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4 IIpeducnosue pedakmopa

IIpeaucioBue peaakTopa

Hacrosiuidi ToM SIBIISieTCS TPETBUM, B COCTOSIIEH M3 ISITH TOMOB CEpUH
yuebHbIx mocobuii («MexaHuka», «MoneKkyasipHas (HH3MKa U TEPMOJUHAMHUKA,
«JneKTpoIuHaMKKa», «BOJIHOBBIE mpomeccel M ONTHKa», «KBaHTOBas
MEXaHUKa»), HAIMCAHHBIX HAa OCHOBE Ooliee ueM TPHUALATUIETHETO OIbITA
IpernofaBaHusl GU3HKU CTYIEHTaM (aKyJIbTeTa BEYHCIUTEILHOW MaTEeMaTHKH U
kubepuerrkn (BMK) MI'Y um. M.B. JlomoHOCOBa.

B Havame xaxaoro pasiena JaeTcs KpaTKoe H3JIOKEHHEe TEOpHH B o0beMe,
HEoOXOJUMOM ISl pelIeHus 3ajad, Jajee NPUBOAUTCS MOAPOOHOE pelleHHe U
aHaJ M3 HECKOJbKHMX THUIIOBBIX 3aJay, 3areM C(HOpPMYJIUPOBAaHBI 3aJaHus JUIs
camocTosTeNbHOH paboThl. K HMM maHbBl OTBETHI M HEOOXOJMMBIE YyKa3aHHS.
CH0XHOCTh 3aJlad COOTBETCBYET MAaTeMaTHYECKOH IOJArOTOBKE CTYAEHTOB-
MaTEeMaTHKOB, KOTOPOH OHM 00JamaloT Ha MOMEHT Hadala HM3y4eHHs Kypca.
YuTaTento IODKHO OBITh SICHO, 4YTO TIyOOKO€ H3ydeHHe (GH3HKUA JIOHKHO
0a3upoBaThCSl HA TIPOBEPEHHBIX BPEMEHEM KIIACCHYECKHX Yy4eOHHKaX, H
MTOMEIIEHHbIE B IMOCOOMH KpaTKUE TEOPETUYECKUE CBEIEHHS HOCST CIPABOYHBIH
XapaxkTep U He MOTYT UX 3aMEHHTb.

Xouercss OTMETUTH OOJbIIOE BHUMAaHHWE, YIEISIONIeecs pPYKOBOJCTBOM
¢akynprera BMK MI'Y npenogaBanuio GU3HKU. Y CUIIHSAMU JIeKaHOB (aKaJeMHKa
A.H.Tuxonosa, YIEH-KOPPECHOHACHTA JI.IT.KocTtomapoga, aKaJeMuKa
E.N.MouceeBa), a Takxe npopeccopoB M.M.Xanaea, E.B.Illukuna u 1011eHTOB
B.I.Cymiko, b.M.bepesmna, 3aHMMaBIIMXCSI B pa3HBIE TOIBl OpTaHU3aIMEH
yueOHOro mporecca Ha 3TOM (haKyynbTeTe, COPMUPOBAJIICS BBICOKUN YPOBEHb
TpeboBaHMi K o0Oy4deHHIo ¢u3uKe. ITO CHOCOOCTBOBAIO (HOPMHPOBAHHIO
MeIarOTUYECKUX TPAAWIMK IpenojaBaHus (QU3MKU CTyISHTaM-MaTeMaTHKaM,
KOTOpbIe OepeXHO COXPAHSIOTCA U pa3BHBAIOTCA Ha Kadenpe oOmeld GU3UKH U
BOJIHOBBIX TIpolieccoB ¢u3mdyeckoro Qakympbrera MI'Y. Ot nmia aBTOpOB
MOCOOUS BBIpaXkaro IIIy0OKyH0 OJIar0JJapHOCTh BCEM TPENONABATENSAM U HAYIHBIM
COTpyAHHMKaM Kadenpel, BeoymuM 3aHsaTHss Ha ¢akyarsrere BMK nu
CIIOCOOCTBOBABIIMM CTAaHOBJICHHIO 3TOr0 Kypca. ['7IyOOKo NIpH3HATeNneH TakkKe
npodeccopam A.M.Caneuxkomy u C.M.ApakensHy 3a pelieH3UpOBaHHE IIOCOOUS U
LIEHHBIE KPUTHYECKUE 3aMEUCHHS.

Y4ebHoe mocobue HarmMcaHO B paMKaxX MHHOBAIMOHHOTO mpoekTa B 2006 r.

B.A. Maxaposg
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§1. DyekTpHUYecKoe noJie

Kpamkue meopemudecKkue ceedenusn

DJIeKTpuYecKue 3apsubl. Bce atomMbl U MOJICKYJIBI BKJIFOUArOT B CBOM

COCTaB YaCTHIIBI, 00JIaJaloIe CBOHCTBOM IPUTATHBATE MM OTTAJIKUBATh IPyrHe
nogoOHele yacTunbl. KonnmuecTBeHHas Mepa Takoro B3aWMOJACHCTBUS HacCTHUI]
Ha3bIBACTCS  9AeKMmpuyeckum 3apao0om. Pa3nmuualoT pABa THMa  3apsjioB:
MOJIOKUTEIbHBIE M OTpUIlaTeNbHbIe. Hocurenem oTpuULATENbHOrO 3apsnua
SIBISIETCSL  JIEKTPOH, a TIOJIOKMTEIBHOTO - MPOTOH. 3apsja 3JIeKTpoHa II0
a0COJIIOTHOW BENIMYMHE PaBEH 3apsly INPOTOHA M COCTABISAET 91eMEHMAPHbIll
(HauMeHbBIIUNA BO3MOXHBINA) DJIEKTPUUECKUI 3apsi 621,6021892'10_191(]1. B
cucreme CHU 3apsn m3mepsietcst B KyioHax: 1Kn=14-1c, toe ammep (A) -
e[IMHHIIA U3MEPEHHUs CHIbl ToKa (cM. maparpad 7). O HamTM4YHK 3apsiIOB MOXKHO
CYyIMTh 110 MX B3aMMOJCHCTBHIO. B mpupone CyLIECTBYET 3aKOH COXPAHEHUs.
3apsi0a: CyMMAapHBIA 3apsii, HaXOISMIIMHCS HAa HW30JMPOBAHHON CHCTEME Tel
0CTaeTcsi HEM3MEHHBIM.

3akon Kymona. /IBa ToueuyHbIX 3apsaa (3apspDKEHHBIX Tela, pa3Mepsl
KOTOPBIX MaJIbl I10 CPAaBHEHUIO C PACCTOSIHUEM MEXAY HUMHU) B3aUMOJICHCTBYIOT C

CHJIOH, TIPAMO TIPOTOPIMOHANBHON BENMYMHAM 3apsAfoB ¢, g, M 0OpaTHO

MIPOTIOPIMOHATBHON KBAaIPaTy PACCTOSHHS ' MEXKIy HUMH:
F=kqq,rir. (1.1)

OTta cuia HalipaBJI€Ha I10 Hp?{MOﬁ, COCTUHSIONICH 3apsaabl, U ABJACTCA
CHJION TOPpUTSOKCHUA  JUIA  PAasHOMMCHHBIX 3apsa0B W OTTAJKUBAHUA — IJIA

-

OJIHOMMEHHBIX (BEKTOp /' HampaBieH B CTOPOHY TOTO 3apsja, Uil KOTOPOTo
paccuuTbiBaeTcs cuia). KodpdHUUMeHT NpoNOpIHOHANTBHOCTH K 3aBHCHT OT

BbIOOpa enuHUL u3MepeHus u B cuctemMe CU paBen k =9.10°H - m* | K2* .

e €, =885-10"2 ka2 /(H - x?) -

YacTo ero 3aluchIBalOT B BUJIC k=
7€,
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3IEKTpUYecKas IIOCTOsHHAs. PasMepHOCTs £, MOXKHO 3aIicaTh IIO-APYroMy:
Kn? /(H~M2):(D/ M, tne @— ¢apaa, eIMHUIIA U3MEPCHUS E€MKOCTH (CM.
naparpad 5).

Ecnu mpu BHECEHHH B HEKOTOPYIO TOYKY HPOCTPAHCTBA 3apsDKEHHOTIO
TeJla Ha HEro AEHCTBYET Cuia, NMPOINOPLHOHANbHAS €ro 3apsnay (Hampumep, co
CTOPOHBI JpPYTUX 3apsaoB), TO TOBOPAT, YTO B 3TOH TOUKE CYIIECTBYET
2NeKmpuiecKoe noJe.

HanpskeHHOCTD DJISKTPUYECKOro nosis. BeKTOpHY0 BeIMYKHY, PaBHYIO
OTHOLLEHUIO CUJIBI, ICHCTBYIOIIECH Ha TOUCUHBIN 3apsAl, K BEJIMYUHE ATOTrO 3apsiaa
Ha3bIBAIOT HANPANCEHHOCHbIO STIEKTPUIECKOTO TTOJIS

E=Flq. (1.2)

HamnpspkeHHOCTh He 3aBHCHT OT BEJIMYMHBI 3apsiia ¢, a OlpeersieTcs
BEJIMYMHON U PacIoyIOKEHHEM 3apsAa0B, IEHCTBYIOLIMX Ha HETO.
[Tycts B Hauane xoopauHat Haxoautcs 3apsia Q . Torma cormacuo (1.1)

u (1.2) HampsHDKEHHOCTb JJIEKTPUYECKOrO IMOJIsl, CO3AaBacMOro 3apsiioM O s

MIPOM3BOJILHOM TOUYKe M, XapaKTepu3yeMoi pajnyc-BeKTOpOM ¥ , paBHa

F-—2 ; (1.3)
4rmeyr
Hpunmmn CYNEPIO3ULUH.

HamnpsbkeHHOCT,  3JIEKTpUYECKOro  MOJs,
C03/1aBaeMoro B JII000H TOYKE MPOCTPaHCTBA
cucreMoir 3apsmoB (cm. pwuc.l.1), paBHa
cymMe HaIpsSKEeHHOCTEN rnoJieH,
CO3/1aBaéMBIX PA3NIMYHBIMH 3apsiiaMH 0
OTEIBHOCTHU (B OTCYTCTBUE BCEX

OCTaJIbHBIX).

Puc. 1.1
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Cunogoii nuHuell HA3BIBAIOT JIMHHUIO, KacaTelbHasl K KOTOPOH B KaKIOU

TOYKE INPOCTPAHCTBA COBIAJAET C HalpaBlIeHUEM BekTopa E B 3TOH Touke.
IIpumeps! KapTUH CHIIOBBIX JIMHUM JUIS MPOCTEHUIIMX CUCTEM TOUYEYHBIX 3apsi0B
MoKa3aHbl Ha puc.1.2.

. e
/” | \\ / +‘ .= 4,
Y / q\l\ - Y
{
a o 8

Puc.1.2

BaxHbIli 4acTHBIA CiTy4ail TakoW CHCTeMbl — AumNonb (cM. puc.1.20).
JIUronp COCTOMT W3 JBYX PaBHBIX IO BEJIWYMHE 3apsA0B MPOTHUBOIOIOXKHOIO
3HaKa, HAXOIIMXCS Ha PACCTOSHUM [ ApYyr OT Apyra. J[Umoib xapakTepusyercs

OUNoIbHLIM MOMeHMOM (ANEKTPUIECKIM MOMEHTOM)
P.=4ql, (1.4)

IrZie BEKTOp [ MPOBOAMTCS OT OTPHUIATEIIBHOTO 3apsiia K MoJoKuTeaIpbHoMY. [lone,
CO3/1aBa€MO€ JIUIOJIEM, BO MHOTHUX CIydasX pacCMaTpUBacTCs Ha PaCCTOSHUIX,
MHOro Oonpmmx, yeMm /. Torma Aumoss Ha3bpIBAlOT TOYEYHBIM, @ €ro IoJie

OJIHO3HAYHO OIIPEALIIACTCA JUIIOJIBHBIM MOMEHTOM i?g .

Ilpumepul pewsenus 3aoau

Hpumep 1. 1. B Tpex BeprimHax NpaBWIBHOTO TETpadjapa ¢ JJIHHON pebpa «
HaxoJATCS 3apsiibl ¢, a B ueTBepToi - 3apsan Q . Haiinute cuiy, nelicTBYIONIYIO

Ha KaKIbIU U3 3apsI0B.
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puc.1.3

Pewenue. Onpenenum cuiy, IeHCTBYIOIIYIO
Ha 3apsan Q. Cunel Kynona, neiictByromue
MEXIy 3apsaiaMd  ¢; 1 Q, HaIpaBlICHBI

BIoJb pedep AD, BD u CD COOTBETCTBEHHO
(cm. puc.1.3). [lo w™Momaymo 3TH  CUJIBI
OJIMHAKOBHI |, cornacHo (1.1), paBHBI

F=—92 _ (i=123).
47[80112

(1.5)

I[lo mpuHnuMmy  cynepno3uimy,

—_ — —

pesyabTUpylolas cuiaa papHa F =F| +F, + F; . Oce 0z HampaBuM IO BBICOTE

tetpadapa OD, a mnockocth x(y COBMECTHM C IUIOCKOCTBIO OCHOBaHHMS

tetpadapa ABC. B cuity cummerpun npoekimu cui F; Ha miockocts x0y paBHBI

10 MOAYJIIO, a YIJIbl MEXAY HUMU COCTABJIAIOT 1200 Hx CyMMa paBHa HYJIIO, WX

W

F,, =0. lna onpenenenns npoexuun F; Ha

ocb 0z pacemorpum  ceuenue ADE
terpasapa (cM. puc.1.4). W3 mnonobus

3aIITPUXOBAHHBIX TPEYTOJILHUKOB CIEIyeT,

F,
9TO i=D—0. Tpeyromsauk ~ ADE

F, DA
aV3
2

paBHOOeapennsbiii, rme AE=DE=

BBICOTA PABHOCTOPOHHETO TPEYroJIbHUKA.
Bricotry OD B tpeyronsHuke ADE Haiinem,
3aMucaB ero miomaas S uepes Beicoty OD u
yepes BeicoTy EP:

S:lAE-OD:lAD-EP,
2 2
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[4ip2_ 2 2
0D=a AE” —a /4=a 1_( a za\/z.
AE 2AE 3
Qq qQ |2

CormnacHo (1.5), F=—— OTKyZAa F, =———_|—.
! 4ngya’ & 4rega* \ 3

OKOHYATeNBHO CHJIa, AelcTBYyroIas Ha 3apsy O , HampasieHa Broiab ocu 0z u
pasHa F, =3F :%\/E
4reya
Haiinem cuitel, nelicTByromue Ha 3apsabl g; . B cury cummeTpun MOKHO

paccMOTpeTh TOJIBKO 3apsij, HaxoJsuuiics B BepunHe A. Ha Hero co cTopoHsI
3aps10B, HaxoAsIMxcs B BepumHax B u C, cornacHo 3akoHy Kynona neiictByror
2

paBHBIE 110 MOAYMIO cubl Fs = F, = g 5 - OHHU HanpaBJICHBI BIIOJIb OTPE3KOB
4rega
AB m AC, a wux pe3ylpTUpymomas -- Boons ocu Ox w paBHa

2
F,.=2F,cos 30° :q—z\/g Ha 3apsan ¢, naxopsiummiics B BeplIMHE A,
’ 47[800

neiicTByer Takke cwia F,  co cropomel 3apama O (cm.  puc.l.4).

Pesynprupyromas cun  F, u F|, cOImacHO TeopeMe KOCHHYCOB, DaBHa

F'= \/ F2+F?-2F F cos(t—a). W3 paccmotpenns Tpeyromsanka ADO

CIIEMIyeT, YTo

AO (OD)Z 1
cosa=—=,1-| —| =—=

a a W3

[oncraBuB HaiileHHOE 3HA4YEHUE B BhIpaKeHUE i F', OKOHYATEIbHO
MOITY4UM

F=—9 33> +0% +240 .

47[80a
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HpnMep 1.2. I[Ba OJWHAKOBBIX ITOJIOXKHUTCIIbHBIX 3apsa/ia ¢ HaxXOoIATCA B TOYKaxX

A m B wHa paccrosHuM 2a Apyr oT npyra. Haiimure HampsyKeHHOCTD
3JIEKTPUUYECKOTO MOJSA B IPOU3BOJBHOM TOYKE HAa IPSIMOW, COCAMHSIOIIEH 3TH
TOYKH, a TAKKE Ha OCH, MEPIEHAUKYISIPHON K OTpe3Ky AB U mpoxodiueit uepes
ero cepeanny (Touka O).

Pewenue. HapaBum oce Ox 1o mpsiMoi,
COETUHSIONIEH 3apsibl, a ochb
Oz mpoBenem u3 cepemuHsl oTpeska AB
(touka O), kak moOKa3aHo Ha pwuc.l.5.
HanpspkeHHOCTh  DIIEKTPUYECKOTO TIONS B
touke  M(0,0,z)  cknameBaetcs 3
HaNpsDKCHHOCTEH, CO3/1aBaeMBbIX 3apsAaaMH,
HaxomsamuMucs B Toukax A u B

1 g 1 ¢

E, = = . =
YT amey AME T Ame, o+ 72
Puc.1.5 . Cymma ET; + E_l; HaIpaBlieHa BIOJIb OCH
0z u paBHa
MO
E =2E, =2E,cosa=2E,—.
z Az A AT

HOZ[CTaBJlSISI E A » OKOHYATCJIIbHO MOJIy4YHUM

1 q z 1 qz
E.(M)= = = — . (1.6)
27y a’ +z 242 27 (az+zz)
1 2¢
Ilpu z>>a E, = — » TO €CTh JIBa 3aps/a KaK OBl «CIIMBAIOTCS» B

471'80 z

OJIMH BEIWYMHOM 2¢g W HANpsDKEHHOCTH IMOJS HAa JIOCTATOYHOM YAAJIEHHU OT
3aps0B 3a1aeTcs 3akoHoM KyioHa.

HanpspxkerrocTs mosnist B Touke N (x,0,0) TaK)Ke paBHa CyMMe Z + E_l; R

rae o0e HampshHKEHHOCTH HallpaBieHBl BIOJb ocM Ox B OIHY CTOPOHY, €CIU

|x| >a, W B pa3Hble CTOPOHBI B MPOTUBHOM ciydae. Mx moxynu cornacHo (1.3)
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1 1
paBHbl E, =—- Lz n Ep=——- Lz , OTKy/Ja OKOHYaTeJbHO
471'80 (x-i—a) 471'80 (x—a)

HaINpsDKEHHOCTH B TOUKe N paBHa

()= x

NG €ClIn |x| >a, (1.7)
27€y (xz—az) o
Xxa
E(N)=-—L. 2 ecmn | <a.
&, (x2 B az)
1 2q
Ipu x>>a none E, = —» TO €CTh COBIAJACT C MOJEM 3apsiia
dmey x
2q.
Ipumep 1.3. Kax wusMeHuTcs none B z £
A
toukax M u N mpumepa 2, eciu 3apsy B
TOuke B  3aMEHUTh  paBHBIM, HO
M EM)
IIPOTHUBOIIOJIOKHBIM T10 3HAKY 3apsoM?
Pewenue. Tlpu n3MeHeHNH 3HaKa 3apsja o
B TOYKe B HampaBleHHE BEKTOpa
—_— - E N x
HanpsbkeHHocTd  Ejp U3MEHUTCA Ha A o, N_-a\B _(_),,_
+
npotuBomnojoxHoe (puc.1.6). B astom q E, E,
ciayyae Iojie B TOYKe M HampaBlIEHO Puc.1.6
Brois ocu Ox u paBHO
q a q a

1
E .M )=2E,sina = = .
(M) A 2y a+7° \/a + 72 27, (a2+z2)3/2
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E, fm Ecfv
|
|
|
|
{ Z y
0 0
a
o
Puc.1.7
Ha puc.1.7a mnoxazaHa 3aBUCHUMOCTb Ex(z). I[Ipu z>>a mone
1 2qa
P = *—3, TO €CTh COBMNAJACT C MOJEM TOYCHYHOro aunois (2.8), ¢
T o dme, 7

JMIIONBHBIM MOMEHTOM p, = 2qa , KOTOPOE CHAaJaeT C pacCTOSHUEM KaK

r3

B Touke N (x,0,0) HaINpsDKEHHOCTH TOJISI TAKKe HAIpaBlieHa BJIOJb OCH
Ox u paBHa

1

E.(N)= 4 _, 1 =—4 T e |x>a,
o 47[80 |:(x—a)2 (x+a)2 TIE (xZ_a2)2 ||

E(N)=— [( 7 _,_4 }— g P+a?)

- 47[80 x—a)z (x+a)2 B 27[80 (X2 _a2) ’

€Cim |x| <a.

3aBucumocts E, (N ) OT KOOpJHMHATHl X wWuIocTpupyer puc.1.76. Ipu

1 gqa
x>>a none E, (N )z ———"—3» UYTO TAKXKE COBMAACT C MOJEM JHIIONS C TeM
7[80 X

KC OUIIOJIbHBIM MOMCHTOM .
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Ipumep 1.4. 3apsng O paBHOMEPHO pPAacIpelesieH MO KOJIbIYY C paJuycoM d .
Haiimute HanpsykeHHOCTH 3JIEKTPUYECKOrO MOJS B IMPOU3BOJIBHOM TOYKE Ha
NEPIEHANKYIISIPE K IJIOCKOCTH KOJIbLIa,
BOCCTaHOBJICHHOM M3 €0 LIEHTPA.

Pewenue. CoBMECTHM  TIIOCKOCTH x0yc dE
IUIOCKOCTBIO KOJIbIla, a ocb (Oz— C €ro OcChio

CHMMeTpuH. BriOepeM Ha KOJbLE MPONU3BOJIBHYIO

Touky N (cM. puc.l.8), onpenenseMyro yriom ¥/, ‘
OTCUUTHIBAEMBIM OT OcH (X B MJIOCKOCTU KOJIbIA. ‘

|
Jamum  yriay ¥ wManoe mpupaiieHue  dy . {

[MonmyueHHBIH OTpPE30K KOJbLIA HECET 3apsn

dqzzgdl//. 3apssn  dg co3maer B TOYKe v
v

M (0,0,1) HaIpPsHKEHHOCTh Puc.1.8

1 dg _ 1 Qdy
azey a*+7° 8nle, a’+z
(1.8)

dE =

Bextop dE wampaBneH Bmois oTpe3ka NM ¥ ero mpoeKkuud Ha OCH

0x, 0y, Oz OyayT paBHBI

1 Qacosydy
87[250 (a2+12)3/2 ’

dE, = dEsin acos(ﬁ + l//) =—

dE,, = dEsin sin(z +y) = — i Qacos V’fj’; (1.9)
‘ 877¢, (a2 + zz)
zdE 1 Qzdy

dE, =dEcosa = = . .
\/a2+12 875250 (a2+z2)3/2

UnTerpupys Beipakenus (1.9) mo ¥ ot 0 mo 27, HAXOAUM TPOEKIIH

07151, CO3/IaBaeéMOoro B To4ke M 3apsAnoM ¢, paclpeAeieHHbIM 0 BCEMY KOJIbILY:
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2
1 Oz 1 0Oz
E, = : dy = : ,
z 87[280 (612+22)3/2 '(.)‘ 4re, (az+22)3/2
27
1 Qa .
B = fsmz//dy/:o, (1.10)
T 80 (a +Z ) 0
2z
E, = ! Qa J.cosl//dl//=0.

T 2. 3/2
877°¢ (a2+z2)

HpI/I peUICHUH 3a1a4u MOXKHO OBLIIO OBI BOCIOJB30BaTHCS CI/IMMeTpI/IeI}’I

0

pactipenenenust 3apsina. s 3Toro BeibepeM Ha Koublle fBe Touku N u N' Ha

MIPOTHUBOIIOJIOKHBIX KOHLAX auamerpa. Touka N XapakTepusyercs: yrioMm Y ,
oTcuyuThiBaeMbIM 0T ocu Ox . agum yrimy ¥ manoe npupamenue dy . [lomydum
nBa ojuHakoBeIx 3apsina dq. Tlone, cosmaBaemMoe uMu, ObUIO HaliieHO B

mpuMepe 2, OHO HampaBieHo o ocd 0z U ero MoAyib 3a[aeTcs BbIPaKEHHEM
(1.6), B KOTOpPOM 3apsii ¢ ClexyeT 3aMEeHUTh Ha dq:zgdl//. WnTerpupys
V4

nanee 1o yriny ¥ ot 0 10 7, HaXOJUM II0Jie, CO3aBaeMOe BCEMH 3apsaMHu Ha
KOJIBIIE, TO €CTh OIATH NPHXOAMM K BEIpaxenuto aiusa £ (1.10).

Ilome B mneHTpe KombLA (Z:O) paBHo Hymwo. Ilpu z>>a mnone

10
COBIIAACT C IIOJIEM TOYCYHOIO 3apsaa n aBHO E, = -—. Ilone
Z 2
a
IMPpUHAMACT MAaKCUMAJIbHOC 3HAYUCHUC TIPU T = Jpax :T, OIIpEaACIIAEMBbIM
2

dE
cnoBueM —= =0 . MakcuMalbHOE 3HAYEHHE HANPSKEHHOCTH OIS [P 3TOM
d

74

1 Q

E (Zmax):—‘_ .
‘ 6\/57[80 a’



§1.2nexkmpuueckoe none 15

Ipumep 1.5. Ha cdhepe paguycom a paBHOMEpHO pacnpeneseH 3apsan Q.
Halimute HanpsykeHHOCTh 3JEKTPUYECKOIO MO B IMPOU3BOJIBHOM TOYKE
npocTpaHcTBa M .

Pewenue. IlpoBeneM ocb 0z U3 LEHTpa

cheprl yepe3 BbIOpaHHYIO TOuKy M (cM. ds, 0

puc.1.9). Paszo6eeM cdepy Ha Konbla. B ] dE:
i 0 M z

cpepuueckoll cucreme KoopauHar r,6,¢,

KonbLo Ha cdepe 3amaercs yriaom 6, a ero
HIMpUHAa - TpupamieHueM yriaa d6 . Ha vem

HaXOIUTCS 3apsin Puc.1.9

dg = 27z’asin0ad0:%sin0d¢9.

Y

Pacuer nomnst npoBenem i Tpex CiIydacs:
1) none sune cgpepriz > a.

Cornacso (1.10) none, co3naBaemoe B TOUKe M 3TUM 3apsAA0M, paBHO
1 Qsin6(z —acos 0)do

dE, = .
87€, ([z—acose]2+a2 sin’ 0)3/2

Z

[Mone ot Bceii chepbl mosrydnM, NpouHTErprpoBas 1o yriny 6 ot 0 1o

7. TlpumMeHsist 3aMeHy TIEPEMEHHOM ¢ = cos @ , HaXOIUM

0 F Gead 0 [(212 —2azt+a2)—a2]¢lt 0
E. = %_1 (az + 72 —2azt P2 167,z -1 (az +72 _2azt)3/2 - 167,z [I(l)+ (Zz _a2)1(3)]
(1.11a)
1
e I(n)= dt = ! Ia - z|2_” - |a + z|2_" ]

e (a2 +77 - 2azt)n/2 az(n-2)

OTKy1a OKOHYATEIHHO

Ez‘L{(HZ)—(z—a)Jr(zz—ale 1 }}_ 0

1678 az> —a z+al] 4meyz?

31ech yuaTeHo, 9To 7 >d .
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WHEIMHE cllOBaMmH, IOJI€ BHE c(ephl COBMALAET C IOJEM, CO3IaBaeMbIM
TOYEYHBIM 3apsioM Q , IOMEIIEHHBIM B LEHTP CHEpHI.

2) none euympu cghepvi 7 < a.
Jlnst monst BHYTpH cepsl cornacuo (1.11a) :

+1

E =k_Q (at—z)dt =k—Q{—I(l)+(a2—z2»(3)}. (1.110)

) 2 e (a2 +z72 —2azt)3/2 4z

V3MeHsiTest TaKoke 3HaueHus unTerpana I(n) mpruem

2

2 2
=2, 10)= .
a ala” —z

Moncrasnsas st 3Hauenus B (1.110), momyyaem E_.=0. Bugum, 4rto
oJie BHYTPH c(hepbl OTCYTCTBYET.
3) none na nogepxnocmu cghepvl 7 =a.

IToncrapnss B (1.11a) z =a, HaxoauM

1

£ J‘dt 0

= ) (1.118)

_ o
©16meg2a’ ? (1-1)"?  8meya’

ITome Ha moBepxXHOCTH cdepbl BABOC MEHBINE IO B TOYKaX,

-1

HaXOJIIMXCS BHE Chepbl BOIN3HU €€ IOBEPXHOCTH.

Pa3peIBHBII XapakTep MOJIA B TOUKAX 3apsKCHHOM MOBEPXHOCTH CBSI3aH
¢ mpeHeOpekeHHeM ee peasibHOM TonmmuHOH. Eciim paccMoTpers 3apspKeHHBIN
chepudeckrii CIOW MayioW, HO KOHEYHOW TOJIIMHBI, TO HAMPSHKEHHOCTh
AJIEKTPUYECKOTO TOJII BHYTPH €i10s1 OyIeT HEeNpepbIBHO M3MEHATHCS OT HYJS 0
MaKcHMallbHOTO 3HadeHns. Bemmanna (1.11B) mpr 3TOM COOTBETCTBYET CpeIHEMY
3HAYEHHIO HANIPSHKEHHOCTU BHYTPH CIIOS.

Ipumep 1.6. llap paguycoMm R paBHOMEPHO 3apspKeH 10 00beMy ¢ 00beMHOMH
_aq .
TJIOTHOCTBIO 3apsiia p | P = d_ . HaliznTe HanpspkeHHOCTH 3JIEKTPUYECKOTO

IoJId B HpOI/I3BOHI>H0ﬁ TOouke M BHE U BHYTpPH 1I1apa.
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Pewenue. Tlpu peumieHMH BOCHONBb3YyeMCS pe3YJbTaTOM, MOJIYYEHHBIM B
IpeIBIAYyIIeM IpHMepe U IPHHIMIOM CYIepno3unuy. Pa3oObeM map Ha cdepsl.
[IpousBonbHast cdepa umeer paguyc r W TONUMHY dr, NP 3TOM Ha HEH

PaBHOMEPHO pacrpezeseH 3apsan dq = p4ﬂr2dr. Hdna r >R mone oT Kaxaou

dq
cdepsl, Kak ObLIO MOKa3aHO B puMepe S, paBHO dE = ———— ¥ HalpaBIeHO IO

4reyr

pamuycy oT meHrtpa coepsl. ITome Bcero mapa Oymer paBHO cymMme Ioiel
oTAeNnbHbIX chep. Tak Kak HaOpsDKEHHOCTH OT PA3HYHBIX chep B KKIOH TOUKe
HampaBJIeHBl 110 OJHOW TMPSAMOH, TO BEKTOpPHAsT CyMMa CBeIeTcs K
anredpanyeckoii u Oyzner paBHa
AR p
E= 9 _3 = .
dregr®  dmegr?  3eyr’

(1.12)

3mece Q - 3apsi Bcero mapa.

Jns r<R Bximaxg B mone OyAyT HaBaThb TONBKO 3apsiasl Ha cdepax,
paauyc KOTOPBIX HE MPEBBIIAET 1, WK

ﬂ7£r3p
E-—2 _=3___ -~ (1.13)
4re ol 47e ol 380

3peck 3apsa Q' 3aKiI04YeH BHYTpH Iapa paguycoM 7. B stom cimydae

E —nemnpepbIBHas Ha rpaHuLe mapa QyHKIH.

Ipumep 1.7. ToHkas nanoyxa JUIMHBI [ 3apshkeHa PaBHOMEPHO C JIMHEHHOH
IUIOTHOCTBIO K . Haliaure Hanmps>KeHHOCTDH 3JIEKTPUYECKOIo IMOJIsL, CO34aBaEMOTO
3aps/I0M Ha MaJo04Ke, B IPOM3BOJIBHON TOUKE MPOCTPAHCTBA M.
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Pewenue. CoBMECTM Hauyano KOOPAMHAT C
ONHMM U3 KOHIOB mamoukd, ock Ox
HalpaBUM BJOJb Halouku, a ock Oy
HampaBUM Tak, uTo6bl mmockocts Z =0
comepxana TOUKy M (x,y), B KOTOpOH
Boluncisgercs  mone  (puc.1.10).  Takum
00pa3oM, HCHOJNB3YSl CHMMETPHIO  TOJIS

otHocuTeabHO ocu (Ox, cBemem 3aga4y K

JIByMEpHOW. Bpinmenum Ha nanoyke Maliblil

Puc.1.10 snement dé Ha paccrosnud & OT Havana

KoopauHaT. Bkian oanemeHta ¢ 3apamgom

dq = kd¢ B mone cornacHo 3akony Kysona pasen

i (x=¢)

dE_=dEcosa = .
’ 4rne (x_é:)z"‘yz \/(x—§)2+y2

, (1.14)

K& y

dE, =dEsina = .
' Aey (x—&) +y° (x=&) +y?

(1.15)

ITone oT Bcero 3apsga, PACHPEACNCHHOrO [0 IAN0YKE, IONYYHM,

npounterpuposas (1.14) u (1.15)mo & or 0 mo /:

__K 1 B 1
Y Ane, \/x2+y2 \/(x—l)2+y2

(1.16)

__K X 3 x—1
47Ey y \/x2+y2 \/(x—l)2+y2

y (1.17)

3amMeTHM, 4TO HocieaHue POPMYIIBI MOYKHO IPECTAaBUTD B BUJIE:

E, =—" (sing, —sing,) (1.16a)
T 4rmeya
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E, :L(cosgol—coupz) (1.17a)
4z gya

B otux dQopmynax yriel ¢, U @, 00pa3oBaHBl IOJOKUTEIHHBIM
HanpaBieHueM ocu Ox W NpSMBIMH, COCAMHSIONMMU KOHIIBI aJOYKH C TOYKOH
M.

OrmernM, uto Bepaxenue (1.17) st Eynpu y — 0 (x >1 ) MPUBOAUT

0
K HEOIPEAEICHHOCTU TuIla 6 Ipu wmaneix y popmyny (1.17) cunemyer

npeo6pa303aTL, HamnpuMmep, B3dAB JIMIIb HepBI)If/’I OTJIMYHBIA OT HYJIA YJICH

pasnoxenus E, B psan Teiinopa oxono 3Hadenus y =0:

Ky 1 1
E = —_— . 1.18
y 87[50 (x_l)Z X2 ( )

Beckoneunocty, BozHuKatomue B BeipaxkeHnsx (1.16)-(1.18) ma xonmax
MaJOYKH, CBSI3aHBI C TEM, YTO MPH pacyeTe MOJeH TOJIIUHA MAJIOUYKHU CUUTANIACh
paBHo# Hymto. [IoaTOMy MoOJie B HEMOCPEACTBEHHON OIM30CTH OT MOBEPXHOCTU
MAJIOYKH HA CAMOM Jiesie OyJIeT OTINYAThCS OT ITOJIs, 33]]aBaeMOT'0 BBIPAKECHHSIMHU
(1.16)-(1.18). ToT ¢akT, YTO HANPSIKECHHOCTH TOJSI MUHMMAJbHA B CEpEAUHE
MaJOYKH W PacTeT K ee KOHIAM, CBSI3aH C TeM, YTO Ui TOYEK, JIeKAN[NX Ha
paBHOM PacCTOSIHUM OT KOHIIOB IMAJOYKH, BKIIQJ B IOJIC 3apsI0B, HAXOISIIUXCS
CHMMETPUYHO Ha Pa3HBIX MOJOBHHAX MAJOYKH, MAKCUMaIbHO KOMIIEHCHPYETCS
MIPU CIIOKECHUM TOJISH.

AHayorudHasT KOMIICHCAIUS WMEET MECTO W ISl MaJIOYKH KOHEYHOU
tonumukl. [Io3TOMYy TOJ€ paBHOMEPHO 3apsDKEHHON MaJOYKUd MaKCHUMAaIbHO

BOJIM3H €€ KOHIIOB.

Mpumep 1.8.Tonkast mamoyka JUIMHBL / 3apspkeHa Tak, YTO JIMHEHHAs IIOTHOCTH
3apsiia K JIMHEHHO 3aBUCHUT OT PacCTOSIHMS O LEeHTpa nanodku. [lonHsii 3apsan

MaJIoOYKu paBE€H HYJIIO. TlomoBUHA maNOYKK HECET 3apsan ¢ . Beruucnure

Z[I/IHOJ'II)HI)Iﬁ MOMCHT IIaJIOYKHU P, .
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Pewenue. HanpaBum ock (x BJOJNb MAJOYKH, COBMECTUB IIPHU 3TOM €€ Hayajo ¢
cepeIMHOM MajoYKu. Briaenum Ha majodke JBa MaJeHbKHX KyCOYKa JUIMHOH dx
C KOOpOWHAaTaMH X MW -Xx. Ha HHX pacronararioTcsi paBHbIE IO BEJIHYHHE U
pasnrdHBIE TI0 3HAKY 3apsaabl dg ¥ -dq , npuieM dq = kdx . 1o ycmoButio 3amaun
K = ax . 3HaueHHe MOCTOSIHHONW (¥ BBIPA3MM UYepe3 3apsiy HOJIOBHHBI TAJIOYKH ¢
2
q= K'dxzd;, WIA a=8—q.
8 12

Bapsimel dg W -dq 00pa3ylT IUNONL C JUIOJIBHBIM MOMEHTOM
16¢q
12

MIPOCYMMUPOBAB JUIOJIEHBIII MOMEHT 10 BCEW MaN0YKe

dp, = 2xdq = x%dx. TlomHblii JMIONBHBI MOMEHT NAIOYKH HAWIeM,

HanpaBneH JIUMOJBHBIA MOMEHT BJOJb MAJOYKH, OT OTpULIATCIBEHO
3apsHKEHHOTO KOHIIA K MTOJIOKUTEIIbHOMY.

3aoanue 01 camocmoamenvHoil paoomol
1.1. Tpm OIMHAKOBEIX TOYEUHHIX 3apsia ¢ PACIOJOKEHB B BEpLIMHAX

PaBHOCTOPOHHEIO TPEYroJIbHMKA, a TOYEYHbIH 3apsx ¢ -- B LEHTpe
TpeyroiabpHUKa. KakuM IOmKeH OBITh 3apsx ¢', 9TOOBI CHila, AEHCTBYIOIas Ha

KK/l 3apsi, ObUIa paBHA HYIO?

1.2. Haiigure Moaynb ¥ HanpaBlieHHE HANIPSHKEHHOCTU Nonsg E B 1eHTpe KoJibla
pamuyca a, B KOTOPOM cJenaHa mpope3b MUpuHbl b <<a. [lo kombiy

PABHOMEPHO paclpeAeieH 3apsil ¢ > 0 .

1.3. Haiigute OTHOLIEHHE CHJIBI 3JEKTPOCTATHYECKOTO OTTAIKHBAHHS IBYX
9JIEKTPOHOB K CWJIE HMX TI'PaBUTAIIOHHOTO NPUTSKEHHs. Macca 3IIeKTpoHa
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m=9,- 1073 %2 , 3apsam  JnekTpoHa e =1,6- 107" Kn , TpaBUTAllMOHHAs

nocrositnHas G = 6,67 - 1079 H - 02 k2.

1.4. Berumcnure yckopeHHe da, cooOIaeMoe OXHHM JJIEKTPOHOM JAPYromy,

HaxogdmeMycss OT MHNEPBOIrO Ha pPacCTOAHUHN r=1um. Macca OJICKTpOHA

m=9,- 1073 k2 , 3apsif AMeKTpoHa e = 1,6 - 107 Kx .

1.5. I[Be OCCKOHEUHO JUUIMHHBIC TMapauICJIbHbIE HUTH, 3apSAKEHHBIE C OZ[I/IHaKOBOf/’I

nuHeitHoH mIoTHOCTBIO K =3-107° Kn/ m , HaXOATCA Ha paccTostHUU b = 20mm

npyr ot apyra. Kaxas cuna F neiicTByeT Ha eIMHUILY UTMHBI KaXXJ0H HUTH?

1.6. bBeckoneuHass mpsiMasi HUTb, PABHOMEPHO 3apsDKEHHass C JIMHEHHOU
IUIOTHOCTBIO K;, M OTPE30K IUIMHBI [, paBHOMEPHO 3apsOKEHHBIM ¢ JIMHEHHOM
IUIOTHOCTBIO K, PACIOJOKEHBI B OJHOW IUIOCKOCTH TEPHEHIMKYJSIPHO IpyT
npyry. PaccrosiHne MexIy HUTBhIO U OMIKaHIIUM K HEH KOHLIOM OTpe3Ka paBHO
ro. Hailnure cuity, ¢ KOTOpOIl HUTh ACHCTBYET HAa OTPE30K.

1.7. B BEpHIMHAX IMPAaBUJIIBHOI'O MICCTUYTOJIBHUKA CO CTOpOHOf/’I a IoOMEIarTCA
TOYCYHBIC 3apAabI OJMHAKOBOW BEJIMUMHBI q- Haiinure HanpsHKCHHOCTH II0JIA B

LEHTPE IISCTUYTONBHUKA NIPU YCIOBUH, YTO a) 3HAK BCEX 3apsloB OJHHAKOB, 0)
3HAKU COCEIHUX 3aps/I0B MPOTHUBOIIOIOKHBI.
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Y 1.8. DnexTpudeckuii KBagpymoIb COCTOUT U3
7 —o1 IIBYX IOJIOKUTEIIBHBIX u IIBYX
OTPULATENBHBIX OIMHAKOBBIX IO BEIHYMHE

r A X TOYCYHBIX 3apsaoB ¢, PAaCHOJIOKCHHBIX B

0 BEpIIMHAX KBajpara CO CTOPOHOH a, Kak

MMOKa3aHo Ha puc.1.11. Haiinure

OJICKTPUYECKOE I10JIE TAKOI'0 KBAaApPyHoJid B

-q a q TOuKe A, HaxomsiIeiics Ha PacCTOSHAN
x>>a ot ero neHtpa O, ecau nuHus OA

Puc.1.11 rapajulesIbHa OJJHOM U3 CTOPOH KBajpaTa.

1.9. Tlo xpyroii O4YeHb TOHKOH IJIACTHHKE pajinyca d PaBHOMEPHO paclipelesieH
3apsn Q. Hailigure HampsHKeHHOCTh IMOJSL HAa OCH, HEPHEHAUKYIIPHOH K
IUIOCKOCTH TUTACTHHKH, KaK (yHKIMIO PacCTOSHUS z OT ee neHtpa. Hccmemyiire
MOJTy4€HHOE BBIPDAXKEHHUE ISl 2 << d U Z>>d.

1.10. Haiinute HanpspkeHHOCTh MOJIsL, CO3/1aBAEMOT0 IUIOCKUM pPaBHOMEPHO
3apsDKCHHBIM KOJIBLIOM, Ha MEPHEHAMKYISpPE K IUIOCKOCTH KOJIbIIA, MPOXOIAIEM
yepe3 ero IeHTp. [loBepXHOCTHasl IUIOTHOCTH 3apsija paBHA O , BHYTPEHHUH

paauyc Kosblia paBeH R;, ero BHEIIHUH paauyc - R, .

1.11. Ha miockocTu pacnpesesieH IOJIOKHUTENBHBIA 3apsij C MOBEPXHOCTHOU
IJIOTHOCTBIO O . Ha npyroi, mapannensHON el IUIOCKOCTH, OTCTOSALIEH OT
MepBOii Ha pacCTOSIHUK d , pacrpe/ielieH OTPULIATENbHBII 3apsi]i ¢ BABOE OOJbIIIEH
IJIOTHOCTBbIO. HapucyiiTe KapTMHY CHJIOBBIX JIMHHAM IIOJISI, CO3/aBa€MOI0
3apsiaMy Ha TIOCKOCTSIX.

1.12. Tlonycdepa pamuyca R 3apsokeHa pPaBHOMEPHO C IOBEPXHOCTHOU
IUIOTHOCTBIO 3apsisa . HaliiuTe HanpspKeHHOCTD 3JIEKTPUYECKOro TI0JIs B LIEHTpe
noycdepsl.
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1.13. Buyrpu mapa pamuyca R, 3apsHKCHHOTO C TOCTOSHHONH OOBEMHOM
IUIOTHOCTBIO O , UMeeTcs cheprudeckast MoJoCTh PaJuyCcoM 7 , B KOTOPOW 3apsiibl
OTCYTCTBYIOT. LIeHTp moJIOCTH CMeIleH OTHOCHUTENBHO LIeHTpa Inapa Ha
paccrosiaue a (a+r < R). Haiimute HanmpspkeHHOCTh DSJEKTPUYECKOTO ITOJIS

BHYTPH IOJIOCTH.

1.14.B MOJEC/IM aToOMa Tomcona npeamnoJarajiochb, 4YTo MOJIOKUTEIbHBIN 3apsan e

pactipeiefieH BHYTpU Iapa paauycoM R =10"%cm . Kak 1omKHa 3aBHCETh OT
paaMyca IUIOTHOCTH TMOJIOKUTEIBHOTO 3apsia, YTOOBI SJCKTPOH (TOoueqHAs
YacTHIa C OTPHULATENBFHBIM 3apsI0M e ), IOMEIIeHHBIH BHYTPH IIapa, COBEpIIal
rapMoHndeckue konebanus? Halimure 4acToTy KoneOaHuil dJIeKTpoHA. 3apsiibl

MEXaHWYECKU APYT Ha Jpyra He AEHCTBYIOT. MarHUTHBIM IOJIEM JBIKYIIETOCS

3apsizia npeHeGpeun. Macca snektpona m =9,1-107 ke .

, oy o 1.15. [unuuap ¢ paauycoM ocHoBaHHS R

BbicoTOl 2/ 3apskeH 1O TMOBEPXHOCTH C
TIOCTOSIHHOM MMOBEPXHOCTHOM IUNIOTHOCTBIO O
(cm. puc.1.12). Cuuras, YTO OCHOBAaHUS

LWIMHApPA HE HecyT 3apsja, OIpeiesnTe

HaIMPpSXKEHHOCTDb J3JIEKTPOCTATHUCCKOT'O I10JIA
Puc.1.12 B Touke M Ha ocu OWIMHAPA Ha PacCTOSIHUA
a OT €ro HEHTpa.

1.16. beckoneuHas mnpsMOJWHEHHas T[oloca MIMPUHON 2/ 3apspkeHa C
IIOCTOSIHHOM  IOBEPXHOCTHOM  IUIOTHOCTBIO O .  Haiinure  HampsyKeHHOCTh
JIEKTPUYECKOT0 I0JIsI B TOYKE, OTCTOAIIEH OT MOJIOCH Ha paccTosiHue /. Touka

HaXOJUTCs Ha NEPIICHIAUKYIIAAPE, BOCCTAHOBJIIEHHOM U3 CEPEIAUHBI ITOJIOCHI.
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1.17. TlonyGeckoHe4Hasi TOJNOCA LIMPHHON
2] 3apshkeHa C MOCTOSHHOW MOBEPXHOCTHOM
IUIOTHOCThIO O . HaiiauTe HampsHKEHHOCTD

JJIEKTPUYECKOro  MoJs B Touke M,
h /%— HaXOJsIIeics Ha PacCTOSHUM f OT TMOJIOCHI
2] Ha TMEPHEHAMUKYISpe, BOCCTAHOBIEHHOM B

\L Hayajie TMOJIOCHl M3 TOYKHM, JieXxalled Ha ee

/ cpenueit muaun (cM. puc.1.13).
y

Puc.1.13 1.18. U3 4yeThipex TOHKUX 3apsHKEHHBIX

MAIOYEK COCTABIIEH KBAJAPAT CO CTOPOHOMU [ .

JlBe cocelHUe CTOPOHBI KBaapaTa HECYT OOIMil 3apsy +q, PaBHOMEPHO
pacIpeneneHHbl 0 uX AIHHe. [[Be APYTHe CTOPOHBI HMEIOT OOLIuil 3apsas —¢ .

OnpeaeﬂHTe HaIPSXKEHHOCTDH 3JICKTPOCTATHUUCCKOT'O ITOJIA B LICHTPE KBaJpara.

1.19. I[Be HUTHU, COBIAAAIOMIME C MOJIOKHUTCIbHBIMU II0JYOCAMU ﬂeKapTOBOf/’I

CUCTEMBI KOOpAUHAT xOy , PABHOMCPHO 3apsXCHBI C JIMHEWHOM TUIOTHOCTBIO K.

Haiinure HanpsHKeHHOCTH AJIEKTPUYECKOTro 1MoJis B Touke M(a,a) a>0..

1.20. Tpu HHUTH, COBMAAAIONINE C TOJIOKUTEIHHBIMH TIOIYOCSMH JI€KapTOBOM
CHCTEMBl KOOpPAMHAT, PABHOMEPHO 3apsDKEHBl C IOCTOSHHOM JIMHEHHOU
IUIOTHOCTBhIO K . Haligure HanpspKeHHOCTb JIIEKTPHYECKOTO MO B TOYKE
M(a,a,a) a>0.

1.21. JIBe nonyOecKOHEYHbIE HUTH, PABHOMEPHO 3apsDKEHHBIC C JIMHEHHOU
IUIOTHOCTBIO K , CJIOXKEHBI TakK, 4TO 00pa3yroT mpsiMoit yroiu. Haiinute Bennuuny
HaTNpPSDKEHHOCTH AJIEKTPHUUYECKOTO MOJIs BO BeeX Toukax npsmoi 0z , mpoxoasieit

Yepe3 BEPIIUHY YIJIa NECPHIECHAUKYIIAPHO IIJIOCKOCTH, B KOTOpOI}’I JICXKAT HUTH.
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§2. IMoTenumasn IJIEKTPUIECCKOI'0 IMoJisd

Kpamkue meopemuueckue céedenusn
Cuna HasbplBaeTCs IOTEHUMAIBHOH, eciau ee pabora BIOJb JHOOOH
3aMKHYTOH TpaeKTOpUM paBHA HYII0. KyJlOHOBCKHE CHIIBI yOBIETBOPAIOT 3TOMY

YCIIOBHIO, TIOATOMY §13d7=q'§12"d7 =0, e F - cuia, NEHCTBYIOIAsT Ha

o ’ 7
IPOOHBIN 3apsii ¢ €O CTOPOHBI KYJOHOBCKOI'O IIOJISI C HANpPSHKEHHOCTHIO E.

VcioBue MOTEHIHAIBHOCTH OJIEKTPOCTATUYCCKOI'0 IIOJIA MOXHO 3anucarb B
BHC:

E-dr=0. (2.1)
W3 sToro paBeHcTBa, Ha OCHOBaHUHU TeopeMbl CTOKca, cleayeT

rotE =0. 2.2)

Tomenyuanom (P snexmpuyeckozo nois B To4ke M Ha3BIBAIOT paboTy,

KOTOPYIO COBEPIIACT ITOJIC IMPU NEPEMEIICHUN CAUHUYHOI'O 3apsaaa U3 3TON TOYKHU
B TOUKY O, T€ JOTOBOPUIIMCH CYATATDH IMOTCHIUAII PaABHBIM HYJIIO:

¢o=[E-ar. 23)

B cuiny mNOTEHIMAIBHOCTH JIEKTPOCTATHIECKOTO TIOJsI, 3HAYeHHWE 3TOTrO
MHTeTpalia He 3aBUCUT OT BbIOOpA TPACKTOPHUH MHTErpUpoBanusi. Beibop Touku O
MPOM3BOJICH W JUKTYeTCsl CcooOpaxkeHHsMH ynobctBa. OOBIMHO 3a HYJb
MPUHAMAIOT TIOTEHIHA OECKOHEYHO yIaJeHHON TOYKH.

Kak crmexyer m3 (1.3) m (2.3), moTteHnman B Touke M, ymajleHHOW Ha
paccTosiHEe /' OT TOUCYHOTO 3apsija ¢ , PaBeH
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__ 4
o=——" 24
4reyr
JUist MOTeHIMANbHOM CHIIBI MOXKHO BBECTH HOTCHIMAIBHYIO JHEPIHIO
W, =q - ¢, Tae QyHKIHS ¢ He 3aBUCHT OT BEIMYMHBI POGHOTO 3apsia.

Jis moTeHnMana, Kak M U HalpsHKEHHOCTH, CHPABEIUIMB TPHHIMIT
CYIEpIIO3UINH: TOTEHIHAN ITOJIs], CO3JaBaeMOTI0 HECKOIBEKIUMU 3apsiiaMu, paBeH
CyMME IOTEHIHUAJIOB, CO37aBacMbIX KaKAbIM W3 HHUX B HPEANOJIO0XKEHHH, YTO
OCTaJbHBIE OTCYTCTBYIOT.

[MoreHuman TUIoss Ha pacCTOSHHUAX, MHOTO OOJIBLIIMX €ro COOCTBEHHOTO
pasmMepa, (OTEHOHAN MOYeyHOo20 Ounojisg) OTHO3HAYHO BBIPAKACTCS depe3 ero

JIUIOBHBIA MOMEHT p, (cM. IIpumep 2):

_-7)
(/’(M)_W’ 2.5)

rae 7 — BEKTOpP, COeQUHSAIONINI IIEHTp AUIIONSA C TOUKOM M.
Ecnmu B HekoTOopoM o0beme V  pacmpenenieH 3apsg ¢ 00bBEMHOMN

>

IINIOTHOCTBIO p(r), TO IMOTCHIIUAJI, CO3IIaBaeMBH>‘I 3TUM 3apﬂIIOM B HpOH3BOHBHOI>‘I
TOYKEC HpOCTpaHCTBa M, onpe)leﬂﬂeTCﬂ KakK
1 pdv
o(M)=—— j = (2.6)

4re, 5

HanpsokeHHOCTD 3JIEKTPOCTATHYECKOTO TOJISl OJIHO3HAYHO CBsI3aHa C €ro
norenuuanom. [Ipu atom cootHomenue, oopataoe (2.3), UMeeT BUA:

E=-gradg. 2.7)

[Mpumensis 3ty popmyny k (2.5) MOKHO HAWTH HANPSHKCHHOCTH TOJIS
TOYETHOTO JIUIIOJIS:

R P

E=—0 . :
47[80 r

(2.8)

rle 7 — eIMHUYHBIA BEKTOp, HAMIPABICHHBINA BIOIb F .
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3K6un0m€Hl4uaﬂbelMu noeepxHocmsiamu Ha3bIBAIOT TIOBCPXHOCTH

paBHOrO MoTeHLIMana. Tak Kak KOMIIOHEHTa BEKTopa grad@, KacarelbHas K

9KBUIOTEHIUAILHON TMOBEPXHOCTH, BCETrAa paBHAa HYJIIO, CUJIIOBBIC JIMHUM IIOJIA B
KaXI0M TOUKe HaIpaBJICHBI 110 HOPMAJINA K COOTBeTCTByTOH.[eﬁ JIBUNOTEHIIUATIEHON

MOBEpPXHOCTH (cM. Puc 2.4).

Ipumep 2.1. Haiigute paboTy, COBepIIaEMyI0 CHJIAMH OIHOPOJHOTO TIOJIS

HaIMpsHKEHHOCTU E HaJl 3apsa0M ¢ TpHU €ro NnepeMEeuCcHun U3 TOUYKU lc paaunyc-

BCKTOPOM 717 B TOUKY 2c¢ paanyc-BEKTOpOM r, IO HpOPI3BOJ'II;H01>i TpacKTOpHU.

Pewenue. Tlo omnpenenenuto pabotel dA=F -dr. Jlna omHOpomHOro mouist

F= qE , OTKyz1a

2 2
Ay =q| E-dr = gE[ dF = qEG, = 7). 2.9)
1 1

pumep 2.2. Haiigure mnOTeHIMAN U
HaNpsDKEHHOCTh  3JIGKTPUYECKOro IO,
CO3[aBaEMOr0  TOYCYHBIM  JAUIOJNEM  C

—

JAUIMOJIbHBIM MOMCHTOM P, .

Pewenue. Hanpasum ocb Ox H3 cepeiuHbI
OTpe3Ka, COENUHSIONIEr0 3apsibl JUIONSA, OT
OTPHULIATENEHOTO 3apsiga K IOJOKUTEIHHOMY.
[onoxenne Touku M mpocrpaHcTBa Oyaem

-

OTIMCHIBATh pazuyc-BeKTOpOM r.

Ucnonb3oBaB 0003HAYCHUS, MIPUBEICHHBIC Ha Puc.2.1

puc.2.1, noxyanm

pm)=—2L L L) 4 r-n (2.10)
dreg\ r, 1 4re,  r,r

e r+=\/r2—2(;~ﬁ2)+12/4 u r_=\/r2+2(;‘172)+12/4-
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IIpu r>>1 Beipaxxenue (2.10) ympomaercs, Tak Kak 7, zr—(;j)/(Zr) "

7= r+(;‘2)/(2r):

i) k)
o) = Azegr  dmer’ @1

3neck p, =q-l IUNOILHBIA MOMEHT JAUION.

HanpspkeHHOCTh TOJSL 110 U3BECTHOMY IOTEHLMATy HaWaeM COrJIacCHO
(2.7). Tlpumenss k (2.11) popmyisl BekTopHOTO aHanmu3a (cM. [Ipunoxenue )
TIOTY9IHM:

~ 3px - p 3p, nn-p,

E=Pet i Pe 1 L) Pe. 2.12)

dregrt dme,r Ane I~

Hpumep 2.3. Ompenenure cuity, ACHCTBYIOUIYIO HA TOYEYHBIH JHUIONbL C
JIMIIONBHBIM MOMEHTOM P, B HEOJHOPOIHOM DJIEKTPHIECKOM IoJie £ (r)

Pewenue. PaccMOTpUM JUIONL Manoro, HO KOHEYHOro pasmepa (cMm. puc.2.1).
[Ipoekumst cwbl, pAedcTByromeld Ha gumonb, Ha ock Ox  paBHa
F.= q[Ex (l / 2,0,0)— E, (— 1/2,0,0)]. PacknanpiBast B paxm Teitnopa

HanpsHKCHHOCTD MOJIAI B OKPECTHOCTH Hadaljia KOOPAWHAT, ITOJTyYUM

FxZQaQ”IZCI(Zﬁ)EX=(;g'$)EX, e §=;;—x+}%+za%.

AHAJIOTHYHO BBIBOAATCS COOTHOWICHUS st F = (pe ‘VIE, u F,= (pe ‘V)EZ .

HOJ’Iy'-IeHHI:Ie CKaJIAPpHBIC paBE€HCTBA MOXXHO 06’1)6)II/IHI/ITI) B OTHO BEKTOPHOC

F=(, VE. (2.13)

[pumep 2.4. Haiizute osHepruro B3amMopelcTBus W  AByX IUHOJNEH,

HaXOJAIIUXCS HAa PAacCTOSHUM 7 >>1; (7, - pasMep i—TO JUNONA) IPYT OT

_— —

JIpyra. JInmoasHbIE MOMEHTHI JUIIOJIER p; U p, .
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Pewenue. DHeprus B3aUMOICHCTBUS JABYX
IUTNOJNEeH - 9TO J[OTONHUTENbHAs JHEPTHs,
KOTOpasl TOSABIAETCA y MOWIONS B IOJIE,
CO371aBa€MOM JPYyTUM AumosieM. st qumosts

;2 OHa paBHa (puc.2.2)

w, :q2(¢A_¢B)v

Puc.2.2

rae IIOTCHUHaI @, CO3/1aBa€MbIN JUIIOJIEM

D 3anaercs BoipaxkenueM (2.11). IToacrasnas ero B W, , nonydaem

W (2 )

47Z'€0 rj r3

> >

-> -> ->

> 2 2
Vurem, 4T0 7+ =7r+— U r- =r—-—, U pasnokuMm W, B psI IO MajloMy
2 2

3
[ l
napamerpy —= . OTGpackIBas B PA3I0KEHHH WICHBI IIOPAIKA | —= | , TIOMydaeM
r r

AN S TV 720 22 IR W VI 720 72| P
> e, P drey,  ° drey | ? P ’

Ipumep 2.5. B ycinoBunm npumepa 4 u3 mnepBoro mnaparpada orpenenure
MOTEHIIMAJ B TPOU3BOJIBHON TOUKe M Ha MEPHEHAUKYIIpE K IIOCKOCTH KOJbLA,
BOCCTAHOBJIEHHOM M3 €ro LeHTpa. lcmonb3ys HalileHHOE BBIpaXKCHHE I
MOTEHIIMAJIA, HAlINTE HAIPSXKEHHOCTD 3JIEKTPUYECKOrO MO B Touke M.

Pewenue. Tak xe xak u B mpuMepe 4 u3 mepBoro maparpada BBeAeM

KOOpJIUHATBI TOUKU M (0,0,z) U TOYEUHBIN 3apsAA Ha Kouble (Touka N Ha
KOJIBLIE XapaKTEpU3yeTcsa YIJIOM ¥ , OTCUUTBIBaeMbIM OT ocd Ox, KOTOopomy

naeM npupaienue d i ) (em. puc.1.8). [Torenuuan 3apsina dg B Touke M paBeH
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dp= dg __(ojamy
dmega® +22  dmegNa® + 22

Unrerpupysano ¥ ot 0 1o 277 , OKOHYATENLHO MONydaeM

Q

=
47r€0\/a2 +z?

Ucnons3ys (2.7), HAX0OUM HANPSHKEHHOCTh HAa OCH KOJIbITA

__9_ 0 z

z

z - ' 3/2 °
dz A, (a2+zz)

(2.15)

YTO coBMaaaeT ¢ BeipaxkeHueM (1.10), monydeHHBIM paHee B aparpade 1.

Ipumep 2.6. [Iuck paanycoM a 3apspKeH C MOBEPXHOCTHOH IUIOTHOCTBIO O .
Haiigute noteHuuman B MpoU3BOJIBHOM TOYKE HA OCH AHUCKA, EPIEHAUKYIIPHON K
€ro INIOCKOCTH.

Pewenue. PazobbeM AUCK Ha Koiblia paguycoM 0 u TommuuHo# dp . Ha Takom
KOJIBIIE HaxXoIuTcs 3apsan dq =o27xp-dp . TloTeHIMan Ha OCH TAaKOTO KOJjblLia

HaliJleH paHee B IpuMepe 5 1aHHOoro naparpada u 3anaercs BolpaxkenueMm (2.15)

- dq - o
AmegpP+22 2644+ 22

do(z) p-dp.

Hurerpupys 370 BelpaxkeHue 1o O ot 0 10 d Hoirydum

olz)=[—Z—pd —i( a’+ 72 —z), (2.16)

bt

IIpu z — oo BeIpaxkeHue (2.16) mpuHUMaeT BUJ go(z) -

oa?

deyz  4Ameyz

, TO €CThb

COBITIAAACT C IIOJIEM TOUYCYHOI'O 3apsAaa Q = 7Z'Ga2 .
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Mpumep 2.7. llap paguycoMm R paBHOMEPHO 3apspKeH 10 00beMy ¢ 00beMHOM
IIIOTHOCTBIO 3apsiga O . Omnpenenurte MOTEHIMAN B TPOM3BONBHON TOYKE BHE U

BHYTpPH IIapa.
Pewenue. JIns onpeneleHus MOTSHIMANA BOCIOIb3yeMCsl COOTHOIIEeHUeM (2.3),
B KOTOPOM TMOTEHIMA] OCCKOHEYHO YIAJICHHOW TOYKH MPHMEM PaBHBIM HYIIIO.
Hampspbkennocts  moiisi  ompexaensiercss  cootHomenusmu (1.12) u (1.13),
MOJIy4YEHHBIMH B IpUMepe 6 mepBoro maparpada:
T= - pR*Tdr pR® 0

=|Edr="— —= =

3g, T 3ggr  Ameyr

(p(r) npu r >R,

r

2 R 2 2 2
¢(r):ﬂ+ij‘rdr:ﬂ—p#=i 1+1 r
3¢, 3¢9 2¢, 6g, 4me,R| 2| R?

3/ech r - paccTOSIHUE OT paccMaTpHBaeMOi
TOYKM IPOCTPAHCTBA [0 ILEHTpa INapa, a
QO — 3apsA, 3aKJIIOYEHHBIN B 1Iape.

Mpumep 2.8. Ha puc.2.3 npuBeneHa kapTiHa
CHJIOBBIX ~ JIMHMH  HEKOTOPOrO  IOJIS.
Hapucyiite HECKOJIBKO IKBHIIOTEHIMAIBHBIX
MOBEPXHOCTEH M  YKaXHTe, B KaKoM

HaIlpaBJICHUH IMMOTCHIHAI BO3PaCTaEcT.

Puc.2.3

Pewenue. CunoBble TMHUM BCeraa

TIePIICHANKYIISIPHBI SKBHUIIOTEH-
NUAJTBHBIM TOBEpXHOCTsIM. [IBe u3
HUX  TOKa3aHbl Ha  puc.2.4.
Onpenenum, Kakoi W3 NOTEHINAIOB

@, wm , OGonpme. CornacHo
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(2.3) ¢, — @, = | E-dr, roe Tpaektopuro L BbIOepeM COBIafaromieil ¢ OqHON U3
L

CUIOBBIX IMHMH. Ecim @ ¥ (P, Mano OTIMYAIOTCSA, TO PAcCTOSHUE MEXIY
OKBUIIOTCHUUAIBHBIMU IOBEPXHOCTAMH Mall0 M KpuByr0 L ¢ xopouen
TOYHOCTBIO MOXHO 3aMCHUTH pr[MOfI, a TII0JI€ OIHOPOJAHBIM, IIOJYYUM
¢ -9, =El>0.

IIpumep 2.9. /IBa pa3sHOMMEHHBIX TOUYEUHBIX 3apsA7a, BEIMYNHBI KOTOPBIX PaBHbI
g, 1 —q,, PacIOJOXEHbl Ha PAcCTOSHHWH d Opyr oT npyra. J[okaxkure, 4TO
MIOBEPXHOCTh HYJEBOTO NOTEeHIMana ecTh chepa. Onpenenure paauyc R 3TOH
cthepsl u pacctosHEe D oT ee LeHTpa M0 MeHBIIEro Mo abCOMIOTHON BeIUYUHE
3apsna.

y Pewenue. Ilycts Ui ONpeeeHHOCTH |q2| <q.

b

d CoracHo yCJOBHUIO 3aJlayll HaIpaBJICHUE BJOJb
NpsAMOH, COCAVHAIOIIEH  3apsipl, SBISETCS
BbIIeTIeHHBIM. HampaBum oce Ox Bmonb Hee. B
| X cuny cummertpur ocu Oy u 0z paBHOIpPaBHBIL:
S — @
q, mobasi SKBHUIIOTCHIMANIbHAS MMOBEPXHOCTh €CTh
IIOBEpPXHOCTh  BpamieHus Bokpyr ocu  0X
Puc.2.5a HO3TOMY JI0CTaTOYHO HaiTu JIUHUIO
MepPECEUCHUs IKBUIOTEHIIMAILHON MMOBEPXHOCTH
¢ wiockocthio x0y (cM. puc.2.5a). Beidepem npou3BoibHYIO TOUKy M (x, y) Ha
3T0# ockocTu. [loTeHnran B 3TON TOYKE COINIACHO NPHUHLUITY CYNEPIO3ULHUU
paBeH

il _ 92
4reg\(x—b—d)* +y*  Ameyy(x—b)* + 2

¢) =
HOBerHOCTB HYJIE€BOTO IIOTCHIMAIA @ = 0 YAOBJIETBOPACT YPaBHCHUIO

(x—b—d)2+y2 =4 (x—b)2+y2.
4>
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Bo3Bens 3T0 paBeHCTBO B KBaIpaT, MOIyIUM

(ﬂ]z_l y2 4 (ﬂT—l (x=b)* +2d(x-b)=d>.

q> q>

qr

2
—1| u BBeas 0603HAUEHHS
9>

Ilonenus 3T0 ypaBHEHHE CIIeBa U CIIpaBa Ha (

HOTy4UM
y? +(x—b)2 +2c(x-b)=f.

HpI/I6aBI/IB ClipaBa " CJi€Ba C2, OKOHYAaTCJIbHO Hafl}.'[eM HUCKOMOE€ YpaBHEHHUE

OKPY)KHOCTH
y2 +(x—b+c)2 =R%.

371eck paguyc OKpyKHOCTU

d
R=S21 2.17)
91 — 492
A TaK Kak IEHTP OKPY>KHOCTH COBMAagaeT ¢ Toukod O, TO

poe=_ 4 (2.18)

2
q>
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Puc.2.56

COCOUHAIOMICTO 3apsaabl.

Ha puc.2.56 ToKa3aHa
KapTHHAa CWIOBBIX JIMHUA U
SKBUITOTEHIIMAIBHBIX

MIOBEpXHOCTEH Uil IBYX HeE

PaBHBIX o MOJLYJTIO

Pa3HOMMEHHBIX 3apsIOB.
Takum o0pasom,

MTOBEPXHOCTH HYJIEBOTO

MOTEHIMAaNA sIBIsieTcs chepoi,
OXBaTBIBAIOIICH MEHBIIUN I10
BenmmumHe  3apsn.  LleHTp
chepbl JIKHT BHE OTpe3Ka,

Mpumep 2.10. Ha cdepe paguycom R pacnpeneneH 3aps] ¢ NOBEPXHOCTHOH

IJIOTHOCTBIO O =0, COSg, rac 6 - yroi, COCTaBJIIEMBIH paanyCcoM-BEKTOPOM,

[IPOBE/ICHHBIM B MPOW3BONIBHYIO TOUKy cdepbl ¢ ocpio 0Oz. Haiimure

HAINpsDKEHHOCTh B IPOU3BOJIHOM TOUKE BHE M BHYTPH CHEpPHL.

Pewenue. Pacnipenenenre 3aps/a o MOBEPXHOCTH cHephl ¢ 3aJaHHOH B yCIOBUH

3a1a4u HOBerHOCTHOI}’I IJIOTHOCTBIO MOXHO IOJIYy4YUTh, 3aMCHUB C(bepy JABYMS

Puc.2.6
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[mapaMu pagnycoM R, 3apsDKCHHBIMH C OJHOPOJHOW OOBEMHOM IIOTHOCTBIO
+0 W —p ¥ CABUHYTHIMU OTHOCHTENIBHO 3aJaHHOM cdepbl Boib ocd 0z Ha
O4YeHb Mainoe paccrosiHue d(a << R) BBepX M BHH3 COOTBETCTBEHHO, Kak
nmokasaHo Ha pwuc.2.6. JleficTButensHO, B 00bEME, 3aIaBacMOM YIIIaMH
0+60+d6, wmexnmy OSTUMH UIapaMH HaxoAuTcs 3apsn  (cMm.  puc.2.6a)

dg=p-27Rsin@-Rd6@-2acos@. Dror 3apsg OyaeT pachpeieieH 1o
HOBEPXHOCTH IuIomanu dS =2zRsin@- Rd@ , otkyna o = 2apcosf = o cosf.
3nech 0603HaYEHO O = 2ap .

ITone BHe cdephl, co3maBaeMoe ABYyMs Iapamu, OyIeT COBIAmaTh C
y 4 5 _4 3
MOJIEM TUIOJISI, MMEIOLIETO AMIONBHBII MOMEHT p, = ZapgirR =§7£R Oy u

IIOMENIEHHOTO B IIEHTp cdepsl, Kak IOKa3aHo Ha puc.2.60. Ilome mumois

o JpoOHO pacCMOTPEHO B IpUMeEpe 2 HAaCTOsILIEero naparpada.
Ha puc.2.7 ToKa3aHa

MpOM3BOJIbHAs Touka M BHyTpHu cdepsl,

ONMCHIBacMasl KOOPAMHATAMH F H Y . z

Ilone E, , co3naBaeMoe IOJIOKUTENbHBIMU

3apsijaMM IIapa ¢ IIEHTPOM B TOYKe A, r,
OyIeT HampaBIICHO 10 PAIIycy TOTO IIapa
U ONpEEeNAThCS TOJNBKO 3apsilaMH BHYTPH
chepsl pagmycom r,. COOTBETCTBEHHO

—_— \lj
none E_, co3maBaemoe OTPULIATCIBHBIMA 0 b ———

3apsgamMM Iapa ¢ LEHTpOM B Touke B,

OyZIeT HarpaBJIeHO 110 PaUyCy 3TOro LIapa -a (B

U ONpENEeNAThCA TOJNBKO 3apsilaMH BHYTPH Puc2.7
coepsl paguycom r_ (em.(1.13)):

e q r+
B,=—L P
47[80r+ 33()

)
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co__4 _pr

= 2
Armeyr> 3g,

Haiinem BEeKTOpHYIO CyMMy 3THX IOJIEH, I 4€ro MPOCYMMHUPYEM HX IIPOESKINH:

E.=E_ +E_, :chosl//—ircosl/fzo,
’ T 3¢, 3g,

E.=E__+E_. =L(rsinl//—a)—i(rsiny/+a)=—L~2a.
) N 3¢, 3¢, 3¢,

VYuuTeIBas, 4T0 O( =2pa, OKOHYATENHHO MONYYHM, UTO IOJNE BHYTPH Chepbl

OIHOPOJHO, HATIPABJIEHO TIPOTHBOTIONOKHO ocH 07 , a €r0 HANPSHKEHHOCTh PaBHA
1o a6COIIOTHOM BEMYnHE
Oy

E=20

. 2.19
o 2.19)

3adanue 0na camocmoamenvHol padomul

2.1. Ompepenute paboOTy CHIIBI QIEKTPHIECKOTO OIS, CO31aBAEMOT0 3apsiioM ¢ ,
HaJ 3apsAaoM ¢' TpH NepeMeIleHNH 3apsaia ¢' U3 TOUKU 1 ¢ pajguyc-BeKTOpOM F

—

B TOYKY 2 C paJyC-BEKTOPOM 7, II0 TPACKTOPHSIM, H300paXKeHHBIM Ha puc.2.8 a
2

- 2.8B.
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a 0 B
Puc.2.8

2.2. OpHoMepHass MoJeNb HOHHOTO KpHCTa/Ula IpPEACTaBIseT  COOOH
0OECKOHEYHYIO JIMHEHHYIO IIENOYKYy YepeAyIOIIUXCs MO 3HaKy M OJHHAKOBBIX IO
MOJYJIIO 3aps0B (MOHOB). PaccrosiHue MeXay COCETHUMH 3apsJaMH OJHMHAKOBO
BJIOJIb BCEW LIETIOUKU M PABHO d , MOXYJIb 3apsifa paBeH ¢ . Halinure moreHuuman

o, CO3ﬂaBaeMblf/'I BCEMU OCTaJIbHBIMU 3apsiaMHd B TOYKE, II€ HAXOOUTCA

MOJIOKUTEIIbHBIN 3apsan.

23. /Jla TodYeUHBIX 3apsga +g W —¢ PACHOJOXKEHBI B TOYKaX
N(a/ 2,0,0), M (—a/ 2,0,0) cooTBeTcTBeHHO. Kakyro paboTy coBepIuar CHIIbI
IOJIS, CO3/IaBaeMoro ASTUMH 3apsgaMH, NpH yIaleHWH 3apsina ¢' W3 Hadana

KoopauHaT Ha OeckoHeuHocTh? Kak wu3MeHHTCS OTBeT, ecnu 00a 3apsna
OJIMHAKOBHI U paBHbI +¢q ?

2.4. [lumonb ¢ JUNONb-

4 q q -q D
HBIM MOMCECHTOM

E ® —0 o—0 Pe

E —F IIOMEUICH B OAHOPOJIHOC

Qg QJICKTPUICCKOC I10J1Ie

HanpsHKEHHOCTH E .

Haiinute noreHuuanbHyo
Puc.2.9
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—

sHepruto aumnoist W, momeHT cun M wu cuny F, nelicTByromye Ha JUINONb B

clyyae ero OpueHTaly, oKa3aHHOU Ha puc.2.9.

2.5. Haiigure osuepruro W B3anMmoneiHcTBUS IBYX IHUIONEH C AWUIMOIHHBIMHU

MOMEHTaMH p; U p, IPH UX B3aHMHOM PacIIOJIOKEHHH, TTOKa3aHHOM Ha puc.2.10.

r r b r
)0 _
p, p, b, i P 2 p;’e
6 l 6

Puc.2.10

2.6. [lunonb C [JUIIOJNBHBIM MOMEHTOM p,  HaXOJUTCS B OJHOPOJHOM
AJIEKTPUYECKOM TI0JIE C HANpPsLKeHHOCThI0 E. JIumonb oTmyckaroT 6e3 HauyalbHOH
CKOPOCTH M3 TIOJIOXKEHHs, IT0Ka3aHHOTO Ha puc.2.9a. Hailinure yriosyro ckopocTh
JIIONST (J TIpU MPOXOJKAEHUU MM IIOJIOKEHUs], TIOKa3aHHOTrO Ha puc.2.90, u ero

YIJI0BO€ YCKOPEHUE ﬂ B Ha4YaJIbHBIH MOMEHT BPEMCHHU. Macca KaXXJ10ro 3apsaaa

m , pacCTOsIHUE MEXKAY 3apsiiaMu [ .

2.7. TodeuHbI MOJOXHUTEIBHBIA 3apsil ¢ HAXOOWTCS B Hadale KOOPIUHAT.

—

Jlymions ¢ MOMEHTOM p, HaXOIMTCSA B TOYKE C paaumyc-BeKTopoM r . IIpu Kakoi

OpPHEHTALUK IMIIONSA YHEPIHs €r0 B3aUMOAEHCTBUS C 3apsI0M: a) MaKCUMaJIbHa,
0) MHHUMaJIbHA, B) paBHA HYJIIO.

2.8. Haiinure pacnpeneneHue MOIYJS HANpPsDKEHHOCTH AJICKTPHUYECKOTO TIOJIS
TOYEYHOTO JUIOJSA Ha cdepe paguycoM R ¢ IEHTPOM B TOYKE, TIe HaXOIUTCS
JTUIOJTb. JIMTIOIBHBIA MOMEHT JAUTIONS PABEH P,.
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2.9. Haiinure noTeHIMa ¥ HaNpsHKEHHOCTD I10JIs1 B IIEHTpe nosrycdepsl paguyca
R , 3apsokenHOM ¢ TOCTOSHHOMN MOBEPXHOCTHOMN INIOTHOCTBIO O . Ykaszanue: JUIs

pacueTa HalpsHKEHHOCTH BOCIIONB30BaThCs PopMyInoit (2.7).

2.10. ITapuk paauycom r =lcm 3apspken po noreruuana ¢ = 30008 . Ckonbko

9JIEKTPOHOB 71 HYXHO OTHSTH OT LIapHKa Ui Takoil anexrpusammu? Ha ckonbko

TpH 3TOM YMEHBIIUTCS Macca Imapuka?
Macca snekrtpoHa m=9,1~10_3 11(2, 3apsag

3JIeKTpoHa e =1,6- 107 Kn .

2.11. [laHbl NOTEHUUANBl @), (,, 03 U @, B
YeTBIPEX CMEKHBIX BEPIINHAX MAJIOTO KyOHKa
¢ peobpom a (puc 2.11). Kak moxHO

MIPUOJIKEHHO OIPEeNIeNIUTh HANPSDKEHHOCTh

1oJst B Touke 47

puc.2.11

2.12. Haiigure cmry  B3aUMOACHCTBUS
F MexIly TOUeYHBIM 3api7oM ¢ U TOYEUHBIM

JUTIOJIEM, €CITH PACCTOSHUE MEXIY 3apsAIOoM U TUMOJIEeM PaBHO d , a JUIOJbHBIN

MOMCHT p, HaIlIpaBJICH BAOJb COGZ[I/IHSI}OI_HGP’I ux HpﬂMOf/’I.

2.13. JIBa TOHKHMX OECKOHEUHO IJIHHHBIX MPOBOJIHUKA, PA3HOMMEHHO
3apSDKEHHBIX C OJUHAKOBOW JIMHEMHOW IJIOTHOCTBIO 3apsAfa, pPACIOIOKEHBI
NapajulelbHO Ha HEKOTOPOM pAacCTOSHUU JApYyr OT Apyra. JloKakure, 4TO
9KBUIOTEHIMAILHBIC TIOBEPXHOCTH TAKOW CHCTEMBI TIPOBOHUKOB CYTh KPYTOBBIC
LWTHHAPBI U OTIPENIENTUTE PAcCTOSHUE | MEXIy MPOBOJIHUKAMH, €CIIA PACCTOSHUE
MEXJy OCSIMHU JBYX TaKHX IWIMHIPOB PAaBHO 2a, a UX PAJAUYChl OJUHAKOBHI U

paBHBI R.
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Puc.2.12

2.14. Moxer 1M CymecTBOBaTb B BaKyyMe
3JIEKTPOCTATUYECKOE noJe, BEKTOP

HaNpsHKEHHOCTH KOTOPOTO E Bo BceM obbeMe
1oJIsl OJWHAKOBO HANpaBleH, HO IO BEJIHYHHE
HN3MEHseTCs, HalmpuMep, N0 JHHEHHOMY 3aKOHY,
€CIIi IepexXoJuTh OT TOYKM K TOYKE IO
HOPMaJBHOMY K TIOJTIO HampasieHuto (puc.2.12).

2.15. JludpnmexkTpuYecKHid JIUCK pamguycoM R 3apsokeH paBHOMEPHO C

MMOBEPXHOCTHOM IUIOTHOCTBIO 3apsifa 6. HaiinuTe moTeHmMan Ha Kparo JHCKa.
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§3. IIpoBOIHMKM M ANIJIEKTPUKHU B dJIeKTpHueckoM mnoJe . Teopema I'aycca

I(pamkue meopemuuecKue ceeodeHusn

Ilone B BemiecTBe. HpoeodHuKa/mt Ha3bIBAalOT TaKWUE TEJa, KOTOPLIC

COoZIepKaT c80600HbIe 3apsidbl, TO €CTh 3aPSAbl, CIIOCOOHBIC MEPEABUIATHCS 10
BCeMy 00beMy MpoBOAHMKA. [Ipy BHECEHHH MPOBOJHUKA B JIEKTPUUECKOE MOJIE
CBOOOAHBIC 3apsifABl MOA €ro BO3ACHCTBHEM IIEPEMELIAlOTCs  (IPOTEKAoT
JNIEKTPUIECKUE TOKH) IO TE€X TOp, MOKa HE YCTAHOBHUTCS HOBasl CTAI[MOHApHAS
KOH(HUTYpanus 3apsa0B. DTO MPUBOJNUT K CICIYIOIIMM CBOWCTBAM IPOBOJHHKOB
B 3JIEKTPOCTATHIECKOM MOJIE:
-IPOBOJHMK 9/1eKMpPU3yemcs - HA €ero IMOBEPXHOCTH MOSIBISFOTCS
MOJIOXKUTETbHBIC ¥ OTPULIATENBHBIC 3apsIIbl,
-HAMPSHKEHHOCTD JJIEKTPUYECKOTO MOJIs U 00BeMHas TIOTHOCTh 3apsijia
BHYTPH IIPOBOJHHKA PABHBI HYIIIO,
-BeCh 00BEM MPOBOTHUKA SBISIETCS IKBUIIOTCHIUATIBHBIM 00BEMOM, YTO
MIO3BOJISIET TOBOPHUTH O NOMEHYUALe NPOBOOHUKA,
-CUJIOBBIC JIMHUM JJEKTPUYESCKOrO MOJIsI BHE MPOBOTHUKA BONU3HM €ro
MOBEPXHOCTH TIEPIICHANKYISIPHBI K HEH.
Husnexmpuky He COICPKAT CBOOOTHBIX
_ L 3apanoB. B anekrpudyeckoM mone 3apsabl BHYTPH
B W % o — JIMDIICKTPUKA CMEUIAIOTCS JIMIIb Ha MOJICKYJSIPHBIX
MacmTabax, MpH S3TOM MOJIEKYJIbl MOTYT OBITh
W,,_%Opc«oo/o% e MPE/ICTABICHBI Kak JUIONHU. B aJeKkTpocTaTiieckoM
SN moyie OHM OpHeHTHpytorcs (cMm. puc.3.1), dro

MPUBOAWT K  TMOSIBICHHIO Ha  TOBEPXHOCTH
Puc.3.1 MUDJICKTPUKA  Cc@sa3anHblx  3apsidos. [locnennue
TMPUBOMAT K  yMEHBIIEHUIO  HANPSHKEHHOCTH

ANIEKTPUUECKOTO MOJIsl BHYTPHU ITUIIICKTPUKA 10 CPABHEHHIO C BAKyYMOM.
SIBneHme  OpHEHTaIMM  MOJIEKYN  AWPJIEKTPHKAa BO  BHENIHEM
JJIEKTPUYECKOM TIOJie HAa3BIBAIOT nojspusayuell oudiekmpuka. s ero
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KOJINUECTBEHHON XapaKTePUCTHKU BBOAAT Gekmop nonspuzayuu P . B cimydae
OJIMHAKOBBIX JIUIIOJICH

—

P=np,, (3.1)

—

rae n - 4YHUCIO HHHOHeﬁ-MOHCKyH B CIWHUIC obbemMa BEIIECTBA, a p, -

JIUMOJBHBI MOMEHT OJIHOTO JTUIOJISA. B HE OUeHb CHIIBHBIX QJICKTPUYICCKUX IMOJIAX
JJIsL OOJIBIIIMHCTBA MaT€pHUaJibHBIX CPE€J BEKTOP IMOJIpU3allUU ITPONOPHUOHATICH

HaNpsHKEHHOCTHU oy E (Takue cpeabl OTHOCAT K JUHELHbIM)

P=ye,E. (3.2

IlocrosHHas  y Ha3bIBACTCA  OUINEKMPUUECKOU  80CHPUUMUUBOCHIBIO
JIUAJIEKTPUKA.

CyIlecTBYIOT, OIHAKO, Cpeabl (HAIpUMEpP CecHemoINeKmpuKu), B
KOTODBIX CBsi3b MekAy P um E CyIIECTBEHHO HenuHeiina. B CHIBHBIX MOMSX
MOJIIPU3ALUS ATUX CPell HACBHIILAETCA U MEepecTaeT 3aBUCETh OT BHEIIHETO IOJIS.
B HEKOTOPHIX CIYYasX JUis TAKHX JMANCKTPHKOB BEKTOP P MOXKHO CUHTATh
MTOCTOSIHHBIM HE3aBHCHMO OT TOJIS («3aMOPOYKEHHAS» TTOJSPU3AIINS).

KpOMe BCKTOpa HaIpPsXKCHHOCTU E B TCOPUU DBJICKTPUUCCTBA BBOAAT

6eKmop UHOYKYUU SIEKTPUIECKOTO TIOJISA D:
D=¢e,E+P=¢,(1+7)E = e&,E . (3.3)

bespasmepnast  mocrosHHas € >1 Ha3bIBACTCA  OUIIEKMPUUECKOU
npoHuyaemocmysro BEIECTBA.

