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4 Ipeoucnosue peoakmopa

IIpenuciioBue pexakropa

Hacrosimuii ToM sIBIsieTCS TPETbUM, B COCTOAIIEH M3 MATH TOMOB CEpUH
yueOHBIX TIocoOuit («MexaHuka», «MolekyispHas (QU3UKa U TEPMOIMHAMHUKA,
«JNeKTpoauHaMHKa», «BONHOBBIE IIpolecchl M ONTHKa», «KBaHTOBas
MEXaHMKa»), HAIlMCAHHBIX Ha OCHOBE Ooyiee YeM TPUALATWIETHETO OIbITa
npenoaaBaHus (QU3MKK CTyAEHTaM (aKyJbTeTa BBIYUCIUTEIBHOW MaTeMaTHKH U
kubepaetuku (BMK) MI'Y um. M.B. JlomoHOCOBa.

B Hayane xaxmaoro pasjena JaeTcs KPaTKOE U3JIOKEHHE TEOpUH B 00beMe,
HEOOXOZMMOM JJIsI PELIeHUs 3ajady, Aajee NMPHUBOAUTCA MOJIPOOHOE pelIeHHe U
aHaJIM3 HECKOJbKHX THUIIOBBIX 3ajau, 3aTeM c(opMynMpoBaHbl 3aJaHus Ul
camMocTosTeNnbHOH paboThl. K HUM 1aHbl OTBETHI M HEOOXOIMMBIE YKa3aHUS.
CHOXXHOCTh 3a/lad COOTBETCBYET MAaTeMaTHYECKOH IIOJrOTOBKE CTYAEHTOB-
MaTeMaTUKOB, KOTOPOH OHH 00Jafal0T Ha MOMEHT Hayala M3ydeHHs Kypca.
Yurarento MOIDKHO OBITH SICHO, YTO IIIyOOKOE€ Hu3y4eHHEe (U3MKH JOJDKHO
0a3upoBaTbCs Ha TPOBEPEHHBIX BPEMEHEM KIACCHYECKUX YueOHHMKax, H
IIOMEIIEHHbIE B NMOCOOMH KPAaTKHUE TEOPETUYECKHE CBEIEHUS HOCIT CIPaBOYHBIN
XapakTep U He MOTYT UX 3aMEHUTb.

Xouercs OTMETUTH OOJBLIOE BHUMAHHUE, YICHSIONIEECs PYKOBOJICTBOM
¢axynerera BMK MI'Y npenonaBanuio Gu3HKU. Y CHIHSAMH JCKaHOB (aKageMuKa
A .H.TuxoHosa, YJIEH-KOPPECTIOHICHTA J.I1.Koctomaposa, aKaJZieMMKa
E.1.Mouceena), a Taxxe npopeccopop M.M.Xanaesa, E.B.Illukuna u 101eHTOB
B.I''Cymiko, b.M.bepe3una, 3aHuMaBmIMXCS B pasHble TOJbl OpraHU3aLUel
yueOHOro mporecca Ha 3TOM (akynbTere, chOPMUPOBAICS BBICOKHH YPOBEHb
TpeboBanmid K oOyueHHio ¢usznke. OTO crmocodcTBOBAIO  (HOPMUPOBAHHUIO
MeIarOTUYECKUX TPAAUIMK IpenojaBaHus (GU3MKU CTyAeHTaM-MaTeMaTHKaM,
KOTOpbIe OEpe’KHO COXPAHSIOTCS M pa3BHBAIOTCS Ha Kadeape oOmel GU3HKH H
BOJIHOBBIX IpoueccoB ¢usudeckoro ¢akyiaprera MIY. Ot smma aBTOpOB
oco6us BbIpaXkaro IIIyOOKyIo 0JIarofapHOCTh BCEM NPENOAABATESIM U HAYyUYHBIM
coTpymHuKaM Kadenpbl, BeayluM 3aHaTHid Ha Qakyasrere BMK n
CIOCOOCTBOBABIIMM CTAHOBJICHUIO 3TOr0 Kypca. I'TyOoKo IpH3HATeNeH TakkKe
npodeccopam A.M.Canerxomy n C.M.ApakensHy 3a peleH3UpOBaHUEe TOCOOUS 1
LICHHBIE KPUTUYECKUE 3aMEUCHHUS.

VY4eOHOe moco0ue HamMcaHo B paMKax WHHOBAIMOHHOTO mpoekta B 2006 T.

B.A. Makapos
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§1. DaexTpuYecKoe moJe

I(pamkue meopemuuecKkue ceéedeHusn

OnekTpuyeckue 3apsAnpl. Bce aToMbl M MOJIEKYNBl BKIIIOYAIOT B CBOM

COCTaB YaCTHUIbI, 00IaJaloIie CBOMCTBOM NPUTIATUBATh UM OTTaJIKUBATh JPYTrue
nofo6Hble yacTunpbl. KomudyecTBeHHas Mepa TaKOro B3aMMOJAEHCTBUS YaCTHIL
Ha3bIBACTCSl  dleKmpuueckum 3apsadom. PaznnuualoT 71Ba THIA 3apsjoB:
MOJIOKHUTENbHBIE M OTpHlaTenbHble. HocureneM OTpHLATENBHOrO 3apsja
ABISIETCS DJIEKTPOH, a MOJOXKUTEIbHOTO - MPOTOH. 3apsi 3JEKTPOHA 110
aOCOJIIOTHOH BEJIMYHMHE PaBEH 3apsly IPOTOHA U COCTABISAET 271EMEHMAPHDbIIL
(HaMMEeHBIINH BO3MOXKHBINA) JJIEKTPUIECKUN 3apsn e=1,6021892-10""Kz. B
cucreme CU 3apsn m3mepsercs B KymoHax: 1Ki=14-1c, rae ammep (4) -
€IMHUIIA U3MEPEHUsl CUIbI Toka (cM. maparpad 7). O HamM4YMHU 3apsiIOB MOXKHO
CyIUTh IO UX B3auMoZeiicTBMIO. B mIpHpose CyLIeCTBYET 3aKOH COXPaHeHUs.
3apsada: CyMMAapHBIA 3apsij, HaxOJsAIIMiiCs Ha HW30JMPOBAHHOW CHCTEME Tell
OCTAEeTCsl HEU3MEHHBIM.

3akon Kyiona. /IBa ToyeuHbIX 3apsna (3apshKEHHBIX Tenla, pa3Mephl
KOTOPBIX MaJIbl II0 CPABHEHHUIO C PACCTOSIHUEM MEXKIY HUMH) B3aUMOJIEHCTBYIOT C

CHJIOH, HpsAMO NPONOPIMOHAIBHONH BEIMYMHAM 3apsioB ¢, ¢, U OOpaTHO

IPONOPIHUOHAIBHON KBAaAPATy PACCTOSHUS / MEXKTY HUMU:
F=kqq,rir. (1.1)

OTta cuia HalpasJiICHa IO HpﬂMOfI, COeIMHSAIONICH 3apgaAbl, U SABJIACTCA

CUJION NPUTSOKCHUA UId  PAasHOMMEHHBIX 3apsaloB W OTTAJIKUBaHUA IS

-

OTHOMMEHHBIX (BeKTOp I HampaBJICH B CTOPOHY TOI'0O 3apsaa, Il KOTOPOro

paccuuThiBaeTcs cuia). Kos@uiueHT mnpornopuMoHanbHOCTH K 3aBUCHMT OT

BbIOOpa enauHuIl u3MepeHus u B cucreme CU paBen k =9.10°H - m* | Kn* .

YacTo ero 3amuchIBalOT B BUAE k = , e & :8,85410_121012 /(H~M2) -

€,
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SIeKTpUYecKas MOCTOsHHAsA. PasMepHOCTH £, MOXHO 3amucaTh IIO-APYTOMY:
Ki? /(H'M2)=CD/M, rne @— dapan, eqUHULIA H3MEPEHHS EMKOCTH (CM.
naparpad 5).

Ecnn mpy BHECEHHH B HEKOTOPYIO TOYKY IPOCTPAHCTBA 3apsDKEHHOTO
TeJla Ha Hero JACHCTBYET Cuila, NMPOMOpPLHOHAJbHAS €ro 3apsny (Hampumep, co
CTOPOHBI JAPYTHX 3apsgoB), TO TOBOPST, YTO B JTOW TOYKE CYIIECTBYET

dJleKmpuydecKoe noe.

HanpskeHHOCTh 2JIEKTPUYECKOTO TMOJIS. BeKTOpHyIO BCJIMYUHY, PAaBHYIO

OTHOILEHHIO CHJIBI, IEMCTBYIONIEH Ha TOUEUHBIH 3apsi)l, K BEIMYUHE 3TOTO 3apsia
Ha3bIBAIOT HANPAICEHHOCMbIO SJEKTPUUECKOTO MOJIS

E=Flq. (1.2)

HanpsokeHHOCTh HE 3aBUCHUT OT BEJIMYHMHBI 3apsija ¢, a ONpeAeisieTcs
BEJIMYMHOMN M PACTIOJIOKCHUEM 3apSI0B, ICHCTBYIOIIMX HA HETO.
Ilycts B Hauane koopauHat Haxomutcs 3apsa O . Toraa cormachHo (1.1)

u (12) HaIIPSHKEHHOCTD DJICKTPHUYCCKOTO ITOJIA, CO3AaBaeMOro 3apiaaoM Q B

MPOU3BOJIBHOM TOUKE M, XapakTepu3yeMon painyc-BeKTOPOM I, paBHa

F-_2 7 (13)
dreyr?

Hpunimn CYIEPIIO3ULIUN.
HanpspkeHHOCTP  DJIEKTPUYECKOTO  TIOJI,

€03/1aBaeMOro B JI000if ToOuke MPOCTpaHCTBA
cucreMoil 3apsnoB (cM. puc.l.1), pasHa

cymMme HaIpsHKEHHOCTE N TIOJIEH,
CO37aBa€MBIX pPAa3NIUYHBIMM 3apsiiaMd IO
OTIEIBHOCTH (B OTCYTCTBHE BCEX
OCTAIIbHBIX).

Puc. 1.1
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Cunoeoti n1unueli Ha3bIBAIOT JIMHUIO, KacaTellbHas K KOTOPOH B Ka)IOi

—

TOYKE TPOCTPAHCTBAa COBIANAET C HANpaBIeHWEM BekTopa E B 3TOH TOUKe.
TIpuMepsl KapTHH CHIIOBBIX JIMHHUH JUISl IPOCTEHIIMX CHCTEM TOYEYHBIX 3apsaoB
TOKa3aHbI Ha puc.1.2.

_qz

[
=)
X

Puc.1.2

BakHblil 4acTHBIH cilydaidl TakodW cuCTeMbl — aunonb (cM. puc.l.20).
JIUImonbs COCTOUT W3 JABYX PaBHBIX 10 BEJIMYMHE 3apsI0B MPOTHBOIOIOXKHOTO
3HaKa, HAXOMSALIMXCS HAa pacCTOSHUU [ ApYr oT npyra. JIumonb XapakTepusyercs

()unOﬂbelM MOMEHMOM (SHCKTpI/I‘leCKI/IM MOMCHTOM)
P.=4ql, (1.4)

I7ie BEKTOp | IPOBOAUTCS OT OTPULATENHHOTO 3apsijia K HosoxuTensHoMy. [oe,
CO371aBa€MO€ JIMIOJIEM, BO MHOIHMX CIIydasX PacCMaTpUBAECTCA HAa PAaCCTOSHUAX,
MHOro Oonpmux, yeM /. Torga Qumone Ha3plBalOT TOYEYHBIM, a €ro MOJe

OAHO3HAYHO OINPEACTIACTCA JUITIOJIbHBIM MOMEHTOM i)e .

IIpumepuwi pewenusn 3adau

Ipumep 1. 1. B Tpex BepmmMHax MpaBWIBHOTO TETpasapa ¢ UIMHOM pedpa a
HAaXoIATCs 3apsadbl ¢, a B UeTBepToH - 3apan ( . Hailnure cuity, AelCTBYIOLIYIO

Ha KaXXIbIH U3 3apsI0B.
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Pewenue. Otipenenum cuily, JeHCTBYIONIYIO
Ha 3apsa Q. Cunel Kynona, neiictByronrue

MEKAY 3apsanaMM ¢; U (Q, HalpaBJeHbI

Broub pedep AD, BD u CD COOTBETCTBEHHO
(em. puc.1.3). [lo ™Momymio OTH CHIIBI
OJIMHAKOBBHI U, coryiacHo (1.1), paBHBI

F=—22 _ (=123).
4rega
(1.5)

Ilo npunnuMmy  cynepno3uiuy,

pesynbTupytomas cuina pasHa F =F| +F, + F; . Oce 0z HanpaBum IO BBICOTE

Tetpasapa OD,

a IIIOCKOCThb

xOy COBMECCTUM C IINIOCKOCTBIO OCHOBaHUsA

tetpasapa ABC. B cuiry cummeTpuu npoekiuu cuil F; Ha miockocTs x0y paBHBI

1

0
110 MOAYJIIO, a YIJIbI MEXKIY HUMHU cocTaBisitoT /20°. VIX cymMMa paBHa HYJIIO, WIN

nim

—

F,, =0. lna onpenencnns npoekimn F; Ha

ocb 0z paccmotrpum ceuenue ADE
terpadapa (cMm. puc.l.4). M3 momobus

3allITPUXOBAHHBIX TPEYTOJIBHUKOB CJICAYCT,

K, D
47O L, DO Tpeyroneauk ~ ADE

F, DA’
paBHOOE/IPEHHBIH, T/ AE:DE:% --

BBICOTa PAaBHOCTOPOHHEIO TPEYrOJbHHKA.
Bricoty OD B tpeyromsuuke ADE Haiigewm,
3ampcaB ero mionans S yepe3 Beicoty OD u
yepes BbicoTy EP:

1

S=—AE~0D=1AD4EP,
2 2
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a\/AE2—a2/4 ( a ]2 \/5
= =—qa 1— =a g

oD
AE 2AE
2
Cormacuo  (1.5), F, =L2, OTKyJa F, =£2 =,
dzea ? Amega” 3

OkoHUaTeNpHO CHUIIa, ASHCTBYIOIIAsA Ha 3apsia (), HampasieHa BAodb ocu 0z u
paBHa F, =3Flz =A2\/g
4reya
Haiinem cuisl, neficTByrolye Ha 3apaibl g; . B cuily cuMMeETpUn MOKHO

paccMOTpeTh TOJBKO 3apsijl, Haxoasmuiics B BepurHe 4. Ha Hero co ctopoHsl
3aps/10B, HaXosIMXcs B BepuHax B u C, coryacHo 3akoHy Kynona aeicTByror
2

paBHBIE 10 MOAYIIIO cuiibl Fy = F, = q - Onu HanpaBIieHbI BIOJb OTPE3KOB
4rega
AB u AC, a ux pesylrbTHpylOmas -- Bgosb ocu Ox wu paBHa

2
F,=2F, c0s30° =q—2\/§ Ha 3apsan ¢, Haxonmammwmiics B BepluuHE A,
47[80a

neiictyer Takke cwia F, co croponsl 3apama O (cm.  puc.l.4).

Pesynprupyromas cun F, u F], cornacHoO TeopeMe KOCHUHYCOB, paBHa

F'= \/FX2 + F12 -2F . F, cos(T—a). W3 paccmorpenns Ttpeyromprnka ADO

CJIEAYET, 4TO

A0 (01))2 1
cosg=—-=,[1-| —| =—f4.

a a \/g

TloncraBuB HailiieHHOE 3HAaYEHUE B BBIPpAXXCHUC JUIA F' , OKOHYaTCJIbHO

HOITy4UM

F=—1 34 +0%+240.

4reqa
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HpnMep 1.2. Z[Ba OAWHAKOBBIX ITOJIOXKHUTCIIBHBIX 3apsA/ia ¢ HaXOAATCA B TOUYKaX

A u B Ha paccrosHuuM 2a npyr or jpyra. Haiinure HampsKeHHOCTb
3JEKTPUUECKOT0 MOJsI B NMPOU3BOJILHOM TOUKE Ha NMPsIMOM, COENUHSIOUIEH 3TH
TOYKH, a TaK)K€ Ha OCH, NEPICHIUKYIISAPHON K OTpe3Ky AB W mpoxosmei yepes
ero cepeauny (touka O).

Pewenue. HarmpaBum ocb Ox mo mpsAMoH,
E(M) COEIMHSIONIEeH 3apsiIl, a och
k Oz mposenem u3 cepemunbl oTpeska AB
(rouka O), Kak moOKazaHo Ha pwuc.l.5.
HanpspkeHHOCTh  3JIeKTpUYECKOro IO B
TOYKE M (0,0,1) CKJIAIbIBaeTCI U3
HAIpsDKEHHOCTEH, CO3/1aBaeMbIX 3apsaMHu,
Haxo[smuMucs B Toukax A4 u B:

A
1 q 1 q
+ E,=E; = . = .
1 A B dme, AM?* 4y, a’ +7?
Puc.1.5 . Cymma Z+ E_,; HAIpaBlIeHA BIOJb OCH
0z u paBHa
MO
E =2E, =2E,cosa=2E,—.
z Az A AAM

IloncraBnsas E, , OKOHYATEIBHO MOTyYUM

1 q z 1 9z
E.(M)= . . = . 1.6
(M) 2y '+ fg2 g2 27 (az +Z2)3/2 (16)

1 2
—Z , TO €CTh [IBa 3aps/ia Kak OBl «CIIMBAIOTCS» B
471'60 z

Ipu z>>a E, =

OJIMH BEJIMYMHON 2¢g WM HANpsKEHHOCTH MOJ Ha JOCTATOYHOM YIAJICHUU OT
3aps/10B 3a/1aeTcs 3akoHoM Kyiona.

HanpsoxennocTs noinist B Touke N (x,0,0) TaKXe paBHA CyMMeE E_/; + E_,; ,
rae o0e HampsHXKEHHOCTH HANpaBleHbl BAONb ocd Ox B OJHY CTOPOHY, €ClH

|x| >a, W B pa3Hble CTOPOHBI B IPOTUBHOM ciydae. Mx momxymm cormacHo (1.3)
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11

1 q 1
——— E —3
4”5() (x+a)2 B

HaNPsHKEHHOCTH B TOUKE /N paBHA

paBubl E, =

N)_ q ) (x2+a2) X

4re, ‘ (x—a)’

1 OTKyZla OKOHYATCJIbHO

’ = s eclu |x| >a, (1.7)
x 2
27, (x2 —az) |x|
xa
EX(N)——L > eciu |x|<a.
7€, ( 2 2)
X" —a
1 2q
Ipu x>>a mnone E, = —» TO €CTh COBMAJACT C MOJIEM 3apsiia
47Z'€0 X

2q.

Hpumep 1.3. Kak u3MeHuTcs mnone B
Toukax M u N mpumepa 2, ecid 3apsn B
TOuKe B  3aMEHUTh  pPaBHBIM, HO
TIPOTHUBOIIOJIOKHBIM 110 3HAKY 3apsiioM?

Pewenue. Tlpyn n3meHeHNH 3HaKa 3apsaia
B TOYKE B HampaBleHHE BEKTOpa

_—

HAIPpS>)KEHHOCTU EB HU3MCHUTCA Ha

nportuBornonoxkHoe (puc.1.6). B sTom
Clyyae I0ojl€ B TOYKe M HaIpaBiIeHO
BI0Jb ocu Ox U paBHO

E(M)=2E,sina=— q a4

+q

0| N_-a\B_Em) x

2ﬂ'€0 a +Z \/61 +Z
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E, ‘é(M) E v
\ |
| /
| : x
0 0
|
a 6
Puc.1.7

Ha pwuc.1.7a moka3zana 3aBHCHMOCTH Ex(z). Ilpu z>>a mnone

1 2qa
477,'80 Z3

. , TO €CTh COBIIaJaeT C IojeM TodedHoro mumnons (2.8), ¢

1
JUIOJIbHBIM MOMEHTOM p, = 2ga , KOTOPOE CNAJIaeT C PACCTOSHUEM KaK —- .
r
B touke N (x,0,0) HaNpPsHKEHHOCTH 107 TaKXKe HaIpaBJIeHa BIOJb OCH

Ox u paBHa
1 q q q ax
E (N)=- + =—————— ecmu |X|>a,
argy | (x—a)*  (x+a) 7€y (x2 —a2)2 | |
1 q q q (x2 +a2)
E.(N)= + = : ,  ecm |f<a.
azeg | (x—af  (x+af | 27 (x2 —a2)2 | |

3aBucumocth E (N ) OT KOOpAMHATH X WUTOCTpupyet puc.1.76. [lpn

1 gqa
x>>a mone E, (N)=~———-2=, 4r0 Taxke COBIAZACT C MOJEM JUIONA C TeM

K€ TUITIOJIbHBIM MOMCHTOM .
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Mpumep 1.4. 3apsin O paBHOMEPHO pacIpelieNieH 10 KOJbIy C PaanycoM d .

Haiinure Hamps)KeHHOCTb 3IIEKTPHUYECKOTO IO B HPOM3BOJIHON TOYKE Ha

MepIEeHIUKYJIIpe K IUTOCKOCTH KOJIbLIa,

BOCCTaHOBJICHHOM M3 €r0 LIEHTpA.

Pewenue. CoBmecTuMm TJIOCKOCTh x0yc dE :
IUIOCKOCTBIO KOJIBIIA, & ocb 0z — C €ro Oochko M(0,02)
CUMMeTpHH. BriOepeM Ha KOJbLie MPOU3BOJIBHYIO \

Touky N (cwm. puc.1.8), ompenensemyro yriiom ¥ , 7 \

OTCUHTHIBAEMBIM OT ocH OX B IUIOCKOCTH KOJIbIIa. [
|
|

Hamum  yrmy ¥ Manoe mpupanieHue dy .

IlonydeHHBIE OTPE30K KONbIA HECET  3apsp _.*,_
Q
]

dg = 2—dw . 3apsag dg co3maeT B TOUKe
V4
M (0,0,z) HanpsuKEHHOCTH Puc.1.8
dE = l . 2dq 3 = 12 . 2le//2 .
dmey a”+z° 8m°gy, a’+z
(1.8)

Bexrop d_é HampaBJIeH BAOJNb OTpe3ka NM W ero mpoeKkUud Ha OCH
Ox, 0y, Oz OynyT paBHBI

dE, = dEsinacos(z +y)=— 12 , Qacosl//d;/; ’
87°g, (a2 +z2)3
1 .Qacosl//dl//

dE, =dEsinasin(r +y)=— (1.9)
y (z+y) 87’e, (a2+z2)3/2

dE, =dEcosa = wE 1 . Qrdy

T o2 3/2 °
\/a2+z2 877, (a2+z2)

Wuterpupys sbipaxenus (1.9) mo ¥ ot 0 go 27, HaX0OUM IPOEKLUHUH

MOJIsL, CO34aBaeMOTr0 B TOUKe M 3apsAaoM ¢ , pacupeeeHHbIM 10 BCEMY KOJIbILY:
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_ 1 . QZ = ! . QZ
Em 87°, (a2+z2)3/2 '[ y 4zeg (a2+Z2)3/2 ’
1 Qa i
Ey =_875280 .(az +z2)3/2 .([SIHWdW:O’ o

E,=-——1 .2 Zf dy =0
ST e N S

HpI/I peUICHUN 3aJla4u MOXXHO OBLTO OBl BOCIIOJIE30BATHCS CPIMMGTpPIeﬁ

pactipenenenus 3apsga. s sToro Beibepem Ha Kouble aBe Touku N u N' Ha

IIPOTUBOIOJIOKHBIX KOHIAX nuaMeTpa. Touka N Xapakrepusyercs yrioM V¥ ,
oTcuuThiBaeMbIM 0T ocu Ox . JamuMm yriay Y Manoe npupainenue dy . I[Tomrydnm
nBa omMHaKoBHIX 3apsina dq . Ilome, cosmaBaeMoe MMM, OBUIO Hai{IeHO B

npuMepe 2, OHO HampaBJICHO IO OCHU 0z wu ero MOAYJIb 3a4a€TCsA BBIPAXKCHUEM

Q

(1.6), B xOTOpOM 3apsn ¢ CleAyeT 3aMEHUTHh Ha dq=2—
V4

dy . Unterpupys

nmanee 1o yriay ¥ ot 0 mo 7z, HaXoAWM ToJe, CO3/laBaeMOe BCEMH 3apsaaMH Ha
KOJIBIIE, TO €CTh OIATh NPHUXOAMM K BhIpaxkenuto 1 £, (1.10).

Ilone B wneHTpe KojIbBLA (z:O) paBHo Hymo. Ilpu z>>a mnone

1 0
COBNAJAET C IOJIEM TOYEYHOro 3apsna Qu pasHo E_ = -—. Ilone
4rey 7
a
TNPHHAMAeT MaKCHMalbHOE 3HAa4eHHEe IPH I = Zp.. =T, ompeenieMbIM
2

dE,
YCIIOBHEM T = (0. MakcumalpHOE 3Ha4€HUE HANPSKEHHOCTH MOJIS IIPU 3TOM
Z

E,( L L

Tmax ) = :
631, a’
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Hpumep 1.5. Ha chepe pagmycoM a paBHOMEpHO pacmpeneneH 3apsx Q.

Haiinute HanpspkeHHOCTh 3JIEKTPUYECKOTO
npocTpaHcTa M .

Pewenue. IlpoBenem oce 0z W3 IEHTpa
chepsl yepe3 BbIOpaHHYIO TOYKy M (cM.
puc.1.9). PazoOvem cdepy Ha konbua. B
cheprueckoit cucreme KoopauHAT 1,60,0,

KONIBIIO Ha cdepe 3amaercs yriaom €, a ero

mMpuHa - TpupainieHueM yria dé . Ha Hem
HaXOIUTCSI 3apsi
dg = 0 = gsin adeo .

4’ 2

nojass B TPOU3BOJIBHOM TOUYKE

do

Puc.1.9

Pacuer nosst NpOBEAEM IJIAA TPEX CIIYy4aCB:

1) none ene cpepvr 7 > a.

Cornacuo (1.10) mone, co3naBaemoe B ToUke M 3THM 3apsiioM, paBHO

1 Qsin 0(z —acos0)d6

dE, =

87z, ([Z —acos @) +a?sin? 9)

3/2 ¢

IToxne ot Bcelt cdepbl MOTYINM, IPOUHTEIPHPOBaB 1o yriay €6 ot 0 mo

7. TlpumeHsist 3aMeHy TIEpEMEHHO# ¢ = cos @ , HaXOUM

=i+l (z—at)dr _ [2z —2azt+a ]dt [0) e
£ 87e, 71(a2+zz_2azt)3/2 16;&;02.[ (a ‘- —2azt)m 167, [I Z a )1(3)]
(1.11a)
1
e 1(n)- e (R R

n/2 _
1 (a2 +Zz —2azt) az(n 2

OTKy/a OKOHYATEIHbHO

EZ=L{(a+z)_(z_a)+(z2_az{zl 1 }}z 0

167e,az>

3/1ech y4TeHo, UTo Z>a.

-a z+4a 47;,90Z2
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WubIME crioBamH, 1ojie BHE cepbl COBMAAAET C MOJIEM, CO3/1aBacMbIM

TOYCYHBIM 3apsa10M Q , IOMCIICHHBIM B LICHTP C(i)ep]:l.

2) none euympu chepbr z<a.
Jst noust BHyTpH cepsl corsacHo (1.11a) :

kQI (at — z)dt - kQ% ( 2_12)1(3)}. (1.116)

e} a +72 Zazt)

VI3MeHsITCS TaKoke 3HaueHus uaTerpana I(n) npuaem

2 2

=2 16)=—=

IMoncraensas >tw 3Havenus B (1.116), momywaem E_ =0. Bumum, 4uto

I10J1€ BHYTPH Chephl OTCYTCTBYET.
3) none na nogepxnocmu cgepvl z=a.

Tloacrasnss B (1.11a) z = a, HaxooUM

a____ Q0 (1.11p)

]
1671'80\/_61 J‘( 0)""? 8meya’

E

ITone Ha mnoBepxXxHOCTH cdepbl BIABOE MEHBIIE TIOJII B TOYKaXx,
HaXOISIIUXCS BHE chephl BOIHM3U ¢ TOBEPXHOCTH.

Pa3pbIBHBII XapakTep Mo B TOUKAX 3apsyKEHHOH MOBEPXHOCTH CBs3aH
C IpeHeOpexeHHeM ee peasibHOM TommuHoi. Eciu paccMoTpers 3apshKeHHbIH
chepuueckuil Ccllod Mallod, HO KOHEYHOH TOJILMHBI, TO HANpPSHKEHHOCTh
3JIEKTPUYECKOTO TOJI BHYTPH cj10s1 OyIeT HEelpepbIBHO M3MEHITHCS OT HYNA A0
MaKCHUMaJIbHOTO 3Ha4yeHus1. Benuunna (1.11B) mpu 3TOM COOTBETCTBYET CpEHEMY

3HAYCHUIO HAIIPSHYKECHHOCTU BHYTPU CJI04.

Mpumep 1.6. lap paguycom R paBHOMEPHO 3apspKeH MO 00beMy ¢ 00BEMHOMN

d

IUIOTHOCTBIO 3apsaaga p ,0 = ——|. Haitnure HaIIPSYKEHHOCTDH 3JIEKTPUYECKOI'O

T10J1s1 B IPOU3BOJILHOM TOUKe M BHE M BHYTpPH Iuapa.
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Pewsenue. Ilpu pemeHuH BOCIOJIb3yeMCS peE3YJIbTaTOM, IMOJIYYCHHBIM B
OpebIAyIeM IpuMepe U IPUHIUIOM CyNnepro3uiuu. PazodbeM map Ha chepsl.
IIponsBonbHas cdepa UMeeT pagMyc © W TOJLIMHY dr, TPH 3TOM Ha Hel

paBHOMEpHO pacripesienes 3apsin dg = p4mridr. Jlna r >R mone oT Kaxmoit

_dq

cdepsl, Kak ObIJIO IOKa3aHO B puMepe S5, paBHO dE = 5
4reyr

U HAIPaBIICHO IO

pamuycy ot ueHtpa cdepsl. IToige Bcero mapa Oyner paBHO cymMMme Mojed
oTaenbHBIX cep. Tak Kak HANPSHKEHHOCTH OT Pa3lIMUHbBIX cep B KaKA0H TOUKe
HalpaBJIeHbl MO OJHOM MpsAMOW, TO BEKTOpPHas CyMMa CBEIETCI K
anrebparmyeckoi U OyJeT paBHa

4 3
—ZT R p 3
p=_2 _3 __PR

dreyr®  dmegrt 3eyr’

(1.12)

3necs O - 3apsij BCero mapa.

Jdus r <R Bkimax B mosie OyAyT JaBaTh TOJNBKO 3apsaipl Ha cdepax,
panuyc KOTOPBIX HE MPEBBILIACT 1, WU

A0
47[€0r2 47[80r2 35()

(1.13)

3nech 3apsan Q' 3aKiOueH BHYTPU IIapa paauycoMm r. B aToMm citydae

E —HeripepbIBHas Ha rpaHUIE D1apa QYHKIHS.

Mpumep 1.7. ToHkas manoyka IUHBI [ 3apspkeHa PaBHOMEPHO C JIMHEHHOMN
IUIOTHOCTBIO K . HaliauTe HampsyKeHHOCTh 3JEKTPUYECKOTO I10JIS, CO3]aBaeMOro
3aps/I0M Ha NajloyKe, B IPOM3BOJIBHON TOUKE NPOCTPAHCTBA M.
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Pewenue. CoBMecTIM Hadallo KOOPAWHAT C
OJHMM U3 KOHIIOB Imajoukd, ock Ox
HalpaBUM BJOJb TajJo4kd, a ock Oy
HalpaBuM Tak, 4to6bl miockocts Z =0
comepxkaia Touky M (x, y), B KOTOpOil
Berancisiercst  mone  (puc.1.10).  Taxwum

o0pa3oM, HCHONB3YS CHMMETPHIO  IOJIS
orHocutensHo ocu Ox, cBemeM 3amady K

JIBYMEpHOH. BplmenuMm Ha pnajoyke Maiblil
Puc.1.10 snement dé Ha paccrosHud & OT Hayana
KoopauHaT. Bkiajg oanemMeHTa c  3apsanoM

dq = kd¢ B mose cornacHo 3akony Kynona pasen

dE, = dE cos ot = ——. "df . (x=¢) (1.14)
dmey (x—-¢&) +y (x=&) +y?

dE, = dEsina = ——. de -~ Y . (L15)
) dmeg (x—-¢&) +y (x=&)P +y2

Tlose OT Bcero 3apsiaa, PaclpeleNeHHOTO IO MAlOYKE, TONydHM,
npounrerpuposas (1.14) u (1.15)mo & or 0 po [ :

K 1 1
= - (1.16)
4re, \/x2+y2 \/(x—l)2+y2
"
K X x—1
y (1.17)

4reyy \/xz 4y \/(x—l)2 +y?
3aMeTHM, 4TO HOcIeAHHEe (GOPMYIIBI MOXKHO MPEICTABUTh B BUJE:

E,=—% (sing, —sing,) (1.16a)
4z gya
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y =———(cos@; —cos@,) (1.17a)
4z gya
B oatux Qopmynax yrasl ¢ u ¢ 00pa3oBaHBl IOJOXUTEIbHBIM
HampaBsiIeHHeM ocH Ox W NMpPSAMBIMH, COSIMHSIIOMNMH KOHI[BI MATOYKU C TOUKOH
M.

Otmerum, uto Boipaxenue (1.17) mis E,mpu y — 0 (x > l) TIPUBOJIUT

0
K HEOTPEIeIeHHOCTH THIa o [pu wmameix y popmyny (1.17) crmemyer

npeoOpa3oBaTh, HalmpuUMep, B3sB JMIIb IEPBBIH OTIMYHBIM OT HyJIA UIEH

pasnoxenus E | B psn Tefinopa okono snauenus y =0:
1 1
LA B S (1.18)

Beckoneunocrh, Bo3HuKaoume B BeipaxkeHusx (1.16)-(1.18) Ha koHuax
MaJOYKH, CBS3aHBI C TEM, YTO MPH pacyeTe MOoJIei TOJIINHA MAJIOYKH CUATANIACH
paBHoii Hymo. [losTOMy TOJIe B HEMOCPEACTBEHHON ONIM30CTH OT MOBEPXHOCTH
MaJIOYKH HA CaMOM Jiesie OyJIeT OTIIMYaThCs OT IMOJIsl, 33aBaeMOT0 BBIPAKECHUAMHU
(1.16)-(1.18). ToT ¢axr, 4TO HAMPSHKEHHOCTh TOJS MHUHHMalbHAa B CepeiHrHE
NaJIOYKK M PacTeT K ee KOHL@AM, CBA3aH C TeM, 4TO JUI TOYEK, JIe)KAIIUX Ha
paBHOM pAacCTOSHUM OT KOHIIOB ITAJOYKH, BKJIAJ B TIOJIE 3apsA0B, HAXOISIIINXCS
CUMMETPHYHO HAa Pa3HbIX MOJOBHHAX IAJIOYKH, MAKCUMAJIbHO KOMIICHCHPYETCS
TIPH CII0KEHUH TTOJIEH.

AHaynornvHas KOMIICHCAIMSI MMEET MECTO U IS MaJOYKH KOHEYHOM
tommuHEL. [lo3TOMy mone paBHOMEPHO 3apsDKEHHOHM IMajJovYKd MaKCHMalbHO
BOJIM3HU €€ KOHIIOB.

Mpumep 1.8.ToHkas nanouka JUIMHEI [ 3apsbKeHa Tak, YTO JMHEHHas IIOTHOCTh
3apsga K JIMHEHHO 3aBUCHUT OT PAacCTOSIHUS 10 LEHTpa nanouku. IlonHslil 3apsn

aJIOYKHU pPaBE€H HYIIIO. IlonoBMHa mNaJIOYKU HECET 3apdaa g . Brruucnure

JIUTIOJBHBIA MOMEHT TaJIOUuKH P -
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Pewenue. HaHpaBI/IM oce Ox BJIOJIb MTAJIOYKH, COBMECTHUB IIPU 3TOM €€ HavaJlo C
CCpeHHHOfI MaJlo4YKy. BeIenM Ha nmajouyke JBa MaJe€HbKUX KyCOYKa JTTAHOM dx
C KoOpAWHaTaMH X H -X. Ha nux pacnojiaratoTCsd paBHBIC II0 BCIMYHUHE U

pas3nuyHbIe 10 3HaKy 3apaibl dg U -dq, npudeM dq = kdx . I1o ycioBuro 3a1aun

K = 0x . 3HaueHUE NIOCTOSHHOM (X BBIpa3UM 4epe3 3apsijl MOJIOBUHBI NAJIIOYKU ¢

2
o a=34
8 12

3apanel dq u -dq o00pa3yloT AWUIONb C JUINONBHBIM MOMEHTOM

16 . . .
dp, =2xdq = —quzdx . IlonHplf OUMONBHBIE MOMEHT TAJOYKH HalaeM,
l

MIPOCYMMUPOBAB IUIOJIbHBII MOMEHT IO BCEH Mmajiouke
16 2ql
D = _2q szdx i
=y 3

HanpaBneH [[HHOJ]LHLIﬁ MOMEHT BJOJIb HNAJIOYKH, OT OTPHUIATECIBHO

3apsKEHHOT'0 KOHIIA K IMOJIOKUTEIIbBHOMY.

3aoanue ona camocmoamensvhoil padonvl
1.1. Tpu OJMHAKOBBIX TOUEUHBIX 3apsfa ¢ PpAacCIOJOXKEHBl B BEpIIMHAX

PaBHOCTOPOHHErO TPEYroJIbHUKA, a TOYEYHbIH 3apsan ¢ -- B IIEHTpe
TpeyroiabHuka. Kakum nomkeH ObITh 3apsi ¢', 4ToObI cuia, JEHCTBYIOIas Ha
KKl 3apsif, Oblia paBHA HyIO?

1.2. Halimure MoJysb ¥ HallpaBJICHUE HAMPSDKEHHOCTH 1ojisl E B 1IeHTpe KoJbla
pagMyca a, B KOTOPOM CIeNaHa Mpope3b IHpuHEI b <<a. Ilo KombIy

PaBHOMEPHO paclpesieieH 3apsaa ¢ > 0 .

1.3. HaiiguTe OTHOLIEHHME CHIBI 3JIEKTPOCTATUYECKOTO OTTAJIKUBAHUA JABYX
JJIEKTPOHOB K CHJIE HMX TPaBUTAllMOHHOIO NPHUTHKEHUA. Macca siexTpoHa
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m=91-10""xz, 3apsq  dNekTpoHa e =1,6- 107K, TpaBHTAllMOHHAS

noctosunas G = 6,67 107 H - u? /122 .

1.4. Boluncnure yckopeHHE a, cOOOIIaeMOe OAHHM 3JIEKTPOHOM APYroMmy,

HaxogdamieMycss OT IEepBOro Ha PpacCTOSAHUN r=1um. Macca DJICKTpOHA

m=9,1- 103 %2 , 3apsz dIeKTpoHa e =1,6- 107 Kx.

1.5. I[Be OECKOHEYHO JUIMHHBIC ITapauICJIbHbIE HUTH, 3aps>KEHHBIE C OJIMHAKOBOM

JIMHEHHOM II0THOCTBI0 & = 3-107° K/ M, Haxonstcs Ha paccrostauu b = 20mm

Ipyr ot apyra. Kakas cuna F neificTByeT Ha eAMHUILY JUTMHBI KaX10¥ HUTH?

1.6. beckoHeuHas IIpsAMas HUTb, DAaBHOMEPHO 3apsDKEHHas C JIMHEHHOMH
IUVIOTHOCTBIO Kj, U OTPE30K IIMHBI /, PABHOMEPHO 3apsDKCHHBIM C JIMHEHHOH
IUIOTHOCTBIO K>, PACHONOKEHB B OJHOM IUIOCKOCTU HEPHEHAMKYJISAPHO IpYyr
Apyry. PaccrosHue Mexay HUTBIO M ONKalIuM K Hell KOHIIOM OTpe3Ka PaBHO
ro. Haligure cuity, ¢ KOTOpoit HUTh AEHCTBYET Ha OTPE3OK.

1.7. B BepmmHax MpaBUIHHOTO MIECTHYTOJFHUKA CO CTOPOHOM a ITOMEIIAI0TCS
TOYEUHbIE 3apsbl OJMHAKOBOH BeMMuHMHBI ¢. Haligure HampsykKeHHOCTH MOJs B
LEHTpPE IIECTUYTOJBHUKA TIPH YCIOBHH, YTO a) 3HAK BCEX 3apsAJOB OJAMHAKOB, 0)
3HAKH COCEIHUX 3apsA0B IMPOTHUBOTIOIOKHBL.
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1.8. DnexTpuueckuil KBagpynosib COCTOUT U3
JBYX TIOJTOKUTEIBHBIX u JBYX
OTPULIATENBHBIX OJMHAKOBBIX IO BEIUYUHE

r A X TOYCUYHBIX 3apsfa0B ¢, PACIOJIOKCHHBIX B

0 BEpIIMHAX KBajJpaTa CO CTOPOHOH a, Kak

MIOKa3aHO Ha puc.1.11. Haitnure

3JIEKTPUUECKOE TI0JI€ TAKOTO KBaIPYHOJIsS B
-q a q TOuKe A, Haxopadueiics Ha pPacCTOSIHUU
x>>a ot ero nenrpa O, ecnu muHUS OA

Puc.1.11 napajulesibHa OJJHOH U3 CTOPOH KBaJpaTa.

1.9. Ilo xpyrioif oueHb TOHKOW IIACTHHKE Pajinyca a PaBHOMEPHO paclpeelieH
3apsn Q. Haiiaute HanmpsyKeHHOCTh IOJS Ha OCH, MEPIEHIUKYISAPHOW K

IUIOCKOCTY IUTACTUHKH, KaK (DYyHKIUIO PaccTOSHUS Z OT ee leHTpa. Mccnenyiite
TIOJTydeHHOE BBIPAXKEHNE IS Z << a U Z >>d.

1.10. Haiinute HampsyKeHHOCTh IOJS, CO34AaBA€MOTO IUIOCKUM PaBHOMEPHO
3apsDKEHHBIM KOJIBLIOM, Ha MEPIEHIUKYISpE K MIIOCKOCTH KOJIbIA, IPOXOASIIEM
yepe3 ero IeHTp. [loBepXHOCTHas IUIOTHOCTH 3apsiia paBHAa O , BHYTPEHHHH

paznyc Konbla paBeH R;, €ero BHEIIHUM paguyc - R, .

1.11. Ha miockocTH paclpezeseH MONOKUTEIbHBIA 3apsal ¢ HNOBEPXHOCTHOMH
INIOTHOCTBIO O . Ha npyro#l, mapamienbHOM € IUIOCKOCTH, OTCTOSIIEH OT
NIepBOY Ha paccTOSHUM d , paclpeliesieH OTPULATENBHBIH 3aps]] ¢ BABOE OOJIbIIe
WIOTHOCTBIO. Hapucyiite KkapTUHy CHIIOBBIX JIMHUM TIONsA, CO34aBacéMOTrO
3apsaMU Ha IUIOCKOCTSIX.

1.12. Tlomycdepa pammyca R 3apsokeHa paBHOMEPHO C IIOBEPXHOCTHOM
IUIOTHOCTBIO 3apsiia . HalianuTe HanpspkeHHOCTD SJIEKTPHIECKOTO OIS B LIEHTPE
nosrycgepsl.
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1.13. Buyrpm mapa paamyca R, 3apsDK€HHOTO C TIOCTOSIHHOH OOBEMHOI
IUIOTHOCTBIO 0 , UMeeTcs chepuueckast HONOCTb PAAUYCOM 7, B KOTOPOH 3apsbl
OTCYTCTBYIOT. LIEHTp MOJOCTM CMEIIeH OTHOCHTENIFHO LEHTpa IIapa Ha
paccrossaue a (a+r<R). HalinuTe Hanps)KeHHOCTb 3JE€KTPUYECKOTO IOJIS

BHYTPH IOJIOCTH.

1.14. B mojieny atoma ToMcoHa npeamnoaarajoch, 4To MOJIOKUTEJIbHBIN 3apian e

pacnipesienen BHyTpH miapa pagmycom R =10""cu . Kak momkna 3aBuceth OT
paauyca IUIOTHOCTh MOJOXKUTEIBHOTO 3apsija, 4YTOOBI 3JEKTPOH (TOYedHas
YacTHLa C OTPULIATEIBHBIM 3apsA0M € ), IIOMEIICHHbIH BHYTPH Iapa, COBEpLIa
rapMoHHUeckue kosebanusa? HalianTe yacToTy KoneOaHUH 3JIE€KTpOHA. 3apsipl

MEXaHMYECKU APYT Ha Apyra He AEHCTBYIOT. MarHMTHBIM II0JIEM JIBUXKYIIErOCS

3apsna npeneOpeus. Macca anekrpona m =9,1- 107 ke .

2l ] 1.15. Hunmusp ¢ pagumycoM ocHOBaHUS R u

BhIcOTOH 2/ 3apsKeH 1O MOBEPXHOCTH C
MOCTOSIHHOM MOBEPXHOCTHOH MJIOTHOCTBIO O
(em. pumc.1.12). Cuuras, 9TO OCHOBaHUS
LWWIMHApA HE HECyT 3apsnia, OIpeAesIHTe

HAIPSDKEHHOCTh 3JIEKTPOCTATUYECKOTO IO
B TO4Ke M Ha OCH UMJIMHJAPA Ha PACCTOSHUU

a OT €ro LeHTpa.

1.16. beckoHeuHass mpsAMOJMHEWHass TMojoca IIMPUHON 2/ 3apskeHa C
MOCTOSSHHOM ~ NOBEPXHOCTHOM  IUIOTHOCTBHIO O .  Haiinmure  HampsbkeHHOCTB
JIEKTPUUECKOTO MOJISI B TOUKE, OTCTOSIIEH OT IOJIOCH Ha paccrosHue /. Touka

HaxXoquTCs Ha NEPIICHAUKYIIAPE, BOCCTAHOBJICHHOM U3 CEPEIUHBI ITOJIOCHI.
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1.17. IlomyOeckoHeuHas MONOCAa IIUPUHOMN
2] 3apspKeHa ¢ IOCTOSHHOHN MOBEPXHOCTHOM
IIOTHOCTEIO O . Hailinure HampsskeHHOCTH

JJIEKTPUYECKOIO0  MOoJs B Touke M,

h 7 HaXOMAIIEHCS HA PAacCTOSHUM /i OT IOJIOCH
X
2l Ha TEpIeHANKYIApEe, BOCCTAHOBICHHOM B
\L Hauajle MOJIOCHl M3 TOYKH, JIeXKalleld Ha ee
/ cpenHeit muaNM (cM. puc.1.13).
y
Puc.1.13 1.18. W3 deTblpex TOHKUX 3apsDKEHHBIX

HaJIOUEeK COCTABJICH KBaJpaT CO CTOPOHOI [ .

JlBe cocenHue CTOpOHBI KBajpaTa HeCyT OOWMH 3apsa +¢, paBHOMEPHO
pacrpeneneHHblil Mo ux uiHe. [IBe Apyrue CTOpOHBI UMEIOT oOmuit 3apsin —q .

OHPGHGHI/ITG HaIPSKEHHOCTD BJICKTPOCTATUYCCKOT'O ITOJIA B ICHTPE KBaJAparTa.

1.19. I[BC HUTHU, COBIAJAONINE C IOJIOXKHUTCIBbHBIMH II0JYyOCIMU HCKapTOBOﬁ

CHUCTEMBI KOOpAUHAT xOy ,» PABHOMCPHO 3apsiKCHBI C JIMHEWHOU TUIOTHOCTBIO K.

Haiinure HanpsykeHHOCTH 3JIeKTpUYecKoro 1o B Touke M(a,a) a>0..

1.20. Tpu HHUTH, COBHAJAIONIKE C TOJIOKHTEIBHBIMH TOJYOCSMH JIEKapTOBOH
CHUCTEMBI KOODJIUHAT, DPAaBHOMEPHO 3apsDKEHbl C IOCTOSHHOM JIMHEHHOH
IUIOTHOCThIO K . Haliure HampspkeHHOCTh JIEKTPUUYECKOTO MO B TOUYKE
M(a,a,a) a>0.

1.21. JIBe momyOeckOHEYHBIE HUTH, PAaBHOMEPHO 3apsDKEHHBIE C JIMHEHHOM
IUIOTHOCTBIO K, CIOXKEHBI TaK, 4YTO 00pasyloT mpsiMoii yroi. Halinute BenmuuuHy
HaIpPsHKEHHOCTH JIEKTPUUECKOTO TI0JI BO BeeX ToUKax mpsamor 0z , mpoxozasiieit

yepe3 BepIIUHY yrila NepHeHANKYIISIPHO INIOCKOCTH, B KOTOPOH JIS)KaT HUTH.
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§2. [loTeHMAJ YJTEKTPUIECKOTO MOJS

Kpamxue meopemuueckue céedenus
Cuna HasplBaeTCd IOTEHIMABHOU, eciau ee paboTa BAOIb JHOOOH
3aMKHYTOM TPaeKTOpUM paBHA Hyi0. KyJllOHOBCKHE CHIIBI yIOBIETBOPSIOT ITOMY

YCIIOBHIO, TIOATOMY §ﬁd?=q'§f§d?=0, rne F — cuna, nefcTByromas Ha

v ’ o
IPOOHBIA 3apsi § CO CTOPOHBI KYJOHOBCKOTO IO C HANPSKEHHOCThIO [ .

YcioBue NOTEHIUMAIBHOCTH DJICKTPOCTATHYCCKOTO II0JII MOXHO 3alrcaTb B
BHIC:

E-dr=0. 2.1)
W3 sToro paBeHcTBa, Ha OCHOBaHMHM TeopeMbl CToKca, CiIeayeT

rotE =0. 2.2)

Tomenyuanom @ 2nekmpuieckoz2o nois B Touke M Ha3pIBaIOT paboTy,

KOTOPYIO COBEPIIACT IIOJIC IIPU NEPEMEIICHUN CAUHUIHOI'O 3apsaaa u3 9TON TOYKHU

B TOUYKY O, A€ JOTOBOPUIINCH CYUTATh IOTCHIIUAJI PaBHBIM HYJIIO:

0—> —_—
p=(E-dr. (23)

M

B cwily DOTEHIMANBHOCTH 3JIEKTPOCTATUYECKOrO IMOJsl, 3HAa4Y€HHE OSTOro
HHTErpaja He 3aBUCHUT OT BbIOOpA TPaeKTOPHH MHTETpUpoBaHus. Beibop Touku O
NPOM3BOJIEH W JUKTyeTcs cooOpaxeHusMH ynobctBa. OOBIYHO 3a HYyJIb
MIPUHUMAIOT MOTEHIMA] OECKOHEYHO yIaJeHHOI TOUKH.

Kax cnemyer u3 (1.3) u (2.3), nmoreHuuan B Touke M, yAajreHHOM Ha
paccTosiHUE ¥ OT TOUEYHOIo 3apsija ¢ , paBeH
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q
p=—: 2.4)
4reyr
JUIs. MOTCHIMANBHOH CHIIBI MOXHO BBECTH IOTEHIHAIBHYIO SHEPTHIO
W,=q"-¢,rae (GYHKIUA @ HE 3aBUCUT OT BEJIMUUHBI IPOOHOTO 3apsija.

Jns moTteHnmana, Kak M U HAIPSODKEHHOCTH, CIPAaBEUIMB TNPHHIMIT
CYIEpPHO3UNUM: IOTEHIHAN MO, CO3aBaeéMOr0 HECKOJIBKUMU 3apsilaMy, PaBeH
CyMMe MOTCHIHAJIOB, CO3AaBaEMbIX KaKAbIM W3 HHUX B IPEIIOJIOKCHUH, YTO
OCTaNbHbIE OTCYTCTBYIOT.

TloTreHuman 1umoss Ha PacCTOSIHUSIX, MHOTO OOJIBIIIMX €0 COOCTBEHHOTO
pa3Mepa, (IOTEHIMANl MOYeyHO20 OUNO/A) OJHO3HAUHO BBIPAXKACTCS UEPe3 €ro

JUNONBHBIA MOMEHT p, (cM. ITpumep 2):

_7)
(/)(M)_W’ 2.5)

TZie 7' — BEKTOp, COETMHSIONINI [EHTP U0 C TOUKOH M.
Ecmu B Hekoropom oObeme V  pacnpeneneH 3apsn ¢ 0OBEMHOH

>

IUIOTHOCTBIO p(r), TO MOTEHIMAJ, CO3/1aBaEMBbIil 3TUM 3apsiIOM B IPOU3BOJILHOM

TOYKE NPOCTPAHCTBA M, OIIPEACIACTCA KaK

__ 1 fpdv
p(M)= 47[8()£ — (2.6)

HanpsokeHHOCTh AJIEKTPOCTATHYECKOTO TMOJIS OJJHO3HAYHO CBSI3aHA C €ro
noreHuuaioM. [Ipu aTom cooTHomeHue, oOpaTHoE (2.3), UMEEeT BU:

E=—-gradg. 2.7)

Ipumenss >ty ¢opmyny k (2.5) MOXKHO HAalTU HANpPSHKEHHOCTH MOJISL
TOYEYHOT'O JHUIIOJIS:

N R
47[80 r3 ’

E= 2.8)

riae 7 — eJMHUYHBINA BEKTOP, HAPABJICHHBINA BIOJb 7 .
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3K6un0meHuuaﬂbeuuu nogepxHocmsamu Ha3bIBAKOT TIOBEPXHOCTH

paBHOro mnoTeHUMada. Tak Kak KOMIIOHEHTa BEKTopa grad@, xacareinbHas K

SKBUIOTEHIMAIBHON NMOBEPXHOCTH, BCETIa paBHA HYJIIO, CHIIOBBIC JINHUM TOJIA B
Ka)X/10}1 TOUKe HampaBJIeHbl 10 HOPMaJIU K COOTBETCTBYIOIIEH 3BUNOTEHIIMATBHOM

noBepxHocTH (cM. Puc 2.4).

Hpumep 2.1. Haiinute paboTy, coBepIacMyl0 CHIAMH OJHOPOJIHOTO MOJISL

HalpsDKeHHOCTH E Haj 3apsioM ¢ TIpH €ro NepeMelieHH: U3 TOUKU 1 ¢ paguyc-

—

BEKTOPOM 7] B TOUKY 2 C paliyC-BEKTOPOM 7, IO IIPOU3BOJIEHON TPAEKTOPHH.

Pewenue. Tlo ompenenenuto pabotel dA=F -dr. Jlis OXHOPOIHOTO TIOJIS

F= qE, OTKyza

2 2
Alz=qu.dr=qudf=qE(f2—fl). 2.9)
1 1

HOpumep 2.2. Haiigure mnoTeHnuan u
HANpsDKEHHOCTh  3JIEKTPUYECKOTO  TIOJ,
CO371aBa€MOr0  TOYECYHBIM  JUIOIEM  C

—

AWUIIOJIbHBIM MOMCHTOM D, .

Pewenue. Hanpasum oce Ox H3 cepenuHBI
OTpe3Ka, COCOUHSIONIETO 3apsAAbl IUIOJA, OT
OTPHLATENBHOTO 3apsiia K IMOJO0XUTECIBHOMY.
ITonoxenne Touku M mpocTpaHcTBa Oynem

>

OTIMCHIBATH paanyc-BEKTOPOM r.

Hcnonb3oBaB 0603HaueHUs, IPUBEICHHbBIE HA Puc.2.1
puc.2.1, nomyyum

om)=-4 1 _1)__4 LT (2.10)
dreg\r, 1 dre, 1,1

e 7, =\/r2—2(;-l72)+l2/4 uor =\/r2+2(;-l72)+l2/4.
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>

Ipu r>>1 soipaxenue (2.10) ympomaercs, Tak Kak r, zr—(;-l)/(Zr) 21

ro=r+ (;j)/(Zr):

(D(M)_ 47r€0r3 - 4ﬂ'€0r3 @11

3aeck p, = q-l AUNONLHBIA MOMEHT JHIIONS.

HanpsbkeHHOCTh MOJI MO M3BECTHOMY IOTEHIMANy HadleM COIJIacHO
(2.7). Ilpumenss x (2.11) ¢opmynsl BekTopHOro anamusa (cM. IIpunoxenue )
HOITYyYUM:
3p,x ~ D, 1 3(17(, n)n -p.

E= n— = - . (2.12)
drmegrt Ameyr? 4rE, r

Mpumep 2.3. Ompenenure cuily, INSHCTBYIOUIYI0 Ha TOYEYHBIH JAWIONb C
JUIONBHBIM MOMEHTOM p, B HEOJHOPOAHOM 3JIEKTPHIECKOM IojIe £ (r)

Pewenue. PaccMOTpUM IHITONH MaJiOTO, HO KOHEYHOTO pa3mepa (cMm. puc.2.1).
IIpoekumss  cunbl, feifctByromedl Ha aunons, Ha ocb Ox  paBHa
F,=q[E (1/200)-E (-1/2,00)]. Packnagesas B pag  Teiitopa

HarpsKCHHOCTD IOJISI B OKPECTHOCTH Ha4ajla KOOPpAWHAT, IOJIyYUuM

oE e -~ = = +d ~d =0
F.=q axll=q(l-V X:(p€~V)EX, e V=la+j$+ka—z.

AHAJIOTUYHO BBIBOJATCS COOTHOILICHUS s F v = (p .V y u F, = (pe ~V)EZ .

HOHy‘IeHHBIe CKaJIPHBIE PAaBEHCTBA MOKHO O6’BeﬂI/IHI/ITB B OTHO BEKTOPHOC
F=p, VE. 2.13)

Mpumep 2.4. Haiinute osHepruio B3aumozelctBus W nOByX JuIofe,

HAXOJAMUXCA HA PACCTOSHMM r >>[; (/, - pasMep i—TrO AUNONA) APYr OT

B

Apyra. JIunoabHelE MOMEHTHI IMIONEH p; U P,
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Pewenue. DHeprus B3anMOACUCTBHUS IBYX
JUIONIEH - DTO JIOTOJHHUTENbHAS DHEPrHsd,
KOTOpass TOSBISETCS y JAWIONs B IIOJE,
co3/1aBaeMOM JIpyruM aunosieM. J{is mumons

;2 oHa paBHa (puc.2.2)

W, =‘]2(¢’A _(DB)’

Puc.2.2

TAC TOTCHIHUAT @, CO3)laBaeMbIﬁ JUIIOJIEM

D, 3anaercs BeipaxkenueM (2.11). Iloacrasnss ero B W, , momydaem

a2 (’+P1) (r—Pl)
W, = 3 3
471'80 r; r

> >

- - ->

- 2 2
VYurem, 4T0 r+ =r+-— MU r- =r———, U pasnoxum W, B pag no maiomy
2 2

3
l [
napamerpy — . OTGpachIBas B PA3/OKEHHH WICHB OPSIKA | — | , mOIydaeM
r r

9> (”_r‘);l 3q, (U%Xrl )_ 1 PPy 3(”’1 rl’z)
- = : - (2.14)
47[8() r3 47[80 r5 47[80 r3 r5

Mpumep 2.5. B ycnoBum mnpumepa 4 w3 mepBoro mnaparpada OIpeneinTe
MOTEHIMA] B MPOU3BOJIBHON TOUKe M Ha MEPNEHIUKYISPE K IIOCKOCTH KOJbLA,
BOCCTaHOBJICHHOM M3 €ro neHrpa. lcrosnp3ys HaliJleHHOe BbIpak€HHE Ui
MOTEHIMAJA, HAUINTE HAPSHKEHHOCTh 3JIEKTPUYECKOT0 T0JIsl B TOUKe M.

Pewenue. Tak xe xak u B mnpuMepe 4 u3 mepsoro mnaparpada BBeIeM

KOOpAMHATBl TOYKU M (0,0,z) U TOYEUHBIM 3apsa Ha Kosble (Touka N Ha
KOJIBIIE XapaKTepu3yeTcs YIJIOM ¥, OTCUHThIBaeMbIM OT ocu Ox, KOTopomy

nmaem npupamenue d ) (cm. puc.1.8). [lorennman 3apsaa dg B Touke M paBeH
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dg __(o/2z)ay

47r80\/a +z7° 47r80\/a +2° '

Unrerpupysi o ¥ ot 0 10 277 , OKOHYATENBHO MOTydaeM

Q . (2.15)

=—""""FT—
drega® +z°

Hcnone3ys (2.7), HaxoauM HaNpPsHKEHHOCTb HA OCH KOJIbLIA

a(o Q Z

Y 0z 4me, (a2+z

5 )3/2 >
4TO coBnajaet ¢ BoipaxkeHueM (1.10), momydyeHHbIM paHee B maparpade 1.

Hpumep 2.6. Jluck paaumycoM a 3apsbKeH C IOBEPXHOCTHOH IUIOTHOCTBIO O .
Haiinure noteHyan B Npon3BOIBbHON TOUKE HA OCH JMUCKA, NEPHEHUKYIISIPHON K
€r0 IJIOCKOCTH.

Pewenue. PazobbeM AUCK Ha KojblLia paauycoM 0O u TomuuHoi dp . Ha Takom
KOJIBIIE HaxomurTcs 3apsn dq = o27p-dp . IloTeHiman Ha OCH Takoro KoJbLia

HaiiieH paHee B IpuMepe S5 TaHHOTO Taparpada u 3amaercs Beipakenuem (2.15)

dg _ o
amegp?+22 260 pP 42’

dolz)= p-dp.

WuTterpupys 3to Beipaxenue no O ot 0 1o d morydum

( a’+z7° —zj. (2.16)

'!280,/p +2°

2
IIpu 7z — oo BeIpakenue (2.16) mpuHUMAET BUI (o(z) - oa

4eqz  4Ameyz

, TO €CTh

2
COBITAJACT C ITOJIEM TOYEYHOI'O 3apsaaa Q =7moa" .
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Mpumep 2.7. llap paguycoMm R paBHOMEpHO 3apspkeH MO 00beMy ¢ 00BEeMHOMN
IUIOTHOCTBIO 3apsiza O . OnpezaenuTe NoTeHUUAl B IPOU3BOJIbHOM TOUYKE BHE U

BHYTPH IIapa.
Pewenue. JIns onpeneneHus MOTEHIMANa BOCHIOIb3yeMcsl cooTHomeHneM (2.3),
B KOTOPOM MOTEHIHMANT OECKOHEYHO YJAaJCHHOH TOYKH MPHUMEM PAaBHBIM HYJIO.
Hampsokennocts momst  ompezensiercss  cootHomenusimu (1.12) u (1.13),
MOJIYYSHHBIMH B IpUMepe 6 nepBoro naparpada:

oo

== pR Tdr _pR® _ Q

r Edr = = = npu r >R,
olr) 3¢y I r? 3egr  Ameyr P
2 R 2 2 2
w(r)=£+ijrdr=£—ﬂ:L 1+l - mpu r<R.
3¢, 3gy 2g, 6g, 4meyR 2 R?

31ech r - pacCTOsIHUE OT paccMaTpUBaeMOoil
TOYKH MPOCTPAHCTBA 10 IEHTpa MIapa, a
Q — 3apsi, 3aK/II0OUEHHBIH B IIape.

Ipumep 2.8. Ha puc.2.3 npuBeneHa xkapTuHa
CWJIOBBIX  JIMHUH  HEKOTOPOro  IIOJIS.
HapucyiiTe HECKONBKO JKBHIIOTCHIIHAIBHBIX
MOBEPXHOCTEH W YKaXuTe, B KAaKOM
HalpaBJICHUH TIOTSHIHANl BO3PACTaeT.

Puc.2.3

Pewenue. CunoBble TMHAN BCETAA

MepICHANKYISPHBI 9KBUIIOTCH-
LMaJbHBIM TOBEPXHOCTAM. JlBe u3
HUX  TOKa3aHl Ha  puc.2.4.
Onpenenum, Kakoi U3 NOTEHIMAIOB

@, wm @, O6onpme. CormacHo
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23) ¢ -, = E- d_; rzie TpaekToproo L BhIOEpEM COBNANAIOIIEH C OJHOH U3
L

CWIOBBIX IMHMHA. Ecnmum @ u , Mano OTIMYAKOTCS, TO PACCTOSHHME MEXKIY

SKBUIIOTEHIMAJIBHBIMU TIOBEPXHOCTSIMU Mallo U KpHuBylo L ¢ xopoiueit

TOYHOCTBIO MOKHO 3aMEHHMTh HpSAMOH, a T10J€ OIHOPOIHBIM, IOIYYHM

¢, -9, =El>0.

Mpumep 2.9. /IBa pa3HOUMEHHBIX TOYECUHBIX 3aps/a, BEIMIUHBI KOTOPBIX PABHBI
g, U —q,, PACIOIOXEHbl HA PACCTOSHUU d APYr OT Apyra. JlokaxuTe, 4TO
MIOBEPXHOCTh HyJEBOTO MOTEHIMANa ecTh cdepa. Ompenenute pagmyc R 3Tl
chepbl U paccTosiHue b OT ee LEHTpa /10 MEHBIIEro 1Mo aGCOMIOTHON BeTUUUHE
3apsana.

Pewenue. Ilyctb Ui ONpeneneHHOCTH |q2| <q.
CornacHo yCIIOBHIO 3a[ja4i HalpaBleHHE BHOJb
OpsAMON,  COCNMHAIOMIEH  3apsAfbl, sABISAETCS
BbleeHHbIM. HampaBum ock Ox Brone Hee. B

cuny cumMerpun ocu Oy u 0z paBHOIpaBHBL:

mo0as OKBUIIOTCHIIMAJIbHAA TIOBEPXHOCTH €CTh

IOBepXHOCTh  Bpamienus Bokpyr ocu Ox,
Puc.2.5a IO3TOMY  JIOCTATOYHO HalTH JIMHUIO
NepeceueHus] YKBUIIOTECHIIAILHOH ITOBEPXHOCTH

¢ wiockocteio x0y (cM. puc.2.5a). Bribepem npon3BoibHYIO TOUKy M (x, y) Ha
9To# miockocTu. IIoTeHIMan B 3TONH TOUKE COMIACHO MPHUHIUIY CYNEPIO3HILHU

paBeH

qi _ P
4reg\(x—b—d)* +y*  Ameyy(x—b)* +y?

¢:

IToBepxHOCTB HyNeBOro noreHuMana @ =0 ymOBIETBOPSET YPaBHEHUIO

\/(x—b—d)2 + y2 :Z—l\/(x—b)2 + y2 .
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Bo3Best 3T0 paBEeHCTBO B KBaAPAT, IOIYYUM

(ﬂ)z_l v [ﬁ}zq (x=b) +2d(x-b)=d>.

q> q>

2
q
Ilopenus 3TO ypaBHEHUE cieBa U crpaBa Ha [—1 —1| u BBens o6o3HaueHUS

q>

TIOJTYIHM
y? +(x—b)2 +2c(x-b)=f.

2 o
HpI/I6aBI/IB ClipaBa MW CJIEBa C , OKOHYATCJIbHO HAaWJAEM HCKOMOC YpaBHCHUE

OKPY>KHOCTH
y2 +(x—b+c)2 =R%.
31ech paauyc OKpyKHOCTH
R =292 2.17)
49 — 4>
A Tak KaK LIEHTP OKPY>KHOCTH COBIIaJIaeT ¢ Toukoi O, To

hoee_ 94 (2.18)

2
q>
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Ha puc.2.56 MoKa3aHa
KapTUHA CWIIOBBIX JIMHHH U
HKBHIOTEHIHUAIEHBIX

MOBEPXHOCTEH Uil IIBYX HE

paBHBIX o MO/JTYITIO

Pa3HOMMEHHBIX 3aps/IOB.
Taxkum obpazom,

MIOBEPXHOCTh HYJIEBOTO

MOTEHIMaNa SIBIseTCs chepoii,
OXBaTBHIBAIOIIECH MEHBITHHA IO
Puc.2.560

BenuuuHe  3apsaa.  LeHtp
cthepsl JIEXKHUT BHE OTpE3Ka,

COCIUHAIOMICTO 3apsAaabl.

Ipumep 2.10. Ha cdepe paamycoMm R pacripenesieH 3apsii ¢ MOBEPXHOCTHOMN
IUNIOTHOCTBIO O =0 cosf, rae @ - yroi, cCOCTaBISEMBII pajnyCOM-BEKTOPOM,
IPOBEICHHBIM B IPOU3BOJIBHYIO TOuKy cdepsl ¢ ocblo 0Oz. Haiinure
HaIPSHKEHHOCTH B IIPOU3BOJIBHON TOUKE BHE M BHYTPH C(EphL.

Pewenue. Pacipenenenue 3apsaaa o HOBEPXHOCTH CephI ¢ 3aJaHHON B yCIOBUH
3a/1aud [OBEPXHOCTHOH IJIOTHOCTBIO MOXKHO IIOJIY4YHTh, 3AMEHUB cepy ABYMs

21 / Rd6

/ 2acos9

Puc.2.6
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mapaMyd PaguycoM R, 3apsiK€HHBIMH C OJHOPOAHOH OOBEMHOH NIOTHOCTBIO
+p W —p W CIBHHYTHIMH OTHOCHTEIBHO 3aJaHHOI cdepsl Bxonb ocu 0z Ha
OYeHb Mayloe paccTosHue a(a << R) BBepX M BHHU3 COOTBETCTBEHHO, KakK
noka3aHo Ha puc.2.6. J[lelicTBUTenbHO, B 0O0BEME, 3a7aBAEMOM yIJIaMHU
6+0+df, wmexny »>TuMH IIapaMud Haxogurcs 3apap  (cM.  puc.2.6a)

dg=p-27Rsin@-RdO-2acos@. Drtor 3apan OyaerT pacmpereieH 10
HOBEPXHOCTH TUIomanu dS =27Rsin&- Rd@ , oTkyna ¢ = 2apcos@ = o cosf .
31ech 0003HAYEHO O = 2ap .

Tlone BHe cdepbl, co3maBaeMoe ABYMs IIapamH, OyneT COBIAIaTh C
N 4 3 _4 3
[IOJIEM [JIUIOJIA, MMEIOLIEr0 JUIOIbHBIA MOMEHT p, = 2ap§ﬂ'R =§71'R Oy "

MOMEILIEHHOTO B IIEHTP cdepbl, Kak MOoKazaHO Ha puc.2.60. Ilome aumons

OAPOOHO PacCMOTPEHO B IpHMepe 2 HacTosIIero naparpada.
Ha puc.2.7 MoKa3aHa

[IPOM3BOJBHAs TOYKa M BHYTpU cdepsl,

OmnucCbIBacMas KoOpAWHaTaMu 71 H y/ z

Tlone E+ , CO31aBa€MO€ IIOJIOKHUTECIbHBIMHU

3apsAgaMH Imapa ¢ LeHTPOM B TOuKe A, r.
OyZAeT HampapJIeHO 10 Paguycy TOrO Iapa
U ONPENENATHCS TOJBKO 3apsiilaMd BHYTPH
chepsl pamuycom r,. COOTBETCTBEHHO

— \Ij
nose E_, co3naBaeMoOe OTPULIATEIbHBIMU 0 bl ——

3apAfaMM Iapa ¢ IIGHTpOM B Touke B,
-a (B

OyzeT HaIpaBJIEHO 0 PaAnyCy 3TOTO IIapa

U ONpeACAITECA TOJIBKO 3apsiaMu BHYTPHU Puc.2.7

coepsl paauycom r_ (em.(1.13)):

B4 _prs

477,'80}’+2 3g,

bl
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E_ q_*zp;_

= 2
4reyr” 3¢,

Haiinem BeKTOpHYIO CyMMy 3THX TOJIEH, A7 9Y€ro NPOCYMMUPYEM HX IIPOEKIIUU:

P P
E =E  +E  =——rcosy———rcosy =0,
x +x 3¢, .4 3¢, v
E . =E _+E, =L(rsinl//—a)—i(rsinl//+a)=—L~2a.
N 3g, 3g, 3g,

VYuuteiBasg, 4To Oy =2pa, OKOHYATENIBHO IOIYYUM, YTO IOJ€ BHYTPU cepbl

OJHOPOAHO, HAIPABJICHO IMPOTHUBOIIOJIOKHO OCHU 0z , a €r0 HaIIpsKECHHOCTh paBHA

110 a0COTFOTHOM BEJTUYHHE

_ 0y

E= . (2.19)
3¢,

3aoanue ona camocmoamenvHoil paoomol

2.1. Onpenenute paboOTy CHIIBI 3JEKTPUYECKOTO TMOJIsL, CO3aBaEMOro 3apsaoM ¢ ,

HaJl 3apsA0M ¢' NIpH IEepEMEILEHNH 3apsaia ¢' U3 TOUKU 1 ¢ paguyc-BEKTOPOM 1

B TOUKY 2 C PaJuyCc-BEKTOPOM F, IO TPACKTOPUSIM, H300pak€HHBIM Ha puc.2.8 a
- 2.8B.
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< 0
R
N
1/~

a 6 B
Puc.2.8

2.2. OpHomepHass MoIeNb HOHHOTO KpHCTalIa MPENCTaBIsieT CcoOOi
OECKOHEUHYIO JINHEHHYIO LEMOUKYy YepeAyIoIUXcs 0 3HAKY U OJMHAKOBBLIX IIO
MOJYJIO 3apsAnoB (MOHOB). PaccTosHne MeXIly COCEHUMHU 3apsaaMu OJMHAKOBO
BJIOJIb BCEH LIETIOYKU U PABHO a , MOAYJb 3apsAna paBeH ¢ . Haiinure norenuuan

o, CO3/1aBa€MbIi BCEMH OCTAJIBHBIMU 3apsgaaMnu B TOYKE, I'I€ HAXOOUTCA

TOJIOKUTETHHBIN 3apsna.

2.3. JlBa TOYEYHBIX 3apsga +¢g W —¢ PpAcIOJOXKEHbl B  TOYKax
N (a/2,0,0), M (—a/2,0,0) cooTBeTcTBeHHO. Kakyio paboTy coBepluiaTr CHIIBI
IoJig, COo3JaBacMoOro J3TUMH 3apsgamMu, NpU YAAJICHUU 3apsla q' U3 Haydajia

KoopAMHAaT Ha OeckoHeyHocTh? Kak M3MeHHTCS OTBeT, eciau 00a 3apszga
OJIMHAKOBBI U paBHbI +¢q 7

2.4. Jlumois ¢ JAHIIONbB-

- 4 q q “Ie HBIM ~ MOMEHTOM  p,
E E TIOMEIIEH B OJJHOPOTHOE

&y 3JIEKTPHYECKOe noe
HANPSKEHHOCTH E.

Haiinute noreHuuanbHyto
Puc.2.9
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sHepruto gunonss W, moMeHT cun M u cuiy F, IeicTBylolue Ha JUIONb B

clly4ae ero OpHeHTAIUH, TIOKa3aHHOH Ha puc.2.9.

2.5. Haiinute sHepruio W B3auMOAEHCTBHS ABYX IUINONEH C JUNOIBHBIMU

MOMEHTaMH p; U p, IPU UX B3aUMHOM PAcIOI0KEeHHH, oKa3aHHOM Ha puc.2.10.

r r E
>0 o ._] r
D, p, b, P, p;"

A 8
a o

Puc.2.10

2.6. Jlunons C JHMINONGHBIM MOMEHTOM — p,  HAXOQMTCS B OJHOPOTHOM
9JIEKTPUYECKOM TI0JIE ¢ HANpPSUKEHHOCTHIO E. J[umoins oTmyckarotT 0e3 HadainbHOU
CKOPOCTH M3 HOJIOXKEHUs, I0Ka3aHHOTOo Ha puc.2.9a. Halinure yrioByio ckopocTh
JUIONS (U TIpH MPOXOXKIECHUH UM IOJIOXKEHHs, OKa3aHHOTo Ha puc.2.96, u ero

YIIOBOE YCKOpeHHe [ B HayalubHBI MOMEHT BpeMeHH. Macca Kamoro 3apsiga

m , pacCTOSHUE MEXIy 3apsaamMu [ .

2.7. TodeuHBIl NONOXKUTENBHBINA 3aps] ¢ HAXOAWUTICS B Hayaje KOOPIUHAT.

—

Jumosb ¢ MOMEHTOM p, HaXOIMTCS B TOUKE C paauyc-BeKTopoM . Ilpu kakoi

OpPHUEHTALMH AUTIOJNS HEPTHS €ro B3aUMOJCHCTBUS C 3aps/IOM: a) MaKCUMaJbHa,
0) MUHIMaJbHA, B) paBHA HYIIO.

2.8. Haiimure pacmpeneneHue MOy HAIpsHKCHHOCTH SJIEKTPUYECKOTO OIS
TOYEYHOro Aumois Ha chepe paauycoM R ¢ LEHTPOM B TOYKE, IJe HAXOAUTCA
ok, JIUNoIbHBIA MOMEHT IUIIONS PABEH P,.



§2.Ilomenyuan snexmpuuecxkoz2o nous 39

2.9. Haiiqure moTeHIMAN W HANPsHKEHHOCTD MOJIS B IIEHTpe Moycdephl paauyca
R , 3apsxennoii ¢ NOCTOSHHOM TTOBEPXHOCTHOM MIIOTHOCTBIO O . Ykasanue: s

pacueTa HapsHKEHHOCTH BOCIIONIB30BaThes hopmynoit (2.7).

2.10. [apuk pamuycom r =lcm 3apspked no noreHnuana ¢ = 30008 . Ckoibko

JJIEKTPOHOB 1 HY)KHO OTHATBH OT LIapHKa Ul TakoH anexrpuzanuu? Ha ckonbko

IpU  3TOM yMEHBLIMTCS Macca Iapuka’?
Macca snekTpoHa m=9,1-10_311<2, 3apsin

aMeKkTpoHa e = 1,6- 107Kz,

2.11. JlaHBI IOTEHIHANBI @), P,,P3 U @4 B
YETBIPEX CMEKHBIX BEpPIIMHAX MAJIOT0 KyOuKa
¢ peobpom a (puc 2.11). Kak MoxHO

l'[pI/I6J]I/I)KeHHO ONIPEAACIUTE HANPSKEHHOCTH

oJ1st B Touke 47

nc.2.11 o o
P 2.12. Haiigute cuny — B3auMOJCHCTBUS
F Mex[Iy TOUeYHBIM 3aps0oM ¢ M TOYSTHBIM

JAUIIOJIEM, €CJIN PACCTOAHNUE MEXKAY 3apaa0M U JUIIOJIEM pPaBHO d ,a JIUTIOJIBHBIN

MOMCHT p , HallpaBJICH BIOJIb COEJIMHSAIONIEH X HpHMOﬁ.

2.13. JIBa TOHKHMX OCCKOHEYHO JIMHHBIX TPOBOJIHUKA, pPa3HOMMEHHO
3apsUKEHHBIX € OJMHAKOBOM JIMHEWHOM IJIOTHOCTBIO 3apsza, pacloJI0KeHbI
TmapajuleJbHO Ha HEKOTOPOM pacCTOSIHMH ApYyr OT Apyra. Jlokaxkute, d9TO
SKBUIOTEHIMAIBHBIE TIOBEPXHOCTH TAKOW CUCTEMBI IIPOBOJHUKOB CYTh KPYTOBBIE
LIJIMHAPBI U OTIPEJENIUTE PACCTOSHUE | MEXAy NMPOBOTHUKAMH, €CJIM PACCTOSIHUE
MEXIy OCSIMH [BYX TaKMX HWJIMHAPOB paBHO 2a, a UX pagWychl OIWHAKOBEI U

paBHBEI R.
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Puc.2.12

2.15. JIudnekTpudecKuid

2.14. Moxer 1M CYIIECTBOBaTh B BaKyyMe
3JIEKTPOCTATHIECKOE nose, BEKTOD

HAIPsHKEHHOCTU KOTOPOTO E Bo BeeM obbeMe
HONIST ONMHAKOBO HAMpAaBIeH, HO II0 BEIMIHHE
U3MEHseTCs, HampuMep, [0 JUHEHHOMY 3aKOHY,
€CIM TEepexXOmuTb OT TOYKH K TOYKE IO
HOPMaJbHOMY K TIOJIIO HanpasileHHIo (puc.2.12).

IUCK paguycoM R 3apshkeH paBHOMEpPHO C

MOBEPXHOCTHOH IUIOTHOCTBIO 3apsja ©. HalinuTe noTeHman Ha Kpao AUCKa.
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§3. [IpoBOIHNKH M TUIJIEKTPUKH B djleKTpUieckoM noJje . Teopema 'aycca

Kpamxue meopemuuecKue ceedeHusn

Ilose B BemiecTBe. Hpoeobnukamu Ha3bIBAKOT TaKWE€ TEJIa, KOTOPLIC

COJepIKAT CB80000HbIE 3apsidbl, TO €CTh 3apsibl, CIOCOOHBIE MEPEBUraThCs IO
BCeMy 00BbeMy IpoBOAHMKA. [Ipi BHeCEHMH MPOBOJHHKA B 3JIEKTPHUECKOE TOIe
CBOOOJHBIE 3apsiAbl MOA €ro BO3ACHCTBHEM IepeMeINaroTcs (IPOTEKAloT
SNIEKTPHYIECKUe TOKM) O TeX MOp, TTOKa HE YCTAHOBHTCS HOBas CTallIOHApHAs
KOH(UTypauus 3apsoB. OTO NPUBOJUT K CJIEAYIOUIMM CBOWCTBAM MPOBOJHUKOB
B 3JIEKTPOCTATHIECKOM TTOTIE!

-IIPOBOHUK 9JeKmMpu3yemcss - Ha €ro IMOBEPXHOCTH IOSBIISIOTCS

TIOJIOKUTETbHbIE W OTPULATeIbHbIE 3apsbl,

-HaIPsDKEHHOCTD JIEKTPHYECKOTO MO U 00beMHas INIOTHOCTh 3apsna

BHYTPH IIPOBOJIHMKA PaBHBI HYJIIO,

-BeCh 00BEM MPOBOJHUKA SBILIETCS SKBHIOTEHIMATEHEIM 00BEMOM, UTO
HI03BOJIET TOBOPUTH O nOMmMeHyuaie nposooHuxa,

-CIJIOBBIC JIMHHHM 3JIEKTPUYECKOTO TONS BHE IPOBOJHUKA BONM3M €ro
MOBEPXHOCTH NEPIEHANKYISAPHBI K HEH.

Husnexmpuku He comepkaT CBOOOTHBIX
3apsioB. B anexkTpuyeckoM mone 3apsiabl BHYTPH
JVBIEKTPHUKA CMEIAI0TCS UMb Ha MOJEKYISPHBIX
MaciiTabax, HOpU 3TOM MOJEKYIbl MOTYT OBITH
TpeJCTaBICHBI Kak JUIONH. B a1ekTpocTaTnaeckom
[oj€ OHM OpHEeHTHpyroTcsa (cM. puc.3.1), uro

NPUBOJMT K  MOSABICHMIO HAa  IOBEPXHOCTH
Puc3.1 JMNIEKTpUKA  césA3anHblx  3apsdoe. IlocnenHue
OPUBOJAT K  YMEHBUICHHIO  HANpPSKEHHOCTH

JJIEKTPUYECKOTO TI0JIst BHYTPH JTUDJIEKTPHKA IT0 CPABHEHHUIO C BAKYYMOM.
SIBneHne  OpuUEHTaLUMM  MOJEKYd  JAUDIEKTPUKa BO  BHEIIHEM

DJICKTPUYCCKOM II0JIE HAa3bIBAKOT nozz;zpus’auueﬁ duaﬂekmpuka. I[J'ISI €ro
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KOJINYECTBEHHOM XapaKTECPUCTUKU BBOAAT 6€Kmop noasapusayuu P.B cliyqac
OJMHAKOBBIX JUIIOJICH

P=np,, 3.1

—

rae n - 4YuCIO ILI/IHO.HCI\/'I-MO.HGKY.H B CAUHUILIC o0beMa BeIeCTBa, a p, -
)IHHOHLHLIﬁ MOMCHT OJJHOT'O OHUIIOJIA. B He oueHb CHIIBHBIX DJICKTPUUCCKUX IMOJIAX
I OOJILIITMHCTBA MaTCpUAJIbHBIX CPEJZ BEKTOP MOJIApU3allUM ITPOINOPHHUOHAIICH
HAIps>KECHHOCTHU ITOJIA E (TaKI/IC Cpeabl OTHOCAT K ﬂuHeﬁHblM)

—

P=ye,

oy

3.2)

HocrosinHas  y HA3bIBACTCSL  OUINEKMPUUECKOU  BOCHPUUMYUBOCTNBIO
JUDJIEKTPUKA.

CymiecTByIOT, OIHAKO, Cpenbl (HAlpUMEp CecHemoINeKMpUuKi), B
KOTOPBIX CBSI3b MEXAy P M E CYIIECTBEHHO Heiuneina. B CHIBHBIX TONAX
TIOJISIPU3ALMS 3THX CPeJl HACHIIAETCS U MEePECcTaeT 3aBUCETh OT BHEIIHETO IOJIS.
B HEKOTOPHIX CIy4asX UIsi TAKHX JMJEKTPHKOB BEKTOP P MOXKHO CUHTaTh

IIOCTOSAHHBIM HE3aBHUCHMO OT I10JIA (<GaMOpO)KeHHa$I>> HO.H?{pI/I?;aLII/I?I).
KpOMe BEKTOpa HaNPsDKEHHOCTU E B TEOPUUN DBJICKTPpHUIECTBA BBOIAT

6eKmop uHOYKyuu EKTpUIecKoro momust D :

— N — — —

D=¢gyE+P=¢g,(l+y)E = eg,E . (3.3)

BbespasmepHas ~ mocTostHHass €  >1  HasBIBaeTCA  OUBIEKMPUYECKOU
NpOHUYAEMOCHIbIO BEIECTBA.

Teopema TI'aycca. B oanmexTpocrarmueckoM mojie MHOTOK BEKTOpa
MHOYKIUA depe3 o0yl 3aMKHYTYI0 MOBEPXHOCTh PaBEH CyMMe CBOOOIHBIX
3aps7I0B, 3aKTIOUYCHHBIX BHYTPH 3TOH MMOBEPXHOCTH:

DS =Y q;. (3.4)

win B quddepentmansHoit popme
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divD=p. 3.5)

3HCCL p - 00beMHas IIOTHOCTh 3apsgaa.

Hpumep 3.1. CpaBHUTE KaueCTBEHHO IIOTOK BEKTOpa MHIAYKIMH D uepe3
MOBEPXHOCTH, OKa3aHHbIE Ha puc.3.2. B kakux ciaydasx MOTOK paBeH HYJIO?

