MIPOU3BOJILHOM
OKPY)KHOCTH paguyca p
(TpOM3BOIBHBIA  KOHTYP,
Ha  puc. 48 10
NYHKTHPHAsS JMHUS),
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paBHa MHAYKUUHU — dB, KOTOpas HampaBieHa MO KacaTeJIbHOU K
JMaHHOW OKpyxHOocTH. HampaBnenwe wnanykinuii dB; u dB,
omnpenensercs u3 3akona buo-Casapa-Jlamiaca (4.3).

MoayJib MHAYKIHH COXPAHSIETCS TIPU MIEPEX0/Ie K APYrou
TOYKe HAOIIOACHUS Ha MPOU3BOJIBHOM OKPYKHOCTH paauyca p,
TaK Kak B HOBOM TOYKE HAONIONEHHS paclpelelieHue TOoKa
OTHOCUTEIIbHO HOBOM TOYKM HAOMIOJIEHUS HE W3MEHUTCH,
CJIeIOBATENIbHO, BEJIMYMHA HMHAYKIUUM MArHUTHOTO  IOJI,
coryiacHo (4.3), ocTaHEeTCsI IPEKHEH.

CrnenoBarenbHO, JieBas 4acTh TeopeMsl (4.3) paBHa:

ngdl = ngdl =B ff dl = B2mp. (4.10)

Tox B mpaBoii wyactu Teopembl (4.3) omnpenensercs
C MOMOIIIBIO MJIOTHOCTH TOKa 1o (opmyiie (4.1)

x' —pcoscp \
y' = p'sing’

(
I—_U]dS—ff]dS— jdx'dy' = % ZEX,(};% o[
kdx 'dy’ —Idpd(p)

2m P

fff(p)pdpdcp —21Tf1(p)pdp =

0
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( p
Znaf(p’)3dp’, p<R,
0
p

R
21Tocf(p’)3dp’ + 21'[f 0-p'dp’, p >R,
0 R

\

4
_ {“O‘p /2 PR (4.11)
maR*/2, p>R,
rae S, — IWIoIaab Kpyra paauayca p.
[Moacrasnss (4.10) u (4.11) B Teopemy (4.3), ¢ yuérom
HaNpaBJICHUs WHAYKIUH MarHUTHOTO TIOJISA IO KacaTelbHOM
K IPOU3BOJIBHOM OKPYKHOCTU (KOHTYpa), [OJIy4aeM BbIpaKEHUE
JUTSL MHAYKIIUA MarHATHOTO TIOJIS

{ vn3
[ P

Te(p, p<R,

B=1 pt (4.12)

k4—pe(p, p>R,

r7ie €, — CAUHUYHBIA OPT LMIMHIPUIECKOM CHCTEMBI KOOPIMHAT
(P, @, 2).

OTtBer: cMOTpH BblpaxkeHue (4.12).

IIpumep 4.3. Haiith Moaynb W HamnpaBlE€HUE CHJIBI,
JNEUCTBYIOIIEH HA  E€AWHMIY JJIMHBI
TOHKOT'O TPOBOAHMKA C TOKOM [ B Touke O,
€CJIM MPOBOJHHUK M30THYT, KaK MOKA3aHO
Ha puc. 4.9.
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Pemenne. CornmacHo mnpuHOUNY cymneprnosuiuu (4.2):
PE3yJIbTUPYIOIIas MHIAYKIMS MAarHUTHOTO 1MoJisi B Touke O paBHA
CyMMe MHIYKIIMHA MarHUTHOTO IOJI OT JYTH C TOKOM M OTpe3Ka
¢ TOKOM. MHAYKIIMs MarHUTHOTO TIOJISl OT OTPE3Ka C TOKOM paBHA
Hy1I0 cormiacHO (4.3), Tak Kak TOYKa HAOJIOJCHUS JICKUT
Ha oTpe3ke ¢ TokoM, T. €. dl || (r — r’). CinemoBarenbHO, BKIA
B MarHUTHOE I0JIe 1aéT TOJIBKO TOK B ayre (4.5)

g ol Mol ol
4R TR T IR

Nupykmus MarHUTHOTO TOJIsI HarpaBieHa
NEPICHIUKYISIPHO PUCYHKY OT HAC COTJIACHO TPaBHIy IPaBOM
pyku. CornacHo 3akoHy Awmmepa (4.7) cwuia, AEHCTBYrOIIAs
Ha CIMHUILY JIUHBI B Touke O, OyJeT HampaBlieHa BHHU3 H IO
MOJTYJIIO paBHA

dF Hol?
f=aw=1B="2g

OtBet: f = nyl?/(4R), cuna HampaBieHa BHUS.

4.3. 3axaum 1Jis1 CAMOCTOSAITEJILHOTO pPelleHHs
4.1. Tlo xpyroBomMy BUTKY pajuyca R W3 TOHKOTO IpOBOJa
nupkyaupyetr Tok I. ITome3ysice 3akoHom buo-Casapa-Jlamnaca
(4.3), HaliTH WHIYKIMIO HA OCH BUTKA B TOYKE, OTCTOSAIICH
OT €ro LIEHTPa Ha PAaCCTOSHHUE Z.
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b OTBet: B = y,R%le,/(2(R* + 2%)%/?).
> 4.2. Tloap3ysce (opmynamu

A (44) wu (4.5), HalWTH HHIYKIHUIO

b marauTHOrO HONA B Touke O KOHTYpa
¢ TokoM [, mokazaHHoro Ha puc. 4.10.

< OTBeT: MHIYKIHUS MarHUTHOTO
MOJISl HAIlpaBJieHa MEPIECHANKYISPHO

Pue 4.10. PHUCYHKY OT HAC,
B = (kol/(4m)(31/(2a)

R +/2/Db).

4.3. [Tonb3ysich
0 bopmynamu (4.4) u (4.5),
HalTU WHIYKIHUIO

MarHMTHOTO TIOJISI B TOYKE
Puc. 4.11. O xoHTypa C TOKOM I,
MoKa3aHHOTOo Ha puc. 4.11.
OTBeT: WHAYKIUS MarHUTHOTO
MOJISl  HANpaBJICHA TMEPICHIUKYISIPHO
PHCYHKY OT Hac,
B = (pol/(4mR))(1 + 31/2).
4.4. Tlonp3ysick popmymnamu (4.4)
U (4.5), HAWTH WHIYKIIUIO MarHUTHOTO

Puc. 4.12. noyist B Touke O KOHTypa C TOKOM I,
RO MOKa3aHHOTO Ha puc. 4.12.
OTBeT: WHIYKIUS MarHUTHOTO
MOJIE HampaBlieHa MepHeHAUKYISIPHO
PHUCYHKY OT Hac,
Puc. 4.13. B = (uol /(2TR)) (Tt — @ + tgo).
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45. Tok | TeuéT NEPHEHIUKYIAPHO  PUCYHKY
Ha HAC MO JUIMHHOMY MpPsIMOMY IPOBOJHUKY, CEYEHHE KOTOPOTO
umeer ¢opmy monykonbia pagumyca R (puc. 4.13). Ilomw3yscek
bopmymnamu (4.4) u (4.5), HAlTH UHAYKIUIO MArHUTHOI'O ITOJIS
B Touke 0.

OTBeT: WHIYKIUMS MAarHUTHOTO TIOJIS HANpaBJieHA BJIEBO,
B = pol/(m?R).

4.6. Ompenenuth MOIYJIb WHAYKIIMM MAarHUTHOTO ITOJIS
BHYTpPU OECKOHEYHOT'O JIJTMHHOI'O COJIEHOM/1a C TOKOM | U YHCIIOM
BUTKOB Ha €IMHUILY JUTUHBI M.

Otser: B = pynl.

4.7. Onpenenutb MOIYJIb MHAYKUIUHM MAarHUTHOTO I10OJIS
BHYTPHU TOPOUJA C TOKOM I ¥ 4nuCIOM BUTKOB N.

OtBer: B = yNI/(2mp), TA€ p — pacCTOSIHUE OT OCH
CUMMETPHUHU TOPOHJIA IO TIPOU3BOIHHON TOYKH BHYTPH TOPOUIA.

4.8. Onpenenutb MOIYJb MHAYKUWA MAarHUTHOTO TOJS
OT 0e3rpaHWYHON MPOBOJAIICH IMIOCKOCTH, MO KOTOPOH TEUET
pPaBHOMEPHO paclpeleNEéHHBIi TOK OJHOTO  HampaBleHUS
C JUHEWHON IIOTHOCTHIO [ (MIMHEWHas MIOTHOCTh TOKA — TOK,
NPUXOMAIIMN Ha CJIWHUIY JUTUHBL, KOTOpas WIrpaeT poib
«IIOTIEPEYHOTO CEYCHHSI TNTIOCKOCTI»).

OtBet: B = Yyi/2.

4.9. Ompenenutb MOIYNIb HWHAYKIHWA MAarHUTHOTO TIOJS
PSIMOTO OECKOHEYHO JUTHHHOTO TIPOBOJIA C TOKOM 1.

OtBer: B = 1yl /(2mp), rme p — paccTrosHue OT IMPOBOJA
JI0 TOYKH HAOJIOICHUS.

4.10. B BakyyMme 3a1aH TOK ¢ IUIOTHOCTBIO j = Pe” %%,
o, =const>0, tne p=+/x?+y? — paccrosHHe OT OCH

CUMMETpHH (0Ch Z) 0 JaHHOW TOYKHU MpocTpaHcTBa. OnpenenuTh
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MOJYJIb HHAYKIMH MAarHMTHOTO TOIS BO BCEX TOYKAX
IIPOCTPAHCTBA.
_ 2
Otser: B = B(1— e *")/(2ap).
> )

4.11. Haiitu
MOJlyJIb U HampaBlieHUE
O L CUJIbI,  JECUCTBYIOUIEH

L2 HA  COUHHILY  JIJTHHBI
Y

A

TOHKOTO  IPOBOJIHUKA
Puc. 4.14. ¢ Tokom [ B Touke O,
eciu MIPOBOJTHUK
M30THYT, KaK Moka3aHo Ha puc. 4.14.
OTBer: cuna HanpasJjieHa Bieso, f = pol?/(1lL).