Teopema Taycca. B osmekrpocTatmyeckoM 1ojie IOTOK BEKTOpa
UHIYKOUH 4epe3 JIIoOYI0 3aMKHYTYIO IOBEPXHOCTh PaBEH CyMME CBOOOIHBIX
3aps10B, 3aKJIIOYEHHBIX BHYTPHU 3TOH MOBEPXHOCTH:

DdS=Yq;. 34

wm B quddepenumansHoi hopme
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divD=p. 3.5)

3neck P - 0oO0beMHas IIOTHOCTH 3apsia.

Ipumep 3.1. CpaBHuUTE Ka4yeCTBEHHO IMOTOK BEKTOpa HHIYKUMH D depe3
MMOBEPXHOCTH, TIOKa3aHHBIE Ha prc.3.2. B Kakux ciyJasx MOTOK paBeH Hyo?

+0
; q )
S
6 2 0
Puc.3.2

—

Pewenue. Ha s13pIke CHIIOBBIX JIMHMH HOTOK BeKTOpa D uepe3 MOBEPXHOCTh
IIPOTIOPIIHOHANICH Pa3HOCTH BXOJUIIIMX B OTPaHHYECHHYIO IIOBEPXHOCTHIO 00I1aCcTh
U BBIXOJALIMX 4epe3 Hee CWIIOBBIX JUHUHA. COrilacHO BBIIECKA3aHHOMY IOTOK
yepe3 MOBEpPXHOCTh, IIOKa3aHHYI0 HA pHC.3.20 BIBOE NpEBBILIAET MOTOK dYepe3
MIOBEPXHOCTh, NTOKa3aHHYyo0 Ha puc.3.2a. [IoTok yepe3 MOBEPXHOCTH, TIOKa3aHHBIE
Ha puc.3.28-3.27, paBeH HYIIO.

pumep 3.2. Ucnomszys Tteopemy [aycca, HaiiguTe HampsHKEHHOCTH IIOJIA,

C03/1aBa€éMOro B BaKyyMe OECKOHEYHOH IUIOCKOCTBIO, HECyLIeH Ha eIuHHLE

IUIOIIAH 3apsi)l O .

Pewenue. Tlpexae Bcero OTMETHM, YTO B CUIY CUMMEMPUU pacnpedeieHus

3apada na naockocmy TOJE TaKKe 00J1aaeT dIeMEHTaMH CHMMETPHH, 8 IMEHHO

® BEKTOp HAIPSHKEHHOCTU MOJI HAlpaBJIeH 0 HOPMAJIH K IIOCKOCTH,

® MOMyJb HANpPSDKEHHOCTH MOJISI OAMHAKOB HA OJHOM U TOM € PACCTOSHUHU OT
TJTOCKOCTH.
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Bocnonb3yeMcst 3TuMu CBOMCTBAMHM CUMMETPUH
—— MoJIsl TIPU BBHIOOpE 3aMKHYTOH IMOBEPXHOCTH, K

/ ”1‘ 4 ”t N ; KOTOpOil mpuMeHnM TeopeMy ['aycca. Beibepem

) Q / NpsIMOM  IMIMHApP, OCHOBAHUS  KOTOPOTO
% v/

napajiyICIbHBI  IINIOCKOCTH W HaXOOATCSA Ha

OJIMHAKOBOM paccTOsHMKA Z OT Hee (puc.3.3).
Ilpyu BbIUKCICHHHM TMOTOKA BEKTOpa HHIYKIUH
clieiyeT BBIOMpAaTh HOpPMallb K IOBEPXHOCTH,
BBIXOJAIIYI0 U3 o0bema Hapyxky. IloTok uepe3

BECh NWJIMHAP CKIAABIBACTCA U3 TPEX IOTOKOB:

yepe3 JoHbIIKH P, =P, =SD, u uepes

OOKOBYIO TOBEpXHOCTb. [locnemuuii paBeH

Puc.3.3 HymO, Tak Kak B 00O TOuKe GOKOBOIA
MIOBEPXHOCTH HOpMallb K HeW NeprneHIuKylsipHa K Bektopy D . CyMMapHbIH
MMOTOK dYepe3 MWIMHAPHUUECKYI0 TOBepXHOCTh paBeH P =2SD. Bayrpu

HWIMHAPHYECKON MTOBEPXHOCTH HAXOAMTCS 3apsan ¢ = So , nodtomy 25D = So .

o o
Otkyna D:E. Hcnonb3ys (3.3), HaXoqUM HANpPSDKEHHOCTHh TOJISI B JIFOOOM

TOYKE B OKPCCTHOCTH Bapﬂ)KCHHOﬁ IIJIOCKOCTH

o
E=—. (3.6)
2¢,
[IpencraBieHHOE B yCIIOBUU 3ajaud paclpeesIeHue 3apsaaa HEBO3MOKHO
CO3JaTh MPaKTHYCCKU. Ero CJIEAYET pacCMaTpuBaTh KaK MOJECIIb, MMO3BOJIAIOUIYIO
paccuyuTarsb I10Je BONMM3H 3ap$I>KCHHOI7I ITIaCTUHKU.

pumep 3.3. Haiigure HaNPSHKEHHOCTH DJIEKTPUYECKOTO TOJIST  MEXKAY
00KJIaJIKaMu IJIOCKOT0 KoHAeHcaTopa. Ha rutactuHax Haxozsres 3apsasl Q u -0,

miomanb IIaCTuH KOHACHCaTopa - S.
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Pewenue. Ha puc.3.4 nokazaHo nose ot
KaXIOH W3 IUIaCTHH KOHJIEHCATopa.

Y% Mexny TIacTUHAMU TIOJIe CKJIa{bIBACTCS
¥ CTAHOBHUTCS BIBOEC OOJIbIIE, YeM IOJIe
E OT OJIHO TacTHHBI (cM. (3.6)):
(2
E=—~= L2 )
'Q 80 805

(3.7)
Puc.3.4
3a npeaciiaMy miacTuH IoJid OT 3apsa/10B

Ha IUTACTUHAX HANpPAaBJIEHBI B IPOTHUBOIOIOKHBIE CTOPOHBI, TIO3TOMY CyMMapHast
HaINpPsDKEHHOCTh PaBHA HYJIO.

[omyueHHslil pe3ynabTaT OTHOCHUTCA K IOJIO BJATH OT KpaeB IUIACTHUH
KOHJIEHCaTopa.

[pumep 3.4. J{udnexTpudeckuil map paanycoM R paBHOMEpPHO 3apspkeH 110
o0beMy. OObeMHas IUIOTHOCTh 3apsia paBHAa O, JUIJIEKTpUYECcKas

IIPOHHUIIAEMOCTh MaTepHana mapa - € . Haiinure nmoteHman moss, co3aaBacMoro
HIapOM.

Pewenu. HanpsikeHHOCTD JNEKTPUIECKOTO TIoJs, C0371aBaeMOT0
pacopeneneHreM 3apsia, YKa3aHHOTO B YCIOBUH 33Ja4d, PacCUUTaHa B IPUMEpPE
6 mepsoro maparpada. IlpuBemem Jpyroe pelleHUE TOH K€ 3aladd C
UCTIONB30BaHHEM TeopeMbl ['aycca. B cmily cuMMeTpHuu pacmpenerneHus 3apsijia
MHAYKUUs (M HAMpsHKEHHOCTD) MoJis OyJeT HampaBiieHa BIOJb paauyca Imapa, a
BeMYMHA BEKTOpa WHAYKIMH OyIeT OAWHAKOBOW Ha mo0oit  chepe,
KOHIEHTPHUYECKO# ¢ mapom. JIJs ompeeNieH st moisi B MPOU3BOJIBbHOM Touke M
IIPOBE/IEM Yepe3 3Ty TOUKy cdepy, KOHIEHTPUUECKYIO ¢ mapoM. [IoTok BekTopa

HHIYKIUH B 4epes 3Ty chepy
ﬁd—s = §§Dds = D(r)§ ds = D(rim?, (3.8)

A€ UHTECTPUPOBAHUE BECTCA 110 IOBEPXHOCTU C(I)epI)I paguycom r.
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CormacHo Teopeme l'aycca 3TOT NMOTOK paBeH 3apsiiy, 3aKIIOUYEHHOMY BHYTPHU
BbIOpaHHO# cepbl. DTOT 3aps] pa3iIuyeH, eciy To4Yka M HaXOJUTCS BHYTPU WU

BHE c(ephl:
43
gﬂ'pr > r<R
=7} ecim R
3 R, r>

HpI/IMeHﬂﬂ TEOpPEMY Faycca, HaXO0JUM MHAYKIOHIO 3JIEKTPUYECKOIO IOJIA

-

pr
— = r<R,
D= R3% eciu R
3. >
é’ 3 r’ r
r

IMockoneky D = €€y E , TO HanpsHDKEHHOCT TTOJISE OyIeT paBHa

pr

- ’ r<R,

E= 31‘2830 comt ' (3.9)
PR - r>
380}”3 "

HampspkeHHOCTP W TOTEHNWAN TONS CBSI3aHBI cooTHomeHuneM (2.3), To ecThb

r
Q= —I Edr . TloreHunan 6€CKOHEYHO yIaJCHHON TOYKH MPUMEM PaBHBIM HYIIIO.

oo

HpOBeﬂﬂ HUHTETrpUpoOBaHUEC, MOJIYyIYUM

2
PR P 2_ .2
£ 4 £ (R?-r
3¢, 6550( l com rSR.
PR’ r>R

3g,r’

¢:
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[Ipu uHTErpUpPOBAHUM YUTEHO, UTO MPU ¥ = R HOTEHIMaN HEIIPEPhIBEH.

Puc.3.5

Ipumep 3.5. Ha nposomsameit chepe
pagmycom R Haxomurtcs 3apsxg +Q, a Ha
npoBojsmiet  chepe  pagmycom 4R ,
KOHIIEHTPUUYECKOW C TepBoi - 3apsam —20 .
Mexny 3apsokeHHBIMH cepamMu HaXOUTCS
HE 3apsHKEHHBIA CJIOH MpPOBOASIIEH Cpe.bl,
orpaHMYeHHBIH chepamu ¢ pamuycamMud 2R u
3R cootBercTBeHHO (cM. puc.3.5). Haligure
HaNPSOKEHHOCTD  JIEKTPUYECKOTO TONIST  BO
BceM mpocTpaHcTBe. IlocTpoiite KkapTuHY

—

CWIOBBIX JMHMM BekTopa FE, a Takke

Haf/’IZ[I/ITe WHIAYKIHUOHHBIC 3apsaAbl Ha MOBEPXHOCTAX MPOBOJHUKA. Kak u3mensTcs

3apsnbl Ha cepax, eCM UX COeIUMHUTE IIPOBOJHUKOM?

Pewenue. Kak u B mpensiaynieM mpuMepe, mojie obnamaet chepudeckont

cumMeTpued. J{ns nmpuMeHeHus: TeopeMbl [aycca BeiOepeM cdepy paguycoMm 7,

KOHLIEHTPUYECKYI0 C AaHHbIMU. IIoTOK uepe3 Hee MOACYMTaH B HPEABIIYILEM

npumepe u 3anaercst Gopmyroit (3.8). Haiinem 3apsin BHyTpH chepbl paguycom

r:
0
+0
q=.0-¢', eciu
o
-0

r<R
R<r<?2R
2R<r<3R.
3R<r<4R
4R<r

3n1ech ¢' - MHAYKIIMOHHBIN 3apsa Ha cdepe paauycoM 3R, a Tak Kak MPOBOJIHHK

HE HeceT 3apsija, TO Ha ero BHYTPEHHEH MOBEPXHOCTH PaanycoM 2R HaxoauTcs

3apsin —q'. Ilpumenum Teopemy ['aycca u yyTem, 4TO BHYTPU IPOBOJHUKA I10JIE

paBHo HyTO ( ¢'= Q ), HOXYIUM
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Puc.3.6

0, ~ r<R, 2R<r<3R
0 21, ecnu R<r<2R, 3R<r<4R.
-
475&‘0Qr 7 4R<r
47[80r2r,

KapTtuna cunoBsIx nHMIA BekTopa E mokazaHa
Ha puc.3.6.

IMocne coearHeHUs BHEIIHEH cepbl ¢
BHYTpPEHHEH 3apsiapl IepepactpeneisiTcs o
HHUM TaK, 4TOOBI MOTEHIHUAIBI 3TUX chep cranu
onuHakoBbiMH. O003HaunM 3apsa Ha cdepe
pagumycoM R uepe3 Q), a Ha cdepe paguycoMm
4R - Q, . B cuy 3akoHa coXpaHeHus 3apsja
0+0,=0-20=-0.

Ucnonp3ys teopemy l'aycca, Halimem mnone B

MIPOCTPAaHCTBE MEX Iy cepamu ¢ paauycamu R u 4R:

=L _
€o

O r
471'80'}’i r R<r<2R
Ql—_"zizo, eciu 2R <r<3R.
dmeor= T 3R <r<4R

_o9

471'80r2 r

Pa3HocTh moTEeHIIMANIOB MEXIY HUMH

4R
Ap= J E(r
R

ir = 0, (1_1+1_1j_

0 _

T 4me,\R 2R 3R 4R) 48me,R

BunuMm, uto 3apsan Q, Ha BHyTpeHHeH cdepe OyleT paBeH Hyilo, a 3apsj Ha

BHemIHeH chepe paguycom 4R craner paseH Q) + 0, =-0.
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Ipumep 3.6. Tlposomsmas cdepa pammycom R Hecer 3apsang Q. Coepa

OKpYXXCHa CQEpHYECKHM CIIOEM JAMAJIEKTPHKA, MPOCTHPAIOUIMMCS 10 chepbl
pamuycom 2R . Hcmones3dys Teopemy ITaycca, HailguTe — HMHIYKLIHIO
3JIEKTPUUECKOr0 TOJII U €ro HAMpsKEHHOCTh BO BCEX TOYKAaX MPOCTPAHCTBA.

[TocTpoiiTe KapTUHY CHJIOBBIX JIMHUM i1 BekTopoB D u E . Haiigure
CBA3aHHBIM  3apsii ¢, TOABIIOIIMMCS Ha  IpaHMNAX  JUDJICKTPUKA.

JlyanekTpudeckast POHUIAEMOCTD AUAJIEKTPUKA £ = 2.

Pewenue. TlpoBeneM NpoU3BOJIBHYIO CHEPUUECKYIO TTOBEPXHOCTh PAJUYCOM 7,
KOHIIGHTPHYECKYIO C 3aJaHHOW B YCIOBUH 33/1aui. DIEKTPUUECKOE II0JIe BOKPYT
chepel  obmamaer cdepudeckoil CUMMETpHeH, WIM BEKTOp HHAYKIUHU

—

AJIEKTPUYECKOTO oM D HampasiieH mo pamuycy chepsl. [ToTok 3TOro Bekropa
4yepe3 BBIOpaHHYIO MOBEPXHOCTH ompexaensercs Beipaxkenuem (3.8). CormacHo
TeopeMe ['aycca 3TOT MOTOK paBeH 3apsay BHYTpU moBepxHocTH. [IpupaBHmBas,
MoJy4aem

r<R

2 }’>R.
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—

Bekrop HampspkeHHocTH E  BHe amdnekTpuka paBeH E=D/g,, a

BHYTpH JdjekTpuka — E = D/ &€y . IHpIMU cllOBaMH, BEKTOp HAIPSHKEHHOCTH

JJIEKTPUYECKOTO IIOJS OIpenenseTcs Kak CBOOOIHBIMM, TaK M CBSI3aHHBIMHU
3apsnamu.  CkazaHHOE XOpOIIO WUIIOCTPUPYIOT KapTHHBI CHIJIOBBIX JIMHHHN

Puc.3.7

BekTOpoB D u E , mpejacTaBieHHble Ha puc.3.7a u puc.3.70 COOTBETCTBEHHO.

CunoBble JMHUM BeKTopa [ HauMHAIOTCS M OKAHYMBAIOTCA HA CBOOOJHBIX
3apsiax Win B OECKOHEYHOCTH.  Bocmonb3yeMcsi KapTHHOM CHIIOBBIX JIMHUH

JUTSL OLIEHKH CBSI3aHHOTO 3apsna ¢ . IIoTok BekTopa E gepes chepy ¢ paguycom
R<r<2RB £=2 pa3a MeHblIE IOTOKa uepe3 chepy ¢ paguycom r >2R.
[ToTok NpONMOPLMOHANIEH YHWCIY CWIOBBIX JIMHMH, a OHM HA4YMHAIOTCA Ha
cBOOOIHBIX U CBSI3aHHBIX 3apsaax, mo3toMy Q—qg=g¢q .Otkyna ¢ =Q/2.

B ofmeM ciydae TIpH ONpPENENICHUH CBS3aHHBIX 3apsiIOB MOKHO
MPUMEHUTh Clenylomuii npueM. HanpspkeHHOCTh DIISKTPUYECKOTO MO B

Q

MIPON3BOJILHONW TOYKE BHYTPH IUDJIEKTpUKa paBHa E = — [IpencraBum,
dree,r
0

9YTO AUDBJICKTPHUKA HET, HO 3aMCHUM CBA3aHHBIC 3apsabl CBO60,E[HLIMI/I, U Haligem
HaIMps>KEHHOCTD 3JICKTPUYECKOIO I0JIA, CO34aBa€MOIro BCEMU 3apaJaMHu, IMMOJTYyYUM
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E =Q—qz. IpupaBHWBas HaHICHHBIE BBHIPAKEHHUS TSI HAIPSOKEHHOCTH,
dreyr
0

1
MTOJTyINM g =(Q0—-q, OTKyma ¢q= Q(l ——) , 4TO IS €£=72 COBIAmaeT C
£ £

BBIPAXKCHUEM, ITOJTYYCHHBIM BBIIIC, UCXOAA U3 aHAaJIN3a CHIJIOBBIX JIMHUM.

IIpumep 3.7. HesapspkeHHas mpoBofsmiasi cepa pammycoM R IOMelIeHa B
ONIHOPOJHOE  DJJIEKTPUYECKOE  IOJI€  HampsbKeHHocTero  K,.  Haiingmre
MMOBEPXHOCTHYIO IUIOTHOCTH 3aps0B, IOSBISIONMXCS Ha cdepe, a Takke
CyMMapHBI# IUMONBHBI MOMEHT C(ephl.

Pewenue. 3apsnel no chepe pacnpenesTcs Tak, YTOOBI HANPSHKEHHOCTD OIS
BHYTPU HpOBOJAHMKA (cdepsl) Oblma Obl paBHA HYNIO. OTa HaANPsSHKEHHOCTh
CKJIJIbIBACTCSI M3 HAINPSIKEHHOCTH BHELIHEr0 OJHOPOJHOTO TOJIA W II0J,
CO371aBa€MOr0 3apsaMH, MOSBISIOIIMMUCS Ha IOBEPXHOCTH IPOBOAHUKA. B
npumepe 10 mpexpbrmymiero maparpada OBUIO MMOKa3aHO, YTO €CIH 3apsii Ha
MOBEPXHOCTH cdepsl OyAeT pachpesiesieH C TOBEPXHOCTHOH IJIOTHOCTBIO
o=0,cosf, rae yron 6 - 5TO Yroi, KOTOpBIH COCTaBJISET pajauyc,
IIPOBE/ICHHBIN B JaHHYIO TOUKY c(epsl, ¢ ocbklo 0z, TO moyie BHYTPH chepbl

OIHOPOAHO U HAIpaBJICHO BJOJIb OCHU 0z , a4 €ro BE€JIMYMHA ONpEHACIACTCA

(o]
BbIpaxkeHueM (2.19): E,= =0 Hanpapnsas oce 0z BIOJb BHEIIHETO MOJIA
€o

u BBIOMpas O, =3€,E,, moiydnM, 9T0 CyMMapHOe Ioje BHYTpU chepsl Oyner

PaBHO HYIIO, €CJIK Ha INOBEPXHOCTHU C(i)ep]:l HOABUTCA HaBeZ[eHHI)If/’I 3apsana ¢

TIOBEPXHOCTHOM MIIOTHOCTBIO O = 3€)E cosf .

JIMnoNpHEIE MOMEHT IBYX 3apsfioB dg W -dg, HaxoIIIUXCS Ha
MOBEPXHOCTAX cdepsl, onpepensieMblx yraamu 6+0+d6, ¢+-¢+dy u
(ﬂ' - 0) + (7[ -0-d 0), Q+@+dp cormacHo omnpenenenuto  (1.4)  paBeH

dp, = 0'(0)R 2d@sin 0dp2Rcos @ u HampasieH Broab ocu 0z . UHterpupys dp,
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mo yrity @ ot O o #/2 uyrny ¢ or 0 no 27, moiydaeM JUNOJIbHBI MOMEHT
Bceit chepsi:

2r xl2 /2
p, =2R’ jd(pj o(0)sin Ocos 66 =127R% ¢, E,, jsinecos2 6d6 = 4, E\R’ .
0 0 0

Hpumep 3.8. JnuHHBI  IMIMHID

N

H3TOTOBJICH u3 AWDJICKTPUKA C

C «3aMOPOKEHHOM» OJTHOPOHOI

f MOJISIpU3aLMel, HAIIPABJICHHOM 110 €ro OCH.
Ilone B TOuke A (puc.3.8a) oxazanoch

PaBHBIM E, =3kB/m. Haiigute

D — (npubnmwxenHo) none E. BOIM3U TOpla

kopotkoro 1mimHApa (B Touke O),

& 0—+—0 O—a
By

CICJIaHHOI'0 M3 TOTO K€ Marepualia, €CJIn

a o h=2-102D , tme D - JUaMeTp
Puc.3.8 nuHapa (eM. puc.3.80).

Pewenue. Ione, co3ZaBaeMoe

TUIHHIPAMHA c «3aMOPOKEHHOW»

MOJISIPU3ALHEH, ONPEACISICTCS CBI3aHHBIME 3apsilaMH, CYyIISCTBYIOIIMMH Ha HX
TOpLaX, IpUYEeM MOBEPXHOCTHAS IUIOTHOCTH CBS3aHHBIX 3apsAl0B O Ha TOpLax
obomux WWIMHAPOB oxuHakoBa. Ha Ttopuax, Ommwkaimmx k toukam 4 u C,
CBSI3aHHBIC 3apsibl MOJNOXKHUTEIbHBI, a Ha MPOTUBOMOIOXKHBIX TOPLAX -
OTpHILATENBHBIC.

Tak Kak 1Mo yCIOBHIO 33/Ia4H MEPBbIi [IMIHHAP JOCTATOYHO AJIUHHBIN, TO
OCHOBHO# BKJIaJ B IOJE B TOYKE 4 BHOCAT MOJIOXKHUTEIbHBIC 3apsi/ibl. BennunHa
HAMpPSDKEHHOCTH, CO3/laBaeMoil MMH B To4Yke A4, MOXeT OBITh C XOpouiei
TOYHOCTBIO aNIPOKCHMHPOBAaHa MOJEM B HEMOCPEACTBCHHOW ONM30CTH OT
PABHOMEPHO 3apsDKEHHOW IUIOCKOCTH (CM. pelIeHHe NpuMepa 2 HACTOSILIEro
naparpada): E 4 -2

28,

Hns touku C  KpOME MOJISI TOJNOXKUTEIBHBIX 3apsgoB, KOTOPOE

COBMAJaeT C MOJEM B TOYKE A, 3aMETHBIN BKJIaJ B CYMMapHYIO HAMPSHKCHHOCTh
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BHECYT OTpHUIIATENIbHBIE 3aps/ibl, HAaXOAIIMecs Ha JanpHeM oT Touku C Topue
nunusapa. Ilone E', cozgaBaeMoe MMH, HANpaBiIeHO B IMPOTHUBOMNONOXHYIO E 4
CTOPOHY M €T0 BEJIWYMHY HETPYIHO HOACUYHUTATH, UCIIOIb3Ys pelleHne npuMepa 4
naparpada 1, 9To MBI IpeOCTaBIIsIEM YUTATEIIO CeNaTh CAMOCTOSTENIBHO:

P PP (3.10)

260 D274+ h2

CyMMapHOC TI0JIE TIOJIOKUTEJIBHBIX W OTPHUIIATCIIBHBIX CBA3AHHBIX 3apsAI0B B
h

Jp*raen®’

touke C OyneT paBHO E-=E,-E=E,

i h/ D << 1 npubamKeHHO TOyYuM

2h
Ec=E;"=120 B/a.

3adanue 0na camocmoamenbHol padomul

3.1. Ha BepTHKaNpHOW IUTaCTUHE JOCTATOYHO OOJBIINX Pa3MEpOB PaBHOMEPHO
pacripeiesieH DJIEKTPUYECKUI 3apsia ¢ MOBEPXHOCTHOH IUIoTHOCThIO O . Ha
MIPUKPEIUIEHHOW K IIACTHMHE HMUTH IIOJBEIICH MAJICHBKHUI IIApUK Maccel m,

HECyIMH 3apsi TOrO K€ 3HaKa, 4To M IulacThHa. Haiinure ero 3apsan ¢, ecnu

HHUTB 00pa3yeT ¢ BEPTUKAIBIO YTOT & .



54 §3.7Ip060OHUKY U OUINEKMPUKU 6 INEKMPUUECKOM NOAE

3.2. JIBe OeckoHEYHBIE ILUIOCKOMApaJUIeNbHbIE
METAUIMYECKUEe IUIACTMHKH [OMEIIEHbl B
BaKyyMe MapajulelbHO Apyr Apyry (puc.3.9).
[TomHbIit 3apsn HA eOUHMITY IUIOMAnU (TO €CTh
CyMMa 3apsJoB Ha O00EUX MOBEPXHOCTSIX

IUIACTMHKH) PaBEeH ¢, JUld IEPBOH U g, - JUIL

ql qZ
Puc.3.9

BHEITHEM ITPOCTPAHCTBE.

Puc.3.10

BTOPOH. Omnpenenure MTOBEPXHOCTHBIE
IUIOTHOCTH  DJIEKTPUYECKUX  3apsAloB  Ha
IUIACTUHKAX, a TakXke  HalpsKeHHOCTb
JNIEKTPUYECKOTO MO MEXAy HHUMH H BO

3.3. [okaxure, 4YTO 3apspl KaKAOTO 3HAKa,
WHAYIIUPOBAaHHbBIC Ha MIPOBOTHUKE A

MOJTHECEHHBIM K HeMy 3apsgoMm +¢ (puc.3.10)

BCE€rjga MEHbLIC ¢ .

3.4. lmeercs 3apsDKeHHBII 110 HEKOTOPOTO
MOJIOKUTEIBHOTO TOTEHLHada TNPOBOJHUK. YTO
MIPOM30HMIET C MOTEHLUAIOM 3TOr0 MPOBOIHUKA,

€CIIM NPUOIM3UTh K HEMY Ha KOHEYHOE PACCTOSHHE MPOBOJSIIYIO IUIOCKOCTS,

COEJIMHEHHYIO C 3eMJIeii?

3.5. 3apspKeHHBI MPOBOJHUK HAXOAWTCS BHYTPH 3aMKHYTOH MeETaJUIMIecKOit

000JI0YKH. l) H3menuTtcs au SJIEKTPUYECKOE I10JIE BHYTPU 060)’[0'—[1(1/1, €CJIM U3BHE

MOJHECTU K HEH 3apsuKEeHHBIN NpoBOAHUK? 2) ByneT nmu u3MeHsThCcs noje BHYTpU

1 BHE 000JIOUKH, €CIIH BHYTPEHHHI IPOBOIHUK IIEPEMEINaTh BHYTPH 000JI09KN?
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3.6. Mexny nByMs KPYIJIBIMU TapajulesIbHBIMU

|
I MPOBOAAIINMHA  IUTACTUHKAMH, 3apsHKCHHBIMH
|4 PaBHbIMU Pa3HOMMEHHBIMU 3apsaaamMu,

77 MOMEILAI0T CUMMETPUYHO KpYTIIyIO
£

C — JUBJICKTPUYCCKYIO IIJIACTUHKY, KaK YKa3aHO Ha

puc.3.11. V3MeHUTCS M HaUPSKEHHOCTh IOJIS
Puc.3.11 B TOYKE A MOCJIe BHECCHUS IIACTUHKH ?

3.7. U3 TPEX KOHLECHTPUYECCKUX OCCKOHEYHO TOHKHX METAITHYECKHX cd)ep C

pamuycamMu R; < R, < R;, Haxozsdmuxcsi B BaKyyMe, KpailHHE 3a3eMJIEHBI, a
cpemHeil cooOmieH anekTpudeckuin 3apsn Q. Haiimute HanpsbkeHHOCTh

QJICKTPUYCCKOTO I10JIs1 BO BCEM ITPOCTPAHCTBE.

Y 3.8. 13 Tpex mapalulenbHbIX METAJUIMYECKUX

T' mwiactuHOK A, B u C (puc.3.12) kpaitane A
U+ ¥ DB HeNoaBWKHB ¥  COENMHEHBI C

o _  TaJbBaHUYECKON Garapeeit,
L C HOAJEPKUBAIOLIEH Pa3HOCTh MOTEHLIUATIOB
d-x = U Mexny HUMH MOCTOSHHOH. CpenHss
TL B mwiactuika C  cHayaja HaXo#uTcs B

KOHTaKT€ C BEepXHEW IIacTHHON A. 3aTeMm ¢
Pnc.3.12 [OMOLIBI0  HM30JIUPYIOLIEH  pyYKH OHa
MepeMeIaeTcsi 10 HAPaBICHHUIO K HIDKHEH IutacTiHKe. [IpeHeOperast KpaeBbIMU

sddexramy, Haiimure HampsbkeHHOCTH moned E; m E, B 3a30pax Mexny
IUJACTUHKAMM B 3aBUCHUMOCTH OT TIEPEMEHHOIO pacCTOSHUA X — MEXAy

wiactiHKaMu A u C, eciii cyMMa 3a30pOB MEXIy IUTACTHHKAaMH paBHA d .

3.9. Tpu OAMHAKOBBIX  W30JMPOBAHHBIX  HE3apPSUKEHHBIX  MaJEHBKHX
METAUIMYECKUX IIApHKa pACIONOKEHbl B  BEPIIMHAX PABHOCTOPOHHETO
TpeyrojbHUKa. [IpOBOJIOYKOH, MOIKIIIOUYEHHOW K YIAJICHHOMY 3apsiKeHHOMY
MIPOBOJHUKY, TOTEHIHAJ KOTOPOTO HEW3BECTE€H, HO  MOAJECPKUBAETCS
MIOCTOSHHBIM, 110 O4€pEe/IH KAaCalOTCs KaKJ0r0 U3 MIapoB. 3apsibl Ha NEPBBIX JABYX



56 §3.7Ip060OHUKY U OUINEKMPUKU 6 INEKMPUUECKOM NOAE

HIapuKax OKa3aluCh PaBHBIMU ¢, U ¢, . Haligure 3apsan ¢; Ha TpeTbeM

LIapHKe.

3.10. Kak M3MEHHUTCS pa3HOCTH MOTEHIUAJIOB MEXIy ABYMs H30JMPOBAaHHBIMHU
3apsDKCHHBIMH TIPOBOJHUKAMM, €CIM MEXIY HUMM BBECTH METAJUIMYECKYIO
IUIACTHUHY, TOJIIMHOH KOTOPOit HeNp3sl IpeHeOpedb M0 CpPaBHEHHIO C
paccTosHUEM MEXy NPOBOJHUKAMU?

3.11. HaiiguTe HanpsHKEHHOCTH 3JIEKTPUYECKOTO MO BHYTPU M BHE pABHOMEPHO
3apsHKEHHOTO OSECKOHEYHOTo IIMHIpA paauyca R. OObeMHas IWIOTHOCTH 3apsijia

B IMJIMHAPE — P.

3.12. JIBa AMHHBIX TPOBOJIA, PACIIONOKEHHBIX MapajlieIbHO HA PACCTOSHHUM d
IPYyT OT ApyTa, PaBHOMEPHO 3apsDKCHBI pa3HOMMEHHBIMH 3apsiiaMy C JTHHEHHON
IUIOTHOCTBIO +k M —K . Onpenennrte HapsHKEHHOCTh oSl £ Ha paccTosHUH h
OT IUIOCKOCTH, B KOTOPOHM JIeXaT IMpOBOJAA, B TOYKE, JIeXKAIIEW B IUIOCKOCTH
CUMMETPHUH. YKazaHue: BOCIONb30BaThes Teopemont ["aycca.

3.13. Ompenenure HANPSHKEHHOCTh TOJIE E  BHYTPU M BHE OE3rpaHHYHOTO
IUIOCKOTO CJIOSi TONIMMHOH 2d , B KOTOPOM pPaBHOMEPHO paclpejaerneH

HONOXUTENbHBIA  3apsl ¢ 00BbEMHOM  IUIOTHOCTBIO O .  Vkasanue:

BOCIIOJIB30BaTbCs TeopeMoﬁ Faycca.

3.14. Buyrtpu nosoii mpoBojsei cdepbl paguycom R momerieH nmpoBoasiinit
map paguycoMm r.  IIpocTpaHcTBO MexAy IIapoM U cdepoil 3amoiHeHO
IOJISKTPUKOM ¢ TpoHMIaeMocteio & Ha cdepy momectmmm 3apsn Q, a
BHYTpPEHHUI map 3azemumii. Onpenenure 3apsij mapa.

3.15. C xakoil 0OBEMHOH IUIOTHOCTBIO p(r) cIeqyeT paclpeneinuTh
SNEKTPUIECKUH 3apsan B mape, 4ToObI Honie E,, BHYTPH HETO OBLIO HAIPABICHO

BJIOJIb PAAMyca U BCIOLY UMEJIO OJIMHAKOBYIO BEINYUHY?
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3.16. Haiinqure BeJMUMHY M HalpaBlIeHHE CHIIbI B3aUMOAEHCTBUS MEXIy IBYMS
He3apsDKEHHBIMH  NIPOBOUIIIMME  cepaMi  pagumycoM d, IIOMEIICHHBIMH B

—

OIHOPOJIHOE »3JIEKTpHYecKoe moje £E( , HampaBieHHOE IapajulelbHO JIMHHY,

coeuHsIoNIeH HeHTpsI cdep. PaccrosHue Mexny nienTpamu cdep r >>a .

3.17. B none toueuHoro 3apsna ¢ >0 HaxoauTcs
majoyka W3 IUMDJEKTpUKA.  BegennMm — TpH
ceprraeckne mosepxHocTd S;, S,, S;, B IEHTpe

KOTOpPBIX  HaxomuTcs  3apin g  (puc.3.13).

—

a) CpaBHUTE TIOTOKM BekTOopa E  uepe3 3Tu

Puc.3.13 TIOBEPXHOCTH; 0) CpaBHHUTE MOTOKU BekTopa D uepes

OTH TOBEPXHOCTH. MOXHO JIM HalTH D(r),

ucnoins3ys Teopemy ['aycca B mHTErpansHoi Gopme?

3.18. [wonexTpuueckas IUIaCTHHA MIHPUHBI 2a C  TUDJIEKTPUIECKOM
[POHHUIAEMOCTBI0 € TIOMEIIeHa B OIHOPOAHOE JJIEKTPUYECKOE MOoJIe

HaNpsDKEHHOCTH E , JIMHUM KOTOPOTO NEepHEeHAMKYISIpHBI IiacTuHe. a)Hadaure
3aBUCHMOCTh MOTeHIHaNa ¢ oT x (och Ox HepHeHAMKYIIpHA IJIACTHHE, BEKTOP

E mnanpasieH Baonb ocu Ox, Touka x =(0 HaXOAWTCS MOCEpEAHHE IIACTUHEI);
0) ompeJenuTe MOBEPXHOCTHYIO TUNIOTHOCTh CBSI3aHHBIX 3apsIOB HAa TOW CTOPOHE

IUTACTHHBI, B KOTOPYIO BXOIAT JIMHMU Ioisi E W3 Bakyyma; B) OIpenenuTe
BEKTOP MOJSAPU3ALUH AUDIICKTPHKA.

3.19. Haiinute HanpsHKEHHOCTD JIEKTPUIECKOTO TOJIST BHYTPU M BHE OTHOPOIHO
MOJISIPU30BAaHHOTO HE3apsDKEHHOTO IUIOCKOTO JAMAIIEKTPHYECKOTo ciios. Bekrop
nossipu3anid P cOCTaBIsieT yrosl O ¢ BEKTOPOM HOPMAJIH 71 OJHOW M3 BHEIIHHX

HOBerHOCTeI}’I CJ1041.
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L

Puc.3.14

3.20. Nmeercs OeckoHeuHast rosoca
JUIJIEKTpUKA TOJMIIMHOW [ u mmpuHON L.

Martepuan ImIacTUHBl NOJSApPU30BaH. Bekrop

TOJISIPU3ALNN P IIOCTOSIHCH u
TIePIICHANKYISIPEH OECKOHEUHOM TpaHuIle
MOJIOCHI, KaK Moka3aHo Ha puc.3.14. Haiigute

HalpsDKEHHOCTh E M uHAykuuroo D mnond Ha

cpenneii muann OO’ B IBYX ciydasix: a) cumras [ << L, 0) cuurast [ >> L.

3.21. B nuanektpudeckod cpeie € JAUIICKTPUYECKOW IMPOHHUIAEMOCTBIO &

CO3/IaHO OJIHOPOJAHOE IOJie HampsHKeHHOCTblo E . BHyTpu cpensl umeercs

chepuueckass nonocts. Haiiaure HampshkeHHOCTh E' TONS, CO3/aBaeéMOro B

ueHtpe cdepbl MNOIAPH3ALMOHHBIMU 3apsAaMH, WHIYIUPOBAaHHBIMH Ha €&

IIOBCPXHOCTH, CUHTAsA, YTO BEKTOP IIOJIApU3ALUU P BCrOOY (3a HUCKIIOUCHUEM

HOJ'IOCTI/I) HUMEECT NOCTOSAHHOC 3HAYCHUC.

Puc.3.15

3.22. Bo BHemHee OIHOPOJHOE JIIEKTPHIECKOE

none E  (puc.3.15) BHeceH MeTaJUIMYECKUA
mapuk. Kak B pesympraTe 3TOrO0 HU3MEHHTCS
HANPSHKCHHOCTh  AJIGKTPUYECKOTO TOJI  BOJIM3U

TIOBEPXHOCTH MIapuKa B Toukax Au B, Cu D ?
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§4. YpaBHeHUsI DJIEKTPOCTATHKH

I(pamkue meopemuuecKkue ceéedeHusn

VpaBuenue [lyaccona. OCHOBHbIC 3aKOHbI OJICKTPOCTATUKHU, 3AITMCAHHBIC

B audpdepeHInaTIbHOM BHIE, TNPEICTABIAIOT YaCTHBIH CIyd4all CHCTEMBI
ypasnenuti Maxceenia (cM. pasgen 11), u BkimovamT IuddepeHIHaTbHYIO
bopmy meopemwr 'aycca

divD=p. “.1)
U C8OUCMBO NOMEHYUATILHOCMU EeKMPOCAMULECKO20 NOJs
rotE =0. “4.2)

B ypaBuenusix (4.1), (4.2) Bektopsl D u E He ABIAIOTCS HE3aBUCUMBIMH, a
O/IHO3HAYHO CBSI3aHBI TaK HA3BIBAEMBIM MAMEPUATbHbIM YpAasHeHueM, KOTOpoe
JITIS1 U30TPOITHOTO TURJIEKTPUKA UMEET BUJL

—

D=e¢&,E, @.3)

rae € - €ro AU3JICKTPHUYCCKaA NPOHUIACMOCTbD. CBOHCTBO MOTECHIMAIIBHOCTH TOJIS

(4.2) mo3BossAeT BBECTH NMOTEHIUAT
E=-gradg. (4.4)

[oxacrasmss B:—&E‘Ogmd(p B (4.1) m cumras cpeny omHOpomHOH (& He

3aBHCUT OT KOOpHI/IHaT), IoJIy4ya€M ypasHeHue Hyaccona JULL IIOTCHIMaJ1a:

Ap=—F_. “4.5)

&€,

DTO ypaBHEHHE MO3BOJSICT BBIYUCINTH IMOTEHIMAN B TMPOM3BOJBHON TOUYKE
HEKOTOpO# obnactu V , eciii B 3TOH 00JaCTH 3aJlaHO pacrpeesieHne 00beMHON

TUIOTHOCTH 3apsaa p(r), a TaKXe 3alaHbl T'PAaHUYHBIC YCIOBHUA, HAIIPUMEP
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3HaYCHHUE TOTEHINANIA Ha TIOBEPXHOCTH S , OTPAHUYHBAIOIIEH pPacCMaTPUBAEMYIO
00J1aCTh.

YcnoBus Ha rpaHMIax paszgena IByX cpea. Kak crmemyer m3 ypaBHeHHI

(4.1), (4.2), Ha TpaHHUIIE IBYX CPEN BEKTOPHI DuE YAOBJIETBOPSIIOT YCIIOBHSIM:

D,-D,,=0, E;=E,. (4.6)

n

3z[ec1) HUHACKC 71 O3HA4YacT MPOCKIUIO BEKTOpa Ha HOpMaJlb K I'paHULIC pa3aciia,

7 — MIPOCKLMIO HA M000€ KacaTelIbHOE HalpaBJICHUEC, a UTHACKCHI 1 u 2 oTtHOCATCS

K NEepBOW M BTOPOIl cpeaaM cooTBeTCTBEHHO. Hopmaib n K rpaHuIe pasjelna
IIPOBOJUTCS W3 BTOPOH Cpexsl B IIEPBYIO, O O0003HAYaeT ITIOBEPXHOCTHYIO
IUIOTHOCTH CBOOOJHBIX 3apsI0B, HAXO/ISIINXCS HA TPaHULE.

Ecnu 3aMeHUTHh BTOPOH AMAIEKTPHK MPOBOAHUKOM, B KOTOPOM IIOJIE

Ez =0, rpaHu4HBIe ycIoBUS (4.6) IpeoOpa3yroTCs K BUAY

D, =0, E,=0. @.7

n

Puc.4.1

Merton I/I306Dﬁ)l(€HI/II>i. CyTI) METOAa COCTOUT B 3aMCHE MCTOYHUKOB I10JI4

Ooree yAOOHBIMH Ul pacueTa W OOCCIEeYMBAIOIIMMH B 3aJlaHHOW obmactu V

TaKoe e MoJie, YTO M B UCXOIHOMW 3amavye. BHyTpu obnactu V pacnpeneneHue
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3apsAO0B  HOOJDKHO OCTaTbCA TIPEKHHUM, TAKKE HCU3MCHHBIM OJDKCH OBITH
NMOTEHIMAJI Ha TpaHULE S ob6mactu V . Torma He3aBUCUMO OT pacnopenciacHus

3apsinoB BHe obmactu V, mome E BHyTpu Hee Oyger TeM K€ B CHIY
€IMHCTBEHHOCTH PEIIeHs 3a/1a4u O moTeHmaie (puc.4.1) u oqHO3HATHOH CBSI3U

MEXITY Eun Q.

Ipumep 4.1. Bocnonp3oBaBumck nepBod ¢opmynoil ['puna, nokaxure
BO3MOXHOCTh TPHUBEACHHON B METOJle HM300paKCHUI 3aMEHbI MOJs OIHOMN
COBOKYIHOCTH 3apsII0B MOJIEM IPYToil.

Pewenue. Tlycrs u(M) u v(M) mpaxmsr auddepenmmpyemsie B oGmacti V

¢byukimu. @opmyny ['prHa npecTaBUM B BHIC

J(uAv + gradu - gradv)dV = §u§—:ds , (4.8)
v s

-

TAC n - BHCUIHAS HOPpMaJIb K ITIOBEPXHOCTU S.

IMomoxuM u =v=¢ (@- NOTEHOHAT DJIEKTPOCTATHIECKOTO IOJS) U
paccMOTpUM CHavaja MpOCTEHIMi cllydaid, Korjga o0beMHasl IIOTHOCTh 3apsijia B
obmactu V paBHa Hymo. Torna A@=0 wu, tak xak E =-grade, u3 (4.8)

TIOJTY UM
J‘—>2 a¢ ——
E dv = <f>¢)—ds ={pEds . 4.9)
14 N an S

IMpunumem unzexce 1 Benuyuaam £ ¥ (0, OTHOCAIMMCS K MCXOIHOH 3aaue, a 2

- BC€IMWYHMHAM 3aJa4ud C M3MCHCHHBIMHM HWCTOYHHUKaAMM. Tlomoxus B (48)

U=v=¢ —@,,CHnOMOLIBIO NPUBCIACHHBIX BBIIIEC paccy)xz[eHI/H?I NoJIy9ynum

JUE - EFav = flo o) S~ o
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M3 5TOro COOTHOILIEHHS BUIHO, YTO 3aMe€Ha HCXOJHOH 3aJady¥ BO3MOJKHA
(E1 =E, s V), €CJIM yIACTCS W3MEHUTH 3apsijibl BHE oOmactu V' Tak, 4TOOBI

BBITIOJIHAJIOCH YCJIOBUE

dp, 2
§o -0, )[_a% - ]ds 0. (4.10)
S n n

[Ipu BEIOOpE B KauecTBE MOBEPXHOCTH S HSKBHUIIOTCHI[MATHHON IMMOBEPXHOCTH,
UMEIONIeH i 00eMX COBOKYIHOCTEW 3apsiiOB OJAMH M TOT JK€ IMOTCHIUAI,
ycnoBue (4.10) BBIONHACTCS aBTOMAaTHYECKH.

Ecnu obnacte V' cOnepKUT 3apsuKCHHBIC TPOBOJHHKH, TO OOBEMBI,

OIrpaHNYCHHBIC HWMH, OOJDKHBI OBITh HMCKIIOYEHBI U3 V , IIOCKOJIBKY Ha

MMOBEPXHOCTH MPOBOJHUKOB HOPMajbHAs MPOEKIHUs BekTopa D TepmuT pa3phiB
(cm.(4.7)). B aTOoM ciiyyae uHTerpan B mpaBod 4dacTH (4.9) BBIUHCISETCS IO

nosepxHocTsiM S u S; (i=12,..), rae S; - MOBEPXHOCTH [ —T0 INPOBOJHUKA.

VYuureiBas, 4YTO Ha TIOBCPXHOCTH  NPOBOJHHUKOB  IIOTCHHOHAI  OCTACTCA

TIOCTOSIHHBIM, HJIH ()| s = @; , UMeEM

1

§¢Ed_§=¢i —L§Dnlds :—ﬂ§6ds=—ﬂqi .
€€, €€, €€,
S s; s,
C yugeTtoMm cka3zaHHOTO ycioBue (4.10) mpuanMaeT Bug
dp, 99, 1
- — == dS +— i =4\ — 9, )=0. 4.11
§lo ¢2)( P = ;(ql, 0o — 021) @.11)

s
Tak kak B oOmact V KOHQUrypaliu 3apsDKCHHBIX TPOBOJHHKOB B 00EHX

3aJa4ax OJIMHAKOBBI, BTopoe ciaraemoe B (4.11) taxke oOpaiaercs B HOJb.

Ipumep 4.2. Haiinute pactpenenenne IpoCTPaHCTBEHHBIX 3apsI0B, CO3aoMIee
B BaKyyMe I0JIE C TOTEHIIUAJIOM
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S I T (S N <R
o(r)= a(r RJ bl =) ecm r; . (4.12)
r

Pewenue. Tlorenuuman mons obyanaer chepuvecKod CHMMETPHEH, MO3TOMY
1esiecoo0pa3Ho BBIOPATh CHEPHUECKYIO CHCTEMY KOOPIHHAT, TIOMECTHB HAYalo

a
orcuera B Touky r =0. [Ipu r — 0 moreHIMan uMeeT 0COOEHHOCTb: q)(r) - —.
r

I[J'I?{ TOr0 4YTOOBI BBIYJICHHTH €€ H3 noTeHnyalia, MpeacTaBUM ¢(/‘) B BHJC

(p(r) =24 o (r), rze oA (r) - BCIOJIy HeTlpephIBHAsI (PyHKIIHS
r

a
—E—b(Rz—rz) )"SR
¢1(V)= 4 s eCITu Po R

r

(4.13)

Ocob6enHocts moteHnuana (4.12) B okpectHoctr r =0 TOro ke THIA, YTO U

0COOEHHOCTH OJIST TOYETHOTO 3apsiia, OMEIIEHHOTO B 3Ty TOUKY. M3 dopmymst

a
=—. Otkyna
4rnegr

JUJIA IOTEHIIMaJla TOYEYHOT'O 3apsaia UMEEM

q =4neqa . 4.14)

Cormacio  (4.7) Ha 3apsHKCHHBIX TIOBEPXHOCTSX  HOpMAalbHas

cocrapistonas Bektopa D TepnuT paspeiB. Mcnonb3ys cootHomenus (4.3) u

—  —d —
(4.4), a TakKe CUMMETPHIO 33/1a4d, HaxXoquM E; =-n, % D, =n,Dy, rne
n,=rlru
—Zbé‘or r<R
D, ={ ag& , ecm . (4.15)
- r>R

Otkyna
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o =1imD(r)}-lim D(r) = (—% + 2bR)go . (4.16)

r—R, r—R_

OOBEeMHYIO IUIOTHOCTb 3apsfa MOXKHO HAaWTH, HCIIONB3YS ypaBHEHUE
(4.5), xoropoe B cdepHyeckoil cucTeME KOOpAMHAT JUI IIOJIs, 3aBUCSILETO
TOJILKO OT 1, IPUHUMAET BUJL

A¢ :Li rzﬂ :_ﬁ
! r2 dr dr &

IMopcraBmsas cioma ¢ w3 (4.13), momyyaeM BEIpaKeHHE UISI OOBEMHOMN

IIJIOTHOCTH 3apsija:

—6bg, r<R
= ,  eclu . 4.17)
0 r>R

Urak, mnorenuman (4.12) co3maercs cuenyromieil KoHpHryparuei
3apsIoB:
a) TOUeUHbIM 3apanoM ¢ (4.14), pacnoyioxKeHHbIM B Touke r =0

0) paBHOMEpHO 3apsbKeHHOW cdepoit paamycoM R ¢ MOBEPXHOCTHOMN
IUIOTHOCTHIO 3apsifna o (4.16);

B) PaBHOMEPHO 3apsHKCHHBIM MO 00BbEMY IIapoM paauycoM R ¢ 00beMHOM
IJIOTHOCTBIO P (4.17).

Pacnpenenenue notennuana (4.12) mo3BosisieT yTBEpKAaTh, YTO MOJIHBIN
3apsiA CUCTEMBI paBeH Hymro. JleWicTBuTensHO, ipu r > R cormacHo (4.4) momne

OTCYTCTBYET U D= 0. Ucnonesys teopemy ['aycca s coepsl paguyca r > R

C IIGHTPOM B Touke 7 = 0, MOJTy4uM, 4TO 3apsj BHYTPH cepbl paBeH HYIIIO.

a

Ecim b =——, To, xak BugHO u3 (4.16), IUIOTHOCTH MOBEPXHOCTHOTO
2R’

3apsia paBHA HYJIO, ¥ TOYCYHBIN 3apsii ¢ KOMICHCUPYETCS OOBEMHBIM 3apsiioM

nrapa.
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Ipumep 4.3. ToueuHsli 3apsAa ¢ PACIOJIOKEH Ha PACCTOSHUU /i OT OECKOHEUHOH

MpOBOJALICH 3a3eMIIeHHOH TuiocKocTH. Haiinurte cuty F, JIEUCTBYIOIIYIO Ha
3apsi, ¥ MOBEPXHOCTHYIO IDIOTHOCTHh G HHAYIIMPOBAHHOTO HA IIOCKOCTH 3apsiza.
Pewenue. Bocrnonb3yeMcsi METOIOM 3JIGKTPOCTATHYCCKUX H300pakeHWil. B
KauecTBe obyactu V , B KOTOPOU MOJIs 3aJJaHHOW M MOJAETbHON KOH(pUrypanuit
3apsAnAoB OyayT CoOBMajath, BbiOepeM MmoONympocTpaHcTBo z >0, rae och
0z manpaBuM nepHeHAMKYIAPHO IIIOCKOCTH MPOBOJHUKA depes 3apsan ¢ (cM.
puc.4.1a), a Ha IIOCKOCTH BhIOEpEM MOJSIPHYIO crcTeMy KoopauHart ( o,y ). Tak
KaK T0JIe TOYEYHOTO 3apsaa yObIBaeT C BO3PACTAHHUEM PACCTOSHHS OT HEro, TO
MOJIyJIb IUIOTHOCTH 3apsia, MHAYIIMPOBAHHOTO MM Ha IUIOCKOCTHU, Oy/IeT YObIBaTh
C pocToM P .

Y6epeM IIOCKOCTh ¢ HABEJICHHBIM Ha HEW 3apsaoM u nojdepeM BHe V
(B momymnpoctpanctBe z<(0) cucTeMy 3apsioB TaKylo, 4YTOOBI TOTEHIIAAT
IUIOCKOCTH OBbUT paBeH Hymo. HeTpyaHo yOeauThcs B TOM, YTO OMECTHB 3apsi

—qg B Touky Ha ocu 0Oz c xoopauHartoil z=-—h (OTpakeHWe 3apsma ¢

miockocTeio z =0), MoMyduM, YTO MOTEHIMAN IJIOCKoCTH cuMMmerpun z =0

paBeH Hymo (cM. puc.4.16). CrnenosatensHo, nose E; HCXOAHOW 3ajadu s

—

z>0 »b>kBHBaleHTHO Homo E,, co3gaBaeMoOMy 3apslIoM ¢ U OTPaXEHHBIM
3apsoM —q .
C y4eToM CKa3aHHOTO CHJa B3aUMOJEHCTBHA 3apsia ¢ C INIOCKOCTBIO

paBHa cHJE€ B3aUMOIEHCTBUS MEXKIY 3apifioM ¢ U €ro «OTPaKeHUeM» —q :

2

F‘:q—2 U SIBISIETCA CHJIOH NPUTAXKCHUA, a TMOTCHHUuall TII0Jid B
1678,

IIPOM3BOJIHOM TouKe obnactu V

q ~ q
47[80\/p2 +(h—2z) 47[80\/p2 +(h+2)?

Q=@ =

Jns  ompeneneHHss TOBEPXHOCTHOH IUIOTHOCTHM HABEIEHHOTO Ha
IUIOCKOCTH 3apsiia BOCIOJb3YeMCsS TPaHMYHBIMHU YCIOBUSAMU (4.7) M CBS3BIO
MEX/Ty TOTEHIIHAJIOM H HAIPsHKEHHOCTHIO ToJist (4.4):
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99 gh
olp)=D, ==y 0t
% =0 a4 )"

I[J'I?{ ONpeAC/ICHUA CYMMApPHOTO 3apsaja, HHAYUUPOBAHHOI'O Ha IIJIOCKOCTH,
CJIEOYET MOACYHUTATh UHTErpaJl

-1 __ah{__dp®
Q—Z').O'(P)Qﬂ'ﬂdﬂ— 2{[(p2+h2r/2_ q-

Mpumep 4.4. ToueuHslil 3apsa ¢ HAXOAWUTCS HA PACCTOSHUU d (a>R) oT
ueHrpa nposoasmed chepsl paauycom R . 3apsa coepsl paBeH Q. Haiigure
CHITYy, ICUCTBYIOILYIO Ha 3apsf ¢ .

Pewenue. Bocnonb3yeMcsi METOZOM 3JIEKTPOCTATUYECKUX H300pakeHuil. B
kauecTBe oOnactu V'  BeIGepeM IPOCTPaHCTBO BHE cepbl, cofueprkaliee 3apsij
q . Buytpu npoBogseii cdepsl E= 0, a moTeHUMAaN OCTAaeTCS MOCTOSHHBIM U
PaBHBIM MOTEHIMANy LeHTpa chepsl ¢;, KOTOPHIH COIVIACHO IIPHHIIUITY

CyTEPIIO3UINH PABEH

Do = 4 +§ ods__ 1 1+l§0'ds _ [i—kg}
dmega ¥ AmeyR  4mey | a R 4meg\a R

31ece G — TOBEPXHOCTHAs IUIOTHOCTH 3apsiga (), HEpaBHOMEPHO
pacrpeiesIeHHOTo 1o cdepe.

Y6epem Teneps 3apsHKeHHYIO cepy U
nogbepeM CHCTeMy 3apsiioB BHe V  (BHYTpH
cheprl) Tak, YTOOBI TOTCHIMAT Ha e
MOBEPXHOCTH  COXPaHWI NpEeXHee 3HauyeHHe.
Oty 3amady pemmM B 1Ba dTama. Ha mepBom

sTame  BbIOepeM 3apsn ¢ TaKk, YTOOBI

noTeHnuai cdepsl cTal paBeH Hyio. s aToro
MO>KHO BOCIIOJIb30BAaThCSl PELIEHUEM Ipumepa 9
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naparpada 2: Uil IBYX TOYEYHBIX 3aps0B ¢ U ¢' TIOBEPXHOCTHIO HYJIEBOTO

MOTEHIIMANA SABJISETCS cdepa, HEHTP KOTOPO JISKUT Ha MPSIMOH, COCTUHSIONICH
3apsiael.  JlomycTHM, YTO MCKOMBIM 3aps] ¢' HaXOIUTCSA HA PAaCCTOSIHUM X OT

LEeHTpa cdepsl, Torna u3 ycnosust @, = @p =0 (cM. puc.4.2) umeeM

1 '
Q4= [ | + 9 j:O u
4reg\a—R R-—x

1 q q
@z 4re, (a+R R+x) .18)

Pemast cuctemy ypaBuenntit (4.18), onpenensem ¢' u x

2
R R
q'=—q—, x=—. 4.19)
a
Ha Bropom stame momdepeM 3apsin ¢'' Tak, 4ToObI TOTEHIMAN chepbl
MPUHSI 3HAYEHHE TOTeHIHAala WCXOAHOW 3amauyn. OdeBHaHO, 4TO 3apsg ¢''

ClleyeT IOMECTUTh B IEHTP CcQepbl. YUHTHIBas, YTO CYMMAapHBI BKIAa B
MOTEeHIHAN cephl 3apsoB g U ¢' paBeH HYIIO, OIYyIUM

S 0
o :q_:_(&_),
47[80R 47[(90 a R

R
Otkyna q'=0+ q; . (4.20)

Takum oOpazom mone E HMCXOAHOH 3amaun B 00macTh V' 3KBUBAJIEHTHO MO0,

co3/1aBaeéMOMYy 3apsiiaMu ¢,q' U ¢''. Cuia, qeficTByromast Ha 3apsija ¢ , COTJIACHO

g (4 4|

4re, (a—x)2 a’

MIPUHLOUILY CYNEepHO3UIMY paBHa  F =

IloacraBnsas BbIpaxkeHUs A X,q' W ¢'', TIOJMy4YEHHbIE BBIIIE, OKOHYATEIHHO

HaxoJIuMm
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. e g_R3(2a2—R2)

- 4.21)
dmeya’ | q a(a2 —R2)2

AHanu3 MoJIy4eHHOTro pe3ysbTaTa yaoOHee NpoBecTH, npeacTaBuB (4.21)
B BHUJIE

Tak kak 0<E<1, 10 f(£)>0 u ¢ymxims f(£) momoToHHO Bo3pacraer,
npudem 0 < f(£)<oo.

Ecnu 3apsiel ¢ u Q pasHoumennbie, To F <0 mpu mo6om &, 10 ecTh
3apsi/l ¢ TPUTATHUBAETCS K cdepe.

Ecnn 3apsinsl ¢ 1 Q ORHOMMEHHBIE, TO YpaBHEHUE f (§)=g HMeeT
q

CAWHCTBEHHOC pPCUICHUE 50, onpeacsomee IO0J0XKCHUe a =a, 3apsija g

R
(ag=—), npu kotopom F=0. Ecm a>a, ({<&,), 7o F >0, 10 ectb

o
3apsa g oTTankuBaercsa oT cepsl; mpu a<a, (£>&,) F<0 u 3apin g,

MPUTATHBAETCd K OJHOMMEHHO 3apsDKeHHOM mnpoBojsmeid cdepe. Takum

06pa30M, TI0JIOJKCHUC PABHOBECHS 3apsfia d = d( SBIISACTCA HeyCTOﬁ'—IHBBIM.

B wyactHOM ciyuae, korma 3apsiapl ¢ W (O OJWHAKOBBI, KOPEHb
2-¢£2
(-&f
(2 +e-1)e —¢-1)=0. Otxyza & =W5-1)2 u

R

a, :f—:R(1+§0)z1,618R.
0

ypaBHenus & =1 coBmazmaer ¢ COOTBETCTBYIOIIUM KOPHEM YPaBHEHUS
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Ipumep 4.5. J[Ba OIHOPOXHBIX IHUAJIEKTPUKA C  JUAIICKTPUYECKHMHU

IPOHUIAEMOCTAMU & U &, TpaHU4aT APYT € JIPYyroM BJOJb IUIOCKOCTU. B
HEKOTOPOM TOYKE TIEPBOTO JWAIIEKTpPHKAa IOMEHeH 3apsan ¢ . Haianre

QJICKTPUYCCKOEC ITOJIC B KAXKIOM M3 IUIJICKTPUKOB.

Puc.4.3
Pewenue. Tlone B cpene ¢ & OIpenensercs 3apsiioM ¢ U CBSI3aHHBIMH

3apsmgamMH, BO3HHKAIOIIMMH HA TPaHHIE IUAIEKTPHKOB. Ilokakem, 4To moe
CBSI3aHHBIX 3apAJOB B IIEPBOM IMAJICKTPUKE HSKBUBAJICHTHO IOJIIO TOYEYHOTO
3apsga ¢', TIOMEIIEHHOTO B TOYKYy A', CHMMETPHYHYI0 A OTHOCHTEIHEHO
IUIOCKOCTH  paszienia  audnekTpukoB MN . IlpeacraBuM mojHOE TMojie  Kak

CYTIEPIIO3ULHIO NT0JIEH, CO3AaBaeMBbIX 3apsagaMu ¢ U g' (cM. puc.4.3a)

1 - i
L |ar ar

Ei=Eo+E'= 3 3
47[8081 r r'

bl

rac r u r - BEKTOPBI, IIPOBEACHHBIC OT 3apsAa0B g U q' B IIPOU3BOJIBHYIO TOUKY

B nepBoro nuasnexTpuka.
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ITone B cpene ¢ £, CO3Mar0T 3apsAd g U CBA3aHHBIC 3aps/ibl HA TPAHULIC

paszena QUdJIeKTPUKOB. 3aMEHHUM IIOCIIEAHNE 3apsI0OM, IIOMEIIEHHBIM B TOUKY A.
Torma mojie BO BTOPOM JHMAIJIEKTpUKE OyJdeT MOJEeM TOYEHHOro 3apsaaa ¢'',

ITOMEIIEHHOTO B TOUKy A (puc.4.30):
— 1 " -
E) = _q_3 _
4reg€Ey 1

"

Jns onpeneneHus BEIMYMH 3apsiioB ¢' W ¢'' BOCIIONb3yeMCsl TPaHHUYHBIMU
ycaoBusMH (4.6) 11 Ipou3BOJIbHOM Touk C Ha TPpaHMLE JBYX IUIJICKTPUKOB:

"

E.,=E,, nim lsina+isina:q—sina,
& & &
D,=D,, wm gecosa—q'cosa=q''cosax .
Pemras mosydyeHHy0 cucTeMy YpaBHEHHUM, HAXOAUM
& —€ 2¢
' 1 2 " 2
=9 q =—""""49
& +& & +&
Buaum, yto yron & HE BXOAWT B BBIpaKEHHUE IS 3apsAoB ¢' U ¢'', 4TO

0O3HA4YacT BBIIOJIHEHUE I'PaAaHUYHBIX yCJ'IOBI/Iﬁ B Ka)KZLOI}’I TOYKE IUIOCKOCTH MN .

[ToxcraBuB ¢' n ¢'' B BEIpaXEHUS AJIS TTOJIEH, OKOHYATEIHHO TTOTyIUM

E q r &g r' — 1

|

-
r.

1= e
drege, | 1P £ + & 27, (g + &) r

w
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IIpumep 4.6. CrexisgHHas IUIACTUHKA C NPOHULIAEMOCTBIO £, =6 BHECEHa B
OJIHOPOJHOE 3JIEKTPUYECKOe Iojle ¢ HampsbkeHHocThio E, =10B/m u
PAcIoNIoKEHA TaK, UTO Yol ¢ MEXIy HOPMAaJbO K IUIACTUHKE U HAIIPaBICHUEM
BHEILIHEro MOJS paBeH 30°. Haiizure HaIpPsHKEHHOCTh E, MO B INIACTHHKE,
YTOoNl &, , KOTOPBIH 9TO ToJIe 00pa3yeT ¢ HOpMalbIo K Hell, a TaKXkKe IIOTHOCTh O

CBs3aHHBIX 3apsA0B, BOSBHUKIINX HA TOBECPXHOCTAX IJIACTUHKHU. I[I/ISJ'ICK’I“pI/I'-IeCKaSI
MIPOHUIIACMOCTb CPEABbl BHE IINIACTUHKH
&g =1.

Pewenue. ]I TOHKOW IUIACTUHKH B

TOYKax, AOCTAaTOYHO YHaJICHHBIX OT €€
KpacB, IOJIC MOXHO 3aMCHHUTH IOJICM B
OCCKOHCYHOM JUBJICKTPUYCCKOM  CJIOE,

UMEIOIIeM Ty JK€ TOJIIMHY, KaK |
IUIACTHHKA. B cuily cuMMeTpuu OHO
ocTaercsi OTHOPOAHBIM (cM. puc.4.4).

3anucaB rpaHu4Hble ycnoBus (4.6) Ha
rpaauue MN

E sina; = E,sina,,
g E cosa; =& E,cosa,, (4.22)

HaxoguM E, U @,

£
a, = arctg| 21ga, | = 74°,
&

E, :ﬂ\/e‘f cos>a, +&;5sin* o, =52 B/ m.
&

Jlns ompeneneHusl TNIOTHOCTU CBS3aHHBIX 3apsAI0B, BOSHUKAIOUIMX Ha
noBepxHocTsX MN u M'N' IIacTUHKY, 3aMEHHUM ILIaCTUHKY APYToH, ¢ &, =1,
a CBsI3aHHBIC 3apsibl 3aMEHHM Ha CBOOOJHBIE C TOH JKE€ MOBEPXHOCTHOMN
IJIOTHOCTBIO O . IIpu 3TOM moje B MPOCTPAaHCTBE MEXIY IUIOCKocTAMU MN u
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M'N' we wm3menwrcs. ILToTHOCTH 3apsimoB O HalieM, 3ammcaB TpPaHUIHBIE

ycnoBwust (4.6) IS TIOTyYeHHON CHCTEMBI pactpeaeIeHNs 3apsiioB
80(E1 cosa, — E, cosaz): o,

Wi ¢ yuerom (4.22),

& _
0 =¢&yE cosay|1-—1 |~ 6391072 Ku/m? .
&

Mpumep 4.7. [IpoBosumii map ¢ paanycom

R, wecymmii 3apsny (@, HaxomuTcS Ha

TpaHUIle pa3lena JByX JHAJCKTPHKOB,
COBINAJAOIIEH C OJHOM H3 IUIOCKOCTEH
cummerpun  mapa (oM. puc4.S).

Huanexrpuyeckue NPOHULIAEMOCTHU
JUBJIEKTPUKOB  PaBHBI & H &
Puc.4.5 COOTBETCTBEHHO. Ormnpenenute

HaNpsDKEHHOCTh 3JIEKTPUYECKOTO MO B IIPOM3BOJIIBHOM TOYKE IPOCTPAaHCTBA
BOKpYT LIapa.

Pewenue. HanpsokeHHOCTb  DJIEKTPUYECKOTO  TOJSA  OINpeAessieTcs — Kak
CBOOOIHBIMH 3apsfaMM, HaXOIAIIMMHUCS Ha TIIOBEPXHOCTH MIapa, TaK U
CBSI3aHHBIMHU, HaXOJSIIMMHUCS BOKPYT HETO HA €ro MOBEPXHOCTH U, BOZMOXHO, Ha
rpaHuie paszgena amdiekTpukoB. Illap mo ycioBuiO 3amadm  SIBISETCS
MIPOBOSALINM, MO3TOMY 3apsaa () paclpeieseH M0 ero MOBEPXHOCTH U I0Jie

BHYTPH HETO OTCYyTCTByeT, To ecTb E =0. Takoe mome cosmaer 3apsn,
PaBHOMEPHO pACIpeNeNeH bl M0 TOBEpXHOCTH cdeprl. B cminy TeopeMs
CYLIECTBOBAHUS U €JUHCTBEHHOCTH pelleHus ypaBHeHHs [lyaccoHa (4.5) MoxHO
YIBEp)KHaTh, UYTO COBOKYHNHOCTb CBOOOINHBIX W CBS3aHHBIX 3apsmoB Oyner
pacnperneneHa mo cdepe pagpycoMm R paBHOMEpHO, a MoJie BHE Inapa Oyner
COBMajgaTh C IOJEM TOYEHHOro 3apsaa (', MOMEIIEHHOro B €ro LEHTp (CM.

npumep S u3 naparpada 1). CnegoBarensHo nosie £ B IPOU3BOJIBHOM TOYKE BHE
cepsl OyIeT HAMPaBJICHO TI0 €€ PaAnyCy.
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Bocnonb3yemcest 3TUM PpakToM ¥ TPAaHUYHBIMH yCIOBUAMHU (4.7) T ABYX
TOYEK Ha IIOBEPXHOCTH WIapa, OJHA M3 KOTOPBIX HAXOJUTCS B IIEPBOM
IIMJICKTPUKE, B IPyTasi -- BO BTOPOM

&&Ey=0, &6 Ey=0,. (4.23)
31ecs O U O, -- IIOTHOCTH paclpeseNeHNs CBOOOMHBIX 3apsI0B Ha BEpXHEH,

HaxoJAIelcs B cpesie ¢ &, U HIDKHel momycdepax coOTBeTCTBeHHO, E|, -- mole

Ha MOBEPXHOCTH cdepbl. ['paHNMYHBIE YCIOBHS Ha TpaHMIE pasmena IBYX
JIU3JIEKTPUKOB MPU 3TOM  BBIIOJHSIOTCS aBTOMAaTHYECKH. 3aMETHM, YTO
IoclieqHee BO3MOXKHO B CHIIy TOTO, YTO TpaHMIA pasleia JEJUT Iap Ha JBe
nosycgepbl, IpU TOM CHIIOBBIE JIMHUUY IOJIS JIEXKAT B INIOCKOCTH pasJielia cpe/l.

U3 (4.23) cnenyert, uro 3apsn ( pacnpenenurcs no nomychepam B

cleAyoueil mponopuun

&_o 4, 0,+0,-0.
0 o0, &

UM
__ &

[one B mpou3BOIBHON TOYKE Ha MOBEPXHOCTH ILIApa, C OJHOM CTOPOHHI,
.

paBHO E, = m ,Tae Q' -- cymma 3apsiga 0 W CBSI3aHHBIX 3apsiIoB Ha Beel
7€y

MMOBEPXHOCTH IIIapa, a ¢ Apyrow, coramacHo (4.23)

[ ) Y

E, = = = _
£& 2R’ee, 2R (e, +6,)g,
20
CpaBHI/IBaﬂ BBIPpAXCHUA IJIA EO , HAXO0JUM Q = u I10J1e B
£ +&
MPOU3BOJILHOI TOUKE BOKPYT II1apa
E-—< __ 9 , (4.24)

Cdmeyr 2mey(e + 6 )
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rape r — pacCTodHUE OT LEHTpa Mmiapa A0 TOYKH, B KOTOpOI}’I HUIICTCA
HanpsHKCHHOCTD IOJIA.

Mpumep 4.8. Ilap paguycom R, BEIpE3aHHBIH U3 OJHOPOAHOIO JHIJIEKTPUKA C
JUAJIEKTPUYECKOW  NPOHHMIAEMOCTBI0 £, TOMENAIT B OJHOPOJAHOE

JJIeKTpUYecKoe Tmone  HampsbkeHHoctw  Eo.  Haiigure  pacnpenenenue
HaNpPsDKEHHOCTH U NTOTEHIIMAJIa B IPOCTPAHCTBE BHYTPH U BOKPYT LIapa.

Pewenue. Bce IpocTpaHCTBO pa3ziesiuM Ha ABe obnactu: V| -- BHYTpH 1apa, V,
-- BHe mapa. IloTeHIMan M HampsHKEHHOCTh Noias B obmactu V) Oyaem
0003Ha4yaTh MHIEKCOM 1, a B obmactn V, -- uHOekcoM 2. Tak kak cBOOOMHBIX
3aps0B HU BHYTPHU, HU BHE IIapa HET, TO MOTEHIIMAJ KaK BHYTPH, TaK U CHAPYKU
mapa noxuuHsaercs ypasHeHuto Jlamiaca Ag; =0 (i =1,2), koTopoe ciegyer u3
ypaBuenwus [lyaccona (4.5), ecmm p=0.

Tak kak TpaHuia mapa - cdepa, TO yIOOHO BOCIHOJIB30BATHCS

chepuueckoil cucTeMoil KoopauHar. 3anMuieM ypaBHeHue Jlammaca B 9TOH
cucTteMe KOOPJHHAT:

1]|o( ,00 1 9. agoj 1 d%p
12,292 2 sing22 |+ L = 0. 425
r2|or (r 8rj+sin9 86’(Sm 26 " sin? @ oy (4-23)

OTMeTI/IM, 4TO B CUJIy CHUMMETPUU NOTCHUUATIBL (; HE 3aBUCAT OT yrijia ¥ .
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[Ipocreiimmvu pemeHusIMA ypaBHEeHUS (4.25), He 3aBUCALIIMH OT yIiia

cosd
/2

W, aBisitoTcs pyHKu Arcosé u B (em.[1]),tme Au B -- HOCTOSIHHBIE.

I[J'I?{ NoTeHIHajIa JJICKTPOCTATHUCCKOTO
TI0JIA TIOJTY9a€M BBIPAKCHHUEC

; (r,0) = cos Q(Air +B—2’j .

r
(4.26)

BuyTtpu rapa CBOOOIHBIC
3apsabl OTCYTCTBYIOT M IOJNE BO BCEX
TOYKaX BHYTPH IIapa OrPaHHYCHO H

MOTOMY B =0. Hcnonesys

cootHomenue (4.4) B  chepuueckoi

CHUCTEME KOOpAMWHAT (GIII/IHI/I‘-IHBIG BCKTOpa

> > —

er,eg,e, TOKasaHbl HA PUC.4.0) Puc.4.6
o0 gl 1 9
ar rdé rsinf dy

Hafl}.'[eM HaPsOHKEHHOCTD 3JIEKTPUYECKOIO IMOJII BHYTPH U BHE IIapa:

B obnactu V :

E,, =—A cos0, Ep =sin@ A, E,, =0, (4.27)

u B obnactu V, :

2B B
E, = [— A, +—32] cosf,  E,y= (Az +—32] sin@,  E,, =0. (4.28)
r r

—

s YyCJIOBHA, 4YTO Ha OCCKOHEUYHOCTH TI0JIC OOHOPOAHO W pPaBHO Eo

CIIEMIyeT, YTo

E,, (r = o) =—-A, cosd = E,cosb,
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70174 A, =-E.
Iocrosuuele A; u B, Haiinem, 3amucap rpaHuuHble yciosus (4.6) Ha

rpaHuUIle mapa

¢E,,(R,0)= E,, (R,0), Eig(R,60) = E»4(R.6),

OTKY/a CIIEeIyeT

2B B
E, +R_;2 =-&, A =-E, +R_i . (4.29)

Pemenue cucrems! ypaBaenuii (4.29) umeer Bux

3 e-1 3
E,, B, =—RE,. 4.30
2+¢ 0 S 0 ( )

A =-

IToaTOMy OKOHYATENILHO NOTEHIHAT B 001acTH V| paBeH

oA :—2+£E0rcos19, (4.31)

1 HAIPSKCHHOCTH I10JIA

3 3
E, =——E,cosé, E,=———E,siné, E,=0. (432
=5 Lo 16 Tre 0 W (4.32)

BunuMm, 4To HoJie BHYTpH Iapa sBISAETCS OAHOPOJHBIM , HANIPABICHO BAOIb E) |
U PABHO 10 a0COIIOTHOM BEITHYNHE

3E,
e+2’ e+2

E= (4.33)

B obnactn V, moTeHnman paBeH

e-1R?
=Ey| ——=——r|cos@, 434
(2 0(2+8 D ] (4.34)
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U  TPCACTABIIACTCA CyMMOﬁ IIOTCHIIMAJIa BHCIIHETO IIOJA HW IIOTCHIIMAalIa
TOYCYHOI'O AUII0JIA C MOMEHTOM

e-1 =
p =4re,R°——E,, 435
P. ot (4.35)

MTOMEIIEHHOTO B LIEHTpE Iapa.
BHe mapa HanpspKeHHOCTD MOJISE paBHA

E, =E, 1+2§T_i'1:_33 cosé, E,y =E, ;:T_i‘lj_j_l sin 4, E,, =0,
WM B BEKTOPHOH (opme:

E, :EO+§T_; @;_% R

D, =Dy+57L @f—& R’ (4.36)

£+2 r r3

Ipumep 4.9. Haiiqure pacnpezneneHue TIOTEHIMANA W HANPSHKEHHOCTH
JIEKTPUIECKOTO IO BOKPYT IpoBoIMmIeH cdephl pamumycoM R , BHECEHHOH B

—

OIHOPOAHOEC SJIEKTPUYECKOE ITOJIE HAIPSIXKECHHOCTH EO .

Pewenue. TloBropss pacCyXIeHUs, IPOBEICHHbIE B MpPEABLIYIIEM MpuMepe,

BUJIUM, YTO NOTEHIMAN B obnactu V, (BHE chepbl) TakkKe 3aJaeTCs BHIPAXKEHUEM
(4.26), a HampspKeHHOCTb moiisi  --  BbIpaxkeHueM (4.28). Koncranta A,
OTIpeNeNseTCST M3 YCJIOBHUS OTHOPOIHOCTH IIONSI Ha OeCKOHEYHOCTH: A, = —E.
s onpenenenys MOCTOSHHON B, BOCIONIB3yeMCS BMECTO TPaHMYHBIX yCIOBHI
Ha TpaHWIEe IudJeKTpuka (4.6), TpaHWYHBIMH ycioBusMu (4.7) Ha TpaHHIE

IIPOBOJHHKA

E.s(R.6)=0, HITH B, =E,R’.
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IMoxncraBnsas Halinennble 3HaueHus A, u B, B (4.26) u (4.28), OKOHUATENHHO

MOJTy4aeM

3
0,(r.0)=E, cos 6| R—z— rl. (4.37)
r

Kak BUAUM, MNOTEHLMAI IOJII B OKPECTHOCTU HIapa MNPEACTaBIIACTCA B BUJIC
CYMMBI IIOTE€HIIHAJIa BHECIITHETO I10JIA U JUIIOJIA C MOMEHTOM

p. =47ERE,. (4.38)

MTOMEIIEHHOTO B IIEHTP C(ephl.
KommnoneHTs! noJis B 310l 06aact OymyT:

3 R3
Eyg = Eysinf| — -1}, E,
r

2R
£,, = Eycosf| 1+ )

, =0. (439

[lepBoe rpanmuHOe ycnoBre (4.7) MO3BOJSET ONMPEAETHUTH IUIOTHOCTH 3apsaoB,
WHIYIUPOBAHHBIX Ha MOBEPXHOCTH chepsl O = EyE,, (R,G) =3¢gyE,cos@, uto

COBIAJaeT C BBIPAKCHHUEM, HAWJICHHBIM JAPYrHM CIOCOOOM B TpuMmepe 7
naparpada 3.

3aoanue ona camocmoamenvHoil padomovl
4.1. Baytpu cdepuueckoil He3apsHKEHHOH MPOBOJSAIIEH 000I0YKH paanycoMm R
IIOMeIIeH TOYeUHBIH 3apsaa ¢ . PaccTosHue oT 3apsima 1o meHTpa 000JI0YKH PaBHO

a . Haiinure cumy F , meiicTBYIONIyIo Ha 3apsi.

4.2, I[Ba OJWHAKOBBIX TOYECYHBIX 3apsaaa ¢g HaXOAATCA Ha paCCTOAHUU a ApYT OT

npyra. Ilocepenune Mexay HUMH pacHONOXEH 3a3€MJICHHBIH MeTaJUIM4eCKUN
map pagumycoM R . Halinure cuiy, IeiicTBYIONIyIO Ha KaXKIBIH U3 STHX 3apsI0B.
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4.3. Ha paccrosHuM a OT OCCKOHEYHOH MPOBOAIICH 3a3€MIICHHON TNIOCKOCTH

pacrosiokeH TOodeuHbl nunosb. Haliaure cuimy, AEWCTBYIOIIYIO Ha AMIIONb.
JMIIOJIbHBIA MOMEHT p @) NapalIeleH IUIOCKOCTH; 0) NEPIEHIMKYISAPEH K

IIJIOCKOCTH.

4.4. TlpoBoxnsmias He3apsbkeHHas cepa paadycoM R IOMelIeHa B I0Jie
TOYEYHOTO 3apsifa ¢, PACIIOJIOKEHHOTO Ha PACCTOSHHM d OT IEHTpa Chepsl

Haiinute moBepXHOCTHYIO INIOTHOCTD 3apsiza, HHAYIIMPOBAHHOTO Ha cdepe.

4.5. ToueuHbli 3apan ¢ HaxXOOUTCS HAa PACCTOSHUU a OT LEeHTpa

METAJUTMYECKOro Imapa paauycoM R . Haiinute paboty A , KOTOpyH Haao
3aTPaTHTh, YTOOBI TOYECUHBIH 3aps YAAIUTh B OECKOHEUHOCTh. PaccMoTpeTh 1Ba
ciaydast: 1) map 3a3emuieH; 2) map U30JUPOBaH, a IMIOJHBINA 3apsi er0 paBeH HYJIO.

4.6. Haiitu cuiy, neHCTBYIOIIYI0O Ha TOYEYHBIH 3apsn
g, TOMEUIEHHBII Ha  OWCCEKTpHCE  IPSMOTO
JIBYyTPAHHOTO yIJa MEXOYy JBYMs 3a3€MJICHHBIMU

MPOBOMSAIIAMA  TMONYIUIOCKOCTIMU  (cM.  puc.4.7).
PaccrosiHne Mexay 3apsgoM ¢ M BEpIIMHON

nByrpanHoro yria O paBHO d .

Puc.4.7

4.7. Ha GeckOHEYHOI IUIOCKOI MOBEPXHOCTH
N MPOBOJIHUKA HMeeTcsl cdepudeckuii Oyrop
CMD pamuycoM R, IEHTp KOTOPOTO JIEXKUT
Ha Tol ke 1uiockocT (cM. puc.4.8). Ha ocu
CUMMETPHM CUCTEMBI Ha INEPHEHIUKYISIpE K
MOBEpXHOCTH MN BHE MpPOBOJHUKA Ha

pacCToOslHUM @ OT  LeHTpa  cdepsl

pacmoyiokeH TOYeuHbI 3apsn ¢q . Haiigure

Puc.4.8 TOTEHIIMAJI BO BCEM MPOCTPAHCTBE.
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4.8. ToueuHsbIit 3apdaa ¢ HaXOOQUTCA Ha paCCTOSITHUN d or LECHTPa HE3APAKECHHOT'O

mpoBozsAmiero mapa paaumyca R . Illap 3a3eMisIoT ¢ MOMOIIBIO NPOBOJIOKH.

Kakoit 3apsa ¢’ mpoTeder Mo mpoBoJioke?

4.9. IpoBoxsmas chepa paguycoM R umeet
sapsin Q . B chepe uMeeTcs manoe oTBepcTHe
d R (em.  puc49). Kak Oymer MeHATbCA

q MOTeHLMAN cepbl, ecd TOYSYHBIH 3apsi] ¢

mepeMeniatb U3 OSCKOHEYHOCTH  4Yepe3

OTBEpCTHE BHYTPH I1apa’?
Puc.4.9

4.10. IToTeHuMa EKTPUIECKOTO MOJIST B HEKOTOPOH 00JAacTH 3aBHCHUT TOJBKO

axZ

OT KOOPJHMHATHI X : Q= 5 +C.

KakoBa Oymer HampspKeHHOCTh TOmst B 3Tod  obOmactu? Ilpu  kakom
pacripeielIeHUH 3apsAa0B MOJIyYnuTCs Takoe mnoje?

4.11. Kakas cuna JeWCTBYeT Ha TOYEHUHBIH 3apsa ¢, HAXOAAIIMHCS BOJIW3U

IUIOCKOM TPaHMIBI pa3liesia IBYX AUIIEKTPHKOB HAa PACCTOSHUM d OT TPAaHMIIBI

paszgena? 3apsa HaXOAUTCA B CPeAe C AMDIEKTPUYECKOW NMPOHHLAEMOCTBIO & .

JlusnexTpudeckas MpOHULIAEMOCTh BTOPOH Cpelibl &, .
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4.12. Beckoneunas MJIaCTHHA 3 F——
—~——}— € —|—
H30TPOIHOTO JMAJIEKTPUKA TOMEIIeHa B T €2

MEPHEHMKYISIPHOE 3JIEKTPUYECKOe TI0JIe

HanpspkeHHocThlo  E - (cMm.  puc.4.10). X
TommuuHa MIACTHHBI @ , TUDJIEKTPUIECKas

MPOHUIIAEMOCTb HU3MCEHACTCA JIMHEWHO OT

3HA4YCHUSA 51 Ha JICBOH rpanune 10 &, Ha

npaBoil rpanuue. BHe mimactunbel £=1.

Haiimure 00BEeMHYH IUIOTHOCTH O

CBSI3aHHBIX 3apsfOoB Kak (QYHKIHIO X .

OmnpenenuTe YHUCIEHHOE 3HAYEHHE L B Puc.4.10

cepeiMHe TUIACTUHBL, eclii € =2, & =4, a=1lem, Ey =3xkB/ m.

4.13. Buyrpu mapa paguycom R=10cM U3 OIHOPOJHOTO H30TPOITHOTO
IVJISKTpUKAa € £€=5 CO3MAaHO OJHOPOAHOE OJIEKTPUYECKOEe TMoJe ¢

HanpspkeHHOoCcThI0  E =100B/m. Haligure MakcHManbHYIO TTOBEPXHOCTHYIO
IUIOTHOCTb O, CBSI3aHHBIX 3apA0B U CyMMAapHBIH MOJNOKUTEIbHBIH CBSI3aHHBIN

3apsi, pacupeeTeHHbIH 110 TIOBEPXHOCTH MOIychepsl.

4.14. Tlanouka U3 CErHETO3JIEKTpUKA, 0ONaaaloIIas OCTATOYHOW MOJIIpU3aIeit
P, mHanpaBneHHOH BIOMb OCH IIAJIOYKHM, IIOABEIIEHA 3a CEpeiuHy B
TOPU30HTAJIHOM II0JIOKEHHH Ha TOHKOH Heynpyroi HuTH. Onpenenure 4acToTy
@ ManbIX KonebGaHWH, KOTOphIE Iajodka OydeT coBepllaTh B OXHOPOIHOM
TOPU30HTAJILHO HAIIPABICHHOM II0JIe ¢ HAalPSDKEHHOCThIO E , HACTOJIBKO ciaboM,
YTO OHO HE OKa3blBAaeT CYIIECTBEHHOTO BJIMSHHSA Ha MOJSIPU3ALUIO ITaJOYKH.