Puc.3.2

—

Pewenue. Ha s3pIke CHIIOBBIX JIMHUH ITOTOK BEKTOpa D Yepe3 MOBEPXHOCTH

MpONOPHHUOHAIIEH PAa3HOCTU BXOAAMINX B OTPAHUYCHHYIO ITOBEPXHOCTHIO 001acTh
1 BBIXOIAIINX Yepe3 Hee CHIOBBIX JIMHUH. COTINacHO BBINIECKa3aHHOMY MOTOK
Yyepe3 MOBEPXHOCTh, MOKA3aHHYI0 Ha puC.3.20 BJBOE MpEBBHINIAET HOTOK 4epes
MOBEPXHOCTB, MOKa3aHHYI0 Ha puc.3.2a. [IoTok uepe3 NOBEPXHOCTH, IOKAa3aHHbIE
Ha puc.3.2B-3.271, paBeH HyIIO.

Hpumep 3.2. Ucnoms3yst Teopemy I'aycca, HaliauTe HaIpsDKEHHOCTb IO,
CO3/[aBaEMOr0 B BaKyyMe OCCKOHEYHOH IUIOCKOCTBIO, Hecylleil Ha eIMHHIIe
IUIOINA M 3apsi O .

Pewenue. Tlpexpae Bcero OTMETHM, YTO B CUTLY CUMMEMPUU PACHPEOeNeHUs.
3apa0a Ha NAOCKOCmY TOJIE TAKKe 00JIafaeT IeMEHTaMH CHMMETPHH, 3 UMCHHO
® BEKTOP HAINpPSDKEHHOCTH HOJIS HAIPABIICH 110 HOPMAIIH K IIOCKOCTH,

®  MOJyJb HAIPSHKEHHOCTH MOJIS OJMHAKOB Ha OZHOM M TOM K€ PAaCCTOSIHHH OT

IIJIOCKOCTH.
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Bocnonb3yemcs 3TUMH CBOICTBAMU CUMMETPUH
MOJISL TIPM BEIOOpE 3aMKHYTOW HOBEPXHOCTH, K
KOTOpOW npuMeHHM Teopemy ['aycca. Beibepem
OpsSMOA  LWJMHIP, OCHOBAaHHUS  KOTOPOTO
MapajuleNbHbl  IUIOCKOCTH M HAaXOAATCS Ha
OJIMHAaKOBOM DAcCTOSHUM z OT Hee (puc.3.3).
IIpy BBIYMCIEHHH TOTOKAa BEKTOpA HHIYKLHH
clielyeT BBIOMpaTh HOpPMalb K ITOBEPXHOCTH,
BBIXOJIIYIO U3 o0beMa Hapyxy. IloTok uepes
BECh IIWIMHIpP CKIAIBIBACTCS U3 TPEX MOTOKOB:

yepe3 JoHblukd P, =P, =SD, u uepe3

OOKOBYIO TOBEPXHOCTh. [lociemHuii  paBeH
Pnc.3.3 HYJII0, TaKk Kak B JI000OH Touke OOKOBOI

MIOBEPXHOCTU HOpMalb K Hel NepHneHauKyiaspHa K Bekropy D . CyMmmapHsli
HNOTOK 4epe3 LMWIMHIPUYECKYI0 MOBEpXHOCTh paBeH P =2SD. Buyrtpu
LUIMHAPHYECKOH MOBEPXHOCTH HaXOAMTCA 3apsan g = So , noatomy 25D =So .

o o
Otkyna ng. Hcnone3ys (3.3), HaXOAUM HANpPsHKEHHOCTb IOJSL B JIIOOOH

TOYKE B OKPECTHOCTH 3apﬂ)I(CHHOﬁ IIJIOCKOCTH

o
E=—. (3.6)
2¢g,
IIpencraBneHHoe B yCI0BUHM 3a7auil paclpeieleHue 3apsia HEBO3MOXKHO
CO31aTh INPAKTUYCCKH. Ero CIIEAyEeT pacCMaTpuBaAThL KaK MOJEJIb, MMO3BOJIAIOIIYIO
paccuuTaTh 1oJje BOTH3HU BapHH(EHHOﬁ IIaCTUHKH.

Hpumep 3.3. Haiimure HaOpsDKEHHOCTb OJIEKTPUYECKOTO MO MEXKIY
00KITaZKaMH TIOCKOTo KoHAeHcaTopa. Ha mnactiHax HaxomsaTes 3apsaasl Q u -Q,

IJIomaab IIaCTUH KOHACHCATOpa - S.
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Pewenue. Ha puc.3.4 nokazaHo moie ot
KaXA0M W3 TUIaCTUH KOHJEHcaTopa.

+0 Mexay TiacTHHAMU TI0JI€ CKITabIBAETCS
U CTAHOBHUTCS BABOE OOJIBIIE, YEM IIOJIC
E OT OJHOM T1acTHHEI (cM. (3.6)):
o
E=2 = Q9 )
'Q go goS

3.7
Puc.3.4
3a mpenenaMu IJIACTHH TIOJIS OT 3aps0B

Ha IUIACTUHAX HAIIPABJICHBI B IIPOTHUBOIIOJIOXKHBIE CTOPOHBI, II03TOMY CyMMAapHas
HaIpPsHKEHHOCTh PaBHA HYJIIO.

IlomyueHHbI pe3yapTaT OTHOCUTCS K IOJIIO BJAIM OT KpaeB IUIACTHH
KOHJIEHCATOpa.

Hpumep 3.4. JJusnexTpudecKuil map paguycoM R pPaBHOMEPHO 3apsikeH IO
o6bemy. OObeMHas IUIOTHOCTb 3apsja paBHA O, JUDJIEKTpUYECKas

IPOHUIIAEMOCTh MaTepHana mapa - € . HalinuTe noteHunuan nos, co3gaBaeMoro
IapOM.

Pewenu. HanpsbkeHHOCTh NEKTPUIECKOTO OIS, C03/1aBaEMOT0
pacrpezienieHueM 3apsa, yKa3aHHOTO B YCIIOBHHM 3aJ[adl, PACCUNTaHA B TIpUMepe
6 mepsoro maparpada. IIpmBemem npyroe pelreHnHe TOH ke 3agadnd C
HCIONIb30BaHUEM TeopeMbl ['aycca. B cuiy cuMmMerpum pacnpeneneHus 3apsia
MHOYKIMS (M HAIPsDKEHHOCTB) TOJIs OyneT HammpaBleHa BIONb pajiyca Iuapa, a
BeIMYMHA BEKTOpa MHIYKIMH OyldeT oJuHakoBoil Ha moboil  cdepe,
KOHIICHTPHYECKOH ¢ mapoM. [Inist ompesieNleHus 1o B MIPOU3BOIBHOH Touke M
HpoBeIeM Yepe3 3Ty ToUKy chepy, KOHIeHTpHYecKyo ¢ mapom. [ToTok BekTopa

WHITYKIIH B 4epes 3Ty chepy
ﬁ)ﬁ - §Dds = D(r)§ ds = D(r)am?, (3.8)

A€ UHTCTPUPOBAHNUE BEAECTCA 110 NOBEPXHOCTU C(i)ep]:l pagnycom r.
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CornacHo Teopeme I'aycca 3TOT MOTOK paBeH 3apsly, 3aKIIOYEHHOMY BHYTPH
BBIOpaHHOM cepsl. DTOT 3aps] pa3InyeH, eClIH ToYKa M HaXOIWUTCS BHYTPH HITH

BHE cepbl:
4 3
Eﬂ'pr ’ r<R
q= eciu .
4 3 r>R
Eﬂ'pR s

HpI/IMCHHﬂ TEOPEMY Faycca, HaxXO0JUM MHAYKIHIO 3JICKTPUYCCKOTO IO

-

pr
— N r <R,
D= R33 eclm 'S
- >
e
r

Iockonbky D = €€y E , To HapsHKEHHOCTH 10N OyeT paBHa

_Pr
— ’ r<R,
E= 3;‘63‘0 eciu R’ 3.9)
PR - r>
380r3 |

HampspkeHHOCTh M MOTEHNIMAN MO CBSI3aHBl cooTHoleHueM (2.3), To ecTh

-
Q=- J. Edr . Tlotennuan 6€CKOHEUHO yIaleHHON TOUKU IPHMEM PABHBIM HYIIIO.

oo

IIpoBens uHTErpUpOBaHKE, MOIYIUM

2

PR L P (Rz _ rz)’ 3
3, 6eg, com S R .
PR’ r>R

3gyr’
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IIpu nHTErpUPOBAHUM YUTEHO, YTO IPU ¥ = R MOTEHIMAaN HENIPEPHIBEH.

Puc.3.5

Opumep 3.5. Ha mnpoBomameit cdepe
paauycom R HaxoauTcs 3apsan +Q, a Ha
npoBoasmier  chepe  paamycom 4R,
KOHIIGHTpUYECKON C mepBod - 3apsan —20 .
Mexny 3apsykeHHBIMH cdepamMH HaXOIUTCS
HE 3apsDKCHHBIA CJIOM NpOBOAAIIEH Cpensl,
orpaHUYeHHbIH chepamu ¢ paguycamu 2R u
3R cootBercTBeHHO (cM. puc.3.5). Haitnute
HAIPSDKEHHOCTh  9JIEKTPUYECKOTO TMOJs  BO

BceM IpocTpaHcTBe. [locTpoiite KapTuUHY

CHWJIOBBIX JIMHUH Bekropa FE, a Takxe

HalauTe UHAYKIAOHHBIC 3apsJbl Ha MOBEPXHOCTAX IMMPOBOJAHUKA. Kak m3mensTcs

3apsiibl Ha cdepax, eciid UX COSTUHUTH MPOBOIHUKOM ?

Pewenue. Kax u B mpexasigylieM IpuMepe, moie oOnanaeT cdepuueckoi

cumMmeTtpueil. g npumenenus Teopemsl [aycca BeiOepeM cdepy paauycoMm r,

KOHICHTPHUYCCKYIO C JaHHBIMH. ITorok gepe3 HEC MOJACYUTaH B MNPCABIAYLIEM

npumepe U 3amaercs ¢popmynoit (3.8). Haitmem 3apsim BHyTpH cdepsl pagmycom

r:
0
+0
q=0-¢', eciu
Q0
-0

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

3nechk ¢' - MHAYKIMOHHBIH 3apsia Ha cdepe paguycoM 3R, a Tak KaKk IPOBOJHHK

He HeceT 3apsa, TO Ha ero BHYTPEHHEIl IOBEPXHOCTH PajuycoM 2R HaXOMUTCS

3apsin —q'. Ilpumenum Teopemy 'aycca n ydrem, 4TO BHYTPH IPOBOJHHKA I10JIE

paBHO HymO (¢'= Q ), MOIy4uM
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— 0, r<R, 2R<r<3R
E=2= Y 21, ecln R<r<2R, 3R<r<4R.
fo |4z " 4R<r
-0 F
4reyr 7’

—

Kapruna cunosbix nuHuil BekTopa E mnokasaHa
Ha puc.3.6.

IMocne coenunenus BHemHeH cdepsl ¢
BHYTPEHHEH 3apsigpl HepepaclpenensiTcs o
HHUM TaK, 9TOOBI MOTEHIMAIBI 3THX cdep cTamu
onuHakoBbiMU. OOo03HaYMM 3apsn Ha cdepe

paguycoM R uepe3 O, a Ha cdepe paauycoMm

4R - Q, . B cumy 3akoHa coxpaHeHUs 3apsa
0,+0,=0-20=-0.

Ucnons3ys teopemy l'aycca, Haiinem mone B

Puc.3.6

MIPOCTPaHCTBE MeXAy cepamu ¢ paxuycamun R u 4R :

G 7
. 4”50'rir R<r<2R
E=2= Ql—_q2£=0, eciu 2R<r<3R.
o | dmEprs I 3R<r<4R

o r

4ﬂ£0r2"

PasHocTh MOTEHIMANOB MEXTy HUMU

4R
A(/)=IE(r)dr= Y (l_L_FL_L):A:
% dmeg \R 2R 3R 4R) 487meyR

Buanm, uto 3apsny Q; Ha BHYTpeHHeH cdepe OyneT paBeH HyJIO, a 3apsja Ha

BHelIHeH cdepe paguycom 4R craner paBeH Q; + 0, =—-0.
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Mpumep 3.6. Ilposonsmas cdepa pagmycom R Hecer 3apsn Q. Cohepa
OKpYXeHa C(HEepHUYEeCKUM CIIOEM IHAJIEKTPUKA, HPOCTHPAIOMNMCS 1O Cchephl
pamuycom 2R . Hcnone3ys Tteopemy [I'aycca, Haiiqure HMHAYKLIUIO
JNEKTPUIECKOTO TOJIT W €ro HampsHKEHHOCTh BO BCEX TOYKaX IPOCTPAHCTBA.

IlocTpoiite KapTMHY CHIOBBIX JMHHMN Juii BekropoB D wu E . Haiinure
CBSI3aHHBIM  3apsi ¢, TOSBIOIIMICS HAa  IpaHULAX  AUAJIEKTPHKA.

JynexkTpudeckast IPOHUIIAEMOCTD AUAJICKTPUKA € = 2.

Pewenue. IlpoBeneM NMpou3BOJIBHYIO CHEPUUECKYIO TIOBEPXHOCTD PalUycoM r,
KOHIIEHTPUYECKYIO C 3aJ]aHHOU B yCJIOBUM 3aJlaull. DIEKTPUUECKOE II0JIE BOKPYT
cheppl obOmamaer chepHyecKOd CHMMETpHEl, WIM BEKTOp HHIYKIHH

JJIEKTPUYECKOTO OIS D HarpaeJeH 1o paauycy cdepsl. I[IoTok 3TOro BekTOpa
yepe3 BBHIOpAHHYIO IOBEPXHOCTH ompezensercs Bbipaxkenuem (3.8). CormacHo
TeopeMe [aycca 3TOT OTOK paBeH 3apsay BHYTpH roBepxHocTu. [IpupaBHuBasi,
IoJTy9IaeM

r<R

2 V>R.
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Bexrop HanpsukeHHoctd E  BHe auanekTpuka paBeH E=D/g,, a

BHYTpH JudnekTpuka — E = D/ &€y . HpIMU clloBaMM, BEKTOp HAIpPSKEHHOCTH

JJIEKTPUYECKOTO TMOJS OIpEeAeNseTcs KaK CBOOOJHBIMH, TaK U CBA3aHHBIMU
3apsgamu.  Cka3aHHOE XOpOLIO MIITIOCTPUPYIOT KapTUHBI CHJIOBBIX JIMHMUI

Puc.3.7

—

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

CWIOBBIC JTUHHH BEKTOpa D HayuHAIOTCS W OKaHYMBAIOTCA Ha CBO6OHHLIX

3apsax Wi B O6CKOHEYHOCTH.  Bocronb3yeMmcsi KapTHHOH CHJIOBBIX JIMHHH
JUISL OLIGHKH CBSA3aHHOTO 3apsaa ¢ . IloTok BekTopa E gepes cdepy ¢ paamycom
R<r<?2RB &£=2 paza MeHbllle MMOTOKa uepe3 chepy ¢ paaumycom r>2R.
IloTox npomMOpIMOHANIEH YHCIY CWIOBBIX JIMHMHA, a OHM HAyMHAIOTCA Ha
CBOOOHBIX U CBA3aHHBIX 3apsjiax, nodromy Q—qg =¢q .Otkyna g =Q/2.

B ofmeM ciydae @IpH ONPENENEHUH CBS3aHHBIX 3apsiOB MOXKHO
NIPUMEHUTH Cclenytomuil npueM. HanpsykeHHOCTh JIEKTPUUYECKOTO MO B

0

IPOU3BOJIHOI TOUKE BHYTPH IMAJIEKTpUKA paBHa E = 5
4reeyr

. [IpencraBum,

YTO IUIJICKTPUKA HET, HO 3aMEHHMM CBSI3aHHBIC 3apsAbl CBOOOIHBIMH, U Haiilem
HAIPSKEHHOCTD JIEKTPUUECKOTO I0JIs1, CO3JaBaEMOI0 BCEMU 3apsaMu, OIyYUM
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o

2 > - [IpupaBHuBas HaiiieHHbIE BBIPAKEHHUA MJIS HANPSDKEHHOCTH,
TLEYr

1
HOJLy4UM 2 =(0-q, OTKyma ¢= Q(l - —j , 4TO WIS £€=72 coBHmagacT ¢
£ £

BBIPAXKCHUCM, IIOJIYUCHHBIM BBIIIC, HCXOAS U3 aHaIu3a CUJIOBBIX JIMHUH.

Mpumep 3.7. HeszapspkeHHas mpoBojsmias cdepa paguycoM R IOMeEIIeHa B
OIHOPOIHOE  JJIEKTPUYECKOE  IOJ€  HampsbkeHHOocThlo  Ey.  Haiigute
[IOBEPXHOCTHYIO IUIOTHOCTH 3apsiiOB, IOSBILIIOIIMXCS Ha cdepe, a Takke
CYMMapHBIH TUNOIbHBIA MOMEHT C(hephl.

Pewenue. 3apsnsl 1o chepe pacnpenenarcs Tak, YTOObl HAIPSDKEHHOCTb MO
BHYTpH TIpoBOAHHMKA (chepsl) Obuta OBl paBHA HYTIO. OTa HANpsHKEHHOCTH
CKJIAJIBIBACTCS U3 HANPSDKEHHOCTH BHEIIHETO OJHOPOJHOTO IONS MU IOJf,
CO3/1aBaeMOro 3apsAaMy, MOSBIAIOIIMMUCS HAa IOBEPXHOCTH INpPOBOJHMKA. B
npumepe 10 mpexaeimymero maparpada ObUIO MOKa3aHO, YTO €CIHM 3apsi Ha
MOBEPXHOCTH cepsl OymeT pacmpenesieH ¢ IOBEPXHOCTHOH IUIOTHOCTBIO
o0 =0,cosf, rae yron 6 - 5T0 yroia, KOTOPBIH COCTaBIseT pajauyc,
IPOBEJICHHBIM B JaHHYI0 TOUKy cdepbl, ¢ ocklo 0z, TO IOJe BHYTPH ChEph

OJHOPOAHO MW HAIpaBJIEHO BJOJIb OCH 0z , a4 €ro BCJIWYWHa OHIpeACIICTCA

o
BEIpakeHueM (2.19): E,= 3—0. Hanpasmsist oce 0z BIOJTb BHEIIHETO TOJS
€o

u BbIOUpas 0, =3€yE,, momyduM, 4To cCyMMapHoOe Ione BHYTpHU chepsl OyneTr
PaBHO HYNIO, €CIM Ha TMOBEPXHOCTH c(epbl MOSBUTCS HaBENSHHBIH 3apsm c

MIOBEPXHOCTHOH INIOTHOCTBIO O = 3£3E( cosé .

JIumonbHEIf MOMEHT JIBYX 3apsiioB dq U -dq, HaxoJsIuxcs Ha
MOBEPXHOCTAX cdepsl, omnpeneiseMbix yriamu 6+60+d60, ¢p+@o+de un
(7[ - 9) + (ﬂ' -0- d¢9), @+-@+dep cormacHo ompenenenuio (1.4) paBeH

dp, = 0'(0)R2d Osin dp2R cos @ u HanpasiieH Broib ocu 0z . MHterpupys dp,
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mo yriry € ot O o #/2 nyrny ¢ ot 0 mo 27, moilydyaeMm JHUIOIHHBIN MOMEHT

BCeil cepsl:

kopoTrkoro wmuwiuHipa (B Touke CO),

2r xl2 /2

p, = 2R fd(p f o(6)sin Ocos 16 = 127R ¢, E, fsinecos2 0d6 = Are,E,R” .
0 0 0

4 Opumep 3.8. JuuHHBIA  IWUTHHID

: U3TOTOBJICH u3 JTU3JIEKTPUKA c

C: «3aMOPOKEHHON» OJHOPOJHOM

z } MOJIsIpU3aLUel, HallpaBIEHHOM II0 €ro OCH.

i [Tome B Touke A (pumc.3.8a) oxazamoch

I paBHBIM E, =3kB/m. Haiinure

I . p ] (mpubnuxenHo) none E- BO6aM3u TOpLa

CIACIIaHHOI'0 M3 TOT'O X€ MaT€puaja, €CJIn

a o h=2-10"2D , rtme D - JuaMeTp
Pic.3.8 nunrHApa (eM. puc.3.80).

Pewenue. Ilomne, €0371aBaeMoe

LUTHHIPaAMH c «3aMOPOKECHHOW»

NoJIsipU3aLuel, onpeaesnsieTcsl CBSI3aHHBIMH 3apsiaMH, CYIIECTBYIOIIMMHU Ha WX
TOpIax, MPUYEM ITOBEPXHOCTHAS TUIOTHOCTH CBS3aHHBIX 3apsiIoB O Ha TOPIaAx
o0oux IWIMHAPOB oauHakoBa. Ha rtopmax, Ommwkaimmx k toukam A4 u C,
CBSI3aHHBIE 3apsiibl TIOJIOKUTENBHBl, 4 Ha MPOTHBONOJOXKHBIX TOpHAax -
OTpUIIATENbHBIE.

Tak kak 1Mo YCTIOBHIO 33a[ja9i NEPBBIA MITHHP TOCTATOYHO JJIHHHBIN, TO
OCHOBHOH BKJIaJ] B IOJ€ B TOUKE 4 BHOCST MOJIOKUTEIbHbIE 3apsabl. Bennunna
HalpsHKEHHOCTH, CO3J[aBaeMOi MMH B TO4Yke A, MOXeT OBITh C XOpoIei
TOYHOCTBIO aIIIPOKCHUMHPOBAHA II0JIEM B HEMOCPEICTBEHHOW ONHU30CTH OT
paBHOMEPHO 3apsHKEHHOW IUIOCKOCTH (CM. pelleHHe IpuMepa 2 HaCTOSIIETO
naparpada): E, -2

2¢g,

Jna touku C  KpoMme TOJS TOJIOKUTENBHBIX 3apsiioB, KOTOpOE

COBIIaJaeT C MOJIEM B TOUKE A, 3aMETHBIH BKJIAJ B CyMMAapHYIO HampsbDKeHHOCTh
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BHECYT OTpHIATEIbHbIE 3apsA/bl, HaXoJsIuecs Ha AajdbHeM oT Touku C Tople
uuinuHapa. Ilone E', cozgaBaeMoe MMU, HAIIPaBIE€HO B IPOTUBOIONOXKHYIO E,
CTOPOHY U €r0 BEJIMYMHY HETPYJHO IMOACUYHUTATh, UCHONbB3Ys pelieHue npumMepa 4
naparpada 1, 4To MBI IPEAOCTaBIIIEM YUTATEIIIO CHIENIATh CAMOCTOSATENIHHO:

P PP S (3.10)

260\ D14+ 1?

CyMMapHOC IOJIC ITOJIOKUTCJIBHBIX W OTPULATCIIBHBIX CBSA3aHHBIX 3aps/10B B

h

VD2 /4 +h? ’

Touke C OyneT paBHO E.=E,-E=E,

it h/ D << 1 npuOImKeHHO MOTyIuM

2h
Ec=Ey=120 B/

3aoanue ona camocmoamenvHoil paoomol

3.1. Ha BepTHKaNbHOH IJaCTUHE JOCTATOYHO OOJBLIMX Pa3MEPOB PaBHOMEPHO
pacmpezienieH SNEKTPHYECKHH 3apsn ¢ IMOBEPXHOCTHOH INIOTHOCTRIO O . Ha
NPUKPEIUVICHHON K IUIaCTUHE HUTU IOJBELIEH MAJICHbKUH IIapUK Macchl 7,

HECyLIMI 3apsj TOro ke 3HaKa, 4To M IuacTuHa. Halinute ero 3apsn g, eciu

HUTb 00pa3yeT ¢ BEPTUKAJIBIO YTONI (& .
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3.2. JIBe OeckOHEYHBIE IUIOCKOIApaslIeIbHBIC
METAJUINYECKHE IUIACTHHKH IOMEIICHBI B
BaKyyMe MapajuleNbHo Apyr npyry (puc.3.9).
Ilonuelit 3apan Ha eqUHUIY TUIOMAAU (TO €CTh
CyMMa 3apsIoB Ha OOEMX IOBEPXHOCTSIX

IUIACTUHKM) PaBeH ¢, JUld IepBOH U ¢q, - Ui

E" E E'
—— —— ———
(o] 4 ol o, o)

q, q,

Puc.3.9

BHEIIHEM ITPOCTPAHCTBE.

Puc.3.10

BTOPOH. Onpenenute MIOBEPXHOCTHBIE
IUDIOTHOCTH ~ JJEKTPUYECKHX  3apaJOB  Ha
IUIACTUHKAX, a TaKkXke  HalpshKeHHOCTh

DJICKTPUYCCKOro ImoJid MEXAYy HHMH W BO

3.3. Jlokaxure, YTO 3apsiabl KaXIOro 3HaKa,
HHIYIHPOBAHHEIE Ha MTPOBOTHHUKE A

NOMHECEHHBIM K HeMy 3apsiioM +¢ (puc.3.10)

BCErja MEHbIIC ¢ .

3.4. Nmeercs 3apspKeHHBIH [0 HEKOTOPOTO
MOJIOKUTEIBHOTO TMOTEHIHaNa MPOBOIHHUK. YTO
MIPOU30MIET C MOTEHLIHAIOM 3TOTO IPOBOJHUKA,

CCIIn le/I6J'll/I3l/ITI) K HEMY Ha KOHCYHOC pPAaCCTOAHUEC IPOBOAANIYIO ILUIOCKOCTb,

COEIMHEHHYIO C 3eMJIeii?

3.5. 3apsokeHHBI NPOBOJHMK HAXOJIUTCS BHYTPU 3aMKHYTOM MeETaJUIMUECKOH

000JI0YKH. 1) Wzmenurcs mu DJICKTPUYCCKOC I1OJIE BHYTPU 06OIIO‘IKI/I, €CJIM U3BHE

TIOJTHECTH K HEll 3apsHKeHHBIA NpoBOAHUK? 2) ByzneT nmu u3MeHsThCs 1ojie BHyTpU

U BHE 000JIOUKH, €CIIH BHYTPEHHUI IIPOBOHUK NEPEMEIaTh BHYTPH 000I0UKHU?
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," 3.6. Mexay nByMs KPYIJIbIMH HapaulesIbHBIMU

I IPOBOJAIIMMY IUIACTUHKAMHM, 3apsLKEHHBIMU

|4 PaBHBIMH Pa3HOMMEHHBIMU 3apsiiaMy,
/ ’ MOMEILAI0T CUMMETPUYHO KpPYyTIIYyIO
£
T = JUBIIEKTPUYECKYIO TUIACTHHKY, KaK yKa3aHO Ha

puc.3.11. V3MeHnuTcs I HAPSHKEHHOCTD TIOJIS

Puc.3.11 B TOYKE A 10CJIC BHECEHMS IIJIACTUHKH ?

3.7. U3 Tpex KOHLUECHTPHYECKHX OECKOHEYHO TOHKHX METALIMYecKuXx cdep ¢

pammycamn R; < R, < R;, Haxomammuxcsi B BaKyyMe, KpalHUE 3a3¢MJICHBI, a
cpemHell cooOmieH oanekTpudeckwid 3apsin Q. Haiimute HampspbkeHHOCTH

DJICKTPUYCCKOI'O I10JIsI BO BCEM IIPOCTPAHCTBE.

4 3.8. 13 Tpex napauienbHbIX METATNIECKUX

T' ] mwiactuHok A, B u C (puc.3.12) kpaiinue A
N gll n B HemogBWXKHBI U  COEIUHEHBl C
_  raJbBaHUYECKOM Oarapeeit,

i C MOJJEP/KUBAIOLIE Pa3sHOCTh IMOTEHIUAIOB
d—x’ U wmexny HuMH 1ocTosiHHOM. CpenHsis
T B miactiika C  cHadana HaXoAuTcs B
KOHTAaKTe ¢ BepXHel IUacTUHOH A. 3aTeM ¢

Puc.3.12 IOMOILBIO  M30JMPYIOIIEH  pydykH  OHa
IepeMelIaeTcs o HalpaBICHUIO K HIDKHeH miacTuHke. IIpeneOperas kpaeBbIMU

sbdexramu, HainuTe HampsHKeHHOCTH moned E; u E, B 3a30pax MexIy
INIACTUHKAMH B 3aBHCHMOCTM OT MEPEeMEHHOTO pAcCTOSHHA X — Mexmy

mractuHKaMu A u C, eclii CyMMa 3a30p0OB MKy IIACTUHKAMMU paBHa d .

3.9. Tpu OIMHAKOBBIX  M30JIMPOBAHHBIX  HE3aPSKEHHBIX  MAaJEHBKUX
METAUIMYECKUX I[IapHKa paclojOXEHbl B  BEpUIMHAX PAaBHOCTOPOHHETO
TpeyroipHUKa. IIpOBOJIOYKOHN, NOAKIIOUEHHOW K YJAJCHHOMY 3apsiKeHHOMY
NPOBOAHUKY, TMOTEHIMAl KOTOPOTO HEU3BECTEH, HO  IOJAJCPKUBACTCS
TIOCTOSIHHBIM, TI0 OYepeIi KacaroTCs KaXJ[0r0 M3 IIapoB. 3aps/ibl Ha NMEPBBIX ABYX
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LIapUKaX OKa3aJUChb PaBHBIMU ¢; U ¢, . Halimure 3apan ¢q; Ha TpeTbeM

IIapHKe.

3.10. Kak u3MEHHUTCS pa3HOCTh MOTCHIMAJIOB MEXAY IBYMsI M30JHMPOBAHHBIMU
3apsDKCHHBIMU  TIPOBOJHUKAMH, €CIM MEXIy HUMH BBECTH METAJUIMYECKYIO
IUTACTHHY, TOJIIMHOW KOTOPOH HeNb3s IIpeHeOpeyb 10 CpPaBHEHHIO C
paccTosHUEM MEXy MPOBOJHUKAMHU?

3.11. Haiigure HanpsH>KeHHOCTH 3JIEKTPUYECKOTO OISl BHYTPU M BHE pAaBHOMEPHO
3apsHKEHHOTO OECKOHEYHOTO HWIIMHJpA paauyca R. OObeMHas IIOTHOCTD 3apsijia

B IUJIAHAPE — P.

3.12. JIBa ANMHHBIX IPOBOJA, PACHOJIOAKEHHBIX MAapaIIeNbHO Ha PACCTOSHUU d
JpYT OT Apyra, paBHOMEPHO 3apsDKEHbl PAa3HOUMEHHBIMH 3apsiaMM C JTHHEHHOU
IUNIOTHOCTBIO +X U —k . OnpenenuTe HaIpsDKEHHOCTb oyt £ Ha paccTosHUU /i
OT IUIOCKOCTH, B KOTOPOH JeXaT IPOBOAA, B TOUKE, JeXalled B IUIOCKOCTH
CHUMMETpPHH. Ykasanue: BOCIOIB30BaThCS TeopeMoii ['aycca.

3.13. Ompeznenure HaNpsDKEHHOCTb Hoyist E  BHYTpM U BHE O€3rpaHHYHOIO
IUIOCKOTO CJOS TONIHMHOM 2d , B KOTOPOM pPaBHOMEPHO pacIpeseneH

TOJIOKUTETbHBIN 3apsan C 00BbEeMHOM IJIOTHOCTBIO p . Vkazanue:

BOCITOJIB30BAaThCA TeopeMoﬁ Faycca.

3.14. BuyTpu nonoii mposoasmel cdepsl paguycoM R momemeHn nposonsiuit
map pagumycom r.  IIpocTpaHCTBO MeXmy ImapoM U cdepoif 3aroNHeHO
JUBIICKTPUKOM ¢ TIpoHMIaeMoctsio € Ha chepy momectunu 3apsan O, a
BHYTPEHHHUH mIap 3azeMiniay. OnpenennTte 3apsj mapa.

3.15. C xakoii oGwbemHoii mwioTHOCTEIO —P(r) Ciemyer pacmpenemuTh
SIIEKTPUYECKUH 3apsi B MIape, 4ToObl mone E, BHYTPH HEro OBbUIO HAIPaBICHO

BJIOJIb Pailyca U BCIOJY UMENIO OJMHAKOBYIO BEJIMUUHY?
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3.16. Haiinure BenuuuHy M HaIllpaBIEHHE CHJIBI B3aUMOJEHUCTBUSA MEXAY IBYMS
HE3apsHDKEHHBIMH  TPOBOASAIIMME  cepaMu  paguycoM «, TIOMEUICHHBIMH B

OJHOPOAHOC DJJICKTPUUCCKOE TII0JIC EO , HaIIPaBJICHHOC MapaJulejIbHO JIMHUH,

coenuHsIONIEH HeHTPH chep. PaccTosiHne Mexay neHTpamu cdep r >>a .

3.17. B mnone ToueuHoro 3apsina g >0 HaxomaWTCs
nmajoyka W3 JUDJEKTpHKa.  Bwlgenum  Tpu
cepuyeckue mosepxHoctu S;, S,, S3, B LEHTpe

KOTOpBIX  HaxomuTrcs  3apan g  (puc.3.13).

—

a) CpaBHUTE TIOTOKM BekTOopa FE  d4epe3 JTH

Puc.3.13 MIOBEPXHOCTH; 0) CpaBHHUTE IIOTOKU BekTopa D uepes

9TU TOBEPXHOCTH. MOXHO s HalTh D(r),

ncroyb3ys TeopeMy ['aycca B MHTErpanbpHOH hopme?

3.18. J[lusnexTpuueckas IUIACTHHA INUPHHBL 2a € AUDIEKTPUUECKOH

MIPOHUIAEMOCTLIO £ noMemeHa B  OJHOPOJAHOE  JJICKTPUUCCKOC  IIOJIC

HaNpsUKEHHOCTH E , IMHUM KOTOPOrO NEPHEeHAUKYIApHbI IuacTuHe. a)Haiiaure

3aBUCUMOCTH IIOTCHIIHAIA ¢ OT X (OCL Ox NEPNECHAUKYJIISIPHA IIJIACTUHE, BEKTOP

E HanpasieH Baoab ocu Ox, Touka x =0 HaxoAuTcs MocepeAuHe MIIacTUHBI);
0) ompenenuTe MOBEPXHOCTHYIO IUNIOTHOCTH CBSI3aHHBIX 3apsIOB Ha TOW CTOpPOHE

IUIaCTUHBI, B KOTOPYIO BXOIOAT JIMHUHN II0JIA E wm3 BaKyymMma; B) onpenciauTe

BEKTOP MNOJIApU3aALN JUDJICKTPHUKA.

3.19. Haiinure Hanps»KeHHOCTD 3IEKTPUYECKOTO IOJISI BHYTPU U BHE OTHOPOIHO
TOJIIPH30BAaHHOTO HE3apsHKEHHOTO IUIOCKOTO AMAIEKTPHYECKOTo cios. Bekrop
MoNspU3aLEH P COCTABIAET YrOM 0L C BEKTOPOM HOPMAIH /i OJHOM U3 BHEIIHHX
TIOBEPXHOCTEH CI1os.
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=

L

Puc.3.14

g

{7) .

3.20. Nwmeetcst OecKOHeTHast roJnoca
IUAJIEKTPUKA TONMIUHOW [ W mmpuHOH L.

Marepuan mIacTUHBI HONsApU30BaH. BekTop

TOJISIPU3ALIUH P TOCTOSTHEH i1
MEpHCHAMKYIIPEH  OECKOHEYHOH  IpaHHMIe
MOJIOCKI, Kak Toka3aHo Ha puc.3.14. Haiinute

HaNpsDKEHHOCTh E ¥ uHAyKuuto D mons Ha

cpenneit nuanK OO’ B ABYX ciyuasx: a) cuurast [ << L, 0) cuuras [ >> L.

3.21. B numdnexkTpudeckoi cpeine C AWUAIEKTPUYECKOH NPOHHUIAEMOCTBIO &

CO3JaHO OAHOPOAHOC II0JIC HAIpPAXKECHHOCTBIO E. BHyTpI/I Cpeabl HMEECTCA

cepuueckas nosoctb. Halaute HampsokeHHOCTH E' TONS, CO3/1aBa€MOro B

neHTpe cdepbl MOMIPU3ALMOHHBIMU 3apsaMH, WHAYLUHPOBaHHBIMH Ha e&

IMOBEPXHOCTH, CUYUTAsA, YTO BEKTOP MNOJIApU3aAlUU P BCIOAY (33, HUCKIIIOUYCHUEM

HOIIOCTI/I) HUMECT ITOCTOSAHHOC 3HAYCHUC.

Puc.3.15

3.22. Bo BHemHee OJHOPOJHOE 3JIEKTPUYECKOE

moe E  (puc.3.15) BHeceH MeTaIUTMIECKHA

mapuk. Kak B pesynbrare 3TOro HM3MEHHTCS

HaIlIpSHKEHHOCTL  DJICKTPHUYCCKOTO  IMOJIA BOIH3H

MOBEPXHOCTH Imapuka B Toukax Au B, Cu D?
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§4. YpaBHeHHUsI 3JIEKTPOCTATUKH

Kpamxue meopemuuecKue ceedenusn

Ypasuenue [lyaccoHa. OCHOBHBIC 3aKOHBI DJICKTPOCTATHKH, 3aIITMCAHHBIC

B audQepeHuraIbHOM BHJIE, MNPEACTABISIOT YAaCTHBIM ClIydail CHCTEMBI
ypasHenuti Maxceeana (cm. pazmen 11), u BkimrouaroT muddepeHIuanbHyo
bopmy meopemur Iaycca

divD=p . @.1)
U CEOUCMBO HOMEHYUAIbHOCMU dJIeKmpocmamu4ecKkoco noJis

rotE=0. (4.2)

—

B ypaBumenmsax (4.1), (4.2) Bektopsr D u E He SBIAIOTCS HE3aBUCHMBIMH, a
OJTHO3HAYHO CBSI3aHBI TaK HA3bIBAEMBIM MAMEPUATIbHbIM YPABHEHUEeM, KOTOPOE
JUISL K30TPOITHOTO JIUAJICKTPHUKA HMEET BH]I

—

D=es,E, 4.3)

TJC € - €ro AUBJICKTPUYCCKAA IPOHUIAEMOCTD. CBoOIACTBO IOTCHIUAJIBbHOCTH ITOJISA

(4.2) no3BoJsieT BBECTH MOTEHIHAT P:
E=-gradg. (4.4)

IoncraBnsas 5:—880grad(p B (4.1) m cumras cpeny ogHOpoIHOH (&€ He

3aBHCHUT OT KOOp,E[I/IHaT), noJiyqaeM ypaeHeHue Hyaccona JJII IIOTEHIHAaJIa:

Ap=—F_ (4.5)

€€,

DT0 ypaBHEHHE II03BOJISIET BBIYMCINTH NOTEHIMAN B IIPOM3BONBHOH TOYKE
HEKOTOpoil obnacTu V , ecnu B 9T0H 00nacTy 3ajaHO pacHpenencHue 00beMHOM

IUIOTHOCTH 3apsiaa p(l‘), a TaKXE 3aJaHbl I'PAaHUYHBIC YCJIOBUSA, HalIpUMEp
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3Ha4yeHHe MOTEHIMAala Ha MOBEPXHOCTU S , OrpaHMYMBAIOIIEH pacCMaTPUBAEMYIO
00671acTh.
Ycnosus Ha rpaHMuax pasaena AByx cpen. Kak cinexyer u3 ypaBHeHMI

(4.1), (4.2), Ha rpaHHMIE IBYX CpEJl BEKTOPBI DukE YIOBJIETBOPSIIOT YCIOBHAM:

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

nl

3HGCL HHACEKC n 03HAa4Yae€T NMPOCKIHUIO BEKTOpAa Ha HOPpMAJIb K I'paHULIC pasfciia,

7 — TIPOCKIIMIO Ha mo0oe KacaTeIbHOE HallpaBJICHUEC, a THACKCHI 1 u 2 oTHOCATCS

K IepBOM M BTOPOHM cpelaM COOTBeTCTBeHHO. Hopmane n K rpanuie pasnena
NPOBOAUTCA W3 BTOPOH cpelnsl B MEPBYID, O 0003Ha4YaeT HOBEPXHOCTHYIO
IUIOTHOCTH CBOOO/HBIX 3aps0B, HAXOSIIUXCS HA TPaHHUIIE.

Ecnu 3amenuth BTOpOI>lI JUDJICKTPUK MNPOBOAHUKOM, B KOTOPOM IIOJIE

Ea= 0, rpanuuHble ycrnoBus (4.6) mpeoOpa3yroTcs K BULY

D,=0, E,=0. 4.7)

Puc.4.1

Meton H306Da)l(eHPII>1. CyTI: METOAa COCTOUT B 3aMC€HE HCTOYHHUKOB ITOJISL

Oonee ymoOHBIMH JUIsi pacueTa M OOECIeUMBAIOIMMU B 3alaHHOW oOyactu V

TaKoe XKe IoJe, YTO U B UCXOAHOH 3amade. BuyTpu obnactu V pacnpeneneHue
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3apsaA0B  JOJDKHO OCTaTbCA MPEKHUM, TaKKE HEU3MCHHBIM NOJDKCH OBITH

MOTEHIMAN Ha rpaHuie S ob6nactu V . Torma He3aBHCHUMO OT paclpeesieHUs
3apsoB BHe obmactm V , mome E BHyTpH Hee OyAeT TeM JKe B CHIy
€IMHCTBEHHOCTH PEILIEeHNUs 3a/1a4u o rnoreHuuane (puc.4.1) 1 oHO3HAYHOU CBS3U

MEXTY En Q.

Ipumep 4.1. Bocmoms3oBaBmmcs TmepBoil ¢opmymnoit ['puHa, mokaxwure
BO3MOXKHOCTb IPUBEJICHHOW B MeToJe H300paKeHWH 3aMEHbl OIS OJHOM
COBOKYITHOCTH 3aps1JI0B IIOJIEM JIPYTOH.

Pewenue. Tlycte u(M) u v(M) mBaxaer muddepenumpyemsie B obmactu V

¢ynxuuu. ©opmyny I'puna npencraBuM B BUIE

j(uAv + gradu - gradv)dV = §u%ds , 4.8)
v S

-

TZie n - BHELIHAS HOpPMaJlb K IOBEPXHOCTH S .

Tlonoxxum u =v=¢ (@- NoTeHIHAN 3JEKTPOCTATUYECKOrO MOJs) U
paccMOTpHUM CHadYaja MPOCTEHIINI ciTydaid, KorJa o0beMHasl INIOTHOCTH 3apsijia B
obmactu V pasHa Hymo. Torma A@=0 u, Tak xkak E =—gradg, u3 (4.8)

HOITy4UM

jE dv = ¢a—¢ds=§¢fd_§. 4.9)
on <

IIpunumem ungexc 1 BenuuuHaM E 1 (P, OTHOCAIIUMCS K UCXOIHOH 3ajaye, a 2

- BeJIUMYMHAM 3aJa4yd C M3MEHEHHBIMH HCcTOuHHKamu. IlomoxuB B (4.8)

u=v= (01 — @, , C IOMOIIBIO NNPUBEACHHBIX BBIIIC paccy)l(neHI/Iﬁ IOoJIy9Ynum

J(E B av = o -0 22222

on on
%
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W3 »3TOro COOTHOIICHHMS BHIHO, YTO 3aMEHA HCXOJHOM 3aJadyd BO3MOXKHA
(El =FE, s V), €CJIH yacTcsl M3MEHHTH 3apsiabl BHe obiactu V' Tak, 94TOOBI

BBITIOJIHAJIOCH YCJIOBUE

o 9,

ds=0. 4.10
on on g ( )

§(‘/’1 %)

S
TIpu BBIOOpE B KauecTBE MOBEPXHOCTH S OKBHIIOTECHIHAIHHOW MMOBEPXHOCTH,
UMERIIeH st 00eMX COBOKYITHOCTEH 3apsfoB OJWH M TOT e TMOTEHIIHAI,
ycnosue (4.10) BBITIONHSAETCS] aBTOMAaTHIECKH.

Ecmu obmacte V' conmepkuT 3apshkeHHbIE MPOBOJHHUKH, TO OOBEMBI,

OI'paHUYCHHBIC UWMH, JOJDKHBL OBITh HCKIIOYCHBI U3 V , IOCKOJIbKY Ha

MOBEPXHOCTH TPOBOJHUKOB HOPMaJIbHAsl MPOEKLMUS BeKTopa [ TEpHnuT paspbiB
(cm.(4.7)). B aTOoM ciygae mHTEeTpan B mpaBod dacTH (4.9) BBIUKCIAETCS IO

nosepxHoctsiM S u S; (i=1L2,...), rie S; - NOBEPXHOCTh I —T0 MPOBOJHUKA.

y‘lI/ITbIBaSI, 4qTo Ha  IIOBEPXHOCTH TIIPOBOTHUKOB nOoTCHIIMAI OCTaCTCsA

IIOCTOSAHHBIM, WX ¢S = ¢i , HIMEEM

1

(pEd_é =g —L§Dnlds = —ﬂ§0'ds = —ﬂqi .
&g, &gy &g,
S; S, S;
C yueToM ckazaHHOTo0 ycinosue (4.10) mpuHuMaeT Bug
o0p, 0@ 1
§((/’1_(/’2 a_l__2 dS +——> (g1 — 42 N9y —92)=0. (4.11)
n  on &€y “S

N

Tak kak B oOsmactu V KOHUrypamuu 3apsHDKCHHBIX IPOBOIHHKOB B 00€HX

3aJa4ax OAUHAKOBEI, BTOpoe ciaaraemoe B (4.11) Taroke oOpamaercs B HOJIb.

Ipumep 4.2. Haiinure pacnpeseneHue IPpOCTPAHCTBEHHBIX 3apsi/IOB, CO3/a0IIee
B BaKyyMe I10JI€ C IIOTEHLIHAIOM
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l_i — 2_,2 <R
olr)= a(r R) e ~r) ccn . 4.12)
r>R

Pewenue. TloteHnuan monsi obnamaer chepUuecKOdl CHUMMeETpHel, MO3TOMY

1enecoo0pasHo BhIOpaTh CHEPHUECKYI0 CHCTEMY KOOpPIHMHAT, TIOMECTHUB HAYallo
a

orcuera B Touky r =0. IIpu r — 0 nmoreHumanm uMeeT 0COOCHHOCTB: (o(r) - —.
r

Z[J'IS{ TOTO YTOOBI BBIYWICHHTH €€ U3 noreHuralia, MnpeacTaBuUM (p(r) B BHIEC

(/’(V ) =24 D (V ) ,TIe @ (r) - BCIOZly HeTpepbIBHAs QYHKINSA
r

a
(r)= _E_b(Rz -] cemn oK 4.13)
o\r)= a , PSR .

r

OcobenHocts norteHnuana (4.12) B okpectHoctd r =0 TOro xe THUMA, YTO U

0COOEHHOCTH IOJIST TOUEUHOTO 3apsijia, IIOMEIEHHOro B 3Ty TouKy. V3 dopmyisl

4 _2 Otkyna
4regr r

JJIA TIOTCHIHAJIa TOYEYHOTr 0 3apsaaa UMEEM

g=4meqa. (4.14)

Cornacuo  (4.7) Ha 3apsDKEHHBIX  IIOBEPXHOCTSAX  HOpMasbHas
cocraBisromasl Bektopa D tepnutr paspeiB. Mcmons3ys cootHommeHus (4.3) u

—  —d .
(4.4), a TakKke CUMMETpUIO 33Ja4yl, HaxonuM E, =-n a0 D, =n,D,, rne

"odr
Z=;/r u
—2bgyr F<R
D, = ag, , eciu . 4.15)
I r>R

OTtkyna
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o = lim D(r)-lim D(r) = (— % + ZbR]e‘O : 4.16)

r—R, r—R_

OO0OBeMHYI0 IUIOTHOCTH 3apsia MOXKHO HaiTH, HCHONB3Yysl YpaBHEHHE
(4.5), koTopoe B cdepHyUecKOil CHCTEeMe KOOpPIMHAT JUIs TOJIS, 3aBHCSILIETO

TOJIBKO OT ¥, IPUHUMACT BUJ

1 d
A, =_2£(,zﬂj __P
r° dr dr &
IMoncraBnsas cioma ¢ u3 (4.13), momydaeM BbIpakeHHE JUIl OOBEMHOU

IIJIOTHOCTH 3apsja:

—6bg, r<R
= , eclu . “4.17)
0 r>R

Wrak, norenuuman (4.12) co3maercs cieayoueld KoHUrypanuen
3apsII0B:
a) TOYEeUYHbIM 3apagoM ¢ (4.14), pacnionoxeHHbIM B Touke r =0 ;
0) paBHOMEpPHO 3apsDKeHHOW cdepoil paamycoM R ¢ TOBEpXHOCTHOI
IUIOTHOCTHIO 3apsana o (4.16);
B) PaBHOMEPHO 3apsHKEHHBIM MO 00beMy IIapoM paauycoM R ¢ 00beMHOM
mIoTHOCTRIO P (4.17).

Pacmipenenenne notennuana (4.12) mo3BonseT yTBEpKAaTh, 9TO ITONTHBIHA
3apsAz CUCTEMBI paBeH Hymo. JlefcTBUTENbHO, pU + > R coriacHo (4.4) moine

OTCYTCTBYET U D=0. HUcnons3ys Teopemy [aycca i chepsl pagmyca r > R

C IEHTPOM B TouKe 7 = 0, MOJXy4uM, 4TO 3apsa BHYTPH chepbl paBeH HYIIO.

a
Ecimm b= —— > TO, KaK BHJHO U3 (4.16), IIIOTHOCTH TTOBEPXHOCTHOTO
2R

3apsia paBHA HYJIO, U TOYEYHBIN 3apsil ¢ KOMIEHCUpYETCs 00BEMHBIM 3apsAI0M

mapa.
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Tpumep 4.3. ToueuHsblif 3apsa g pactoiokeH Ha PacCTOSIHAN /1 OT OeCKOHEUHOH

MpOBOJALIECH 3a3¢MJICHHOM IulockocTH. Haiinure cuy f, JICUCTBYIOIIYIO Ha
3apsil, ¥ IOBEPXHOCTHYIO INIOTHOCTh G UHIYLHPOBAHHOTO HA IJIOCKOCTH 3apsijia.
Pewenue. Bocronb3yeMcst METOJOM 3JEKTPOCTATHYECKUX H300paxxeHuil. B
KauecTBe oOmactu V , B KOTOpPOU IMOJISI 3aJaHHON M MOJIENbHON KOH(HUTrypanuit
3apsoB  OyAyT coBmazaTh, BbIOEpeM HOIympocTpaHcTBo 2z >0, rae ochk
0z HanpaBuM NeprneHMKYJIAPHO IUIOCKOCTH TIPOBOJHMKA Yepe3 3apan ¢ (oM.
puc.4.1a), a Ha IIOCKOCTH BbIOEpEM MOJLIPHYIO cHCTeMy KoopauHar ( o,y ). Tak
Kak I0JIe TOUEYHOro 3apsafia yObIBaeT ¢ BO3PACTAHHEM PACCTOSIHUA OT HETO, TO
MOJyJIb IUIOTHOCTH 3apsi/ia, MHAYIHPOBAHHOTO UM Ha IUIOCKOCTH, OyZIeT yObIBaTh
C pOCTOM p .

Y6epeM IUIOCKOCTh ¢ HAaBEICHHBIM Ha Hel 3apsioM U nondepeM BHe V
(B momympoctpanctBe z<(0) cumcreMy 3apsjoB TaKylo, YTOOBI MOTEHIIHAT
IUIOCKOCTH ObLI paBeH Hymo. HeTpyaHo yOeauTbes B TOM, YTO TIOMECTHB 3apsif

—q B Touky Ha ocu 0Oz c koopauHatol z=-h (OoTpaxkeHue 3apsma ¢

IocKkocTeio z =0), MOJy4yuM, 4TO MOTEHIMAN IJIOCKOCTH cuMMeTpuu z =0

paBeH Hymo (cM. puc.4.16). CnenoBarensHo, mosie E; uCXOQHOH 3amaum Uit

—

z>0 »oskBuBaJeHTHO momo FE, , co3maBaeMOMy 3apsioM ¢ H OTPaXKEHHBIM
3apsAfoM —q .
C y4eToM CKa3aHHOTO CHMJIA B3aMMOAEHCTBUS 3apsiia ¢ C INIOCKOCTBIO
paBHa CHJIE B3aUMOMAEIHCTBUS MEXKAY 3apsioM ¢ U €ro «OTPaXKEHUEM» —¢ :
2

F-_4

——2 M SBISETCS CHIION OPUTSDKEHUA, a TMOTCHOHATl IOJId B
1677€,h

TIPOU3BOJIBHOM TOoUKe obmacta V

q B q
47[80\//)2 +(h-z) 47[80\//)2 +(h+z2)?

O =0, =

Jns  ompeneneHus TOBEPXHOCTHOM IIOTHOCTH HABEIEHHOIO Ha
IUIOCKOCTU 3apsfa BOCHONIB3YyeMCsl I'PaHMYHBIMH YCIOBUAMU (4.7) U CBA3BIO
MEXIy NOTEHIUAJIOM U HalpsKEHHOCTHI0 1o (4.4):
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99, qh
olp)=D, =-e, 20| 4
9z [z=0 271'(p2 +h2)3/2

[ns  omnpeneneHuss CyMMapHOro 3apsiia, HHIYLMPOBAaHHOIO HA IUIOCKOCTH,
CIelyeT MOACYUTATh UHTErpajl

h 2

CT( ), _ _qhy__dp
Q—!G(p) 27pdp ===

— 8

Mpumep 4.4. ToueuHslil 3aps ¢ HAXOIUTCS HAa PACCTOSIHUU d (a>R) oT
LeHTpa npoBoasiiei cdepsl paauycom R . 3apsa chepsl paBen Q . Haiimure
CHITy, AEUCTBYIONIYIO Ha 3apsif ¢ .

Pewenue. Bocnonb3yemcsi METOAOM 3JIEKTPOCTATUYECKUX H300pakeHuil. B
kauecTBe oOmacti V BbIOepeM HPOCTPAHCTBO BHE Cepbl, coaepikamiee 3apsii
q . Baytpn npoBonsmeit cdepst E= 0, a moTeHuManm ocTaercsi IOCTOSIHHBIM U
paBHBIM MOTEHIUATy LEHTpa cdepsl ¢,, KOTOPBHIH COITACHO IPUHIUILY

CYNEPIO3UIIMU PaBeH

q ods 9,9
Yo = + = - _§ ( ]
4rega Y 4meyR 4ﬂ'80 a 477,'80 a R

3neck G — TOBEPXHOCTHAs IUIOTHOCTh 3apsiga (), HEpaBHOMEPHO
pacrpeereHHoro 1o cdepe.

VYbepeMm Tenepb 3apshkeHHYI0 chepy U
noadepemM cucteMy 3apsjioB BHe V  (BHYTpH
cheprl) Tak, 4YTOOBI TIOTGHIMAN Ha ee q
TIOBEPXHOCTH  COXPaHWI MpeXHee 3HauYeHHe.

Oty 3amauy pemnM B jABa »Tama. Ha mepBom

Jrame BbIOepeM 3apAn ¢ TaK, 9TOOBI

noTeHuuan chepsl cTal paBeH Hymo. [yt 3Toro
MOYHO BOCIOJIb30BaThCs PEIIEHHEM IIpuMepa 9
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naparpada 2: Ui IBYX TOYEUHBIX 3apsiioB ¢ U ¢' IOBEPXHOCTHIO HYJIEBOTO

HoTeHNuaNa sBisteTcs cepa, HEHTp KOTOPOH JIEKUT Ha MPAMOH, COeIUHSIONEH
3apansl.  JlomycTHM, YTO MCKOMBIM 3apsii ¢' HAaXOAWTCS Ha PAacCTOSIHUM X OT

neHTpa cdepsbl, Toraa u3 ycnous ¢, = @p =0 (cM. puc.4.2) nmeeMm

¢A:1[q+qj:0 u
4reg\a—R R-x

1 q q
= + =0. 4.18
Pe 4ﬂ£0(a+R R+x] ( )

Pemas cucremy ypaBuenuii (4.18), onpenensem ¢' u x

2
R R
q9=-q9—, x=—". (4.19)
a
Ha Bropom stame mondepem 3apsin ¢'' Tak, yTOObl MOTEHIMAN chepbl
NPUHST 3Hau€HHE IMOTEeHLMala HCXOAHOW 3amaun. O4eBHIHO, 4TO 3apsin ¢

CllelyeT TOMECTUTh B IIEHTp C(epbl. YUUTHIBAs, YTO CyMMapHBIi BKIajx B
HOTeHNUAaN cephl 3apsAf0B g U ¢' paBeH HYIIIO, IOIY4YUM

" 1
Py = 1 2_(14'2]-

4rnegR  4meg\a R

OTtkyna q'=0+ qﬁ. (4.20)
a

Takum oOpazom none E wncxomHo# 3amaun B 00macté V' SKBHBAJEHTHO MOJIIO,

co3laBaeMoMy 3apsiiaMu ¢,q' u g''. Cuna, neficTByromias Ha 3apsii ¢ , COTJIaCHO

9 |_4 94
4ne, (a—x)2 a’

NIPUHIUITY CYyNIEPIIO3UIMK paBHa [ =

IloacraBnsas BblpaxkeHus A1 Xx,q' U ¢q'', TOJydEHHBIE BBINIE, OKOHYATEIHHO

Haxogum
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. e g_R3(2a2—R2)
) dmega® | 4 a(a2 —R2)2

(4.21)

AHaim3 MOIYYeHHOTO pe3yibTaTa yaoOHee MpoBecTH, npeactasus (4.21)

B BHJIE

2-&2 '
(1-&f

Tak xkak 0<&E<1, 10 f(£)>0 n ¢ymxmms f(£) MomoToHHO Bo3pacTaer,

3m%§=§ﬂf@F§3

npiaem 0 < f(£)< oo,
Ecnm 3apsaael ¢ u Q pasHoMMeHHBIE, TO F <0 npu mo6om &, To ecTh
3apsl ¢ NpUTArMBaeTcs K cdepe.

Ecnu 3apsinel ¢ © O OOHOUMEHHBIE, TO ypaBHEHUE f (§)=g HMEET
q

CANHCTBCHHOC PCIICHUEC 50, OIpeACAOImICe IIOJIOXKCHUC a =a, 3apsianaa ¢

(ay =—), npu kotopom F =0. Ecm a>a, (<), To F>0, 10 ectb

L
S0
3apsn g OTTaJkuBaercst oT chepsl; mpu a<a, (£>&)) F<0 wu 3apax g,

NPUTATUBAETCS K OJHOMMEHHO 3apsDKeHHOM mpoBojimei cdepe. Takum

O6p330M, ITOJIOKCHUEC pAaBHOBCCHS 3apsifia a = d( SBISCTCA HeycTOfI‘IPIBLIM.

B uyactHOM ciy4ae, korjga 3apsgbpl ¢ U (Q OJUHAKOBBI, KOPEHb

2 2

ypaBHenus &3 % =1 COBMajaeT ¢ COOTBETCTBYIOIINM KOPHEM ypaBHEHHsI
(-¢)

(2 +e-1)e? -¢-1)=0. Orxyna & =W5-1)2 "

a, =£=R(l+.§0)zl,618R.

0
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Ipumep 4.5. JlBa OXHOPOAHBIX JUINEKTPUKA C  JUIJIEKTPUYECKHUMU

IIPOHULAEMOCTAMH & U &, TpaHMYaT APYr C JPYyroM BAOJb IUIOCKOCTH. B
HEKOTOPOH TOYKE MEepBOro JUIEKTpUKA TIoMelleH 3apsan ¢ . Haiigure

DJICKTPUYCCKOC I10JIC B KAXKJOM U3 TUIJICKTPUKOB.

Puc.4.3
Pewenue. Ilone B cpene ¢ & ompenensercs 3apsaoM ¢ M CBA3aHHBIMU
3apsaaMy, BO3HUKAIOIIMMHU Ha TpaHULE AUAIEKTPUKOB. ITokaskeM, 4To mone
CBS3aHHBIX 3apsAf0B B MEPBOM IMANIEKTPHKE SKBUBAJICHTHO ITONIO0 TOYEYHOTO
3apsgga ¢', NOMELIEHHOTO B TOYKYy A', CUMMETPHYHYI0O A OTHOCHUTENHHO
IUNIOCKOCTH  pasfena awdiekTpukoB MN . IlpencraBuM monHoe mone Kak

CYTIEPIIO3UIIHIO TIOJIEH, CO3/1aBaeMBbIX 3apsigaMu g U ¢' (cM. puc.4.3a)

L (g ar

Ei=Eo+E'= T+
dzege | P

s

o —

riae r U r' - BEKTOPBI, IPOBEJEHHbIE OT 3apSI0B ¢ U ¢' B IPOM3BOJIBHYIO TOUKY

B nepBoro nuanexTpuka.
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Ilone B cpezie ¢ £, CO3MAIOT 3apsf ¢ U CBS3aHHBIE 3apsibl HA TPAHULIE
paszena QU3IEKTPUKOB. 3aMEHUM TOCIIEIHHE 3apsI0M, IIOMELUICHHBIM B TOUKY A.
Torna moje BO BTOPOM IMANIEKTPHKE OyleT IOJIEM TOYEYHOro 3apsna ¢',
TIOMETIEHHOTO B TOUKY A (puc.4.30):

— l ll_>
E> d

dzeye, i3

"

Z[J'Iﬂ OIIPEALCIICHUA BCJIWYHUH 3apsaa0B q‘ U ¢ BOCHOJB3YEMCA TI'paHUYIHBIMU

ycnoBusiMu (4.6) 1ist mpon3BosIbHOM TOUKH C' HA TPaHUIE JBYX TUIJIEKTPUKOB:

"

'
E,=E,, WM isin05+isin0(=q—sinoz,
& & &

D, =D,,, wm gcosa—gq'cosa =gq''cos .
Pemras nosrydeHHyto cucteMy ypaBHEHHH, HAXOJUM

& & w28

= —— o = —— q

&+ & &+ &,

Buaum, uto yron & HE BXOJAUT B BBIPA)KEHUE UL 3apaloB ¢' U ¢'', 4TO

0O3HA4YaCT BBINNOJIHEHUC I'PAHUYHBIX YCHOBI/Iﬁ B KaXJIOH TOuke Iutockoctd MN .

IloncraBuB ¢' 1 ¢'' B BeIpayKEeHUs IS NIOJIEH, OKOHYATEIbHO MOIY4YUM

— o -g r | — 1 -
E, 9 | _S7alr E——%r.

- L\ E=
drege, | P € +& 1P 2mey (e, + &) r
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Ipumep 4.6. CrexisHHas IUIACTUHKA C NPOHHUIIAEMOCTBIO &, =6 BHeceHa B
OHOPOJHOE BJIEKTPHYECKOEe TI0Jie ¢ HampspkeHHocThto E; =10B/m u
PAacIoNokKeHa TaK, 4TO Yrol ¢ MEXIy HOPMaJIbIO K IUNIACTHHKE U HAIPaBIE€HUEM
BHEIIIHETO IIOJI PaBeH 30°. Haiizure HaNpsUKEHHOCTh E, MO B IUIACTHHKE,
yToll &, , KOTOPBIH 3TO Moje 00pa3yeT ¢ HOPMAIIbIO K Hell, a Takxke IIOTHOCTh O

CBA3aHHBIX 3aps/10B, BOSHUKIIHNX HAa MOBEPXHOCTAX IUIACTUHKH. Z[I/Ia.TIGKTpI/I‘IeCKaH
MNpOHUIAEMOCTb CpE€Abl BHC IUIACTUHKHU
& =1.

Pewenue. ]I TOHKON IUIACTHHKA B

TOYKaX, AOCTATOYHO YJAJICHHBIX OT €€
KpaeB, MOJIC€ MOXKHO 3aMCHHUTHL IIOJIEM B

OCCKOHEYHOM JUDJIEKTPUIECKOM  CJIOC,

HMEIOIEM Ty JK€ TOJIIUHY, Kak U
IUITaCTUHKA. B cuily cumMMmeTpuu OHO

ocTaeTcst OJHOpPOAHBIM (cM. puc.4.4).
3ammcaB rpaHuuHBIe ycnoBus (4.6) Ha Puc.4.4
rpanunie MN

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

HaxomvM E, un a,

&
a, = arctg| —>1gay | = 74°
&

E
2 2 2 2
E, =—l\/£1 cos“a +&;sin“a; =52B/m.
&
Jns ompeneneHus IUIOTHOCTH CBSI3aHHBIX 3apsAZiOB, BO3HUKAIOIIMX Ha
noBepxHocTAX MN u M'N' miacTHHKH, 3aMEHHMM IUIACTUHKY JIPYToH, ¢ & =1,

a CBs3aHHBIC 3apsAabl 3aMCHUM Ha CBO60)1HI>IC C TOHM ke HOBerHOCTHOﬁ
IIJIOTHOCTBYO O . HpI/I 9TOM IIOJIE B MPOCTPAHCTBE MEKAY INNIOCKOCTAMU MN n
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M'N' ne usMmenurcs. IInoTHOCTH 3apsAnoB O HaiiieM, 3alllcaB IPaHUYHBIE

ycnoBus (4.6) A MOIY4SHHOH CHUCTEMBI PAacIpeeNeH s 3apaI0B
'90(E1 cosa, — E, cosa, )=0,

i ¢ yaetom (4.22),

&
0 =&yE cosay| 1-=L|=639-10"% Kn/m?.
&

[pumep 4.7. IIpoBozsmuii map ¢ pagmycom
R, wecymmit 3apsg (, HaxomuTcs Ha
rpaHuIle pas3fena JByX JHMAJICKTPHKOB,
COBNAJAIOIIEH ¢ OXHOM M3 IUIOCKOCTEH
cummerpunn mapa (oM.  puc4.S).

Jwusnextprueckue IIPOHULIAEMOCTH
JIUBIIEKTPUKOB  PABHBI & H &
Puc.4.5 COOTBETCTBEHHO. Omnpenenure

HAIpPSKEHHOCTh JJIEKTPUYECKOrO MOJA B IPOU3BOJIBHOM TOUYKE MPOCTPaHCTBA
BOKpYT IIapa.

Pewenue. HampsokeHHOCTb  3JIEKTPUYECKOro  IOJI  OmpenenseTcd  Kak
CBOOOJHBIMHU 3apsAfiaMM, HaXOASAIIUMMUCA Ha IIOBEPXHOCTU MIapa, TaK U
CBSI3aHHBIMH, HaXOAIIUMHUCS BOKPYT HETO Ha €TO IMOBEPXHOCTH U, BO3MOXHO, Ha
rpaHule pasgena AumdiaekTpukoB. Illap mno ycrnoBuio 3ajaun  SBISETCS
IPOBOAALIMM, MOITOMY 3apsa () pacupeseneH MO €ro HOBEPXHOCTH U IO0Je

BHYTpU HEro oTcyTrcTByeT, To ecTb E =0. Taxkoe mome co3maer 3apsn,
PaBHOMEPHO pacIpeleJIeHHbI M0 MOoBepXHOCTH cdepbl. B cuiry Teopemsl
CYILECTBOBAHHS M €IMHCTBEHHOCTH penieHus ypaBHeHus [lyaccoHa (4.5) MOXHO
YTBEpXKAaTh, YTO COBOKYIIHOCTbH CBO6OILHI)IX M CBA3aHHBIX 3apsa0B 6y)1€T
pacnpeneneHa mo cdepe paauycoM R paBHOMEpHO, a IoJie BHE IIapa Oyner
COBIAAaTh C IOJIEM TOYEYHOro 3apsga (', NMOMENIEHHOTO B €ro LEeHTp (CM.

npumep 5 u3 maparpada 1). CnegoBatensHo moje E B MPOU3BOJBHOM TOUKE BHE
cepsl OyIeT HAIPaBJICHO 10 €€ pajnycy.
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Bocmnonezyemcst 3TuM (GakToM U IPAHUYHBIME YCIOBHAMH (4.7) U1 IBYX
TOYEK Ha IIOBEPXHOCTH WIapa, OJHA U3 KOTOPBIX HAaXOAUTCS B IEPBOM
JUIJIEKTPUKE, B IpyTas -- BO BTOPOM

5150E0 =O-l N 5250E0 =O-2. (423)
3neck 0, U O, -- IJIOTHOCTHU pacIpeseNieHus cBOOOMHBIX 3aps/IOB Ha BEPXHEH,

HaxoJsmelcs B cpesie ¢ £, U HIKHeH nonycdepax COOTBETCTBEHHO, E, -- Hoje

Ha MOBEPXHOCTH cdepbl. ['paHuuHble YCIOBHS Ha TpaHUIE pasfesa IBYX
IVDIIEKTPUKOB TPH  3TOM  BBINOJNHSIOTCS aBTOMAaTHYECKH. 3aMeTHM, YTO
MOCJICIHEE BO3MOXKHO B CHJIy TOTO, YTO TPaHHUIA pa3lesia JACNUT Iap Ha JBe
norycdepsl, IPH 3TOM CHIIOBBIE JIMHUHH TOJIS JISKAT B TUNIOCKOCTH pa3ziena Cpel.

U3 (4.23) cnenyer, uto 3apsan Q pacmnpenenurcs no noiycdepam B

clleyrolIel MponopLun

0 o £
1_01_4& -
oo, 0 +0,=0,
Q0 o0, &
I
€
=
&+ &,
Ione B IpoH3BOJILHON TOUKE Ha MOBEPXHOCTH LIapa, ¢ OJHON CTOPOHBI,
'
paBHO E, = > - Tae Q' -- cymMma 3apsfa Q U CBS3aHHBIX 3aps0B Ha BCeH

4reyR

MOBEPXHOCTH 1Iapa, a ¢ ApYyroH, coraacHo (4.23)

o O 0

EO = = 5 = 3 .
£& 2R’ee, 2R*(g +é&,)e,
20
CpaBHI/IBaﬂ BBIpAXCHUA 1A EO , HAX0 UM Q = u I10JIE B
£ +6

TIPOU3BOJIHON TOUKE BOKPYT IIapa

=2 - ¢ (4.24)
dregr®  2mey(e +&)r
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ronce r - paccTossHue OT LOEHTpa Mmapa A0 TOYKH, B KOTOpOI71 UIIETCA

HarpsKCHHOCTD ITOJIA.

Mpumep 4.8. Illap pamuycom R , BEIpe3aHHBIH W3 OJHOPOIHOTO IAMAJIEKTPHKA C
JUDJIEKTPUYECKOM  NIPOHMIAEMOCTBIO £, IOMEWAIOT B OJHOPOJHOE

JJIEKTpUYECKOe Moje  HamnpsbkeHHoctH  Eo. Haiinure  pacnpenenenue
HAaIpsKEHHOCTHU U IOTEHIMAlIa B IPOCTPAHCTBE BHYTPH U BOKPYT LIapa.

Pewenue. Bee IpocTpaHCTBO pa3/esiiM Ha JBe obmactu: V| -- BHyTpH mmapa, V,
-- BHe mapa. IloTeHnman M Hamnpsy)KEHHOCTb Iojsl B obsmactu V| Oyzem
o6o3Hayath MHAEKCOM 1, a B obmactu V, -- uHnekcoM 2. Tak kak cBOOOTHBIX
3aps10B HU BHYTPH, HU BHE IlIapa HET, TO MOTEHIHAJ KaK BHYTPH, TaK U CHApYKH
mapa noauMHsercs ypaBHenuto Jlammaca Ag; =0 (i =1,2), xotopoe cienyer u3
ypaBHenus Ilyaccona (4.5), ecmu p=0.

Tak kak TpaHuma mapa - cdepa, TO YyIOOHO BOCIOJIB30BATHCS
chepuuecKoil CHCTeMOW KOoOpaWHAT. 3amuiieM ypaBHenue Jlammaca B 3Toit
cHCTeMe KOOPIUHAT:

2
1 i(rza—‘/’j+ 1 i(sinﬂa—(oj+;a 0. (4.25)
r2 | or or ) siné 080 00 ) sin’ 6 oy’

OTMeTI/IM, 4YTO B CHJIy CHMMETPUHU NIOTCHIHAJIBL (; HE 3aBUCAT OT yIjia .
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IIpocreiimMu pemeHusmMu ypaBHeHHs (4.25), HE 3aBUCSIIUMU OT yIJa

coséd
2
r

v, sBisttoTest pyHKun Arcosé u B (cMm.[1]), tme Au B -- IOCTOSHHEIC.

Z[J'Iﬂ noTeHIHalla SBJIEKTPOCTAaTUIECKOTO

TIOJIA ITOJTy4a€M BbIpAKCHUEC

@, (r,0) = cos H[Air + B—z’j .

r

(4.26)

Buyrpu  mapa  cBoOOIHEIE
3apsiibl OTCYTCTBYIOT M MOJE BO BCeX
TOYKaxX BHYTPH IIapa OrPaHHYCHO M

TO3TOMY B, =0. Hcnons3ys

cootHomienne (4.4) B  chepuueckoi

CUCTEMC KOOpAMHAT (CILI/IHI/I‘{HI)IC BCKTOpa

> —

er,eq,e, MOKa3aHbl Ha puc.4.6) Puc.4.6
E - 99 __log E —__1 99
" or’ v ro@’ 4 rsin@ oy’

Halaem HaIIPSHKEHHOCTD 3JICKTPUYCCKOTO IOJISI BHYTPH U BHE IIapa:

B obnactu V:

E,, =—A, cosé, E, =sinfA,, E,, =0, @.27)

u B obnactu V, :

2B B
E, = (— Ay +—F Jcos 0, Ey= [A2 +—32J sinf,  E,, =0. (4.28)
r r

3 yCJI0BHUs, YTO Ha OCCKOHEYHOCTH TI0JIe OIHOPOAHO M PABHO Eo

CJIEAYET, 4TO

E2,(r — 00)=—A, cos@ = E, cosb
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U A, =-E,.
IMocrosiuable A; u B, HaiineM, 3anmcaB rpaHH4HBIE ycloBus (4.6) Ha
rpaHMIe mapa

¢Ey,(R,0)= E,, (R,0), Eiy(R.6)=E(R.6),

OTKYyJa CJIEAYET
E. + =72 =—cA . A =-E, + —2 . (429)
07 g3 ! ! R

Pemenwne cucremsr ypaBHeHuit (4.29) nmeer BUA

3 e-1 3
A =-— E,, B, =——R’E,. 4.30
! 2+¢& 0 2 2+ ¢ 0 ( )

IMosToMy OKOHYATENBHO MOTEHNIMAN B 007acTH V| paBeH

¢ == Eyrcosd, 4.31)

24+¢

U HAIPsSPKEHHOCTD I10JIA

E, =23 E,cosé, Eyy=-

E,sin@, E, =0. (432
" 2+¢ 2+¢e ° v (4.32)

—

BI/IHI/IM, YTO MOJIC BHYTPHU HIapa ABJIACTCA OAHOPOAHBIM , HAIIPAaBJICHO BAOJIb EO ’

" paBHO IO a0COJTIOTHOM BEITUIHHE

P 3E,

(4.33)

_ 3
0, = E{g IR—Z—rJCOSH, (434)
r
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U TIpEeACTaBISETCS CyMMOM TOTEHIMala BHENIHETo II0JIi M MOTEHIMaja
TOYEYHOI'O JUIIOJISI C MOMEHTOM
— 3 8_1 =
p, =4re,R°——E,, (4.35)
E+2
MIOMEIICHHOI'0 B LICHTPE 11apa.
Bre mapa HanpskeHHOCTB 1OJI paBHA

3 3

E,, =E, 1+2§—;I:—3 cosf,  Eyp=E, 5:‘91:—3—1 sin6,  E,, =0,
WA B BEKTOPHOM (hopme:

BomFyr L 3(E—gr)r_E_g '

D, =D, il Mf—& R’ (4.36)

E+2 r'5 r3

Ipumep 4.9. Haiinute pacnpeneneHue MNOTEHIManAa M HANPsKEHHOCTH
JIEKTPUYECKOTO IOJSI BOKPYT MpOBOAALIEH cdepbl paauycoM R , BHECEHHOU B

—

OAHOPOIHOEC JJICKTPUIECKOE TTOJIC HAITPAXKECHHOCTH EO .

Pewenue. TloBTOpss pacCyXaeHUs, IPOBEJCHHbIE B IpPEAbLAYLIEM IPHMEpE,

BUJIUM, YTO NOTEHIMAI B 00nactu V, (BHE cdepbl) TaKXKe 3a1aeTCsl BBIPAKEHUEM
(4.26), a HampspDKeHHOCTh IOyl  --  BbIpakeHueM (4.28). Koncranta A,
OIIpesieIsieTCa U3 YCIOBHS OJHOPOJHOCTH IO Ha OeckoHewHocTu: A, =—E;.
Jis onpeneneHys NOCTOAHHON B, BOCIONIb3yeMCs BMECTO MDaHUYHBIX YCIOBHI
Ha TpaHMIE IUIeKTpuka (4.6), rpaHUYHBIMU YyCIOBUSIMHU (4.7) Ha TpaHHIE

IIPOBOAHUKA

E,(R,0)=0, win B, =EyR>.
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Iloncranss HaiineHHble 3HaYeHUss A, u B, B (4.26) u (4.28), okOHYATEIHHO

HOJIydaeM

3
¢,(r.0)=E, cos@ R—z— rl. (4.37)
r

Kax BUAUM, IHOTEHIHA IIOJIA B OKPECTHOCTU IIapa NPEACTaBIILACTCA B BHAC

CYMMBI ITIOTEHIHAJIa BHEIIHETO IOJIA U AUITOJIsI C MOMEHTOM
3
p, =4n€e,R’E,, (4.38)

MTOMELIEHHOTO B LEHTP ChephL.
KommonenTs! ons B 3T0i# o6nactu OymyT:

3 3
By = Eycos6| 1+ 25| Ep=Eesing| So1] By -0, @39)
r r

IlepBoe rpanmuHoe ycioBue (4.7) MO3BOJISET ONPEACTUTH IUIOTHOCTH 3apsloB,
MHIyLPOBAHHEIX HA MOBEPXHOCTH chepsl & = £,E,, (R,0) = 3£, E, cosf , uto
COBIIAJIACT C BBIPAKCHHWEM, HANJCHHBIM JAPYTUM crnocoboM B mpumepe 7
naparpada 3.

3aoanue ona camocmoamensvHoil pabomuol
4.1. Buyrpu cdepudeckoil He3apsKEHHO# TPOBOIAIIEH 000JIOYKH paanycoM R
MIOMEILIEH TOYCYHBIH 3aps] ¢ . PaccTosiHue OT 3apsina 10 HeHTpa 000JIOYKH PaBHO

a . Haiinure cuny F , neiicTByromyIo Ha 3aps.

4.2. I[Ba OAWHAKOBBIX TOYCYHBIX 3apsi/ia ¢ HaXOAATCA Ha paCCTOAHHUU a ApPYr OT

apyra. IlocepenyHe MexIy HUMHU PAcIOJOKEH 3a3€MIICHHBIH MeTalIMYecKHH
map paguycom R . Haiinute cuiny, AefCTBYIONIYIO Ha KaX bl U3 3TUX 3apsAN0B.
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4.3. Ha paccrosHuM a OT OCGCKOHEYHOH NMpPOBOMSIICH 3a3€MIICHHOW IUIOCKOCTH

pacrojoXeH To4yeuHbld aunons. Haiinure cuiy, nedcTBYIOIIYI0 Ha AWIOINb.
JUnonbHBIA MOMEHT p &) HapaviesieH IUIOCKOCTH; 0) NEPHEHIUKYISPEH K

IIJIOCKOCTH.

4.4. TlpoBomsmas He3apshkeHHas cdepa pagumycoM R momenieHa B MO
TOYEYHOTO 3apsiia ¢, PaclOIOKEHHOTO Ha PACCTOSHUU a OT IEHTpa cdepsl

Haiinure moBepXHOCTHYIO IIOTHOCTH 3apsiia, HHIYLIHPOBAHHOTO Ha cdepe.

4.5. ToueuHbli 3aps] ¢ HaXOIUTCA HA PACCTOSHUU a OT UeHTpa

METaIMYECKOro mapa paauycoM R . Haiimure paboty A , KOTOpYyK Hazo
3aTPaTHTh, YTOOBI TOYEUHBIH 3aps] yAalIuTh B 66CKOHEYHOCTh. PaccMoTpeTh 1Ba
ciyyast: 1) map 3a3emiieH; 2) map U30JUpOBaH, a MOJHbIA 3aps]] €ro paBeH HyJIIo.

4.6. Haiitn cwmy, AeHCTBYIONIYIO HAa TOYEYHBIA 3apsi
g, TOMEIIEHHBII Ha  OHCCEKTpUCE  HPSIMOTrO
JOBYI'PAaHHOTO yIJla MEXIy [JBYMS 3a3eMJICHHBIMU
OPOBOAALIMMHM  MOIYIUIOCKOCTSAMH  (cM.  puc.4.7).
PaccrostHue Mexamy 3apsaoM ¢ W BEpUIMHON

nByrpanHoro yria O paBHoO d .

Puc.4.7

4.7. Ha GeckOoHEYHOH IJIOCKOH MOBEPXHOCTH
N NPOBOJIHUKA HUMeeTcs cdepudeckuit Oyrop
CMD paguycoM R, IEHTp KOTOPOTO JISKHUT
Ha TOH ke miockoctu (cM. puc.4.8). Ha ocu
CUMMETPHUH CHCTEMbI Ha IEPHEHAMKYIIpEe K
NOBEPXHOCTH MN BHE MpPOBOJAHUKA Ha

paccTosHMM a  OT  LEHTpa  cdepsl

pacmosoxeH TodeuHbI 3apsin g . Haitnute

Puc.4.8 NOTEHIHAJI BO BCEM IIPOCTPAHCTBE.
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4.8. ToueuHsblii 3apsil ¢ HAXOAWTCS HA PACCTOSHUU d OT LICHTpa He3apsHKEHHOTO

HpoBoslIero mapa paaumyca R . Illap 3a3eMISIIOT ¢ HOMOIIBIO IPOBOJOKH.

Kaxkoii 3apsiii ¢ IPOTEYET O NPOBOJIOKE?

4.9. TIpoBomsmas chepa paguycoM R umeer
sapsan Q. B cdepe umeercs manoe otrBepcTre

d - R (em.  puc4.9). Kak Oymer MeHAThbCS
q MOTEHIHAN C(epbl, €CIM TOYCUHBIH 3apsin ¢

nepemMeniaTtb us3 OCCKOHCUYHOCTH qepes

OTBEPCTHE BHYTpb I1apa?
Puc.4.9

4.10. ITorenuuan 3JICKTPHUYCCKOTO IIOJIS B HeKOTopofx'I 00J1aCTH 3aBUCUT TOJIHKO
2
OT KOOPAUHATHL X : Q= _T +C.

KakoBa Oynger HampsbkeHHOCT, IOt B 3Toi  obmactu? Ilpu  kakom
pacrpeeneHIH 3apsa0B HOIY4YUTCs Takoe Hoe?

4.11. Kakas cuma neiicTByeT Ha TOUYEYHBIA 3aps] ¢, HaXOISIIIUACS BOIU3N

IUIOCKOH TpaHULBl pa3jena JBYX IUIICKTPUKOB Ha PACCTOSHUU d OT TPaHMUIIBI

paznena? 3aps] HaXOIUTCA B CPele C JUIIEKTPUUECKOH NPOHUIAEMOCTBIO & .

Jusnexktpuueckas IpOHUIAEMOCTb BTOPOH cpesl &, .
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4.12. Beckoneunas IUIACTHHA u3

—_—t e — |
HU30TPOIMHOI'0 AUDBJICKTPHKA IIOMECIICHA B €2

HEPIeHUKYIAPHOE JIEKTPUUECKOe MOJIe

HaIPSHKEHHOCTHIO E (em.  puc.4.10). X

TommuHa IIACTUHBL a , JUAJIEKTPUUECKast

MNPOHUIAEMOCTb U3MCHACTCA JIMHEWHO OT

3HA4YCHUA &£, HaA JIeBOM rpaHuie 10 &€, Ha

npaBoii rpaHune. BrHe mmactuHBl £=1.

Haiinute 00BEMHYI0O IUIOTHOCTH QO

CBSI3aHHBIX 3aps/OB Kak (YHKIUIO X .

OHpe,HeIII/ITe YHCJICHHOC 3HAa4YCHHE L0 B Puc.4.10

cepe/luHe TIIACTHHBL, €ClH & =2, & =4, a=1lem, Ey =3B/ m.

4.13. Bayrpm mapa pagmycom R=10cM U3 OIHOPOAHOTO H3O0TPOITHOTO
JUDIIEKTpUKa € £€=35 CO3JaHO OJHOPOJHOE JIIEKTPUUECKOEe IIoJIE C

HanpspkeHHocThlo  E =100B/m. Haliaute MakCUMalbHYIO TOBEPXHOCTHYIO
IUIOTHOCTh O p,, CBSI3aHHBIX 3aps/I0B U CYMMapHBIN TTOJIOKHUTEIILHBIA CBA3aHHBIN

3apsil, pacipeieNIeHHbIH 110 IOBEPXHOCTH MOIyc(hepsl.

4.14. ITanouka M3 CErHETORJIEKTPHKA, OONajaroas OCTATOYHOM Hoyspu3aiuei
P, HanpaBieHHOW BIOMb OCH TMAJOYKM, I[OJBEIIEHA 3a CEPEeIUHy B
TOPU30HTAJIHOM IOJIOXKEHHH Ha TOHKOH Heynpyroi Hut. OnpenenuTe 4acToTy
@ MajibIX KojeOaHWH, KOTOpble Najodka OyIeT coBepliaTh B OJHOPOIHOM
TOPU30HTAJILHO HANPABJICHHOM MOJIE C HANPSHKEHHOCTBI0 E , HaCTONBKO crnabom,
YTO OHO HE OKa3bIBAaeT CYIIECTBEHHOTO BIHMAHHS Ha MOJSIPU3ALMIO MAJOYKH.

Jnuna nanouku [, a ee mIOTHOCTH p.

4.15. Ompenenure cuily, NEHCTBYIOLIYIO HAa €AUHUILY JUIMHBI 3apsDKEHHOU C
JMHEHHOW IUIOTHOCTBIO K HUTH CO CTOPOHBI IIOBEPXHOCTHBIX 3apsJiOB,
UHIYIMPOBAaHHBIX €10 Ha TpaHMLE paszfena JBYX JUIJIEKTPUKOB C
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IIPOHUILIAEMOCTBIO & U &,. Hute mapannensHa T AHUIEC pa3aciia i HaXOAUTCA OT
1 2

HEC Ha pacCTOSAHUHN d. Z[I/II)IIGKTPI/I‘IGCKEIH MPOHUIIAEMOCTL CpEAbl, B KOTOpOI71

HaxXoJUuTCs HUTD, 81 .

