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IIpeaucaosue ¥ 4-My HM3TaHHIO

OcHOoBHas uAeA NHpeAaraeMoil KHHUTMM — OpPraHUYEeCKH COBMECTHTH B
OTHOM y4e6HOM TOCOOGMU M3JIOKeHHe MPHUHIIUMIIOB TEOPUU U NMPAKTHUKY pe-
meHusa 3agad. C 3TOH LieJablo B KaXXA0H IriaBe cHayaJja M3JIaraeTcA TeOpHus
COOTBETCTBYIOILIETO BQIpoca (C HIIIOCTpaleil Ha KOHKPETHBIX IpUMepax),
a 3aTeM faeTcs pas3bop psAga 3ajmad, rae MOKAas3bIBaeTcfd, Kak, M0 MHEHHIO
aBTOpa, HaZO MOAXOAHUTHL K MX DElIeHHI0. 3a4auM TECHO CBA3AHBI C OCHOB-
HBIM TEKCTOM, YacCTO ABJISIOTCHA €ro pasBUTHEM M OOIIOJHEHHEM, IIO3TOMY
paboTa HaA HUMH AOJKHA IIPOBOAUTHLCA MAPAJIJIEJbHO C H3yYeHHEeM OCHOB-
Horo matepuaJja. Kpome Toro, mpexnsnaraemelii Ha6op 3aga4 JOJIKeH, IO 3a-
MBICJIY aBTOpAa, O4Th BO3MOKHOCTb yUallleMyCs OOITOJHUTEJLHO 06AyMAaTh
PAL BaXXHBIX BOIIPOCOB U MOMOYB TIPEACTABUTH (fa’Ke eCJIM MHOTMe 3aJadu
He pelllaTh, a IIPOCTO IIPOYUTATD) GOJILIION AUAAa30H IPHUJIOKEHUA U3ydae-
MBIX HIeH.

IIpu u3J10)KEHUM TEOPEeTHUUYECKOro MaTepHaJsia aBTOp CTPEMMJICA HCKJIIO-
YHUTH U3 TEWCTa BCEe BTOPOCTENIEHHOEe, C TeM YTOOBI CKOHLIEHTPHUPOBATh BHHU-
MaHMe Ha OCHOBHBIX 3aKOHAX 3JIEKTpOMarHeTU3Ma M, B YaCTHOCTH, Ha BO-
mpocax Haubojsiee TPYAHBIX O NOHMMaHUsA. CTpeMiieHHe H3JIOKHUTH
OCHOBHBIE HJEH KPATKO, AOCTYIIHO U BMECTE C T€M AOCTATOYHO KOPPEKTHO
no6yauJIo aBTOpa HACKOJBLKO BO3MOXXHO OCBOGOAUTH MaTepHaJ OT HM3JIHIII-
Hell MaTeMaTH3allMX U MepeHEeCTH OCHOBHOM aKIEHT Ha (pU3UUYECKYIO CTO-
POHY paccMaTpHUBaeMbIX ABJeHHUH. C 3ToH ’Ke I[eJIbI0 IIIMPOKO HMCIIOJIb30Ba-
HBI pa3JINYHbIe MOZAEJbHbBIE IIPEeACTaBJIeHU A, YIIpolaole GaKkTophl, YacT-
Hble CJy4Yau, COOGpaKeHHUsA CUMMETPHHM M Ip. .

Hsno:xenne Begerca B CH. BMecre ¢ TeM, yYUTHIBAS AOCTATOUHO IIMPO-
Koe HcmoJb3oBaHMe cucteMsbl 'aycca, B [IpnioskeHnn gaHa CBOAKA OCHOB-
HBIX €IUHHIL U HaubGoJsee BasKHBIX ¢opmyna kKak B CH, tak u B cucreme la-
yccea.

KypcuBoM BEHIZE€HBI Ba)KHeMHIIINe MMOJIOXKEHUA U TepMHHEBI. IleTut mc-
MoJIL3yeTCs AJIA MaTepHaJsia MOBBIIIEHHOH TPYAHOCTH M OTHOCHUTEJILHO I'PO-
MO3AKHUX pacueToB (3TOT MaTepHas IIPHU IIEPBOM UYTEHMH MOXXHO 6Ge3boes-
HEHHO OIYCTHTH), a TaKe AJs IIPUMEpPOB U 3ajgad.

Knura xak yue6Hoe moco6ue pacCUMTaHa HA CTYAEHTOB BY30B C pacCllIH-
peHHO# mporpaMmoit mo ¢usuke (B paMkKax obmero Kypca ¢usuku). OHa
MOJKeT ObITh TaK)Ke IOJIe3HOM M IpenofaBaTeNAM BY30B.

B ueTBepTOM M3ZaHMM BHECEHLI HEKOTOphIE AOIOJHEHHS M YTOYHEHHd,
a TaK)Ke HUCIIpAaBJEeHbl HETOUHOCTH U ONEYaTKH, 3aMeUeHHbIe UUTATEeJIAMH.
OTUM 4YHUTATEJAM ABTOP UCKPEHHe NPU3HATEJEeH.

H. Hpodos
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dneKTpocTaTU4eckoe none B Bakyyme
A 4

§ 1.1. OnekTpuueckoe moJe

duexkTpuueckmii 3apaa. B Hacrosiee BpeMsa H3BECTHO, UTO B
OCHOBe BCero pasHooOpasus ABJEHUI IPUPOALI JIeXKAT ueTbipe GyH-
JaMeHTAJbHbIX B3aMMOLEHCTBUS MEXY 3JeMeHTapHBIMM YacTHIIA-
MH — CHJbHOE, 3JeKTPOMAarHMTHOe, cjJaboe M I'paBHUTAIMOHHOE.
Kaxaplii BUA B3aMMOJEICTBUA CBA3LIBAETCA C OIpeAeIeHHO Xa-
PaKTepHUCTHUKOM uyacTunbl. Hampumep, rpaBHTAnMOHHOE B3aWMO-
JefCTBHe 3aBUCHUT OT MAacCC YaCTHI, 3JIEKTPOMATHUTHOE — OT 3JIEKT-
PHUYECKHUX 3apAHOB.

JJIEKTPUUYECKNH 3apAL YaCTHUILI ABJIAETCA OTHOM M3 OCHOBHBIX,
MepBUYHBIX ee XapaKTepHUCTHK. EMy npucymu ciaegyoiue ¢pyHza-
MeHTaJIbHble CBOIMCTBa:

1) amekTpHUUYecKHii 3apAA CYIIeCTBYeT B ABYX BHAAX: KaK II0OJIO-
KHUTEJbHBINA, TAK U OTPHIATENbHBIHN;

2) B m000ii 3JIeKTPUUYECKN M30JMPOBAHHOM cHUCTeMe ajarebpanue-
CKasl cyMMa 3apAJOB He M3MEHSETCS, 3TO YTBEP KAEHNE BhIPAXKaeT
3aKOH COXPDAHEHUA 3reKxmpuyecKozo 3apada;

3) aIeKTpUYEeCKU 3apAA ABIAETCA PEJIATHBHCTCKHA MHBADHAHT-
HBIM: €ero BeJIMYMHA He 3aBHUCHUT OT CHCTEMBI OTCUETa, a 3HAUUT, He
3aBUCHUT OT TOT'O, ABMXKETCA OH HJH IIOKOMTCA.

9t QyHIaMeHTaJbHBIE CBOMCTBA 3JEKTPHUECKOro 3apsaga HMe-
0T, KaK MBI YBHIHNM, JaJIeKO HAYIIHUE IIOCIEeACTBHUA.

dunexTpuaeckoe moJie. CorjiacHo COBpeMEeHHBIM IIpeCTaBJIEeHUIM
B3aMMOJ€CTBHE MEXXAY 3apAaMH OCYIIECTBJAETCSA 4Yepe3 IIoJIe.
Beakuit amexTpuueckuil 3apAx @ U3MEHsET ONIpeleleHHBIM obpa-
30M CBOMCTBA OKDY’KAIOIIEro ero MpOCTPaHCTBA — CO3ZAeT INeKm-
puvecKoe none. ITO MOJe IPOABIAET ce0A B TOM, YTO ITIOMEIeHHbIH
B KakKyi0-1ub0 ero TOUKY APYyroi, «IpoOHBIN», 3apaAL UCHBITHIBAET
IeMCTBHE CHJIBI.