9 4.12. 3aMKHYTBIN KOHTYD
(puc. 4.15) ¢ TokoMm | HaxoIuTCs B 1OJIE

3 JUIMHHOTO NIPSIMOTO MPOBOJHHUKA C TOKOM

1 ® I I, [InockocTh KOHTypa
MepIeHIUKYJIIpHa K PSIMOMY

NpOBOJHMKY. Halitm MoMeHT cun

4 AmMrepa, NEUCTBYIOIIMI HAa 3aMKHYTBIN

KOHTYP.

OTBeT: MOMEHT CHJI HallpaBJICH
BieBo, M = (uolly/m)(b — a).

4.13. 3aMKHYTBIN KOHTYp
(puc. 4.16) c Tokom [ HaXxoAMUTCS B TIOJIE
JUIMHHOTO TPSIMOTO MPOBOJIHUKA C TOKOM
Iy. [ImockocTe KOHTYpa
MEepIeHIUKYIIIpHA K IpsIMOMY
NpOBOJHMKY. Halitm MomeHT cui
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Amrnepa, TeUCTBYIOINN Ha 3aMKHYTBIN
Puc. 4.16. KOHTYP.
OTBeT: MOMEHT CHJI HampaBJcH
BJICBO,
: M = (uolly/m)(b — a)sine.
na _ 4.14. KsagpatHas pamkKa ¢ TOKOM [
J pacrosoxeHa B OJHOM IIOCKOCTH C ATHMHHBIM

IPSIMBIM TPOBOJHUKOM, 10 KOTOPOMY TEUET
Tok Iy (puc. 4.17). CtopoHa pamku — a.

- HpOXOI[SIH_[aH uepe3 CCPpCANHDBI

MPOTUBOMOJIOKHBIX  CTOPOH  OCh  paMKu
Puc. 4.17. (MyHKTUpHAsl JIMHUS) TapaiieldbHa MPOBOAY
U OTCTOMT OT HEro Ha PAcCTOSHHUU, KOTOPOe
B 1] pa3a OoJiblle CTOPOHBI paMkH. HaliTu MexaHnueckyro padboTy
cui AMriepa, KOTOPYIO HEOOXOAMMO COBEPIIUTH MPHU MEIJICHHOM
MIOBOPOTE paMKH BOKpyT e€ ocu Ha 180°.
OtrBer: A = (poally/m)In((2n+1)/(2n — 1)).
4.15. JIa mapayuiedbHBIX IJIWHHBIX MPOBOAA C TOKOM [
B KaXJOM (TOKHM HamlpaBJIEHbl B OJIHY CTOPOHY) YIAJIWIU JPYT
OT J]pyra TaK, YTO PACCTOSIHHE MEXIy HUMH CTaJo B 1| pa3 OoJbiie
nepBoHavyanbHOr0. Kakyro paboTy Ha eAMHMILY JJIMHBI IPOBOJIOB
COBEPUINJIA IPU 3TOM cHIibl Ammepa?
OtBer: A = — pyl%lnn/(2m).
5. [locTosiHHOE MAarHUTHOE 110JIe B MATHETHKAX

5.1. Teopernueckuii MaTepuaJ
MarHeTuKOM Ha3bIBAIOT JII0O0OE BEIIECTBO, KOTOPOE
NOJl JICHCTBMEM BHEIIHETO MArHUTHOTO TIIOJII TpUOOpeTaer
MarHUTHBIH MOMEHT (HAaMarHWYMBaeTCs). MarHeTHKH JeNsTCs
Ha JMaMarHeTUKH, apaMarHeTHKH U peppOMarHeTUKy.

93



Monekynbl IMaMarHeTUKOB IPH OTCYTCTBUM BHEIIHETO
MarHMTHOTO IIOJII HE MMEKOT MarHUTHOIO MOMeHTa. BHecenue
TaKUX BEIIECTB BO BHEIIHEC MArHUTHOE II0JIE HMHIYLHPYET
3JIEMEHTAPHbIE KPYTOBbIE TOKH B MOJIEKYJaX (MOJIEKYJISPHBIM TOK
WIA TOKM HaMarHU4MBaHUs), U MOJEKYNbI, a BMECT€ C HUMHU
U BCE BEIIECTBO, IPUOOPETAIOT MarHUTHBII MOMEHT.

Morekynbl napaMarHeTMKOB 00J1aal0T  COOCTBEHHBIM
MarHUTHBIM  MOMEHTOM, O0yCJIOBJIEHHBIM  BHYTPEHHUM
IBIKCHMEM  3apsanoB. KaxaoMy  MarHUTHOMY  MOMEHTY
COOTBETCTBYET AJIEMEHTapHbIN KpyroBou TOK (Tok
HaMarHW4YUBaHUs), CO3JAIOUIMI B OKPY’KAIOLIEM MPOCTPAHCTBE
MarHuTHoe noiie. [Ipyn OTCyTCTBMM BHEIIHEr0 MarHUTHOTO IOJIS
MarHUTHBIE MOMEHTBI MOJIEKYJ OPHEHTHPOBAHBI OECHOPSI0YHO
BCIICJCTBUE XAOTHYECKOI'O TEIJIOBOTO JIBW)KECHMS, I0ITOMY
00yCIIOBIIECHHOE MMU DPE3YJIbTUPYIOLIEE MarHUTHOE I0J€ PaBHO
HyI0. PaBeH HynIl0 M CyMMapHbIi MOMEHT BELIECTBA.
Ecnu ke BemecTBO NMOMECTHTh BO BHEIIHEE MAarHUTHOE IIOJIE,
TO IOJ JECUCTBHUEM O3TOTO IIOJISI MAarHUTHBIE MOMEHTBI MOJEKYII
IpUOOPETAIOT MPEUMYIIECTBEHHYI0 OPHEHTalUI0 B  OJHOM
HaIIpaBJICHUH, U BEIIECTBO HAMATHUYUBAETCA — €r0 CyMMAapHbIN
MarHUTHBI MOMEHT CTAHOBUTCS OTJIIMYHBIM OT HYJIS.

deppoMarHeTUKaMy  Ha3bIBAlOT  BEILECTBA,  KOTOPBIE
001ajal0T CHOHTAaHHON HaMarHMYEHHOCThIO, T. €. MOTYT OBITh
HaMarHu4eHsl YK€ IIPU OTCYTCTBUM BHEUTHETO MAarHUTHOTO TIOJIA.

Taxum obpazom, HaMarHU4nuBaHUE BEIIECTBA
COIIPOBOXKAACTCS MOABJICHUEM TOKOB HAMArHUYMBAHMSA B aTOMax
U MOJEKYJaX JaHHOro BellecTBa. TOK HaMarHU4YWBaHWI,
B OTJIMYME OT TOKA IIPOBOAUMOCTH, BO3HUKAET TOJIBKO B BEILIECTBE
Y 3aBUCUT OT MarHUTHOTO I1OJIA.

Bexktop HaMarHM4eHHOCTH J — MAarHUTHBIA MOMEHT
eIMHUIIEI 00BbEMA BEIECTBA.
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Huddepennmanbaas GopmMa TEOpeMbl O IUPKYISIITUN
JUIE BEKTOpa HAMAarHWYEHHOCTH ] TNpH HAJIWYUHM MAarHETUKOB:
pPOTOp BEKTOpa HAMATHUYCHHOCTH ] B TOYKE HAOIIOJIEHUS PaBeH
IUTOTHOCTH TOKOB HAMArHUYMBAHUSI j' B JAHHOU TOYKE!

rot] =j'. (5.1)

['paHnyHbBIE YCIOBHS 11 BEKTOPA HAMAarHUYEHHOCTH: CBSI3b
MEXJy BEKTOpaMH HAMarHMYCHHOCTH 110 pa3HbIe CTOPOHBI
OT TpPaHUIBl JBYX MArHETUKOB OIPEHCISICTCS CICAYIONHM
obOpazoM:

Y
[nx(J, -J)] =1, (5.2)
rae J; — BEKTOp HAaMarHMYEHHOCTH B IE€PBOM MarHeTHKe,
Jo — BEKTOp HAMarHMYEHHOCTHM BO BTOPOM MAarHEeTHKE;
N — EeIUMHUYHBI BEKTOp HOpPMaluM K TIpaHULEe pasjena,

Hal‘IpaBJ‘IeHHbeI OT IICPBOro Mar"HeThukKa BO BTOpOI71 MAarHeTuK,
i’ — BekTOp NMMHEWHO! MIOTHOCTH MOJIEKYJISIPHBIX TOKOB (TOKOB
HaMarHWYUBaHUs), KOTOPbIE PACIOJIOKEHBl Ha T'PAaHULE MEXIY
JABYMA MAariHetTukamMu. HHHefIHaSI IINIOTHOCTh TOKa — TOK,
NPUXOJALIMICA HA €IMHHILY JUIMHBI, KOTOpas HWIrpaeT poJiib
KIIOMEPEUYHOT O CCUCHUS TIIIOCKOCTH».
OrnpesiesieHre BEKTOpa HAIPSHKEHHOCTH MArHUTHOTO TTOJISI
H:
H=B/p, -], (5.3)

raec B — MarHuTHasid HUHAYKIOUSA TOKOB IMPOBOANMOCTHU
u HamarHuuuBaHus. Bekrop H sBisiercs BcrmoMoratenbHBIM
BEKTOPOM, HE MMEIOIINM KaKOTro-TH0O0 TIIyOOKOTO (PU3MUECKOTro
CMBICTIA.