JlnuHa nanouku [, a ee IIOTHOCTH P.

4.15. Omnpenenure CuiIy, NEHCTBYIOIIYI0 HAa EIUHHILY JIMHBI 3apsOHKCHHOW C
JIMHEHHOW IUIOTHOCTBIO K HHUTH CO CTOPOHBI MOBEPXHOCTHBIX 3apsOB,
WHIYOUPOBAaHHBIX €0 Ha TpaHUIE pas3jena JBYX  JHIJICKTPUKOB  C
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OPOHUIAEMOCTBIO £ U &, - Hutb napajijyiCjibHa rpaHUE pas3ziciia 1 HAXOOUTCA OT

HEEC Ha pacCTOAHUHN d. I[I/ISJ'ICKTpI/I'-IeCKaSI MMPOHUIIAEMOCTb CpE€AbI, B KOTOpOI}’I

HaXOJUTCA HUTh, & .

4.16. JIudnexkTpuk ¢ JAUDJIEKTPUYECKOH NPOHUIIAEMOCTBIO & 3aM0JIHSAET
nonynpoctpancteo. Ha paccrossHun L OT MIIOCKOW TI'paHULBl JUAJIEKTPUKA B
BaKyyMe HaxOAWTCS TOYEUHBbIN 3apsn ¢ . Halinure pacnpezneneHue cBsI3aHHOTO

3apsjia O II0 IMOBEPXHOCTH AUDJICKTPHUKA, CyMMapHI)If/’I HOBerHOCTHHﬁ 3apan Q

ucuty F, neficTByroyto Ha 3apsiy ¢ .

4.17. B o6nactu, OrpaHHYEHHON 3a3e€MIICHHOW METANIMYECKOH OO0O0I0YKOH,
Haxoutcs 3apsa. OnpenenuTb a)ecTh JIM AIISKTPHYECcKoe T10JIe BHE 000JI049KY; O)
Oy/leT N JEeWCTBOBATh JJICKTPHYECKas CUJIa Ha JAPYTOW 3apsii, MOMEIICHHBIN
BOJIN3H HApPYKHOU ITOBEPXHOCTH 00OJIOUKH.

4.18. Haiinute pacmpeneneHue 3apsioB, CO3MAIOMNX B BaKyyMe Clieayroliee
pacripeieJieHie NOTeHIHaNa:

, eciu
—ar 3a r<R

2R 2R

a
>R
(P(V): 2r i

3[[601) r — paCcCTOAHUE OT Ha4YaJia KOOpaAuHAaT.

4.19. Haiinute pacmpeneneHue 3apsioB, CO3MAIOMIAX B BaKyyMe Clieayrolee
pacripeieJieHue NOTeHIhaNa:

r=R

= 1 r? 3
o(r) , eciu <R

al =+ -
r 2R3> 2R

371ech r — pacCTOsIHUE OT Havyaja KOOPJHHAT.
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4.20. Haiinute pacrpeielieHHE 3apsjioB, CO3/AIOIIMX B BaKyyMe CleIylolee
pacnpereneHne oTeHIHaa:

0 r>R

¢(r)= a(R3 —r3)’ ecm r<R

3[[601) r — paCcCTOAHUE OT Ha4YaJia KOOpaAuHaT.

4.21. Haiigute pacrpeielieHHe 3apsjioB, CO3/AIOIIMX B BaKyyMe CleIylollee
pacnpereneHne MoTeHIHaa:

2 rzR
o(r)= al_r_ , eomat o

3[[601) r — paCcCTOAHUE OT Ha4YaJia KOOpaArUHAT.

4.22. Haiinute pacmpeneieHHe 3apsioB, CO3MAIOMIAX B BaKyyMe Cleayrolee
pacripeieJIieHue NOTeHIHaNa:

b
o)=L expl-ar).
3[[601) r — paCcCTOAHUE OT Ha4YaJia KOOpaAuHaT.

4.23. Haiigute HanpspKeHHOCTH SJIEKTPUIECKOTO TIOJIS B
IIPOCTPAHCTBE MEXIY IBYMs HMPOBOLIIUMU chepaMul ¢
pamycaMu R, m R, (R, < R,), 3alI0JJHEHHOM JIBYMs
OIHOPOIHBIMH JHAJIEKTPUKAMHU C IMIJIEKTPHICCKHMH

MIPOHUIIAEMOCTSIMU & U &, (puc.4.11). Jusnexrpuku

rpaHuvdaT MEXIy coboit BOJIb IMOBEPXHOCTHU KOHYCa C

BepmmHOW B 1ieHTpe O. TemecHsni yrom konyca ,

Puc.4.11

3aIIOJTHEHHOTO TIEPBBIM JMINEKTPUKOM, paBeH L, a
3all0JIHCHHBIM BTOPBIM JTMAJIEKTPUKOM - £, (Q,+Q, =47x). 3apsn Ha

BHYTpeHHeit chepe paBen O, a Ha BHemHedH —Q .
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§5. DIeKTPOEeMKOCTh. JHEPTHUs IEKTPHUECKOr0 MOJIs

I(pamkue meopemuuecKkue ceeodeHusn

DnekrpoeMKocTb. [loTeHuuan NpPOBOIHMKA, YIAJIEHHOTO OT JPYTHX
IIPOBOJHUKOB HA PAcCTOSIHHE, 3HAUUTENHHO OOJIbIIee ero COOCTBEHHBIX Pa3MEpOB
(Takoi MPOBOJHMK HA3bIBAIOT YEJAWHEHHBIM), IPOMOPLHOHAJIEH ero 3apany Q u

MOXET GLITB HpeIICTaBJ'IeH KakK
p==. 5.1

Kosdpdumment mnpomopumonansHoctt C  HA3BIBAIOT  eMKOCHIbIO
YeouHeHH020 nposoonuka. OHa 3aBUCUT OT (OPMBI NIPOBOJHUKA, €r0 pa3Mepa U
CBOWCTB OKpyXxarouieil cpensl. Hampumep, eMkocTe mapa paamyca R,
MOTPYKEHHOTO B OJHOPOAHBIH  JHUANIEKTPUK € JMIJIEKTPUYECKON

MMPOHUIIAEMOCTBIO €, paBHa
C = 4meg,R. (5.2)

Kornoencamopom Ha3bIBalOT Napy NPOBOJHUKOB, PACCTOSHHE MEXIY
KOTOPHIMH MHOT'O MEHbBILE pPAaCCTOSHHUSA JI0 OCTadbHBIX Tel. I[lpm sTOM
IIPOBOJHUKK HAa3BIBAIOT 0OKIa0Kamu KoHIeHcaTopa. Ecim Ha omHy OOKmamky
MIOMECTUTH 3apsn +(, a Ha Apyryio oOKIaiKy 3apsja -Q, To MeXIy HUMH OyaeT
CyIIECTBOBATh Pa3HOCTb NMOTEHLUAJIOB, WIK HanpspkeHue, U, IponopuruoHaibHoe
3apsiy KaKIoi U3 0OKJIaJ0K:

v=2 (5.3)

Koadpunuent C B 310ii hopmyIie Ha3bIBAIOT eMKOCbIO KOHOEHCAMOpa.
EMKOCTB KOHIICHCATOpa HE 3aBUCHT HU OT U, HU OT Q, a onpenensercss PopMoii u
pacroioXKeHUeM MPOBOJHHUKOB, COCTAaBIJIIONINX KOHJEHCATOp, M CBOICTBaMuU
cpenpl MeXIy HUMH. B ciydasx, Korja BIMSHHEM OKDYXAIOUIMX Tel HeJb3s
npeHeOpeyb, CUCTEMY NPOBOJHHMKOB HEJb3sl pacCMaTpUBATh KaK KOHIEHCATOP,
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OIHAKO €€ MOXKHO CBECTH K CHCTEeME KOHJIEHCAaTOPOB, COEIUHEHHBIX
OTIpeJIeNIeHHBIM 00pa3oM.

[TnockuM Ha3bIBAIOT KOHICHCATOP, COCTOSIIMM M3 ABYX MapalieIbHBIX
OJIMHAKOBBIX MPOBOAALIMX ILIACTHH IUIOMIAABI0 S , Pa3/eTICHHBIX AUAICKTPUKOM.
PaccrosiHue Mexay IacTHHaMu d CYMTAEeTCsl MHOTO MEHbIIIE JJMHEHHOTO pa3mepa
I1acTUHBL. EMKOCTB IJIOCKOT0 KOHAEGHCATOpa paBHa

&€,
c==9" (5.4)
d
rome € - ,E[I/I3JICKTpI/I‘IeCKaﬂ HpOHI/IL[aeMOCTL cpem,l, HaXO,E[HH.[eI‘/'IC}I Memny

00KJIaIKaMHu.
IMocnenoBaTebHOE U HAPALIEALHOE

o—{ H l,_l l,o COCIMHEHUE KOHACHCATOPOB IIOKa3aHO Ha
¢ C C

puc.5.1. Emkocts MapajieJIbHO
COEIMHEHHBIX KOHAEHCATOPOB paBHA

C=C+C,+..+C,
(5.5)

DKBUBAJICHTHAs EMKOCTb oCICA0BATCIIBHO

COEIMHEHHBIX KOHJEHCATOPOB HAXOIMUTCS IO
TIpaBUITY:

(5.6)

Puc.5.1

DHeprus dAEKTPUIEcKoro moss. Jis

TOTO, YTOOBI 3apsSIAUTh KOHIEHCATOP, €ro OOKIaIKN NPHCOEANHSIOT K HCTOUHHKY
HanpspkeHusl. KaxIplii TakoW HCTOYHHMK XapaKTEpU3YETCs 31eKmpoosuixcyujeti
cunoti wnu cokpamenHo J/JC, paBHOW paboTe UCTOYHUKA IO TEPEMELICHUIO
€IMHUYHOTO 3apsAfJa C OJHOW OOKIagKd KOHAEHcaTopa Ha  JPYrylo.
COOTBETCTBEHHO, B IMpoOLECCE 3apsIKW KOHJIEHCATOpa HMCTOYHUK COBEpILIAET
pabory

A=ENQ, 5.7
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rme € - DJIC ucrounuka, a AQ - H3MEHEHHE 3apsgoB 0OKIamok. IIpH sToM

pa3HOCTh TOTCHIMAIOB MeEXIy oOOKiIagkamMu craHoBuTcs paBHoit JJIC
ucrounnka, o ecte U=E . B Mpoliecce 3apsAaKd KOHAEHCATOpa 3apsjibl
MepeMeNIaloTcsl B HAIpPaBICHUU, MNPOTHBOIMOJIONKHOM IO, CHIIBI KOTOPOTO
COBEpIIAIOT OTPUIATEILHYIO PA0OTY (SHEPTHS MOJIS YBEIIUUUBACTCS).

Ecnu oTKIIIOUNTE KOHJIEHCATOP OT UCTOYHUKA HAIPSHKEHUS U COCTUHUTH
OOKJIaJIKK TPOBOJHHUKOM, TO KOHJAEHCATOp OyIeT pa3psKaThCs, HAIpaBICHUE
MEPEMEIICHUSI 3apsAI0B MEXKIy OOKIIaJKaMH W3MEHUTCS Ha MPOTHUBOIOJIOXKHOE U
paboTa 3JEKTPOCTATHUSCKUX CWJI CTAaHET MOJIOKUTeNnbHOU. [lo ompenenenuio,
anepeuss W 3apsowcennoeo koHOencamopa paBHa paboTe, KOTOPYIO COBEpPUIAIOT
AJIEKTPOCTATUYECKHE CHJIBI TIPH TIOJIHOM TEPEHOCE 3apsiia ¢ OAHOW OOKIIaIKH Ha
JIPYTYIO B MpOIIecce pa3psAaKy KOHACHCATOpa, U paBHA

2 2
woUe_o _cu
2 20 2

(5.8)

3Hepm;1 KOHZCHCATOpa 3aKIIFOUYCHA B €T0 3JICKTPUICCKOM II0JIC.
aHepFI/ISI l'[pOPBBOJ'II:HOﬁ CUCTEMBI 3apsKCHHBIX TE€JI TAKXKE MOXET OBITH
HUHTCPIPETUPOBAHA KaK DJHEPrusd CO34aBAa€MOTO0 HMHU JBJICKTPHUYCCKOTO II0JIA.

dw
OObeMHas NI0MHOCHb 9Hepeuu DICKTPUICCKOro oIt w = W IIpH 5TOM paBHaA

1—-—
w=—ED, 5.9
5 (5.9

win B cuiy (4.3)

w:leeOEz. (5.10)
2
DOHeprusi CUCTEMbl 3apsDKCHHBIX INPOBOJHUKOB MOXKET OBITh HaiiJieHa
MyTeM HWHTETpUpOBaHUS BbIpaxkeHus (5.9) mo BceMy 00beMy, 3aHHMaeMOMY
nosieM. B pesynbrare [uis sHepruu cucreMbl N 3apsHKEHHBIX MPOBOASLIMX TeJ

MOITY4UM

1 N
W=200. (.11
i=1
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rae Q; -- 3apsj i —Tro NPOBOJHUKA U (; — €r0 MOTEHIHAL.

Bripaxxenue (5.11) o6o6maer popmyiy (5.8) Ha cirydaid pOU3BOJIEHOTO
qHCIIa TeIL.

IIpumep 5.1. IInockuii kongeHcaTop umeeT eMkocts C = 600n® . Hackonbko

OHa U3MEHUTCS, €CJIM BBECTH MEXAY OOKJIaKaMu MapajuieIbHO UM MEIHBIN JIHCT,
TOJIIIMHA KOTOPOTO paBHA & = 1/4 paccrosiHus Mexay oOkinaakamu? byner nu
BJIMATH Ha Pe3yJbTaT MOJ0KeHHe JiucTa?

J Pewenue. Ha 1poBOIHUKE TMOSBIAIOTCS

HaBeJleHHble 3apsansl +Q u  —Q (oM.

- ) puc.5.2) Takme, dUTO TOJNE  BHYTPH
+0) 0 MIPOBOJHUKA oOparaercs B HOJb. [Ipu aToM
HANpsDKEHHOCTh IO MEXAY OOKIaAKaMH
o— — KOHJIEHCaTopa, HO BHE MEIHOI0 JIUCTa, He

—4 HU3MCHACTCA u 0OCTacTCA paBHOfI

c_ 0

E=—=—=-_ PasHoCcThb IOTEHLHAJIOB
& &S

N

MEXKIY 06KJ'IaZ[KaMI/I KOHACHCATOpa

ymenbmmntes: U = E(d —od) = (1-a)od '
&S

—dA4T

Puc5.2 Otkyna COTJIaCHO (5.3) €MKOCTE
KOHJICHCAaTOPa YBEIMYUBACTCS:

c=L2__&5 _ S _g¢o0n0. (5.12)
U (-a)d 1-a

BenuunHa eMKOCTH HE 3aBUCHT OT IOJIOKCHHUS IUIACTUHKH BHYTpU

KOHJICHCATOPA.
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[lomydeHHbI1  pe3ynbTaT  MOXHO
UCIIONIB30BAaTh ~ INPH  pacdeTe  eMKOCTH
KOHJICHCATOpa,  YaCTUYHO  3allOJHEHHOTO
JIU3JIEKTPUKOM, KaK IIOKa3aHO Ha puc.5.3a.
BBeneMm B KOHAEHcaTOp MO  TpaHUIE
IU3JIEKTPUKAa  METAJUIMYECKYI0  IUIACTHHKY
MpeHeOpeXKUMO Majoil 1O CpaBHEHHIO C
paccTosiHEeM MeXIy OOKJIagKaM{ TOJNIIUHEL
Cormnacao (5.11) eMkocTh KOHAEHCAaTOpa He
U3MEHUTCA. PaccnanBas BBEJICHHYIO
IUIACTUHKY Ha /B, NOJIyYyHM Oatapero u3 JIByX
IIOCJIE0BATENBHO COEIIMHEHHBIX
KOHJIeHCaTopoB (puc.5.30), eMKOCTh KOTOpOU
HaxouTcs o Gpopmyie (5.6).

— d— dy—

a

e

P — dz e

7
/| 6

[ /L

[t d]“"{

puc.5.3

IIpumep 5.2. Mertamnuyeckuil map paamycoM R; OKpyXKeH IIApOBBIM CJIOEM

JIUBJICKTPUKA C zmanempnqecxoﬁ MMPOHUIIAEMOCTBIO £

TOJIIUMHON d U

IOMelIeH KOHIEHTPUYHO B METaJLIMYeCKO cdepe ¢ BHYTPEHHUM paguycoM R, .

Onpez[eﬂHTe eMKOoCcTbh C TakKoro KoHACHCaTopa.

Pewenue. TlomecTM Ha BHYTpeHHIOIO chepy 3apsa +(Q, a Ha BHELIHIOIO --

(—Q) u HaiiieM pa3HOCTb OTEHIMAIOB Mexay oOkinaakamu. [To Teopeme 'aycca

HaINpsDKEHHOCTD B POU3BOJILHOM TOUKE MEXKIY OOKIAAKaMH:

_9Q
4re er* R <r<R/ +d
E= , €ecIii .
0 R +d<r<R,
47r£0r2
Pa3HoCcTh mMOTCHHMANIOB MeXIy OOKimaakamu cornnacHo (2.3) Haliaem

HUHTErPUPOBAHUEM:
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lefd£+QR2£_Q|:l 1+1;}

R,
U= [Edr= d = -
7 dmege 3 r ATy o 17 ATE [ Ritd Ry R, £(R, +4d)

Emxocts C cornacho (5.3) Oyner paBHa

_ AmeeRR,(R +d) | dmeyeR (R +d) 5.13)
[eR, (R, — R, —d)+dR,] ' ’

ER{ —Rl—d]+d
R2 R2

Verpemmsas R, — oo, or (5.13) mepexoauM K €MKOCTU IIapa paauycoM R,

OKPYKEHHOT'O CEPUICCKUM CIIOEM JUIICKTPUKA TOJIIMHON d .

INMonaras B (5.13) d =R, —R;, nomyuyuM BBIpaXKEHHE [JIsI E€MKOCTH
chepuueckoro KoHIEHCATOPA

_ 47mEeyER R,

(5.14)
(R, ~R)

VYerpemisis R, — oo, or (5.14) mepelimeM K eMKOCTH YeOUHEHHOH cdephl,

3agaBaemoit (5.2).

Mpumep 5.3. Ilnmockuii KOHAEHCATOP COCTOWT U3
JIBYX IIACTHH, HAXOASAIIMXCS APYr OT JApyra Ha

paccrostarn d = 0,5mm . Kak u3MEHHUTCST €eMKOCTD
KOHJIGHCAaTOpa, €CIM  ero  IOMECTUTh B
W30JIUPOBAHHYI0O  METAJUTMYECKYI0  KOPOOKY,
CTEHKHM KOTOPOW HaXOIATCSI HA PAaCCTOSHUH
d; =0,25um or mmactuH (cM. puc.5.4).
HeonnopogHocTeio ToJNst y KpaeB KOHAEHCATopa
J MIpH pacyeTax npeHeopedb.

Puc.5.4
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Pewenue. Ha crenkax KOpOGKI/I NOABATCA

HaBeJICHHBIE 3apsfbl, Tak KaKk Kycok AB
KOpoOKM TomagaeT B  KpaeBoe  II0Jie
KoHz#eHcaTopa. KopobOka B IeoM He Hecer
3apsia, 03TOMY HaBeJCHHBIE 3apsbl PaBHbI
[0 BEJIMYMHE U IMPOTHUBOIIOJIOXKHBI 110 3HAKY
(em.  pmce.5.5). HampspkeHHOCTH OIS,

co3naBaeMas 3apsgamu Q' u -Q', a Takxke

Q u-Q,paBHa
o ©
&S
E zi. Puc.5.5
&S

BemnunHa HaBeNeHHBIX 3apsAfOB JODKHA OBITH Takoi, 4YTOOBI Pa3HOCTh

noTeHnHanoB Mexay mwiactuiamu AC u BD papusnack Hyito
1
Pac —Ppp =Ed—E'(d + 2d1)=g[Qd -0'd-20'd]=0,
0

oTkyna Q'= QL. Haiinem usmeHneHHyo
d+2d,

Pa3HOCTh TMOTCHIMAIOB MEXIY OOKIaIKaMH
KOHJICHCATOpa

_0-0,_ 0%d

U =
&S £,8(d +2d,)
~| d, -+ T» d, |~
1 UBMCHCHHYIO €EMKOCTh
co £,5(d +2d,) _¢, d+2d, _ac,.
2dd, 2d,

(5.15) n

Ecmi d, — oo, T0 (5.15) mepexomut B (5.4). Pue.5.6
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3aMeTHM, YTO KOHICHCATOp C YYETOM BIHSHHS KOPOOKH MOKET OBITh
MPEeJICTaBlICH YKBUBAJICHTHON CXEMOU, MOoKa3aHHO# Ha puc. 5.6. Ucxoxas u3 3Toit
CXEeMbI, MOKHO DPEIINTh 3a7ady, MOJ3YSICh MPAaBWIAMU BBIYHCICHHS E€MKOCTH
MapajyieNbHOTO U MOCIEeI0BaTEIbHOIO COSMHEHUN KOHIEHCATOPOB.

pumep S5.4. Onpenenure  TpUOMDKEHHO  €MKOCTh  KOHJAEHCATopa,
00pa30BaHHOTO JBYMS OJJMHAKOBBIMU IIAPAMHU PAINycoM R , HAXOIAIUMUCS Ha
OonbIioM (10 cpaBHEHHIO ¢ R ) paccrosiHuu a . Bee ocTanbHbIe Tena Iaineku OT
1apoB.

Pewenue. TToTeHIMAT KOKIOTO IIapa OMPEACISIETCS €ro COOCTBEHHBIM 3apsiIoM,
pacmipeneneHHbIM [0 €0 MOBEPXHOCTH, W 3apsiIOM BTOPOTO IIapa, KOTOPHIA B
CUJy €ro yAaJ€HHOCTH MOKHO CUMTaTh COCPENOTOYEHHBIM B LIEHTpe. Tak Kak
MOTEHIMAJ TIPOBOMSAIIETO Iapa COBIAAAET C IMOTEHIIHAJIOM €ro IeHTpa, TO Iap,

Q Q

3ap5[)l(eHHBII>’I 3apsaaoM +Q , AM€CT MOTCHIUal @, = ﬂ_4—
ﬂ'go 7Z'€0a

, @ BTOpoH

Q Q

COOTBETCTBCHHO @_ = 1 —ﬁ
TEHA JTE,
0 0

. Pa3HOCTH MOTEHIIMATIOB MEXIY LIapamMu
paBHa

T 2me,R 2mega

Otkyza cornacHo (5.3)

-1
C =27££0(l—lj .
R a

IIpu @ — e eMKOCTb NPUONIKEHHO OyneT paBHa 27EyR .
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Ipumep 5.5. pa kounencatopa C; u G,
MOKa3aHHble Ha  puc.5.7, 3apspKaroTcs
crenyromuM oopasoM. CHavasa 3aMBIKAIOT U
pasmbIkatoT K104 K, 3aTeM 3aMBIKaOT K04
K,. Onpeznennte pasHocTs noteHuuanos U,
u U, Ha xoHzeHcaTopax, eciu DJIC Garapeii
Eu&,.

Pewenue. Tlpum 3ampikanunm kmoda K;
3apsbkaeTcst  TONbKO — KoHaeHcarop  C,
[IpUYEM HaIpsHKEHHE Ha HEM COBMNAIaeT C
OIC mepBoii 0OaTtapen 81. Pa3mbikanne

KJIro4ya K] HHUYEro HC UBMCHUT B CXEMC.

L.

2

—_——

K,
(\1
—a
: C, E,

L

Puc.5.7

Ilocne 3amblkaHus KiIOYa KZ Ha KOHJICHCATOpax IMOABATCA 3apsAabl q, u

q, (cM. puc.5.8). Ilpu 3ToM Tak Kak 3aps] Ha IIPOBOJHUKE B H3MEHUTHCS HE

MO3JKET, TO
q1 =42 = 81 Ci,
a pa3HOCTh IOTEHIIHAJIOB MEeXIy

nposoguuKkamu A u D pasna E,:

91 , 4
S T 82 .
¢ G
Perras mojyueHHYI0 CHCTEMY alreOpanvdecKux
YpaBHCHHUH, HaXOIUM 3apsIbl Ha
KOHJIGHCAaTOpax
_ ECrEC
91 =4
C +C,
C,C,
- 9% (g _g).
q> C +C, ( 2 1)

D

Hckomple HampspKeHHST HA HUX HaX0AUM coryiacHo (5.3):

Puc.5.8
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U. = 82C2 +81C1 U (8 8)
! c,+C, 27 c1+c2 2

Mpumep 5.6. Mexny oOKIIagkaMH IFIOCKOTO
KOHJICHCATOpPA ¢ Pa3MepoM IUIacTHH d xb
HaXOJUTCS  AMAJIEKTpUYECKas  IUIACTUHKA,
TOJIIMHA KOTOPOH  NpaKkTHYEeCKH paBHA
pPacCTOSHUIO ~ MEXKIYy  IUIACTHHAMHU l,
3aroJIHAIONIAs MIPOCTPAHCTBO MEXIY
IUTACTMHAMU JIMIIb YaCTHYHO, KaK MOKa3aHO
Ha puc.5.9. Pa3HOCTb NOTEHLUAIOB MEXAY

- | IJIaCTUHAMHA KOHICHCATOopa paBHaA U.
p—]

Puc.5.9

Jnexkrpudeckast MIPOHUIIAEMOCTh
Marepuana, U3 KOTOpPOrO  M3TOTOBJIEHA
IUIaCTHHKA, paBHa £ . Haligure cuimy, koTopas
OyzeT NecTBOBATh Ha IUIACTHHKY U BTSTUBATH €€ B KOHIEHCATOP.

Pewenue. IIpoBecTH AeTalbHOE UCCIIEOBAHUE CHIIBI OUEHb TPYAHO, TaK KaK OHA
CBsI3aHA C HEOMHOPOJHOCTSAMH IO BOJM3M KOHLOB IMAJIEKTPHKA U IDIACTHH.
OpHaKo ee MOXHO HAaWTH, MCHOJIb3Ys SHEPreTHUecKre cooopaxxeHus. s 3Toro
HaliieM cHauajia 3aBUCUMOCTb €MKOCTH KOHJICHCATOpa OT JUIMHBI IOMEIIEHHOH B
HEro yacTy IactuHbl.  KoHzaeHcaTop, NOKa3aHHBI Ha puc.5.9, MOXHO
IIPEACTaBUTh KakK Iapajule]IbHOE COCIUHEHHE IBYX KOHJICHCATOPOB: IEPBBIH C

IUIOIIA/BI0 IUIACTMH S| = ax, 3alOJHEHHBIM IUAJIEKTPUKOM, U BTOPOH C
IUIOIIA/IBI0 IUTACTHH S, =a(b—x) Ges mmnextpuka. Ilpn mapamenbHOM

COCIMHCHUU €EMKOCTHU CKJIaAbIBAOTCA, IIO3TOMY C YUETOM (55) HaxoJum
E
C(x) =502 l S8 (ex+bh-x)= C0+%ax(€—1) (5.16)

rne Cy— eMKOCTb IIyCTOTO KOH/IGHCATOPA.
JlomycTuM  TJacTMHKAa — JUANIEKTPUKA  MEpPEeMEecTHiIach  BHYTPb
KOHJIEHCAaTOpa Ha pacCTOsHHE dXx, IPH ITOM HCKOMasl CHJa BJIEKTPHYECKOTO

oJjig COBEpLINIa pa60Ty A=Fdx. 3a cuer Kakux HUCTOYHHKOB OHEPIruu
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coBepIleHa 3Ta pabdoTra? BO3MOXKHEI [Ba pa3IMIHBIX BapHaHTa pacdyeTa paboTEHL
B nepBoM cityyae KOHIEHCATOP OTKIJIFOYEH OT UCTOYHHKA. [IpH 3TOM coxpaHseTcs
3apsn  KOHIEHCATOpa, a pPa3HOCTh NOTEHIMAJIOB H3MeHsercs. Pabora
COBEpIIAETCs TOJBKO 32 CUET SHEPTUH KOHJIEHCATOpa, TO €CTh

2 2 2
Fdv=—aw =22 a0 =2 809 (¢ gy = Y80 o). (5.17)
ac ‘2c 2?1 2 1

OTKYyJla HaXOA1UM CHITY, HeﬁCTByIOLHyIO Ha IUIaCTUHKY:

80aU2
=——1e-1).
o e

F (5.18)
[Ipu nponomKeHuH npolecca HanpsHKeHHe Ha KOHIEHCATOpe, a BMECTE C HUM U
JIeHCTBYIOIIAs Ha TUIACTUHKY CHiIa OYIyT HM3MEHSTHCS, ONHAKO COOTHOIICHHE
(5.18) octaercs B cuie.

Ilpu npyroM moAxoAe HampspkeHHE Ha OOKIIaJKaX KOHIEHcATopa,
KOTOPBIN TOCTOSIHHO MOJKIIOYEH K HCTOYHHKY, HOAIEPKUBACTCS HOCTOSHHBIM.
[Ipu cMmemeHny ITACTUHBI B MEMM MCTOYHHKA MPOTEKAeT TOK, U OH COBEpIIaeT
paboty A= UdQ:UZdC. OIHOBPEMEHHO HHEPTUsl KOHJEHCAaTopa Bo3pacTaer (a
He yObIBaeT, Kak B TMPEIBIAYIIEM Cllydae) Ha BEIUYUHY A,= 1BUPAC. Takum
obpasom, Fdx = AI-A2 = 1U’dC, oTkyma, NOCKOJBKY IO-TIPEKHEMY

£
dC = Toa(é‘—l)dx , momydnM BeIpakeHue (5.18) mms cunbl, BTATHUBaromen

IUTACTHHKY B 3a30p MEXAy oOKIIankaMu KoHIeHcaTopa. Temeps,01HaKo, 3Ta cuia
HE U3MEHSIETCS IIPH [TePEMELICHUH TUIACTHHBL.

[pumep 5.7. Beraucnure sHEPrHIo MO 3apsOKEHHOTO Imapa pagmycomM R B
BaKyyMe, €cii 3apsa mapa ( paBHOMEPHO pacmpeleleH 1o ero oobemy. Kax

W3MEHHUTCS pe3ylbTaT, eclid 3apsx OyZeT paBHOMEPHO pachpelesieH II0
MOBEPXHOCTH 1apa? J{uanekTpuyeckas IPOHUIIAeMOCTh MaTepHaa Imapa - €.
Pewenue. Taxk kak 1oje BHE IIapa HE 3aBUCHT OT TOTO, PAcIpeleNieH 3apsn
pPaBHOMEpPHO MO 00BEMy MIapa, WIM IO €ro IIOBEPXHOCTH, TO HAyHEM C
HAXOXJIEHHUsl SHEpPruu 3TOoi dactu mnois. Mcnonbdyst Beipaxenue (5.10) mms
IUIOTHOCTH 3HEPTHH T0JIS, MOTyYUM



§5. Dnexmpoemrxocms. Duepeus s1eKmpuecKo2o nous 95

W, :j%SOEZ(r)étm’zdr.
R

HanpspkeHHOCTD  AMEKTPHUYECKOro TONS JUIS 3aJaHHOTO B YCIOBHH 3adadyd
pacnpenencuus 3apsgoB  3amaercs  ¢dopmyinod  (3.9). IloacraBmsas ee B

MPEABLIYIIYIO HOPMYITY, TTOIYIUM
_27p°R° Tﬂ_ 27p° R’
9¢, <% 9g,

Wo
R

4
Hanomuum, dro 3apsan mapa Q = pgﬂR3, TI03TOMY JHEPTHUIO TOJIs BHE Iapa

Q2

W, = .
8€y R

MOXHO II€penurcaTb B BUAC

3apspKeHHBIH 110 00beMy Iap OyAET UMETh JIOMOJIHUTENbHYIO SHEPIHUIO,
3aKIIFOUCHHYIO B T10JI€ BHYTpU mIapa. Mcronb3ys mojlydeHHOE paHee BhIpaKeHHE
JUTSL TIOJISL BHYTPH ILIapa, UMeeM

R 2 R 2p5
W,
w zj‘leeoEz(r)Mrrzdr:—Z”p Ir4dr=—2”p R =0,
0 2 9¢g, 0 45e¢, 5S¢

IMosHast 3HEpTHs 1Iapa, pABHOMEPHO 3apsDKEHHOTO 110 00beMy, paBHa

1
W, =W, 1+—|.
W14
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Ipumep 5.8. [IBa mnpoBoxsmue 1mapa c
pagmycaMu R W r paclojiOXKEHBl TaK, 4TO
paccTosiHIe MeXy UX LieHTpamMu paBHO « . Ha

HUX  Haxomircs 3apagpl Q@ U ¢

COOTBETCTBEHHO (cMm. puc.5.10). B 0 . |
MPEANONOKEeHHH, 4YTo F << R, oneHure
SHEPTHIO B3aUMOJEHCTBHS MEXIY HUMH.
Pewenue. DHeprusi B3aUMOJEHCTBUS MEXIy
3apsHKEHHBIMU MIPOBOAHUKAMH paBHa Pue.5.10
Pa3HOCTU MEXIY SHEPrusiIMU IOJIs AJIsl [IApOB, HAXOMASAIINXCS HA PACCTOSIHUM O ,
W 1IapoB, YAAJIEHHBIX APYr OT JApyra Ha OYeHb OOJIBIIOE II0 CPaBHEHHUIO C
pamuycaMu IapoB paccrosiHue. IlocnmenHss sHeprust paBHa SHEPruy IO IBYX
YEIMHEHHBIX I1apOB
2 2 2 2

Qe 110 a (5.19)

2C 2C, 8mgy| R r

0

OHeprus IapoB, HAXOAALIMXCSA Ha MPOU3BOJIBHOM DPACCTOSIHUM JPYT OT JApYTa,

paBHa
Q
_L% 9% (5.20)
2 2
rie ¢p ¥ @, - TOTCHIMANBI APOB pajuycoM R u r cooTsercTBeHHO. [0

YCJIOBHIO 337124 F << R, I0O3TOMY IIpH ONPENENEHIH () MAIbIi Wap pagunycoMm

7 MOYKHO 3aMEHUTh TOYEUHBIM 3apsiOM ¢, IOMEIIEHHBIM B €ro IEHTp. BHyTpH

npoBogsAmiero mapa E =0 ¥ ero HMOTeHIMal  paBeH MNOTEHIHATy IEeHTpa,

KOTOPBIH COTJIACHO NPHHIIMITY CYNEPIIO3HUIMH PaBEH

Po =L(1+Q) (5.21)

drmeg\a R

HOTeHLII/IaJ'I Majoro mapa Qq OIIPEALCIIACTCA paclpEeACICHHBIM Ha HEM 3apsaoM

g, a TaKkKe 3apsAIoM Ha IOBEpPXHOCTH Oonbwioil cdepsl. Ilocnennuii B
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MPHUCYTCTBUM MAJIOTO 3apsDKEHHOTO Iapa paclpesieieH IO TOBEPXHOCTH
HepaBHOMepHO. B mpumepe 4 yetBepToro maparpada ObUIO OKa3aHo, YTo TMOJIe,
C03/1aBaMO€ HEPaBHOMEPHO pacIpeeJIeHHBIM 10 MOBEPXHOCTH OOJIBILIETO mIapa
3apsaoMm  Q, SKBUBAJICHTHO IIOJIIO JIBYX TOYEYHBIX 3apaloB ¢ u q',

PACIIONOKEHHBIX Ha MPSIMOi, COCAMHSIONMIECH IeHTphl cdep: 3apsan ¢'' B UeHTpe
' 2
coepsl pagnyca R, a ¢' -- Ha paccrosHun R~ /a or ueHTpa Oonbliero mapa.

Urak, noTeHuuan @, onpeieisercs TpeMs 3apsifaMu: ¢,q' ¥ g'' U paBeH

1 (g q q"
= £+ +.
¢q 471'80(7' a—R2/a a
Sapsael ¢ W ¢'' OblIM HaliieHbl paHee W 3amaroTcsi BhlpakeHusimu (4.19) u

(4.20). IToacrapnss ux B 9, , mony4aeM

1 (q.0  qR
— 4.2 _ 5.22
i< dreg\r a  a*la® -R? 022
[Hoxcrasisis Beipaskenus (5.21) u (5.22) B (5.20), mvaxogum W
2 2 253
e 9 Q% 9'R (5.23)

dmey \ 2R 2r  a  242(a®—R?)

Onepruto B3aumopeiicteust W, =W —W, nomyunm, Bbruutas u3 (5.23)
BeIpaxkenue (5.19)
q |20 R’

= =_ . 5.4
87[80 a qa2 a2 —R2 ( )

83

Mpumep 5.9. /IBa npoBoxsiye mapa ¢ paguycaMi R W r pacHOJIOXEHbI Tak,
YTO PacCTOSIHHE MEXy UX LieHTpaMu paBHO a . Ha nepBom Haxoaurcs 3apsin O,
a BTOpOM He 3apskeH. B mpeamnonoxeHuu, 410 r << R OIIEHUTE SHEPIHIO0
B3aUMOJIEUCTBUS MEXKIY HUMH.
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Pewenue. JHeprusi B3aUMO/ICHCTBUS MEX]y OITMCAHHBIMU B YCJIIOBHHU 337a4H, HO
3apsHKEHHBIMH IIapaMy ObUTa HaiileHa B NpeABIAyLIeM INpHMepe U 3aaeTcs
BelpakeHueM (5.24). Bunmum, 4To eciu 3apsa ¢ paBeH HYNIO, TO OHA TaKkke
paBHa Hymo. OTHAKO MPH BBIBOJIE BRIpaykeHUA (5.24) HE YIUTHIBAIOCH, YTO 3apsiz
¢ Ha Iape paguycoM Fr TakXKe, Kak W Ha BTOpOH cdepe, pacnpeneneH
HEpaBHOMEPHO. Y4eT HEepPaBHOMEPHOCTH pacIpeleeHHs 3apsnoB 1o cdepam
JlaeT Malyro mompaBky B (5.24), koTopas He oOpamiaercs B HONIb mpu ¢ =0.
Haiinewm ee.

Bynem npenmosarats, 4To B Ipejeiax Majoro mapa IoJe, co3aaBacMoe
OOJIBLIMM, MOXHO CYMTAaTh OAHOPOAHBIM. B mpumepe 7 u3 maparpada 3 Gbuio
[I0KA3aHO, YTO Ha TMPOBOJAIIEM IIape B OJHOPOJHOM 3JIEKTPUYECKOM II0JIe
HaNpsDKEHHOCThIO E MOSIBIISIETCSl HABENCHHBIN 3apsl, II0JIe KOTOpOro 3a
IpeielIaMy 3TOTO Iapa SKBUBAJICHTHO MO0 JIUIOJISA C JUIIOJIBHBIM MOMEHTOM

D, =47r80r3E , TIOMEIIEHHOr0 B LIEHTP WIapa, W OIpEAeseTcs BbIpAKEHHEM
(2.8). B mentpe 06oypIOrO Mmiapa 3TOT MAWMNONL CO3AACT JOTIOJHHUTEIbHBIHA

3
Er
moTeHmuan A@ = P _ ——, The E= Lz

5 -- HaPsHKECHHOCTH I10JIA,
4meya a 4rmega

co3/1aBaeMoro 3apsanomM ( B IEHTpe mapa paauycoM r . OKOHYATEIBbHO

o (rY
Ap=——"—no/| —| .
4reqa\ a
OT0 Majoe WU3MEHEHHE MOTEHIMada OOJBLIOro Iapa, 00YCIOBICHHOE

3apsaaMu, HaBEJCHHBIMH Ha MaJIOM IIape paguycoM 7, U ONpEaACIIsICT SHECPTrUIo
B3alMOJIEUCTBUS 3apsHKEHHOT0 M HE3APSDKCHHOTO MIapoOB

2 3
W :%:Q_(Lj . (5.25)

“ 2 8reqal\a

3adauu 0na camocmoamenvHoll padomul
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5.1. Onpexnenute €MKOCTh YEIMHEHHOI'O IIAPOBOTO NPOBOJHHKA PAAUYCcOM R,
OKPY)KCHHOTO TNPWIETAOIMM K HEMy IIapOBBIM CIIOEM OJHOPOJHOTO
JU3JIEKTPUKA C AUDIIEKTPUYECKON MPOHUIIAEMOCTHIO €. BHEIIHMIA paauyc cios —
Rz.

5.2. Coepuueckuii KOHICHCATOp, COCTOSIIMA M3 JABYX KOHIEHTPHUYECKHX
nposopamux chep ¢ paguycamu R, u R, (R,>R;), 3apspKeH O HaNpPsHKEHUSL
U. Hackonbko HM3MEHHMTCS 3HEPrHs JJIEKTPUUECKOTO MOJIsA, €CIH 3a3eMIIMTh
BHYTPEHHIOIO cdepy?

5.3. Kak HM3MEHHTCS E€MKOCTh IIOMEUICHHOTO B KOpOOKY KOHAeHcatopa (CM.
[pumep 3), ecimut KOPOOKY COETUHUTD C OJHON M3 TUIACTUH?

5.4. TlpocTpaHCTBO MEXAy IUIACTUHAMH IUIOCKOTO KOHAEHCATOpa 3aIloJIHEHO
JUBJIEKTPUKOM, JMDJIEKTPHYECKas NPOHUIIAEMOCTh KOTOPOTO JIMHEWHO MEHSeTCs
B MEPHEHIUKYISIPHOM OOKJIAJKaM HaNpaBlIeHUU OT 3HA4YEHHA & Y OAHOHU

NJIACTUHBI 10 3HAYCHUA &) <& Y zlpyrofl. Paccrosinue MEXIY IJIaCTUHAMU d .

IUIOMIA s KaKIOoH 13 HUX paBHa S . Haliante eMKOCTh KOHAEHCATOPA.

5.5. Paguycel BHYTpeHHEHl © BHEUIHEHl OOKIAMOK  IMIMHAPHYECKOTO
KOHJICHCATOpa YBEJIMYMIM BIBOE, COXPAHUB 3apsibl Ha oOKIankax. M3MeHWmch
JIM: a)HaIpsDKeHHE Ha KOHAEHcATope; O)HaNpsDKEHHOCTB JJIEKTPHYECKOTO IO
BOJIM3M BHYTpEHHEH 00KIaaKK1 KOHAeHcaTopa?

5.6. Cdepuueckuii KOHICHCATOp C paauycamMH OOKIagok a u b (b>a)

3aOJHEH JUDICKTPUKOM, THAICKTPUYCCKash MPOHUIAEMOCTh KOTOPOTO 3aBHCHT
£,a .

OT pacCTOsHWsI F JO LEHTpa KOHIEHCAaTtopa Mo 3akoHy & =—— . Haiimure
r

€MKOCTb KOHICHCATOpa W OHEPrui0, 3alaCeHHYXO B HEM, €CJIM pPa3HOCTb
MNOTCHIIMAJIOB 06Kﬂa}101€ paBHa U.
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5.7. Paguycel mpoBOZOB, OOpa3yrOLIMX JBYNPOBOAHYIO JIMHUIO, PaBHBI 7 .
PaccrosiHue Mexay ocsiMuM CHMMETPUM NIPOBOJHUKOB -- a . Haiinure eMKocTh

C€ANHUIBI JJIWHbI JIMHUA CO IIpH YCIIOBUMU a >> T .

5.8. Haiinute HanmpsHKEHHOCTH JJIEKTPHYECKOTO
MOJIsl B JUIMHHOM IMJIMHAPHYECKOM KOHJEHCATope,
IIPOCTPAHCTBO MEXIy OOKIagKaMd KOTOPOTO
3all0JJHEHO OJHOPOIHBIMH JHAJIEKTPUKAMH  C
JUIEKTPUYECKUMH TPOHUIAEMOCTSMU & H &,
(em. pme.5.11). [IudnexTpukn TpaHWYAT MEXIY
co00Ol BIONIb IUIOCKOCTEH, IEpeceKaroluxcs Ha
ocu muwuHApa O. [[ByrpaHHBIE YIIBI, 00pasyeMble

UMH B JIUBJICKTPUKAX, PaBHBI COOTBETCTBCHHO ¥/

u vy, (l//l +y, =27Z). Jnvaa koHmeHcaropa

paBHa [, a 3apsin Ha BHYTpeHHe# oOkmamke Q.

Haiimute Takke €eMKOCTb KOHACHCATOPA, €CIU

pamuychl MIIMHAPUYECKNX OOKIANOK PaBHEI R; U

R, (R, <R,).

5.9. batapes, cocrosimas W3 7 IIOCIEIOBATENHFHO COEIWHEHHBIX OJHMHAKOBBIX
KOH/ICHCAaTOPOB, 3apsDKEHA M OTKIIOYeHa OoT ucrtouHuKa moctostaHod DJ[C. OnuH
KOHIGHCATOp B pe3ylpTaTe YTeUKd paspsmwics. Kak HW3MEHWINCh: a)
JJIEKTPOEMKOCTh OaTapeu; 0) HalpsHKeHUE Ha Hel?
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LH

)

H] j—*f%

Puc.5.12

5.10. batapest u3 4eThIpex KOHIECHCATOPOB
BKJIFOYCHA OJIMH Pa3 MO CXEMeE a), a IPYrou
pa3 mo cxeme 0) (puc.5.12). 1) B kakom
clydae €MKOCTh Oarapeu OymeT Oosblie,
eCIM  BCE  KOHJCHCATOPBI  HUMEIOT
O/IMHAKOBYIO eMKocTh? 2) Ecnm eMkocTH
KOHJICHCATOPOB PAa3JIMYHbI, TO KaKOMY
COOTHOIIICHUIO OHU JIOJDKHBI
YIIOBJICTBOPSITH, YTOOBI npu
MEPEKITIOYCHUH CO CXEMBI a) Ha cXemy 0)
€MKOCTh OaTtapeu He MeHsI1ach?

5.11. CpaBHUTE DIEKTPOEMKOCTH CHCTEMBI
OJIMHAKOBBIX KOHJEHCATOPOB, M300pa)keHHOMN
Ha pwuc.5.13 Ipu a) pa3oOMKHYTOM; O)
3aMKHyTOM Kitoue K.

5.12. bBarapes u3 Tpex MOCIEAOBATEIHHO
COEIMHEHHBIX KOHJEHCATOPOB NPHCOEIUHECHA
Kk wucrouHuky mnoctosHHod OJIC. Kakoit
KOHJICHCATOp obnamaer HauoOoIbIIeH

aneKkTpuueckoi sHepruer, ecimu  Cp =C,

C,=2C u Cy=3C?

A

L
N

[

Puc.5.13

5.13. KOHﬂeHcaTOp, 3aITOJTHCHHBIN KUIOKUM JUIJIEKTPUKOM C Z[I/I3J'I€I(T[)H'—I€CKOIZ

IIPOHUIAEMOCTBIO £, 3apsAaniid, 3aTpaTUB Ha 3TO JSHCPIHUIO Wl . 3arem

KOHACHCATOP OTCOCAMHWIM OT HUCTOYHHUKA,

paspsaaunu. Kakas sneprus W, Belnenuiack 1npu paspsjake?

CJIMJIM U3 HEro MJUBJICKTPUK U
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5.14. Tpu npoBoasamux mapa ¢ paguycaMu R; =10cm , R, =20cm u Ry =30cu
u noreHnumanamum @ =450B, @, =300B u @3 =150B COOTBETCTBEHHO
HaXoAATCs JaJIeKo ApYr oT Apyra. Kakoe xonuuecTBo Temna @ BBLISIUTCA, €CIIU

UX COCIMHNATH TOHKUMH MPOBOJIOYKaMH? EMKOCTBIO POBOJIOUEK IIpeHeOpeyb.

5.15. BHyTpH IJIOCKOTO KOHJEHCATOpa C IUIOMIA/BIO IUIACTHH S W PacCTOSHUEM
MEXJy HUMH d HaXOIWTCS IUIACTHHA W3 JUAJICKTPHUKA, LEITHMKOM 3aIlOJHSIOIAs
MPOCTPAHCTBO ~ MEXIy  IUIACTHHAMU  KOHJeHcaTtopa.  Jlusjexkrpuueckas
[IPOHHUIIAEMOCTh IUIACTHHBI paBHa & . Ha kakyro BemmumHy AW u3MEHHTCS
SHEPIHs KOH/ICHCATOPa, €CIH yOaInTh IuracThHy? Kakylo MexaHndeckyio padory
A HyXHO mTpu 3ToM 3aTpaTuth? Pemmre 3amady mpu AByX ycioBusix: 1)
KOHZEHCAaTOp Bce BpeMs noxacoemuHeH Kk Oarapee ¢ DJIC, paBHO# €; 2)
KOHJIeHCaTop ObLI NEepBOHAYAIBHO IIOJICOEAMHEH K TOW jxe Oarapee, a 3aremM
OTKITIOYEH, ¥ TOJIBKO ITOCJIE ITOTO IUTACTHHA ObUIa yIaneHa.

5.16. Ha oOkiagkax IJIOCKOTO KOHASHCATOpa HAXOMATCS 3apsiabl +q U —q .
ITnomans obknanok S . Kakas pabora A Oyner coBeplleHa CHIAMH TIOJIS TPU

cOMMXeHUH 0OKIAZ0K ¢ paccTosiHUA dy 10 paccTosHus d ?

5.17. Ilmockmii KOHAEHCATOp, TIIIACTHHBI
KOTOPOTO0  UMEIOT  Iomags S u
PAcTIONOKEHbl Ha PAacCTOSIHUU d JIpyr OT

Jpyra, 3ar0JIHEH TBEPABIM JUIJIEKTPUKOM C

IVJIEKTPUYECKOH  IPOHMIIAEMOCTBIO &
(puc.5.14). Kongencatop MOICOEOMHEH K
b6arapee ¢ OJIC paBHodi €. Opny wus
IUIACTHMH KOHZAEHCAaTopa OTOABUTAIOT Tak,

4yTo OOpa3yeTrcs BO3AyWIHBIA 3a30p. Ha

0
+| 2 Kakoe paccTosHMEe X ObUIa OTOABUHYTA
IJ1aCTUHA, €CJIIH HpI/I 3TOM HpomBeneHa
Puc.5.14 pabora A?
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5.18. TouweuHblii 3apsx ¢ HAaXOAUTCS B JAUDIEKTPUYECKOH cpele C

JIARJIEKTPUYECKON NIPOHULIAEMOCThI0 € . Halinure 3Hepruro mossi, 3aKit04eHHOTO
BHYTPH KOHIIEHTPUYECKOTO C 3apsiOM IIApOBOTO CJOs, PajuyChl BHEIIHEH U

BHYTpEHHeil MoBepXHOCTell KOTOPOro paBHEl b U @ COOTBETCTBEHHO.

5.19. 3apsn g pacmpeneneH no Meraumdeckoit cdepe pagumycom R. Codepa
OKpY’KE€Ha WIAPOBBIM CJIOEM AUAJIEKTpUKa ToJmMHONW R. Yemy paBHa moJsiHas
SHEPTUsl HJIEKTPUYECKOro I0JIS, CO3/1aBaeMOr0 3apsiioM BO BCEM IPOCTPAHCTBE,

€CJIN TUAJIEKTPUIEecKas IPOHUIIAEMOCTh AUAICKTPHKA paBHA €7

5.20. IlepBonauanbHO 3apsj q=10710K/z pacnpenensieTcss paBHOMEPHO II0

00beMy, OrpaHHYEHHOMY HpoBojsiell cdepoit paamyca r=Ilcu. 3arem
BCJIEZICTBHE B3aMMHOTO OTTAJIKMBAHMSA 3apsAfibl IEPEXOAAT Ha IOBEPXHOCTh
cdepsl. Kakyro paboty A coBepLIarOT IPHU 3TOM AIIEKTPHUECKHUE CHIIBI?

5.21. Onna oOkiamka IUIOCKOTO BO3AYLIHOTO KOHJEHCATOpa NPHONMKaeTcs K
nIpyroi, mpoxonsd myte S§. Cumras, 4TO HayaJdbHBIC PACCTOSHUS d MEXIY
OoOKJaJKaMU W HaydalbHblE 3apsAlbl KOHIEHCATOpa OJMHAKOBBI, HalauTe
OTHOIICHWE pPabOTBl CWIBl TNPUTSHKEHHS OOKIAQIOK B ABYX  CIydasXx:
1)koHAEHCATOP BCE BpeMsl MOJCOSAMHEH K HCTOYHUKY moctosiHHoM DJIC; 2)
KOHJIGHCATOP 3apsikeH U oT nctogrnka J/1C oTkiroueH.

5.22. IlunuHIpruvecKuil KOHJAEHCATOp C paguycaMu oOkiIagok R u 4R 3amoiaHeH
OIHOPOIHBIM IHANEKTpUKOM. KoHzeHcaTop 3apspkeH. MBICICHHO pa3leinM
MPOCTPAHCTBO ~MEXIY OOKJIaJAKaMH KOHJEHcaTopa Ha JBe o0sactu
IIMHAPHYECKON MOBEPXHOCTHIO pagnyca 2R , KOaKCHAIbHOH ¢ IOBEPXHOCTSIMHU
LWIMHAPHYECKOTO  KOHJeHcatopa. Haiiaure  oTHOIIeHME @  SHeprui

QJICKTPAUYCCKOTO II0JIA B IBYX 001acTsX.

5.23. Haiigure eMKOCTb c(hepH4ecKoro KOHJIEHCATOpa, IPOCTPAHCTBO MEXIY
oOKJamkaMi ~ KOTOPOTO  3allONIHEHO  ONHOPOIHBIMH  JTHAJISKTPUKAMH  C

JUAJIEKTPUYECKUMH TPOHULAEMOCTAMH & U &, (cM. puc.d.11) [dudnexrpuku
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rpaHUYaT MeXay co0OH BIOJIb MOBEPXHOCTH KOHyca ¢ BepiiuHod B meHtpe O.
TenecHslii yron KoHyca , 3al0JHEHHOTO MEPBBIM JMAIEKTPUKOM, paseH €2, a
3allOJIHEHHBIM BTOPBIM JWINIEKTpUKOM - Q, (Q,+Q, =47x). Paguyce

MApOBBIX OOKITANOK paBHEI R, 1 R, (R, <R,).

5.24. Konpnencartop mepeMeHHONH €MKOCTH COCTOWT W3 JIBYX HEMOJBMIKHBIX
METAJUIMYECKUX IUIACTUH, PACIIOI0KEHHBIX Ha PACCTOSIHUM
d gpyr oT napyra, W TOABWXHON IHAIEKTPHUECKON
IUIACTHUHBI, KOTOPasi MOXET MOBOPAYUBATHCS M BXOAUTDH B
3a30p MEXIy METAIUIMYeCKMMHU IutacTuHaMu (puc.5.15).

Bce mractuel nmeror QopMmy momykpyra pagmyca R,
MPUYEM 3a30pbl MEXKIY IUIJICKTPUYECKOHW IJIACTHHOU U

Puc.5.15

IUTACTHHAMH KOHJIEHcaTopa IPEeHeOpPeXUMO MaBl 110

cpaBHeHuto ¢ d . [IpeneOperast kpaeBbiMH dddekramu, HaliTH MOMEHT cun M ,
JIEHCTBYIOIIMX Ha OUAJIEKTPUUECKYIO IUIacTHHY. HampsbkeHue Ha KOHIEHcaTtope
MoJ/iepKUBaeTCss paBHbIM U, AMAICKTpHUECKas MPOHUIAEMOCTH ITOJBMKHOMN
IUTACTUHBI paBHa & .
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§6. KBazucranuonapHbie TOKH

I(pamxue meopemuuecKkue ceedeHusn

Toku IpoOBOJMMOCTH. HpI/I NIOMCIICHUN INPOBOAHUKA B JJIEKTPUYECKOE

TI0JIe B HEM BO3HMKAET HAIIPABICHHOE JBIDKEHHE 3apsDKEHHBIX YaCTHII (C80O0OHbIX
3apsi006), KOTOPOE HA3BIBAIOT MOKOM NPOEOOUMOCHMU. ITH TOKU CO3JAIOTCS,
BOOOIIlE TOBOpS, KaK OTPHUIATCIBHBIMU, TaK U TOJIOXKHUTEIBHO 3apsHKCHHBIMU
YaCTHIIAMH, CKOPOCTH IBIKEHHS KOTOPBIX V. M V' pasindHBL Pacnpenmenenue
TOKOB B IIPOBOJHUKE OTIMCBHIBAETCS] BEKTOPOM MIOMHOCU MOKA TIPOBOAUMOCTH: j_
=e(n"v" - n'v), rae n* ¥ N — KOHIEHTPALUU MOJOKUTEIbHBIX H OTPHIATEILHBIX
MOABWXHBIX HOCUTENIeH 3apsna. s KaXaoro Tulla HOCHUTENEH CKOpPOCTh HX

YIHOPAAOUYCHHOTO ABUXXCHUSA \_/. MOXET OBITh 3alliCaHa B BUIC V = E, rae o —

NOOBUINICHOCTD Hocutened, a E — HaIpsDKCHHOCTD  JJICKTPUYCCKOTO TIOJTA B
TIPOBOAHUKE. Ecmu KOHIICHTpaluu HOCHUTEJIEH HE 3aBUCAT OT HapsHKEHHOCTHU MOJIA
(‘ITO CIIpaBCIJINBO B OOJIBIIHHCTBE HpOBO,I[HI/IKOB), TO CHIPABCIJIUB 3AKOH Oma :

j=AE (6.1)

rae A — yoeavbHas npogoouMocme cpenpl. Jisi omucaHus MPOBOMAIIMX CPE YacTo
HCTIONIB3YIOT TaKKe yoeavHoe conpomusienue P=1/A. [IpoTekaHne TOKOB BEAET K
repepacipeeNiCHUI0 3apsoB (peraxkcayuu 3apsa0os6) B Cpese, U, B KOHEYHOM CUeTe,
K HMCYE3HOBEHMIO NOJIS W NPEKPAIeHUI0 TOKOB. I103TOMy 3a CHET KYJIIOHOBCKOTO
B3aMMOJICHCTBHUSA 3apAN0B IPOTEKAHUE CMAyUOHAPHbIX (HE 3aBUCSIIUX OT BPEMEHH )
TOKOB HEBO3MOXHO. XapaKTepHOE BpeMs YCTAaHOBJICHHS CTAalHOHAPHOTO
pacrpejieieHust 3apsiuoB T = EE/A Wi XOPOIIO MPOBOJISAIIMX CPeJl OYEHb MAIO.
Toxu, Mao H3MeHSIoNIHeCs Ha MacIuTa0e BpEMEHN pelakCalliy 3apsi0B HAa3bIBAIOT
K8A3UCMAYUOHAPHBIMU.

CrannoHapHbIE TOKM MOTYT NPOTEKATh TOJNBKO MPU HATUYHH CHOPOHHUX
cunl (CHI HEe KYJIOHOBCKOTO HPOMCXOXKIEHHMS), NEHCTBYIOIIMX Ha 3apshKEHHBIC
YaCTHUIBL. DTU CHIIbI ONUCHIBAIOT HOIEM CMOPOHHUX CUJI, HAIIPSKEHHOCTh KOTOPOTO

HIPUHATO 0003HaYaTh Kak Ec- B Ttakom CJIy4ya€ 3aKOH Oma OPUHUMACT BU:
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j=M E+ E), (6.2)

e nox E MO-TIPEKHEMY TIOHUMAETCSl HANPSKCHHOCTh AJIEKTPHUUSCKOTO IO,
C03/1aBaeMOr0 3apsIaMu.

CTOpOoHHHE CHJIBI HE TOTCHIMAIBHBI U UX paboTa NpH TMEpEeMEICHUH
3apsja no 3aMKHYTOMY KOHTYpPY OTJIMYHA OT HyJis. B mPUCYTCTBUM CTOPOHHUX CHIT
3apsbl Ha TOBEPXHOCTH TMPOBOJHHUKA IMEPEPACTIPENEIISIOTCSA, U MO3TOMY MOJIE B
MPOBOJIHUKE HE PaBHO, BOOOIIE TOBOpS, HYIIO JaXe B TEX ero o0jacTsax, rae
CTOPOHHHE CHIIBI HE JCWCTBYIOT. B TIOJIe CTOPOHHHMX CHJI BBOJHUTCS TOHSTHE
anexkmpoosudicyweti cunvt (C)

E-= j E,dl 6.3)

ompeesieMOo 17l MPOU3BOJIBHOTO KOHTYPa MIIH €r0 y4acTKa.
HenpepriBHOCTE TOKOB. B cmily 3akoHa coxpaHeHus 3apsja TeKyllue B

TIPOBOAHUKAX TOKHA BCETJa YAOBJICTBOPAIOT YPABHCHUIO HEIPCPBIBHOCTH:
dp/dt + div j =0, (6.4)

rae p — 00BEMHAS INIOTHOCTH 3apsaa. B Cliyda€ CTallMOHapHBIX TOKOB
divj=0 (6.5)

KBasucraruoHapHble TOKH yIOBJIETBOPAIOT TAKOMY 7K€ YCIOBUIO.
Cuiia Toka. J1ist IpOBOJTHHUKA BBOJMTCS MOHSTUE CUIbI MOKA

I= j jas, (6.6)
rac HHTerI/IpOBaHHe HpOBOHHTCH 110 CCUCHHUIO HpOBOZ[HI/IKa.

3ap$[>1<eHHoe TEJIO B HpOBOZ[le[ei/’I Cpeac paspsAaKacTCs, IpUIEM

dQ/dt = -1, 6.7)

a TOK / BBIYUCIIETCS Yepe3 JII00YI0 OKPYKAIOIIYIO TEJIO0 ITOBEPXHOCTb.

B OonmpmmHCTBE 3amad pacCMaTPHBAIOT TOKH, TEKYIIHME IO TOHKUM
MIPOBOJaM, TOJILIMHA KOTOPBIX MHOTO MEHbLIE JJIMHBL. B KBa3uCTaOHAPHOM
cllydae Cujla TOKa BO BCEX CEYEHMAX MPOoBOJa OJuHaKoBa. 3akoH OMa MO3BOJIAET
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CBS3aTh CHJIy TOKa, TEKYILIETo MO IPOBOJY C Pa3sHOCThIO moTeHnuano U Ha ero

KOHIIAX:
U=IR, (6.8)

rze kKodppuuueHT R Ha3bIBaIOT conpomuenieHuem TPOBOIHHUKA.
B wactHOCTH, IS 3aMKHYTOTO KOHTYpa, caepxkamero 3.J[.C. u3 (6.3) u
(6.8) cnenyer:

I=E&/R (6.9)

BennunHy, 00pary0 CONpPOTHBICHUIO TMPOBOJHHMKA HA3BIBAIOT €r0
l
nposooumocmuio. Jljis oTpe3ka TOHKOTO TPOBOJA HEM3MEHHOTO cedeHHs R :E
(I- nmHA IPOBO/IHUKA, a S - TUIOIIAAb €r0 CEUSHHUS).

Ilpy npoTexkaHuu pacrpeaeneHHbIX TOKOB B Cpele MEXIy XOpPOILIO
TMPOBISIIMUMHU  DJEKTPOJAaMH,  IOBEPXHOCTH  KOTOPBIX  MOXXHO  CUHTATh
9KBUIOTECHUUAIBHBIMU, AHAJIOTUYHO MOXKHO BBECTH COIPOTHUBIICHUE YydacTKa
npoBoaHuka: R = U/l, tae I — Tox Kaxaoro siektpona, a U -- pa3HOCTb
MOTEHIIMANIOB MEXIy HUMH. J[JIsI pacueTa Takoro COMpPOTHBICHHS HEOOXOIMMO
3HATh paclpeesicHue TOKOB B Cpejie.

ITpu mpoTekaHWu TOKOB B Cpelie BHIACISCTCS TEIo, 00beMHas INIOTHOCTh
MOIITHOCTU UCTOYHUKOB KOTOPOTO, COTIIACHO 3aKkoHy [[coyns-Jlenya, paBHa:

v=(j E) =E (6.10)

Hepr,I[HO 3aMCTUTh, YTO IUIOTHOCTH TCIUIOBBIX HWCTOYHHUKOB B
HpOBOZ[?{IHeﬁ Cpeac nponopuruoHalibHa IUIOTHOCTHU DSHEPIHUU DJICKTPUYCCKOTO ITOJIA

Wg:
v=(2/eg )wr e wg= 1> £g E’ (6.11)
KomnuectBo TEIUIA, BBIACIIAIONICTOCS B IIPOBOJHUKE B €AWHUIY BPEMECHU
N=Ul=FR (6.12)

paBHO paboTe CHII MOJIS 10 NEPEMEIICHHIO 3apsI0B BJIOJb IMPOBOJHUKA B €UHHILY
BpPEMEHH.
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Ilpu BBIYMCICHUHM CONPOTUBIICHHUS Y4YacTKa IPOBOJSIIEH Cpelbl 4acTo
[0JIE3HO TPEJCTaBUTh €ro B BUJE MOCJIEIOBATEIBHOIO WM IapajuIesIbHOTO
COCIIMHEHHUs yJ4acTKOB Oojee mpocToil gopmel. IIpu 3TOM ClienyeT MOMHHUTB, YTO
IIpU TOCJIEIOBATEILHOM COEMHEHUH COIPOTUBIICHHS YYaCTKOB CKIIAJBIBAIOTCS, a
TIpY TTApAIUICIIBHOM — CKJIaJIBIBAIOTCS UX POBOJAUMOCTH.

Jist GoJiee CIOKHBIX PaCYETOB HCIIOIb3YIOT TEOPHUIO AIEKTPUUECKHX LIeTIeH.

Hpumep 6.1. Haiigute conporuBieHue cios ciabo NpoOBOIAIIEH cpeabl ¢
[IPOBOAMMOCTBIO A, PACIONOXKEHHOH MEXIy [OBYMSI XOPOIIO MPOBOISIINMHI

KOHILEHTPUIECKUMU chepaMu paauycoB R, u R,.

Pewenue. Coznanum Mexnay chepamu pasHocTh noteHmanos U . Pacnpenenenue

MIPOBOIHUKOB oGnaﬂaeT cd)epn'{eCKoﬁ CI/IMMeTpI/ICI}’I, O3TOMY IUIOTHOCTH TOKa j

HarpaBJicHa II0 paauyCy HW 3aBHCUT TOJBKO OT r. PaCCMOTpI/IM cd)epy
IPOU3BOJIBHOTO paauyca r U Haf/’IZ[eM TOK, HpOTCKa}OIJ_II/If/i qyepe3 HES

1=§jds =am j(r).
- 1=
Ilo 3akony Oma E = 7 J . BoIpaxkast IiIoTHOCTE TOKa depe3 [ , HaXOoUM

1
E :—21. Tenepb HETPyIHO BBIPA3UTh Yepe3 MapaMeTpbl 3allaud pa3sHOCTh
4nr

MIOTEHLIMAJIOB MEX 1y chepamu

& I (1 1
U:jEdrz— -

A 47A\ R, R,
1

OTI(yﬂa COIIPOTHUBJICHUE CIIOA

E_ R, R
I ATARR,

B cmydae ToHKOro cnosd TommmHOM d =R, —R <<R;, ero

COIIPOTUBJICHUE 6y)leT paBHO
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rR~-L
AS
rae S = 47[R12 -- IUIOIIAb CJIOSL.

B ciry4yae R2 >> Rl COIIPOTUBJICHUE CPE/Ibl CTAHOBUTCS PaBHBIM

1
- 47AR,

Y 3aBUCUT TOJIBKO OT pasM€pOB BHYTPEHHETO TEJIA.

Ipumep 6.2. Haiimute cooTHOIIEHNE, CBI3BIBAIOIIEE COMPOTHUBICHUE CPEIBI MEXKTY
JIBYMSI XOpOILIO IPOBOJSIIMMHU TeJaMH, HOTPY)XEHHBIMH B C€J1a00 HPOBOJSIIYIO
Cperny, U eMKOCTBIO KOHAEHCATopa, 00pa30BaHHOTO STHMH TEJIaMU.

Pewenue. OxpyXuM OIHO W3 TEN 3aMKHYTOW MOBEPXHOCTBIO S W HaiIeM TOK,

N R D — A
MIPOTEKAIOIINIA Yepe3 Hee 1= § jds = §/1—dS =0, .
&€ g,
s s
AHAJOTMYHO TOK, IPOTEKAIOIIHUI Yepe3 BTOPOE TEIO PaBeH
A
1=2-0,. (6.12)
&€,
Tak kak TOKM PaBHBI W HAIpPAaBICHBl B pasHble CTOPOHEL, To () =—0, U Tena

MOYKHO paccMaTpuBaTh Kak KOHAEHCATOp, eMKOCTh KoToporo obo3HaunmM C. OHa
CBSI3aHA C PA3HOCTHIO TIOTEHIMAIOB MEXIy IPOBOJHUKAMH H3BECTHBIM

COOTHOHIEHUEM @, — @ =U = % Ta ke pa3sHOCTh NOTCHLMAIOB CBsI3aHA C TOKOM
3akoHOM Oma U =IR. IlpupaBHUBas BBIpaXXE€HUs AJSI Pa3HOCTH IOTEHIMANOB,
HaxoauMm IR = % , wi, ¢ yaetoM (6.12):

_ &€y

R .
AC

(6.13)
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Ipumep 6.3. 3azemMieHHE OCYLIECTBIACTCS C IIOMOIIBIO UAEAIBHO IPOBOASILETO
mapa paguycoM a, HAlOJIOBHHY YTOIUIEHHOTO B 3€MJIIO (IIPOBOJUMOCTH 3€MIIH
A = const ). Haiiure conportusienre R Takoro 3azemimrelns.

Pewenue. Pazobbem 3amady Ha nBe. JIomycTHM, 4TO IIAp IOJHOCTHIO YTOIUIEH B
3emir0. CONpOTHBICHHWE TaKOro 3a3eMileHHs 3ajgaercss Qopmynoit  (6.12),

MOTy4EeHHOH B NpeAbIAyLIEM IpuMepe, ecnu B He€ BMecTo C MOJICTaBUTh 47TEEya --

€MKOCTh YCAMHECHHOI'O Iapa paanuyCcoM a:

1
47da

lap, HamoJIOBUHY YTOIJIEHHBIH B 3€MIIIO, HAXOIMTCS HAa TPaHHLE pasfena IBYX
cpen. B cmiry Toro, yro rpaHuna pasgena COBIANAET C IUIOCKOCTBIO CHMMETPHH
miapa, HampshDKEHHOCTh Ha TpaHMLE pasjiefla HampaBjeHa BJOJNb TPaHHULBl (CM.
pemenue npumepa 7 U3 maparpada 4), a CHIOBBIC JHHHUH dJIEKTPHYECKOTO IIOJIS B
3emJie I8 nosycepbl COBHNAJNAIOT C CHJIOBBIMU JIMHUSIMU JUIS IIapa, HOJHOCTHIO
TIOTPYKEHHOTO B OJHOPOIHYyI0 cpexy. OQHAaKO IpHU TOM JK€ MOTEHIHAale TOK,
TeKyImuil yepe3 nonycdepy BIBOe MeHblIe, yeM uepe3 chepy. U3 mpoBeneHHBIX
paccykieHHi clIeayeT, 4TO HCKOMOE CONIPOTHUBIICHHE

R=2R'= L .
27a

Ipumep 6.4. B xauecTBe 3a3eMJICHUS JIEKTPUYECKUX IIETIEH YacTO HCIIOJNB3yeTCs
mrap pagnycoM d, 3aphIThlii B TPYHT C MPOBOAUMOCTBIO A, MHOTO MCHBLICH, YeM
MIPOBOJMMOCTh MaTepHaia mapa. HalauTe TemIoBYI0 MOIIHOCTD, BBIICSIOUIYIOCS
B OKPECTHOCTH 3a3€MJICHUs, IIPU ToAade Ha Hero HanpsbkeHus U (OTHOCHUTEIBHO
YIAJIECHHBIX TEN).

Pewenue. TennoBas MOIIHOCTb, BBIIENAIOINASCS B IPOBOJHHKE, ONpPEIEISETCS

e

3akoHOM JIxxoyns-Jlenna N = =

rae R — compoTHBieHHE cpelpbl, OKpyKarollei map. Ero cBsi3p ¢ eMKOCTBIO HIapa
ObuIa MmoJTy4eHa B mpumepe 2 u 3ajaetcs BoipaxxenueM (6.13). [ToxcraBum ero B N,

TIOJTy4UM



§6. Keasucmayuonapusie moxu 111

:iQU?
¢,

N

EmkocTh yenuHeHHoro mapa 3amaercss BbeipaxkeHuem (5.2), oTKyna
OKOHYATEJILHO

N =4zlaU? .

Ipumep 6.5. [IBa 0JMHAKOBBIX Tea 3apbIThl B 3eMJII0 Ha OOJIBIIOM PacCTOSHUH
JIpYr OT Ipyra. Pa3HOCTh NOTEHIIMAIOB MEKIy HUMU HM3BeCcTHA U paBHa U . ['pyHT B

OKPECTHOCTH Tel HMeeT NpOBOAWMOCTE A; W A, coorBercTBeHHO. Haiimmre

MIOTESHIIHATIBI TET.
Pewenue. B npumepe 2 nanHoro maparpada ObIJIO MMOKa3aHO, YTO TOK, TEKYIIWI
MEX/Ty TeJIaMHU CBSI3aH C 3apsAJaMH Ha HUX COOTHOIIeHueM (6.12)

1221Q1 2/12Q2-

C npyroii CTOpOHBI 3apszpl HAa IPOBOJHUKAX CBSI3aHBI C HANPSDKCHUEM Ha
HUX COOTHOILCHUSIMH

0 =CU,, ©Q,=CU,.

31ech yYTEHO, 4TO MPOBOAHUKU OJUHAKOBBI U X €EMKOCTH PaBHBI.
o U, _4
W3 npuBeIeHHBIX COOTHOIIEHUH JIETKO HAaXOJHUTCS OTHOLIEHHE —— =——,
&, A4
a II0 YCIIOBHIO 3aJja4M Pa3sHOCTh Hanpsbkenuid U, —U, =U . Pemas nomydeHHyIo
CHCTEMY ypaBHEHHH, OKOHYATEIbHO HAXOIUM
LU U LU

U, = s =
A+,

2T AU+ A

1
Eciu mpoBoguMocTH rpyHTOB paBubsl 4 = A,, 10 Uy =-U, = EU . Ecin

OJlHA M3 IPOBOAMMOCTE CTAHOBUTCS OYeHb Maioif, Hanpumep A4, — 0,10 U, — 0

nlU, —-U.
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Ipumep 6.6. Tpu NpPoBOAHHKA C KPYIJBIM CEYEHHEM OJHOTO M TOrO K€ paauyca r
COCIIMHEHBI IIOCNIENOBATENbHO, 00pa3ys 3aMKHyTOe KOJbLO. JMMHBI IPOBOXHHMKOB

ly,1;,1, >>r, npoBogumoctu Ay, A4, 4, . Ilo 06beMy IPOBOAHUKA C IPOBOAUMOCTBIO A
paBHOMepHO pacnpeneneHa O.J1.C. U, He 3aBucsAmas or BpeMeHu. HalinuTe KysloHOBCKOE

¥ nojiHoe noJist E B MIPOBOJHHKAX.

Pewenue. TOK, TeI(yHlI/II}’I 10 BCEM y4YaCTKaM LECIU OJAMHAKOB, 4 TaK KaK OAMHAaKOBa
Ionraab CCUYCHUA Pa3HBIX YYACTKOB HEMH, TO U INIOTHOCTH TOKAa Ha BCEX ydacTKax
OJIMHAKOBAa, UJIN

?=%EEEU=AE=@E; (6.14)

IIpoextupys cootHommenus (6.14) Ha ; , TTIOITy4aeM
ME, =Ey =1, (E, - E,). (6.15)

PabGoTta croponHux cun cormacHo (6.3) paBHa U, =Eyl,, a pabora
KYJIOHOBCKHX CHJI BJIOJIb BCETO 3aMKHYTOTO KOHTYpa paBHA HYITIO
_Eolo + Elll + Ezlz = 0 . (6.16)
Pemas cucremy ypaBuenwuii (6.15) u (6.16), HaXOAUM KYJIOHOBCKOE TOJIE
Ha BCEX TpeX y4acTKax Iemu
E, =k AU, E, =kA LUy, E,=kAjAZU,,
_ 1
LaAAy, +1, Ay + 1,404

riue k

ITonHoE 3JEKTpUYECKOE IOJNE HAa Y4YacTKe JUIMHOM [, CKJIaJbIBAacTCs M3

TI0JII CTOPOHHUX CHUJT U KYJIOHOBCKOTI'O ITOJIA:

E=E5_E()=ﬂ—kﬂlﬂzU0= UOﬂO(lllz +lzﬂ1)

ly ly (10/11/12 +L 404, + 12/10/11) '
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Hpumep 6.7. Onpenenute CONPOTUBICHWE H3OJSIMU  KOAKCHAIBHOTO Kabes
mmHoit [ =10Mm, ecnu auaMeTp BHYTPEHHEro MpoBOAHMKA d = lum , nuamerp

Hapy>XHOH TpoBoAsiIei 000m04YkH paBeH D =4mm, a yAenbHOE COMPOTHBICHUE
_1 3
momimud p=—=10"0m - m.

Pewenue. PaccmotpuM oTpe3ok kabens ¢ uzomanueil mnmunoit [. Ilyets U, -

HaNpsDKEHHE MEXIy BHYTPEHHHMM IIPOBOJHHMKOM U HapyKHOI o0Oosyoukoil. Tak kak
mojie 00JagaeT UWIMHIPUYECKOW CcHUMMeTpueil W OOBEMHBIH 3apsi BHYTpH
IURJIEKTPUKA OTCYTCTBYET, TO IO TeopeMe 'aycca

E(r)=-2 -2,

Coml

dU(r)
dr

CornmacHo (2.7) E, =-— ,um U(r)=—alnr+p, e a u B -

d D
HOKAa HEHW3BECTHBIC MOCTOSHHBIC. YuWThIBasg, uro U (E =U,, a U|l—|=0,

HaxoJum

Uy

E’(r)z_ln(D/d)

1
.

OxkonuatensHO 3akoH OMma (6.1) nmpumeT Buj

-

g U
= 0

~ pin(D/4d)

1
.

[lonHbBII TOK, NPOTEKAIOIUN M0 LHWIMHAPUYECKOMY CJIOK H3OJSALUN
27U

nuHoit [, paen [ = jS = j-2mrl = ——F—2— |
8 P = oln(D/d)

OTKYyJa o 3aKOHY Owma

COIIPOTUBJICHUE U30JIAITUN R paBHO

r=Uo _pn(D/d)
1 ez
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TTocnie moACTaHOBKH YHMCIOBBIX TaHHBIX MOMyYnM R =2.2- 10" Om.

Ipumep 6.8. K GonplioMmy MeTauIn4ecKOMY
JHCTY TOJILIUHOM a IpuBapeH
LHUIMHIPUYECKUH TIPOBOJHUK PATUYCOM I
(cm. puc.6.1). Haiinute comporuBneHue R
JUCTa MEXIy IMPOBOIHUKOM M KOJIBIEBBIM
3JIEKTPOJIOM PAIIyCcOM b C IEHTPOM B TOUYKE

TPUKPEIUJICHUS NPOBOJHUKA, €CIU a << Fj.

C'-II/ITaTI), 4YTO YyZACIbHasA NMPOBOAMMOCTH /11

MPOBOJHAKA W  KOJBIIEBOTO
3HAYUTETLHO 6oIIbIIIe
MIPOBOMMOCTH A MaTepuaia JIUCTa.

JNEKTpOIa

Puc.6.2

1
f

YAEIBHOMN

Puc.6.1

Pewenue. Tax xkax A >> A, TO NOTeHIHMAI

BCEX TOYEK IPOBOAHHUKA, IPUBAPEHHOTO K
JIUCTY, MOXHO CUUTaTh IOCTOSIHHBIM. Tak Kak
TOJIIIMHA JIMCTA @ MHOTO MEHBIIE Pa3MepoB
MIPOBOJHUKA, TOK, TEKYIIUH IO JHUCTY, MOXKHO
CYMTATh PpACHpPEEICHHBIM PaBHOMEPHO IO
TOJIIMHE JMcTa. B cmiy cuMMmeTpuum OH
HalpaBleH 110 paguycy OT TOYKH KpEIUICHHS
MOJBOSALIETO IMPOBOJHMUKA M €ro IUIOTHOCTH
OJIMHAaKOBa 110 BCEM HalpaBieHUsAM. B cury
3akoHa Oma Tak »xe OyzmeT pacmpejencHa
HaNpsDKCHHOCTh  3JIEKTPUYECKOTO TOJIS, TPH
9TOM Tmoje Oyaer oOnanaTh UIMHAPUYECKOH

cumMetpuel. Takoe mone co3gaeT OCCKOHEUYHBIH IMIMHAP, 3apsDKCHHBIA C

HEKOTOPOW TMOCTOSIHHOM TMOTOHHOM IUIOTHOCTBIO 3apsina k. VHbIMH cioBaMu,

pacnupeacieHue HANPSKCHHOCTH 3JICKTPUYCCKOTO ITOJIA 6y,£[CT TaKUM K€, KaK €CIIn

OBl TOK K JIMCTY NOABOJUTCA OCCKOHEUHBIM OpAMBIM ITPOBOAOM, KaK ITOKa3aHO Ha

puc.6.2.  HampspKeHHOCTb UIEKTPHUYECKOTO MOJIsI B TOYKE, OTCTOAIEH OT ocu

TIPOBOJHMKA HA PAaCCTOSHUHU T, Hafl[[eM 10 T€OpEME Faycca
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K
E=—, (6.17)
&€y 27r
; KA

a INIOTHOCTh TOKa B JIMCTE — 110 3akony Oma j = AF = ——
2meeyr

YMeCTHO OTMETHUTB, YTO IONYIEHHBIH pe3ynabTaT He 3aBHCHT OT (OPMBI U
PacMoN0XKEHUs! TOABOASILETO TOK MPOBOJHUKA.

HaiineM mojHbIA TOK, TEKYyIIMH yYepe3 OOKOBYIO MOBEPXHOCTh IMIMHIpA

paguycoM 7, KOAKCHAIIbHOTO C TPOBOAHUKOM
~e A
I=¢jdS=—nxu.
¢,

BrIpa3uM n3 MOJIy4eHHOTO COOTHOIIEHWsT K u moactaBuM ero B (6.17),

IoJIydum

I 1

=——, 6.18
27a 1 ( )

B cuiny CHMMETpUM TOTEHIMAI BCEX TOYEK OOKOBON MMOBEPXHOCTH
BEIJIETIEHHOTO [IMJIMHIPA OJMHAKOB. Pa3HOCTH NOTEHINATIOB MEXKIY NPOBOIHUKOM,
MOJBOIIMM TOK K JIUCTY, W OTOH MOBEPXHOCTHIO HAMJeM, HUCHONB3Ys CBS3b
Pa3HOCTH ITOTSHIMAJIOB C HAIIPSHKEHHOCTHIO MOJIS
r r
- - I dr 1 r
Ap=|Edr=|———=—In—. (6.19)

2tha r 27la 1,
To To

ComporuBieHre R JHCTa MEXIY MPOBOTHUKOM H IIWIMHIAPOM PaIlycoM
b ¢ IEHTPOM B TOUKE MPUKPETUICHHUS IPOBOJHUKA HAXOIUM 10 3aKoHy OMma:

R_A¢(r=b)_ 1 b

=——In—.
1 2rla 1
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Mpumep 6.9. K OonpmioMy MeTaNIMYECKOMY
JHMCTY TOJIMHOW a TpHBapeHbl HA PACCTOSHUU
b 1gpyr oT Japyra JABa IIMJIMHIPUYECKUX
MpOBOJHUKA paguycoM 71, (cM. puc.6.3).
Haiinure COIIPOTUBJIEHUE R MEXIY
IIPOBOJHUKAMU, €CIH a << I, <<b. Cuurarts,
YTO y/eJbHas MPOBOJIUMOCTh A; MPOBOJHHKOB

3HAYHMTEIBHO OOJIbIIE yzlenm{oﬁ MPpOBOAUMOCTHU

ﬂy Marte€pualia JucTa.

Pewenue. Bocrnosb3yemes NPUHIIAIIOM

CYNEPIO3UIMA W  PEIEHAEM  MPEABIIYLIETO Puc.6.3

npuMepa. Hampssk6.€HHOCTL 3IEKTPHYECKOTO TIOJIS, CO3JaBaeMOr0 BHYTPH JIMCTa
TIEPBBIM DJIEKTPOIOM, coriacHo (6.18) paBHa

_ I 1
" omda r’

Tak Kak TOK, TEKyIIHH uyepe3 BTOPOW LWIMHAP, PABEH TOKY, TEKyLIEMY
yepe3 NEpBhlil, HO HAaIpaBleH B APYTyK CTOPOHY, TO Ha IPSIMOH, COEAMHAIOIIEH
LIEHTPBl 3JEKTPOJIOB, HAMPSHKECHHOCTh, CO3/aBaeéMasi BTOPBIM JJICKTPOAOM -

1
Ey=——F—.
27ha(b - r)

Pa3HOCTh MOTEHIMANOB MEXIY LIWIMHAPAMHU HaiiieM, HCIOJb3ys CBS3b

Pa3HOCTH NMOTEHIHAJIOB C HANPSHKEHHOCTHIO MOJIS

(1 I b

-
—py = [ ==+ dr=—— 12"
O~ IZﬂ'ﬂa(i’ b—r} mAa Iy

To

CpaBHuBasgs ¢ 3akoHOM Owma B dopme @, —@, = RI, OKOHYATENHEHO

HaxoauM COITPOTHUBJICHUE

R=—mZ 1.
ma
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3aoanue ona camocmoamenvHol padomul

6.1. JIBa mpoBosIIMX IIapa ¢ paguycaMu R; U R, 3apbIThl B 36MIIIO HA PACCTOSIHUY,

3HAUUTEIBHO MPEBBIIAIOIIEM UX pa3Mepbl. Mexay mapaMu co3AaeTcs (C IOMOIIBI0
BHEIIHETO UCTOYHNKA) pa3HOCTh nmoTeHnuanos U . HalinuTe moTeHImais! mapos.

6.2. Haiinure 3aKOH MpeioMIICHUS JIMHUI TOKa Ha IUIOCKOW TpaHHIE pas3jena JBYX

cper ¢ IpOBOAUMOCTAMU A, U A,.

6.3. 3asemiieHHME OCYIIECTBIACTCS C IOMOIIBIO HJEaJbHO IPOBOJSILETO IIapa
paguycoM a, HaloOJOBHHY YTOIUIEHHOTO B 3eMJII0  (IIPOBOAMMOCTD 3€MJIM

A, = const ). Cnoii 3emiu pajguyca b , KOHIEHTPUYECKUH € IIAPOM U MPUIIErafO Iyt
K HEMy, HMeeT HCKyCCTBEHHO IIOBBIIICHHYI0 ITIPOBOIMMOCTE A,. Haiinure

CONMPOTHUBJICHUE R Ttakoro 3azeMiuTens.