10 I'nasa 1

OnwiT mokasbIBaeT, uTo cuia F, meiicTByiomas Ha HEIOABHIK-
HBIA TOYEYHBIH IpOOHBIN 3apsapn q', Bcerga MoKeT OBITH IIpeACcTaB-
JIeHa KakK

F = ¢'E, (1.1)

rae BeKTOp E HAa3bIBAIOT HANPANEHHOCMBIO BIEKTDUUYECKOTO
nons B maHHOM Touke. BexTop E, kax BuaHOo m3 (1.1), MOXHO
OIpeAeNuTh KaK CHIY, AeHCTBYIONYIO HA eAUHUUHBIH I0JI0XKUTE-
JbHBIN HeMOABMI)KHBIN 3apAn. 3aech MpeAmloaraercda, 4To mpob-
HBIN 3apAf ¢' KOJI’KEeH OBbITh JOCTATOYHO MaJIbIM, YTOOBI ero BHe-
CeHMe He BBHI3BAJI0O 3aMETHOI0 MCKa)XeHHA HHTepecyIlollero Hac
moaa (BCJIeACTBHE BO3MOXHOTO IlepepacIpefeieHHs CO3ZaloIuX
moJjie 3apsaaoB).

IIosne Toueunoro 3apsanga. U3 onkiTa (3akoH Kynorna) Hemocpen-
CTBEHHO CJIeAyeT, UTO HAIPAKEHHOCTb IOJIA HEeIOABHIXKHOTO TOUeY-
HOT0 3apsja ¢ Ha PaCCTOAHUM 7' OT HETO MOXKHO IIPeACTABUTh KaK

*

1 ¢
E= Le,,
pr— (1.2)

Tfie £, — dJIEKTpUYecKad IOCTOSHHAA; €. — OPT paguyca-BeKTopa r,
IIPOBEEHHOTO N3 IIeHTPA II0JIA, B KOTOPOM PACIIOJIOXKEH 3apax ¢, KO
uHTepecylomeil Hac Touku. Popmyaa (1.2) sanucana 8 CU. 3gecs
KoadpunmeHT

1/4ney=9 - 10° M/,

3apdAz q onpeneasdoT B kyaonax (Kia), HanpsaxxernHocts moasa E — B
eonvmax Ha memp (B/M). B 3aBucuMocTH OT 3HaKa 3apsAfa ¢ BeK-
Top E HampaBjeH Tak )Xe, KaKk M I, MJIM IPOTHUBOIOJOXXHO €MYy.

Ilo cymrecTBy opmya (1.2) BEIpakaeT He YTO UHOE, KAaK 3AKOH
Kynona, HO B «moneBoit» ¢opme. BecbMa BaXkHO, UTO HANIPAMXKEH-
HocTb E mosst ToueuHoro sapaga o6paTHO IPOIOPIMOHANbHA KBal-
paTy pacCcTOAHMUA r. Bca COBOKYIHOCTh 3KCIEPHMMEHTAJbHBIX (ak-
TOB IIOKa3bIBAET, YTO 3TOT 3aKOH CIPABEAJHUB AJA PACCTOAHHUIHA OT
10713 ¢M [0 HECKOJBKHX KMJIOMETDOB, ¥ IIOKa HET HUKAKUX OCHO-
BaHMM 0KHJIATh, UTO 3TOT 3aKOH He BBLINOJHAETCA U IPH 66abIINX
PaCCTOAHMUAX.



OJIEKTPOCTATAYECKOE IT0Jie B BAKyyMe 11

3aMeTHM eIrfe, YTO B IOJIE, CO3AaBA€MOM HEIOABMI)XHBLIM TOY€Y-
HBIM 3apAAOM, CHJIa, JeHCTBYIOINAas Ha NPOOHLINA 3apAd, HE 3aBUCUT
OT TOT'0, IOKOUTCS NPOOHBIN 3apAN WJIM ABUXKETCHA. ITO OTHOCHUTCS
M K CHCTE€Me HEIOABMI)XHBLIX 3apAAOB.

IIpuanun cynepno3unuu. [Ipyroit oneITHBINA PaKT, KpOMe 3aKO-
Ha (1.2), 3aKJII04aeTCaA B TOM, UTO HANIPAXKEHHOCTb IIOJISA CHUCTEMBI
TOYEUHBIX HEMOABM)XHEIX 3aPANOB PaBHA BEKTOPHOM CyMMe Hamps-
'KEHHOCTEl IIoJIel, KOTOphIe CO3ZaBaiu Obl Ka'KABLIM M3 3apALOB B
OTJEJBHOCTH

_SE -1 v
BB - Zﬁe"” (1.3)

re r; — pacCTOAHHEe MeXxAy 3apANOM ¢; M MHTepecyloleil Hac To4-
KO IoJid.

9TO0 yTBepXKAEeHNE HA3HIBAIOT NPUHYUNOM cYynepno3uyuu (Haio-
JKEeHUA) JIeKTPHUUecKux moJeil. OH BrIpa)kaeT OJHO M3 CaMBbIX 3a-
MeuaTeJbHBIX CBOMCTB IIOJIEH M IIO3BOJISIET BBLIYMCJIATL HAIIPSAXKEH-
HOCTB IOJIA JII000H CHCTEMBI 3apAN0B, IPEACTABHB €€ B BUJE COBO-
KYIHOCTH TOYEYHBIX 3aPAAO0B, BKJAJ KaXXOTO M3 KOTOPHIX AAeTCA
dopmyson (1.2).

Pacnpenenenue 3apamoB. iA yOpoIIeHMss MaTeMaTHUYECKHX
pacyeToB BO MHOTHMX CJy4Yadax ObIBaeT yAOGHO HIHOPHPOBATL TOT
dbakT, 4TO 3apAABI HMEIT AUCKPETHYIO CTPYKTYDPY (3JIEKTPOHHI,
fAxpa), ¥ CYUTATh, UTO OHM «Pa3Ma3aHbI» OIpeJeJIeHHLIM 00pa3oM B
mpocTpaHcTBe. IpyrMMH cJIOBaMH, YOOOHO 3aMEHHUTh HCTHHHOE
pacmpefesieHNe TOYEUHBIX AUCKDETHBHIX 3apsafoB (DUKTUBHEIM He-
NIPepLIBHLEIM pacupeesieHNeM. JTO II03BOJAET 3HAUYUTENbHO YIIPO-
IIATh pacueThl, He BHOCA CKOJbKO-HUGYAb 3HAUNTEJIbHON OIMMOKH.

IIpu mepexofie K HEIPEPLIBHOMY DacCIpefeIeHUIO BBOAAT IIOHSA-
THe O ILIOTHOCTH 3apAN0oB — OObEMHOM p, HOBEPXHOCTHON G M JIH-
HeitHOi A. Ilo ompegpeneHuio,

dg g, _dq

p=—_’ C=—),

==, 1.4
dv ds dl (1.4

roe dg — 3apan, 3aKJIOYEHHBIH COOTBETCTBEHHO B o0beMme dV, Ha
nosepxHocT dS u Ha giauHe dl.



12 Cnasa 1

C yuerom aTux pacmpegeneHuit ¢opmysaa (1.3) MoxkerT OBITH
npeacTasiieHa B Apyro# ¢opme. Hanpumep, ecan 3apAx pacmpepge-
JieH 1o o6’beMy, TO Hafo 3aMeHHUTH ¢; Ha dg = pdV u % ma |, roraa

go 1 pe,dV 1 foprdv 15
" 4ne, 2 3’ (-5

r dneg J r

rje MHTEerpupoBaHNe IIPOBOAUTCSA IIO BCEMY IIPOCTPAHCTBY, B KOTO-

pOM p OTJIMYHO OT HYJA.