95



WnTerpanbHas Gopma TeopeMbl 0 HUPKYIALNU U1 BEKTOpa
HarnpsbkeHHOCTH H mpu HanmMyuum MarHeTUKOB: LUPKYJISIUS
BEKTOpa HaNpsLKEHHOCTU MarHuTHOTO 1osist H o npousBonsHOMY
3aMKHYTOMY KOHTYpy ' paBHa mojaHOMy TOKY MpoBoguMocCTH I,
MPOHU3BIBAIOLIEH MPOU3BOJIbHYIO MOBEPXHOCThH, OMUPAIOLIYIOCS
Ha KOHTYp I

55 Hdl = I. (5.4)

B caydgae 1) cmaboro BHENIHErO MAarHUTHOTO IIOJIS,
HANpPsDKEHHOCTh  KOTOPOTO  OYEeHb Malla [0 CPaBHEHHIO
C HampspKEHHOCTbIO ~ MArHUTHOTO  TOJSL  BHYTPU — aToma
(H,,~10° A/M); 2) H30TPONHOr0 MarHeTHKa, (U3MYEcKue
CBOMCTBa  KOTOPOTO  HE  3aBUCAT  OT  HaINpaBJICHUS,
3) He deppoMarHeTHuKa CBsI3b MEXITy BEKTOPAMH HAIMPSKCHHOCTH
MarHuTHOro mnonss H u marnutHOW wHAYKUMH B BeIrasgut
CleayroImuM o0pa3om:

B = youH, (5.5)

re | — MarHUTHasi IPOHUIIAEMOCTh MArHETHKa, KOTOpas paBHA
OTHOIICHUIO UHAYKLINN MarHMTHOTO oJis TOKOB
HaMarHWYUBaHUS U MPOBOJUMOCTHU K MHAYKIIMA MAarHUTHOTO TOJIS
TOKOB IPOBOJUMOCTH, WJIM, IMIpOLIEe TOBOpPsl, MAarHUTHas
IIPOHUIIAEMOCTh  TOKA3bIBAETCSI BO CKOJBKO pa3 MHIYKIUS
MarHUTHOTO IOJIi B MarHeTHKe OOJblle MHAYKIMM MarHUTHOTO
noyist B Bakyyme. st auamarunetukoB | < 1 (BUCMYT, BOJIOPO/,
Meab), [UIsl TapaMarHeTukoB W = 1 (amoMuHuiM, Bosb(pam,
wiatuHa), i (eppomarHernka W > 1 (kene3o, HHKEb,
KOOaJIbT).

5.2. [IpumepsI penieHus 3aaa4
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IIpumep 5.1. beckoHeUHBIN MPAMOTUHEHHBIN OTHOPOIHBII
IPOBOJ pajauyca a, CIEJaHHbIM M3 MaTepuansa ¢ MarHUTHOU
IPOHMIIAEMOCTBIO |1 = ap? (rae a = const; p — NepHEHIUKYJIAD,
OIYIICHHBIN U3 TOYKU HAOJIIO/IEHUS HAa OCh MPOBOA), HAXOAUTCS
B Bakyyme. Ilo mpoBomy Te4ér TOK C IUIOTHOCTBIO j = [Bp
(roe B = const). Onpenenuth 00BEMHYIO ¥ TUHEHHYIO TUIOTHOCTH
TOKOB HAMATrHUYHBAHMSI.

~¥

a
L _ \i/»
Puc. 5.1. [Ipon3BonbHbINA KOHTYP (IUTPUXITYHKTHPHAS JTUHUS)
B (popMe OKPYKHOCTH pajinyca P, OKpy>KaroIlei ToK,
MIPOXOIAIIHIA Yepe3 IUIoNIa b KOHTypa (3alITpUXOBaHHAS
o0racTp), B cnydasix: a) p > a,0)p < a

Pemenne. 3agaua o0nagaeT UUIMHAPUYECKON CUMMETPUEH.
IToBOpOT HENPEPBIBHOTO PACIPEEIICHNS TOKA OTHOCUTEIBHO OCU
cuMMeTpuu (0Ch Z Ha puc. 5.1) Ha MPOU3BOJIBHBIE YIJIbI U IEPEHOC
JAHHOTO pAacCHpeleNIeHus TOKa BJOJIb 3TOM OCH HE MEHsSEeT
IVIOTHOCTh  ToKa. (CrefoBaTenbHO, 3agady HaJIo pemaTh
B IWIMHIPHYECKUX KoopauHatax (p,@,Z) M WCIOIb30BaTh
B KayecTBe KOHTypa U3 MHTErpajJbHOW (OPMBI TEOPEMBI
0 UUPKYJSIIUAU TPH HATMYUK MarHeTukoB (5.4) — OKPYKHOCTb,
HEHTP KOTOpod JexkuT Ha ocu Z (puc. 5.1). Jlokaxewm,
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YTO B Ka&XJIOH TOYKE KOHTYpa MOIYJIb HANPSKEHHOCTH
MAarHUTHOTO TOJISI MPUHUMAET MOCTOSSHHOE 3HAYEHHE, & BEKTOp
HaIpsSKEHHOCTH MAarHUTHOTO TIOJI HAINPABJIEH [0 KacaTeJbHOU
K 9TOMY KOHTYDY.

Hanpap/jieHue HANPsGKEHHOCTH  MArHMTHOIO  MOJIA
0 KacaTeJbHOHl K NPOM3BOJbHON OKPYKHOCTH (KOHTYP)
cleAyeT u3 CMMMeTpuu 3aaaun (puc. 4.8, npumep 4.2) u U3 CBSI3U
(5.5).

Moayib HaNpPSKEHHOCTH COXPaHsieTCsl TMpPU  [Eepexojie
K JIpyrodl TOYkKe HaOJIOJIEHUS Ha IMPOU3BOJIBHOM OKPYKHOCTH
paauyca p, TaKk Kak B HOBOW TOYKe HAOIIOJEHHs pacrpeesieHue
TOKa OTHOCHUTEIbHO HOBOM TOUYKM HAOJIIOJEHMSI HE W3MEHUTCH,
CJIeIOBATENbHO, BEJIWYMHA MHAYKIMM MAarHUTHOTO  TIOJI,
coryiacHo (4.3), oCTaHEeTCsI IPEIKHEH.

CrnenoBaTenbHO, JIeBas 4acTh TeOpeMsl (5.4) paBHa:

j[; Hdl = jEHdl = Hff dl = H2mp. (5.6)

Tox B mpaBoit wyactu Teopembl (5.4) omnpenensercs

4epes3 IIOTHOCTh Toka (4.1):
!/

x' = p'cosq’

!

y' = p'sing’
I=Uids=ﬂjds= dex’dy'= [ = axy") o~
S, S, S l a(p", ¢") J
dx'dy' = Idp'd¢’

2w P p
=j Jj(p’)p’dp’dcp’ = ZTIfj(p’)p’dp’ =
0 0

0
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( p
2mp f ©)2dp’, h<a
0

=< =

a p
ZRBf(p’)zdp’ + 21'[[ 0-p'dp’, p > a,
0 R

\

_ {21‘[[3p3/3, p<a, 5.7)
2mBa3/3, p>a, '
rae S, — Wioajb Kpyra paauyca p.
IMoacramsas (5.6) u (5.7) B Teopemy (5.4), ¢ yuérom
HaIpaBJICHUs HANPSHKEHHOCTH MAarHUTHOTO TIOJIS TT0 KacaTeIbHOM
K MIPOU3BOJILHOW OKPY)KHOCTH (KOHTYpa), TOJIy4aeM BBIPOKEHHE
JUTSL HATPSHKEHHOCTH MarHUTHOTO TTOJIS:

3

3
a
Li—pe(p, p>a.

(A2
Bie(\o, p<a,
H= (5.8)

Wcnonb3ys cBsa3b (5.5) u BeIpakeHHE I HAMPSHKEHHOCTH
marHuTHoOro mojst (5.8), monmydaeM BBIpaKCHHE IS WHIYKIHH
MarHuTHOTO TIOJIS:

4
a
Ho SBP ey 0<a
B = 1B (5.9)
k 3p €y, p>a
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W3 ompenenenuss HanpsHKEHHOCTH MarHuTHOro moust (5.3)
u Beipakenuii (5.8, 5.9) monydaem

2
j= B%(apz - De,, p<a, (5.10)

0, p>a.

Bekrop mioTHOocTH TOKa HamaranuuBanus (5.1), coriacHo
(5.10), paBen

ryolill 2 9 1.3 ()
=rotj=—|70— = |=-e,=— =
. plop 3¢ 9zl " p7ap P
0 p/(p) O
] 9] Sapp?
=ez(—+a—)= o~ Bp P<a (517
P P 0, p>a.

BekTtop /HMHENHON IUIOTHOCTH TOKOB HaMarHWYMBaHUA,
KOTOpPBIE PACIOIOKEHBI HA TPAHULIE MEXIY ABYMSI MarHETUKaMU
(5.2), cormacuo (5.10), paBen

e, e, e,
i'=mx(;-J)] = 0 0=
0 Ja+0)—J(a—-0) O
TS TN

rae noA mudpoit 1 moapazymeBaeTcss mpoBOa (]1 =J(a— O)e(p),
a oyt mdpoii 2 — sakyym (J, = J(a + 0e, = 0).
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Oteet: cmoTpu Beipakenus (5.11) u (5.12).

Ipumep 5.2. TlocTosHHBI MarHUT B BHUJIEC MWJIMHIpA
paguyca R v [iuuHBI L M3rOTOBJIEH U3 MaTepuasla ¢ OJHOPOIHOMN
HAMarHM4YeHHOCThIO J, HampaBiIe€HHOW BAOJb ero ocu. Hailtu
BEJIMYMHY WHIYKIIMM MATHUTHOTO TIOJISI HA OCH IIMJIMH/pA.

A Pemenue. Tak KaK
HAMarHMYEHHOCTh OJHOPOJHA, TO
COTJIACHO BBIPAKCHUIO (5.1),

IUIOTHOCTh TOKA HaMarHUYUBAHUSI
paBHa Hymo (j' = 0). IIpucyrcTByer

2\

s TOK HaMarom4uBaHHA TOJIBKO

"R L Ha OOKOBOM MOBEPXHOCTH IMIJIMHIPA
o ¢ nmHelHOH mioTHOCTRIO 1 = Je

X cornacHo (5.2) u puc. 5.2. Takum
Puc. 5.2. obpazom, MO>KHO 3aMEHHTH

MOCTOSIHHBIA MarHUT M3 MaTepualia
C OJIHOPOJHOM HAMAarHMYEHHOCTBIO ] HA COJEHOU[ C JIMHEHHOMH
TIOTHOCTBIO TOKa i’ = Je,.