6.4. Konirpr HeKOTOpOf/’I 1Uenu 3a3€MJICHBI C IMOMOIIBIO IBYX HUJICAJIbHO MPOBOAAIINUX

cep (paguycel a; U a, ), HAOJIOBHHY YTOIUICHHBIX B 3€MITIO, CIIY’KAIlyl0 BTOPHIM
npoBojoM. Paccrosuue Mexay cbhepamu [ >>a;,d,, TPOBOAUMOCTb 3eMIH A .

Haiinute conpotuBinenne R MexIay 3a3€MIUTEISIMHU.

6.5. B oqHOM KOaKCcHaIbHOM Kabele MPOCTPAHCTBO MEXKY BHYTPEHHHUM IIPOBOJIOM
W HApYXHOW IHIHHIAPHUECKON O0O0OJIOYKOW 3alOJHEHO H30JSATOPOM C YIACTbHOU

MPOBOJUMOCTBIO A = 10_13(0114 . M)_l , @ B IDyTOM - C yJEJbHON MPOBOJUMOCTHIO

_ -1 - o
A, =10 4(Om-m)™" . Haiigure oTHOIIGHHE TEIUIOBBIX TOTEPh B H3OJISIMHA KabeIeii,

€CJIM UX TCOMETPHUUCCKHUE MapaMETPhI U MOJJaHHBIC HA HUX HAIIPAXKCHUA OHI/IHaKOBLI?

6.6. [IpocTpaHCTBO MEXK/1y TUNIACTHHAMH [UIOCKOTO
KOHZIGHCATOpa,  KOTOPHIM  TOACOENAWHEH K

ucrournky DJIC E,, 3amonHeHO HATOTOBHHY

MaTepuaIoM C YJEIbHBIM COIPOTHUBIEHUEM P,
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(cMm. puc.6.4), a HaNoONOBMHY - MAaTEPHAOM C YAECNBHBIM CONPOTHUBIECHHEM p,
(p; < p,). KaxkoBsl OyIyT TemIOBBIC MOITHOCTH, BEIIENSIOMINECT B KaXIOM cioe?

Paccrosinue MEXKIY IJIACTUHAMU KOHACHCATOpa d , I1om@aab ImIaCTUH S.

6.7. B ycrmoBum mpenpimymied 3amgaddl HaWOWTE IUIOTHOCTH ITOBEPXHOCTHBIX
CBOOOHBIX 3apsi/IOB O Ha IPaHMIE MEXIY JUIICKTPUKAMHU.

6.8. JlBa OIMHAKOBBIX IPOBOJMIIMX IIapa C paguycaMH F TOTPYXXKEHBl B
OIHOPOIHYIO CPely ¢ MPOBOAUMOCTBIO A . UeMy paBHO CONMPOTHBICHHE CPENsl R
Mexay mapamu? CyuTaTh, YTO PACCTOSHHME MEXIY IIapaMd HaMHOTO OOJjblIe MX
pasnycos.

6.9. Pemnth npeapiaynyto 3a1ady B MPEANoI0KeHHH, YTO HIapbl 3aMEHEHBI JIBYMS
TeJlaMH ¢ n3BeCTHbIMH eMKocTsMu C; u C, , pa3Mepbl KOTOPBIX MHOI'O MEHBIIIE
paccrosHust d  MeXIDy HUMHU. JlMdJeKTpuyeckas IPOHHUIIAEMOCTb CpEnbl,

Haxo;[ﬂmeﬁcx MEXY T€J1aMU, paBHA E.

6.10. Mexny nByMs OpOBOISIIUMU c(HEPUUECKUMHU 000JI0UKAMU C pajuycaMu 7 U
ry (r; < ry) HaxoIATCS [Ba CHEPHIECKHUX CIIOS AMDIEKTPHKA C IIPOBOIUMOCTAMH A,
u A, W pamuycaMu ry,r, U TI,,F; COOTBETCTBEHHO. OIpenennTe TEeIIOBbIe

MOIITHOCTH, BBIACIAIOIIUECA B KaXIOM H3 CJIOEB, €CJIIM MEXIAY MIPOBOAAIIUMU
000109KaMu TIOAACPIKUBACTCA IMOCTOAHHAA PAa3HOCTh MMOTCHIINAJIOB U.

6.11. Mexny nByMsl IPOBOISIIMMHU LIMJIMHAPHYECKUMHI O0OJIOUKAMH C pajlycaMu
U ry(r <ry) HaXomATCS JBa LMIMHIPUYECKUX CIOS JIUIJIEKIPUKA C
npoBoguMocTsMH A, U A, W pagumycamMu rj,F, W I,,F; COOTBETCTBEHHO.
Omnpenenure TEIIOBbIE MOITHOCTH B KaXX/IOM M3 CJIOEB, €CIIH MEXIY MPOBOASIIMMHU
000JIOYKaM¥ TIOJJIEP>KUBACTCSI TIOCTOSIHHAS Pa3HOCTh IoTeHImanoB U . Bricora

OAIAHAPOB [ .
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6.12. TIpoBox, Mo KOTOPOMY IPOTEKA] TOK CHIOH [ , 000pBaJICS U ymall Ha 3eMIIIO,
IIpY 3TOM Ha 3eMJIe OKa3aJiCs MPSIMOJMHENHBINA KycOK mpoBona mmHoi L . Ilocne
MaJIeHUs TPOBOJAa TOK B HEM He m3MeHmIcs. OIpeeuTe «I1aroBoe HalpsHKeHHe »,
I10JT KOTOPBIM OKa)KETCs YeNIOBEK ¢ JUTMHOM miara [, mpuOImKaIoMMiics K TPOBOAY B
MEPHEeHUKYJSIPHOM HANpaBICHUHM HA 3HAYUTENIbHOM pPACCTOSHUM OT KOHIIOB
nposoja. PaccrosHue o Ommkaiimedl Kk IpoBOLy HOTH 4YeJIOBEKAa DPaBHO 7.
Hailiqure BenMYMHY IIAroBOrO HANPSDKCHUS MPU  CIEAYIOIUX 3HAYCHUSIX
apamMeTpoB: IPOBOAMMOCTL 3eMid A =2- 107 (OM . CM)_I, ro=1lm, 1=0,75m,

L=300Mm, I =500A.

6.13. K neHTpaM NpPOTHUBONOJIOKHBIX TOPLOB
TOHKOCTCHHOM LUAJIUHIPUYECKOU OaHKH
quamerpoM D u BBICOTOM [ mpumasiHbI
npoBoga auamerpoM d  (cM.  puc.6.5).
OnpenenuTe compoTuBicHHe R OaHKU, ecin
oHa cienaHa u3 (ONBTM TONIMHOH O <<d ¢

YIEABHON POBOJUMOCTEIO A .

6.14. K 1mamerpanbHO MPOTHBOIOJIOKHBIM
ToukaM A4 U B c1abo npoBoIsIei OQHOPOIHOM

oo cdepsl TOABENCHBl IMIMHAPUYECKHE
MpOBOJId, MEXIYy KOHIAaMH A M B KOTOPBIX

MOJUICPXKUBAETCS  IOCTOSIHHAsE — pa3HOCTh
noreHuuanos U . Haitnure pacnpenenenue
rnoTteHuuana @ kak QyHkouio yrima € (cm.
puc.6.6). Yrom, mox KOTOPBIM W3 LEHTpa
chepst O BHIEGH JUaMeTp OCHOBaHHUS

KaXIO0ro U3 IpOBOJIOB, PaBeH 26, .

6.15. B ycioBuu mpenpayliel 3amadd Puc.6.6
Haiinure conpotusienre R cdepsl. [IpOBOAMMOCTE MaTepuana, U3 KOTOPOrO OHA
usrorosiena pasa A . Tonmmna chepsl O .
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6.16. Ha mummHIpHyeckuii KOHIEHCATOp C paiuycaMy oOKIagok R, u R, TOXaHO
Hampsokeane  U,. KoHgeHcatop 3amonmHeH —cna®ompoBomsmiell  cpemoil ¢
JIM3JIEKTPUYECKOM MPOHUIIAEMOCTEI0 € =1 U yaenbHON MPOBOAUMOCTEI0 A =k / r?,

rae k—KOHCTaHTa, a r—pacCTOsSHHE OT OCH KoHjAeHcaropa. Haifmute

pacrpeeneHue 3apsijia 1 HalupsHKeHHOCTH I0JIsI BHYTPH KOHICHCATOpa.

6.17. TIpocTpaHCTBO MEXAy J[ABYyMs KOHIICHTPHYECKUMH c(depaMu 3amoHeHO
JU3JIEKTPUKOM, TIPOBOJMMOCTh KOTOPOTO 3aBHCHUT TOJBKO OT pacCTOSHHA 10 cdep.
HaiiuTe 3akoH H3MeHeHWs yaenbHOHW mposomumoctd A(r), ecnm oGbemHas
IUIOTHOCTh MOIIHOCTH TEIUIOBBIX IHOTEPh MPH IPOXOXKIACHHH TOKA OJAWHAKOBA BO
BCEX TOYKaX.

6.18. IlpoctpaHcTBO MeXAy IBYMS KOAKCHATBHBIMH IIFUIMHIPAMHU 3aIllOJTHEHO
IUAJIEKTPUKOM, OONafalolmnuM HEKOTOpoil mpoBomuMocThlo. Halinure 3akoH

HU3MCHCHUA yﬂeJ'H)HOI}’I MPpOBOAUMOCTHU /1(}’) , €CJIM IPU HAJIMYNU HeKOTOpOI}’I Pa3HOCTHU

TNOTCHIIUAJIOB MOJIE MEXTY HUJIMHAPAMU BE3J1€ OANMHAKOBO.

6.19. Ilo UWIMHAPHYECKOMY CTEp)KHIO TE4eT TOK IUIOTHOCTH j. YIelbHas
MPOBOJUMOCTh Ha ydacTke AB IMHOM [ H3MEHSIETCs M0 JUHEHHOMY 3aKOHY OT A

1o A, . Haiigure 06bEMHYO IUIOTHOCTS 3apsifoB 0 Ha ydacTke AB.

6.20. NmeeTrcst 1 waeambHO TPOBOAAIIMX TeN B Bakyyme. M3BecTHO, 4TO TIpH
3apsanax  ¢y,q,s.--»q, AX TOTCHIMAIB PaBHBl @, (P,,....¢, . Kakoe KommdecTBO
TetIoTsl N OyZIeT BBIAENATHCS B €IMHMIYY BPEMEHH, KOTAA MPOCTPAHCTBO MEKIY
paccMaTpuBaeMBIMH  TellaMH  OyZeT 3alloNHeHO OJHOPORHON  IPOBOASIIEH
JKUJIKOCTBIO C YJIEIBHON MPOBOAUMOCTBIO A U JHU3JIEKTPUYECKOM TPOBOIUMOCTHIO

£, ecnd TOTEHLUUWANbl TeN NONACPKUBAIOTCA  IIPU  NPEKHUX 3HAYCHHUAX

P1:P25es Py ?
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6.21. I[lapoBo#i cnoii 00pa3oBaH KOHIEHTPHYECKUMH cdepaMH H3 HACAILHOTO
[IPOBOJIHKKA, MEXKJIy KOTOPHIMH HaXOIUTCS BELIECTBO C MPOBOAUMOCTHIO A. Kakoe
KOJIMYECTBO TEIIa BBIAEISIETCS B €IMHUIYY BpEMEHH BHYTPH TOTO CIIOSI, €CIIH Chephl
MOJIKIIIOYEHBl K MCTOYHHUKY INOCTOSHHOTO HampspkeHust U,? BHyTpennuil paguyc
cJ0s paBeH R, BHEeNIHHIA — R,.

6.22. 3apsHKeHHBIM IUIMHIPHYECKHH  KOHAEHCATOp 3aloJIHEH Cpemod ¢
MPOBOAMMOCTBIO A H JU3JIEKTPHYECKON MPOHUIIAEMOCTRIO €. JlIMHa KoHIeHcaTopa —
[, pamguycel o0kmamok — R; u R,>R,. Haiinute 3aBHCHMOCTh TOKa YTEUKH OT
BpEMEHH, €CIH H3BECTHO, YTO B MOMEHT f=(0 pa3HOCTh MOTEHINAJIOB MEXIY
oOknankamu paBHa U.

6.23. IlnacTuHBl TUIOCKOTO BO3IYLIHOTO KOHAEHCATOpPa, COEAMHEHHOTO C
HCTOYHUKOM TmocTosiHHOM OJIC E, memenso pa3ABUralOT ¢ TOCTOSHHOU
ckopocThio v. Kak u3MeHsieTcst co BpeMeHeM cuiia Toka B nenu? [nomanp miactux

KOHJIEHCATOpa S, a PACCTOSIHUE MLy HUMHU B MoMeHT Bpemenn ¢ = () pasno d;.

6.24. KonzeHcaTop IEpeMEHHOH EMKOCTH COCTOMUT W3 JABYX IPSIMOYTOJIBHBIX
METaJUTMYECKUX IUIACTUH, PACIOJIOKEHHBIX Ha PAacCTOSHUM d Jpyr OT Jpyra,
IUIOMA/h TIEPEKPHITHS KOTOPHIX MOXHO M3MEHSTh IO 3aKOHYy S= v, mepememas
OIHy W3 IIacTuH. IIpu 3TOM 3a30p MeXAy IIaCTMHAMU OCTaeTCsl HEM3MEHHBIM.

Komnpemcarop coeuien ¢ ucrognnkoM nocrosamoi DJIC € . Haifgure TOK B Lern.

6.25. K nrameTpanbHO MPOTHBOMOJIOXKHBIM TOYKaM Iapa pagiuycoM d, CAEIaHHOTO
W3 TUIOXO MPOBOJSAILEr0 MaTepHalla ¢ yIEIbHBIM COIPOTHUBICHUEM P, MOJKIIOYEHBI
OUIMHIPUYECKUE TOABOSIINE MPOBOa paanuycoM r<<a. Hailimure comporuBieHHe

mapa.



122 §7. Macnumnoe none K8a3uCmMayuOHAPHLIX MOKO8

§7. MarnuTHoe noJe KBa3uCTAIUOHAPHBIX TOKOB
Kpamkue meopemuuecKue ceedenus

MarnutHoe mnone. MarnutHag wHAykiug. Cuna JlopeHna. OmnbIT
MOKa3bIBaCT, YTO MBIIKYIIMECS 3apsiasl (HAmpuMep, CBOOOIHBIC 3apsiabl B

MIPOBOJIHUKAX, IO KOTOPBIM TEYET AIICKTPHYECKUH TOK) B3aUMOJIEHCTBYIOT IPYT C
JpyroM COCBEM He TaK, KaK HemojaBWXHbIE. [loCpeaHHMKOM  Takoro
B3aMMOJCUCTBUSL SIBISIETCSl MACHUMHOe nojie, TO €CTh II0je, CO3/laBaeMoe
JBIDKYIIUMHUCS 3apsilaMH U JISHCTBYIOIEee Ha JPYrue IBHKYIIUECS 3apsibl.

Ecmm yacTuma ¢ 3apsaoM g OBHIKETCS CO CKOPOCTBIO V. B MAarHUTHOM
10JIe, TO Ha 3TY YaCTHUILy IEHCTBYET CHUiIa, HOCAIasl Ha3BaHUe cuiabl Jlopenya:

F=gql5.B|, (7.1)

roe B — cuioBas XapaKTEPHCTHKA OKPYKAIOWETO YaCTHIy MArHHTHOIO OIS,
KOTOpasi Ha3bIBAETCS GEKMOPOM UHOVKYUU MACHUMHO20 NOJAS WM TPOCTO
sexkmopom  mazuumnuou unoykyuu. Paxtmdecku, Belpaxenwne (7.1) MoxHO
CUNTATh HESIBHBIM OIpPEAEJICHHEM BEKTOpa MAarHUTHOM MHAyKuumu. Enununa
U3MepeHns MarHuTHON nHIyKuuu B cucteme CU nHaseBaercst mecaa (To).

JIni  MarHMTHOTO TONSL BEPEH MpUHYun Cynepnosuyuu: BEKTOP
MarHUTHOW MHIYKIUH IOJsI, CO3JJAHHOTO CHCTEMOH IBHXKYIIMXCS 3apsyKeHHBIX
yacTull (WIM TPOBOJHMKOB C TOKAaMH), PaBeH CyMME BEKTOPOB MAarHUTHOMN
WHAYKIUH M0JIeH, CO3aHHBIX KaXKAO0H M3 JBIKYIIUXCS 4acTUL (MIIM KaXKIbIM U3
TIPOBOJIHUKOB) B OTCYTCTBHE OCTAJIbHBIX.

Tak xaxk cuna Jlopennma (7.1) B Kaxkablii MOMEHT BpEeMEHHU
MIEePICHIUKYIIIpHA CKOPOCTH 3apsiaa, Ha KOTOPBIM OHa JieiicTByeT, TO ee pabora
pu JII000M IepeMelIeH!H 3apsja paBHA HyI0. IloatoMy macHummuoe none He
usMeHsem Mo0yib CKOPOCMU 3apA0a, HO USMEHAEN ee HanpaesieHue.

3akoH Awmmepa. Ecnu mpoBOZHMK ¢ TOKOM HAaXOOUTCS B MarHUTHOM
mmoJie, TO Ha KaKAbIi 3apsja, oOpa3yloolIuid 3TOT TOK, aeiictByer cuna JlopeHua.
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HpI/I 9TOM, COBOKYIIHas CHJIa, Z[ef/’ICTByIOIHaSI CO CTOPOHBI MarHUTHOI'O IIOJIA Ha

B3JIEMCHT di HpOBO,IIHI/IKa, OHpe,IIeHHeTCﬂ 3AKOHOM AMnepa.’
dF =1ldi B, (12)

rae I — cuia Toka B TIPOBOIHHUKE, B - WHOAYKIIAS MarHUTHOI'O ITOJIA B TOYKE
PaCIoOIOKCHNA pacCMaTpUBAC€MOro DJ3JICMEHTa IIPOBOAHHMKA, a HaIIPaBJICHUC

BekTopa dl coBmamaeT ¢ HampaBieHHEM TokKa. YToObl HalTH cuiy,
JEHCTBYIOIYIO CO CTOPOHBI MAarHUTHOI'O TOJISI HAa NMPOBOJHUK KOHEYHOH JUIMHBI,
HEOOXOAMMO TPOUHTETpUpOBaTh (7.2) 1Mo Beeil AyTHHe L POBOIHUKA:

F =Ij[df,l§]. (13)
L

Cuua, onpenensieMasi BelpaxkeHueM (7.3), Ha3bIBaeTcs cunou Amnepa.
3akoH buo-Casapa-Jlanaca. UroObl paccuuTaTh CUJIOBOE

B3aUMOJICCTBHE MPOBOJAHMKOB C TOKOM Ha OCHOBe 3akoHa Awmmepa (7.2),
HEOOXOAMMO 3HATh BBIPAXEHHE JJISI HHAYKIUH MarHUTHOTO IOJIs, CO3/1aBaeMOr0
TaKUM TNPOBOAHUKOM. Ui cmayuonapnuix (He U3MEHSIOIIUXCS CO BPEMEHEM)
TOKOB JTO BBIpaXaeHWEe 3amaercs 3axoHom buo-Casapa-Jlannaca, KOTOpPBIi

IJIACHT, YTO BEKTOp MATHUTHON HHAYKIMH B IO, CO37aBaeMoro B Touke M
MPOBOZAIIMM KOHTYPOM L ¢ TOKOM / B BaKyyMe, paBeH
. ol ¢l ]
B = [ =£0- [121, (7.4)
7 4z

r3

rne dB — Bkmax snementa dl KOHTYpa B Pe3ylbTHPYIOIIGE MArHMTHOE IOJE,
F— BEKTOp, IPOBE/ICHHBIN U3 31eMeHTa dl B Touky M, a K =47-107 H/A* -

pa3MepHbIi kKo3hdureHT cucteMsl CU, Ha3bIBaeMBIH MacHUMHOU NOCTOSHHO.
Beipaxenue (7.4) He yduTBIBAET 3ama3bIBaHUs MOJSI IPU €TO PaCIpPOCTPaHEHUH
OT HCTOYHHMKAa 1O TOYKM HaONMIogeHWs. B cioydae nocTaTodyHO MeIJIeHHO
U3MEHSIONMXCA  (K8a3ucmayuoHaprvix) TOKOB 3ala3/blBaHUEM IIOJIA MOMKHO
npeHeOpedb U MpUMEHSTh Gpopmyiy (7.4) K TOKaM, MEHSIOIIUMCS BO BPEMCHH.

B yacTHOCTH, B OKPECTHOCTH OECKOHEYHO AJMHHOTO MPSMOJIHHEHHOro
MpOBOAA C TOKOM [
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p=tol

, 7.5
2w a (7.5)

TZIe a — PacCTOSHKE OT IIPOBOJIA JI0 TOUKH HaOITIOACHHSI.

U3 3akona Awmmepa (7.2) u ¢opmynsl (7.5) clieiyeT, 4yTO Ha OTPE30K
MIPSMOJIMHEHHOTO MPOBOIHUKA JIMHOH dl ¢ TOKOM I; CO CTOPOHBI MAarHUTHOTI'O
1osst OECKOHEYHO [UIMHHOIO TPSIMOJIMHEHHOIrO TOHKOTO IMpPOBOAA C TOKOM I,
PAacIIONOKEHHOr0 MapajiesIbHO MEPBOMY Ha PACCTOSHUM @ OT HEro, JEeHCTBYET
dF =t 20 4y

4T a
TIpoBOIHUKK C OJMHAKOBO HAINPaBIEHHBIMU TOKAMH IPUTATHUBAIOTCS, C

CHuJia, paBHasd

TIPOTUBOINOJI0KHO HAIIPABICHHBIMU — OTTAJIKUBAOTCSI.
Ha ocHoBe »s¢ddexra marHuTHOro B3ammoneiicTBusi TokoB B cucreme CU
BBOAWUTCS €OUHMIIA M3MEpEHUs CHWIbl TOKa — amnep. Ammep — cuia
HEU3MEHSIOUIETOCS TOKA, KOTOpBIM, TPOXOAs MO JBYM HapaelbHbIM
NPSIMOJIMHEHHBIM TPOBOJAHUKAM OECKOHEYHOH JUIMHBI M HHYTOXHO MaJIOH
MIJIOIAU TIOTIEPEYHOr0 CEUEHUs, PACIIONOKEHHBIM Ha PAacCTOAHUM | MeTp OfuH
OT JIpyroro B BaKyyMe, BBI3BAJI ObI MEXIY dTUMH IPOBOIHHKAMHU CHIY, PaBHYIO

2:10”7 H na KaXX]IbIl METp IJTUHBL.

MaruutHbld MOMEHT. OpUEHTHPYIOIIEE TeHCTBUE MATHUTHOIO mojisi. Ha

3aMKHYTBIM KOHTYp L ¢ TOKOM /, TOMELIECHHBII BO BHEIIHEE MAarHUTHOE IIOJIE C

UHIyKIuel B, cornacHo 3akoHy Amriepa (7.2) nefcTByeT Bpallaromuii MOMEHT

M =1§ [Flai . 8] (7.6)
L

rie 7 — BEKTOp, IPOBENEHHBIH W3 TOYKH, OTHOCHTENIBHO KOTOPOH

PacCUMTHIBACTCS MOMEHT, K DJIEMEHTY KOHTYpa dl .
B oxgHOpomHOM mone 3Ta (opMmyia Mo MpaBWiIaM BEKTOPHOIO aHAIH3a
npeobpa3syeTcs K BUIY

M =p,.B). a7

e p; — MACHUMHBLI MOMEHM KOHTYypa:
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By =1 jdﬁ , (1.8)
(S)

31ech sneMeHT dS MIPUHAIICKUT MPOU3BOIBHON MMOBEPXHOCTH S , HATIHYTOH
Ha KOHTYp, ¥ HalpaBjeH IO MpaBWly OypaBYMKa OTHOCHTEJIBHO HAlpaBiCHUS
NPOTEKaHUs TOKAa. Pe3ynmbTaT MHTEIPUPOBAHMS HE 3aBUCHT OT  (OPMBI
MTOBEPXHOCTH, U IIOTOMY CIIY)KUT XapakTepPUCTHKOW KOHTypa. s IIIocKOro
KOHTYpa

P =15, (7.9)

rac S - miomanab KOHTYpa.
HOH Z[ef/’ICTBI/IeM MOMEHTa CHJI paMKa C TOKOM CTPEMUTCHA 3aHATb
yCTOf/’I'-II/IBOG IOJIOKCHUEC, T.C. NOBCPHYTHCA TaK, YTOOBI MOMEHT CTal PaBHbIM

HYIIIO. HpI/I 3TOM BEKTOp i)m CTaHOBUTCSA COHallpaBJICHHBIM C BEKTOPOM

UHIYKIUU B .
PesynpTupyromas cuia, JOeWCTBYIOIIas Ha KOHTYP C  TOKOM,
TIOMEIICHHBIA B OJIHOPOJIHOE MAarHUTHOE IOJie, paBHA HYII0. B HeoqHOpOIHOM

MarHUTHOM II0JIEé Ha KOHTYp, ITOMHMO MOMEHTa M , HeHCTByeT OTIMYHAs OT
HYISl pe3ylbTHpYIoIas cuia. Ha KOHTyp MajblX MO CpaBHEHHIO C MAacIITaboM
HEOJHOPOAHOCTH MOJIS pa3MepOB JIEHCTBYET CHila

F=v(p,.B). (7.10)

OJHO3HAYHO OIpejiessieMas BEIMYMHOM M OpUEHTalMell MarHUTHOTO MOMEHTa
koHTypa. KoHTyp BTsrmBaercss B o00nacTe Oonee cuiabHOro mons (ecnu
(ﬁm,B)>0), 00 BBITAJIKUBAETCS B 00JaCTh MEHEE CHIILHOTO IO (eciu
(5, B)<0).

BekropHblit moteHman. Jis yao0cTBa BBIYUCICHUS MATHUTHBIX MTOJICH
BBOJIUTCA MNOHATUE 8eKmMOpHOo20 nomeHnyuana. COTIACHO NpaBUIaM BEKTOPHOI'O

=l pdl

aHanm3a BblpakeHue (7.4) MoxeT ObITh IpeoOpa3oBaHo K BULY B =’ZLr0tJ‘— .
T r

L

HOSTOMy MOXXHO BBECTU BEKTOPHOC I10JIE
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= My 1dl
A=t [ 711
471'! r ( )
TaKoe, 4TO
B=rotA. (7.12)

Bcesikoe BekTopHOE none A , ynoBieTBopsitomiee ycinoBuio (7.12), Ha3pIBarOT
6EKMOPHLIM NOMEHYUAIOM MArHUTHOrO mofiis. Ero MoxkHO ompeaenuTts ¢
TOYHOCTBIO JIO TPAJIMCHTA MIPOU3BOJIHLHON CKAIIPHONW (DYHKIIUU KOOPIAHHAT.

U3 (7.12), B wacTHOCTH, CIIEIYET, YTO

divB=0, (7.13)

TO €CTb MAarHMTHOC IIOJIC COJleHouad/leO, OpUuiYeM 3TO CBOWMCTBO OCTaeTCs
CIIPaBCJINBBIM WU I HeCcmAayuoHApHblX MarHUTHBIX moneld. CHIIOBBIC JTHHHH
MAarHuTHOI'O IIOJIA, KaK U 000r0 COJICHOMJAJIBHOT'O, BCECTAa 3aMKHYTHI.

BexTopHBIH MOTEHIMAN ¥ MHAYKIUS MarHWTHOTO MOJIS, CO3aBaeMOro
MaJbIM KOHTYPOM C TOKOM, ( T.e. Ha PAacCTOSHMAX, OONBLIMX IO CPaBHEHHUIO C
pa3MepaMH caMoro KOHTYpa) Tak e Kak U AefCTByIoIre Ha KOHTYP MOMEHTHI 1
cunbl, Belpaxarorcs (cm. [Ipmmep 10) depe3 MarHUTHBII MOMEHT KOHTypa H
panuyc-BeKTOp TOUKH HaOJIIONCHNU S, IPOBECHHBINA 13 [IEHTpa KOHTYpa:

A:ﬁ%ﬁ%gj, (7.14)
P )

B:%:;(pm’r)}; Pm" . (7.15)
r

MarsuTHoe ToJie, CO3/1aBaeMO€ MaJIbIM KOHTYPOM, (3JIEMEHTapHBIM MarHUTHBIM
MOMEHTOM) BO MHOI'OM aHAJIOTHYHO IIOJI0 TOYEYHOT'O JMIOINSA B IEKTPOCTATHKE.
IToaTOMY TaKo# KOHTYp Ha3BIBAIOT MACHUMHBIM OUNOTIEM.

IIpumep 7.1. Haiinure BKiam oTpe3ka HpPsSMOro HpPOBOJHHKA C TOKOM [ B
MarHMTHYI0 MHAYKIHMIO B TOYKE, OTCTOSIIEM Ha paccTOSHME @ OT IPOBOJHHUKA,
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€CJIM TIPSIMBIE, COEAMHSIOUIME 3Ty TOYKY C KOHIIAMU OTPE3Ka, COCTABISIOT C
HaIpaBJICHUEM TOKA YIIIBl &) U @, .

Pewenue. BrpinenuMm Ha TPOBOJHUKE
snement dl | u IIyCTh pajHyc-BEKTOp 7 ,
MIPOBEJICHHBI B TOYKY HaOmroneHus M
13 Hadajla 3TOro JJIeMEeHTa, o0pasyeT C
HaIpaBJICHUEM TOKa yroia O, a paauyc-
BEKTOp, NPOBEACHHBIM U3 KOHLA 3TOTrO
aneMeHTa — yron a+da  (cm.puc.7.l).
Torma w3 TOYKHM HaOIIONEHHS DIEMEHT

BUICH mon yriaoM da. Bxnan dB

anemenTta dl , cornacHo ¢opmyne buo-
Caapa-Jlamnaca, MOXHO 3amucatbh B

Bune dB=

,u013 [di ,F]. Bknansl dB or
drr

pa3In4YHbIX DJIEMEHTOB Puc.7.1
TIePHEHIUKYIAPHBI TUIOCKOCTH PHCYHKA,

a HarpaBJICHUA dB OIUHAKOBBI B ITOJIYIUIOCKOCTAX, pPa3AacIACMbIX Hp?{MOf/’I,

coneprxamieil mpoBogHUK. Ha pucyHke ciieBa oT 3Tol mpsiMOil dB HampaBlieHBI K
HaM, 4TO 0003Ha4eHO Ha puc. 7.1 KpPyKKOM C TOYKOH, a crpaBa — OT Hac

(06o3nayeno cumBonoM @ ). Orcroma ciienyeT, 4to cymmapHoe moine AB B
Touke M TepHeHAMKYIIPHO IUIOCKOCTH pHCyHKa. BennunmHa Bkimana dB
OIIPEEIAETCS COOTHOILEHUEM

_ Mpldlsina

dB >

7.16
dnr ¢ 2

BI)Ipa3I/IM NEPEMECHHBIC 7 U dl 4Y€pe3 MOCTOIHHYIO a U IICPEMCHHYIO (CM.

a

——da . Torma dB='u(—)Isin0!da, u

puc. 7.1): r=alsina, dlsina=rda=
sin 4ra

CJICIOBATECIIBHO,
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AB = ol Ismada- Hol
47ma dra
1

(cos o —Ccosa, ) (7.17)

B YaCTHOCTH, OJId OECKOHEUHOro Hp?{MOJ’II/IHef/’IHOFO MIPpOBOJHUKA

a=0,0,=7 n

B= Mol ,
27a

BeKTOp B B  Kaxmod TOuKe

(7.18)

OpoCTpaHCTBa  JIEXKUT B IJIOCKOCTH,

HepHeHZ[I/IKyJ'IﬂpHOI}’I HaIIpaBJICHUIO TOKa; CHUJIOBBIC JIMHUU IMPCACTABJIAIOT coboit

OKPY’KHOCTH B 3TOM IJIOCKOCTH € LIEHTPOM Ha MPSMOM, conepKaliell IpoBOIHHUK.

IIpumep 7.2. Tlo KOHTYpY, IPEACTABISIONIEMY COOOH KBaJpaT cO CTOPOHOH d ,

Teuer TOK [ . Haliiure MHAYKIMIO MarHUTHOTO IOJI1 HA OCH, NPOXOJALICH yepes

HEHTP KBaJgpaTa napajlji€IbHO €ro CTOPOHE.

Puc.7.2

Pewenue.  CymecTByloT  ABE
paBHOIIpaBHBIE ocu — ock Ox u ock Oy
CHUCTEMBI KOOpPJHMHAT, NMPEACTaBICHHON Ha
puc.7.2. Jlnsg ompeaereHHOCTH Haijaem

BEKTOP HHIYKIUH B B Touke M ¢
koopnuHaTamu (x,0).

Ilone, co3zmaBaeMoe KBaJpaTHBIM
KOHTYpPOM, MOXXHO paccMaTpuBaTh Kak
CYNEpHO3ULHIO TOJEH YETBIPEX OTPE3KOB
TIPSIMOJIMHEHBIX TOKOB. B CUILy
CUMMETPHUHU OTHOCHUTEJIBHO Hayajia
KOOpAMHAT OrpaHuyYMMcs ciydaeM x=0.

Biiiajsl B Pe3ylbTHPYIOUHHA BeKTop B or

Ka)KHOf/’I CTOpPOHBI KBaJipaTa HaIpaBJICHbI BJ0JIb OCHU (0)4 (HepHeHZ[I/IKyJ'IﬂpHO

IIJIOCKOCTHU KOHTypa) u, CJICI0BATCIbHO, BCIIMYMHA B - ectp anrerqueCKaﬂ
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CyMMa 3THX BKJIaA0B. [l0NOXKHUTENBHOH OyneM CYMTaTh NPOEKIMIO BEKTOpa,
HaIpaBIEHHOTO 1Mo ocu 07 (K HaM).

Hcnonp3ys pemienne npeapinynieil 3amadd, MOXKHO HAWTH MHIYKLHIO
MarHUTHOTO MOJS, CO3JaBaeMOro Kaxkioil cropoHod pamku. Ilpm O<x<a/2

OTH MHAYKIUU PaBHBI:

Mol
B =—"C—cos §,
! 2ﬂ(a/2—x)cosﬁ

B, =B, :%(sinOH sin 3),

Mol

——————cos«,
27c(al2+x)

B; =

riue yrisl @ v [ 1oKasaHsl Ha puc.7.2.

TTocne HECNOXKHBIX TPe0OPa30BaHHI MOTyHaeM:

S EEEOR G

a
7Z'a X+— Xx—
2

Ecniu x>a/2 pe3ynbTaT He M3MEHUTCS, XOTs HampaBleHue B,

HW3MEHHUTCS Ha IPOTUBOIIONOXKHOE (cM. Prc.7.5).
TIpu x >>a mnocnenHee BhIpakKEHUE MOKHO TIPEe0oOPa30BaTh

2 2
p=_tol| 1 _a }y _,_1f_a _
y 7} 2\ 2x—a 2\ 2x+a

Clal( 1Y (0 V| mla 8ax
27 2x—a 2x+a 27 (4x2—a2)2 -

_ lu()la2 —_ HoPm
4mc 4

n



130 §7. Maznummnoe none K8a3ucCmayuOHApHLIX MOKO8

rae p,=1S= Ia* . To ecrs, pu X >>a 1ojie yObIBaeT C POCTOM PAaCCTOSHUS,

KakK 1oJji€ MarHuTHOTO JUIOJIA C MOMEHTOM p,, = 1612 .

Hpumep 7.3. Tlo kombily pagmyca R Tteuer Tok [ . Haitnure wuHIyKIUIO

MarHUTHOTO TIOJIE B B TOUKE, PaclojOKEHHON Ha MEpIEeHAUKYIApEe K IMIIOCKOCTH
KOJIbI[a, BOCCTAHOBJICHHOM M3 €ro LIEHTpA.
Pewenue. Bocrionb3yemcst dopmynoit (7.4) . Ilpu

HUHTETPUPOBAHUH o dl yaTem, 91O
r=vR*+2z> =const (cm. puc. 7.3). Beenem
BEKTOp p Tak, uTo 7 =kz— P (k —opt ocu 02).

IToncraBus 7 B (7.4), MOIYYUM

B= ﬂ(_)g{i; [di, Igz]+ § b, di]} ITockonbky BIONB
4nr

yTH HUHTETPHUPOBAHUS kz = const , TO

§[di,l€z]=l§df,ézl=0, TaK Kak f*;dZ:O. Kpome

TOTO, §L5,di]: 28 = 2kS = 2k7R> . [TosToMmy

2 _ —
Puc.7.3 Bl)=— R foFo_ 2Pn__ (719
2(R? + 22 47 (R2 4 22

Ilpu z >> R 13 NOCIEeIHET0 COOTHOLIEHUS CIEAYeT:

2
B(Z)z IuOIR — Ho 2pm
2Z3 4z 13
CnenoBaTensHo, IpH Z >> R mone yObIBaeT ¢ POCTOM z KAk IOJIE MAarHUTHOIO
JUIIONSA ¢ MOMEHTOM p,, = 1S .

B HEHTPE KPYroBOoro BHUTKa (Z=0) MarHuTHass HHAYKOUSA paBHa

E — Hy zﬁm

4w R3

PR
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Mpumep 7.4. Haligute MarHUTHYIO HMHIYKIIUIO HA OCH COJICHOHMZAa, OOMOTKa
KOTOPOTO CONEPKUT 1y BUTKOB HAa EAWHUIYYy MUIMHBL TOK, MPOTEKAIoOUmIHi 110
0o0MOTKe, paBeH I.
Pewenue. ConeHonp — IWIMHApPHYECKAs KaTyIIKa C TOKOM, COCTOSIIAsT M3
OOJIBIIOrO YKCIIa BUTKOB TIPOBOJIOKH, KOTOPBIE 00Pa3yl0T BUHTOBYIO JHHUIO. [Ipu
TJIOTHOM PAacCIOJI0KEHUH BUTKOB COJICHOM MOYKHO paccMaTpHBaTh Kak CHCTEMY
TIOCTIEIOBATENbHO COEAUHEHHBIX KpPYrOBBIX BHTKOB OJMHAKOBOTO pafmyca C
00111eH OCBIO.

Haiinem pacnpenenenne nons
BJIOJIb OCH COJICHOMA B(z). Ecmu ny

JOCTaTOYHO  BEIMKO, TO  MOXKHO
3aMEHUTh TOK, TEKYIIHUil MO BHUTKaM,
TOKOM, PaBHOMEPHO DPacIpeeleHHbIM
110 TIOBepXHOCTU coijeHouzaa. Ilycte
panuyc comeHouza paBeH R, a ero

JJIMHa - l. I[J'I?{ BBIYUCJICHUSA IIOJIA B

MpoU3BONLHOM  TOuke M Ha ocu

BBIICTIUM KOJICYKO C TOKOM IIUPUHOW dz, IIEHTP KOTOPOTO PACIONOKEH Ha
paccrossaun 7 ot M (puc. 7.4). Benuuuna Briaga dB a3rtoro xoneuka B B
paBHa coriacHo (7.19)

2
g =— IR (7.20)

2R +22)"°

VYuuteBas, uto dl = Inydz , npounterpupyem (7.20):

z9+l

_ Myln R? dz
p=*o 20 J'(R2+Z2)3/2.

<0

Rd
3aMeHUB [IEPEMEHHYI0 MHTErprpoBanus z = Retg B ; dz = ——’[; , Haliem:
sin

B= 'UOTIHO(COS By —cos ) (7.21)
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Z0+1 z
rae  cosf3, =— =0~ cos B =—=0 __  KoCHHYCHl YIJOB, TOJ

s
2 2 2 2
\'(Z()'i‘l) +R 'VZ()"FR
KOTOPBIMA BUIHBI U3 TOYKH HaGH}OHeHHH KOHIIbI COJICHOMAA. B YaCTHOCTH, €CIIN
TOouKa M HaXoAUTCA B HEHTPE COJIEHOU 1A, TO

cos By =—cos B, 2 u B=,uOInOL.

R*+1%/4 R*+17/4
B cnywae onunnoeo conenouoa (I>>R) mone BAaU OT €ro KOHI[OB HE 3aBUCHUT OT
z. JIJ1s OISt Ha OCH COJIGHOM 1A M3 MTOCIICAHEr0 COOTHONICHUS HallieM

B = yn,l . (7.22)

Mpumep 7.5. Haiiaute cuily B3aMMOJCHCTBHS MEXIY OCSCKOHEUHO ITHHHBIM
TOHKUM IPSAMOJINHEHHBIM NPOBOJHUKOM, IO KOTOPOMY TE€UET TOK /|, U OTPE3KOM
NPSMOr0 TOHKOI'O IPOBOJHUKA JUIMHOH [ ¢ TOKOM [, JISKAIlUMHU B OJHOH
IJIOCKOCTH. YTOJI MEXAY IPOBOJHMKAMU paBeH (L, HIDKHMH KOHeEIl OTpe3Ka
MIPOBOIHUKA HAXOIUTCS HA PACCTOSIHUY @ OT OECKOHEYHOTO TPOBOHHUKA.

Pewenue. Beinenum Ha OTpe3ke MPOBOAHHUKA ¢ TOKOM I, mManbril snemeHT dx Ha
paccTosHUM X OT ero HwkHero kpas. [IpoBomHuk ¢ Tokom I; cosmaer B mecte
pacroNoKeHus:  5TOro  dJeMeHTa  MarHuTHOe  ToJie ¢ HMHIYKIHEeH

I . . .
= Ll_ , M 3TO Tone AEHCTBYeT Ha JIEMEHT dX ¢ CHJIOH, paBHOMN
27r(a + xsin a)
L1 .
dF =1,Bdx = L dx, HampaBIeHHOH B  INIOCKOCTM  TOKOB
27Z'(a + xsin 0{)

NEPNCHAUKYIIAPHO TOKY 12. HHTel"pI/Ipyﬂ 110 JJIMHE MPOBOJHHUKA, ITOJIydacM:

1
F=J. Hohly dx = ol In 1+Lsina .
0 27Z'(a + xsin 0{) 2z sin a

1,1,]
B cnyuae nmapamnensHbIx npoBogHUKoB & =0 u F = ,u(;# .
a
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Ipumep 7.6. Haiinute 3aK0H IBU)KEHHS DJIEKTPOHA B IOCTOSHHBIX MarHUTHOM U
3MeKTpHUecKoM momsix. CuuTaTh, 4TO TONS OxHOpoxHbie n E 1 B . Hauambas
CKOpOCTB JIEKTPOHA paBHA V,. Macca 3JIeKTpoHa - mi, aOCONIOTHAS BEIUYMHA
€ro 3apsza - e.

Pewenue. Ha 3apsan q, OBWKyIUiics B 3IEKTPUYECKOM U MAarHUTHOM IMOJSX,
JIEHCTBYET CUIIa

F =gE +4[v,B], (7.23)

TZie V - CKOPOCTh 3apsja.
BoiGepeM cucTeMy OTCYETA TaK, YTOOBI HAYAIO KOOPAWHAT COBITAJAIIO C
MOJIOKEHHEM DJIEKTPOHA B HAYaJbHBI MOMEHT BpeMeHH; och OX HalpaBuM II0

BEKTOpY E ., aock Oy — BHOIH B . B oroii crcreme KoopauHaT ypaBHeHue (7.23)
B IIPOEKIMSIX 3aIUIIETCS CIEAYIOIM 00pa3oM:

mX =—eE +eBz , (7.24)
my=0, (7.25)
mZ =—eBx . (7.26)

WnterpupoBanne ypaBHeHus (7.25) mpH HadalbHBIX YCIOBHUSIX )'2(0)=voy "

y(O) =0 paer:

y=voyt . (7.27)

U3 ypaBuenwus (7.26) umeem 7 = ~£ Bx+C u Tax xax x(O) =0mn z'(O) =Vy, » TO
m
C=vy, u

2=, —%Bx . (7.28)
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Baenem 0003HaueHne iB = @ ; noacrasus (7.28) B (7.24), nonydum
m

ivoix=avy, -~E. (7.29)
m

Pemas ypaBHenue (7.29) mpu HadalbHBIX YCIOBUSAX x(O):O U X(O):v()x,

TIOIYYHM

x:msina)t+[ eE2 —&](cosax—l). (7.30)
w ma [0

IToacrasus (7.30) B (7.28), yuutsiBas (7.27) u (7.30), Haiinem 3aKOH IBHKEHUS
3JIEKTPOHA B MPOEKIUAX Ha OCH KOOpAUHAT:

Voy . eE v,
x:ﬂs1na)t+[ > —Lj(cosat—l),

(1) mao [0}
Y =Vl
Vv eE vy, ). eE
z=—2%(cosr —1)— 5= 92 \sin o +—t
@ ma@ [0 mao

IIpumep 7.7. KBagpatHas pamka Maccel m, CHIETaHHAs W3 TOHKOTO IIPOBOJA,
MOXKET 0e3 TpeHHs BpaIlaThCsl OTHOCHUTENIBHO BEPTHUKAIBLHOM OCH, MPOXOSIIei
yepe3 ee LEHTP NEPHeHIUKYISIPHO JBYM NPOTHUBOIOIOXKHBIM CTOPOHAM PaMKH.
Pamka HaxoauTCs B TOPH30HTAIBHOM OJHOPOAHOM MAarHMUTHOM MOJI€ MHIYKIUH
B. Tlo pamke TeueT MOCTOSIHHBIN TOK I. Omnpenenute epron Majbix KojdeOaHui
PaMKH OKOJIO ITOJIOKEHHS €€ PAaBHOBECHSI.

Pewenue. Pamka HaxXonuTCs B MOJIOKEHUH PAaBHOBECHS, KOTJIa INIOCKOCTh PAMKH
MEPHeHIUKYIIIpHA K HAIlpaBICHUIO BHEIIHEro noid. Ilpuuem monoxeHue
paBHOBECHS] YCTOWYMBO, €CJIM HAIpaBIEHHE MAarHUTHOTO IIOJIS, CO3/1aBaeéMOr0
TOKOM, COBIIIa€T C HAIIPaBJIECHHEM BHEIIHETO MOJIS.

IIpu OTKJIOHEHUH PaMKH OT €€ YCTOHYMBOI'O IOJIOKEHHS paBHOBECHS Ha Yroil ¢,

cuiIsl AmIepa, JeHCTBYIONIME Ha NapajuielbHble OCH CTOPOHBI PAMKH, CO3A0T



§7. Macnumnoe none K6az3ucmayuoOHApHLIX MOKO8 135

napy CHI C MOMEHTOM, paBHbIM IBI”Sin @, cTpemsiiuMcsi BEDHYTh PAMKY B

IOJIOXKCHHUE PAaBHOBECHA. C y4€ToOM TOro, 4YTO MOMEHT HHEPLHUU paMKH

2
m o
OTHOCHUTCIIBHO OCHU  BpAalICHUA PaBCH T , A MallbIX OTKJIOHCHHU

2
(sin Q= qz)) MoJTy4aeM ypaBHEHHUe KojieOaHuit % ¢+ 1Bl 2(p =0. Otkyna nepuop

koneOanuii paBeH T = 271" }ﬂ .
61B

IIpumep 7.8. llap paguycom R, paBHOMEPHO 3apsDKEHHBIN 10 00BEMY 3apsioM
g, BpallaeTcs C IOCTOSHHOW YIJIOBOM CKopocThio . Haiinure MarHuTHbIN
MOMEHT 1Iapa.

Pewenue. DneMeHTapHBI 00BEM r*sin Jdrdvde (B chepuueckoit cucreme

KOOpZMHAT) IpU €ro BpallleHHH 3aJaeT KPYyroBOH TOK paaudyca rsind

BEJIMYMHOMN
2 .
dr =42 sinddrds 3"“; r2 sin 8drd .
4R 2z 47R
3 @

DTOT TOK CO3MaeT MarHUTHBIN MOMCHT, HaHpaBJ'IeHHI;IfI BIOJIb OCH BpaIllCHUA U

YHCJIEHHO PpaBHBII
2% sin odl = sin? 9292 12 sin pdrd 9 =12 1 sin® sdrd.  Orcioma
R 4R
Rz 2 2
3qw 4 . 3 qaR - gR* _.
=||——=7r sin’ Mrd¥= U TIOTOMY p,, =— @
P f j TE s yp S

00

IIpumep 7.9. Haiith MHIyKIMIO MarHUTHOTO NOJS B IEHTpe U B (oKyce
3JUIMITUYECKOTO KOHTYpa, Mo KoTopoMy TedeT Tok I. Ilomyocu smiunca paBHBI a
u b (a>b).
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Pewenue. Jlst Jr060% TOUKH, JIeXkaIei B III0CKOCTH KOHTypa dB = ndB,
riae 7i- CIUHWYHBIA BEKTOp, MEPHCHINKYISPHBI IUIOCKOCTH KOHTYpa U
HaIpaBJICHHbINA COTIACHO MPaBUITy OypaBYHKa

_ Myldl sin(dl ., 7)

dB .

7.31
Anr ¢ )

F - paamyc-BeKTOp, MPOBEICHHBIN B TOYKy HaOmromeHuss M u3 Hayajga BEKTOpa

dl .
s mpou3BOJBHOTO KOHTYpA,
Kak BHJTHO u3 puc.7.5,

— 7 = L —
dl sin(dl,?): rda , rne da - yron, mof dlsz.;.1(x rdoc/ "

KOTOpPBIM BHUACH U3 TOYKHU Ha6J'IIOZ[€HI/I$I

sneMent Toka dl , dopmyny (7.31)
MOXKHO 3aITicaTh B BUZE

1
dp=tol 4o (7.32)
T r
Ecniu  KoOHTYp 3agaH B INOJISIPHBIX dB¥ M
KOOp/MHATAX ypaBHeHHeM r = r(¢), To
Puc.7.5
JUIl TOYEK BHYTpU KOHTypa u3 (7.32)
nMeeM
2z
p=tl [ a9 (1.33)
4 r((p)

B ngexaproBoli TpSAMOYroibHOW cucreMe KoopauHaT x(Oy KaHOHHYECKOE
ypaBHEHHE JUTHIICA UMEET BH]
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yf 2y
| XY 1734
| at b

dl

b
7 §
-a dB a CoBMecTHM HAdallo MOJSPHONW CHCTEMBI
L}‘P / X KOOpAMHAT C IIEHTPOM dJumiIca. Bkiax B
3 nome B Touke M(0,0) omemeHta dl

HaIpaBJICH 3a IUIOCKOCTb pPHUCYHKaA (Ha

Puc.7.6 puc.7.6 310 0603HaUeHO cUMBOIOM @ ).
Tak xak x=rcos¢, y=rsing, To, yunteBass (7.34), mnoxydnm

b c \/az—b2

rac E=—=—"""—" OKCUECHTPUCUTET DJITATICA

e,
J1-€%cos® @ a a

(0<e<1). C momoupio 3ameHsl ff= % —¢@ ¢opmyna (7.33) cBogurcs K

TIOJTHOMY IUTUNTHYECKOMY UHTETpaiy BTOPOTO pona E(e):

/2

B, 'UOI J‘\/l £%sin q)dﬂ 'UOI ) Hns OKPY>KHOCTH

1 1
B, =2 g(0)= oL
b 2b
Ecimn momecTtuTs Havaio HOJlSIpHOfI CUCTEMBlI KOOpAWHAT B (bOKyC
SJIMIICA, HATIpMMEp B TOuky F), a TONAPHYIO OCh HANpaBMTh K Ommkaiimreit

2
BEpIIMHE, ypaBHEHHE 3Jumnca Oymaer r=———. Hcnome3ys (7.33),
a(1+8cos go)

7[

1+g I
I cos¢>) i< Hola

e HerpynHo y0enuThcsi, dTO

HalgaeM
0

B =B F, » @ B CITydae OKPYKHOCTH (a=b) B, 'L;(;I

Mpumep 7.10. HaliT BEeKTOpHBIA MOTEHIIMAT M WHIYKIUIO MArHUTHOTO TIOJS,
C03/1aBaeMOTr0 KOHTYPOM C TOKOM [/ B TIPOW3BOJIEHOW TOYKE HA PAaCCTOSHUH,
MHOT0 OOJIBIIIEM JIMHEHHOTO pa3Mepa KOHTYpa.
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Pewenue. Tlo onpeneneHn0 BEKTOPHOTO MOTEHLMANA M COMNIACHO (hopMysam

(71D n Jmf = JI[ﬁ;Vgo]dS HMeeM, Ioaras ¢)=% :
c S

B =rotA = rot&)l §£ =&)1mtﬁ; fi;V[l) ds =&)1mtﬁ;[n;—3r]d5 =
4z w r 4r ©) r 4z G "

=&rot:{:§ [Ia'g;?J
ar © T

I[I/Id)(i)epeHLII/IpoBaHI/Ie IoJ 3HAKOM I'paJU€HTA BEACTCA IO KOOpAWHATAM Hadajia

- 1 r -
BEKTOpa r, MOITOMY V(— =+— . B mociennem uurerpane r - papuyc-
r r

BEKTOp, MPOBEACHHBIA M3 deMeHTa dS HATAHYTON Ha KOHTYP MOBEPXHOCTH B
TOYKY HaOJIOICHHS.

Ecmi Touka HaOIIOACHNS HAXOJUTCS Ha OONBIIOM YIaJICHUH OT HCTOYHHKA ITOJIS,
MOYKHO MPHONU3UTEIBHO CUATATh, YTO F HE 3aBUCHT OT TOJOXKCHUS 3JIEMEHTa

dS, U TIOTOMY é:f—or()t[pm—;r], rjae i)mzl‘[jﬁds=1‘[jd§ - MAarHUTHBIN
T r
(s) (s)

MOMEHT KOHTypa ¢ TOKOM. Torma mo ¢opMmyiaaM BeKTOPHOTO aHaimm3a (CM.

p S 3meck - paanyc-BEKTOP,
T r

IIpunoxenue)

HpOBeﬂeHHBII}’I B TOYKY HaGJ’IIOHeHI/ISI 13 TOYKHU PaCIIOJIOKEHHU KOHTYpa.

3adauu u 60npPoOCHL 0714 CAMOCH OAMEILHO20 PeUleHUA

7.1. Haiinure MHIYKIMIO MarHUTHOTO MOJISL TIPSIMOYT'OJILHOTO KOHTYpa € TOKOM [
B LIEHTpPE 3TOro KOHTypa. CTOPOHBI IPSIMOYTOJIbHUKA PaBHBI d U b.

7.2. Ompepenutre WHAYKIUIO MarHUTHOTO IIONS IIOBEPXHOCTHOTO TOKa,

paclpeeNeHHOr0 PaBHOMEPHO T10 TUIOCKOCTH C IUHENUHOU NAOMHOCMbIO 1 .
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7.3. Onpenenute WHIYKIUIO MarHUTHOTO TMOJNS IIOBEPXHOCTHBIX —TOKOB,
paclpefieNieHHbIX PaBHOMEPHO 10 JABYM IApaJUIelbHBIM  IUIOCKOCTSIM €

JIMHEWHBIMU TUIOTHOCTSIMHA § W —1 .

7.4. Tlo npsMONMHEWHOMY HHJIHHIPUYECKOMY TPOBOAY paauyca R Teder Tok I,
PaBHOMEPHO paclpezesIeHHbI 0 MOBEPXHOCTH MpoBoja. Halimute MHAYKLIHIO
MarHATHOTO MOJIS KaK GYHKIMIO pacCTOSHMS OT OCH IIPOBOJA.

7.5. Tox [ Tedyer BOONb JJIMHHOH TOHKOCTEHHON UMJIMHIPUYCCKOH TPyOKHU
pamuycoM R, uMeromieil 1o Bceil JUIMHE Iienb IWUPUHBI d, d<<R, napajuienbHyo
ocu TpyOku. OmnpeaenuTs HHIAYKIHMIO MarHUTHOTO MOJS BHYTPH TpPYOKH Ha
PacCTOSIHUY ¥ OT CEPEIMHBI e r>>d.

7.6. ITpoBosimast chepa paguyca R 3apsokeHa ¢ TIOBEPXHOCTHOH IIOTHOCTBIO G.
Coepa Bparmaercst BOKPYT OCH CHMMETPHH C YIJIOBOM CKOpOCThIO @ . Haiimure
MHIYKIUIO MArHUTHOTO MOJIsI HA OCHU BpAIlICHUSI.

A 7.7. BHyTpu 0HOPOJHOM npoBoAsiiel cepsl OT TOUKH A
Kk Touke B (cMm. puc.7.7) mo auameTpy OONBIIOro Kpyra
npoxonuT npoBogHuk. Tok cunsl / uaer or B x A mo
MIPOBOJIHUKY, a 3aTeM o cepe k Touke B. Ompenenure

WHAYKLIUIO MarHUTHOTO TIOJIS B, CO371aBAEMOr0 STHMH
B TOKaMH, BHYTPH U BHE CQEpEL
Puc.7.7 7.8. Tlo GeCKOHEYHON NPAMONMHENHON TOHKOH IIONOCE
IUPHUHBL [ TedeT TOK I, paBHOMEPHO pPAaCIpeAENeHHBI M0 LIMPHHE IOJIOCHI.
Haiiante WHIYKINIO MarHUTHOTO TIOJIST B TOYKE, HAXOISIIEHCS HAa PAacCTOSHUH 1
OT IIOCKOCTH TIOJIOCHI HaJl €€ CEePeIHOM.
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7.9. Ha puc.7.8 IoKa3aHa cxema
CUMMETPUYHOTO DA3BETBICHUS CTallMOHAPHBIX
TOKOB. Bce mpoBOAHMKM  NPSIMOJIMHEHHBI,

OECKOHEUHBl M JIeXKaT B OIHOH IIOCKOCTH.
OmnpenenuTte MHIYKIUIO MarHUTHOIO TIONS Ha
JIMHUY, TIEPHCHIUKYIAPHON K MIOCKOCTH TOKOB puc.7.8

U MpOXondIIel depe3 TOUKy A, eciii CHila TOKa B Pa3BETBICHHBIX MTPOBOJHUKAX

paBHa /, a yroJ MeXIay HUMHU paBeH 20..

7.10. ToHkuii TPOBOJHMK, IO KOTOPOMY TeueT TOK I, mmeeT QopMmy IBYX
IapauieNbHBIX ITOTyOSCKOHEUHBIX IIPSIMBIX, COSIMHEHHBIX ITOIYOKPYXHOCTBIO
panuyca R. Halinute cuiny, A€MCTBYIOLIYIO Ha IPOBOJAHUK CO CTOPOHBI BHELIHETO

OJJHOPOJAHOTO MAarHUTHOT'O TIOJISi, BEKTOp HHIYKIMHM KOTOpOro B mapasuieneH
TIPSIMBIM TIPOBO/IAM.

7.11. Konbuo paguycoM R ¢ TOKOM [; JIG)KHUT B OJHOW TUIOCKOCTH C IJTHHHBIM
MIPSIMBIM TIPOBOZIOM, IO KOTOpPOMY TeueT Tok I,. PaccrosHue oT meHTpa Kojbla
II0 TIpoBOAa paBHO a (a>R) . Halinure cury, 1eHCTBYIONIIYIO HA KOJIBIIO.

7.12. VI3 HekoTOpOil TOYKU 00beMa, B KOTOPOM CO3/aHO OJHOPOJHOE MarHUTHOE
[0JIe C MHAYKLUeH B , BHUICTAIOT [BE YaCTHLIbI MACCAMHU /1, HECYILHE 3apsibl ¢ U
—q coorBeTcTBeHHO. CKOPOCTH YacCTHI] paBHBI V, HAMPABICHBI MOJ YIJIOM O K
JMHUASM MarHUTHOW WHAYKIHH, YTOJ MEXAY BEKTOPaMH CKOPOCTEH paBeH 20
Omnpenenute TpaeKTOpun YacTuil. Yepes kakoe BpeMsi U Ha KAKOM PACCTOSIHUU OT
TOYKH BBUIETa BCTPETATCS yacTHibl? KakoBo OymeT MakCHMalbHOE pacCTOSHUE
MEXJy 4YacTHLAMH B Ipouecce ABMKeHUs? KyIOHOBCKHM B3auMOIeHCTBHEM
YacTHIl IpeHeOpeyb.

7.13. ToveuHblli 3apsi g Maccoil m BJIETaeT CO CKOPOCTBIO Vo B 00JIACTh C
[IOCTOSIHHBIM ~ OZHODOAHBIM  MarHUTHBIM  [ONeM C  HHAyKOWed B
MEPIEeHANKY/SIPHO JIMHUSIM MarHUTHOM MHAYKUHH. Ha Kakoi yrom o OTKIOHUTCS
YacTulla, eciu o0lacTh, 3aHMMaeMas MArHATHBIM IIOJIEM, OrpaHHYCHA
IUIOCKOCTSIMU, TEPICHANKYIAPHBIMU BEKTOPY HAYalbHOW CKOPOCTH, PacCTOSHHE
MeKITy KOTopbiMH L. CHITy TSXKECTH HE yIUTHIBATb.
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7.14. Tlo KOHTYpY, TPEICTABIAIOUIEMY COOOW TpPaBUIBHBIA N-YTOJBHUK,
BIIMCAHHBIA B OKPYKHOCTh pannycoM R Teder Tok /. Hailnute BEKTOp MHAYKLIHH

B, MarHMTHOrO NOJIS B IIGHTPE OKPYKHOCTH.

7.15. VI3 ogHOpOAHOTO MPOBOJIa M3TOTOBICH KOHTYpP B BHIE KBajpara. K nBym
COCEIHUM BepIIMHAM KBaaparta noxpcoenuHeH ucrounwk O.J1.C. IlpeneOperas
II0JIEM TIOJBOMSIINX IIPOBOAOB, HAWUTE BEKTOP MHAYKIMHM MarHUTHOTO HOJS By
B IIGHTpE KBapara.

7.16. Haiinute  BeKTOp  HMHAYKIUHU
MarHuTHOTO TIOJIS BO B LIEHTPE IIJIOCKOTO
3aMKHYTOTO KOHTYpa, H300paX€HHOrO Ha
puc.7.9, no xoropomy TeueT Tok /. Kontyp
COCTOUT M3 JBYX JOYT  OKPYKHOCTH
pamuycoM R M IBYX MNpPSMBIX, OTCTOSIINX

Puc.7.9

JIpyT OT JIpyra Ha PacCTOSIHUU 2a.

7.17. Haiigute WHIYKIUIO MarHUTHOTO TTOJIS BO B IIEHTPE IIOCKOW CIIMPAIIH, 110
KoTOpoi TedeT Tok /. Crmpaip 3aKil04eHa MEXIY OKPY)KHOCTSMH C pajnycaMu
R, u R; (R> R;). B nomsipHBIX KOOpAHHATAX P, pacCTOSHUE OT LEHTpa CIHUpaIn
p nuHEWHO 3aBUCUT OT yriaa . UYwuciao ButkoB crtupanmu paBHo N. Ilone
TIOZIBOJSALINX IIPOBOJIOB HE YUUTHIBATb.

7.18. DneKTpoH BBUICTAET C MaJIOH CKOPOCTBIO M3 KaToja M JBIKETCSA K aHOLY,
MoTeHIMaNl KoToporo Ha U Oomnbile noTeHnuana karona. Ilpoias paccrosaue [ B
OJJHOPOJHOM MAarHUTHOM IIOJI€ C MHAYKLIUEH B, co31aBacMOM 3JIEKTPOMAarHUTOM,
1 IBUTAsACh Jajiee 10 MHEPLHH, IEKTPOH MoManaeT Ha (IyopecleHTHBIH KpaH,
TIOMEIICHHBIH Ha paccTosHud D ot amektpomaraura (puc.7.10). Haiinure

cmMenieHne O MITHA Ha 9KpaHe Kak (pyHKIUIO0 HHIYKIIUA MATHATHOTO MOJISL.
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7.19. becKOHEYHO ATMHHBIA IHIHHIP PaTdycoM
R, 3apsDKeHHBIH paBHOMEPHO 10 00BEMy C
IJIOTHOCTBIO P, BpAIAeTCs BOKPYT CBOEH ocu
CHMMETPHH C YIJIOBOH CKOpOCThIO @ . Haiimure
MHIYKIUIO MAarHUTHOIO IIOJsl BHYTPU U BHE
LWIAHAPA.

7.20. TIpoBomo4yHOEe KONBIO paauycoM R
MOMEIICHO B OJHOPOJAHOC MAarHUTHOE TIONe C

UHAYKIUEH B, nepneHauKyaspHOE IIJIOCKOCTH

K

B
®

|
!
o ,\;:v — T

Q

A
[]@
[

® -

U

{

f~l—— D

Puc.7.10

kosbria. Kakoil MakcHMManpHBIM TOK MOXHO IIPONMYCTHTh IO KOJbILy, €CIIH

MAaKCUMAJIbHOC HATKCHUE, KOTOPOE BBIACPKHUBACT IIPOBOJIOKA, pPaBHO 7

BrusiHueM cOOCTBEHHOTO MOJIS KOJbIA MPeHeOpeyb.
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§8. MaruuTtHoe 10.1€¢ B BellleCTBe

Kpamkue meopemuuecKkue ceedenusn

Bektop HamaramyeHHocTH. Teno, moMeneHHoe BO BHEIIHEE MAarHUTHOE

II0Ne, HAMAcHU4YUeaemcsi M CO3MAaeT COOCTBEHHOE MarHUTHOE IIONe, KOTOpoe
HaK/IaJbIBACTCS Ha BHEIIHEE I0Jie MO MNpUHIMNY cyneprnosuuuu. CoriacHo
runoreze Amrepa, 4aCTUIIbl, U3 KOTOPBIX COCTOUT TEJIO, MOKHO PacCMaTpHBAaTh
KaK MaJIeHbKHE KOHTYpPbI, 00TeKaeMble TaK Ha3bIBACMBIMH MOJEKYIAPHbIMU (UNU
aMNneposbIMU) MOKAMU, CBI3aHHBIMH C OPOUTAJIBHBIM JABHKEHUEM 3JIEKTPOHOB. C
TAKOW TOYKM 3pPEHHUS BO3ZHMKHOBEHHE JIONOJHUTEIBHOTO MAarHUTHOTO TIOJIS
MOXHO OOBSICHUTH OPHEHTALMEH STUX KOHTYPOB BO BHEIIHEM MAarHUTHOM IOJE.
OCHOBHBIE ~ 3aKOHOMEPHOCTH  TIOBEJCHHMS  HaMarHUYMBAIOIIUXCA  CPex
OOBACHSIOTCS B paMKax 3aJayd <«3aMKHYTHIH KOHTYp C TOKOM B MAarHHTHOM
TI0JIe», PACCMOTPEHHOH B pepIIyIeM naparpade.

Jlns MakpOCKOIMYECKOr0 OMHMCAaHHs MAarHUTHOTO TIOJII B BEILECTBE
BBOIMTCS YCPENHEHHAss IO 00BEMy BEIIECTBA €r0 XapaKTePHCTHKA — B6EKMop

HamMacHU4YeHHocmu
pm,
J=—ri— 8.1
AV
rae ﬁm. — MArHuTHbBIC MOMCHTBI BCCX aMHepOBLIX TOKOB, OKa3aBIIUXCs BHyTpI/I
,

6eckoHeuHO Manoro oobema AV . BenuumHa BekTOpa J 3aBucHT OT WHAYKIUU
BHEIIHEro Mojisd U OT CBOMCTB paccMaTpuBacMOro BEOICCTBA. JT1a CBA3b 3a0a€TCA
MamepuaibHviM ypasHeHuem ¢ CUUTACTCA HM3BECTHOM M3 OINbITA. ,[[J'IH y,IIO6CTBa
OIMUCaHWA MArHuTHOIO TIIOJII B MAaTCPHUAIIBHBIX Cpe€aaxX BBOOUTCA 6eKmop
HanpsANCeHHocmuy MarHuTHOT'O IOJIAA
a=2_7. (8.2)
Hy
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Jns moctaToyHO ciaObIX mONed ¥ OOJBIIMHCTBA BCPEYAIOLIMXCSA B IPUPOJE
BEIECTB MOXHO CUHTaTh, 4yT0 J = ¥H (K03(QQUIHMEHT MPONOpIHOHAIBEHOCTH

Ha3BIBACTCSl MACHUMHOU 60CHPUUMYUGOCMbIO BEIIECTBA); W MaTepHallbHOE
ypaBHEHHE AJISi MATHUTHOTO TIOJISI, COTTIAcHO (8.2) MpHHUMAET BUJ
B=uuyH , (8.3)

rne M=1+4+yx — Oe3pa3MepHas KOHCTaHTa, Ha3blBaeMas . MACHUIMHOU
nponuyaemocmuvto BemectBa. OmnHcaHMe MarHUTHOIO TMOJNS B TEPMUHAX
BEKTOpoB B wm H T1O3BONSAET HE BBOAMTH SBHO IUIOTHOCTH MOJEKYJISIPHBIX
(aMITepOBBIX) TOKOB, XOTS B HEKOTOPBHIX CIIy4asX PacCMOTPEHHE JTHX TOKOB
YIPOILAET pelIeHne 3a1ad.

Ilo cBOMM MarHUTHBIM CBOWCTBaM BCE BEIIECTBa IOAPA3ACIIAIOTCA Ha

ouamacnemuxu (¥ <0, u<1, J m B OpuUEHTHPOBAHBI MPOTHBOIOIOXKHO),

napamaenemuku (¥ >0, wu>1, J wuw B OpPHEHTUPOBAaHEI B OJHOM
HalpaBlICHUN) U @eppomacHemuky. B TocneaHUX JUHEHHas 3aBHCUMOCTh

MEXIY J u B HapymIaeTcsl Jake B CPaBHUTENILHO CIAa0BIX MOJISX, M PaBEHCTBO
(8.3) BeIMONHACTCS ML NPUOIMIKEHHO, IpU4eM U>>1 (B criaBax jxenesa, TO
eCTb CTANAX, MATHUTHAs MPOHHIAEMOCTb MOXeT mpeBbimaTh 10°). B HeKoTOPHIX
cpenax (IOCTOSHHBIX MarHWTaX) HaMarHMYEHHOCTH CI1a00 3aBHCHT OT BHEIIHETO
TOJIsl ¥ 3a7aeTcsi OOBIYHO YCIIOBHSIMH 3a/aud. YpaBHeHue (8.3) B 3TOM ciydae
HEMIPUMEHUMO, U CIIeyeT NCIONb30BaTh HEMOCPEACTBEHHO COOTHOIIEHHE (8.2).

3akoH TONHOrO TOKa. B mMpoW3BONBHON HAMarHWYEHHOW cpene

LUPKYJIALUS BEKTOpAa HAaNpsHKEHHOCTH MarHutHoro nonsi H 1o mobomy
3aMKHYTOMY KOHTYpy L paBHa anreOpandeckoil cymMme TOKOB [, KOTOpBIE
OXBAaTBIBAIOTCS 3THM KOHTYPOM:

§Hdl -1. (8.4)
L
3T0 Ba)KHeﬁHJee HHTeraHBHOC COOTHOILIICHUEC MArHuTOCTATUKU HA3BIBACTCA

30KOHOM NOJIHO20 mMOKa WA meope‘Moﬁ O  YUPKYJIAYUU HANPAICEHHOCmU

MASHUNTHO20 NOJIA. HpI/I 3TOM Ka)KZ[I:Iﬁ TOK, OXBaTbIBAEMBbII KOHTYPOM, CHUTACTCA
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MTOJIOKUTEIbHBIM (OTPULIATEIBHBIM), €CJIM M3 KOHIIA BEKTOpPa IUIOTHOCTU 3TOrO
TOKa 00XOZ KOHTypa BHJIEH IPOUCXOMSIINM HPOTHB YacOBOH CTpeNKH (IO
yacoBoi crpenke). Ecnu KoHTyp uHTerpupoBanust N pa3 obxomut Tok I (c
Y4eTOM HampaBJIeHHA), TO B MpaByro 4dacTh (8.4) cinemyer moncraButh NI. Uncio
N Ha3bIBAIOT KPAMHOCMbIO CYenneHUs TOKa C KOHTYPOM.

JuddepeHnnansHOe COOTHOIICHHE, COOTBETCTBYIONIEE WHTETPabHON
teopeme (8.4), nMeeT BuJ

rotH = 7, (8.5)

rie j — IUIOTHOCTh TOKa IIPOBOJMMOCTH B pPaccMaTpHBAEMOl TOUKe

MPOCTPAHCTBA.
MarHuTHOe ToJe B OJHOPOMHOW cpefe. MarHuTHas HPOHUIAEMOCTD

B€IICCTBA HE BXOAUT SABHO B 3aKOH IIOJIHOT'O TOKa. HOBTOMy 3aJlaHHas

KOH(UTYpaLysi TOKOB OyIeT cO31aBaTh OAMHAKOBOE PACIIpeleNICHUE IO H s
BaKyyMe U B Oe3rpaHH4HON OIHOPOIHOH cpene. ([ HeomHOPOMHOM Cpeabl 3TO,
KOHE4YHO, He crpaBeminBo). CoorBercTBeHHO, (opmynsl (7.4) u (7.11) moryr
OBITh IPUMEHEHBl K IOJSIM B OJHOPONHOM HaMarHWYMBAOLIEHCS cpene, eciu

3aMEHHTH B HUX [y Ha Ulo:

4= Ko (1l
A= 4;] . (8.7)

Kak cnemyer u3 ypasuennit (8.3), (8.5) m ompeneneHHs BEKTOPHOTO
norennuana (7.12), mas TpOWU3BOJIBHOTO paclpeleleHHs TOKOB € OOBEMHOMN

IUIOTHOCTBIO j B OIHOPONHOH Cpele ¢ MarHUTHOM IPOHHULIAEMOCTBIO W

BEKTOPHBII NMOTEHIMAN A YIOBJIETBOPSAET 6eKMOPHOMY ypaeHenuto [lyaccona:

AA = —pto14f . (8.8)

[pannyable  yCIOBUS Uil MAarHUTHOro  monsd. M3 cBoiicTBa

COJICHONWJAJIBHOCTH MAarHUMTHOI'O ITOJIA CJICAYCT, YTO Ha TpaHULEC pas3aciia ABYX
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Cpe€I C pPA3IAYHBIMU 3HAYCHUSAMU |L HOPMAJIBHBIC KOMIIOHCHTBI BEKTOpa B
HEIIPEPBIBHBI; IO TEOPEME O HUPKYIALIUU B OTCYTCTBUE Ha I'paHHULEC pasjciia
ITOBEPXHOCTHBIX TOKOB IMPOBOAMMOCTH TaHI'CHIHUAJIbHBIE KOMIIOHCHTBI BEKTOpa

H Taxoke HempepbIBHbIL:

B, =B, ..H, =H,. (8.9)

Mg

TaHreHIMagbHBIE KOMIIOHEHTHI BEKTOpa B Ha rpaHuIiax IpeTepreBaroT pa3phiB.
du3nyeckn 3TO CBA3aHO C Pa3pbIBOM BEKTOpAa HAMAarHMYCHHOCTH | W MOXET

OBITh OOBSICHEHO NPOTEKAaHWEM IO TPAHHUIE MOBEPXHOCTHOTO MOJEKYISIPHOTO
TOKa, IUIOTHOCTh KOTOPOTO paBHAa BEJIMYMHE CKayka TaHTeHIMAIbHON
COCTaBJIAIONIEH BEKTOpa HAMAarHUYE€HHOCTH.

IIpumep 8.1. Haiinure MHIYKIMIO MarHUTHOTO IOJIS, CO3JaBa€MOr0 TOPOHIOM,
00MOTKa KOTOPOro cofepxuT N BUTKOB. TOK, MPOTEKAIOIIUil 10 0OMOTKE, paBeH
I, MarHUTHAas IPOHUIIAEMOCTb CepIeUHUKA /L .
Pewenue. Toponn — KomblieBas KaTyllka, BUTKH KOTOpOW HaMOTaHbl Ha
cepAevHuK, umeronmii Gopmy Topa. IIpu 10CTaTOYHO TUIOTHOH YIHAaKOBKE BHUTKOB
TaKyl0 KaTyIIKy MOXXHO pPacCMaTpUBaTh KaK CHCTEMY OJIMHAKOBBIX BHUTKOB C
LIEHTpaMU Ha CpeAHEH JMHUM TOPOUJA, MIOCKOCTU KOTOPBIX NMEPIEHIUKYISIPHBI
K 3Toit nuHuu. [Ipu moBopoTe Topouaa BOKPYr OCH CUMMETPHM OH IEPEXOIUT
caM B ce0d, MO3TOMY JIMHMM MAarHUTHOW HMHIYKIMU CyTh KOHIEHTPUYECKHUE
OKpPYXHOCTHU C IICHTpaMH Ha OCH CUMMETPUU TOPOMJA, U BJOJIb CUIOBOM JIMHUU
BEJIMYMHA BEKTOpPAa MArHUTHOM MHIYKIMHM IOCTOSHHA. Teopema O IUPKYJISLHH,
TIPUMEHEHHAas K IPOU3BOJIbHON CUJIOBOM JIMHUU, HAET:
§Fld[ o = NI snympu mopouoa
0 6He Mopouda
re r - paauyc BHIOpAaHHOW JIMHMM MAarHUTHOM WHIYKUMH. BumHo, 4yro mose
COCPEIOTOYEHO BHYTPU TOPOUIa U PABHO:
NI NI

H=——, B= —_— 8.10
. M . ( )
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Mpumep 8.2. Karymika (coneHona) HAaMOTaHa HA AJIMHHBIN NMPSIMON CepISUHHUK
W3 OJJHOPOJHOTO MarHeTHKa C MarHUTHON MPOHUIIAEMOCTHIO L U uMeeT N
BUTKOB. TOK, IpOTEKaromuii o oOMoTKe, paBeH /, AJIMHA COIeHOH 1a [ MHOTO
Gosble ero paguyca R. Haliiute HHAYKLIUIO M HANPSDKEHHOCTh MAarHUTHOTO
TI0JIsl HA OCH COJICHOMIa BHYTPH CEpACYHUKA U BHE €r0.
Pewenue. Hanuuue cepyieyHuKa He J1aeT BO3MOXKHOCTb BOCIIOJIb30BaThCS
HernocpencTBeHHO Gpopmynoii (7.4) i onpeneneHust MAarHUTHOTO TOJS.

| CormacHo rtHmorese Awmmepa, Ioje B

CEPACYHUKE CO3JACTCA KaK TOKOM I Tax

' I
% ) U MHKPOTOKaMH BO BCEM CEpJCYHHKE,

COBOKYITHOE JefcTBHE KOTOPBIX
)X PaBHOCHJIBHO [IEHCTBUIO JI002BOYHOrO
Ofﬁqj‘_* (3apaHee  HeW3BeCTHOro) Toka [,
\ | z
00TEKaIOIIEero MOBEPXHOCTh CEPICUYHHKA
/72 /o (puc. 8.1). Torma, mo aHalOrUU C
npumepom  (7.IIp.4) (7.21), mMoxHO
Puc.8.1 HaKMCaTh, YTO WHIAYKLIUA IO Ha OCHU
COJICHOH/Ia B TOYKE C KOOPAMHATON 7, OTCUYMTHIBAEMOH OT CepeIMHBI COJICHOH/IA,
z+1/2 z—1/2
pasna B=Cf(z), e f(z)= >
R Gr12F R +(-112)
MojJIeXkallas ONpeAesieHuI0 KoHCTaHTa. Ha ocu cepaeuyHuka Hanmps>KEHHOCTb
_¢fz)
MarHMTHOrO Mojisi paBHa H,.=——>%, a Ha ocHM B BO3AyXC BHE COJIECHOMJA
Hily
_ (@) §
H,=——=. Tlo TeopeMe O LUPKYISINUM, NPUMEHEHHOMY K OECKOHEUHOMH
H
CHUJIOBOM JINHUH, COBITaIafOIICH ¢ OCBIO COJIEHOU/1A,
—1/2 1/2

IHdz = Ithz+ IH dz + JH,,dz— IN. B npubmwkeHHMH  JUIMHHOTO
172 172
172 172
conerouna (5« 1} fH,,dz_ IH,,dz— € r IH dz=—S2(-R),
! 12 Ho -2 Hlo
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2CR 2C(I-R)
_+—

(nmpeHeOperast 4ieHaMu ~ (R/ 1)2) OTKyJa CIIeJyeT, 4TO =IN,
Ho Hily
IN IN
otkyna C = m Oxkonuatensho, B(z)= m f(z). Tpu

UR << Oynmer B(z)z%f(z), T.. MHAYKIHS TOJS B 4 pa3 Ooublie

WHOYKIMA B OTCYTCTBHE cepaeyHmKa. Ecmm xe pR>>1 (2 jpng

3 7
deppomarautabx cepaeunnkos L ~ 107 —10" u Brmonnenue storo ycnosus

IN
BIIOJIHE BO3MOJKHO) B(z)='u0— f(z). HampspkeHHOCTb TONS BHYTPH W BHE

2R
IN
coJIeHOH 1A paBHa COOTBETCTBEHHO H, (z) = m f (z) ,
H, (z):L f (z) Ha Topuax cepreyHuka BEKTOp H npeTepreBacT
201+ (u—1)R)

pa3peIB, BO3pacTas B M pa3 IpPHU IEpexoje U3 CepleuHHKa B IyCTOTy. BHyrpu
COJICHOM/Ia BIAJX OT KOHIIOB QZ| <<l ) f(z)= 2, nosromy mone MoxHO cumTaTh

OJHOPOAHBIM:

IN
B(z)~ (8.11)
I+(u-1)R
Mpumep 8.3. [To GeckoHEUHOMY TPSIMOIMHEIHOMY LHUJIMHAPUICCKOMY TPOBOIY
pamguycom R Teder TOK [, PaBHOMEpPHO pacHpeldelCHHBI [0 CEYECHUIO

npoBozHuKa. HaiifinTe HANPSIKEHHOCT MArHHTHOrO mois H Kak (DyHKIHIO
pPaccTOSHUA OT OCH TIPOBOA.

Pewenue. BribepeM IMIMHAPHYECKYIO CHCTEMY KOOpOMHAT P,P,z. Ocb
Oz HampaBHM II0 OCH NpPOBOJa B CTOPOHY ToKa. ITOCKONBKY mepeHOC Havala
orcuera BJosb ocu Oz u moBopoT Bokpyr Oz He H3MEHAET KOHQHUTYpaIHIO TOKOB
B HOBOIf CHCTeMe KOOPMHAT, BEKTOp H 3aBHCHT TOIBKO OT P. Jljisi HAXOK/ICHHS
HaNpsHKEHHOCTH TOJISE B NPOM3BOJILHOM TOYKE MpOCTpaHCcTBA M paccMOTpUM
HOpPMaJIbHOE CEYEHHE IPOBOJA, IUIOCKOCTh KOTOPOrO BKIIIOYAET JAaHHYIO TOUKY.

BeigenuM Ha ceueHMH MPOBOJA AIEMEHTApHYIO IUIOMIAAKY ds; = pdpd@, depes
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KoTOpyro Boib ocu Oz Teder Tok dI; = jds; (j - miaoTHOCTH TOKa). OH BHOCHUT
Bnan  dH , B mome H, npuuem dH 1 L7. Bo3bpMeM cHMMETpUYHYIO
otHocutenskHO OM  snemenTapHyro Twromianky ds,. E€  Brmag dH 5

HEepHEHIMKYIIpEH 7, H |dI:I 1| = |dI:I 2|.

CyMMapHBIi BKJIA] dH = dH Lt dH )
nepneHaukynsaped OM. Tak kak npu JaHHOMI
KOH(UTYypalluu TOKa CyMMHPOBaHHE BKJIAJIOB
MOXKHO TIPOU3BECTH CUMMETPUYHBIMU
rnapami, TO IIOJIEe, CO3/1aBaeéMoOe€ IPOBOIOM,
nepneHauKkysippo  OM. Orcioga crenyer,
9TO CHITOBBIC MHUK H NpeCTaBisioT co0oit
OKPYXHOCTH.

Jlns BBIYMCIICHUS BEJIMYMHBI TIOJIS
BOCIIOJIB3YEMCSI TEOPEMOH O LUPKYISALUU

BEKTOpa H (8.4): §I:Idf = ZII- . B kauecTBe
L i

Puc.8.2

KOHTypa L BbIOEpeM OKPYKHOCTh paauyca Py (CM. puc. 8.2), MpoXOAsIIyo yepe3
Touky M. Ilockonbky Hlldl, to Hdl =H (pM )dl . Ha oxpyxnoctu L

Py =const W, cleposareinbHo, H (pM)=const. Taxkum obOpaszom, u3 (8.4)

Lo 2 2 < <
e §Hd1 =§Hd1:2szH(pM):{I”pM/”R  0SPuSR G oma
v T I, py >R
H(p)= Ip/27R*, 0<p, <R ®.12)
127mp, py >R ) '

ITony4eHHBIH pe3yabTaT MOXKHO IPE/ICTABUTH B BEKTOPHOM BHUJIE:

BHYTpH npooxanka (0 < p < R) H= %[}, [7],

2
BHE MIPOBOJHHUKA H %[} ﬁ]R— )
r
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rac j - INIOTHOCTH TOKa

(j =1/ 711?2), P - pammyc-BeKTOp, MPOBEICHHBIA B

TOYKY M u3 HpOH3BOJ'II:HOI>i TOYKHU Ha OCH IIpOBOJA, r — PaCCTOAHUE OT TOUKU M

J10 OCH TPOBOJHUKA.

IIpumep 8.4. Ha TopommanbHBIi CEepIEYHHK W3 OJHOPOAHOIO MAarHeTHKa C

MAarHUTHOW IPOHULIAEMOCTBIO |[L HaMOTaHO N BUTKOB IpoBonxa. B cepmeunuke

CZIeNaH 3a30p, IUPUHA KOTOPOro d Maja 10 CPaBHEHMIO C JMHEHHBIM pazMepoM

ceyeHuss Topa. Haiinure
CepACYHUKE U B 3a30pE.