Takum o6pa3oM, 3Has pacupefiesieHNe 3apAL0B, MBI MOYKEM IIOJI-
HOCTBIO PEmINTh 3aauy O HAXOXXIAEeHUM HAIPAKEeHHOCTHU 3JIEKTPH-
yeckoro moJsa mo ¢opmyae (1.3), ecan pacupeneneHue AUCKPETHO,
nian no ¢dopmysie (1.5) 1 aHAJIOTUYHO eH, eCIM pacIpefesieHNe He-
npepsIBHO. B o6mieM ciyuyae pacyeT CONPSMKEH CO 3HAUUTEJIbHBIMHU
TPYAHOCTAMU (IIpaBia, He IPUHIOUIHNAJIBLHOTO xapakTtepa). Ieicr-
BHUTEJILHO, [OJA HaXOXAeHUuA BeKTopa E Hafo BHIUMCINTHL CHaUaJa
ero npoeknuu E_, Ey, E,, a 3T0 1m0 CymiecTBY TPM MHTerpaja THIa
(1.5). ! TopKO B TeX caydyasx, KOTZa CHUCTeMa 3apamoB o0Jaagaer
TOX MIM AHOU cUMMeTpHel, 3afaua, KaKk IIPaBHUJIO, 3HAUMTEJIbHO
obneruaerca. IlpuBeaem aBa mpumepa.

IIpumep 1. Ilosre Ha OCH TOHKOro paBHOMEPHO 3aps2KeHHOr0 KOoJbla. 3a-
pAan q >0 PaBHOMEPHO pacnpefieJieH 10 TOHKOMY KOJIbLly paagu-
ycom a. HaiiTu Hanpsi»keHHoCcTb E ajleKTpHUecKoOro moJjs Ha
OCH KOJIbIla KaK (bYHKIJ,PHO pacCTodHUA 2 OT ero LeHTpa.
Jlerko cooﬁpaam*b, 4YTO B AJAHHOM cCJiy4dae BEKTOD E AOJIXKEeH
GRITH HAIIpaBJIeH 10 OCH Kojabla (puc. 1.1). BeigenuM Ha Kosb-
e OKOJIO TOYKH A anemenrt dl. 3anumiem BhIDaXeHHne IJs COo-
crapnapomei dE, or aroro anemenra B Touke C:

E dE, = 1 1 ﬂcos a,
P—/dE mEy r
C rae A = q/2na. [lnsa Bcex 2JIeMeHTOB

KOJbLA I U o 6YAYT OMHUMHU ¥ TeMH
JKe, [M03TOMY HHTErpMpOBaHUE 3TOr0
BBIDAYKEHHUA CBOLUTCH IIPOCTO K 3aMe-
He Adl Ha ¢. B pesyabrate

-_41 2
dmey (a’ + 2%)

3/2 °
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IIpumep 2.

Buzguo, uto npu 2 > a mojae E = q/4m;022, T. €. Ha GoJabIINX
PacCTOSHMAX 3Ta CHUCTeMa BeZeT ce0A KaK TOYEUHBIN 3apsan.

Ilosie paBHOMepHO 3apsa:KeHHON npamoit HUTH. ToHKasa npda-
Masi HUTb JJINHOI 2! 3apsA’keHa paBHOMeDHO 3apsgoM q. Haittu
HanpsKeHHocTh E mosst B Touke, OTCTOALIEH Ha pacCTOAHUE X
OT LIEHTPa HUTH U PacIoJo-
KEHHO CHMMETPHUYHO OT-
HOCHUTEJIBHO ee KOHIIOB.

N3 coobOpakeHnit cumMmer-
puH SICHO, 4TOo BeKTOop E
OOJI’KeH HMeTh HalpasJie-
HHe, IIOKa3aHHOe Ha pHC.
1.2. 39To mnoxackasblBaeT,
KaK HaJo IOCTYIIUThL Aajee:
OIlpefieIUM COCTABJIAIOLIYIO
dE, or anemenTta dl HuUTH C
sapsagom dg 1 3aTeM IPOMH-
TerpupyeM I10 BCEM dJIeMeH-
TaM HUTH. B Hamem ciayyae Pnc. 1.2

dE, =dECOS(1=41

rae A = q/21 — nuHeliHas NMJIOTHOCTHL 3apsifa. IIpuBemem aro
ypaBHeHHe K BHAY, YAOOHOMY MJs HHTerpupoBaHud. Hs
puc. 1.2 BugHo, uro dl cos a = rda u r = x/cos o, II0O3TOMY

dE, = 1 Arda _

= = cos a do.
4ney r 4neyx

9TO BBHIPaK€HHe JIETKO IPOMHTErpHMpoOBAaTh:
Qg l l
E = —2 | cos ada =——2sinaq,,

dnggx 4megx

. ;2 2
rfe ay — MaKCHMaJbHOe 3HaueHue yria a, sin ag =1/vl° + x°,
IIO3TOMY

q/2l l 1 q
2 =
dmegx |12 4 x2  AnEy xy|1? 4 52

U 3gecs E ~ q/ 4neox2 npH x > l, Kak IoJjie TOYeYHOro 3apsana.
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I'eomeTpHYecKOe OMMCaHHE JIEKTPHYECKOro IMoJas. 3Hasd BEKTOD
E B KaOoil TOYKe, MOXXHO IPEJCTAaBUTh JJIEKTPHUUYECKOE II0JIe
OYeHb HAIJIALHO C IIOMOIINbIO JUHUI HAIPSAXKEHHOCTH, WJIN JUHUHK
BeKTopa E. OTH JTUHNYK DIPOBOAAT TaK, YTOOBI KacaTeJbHad K HUM B
KaXXJ0oH TOYKe COBIajasa ¢ HampaBieHueMm BekTopa E, a rycrora
JIMHUH, T. €. YUCJIO JUHNH, IPOHN3BIBAIOIINX €JUHNYHYIO IIJIOMIa-
Ky, IepIeHANKYJIAPHYIO JUHUAM B JaHHOH TOuKe, Oblia ObI Ipo-
mopryoHanbHa Moayano Bekropa E. Kpome Toro, arum JmHHAM
NIPUIINCHIBAIOT HAIIpaBJIeHME, COBIAJalollee C HallpaBJI€HHEM BeK-
Topa E. Ilo nmonyyeHHO KapDTHHE MOYKHO JIETKO CYAUTh O KOHGUTY-
panyy JaHHOTO 3JIEKTPHUUYECKOro II0JII — O HAIPaBJIE€HUH M MOAYJe
BeKTOpa E B pDasHbIX TOYKax MOJA.

06 o6mux cpoiictBax moasa E. OnpexnenerHoe Buimre noJe E o6-
JlaJlaeT, KaK BBIICHUJIOCh, ABYMS YDE3BbIYAWHO BA’XHBLIMH CBOMCT-
BaMU, 3HaHHE KOTOPBIX IIOMOIJIO IIy6ike MPOHUKHYTDH B CYyTh CaMO-
ro MOHATHSA IIOJIS U CHOPMYJIUPOBATDH €0 3aKOHBI, a TAKIKe OTKPHI-
JI0 BO3MOXXHOCTb DEIINTh PAA BOIPOCOB BeCbMa MPOCTO M M3ISAIIHO.
9Tu cBoiicTBa — TaK HasbiBaeMble Teopema Iaycca m Teopema o
OUPKYJIANUN BeKTopa E — cBA3aHBI ¢ AByMA Ba)KHEHIIMMU MaTe-
MaTUYECKHMHU XapaKTepPUCTUKaMH BCeX BEKTODHBIX IOJIei: nomo-
Kom ¥ yuprkyasyueld. Kax Mbl yBUAMM, IMOJb3YSCHh TOJIBKO 3THMH
OBYMS IMOHATUAMM, MOXKHO OIMCATb BCE 3aKOHBI HE TOJBKO JJIEKT-
pudecTBa, HO U MarHeTu3mMma. IlepeiiieM K mocjiezoBaTeJIBLHOMY pac-
CMOTPEHHIO 3THUX CBOMCTB.