MaruutHOoe TONe  COJNEHOMIA MpPEACTABISET  CO0Oi
CYIEPIIO3UIMI0 MHAYKIUI MarHUTHBIX noeil (4.2) OT KpyroBbIX
TOKOB pajuyca R, HEHTPBl KOTOPBIX pACHONArarTcs Ha OCH Z
¥ HEOPEPHIBHO M PABHOMEPHO 3allOJIHIIOT OTPE30K MEKIy
toukamu O u A Ha puc. 5.2. OnpenenuM HHIYKIHIO MATHUTHOTO
nosist By kpyroBoro Toka i’ = J, KOTOPBIii JISKHUT B TNIOCKOCTH Z =
Zg, THe 0 < zy < L. Jl;ma 3TOro BOCHONB3YyeMCSl 3aKOHOM buHo-
Cagapa-Jlamtaca (4.3), tae r' = (Rcos@’, Rsing’, z,) — pamuyc-
BEKTOp TIOJOXEHHsS BEKTOpa JJeMeHTa KoHTypa dl =
Rd@'(—sing’, cos@’,0) (mampasnenue Bektopa dl coBmamaer
C HampaBlICHHEM TOKa i’ B TOUYKe C paJUyC-BEKTOPOM TI');
r = (0,0,z) — paguyc-BeKTOp TOYKHM HaOIIOICHHUS. BekTopHOE
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HPOM3BEICHUE [dlx (r—r1")] packpeIBaeTCs
4epes ONpeIeIUTENb

e, e, e,
[dl x (r —r")] = Rd¢' | —sing’ cos@’ 0 | =
—Rcos¢@’ —Rsing’ z—z,

= e Rcos@'(z — zy)d@' + e,Rsing'(z — z,)d¢' + e,R*d¢’ =

= (cos@'(z — zp),sin@’'(z — z,), R)Rd@'.

[MojxcTaBiss JaHHBIE 3HAYEHHWs BEIWYMH B 3aKOH bHo-
Cagapa-Jlamnaca (4.3), moay4aem

llo]f (cos@'(z — 2y),5in¢"(z — 25), )R’
((—Rcos@')? + (—Rsing")2 + (z — 29)2)3/2

— I-J-O]ezj de(P, — uo]Rzez
(R? +(z = 29)2)¥?  2(R* + (2 — 2)*)3/*

NHnykius MAarHUTHOTO IIOJS  COJICHOMJAA IIOJy4daeTcs
C IIOMOLIBK0 HWHTETPUPOBAHUS HMHIAYKIIMM MArHUTHOTO IIOJIS
Ha eIMHULY IIuHbl B, mo Bcel qnuHe nuiuHapa L:

L L

uo]RZez
B = fBldz0 = J 2R+ (2g — 202 dzgy
0

0
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Zy = z + Rtga
dz, = Rda/cos?a
zo=0 & a; = arctg(—z/R)
zo =L & a, =arctg((L —z)/R)

2%

f cosada =

o

HO] ez

Ho/e; L-z
= +
2 \JR+@-2? VRZt22

(5.13)

OtBet: cmoTpu BeipakeHue (5.13).

5.3. 3agauu IS CAMOCTOSITEJIbHOTO PeleHus
5.1. beckoHeuHbIl TPSIMOTUHEHHBIA OJHOPOAHBIM MPOBOL
pamuyca @, CHENAHHBIA W3 Marepuajga C MAarHUTHOMN
MPOHUIIAEMOCTHIO |1, HAXOAUTCSA B HEMPOBOASIIEH OECKOHEUHOM
OJIHOPOJIHOM Ccpelle C MarHUTHOW MPOHUILIAEMOCTBIO  [ly.
[To mpoBoxy Tteuér moctosHHBIA TOK I. HaiiTm 00BEMHYIO U
JUHEHHYIO TUIOTHOCTH TOKOB HAMAarHUYUBaHMUS.
Orser: i’ =1(p, — 1)/ (2ma),
0 _ (I —1)/(ma?), r<a,
S = {0, r>a.
5.2. Ha moBepXHOCTH OCCKOHEYHOW IUIACTHHBI TEYET TOK

MPOBOAUMOCTA C TOBEPXHOCTHOM IUIOTHOCTBIO i. MarHutHas
MPOHUIIAEMOCTh MaTepHuaia IJIAaCTUHBI paBHa . Onpenenutsb
00BEMHYIO U TUHEHHYIO MJIOTHOCTH TOKOB HAMAarHUYHMBAHHUS.
Otreer: i’ =i(u—1)/2, j' = 0.
5.3. Ilpsimodi TOHKMI OECKOHEYHO JUIMHHBIH IPOBOJI,
[0 KOTOPOMY TE€YET TOK [, JEKUT Ha IMOBEPXHOCTU IUIOCKOTO
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HEMPOBOJAIIET0  OJHOPOAHOTO MAarHeTMKa C  MarHUTHOU
IIPOHULAEMOCTBIO |, 3aHUMAIOIIETO IIOJOBUHY IIPOCTPAHCTBA.
Haiitu  00BEMHYIHO W  JHMHEHWHYIO  IUIOTHOCTH  TOKOB
HaMarHU4MBaHUs.

OtBer: i’ =0, j' = 0.

5.4. TlocTOAHHBIM MAarHAT HMMEET BHUJ KOJIbIIA C Y3KUM
3a30poM Mexay nonrocamu. CpeqHuil [TuaMeTp Kousblia paBeH d,
HIMPUHA 3a30pa paBHA b, WHAYKIUS MarHUTHOTO MOJS B 3a30pe
paBHa B. [IpeneOperas paccesHIEM MarHUTHOTO IMOTOKA Ha KPasix
3a30pa, HAUTU MOJYJIb HANPSKEHHOCTU MarHUTHOTO 110JI1 BHYTPU
MarHura.

OtBer: H = — Bb/(uo(nd — b)).

5.5. TopounanbHas KaTylIKa C JKEJIE3HBIM CEpACYHUKOM
uMeer paauyc R m uucino ButkoB N. B cepaeuHuke craeinana
norepeyHass Mpope3b MIUPUHOW b, B KoTOpoW mpu TOKE [
gyepe3 OOMOTKY CO3AaETCs MarHUTHOE MOJIE, MOIYJIb MHIYKIUU
KOTOpOoW paBeH B. HaliTu MAarHUTHYIO NPOHULIAEMOCTh JKEJe3a
0e3 yuéra kpaeBbIX 3((HEKTOB B 3a30pe.

Otset: U = 2nRB/(NIy, — Bb).

5.6. IlocrosHHBIM MarHUT wuMeeT (opMy TOJOTO
TOJICTOCTEHHOT'O LIMJIMHAPA C BHEMIHUM paauycoM R, = 10 cMm,
BHYTPEHHUM paauycoM R; = 5cm u anuHoii L = 5 cM. Bekrtop
HAaMarHW4YeHHOCTH HE 3aBUCHUT OT TOYKM MarHUTa W HampaBieH
BJIOJIb OCH IuIMHApa. HaliTh TOuKy Ha OCH CUMMETPHH, B KOTOPOU
MHAYKIHSI MarHUTHOTO TIOJISL paBHA HYJIIO.

OtBet: Ha paccTOsTHUU 2.9 CM OT OCHOBaHU HUIMHAPA.

5.7. HaliTh WHIYKIUIO MarHUTHOTO TIOJNST B IEHTpE
PaBHOMEPHO MOJIIPU30BAHHOTO 11apa ¢ HAMAarHWYeHHOCTHIO J.

Oter: B = 2y,//3.
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5.8. beckoHeuHas miockas MjIacTUHA-MarHUT HaMarHu4eHa
TaK, YTO BEKTOP HAMAarHM4YEHHOCTH ] mapajiieneH €€ IIOCKOCTH.
Haiitn MarHuTHYI0 HHIYKIMIO B BHYTpH U BHE IIJIaCTUHBI.

OtBer: B = ] BHyrpum mmactunbl; B =0 cHapyxu
MJIACTUHBI.

5.9. llap panuyca R umeeT OJHOPOIHYIO HAMAarHUYEHHOCTD
C BEKTOPOM HaMarHM4e€HHOCTH J. HaliTu MarHuTHyro nHAyKIuo B
BHYTPH M CHAPYKH IL1apa.

OTtser: B = 21,]/3 BHYTpHU mapa;
B = (uoR3/3)((Jr)r/r> —J/r3) cuapyxu mapa, rae r — paguyc-
BEKTOp, NPOBEAEHHBIM K3 IEHTpAa IIapa B JaHHYK TOUYKY
HaOJIFONEHUS.

5.10. TlocTosHHBIM MarHUT B BHJE IWIMHIpA paamyca R
W JUHBl L W3rOTOBIEH W3 Marepuaiga ¢ OJHOPOAHOU
HaMarHM4eHHOCTHIO J, HalpaBJIE€HHOM MEPIEHIUKYISPHO €ro OCH.
Haiity BeTMuMHy MHAYKIIMM MAarHUTHOTO TOJIS1 HA OCU LUJUHAPA.

OTBeT: B = (11,//4) ((L —2)/JRZ+ (L —2)2 +z/VRZ + 22).