HaANpsOKEHHOCTh W HMHIAYKIWIKO MAarHuTHOI'O IIOJA B

Pewenue. M3  ycnoBus  (8.9)  paBeHcTBa

HOPMANBHBIX ~COCTABISIONIMX BEKTOpDOB B Ha
TpaHMlle pa3jena cpel CleayeT, YTO WHAYKLIUS
MarHUTHOIO TOJS OJMHAKOBa B CEpIEYHUKE U B
3a3ope. Eciam mnpeHeOpeub paccessHUEM CHIIOBBIX
JUHUAN BOJNM3M KpaeB 3a30pa, MX MOXHO CUHUTATh
KOHLIEHTPHYECKUMH OKPYXXHOCTSIMUA C LIEHTPOM Ha
ocu cepaeunuka. (puc. 8.3). Ha paccrosauu r ot

Puc.8.3
ocHu HaHpH)KeHHOCTI/I I10JIA B Cepﬂe‘IHI/IKe n B 3a30pe
= _ B(r) = _ B(r)
COOTBCTCTBCHHO paBHLI Hc =— U I‘I3 =—. TeopeMa 0 I_II/IpKyJ'IﬂLII/II/I,
Holt Ho

NpUMEHECHHasA K CUJIOBOM  JIMHUM paauycoM I BHYTpHM KaTylKW, [JacT:

IN:M(Zm—dFM

Holt Ho
B(r)= HoIN
2+ (1 —
IN

H =—F—,
¢ 2mr+(u-1)d

HpI/I6J'II/I3I/IT€J'II)H0 CUUTaTh

H=—""
27+ (u—1)d

d , otkyna

N (8.13)

HIN [pu (,u - l)d <<r  MOXHO

IN
H, zz—. 310 npHONMKEHHE Jake IpU MaJloi
7
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BEJIMYMHE 3a30pa HE BCETJa ONpPaBIaHO B Ciiydae OONbIINX 3HaueHWH W. Ecmm

IN
r<<pud, To ch%, H IN Bz'uO_'

- ’

’od d

Mpumep 8.5. llap paguycoM R U3 OXHOPOJHOTO MAarHETHKa C MarHUTHOMN
IIPOHHUILIAEMOCTBIO [L BHOCHUTCSI B OJHOPOJHOE MarHUTHOE MOJIE ¢ HHIYKIHEH EO .
Haiinute MHIYKIUIO MarHUTHOTO OJIsI BHYTPH U BHE IlIapa.

Pewenuee. B oTCyTCTBHE TOKOB IPOBOJUMOCTH rotH =0, a MTOCKOJIBKY
I§=,u0,ufl M |l He 3aBHCHT OT KOOPAMHAaT, To u rotB=0. Dro naer

BO3MOXHOCTh HCKaThb II0JIE W BHEC, W BHYTPU LIapa B BHJC CYIECPHO3ULIHU
HU3BCCTHBIX pemel—mﬁ, YAOBJIETBOPAOIIUX 3TOMY YPaBHCHUIO U YpPaBHCHUIO

divB=0. IlompoOyem HalTH pemieHHe OTOW 3aJaud B BHJE CYMMbI

OHOPOOHOIO 10JIA Bl nu I0JIA MAarHuTHOIo JUTIOJNIA ]3 m s T.C.

E:El +f—0[3(p—g"r)?—p—;"j, TpUYeM BEKTOpsl By U p, pasmuuHbl A
T r

BHyTpeHHe# (i) 1 BHelHe# (e) obnacreii:

B0 = B 4 Ho 3(p0r) . Y B _ gl s fo 3(135?)7)7_ By

4z rs r3 ar rS r3

(e) )

UYeTblpe HEU3BECTHBIX BEKTOPA Bl(e),Bl(e), Dm’» Py, BHE M BHYTPHU IIapa HaillleM U3

ycioBui Ha Tpanuie mapa (8.9) u Ha OECKOHEYHOCTH, a TaKXKe M3 YCIOBHUS
OrPaHMYCHHOCTH MOJIS B LEHTpe miapa. M3 MOCIEAHEero yciaoBUs CIEAYET, YTO
Z),(,’l) =0 U mo3TOMY IIOJIE BY BHYTPH IIapa OIHOPOIHO: BY = Bl(’). Tak Kak

(e)

IpH 7 — oo [0JIE OJJHOPOHO 10 YCIOBHIO, TO B’ = B\, 1 A4 pelieHns 3a1auu

(@) (e)

0CTaJIoCh NOA00PaTh BEKTOPa El u p,; . Torma 6yner:

L <) () = s07) 5
B = B0, gl = ple)  Ho 3(17"51 r);_ P
4z r ro
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Ha TpaHULEC 1HIapa U3 yCJIO0BUA HEIIPEPBIBHOCTH TaHT€HIHUAJIbHBIX COCTaBJIAIOIINX

_ ©
BexkTopa H cnenyer, uro B, — o Pz _ —Bl(;). Tak Kak 5TO yCJIOBHE JOJIKHO
Y7

4r R3

BBIMTOJTHATHLCS B JTFO00I TOYKE MOBEPXHOCTH 1Iapa, To
&ﬁzlg _lB(i) (8.14)
ar R3 07 u Iz

) y B MOJIYYHM

BTopoe YpaBHCHUE, CBA3BIBAIOIICEC HEU3BECCTHBIC BEKTOPBI I;m 1

W3 YCIIOBUS HENPEPHIBHOCTH HOPMAJIBHBIX COCTAaBIIAIOIINX BEKTOPOB B“ u Y

.7
(a a) Pm— | =
pm}’ - _ r)r
Ha TpaHHIle Imapa. Tak Kak r = 3 €CTh COCTABIIAIONIAS BEKTOpPA
r r r
p _ p,. ). p -
p_,; BIOJIb 7 , TO (p "; )r _P ;” €CTh COCTABIISIOLIAS, IEPICHANKYISApHAs 7 , U
r r r

IIOTOMY PaBC€HCTBO HOPMAJIBHBIX COCTaBJIAIOIINX (HOCJIG COKpalleHus Ha
KOCHUHYC yIjia MEXIYy paanuyC-B€KTOPOM U HAIIPABJICHUEM BHCIIHETO ITOJIA BO)

(i) Ho ZPI(; )
NPUBOAUT K COOTHOIIEHWIO: B’ =Bj+-————_— Hu, COOTBCTCTBEHHO, B

Ar R?

BCKTOPHOM BH/IE:

(e)

= 2p
B0 =g +Ho=Pm 8.15
1 0 A R3 ( )
Pemas cucremy (8.14), (8.15), momygaem: E(i) = 3 éo s Pm :4—” #-l R3B0.
n+2 Hy p+2

©) = g+ 4L 3(B;>r);_B_3o O

OxoHuaTenbHO: B ;
u+ 2 r r M+ 2

BHyTpH mapa mosje oJHOPOIHO M COHANpPABICHO C BHEUIHMM IOJIEM W mpu U>1

CHUJIBHEC IIOJIA BO . Bue 1apa 1moJji€ €CThb CYNEpIo3uiusa NE€pBOHAYaIbHOIO IO
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BO " 1IOJIA MarHuTHOI'O JUIIOJNISA, ITIOMEIIEHHOI'O B IEHTPE 1Iapa U oGnana}omero

- dr u—1
MOMEHTOM p,, =—— a 3

3ameuanue.  Perrenne 5ToM 3amaun MOKET OBITH ITOJIYYEHO Ha OCHOBAaHHHU
AQHAJIIOTMU MEXIY 3a/ladaMH dJIEKTPOCTATUKH ¥ MarHUTOCTATHKHU HPH OTCYTCTBUH
TokoB. C 3TOH LIENBI0 BOCIONB3YyeMCsl pellieHreM npumepa 8 u3 maparpada 4,

3aMEHNB BEKTOP D Ha B ucwa W (popmyst (4.33) u (4.36)).

Ipumep 8.6. BeckoHeuHBI NPAMONUHEWHBI TOHKUH TPOBOJ C TOKOM [
PAacIIONOXKEH MapaslIeibHO IUIOCKOW TpaHUIE pasiaeia BYX CPei C MarHUTHBIMH
MIPOHHIIAEMOCTSIMHU | U L, Ha HEKOTOPOM PACCTOSHHUU @ OT IPAHUIBI B TEPBOM
cpene. OnpenenanTe MAarHUTHOE MOJIE B 00EMX cpeax BOJIM3H TPaHHIIBL.

Pewenue. [Ins peweHus 3TOW  3a1adyu

// vk / NIPUMEHUM METOJI, AHAJOTMYHBIA METOHY
W / ¥ HU300paKEHUH B DJIEKTPOCTATHKE. 3aMEHUM
I, 01 3ajady pacueTa nois B B HEOXHOPOAHOM
P! a cpele aHaJOrMYHOM 3amaueil B Bakyyme. B

mepBoil cpene moie B MOMUMHSCTCS

/ 4 f / // TAKOMY >K€ YPaBHEHHIO, KaK U TIOJIE TOKa

Ml B Bakyyme. Bo BrOpoil cpene

e
Ml / / / X rotéz =0. Ilpu pacuere mosii B HepBOil

Ha 0 cpezie MOXKHO JOOABUTH JIFOObIC UCTOYHUKU
oSSl BO BTOPYIO Cpeny W Haobopor, ¢
Puc.8.4 LEJBI0 00CCIIEYNTh BBHIOIHECHNE YCIOBHUIA

B B
Ha rpaHume; —-=—2; B

=B ,. dusa
1 2
o My ! !

pacuera 1oJIs B TIEpBOii cpesie 100aBUM TOK [l BO BTOPYIO CpEdy BHOJb JHHUH

3epKaJIbHOTO OTPaXKEHHUsSI UCXOAHOI0 MIPOBOJAa OTHOCHTENIBHO TPAHUIIBI pa3ziena, a
TIpH pacyueTe MoJIsi BO BTOPOH Cpele MCXOJHBIN TOK 3aMeHUM Ha Tok Y (puc.8.4).

Torna mone I§1 ecTh Cymeprnosuius noiei TokoB I (B mepsoii cpene) u Sl
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(BO BTOpOI cpene), a moise f?z co3naercst TokoM M (B mepBoil cpene). B cury
TOrO, 4YTO BEJIMYMHA B MpONOpIHMOHANbHA TOKY, M3 TIPAaHUYHBIX YCJIOBUSN
CIIeITyeT: m=p = L, M+ PB=y. Orkyma momydaem: f =M ;
H Hy o+
2ty
y=—"""
T iy
BaKyyMe, CO3MaHHBIM TOKOM [; = g4I , TEKyIUM IO HMCXOXHOMY IIPOBOIY, H
_ (e — )
)

. Takum oOpa3om, mojie B TMEPBOI cpele COBIAAaeT C MOJNEM B

TOKOM 1, I, TexymmM 10 ero 3epKaibHOMY oTpakeHuro. [lone Bo

N 2
BTOPOH Cpejie COBMIAaeT C IMOJEM, CO3JaHHBIM TOKOM I3 = ﬁl , TEeKYIIM
17

110 UCXOITHOMY TIPOBOJIY B BaKyyMme.

Ecmu u, >> y, (Bropas cpena — peppomMarteruk), I, =1, = f,1 ; "3epkanbHbIil"
TOK TE€YeT B TOM € HAMpPABICHHWU, YTO M HMCXOMAHBIA. B o0mem ciaydae Tok I3
COBMAJAeT MO HAIPABJICHUIO C MCXOJIHBIM, a HalpaBiieHHe [, 3aBUCHUT OT 3HaKa

pas3HocTH (,uz—,ul). TakuM 00pa3om, ToOJie, COOTBETCTBYIOIIEE HCXOIHOM

3a/1aye, MOXET OBITh CO3[aHO B BakyyMme (MJIM OIHOPOMHOM Cpejie) CHCTEeMO
TOKOB, 3aMEHSIONIMX COOOW IEHCTBHUTENILHOE paclpeaeieHHue MOJCKYISIPHBIX
TOKOB B cpenax. BerucieHue mnois B Jt0OOW TOYKE Temepb MOXET OBITh
npousBeeHo 1o ¢opmyne bruo-Casapa wmu no ¢opmysne mojst npsMOro TOKa ¢
WCIOJIB30BAHMEM MPUHIMIIA CYNEPIO3UIHH, W HE BbBI3BIBACT TPYIHOCTEH.
Haiinem none Bo BTOpoii cpene BONM3M rpaHULIBI HA PACCTOSHUH X OT IPOCKLIUU
npoBoza. CoracHo (7.5 ) MHAYKIMA B To4Ke X Oyzner

B, (x) = &}1 = HoFty I, a ee mpoekIMM Ha KacaTelbHOE
2 7wy +/‘2)\/X2 +a
HallpaBICHUE u HOpMajb paBHBL B, = ,uo,ul,uzf LD
(e, +,U2)(x +a )
B,, = Mot X

5——y/ - CormacHo ycnoBusAM UL TpPaHHMLl  pasiena,
2l + 1 )* +a*)

B, =B,,, B, = ﬂBzr , OTKyZa OKOHYATEIILHO:
2
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2
Moty X Holi fhra
B, =B,, = I B, = 1,
! 2y + 1, o +d?) T 2wy + i ) +a?)
Hothiha
B, = 1.
o 7y +,u2)(x2 +“2)

4 [pumep 8.7. HamaruuueHHOCTH J JUIMHHOTO TOHKOTO
— ) MarHuta B BHJIC LUWIMHIpa [UIMHOW 2/ W pamuycoM r
* OITHOPOJIHA W HampaBlieHa BIOJb ocH (puc.8.5). Ouenure
MarHuTHYI0 WHAYKIHIO B, B Touke A BOJIM3U IIEHTpa

TOpLa U Bc OKOJIO cepeIuHBI UINHAPA.
f %')' Pewenue. [Tockonmpky TOKH TIPOBOAMMOCTH

2l

OTCYTCTBYIOT, T10JIC co3macTca HUCKIIIOYUTCIBHO

k * ‘ MOJIEKYJSIDHBIMA TOKaMH. Tak kak J HE 3aBHCHT OT

I~ 2 KOOp/IMHAT, rotJ =0 H, CIeIOBaTebHO, OOBEMHBIX

MOJICKYJIIPHBIX TOKOB HET. Takoil ciy4ail COOTBETCTBYET
Puc.8.5 [IOBEPXHOCTHOMY TOKY, OOTEKaloIleMy MarHUT IO €ro
OOKOBOH TMOBEpXHOCTH. ['paHUYHBIC YCIOBHS Ha 3TOH HOBEPXHOCTH TPEOYIOT:

Inonzjs npu4eM TOK HaNpaBJICH 110 OKPYXHOCTAM MNEPICHAUKYIIAPHO OCHU

wTHEIpa. BOKPYr MarHMTa BOBHHKAET Takoe ke Tone B, Kak M B BaKyyMe
BOKPYI LWIMHApA, OOTEKaeMOro IIOBEPXHOCTHEIM TOKOM C  JIMHEIHHOH
MJIOTHOCTBIO J. OTa 3ajaya aHaJOTWYHA pacdeTy MOois AJMHHOTO COJIEHOHJA,
TO3TOMY BOCTIONIB3yeMcs pe3ynbraTtamumnipumepa 7.4.. Kak cnenyer u3 (7.21), BHe
WIKHpa BOJIM3H HieHTpa ero topua (Ing=J, fi=m2, $=0), B, = 'ULZJ .

Ecnmn  Obl munmuHap ObUT  OECKOHEYHO JUTMHHBIM, TIOJIE BHE IMJIHHIpA
OTCYTCTBOBAJIO OBI, O3TOMY MoJie BOJMM3HM TOUKH C Takoe e, Kakoe CO3JaioT B
IIyCTOTE JBa IIONYOECKOHEUHBIX COJICHOWAA C  HaIpaBlIeHHEM  TOKa,
TIPOTUBOIOJNIOKHBIM Ijop, U JOHONHSIOIUX LIMJIMHAP A0 OeCKOHeuHoro. Tak Kak
110 YCJIOBHIO [>>r, Ay OUEHKH mnonsi B Touke C MOXKHO BOCIIOJIb30BAaThCS
MpexHUM BbIpakeHueM (7.21), mpeHeOperas pasziudyueM MEXIy IOJeM B 3TOH
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TOYKE W Ha OCH cojieHouza. Ilomaras B mocnennei dopmyne Sh=r/l<<1, =0,

2
nonyuuM: B. = 'ULZJ;—Z

3aoauu u eonpocsl 011 CAMOCH0AMENbHO20 peuienun

8.1. KaGenb COCTOMT W3 JABYX KOAaKCHAIbHBIX LWJIMHIPOB: [EHTPAILHOIO
CIUIOIIHOTO pajguyca R; W OKPYXAaloOLIero ero IoJoro UIHHApa (000I0YKN)
pamuyca R,. Ilo BHyTpeHHEMy WHJIMHIPY IMapajuIelbHO €ro OCH TEYeT TOK I,
PaBHOMEPHO pacIpeAesIeHHBII [0 ero CEYEeHHI0, a 10 BHEIIHEMY - TOK TaKOH ke
BEJIMYMHBI, HANpPaBJICHHBI B IPOTUBOIOJIOKHYIO CTOPOHY, pacIpeleieHHBIN
pPaBHOMEpPHO II0 IIOBEPXHOCTH (KOAKCHAJbHBIA KaOenp). Haiigure BenuuuHy

HaIpsA)KECHHOCTH MarHUTHOT'O I10JIA H xak d)yHI(I_[I/IIO PACCTOSIHUS P OT OCH.

8.2. Omnpenenure HaNPsHKEHHOCTh MArHUTHOTO TONsi H BHYTPH OECKOHEUHOMH
KpyrJioM  IWIMHAPUYECKOM  IOJIOCTH, cAeTaHHOH B OECKOHEYHOM
OWIHHAPHIECKOM IIPOBOJIE, IO KOTOPOMY T€YeT TOK IUIOTHOCTH j, paBHOMEPHO
pacupeneneHHbIH 110 CEYeHHIO IpoBoJa. PaccTosHHe MeXIy OCSIMH MPOBOAA M
TIOJIOCTH PaBHO d.

8.3. TopouanbHbIA CepACYHUK COCTABICH M3 BYX IOJOBHHOK, CACTaHHBIX M3
pa3nuHbIX (eppOMAarHUTHBIX MaTEPUANIOB C MArHUTHBIMU [TPOHUIIAEMOCTSMH L
u . OOmas niauHa cepleYHUKOB, BKITIOYAs JBa HEOONBINIUX 3a30pa BEIHYUHOMN
d, pasHa L. Tlo oOMOTKe cepaeuHHMKa, HMeromieid N BUTKOB, TeYeT TOK I.
Ornpenenute BeNTUYUHY NoJisl B B 3a30pe. PaccesHrem MarHUTHOro MoJjs B 3a30pe
npeHedpeyb.

8.4. Tlo OeckOHEYHO JUIMHHOMY HPSIMOJMHEWHOMY IPOBOIHHKY, JEXKAaIIeMy B
IJIOCKOCTH pa3ziena JByX HENpoBOAAIIMX cpexa, TedeT Tok [. Ompenenure
WHAYKOUIO MarHUTHOTO TIOJsl B INPOM3BOJILHOMH TOYKE IIPOCTPAHCTBA.

MarsuTHbIe IPOHUIIAEMOCTHU CPEJl PaBHBI W U ;.

8.5. Ha mockoii rpanune pa3zaena AByX cpel ¢ MAarHUTHBIMH HPOHUIIAEMOCTAMHU

I, ¥ U TIOMEeNIeH KOHTYp ¢ TokoM. OIpenenure HanpspKeHHOCTb M MHIYKIHIO
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MAarHuTHOI'O I10Jis1 BO BCEM MNPOCTPAHCTBE, €CJIM U3BECTHO, YTO B BaKyyM€ 3TOT

KOHTYp CO34ac€T I10JIE€ C HAIPSIXKEHHOCTBIO HO (?) .

8.6. B ogHOoponHOE MarHUTHOE ION€ C UHAYKIMEH B, I[OMELIeH IMapHK

pamuycoM R; W3 Marepualla ¢ MarHUTHOW IPOHHUIIAEMOCTHIO L. BHyTpu mapuka
cnenaHa cgepuyueckas KOHIEHTPUYECKas IIOJNIOCTh paauycoM R,. Haiinute
WHAYKIUIO MarHUTHOTO TI0JIS1 BHYTPH ITOJIOCTH.

8.7. InuHHBII npsiMOH HPOBOJ C TOKOM / PAacrojioKeH IapajuIesIbHO IJIOCKOH
TPaHUIIE MAacCUBHOIO TeJla, CHAETaHHOTO W3 MAarHUTHOIO MaTepuaia C
TPOHUIIAEMOCTRIO |, Ha paccTosHMHM h OT Hee. Haiinurte cmimy, ¢ Koropoit
TIPUTATUBAETCS K TeNy €IUHUYHBINA OTPE30K MPOBOJA.

8.8. 1o GeckoHEUHOMY MPSIMOTUHEHHOMY IIMIIMHAPUICCKOMY TPOBONY PaIHyCcOM

R, cnenaHHOMy M3 MAarHMTHOrO MaTepuaja C

@ TIPOHUIIAEMOCTRIO |L, Te€4eT TOK [, paBHOMEpPHO

r paclpeneneHHblid [0 CEYEHHIO  IIPOBOJHMKA.

B, HalinuTte MHAYKIHIO MarHUTHOTO MOJIS ‘B xak
(hYyHKIUIO PACCTOSHUS OT OCH IIPOBOJIA.

8.9. llunuuapuueckuil CTEpKEHb MIHMHOW [ U
| o - pammycom r ([>>r), coemaHHBI W3 MarHeTHKa C

b~ 2r —— MarHUTHOH TPOHMIIAEMOCTHIO |l, IOMELIEH BO
BHEIIHEE OJHOPOIHOE MarHuTHOE TOJIE C

Puc.8.6 WHAYKIUEH B, HamnpaBlIeHHOH BIOJNb CTEPXKHS

(puc.8.6). Hafinute MHAYKIIMIO MAaTHATHOTO TOJIST B eHTpe tuHapa (B T.0).

8.10. ToHKMiT TUCK pajuycoM r M BBICOTOH [

B @ / (I<<r), caenaHHBIM U3 MarHeTUKa C MarHUTHOM
0

MIPOHUIIAEMOCTBIO |l , TOMEIEH BO BHEIIHEE

OJHOPOAHOEC MAr"HUTHOE II0JIE C I/IH,J_IyKL[I/Ieﬁ

Pic.8.7 EO ,  HampaBJICHHOH  MEpHEHIUKYISPHO
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miockoctd  aucka (puc.8.7). Haligute MHAYKIMIO MarHUTHOTO TIOJNS B IEHTPE
nucka (1.0).

8.11. HaMarHuueHHOCTb J TOCTOSIHHOTO MArHUTA B BHJE KOPOTKOIO LAIMHIPA
BBICOTOM hu paguycoM R (h<<R) oIHOpOIHA U HANPABJICHA BJIOJb OCH LIWIMH]PA.
Halinute MarHWTHYIO HMHIYKIUIO BHYTPU M BHE IWJIMHApPA BOJIU3U I[EHTpa
ocHoBaHus (1.0).

8.12. MarHuT B BHJIC TOHKOTO CTEP)KHS JUTHHOH [ M painycoM r<<| HaMarHHYeH
[IPO/IOJIBHO, TAK YTO €r0 HAMAarHMYEHHOCTh BO3PACTACT JIMHEHHO OT HyNs M0
MaKCHMAaJIBHOTO 3Ha4eHUS Jy, Ha MIPOTHBOMONOXHOM Topie. Haliinre mHAyKImo
MarHUTHOTO TMOJsI B BO3AyXe BOJNHM3M LEHTpa TOpHa C HauOOIbLICH
HaMarHUYEHHOCTHIO.

8.13. JInuHHBIA TOHKWH HUIMHAPUYECKUI CTEPIKEHb U3 MarHETHKA C
MarHUTHON IPOHHUIIAEMOCTBIO L 3apsHKEH I10 TOBEPXHOCTH U BPAILAETCs] BOKPYT
CBOEH OCH C YIIIOBOH CKOpPOCTHIO . HaliinTe HHAYKLNIO U HANIPSKEHHOCTh
MarHUTHOT'O NOJIsI BHYTPH CTEPIKHS BIaJM OT €ro KOHLOB. JnuHa cTepxkHs L,
pamnuyc R, 3apsan Q.

0

8.14. TlocTOSHHBIA MarHUT B BHJE TOHKOI'O
’ 1 ’ f Jr ? j JUCKa pajinycoM R HaMarHU4YeH OJHOPOJHO
(puc.8.8). Bekrop  HaMarHW4YEHHOCTH J

~—— 2R ————] TIEPIEHIUKYIIAPEH IUIOCKOCTH Jucka. Haiigure
HalpsHKEHHOCTh  MarHUTHOTO  MOJS  BHYTPHU

Prc.8.8 JUCKa BOJHM3H €ro LIEHTPa, €CJIM TOJNIIMHA JHCKa
h.
8.15. TTocTosHHBIH TOK / TEYET BIOJb JJIMHHOTO OJTHOPOJHOTO LIHJIMHPUYECKOTO
npoBoza. [IpoBox crenan U3 napaMarHeTuka ¢ MarHUTHOM BOCIIPUUMYHBOCTBIO
X. HalianTe MHIYKIMIO MAarHUTHOTO 11OJIsI BHYTPH U BHE IIPOBOZA HAa PACCTOSHUHI
7 OT €ro ocH.
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§9. MarnuTHbIii NOTOK. UHIYKTHBHOCTb. JHEprusi MArHUTHOTO MOJISL.

Kpam Kue meopemuveckue ceeoeHus

MarsuTHblid 10TOK. /ISl OmMcaHusi MHOTHMX 3JIEKTPOMAarHUTHBIX SIBICHHUN
yOOOHO BBECTH MOHATHE MACHUMHO20 NOMOKA, TPOHU3BIBAIONMIETO 3aMKHYTHIA
KOHTYp. OH orpezaessieTcs clieIyloIuM 00pa3om:

c1>=j§d§, (dS =ndS) ©.1)
N

rae S — TMOBEPXHOCTh, OMUpAIOIIAsACA Ha paccMaTpUBaeMbld KOHTYp, a B -
MarHuTHas MHAYKIHS B COOTBETCTBYIOIIEH TOYKE 3TOW moBepxHocTU. U3 cBoiicTBa
COJIEHOUJATBHOCTH MarHUTHOTO MOJIS CJIEAYET, YTO BEIMYMHA MAarHUTHOTO MMOTOKA HE
3aBHCHUT OT BBIOOPA MOBEPXHOCTH, IO KOTOPOH BEACTCS HHTETPHPOBAHHE.

J1si HEKOTOpPhIX KOHTYpPOB (THUIA COJICHOWJA C 3aMKHYTBIMH KOHIIAMH)
omuparomasics Ha KOHTYp TOBEPXHOCTh SABISIETCS camomepecekaromeiics. B Takom
ciyyae yIoOHO pa30UTh KOHTYP Ha OTICIbHBIC BUTKU U MpeacTaButh (9.1) B BUae

N —_ >
= z BdS, 9.2)
)

i

rae N — oblee KOJIMYecTBO BUTKOB, a S; — IIIOIaak i-ro BUTKa. Ecnu pacnpenenenne
MarHUTHOM WHAYKOMH B IUIOCKOCTHM KaXKIOTO W3 BUTKOB OAWHAKOBO, TO BCE
uHTerpajsl B cymme (9.2) paBHbl, W (opMyna ais pacdeTa MarHHUTHOTO ITOTOKA
YIIPOLIAETC:

d=N j BdS. (9.3)
S,

i
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PaccMorpuMm 1Ba 3aMKHYTBIX NPOBOASIIMX KOHTypa. IlycTe mo mepBomy
KOHTYpPY T€4eT TOK CWJIBI [j, cO3laBas MarHUTHOE IIOJIE B OKPYXKArOIIeM KOHTYp
npoctpanctBe. Kak cnenyer u3 dopmynsl buo-Casapa-Jlannaca (7.4), uHAyKuums
ATOTO TOJIs TporopiinonanbHa I;. COOTBETCTBEHHO, MAarHUTHBIN TTOTOK Yepe3 BTOPO
KOHTYp Oyner Taroke uponopuuonaiteH /. Koadduiuent nponopuroHaisHOCTH
MEXYy CHJION TOKa B MIEPBOM KOHTYpPE /| 1 MATHUTHBIM IIOTOKOM Y€pe3 BTOPOH KOHTYp
®,, cozmaBaeMbIM 3TUM TOKOM, HAa3BIBAETCS KOIDhuyuenmom G3aumMHou uHOYKYuu
3TUX KOHTYPOB Li;:

L,=—2. 9.4)

3aMedaTelbHBIM CBOWCTBOM KOX(p(PHUIIMEHTOB B3aWMHON HWHAYKIMH SBISIETCS WX
CUMMETpUSL:

Ly, =Ly . 9.5)

MarHuTHbBIN TOTOK Yepe3 MPOBOASIIMN KOHTYP MOXET CO3/1aBaThCsl TOKOM,
MPOTEKAIOLIUM [0 3TOMY Xe KOHTypy. Kak W B ciyuae JBYyX KOHTYpPOB, 3TOT
MarHUTHBI TIOTOK TIPOMOPIIMOHAJICH CHie TOoKa B KoHType. Koaddumment
MIPOMOPILMOHATBHOCT MEXY CHJION TOKa B 3aMKHYTOM KOHType I MU MarHUTHBIM

IIOTOKOM  4H€pe3 OTOT KOHTYpP Cb, co3gaBa€MbIM  3THM TOKOM, HAa3bIBACTCA

KOS{l}Sl}I/I!!I/IGHTOM CAMOUHAYKIWU WIN UHAYKTUBHOCTBIO 3TOI'O KOHTYpa L:

=2 (9.6)

Kak u snexrpuueckoe Moje, MarHUTHOE MOJ€ SBIAETCS MaTepHalbHBIM
00BEKTOM, B KOTOPOM COCpPEIOTOYEHA OmpeneneHHas sHeprus. Hampumep, coneronp
(paBHO Kak W JIIO0OH Ipyroi MpPOBOISLIMH KOHTYp), O KOTOPOMY INPOTEKaeT TOK,
CO3/1a€T MAarHUTHOE T0JI€ C MOJTHOW SHEPTrUen
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rae L — MHAYKTUBHOCTH COJIEHOMAa, [ — cuila MpOTEKArolero 1no Hemy toka, a d —
MarHUTHBIN TOTOK, co3faBaeMbiii Tokom I B oOMotke. [locnennss ¢opmyna Jierko
obobmiaeTcst Ha ciydail IByX (WUIM HECKOJNBKUX) KOHTYpOB. I IBYX WHIYKTHBHO
CBSI3aHHBIX KaTylIeK ¢ TokaMu | u I,

1 1 1

2 2 2
rae Ly, L,, u Ly -- AHIYKTHBHOCTH ¥ KO (MHUIIMESHT B3aMMHON MHIYKIIUH OOMOTOK, a
®;, @&, - mnoToku, co3gaBacMble B KOHTYpax BCEMH TOKamMH (BKJIOYas U
COOCTBEHHBIH).

OObeMHasl TUIOTHOCTh DSHEPrHM MArHUTHOTO MO B KaXJIOH TOUKE
MIPOCTPAHCTBA PaBHA
1—»—»

wy =-BH, 9.9)

rae B - MarmutHas UHIYKIOUS, a H - HAaIPSHKEHHOCTh MAarHUTHOTO MHOJISL B 3TOH
touke. [locnmenusst Qopmyna chpaBeyiiBa HE TOJBKO JUIS IOJSA, CO34aBacMOro
KaTyIIKaM{ ¢ TOKOM, HO U JUISl TPOU3BOJILHOI'O MarHUTHOTO OIS

B cucreme CU MarHUTHBII TOTOK wu3Mepsercs B gebepax (BO), a
KO3 PUITUEHT B3aUMHON WHIYKIIUY U UHIYKTHBHOCTD — B 2erpu (I'H).

PaGora 1no mepeMemieHWIO NPOBOAHMKA C TOKOM. llpu mepemenieHuu

MPOBOAHWKA C TOKOM B MAarHHTHOM IIOJie COBEpIIAeTCs OmperesicHHas pabora.
DnemeHTapHass pabora cuiabl AMIlepa IpPH MajoM MEpeMeIleHUH dr 3IIEMEHTa

poBOIHUKA dl C TOKOM I B IOCTOSSHHOM MarHUTHOM TI0JI€ ¢ HHAYKIIMeH B paBHA
§A=(Ildl;Bldr), (9.10)
WA, TIO TIpaBHIJIaM ITpeoOpa30BaHIsI CMEIIAHHOTO MTPOM3BEICHUS,

st = 1(Blar-di) = 1(B:a5)= a0 ©.11)
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3necb dS BEKTOp IUIOLIAJKH, KOTOPYKO NpPOYEpUYMBAET 3JIeMEeHT dl mpu Maiom

nepemenieHuu dr , a d® -- MarHUTHBINA MTOTOK CKBO3b ATY TUIOMIAAKY. AHAJIOTHYHBIM
OymeT BBIpaKCHHE IJIsl PabOTBl CHIIBI AMIIEpa MPH KOHEYHOM IEPEMEIICHHH
3aMKHYTOIO KOHTYpa C TOKOM:

A=IAD, 9.12)

rae AP - m3MeHeHNe MarHUTHOTO TIOTOKA Yepe3 KOHTYP.

Hpumep 9.1. Haiinure MHAYKTHBHOCTH CONICHOMAA, cocTosmero 3 N=500 BUTKOB,
PaBHOMEPHO HAMOTAHHBIX HA T[OBEPXHOCTh IMIIMHAPHUYCCKOTO CEpACYHHKA,
M3rOTOBJICHHOTO M3 MaTephalla ¢ MarHuTHoW mnpoHunaemocteio U=500. [lnuna
comeHonga [=31,4cm, a mIomaap ero momepedHoro cedeHus S=10 oM.
HeoaHopoqHOCThEO MATHUTHOT'O ITOJIST BOJIM3H TOPIIOB CEPICYHUKA TIPpeHEOpEYb.
Pewenue. CormacHo onpenenennto (9.6) nmnsd  HaXOKIACHUS HWHIYKTHBHOCTH
MPOBOSIIETO KOHTYPa MbI TOJDKHBI 331aTh HEKOTOPOE 3HAUCHHE CHIIBI TOKA B HEM U
paccynTaTh BOSHUKAIOIIMN B 3TOM CiIyda€ MarHUTHBIN MOTOK 4depe3 KOoHTyp. IlycTh
[0 COJICHOMAY TedeT TOK cuibl I. Torma, B COOTBETCTBUH C PELICHHUEM 3aJadul
(8.ITp.2), WHIYKIMS MArHUTHOTO TIOJNS BHYTPH COJICHOWJA BIAIA OT €r0 KOHIIOB
paBHa

B= syl 9.13)
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r7ie BEKTOp B HaIpaBJIeH BIOIb OCH COJICHOUAA
B COOTBETCTBHHU C TIpaBujoM OypaBunka. (Puc.
9.1). Crporo roBopsi, 3ta hopMyna crpaBejInBa
JIIb 11 OECKOHEYHOTO COJICHOWAA, U OHA JacT
aJieKBaTHBIA pe3ynbTaT TONBKO B CIydae, KOrjaa
JUINHA CONICHOWAA JOCTaTOYHO BelWKa (3TO
crenyeT U3 aHanusa peueHus 3agaun (8.11p.2).
JlomycTuM, YTO 3TO YCJIOBHE BBIIOJIHEHO,

o3TOMYy OyZlE€M CUMTAaTh MarHUTHOE II0jJEe B
Puc.9.1 COJIEHOHMJIE OMHOPOIHBIM, & €ro HMHIYKIUI —
MIOJIHOCTBIO onpeesitomeiics popmyinoit (9.13).
ORHOPOIHOCTE MAarHWTHOTO TOJNSA BHYTPH COJICHOMJA TIO3BOJIET IS
HaXO0XKJEHUSI MAarHUTHOT'O ITOTOKA BOCIONIB30BaThes (hopmyioit (9.3):
<I>=NJ.Ed§=NJ.Bds=N,u,uO%IJ.dsau,uoNTzlS. 9.14)
S; S; s,

3Ll€CL Mbl Y4JIH, YTO IPU HUHTCTPUPOBAHUU I10 IIOMIAAW BUTKA COJICHOHA BEKTOP

HOpPMaJIM K JJIEMEHTapHOW Iutomanke dS BcerJa COHAIpaBJIICH C BEKTOPOM B .
[lonenuB moylydeHHOE BBIpaXKEHHE Ha CHJIy TOKa I, HaxOAUM HWHAYKTUBHOCTH
COJICHOM[IA!

2

T

L=y, 9.15)

IlogcranoBka B 3TO BBIPAXKCHHUE YHUCICHHBIX MTaHHBIX W3 YCJIOBHA 3aaadyd OacT

pesynbrar L=0,5 I'H.

Hpumep 9.2. HaiinuTe HWHAYKTUBHOCTH KAaTYIIKM, HAaMOTAaHHOM Ha TOPOW
IPSIMOYTOJIBHOTO cedeHus. BHemHuit panguyc Topouaa paseH R,=5,4 cM, BHYTpeHHUI
— Ri=2cM, BBICOTa TOpOWAa paBHAa h=3 CM, a MarHWTHas TPOHHUIIAEMOCTb €Tro
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Matepuama — U=200. Karymxka coxmepxxur N=100 BHTKOB, paBHOMEPHO
pacIpeeleHHBIX TI0 TIOBEPXHOCTH TOPOUAA.

Pewenue. IlpuHnun pemeHuss 3TOH 3afauyd IOJHOCTBIO MOBTOPSIET NPHHIMII
pemieHus npeapiaymen. [lycts mo karymke Tedet Tok cuibl I. Toraa, B COOTBETCTBHH
¢ pemenueM 3amauu (8.IIp 1), BenuuMHA MHIYKIUU MAarHUTHOIO TOJIS BHYTPU
TOpOM/a paBHA

B(r) = N 9.16)
27

>

[JIe ' — PacCTOSIHUE OT OCHU TOPOMAA O TOUKH,
IZIe PacCMaTPUBAETCS MHIYKIUS MarHHUTHOTO
mons. [Ipu 3TOM CHIIOBBIC JTUMHHHM MAarHUTHOW
WHAYKIAA 00pa3yloT OKPYKHOCTH, MEHTPHI
KOTOpBIX JIeXaT Ha OCH TOpouaa, T.. B

mpejenax Jro0oro BUTKA KATYIIKH moie B
HaIpaBICHO  MapajuleIbHO  HOPMald K
JJIEeMEHTAapHOM  TUIoIIajgKe,  Jiexamed B

IIJIOCKOCTH ITPOM3BOJIBHOTO BHUTKA KaTyIIKHA

Puc.9.2 (puc. 9.2).
Takum  oOpazoM, pacmpeneneHue

MarHUTHOM MHIYKIIMK B IUIOCKOCTH KQXKIOIO W3 BUTKOB M OpUEHTAllMsi BeKTopa B
OTHOCHUTEIIFHO IUIOCKOCTH BUTKA OJMHAKOBBI. [103TOMY [T HAXOXKCHHUS MArHUTHOTO
MTOTOKA, MIPOHMU3BIBAIOIIETO KATYIIKY, MOJKHO ITOJIb30BaThCS hopmyoit (9.3):

®=N([Bds=N|[Bds= Noppds -
N! s N§|.Bs N,u,uozn_lir

i i

9.17)

h R, 2
N dr N R
= Nty — I | dz | — = ppty — IhIn| —=
Hily e }[ 1'!- p HiLo e R,
1
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IlogenuB momydyeHHOE BBIpaKEHHWE HA CHJIy TOKa [, OKOHYATENbHO HaiaeMm
WHIYKTUBHOCTb KAaTYIIKHU:

N’h_ R
=,u,uo—1n_2

L .
2 R,

(9.18)

IlogcranoBka B 3TO BBIPAXKCHHUEC YHUCICHHBIX MTaHHBIX W3 YCJIOBHA 3aaadyd OacT

pe3ynbTar L=12 MI'H.

Ipumep 9.3. Ha oxuH cepaeyHHK HAMOTaHbl JIBE KATYIIKHA, HHIYKTHBHOCTH
KOTOPBIX COOTBETCTBEHHO paBHbl L; u L,. Haiinute koddduumeHT B3auMHOMN
WHAYKIAH KaTyIIeK.

Pewenue. Cornacno onpenenenuto (9.4), nnst HaxoxaeHus koddduimenTa
B3aMMHON WHAYKIMH KaTYIIEK MBI JOJDKHBI 3aaTh HEKOTOPOE 3HAYCHHUE CHIIBI TOKA B
NIepBOM KaTylke, /;, ¥ pacCUMTaTh BOSHUKAIOLIIMHA B 3TOM CIIy4ae MarHUTHBIN MOTOK
yepe3 BTOpylo KaTymiky, ®,. ITockonbKy KaTylmiku HamOTaHbl Ha OIUH CEpACYHHK,
OHM MOTYT OTJIMYAThCS TOJNBKO KOJIMYECTBOM BHUTKOB, a MarHUTHOE IIOJIE€ BHYTPH
KKJO0W W3 KaTylmleK ONMHAKOBO. Kak BHIHO M3 pemieHnid mpumepoB 1 m 2 3Toro
paszena, HHIYKTHBHOCTb KaTYIIKH MPOIOPLUOHANIbHA KBaJIpaTy KOJMYECTBA BUTKOB,
TO3TOMY

2
L N
=222, 9.19)
L N,
rae Ny u N, — KOTUYEeCTBO BUTKOB B TIEPBOM M BTOPOW KaTYIIKE, COOTBETCTBEHHO.
U3 popmynst (9.3) cnepyeT, 4TO MpHU JIFOOBIX 3HAUCHUSAX TOKOB B KaTYIIKax

OTHOIICHNEC MAarHUTHBIX ITOTOKOB CKBO3b HUX PABHO OTHOHICHWUIO YK CJIa BUTKOB:

e, N,

. 9.20
o, N, (9.20)
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Tenepb MOXKHO HaWTH MAarHUTHBIA IMOTOK ue€pe3 BTOPYK KaTYILIKy, CBA3aHHBIA C

IIPOTCKAHUEM TOKA B

N

<I>2:<I>172:L111

TIepBOIi:

1

N
_2:L111
N,

9.21)

HO,HC.HI/IB IMOJYUYCHHOC BBIpAXXCHUC Ha CHUIIYy TOKa Il, OKOHYATCJIIBHO Haﬁ[leM

KOX(QGUITMEHT B3aUMHONW WHIYKIIUH KaTYyIIeK:

b
L,=—2=
12 7,

JLL, .

Puc.9.3
npoBoay TeueT Tok cuibl ;. Torna, B coorBercTtBuu ¢ (7.5) UHAYKLUMSI MarHUTHOTO

9.22)

Hpumep 9.4. Haiigure KOIQPUIMEHT B3aMMHON
UHAYKIMA MEXAYy OCCKOHECYHBIM MPSIMBIM IIPOBOIOM
W 3aMKHYTBIM KOHTYpOM B BHJE pPaBHOOEIPEHHOTO
IPSIMOYTOJIBHOTO TPEYrolbHUKA ¢ BbICOTOH A=10 cM,
JIeKAIUM B OJJHON TUTOCKOCTH C TIPpoBoAoM (puc. 9.3).
Pewenue. Cornacao omnpeaenenuto (9.4), s
HaxOXICHUS Kod(Q(UIMEHTA B3aMMHONH WHIYKIIUH
MEXIy JBYMs MPOBOIHHKAMHU, MBI JIOJDKHBI 331aTh
HEKOTOpOe 3HAYCHHWE CWJIBI TOKa B  IIEPBOM
(mampumep, B TIPSMOM TPOBOJIE) M PACCUUTATh
BO3HHUKAIOIIUN B 3TOM CJIydyac MATHHUTHBIA TIOTOK
yepe3 BTOpoM (TpeyroibHbIM KOHTYp). IlycTte mo

110J14, CO34aBa€MOI'0 3TUM TOKOM B INIOCKOCTHU TPEYI'OJBHOI'O KOHTYpa, paBHA

B(x) =

Holy

i

27mx

(9.23)

re X — paccTosHHE OT OCH MPOBOJA [0 TOYKH, B KOTOPOW paccMaTpHBaeTCs

HWHAYKIUSA MAaroHuTHOI'O MOJIA.
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MarauTHBIA IMOTOK Yepe3 KOHTYp 1o onpeneneHuio (9.1):

D, _J'Bds_des_fde(x)fdy ZIB(x)xdx =

s - (9.24)
ul Lol h
01J'l Holht

[MomenuB moONyYeHHOE BBIPAXKCHHWE HA CHIy TOKa [;, OKOHYATECIBHO HaiiieM
KOX(QGUITUEHT B3aUMHON WHIYKIIUW TTPOBOTHUKOB:

P h
L, =—2 =t (9.25)
I, V.4
ITogcraHoBKa B 3TO BBIPR)XKEHHE YHCJICHHBIX JAHHBIX W3 YCJIOBUS 3aJaddl JacT
pesynbsraT L=0,04 MK['H.

IIpumep 9.5. Haiinute sHEprui0 MarHUTHOTO IIOJS, COCPEJOTOYCHHOIO B EIMHMIIE
JUTNHBI OECKOHEYHOTO MPAMOr0 KOAaKCHAJIBHOTO KaOels, TI0 KOTOPOMY IPOTEKAET TOK
I=10 A. Pagnyc BHyTpeHHe# kmibl kabenss — R;=0,5 MM, a pamuyc OIUICTKH —
Ry=1 cm. Cumrarh, YTO IUIOTHOCTh TOKa BHYTPH JKWJIBI TOCTOSHHA. TONIIWHON
OIUIETKM TpeHeOpeuyb, a MarHUTHYI0 IPOHHLIAEMOCTb M  IIPOBOISINCH, U
JIUAIEKTPUIECKON JacTH KaOest CUMTaTh PaBHOM €ANHUIIE.

Pewenue. B cooTBeTcTBUU C pelieHUEM 3anaud 8.1, HaMpsHKEHHOCTh MAarHUTHOTO
OIS, CO3/1aBAEMOr0 KOAaKCHAJIBHBIM KaOeleM ¢ TOKOM /, paBHa

Ir2 <R,
27R;
Hn=1- R <r<R, (9.26)
27
0, r=2R,,
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IJle © — PacCTOSIHUE OT OCH Kabeds JO TOYKH, B
KOTOpOl ~ paccMaTpuBaeTcs MAarHUTHOE — IIOJIe
(puc.9.4). B coorBerctBun ¢ Qopmyrnoi (9.9),
00beMHas IIOTHOCTb SHEPTHUH 3TOr0 MAarHUTHOI'O
TIOJISL paBHA

/ 1

Wy =5BH:%;10H2

(9.27)

Taxum 06p330M, i1 BBIYMCJIICHHA IOJIHOM
OHEPIruy MArHuTHOI'O TIIOJII B OTPE3KE KaOes

JuiHBL | HEeoOXOAMMO  IPOMHTETPUPOBATH

Puc.9.4

TIOCTICAHEC BBIPAXKCHUC B ILIOCKOM CJIOC V(),
OXBAaTbIBAromeM HSTOT OTPC30K, IMPUYEM CUMMETpUA 3aJavyd  IOJACKa3bIBACT
HCITOJIB30BAHNEC NUJIIMHAPUICCKUX KOOPAUHAT:

=

1 2
Wy = J.WMdVZJ.dzJ.dq)J.rdr%,uoH(r)z =
0

\% 0 0
’ . . (9.28)
2|03 : |1 R} R ? R
Ho 1 = r+fﬂ = o l—l4+ln—2 Al pam e
2 27z) |4 R i 4 |4 R; R, 167 R,

OTHOCS 3Ty PHEPTUIO K [UIMHE PacCMaTpHBAEMOTO OTpe3Ka Kalens W MOACTaBIAS B
MOJYYUBIIYIOCS (DOPMYJTY YHCIICHHBIC JaHHBIC U3 YCIIOBHUS 337a4H, OTY4acM:

1? R
W _ Hol” [ 410 B2 ) 230 5 s, (9.29)
a ler R,

Hpumep 9.6. ITocTOSHHBIN MarHUT B BHAC CTCP)KHS BCTABJICH B JUIMHHBIA COJCHOW/
TaK, 4TO JUIMHA HAXOMISIMICHCS B KATYIIIKE YaCTH CTEPIKHS HAMHOTO OOJBIIE JrHaMeTpa
katymkd. Crujia Toka B 0OMOTKe — [, 9MCII0 BUTKOB Ha €IWHUILY JJIUHBI — 71, TUIOMIATh
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ceueHus crepxkHs — S. HamarnuueHHOCTh cTepkHA J cUUTaTh OJHOPOIHOH U
HaIlpaBJICHHOM BJIOJIb OCHU COJICHOW[A, & €€ BEJIMUYMHY — HE 3aBUCSILEH OT BHEIIHETO
nonst. Haiiaure cuity, ¢ KOTOpOM CTEpKEHBb BTATUBACTCS B COJICHOM/I.

Pewenue. Cuna B3auMOJEHCTBUSL MEXKY KaTYIIKOM ¢ TOKOM U MarHUTOM BO3HHMKAeT
3a cueT obimacTeii HEOTHOPOTHOTO IO
BOJIM3M KOHIIOB KATYIIKH W CTEPXKHA,
MIOITOMY paccunTaTh ee
HETOCPEACTBEHHO 1o (opmyne Amrmepa
3aTPYIHUTEIHHO. Bocmonmszyemcst

! OHEPIrCTUYCCKUM IMOAXOAO0M. HpI/I MaJIOM

CMEIICHNH CTEpXKHS Ha BeIUuMHy Ax

cosepinaercs pabora dA=FAx. C apyroi

Ax CTOpOHBI, paboTa NpH CMEIIEHHH KOHTYypa

C TOKOM B MAarHUTHOM TIIOJI€ paBHA

Puc.9.5 04A=IAD, rtme AP - wu3MCHEHHE

MarHMTHOTO TIOTOKA Yepe3 KaTYIIKy Hph

cMerieHnn crepykHs. [loatomy F= IAD/Ax. I3MeHEeHHEe MOTOKa Yepe3 KaTyIIKy Tpu

MaJIOM CMEILEHHH CEpAEYHUKA JIETKO HaxoAuTcs. JleMCTBUTENBHO, NMPH CMEIIEHUU

CepACYHUKA BIIIyOb COJEHOMAA O0JAcCTh OAHOPONHOTO IO B YacTH KaTyMIKH C

CEpACYHUKOM YAJIMHUTCA HA BENWYMHY AX, a BHE CEpACUYHHKA — yYMEHBIINTCA Ha

TaKylo ke BenuuuHy (puc. 9.5). OTr 001aCTH CUENJICHBI ¢ YUCIOM BUTKOB AN =nAx,
MI03TOMY U3MEHEHHE MOTOKa OyzneT

A®D=(B,-B,)snAx, (9.30)

rae B, — MHAYKOUS MONS B CEpJICUHUKE BHYTPH KaTYLIKW, a B; — B COIICHONE BIAIIN
0T KOHIA cepiaeuHuka. Kak ciexyer m3 paccMOTpeHHOro panee mpumepa, (8 Ilp.2)

Bo=uy(H+J), B;=1pH, H=In. [loaTOMY OKOHUATEIBHO,
AD=pyJ snAx. 9.3

Ortcroza cnenyer:
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F =IiyJ sn. (9.32)

3aM€TI/IM, YTO BCKTOp 7 MOKET OBITH HalpaBJICH KaK B Ty K€ CTOPOHY, YTO U I_‘I 5
TaK W B MPOTHUBOIIOJIOXKHYIO (B 3aBUCUMOCTH OT TOIro, KaKkMuM KOHIIOM MarHuT
BCTaBJICH B COJ'IGHOI/IL[). B MOCJICAHEM Cilydac J CJICAYCT CHUTATh OTPULATCIIbHBIM, U
MarauTt 6yz[eT BBITAJIKUBATHCA U3 KAaTYIIKH.

3adanue 013 camocmoamenbHoil padoomut

9.1. HaiimuTe MHIYKTHBHOCTh KATYIIKHA, HAMOTAHHOW HA TOPOU IMPSIMOYrOJBHOIO
CEYEHUSs], COCTOSIIEH M3 JBYX OJMHAKOBBIX YacTeH, OJHA U3 KOTOPBIX CHelaHa W3
(eppomartHeTika ¢ MarHUTHOM npoHunaeMocTbio 4;=400, a apyrast — U3 MaTepuana c
> =100. Bremnuit pagnyc Toponna paseH R,=10,8 cMm, BHyTpeHHuii — R|=4 cm, a
BbIcOTa Topouaa paBHa h=6 cMm. Karymka conmepxur N=400 BUTKOB, paBHOMEPHO
pacIpeeleHHbIX 110 MOBEPXHOCTH TOpouaa. HeoqHOpPOIHOCThI0 MAarHUTHOTO TIOJS
BOJIM3M CTHIKA YacTel cepleyHHKa IpeHedpeyb.

9.2. Haiinute WHIYKTHBHOCTH OTpE3Ka MIBYXIPOBOJHOW JIMHUU JUIMHBEL [=1 M.
Pamnycel mpoBomHUKOB a=0,5 MM, MHOTO MEHBIIE PACCTOSHUS d MEXAy HHUMH
(d=1 cm).

9.3. Haiinute MHAYKTHBHOCTH OTpPE3Ka KOAKCHAILHOTO Kabens anuHbl /=1 M. Paguyc
BHyTpeHHero mpoBoma — R;=0,5MM, a paguyc OmIeTku — Rp,=1cM.

9.4. OpHocnoifHast, JOCTAaTOYHO IJIMHHAs KaTyIIKa pa3feleHa Ha JBE CEKLUH.
WupykTUBHOCTH CeKUUM paBHBI COOTBETCTBEHHO L; u L,. 1). Uemy paBHa
WHIYKTHBHOCTh BCel Karymku? 2). HaliauTe MOIHOE YMCIIO BUTKOB KAaTYIIKH, €CIIH
nepBast CEKIUsI COAEPAKUT N| BUTKOB.

9.5. Bmonp ocu TOpoWa MPSMOYTOJIBHOTO CCUYCHHS, HAa KOTOPBIA paBHOMEPHO
HaMoOTaHa Karymika, comepkamias N=500 BHUTKOB, NMPOXOAUT OECKOHEUHBIA MPSMOH
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npoBoxa. Buemmwmit paamyc Topouaa paBeH R,=10,8 cM, BHyTpeHHHI — R;=4 cM,
BBICOTa TOpPOMJa paBHAa A=0CM, a MarHuTHas NPOHHLIAEMOCTb €ro Marepuaia —
u=1000. Haitnure xodpPuIMEHT B3aMMHOW MHIYKIMM MEXIY KaTYIIKOH |
IIPOBOJOM.

9.6. Ha piuHHBIA COJEHOHUJ C IIJIOTHOCTBIO HAMOTKHU n=10° BuTKOB Ha €IMHULLY
JUIMHBI M IUIOaxbio BATKa s =10 cm® Hazera KOpOTKasi KaTymika OOJbIIEro
nuaMerpa, copepkamas N=20 ButkoB. Haiinnte koopduumeHt wnx B3auMHOU
WHIYKIIAA.

9.7. HaiimuTe MHIYKTHBHOCTh KATYIIKHA, HAMOTAHHOW HA TOPOU IMPSIMOYrOJBHOIO
CeYCHUs C 3a30pOM, MIMPUHA KOTOPOrO MHOTO MEHBIIE PaIUyCOB CEPICYHHUKA.
Buemnuii paguyc Topomma paBeH R,=5,4 cM, BHYTpeHHHH — R;=2 cM, BBICOTa
Toponjia paBHa h=3 cM, mupwHA 3a30pa A=1 MM, a MarHWTHas TPOHHIIAEMOCTb
Matepuama — U=200. Karymxka coxmepxxur N=100 BHTKOB, paBHOMEPHO
pacIpeeieHHBIX TI0 TIOBEPXHOCTH TOPOUAA.

9.8. BHYTph MJIHMHHOTO COJCHOMIA C IUIOTHOCTHIO HAMOTKH 71 BUTKOB Ha CIWHUILY
JUIMHBI TOMEIIEHA KOPOTKAasl KaTYIIKa C IUIOMIAbI0 BUTKA S, colepxkamas N BUTKOB.
Haiimute kod(p(QUIMEHT B3aMMHON HWHAYKIIMM OOMOTOK, €CIM OCH COJICHOMIa W

KaTyIIK{A 00pa3yioT yroi ¢.

9.9. BHyTph IIMHHOIO COJICHOWIA IUIMHOW [, comeprkarnero N BHTKOB C ILIOIIAIbIO
ceyeHus: S, TOMEIIEH KOPOTKHH (DeppOMarHUTHBIA CEpAEYHMK UIMHOW d<<l ¢

MarHUTHOM NpOHULIaeMOCThIO W>>1. HaliiuTe HHAYKTUBHOCTD COJIEHOU/IA.

9.10. B crambHOM HWIMHIAPE ¢ BBICOTOM A=20 CM W PaguycoM OCHOBaHHs R=6 cM
MIPOCBEPIICHO COOCHOE OTBEPCTUC PaguycoM r=3 MM. BHyTpHm OTBepCTHS BIOJNb OCH
LHUIHHIPA [TPOXOAUT OCCKOHEUHBIH MPSIMON IMPOBOJ, MO KOTOPOMY IPOTEKAET TOK
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J=100 A. Haiinute »HEpPrur0 MarHUTHOTO MOJs, COCPEIOTOYEHHOrO B MaTepuane

LUJIMHAPA, €CJIM MarHuTHas npoHuuaeMoctsb ctanu U=1000.

9.11. Haiigure SHEPrul0 MArHUTHOTO IIOJSA, COCPEAOTOYCHHOrO B KaTyIIKe,
HAMOTAHHOW Ha TOPOH] MPSIMOYIOJBHOIO CCUCHHs, IO KOTOPOW MPOTEKAeT TOK
I=10 A. BHemHuit pannyc Topouaa paBeH R,=5,4 cM, BHYTpeHHUH — R;=2 cM, BbICOTa
TOpOMAa paBHa h=3 cM, a MarHWTHas MPOHHWIAEMOCTh ero marepuama — U=500.
Karymika comepxutr N=100 BUTKOB, pABHOMEPHO paCIPEICICHHBIX M0 MOBEPXHOCTU
TOpoH/IA.

9.12. TIpsiMoii TTPOBOA MIPOXOIMT BAOJIb OCH COJCHOMIA C IUIOTHOCTHIO BUTKOB 15=10
e, TIo TPOBOMY M 1O CONCHOMAY TEKYT MOCTOSHHBIC TOKH OXMHAKOBOH CHIIBL.
[Tnomane cedenus mposoxa — S,=0,1 CMZ, a IIomaab BUTKA cojieHonaa — S,=10 oM.
Onpenenure — BO CKOJBKO pa3 dHEPrus MArHUTHOTO TOJS, CO3/1aBacMOro BHYTPHU
CONICHOMJa CaMHUM  COJICHOMJIOM TIPEBBIIACT DHEPTHI0 MArHUTHOTO  ITOJIA,
CO3/1aBa€MOr0 BHYTPH COJICHOHMJA IPOBOIOM. IIpM pacueTax BOCIONB30BATHCS
ycioBueM S,<<S;.

K /\ 9.13. Kougencatop emkocteio C=1  MK®D,
3apshkeHHbI 10 HanpsbkeHus: Uy=12 B, coenunen

C KaTymikoW WHAYKTUBHOCThIO L=10 MI'H, depe3

C kmoud  (puc.  9.6). KakoBo Moxer OBITh
U, MakCUMaJbHOE 3HAUYeHHE CHIIbI TOKa B ATOW LeNu
IOCJIC 3aMBIKaHUs Kiroya?

Puc.0.6 9.14. JBa [IMHHBIX COJIEHOMJA PaA3IUYHBIX
uc.9.

IHAMETPOB BABMHYTHI APyl B Jpyra TakK, 4YTO
JUIMHA O0JIACTH WX TCPEKPBITUS 3HAYUTEIBHO MPEBBINIACT WX IHAMETphl. TOKH B

obmotkax paBHbl [;=2 A, I,=5 A, TUIOTHOCTH HAMOTKH COCTaBJISIOT 1;= n2:103
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BHTKOB Ha MeETp, pajaMmyc MeHbIIed Karymku r=1 cMm . Haiigute cumy
B3aUMOJICHCTBUS COJICHOHIOB.

9.15. BHyrpu [UIMHHON KaTyIIKH-COJICHOMIA WHIYKTHBHOCTBIO L, pacronoxen
COOCHO JPYTOH COJICHOUJ MEHBIIMX Pa3MepOB, BCE JIMHEIHbIE pa3Mepbl KOTOPOTo B
[ pa3z MeHblle NMHEHHBIX Pa3sMepOB GOBIIOrO CONeHOMA (T1010GHBIE KATYIIKH).

Karymku coenuHeHbl mocienoBarensHo. HaiianuTe MHAYKTUBHOCTD TaKOW CHCTEMBI.
Yuciio BUTKOB 000X COJIEHOUIAOB OJMHAKOBO.
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§10. 3aKoH 3/1eKTPOMATHUTHOI MHIYKIHH.

Kpam Kue meopemuveckue ceéeoeHus

3akoH SHGKT[QOMaFHHTHOﬁ WHAYKIUHA. O,HHO n3 Hanbollee BaXKHBIX
OJICKTPOMArouTHBIX SIBICHUN — 3TO s6/eHue 3ﬂ€Kmp0MCIZHMmHOIZ quykuuu, KOTOpOC

3aKJII0YAaeTCsl B TOM, YTO M3MEHEHHME MAarHUTHOro moroka (9.1), mpoHH3BIBAIOIIErO
3aMKHYTBI MPOBOISIIMHA KOHTYpP, MOPOXIAET B 3TOM KOHTYPE BJIEKTPOIBIDKYILYIO
cuily, KoTropas B 3ToM ciydae HaseiBaercs OJIC  uHAykuuu.  3akou
anekmpomazHumnou  unoykyuu cas3pBaeT 3Ty OJIC cO CKOPOCTBIO H3MEHEHHUS
MarHUTHOIO MOTOKA!

E = _4® , (10.1)
dt
rae € — O/J1C unaykuuu B KOHType, ¢ — MarHUTHBIN TTOTOK, MPOHU3BIBAIOLIMI €To, a ¢
— Bpems. OTMETHM, YTO 3aKOH JJekTpoMarHuTHOW WHAYKIuU (10.1) cmpaBemmms
HE3aBUCHUMO OT TOr0, C Y€M CBA3aHO H3MEHEHHE MarHUTHOrO IIOTOKa — C
HECTAllMOHAPHOCTHI0 MAarHUTHOTO TOJ, ¢ AedopManneil KOHTypa I N3MEHEHHEM
€ro MOJIOKESHHSI UJTM OPUEHTALUU B IPOCTPAHCTBE.

OJIC WHAOYKIMH TIOpOXAaeT B KOHTYpEe HWHAYKIWOHHBIA TOK, BEIMYHHA
KoToporo ompenensercs 3akoHoM Oma (6.9), a HampaBineHue — npasuiom Jlenya:
UHOVKYUOHHBIL TMOK 6Ce20a HANpAasieH MAk, 4Ymo e2o Oelicmsue NPOmuBoNoL0HCHO
deticmeuio npuyuHvl, €20 nopodcoaroujeri. VIHBIMH CIIOBaMH, MarHHTHOE IIOJIE
WHAYKIIMOHHOTO TOKa CTPEMHUTCS MOAAEP)KaTh 3HAYCHHWE MATHUTHOIO IOTOKAa depe3
KOHTYp HEM3MEHHBIM. DTOMY COOTBETCTBYET 3HAK «MHUHYC» B MPABOW YaCTH 3aKOHA
aeKTpoMarauTHON uHIyKww (10.1).

Ecniu u3MeHeHMe MarHUTHOTO MOTOKA 4Yepe3 3aMKHYThIA MPOBOASILIUN
KOHTYp CBS3aHO C HW3MEHEHHEM CHJIBI TOKa B KOHType M, KaK CJICICTBHE, C
M3MEHEHHEM MHAYKIUU MAarHUTHOTO IOJIsl, OPOXKIAEMOro 3TUM TOKOM, TO TOBOPST O



§10. 3akon snexmpomacHUmMHOU UHOYKYUU 175

SBJICHUM CaMOMHAYKIMU. Bwipaxenue mis 3/C camoundykyuy NETKO TOIYYUTb,
MOJICTABUB B 3aKOH JJeKTpoMarHuTHOW wWHAyKmuH (10.1) MarHUTHBIA TOTOK,
BbIpaXEHHBIN U3 (9.6):

£,=-14 (10.2)
dt

rae €; — 9JIC caMOMHIYKIIMK B KOHTYpE, L — €ro MHIYKTHBHOCTh, a | — cuiia TOKa B
KOHTYpE.

3akoH snekTpoMarauTHOH nHAYKIuK (10.1) IMeeT WHTErpaNbHBIN XapakTep,
T.C. OIKCHIBAET MAKPOCKOMUYECCKUNA OOBEKT — 3aMKHYTHIA IPOBOISIIMNA KOHTYP.
Bocnons3oBaBmmck onpeaenenneM 3JC (6.3), onpeneieHrHeM MarHUTHOTO ITOTOKA
(9.1) u Teopemoit CTokca, HETPYIHO MOAYUUTH OUPDEPEHYUANBHYIO DOPMYTUPOBKY
3aKOHA JJIEKTPOMArHUTHOW UHITYKIHH:

ot E=-98 (10.3)
ot

riue B - WHAYKIWST HECTAIIMOHAPHOTO MArHUTHOTO IOJIS, a E - HaIpsHKEHHOCTD
AIIEKTPUIECKOTO MO, TIOPOXKAAEMOr0 STHM MAarHUTHBIM HOJEeM. DTO HE YTO WHOE,
Kak gmopoe ypasuenue Maxceenna. OHO CIIpaBeUIMBO B JIIOOOH TOYKE MPOCTPAHCTBA
U KOJMYECTBEHHO OIHUCHIBACT TOT (DaKT, UTO nepemeHHoe MdAsHUMHOe Mojie
nopodcoaem euxpesoe snexkmpuyeckoe noie. Eciu BUXpeBOe DJIEKTPUYECKOE IOJIE
cymecTByeT B o0OBeMe TPOBOAHMKA, TO OHO TIOPOXKAAaeT B HEM TOKH,
LUPKYJIUPYIOLIUE BIOJIb CHIJIOBBIX JIMHUN 3JIEKTPUUECKOTO MOJsl. DT TOKH Ha3bIBAIOT
8UXpesbiMU MoKamu, U TokaMu Dyko.

Hpumep 10.1. Camoner JIETUT ¢ TOCTOSHHOM CKOPOCcThI0 V=900 kM/4 Hag CeBepHBIM
MAarHUTHBIM TOMocoM 3emii. OLEHUTE pPa3HOCTh MMOTCHIIMAJIOB, BO3HHUKAOIIYIO
MEXKAy KOHI[AMH €ro KpbUIbEB, €CIIM pa3Max KpbuibeB cocraBisier L=40wM, a

WHIYKIAS MAarHUTHOTO TTOJIS 3eMiu — B=6- 10° T
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Pewenue. TlpuunHOIl BO3HUKHOBEHHUS PA3HOCTH TMOTEHIIMAIIOB MEXAY KOHLAMHU
KpBUIbEB camoyieTa sBisieTcss cuia JlopeHma, mnepememaromasi 3apsasl B €ro
MPOBOSIIUX dIeMeHTaX. Ha kaxIpiii CBOOOIHBIN 3apsi]| g ACHCTBYET CHIia

Fi=qpB| . (10.4)

Han MarHMTHBIM TOJNIOCOM JIMHWM MAarHUTHOH WHAYKIUU <«BBIXOIAT W3
3eMiin» IPAaKTUYECKU BEPTUKAIBHO, & CaMOJIET JIETUT TOPU3OHTAILHO, TOITOMY CHIIA
JlopeHmnia HampaBiieHa BAOJNb KpBUIbEB. [IpH 3TOM TIOJOXHUTEIbHBIC —3apsIIbl
CMEIIA0TCsl K KOHI[y MNpaBOro Kpblda, a OTpULATENIbHbIE — K KOHILy JIEBOTO.
Paznenennsie cuioit JIopeHa 3apsasl CO3Jal0T 3JIEKTPUUECKOE T10JI€, HalpPaBIEHHOE

OT MPaBOro Kpbuia K JieBoMy. [lycTh HampsykeHHOCTH 3TOro mnojisi paBHa E . Toraa
OHO JICHCTBYET Ha CBOOOHBIN 3apsif ¢ C CHIION

F,=qE (10.5)

Ilepepacnpenenenue 3apsioB B KpbUIbSX IMPEKPATUTCS TOTAa, KOrAa 3Ta
cuJsia TOYHO ypaBHOBecuT cuiy Jlopenna, T.e. korna F, =—F j . U3 atoro ycnosus,
¢ yuerom (10.4) u (10.5), Hailnem HaNPsHKEHHOCTD JIEKTPUUECKOTO MOJIS:

E= —[VB]Z Bv].

Ortcroia HalJieM MCKOMYIO Pa3HOCTh IMOTCHI[UANIOB IPU MOMOIIH (POPMYITBI
(2.3), cBA3BIBAIONICH IMOTCHIIMA M HAMPSHKEHHOCTD JIEKTPOCTATUIESCKOTO TTOJIS:

AU =U, -U, =j.Edz=j.Edl=ij.dl=Bvl.
1 1 1

31ech YyITE€HO, YTO HHTETPHPOBAHNE BEAETCS BJONb CHUIIOBBIX JIMHUN JIEKTPHUECKOTO
moJis, T.€. OT Kpas MpaBoro Kpwuia (Touka «1») mo kpas JieBoro (Touka «2»). Ilpu

oToM BekTopel E W dl mapamnensHbl. TakuMm o0pa3oM, 3a cUeT IeHCTBUS

MarHuTHOI'O MOJA 3eMIn IMpaBOC KPpbUIO CaMOJICTa npn06peTaeT IIOJIOXKHUTEIbHBIN
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oTeHI a1l OTHOCHUTCIIBHO JICBOI'O. HOL[CTaBI/IB B HOJ'Iy‘IeHHI:Iﬁ OTBCT YHCJICHHBIC

JlaHHbIE U3 ycloBUsl 3aaauy, nonyuyum AU =0,68 .

IIpumep 10.2. BeckoHeuHbI NPsAMOM POBOJ M KBaJpaTHAs paMKa CO CTOPOHOH a U
MOJTHBIM CONPOTHBICHUEM R PpacroioKeHbI B OJHOHM IUIOCKOCTH TaK, YTO MPOBOJ
MIPOXOJUT MapauIeNbHO OHOW U3 CTOPOH PaMKHU Ha paccTosHUU d oT Hee. Cuila Toka

B IPOBOJE M3MEHATCS IO 3aKOHy [; (1) =or’, @ = const . Haiinure 3aBHCHMOCTH

CHUJIBI TOKA B PAMKE OT BPEMEHHU.

Pewenue. ]JIns pemenus 3TOM 3amadyd Mbl JOJDKHBI BOCIIOJB30BATHCS 3aKOHOM
anekTpoMaruuTHOM wHAykuumu (10.1). CHauana HaiiieM MarHUTHBI MOTOK 4Yepe3
paMKy, CO3/1aBaeMbIii TOKOM, IMPOTEKAIONINM TI0 TpoBoay. B coorBerctBuu ¢ (7.5),
MHIYKLIHSI MArHUTHOTO TOJISA, CO3/1aBa€MOr0 STUM TOKOM B IIJIOCKOCTH PaMKH, paBHA

E(x,t)=wﬁ,
JTX

(10.6)

-

rjie n — CIWHWYHBIH BEKTOpP HOPMAalM K IUIOCKOCTH pamkw (cMm. puc.10.1), a x —
paccTosHUE OT HPOBOAA 1O TOYKM, IJI€ PACCMATPUBAETCS MHIYKIUS MAarHUTHOIO
TTOTISL.

MarHuTHbI TOTOK Yepe3 paMKy
HaiineM HETIOCPEICTBEHHO u3 ero
onpeaenenus (9.1) (em. Puc.10.1)

q::jﬁd§=deS=jdydrde
N N 0 d

371ech yuTeHoO, 4To nojie B HampaBieHO BIOJb

HOpMaJTH K riomaake dS .

IToncraBnsis B BBIpaXKEHHWE IS ITOTOKA
Beipaxxenue (10.6), nonyuaem

Puc.10.1
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a d+a d+a
®=[dy [Bdx =a | Moy g _ Mol da _ Mlay 6y gq)-
o 4 v 27 2z d 2z

s maxoxxnenns DJIC MHIYKIIUN OCTANIOCh MOJICTABHUTE CHOJIA BBIPAKCHHE IS CHIIBI
TOKa B IIPOBOJIE U MPpoAr(HEepeHIIMPOBATH €r0 10 BPEMEHH:
3#0@ 073 2 (

£ =924 a/a) T = (14 afd) a0 = =20 (14 a/d)
dt 2r dt 2r 2r

CornacHo 3akoHy Oma I 3aMKHYTOTO KOHTypa (6.9), chia MHIYKIIMOHHOTO TOKa,
MpoTeKamero B pamke paBHa oTHomeHHIO DJC HMHAYKIMH K COMPOTHBIICHUIO
paMKH:

£ 3uya or®
I, :—:——ln(1+a/d).

R 27R
OTpuuaTesbHOE 3HAYCHHE TMOJYYCHHON CHIIBI TOKA TOBOPHUT O TOM, YTO OH TEYeT
MPOTHB MOJOKUTEIHFHOIO HAIPABICHUS 00XO0Aa PaMKH, OMPEACISIEMOr0O IMPABIIOM

-

OypaBunKa OTHOCHTEIEHO BEKTOPAa HOPMAIH 1 .

Hpumep 10.3. Conenoun ummeer N=500 BUTKOB M 00JIagaeT COIMPOTHBICHHEM
R=50Owm. Ilnomajgp MOMNEPEYHOr0 CEYeHHs coleHouga pasHa S=10cm’. KoHiisl
COJICHOM[IA 3aMBIKAIOT W BHOCAT €0 B OJHOPOIHOE MAarHWTHOE IOJie ¢ MHIYKIHEH
B=10 ™mTn, cwioBble JHHHUM KOTOPOTO HAIpaBJICHBI IOX yriioM 0o=60° kK ocH
coneHonna. Haiinure 3apsin, nporekiuii yepes 0OMOTKY COJICHOUA.

Pewenue. 3anuieM 3aKOH 3IEKTPOMArHUTHON MHITYKIIHH:

_de
! dr’
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rae 8,. — OJIC unaykuuu B coneHoune, a © — MarHuTHBIN MOTOK, TPOHU3BIBAIOIIMIA

€ro B MOMEHT BpeMeHH f. [IoCKONbKY KOHIIBI COJICHOMJA 3aMKHYTBI, MOXKEM HaMTH
CUJIy UHAYKLIMOHHOTO TOoKa I 3 3akoHa OMa 111 3aMKHYTOro KoHTypa (6.9):
E 1 d®

. 10.7
R R dt (107

VHAYKIMOHHEIA TOK CBS3aH C 3apsAAOM ¢, MPOTEKIINM K MOMEHTY BPEMEHH ! depe3
MIPOU3BOJILHOE CEUYEHUE MPOBOJIOKU COJICHOMAA, OUEBUIHBIM COOTHOILICHUEM:

1=

. 10.
0 (10.8)

[IpupaBuuBas npasbie yactu BoipaxkeHui (10.7) u (10.8) m uHTErpUpYs MONTydESHHOE
YpPaBHEHUE 110 BPEMEHH, MTOJTy4aeM:

a(ty) - () = —%(@(a)—@(rl)):%(cb(n)—cb(rz)),

IJie 1] U t, — MPOU3BOJIBHBIC MOMEHTHI BPEMCHU. BriOepeM mX Tak, YTOOBI MOMEHT f;
MPEIIICCTBOBAI BHECCHHWIO COJICHOMZA B MArHUTHOE TII0JIE, a MOMEHT [
COOTBETCTBOBAJl CHUTYAIlMH, KOTJa WHAYKIIMOHHBIA TOK YK€ IepecTal Tedb. lorma
q(t)=0, a g(t,) — HEe YTO MHOE KaK MCKOMBIA TMOIHBIN 3apsan (obo3Haumm ero (), a
MOCJIeTHEE BBIPAKCHIE MIEPEITUILICTCS B BUIC

Q:E(CDH@H _q)KOH)’ (109)

rie P, =<I>(t1) n o . =CI>(t2) — MAarHWTHBIE TIOTOKM 4E€pe3 COJICHOM,
COOTBETCTBEHHO, A0 M IIOCIE €ro BHECEHMs B MarHutHoe mnojie. OueBHIHO,

HavalbHbIH MarHuTHbIE otok P pasen Hymo, a koHeuHsli notok P Halinem

H

u3 popmyist (9.3)
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D, =NIEd§=NIBdScosa
N S,

i i

Tak kak moyie OJHOPOAHO, TO HMHAYKIMIO MOXHO BBIHECTHM 3a 3HaK HHTErpaia,
TTOITY9UM

D = NBcosaIds =NBScosa -
S.

i

IToncraBmsist MarHuTHBIE TOTOKH B BhIpaxkeHue (10.9), HaxoauM HCKOMBIN 3apsia:

_NBScosa

Q= R

OrpumarenpHas — BeJIMYMHA ~ HAWJEHHOrO  3apsja  O3Ha4aeT,  uTo
WHAYKIIMOHHBIA TOK TEYET MPOTHB IMOJOKUTEIBLHOIO HAMpaBJICHUS 00Xona
CONIeHOW[a, T.. TaKOro HampaBieHHs 00xo0ja, MPH KOTOPOM MAarHUTHOE IIOJe,
C03/1aBacMOC WHAYKIIMOHHBIM TOKOM, OBLIO OBl HAIPAaBICHO «B CTOPOHY» BHEIIHErO
MarHuTHOTO TIOJNS. DTO HAXOMUTCS B TIOJTHOM COOTBETCTBHM C TpaBWIIOM JleHra:
WHAYKIIMOHHBIA TOK «IIBITACTCS MPEISITCTBOBATH» YBEIMYCHUIO MArHUTHOTO TOTOKA
gepe3 COJNICHOUT.

[ToncraBuB B MOMYyYEHHBI OTBET YUCJICHHBIC JAHHBIC W3 YCJIOBHUS 3aJayd,

nonyanm Q = —0,5 MK
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IIpumep 10.4. KBagparHas pamka co CTOPOHOH a
OBIKETCS C IIOCTOSHHOW CKOPOCTBIO VB
HalpaBJICHUH, HepIEeHANKYIIPHOM
OeCKOHEYHOMY MpsIMOMY TIpoBoxy (cM. puc.10.2).
ITo npoBony teuer Tok cwibl I. B HavanbHbIHA
MOMEHT BpeMeHH =0 paMmKa Jexana B OJHOH
IUIOCKOCTH C TIPOBOAOM, @ PacCTOSIHUE MEXIY
MPOBOIOM W ON¥DKaiIed K HeMy CTOPOHOH
pamku paBHsuoch d. Haiinute 3aBucumocts JJC,

WHIYIUPYEMOH B paMKe, OT BPEMEHH, IpH
Puc.10.2 yCIOBMM, 4YTO a>>d, a paMKka He Yycrena
YOATUTECS OT MPOBOZA HACTOIBKO, YTOOBI PAacCTOSHHE OT MPOBOAA A0 Ospkaimien
CTOPOHBI PAMKH CTaJIo ObI CPABHUMO C d.

Peuenue. Paccmorpum HEKOTOpoe
MT'HOBEHHOE MOJ0XKEHUE pamKu,
OIIPEAETIEMOE  PACCTOSIHUEM 1 MEXAYy
IUIOCKOCTBIO PAMKH U IapajuleNbHOH  eif
IUTIOCKOCTBIO Xy, TIPOXOASIICH dYepe3 IMPOBOI
(em. puc.10.3). HMuaykums B marauTHOrO

IOJIs, CO3[aBacMOro IIPOBOAOM B TOYke M,

ﬂemameﬁ B IIJIOCKOCTU KOHTYpa U 3a,uaBaeM0171

a
d ’ﬁ YIJIOM Ol, Takke 0003HAaYEHHBIM Ha PHCYHKE,
z HaIpaBJlIeHa OPTOrOHAJIBHO NEPHEHIUKYIPY,
Puc.10.3 OITyIIEHHOMY M3 TOYKM M Ha mpoBoi, a ee
HC.10.
BeJIMUMHA onpeaenseTcs Gpopmynoit (7.5):
Mol Mol sina

B=
272(h/sin cx) 27h

HO,HC‘II/ITaeM MAarHUTHEIN IIOTOK, HpOHI/ISI)IBaIOHII/Iﬁ paMKy:
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<I>='|.§d§=IBdScosa,
s S

rae S — MmIocKas TOBEPXHOCTh, OIPaHMYEHHAs PaMKOU, d§ — DJJIEMEHT 3TOH
MIOBEPXHOCTH (CM. pHC.).

Vurem, uto dS =adx, rae x — paccTosHue OT TOYKM M 10 JIEBOrO Kpasi paMKH,
0003HAYEHHOTO KaK Touka A (COOTBETCTBEHHO, Touka C — 3TO MPaBhIi Kpal paMKH),

paBHOE X = hctgax—d , TOMyIUM

2

1
Ho'd J.ctgoala .
1

d=-

Brruuciaum ornpeneneHHbI HHTETpat:

| h% +(d+a)?
n

4z h*+d?

_ Hola A _ Hola

(o [ln(sin a)]c

VYurem ganee, uto d << a u h << a , NOIy4UM

I 2
z,anln a

[6)) -
4.\ h*+d?

Temeps BoCIONB3yeMCsST 3aKOHOM JIIEKTPOMAarHWTHONW WHAYKIMH M y4TEM, UYTO

dh
CKOPOCTb PaMKH V = —
dt

E __£~,110_Iai In h*+d? _ Mola a’  2h dh _ fyla v

! dt  4r dt a2 T 4r R24d? g2 dt 2 P44l

W3 HaiiieHHON 3aBUCMMOCTH BHJHO, UTO B Haudaje ABmxeHus pamku D/IC Hapacraer
CO BpPEMEHEM IMPAKTUIECKH JIMHEWHO, IOCIEe Yero CKOPOCTh POCTa TOCTENEHHO
3amensiercss, DJIC nocturaer MakcumMyma, M IpHU JajbHEHIIEM IBHXKEHUU pPaMKU
YK€ YMEHBIIACTCA.
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Hpumep 10.5. BOiu3u meHTpa IMHHOTO COJCHOMIA, COIACPIKAIIETO 7y BUTKOB Ha
SJMHHUILYy IJIMHBI, BHYTPH HEro IOMEIICHA IUIOCKAasl paMKa, MO KOTOPOH Te4eT TOK,
CHJIa KOTOPOTO M3MeHsieTcsi 1o 3akoHy [, COS @ . Ilnomanbs pamMku paBHa s, a ee
IJIOCKOCTh TMEPINEeHAuKYIsipHa ocu coneHouaa. Haitnure DJIC, muaynupyemyro B
COJICHOH[IE.

Pewenue. CoriiacHO omnpejeieHHI0 Kod(pduiueHTa B3auMHOW HHAYKunu (9.4),
MAarHUTHBIN NOTOK, TPOHU3BIBAIOLIUN COJICHOU, PABEH

®,=L,I,=L,Il,cosax,

re MHIEKC «l» COOTBETCTBYET XapaKTEpPUCTUKaM paMKH, a HHACKC <«2» —
XapaKTepUCTUKaM  COJICHOMJA. 3aKOH dJeKTpoMarHuTHoW wHAayknuu  (10.1)
MO3BOJIAET BBIPa3uTh Uckomyro DJ1C:

dd
E=- dtz =L, I ,osinar . (10.10)

i

HewnsBecTHpIM TIOKa octaercs kodhdumueHT L;, B3aWMHOW WHAYKIIAH
MEXIy paMKoW W coneHouzoM. Haiimem ero, BOCIONB30BAaBIIMCH CUMMETpPUCH
KO3 PUITMEHTOB B3aMMHON MHAYKITNH (9.5) u ero onpenencHuem (9.4):
@,
L, =L, :I—. (10.11)
2
TakuM 00pazom, 1Id HaXOKACHHS KO3 PHUITMeHTa B3aNMHOW WHAYKITUH HEOOXOTUMO
3aJaTh HEKOTOPOC 3HAYCHHWE CHIBI TOKa [,=const B COJCHOHIC M MOACYHTATH
COOTBETCTBYIOIIICE 3HAYCHHWE MarHUTHOro mortoka P; uepe3 pamky (0e3 ydera
MarHuTHOTO TIoJIs camoii pamku). CormacHo (7.22), MarHUTHOE TOJIE B COJICHOU/IE, TI0
KOTOPOMY MPOTEKAET IMOCTOSIHHBIA TOK, SBJISCTCS CTALMOHAPHBIM M OJHOPOIHBIM, a
€ro MHAYKIUS PaBHA

Ez,uonolz;;,
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-

re n — €JUHUYHBIN BEKTOpP, HAMPABJICHHBIN BJOJIb OCH COJIEHOU A B COOTBETCTBUU C
mpaBuioM OypaBumka. OTcrofa, IpUHIMAas BO BHUMAaHNE OPHCHTAIHIO PAaMKH BHYTPH
COJIEHOU/IA, HAXOJJUM MAarHUTHBINA MOTOK Yepe3 paMKy:

@, =I§d§ :J.BdS = BS = ynyl,S ,
N N

rae S — IUIocKasi TIOBEPXHOCTh, OFPAaHMYCHHAS PaMKOH, a dS — BEKTOp HOPMAaJH K
miaockoctn pamkd. [loacraBum mocnenHee Bblpaxkenwe B (10.11) um Halimem
k03 puIMeHT B3auMHON HHIYKIUH Li,:

Ly = foneS
UToOBl MONYYUTHh OKOHYATENBHBIA OTBET 3aJa4d, OCTaJOCh TOJCTaBUTh 3TO
Beipaxkenue B (10.10):

E. = pynys wlysinar .

3ameTuM, uTOo 0€3 MPHUBJICYCHHS CBOWCTBA CHMMETPHH KO3(DPHUIIMECHTOB B3aUMHON
UHAYKIMA MBI OBl CTOJIKHYJIHCH C CYIICCTBCHHBIMH TPYIHOCTSMHU IIPH TOIBITKE
paccunTaTh MarHUTHBIA TOTOK 4epe3 coiicHonn P,, co3maBaeMblii HEOJHOPOIHBIM
MATrHUTHBIM II0JIEM PAMKHU C TOKOM.

Hpumep 10.6. B mOCTOSHHOM OJHOPOIHOM

as MarHuTHOM TI0JI€, MHYKIHS KOTOPOro paBHA B ,

7 das HAXOIUTCS Kpyrioe, Heaedopmupyemoe, TOHKOE

@ KOJIBIIO paguycoM R, CIeJIaHHOe u3
B CBEpXIPOBOAHMKA. B  HayaibHBIA  MOMEHT

IIJIOCKOCTh KOJIbIIa ITapaJui€iibHa B wu Toka B

Koyblle HeT. HaliguTe cuily Toka B KOJb a
Puc.10.4 OJIbIIC HE JIUTE CUIIY TO oJIbLIE Cpa3y

MocJie TOTr0, Kak OHO OBUIO MOBEPHYTO Tak, UYTO
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IIJIOCKOCTh KOJIbIIA CTajla MePIeHINKYIsIpHA B (puc.10.4). UHAYKTUBHOCTH KOJIBIIA
paBHa L.