§ 1.2. Teopema I'aycca

ITotox BekTopa E. 15 Gosnbiieit HarJAZHOCTH BOCIOJIb3yeMCS
reOMEeTPUUYECKON KapTHHOM OIMCAHUA 3JIEKTPUYECKOro moJd (C mo-
MoIbio JuHKK BeKTopa E) m ellle, A1 yIpPOIEHUs pacCy KIeHuit,
6ymem cuuTaTh, 4YTO rycrora guHmNi E pasna moxpymnio BekTopa E.
Torza 4nciO JMHUHE, IPDOHU3BIBAIOIUX 3JIEMEHTAPDHYIO ILJIOLIAAKY
dS, HOpDMaJIb N KOTOPO# COCTaBJIAET YIroJ O C

n,dS
BekTopoM E, onpexmensierca coriacHo puc. 1.3
o kak E dScoso. 9ra BeI1nunHA M €CTh IIOTOK
E
d® BexTopa E ckBo3p miaomaaky dS. B 6oiee
ds KOMIIaKTHOH (hopme

Pre. 1.3 d®=E,dS=EdS,
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rae E,— mpoeknusa BekTopa E Ha HopMaae n kK mromanxe dS,
dS — BexTop, Moaysas KOoTOpOro paseH dS, a HampaBJeHHE COBIA-
JaeT ¢ HOPMAaJIBIO N K IIJOIMaZKe. 3aMeTHM, 4TO BuIGOpD HampaBiie-
HHUSA BeKTOpa n (a cieqoBaTelbHO, M dS) ycI0BeH, ero MOKHO GBLIO
6l HAampaBUTb M B IPOTHBOINOJIOKHYIO CTODOHY.

Ecan uMeercsa HeKOTOpasA IPOM3BOJIbHAS IOBEPXHOCTH S, TO IO-
ToK BeKTopa E ckBo3b Hee

q>=jEds. (1.6)
S

Ota BeauumHaA ajrebpanueckKas; OHA 3aBHCHUT He TOJbKO OT KOHODH-
rypanun nois E, Ho 1 ot BeIGopa HampaBjieHUs HOpMaiu. B ciaydae
3aMKHYMbLX TIOBEPXHOCTEH NPUHATO HOpPMAaJb N 6paTe Hapycy 06-
JIaCTH, OXBATHIBAEMON 3THMM IIOBEPXHOCTSMH, T. €. BHIOMpATH
6HeULHIO HOPMAaJb, YTO B JajbHeinleM GyZeT Bcersa M moApasy-
MeBaThCs.

Xorsa 3mech peub OLja O MOTOKe BeKTopa E, mMOHsATHe IMOTOKA B
PaBHOH CTemeHHM OTHOCHTCA K JIOOOMY BEKTOPHOMY IOJIO.

Teopema I'aycca. ITorok BekTOopa E CKBO3b MPOM3BOJILHYIO 3aM-
KHYTYI0O IIOBEPXHOCTh S obGysafaeT yAUBUTEJIbLHBIM M 3aMedaTelb-
HBIM CBOMCTBOM: OH 3aBHCHUT TOJBKO OT ajare6panyecKoil CyMMBbI 3a-
PALOB, OXBATHIBAEMBIX 3TOH IOBEPXHOCTbIO. A MMEHHO

$EdS =j—0q,,,,m,, (1.7)

rie KPY»XOK y MHTerpaja O3Ha4yaeT, UTO MHTErpMPOBAaHHE NIPOBO-
OUTCA 10 3aMKHYTOH IIOBEPXHOCTH.

9To BEIDAXKEHHE M COCTABJIAET CyTh Teopemsl I'aycca: nomox eex-
mopa E cx603b 3amxrymyio noéepxnocmsv paéen anzebpauieckou
cymme 3apsadoeé enympu amol noséepxnocmu, OenenHol Ha &

Hoxazamenvcmeo meopemsvi. CHauaa pacCCMOTPHUM IIOJIE€ OXHO-
ro ToueyHOro 3apaga q. OKPy»KMM 3TOT 3apal IPOU3BOJbHOHN 3aM-
KHYTO# moBepxHOCTBIO S (puc. 1.4) m Haiigem moToK BeKTopa E
CKBO3b 3JieMeHT dS:

dd = EdS = E dS cos o = 4 4Scosa=—2_da, (1.8)
e r2 47{80
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roe dQQ — TesecHBIH# yroJ, OmIMpaMIINACA Ha
3JIeMeHT noBepXHOCTH dS, ¢ BepIINHOM B TOUKe
pacIoJIO)KeHUA 3apsfga ¢. HMHTerpmpoBaHHe
3TOr0 BBIPAXXEHUHA IO BCEHl IOBEPXHOCTH S K-
BHBAJIEHTHO MHTETPUPOBAHUIO II0 BCEMY TeJEC-
HOMY yrIJay, T. €. 3ameHe dQ) Ha 47, ¥ MBI IOJY-
unm P = q/¢,, Kak u Tpebyer hopmyia (1.7).
Puc. 1.4 3ameTuM, uTO npu 0oJiee CJIOXKHON (dopme
3aMKHYTOH IIOBEPXHOCTH YIJIBI O. MOTYT OBIThH
6osbmre /2, a 3HAYMT, cos a 1 dQ B (1.8) npuHMMAaIOT, BOOOIIE Io-
BOPS, KakK IIOJIO)KUTEJbHbIEe, TAK M OTPHIATEJbHbIe 3HAYEHUA.
Hrak, dQQ — BenmuunHa anreGpanuyeckasi: ecau d) ommpaercd Ha
BHYTPEHHIOI CTOPOHY moBepxHoctH S, To dQQ > 0, ecim ke Ha
BHEIIIHIOIO CTOpPOHY, To dQ < 0.

Orcroma, B 4aCTHOCTH, CJEAYET: €CJIH 3apAL ¢ PacCIOJIOXKEeH BHe

3aMKHYTOH IOBEPXHOCTH S, TO IIOTOK BeKTopa E uepe3 Hee paBeH
° Hym10. JIJIA 3TOro ZOCTATOYHO IIPOBECTH U3 3a-

pALa ¢ KOHMYECKYIO IIOBEPXHOCTh TaK, YTOOBI

S OHA OKasajlach KacaTeJbHOM K 3aMKHYTOM IIO-

BepxHocTH S. Torza MHTErpHpoBaHUE BhbIpaX<e-

Hu4A (1.8) mo noBepxHOCTH S 3KBHUBAJIEHTHO MH-

Q TerpupoBaHuio mo QQ (puc. 1.5): BHeIIHAA CTO-

q pOHAa IIOBEpPXHOCTH S OyaeT BHAHA M3 TOYKH ¢

Puc. 1.5 noxg yrsiom Q > 0, a BHYTPeHHAS IOJ YIJIOM

— Q (o6a yrJsia mo MoOZyJI0 paBHBI). B cymme mmo-

Jy4uM HyJb, U @ =0, 4TO TaK)Ke COBIaZaeT C YTBEPXKIAEHHEM

(1.7). Ha asbike JuHH BeKTOopa E 3TO 03HaYaeT, UTO CKOJBKO JIH-

HUII BXOAHUT B 00'b€M, OTPAaHMUYEHHBIA IOBEPXHOCTBIO S, CTOJBKO H
BBIXOJHUT.

Tenepb 006paTUMCS K CIyUYalo, KOTAa 3JIEKTPHUECKOe I10JIe CO3%a-
eTCA CHCTeMO} TOYeUHBIX 3apALOB ¢q, o M T. A. B aTOM ciayuae co-
riacHo npuHnuny cynepnosunuu E =E; + E, + ..., rae E; — moue,
cosziaBaeMoe 3apAaoM ¢, u T. A. Torma morox BexTopa E MoxHO 3a-
nmucaTh Tak:

$EAS =F(E, +E, +...)dS =fE,dS +$E,dS +...= ®; + D, +...

CoryacHO IpeAbIAYIIeMY Ka)XAbli HHTEerpaJ B IIpaBO# YacTH pa-
BeH (,/t,, €CJIM 3apAf ¢; HAXOAUTCA 6HYMPU 3aMKHYTOMN IIOBEPXHO-
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ct S, M HYJIIO, eClu cHapyxu noBepxHocTu S. IloaToMy B mpaBoit
YacTH OCTaHeTCsa ajJredpamuyecKas cyMMa MoOJbKO TeX 3apAROB, KO-
TOpble HAXOAATCA BHYTDPH IIOBEPXHOCTH S.