6. D1eKTPOMATHUTHAS MHAYKIHSA

6.1. TeopeTnueckuii MaTepuaj
Onexrpoasuxymias cuna (9/]C) — ckansipHas pusndeckas
BeIMYMHA,  XapakTepu3ykomas  padoTy  CTOPOHHHX  CHII
(To ecTh JIOOBIX CHJI, KpOME DJIIEKTPOCTATUYECKUX H
JTCCUTIATUBHBIX ).
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SIBneHHE >IEKTPOMAarHUTHOM MHIYKIMH — BO3HUKHOBEHUE
JJIEKTPUYECKOTO TOKA B 3aMKHYTOM IIPOBOJSAILLEM KOHTYpE IpHU
W3MEHEHNUU MarHUTHOT'O ITIOTOKA, 0XBATBIBAEMOT'0 3TUM KOHTYPOM.
Bo3HuKarommii  TOK  Ha3bIBaeTCsl UHAYKIHOHHBIM  TOKOM.
[TosiBneHHEe MHAYKIMOHHOIO TOKa BbI3biBaeT JJIC umHAyKUHMH.
HamnpasieHne MHAYKIIMOHHOIO TOKAa OIPEAEIACTCS IIPaBUIOM
JleHna: WHIYKIMOHHBIA TOK BCErJa HAmpaBleH TakK, YTOOBI
IIPOTUBOJICUCTBOBATH IIPUYMHE, €0 BbI3bIBatoLei. FIHaue rosops,
VHIYKIIMOHHBIN TOK CO3/1aéT MarHUTHBIN MOTOK,
IPEMATCTBYOLIHM U3MEHEHUIO MarHUTHOTO IIOTOKA,
BbI3bIBatONIEro J/1C uHAYyKINH.

3aKOH 2JIEKTPOMarHUTHON MHAYKIIMY B UHTETPAJIbHOM BUJIE!
uist  J1000ro  3aMKHYTOrO — KOHTypa  MHAYLUpPOBaHHAas
anekTpoaBikyias cuia (DJC unaykium) E; paBHa CKOPOCTH
U3MEHEHUsI MarHuTHOTO motoka @ (4.9), npoxosinero 4epes ToT
KOHTYP, B3TOM CO 3HAKOM MHUHYC:

dd
Ej=——. (6.1)

3Hak MuHYC B ypaBHeHuu (6.1) oOycioBieH mpaBUIIOM
Jlenna. Bennuunna MarnutHoro mnotoka @ cBs3aHa ¢ BbIOOpOM
HOJIOKUTEIBHOIO HANpaBJIEHUs] HOPMAJIHM K KOHTYpY, a 3HaK D/IC
uHAyKIM E; — ¢ BbIOOPOM MOJOXKHUTEIBHOTO HAIpaBICHUS
00xozaa no KoHTypy. llonoxurenbHOe HamnpaBleHUE HOPMAIH N
K KOHTYpPY U TOJIO)KUTEJNbHOE HampaBieHHEe 00XoJa KOHTypa
CBSi3aHBl JIpyr C JPYroM TMpaBWJIOM MPaBOrO  BHHTA.
[TonoxurenbHOE  HAmNpaBlI€HWE  HOpMAIM K  KOHTYpY
B OOJIBIIMHCTBE 337a4 BHIOMPAIOT COHANPABIEHHON ¢ MHIYKIUEH
BHEIIIHEr0 MarHUTHOTO MOJIS.

106



TakuM 00pa3oM, HampaBiICHHEC WHIYKIHOHHOTO TOKa
B 3aMKHYTOM KOHTYPE MOKHO OIPEJICIUTh IBYMS CIIOCOOaMHU:

1) 10 U3MEHEHUIO MAarHUTHOTO 1MOTOKa (4.9):

1.1) ecau MarHuTHBIM MOTOK yMeHbmaercs (d®/dt < 0),
TO WHAYKIHUS BHEIIHETO MAarHuTHOTO moiiss B W wHmyKnus
MarHMUTHOTO IIOJII HWHAYKIIMOHHOIO TOKa B; coHampaBiieHsl,
CJIEIOBATENILHO; HAMpaBlIeHUE WHIYKIIMOHHOTO TOKa [; CBSI3aHO
C HalpaBJICHHEM WHAYKIIMM BHEIIHET0O MAarHUTHOrO 1mojs B
0 TIPABUJTY MPABOTO BUHTA;

1.2) eciiu MarHuTHBIH MOTOK yBenuuuBaercs (dP/dt > 0),
TO MHAYKIUS BHEIIHEr0 MAarHUTHOTO moyis B w wuHIyKIus
MarHUTHOTO TOJISI WHIYKIIMOHHOTO TOKa B; MpPOTHBOMOIOXKHO
HaIPAaBIICHBI, CIICI0BATEIFHO; HAPABJICHUE HHTYKITMOHHOTO TOKa
I; cBsI3aHO C HANpPAaBICHUEM WHIYKIMH BHEIIHETO MArHUTHOTO
noJisi B 1o npaBuity JI€BOrO BUHTA;

2) mo 3Haky D/JIC (6.1) uHIYKINH:

2.1) ecnim DJC wnaykimu mnoioxurensHo (E; > 0),
TO WHAYKIMOHHBIM TOK [; CBsI3aH C HampaBlIEHHEM HOpPMAald
K KOHTYpY N TIO MPaBWTY IPABOTO BUHTA,;

2.2) ecmu DJIC wHaykium otpunarensHo (E; < 0),
TO WHIYKIIMOHHBIA TOK [; CBSI3aH C HAINpPABJICHUEM HOPMAJIU
K KOHTYpY N TIO MPaBUITY JICBOTO BUHTA.

CamMoMHIYKLIMSI — 3TO siBIEHHE BO3HUKHOBeHMS JJ[C
WHAYKIMM B  TPOBOJAIIEM KOHTYpe TIpU  U3MEHEHUU
MPOTEKAOIIETO dYepe3 KOHTYp Toka. Ecim B TIPOCTpaHCTBE,
IJIc HaXOJTUTCS KOHTYp ¢ TokoM [, HeT (eppoMarHeTHKOB,
MarHuTHBIN MOTOK @ yepe3 KOHTYp OyJeT MPOMOPIIHOHATICH CHIIE
ToKa I
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® = LI, (6.2)

rae L — MHAYKTUBHOCTH KOHTypa. EnuHUIIA MHIYKTUBHOCTH —
reapu (I'H): 1 'H — HHAYKTHBHOCTH TAKOI'O KOHTYpPa, MarHUTHBIH
MOTOK CaMOMHAYKIIMM KOTOporo mpu Toke B 1 A pasen 1 B6.
U3 dopmyn (4.9) u (6.2) cnemyer, 4TO €IUHUIIA MarHUTHOMN
HIOCTOSIHHOI |y — reHpu Ha metp (TH/M).

Bzaumounaykius (B3auMHas MHAYKUUS) — sBJICHUE
Bo3HUKHOBeHUs OJIC  uwHAYKIMM B  OJHOM  KOHTYpe
IpY M3MEHEHHWH CUJIBl TOKAa BO BTOPOM KOHTYpE W HA0OOPOT.
Ecnu B nepBoM KOHTYpe TE€YET TOK /1, TO OH CO3/1aCT 4epe3 BTOPOU
KOHTYp  MarHutHeli  motok  @,,  MOpPONOPUHOHATBHBIN
(mpu otcyrctBuM (peppomMarHeTUKOB) TOKY [i: D, = Loql;.
CoBepIlIEHHO TaK K€, €CJIM BO BTOPOM KOHTYpE TE€U€T TOK I,
TO OH CO3JaCT uepe3 IMEepBbli KOHTYp MAarHUTHBIA TOTOK
@, = Li,1,. KoapdumuenTsl mponopruuoHanbHocTd Ly, u Loy
Ha3bIBAIOTCS B3aUMHOW MHIYKTUBHOCTBIO KOHTYpOB. [1o Teopeme
B3aUMHOCTH OHH paBHBl MEXIy COOOH, €Clu OTCYTCTBYIOT
(beppoMarHeTHKH.

OHeprua W  KOHTYpOB ¢ TOKaMH B  OTCYTCTBHUE
(beppoMarHeTUKOB paBHa

1 N
W = > z L L1, (6.3)
k=1

rane L, = Ly;, i # k — B3auMHas MHIYKTHBHOCTH I-T0 M K-TO
KOHTYPOB; L;; = L; — UHAYKTUBHOCTH I-TO KOHTYpa; [}, — CHJia ToKa
B k-M koHTYype; N — 4nCII0 TaHHBIX KOHTYPOB.

Onepruss W W mJIOTHOCTH PHEPruM W MarHUTHOTO TMOJS
B OTCYTCTBHE (PeppOMArHETHKOB:
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W=fde, w=—

BH B?

= . 6.4
2 2up (64)

6.2. [IpumepsI penieHus 3aga4

YA

e

¥

0]
Puc. 6.1.

Ipumep 6.1. ITlposon,
UMeImui  GopMy JIOMaHOU
mvuaan Yy = k|x|, HaxomuTcs
B OJHOPOJHOM MAarHMTHOM
nose B, nepnenauKyIsipHOM
mwiockoctn XY. W3 Hauana
KOOpJAUHAT MepeMeNarT

MOCTYIATEIbHO
0e3 HavyaubHOM  CKOpPOCTH
NEPEMBIYKYy C TMOCTOSHHBIM
yckopernnemM a (puc. 6.1).

Haiitu 3/1C unaykiuu B 00pa3zoBaBieMcst KOHTYpeE Kak (QyHKITHIO

KOOPJMHATHI ).

Pemenne. OJIC  uHAyKUuH, COIJIaCHO  3aKOHY
3IEKTPOMArHUTHON MHAYKIUH (6.1) M OnpeeleHnI0 MAaTHUTHOTO

notoka (4.9), paBHa

d d d d(BS)
Ei:—EdeS:—EdeS:—EdeS:— dt =
s s s
BdS B2|x|dy B(2y)3/*\a
- at T T at Tk
rje CKopocTh Baosb ocu Y pasHa dy/dt = ./2ay. CormacHo

npasuily JIeHI1a TOK MOTEUET B KOHTYPE IPOTUB YaCOBOU CTPEJIKH,

tak kak DJ1C unnyknuu E; < 0.
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Oteer: E; = — B(2y)3/?Va/k.