Pewenue. Ilpu moBopoTe KOJBIIa B MATHATHOM T0JI€ M3MEHSETCSI MATHUTHBIN TTOTOK,
MPOHMU3BIBAIOIINN  KOJNBIO, ¥, CICAOBATEIbHO, TI0 KOJbIy HA4YMHACT TCYb
WHAYKIAOHHBIM TOK, CO3JAIOIMIUKA JIOMOJHUTEIbHOE MarHutHoe mone. [lomHbrit
MarHUTHBI TIOTOK Yepe3 KONBIIO0 CKIIaabIBaeTCsl M3 MOTOKAa Pyue,, CBI3aHHOTO C
BHCIIIHAM MArHUTHBIM TIOJIEM, W MOTOKa Py5.rs, CBI3AHHOTO C MATHUTHBIM IIOJIEM
WHAYKIIMOHHOTO TOKA!

d=P,_ +& (10.12)

BHEII cobcTB *

o 3akoHy anexTpoMarHuTHON UHAYKIUK HaiineM DJIC, nelCTBYIOLIYIO B KOJIBLE:

dod dod
8' — _@ _ BHEII co0CTB . (1013)

i At dt dt

Tenepp mpuMeHUM K KOJbITy 3akoH OMa i 3aMKHYTOro KOHTypa (6.9), mpuHuMast
BO BHUMAaHHE, YTO COMPOTUBIICHUE CBEPXIIPOBOIHUKA PABHO HYIIO:

J-0=E wum & =0.

W3 nocnennero Beipaxkenus u (10.13) chaexyeT, yTo MONHBIA MarHUTHBIN OTOK Yepe3
KOJIBIIO M3MEHSTHCSI HE MOXKET, T.€. KAKMM OH OBUT B HCXOZHOM COCTOSHHH, TAKHM OH
U OCTaHETCs MOcCJe MOBOpOTa Koiblia. HayanbHbIM MarHUTHBIA MOTOK paBeH HYIIIO,
MOCKONBKY HMHAYKIMOHHOTO TOKa HET, a IIIOCKOCTh KOJbLda OPHEHTHPOBAHA
HapasyieIbHO CUJIOBBIM JIMHUSIM BHEIIHET0 MarHUTHOTO noiisi. CienoBaTeNnbHo, HYIH0
JIOJDKEH OBITh paBeH M MArHUTHBIM IIOTOK dYepe3 KOJbLO IIOCIE €ro IOBOpOTa.
BerIpa3zum 3TOT NOTOK uepe3 mapaMeTpsl 3aJauu, NpuHUMas Bo BHUMaHue (10.12):

®=Bs+LI =BaR*>+ LI,

rae s=7aR> — momags Kombia. OCTAaNOCh NMPHPABHSTH TOT TOTOK K HYIIO H

BbIPA3UTH U3 MOJYUCHHOT'O paBECHCTBA UCKOMYIO CUJTY HHAYKIIMOHHOT'O TOKA:
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(10.14)

OTpI/IHaTQHBHOC 3HAYCHHUEC HaﬁHeHHOﬁ CHUJIbI TOKa O3HA4Ya€T, YTO TOK TCYET IPOTUB
BLI6paHHOF0 HaIlpaBJICHUA 06x0z[a KOJIbI1a (TaK, KakK II0Ka3aHoO Ha pI/IcyHKe).

Hpumep 10.7. Buyrpu nnuaHOrO coneHoupa, copepxkariero n=1000 BUTKOB Ha
METp [UIMHBI, TIOMEIIeH CcTepkeHb mHOM [=10cM u cedeHuem s=10 CM2,
M3TOTOBJICHHBIN W3 MaTepHalia ¢ MarHUTHOHN npoHumaeMocTsio f=1000. Cuia Toka B
obmotke /=10 A. Kakyio paboTy Hamo 3aTpaTuTh, YTOOBI BBITAIUTH CTEPIKEHb W3
coneHoua’?

Pewenue. Pabora BHemHeW CcHJBI, 3aTpadeHHAs Ha W3BJICUCHHE CTEPIKHSA
pacxoiyercss Kak Ha M3MECHCHHUC DHEPTUU MArHUTHOTO TOJS, TaK M HAa COBEPIICHHE
JIOTIOJTHATEIILHONH PabOTHI B IleMH MpoTekanus Toka. O0e 3TH BeIMYWHBI YI0OHO
BBIPa3UTh Yepe3 M3MCHCHHE MAarHUTHOIO IOTOKA B colcHomje. [Ipu BHITACKMBaHUU
cTepkH B 00MOTKe Bo3HHKaeT D.J1.C. HHAYKIUH &, KOTOpas CTPEMUTCS HU3MCHUTh
MPOTEKAIOIUK 0 cojieHouay Tok. [lomnepkuBas MOCTOSHHYIO CUJly TOKa / B 1enw,
HCTOYHUK  COBEpIIACT  JONOJHUTCIBHYIO  paboTy  (TOJIOKHUTEIBHYIO WU
OTpHIIATENbHYI0), paBHYIO padote O.J1.C. mHAyKINY:

AA = [le; dt = AP, (10.15)

rne A® — u3MEHEHHE MAarHHUTHOIO IIOTOKa 4Yepe3 COJCHOWI, IPOH3OIICIIIee
BCJICICTBHEC BBHITACKHBAHUS CTePKHs. C APYroi CTOPOHBI, M3MEHEHHE SHEPIHH ITOJIS B
KaTyIike, coriacho (9.7) Oyner

AW = 15 [AD, (10.16)

MOATOMY paboTa MO BBITACKMBAHHIO CTEPXKHS, KOTOpas 3aTpauyMBacTCsd Kak Ha
COBEpIICHUE BHEMIHEH pabGoThl, TAK M HAa M3MCHEHWE DHEPTHM MATHUTHOTO IO,
Oynet

A = AA+AW = — 15 [A®. (10.17)
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3neck ciemyeT MOMHUTD, YTO M3MEHEHHE TIOTOKa AP B HAIlIEM CIIydae OTPHIIATEIBHO.
OcTanock BEIYMCINTh U3MEHEHHE MOTOKA. byneM cumTaTh, 9TO CTEP)KEHb HaXOIMIICS
LIEeTUKOM B 001acTH ogHOponHOoro moist. Torma BHyTpr cTepxHSI B = tipnl, a ancio
BUTKOB, CICIUICHHBIX CO cTepkHeM AN = nl. Ilpu ymaneHun cTepkHS co3maBaeMas
UM 4acTb NOTOKa BsAN = ,u,ugnzlls 3aMCHMTCS Ha ,uonzlls, nosroMy AP = —pp(u-1)
n’Ils . OKOHYATENHHO

A = o py(u—1) n°Fls. (10.18)

3aMeTHM, 4TO JHEPrus MArHUTHOTO TOJS MPH YOAJICHUH CTCPXKHS YMCHBIIACTCS.
Pabota 1o yganeHnuto cTepsKHs IPONOPIHOHAIBHA €r0 00bEMY.
[MoncTaBuB B TONYYCHHBIH OTBET YHCIICHHBIC IAaHHBIC W3 YCIOBUS 3aJayH,

noayuuM A=6,3 Jx.
3aoanue 0na camocmoamenvHou padomut

10.1. [se napanieabHbIX HEBECOMBIX
HEMPOBOASAIINX HHUTH, 3aKPEIJICHHBbIE B BEPXHUX
TOYKAX, M TOHKasl NPOBOJSIIAs MajoyKa JJIUHBI d
00pa3yloT «Kadenu», CIOCOOHBIE KadaTbcs B
OJHOPOZAHOM TIOCTOSHHOM MAarHUTHOM TIOJE,
JMHUU MHIYKIAKA KOTOPOrO TOPU3OHTAJBbHBI U
NEPHECHANKYSIPHBI  OTPE3KY,  COCOUHSIOIIEMY
Toukn TmonBeca HHUTEH (cMm. puc.10.5). imHa
KQXI0i HUTH — [, UHIYKIXS MarHUTHOTO TIOJIS —

B, a HavaNpHBIA yroJ OTKIOHCHHS Kadenel — O
Puc.105 (kauenu OTHYCKAKOT W3 JTOr0 MOJOXKCHUS B
MoMeHT =0 0e3 HavanpbHOU ckopocTh). Haiinure
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3aBUCUMOCTb OT BPEMCHHM PA3HOCTU IMMOTCHUHUAJIOB MCEKAY KOHIHAMU MaJIOYKU.
VYkazanwe: yroi 0Oy CYMTaTh OOCTAaTOYHO MaJIbIM JUIs TOrO, 4TOOBI MOKHO OBLIO

MIOJTBb30BAThCS MPUOIMKEHUEM Sin &) = ¢ .

10.2. Tonkas kBagpaTHas NPOBOIAIIAs IUIACTHHA JBIDKETCS C IOCTOSHHOM
ckopocTbto v=10 M/c B IOCTOSSHHOM MAarHUTHOM mone ¢ uHayknued B=10 T,

IIPUYEM BEKTOpa v W B TapaienbHbl MIOCKOCTH IUIACTHHBI M TEPICHIUKYIISPHBI
Ipyr apyry. HaliguTe moBepXHOCTHYIO IJIOTHOCTB 3apsjia Ha MJIACTUHE, BOSHUKIIYIO
BCJICICTBHE €€ ABUKEHHSL.

10.3. N omMHAKOBBIX KATYIICK C MHIYKTHBHOCTBIO L
coeuHeHbl napamienbHo (puc.10.6). Omnpenenure
3¢ (HEeKTUBHYI0O HMHIYKTHBHOCTH TaKOH  CHCTEMBI
KaTyIIeK.

10.4.5eckoHeUHBII IIPSAMOIl NPOBOJ W 3aMKHYTHIH
KOHTYp B BHJE PaBHOOEOPEHHOTO IPSMOYTOJBHOIO

TPEYroJIbHUKa C BBICOTOM h=17cM U MOJHBIM

Puc.10.6 conporusnenneM R=0,7 OM pacIOJOXKEHBI B OXHON
IUIOCKOCTH TaK, 4YTO TMPOBOJ MPOXOAWT MAapajUicIbHO THIIOTEHY3¢ pPaMKHA Ha
paccrossHuM d=10 cM OT BepmuHBI TpssMoro yriaa. Cuiaa Toka B TIPOBOJE U3MEHSTCS

/2

3HAYCHUC MHAYKIIMOHHOI'O TOKa B KOHType?

no 3akony I,(t)=1ye , tne 1y=100 A, a =1 mc. Yemy paBHO MakCUMaJIbHOE

10.5. 3amkHyTas TpPOBOJIOYHAS MPSIMOYrojbHAas pamkKa co cropoHamu a=20cM u
b=17 cM pacriono’keHa B OJHOW IUIOCKOCTH C OECKOHEYHBIM MPSMBIM ITPOBOIOM C
TokoM /=10 A TaKk, 4TO CTOpOHAa a mapaiuieibHa MpoBoay. CONMPOTHBICHHE PaAMKH —
R=0,8 OM, a paccTosiHuEe MEXTy IIPOBOJIOM H OJIMKaKIIel K HeMy CTOPOHOH paMKH —
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¢c=10 cM. Pamky moBopaunBaroT Ha 180° BOKpYr ee ocM CHMMETPHH, MapajuieabHON
cropoHe a. Haiiure 3apsia, MpoTeKIIHi yepe3 ceueHre MPOBOJIOKH B pPaMKe.

10.6. 3amKHyTas TPOBOJOYHAS MPSIMOYrojbHas pamMKa CO CTOPOHaMu a=19 cMm u
b=11 cM pacrnonoxeHa B OJHOM IUIOCKOCTH C OECKOHEUYHBIM IPSIMBIM IPOBOIOM C
TokoM /=10 A Tak, 4TO CTOpOHa b TapaieNbHa TMPOBOAY. PaccTosHuE MeEXIy
IIPOBOJIOM U Onmokaiiieil Kk HeMy CTOpoHOI pamku — ¢=21 cM. Pamky noBopauunBator
Ha 180° BOKpyr cTopoHbl b, Oukaiimed k nposoxy. Hailaure 3apsn, nporekmmit
4epes cedeHme MPOBOJIOKH B PAMKeE, ECIH CEYEHHE POBOJIOKH PAMKH PaBHO s=1 MM’

a ee mpoBoANMOCTh — A=6-10" (Om-m) ™.

10.7. TlpoBomsmmii KOHTYp B QopMe KBaapara HAaxXOIUTCS B IOCTOSHHOM
OIHOPOJHOM MarHuTHOM noiie. CTOpoHa KBaJparta paBHa d, a BEKTOP HHAYKIMH 10T

B MEePIEHANKYISPEH IIOCKOCTH KOHTypa. KoHTyp medopMmupyroT Tak, 4To €ro
JUIMHA He wu3MeHseTcs. llocne nedopManuu KOHTYP CTAHOBHUTCS KPYIJIBIM, HO
MOJIOKEHHE  IUIOCKOCTH ~ KOHTypa  OcTaercss  Hew3MeHHBIM. Cuwmras, dTO
COMPOTUBIICHUE KOHTYpPA, R, HE HU3MEHUJIOCh, HAllAUTE 3apsij, MPOTEKIINI B KOHTYpE.

10.8. IIpsmoyronpHass pamMKa CO CTOPOHAMH d W b JBHXKETCS C IOCTOSHHOU
CKOPOCTBIO V B HANpaBICHUH, TIEPICHINKYIIPHOM OECKOHEYHOMY TIPAMOMY
MPOBOAY, JIeXKANIEMY B IUIOCKOCTH PaMKH HapaJbIedbHO CTOpPOHE b (ymauseTrcsl OT
npoBona). ITo mpoBoxy Teder Tok cwmibl /. B HawanpHBIE MOMEHT BpeMeHH t=0
paccTosiHuEe MEXAY MPOBOAOM M ONIMKAWIICH K HEMY CTOPOHOI paMKH PaBHSIIOCH C.
HatinguTe 3aBucumocts ot BpeMeHnu JJ1C, HHIynupyeMoi B paMKe.

10.9. IIpsmoyroabHas MpoBoxsILAs paMKa CO CTOPOHAMH a W b BpaliaeTcs BOKPYT
CBOEH OCH CHMMETPHH, MapajIeIbHONH CTOPOHE d, B TIOCTOSHHOM OJHOPOJHOM

MAarHuTHOM II0JI€ C MHAYKIHEH B . YrioBas CKOPOCTh BpallleHUs PaMKH MTOCTOSIHHA U

paBHa . Bextop B mnepneHAMKYISpEeH OCH BpAIllEHUs, a B MOMEHT BpeMeHH f=0
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MEepHeHAUKYIsApeH U miockocTd paMku. Halingute 3IC MHAYKIIMY, BOSHUKAIOIIYIO B
paMKe.

10.10. ITpsmoyrosbHas MPOBOAAIIAS paMKa CO CTOPOHAMH d W b pPaBHOMEPHO
BpAIlaeTCsl C YIJIIOBOM CKOPOCTHIO () BOKPYT CBOEH OCH CHUMMETPHUH, MapauieTbHON
CTOpPOHE d, B OTHOPOIHOM IEPEMEHHOM MAarHUTHOM IIOJIe, WHAYKIHS KOTOPOTO

HM3MEHSIETCS TT0 TAPMOHUYECKOMY 3aKOHY C YIJIOBOW dacToTod . Bekrop MarHUTHOH

HHAYKIMA B [eprneHauKyIsapeH OCH BpAIICHUS PAaMKH, a B MOMCHT BpeMeHH =0
MEPICHANKYISPEH IUIOCKOCTH PAaMKU U PaBCH IO BEJIMYUHE CBOEMY aMILTUTYTHOMY
3HaueHuto By. Hafimute DJIC nHIyKIINY, BO3HUKAIOIIYIO B PaMKe.

10.11. IIpsmoyromsHasi IPOBOAAIIAS paMKa CO CTOPOHAMH ¢ M b BpaIaercsi BOKPYT
CBOCH OCH CHMMETPHH, MAPaUICIBHON CTOPOHE «, B IOCTOSHHOM OJHOPOTHOM

MarHuTHOM IoNle ¢ MHAyKuued B . YrioBas cKOpocTh BpalleHUs paMKH IOCTENEHHO
HapacTaeT IO 3aKOHy &= @), (l—e ) . Bexkrop B mnepneHIUKyISpeH ocU

BpallleHHs, a B MOMEHT BpeMeHu 1=0 NeprneHAuKYISIpeH MU IUIOCKOCTH PaMKH.
Hatinure O/IC mHIyKnHMH, NEHCTBYIONIYI0O B paMKe B MOMEHT, KOrJa €€ CKOpPOCTh
JIOCTUTAET ITOJOBUHEI CBOET'O0 MAKCHMAJILHOIO 3HAYCHHS.

10.12. CHapyxu IJIMHHOTO COJICHOM]IA C TUIOMIAABI0 BUTKA S, 00TeKaeMoro Tokom I u
HAMCIOIET0 N BUTKOB HAa CAWHHUILY JIMHBI, IIOMEIICH OXBATBHIBAIOIIANA €ro BHUTOK
mpoBoja ¢ conporuicHueM R. Kakoit 3apsin mpoTedeT B 3TOM BUTKE, €CIIM IPEPBaTh
TOK B coyeHoue?

10.13. TpaucdopMaTop COACPKUT ABC OOMOTKH, HAMOTAHHBIC HAa OOIIMI 3aMKHYTHIN
cepaeuHuk w3 (eppomarHuTHOoro marepuaia. CoONpPOTHUBICHHS OOMOTOK W WX
WHIYKTHBHOCTH PaBHBI, COOTBETCTBEHHO, R, 11 L, . Bropuunyto 0OMOTKy 3aMKHYIIH

HAKOPOTKO, a K MEPBUYHON MOIKITIOYIIN UCTOYHHUK ImocTostHHOTO ToKa ¢ D./1.C. € n
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MaJIbIM BHYTPEHHHUM COIIPOTHUBJICHUCM. Haﬁ[[PITe 3apian, HpOTeKHII/Iﬁ 1o BTOpPI‘IHOﬁ
00MOTKE 1ocJje TOAKIFOYCHUS HCTOYHHUKA.

10.14. Karymika ¢ HMHAYKTUBHOCTBIO L M CONpPOTHBICHHEM R IMOJCOCIMHEHA K
ucTouHuky nurtanus c¢ perymupyemoit OJIC. Kak cnenyetr uzmensars 9/]C ucrounuxa,

t/Z"

4TO0bI TOK Yepe3 KaTyluKy u3meHsuics o 3akony [ (1) = I e
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§11. YpaBHenuss MakcBeia

Kpam Kue meopemuveckue ceéeoeHus

B camom oOuiem Buie JTrOOBIC AJICKTPOMATHUTHBIC SIBICHHS OMMCBHIBAIOTCS
CIeNYIOINUMU ypasrenuamu Makceenna, kotopsie B cucteme CH nmeror Bu:

—

rotH = 492 (11.1)
ot
otE=-28 (11.2)
ot
divB=0, (11.3)
divD=p, (11.4)

rne H n E — HaIpsH>KEHHOCTh, COOTBECTCTBECHHO, MAarHUTHOI'O M JJICKTPUYCCKOI'O

nonsi, D w B —COOTBETCTBEHHO, JJIEKTPUYECKAs W MAarHWTHas WHAYKOUS, | —

IUIOTHOCTB TOKA MTPOBOJAMMOCTH, a P — 00beMHasl INIOTHOCTH CBOOOIHOTO 3apsza.
UToOBI MOMYYNTh 3aMKHYTYIO CHCTEMY YPaBHEHHU IS IEKTPOMArHUTHOTO
mojsi, ypaBHeHUs MakcBenna cleayeT IOMNOIHUTh MamepuanbHbiMU YPasHeHUAMU,

O ChIBAOIIINUMH CBOMCTBa Cpeabl U CBA3BIBAIOIIUC MCKAY coboit BCKTOPbI Du E 5

B w H, j n E.Cnenyer HOMHUTb, YTO MaTepHajIbHbIC YPAaBHEHHSI HE BBHIPAXKAIOT,

B omIMYHe OT  ypaBHeHMA  MakcBemia,  (yHIaMEHTAIbHBIC  3aKOHBI
AIIEKTPOMAarHUTHOTO TIOJSI, a ONMHCHIBAIOT CBOMCTBAa peasbHBIX cpea. OOBYHO HX
3aIMChIBAIOT B (hopMe:

D =¢gg, E, (11.5)
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B=puoH, (11.6)

TZie € — TUAIIEKTPUYEcKas, a L — MarHATHAs IPOHUIIAEMOCTh CPEIBL.
IlnoTHOCTP TOKAa B TPOBOASIICH Cpelle OMNpeNeNseTcs B KaXIOM TOYKe

AJIEKTPUYECKUM mojieM E , a Taxke 1mojeM CTOpoHHUX cuil E ., nedcTByOIIMX Ha
HOCHUTENM 3apsna. s MMpOKOro Kiacca MaTepUaNbHBIX Cpel CHPaBEIJIUB 3aKOH
Oma:

7 =ME+E o). (11.7)

31ech A— yuenbHast IPOBOAMMOCTD CPEJIBL.

Bxonsmue B npaByro yacTh ypaBHEHHH MakcBesuia IUIOTHOCTH 3apsiia p |

IJIOTHOCTH TOKa ] HE MOI'yT 3aJlaBaTbCsd HE3aBUCHUMO, TaK KaK YHOOBJICTBOPAIOT

ypasHenuio Henpepwisnocmu (cM. Paznen 6):
P -
—+divj=0 11.8
o J (11.8)

OT0 ypaBHEHHE BBIpaXkaeT QyHIaMEHTAIBHBIN 3aKOH COXpaHeHus 3apsoda.

JlBrKeHNe 3apsDKCHHBIX YaCTHI[ COMPOBOXKAAETCS BBIICICHHEM TEIIa,
paBHOrO pabdore cui noist (docoyne6o menio), a IIOTHOCTh BBIIGISEMON MPU 3TOM
MOIIHOCTHU OIHCBIBACTCS 3akoHoM [orcoyna-Jlenya:

v= ] E =\AE*=i/A (11.9)

W3 cucrembl ypaBHeHuidt MakcBemia (11.1-4) cnemyer meopema Ymosa-
THovinmunea , BRIpaXarolnasi 3aKOH COXPaHCHUS SHEPTHH B JICKTPOMArHUTHOM ITOJIC:

o §ndS——+j]dv (11.10)

3mecs
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W:%J(EBJJI'E v (11.11)

— OHCPIrusg DJICKTPOMArHUTHOTIO TIIOJIA B o0BeMe V,OFpaHI/I‘-IGHHOM SaMKHyTOﬁ

noBepxHocThio S, Il = [EH — gexmop Ilolinmunea, UIMEIOIINNA CMBICT NJIOMHOCHU
nomoxa sHepeuu depe3 rpanuiy S, Q — BeigenseMoe B oobeMe V termno. Ilocnennee
cnaraemoe B (11.10) BbipaxkaeT pabOTy BHEIIHHUX (CTOPOHHHUX) CHIJI, COBEpIIAEMYIO B
o0BeMe B €IMHUITY BPEMEHH.

Bo MHOrux ciyyasix ynoOHO BBIpa3UTh MOJS Yepe3 CKAJISIPHBIA U BEKTOPHBIH

TIOTCHIHAIBL @ U A

—

=rot A (11.12)

=

E =—grad(p—a— (11.13)
ot

B nocnexnedr ¢opmyie mepBoe ciaracMoe NpPEACTaBISCT IMOTCHIMAIBHYIO YacTh
JNIEKTPUYECKOT0 TOJNs, a BTOpPOE — BHXPEBYI0 4acTh, OOYCIOBICHHYIO
HECTALMOHAPHBIM MATHUTHBIM TIOJIEM.

Tounble pemieHusi ypaBHeHMM MakcBenia yjnaercs HaTH JIMIIb B PEAKUX
ciyyasix. OOBIYHO PUXOMUTHCS JENIaTh TC WIM WHBIC YIPOIIEHUs. I MPHUKIIAIHBIX
3aJa4 YacTO HMCHONB3YIOT Keasucmayuonapuoe npubnudxcerue. OHO OCHOBAaHO Ha

—

oD
Hp€H€6pe)KeHI/II/I MOKOM CMeweHUs ('-IJ'IGHOM a—) B I[ICPBOM YPABHCHUU. dusnuecku
t

9TO 5KBUBAJICHTHO Hp€H€6€)K€HI/IIO 3ala3gbIBaHUEM MOJIA IIPU €ro pacrpoCTpaHCHUU
OT HMCTOYHHKA OO0 TOYKH Ha6HIO,Z[CHI/IH. B KBa3uCTAITMOHAPHOM CJIydac MOTCHIIUAIbI

A ¥ @ COXpaHSIOT TOT XK€ CMBICJ, YTO U B CTATUKE, U MOTYT OBITh BBIYHCIICHBI 11O
pa"ee mpuBeneHHBIM (opmyiam (2.6) u (7.11). B 3TOM npuOIMIKEHUN CTPOUTCS
Teopusi dIeKTpruueckux uemnei (cMm. Pazgen 12).
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IIpumeput pewrenus 3adau

Hpumep 11.1. Koabo MNpsIMOYrojdbHOTO CEUYCHHS H3TOTOBICHO W3 Marepuaia C
npoBoxuMocThio A=6-10" (Om-m)"'. BHyTpeHHHMil paamyc Komblia paBeH R;=3 cM,
BHEIHUHN — R,=5 cM, a ero BbicoTa — h=1 cM. Konblio HaxoauTcsi B HECTAIIMOHAPHOM
MArHUTHOM TI0JI€, BEKTOp HWHAYKIIMH KOTOpPOro B mapaiiencH ocu CHMMETpUU
KoIbIla. MarHUTHOE TIOJIe U3MEHSETCS 110 3aKOHY

kt, O0<r<R,

B(t) =
® 0, r>R,

rae r — pacCTosIHUC OT OCH KOJIblla, a R>R2. Haﬁ[lHTe CUJTy TOKa, MPOTCKAIOLICTO 1O

kounbIty, ecim k=0,1 Ti/c.

Pewenue. 110cKONbKY TOK TEYeT HE B JMHEHHOM
KOHType, a B 00BbeMe KOJIbIla, MBI HE MOXKEeM
pelmath 3amady 4epe3 HMHTCrPANbHBIA  3aKOH
anekTpoMarHuTHONH wHIykmww (10.1), a momKHBI
BOCITOJIb30BaThCsI BTOPHIM YpaBHCHUEM MakcBeia
(11.2):
rotE = —a—B .
ot

CumMeTprs 3aaqd TIOJICKa3bIBAET, YTO YHOOHEe
BCEr0 €¢ peliaTh B IMIMHIPHYCCKUX KOOPIUHATAX

{r, @, z}, mpuueM ocb 3TOW CHCTEMBbI IOJKHA

Puc.11.1 COBMNAJATh C OChK KOJblAa (TaK KaK MarHUTHOE

rnoJie obamaeT cUMMeTpuen WMEHHO

OTHOCUTENFHO OCH Kojiblla). B BeIOpaHHON (puc.11.1) cucremMe KoopaWHAT
KOOPAMHATHI BEKTOPa MAarHUTHON MHIYKIIMK PaBHBIL:

B ={0,0,},
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a, C Y4Y4eTOM TIIPEJCTABJICHUS POTOpa B IMJIMHIPHYCCKHX KOOPAUHATAX, BTOPOE
ypaBHeHne MakcBemia (11.2) B mpoeknusx Ha KOOpIWHATHBIC OCH pacraaaercs Ha 3
CKaJISIPHBIX YPABHCHHUSL:

10E, 9E,
rdp 0z

il

r_ 9% . (11.14)

a(rEw)_ai_
or  dp

—k.

1
p

Taroke 13 cooOpakeHUI CHMMETPHH OYE€BHUIHO, YTO HAIPSIKEHHOCTh HJIEKTPHIECKOTO

monst E He MoxeT 3aBUCETh OT KoopAauHaT ¢ u z. Ilostomy cucrema (11.14)
YIIPOLIAETCA:

0=0

oE

Z=O = E7=C1

or '

orE C
)y L gt G
or r

rae C; u C, — KOHCTaHTBl MHTErpUpoBaHus. M3 OrpaHUYEHHOCTH DJIEKTPUUYECKOTO
oyt ipu 7=0 (ero HaIpPsHKEHHOCTh MOKET UMETh 0COOEHHOCTH TOJBKO B TOYKAX, I
HUMCIOTCS CBOOOJHBIC 3apsi/ibl, a MO YCJIOBUIO 3aJa4dl HAa OCH IMJIMHIPAa HHUKAKHX
3apsnoB HET) cieayeT, uro C,=0. [ToaToMy azuMyTallbHasT MPOSKITHS HANIPSHDKEHHOCTH
AJIEKTPUYECKOr'0 MOJIs paBHa:

kr
E =——.
4 2
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Jlo cux mop He omnpeeseHHON ABIIAETCS paauanbHas npoekuus Bekropa E . Haitnem

ee 13 yeTBeproro ypasHeHus Makcsenna (11.4). Tak kak p =0, 1o divey E=0, nnn

oE
190E,) 19, O,
r or r dp 0z

Tak xax HAIIPSAXKECHHOCTh II0JIA HE 3aBUCUT OT @ W Z, TO YpaBHCHHEC

AE ¢
(; r) =0, orkyma  E, =—> .Oustp xe, u3
. r

OTpaHMYEHHOCTH 3nekTpudeckoro mons npu r=0 cumemyer, gto C;3=0. IlosTomy,

ynopomacTeda U MNPUHUMACT BUJ

panuanbHas TPOCKIUS BekTopa E Takxke paBHa HYIO. MTak, Mbl Hanum Bce TpU
KOMIIOHEHTBl BEKTOpa HANPSIKEHHOCTH JJIEKTPUYECKOro Mojisi (C TOYHOCTBIO JI0
KOHCTaHTHI C)):

3akon Oma (6.1) MO3BOJISAET MO U3BECTHOM HANPSDKEHHOCTH JIEKTPUYECKOTO
IOJISl HAWTH TUIOTHOCTH IPOTEKAIOIIETO B KOJIBIIC TOKA:

j=AE= {0,—%,/101 /

W3 3TOro BBIpaXXCHHS BHJHO, YTO KOHCTaHTa WHTerpupoBanus C; IOKHA OBITh
paBHA HYJIIO B CHJIy OTPaHHYEHHOCTH KONbIA (TOK, TEKYIIUI BIOIb OCH KOJbBIIA, HE
SIBIISIETCSL 3aMKHYTBIM U, CJEIOBaTebHO, HE MOXET mnojaepxuBaThes). Mrak, B
KOJIBIIE TE€YET KONBIIEBON TOK C IIOTHOCTHIO, 3aBHUCSIICH OT paaryca JIMHUH TOKA:

j(r)=—7e¢, . (11.15)
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>

Ille €p — CAMHUYHBIN BEKTOp, HAIPABJICHHBIN KaK OKa3aHo Ha puc.11.1.

Cuity 3TOTO TOKa Haif/ieM, IPOMHTETPHPOBAB 3TO BEIPAKEHHE MO CEUSHHIO KOJIbIa S

R
1=j}d§=fjdsz—%J’zrdrz—%(Rzz—Rf).
s s R,

-

31ech yYTeHO, UTO BEKTOp j MapajuiesieH HOpMallu K Iuiomanke dS = hdr, a Takxke

cootHomenue (11.15). OTpunaTenbHoe 3HaYEHHE CUIIBI TOKA 03HAYAET, YTO TOK TE€UET

IIPOTHUB HAIPABIECHUS OPTa €4 , TO €CTh TAK, KaK [ToKa3aHo Ha pucll.]l.

OKOHYATENBHO, I= ikﬂh(Rzz - R12 )=24 A.

Hpumep 11.2. ITnockomapauieabHbIA U0 IPEACTABISCT COOOH OTKAYaHHBIA COCY/I,
B KOTOPOM HAxXOMSTCSA aHOJ W KaroJ — JBE IUIOCKONApaJUICIbHBIC IUIACTUHKH,
paccTossHuE MEXIy KOTOPBIMEH paBHO d . Omperenute pacupeiciicHHe MOTCHIAa
MEXIy KaTOJOM M aHOIOM B TaKOM IMpUOOpe B MPEIONIOKEHHH, YTO 3JICKTPOHBI,
HCIyCKAaCMbIC KATOJOM C MaJlod HavaJbHOM CKOPOCTHIO 3a CYCT SBJICHUS
TEPMODJICKTPOHHOH 3MHCCHH, CO3[AI0T BOKPYT KaToja O0JIaKO U TOJBKO 4YacThb

OJICKTPOHOB IBMXKETCA K aHOIY. Ilorenmuan anoma paBE€H UO , 4 IIOTCHIMAJI KaToda

paBeH Hymio. PaccTosHHE MeXAy aHOAOM W KaTOIOM Majlo IO CpPaBHEHHIO C
MONIEPEYHBIMA Pa3MEPaMH IIACTUH.
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Pewenue. Ipenebperas KpaeBbIMH

d

aHoo a¢ddexramMu Ha TpaHUIaX IIACTHH-IJICKTPOIOB,

9TO MOXHO CJeNIaTh, TaK KaK pacCTOSHUC
e MEXKAy HHUMH MHOTO MEHbBIIE pa3MepoB
IUTACTHH, JOMYCTHM, 4YTO TIOTCHIUA IOJSI
MEXAy IUIACTHHAMH OIPEIENSeTCS  TOJNBKO

- X koopauHatoir x  (pmc.11.2). TIpeneOperas
i/ T MAarHUTHBIM TOJIEM BHXKYIUXCS 3JICKTPOHOB,
¢=0 o=U, momydynM W3 ypaBHenud (11.2 wm 11.4)
ypaBHEHHUE [Tyaccona, OITMCHIBAIOIIEE

Puc.11.2 pacripeae/icHie IMOTeHIHana. B 3ToM ciydae

OHO MMEET OOBLIUHEII BUO, OAHAKO, B OTJIIMYHUC OT 3a4a4 JJICKTPOCTATHUKH, IJIOTHOCTb
3apsaa0B QO (x) TCHCPb HC H3BCECTHA 3apaHeC, a AOJDKHa OBITH BBEIYKCIIEHA B xXone
peuIcHus 3agaquu.

ae __py (11.16)

OOBEMHBIN 3aps] MEXIy OJICKTPOJAMH CO3IAIOT MEeKTPOoHBL. (003HAYMM HX
KOHIECHTPALMIO KakK n(x), TOr1a ,O(X)=—€V(x), rae e— 3apsa  JJIEKTPOHA.

IL10THOCTB TOKA B CEYCHUH X = CONSt ONpPeACIICTCS CKOPOCThIO DJICKTPOHOB V :

- -

j= —en(x)v s

otkyna n(x)= S .
ev

CKOpOCTB 3JICKTPOHOB HaﬁﬂeM 13 3aKOHAa COXPAaHCHUS SHCPTUHU

2 2
m;/ —e (x):m;}o —ega(O),
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TIe M — Macca JICKTPOHa, V — CKOPOCTh AJIEKTPOHOB B CEUCHHU X, V,, —HadajJbHas
CKOPOCTh BBIICTAIONIMX C KaToa o1ekTporos, ¢(0)— moTeHmman Karoma, IO
YCIOBUIO 3afaddl paBHBI HymO. Tak Kak CKOPOCTh BBUICTAIONIMX C KaToAa
9JIEKTPOHOB Majla II0 CPAaBHCHUIO CO CKOPOCTBIO, IPHOOpeTacMoOd MMH B HOIC,
2eq
ot

nonoxkuM v, = 0. Torma u3 3akoHa COXpaHEHHWS SHEPrHMM HalgeMm Vv =

TloxcTaBsis HAliICHHOE 3HAueHHe B BhIpakeHme nmsi P(x), a ero B ypaBHEHHE

Ilyaccona (11.16), modyuum [Isi mOTeHIMana cleaywmee nuddepeHuaIpHoe
ypaBHEHHUE

2 .

d ¢: J\/; (0—1/2:(1(0—1/2’ (11.17)

dx? 80\/%

_jAlm_

rae 0003HauYeHO a =

YMHOXUM JeByl0 U mpaByro dacth (11.17) Ha ? U IPOUHTEIPUPYEM,
X
HOJTy4YHUM
2
(ﬂj —dao(x)+C. (11.18)
dx

[To ycnoBmro 3amaum KaTtoll OKPYKEH OOJIaKOM JJIEKTPOHOB, a CIEIOBATENBHO Ha

3JIEKTPOH, HAXOISIIUNUCS OKOJIO KaTo/a, HE IEUCTBYET cuia, uin E (0) =0. IMepexoas

d
K TIOTEHITHAITY, TIOTYIuM d—¢(0)= 0. CaM moTeHIMa Ha KaTOME 1O YCIOBHIO 3aJ1auH
by
Takxke paBeH Hymro. [logcrasmss atu ycnoBus B (11.18), naxonum xoHcTanty C=0.

ITocne gero (11.18) mpeobpa3zyeTcs kK BUAY
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%:2\/&0”4@). (11.19)

WnTerpupys (11.19), momygaem

ole) =

Koncranty C, HaxoOuM U3 yCIOBHS qo(O): 0: C, =0, otkyna

9a 2/ 4
o) =275 5 (11.20)
4
3nech a Heu3BecTHas MOKa MocTosiHHas. Haiinem ee W3 TpaHUYHOrO YCIOBUS Ha
anone: ¢(d) = Uy TloacranoBka B (11.20) HaiimeHHOro 3HAY€HUs a JAaeT
OKOHYATEIbHO:

4
¢<x>=Uo%>4. (11.21)
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Puc.11.4

IIpumep 11.3. ITnockuit KOHJICHCATOp,
MPECTABISIOMUN  cOOOW JBE KPYIJIBIC IUIACTHHBI
paguycoM R, 3apspKarOT TIOCTOSSHHBIM TOKOM [,
HalpaBJICHHE KOTOpPOro TMoka3aHo Ha puc.11.3.
Onpenenute HANPsHKEHHOCTh MarHUTHOTO monst H
BO3HUKAIOIIETO B  3a30pe MEXIy IUIACTUHAMH
KOHJICHCATOpa B 3aBUCHMOCTH OT PACCTOSHHUS 1 OT
ocu KOHJIEHCATOopa. CpaBHute MOJTy4YeHHOE
BBEIpaXeHHE C (GOPMYJION Il HANPSHKEHHOCTH TIOJIS
H BHe xonaeHcaTopa. YeM MOXKHO OOBSCHHUTH CKaYOK
HalpsDKEHHOCTH Tiodst H  mpm  mepexone depes
MTOBEPXHOCTh TUIACTHHEI KOHIeHcaTopa?

Pewenue. Tak Kak pacopenesNieHHE TOKa
MPOBOAMMOCTHY BHE IUIACTHH U TOKOB CMEIIECHUS
MEXKAy HUMH 00JIafaeT IMIMHIPUIECKOH
CUMMETpPHEH, BOCIIONb3YeMCsl 3TUM (PaKTOM MpH
BBEIOOpE KOHTypa o00X0oma sl TEOopeMbl O
nupkyasquu (cM. puc.11.4). B cuiy cumMeTtpun
MOAYIb HANpsHXKEHHOCTH MAarHUTHOTO IIONS Ha
OKpYXXHOCTU L, OCh KOTOpPOI COBHAAaeT C
TOKOM, OJMHAaKOB BO BCEX TOYKAaX, MOITOMY

OUPKYISAIHUsS BekTopa H 10 TakoMy KOHTypa
paBHa

§§E=2ﬂrH. (11.22)
L
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Jns xoHTypa, nexaliero BHyTpU KOHJIEHCaTopa, Kak cieayeT u3 ypaBHeHus (11.1),
€¢ CIIeAyeT MPUPABHSITH TOKY CMEIICHHS, IPOHU3BIBAIOIEMY KOHTYp L :

a _ a 2 2 8 }"2 a 7'2
Il =—\|DdS=—\mw"D|=mr"—0c=——0=—-1. 11.23
oot < 8t( ) ot R2 Ot R? ( )
I/I3 3TOro YCHOBI/IH HaxoauM I10JIe:
r
H= I. (11.24)

s onpexeneHus TONA BHE KOHIEHCATOpa MPHUMEHHM TEOpeMy O IUPKYIIHA K

KoHTYpy L, (puc.11.4). Llupkymsanuioo BekTopa H 1o OTOMY KOHTYpPY CIIEAYET

MIPUPABHATH TOKY IIPOBOTUMOCTH [ , 3apspKaroieMy KOHACHCATOp, OTKyna

1
H=—. (11.25)
27r
Ckadvok Toisl TIpH Mepexojie Yepe3 IUIACTHHY KOHACHCAaTopa OOYCIIOBIIEH HATMYHEM
paauajibHbIX TOKOB, TCKYHIHUX IO IMOBEPXHOCTU IUIACTHUH B IIPOLCCCEC 3apaaKu

KoHzAeHcaropa (puc.11.4).

Hpumep 11.4. 3apsoKeHHBIH W OTKIFOUCHHBIN OT HCTOYHWKA TUIOCKHEA KOHIEHCATOP C
KPYIJBIMH  TUTACTHHAMH MEJICHHO  pa3pskaercsi OOBCMHBIMH  TOKAMH
MIPOBOAMMOCTH, BO3HUKAIOIIMMH B ITUDJICKTPHKE MEXTY OOKIaIKaMH M3-3a HAJTMIUs
cmaboit  mpoBomumocTH. IIpeHeOperas kpacBbIMH — d(Q(deKTaMH, BBIYHUCIHTE
HAIPSHKCHHOCTh MATHUTHOT'O TTOJISl BHYTPH KOHICHCATOPA.

Pewenue. Bocnionb3zyeMcsl IMIMHAPUIECKON CUMMETPHUEN B paclpeesieHuu TOKOB U
BBIYMCIIAM LIMPKYIALIIO BekTopa H JUIS KOHTYpa L, BBCAGHHOIO B TPEIBLIYIIEM
puMepe:
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—

= 0=V (., 90
2zz7H=! j+=-D dS—:[ J+ s (11.26)

B cuiy 3akoHa coxpaHEHHs 3apsia BBIPaXKEHHE B KPYIVIBIX CKOOKAaxX B IPABOW YacTH
(11.26) paBHO HyIO, CIIEAOBATEILHO PABHA HYIIO U HANPSDKEHHOCTH Honsd H .

Hpumep 11.5. 3apsokeHHBIA U OTKIFOUCHHBIH OT HCTOYHUKA TUIOCKHIA KOHACHCATOP C
KpYIJIIMH TUTACTUHAMHU PaJiiycoM R TpoOHMBaeTcs 3JIEKTPHUECKOW HCKPOH BIIOJb
cBoeld ocu. Cumras pasps] KBa3UCTALMOHAPHBIM M IpeHeOperas KpaeBbIMU
a¢dexTamMy, BEYHCINTE MIHOBEHHOE 3HAUCHHE HAIMPSDKCHHOCTH MAarHUTHOTO TIOJS
H BHYTpH KOHJCHCATOpa KaK (DYHKIUIO PACCTOSHUS F OT €ro OCH, €CIIM CHJIa TOKa
B 3JIEKTPUYECKON HCKPE B pacCMaTpUBAEMbIii MOMEHT BpeMEHHU paBHa [ .

Pewenue. Kak u B mnpenbiqymedl 3amade, BOCIOIb3yeMCs CHMMETpUEil B
pacripeqeieHi TOKOB M BbIOEpeM KOHTYp L B BHAE OKPYKHOCTH, IUIOCKOCTh
KOTOpOHM MapajulefibHa IUJIaCTHUHAaM, a €€ ILEHTP COBMAJaeT C OCbI0 CHUMMETPUU

IIaCTHH, BAOJIb KOTOpOﬁ IMMPOTCKACT TOK. Ha sTom KOHTYpE€ MOAYJIb BEKTOpa H B

CUJIy CHUMMETPUU OCTAeTCS HEU3MEHHBIM, MOITOMY §ﬁgi =2mrH . Kontyp L
L

MPOHU3BIBAET TOK MPOBOJAUMOCTH [ , TEKYIIUWA B UCKPE, U TOK CMEIIEHHUS, TeKYLIU B

IPOTHUBOIMONIOKHYIO CTOPOHY U TIOAcCUMTaHHBI paHee B Ilpumepe 3 (11.23).

[ToxacTaBmsst 3TH TOKK B BBIpaXXCHHE IS TUPKYISInun H momydaem:
2

2mH =1-"1,
R

nim
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B oraunuume ot mpenpiayniero npuMepa, Ternepb TOK MPOBOJUMOCTH HE pacrpeiesieH
PaBHOMEPHO 10 00BbEMy ITOJIS MEXY IIACTUHAMH, a COCPEIOTOUCH B Y3KOH 00IacTH
BOJIM3H OCH KOHJICHCATOPA.

Hpumep 11.6. OOKIaTKK TUIOCKOTO KOHJICHCATOPA UMCIOT (POPMY JUCKOB PaTAyCOM
R =10cm. TlpocTpaHCTBO  MEXIy  OOKJIAAKaMW  3allOJIHEHO  OJHOPOIHBIM
IUDIIEKTPUKOM C IUAJICKTPHUECKOH W MAarHUTHOW TPOHUIAEMOCTIMH € U M .
Konnencarop BIlOueH B Lemb IepeMeHHoro Toka [ =1, cosax. Ilpenebperas
KpaeBbIMH 3(PQeKTaMu, BBUHCINTE 3JCKTPHYECKYI0 W MarHWTHBIC SHEPIHUH,
JIOKaJM30BaHHBIC B KOHJACHCATOpe. HaiimuTe OTHONICHHE MAaKCUMAalIbHONH MarHUTHOU
K MakKCHMaJIbHOM »JJIeKTpuueckod osHepruu. I[Ipm pacuerax creayeT NpPUHSTH
£=pu=1,awdacrory Toka v = @/2x =100 I'.

Pewenue. DHeprus SIICKTPUYECKOrO TMOJSI, 3aKIOYCHHOI'O MEXKAY OOKIIaJaKaMu
IIJIOCKOTO KOHJACHCATOpa Ompenessercs BblpaxenweMm (5.8) W A NaHHBIX 3a7add
paBHa

Q9 _ 0

= = . 11.27
Y20 2eg,7R? (127

MaranTHOe T10J€ B KOHAEHCATOPE co3maeTca TOKoM cMemenus. OHo ObuIo
noacuutano B IIpumepe 3 u 3amaercst BelpakeHueM (11.24). IlnotHocTs 3HEpruun
MarHuTHOTO TIONS  3ajaeTcst BhIpakeHueM (9.9). Bocmomb3yemcss e s
ONpENeNIEHUs] BHEPrMM MAarHUTHOTO TMOJAS B KOHAEHCATope. OHeprus Mmoius B

HUINMHAPUYCCKOM CJIOC, OrPAHUYCHHOM paaiuyCcaMu r U r+dr paBHa

2d -rdr 1*r?

. 11.28
2 47x°R* ( )

1
dW,uaz = E:U:UOHZdV = HUy

WuTterpupys 5To BhIpaKeHHE 110 BCEMY 00beMY LIMIIMH/PA, TTOyYaeM
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R
_ pptodl’ J.r3dr _ ppodl’

W o=
ar’R* 1672

maze

(11.29)
0

[MoncraBum B Belpakenus (11.27) m (11.29) 3agaHHOE 1O YCIOBMIO 3ajayud
Iy . N

BBIp@XXEHHE IJIsl TOKA U I 3apsina Q = J. 1 (t)dt =-%gin @r u HaiizeM OTHOLICHHE HX
19

MaKCHMaJIbHBIX 3HAUCHUH

2p2
W™ e  MLGEEYD R
Wm?fleK 87[

k=

y‘-II/ITLIBaH, YTO CKOpPOCTb DOJICKTPOMArHUTHBIX BOJIH B BaKyyM¢E ONpPCACISACTCA

BBIPAXKCHHUEM C2 = , MEPECIHIIEM HalICHHOE OTHOIICHHE B OKOHYATEIHLHOM

EgMy
BUC
2p2
£W° R _
k=L _ o510,
8
BI/I,HI/IM, qTOo 3HeprI/I5{ MArduTHOI'O II0OJd COCTaBJIACT HI/ILITO)KHyIO JOJIK0 OT 3HeerH
3HeKTpI/I‘{eCKOFO 10JI4, 3aKJIIFOYCHHOT'O MC)KI[y O6K.Ha,Z[KaMI/I KOHZ[eHCaTOpa.

Hpumep 11.7. TIpocTpaHCTBO BHYTPH JUIMHHOTO COJICHOMIA, COCTOSINEIO W3
N BUTKOB MPOBOJIOKH, 3aIlOJHEHO OIHOPOJHBIM BEIIECTBOM C JMUAIEKTPUYCCKOMN

MIPOHHUIIAEMOCTBI0 £ W MarHUTHOW NMPOHHIAEMOCTBIO A . JIinHa coneHonpa pasHa [,
panuyc R. Ilo oOMoTKe coleHouja TedeT IepeMeHHbi Tok [ =1[,cosaxr.

[Ipenebperas kpaeBbIMH (P (HEKTaMu, BBIYHCIUTE SJICKTPUUYSCKYI0O M MarHUTHYIO
SHEPrHM, JIOKAIW30BaHHbIE BHYTPH COJICHOMJA, W  HaWAWTe  OTHOIUCHHE
MaKCUMAaJIbHBIX 3HaUeHUH 3TUX dHepruil. UucneHHsli pacyer npoBecT s R =5 cM,

&= =1 npu yacrore Toka vV = @/2x =100 I'u.
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Pewenue. DHEprus MarHUTHOTO TIONS, 3aKIFOYCHHOIO B KATYIIKE, OMPEICIACTCS
BeIpakeHHeM (9.7), a ee HHIYKTHBHOCTE — (hopMyioit (9.15):

1

W =—LI"
2

maze

252
=Mi§ cos? ar . (11.30)

Jlnst onpeneneHus dIEKTPUISCKOro OIS B KaTYIIKE OTMETHM, YTO paclpelecHHe
TOKa oOO0JafaeT NWIMHIPUYCCKOM CHUMMETpPUEH, TI03TOMY CHJIOBBIC JIMHHUU
HaIPsSDKEHHOCTH JJICKTPUYECKOTO OIS OyIyT OKPYKHOCTSIMH, KOHIIEHTPHUECKAMH C
BHTKaMH KaTymkHu. Beibepem korTyp C, COBNAIAIOIINM C OXHON W3 CHIIOBBIX JIMHUN
U 3alUILIEM JIJIS1 HETO 3aKOH AJIEKTPOMArHUTHON MHTYKIIUH:

N Y p—
Edl=—— | BdS . (11.31)
ot

c S

WHaykuuss MarHUTHOrO MOJSL HA OCH cojieHouzaa 3ajaercs BbipaxeHuem (9.13).

IMoncrasmss ero B (11.31), momydaem

2
2mE=—ai(ﬂﬂo %I(t)ﬂTZ}M% sinar
t

OTKyaa

E(r)= Mty N
21

Iysinax. (11.32)

DHeprusl 3JICKTPUYCCKOro IMOJIs, 3aKIFOUCHHAs B KATYIIKE, MOXKET OBITh MOACYMTAHA
4gepe3 IUIOTHOCTH OdHepruw (5.9). BpiOepeM IMWIMHAPUYECKUH CIOH  MEXIY
LHUIHHIPAMH C PaJNYCaMu ¥ U r + dr , TOT/ia SHEePTHsl 3JIEKTPUYECKOro MOJsl B 3TOM

cioe Oyzner paBHa
eeo > g @ N*
81°

1

dw =E€80E2dV =

9J1eK

r212 sin? @r2zrdrl .
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HuTerpupys mo Bceil KaTymike, OKOHYATENbHO OTYYUM

ee 1’ uiw* N* R
16/

2,2 2372
EE Ww°N°7x
WL).Y@K = Oﬂ ﬂzl

R
Igsinzaxjr3dr= Igsinza)t.

0
OTHOLICHUE MaKCUMaJbHBIX 3HAUCHUHM JJIEKTPUYECKOM OSHEpPruM K BHEPruu

MAaravuTHOIO IOJIA paBHO

W,

k= 27eK

w

MazcH

_ o€, @° R
= . )

y‘-II/ITLIBaH, YTO CKOpPOCTb DOJICKTPOMArHUTHBIX BOJIH B BaKyyM¢E ONpPCACISACTCA

BBIPAXKCHHUEM C2 = , MEPECIHIIEM HalICHHOE OTHOIICHHE B OKOHYATEIHLHOM

Eolly
BUJIE

2p2
k=%=1,3-10‘15.

8c

IIpumep 11.8. Buyrpu mummHapruieckoit odsactu mpoctpancTBa paanycom R=10 cm
(cm. puc.11.5) wMarHuTHOE TIONE HAMPABICHO
rapayuieIbHO ocH oo’ BOOOpakaeMoro
LWINHAPA, a €ro WHIYKIOUS M3MEHSETCs 10
3akoHy B(t) =kt, k=60 Tr/c. BHe 3T0l obnacTu

MarHuTHas ~ MHAYKIMsS ~ paBHa  Hymo. Ha
paccrosuun a=19 cm or ocu OO’ pacrosnokeHa,
Kak I[O0Ka3aHO Ha PHCYHKE, TOHKasi MPOBOJSIIAs

najouka JuuHOM [=22 cm. Haiiaute pasHoCTh

MTOTEHIMAIOB MEY 1y KOHIIAMH ITaJI0YKH.
Pewenue. Kax BHyTpHM, Tak W BHE 00JacTw,

Puc.11.5
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3aHATOM MEPEMEHHBIM BO BPEMCHU MATHUTHBIM TOJEM, CYIIECTBYET JICKTPHUCCKOE
none, omnpenensemoe ypaBHeHuem (11.2). CTpykTypa 3TOTO IOJIT BHYTpH 00IacTH
OTHOPOIHOTO MHUJIMHIPUYCCKH CHUMMETPUYHOI'O0 MArHUTHOTO TOJSA ObUia HOAPOOHO
paccmotpena B mpumepe 1. Kak OpDIO mOKa3aHO, B paccMaTpUBAacMOM CITydae
OTIHMYHA OT HyJs TOJNBKO a3MMyTajlbHas cocrabisitomas By, 1 oHa paBHa —Y2 kr (1<
R). Hafizem Temepn anmekTpuueckoe moyie BHe objJacTh MarHuTHoro moms. [Ipu >R
d(rE,)
or

E, = C/r. Teneps ocobas Touka r = 0 HE BXOAMT B PaCMATPUBAEMYIO O0NIACTb, U 3TO

(B=0) ata cocraBmnsronas yaIoBIETBOPSET YPaBHEHHIO =0, oTkyna cienyeT
peleHne He NOJDKHO ObITh oTOpomieHo. [loctosHHas C HaxoaWTcs W3 YCIOBHUS

HernpepbelBHOCTH BekTopa E mpur =R: C/R =—-12kR, oTKkyna okoHUaTeNIbHO:

kR?
E, = (11.33)

3aMeTHM, 4TO HalJIeHHOE BBIPAXKEHUE JJIsI BUXPEBOrO IEKTPUUECKOTO MOl €CTh HE
0A

YTO MHOE KaK IIPOU3BOAHAS N B hopmyse (11.13) u MOTJI0 OBITH JIETKO MOJIYYECHO
t

13 BBIPQXXEHHUS JIs1 BEKTOPHOTro NMoTeHuuana. [lpu nmomemeHuu mpoBosiiei maaouku
BO BHEIIHEE TIOJ€ B HEH MPOM3OHIET IMepeMeleHHue CBOOOIHBIX 3apsoB W HX
CTal[MOHAPHOE pacIpelle]eHHe TOJKHO YAOBJIETBOPATH YCIOBUIO PABEHCTBA HYIIO
TTOJTHOTO AJIEKTPUICCKOTO TTOJIS:

- oA - - 0A
E=—gradg N =0, orkyna cnenyetr grad@ =-E;,rne E; = o roJie
t t
JJNIEKTPOMArHUTHON HMHIYKLIHH.

WuTerpuys 3TO BBIp)KEHHE BIOJHh MAIOYKH, ITOJIYYHUM BEIpaKEHHE IUIT HCKOMOM
Pa3HOCTH MOTEHLUAJIOB!

Ap=1kR’a, (11.34)
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TA€ & — yroJji, noJ KOTOPbIM BHJHBI KOHIbI ITAJJOYKHU U3 LEHTpA 00J1aCTH MAarHMUTHOTO

l
Nda® +1? .

paccuuTaHHasd pasHOCTb IMMOTCHUHAJIOB YYUTBIBACT TOJBKO IMOTCHHUAJIBHYIO YaCTb

nonst. B paccmaTpuBaemoil reomerpun = 2 arcsin Otmerum, 4TO

TIOJTHOTO TIOJISL M, TIO9TOMY, HE paBHa paboTe MO MepeMeNeHUI0 TPOOHOTo 3apsiia OT
OJTHOTO KOHIIA MAJOYKU JO0 JAPYroro. OTa paboTa 3aBUCUT OT TPACKTOPUHU (TaK Kak
TIOJTHOE TI0JIe HE TOTSHIINALHO), U BKIIIOYAET KaK padoTy IMOTEHIIMATBHBIX CHII, TaK U
BHUXPEBOI COCTABJISAIOLIEH MOJSI.

OKOHYAaTeNbHO, AQ = kR? arcsin =0,314 B.

l
Nda® +17

3aoanue 0na camocmoamenvHoi padbomut

11.1. U3 marepuana ¢ mpoBoguMocTbio A=6-10" (OM-M)"' H3roTOBNCH CILIOMIHOI
UMIMHAP AnuHOM [=4cM u  pagumycom R=I1cMm. [wiuaap mnomewmwawr B

HECTAllMOHAPHOC MArHUTHOC I10JIC, BEKTOP MHAYKIIUHU KOTOPOI'O B napajjiejicH oCru
IUIHApA. MarauTHOE 110JIe U3MEHSETCS 10 3aKOHY

kt, 0<r<R,|,

B(t) =
® 0, r>R,,

IIe 7 — PacCTOSHUE OT OCH IWIUHIApa, a R;>R. HaiimuTe TEmIOBYyHO MOIIHOCTS,
BBIICIISIIONTYIOCS B IMUIMHIIPE 32 cueT TokoB Dyko, eciu k=10 Tn/c.



§11. Vpasnenua Maxceenna 211

11.2. BHyrpu nmimHApHYecKod o00JacTH NPOCTPAHCTBA
pamuycom R=10cm (cM. pwuc.11.6) MarHuTHOE TIOJIE
ONHOPOAHO ¥ HampaBjieHO mapamiensHo ocu OO0’
BOOOPaKaeMOro LWIMHAPA, @ €T0 HHAYKLH H3MEHSETCS 110

3akoHy B(t) = Bysinwt, By=1.5 Tn. Bue sT0if 0obnactu

MarouTHass  HWHAYKIUA  paBHa  HYIIO. Bue o6mactu

MarHUTHOTO TOJISl  PACIIONIOXKEH, KaK MOKa3aHOo Ha PUCYHKE,

Puc.11.6 OTPE30K MPOBOASIIICH TPyObl ¢ paguycamu R;=12cMm u

R=15cm wm BeicoTori h=20 cM. Haiinure cpeaHio0

TEIUIOBYKO MOIIHOCTh, BbIICIsIEMy0 B TpyOe. IIpoBommMocTh Marepuana TpyObl
A=5-10" (Om-m) ™.

11.3. B npoBoaHMKe, TIOMEIIEHHOM B HECTallMOHApHOE MAarHUTHOE IIOJe,
OUPKYIUPYIOT TOKU Dyko. JIMHUM TOKa MPENCTaBISAIOT COOOM OKPYKHOCTH, IICHTPHI
KOTOpBIX Jie’kaT Ha ocu 0z , IprYeM 3aBUCHMOCTD IUIOTHOCTH TOKA OT BPEMEHH ! U OT
pacCTOSHUSL ' PAacCMAaTPHUBAEMOM TOUYKM TPOBOAHMKA A0 ocu (z omuchIBaeTcs
sakoHoM  j(r,t)=kre tf T Onpepenure UWHAYKIMIO MAarHUTHOIO MO B

MPOBOJHMKE, €CIIM U3BECTHO, YTO B MOMEHT BpeMcHH =0 oHa ObLia paBHa HYJIIO BO
BceM 00BEME MPOBOIHUKA.

11.4. [Ins miockomapaiienbHOro AHOa, OMHCAHHOrO B MpUMeEpe 2, paccuuTaiTe

IIOTHOCTh 0GBeMHOro 3apsiga p(x) Kak (YHKIUMIO PACCTOSHHS X 1O KATOIa.
IMorennman anoma U, paccTossHME MexIy KarogoM M aHoigoM d . Ompenennte
IUIOTHOCTh 3apsfa Ha paccrosHun d/2 ot katoma npu ycinosuun U, =1008,

d=5um.



212 §11. Vpasnenua Maxceenna

11.5. [Ins miockomapaiebHOrO WO, OMUCAHHOTO B TMPHMEPE 2, ONpEACIHTe

IUIOTHOCTh TOKa, IpOTeKaromero 4epes auoi. Hampsoxenue Ha anome U, = 2008,

PacCTOdAHNEC MEKAY KaTOAOM U aHOJOM d=5um.

11.6. [na mnnockomapajUleNbHOIO [HOAA, ONUCAHHOTO B IpUMepe 2, Haigure
CKOPOCTB 3IEKTPOHOB B TOUKE, PAaBHOYNAJICHHOH OT KaTozia W aHona. HampspkeHne Ha
aozme U, =100B.

11.7. Jna mmockonmapauiebHOTO U0, OIMMCAHHOTO B TNpPUMEpPE 2, ONpeneiuTe

BpeMsl IpoJIeTa AJIEKTPOHOB OT KaTtona K aHony. llorenmman amoma Uy= 1005,

paccTosHre MKy KaToaoM U aHogoM d = 10 Mm.

11.8. K mI0cKOMy BO3AYIIHOMY KOHACHCATOPY, OOKJIAAKH KOTOPOro HUMEIT (opmy
IIMCKOB € 3a30poM d =lcm MeXAy HHMH, TPHIOKEHO IMEPEeMEHHOE HaIPSKCHHE
U=Uycosax c¢ ammmutynoi U, =300B u KpyroBoil 4acTOTOH @ = 3.10%¢7".
Haiinure ammmryny mnoned H,y, w B, Ha paccrosHun r=Icu 0T ocu
KOHJICHCATOpa, €CJIM 3TO PacCTOSHUE MEHbLIE pajauyca oOKIanoK KoHaeHcaropa. Kak

M3MEHATCS 9TH aMIUTUTYABI, €CIIN 3a30p MeXIy 00KJIaKaMH 3allOIHUTh OJXHOPOIHBIM
quanektpukoM ¢ €=10 n ¢ =1007?

11.9. 3apspkeHHBII W OTKJIIOYEHHBIH OT HCTOYHMKA  IUIOCKMH KOHJIEHCATOp C
KpYTIJIIMA TUIACTHHAMH TPOOWBAETCS DIIEKTPUYECKON HMCKPOH BIOJIh CBOSH OCH.
Cunrtass pa3psi KBa3HCTAIllMOHAPHBIM W TpeHeOperas KpacBbIMH 3I(PQPeKTaMHu,
BBIUMCIUTE IOJNHBI IOTOK JIEKTPOMarHUTHOM 3HEPIHM, BbITEKAIOUIEW U3
MPOCTPAHCTBA MEXKYy OOKIIAKAMH.

11.10. Haiimure IJIOTHOCT TOKAa CMEIUEHHS j,, B IUIOCKOM KOHAEHCATOpE,

IJIACTUHBI KOTOPOIr'0 pa3iBUIalOTCSA CO CKOPOCTBIO V, OCTaBasCh INapalacibHbIMHU



§11. Vpasnenua Maxceenna 213

npyr apyry. Ecnm: 1)3apsiibl Ha miuacTHHAX KOHAEHCATOpa OCTAIOTCS MOCTOSHHBIMHU;
2)pa3HOCTb NOTeHIUaNIoB U MeXIy IUIaCTUHAMHU OCTaeTCsl MOCTOSHHOHN. Paccrosnue
MeXJy MIACTUHAMU KOHAEHCATOpa d OCTaeTCs BCE BpeMsl MallbIM 110 CPAaBHEHHIO C

JUHEHHBIMH pa3MepaMH IJIaCTHH.

11.11. TIlo npsMONMHEHHOMY NPOBOAHUKY PajuycoM (I Te4yeT IOCTOSHHBIH TOK C

IUIOTHOCTBIO  j. 1)YKaxkuTe Uil TPOU3BOJIBHON TOYKM OOKOBOH IOBEPXHOCTH
MpOBOJIa HampaBJeHHE COCTaBIAIONIe Bekrtopa [loiiThHra, 00yCIOBICHHON

TaHTeHITMAIBHOW cocTaBisioniet E . 2)[lokaxkuTe, YTO MPOU3BEACHHE MOIYIIS
BekTopa [loMTHHTa Ha BEIMYUHY IUTOMIATU OOKOBOH TMOBEPXHOCTH IMPOBOAA PABHO
MOIITHOCTH, BBIJIEIISIEMOI TOKOM B TIPOBOJIE.

11.12. IuaMHAPUYIECKHAN SICKTPOHHBIA IIy4OK PaguycoM R pacmpocTpaHseTcs B
CBOOOIHOM MPOCTPAHCTBE. DJIEKTPOHBI MyYKa JICTAT HaPaUICIbHO, HX KOHIIEHTPAIIUs
paBHA 1, a KHHETHYECKAas SHEPrusi Kaxaoro w3 Hux - W . Haiiaute BennuuHy u

HarpaByieHre BekTopa [lolTuHTa B 110001 TOUKE MPOCTPAHCTBA.

11.13. Haiinute MHOYKIIMIO MATHATHOT'O IOJISI, CO3aBa€MOI0 IIOTOKOM 3JIEKTPOHOB B
[UIOCKOM JIMOJIE ¢ KPYIJIBIMH 3JIEKTPOJaMHU Ha PAcCTOSHUM r =lcm OT ocu mpubopa.
Paccrostare Mexmy aHonom u karonoMm d =Saym, Hanpspkenue Ha anoae Uy=200B.

11.14. Haiigure BenuunHy cribl JIOpeHIa, NEHCTBYIOMICH Ha SJIEKTPOHBI B IIOCKOM
JIUOJIE C KPYIJIBIMH DJIEKTPOJaMH 3a CYET WX COOCTBEHHOrO MArHHUTHOIO OIS,
BOMM3M Kpas aHoma ¢ paamycoM R. PaccrosaHume mexmy anomoM W Karogom d,
Hanpsokenue Ha anoje U,
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§12. Daexrpuyeckue nenu. IIpaBuaa Kupxroda.

Kpamxue meopemuvdecKue ceedenus

DJNEeKTPUIECKUE IETH COCTOST U3 21eMEeHMO8 yeny W COSIUHSIOMNX X
npoBooB. CBOHCTBa AIEMEHTOB 3aJAIOTCSI COOTHOUICHHSMH, CBS3BIBAIOIIUMH
TajieHre HaINpsDKEHHsI Ha JJEMEHTE C MPOXOISAIIMM Yepe3 HEro TOKOM. TOYKH
LIEIH, TJIe CXOSTCS TPH MK OoJiee POBOIOB HABIBAIOTCS V3amu LENn. Y 4acTOK
LeNH MEXJy ABYMSl COCETHHMH y3JIaMHU Ha3bIBAeTCs gemabio. JIF0OON 3aMKHYTHIN
Yy4acTOK IIeIH Ha3blBaeTcsl konmypom. IIpoTekaHrue TOKOB B LIENU ONMMCHIBAETCS
cucteMoil  mudQepeHIMaTbHBIX  ypaBHEHUH (B MPOCTEUIIMX  CIydasx
anredpanyueckux), KOTOPYIO MOXKHO COCTaBUTb, cienys npasuiam Kupxeoga.

Iepsoe npaBuno Kupxroda: aneebpuueckas cymma 6cex moKos,

emexaowux 6 1oboi ysen, pasna Hymo. Ecim B nenu N y3710B, TO 3TO NPAaBUIO
mo3BoJsieT Hamucate N-/  nuHeHo-He3aBHcHMoe ypaBHeHHe. [losTtomy mpm
COCTaBJICHHH YPaBHEHUH OAMH y3el (JTII000M) ClielyeT HCKITIOUHTb.

Bropoe mnpaBuno Kupxroda: dus moboco xonmypa cymma nadenuil

HanpsiceHuss Ha e2o snemenmax pagua cymme IJ[C, Oeticmsyrowux 8 3mom
xoHmype. TIpu COCTaBICHUM YpaBHEHHH CIIeyeT BBLIOHpATb He3asuUcUMbie
KOHTYpbl. Takol BBIOOp TapaHTHPYETCs CIEAYIOLIMM IPOCTBIM AJITOPUTMOM:
BBIOpaB IepBbIid KOHTYp (IIPOU3BOJILHO) MIOMEYaEM OJHY U3 €ro BEeTBeil, KoTopas
HE JIOJDKHA BXOJUTH B ITOCJIEAYIOUIME KOHTYpa. Tak e MOCTylaeM CO BTOPBIM
KOHTYPOM, M TaK Jlajiee, IoKa B IIeMH Helb3s OyleT mpoBecTH Ooiiee HU OJHOrO
KoHTypa. IlocTpoeHHast TakuM IyT€M CHUCTeMa KOHTYPOB IIO3BOJISIET, BMECTE C
CUCTEMOH ypaBHEHHH JJIsl y3JI0B, MOJIYYUTh POBHO CTOJIIBKO YPaBHEHUH, CKOJIBKO
B LIENIM HEU3BECTHBIX TOKOB BETBEH.

HpaBuino 3HakoB. YroObl u30ekaTh BO3MOXHBIX OLIMOOK IpU

COCTaBJICHHHM YpPAaBHEHHMH IIeNH, CIlenyeT coOJIoJaTh IpaBUiIa PaCCTAaHOBKH
3HaKoB. BHauane ais Kakaol BETBH, Hapsay C BBEIEHHEM COOTBETCTBYIOIIEH
IIepEeMEeHHOM, BBIOMpaeTcsl (IPOM3BOIBLHO) ITONOXKUTEIFHOE HANpaBICHHE TOKA
BETBH, KOTOpoe Oonblle HE HM3MEHSCTCS B IIpolecce pemieHus 3amaud. [lpm
COCTAaBIEHHMHM YPaBHEHHMH Ui Y3JI0B TOKH, KOTOpble HAalpaBlIE€HBl K
paccMaTpUBaeMOMY y3JIy YYMTBIBAIOTCS CO 3HAKOM ILIIOC , @ OT y3/1a — CO 3HAKOM
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MUHYC. B ypaBHeHHMSX Uil KOHTYpPOB IaJIcHHE HAalpsDKCHUS Ha 3JIeMEHTE
YUIUTHIBAETCS CO 3HAKOM + , €CJIM TP 00XO0J1e KOHTYpa TOT IEMEHT IPOXOAUTCS
B HaIPaBJICHHUH, COBIAJAIONINM C paHee BEIOpaHHBIM HallPaBJICHUEM TOKA BETBH.
OJIC HCTOUHMKA CYMTAETCS IOIOKHTENBHOH, €CIM MCTOYHUK IPOXOJUTCSA OT
MHHYCA K ILTIOCY.

Onementsl _nenu. OOBYHO paccMaTPUBAIOT TPU THIA DJIEMEHTOB:
pe3ucTtop (CONMpOTHUBIICHHE), HHIYKTUBHOCTh M KOHAEeHcaTop. COOTBETCTBYIOIINE
9TUM JJIEMEHTaM BEJMYUHBI conpomusnenus, Kodpuunenta caMOMHIYKIUH U
emkoctd obo3HaunM R, L, C. TlageHus HamnpspkeHHsS Ha O3THX DIIEMEHTax
BBIPAYKAIOTCS], COOTBETCTBEHHO, COOTHOILICHUAMM:

Uz=IR, U,=L dl/ds, Uc= 1/C Jidt, (12.1)

rae I — TOK BeTBU, COJiepKalleil 3JIeMeHT.

Ilocnennee BbIpaKeHHE COAEPKHUT  IPOU3BOJIBHYIO  IMOCTOSHHYIO,
KOTOpasi HaXOAUTCA U3 HayallbHbIX YCJIOBUH. B HHIYKTHBHO CBSI3aHHBIX
karymkax 3/IC B Kax10i 13 00OMOTOK 3aBHCHUT OT TOKA B JPYyroii 0OMOTKe:

&2 = Lipdl, /dt, (12.2)

rae L;; — k03 OUIMEeHT B3aMMHOM UHIIYKIIHH OOMOTOK.
MeTox KOMIUIGKCHBIX aMIUINTYA. IIpd HaMMuMd B IEIHM HCTOYHHKA

rapMoHndeckoid 3JIC yCTaHOBUBIIMICS PEXHM MOXET ObITh HaWJeH METOIOM
KOMNJIEKCHbIX amnaumyod. MeToll OCHOBaH Ha H3BECTHOM IIpUEME pELICHUS
quddepeHIaIbHbIX YpaBHEHUH C TapMOHMYECKOW IpaBOM 4YacThlo, KOrua
pelieHne HMmeTcss B KOMIUIEKCHOW ¢opme. [IpUMEHUTENbHO K TEOpUH
anekrprueckux neneid DJ{C ucrounnka Buna E(t) = Ey cos (¢ + @) 3amensercs
KOMIIIEKCHBIM H300paxenueM E = Eexp(iax), rae E — komnnexcnas avmniumyoa:
E = Eyexp(ig). AHAJIOTMYHO BBOIATCS KOMIUIEKCHBIE AMIUTHTYIBI HMCKOMBIX
TokoB I, Ilomp3ysch OGBMHBIME TpaBwiaMd Kupxroda, MOKHO COCTAaBHTE
CHCTEMy YpaBHEHHH JJs1 KOMIUIEKCHBIX aMIUIMTYA (MHUHYS MpOLEAypy
coctaBneHus IuddepeHanbHbIX YpaBHEHU ), €Ci 3alHucaTh BBIPAXKESHUS IS
TIaICHUI HANPsDKEHUS Ha 3JIEMEHTaX B KOMIIJIEKCHOM BHJIE:

U = IR, Ue = liaC, U, =lialL. (12.3)

Bce aTH BEIpaskeHUS] MOXKHO 3aIHCaTh €ANHOOOPa3HO:
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U= 17, (12.4)

Tae Zg=R, Zc=l/iaC, Zi=ial.

B sTOoM ciyuae ypaBHEHHS IIEH COCTaBISIIOTCA TOYHO TakK ke, Kak U JUIst
nemnei  MOCTOSIHHOro  Toka. [lapamMeTp Z  Ha3bIBalOT  KOMNJIEKCHbIM
conpomugneruem (UMneOaHcom) COOTBETCTBYIOILETO 3jeMeHTa. s rpynmst
COCJIMHEHHBIX BMECTE DJIEMEHTOB MOXXHO BBECTH HMX oOuiee (3KBHBAJICHTHOE)
KOMIUIEKCHOE CONpPOTUBJIEHHE IO TEM >K€ MpaBUiIaM, 4YTO U I Lemnei
TIOCTOSIHHOT'O TOKA.

CnenyeT NOMHHUTb, 4YTO [JeHCTBUTENbHAs aMIUIUTyAa TOKa WIH
HaIpsDKEHUs — 3TO MOAYJIb COOTBETCTBYIOIEH KOMIUIEKCHOM II€peMEHHOH, a
(aza — ee aprymeHr.

Ilpumepul pewenus 3a0au

Mpumep 12.1. B 1enu, mokazanHoit Ha puc.12.1, HaliinTe CHITy TOKA Yepe3
ucrouHuk E, mpu ycnosuu, ytro R, =R, R, =2R, R;=R, R, =2R.
Pewenue. B paccmatprBaeMoit nenu
4eThIpe y3/1a U LIeCTh BeTBel. BBeneM mecTsb
HEU3BECTHBIX TOKOB (I| — 1),
TIOJIOKUTEJIbHBIC HAIIPABJICHUS KOTOPBIX
00o03HaueHbl Ha puc.12.1 cTpenkamu.
VckimiounB HIKHUHN y3€l1, 3alUIeM NePBYIO
cucremy ypaBHeHuit Kupxroga:

I, —1,-15=0,
Iy+1g—15=0, I,—I¢—1,=0.
(12.5)

Puc.12.1

Jnst TpeX KOHTYPOB, MOKa3aHHbIX Ha
puc.12.2 nyHKTHpOM (HOMEp KOHTYpa MOMEIIEH B KPYXKKE), COCTABUM BTOPYIO
cucremy ypaBHenuit Kupxroga:

-I,R, —I,R, = E,,
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I3R3 +I4R4 :Ez, (12.6)
IR, + IR, + I;R; + I,R, =0,

Mecra pa3spbiBa KOHTYpOB 00O3HaueHbl Ha pHC.12.2 KpPEeCTHKOM C HOMEPOM

KOHTYpA.
Peurenne 3Toi cuCTeMBbI ypaBHEHHIA B 00IIIEM cllydae MPUBEICHO HUXKE:
I =[E (R + RyR, — E5 (R, + RyR, |/ A,
1, =~[E(Ry + Ry )R, + Ex (Ry + Ry R3]/ A,
Iy = -[E\ (R + R,)Ry — E, (R, + Ry R, J/ A, 12.7)
I, =[E\(R + Ry)Ry + Ey (R, + R )R, )/ A,
I =[E,(RyRy + RyRy + R Ry + RiR, )+ E5 (R Ry = RyR, )/ A,
Iy =E,(RiRy = R,R,)+ E, (R Ry + RyR, + R,Ry + RyR,)|/ A,

rae

A = R1R2R3 +R1R3R4 +R1R2R4 +R2R3R4 .
HpI/I OIr'OBOP€HHBIX B YCJIOBUU

3HayeHms X Ry =R; =R, R, =R, =2R

_3E, E
T 4R 4R’
(12.8)

Puc.12.2
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[pouenypy peuieHus ypaBHEHH

MOYKHO CYLIECTBEHHO YIPOCTHUTE,
BOCIIOJIb30BaBIINCE HPHHIUAIIOM
R CYNEpPIO3UIUU: €CliH 0003Ha4uuTh [' TOK B
JTMaroHagbHOW BeTBM B ciydae E; =0, a I¢"
- B cimywae E, =0, 1o B obmem ciydae
Ig=14'+1s". 3nauenus Is' m Ig" nerko
Ry

Haxomarcsas. Ilpm  E, =0 cxema nenu

nmpuoOpeTaeT BUJ, MOKa3aHHbIH Ha puc.12.3.
IIpu 3TOM B CHIIy CUMMETpUM LENH MaJeHUS
Puc.12.3 HalpsOKEHUST HAa  BEpXHEM W HUWXKHEH
MIOJIOBUHAX CXEMbl OJWHAKOBBI M  PaBHBI

E /2 .Tlostomy I, =E, /4R, I,=E; /2R, Is"=1,-1 =-E;/4R.
AHaNOTMYHO  paccyxknas, HaxomuM  JUIs  JPYroro  ciydas:
1,=E,/4R, I,=-E, /2R, I¢'=3E,/4R. OKOHYATENBHO  IOIYYHM

npexxHuil pezynsrat (12.8).

Ipumep 12.2. B nenu, nokasannoii Ha puc.12.4,
HaiauTe HU3MEHEeHUE HaNpsDKEHUS Ha
KOHJIEHCAaTOpe Kak (YHKUUIO BpEMEHU IpH
YCJIOBHH, YTO BHaualle KOHJCHCATOpP HE 3apsiKEH.
Kimtou 3ampixaercsi mpu 1 =0.

Pewenue. 1locne 3amblkaHMs KIrO4Ya CTPYKTypa
LeNM  COBIAJaeT C  pPacCMOTPEHHOH B
TpeapliylieM  TIpuUMepe,  €ClIu  3aMEHHUTH

ucrounuk ¢ E, xonaencaropom C . OOo3HauuB

HamnpspDKeHHe Ha KOHjAeHcaTtope V , cocTaBUM
cucteMy ypaBHeHud  Kwupxroda,  Koropas

Puc.12.4

cosmagaer c (12.5), (12.6), rae ciaexyeT 3aMEHUTH
E, nHa (—V) (cornacHo BEIOpaHHOMY paHee HAIpaBICHUIO TOKa [, HalpspKeHUE

V  chmemyer cuMTaTh MOJOXMUTENBHBIM, €CIM IUIIOC PACHOJIOKEH CIEBa).
Bocronb3yemcs noiydeHHbIM paHee perenueM (12.8):
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_ 3V+E
6 4R
, y dv
C npyroii CTOpOHBI M3 CBOKMCTB KoHaeHcaropa cienayer [o =C E .
IIpupaBHUBas 5TH BBIpAXKEHUS, 10JTydaeM

dv 3V+E
— =" (12.9)

dt 4R

Teneps cnenyer Haiitm pemienue (12.9) ¢ HavyaabHBIM  yCIIOBHEM
V(O) =0. 3ametnm, uto (12.9) umeet oueBuHOE YacTHOE pemenne V =—E; /3,

II03TOMY
E
V()= —?1+Aexp(—i),

rae A - ITPOU3BOJIbHAS ITOCTOSTHHAS.

W3 HavansHOro ycnoBus ciaeayeT A = E; /3 . OKOHYaTEIbHO MOTYqUM:

LN P I
V()= 3 {exp( 4ch 1] (12.10)

Ipumep 12.3. Konnencarop,
3apsUKEHHBI 10 HanpsbkeHus U,
nofkimoyaercs npu ¢ =0 K 1enu, Kak
nokazaHo Ha puc.12.5. Haiinure
3aBHCUMOCTh HaNpsDKEHUS Ha

KOHJIEHCATOpE OT BPEMEHH.
Pewenue. Ins t >0 mepBoe

Puc.12.5

ypaBHeHHne Kupxroda nmeer Bua:
I,+1,+1;=0. (12.11)

U3 (12.1) HenocpencTBeHHO CIeqyeT:
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dl
I, :cd—U, I, _U —-vu. (12.12)
dt R dt

Tponuddepenuupoas ypapaenue (12.11) u noacTaBuB B HEr0O MIPOU3BOIHBIE

TOKOB, nonrydeHnble u3 (12.12), sammmem: CU"+U'/R+U /L =0, unu
d’U
dr?

+25‘;_U+wgy -0, (12.13)
t

roe 26 =1/RC, @} =1/LC.

OO01mee pemeHue STOro ypaBHEHHS UMeeT BU:

U = exp(— o )|Acos(a@r)+ Bsin(ar)], (12.14)
rne w=+o; -38>, 6=1/2RC, @, =1//LC .
ITocrossuusie A u B HAaXOIATCS U3 HayaJIbHBIX yciaoBUi. I1o ycnoBuro

3amaun U (0) =0. Ins naxoxaenns U '(0) 3aMETHM, 4TO [; (0) =0, Tak KaK TOK
yepes3 HHAYKTUBHOCTh HE IpeTeprieBaeT ckaykoB. [loatomy nmpu ¢ =0 ToK
I,=-I,,al, =U, /R .Taxum obpazom, U'0)= 11(0)/C =-U,/RC.
HWcnone3ys ot 3Hauenus, Haxoqum: A=U,, B= -oU o/ @ . Otkyna

OKOHYAaTCIIBHO:

U = U, expl- é't)[cos(a)t)—ésin(a)t)} .

R
w l——'l__
K 5
y y , c R,
Ipumep 12.4. Haiinure noiHbIHA 3apsi,
MIPOTEKAIOINI1 BO BTOPUYHOI LienH I o1 L)
E o,

TpaHchopMaTopa mocie 3aMbIKaHUS

KJto4a (CM. cxemy Ha puc.12.6).

Pewenue.  VYpaBHenus Ui JIBYX Puc.12.6
KOHTYPOB, COJICPIKAIIUXCSI B CXeMe, OYIyT:

dI, dl,
L—+RI,=E+L,—2, 12.15
ld[ 141 12 dt ( )
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dl, dl,
L, =2 +R,0,=L,—". 12.16
2 dt 242 12 dt ( )

3apsan (Q,, paBHBII J- I,dt, MOXHO HaWTH, HE pemas CHCTEMBI
0
ypaBHenu# (12.15),(12.16). {nsa srtoro mpounterpupyem ypasHenue (12.16) mo
BpPEMEHH OT HYJISL 10 OECKOHEYHOCTH:

(o]

0 +Ry0r =Ly 14

(e}

LI, 0 (12.17)

VYuuThiBas HaYaIbHbIE YCIOBUS

1, (0) =0, I, (0) =0 u npenenbHbIe
3HAa4YeHUs TOKOB [, (oo) =E/Rn

I, (oo) =0, naiinem

_EL,
Rl R2 .

0,

Puc.12.7
[pumep 12.5. B nenu, nokazanHoit Ha puc.12.7,

HalguTe (a3oBBIH CIOBHT MEXIy TOKOM [,

MPOTEKAOIUM 4Y€PE3 KATYIIKY MHAYKTUBHOCTHU, U

TokoM I, B pesucrope R,. Ilpu kakom ycnoBuu

9TOT CIBUT (a3 HE 3aBHCUT OT YaCTOTHI?
Pewenue. Kax BugHOo u3 puc.12.8, menp MOXHO

NPEACTAaBUTh KaK IIOCJIICAOBATCIIBHOC COCAMHCHUEC

IBYX YYacTKOB IO JiBA DJIEMEHTA B KAKIOM.
Puc.12.8 [Tosromy
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Z=27Z,+Z,, Z, =idlR, /(R +iwL), Z,=R,/(1+iaR,C). (12.18)
[MTajeHus HANIPSHKCHUS HA 3THX y4acTKax OyayT:

U, =EZ,(Z,+2Z,), U,=EZ,/(Z,+2Z,),

I,=U, lioL, T,=U,IR,. (12.19)

ﬂ} . (12.20)

=argl, —argl, =arell, /T, )=ar
@ g1y g1y g(l 2) g{l+ia)L/R1

U3 (12.20) cnenyer:
Q= arctg(sz C)— arctg(a)L/ R, ) .
CaBur (asbl He 3aBHCHT OT YaCTOTHI, €CIIH
R,C=L/R,.

B atom cniyqae ¢ =0.

IIpumep 12.6. Haiinure ycioBue, npu KOTOPOM TOK

I; B nuaronamu Mocta (cM. puc.12.9) Gyxer paBeH

HYJIO. Puc.12.9
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Puc.12.10

Pewenue. Tpebyemoe yCIOBUE MOXKHO IONYYUTh,
COCTaBHB CHCTeMy ypaBHeHWH Kupxroda mst memm,
Hali TOK B JMAaroHajJd U NPHPABHAB €ro K HYIIO.
Takoit myTh TpeOyeT, OAHAKO, JOBOJIBHO THHHBIX
BBIUMCIIEHUH. 3aJady MOXKHO PEIINTh 3HAYUTEIHHO
KOpO4Y€ CIEAYIOIMM ITyTeM. J[OmycTuM, 9TO TOK 13
(puc.12.10) paBeH HymIO U 3alUILEM YCIOBUE, KOTJa
9T0 Oymer peifctBuTensHO Tak. Ilpn I3 =0
MOTeHLMANbl TOYeK A ¥ B 10mKHBI OBITH paBHBI.
BwMmecre ¢ TeMm, BeTBb, IO KOTOPOH TedeT TOK I;,
MOKHO YAAJIUTh (Tak Kak 3TOT TOK paBeH HYJI0), HE
W3MEHUB PEXUM B OCTaBIICHCS YacTH LEMNU.
IMosTomMy, ecnum B MCXOAHOH Uenu Tpedyemoe
YCJIOBHE BBIIIOJIHEHO, TO B LIENH, MOKa3aHHOW Ha

puc.12.10, norenunans! V, u Vp NOIKHBEI COBIACTb. 3aMUILEM 3TO YCIOBHE!