4.16. [IudpnekTpuk ¢ AMAICKTPUYECKOM MPOHMIAEMOCTBIO &€ 3aI0JHACT
nonynpoctpaHcTBo. Ha pacctosHum L OT MIOCKOM TIpaHUIBI JUAJIEKTPUKA B
BaKyyMe€ HaxOAWTCSA TOUCUHBIH 3apsn ¢ . Haiimure pacrpenenenue cBsI3aHHOTO

3apsija O TI0 NMOBEPXHOCTH AMAIIEKTPHKA, CyMMapHBIH MOBEPXHOCTHBIN 3apsan O

ucuy F, neicTByromyto Ha 3apssa ¢ .

4.17. B o0nactu, OrpaHMYEHHOH 3a3eMIICHHOW METANIMYECKOH 000JI0YKOH,
Haxoautcs 3apsia. OnpenenuTs a)ecTh JIA dJIEKTPHUECKOe T0Jie BHE 000I09KH; 0)
Oyner mu pAeiicTBOBAaTH dIEKTpUUECKas CHIa Ha JAPYroi 3apsj, MOMEIIECHHBIH
BOJIM3H Hapy>KHOU TTOBEPXHOCTH 0OOIOUKHL.

4.18. Haiigure pacmpeneneHue 3apsaoB, CO3JAIOIIMX B BaKyyMe CleIyroliee
pacmpeeneHue oTeHIHaNIa:

a
r r2R

s ecliu
—ar? 3a r<R

3HCCL r — pacCTOAHUEC OT Ha4YaJla KOOpAUHAT.

4.19. Haiigure pacnpeneneHue 3apsaoB, CO3JAIOIIMX B BaKyyMe CleIyroliee
pacmpeeneHue oTeHIHaIa:

0
>
o(r)={ (1 r* 3 ecim r=k
a—+t—s-—= r<R
r 2R® 2R

3nech r — pacCcTosiHUE OT Havdala KOOpAUHAT.
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4.20. Haiinure pacmpeneneHue 3apsaoB, CO3JAIOIIMX B BaKyyMe CleIyroliee
pacrpeneneHue NOTeHIMana:

0 r>R

(D(r) - a(R3 - r3)’ e r<R

3HCCL r — pacCTOAHUEC OT Ha4YaJla KOOpAUHAT.

4.21. Haiigure pacmpeneneHue 3apsAaoB, CO3JAIOIIMX B BaKyyMe ClIeIyroIiee
pacrpeneneHue NOTeHIMana:

2R
o)=L ) eem T

3HCCL r — pacCTOAHUEC OT Ha4YaJla KOOpAUHAT.

4.22. Haiigure pacnpenefieHue 3apsaoB, CO3JAIOIIMX B BaKyyMe CleIyroliee
pacmpeeneHue oTeHIHaNIa:

b
(p(r) = 7CXp(— 61}") .
3HCCL r — pacCTOAHUEC OT Ha4YaJla KOOpAUHAT.

4.23. HaiinuTe HanpsKEHHOCTD JIEKTPUUECKOrO MO B
TIPOCTPAHCTBE MEXKY JBYMS IIPOBOIAIINMHE ChepaMu ¢
pamuycaMu R, m R, (R < R,), 3alI0]IHCHHOM JBYyMs
OJIHOPOJIHBIMHU TUANIEKTPUKAMH C JUINIEKTPHYECKUMU

HNPOHUIIAEMOCTAMU & U &, (puc.4.11). usnextpuku

rpaHuyaT MeX1y coOOi BIOJb NMOBEPXHOCTU KOHYyCa C
BepuinHOM B nentpe O. TenecHelid yron koHyca ,

Puc.4.11

3a0JIHEHHOTO TIEPBBIM AUAIEKTPHKOM, paBeH £, a
3a[OJIHEGHHBIM BTOPBIM JHUIEKTPUKOM - £, (Q;+Q, =47x). 3apag Ha

BHyTpeHHeH cdepe paBen O, a Ha BHemHed —Q .
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§5. DJIeKTPoeMKOCThb. JHEPrus JIEeKTPUIECKOT0 MOJIst

Kpamxue meopemuuecKue ceedeHusn

OnekrpoeMKocTh. [loTeHnnan NpOBOJHMKA, YOAJCHHOIO OT JPYrHX
MPOBOJHUKOB Ha PACCTOSHUE, 3HAUYUTEIIBHO OOJIbIIee ero COOCTBEHHBIX Pa3MEPOB
(Takoi MPOBOAHKK HAa3bIBAIOT YEIWHEHHBIM), PONOPLUUOHAJICH ero 3apsiny O u

MOKET OBITh IPEJICTaBICH KaK
Q== 5.1

Kosddumuent mnpomopuuonansHoctd C  Has3bIBAlOT — eMKOCHIbIO
yeounenHo2o npogoonuka. OHa 3aBUCHT OT (OpPMBI IPOBOJHUKA, €TO pa3Mepa U
CBOHCTB OKpykatomeil cpenpl. Hanpumep, emxocts mapa paguyca R,
NOTPY’)KEHHOTO B OJHOPOAHBI  IMAIEKTPUK €  AUDJIEKTPUYECKOH

MIPOHUIIAEMOCTBIO €, paBHa
C =4rnegyR . 5.2)

Konoencamopom Ha3pIBalOT Tapy NPOBOAHHUKOB, PACCTOSHHE MEXKIY
KOTOPHIMH MHOTO MeEHBIIE pPACCTOSHHSA IO OCTANBHBIX Tel. Ilpm sToM
IPOBOJHUKH HA3bIBAIOT 00KIAOKamu KoHAeHcaTopa. Ecmu Ha oxHy oOkIamxy
TIOMECTUTH 3apsn +(Q, a Ha APYryio oOKIanKy 3apsn -Q, To MeXIy HUMHU OyaeT
CYILECTBOBATh Pa3HOCTh MOTEHIMANIOB, WK HanpsbkeHue, U, MponopuuoHanbHoe
3apsyTy KaKIoH U3 00KIamoK:

v=2 (5.3)

C
Koaddumment C B 310it hopMmyIie HA3BIBAIOT eMKOCHIbIO KOHOCHCAMOpA.
EmkocTh KOHZIEHCaTOpa He 3aBUCHT HU OT U, HU oT Q, a onpexenseTcs GopMoii u
pacnoyoXeHneM TPOBOJHHUKOB, COCTABISIONINX KOHIEHCATOp, M CBOHCTBAMH
cpensl MeXIy HUMH. B ciydasx, Korja BIMSHMEM OKpYXalOIUX TeNl HEelb3s
npeHeOpedb, CHCTEMY IMPOBOJHUKOB HENB3sl pacCMAaTpPHBATh KakK KOHIEHCATOD,
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OJIHAKO €€ MOXHO CBECTM K CHCTEME KOHIEHCATOPOB, COCIUHEHHBIX
OTIpeeNIeHHBIM 00pa3oM.

IInockuM Ha3pIBalOT KOHJAEHCATOpP, COCTOSIIUM U3 IBYX MapajledbHbBIX
OJIMHAKOBBIX NMPOBOAAIIMX IUIACTHH IJIOMAABI0 S , Pa3AEICHHBIX IUAIEKTPUKOM.
PaccrosiHne Mex 1y riacTHHaMu d CYMTACTCSl MHOT'O MEHbILE JIMHEHHOTO pa3Mepa
MJIACTUHBI. EMKOCTB IIIOCKOTO KOHAEHCATOPA PaBHA

EENS
c="9" (5.4)
d
rae € - JUDJICKTPUYCCKas IIPOHMUACMOCTb CpEIbl, HaxogIencs MEXKIY

OOKJIaIKaMH.
ITocaenoBarenbHOE M MApaLIEALHOE

O—l H lA_.I l.—“ COCAUHCHUE KOHACHCATOPOB IIOKa3aHO Ha
¢ G c

puc.5.1. Emkoctb TapasuiebHO
: COCIIMHEHHBIX KOHIECHCATOPOB paBHA
a
C=C+C,y+..+C,

(5.5)
C]
DKBHUBAJICHTHAs €MKOCThb IIOCIIEIOBATEIHLHO
C c COEMHEHHBIX KOHJCHCATOPOB HAXOAUTCS IO
LS MpaBUILy:
1 1 1 1
6 — =ttt
C c C G C,
5.6
Puc.5.1 (5.6)

9HCDFH5{ QJICKTPHUYCCKOT'O I10JIA. Z[J'I}I

TOTO, YTOOBI 3apPSAUTh KOHJCHCATOP, €ro OOKIIAIKU NPUCOSTUHSIOT K HCTOYHUKY
HanpspkeHHs. Kakaplil Takoil MCTOYHHMK XapaKTEpU3YETCS 2IeKmpoOoguicyuyell
cunoti wiau cokpauieHHo J/[C, paBHOW paboTe HCTOYHHKA IO MEPEMELICHHIO
eIMHUYHOTO 3apsga ¢ OJHOW OOKIagKW KOHJAEHcaTopa Ha JpYTyIo.
COOTBETCTBEHHO, B IPOILECCE 3apsAAKU KOHIEHCATOpa HMCTOYHMK COBEPIIAET

paboty
A=EAQ, (5.7)
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e € - 3MC ucroynuka, a AQ - U3MeHeHue 3apsanoB oOkianok. [Ipu sTom

pa3sHOCTb IIOTEHIMANOB MEXIy OOKIaaKaMM cTaHOBHTCA paBHoii OJIC
uctounuka, 10 ecth U =& . B mpomecce 3apsAmKku KOHAEHCATOpA 3apsiibl
NepEMENAOTCA B HAMPABICHUM, MPOTUBOIOJIOXHOM IIOJIO, CHJIBI KOTOPOIO
COBEPIIAIOT OTPUIATEIBHYIO PA0OTy (SHEPIHUS MO YBEIUIUBACTCS).

Ecnu OTKIIFOUUTh KOHIEHCATOP OT UCTOYHHUKA HAIPSOKEHUS U COEJUHHUTD
OOKJIaKH IIPOBOJHMKOM, TO KOHJIEHCATOp OyHeT pa3psiKaThbCsl, HAIpPaBIEHUE
NEPEMCIICHUS 3apsiI0B MEKIY O6K.HaZ[KaMI/I HU3MCHUTCA Ha NPOTHUBOIIOJIOXKHOC U
paboTa 3JIEKTPOCTATHYECKHX CHJI CTaHET I0JIoXKuTeNpHOH. Ilo ompexneneHuto,
snepeus W 3apssicennozo Konoencamopa paBHa paboTe, KOTOPYIO COBEpIIAIOT
9JIEKTPOCTATUUECKUE CUIIBI IIPH IIOJHOM IIEpeHOCce 3apsaia ¢ ONHON OOKIagKu Ha
JPYTyIO B IPOLECCE Pa3psAKU KOHIEHCAaTopa, U paBHa

vo 0°* cu?
=== = . (5.8)
2 2 2
3Hepr1/m KOHJCHCATOpa 3aKJII0YCHA B €0 3JICKTPUYCCKOM II0JIC.
9HepFI/IH HpOI/ISBOIILHOfI CHUCTEMBI 3apsKCHHBIX TEJI TAKKE MOXKET 6LITL

UHTCPOPETUPOBAHA KaK OBHEPrus CO34aBac€MOro HMMH DJICKTPHUYCCKOro IOJIA.

dw
OObeMHAs NIOMHOCTb IHep2uu DJICKTPUICCKOIo Mo w = W IIpu 3TOM paBHa

1—-—

=—ED, 5.9
w=> (59

i B cuity (4.3)
1 2
w=—¢E6E". (5.10)
2
OHeprus CHUCTEMBI 3apsUKEHHBIX IPOBOIHUKOB MOXKET OBITH HailneHa
IyTeM HUHTEIPUPOBaHUA BbIpaxkeHHs (5.9) mo BceMy 00BEMy, 3aHHMaeMOMY
noneM. B pesynbrare 11 S5HEpruu cUCTeMbl N 3apsUKEHHBIX HPOBOJSIIMX TEl

HOITy4UM

1 N
W=EZQ,¢,-, (5.11)
i=1
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rae Q; -- 3apsj [ —Tro NPOBOJHMKA H (; — €ro MOTEHIHA.

Beipaxxenue (5.11) o6o6maer popmyiny (5.8) Ha cirydaii mpoOU3BOJIILHOTO

qucia Tell.

Hpumep S.1. ITnockuil konaeHCcaTOp UMeeT eMkocTh C = 600n® . Hackombko

OHA U3MEHHTCS, €CIIM BBECTH MEXKy 0OK/IaJKaMH IapajllelIbHO UM MEJHBIN JIUCT,
TOJII[MHA KOTOPOro paBHa « =1/4 paccrosHus mexnay obknankamu? byner nu
BJIMATH Ha PE3YJIbTAT M1OJIOKEHHUE JIUCTa?
Pewenue. Ha 1pOBOAHUKE MOSBIAIOTCS
HaBeleHHble 3apsasl +0 u -0  (cM.
— ] puc.5.2) Takue, UTO MOJE  BHYTPHU
IIPOBOJIHUKA oOpamiaeTcst B HOJb. IIpu sTOM
HAIPSDKEHHOCTh  MOJS MEXAY OOKIajKaMu
o0— —o0 KOHJIEHCAaTopa, HO BHE MEIHOIO JIUCTa, He

-~ U3MEHAECTCS u OCTaeTCst paBHOM
c_20

=—=——_. Pa3HOCTb MNOTEHIHAJIOB
g &S

A
L

1Q

MEXAYy O6KIIa,HKaMI/I KOHACHCATOpa

ymenpmnres: U = E(d —od) = (1-a)od .
&S

_Q b+
4T

Puc.5.2 Otkyna COIIaCHO 5.3) €MKOCTh
KOHJICHCATOPA YBEIHYHUBACTCS:

C:Q:i:i:{;oon(p_ (5.12)
U (l-—a)d 1-«

Benuuuna eMKocTH HE 3aBUCUT OT IMOJIOKEHMS TUIACTHHKU BHYTpHU

KOHJICHCATOPA.
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IlomydeHHblii  pe3ynbTaT  MOXKHO

e dy dy—
HCIIONB30BaTh ~ TPH  pacdeTe  eMKOCTH i

KOHJEHCATOPA,  YACTUYHO  3aMOJHEHHOTO /u"/
JMDNEKTPUKOM, KaK II0Ka3aHo Ha pHc.5.3a. /

BBeieM B KOHJAEHCATOpP 1O  TPaHMIIE o -/ a
JUDNEKTPUKA — METAUIMUECKYI0  ILTACTHHKY /S

NpeHeOpeXXUMO Majoil 10 CpaBHEHHIO C
paccTossHUEM MEXIY OOKJIaJKaMH TOJIIMHBL.

Cornacao (5.11) eMKocTh KOHIOEHcaTopa He ’ y

U3MEHUTCS. PaccnauBas BBE/ICHHYIO

IUTACTHHKY Ha JIBE, MOJYyYHM OaTapero u3 IByX / 6
MIOCJIEI0BATEIEHO COCMHEHHBIX L/ £
KoHZAEHcaTopoB (puc.5.36), eMKOCTh KOTOPOit = d 1’*

Haxoxurcs o Gopmyie (5.6). prc.5.3

Ipumep 5.2. Merajuinueckuii map paguycoM R; OKPYKEH LIAPOBBIM CIOEM
IVBIEKTPUKa  C JMINCKTPHIECKOH IIPOHHIAEMOCThI0 €  TOMMUHON d W
MIOMEIIEeH KOHIEHTPUYHO B METaJTMIecKoi cdepe ¢ BHYTPEHHIM paamycoM R, .

OHPGHGHI/ITG eMkocTh C Takoro KOHACHCATOpa.

Pewenue. TlomecTM Ha BHYTpeHHIOIO cepy 3apsn +(Q, a Ha BHEIIHIOKO --
(—Q ) u HaiizeM pa3HOCTb NOTEHIMAIOB MeX Iy oOkiankamu. 1o Teopeme ['aycca

HAIPSDKEHHOCTh B TIPOU3BOJIBHOM TOYKE MEKAY OOKIaAKaMu:

_9
47[503-2 R <r<Ry+d
E= , eciu .
0 R +d<r<R,
471'80r2
Pa3HoCTh mOTEeHHHMANOB MeXIy oOkimaakamu coriacHo (2.3) Haiaem

UHTETPUPOBAHUEM:
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R +d R,
R ﬂ_L{; 1

R,
U= j Edr = Tt - -
R &0 R o Rad " 7o

Emkocte C cormacho (5.3) Oynet paBHa

AmeeR Ry (R +d)  4me,eR (R +d)

TR (R, —R —d)+dR,] :
[ 1( 2 1 ) 2] l:gRl(l_Rl_dJ_Fd}
R2 2

1

(5.13)

1

_+__—
R +d R, &R, &R +d)

Yerpemsis R, = oo, ot (5.13) mepexoauM K €MKOCTH IIapa pajuycoMm R,

OKPYKEHHOTO ChepuuecKUM CII0EM ANUDIEKTPHKA TOIIIMHON d .

Ilonaras B (5.13) d =R, —R,, NOIy4yuM BBIpaKEHHE I E€MKOCTH

ceprieckoro KOHASHCATOpa

_ AmeyER R,
(Ry - Ry)

(5.14)

Yerpemmsia R, — oo, oT (5.14) mepeiimeM K eMKOCTU yeIUHEHHOH cdepsl,

3ajaBaemoit (5.2).

Hpumep 5.3. ITnockuil KOHIEHCATOP COCTOUT M3

A B} IOBYX IUIACTHH, HaXOMSIIUXCS APYr OT JApyra Ha
’—'__ paccrosiHuu d = 0,5mm . Kak u3MeHHUTCS €MKOCTh

— d KOHIEHCAaTopa, €CIM  €ro  IIOMECTHTb B
U30JIUPOBAHHYI0  METaJUIMYECKYI0  KOPOOKY,

d; =0,25um  or 1UIACTHH

TIpU pacueTax mpeHeopeys.

Puc.5.4

CTCHKHU KOTOpOI71 HaxXoJATCsd Ha pPacCTOSIHUHN

puc.5.4).

HeoqHOpOJHOCTBIO MOJIST Y KpaeB KOHJEHcaTopa

|
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Pewenue. Ha cTeHkax KOpOOKH TOSBSTCS

HaBEJCHHbIE 3apsfbl, TaK Kak Kycok AB
KOpOOKM IomajaeT B  KpaeBoe  I0Je
KoHzeHcaTopa. KopoOka B IieoM He Hecer
3apszia, I03TOMY HaBEJCHHBIE 3apsJibl PaBHBI
110 BEJIUYUHE M NPOTUBOIOJOXKHBI IO 3HAKY
(cMm.  puc.5.5). HampspkeHHOCTs — TOJI,

co3maBaemas 3apsgamu Q' u -Q', a TaKke

Q u-Q,paBHa
g @
&S
E =£. Puc.5.5
&S

BenuunHa HaBeNEHHBIX 3apslOB JOJDKHA OBITH Takoil, YTOOBI Pa3HOCTh

noteHnmanos Mexay miactunamu AC u BD pasusnack nyio

1
Pac —Psp :Ed_E'(d+2d1)=§[Qd—Q'd—2Q'd1]=0’
0

d
otkyna Q'= Q————. Haiinem wn3MeHEHHYIO
d+2d,

pPa3HOCTh MOTEHLHAIOB MEKIy OOKIagKaMu
KOHJICHCATOpa

_0-0,__ 0%d

U =

£,S £,8(d +2d,)

—— dl fomat— — d] —~—

1 NIBMCHCHHYIO EMKOCTb

+2 +2

_ &S dl)zcod d1=2C0.
2dd, 2d,
(5.15) e
Puc.5.6

Ecmu d; — o, 10 (5.15) nepexonur B (5.4).
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3aMeTHM, 4YTO KOHAEHCATOP C YYETOM BIHUSHUS KOPOOKH MOXKET OBITh
TIpe/ICTaBlIeH SKBUBAJCHTHOW CXEMOH, IMoKa3aHHOH Ha puc. 5.6. Mcxons uz aToit
CXEMBbI, MOXKHO PEUINTh 33a/ady, MOJIb3ysCh MPAaBUIAMU BBIYMCICHUS E€MKOCTH

MapaJyIeJIbHOTO U IMOCJICA0BATCIBHOT'O COeMHEHNHN KOHJACHCATOPOB.

Hpumep 5.4. Omnpenenure  NpuUONMKEHHO  €MKOCTh  KOHJEHCATOPA,
00pa30BaHHOTO IBYMs ONMHAKOBBIMH MIapaMH pagHycoM R , HAXOAAMIMMHUCS Ha
OombIIOM (M0 CpaBHEHHUIO ¢ R ) paccrosHMM a . Bee ocranbHEIE Tenma Daneku oT
IapoB.

Pewenue. TloTeHIINAN KXKIOTO ITapa OMPENEsIeTCs er0 COOCTBEHHBIM 3apsoM,
pacnpeneneHHbIM [0 €ro MOBEPXHOCTU, U 3apsA0M BTOPOTO Iapa, KOTOPBIH B
CHJTy €r0 yHaJeHHOCTH MOJKHO CUHTaTh COCPEJOTOYEHHBIM B IIeHTpe. Tak Kak
TIOTEHIIHAT IPOBOJIAIIETO ITapa COBMAIAET C MOTEHIMANIOM ero LEHTpa, TO IIap,
o 0

3apsDKeHHBIN 3apsaaoM +(Q , UMeeT NOTeHIHal @, = iR 4
TTE €A
0 0

, & BTOpOH

e 9

COOTBETCTBEHHO @_ = -
4rega  4meyR

. Pa3HOCTh MOTEHIMANOB MEXy IIapaMu

paBHa

e Qo

U: —@Q_ = - .
0= 27e R 27Eya

OTtkyna coriacHo (5.3)

-1
C= Zﬂgo(i—lj .
R a

IIpu a — o eMKOCTb NpUONMKEHHO OyZeT paBHa 27ER .
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IIpumep 5.5. JIBa xonpencaropa C; u G,

[OKa3aHHble Ha  puUc.5.7,  3apspKaroTCs
creayommM oopasom. CHavama 3aMBIKaOT U
pa3MBIKatoT K04 K, 3aTeM 3aMBIKalOT KIIF0OY

K,. Omnpenenure paszHocTh noreHuuanoB U,

un U, Ha xoHAeHcaropax, eciiu D/IC Oatapeit

Eu€,.
Pewenue. llpun 3amblkaHun kmouda K
3apsbKaeTcs  TOIObKO — KoHzueHcatop  C,

OpUYEeM HAIpsOKCHUE Ha HEM COBHAAACT C

DJIC nepsoii Gatapem &,. Pasmbikanue

KJIro4a K] HHUYCTO HC UBMCHUT B CXEME.

gl

Puc.5.7

Tlocne 3ambikaHus Kiroya Kz Ha KOHZACHCATOpaXx MOABIATCA 3apsabl q, u

q, (cM. puc.5.8). Ilpu 3TOM Tak Kak 3apsj Ha IPOBOJHMKE B H3MEHUTHCS HE

MOJKET, TO
91 —492 = glcl >
a pa3HOCTh TMOTEHIINAJIOB MEXITy

nposoauukamu A u D pasna E,:

4D D2

£,
¢ G

Pemast moayueHHyI0 CUCTEMY aIreOpandecKux

ypaBHEHHH, HaXOIuM 3apsabl Ha
KOHZIEHCATOpax
&0, +&C
¢ =C——F—
C,+C,
Cc,C,
=172 (& -E&).
%) C+C, ( 2 1)

A I 4,
B
g,
—
D | -9
Puc.5.8

HMckomble HanpspkeHUst HA HUX HaXoAuM coryiacHo (5.3):
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Ec,+EC C
1=—2 2 1, Uzz—l (82_81)~
C +C, C +C,

[pumep 5.6. Mexny oOKIagKaMu TIOCKOTO
KOHJIEHCATOpa C pa3sMepoM TmacTuH d xb
HaXOJUTCA JAWDJICKTpUICCKast IJIaCTUHKA,
TOJIIMHA KOTOPOM  TNpPaKkTHYECKH paBHA
paccTOSHMIO  MeXAy ~— muacTuHamu [,
3aIOJTHSIOMIAS TPOCTPAHCTBO MEXKITY
IIaCTHHAMHU JIMIIb 4YaCTHYHO, KaK IIOKa3aHO
Ha puc.5.9. Pa3HOCTh MOTEHIMAIOB MEXITY
IJIAaCTUHAMM  KOHJeHcaTopa paBHa U .

I[I/IZ)J]CKTPI/I‘IGCKaSI MpOHUIAEMOCTb

Marepuala, us3 KOTOpOro HU3TOTOBJICHA

Puc.5.9

IJIaCTUHKA, paBHa & . Haliaure cumy, koTopas
OyneT AelCTBOBATH HA MJIACTHHKY M BTATUBATH €€ B KOHJICHCATOP.
Pewenue. Ilpoectn neTaibHOE UCCIIEIOBAaHNE CUIIBI OYEHb TPYIHO, TaK KaK OHA
CBSI3aHA C HEOAHOPOJHOCTSMH IOJISI BOJM3M KOHIIOB JHAJICKTPUKA M IUIACTHH.
OpHako ee MOXKHO HAaWTH, MCIOJIB3Ys 3HEpreTHUeckue coodbpakenus. st aToro
HalizieM cHadaja 3aBUCUMOCTb €MKOCTH KOHAEHCATOpa OT JJIMHBI IOMEUIEHHOHW B
Hero yacTH riacTuebl.  KoHpeHcarop, TmOKa3aHHbIH Ha puc.5.9, MoOXKHO
MPEJCTaBUTh KaK MapauIellbHOE COEIMHEHHE ABYX KOHIEHCATOpOB: HEPBBIM C

IUIOIAfbl0 TIACTHH S| =ax, 3aloNHEHHBIH IMAIEKTPUKOM, U BTOPOH C
IUIOLAJ(bI0 IUIACTUH S, = a(b - x) 6e3 pmdnexrpuka. [Ipu mnapamiensHOM
COETMHEHUH €MKOCTH CKJIabIBAIOTCS, IO3TOMY € ydeToM (5.5) Haxoamm
Eya &
C(x)=%(£x+b—x)=co+%x(8—1) (5.16)
rie Cy— eMKOCTb IyCTOTO KOHICHCATOpA.
JlomycTuM ~ MIaCTMHKA  JMAJISKTPUKA  [EpEeMecTHiiach  BHYTPb

KOHJACHCATOpa Ha PpacCTOSAHHUC dx , IpU 3TOM HCKOMasg CUJla SJICKTPHYCCKOTO

monst coBepiimia pabory A= Fdx. 3a cyeT KakuX HCTOYHHKOB 3HEPIHU
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coBeplIleHa 3Ta pabora? Bo3MOXHEI JBa pa3IMYHBIX BapUaHTa pacueTa paboThL.
B nepBoM cirydae KOHIEHCATOP OTKIIOYEH OT UcTOUHHKA. IIpu 9TOM coxpaHnseTcs
3apsa  KOHJICHCATOpa, a pPa3HOCTh MOTEHNUAIoB H3MeHseTcs. Paborta
COBEpILAETCA TOJBKO 33 CYET YHEPIUU KOHAEHCATOPa, TO €CTh

Q Q Eya U? Eya
Fdx=-dW = —(— £—1)dx =———\e—-1)dx, 5.17
ac(zc = = (e-1) O (e-1) (5.17)

OTKYyJa HaXOAuM CHUITY, HCﬁCTBymmyIO Ha IIJIaCTUHKY:

80aU 2 (
21

F= e-1). (5.18)

IIpu npoomkeHuy mporecca HalpsHKeHHe Ha KOHIEHCAaTope, a BMECTe C HUM U
JEHCTBYIOIas Ha IUIACTHHKY CHIa OyZyT U3MEHAThCS, OJHAKO COOTHOLICHHE
(5.18) ocTaercs B cuiIe.

IIpu gpyroM NDOAXOAE HANpsDKEHHE Ha OOKIAJKaxX KOHACHCATOpa,
KOTOPBIH TOCTOSIHHO TOJAKIIOYEH K MCTOYHHUKY, HMOIICPKUBACTCS MOCTOSHHBIM.
IIpu cMeleHNM IIACTUHBI B LIEIM HUCTOYHHKA IPOTEKAeT TOK, U OH COBEPIIAET
paboty A;= UdQ=U"dC. OnHOBpEeMEHHO SHEepTHsl KOHJAeHcaTopa Bo3pacTaer (a
He YyOBIBaeT, KaK B IpPEABIAYLIEM ClIydac) Ha BENMUMHY A,= 1UPdC. Takum
obpazom, Fdx = AI-A2 = %U%C, oTKyma, TOCKOIbKY TO-TIPEKHEMY

dC = ;)a (e-1dx, nomyunm BelpaxeHue (5.18) 1ms cuibl, BTATUBaIONICH

IUIACTHHKY B 3a30p MEXIy OOKJIaJKaMU KOHJEHcaTopa. Teneps,0lHako, 3Ta cuila
HE U3MEHsETCA IIPU NepEMEILCHUN TITIaCTUHBL.

Ipumep 5.7. Boluucaure >HEpruio Mojs 3apsHKEHHOrO Hiapa paguycoM R B
BaKyyMe, €CIM 3apsaj mapa ( paBHOMEPHO pacmlpesienieH mo ero oowremy. Kak

U3MEHHTCS pe3ylbTaT, €clu 3apsa OyleT pPaBHOMEPHO pacipefeneH IIo
nosepxHocty mapa? J{udnekrpudeckas IPOHUIAEMOCTh MaTepHaa Iapa - €.

Pewenue. Tak Kak Hoje BHE Iapa HE 3aBUCUT OT TOTO, PAcIpeiesieH 3apsij
paBHOMEpPHO IO o00beMy IIapa, WIM IO €ro IOBEPXHOCTH, TO HAauHEM C
HaxOXIeHWs dHeprud 3Toi dacté moisi. Vcmonp3ys Bwipakenwe (5.10) mms

TUIOTHOCTHU DHEPTUU I10JIA, MTOJTYIUM
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W, = J%E()E2(r)4m2dr.
R

HanpsokeHHOCTh  3JIGKTPUYECKOro MO Ul 3aJaHHOTO B YCJIOBHH 3a/ladd
pacnpenenenuss 3apsmoB  3amaercss ¢opmynod  (3.9). IloacraBmsist ee B
npeAbIIyIyo GopMyIly, MOIYy4UM

_27p°R® Tdr _27p’R’

9¢, -

WO
2
Y 9¢ 0

4 3
Hanomuum, uro 3apan mapa Q = pgﬂR , TIOOTOMY SHEPIUIO IOJI BHE IIapa

Q2
" 8gyR

MOKHO IIEPENUCATh B BUAC WO

3apspKeHHBIH 10 00beMy H1ap OyleT UMETh JOMOJIHUTEIbHYIO SHEPTHIO,
3aKIJIIOUEHHYIO B T0JIe BHYTpHU Inapa. Vcnonb3ys mosrydeHHOE paHee BbIpakeHHE
JUIA TIOJIS BHYTPH IIapa, UMeeM

R 2 R 2p5s
1 2 27p°R> W,
W=j—ggoE2(r)4m2dr=—”p jr“dr:—”p =2,
0 2 9¢g, 0 45¢e¢, S5¢

INonnas 3Heprus mapa, paBHOMEPHO 3apsHKEHHOT0 10 00beMY, paBHa

1
W, =W,|1+—.
wfied)
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Ipumep 5.8. [IBa mpoBomsmme mmrapa ¢
paguycaMd R ¥ r PACIOJOXEHBI Tak, YTO
paccTosIHUE MEXIy HX IIEeHTpaMH paBHO « . Ha

HUX  HaxXomATCi  3apsalbl 0 u q C? q
|
|

1Q

COOTBETCTBEHHO (cm. puc.5.10). B
IIPEeI0JIOKEHNH, V‘ITO r<<R, oueHure a
OHCEPruro B3aUMOACUCTBUS MEKIY HUMU.

Pewenue. DHeprusi B3aUMOJCHCTBUA MEKIY

3apsDKEHHBIMU IIPOBOJHUKAMH paBHa Pue.5.10

Pa3sHOCTH MEXAY PHEPrHsAMH I10JIs JUIA MIApOB, HAXOIAIIMXCS HAa PACCTOSAHHU O ,
1 IIapoB, YAAJIEHHBIX JAPYr OT JApyra Ha O4Y€Hb OOJIBIIOE II0 CPABHEHHIO C
panuycaMu 1apoB paccrosHue. [locnennss sHeprus paBHa YHEPTUM IO ABYX
YEIAUHEHHBIX IIapOB

=Q—2+i= ! Q—2+£ . (5.19)

2C 2C, 8w\ R r

Wo

OHeprus 1apoB, HAXOMAAIIMXCSA HA NPOU3BOJIBHOM PAcCTOSIHUM APYr OT Jpyra,

paBHa
09, 49
w=—20, 24 (5.20)
2 2
rae (DQ u ¢q -- IIOTCHOHAJIbl MAapOB paguyCcoM R wu r coorBercTBeHHO. [10

YCJIOBHIO 3aia4u r << R, I09TOMY IIpH OIIPEJENICHUH (), MAIblil ap paguycom

¥ MOXHO 3aMC€HHUTb TOYCYHBIM 3apsaiOM ¢ , IOMCIUICHHBIM B €0 LICHTP. BHyTpI/I

npoBojsmero mapa E=0 u ero moreHuuman paBeH MOTEHLUAlly LEHTpa,

KOTOPBIi COINIacHO MPUHIIMITY CYNEPHO3UIUN PaBEH

-1 (a.Q

Tlorennuman manoro miapa ¢q ONIPEALIIACTCA pacpeACJICHHBIM Ha HEM 3apsoM

g, a TalKe 3apsIoM Ha IoBepxHOcTH Oonbmoi cdepsl. Ilocnennuii B



§5. Dnexmpoemxocmo. DHepeus 31eKmpuiecko2o nos 97

NPUCYTCTBHM MAaJIOr0 3apsHKEHHOTO IIapa paclpeiesieH 10 MOBEPXHOCTH
HepaBHOMepHO. B mpumepe 4 derBeproro naparpada OblI0 IOKa3aHo, YTO IOJE,
€03/1aBa€MO€ HEPaBHOMEPHO PACIPEEICHHBIM II0 IOBEPXHOCTH OOJIBIIETO IIapa
3apsgoM (),  OSKBUBAJICHTHO OO JBYX TOYEYHBIX 3apsAmgoB ¢ u ¢q'',

PAcCIONOKEHHBIX Ha MPSAMOML, coequHsromell HeHTpsl cdep: 3apsan ¢'' B LEHTpe
. 2
chepsl paguyca R, a ¢' -- Ha pacctosHuH R°/a OT meHTpa OoJbliIero mapa.

Wrak, noTeHImal @, ONpejelseTcs TpeMs 3apsiaMi: ¢,q' 1 g'' 1 paBeH

1 q qV q!!
= =+ +=1.
4 47[80(1‘ a—Rz/a a
3apsnel ¢ W ¢ ObuUIM HalieHBl paHee W 3a1aroTcsi BhIpaxkeHusMH (4.19) u

(4.20). IToacraBnsis ux B @, , noJy4aeM

3
0, = 1 (9,92 _ ‘If . (5.22)
47[80 r a a2 a —R2

Iloacrasnas Beipakenus (5.21) u (5.22) B (5.20), Haxoqum W

1 2 2 2R3
- Q9 9", % __ ¢ , (5.23)
ameg| 2R 2r a  24*(a® —R?)

Onepruro  B3aumopeiicteus W, =W —W, mnonyuum, Beumras u3 (5.23)

BeIpakerne (5.19)

¢ |20 K
87ey | a qaz(az—Rz)

(5.24)

83

Ipumep 5.9. /IBa npoBoxsmue mapa ¢ pagdycaMd R W r pacloioXeHbl Tak,
YTO PacCTOSIHUE MEXIY MX IEHTpaMu paBHO a . Ha mepBom Haxomurcs 3apsan O,
a BTOpOW He 3apshkeH. B mpexamnonoxeHun, 4to r << R OLEHHUTE DHEPTHIO

B33.I/IMO[[CI>10TBH${ MEXIY HUMH.
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Pewenue. JHeprus B3auMOICHCTBUS MEXK/y ONMCAHHBIMU B YCIOBHHU 3a7]a4l, HO
3apsHKEHHBIMH IIapaMy OblIa HaiiieHa B INpeAblAyLIeM IpUMepe U 3aaeTcs
BeIpakeHneM (5.24). Bumgum, 9To ecnu 3apsii ¢ paBeH HYIIO, TO OHAa TaKke
paBHa Hyit0. OHaKO IpU BBIBOZE BbIpakeHus (5.24) HE yUUTHIBAIOCh, YTO 3apsi]
g Ha Imape paguycoM Fr TaKkKe, Kak M Ha BTOpOi cdepe, pacnpelencH
HEPaBHOMEPHO. Y4eT HEpaBHOMEPHOCTH paclpelelieHus 3apsioB 1o chepam
JaeT Malylo mnompaBky B (5.24), koTtopas He oOpamiaercs B HOub mpu g =0.
Haiinewm ee.

Bynem npennonarats, 4To B Ipejiesiax Majioro Iapa IoJje, CO34aBaeMoe
OONBIIMM, MOXKHO CYUTATh OJHOPOIHBIM. B mpumepe 7 u3 maparpada 3 ObL1o
IOKa3aHO, YTO Ha MPOBOJANIEM IIape B OAHOPOJHOM 3JIEKTPUYECKOM IIOJIE
HaIpsDKEHHOCThIO E  MOsBNISETCS HaBEOCHHBIM 3aps[], IoJe KOTOpOro 3a

npeAenaMy 3TOro Iapa YKBUBAJICHTHO MOJIO JIUIMOJS C IMIOJIBHBIM MOMEHTOM
P, =4ﬂ£0r3E , TIOMEIIEHHOTO B LEHTP LIapa, W OINpeAesieTcs BhIpaKEHHEM
(2.8). B nenrtpe Oomnpmioro mapa 3TOT AMIONb CO3[A€T JONOJHHUTENBHBII

3
MTOTEHLIAAT A(o:L:E—Z, rue Esz

5 -- HamnpsHKEHHOCTH TIOJ,
4rega a 4rega

€0371aBaeMoro 3apaaoM Q B LEHTpe 1mapa paguycoM r . OKOHYATENbHO

o (rY
Ap~—=—| | .
4reya\ a
OT0 Manoe M3MEHEHUE MOTEHIMaNa OONBIIOro Iapa, o0YCIOBICHHOE

3apsaaMy, HaBeJICHHBIMM Ha MajJIOM IIape paJuycoM ! , U ONPEHCIICT SHEPrUio
B33,I/IMO)1€I>10TBPI${ 3apsHKEHHOTO M HE3apsKEHHOI'O IIapoOB

2 3
w oA O (’} (5.25)

“ 2 8reyala

3aoauu ona camocmosnmenwvHoll padomol
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5.1. Ompenennute eMKOCTh YEJUHEHHOI'O IIapOBOTO IPOBOJHMKA PaguycoM R,
OKPYXXEHHOTO TpPHICTAlOUMM K HEMYy LIAPOBBIM  CIIOEM  OIHOPOJHOTO
JU3JIEKTPUKA € IUAJIEKTPUYECKOH MPOHUIIAeMOCThI0 €. BHemnmid paanyc cios —
R,.

5.2. Codepuyecknii KOHAEHCATOP, COCTOSIIIMA M3 JBYX KOHIEHTPUYECKUX
npoBosIMX cdep ¢ paxuycamu R; u R, (R,>R,), 3apsDKeH 10 HaNpsDKCHUS
U. Hackonbko W3MEHHUTCS JHEPrHs OJIEKTPUYECKOTO OIS, €CIH 3a3eMIIMTh
BHYTpEHHIOIO chepy?

5.3. Kak u3MeHHTCS €MKOCTh IOMELICHHOrO B KOpOOKY KOHZIEHcaropa (cM.
TIpumep 3), ecnmu KOpoOKY COETUHUTD C OTHOM W3 IUTACTHH?

5.4. TIpocTpaHCTBO MEXIy IUIACTUHAMH IUIOCKOTO KOHJEHCATOpa 3allOJIHEHO
IUDIIEKTPUKOM, TUDJIEKTPUIecKas MPOHUIIAEMOCTh KOTOPOTO JTMHEHHO MEHSeTCs
B TEPINEHIUKYJIIPHOM OOKIaJKaM HalpaBlICHUM OT 3HAUYEHHA &, Yy OJHOM
IUTACTHHBI 10 3HAYEeHUs &, < € y Apyroil. PaccrosHue Mexny miacTuHamu d ,

IUIoIIab KaXkaoH U3 HuX paBHa S . Haliante eMKOCTh KOHAEHCATOPA.

5.5. Paguycsl BHyTpeHHell U BHemHeH OOKIAAOK IMIMHIPUYECKOIO
KOHJICHCATOpa YBEJIHYMIM BIBOE, COXPAHUB 3aps/ibpl Ha oOKiankax. M3MeHummch
JM: a)HANpsDKEHHE Ha KOHJAEHCATope; O)HANPSDKEHHOCTb JJICKTPUYECKOTo MOJISL
BOJIM3W BHYTpEHHeH 00KIaIky KOHaeHcaTopa?

5.6. Coepuueckuil KOHIOEHCATOp € pajguycamMu oOkimamok a u b (b>a)

3QIIOJHEH AMAJICKTPUKOM, AMAICKTPHYECKAsh MPOHHUIAEMOCTh KOTOPOTO 3aBHCHUT
£,a .

OT pPAacCcTOSHUS r [0 LEHTpa KOHIACHCAaTopa MO 3akoHy & =—— . Haiimure
r

€MKOCTb KOHACHCATOpa W DOHEPruio, 3allaCeHHYI0 B HEM, €CJIM pPa3HOCTb
IIOTCHIIUAJIOB 06KJ'Ia,£[0K paBHa U.
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5.7. Pamuycsl npoBOmOB, 0OOpa3ylOIIUX JBYNPOBOAHYIO JIMHUIO, PaBHBl I .
PaccrosHue mexay ocsiMM CUMMETPHUU IIPOBOJHUKOB -- a . Haiinurte eMkocTh

CIUHUIbI JJIWHBI TWHUA C() TIpH YCIIOBUH a >> 71 .

5.8. Haiimure HampsHbKeHHOCTh 3IEKTPHIECKOTO
1oJs B IJIMHHOM LWIMHIPUYECKOM KOHIEHCATOPE,
IPOCTPAHCTBO MEXAy OOKIagKaMH KOTOPOTO
3aII0JIHEHO OJHOPOJHBIMU JAMAJIEKTPUKAMH  C
JUJIEKTPUUECKUMH TIPOHUIAEMOCTSMU & H &,
(M. puc.5.11). JudIEKTpUKM TpaHUYAT MEXTY
co00if  BOJb IIOCKOCTEH, IEPECcEeKaroNUXCs Ha
ocu munuHapa O. JIByrpaHHsle yIibl, 00pasyeMble

MU B JUDJIEKTPUKAX, PABHBI COOTBETCTBEHHO I/

u v, (W, +w,=2x). Jlmma xomzencatopa

paBHa [, a 3aps] Ha BHYTpeHHeW oOkiagke O .

Haiigure Taxke eMKOCTh KOHAEHCATOpa, €Cclu

paguychl IMIMHIPUYECKUX OOKIANOK paBHBI R; U

R, (R, <R,).

5.9. Barapes, cocrosimiasi M3 1 MOCJEAOBATEIFHO COEAMHEHHBIX OJUHAKOBBIX
KOH/IEHCATOPOB, 3apshKeHa U OTKIIOUeHa OoT ucTouHuka noctosHHoi DJIC. Onun
KOHJICHCATOp B pe3yiabTaTe yTeukdu paspsuwics. Kak u3MeHWnInCh:  a)
9JIEKTPOEMKOCTh OaTapey; 0) HalpsDKeHUE Ha Heil?
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HHH jﬁﬂa

).
W

HI ﬁﬁﬁ

Puc.5.12

5.10. Bartapest u3 yeTbpex KOHAECHCATOPOB
BKJIIOUEHA OJJMH pa3 [0 CXeMe a), a Ipyron
pa3 mo cxeme 0) (puc.5.12). 1) B xakom
ciIydae eMKOCTh Oarapeu Oyzner Ooible,
€Cld  BCE  KOHJIEHCATOPbl  UMEIOT
o/IMHAaKOBYIO eMKocTh? 2) Ecim emkoctn
KOHIIEHCATOPOB  Pa3JIMYHBl, TO KaKOMY
COOTHOLICHUIO OHHU JTOJKHBI
YIOBJIETBOPSITH, 9TOOBI pu
NEPEKIIIOYEHNH CO CXEMBI a) Ha cxemy 0)
€MKOCTh OaTapen He MeHAIach?

5.11. CpaBHHUTE DIEKTPOEMKOCTH CHCTEMBI
OJMHAKOBBIX KOHJEHCATOPOB, M300paKeHHOH
Ha puc.5.13 pu a) pa3oOMKHyTOM; 0)
3aMKHyTOM Kiroue K.

5.12. bBarapess w3 Tpex MOCIeAOBATEIHHO
COCIMHEHHBIX KOHJIEHCATOPOB IMPHUCOCANHEHA
Kk wucrounnky mnocrtosaHOH DOJIC. Kakoit
KOHJICHCATOp oOnagaer HauOobLIeH

anekTpuueckoi sHepruer, ecmn C; =C,

C,=2C u C;=3C"?

Puc.5.13

5.13. KonzencaTop, 3ar0JHEHHBIH JKUIKUM AMAIICKTPHUKOM C JHIJIEKTPUYECKON

TIPOHUIIAEMOCTBIO £, 3apsAaAniid, 3aTpaTUB Ha OSTO JSHEPTUIO Wl . 3areMm

KOHACHCATOPp OTCOCAMHWIM OT MCTOYHHKA, CIWIA H3 HEro OJUIJICKTPUK H

paspsaunu. Kakas sneprus W, Bblgenunaach npH paspsiake?
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5.14. Tpu npoBogsamux mwapa ¢ paguycaMu R, =10cm , R, =20cm u Ry =30cm
n mnoreHnuanamu @, =450B, @, =300B u @3 =150B COOTBETCTBEHHO
HaXOmATCS JaJleKo ApYyT oT Apyra. Kakoe xomndgecTBoO Temna O BBIASITHUTCS, €CIH

UX COEIMHUTHh TOHKMMH NMPOBOJIOYKaMu? EMKOCTBIO IPOBOJIOYEK MTPpeHeOpeyb.

5.15. BHyTpu IUIOCKOTO KOHJAEHCATOPA € IUIOMIAABIO IUIACTHH S M PacCTOSIHUEM
MEXIYy HUMU d HaXOOWTCS IUIACTHHA M3 JUANIEKTPHKA, LIEJIUKOM 3allOJHSIOMIAs
IIPOCTPAHCTBO ~ MEXKIy  IUIaCTUHAMM  KOHJAeHcartopa.  Jlusnekrpuueckas
IPOHUIIAEMOCTh IIACTHHBI paBHa &. Ha kakylo BennunHy AW wu3MeHHTCA
SHEprusl KOHAEHCATOpa, eClIM yaalauTh miactuny? Kakyio Mexanudeckyio padboty
A HyXHO Ipu 3TOM 3arpaTuth? Pemmure 3amauy npu AByX ycloBusaX: 1)
KOHJICHCAaTOp Bce BpeMsi moxacoeanHeH Kk Oatapee ¢ OJIC, paBHoil €; 2)
KOHJIeHCaTop OBUI IEpBOHAYAIBHO HOACOENUHEH K TOH ke Oarapee, a 3aTeM
OTKJIIOYEH, U TOJBKO MOCIE 3TOTO IUIACTUHA ObLIa yAaJleHa.

5.16. Ha oOknankax IJIOCKOTO KOHIEHCATOpa HAXOMSATCS 3apsiiel +g U —q .
IMnomanps obxnagox S . Kakas pabora A OymeT coBeplleHA CHIAMU IOJS MpU

cOMMKeHNH 00KITaZIOK C paccTOsHUA d, 10 paccTosHUs d ?

5.17. Ilnockuif KOHIEHCATOP, ILIACTHUHEI
KOTOpOr0  MMEIT Imomags S |
PAcCIONIOKEHbI Ha PAacCTOSHUU d JOPYr OT
JpyTa, 3al0JIHeH TBEPAbIM IHIIEKTPHUKOM C
JOUBIIEKTPUUECKOH  TPOHUIIAEMOCTBIO &
(puc.5.14). KonneHcatop MOACOEIUHEH K
6arapee ¢ OJIC paBHoi €. Onny wu3
IJIACTUH KOHJAEHCATOpa OTOABHUTAIOT Tak,

yTo oOpasyercsd BO3AYHIHbIH 3a3op. Ha

Kakoe paccTosiHMe X ObLIa OTOABUHYTA
IJIACTHHA, €CIM IpPU 3TOM IIPOHU3BEIEHA
Puc.5.14 padota A?



§5. Dnexmpoemxocmo. DHepeus 31eKkmpuiecko2o nos 103

5.18. Toueunblil 3apsn ¢ HaxoAWTCA B JAMAICKTPHUYECKOH cpene ¢

JU2JIEKTPUYECKON MIPOHUIIAEMOCThI0 € . Haiinure sHepruro moss, 3aKI04eHHOr0
BHYTPH KOHLEHTPUYECKOTO C 3aps/iOM IIAPOBOTO CJIOs, PajuyChl BHEIIHEH U

BHYTpEHHEi MOBEPXHOCTEH KOTOPOro paBHEl & M 0 COOTBETCTBEHHO.

5.19. 3apsanx g pacmpeneneH mo Merayuimdeckoil cdepe pammycom R. Cdepa
OKpYXEHa IIApOBBIM CJIOEM [IUAJIEKTpHUKa ToMmuHONM R. YeMmy paBHa mosHas
SHEPTus AIEKTPUUYECKOro II0JIs, CO34aBaeMOT0 3aps0oM BO BCEM IIPOCTPAHCTBE,

€CIIM IUNIEKTPUYECcKas IPOHUIIAEMOCTh AUIEKTPUKA paBHA €7

5.20. TlepBoHavanabHO 3apsn qle_mK/z pacmpeznenseTcs paBHOMEPHO II0

o0beMy, OrpaHHMYEHHOMY TpoBoIsImIeld cdepoit pammyca r=Ilcm. 3arem
BCJICJICTBHE B3aUMHOIO OTTAJIKUBAHUS 3apsAbl IEPEXOMIT Ha IOBEPXHOCTH

chepsl. Kakyro paboTy A COBEpIIAIOT MPH 3TOM DIICKTPHUYECKUE CHITBI?

5.21. Opna oOknajzka IUIOCKOTO BO3AYIIHOIO KOHIEHCATOpa IPHOMMKACTCS K
Ipyroif, mpoxonas myts S§. Cuuras, 4TO HayalbHBIE PAcCTOSHUA d MEXIY
OOKJIafKaMH M HayajbHBIE 3apsgbl KOHIEHCATOpa OJMHAKOBBI, HainuTe
OTHOIICHHE pPabOThl CHIbl IPUTSDKEHUS OOKIAZOK B JABYX  Clydasx:
1)xoHOeHcaTOp BCEe BpeMsl MOJCOEAMHEH K HCTOYHMKY moctossHHON JJ(C; 2)
KOHJIEHCATOp 3apsikeH U oT ucrouHuka 3J[C oTKII0YEH.

5.22. IluiMHAPUYECKUH KOHJICHCATOp C paguycaMu oOkinagok R u 4R 3amoiHeH
OJHOPOAHBIM AWAIEKTpUKOM. KoHaeHcaTop 3apsikeH. MBICICHHO pasienuM
MPOCTPAHCTBO MEXIy OOKIaAKaMH KOHJAEHcaTopa Ha JBe obmactu
WINHAPUYECKON MOBEPXHOCTBIO paguyca 2R , KOAKCHAIBHON ¢ IOBEPXHOCTSIMU
LWINHIPUYECKOTO  KOHJAeHcaTopa. Halinure  oTHomeHMe @  3Heprui

DJICKTPUYCCKOI'O I10JI B IBYX 00IacTsX.

5.23. Haiioute eMKOCTh cepHueckoro KOHIEHCATOpa, MPOCTPAHCTBO MEKIY
OoOKJIaKaMH  KOTOPOTO  3allOJJHEHO  OJHOPOAHBIMH  JHIJIEKTPUKAMH  C

JUBIICKTPUUECKUMU NIPOHULAEMOCTIMH & U &, (cM. puc.4.11) JudnexTpuku
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rpaHuyaT MEXAy co0oil BIOJb MOBEPXHOCTU KOHyca ¢ BepIIHHOU B neHTpe O.
TesnecHbIi yrol KOHyca , 3aIOJHEHHOTO MEPBBIM AMAICKTPUKOM, paser (2, a
3a[OJIHEHHBIM BTOPBIM JHUYIEKTpUKOM - £, (Q,+Q, =47x). Paguycs

MIApOBBIX OOKIANOK paBHBl Ry u R, (R, <R,).

5.24. KongeHcatop IEpeMEHHOH E€MKOCTH COCTOUT U3 JABYX HEMOJBIIKHBIX
METAJNINYECKUX TUIACTUH, PACTIOIOKEHHBIX HA PACCTOSTHHN
d Jpyr OT Japyra, U TOABWXHON IUIJIEKTPUUECKOI
MUIACTHHBI, KOTOPask MOYKET MOBOPAYUBATHCS U BXOMIHUTH B

3a30p MEXIy MeTaJUIMYeCKHUMHU IutacTuHaMu (puc.5.15).

Bce mmactuHbl umeroT ¢GopMmy moiykpyra paamyca R,
TIpUYEM 3a30pbl MEXIY AWDIEKTPUYECKOM IUIACTUHOW M

Puc.5.15

IUIACTHHAMHU  KOHJAEHCATOpa MpPEeHEeOpeXUMO Mallbl MO

cpaBHeHuto ¢ d . IIpenebperast kpaeBoIMU d(pdeKkTaMu, HAUTH MOMEHT cunl M
JEHCTBYIOIMX Ha AUNICKTPHUUECKYIO IUIacTUHY. HampsikeHne Ha KOHIEHcaTope
MOJICP>)KUBAeTCsT PaBHBIM U, OMANEKTpUuYEecKas MPOHHMIAEMOCTh IOJBHKHOM
IJTaCTHHBI paBHA & .
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§6. KBazucraunonapubie TOKH

Kpamkue meopemuvuecKkue ceedenusn

Toxu 1pOBOJAMMOCTH. HpI/I NOMCUICHUU TIPOBOAHHKA B 3JICKTPUYECKOE

IoJIe B HEM BO3HMKAET HAIPABICHHOE ABIXKCHUE 3aPSHKEHHBIX 4aCTULL (c60000HbIX
3aps006), KOTOPOE HA3BIBAIOT MOKOM NPOEOOUMOCHU. DTH TOKH CO3HAOTCH,
BOOOIIE TOBOPSA, KAaK OTPUIATENbHBIMU, TaK U MOJOXKHUTEIBHO 3apsDKCHHBIMU
YaCTHIIAMH, CKOPOCTH JIBWXKEHHS KOTOPBIX V. M V' pasnu4Hbl. Pacnpenenenue
TOKOB B NPOBOJTHUKE OTIHCHIBAETCS BEKTOPOM /I0MHOCHIU MOKA TIPOBOJIAMOCTH: j
=e(n*v' - n'Vv), rae n' ¥ N — KOHUEHTPAUMHI IOJOKUTENBHBIX U OTPULATENBHBIX
MOJBWKHBIX HOcUTened 3apspa. o KaXIoro THUIA HOCHTENeH CKOpPOCTh HX
YIOPSA/IOUEHHOTO JBHAKCHHS V MOXKeT ObiTh 3amucana B Buae v = E, rie o —

nooeudichocms Hocutenedl, a E — HampsHKeHHOCTb SJIEKTPUYECKOTO MOJNs B
npoBoaHKKe. Ecnm KOHIIeHTpaniy HOCHTENeH He 3aBHCAT OT HAIPSHKEHHOCTH TIOJIS
(uTo cpaBeAIUBO B OOJIBLIMHCTBE IPOBOAHUKOB), TO CIIPABENINB 3akoH Oma :

j=AE (6.1)

rae A — yoeavHas npoeooumocms cpenpl. Jisi OMUCAHUsT HPOBOMIINX CPEJl YacTo
UCTIONB3YIOT TaKKe ydeavroe conpomusnenue P=1/A. [IporekaHue TOKOB BEIET K
nepepactpeeeHHIO 3apsioB (perakcayuu 3apsioos) B cpelie, U, B KOHEYHOM cUeTe,
K HCUYE3HOBEHHWIO MOJISI M NPEKPAIIeHUIO TOKOB. [109ToMy 3a cdeT KyJIOHOBCKOTO
B3aUMOJICHCTBHSA 3apsI0B IPOTEKAHUE CMayuoHapHblx (He 3aBUCIIINX OT BpEMEHH )
TOKOB HEBO3MOXKHO. XapakKTepHOe BpeMsl YCTAHOBIEHHS CTallIOHAPHOTO
pacrpezeneHus 3apsnoB T = £/ s XOPOIIO IPOBOISIINX CpPell OYECHb MAlIO.
Toku, Mano U3MEHSIOIIUECs Ha MaclITade BPEMEHHU peJlaKCalluy 3apsiJOB Ha3bIBAIOT
K8A3UCMAYUOHAPHBIMU.

CTaHI/IOHapHLIe TOKM MOTYT HPOTEKAThb TOJBKO NPU HAJIUIUU CMOPOHHUX
cun (CHWI He KYJOHOBCKOTO MPOWCXOXKACHHUS), NEHCTBYIOIIMX HAa 3apsDKCHHBIE
YJaCTUIIbL. DT CUJIBI OMHCHIBAIOT 10I€M CIOPOHHUX CUJ, HAPSDKEHHOCTh KOTOPOTO

MPUHATO 0003HaYaTh Kak EC. B Ttakom ClIy4a€ 3aKOH Oma MNPUHUMACT BUA:
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j=M E+ E), (6.2)

rae mox E TO-NpexHEMy NOHHMAETCS HANPSUKEHHOCTB SIIEKTPHYECKOTO IO,
C0371aBaeMOTr'0 3apsigaMH.

CTopoHHHE CHIBI HE NOTCHIMAIbHBI U WX padoTa NpH MepeMeIleHUU
3apsaa 1o 3aMKHYTOMY KOHTYpY OTJIMYHA OT HYJSl. B IPHCYTCTBHM CTOPOHHHX CHII
3apsabpl Ha MOBEPXHOCTU IPOBOJHUKA IEPEPACIPENEIISIOTCS, U HOATOMY IIOJe B
NPOBOJHUKE HE PaBHO, BOOOIIE TOBOPsS, HYNIO OaXke B TeX €ro obyacTsix, Tae
CTOPOHHHE CHJIBI HE JIEHCTBYIOT. B TmOJNe CTOPOHHHX CHJI BBOIUTCS TIOHATHE
anekmpoosudcyweti cunvt (IJAC)

SszCdf, (6.3)

OIpeeNsIEMOM A1 MPOU3BOJILHOTO KOHTYpa MM €r0 Y4acTKa.

HenpepoiBHOCTE TOKOB. B CUJIy 3aKOHa COXpaHC€HHA 3apsaja TCKYyIIHUE B

l'[pOBO)lHl/IKaX TOKH BCEraa yILOBJ]CTBOpSI}OT ypaBHeHmo HereprBHOCTI/IZ
do/dt + div j =0, (6.4)

rae p — 00bEMHAs IUIOTHOCTD 3apsgaa. B ClIy4a€ CTallMOHAPpHBIX TOKOB
divj=0 (6.5)

KBB.?)PICTB.HPIOHEIPHLIC TOKHU YAOBJIETBOPAIOT TAKOMY KC YCJIOBHUIO.
Cwuiia Toka. Z[J'Iﬂ MPOBOAHHWKA BBOAUTCA IOHATUEC CUIbl MOKA

I= j jds, (6.6)
rae HHTeIpHpOBaHHC l'[pOBO)ll/ITCSI I10 CCHCHUIO HpOBO)lHl/IKa.

3apsnKeHHOE TEIo B MIPOBOISIIEH Cpefie pa3pshKaeTes, IIpHIeM

dQ/dt = -1, (6.7)

a TOK I BBIYMCIIAETCS Uepe3 JIF0OYI0 OKPYKAIOIIYIO TEJIO IIOBEPXHOCTD.

B OompmmHCTBE 3aad paccMaTPUBAIOT TOKH, TEKYIIUE [0 TOHKHUM
IIPOBOJIaM, TOJII[MHA KOTOPBIX MHOTO MEHbIIE AJIMHBI. B KBa3ucTalioHapHOM
cllyyae cuila TOKAa BO BCEX CEYEHMAX MPOBOJAa OJMHAKOBa. 3akoH OMa IO3BOJSET
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CBsA3aTh CHJIY TOKa, TEKYLICTO IIO MPOBOAY C Pa3HOCTHIO NOTCHIUAJIOB U Ha ero
KOHIax:

U=IR, (6.8)

riae koadduipeHT R Ha3bIBaIOT conpomuesnenuem IPOBOTHHKA.
B wactHOCTH, 1711 3aMKHYTOrO KOHTypa, caepxamero J.J[.C. u3 (6.3) u
(6.8) crrenyer:

I=E&/R (6.9)

BenuunHy, o00paTyl0 CONpPOTHUBICHHIO NPOBOJHHMKA HA3bIBAIOT €ro
l
npoeodumocmsio. Iyl 0Tpe3Ka TOHKOTO MPOBOJA HEU3MEHHOIO ceueHus: R =%
(I- nvHA MPOBOAHMKA, @ S - TUIOLIAIb €r0 CEYCHHS).

[Ipn mpoTekaHMH pacHpeieNeHHbIX TOKOB B Cpele MEXAY XOpOIIo
NPOBIAIIUMHU  3JEKTPOJIaMH,  IIOBEPXHOCTH  KOTOPBIX  MOJKHO  CYMTaTh
SKBUIOTEHIIMAIBHBIMY, AHAJOTMYHO MOXKHO BBECTH CONPOTHBICHHE YdYacTKa
npoBoguuka: R = U/I, tne I — Tox Kaxmoro anmekrpoxa, a U -- pa3HOCTH
MOTEHLMAJIOB MEXIy HMMHU. J[ng pacyera Takoro CONPOTHUBIICHHS HEOOXOIUMO
3HATh pacHpesieieHHe TOKOB B Cpelie.

[Ipu npoTekaHNK TOKOB B CpeJie BBIIEINSETCS TEIUIo, 00bEeMHAs INIOTHOCTh
MOIITHOCTH UCTOYHHKOB KOTOPOTO, COTTIACHO 3aKkoHy [orcoyaa-Jlenya, paBHa:

v=(j E) =AE? (6.10)

Hepr[[HO 3aMCTUTh, 4qTo IJIOTHOCTh  TCIUIOBBIX  HMCTOYHHUKOB B

HpOBOHﬂH.[efI Cpeac mnponopunuoHajibHa INIOTHOCTH 3HEPTHUHU DJICKTPUYCCKOI'O IIOJIA
Wg:
V=2V eg,) )wr e wy= % eg) E* (6.11)
KOJ’II/I‘ICCTBO TEIl1a, BBIACIISIIOIICTIOCS B l'[pOBO)lHI/IKe B CILI/IHI/ILly BpeMeHI/I
N=UI=FR (6.12)

paBHO pa60Te CHJI IIOJIA TI0 MEPEMCUICHUIO 3apA0B BAOJb IIPOBOJHUKA B €AUHUILY

BPEMEHH.
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IIpn BbIYMCIEHUH CONMpPOTUBIIEHUS Y4YacTKa IIPOBOISLIEH Cpenbl 4acTo
IOJIE3HO HPEJICTaBUTh €ro B BHAE MOCIEJOBATENBHOTO WIH I1apajllelIbHOTO
COEIIMHEHUs y4acTKOB Oojee mpocToil ¢opmbl. IIpu 3TOM ciegyeT HOMHUTH, YTO
IpHU MOCJIEJOBATEIbHOM COCIMHEHHU CONPOTHUBIECHUS Y4aCTKOB CKJIAJIBIBAIOTCA, a
[IpU NMapajieIbHOM — CKJIaAbIBAIOTCS UX IPOBOJIUMOCTH.

I[II}I 0oJIee CIIOKHBIX Ppacy€TOB UCNOJIB3YIOT TECOPUIO JICKTPUICCKUX nemnei.

[pumep 6.1. Haiigure compoTuBieHHe cosi clabo TPOBOASIIEH Cpemsl C
[OPOBOJMMOCTBIO A, pPACIONOKEHHOW MEXIy IBYMs XOPOIIO IPOBOISIIUMH
KOHLIEHTPUYECKUMHU cepamu paauycoB R, u R,.

Pewenue. Co3namim Mexay chepamu pasHOCTh moTeHnmanoB U . Pacnpenenenue
IIPOBOJHUKOB 00Nanaer chepruueckoil CHMMETPHEH, IM0ITOMY IUIOTHOCTH TOKa }

HampaBlieHa II0 paaMycy M 3aBUCHT TOJNBKO OT r. PaccMmoTpum cdepy
IIPOM3BOJIBHOTO pajiiyca r W HailleM TOK, IPOTEKAIOUINI uepe3 Hee

1=§jds =4z j(r).
Mo 3akony Oma E = = J - BbIpaxkast TWIOTHOCTD TOKa 4yepe3 I , HaxoanuM

1
E =—2/l. Tenepp HETPyAHO BBIPa3UTh 4Yepe3 MNapaMeTpbl 3aJayd Pa3HOCTb
4y

MIOTEHIIUATIOB MEX 1y chepamu

R,
1 1 1
U= JEdrz— —_———
47A\ R, R,

R

OTny[a COIIPOTHUBJICHUE CJIOA

B cmyuae ToHKOro cios TommmHOH d =R, —R <<R;, ero

COTIPOTHBIIEHHE OyJeT paBHO
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d
R=~—,
AS
roe S = 47L'R12 -- TJIOIIA/b CIIOS.

B ciiygae R, >> R, conpoTHBIIECHHE CPEObl CTAHOBUTCS PaBHBIM
2 1

_ 1
47AR,

U 3aBHCHUT TOJIBKO OT Pa3MEpOB BHYTPEHHETO TeJia.
Ipumep 6.2. Haiinute cOOTHOIIEHHE, CBA3BIBAIOLIECE CONPOTUBICHUE CPEIbI MEXKILY
JIByMSI XOpPOLIO IPOBOJSIIMMHU TeJaMH, IHOTPY)KEHHBIMH B CJ1a00 IPOBOJSAIIYIO

Cpeny, M eMKOCTBIO KOHIEHCATOpa, 00pa30BaHHOTO TUMHU TeTaMH.
Pewenue. OxpyxkuM OJHO U3 TeJl 3aMKHYTOH MOBEPXHOCTBIO S M HaliieM TOK,

T D— A
MPOTEKAIOMINN Yepe3 Hee 1= § jds = ii;/i—dS =—0, .
3 s € &gy

AHaNOrMYHO TOK, MPOTEKAIOIINH Yepe3 BTOPOe TEJI0 PaBEH

A
I=—0,. (6.12)
g,
Tak Kak TOKM paBHBI U HalpaBIEHBl B pa3Hble CTOPOHBL, TO O, =—0, H Tena

MOXHO paccMaTpUBaTh KaK KOHAEHCATOp, EMKOCTh KoToporo oboszHauum C. Ona
CBA3aHa C Pa3HOCTHIO IOTEHIMANIOB MEXAy IPOBOJHUKAMH  HM3BECTHBIM

COOTHOIIEHHEM @, — @, =U = E Ta ke pa3HOCTh MOTEHI[UATIOB CBSI3aHA C TOKOM
3akoHoM Oma U =[R. TlpupaBHHBasl BBIPQXKEHHS U1 Pa3HOCTH TOTEHIIMAJIOB,
HaxomuMm IR = E , wiH, ¢ yaetoM (6.12):

_£&

R .
AC

(6.13)
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IIpumep 6.3. 3azeMieHHE OCYIIECTBISIETCS C MOMOIIBIO HIEATBHO MPOBOISILETO
niapa paamycoM a, HalOJIOBHHY YTOIUICHHOTO B 3€MJIIO (IIPOBOJMMOCTBH 3EMIIH
A = const ). Haiinute conporusienne R Takoro 3azemimresis.

Pewenue. PazobbeM 3amady Ha 1Be. J[OIyCTHM, YTO IIap MOJHOCTBIO YTOIUICH B
3emuio. CONpOTHBIICHHWE TaKOTO 3a3eMJeHHs 3amaeTcs ¢opmynoi  (6.12),

HOJIy4EeHHOH B MpeApIAyLIeM NIpuMepe, ecid B He€ BMecTo C MoJCcTaBuTh 47€Eya --

€MKOCTh YEAUHCHHOI'O IIapa paIuyCoM a :

- 1
A7ia

Iap, HamoJIOBUHY YTONJIEHHBIH B 3€MIIO, HAXOAMUTCA Ha TPaHHLE pasfena OBYyX
cpen. B cumy Toro, yro rpaHuna pasjena COBNAAAeT € INIOCKOCTBIO CHMMETPHU
nliapa, HalpsDKEHHOCTh Ha TpaHUlle pasjiea HalpaBlleHa BHOIb TPaHUIBI (CM.
peuieHue mpuMmepa 7 u3 naparpada 4), a CUIOBBIC JIMHUH 3IEKTPHUECKOTO OIS B
3emile A7 nodycepsl COBHALAOT C CHIOBBIMU JMHMSAMHU JUIS IApa, MOJHOCTHIO
MOrPYKEHHOTO B OJHOPOAHYIO cpeny. OIQHAaKo HpU TOM JKE€ IOTEHLHANE TOK,
TeKyIIUH depe3 Tomycdepy BABOE MeHbIINe, 4eM depe3 cdepy. M3 mpoBemeHHBIX
paccykIeHHH CIeyeT, YTO HICKOMOE COIIPOTUBIIEHHE

R= 2R'=; .
27Aa

IIpumep 6.4. B xadecTBe 3a3eMIICHUS NEKTPUYECKHUX LENEH 4acTO HUCIOJIb3yeTCs
map paguycoM d, 3apbIThlil B TPYHT C IPOBOAMMOCTBIO A, MHOTO MEHBIIEH, YeM
IPOBOJMMOCTh MaTepHasa mapa. HalinuTe TEemioByro MOIIHOCTb, BBIIEISIONIYOCS
B OKPECTHOCTH 3a3€MJICHUs, IPU 10/a4e Ha Hero HanpsbkeHus U (OTHOCUTENBHO
YJAJIE€HHBIX TEI).

Pewenue. TennoBas MOIIHOCTb, BBIIENAIOIIASACS B IPOBOJHHKE, OIpEEIseTCs

U?

3akoHOM J[xoyisa-JleHna N = T s

rae R — conpoTHuBieHHE cpelibl, OKpyKaroued map. Ero cBs3b ¢ €eMKOCTBIO LIapa
OblIa MoNTy4eHa B puMepe 2 U 3amaetcs BeipaxkeHueM (6.13). IToncraBum ero B N,

MOIY4UM
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_AC 2
g,

N

EmkocTh yenuHeHHOro 1mapa 3amaercd BblpakeHueMm (5.2), OTKyna

OKOHYAaTCJIIbHO

N =47aU? .

IIpumep 6.5. /[Ba 0qMHAKOBBIX TeNa 3apBITHl B 3€MIIIO Ha OOJBIIOM PACCTOSHUHU
JIpyT OT Ipyra. Pa3HOCTh MOTEHIMATIOB MEXly HUMH U3BecTHA U paBHa U . ['pyHT B
OKPECTHOCTH Tel HMMeeT MpoBoAMMOCTh A; u A, coorBercTBeHHo. Haiimure
MOTEHIINAIBI TEJ.

Pewenue. B npumepe 2 naHHOro maparpada ObLIO MOKa3aHO, YTO TOK, TEKYIINH
MEXy TeJJaMH CBSI3aH C 3apsaMU Ha HUX COOTHomeHueM (6.12)

I1=20 =40,.

C npyroif CTOPOHBI 3apsiAbl Ha MPOBOJHUKAX CBSI3aHBI C HANPSKEHUEM Ha
HUX COOTHOIIECHUSIMH

Q1=CU1’ Q2=CU2.

3,[[60}: YYTEHO, UYTO INPOBOAHUKU OJJUHAKOBBI 1 UX EMKOCTH PABHBI.

u, 1
U3 TNPUBCACHHBIX COOTHOMICHUH JICTKO HAXOJAUTCSI OTHOILICHUEC H_l =ﬂ_2 N
2 1

a M0 YCIIOBMIO 3aJaudl pa3HOCTb HampsbkeHuid U, —U, =U . Pemas nomaydeHHyo

CHUCTEMY YpaBHEHHH, OKOHUATEIFHO HAXOJUM

A
U =—2-U, Uzz_LU.
A+ A+ 24
1
Ecnu mpoBoguMocTH rpyHTOB paBHbl 4, = A,, 10 U} =-U, = EU . Ecin

0JIHa U3 IPOBOMMOCTEH CTAHOBUTCS OYEHb Masoi, Hanpumep A, — 0,10 U, — 0

nU,->U.
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IIpumep 6.6. Tpu npoBOIHHMKA C KPYIVIBIM CEYEHHEM OJHOTO W TOTO K€ paamyca
COCIMHEHBI IOCJIEIOBATENIbHO, 00pa3ysd 3aMKHYTO€ KOJbLO. JIIMHBI TPOBOIHUF

ly, 1,1, >>r, npoBogumoct Ay, 4,4, . ITo 06beMy MpoOBOJHHKA C IIPOBOAUMOCTBIO
paBHoMepHO pacnpenenena 2./J1.C. U, He 3aBucsmas or BpeMeHu. Haiinute KyJ1oHOBCH

U nojHoe noyis E B MNPpOBOJHHUKAX.
Pewenue. TOK, TeKyH.II/Iﬁ 10 BCEM y4YaCTKaM LEIIKM OAWHAKOB, a TaK KaK OJWHAKOBa
omanb CCYCHUA pa3sHbIX YYAaCTKOB HEMNU, TO U INIOTHOCTH TOKA Ha BCEX ydacCTKax

OJIMHAKOBa, UJIN

i= 2B +E)=AE = LE; . (6.14)

[poexrupys cootHomeHus (6.14) Ha ; , TIoJTy4yaem

ME = Ey =4 (E. ~E). (6.15)

Pabora croponHux cun cormacHo (6.3) pasHa U, =E,l,, a pabora
KYJIOHOBCKHX CHIJI BIOJIb BCETO 3aMKHYTOTO KOHTypa paBHA HYJIIO

—Eyly+El, +Eyl, =0. (6.16)

Pemast cucremy ypaBuenuit (6.15) u (6.16), HaX0AUM KYJIOHOBCKOE TIOJIE
Ha BCEX TPEX yyacTKax I
E, =k/11/12U0, E, =k/10/12U0’ E, =k/10/11U0’

1
k= .
Lo Ay +1, AgAy + 1,404,

rac

IMonnoe »nekTpuyeckoe IMoj€ HAa YYacTKE JUIMHOW [, CKIaJbIBaeTCs U3

T10JI1 CTOPOHHUX CUJI U KYJIOHOBCKOI'O I1OJIA:

E=EC—E0=ﬁ—k/11/12UO= UpAo(hdy +124)

ly 10(10/11/12 +hAg4, +12ﬂ0/11) .
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[pumep 6.7. Onpenenute CONMPOTHBICHHE H3OIIUA  KOAKCHAJIBLHOTO KaOemst
mmHoM [ =10M, ecnm nmamerp BHYTpEHHEro NpoBOAHHMKA d =lwwm, auamerp

HapYKHOH NpoBoAsiiei 00omouku paBeH D =4mm, a yAenbHOE CONPOTUBICHHE
_1 s
U30JSILMU P = i 1070Om-m.

Pewenue. PaccMorpuM oTpe3ok kabens ¢ msomsauuedl mnumuoit /. Ilyets U, -
HanpspKeHHe MEeXIy BHYTPEHHHM IPOBOJHMKOM M HapyxXHOH o06osnoukoil. Tak kak
none oOnajaeT NWIMHAPUYECKOH cHUMMeTpHell U OOBEMHBIH 3aps BHYTpHU
JIU3JIEKTPUKA OTCYTCTBYET, TO IO TeopeMe ["aycca

B(r)=-2 -2
27rl r
Cormnacuo (2.7) E, =_dZ(r), wim Ur)=-alnr+f, e @ u B -
r
d D
MOKa HEHW3BECTHBIE IIOCTOSHHBIE. YUYHTHIBas, dro U 5 =Uy, a U ? =0,
HaXO UM
U
E()=-—"o .1
In(D/d) r

OxkonuatensHO 3akoH OMma (6.1) mpumer Bug

-

_ Uy )
= omD/d)

1
-

INonupll TOK, HpPOTEKAIOIMH MO IMIMHIPUYECKOMY CJIOK0 H30JIALHN
24U

ummeOH [ ,paBen [ = jS = j 2wl =———2—
P i oIn(D/d)

oTKyma 1o 3akoHy Owma

COIIPOTUBJICHUE U30JIAUN R PaBHO

rolo _ pln(D/d)
I 2m
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11
[Tocrne moacTaHOBKH YHCIOBBIX NAaHHBIX OaydnM R =2,2-100"Om.

IIpumep 6.8. K GomnblioMy MeTaLINUECKOMY
JIACTY TOJIINHON a pUBapeH
IMTHHAPAYECKHUI TIPOBOIHHUK PAIIyCcoOM 7
(cm. puc.6.1). Haiimure comportuBineHne R
JUCTa MEXIY NPOBOAHMKOM H KOJIBLIEBBIM
JIEKTPOJIOM PAAUYCOM b C IIEHTPOM B TOUKE

NPUKPEIJICHUAS MPOBOJHMKA, €CIIM a << oy -

C‘II/ITaTL, 9TO yAeJbHas MPOBOAHUMOCTH /11

MPOBOJHHKA
3HAYUTCIIBHO

MPOBOAMMOCTH A MaTepHala JINCTa.

U KOJBIIEBOI'O
0oJIbIIIE

DJICKTpOaa

T

CUMMETPHUEH.

Puc.6.2

yIeNbHOU

Puc.6.1

Pewenue. Tax xak A, >> A, TO mOTEHIHAI

BCEX TOYEK IPOBOAHMKA, MPHUBAPEHHOTO K
JUCTY, MOXKHO CUYMTaTh MOCTOSIHHBIM. Tak Kak
TOJIIIMHA JIUCTa a MHOTO MEHBIIE pPa3MepoB
MIPOBOJIHUKA, TOK, TEKYIIMH IO JIUCTY, MOXHO
CUNTaTh PpACHpPEACICHHBIM pPaBHOMEPHO IO
TOJIIMHE JucTa. B cuiny cumMmerpun OH
HalpaBIeH MO PAaJUyCy OT TOYKH KPETUICHHUS
MOJIBOJISIIIETO MPOBOJHUKA U €ro IUIOTHOCTh
O/IMHAKOBa 1O BCEM HampaBieHHsM. B cummy
3akoHa Oma Tak ke OyzeT pacmpenelicHa
HaMpsHKEHHOCTh 3JIEKTPUYECKOTO MOJs, Ipu

OTOM IIOJIE 6yneT O6HaHaTL HHJII/IHIIPI/I‘ICCKOﬁ

Takoe mone co3maeT OCCKOHEUHBIH NWIMHAP, 3apsDKCHHBIH C

HCKOTOpOﬁ MOCTOSIHHOW TIOTOHHOM TUIOTHOCTBIO 3apAna K. HNapivu CJIOBaMu,

pacrip€aCiICHUE HANPSXKEHHOCTU JJICKTPHUYCCKOTO IOJIsL 6yz[eT TaKUM XK€, KaK €CIIN

OBI TOK K JINCTY IMOABOAUTCS OCCKOHEYHBIM OpsAMBIM IIPOBOJAOM, KaK IMOKa3aHO Ha

puc.6.2.

HampskeHHOCTh 3JE€KTPUYECKOTO IMOJA B TOYKE, OTCTOSMIEH OT OCH

IIPOBOJHMKA HA PACCTOSIHUU I, Haiiiem 1o TEOPEME Faycca
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K
_ , (6.17)
&gy 2mr
. KA
a IIOTHOCTh TOKA B JIMCTE — 10 3akoHy Oma j = AE = ————.
27meegyr

VYMECTHO OTMETUTh, YTO MOIYYEHHBIH Pe3ylabTaT He 3aBUCHUT OT (OPMBI U
PACHOIOAKEHHS NTOJBOSILETO TOK IIPOBOJHUKA.
Haiinem monHBIA TOK, TEKyHIMH 4yepe3 OOKOBYIO MOBEPXHOCTh LIIMHIpPA
paguycoM 7, KOAKCHAJIbHOTO C IPOBOIHUKOM
= A
1= § jdS =—xu .
€€,
BeIpa3uM U3 MOTYyYEeHHOTO COOTHOMIEHHS K U MOACTaBUM ero B (6.17),

oJIy9umM

I 1

1 6.18
27da r ( )

B CUIy CHUMMETPHUMU TMIOTCHOHAT BCEX TOYECK OOKOBOM ITOBEPXHOCTHU
BBIICJICHHOI'0O NUWJIMHApPA OJAMHAKOB. PasHocth MOTCHIHUAIIOB MEXAY NPOBOAHHUKOM,
NOABOJAIIMM TOK K JIUCTY, U 9TOM MOBEPXHOCTBHIO HaﬁﬂeM, HCIIOJIB3Ys CBA3b
PasHOCTH NOTCHIMAJIOB C HAIIPAKECHHOCTBIO T10JIA

Lodr_ I . r (6.19)

Ap=[Edr=[—% -~
¢ JZﬂﬂa r 2mla r,

o o

ComnpotuBieHue R nucTa MeXIy NPOBOJHUKOM M LMIMHAPOM PagnycoM
b ¢ IEHTPOM B TOUKE NPHKPEILIEHUs] IPOBOJHUKA HAXOUM 110 3aKoHy OMa:

szz;lnﬁ.
I 2mla 1,
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pumep 6.9. K OompmomMy MeTamimdecKoMy
JIUCTY TOJILMHOW a TPUBAPEHBI Ha PACCTOSHHUU
b npyr or gpyra JABa IMIMHIPUYECKUX
IPOBOJHUKA paguycoM 7, (cM. puc.6.3).
Haiigure CONIPOTUBJICHHE R MEXIY
IPOBOJHUKAMH, €CIH a << 71y << b. Cuurars,
4TO yHeTbHAs NPOBOAUMOCTH A, MPOBOXHHKOB

3HAYHATEIBHO OOJIBIIE yHCHLHOﬁ IPOBOAUMOCTH

A marepuana jmcra.

Pewenue. Bocronssyemcst [PHUHLAIIOM
CYNEpPMO3UIMK ¥  PEUICHHEM  MPEIbIAYIIETO Puc.6.3

npuMepa. Hampsok6.€HHOCTh DIEKTPUYIECKOTO TIONA, CO37aBAEMOTO BHYTPH JIHCTA
MEPBBIM 3JIEKTPOIOM, coriacHo (6.18) paBHa

I 1

Ej=—— .
27ha 1

Tak kak TOK, TEKyIIUMH 4yepe3 BTOPOH LWIMHAD, PaBE€H TOKY, TEKyLIEMY
4yepes3 MEpBbI, HO HAIpaBlieH B APYTYI0 CTOPOHY, TO Ha INpPSIMOH, COeIUHAIOIIEH
LEHTPBl JIEKTPOJOB, HANPHKEHHOCTh, CO3[aBacMas BTOPBIM BJIEKTPOJOM -

I
Ey=——F"—.
272a(b—r)

PazHocTh mMOTEHNMANOB MEXIy LWIMHAPAMHU HalJE€M, MCIONb3ys CBA3b
Pa3HOCTH NMOTEHIMAJIOB C HAPSKEHHOCTBIO IOJIS

b-r;

1 (11 I b-r
— = —— | —4+——|dr=——1In 0.
R J-Zﬂ/?a(r b—r]r TAa o

o

CpaBHuBasg ¢ 3akoHoM Owma B Qopme @, —@, = RI, OKOHYATEIHLHO

HaxoauM COIIPOTUBJICHUEC

R = Lln(i -1).
a1
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3aoanue Ona camocmoamenvHoll padomeol

6.1. JIpa mpoBoAAIIMX LIapa ¢ paguycaMu R, 1 R, 3apBITHl B 36MIIIO Ha PACCTOSIHUY,

3HAUUTEIBHO NPEBBIMIAOIIEM UX pa3Mepsl. Mexk Iy mapaMu co31aeTcst (C HOMOIIBIO
BHEIITHETO MCTOYHUKA) Pa3HOCTh NoTeHuanoB U . HalinnTe noTeHManbl Mapos.

6.2. Haiimure 3aKoH mperoMIIeHHs JIMHUI TOKa Ha IUIOCKOW TpaHUIle paszerna ABYX

CpeJ ¢ IPOBOIUMOCTAME A, U A, .

6.3. 3asemiieHHE OCYIIECTBISIETCS C TOMOINBIO HJCATbHO IMPOBOJAINETO IIapa
paauycoM a, HAaloOJOBHHY YTOIUIGHHOTO B 3eMJIIO  (IIPOBOAMMOCTH 3€MIIU
A, = const ). Cnioii 3emiu pajguyca b , KOHIEHTPUYECKUH C IIAPOM U NPHIIETAIOIIHIA
K HeMy, HMEeT HCKyCCTBEHHO [IOBBILICHHYIO NPOBOANMOCTh A,. Haiioure

COIIPOTHUBJICHUEC R Takoro 3azemiauTens.

6.4. KOHI.[LI HeKOTOpOﬁ 1EIr 3a3€MJICHBI C TIOMOIIBIO ABYX UACAJILHO IPOBOAAIINX

chep (paguycsl a; U a, ), HAIOJOBUHY YTOIUIEHHBIX B 3€MIIIO, CIIY’Kall[yl0 BTOPBIM
npoBojioM. PaccrosHre Mexay chepamu [ >>a,,d,, MPOBOAUMOCTh 3eMIH A .