IIpumep 6.2. KoakcuanbHbli  Kabedb  COCTOUT
U3 BHYTPEHHErO CIUIOUIHOTO MPOBOJHUKA pPaIuycoM a
U HapyXKHOM MPOBOAsAIIEH TOHKOCTEHHOM TPyOKH paguycom b.
HaiiTu WHAYKTUBHOCTH €IWHUIBI JJIUHBI KaOems, cuuTas
pacripesielieHie TOKa [0 CEUEHHIO BHYTPEHHEro MPOBOJIHHUKA
paBHOMEpPHBIM. MarHuTHasi TPOHUIAEMOCTh BCIOAY paBHA
eAMHHUIIE.

Pemienne. B pgaHHOM ciiyyae BHYTPEHHMH IIPOBOJHHUK
HE SIBIISIETCSI TOHKUM, TIOSTOMY ONpPEENSITh HHAYKTUBHOCTD HAJI0
HE Yepe3 MarHuTHbIN oToK (6.2), a sneprerndecku (6.3, 6.4)

W3 teopemsl o nupkyssiiun (4.6) ciemyer, 4to

ol
_21'[a2 , r<a,
B = (6.5)
Ho!
E, r > a.

IMoacrasmsas (6.5) B (6.3, 6.4) ¢ yuérom cBsizu (5.5),

noJry4yaeM
L 1 (1p3*r? 1 1 uar?
Ley = n= I—f ™ ey ——2mrdr + 1—2 ™ it 2nrdr =
Mol b)
1
S 2m (4 + na

OtBer: L, = (uo/(Zn))(1/4 + ln(b/a)).

6.3. 3agaum 171 CaAaMOCTOSITEJIbHOT'O PelleHusI
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6.1. Ilnockas cnupasb ¢ OosbmUM 4uciaoM N BHTKOB,
IUIOTHO MPWJIETAIOMIMX APYT K APYTY, HAXOJIUTCS B OJHOPOJHOM
MarHUTHOM 1I0JI€, NEPIEHIUKYJISIPHOM IIJIOCKOCTU CIUpPAJIH.
HapyxHblli paguyc BUTKOB CIUPAJIXA paBeH d. MarHuTtHoe mnosue
M3MEHsIeTCss 10 3akoHy B = Bysinwt. Haiitu ammiurygHoe
3HaueHue JJIC MHAyKIMHU, HABEIEHHOMN B CIIMPAJIH.

Otser: E; = ma’NByw/3.

6.2. BHyTpH JUIMHHOTO COJICHOM/A HAaXOJAWTCS KaTyIKa U3
N BUTKOB ¢ IUIOLa/Abl0 TonepedyHoro cedeHus S. Karymky
MOBOPAYMBAIOT C IOCTOSTHHON YTJIOBOM CKOPOCTBHIO 0 BOKPYT OCH,
COBIAJAIOMIEH C €€ IUaMeTpoOM U MEPIEHIUKYIIPHOM OCH
cosieHou1a. [Ipu 3TOM MarHuTHOE NOJIE B COJIEHOU/IE MEHSIETCS CO
BpeMeHeM kak B = Bgsinwt. Haiitu 2/IC nunaykiuu B KaTyIike,
eciu B MOMEHT BpeMmeHH t = 0 OoChb KaTyUIKH COBHANa C OCHIO
COJICHOU/IA.

OtBet: E; = —NB Swcos(2wt).

6.3. Kontyp HaXOOUTCSI

B OJHOPOJHOM MAarHUTHOM IIOJIE

o’ CUD ¢ wuHaykuumedr B (puc. 6.2).
BepxHI010 4acTh KOHTYpa — NPOBOJL

B BU/JIE TIOJTYOKPYKHOCTHU pajauyca a

— BpallarT C NOCTOSSHHOW YIJIOBOM

CKOpOCThIO  BOKpyr ocu 00'. B
Puc. 6.2. MOMeHT t =0 MarHUTHBI ITOTOK
yepe3 KOHTYp MakCHMallbHbIUA. Haiitu
3J1C nuHAyKIMU B KOHTYpE KaK (YHKIUIO BpEMEHH t.
Otger: E; = ma’Bwsin(wt) /2.
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6.4. JlnuHHBIA TIpAMO

npoBOAHUK C¢ TokoM [ wm II-

L

00Opa3HbIii MIPOBOTHUK
v C IOABMXXHOM  IIEPEMBIYKOMN
pacIoNOKEHBI B OJHOM
TUIOCKOCTH (puc. 6.3).

[Tepembruky, ayMHa KOTOpOH [,

repemMeniaroT BIIPABO
Puc. 6.3. C IIOCTOSIHHOW CKOPOCTBIO V.
Haiitu SOJIC WHIYKIUU
B KOHType Kak (yHKIHIO
paccTosSHUS 7.
< OTtBeT: E; = yylvi/(2nr).
6.5. Ksamparnas pamxka

CO CTOPOHOM @ W JJIMHHBIA
——> MpsMOM MpoBOA C TOKOM [
HaXOJSITCS B OJHOU INIOCKOCTU
(puc. 6.4). Pamky
IIOCTYIATEIBHO  NEPEMENIA0T
Puc. 6.4. BIIPaBO c MOCTOSIHHOM

ckopoctero V. Haitn OJIC
MHAYKIIHIO B paMKe KaK (YHKIIMIO pACCTOSIHUSA X.

Otser: E; = pola’v/(2nx(x + a)).

6.11. JIBa coneHoWIa OJMHAKOBOW JUTUHBI TPAKTHUECKU
O/IMHAKOBO CEYEHHUSI BCTABIICHBI ITOJHOCTBIO OJMH B JPYIOM.
NHayKTUBHOCTH COJIeHOMI0B — L1 u L,. [Ipenebperas kpaeBbIMU
s dexkramMu, HATH B3aUMHYIO HHIYKTUBHOCTH (TI0 MOJIYIIIO).

Otser: |Li3| = /L1L,.
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6.12. JlnuuHbI (DeppOMArHUTHBIA HUIMHIAP O00BEMOM V
uMeeT J1Be 0OOMOTKH (o/1Ha Ha Apyroi). OgHa 0OMOTKA COAEPIKUT
N4, BUTKOB HA €IMHUILY JJIMHBI, ApyTas — N,. HaliTu ux B3auMHYyO
WHIYKTUBHOCTB, TIpeHeOperas KpaeBbiMu dhdexTamu

OtBer: L1; = WaHoniN,V, Ly = WyHonyn,V.

6.13. JIBe onMHAKOBBIE KATyIIKH, KaX/1asi MHAYKTUBHOCTH L,
COCITUHSIIOT MOCIIEI0BATETHHO. Cunras B3aMIMHYIO
WHAYKTUBHOCTh  KaTyHIEeK MpeHeOpe MO Mayioi, HalTu
WHAYKTUBHOCTH CHCTEMBI.

OtBer: Lyg,, = 2L.

6.14. JIBe on1MHAKOBBIE KATYIIIKH, KaX/1asg HHIYKTUBHOCTH L,
COCUHSIOT mMapayuiesibHo. CuuTas B3aWUMHYI0 WHIYKTHUBHOCTH
KaTyIIIeK IPEHEeOPEKUMO MaJIOH, HANTH MHTYKTUBHOCTH CUCTEMBI.

OtBert: Lyg,, = L/2.

6.15. JIBe oiuHAKOBbIE KATYIIKU, KaXKasi *HAYKTUBHOCTH L,
COEIMHEHBI MOCIE0BATEILHO U PACIIONOXKEHBI TaK OJIU3KO JIPYyT
K JIpyry, 4YTO MarHUTHBI TOTOK OJHOM KATYIIKU IOJHOCTHIO
MPOHU3BIBACT, YyCHUJWBas, Jpyrywo. HalTh WHAYKTUBHOCTH
CUCTEMBI U3 ITHX JBYX KaTYIIECK.

OtBer: Lyg,, = 4L.

puiaoxenns

IIpunosxkenne 1. OnpenesieHne NOTOKA U NUPKYJISIHA
BEKTOPHOI'O MOJIS
[upkymsimueln  BekTopHoro  mons A = (Ax,Ay, Az)

10 KOHTYPY (3aMKHYTOM KpuBoii) [' Ha3pIBaeTCS HHTErpai

j; Ad],
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B3ATHIA MO JaHHOMY KOHTypy [,
rre dl — OeckoHeEUHO  Majoe
MpUpAILIEHUE pPaJUyC-BEKTOpa BIOJb
KOHTYpa B CTOPOHY 00X0/1a 110 KOHTYPY.
Hanpasnenue o00xoma 1o KOHTYpY
BbIOMpaercst ycnoBHo. Ha puc. I1.1.1

Mmoka3aHo HampasieHne dl B Tpéx
Puc. I1.1.1. pa3HbIX TOYKaxX KOHTypa. OKpYKHOCTh
Ha CHMBOJIE MHTErpaja O3Ha4Yaer,

YTO MHTETPUPOBAHUE TIPOU3BOJUTCS 110 KOHTYPY.

IToTox BEKTOPHOT'O T1OJISt A= (Ax, Ay, A Z)

yepes3 MOBEPXHOCTh S — UHTErpajl

o~ | aas,

B3STBIN 110 TTOBEpXHOCTH S, e dS = ndS; n

ds y y

- — eIMHUYHBIA BEKTOpP MOJOXXKUTEIHHOH
HOpMaJld K  JJIEMEHTY  IOBEPXHOCTH

Puc. I1.1.2. (TIOJIOXKUTENIBHO HAIpaBleHHE BBIOMpaeTCs

yCIOBHO); dS — miomaab  3JIeMEHTa
nosepxHoctu (puc. II.1.2). MuTerpupoBaHue Mo 3aMKHYTOM
MOBEPXHOCTH 0003HAYAETCs KPY>KKOM B CepeJIMHe UHTerpaa:

f AdS.