OTKyZa

Va

7,2,=2,Z,.

_ EZ, EZ,
Z+Zy

Vp=—— it
Pz, +2,

(12.21)

[ToacTaBisis BMECTO KOMIUIEKCHBIX COHpOTI/IBHeHI/Iﬁ BETBEU UX KOHKPETHBIC

3Hauenus Z, =R, Z3; =R,, Z,=iwL v Z, =1/iwC , nonyuum

L
R1R2 :E .
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Hpumep 12.7. Haiinure ammuiutyny Toka [ B 1emnu,
moka3aHHoii Ha puc.12.11. Bo3moxHBI 1M Takue
3HAYeHHUs MapaMeTpPoOB IIENH, MPH KOTOPBIX TOK HE
OyIIeT 3aBUCETh OT YaCTOThI HCTOYHUKA?

Pewenue. 3anumeM KOMIUIEKCHOE COMPOTHBIICHUE

i)
~
(D—

ucmnu, paccMmaTpuBas cC Kak apajjIiCIbHOC
R R COCIMHCHUEC BYX BETBEU, Kaxxjas U3 KOTOPBIX
COICPXKHUT JIBA DJICMCHTA!

7= 2,2,

== Z,=R+ial, Z,=R+1/iaC
Z,+Z,

Puc.12.11

[Tociie mpocThIX MPeoOpa3oBaHUi MOTYIHM

(R+1/RC)+i(wL -1/ wC)

Z=R , 12.22
2R +i(wL -1/ () (1222)
2 _ 2
I:E/|Z|:£ 4R +(§oL 1/aC) .
R\ (R+L/RC) +(wL-1/wC)

Kak HeTpyaHO 3aMeTuTh HenocpencTseHHo u3 (12.22), ecnu

R+L/CR=2R,umu L=CR?,

TO KOMILICKCHBIN MHOXUTENb B (12.22) cokpamaercs 1 Z = R He3aBHCHMO OT
4acToThl & . B 3TOM citydae TOK B €T OT 9aCTOTHI HE 3aBHUCHT.

3aoanue ona camocmoamensvHoll padomul
Ilpasuna Kupxzoga

B yciosusx 361()61’-:!, eCcil He 02060PEHO CneyudailbHo, 6HYMpeHHUue conpomueienus
UCMOYHUKOB cHumaromcst  pAasHviMu  H)J0. Toxu Ha cxemax HanpaeJjieHsvl
npou36oJIbHO. Ecnu peaﬂbelﬁ moK meuyem max. KdK YKA3dHO Ha cxeme, mo 6
omeeme cmoum 3HaK +, eciu Hem - mo MUH)C.
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12.1. Vi3 12 npoBOIHUKOB, 00JaJAIONINX OJWHAKOBBIM COMPOTHUBICHUEM, CHAsH
ky6. Tpu mpoBOIHUKA pa3opBaHbl TAKMM 00pa3oM, YTO B KaXKIOM U3 IIECTH
OJIMTHAKOBBIX KOHTYPOB, 00pa30BaHHBIX I'PaHSIMH Ky0a, €CTh 110 OJHOMY Pa3phIBY.
B 5TH pa3peiBBI BCTaBICHBI OAMHAKOBBIE DIIEMEHTHI C HYJIEBBIM BHYTPEHHUM
compoTuBieHHeM. TOK B ABYX W3 HUX OOWHAKoB M paBeH [ . Haiinure Tok uepes
TPETHU 2TIEMEHT.

12.2. Ipa ransBanuyeckux snementa ¢ OJC E, E,
M BHYTPEHHHMH  CONPOTHBIICHHSIMH )

coenuHeHbl mapamwiensHo. Haiinure DOJC wu
BHYTPEHHEE COIPOTUBJICHUE TIONYYCHHOW OaTapeu.

12.3. KakoBo HOMKHO OBITH compoTHBICHHE R
u3MepuTesabHoro npubopa (puc.12.12), urodsl npu
HEOOJIBIIOM ~ PAcCOIIaCOBAaHMU  IEPBOHAYAIBLHO E
YPaBHOBEIIEHHOTO  MOCTa  NpUOOp  MOTPEeOIsI +I

MaKCHMAaJIbHYIO MOIITHOCTH?
Puc.12.12

12.4. CompoTuBIE€HHE COCTOMT M3 TpeX OJIEMEHTOB, COEIUHEHHBIX
TpeyrodbHUKOM: R;; =20Mm, Ry; =4 Om u R3;=5 Om. Toku, mpuUTEeKaromue n3BHE

K ero sepmmHam: [;=4,54, I,=1,5 A. HaliiuTe MOTEHIUANbI BEPIIMH @, H @, ,

eciy noteHnuan @; =0.

12.5. DnexTpuyeckas Lenb UMEET BUJ TETPa’apa, CHAasHHOIO U3 IIPOBOJIOYEK
CONPOTHBIICHUEM I KaX/1asi. Y JaJIMB U3 CXEMBI TPH IPOBOJIOYKH, IMOTYYHIIH LIEIb,
COCIMHSIONLYIO JBE BEPIINHbI A U B TeTpaszapa, Mpu4eM Takylo, 4To, IPOUIs 1o
Hell, MOXHO ITOCETUTh BCE BEPILUHBI TETpad/pa Mo oAHoMy pasy. KakoBo Oymer
COIPOTHBIICHHE IIETIN MEKAY TOUKaMi A U B, ecln BCTaBUTh BMECTO YJAJICHHBIX
MIPOBOJIOYEK APYTHE, COMPOTUBIEHUEM R Kaxknas.

12..6. B cxeme, moka3aHHO# Ha prc.12.13, conmpoTuBieHne R, pasnencHO Ha IBe

paBHble yacTd R;'m R," . Haiigure pa3HOCTh MOTEHIMAIOB MEXKy TOUKaMu A u
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B. BHyTpeHHUM CONPOTHBIEHUEM

R R’ R,

HCTOYHUKOB TIPeHeOPEedb.
E, =41B,E, =7B, R, =10m, R, =20wx,
R;=30m u Ry =40m .

12.7. Onpenenure TOKH BO BCEX BETBSAX

cxemsl (puc.12.14). [TapameTpsl cXeMBI:
E;=200 B, E;=10 B, E;=30 B, E;=56 B,
Puc.12.13

r1=6 Om, r,=r3;=30 Om, r,=15 Omn
rs=40 Om.

Puc.12.14
R |
|
— ) 12.8. Tpu wucTOUHMKa TOKa M peocTaT
COCIMHEHbI, KaK MoKa3aHo Ha puc.12.15.
Puc.12.15 OnpenenuTe cUly TOKa B peocTare, eciu

E;=5B, E;=4 B, E3=3B, r;=2 Om, r;=1 Om, r3=0,5 Om u R=2,5 Om.
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12.9. Haiigure noreHuuansl y3noB A, B u C,

+|-E eCIM TOTeHIMan y31a D paBeH HYIIO
)' (puc.12.16). BHyTpeHHUM COIPOTHBICHHEM
r g 2 Garapeii mpeHeOpeYb.

A1 14C

ElL
ZVT”
D

Puc.12.16
R
12.10. Omnpenenure  BHYTpEHHEE —
T
conporuBiienne u  JOJIC  sneMmeHTa,
3KBUBAJIEHTHOI'O JIaHHOM Oatapee Puc.12.17

(puc.12.17), TO ecTb JdaOIEro BO
BHEIIHIOIO IIeTIh TaKOM JK€ TOK, KaK ¥ 0aTapesl MpH Jr000M COMPOTUBIICHUH R.

12.11. Haiinure TOK B BeTBU AB CXEMBI,
n3o0pakeHHoN Ha puc.12.18, ecnu E;=6 B,
E2=I6B, E3=28 B, r,»=2 OM u Ri=9 OM

1
n I El E Ez
lI;+ +'l=—
Puc.12.18 r r
12.12. Kakosa momkHa 6bith DJIC 311eMeHTOB , '{2
3

E, E; B cxeme, mokazaHHod Ha pwuc.12.19,
puc.12.19
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4TOOBI TOK B BeTBU AB Obu1 paBeH Iy3=4 A? E;=4 B, r=0,5 Om, R=2,25 Om.

Ilepexoonvie npoyeccoi
B 3a0auax, 20e na cxemax He yKazamo 6HYmMpeHHe CONPOMUBTEHUE
UCMOYHUKO8, NpuHAmMb uxX pasubimu Hymo. Ecnu  ne ocoeopeno ocobo,
KOHOEHCAMOpbl 8 HAYATbHBIL MOMEHI CYUMAmMb He 3apsadceHHbimu. Ilpu evibope
KOpHell  Xapakmepucmuyeckozo — YpaeHmeHus — 3HAK  +  neped  KOpHem

coomeemcmeyem Ay, a 3HaK MUHyC - A,.

12.13. B cxeme, moka3aHHoW Ha puc.12.20, B

L
— N ] momenTr =0 wmou 3ambikaerca. Haitnure
AN

R
K K
C N ‘
+,—- = L
E r ——— E - r
C —+
Pnc.12.20 ”
3aBHCHMOCTF TOKa HYepe3 pE3UCTOp OT
BpeMeHu [, (t)
12.14. HaiiguTe npenenbHOe HANpsHKEHHE Puc.12.21

Ha KOHJIEHCATOpe B CXeMe, IIoKa3aHHoH! Ha puc.12.21, mocie 3aMBIKaHUS KITIOYa.
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12.15. Haiinute mnpenenbHbIA  3apsin
E’K—m KOHJICHCaToOpa B CXeMe, MOKa3aHHOW Ha
R, T puc.12.22, mocie 3aMbIKaHUS KITFOYa.
- C
+| E
R,
Puc.12.22

12.16. Haiigute 3aBUCHMOCTh HAINpPsDKESHHUS Ha
WHIYKTUBHOCTH OT BpEMEHH, B IIeMHd Ha
puc.12.23, ecmu B MOMEHT BpeMmeHH = () K09

K nepexonut u3 nmonoxenus 1 B monoxxenue 2.

Puc.12.23
Fl l—‘l___ 12.17. Haiimute 3aBUCHUMOCTH OT  BpPEMEHH
C R HanpsHKeHUs Ha 00OMX KOHJEHCATOpax B CXeMe Ha

puc.12.24, ecnu B wMoment (=0 K104 K
MTHOBEHHO IIEPEKIIOYaeTCs] W3 MOJoXKeHHs 1 B
Kol ronoxenne 2. EMKOCTH KOHZIEHCaTOPOB OMHAKOBEI

\(P' Cc,=C,=C.

R
E N
)
C
Puc.12.24 R, —
+H\E T
12.18. Haiigure 3aBHCHUMOCTh HATPSKCHUS R,
Ha KOHJeHcaTope OT BpeMeHHu (puc.12.25), { }

ecnu B MoMeHT ¢ = (0 kmod K 3amMbIKaeTcs.
Puc.12.25
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12.19. Yepe3 kakoil MpPOMEKYTOK BpeMeHU T
[ocjie 3aMBIKaHUS KITIOYa HampshkeHHe Ha
COTIPOTHBIICHUHM B BepxHeW BeTBH (puc.12.26)
cTaHeT paBHBIM Hymo? Jlo 3aMbIKaHHS KIOYa
KOH/IEHCATOp B CpPeIHEH BETBH OBUI 3apsDKEH, a

K
R KOHJIGHCATOp B BEPXHEH BETBU -- pa3psiKeH.
—
lﬁ__.,
Puc.12.26 _1
+-E L
12.20. HalinuTe  HampskeHHE  Ha b_&
koHneHcatope (puc.12.27) xak QYHKIUIO V28 3E |+
BPEMEHH, €CIH KITIOY 3aMBIKAeTCS B MOMEHT — —. P =
t=0. l N !
K
Puc.12.27

12.22.

Puc.12.28

IIpu  kakux

HU3MCHCHUC

12.21. Haiinute HanpspkeHHE Ha KaTyIIKe
MHIYKTUBHOCTH (puc.12.28) kak (QyHKIHIO
BPEMEHH, NPOTEKIIEro MOCHe 3aMbIKaHHUs
KJIIoya.

K
3HAYCHUIX R }
E

HaIPSXKECHUA

Ha 1=

UHAYKTUBHOCTU IIOCJIE 3aMbIKaHUA KIIrO4Ya

Oynet anepuoamueckum (puc.12.29)?

Puc.12.29
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Cll___ &

E(t)=Ussin(ot+a)

r

12.23. KakoBo MOMKHO OBITE (X , YTOOBI
npu 3aMblkanuu Kmoua B MomenT £ =0 B
nemnu (puc.12.30) cpasy  HAaCTyIuI
YCTaHOBUBIIUHCS pexuM?

| |
— r—{:]_q Y
R. L
Puc.12.30 oL
. +
12.24. Haiimute Tok uepe3 pesuctop R —== 2R
(puc.12.31) mocie 3ambpIKaHWs KIIOYa, E SR
€CJTH HaYaJIbHbIE TOKH B MHAYKTHBHOCTAX
PaBHBI HYJIIO, & MATHUTHON CBSI3U MEXIY /\ K
&

KaTylmKkaMy HET.

Puc.12.32

Puc.12.31

12.25. Pyounsauk K (puc.12.32) 3aMKHYT B
TEUYCHHE MPOJOJDKUTEIBHOTO BpPEMEHH H
pa3mbikaetcs B MomeHT (=0. Haiinute

HanpskeHue Ha pyounsauke U (f) .
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12.26. Haiinure manpsoxerme U(r) (puc.12.33) Ha

IIpaBOM KOHJAEHCATOpE, €CIU B MOMEHT f = 0 xmrou

K: a) 3aMbIkaeTcs, 6) pa3MbIKaeTCs.

R o\
+l ‘ : R

| E
3C

2C T

Puc.12.34

F\CW—

Puc.12.33

12.27. Yepe3 kakoli IPOMEKYTOK BpEMEHH I10CJIE 3aMbIKaHUS KJIIOYa B CXEMeE,

n3o0paxxeHHOH Ha puc.12.34 HanpsbkeHue Ha KoHjeHcatope 3C

HauMEHBIINM?

\
12.28. Haiinure Tok uepe3 pesucTop 3R - o

B cxeme Ha puc.12.35 mocne 3amMBIKaHUS C

KJII04Ya, €CIIM HauaJlbHbIe HANPSHKEHUS Ha
BCEX KOH/IEHCATOpaxX PaBHBI HYO?

Oymer
" C/2
—__ 1
c2—
3R
R

Puc.12.35
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12.29. HaiinuTe TOK 4epe3 CONpOTHUBICHUE

E
- 22 R (puc.12.36) kak GYHKIHIO BpEeMEHH,
r L IIPOTEKIIIETO IT0CiIe 3aMbIKaHHs Kitoya K.
e
K L R Ky
R, l
-dE L
Puc.12.36 T R
-
g S|

12.30. Kak Oymer M3MEHATHCA CO BpPEMEHEM
Tok [ B 1enu, MpPeACTABICHHOM Ha Puc.12.37
puc.12.37, mocne 3amMpIKaHUsI KiTtoda?

BblHyJICdeHHble Konebanus 6 Uenu nepemennozo moka

12.31. [IBa xomgencatopa C; u C, u
COMPOTHBIICHUE R COCMUHEHBI 1O CXEMe,

R
-I l nokazaHHoi Ha puc.12.38. Onpenenure cuity
Ci TOKa  4Yepe3  CONpPOTUBIICHHE R u
}_‘ konaeHcatop C;.
c, A P L1

5 e

C r
puc.12.38
12.32. Tlpy KakoM COOTHOIICHHH MEXIY
YaCTOTOH NepeMEeHHOro Toka (W U r L
napamerpamu cxemsl (puc.12.39) r,L u C 7
caBUr (a3 MexIy HampsHKeHHeM H TOKOM Prc.12.39

Yepe3 UCTOYHUK OyZIeT paBeH HYIO?
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| R
Cc
U=Ussine Lh 12.33. HaiignTe 3aBUCHMOCTH OT YacTOTHI
14
S
6 L

aMIUTMTY/bl HamnpspkeHHs VB cXeMe,
Moka3zaHHOH Ha puc.12.40.

Puc.12.40
12.34. Haiiaure momrHocTh W, paccenBaeMyro
B CXeMe, IT0Ka3aHHOH Ha puc.12.41.

ol’ Puc.12.41
. 12.35. KakoBa gomkHa OBITH  €MKOCTH
R KOHJ/IEHCATOopa C, YTOOBI MOILHOCTE,
C BhIZICTSIeMasl B ILICMH, HM300paKCHHOW Ha
Uocosot puc.12.42, Opia makcumanbHa. Haitnure sty

_ MaKCHMAJIbHYIO MOIIIHOCTb.
R L)
R C
Puc.12.42 L lsz R

,a j
12.36. Haiinure caBur a3  MexmIy — U

Hanpsokeausmu U, u U, B cXxeme,

TOKa3aHHOH Ha puc.12.43.
Puc.12.43
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12.37. Haiinute casur ¢a3 Mexny Tokamu 1,

u I, B cxeMe, NOKa3aHHOU Ha puc.12.44.

Puc.12.44 r C
12.38. Haiinute cnBur ¢a3 MexAy HaNpsHKEHUSIME ___J”'—‘l l*"\

U, u U, B cxeme, NoKa3aHHOI Ha puc.12.45. U,

__9_12

’ag

Puc.12.45

12.39. Haiinute caBur ¢a3 Mexay TOKaMu

Puc.12.46 o
I, m I, B cxeme, IOKa3aHHOM Ha

puc.12.46, eciau u3BecTHO, uTO cABUI (a3 MexIy Tokamu [; U I, paBeH ¢.

BHCMGHTH, 0003HaYCHHBIE *, HUMCHOT HCU3BCCTHBIC, HO OTMHAKOBBIC UMIIC/TAHCHI.
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12.40. Haiigure 3Hawemus L;,L;,C;, __737___’

IpU  KOTOPBIX IIeb, IIOKa3aHHas Ha Q—{ L G
puc.12.47a, Ha mr000H wyacToTe BemeT rDL/ZI,W

cebsl Tak JKe Kak IeMb, MOKa3aHHas Ha a

puc.12.476. ecnm mapamerpsl Ly,L, u

C, U3BECTHBIL. L,
Lo

G2

Puc.12.47

12.41. B moment =0 xoHTyp r,L

3aMbIKaeTcsi  HakopoTko  (pumc.12.48).

Onpez[eJmTe BCIIMYNHY TOKa B 3TOM

- KOHTYpE.
U —Esin(o)tﬂV?

Puc.12.48

12.42. Haiigute caBur ¢a3z MexIy

Hanpsokenusmu Uy u U, B cxewme,

TOKa3aHHOH Ha puc.12.49.

Puc.12.49
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Puc.12.50
12.44. Haiigute cusur a3
Hanpsokeawsasmu U, mw U, B

MOKa3aHHOH Ha puc.12.51.

Puc.12.52

ammutyasl U, . IIpu HekoTopom R B cxeme

BBIJICIISACTCA HanOoIbIIas

Haiigure 3Ty MOIIHOCTSG.

MOIITHOCTB.

12.43.
BO3MOJKHBIH CIBUT (a3 MEXAy TOKaMH
I, n I,

puc.12.50. Tlpu kakoif wacToTe

Haiigure MaKCHMaJIbHO

B CXeMme, IIOKa3aHHOW Ha
OH

nocturaercs?

7

—

L
—799
.
r
—997?@
., —

Puc.12.51
Cxema

MEXIY
cxeme,

12.45.
HpI/ICOe,IH/IHeHa K
BJIC

(prc.12.52)
HUCTOYHUKY

TIepEMEHHON 3alaHHON

Puc.12.53
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12.46. Haiigute CpenHIO0 MOIIHOCTh, OTJAAaBAEMYyH) HCTOYHHKOM B CXEMe,

ToKa3aHHOM Ha puc.12.53.

12.47. Haiimure casur a3 ¢ Mexmy Tokamu [, ¥ [, B cXeMe, IOKa3aHHOH Ha

puc.12.54.

I
— -1

— |

L puc.12.55
] 12.48. Cumma Toka B Karymke L, B

cxeMme, MOKa3aHHOH Ha puc.12.55, paBHa

puc.12.54

I cosat . Haiinure D/IC.

12.49. Haiingute casur ¢a3 MexIy
HanpsHDKEHHEM Ha KOHJIEHCATOPE M TOKOM
yepe3 CONPOTHBIIEHUE r B CXeMe,
MOKa3aHHOH Ha puc.12.56.

Puc.12.56
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§13. DyIeKTPOMATHUTHBIE BOJIHBI

Kpam Kue meopemuveckue ceéeoeHus

PaccMorpuMm  cBOMiCTBa 9JEKTPOMAarHUTHOIO TIOJS,, CYILECTBYIOLIEIO B
OJHOPOAHOM (€=const, [l=const) He3apsKeHHOM (P = 0) audnexrpuke. U3 cuctemsl

ypaBHeHI/Iﬁ Maxkcsenna st HaAPsHKECHHOCTHU SJICKTPHUYCCKOT'O IO MOXKHO ITOTTYYUTH
TaK Ha3bIBAEMOC 60JIHOB0€ ypaesHeHue:
P
- 1 0°E
c” ot

-1/2

rone ¢ = (&S‘OIUIUO) . AHanoruuHoe YpaBHCHHUE CIIPAaBCAJIMBO U JISI HAPS)KEHHOCTU

MarHuTHOTO TIOJISL B JUAJIEKTpUKE (MM B BaKyyMmMe, 4yeMy COOTBETCTBYeT €=l=1). B
o0IeM ciy4ae BOJHOBOE ypPaBHEHHE OIMCHIBAET HEKOTOpOE BO3MYILCHHE
3NEKTPOMArHUTHOTO TIOJISI, PACTIPOCTPAHSIOLIEECS B CPENIE CO CKOPOCTBIO ¢, KOTOPYIO
OOBIYHO MPEJCTABIISIOT B CICIYIONIEM BHJIE:

c=—0 (13.2)

1
=
’ VEokHo

Onpez[eneHHa}I TaKUM 06p3.30M KOHCTaHTa ¢y €CTh HC YTO MHOC KaK CKOpoCmb ceema

=3.10% m/c. (13.3)

6 eakyyme. COOTBETCTBEHHO, BblpakeHHe (13.2) omucelBaeT  CKOPOCTh
pacIpocTpaHeHHs 3JIEKTPOMArHUTHBIX BO3MYIICHHH B AUIIEKTPHUKE, KOTOPAs B 4/ EU

pa3 MCEHBIIE CKOPOCTU CBETAa B BAKYyME€. HHH OJICKTPOMAariMuTHBIX BOJIH BHUIHUMOI'O

ramna3oHa, KOTOPBIE MOTYT PacHpOCTPaHATHCS B AMAICKTPUKAX C U=1, TPUHATO
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BBOJUTB NOKA3amenb NpeioMAeHUs CPelbl n = Je , TIOKa3bIBAIOLINNA BO CKOJIBKO pa3
JITAaHHOE BEILIECTBO YMEHBIIIAET CKOPOCTH BOJHBL

BakHpIM 4YacTHBIM ciyyaeM OOIIEro peIIeHHsS BOJHOBOTO YpaBHEHUS
SIBISIETCSL MJIOCKAS MOHOXPOMAMUYECKAs, dNeKMPOMASHUMHAS 80AHA, TIONE KOTOPOH
OITMCHIBACTCS CIETYIOINMU (QOpMyIaMu:

E=Ea cos(ar —kz), (13.4)
H =H 4 cos(ar—kz), (13.5)
rae EA nu ﬁ A — AQMIUIMTYAHBIC 3HAUYCHUSA HANPSIKCHHOCTU DJJICKTPUUYCCKOIO H

MarHiuTHOIO IIOJIA, ( — KpyroBasd dYacTroTa BOJIHBI, a k — ee sonnosoe qucio,
OIPCACIICHHOC TaK:

P2 27 (13.6)

A — mmHa BonHBL B Beipaxkenusix (13.4-5) xoopauHATa 7z OTCUMTHIBACTCS BOJb
HaNpaBJICHUS] PAaCIPOCTPAHEHUS BOJIHBI. BaKHOCTh PacCMOTPEHHUSI CBOIMCTB INIOCKHX
MOHOXpPOMAaTHUYECKUX BOJIH CBsSI3aHa C TE€M, YTO MPUHIUI CYNEPHO3ULUU MO3BONIET
MIPEACTaBUTh MPOU3BOIBHYIO 3JICKTPOMAarHUTHYIO BOJHY B BHJEC CyMMBI (B 0OIIEM
cirydqae — 0ECKOHEYHOH) TNIOCKMX MOHOXPOMaTHYECKUX BOJH.

Kak cnenyer u3 ypaBHeHMil MakcBeina, 3JEKTPUYECKOE U MAarHUTHOE I10JIE
IJIOCKOM ~ MOHOXPOMATHYECKOW  DJIEKTPOMAarHUTHOM  BOMHBL  HE  SIBIIAIOTCH
HE3aBHCUMBIMH, a CBA3aHBI CICAYIOIINM COOTHOIICHHEM:

Jego nEl = uu, H (13.7)

rme n — e}.'[PIHPI‘IHLIﬁ BCKTOD, 3az1a10n11/1171 HalpaBJICHUE PACIIPOCTPAHCHUSA BOJIHBI.

-

Takum obpa3om, BekTopbl 7, E w H B KaXIOelii MOMEHT BpPEeMEHH OOpa3yioT
MpaByl0 TPOWKY, T.e. IUIOCKAs SJIEKTPOMAarHUTHAs BOJHA SBJSIETCA IONEPEYHOM:
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—

BeKTOppl E 1 H nexar s TUTIOCKOCTH, TIEPIEHANKYISIPHOW HAINPaBICHUIO
pacmpoOCTPaHECHHUS BOJHEI, U KX KOJICOAHHUS SBISIOTCS CHH(DA3HBIMU.

[TockombKy W 3JEKTpHYECKOE M MAarHUTHOE TIIOJIe OOJIafaroT OIpeIeIeHHON
SHEprueil, HJIEKTPOMArHuTHAasE BOJHA TMEPEHOCUT OHHEPrHi0 B IMPOCTPAHCTBE.
OO0BeMHasI IIIOTHOCTH YPHEPTHH, TTIEPECHOCUMOH 3JIEKTPOMArHUTHOW BOJIHOM, paBHA

w=egg,E*. (13.8)

Ilnomunocms nomoxka snepauuy HMEKTPOMATHUTHOHN BOJIHEI, T.€. YHEPTUs, IEPEHOCHMAs
BOJIHOM 3a €IMHUIlYy BpPEMEHHU 4Yepe3 €IUHUYHYIO IUIOMIAJKY, MEePHeHIUKYISIPHYIO
HaIPaBJICHUIO PACIPOCTPAHEHHS BOJIHBI, XapakTepu3yeTcs sexmopom llotinmunea:

I1=[E H] = wen. (13.9)

Kak cnemyer u3 (13.4), (13.8) u (13.9), 3Hauenne Bexkropa [IoMHTHHTA OCIIILTHPYET C
gactoror 2. Hanmpumep, mis 3JIeKTPOMArHWTHBIX BOJIH BHIMMOIO IHAlia3oHa 3Ta
4acTOTa COCTAaBJISIET TOPSIKa 10” pan/c. ITosTomy, wacto ObiBaeT Ooiee yMECTHO
TOBOPHUTH O CpPEIHEW 3a TEPUOJ IUIOTHOCTH IOTOKA JHEPTUU DIICKTPOMATHUTHOMN
BOJIHBI. DTa BEJIMYMHA HA3BIBACTCS UHMEHCUBHOCHbIO DIICKTPOMArHUTHON BOJIHBI U
OIPENENIACTCS CICAYIOIUM 00pa3oM:

T
1=(m), E%J.Hdt, (13.10)
0

rae T =27/@ — nepros BOMHBL

B cucreme CU WHTEHCHBHOCTH JJIEKTPOMArHUTHOH BOJHBI M3MEPSETCS B
“ 2
sammax Ha keadpamuulii memp (Bt/m”).

Mpumep 13.1. VcToyHMK H3ITydaeT 3JIEKTPOMATHUTHYIO BOJHY C YacTOTOH @ B
HalpaBJCHUN NpPUEMHUKA, PAaBHOMEPHO [BIDKYILIETOCS CO CKOPOCTBIO V, MHOTO
MEHBIIIEH CKOPOCTH CBETa, BAOJIb MPSAMOM, COCNMHSIONIEH HCTOYHUK M MPUEMHUK.
KakoBa Oyzmer yacToTa 371€KTpOMarHUTHOH BOJHEI, pETUCTPUPYEMOH TPUEMHUKOM?
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a 1
v z
0 ﬂW"‘ —*—{)—6,——- ~, Pewenue. TlycTh UCTOYHUK H3IIy9acT BOIHY B
© HampaBieHun ocu OZ (cm. Puc.13.1). Torma B

CHUCTEME KOOPIUHAT, CBS3aHHOW C UCTOYHHKOM,
Puc.13.1 HAIPSOKCHHOCTh  JJIEKTPUYECKOTO IONIS  DTOM
BOJIHBI ONUCBIBaeTCs BeIpakeHueM (13.5):

E(z,1) = E a cos(aX —kz),

e @
rae t — Bpems, Ea - AMIUTUTYAHOC 3HAYCHUEC HAIPS)KCHHOCTH, k =— — BoOIHOBOE
c

YHCII0, a ¢ — CKOPOCTh CBETA B Cpeie, T/I€ paclpoCTpaHsaeTCs BoiHA. BBeneMm cucremy
KOOPJIMHAT, CBA3aHHYIO C MIPMEMHHMKOM Tak, 4ToObl e och O'Z’ Oblla HapaiienbHa
ocu OZ. Torma «IUTPUXOBAaHHbIE» M «HEIITPUXOBAHHBIC» KOOPAMHATHI CBSI3aHbI
COOTHOIIEHHEM

- (13.11)

IJie CKOpPOCTh V CUYUTAETCA TOJOXHUTEIHHOW, €CITU TMPUEMHHUK TNPUOMXKAeTCS K
HCTOYHUKY U OTPULATENBHOM — eciau yaansercs. [[ns omucaHusi 3JIEKTPUYECKOTO
TIOJIT BOJIHBI B <«IITUXOBAaHHOW» CHCTEME KOOPJIWHAT, CBS3AHHONH C NPHUEMHHKOM,
noactaBuM (13.11) B (13.4):

E(z' , t) = EA cos[a)t - k(z'—vt)] = EA cos[(a)+ kv)t - kz'] .

[0
Bemomunast, 9to k = — , OKOHUATEIHHO MOTyIaeM
c

—

- v
E(z',1)=E 4 cos (1+—]a)t—kz'
&
Kak Bumno m3 (13.4), xpyroBasi gyactoTa BOJHBI €CTh MHOXHTEIh NPH BPEMCHH B

apryMeHTe rapMoHudeckol (yHKIMu. B mocnenHeM BbIpaKeHHHM COOTBETCTBYIOIINM
MHOXHUTENb PaBEH:
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=1+ (13.12)
c
3T0 ¥ €CTh YaCTOTa BOJHBI B CHCTEME KOOPIUHAT, CBA3aHHONW C IPHEMHHUKOM, TO €CTh
HCKOMas perucTpupyeMast 4acTora.

W3meHeHne  perucTpupyeMoil NPUEMHHMKOM  4YacTOThl  BOJNHBI  IIPH
OTHOCHTEJILHOM JBIDKCHWM NPUEMHHKAa M MCTOYHHMKA BOJIHBI Ha3bIBaeTcs d(hQEeKToM
Jlonnepa. OH UMEET MECTO HE TONBKO TSI 3JEKTPOMAarHUTHBIX BOJH, HO BOOOIIE ISt
BOJH 00O TpHposbl, HampuMmep — 3BYKoBbIX. Kak BuaHo wu3 (13.12),
perucTpupyeMasi 4acToTa OONbIIE YacTOTBl, ¢ KOTOPOH M3Iy4aeT HMCTOYHMK, €CIH
MPUEMHUK NPHONMKACTCS K MCTOUYHMKY M MEHbBIIE — €CIHM yAAIsIeTcs. DTO MOXKHO
3aMETUTb, HAIIPUMED, CPABHUBASI [IIyM NPUOIIKAIOMIETOCS U YAAISIOMETOCs M0e3a.

Hpumep 13.2. OueHuTh NPH KAKOW HHTCHCHBHOCTH 3JEKTPOMATHHUTHOW BOJHBI
HAIPSHKCHHOCTh €€ 3JICKTPHYCCKOTO IOJIST CTAHOBUTCS CPABHUMA C HAPSIKCHHOCTHIO
BHYTPHUATOMHOTO TIOJISL.

Pewenue. T10CKONBKY B YCIOBHH PeYb HIET 00 OICHKE U THII aTOMa SIBHO HE YKa3aH,
BBIOEpEM caMblii TIPOCTOM — aToOM BOJOPOJA, COCTOSIIUK W3 OIHOTO TPOTOHA W
omHOTO AeKTpoHa. COrTacHO KIIACCHYCCKOH MOJICITH aToMa BOAOPOJA, SJICKTPOH

BpallaeTcs BOKPYT IMpPOTOHA IO KPyroBoil opburte pammycoM ao=0,53-10"" wm,

KOTOPBIN HAa3bIBAIOT OOPOBCKMM paanycoM. CremoBaTellbHO, HANpPSHKEHHOCTh FE

ANIEKTPUYECKOr0 TIOJIST MPOTOHA BO BCEX TOYKAX OJICKTPOHHOW OpOWTHI paBHa MO
MOZYITIO

1 e

E. = ~,
47[80 ao

1

TZIe e — 3aps/ IPOTOHA, PaBHBIN 3JIEMEHTAPHOMY 3apsiiy.
Ilycte Ha Takoif aToM BOAOpOAA MaJaeT IUIOCKash MOHOXpOMaTHUYEeCKas

AJICKTPOMArHUTHAs BONHA. HampsokeHHOCTh E  DIEKTPUYECKOrO TOJS 3TOH BOIHBI,
onuchiBaeMasi  BeIpakeHueM  (13.4)  cpaBHHMBaeTcs ¢ HANPsHKEHHOCTHIO
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BHYTPUATOMHOI'O 1MOJId, €CJIM €€ aMIUIMTYJHOC 3HAa4YCHUC Ea CpaBHHUBACTCA I10

Monymo ¢ E;. Jlma Toro, d4roOBl oOmpemenuTh — KakoBa OyZeT TpH 3TOM
WHTEHCHBHOCTb BOJIHBI /, Bocrionb3yeMmcst popmynamu (13.9-13.10):

I=<H>r =c0<w>r .

Tak xak B HameMm ciaydae € =1, To cornacHo (13.4)
1
I=¢, <E2> = gocoEf, <cos2 a)t> :ESOCOEE,.
r r

VYunteiBas, uto £, = E; , OKOHYaTEIbHO HAXOAUM

2

[=— %%
2, 4°

32w gya

roec [T uw - COOTBCTCTBCHHO, IIJIOTHOCTH ITOTOKAa SHEPruv u 00bEeMHas TUIOTHOCTD

SHEPrHM BOJIHBI, a YIJIOBBIMH CKOOKaMH OOO3HA4YEHO YCPEAHEHHE II0 BPEMEHM Ha
MIPOMEXXYTKe, paBHOM nepuony BonHbl 7. [loxmcraBmsis B monydeHHY0 (GopMyiy

TaOJIMYHBIC KOHCTAHTHI, TIOTyIHM UCKOMYIO OICHKY: [ = 10% Br/v>.

IMpumep 13.3. [lnockas MOHOXpOMATHYECKAsT IEKTPOMATHUTHAST BOJIHA HOPMAJIbHO
majiaeT 13 BaKyyMa Ha IUIOCKYIO MOBEPXHOCTh MPOBOJHKKA. YeMy paBHO cpeaHee (3a
MEpUOJI) IaBJICHUE 3TOM BOJHBI HA TMPOBOJAHUK, €CIM MHTCHCUBHOCTH BOJNHBI — [?
CunTaTh, YTO BOJIHA MMOJHOCTHIO MOTJIOIIACTCS.
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Pewenue. PaccmoTpum ¢usnuecku
OCCKOHEYHO Mallblii 00beM MpoBomgHUKA dV,
PACIIONIOKECHHBIA Ha ero moBepxHocTh. [lycTh

Bektopa E u H mnapamomed BOJHBI

s

dl
f\A onpezaensercs 3akoHoM Oma:
—~
ds, V_| av - E
J= >
Puc.13.2

HalpaBJICHBl Kak TMoKa3aHo Ha Puc.13.2.
DNEKTPUYCCKOE TIIOJIC BONHBI BBI3BIBACT B

-

MPOBOAHHUKE TOK, IUIOTHOCTH KOTOPOTO j

rac A— MMPOBOAUMOCTL ITPOBOJAHUKA. Tak kak

B DJJIEKTPOMArHUTHOM BOJIHE BEKTOpbl E W H Bcerma OpTOroHajbHBI, 3TOT TOK
MIPOTEKAET B HAIPABICHHUH, MEPICHIUKYIIPHOM HANPSKCHHOCTH MAarHUTHOTO TIOJS
nagaromei BomHbel. CJeqoBaTENFHO, 3TO MAarHUTHOE IONIe OymeT IeHCTBOBAThH Ha

MPOBOAHUK C TOKoM c cwiod Ammepa (7.2). Ilocumraem cmry Awmmepa dF
JICHCTBYIOLIYIO Ha 00beM npoBoxHUKa dV:

dF = |1, Bl= paslai. H |
rae E — HUHIOYKIUS MarduTHOTO IIOJIA BOJIHBI, u — MarbdvTHas ITPOHUIIAEMOCTH

MIPOBOJIHUKA, dz — BeIcOTa 0o0BeMa dV (cM. pumc.13.2), a dJ=}-d§1 -

JJIEMEHTApHBIA TOK, MPOTEKAIOIIMN Yepe3 BEpPXHIOI MOBEPXHOCTb dSi1 3TOro
oobema. C y4eToM BBEJCHHBIX O003HAYEHHWH IEpenuileM IOociIeJHEee BhIpaKEHHE B

CJIEIYIOIIEM BHIE: d;: = ,u,uo(;’,ds" 1 1d2,ﬁ . Tak xak ; rapajiesibHa dz , TO

dF :yyo(dz,dgll},l_-f = uuydv ;ﬁ .



246 §13. Dnexmpomacnummusvie 601HbI

HaHOMHI/IM, YTO BEKTOP HANPSIKEHHOCTH MAarHUTHOIO IIOJIA NMEPINEHAUKYISIPEH E u

IT (13.9), mosToMy BEIpa’ke€HHE IJIs1 CHIIBI MOJKHO IIEPEIIICaTh B BUIE

dF = s %oodv[;[;,g]L,/roﬂﬂodv{;(;,f)_f(;,;)},

rZe € — OUIJIEeKTPUYecKas MPOHUIIAEMOCTb CPEeIbl, ¢ — CKOPOCTh CBETa B HEMl, a n —

GHI/IHI/I‘-IHHﬁ BCKTOD, saz[alomm‘/i HalpaBJICHUEC PACIIPOCTPAHCHUS 3J'I€KTpOMal"HHTHOI>i

BOJIHBI. YYUTHIBas HAlpaBIEHUE BEKTOPOB E, j U n , NOIy4UM
1 .
dF ==dV(jE).
C

B cumy 3akona JDxoyms-Jleana (6.10), mporexkaHwe IO TPOBOIHHKY
SNIEKTPUYECKOr0 TOKA BBI3BIBACT BBIJCJICHWE B HEM Tera. IIpy 3ToM B TEIUIOTY
IPEeBpAIAeTCs SHEPrys NaJaolieil BOIHEL, COBEPLIAIONIEH paboTy 10 NepeMenIeHHIO
3apsoB B NpoBopHuKe. [lamee OyaeM Aisl MPOCTOTHI CUMTATh, YTO BCS SHEPIus
BOJIHBI TOIVIOIIAETCS IIOBEPXHOCTHBIM CJIOEM IIPOBOAHMKA. Torma MbI MOXeM

npupaBHiATh 3Hepruto dWpy =wdV  (w — o0beMHas IUIOTHOCTh 3SHEPTHUH),

NPUHOCHMYIO BOJIHOW BHYTpPh dJieMeHTa o0beMa dV 3a Bpems df, W SHEpruio

dWbe = (j, E )dth, BBIICIISIIOLIYIOCS. B HEM 3a 3TO BpeMs B Buje Jloynesa Teruia.

CrnenoBarenbHO, BBIpaXXCHNE IS CHITI d F' MOXXHO TIepenncaTh B CIEAYIOIIEM BHIE:

- aw .. - -
dF=l ZZ"'cn=dWEMn
c dt cdt

Hanomuum, uro cdt =dl v dWgy,, = wdV , otkyna

dF =wdV = s,
dl
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rne dS, — miomans OOKOBOH MOBEPXHOCTH dJieMeHTa o0beMa dV, OpHEHTHPOBaHHOMN
HEePIEeHINKY/IAPHO HAIIPABICHUIO PACIIPOCTPAHSHNUS BOJIHBIL.

Wrak, MBI Hamum cuiy Amrepa, JEHCTBYIOUIYIO CO CTOPOHBI IMaJarolei
AJIEKTPOMArHUTHON BOJIHBI Ha 3JeMeHT o0bema dV mpoBomHuka. [lo ompeneneHuto,
JIaBJICHNE €CTh OTHOIICHHE HOPMAJILHOIM MPOEKIIMN CHIIBI, AEHCTBYIOIIEH Ha 3JEMEHT
MOBEPXHOCTH TeJa, K IUIOLIAAN 3TOro 1eMeHTa. TakuMm 00pa3oM, aBleHHEe p BOJIHEI
Ha MTPOBOJTHHUK PABHO:

dF,

n

as,’

p =
wm coriacHo (13.10)

pP=—,
C
rae IT — IoTHOCTE MOTOKA 3HEpruH BONHBL Tak Kak IO YCIOBHIO TpeOyeTcsl HalTH
CpeiHee JaBJieHHE, HEOOXOIMMO YCPEIHHTh MOCIEIHEe PABEHCTBO MO MEPHOILY
3HeKTpOMaFHI/ITHOﬁ BOJIHBI:

(o ==L

C C

Hpumep 13.4. Ilnockas  MOHOXpPOMATHYECKash  DICKTPOMATHUTHAs  BOJHA
pacmpoctpansiercss B Bakyyme. JliuHa BomHBI — A=1 M. Ha ee myrm Haxomurcs
aHTEHHA, COCTOsSIAs W3 JBYX OJHMHAKOBBIX 3a3€MJICHHBIX MPOBOSIIMX CTEP)KHEH,
OpPHEHTHUPOBAHHBIX ITapajUIeIbHO HAaNpaBiIeHWIO0 KoieOanuii Bekropa E BomHBI U
OTCTOSIILIMX ApPYr OT Apyra Ha paccTtosiHue d=50 cm. BosHukawoomas npu 3ToM
MaKCUMaJIbHAs Pa3HOCTH IOTEHIINAIOB MEXAY He3a3eMIICHHBIMHA KOHIIAMH CTep)KHEH

max

cocramger AU, =20MxB. Yemy OynmeT paBHa 3Ta pa3HOCTh IOTEHIHATIOB B

ClIydac mnaACcHUs Ha AaHTCHHY IUIOCKOM MOHOXpOMaTH‘-IeCKOﬁ 3J'I€KTpOMal"HHTHOI>i

BOJIHBI C TAKOM 7K€ MHTEHCUBHOCTBIO U JJIMHON A,=3 M.



248 §13. Dnexmpomacnummusvie 801HbL

Pewenue. ITockonbky CTEePKHH
OpPHEHTUPOBAHBI MapaUICIFHO HAIIPABICHUIO

KoeOaHuH BEKTOpa E 3JIEKTPOMarHUTHOMN
BOJIHBI, OHH MEePHEeHAUKYIISPHBI
HallpaBJICHUIO €€ PacnmpocTpaHeHUs (CM.
puc.13.3). CrnemoBaTenbHO, B  KaKIbli

MOMEHT BpPEMEHHM KaXIbli W3 CTEpKHEH

HaxoAuTcsa B OAHOPOAHOM DBJICKTPUUCCKOM

none. IlycTh Kaxablil CTEpKEHb UMEET IIIUHY

Puc.13.3 . Torma moreHuuans! U;, BEpXHUX KOHIIOB

CTEp>KHEH CBA3aHBI C HANPSHKEHHOCTAMHU E 5

JNIEKTPUYECKOr0 MO BOJAHBI B COOTBETCTBYIOIIMX IOMEPEUHBIX IMIOCKOCTSIX
CJIEAYIOMINMH COOTHOIICHUSIMU:

U1,2 =_E1,2l. (13.13)

31ech Y4TE€HO, 4TO BEKTOpa El,z napajulebHbl CTEPXKHSIM, a HIKHUE KOHLIBI
CTep)KHEH 3a3emJyieHbl, T.e. MMEIT HyJIeBOW moTeHUuan. HanpsbkeHHOCTh
BJIEKTPUYECKOr0 TIOJNSl TUIOCKOM MOHOXPOMATHYECKOM AJIEKTPOMAarHUTHOW BOJIHBI
onuchIBaeTcs BelpakeHueM (13.4):

E(z,1) = E a cos(aX —kz),

—

rae z — MOpoAoJjibHasg KOOpAWHATA, r — BpeMs, EA — AMIUIMTYAHOC 3HA4YCHHUC
2
HAIMps’)KECHHOCTH, a k= 7 — BOJIHOBOE€ YHCJIO. BBCI(CM KOOpAWHATHYIO OCb OZ Tak,

4YTOOBI KOOpAKHATA IIEPBOTO CTEPXKHS ObUIa paBHa Hy0. Torna u3 (13.4) nmeem:

El :EA cosax ; Ez :EA cos(a)t—kd).
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CrnenoBareNibHO, PA3HOCTh IOTEHIMANIOB MEXKAY HE3a3¢MIICHHBIMH — KOHIIAMU
crepxHel ¢ yaerom (13.13) paBHa

AU =U,~-U, =Il(E, —E,)= 2EAlsin%sin ax—%

OTcrofia BUAHO, YTO 3Ta Pa3HOCTh MOTEHIMAJOB OCILIJUIUPYET C YacTOTOW @, a ee

MakcuManbHoe 3Hadenne AU ™ pasHo:
. kd . 7d
AU™ =2F,Isin— =2E lsin—.
2 A
WtaKk, MCKOMas pa3sHOCTh MOTEHIUAIOB ACHCTBUTEIBHO 3aBUCUT OT JIJIMHBI

BONHBL, @& OTHONIEHWE pasHocTeil  moreHmmanoB AU™ u AU,

COOTBCTCTBYIOIINX AJIMHAM BOJIH 7L1 u 7\.2, PaBHO:

. d

sinz —

AU ™ B A,
AU, sin7zi

Beipaxkas orctoma AU i“"”‘, MIOJydMM OKOHYATEJbHBIH OTBET  3aJayM.

I[TocTaHOBKA YMCICHHBIX JAHHBIX U3 yCIOBUs qaet pesynprar AU ™ =10 mkB.

Ipumep 13.5. Ouennre NONEepedHy0 KOMIOHEHTY JIEKTPUUECKOro MoJjis 3apsia ¢, B
TEYCHHUEC HEOONBIIOr0 MPOMEXKYTKa BPEMEHH JBHTABIICTOCS PABHOYCKOPEHHO C
ycKOpeHueM  a.  Ilpumeuanue:  TIOEPEYHBIM  CYMTACTCS  HAMpaBJCHUE,
MEPICHANKYISPHOE OTPE3KY, COCTUHSIOMIEMY 3apsa U TOYKY, TIIe paccCMaTpUBACTCS
€ro AIEKTPUIECKOE MoJIe.
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Pewenue. JIyi1 Havama KOHKPETHU3UPYEM 3aKOH JIBHXKCHHUA 3apsga. VTak, mycTh OH
mpu <0 TmokomJICs B Havyajie KOOPAMHAT, IOTOM B T€UYEHHE HEOOIBIIOTO IMPOMEXKYTKA
BpeMeHH At paBurancsi BAodb ocu Ox C
3aJaHHBIM  YCKOpEHHEM ¢, TIOCIe  Hero
MIPOJIOIKAJ IBHKCHUE B TOM YK€ HAIIPABJICHUU C
HaOpaHHOM CKOpPOCTBIO. PaccMoTpuM KapTHHY
CWIOBBIX  JIMHUA  DIICKTPUYECKOrO IO,
CO3aBa€MOT0 3TUM  3apsiiOM B  MOMEHT
BpeMeHU [, >>Ar. Kak wusBecTtHO, It00bIe

3JIEKTPOMarHUTHBIE BO3MYILCHHUS
pacmpoCcTpaHsioTCs B MPOCTPAHCTBE  CO
CKOpOCTBIO  cBeTa ¢y  (paccmarpuBaeM

YEIMHEHHbIM 3apsa B Bakyyme). Ilostomy,
«H(pOpMaAMSI» O TOM, YTO 3apsi Hadal

Buratbcsi npu =0, K MOMEHTYy BPEMEHHU
Puc.13.4 A P : y ®p 0
OyoeT «HEeJOCTyImHa» 3a INpenesiamMHu cgepbl

paguyca R, =cyt, ¢ LEHTpOM B Hauaje KoopauHaT. Takum oOpa3oM, 3a ImpereraMu

9TOH cepbl NMEKTpUUEcCKOe Moje OydeT TOYHO TAaKHM, Kak IIONE€, CO3/1aBacMoe
3apsioM, MOKOSIIMMCSI B Hayajge KOOPAMHAT, T.€. €r0 CUJIOBBIC JIMHUHU DPagUalIbHO
pacxonsTes u3 Toukn O. PaccMoTpuM OJHY Takylo JIMHHIO, COCTABIISIONIYIO yroi 6 ¢
ocel0 Ox (cMm. puc.13.4). Kax ycTpoeHO »SIEKTPUYECKOE TOJIE€ YCKOPEHHO
JIBIDKYILIETOCS 3apsifia, MbI IIOKa HE 3HaeM. 3aTO HaM M3BECTHO, 4TO IpH ¢ > Af 3apsn
JIBUTAJICSI PaBHOMEPHO, cCO37aBasl IOJIe, KOTOPOE€ B KaXAbII MOMEHT BpEMEHU
BBIIVISIIUT KaK 3JIEKTPOCTATHUECKOE, HO MEPEeMEINaeTcsi BMECTe C 3apsanoM. Bryrpu
chepsl pamumycoM R, =c, (to —At) C LIEHTPOM B TOYKE, COOTBETCTBYIOILEH
MOJNOXKEHUIO 3apsifa B MOMEHT BpPEMEHH [y, <«WH(pOpPManus» O NPEKPAICHUU
YCKOPEHHOI'0 ABIDKEHMSI 3apsiia yXKe «I0ocTymHa». [[o3ToMy Ha MOBEPXHOCTH 3TOU
chepsl AIEKTPUUIECKOe MONE 3apifa g B MOMEHT BPEMEHHU [, ONPEIEISEeTCS €ro
MOJIOKEHUEM § B PACCMATPUBAEMBINl MOMEHT BPEMEHU:
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2
s=x(r) = @Jr alt(ty — At) = /] At <<ty I = atyAt . (13.14)

[TpoBenem BHYTpH MeHbLIEH Cepbl CHIOBYIO JHHHUIO, COCTABIISIOUIYIO Yrol 6 ¢ 0ChIo
Ox. Kaxk u3BECTHO, CUJIOBBIE JIMHHM 3JIEKTPUUYECKOTO MO MOTYT IPEPHIBAThCS
TOJBKO HA BJIEKTPHUYECKHX 3apsiiax. IlosToMy MBI IOKHBI 3aMKHYTh HAIlM JBE
CUJIOBBIE IMHUU OTPE3KOM JIOMAHOM.

Wtak, MBI YCTAHOBHMJIM, 4TO CYIIECTBYET W3JIOM CHJIOBBIX JIMHHUH
JNIEKTPUYECKOro MOJsl, ABMXKYIIUIICS B HampaBIE€HUHM «OT 3apsifa» CO CKOPOCTBIO
CBETa, NpPUYEM B MpEAeNax 3TOro M3JIoOMa IIOJIC HANpaBiI€HO HE IapajuleNbHO
HANpaBJIECHUIO €r0 ABUKEHUS. IHBIMU ClOBaMu, B Mpenenax U3JI0Ma IEKTPHUECKOe
MOJIE MMEET IONEPeYHYI0 KOMIIOHEHTY. TakuM o0pa3oM, 3TOT H3JIOM IO CBOUM
CBOMCTBAM HAIlOMHHAET JJICKTPOMATHUTHBIH HMMOYIBC, T.€. BJIEKTPOMArHUTHYIO

BOJIHY, OTpaHWYEHHYI0 B IIPOCTPAaHCTBE M BO BpEMEHH. I3 TreoMeTpHyYecKux

CcOOOpakeHMH MOXKEM HaWTH OTHOLIEHHE TIomepedyHod FE, u mpomonpHOH E)

KOMITOHCHT 3JICKTPUYCCKOTI'O I10JIAA 3TOI'0O UMITYyJIbCa:

E_L h  ssin@

E,; cyAt B coAt
unu ¢ yuetom (13.14)

E, at;sin®

E), Co

[Ipu 3TOM MPOMONBHYIO KOMIIOHEHTY 3TOrO TOJS MBI 3HAEM — 3TO OOBIKHOBEHHOE
KynonoBckoe noie Ha MOBEpXHOCTH MeHbINEH chepsr:

I gq

E =—-L.
! 47ey R;

W3 nociegHux AByX COOTHOLIEHUH CIENYET, 4TO
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atgsin @ a(Ry/cy)sin®  agsin@
E, =E, = E, = PR
Co Co 4rescy R,y

R
3/1ech yuTeHo, uTo 1) =~ —= u At <<t,.
o

VYuutsiBas, 4To R, — HE 4YTO MHOE KaK PACCTOSHHE MEKAY TEKYLIHM IOJIOKECHHEM
3apsgga M paccMaTpUBacMbIM BJICKTPOMAarHUTHBIM HMITYJIbCOM, a YCKOpPEHHE d
COOTBETCTBYET MOMEHTY BpeMeHH f=+0, MmepenuiieM NocIeqHion GhopMyIy B Ooree

o01IeM BHUIE:
E, (r,0,1) anfa(t—to) Z%a(t—r/co),
4reycyr 4reqcor

rAe r — TEKyllee pacCTOAHNUE OT 3apsaaa A0 TOYKHU, TAC «U3MEPACTCA» HAIPAKCHHOCTD
QJICKTPUYCCKOI'o moJid, a 0 — nojisipHast KOOpAuHaTa 9TOH TOYKH OTHOCHUTEIIBHO
HaIlpaBJICHUA ABUXXCHUS 3apsaa.

Hpumep 13.6. ITnockas MOHOXpPOMATHUYCCKAsT CBETOBAs BOJHA C WHTCHCHUBHOCTHIO I
MajaeT Mo yrioM 0, Ha TUIOCKYIO TPaHHMIly pasjielia Cpell, MOKAa3aTeiy MPEIOMICHUS
KOTOpPBIX paBHBI n; U n,. HailauTe WHTEHCUBHOCTH [p BOJHBI, OTPAXKEHHOW OT
rpaHuLbl pa3jiena, 1 UHTEHCUBHOCTD /7 BOJIHBI, MpoLIEAIed BO BTOPYIO Cpeay, Npu

—

YCIOBUHM, 4YTO B TAJalONICii BONHE KOJIcOaHUsS BeKTOpa FE  MPOUCXOAAT B
HaIpaBJICHUH, TapaJUICIIEHOM IIOBEPXHOCTH pa3zeiia Cpel.
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Pewenue. Beenem JICKapTOBY  CHUCTEMY
KOOPJAMHAT TaKUM 00pa3oM, 4YTOOBI ILIOCKOCTH
x0z SBIANIACh  MIOCKOCMbIO  NAOeHus, T.e.
IUIOCKOCThIO, ~ OOpa3OBaHHOM  HOPMadbld K

—(0
MOBEPXHOCTH pazfgena (ock Oz) U BEKTOpOM 1,

3aIalOIMM  HaIlpaBJICHUE  PaCIpOCTPAHCHHS
nagarouieit Bonusl (cMm. Puc.13.5). Konb ckopo no

—

YCJIOBHIO 3aaavu KojebaHus BCKTOpa E B

MaJaolEed BONHE MPOMCXOAAT B HAIpPAaBJICHUH,
Puc.13.5 napajjieJbHOM MOBEPXHOCTH pasjiejia Cpel, TO B

CUJy IONEPEYHOCTH  CBETOBBIX BOJH  3TO

HamnpaBleHUuEe coBmagaer ¢ ocblo Oy. CBETOBBIE BONHBL, B KOTOPBIX HAaIpaBIEHUE

KoJeOaHui BCKTOpa E NEPOCHAUKYJIIAPHO IIJIOCKOCTU MaACHHUSA HA3BIBAIOTCA S-
NOJNAPUIOBAHHBIMU. COOTBeTCTBeHHO, CBCTOBLIC BOJIHBI, B KOTOPbLIX HAIIPABJICHUC

—

KoneOaHni BekTopa E  JeXHT B IJIOCKOCTH TAJCHUS HAa3bIBAIOTCA -
noNApU308aHHbIMY. 3aMETHM, 4YTO JIOOYI0O BOJHY MOXHO IpPEACTaBUTh B BHIE
CYHNEPHO3HULIUY S- U p-TIONAPU30BAaHHBIX BOJH.

Ha rpanune pasnena AByX OUIJIEKTPHUKOB HANPSKEHHOCTH 3JIEKTPUIECKOTO
W MarHUTHOTO MOJA 00S3aHbI YIOBJIETBOPATH I'PaHWYHBIM ycioBusM (4.6) u (8.9),
3aKJTFOYAIOLIMMCS B TOM, YTO TaHI€HINAIbHBIE KOMIIOHEHTHI 00€HX HaNpsKEHHOCTEH
HENpEepbIBHBI HAa TpaHHLE. ONEeKTpUUYEeCKHe MOoJsA MAJalolel, OTpakeHHOH u
MIPOIIEIIEH BOJH ONMpPEnesstoTCs BhIpakeHUsMU Thma (13.4), a MarHuTHBIC — THUIIA
(13.5) (cnemyer uMeTh B BUAY, YTO HAMpPaBICHUS PACHPOCTPAHEHHs 3THX TPEX BOIH
pasNUuHBI, MO3TOMY B OJTHUX BBIPAKEHHAX Kaxgas U3 BOJIH MMEET «CBOIO
COOCTBEHHYIO» OCb Z). [10CKOJIBKY OISl BOJIH OCHMJUIMPYIOT Kak BO BpEMEHH, TakK U B
MIPOCTPAHCTBE, @ TPAHUYHBIC YCIOBUS MO/DKHBI BBIIOJNHSTBCS KaK TOXKIECTBA B
000l TOYKE MPOCTPAHCTBA U B JIIOOOH MOMEHT BPEMEHH, MBI MOXXEM TOJACTABIIAThH B

IrPaHUYHBIE YCJIOBUA HE caMM IO, a uX ammmTyasl Ea u Ha. B cpeme 1

JIeUCTBYIOT ToJisl maaawomed (uHaeke «0») U oTpaskeHHOW (MHAEKC «R») BOJH, a B
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cpene 2 — mons mpormeAmei (MHAEKe «7») BomHBL TakuMm 00pa3oM, TpaHHYHBIC
YCIIOBHS I DIIEKTPUIECKUX Y MATHUTHBIX MTOJIEH BBIMJIAAST CIECIYIOIM 00pa3oM:

ng + Efr = Eif , (13.15)
HXT +H§T =H£T, (13.16)

IJIe MHACKC «T» 03HAYaeT TAHTCHI[HAJbHBIE TPOCKLIUH BEKTOPOB EA u H A

Jiss  s-TONApPU30BaHHBEIX BOJH BO BBEACHHOW CHCTEME KOOPAMHAT
TaHTeHIUAIbHBIC TPOCKIMU HAMPSDKEHHOCTEH AJIEKTPUUYECKUX TMOJed CyTh Y-
MPOCKIIMH, a TAHTCHIIMATBHEIC MPOCKIUU HAMPSKCHHOCTEH MArHUTHBIX MOJNEH — X-
npoekuu. [lostomy moxkem nepemnmcars (13.15-16) ¢ yderom BbIOOpa CHCTEMBI
KOOPJIMHAT M THIIA MOJISIPU3AIUH MAJAONMICH BOIHEI (OYEBUIHO, YTO U OTPaKCHHAs U
MIPOLIEIIIIasi BOJIHBI TAKXKE SBISIOTCS S-MIOJISIPU30BAHHBIMHI):

EY +ER =ET | (13.17)
y y y

HY +HR =p7 . (13.18)

X

Bocmonszyemcst Teneps cootHomeHueMm (13.7) mms Toro, d9ToOBI BBIPA3UTH
MPOCKIIMHA MAarHUTHBIX TTOJICH Yepe3 MPOSKIUHU ICKTPHUCCKHUX:

H £ E E
= |——|n, -n N
Ax /l/lo ) Az : Ay

a TakK KaK EA =0, 10
Z

H, =—|%0, E
A iy aoa,

(13.19)
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10 CIIPABCAJIMBO IJIA BCCX TPCX BOJIH, C YYETOM HUX HaHpaBJ’IGHI/Iﬁ n ¥ pasinvHbIX

3HAYEHUH JUAJIEKTPUYECKOM W MarHWTHOM MPOHUILIAEMOCTH B TEpPBOM W BTOPOM

R _

> =cosf, (yrom OTpaXeHHs PaBeH

cpene. V3 pucyHka BHIHO, YTO n? =—cosb,, n

yIIly nafieHus), a nZT =—cos 6, . [Toatomy

&€ £ &
HY = |2 ES cos, HY =— |2 EX coso,,
VKM Y * by Y
EYE
H) = |—22E] cosb,. (13.20)
TNy Y

J1st  mpo3payHbBIX AMDICKTPUYECKUX CpeJl MarHuTHash MPOHUIAEMOCTh paBHA
eIMHUIIE, a KOPEHb W3 JUAJIEKTPUUECKOW IPOHUIIAEMOCTH €CTh I0Ka3aTellb
npenomiieHus cpeasl n (cM. (13.2)). C yuetoMm 3toro nmojacraBuM BeipaskeHus (13.20)
B rpaanyHoe ycioBue (13.18):

0 R T
”1EAy cosd, — ”1EAy cosf, = anAy cos@,,

ni, ¢ Y4C€TOM CBS3U MCKAY YyIJlaMHu 91 nu 92, OHPCHCHHCMOﬁ HU3BCCTHBIM 3AKOHOM

npenomaenus, N, Sin©, =n, sin O, :

sin @, cos @
cosHI(Eg _ER j:gg Smb cosés |
y y /

13.21
y  siné, ( )

Breipaxkenus (13.7) m (13.11) mpencraBimsioT co0OH CHCTeMy ypaBHEHHH ais

HaXO0KACHUA ABYX HCU3BCCTHBIX aMIUIMTYH, Eﬁ u EZ_; . Pemrenne »Toil cuctembl
y y
HUMECT BU:

Ei‘e —E° sin(Hz _91)

, 13.22
y 4y sin 6, +6,) ( )
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EL =E} 2z (13.23)
y v 1-1tg6,/tg6,

WTak, MBI HallIM y-IIPOEKIUH aMIUIATY] HAMPSDKCHHOCTEH 3JIEKTPHYECKOTro
[OJIsS. OTPa)KEHHOW W mpolemeid BoiHbl. [1oCKONbKY sl S-MONSAPU30BAaHHBIX BOJIH
9TH HAIPsSHKCHHOCTH HAIpPaBlIEHBI BAOJIh ocu Oy, TO ITH MPOEKIUHW M €CTh CaMHu
ammumtynel. Kak crepyer u3 ¢opmyn (13.8), (13.9) u (13.10), HUHTCHCHBHOCTH
CBETOBOW BOJHBI CBS3aHA C AMIUIATYAOH HANPSHKCHHOCTH €€ 3JICKTPHYECKOTO TIOJS
CJIeIYIOIUM COOTHOILIEHUEM:

I =%goc0nE§. (13.24)

Bripakas u3 (13.22) u (13.23) xBagpatsr ammmmtyn E /If u Eg Y TIOJICTABJISAS UX B
y y

(13.24), noyunM OKOHYATETIHHBIN OTBET:

JRN e Tk U I S L S S—
B 0%sin(0,+6,) ] 7Ty (14 1g6, /18, )

3aoanue 0nn camocmoamenbHolu padomol

13.1. BeBeautre dopmyny IS HAOpsHKEHHOCTH — AJIEKTPUYECKOrO  IOJIS
AIIEKTPOMAarHATHON BOJHBI, U3Ty4acMOW 3apsioM ¢, KOJECOIIOMUMCS C YacTOTOH ()
BJIOJTb HEKOTOPOH MPsIMOH. AMILTUTYa KOINeOaHu! 3apsaa — X.

13.2. Tlnockass MOHOXpOMAaTHYECKasi CBETOBAsi BOJIHA PACIPOCTPAHSETCS B BaKyyMe.
MaxkcruManbHOe 3HauY€HWE HANPSHKEHHOCTH MArHUTHOTO MOJsi 3TOW BOJHBI — H,.
KakoBa cpenusisi (3a mepHOA) PHEPrusi, MEPeHOCHMAsl BOJIHOW B COMHMIY BPEMEHHU
4yepe3 MOBEPXHOCTh Moiycdepsl paauyca R, OCHOBaHHE KOTOPOW HEPHCHIUKYISPHO
HaIPaBJICHUIO PACIIPOCTPAHEHUS BOJTHBI?
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13.3. HanpspKeHHOCTD DIICKTPHUYECKOrO MOJIsI MOHOXPOMATHUECKONW CBETOBOM BOJIHBI,
pacmpocTpaHsIouleiicss B BakyyMe, OMUCBHIBAETCS B LMJIMHIAPUYECKUX KOOPAMHATAX

- - 2 -
{p,(p,z} BBIPaKCHUEM E:pEOe_(p/a) cos(wt—kz), rie p — EeAVHUYHBINA

BEKTOp, NMepneHauKysapHblii ocu OZ. KakoBa cpeaHsas (3a mepuoj) MOLIHOCTb 3TOH
BOJIHBI, T.€. CPEIHSS SHEPTHsL, TIEPEHOCHMAs! BOJTHOW B €MHHUILY BPEMECHHU 7

13.4. Haiigute 3aK0OH IBHYKEHHS CBOOOIHOrO 3JEKTPOHA B MTOJIE MOHOXPOMATHUCCKON
QJICKTPOMAarHUTHOH  BOJNHBI ~ YacTOTBl (), €CITM  MaKCUMaJIbHOE  3HAYCHUE
HaNpSy)KEHHOCTH DJIEKTPUYECKOTO MO 3TOM BOJHBI — Ej,. B MomeHT mnanenus
nepeaHero ppoHTa BONHBEI HA 3JEKTPOH TOCIICAHUN MOKOMIICS B HAaYale KOOPIUHAT, a

¢a3a komeOanmii BekTopa E BomHBI OBLTa paBHa . Ykasawue: pemaTth 3amady,
npeHeOperas cuioi JIopeHIa; BRISICHUTE YCIIOBHAE IIPUMEHUMOCTH TaKOT'O MTOIX0AA.

13.5. IInockas MOHOXpOMAaTHYECKas SIICKTPOMATHUTHAST BOJHA PACIPOCTPAHSCTCS B
BakyyMme. Ha myTr BOJIHBI HaXOIWTCS KBaJpaTHAs MPOBOISAIIAS PaMKa CO CTOPOHOH 4,

IUIOCKOCTh KOTOpPOH OpTOrOHANbHA HAIpPABICHHIO BEKTOpPA H BOJTHBI, a OJHA W3
CTOpPOH MapajulesibHAa HAMpaBIEHUIO pacnpocTpaHeHus BoiHbl. Onpenenure D/C,
HHIYLUPYEMYIO B paMKe, €CNIM JUIMHA BOJHBI — A, @ MaKCHMAJIbHOE 3HAYEeHHE
HaNpsyKEHHOCTH AJIEKTPUUECKOTO MOJIA 3TOW BOJHBI — E.

13.6. ITnockas MOHOXpOMATHUYECKasl CBETOBas BOJHA C MHTCHCHUBHOCTBIO [, mamaet
mojy yrioM 6; Ha IUIOCKYIO TpaHUIly pa3/iela Cpell, IOKa3aTelH IMPETOMIICHUS
KOTOpBIX paBHbl n; WU n,. HaiiiuTe WHTEHCUBHOCTH Ir BOJIHBI, OTPaXEHHOH OT
TpaHUIbl pa3fena, 1 MHTCHCHUBHOCTH [r BONHBI, IPOIIESANICH BO BTOPYIO Cpendy, IpH

YycjioBuu, 4TO B MMaJaronieil BOJHE KoJicOaHus BECKTOpa E IIPOUCXOIAT B IJIIOCKOCTH
naaCHUA (p-HOJ'IHpI/I?)OBaHHaﬂ BOJ'IHa).
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§14. 3a0auu nogvruennoi mpyonocmu

§14. 3agaun NOBHIIIEHHON TPYIHOCTH

IIpumeput pewrenusa 3adau

IIpumep 14.1. [Ie onuHaKoBble W OAWHAKOBO 3apsDKCHHBIE KAIUIM HECKMMAaEeMOH

HpOBOL[HIIIeﬁ KUIKOCTH HAXOIATCs Ha 0OJILILIOM (6CCKOH€‘~IHOM) pacCTodHU APYTr OT

Jpyra. 3apsa, paadyc U Macca KaxJOW Kamiau paBHbI COOTBETCTBEHHO ¢,F WU M.

KaKon MHUHHUMAJIBHYIO CKOPOCTH V BJIOJb HpHMOﬁ, COC,HI/IH?[IOHICﬁ UX LCHTPHI,

HY)KHO COOONINTHh Ka)KIOW Karule, YTOOBl OHW CTAaJId JIBUTaThCS HABCTPEUy IPYT

Apyry W 1Opu CTOJKHOBCHUHU COCAUHWINCL B OJHY Karuao? HOBerHOCTHOG

HaATsHKCHUEC HC YYUTHIBATD.

puc.14.1

Pewenue. Ha puc.14.1 nokazansl ABe KaIju B
HAaYaJbHBII MOMEHT BpPEMEHH M B MOMEHT
nepen cnusHueM. Tak kak cuna Kymona, c
KOTOpOH OTTAJIKABAIOTCS KaIuId,
MOTeHLIMaJbHa, a JpYyrue CUJIbl Ha Kaluld He
EHCTBYIOT, TO MOXHO 3alHcaTh 3aKOH
COXpaHEHHUS SHEPTUHU

2
o I Pl |, P2
2 2 2

(14.1)

kQ
HavanpHbIil moTeHIIMAN KaIlIu ®y =—, TaK
r

KaKk 3apig 10 TIOBEPXHOCTH YeAWHEHHOMN
MIPOBOASIILIEH chepsr pacnpenensiercs
PaBHOMEPHO.
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IIpu

CosgaBaeMoe

KaIlJln OJIHMHAKOBBKI,

Puc.14.2

ANIPOKCUMHUPOBaTh  OECKOHEYHOM
3apsoB, TOKa3aHHOW Ha puc.14.2.

JlercTBUTENBHO,

CoBIIagacT C II0JEM, CO3JaBaCMbIM

259

3apsin
nepepacnpeensieTcss 1Mo MOBEPXHOCTH Karluld |
€ro pacrnpeiesieHue CTAaHOBUTCS HEPAaBHOMEPHBIM.

MOXKHO
CHCTEMOI

ToJe,
cO3/1aBaeMoOe 3apsioM BTOPOHM Kalulh B 00JacTh
HaxOXJICHUS IIEPBOW B HYJICBOM NPUOIMKEHUN
3apsaaoM
qg =(Q , noMenieHHbIM B 1ieHTpe Kamn. (Tak kak

HUX
pacrpeneneHsl OQUHAKOBO, & BEPXHUHA HHICKC Y

BCJIMYUHLBL 3apsdAa BBOAUTCA IJid TOrO, 4TOOKI OBLIO IIOHATHO, O KaKoM KaIlie niaer

peus. [lpm ompeneneHWN BETMYMHBI COOTBETCTBYIOIIETO 3apsga 3TOT HHICKC

OHYCKaeTCﬂ). H3menenne QJICKTPUYCCKOI'O IO BOKPYT nepBoﬁ KaIlJli, CBA3aHHOC C

HaJIMYMEM Ha PpAaCCTOSIHUU X I3TOI0O 3apdna, MOXKHO OIIMCAaTbhb, BBECASA 3apsij qll (CM.

MeTo] n3o0pakeHuid u npumep 4 naparpada 4):

r
9 =—490 > by =—.
X

3apsiibt qg 178 qll CO3/IAI0T Ha IMOBEPXHOCTH IEPBOTO IIapa HyJICBOH IMOTEHITHAI,

kqy

IIO3TOMY MOTCHIMAJI IICPBOIO 11apa paBeH @ =——.
r

Tak kak 3apsOpl MO KaIlIIM PacHpeAesieHbl COBEPIIEHHO CHMMETPHYHO, TO

clemyeT BBECTH 3apsj q12 , HO TOrma TMOTEHIWaJ IepBoro mapa He Oymer

OIIMHAKOBBIM TI0 BCEH €ro MOBEPXHOCTH, YTO HE BEPHO, TaK KaK IIap MPOBOASIINMN.

Jlis mctipaBiieHust 3TOro 00CTOSTENHCTBA CIISAYET BBECTH 3aps qé :
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2
r r

, by = .
1)c—bl ? x=b

4> =94 (14.3)

[Ipu 3TOM BBOAS CHMMETPHUYHBIA 3apsij q% , OIITh HapyIIaeM YCJIOBHE pPaBEHCTBA
MOTEHLIMaja BO BCeX TOUKax mapa. J{jst ero coxpaHeHus: BBOAUM 3apsif ¢ 13 U T.J.

[Torennmans! mapoB OyxyT paBHBI

kdo
o

3HaueHue qo HaXOOUM U3 YCJIOBUs

>4,=0. (14.4)

JlefcTBUTENEHO, TIOJ€ B MaJlOW OKPECTHOCTH BOJIM3M IMOBEPXHOCTH HEPABHOMEPHO
3apsOHKEHHBIX IIaPOB COBIAJAET C IMOJIEM, CO3/1aBa€MbIM JABYMs LEMOYKAMHU 3apsIOB.
[Ipumenum Teopemy ["aycca k ceprudeckoil TOBEPXHOCTH, OJU3KO MPUMBIKAIOIICH K
mapy 4 oxparbiBaromiel ee. [IoTok BekTopa MHAYKUMHU DJIEKTPOCTATHUECKOrO IMOJIS
gepe3 ATy MOBEPXHOCTh PaBeH 3apsy, 3aKII0YeHHOMY BHYTpH Hee. PaBenctBo (14.4)
U €CThb PaBEHCTBO 3apslOB LIETIOYKU 3apsiAy , HEPAaBHOMEPHO pACIpeAeSIEHHOMY IO
ITOBEPXHOCTH IIapa.

Bepazum ¢q; u3 (14.2) u (14.3) s x = 2r (47151 Kamens nepes CIUsIHAEM):

90 r
:——’ b :—’
q1 2 175
q
‘]z=?0’ by ==,
q 3
q3 = —Af» by =—r,

M T.1.
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[Toncransis HaiinenHble BeipaxkeHus B (14.4), Haxonum

R
=gyl l-—+=———+——..].
¢ qo( 273 475 j

B ckoOkax cTouT psAn, cymma koroporo paBHa In2. IlojcraBiss HalaeHHOE

3HAUYEHHE ¢ B BBIPR)XECHHE AJSI MOTECHIMANA MAapoB (), a €ro B CBOIO OYEPEenb B

3aKO0H coxpaHeHus sHepruu (14.1), okoHUaTEIBHO MOTy4aeM

v= ¢_¢OQ:Q L(l lj

m mr E_

Hpumep 14.2. IlnacTWHBI IUIOCKOrO KOHICHCATOPAa PACIIONIOKCHBI BEPTHKAILHO.
JlnvHa TIaCTHHBI 1O BEPTHKAIM paBHA [, ee NIMPWUHA -d, PACCTOSHHE MEXIY
wiactuHaMu d . Mexy riacTuHAMU BBEJIEH JUAJICKTPUK TaK, YTO HE3ANOJHEHHON
0CTanach JHIIb BEPXHSISI 4aCTh KOHJCHCATOPA JJIMHBI X . 3apsi]] KOHJAEHCATOPa paBeH

q, Macca unaneKTpnqecxoﬁ IUIAaCTUHBL M . Haﬁ[lHTe 3aKOH JIBHMXXCHUS
,HI/ISHGKTPH‘-IGCKOIZ IJIaCTUHBL € Y4YCTOM [leﬁCTBI/Iﬂ CHJIBI TSXKCCTH, a TaKXe

OIpeACINTEC KOOPAHUHATY €€ II0JIOKCHUS PAaBHOBECHUS X .

Pewenue. HampasuM ock Ox BIOIb CTOPOHBI [ KOHJEHCATOpa OT BEPXHErO Kpas
riacTuH BHU3. [1ycTh BepXHUIA Kpail JUAIEKTPUUECKON IIIACTHHBI UMEET KOOPIUHATY

X
X , @ CKOPOCTb IJIaCTUHBI pPAaBHA V = d_ . Ilonnas OHEPIrud MJIaCTUHBI CKJIAaJAbIBACTCA
t

o my o
N3 €€ KMHECTUYCCKOU DHCPTrUuur T , MOTCHIWAJIBHON JHEPIrUM CHUJIbI TAXKCCTHU: -

l .
mg[x+5 N YaCTbIO JDHEPruM IBJICKTPHUYCCKOTO II0JIA, O6yCJ'IOBJ'IeHHOI/I HAJINYHUEM

,Z[I/I3HQKTpI/I‘1IeCKOI‘/'I mracTuHku. [locienHior0 HaxoaWM Kak PasHOCTE DHEPruun
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2 2
U DOHEPruu KOHIACHCATOpa 0e3 IUIACTHHKHU q— Emxoctb

q
C(x) 2C,

KOHACHCATOpa MOXXHO HNPEACTAaBUTHb KaK €MKOCTb [IBYX MNapauICJbHO COCAUHCHHBLIX

KOoHACHCAaTOpa

KOHACHCATOPOB:

( )= Egoa(l—x)+€0ax =@(

Clx £‘l+x—£x).
d d

Oynkuus Jlarpanka 1151 AUAIEKTPUYECKOHN TIIACTHHBI IPUMET BU/T

-2 2 2
Lzﬂ—i-mg L+x+q _ad ! ,
2 2 2C, 2&ja +x—é&

OTKYyJa NOJYy4YUM YpaBHCHUC HarpaHma

mjc'—mg—qu - =0
> .
2¢eya (el + x — &x)

Bripaxxenne mis ¢yakuunm Jlarpamka m ypaBHeHue Jlarpamka cIpaBeIUTMBBI IS
x<!. Ecm x>[ (mnacTWHA TOJHOCTHIO BHIMAlla W3 KOHIEHCATOpa), TO SHEPTHUs
JJIEKTPOCTATUUECKOTO TMOJis B IIJJACTMHE paBHA HYyNo, a ypaBHeHue Jlarpamka
NPUHUMAET BUI mX = mg .

Ilonmoxxenue PaBHOBECHS JIACTUHBI OIPEACIISACTCA YCIIOBUEM x=0 , OTKyJa

_ e ldle-1)
e-1 7 2ejamg

OHo cymecTByeT, ecinu X, <[, uim

mgl< 3
——<(e-1).
"5l 1)
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3necs mgl — WM3MEHEHWE MOTEHIIMAIBFHON SHEPIHH TUIACTHHEI TIPH €€ TTepPeMeIIeHUN

oT Kpai/'[Hero BEPXHEro A0 KpaﬁHero HUKHETO ITOJIOKCHHSA BHYTPU KOHJACHCATOpA, a

2

E, = A SHeprus KOHACHCATOPa B OTCYTCTBUH IIJIACTUHKH.

Ecmu xe X0 > , TO IJIaCTMHA BBLIMMAACT M3 KOHACHCATOpa MU Jajiee 6yIlCT

CBOOOTHO Ta/IaTh C YCKOPEHUEM CBOOOIHOTO MaiCHHUS.

Hpumep 14.3. TIIposomsmias chepa paguycom R cocrTaBieHa w3 ABYX momycdep.
Omnpenenute cuny F, ¢ KOTOPOH OTTAJIKMBAIOTCS 3TH TMONYC(Epbl, €CIIU MONHBINA
3apsn chepsl paBeH Q .

Pewenue. Beinennm Ha cdepe HEOOMBIION YyUaCTOK IUIOMAABI0 dS , HECYIIuil 3apsin

dg. IMone B OKPECTHOCTH 3TOrO 3apsiia CKIAIBIBAETCS U3 MOJS, CO3/1aBAEMOro
camMuM 3apsaoM dg, ¥ TOJs, CO3/aBaeMOro OCTajJbHBIMH 3apsigamud Ha cdepe.

CyMMapHOe TI0JIe paBHOMEPHO 3apshDKEHHOH cdepbl BHYTpU cdepbl paBHO HYIIO, a

o
@ __o . Bénu3u noepxuocti

CHapyxu E=—=—

,H o/28 wiomanku dS mone, cosmaBaemoe 3apaaom  d( ,

MOXXHO  aNMpOKCHMHPOBATh IMOJIEM OECKOHETHOM
,_ O

IJTIOCKOCTH, HAMpsiKEHHOCTh KoToporo FE =——.
2¢,

CrenoBaTelbHO — TIOJNE,  CO3/IaBaeMoe  3apsjaamH,
pacronokeHHBIMH Ha cdepe, 3a HCKIIOUEHHEM dg

o
ABIAETCA OJHOPOAHBIM U PABHO o KaK II0Ka3aHO
L)

Puc.14.3

Ha puc.14.3. D10 mone AeicTByer Ha 3apan dgq c
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CWJIOM, HamnpaBlIeHHOW 1O paxuycy cdepsl U3 LEHTpa HapyXy M PaBHOH
o

dF =—dq .
2¢&,
- Tenepb HETPYIHO HaWTH cuiy,
’ nericTByromyto Ha monychepy. Pasgenum ee Ha
KOJbI1a, Kak MOKa3aHO Ha puc.14.4.

Pesynprupyromas cuia, AeHCTBYrOIas Ha KOJbILO,

BBIICJICHHOE YriioM 6 W ero mpupaimieHuem dé ,

HarpasyieHa o ocu 0z u paBHa

o
dF. =——qsiné.
¢ Zeoq

Puc.14.4 3mecb g -- 3apsAl, HaXONSANIUICS Ha KOJbIE U
paBHBIH ¢ =0 -27Rcos@ - RdO .
Iloncrapnsas ¢ B BeIpaXKEHME i dF, ¥ UHTErpUpys 10 Yriay &, HAXOAUM

HCKOMYIO CHITY

/2 252 2
F = J. i27[ch2 sinecos0d¢9=ﬂo- R = 0 -
o 28 2¢, 327y R

Hpumep 14.4. OreHnTe, HACKOIBKO U3MCHHUTCS €MKOCTh IUIOCKOTO KOHACHCATOPA,
IUTACTHHBI KOTOPOT'O HAXOMATCS HA paccTOSHUM d = lcm ApYT OT Apyra, €ciId B HETO
BHECTH TPOBONAIMHA Imapuk pagmycoM r =0,2um ¥ pacmoiIOXHTh €ro BAAIH OT
IUTACTHUH.

Pewenue. Ilpm BHeceHHMHM IIapuKa B TPOCTPAHCTBO MEXKAY IDIACTHHAMU
KOHJICHCATOpa Ha €ro MOBEPXHOCTU TOSBUTCS HaBEICHHBIN 3apsa. Tak kak mone B
KOHJICHCATOpEe OMHOPONHOE (7 << d , MO3TOMY IIAPHK BHOCHUT HCKaXXCHHUS B IOJEC B
MAaJIOH OKPECTHOCTH BOKPYT ceOs), TO MOJIe, CO3IaBacMOC 3apsiOM Ha IIAPHKE BHE
HEro COBMajgaeT ¢ moseM aumoys (cM. mpumep 7 maparpada 3) ¢ JUTIOIBHBIM
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MOMCHTOM pP= 47[80}"3 E=«aF. Hammume »3TOro Imoas H3MEHSET Pa3HOCTb

IIOTCHIIMAJIOB  MCKIY OoOKTaIKaMu KoHACHCcaTOopa. Pacuer osTOrOo wW3MEHEHMS

JAOCTATOYHO CJIOKCH, MMO3TOMY IJid ONPEACICHUA U3MCHCHUA €MKOCTH KOHACHCATOpA

y,I[O6HCe BOCIIOJIB30BATHCA DOHCPTCTUUYCCKUM ITOAXOI0M.

Haiinem pa0oTy, KOTOPYIO HYKHO

+4 + 4+ 4t COBEpIINTh, YTOOBI BHECTH IIapUK B

3ap5[)K€HHLII>i KOHACHCATOP. Tak KakK
OJICKTPOCTATUYICCKOE II0JIE MOTCHIHAJIBHO,

TO pa60Ta HE 3aBUCHUT OT TPACKTOPUU U

TTOCTIC THSIS MOKET OBITH BbIOpaHa

npousBoibHo. Hampasum oce OX  Brons

IJIOCKOCTU CUMMCTPUU IUIACTUH H 6y,HCM

nepeMeulaTrb MmapukK BAOJIb OCH OX us3

Puc.14.5 KOHJIeHCaTopa B  OeckoHeyHocTh. Cwuia,

,I[CI‘/'ICTBY}OH.Ia}I Ha JHUIIOJIb, KOorama

HaxOIHUTCS B TOUKE C KOOpIUHATAMH {x,0,0}, paBHa (puc.14.5)

OE OE
F, = qu(x,A—zyJ - qu[x,—%j =ql— =

dy oy
E, -
B cuny noteHIIMaNbHOCTH OIS 5 L= 8_ (rotE =0), I03TOMY OKOHYATEIBHO
y X
oE y
F = oF y W .