Jlna 3aBeplIeHHs OOKAa3aTeJIbCTBA TEOPEMBI OCTAeTCA Y4YeCThb
caydai, Korga 3apsapnbl paclpefeieHbl HelpepbIBHO ¢ O0BbEMHOM
IJIOTHOCTbIO, 3aBHCAILIEH OT KOOpAMHAT. B 3TOM ciydyae MOXKHO
CUHTaTh, YTO KAXKABIA 31eMeHTapHBIH 06beM dV comepKHUT «Toued-
Hblli» 3apazn pdV. Torma B mpaBoit wactu (1.7)

9 sy = [PV, (1.9)

Tfie MHTeTPUPOBaHKEe IIPOBOAUTCSA TOJBKO 10 06beMY, 3aKIIOYEHHO-
My BHYTPH 3aMKHYTOH IOBepxHOCTH S.

Heo6xoxmmo 0o6paTHTh BHUMAaHHE Ha CJeAyiollee Ba)XHoe 006CTO-
ATEJBLCTBO: B TO BpeMs Kak caMo noJe E 3aBucHUT oT KOHQHUTrypauuu
écex 3apAIO0B, MOTOK BeKTopa E CKBO3b IPOM3BOJIBHYIO 3aMKHYTYIO
IIOBEPXHOCTD S OIpeeSAeTCA TOJbKO aarebpandyeckoir CyMMoi 3a-
PALOB 6HYymMpuU MOBEPXHOCTH S. ITO 3HAUUT, UTO €CJIH IIePEeJBUHYTH
3apangsl, To nojse E M3MEeHHTCsS BCIOAY, B YaCTHOCTH, M Ha IIOBEPX-
HoCcTH S; U3MEHHTCA, BOOOIle roBOps, M IOTOK BeKTopa E uepes S.
OmHako ecnM mHepegBH)KKa 3apAfOB IIpoM3olia 0e3 mepeceueHMA
IIOBEPXHOCTH S, IOTOK BeKTopa E uepes 3Ty MOBEpPXHOCTh OCTAHET-
CS NpeXcHuM, XOTs, IIOBTOPsieM, camo nojie E Mo)xeT M3MeHUTHCA,
IIpUYeM BechbMa CYIEeCTBeHHO. ¥ IUBUTEJIbHOE CBOMCTBO 3JIeKTpHYe-
CKoro moJia!

§ 1.3. IIpumenenusa Teopembl I'aycca

ITockonbky mosie E 3aBHCHT OT KOH(pUIrypaunum ecex 3apsamoB,
Teopema I'aycca, BooOiie roBops, He AaeT BO3MOXXHOCTH HAaWTHU 3TO
noJsie. OgHaKO B pAje caydaeB Teopema ['aycca okasbiBaeTcsa BecbMa
3(hHeKTHBHLIM aHAJIUTHUYECKUM MHCTPYMEHTOM: OHA IO3BOJIAET IO-
JIYYUTHh OTBEThI HA HEKOTOPHhI€ IIPDHHIMNIINAJJbHBIE BOIIDOCHI, HE pDe-
mas 3ajaduy, a TaKyKe HaXOOUTh U caMo moJe E, npmuem upe3BbI-
YaflHO NPOCTHIM IIyTeM. PaccCMOTPMM HECKOJIBKO IPHMMEpPOB, a 3a-
TeM chopMyJHpyeM HEKOTOpble OOIlMe BBLIBOABI O TOM, B KaKHX
ciaydyasax IIpUMeHeHHe TeopeMbl 'aycca oxasbiBaeTcs HauboJiee 1e-
Jecoo6pa3HbIM.
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IIpumep 1. O HeBO3MOKHOCTH YCTOMYMBOrO PaBHOBECHA 3apfAga B 3JIEKT-
pHuecKkoM moJe. IIycThb B BakyyMe HMMeeTCA CHCTE€Ma HeIo-
OBMKHBIX TOYEUYHBIX 3apAJOB, HAXOASIIMXCHA B PABHOBECHH.
PaccMOTpPUM OZMH U3 3THUX 3apsAL0oB — 3apsf ¢. Moxxer Ju co-
CTOSIHME ero PaBHOBECH:A OBITb YCTONYMBLIM?

YT0o6Bl OTBETUTHh HA BTOT BOIIPOC, OKPYXKHUM 3apfAl ¢ HeOOJb-
o 3aMKHYTOH moBepxHocTbio S (puc. 1.6). Homycrum, mnsa

S - omnpeaeneHHocTH, 4uro g > 0. Torma ana
Toro 4To6bl paBHOBecHe 3apfAma ¢ ObLIO
N YCTOMUYUBBIM, HEOOXOAUMO, YTOOLI BO BCEX

9 Toukax mnoBepxHocTH S mose E, o6paso-
BAHHOE BCEMH OCMAAbHLIMU 3apALAMHU
crucreMbl, GbIJIO HaIpaBJIEHO K 3apAny ¢:

Puc. 1.6 TOJBKO B 3TOM CJIy4ae IpHU JIOOOM MajoM
CMeIlleHUH 3apfAfa ¢ U3 ITOJIOKEHUS paB-

HOBeCHsI Ha Hero GyfeT HeiiCTBOBAThH 6036paujarowyas cuia, u

II0JIOKEHNEe DaBHOBECHA AEeHCTBHUTENBHO OyAeT YCTOHYMBBIM.

Ho rakas koHdurypamus noas E Bokpyr sapsija ¢ npoTuBope-

yut Teopeme I'aycca: notok BekTopa E ckBO3b moBepxHOCTH S

OTpMIaTEJIeH, COIJIaCHO ’Ke TeopeMe I'aycca OH HOJKeH GBITH

PaBHBIM HYJIIO, IIOCKOJIBKY 3TOT IIOTOK CO3JAeTCA 3apAfaMH,

PAacIlOJIOKEeHHBIMH 6He IOBEPXHOCTH S. A paBeHCTBO IIOTOKAa

BekTopa E HyJI0o 03HaYaeT, YTO B KAKUX-TO TOYKAX ITOBEPXHO-

ctu S BexkTop E HampaByieH BHYTDb, & B KAKHUX-TO 00A3aT€JbHO

Hapyxy. OTclofa U ciIefyeT, YTO YCTOHUYNBOE paBHOBeCHe 3aps-

Ja B JIIOOOM 3JIEKTPOCTATHYECKOM II0Jieé HEBO3MOXKHO.

IIpumep 2. ITosre paBHOMEPHO 3apsAKeHHOMH MI0ocKocTH. IIycTs MOBEPXHOCT-

Had IUIOTHOCTD 3apfAfa paBHa o. VI3 cuMMeTpUM 3aJauyil OYEeBUA-

HO, 4TO BeKTOp E MoskeT ObITh TOJILKO MIEPIEHAMKYJISIPHBEIM 3a-

pPAXKeHHOH IuIockocTH. Kpome Toro,

SICHO, YTO B CHMMETPHYHEBEIX OTHOCH-

o TEJIbHO 3TOH IIJIOCKOCTH TOYKAX BeK-

E [ - E Top E oAMHAKOB 110 MOAYJIIO U IIPOTH-

«-(J (.?; O—» BOIIOJIOXKEH II0 HampaBjieHUo. Takasa

A Vi KOHQUrypauus IOJs INOACKAa3bIBaEeT,

YTO B KAYECTBE 3aMKHYTOM IIOBEPXHO-

CTH cJefyeT BBIOpATb IPAMON IHU-

JMHAD, PACIIOJIOKEHHBINH, KaK Ha pHC.
1.7, roe npexnonaaraerca o > 0.