3aMKHYyTass MOBEPXHOCTb — 3TO IOBEPXHOCTh, KOTOpas
SBISICTCA OrPAaHUYEHHOW B MPOCTPAHCTBE U 0e3 TpaHuI]
(Hampumep, Ky0, cdepa). [IpumMepom HE3aMKHYTOH MOBEPXHOCTH
MOTYT CIIY’KUTh KBaJpaT M OeckoHeuHas IulockocTh. KBampat
HE SBJIIETCS 3aMKHYTOM ITOBEPXHOCTHIO, TaK KaK MMEET IPAHMIIBI
(cropoHbl KBazgpara). beckoHeuHas IUIOCKOCTb HE SIBIISIETCS
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OTpaHUYEHHON B MpocTpaHCTBEe. Hopmans HampaBieHa HapyxKy
K 3aMKHYTOH MMOBEPXHOCTH.

Ipunoxenue 2. [Ipeo6paszoBaHue J1eBoii YaCTH yPABHEHUSA
Teopembl ['aycca B cirydae onpeaeJéHHOM CHUMMETPHHA

B Tteopeme Taycca (1.13) 3aMKHYTYyHO TOBEPXHOCTbH
Mbl BbIOMpaeM caMu, B YycIOBUAX 3azauu €€ HeT. OObIYHO
3aMKHYyTasi IIOBEPXHOCTb COBIAJaeT C OSKBUIOTEHLUUAIbHON
MOBEPXHOCThIO. Mcronb30BaHWE MAHHOW TEOpEMbl B 3ajadyax
OTPaHHYEHO CIy4YasiMU CIEIUAIbHON cummeTpuu (chepuueckas,
HWIMHIPUYECKas WM IUIocKas cuMMeTpus). B aTux crmyuasx
IIpUMEHEHHE TeopeMbl [ 'aycca mo3BOISET NOJYUYUTh HECPABHEHHO
0oJiee MpocThie PEeIICHNUS.

IIpu cepuyeckoit CUMMETPUM IOBOPOT HENPEPBIBHOTO
pacopeneneHus 3apsAoB OTHOCUTENBHO LIEHTpa CHUMMETPUH
Ha IPOU3BOJIbHBIM Yrojl HE MEHSET IUIOTHOCTh paclpeneieHus
3aps10B (3apsbkeHHas cepa, 3apspkeHHas chepruyeckast 0007109Ka
U T. 1.). B aTOM ciydae B KkadyecTBe 3aMKHYTOM IOBEPXHOCTH
B TeopeMe ["aycca BriOupaercs cdepa, IIeHTp KOTOPOi CoBMaiaeT
C LEHTPOM CUMMETPUHU HENPEPBIBHOIO PACIpPENEICHUS 3apsIioB,
a BBIYUCIIEHUS yIOOHO NMPOBOAUTH B CPEepUUECKUX KOOPIUHATAX.
Jannast cdepa coBnagaeT ¢ SKBUMOTEHIIMAIbHON TOBEPXHOCTHIO,
TaK Kak TpU TMepexojae OT OIHOW TOYKU cdepbl K IpPYyrou
IPOCTPAHCTBEHHOE paCHpelesieHne 3apsJoB HE HU3MEHUTCS.
B kxaxmoit Touke 3aMKHYTOM cepuyecKoil MOBEPXHOCTU MOIYJIb
HanpspKEHHOCTH  DJIEKTPOCTAaTUYECKOIO MOl  IPUHHUMAET
IIOCTOSIHHOE 3HAUYEHHUE, a BEKTOD HaNpsHKEHHOCTH
NEPIEHIUKYIISAPEH 3TON IOBEPXHOCTH.
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OpToroHajIbHOCTH
BEKTOPA HANPAKEHHOCTH
3JIEKTPOCTATHYECKOI 0
noJisi K MPOU3BOJIbHOM
cepuueckoii
NOBEPXHOCTH cienyer
U3 CUMMETpPUM  3a/adu
(puc. I1.2.1): s kaxmoro
IIPOU3BOJIBHOIO 3apsna
dqq CYIIECTBYET
TaKOH JK€ CHUMMETPUYHO
pacmoIOKEHHbBIN
Puc. I1.2.1. OTHOCHUTEIILHO  TNPAMOU
OM 3apsan dq,, 4To cyMMa
HaNpsHKEHHOCTEH DIIEKTPOCTATUYECKOTO MOJs 0T KOTOophiXx dE;
u dE, B Touke HaOmoeHUS M, exanieid Ha Ipou3BOIbHOU cepe
panuyca r paBHa HanpsbDkEHHOCTH dE, koTopas HampaBieHa BJI0Jb
paanyc-BeKTopa I.
Mopyib HanpskéHHOCTH COXPAaHSIETCH IIpU IEPEXoje

K JPyroil Touke HaOII0IeHNs Ha POU3BOJIbHOM chepe paauyca 1,
TaK KaKk B HOBOM TOUYKE HAONIOJIECHUS paclpeleieHue 3apsiaoB
OTHOCUTEIIbHO HOBOW TOYKH HAOJIIOJICHUS HE W3MEHHUTCH,
CJIeZIOBATENIbHO, BEJTMUMHA HAMIPSHKEHHOCTH DJIEKTPOCTATHIECKOTO
noJist, coracHo (1.12), octaHeTcst mpexHeH.

W3 ycrnoBusi OpTOTOHATBHOCTH BEKTOpa HAMPSKEHHOCTH
DIIEKTPOCTATUYECKOTO TOJS K TPOM3BOJNIBHON cdeprueckoit
MOBEPXHOCTH CIEAYET, YTO JieBas 4YacTh ypPaBHEHHUS TEOPEMBbI
I"aycca (1.13) mpeoOpasyercs ciieyromumM 00pa3om:

ngds = fﬁ EdS, (1. 2.1)
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T. €. BO Bcex Toukax cdepsl Bekropa E u dS conanpasieHHble,
CJIEIOBATEIIbHO, CKAISIPHOE IIPOU3BEIACHUE JaHHBIX BEKTOPOB
PaBHO IIPOU3BEIACHUIO UX MOJYJICH.

[anee u3 ycinoBus IOCTOSHCTBA MOAYJS HANPS)KEHHOCTU
AIIEKTPOCTATUYECKOTO TMIOJII Ha MPOU3BOJILHOW CQeprUIecKOi
HOBEPXHOCTH MoJydaeM, 4to Beipaxkerue (I1.2.1) mpumer Bu

jEEdS = Ef ds = ES, (1.2.2)

rae S = 4nr? — nnomans chepsl.

Takum 06pasom, jieBast 4acTh ypaBHEHHs TeopeMbl ['aycca
(1.13) B cnyuae chepuueckoit cummerpuu ¢ yuérom (I1.2.1)
u (I1.2.2) paBHa

j[; EdS = E - 41r2. (1.2.3)

[Tpu HUJIHHIPUYECKOH CUMMETPUU MOBOPOT
HENPEPBIBHOTO pACIpeAeNieHUs] 3apsiioB  OTHOCUTENBHO OCH
CUMMETpUHU (HApUMeEp, OCh LUJIMHPA) HAa MPOU3BOIBHBIN yroi
U TIEPEHOC MAHHOTO pAacHpeneNieHus] 3apsaa BAOIb ITOH OCH
HE MCEHSIET IUIOTHOCTH pacmpesesieHUuss 3apsanoB (3apsKCHHBIN
OECKOHEYHO JJIUHHBIA LWUIMHAP, 3apsbDKeHHas OeCKOHEYHO
JUTMHHAS IUIMHApPUYECKas 00ojouka U T. 1.). B aTom cimydae
B KayecTBe 3aMKHYTOW TOBEPXHOCTH U3 TeopeMbl [aycca
BBIOUMpAETCsT LUIUHAP, OCh CHUMMETPHUU KOTOPOTO COBMAAaeT
C OChI0 CHMMETPUH HETPEPHIBHOTO PACIIPEICTICHHS 3apsa0B, IPU
ATOM BBIYHMCIIEHUS y00HEe BCEro MPOBOIUTH B IIWITHHIPHUECKHUX
KoopauHaTax. bokoBas TOBEPXHOCTh JJAHHOTO LHUIUHApA
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COBMAJIa€T C 3KBUIIOTEHIIMAIBLHOW MOBEPXHOCTHIO, TaK KaK INPHU
nepexojie OT OJHOM TOYKM OOKOBOW MOBEPXHOCTH LWJIMHIIpA
K JpYyroil MpoCTPaHCTBEHHOE pacHpelieieHHe 3apsioB He
u3MeHuTCcs. B Kaxmoil Touke OOKOBOM IMIMHIPHUYECCKON
MOBEPXHOCTU MOJYJIb HAMpPSKEHHOCTH  AJIEKTPOCTATUYECKOTO
noJisi  OPUHUMAET  IMOCTOSIHHOE ~ 3HAa4Yy€Hue, a  BEKTOp
HaIPSHKEHHOCTU NEPIICHIUKYIISPEH 3TON ITOBEPXHOCTH.

OpTOroHaJIbHOCTH
HATNIPSIZKEHHOCTH
o e 70 3JeKTPOCTATHYECKOTO
R R noJist K 00KOBOii

h c dq ]WM/d'Ez IOBEPXHOCTH
dqz /\ dE NPOM3BOJIbLHOIO

. P, dE, IHJIMHIpa ciaenyer
T U3 CHMMETPHH 3ajauu
e e I P (puc. I1.2.2):
JUTSI KaXKI0ro

MPOM3BOJILHOTO  3apsja

Puc. I1.2.2. d(h CYILIECTBYET

TaKOW JK€ CHMMETPUYHO
pacIoo’)KeHHbI  OTHOCUTEeNbHO TpsiMolt CM  3apsa  dq,,
4TO CyMMa HamnpspDKEHHOCTEH  AIIEKTPOCTATUYECKOTO IO
or xotopeix dE; u dE, B Touke HaOmromenus M, nexamei
Ha OOKOBOM MOBEPXHOCTH TMPOM3BOJIBHOTO MHWJIMHIpPA paanyca p,
paBHa HanpsHKEHHOCTH dE, KOTOpas HarpaBiieHa
BJI0JIb MOJIIPHOTO pajinyc-BeKTOpa P.