Paborta, coBepiraemast mpu MepeHeceHnH apuka BJoiabs ocu Ox Ha dx paBHA

2

JE, E?
dA = Fdx = 0F, —2dx = ad| —> |,
7 ox 2

OH
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a BCiA pa60Ta 10 MEPEMCIUICHUTO IapUKa U3 KOHACHCATOPpa B OCCKOHEUYHOCTh

2

A= a_) s
2
Y 3
e E, =—, o =4re,r’, S — mIowmwanb MIACTUH KOHJIEHCATOpPA.
&S
OHeprus, 3aKIIOYeHHas B KOHAEHCATOpe A0 BHECEHMs IIapuKa paBHa
0?
W, =f' ITpu ManxoM M3MEHEHHM €MKOCTH M HEM3MEHHOM 3apsic OHa M3MEHHTCS
0?
Ha AW = __2AC . DTO U3MEHEHHUE SHEPTrUH PaBHO paboTe 10 BHECEHHIO IIapUKa B
AW AC
KoHAeHcarop, i AW =—A, otkynga —— = ———, Wiu
0 C
A 4w’
AC=C—=—-C".

&S
EMKOCTL IIJIOCKOI'O KOH,ueHcaTopa C = 7 N OTKYLla OKOHYATCJIIBHO
AC =471 /d* = 8,85-10°° nk®.

IIpumep 14.5. Konpencarop emkoctpio C 3apsimunu or uctounwka JJIC no
pasHocTH moreHuuanoB U W OTKIIOYWIM OT Hero. IlnmacTuHbBl KoHAeHcaropa
[OOYePEHO 3a3eMIIAIOT. MOXKHO JIM, MCHONB3YS 3Ty IPOLERypYy, HOJIHOCTBIO
pa3psiauTh kKonaencarop? Kyna npu aTom neBaercst ero sHeprus?
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Pewenue. 3azemiieHuE O3Ha4acT COCIMHCHUC
IJIACTUH  IMOOYEPEAHO C  JOCTATOYHO OOJIBILINM

4 (q v YOAJICHHBIM TPOBOJAHUKOM, IOTEHIMAI KOTOPOTO
[OJIaraloT PaBHBIM HYMO. OTOT TPOBOAHHUK U
OOKJIaIKi KOHJCHCATOpa O0pa3ylT KOHICHCATOPHI

C, u C, (cMm. puc.14.6). Ilycte mocie 3apsaku

MIOTCHIIMAJI OTPUIATECIIBHO 3ap;{>1<eHH0171 IIJIaCTHHBI

1

KOHJIGHCaTopa A paBeH ¢J,, a IPyrod IJIACTHHBI -

(% +U ) ITocne coenuHeHuUs MIACTUHBI A ¢ 3emieil

- 777 (c mpoBogaukoM O-0O) ee MOTEHITMAN CTaHET paBeH
HY/TIO, a 3apsa  (  [epepaclpenenuTes] MExay

Puc.14.6
kouaencaropamu C u (C,. CorjmacHo 3aKOHY

coxpaHeHus 3apspa Q = q(l) +q(21) W PaBEHCTBY HaNpsDKEHWH Ha KOHJAEHCAaTopax

q(l) q(l) 0 oc
—_— =L N OTKyZ[a q = HO AHAJIOTHUHU I10CJIC 3a3€MIICHUA O6KHaZ[KI/I
c G Cc+C,

(1)

B xoupencarop C, paspsauTcs, a 3apsja ¢’ MepepacrlpeieauTcs] no 0oO0KIaaKaM

kouaencaropoB C m C;. Ilpm stoM Ha KoHaeHcarope C ocCTaHeTCS 3apsn
0 _ " _ c’Q
c+C, (c+¢)c+cy)

IJIaCTUH KOHACHCATOPpA 3apsiJl Ha HEM YMCHBLIIACTCA B

q BI/I[[I/IM, 4YTO MOCJIC O4YCPCAHOI0 3a3C€MIJICHUS

2

k=—~ pas.
(c+c))Cc+C,) pas

Wrak, KOHOEHCATOp TOJHOCTHIO pa3psSAWTh HE YHaeTcs, JaKe €CIH IOBTOPUTH
MIPOLEAYPY 3a3€MIICHUS TJIACTUH HEOJHOKPATHO.
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2
3Hepr1/m KOHACHCATOpa f YMCHBIIIACTCH. Ona MnepexoauT B TCIIO,

BBIIETISTIONIEeeCs TIPH paspsake kKoumeHcatopoB C; u Cs.

Hpumep 14.6. Konnencatop emrocthio C TPUCOSAMHEH K BEPXHHM KOHIIAM JBYX
MapayuIebHBIX METHBIX ITHH, PACIIONIOKEHHBIX BEPTHUKAIHHO HA PACCTOSIHUH [ JIPYT
or apyra. Bcs cuctema HaXoAMTCS B MOCTOSIHHOM OJHOPOJHOM MAarHMTHOM IIOJIE,

BEKTOp HMHIYKIIMH KOTOPOTO B MEePHEeHAUKYISPEH IUIOCKOCTH WHMH. Bponp muH

nmagaer 0e3 Ha4aJIbHOH CKOPOCTH METHBIN MPOBOAHHUK MAcChl 71 TaK, 9TO BCET/a €CTh

KOHTAaKT MEX]y NMPOBOJAHMKOM U IIMHAaMHU. HailTu yckopeHue HMpOBOJHUKA U CHUITY

TOKa, 3apspkaiomero kouaeHcatop. CompoTWBICHHEM H — HWHIYKTHBHOCTBIO
MIPOBOJHHKOB, a TAKXKE TPCHUEM MPOBOHHUKA O IIHHEI IPCHEOPEYb.

7 Pewenue. JIns 3agaHus TEKYLIETO I1OJIOKEHUS

0 ! }2——- MIPOBOJIHHKA BBEAEM KOOpIMHATHYO och Okx,

¢ HaIlpaBJICHHYIO BEPTUKaIbHO BHH3 (cM. puc.14.7).

J ® ds 1 ; Paccmorpum cuibl, jeficTByroume Ha HPOBOIHUK:

or0 cmia Tskectn F =mg, HanpapieHHas

BEpTUKAIbHO BHU3, u cwia Awmmepa (7.2),

BO3ZHHUKAKOMAA 3a CUCT MPOTECKAHUA 110 ITPOBOIHUKY
WHAYKIIUOHHOI'O TOKa. HyCTL BCKTOPp MWHAYKIHUHN

BHCITHETO MAarHUTHOT'O ITOJIA HAITPaBJICH «OT HAC», a

I/IH,HyKIII/IOHHHﬁ ToOK I B KOHTYpEC, 06p330BaHHOM
KOHACHCATOPOM, IONHMHAMU MW ITPOBOAHHUKOM, TCUCT

Puc.14.7

IpOTUB uacoBOM cTpenku. Torma cuna Awmrmepa

HalpaBlIeHAa BEPTUKAJIbHO BBEPX M paBHa 1o Mmoxymo F, =IIB. 3anumem nanus

MPOBOJHHUKA BTOPOU 3akoH HbI0oTOHA B mpoekiuu Ha ock Ox:

ma =mg — IIB s
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nim

1IB
a=g—, (14.1)
m
I/ie a — YCKOPEHUE NPOBOJHUKA.
Jns HaXOXOCHHWS WHAYKIMOHHOTO TOKa HEOOXOAMMO BOCIIONB30BATHCS
3aKOHOM JJIEKTPOMArHUTHOM MHAykuuu. CHayajna HaiijleM MarHUTHBIA MOTOK depe3

HAaIll 3aMKHYTBIH KOHTYD:

CD:IBds:—le.
S

rae S — miockas TIIOBEPXHOCTH, OrpaHUYCHHAsA KOHTYPOM, a 3HAK «—>» IOSABUJICA HU3-3a
TOr'0, 4TO IpU JaHHOM BI)I60pe HanpaBJICHUA WHAYKIIMOHHOI'O TOKa BCKTOP HOpMaJIn

K TUIOCKOCTH KOHTypa d S aHTHUNapauleJieH BEKTOpy MarHUTHON nHaykuuu B . DJ1C
MHIYKIUH HaiaeM, npoaudpepeHpoBaB MOC/Ie/IHEe BEIPAKESHUE 10 BPEMEHH:

=2 _p®_pp, (14.2)
dt dt

rae v =v(f) — MTHOBEHHAasi CKOPOCTh IIPOBOIHHUKA.
I[Ipumenum  Temepp K  Y4acTKy  paccMaTpuBaeMoro  KOHTYpa,
HayMHAIOMIEMYCsS B TOYKE «l» W 3aKaHUYMBAIOIIEMYCS B TOuke «2» (cMm. puc.14.7)

sakon Oma: O=u, —u, +&, ,mm
u,=E,. (14.3)

3H€CL YYTCHO, YTO COIPOTUBJIICHHUEC MNPOBOAHUKOB HCYEC3AIOIIEC Majlo, U BBCIACHO

0003HaUeHHE Ujp =Up —Uy A1 PAa3HOCTH INOTCHHUATIOB MCXKAY 06Kﬂa,HKaMI/I

Q

KOHACHCATOpa, KOTOpast 3aBUCHUT OT UX 3apsdia Ql Upp = E , W11
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Q=Cu12 =CBlv.

Cuna WHAYKIIUOHHOI'O TOKa paBHAa CKOpPOCTH HU3MCHCHUA 3apsia 06Kﬂa,HOK

KoHACHCaTopa:
I=d—Q=CBlﬂ=CBla. (14.4)
dt dt

IToncraBuB mocienHee BeIpakeHne B (14.1), BBIpa3uM M3 MOCIETHETO HCKOMOE
YCKOpEHHUe:

a=—2% (14.5)
Bl°C
I+—-
m
W3 nonydeHHo#t (GOpMyNbl BHIAHO, YTO B JOCTATOYHO CHJIBHOM MArHUTHOM IOJIE
YCKOPEHHE IPOBOIHHUKA MOYKET OBITh 3HAYUTEIBHO MCHBIIC YCKOPCHHS CBOOOIHOIO
MajicHuss — WHAYKIUOHHBIA TOK MPOTHBOJACHCTBYET IAJCHUIO TMPOBOJHUKA, HO
OCTaHOBHUTH €r0 HE B COCTOSIHUH.
OKOHYATETbHOE BBIPAKEHHUE JJISI CUJIBI HWHAYKIIHOHHOTO TOKA MOIy4UM,
nozactasus (14.5) B (14.4):

_ BICg
BX*C’
1+

m

Hpumep 14.7. [lo nByM BEpPTHKANBHBIM MMAPaUICIbHBIM MEIHBIM IIMHAM B IIOJIE
CHJIBI TSDKECTH MOXKET CKOJIB3UTH 0€3 TpeHHs HAeanbHas MPOBOASAIIAs ITepeMbIUKa
Maccoid m wu mamuHOW [ . IllmHBI cBepXy 3aMKHYTHI HHIYKTHBHOCTBIO L, a CHH3Y -
conporuBiaeHueM R . CucremMa HaxoJuTCs B OAHOPOJAHOM MAarHUTHOM TIOJIE,
WHAYKIHUST KOTOPOTo IEPICHANKYISIPHA IIOCKOCTH IMWH W paBHa B. Ilepembraka
CHayaya yJCepKUBACTCS B HEKOTOPOM ITOJIOKCHHH, a 3aTeM OTITyCKaeTcsi 0e3 TOIuKa.
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HaﬁﬂHTe HOBOC TIIOJIOKCHHUEC PAaBHOBCCUA TICPEMBIUKHM M XAPAKTEPp IMEPEXOAHOI0

Tporiecca.
Pewenue.
NN YL
L
K, g
1
) D
178 I
R

Kak u B mpensiaymeM npuMepe HampaBUM OCh
Ox BEePTUKATbHO BHM3. Ha mepembruky

,HeﬁCTByIOT TC K€ CUJIbI, YTO U B NPCABIAYIIEM

—

IpUMepe: CUla TSHKECTH Mg U cuia Ammepa
F,=1IB. Otn cunel nokasaHel Ha puc.l4.8.
Bropoit 3akon HbloToHa mpuHUMAaeT Takol xe
BHJ, Kak ¥ B Tipumepe 6, - dhopmyny (14.1).
OJIC uHIyKUMH TaKKe COBMAAaeT ¢ HaWCHHON
BEIIE B mpuMepe 6 W 3amaercs BBIpaKEHUEM
(14.2): E, =Blv. A BOT mems, 0 KOTOPOH
MpOTeKaeT WUHAYKIMOHHBIH TOK, B JaHHOM
IMpUMepe OTIMYaeTcss OT Ien:u mnpumepa O.

Puc.14.8
[MpaBuna Kupxroda a1 Hee HMEIOT BHI:
dl dl
L—+E =0, RI,=L—, I=I+1,. (14.3)
dt dt

Ioxcraeiss B nepoe ypasHeHue (14.3) E; ¥ UHTErpHupys, IOIy4aeM

LI, +Blx=C.

Ecoun oce Ox HaIlpaBUTh W3 HAYAJIBHOI'O IIOJIOKCHHUA NCPEMBIYKH, TO KOHCTAaHTa

naTerpupoBanus C=0, Tak Kak B MOMEHT ¢ = (0 TOK 4epe3 KaTyIIKy He TeUeT.

W3 nByx nocneanux ypasHenuit (14.3) Boipazum [ :

(14.9)
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Bl
IMoncrasmsst B (14.4) I, = —Tx, a [ Bo BTOpO# 3akoH Heiorona (14.1), Haxomum

YpaBHCHHUEC ABUKCHUSA IICPEMBIYKN

d*x . (B1)* ax (BI)?
dr? mR dt mL

xX=g. (14.5)

HoBoe momnoxeHne paBHOBECHs IMEPEMBIYKH HaiIeM, TONoXHB B (14.5)

X'=x"=0
mL
Xo = g—2 .
(B1)
Pemenue ypaBHEHUS (14.5) OIIpEeACIIAETCS KOPHSAMH €ro

XapaKTEPUCTUICCKOI'0 YPAaBHCHU ST

B (B _

S it Ay P S S|
mR mL
2
1. Eciim (Bl)2 <l,
4mR L

TO KOPHH KOMIUIEKCHO CONpsbKeHHble A, , = -0 tim,

2 2 4
e 5= B (B (B)
2mR mL  4m*R?

Ob6mee pemenne ypasHeHUs (14.5) B aToM cirygae

X = mgL +exp(— o )|Acos ax + Csin ax] .

(B1)*

Koncrantsl 4 u C HaxoAUM W3 HaYaJIbHBIX YCIOBUI: B MOMEHT ¢ =0 KoopJauHaTa

x0)=0, x(0)=0, (14.6)
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mgL

+ A, 0=—NA+aC.
(BI)®

AN 0=

OTKya OKOHYATEIHHO

X= mgI; {1 — eXP(— 5t) '(cos wt + ésin a)tﬂ .
(B1) @

(B1) 1
4mR* " L’

TO KOpHHU XapaKTCpUCTUICCKOI O YpaBHEHUA JIeHCTBUTEILHEIS

A =—0+V-w?, Ay =—0——w* , a obmee pemenue ypauenus (14.5) c

HavyaJIbHbIMU yciioBusiMU (14.6) umeer Bug

2. Ecnu

x= mgI; + A exp(ﬂqt)—%exp(ﬂzf)}»

(81)
mgLA,

M i =-6+V-0*, A =-6--0>.
(B (4 +4,)

rae A=

Ipu t — o X —=——

Takum 006pazom,

2
ecim (Bl) < 1 ,TO X = m;gL|:1 - exp(— 5t) -(cos ot + ésin a)tﬂ ,
4mR*> L (BI)? @
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(B1)*

Ecmmn 3 R
4mR L

>—,T0 X =

ML | ol exp(Ant)- 2 expliar) .

(BI)? Z)

rﬂeA:LL/lz /‘{1:_5_,’_,/_(02’ /12:_5_ ,—(02.

(B (4, +2,)

mgL
(BI)*

TIEPEMBIYKN BEPTUKAJIIBHO BHU3.

Ilpu t —> oo x—>

Puc.14.9

Ocp Ox wHampaBleHa OT HAYaIBHOTO TIOJOXKCHHS

Hpumep 14.8. DnekTpOMarHuUT M3 KEIC3HOTO
Opyca KBaJpaTHOTO cedeHUs B (popMe IMOAKOBHI
HMEeT pa3Mepbl, yka3aHHble Ha puc.14.9a:
a=5cm, R="75cm,l =10cm, h =10cm Yucno
BuTKOB 00MoTKH N =200, cuna Ttoka I =2A4. Kax
BEJMKA ITOIBEMHAsl CHIIA HIICKTPOMAarHuTa, €CIN
MarHuTHas MMPOHUIIAEMOCTh Opyca w1 =200?

Pewenue. Pacuer [IObEMHOU CHUTBI
JJIEKTPOMArHUTa MIPOBEIEM, UCIIOb3YA
SHEpreTHUecKknue coobpakeHus. JlomycThmM, dTO
SIKOPb DJIEKTPOMArHuTa OTCTOUT OT MOJKOBBI Ha
Mmanoe paccrossaue O (puc.14.96). Ilpu
MepeMeIIeHNH SKOpS Ha JTO paccTosHue (B
MOJIOKEHUE, TMoKa3aHHoe Ha puc.14.9.a) o
copepmuT pabory A=FO, rne F— wuckomas

MoabeMHAsl CHJIa DJIGKTpOMaraHura. JTa pabora

1
COBEpIIACTCS KaK 3a CUeT HW3MEHEHWs HHEpPruM MarHutHoro mnoiss W =ELI 2

MPOHU3BIBAIOLICTO SJICKTPOMATrHUT
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AW :%IACI) ,

TaK 1 3a cueT pabotsl DJIC MHAYKIINH, BOZHUKAIOMIEH B KOHTYPE 3a CUET U3MCHECHHS

MAardHuTHOI'O IOoToKa
A= j IE,dt = —IA®

rae AP —u3MeHeHHe MOTOKAa BEKTOpPa WHAYKIMHA MAarHUTHOTO TOJS 4Yepe3 BUTKHU
00OMOTKH 3JIEKTPOMArHHTA.
Bananc sHEprum B cUCTEMeE TIPH ITEPEMEIICHNH SIKOPS UMEET BUJT

A= F§:—IA<I>+%IA<I> :—%IACI). (14.7)

IToTok BekTOpa WHAYKIIUH 4Yepe3 BUTKA OOMOTKHA paBeH P = BNa’, rue
B — BenmuurHa MHAYKIWHA MAarHATHOTO TIOJS, KOTOPYIO, €CIIM IIPEHEOpEdh paccesHueM
IOJIsl, MOXKHO CUUTATh OIMHAKOBOM JJIs BCEX BHUTKOB. Ee MOXHO HaliTH, eciu
MPUMEHUTHh TEOpPEeMy O IHUPKYIIOAA K TPAaeKTOPUH, COBIAJAIOIIEH C CHIIOBOM
JUHMEH, ToKa3aHHO Ha puc.14.9 myHKTHpOM:
1. TSI TTOJTO’KEHUS TKOPsI, TIOKa3aHHOTO Ha puc.14.96

i[7zR +2h+1+ 2a]+ﬂ25 =IN;
HiL o Ho

2. 151 TIOJIOXKEHUS SIKOpsl, TOKa3aHHoro Ha puc.14.9a

By [zR + 2R +1+2a]=IN 5

2250

IMoncrasisis HaliieHHbIE 3HaYeHUss B, U B, cHayana B BeIpakeHue 111 notoka @ , a

ero B (14.7), okoHYaTETHLHO TOTYIUM
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2
Fé':%INaZ(BZ—Bl):(INa) ””0[ ! !

2 AR +2h+1+2a ZR+2h+1+2a+2us

Vuarem, uro U << R,h,l,a, Torna BBIpaXeHHE B TPAaBOM HYacTH Mpeobpasyercs K

BUIY

IaN
TR+2h+1+2a

2
j 121108

2
lIaN 2
wm  F=|———— =498H .

[zR+2h+l+2aj alkas

3aoanue 0na camocmoamenvHou padomut

14.1. 3apsg Q paBHOMEPHO PACHPEACICH [0 TOHKOMY

ar * p Kosply paaumycom R (puc.14.10). TodeuHsli aumonsb
o T Maccol m C JUIOJBHBIM MOMEHTOM ; MOXET
o TepeMeIaThCs BIOJIb OCH KoJbIla. OnpeneanTe 9acToTy
Puc.14.10 MajbIX  KOJCOAHWH  JUMONS  OKOJO  ITOJIOKEHUS

paBHOBECHSI.

14.2. Oana W3 MIACTHH KOHJAEHCATOpA JKECTKO 3aKperuieHa, a BTOpas, MMEromias
Maccy m, CBsi3aHa C IPYKHHOH KeCTKOCThIo k (cM. puc.14.11). Paccrosaue mexmy
IUIACTHHAMH IIpU  HEHANPsDKEHHOW IpyxkuHe paBHO d,. K KkoHzmeHcatopy

TOJKJIHOYNIN 6aTape}o. B HoBOM monoxxeHuu PpaBHOBECHA PACCTOAHHUEC MCKIAY

4 . .
IUIACTUHAMH d = gdo . HaI/I,HI/ITe YacTOTy MaJIbIX KOJI€OaHui IJIaCTHHEIL.
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14.3. KonpeHcatop mnepeMEHHOW EMKOCTH COCTOMT H3

ABYX HCTIOABHKHBIX MCTAJNIMYCCKUX IJIaCTHH,

PacIIONOKEHHBIX Ha PAacCTOSHUM d JIpyr T Ipyra, H

|
a II k. MOJBI)KHOW  JMIJICKTPHYCCKON  IUIACTHUHBI,  KOTOpPAs
niny )’\.Zf MOXKET TIOBOPAYMBATHCSI M BXOIWUTH B 3a30p MEXKIY
| METAJUTMYECKUMU IIACTUHAMU (puc.14.12). Bce
} MJIACTUHBI UMEIOT QOopMy MOIYyKpyra paauyca R , paueM
dom 3a30phI MEXTy
;\_ |/’b JIUAJICKTPUYECKON TIACTUHON M
\ MJIaCTHHAMHU KOHJIeHCAaTopa
peHeOPEeKUMO MaJTbl o
Puc.14.11

cpaBHenuio ¢ d . [IpeneOperas
KpaeBbiMH d(dexTamu, HaiauTe MOMEHT cmi1 M,
JEHCTBYIONINX HA AUIJICKTPHYCCKYIO IUTACTHHY, KOTZa OHA
BbIBEJICHA M3 MOJNOXKEHUs paBHoBecus. KonngencaTop
3apsHKeH JI0 Pa3sHOCTH TOTEHIHAIOB V , JIHMAJIEKTpHUYECKas

ITPOHUTIAEMOCTDH MTOABYKHOM TIJIACTHHBI paBHaA €.

Puc.14.12

14.4. TInockuil KOHAEHCATOP COCTOMT U3 JABYX OJMHAKOBBIX KBaJPATHBIX IUIACTHH,

pacIoIoKeHHBIX B BaKyyMe BEpPTHKAJIbHO Ha paccTOSHWUU d =lmm Ipyr or apyra.

O,HHa U3 TJIACTHUH 3aKpPCIUICHA, a Apyrasd MOXKET ABUTATHCA 0e3 TPCHUS IO TJIIaAKUM

BCPTUKAJIIbHBIM HAITPABJISAIOINAM. HpI/I KaKou Pa3HOCTU MOTCHUHAJIOB \%4 MCKAY

IJIaCTUHAMU TMOABHWIXKHAA IJIAaCTUHA HEC yHanacT BHHM3? Macca HOHBHX(HOﬁ IIJTAaCTHHBI

M =1le, cropona kBanpara [ =10cm .

Vkaszanue: Bocrionb3zoBaThcs ypaBHeHHEM JlarpaHxka.

14.5. B OesrpaHuyHOM cjJO¢ TONIIMHOW 2d O0O0BEMHAs IUIOTHOCTH 3apsga o

U3MEHSETCSA 110 3aKOHY p = pox/d (—d <x<d ), A€ X - KOOpAMHATa BJOIb OCU

Ox 5 HepHeHﬂHKyﬂﬂpHOﬁ IUTOCKOCTH CJI0sl. B cltoe MMeeTcss TOHKUM KaHall BIOJIb OCH
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Ox , B KOTOPOM ITOMECIICH TOYCYHBIN AUIIOIL C MacCOM /1 W IUIIOJIBHBIM MOMEHTOM

p , HaIpaBJICHHBIM BJOJb OCH KaHaJia. Beruncnure nepuoa MajibixX IPOAOJJbHBIX

KOJIEOaHUH THUIIOJIS.

14.6. Kak wu3MeHHTCS OTBET B MNPHMEpPEe 3, €Ciid B IEHTpe cdepe MMOMECTHTh
JIONIOJIHUTENbHBIN ToueuHbl 3apsan ¢ ? Cdepy cuntath momod M OECKOHEUHO

TOHKOH.

14.7. Ha BepTHKaJIbHYIO TIIAIKYIO CITHIY HajeTa OYCHHKA, HECYIas IMOJOKHUTEIbHBIN
3apsn g. Ha HIDKHEM KOHIC CIHIBI PACIONOKCH PAaBHBIA OXHOMMCHHBIN 3apsi.
BycnHky mOABMHYAM K HEMy IOCTaTO4HO Onm3ko M ormycTwin. COBEpIIMB DAL
KoneOaHui, OyCHMHKa OCTaHOBWJIACh Ha BBICOTE « . Haimure 3Ty BBICOTY, €CIH
M3BECTHO, YTO NpPU JBMXKCHUM HAa  OYCHMHKY JCHCTBYET CHJIA BS3KOrO TPEHHUS,
MIPOTIOPITMOHANBHAS €€ CKOpOcTH. IIomHSABIIMCH B KaKOH-TO MOMEHT BpPEMEHH 0

MaKCHMaJIbHOHW BBICOTHI H |, OycHHKa OIIyCTHJIaCh 10 MUHHMAJIBHOH BBICOTHI A, a
3aTeM MOAHSUIACh O MaKCHManbHOH BbICOTHl H,. Kakoii 3apsn Obu1 Ha OycHHKe,

ecJM ee Macca paBHa M ?

14.8. Ilo JNJIMHHOMY COJICHOMAY, MMCIOLIECMY 71 BUTKOB Ha €IUHHULY JIJIMHBI, TECYCT

tok [ . Haiinute naBienue p, neiicTBylomiee Ha OOKOBYIO ITOBEPXHOCTH COJICHOMA.

MaruuTtHas DpOHULAEMOCTh cpeabl U =1.

14.9. JInvHHBIA CIUIONMIHOW MWJIMHIP W3 IUDJICKTPHUKA CTATHYECKH IOJISIPH30BaH,
[IPUYEM BEKTOP MOJISIPU3ALMU BO BCEX TOYKAX LMJIMHAPA HAMpaBICH paauaibHO. A
€ro BeJMYMHA IPOIMOPIIMOHATILHA PACCTOSHUIO OT TPOMOJILHOM OCH IWJIMHIPA, TO

ectb P =kr (k= const, r — pannyc-BeKTOp, IPOBEJCHHBIM OT OCH HNEPIEHIUKYISIPHO

K He#). [lununap BpamiaeTcsi ¢ yriioBoil CKOpocThi0 (U BOKpYr cBoer ocu. Haitaure
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MHIYKLIHWIO MarHUTHOTO TMOJISl BHYTPU LMJIUHAPA BJAIU OT €ro KOHIIOB, €CIIU Paanuyc
HWJIMHIpa paBeH R .

14.10. [Inmuunbiii cepneunuk ¢ 4 =100 BTAruBaercst ¢ CHIION

i F =10H B JUIMHHBIA COJICHOWJ, IO KOTOPOMY TEYET TOK
I =10A. CepneyHuKk 3aHMMAeT BCE CEUCHHE COJICHOHMIA W
BCTaBJICH Ha TIyOMHY, 3HAYMATCIHFHO MPEBBIIIAMIIYI0 €ro
nuametp (puc.14.13) HaiiauTe KO3PPHUITUESHT CAMOUHTYKIIHH

L conenoupa (6e3 cepaedynnka), eciu ero amuHa [ = 50cm .

14.11. Kax u3MeHHTCS TOABEMHAsl CHJa 3JICKTPOMATHHTA,

|
—
=
) n300pakeHHOro Ha puc.14.9 , ecim ero HIWKHUNA SKOPb

o— o
H3rOTOBUTH U3 MaT€pHajla ¢ MArHuTHOM IMMPOHULAEMOCTBHIO

M,, OTIMYHOH OT MArHUTHOM NPOHHLIAEMOCTH BEpXHEH
puc.14.13
MOAKOBBI f; ?

14.12. Bponbs 3BaKyMpOBaHHOW UIMHHOM IMJIMHAPHUYECKOW TPYOBI pamuycoM R
CO3/IaH CTAIlMOHAPHBIN AKCHAIbHO CHUMMETPHYHBIA MOTOK 3JIEKTPOHOB, YCKOPEHHBIX
MPU MPOXOKICHUHU pasHOCTH NoTeHimanoB U . Haliaurte pacnpeenieHue mIOTHOCTH
SIICKTPOHOB B 3aBUCHMOCTH OT pagWyca ’ B HEKOTOPOM CEYCHHH MydKa, €CIH
pe3yabTaThl M3MEPEHHsST MArHUTHOrO Mojis B  Kkak (YHKIMU F B 3TOM CEUYECHHUU

0Ka3aJIoCh BO3MOYKHBIM OIIMCaTh BBIpAKEHHEM B = B (r/R)q npu r<R, ¢>0,

rae By u g -- mocrosiHHEBIE. OnpenenuTe 3IeKTpudeckoe mone E (r), Tpeamonaras,

YTO NMapaMeTpbI ITyYKa HE USMCHAIOTCS BAOJIb €TI0 OCH.

14.13. Tuck paguycom R wu TommuHON [ (l << R) 13 PABHOMEPHO 3apsDKCHHOTO
IVDJICKTpUKA ¢ OOBEMHOM IUIOTHOCTRIO 3apsiia O  JIGKAT Ha  OONBINOi

MeTaJNIMYeCKOI 3a3eMJICHHOU IJIAaCTHHE. Beruncnure OHEPIrUro w
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JNIEKTPOCTATUUECKOT0 MOJIL , 3aKIIOUEHHOro B JAucke. JludnekTpuueckas
MIPOHUIIAEMOCTh udjeKkTpuka € =1 . KpaeBbimu addekramu npenedpeyn.

14.14. B OesrpanuuHoM ciioe TOMMHMHOW 2d 00BEMHAas IUIOTHOCTH 3apsma o
U3MEHSETCA MO 3aKOHYy p = pox/d (—d <x<d ), rae X - KOOpauHAaTa BIOJNH OCH

0x , mepneHAuKyYIIpHON IIOCKOCTH clios. B clioe umeeTcst TOHKUIM KaHall BAOJIb OCH
0Ox, B KOTOpOM TIOMEIIEH MAaJICHbKUI MPOBOASIINNA IAPUK, CHCJIAHHBIA U3
MaTtepuaja ¢ INIOTHOCTBIO O, BhIYMCINTE MUHUMAIBHYIO CKOPOCTh, KOTOPYIO HYXKHO
COOOIIIUTH IIAPUKY B IICHTPE CJIOSI, YTOOBI OH MOT IIOKUHYThH KaHAI.

14.15. B OesrpanuuHOM ciioe TONMIIUHONH 2d 0O0BEMHAas IUIOTHOCTH 3apsiua o
U3MEHsAETCA O 3aKOHY p = pox/d (—d <x<d ), rge x - KOOpAMHAaTa BIOJIb OCH
Ox , mepneHIUKYISIPHOM MJIOCKOCTH CJIOS. B cioe mMeeTcss TOHKUN KaHall BJIOJb OCU
Ox, B KOTOpOM IMOMEIICH MAaJCHBKHH IUAJICKTPUYCCKUN IIApUK, CACTAHHBIA W3

Marepuajia ¢ IJIOTHOCTBIO p, U ZlPI3HeKTpPI‘IeCKOﬁ IIPOHULIACMOCTBIO E. Brrunciure
nepuoa MajiblX NPOAOJIbHBIX KojieOaHuit niapuka.

14.16. [Ilposoxsuias monas cdepa paguycoM R cocTaBieHa U3 JBYX mnoiycdep.
BuyTpu cdepbl momenieH KOHIICHTPUIHO TPOBOASIIAN 3a3eMIIEHHBIA Iap pagnycoM
R,. Onpenenure cuty F, ¢ KOTOPOH OTTAJIKMBAIOTCS IOJXyc(Epbl, €CIU IOIHBINA
3apsn coepsl paBeH Q. Ilpym kakoM YCIOBHM CHia B3aMMOAEUCTBHUS moiycdep

MEHSET 3HAK?

14.17. Tlo cdepe pagumycom R paBHOMEpHO pacmpeneneH 3apsn Q. Onpenenute

JaBJICHUC Ha MOBEPXHOCTH C(1)ep1,1, 06YC.HOBJ'ICHHO€ BSaHMOHCﬁCTBHGM 3apAaa0B.
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14.18. Ha BeprukanbHyro coumy Hajgera OycMHKa ¢ Maccodl m, Hecymias

MTOJIOKUTENBHBINA 3apsil ¢, KOTOpas MOXET CKOJB3UTH IO cmuie 0e3 TpeHus. Ha

HUKHEM KOHIIC CHUIbI PaCHOJIOKCH TaKoOH xKe 3apsna. Haﬁ[lI/ITe JacTOTy MaJlbIX

Hag

KoeOaHui OyCMHKA  OKOJIO  IIOJIOKEHUS
paBHOBECHS.

14.19. Ha puc.14.14 wu3o0pakeHa 3aBHCHMOCTh
HAMarHMYeHHOCTH J OT HANpsHKEHHOCTH IIOJIS
H 1yis HEKOTOPOro MarHUTHOI'O MaTepuaia, U3
KOTOPOTO  HW3TOTOBJIEH  CEpACYHHK  TOHKOH
TOPOMJAIBHOM KaTyIIKH, UMEIOIIer N BHUTKOB.
B cepmeunuke wuMeeTcs Y3KUEl TONEPCYHBIN

T om

Hac

Puc.14.14

BO3IYIIHBIA 3a30p anuHOW [ JImMHA KaTyIIK{
(nepumetrp) paBHa L. Ompenenure mpu KakoM

3HAa4YCHUMU  TOKa IO B KAaTylIKC HACTYIIUT

HACBIIICHUC HAMAarHM4YCHHOCTH CCPACYHHUKA. Kak

OyZeT MeHATbCA MarHuTHas WHAYKOUs B B 3a3ope cepaeunmka mpu [ > 1,7

Bennuunsr J,,

c

Puc.14.15

nH,,

3aJaHbI.

14.20. Tonkas TopowjanbHas KaTyllka , HAaMOTaHHas
Ha TIONBIA HEMarHWUTHBIA Kapkac (cMm. puc.14.15 )
panuycoM R , umeer N BHUTKOB, IO KOTOPBIM TE€UYET TOK
I . KakoBo MaruHuTHoe mojiic B B LeHTpe Topa (B TOUKE
0)? Kak u3MeHHUTCS MarHutHoe moisie B Touke O, eciau
BHYTPh KATYIIKH IIOMECTHUTh HEOONBIION IIapHuK

pagunycomM ry <<r C MAarHuTHOH IMPOHUIIAEMOCTBIO

u>>1?
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14.21. Ha cKOJBKO H3MCHHMTCS MHIYKTHBHOCTH TOHKOI'O BHTKa paanycoM R =lcwm,
€CIM  €ro  pacloloKUTh HAa  PAcCTOSHHUU h=10cm or OecKOHEYHOU

cBepxmpoBosIIeH ockocTu? [IIIoCcKoCTh BUTKA TapauieIbHa CBEPXIIPOBOIHHKY.

14.22. B ycmoBum mipumepa 6  KOHICHCATOP 3aMCHSETCS Ha pPE3UCTOP C
conporuBiicHueM R. TpeOyeTcst HAliTH 3aKOH U3MEHEHHSI CKOPOCTH TPOBOJHUKA.

14.23. B ycinoBunm mnpumepa 6 KOHJIEHCATOp 3aMEHSeTCS Ha KaTyLUKy C
WHIYKTABHOCTBIO L. TpeOyeTcss HAaTH 3aKOH JABMYKCHHSI TPOBOTHUKA.

14.24. BHyTph IIMHHOTO COJICHOMIA, MMEIOIIEr0 OOMOTKY C N BUTKAMH Ha €IUHHILY
JUIMHBI, BHECIM MAJCHbKHU IIapUK 00beMOM V U3 MAarHUTHOrO MaTephana ¢

IPOHUIIACMOCTBIO L . OIICHI/ITG, HACKOJIbKO U3BMCHUTCA UHAYKTHUBHOCTH COJICHOMUAA.

14.25. Ha cKOJNBKO M3MECHUTCS MHIYKTUBHOCTh TOHKOTO BHTKA PaIUyCcOM R = lcu ,

€CIM  €ro  pacloNoKUTh HAa  PAcCTOSHHUU h=10cm or OecKOHEYHOU

CBEPXIIPOBOIALIEH IJIOCKOCTH? I110CcKOCTE BUTKA HEePIEHANKYIIIPHA
CBEPXITIPOBOJHHKY.

o 14.26. MarHuTHbBIH AUIONL C MOMEHTOM P,

e a \l n BpPAIlaeTCs C YrIOBOM CKOPOCTBIO (6 BOKPYI

< // OCH, MpPOXOMAINEdl Yepe3 €ro IEeHTp W

Bl / "_f MEPHEHIMKY/ISPHOM MarHUTHOMY  MOMEHTY

(cMm. puc.14.16 ). Haiimute TOK B IUIOCKOH

KpYTJ0il HEMOABMXKHOI paMke paguycoM d ¢

Puc.14.16 comnpotuBieHneM R,

—

paccrossHUH [ >> a ot aumoinsd. HopMame 71 K MJIOCKOCTH PaMKH IEpIEeHANKYISpHA

HaxomsIecs  Ha

ocu BpauieHus qunoist. CaMOMHAYKLIMEH paMKH IpeHeOpeys.
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§15. OTBeThI

§1. Dnexmpuueckoe none

1.1. q'=—i.
V3
qb - .
1.2. E=————, Bektop E HanpaeieH BJONb JMHWH, COCHAMHSIONICH LECHTP
87 €ya

KOJIbLIA C TIPOPE3bIO.

2
F
13 L L (e} _4n.q0%
F 4re G

p m
o2
14. a=——=25-108m/c?
4ze mr
2
15. L X _gimm
I 2rmeyb
KK, l N .
1.6. F = In| 1+— |, ¢ Takol CHIJION HUTH OTTAIKUBAET OTPE3OK.
2re, T

1.7. B 0boux ciyuasx E =0
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Q

19. E, = Py

z .

[1— \/ ], I 7<<da COBMAIaeT C ITOJEM OECKOHEYHOI
2, .2
a” +z

OJIHOPOJTHO 3apsDKEHHOU IIockocTH E =

5> @ JUlsl 2 >>a C I0NIeM TOYeYHOro
27eya

3apsga E =

4reyz :

& L
2¢, \/R12+z2 \/R22+z2

1.11. KapruHa CHJIOBBIX JMHHH IIOKa3aHa Ha

1.10. E. = , TI€ Z — PACCTOSIHHUE [0 [IEHTPa KOJIbIa
2 p P

o
uc.15.1, rne £, =—.
l— p 1 2¢,
1.12. E= i, [I0jIe HAIPaBJCHO BIOJIb OCH
€o
CHMMETpPHH TOIychepsl.
113. E=L 4.
3¢,
3e
Puc.15.1 1.14. p(r) =const = —,
47R
2
V:L 6—3 =25-10°T1y .
Az \ zeymR
OR 1 1
1.15. , TIOJIE HampaBJ€HO BIOJb OCH

2| Rraat) (R +ari)

IUIMHIpA
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o2 l
1.16.E =— arctgﬁ , ITOJIE€ HAIPaBJICHO NEPIEHANKYISAPHO IIIOCKOCTH ITOJIOCHI

Ty
o . NP+ +1 o z I
117. E, =- In , E =———arctg—.
dmey 12 4 n? _4 27e, |z| h
1.18. E = Lz , HaIpaBJICHO BIOJb TUAroHAIN KBaJapaTa
eyl
1.19 E=ﬁ\/E , TIe n= L,L
4reya 2 42
1.20 E=ﬁ\/§ , Toe n = L,L,L
47[€0a 3 3 3
121, F=XN0
47eyz

§2. Ilomenyuan anekmpuiecko2o nois

qq'

2.1. Bo Bcex Tpex ciydasix A =
4z,

(l —iJ , B 4aCTHOCTH, B ciiydae 0) A =0
non

22.9=—1 (—l+l—i...j=— 9 12
2meg\ a 2a 3a 27meya

[

99

2.3. A=0, ans1 OTHOMMCHHBIX 3aps0B A =

24.2) W=0, M = p,E , MOMEHT HalpaBJIeH 3a INIOCKOCTh PHCYHKA, 0)

W=-p,E, M=0, B) W=p,E, M =0;BoBcex cryqasx F =0

25.) w=-112 ) w=T1P2 g -0
TEYF 2meyr
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E 2p,E
26. =2 |PE g 2P

m ml?

-

27. a) p, W r aHTUNApPAIENsHB, ©0) p, W ¢ NapaulenbHBl, B) p, U 7

OPTOrOHAJIBHBI
p.N1+ 3cos’ 6
28. E (0) ==, 1ae 6 -- yroi MeXmy HalpaBICHUEM Ha TOYKY Chepsl
4reyR

U TUTIOJNIEM.

OR o}
29. p=—, E.=—, rae ock Oz HampaBieHa BIONb OCH CHMMETPHH

2¢, 4¢g,
ronrychepsl

4re, -
2.10. n = P 2-10" snektpoHoB, AM =mn=2-10""xe

e

= - = - Py — P Oy — P _ Py~
2.11.E:EX1+E),J+EZk,rL[e Ex:T’Ey: ; , E = ;

212, F :L"y JIATIONG OyJeT MPHUTATUBATHCS K 3apsly, €Ciu OH oOpalieH K
2reyd

HEMYy MPOTHBOIMOJIOKHO 3apPSDKEHHBIM KOHIIOM, M OTTAJKHUBAThCS B HPOTHBHOM

ciydae.

2.13. 1 =24a> -R?.

2.14. Her, Tak KaK Takoe I10Ji¢ HE OyACT MOTCHIIMAIbHBIM.
OR

215 p=——.
TE

§3. IIposoonuku u ousnekmpuxu 6 snekmpuyeckom noxe . Teopema I'aycca

2¢e ‘1ga
31 g=S0MEIEE
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1 , , 1
3.2. 0'1=_0'2=§(Q1—QZ)’ 0'1=0'z=5(6h+612),
- ’ ” +
EX:CII qZ, Ex:_Ex:ql 1
2¢, 2¢,

3.4. TloTreHIMaI IPOBOAHUKA YMEHBIITUTCS

3.5. Ha BHyTpeHHeil MOBEPXHOCTH OOOJOYKH IMOSBUTCS HABCACHHBIA 3apsi]i TaKOH,
9TOOBI TI0JI€ BHYTPH O0OJIOYKH OOpATHIIOCh B HOJb. Tak Kak 000JI0YKa HE 3apshKeHa,
TO 3aps] MPOTHUBOIMOJIOXKHOTO 3HAKa PACHPEICIUTCS [0 BHCINHCH MOBEPXHOCTU
000JIOYKH PAaBHOMEPHO.

1) Ecim k 000NOYKE MOMHECTH 3apsHKCHHBIA IPOBOJHUK, TO H3MCHUTCS IIOJIE
CHapyXl OOOJOYKH TaK, 4YTOOBI TI0Jie B TMPOBOAHHWKE OBLIO paBHO HYIIIO.
Pacnipenencaue 3apsjga Ha BHYTPCHHEH OOONOYKE He U3MeHumcs W TO-TIPEKHEMY
OymeT co3maBaTh HANPsSHKEHHOCTh B 000JIouKe, paBHyl0 Hymio. 2) I[lepememenue
BHYTPEHHETO MPOBOJAHKUKA OYIET MPUBOIUTH K U3MCHCHUIO PACIIPECIICHI 3apsiia Ha
BHYTpPEHHEH 000J109Ke, HO HE OY/IeT BIHUATH HA MOJIe CHAPYXKH.

3.6. YBenuumtcs, TaK KaK MOBEPXHOCTHAs IUIOTHOCTH 3apsijia HAa METaJLTHYCCKOMN
IUIACTUHKE MTPOTUB JUAIEKTPUKA BO3PACTET.

3.7. Iosne paguambHO U OMPENEIISICTCS BEIPAKCHUSIMH

0
R(R,-R;) 0 r<R
£ Ry(Ry —R,) 4ze,r? R <r<R,
= ecim , THE 7 - PAacCTOSHHE OT
Ry(R,-R,) © R, <r<R, 8 P
Ry(Ry - R)) 4re,r? Ry<r
0
neHTpa chep.
38. 5 =5,k =—U(x:d).
d d

39.9y=4;/q,.

3.10. YMmeHpmuTes
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¥, r=R
= - 280"2
311. E(r)y=¢"" , TIEe r — pacCTOSHHE OT OCH MWIWHApPA O
r
’0—, r<R
2¢&,

paccMaTpruBaeMOi TOYKH MPOCTPAHCTBA
2kd

3.12. E= > 5Y» HANPABICHO NApAJUICNLHO ILIIOCKOCTH, B KOTOPOH JIexKaT
8072"4h +d )

MIpOBOJIA.

pd x
3.13. Ilose nmepHneHaUKYIAPHO K IOBEPXHOCTH CJIOS U paBHO BHE ciod E, = —-—
& |

BHYTpH ciiost E, = px/&;. Ocb Ox mepneHAUKyIsIpHA K NOBEPXHOCTH cinod, x =0 B

CEPCAUHE CIIOA.

£Q

3.4, g=—— <%
=" Rir+e-1)

3.15. p(r)= 280
r
24ne, Ela®

}’4

3.16. F = , chepbl MPUTATHBAIOTCS .

317.a) g =Dy >DPpys 0) &, =Py, =P); =¢. Ilanouka Hapymaer

c@epnqecxy}o CUMMCTPHUIO TII0JIs, IIOOTOMY OHNPEACTIUTL IOJIC D ¢ nomolipo
PIHTGFpaJ'ILHOfI TCOPEMbIL Faycca HCBO3MOXKHO.

3.18. a) ¢(x)=§x npu |x| <a; ¢(x)=§aﬁ+E[x—aﬁJ npu |x| >a;

6)0'= —soE(l —lj : B) P= &E .
E
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Pcosa ..
n, eHympu

3.19. E = £

0, cuapyocu

—

320,00 F=-L-, D=0;6)F=-—LF, B:(l—zﬁjﬁ
& ey 1

321. E'=(e—1)E/3=P/3¢,.

3.22. B Toukax A ¥ B HanpsykeHHOCTH BO3pacTeT B TP pasa, a B Toukax Cu D
oOpaTHuTCs B HYJb.

§4. Vpasuenus snexmpocmamuxu

- qzaR N . -
41. F=—————pn , cCAMHWUYHBIA BEKTOP 1 HAMPABICH OT ICHTPA CHEpBHI.

47[80(R2 —az)z

2 4

- R 7R -

42. F=_4 5 1-8& 1+¢ —|n, rae & =", elMHUYHBIA BEKTOP 7 HANpaBJeH
47zqa (-¢*) a

OT LIEHTpa 1Iapa.

3 2
4.3. a) aUOONb NPUTATHBACTCS K IUIOCKOCTH C cuioi F =L4; 0) AuIoibL
64re a
OTTAJKHMBAETCs OT INIOCKOCTHU C culof F =2F .
1-&2 R
44. oM)= 41y ¢ |, rme §=—, a - yron Mexay
4mRa (1—2§cosa+§2) a

OTpE3KaMH TPSMBIX, COSAWHSIOMMX IICHTP cdepsl ¢ 3apagoM U HEHTP cdepsl ¢
TeKymien Toukoit M Ha chepe.
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2 2p3
45.1) A= ‘IZR . 2) A= ZRZ -
871'80‘a -R ) 8reya ia -R i

2

4.6. F=—1 3 (\/_ —l] , CUJIa HalpaBJieHa K BepIIuHe AByrpa”Horo yria O.
87e,d 2

4.7. Tlone co3maeTcs YeTBIPEMsS  3apsaMu,
IMOKa3aHHBIMHA Ha puc.15.2, TIe

b=R?/a, q'= gR/ a . Ero noteHnnan paBeH

1
olx, y,2)= [ 9 el

R R
N q _ q

ATE \/x2+y2+(z—a)2 \/x2+y2+(z+a

R
4.8. ¢'= —% - 3apsi1, 00pa30BaBIIMIACS Ha IIape

Q 4
49. p= dzme R 4Armeyd ot d >R,
o @+q) d<R
4reyR

4.10. TTone mapamwtensHo ocu Ox u HampsbkeHHOCTh ero E = ax. Takoe moje Oyaer
CYIIIECTBOBATh BHYTPH CJIOSI, OTPAHMYEHHOrO JBYMSI OECKOHEUHBIMU ILJIOCKOCTSIMHU,
NepHeHIUKYISIPHBIMA K ocu  Ox, M 3apsDKEHHOr0 pPaBHOMEPHO C OOBEMHOMN
IUIOTHOCTBIO PO = O/, .

1 &8 6]2
- 3apsa]  NPUTATUBAETCS K  IUIOCKOCTH,  €CJIH

411. F=— ,
16,6, €, +€ d*

&) > &, U OTTAIIKUBAETC, €CIIU €, < £ .

2
\/a2x2+a2y2+(za+R2) \/a2x2+a2y2+(az—R2
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& —&
4.12. p = -£,0F, (g, + ox)*, rne a=—2—"L;
a
4e0Eg\E, — €
IUIOTHOCTB 3apsja B IEHTPE IJIACTHHEL O = —M =—0,59mKKn/ > .
ale, +¢,)
4.13. o, =(e—1)eyE =3,5uKn/ m?, 0, =0y R* =1,1-107 K.
4.14. w = 2 |3PE
L'y p
- Kz 82 - 81 —
415, F=— n, TAe n - CIUHWYHBIA BEKTOP, HANpPAaBICHHBIA K

4re €,d €, + &
IOBEPXHOCTU pasaciia
1 e-1 qL
2 e+l Qoz +L2)3/2 ’

MIEePIICHANKYISPA, OMYIIEHHOTO OT 3apsia Ha TPaHWIy pa3zielia, [0 IPOU3BOIBHOM

4.16. o(p)=-

31€Ch O - PACCTOSIHME OT OCHOBAHUI

-1 .
TOYKU ITOBEPXHOCTH. Q=——1q , 3aps] NPUTATUBACTCS K IUDJIEKTPUKY C CUJIOU
£+

1 oe-14q?
drme, e+1412
4.17. a) uer; 0) na.

0 r>R
4.18. p= 3ag, | eciu .
= r<R

4.19. B Havane KOOpIMHAT HAXOAWUTCA TOYEUHBIH 3apsnq = 47€ya , BHYTpU cdepsl

3&ya
R3

HaxXoAuTCA 3apsn € 00BbEMHOM MJIOTHOCTBIO pP=-—
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0 r>R
4.20. p = ecnu , Ha cdepe paamyca R pacupenesieH 3apsg C
12a&,r r<R

MTOBEPXHOCTHOM IJIOTHOCTBIO O = —3a€0R2 .
4.21. B Hauane KOOpAMHAT HaxOAMTCA 3apal ¢ =47Eya, chepa paguyca R
3apsDKeHa

4.22. B Havane KOOpAMHAT HAXOOWTCS TOYEUHBIH 3apan ¢ = 47€yb, BHe - 3apsn
ba26‘0

pacIIpe/Ie/IeH HEIPEPEIBHO ¢ IOBEPXHOCTHOM I0THOCTEI0 P(r) = — exp(—ar).

1
4.23. E(r) = 0 5 » TA@ I — PacCTOsIHKUE OT LEHTPa chep
Q) +6,Q, gr

§5. Dnexmpoemxocms. Duepaus neKmpuyecKo2o noJis

5.1. C:M

1+ B ey
R2

52. AW = 27e,R,U".

53.C= c0(1+ij =3C,.
dl

54, ¢ foSle—e)

din L
&

5.5. a) HanpspKkeHUe He U3MEHUTCS; 0) HAMPSHKECHHOCTh YMEHBIIIUTCS BIBOE
_4repe,a _ 27EyEa

56. C= , =
In(b/a) In(b/a)
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57.Cp=—"0 . "o
4=’ ln(a / r)
v

58. E= Q , THE 7- paccCTOSHHE OT OCH KOHJEHCATopa,

Elr(&y, +&,¥)

_. WiEs s
=&
In(R, /R,)
5.9. He n3menurcs. v =21 L YMEHBILIUTCS
U, n
o GG
5.10. 1) emxocTh OaTapeu, BKIIOYEHHOU IO cxeme a), Oompue; 2) Cy =———,
C; MOXET OBITb JII00OH.
5.11. eMKOCTH paBHBI.
5.12. C,.
513. W, =é&W, -- oHeprus yBeauymiach 3a cueT paboOThl IO YAaJIEHHIO
IMJIEKTPUKA.
5.14.
2 2 2
0 =27, RiRy (9 —¢,)" + RiR; (9 — ;)" + RyRs (9, — 93) ~4,5-10" [orc .
(R, + R, +Ry)
Seyle-1)U? Seyele—1U*
5.15. 1) AW=—M, A=-2AW ; 2)AW=A=M.
2d 2d

e
5.16. A= Ses (dy —d), 3a cuer SHEPrUH ATEKTPHUECKOrO MOJs KOHIEHCATOPA.

€o

d

517. x=

&l ﬂgZ —1
2dA
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2
518. w =—1 (l—lj.
8nep,el\a b
_gi(e+])

5.19. W = .
l6r Reg,

2
520. A=—2 =094 .

_407[80)’
S.ZI.i: d .
A2 d—S
522. a=1.
R R
523. C=¢,le, Q, +£,Q 12
0(1 1+ & 2)R2_R1

_ & (e-DU’R®

524. M
4d
§6. Keasucmayuonapmuvie moxu
UR UR
6.1. U, = 2 Uy=——,
g
6.2. L=ﬁ, rIe o;,0, - yribl, 0Opa3oBaHHBIC JIMHUEH TOKA C HOPMAJbIO K

MOBEPXHOCTHU pa3acia B nepBoi/i " BO BTOpOﬁ cpeac.

63 R=—1 (l_lj+ L1
270, \a b)) 27A b
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N
6.5. LT
Ny, 4
2 2
R R
6.6. N1=—80 Ly, = SR

) 2 bl
(R1 +R, )2 (Rl +R, )2

d d
e Ry =—-py, Ry=—-p,.

28 28
_2&,8, (&4 —&4,)
6.7. o= .
d(A +4,)
6.8. _ ! .
27Ar

6.9. r=0170) (€ +Cy) .

AC,C,

U’R, U’R,
610. N, =——, N,=

s 2 G
(Rl +R, )2 (Rl +R, )2

rae R = L1 R, = Lt 1
! 4z \n n P2 4l \r, 1 ’

U’R, U’R,
611 Ny=———, Ny=—,
(R, +R,) (R, +R,)
rae R, = ! nr—z, R, = ! In2
274 K 274,
I l
6.12.U, =——In| 1+— |=149B .
AL "o
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6 0

In| tg -2 |—1In| te —

(gz) n[gzj
v 0,
21n| 1g -
%]

TOYKH A MPUHST PaBHBIM HYIIIO.

6.14. Q= , TOK TE€YET OT TOYKH A K TOYKE B, moTeHIuan

6.15. R :Lln tg& .
onA 2
2U yr 4ee U
6.16.  E()=1—20  plr)= 2o
Ry — R Ry — R,
617.  Alr)~ i4 .
r
1
6.18. A~ j~—.
r
A=A
6.19. p = g¢gylj rie x— TeKyllas KOOpAUHATa, OTCUUThIBaeMasi OT

[+ (2 = A 1

TOYKHA A TI0 HATIPaBICHHIO K TOUKe B.

yl
620. N="">g.¢ .

880 =l
2

621. p=_Ui

1t

Rl RZ
6.22 T L

In(R, /R,) £,E/ A
623 1-_CEo%
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6.24. 1= 260%€

6.25. R~ 2L 1n%).
TR r

§7. Maenumnoe none K6asucmayuoHapHuIX MOKo8

Uy 81N a* +b*
71. B=————

4 ab
TIJIOCKOCTH KOHTYpaA.

. BeKTOp B HaIlpaBJICH BAOJIb IIOJIOKHUTEIbHOMN HOpMaAJI1 K

7.2. Tlone B obeux MOJYIJIOCKOCTAX OAHOPOAHOE, HO HAIPAaBJICHO B Pa3HbIC CTOPOHBI]

s mliE] ; ;
B=’UOT’, € - CeIWHWYHBIH BEKTOp, NEPNeHIUKYJISAPHBIH  IJIOCKOCTH,

HaHpaBHCHHHﬁ OT INIOCKOCTH.
VYkaszanue: Pe3yﬂLTaT JacT HEMOCPEACTBECHHOC HWHTCTPUPOBAHUC!

Mohidx
B=2|—————=, h - paccrosHHE OT TOYKHM 10 IUIOCKOCTH, WJIH IPHMEHEHHE

0 2w h* + x?
TEOPEMBI O LUPKYJIALUU BEKTOpa B.

7.3. BHe miockocTel Mo HeT, MeXKy INIOCKOCTSMHU II0JIe OJHOPOIHO; B = i [i ;E] s

€ - COUHWYHBINA BEKTOP, MEPIECHANKYIIIPHBIA IJIOCKOCTH C TOKOM i , HallPaBJICHHBIN

OT Hee.
0, 0<p<R

74. B(p)= Hy 21 SR CuiIoBBIE TMHUHA — KOHIEHTPHYECKHE OKPYKHOCTH C
dr p’

LIEHTPaMH Ha IIPOBOJHUKE.
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I
75. B =,u0_21d' Yxazanue: JlononHuts TOKamu I, =—d n —I;, TeKymyMu 1o
dr“ar 27R
HIENH.
~  2UyO0R
7.6. B :Ta). Yxazanue: Pazoute cdepy Ha ciom mapaniersbHbIMU

IUIOCKOCTSIMU; TIOJIE OT CJIOSI, COOTBETCTBYIOIIETO yriiaM oT O 1o 0+d6, ecth none ot

KPYrOBOIO KOHTypa pajuyca Rsin® ¢ cuioii Toka 0GR sin0d6.

7.7. Bekrop B BHYTPH c(epbl MEpHeHIUKYISPEH IUIOCKOCTH pucyHka 7.7. Crnpasa

I
OT NPOBOJIHMKA HANpaBleH OT Hac, ClieBa - K HaM. BHyrpu cdepsl Bzgi P -
V1

paccTosiHie OT poBoaHKUKA). BHe chepsl B=0.

I l
7.8. B, = ’% arctg% (HampaBleHUE — TI0 TIPABIITY OypaBUMKa).

I
7.9. B:éli(l+cosa'), rae r — paccrosHue or Touku A. Ilonme HampaBieHO
Jr

MIePIIEHANKYISPHO IPOBOTHUKY C TOKOM 21.
7.10. F, =2IRB.

1
711, F = gyl 1,| ———1
VI-R%/a?

7.12. Cnnpann C 0OCsMH, MapaUICJIbHBIMU JIMHUAM MAarHUTHOMI UHAYKIUW; paanyc

N mysin & 27my cos & 27m
criupaned R =————; mar h=—————_. Bcerperarcs yepes3 Bpems T = ——
qB 9B 9B
Ha PAcCTOSTHUH A OT HaYaJIbHOW TOUKH. MakcuMallbHOE paccTosiHuE 4R.
BL
Z, mpu vy < e

713. a =
. (q BLJ gBL
arcsinf —— npu VO >—
m v, m
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Iuyn  r« = o
7.14. B, = éuﬂOR tg—. Bektop B, HampaBieH BIOJIb MOJOXKHUTEIBHOH HOPMaln K

n
) _ 1y
TIOCKOCTH KOHTYpa;. IIpu n — oo Oyner B, = SR
7.15. By=0.
= Ul | VR _a? .. a =
7.16. B,=——| ————+arcsin— |, Bektop B, HampaBieH 3a TIJIOCKOCTh
7R R R
pucyska 7.8.
INIn\R,; /R =~
717. By = w , BEKTOp B, HampaBieH BIOJIb MOJIOKUTEIBHON HOPMAIH

2(R, - R,)
HoIN

1

K maockoctu cnupamd. Ilpu R /R, —1 Oymer B)=

(TIone KpyroBoro

KOHTypa paguyca R, ¢ TokoM NI B IIEHTpe KOHTYpa).

_( g e
7.18.5—2(1 NGl 52)+M, E=IB T

7.19. [?0 = %,uop(R2 - rz)E) BHYTpH, [?0 =0 BHE LWIMHApA.

T o
7.20. 1 =E. Vxazanue: na snement mpoBomoku dl ¢ TokoMm [ OeHcTByeT cuia

i
Awmnepa F=IBdl w nBe pacTarmBaiomue Cwisl 1 TOX  YIIoM 0{=%,

. 1
paBHOAEUCTBYIOIIAs KOTOPBIX paBHa 27T sm% . [Ipn maneix o Oyner T% =1Bdl.
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§8. Mazcnumnoe none 6 eewecmese

Ip
, 0<p<R
2R P14
I
81.H(p)=y— R Sp<R,.
(p) 270 1SPS R
0 p>R,

VYxazanue:. Bocnonb3oBaTbecsi TEOPEMOM 0 LUPKYIALUU BeKTOpa H.

]

82,7 - o0 7]
o e = T , BEKTOP a HalpaBJICH OT OCHU NPOBOAA K OCHU MMOJIOCTH.

Yxazanue: JlononHUTH MOIOCTh "TOKOM" € INIOTHOCTBIO j U — j . Bocnonb3oBaTbes

TEOpEMON 0 LUPKYJISIIMY BeKTOpa H.
47Ny, iy

c(Zd,ul,uz + (g - dj(m + 11 )] |

83. B=

84, p=_ Hothipl

CI/IJ‘IOBLIC JUHUU — OKPY)KHOCTI/I C HeHTpOM Ha OCHu
r (/11 + ,Uz)
MIPOBOJIHHKA.
8.5. B,(7)= B, (7) = 20H2 i (7). () =—22 i, ).
Myt Uy Myt Uy
- 2 —
H,(F)=—"1 )
M+ Uy
8.6. B =B, L
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_L(ﬂ—l) 2
87 =l

2 <p<
3.8, B(p): Molp/27R*, 0< p<R
Mol 1270, p >R

(z—1)r?

89. B=B,, —2B, = uB,| 1-2"——|.
u ol

8.10. B = E0[1 +MLJ .

u o 2r
8.11. g =t/
2R
8.12. B=%,u01m(\/R2 +1? —R)/l :%,qum(l—R/l).
8.13. H=2% p— 1, 2%

. B= .
271, aa by

h
814. H=pu,J| —-1
Ho [ZR j

815.a) I, =—x;06) I,; =4 .

§9. Maenummnuiii nomox. Mnoykmuernocmo. IHepeusi MAeHUMHO20 NOJIAL.

2
9.1, = H )N Ry

=0,47 I'n.
4z R,

902, L=t 104 15 s
T a

903, L=l R _ o6 .
2r R,
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94. 1). L=L, +L,; 2). N=N1(1+%)-
1

9.5 [, =0"1p2 =
1

9.6. L;;= tiyNns = 25 mklH.
_ HoNZh (R, +(u=1)A)

9.7. L =1.87 ml'h.
27 (Ri+(u—DA)
9.8. L= tyNns cos o
9.9. L= u,N’S/I-d).
hJ?
9.10. w, = “HM R 06 e
ar r
N2hI* R
9.11. w =P 1, M 645 e
ar R,
w. 478 ,n2
9.12. k = —eon — 020 _ 9700 pas.
Wy InS,/S

9.13. 1., =U0\/§ =0,12A.

9.14. F = ,Ug[][gnﬂ’lgﬂrz =40 H

915. L=1L, 1+i+i2 .
B B

§10. 3axon anexmpomazHUMHOU UHOYKYUU.

1 .
10.1. AU = EagBd gl sm(Zt\/%} , TJIe g — YCKOpPEHHEe CBOOOHOrO TaeHusI.
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10.2. 6 =€,vB =8,85-10" Ki/v’.

L
10.3. La(l) =—.
N
max 2 aUOIO
104, 1™ = |= 200 [p—In(1+h/d)| =34 MA.
e TRt
I
10.5. 0 =20 % 1n(14 b/c) =1 MK,
7R
Ib
106, 0= HolbAs [era) oo micn,
4z(a+b) c—a
Ba*
10.7. 0= (1—4/7[) (<0, T.e. TOK Te4eT MPOTHUB HANpPABICHUS 00X0Ia KOHTYpA,

COOTBCTCTBYIOLICTO HOPMAJIH, COHaHpaBJ’ICHHOﬁ C BEKTOPOM B )

lab
108. & = #tabV

P 2r(c+vt)a+c+vt)

109. £, (t)=Babwsinax.
10.10. £, (tH)=abB, (wsin ax cos Qf + Qsin Qf cos ax).

10.11. € = Babay| 02 |gin[ 102
2 26

10.12. O = wInS/R

10.13. 0 = E—VRL;? )
1432

10.14. £¢t)=1,R- IO(R —ﬁ]e‘ 1T
T
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§11. Vpasnenus Maxceenna

11.1. P=%k2/11R4 =0,94 Br.

Blrw?R*Ah . R
07T M n=2

11.2. P= .
Rl

11.3. B:%(e_t/ 4 —1)@ (MpeATonaraeTcs, 4T0 TOKM TEKYT B HANpAaBJIEHHH,

OTIpeIeNsIeMOM TIPaBHIoM OypaBUMKa OTHOCHUTENFHO HanpasieHus ocu 0z.

4 d\" 1
11.4. P(x):‘geoUo(;j ?,p(d/2)=—25'MKKJZ/M3.

3/2
11.5. j:ieo,/EUo—z 2644/ M.
9 m 42

2eU
11.6. v= 2‘2’3,/ﬂ =37-10%m/c.
m

11.7. T=3d

118. H,= gow% =410 4/ m; By = pgHy =5-10"Tx,

U _ i
H, =egoa)2—°dr=4-1o 2A/x; By =pugH, =5-10°Tx.

11.9. noTox Hepruu paBeH HyIIO.
oD oD vU
11.10. 1 / ’:—:0’ 2 .CM:_:_E_'
) Jen al ) J at 0 d 2
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40 Y2
11.12. Bre myuka II= % 2w , BHYTpU myJKa
4&,r m
H:er(ne)z‘{z—w, IZe r — paccTosHHE 1O OCH Iydka. Bo Bcem
4¢g, m
npocTpaHcTBe BeKTOp Il COHATPABIEH CO CKOPOCTBIO ABHKEHHS YIEKTPOHOB.
L
. s=2 2% 1400
9¢* \'m q*
U2
114, p=—2 %o g
9¢” md

§12. Onexmpuueckue yenu. Ilpasunra Kupxeogha.

12.1. Bo3moxkHbI aBa ciny4das 1) 15 2) 0,87 .

12.2. E=(E1r2+E2r1)/(r1+r2), r=r1r2/(r1+r2).
R; +R

123.R=R, =—*.
R, +R,

12.4.

JiR,, +(J1 +12)R23 —15B;0, = @3 + Ry JoRy, +(J1 +12)R13
Ry + Ry3 + Ry3 Ry + Rys + Ry3

=12B

O =03+ R;5

12.5. Ry =Rr(3R+1)/(R*+6Rr+1").
12.6. ¢ 45 =0

12.7. I =10A, 15, =5A, 15 =1A, 15, =3A, 1,5 =4A, 1, =2A.
nE +nE, + (rl +7, )E3

128. I =
nry +rnr+nn +R(r1 +r2)

=2A.
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12.9.
11
E2 i+i _|_E‘1 —_— E‘2 L.’.L _E‘1 L+L
R, R, R, R, R R, R R,
Pa= 1 1 1 ¥p = Ey.9c = 1 1 1
—t et —t et —
-2
1210. 1, =r+r +—2  E =F,—2 +F 12
R\E, —E, + E,)+3rE
1211, L= (£, ~E, +E3) T _34.
3r(R+r)

12.12. E, = 7 B, E; MOXET UMETh JIFO00E 3HAUCHHE.

12.13. 1,(r)= Riexp(— 51)8 sin @ — wcos ax |, rae
[0

1 1 1
S=—1V 0= |———.
2RC CL 4R*C?

12.14. U, = E/3.
R2
R +R,

12.15. Q(0) = CE

12.16. U, (1) = (E, - El)exp(_%j .

E 3 V5 V5
U, (t) = ﬁ exp(— 3RC t][ex{% t] - exp[— 2RC t]]

| U, (t) = £exp(— 3 tjl \/52_ ! exp[ \/§2RC tj + \/g 1 exp(— £ t]]

2RC
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2RC

75

1220. U ()=E exp(— Lcj :
r

12.19..7 = In = 0,86RC

3+J§
2

12.21. UL(t)=§Eexp(—§tj .

12.22. R< ‘{i .
2C

12.23. a = arctg(wrC)

E R 4R
12.24. I(t)=——|3—2exp| ——1t |—exp| ———1 || .
(¢) GR{ p[ L] p( 7 H

12.25. U(t)=E - EGXP(— %tjl(Z + \/E)exp[— %I) (2 - ﬁ)exp[%t}]

4
12.26.2) U(r)= %exp(— ﬁj 6)U(t)=0.

12.27. t = %RCln 6.

E t) 3 11
12.28. I(t)=—/|exp| —— |- ~exp| ———1|.
) 4R[ p[ ch 7 p[ 7RC H

12.29.
E 2r+R 4r* + R? V4r? + R?
I(t)=—exp - tllexpl ——t|—exp| ————1||.
[4,2 + R 2L 2L 2L
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E
1231. I, = 0,

wx+arctg ——— |,
)2 cos{ arctg a)R(Cl <C, )J

\/l+a)2R2(C1 +C,

Lo E,wC;\1+@*R*C?

. =
‘ \/1+ 0’ R*(C, +C, )

RC,\C; +C
COS(CLX +arctg LIZ)J .

o

12.32. 1) w=; r moboe, 2) r =\/% o nrobas.

JLe

R? +(wL+1/0C)*
R*+(wL-1/wC)*

12.33. V=U, \/

1234. W=0

1 W:U_§.2R2+w2L2
2,7 2 2,2

w°L 2R R +w°L
a)(L—RZC)

Rll+w’LC)

12.35. C =

12.36. ¢ = arctg

Rll+»?LC)
12.37. Q= arctgm
2arC
o*r’c? -1
12.39. y=z—-¢

12.38. ¢ = arctg

2

L L
1240. L, =L, + L,, L3:(L0+L2)L—0, C3:C2( 2 J
2
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1241. 1 =1, exp(— r_tj’ roe I, = E sin(y — @),
L (”0 + r)2 +w*?
= t .
¢ arctg r 7
- w*Lc)

12.42. ¢ = arctg—(z—j,
or°C+L

-1
12.43. ¢, = arctg 1 opu @ = %\/;

2/n
12.44. ¢ =2arctg oL
p
1 2
vee\ " uc 2aL
445. W 0 mpu R =
8L ‘ L ‘1—(02LC‘

E} (R1 +R, + szEchz)

12.46. W = -
[(Rl +R,) + (le RZC) }
2y~ 25242
12.47. tg¢=6a) LC-w°R°C” -3
20RCl@*LC +1)
12.48.

E()=1,|R [l - 2 L,C)+ R, 1 - 0*L,C )|cos ax — 1, [wC (R, R, - 0L, L, )+ @(L, + L, )Jsin e

12.49. ¢ = —arctg «RC
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§13.OnexkmpomazHummnule 80NHbI

qx, w*

13.1. E, (r,0,t) =— sin @ cos(ax — kr) .

4reygcr

13.2. P= % LocoH2R?.
133. P= %azgocoEg .

7 7
134. (1) x()= a—zo[cosgo —cos(ar + ¢)]—ﬂsin @-t, tne 0=1,76-10"" Kn/xkr —
w w

YIENbHBIN 3aps] 3IEKTPOHA;

E
) <<
[0

€0

~107 (B-c)/m

t
135. & (1) = 4aE, sin ﬂ%sin[Zn’ %—i— %j , Toe @y — HayaibHas ¢a3a BOJHBI

OTHOCHUTECIIBHO PAMKH.

_ 2 2 . 2
13.6. I, = [O{M} I — ny 4cos” 6, sin” 6,

(6, +6,) 0y cos* (6, =8, )sin* (6, +6,)

RO
rae 6, = a1rcs1n(—1 sin HIJ.

ny
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§14. 3a0auu nogvruennou mpyornocmu

14.1. &> ___ 4o
14.2. »? LS
2m
143, M - g,(1-e)R*V?
- 4d
144. v = |2M8d _ 4758
&l
14.5. T = o |E0™
PPy

14.6. F = Lz[q +2j
167, R 2

14.7 HH, — b} arJdream

/e d = ——m =
H1+H2_2h1,q 0 g

14.8. p=pu I*n*.

14.9. B = pyakr? .

1400 L=—2" _ 107y
(u—-1)12
2 2
14.11. — =
F, U Uy (R +2h)+ 1, (2a +1)

q-1 q
14.12. n(r): (1+q) BO[LJ ; E(r):lBo(Lj , TIe v=‘{2e—U -- CKOpPOCTh
HoevR R v R m

AIIEKTPOHOB.
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~ 7[R2p2l3
6¢,

1404, =204 | 3
2 gopM

_ 2z |2p,(e+2)
£o 3(e-1

2
14.16.F:Q—2(l—ﬁj, R =1R.
lemeyR“\2 R

14.13. W

14.15. T

2 2
1417. p= 2 - @

2e, 32¢,m’R*

S

14.18. a =

N

NI
14.19. IO = %(Huac + ‘]lzac %) ’ B = IUOL + Iuaqu (1 _%j

Mol

14.20. B, :E’ HaNpaBICHO MEPHEHIUKYISIPHO MIOCKOCTH Topa. C IapukoM

NOABJISICTCA  JONOJIHUTCIIbHAA COCTABJIANOMIAd , JICKalass B IIOCKOCTH TOpa

3
IN (ry
B =uy—|—| .
1 'UOHR[RJ

Ko R

14.21. AL=- =-25-10"%Iu
16 43

1422, v ="8R11_, mR

(BI)



§15.0meemwi

313

g Bl
14.23. x(1)=—=-(1—cosan), w=——.
o i
14.24. AL =2 41 vn? #71
2 H+2
4
14.25. AL =0T R _ 150072 1y
32 53

2

p,a @ .
14.26. 1(t)= 1, —2——sin ax
() Ho 2RI
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@opMyJibl BEKTOPHOTO aHAJIM3A.

B maHHOM MOCOOMHM NPHHSTH CIIEAYIONINE 0003HAUSHUSL:

CKaJsIpHOE TMpou3BeneHne (d l;) s (c?,l;) , ab
BEKTOPHOE TIPOV3BEIeHUE [é b ] s [5,5 J .

Bo Bcex dopmynax da, b, ¢ — BekTOpHBIE (QYHKIMH KOOpJHHAT,

D — IOCTOSIHHBIH BEKTOp, @, Y — CKaJSIpHBIC QYHKINH KOOPIHMHAT.

JIBoliHOE BEKTOPHOE ITPOU3BEICHHE: [Zz,[I;, ¢ll= b- (a,c)—c- (Ez,l;) .

Juddepennuans: d(ﬁ,l;):(dﬁ,l;)+(ﬁ,da); dla l;]z[da bl+la, db]

2. Omneparop 'amunbroHa (oneparop “Habna”): V—li-l- ]i+lz i
ox "9y oz
= d d 9 =
a,Vv =a,—+a,—+a — Vo=grad ¢;
(@.9)=a,g+a, e o ¢=gradg
diva =(V.d); rota=[V.a|.
3. divrota=0; rot grad ¢ =0

div gradp=A¢;

grad (¢-y) =y grad+ @ grady ;
div(pa)=(gradg,a)+@diva;
rot(@a) = @rota—|[a, Vel ;

div(pgrad y) = Ay +(grad ¢, grad y) ;
div(¢)(r)~l7) =0 (Nr+3e();
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grad(a b)—[b rotdl+[d, rotb]+( )b +(l; 6)6

rot rot d =—Aa+ grad diva .

4. Ecmu 7 — paauyc-BekTop, To: divFi=73; rotr=0;
- 1 R
grad r—L grad—:—%;
r r r
o R
div—="=; div—=0;
ror .

grag\PT) P (BT,
r r r
L TS NE L
r r r r
grad (Ei,f =i3grad(ﬁ,?)—3(ﬁ”:)7 ;
r r r
grad (p,F)=p: grad f(r):f'(r)g;
[gradf(r),?]=0;
rot [ p, f(r)F]=2f(r Yol [r (5. 71];
rot[ﬁ,?]:Zﬁ; rot(f’f(r)) f(r)[ ;
- n\_ n-2[= =7. - _[F’ﬁ]
rot(pr )—nr [r,p ; rot(pr)= ;

r



316 Ipunosicenue

rot(fa)=frota+|grad f,al; rot(f(r)-F)=0;

. UHTerpajbHbie TEOpeMbl

5.1. @opmyna Ocmpozpaockozo-Iaycca:

ffaas =[f[[ aivaav,

N \4
rae S — KyCOUHO-TJIa/IKas 3aMKHYTasi TOBEPXHOCTh, OrPaHUYHBAOIIAS 00bEM
V , BekTopHOE moJie d HemnpephiBHO AuddepeHupyemMo B obmactu V +S§ ,

/i — BHEITHSS HOPMAITb K TIOBEpXHOCTH S , GdS =(dii)dS =a, dS .

q[lCmele cayvau:
a—(pdS = Ap d
{225 f ao .

@ .
—dS = A dV +[[|| Vo.Ve)dV,
[g[ o= Ulﬂ PAp [ﬁvﬁ o,V
@ — BBl HeNpepbIBHO nuddepennupyemast pyHkus B odsmactu V + S .

Credcmeus: [[igas=[f[[veav: [flpdl =[[[i Velds.
Vv 1 S

N

5.2. ®@opmyna Cmokca. Ecnu BeKkTOpHOe TIoJie d  HENPEPHIBHO
nuddepeHupyeMo B OTHOCBSI3HOW oOmactu D, a S — npou3BoOJbHAS

KYCO'-IHO—FJ'IaZ[Kaﬂ HOBerHOCTI) B D N OFpaHI/I'-IeHHaﬂ I(OHTypOM L, TO
U‘j(a,dl) :”mzads ,
L N

IJIe 7 — CIWHUYHBIA BEKTOP IOJIOXKHUTEIBHOW HOpManu K S, T.e. TOH, U3

KOHIIA KOTOPOH 00XOI 1O KOHTYpy L BHISH COBEpIIAIONIMMCS IPOTUB
Y4acoOBOH CTPETIKU.
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5.3. @opmynwn I'puna:
1) Ha mIOCKOCTH:

dy
ﬂ((pAu/—l//Aq))dS=m(¢—w—w—¢jdl,
s y on on
rae ﬁ— BHCHIHAA HOpMaJlb K IJIaIKOMY KOHTYPY L, OrpaHUYMBarOIEMYy

KOHEYHYIO 001acTh S ;
2) B IIPOCTPaHCTBE:

_ff o2V
Eﬁvﬁ <¢Aw+vfpw)dv_[g[rp§ds,

_ ([ p2¥ _, 02
Ujvﬂ(wu/—ww)dv—[@[[(/’ " wanjds,

r7e 7 — BHEUIHSS HOPMallb K MOBEPXHOCTH S , OrpaHHYMBaIoIIeif o0veM V
@ u ¥y — aaxnasl nupdepeHuupyemsle B odbaacta V +S GyHKIuU.

54.

grad, [ [ ij(fv'?d_vr; ] [ﬁ[ (f’)
: ]-

ds’ dv
npu p=1: [E“l;?:_ “d([ﬁVUF

6. BekTopHOE MoJie HA3hIBACTCS HOMEHUUATbHBIM B HEKOTOPOW 00JacT, eciiu
paboTa ero He 3aBUCHUT OT (OPMBI TPACKTOPUHU, MPHHAIICKAIICH ITOM
00JIaCTH, a 3aBHUCHUT TOJLKO OT ITOJNIOKEHHS HAYaIbHONH M KOHEYHOM TOYEK.
Heo0xonuMoe U JI0CTATOYHOE YCIOBHE MOTCHIMATBHOCTH BEKTOPHOTO TOJIS
d B OJJHOCBSI3HOU 00JIACTH MOXET OBITh 3aIIMCAHO B OJHOMN U3 QopM:

1) uupkynsaus mo Jo00My 3aMKHYTOMY KOHTYPY B 3TOW 00IacTH paBHA
HYITIO;
2) cymecTByeT ckaisipHas (QYHKIUS KOOPIUHAT ¢ Takas, 4To d = grad® (@

+HI grad, p )|

HA3bIBACTCS NOMEHYUAIOM BEKTOPHOTO TIOJS d );
3) rota=0.
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BekropHoe mone Ha3pBaeTCs cotenoudanvHuiMm, eciun diva =0. s

-

COJICHOMIAJIBHOTO TIOJISI CYHIECTBYET 6eKMOPHbIL NOMEeHYUudl: Takoe TMoje ¢,
4TO d =rotC .

Jlroboe BEKTOPHOE TIOJIE MOXHO TIPEACTABUTH B BHIEC CYMMBI
MOTEHIIHAILHOI0 U COJIEHOMAANLHOro: d =b+c¢ , rane rotb =0 u divc =0,
npuieM b ompeaensercs ¢ TOYHOCTBIO 0 IpagueHTa HEKOTOpOil (GYHKIUH, a

¢ — C TOYHOCTBIO JI0 POTOPa HEKOTOPOTr'0 BEKTOPHOI'O MOJIS.
Pemenne ypaBuenus [lyaccona Ap=f, ¢_=0:

RN
o(r) = 47r-[|F7dV

1 ¢

T2 =f, @_. =0(c=const):

PemeHre BOJIHOBOrO ypaBHEHUS A@——-

o(r,1) = j —dV2 :

e f'= 112

7. YacTo BCTpe4aOUIMecss HHTErpabl.
Tode (1 o\
jﬁ_ — arctg =
o X +a a a

dx
0—%; Iﬁ: n(x+\/x2ia2);

j dx _ 1 X ) I xdx _ 1 )
(x2 +az)3/2 a’ m | (x2 +a’ )3/2 X +ad |
]
1(n) :J. dr S Da ™ —|a+z|2_"]

71(a2+z2—2azt)n/2 az(n 2
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y +a16‘z

a=ae, +ae

I[eKapTOBa CUCTEMA KOOpAUHAT (x, y,z)
Daement ayru (dl)’ = (dx)* +(dy)’ + (dz)’
JueMeHT 00bema dV =dxdydz

EnnHu4yHbie BeKTOpbl B/10JIb KOOPAUHATHBIX JUHUHA

e = i, =7, e, = k
I'pagueHT CKAISIPHOTO MOJIS
o -, = I ¢

rad f =—i+—j+=—k
grad f ox ay oz

JluBepreHuusi BEKTOPHOIO MOJIst

. - Oa, aa), da.
diva = +—+—=
dx dy oz
Oneparop Jlannaca Af =div grad f
Af = 0’ f 0’ f 0’ af
e 8 e az

HexkoTtoprblie yacTHble pemieHusi ypapuenus Jlaniaaca Af =0
f — ek,x+k2y+k11 , k12 +k22 +k32 — 0 ;
f=(a+bx)e”™, k) +k =0;

f =(a+bx)(c+dy)im+nz)

rota =

2 Flo a

j
d
ay
a

xa g)l QU

JJieMeHTapHasi pab0Ta BEKTOPHOIO NoJist AA = (ﬁ df)

A= axdx+aydy +a,dz

IloTok BexTOopHOTO MOJIsT P = ” ng = H (2, Z)dS =
s s

= ﬂ adydz +a,dxdz + a_dxdy = ﬂ (a, cosa+a, cos B +a_cosy)ds
y N
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Hnﬂmmpuqeacaﬂ CHUCTEMaA KOOpAMHAT (p,0,2)
d=a,e,+a,e,+aé ; x=pcosQ, y=psing z=z

Snement ayru (dl)’ =(dp)’ +(p de)’* +(dz)’

Onement ooveMa dV = p dp do dz

EZ[I/IHI/I‘IHbIe BEKTOPbI BA0Jb KOOPANHATHBIX JIUHUHA

€, =cos@i+singj, ¢, =—sin@i+cos@j, e, =k

I'paguenT ckansapHoro nois grad f = a—fé » +la—f e ai e

e + e,
op pdp ¥ oz ¢

I 10a, o
AuBeprexuust BeKTOpHOro moust divi =——(pa,)+ 2+ 4.

P op ;w a_z

Onmneparop Jlanaaca

19 o 1 °f 9*f
Af =——(p=)+—5=—5+
/ pIp (pap p'op’ 97’

HexoTopbie yacTHble pelieHust ypasHeHus Jlannaca Af =0:

fo ln§ (moJs1e 3apsKeHHOI HUTH)

[P
pﬂ [ pz

_ o o9 9
rota=— — —
dp Jd¢ Oz

a, pa, a,

JJieMeHTapHasi pab0Ta BEKTOPHOIO NoJist AA = (ﬁ df)

AM=a,dp+pa,dp+a.dz

IloTok BexTOopHOrO MOJIsT P = ” ng = H (2, Z)dS =
s s

= j j a,pdpdz+a,d pdz+a,pd pde
S
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Cdepuueckas cucTeMa KOOPAMHAT (r,0,¢) d=a,, +a,¢,+a,e,;

x=rsindcos @, y =rsindsin@, z =r cos ¢}

Daement ayru (dl)’ = (dr)* +r° (d¥)’ +r” sin® Hd @)

Daement o6bema dV = r’sind dr dd d¢

EnunuvHbIe BEKTOPHI B10Jb KOOPAMHATHBIX JIMHHIA
€ =cos@ sin?i +sin@sind j +cosdk ,

é,=cospcosPi +singcosdj—sindk , &,=-sin@i+cosp;

I 1Y L

I'paamenT ckansipHoro noasi  grad f = +

r e1}+
or rod rsm1§‘8¢

I[m;epremmﬂ BEKTOPHOI'0 moJist

.. 1o , ) 1 Oa,
divi =—— — —
a r Br(r a)+ rs nﬁaﬂ(%sm )+rsin19 el
2
Onmneparop Jlamtaca Af —Li( af ! —(s nﬂaf ! of

ar r’sin¥ 0% 38 rlsin’ 9 9¢

HexoTopbie yacTHble pelieHust ypapHeHus Jlannaca Af =0:

(p;¥) pcost
f D 3 = 2
r r

f U prcos?= pz (onHOpoaHOE MOJIE)

1
f U — (moJie ToueyHOTO 3apsiia); (moJjie AMIOJIs);
r

| . 1 . 1.
Psing” rsing " r?
rota = i i i
or o 0
a, ra, rsinda,

JiieMeHTapHasi padoTa BeKTOPHOIO noJist AA = (ﬁdf)

AA=a.dr+a,rsindde+ra,dd

IToroxk BekTOpHOTO MOJIsT P = ” ;d E = J J (Z, Z)dS =
s s

= ” ra, sin ¥9d pd ¥+ ra,drd 9+ rsin 9a,drd ¢
N
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