Haiinure conpotuBiaenne R Mexay 3a3eMIUTEISAMU.

6.5. B o1HOM KOaKcHaabHOM KaOelle IPOCTPAHCTBO MEKAY BHYTPEHHHM IPOBOJOM
U HapyXHOH NMIMHAPUYECKOH OOONOYKOIl 3alONHEHO H30JIATOPOM C YIEIbHOMH

[POBOJUMOCTBIO A = IO_IS(OM‘M)_I , @ B IPYIOM - C yAEJIbHOW IMPOBOAUMOCTBIO

-14 -1 . o
A, =107*(Om - m)™" . Haiigure oTHOWICHNME TEIIIOBBIX MOTEPh B W3OJISIMH Kabereit,

€CJIN UX TCOMETPHUYCCKUE NTAPAMETPhI U IOJJAHHBIC HA HUX HAIIPAXKECHUA O,E[I/IHaKOBLI?

6.6. ITpocTpaHCTBO MEXY IUIACTHHAMH IIOCKOTO
KOHJICHCATOpa,  KOTOPBIA  IMOJCOCIMHEH K

uctounnky JJIC &,, 3amonHeHo HamonoBHHY

MaTEpUaoM C YJEIbHBIM CONPOTHUBICHHUEM Q)
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(cM. puc.6.4), a HANOJOBHHY - MAaTEPUAOM C YIEIbHHIM CONPOTHBICHHEM p,
(p; < p,). KakoBsl OyayT TEeIIoBble MOLIHOCTH, BBIAEISIONIMECS B KaXIOM clioe?

Paccrosinue MEXAY INIaCTUHAMU KOHJAEHCATOpa d , Iomaab IIacTuH S.

6.7. B ycimoBuu mpenpiaymied 3aqaydl  HaIUTE IUIOTHOCTH TOBEPXHOCTHBIX
CBOOOIHBIX 3apsIIOB O HA TPAHHILE MEXIY TUAIEKTPUKaMH.

6.8. [lBa OIMHAKOBBIX NPOBOJAIIMX INApa C paguycaMH 7 TIOTPYXKEHBl B
OJIHOPOJIHYIO Cpey € NPOBOIUMOCThIO A . YeMy paBHO CONPOTHBICHHE Cpeabl R
Mexay mapamu? CyuraTh, YTO PACCTOSHHE MEXIY IIapaMd HaAMHOTO OoJble MX
paauycoB.

6.9. Pemuth npensIaynyro 3a1auy B MPEANON0KEHHH, YTO Iapbl 3aMEHEHBI IByMs
TenaMu ¢ u3BecTHBIMH eMkocTsMU C; u C, , pa3Mepbl KOTOPBHIX MHOIO MEHbIIIE
pacctosHus d  Mexay HUMHU. JMdJeKTpudeckas IIPOHUIAEMOCTb CPEBI,

Haxosencs MEXKIY TCJIaMH, paBHA E.

6.10. Mesxny AByMs MPOBOJALIMMU CHEPUIECKMMHU 000JI0YKAMH C pajiycaMu 7; U
13 (1 < r3) HaXOMATCS ABa CHEPHUCCKUX CIOS JUANEKTPHKA C IPOBOJUMOCTIMH A,
u A, © pagmycaMu r,r, M [, COOTBETCTBEHHO. OTpEIeNnTe TEIIOBBIC

MOIIHOCTH, BBIACIIAIONIUECSA B KaXIOM M3 CJIOEB, €CIIM MCEXAY MNPOBOAAIMINMHA
000J0UYKaMH TMOAACPIKUBACTCA MMOCTOSTHHAS pa3HOCTh IMIOTCHIIMAJIOB U.

6.11. Mexny nByMsI IPOBOISIIMMH LIUIMHAPHYECKHUMHU 00O0JOYKaMH C pajinycaMu
n u r;(n <ry) HaxoOiATCs [Ba IMIMHIPUYECKUX CJOS IUIIEKTPUKA C
HOPOBOAMMOCTAMH A, W A, W pamdycaMu Fr,r, W TI,,r3 COOTBETCTBEHHO.
OmnpenenuTe TEIUIOBbIE MOIHOCTH B KaXKI0M M3 CJIOEB, €CIIH MEXy NPOBOSAIIMMU
000I0UKaMU TOJICP>KUBACTCSL IIOCTOSIHHAs Pa3HOCTh HoTeHuuanoB U . Bricora

LWINHAPOB [ .
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6.12. IIpoBox, Mo KOTOpOMY MPOTEKal TOK cuiioil I , obopBajcs U ymaix Ha 3eMIIIO,
IIPU 3TOM Ha 3€MJI€ OKa3aJCs NMPSIMOJHUHEHHBINH Kycok nposoza miuHoi L . ITocne
IaJIeHKs IPOBOJIa TOK B HEM He M3MeHMICs. ONpeaennuTe «I1aroBoe HaupsHKeHUe »,
HOJT KOTOPBIM OKaXXETCsI YeNIOBEK C UTMHOM mara [, IpHOMIKAIONMIMIACS K IPOBOIY B
MEPHEeHMKYSIPHOM HAIpaBICHUM Ha 3HAYUTEIbHOM pPACCTOSIHUM OT KOHIIOB

npoBozja. PaccrosHme mo Ommkaiimedl K TPOBOXY HOTM dHelOBeKa PaBHO 1y .
Haﬁ[{HTe BCJIMYUHY  IIaroBOro HaIpsHKCHUSA npu CJICAYIOMHNX 3HA4YCHUAX
napamMeTpoB: TPOBOAUMOCTh 3eMid A =2- 107 (OM . czvz)f1 , ip=lu, 1=0,75m,
L=300m, I =500A.

6.13. K meHTpaM MpPOTHBOIOJIOXKHBIX TOPIOB
TOHKOCTEHHOM UIMHAPHYECKOH GaHku
muametpoM D W BBICOTOM [  TpHIIasHBI
mposoja auamerpoM d  (cM.  puc.6.5).
Omnpenenute CONPOTHBICHWE R OaHKH, eCid
oHa czenaHa u3 (OJBIU TONIMHOW O <<d ¢

YIENBHOU MPOBOJUMOCTBIO A .

6.14. K pguameTpansbHO NPOTUBOIOJIOKHBIM
ToukaM A u B c1abo mpoBoIsIIeld OJHOPOIHOM

MoJjIoil  cepbl MOJABEACHBI LWJIMHIPUYECKHE
MIPOBOJA, MEXAYy KOHIAaMH A U B KOTOpBIX

MO/ICPIKMBACTCS  MOCTOSIHHAsE — Pa3sHOCTB
norennuanos U . Haiigure pacnpenencHue
noTeHHHana ¢ kak QyHKOuiO yrina 6 (cm.
puc.6.6). Yrou, mojx KOTOPBIM U3 LIEHTpa
chepst O BHIEH AHAMETP OCHOBAaHHS

Ka)kI0ro U3 IPOBOJIOB, paBeH 26, .

6.15. B ycnoBum mnpenplayniel 3aaadu Puc.6.6
HaWauTe compoTuBieHne R cdepbl. [IpoBOANMOCTE MaTepHaia, W3 KOTOPOro OHa
usrorosiena pasua A . Tommuna cdepst J .
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6.16. Ha numuuapuyeckuil KOHISHCATOp C pajuycaMu OoOKIanok R, U R, IOAaHO
nHanpsbkenue  U,. Kongencatop 3amonHeH ciabompoBojsiueil cpemoi ¢
JIM3IIEKTPUYECKO MPOHUIIAEMOCTBIO € =1 M yIenbHOi MpoBoAMMOCTEI0 A =k / r2,

rne  k—KOHCTaHTa, a r—paccTOSHME OT OCH KOoHJeHcaropa. Haiinure

pacnpeeneHue 3apsa 1 HaIpsDKeHHOCTH II0JIs BHYTPU KOHJIEHCATopa.

6.17. TIpocTpaHCTBO MEXAy MABYMS KOHIEHTPHYECKHMH cQepaMu 3aroIHEHO
JIJICKTPUKOM, MPOBOJUMOCTE KOTOPOTO 3aBUCHT TOJIBKO OT PaccTOSHHS 0 cdep.

Haiiute 3akOH H3MeHeHHs yaenbHOHW mposommmocti A(r), ecmm oGbemuas

IJIOTHOCTE MOIIHOCTHU TEIUIOBBIX MOTEPH MNPH IMPOXOKACHUHN TOKa OJWHAKOBA BO

BCEX TOYKaXx.

6.18. IlpoctpaHCTBO MeXIy IBYMS KOAKCHAIBHBIMH LIIHHAPAMH 3aIllOJHEHO
IUBIIEKTPUKOM, OOJTa/afOIM HEKOTOPOH MHPOBOAMMOCThIO. Haiimure 3aKkoH

M3MEHEHNs yIebHOI poBoguMocTH A(r), eciti Py HAMYHH HEKOTOPOI PasHOCTH

MOTEHIHAJIOB ITOJIE MEXKAY HWIMHAPAMHU BE3A€ OAUHAKOBO.

6.19. Ilo HMIMHOPHYECKOMY CTEP)KHIO TEYeT TOK IUIOTHOCTH j. YjelbHas
MPOBOJMMOCTh Ha y4acTke 4B anuHO#M [ H3MEHsIeTCs Mo JIMHEHHOMY 3aKOHY OT A,

1o A, . Haiigure 06beMHYIO IITOTHOCTD 3apsiIoB O Ha ydacTke AB.

6.20. Mmeercs N wuaeaiabHO NPOBOJAIIMX TeJ B BakyyMme. V3BecTHO, 4TO mnpu
3apsanax  ¢,,qs,...,qd, UIX TOTEHUMANIbl paBHb @, P,,...,P, . Kakoe konuuecTBo
Terw1oTsl N OyJeT BBIACATHCS B €IMHUIYY BPEMEHH, KOTZa MPOCTPAHCTBO MEXKIY
paccMaTpuBaeMbIMH  TelNaMH OyJIeT 3allojJHEHO OJHOPOAHOW  MpPOBOAALICH
MKHUJIKOCTBIO C yIEIBHON MPOBOJAMMOCTEIO A U JAUBJIEKTPUYECKOM IIPOBOIMMOCTBIO

£, ecad TOTEHUHANbl Tel NOAACPKUBAIOTCA  IIPpH  MPEXKHUX  3HAUCHUAX

PrsPrres Py ?
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6.21. IllapoBoii cioii 00pa3oBaH KOHICHTPHYECKHMHU chepaMu U3 HACATHLHOTO
MPOBOJIHKKA, MEKIY KOTOPBIMH HAaXOMUTCS BEIIECTBO C MPOBOAMMOCTHIO A. Kakoe
KOJIMYECTBO TeIUIa BBIAEISAETCS B €IMHALYY BPEMEHH BHYTPH 3TOTO CIIOSI, €CIHU Chepbl
MOJKIIIOYEHBl K MCTOYHHUKY IOCTOSHHOTO HampsbkeHus U,? BHyTpenHuil paamyc
cJ10s1 paBeH R, BHEIIHUI — R,.

6.22. 3apsoKkeHHBIM LUIMHIPUYECKUM KOHIEHCATOp 3alOJIHEH Cpelod ¢
[POBOJMMOCTBIO A U JUAJIEKTPUUECKON POHUIIAEMOCTBIO €. JIJIMHA KOHIEHCaTOpa —
[, pammycel obwmanok — R; m R,>R,. Haiinute 3aBHCHMOCTH TOKa YTEUKH OT
BPEMEHH, €CIM M3BECTHO, YTO B MOMEHT 7=0 pa3sHOCTh IOTEHIMAIOB MEXIy
obxmankamu paBHa U.

6.23. I[lnacTHHBI IUTOCKOTO BO3AYyHIHOIO  KOHACHCATOpa, COCAWMHCHHOIO C
HWCTOYHHUKOM TIOCTOSIHHOM 3I[C g ,  MCUICHHO pas3ABUTAOT C MOCTOSIHHOM
CKOPOCTBIO V. Kak m3smensercs co BPEMEHEM CuUJia TOKa B HGHI/I? IInomane miacTua

KOHJIEHCATOPa S, a pacCTOSIHUE MEXy HUIMH B MOMEHT BpeMEHU [ = 0 paBHoO dy.

6.24. KoHnpeHcaTop MNEpEeMEHHOH €MKOCTH COCTOMT H3 JBYX MHPSIMOYTOJIBHBIX
METAJUIMYECKUX IUIACTHH, DACIIOJIOKEHHBIX HAa PACCTOSHUU d Jpyr OT JApyra,
IIOMAb MEPEKPhITHA KOTOPHIX MOKHO M3MEHATH 10 3aKoHy S= V#’, mepemernas
OJHY W3 IUIacTHH. [Ipu 3TOM 3a30p MEXAy IUIACTHHAMU OCTAeTCs HEU3MEHHBIM.

KonpeHncarop coenuHeH ¢ HCTOYHUKOM ocTosiHHOM DJ[C E. Haligure Tok B 11€mH.

6.25. K nuamerpaibHO TPOTHUBOIOJIOKHBIM TOYKAM Ilapa paglycoM d, CIEIaHHOTO
W3 IUIOXO NMPOBOASIIETO MAaTEpHana ¢ YACIbHBIM CONPOTHBICHHUEM P, MOIKIIOUEHBI
LWIMHAPHYECKUE MOABOISIIINE NIPOBOA paguycoM r<<a. Hailiaure compoTusieHue
mapa.
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§7. MarauTHoe moJjie KBa3UCTAIHOHAPHBIX TOKOB
Kpamkue meopemuyecKue ceeoenus

MarnutHoe mozne. MarnutHas wHayknws. Cuna Jlopenma. OmbiT
MOKa3bIBAET, YTO MABIDKYIIHMECS 3apsinl (HampuMmep, CBOOONHBIE 3apsibsl B

MMPOBOAHUKAX, IO KOTOPBIM TCUCT SIICKTpI/I‘ICCKI/Iﬁ TOK) BBaHMOHCﬁCTByIOT Apyr ¢
APyroMm COCBEM HE  Tak, KaK  HCIOABHXHBIC. HOCpe,E[HI/IKOM TaKoro
B3aUMOJICUCTBUSA SIBJISICTCA MACHUMHOE none, TO €CTb IIOJEC, CO3aaBacMoC
JABMXXYIIUMHCS 3apsiiaMi 1 HCﬁCTBy}OH.[CG Ha Jpyrue ABMXXYIIHUECA 3apsabl.

Ecnu qacTuhga € 3apsaaoM ¢ ABUIKETCSA CO CKOPOCTHIO V B MarHUTHOM
I10JIC, TO Ha OTY YaCTULY HCﬁCTByCT CuJia, HOCAIIass Ha3BAHUE CUjibl JYopeHua:

F=qls.B]. (7.1

rie B — cuosas XapaKTepUCTHKA OKPYXAIOIEro YacTHUIy MarHUTHOIO IOJIA,
KOTOpasi HAa3bIBACTCA GEKMOPOM UHOVKYUU MACHUMHO20 NOJsL VI TPOCTO
6ekmopom  machumuou uHoykyuu. Daxtudecku, BopaxkeHue (7.1) MOXKHO
CYMTaTh HESBHBIM OIpEJEJICHHEM BEKTOpa MAarHUTHOW HHIyKuuu. Ennxuna
U3MepeHHs1 MarHUTHOM uHaykuuu B cucteme CU HasbiBaercs mecaa (Ti).

Jlng  MarHUTHOrO TONS BEPEeH NpuUHYun Cynepnosuyuu: BEKTOP
MarHUTHOM WHAYKIMM II0JI, CO3JaHHOTO CHCTEMOH ABMXKYIIMXCS 3apsKEHHBIX
YyacTUll (WM TPOBOAHHMKOB C TOKAaMM), paBEH CyMME€ BEKTOPOB MAarHMTHOM
HMHIYKIUH [0JIeH, CO3MaHHbIX KaXKION U3 JBMKYIIUXCS YacTUL (MM KaXkKIbIM U3
MIPOBOJTHUKOB) B OTCYTCTBHE OCTAJIbHBIX.

Tax xax cmma Jlopenma (7.1) B Kaxnmblii MOMEHT BpEMEHH
MepIEeHIUKYIIpHA CKOPOCTH 3aps/a, Ha KOTOPhIA OHa JeHcTByeT, To ee pabora
Ipy JIFOOOM TepeMeIleHHH 3apsaia paBHa Hymwo. Iloatomy macnummnoe none ne
usMeHsem Mo0yib CKOPOCMU 3apAod, HO USMEHAEN ee HanpasieHue.

3akoH Awmmepa. Ecin npoBOAHHMK ¢ TOKOM HaxXOAWUTCSI B MAarHUTHOM
Iosie, TO Ha KaXIbIH 3apsan, oOpa3yromuil 3TOT TOK, JAeHcTByeT cuia JlopeHna.
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HpI/I OTOM, COBOKYIIHas CHJa, neﬁcmy}omaﬂ CO CTOPOHBI MArHUTHOI'O MOJIAI Ha

JJICMCHT dl— MPOBOAHHKA, OIIPEACIIACTCA 3AKOHOM AMnepa.‘
dF = 1ldi B, (7.2)

rae I — cuna Toka B NMPOBOJHHKE, B — MHAYKIMS MarHUTHOTO TONS B TOYKE

PacCIIONIOKCHUS pacCMaTpUBa€MOIro DJ3JICMECHTa IIPOBOJHHMKA, a HallpaBJICHUC

BeKTOpa dl  coBmamaer ¢ HampaBlIeHHEM TOKa. YTOOBl HaWTH CHIy,
JIEHCTBYIOIIYI0 CO CTOPOHBI MAarHUTHOTO MOJISA HAa NMPOBOAHUK KOHEYHOM JJIMHBI,
HE0OXO0AMMO IIPOMHTErpUpoBaTh (7.2) 1o Bee AnMHE L MpoBOIHUKA:

F:If[di,é]. (13)
L

Curna, onpenenseMas BeipaxxenneM (7.3), Ha3pIBaeTCs cunou Amnepa.
3akoH __ buo-Capapa-Jlammaca.  YtoObl  paccunTaTh  CHIIOBOE

B3aMIMOJICHCTBHE IPOBOJHUKOB C TOKOM Ha OCHOBe 3akoHa Awmmepa (7.2),
HEoOXOIMMO 3HATh BBIPAXKEHHE JUI MHIYKIIMHA MarHUTHOTO MOJIS, CO3/1aBaeMOro
TaKUM HPOBOAHHUKOM. [t cmayuonapnvix (He W3MEHSIOIIAXCS CO BPEMEHEM)
TOKOB 3TO BBIpaXkaeHME 3amaerca 3axonom buo-Casapa-Jlannaca, KOTOpBIi

IJIACUT, YTO BEKTOP MAarHUTHOM HHIYKIMH B momsi, co3naBaeMoro B Touke M
MIPOBOJAILIUM KOHTYPOM L ¢ TOKOM / B BaKyyMe, PaBeH
. ol lai 7]
B(M)=jafB=—”0 f— (74)
L L

4r P

rae dB — Brian snemeHta dl KOHTYpa B pe3yldbTHpPYIOLIEC MarHUTHOE IIOJE,
F— BEKTOp, IPOBEICHHBINA U3 d1eMeHTa dl B TOuky M, a i, = 47107 H/A® -

pa3MepHsIit kodbduieHT cucteMbl CU, Ha3bIBaGMBbIH MacHUMHOU NOCTNOAHHO.
Beipaxkenue (7.4) He y4uThIBaeT 3ama3/blBaHMsA TI0JIS IIPU €O PACIPOCTPAaHEHUHU
OT HUCTOYHHMKAa JO TOUKM HaOmoneHus. B cioydae nocTaTouHO MEIJIEHHO
U3MEHSIOMUXCS  (K6a3UCMAYUOHAPHBIX) TOKOB 3ala3lbIBAHUEM IIONISL MOXKHO
npeHeOpedb U IPUMEHATH GhopMyiy (7.4) K TOKaM, MEHSIOIIUMCS BO BpEMEHH.

B uacTHOCTH, B OKPECTHOCTU OECKOHEYHO IJIMHHOIO IMPSMOIMHEHHOro
IIPOBOAA C TOKOM /
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p=tol (7.5)
27 a
Il a — pacCTOsIHUE OT IPOBOJA JI0 TOYKH HAOJIIOICHNUSI.

U3 3akona Ammnepa (7.2) u ¢opmynsl (7.5) cneayer, 4TO Ha OTPE30K
MPSMOJIMHEWHOT0 MPOBOAHUKA JUIMHON dl ¢ TOKOM I; CO CTOPOHBI MarHUTHOI'O
nosst OECKOHEYHO IJIMHHOTO IPSIMOJMHEHHOr0 TOHKOTO IIPOBOZA C TOKOM I,
PacHONIOKEHHOTO TapalleNbHO MEPBOMY HA PACCTOSHHU d OT HEro, NeHCTBYeT
cuIla, paBHast dF =&Mdl .

4T a

ITpOBOAHVKH C OAWHAKOBO HAINPABICHHBIMUA TOKaMH MPHUTATUBAIOTCA, C

MIPOTHBOIOJIOKHO HAIIPABICHHBIMU — OTTAJIKUBAIOTCS.
Ha ocHoBe sddekra MarHUTHOrOo B3amMopeiicTBHs TOkoB B cucteme CU
BBOAMTCS eOUHUIIA HW3MEPEHHs CHIIBI TOKa — awmnep. Ammep — cuia
HEM3MEHSIONErocss TOKa, KOTOPBIA, MPOXOAS 10 JBYM IapaJUIelIbHBIM
NPSMOJIMHEWHBIM TIPOBOJHUKAM OECKOHEYHOW [UIMHBI M HUYTOXXHO MAJoi
IUTOLIAIM TIONEPEYHOr0 CEYEHUS, PACIIONIOKECHHBIM Ha PACCTOSHUM 1 METp onuH
OT JIPYyroro B BaKyyMe, BbI3BaJI Obl MEXIY STUMM IPOBOAHHKAMU CHILY, PaBHYIO

21077 H Ha kaxmplit METp JITUHBIL.

MaruutHeiii MOMeHT. OpHUeHTHpPYIOIIEE JEMCTBUE MAarHUTHOrO mojsg. Ha

3aMKHYTBIH KOHTYp L ¢ TOKOM /, IOMEIIEHHbII BO BHELIHEE MarHUTHOE IOJIE C

WHIYKIUEH B , COTIIacHO 3akoHy Amriepa (7.2) nelicTByeT BpallaroInii MOMEHT

i = 1§ [flai 5. (7.6)
L

roe 7 — BEKTOp, TMPOBEACHHBIH W3 TOYKH, OTHOCHTEIBHO KOTOPOM

PACCUNTBIBACTCSI MOMEHT, K SJICMCHTY KOHTYpa dl .
B oxHOpomHOM mone 3Ta GopMysia MO MpaBHiIaM BEKTOPHOTO aHAIH3a
npeoOpa3syercsi K BUAY

i =|p,..B]. a7

TIe p; — MA2HUMHbLL MOMEHM KOHTYpa:
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pm=1j¢§, (1.8)
(S

3nech dmeMeHT dS MPUHAUIEKHT MPOM3BOIBHON TOBEPXHOCTH S, HATSHYTOM
Ha KOHTYp, W HAaIpaBIICH 110 MPaBUIy OypaBYMKa OTHOCHTENHHO HAIPaBICHUS
NpPOTeKAaHHWs TOKA. Pe3ynbTaT WHTETpHPOBAaHMS HE 3aBUCUT OT  (POPMEI
MOBEPXHOCTH, M TOTOMY CIYXHT XapaKTepHCTHKON KoHTypa. Jlid IIockoro
KOHTYpa

Pm=1S, (7.9)
rae S - mIomanb KOHTypa.

HO,E[ HeﬁCTBHCM MOMCHTaA CHII paMKa C TOKOM CTpeMI/ITCH 3aHATH
yCTOﬁ‘IPIBOC TIOJIOKCHHUE, T.C. HOBepHYTLCSI Tak, lITO6LI MOMCHT CTall paBHLIM

Hymo. IIpy sToM  BeKTOp P,, CTaHOBHUTCA COHAIPABIEHHBIM C BEKTOPOM

WHIYKIU B .
Pesynprupyromas cuia, JeHcTByromas Ha KOHTYp C  TOKOM,
ITOMEIICHHBI B OIHOPOJHOE MAarHUTHOE I0Jie, paBHAa HyN0. B HeomHOpomHOM

MarHUTHOM I[OJI€ Ha KOHTYp, IOMUMO MOMEHTa M , NEeHCTBYeT OTIMYHAS OT
HyIs pe3ynbTHpylomas cuia. Ha KOHTyp MajiblX IO CpaBHEHHIO ¢ MacuTabom
HEOJHOPOAHOCTH IOJISL Pa3MEPOB ACHCTBYET CUla

F=v(p,.B). (7.10)

OJTHO3HAYHO oOIpejeiisieMas BEIMYMHONM M OpUEHTalMell MarHUTHOIO MOMEHTa
koHTypa. KoHTyp BTArueaercs B oOnact Oonee CHIBHOrO mons (eciu
(ﬁm,B)>0), 1160 BBHITAJKMBaeTCd B 00NAacTh MEHee CHIBHOrO MHOisA (eciu
(5. B)<0).

BekropHblit noteHman. J[is yno0cTBa BBIYUCICHUS MAaTHUTHBIX MOJEH
BBOJIUTCSI TIOHATHE GekmopHozo nomenyuana. CoriacHO MpaBUIaM BEKTOPHOTO

ol pdl
aHanm3a BeIpakenue (7.4) MOKeT OBITh IpeoOpa3oBaHo K BUAY B =’Z—0rot J —.
T r
L

HO3TOMy MOXHO BBECTH BEKTOPHOC I10JI€
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i Mo [1dl
A=10 7.11
4z JI: r ( )
TakKoe, 4TO
B=10tA. (7.12)

Besikoe BexTOpHOE none A , ynosneTBopsitoriee  yciaoBuio (7.12), Ha3bIBaIOT
6EKMOPHLIM NOMEHYUAIOM MArHUTHOrO mond. Ero MOXXHO OIpenesuTh C
TOYHOCTBIO JI0 TPaJeHTa IPOU3BOJILHON CKAISPHON (BYHKIIMN KOOPIUHAT.

U3 (7.12), B yacTHOCTH, CIEAYET, YTO

divB=0, (7.13)

TO €CTb MArHMTHOC IIOJIE CO]ZQHOM()aﬂbHO, npuiyeMm 3TO CBOMCTBO OCTaeTCs
CIIpaBCUIMBBIM U JUISL HeCcmayuoHapHblx MardHUTHBIX nosieii. CUIIOBBIC JIMHUU

MarHMTHOI'O I10JIA, KaK U 1000ro COJICHOUJAJIbHOT'O, BCET/1a 3aMKHYTHI.

BexropHblit moTeHIMAN ¥ MHIYKLKS MarHUTHOTO IOJIS, CO3JaBaeMOoro
MaJIbIM KOHTYpPOM C TOKOM, ( T.€. Ha pacCTOAHUAX, OOIBIINX IO CpaBHCHHIO C
pa3MepaMu caMOro KOHTypa) Tak k€ Kak U JIeHCTBYIOIME HAa KOHTYP MOMEHTHI U
cuibl, BbIpaxkatoTcs (cM. IIpumep 10) depe3 MarHMTHBIE MOMEHT KOHTypa U
paauyc-BEeKTOp TOUKH HaOJIOICHUS, IPOBECHHBIN U3 IIEHTPa KOHTYpa:

A= 2‘_70[_[1"”3’ il (7.14)
r
2= = 2
B'z Ho 3(pm’r)’; Pm” (715)

4z r

MaruutHoe IoJie, co3gaBacMo€ MaJlbIM KOHTYPOM, (SHCMCHTapHI)IM MariuTHbBIM
MOMCHTOM) BO MHOI'OM aHaJIOTMYHO IOJII0 TOYCYHOI'O JUIIOJIA B DJICKTPOCTATHUKE.

IMosToMy TaKo# KOHTYP Ha3bIBAIOT MAHUIMHBIM OUROTIEM.

Ipumep 7.1. Haiimure BkiIam oTpe3ka HPSIMOrO IPOBOJHHKA C TOKOM [ B
MarHUTHYKO MHAYKIHIO B TOYKE, OTCTOAIIEH Ha pacCTOSHHUE a OT NPOBOAHHUKA,
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€CJIH TIPSIMBIE, COEAMHSIONINE 3Ty TOYKYy C KOHIIAMH OTpe3Ka, COCTABILIOT C
HaIpaBJICHUEM TOKA YIUIBl @ U @, .

Pewenue. Brpinenum Ha TPOBOIHUKE
snement dl , ¥ TTyCTh Pajiyc-BEKTOp 7, \
IIPOBEJICHHBI B TOuKy HaOmiopeHus M
U3 Hayaja 3TOTrO JJIEeMEHTa, 00pasyer c

HampaBJICHUEM TOKa yroia O, a paauyc-

BEKTOp, INPOBEJCHHBI W3 KOHIIA 3TOTrO dl
anemMeHTa — yron a+da (cMm.puc.7.l).
Torna u3 TOUKM HAOMIOAEHMS DIEMEHT
= ©]

BuieH moj yrioM do. Bxnan dB p

- ‘B
sneMeHnta dl , cormacHo dopmyne Buo-
Cagpapa-Jlarutaca, MOXXHO 3ammcath B

- I~ -

Buge dB= #o 3 [dl ,r]. Bximager dB ot ’i/

4zxr
Ppa3IMUHBIX 3JIEMEHTOB Puc.7.1

MEPIEHANKYIAPHBI IIJIOCKOCTH PUCYHKA,
a HampaBleHHs dB OAMHAKOBBI B IIOIYIUIOCKOCTSX, pa3feseMbIX HpSMOH,

conepxkameit mpoogHuk. Ha pucyHke cieBa oT 3Toi npsiMmoii dB HampaBieHbI K
HaM, 4TO 00O3HAa4eHO Ha pUc. 7.1 KPYXKOM C TOUKOH, a cmpaBa — OT HacC

(obo3nayeHo cumBoiaoM @D ). Orcioma ciemyeT, 4To cymMMapHoe moine AB B
Touke M TepreHIUKYISIPHO IUIOCKOCTH pHCYHKa. BenmuunHa Bkiaga dB

OIIPEACIIACTCA COOTHOILICHUEM

Moldlsin

dB = -

7.16
Ar ( )

Beipa3um nepemeHHble r U dl uepe3 NMOCTOSHHYIO a M INEpEeMEHHyI0 o (cM.

.a da . Torga deﬂ—OIsinad(l,m

puc. 7.1): r=al/sina, disina=rda=
sinx 47a

CJIEIOBATEILHO,
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25}

AB = Hol J.sin ada = Hol (cosey —cosa,). (7.17)
47ma 4ra
1

B YacTHOCTH, JJId OCCKOHEUHOTO HpﬂMOHHHeﬁHOFO MMPpOBOJAHUKA
o=0,a,=7 u

B= Mol

, 7.18
27wa ( )

BEKTOp B B KaXmod TOYKE INPOCTPAHCTBA JIEKUT B  IIJIOCKOCTH,
HEPINEHIUKY/ISPHON HANPaBICHUIO TOKA; CUJIOBBIE JINHUHM IPEJCTAaBISIOT COOOH
OKPY’KHOCTHU B 3TOH IJIOCKOCTH € LIEHTPOM Ha IIPSAMOH, CoAeprKalled MPOBOHUK.

IIpumep 7.2. ITo KOHTYpY, IpeACTABIIIONIEMY cOOOW KBaJIpaT cO CTOPOHOH d
TedeT Tok / . Halinure MHIYKIIMIO MarHUTHOTO MOJISI HA OCH, IPOXOJSIEeH depe3
LIEHTP KBajpaTa MapaiieabHO €ro CTOPOHE.

Pewenue.  CymectByloT  JBe
paBHOMIpaBHEIE ocl — ock Ox u ock Oy
CHCTEMBl KOOpIMHAT, MPEICTaBICHHOH Ha

puc.7.2. Jlns ompeneneHHOCTH HaimeMm

BEKTOp HMHAyKnuu B B Touke M ¢
KoopauHaTtamu (x,0).

[Tone, co3maBaeMoe KBalIpaTHBIM
KOHTYpOM, MOXKHO pacCMaTpuBaTh Kak
CYMEpIIO3UIHI0 TOJIeH YeTBIPEX OTPE3KOB

MPAMOJIMHENHBIX TOKOB. B cuLy

CUMMETpHH OTHOCUTEIHLHO Hayaja

KOOpJAMHAT OrpaHH4uMcs ciaydaem x=0.
Puc.7.2 P p e

Bxnanel B pe3ynabTHUpPYOIIUNA BEKTOp B oT
KaXJIOH CTOpOHBI KBajpara HalpaBieHbl BAOIb ocH O (IEpHEeHAMKYIIPHO
IUIOCKOCTH KOHTYpa) M, CJIEIOBAaTENIbHO, BEIMUMHA B - ecTh anrebpandeckas
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CcyMMa 3THX BKJIanoB. IlonoxkuTenbHOH OyneM cuMTaTh IPOEKLHUIO BEKTOPA,
HaIpaBJIeHHOr0 110 ocH Oz (K HaMm).

Hcnonp3ys pelieHne Opeabloylied 3anadd, MOKHO HAlTH HMHAYKLUIO
MAarHuTHOTO I0JIs, CO3/1aBaEMOro Kakaol cTopoHoll pamku. Ilpu O<x<a/2

9TU UHYKIHH PAaBHbI:

B, = Hol )cos,B,

27t(al2—x

I . .
B, =B, =§Lm(sma+s1nﬂ),

1
B —Lcosa,

T or(al2+x)

rIe yriuel @ u [ mokasaHsl Ha puc.7.2.

[Toce HeCIIOXKHBIX MTPe0OPa30BaHUN TOJTydaeM:

IR R

a a
71'a x+— xX——
2 2

Eciu x>a/2 pe3ynpTaT He H3MEHHUTCS, XOTA HampaBleHUE B

HM3MEHUTCS Ha IPOTUBOMNONIOKHOE (cM. Puc.7.5).
IIpu x >>a mocneaHee BhIpAKCHUE MOXKHO MTpeodpa3oBaTh

2 2
p=-Hl) I @ | 1f a =
12} 2\ 2x—a 2\ 2x+a

__Myla 1Y (1 ? __Mpla  Bax
27 |\ 2x—a 2x+a 2z (4x2—a2)2 -
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2
rne p, =1S=1I1a". To ecth, Ipu X >>a 1071€ yOBIBAET C POCTOM PACCTOSHUSA,

Kak I10JIC€ MarHUTHOI'O JUIOJIA ¢ MOMCHTOM p,, = Ia2 .

Ipumep 7.3. Ilo xombiy pagmyca R Teder Tok [ . Haiiaute uHAIyKUuio

MarHuTHOTO IOJIsL B B TOYKE, PACIIOJIOKEHHOH Ha MEPIEHANKYISPE K IIOCKOCTH
KOJIbLIa, BOCCTAHOBJICHHOM U3 €ro LEHTpA.
Pewenue. Bocrnonbzyemcst ¢opmynoit (7.4) . Tlpu

UHTErPUPOBAHUU o dl yqTeM, 4TO
r=vR%+ 7% =const (em. puc. 7.3). Bmemem
BEKTOp O TaK, 4ro 7 = kz— P (lg —opt ocu O7).

IoncraBus 7 B (7.4), TIOJTyIHM

B= %{§ [df, Igz]+ § [,5, di]} [Tockonbky  BIONH

yTH HWHTErpUPOBAHUS kz = const , TO

§[d[,l€z]zl§»dl—,l€zJ:0, TaK Kak §dl—:0. Kpome

Toro, §§b di |=25 = 2k = 2k 7R? . Tostomy

2 —
Prc.7.3 E(z)=¢,21€=“0 2Pn (719
2(R?+ 2 ( +22f

IIpu z >> R 13 nocieIHEro COOTHOIIEHUS CIIeNyeT:
IR’ 2
B(x)=~ Hollk™ Mo 2Dy
27 4r P
CreoBaTensHO, IPH Z >> R Toe yOBIBaeT C POCTOM z Kak ITOJI€ MarHHTHOTO
JIUIOJISA C MOMEHTOM p,, = 1S .

B meHtpe KpyroBoro BuTKa (z=0) MarHMTHAas WHIYKIHS paBHA

B = Ho 2P
47 R®

OoR"

s
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Ipumep 7.4. HalizuTe MarHWTHYIO HMHAYKLIHIO Ha OCH COJIEHOM/A, OOMOTKa
KOTOPOTO COJIEP’KUT 79 BUTKOB Ha €IUHUIY AJUHBL. TOK, MpOTEKaloMi Io
00MOTKe, paBeH /.
Pewenue. ConeHoup — IUIMHApPUYECKAss KaTyIIKa C TOKOM, COCTOSINAs W3
6OIBIIIOrO YKCIa BUTKOB IIPOBOJIOKHU, KOTOPbIE 00pa3yloT BUHTOBYIO JIMHUIO. [Ipu
IUIOTHOM PACIOJIOKEHUH BUTKOB COJICHOM]| MOXKHO paccMaTpuBaTh Kak CHCTEMY
IOCJICAOBATCIIbHO COCAMHECHHBIX KPYIOBbIX BHUTKOB OJWHAKOBOI'O pajanyca C
o01eit ocklo.

Haitnem pacnpenenenue momust
BJIOJIb OCH COJICHOMJA B(z). Ecma ny

OCTATOYHO  BEIHMKO, TO  MOXKHO
3aMEHUTh TOK, TEKYIIMH IO BUTKaM,
TOKOM, PaBHOMEPHO pPaCIpe/eleHHBIM
0 TMOBEPXHOCTH COJICHOUA. HyCTb
pamuyc coineHouzaa paBeH R, a ero

JUIMHa - l. Z[IIS{ BBIYHUCIICHUA IIOJIA B

NpOW3BONIBHOH  Touke M Ha ocH

BBIIEINM KOJEYKO C TOKOM HIMPUHOW dz, LEHTP KOTOPOI0 PAacHONIOKEH Ha
paccrossuun z ot M (puc. 7.4). Benuuuna Bkiaga dB 3Toro kojedyka B B
paBHa cornacHo (7.19)

2
B =— HodR (7.20)

Z(R2 +z° )3/2
VuutsiBag, uro dl = Inydz , npounterpupyem (7.20):

I
B= HolngR® “ dz
- 2 2 2 B/2 :
2 \RT+z

<0

3aMeHHUB [IEPEMEHHYIO HHTeTpHpoBanus z = Rctg f; dz=— , Haitnem:

sin® 8

B= 'uOTInO(cos By —cos f3,) (7.21)
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Zo+1 2
rne cosfy =——————, cosffy =———— KOCHHYCHl YIJIOB, IIOJ
2 2, p2
(zo+1) +R? Ji2+R
KOTOPBIMH BUJIHBI M3 TOYKH HaOJIOICHUS KOHIbI COJIEHOUA. B 4acTHOCTH, eciu

TOuKa M HaXoOauTCs B LEHTPE CoJI€HONnAa, TO

cos B, =—cos f3, -2 u Bz/lolnoL.

R*+1%/4 R*+1%/4
B cnywae onunnozo conenouda (I>>R) mone BEamM OT €ro KOHIIOB HE 3aBUCUT OT
z. JI71s TI0JI HA OCH COJIEHOM/IA U3 MOCIIEHETO COOTHOIICHUS Hal1eM

B = tyn,l . (7.22)

Ipumep 7.5. Haiinute cuny B3aMMOAEHCTBUSA MEXAYy OCCKOHEYHO JJIMHHBIM
TOHKUM TPSIMOJIMHEHHBIM POBOJAHUKOM, IO KOTOPOMY TE€UET TOK [j, © OTPE3KOM
MPSIMOTO TOHKOTO TIPOBOJHHUKA JJIHHOH [ ¢ TOkoM [, NEeXalmUMH B OJHOM
MJIOCKOCTH. YTOI MEXIy NpPOBOJAHWKAMH DPaBeH O, HIMKHHHA KOHEIl OTpe3Ka
MIPOBOJIHUKA HAXOAMUTCS HA PACCTOSIHUU d OT OECKOHEYHOI'0 POBOTHHKA.

Pewenue. BeinenuM Ha OTpe3Ke MPOBOJAHHMKA C TOKOM I, Mamblit aneMeHT dx Ha
paccTosiHUM X OT ero HmxHero kpas. [IpoBogHuk ¢ TokoM I; co3maer B Mecrte
pacmolOKeHHsl  3TOr0  JJeMEeHTa  MarHuTHOe  Iolle ¢ HMHIyKOueH

_ Mol o . .
B=——""—"——, u 3T0 moje JeicTByeT Ha dMeMEHT dX C CHJIOH, paBHOI
27t(a + xsin @)
1,1 .
dF =1,Bdx = .Uo—12_ dx, HampaBleHHOH B  IUIOCKOCTH  TOKOB
27r(a + xsin 0()

MEePHIEeHIUKYIAPHO TOKY I,. IHTEerpupys 1o AjMHE NPOBOAHUKA, ITOIyYaeM:

I
F = j 'uolllz_ dx = #01.112 ln(l + Lsin 0{] .
0 272(a + xsin @) 2rsina a

F= Holi 1! '

B cirydae mapaiienbHbIX IpOBOTHUKOB & =0 1 >
a
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IIpumep 7.6. Haiinure 3akoH IBMKCHHS IEKTPOHA B TIOCTOSHHBIX MArHUTHOM U
3NeKTpuyeckoM nossax. CuuTarh, YTO MOJIA OJHOPOIHBIE U E 1 B. HauansHas
CKOpOCTBh 3IIEKTPOHA paBHA V. Macca 3IeKTpoHa - mi, abCONIOTHAs BEIHYHHA
€ro 3apsja - e.

Pewenue. Ha 3apan q, OBIOKYIIMHCA B 3JMEKTPUUECKOM UM MarHUTHOM IOJISIX,
JIeHCTBYeT cuiia

F =qgE +4[v,B], (7.23)

rJe V - CKOPOCTB 3apsijia.

Bribepem cucTeMy OTCueTa Tak, YTOOBI Hayajao KOOPAMHAT COBIANANO C
MOJIOXKEHHEM 3JIEKTPOHA B HayalbHBIM MOMEHT BpeMeHH; ochb OX HampaBHM IO
BEKTOPY E, aoch Oy — Bonb B . B 50ii cucteMe KoopAMHAT ypaBHeHue (7.23)
B IIPOCKIUAX 3AIUIIETCS CIIEAYIONIUM 00pa3oM:

mx =—eE +eBz , (7.24)
my=0, (7.25)
mZ =—eBx . (7.26)

WnterpupoBanue ypaBHeHus (7.25) mpu HadaJdbHBIX YCIOBHUAX )')(0)=v0y 21

y(O) =0 maer:

Y=Vt (7.27)

W3 ypaBuenus (7.26) umeem z = ~£ Bx+C u 1ak Kak x(O) =0u z'(0)= Vo, » TO
m
C=vy, u

Z=vy, ——Bx. (7.28)

Tom
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BBenem o0603HaueHnE iB = w ; noacrasus (7.28) B (7.24), nomyunm
m

iva’x=avy, -SE. (7.29)
m

Pemast ypaBHenne (7.29) mpu HadaNbHBIX YCIOBHSX x(0)=0 " )'c(O)zVOX,
MTOTYYUM

TR, (_"E _Vo_zj(com ). (7.30)

1) mw* o

[oncrasus (7.30) B (7.28), yunrteBas (7.27) u (7.30), HalimeM 3aKOH JABYDKEHHS
SJIEKTPOHA B TIPOCKIMAX HA OCH KOOPIHHAT:

Vo, . eE v,
x= sma)t+[ —L)(COS((I—I),
[0

mew' o
yzv()yt’
Vo eE vy, ). eE
7=-2(cos ar —1)— 5 — 02 Isin ax + —t
@ mae 4] mao

Ipumep 7.7. KBagpatHas paMka Macchl m, CIellaHHasi U3 TOHKOTO IPOBOJA,
MOXXET 0e3 TpeHHs BPAIaThCs OTHOCHTEIBHO BEPTHKAIBHOH OCH, IMPOXOZSIIei
yepe3 ee LEHTP MNEpHeHIUKYISIPHO ABYM IMPOTHBOMOJIOKHBIM CTOPOHAM PAaMKH.
Pamka HaxXomUTCS B TOPU3OHTAILHOM OJHOPOJHOM MAarHUTHOM IIOJ€ MHIYKIUU
B. Tlo pamke TeueT NOCTOSHHBIN Tok /. Ompenenure Nepuos ManblX KoaeOaHuH
PaMKH OKOJIO IIOJIOXKEHUS €€ PAaBHOBECHSL.

Pewenue. Pamka HaxonuTcs B IOJNOKEHUN PaBHOBECHUS, KOTJa INIOCKOCTb PAMKU
NEpPNEHIUKYIIpHA K HalpaBICHUIO BHEIHero nons. IlpudyeM nonokeHue
PaBHOBECHUs] YCTOWYMBO, €CIIM HAIpaBlI€HHE MArHUTHOIO IO, CO34aBaeMOro
TOKOM, COBIIAJIa€T C HAIPaBJIECHHEM BHEIIHETO MOJIS.

HpI/I OTKJIOHEHHHU paMKH OT €€ ycTOﬁ‘IPIBOI‘O TIOJIOXKCHHSI paBHOBECHS Ha yrojl @,

cuibl AMIepa, AecTBYIOIIUE Ha HapajelbHble OCU CTOPOHBI PaMKHU, CO3JAal0T
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2 .
mapy CMi C MOMEHTOM, paBHbIM [Bl”sin¢, cTpeMslMMCS BEpPHYTb PAMKy B

nonokenue pasHoBecus. C  yY4eToM TOro, YTO MOMEHT HWHEDPIHUH DPaMKH
mi?
OTHOCHTEJIIBHO OCH BpAlIEHUS PaBCH —~ Ui MalblX OTKJIOHEHHH

2
(sin Q= (0) ToJTy9aeM ypaBHEHHE KoJleOaHui % @+ 1Bl 2(p =0. Orkyna nepuon

m

konebannii paseH T =27, | ——
6IB

Mpumep 7.8. [ap paguycoM R, paBHOMEPHO 3apsDKEHHBINA 10 00BEMY 3apsiioM
¢, Bpamaercsd C IOCTOSHHOW YIJIOBOM CKOpPOCThIO . Halaure MarHUTHBIA
MOMEHT I1apa.

o 2 . v
Pewenue. DOneveHTapHbIi 00beM 1~ sin ddrddde (B cdepudeckoil cucreme

KOOpAMHAT) MIPU €ro BpalleHWH 3a7aeT KpyroBoil TOK paaumyca rsind

BEJIMYNHOMN
2 .
al=—1 27 sin ¥drd 3qa; 2 sin Sdrd S .
4 7R3 2z 47R
[

OTOT TOK CO37ja€T MAarHUTHBI MOMEHT, HalpaBICHHBIA BIOJIb OCH BpALICHHS U

YHUCIIEHHO paBHBII

% sin? &l = o’ sin? ﬂ:q 3 2 sin 19drd19— 4R r sin® drd®. Orcrona
qR’

—o
5

RT o o
" =Ijq—3r4 sin® ddrd 9 =4 U HOTOMY D, =
0 4R

Ipumep 7.9. HaiiTh MHAYKIMIO MarHUTHOTO TOJII B LEHTpe M B (OKyce
JUIMNTHYECKOr0 KOHTYpa, M0 KoTopoMy TeueT Tok /. ITomyocu amnmca paBHBI a
u b (a>b).
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Pewenue. Jlnst m000# TOYKH, JIexaleil B II0CKOCTH KOHTYpa dB =ndB,
re 7i- €IWHWYHBIA BEKTOp, TIEPHEHANKYISAPHBIA IUIOCKOCTH KOHTYpa |
HaIrpaBJICHHBIA COTJIACHO TPaBIITY OypaBUHKa

_ yldisin(di 7

dB =,

7.31
dnr ( )

¥ - pajnyc-BeKTOp, IIPOBEACHHBIA B TOYKY HaOmOAeHUs M 13 Hayaja BEKTOpa

dl .
Jl1s TpOM3BOJIBHOTO KOHTYpa,
KakK BHUIHO u3 puc.7.5,

. o P
dlsin(dl,r):rda, rie de - yrom, mon dlsmoc rdo. >

KOTOpbIM BHUJACH M3 TOYKHU Ha6IIIO,HeHI/IH

1eMeHT Toka dl , u dhopmymy (7.31)

MOXHO 3aIlucaTh B BUIEC

dp=tol 4@ (7.32)
4z r
Ecin  KOHTYp 3amaH B TOJSPHBIX dB® M
KOOp/MHATAX ypaBHeHneM r=r(@), To
Puc.7.5
ISl TOYeK BHYTpU KoHTypa u3 (7.32)
uMeeM
2z
1
B=£0 o (7.33)
4z + r(p)

B nexaproBoil mpsMoOyroibHoW cucremMe KkoopauHaT x(Oy KaHOHUYECKOE
YpaBHEHHUE 2JIMIICA UMEET BUJ
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y,r 242
! —+Z—2=1 (7.34)

S

dl

|
b
7 3
-a dB a CoBMecTUM Hayajlo MOJSPHOM CHCTEMBI
7
\—;‘(p / X KOOpAMHAT C IIEHTpOM 3ummnca. Bkiax B
-b

T —

moie B Touke M(0,0) osnementa dl

HaTpaBlieH 3a IUIOCKOCTh pHUCYHKa (Ha

Puc.7.6 puc.7.6 310 0003HAUCHO CHUMBOJIOM @ ).

Tak kak x=rcos¢, y=rsing, T0, yuuthiBas (7.34), mnoIyIUM
Va? -b*

c
£=—=———— DOKCUEHTPUCHUTET  DJUIMIICA
a a

b
Fr=———————0=, T1/e
J1-¢* Cosz(p

(0<e<1). C nomompo 3aMeHsl [ =%— @ dopmyna (7.33) cBoautca K

MTOJTHOMY SIUTUNTUYECKOMY UHTETpajty BTOPOTO pona E (8) :
U I 72 P I
B, =59 ﬁl—é‘zsin2 df=""F(e). It OKPY)KHOCTH
0= .([ pdf s ( ) i pyx
B, = Mol E(O) = Hol )
7h 2b

Ecau moMecTHTh Hadallo MOJSIPHOM CHCTEMBI KOOpAWHAT B (HOKYC
9JUIMIICA, HANlpUMep B TOYKY F), a MONSApHYIO OCh HAmpaBUTh K Ommxaiimeit

»?
BepIIUHE, ypaBHEHUE diuIunca Oymaer r=——————. Hcoomesys (7.33),
a(l +£cos (0)
Mol f a(l + £cos (0) Hola
HaiineM B = —j 5 dp="—"5 Herpynno y0eauTbesi, UTO
b 2m 0 b 2b
B, =B —b) B, =Ho!
r, = By, , a B ciydae okpyxHoctu (a=b) B, = ET

[pumep 7.10. HaiiT BEeKTOpHBI MOTEHNHMAT W MHIYKIIUIO MarHUTHOTO IIOJIA,
C03/1aBa€MOr0 KOHTYpOM C TOKOM [/ B IPOM3BOJIBHOM TOYKE Ha PacCTOSIHUU,
MHOTr0 OOJIBILIEM JIMHEHHOTO pa3Mepa KOHTYpa.
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Pewenue. Tlo ONIPEACIICHUIO BEKTOPHOI'O IMOTCHOHAJIa U COIJIaCHO Q)OpMynaM

(7.1 mn J-¢di = JI[ﬁ;Vw]dS UMeeM, rojaras @ =l :
c s 4

Ezrot;\=rot'u—01 §ﬂ=ﬂ—olmtﬁ 7Y% l dS='u—01rotﬁMdS=
dr I r 4z r ¥ r
(L) (s) (s)
st gplaSiv]
4r o 7

I[I/I(i)(i)epeHHI/IpoBaHI/Ie 10 3HAKOM TI'paJu€HTa BEACTCA IO KOOpAWHATaAM Hadalla
;.'

r3

- 1 -
BEKTOpa 7, MOITOMY V(—)=+ B mocnegHeM uHTerpame r - pagnyc-

r

BEKTOp, TIPOBEJCHHBIN U3 dIeMeHTa dS HATAHYTOH Ha KOHTYP MOBEPXHOCTH B
TOYKY HAaOIIOJCHUSL.
Ecnu Touka HaOmoneHUs HAXOAUTCS Ha OONBIIOM yJadeHHU OT UCTOYHUKA OIS,

MOXHO HpI/I6JII/I3I/ITeIII>H0 CUUTaTh, 4TO 7 He 3aBHCHT OT IOJIO)KEHHUS DJIEMEHTA

dS’ A TOTOMY é:ﬂrot[pL;r]’ Tae Z’m =IjjﬁdS=IIId§ - MarHUTHBHIA
4z r
(s) (s)
MOMEHT KOHTypa ¢ TOokoM. Torma mo ¢opMynaM BEKTOPHOrO aHamu3a (CM.

E 2&3(ﬁ;n;;);_ﬁinr2 .

IIpunoxenue
p ) py 3

3mece © - pajmmyc-BEKTOp,

HpOBCHeHHLIﬁ B TOYKY Ha6J'IIO,E[eHI/IH 13 TOYKU PACIIOJIOKEHU S KOHTYpaA.

3adauu u eonpocsl 01 CAMOCM OAMENbHO20 peuienusn

7.1. Haiigute WHIYKINIO MAarHUTHOTO MOJIST MPSIMOYTOJIBHOTO KOHTYpa ¢ TOKOM [
B IIEHTpE 3TOro KOHTypa. CTOpOHBI MPSIMOYrOJIbHUKA PaBHBI a U b.

7.2. Onpepenute WHIYKIMIO MAarHATHOTO TMOJNA ITOBEPXHOCTHOTO TOKA,

pacnpeeneHHOro paBHOMEPHO IO IIIOCKOCTY C IUHELHO NIOMHOCIbIO i .
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7.3. Omnpenenute HMHAYKUMIO MAarHUTHOTO IOJNSA IOBEPXHOCTHBIX TOKOB,
paCIpeNeNICeHHbIX PAaBHOMEPHO II0 JBYM IapajljIelbHBIM  IIJIOCKOCTSAM €

JIMHEWHBIMH IJIOTHOCTSIMHA | WU —1 .

7.4. Ilo npsMOIMHEHHOMY IUIMHAPUYECKOMY IIPOBOAY paauyca R TedeT TOK I,
PaBHOMEPHO paclpe/le/IeHHbIH 0 MOBEPXHOCTH IpoBoja. Halinute nHaykuuio
MAarHuTHOTO HOJIS KaK (PyHKIUIO PAcCTOSHUS OT OCU IIPOBOJA.

7.5. Tox [ Teder BOONb JJIMHHONH TOHKOCTEHHOM UWJIMHIPUYIECKOH TPYOKH
paamycoM R, MMeIoIIel 1Mo BCel MIIMHE MIeNb MUPUHBL d, d<<R, mapaiiensHyIo
ocu TpyOku. Ormpenenuts HHIYKIMIO MarHUTHOTO IO BHYTPH TPYOKH Ha
PACCTOSIHUU 1 OT CEPEHHBI IIENU r>>d.

7.6. IIpoBopsmas cdepa paguyca R 3apsikeHa ¢ IOBEPXHOCTHOH IIOTHOCTBIO O.
Coepa Bparaercss BOKPYr OCH CUMMETPHH C YIJIOBOM CKOpOCThi0 @ . Haiimure
HMHIYKIMIO MarHUTHOTO TIOJS HA OCH BPAIICHHS.

A 7.7. BayTpr 0mHOpPOIHOM MpoBoAsIIei chepbl OT TOUKH A
Kk Touke B (cM. pmc.7.7) mo mmamerpy OonbIioro Kpyra
MPOXOAUT NpoBOoAHUK. Tok cunel I uaer or B x A mo
IIPOBOJTHHKY, a 3aTeM 1o cdepe k Touke B. Ompenenure

WHAYKLIUIO MarHUTHOTO TOJIS B, CO31aBacMOr0 3TUMH
B TOKaMH, BHYTPH U BHE cepbl.
Puc.7.7 7.8. Tlo GecKOHEYHON MpPAMOIMHEHHON TOHKOM monoce
LIMPHUHBL [ TedeT TOK I, paBHOMEPHO pPACIPEAENICHHBIH 10 HIMPHUHE IOJIOCHI.
Haiiaure MHAYKIMIO MAarHUTHOTO TOJISL B TOYKE, HAXOJSIIEHCS Ha PacCTOSHUU h
OT IUIOCKOCTH IOJIOCHI HAJl €€ CepeIuHOM.
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7.9. Ha puc.7.8 MoKa3aHa cxema
CUMMETPHYHOIO Pa3BETBICHUS CTAIlMOHAPHBIX

TokOoB. Bce mNpoBOIHUKKM — NPSIMOJNMHEHHBI,

OECKOHEUYHBl M JIEXAT B OJHOH INIOCKOCTH.
Onpenenute MHAYKLUIO MarHUTHOTO MOJISA Ha
JIMHUU, TIEPHEHIUKYIIAPHON K IJIOCKOCTU TOKOB puc.7.8

U IPOXOJsIIe uepe3 TOUKy A, €clM CHla TOKa B Pa3BETBICHHBIX IMPOBOJHHUKAX

paBHa [, a yron MeXIy HUMH paBeH 20L.

7.10. Toukuil IPOBOAHHUK, IO KOTOpOMYy TeueT Tok I, umeeT Qopmy IByX
HapajielbHbIX IOTyOSCKOHEUHBIX INPAMBIX, COCJUHEHHBIX I1OIYOKPYXHOCTBIO

panuyca R. Haiinure cuity, AefiCTBYIOLIYIO Ha IPOBOJAHUK CO CTOPOHBI BHEIIHETO

OJTHOPOJTHOTO MArHMTHOTO IIOJIA, BEKTOP MHIYKIUHM KOTOpPOro B mnapaulesneH
HPAMBIM IIPOBOZAM.

7.11. Konbuo paguycoM R ¢ TOKOM [; JIEKUT B OIHOW IJIOCKOCTH C JJIMHHBIM
MPSMBIM TIPOBOAOM, MO KOTOpOMY TeueT TOoK [,. PaccrosHue oT 1ieHTpa Konibla
10 IpoBoJa paBHoO a (a>R) . Haliqute cuity, 1ecTBYIOIIYIO Ha KOJIBIIO.

7.12. Y3 HEKOTOPO# TOYKH 00BEMa, B KOTOPOM CO3JIaHO OJHOPOIHOE MAarHUTHOE

ToJie ¢ MHAYKIMEH B , BBUIETAIOT JIBE YaCTHUIBI MAaCCaMH 11, HECYIIHE 3apsiibl ¢ 1
—q cooTBeTcTBeHHO. CKOpOCTH 4YacTHI] PaBHBI v, HAMPaBJICHBI IOJ YIJIOM Ol K
JIUHUSIM MarHUTHOM MHIYKLIMH, YrOJI MEXIy BEKTOpaMH CKOpOoCcTed paBeH 20L.
Onpenenure TpaeKTOpUU yacTull. Yepes kakoe BpeMs U Ha KaKOM PAacCTOSHUM OT
TOYKH BbUIETa BCTpETATCS yacTHibl? KakoBo OyneT MakcHMallbHOE pacCTOsSHHE
MEXJy 4YacTHLlaMu B TMporecce ABkeHUs? KymoHOBckMM B3aumopelcTBHEM
JacTUIl IpeHeOpeys.

7.13. ToueuHblii 3apsii g Maccoil m BJIETa€T CO CKOPOCTBIO Vy B 00JIaCTh C
MOCTOSSHHBIM OIHOPOJIHBIM MarHuTHBIM oJaeM C HHIYKIueH B
MEePIIEHIUKY/SIPHO JIMHUSAM MarHUTHOM MHAYKIHH. Ha Kakoit yron oL OTKIOHUTCS
YqacTUIa, eciau o0JlacTh, 3aHMMaeMas MAarHUTHBIM II0JEM, OrpaHHYeHa
IUTOCKOCTSIMH, TTEPIEHANKYISIPHEIME BEKTOPY HAaYaIbHONH CKOPOCTH, PAaCCTOSHHE
Mex Iy KoTopbIMH L. CHITy TSKECTH He YIUTHIBATE.
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7.14. Tlo KoHTYpy, HpEACTaBISIOUIEMY COOOH IPaBUIBHBIH N-YTOJIBHUK,
BIIMCAHHBIN B OKPYXKHOCTb paguycoM R TedeT Tok /. Halinute BEeKTOp MHAYKIUHN

B, MarHUTHOTO MO B IIEHTPE OKPYKHOCTH.

7.15. 113 omHOpOAHOrO MpOBOAA U3TOTOBIEH KOHTYp B BHJIE KBajgpara. K aBym
COCEJIHUM BEpIIMHAM KBaipara nopcoenuHer ucrouHuk J.J1.C. IlpeneOperas
[OJIEM TOABOJSIIUX HMPOBOAOB, HAWIUTE BEKTOP MHAYKIMU MarHUTHOTO MO By
B IIEHTpPE KBaJpara.

7.16. Hatigure BEKTOP HUHIYKITUT
MAarHUTHOIO ITOJISt 1§0 B LIEHTPE IJIOCKOrO

3aMKHYTOI'O KOHTYpa, H300paK€HHOTrO0 Ha
puc.7.9, mo xoropomy Teuer Tok /. KoHTyp

COCTOMT W3 JBYX JYI  OKPY)XHOCTH
paguycoM R M JOBYX HPSAMBIX, OTCTOALIMX

Puc.7.9

Jpyr OT JIpyra Ha pacCTOSHUH 24.

7.17. Haiinute MHIYKIHIO MarHUTHOTO OIS Bo B LIEHTpPE MJIOCKOH CIUpay, Mo
KoTOpoi TeueT Tok /. Crmpaib 3aKiI04eHa MEXIY OKPYKHOCTSIMH C pajuycaMu
R, 1 Ry (R> R,). B momsipHBIX KOOpIWHATAX P, PACCTOSHUE OT IEHTpa CITHPAIIN
p JNHMHEWHO 3aBUCHT OT yria . Yucio BUTKOB cTHpainu paBHO N. Ilome
MTOJIBOAAIINX IIPOBOJIOB HE YUUTHIBATb.

7.18. DreKTpOH BBUIETAET C MaJlod CKOPOCTHIO M3 KaTola M JBIDKETCS K aHOLY,
HoTeHIKal kotoporo Ha U Gonblie noreHnuana karoaa. Ipoiins paccrosnue [ B
OJJHOPOJHOM MarHUTHOM IIOJI€ ¢ MHIYKLIUEH B, co31aBaeMOM JIEKTPOMArHUTOM,
U IBUTasACh jJajee 0 UHEPIHH, SIEKTPOH IONaaaeT Ha (UIyOpecCIeHTHBIN dKpaH,
MOMELIEHHBI Ha paccTosHuM D or snektpomarHuta (puc.7.10). Haitoure

cMeleHne O MITHA Ha 9KpaHe Kak (pyHKIUIO HHIYKIHH MATHUTHOTO MOJIS.
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7.19. BecKOHEYHO AJIMHHBIA LMIMHID PagrdycoM
R, 3apsDKeHHBI pPaBHOMEPHO IO O00BEMY C
IUIOTHOCTBIO P, BpalllaeTcsi BOKPYT CBOEH ocu
CHUMMETPHH C YITIOBOH CKOpOCThIO @ . Haiimure
WHAYKIUIO MAarHUTHOTO TIOJsI BHYTPM M BHE
LWINHIPA.

7.20. TIpoBoioyHOE  KOJBIIO paauycoMm R
[OMEIICHO B OJHOPOJAHOC MAarHUTHOE MOJE C

HHAYKIUEeH B, NepneHIuKylIspHOe ILIOCKOCTH

Qi
®
=

FIH—« D

Puc.7.10

kombla. Kakodl MakcHManbHBIM TOK MOXHO HpPONYCTUTb IO KOJBILY, €CIH

MaKCUMAJIbHOC HATAXKCHHUEC, KOTOPOC BBIACPKHUBACT MPOBOJIOKA, PaBHO g

BnusiHueM cOOCTBEHHOTO MOJIS KOJIbLA TPEeHEOpeYb.
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§8. MarnuTHoe 1moJie B BeLIeCTBE

I(pamkue meopemuuecKkue ceéedeHusn

BCKTOD HaMarHM4€¢HHOCTH. TCJ]O, IIOMCIICHHOC BO BHCIIHEC MAariHuTHOC

HONIe, HamMazHuuueaemcs M CO3JaeT COOCTBEHHOE MAarHUTHOE IIOJe, KOTOpOoe
HaKJIaJbIBACTCd Ha BHEIIHEE I0jJe IO MNpUHIMIY cyneprno3uuuu. CoriacHo
runore3e Amriepa, 4acTHIIbI, U3 KOTOPBIX COCTOMT TEJIO, MOKHO PacCMaTpHBAaTh
KaK MaJIeHbKHE KOHTYpbI, 00TeKaeMble TaK Ha3bIBAEMBIMU MOIEKYAAPHLIMU (UL
amMneposuiMu) MoKAMuU, CBA3aHHBIMU ¢ OPOUTAIBHBIM JABHKEHUEM IEKTPOHOB. C
TakOH TOYKM 3PEHHS BO3ZHHKHOBEHHE JONOJHUTEIBHOTO MAarHUTHOIO IIOJIS
MOXHO OOBSICHUTH OpPHUEHTAIMel ITUX KOHTYPOB BO BHELIHEM MarHUTHOM IIOJIC.
OCHOBHbIE ~ 3aKOHOMEPHOCTH  IIOBEJICHMS  HAMarHUYMBAIOLIUXCA  Cpe
OOBSCHSIOTCSL B paMKax 3aJadd <«3aMKHYTBII KOHTYp C TOKOM B MAarHUTHOM
I0JIe», PACCMOTPEHHOM B NpeAbIIyIeM naparpade.

JIisi MakpOCKOIHUYECKOro OIMMCAHUS MAarHUTHOTO MOJs B BEIIECTBE
BBOJUTCS YCPETHEHHAs MO0 O00BEMY BEIIECTBA €r0 XapaKTePHCTHKA — 6eKMOp

HamacHU4YeHHoCcmu
Pom,
J=—ti 8.1
AV (8.1

rac ﬁmi — MAarHuMTHbBIE MOMCHTBI BCEX aMII€POBLIX TOKOB, OKAa3aBIIWXCS BHYTPU

OeckoHeyHO Maiioro oorema AV . BenuuunHa BekTopa J 3aBucut oT UHJYKIUU
BHEIIHETO TMOJI U OT CBOMCTB paccMaTpyBaeMOro BEIECTBA. JTa CBSI3b 3a/1aeTCs
MAmepuanbHoiM YypaeHeHueM W CUYMTACTCS M3BECTHOHM w3 ombIta. Jns ynodcTa
OIIMCaHUusA MArHuTHOI'O IIOJISI B MaTepnaanmx cpez[ax BBOOUTCSA BEKMOp
HanpsceHnocmy MarHUTHOTO 0TSt
a=-2_7 (8.2)
Ho
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Jns nocraToyHo cnaObIX MOJNEd M GONBLIIMHCTBA BCPEUYAIOIIUMXCS B IIPUPOAE
BEILIECTB MOXKHO CUMTaTh, 4T0 J = ¥H (k03)(OUIUEHT NPONOPIHOHAILHOCTH |

Ha3bIBACTCS  MACHUMHOU BOCNPUUMYUUBOCMBIO BeHleCTBa); H MaTCpHAIbHOC

ypaBHEHHUE JJIs1 MArHUTHOTO TOJIs, COrJIacHo (8.2) mpUHUMAET BUJ
B =uu,H , 8.3)

rne pM=1+y — Oe3pasMepHas KOHCTaHTa, Ha3blBaeMasi MACHUMHOU
nponuyaemocmulo BemectBa. OnucaHWe MarHUTHOTO TOJNA B TEPMHUHAX
BEKTODOB B 1 H TMO3BONAET HE BBOAMTH SIBHO IUIOTHOCTH MOIEKYIAPHBIX
(aMIIepOBBIX) TOKOB, XOTS B HEKOTOPBIX CIIy4asX PacCMOTPEHHE 3THX TOKOB
YIPOIAET peIIeHUe 3a1ad.

[lo cBOMM MarHMUTHBIM CBOMCTBaM BCE BEIECTBA IOAPA3IEIAIOTCA Ha

ouamacnemuxu (¥ <0, @<1, J u B OpUEHTHPOBAHBI IMPOTHUBOIOJIONKHO),

napamaecnemuxky (¥ >0, u>1, J un B OpUEHTHPOBaHBI B OIHOM
HalpaBIeHUN) W @eppomazhemuku. B TocnemqHnX IHHEHHas 3aBHCHMOCTD

MEXKIY J uB HApyLIaeTCsl Jaxe B CPABHUTEIBHO CIA0bIX MOJSX, U PAaBEHCTBO
(8.3) BBIMONHSAETCS JHING MPUOIIDKEHHO, TprYeM U>>1 (B crlaBax jkenesa, TO
€CTh CTAJISIX, MATHUTHAS TIPOHHIIAEMOCTh MOYeT mpesbimath 10°). B HekoTopIx
cpeaax (HOCTOﬂHHbIX MaFHl/ITaX) HaAMarHu4e¢HHOCTb CJ'I3.6O 3aBUCHT OT BHCIIHECITO
MoJst ¥ 3ajaercsl OOBIMHO YCIOBHAMH 3agaud. YpaBHeHHE (8.3) B 9TOM ciiydae
HEMPHUMEHHMO, U CIIeAYET UCIOIb30BaTh HEMOCPEICTBEHHO COOTHOLIEHHE (8.2).

3aKOH TOJHOTO TOKa. B Ipou3BONBHOM HAaMarHUYEHHOW cpene

LHUPKYALUS BEKTOpa HANPSHKEHHOCTH MarHuTHoro nons H 1o mobomy
3aMKHYTOMY KOHTYpy L paBHa anreOpanueckoil cymMme TOKOB I, KOTOpbIE
OXBATBIBAIOTCS 3TUM KOHTYPOM:

§Hdz =1. (8.4)
L
9TO BaMHeﬁmee I/IHTeraJ]I)HOC COOTHOILICHUEC MArduTOCTaTUKM HA3BIBACTCA

30KOHOM NOJIHO20 mMoOKa WA meopemoﬁ O  YUPKYTAYUU HANPAHCEHHOCMU
MACHUNTIHO20 NOJIA. HpI/I 3TOM KaXIbI TOK, OXBaThIBAEMBIH KOHTYPOM, CUHUTACTCA
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HOJIOXKUTENBHBIM (OTPULIATEIbHBIM), €CIM U3 KOHIIA BEKTOPa IJIOTHOCTH 3TOrO
ToKa 00X0J KOHTYpa BHAEH IPOUCXOASINUM IPOTUB YacOBOH CTpenku (IIo
qacoBoi crpenke). Ecmu koHTyp uHTerpupoBaHus N pa3 obxogut Tok I (c
y4eTOM HalpaBlIeHHUs), TO B IpaBylo yacTh (8.4) ciaenyer noacraButhk NI Uucio
N Ha3BIBAKOT KPAMHOCHIbIO CYENNeHUs TOKA C KOHTYPOM.

JuddepeHnyanrbHOe COOTHOLIEHHE, COOTBETCTBYIOIIEE HHTErPalbHOM
Teopeme (8.4), UMeeT BUJ

rotH = J , (8.5)

rge j — IUIOTHOCTh TOKAa IPOBOJAMMOCTH B PAacCMaTpUBAeMOH TOUYKE

IIPOCTPaHCTBA.
MarHutHoe 1oje B OJHOPOAHOH cpene. MarHWTHas HpPOHHUIIAEMOCTh

BEIlECTBA HE BXOIUT SBHO B 3aKOH IIOJHOTO Toka. IlodToMy 3amaHHas
KOH(UTypalis TOKOB Oy[eT co3laBaTh OJUHAKOBOE paclpeneneHue monsi H B
BakyyMe M B O€3rpaHU4HON OJHOpPOIHOM cpene. ([ HeoaHOPOIHOM Cpenbl 3TO,
KOHEUHO, He cmpaseanuBo). CoorBeTcTBeHHO, (opmynsl (7.4) u (7.11) moryr
OBITh TPUMEHEHBI K MOJSAM B OJHOPOJHON HAaMarHWYMBAIOLICHCS Cpejie, eciu

3aMEHUTH B HUX [y Ha Ullg:

é:%{@, (8.6)
A:’i—‘:lij. 8.7)

Kak cnenyer u3 ypaBHenuit (8.3), (8.5) u ompezneneHHs BEKTOPHOIO
noteHnuana (7.12), it IPOU3BOJBLHOIO PACIpPENENEHUS TOKOB C OOBEMHOH

MJIOTHOCTBIO j B OAHOPOJHOM CpeAe ¢ MAarHuTHOM IPOHHUIIAEMOCTHIO |

BEKTOPHBIII IOTEHIMAl A YHOBIETBOPSET @ekmopHomy ypasHenuio Ilyaccona:

AR = il (8.8)

I'panuunble  ycaOBUsS  JUIs  MAarHUTHOrO  mojsd. K3 cBoicTBa

COJICHOMIAJIbHOCTA MAarHUTHOIO IIOJS CJIEAYeT, YTO Ha IpaHuUlle pasjena ABYX
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Cpea C pasIu4YHbIMM 3HAYCHUAMHU |l HOPMAJIBHBIC KOMIIOHCHTBI BEKTOpa B
HEIIPEPBIBHBL; IO TEOPEME O HUPKYIALIUH B OTCYTCTBUE Ha IpaHUIC pasaciia
MOBEPXHOCTHBIX TOKOB IMPOBOAMMOCTH TAaHI'€HIOHAJIBHBIC KOMIIOHCHTBI BEKTOpa

H Ttaxxe HEPEPBIBHBI:

B, =B, ..H, =H, . (8.9)

1 )

TaHreHnuagbHbIE KOMIOHEHTH BEKTOpa B Ha TpaHMIAX NMPETEepIeBAIOT Pa3phIB.
@Ou3nUecky 3TO CBS3aHO C Pa3pblBOM BEKTOpa HAMarHUYEHHOCTH j U MOXET

OBITh O0BICHEHO MPOTEKaHUEM II0 T'PaHULEC MMOBEPXHOCTHOT'O MOJICKYJIIAPHOI'O
TOKa, TIIJIOTHOCTb KOTOpPOro paBHa BEJIUYUHE  CKadKa TaHTEHI[MaJIbHON
COCTaBJISAIONIEH BEKTOpa HAMAaroHn4€HHOCTH.

IIpumep 8.1. Haiingure MHAYKIMIO MarHUTHOTO IIOJIS, CO3/IaBa€MOI'0 TOPOUIOM,
00MOTKa KOTOPOro cofepKHUT N BUTKOB. TOK, IpOTEKaroUMil 0 0OMOTKE, paBeH
I, MarHuTHas IPOHUIIAEMOCTh CEPIICUHUKA [ .
Pewenue. Topoun — KonblieBas KaTylIKa, BUTKM KOTOPOHl HaMOTaHbl Ha
cepAedHHK, UMeromui ¢popMy Topa. IIpn TocTaTO9HO IIOTHOH yIIaKOBKE BHTKOB
TaKyl0 KaTylIIKy MOXKHO paccMaTpHBaTh KaK CHUCTEMY OIMHAKOBBIX BUTKOB C
LEHTpaMHU Ha CpeJHell JIMHUM TOPOUJA, IUNIOCKOCTH KOTOPBIX IEPHEHIHKYISIPHBI
K 3Toif nuHuu. Ilpu moBopoTe TopoHga BOKPYT OCH CUMMETPUM OH IEPEXOIMUT
caM B ce0s, MO3TOMY JMHHM MarHMTHOW HHIYKIMH CYThb KOHIIEHTPUYECKUE
OKPYKHOCTHU C IIEHTpaMH Ha OCH CHMMETPHU TOPOUAA, U BJOJIb CHUIIOBOH JIMHUU
BEJIMYMHA BEKTOpa MarHUTHOW MHAYKIMU IOCTOsSHHA. Teopema o IMpPKYJIALMY,
MIPUMEHEHHAs K IPOU3BOJILHON CUJIOBOM JIMHUM, A€T:
§fldl— —omH = NI enympu mopouoa
0 6He Mopouoa
L€ 7 - paguyc BHIOpaHHOM JIMHUM MAarHUTHOM MHAyKuuH. Buano, 4ro mone
COCpPEOTOYEHO BHYTPU TOPOU/A U PABHO!
NI NI

H=—, B= —. 8.10
o o > (8.10)
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pumep 8.2. Karymka (coneHon1) HaMOTaHa Ha JJIMHHBIA MIPSIMOM CEPIIETHUK
U3 OJJHOPOAHOT'O MarHETHKa C MarHUTHOM NMPOHULIAEMOCTBIO L ¥ uMeeT N
BUTKOB. TOK, MPOTEKAIOIIUH 110 0OMOTKE, paBeH /, AJIMHA COJICHOU 1A [ MHOTO
Gonple ero paauyca R. Haliiure MHAYKINIO ¥ HAIPSDKEHHOCTh MarHUTHOTO
IIOJIs HA OCH COJICHOW/A BHYTPHU CEp/IeUHUKA U BHE €ro.
Pewenue. Hanmnaue cepeyHrka He 1aeT BO3MOXHOCTb BOCIIOIb30BATHCS
HernocpeacTBeHHO (opmyaoii (7.4) st onpenesieHnss MarHUTHOTO TIOJIS.
| CornacHo rumnorese Awmrmepa, Hoie B
O CepACYHUKE CO3aeTCs Kak TOKOM [ Tak
//H ! ? ) U MHKpPOTOKAMH BO BCEM CEpJCYHHKE,
> COBOKYITHOE JeiicTBUE KOTOPBIX
/e's%eela) PaBHOCWJIBHO [JI€HCTBHIO J100aBOYHOIO
T_ﬁ_é__k_ (3apaHee  HeM3BECTHOro) Toka [’
‘ 00TEKaloIIero NOBEpXHOCTh CepACUHUKA
72"yl (puc. 8.1). Torma, mo aHaJIOTHH C
TIPAMEPOM (7.10p.4) (7.21), wmoxHO

Puc.8.1 HAIlMCaTh, YTO WHAYKLIMSA IO Ha OCH
COJICHOM/Ia B TOYKE C KOOPAMHATON Z, OTCUUTHIBAEMOM OT CepeAMNHbI COJIEHOHN A,
f( ) z+1/2 z-1/2
z)= -
VR +(z+1/2) R +(z—1/2)

noajiekamnias OIpPEACIICHUIO KOHCTAaHTA. Ha ocu CECpACYHHUKA HAIMPSIKEHHOCTH

paBHa B=Cf(z), rae

y -Gk
MarHUTHOrO Moy paBHa H, =——--, a Ha OCH B BO3JyXe BHE COJICHOHIA
Hily
g oGl g N
b= . Tlo Teopeme o mMpKyIAUMH, HPHMEHEHHOMY K OECKOHEUHOI
Hy
CHIIOBOM JIMHUH, COBIIAAfOIIEH c OCBIO COJICHOMIA,
-1/2 1/2
JHdz = JHbdz + jH dz + ijdz =IN. B npubmmwKeHMH  IJIMHHOTO
—oo —oo 112 1/2
-112 -1/2
R C
conreHoupa | —<<1 ijdz— JHbdz—— a chdzz—Z(l—R),
l Hy _i2 0

1/2
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2CR 2C(I-R)
_+— =

(npenebperast wieHaMu ~ (R/ [ )2) OTKyZla CIEIyeT, YTO =IN,
Hy Hily
Mty IN Mty IN
C=—"—"F"——.0 , Blz)=——""—— IO
OTKyZa 20+ (u-DR) koHuatensHo, B(z) 20+ (u-1R) f(z). Tipu

UR << Oyner B(z):@f(z), T.. MHAYKOUS TON B f pa3 Oosnblie

WHAYKIUHM B  OTCYICTBHE cepAcyHMKa. Ecmm xe uR>>1 (a  nana

3 7
deppomarauTHbIX cepreunnkos L ~ 10° —10" u Bemonnenne storo ycmosus

BIIOJIHE BO3MOXKHO) B(z)=% f(z). HampspkeHHOCTB TONSL BHYTpH W BHE
coJleHou1a paBHa COOTBETCTBEHHO H.(z)= N flz),
¢ 21+ (uz—1)R)
MIN —
H b(z):— f (z) Ha Topuax cepmeunuka Bektop H mperepreBaeT

201+ (u—-1)R)
paspbIB, Bo3pacTasi B // pa3 IpU NEpexone U3 CepleuHuKa B IycToTy. BHyTpn

COJIEHOM A BAaJIM OT KOHIIOB (IZ| << l) f(Z) =2 , IIO3TOMY ITOJIE MOKHO CYUTATh

OJHOPOAHBIM:

My IN
B(z) = A, 8.11
(Z) l+(u—l)R ( )

IIpumep 8.3. Tlo GeckoHEUHOMY MPSIMOIMHEHHOMY IMJIMHIPUYECKOMY TIPOBOAY
pamuycom R TeuyeT TOK [, pAaBHOMEpPHO pacHpeleieHHbI 110 CEYCHHUIO
npoBozHKKa. HaiiuTe HANPSKEHHOCTh MATHATHOrO moms H Kak (yHKIHIO
PacCTOSHUS OT OCH NPOBOJA.

Pewenue. BribepeM HMIMHAPUYECKYIO CHCTEMY KoopauHar pP,(,z. Och
Oz HampaBUM IO OCH IIPOBOJA B CTOPOHY Toka. ITOCKOJBKY IepeHOC Hadania
orcyera BIOJb ocH Oz 1 mOBOPOT BOKpYr Oz He M3MeHseT KOH(QHUTYPAIHIO TOKOB

B HOBOH cHuCcTeMe KOOpAHUHAT, BEKTOP H 3aBHUCHUT TOJIKO OT p. I[J'I}I HaXO0XIOCHU
HAIIPpSOKCHHOCTU TTOJISA B HpOHSBOJ’ILHOﬁ TOYKE MNPOCTPAHCTBA M paccMOTpuM
HOPMAJIBHOC CE€YCHHUE IIPOBOAA, INIOCKOCTH KOTOPOI'0 BKIIIOYACT AAHHYIO TOYKY.

Beigenum Ha cedeHMU IPOBOJA IEMEHTApHYIO IUIOWAAKY ds, = pdpd@, depes



§8. Maenummnoe none 6 sewyecmese 149

Kotopyto Baois ocu Oz Teder Tok dI; = jds; (j - WIOTHOCTH ToKa). OH BHOCUT
BKIAJ dﬁl B mone H, mnpuuem dﬁl 17%. Bo3bMeM CHMMETPHYHYIO
otHocutensHo OM  snemeHTapHylo Iuomaaky ds,. EE€  Bkmag dH 2

HNEepHeHANKYTApeH 7, | |dH 1| = |dﬁ 2|.

CyMMapHbIi BKJIaJ dH = dH L+ dH 2
nepreHanKysiper OM. Tak kak mpu JaHHOM
KOH(HTYpallud TOKa CyMMHPOBAHHUE BKIIAJ0B
MOXHO IIPOU3BECTH CUMMETPHYHBIMU
J napamMi, TO TIIOJIe, CO3]laBa€MOE€ IIPOBOIOM,
neprnenaukynapaso OM. Orcioga crenyer,
9TO CHIIOBBIC TMHUK H IPEICTABIAIOT COO0M

OKPY>KHOCTH.
JIs BBIYMCIICHUS BEIMYMHBI TOJIA

BOCIIONIb3yeMCS  TEOPEMOH O MMPKYISAIUN

BEKTOpa H (8.4): §I?Idlﬁ = ZI,- . B xauectBe
L i

Puc.8.2

KOHTYpa L BbIOEpEM OKPYXKHOCTb pasnyca Py (cM. puc. 8.2), mpoxoAsuLyto yepes
touky M. Ilockombky Hlldl, o Hdl =H (pM )dl . Ha oxpyxnoctn L

Py =const WU, cienopaTensHo, H (pM)zconst. Takum ob6pazom, uz (8.4)

Lo 2 2 < <
nMeeM ifHdl =§Hdl=27rpMH(pM)= [7piy 178", 0= Py _R.OTCIOILa
I, py >R
L L ’ M
_|1pr2aR*, 0<py, <R 8.12)
1/2mp, py >R ' .

[Nony4yeHHsli pe3yabTaT MOKHO IPECTABUTh B BEKTOPHOM BHJIE:

BHyTpH npoBozanka (0 < p < R) H= %[},ﬁ],

- 1= LR’
BHE IPOBOJHHUKA H =—[j, p]—z,
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rae j— IUIOTHOCTH TOKa (j =1/ ﬂRz), O - pamuyc-BEKTOp, MPOBENCHHBIM B

TOYKY M u3 HpOPI3B0JILHOi/II TOYKHW Ha OCH MpPOBOAAQ, ¥ — PACCTOAHUC OT TOYKHU M

J10 OCHU NIPOBOJAHHKA.

IIpumep 8.4. Ha TopomumanbHBEIN CcepledHMK H3 OXHOPOAHOTO MarHeTHKa C

MarHUTHOM TNPOHHUIIAEMOCThIO [L HaMoTaHO N BHUTKOB IpoBoaa. B cepaeunuke

cllenaH 3a30p, IHPHUHA KOTOPOro d Malia o CPaBHEHHUIO C JTUHEHHBIM pazMepoM

CEUYCHUsA TOpa. Haﬁ[{HTe HaNpsHKEHHOCTh M MHAYKOHWIO MarHuTHOI'O IIOJIA B

CepICYHHKE U B 3a30pe.