Moayab HanpsKEHHOCTH COXpPaHsieTcsl TpU Iepexojie
K Jpyroi Touke HaOMoJeHUsI Ha OOKOBOHl IOBEPXHOCTH
MPOM3BOJIFHOTO IWJIMHApA pajmyca P, TaK KaKk B HOBOH TOUKe
HaOJIOIGHUsT paclpelesieHue 3apsoB OTHOCHTEIbHO HOBOMA
TOYKM HaOJIOJEHUS HE W3MEHUTCS; CIel0oBaTelIbHO, BETUYMHA
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HaMpPsHKEHHOCTH  AJICKTPOCTaTUUECKOro ToJist, corjacHo (1.12),
OCTaHETCs TIPEKHEH.

[ToBepXHOCTh IWJIMHAPA COCTOUT U3 OOKOBOM MTOBEPXHOCTH
U JByX OCHOBaHM. B 3TOM cilydae jeBas 4acTh ypaBHCHHS
teopemsl ["aycca (1.13) pa3inoxkurcs Ha CyMMY TPEX HHTEIPAIOB:

ngdS = fEds+ fEdS+ fEds, (1. 2.4)

S1 Sz S3

rae S; — miom@ane OOKOBOW TOBEPXHOCTH IWIMHIpA, S, —
IUIOIAJh HUXKHETO OCHOBaHHS, Sz — IUIONMAJb BEPXHETO
OCHOBAHUSI.

W3 ycrmoBuss OPTOTOHAILHOCTH BEKTOpa HANPSHKEHHOCTH
AJIEKTPOCTATUYCCKOTO  TOJIE K OOKOBOM  TIOBEPXHOCTH
NPOM3BOJILHOTO IMJIMHAPA CJIEAYET, YTO HHTErpalibl B TPaBOM
yactu Beipaxenus (I1.2.4) mpeoOpasyrores cienyromum o6pazom:

fEdS = fEdS, fEdS =0, fEdS =0, (I.2.5)

S1 S1 Sz S3

T. €. Bekropa E u dS conampaBieHsl TOJNBKO Ha OOKOBOM
MOBEPXHOCTH IWIMHApPA, a HAa OCHOBAaHMAX JaHHbIE BEKTOPA
NEepIEHINKYIISIPHBI, CIIEA0BATENFHO, CKAISAPHOE IPOH3BEICHUE
BekTopoB E n dS paBHO nmpom3BeneHnIo X MOyiel Ha OOKOBOM
MOBEPXHOCTH M PAaBHO HYJIIO HA OCHOBAHUSIX.

Jlanee U3 ycioBUs MOCTOSIHCTBA MOJIYJS HANpsKEHHOCTU
AIIEKTPOCTATUYECKOTO  IMOJIi Ha  OOKOBOW  MOBEPXHOCTH
MPOU3BOJILHOTO IIMJIMHJIPA TMOIYy4aeM, YTO UHTETrpall Mo GOKOBOM
nosepxHoctH (I1.2.5) npumer Bug

119



fEdS =F de =ES, (1. 2.6)
S1

S1

rae S = 2mph — miomanas OOKOBOWM TMOBEPXHOCTH IMIIMHIPA,
h — BeicoTa umuHpa (puc. [1.2.2).
Taxkum oOpa3oM, jeBas 4acTh ypaBHEHUs Teopembl [aycca

(1.13) B cnyyae nunuHApuUeckoit cummerpuu ¢ yuérom (11.2.4—
[1.2.6) paBHa

35 EdS = E - 2mph. (1.2.7)

I[Ipy mJIOCKOM CHUMMETPUM  CHABUT  HENPEPHIBHOTO
pacrpeneneHust 3apsaoB BIOJb JIFOOOTO BEKTOpa, JIEkKAIEro
B IJIOCKOCTH CUMMETPUH, HE MEHSET IUIOTHOCTh paclpeesieHus
3apsiioB (OecKOHEYHas 3apshKEHHas IJIOCKOCTh, OECKOHEUHas
3apshKeHHasl IUIacTMHa U T. 1.). B aTom ciydae B KauecTBe
3aMKHYTOH MOBEPXHOCTH H3 TeopeMbl [aycca BbIOupaeTcs
LWIMH]P, OCHOBAHMS KOTOPOTO NapaJuIeIbHbl JaHHOW MJIOCKOCTH
CUMMETPUN M HAXOAATCS Ha PAaBHOM PACCTOSHHUU OT IJIOCKOCTH
[0 pa3Hble CTOPOHBI OT He€. OCHOBAaHMSA AAHHOTIO LMIMHAPA
COBMAJIAlOT C HKBUIOTEHIMAIIbHON MOBEPXHOCTHIO, TaK KaK NpHU
nepexoje OT OAHOW TOYKM OCHOBaHMM LMJIMHIApA K APYrou
IIPOCTPAHCTBEHHOE paCIpelesIieHue 3apsioB HE W3MEHHTCH.
B xaxn0i#i TOUKe TOPLOB HMJIMHIPUYECKON OBEPXHOCTH MOJYJIb
HANpsDKEHHOCTH  DJIEKTPOCTATHYECKOr0  MOJdsl  IPUHHUMAET
IIOCTOSIHHOE 3HAUYEHHUE, a BEKTOD HaNpPsHKEHHOCTH
NEPIEHIUKYIISPEH 3TUM TOBEPXHOCTSIM.
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OpTOroHaJILHOCTH HANPSIZKEHHOCTH
IJIEKTPOCTATHYECKOTO MOJIsI K OCHOBAHHUSIM MPOM3BOJIHLHOTO
HMJIMHAPA clieayeT u3 cuMMmeTpud 3amaun  (puc. I1.2.3):

\
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i
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'
'
i
H

UL KaKAOTO IPOM3BOJIBHOIO 3apaga dgq CyIIECTBYeT
TaKOH K€ CUMMETPUYHO PACIIONIOKEHHBI OTHOCUTENIBHO IIPSIMOMN

Puc. I1.2.3.

oM 3apsy dqs,, 4TO cymma HaIpsHKEHHOCTEN
aNeKTpocTaTndyeckoro mnoist ot koropeix dE; um dE, B Touke
HaOmoneHuss M, nexameid Ha  BEepXHEM  OCHOBaHUU
MIPOM3BOJILHOTO IIWJIMHPA BEICOTON h, paBHa HanpspkéHHOCTH dE,
KOTOpasi HampasjeHa BI0Jb npsiMoii OM, T.e. IEpNEHAUKYISIPHO
OCHOBAHUIO MUJIMHPA (aHAJOTUYHO JIJISI HUKHETO OCHOBAHUS).
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Moayab HanpsAKEHHOCTH COXPAHSAETCA IpPU TMEPEXoJIe
K JIpyroi TOuke HaOJIOJIEHUS HA OCHOBAHUSX MPOHU3BOJILHOTO
HWIMHIPA (B TOM YHCIIE IEPEXO0]T OT TOUKU HAOIIOACHHS Ha OJTHOM
OCHOBaHMM K TOUYKEe HAONIOJCHHUS Ha JPYroM OCHOBAaHUU
IWIMH]IPA), TaK KaKk B HOBOI TOuke HAOJIIOJCHUS paciipeiesieHue
3aps0B OTHOCUTENIBHO HOBOM TOUKU HAOJIOICHHS HE U3MEHUTCH,
CJIeIOBATENbHO, BEIMYMHA HAPSHXKEHHOCTH JIEKTPOCTATUYECKOTO
noJtst, coryiacHo (1.12), ocTaHeTcst mpeKHeH.

[ToBepxHOCTh LMIMHIPA COCTOUT U3 OOKOBOI MOBEPXHOCTH
U JIByX OCHOBaHMW. B »TOM ciydae JjieBas 4acTb ypaBHEHUS
teopembl ['aycca (1.13) pa3noxuTcst Ha CyMMy TPEX HMHTEIPAIOB
(11.2.4).

W3 ycnoBusi OPTOTOHAJIBFHOCTH BEKTOpa HANpPsHKEHHOCTH
AIIEKTPOCTATUYECKOTO TOJSI K OCHOBAaHMSM IPOU3BOJIBHOTO
WIMH]IPA CIEAYET, YTO MHTETPAIBI B IPABOM YaCTU BBIPAKCHHUS
(I1.2.4) nmpeoOpa3zyroTcs creayromumM 00pa3oMm:

fEdSzO, fEdSz fEdS, fEdSz fEdS, (11.2.8)

S1 Sz Sz S3 S3

T. €. Bektopa E m dS conampaBieHBl TOJBKO HA OCHOBAHHSIX
HWIMHIpa, a Ha OOKOBOM TOBEPXHOCTH [IaHHBIE BEKTOpa
NEePHEHANKYISPHBI;, CIEJ0BATENbHO, CKAISIPHOE IMPOU3BEICHHE
BekTopoB E u dS paBHO TmpousBeneHHI0O UX MOIyJei
Ha OCHOBAHMSX U PABHO HYJIIO HAa OOKOBOI MOBEPXHOCTH.

Janee u3 ycnmoBus TOCTOSHCTBA MOJIYJS HAaNpPsHKEHHOCTH
ANIEKTPOCTATUYECKOrO0 TOJISI HAa OCHOBAaHUSIX IPOU3BOJIBHOTO
[MWIMHAPA TOJIydyaeM, 4TO HWHTerpaibl 1mo ocHoBauusMm (I1.2.8)
MPUMYT BUJ
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fEdSZfEdSZEdeZEdeZES, (1. 2.9)
S2 S3

S2 S3

rie S — IUIom@Ab OCHOBaHUS  muiuHApa  (TUIOIIanb
3aIITPUXOBaHHOM oOsiactu Ha puc. [1.4.3).
Takum oOpa3om, JieBas 4acTh ypaBHEHHsI TeopeMbl [ aycca

(1.13) B ciayuyae miaockoii cummerpun ¢ yuérom (I1.2.4, 11.2.8,
I1.2.9) paBHa

7§Eds =E-2S. (1.2.10)
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