Puc. 1.7

IToTox ckBO3b GOKOBYIO IIOBEPXHOCTH 9TOTO LVJIHMHApDA paBeH
HYJIIO, ¥ IIO3TOMY IOJIHBIH IIOTOK 4epe3 BCIO IOBEPXHOCTb IIH-
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IIpumep 3.

auHapa Oymer 2EAS, rme AS — miowagb KaXIOro ToOpIia.
BuyTpu muauHApa 3akiwodeH 3apapg cAS. CoriacHo Teopeme
Taycca 2EAS = oAS/gy, otkyna E = o/2¢). TouHee aTo BbIpa-
JKeHMe cJlelyeT 3allMCaTh TaK:

E, =0/2¢, (1.10)

rae E, — npoeknus BekTopa E Ha HOpMaJb N K 3apsAKeHHOM
IJIOCKOCTH, IIpUYEM BEKTOP N HampaBJieH OT 3TOH IIJIOCKOCTH.
Ecan 6 > 0, To u E, > 0, 3HauuT, BekTop E HampasJjeH or 3a-
PAXKEHHO! IIJIOCKOCTH, Kak Ha puc. 1.7; ecau ke o < 0, To
E, < 0, snauur, BekTop E HampaBileH K 3apsiKeHHOM IIJIOCKO-
ctu. Tor dakT, uTo E He 3aBHUCHUT OT PACCTOAHUA OO IIIOCKO-
CTH, O3HAYAET, YTO COOTBETCTBYIOLIEe IJIEKTPUIECKOe ITOJIe fB-
JIAETCS OGZHOPOLHBIM (KaK CJeBa, TaK M CIIpaBa OT IIOCKOCTH).

IlonyyeHHBI pe3yJbTAT CIIPABEAJINB TOJbKO A1 6€CKOHEeUHOMH
IIJIOCKOM ITOBEPXHOCTH, M6O TOJIBLKO B 3TOM CJIydae MOTYT GbITh
HCIIOJIb30BaHbl IPUBeieHHbIE cooOpakeHua cuMmeTrpun. OgHa-
KO OH IPHOJIMKEHHO CIIPaBeAJIUB M JJs 06JacTH, IpHJerao-
mei K cpegHeH 4YaCTHM KOHEYHON paBHOMEDHO 3apfAKEeHHOM
IJIOCKO ITOBEPXHOCTH, BIAJIU OT ee KpaeB.

INose aByx mapajiieJbHbIX IIJIOCKOCTEi, 3apAKEHHBIX PaBHO-
MEPHO Pa3HOMMEHHBLIMHM 3apAAAMH C IUIOTHOCTAMHM G M —O.

9TO moJie MOKHO JIErKO HalTH KaK CyNepHOo3ULIUIo MoJei, co-
3KaBaeMbIX KaXXJO# U3 IJIOCKOCTEMH B OT-
JeabHocTH (puc. 1.8). 3mecr BepxHHe
CTPEJIKM COOTBETCTBYIOT IIOJIO OT ITOJIO-
JKUTEJIBHO 3apAXKEHHOH  IIOCKOCTH,
HIJKHUE — OT OTDHIIATEJbHO 3apfAKeH-
HOM IJIOCKOCTH. MeKAYy NJIOCKOCTAMH
HAIIPAXKeHHOCTH CKJagbiBaeMbix moneit £ =0|E
HMeIOT OAWHAKOBOe HaIllpaBJIeHHe, II03-
TomMy peadyabTaT (1.10) mpocTo ymBOMT-
cf, ¥ pe3yJIbTUPYIOIasd HANPAKEHHOCTh
IOJIA MEXKAY IJIOCKOCTAMH

+ -

Sla

Puc. 1.8

E =o/e, (1.11)

rae MOA O MOAPa3yMeBAeTCS MOAYJb IOBEPXHOCTHOH IIJIOTHO-
cTH 3apsaga. BHe 3Toit 06s1acTH, KaK JIerkO BUAETh, [10JIe PABHO
HyJao. TakuMm o6pas3oMm, I1oJie B JaHHOM CJIy4yae COCPeZOTOYEeHO
MeKJY IJIOCKOCTAMM U SBJIAETCA OJHOPOAHBIM B 3TOM o6Jac-
TH.
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IIpumep 4.

IIpumep 5.

ITonyyeHHBI pe3yJabTAT NPHUGIMKEHHO CHDaBelJIMB M IJd
IJIACTUMH KOHEYHBIX Pa3MepoOB, €CJIH TOJIbBKO PACCTOAHHE MeX-
Ay TLIaCTHHAMH 3HAYMTEJIbHO MEHbIIIe UX JHHEHHBIX pasMepoB
(T10CKHUM KOHAEHCATOD). 3[eCh 3aMeTHbIe OTKJIOHEHHS 1015 OT
OMHOPOAHOCTH HAOJIOZAIOTCA TOJbKO BOJM3M KpaeB IIACTHH
(3TMM IIpH pacyeTax 4acTo NpeHebperaor).

ITose 6eCKOHEYHOro KpYrJoro LMJMHApPA, 3apAKeHHOI'O paB-
HOMEDHO II0 IOBEPXHOCTH TaK, YTO Ha €NWHMIY ero IJIHHBI
NMPUXOAUTCHA 3apAn A.

W3 coobpaxkeHNit CHMMETPHH CJeLyeT, UTO IIoJie 3JeCh KMMeeT
paguaJbHBIA XapakTep, T. €. BeKTop E B Kakaoil Touke Imep-
NeHANKYJIApeH OCH LMJIMHApA, a MOAyJab BekTopa E 3aBucur
TOJBKO OT PACCTOSHMA I JO OCH LMJINHAPA. ITO NOACKAa3bIBaeT,
YTO 3aMKHYTYIO IOBEPXHOCTDb 37eCh HalO B3ATH B (PopMe KOaK-
‘ CHaJbHOrO IPAMOro IMJIMHApa (pHC.
1.9). Tormga motox BekTOopa E CcKBO3B
TOPIBI 3TOTO LUJIWHADPA PaBeH HYJIIO, a
yepe3 OOKOBYyIO IOBepXHOCTb E 2nrh,
rge E, — npoexuusa Bexropa E Ha pa-
ANyC-BEeKTOp I, COBIAJAIOLINI II0O Ha-
NIpaBJIeHHI0 ¢ HOPMaJbio N K GOKOBOI
IIOBEPXHOCTH IWIMHADPA DAJUYCOM I U
BbicoToit h. Ilo Teopeme Taycca mns
caydyaa r > a umeeM E 2nrh = Ah/egg,
Puc. 1.9 OTKyAa

E, =—}‘—2 (r > a). (1.12)
2neyr

Ilpu A > 0u E, > 0, T. e. BeKkTOp E HanpasjieH oT 3apsAKeHHOrO
LUJINHApPa, U HaobopoT.

Ecau r < a, To 3aMKHYTasl IOBEPXHOCTb He COAEPIKUT BHYTPHU
3apsagoB, MO3TOMY B 3To# obGnactu E = (0 He3aBMCHMO OT r.

TakuM 06pa3oM, BHYTPH PABHOMEPHO 3apSAXKEHHOTO II0 IoBep-
XHOCTH KpPYIJIOrO GECKOHEYHOro LMIMHApPA IOJS HeT.

ITone cdepnueckoii MOBEPXHOCTH DagUyCOM a, 3apAKeHHOR
PaBHOMEDHO 3apAAoM ¢.

9To moJie, OYEBHAHO, LEHTPAJbHO-CHMMETPHUYHOE: HaIpaBJie-
uue BekTopa E B 11060it ToOuke MIpoxXoguT yepes LeHTD cdepsl, a
MoAyJb BekTopa E monskeH 3aBuceTh TOJIBKO OT PACCTOSIHUA I
0 LeHTpa cdepsl. SCHO, YTO IpH TaKOH KOHPUrypanuy MoJasA
B Ka4yecTBe 3aMKHYTOMH ITIOBEPXHOCTH HAAO B3ATb KOHLIEHTpHUYe-
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IIpumep 6.

ckyio cdepy. Ilycts ee paguyc r > a, TOrja 1o Teopeme Taycca
E Anr® = q/gg, OTKYRA

E,=—21 . (r>a), (1.13)
4mggr
rae E, — npoexnusa exkropa E Ha paguyc-sexTop r, coBnazao-
MM 10 HATIPABJEHUIO C HOPMAJBIO N K IIOBEPXHOCTH B Kak-
moit ee Touke. BHAK 3apsfia ¢ ¥ 34eCh onpeesseT 3HAK IPOEK-
uvn E,, a ciefoBaTeNbHO, X HAaIpaBJieHHe CAMOTO BEKTODa E:
om 3apsKeHHol cdepsl (pu g > 0) uau k Heit (npu g < 0).