COOTBETCTBEHHO PpPaBHbI

Pewenue. U3  ycmous  (8.9)  paBeHcTBa

HOPMAaJBHBIX COCTAaBIIIOIINX BEKTOpOB B  Ha
TpaHUIle pasfena Cpex CleayeT, YTO WHIYKIUS
MarHuTHOTO IIOJS OJHHAKOBa B CEpAEYHHKE U B
3azope. Ecnu mpeHeOpeds paccessHHEM CHIIOBBIX
JUHUHA BOJNM3M KpaeB 3a30pa, MX MOXKHO CUHTATh
KOHIIGHTPHIECKHMH OKPYXHOCTSMH C IIGHTPOM Ha
ocu cepaeunuka. (puc. 8.3). Ha paccrosHum r ot
OCH HANpSDKEHHOCTH TI0JISL B CEPACYHUKE U B 3a30pe

ﬁ[c =ir) " FI3 =M. Teopema 0 UHPKYISINH,

Holt Hy

NPUMEHCHHAA K CHJIOBOM  JINHUH paauycoM I BHYTPHU KaTyIIKH, [Ja€T:

IN =M(2m—d)+Md , OTKy/Ia
U

HoH

__ MoMIN
27 +(u—1)d”°

IN

H=—r
27+ (u—1)d

H,=—t" .
2w+ (u—-1)d

(8.13)

HIN Mpu (u-1)d<<r  moxHO

IN .
npuOIU3UTENbHO cuuTath H, zz—. Oto mNpHONMKEHHE Jake IMpHU Maoi
Jr
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BEJIMUMHE 3a30pa HE BCErJa ONpaBJaHO B Clyyae OONBIIMX 3HaueHHH W. Eciu
IN IN IN
r<<pud, 10 H,~- H,="" p~tHl
ud d d
Ipumep 8.5. Mlap paguycom R u3 OJHOPOJHOTO MAarHeTHKa C MAarHUTHOH
IIPOHUIIAEMOCTBIO |1 BHOCHTCS B OJHOPOJHOE MarHUTHOE I10JI€ C MHAYKIMEH B .
HaiinnuTe HHIYKIUIO MAarHUTHOT'O TI0JIsl BHYTPH U BHE LIapa.
Pewenuee. B orcyrctBue TOKOB IpoBoauMocTH rotH =0, a HOCKOIbKY
B=puH wu | He 3aBHCUT OT KoopauHaT, To M r1otB=0. DOro naer

BO3MO)KHOCTh HCKaTh IIOJI€ M BHE, W BHYTPU IIapa B BUAE CYIEPIO3HLUU
W3BECTHBIX pELICHUH, YJOBJIETBOPSIOIIMX 3TOMY YPABHEHHIO W YPaBHEHHIO

divB=0. Ilompobyem HaiiTh pelneHne O5TOH 3agadydl B BHUAEC CYMMEI
OJHOPOMHOTO MHOAs By W momst MarHMTHOrO  Aumonst  p,,, T.C.

4z 5 r3

B, +&(_3<me>; P
r

j, Ipu4eM BEKTOpsl By W p,, pasmuuHbl AL

BHYTpeHHeiH (i) u BHemHel (e) obnacTeii:

P 505 S0 - =(e): =(e)
B(l)=B1(1)+ﬂ0 3(pmr)‘_pm B(E)zBl(€)+ﬂ0 3(pm r);_ Pm
4\ P " ar\ P r

(e) gle) M) )

UYeTbIpe Hen3BeCTHRIX BeKTOpa B™/,B)"’, p,’, p,/ BHE M BHYTpH LIapa HalIeM U3

ycIoBHH Ha rpaHune mapa (8.9) m Ha OECKOHEUHOCTH, a TaKkKe M3 YCIOBHUS
OrpaHUYCHHOCTH IIOJS B LEHTpe mapa. M3 mocleaHero ycioBHs CIEIyeT, 4To

13,(;) =0 u modtomy mone B BHYTPH 1Iapa OJHOPOIHO: BY = 1§l(i). Tax kak

(e)

IIpA ¥ —> °© MOJIC OAHOPOAHO I10 YCIOBHUIO, TO Bl = BO , 1 JJI pEIICHUSA 3a1aun

(i) (e)

0CTaJIOCh MMoJ00paTh BEKTOPa E’l u p,; . Torna Gyner:

B0 2 B Bl 50 4 b (). By
4r r5 r3
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Ha TpaHULIC IIapa U3 yCJIOBUA HENIPEPHIBHOCTH TAHI'CHIHUAJIBHBIX COCTABJIAIOIINX

© 4
BekTopa H cuenyer, uro B, _Ho Pz _ —Bl(;) . Tak xak 3TO ycjIOBHE AOIKHO

4T R® u

BBITIOJTHATRCS B JIFO00I TOUKe MOBEPXHOCTHU 1Iapa, TO

(0 -
i‘_z% = By, —;Bl(;) . (8.14)

) y BU HOJIY4HUM

BTOpOC YPaBHEHHUE, CBA3BIBAIOIICEC HEU3BECTHBIC BEKTOPBI Z?m 1

U3 YCIIOBUS HEIPEPBIBHOCTH HOPMAJIbHBIX COCTABIIAIOIIUX BEKTOPOB B“ u BY

. T
- = Pm— | =
Pl ) = r)r
Ha TpaHmIe mapa. Tak Kak = 3 €CTh COCTaBJISIFOIAsT BEKTOpa
r r r
p - p.r). p -
P '3” BAOJbL ¥ , TO (p ”; )r _ P ;” €CThb COCTABJIAIONIAs, IEPICHIUKYISIpHAs 7 , U
r r r

IIOTOMY PaBCHCTBO HOPMaJIbHBIX COCTaBJISAIOIINX (HOCJ’IC COKpallleHus Ha

KOCHHYC yIja MEXAY paldyc-BEeKTOPOM M HAaIpaBJICHHEM BHELIHEro mojisi By )

(e)

NPUBOIUT K COOTHOLIEHHIO: Bl(i) =B, +f—02p—'3” U, COOTBETCTBEHHO, B
T R

BEKTOPHOM BHJIE:

PN 25

BY) =By + 0 2P 8.15

1 0 Ar R3 ( )
Pemast cuctemy (8.14), (8.15), momywaem: é(i) = 3 éo D = 4—””—_1R380
p+2 Ho U+2
o = a1 (3BF). By s B}
Oxonuarensio: B =B, it ! —3( gr)r——;) ; Bl _ 3K B,.
H+2 r r H+2

BuyTpu mapa none ogHOPOIHO M COHAIPABIECHO C BHEHIHUM IOJIEM M mpu U>1

CHUJIBHEC II0JIA B() . Bue mapa 1moJji€ €CTb Cyneprno3uiusa Nne€pBOHAYAJIbHOI'O ITOJIA
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B() " IOJIA MAarHuTHOI'O JUIIOJIA, IIOMEIIECHHOI0 B ICHTPE 11apa U 06J1a£[a101uer0

L pag
Mo f+2

3ameuanue. Pemenue 3TOH 3amaun MOXET OBITh IOMYYEHO HA OCHOBAaHHHU

MOMEHTOM p,, =

AHaJIOTUM MEXAY 3aJa4aMU DJICKTPOCTATUKN U MAarHUTOCTATUKHU IIPU OTCYTCTBHUHU
TokoB. C 3TOW LENBI0 BOCIIOIB3YEeMCs pelleHueM npumepa 8 u3 maparpada 4,

3aMEHUB BEKTOP D Ha B uena W (popmymsr (4.33) u (4.36)).

IIpumep 8.6. beckoHeuHbIi NPSIMONUHEHHBI TOHKHH IPOBOX C TOKOM [
PAcIHONOXEH MapajuleNbHO IUIOCKOH IpaHMIe pasfiena IBYX Cpel C MarHUTHBIMU
MPOHUIIAEMOCTSMH |1 U [l Ha HEKOTOPOM PAcCTOSHHH g OT TPAaHUIBI B HEpBOii
cpene. Onpezaenure MarHUTHOE 10JI€ B 00€UX cpefax BONU3U MPAHHUILIBL

Pewenue. Jlns pemeHus 3Tod 3agadu

/ y A/[// MPUMEHUM METO/]], AHAJIOTUYHBIM MeToxy
Hl/// ¥ n300pakeHUH B AIEKTPOCTATHKE. 3aMEHHM
i, 0( 3ajady pacdera mons B B HEOTHOPOIHOI

@ pI a cpelie aHaJOrMYHOM 3amadeil B Bakyyme. B
nepBoil cpese mome B TOMUMHSETCS
/// y , / /// TaKOMy K€ YpaBHEHHIO, KaK U IIOJe TOKa

/ /y ] / M B Bakyyme. Bo Bropoil cpene
}/l|‘ // / / X r0t1§2 =0. Ilpu pacuere nomns B HepBOH
M2 0' 6 cpese MOXHO 0OAaBUTH JIIOObIE HCTOYHUKU

MoJiis BO BTOPYIO Cpeny W HaoOopoT, ¢
Puc.8.4 11e7IbI0 00ECTIEUNTh BBIMOIHEHHE YCIOBHH

B B
Ha TPaHMIIE: 7“=#—’2; B, =B,. Il
i 2

pacdera 1oy B HEepBOil cpeae 100aBuM TOK [l BO BTOPYIO Cpely BAONb JIMHUH
3€PKaJIBHOI0 OTPAXXEHHS UCXOIHOTO IIPOBOAA OTHOCUTENILHO IPaHUIIbI pa3jena, a

IIpY pacyeTe Mo BO BTOPOH cpesie UCXOAHBIN TOK 3aMEeHUM Ha TOK M (puc.8.4).

Torga none E’l €CTb CyNeprosuuus moiei Toko f/ (B mepsoii cpene) u Sl
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(BO BTOpO¥1 cpene), a morne Ez cozmaercst TokoM Y (B mepBoit cpexe). B cury

TOro, 4YTO BEJIMYMHA B TPONOpPHMOHANBFHA TOKY, W3 TPaHWYHBIX YCIOBUSH

CIIe/IyeT: m-B = l, U+ p=y. Orkyna nomydaem: f= M;
M Hy )

_ 2y

o+l

BaKyyMe, CO3JaHHBIM TOKOM [ = (] , TEeKyllMM II0 HCXOJHOMY IIPOBOAY, H

_H (2 — 1)
)

. Takum oOpa3om, moie B NEPBOH cpele COBMALaeT ¢ IOJIEM B

TOkOM 1, I, TexymuM 1o ero 3epKanbHOMY oTpaxeHuio. Iloie Bo

. 2
BTOPOH Cpezie COBMAJaeT C MOJIEM, CO3JaHHBIM TOKOM /3 = %I , TEKYIIUM
M+

10 HCXOAHOMY IIPOBOJY B BaKyyMe.

Eciu p, >> p, (Bropas cpena — peppoMarseTuk), I, = I, = f,1 ; "3epKaabHbIi"
TOK TEYeT B TOM JK€ HAallpaBJICHUH, YTO M HCXOIHEIH. B obmem ciydae Tok I3
COBITAZACT 10 HAINPABJICHUIO C MCXOIHBIM, a HampaBlieHHue I, 3aBHCHT OT 3HaKa
pa3HoCTH (ﬂ2 - ,ul). Takum 00pa3oM, IIONE, COOTBETCTBYIOIIEE HCXOTHOU

3ajave, MOXKET OBITH CO34aHO B BakyyMe (MM OJHOPOTHOH cpese) CHCTeMO
TOKOB, 3aMEHSIOIMX CO0OH IeHCTBUTENHLHOE pacHpeleleHue MOJEKYIIPHBIX
TOKOB B cpelax. BeluucieHwe mHons B JIOOOH TOYKE Teleph MOXET OBITh
npousBeneHo mo dopmyne buo-CaBapa win mo $opMmyine mois mpsMoro Toka C
WCIIONB30BAaHMEM MPHUHIMIA CYNEPIO3UIMY, W HE BBI3BIBACT TPYIHOCTEH.
Haiizem none Bo BTOpO# cpene BOJM3M I'PaHULBI Ha PACCTOSHHUU X OT MPOSKIINU
npoBoga. CoracHo (7.5 ) MHAYKIMS B TOYKE X OymeT

B, (x)= &}'I = Hothtly I, a ee mpoekmuum Ha KacaTeJIbHOE
27 g+ NP+ a?
a
HaIpaBJeHue u HOpMaJh PaBHEI B,, = Hoth 1
w{u +ﬂ2)(x +a )
X
By, = Fothtts I. CornacHo yciaoBUSIM Ui TpaHUI] pasjena,

Lam +,u2)(x2 + az)

B, =B,,, B, = ﬂBzf , OTKyJa OKOHYATEJIbHO:

Hy



§8. Maenummnoe none 6 gewyecmese 155

2
Hothfr X Moty Hra
Bn =B n = I 5 B, = 1
1 ’ ”(ﬂ1+ﬂ2)(x2+a2) v ECul+,uz)(x2+a2)
B,, = Hothfhha 7.

ey + 1, o? +a?)

Ipumep 8.7. HamarawdenHocTs J IIHHHOTO TOHKOTO

A
’——'———- Mar{uTa B BUAE LWIMHApA JUIMHOM 2/ W paaumycom r
f ? 1 OTHOPO/IHA M HaIpaBlieHa BIOJb ocH (puc.8.5). Onennre
} MarHuTHYIO MHIYKIUIO B, B Touke A BONM3M IIeHTpa
2 + [ J’ TOpLA U Bc OKOJIO cepeANHBI IUIMHApA.
' C Pewenue. TTockombKy TOKH TIPOBOIUMOCTH
l OTCYICTBYIOT,  IIOJ€  CO3JaeTcsi  UCKIIOYUTEIHLHO
‘ % { * MOJIEKYJIIPHBIMM TOKaMu. Tak kak J He 3aBUCUT OT
~ 2 koopauHar, rotJ =0 WU, cieqoBaTenbHO, OOBEMHBIX
MOJIEKYJISIPHBIX TOKOB HeT. Takoli cilydail COOTBETCTBYET
Puc.8.5

TIOBEPXHOCTHOMY TOKY, OOTEKAalolleMy MAarHuT IO €ro
GOKOBOH TOBEPXHOCTU. ['paHHMYHBIE YCIOBHS Ha 3TOM IMOBEPXHOCTH TPEOYIOT:
Ios=J, TIpU4eM TOK HaNpaBieH 110 OKPYXHOCTAM IEPIEHAUKYIIPHO OCU

wraMHapa. BOKpYr MarHmTa BOSHHKAaeT TAKoe ke moie B, Kak i B BaKyyme
BOKpYI ILWIMHAPA, OOTEKaeMOro MOBEPXHOCTHBIM TOKOM C  JIMHEHHOH
MIOTHOCTBIO J. DTa 3ajadya aHaJIOTMYHA pacyeTy MOoJs AJUHHOTO COJIEHOHJa,
M03TOMY BOCTIONIb3yeMCsl pe3ynbTaTramMunpumepa 7.4.. Kak cnenyer u3 (7.21), BHe
nuIMHIpa BoM3u ueHTpa ero topua (Ing=J, fi=m2, =0), B, = % .

Ecnmu Obl mwimHap Obul  OECKOHEYHO JJIMHHBIM, T1I0J€ BHE IMJIMHIpA
OTCYTCTBOBAJO OBI, I03TOMY IoJIe BONU3M Touku C Takoe xke, Kakoe CO3JaloT B
IOycTOTe JBa MOJYOECKOHEUHBIX COJNCHOUJA C  HAaINpaBlIeHHEM  TOKa,
IIPOTUBOIOJNIOKHBIM Inop, U JOMOJNHSIIOMMX LIIMHIAP 10 OeckoHeuHoro. Tak kak
[0 YCJIOBUIO [>>r, Anst OLEHKHM Hoyii B Touke C MOXHO BOCIOJB30BATHCS
Mpe>kHUM BeIpakenneM (7.21), mpeHeOperass paznuyueM MeXIy HOJIeM B 3TOM
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TOUKE M Ha OcH cojeHoupa. Ilonaras B mocienueit gpopmyne fBh=r/I<<1, (=0,

2

Mol T
nonyunm: B, = ———.
yq e

3aoauu u 60npocwl 014 CAMOCHLOAMELHO20 PEUIeHUs

8.1. Kalenb cOCTOMT W3 [ABYX KOAKCHAIbHBIX LWJIMHAPOB: LEHTPAIBHOIO
CIUIOUIHOTO paauyca R; M OKpyXalooUero ero Iojoro LIMHIpa (000J0YKH)
panuyca R,. Ilo BHyTpeHHeMy LMIMHAPY NapajulelbHO €0 OCH Te4eT TOK I,
PaBHOMEPHO pacIpefleNICHHBII 110 ero CEYEeHHI0, a M0 BHEIIHEMY - TOK TaKoH ke
BEJIMYMHBI, HANpPaBICHHBII B MPOTHBOIOJIOXKHYIO CTOPOHY, paclpeneIeHHbII
PaBHOMEPHO IO TIOBEPXHOCTH (KOAaKCHaJbHBI Kabenb). Haiimure BennumHy

HAIIPSPKEHHOCTU MAarHuTHOT'O I1OJISA H xax q)yHKLII/IIO PacCTOSIHUS P OT OCH.

8.2. Ompenenure HaNpsHKEHHOCTh MAarHUTHOTO Hoiist H BHYTpH OeCKOHEYHOH
Kpyraod — IMIMHIPUYECKOM  IOJNOCTH,  CHGNAHHOM B OECKOHEYHOM
IUIMHAPUYIECKOM NPOBOJE, 10 KOTOPOMY TeUeT TOK ILIOTHOCTH j, PaBHOMEPHO
pacnpeneneHHbI 10 CEYeHHIO NMPoBOAa. PaccTosHue MexIy OCSIMH HPOBOAA U
TIOJIOCTH PABHO d.

8.3. ToponnanbHbIi CEpACYHUK COCTABICH U3 JIByX IOJIOBUHOK, CAEIAHHBIX M3
pa3UYHBIX (EePPOMATHUTHBIX MAaTEPUATIOB C MATHUTHBIMU MTPOHUIIAEMOCTSIMH g
u W, OOmiast [IMHA CepeYHUKOB, BKITIOYAs JBa HEOOIBIINX 3a30pa BETHMUMHOMN
d, paHa L. Ilo oOMOTKe cepaedyHHKa, HMelomed N BHUTKOB, Te4eT TOK I.
Ormpenenure Benn4unHy 1oist B B 3a30pe. PaccessHneM MarHWTHOTO TOJS B 3a30pe
npereopeyb.

8.4. Tlo OeckOHEYHO UIMHHOMY NPSMONMHEHHOMY HPOBOAHUKY, JIekKalleMy B
IUIOCKOCTH pa3jliesia JBYX HENpoBOIAIIMX cpen, TeueT Tok [. Ompexnenure
WHAYKIUIO MarHUTHOIO TMOJNS B IPOM3BOJBHOM  TOYKE IPOCTPAHCTBA.

MarHuTHBIE TPOHUITAEMOCTH CPEJ PABHEI L U [L,.

8.5. Ha miockoit rpaHune paszaena JBYX Cpell ¢ MarHUTHBIMH HPOHHIIAEMOCTSIMU

W ¥ U, IOMemeH KOHTyp ¢ ToKoM. OmpenenuTe HaupsHKeHHOCTh M MHAYKIHMIO
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MAaruiuTHOI'O ITOJII BO BCEM IPOCTPAHCTBE, €CJIM MU3BECTHO, UYTO B BAKYYMC OTOT

KOHTYP CO3/1aeT I0JI€ C HANPSKEHHOCThI0 H O(? ).

8.6. B omgHOpomHOE MarHMTHOE MONE C WHAYKIWEH B, IIOMeIleH Iapuk

panuycoM R; M3 MaTepualla C MarHUTHOW IPOHHUIIAEMOCTBIO [l BHyTpu mapuka
caenaHa cdepuyeckas KOHIGHTpUYECKas NOJNOCTh paauycoM R,. Haiiaure
MHAYKLIUIO MAaTHUTHOTO T1OJISI BHYTPH ITOJIOCTH.

8.7. InuHHBIA MPSAMOW MPOBOM C TOKOM I PACIONIOKEH MapauieNibHO TLIOCKOH
IpaHMIlE MAacCHBHOTO TeNla, CIENaHHOIO M3 MAarHUTHOIO MaTepuana C
IIPOHMUIAEMOCTBIO |, Ha paccTosHuM h oT Hee. Haiigurte cuiy, ¢ KOTOpoi
MIPUTATUBAETCS K TEJIy €AMHUYHBIA OTPE30K MPOBOJIA.

8.8. Tlo GeckoHEUHOMY TPAMOIUHEHHOMY IHJIHHIPUUECKOMY TIPOBOAY PaanyCcoM
R, cnenmamHOMy W3 MarHMTHOIO MartepHaiga c
MPOHHUIIAEMOCTIO |, Te€4eT TOK I, paBHOMEPHO
pacmupesieneHHbli 1O CEYeHUI0 IPOBOAHMKA.

B, Haiiaure mMHAYKIMIO MarHUTHOTO IOJS B xak
(GYHKIHIO paCCTOSHHS OT OCH TPOBOJA.

8.9. Iumuuapuyeckuil cTepKeHb UIMHOU [ u

panuycoMm r (I>>r), clenaHHBIi U3 MarHeTHKa C

L* 2 —el MarHUTHOM TIPOHUIIAEMOCTHIO |l, IIOMEIIEH BO
BHEIIHEE OIHOPOIHOE MarHMuTHOE TIOJIE C
Puc.8.6 UHAYKUUEH B, HalpaBIeHHOH BIONb CTEPXKHSA

(puc.8.6). HalinuTe MHAYKIUIO MAarHUTHOTO 1O B IeHTpe Lunuuipa (B T.0).

8.10. Toukuif AUCK paguycoM r U BBICOTOH [

B 0' / (I<<r), cnenaHHbIl U3 MarHeTUKa ¢ MarHUTHOM
0

IIPOHUIAEMOCTBIO L , TITOMEIICH BO BHECIIHCE
OAHOPOAHOE MArHuTHOE TIOJIEC C HH,E[yKLIPIefI

Puc.8.7 B, , HanpaBIeHHOH IEpPIEHIUKYISIPHO
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wiockocty  aucka (puc.8.7). Haiimure MHIYKIMIO MarHUTHOTO MOJS B IIEHTPE
nucka (1.0).

8.11. HamarHuueHHOCTb J TIOCTOSIHHOTO MArHHUTA B BH/IC KOPOTKOTO LIMIHHJpA
BBICOTOH /M pagycoM R (h<<R) oIHOpO/IHA 1 HampaBJieHa BIOJb OCH LIMIHHAPA.
HaiiguTe MarHWTHYIO HMHAYKIMIO BHYTPH W BHE IMJIMHIApA BOJNM3M LEHTpa
ocHoBanus (1.0).

8.12. MarHuT B BU/ie TOHKOIO CTEp)KHS JUIMHOH [ 1 paguycoM r<<l/ HaMarHu4eH
MPOJOJIBHO, TaK YTO €r0 HaMarHWYEHHOCTb BO3PACTAET JHMHEHHO OT HY/IS A0
MaKCHUMaJIbHOTO 3HaueHus Jp, Ha IPOTHUBOMNONIOXKHOM Topue. Halinute naaykuuo
MarHUTHOrO TOJS B BO3AyXe BONM3M LEHTpa Topua ¢ HauOonbIIeit

HaMarain4€HHOCTBIO.

8.13. JInuHHBIA TOHKUI NUIMHAPUYECKUN CTEPKEHb U3 MarHeTHKa C
MAarHHTHOH MPOHMIIAEMOCTHIO |l 3apsHKEH 110 TIOBEPXHOCTH U BPaIlaeTCs BOKPYT
cBoeil ocu ¢ yrioBoi ckopocTeio . Haligure MHAYKIMIO 1 HAIIPSKEHHOCTh
MAarHHTHOTO TI0JIs BHYTPH CTEPIKHS BIAITH OT €ro KOHIOB. JIMMHa cTepxkHS L,
pamuyc R, 3apsin Q.

8.14. IlocrosHHBIH MarHuT B BHAE TOHKOIO
1 ? 1 f Jr P j, AWCKa paguycoM R HaMarHWYeH OJHOPOIHO

(puc.8.8).  BekTrop  HaMarHMYEHHOCTH J

2R NEepHeHJUKYISApeH IUIOCKocTH aucka. Haligure
HalpsHKEHHOCTh ~ MarHUTHOIO  IIOJ  BHYTPH

Puc.8.8 JicKa BOJM3M €ro LIEHTpa, €CIU TOJLIMHA JAUCKa
h.

8.15. ITocTosHHBIH TOK / TeYeT BAONb JIMHHOTO OJHOPOTHOTO IIIHHIPHIECKOTO
nposoza. [IpoBox cienan u3 mapaMarHeTHKa ¢ MArHUTHOM BOCIPUMMYHBOCTBIO
X. HaiinnTe MHIyKIMI0 MarHUTHOTO NOJI BHYTPU U BHE IIPOBO/Ia HA PACCTOSHUU

r OT €ro OCH.
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§9. MaruuTHbIi MOTOK. UHAYKTHBHOCTb. JHEPrUsi MATHUTHOIO TOJIS.

Kpamxue meopemuueckue ceéeoeHuUA

MaruuTtHblii noTok. [[nsg onucaHuss MHOTMX 3JIEKTPOMArHUTHBIX SIBIEHUM

yAOOHO BBECTH IOHATUE MASHUMHO20 HNOMOKA, IPOHU3BIBAIOLIETO 3aMKHYTBIH
koHTYyp. OH ompenensercs ciIeayomuM 00pa3oM:

q>=j§d§, (dS =ndS) 9.1)
S

rae S — MOBEpPXHOCTh, OINHUpAIOIIAsCs Ha paccMaTpUBacMbIl KOHTYp, a B -
MarHuTHas MHIYKIHS B COOTBETCTBYIOIIECH TOYKE 3TOH MoBepxHOCTH. 3 cBolicTBa
COJICHOMJIAJIbHOCTH MAarHUTHOTO TOJS CIEAYET, YTO BEIWYNHA MATHUTHOTO TIOTOKA HE
3aBHCHUT OT BEIOOpA MOBEPXHOCTH, IO KOTOPOH BEJCTCS MHTEIPUPOBAHUE.

s HEKOTOphIX KOHTYPOB (THIA COJIEHOMJA C 3aMKHYTHIMH KOHLIAMM)
OMMparoIIascs Ha KOHTYP IMOBEPXHOCThb SIBJISIETCS camoliepecekarouieiica. B Takom
cirydae ynoOHO pa30nTh KOHTYP Ha OTJEIbHbBIC BUTKU U IpeAcTaBuUTh (9.1) B BuIe

= i j BdS, 9.2)

i=1 S;

rae N — of1miee KOJIMYEeCTBO BUTKOB, a S; — IUTOMIAnG i-To BUTKA. Eciu pacnpenencHue
MarHUTHOM UHAYKIIUA B IIJIOCKOCTU KaXXAOro M3 BUTKOB OJWHAKOBO, TO BCEC
uHTerpanbl B cymme (9.2) paBHbL, W ¢dopMmyna 118 pacdeTa MarHUTHOTO ITOTOKa
YIIPOILAeTCs:

®=nN|[BdS. (9.3)
S.

i
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PaccmoTpuM 1Ba 3aMKHYTBIX NPOBOJAIIMX KOHTypa. IlycTe mo mepBomy
KOHTYpY T€4eT TOK CHJIBI [;, CO3/laBas MAarHUTHOE IOJI€ B OKPYXAIOLIEM KOHTYp
npoctpanctBe. Kak cienyer u3 ¢opmynsr buo-Casapa-Jlammaca (7.4), mHIYKIuS
3TOro mnoss nponopuuoHansHa ;. CoOOTBETCTBEHHO, MATHUTHBIN MOTOK Yepe3 BTOPOi
KOHTyp Oymer Tarke mupomopruoHaneH [,. Koaddumuent mnponopuunoHanbHOCTH
MEXY CUJION TOKA B IIEPBOM KOHTYpE /; U MarHUTHBIM II0TOKOM 4€pe3 BTOPOil KOHTYp
®,, cozmaBaeMbIM 3THM TOKOM, HA3bIBACTCA KOIPDUYUeHMOM 63AUMHOU UHOYKYUU
3TUX KOHTYpPOB L;:

L,=—2. 9.4)

3ameyaresibHBIM CBOWCTBOM KO((HMIMEHTOB B3aWMHOM WMHAYKLMH SBISETCS HX

CHUMMETPHS:
Ly, =L,. 9.5)

MaruuTHbIA OTOK 4Y€pe3 MPOBOIAALIMI KOHTYP MOXET CO31aBaThCsl TOKOM,
MPOTEKAIOUIMM [0 3TOMY € KOHTypy. Kak u B cilyyae ABYyX KOHTYpPOB, 3TOT
MAarHUTHBI TOTOK MPOMOPIMOHAJICH CHJIe TOoKa B KOHType. Koaddumment
MPONOPLIMOHANBHOCTY MEXY CHJIOM TOKa B 3aMKHYTOM KOHType / WU MarHUTHBIM

IIOTOKOM 4Y€pE3 OTOT KOHTYpP &®, co3maBaeMBIM OTHM TOKOM, Ha3bIBaeTCs

KOBQ}Q}I/IQI/IGHTOM CAMOMHIOYKIINH WA MHAYKTUBHOCTBIO 3TOTO KOHTYpa L:

L=—. (9.6)

Kak m osnexTpuueckoe Ione, MarHUTHOE MOJE SIBISAETCS MaTepHAIbHBIM
00BEKTOM, B KOTOPOM COCPENOTOYCHA OIpeselieHHas sHeprusd. Hampumep, conenoun
(paBHO Kak W JOOOH ApYyrod MPOBOASIINI KOHTYP), IO KOTOPOMY IPOTEKAET TOK,
CO3/1a€T MarHUTHOE I10JI€ C IIOJIHOM dHepruen

w, =~ L 9.7)
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rae L — MHIYKTUBHOCTh COJIEHOMZAA, [ — cuila MPOTEKarollero no Hemy Toka, a ® —
MarHUTHBIA ITIOTOK, co3maBaeMblii TokoM I B oOMmotke. [locnmenusis dopmyna jierko
oboOuraercss Ha ciy4ail 1ByX (MJIM HECKOJIBKMX) KOHTYPOB. [Iysl NBYX MHAYKTUBHO
CBSA3aHHBIX KaTyLIEK ¢ ToKaMu I; u I,

1 1 1
Wy ==, @, +1,9,)=—L I} + Lyl 1, +—L,13, 9.8)

2 2 2
rae Ly, Ly, v Ly, -- THIYKTUBHOCTH U KO3 GUIMCHT B3aUMHON MHIYKIIUH OOMOTOK, a
®;, ®, — NOTOKH, CO3/aBaEMble B KOHTYpax BCEMH TOKaMH (BKIOYas U
COOCTBEHHBI).

OObeMHast IUIOTHOCTh JHEPrMM MAarHUTHOTO MOJISI B KaKAOW TOUKe
HPOCTPAHCTBA PaBHA

1—-—

— —

rage B — MarHuTHas MHAYKUUsA, @ H — HalpsyKEHHOCTh MarHUTHOIO TOJS B 3TOH
touke. Ilocnemusst Qopmyna chpaBeuyiiBa HE TONBKO JUIA IO, CO3IaBaeMOro
KaTyliKaM#u ¢ TOKOM, HO U JJId ITPOMU3BOJIbHOI'O MAariHuTHOT'O I1OJIA.

B cucreme CH MarHWUTHBIM TIOTOK wu3MepsieTcs B 6ebepax (BO), a
KO PHULIUEHT B3aUMHOH MHIIYKIIMHM ¥ HHAYKTUBHOCTb — B 2enpu (I'H).

Pabora 1o mepememieHWIO TPOBOMHWKA ¢ TOKOoM. [lpm mepememieHUn

NPOBOJHMKAa C TOKOM B MAarHMTHOM IIOJIE€ COBEpIIACTCSl ONpeseNeHHas padora.
OneMeHTapHas paboTa cWiIbl AMIepa TPH MajoM MepeMemeHnn dr JIeMEeHTa

MPOBOAHUKA dlC TOKOM [ B IOCTOSITHHOM MarHUTHOM IoJI€ ¢ MHAyKIueil B paBHa
é'A:(I[dl;Bldr), (9.10)
WJIH, TI0 TIPaBUJIaM NpeoOpa3oBaHMsl CMEIIAHHOTO TPOU3BEICHUS,

ot = 1(Bar:ai)= 1(8:45)= 1ae . ©.11)
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3mech dS BekTOp IUIIOMAAKH, KOTOPYIO MPOYEpUYHMBAET DIIEMEHT d/ TIpH MajoM

nepemenieHuu dr , a dP -- MarHUTHBINA NTOTOK CKBO3b 3TY IUIOLIAJKY. AHAIOTMYHBIM
Oyzmer BblpakeHHME I pabOTBHl CcHIbBl AMIepa NpH KOHEYHOM IIEPEMEIICHUHU
3aMKHYTOI'O KOHTYpa C TOKOM:

A=IAD, 9.12)

rae AP - u3mMeHeHHe MarHUTHOTO MOTOKA YePE3 KOHTYP.

Mpumep 9.1. Haiinure nHAYKTHBHOCTH cojieHOMa, cocrosimero u3 N=500 BUTKOB,
pPaBHOMEPHO HAaMOTAaHHBIX Ha IIOBEPXHOCTh IWIMHAPHYECKOTO CEPICUHMKA,
W3TOTOBICHHOTO W3 MaTepHalla ¢ MarHUTHOW mpoHmuaemocteio U=500. [InmmHa
coneHouga [=31,4cm, a muomaap ero mnomepeyHoro cedenus S=10 oM.,
HeonHOpOomHOCTEIO MArHUTHOTO 10T BOJIM3H TOPLIOB CEPACYHHUKA ITPEHEOPEYb.
Pewenue. CornacHo onpegeneHuto (9.6) s HAXOXKACHHUS HMHIYKTUBHOCTH
MPOBOJSIIETO KOHTYPA MBI JOJDKHBI 337aTh HEKOTOPOE 3HAYECHHE CHIIBI TOKA B HEM U
paccuyuTaTh BO3HMKAIOUIMII B 9TOM Cllydae MarHMTHBIM IIOTOK uyepe3 KOHTyp. llycTts
MO CONEHOMAy TedeT TOK cwiel /. Torma, B COOTBETCTBHM C PEIICHHEM 3aJadl
(8.I1p.2), MHAYKIMS MArHUTHOTO TMOJSI BHYTPU COJIEHOWJA BIAIM OT €r0 KOHIIOB
paBHa

B= g1 9.13)
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rze BeKTop B HaIIpaBJIeH BIOJb OCH COJICHOMA
B COOTBETCTBHHU C INpaBwioM OypaBumka. (Puc.
9.1). Crporo rosopsi, 3Ta (hopMyia CIpaBeJINBa
JIMLIB JUIsl OECKOHEYHOr'0 COJICHOU/1a, M OHA JjaeT
aJICKBAaTHBIA pe3yNbTaT TOJBKO B Cllydae, KOraa
JUIMHA COJICHOWJA JIOCTaTOYHO BeJiMKa (9TO
cienyer u3 aHanm3a perreHus 3amaun (8.11p.2).

I[OHyCTl/lM, 4TO OTO YCJIOBHUE  BBIIIOJIHCHO,

IMO3TOMY 6y,£[eM CHUTAaTh MArHuTHOC TIIOJIC B

Puc.9.1

COJICHOMJIC OJHOPOAHBIM, @ €ro HHAYKLUHUIO —
MOJTHOCTRIO Olpeerstomnelicss popmymnoi (9.13).

OI[HOpO,HHOCTb MArdtuTHOrO 1MOJid BHYTPU COJICHOMJA MO3BOJACT IJIA
HaXOXKIECHUSI MAarHUTHOTO TTOTOKA BOCIOJIB30BaThCs (hopmyinoi (9.3):

- = 2
<I>=NdeS=Ndes=Nuuo%desz;woNTls. (9.14)
) ) s;

S S

i i

32[605 MBI YWIH, YTO NPU HHTETPUPOBAHUU II0 IUIOIIAAW BUTKA COJICHOMAA BEKTOP

HOpPMaJM K DJIEMEHTapHOH Iulomanke dS BCeraa COHANpPABICH C BEKTOpOM B .
IlogenuB modydeHHOE BBIpAKCHWE HA CHIY TOKa [, HaXOAWM WHIYKTHBHOCTBH
COJICHOMJIA:

NZ2S

T (9.15)

L= pp,

HO[[CTaHOBKa B OTO BBIPAXCHUC YHCJICHHBIX HOAHHBIX W3 YCJIOBUA 3adavdd HacT

pesyabtat L=0,5 I'n.

Ipumep 9.2. Haiiaute WHAYKTUBHOCTh KaTYLIKH, HAaMOTAaHHOW Ha TOPOMI
MPSAMOYTONBEHOTO cedeHus. BHemHuit paguyc Topornaa paBeH R,=5,4 cM, BHyTpeHHUI
— R;=2cM, BbICOTa TOpouAa paBHa h=3 cM, a MarHuTHas IPOHMULIAEMOCTb €ro
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Mmarepuana — WM=200. Karymxa conmepxur N=100 BHUTKOB, paBHOMEPHO
pacnpesieneHHBIX 10 OBEPXHOCTH TOPOUA.

Pewenue. IlpyuHUun pemeHus 5TOH 3a7add IMOJHOCTBIO MOBTOPSET NPHHLUM
pewenus npeasiaynieil. [lycts no xatymke teuer Tok cuisl . Toraa, B COOTBETCTBUU
¢ pemenuem 3amaun (8.IIp 1), BenmMuMHA HWHAYKIUH MAarHUTHOTO IIOJII BHYTPH
TOPOHJIa PaBHA

B(r) = N 9.16)
27

T/Ie ¥ — PaCCTOSIHUE OT OCH TOPOHA 10 TOYKH,
rac paCCManl/IBaeTCﬂ l/IHIlyKIll/Iﬂ MAarduTHOI o
nons. Ilpu 3TOM CHIIOBBIE JTMHMM MarHUTHOM
UHAYKIIMA 00pa3yloT OKPYKHOCTH, ICHTPHI
KOTOPBIX JIe)KaT Ha OCH TOpoWja, T.6. B

mpenenax TOO0ro BUTKA KaTyIIKW Toie B
HampaBJIEHO  TapajulelbHO  HOpMalId K
9JEMEHTAapHOM  IUIOIIAJKe,  JieXxaled B

IIJIOCKOCTU MPOU3BOJBHOIO BHUTKa KaTYIIKHU

Puc.9.2 (puc. 9.2).
Taxkum  oOpasom, pacmpeseneHue

MArHUTHOW MHIYKIMH B IUIOCKOCTH Ka)IOTO U3 BHUTKOB W OPUCHTAIUS BEKTOpa B
OTHOCHUTEIHHO TJIOCKOCTH BUTKA OJUHAKOBBI. [109TOMY ISl HAXOXKACHHSI MATHUTHOTO
MOTOKA, MPOHU3BIBAIOIICTO KATYILIKY, MOXKHO HOJIB30BaThCs (hopmysoit (9.3):

d=N Bds:Ndes=NW02ﬁ1jﬁ=
T r
) S,

S S;

i i i

N 't N® (R O

r 2
= Nupto —1[ dz [<£ = g ~— Inin| =2 |
ity { 1! = o 2 Thin| 2
1
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IlopenuB 1noIy4eHHOE BBIPAXKEHUE HA CHUIYy TOKa /[, OKOHYATEIbHO HailneM
WHAYKTHBHOCTb KaTyILIKU:

2
_ HigN~h ln&.
2z R,

L (9.18)

HO[[CTaHOBKa B OTO BBIPAXCHUC YHCJICHHBIX HOAHHBIX W3 YCJIOBUA 3adavdd HacT

pesyabtaT L=12 MI'H.

Ipumep 9.3. Ha oaumH cepredyHMK HaMOTaHbl JIBE KaTyLIKH, HHIYKTHBHOCTH
KOTOPBIX COOTBETCTBEHHO paBHBI L; u L, Haiinute xodpduumeHT B3auMHOI
WHAYKIUA KaTylICK.

Pewenue. CormacHo onpeneneano (9.4), mma HaxoxmeHUs KoddduiueHTa
B3aMMHOI WHAYKIUW KAaTYIICK MbI JOJDKHBI 3a/1aTh HEKOTOPOC 3HAYCHUE CUJIbI TOKA B
nepBoM Karyuike, I;, ¥ pacCuuTaTh BO3HUKAIOUIUI B 3TOM CIy4ae MarHUTHBIM MTOTOK
yepe3 BTOpyIO KaTymky, @,. [IockonbKy KaTylmKu HaMOTaHbI Ha OIWH CEPACYHHK,
OHH MOTYT OTJIMYAThCSI TOJBKO KONMYECTBOM BHTKOB, & MAarHUTHOE MOJE BHYTPH
KXol M3 KaTyllek ofuHakoBo. Kak BHIHO U3 pemieHud mpumepoB 1 um 2 3toro
pasnerna, HHIYKTHBHOCTD KaTYIIKH MPOMOPLHUOHAIbHA KBaJpaTy KOJIWIECTBA BUTKOB,
IO3TOMY

2
L N
2o 2 9.19)
L N,
rae Ny u N, — KOIMYEeCTBO BUTKOB B [IEPBOM U BTOPOU KaTyLIKE, COOTBETCTBEHHO.
U3 dpopmynst (9.3) crexyer, 9To MpH JIIOOBIX 3HAYEHUSAX TOKOB B KaTYIIKAX

OTHOHICHNE MAarHUTHBIX ITOTOKOB CKBO3b HUX PABHO OTHOLICHUIO Y1 CJIa BUTKOB:

e, N,

. 9.20
o N, (9.20)
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Teneps MOXXHO HAaWTHM MarHUTHBIM IOTOK 4Y€pe3 BTOPYIO KAaTYIIKY, CBSI3aHHBIA C

IMPOTECKAaHUEM TOKaA B nepBoﬁ:

N,

cbz =CI) —=L1117

11\[1

N

Z=L,1, (9.21)

1

IlopenuB mosydeHHOE BBIpAXXEHUE HA CUIIy TOKa [;, OKOHYATEJIbHO HailneMm

KO QHULMEHT B3aMMHOM MHIYKIIMH KaTYLICK:

P
Ly =J_2=\/L1L2 :

1

Puc.9.3
npoBoxy TedeT Tok cuisl /. Torma, B coorBercTBUM C (7.5) MHAYKIHSA MarHATHOTO

(9.22)

Mpumep 9.4. Haiinure xoddduureHT B3aUMHOMN
WHAYKIHA MEXIy OECKOHEYHBIM IPSMBIM TIPOBOJOM
U 3aMKHYTBIM KOHTYPOM B BHJE PaBHOOEIPEHHOTO
MPSAMOYTONEHOTO TPEYroiibHUKa ¢ BbicoToi =10 cM,
JIKAIUM B OHOHN TUIOCKOCTH C MPOBOAOM (puc. 9.3).
Pewenue. CormacHo ompenenenuto (9.4), s
HAXOXKACHUS KOID(DUIMCHTA B3aUMHON HHIYKIIUU
MEXIY IOBYMS IMPOBOAHWKAMH, MBI IIOJDKHBI 33/1aTh
HEKOTOpOE  3HAUeHHWE CHJIbI TOKa B  MEPBOM
(HampuMep, B TPSAMOM TPOBOJE) M PACCUUTATh
BO3HUKAIOIIUNA B 3TOM CJIyda€ MAarHUTHBIA IIOTOK
gyepe3 BTOpoH (TpeyronbHbIH KOHTYp). Ilycte mo

IoJIs1, CO31aBa€MOI'0 3TUM TOKOM B INIOCKOCTHU TPEYT'OJIbHOI'O KOHTYpa, paBHa

By = 2001
27

(9.23)

rae x — pacCTodHUC OT OCHU MpoBOJa OO0 TOYKHU, B KOTOpOﬁ paccMaTpuBacTCA

WHIOYKIAS MarHUTHOT'O ITOJIA.
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MarHuTHBIM IOTOK Yepe3 KOHTYp Mo onpeaeneHuro (9.1):

D, =JBds=JBds=jl.de(x)]£dy=Zle(x)xdx -
N . N 0 —Xx 0 (924)
=2ﬂ011 Idx _ Holih
2 0

T

IlonenuB mosydeHHOE BBIPAXXEHUE HA CUIIYy TOKa [;, OKOHYATEJIbHO HailineMm
KO3 PHUIUEHT B3aNMHOH MHIIYKI[MH TIPOBOJAHUKOB!

L, = Dy _ Hoh . (9.25)

L, =
HO[[CTaHOBKa B OTO BBIPAXCHUC YHCJICHHBIX HOAHHBIX W3 YCJIOBUA 3adavdd HacT

pesymbrat L=0,04 MxI'H.

IIpumep 9.5. Haiigute »HEPrUi0 MarHUTHOTO MOJSI, COCPEIOTOUYCHHOTO B CIWHUIIE
JUIMHBI OECKOHEYHOTO MPSMOro KOAKCHaJIBbHOTO KadeJs, 110 KOTOPOMY IPOTEKAET TOK
I=10 A. Pagmyc BHyTpeHHe# xwuibl kKabems — R;=0,5 MM, a pamgmyc OIUIETKH —
Ry=1 cm. CuutaTh, YTO IUIOTHOCTH TOKAa BHYTPU XKHJIBI IOCTOAHHA. ToONIMHON
OIUIETKH TIpeHeOpedyb, a MarHuTHYI0 IPOHMLIAEMOCTb W  MPOBOIAIICH, U
JIMDJIEKTPUYECKOM YacTu Kabelisi CYMTaTh paBHOW eIMHHMLIE.

Pewenue. B cOOTBETCTBUM C peLIEHUEM 3ajauyd 8.1, HAIPSHPKEHHOCTh MAarHUTHOIO

I10JIs1, CO31aBa€MOro KoOaKCruaJbHbIM KabeJleM ¢ TOKOM I, paBHa

Ir

— . r<R
27R,

=M

H(r)= L R, £r<R, (9.26)
27r

0, r2R,,
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rIe ¥ — pacCTOSHHE OT OCH Kabeis MO TOYKH, B
KOTOPOM  paccMaTpUBaeTCsi MAarHUTHOE  IOJE
(puc.9.4). B coorBerctBun ¢ Qopmynoi (9.9),
O6’beMHaﬂ IJIOTHOCTb 3HEPTUU ITOI0 MAarHUTHOI'O
TOJISL paBHA

/ 1 1 2
wy =—BH=— o H
M= 2#0

(9.27)

Takum oOpa3oM, [UIS BBIYHUCICHUS  TIOTHOM

OHEPruu MAr"HuTHOI'O II0JsI B OTPE3KE Kabens

UHEL |  HEoOXoAWMMO  TPOWHTETPHUPOBATH

IMoCJCAHEC BBIPAXKCHUC B IJIOCKOM CJIOC V(),
OXBaTbIBAIOIIEM 3TOT OTPE30K, TIIPUIEM CHUMMETpUA 3adadd IIOACKa3bIBACT

HCIOJb30BAHNEC HUJTIMHAPUYICCKUX KOOPAUHAT:

o

Wy = JdeV =j.dzzjfd(pj. rdr%,uOH(r)2 =
Vo 0 0 0
(9.28)

2 |’ 3 Ry 2 4 2
I r dr "] 1R R 1 R
Lo T [rars [ e P i e U P
2 (2z) o Ri 4 4z |4 R, R, 167 R,
OTHOCSI 3Ty BHEPTUI0 K JUIMHE PacCMATPUBAEMOI0 OTpe3Ka KaOelis W TOJACTAaBIIssS B
TOTYYHUBIIYIOCS (POPMYITY YHCICHHBIC JaHHBIC M3 YCIOBHUS 3a/1a4H, TIOTydaeM:

aw I? R
D _ Fol |y 4122 | 2305 aucloncs (9.29)
d 167 R,

Ipumep 9.6. [TocTOSIHHBIN MarHUT B BUAE CTEPIKHS BCTABJICH B JJIMHHBIN COJECHOM]
TaK, YTO JUIMHA HAXOASAIICHCS B KAaTYIIKE YaCTH CTEP)KHS HAMHOTO OOJbIIe AnamMeTpa
kaTymku. Crita Toka B 0OMOTKe — /, 4MCII0 BUTKOB Ha €MHUILY JUIMHBI — 71, TUIOLIAlh
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ceyeHuss crtepxHs — S. HamarHuueHHOCTh cTepxkHs J CUMTaTh OJHOPOIHOM U
HaMpaBJIEHHON BIOJb OCH COIEHOMA, a €€ BEIUYUHY — HE 3aBUCSAIIEH OT BHEIIHErO
noss. Haiinure cuily, ¢ KOTOPOU CTEPKEHb BTSATUBAETCS B COJICHOMN.

Pewenue. Cuna B3auMOJICHCTBHSI MEXK/y KaTYIIKOH ¢ TOKOM U MarHUTOM BO3HHKAeT
3a cyeT oOjacTell HEOIHOPOJHOrO MOJIs
BOJNIM3M KOHIIOB KATyIIKH M CTEPXKHA,
IIO3TOMY paccuuTaTh ee
HETIOCPEACTBEHHO 10 (opMmyne Amrepa
3aTPYAHUTEIILHO. Bocnonbssyemes

SHEpreTHUecKuM moaxomoM. [Ipm mamom

CMELICHUM CTEpP)KHA Ha BeIUuuHy Ax

coBepiuaercst pabora JA=FAx. C apyroit

CTOPOHBI, paboTa MPU CMEIIEHUH KOHTYpa

C TOKOM B MAarHuTHOM IIOJIC€ paBHa

Puc.9.5 M=IAD, rtpe AP —  u3MeHeHHe

MarHuTHOTO IOTOKA 4epe3 KaTyIIKy Ipu

cmenieHnu crepxHs. Iloatomy F= 14D/Ax. VI3MeHeHue MOTOKa 4epe3 KaTylIKy MpH

MaJlOM CMELICHUH CEpICYHHMKA JIETKO HaxOguTcs. [IeHCTBUTENBHO, MPH CMELICHUU

Cep/ieYHUKa BINIyOb COJEHOMAA 00JIacTh OJHOPOJHOTO MOJS B 4YacTH KaTyIIKA C

CCPACUYHUKOM YJIMHUTCA Ha BCIMYHNHY AX, a BHC CCpACYHHKA — YMCHBIIWUTCA Ha

TaKyIo ’k€ BeJIMUUHY (puc. 9.5). OTn 00nacTu CHEnIeHs! ¢ YUCIOM BUTKOB AN =nAx,
MOATOMY H3MEHEHHE NOTOKa OyJeT

AD=(B,-B,)snAx, (9.30)

rae B, — uHAyKUuMs 1onist B CepACHYHUKE BHYTPU KaTyUIKU, a B; — B COJIEHOMUI€ BIaIu
OT KOHIa cepiedHuka. Kak cieayer m3 pacCMOTpeHHOro paHee mpumepa, (8 Ilp.2)
By=py(H+J), B;=ppH, H=In. [105TOMy OKOHYATENBHO,

AD=11y ] snAx. 9.31)

OTcrona ciemnyer:
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F =1y J sn. 9.32)

3ameTrM, 4TO BeKTOp J MOXKET OBITH HAIllpaBJCH KaK B Ty )K€ CTOPOHY, uTo U H ,
TaKk U B MPOTUBOMNOJOXKHYIO (B 3aBHCHUMOCTH OT TOrO, KaKMM KOHILIOM MAaruT
BCTaBIICH B COJICHOMM). B mociexneM cirydae J cliemyeT CYUTaTh OTPUIATEIBHBIM, 1

MarHut Oy/IeT BBITAIKUBATHCS U3 KaTYyIIKH.
3aoanue ona camocmoamenvHoli pabomaol

9.1. Haiimure MHAYKTUBHOCTb KaTyIIKM, HAMOTAaHHOW Ha TOPOUJ IMPSIMOYTOJIBHOIO
CCUCHHUS, COCTOSIEH M3 JByX OJMHAKOBBIX YacTeH, OJHA M3 KOTOPBHIX CACIAaHA M3
(eppomarseTrka ¢ MarHUTHOH npoHUIIaeMocThio =400, a npyras — 3 MaTepuaia C
M =100. Bremnuit paguyc Topouna paseH R,=10,8 cm, BHyTpeHHHH — R1=4 cM, a
BbICOTa Topouaa paBHa h=6 cMm. Karymxka comepxutr N=400 BHTKOB, paBHOMEPHO
PpacnpeaCiCHHbIX MO MOBEPXHOCTHU TOpOHUIA. HeOﬂHOpOﬂHOCTbIO MAarHuTHOI'O I1OJIsA
BOJIM3M CTHIKA YacTel cepleyHrKa mpeHeOpeys.

9.2. HaifmuTe WHAOYKTHBHOCTH OTpe3Ka MABYXIPOBOXHOW JWHUHM UIMHBL [=1 M.
Panuycel mpoBomHukOB a=0,5 MM, MHOrO MEHbIE PACCTOSHUA d MEXIYy HHUMHU
(d=1 cm).

9.3. HaiinmnTe WHAYKTUBHOCTH OTpe3Ka KOAKCHATBHOTO Kabems miuHb /=1 M. Paguyc
BHyTpeHHero nmnpoBoga — R;=0,5MM, a paguyc omiaetku - R,=Icm.

9.4. OpnHocnoiiHas, TOCTATOYHO JJIMHHAS KaTyllka pa3jeiicHa Ha J[BC CEKIUU.
WHOyKTUBHOCTH CEKUMHA paBHBI COOTBETCTBEHHO L; u L,. 1). UYemy paBHa
WHIYKTUBHOCTh Bcell karymku? 2). Haliaute monHoe 4Mcio BUTKOB KaTYIIKH, €CIU
TepBasi CeKIHS COICP>KUT N| BUTKOB.

9.5. Bnmomp ocu TOpomMza IPSIMOYTOJIBHOTO CEUCHHS, Ha KOTOPBIH PaBHOMEPHO
HaMoOTaHa KaTymika, coxepxkaruas N=500 BUTKOB, NMPOXOANUT OECKOHEUHBIH MPAMOI
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npoBoA. Bremnmit pagumyc Topouga paseH R,=10,8 cM, BHyTpeHHHH — R;=4 cMm,
BBICOTA TOpoHMJa paBHa h=0cM, a MarHuTHas IPOHHLIAEMOCTb €T0 Marephaia —
u=1000. Haiinure KOXPPUIMEHT B3AUMHOM WHAYKIMH MEXKIy KaTYIIKOH |
TIPOBOJIOM.

9.6. Ha quuHHBIA COJEHOWI C IUIOTHOCTHIO HAMOTKH n=10" BuTKOB Ha CIMHALLY
JUIMHBI ¥ TUTOIAAbi0 BHTKa s =10 cM® Hagera KOpPOTKasi KAaTyIliKa OOJIbIIEro
muamerpa, comepxamas N=20 urkoB. Haigure kodpduumeHT uX B3aUMHON
MHIYKIUH.

9.7. Haiimute MHAYKTUBHOCTb KaTyIIKH, HAMOTAaHHOW Ha TOPOUJ IMPSIMOYTOJIBHOI'O
CEUCHUSI C 3a30pOM, IIMPUHA KOTOPOrO MHOTO MEHBIIEC pagiycOB CEpACYHHKA.
Buemmnuit paguyc Topouma paseH R,=5,4 cm, BHyTpeHHMH — R;=2cM, BbICOTa
Topousa paBHa h=3 cM, mupuHa 3a3opa A=1 MM, a MarHuTHas MPOHUIIAEMOCTb
marepuana — W=200. Karymxa conmepxur N=100 BHUTKOB, paBHOMEPHO
pacnpesieleHHBIX 10 MOBEPXHOCTH TOPOUA.

9.8. BHyTpb [UIMHHOTO COJICHOMJA C IUIOTHOCTHIO HAMOTKHM 7 BHTKOB Ha €IUHUILY
JUIMHBI TTOMENIEHa KOPOTKash KaTylIKa C IUIOMIaJbl0 BUTKA S, coleprkaniasi N BHTKOB.
Haiinure xoadduimeHT B3auMHOW HMHIYKIMM OOMOTOK, €CIM OCH COJCHOMJA W

KaTYLIKH 00pa3yroT yroi o.

9.9. BHyTpb JJIMHHOTO COJICHOWAA JJIMHOU [, coneprkamiero N BHUTKOB C IUIOLIAbIO
cedeHHs S, MOMeEIIeH KOPOTKHHA (PeppOMarHUTHBIN CEepACYHHK [UIMHOU d<<l cC

MarHMTHOM MpOHHLIaeMOCThIO W>>1. HaliauTe HHOYKTUBHOCTD COJIEHOUA.

9.10. B cranbHOM mMIMHApE ¢ BbicOTOM h=20CcM U pagumycoM OCHOBaHHS R=6 cM
MPOCBEPJICHO COOCHOE OTBEPCTHE pajnycoM r=3 MM. BHYTpH OTBepcTHs BHOJIb OCH
MUWIKHAPA MPOXOJUT OCCKOHCYHBIM MPSIMOW MPOBOJ, MO KOTOPOMY IPOTEKACT TOK
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J=100 A. Haiinure HSHEpPTHI0 MarHUTHOTO MOJ, COCPEIOTOYCHHOTO B MaTephaie

MUINHApPA, €CIIH MarHUTHAs poHuIiaeMocts ctanu [=1000.

9.11. Haiigute »SHEPrUl0 MATHUTHOTO IO, COCPEJOTOYCHHOIO B KATYIIKE,
HAaMOTaHHOH Ha TOPOWA MPSIMOYTOJBHOI'O CEYEHHs, IO KOTOPOH IPOTEKaeT TOK
I1=10 A. Breurnuii paguyc Topousa paBeH R,=5,4 cM, BHyTpeHHHH — R;=2 cM, BbIcOTa
Topousa paBHa h=3 cM, a MarHUTHas MPOHHUIAEMOCTh ero marepuana — P=500.
Karymka comepxxut N=100 BUTKOB, paBHOMEPHO pPaCIPEICICHHBIX 110 TOBEPXHOCTH
TOpOHJA.

9.12. IIpsiMoli MPOBOJ MPOXOJUT BJIOJIb OCH COJICHOHMJA C IUIOTHOCTHIO BUTKOB 7=10
cm”. TIo MPOBOLY ¥ MO CONEHOMIY TEKYT MOCTOSIHHBIC TOKH OJMHAKOBON CHIIBL
ITnomans ceuenus nposoga — S,=0,1 cM’, a oAb BUTKA COJCHOMIA — S$,=10 oM.
Ompeznenure — BO CKOJBKO pa3 SHEPrHs MAarHUTHOTO IOJS, CO3JaBaeMOrO BHYTPH
COJICHOMJIa CaMUM  COJICHOMJIOM IIPEBBIIAET OJHEPrUI0  MarHUTHOTO  TOJ,
CO3/1aBa€MOr0 BHYTPU COJICHOWAa mpoBomoM. Ilpu pacyerax BOCIONB30BATHCS
ycnoBueM S,<<S,.

K /\ 9.13. Kougencatop emkocteio C=1 Mk,
3apspkeHHBIN 10 Hanpsokerns Uy=12 B, coemmnen

C KaTymkod HHIYKTUBHOCTBIO L=10 MmI'H, depe3
L C kmod  (puc. 9.6). KakoBo MoxeTr  OBITh
U, MakcuMajbHOE 3HAUYeHHE CHIIBI TOKa B ATOW LENu

IocJjIe 3aMbIKaHHs KiIroya?

Prc.9.6 9.14. JlBa UIMHHBIX COJICHOMZA pa3IWIHBIX
HucC.>.

JAAMETPOB BABUHYTHI APYr B Jpyra TakK, 4TO
JUIMHA O0JIaCTH WX TEPEKPhITUS 3HAYUTEIBHO MPEBBINIACT WX AUAMETPbl. TOKH B

obmoTkax paBHbl [;=2 A, I,=5 A, TJIOTHOCTH HAMOTKU COCTABISIOT 71;= }12=103
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BUTKOB Ha METp, paguyc MeHblled katymku r=1 cm . Haiigure cuiy
B3aMMOJIEMCTBUS COJIEHOUI0B.

9.15. BHyTpu [IMHHON KaTYIIKH-COJCHOMIA MHIYKTHBHOCTBIO L) pacmonoxen
COOCHO JAPYTOil COJICHOMJ MEHBIINX Pa3MEpoB, BCE JIMHEHHBIE pa3Mepbl KOTOPOTrO B
,3 pa3 MEHbIIEe JHHEHHBIX pa3MepoB OOJNBIIOrO colieHOMAA (TTOIXOOHBIE KATYIIKH).

Karymku coenuuensl mocneaoBaTenbHo. HallquTe MHIYKTUBHOCTh TaKOH CHCTEMBI.
YucIi10 BUTKOB 000MX COJIEHOMI0B OJAMHAKOBO.
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§10. 3aK0H 1eKTPOMATHUTHOW MHIYKIIUH.

Kpamxue meopemuueckue ceéeoeHuUn

3akoH oiekTpoMarHWTHOW WHAYKnWH. OgHO #3 Hanbonee BaKHBIX

JIEKTPOMArHUTHBIX SIBJICHUI — 3TO sigIeHUe INeKMPOMASHUMHOU UHOYKYUU, KOTOPOE
3aKJII0YaeTCsl B TOM, YTO M3MEHEHHWE MAarHUTHOro noroka (9.1), mpOHU3BIBAIOIIETO
3aMKHYTBIA MPOBOJSINUN KOHTYpP, MOPOXKAACT B 3TOM KOHTYPE 3JICKTPOIBHKYIIYIO
Cmy, KoTropas B O3ToM ciydae HaspBaercas OJIC  wHAykmmw.  3akow
anekmpomacHumuou unoykyuu cBsizpiBaeT 3Ty OJC €O CKOPOCTbIO W3MEHEHHUS
MarHUTHOTO TIOTOKA!

E = _d® , (10.1)
dt
rae € — O/1C manykunu B KOHType, ¢ — MarHUTHBIH OTOK, MPOHU3BIBAIOIINN €T0, a ¢
— Bpems. OTMeTHUM, YTO 3aKOH »JIeKTpoMarHUTHOM uuaykiuu (10.1) cmpaBemius
HE3aBHCHUMO OT TOTO, C 4YeM CBS3aHO W3MEHEHHE MAarHUTHOTO IIOTOKa — C
HECCTAllMOHAPHOCTbIO MArHUTHOI'O IOJIA, C ;leq)opMauneﬁ KOHTYpa WJIN NU3MCHCHHUEM
€r0 TIOJIOXKEHHSI MITH OPHEHTALMH B TIPOCTPAHCTBE.

OJC UHAYKIUH NOPOXKAAeT B KOHTYpPE WHAYKIIMOHHBIM TOK, BEIMYHHA
KOTOporo ompenemnsercss 3akoHoM Owma (6.9), a HampaBieHue — npasuiom Jlenya:
UHOYKYUOHHBIIL MOK 6ce20a HAnpagien max, 4mo ez2o Oeticmeue npomueonoI0HCHO
oelicmeuio npudunbl, €20 nopodcoaroujeti. VIHBIMH CIIOBaMH, MarHHUTHOE IIOJIE
WHAYKIIMOHHOI'O TOKa CTPCMHUTCA MOAACPKATH 3HAYCHUE MArHUTHOI'O IMOTOKa 4Yepe3
KOHTYP HEM3MEHHBIM. JTOMY COOTBETCTBYET 3HAaK «MHHYC» B NPaBOI 4acTH 3aKOHA
aneKkTpoMarauTHoN uHykiuu (10.1).

Ecau u3MeHeHHe MarHUTHOIO IIOTOKa 4Yepe3 3aMKHYThIA MNpPOBOASIINN
KOHTYp CBA3aHO C WH3MEHEHHMEM CHJIbI TOKa B KOHTYpe M, Kak CJIEJACTBHE, C
W3MEHEHHEM MHIYKIIMHA MarHUTHOTO TIOJIS, TOPO’KAAEMOT0 3TUM TOKOM, TO TOBOPSIT O
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ABJICHUM caMOMHAYKuuu. Breipaxxenne mnst 3/C camoundykyuu NETKO TOIYYUTH,
MOJCTaBUB B 3aKOH JJEKTpOMarHUTHOM wuHAyKuuu (10.1) MarHUTHBIA IOTOK,
BBIpaKEeHHBIH 13 (9.6):

£;=—L££, (10.2)
dt

rae €; — 3/IC caMOMHIYKITNH B KOHTYpe, L — ero HHIyKTUBHOCTh, a | — CHJIa TOKa B
KOHTYE.

3akoH anekTpoMarHuTHON MHAYKUKHU (10.1) UMeeT HHTErpasIbHBIN XapakTep,
T.€. ONHCHIBAET MAaKpPOCKOITMYECKHH OOBEKT — 3aMKHYTBHIH IIPOBOIAIIAN KOHTYD.
Bocnonb3oBaBummcs onpenenenueM J/C (6.3), onpeneneHueM MarHUTHOTO MOTOKa
(9.1) u Teopemoii Crokca, HETPYAHO TONYUUTH OuphepeHyuanshyro Gopmyauposxy
3aKOHa BHeKTpOMaFHHTHOﬁ WHAYKIUUA:

—

ot E=-98 (10.3)
ot

rie B - MHIIYKIMST HECTAIIMOHAPHOTO MAarHUTHOTO IONSA, a E - HaINpsDKEHHOCTh
3JEKTPUYECKOro MOJsl, MOPOXKAAEMOr0 3TUM MAarHUTHBIM MOJEM. DTO HE UTO HMHOE,
Kak emopoe ypagnenue Makceenna. OHO CIpaBeIUIMBO B JIOOOH TOYKE MPOCTPAHCTBA
M KOJIMYECTBEHHO OIMCBIBAET TOT (DaKT, 4YTO nepemeHHoe MAcHUMHOE MOoJe
nopoodicoaem uxpegoe nexmpuyeckoe noje. EcIM BHXpEBOE 3IEKTPUYECKOE IIOJIE
CyliecTByeT B o00ObeMe IPOBOJHHMKA, TO OHO IOPOXKAAaeT B HEM TOKH,
LUPKYJIUPYIOIIUE BIOIb CUIOBBIX JIMHUH 3JIEKTPUUECKOTO MOJSL. DTH TOKH HA3bIBAIOT
suxpesviMu moxkamu, A1 TokamMu Dyko.

Mpumep 10.1. Camoner neTuT ¢ MocTosTHHOW ckopocThio v=900 km/4 Hax CeBepHBIM
MarHUTHBIM nomocoM 3emiu. OIGHHTE Pa3HOCTH IOTEHLUATOB, BO3HHKAIOLIYIO
MEX/1y KOHIIAMH €ro KpbUIBEB, €CIIM pa3Max KpbUibeB cocraBisier L=40M, a

WHIYKLIWS MAaTHUTHOTO 110Jis1 3eMiu — B=6- 107 T
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Pewenue. 1lpuunHOM BO3HUKHOBEHHUS PAa3HOCTH IOTEHLMAIOB MEXAYy KOHLAMH
KpBUIbEB camojera sBisieTcss cuina JlopeHua, mepeMeniaromas 3apsiabl B €ro
MPOBOASIINX deMeHTax. Ha kaxapIii cBOOOIHBIN 3apsy g NEHCTBYET cuiia

> —

Fu=qpB| . (10.4)

Han MarHUTHBIM IIOJFOCOM JIMHHMHM MAaTrHUTHOMR WHIAYKIIAU <«BBIXOOAT U3
3emn» MPAaKTUYICCKU BEPTUKAJIBHO, 4 CAMOJIET JICTUT IT'OPU30HTAJIBHO, IIO3TOMY CHUJIa
Hopeﬂua HampaBJjicHa BAOJb KpPbUILEB. HpI/I OTOM HOJIOKUTCJIBHBIC 3apsabl
CMEIMAIOTCA K KOHIY MNIPaBOro KpbUla, a OTPHULOATEIIBHBIE — K KOHLY JIEBOIO.
Paznenennsie cunoi HopeHua 3apsaabl CO3AA0T IJICKTPHUUYCCKOC I10JIC, HAIIPABJICHHOC

OT IIPaBOro Kpbula K jeBoMy. IIycTh HampspbkeHHOCTH 3TOro nous pasHa E . Torna
OHO JICHCTBYET HA CBOOOMHBIN 3aps] g C CHIIOH

F,=qE (10.5)

[lepepactpenenenue 3apsaoB B KPBUIbSIX MPEKPAaTHUTCS TOTAA, KOTAa 3Ta
cujia TOYHO ypaBHoBecUT cuiy Jlopenna, T.e. korna F, =—F 7. U3 atoro yciosus,
¢ yaetom (10.4) u (10.5), HaiimeM HANIPSDKEHHOCTD AIIEKTPHUIECKOTO TTOJIS:

E = —[vBJ= BvJ.

OTcroa HafiieM HCKOMYIO Pa3HOCThH ITOTEHIIHAJIOB TP HOMOIIH (POPMYITEI
(2.3), cBsA3BIBAIOLIEH MOTEHIMAN U HAMPSKEHHOCTH 3JIEKTPOCTATUYECKOTO OIS

2 2 2
AU =U,~U, = [ Edl = [ Edl = Bv[dl = BvI
1 1 1

3)1er YYTCHO, YTO UHTCIPUPOBAHUEC BEACTCA BAOJIb CUJIOBBIX JIMHUAMN SJICKTPUYCCKOI'O
MoJIsI, T.€. OT Kpasi MPaBoOro Kpwuta (Touka «l») 1o Kpas neBoro (Touka «2»). Ilpm

3TOM BekTOopbl E W dl mapamiensHel. Takum o0pa3oM, 3a cyeT JeicTBUSA
MarHUTHOTO MO 3eMJIM TPaBO€ KPBUIO CaMojieTa IMPUOOpPETaeT MOIOKUTECIBHBIN
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IOTCHIIMAJI OTHOCHUTCIIBHO JICBOI'O. HOZ[CTaBI/IB B HOHy‘IeHHHﬁ OTBCT YHCJICHHBIC

JAHHBIE U3 YCIIOBHS 3a1aud, momyanM AU = 0,68 .

IIpumep 10.2. beckoHeuHBIH TPSMOI MPOBOJ U KBaJpaTHAS paMKa cO CTOPOHOH a M
IMMOJIHBIM COMPOTUBJICHUCM R PacCIlOJIOKCHbI B OﬂHOﬁ IJIOCKOCTU TaK, 4YTO IIPOBOJ
NPOXOAUT MApauIeNIbHO OXHOM M3 CTOPOH PaMKH Ha paccTosiHuM d oT Hee. Crila Toka

B TIPOBOJE M3MEHATCS IO 3aKOHY I, (t)=at3, o = const . Haligure 3aBHCHUMOCTH
CHJTBI TOKA B paMKE OT BPEMEHH.

Pewenue. [Ins pemieHuss 3TOM 3aJayd Mbl JOJDKHBI BOCIOJIb30BaThbCS 3aKOHOM
anekrpomarautHod wHAYKIuH (10.1). CHayanma HaiijleM MarHUTHBIA TMOTOK dYepe3
paMKy, co3gaBaeMblii TOKOM, MPOTEKAIIUM Mo mpoBoay. B coorBerctBum c (7.5),
WHAYKIHAS MarHUTHOTO TIOJIS, CO3/JaBAEMOTO 3TUM TOKOM B IUIOCKOCTH PaMKH, paBHA

E(x, t)

:%1(”5, (10.6)
JTX

-

rae n — €AVWHUYHBIA BEKTOpP HOpPMalu K IUIOCKOCTH pamku (cMm. puc.10.1), a x —
paccTosHHE OT MPOBONA IO TOYKH, TNI€ PAcCMATPUBACTCS HWHIYKIUS MAarHHUTHOTO
TOJISL.

Mar"uuTHbIl NOTOK 4YEpPeE3 PpaMKy
Halgem HENOCPEACTBEHHO u3 €ro
ompenerenus (9.1) (em. Puc.10.1)

¢=J]§d§=JBdS=]l.ddeta)Ede
N N 0 d

3mech yaTeHo, uTo Tojne B HampaBiIeHO BIOJb

HOPMaJH K riomanxe d.s .

HOI[CTaBJ'UDI B BBIPAXKCHUC JJIA IIOTOKa
BeIpakenHue (10.6), momygaem

Pnc.10.1
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a d+a d+a
q):Idy Jde =a_[ de _ thla lnd+a - Hla In(1+a/d)-
o 7 v 2mx 2z d 2

Just naxoxxnenust 3/C MHAYKIMH OCTAIOCh MOACTaBUTh CIO/IA BBIPAXKEHHUE JUIS CHIIBI
TOKa B IPOBOJIE U Npoan(GepeHIupOBaTh €ro 10 BPEMEHH:
2
dod Hoa 3 Uoa ot (

dl Hoa
E=—""=—"n(+a/d) =L =-"n(1+a/d) 301> =" 1n(1+a/d
(=g =y ke d) =5 (i afd) 2 rald)

CornacHo 3akoHy OMa Il 3aMKHYTOro KOHTypa (6.9), cuila MHAYKIIMOHHOTO TOKa,
MPOTEKAIONIET0 B paMKe paBHa oTHOmeHHI0O O/IC MHIYKIMHM K CONPOTHBICHHUIO
paMKH:
i 3pgar’
[, =S A6 a).

R 27R
OTpI/ILIaTeJIbﬂoe 3HA4YCHUC nonyquHoﬁ CUJIbI TOKa TOBOPUT O TOM, YTO OH TCHUCT
IPOTHB TOJIOXHUTEIBPHOTO HANpaBICHUs 00XOda PaMKH, ONPENENIIEMOro IPaBHIIOM

-

OypaBuYMKa OTHOCUTEIBHO BEKTOpAa HOPMAJIH 7 .

Ipumep 10.3. Conenounn umeer N=500 BUTKOB M 00JagaeT CONPOTHBICHUEM
R=50Owm. Ilnomanp momepeyHOro cedeHHus coneHomaa paBHa S=10 em?. KoHmpl
COJICHOM/IAa 3aMBIKAIOT U BHOCAT €r0 B OJHOPOJAHOC MArHUTHOE MMOJE C MHIYKIUEH
B=10 mTun, cwioBble JMHUM KOTOPOrO HampaBieHbl Mox yrioM 0=60° k ocu
conenonga. Haiinure 3apsia, npoTekmmii vepe3 0OMOTKY COIEHOUAA.

Pewienue. 3anuiieM 3aK0H dJICKTPOMATHUTHON MHIYKIUH:

_a®
! dr’
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riue 81‘ — O/JIC uHAyKIMH B coneHouzae, a & — MarHUTHBI OTOK, TPOHU3BIBAIOIINN

€ro B MOMCHT BpPEMCHU t. HOCKOHbe KOHIIbI COJICHOUAA 3aMKHYTBI, MOXKEM HauTH
CHITY MHAYKIMOHHOTO TOKa [ 3 3akoHa OMa U1 3aMKHYTOro KOHTYypa (6.9):
E 1do
I=—"t=———. (10.7)
R R dt
MHayKuMOHHBINA TOK CBSI3aH € 3apsiioM ¢, NPOTEKIIUM K MOMEHTY BPEMEHHU ! 4epes
HPOM3BOJIBHOE CEYEHHE IIPOBOJIOKH COJICHOMA, OYEBUIHBIM COOTHOLICHHEM:
dgq

1=

. 10.8
I (10.8)

IIpupaBauBas mpasbsie gactu BoipaxkeHuil (10.7) u (10.8) u uHTErpHpys MOIy4eHHOE
YpaBHEHHE 110 BPEMEHH, MOTyIaeM:

1 1
q(t2) = q(t) = —F((I’(fz)—q’(tl)):;(‘I’(h)—q’(fz)),

rJie 1 ¥ ) — NPOU3BOJIbHBIE MOMEHTHI BpeMeHHU. BpibepeM HX Tak, YTOObI MOMEHT 1
MPE/IICCTBOBAl BHECCHHIO COJICHOMJA B MArHUTHOE TMOJiE, a MOMEHT [,
COOTBETCTBOBAJI CHUTYallMH, KOTJa MHIYKIIMOHHBI TOK yXe mepectan Tedb. Torma
q(t1)=0, a g(t,) — HE 4TO MHOEC KaK MCKOMBII MOJHBIA 3apsy (0o0o3HauuM ero Q), a
MOCJIE/IHEE BBIPAKEHHE TIEPEITUILIETCS B BUIC

1
0 _E((I)Hal{ _(DKOH)’ (109)

rie D ., :<I>(tl) u o . :CID(tz) — MArHMTHBIE IIOTOKM YEPE3 COJICHOM[,
COOTBETCTBEHHO, [0 M IIOCJIE €ro BHECEHHs B MarmutHoe none. OueBHIHO,

HayaIbHbI MarHuTHBIH notok P paBeH HY/I0, a KOHEUHBIH MOTOK CI)KO

Hau Hanuaem

H

u3 ¢popmysl (9.3)
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KOH

deS N[ Bdscosa

Tak Kak MoJe OTHOPONHO, TO WHAYKIMIO MOXXHO BBIHECTH 3a 3HaK HHTErpaia,

OJIy4UM

Do = NBcosajds =NBScos« -
s

[ToncTaBnsas MarHUTHBIE TOTOKH B BhIpaskeHue (10.9), HAXOAMM MCKOMBIH 3apsim:

NB S cosa

0=—"%

OrpuuarenbHas  BENMYMHA  HAWJEHHOrO  3apsiia  O3HAYaeT,  4To
WHAYKIHOHHBIA TOK TEYeT TMPOTHB MOJOXKUTECIHHOTO HAampaBlieHHs o00Xona
COJICHOMJA, T.C. TAaKOro HampaBlicHHs 00X01a, MPU KOTOPOM MArHUTHOE IO,
co3/1aBaeMOe MHIYKIIMOHHBIM TOKOM, OBIJIO OBl HAIPaBJIEHO «B CTOPOHY» BHEIIHETO
MarHUTHOTO MOJIA. DTO HAXOJUTCS B TOJHOM COOTBETCTBUU C MpaBmioM JleHna:
WHIYKUUOHHBIA TOK «IIBITAETCSl MPENSTCTBOBATH» YBEIMYEHUIO MAarHUTHOIO I1OTOKA
4yepe3 COICHOU .

[ToncTaBUB B MONYYCHHBI OTBET YHCJICHHBIC JaHHBIC M3 YCIOBHS 3aJadH,

nonyuum Q = —0,5 MK
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IIpumep 10.4. KBagpatHas pamka co CTOpPOHOH a
JIBDKETCSI C IIOCTOSHHOM CKOPOCTBIO VB
HAalpaBJICHUH, MEePHEHANKYISIPHOM
OeckoHeyHOMY TIpsiMOMY TpoBony (cm. puc.10.2).
Ilo mpoBony teuer Tok cuibl I. B HavanbHbIN
MOMEHT BpeMeHH f=0 pamka Jexaia B OXHOU

TUIOCKOCTH C TIPOBOIOM, a PACCTOSHHE MEXKIy
OPOBOAOM M Omipkaiiieli K HEMy CTOPOHOU
pamku paBHsuToch d. Haiimure 3aBucumocts D1C,

UHIYIMPYEMOH B paMKe, OT BpPEMEHH, IPH
Puc.10.2 YCIOBUM, 4YTO a>>d, a pamMka He ycresa
YIaJIUTBCST OT IIPOBOJIA HACTOJIBKO, YTOOBI PACcCTOSHHE OT IPOBOZA A0 OJvbKaiiien
CTOPOHBI PAMKH CTaJIO ObI CPABHHMMO C d.

Pewenue. Paccmorpum HEKOTOpOe
MTHOBEHHOE TIOJIOKEHNE pamkw,

OTpesieNisieMOe  PacCTOSHUEM h  MeXay

IJIOCKOCTBIO paMKU U MNapajuleJbHOW el
IUIOCKOCTBIO Xy, INPOXOASLIEH depe3 MPOBOJ
(em. pme.10.3). Hugykmus B MarHuTHOTO
HOJIsI, CO3J]aBaeMOro IMPOBOJOM B TOouke M,

JIeXalel B IJIOCKOCTH KOHTYpa U 3aJaBacMoi

YIIoOM O, Takke 00O03HAYEHHBIM Ha PHCYHKE,

z HalpasjeHa OPTOTOHAIBHO HEPIECHAMKYIPY,
Puc.10.3 OMyIIeHHOMY U3 TOYkKM M Ha mpoBox, a ee
uc.1v.
BeJIMYMHA ompernenseTcs popmymnoit (7.5):
Mol _ Mylsina

" 2z(nsina) | 2mh

IToncuntaemM MarHUTHBIN NOTOK, IPOHU3BIBAIOIINI paMKy:
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¢:J§d§=J.BdSc0sa,
s s

rae S — TIJIOCKas TMOBEPXHOCTb, OTPaHUUYEHHAs pamKoi, dS — dJIEeMeHT JTou
MOBEPXHOCTH (CM. pHUC.).

VYurem, uto dS =adx, Toe X — PacCTOSHHE OT TOYKH M IO JIeBOrO Kpas pPaMKH,
0003HaYeHHOr0 Kak Toyka A (COOTBETCTBEHHO, Touka C — 3TO MpaBbli Kpail pamKH),

paBHoe x = hctga—d , monydum

2
I

<I>:—'u0 ajctgada.
2r o

Bprurcium onpeenacHHbI MHTErpal:
ol 24 (d+a)?
4z h*+d*

A _ Hola

o> [ln(sin a)]c

_ Myla
2z

VYurem nanee, uto d << a u h << a , IOIyInM

2

I
L Holdy  a

cI) -
ar \ h?+d?
Tenepp BOCHONB3YEMCS 3aKOHOM 3JICKTPOMATHUTHOW MHAYKUUU M y4TE€M, YTO

d
CKOPOCTb PAMKH V = o :
t

P _polad| h*+d* \| mola a* 2hdh  pola Vi

T T Tan ar 2 )| 4 nPia? a? dt 2 v id?

W3 HaiineHHO# 3aBHCHMOCTH BHIHO, YTO B Hadaje ABIKeHHs pamku DJIC HapacTaeT
CO BPEMEHEM MpPaKTUUYECKH JHMHEWHO, TIOCIE€ Yero CKOPOCTh POCTa TMOCTENEHHO
samemsierca, DJIC mocTuraer MakcMMyma, W TIPH JajbHEUIIEM IBIDKCHUH PaMKH
YK€ YMEHbBIIIAETCSI.
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Ipumep 10.5. BOmum3u neHTpa JUIMHHOIO COJEHOMJIA, CONEPIKAIIEro 7y BUTKOB Ha
€VHUIy JJIUHBI, BHYTPH HEro MOMENICHa IUIOCKas paMKa, IO KOTOPOH TedeT TOK,
CHJia KOTOPOro M3MEHSACTCS IO 3aKOHY 1 o COS @X . Ilnomans paMKH paBHa s, a €€
TUTOCKOCTh TIEPICHOUKYIApHAa OocH coneHonpa. Haivmure OJIC, mHOynmupyemyroo B
COJICHOU/IE.

Pewenue. CormacHo onpeneneHuo kodpduiuenta B3auMHOW wuHAyKnuu (9.4),

MarHUTHBIN OTOK, TPOHU3BIBAIOLIUI COJIEHOU, PaBEH
®,=L,I,=L,I[,cosar,

rie MHIACKC «l» COOTBETCTBYeT XapaKTEpPUCTUKAaM paMKH, a MWHAEKC <«2» —
XapaKTepUCTUKaM  COJICHOWAA. 3aKOH djeKkTpomarHuTHoW uHaykuumu (10.1)
MO3BOJISIET BBIpa3uTh uckomyro DJ1C:

d®
E=- dtz =L,l,wsinaor . (10.10)

HeusBectHpiM moka octaercs KodpduuueHt L, B3aMMHOH HHAYKLUHU
MEXIy paMKod u cosneHouaoMm. Haiinem ero, BOCHONB30BaBIIMCH CUMMETpPUEH
k03¢ huIMeHToB B3auMHoN HHIYKIUH (9.5) u ero onpeaencHueM (9.4):
P,
L,=L, =—. (10.11)
I,
Takum 00pa3oM, Ui HaXOKACHUS KO3 PHIIMEeHTa B3aUMHON HHIYKIIUU HEOOXOUMO
3amaTh HEKOTOpOe 3HAaYeHHWe CHIIBI ToKa [,=const B CONICHOMIE W MOICYUTATH
COOTBETCTBYIOIIICE 3HAYCHHWE MArHUTHOro moToka P; uepe3 pamky (Oe3 ydera
MarHMTHOro noJjsi camoi pamku). CornacHo (7.22), MarHUTHOE TOJIE B COJICHOUJIE, 110
KOTOPOMY IIPOTEKAET IOCTOSHHBIA TOK, SIBISIETCS CTAllMOHAPHBIM M OTHOPOTHBIM, a
€ro WHAYKIIHs pPaBHA
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-

rAe n — €JUHUYHBIN BEKTOp, HAPABIEHHBINA BAOJIb OCHU COJIEHOWA B COOTBETCTBUH C
npaBuiioMm OypaBuuka. OTCloa, IPUHUMAsT BO BHUMAHUE OPHCHTAIIMIO PAMKH BHYTPH
COJICHOWJJA, HAXOJUM MAarHUTHBIA OTOK YEpeE3 paMKY:

®, = [ BdS = [ BdS = BS = pyny, S,
N N

rae S — IUIocKasi TIOBEPXHOCTh, OTpaHMYEHHAs paMKOH, a dS — BEKTOp HOpPMad K
miockoctd pamku. IloacraBum mocneaHee Boeipakenue B (10.11) wu  Haiigem
K03(HUIIHEHT B3aUMHON HHIYKITUH Li,:

Ly = monoS

UroObl MNONYy4YUTh OKOHYATENBHBIM OTBET 3a/aud, OCTAJOCh IIOJCTaBUTh 3TO
BeIpakeHue B (10.10):

81‘ =ﬂ0n0s a)losinat .
3ameruM, 4To 0€3 NMPUBIICUCHHS CBOMCTBA CUMMETPUH KOA(P(UIMEHTOB B3aMMHOM
MHIYKIOUH MbI OBl CTOJKHYJIHMCh C CYHIECTBEHHBIMH TPYJHOCTSIMH TIPH IIOTIBITKE

paccunTaTh MarHUTHBIA TOTOK depe3 comeHonn P,, cozmaBaeMblii HEOTHOPOIHBIM
MarHUTHBIM TTOJIEM PaMKH C TOKOM.

IIpumep 10.6. B moCTOSHHOM OTHOPOTHOM

das MarHUTHOM II0JIe, HHAYKITUS KOTOPOTo paBHa B,
“——‘ “[ ds HAXOIUTCS Kpyrjioe, HeaedopMupyeMoe, TOHKOE
KOJIBLIO panmycom R, clIeJIaHHOE us3

B

CBEpXIPOBOJHMKA. B  HayaibHBIA  MOMEHT

IIJIOCKOCTL KOJIbLAa IapaijicjibHa B u Toka B

KoJIbIle HeT. HalianTe cuily Toka B KOJBIE Cpa3
Puc.10.4 E n y 1e cpasy

MOCJIE TOTO, KaK OHO OBUIO MOBEPHYTO TaK, 4TO
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IIJIOCKOCTh KOJIbLA CTaja NEPIEeHIUKYIIIPHA B (puc.10.4). MTHAYKTUBHOCTE KOJIBIIA
paBHa L.

Pewenue. 11pu noBOpoTE KOJbLIa B MATHUTHOM I10JI€ U3MEHSAETCA MAarHUTHBIM MOTOK,
MPOHU3BIBAIOIIMM  KOJBLO, M, CJIENOBAaTENbHO, IO KOJIbLY HAuyMHAaeT Teub
WHJIYKUMOHHBIA TOK, CO3JAOLIMNA JONOJHUTEIbHOE MarHutHoe moje. IllomHebiit
MarHUTHBIM TIOTOK Yepe3 KOJBIO CKIaJAbIBaeTcs U3 MOTOKa Py, CBA3AHHOTO C
BHEIIIHMM MATHUTHBIM IIOJIEM, U IOTOKA Pysers, CBI3@HHOTO C MATHUTHBIM IIOJIEM
WHIYKIWOHHOTO TOKA!

P=0 +®

BHeII co0CTB *

(10.12)
[To 3akoHy AnekTpoMarHuTHON HHAYKIUH Halinem DJC, HeHCTBYIONIYIO B KOJIbIIE:

03] o)
8- :_@__d BHEIII _d CcOOCTB . (1013)

i dt dt dt

Teneps NpUMEHHM K KONbIly 3akoH OMa JUIsl 3aMKHYTOro KoHTypa (6.9), nmpuHumas
BO BHUMaHHE, YTO COMPOTHBIIEHHE CBEPXIIPOBOIHNKA PABHO HYIIIO:

J-0=E wm & =0.

13 nocnennero BeipaxkeHus u (10.13) cnenyer, 4TO NOJHBIA MarHUTHBIN MTOTOK Yepe3
KOJIbIIO UBMCHATHCA HC MOXKCT, T.C. KAKMM OH 6])1)1 B UCXOJHOM COCTOsIHUHU, TAKUM OH
W OCTaHETCsl IOcie MOBOpOoTa Kojbla. HadanbHbl MarHUTHBIM IOTOK paBeH HYJIIO,
MOCKOJIbKY HMHJIYKIIMOHHOTO TOKa HET, a IUIOCKOCTh KOJblla OpHEHTHpPOBaHA
HapaJulelIbHO CHJIOBBIM JIMHUSIM BHEIIHETO MAarHUTHOTO nos. ClenoBaTesbHo, HyIT0
JOJDKEH OBITh paBeH M MAarHUTHBIM IIOTOK 4Yepe3 KOJIBLO I10CIe €ro I[OBOpOTaA.
BrIipaznM 3TOT MMOTOK Yepe3 mapaMeTphl 3a1a4u, IpuHuMas Bo BHIMaHue (10.12):

®=Bs+ LIl =BaR>+ LI,

rae s=7aR? — momams Kombia. OCTanoch HNPUPABHATH 3TOT IIOTOK K HYJIHO U

BBIPA3UTh U3 TIOJyYCHHOTO PABEHCTBA HCKOMYIO CHITy HHAYKIIHOHHOTO TOKA:
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J=_ . (10.14)

OTpI/IU,aTeJleOE 3HA4YCHUC HaﬁﬂeHHOﬁ CUJIbI TOKa O3HA4Ya€T, YTO TOK TCYET IPOTUB

BBIOPaHHOTO HAaMpaBJIeHUs 00X0a KOblia (TaK, Kak IIOKa3aHO Ha PUCYHKE).

IIpumep 10.7. Bayrpu mimHHOrO coieHompaa, copepskamero n=1000 BUTKOB Ha
METp [UIMHBI, TOMEIIeH CcTepkeHb JumHoM [=10cm u ceuennem s=10 CM2,
M3TOTOBJIEHHBIN U3 MaTepHaia ¢ MarHUTHOH nmpoHunaemoctsio #=1000. Cuna Toka B
oomotke /=10 A. Kakyro paboTy Hamo 3aTpaTuTh, YTOOBI BBITAIIMTH CTEPKCHb W3
coseHona?

Pewenue. Pabora BHEIIHEH CHIIBI, 3aTpayeHHass Ha W3BJIEYEHHE CTEPXKHS
pacxomgyeTcsi Kak Ha W3MCHEHHE SHEPTMU MAarHUTHOTO TOJsL, TaK W HA COBEPIICHHE
JOTIOJIHUTENILHOM Pa0oThl B Ienu mpoTekaHus Toka. O0e 5TH BeNWYMHBI yAO0OHO
BBIPA3UTh Y€Pe3 M3MEHEHHE MAarHUTHOTO MOTOKa B coneHouje. IIpu BBITACKUBaHWUHU
CTep)kHs B 00MOTKe Bo3HHKaeT D.J[.C. HHAYKINH &, KOTOpas CTPEMHUTCS H3MEHUTHh
NPOTEKAIOUIMK 1O coyieHouay TOK. [lognepkuBasi MocTOsSHHYIO CHIly ToKa / B 1ienw,
UCTOYHHUK  COBEPINACT  JOMOJNHHUTEIBHYIO  paboTy  (HONOXKHTENBHYIO  WIIH
OTpHULIATEIBHYIO), paBHYIO padote 3.J[.C. uHayKIMH:

AA = [Ie; dt = —1AD, (10.15)

raie AP — W3MEHEHHE MAarHUTHOIO TII0TOKa 4Yepe3 COJNEHOMI, IPOM30UIeIIee
BCJIEJICTBHE BBITACKUBaHUS cTepxkHs. C APYroi CTOPOHBI, U3MEHEHHE SHEPrUU MO B

KaTyIke, coriacHo (9.7) Oyzner
AW = V52 [AD, (10.16)

MO3TOMY paboTa IO BHITACKMBAaHHMIO CTEPXKHS, KOTOpas 3aTpadMBaeTCs Kak Ha
COBEpILICHHE BHEIIHeH paboThl, TaK M Ha M3MEHEHHWE JHEPrHM MAarHUTHOTrO MO,

Oynmer

A =AA+AW = -2 [AD. (10.17)
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3nech cienyeT NOMHUTh, YTO U3MEHEHHUE TO0ToKa AP B HAILIEM ClTydae OTPUIATENIbHO.

OcTanioch BBIYUCTUTH U3MEHEHHE MOTOKA. byaem cuuTarh, UTO CTEPKEHb HAXOAMJIICS
LEJIMKOM B 00JIACTH OJHOPOIHOrO moJjist. Torna BHYTpU CTepxHS B = tiynl, a aucio
BUTKOB, CIIETUIEHHBIX cO cTepxkHeM AN = nl. Ilpu ynaneHuun cTepxHs cozgaBaeMast
UM gacTh otoka BsAN = pon’lls samenutes Ha fon’lls, mostomy AD = —y(u—1)
n’Ils . OKOHYATENBHO

A = s uo(u—1) n°Fls. (10.18)

3amMeTHM, YTO DHEPTHS MACHUTHOTO TIONSI TIPH YHAICHHHW CTEP/KHS YMEHBIIACTCS.
Pabora 1o yganeHuio CTepKHs MPOMOPIIHOHANIEHA €0 00bEMY.
[NoxcTaBMB B TIONYYEHHBIH OTBET YHCICHHBIC JaHHBIC W3 YCIOBHS 3aladd,

noayaum A=6,3 JIx.
3aoanue 0na camocmoamenbHol padomol

10.1. Be TapajuIeTbHBIX HEBECOMBIX
HCOPOBOAAIIMNX HUTH, 3aKPCTJICHHBIC B BCPXHUX
TOYKAaX, U TOHKAsi POBOSIIAS MAT0YKA JUTHHBI d
00pa3yloT «Kayel», CIIOCOOHBIC KavaThCs B
OJTHOPOJHOM IIOCTOSSHHOM MArHUTHOM TIOJIE,
JIMHUU WHAYKOUKU KOTOPOIro IOpHU3OHTAJIbHBI H
HNEepPIEeHANKYISIPHBL  OTPE3KY, COCHHHSIOIEMY
Touku monaBeca Hute (cm. puc.10.5). [dnuna
\\\ KaXKI0M HUTU — [, MHIYKIMSI MATHUTHOTO TOJIS —

B, a HavanbHBINA yron OTKIOHEHUS Kauesed — O

(Kaqum OTITYCKAaOT W3 JTOro IIOJIOKCHUSA B

Puc.10.5
MomeHT =0 0e3 HavanbHOU ckopoctu). Haiinure
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3aBHCHMOCTh OT BPEMEHH pPAa3HOCTH IIOTCHIIMAIIOB MEXAY KOHIIAMH ITaJOYKH.
YkazaHue: yrom Of CYHTaTh JOCTATOYHO MAaJbIM [IJIsI TOTO, YTOOBI MOXHO OBLIO

H0JIb30BAThCA MPUOTMKEHUEM Sin &) = ¢ .

10.2. Tonkas KBajxpaTHas TNPOBOASIIAS IUIACTUHA JBHMIXKETCS C IIOCTOSHHOM
ckopocThi0 v=10 M/C B TIOCTOSSHHOM MAarHHTHOM Iojie ¢ WHAyKnued B=10 mTn,

- —

IpUYEeM BeKTOpa v U B mapaienbHbl MIOCKOCTH IUIACTUHBI U MEPIEHIUKYISIPHBI
JIpyr apyry. Haligyte moBEpXHOCTHYIO IUIOTHOCTh 3apsja Ha IIACTHHE, BO3HHUKIIYIO

BCJICACTBHUC €€ IBUXCHUS.

10.3. N oxnHaKOBBIX KaTylleK C MHAYKTUBHOCTbIO L
coeauHeHBl mapamtensHo (puc.10.6). Ompenemute
3¢ (GEKTHBHYI0  MHIYKTUBHOCTh TAaKOH  CHCTEMbI
KaTyIIeK.

10.4.beckoHeUHBII TIPSAMO TPOBOA W 3aMKHYTHIHA

KOHTYp B BHJE PaBHOOEIPEHHOrO MPSIMOYTOJIBHOTO
TPEeyrolbHUKAa C BBICOTOH h=17CcM ® TOIHBIM

Puc.10.6 comporupneHrneM R=0,7 OM pacmoioXeHbl B ORHOI
IUIOCKOCTH TaK, 4YTO TMPOBOJ TPOXOAWT NapauieNbHO THIOTCHY3€ pPaMKH Ha
paccrosHuu d=10 cM OT BepmMHB npsmMoro yria. Cuna Toka B MPOBOJE U3MEHSTCS

t/7)

3HAYCHUEC NHAYKIUOHHOI'O TOKa B KOHType?

2
no 3akony I,(t) = Ioe_ , toe 1p=100 A, a t=1 mc. Uemy paBHO MaKCHMalbHOE

10.5. 3amkHyTas TPOBONIOYHAS TIPSMOYTOJbHAS paMKa co cropoHamu a=20cM H
b=17 cM pacroyioxeHa B OJHOHM IUIOCKOCTHM C OECKOHEYHBIM MPSMBIM IIPOBOJIOM C
TokoM /=10 A Tak, 9TO CTOpOHA @ TMapajurenbHa mpoBoay. CONPOTHBICHHE PAMKH —
R=0,8 OM, a paccrosiHre MEXIy IIPOBOIOM U OJvbKaiilield K HeMy CTOPOHOW paMKH —
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¢=10 cm. Pamky noBopaunBaror Ha 180° BOKpYr ee OCH CHMMETpPHUH, MapajuIeIbHON
cropoHe a. Halinure 3apsn, npoTekiuii uepe3 cedyeHue IPOBOIOKH B PaMKe.

10.6. 3amkHyTass npoBOJOYHAs MPSIMOYrOJbHAs paMKa CO CTOpoHamMH a=19cMm u
b=11 cM pacrmoioxeHa B ONHOW IUIOCKOCTH ¢ OECKOHEYHBIM IPSIMBIM IIPOBOJOM C
TokoM [=10 A Tak, yTO CTOpoHa b mapajulelbHa MHpPOBOAY. PaccTosiHME MexXTy
MIPOBOIOM W OJIDKaifmieil K HeMy CTOPOHOM paMku — c=21 cM. PaMKy moBopadnBaioT
Ha 180° Bokpyr cropoHbl b, Ommkaiimedl k mpoBoxy. Haiinure 3apsn, mpoTexmrmit
Yepe3 CeueHHe MPOBOJIOKH B PAMKE, €CITH CCYCHHE MPOBONOKH PAMKH PaBHO s=1 MM’

a ee IPoBOANMOCTE — A=6-10 (Om-M) ™.

10.7. TIlpoBomsmuii KOHTYp B (opMe KBaapara HAXOOUTCI B IOCTOSHHOM
OJTHOPOZIHOM MarHuTHOM mosie. CTOpoHa KBajJpaTa paBHa d, a BEKTOP MHAYKLUH OIS

B nepneHIuKynspeH IUIOCKOCTH KOHTypa. KoHTyp mehopMHUpYIOT Tak, 4TO €ro
JumHa He wu3MeHsercs. [locie nedopmamuy KOHTYp CTaHOBUTCS KPYIJIBIM, HO
MOJO)KEHUE  IUIOCKOCTH  KOHTypa  OcTaeTcsi  Heu3MeHHbIM.  Cuutas, 4TO

COIIPOTUBJIEHUE KOHTYPA, R, HE N3MEHUIIOCH, HAMAUTE 3apsijl, IPOTEKIINMA B KOHTYpE.

10.8. IIpsimoyrompHas paMKa CO CTOpPOHAMH d M b HOBWKETCA C TIOCTOSHHOW
CKOPOCTbIO V B HAaIPaBICHWU, MEPIEHAUKYIIPHOM OECKOHEUHOMY IPSIMOMY
MPOBOMY, JISKAIIEMy B IUIOCKOCTH pPaMKH Tapajie]bHO CTOpPOHE b (ymaisercss oT
nposoaa). Ilo mpoBomy Teuer Tok cuibl /. B HauaneHbli MoMeHT BpemeHu ¢=0
paccTossHUEe MEXIy MPOBOAOM W OJMKalIield K HEeMy CTOPOHOW paMKH PaBHSIIOCH C.
Haiigute 3aBucumocts ot Bpemenu D/IC, unaynupyemoin B pamke.

10.9. TIpsmoyronbHas MPOBOIAIIAs paMKa CO CTOPOHAMH a M D BpammaeTcst BOKPYT
CBOECH ocu CUMMETpUH, napannenbﬂoﬁ CTOpOHE da, B IOCTOSIHHOM OJHOPOAHOM

MarHMTHOM II0JI€ C UHAYKIMEN B . YrioBas CKOPOCTh BpalleHUsl paAMKHU IIOCTOSSHHA U

paBHa ®. Bextop B mepneHAMKYIApEH OCH BpAIICHHs, a B MOMEHT BpeMeHu =0
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NepIeHANKYApeH U rmiockocTa pamku. Haiinnre D/IC mHAYKUNN, BOSHUKAIOUIYIO B
pamke.

10.10. TIpsmoyrosnbHas NPOBOAALIAs paMKa CO CTOPOHAaMH d M b pPaBHOMEPHO
BpAIlIaeTCsl C YIJIOBOW CKOPOCTBIO () BOKPYI CBOEH OCH CHMMETPHH, MapauIeIbHOMN
CTOpOHE ¢, B OJHOPOJHOM MEPEMEHHOM MAarHUTHOM IIOJIE, WHIYKIHS KOTOPOIO

M3MEHSETCS 110 TAPMOHMYECKOMY 3aKOHY C YIJIOBOW yacToToi . BexTop MarHuTHOM

WHIYKUUA B mepneHAuKyIsIpeH OCH BpaIleHHs] paMKd, a B MOMEHT BpemeHu 1=0
MEPIECHANKYISPEH TUIOCKOCTH PaMKH M PaBEH 10 BEIHYHHE CBOEMY aMILIHTYIHOMY
3HaueHuto By. Haliqute DJIC nHayK1IMK, BO3ZHUKAIOIIYIO B PAMKE.

10.11. TIpsimoyronbHasi IPOBOASALIAS PaMKa CO CTOPOHAMH d M b BpaliaeTcsi BOKpYr
CBOGH OCH CHMMETPHH, NapaUIebHOW CTOPOHE d, B IIOCTOSHHOM OJHOPOIHOM

MarHMTHOM M0JIE€ ¢ MHAYKIUEN B . YriaoBas CKOPOCTh BpallleHUs paMKU MOCTENEHHO
HapacTaeT IO 3aKOHy =@, (1—e j . Bekrtop B nepneHAMKYISIpEH OCH

BpamleHUsA, a B MOMEHT BpeMeHH f=0 MepneHANKYISIpeH W TIIIOCKOCTH pPaMKH.
Haiinute 9/IC unnykuuu, AEHCTBYIOIIYIO B paMKE B MOMEHT, KOrJa €€ CKOpOCTb
JIOCTHTAET MOJOBHHBI CBOETO MAKCHUMAIBHOTO 3HAUYCHHUSL.

10.12. CHapyxu IIHMHHOTO COJICHOH/IA C IJIOMAABI0 BUTKA S, 00TekaeMoro TokoM I u
HUMCHOLUICIO N BHUTKOB Ha EIlI/IHI/ILIy JJIHUHBbI, IIOMCIICH OXBaTI)IBaIOHJ,l/lﬁ €r0 BUTOK
nposoJa ¢ conporusieHueM R. Kakoii 3apsa npoTeyeT B 3TOM BUTKE, €CIIU IIPEPBATh
TOK B COJICHoH e ?

10.13. TpancdopmaTop conepkXuT ABe OOMOTKH, HAMOTaHHBIE Ha OOLIMI 3aMKHYTBIH
cepraeyHnK w3 (eppomarHUTHOro Marepuana. CONPOTHBICHHS OOMOTOK W WX
MHJIyKTHBHOCTH PaBHbI, COOTBETCTBEHHO, R, 1 L;,. Bropuunyro 0OMOTKY 3aMKHYIIN

HAKOPOTKO, a K MEePBUYHON MOAKIIOUMIN UCTOYHUK MocTosHHOro Toka ¢ D.11.C. € u
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MaJlbIM BHYTPEHHUM conpoTuBieHueM. Hailnure 3apsii, NpOTEKIIMHA 10 BTOPUYHOM
00MOTKE 110CJIe TIOAKIFOYCHUS HCTOUHHKA.

10.14. Karymka ¢ MHIOYKTUBHOCTBIO L M CONpPOTHBICHHWEM R TONCOSIMHEHA K
UCTOUHUKY nuTanus ¢ peryaupyemoit JIC. Kak cienyer m3mensts D/IC ncrounuka,

t/r.

4T00bI TOK Yepes KaTylIKy usMeHsuics no 3akony [ (1) =1 e
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§11. YpaBHenust MakcBenia

Kpamxue meopemuueckue ceéeoeHuUn

B camom oOmiem Buze TIOOBIE NIEKTPOMATHUTHBIC SIBICHUS ONHCBHIBAIOTCS
CIEIYIOIUMHU ypasuenusmu Maxceenna, kotopsle B cucteMe CH umeroT Bu:

—

rotH = 7+ 22 (11.1)
ot
rotE=-28 (11.2)
ot
divB=0, (11.3)
divD=p, (11.4)

rac H un E - HaIMps)KEHHOCTb, COOTBCTCTBCHHO, MAarHUTHOI'O U SJICKTPUUCCKOI'O

noists, D u B —COOTBETCTBCHHO, JJIEKTPUYECKas M MAarHUTHAas UHAYKUUS, | —

IUIOTHOCTB TOKa IIPOBOAUMOCTH, a P — 00bEMHAs IUIOTHOCTH CBOOOHOTO 3apsija.
YToObI MOIYYUTh 3aMKHYTYIO CHCTEMY YPaBHEHHH Ul 3JIEKTPOMarHUTHOI'O
nojis, ypaBHeHHs MakcBemia cienyeT JONOIHHUTh MamepuarbHblMUu ypasHeHUusMU,

OITMCHIBAIOIIMMHI CBOWCTBA CPENbl M CBA3BIBAIOIINE MEXKAY coboi BekTopsl Du E,

B u H, j un E.Cnexyer HOMHHUTB, 9TO MaTepHAaJIbHBIC YPABHCHUS HE BBIPAXKAIOT,

B OTIMYMe OT  YypaBHeHHWH  MakcBemna,  (yHZaMEHTAIbHbIE  3aKOHBI
QJICKTPOMAaruuTHOrO 1oJid, a OHNHCLIBAIOT CBOMCTBaA PCaliIbHBIX CPCA. O6l>l‘IHO ux
3aMuCHIBAIOT B popme:

— —

D =¢eeyE (11.5)
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—

B=wuH , (11.6)

TA€ € — IUIEKTPUUECKas, a L — MAarHUTHAsI IPOHULIAEMOCTb CPEABL.
IInoTHOCTE TOKAa B IPOBOASAIIECH CPELE OIPEIEIeTCs B KaXIOH TOUYKE

3JIEKTPUYECKUM 1oJeM E , a Takke MOJIEM CTOPOHHUX cull E ;, NeHCTBYIOLIMX Ha
HOCUTENM 3apsaa. il IIMPOKOro Kijacca MaTepHalbHBIX CPEXl CIPaBEIJIMB 3dKOH
Owma:

J =ME+E ). (11.7)

31ech A— yaesbHas NPOBOIUMOCTh CPE/IbL.

Bxonsmue B mpaByto yacTb ypaBHEHHH MakcBena IUIOTHOCTh 3apsia p U

IJIOTHOCTh TOKa ] HC MOT'yT 3aJlaBaTbCid HE3aBUCHUMO, TaK KaK YIOBJCTBOPAIOT

ypasnenuio nenpepvignocmu (cM. Paznen 6):

P v =0 (11.8)

OT0 ypaBHEHHE BEIpaXkaeT QyHAaMEHTAIBHBIA 3aKOH COXPaHeHus 3apaoa.

I[BI/DKGHI/Ie 3apAKCHHBIX YaCTULl COHNPOBOXAACTCA BBIACJICHUECM TCILIA,
paBHOTO padote cui mons (0xcoyneeo menio), a TUIOTHOCTH BBIACISIEMOW IIPH 3TOM
MOILHOCTH ONHUCBIBACTCS 3akoHoM Lcoyns-Jlenya:

v= ] E =\AE*=i/A (11.9)

N3 cucremsl ypaBHenuit MakcBemna (11.1-4) cnegyer meopema Ymosa-
Iotinmunea , BeIpaXKarolias 3aK0H COXPaHEHHS SJHEPTUHU B DIICKTPOMATHUTHOM I10JIE:

aw = = dQ -
—=—¢IldS——=+| jdV . 11.10
dt < dt lj ( )

31ech
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W=%I(EB+H§ % (11.11)
\%4

— DJHeprus 53JEKTPOMAarHUTHOTO IMOJNA B 00beMe V,0rpaHWYEHHOM 3aMKHYTOH

MIOBEPXHOCTBIO S, ﬁ = [Eﬁ — gexmop Ilolinmunea, UMEIOIIUNA CMBICH NIOMHOCHU
nomoxa snepeuu depe3 rpanuny S, Q — Beiaensiemoe B oobeme V termo. [locnennee
cmaraemoe B (11.10) BeIpakaeT paboTy BHEITHHX (CTOPOHHHX) CHII, COBEpIIAEMYIO B
o0beMe B €UHHUIY BPEMEHH.

Bo MHOTHX Citygasx ymoOHO BBIpA3WUTh MOJS Yepe3 CKAJSIPHBIA U BEKTOPHBII

MOTEHUMAJBL @ U A

—

=rot A (11.12)

=

—

E =—grad(p—aa—A (11.13)
t

B mocnenunelt ¢opmyne mepBoe ciaraeMoe NPENCTaBISAET IOTEHIHMAIBHYIO 4YacTh
JIEKTPUYECKOTO  IMOJsl, a BTOPOE — BHUXPEBYIO 4acTb, OOYCIIOBJICHHYIO
HECTallMOHAPHBIM MarHUTHBIM I1OJIEM.

Tounble pemeHus ypaBHeHMM MakcBeiia yAaeTcs HaWTH JIMIIb B PEIKUX
cirydasx. OOBIMHO NPUXOOUTHCS AETATh TE WIIM WHBIC YHNPOIIEHUS. [ MpUKIagHbIX
3aJad 4acToO HCIOJNB3YIOT Keasucmayuonaproe npubdnudicenue. OHO OCHOBAHO Ha

—

oD
TIPEeHEOPEIKEHIH MOKOM CMeujeHus (AIEHOM 8_) B IEpBOM ypaBHeHUU. Du3nuecku
t

9TO SKBUBAJICHTHO NMPEHEOS)KECHNIO 3aIa3/(bIBAHUEM IO IIPH €r0 PacHpOCTPAHECHUN
OT MCTOYHMKA /IO TOYKM HaOJIoJIeHHs. B KBa3uCTallMOHAPHOM Cilydae IMOTCHIUAJIbI

A ¥ @ COXpaHAIOT TOT € CMBICH, YTO M B CTATHKE, U MOTYT OBITh BBIYHCIICHEI 110
panee mpuBegcHHBIM (opmynam (2.6) u (7.11). B 3ToM mpuOIMKEHUU CTPOUTCS
TeopHs MEKTpUIecKuX nener (cm. Pazgen 12).
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Ilpumepwt pewsenus 3a0au

Hpumep 11.1. Konblio npsMOYronbHOro CEYEHHs! M3TOTOBJIEHO W3 MaTepuana ¢
MIPOBOJUMOCTbBIO A=6-10" (Om-m)™". BuyTtpennuii paauyc konblia paBeH R;=3 cwm,
BHeUIHUI — R,=5 cM, a ero BbicoTa — h=1 cM. Konblio HaxoauTcs B HECTAllMOHAPHOM
MarHUTHOM TIOJIe, BEKTOp HWHAYKIHH KOToporo B mapamieneH ocwm CHMMETpUH
KoJIbIla. MarHuTHOE ToJie U3MEHSIETCS 110 3aKOHY

kt, O<r<R,

B(t) =
®) 0, r>R,

rA€ ¥ — PacCTOSIHUE OT OCH Kouiblia, a R>R,. Haiinure cuily TOKa, IpOTEKAIOIIEro Mo
Kounblty, ecnu k=0,1 Tin/c.

Pewienue. 11ockonbKy TOK T€YeT HE B JTMHEHHOM
KOHTYpe, a B 00bEMe KOJbLla, Mbl HE MOXEM
pemiate 3ajady depe3 HMHTETPAIbHBIA  3aKOH
anekTpoMaruuTHoi uHaykuuu (10.1), a gOMKHBI
BOCIIOJIB30BaThCSl BTOPBIM ypaBHEHHEM MakcBeiia
(11.2):

—

pus oB
rotE =———.
ot
CuMmMmeTpusi 3a7audl TOJACKa3bIBACT, YTO YHOOHEe

BCETO €€ pefiaTh B NWIMHAPUYICCKUX KOOpAWHATax

{r, ¢, z}, mpuueM oOCh 3TOH CHCTEMBI IOJDKHA

Puc.11.1 COBIAJAaTh C OCBIO KONbHA (TaK KaK MarHUTHOE

one obnamaer CUMMETpHEi UMEHHO

OTHOCHUTENbHO OCH Kojbla). B BbeiOpanHoil (puc.11.1) cucreme KOOpIUHAT
KOOPIMHATHI BEKTOPA MArHUTHOW MHIYKIINN PaBHbIL:

B =10,0, kt},
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a, C YYeTOM MIPEACTAaBICHUS pPOTOpPa B NWIMHAPHYECKUX KOOpPAMHATAX, BTOPOE
ypaBHeHue MakcBemna (11.2) B mpoeKkuusx Ha KOOpJUHATHBIE OCH pacrajgaercs Ha 3
CKaJISIPHBIX YPaBHEHHSL:

10E, OE,
rdp oz
oF, 9. _, (11.14)
dz  or

8(rE¢) OE,

> e

:0’

1
-

Taxxe u3 coo6pa>1<eH1/u71 CUMMETPHHU OUYCBUIHO, YTO HANPSKEHHOCTD 3JICKTPUYCCKOI'O

monst E He Mmoxer 3aBHceTs OT koopamHaT (@ u z. [lostomy cucrema (11.14)

YIIPOILAETCS:

0=0

oFE
=0 = E =C,

or

o\rE C

M?kr - E,= G
or 2 r

rae C; u C, — KOHCTaHTbl UHTErpUpoBaHMs. M3 OrpaHUYEHHOCTH SJIEKTPHUUYECKOTO
IoJIsl nIpu r=0 (ero HaIMPsS)KEHHOCTb MOXKET UMCThH OCO6eHHOCTI/I TOJIBKO B TOYKax, rac
UMEIOTCS CBOOOJHBIC 3apsifibl, a 10 YCIOBHIO 33Ja4d Ha OCH LIIMHIpPA HUKaKHX
3apsaioB HeT) caenyeT, uto C,=0. IToaToMy a3uMyTanbHas MIPOEKIHS HAMPSHKEHHOCTH
IEKTPUUECKOTO OIS PaBHA:

kr
E,=——.
¢ 2
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Jlo cux mnop He onpeAcieHHON SABIseTCA pajualibHas npoekuus Bekropa E . Haiinem

ee u3 yerBeproro ypasHenus Maxcseia (11.4). Tak kak p =0, 10 divéyg E =0, uiu

10(E,) 19E, OE,
- +— +
r o or r 0p oz

TaK KakK Haﬂpﬂ)l(eHHOCTI) II0JidA HE 3aBUCUT OT q) u z, TO ypaBHeHI/Ie
J(rE.) C

——"-=0, orkyna E, =23 . Onare xe, u3
or r

OrpaHMUYEHHOCTH 3ekTpudeckoro monst mnpu r=0 cuexyer, uro C;=0. Iloatomy,

yIpomaeTcs W NPHHUMAET BH[

paauanbHas MPOCKUHUs BekTopa E Takke paBHa Hymr0. MTak, Mbl HallUId BCE TPHU
KOMIOHEHTBI BEKTOpa HAMPSHKEHHOCTH ODJICKTPUYECKOro Mojsi (C TOYHOCTHIO 10
KOHCTaHTHI C)):

E:{o,—ﬂ,cl}.
2

3akoH Oma (6.1) mo3BongeT Mo U3BECTHON HAMPSKEHHOCTU 3JIEKTPUUYECKOTO
TOJISl HAWTH TTIOTHOCTh MPOTEKAIOLIEro B KOJIBLE TOKA:

j=AE= 0,—%,/101 /

W3 sToro BBIpaXeHHWS BHIHO, YTO KOHCTAaHTa WHTerpupoBaHus C; NODKHA OBITH
paBHa HYIIO B CHJIy OIPAaHUYEHHOCTH KOJbIA (TOK, TEKYIIMH BIIOJIb OCH KOJbIlA, HE
SIBJIIETCS 3aMKHYTBIM U, CJEIOBAaTEIbHO, HE MOXET mojaepxusarbes). Hrak, B
KOJIbLIE€ TE€YET KOJBIEBOM TOK C IJIOTHOCTHIO, 3aBUCAIIEH OT pajuyca JUHUU TOKA!

T(r)=—%5¢, . (11.15)
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-

IZie €p — COUHWYHBIN BEKTOp, HANPABJICHHBIN KaK MoKa3zaHo Ha puc.11.1.

Cuity 3TOro ToKa HaleM, IPOMHTETPUPOBAB 3TO BRIPAKEHHUE IO CEUSHUIO KOJIbIa S:

R
I=I}d§=J.de=—%Jgrdr=—%(R22—R12).
s s R,

-

3mech y4TEeHO, UTO BEKTOp j IapajulelieH HOpMallk K IUiomanke dS = hdr , a Takxke

cootHomernue (11.15). OrpunaTensHOe 3HaUCHIE CHIIBI TOKA 03HAYAET, 9TO TOK TE€UET

IPOTHB HAINPABJICHUS OPTa €¢ , TO €CThb TAK, KaK MOKa3aHo Ha pucll.l.

OKOHYATEIBHO, I= % k/?,h(Rz2 -R} ):24 A.

Mpumep 11.2. [TnockonapaaienbHBINH U0 MPEACTABISIET COO0H OTKaYaHHbIA COCYI,
B KOTOPOM HAaxOIATCSl aHOX M Karox — JABE IUIOCKONApasUIeNbHBIC IUIACTHHKH,
paccTosiHUEe MEXIy KOTOpPbIMH paBHO d . Ompenenure pacmnpeneieHHe NOTeHLUaa
MEX/y KaTOJOM M aHOJOM B TaKOM INpPUOOpE B INPEIIOJIOKEHHU, YTO 3JIEKTPOHHBI,
UCIIyCKaeMble KAaTOXOM C MajJloi HayalbHOM CKOPOCTBIO 3a CYET SBJICHHS
TEPMOJJIEKTPOHHOM 5MHCCHH, CO3JAI0T BOKPYT KaTojJa O0JaKko M TOJBbKO 4acTh
JNIEKTPOHOB JBIKETcA K aHofdy. Ilorennuan anona pasen U, a IOTEHIMAN KaToAa
paBeH Hymo. PaccrosHue Mexay aHOZOM M KAaTOAOM Majl0 IO CPaBHEHUIO C
HOIIEPEYHbIMH Pa3MepaMu IUIACTHH.
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Puc.11.2

OHO WMeeT OOBIYHBIA BHI, OJHAKO, B OTIMYME OT 3a/1a4 AIEKTPOCTATHKH, TUIOTHOCTh

aHoo

Pewenue. ITpenebperas KpaeBbIMU
a¢pexramMu Ha TPaHULAX IIACTHH-3JIEKTPOIOB,
YTO MOXXHO CleNlaTh, TaK KaK pPacCTOSHHE
MEXIy HUMH MHOTO MEHBLIE pPa3MEpoB
IUIACTHH, JOITyCTUM, 4YTO MOTEHIWAN IO
MEX1y IIACTUHAMH OIPENEIISieTCsl  TOJNBKO
koopnuHatod x  (puc.11.2). TlpeneOperas
MarHUTHBIM TOJIEM ABHXKYIIMXCS DJIEKTPOHOB,
noayuuMm w3 ypaBHenuit (11.2 u 11.4)
ypaBHEHHE ITyaccona, OIHCHIBAIOIIICE
pacnpejeneHue HoTeHuuana. B astom ciydae

3apsAmoB O (x) Temeph HE W3BECTHA 3apaHee, a IODKHA OBITH BBIYMCICHA B XOIE

penicHus 3aga4un.

S pl)

dx? &y

(11.16)

OOBeMHBIN 3aps MEXIy OJIEKTPOJaMH CO3HAIOT ANIeKTpoHBL. (O003HAUMM WX

KOHIICHTPALIUIO KakK n(x), Toraa ,D(X)Z—W(X), rae e— 3apsj  DJIEKTPOHA.

[I10THOCTE TOKA B CEUEHUH X = COnSt ONPEAENAeTCS CKOPOCTBIO IIEKTPOHOB V !

> >

j=—enlxly,

orkyna n(x)= 7
ev

CKOpOCTB 2JICKTPOHOB HAEM M3 3aKOHA COXPAaHECHUS SHEPTHH

2

mv
2

—el0),
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rJie m — Macca 3IeKTPOHA, V — CKOPOCTb DJIEKTPOHOB B CEYEHHU X, V — HaudalbHas
CKOPOCTh BBUICTAIONIMX C KaTofa o71ekTpoHoB, ¢(0)— mMoOTeHuMan Karoma, IO
YCIOBHIO 3aJauyd paBHBIA Hymo. Tak Kak CKOpOCTh BBUICTAIOMIUX C KaToza
9JIEKTPOHOB Majla II0 CPaBHEHUIO CO CKOPOCTBIO, NPHOOpEeTaeMOd HMH B IIOJE,
2eqp
.

nonoxuM v, = 0. Torga W3 3aKoHa COXpaHEHMs JHEPrMM HaWgeM V=

IloncraBnss HaliicHHOE 3HAYEHUE B BBIPAKEHUE I p(x), a ero B ypaBHEHUE

Ilyaccona (11.16), momyumm mis TOTeHIWana ciexymomee auddepeHnnansHoe
ypaBHEHHE

2 .
Ao Wm_n e (11.17)

dx? 80@

jdm
go2e

d
VYMHOXUM JIEBYI0 U npaByto yactb (11.17) Ha d—(p U MPOUHTErPUPYEM,
X

rae 0003HaueHo a =

HOJYIUM

2
d
P —safplx)+C. (11.18)
dx
Ilo ycnoBuIO 3aJaud KaTof OKPYXEH OONAKOM 3JIEKTPOHOB, a CIEIOBATENLHO HA

JJIEKTPOH, HaXOAAIIUKCSA OKOJIO KaTo/a, He JCHCTBYET cuila, i E (0) =0. ITepexons

d
K IIOTE€HI YAy, IOly4UuM d—(o(O) =0. CaM noreHIMan Ha KaToAe MO YCIOBHUIO 3aa4u
X
Takke paBeH Hymro. [logcramsas atu yeiosus B (11.18), Haxonum korcTtanty C =0.

[Tocune wero (11.18) npeobpasyercs K BUILY
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9 5 Jap" (x). (11.19)
dx

Wurerpupys (11.19), nonyuaem

o= e,

Koncranty C| HaxoquM U3 yCIOBHs 9(0)=0: C, =0, orkyna

9q 2/ 4
o(x)= (—)5 xé ) (11.20)
4
3nech a HeW3BeCTHasl MOKa MocTosiHHas. HaiizieM ee W3 IpaHWYHOrO YCJIOBUSL Ha
aHoge: ¢(d) = U, IlogcranoBka B (11.20) HalimeHHOro 3HAYEHUSI da JdaeT
OKOHYATEJILHO:

¢(x)=Uo(%)%. (11.21)
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Puc.11.3

Puc.11.4

Ipumep 11.3. ITnockuii KOHJIEHCATOP,
MPEACTAaBISIIOMUN  cO0OH JIBe KpPYIJIbIe IUIACTHUHBI
paauycoM R, 3apsDKalOT IOCTOSHHBIM TOKOM [
HaTpaBIeHHE KOTOpOro TOKa3aHo Ha puc.11.3.
Onpe,uenuTe HapsHKEHHOCTL MArHMTHOI'O I10JIA H N
BO3HHMKAIOIIETO B  3a30p€ MEXAy IIJIaCTUHAMHU
KOHJIEHCATOpa B 3aBUCHUMOCTU OT PACCTOSHHUS F OT
ocH KOHJIEHCATOpA. CpaBHute MOIY4EHHOE
BbIpaKeHHE C (OpMyNoH Juisi HaNpsDKEHHOCTH OIS
H BHe xoHmeHcaTopa. YeM MOXHO OOBSCHUTH CKadOK
HalpsHKeHHOCTH mnois H  1npu  nepexone uepes
MOBEPXHOCTH TUIACTHHBI KOHAEHcaTopa?

Pewenue. Taxk kak pacrnpeneineHue TOKa
MPOBOJMMOCTH BHE IUIACTHH M TOKOB CMEIICHHS
MEXIy HUMU 00JlajaeT  IMJIMHIPUYECKOH
CHMMETpHEH, BOCTIONb3YyeMCsl 3THM (hakToM mpu
BBIOOpE KOHTypa o00Xo#a MJisl TeopeMbl O
mupkysmun (M. puc.11.4). B cumy cumMeTpun
MOAYJb HAIPS)KEHHOCTH MArnvTHOI'O IIOJId Ha
OKpY)KHOCTH L, OCh KOTOPOM COBHAJAET C
TOKOM, OIMHAaKOB BO BCEX TOYKaxX, IOITOMY

LUPKYJIALMs BekTopa H 10 TakOMy KOHTYypa
paBHa

Hdl=2mH . (11.22)
L
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s xoHTypa, Jexanero BHyTpH KOHJAEHcaTopa, Kak cienyer u3 ypaBHeHus (11.1),
€e cleAyeT IPUPABHATh TOKY CMEIICHUS, IPOHMU3bIBAIOLIEMY KOHTYp L :

a _ a 2 2 a r2 a }’2
. =—|DdS=— D|= —0c=——0=—"-1. 11.23
i ars ar( ) o ata R2 arQ R? ( )

W3 sToro yCj10BUsA HaXOAUM I10JIC:

r
= 1.
27R*

(11.24)

Jna onpeneneHus 1ojis BHE KOHACHCATOpA IIPUMEHUM TEOPEMY O LUPKYIALHMU K

KOHTYpY L, (puc.11.4). Lupkynsauuio BekTOpa H 1o 3TOMY KOHTYpPY CJEAYeT

MPUPABHATH TOKY IPOBOJUMOCTHU [ , 3apspKaroIieMy KOHAECHCATOP, OTKyAa

I
H =—. (11.25)

27r
Ckadok TOJIsl IIpU MepexoJie uepe3 IUIaCTHHY KOHJAeHcaTropa OO0YCIIOBJICH HaJuYHeM
pa,I[I/IaJILHBIX TOKOB, TeKyH.lI/IX 110 HOBerHOCTI/I IJIACTUH B HpOHCCC@ 3ap51m<14

KoHzaeHcaropa (puc.11.4).

Ipumep 11.4. 3apspKeHHBII ¥ OTKITIOYEHHBIH OT UCTOYHUKA IUIOCKMH KOHAEHCATOp C
KPYIJIbIMH  ITACTUHAMH MEIJICHHO  pa3pspkaeTcsi OOBEMHBIMH  TOKaMH
IMPOBOAMMOCTH, BO3HUKAIOIIUMHU B JUIJICKTPUKE MCKIAY O6KﬂaﬂKaMI/l n3-3a HaAJIW4usi
cmaboii  mpoBomuMmocTH. llpeHeOperast kpaeBbIMH S ¢eKTaMH, BBIYHACINATE
HaIPsHKEHHOCTh MATHUTHOTO HOJISL BHYTPH KOHAEHCATOPA.

Pewenue. Bocrionb3yeMcsl IMIMHAPHYECKOW CUMMETPHEH B PacIpe/lelieHHH TOKOB U
BBIYUCIMM HUPKYIAIHUIO BEKTOpa E IJI KOHTYpa L , BBCJICHHOI'O B NPEAbIAYILIEM
npumMepe:
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- a_._. 80'
2mH = || j+—DdS=|| j+— |dS. 11.26
T JS.(Hat j !(ﬁ a;j ( )

B cuity 3akoHa coxpaHeHUsl 3aps/a BhIpa)KEHHE B KPYIJIBIX CKOOKax B MPaBOi 4acTh
(11.26) paBHO HYIIO, CIIEIOBATEIHLHO paBHA HYIIO U HANIPSKEHHOCTH Mot H .

IIpumep 11.5. 3apsokeHHBIH U OTKITIOYCHHBIH OT HCTOYHHKA TUIOCKHHA KOHIIEHCATOP C
KPYIJIBIMH IIJJACTHHAMU pajuycoM R NpoOHMBaeTCs SIICKTPUYECKOW HCKPOW BHOIb
cBoeii ocu. Cumras paspsa KBa3UCTAMOHAPHBIM M TpeHeOperas KpacBbIMHU
3(1)(1)6KTaMI/I, BBIYUCIMTEC MIHOBCHHOC 3HAUCHUC HAIPS)KECHHOCTH MArHUTHOI'O IOJIA
H BHyTpHM KOHAEHCAaTOpa KaK (pyHKIIMIO PACCTOSHHSA ¥ OT €T0 OCH, €CIIM CHJIA TOKa
B JIEKTPUYECKON UCKPE B PACCMAaTPUBACMbIII MOMEHT BPEMEHU paBHa [ .

Pewenue. Kax u B npenpiayliedl 3agaude, BOCHOIb3YEMCS CHUMMETpPUEH B
pacripesiesieHi TOKOB M BbIOEpeM KOHTYp L B BHAE OKPYXHOCTH, IUIOCKOCThH
KOTOpOM NapaijelnbHa IUIACTHHAM, a €€ LEHTP COBMAJaeT C OCbI0 CHMMETPUH

IJIACTHH, BAOJb KOTOPOW IpoTekaeT TOK. Ha 3ToM koHType mMonyias Bektopa H B

CUJIy CHMMETPUM OCTA€TCSd HEU3MEHHBIM, I[103TOMY §ﬁﬁ=2ﬂrH. Kontyp L
L

[IPOHU3BIBAECT TOK IPOBOAMMOCTH [ , TEKYIIMH B UCKPE, U TOK CMEILIEHUS, TCKYLIUN B

MPOTHUBOIIONIOKHYIO CTOPOHY W TIOACUMTAaHHBIM panee B Ilpumepe 3 (11.23).

IloncraBiss 3TU TOKM B BBIPAXKECHUE I LUPKyIsauuu H nosydaem:
2

2ﬂrH=I—%1,

501058
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B oriuume OT mpeablIyIero npuMepa, Ternepb TOK MPOBOAMMOCTU HE pacrpeiesicH
PAaBHOMEPHO MO 00BEMY MOJIS MEXy IUIACTUHAMHM, a COCPEIOTOUCH B Y3KOU 00JacTH
BOJIM3M OCH KOH/IEHCATOpA.

IIpumep 11.6. OOKITaIKH TIOCKOTO KOHIAEHCATOPa UMEIOT (POPMY IHUCKOB PaTdyCcoOM
R =10cm. TlpoctpancTBO  Mexay  OOKIagKaMd  3allOJHEHO  OJHOPOAHBIM
JAUDJICKTPUKOM C [lH:)J]eKTpPl‘IeCKOﬁ M MarHUTHOM MMPOHULIAEMOCTAMU E N ,U .

Konzencarop BkiIloueH B ILienb HepemMeHHoro Toka I =1, cosar. Ilpenebperas

KpacBbIMH 3(1)(1)6KTaMl/I, BBIYUCIIUTE DJICKTPUYECKYI0O W MArHuTHBIC OHEPIruu,
JIOKaJIM30BaHHbIE B KOHJAeHcaTope. HalinuTe oTHOLIEHHME MaKCUMaJIbHOM MarHUTHOW
K MAaKCHUMalbHOM JJeKTpuyeckod sHepruu. llpm pacdyerax ciaenyer NpPUHATH
£=p=1,awdacrory Toka v = @/27x =100 T'u.

Pewenue. DHeprus >ICKTPUYECKOTO MO, 3aKIIOYEHHOTO MEXIy OOKIagKamu
IUIOCKOTO KOHJEHCAaTopa ompenenseTcs BelpakeHueM (5.8) M Ui JaHHBIX 3afaddl
paBHa

0> Q%

== = . 11.27
2C  2egynR? (120

on

MarHuTHoe T10jJe B KOHJICHCATOpPE Co3JaeTcs TOKoM cmeleHus. OHo ObuIo
nofcuuTano B [Ipumepe 3 u 3amaercs BeipakermeM (11.24). ITmoTHOCTH >HEprum
MarHUTHOrO MOl 3agaerca BolpaxkeHueM (9.9). Bocmonedyemcss ew  amis
onpeneNeHHs OSHEPrMd MarHWTHOIO IIONsI B KOHAEHcaTope. OJHEprus Ions B
UJIMHIPUYECKOM CIIOS, OPAaHHYCHHOM PafiiycaMH r ¥ 1 +dr paBHA

2d -rdr 1%r?

1 2
aw. . ., =— H~dV = _— 11.28
Mmaz ) IUIUO IU/UO ) Ar 2R4 ( )

WHTerpupys 370 BeIpaXXEHHE 110 BCEMY 00beMy IIMIIMHAPA, TTOTydacM
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R
 pytpdl’ [rar- Hpdodl®

= (11.29)
4z’ R4 1672

mae

0
[oncraBum B BeIpakeHuss (11.27) u (11.29) 3agaHHOE TO YCIOBHIO 3aqadd

I, . .
BBIpaKEHHE JUIA TOKa U I 3apsina Q = J 1 (t)dt =%sinar un HalileM OTHOIIIEHHE UX
0]

MaKCHUMaJIbHbIX 3HAUCHU I

2p2
w" maz Hily 880 ®°R
w" 2nek 87

k=

yLII/ITBIBaH, YTO CKOPOCTH DJJICKTPOMArHUTHBIX BOJIH B BaKyymMe€ ONPEACISICTCI

1 y
BLIpa)KeHI/IeM CZ = 5 HepeHI/I]_I_[eM HAWJACHHOEC OTHOILICHHE B OKOHYATCIIBHOM
Eo My
BUE
2p2
EW” R _
k=HEP X _5.10714,
8

BI/I,I[I/IM, YTO 3HEPIus MAarHUTHOI'O IIOJISI COCTABJISIET HUYTOXHYIO OO OT SHEPIruu
QJICKTPUYCCKOI'O MOJIA, 3aKJIIOUCHHOI0 MCKIAY O6KﬂallKaMl/I KOHACHCATOpa.

Ipumep 11.7. IlpocTpaHCTBO BHYTPH JUIMHHOIO COJICHOWZA, COCTOSILETrO0 U3
N BUTKOB IPOBOJIOKH, 3aIlOJIHEHO OJHOPOJHBIM BEIIECTBOM C JUAJICKTPUYECKOMH

MPOHULIAEMOCTBIO £ U MarHUTHOW MPOHMLIAEMOCThIO0 A . J[MHA coneHousa paBHa [,

paguyc R . Ilo oOMOTKe cojeHoMIa TeueT IepeMeHHbl Tok [ =1, cosar.

IIpenebperass kpaeBbiMH dddexTamu, BBHIUMCIUTE OSJIEKTPHUECKYIO UM MAarHUTHYIO
SHEPrUM, JIOKAIM30BAaHHBIE BHYTPH  COJNCHOMIA, W HAWAWTE  OTHOIICHHE
MaKCHMaJIbHBIX 3HAUEHUH 3TUX dHEepruil. UNCICHHBIN pacdeT MpoBecTH It R =5 cMm,

€= =1 npu yacrore Toka V = @/2x =100 I'w.
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Pewierue. DHEprus MarHATHOTO TIONS, 3aKJIFOUEHHOTO B KaTYIIKE, ONpEAeIseTcs
BeIpakeHHeM (9.7), a ee UHAYKTUBHOCTH — popmyioii (9.15):
2. 52

1 ML N “ 7R
Wo=—LI*" =220 j2cos’ar. (11.30)

2 21
Jns onpeneneHus SIEKTPUUYECKOrO TOJs B KaTyIIKE OTMETHM, YTO paclpeeieHue
TOKa O0NaZaeT UWIMHIPUYECKOW CHMMETPHEH, TI03TOMYy CHJIOBBIC JIMHUHU
HATPSKEHHOCTH 3JICKTPHUCCKOTrO MO OYAYT OKPY>KHOCTSIMH, KOHIICHTPUYCCKAMHU C
BUTKaMH KaTyIIKu. Beioepem koHTYp C , COBIAIAIONIUM C OJHOW M3 CHJIOBBIX JIMHUI

M 3aIIMIIEM JJIA HETO 3aKOH BHCKTPOMaFHHTHOﬁ WHAYKIUHA:

—— d r——
Edl=—— | BdS . (11.31)
ot
c S

WHOyKnusT MarHATHOTO TIONIE Ha OCH COJICHOHWIA 3amaeTcs BblpakeHueM (9.13).

IToncrasnss ero B (11.31), momyuaem

2

N
27rrE=—ai(,Uﬂo %Iﬁ)ﬂfzj:MIo sin & ,
t

OTKyZa

E(r): MLy Ny
21

Iysinar. (11.32)
DHeprusi MEeKTPUUECKOro MOJIs, 3aKJII0UYCHHAs B KaTyIIKe, MOXKET OBITh HOACUYNTAaHA
yepe3 IUIOTHOCTh OdHepruu (5.9). BeiOepeM HUIMHAPUYECKHH CIOH — MEXIy
UWINHAPAMU C PajuycaMu » W r + dr, TOT/la SHEPTrUs JIEKTPHUUECKOro MOl B 3TOM
cioe OyneT paBHa

e’ g @’ N?

dw
812

anex :%ESOEZdV = ”213 Sinz t2mrdrl .
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Murerpupys no Bceil KaTyllIKe, OKOHYATEIbHO MOIYYUM

2202 N
&€
W, = oM U@ N
’ 4]

OTHOIIIEHHE MAaKCHUMAaJIbHBIX

MAardiuTHOIO oJisd paBHO

W

k — JJ1eK

R
Ig sin? a)tJ. ridr=

22 N2k
EENU” fg @ N

16/

Ig sin” ar .
0

3HAQUEHUN JJEKTPUYECKOM OHHEPruM K OSHEpruu

_ HgEg,0°R?

w

MdAcH

8

yLII/ITBIBaﬂ, YTO CKOPOCTH DJJICKTPOMArHUTHBIX BOJIH B BaKyymMe€ ONPEACISICTCI

BBIDAKCHUEM ¢~ =

Eolly

BHUIE

252
£ R

k:ﬂ—z
8c

=13-1071.

, HNeperuIeM Haﬁ)leHHOG OTHOLIICHUEC B OKOHYATCJIBbHOM

IIpumep 11.8. BHYTpH OMIMHIPUYIECKOH 00IACTH MPOCTpaHCTBA pammycoM R=10 cm

— l/2’—~—~£4‘ 12

Puc.11.5

_H

—_—

(cMm. puc.11.5) mMarHuTHOE TIONE HAMpPaBICHO
napawtensio  ocu OO BooGpakaemoro
OWINHApPA, a €ro HWHIYKIUS W3MEHSeTCS 110
3akoHy B(t) =kt, k=60 Th/c. Bue 3Toif obOmacTu
MarHuTHas  MHIyKUMs paBHa Hymo. Ha
paccrosituu a=19 cm ot ocu OO’ pacrnonoxeHa,
KaK I0Ka3aHO Ha PHCYHKE, TOHKas IPOBOILIAs
namouka mmHOW [=22 cm. Haiinure pasHOCTB
IMOTCHIMAJIOB MCKY KOHIIaMU IaJIOYKHU.

Pewenue. Kaxk BHyTpH, Tak M BHe o0mnacTy,
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3aHATOH MEPEMEHHBIM BO BPEMEHH MAarHHUTHBIM IIOJIEM, CYIIECTBYET JIICKTPHUECKOES

none, onpexensemoe ypaBHenueMm (11.2). Ctpykrypa 3TOro mois BHYTPH 00JIacTH

OJHOPOAHOTO IMJIMHIPUYECKH CHMMETPHYHOTO MAarHUTHOTO TIONs OblIa MOIPOOHO

paccmorpena B npumepe 1. Kak Obulo mokaszaHo, B paccMaTpUBaeMOM ciy4ae

OTJIM4YHA OT HyJs TOJNBKO asMMyTajlbHas cocrabisromas B, , u ona pasna —%2 kr (r<

R). Haiinem Teneps 3JEKTpUYECKOE TOJIE BHE 00sacTu MarHuTHOro mojs. [Ipu r>R
o(rE )

(B=0) sTa cocraBnstomas yaoBJIETBOPSIET YpPaBHEHUIO 5 =0, orkyna cienyer
r

Ey = C/r. Tenepps ocobas Touyka r = 0 He BXOAMT B pacMaTpUBAEMylO O0JIacTb, U 3TO

pellieHrue He IOKHO ObITh orOporieHo. [loctosHHas C HaXOMUTCS U3 YCIOBHUS

HenpepbiBHOCTH BekTopa E mpu r = R: C/R = —/2kR, oTkyna okoHYaTEIBHO:

kR?
E,=- oy (11.33)

3ameTHM, 4TO HallIGHHOE BBIPQKCHHE ISl BUXPEBOIO AIIEKTPHYECKOTO IIOJIS €CTh He
0A

YTO WHOE KaK IPOU3BOIHAS e B popmyie (11.13) 1 MorIIo OBITH JIETKO TMOIYIEHO
t

U3 BBIPA)KEHUS JJI1 BEKTOPHOrO noreHnuana. [Tpu noMemennn npoBoasiei najrouku
BO BHEIIHEE II0Jie B HEHl NpPOM30HAET NepeMelleHHe CBOOOJIHBIX 3apsiioB M HX
CTAllMOHAPHOE PACHpPEENICHHE IOJKHO YIOBIETBOPATH YCIOBHIO PABEHCTBA HYIIO
MOJHOTO HIEKTPUYECKOrO IOJIS:

. A . . A
E=—gradg —aa—=0, otkyna cnenyer gradg =—E;,tae E; =—%— — TI0JIe
t t

DJIEKTPOMAarHUTHON HWHIYKIUH.
Murerpuys 3TO BBIpXKEHHME BIOJIb IAJIOYKH, IONYYMM BBIPAXKCHHE ISl HCKOMOMU
Pa3sHOCTH NOTEHIIAANIOB:

Ap=1kR?a, (11.34)
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TAC & — yroji, noJ KOTOPbIM BUJHBI KOHIbI ITAJIOYKH M3 LICHTpA 00J1aCTH MarHUTHOI'O

noist. B paccmaTpmBaemoil reomeTpun o = 2arcsin; . OrmerumMm, d9TO
Vaa® +1?

paccuuTaHHas Pa3HOCTh IOTCHIUAJIOB YYUTHIBAET TOJIBKO MOTCHIMAIBHYIO 4YacTh

MOJIHOT'O TMOJISI M, IOATOMY, HE paBHA PabOTE MO MEPEMEICHUIO MPOOHOro 3apsiia OT

OJIHOTO KOHIIA TaJOYKH [0 JAPYroro. Jta pabora 3aBUCHT OT TPACKTOPUH (TaK Kak

IIOJIHOC I10JIC HE HOTeH]_II/IaJleO), M BKJIFOYACT KaK pa60Ty INOTCHIMAJIbHBIX CHUJI, TAK U

BHUXPEBOI COCTABJIAIOLIEH OJISL.

OxoHYaTenbHO, AQ = kR? arcsin ; =0,314 B.

Vaa® +1*

3aoanue 0na camocmoamenbHol padomovl

11.1. 13 martepuama ¢ mpoBoaumocThio A=6-10" (OM-M)"' H3rOTOBIEH CILIOMIHOM
MUIMHAP JImuHOW [=4cM wm paguycom R=1cm. [wmmHap mnoMemanT B

HECTallMOHApHOE MAarHUTHOE MOJIE, BEKTOP MHAYKIUH KOTOPOro B TMapaiieneH ocu
UIMHApa. MarHUTHOE MoJe U3MEHSIETCS 110 3aKOHY

kt, 0<r<R,|,

B(t) =
®) 0, r>Ry,

A€ r — pacCTOSHUE OT OCHM LWIMHIpa, a R;>R. Haligute TeniaoByi0 MOILIHOCT,
BBIJCJIAIONIYIOCS B IIMIIMHApPE 3a cueT TokoB Dyko, eciu k=10 Ti/c.
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11.2. BHyTpH IWIMHAPHYECKONH 0O0NAacTH MPOCTPaHCTBA
paauycom R=10cm (cMm. puc.11.6) wmarHutHOoe TmONE
OJIHOPOJIHO W HampaBleHo mnapawienbio ocd 00’
BOOOPAKAEMOT0 LIMJIMHPA, & €r0 UHIYKIHUS U3MEHSETCS 10

3akoHy B(t) = Bysinwt, By=1.5Tn. Bue stoii obmactu

MarHuTHas HWHAYKOWS paBHa Hymo. Bue obnactu

MarHUTHOTO TIOJISl PACIOJNIOXKEH, KaK ITOKa3aHO Ha PHCYHKE,

Puc.11.6 OTpE30K TMpoBOAsImEeH TpyOosl ¢ pamuycamu R;=12cM u

Ry=15cm wu Boicotoii h=20 cm. Haiinute cpeaHow

TEIJIOBYIO MOIIHOCTh, BBIAEIsieMyl0 B Tpyde. IIpoBogmmocTs MaTepuana TpyOsI
A=5-10" (Om-m) ™.

11.3. B mpoBomgHHWKE, IIOMEIIEHHOM B HECTAlHOHAPHOE MAarHUTHOE IIOJIE,
HUPKYIUPYIOT Tokn Dyko. JIMHUKM TOKa MpPEACTAaBISIIOT COOOH OKPY>KHOCTH, LIEHTPBI
KOTOprX JIC)KAT Ha OCHU OZ N HpI/ILIEM 3aBUCUMOCTH IIJIOTHOCTHU TOKaA OT BpeMeHI/I tuor
paccTosiHUsL r paccMaTpUBaeMOM TOYKM MNpoBOAHHMKA 10 ocu (Z omHMCHIBaeTCs
3aKOHOM  j(r,t) =k re_t/ T. Onpenenure WHAOYKIWIO MAarHATHOTO TIIONISA B

TIPOBOJTHUKE, €CITH W3BECTHO, YTO B MOMCHT BpeMeHH =0 OHa OblIa paBHa HYJIO BO
BCEM 00bEME IIPOBOTHUKA.

11.4. [lns miocKomapasieNibHOrO IHOJa, OMHMCAHHOTO B HpUMEpe 2, paccyMTaiTe

MI0THOCTh 0OBeMHOro 3apsma p(x) Kak (YHKIHMIO pacCTOSHHS X [0 KaToja.
Iorenuuan anoma U, paccTosiHME MEXIy KarogoM U aHoioM d . Ompenenurte
IUIOTHOCTh 3apsifia Ha paccTosHuu d/2 or kxatoma npu ycnosuu U, =100B,

d=5um.
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11.5. JInga mockomapaiensHOrO AHWONA, OMMCAHHOTO B IIPUMEpe 2, OMpeleluTe

IUIOTHOCTh TOKA, NpOTEKaromero depe3 amox. Hampskxenue na anome U, = 2008,

paccTosHUe MEXTy KaTOIOM U aHOIOM d = Smm .

11.6. [Ins 1utocKomapaiuieIbHOTO THOAA, ONHMCAHHOTO B TIpUMepe 2, HaWguTe
CKOPOCTb 3JICKTPOHOB B TOUKE, PABHOYJAIICHHON OT Karoja U aHoaa. HanpshkeHue Ha
anoze U, =100B.

11.7. JIns nnockomapaielbHOrO JHONa, OMHUCAHHOTO B IPUMEpPE 2, OMpPEICIUTEe

BpeMsl IpojieTa 3JEKTPOHOB OT Karoga K aHony. llorenuuman anoma Uy= 1005,

paccTosiHue Mexy KaTogoM u aHogoM d = 10 mm.

11.8. K miockoMy BO3AYLIHOMY KOHIEHCATOpPY, OOKJIAAKH KOTOPOro MMEIT (opMmy
JUCKOB C 3a30poM d =lcm MeXAy HUMH, NPUIIOKEHO MEPEeMEHHOE HaIpsKeHUe
U=Uycosax c¢ ammmrynod U, =300B u KpyroBoM 4acTOTOH @ = 3-10%¢7".
Haligure ammnmtyny mnoneit H, wu B, Ha paccrosuuun r=Icu or ocu
KOHZIEHCATOpPa, €CIIM 3TO PacCTOSIHWE MEHBIIIE pajuyca 00KIafoKk KoHaeHcaropa. Kak

M3MEHSTCS 3TH aMILTUTY/IbI, €CITH 3a30p MKy OOK/IaJKaMH 3aIOJHUTh OIHOPOTHBIM
nuanektpukoM ¢ € =10 u 4 =1007?

11.9. 3apspkeHHBII W OTKIIOYCHHBIH OT HMCTOYHHWKA  IUIOCKHH KOHJAEHCATOp C
KPYIJIBIMH  TUIACTUHAMH TNTPOOUBAETCS DJIEKTPUYECKOH MCKpOHW BIOIbL CBOEH oOcH.
Cumrtass paspsn KBa3HCTAlHOHAPHBIM U TpeHeOperas KpaeBBIMH 3(PQeKTaMu,
BBIYMCIUTE TIOJHBIA MOTOK 3JEKTPOMAarHUTHOM SHEPrUM, BBITEKAIOIIEH U3

MPOCTPAHCTBA MEXy OOKIaIKaMH.

11.10. Haiinure NJIOTHOCT, TOKA CMEIUEHUSA j,, B IUIOCKOM KOHJAEHCATOpE,

MJIACTMHBI KOTOPOIr0 pPa3BUIAIOTCSA CO CKOPOCThHO V, OCTAaBasACh IlapajliCIbHBIMMU
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Ipyr npyry. Ecnu: 1)3apsinbl Ha IutacTMHaX KOHIAEHCATOpa OCTAIOTCS MOCTOSHHBIMU;
2)pa3HocTh noTeHuanoB U Mexay IIIaCTUHAMM OCTAeTCsl HOCTOSHHOM. PaccTosiHue
MEXy IIaCTHHAMU KOHJEHCATopa d OCTaeTCsl BCE BPEMS MaJIbIM II0 CPaBHEHHIO C

JIMHEIHBIMU Pa3MepaMu ILUIACTUH.

11.11. Tlo mpsSMOTMHEHHOMY TPOBOXHUKY PAagMycoM (I TedeT MOCTOSHHBIN TOK C

IUIOTHOCTBIO  j . 1)YKaxuTe Ui TPOM3BOJIBHOW TOYKHM OOKOBOH ITOBEPXHOCTH
NpoBOJa HaIpaBlIeHWE cocTaBisifolled Bektopa [loWTHHra, 00YCIOBICHHOM

TaHTEHIMaNbHOI cocTtaBisitomie E . 2)[IokaxkuTe, 4YTO MPOM3BEAECHUE MOIYIS
BekTopa [loiiTWHTa Ha BEIWUYMHY IUIOMIATH OOKOBOHW ITOBEPXHOCTH IMPOBOAA PAaBHO
MOIIHOCTH, BblﬂeﬂﬂeMOﬁ TOKOM B IIPOBOJE.

11.12. I[unuHIpUYECKUN DIICKTPOHHBIA IYYOK pamguycoM R pacrmpoCTpaHsSeTCs B
CBOOOIHOM TPOCTPAHCTBE. DIEKTPOHBI MyYKa JIETAT MapaUIeIbHO, HX KOHIICHTPAIHS
paBHa n, a KMHETHYECKas 3HEprusi Kaxzaoro u3 Hux - W . Hailnure BenuuuHy u

HarpasieHue Bektopa [loiiTuHra B j11000i1 TOUKE IPOCTPAHCTBA.

11.13. Haiiante MHIYKIMIO MarHUTHOTO I0JIs, CO3/IaBAEMOr0 IIOTOKOM 3JIEKTPOHOB B
IUIOCKOM JHOAE C KPYIJIBIMU 3JIEKTPONAMH Ha PacCTOSHHU I =lcm OoT ocu mpubdopa.
Paccrosinue mexnay anonom u karoaom d =Syu, Hanpsbkenue Ha anoae Uy=200B.

11.14. Haiinure BenuuuHy cuibl JlopeHna, eicTBYIONIEH Ha JIEKTPOHBI B MNIOCKOM
IUONE C KPYDJIBIMH 3JIEKTPOJAMH 32 CYET HMX COOCTBEHHOrO MArHHTHOIO IOJIS,
BONMM3M Kpasi aHoja ¢ pamuycoM R. Paccrosnue mexny aHopoM M karomom d,
HanpspkeHue Ha anozae Uy,
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§12. Daexrpuyeckue nenu. [Ipasuaa Kupxrodga.

I(pamkue meopemuuecKkue ceedeHusn

DOJNEeKTpUUECKUE LEMU COCTOST U3 91eMeHmo8 yeny W COSAUHSIONNX UX
npoBofoB. CBOMCTBa 3JIEMEHTOB 3aJalOTCSI COOTHOIICHUSMH, CBS3bIBAIOIIUMH
NajieHue HaIMpsDKEHHUsT Ha 3JIEeMEHTE C MPOXOIAIIMM depe3 HEero TOKOM. TOodku
LIEMH, TJI€ CXOAATCS TPU WM OoJiee MPOBOAOB HABIBAIOTCS y31amMu LIETIH. Y 4aCTOK
LEH MEX[IY JABYMS COCETHUMH y3JaMH Ha3bIBaeTCS 6emebio. JIF000i 3aMKHYTHII
Y4acTOK LIEMH HasbIBaeTcsad Koumypom. [IpoTekaHue TOKOB B LIEMH OIMHMCHIBACTCS
cucteMoii  mudQepeHUANBHBIX ~ YpaBHEHHH (B NPOCTEWIIMX  CITydasx
anredpandeckux), KOTOPYIO MOXKHO COCTABHTh, Clienys npasunam Kupxeoga.

IlepBoe npasmito Kwupxroba: areebpuueckas cymma 6cex mMmMoOKos,

emexarowux 6 11000 y3en, pagua Hyao. Eci B nenu N y3710B, TO 9TO IIPaBUIIO
mo3BoJsieT Hamucate N-I  JMHEWHO-He3aBUCHMoOe ypaBHeHHe. [loaTomy mpu
COCTaBJICHUH YpaBHEHUI OJMH y3el (J11000i) crefyeT HCKIIOUUTb.

Bropoe npauno Kupxroda: ozs mwoboco xommypa cymma naderuil

HanpsaxceHus Ha e2o snemenmax pasHa cymme I/C, Oelicmgyrowux 6 3mom
Kkowmype. IIpu COCTABICHUH YypaBHEHHH ClIeAyeT BBIOMPATh He3A8UCUMbIE
KOHTYpbL. Takoil BBIOOp TrapaHTUPYETCS CIEXYIONIMM IIPOCTHIM alTOPHUTMOM:
BBIOpAB IEPBBI KOHTYp (IPOU3BOJILHO) ITOMEYaeM OIHY M3 €ro BETBEi, KoTopas
HE JOJDKHA BXOIUTH B IIOCIEAYIOIIHE KOHTYpa. Tak jke MOCTyIlaeM CO BTOPBIM
KOHTYPOM, U TaK Jajiee, IIoKa B LEMU HeJb3sl OyIeT MPoBecTH Ooiee HU OJHOIO
KOHTYpa. IlocTpoeHHass TaKUM ITyTeM CHUCTeMa KOHTYPOB IIO3BOJISIET, BMECTE C
CHCTEMOH ypaBHEHHH JUIS Y3JIOB, IOJYYHTh POBHO CTOJBKO YpaBHEHHH, CKOJIBKO
B IIENIH HEN3BECTHBIX TOKOB BETBEH.

IpaBmio 3HakoB. YToOBl H30ekKaTh BO3MOXHBIX OMIMOOK IpH

COCTaBJICHUM YPaBHEHHMH LeNHu, cilefyeT COONIoAaTh IpaBUila PAacCTAHOBKU
3HakoB. BHauane nns kxaxaoi BETBH, Hapsly € BBEIEHMEM COOTBETCTBYIOILEH
HEPEMEHHOH, BbIOUpaeTcs (IIPOU3BOIBHO) IMOJNOXKUTENBHOE HANpPaBICHUE TOKa
BETBU, KOTOpoe Oomblle HE M3MEHSETCS B Ipolecce peuieHus 3anaud. [Ipu
COCTAaBICHUM ypPaBHEHHMH [UId Y3JI0B TOKHM, KOTOpPBIE HAalpaBIEHBl K

paccMaTpuBaeMOMY Y3IIy YUHTBIBAIOTCS CO 3HAKOM ILTIOC , @ OT y3J71a — CO 3HAKOM
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MHUHYyC. B ypaBHeHMAX IUIi KOHTYpPOB NaJieHHE HAINPSKEHUS Ha 3JIEMEHTE
YUUTBIBAETCS CO 3HAKOM + , €CJIH IIPU 00XO0e KOHTYPa 3TOT IEMEHT IPOXOLUTCS
B HAIPaBJICHUH, COBIAJAIOMIUM C paHee BHIOpPAHHBIM HAIIPABICHUEM TOKA BETBU.
OJIC UCTOUHHMKA CUMTAETCS MOJOXKUTEIBHOM, €CIIM HCTOUYHUK IPOXOJUTCS OT
MHHYCa K IIJIIOCY.

Onementsl nend. OOBIMHO paccMaTPUBAIOT TPU THUIA 3JIEMEHTOB!
pe3ucTop (COmpoTUBIEHUE), MHAYKTUBHOCTh U KOHAEHcaTop. COOTBETCTBYIOIINE
3TUM JJIEMEHTaM BEIUYUHBI conpomugnenus, KodGpUnueHTa cCaMOMHIYKIUH U
emkoct obozHaunM R, L, C. TlageHus HampspkeHUS Ha STUX 3JIEMEHTax

Bblpa)I(aIOTCﬂ, COOTBCTCTBCHHO, COOTHOILLICHUSIMU .
Ug=IR, U,=L dl/ds, Uc= 1/C Jfidr, (12.1)

rne [ — TOK BETBH, COZIep)KAIEeH dIeMEHT.

ITocnenHee BEIpaKEHHE COINEPIKUT IIPOM3BOJIBHYIO  MOCTOSHHYIO,
KOTOpas HaxXOAUTCS W3 HAYaJNbHBIX YCIOBHH. B WHIYKTHBHO CBSI3aHHBIX
karymkax /[C B kaxmoif 13 00MOTOK 3aBHCHUT OT TOKa B APYroil oOMoTKe:

&2 = Ll y/dt, (12.2)

rae L;; — koo duiment B3auMHON HHIYKIIMU OOMOTOK.

MCTOZ[ KOMIUICKCHBIX aMILJIUTY/I. HpI/I HaJIM4YuMU B LCIH HCTOYHHUKA

rapmonudeckoid DJIC ycTaHOBHBIIHICS PEXAM MOXET OBITh HAWJIEH METOHIOM
KOMNIeKcHblX amnaumyo. MeToln OCHOBaH Ha HW3BECTHOM IIpHEME pelIeHHs
nuddepeHIHATBHBIX YPAaBHEHHI C TapMOHHYECKOW IpaBOW 4YacThlo, KOT/Ia
pelieHne HWIIeTCs B KOMIUIGKCHOW (opMe. [IpUMEHHTEIBHO K TEOpUHU
anektpuueckux neneit I/IC ucrounuka Buna E(t) = Ey cos (ax + @) 3ameHseTcst
KOMIUIEKCHBIM H300paxeHueM E = Eexp( iax), rae E — komnnexcuas amMnaumyoa:
E = Epexp(i@). AHanmormyHo BBOJATCS KOMIUIEKCHBIE aMIUIMTYIbl HCKOMBIX
TOKOB Ij [Monb3ysace 0OBIMHBIMU TpaBwiaMu Kupxroda, MOXKHO COCTaBUTH
CHUCTEMY YpaBHEGHHI Ui KOMIUIEKCHBIX aMIUIUTYH (MHHYS IpOLEAYpY
coctaBieHus: auddepeHnanbHBIX YpaBHEHHH), €CIM 3alucaTh BBIPAXKCHUS IS

HB.)ICHI/Iﬁ HanmeeHm[ Ha 3JIEMCHTaxX B KOMIIJICKCHOM BUC:
Ur = IR, U = IfiaC, U, = lialL. (12.3)

Bce 3T BBIpa)XCHUS MOXKHO 3aIIMCaTh €ANHOOOPA3HO:
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U= 17, (12.4)

rae Zr=R, Zc= 1/iaC, Zi=ial.

B sTOM Ciydae ypaBHEHHs LIEIH COCTABISIFOTCSI TOYHO TaK JKe, KaK M IS
memeid  MOCTOSHHOTO — Toka. Ilapamerp Z — HA3BIBAIOT  KOMAJIEKCHbIM
conpomusnenuem (UMNeOaHcom) COOTBETCTBYIOLIEro sieMeHTta. Jis Tpymbl
COCIIMHEHHBIX BMECTE SJIEMCHTOB MOXXKHO BBECTH HX ofmiee (9KBHBAJCHTHOE)
KOMIUICKCHOE CONIPOTHBIICHHE MO TEM K€ MpaBHiIaM, 9TO M [UIsl Lereit
MOCTOSIHHOT'O TOKA.

Creqyer I[IOMHHUTb, 9YTO JACHCTBUTENbHAs aMIUIMTYQa TOKA WIIH
HAlpPSDKEHHUST — 3TO MOXYJIb COOTBETCTBYIOIIECH KOMIUIEKCHOH ICPEMEHHOI, a
(a3za — ee aprymeHr.

Ilpumepu pewtenusn 3a0au

Ipumep 12.1. B nenu, nokazaHHoii Ha puc.12.1, HaiiiuTe cHIly TOKa uepe3
ucrounuk E, npu ycnosuu,uro Ry =R, R, =2R, R;=R, R, =2R.
Pewenue. B paccmatpuBaeMoil Lienu
YeThIpe y3J1a U IIecTb BeTBeil. BBenem mecth
HEM3BECTHBIX TOKOB (I} — 1),
TOJIOKUTENbHBIC HATIPaBJICHNUS KOTOPBIX
o0o3HaueHs! Ha puc.12.1 cTpenkamu.
HVcknounB HUKHUHN y3€I1, 3alUIIeM IepBYO
cucrtemy ypaBHeHui Kupxroda:

Il _12 _IS :0,
L+1,—1,=0, I,—Ig—1,=0.
(12.5)

Puc.12.1

JInst TpexX KOHTYPOB, ITOKa3aHHBIX Ha
puc.12.2 myHKTHpOM (HOMEp KOHTYpa MOMEIIEH B KPY)KKE), COCTABAM BTOPYIO
cucreMy ypaBHeHui Kupxroda:

-ILR, —I3R; = E,
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IR, +1,R, = E,, (12.6)
IR, +1,R, + I,Ry + I,R, =0.
MecTa pa3pblBa KOHTYpOB O0O3Ha4YeHBI Ha pHUc.12.2 KpECTHKOM ¢ HOMEPOM
KOHTYpa.
Perienue aToli cuCcTEMBI YypaBHEHUI B 00LIEM Cllydae MPUBEIEHO HUXKE:
I :[E1(R3 +R4)R2 _Ez(Rz +R3)R4]/A’
I, = _[EI(RS +R4)R2 + E2(R1 +R4)R3]/A’
I, =—{E,(R, +Ry)R, —E,(R, + R,)R, |/ A, (12.7)
I, = [El(Rl +R2)R3 +E,(R, +R3)R1]/A’
Is=[E,(RyRy + RyR, + R\R; + R,R, )+ E,(R,R; — R,R,)|/ A,
Is =[E,(RiRy = RyR, )+ E,(R,Ry + RyR, + R,R, + R,R, )|/ A,
rie
A=RR,R; +RR;R, + RiR,R, + R, R3R,, .
I1pu OrOBOPEHHBIX B YCIOBUH

3HaueHusIX R, =R; =R, R, =R, =2R

_3E E
4R 4R’
(12.8)

6

Puc.12.2
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Ilpouenypy pewieHuss ypaBHEHHIt
MOKHO CYIIECTBEHHO YIPOCTUTE,
BOCIIOJIb30BABIINCH MPUHLUIIOM

CYNEPIO3HINN: ecIu 0003HauuTh [4' TOK B

JUaroHajabHOU BeTBU B ciayyae E; =0, a [¢"

- B ciysae E, =0, Tto B ofmem ciy4ae
Ig=1s+14". 3nauenus I¢' u Ig" 1nerko

Haxomarea. Ilpy  E, =0 cxema uenu

npuoOperaeT BHJ, NOKa3aHHbIA Ha puc.12.3.
IIpu sToM B cHily CUMMETPUH LieNH HaAeHHs
Puc.12.3 HalpsDKEHMsT HAa  BEpXHEH W HIDKHEH
MOJOBMHAX CXEMbl OJUHAKOBBI M PaBHBI
E, /2. Tlostomy I, =E, /4R, I, =E /2R, Is"=1,-1 =-E /4R.
AHanoru4Ho  paccyxaas, HaxoiuM I JOPYroro  Clydas:
I,=E,/4R, I, =-E, /2R, I¢'=3E,/4R. OKOHYaTENbHO  IIOIYYUM

npekHui pe3ynbrat (12.8).

Ipumep 12.2. B nenwu, nokaszanHoil Ha puc.12.4,
HaluTe U3MCHEHNUE HaIpsDKEHHS Ha
KOHJIEHCaTope KakK (YHKIHIO BPEeMEHH IIpU
YCIIOBHH, YTO BHaJase KOHJECHCATOP HE 3apsDKeH.
Kirou 3ambikaercs mpu 1 =0.

Pewenue. Tlocne 3aMblkaHMs KIIOYa CTPYKTypa
Lemd  COBHNAgaeT C  PAacCMOTPEHHOH B
OpefblIylieM  HOpHMepe,  eCIM  3aMCHHUTh

ucroyHuk ¢ E, xonzpencaropom C . O0o3HayuB

HalpsbkeHHe Ha KOHJeHcartope V , cocTaBUM
cucteMy  ypaBHeHuil  Kupxroda, kortopas

Puc.12.4

cosmazaer ¢ (12.5), (12.6), rae ciexyer 3aMEHHUTh
E, Ha (—V) (cormacHo BEIOpaHHOMY paHee HAIPaBICHUIO TOKA [, HANpsHKEHHE

V  crmemyer cUMTATh MONOXKHUTENBHBIM, €CIM IUTIOC PACIIOJOXKEH CIIeBa).
Bocmone3yemcs momydeHHBIM paHee pemreHuem (12.8):
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3V +E,
Jo=—2 121
4R
y y dv
C nmpyroil CTOpOHBI W3 CBOWCTB KOHpeHcaropa cueayer [ =C T
1
IprpaBHUBAs STH BBHIPAKEHHUS, ITOTyIaeM
3V+E
av __V+E (12.9)
dr 4R

Teneps crnemyer HaiiTm pemenune (12.9) ¢ HadambHBIM  yCIOBHEM
V(O) =0. 3ameTum, uto (12.9) umeeT oueBuIHOE YacTHOE pemeHue V =—F, /3,

MOOTOMY

4RC

V()= —%+ Aexp(— i] ,

rac A - IIPON3BOJIbHAA MOCTOSTHHAS.

W3 nagansHOTO ycnoBus crenyer A = E; /3 . OKOHYATENbHO ITOTyIHM:
E
V(t)=—l{exp(—i)—l} (12.10)

IIpumep 12.3. Konnencarop,

3apsDKCHHBIM 10 Hanpsbkeaus Uy, ‘,,/ K
nofxitogaeTcsa npu ¢ =0 K 1enu, Kak 4+ O L

mokazano H©Ha pwuc.12.5. Haiigure

P L
3aBUCHUMOCTb HAIIPSOKCHU S Ha I \
1

KOHACHCATOPE OT BPEMCHHU.

Pewenue. [Inst t >0 nepsoe
Puc.12.5
ypaBHeHue Kupxroda umeer Bua:

L +1,+1,=0. (12.11)

W3 (12.1) HenocpeacTBEHHO CIENyeT:
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—=U. (12.12)

Ipomuddepenimposar ypasuerue (12.11) u moxcTaBUB B HETO MTPOU3BOIHBIC

TOKOB, nony4eHHsle u3 (12.12), sanumem: CU"+U'/R+U/L =0, umm
d*U
dr?

+25‘2—U+wozu =0, (12.13)
t

rae 26 =1/RC, o =1/LC.

OO11ee peleHre 3Toro ypaBHeH!sT UIMEET BUJL:

U = exp(— & )[Acos(at)+ Bsin(ar)], (12.14)
e @ =ywi -8%, §=1/2RC, o, =1/JLC .
[Hocrosinuple A u B HaxOoAATCs U3 HadaJbHBIX ycinoBuil. I1o ycnosuto

sagaun U(0)=0. [lnsa naxosaerns U'(0) samerum, uto 1 3 (0)=0, Tak kax ToK
gepe3 HHAYKTUBHOCTD He TIpeTepreBaeT ckaukoB. [Tostomy mpu £ =0 Tox

I, =—1I,,a 1, =U,/R.Takum obpasom, U'(0)=1,(0)/C=-U,/RC.
Ucmone3ys otr 3HaueHus, Haxogum: A=U,, B=-0U,/®.Otkyna

OKOHYAaTCJIIbHO!:

U = U, expl- &){cos(a)t)— ésin(wt)} .

R
[0
K v b E]
y y N c 7 R,
Mpumep 12.4. Haiigure monHbli 3apsz,
MPOTEKAIOIIHIA BO BTOPHYHOM IeTH - +E .

Tpanc(opMaTopa Mocie 3aMbIKaHHUS Lo
KIo4a (cM. cxemy Ha puc.12.6).

Pewenue.  YpaBHeHHA ~ ONA  OBYX Puc.12.6
KOHTYPOB, COJIEPIKAILUXCS B CXEME, OYIyT:

dI, dl,
L +RI, =E+L,—%, 12.15
ldt 141 12 dt ( )
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di, dI,
Ly =2 +Ryl, =L, . 12.16
2 dt 242 12 dt ( )

3apsan (Q,, paBHBII jl ,dt, MOXXHO HaiiTH, He pemas CHCTEMBI
0
ypaBHeruit (12.15),(12.16). Jdust sToro mpoumHTerpupyem ypaBHenue (12.16) mo
BPEMEHH OT HYJIA 10 OECKOHEUHOCTH:

(o]

0 +R,0, =L51,

(o]

L,I . 12.17
21 0 ( )

VunThIBasg HauaabHbIE YCIOBUS

1, (0)=o0, I, (0) =0 u npenenpHbIE
3HAa4YEHHs TOKOB [, (0)=E/ R n
Iz(oo) =0, naiigem

_ELj,

Q2 RIRZ '

I

Puc.12.7

[__
I %L R, Mpumep 12.5. B uenwu, nokazanHoit Ha puc.12.7,

I @5 HaiauTe (a3oBBI CABUT MEXIy TOKOM [,

MPOTCKAIOIINUM 4Y€pe3 KATYIIKY MHAYKTUBHOCTH, U

TokoM I, B pesuctope R,. Ilpu xaxom ycnoBuu

— I

9TOT CABUT (a3 He 3aBUCHUT OT YaCTOThI?

Pewenue. Kax BuaHo us puc.12.8, memnp MOXHO
IPEJCTaBUTh KaK IIOCJIEOBATEIbHOE COCIUHECHUE
JByX YyYacTKOB MO JBa SIEMEHTa B KaXIOM.

Puc.12.8 Hooromy
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Z=7,+Zy,, Z, =ialR /(R +ial),  Z,=R,/(1+iaR,C). (12.18)
IManenus HanpsDKEHUS Ha 9TUX y4acTKaX OymyT:

U, =EZ z,+2,), U,=EZ,/(Z,+Z,),

I,=U,liol, T,=U,/R,. (12.19)

1+ iaR,C } (12.20)

=arel, —argl, =argll, /T, )= arg] ——2—
4 g1 g, g(l 2) gLHa}L/Rl

U3 (12.20) cnenyer:
Q= arctg(wR2C)— arctg(a)L /R, )
Casur ¢asbl He 3aBUCUT OT YaCTOTHI, €CIIH
R,C=L/R,.

B aTom cimyqae ¢ =0 .

Mpumep 12.6. Haiigure ycioBue, Mpu KOTOPOM TOK

I; B nuaroHamu Mocta (cM. puc.12.9) Gyner paBeH

HYJIO.