Ecau r < a, To 3aMKHYyTas IOBEPXHOCTb He COAEPKUT BHYTPH
3apAgOB, TO3TOMY B 9TOMH 06JIaCTH BCIOAY E =0, T. e. BHyTDH
pPABHOMEDHO 3apAKEHHOH chepuyecKoil IMOBEPXHOCTU 3JIEKT-
pHUecKoe IIoJie OTCYTCTBYeT. BHe aTOff TOBEPXHOCTH noJe YObI-

BaeT ¢ PACCTOSHMEM 7 10 TAKOMY K€ 3aKOHY, KaK y TOYeYHOTo
3apsaza.

Ilosle paBHOMEPHO 3apSAMEHHOro Mapa.

TIycTs 3apAA ¢ PABHOMEPHO PacmlpefielieH IO IIapy PafuycoM a.
Ilose Takoil CHCTEMBbl, OUEBUAHO, TAKKe LeHTPaJbHO-CHMMET-
pHUYHOE, IIO3TOMY U 3xechb OJdA HaXoXXJAeHUud I10JIA cjleayeT B Ka-
JecTBe 3aMKHYTO} TOBEPXHOCTH B3ATH KOHIEHTPUUECKYIO Coe-
py. Hetpyamo coo6pasuthb, 4TO A IOJIA BHE IIapa MOJy4UTCA
TOT 2Ke peayJbTaT, YTO ¥ B NIPEABLIAYIIEM IpUMepe [em. (1.13)].
BHyTpHM e Iapa BhIpa)keHHWe RJIsA NOJ#A 6yAeT APYTHUM. Cdepa
pajuycoM r < a OXBATHLIBAET 3apsAN qg = q(r/a)s, u6o B HallleM
ciyuae 3apAmBl OTHOCATCA Kak O0BbeMbl, a IOCTefHMe Kak
ky6n1 paguycos. [TosToMmy corilacHo Teopeme Iaycca

E,4nr? = sl—oq(r/a)3,
OTKYAA

E, =12, (r<a), (1.14)
47y a

T. €. BHYTPH DPABHOMEDHO 3aps-
SKEHHOTO 11apa HaNpAXKEeHHOCTD
pacTeT JIMHEHHO C PACCTOAHUEM
r oT ero ueHtpa. I'padpuk 3aBHU-
cumoctd E OT r mokasaH Ha
puc. 1.10.

Prc. 1.10



22 I'nasa 1

O0mue BpIBOABI. [loNyueHHbIe B 3THX NPHMepax pe3yJIbTAThl
MOXHO ObLTIO ObI HANTH M HENOCPEACTBEHHO HHTETPHPOBAaHHEM C
nomoinbio popmyaasl (1.5). OgHako, KaK MOXHO ObLIO yOeAuThCSH,
KCIIOJIb30BaHUE TeopeMbl I'aycca IM03BOJMMJIO HAM pellaThb 3TH 3aja-
Yy HeCPaBHEHHO 6oJiee IIPOCTBHIM IIyTEM.

IIpocToTa, ¢ KOTOPO# OBLIM pelleHbl PACCMOTPEHHbIE 3afauM,
MOYKET CO3JATh MJIIO30PHOE BIeUATJIEeHUE O CHJIeé MeTOAAa, OCHOBAH-
HOrO Ha IPHMEeHeHNHU TeopeMhl I'aycca, 1 0 BO3MOXXHOCTH HAXOOUTh
C IIOMOIIBIO 3TOM TEOpeMBI pellleHus MHOTMX Apyrux sagad. K co-
YKaJIeHUIO, 3TO He TaK. YHUCJO 3a4a4, JIETKO pelllaeMbIX C IIOMOIIbIO
TeopeMbl 'aycca, BeCbMa OrpaHHYEHO. YK€ IIPH PelIeHHH 3afauM O
HaXO0XJEeHUH II0JIA TAKOr0 CHMMETPHYHOI0 pacipenesieHus 3apaza,
KaK y paBHOMEPHO 3apMXXeHHOro AMCKa, TeopeMma 'aycca oxasbIBa-
erca OeccuiabHO. B aToM cayuae KOHpUrypamusa MoJs JOCTATOUHO
CJOXKHAasA, U 3aMKHYTOM ITOBEPXHOCTH, obsamaromieili Heo6XxogUMMO
JJIA IPOCTOTHI BHIUMCJIEHHNA TIoToKa BeKTopa E dopmoii, 3gech Her.

HcnonbzoBanue TeopeMel 'aycca ainsa pacuera moseit apdexTus-
HO JIMIIk B TeX CJydYasx, I'Ae moje obsafaer ClenmuaJlbHON CHMMET-
pHel (4ame BCero ILIOCKOM, IMIMHAPMYECKOH MJIN cHepHUecKoi).
CumMmeTpusa, a CJIeJOBaTeNbHO, M KOHpHUrypamus IOJA XOJKHBI
OBITH TAKUMH, UTOOBI, BO-IIEPBBIX, MOKHO OBLIIO HAHTH HOCTATOYHO
IIPOCTYI0 3aMKHYTYIO IIOBEDXHOCTh S M, BO-BTOPBIX, BBIUHCJIEHHE
moroka BekTopa E cBecTu kx mpocromy ymuHoxenuio E (wmm E,) Ha
IJIOIIAAL IIOBEPXHOCTH S MJIM ee YacTh. ECIM 3TOro HeT, 3agady o
HaXOXXJEHUM IIOJA IPHUXOAUTCA pelllaTh MJIN HEeIOCPEeACTBEHHO C
nomombio GopMyJsl (1.5), MK ¢ IOMOIIBIO APYTHX METOZOB, C KO-
TOPHIMH MBI IIO3HAKOMHMCSH HMXKe.

§ 1.4. Teopema TI'aycca B nuddepennuaabHoii popme

3aMeuaTesbHOE CBOMNCTBO 3JIEKTPDHYECKOTO IO0JIA, KOTOPOe BhIpa-
'kaetr coboit Teopema I'aycca, mob6y»xaaeT IpeacTaBUTh 3Ty TEOPEMY
B MHOI ¢opMe, pacIIUpPSIONIE ee BOSMOXKHOCTH KaK MHCTPYMEHTAa
HCCJIeNOBAHUA U pacuera.

B orsnnune ot ¢popmyasl (1.7) — ee Ha3LIBAIOT MHTETPAJIbHONR —
Mbl OymeM uckaTh guddepeHINaIbHYI0 GopMy TeopeMbl 'aycca, B
KOTOpOH yCTaHABJINBAETCSA CBA3b MEXAY 00 beMHOI IIJIOTHOCTBIO 3a-
pafa p U N3MeHEHUAMU Hanps)xeHHocTH E B okpecTHOCTH HaHHOM
TOYKHM IIPOCTPAHCTBA.
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Hdnsa sToro nmpeacraBuM cHayaja 3apAf ¢ B oobeMe V, oxBaThIBa-
eMOM 3aMKHYTON IOBEPXHOCTBIO S, KaK ¢y .. = (p)V, rme (p) —
cpegHee o o0beMy V 3HaueHMe 06'beMHOI IJIOTHOCTH 3apAga. 3a-
TeM MOACTABMM 3TO BhIpa)KeHHe B ypaBHeHMe (1.7) u pasgenum ode
yacTtu ero Ha V. B pesyiabrare moJydyum

%gSEdS =(p/%0- (1.15)

Teneps ycrpeMuM 06beM V K HYNI0, CTATUBAA €r0 K HHTEPECYIO-
meit Hac Touke moasa. OueBHUAHO, IpH 3TOM (p) OYAET CTPEMUTHCA K
3HAUEHUIO P B JAHHOH TOUKe IIOJIA, a 3HAYUT, OTHOMIEHUE B JIEBOH
yacTd ypaBHeHHs (1.15) GyneT cTpeMHTBCA K p/g,.