Puc.12.9
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Puc.12.10

Pewenue. Tpebyemoe ycIOBHE MOKHO IIOJIYYHUTb,
COCTaBUB cHcTeMy ypaBHeHui Kupxroda ans uemnw,
HalJs TOK B JMaroHajk W MPHUPABHSB €r0 K HYJIIO.
Takoii myTb TpeOyeT, OJHAKO, IOBOJIBHO IJIMHHBIX
BBIYMCIIEHUH. 3aJauy MO)KHO PELIMTh 3HAYUTEIbHO
KOpOYe CIeTYIOIUM IMyTeM. JIomycTHM, 4To TOK [
(puc.12.10) paBeH HyJIIO W 3alUIIEM YCIIOBHE, KOTJa
9T0 Oymer pelictBurenbHO Tak. Ilpu I3 =0
MOTEHIMANBl TOYeK A ¥ B JOIKHBI OBITH pPaBHBI
Bwmecre ¢ TeM, BeTBb, IO KOTOPOH TedweT TOK I3,
MOXHO yIaJHUTh (TaK KaK 3TOT TOK PaBEH HYIIO), HE
W3MEHHB pPEXHMM B OCTaBIIEHCS YacTH IeMu.
ITosToMy, ecnmm B HCXOmHOW Lenmu Tpedyemoe

YCJIOBUE BBINIOJHEHO, TO B IICIH, MOKa3aHHOW Ha

puc.12.10, norenuuanst V, u Vy JOIKHBI COBIACTE. 3aMUIIEM 3TO YCIOBHUE:

Va

OTKyZa

Z,2,=2,Z,.

_ EZ, EZ,
Z\+Zy

V=t
Pz, +2,

(12.21)

[ToncTaBisist BMECTO KOMITJIEKCHBIX COITPOTUBJICHUN BETBEH NX KOHKPETHBIE

3HaueHus Z, =R, Z3=R,, Z,=iwL u Z, =1/iwC , nonydum

L
RRy =—.
12 =
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Mpumep 12.7. Haiiaure ammumutyny Toka [ B 1emnd,
nokasaHHoi Ha puc.12.11. Bo3MoxHBI 1M Takue
3HAUEHUs IapaMeTPOB MU, IPU KOTOPBIX TOK HE
OyIeT 3aBUCETh OT YaCTOThI UCTOUHHKA?

Pewenue. 3anuieM KOMIUIEKCHOE COIpPOTUBIICHHE
Leny, paccMaTpuBas €€ Kak  IapajuielbHoe

Ul
o

R R COCIMHCHHUC JBYX BCTBeﬁ, Kaxaasgs U3 KOTOPBIX
COZCPIKUT JIBA IJICMCHTA:

Z\Z,

=122 7 =R+iol, Z,=R+1/iaC
Z,+Z,

Puc.12.11

IMocne mpocThIX Mpeodpa3oBaHUl MOTYIUM

(R+1/RC)+i(wL -1/ wC)

Z=R
2R +i(wL -1/ C)

) (12.22)

E 4R* + (0L -1/ C)?
R\ (R+L/RC)* +(aL—-1/aC)*

Kak HerpynHo 3ameTnTs HemocpencTBeHHO u3 (12.22), ecnu

R+L/CR=2R ,wm L=CR?,

TO KOMIUIEKCHBI MHOKUTEND B (12.22) cokpamaercs 1 Z = R He3aBUCHMO OT
4acToThl (U . B 3TOM cilyyae TOK B LIEMH OT YaCTOTHI HE 3aBUCHT.

3aoanue 0na camocmoamensbHoll paoomovl
IIpaguna Kupxzogpa

B yciaosusax 3(16(1‘{, eCllu He 020B80pPEHO CneyualbHo, 6HYMPEHHUEe CONPOMuUBIEeHUA
UCMOYHUKOB8 CcHUmMaromcs pasHbiMU  H)JO. Toxu Ha cxemax HanpaeJjieHvl
npouU360J16HO. Ecnu pea]leblﬁ MoK medyem mdakx. KAaK YyKAd3aHo Ha cxeme, mo 6

omeeme cmoum 3HaK +, eciu Hem - mo MuHyc.
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12.1. U3 12 nmpoBomHUKOB, 00JIAAAIONINX OJMHAKOBHIM COIPOTHBIICHHEM, CIHasH
Ky0. Tpu HpoBOIHHMKA pa3OpBaHbl TaKUM OOpa3OM, YTO B KaXKAOM M3 IIECTH
OJIMHAKOBBIX KOHTYPOB, 00pa30BaHHBIX I'paHiIMH Ky0a, €CTh 10 OJJHOMY pa3phbIBY.
B 3TH pa3pbIBBl BCTaBJIEHBI OJMHAKOBBIC DJIEMEHTHI C HYJIEBBIM BHYTPEHHUM
conporusiieHueM. Tok B IBYX M3 HHX OOUHAKoB U paBeH [ . Halinure Tok yepe3
TPEeTUi HJIEMEHT.

12.2. JTga ranpBanndeckux dnemenTa ¢ DJIC E|, E,
U BHYTPCHHUMH  CONPOTHUBIICHHSIMHU n.r

coenquHeHpl mapamiensHo. Haiimure J3JC u
BHYTpPEHHEE COIIPOTHBIICHUE MTOIy4YeHHON OaTapen.

12.3. KakoBo JOWKHO OBITH CONpOTHBICHHE R
n3MepHuTenpHoro npubdopa (puc.12.12), arolsr mpu

HEOOJNBIIOM  paccorjacOBaHWM  IepBOHAYAILHO l Eqr
YPaBHOBEIIEHHOTO  MOCTa TIpUOOp  TOTpeOsuT +l
MaKCHMAaJIbHYIO MOIIIHOCTh?

Puc.12.12
12.4. ComnpoTHBIEHHE COCTOMT U3 TpeX OIJIEMEHTOB, COEIWHECHHBIX
TpeyroabHUKOM: R;; =20Mm, Ry; =4 Om u R3;=5 Om. Toku, npuTeKaromue n3BHe

K ero BepmmHam: I;=4,54, I,=1,5 A. HaliiuTe MOTEHIHUANbl BEPIIMH @, U @,

€CJIM IOTCHIHA @5 = 0.

12.5. Dnextpuueckas Ienb UMeEET BUJA TETPadpa, CIAsHHOTO W3 IMPOBOJIOYEK
COIIPOTHUBIICHHUEM I KaXKAasi. Y JaJMB U3 CXEMbl TPU IPOBOJIOUYKH, MOIYUHIIN LIEIb,
COEAMHSIONLYIO JIBE BEpIIUHbI A U B TeTpasapa, mpudeM Takyro, 4To, PO 1o
HeH, MO)KHO MOCETUTh BCE BEPIIMHBI TETPadpa Mo ogHOMY pa3y. KakoBo Oyzmer
COIPOTHUBIICHHE ETTH MEXKAY TOYKaMU A U B, eciii BCTaBUTh BMECTO YIAJIICHHBIX

IIPOBOJIOYEK JIPYTHUe, COMPOTHBIeHUEM R kaxas.

12..6. B cxeme, nmoka3anHoi Ha puc.12.13, conpoTuBneHue R, pas3feneHo Ha JBe

paBHble yacTu R;'u R," . Haligute pa3sHOCTh IOTEHLUAIOB MEXy TOUKAMU A U
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Puc.12.13

;=6 Om, ro=r;=30 Om, ry;=15 Om n

r6=40 Om.

Puc.12.15

B. BHyTpeHHUM CONpPOTUBIIEHUEM
HCTOYHHKOB IIpeHEOPEeUb.

E =41B,E, =7B, R, =10m, R, =20nm,
R;=30m u R, =40m..

12.7. Onpenienute TOKA BO BCEX BETBSIX
cxeMsl (puc.12.14). [TapameTpsl CXeMBI:
E/=200 B, E2=10 B, E3=30 B, E4=56 B,

Puc.12.14

12.8. Tpu HUCTOYHHMKA TOKAa M PEOCTAT
COCeMHEHBI, Kak MoKa3aHo Ha pmuc.12.15.
OnpenenuTe CHIly TOKa B peocrare, ecliid

E;=5B, E;=4 B, E;=3B, r;=2 Om, r=1 Om, r3=0,5 Om u R=2,5 Om.
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12.9. Haiinure moreHnmansl y3noB A, B u C,

+\-E ecliM  TOTeHIMan y3na D paBeH HYIO
)l (puc.12.16). BHyTpEeHHUM  CONPOTHBICHUEM
’ B 2 Oarapeii mpeHeOpeys.
A1 1C
2l
2r " +,-E;
D h
Puc.12.16
12.10. Omnpenenure  BHYTPEHHEE r‘L
g S
comporuBiieane u  OJIC  snemeHTa,
9KBHBAJICHTHOTO JaHHOM Oarapee Puc.12.17
(puc.12.17), TO ecTp [malmeEro  BO

BHENTHIOIO IETTh TaKOM ke TOK, KaK 1 6aTape;1 npu T000M COIIPOTUBJICHUHA R.

———

L

n

'_E_l__l

Puc.12.18

12.11. Haiinute TOK B BeTBU AB CXEMBI,
n300paxkeHHoN Ha puc.12.18, ecmu E;=6 B,
E,=16 B, E;=28 B, ri=2 Omu R=9 Om.

12.12. KakoBa gomxnHa ObITh DJIC 37€MEHTOB
E, E; B cxeme, mokazaHHod Ha puc.12.19,

E‘J‘+ +,|‘E2
AR
'|]+
U E,

puc.12.19
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4TOOBI TOK B BeTBU AB Obl1 paBeH lyp=4 A? E;=4 B, r=0,5 Om, R=2,25 Om.

Ilepexoonvie npoyeccot
B 3a0auax, 20e na cxemax He YKA3aHO GHYMPEHHE CONPOMUBTEHUE
UCMOYHUKOB, NpUHAMbL ux pasueimu Hynio. Eciu  ne ocoeopeno ocobo,
KOHOEHCAmOopbl 8 HAYANbHbIL MOMEHM CYUmMamy He 3apsadicenuvimu. Ilpu evibope
KOpHell  Xapakmepucmuyecko2o  ypagHeHus  3HAK  +  neped  KOpHeM

coomeemcmeyem A, a 3HAK MUHyc - A,.

12.13. B cxeme, mnokaszaHHoi Ha puc.12.20, B

L
r"’()fb%“ | moment =0 «wmou 3ambikaercs. Haiinute
AN

R
K K
c b [
=L
[ L
E ro—— EL- r
C ¥
Puc.12.20 ,
3aBHCUMOCTb TOKa Uepe3 pe3HCTOp OT
BpeMeHu [ R(t).
12.14. Haiigute npenenbHOE HaNpshHKEHHE Pnc.12.21

Ha KOHJIeHCaTope B CXeMe, M0Ka3aHHOM Ha puc.12.21, mociie 3aMbIKaHHs KII0Ya.
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12.15. Haiigute mnpexenbHBIN 3apsg

m KOHJIEHCaTopa B CXeMe, MOKa3aHHOM Ha
R I puc.12.22, mocie 3aMbIKaHUS KIIIOYa.
- C

R,

Puc.12.22
12.16. Haiiinte 3aBHCHMOCTh HAMPSDKCHHS Ha
WHIYKTHBHOCTH OT BpPEMEHH, B LCIOH Ha

puc.12.23, ecnu B MoMeHT BpeMeHH ¢ = () Kirou

K nepexonut u3 nonoxenus 1 B nojgoxeHue 2.

puc.12.24, ecnrm B MomenTt (=0 K04 K

«, )__= MTHOBEHHO MEPEKIIOYaeTCs W3 TONOXKeHHs | B

C Kol nojoxkeHue 2. EMKOCTH KOHAEHCATOPOB OJJUHAKOBBI
é C,=C,=C.

| — 2

Puc.12.23

12.17. Haiimute 3aBUCHUMOCTH OT  BpPEMEHHU

C
R HaNpsHKeHHUs Ha 00OMX KOHJIEHCAaTOpax B CXeMe Ha

R
K N\
E 2%
—_:( +
C
Puc.12.24 R,
HE ,_—
12.18. HaitnuTe 3aBUCHUMOCTD HAIPSIKCHHS R,
Ha KOHJEHcaTope OT BpemeHHu (puc.12.25), { ]

eciu B MOMeHT ¢ = 0 ko4 K 3aMbIKaeTCs.
Puc.12.25
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R 12.19. Yepe3 kakoil NPOMEXKYTOK BpeMeHU T
c Y Hocl€ 3aMbIKaHUS KIIOYa HAIpsDKCHUE Ha
CONPOTHUBICHUM B BepxHeil BeTBH (puc.12.26)
? Jlo 3aMbIKaHUA KIIOYa
C \ CTaHEeT PaBHBIM HYIIO
_—{ L A— KOHJICHCATOp B CpeAHEil BETBU ObUI 3apspKEH, a
R KOHJICHCATOp B BEPXHEH BETBH -- pa3psDKEH.
—J
‘,C__A
Puc.12.26 h
+rE L
12.20. Haiiute  HamnpsokeHME — Ha f;"'_(::l——_
KoHaeHcaTope (puc.12.27) kak QyHKUUIO 4| 2E 3E |4+

BpeMeHI/I, €CJIN KJIF0Y 3aMBbIKACTCAd B MOMCHT -Tr d T"‘
t=0. l >N !

|+
I~
Puc.12.28

12.22. Tlpu  kakux

HU3MCHCHUEC HAIIPSHYKEHU S

Puc.12.27

12.21. Haiigute HampsDKCeHHE Ha KaTYIIKE
UHAYKTHBHOCTH (puc.12.28) kak QyHKIHIO
BpPEMEHH, IIPOTEKIIEro IOCHe 3aMbIKaHHs
KII0Ya.

K
3HAYCHHUSAX R
E

pa +1LZ
- R L

HWHAYKTUBHOCTH IIOCJIE€ 3aMBbIKaHUA KIIHO4Ya

Oyznet anepuomaeckum (puc.12.29)?

| [€
|

Puc.12.29
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I l— 5
N

E@)=Ubsin(ot+o)

7
"

T—J

Puc.12.30

12.24. Haiigute Tok uepe3 pesucrop R —==—
(puc.12.31) mocie 3aMbIKaHHSA KITIOYa, E
€CJIM HavyaJIbHbIC TOKU B MHIYKTHBHOCTSX
PaBHBI HYITIO, & MATHUTHOW CBSI3H MEXIY

KaTylIKaM#1 HET.

Puc.12.32

12.23. KakoBO JOKHO OBITE (X , 4YTOOBI

IIpu 3aMbIKaHUHW KJIFOYa B MOMCHT t= 0 B
nenu  (puc.12.30)  cpasy  HacTynui
YCTaHOBUBILUICA pexxumM?

O\ K

Puc.12.31

12.25. Py6unsauk K (puc.12.32) 3aMKHYT B
TE€4eHHE MPOJODKUTEIBHOIO BPEMEHU U
pasmbikaetcss B MomeHT ¢=0. Haiinure

HanpskeHue Ha pyonnsauke U (t) .
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12.26. Haiigure nanpsokenue U(r) (puc.12.33) na

¢ C
[paBoOM KOHJICHCATOPE, €Clu B MOMEHT ¢ =0 Koy \ l 1 "_‘
3
| E R

K: a) 3ambIkaeTcs, 0) pa3MbIKaeTCsl.

+

R
N\
K
R
E
3C

2C j -

Puc.12.34
12.27. Yepe3 kakoll MPOMEKYTOK BPEeMEHH IIOCJE 3aMBIKAHHS KII0Ya B CXEMeE,
n3o0paxkeHHOH Ha puc.12.34 HampsbkeHne Ha KoHumeHcatope 3C  Oymer

Puc.12.33

HauMEHBIIHM?

”
12.28. Haityiure Tok uepes pesuctop 3R { 2‘"{ "‘E_J—"i <
B cxeMme Ha puc.12.35 mocie 3aMbIKaHUS C
KJIIOYa, €ClIM HadaJbHbIE HANPSHKEHUS Ha C/2——
BCEX KOH/IEHCATOpaX PaBHbI HYNIO? 3R
R
+) ,E
=

Puc.12.35
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12.29. Haiigure TOK yepe3 CONpPOTHUBICHNE

E
+{= 22 R (puc.12.36) kak (yHKIUIO BpeMeHH,
r L IPOTEKILETO I0CNIe 3aMbIKaHUs KiIroua K.
<k L R K
R,
-1E L
Puc.12.36 B Ry
—
1
12.30. Kax OymeT M3MEHATbCA CO BPEMEHEM
Tok [ B Uenw, IpeACTaBICHHOM Ha Puc.12.37

puc.12.37, nocine 3aMbIkaHus Kiro4a?
Buinystcoennvie Konebanus é yenu nepemennozo moka

12.31. JIBa kongencatopa C; mu C, wm
R CONPOTUBIICHHE R COCOUHEHBI IO CXEMe,
moka3zaHHoi Ha puc.12.38. Omnpenenurte cuiy

Ci TOKa  4Yepe3  CONPOTHBICHHE
_" I’ﬁ xoHzaencatop C;.
G

R u

@
—@- ©
c r
puc.12.38
12.32. Tlpu KakOM COOTHOIICHHU MEXAY
JaCTOTOM MePeMEHHOr0 TOKa (U | r 57
mapameTpamu cxemsl (puc.12.39) r,L u C
CABUT (ha3 MEXIy HAMpsHKEHHEM U TOKOM
¢ Y P Prc.12.39

gepe3 UCTOUHUK OYZeT paBeH HyIo?
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| R
C
U=Ussinot 12.33. HaiiguTe 3aBHCUMOCTH OT YacCTOTHI
Q
14
0
< L

AMIUIMTYAbl HAIIPSKCHUA V B CXEME,

moka3aHHoi Ha puc.12.40.

Puc.12.40
12.34. Haiigure momHocte W, paccenBaeMyro
B CXeMe, ToKa3aHHoH Ha puc.12.41.

£ Puc.12.41
I 12.35. KakoBa pomkHa OBITh  €MKOCTh
R KOHJIeHcaTopa C, 4TOOBI MOIITHOCTb,
C BhIJENsieMass B LENH, HM300paXCHHOHW Ha
Uocosot puc.12.42, 6puta mMakcumanbHa. Haiiante sty
_ MaKCHMAJIbHYIO MOIITHOCTb.
R L)
R c
Puc.12.42 L ;]2 R

T

12.36. Haiigure casur a3z  Mexay

Hanpsokeauwamu U, m U, B cxeMme,

Noka3aHHoI Ha puc.12.43.
Puc.12.43
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1
ﬁ ' = 12.37. Haiinute cuBur ¢a3 Mexay Tokamu I,

u I, B cxeMe, NOKa3aHHON Ha puc.12.44.

b
R
(o)
~@
Puc.12.44

12.38. Haiigure cnBur a3 Mexay HapsHKCHASAME

U, n U, B cxeme, IoKa3aHHOM Ha puc.12.45.

au—_

Puc.12.45

12.39. Haiigure casur ¢as Mexay TOKaMu
Pric.12.46 3
I, m I, B cxeme, TOKa3aHHOH Ha

puc.12.46, ecan u3BeCTHO, 4TO CIBUI (a3 MexIy TokamMu I3 U I, paBeH @.

Di1eMeHTBI, 0003HaYEHHBIE *, HMEIOT HEU3BECTHEIE, HO OJJMHAKOBBIE UMITETAHCHI.
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12.40. Haiinute 3Hawenuss L;,L;,Cj,

Mpd KOTOPHIX II€Mb, I[OKA3aHHAs Ha
puc.12.47a, na nroGoif YactoTe BemeT
cebs1 Tak ke Kak IIenb, MMOKa3aHHas Ha

puc.12.476. ecnu mapametpsl L,,L, u

C, U3BECTHBIL

9—1—2337 ‘__l Gs
Ly
YOI

L,
L,
C
0

Puc.12.47

12.41. B moment ¢=0 koHTyp r,L

U =)5sm(mt+wgf

Puc.12.48

12.42. Haiinute cosur a3  Mexay

Hanpsoxkeauamu U, m U, B cxeme,

Noka3aHHol Ha puc.12.49.

3aMbIKaeTcs  HaKopoTko  (puc.12.48).
OHPC)ICHI/ITC BCJ'II/I‘H/IHy TOKa B OJTOM
KOHTYpe.

Puc.12.49
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12.43. Haiinure MaKCHMAaJIbHO
BO3SMOXKHBIH CIBUT (a3 MeXIy TOKamu
I, uw I, B cxeme, NOKa3aHHOW Ha
puc.12.50. Tlpm kakoil dYacrore OH

nocturaercs?

Puc.12.50

r L
———299—
12.44. Haiigure cusur ¢a3  Mexay

U
nanpsokenusmu - U, um U, B cxewme, L oy
-Q??’J—L—C__J—

roka3aHHoi Ha puc.12.51.
©—

Puc.12.51
12.45. Cxema (puc.12.52)
MIPUCOETUHEHA K UCTOYHUKY
NepeMeHHOH SC 3aJlaHHOMI

Puc.12.52
ammmatynsl U . IIpn HexoTopom R B cxeme

BBIJICIIACTCA HanOoIbIIas MOIIHOCTbD.

Haiinute 3Ty MOLIHOCTB.

Puc.12.53
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12.46. Haiinute CpenHIO MOIIHOCTh, OTAABAEMYyI0 MCTOUYHUKOM B CXEME,
MOKa3aHHO# Ha puc.12.53.

12.47. Haiinute cnsur a3 ¢ MexTy TokaMu [; U [, B cXeMe, IIOKa3aHHON Ha

puc.12.54.

I, puc.12.55
12.48. Cuma Toka B KaTymke L; B

cxeMe, TIoKa3aHHOW Ha puc.12.55, paBHa

puc.12.54 .
Iy coswt . Halinure D/IC.

12.49. Haiinute casur ¢a3z MexIy

?’2)’“»4:}—,—j HAaIpSOKEHUEM Ha KOHJEHCATOpPE U TOKOM
I
L r i

4yepe3 CONPOTUBIICHHE r B CXeMe,
C ‘ L] Moka3aHHoi Ha puc.12.56.
R

Puc.12.56
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§13. DyIeKTpOMArHUTHBIE BOJIHBI

Kpamxue meopemuueckue ceeoeHuUn

PaccmoTpuM  cBoifcTBa INIEKTPOMArHUTHOTO TIOJS, CYIIECTBYIOIIETO B
OJHOPOIHOM (€=const, l=const) He3apsHKeHHOM (P = 0) IuaieKTpuke. 13 cuctembl

ypaBHeHUI MakcBeiia Ui HalIPssKEHHOCTU 3JIEKTPUYECKOrO II0JIsl MOKHO HONyYHUTh
TaK Ha3bIBAEMOE 60IHOB0€ YPAGHEHUE:

AE-—2 —=0, (13.1)

-1/2
e c¢= (880 ,u,uo) /2 Ananorndnoe YpaBHEHHE CIIPABEAIMBO U AJISI HAIPSHKCHHOCTH

MarHuTHOrO IOJISl B IUAJIEKTPUKE (WM B BaKyyMe, Y€MYy COOTBETCTBYeT €=p=1). B
o0meM ciyqae BOJHOBOE YPAaBHEHHE OMNMCBIBAET HEKOTOPOE  BO3MYILIECHHE
JIEKTPOMAarHUTHOTO I10JIsI, PACIPOCTPAHSIIOLIEECS B CPEE CO CKOPOCTBIO ¢, KOTOPYIO
OOBIYHO MPECTABIISIOT B CICAYIOIEM BHUIE:

=50 (13.2)
Veu
I TS (13.3)

CO -
VEoko
OmnpenenenHas TakuM 00pa30M KOHCTAaHTA ¢y €CTh HE YTO HHOE KaK CKOPOCmb céema
6 eakyyme. COOTBETCTBEHHO, BBIpakeHHe (13.2) OImHCBIBaET  CKOpPOCTHh

PacpoCTpaHCHUA SJICKTPOMArHUTHBIX BO3MyHIeHHﬁ B IUIJICKTPUKE, KOTOpAsA B 4/ EUL

pa3 MCHBIIC CKOPOCTH CBE€TA B BaKyyMc. I[J'IH QJICKTPOMAruuTHBIX BOJIH BUAHUMOI'O

JAuarasoHa, KOTOPBIC MOIYT pPaCIpOCTPAHATHCA B OUIJICKTPHUKaAx C le, MPUHATO
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BBOIWUTE HOKA3AMENb NPENOMACHUS CPENBl N = e , nokassiBatommii Bo CKOIBKO pa3
JJAHHOE BEIIECTBO YMEHBIIIAET CKOPOCTh BOTHBIL.

BaxHBIM 4YacTHBIM CiIydacM OOIIEro peIIeHWs BOJHOBOTO YPaBHEHUS
ABJIACTCA I0CKAS MOHOXPOMAMUYECKAs AEKMPOMASHUMHAS 60IHA, TIONE KOTOPOH
OIUCHIBACTCS CIEIYIOINMA (HOpMyIaMu:

E:EA cos(ax —kz), (13.4)
H=H 4 cos(ar—kz), (13.5)
rac EA nu ;i A — aMHHI/ITyZ[HLIe 3HAYCHUA HaHp}I)KeHHOCTI/I 3HeKTpI/I'{eCKOFO nu

MAarHuTHOTO 11O, (@ — KpPyroBas 4YacToTa BOJIHBI, a k — ee esonnosoe uucuo,
OMNPEACIICHHOC TaK:

k=—=— (13.6)

A — mmHa BoiHBL B BeIpaxenusx (13.4-5) xoopawHata z OTCUMTHIBACTCS BIOJb
HaMpaBIEHUS PACIPOCTPAHEHUsS BOJHBI. Ba’kHOCTH pacCMOTpeHHs CBOWCTB IUIOCKHX
MOHOXPOMAaTHYECKHX BOJH CBs3aHA C TE€M, YTO MPUHIHI CYHNEPIIO3HLUHU MO3BOISIET
MPE/ICTaBUTh TPOU3BOJIBHYIO DJIEKTPOMAarHUTHYIO BOJHY B BHJE CYMMBI (B 0OIieM
cirygae — 0ECKOHEYHOI ) TUIOCKMX MOHOXPOMATHUECKUX BOJH.

Kak cnenyer u3 ypaBHeHuit MakcBeiia, 31€KTpUYECKOe U MarHUTHOE T0JIe
IUIOCKO ~ MOHOXPOMATHYECKOM  DIEKTPOMArHUTHOM  BOIHBI ~ HE  SIBIISIIOTCS
HE3aBUCHMBIMH, a CBA3aHBI CICAYIOIUM COOTHOLLICHUEM:

Jego nEl = uu, H (13.7)

rie n — CIUHWYHBIA BEKTOp, 3aJalOlIMi HalpaBlICHHE DPAcIPOCTPAHEHUS BOJHBL

-

Takum oOpa3oMm, BekTOpel 7, E W H B KaxIblii MOMEHT BpPEMEHH O0pa3yroT

MpaByi0 TPOWKy, T.€. IUIOCKAas 3JIEKTPOMAarHUTHAas BOJHA SBISIETCS IIONEPEYHOM:
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BEKTOPBI E u H nexar B IUIOCKOCTH, TEPHEeHIUKYISIPHOM HalpaBlICHHIO
pacnpoCTpaHeHHs BOJIHBI, U UX KOJNCOAHHS SBISIOTCSA CHH(Aa3HBIMU.

[lockonbky W 3IEKTpUYECKOE W MAarHUTHOE IoJie O0JIaaloT OINpeesIeHHOM
SHEprHeH, OSJIEKTPOMAarHWTHAs BOJNHA TEPEHOCHT JSHEPTHI0 B  MPOCTPAHCTBE.
OOBbeMHast TUIOTHOCTB SHEPTUH, TIEPSHOCUMON 3JIEKTPOMarHUTHOM BOJIHOM, paBHA

w=eg,E” . (13.8)

IInomnocms nomoka sHep2uy SIEKTPOMAaTHUTHON BOJHBL, T.€. SHEPIHs, HEpEHOCUMAs
BOJHOW 3a €IMHMIy BPEMEHH dUepe3 COUHHUUHYIO IUIOMAAKY, IEpNEHINKYIIPHYIO
HAalpaBJICHUIO PaCIPOCTPAHEHHs BOJIHBI, XapaKTepU3yeTcs eexmopom [lotinmunaa:

I1=[E H]=wen. (13.9)

Kak cnenyer u3 (13.4), (13.8) u (13.9), 3Hauenue Bekropa [loifHTHHTa OCUUILTUPYET C
yactoroil 2. Hampumep, A 3JIEKTPOMArHUTHBIX BOJIH BUIMMOrO JUAra30Ha 3Ta
gactora coctapmsier mopsaka 10" pam/c. TTosTomy, dacTo GBIBaeT Gomee yMECTHO
TOBOPUTh O CpEIHEH 3a Mepuoj IUIOTHOCTH IMOTOKA SHEPrHU AIIEKTPOMATHUTHOU
BOJIHBI. JTa BEJIMYMHA HA3BIBACTCS UHMEHCUSHOCHIbIO DICKTPOMArHUTHOW BOJHBI U
OIPEICIISACTCS CICYIOIIM 00pa3oM:

T
1=UQTE%JHm, (13.10)
0

rae T =27/ @® — nepuoj BOIHbL

B cucreme CH HMHTEHCHBHOCTb AJICKTPOMArHUTHOM BOJIHBI M3MeEpseTcs B
sammax na keadpammusiti memp (BT/v?).

Mpumep 13.1. VcTouHMK u3iIy4aeT 3JIEKTPOMarHUTHYIO BOJHY C 4YacTOTOH B
HanpaBJICHUN NPHEMHHKA, PaBHOMEPHO IBIDKYIIETOCS CO CKOPOCTBIO V, MHOTO
MEHBIIEH CKOPOCTU CBETa, BJOJb MPSMOM, COCAUHSAIONMIEH HMCTOYHUK U MPHUEMHUK.
KaxkoBa OyzeT 9acToTa 3JIeKTpOMArHATHOM BOJHBI, pETUCTPUPYEMOI PHEMHUKOM?
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a 1
v z
0 ﬂ’\/\/\‘> —*—{)0—” p Pewienue. TlycTh UCTOUHMK H3ITy4aeT BOJHY B
© HampasieHun ocu OZ (cm. Puc.13.1). Torma B

CHUCTEME KOOPIHWHAT, CBA3aHHOW C MCTOYHHMKOM,
Pnc.13.1 HaMpsKEHHOCTh  AJIEKTPUYECKOro MO  ITOH
BOJTHBI ONFCHIBaeTCs BhIpaxkeHneM (13.5):

E(z, t)= EA cos(ax —kz),

i w
rae t — Bpems, E4 — aMIUINTYyAHOE 3HAYCHHWE HANPSHKEHHOCTH, k = — — BOJHOBOE
c

YHCIIO0, & ¢ — CKOPOCTh CBETA B Cpefie, T paclpocTpaHsaeTcs BonHa. BeegeM cucteMy
KOOPJIMHAT, CBA3aHHYI0 ¢ MPMEMHMKOM Tak, 4ToObI e och O'Z’ Oblla mapajuienbHa
ocu OZ. Torma «IITPUXOBAaHHBIC» U «HCIITPUXOBAHHBIC» KOOPIUHATHI CBSI3aHBI
COOTHOIIICHUEM

—— (13.11)

IJIe CKOPOCTh V CYHUTACTCS MOJOKUTCIBHOM, €CIM MPUCMHUK MPUOIIDKACTCS K
MCTOYHHKY M OTPULATENHHON — ecnu ymansercs. J[Jsi OMUCaHUs SIEKTPHYSCKOrO
MOJIsI BOJHBI B <«IITHXOBAaHHON» CHCTEME KOOPIUHAT, CBS3aHHOW C MPHUEMHHKOM,
nmoactasuM (13.11) B (13.4):

E(z‘ )= EA cos[a)t - k(z‘—vt)] = EA cos[(a)+ kv — kz'].

@
BCHOMI/IHaﬂ, uro k =— , OKOHYATCJIbHO IMOJIy4acM
c

—

- v
E(z',t)=E 4 cos (1+—ja)t—kz'
c
Kax BunHo u3 (13.4), kpyroBas uyacToTa BOJHBI €CThb MHOXHUTEIb IPU BPEMEHH B

apryMeHTe TapMOHHYECKOH (QYHKIHH. B mocimemHeM BBIPaKEHHH COOTBETCTBYIOIIUI
MHOXKHTEJIb PaBEH:
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w’=n{1+3j. (13.12)
C

DTO U €CTh YaCTOTa BOJIHBI B CHCTEME KooOpAuHaT, CBSI3aHHOU C IMPUEMHHUKOM, TO €CTh

HCKOMas perucTpupyeMas 4acToTa.
V3MeHeHne  perucTpyupyeModl  TPHEMHHKOM  YacTOThl  BOJHBI  IIPH
OTHOCHTEIILHOM JBIDKCHUH NPUEMHHMKA M MCTOYHUKA BOJHBI Has3bIBaeTCs d(hdexToM
Jlonnepa. OH UMEET MECTO HE TOJNBKO /ISl 3JIEKTPOMAarHUTHBIX BOJIH, HO BOOOIIE st
BONH JI00OW TpHpoapl, HampuMmep — 3BYKOBBIX. Kak BumaHo m3 (13.12),
perucrpupyemasi 4yactota OOJbILE YacTOThl, C KOTOPOM H3JIy4aeT HCTOYHHK, €CIU
NPHEMHUK NPUOIMKACTCS K MCTOYHUKY M MEHBILIE — €CIIU YIAIAeTCs. DTO MOXHO
3aMETUTh, HAITPUMED, CPABHUBAS LIIYM IPHOJIVIKAIOIIETOCS U YIAJISIOIIET0Cs 1Moe3/1a.

Mpumep 13.2. OueHuTh Npu Kakoil HMHTEHCHUBHOCTH AJIEKTPOMAarHUTHOW BOJIHBI
HaNpsDKEHHOCTD €€ 3JIEKTPUYECKOro TOJIST CTAHOBUTCSA CPABHUMA C HAIMPSHKEHHOCTBIO
BHYTPUATOMHOTO IO

Pewenue. I1ocKonbKy B YCIOBHH pedb HICT 00 OLIEHKE W THII aToMa SIBHO HE yKa3aH,
BhIOEpEM caMblil NMPOCTOM — aTOM BOAOPOJA, COCTOSMIMN M3 OXHOTO IPOTOHA U
ofHOro 3MeKTpoHa. COracHO KIACCHYECKOM MOJIENHM aToMa BOJOPOA, SJIEKTPOH

BpaIiaeTcs BOKPYT IIPOTOHA IO KPYroBoil opbmre pammycoM a,=0,53-10"" wm,

KOTOpLIﬁ Ha3bIBalOT 60DOBCKI/IM paanuycom. CHe)IOBaTeHLHO, Hapsi’KEHHOCThb E;

UIEKTPUUYECKOTO TOJII MPOTOHA BO BCEX TOYKAX IJIEKTPOHHOM OpOWTHI paBHA MO
MOJIYIIIO

1 e

47[80 aO

1

k)

TZie e — 3apsj IPOTOHA, PaBHBIN 3JIEMEHTapHOMY 3apsay.
ITycte Ha Tako aToM BOXOpOJA MagacT IUIOCKAash MOHOXPOMAaTHYECKas

3JIEKTpOMarHuTHasi BojHa. HampspkeHHOCTh E  3IIEKTPUYECKOro MOJIsl 3TOW BOJIHBI,
oIuchIBacMas BBIpQ)KECHUEM (13.4) CpaBHUBAeTCs ¢ HaIpsKEHHOCTBIO
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BHYTPUATOMHOI'O IIOJIsA, €CJIM €€ aMIUIMTYAHOC 3HA4YCHHUEC Ea CpaBHUBAETCA 110

mopymo ¢ E;. Jlns Toro, 4roObl ONpeAenuTh — KakoBa OyaeT MpH 3TOM

WHTCHCHUBHOCTH BONTHHI /, Bocmoib3yeMcs popmyiamu (13.9-13.10):

1=, =eofw),

Tak kak B Hamiem ciaydae £ =1, To cornacHo (13.4)
2 2 2 1 2

VYuuteiBag, uro E, = E; , OKOHYATEIbHO HAXOIUM

coe’

T a2, 40
32 gyay

rae IT u w — cOOTBETCTBEHHO, IUIOTHOCTh MOTOKAa 3HEPIUU M O0BbEMHAs IUIOTHOCTh
SHEPriuM BOJIHBI, @ YIJIOBBIMH CKOOKaMH O0O3HA4YeHO YCPEJHEHHE MO BPEMEHU Ha
MPOMEXKYTKE, paBHOM Iepuony BomHbI 7. [lofgcraBmsis B HONy4eHHYIO (GOpMYITy

TabIMUHbIe KOHCTAHTHI, TOTYYHM HCKOMYIO ouerky: I =107 Br/m’.

IIpumep 13.3. IInockas MOHOXpOMaTHYecKas 3JICKTPOMArHUTHAS BONHA HOPMAJbHO
najaeT U3 BaKyyMma Ha IUIOCKYIO TIOBEPXHOCTh MPOBOJHUKA. Uemy paBHO cpeaHee (3a
MIEPUO]]) JaBJICHHE STOH BOJHBI HA MPOBOAHHK, €CIM MHTEHCHUBHOCTH BOJNHBI — [7?
CuuTath, YTO BOJIHA IMOTHOCTHIO MOTJIOIIACTCS.
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Pewenue. Paccmorpum ¢busngeckn

OCCKOHEYHO Mauiblii 00beM mpoBOomHUKA dV,

PacnonoKEeHHbI Ha ero nosepxHocTu. [lycth

BekTopa E wu H mnapaoomeid  BOJHBI

E
P
¢ Ly
H IS‘ ! HampaBleHbl Kak Ioka3aHo Ha Puc.13.2.
OneKkTpudeckoe TOJie BOJHBI BBI3BIBACT B

’dsl IPOBOJHUKE TOK, IIJIOTHOCTh KOTOPOILO j
dl ==
1, ONpeaAcIACTCsA 3aKOHOM OMaZ
—~—
das. \l_Jdv I
: j=AE,
Puc.13.2

rae A — OPOBOAMMOCTH MPOBOAHMKA. Tak Kak

B OJICKTPOMAarHUTHOM BOJHE BEKTOpbl E u H Bceraga OpTOrOHANbHBI, STOT TOK
MPOTEKaeT B HaMpaBICHUH, MEPHEHAUKYISIPHOM HAMPSHKEHHOCTH MArHUTHOTO MOJIS
najatomiei BomHbL CleoBaTeNbHO, 3TO MAarHUTHOE Ioiie OyaeT meiicTBoBaTh Ha

MPOBOAHUK C TOKOM c cuioit Ammepa (7.2). Ilocumraem cuimy Amnepa dF

JefCTBYIONTYIO Ha 00heM IpOBOIHUKA dV:
dF = ngdl, BJ:,u,uoclJldl,H ,
rie B — WHIYKOWS MAarHUTHOTO TOJsS BOJHBI, [I — MarHUTHAs MPOHHUIIAEMOCTh

MIPOBOAHUKA, dz — BoIcoTa o0bemMa dV (cMm. pmc.13.2), a dJ=}-d§1 —

SIEMEHTApHBIH TOK, NPOTEKAIOMHWK dYepe3 BEPXHIO IOBEpXHOCTH dS1 3TOro
oopema. C y4eToM BBEIEHHBIX 00O3HAUCHHH IMEpenuIeM IOcieTHee BBIPAKCHHE B

CJeyIOIEeM BUJIE: dF = yre (},d :S:] ld 2, H |. Tak kax ; napajuiensHa d ! , TO

dF = o lat. a5, [j. 7 |= moav[;. B].
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HaHOMHI/IM, YTO BCKTOP HAIPSKCHHOCTH MATHUTHOT'O MOJIA NEPIICHANKYIIAPCH E u

IT (13.9), mosTOMy BbIpaskeHHe JJI CHIIBI MOXKHO MEPENucaTh B BUE

JF = %dv[;[fzi]l:WWOdv{;(;,i)—i(;ﬁ)},

TAC € — NUDBJICKTPUYCCKAA MPOHUIIACMOCTh CPEbl, ¢ — CKOPOCTh CBCTA B Heﬁ, an —

€IVUHUYHBIN BEKTOp, 3aJAIOLINIl HAIIPABIEHUE PACTIPOCTPAHEHUS 3JIEKTPOMArHUTHON

BOJIHBIL. Y UHUTHIBAs HAIIPABJICHUE BEKTOPOB E, j U 71, NOIYyYUM
1.
dF ==dV(JE).
C

B cumy 3axkona [Dxoyns-Jlenna (6.10), mporekaHue IO NPOBOJHHUKY
UIEKTPUUECKOTO TOKA BBI3BIBACT BBHIACICHHWE B HEM Terua. Ilpm 3ToM B Temnoty
IpeBpallaeTcs SHeprus MaJaollell BOIHbI, coBeplIatonell padboTy 1o nepeMelIeHHI0
3apsiI0oB B NpOBOAHMKE. Jlanmee Oyaem Uit MPOCTOTHI CUMTAaTh, YTO BCS SHEPTHA
BOJIHBI IIOIJIOIIAETCS IIOBEPXHOCTHBIM CJIOEM MPOBOAHMKA. Torma MBI MOXeM

npupaBHATh dHepruto dWpy =wdV  (w — o0beMHas IUIOTHOCTb 3SHEPrHH),

MPUHOCHMYIO BOITHOH BHYTpPh 3JeMeHTa oO0bemMa dV 3a Bpems df, W DSHEPrHIO

AW, = (j,E Vdt , BeIIESIONIYIOCSI B HEM 3a 3TO BpeMs B Bujae JxoyseBa Terma.

CHe)lOBaTeJ'ILHO, BBIPAXKCHUC IJIA CHUJIbI dF MoxHO nepenucarsb B CJICAYIONIEM BUAC:

Hamomuuwm, uto cdt =dl n dWg, =wdV , oTkyna

d;=wd—V;=WdS2;l’,
dil
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rae dS, — mnomaas OOKOBOW MOBEPXHOCTH JIeMeHTa o0beMa dV, OpHeHTHPOBaHHON
MEPIEeHIUKYIISIPHO HAMPABICHUIO paCIPOCTPAHEHUS BOJTHBIL.

Wrak, MbI Hamom cwry Awrepa, JEHCTBYIOIIYIO CO CTOPOHBI ITafarormeit
JJIEKTPOMATHUTHON BOJIHBI Ha 3JeMEHT o0beMa dV mpoBonuuka. [lo ompenerneHuto,
JIaBJIEHUE €CTh OTHOLIEHWE HOPMAJIBbHOW MPOEKIUHU CUJIbI, NEHCTBYIOLIEH Ha 3JIEMEHT
MOBEPXHOCTH TeJa, K IUIOMIAN 3TOro 3IeMeHTa. TakuM 00pa3oM, TaBJICHUE p BOIHBI
Ha TMPOBOJHIK PaBHO:

drF,

n

as,’

p —
uiu cornacHo (13.10)

pP=—>:
C
rac IT — mIoTHOCTE MOTOKA OHEPruu BOJIHBI. Tak kak 1o YCJI0BUTIO Tpe6yeTcsl HaWTH
CpelHee MaBiIeHHE, HEOOXOIWMO YCPEeOHHUTH IIOCIECIHEe pPAaBEHCTBO IO MEPHOAY
3HeKTpOMaFHPITHOI7[ BOJIHBI:

<p>T =<Hl=£'

c c

IIpumep 13.4. Ilmockags  MOHOXpOMAaTHYECKash  DICKTPOMArHWTHAs  BOJIHA
pacmpoctpansietcss B Bakyyme. JnmmHa BomHBI — Aj=1 M. Ha ee myrm Haxomurcs
aHTEHHA, COCTOSIIAs W3 ABYX OAMHAKOBBIX 3a3€MIICHHBIX MPOBOISIINX CTEPKHEH,
OpPHMEHTHPOBAaHHBIX Iapajie]bHO HaIlpaBlIeHHI0 KojeOaHuii Bektopa E BoiaHBI U
OTCTOAIINX OpPYr OT Apyra Ha paccrosiHue d=50 cm. Bo3HHWKamomas mpu 3TOM
MaKcHUMaJlbHasi Pa3HOCTh NOTEHIMAJIOB MEXly He3a3eMJICHHBIMHA KOHIIAMH CTEPXKHEH

cocrapiusier AU[™ =20 wmkB. Yemy Oyner paBHa 9Ta pasHOCTb MOTEHIHAIOB B

Clyyae NaJeHUA HA aHTEHHY IUJIOCKOM MOHOXPOMAaTHYECKOH 3JIEKTPOMAarHUTHOM

BOJIHBI C TAKOH )K€ MHTEHCUBHOCTBIO W [TMHON A,=3 M.
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Pewenue. Iockonbky CTEPKHU
OPHEHTUPOBAHBl MapajieIbHO HAIMPaBICHUIO

KoneOaHuil BekTopa E AJIEKTPOMATHUTHOMN
BOITHEI, OHM MePIEeHANKYISPHBI
HATIPABJICHUIO €€ paCIpOCTPaHCHUS (CM.
puc.13.3). CnemoBatenbHO, B KaXKABIA
MOMCHT BPEMCHHU KaXIBIH W3 CTEpXKHEU

HaxXoOuTCsd B OAHOPOOHOM DBICKTPUYIECCKOM

none. ITycTh KaXablil CTEPKEHb UMEET JUIMHY

Puc.13.3 [. Torma moreHuuansl U, BEPXHHX KOHLIOB

CTEPXKHEH CBA3aHbI C HANPDKEHHOCTAMU K,

SIEKTPHYECKOTO IIOJNA  BOJHBI B COOTBETCTBYIOIIMX IIONEPEYHBIX  ILIOCKOCTAX
CIEAYIOIHMMU COOTHOIIEHUAMMU:

Upy=—E\,l. (13.13)

31eck y4ITEHO, YTO BEKTOpA El,z MapauleNIbHBl  CTEPXKHAM, a HIKHUE KOHIIBI
CTEp)KHEN 3a3eMJIeHbl, T.6. MMEIOT HyJeBOW noreHuuan. HanpsikeHHOCTh
3JEKTPUYECKOT0 IMOJs IUIOCKOM MOHOXPOMATHUYECKOH 3JIEKTPOMArHUTHOW BOJHBI
ornuceIBaeTcs BeIpakeHneM (13.4):

E(z, H)= Ea cos(ax —kz),

—

rie z — TPONONbHAs KOOpAWHATA, f — BpeMs, FEa — aMIDIATygHOE 3HAYCHUE
2
HaTPSHKEHHOCTH, a k =7 — BOJTHOBOE uucio. BBeneM koopauHaTHYO ock OZ Tak,

4TOOBI KOOPIHATA TIEPBOTO CTEP KHA ObUIa paBHa Hyr0. Torma u3 (13.4) nmeem:

Ei=Eacosar: E» = Ea cos(@r —kd).
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CrenoBarenpHO, pPa3HOCTh TMOTCHLIMANIOB MEXAY HE3a3eMIICHHBIMH  KOHI[AMH
crepxkHel ¢ yuetom (13.13) paBHa

AU =U,-U, =I(E, -E,)= 2EAlsin%sin(ax—%j.

Ortcroia BUIHO, 4TO 3Ta Pa3HOCTh MOTCHIHAJIIOB OCHUIUIUPYET C YacToTol (M, a ec

MakcuMaibHoe 3Hauenne AU ™ paBHO:
. kd . nd
AU™ =2E,Isin—=2E,lsin—.
2 A
Wtak, ucKoMas pasHOCTh MOTEHIUATIOB JEHCTBUTEIBHO 3aBHCUT OT JUIMHBI

BOJHBI, @ OTHOIIEHWE pasHocTed  moreHumanoB  AU™  u AU,

COOTBETCTBYIONIMX JJIMHAM BOJIH A ¥ A,, PaBHO:

. d
max SIn T —
max

AU gL

Boipaxass orcroma  AU™, TONYyddM  OKOHYATENBHBIA  OTBET  3a/adH.

TMoacTaHOBKA YUCIICHHBIX JaHHBIX M3 YCIOBHS qaet pesyisrar AU =10 MxB.

Ipumep 13.5. Ouennre nonepeyHy0 KOMIOHEHTY 3JIEKTPUYECKOro MoJjIst 3apsina ¢, B
TCUCHWE HEOONBIIOr0 TMPOMEXYTKA BPEMEHHM JBHTABIIETOCS PABHOYCKOPEHHO C
yCKOpeHHEeM  a.  [lpumeuanue:  TIONEPEYHBIM  CYUTAETCd  HAIpaBJICHHE,
MEPIEHANKYIIPHOE OTPE3KY, COCAMHSIOMEMY 3apsii M TOUKY, TIE paccMaTpHUBacTCs
€ro 3JIEKTPUYECKOE MOJIeE.
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Pewenue. ]I Hayana KOHKPETU3MPYEM 3aKOH JBHXKEHUs 3apspa. MTak, mycTb OH
npu <0 TOKOWJICS B Ha4yajie KOOPJMHAT, IOTOM B TCUCHHE HEOOJBIIIOTO MPOMEKYTKA
BpeMeHH At JBurancs BAodbL ocu Ox ¢
33/IaHHBIM ~ YCKOpEHHUEM @, TOocle  Yero
MIPOIOIDKAN TBUKEHUE B TOM K€ HAIPaBICHUH C
HAOpaHHOW CKOPOCTBIO. PaccMOTpUM KapTHHY
CIJIOBBIX  JIMHHHA  DIEKTPUYECKOTO IO,
CO3/1aBa€MOT0  3THUM  3apsJoM B  MOMEHT
BpeMeHU f, >> Ar. Kak wusBectHo, I0OBIE
3JIEKTPOMarHUTHBIE BO3MYILICHHS
pacmpocTpaHsIIOTCSL B MPOCTPAHCTBE  CO
CKOPOCTBIO CBETa Co (paccmaTtpuBaeM

YeIUHEHHBI 3apsin B Bakyyme). llostomy,
«HpOpMAIMsl» O TOM, YTO 3apsd Hadal
Puc.13.4 nBurateesi npu t=0, K MOMEHTY BpEMEHH £,
Oymer «HemocTymHa» 3a Tpeaenamu chepsl
paguyca R, =cyt, ¢ LEHTPOM B Hayajne KOOpIuHAT. Takum o0pa3oM, 3a IpeleiaMu

9TOi cdepbl 3IeKTpUUecKoe Imoie OyneT TOYHO TakUM, Kak IIOoJe, CO3[4aBaeMoe
3apsiIoM, TOKOSIIIMMCSI B Hadaje KOOPAWHAT, T.. €T0 CHJIOBBIC JIMHHU PaIHaTbHO
pacxonarcs u3 Toukd O. PaccMOTpUM OIHY TaKykO JIHHUIO, COCTABIISIONIYIO yroi 6 ¢
oceto Ox (cm. puc.13.4). Kak ycTpoeHO 5IEKTpHUECKOE TI0Jie YCKOPEHHO
JBIDKYILETOCS 3apsi/ia, Mbl TIOKa He 3HaeM. 3aTO HaM W3BECTHO, 4TO IpH ¢ > Af 3apsn
JBHUTAJICSI PABHOMEPHO, CO3[aBas IOJIE, KOTOPOE B KaKAbIH MOMEHT BPEMEHHU
BBITJLIIUT KaK 3JEKTPOCTATHUECKOE, HO INMEepeMEeIIaeTcsi BMeCTe C 3apsaoM. BHytpu
cheppl paguycoM R, =c, (to —At) C LEHTPOM B TOUYKE, COOTBETCTBYIOIIEH
MOJIOKEHUIO 3apsja B MOMEHT BpEMEHH [y, <«HH(pOpManUs» O TIPEeKpaleHuu
YCKOPEHHOTO JIBHXKEHHS 3apsiia YK€ «IOCTYIHa». [109TOMy Ha MOBEPXHOCTH ITOU
cdepbl DIEKTPUYECKOe TOJIe 3apsAa ¢ B MOMEHT BPEMEHH [, ONpPEICISIETCSl ero
MIOJIOKEHUEM § B PACCMATPUBAEMbBII MOMEHT BPEMEHHU:
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a(At)2
2ol v ant(ty — Ar) = 11 At <<ty /] = atyAt. (13.14)

s=x(t) =
IIpoBeneM BHYTpH MeHBIIEH CEephl CHIOBYIO JIMHHUIO, COCTABIISIIONIYIO Yrol 6 ¢ OCBIO
Ox. Kak wW3BecTHO, CHIIOBBIC JMHHH JJIEKTPUYECKOTO MOJISI MOTYT IPEPHIBATHCA
TOJNLKO Ha DJJEKTpUuYecKuX 3apsigax. [loaToMy Mbl JOMKHBI 3aMKHYTh HAllld JIBE
CHIIOBBIC JIMHUU OTPE3KOM JIOMAaHOM.

Wrak, MBI YCTaHOBWJIM, 4YTO CYIIECTBYET U3JIOM CHJIOBBIX JIMHUN
3JEKTPUYECKOrO MOJIs, ABMKYIIMKHCA B HANpPaBICHUU «OT 3apslia» CO CKOPOCTBIO
CBeTa, MpUYEeM B IMpefenax 3TOro HW3JoMa TI0Je HaIpaBJeHO HE MapauieidbHO
HATIPaBJICHUIO €0 NBIKEHUS. VIHBIMU CIIOBaMH, B Ipeleiax H3JIoMa 3JIEKTPHYECKOe
MOJIC MUMEET IMOMCPCUHYI0 KOMIIOHCHTY. Takum 00pa3oM, 3TOT H3JIOM IO CBOUM
CBOWCTBAM HANOMHHAET DJICKTPOMATHUTHBIA HMOVIBC, T.€. JIIEKTPOMATHUTHYIO

BOJIHY, OIpaHUYCHHYHO B TMPOCTPAHCTBE U BO BPCMCHH. 3 TCOMCTPUYCCKUX

CoOOpa)keHUII MOXeM HaiTH OTHOLIeHWe MonepeyHod E, u npoxponpHO E,

KOMITOHEHT 3JIEKTPUYCCKOT'O IOJISA OTOI0 UMITYJIbCa:

E, h _ssin
E, coAt  cyAt

i ¢ yaetom (13.14)
E, atysind
Ey, =0

IIpn 3TOM HPOJONBHYIO KOMIIOHEHTY 3TOTO TIONS MBI 3HAEM — 3TO OOBIKHOBEHHOE
KysoHOBCcKOE 1osie Ha MOBEPXHOCTH MEHBIIEH chephl:

1 g

E =—-L.
"4z, R?

W3 mocnennux JABYX COOTHOILICHUI CJICAYECT, 4YTO
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tysin @ R sin & in
Ei=E”a0 i zE”a( 5 /co)si _ aq51121 .
c() c() 47[8060R2

R
3/1ech yuTeHO, UTO 1) ~ —= u A1 <<1,,.
o

YuuThIBas, 4TO R, — HE YTO WHOE KaK PACCTOSHHE MEXKIY TCKYIIUM IOJIOKCHUEM
3apsiga M PaccMaTpPUBAEMbIM AJIEKTPOMATHUTHBIM HMITYJIbCOM, @ YCKOPEHHE d
COOTBETCTBYET MOMEHTY BpeMeHHU f=+(0, mepenuiineM MOCICIHIO GopMyity B Oonee
00IIIeEM BHIE:
gsin@ gsin@
E, (r,0,t)= ————alt—ty) = —Za(t— r/co) ,

4reychr 4reycyr
T/Ie r — TEeKyIee pacCTOSHUE OT 3apsiia 10 TOUKH, TIe «M3MepsAeTCs» HAPSKECHHOCTh
ANEKTPUUYECKOrO MOoJsl, a 6 — TomspHas KOOpAMHATA 3TOW TOYKH OTHOCHUTEIBHO
HAmNpaBJICHUs JBIDKCHUS 3apsiia.

IIpumep 13.6. [Tnockas MOHOXpOMAaTHYECKasl CBETOBAsI BOJHA C MHTEHCHUBHOCTHIO [
majsaer moj yrjioMm 6, Ha IJIOCKYI0 TPaHMIly pa3liesia Cpejl, MOKa3aTeaH MPEeIOMICHUS
KOTOPBIX paBHBI 1n; U n,. HaliguTe WHTCHCUBHOCTH Ip BOJIHBI, OTPAKEHHOH OT
TpaHUIBl pasjiena, 1 UHTEHCUBHOCTh [ BOJIHBI, MPOIIEIIICii BO BTOPYIO Cpeny, Mpu

—

YCJIIOBUHM, 4YTO B MaJaloled BomHE KoineOaHMA BekTopa E  TpoHCXomsiT B
HaIlpaBIeHUH, apayIeIbHOM ITOBEPXHOCTH pa3zesa Cpel.
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Pewenue. Beenem JIEKapTOBy  CHUCTEMY

KOOpIMHAT TakMM o00pa3oM, 4YTOOBI IJIOCKOCTh

s xOz SABIANACH  NJIOCKOCMbIO  NAdeHus, T.e.

\ IUVIOCKOCTBIO, ~ OOpa30BaHHOH  HOpPMAlnbl0 K
0

—~0
MOBEPXHOCTH paszzena (ocb Oz) U BEKTOPOM M,

3aJAIOIUM  HAMpaBICHHE  PACIPOCTPAHCHUS

nagatomiei BoHbI (cM. Prc.13.5). Komp ckopo mo

n —_
YCIIOBHIO 3a/aud KoneOaHWs Bekropa FE B

Majaoliel BOJHE MPOUCXOAAT B HalpaBlICHUH,

Punc.13.5 MapajijicJbHOM ITOBEPXHOCTH paszjeia cpel, TO B

CUly TIONIEPEYHOCTH  CBETOBBIX BOJH  OTO

HanpasJeHHE COBMazaeT ¢ ocbilo Oy. CBETOBBIE BOJNHBI, B KOTOPBIX HAIpaBICHUE

KoneOaHnii BekTOpa E TNEpHEHOUKYISIPHO IUIOCKOCTH MAaJeHHWsS Ha3bIBAIOTCS S-
nonapuzogantvimu. COOTBETCTBEHHO, CBETOBBIC BOJHBI, B KOTOPBIX HAIpaBICHUE

—

koneOaHnii BekTopa E  JIEKHT B IUIOCKOCTH TAACHUS HA3BIBAIOTCA  p-
NoAApU306aHHLIMY. 3aMETHM, YTO JIOOYI0 BOJHY MOXKHO IIPEACTaBHTh B BHUJIE
CYIIEPIIO3HIINH §- U p-TIONSIPU30BAaHHBIX BOJIH.

Ha rpanune pasgena AByX AMAIEKTPUKOB HANPSKEHHOCTH 3JIEKTPHUECKOTO
W MarHUTHOTO TIOJII OOS3aHBI YAOBJIETBOPSTH TPaHUYHBIM ycioBmsiM (4.6) u (8.9),
3aKJIFOYAFOLIUMCS B TOM, YTO TaHTECHIIMAIbHbIE KOMIIOHEHTHI 00E€UX HaNpsKEHHOCTEH
HETIPEPBIBHEI HA TPaHUIE. OJIEKTPHUYECKHWE TIONSA TaJaroliel, OTPaKCHHOH U
MpoLIeAlIed BOJIH ONpeAeNstoTcs BelpaxeHUaMu tuna (13.4), a MarHuTHble — TUNA
(13.5) (cmemyer uMeTh B BHIY, YTO HAINIPABICHHUS PACIPOCTPAHEHUS 3TUX TPeX BOIH
pa3iuuHBl, MO3TOMY B OTHUX BBIPOKEHHAX KakJas W3 BOJH HMEET «CBOIO
COOCTBEHHYIO» OCb Z). [10CKOIBKY IO BOJMH OCHMJIIMPYIOT KaKk BO BDEMEHHM, Tak U B
MPOCTPAHCTBE, a TPaHUYHBIC YCIOBUS JOJDKHBI BBITIONHITHCS KaK TOXIECTBA B
Mr000# TOYKE MPOCTPAHCTBA U B JIFOOOH MOMEHT BPEMEHH, MBI MOXKEM IOACTABIAThH B

TpaHUYHBIC YCJIOBHA HE CaMH I1OJid, a UX aMIUIUTY/IbI Ea u Ha. B cpenc 1

JEHCTBYIOT mofisl najaroiieit (MHuaeke «0») U OTpakeHHOW (MHIEKC «R») BONH, a B
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cpene 2 — moma mpomenmie (MHAEKC «I») BOMHBL. TakuMm 00pa3oM, TpaHHYHBIE
YCJIOBUS JUTS 3JIEKTPUYECKUX U MAarHUTHBIX MOJIEH BBIMISAAT CIIEIYIOIMM 00pa3oM:

EgT + EjfT = E/{T , (13.15)

Hi +HY =H) (13.16)
TJie UHJIEKC «T» O3HAYaeT TaHTeHLIUaJbHbIE TPOSKIIUU BEKTOPOB EA u H A

Jns  s-TIONApU30BAaHHBIX BOJH BO BBEACHHOW CHCTEME KOOpPAHMHAT
TaHTeHIMAJIbHbIE MPOEKUUU HAMPSDKEHHOCTEH AIIEKTPUUECKUX TMOJNed CyTh Y-
MPOCKINY, a TAHTCHIUAIbHBIC POSKIINH HANPSHKCHHOCTEH MarHWTHBIX TOJIEH — X-
npoekmuu. [lostomy Moxem mnepernmcath (13.15-16) ¢ ydeToM BhIOOpa CHCTEMBI
KOOPIMHAT W THIIA TOJISPU3AIIIH MaJafoIe BOIHBI (OYE€BUIHO, YTO U OTpaKeHHAs 1
MIPOIIE/IIasi BOJTHBI TAKXKE SBIISIOTCS S-TOISIPU30BAHHBIMU):

ES +ER =ET | (13.17)
y y y
HY +Hf =T . (13.18)

Bocmonezyemcst Teneps cootHomieHuem (13.7) s TOro, 4toOBl BBIPA3HTh
MPOEKIIMY MarHUTHBIX TTOJICH Yepe3 MPOEKINH IIEKTPHICCKIX:

H, = ggo(nE n.E )
A, i, A, TamaAL P

a Tak KaK EA =0, 10
Z

u &
=— n .
A, g CA

(13.19)
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OTO cHpaBeATMBO U BCEX TPEX BOJH, C YUETOM WX HANPABICHWH 7N W Pa3IMIHBIX
3HAQUYEHUN AUAJICKTPUUYECKOW W MArHUTHOM MPOHUIAEMOCTH B TEPBOM M BTOpOU

cpene. U3 pucyHka BHIHO, 4TO n? =—cos@,, nk =cos@, (yron orpaxennus paseH
VIITy IaieHus), a nZT =—cos @, . [ToaTomy
£ E £ E
ng— ! OES cosel,fo—— 20 EX cosé,,
Ml Y by
&€
Hj = |——"E} cos6,. (13.20)
Holly

Just  mpo3pauHbIX IUAJICKTPUYECKMX CPeJ MarHWTHas MOpPOHHIIAEMOCTh paBHA
CAMHUIIE, a KOPCHb U3 JUIJICKTPHUYCCKONH MPOHUIIAEMOCTH €CTh IIOKa3aTelb
npenomierns cpensl n (M. (13.2)). C ygerom storo moacraBuM BeipaskeHus (13.20)
B rpaHu4HOe ycioBue (13.18):

0 R _ T
nlEAv cos 6, —nlEAv cos 6, —nZEAv cosb,,

WIH, C YU9ETOM CBS3M MEXIy yriamu 6, um 0,, ompenensieMoll M3BECTHBIM 3aKOHOM

npenomaenus, N, sin®, =n, sin O, :

r siné, cosd,

cosel(Eg - EX )=E (13.21)
y y

y  siné,

Bepaxxenust (13.7) m (13.11) mpencraBnsitor co0Oi cHCTEMY YpaBHEHHH JUist

HaXOXXIEHUSI ABYX HEU3BECTHBIX aMIUIUTyxd, E ﬁ " Ei . Pemenue stoit cucTeMbI
y y

UMeeT BUJ:

in(0, - 6,)
ER =E° %, 13.22
Ay Ay sin(Hl +6’2) ( )
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E' =E} 2 (13.23)
y v 1-1g6,/tgb,

Wrak, MBI HallUTH y-TIPOCKIIMY aMILTUTY]] HANPSDKCHHOCTEH 3JCKTPHUSCKOTO
MOJISL OTPAXKEHHOM W mpomeaiieil BOMHbL [10CKOIbKY sl S-TMOMSIPH30BAHHBIX BOJIH
9TH HANPSHKEHHOCTH HAMPABJICHBI BIOJMb Och Oy, TO 3TH MPOCKIMH M €CTh CaMHu
ammmutynel. Kak cmempyer w3 dopmyn (13.8), (13.9) u (13.10), WHTCHCHBHOCTH
CBCTOBOM BOJIHBI CBSI3aHA C aMIUIUTYIOW HAMPSHKCHHOCTH €€ 3JICKTPHUYCCKOro IOJIs
CJIE/TYIOIINM COOTHOILICHUEM:

I =%8oconEj. (13.24)

Bripaxkas u3 (13.22) u (13.23) kBagpatbl aMIUIUTY]T Eﬁ u EX U TOJCTABIISS UX B
¥ ¥

(13.24), nomy4uM OKOHYATEIHHBINA OTBET:

. 2
I, = sin(6, — 6,) I, = Ion_z 4 .
sin(6, +6,) n (1+1tg6, /tg6, )’

3aoanue ona camocmoamensbHoll pabomol

13.1. Boeaure Qopmyny Ais  HampsHKEHHOCTH — JJIEKTPHYECKOTO  IMOJIS
JJIEKTPOMArHUTHOW BOJIHBI, M3JIy4aeMOH 3apsiioM ¢, KOJEOIIOIMMCS C 4acTOTOH ()
BZIOJIb HEKOTOPOH MPsIMON. AMITIIMTY/Ia KOJeOaHMii 3apsaa — Xo.

13.2. I[Inockass MOHOXpOMAaTHYECKasi CBETOBAsl BOJHA PACIPOCTPAHSETCS B BaKyyMe.
MakcruManbHOE 3HAUYE€HHE HANpPSHKEHHOCTH MArHUTHOIO IO 3TOW BOJMHBI — H.
KakoBa cpenHsis (3a MEpHOMA) dHEPrus, MEPCHOCHMAs BOJIHOM B CIUHHIY BPEMCHHU
yepe3 IMOBEPXHOCTH MOMycdepsl paanyca R, OCHOBaHHE KOTOPOH MEPHEHIUKYIIPHO
HATIPABJIICHUIO PACIPOCTPAHCHUS BOJHEI?
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13.3. HampspkeHHOCTB 3JIEKTPUYECKOro IMOJIsi MOHOXPOMAaTHYECKOH CBETOBOI BOJHBEI,
pactpoCTpaHsIoIeiics B BaKyyMe, OIMCHIBACTCA B IMIMHAPHYECKHX KOOPIMHATAX

(p/a)

-~ - 2 -
{p,(p, Z} BeIpaxkeHueM E = pEe cosl@—kz), tae p — enuHMUHBI
BEKTOp, NMepHeHAUKYIApHBIA ocu OZ. KakoBa cpenHss (3a IEpUOI) MOILIHOCTb 3TOH

BOJIHBI, T.C. CPCAHAA DOHECPIr'Usd, IEPCHOCUMAsL BOJIHOI1 B CANHULY BpeMeHI/I?

13.4. HaiinmuTe 3aKOH IBUKCHUS CBOOOTHOIO 3JICKTPOHA B MOJIC MOHOXPOMATHYCCKOM
JJIEKTPOMATHUTHOW  BOJHBI ~ YacTOTBI (O, €CIM  MaKCUMaJlbHOC  3HAYCHUC
HATPSHKCHHOCTH JJICKTPUYECKOrO MO 3TOW BONHBI — Ej. B MoMeHT nameHus
nepenHero ()poOHTA BOJHBI HA JIEKTPOH MOCICSIHHUI MOKOMIICS B HaYale KOOPAMHAT, a

(aza xonebanuii BekTopa E BONMHBI ObUTa paBHAa . Vkazauue: pemarb 3anady,
npeneOperas cuioi JlopeHna; BBSICHUTD YCIOBHE TPIMEHIMOCTH TAKOTO ITOXO0/a.

13.5. Ilnockast MOHOXpOMaTHYECKasi AIEKTPOMAarHUTHAsI BOJTHA PAaCIPOCTPAHACTCS B
Bakyyme. Ha myTu BOJTHBI HaAXOIUTCS KBaapaTHas MPOBOJSIIAs paMKa CO CTOPOHOH d,

TUIOCKOCTh KOTOPOH OpTOrOHajbHa HAIPABJICHHIO BEKTOPA H BOJIHBI, a OfIHA W3
CTOPOH TapajuielibHa HAaIlpaBJICHUIO pacrpocTpaneHus BoiHbBL Ompenemmte D/1C,
HHAYLHPYEMYIO B paMKe, €CId MJIMHa BOJHBI — A, a MaKCHMalbHOC 3HAYCHHE
HaNpsDKEHHOCTH 3JIEKTPUYECKOTr0 TIOJISt 3TOH BOJHBI — Ej.

13.6. Ilnockas MOHOXpOMAaTHYECKasi CBETOBas BOJHA C WHTCHCHBHOCTBIO I, TamaeT
nox ymioM 6, Ha IUIOCKYIO TPaHMIly pasfena cpel, IOKa3aTeld IPEIOMIICHUS
KOTOPbIX paBHBl n; U n,. HaliauTe MHTEHCUBHOCTh Ig BOJIHBI, OTPa)XEHHOH OT
TpaHMLBl pasjiesia, 1 HUHTEHCUBHOCTh [ BOJIHBI, MPOIIEIIICi BO BTOPYIO Cpeny, Mpu

YCJIOBHH, YTO B MAJAIONICH BOJHE KojieOaHWs BEKTOpa E MPOUCXOIAT B IUIOCKOCTH
nafeHus (p-noispu3oBaHHas BOIHA).
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§14. 3aoauu nosviuennoii mpyornocmu

§14. 3apaun NOBBILIEHHOH TPYAHOCTH

Ilpumepwt pewsenus 3a0au

Ipumep 14.1. [IBe onuHAaKOBbIE M OJMHAKOBO 3apsHKEHHBIC KAIUIM HEC)KHMMAEMOW

TIPOBOASIIEH KAIKOCTH HaXOATCA Ha OONBIIOM (OECKOHEYHOM) PaCCTOSIHUU JPYT OT

Ipyra. 3apsja, paguyc M mMacca KaXIoW KalUTH paBHBI COOTBETCTBEHHO ¢, W M.

Kakyro MHHHManabHYIO CKOpPOCTb V BIOJIb MNPSIMOM, COEOUHSIOUNIEN HMX LEHTPHI,

HY)XHO COOOLIMTh KaXKIOH Karie, 4ToObl OHM CTajM JBUraThbCsi HAaBCTpEUy JAPYr

Ipyry ¥ TIpH CTOJKHOBEHMH COEIUHMINCh B oxHy Kammo? [loBepxHocTHOE

HaTAKCHUEC HEC YUYUTHIBATD.

puc.14.1

Pewienue. Ha puc.14.1 moka3zaHsl JBe KaIuld B
Haqaﬂbelﬁ MOMCHT BpeMEHI/I U B MOMCHT
nepen ciusHueM. Tak kak cuia Kynona, c
KOTOpOH OTTaJIKUBAIOTCS Karly,
MOTEHLMAaIbHA, a APYrMe CWibl Ha Kaluld He
JICHCTBYIOT, TO MOXHO 3amucaTth 3aKOH
COXpPaHEHUs SHEPTUU

2
P L R P ¥

2 2 2
(14.1)

HavaneHbli NOTEHLIMAN Kamim @, = — , TaK
r

Kak 3apa] [0 IIOBEpXHOCTH YyeAMHEHHOM
TIPOBOSIIECH ctepsr pactipenensercs
PaBHOMEPHO.
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IIpu

Co3ngaBaecMoe

COBIIALAET C

KaIlld ~ OJWHAKOBBI,

Puc.14.2

anTpOKCUMHUPOBATh  OECKOHEYHOM
3aps0B, MOKa3aHHOM Ha puc.14.2.

JleicTBUTENBHO,

259

3apsn
nepepacrpeaenseTcs 0 IMOBEPXHOCTH Kaluld MU
ero pacnpelesicHie CTAaHOBUTCS HEPaBHOMEPHBIM.
MOXXHO

CHUCTEMOH

noie,
CO3/IaBaeMOE 3apsIOM BTOPOH Karum B 00JacTH
HAXOXK/ICHUSI TCPBOM B HYJICBOM MPUOIMIKCHUU

CO3IIaBaCMBIM  3apsIOM
2 _
qy =0 , TOMEIIEHHBIM B IIeHTpe Kamd. (Tak Kak

HUX
pacnpenieneHbl OAMHAKOBO, a BEpXHUI HHAEKC y

BEJIMYMHEI 3apsi/ia BBOAUTCS IUIS TOTO, YTOOBI OBLIO IMOHATHO, O KaKOW Karule MIeT

pcCUb. HpI/I ONpEACJICHUNU BCJIUWYMHBI COOTBCTCTBYIOIICTO 3apsaja O3TOT HHACKC

onyckaercs). VI3MeHeHHEe 3JEKTPUYECKOrO IMOJIsE BOKPYT MEPBOM Karlld, CBA3aHHOE C

HaJIMYAEM Ha PACCTOSIHHU X 3TOTO 3apsiia, MOJKHO OIHCaTh, BBEIS 3apsm ql1 (cm.

MeTox u300pakeHni 1 mpumMep 4 maparpada 4):

r r
9 =—90 > by =—.
X

3apsibl qg u qll CO3/IaI0T Ha MOBEPXHOCTU IEPBOTO IlIapa HYJIEBOW MOTEHIIHAII,

1

kq
II03TOMY ITOTEHIIMAJ IIEPBOIO 11apa paBeH (@ = 20
r

Tax kak 3apsabl MO KaljsIM PaclpeieieHbl COBEPIIEHHO CUMMETPUYHO, TO

cienyeT BBECTH 3apsij q12 , HO TOrJa IOTEHLMAll IIEpBOro IMiapa He Oynmer

OJIMHAKOBBIM TIO BCEHl €ro MOBEPXHOCTH, YTO HE BEPHO, TaK KaK IIap MPOBOMASIIUH.

Jis ucnipaBiieHusI STOr0 00CTOSTEIBCTBA CICIYST BBECTH 3apsi qé :
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r r2

=—q——, b, = .
a2 QIx—bl 2 b,

(14.3)

IIpu 3TOM BBOIS CHUMMETPUYHBIN 3apsf q% , OIIITh HApyLlaeM YCIIOBUE PaBEHCTBA
MOTEHIIMAaa BO BCEX TOYKaX mapa. [l ero COXpaHeHUs! BBOAUM 3apsil q13 U T.I.

[oreHuuans! mapoB OyxyT paBHBI

ko
o

¢=

3HayeHHE qdy HaXoIuM M3 yCJIIOBUA

> a=0. (14.4)
1=0

JlelicTBUTENBHO, TIOJIE B MaJIOW OKPECTHOCTH BOJIM3M MOBEPXHOCTH HEPABHOMEPHO
3apsDKEHHBIX IIAPOB COBHANAET C IOJEM, CO34ABAEMBIM IBYMsI LIEIOYKAMH 3apsOB.
[Ipumenum Teopemy ["aycca k chepuueckoil MOBEpXHOCTH, OJIM3KO MPUMBIKAIOLIEH K
miapy M oxsaTbiBarolleidl ee. IToTOk BekTOpa MHAYKIMH JIEKTPOCTATHYECKOTO IO
gyepe3 3Ty MOBEPXHOCTh PaBeH 3apsay, 3aKII0OUEeHHOMY BHYTpH Hee. PaBenctso (14.4)
U €CThb PaBEHCTBO 3apsiOB LEMOYKH 3apsily , HEPAaBHOMEPHO PAaCIpENEICHHOMY I10
[IOBEPXHOCTH LIapa.

Beipasum ¢; us (14.2) u (14.3) nna x = 2r (11 Kanens Nepes CIUsTHUEM):

90 r
= -, b =—,
qi > 175
do 2
= b =—_r,
q2 3 2 3
do 3
=—, b, =—r,
q3 4 3 4

M T.JI.
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[oncrasnss HafineHHbIe BeIpaxkeHud B (14.4), Haxonum

I 1 1 1
= l——+———+—=—..|.
Q qo( 273 45 ]
B ckoOkax crout psig, cymma koroporo paHa In2. [loxcraBnsist HaiineHHOe

3HAYCHUC ¢, B BBIPAXKCHUC I NOTCHLHATIA IIapOB ¢, a €ro B CBOIO OYCPCIb B

3aKO0H coxpaHeHus dHepruu (14.1), oKOHYATETFHO MOTydaeM

N Al WP L(L_lj,
m

mr\In2

Ipumep 14.2. TlnacTHHBI IUIOCKOrO KOHJEHCATOpPA PACIHOIOKECHBI BEPTHKAIBHO.
JUlnHa TIacTUHBI MO BEpTHKAIM paBHAa [, ee IIMpUHA -d, PACCTOSHUE MEXIY
wiacTiHaMu d . Mexy TulacTHHaMHU BBEIEH IUAJICKTPUK TakK, YTO HE3AIOIHEHHOH
0CTaJach JMIIb BEPXHsIS YacTh KOHJEHCATOpA JJIMHBI X . 3apsi KOHAEHCATOPA PaBeH
q, Macca JAMBJIEKTpUYECKOW IacTMHbl M . Haligute 3akoH IBHXKEHUS
JUAJIEKTPUUECKOM IUIACTHHBI C  YYETOM JEHCTBHSI CHIIBI TSDKECTH, a TakKxke
OIpeeauTe KOOPAUHATY €€ MOJIOKEHUS PABHOBECHS X, .

Pewenue. Hanpasum oce Ox BIONB CTOPOHBI [ KOHIEHCATOpPAa OT BEPXHETO Kpas
naacTuH BHU3. IlycTh BepXHUN Kpall TUAJIEKTPUUECKOM IUIACTUHBI UMEET KOOPAUHATY

dx
X, @ CKOPOCTh TUIACTHHBI pPaBHA v = e IMomHast PHEPTHUS TIACTUHBI CKIIaIbIBACTCSI
t

[

. my .
3 €€ KMHCTUYCCKOU DHEPruun T , MOTCHUUAJbHON JHEPIruu CHJIbI TAXKCECTU: -

l .
mg(x-i—a U YaCTblO JSHCPTUU IJJICKTPUYCCKOI'o IMOJId, O6yCHOBHeHHOI/I HaJIM4YueM

[lI/I3JIeKTpl/I‘IeCKOﬁ IJIAaCTHHKH. HOCJ’IE[[H}O}O HaxXoAuM KaK pasHOCTb OHEPruun
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2 2
q

KOHJICHCATOpa 4y 9HEPrUM KoHJeHcaTropa 0e3 IulacTHHKM —— . EMKkoctb
2C (x) 0
KOHJICHCATOpa MOXKHO INPEACTaBUTh KaK €MKOCTh IIBYX IapajUIelbHO COSIUHEHHBIX

KOHACHCATOPOB:

( ): Sé‘oa(l—x)+80ax :ﬂ(

Clx £l+x—£x).
d d

®yukuusa Jlarpanka 11t AM3IEKTPUUYECKOM TIIACTUHBI TPUMET BUT

-2 2 2
L=ﬂ+mg £+x +-1 _ad ! ,
2 2 2C, 2&pa 8+x—é&x

OTKyZia TTONTydnM ypaBHeHHe Jlarpanxa

2 —
m)'c'—mg—qd 1-¢ > =0.
2&4a (8l+x—£x)

Boipaxxenue juis GyHkuuu Jlarpanxka W ypaBHeHue Jlarpamka crpaBe[UIMBBI ISt
x<I[. Ecmum x>/ (mmacTMHa NOJHOCTHIO BBINajJa M3 KOHJEHCATOPAa), TO SHEPrHs
JJIEKTPOCTATHYECKOTO MOl B IUIACTHMHE paBHA HyIO, a ypaBHeHHe Jlarpamika
NPUHUMACET BUJ mX = mg .

IMTonoxenue paBHOBECHS IIACTHHBI OpeensieTcs yenosueM X =0, oTKyzna

£, d(s—l).
e-1 2e,amg

OHo cymecTByeT, ecnu x, </, UiIu

m—gls(e—l)S.

E,
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3necy mgl— W3MEHEHHUE NMOTEHINAIbHON SHEPruy IUIACTUHBI IIPU €€ MepeMeIleHUuN

OT KpaiHero BEpXHETO O KPalHEro HIPKHETO MOJIOKEHUS BHYTPH KOHAEHCATOpa, a

2

E,= i JHEPrusl KOHJEHCATOPa B OTCYTCTBUU IUIACTUHKHU.

Ecnu xe x, >1[, To IIacTHHA BBIIAAET U3 KOHAEHcCaTopa M nanee Oyner

CBOOOIHO MaJaTh C YCKOPEHHEM CBOOOIHOrO MaCHUsI.

Mpumep 14.3. TlpoBoxsmas chepa panguycoMm R cocraBieHa U3 IBYX momycdep.
Omnpenenure cway F, ¢ KOTOpOH OTTalKHBAIOTCSA STH MOTyc(epsl, eCIU IOIHBII
3apsz cepsl paBeH Q .

Pewienue. Boinenum Ha cepe HEOOIBIIONW yUaCTOK IUIOMIANBI0 dS , HECYIUIT 3apsiT

dq. [one B OKPECTHOCTH ATOrO 3apsiia CKIAIBIBACTCS M3 IOJIS, CO3/1aBAcMOI0
caMHM 3apsiioM dg, W TOJNsA, CO37aBaeMOro OCTaJbHBIMH 3apsiaMu Ha cdepe.

CyMmapHOe TI0JIe PaBHOMEPHO 3apsHKeHHOW cdepbl BHYTpH cdepbl paBHO HYIIO, a

0

o}
cHapyxu FE =———=— . BOxu3u noBepxHoCcTH
472'80R2 &y

’H o/28 wiomanku dS Tone, cosgaBaemMoe 3apsaaom  dq,
MOXKHO  aIllpPOKCHMUPOBATh MOJNEM OECKOHEYHOI
, ©

IUIOCKOCTH, HANPSHKEHHOCTh KoToporo E =——.
2¢,

CremoBarenbHO — MMONE,  CO3/[aBaeMOE  3apsiiam,
pacIioloKeHHbIMH Ha cdepe, 3a HCKIIoYeHueM dq

o
ABJIAETCS OJHOPOIHBLIM U PABHO Ey KaK IOKa3aHO
€o

Puc.14.3

Ha puc.14.3. D10 mome aeHCTBYeT Ha 3apsn dq c
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CIIIOW, HamNpaBICHHOH MO0 paxuycy cdepsl W3 IEeHTpa HapykKy H paBHOM

o
dF =——dgq .
2¢, 1

Teneps HETPYIHO HalTH cuiy,
JeiicTByroulylo Ha mnoiycdepy. Pazmenmum ee Ha
KOJIBIIA, KaK IOKa3aHo Ha puc.14.4.
Pesynbrupyromas cuna, AEHCTBYMOLIAs HA KOJbLO,

BBIIETICHHOE YrioM 6 U ero mpupaiieHuem dé ,

HanpasieHa 1o ocu 0z u paBHa

dF, =quin¢9.
2¢,

Puc.14.4 3necb g -- 3aps], HaXOIAUIMICS Ha KOJbIE M
paBHBI g =0 - 27Rcos@ - RdO .
Ioxcrasnsas g B BbIpaxkeHue A1 dF, u WHTErpupys 1o yriy €, HAXOAUM

HCKOMYIO CHITY

72 2p2 2
F = ILZﬂGstinﬁcos&w:”a R = 0 .

Mpumep 14.4. Onennre, HACKOIBKO MU3MEHHUTCS €MKOCTh IJIOCKOTO KOHJCHCATOpa,
MJIACTUHBI KOTOPOTO HAXOASATCS Ha pacCTossHUU d = lcm JIpyr OT Ipyra, €Ciid B HEro
BHECTH NPOBOIAMMK mapuk paauycoM r =0,2um U PacHONIOXKUTH €ro BAAIH OT
TUTACTHH.

Pewenue. Ilpm BHeceHMM IIapuka B IPOCTPAHCTBO MEXIy IUIACTHHAMU
KOHJICHCATOpa Ha €ro IOBEPXHOCTH MOSBHUTCS HABEICHHBIN 3apsi. Tak Kak mojie B
KOHZIEHCATOpE OXHOPOAHOE (7 << d , MO3TOMY IIApHK BHOCHT HUCKaKCHUS B IIOJIE B
MaJloil OKPECTHOCTH BOKpPYT ceO0s1), TO TOJIE, CO3/1aBacMOE 3apsiiOM Ha IIApUKE BHE
HEero COBIIaJaeT C mnoieM aumnois (cM. mpumep 7 maparpada 3) ¢ AMIIONBHBIM
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265

MOMEHTOM  p =47r£0r3E =oFE. Hamune »5TOoro monas W3MEHAET pa3HOCTh

MOTCHLHUAJIIOB  MCKAY o61<na;u<aM1/1 KOHACHCATOpa. Pacyer »3TOro wu3MeHeHHUS

JAOCTAaTOYHO CJIOKEH, IMO3TOMY UL ONPEACICHUA N3MEHCHUA €MKOCTU KOHACHCATopa

yﬂ06Hee BOCIIOJIL30BAThCA SHCPTCTUUCCKUM IMOAXOJ0M.

Haiizem paboTy, KOTOpYyIO HYXHO

+4 + 4+ + 44 COBEPIINTh, 4YTOOBI BHECTH IIAPUK B
! T 3apsOKEHHBIA  KOHJeHcaTop. Tak — Kak
| Fd-q x JJIEKTPOCTATHYCCKOE TMOJIE TMOTECHI[UAIIBHO,

T e—
! +q TO paboTa HE 3aBHCHT OT TPAaECKTOPHH H
1 // MOCJIE TH SIS MOKET OBITh BbIOpaHa

npousBonbHo. Hampasum oce OXx Broms
% TUIOCKOCTH CHMMETPHH IUIACTHH H Oyaem
y

nepemelath Inapuk Baoas ocu O0x wus3

Puc.14.5 KOHIeHcaTopa B  OeckoHedHocTh. Cmia,

JIEUCTByIOIlass HAa JHNOJb, KOrJa

HaXOAMUTCS B TOUKE C KOOpAMHATAMU {x,0,0} , paBHa (puc.14.5)

oE oE
F, =qu(x,%j—qu(x,—%j=ql t=p—.

dy dy
B crity MOTEHIMANIBHOCTH IO —— = 3 L ( rotE =0 ), IO3TOMY OKOHYATEJILHO
y X
3E,
F = oFE y ? .

Pabora, coBepiaemas pu MepeHECeHHH mapuka Baoab ocu Ox Ha dx paBHa

JE, E;
dA = dex=aEy—dx=0(d —,
ox 2

OH
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a BCsi paboTa 1o NepeMenIeHHIO apruKa U3 KOHJEHcaTopa B 0ECKOHEYHOCTh

Q

rne E, = —S, o= 47r£0r3 , S — momwank MIACTUH KOHAEHCATOpa.
&

OHeprus, 3aKIOYCHHass B KOHJAEHCATOpE [0 BHECCHMs IIapHKa paBHA

Q2

WO Z% . HpI/I MaJIOM U3MCHCHUU €MKOCTU U HCU3MCHHOM 3apsA€ OoHa U3MCHUTCA

2
HAa AW = —Q—ZAC . OTO H3MEHEeHHEe YHEPTUH PaBHO PabOTe 110 BHECSHHIO IapuKa B
2C
A A
KoHAeHcaTop, um AW = —A | orkyna —W = —?C, 503071
0
3
AC=Cc A _ ﬂzcz .

&S
EmkocTb mnockoro konaeHcaropa C = %, OTKY/1a OKOHYATEJIbHO

AC =47&,°/d = 8,85-10°° nk®.

IIpumep 14.5. Kongencatop emkocteio C 3apsommu ot uctounmka JIAC mo
pasHocTH TmoOTeHIManoB U W OTKIIOYWIM OT Hero. [lmacTuHBl KOHAEHcaTopa
MOOYEPEHO 3a3eMIIAIOT. MOXKHO JIM, MCIONb3ys 3Ty HPOLEAYpPY, INOJHOCTHIO
pa3psauth konaeHcarop? Kyna npu 3Tom zeBaercs ero sueprus?
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Pewenue. 3a3seMileHHE  O3HAYaeT  COEIUMHEHHE
IUTACTHH  [OOYEPEJHO C JIOCTATOYHO OOJBIIUM

q| Lq yIOAJNeHHBIM TPOBOAHMUKOM, IOTEHIMAI KOTOPOTO
Al [ B MOJararoT PaBHbIM HYNIO. OTOT NPOBOAHUK U
OOKJTagKH KOHACHCATOpa 00pa3yloT KOHIIEHCATOPHI
C, u C, (cMm. puc.14.6). Ilycte mocne 3apsaku
MOTCHL Al OTPULATCIIBHO 3ap;1>1<eHH0171 I1J1aCTHUHBbI

KOHZIEHCaTopa A paBeH ¢J,, a Ipyroi IJIacTUHBI -

((/)0 +U ) [locne coenuHenust miaacTuHbl A ¢ 3emieit

77 77 (c mpoBoguukoM O-O) ee MOTEeHIMAN CTAaHET paBEH
P46 Hymo, a 3apsanx ( mepepacrpeneinTcss MExIy
uc.l14.

koHmeHcatopamu C u C,. CorjacHo 3aKoHY

COXpaHEHHUs 3apsnaa Q=q(1) +qg) U PaBEHCTBY HaNpsDKCHWI Ha KOHAEHCATOpax

4" gy m_ 0oC

=—=—, OTKyIa =
c ¢ 7 " cve,

. [lo ananoruu nocie 3a3eMiIeHUs] OOKIIa KU
B xonpencarop C, paspsaurcs, a 3apsj q(l) nepepacrpeseauTcst 10 00KIIaJKaM
koHgeHcatopoB C u C;. Ilpu stom Ha konzmeHcatope C ocTtaHeTcs 3apsf
1 2
w_c"
c+C, (C+C)C+C,)

TUTAaCTUH KOHACHCATOpa 3apsad Ha HEM YMEHBIIACTCA B

q Bugnm, d9To Tmocie OdYepeqHOro 3a3eMIICHUS

2

k=<~ pas.
(c+c))c+cy) pas

Wrak, KOHAEHCATOpP MONHOCTBIO Pa3psAAUTh HE YyAaeTcsd, Hake eclIUd IOBTOPUTH
MpOLELyPy 3a36MJICHU IUTACTUH HEOAHOKPATHO.
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2
DOHeprusi KOHJEHCAaTOpa 2 ymenbinaercs. OHa MEPEXOANT B TEILIO,

BBIIETISIIONIEeeCs TPH paspsiake kKoHaencatopos C; u C.

IIpumep 14.6. Konpencatop emxoctpio C TIpPUCOEAWHEH K BEPXHUM KOHIIAM JIBYX
napaieabHbIX MEJHBIX IIUH, PACHOJIOKEHHBIX BEPTHKAIBHO HA PAcCTOSHUU [ Ipyr

or npyra. Bes cuctema HaXomWTCS B MOCTOSHHOM OTHOPOTHOM MAarHHTHOM IIOJIE,

BEKTOP HMHIYKIUU KOTOPOTO E MEePIEHANKYISpEH TUIOCKOCTH INWH. Bmoms mmH
najaeT 0e3 HaYaabHOM CKOPOCTU MEIHBIN MPOBOAHUK MACChI /1 TaK, YTO BCErNa €CTh
KOHTaKT MEXIY IPOBOJHUKOM M IMWHamMu. HaliTm yckopeHHe NMPOBOTHWKA W CHIY
TOKa, 3apspkamomiero konaencarop. CompoTuBIeHHMEM U MHAYKTUBHOCTBIO
TIPOBOHUKOB, a TAK)KE TPEHHUEM ITPOBOJHHKA O IIMHEI TPeHEOpeUs.

Pewenue. Jlna 3ajaHdsl TEKYLIErO IOJOXKEHUS

0 T\_l_‘ }l—[—g NPOBOJHHKA BBEIEM KOOpPIMHATHYIO och Ox,
( N HaMpaBIEHHYI0 BEPTUKAIBHO BHU3 (CM. puc.14.7).
) ®B Elg t ;7 Paccmorpum cuiibl, IeHCTBYIOMME Ha HPOBOLHHK:
@ F 510 cwina Tsokectd P =mg, HanpasieHHas
LA BEPTUK&IbHO BHU3, u cuwia Awmnepa (7.2),
T BO3HHUKAIOIIAsl 33 CUET HPOTEKAHUS MO HPOBOIHUKY
} mg MHAYKIMOHHOTO TOKa. IlycTh BexkTOp HWHAYKIMH
X _J<' | —— BHEIIIHEr0 MarHUTHOTO MOJIsI HAIPaBJIeH «OT Hac», a
WHAYKIHOHHEIA TOK I B KOHType, 00pa3OBaHHOM
KOHJICHCATOPOM, IIMHAMH M MPOBOAHHUKOM, TEUeT

Puc.14.7

IPOTUB 4acoBOM cTpenku. Torma cuina Amiepa

HanpasjeHa BEPTHKAIBHO BBEPX M paBHa o Mopymo F, =/[IB. 3anumem s

IIPOBOAHKKA BTOPOH 3akoH HeloTOHA B poekIuu Ha ochk Ox:

ma =mg —IIB s
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501058

a=g-1B (14.1)
m

TZie @ — YCKOPEHHE TPOBOIHUKA.

Jdnst HaxokaeHWs WHAYKUUOHHOTO TOKa HEOOXOAMMO BOCIIONB30BATHCS
3aKOHOM DJIEKTPOMAarHUTHOW WHAYKIMH. CHadana HalJeM MarHUTHBIA IIOTOK depe3
Hall 3aMKHYTBII KOHTYP:

CI>=J.Bds=—le.
N

rae S — IIocKas TMOBEPXHOCTh, OTPaHUYEHHAs] KOHTYPOM, a 3HAK «—» MOSBUJICA H3-3a
TOTO, 4TO MPH AAHHOM BHIOOpPE HANPABICHUS MHAYKIMOHHOTO TOKAa BEKTOP HOpMaln

K TUJIOCKOCTH KOHTYpa dS aHTHIapauleleH BEeKTOpy MarHUTHOM uHaykuuu B . OJIC

MHIYKIMH HalaeM, mpoaudQepeHupoBaB nociieiHee BhIpaXeHHE 110 BPEMEHH:

E =—d£=BlﬂzBlv, (14.2)
dt dt

rae v =v(f) — MCHOBEHHAsi CKOPOCTh TPOBOTHUKA.

[lpumennm  Temeps K Y4acTKy — paccMarpHBacMoOro  KOHTYpa,
HAuMHAIOIIEMYCsl B TOUKe «l» M 3aKkaHUMBAIOIIEMYCS B Touke «2» (cM. puc.14.7)

sakon Oma: O=u, —u, +&, ,um
u, =E,. (14.3)

3mech Y4TEHO, YTO CONPOTHBIICHWE IIPOBOJHUKOB HCUE3AIONIE MAallo, W BBEICHO

0003HAUeHUE U, =U; —U, JUIA PaA3HOCTH IOTEHIMAIOB MEXIy OOKIajKaMu

KOHZIEHCATOpa, KOTOpasi 3aBHCHUT OT WX 3apsna Q: u, =% , W
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Q=Cuy, =CBly.

Cwa UWHIYKIMOHHOTO TOKa paBHAa CKOPOCTH M3MEHEHHMs 3apsfa OOKIamoK

KOHACHCATOpa:
I:Q:CBIQ:CBla. (14.4)
dt dt

IloacraBuB mnocnenHee BblpakeHue B (14.1), BeIpa3uM U3 MOCIETHETO HCKOMOE
YCKOpEHHE:

g
g . (14.5)
242
., BC
m

W3 momydenHo# (opMynBl BHIHO, YTO B AOCTaTOYHO CHJIPHOM MATrHUTHOM TIONE
YCKOPCHHE TPOBOJHUKA MOXET OBITh 3HAYUTEIHHO MEHbBIIE YCKOPCHHS CBOOOIHOrO
MaJieHus — WHAYKIUOHHBI TOK MPOTHBOACHCTBYET NAaleHUIO IPOBONHUKA, HO
OCTaHOBHTbH €0 HE B COCTOSTHUU.

OxoHYaTeNbHOE BBIpAXEHUE IS CHJIBI HWHAYKIMOHHOTO TOKA TIIONYYHM,
noactasus (14.5) B (14.4):

_ BiCg
BA*C
1+
m

IIpumep 14.7. Tlo nByM BepTHKaJIbHBEIM MapaUICIHBIM MEIHBIM IIMHAM B IIOJIE
CHJIBI TSAXKCCTHU MOXKCET CKOJIb3UTH 663 TPpCHUA HACaIbHasA MPOBOAAIIASA NCPECMbIYKa
Maccoil m u jguHoM [ . IlIuHBI cBepXy 3aMKHYTBl HHAYKTHBHOCTBIO L, a CHH3Y -
conporuBieHueM R . Cucrema HaxogWTCS B OJHOPOJHOM MAarHMTHOM IOJE,
UHIYKIHS KOTOPOro NEpPHEHAMKY/ISIpHA ILUIOCKOCTM WIMH U paBHa B. llepembluka
CHa4aja yAep>KMBAeTCA B HEKOTOPOM IIOJIOXKEHHH, & 3aTeM OTITycKaeTcsi 0e3 TOomdKa.
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Haiinure HOBOE MOJNOKEHHWE DPAaBHOBECHS MHEPEMBIYKH M XapakTep IEpexOJHOro

rpotecca.
Pewienue.
YL
L
K 5
1
C—h 0
4 me 1>
R

—

Puc.14.8

dl
L71 +E =0, RI,=
t

Kak u B mpeasiaymemM npuMepe HampaBUM OCh
Ox BEpTUKaIBHO BHU3. Ha mnepembruky

NIEHCTBYIOT T€ )K€ CHJIBI, YTO M B MPEIBIAYIIEM

—

IpUMepe: CHla TSHKECTH Mg | cuna Ammepa
F, =1IB. Ot cunsl nokaszaHsl Ha puc.14.8.
Bropoii 3akon HploToOHa NpUHHUMaET Takou ke
BUJ, Kak u B mpumepe 6, - ¢popmyny (14.1).
OJIC MHIYKINU TaKKe COBMAAACT C HAWJCHHOM
BBIIIIE B MpuUMepe O U 3a7aeTcs BhIpaKEHHEM
(14.2): E, =Blv. A BoT uens, 1no KOTOpPOH
NPOTEKaeT HMHIOYKIMOHHBI TOK, B JaHHOM
npuMepe OTJIMYaeTcsl OT Lenu npumepa o.
[IpaBuna Kupxroda mis Hee UMEIOT BU:

dl,

I=1+1,. 14.3
dt b2 ( )

IMoncrasnsst B nepsoe ypasuenue (14.3) E; u uHTErpupys, moiydacm

LI, +Blx=C.

Ecmu oce Ox HallpaBUTb M3 HAYAJbHOI'O IOJIOKCHHA HNEPEMbIYKHU, TO KOHCTAaHTa

unTerpupoBanusi C=0, Tak kKak B MOMEHT ¢ = () TOK uepe3 KaTyIIKy He TeYeT.

W3 nByx mocnenunx ypaBHenunit (14.3) Beipazum [ :

(14.9)
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Iloncrasnss B (14.4) I, = —BTlx, a [ Bo BTOpoil 3akoH Hriorona (14.1), Haxonum

YPaBHEHUE NBUKCHUS ITIEPEMBIIKH

d*x . (B1)* ax _(BI)

dx o 14.5
di? mR dt mL § (14.5)

HoBoe mnonoxeHue paBHOBeCHsI MEPEeMBIYKM Haiinem, moioxuB B (14.5)

xX'=x"=0

mL
.xO = g >
(81)
Pemenne ypaBHEHUS (14.5) oTIpeneNnsIeTcs KOpHSIMH ero

XapaKTCpUCTUUCCKOI'O YPAaBHCHU A

2 2
,124_@,1_@:0,
mR mL
2
1. Eciu (Bl) <l,
4mR> L

TO KOPHH KOMIDIEKCHO CONpsuKeHHble A, = - ti@,

2 2 4
e =B B (B)
2mR mL  4m>R*

Ooee pemenne ypasHeHus (14.5) B 3ToM cirydae

x= mgL +exp(— )| Acos ax + Csin ax].

(B1)*

KoncranTsl 4 1 C HaxonuM U3 HaYaJIbHBIX YCIOBUH: B MOMEHT ¢ = () KoopamHAaTa

x(0)=0, x(0)=0, (14.6)
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mgL

+ A, 0=—A+wC.
(B1)*

383071 0=

OTKyna OKOHUATEIbHO

x= mgl; [l — exp(— &) {cos wt + ésin a)tﬂ .
(B1) @

(B1) 1
4mR?* " L’

TO KOpHU XapaKTEPUCTUUECKOIO YpaBHEHUS JIEUCTBUTEJIbHBIC

A = -S+V-w?, A, = -8 —\-w? , a obmee pemrenne ypasHenus (14.5) c

HadaIbHBIMH ycnoBusimu (14.6) nmeet BUA

2. Ecmu

mgL A4
x= + A| explA;t)— —explAyt) |,
s A exle)= - exnl)

rae A:r;zg—L/iz’ /11:—5+\/—w2, A, =-0- -’ .
(Bl) (/‘{q "‘/12)

mgL

Ilpu t — x—
(B1)?

Taxum 06pazom,

2
ecu (Bl) 5 < 1 ,TO X = Kl;[l - exp(— §t)~(cos wt +£sin wtﬂ ,
4mR*> L (BI) o
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(BI? 1 mgL A
Ecmu >—,T0 x= + Al exp(Ait)——expl(A,t) ],
el 51 p(41) p p(4,1)
mgLA,

A ==0+V-0*, A =-6-V-0".

rae A=

(B (4 +4,)

mgL
(B1)*

IMEPEMBIYKN BEPTUKAJIBHO BHUS.

IIpu t > x—= Ocp Ox HampaBieHa OT HA4YaJbHOIO IOJIOXKEHUS

IIpumep 14.8. DnexkTpoMarHUT W3 KEIE3HOTO
Opyca KBaJpaTHOrO ceycHUs B (HOpPME MOIKOBBI
UMeeT pa3Mepel, VyKa3aHHble Ha puc.14.9a:
a=5cm, R="17,5cm,l =10cm, h =10cm Yucno
BUTKOB 00MOoTKH N =200, cmia Toka [ =24. Kak

BCJIMKAa NMOABEMHAsA CUJIa DJICKTPOMArHura, €CJin

MarHuTHas IIPOHULIAeMOCTh Opyca i =200?

Pewenue. Pacuer MOABEMHOU CUJIBI
INEKTPOMArHUTA poOBEJieM, HCIIONB3Ys
JHEepreTUdecKkue coobpakeHus. Jlomyctum, dTo
o SIKOPb AJIEKTPOMArHUTA OTCTOUT OT IOJKOBBI Ha
Mmaioe paccrosame O  (puc.14.96). Ilpm

a NepeMeIeHHH SIKOpsL Ha JTO paccrosHue (B
L

~— gl~ MOJIOXKEHUE, TO0KazaHHoe Ha puc.14.9.a) o

Puc.14.9 coeput pabory A=FJ, rme F — wuckomas

NOABEMHAs] CHJIa DJISKTPOMarHuTa. JT1a padora

|

COBEpLIACTCA KaK 3a CYET M3MEHEHUS DHEPrUM MarHutHoro mnoms W :ELI ,

IIPOHU3BIBAIOLIECTO DJIEKTPOMArHUT
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AW =%IACI> ,

Tak ¥ 3a cueT padboTel DJIC UHAYKINY, BO3HUKAIOIICH B KOHTYpPE 332 CUCT U3MCHCHUS

MAarHuTHOI'O IIOTOKa
A= J.IEidt = —IAD,

rac AD — u3MeHeHne IOTOKA BCKTOpa HWHAYKOHWU MArHvuTHOI'O IIOJISA 4Y€pPE3 BUTKU
OOMOTKH 3JIEKTPOMArHHTA.
bananc sHepruu B cucreMe npu NepeMeNICHUH IKOPsl UMEET BUJ,

A=F§=—IA<I>+%IACI>=—%IACI>. (14.7)

[loTok BekTOpa MHAYKIMH 4Yepe3 BUTKH OOMOTKH pPaBeH ® = BNa’, rne
B — BennunHa MHIYKIIMKM MarHUTHOTO I10JIs1, KOTOPYIO, €CIIM peHeOpeyb paccessHueM
MOJIsI, MOXKHO CYMTATh OJWHAKOBOM [ BCEX BHUTKOB. Ee MOXHO HaWTH, €CIU
IPUMEHHUTb TEOpEMY O LHUPKYISLUUM K TPACKTOpUHU, COBNAJAIOLIEH C CUIIOBOM
JIWHUEH, TOKa3aHHOH Ha puc.14.9 myHKTHpOM:
1. U1 IONOXKEHMS SIKOPSI, TOKa3aHHOTO Ha puc.14.96

B B
L [ZR +2h +1+2a]+ =125 = IN ;
Hity Ho

2. A7 TIONIOXKEHUS KOs, TTOKa3aHHOTO Ha prc.14.9a

By [7R + 2h + 1+ 2a]=IN s

2

Ioncrasnsst HalineHHbIe 3HAaUYeHUs1 B; U B, cHaydana B BbIpakeHHUe i notoka P , a

ero B (14.7), okoHYaTEIbHO MOTYUYUM
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1%5:%11\/4;2(192 -B)=

2
(INa)® 1 ~ 1
2 AR+2h+1+2a 7R+2h+1+2a+2Uc

Vurem, uto U << R,h,l,a , Torna BIpaXEHHE B MPaBOM yYacTH Npeobpasyercs K
BUY

2
IaN 2
B 5,
(ﬂR+2h+l+2aj ol

2
IaN 2
Fof__faN — 498H .
o (ﬂR+2h+l+2aj ke

3aoanue 0na camocmoamenbHol padomovl

14.1. 3apsin Q paBHOMEPHO pAacHpeJesieH 10 TOHKOMY

@ Kosbily paguycoM R (puc.14.10). Toueunslit aumons

p— Maccou m ¢ JUIIOJIBHBIM MOMEHTOM P MOXKET

Q nepeMeaTbCsa BAOJIb OCHU KOJIbIIA. Onpeaem/ITe 4acToTy

MajbIX ~ KOJNEOAaHWH  JUIONST  OKOJNO  TTOJOXKEHHS
Puc.14.10

paBHOBecHSI.

14.2. Oana W3 IUIACTHH KOHJCHCATOpPA JKECTKO 3aKPEIUICHA, a BTOpas, MMEIOIIas
Maccy m , CBS3aHa C IMPYKUHOU KEeCTKOCThI0 k (cM. puc.14.11). Paccrosnue mexay

IUIACTUHAMHU TIPM  HEHAIpsHKEHHOM mpyxuHe paBHo d,. K KkongeHcatopy

MOAKIIOUMIN OaTapelo. B HOBOM TOJOXKEHHWM paBHOBECHS PACCTOSIHUE MEXIY

4 . .
IUTACTUHAMH d = gd o - HaliiuTe 9acToTy Manbix KoneOaHHH IIIaCTHHBL
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14.3. Konpencatop mepeMEHHOW E€MKOCTH COCTOHT U3

—— dO - JABYX HCIIOABUXXHBIX METAJUNIMYCCKUX IJIaCTHUH,
d | paCIIONIOKEHHBIX Ha pacCTOSHUU d JApyr T Apyra, u
; k. ' MOJABW)KHOW — JUDIEKTPUYECKOM  IUIACTHHBIL,  KOTOpas
NI MOXET MHOBOPAUMBATBCS. U BXOOMTH B 3a30p MEXIY
| MeTaJUIM4ecKuMi  TulactuHamu  (puc.14.12).  Bce
|' IUIACTUHBI UMEIOT (GOpMy HONyKpyra paguyca R , mpuyeM
. o 3a30pbI MEXLy
A — JIMBJIEKTPUYCCKOM [UIACTHHON |
| IUIACTHHAMH KOH/IEHCATOpa ,J e
npeHeOpexkuMo MaJibl o /\ \,L
Puc.14.11 cpaBuenuio ¢ d . Ilpenebperas A L\
KpacBbiMH 3 deKTamu, HaWgUTe MOMEHT cuil M, /
JCUCTBYIONIMX Ha OUAICKTPUYECKYIO IUIACTHHY, KOTJa OHa /
BBIBCJICHA M3 MOJNOXKEHHs paBHOBecus. KowuaeHcatop
3apsDKEH /10 Pa3HOCTH MOTEHLHAIOB V , NUIJIEKTpHUeCKas
IMPOHUIIAEMOCThb HOﬂBH)KHOﬁ IJIaCTUHBI paBHaA E. Puc.14.12

14.4. TInockuii KOHACHCATOP COCTOMT M3 ABYX OJMHAKOBBIX KBaJPATHBIX ILIACTHH,
PacCIOJIOKEHHBIX B BaKyyMeé BEpTHKAJIbHO HAa PACCTOSHMM d =lwmm Apyr oT apyra.
OpnHa U3 IIACTHH 3aKperieHa, a Apyras MOXKET ABHIAThCS O€3 TPEHUS 110 IUIaJKUM
BEPTUKAJIBbHBIM HampasistouuM. Ilpu kakol pa3HOCTH MOTEHUMANOB V  MexIay
IJIaCTUHaAMU MOABUIXKHAA IIJIaCTUHA HC yHaacT BuH3? Macca HO,HBH)I(HOﬁ IIJ1aCTUHBbI
M =1z, cropoHa kBazgparta [ =10cm .

Vkazanue: Bocrions3oBatscs ypaBHeHHeM Jlarpanxa.

14.5. B OesrpanmdHoM cjoe TOMIIMHON 2d o0o0beMHas IUIOTHOCTH 3apsga p
U3MEHSETCs 110 3aKOHY P = pox/d (—d <x<d ), TZIe X - KOOpIWHATa BIONb OCH

0x , mepeHANKYIAPHON TIOCKOCTH CIOsl. B cloe nMeeTcs TOHKUI KaHall BIIOJb OCH



278 §14. 3a0auu nosvuuennoti mpyonocmu

Ox , B KOTOPpOM IMOMCIICH TOYCYHBIN JAUIIO0NIb C Maccou Mm u JAUIIOJIbHBIM MOMCHTOM

P, HAIIpaBJICHHBIM BJOJb OCH KaHalia. Berancnure IEproa MaJibIX MPOHAOJIBHBIX

KoJIe0aHU JUIIONA.

14.6. Kax u3MeHuTCs OTBET B IpuMepe 3, eciM B LEHTpe cdepe IOMECTUThH
JOIOJHUTENbHBI ToueuHblll 3apan ¢ ? Cdepy cuuTaTh IHOMOH M OECKOHEUHO

TOHKOH.

14.7. Ha BepTHKaJbHYIO INIAJIKYIO CHHILY HajeTa OyCHHKa, HeCcyllas MOJI0KUTEIbHBIH
3apal g. Ha HM)KHEM KOHIIE CHUIbI PacHojOXKEH pPaBHbIM OJHOMMEHHBIM 3apsi.
BycuHKy TOABMHYIM K HEMy JOCTaro4Ho Onm3ko M ormycTuid. COBEpLIMB psi
KojeOaHuii, OycMHKa OCTaHOBWJIaCh Ha BBICOT€ a . Haiiaurte 3Ty BBICOTY, €cid
W3BECTHO, YTO IIPU MABWKEHHMM Ha OYCHHKY AEHCTBYET CHJIa BSI3KOTO TPEHHS,
MPONOPIOHANIbHAS €€ CKOpocTH. [IonHABIIMCE B KaKOM-TO MOMEHT BpPEMEHHU M0

MAaKCHMaJIbHOH BBICOTHI H |, OyCHHKA OIyCTHJIACh A0 MUHUMAIbHOH BBICOTHI /1, a
3aTeM MOAHAIACH 0 MaKCHMalbHOH BbICOThl H,. Kakoii 3apan Obu1 Ha OycHHKe,

eciu ee macca paBHa m ?

14.8. ITo pnMHHOMY COJNEHOWIY, UMCIOIIEMY /I BHTKOB Ha €IUHHILY JJIMHBI, TEUCT

Tok [ . Halinute maBneHue p, nedcTByromee Ha OOKOBYIO IIOBEPXHOCTH COJICHOH/IA.

MarnuTtHas npoHULAEMOCTh cpenbl U =1.

14.9. [InuHHBI CIUIOIIHON NWIMHAP W3 JUIJIEKTPUKA CTATHYECKH MOJISIPU30BaH,
IpHYeM BEKTOp MOJSAPU3ALUH BO BCEX TOUKAX LMIMHIpPA HAIpaBieH paauaibHO. A
€ro BEJMYHMHA IPONOPLUOHAIBHA PACCTOSHUIO OT MPOMOJIBHOW OCH LWIMHIPA, TO

ectb P =kr (k = const, r — paquyc-BeKTOp, IPOBEICHHBIA OT OCH IEPICHIUKYISIPHO

K Helt). [lunuuap Bpamaercst ¢ YriaoBOM CKOPOCTbIO (U BOKpYT cBoei ocu. Haiinure
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WHAYKIUIO MAarHATHOTO IIOJIST BHYTPH LHJIMHIpPA BIATH OT €ro KOHIIOB, €CIH PaguyC
LUMHIpa paBeH R .

14.10. InuuHbN cepredHuk ¢ (4 =100 BTATHBaeTCS C CHIION

£ F =10H B JMHHBIA CONEHOUJ, MO KOTOPOMY TEYeT TOK
I =10A. Ceplie4yHUK 3aHHMAeT BCE CEUCHHE COJICHOWIA U
BCTAaBIECH Ha TJIyOMHY, 3HAUUTEIHHO NPEBBIIAIONIYIO €r0
nuamerp (puc.14.13) Haiiante K03pPUIMEHT CaMOMHAYKLIUU

L conenouma (6e3 cepaeunuka), eciu ero amuHa [ = 50cm .

14.11. Kax wu3MeHHTCS TOABEMHAs CHJA D3JICKTPOMAarHWTa,

|
—
=
) n300paxkeHHOro Ha puc.14.9 , ecim ero HIDKHUI SKOpPb

o— o
HU3rOTOBUTH H3 MaTepI/IaHa C MArHuTHOH HpOHHHaeMOCTBIO

My, OTIAMYHOM OT MArHMTHOM IPOHUIIAEMOCTH BEpPXHEN

puc.14.13
TIOAKOBBI A, 7

14.12. Bpons 3BakyMpoOBaHHOW JIMHHON LMJIMHIPUYECKOW TPYOBI pamuycoM R
CO3IaH CTallMOHAPHBIA aKCHAIBHO CHMMETPHYHBIA IOTOK 3JIEKTPOHOB, YCKOPEHHBIX
IIpU NIPOXOXKAECHUU pa3HOCTH noTeHuuanos U . Haliaute pacnpeneneHue MioTHOCTU
3JIEKTPOHOB B 3aBUCHMOCTU OT pajguyca 7 B HEKOTOPOM CEUYEHHH IIydKa, ecCid
pe3yabTaThl M3MEPEHHsT MAarHWTHOTO Monsg B Kak (YHKOMM 7 B 3TOM CEYCHHHU

OKa3aJI0Ch BO3MOXKHBIM OIMCATh BBIPAKEHHEM B = B, (r/ R)q mpu r<R, ¢g>0,

rae B, u q-- nocrosHHble. OnpeaenuTe dIEKTPUIECKOe Moe E(r), pearnosaras,

YTO mapaMeETPhI IMydKa HE U3MEHAIOTCS BOJIb €T0 OCH.

14.13. luck paguycom R wu Tommmuou [ (l << R) 13 PaBHOMEPHO 3apsKEHHOTO
JMUDJICKTPUKA C OOBEMHON IUIOTHOCTBIO 3apsga O  JSKUT Ha  OOJbIION

METAJIIMYECKOM 3a36MJICHHOMN IJIACTHUHE. Brrauciure SHEPrUIo w
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JNEKTPOCTATHYECKOr0  MOJIS , 3aKIIOYEHHOro B OMcKe. JIudnmekrpuyeckas
MPOHUIIAEMOCTh AMIeKTpuka £ = 1. KpaeBsimu ¢ dexramu npeHeOpeds.

14.14. B Oe3rpaHu4HOM CJIO€ TONIIMHOW 2d O00BEMHAs IUIOTHOCTh 3apsia p
WU3MEHSETCS 10 3aKOHY L = pox/d(—d <x< d), 1€ X - KOOpJAWHATa BJAOJIb OCH
0x , mepeHANKYSAPHON TIOCKOCTH CI0sl. B clloe nMeeTcs TOHKUI KaHal BIOJb OCH
0Ox, B KOTOPOM TIOMEIIEH MAaJICHbKHH TPOBOISINMIN IapHK, CIOCIAHHBIA U3

MaTepHana ¢ IJIOTHOCTBIO L, BBMUCINTE MUHUMAJIBHYIO CKOPOCTh, KOTOPYIO HYXHO
COOOIIUTH IIAPHUKY B LIEHTPE CJIOS, YTOOBI OH MOT TIOKMHYTh KaHaJl.

14.15. B oOesrpanmunoM cioe TommuHOW 2d 00BEeMHAs IDIOTHOCTH 3apsga p
M3MEHSETCS M0 3aKOHYy QO = pox/d(—d <x<d), Tae X - KOOPIMHATA BJONb OCH

0x , mepIeHANKYISAPHON TIOCKOCTH CI0sl. B cloe nMeeTcs TOHKUI KaHall BIOJb OCH
0x, B KOTOPOM IIOMCHICH MAaJICHbKHHA AHANEKTPUICCKAN IMapuK, CHACTAHHBIA W3
MaTtepuaia ¢ IVIOTHOCTBIO O, U IHUANEKTPUYECKOM NPOHHULIAEMOCThIO €. Brlunciure
TIEPUO]] MaJIBIX MPOJONBHEIX KONCOaHU! IIaprKa.

14.16. IlpoBomsamas momas cepa pammycoMm R cocTaBleHa W3 JABYX Ioiycdep.
BHyTpH chepbl moMelieH KOHIEHTPUYHO MPOBOAALINN 3a36MIICHHBIH 1ap paguycoM
R;. Ompenemute cmny F, ¢ KOTOpOH OTTaJKUBAIOTCA HONyc(hepbl, €CIIM TTONHBINA
3apsig coepsl paseH Q. Ilpm kakoM yciioBMM CHiIa B3aUMOJEHCTBHS momychep

MeHseT 3HaK?

14.17. Tlo cdepe pammycom R paBHOMEpHO pacmpeneieH 3apsx Q. Ompenemute

JIaBJICHNE HA TIOBEPXHOCTH C(EPBI, 00YCIOBICHHOE B3aUMOACHCTBUEM 3aPSI0B.
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14.18. Ha BepTukajpHyIO CHOUIly HageTa OYCHHKa € Maccod m, Hecymas

TIOJIOXKUTENIBHBIA 3apsil ¢, KOTOpasi MOXET CKOJIb3UTh 10 chuue 0e3 Tpenus. Ha

HUKHEM KOHLE CIMLBI PacHojoXKeH Takol e 3apsn. Haligure vactory Malbix

1 Had

KoneOaHuit OycHuHKU OKOJIO  TIOJIOXKEHUS
paBHOBECHS.

14.19. Ha puc.14.14 wu3o0pakeHa 3aBUCHMOCTb
HAaMarHM4eHHOCTH J OT HaNpSDKEHHOCTH TTOJIS
H nns HEKOTOpPOro MarHWTHOTO MaTepHana, W3
KOTOpPOI'O  M3TOTOBJIEH  CEPACYHUK  TOHKOM
TOPOUJANIBHOM KaTyIIKHU, UMEoUed N BUTKOB.

B cepmeunuke wumeercs y3KUH NONEpEYHBIN

" on

Hac

Puc.14.14

BO3AYIIHBIM 3a30p JiauHOM [ J[MMHA KaTyHIKu
(mepumetp) paBHa L. Ompemenure mpH KakoM

3HAYCHHUH TOKa 1 0 B KaTyMKE HACTYIUT

HaCbIIICHUEC HaMarHM4€HHOCTHU CEpACHHHUKA. Kak

OyoeT MeHATbCS MarHMTHas MHAyKIMA BB 3a3zope ceppeunHuka npu [ >1;?

Bemnuuner J,, u H

Hac

Puc.14.15

3aJlaHbI.

14.20. Tonkas TopommaigbHas KaTyIIKa , HAMOTaHHAs
Ha TIONBIA HEMarHUTHBIM Kapkac (cMm. puc.14.15 )
paauycoM R, umeer N BUTKOB, 110 KOTOPBIM TE€UYET TOK
I . KaxoBo MarHuTHOE 1ojie B B LIeHTpe Topa (B TOUKE
0)? Kak u3MmeHuTCcs MarHuTHoe mone B Touke O, eciu
BHYTPb KATyIIKH IIOMECTHUTH HEOONBIION Imapuk

pagMycoM 7, <<r ¢ MAarHMTHOH IPOHHMIAEMOCTBIO

w>>1?
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14.21. Ha cKoIbKO U3MEHHTCS MHIYKTHBHOCTH TOHKOI'O BUTKa paauycoM R =1lcm,
€CIM  €ro  pacmoioXuTh Ha pacctosHuM h=10cm  or  OecKoHEYHOI

cBepxnpoBosel miockocTi? [110cKkoCTh BUTKA MapaulelbHa CBEPXIPOBOAHHUKY.

14.22. B ycnoBuu mnpumepa 6  KOHICHCATOp 3aMEHSETCS Ha PpE3UCTOp C
conporuieHrueM R. TpeOGyeTcs HaiTH 3aKOH U3MEHEHHUSI CKOPOCTH TIPOBOIHUKA.

14.23. B ycnoBum mpumepa 6 KOHJIEHCATOpP 3aMEHSETCd Ha KaTymKy cC
MHIyKTHBHOCTBIO L. TpeOyercst HaliTn 3aKOH JBMKEHUS IPOBOIHUKA.

14.24. BuyTpb JUIMHHOTO COJICHOHM/IA, MMEIOLIET0 OOMOTKY C N BUTKAMH HA CIUHUILY
JUIMHBI, BHECIM MAaJCHbKHH I[apuk 00beMOM V M3 MarHUTHOrO MaTepuana C

MPOHAULIAeMOCTEIO UL . OTleHUTe, HACKOIBKO U3MEHHUTCS HHIyKTUBHOCTH COJICHOHIA.

14.25. Ha cKONBKO M3MEHHUTCS MHIYKTUBHOCTh TOHKOTO BHTKA PAaTUYCOM R = lcu ,

€CIM  ero  pacmoioXuTh Ha pacctosHuM h=10cm  or  OecKoHEYHOI

CBEPXIPOBOASIICH ockocT? [TnockocThb BUTKA NepHEeHANKYISIPHA
CBEPXIIPOBOIHUKY.

w 14.26. MarHuTHBIl AUIOIbL C MOMEHTOM p,,

1 a \1 n BpallaeTcss C YIVIOBOM CKOPOCTBIO (6 BOKpPYT

R // * \J OCH, TMpOXOISIIEH uepe3 €ro LeHTp U

/ NEepPHEeHANKYIIPHOH MarHUTHOMY MOMEHTY

(cm. puc.14.16 ). Haiigure TOK B IIIOCKOM

KpYIJIOW HEMOABMKHOM paMKe paauycoM d c

Puc.14.16 compoTHBIeHHEM R,

—

paccrosHuu [ >>a ot aunons. HopMmans 1 K IJIOCKOCTH PaMKU NEPHEHIUKYISpHA

HaxoJslencs Ha

ocu BparieHus aunoist. CaMOMHAYKIHEH paMKH peHeOpedb.



§15.0meemul 283
§15. OrBeTnI
§1. Dnexmpuueckoe none
LL g=—-L.
NE)
12. E =%, BEKTOP E HaIlpaBJIeH BAOJNb JUHUM, COCOUHSIOLIEH LEHTP
8r eya

KOJIBIIa C IPOPE3BIO.

2
13 e o1 (ij =42-10%

F, 4me,G\m
eZ
14 a=——=25-108m/c?
4reymr
2
15. L X _giHim
[ 2meyb

KK l . .
1.6. F = #ln(l +—j, C TAaKOi CUJIOH HUTh OTTAIKUBAET OTPE3OK.

27e, T
1.7. B 0bonx ciydasx E =0

3qa2

18. E, = . E, =0.

47r€0r4
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z .
19. E. = 0 3 1- , INIT 7z <<a COBIAgacT C IMoJieM OCCKOHEUYHOMH
27Eya a’+7°

a s Z >> a ¢ MOJIEM TOYCYHOI'0

OJIHOPOJHO 3apsKEHHOM IIocKocTH E = >

2reya
3apsana E = .
47r€0z2
oz 1 1
1.10. £, =— — , TJI€ 7 — PacCTOSIHUE JI0 LIEHTPa KOJbLa
2¢, \/R12 +72 \/R22 +7°
1.11. KapruHa CcWIOBBIX JIMHMH IIOKa3aHa Ha
R ﬂjwwbj‘ puc.15.1, tne E; 21.
™ 2 G 2¢,
. L2 =2
: | Jd2. E=——, nose HampaBieHO BJIOJb OCH
;3E1 4¢g, P
| 7 CUMMETPHH TOJIyc(hepsl.
< — — - p -
{ 26 113. E="—a.
. 3g,
|
| 3e
Puc.15.1 1.14. p(r)=const = —,
47R
1 2
ve— S =2510%Ty .
Ar \ meymR
R 1 1
1.15. E o , TIOJIE HANpPaBJICHO BIOJIb OCH

T2, \/R2+(a¢—l)2 _\/R2+(a+l)2

LUAJMHIpA
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o [
1.16. E = —arctgz , TI0JIe HAIIPABJIEHO NEPHEHANUKYIISIPHO TNIOCKOCTH MOJIOCHI
TIE
0

112 2
117. E, =— 9 In il +l, E = g iczrctgi.
ATE) 1P 4 h? -1 27, |4 h
1.18. E = L2 , HaIIpaBJIEHO BJOJb JHAarOHaIN KBajaparTa
eyl
119, £ =i V2K ezl L L
4rega 2 42
120 Foi V% eso/ L L1
4rega 3 43 43
121, £= Y0
47eyz

§2. [lomenyuan s3nekmpuyeckozo nos

2.1. Bo Bcex Tpex cirydasx A = 9 (i - i} , B 9aCTHOCTH, B cirydae 6) A=0

dreg\nn 1
1 1 1
22.9=—1 (——+———...] =—1 2
2meq\ a 2a 3a 27meqa
2.3. A=0, 1s OTHONMEHHBIX 3apsoB A = 19
TEya
24.2) W=0, M = p,E,MOMEeHT HalpaBJeH 3a IJIOCKOCTb PUCYHKA, 0)

W=-pE, M=0, B) W=p,E, M =0;BoBcex ciyqasx F =0

2.5. a) W=_p1_1’23,6) W=p1_p2%, B) W =0
TEGF 2y
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E 2p,E
2.6.a)=% LR, Wl &

m ml?

-

2.7. a) p, ¥ r aHTHNApanenbHel, ©0) p, W 7 HapayIeNbHBL, B) p, U F

OPTOTrOHAJIEHBI
V1+3cos? @
28. E (6’) = 176—3 , TAe @ -- yroa MEexXIy HampaBlICHHEM Ha TOYKY Cephbl
4reyR
Y JTUTIOJIEM.
OR (o

29. ¢ = e’ E, = e’ rie ocb (7 HampaBlIeHa BAOIb OCH CHMMETPHUU

€o S 45
noiycdepsl

4d7e,
2.10. n = SEP =2.10" JIIEKTPOHOB, AM =mn=2-10""xz
e

211 E=Ei+E j+Ek,me E,=24"0 g P70 p _Pi70s
: a a a

2.12. F =Le3, JUIONb OyneT NPHUTATMBATBCSA K 3apsay, €Cid OH OOpalleH K
2meyd

HeMy HpOTI/IBOHOJ'IOX(HO Sapﬂ)KeHHLIM KOHILIOM, W OTTaJIKUBAaThCA B HpOTl/lBHOM
ciy4ae.
213. [=2a*-R*.

2.14. Her, Tak Kak Takoe moJjic He OyIeT MOTCHIMATbHBIM.

2.15. p= R

§3. IIpogoonuku u ousnekmpuxu 6 snekmpuyeckom noie . Teopema I'aycca

2¢& ‘rga
30 =088
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1 . |
3.2. 0'1:_0'225(511—‘12)a 0'1:0'225(‘11+‘12),
Ex=‘11_Q2, E;=—E;=ql+q2.
2¢, 2¢,

3.4. IloreHuMan NPOBOAHNKA YMEHBILIUTCS

3.5. Ha BHyTpeHHEH MOBEPXHOCTH OOOJIOYKH TOSBUTCS HAaBEACHHBIA 3apsii TaKOH,
4TOOBI M0JIe BHYTPU O0OJOYKH 00paTHIIOCh B HOMb. Tak Kak 000JI0uKa He 3apshKeHa,
TO 3apsii IPOTHUBOIIOJIOXKHOIO 3HAKa PACIPElCIHUTCS II0 BHEIIHEH IT0BEPXHOCTH
000JI0YKH PAaBHOMEPHO.

1) Ecim x o0omoyke TOAHECTH 3apsDKCHHBIM IPOBOIHUK, TO WM3MEHHUTCS IIONE
CHapyXH OOOJIOYKM TakK, 4YTOOBbl II0JIE B NPOBOJHHMKE OBLIO paBHO HYIIO.
Pacnipenenenne 3apsina Ha BHYTpPEHHEH 00OJOYKE He usMmeHumcs W TO-TPEKHEMY
Oyner co3maBaTh HAIpsHKEHHOCTh B 000JIOYKe, paBHYyIo Hymo. 2) Ilepememienune
BHYTPEHHETO IIPOBOJHUKA OYIEeT IPHBOANTH K N3MEHEHHIO PACIIPEACIICHNUS 3apsaa Ha
BHYTpPEHHEW 000JI04Ke, HO HEe OyJeT BIUATH Ha I0JIE CHApYKH.

3.6. YBenuuuTCcs, TaK Kak NOBEPXHOCTHAs IUIOTHOCTH 3apsiia Ha METaJUTMYECKOH
TUIACTUHKE MPOTHB JMAJICKTPHKA BO3PACTET.

3.7. lone paguanbHO M OIPENEISIeTCS BRIPAKECHUSIMH

0
R(R,-R;) 0 r<R,
E= RZ(R3_R1)47I€0r2 R <r<R, )
“IR(R,-R) © L <r<g, ¢ T paccromme ot
Rz(R3 —Rl) 47r€0r2 Ry<r
0
neHTpa chep.
Ux Ulx+d)

3.8. El :d_z’ E2 =

39. g5=q;1/q,.

3.10. YMmeHbmuTcs
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R> .
P , 2R
3.11. E(?): 28—0r , TOe r — pacCTOsSHHWE OT OCH LMUIUHApPA O
Pr r<R
2¢,

paccMarpuBaeMoi TOYKH NPOCTPAHCTBA
2xd N
312. E= 5 5} » HAMPABJICHO NApaICTbHO MIOCKOCTH, B KOTOPOH JeKaT
8o7zi4h +d i
IpOBOJA.

pdx

3.13. ITone neprneHauKyIApHO K IOBEPXHOCTH CIIOSL U PaBHO BHe cios E
£ [

BHyTpH ciost E, = px/&,. Ocb Ox nepneHIuKyaspHa K IoBepxHOCTH ciod, x =0 B

CECPCANHE CJI0s.

34 g=—— 9
(RIr+e-1)
2&4E,
3.15. p(r)= 5070
r
247€,Ega®
3.16. F = M , ChephI IPUTATUBAIOTCS .
r
317.2) @p =P p3 > Py, 6) ¢, =Py, =P,; =¢q. Ilanouka Hapymaer

cepryecKyl0 CHMMETPHIO TMOJsI, IO3TOMY OIpPEAEIHTh moie D ¢ MOMOIIBIO
MHTETpaJIbHON TeopeMbl ['aycca HEBO3MOXKHO.

3.18. a) (o(x)zgx npu |x|<a; (/)(x):§a|x|+E(x a| |] npu |x|>a;

0)o'= —SOE(I—%]; B) P= (8_1)305,
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Pcosa .
n, eHympu

3.19. E = &

0, cHapyscu

—

3200 E=-1, D=0;6)E=——>LP, B=(1_££jfa
& ey L [

321. E'=(e-1)E/3=P/3¢,.

3.22. B Toukax A u B HanpsKeHHOCTH BO3PACTET B TpH pasa, a B Toukax Cu D
o0paruTcs B HyJb.

§4. Ypasuenus snexmpocmamuxu

— R - -
41. F = Lﬂn » GAMHUYHBIM BEKTOp 71 HaIIpaBJIeH OT LIEHTpa cephl.
2 4
= 1+ - 2R -
42. F=—1 - 1-8& ¢ > |n, TAae §=——, eNMHUYHBI BEKTOP 7 HampaBiieH
4rega (1 - & ) a
OT LIEHTpa 1apa.
3p?2
4.3. a) nUNONL MPUTATHBAETCS K IUIOCKOCTH ¢ cuiol F =——%—; 6) aumnons
64reya
OTTAJIKMBACTCS OT INIOCKOCTH ¢ cuiioil F| =2F .
q 1-¢2 R
44. o(M)= 1- 5|, TAe §=—, @ - yrom Mexay
47Ra (1—2¢fcosa+§2)’ a

OTpEe3KaMM MPSAMBIX, COCIMHSIOIIMX LEHTP c(epbl C 3apsaoM U LEeHTp chepsl ¢
Tekymel Toukoir M Ha chepe.
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2 2p3
45.1) A= qf - 2) A= Zi -
87rgoia -R i 8neqa ia -R )
2

4.6. F=—1 5 (\/5 - l) , CHJIa HaIIpaBlIeHa K BepIIUHE IBYrpaHHoro yria O.
87ed 2

4.7. Tlonme co3maeTcs YeTBIPpMS 3apAJaMH,

MMOKa3aHHBIMHA Ha puc.15.2, rmue

b=R?/a, q'= gR/a . Ero noteHuuan paBeH

1 q q
plx.y.2)=——I -
A7ey \/x2+y2+(z—a)2 \/x2+y2+l

+ gR _ gR

2
\/a2x2+a2y2+(za+R2) \/a2x2+a2y2+(az

R
48. ¢'= —% - 3apsiJi, 00pa30BaBILUiiCs Ha Iape

0 4
49. o= 4regR  Ameyd - d >R,
- Q+q) d<R
47meyR

4.10. ITone napamiensHo ocu Ox M HampsbkeHHOCTh ero E = ax . Takoe none Oyzner
CYLIECTBOBaTh BHYTPH CJIOS, OTPAaHUYCHHOTO IBYMS OECKOHEYHBIMH INIOCKOCTSIMH,
NEePIeHOUKYISPHBIMA K ock  Ox, W 3apsHKeHHOrO paBHOMEPHO C OOBEMHOU
IIIOTHOCTBIO O = OE,, .

1 & & q2

411. F =—— —,
167e,€, €, + €& d?

3apAan IPUTATUBACTCA K  IUIOCKOCTH, €CIIn

£, > £, M OTTAIIKMBAETCS, €CIIU £, < &|.
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EH) — &
4.12. p =—gyaE, /(g1 +0£x)2,rz[e a:#;
a

_4g,E, (£ —&)

IUIOTHOCTB 3apsi/ia B LEHTPE IIACTHHBL O = =—0,59mxKn/ m* .
ale, +¢&,)
4.13. o, =(e—1)g E =3,5uKn/ m*, Q, =0, MR*=11-107"" Kn.
4.14. w = 2 ﬂ
Ly p
. K> & - _
4.15. F = L7, roe 7 - enuHUYHbIN BEKTOp, HAampaBlICHHBIA K

Areye,d €5 + €
ITOBEPXHOCTH Pa3zena

1 -1 qL
Tweri [, )7

MEPIEeHIUKYIISIpa, OMYIIEHHOrO OT 3apsja Ha TpaHHIly pas3jenia, A0 MPOU3BOIBHON

4.16. O'(p): 3l1€Chb O - PAacCTOSHUE OT OCHOBaHUSA

-1
TOYKH TOBEPXHOCTU. =——1q , 3apsi NPUTATUBACTCA K IUIIEKTPUKY C CHIIOU
1 e-14°
F=— "4
Az, €+1 417
4.17. a) Her; 0) na.

0 r>R
4.18. p=43ag, , eciu )
R3 r<R

4.19. B Hayane KoopIMHAT HAXOOUTCA TOYEUHBIH 3apsnqg = 47€ya , BHYTpU chepsl
3gya

HAXOIUTCS 3apsl C 0OBEMHON IIOTHOCTRIO O = — 3
R
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0 r>R
4.20. p = ecim , Ha cdepe pammyca R pacmpenencH 3apsg C
12ag,r r<R

MOBEPXHOCTHOM MJIOTHOCTBIO O = —3aé‘OR2 .

4.21. B Hauane KOOpAMHAT HaxoAuTca 3apan ¢ =47Eya, chepa paguyca R
3apshKeHa

4.22. B Hauane KOOpAMHAT HAXOMUTCS TOYEUHBIH 3apsn ¢ =47€,b, BHE - 3apsn

280

pacIIpe/ie/ieH HelPEPEIBHO C OBEPXHOCTHOM MI0THOCTRIO P(r) = — exp(—ar).

0

4.23. E(r) = .
g]Q] +€292 80}"

, TIe I — pacCTOSIHHE OT LIeHTpa cdep

§5. Dnexmpoemrocmo. Snepaus S1eKmMpU1ecKo2o nois

5.1 = EER

1+ B ey
RZ

52. AW = 27g,RU*.

dl

54, c=E8l-8)

dlni
&

5.5. a) HanpspKeHHE HEe U3MEHUTCS;0) HANPSHKEHHOCTh YMEHBIIUTCS BIBOE
_ArmeyE,a _ 2mepEa o

5.6. C=——0"a", — “0fa
In(b/a) In(b/a)
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TE
57.Cp=—220 . o
ne=r ln(a/ r)
r
5.8. = 9 , TOe Fr- paccTosHUE OT OCH KOHJEHCcaTopa,
Elr(e iy, +&¥3)
_e Y& tYhs
=8 o o)
In(R, /R,)
5.9. He m3menuTcs. v == L YMEHBIINTCS
U, n
o GG
5.10. 1) emxocTh Oarapen, BKIIOUYEHHOH MO cxeme a), oombme; 2) Cy =———,
C +C,
C; MOXeT OBITb JII000I1.
5.11. eMKOCTH paBHBI.
5.12. C,.
513. W, =&W, -- oHeprus yBennumiach 3a CYeT pabOThl MO YHAJICHUIO
JIMDJICKTPUKA.
5.14.
2 2 2
0=27e, RiRy (@ —9,)" + RiR; (@ —93)" + RyRs (9, — 95) —45-10" [ .
(R, + R, +Ry)
Sey(e-1U* Seyele—1)U2
5.15. 1) AW =—‘9°(82—d)u, A=—2AW ; 2)AW:A:W.

2

5.16. A= 2q (do —-d ) , 38 CHET SHEPTHH AIEKTPUIECKOT0 OIS KOHIECHCATOPA.
€o

d

5.17. x=S—.
e{ggo E? —1}

2dA
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2
518. w=-12 (l—lj.
8neae\a b

2
510, w4 (E+D
l16r R e,

2
520. A=—1  — 09 .

407, r
5.21. ﬁ = L
A, d-s
522. o =1.
R R
523. C=¢gyle, Q, +&Q =2
0( 1°91 T & Z)Rz "R,
2p2
524, 1y = Eo(E-DUR”
4d
§6. Keasucmayuonapuvie moxu
UR UR
6.1. U, = I U,=——">"-">1—.
R, +R, R, +R,
rga, A4 .
6.2. =—, Tae «;,0, - yIibl, 00pa30BaHHbIC IMHUEH TOKA C HOPMAJbIO K
g, A,

MIOBEPXHOCTH pa3Jieia B IEPBOM U BO BTOPOH cpezie.

63. R=— (l_lj+ L.l
27, \a b) 27k b
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65 M_A_y.

N2=72_
2 2
R R
6.6. Nl:SO—lz, N2:80—22’
(Rl +R2) (R1 +Rz)
d, d
R=—Lp, R,=—p,.
rne [y 25'01 2 25P2
_ 2‘9050 (52/11 _51/12)
6.7. o= .
d(/11+/12)
6.8. = ! .
27Ar
6.9. =M.
AC,C,
U’R, U’R,
610. N,=— N,=

) 2 NI
(Rl + R2)2 (R1 +R, )2

)

6.12.U,, = LLln(l + LJ =149B.

6.13. R ! [l +ln2}.
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ln(tg 020j - ln(tg zj
6.14. o¢=U
21In| tg 0—0
2

TOYKH A MIPUHAT PaBHBIM HYJIIO.

, TOK T€YET OT TOYKH A K TOUYKEe B, MOTEHIHAI

6.15. R= Lln(zg 9—0] .
7T,

onid 2
2U yr dee U
616. E(r)=77"7, plr)=75""
(Rz —R; ) Ry — R
6.17. /I(r)~i4.
r
o1
6.18. A~j~—.
r
I s _
6.19. p = eglj rAe X — TeKylas KOOpAWHATa, OTCYUThIBAEMAsl OT

[l + (2, - 4P ’

TOUKHU A MO HaNpaBJICHUIO K TOUKE B.
ﬂ n

6.20. N=""> g9 .

€80 =

47U

1)
Rl RZ
27U t
622. I= 0 - )
In(R,/R,) exp( gog/ﬂj

Ee,Sv
(do+vt)*

6.21. P=

6.23. I=



§15.0meemui 297

2
6.4, 1= 260%€

6.25. R =~ 22 1m(%).
TR r

§7. Maenummnoe none K6asucmayuoHapHuIX MoKo8

B_&SI\/a2+b2

ar ab

7.1. . Bextop B HampaBieH BIOJb IOJOXHUTEIBHOW HOPMAIH K

TUIOCKOCTH KOHTYpA.
7.2. Tlone B 06enx MOMYIUIOCKOCTSX OJHOPOIHOE, HO HAIIPABICHO B Pa3HBIC CTOPOHHI;

Cowlie] . )

BZ’UOT’, € - eIUHWYHBIM BEKTOpP, MEPHEHAUKYIAPHBIA  IIJIOCKOCTH,

HaHpaBﬂeHHblﬁ OT IIJIOCKOCTH.

Vrkazanue: Pesynbrar naer HEIOCPEICTBEHHOE HHTErPUPOBAHUE:
Mohidx

B=2 , h - paccTossHEE OT TOYKH [0 IUIOCKOCTH, WM TPHUMEHECHHE

0 27V h? + x*
TCOPEMBI O LUPKYIISLMH BEKTOpa B.

7.3. BHe myockocTeil Mo HeT, MeKy INIOCKOCTAMH I10j1€ OJHOPOHO; B = /i, [i e ],

€ - CIMHUYHBIA BEKTOP, IEPIEHANKYIISPHBIN IUIOCKOCTU C TOKOM i , HAlpaBJICHHBIN

OT Hee.
0, 0<p<R

74. B(p): Moy 21 R’ CusOBBIE TUHUM — KOHLEHTPHUECKUE OKPYKHOCTH C
—_—, >
4z p

LIEHTpaMU Ha MPOBOJHUKE.
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I Id
75. B= 'uozd . Yxazanue: Jlononuuts Tokamu [, =—— u —[;, TEKyIIUMHU IO
4z ar 27R
IIENH.
= 2MyO0R _
7.6. B=——®. VYxasanue: Pa36ute cdepy Ha CIoM TNapaIeIbHBIMH

TUTOCKOCTSIMH; TIOJIE€ OT CJIOS, COOTBETCTBYIOIIETO yriiaM oT 0 1o 6+d0, ects mome ot

KPYTOBOTO KOHTypa pazxmyca Rsin® ¢ criroii Toka mGR’sin0de.

7.7. Bexrop B BHYTpU c(epsl MeprneHAnKyIsIpeH UIOCKOCTH pucyHka 7.7. Cripasa
1

OT TPOBOIHWKA HAINpaBlleH OT HAC, cjleBa - K HaM. BHyrpu chepsr B =§L (

p -
paccrosiHue OT MpoBoAHKKA). Bue cheprr B=0.

1 [
78. B, = %arctgﬂ (HanpaBJieHHE — 10 TIPaBUITy OypaBUYMKa).

1
7.9. B='§L(l+cosa), roe r — pacctosHue OoT Touku A. Ilome HampaBieHO
r

HEePHEHAUKYIISIPHO IPOBOIHUKY C TOKOM 21.
7.10. F| =2IRB.

1
7A1 F =yl I,| ———1
\jl—Rz/a2

7.12. Crnmpanu ¢ OcsMH, TapaJUIeIbHBIMHA JTUHHUSIM MarHUTHONH WHAYKIHH; pagnyc

. mysin o 27my cos & 27m
coupaneii R=———; mar h=—————— . Berpersarcs uepe3 Bpemst T =——
qB qB B
Ha pacCTOSHUU /1 OT HayaJIbHOM ToukH. MakcuManbHoe paccTosiHue 4R.
BL
7z, mpu vy < 4z

713. o=

. [q BLJ gBL
arcsin| ——— | TpH vy >-——
m v,
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7.14. B, = Iz'tj;? tgﬁ. Bektop B, HampaBieH BJIONH MOJOKUTETHHOH HOPMATH K
n
. _ Iuo

IUIOCKOCTH KOHTYpa;. IIpu n — oo Oyner B, SR

7.15. By=0.
[p2_ 2

7.16. B, _ ! M+arcsin£ , Bextop B, HampaBieH 3a IUIOCKOCTb

R R R
pucyska 7.8.
7.17. B, = M, BEKTOp B, HAIpABIEH BIOMb MOJOKUTETHHON HOPMATH

2(R, - R,)

HoIN

K Tmuockoctu crupamu. Ilpm R /R, -1 Oymer B = (ome  KpyroBoro

KOHTYypa paguyca R ¢ TokoM NI B LIEHTpe KOHTYpa).

_! g _ e
7.18.5_2(1—41—52%@, E=IB TR

7.19. éo = %,uop(Rz - rz)ﬁ) BHYTpH, Bo =0 BHe WIKHApA.

T
7.20. ] :E. Vkasanue: Ha snemeHT mpoBonoku dl ¢ TokoMm [ neiicTByeT cuia
dl
Ammnepa F=IBdl w pnBe pactsaruBaromue cuwibl 1T Ton  yrioM 05:?,

paBHOAEWCTBYIOIMIAs KOTOPBIX paBHA 2T sin% . Ilpn maneix o Oyner T% =IBdl .
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§8. Maenummnoe none 6 seuecmee

Ip

, 0<p<R
2R P
8.1.H(p)= ZL R <p<R,.
7P
0 p>R,

Vxasanue:. Bocnonb3oBaTbes TEOpEMOil 0 HIUPKYIALUH BekTopa H.
- _lial 5
<N _— .
82.H = 5 BEKTOp d HAIIpaBIIeH OT OCH MPOBOJIA K OCH ITOJIOCTH

Vkaszanue: JlonomHuTh onocTh "TOKOM" € TUIOTHOCTBIO j W — j . Bocmonb3oBaThest
TEOpEeMOH 0 UUPKYIALNU BeKTopa H.
AZINp, 1y

C(Zd,ul,uz + (; - dj(ul + 11 )j |

84, p= Hothtol

83. B=

CuioBple JHHUM — OKPYXHOCTH C IIEHTPOM Ha OCH
wr (/11 + ,Uz)
HpOBO)IHI/IKa.
8.5. B,(F)= B, (F) = 22042 7 (7). i,6)=—2*2f,(7);
M+ Uy M+ Uy
H,(7)=—2 f, 7)
Myt Uy
8.6. B =B, !
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87, f—— (=)

2 (u+1)

2 <<
8.8. B(p): M lp/27R*, 0< p<R
ol 127p, p>R

(u=1)r

8.9. B=B. —2B, = uBy| 1-2—=—|.
ol

8.10. B = Eo(l +MLJ .
U 2r

8.11. p = /"
2R

8.12. B= %,uojm(\/Rz +17 - R)/l ~ %qum(l —R/I).

[0 0
=, B: _
> Hidy

21
8.14. H =y, J[i—lj
o 2R

8.15.2) I, =—x;0) I,;=1I.

8.13. H

§9. Maenummuoiii nomox. Unoyxmuernocmo. Hepeusi MaeHUMHO20 NOJ.

_ + 1) g N>h ln&

9.1. L =047 I'n.
4r R,
902 L= 109 12 s
T a
903. L=t 1R o6t

2r R
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94. 1). L=L,+L,; 2). N=N1£1+%}
1

9.5 L, =02 =

9.6. L;;= tpNns = 25 mxl H.
_ HoNh Ry + (1= 1)A)

9.7. L =1.87 mln.
27 (R, + (1 —1A)
9.8. L;;= tNns cos o
9.9. L = 14,N’S/1-d).
hJ?
0.10. w,, =##" " 10 R 06 1.
4z r
N2hI?
911, w = AN Ry 015 1
Ar R,
4 2
9.12, k = Veor _ A2 _ 5700 1o,
wp InSy /S,

9.13. 1, = UO\E = 0,12 A.

9.14. F = [101[12}’11712717'2 =40 H

915. L=1L, 1+i+i2 .
B B

§10. 3akon snexmpomazHUmMHOU UHOYKYUU.

1 .
10.1. AU = EagBd gl s1n(2t\/%j , TJIe g — YCKOPCHUE CBOOOTHOTO MaICHUS.
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10.2. G =€,vB =8,85-10™" Kn/v™.

L
10.3. L, =—.
N

10.4. M = \E %’2 [h—In(1+h/d)|=3.4 MA.

1
#o'd In(1+b/c) =1 MxKo.
7R

HolbAs 1n[c+a
47(a+b)

10.5. 0=

10.6. O =

j =6,6 MxKi1.

c—a

Ba>
10.7. Q :%(1—4/ 72') (<0, T.e. TOK TEYeT MPOTHUB HAIMPABICHUS 00XO/Ia KOHTYpa,

—

COOTBETCTBYIOIIETO HOPMAJIH, COHAIPABICHHOMN ¢ BekTopoM B ).

Tab
108. & = HotabV

1

2z(c+vt)(a+c+vt) '
109. €, (t)=Babwsin o .
10.10. E;(t) = ab B, (wsin ax cos Qr +Qsin Qf cos ax).

10.11. & = Babay| 02 |gin| 2102 )
2 25

10.12. QO = wInS/R

10.13. Q:é‘—";”;ﬂ )
1432

10.14. E¢) = IOR—IO(R—%je‘t/T.
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§11. Ypasnenus Makceenna

11.1. P :%kz/llR4 =0,94 Br.

Blrw?R*Ah . R
07 M =2

11.2. P= .
4 R,

11.3. B=%(e_t/ 4 —ljéz (Operonaraercs, 4To TOKM TEKyT B HAIpaBJICHHU,

OonpeacaaeMoM paBUIoOM 6ypanMKa OTHOCHUTCJIbHO HAITPAaBJICHUSA OCHU 0z.

4 d\" 1
114. p(x):—geoUo[;] ?,p(d/Z)z—ZS-MKK/z/M3.

U3/2
11.5. j=i£0‘/£ O —2644/m*.
9 m Jd2

[2
11.6. v=27%"3 2eUo _ 3,7-10%m/c.
m

117 7=3d |- =5 ne.
el

U
8. H,= soa;z—odr =410 4/m; By =uyH,=5-10"Tx,

U
H, = €€ow2—°dr =410 4/ m; B, = puyH, =5-10Tx.

11.9. moTOK 3HEPrUM paBeH HYIIIO.

. oD . oD vU
11.10. D Jew = E =0; ) Jew = E —& d_2 .
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40 Y2
11.12. Bre nyuka In= M 2w , BHYTpH my4Ka
4&,r m
1 2
H=—r2(ne)2 —W, T r — PacCTOSHHE [0 OCH Iydka. Bo Bcem
4¢g, m

npoctpaHcTBe BekTop I1 coHampaBieH co CKOPOCTHIO IBHKEHUS HJIEKTPOHOB.

U3/2
11.13.B=i‘/k 0 4 =14-107Tx.
92\ m g*?

2
11.14. F=izeU°2 .
9¢” md

§12. Onexmpuueckue yenu. Ilpasuna Kupxzogha.

12.1. Bo3mMoxxHbI aBa ciyyast 1) 1; 2) 0,817 .
12.2. E:(E]r2+E2r1)/(r1+r2), r=rir/(r;+r;).
R, +R

123.R=R, >—1%.

12.4.

JiRiy + (7, +75)Rys =15B;9, = g5 + Ry JaRiy + (7, +J5)R;5
Rip + Ry + Ry3 " Rip+ Ry + Ry

O =03+ Ry =12B

12.5. Ry, =Rr(3R+1)/(R°+6Rr+7°).
12.6. 9,5 =0
127. Iy =10A, Iy =5A, I3 =1A, Iy =3A, 1,5 =4A, 1, =2A.

nE +nkE, +(r1 +r2)E3

128. I = =2A.

nr, +n+nn +R(r1 +r2)
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12.9.
11 11
SRR R NSRRI
R, R, R, R, R, R, R, R,
Pa = T 1 1 1 #5 = Ey @ = T 1 1 1
— et —+— —
R, R, R, R, R, R, R, R,
)
1210, 5 =r+r+—2  E =E,—2 4+g 1"
r1+r2 r1+r2 r1+r2
R\E,—E, +E;)+3rE
1211, L= (£, ~E, + E;) L _34.
3r(R+r)

12.12. E, = 7 B, E; MOXXET UMETH JIF000€ 3HAUYECHHE.

12.13. 1,(r)= iexp(— 51)[8sin ax — wcos ax], rae
77 Re

1 1 1
S=——1, 0= |—- )
2RC CL 4R*C?

1214. U, = E/3.

12.15. Qo) = Ry e
R, +R,

12.16. U, (t) = (E, — E, )exp(—%] .

E 3 V5 V5
U, (t) = ﬁexp(— 2RC tjlexp(% t} - exp(— 2RC t]]

Uz(t)=%exp(_ 3 t][ﬁ—lexp(\/gzlect}rJ§+lexp[_ V5 t}]

2 2RC
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12.19..7 = 2R;Cln

NG

1220. U.(1)=E exp(— L} .
rC

= 0,86RC

3+VG
2

2 R
1221.U,(t)==E -—t].
=2 pexf - 1)

12.22. R < ‘{i .
2C

12.23. a = arctg(wrC)

E R 4R
12.24. 1(t) = == [3—2exp| = ¢ | —exp| - 221 |1 .
() 6R{ XP( Lj Xp( T ﬂ

12.25. U(t)=E - Eexp(— R_Scfj[(z + \/E)exp(— %IJ (2 - \/E)exp(ﬁ t)]

4 RC
12.26.2) U() = Zexp - ——|, & U()=0.
2 3RC
6
12.27. 1= RCIné.

E () 3 1
12.28. 1) = £ exp| == | =2 exp| -1 ||
) 4R{Xp( RC] 7 Xp( 7RC ﬂ

12.29.

1(c) =

E 2r+R V4r? + R? V4r? +R?
exp| — t|expl ———t|—exp| —————— 1t ||.
[1,% + R2 2L 2L 2L

12.30.I(t)=£|:1— R exp[—R—LZtH.

R, R, +R,
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E,aC, ( 1 j
cos| ax +arctg ——— |,
\/1+w2R2(C1+C2)2 @R(C, +C,)

L E,0C\1+ 0*R*C}

=
C 1+0?R2(C, +C,)

1231 I, =

R
cos(a)t +arctg Mj .

G

12.32. 1) w:; r moboe, 2) r=\/Z @ mooas.
JLC C
R?+(wL+1/0C)*

1233. V =U, wL+1/w )2 .

R? +(wL-1/wC)
12.34. W =0
2 2 242
1235. C= woUo 2R +o’L”
o’L 2R R®+w*I?
a)(L—RZC)

12.36. ¢ = arctg

Rl +@’LC)
R(1+a)2LC)

12.37. ¢=arctg—(—j

o\L-R*C
2arC

12.38. ¢ = arctg ————
w*r’c? -1
12.39. y=7—-9¢

2
L L
1240. L =L, +L,, L.=(L,+L,)-%, C,=C 2 )
1 0 2 3 (0 Z)Lz 3 2(L0+L2]
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E .
sin(y - ),

1241. 1=1, exp(—r—tj , rae Iy =
L (’"0 + r)2 + @’
al
@ =arctg .
r+r

r(1—a)2Lc)

12.42. ¢ = arctg ,
o\r’C+L

12.43. ¢, = arctg n-l opu o= %\/;

2n

12.44. ¢ =2arctg oL
r

1 2
vic (w“wc) 2aL
45. W =2 mpu R=——.
8L ‘wL_ 1 ‘ ‘l—a)zLC‘
wC

E} (R1 +R, + a)ZRlzRZCZ)

[(R1 +R,) + (a)R1 ch)z} '

12.46. W =

2 2522
1247, 190 = 6w°LC sz Cc” -3
20RCl@*LC +1)

12.48.
E()=1o|R, (1 - 0L, C)+ R, 1 - 0?L,C |cos ax — 1, [wC (R, R, - 0L, L, )+ a(L, + L, )Jsin

12.49. ¢ = —arctg wRC
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§13.Onexmpomazrnummsie 801Hbl

qx, 0*

13.1. E| (r,0,t) =— sin @ cos(@t — kr) .

4reycr

132. P= % ocoHER?.
133. P= %azeocoEg .

oE oE
13.4. (1) x(t)=—;)[cosgo—cos(a)t+(0)]——osinqo-t, rre 0=1,76-10"" Kw/kr —
w w

YAEJBHBIN 3apsy SIEeKTPOHA;

(2) ﬂ << C_O
[

~107 (B-c)/m

t
135. E@)= 4aE sin z%sin(Zﬂ'% + (/)0], rae @, — HadaupHas (paza BOIHEI

OTHOCHUTCJIBHO PaMKHU.

136. 1. = I tg(6, - 6,) ’ =7 4cos” 6, sin” 0,
TR tg(6?1+6’2) 0 n cosz(e1 —Hz)sinz(é?1 +92)’

oy
rae 6, = arcsm(—1 sin 91)
)
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§14. 3a0auu nogvliennou mpyonocmu

14.1. @ ___40p
7,3 2 mR*
14.2. o® =~
2m
_ A\p2i2
143,y = Sll= &RV
4d
144.v = M8 _ 475
&yl
14.5. T = o | S0
PPy
14.6. F = Lz[q +gj
167, R 2

HH,-hf
147. a=—"12 "1 g=qa /dne,mg

“H +H,—2n !
14.8. p=pu,I%n*.
14.9. B = pyakr? .

1410. L=—"" _=10"3Tn

g B ()] Re2heir2a |
o o (R +2h)+ p1,(2a +1)

q-1 q
14.12. n(r): (l+q) BO[L] ; E(r):lBo(L] , TIe v=J2€l -- CKOpOCTb
HoevR R v R m

QJICKTPOHOB.
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2 243
1413, w =P
6¢,
1414, v= P04 |3
2 N &P,
14.15. T = 2% |2Pu(E+2)
Po N 3(-D
2
R
14.16. F=Q—2(l__1], g~ Lr.
l6ze,R“\2 R )
2 2
1417 p=2 - &
2e,  32e,w’R*
2
1418, o= 2 =0
H1+H2_2h1
= ! HoNT i
W1 Lo =\ Huae e 7 | B= et 1——
0 N( nac Hac Lj T Ao :

1
14.20. B, =’ZLR, HATPaBJICHO TEPICHIUKYIAPHO IUIOCKOCTH Topa. C ImapukoM

MOABJIIETCS  OOIOJTHUTEIIbHAS COCTaBJIAONIasA , JieKamasd B IUIOCKOCTH ToOpa

3
IN (ry
B =pyuy—|—1| .
1 ,U()”R(Rj

4
1421, AL=-H" R _ 554072
16 p3

mgR

(B1)*

14.22. v(t) = l-e ™MmR
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313

g Bl
14.23. x(1)=—-(1-cosax), ®=———.
* vmL
1424 AL =2y v 221
2 H+2
4
14.25. AL =-H" R _ 150072 1y
32 53
pate

14.26. I1(r)= u, sin @

2RI?
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®opmyJibl BEKTOPHOTO0 AaHAJIM3A.

B naHHOM 1MocOOMM NPUHATSHI CIEIYIOIUE 0003HAUYCHHUSI:

CKaJsipHOE TIpou3BeneHne  (d l;) , (Zl,l;) . d b ;
BEKTOPHOE NIPOU3BEICHUE [é b J , [6,5 J .
Bo Bcex ¢opmymax d, b, ¢ — BeKTOpHbIe (YHKUMH KOODIMHAT,
P — IOCTOSIHHBIH BEKTOp, ¢, ¥ — CKaJIpHbIE (PYHKIIMU KOOPIUHAT.
1. CwmemranHoe MpoHU3BeCHNUE: ((i,[l;,E]) = (5,[5,&]) = (E,[&,l;]) .
JIBOifHOE BEKTOPHOE IPOU3BEACHUE: [d,[l;,E]] =b- (da,c)—c- (6,5) .

Juddepenumarsr: d(ﬁ,l;)z(dﬁ,l;)+(ﬁ,dl;); d[ﬁ,l;]:[dﬁ,l;]+[ﬁ,dl;].

2. Omeparop 'amuseToHa (oneparop “Habna’”): V= fi+ ]i+ k i .
ox “dy 0z
= d d d =
aVisa, —+a,—+a —; Vo=grad ¢,
( ) R ax y ay z aZ ¢ g ¢
diva =(V.a); rota=[V,a].
3. divrota=0; rot grad ¢ =0

div gradp=A¢@;

grad (¢-y) =y gradp+ ¢ grady ;
div(pa)=(gradgp.a)+ediva;

rot(@ad) = protdi—[a,V | ;
div(pgrady) = pAy +(grad ¢, grad ) ;
div(p(r)-7) = ¢ (r)r+39(r);
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div[Zi,l;] = (l;, rotZi) —(Zl,rotl;) ;

rot[d,g ]

(6.V)a—(a.V)b+adivb —b diva;
grad(ii,l;) = [l;,rotii]+[Zz’,rotl;]+(&’,§)l;+(5,§)ii

rotrot d=—Ad+grad diva .

4. Ecnmu F— paauyc-Bekrop, To: divFr =3; rotr=0;
r r
grad r=—; grad—=——;
r r r
.2 LT
div—=—; div—<=0
ror r

grad(ﬁ’;) 23—3(13’;:)?;
r r r
L I L L)
r r r r
grad(a’f) =—3grad(ii,?)—3(a’?5)? ;
r r
grad (p,7)=p; gradf(r)=f’(r)£;
[gmdf(r),?]=0;
ror [, £ (7] =27 )5+ 7 5.5
rot [ p,F]=2p; rot(p f(r)) f(r)[ ]
B —" _ o _[7h]
rot(pr)—nr [7.P]: rot(pr)= ;

r
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rot(ﬁj = [ﬁ’j] ;

rot(fa)=frot a+|grad f,d|;

Ipunosicenue

rot(f(r)~?) =0;
5. HHTerpanbHble TEOpeMbI

5.1. @opmyna Ocmpozpaockozo-1aycca:

g’j ads =[|j[j divadv ,
N Vv

rae S — KyCOUHO-TJIaJIKasi 3aMKHYTasl IOBEPXHOCTh, OrPaHUYUBAIOIIAS 00BEM

V , BeKTOpHOE TIoJie d HemnpepblBHO auddepeHiupyemo B obnactu V+S ,

/i — BHELIHSIS HOPMAb K II0BepXHOCTH S , adS =(an)dS =a, dS .
Yacmmuvie cryuau:

[ﬂ%—de=[ﬂ”A¢dV,
N Vv

1] q)g—“’ds =[] g av +(f[[ Vp.Vp)av
N n |4 14

@ — IBaXBI HEMPepbIBHO Tuddepenupyemas GpyHkiws B odmacta V + S .

N v

Credcmeus: [[igas=([[[veav; [jpdl =|[[# Velds.
1 N

5.2. ®@opmyna Cmokca. Ecmmn

BEKTOpDHOE TIION€ ¢  HEMpPEephIBHO
muddepenupyeMo B OXHOCBA3HOM obmacty D, a § —mnpousBonbHas

KYCOYHO-TJIaZlKas IMOBEPXHOCTH B D , O'paHUYCHHAasA KOHTYpOM L, TO

[[](a,di) =jj rotads ,

TA€ 7 —eIWHUYHBIA BEKTOp IIONIOKHUTEIbHOM HOpMamu K S, T.e. TOH, U3

KOHIIa KOTOpOH 00X0A MO KOHTYpY L BHIEH COBEpIIAIOLIMMCS IPOTHB
YacOBOW CTPEJIKH.
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5.3. @opmynwl I'puna:
1) Ha mmockocTH:

v 2
[[ny-yapas =[ﬁ(rp—w—w—¢jd1,
s " on on
rae 7 — BHEIIHSAS HOPMalb K TIaIKOMy KOHTYPY L, OrpaHHYHBAIOIEMY

KOHEUHYIO 001acThb S ;
2) B IPOCTPaHCTBE:

_iff 2%
[f]vﬂ (PAY +V gV y)dV —[[SM 548

w3
[ﬂ[j (PAY ~yAp)dV =@(¢a—f—wa—fjds,

IJle 7 — BHEUIHSS HOPMallb K MOBEPXHOCTH S , orpaHHYUBaroIei o0bem V
¢ n ¥ — neaxasl auddepeHnupyemsre B obmactu V +S dyHxmm.

5.4.

grad, [m p(?’)lfd_vr:, ] sl (”’)

av’
—grad m” — |
o |r—r
6. BexropHOe TMojIe Ha3bIBAETCS HOMEHYUATIbHbBIM B HEKOTOPOH 00JIACTH, €CITH
paGoTa €ro He 3aBHCHT OT (OPMBI TPAEKTOPHHU, TPHUHAIJIEKAIIEH ITOM

O6J1aCTI/I, a 3aBUCUT TOJIBKO OT TOJIOKCHUS HAYaJIbHOW M KOHEYHOW TOYEK.
HCO6XOZ[I/IMOC U J0CTAaTOYHOE YCJIIOBHC MOTCHUMAJIBHOCTU BEKTOPHOTO IIOJIA

+.”:[ grad,. P )|

dS
npu p=1: ﬂFZ
N

d B OJTHOCBSI3HO 00JIACTH MOXKET OBITh 3aIIHCaHO B OMHOH U3 hopM:

1) nupkymsanus 1o M0OOMY 3aMKHYTOMY KOHTYpY B 3TOH oOiacTd paBHa
HYIIIO;

2) cymiecTByeT cKaisipHasi ()yHKIUSI KOOPAUHAT () Takasl, 9To d = grad@ (¢
HAa3bIBACTCS NOMEHYUANOM BEKTOPHOTO IO d );

3) rota=0.
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BekropHoe mone Ha3bIBaeTCs coneHoudanvuvim, ecnu diva =0. ns

-

COJICHOMIAITBHOTO TIONSI CYIIECTBYET 6EKMOPHbIL NOMEHYUA: TaKoe TIoJE ¢,
4T0 d = rotc .

Jlroboe BEKTOpHOE TMOJE€ MOXHO MPEACTaBUTh B BHAE CYMMBI
MMOTEHIHAIBHOIO0 M COJIEHOMIaIbHOro: d =b+¢ , roe rotb =0 u divc =0,
npudeM b OmpesesnseTcsi ¢ TOYHOCTHIO 10 TPaJUCHTa HEKOTOPOH (DYHKIINH, a

¢ — € TOYHOCTBIO JI0 POTOPA HEKOTOPOr0 BEKTOPHOTO MOJIS.
Pemenue ypaBuenus Ilyaccona Ap=f, ¢_=0:

L 0D
0=l

19’

Perenure BONMHOBOrO ypaBHeHus AQ—— 5 2¢ =f, @, =0(c=const):
c ot

1 vt
o(r,t) = —IMVZ )
4 fy
rae t'=t g .
c

oo

7. Yacro BCTpevYaOIuecss HHTerpaJjbl.

TL = (l arctgfj — IL = ln(
o X’ +a’ a a)l, 2a Jxtt+a?

J- dx 1 by ) xdx 1

x+\/x2ia2) ;

(x2+az)3/2 azm’ I(x2+a2)3/2__ x2+a2;
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JlexapToBa cMcTeMa KOOPAMHAT (x,y,z) d=aé +aé, +ag¢.

Daement ayru (dl)’ = (dx)* +(dy)” +(dz)’
JuemeHT 00beMa  dV =dxdydz

E)Il/ll-ll/l‘ll-lble BEKTOPBI B/10JIb KOOPAMHATHBIX JMHUH
é =i, &é=j, é=k

X

I'paguenT ckansipHOro MoJst

grad f =ai17+a—f]+ailg

ox dy 0oz
JlMBepPrenuus BEKTOPHOTO MOJist

.~ Oa, 9da, da,

diva = +—+—

ox dy 0z

Onmneparop Jlananaca Af =div grad f
)

Af =
f ox’ +8y2 07>

Hexoropsbie yacTHbIe peiieHust ypaBHeHnus Jlaniaaca Af =0:
f=e" kP k) + k=03
f=(a+bx)e”", kP +ki=0;

f=(a+bx)(c+dy)(m+nz)

rotda =

K
d
%z
az

xg %l QO e
R \%l SR

DemMeHTapHasi padoTa BEKTOPHOTO moJisi AA = (é d )

A=adx+a,dy+ads

IIotox BexTOpHOrO MOJIA P = ” ad$ = J.J. (;, ;;)dS =
s s

= J.aldydz +a,dxdz +a_dxdy = ” (a,cosa+a,cos f+a_cosy)dS
S

N
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Hummaapuyeckas cucTeMa KOOPAUHAT (p,¢,7)
d=a,é,+ae,+ae; x=pcosQ,y=psing z=z

Snement ayru (dl)’ = (dp)* +(p dp)* +(dz)*

Onement oovema dV = p dp de dz

Eaunuynbie BEKTOPBI BA0JIb KOOPAMHATHBIX JUHMH

€, =Ccos@i+singj, é,=—sin@i+cos@j, é =k

1
I'papuent ckanspHoro nons grad f =§—fE +—a—fE +a—fE

P opap? 9 C
9
JluBepreHusi BEKTOPHOTO MO divd = li(p a,) +lﬁ +%
pop pop 0z

Omneparop Jlannaca

19 9 1 9°f o
o =iy L L

pdp  dp  p’aie’ oz

HexoTopsbie yacTHbIe pelieHust ypaBHeHnus Jlanaaca Af =0:

fu ln% (moJte 3apsizKeHHO HUTH)

Lz 5 La
p P 4 p z

_ |9 a9 9
rotd=|— — —
dp d¢ 0oz

a, pa, a,

DemMeHTapHasi padoTa BEKTOPHOTO MoJisi AA = (a d )

AA=a,dp+pa,dp+a.dz

ook BexTOpHOrO MOJIA P = _U ad$ = J.J. (;, ;)dS =
s s

= Happd(pdz +a,dpdz+a,pdpd
S
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Cdepunueckas cucreMa KOOPAMHAT (r,0,9) d=a,é, +a,é,+a,e,;

x=rsindcos@, y=rsindIsin@, z =r cos ¥

Daement ayru (dl)’ = (dr)* +r° (d®)* +r” sin® Hd p)*

Daement odbeMa dV = r’sind dr did do

EXuHUYHbIE BEKTOPbI BI0JIL KOOPIMHATHBIX JIMHHIi
é =cos@ sin®i +sin@sin & j +cos ¥k ,

é,=cos@cosi +singcos?dj—sindk , &,=—sin@i+cosp]

aiér+1aféﬂ+ .1 afé
or rod rsindd o ?

I'paguent ckansipaoro mossi grad f =

JluBepreHuMsi BeKTOPHOTO MOJIsI

.. 1o , 1 0 . 1 da,
divi=—— + —(a,sin®) + —
Ay (ra,) rsin? 819(% sin o) rsin 0@
2
Omneparop Jlannaca Af =ii rzai + ! i(sin ﬁai + 1 I

r*or or  rlsingdd 9%  r’sin’ ¢ 9¢’

HexoTopsbie yacTHbIe pelieHust ypaBHeHnus Jlaniaaca Af =0:

(moJie AUI0JIs);

f0 l (moJie ToueyHoro 3apsiga); f [ (p_:) pcost
r r

r2
f U prcos?d= pz (omHOpoaHOE TOE)
| | R
r? sin ﬁer rsim}eﬂ 7o
rotd = i i i
or oY 0
a, ra, rsinda,

DieMeHTapHasi padoTa BEKTOPHOTO MoJist AA = (ﬁdl )

AA=adr+a,rsindde+ra,d?d

IToTok BexkTOpHOIO NMosIss P = _U ads = J.J. (; ;)dS =
s s

= _U r’a, sin ¥d pd ¥+ ra,drd0+ rsin da,drd ¢
S
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