Bennunny, ABIAKINYIOCA IpPEeIeIOM OTHOIICHUS §E dS x V upn
V — 0, massiBator Jusepzenyuel nona E u obosnavaror div E. Ta-
KUM 00pa3oM, IO OIpeHeIeHUIO

o Tim L
divE = lim VgSEds. (1.16)

AHaJIOrHYHO ompenesfieTcA AUBEPreHINA JI060ro IPyroro BeK-
TopHOro mojasa. 13 onpenenenusa (1.16) ciaenyer, 4To AUBEepreHOUA
ABJIAETCA CKANAPHOH (PYyHKIMeHl KOOpAMHAT.

Yrobrl MOJYYUTH BHIPAXKEHHUE IJIsd IuBepreHnuu moaa E, mago
corsiacHo (1.16) B3ATH OeCKOHEUHO MaJbwlii o6beM V, onpemenuTh
noTOK BeKTopa E CKBO3b 3aMKHYTYIO IIOBEPXHOCTb, OXBaThIBAIO-
IOYIO 3TOT 00'b€M, M HAMTH OTHONIEHHE 3TOr0 IIOTOKA K 00bemy. Ilo-
JIy4eHHOe BhIpajkeHue IJIs AUBepreHnuu 6yaeT 3aBHCETh OT BhIOOpa
CHCTeMbI KOOPAMHAT (B Pa3HBIX CHCTEMaX KOOPAMHAT OHO OKAa3bIBa-
ercsa pasHeiM). Hampumep, B AeKapToBOii cucTeMe KOODAMHAT

OE
divE = OBy %%y , OF, . (1.17)
ox dy- Oz

HTaK, MBI BeIACHMIH, 4TO Ipu V — 0 B BeIpakenuu (1.15) ero
mpaBasf 4acCTh CTPEMHUTCH K p/g,, a meBasg — k div E. CiemoBarens-
HO, AUBepreHnusa mois E cBA3aHa ¢ INIOTHOCTHIO 3apsfa B TOI ke
TOYKEe ypaBHEHHEM

divE =p/e,. (1.18)
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JTO ypaBHeHHEe M BhIpakaeT Teopemy I'aycca B suddepeHInaAIL-
HOI dopwme.

Hanucanme mHOrux ¢GopmyJ U AeHCTBHA ¢ HUMH 3HAYUTEJLHO
YIPOIaIOTCs, €CJIH BBECTH BEKTOPHLIN AuddepeHIInaabHLIN omepa-
Top V («mabna»). B mexapToBbIX KOODAMHATAX OH HMMeeT BHJ

0 ,j2 .kl (1.19)

=i—
v ox oy 0z

rae i, j, k — opteI oceit X, Y, Z. Cam mo cebGe BeKTOp V CMBICIA He
umeer. OH mpmo6GpeTaeT CMBICI TOJBKO B COYETAHWH CO CKAJISAPHOM
WY BeKTOPHOH (pyHKIHe#, Ha KOTOPYIO CHMBOJHYECKH YMHOXA€ET-
ca. Tak, HanpuMep, €cau BeKTOP V YMHOXXHUTH CKaJIADHO Ha BEK-
Top E, TO monyuum

VE=V,E, +V,E, +V, E, =—6—Ex +iEy +iE
ox oy 0z

2

a aTo ects He uro uMHoe, Kak div E, cormacmo (1.17).

Taxkum obOpasom, AuBepreHmus moas E MmMoixxker ObITh 3amucaHa
kak div E uau V- E (8 060ux ciyuasix UNTAeTCSA KaK «IUBEPreHIIUA
E»). Mb1 6ygeM moab30BaThCA BTOPBLIM, OoJsiee yaoOHBIM o6o3Haue-
HueM. Torga, HanpuMep, TeopeMa I'aycca (1.18) 6yzer umers BUJ

V-E=p/gg. (1.20)

B muddepennnanbHoii popme Teopema I'aycca siBiasieTcs JIOKa-
JbHOM TeopeMoii: auBepreHnus moiaa E B maHHOM TOUKe 3aBHCHUT
TOJIBKO OT IJIOTHOCTH 3JIEKTPUYECKOTrO 3apsjfa p B TOI JKe TOUKe U
6oJibIlle HU OT Yero. TO OAHO U3 3aMeUYaTeJIbHbIX CBOMCTB 3JIEKTDH-
yeckoro nojis. Hanpumep, B pa3HbIX TOYKaAX IIOJA TOYEUHOTO 3aps-
Ia none E oramuaercsa Apyr ot Apyra. 9TO )K€ OTHOCHUTCS, BooOIie
rOBOPA, M K IPOCTPAHCTBEHHBIM INPOM3BOAHBIM OE_ /0x, OEy/Oy,
0E,/0z. Opnnako, Kak yTBepxnzaeT Teopema laycca, cymMma aTHX
IIPOM3BOAHBIX, KOTOpas ompenenser auBepreHnuio E, okasbiBaercsa
BO BCEX TOYKaX II0Jis (BHe caMoOro 3apfAfa) paBHO HYJIIO.

B Tex Toukax moas, rae AuBepreHnus E moJoXHuTeIbHA, MBI
HNMeeM UCMOYHUKU IOJA (IOJOXKUTEJNbHbIE 3apAgbl), a B T€X TOY-
Kax, I'le OHa OTpHIlaTeJlbHa, — CMOKU (OTpHIATEJbHbIe 3apAAbI).
Jluaun Bexktopa E BHIXOAAT M3 MCTOYHHMKOB IIOJIsI, & B MECTax CTO-
KOB OHM 3aKaHUYMBAIOTCH.
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§ 1.5. IImpryaauua sexropa E. Iloremuuan

Teopema o uupkyasauuu Bekropa E. I3 MexaHMKHK H3BECTHO, YTO
n1060€ CTaIMOHAPHOE IIOJIe IEHTPAJbHBIX CHJI ABJIAETCA IIOTEHIINAJb-
HBIM, T. €. paboTa CHJI 3TOrO IIOJIA He 3aBUCUT OT IIyTH, a 3aBUCUT TO-
JIBKO OT IIOJIOYKE€HUA HAYaJIbHON M KOHEUHOH TOuKM. IMeHHO TakuM
CBOMCTBOM of0J1afaeT 3JI€KTPOCTAaTHUYECKOe II0Jie — IIoJie, o0pa3oBaH-
HO€ CHCTEeMO# HEeNOABMIXXHEIX 3apAnoB. Ecim B KauecTBe IPOOHOTO
3apAfa, IepeHOCHMOro u3 TOUuKH I 3agaHHOro mojas E B TOuky 2,
B3ATh €ANHUYHLIN NON0NCUMEAbHBLU 3P, TO dJiIeMeHTapHas pabo-
Ta cuJ noJud Ha nepememeHnun dl pasua E dl, a Bca paGora cun monsa
Ha IOYTH OT TOYKH I A0 TOYKH 2 OIpelesseTcs Kak

2
J‘Edl . (1.21)
1

JroT mHTEerpaa GepercA IO HEKOTOPOH JUHHUHU (IIyTH), IIO3TOMY
€ro Ha3LIBAIOT AUHEUHbIM.

Kax MbI ceifyac mokakeMm, U3 He3aBHCHMOCTH JHHEHHOr0 HHTEr-
pana (1.21) oT yTH MeXAy ABYMsS TOYKAMM CJEAYeT, UTO II0 IIpO-
HM3BOJIBHOMY 3aMKHYTOMY IIyTH 3TOT HHTErpaj paBeH HyJwo. HTer-
paxn (1.21) mo 3aaMKHYTOMY ITyTH HA3bIBAIOT YUPKYAAYUel BEKTOpa
E u o6osnauaior §.

HNrak, MBI yTBep)KaaeM, YTO LUDKyJaAnusa BeKTopa E B r000M
anexmpocmamuyeckom IoJie PaBHA HYJO, T. €.

$Ed =0.

(1.22)

9TO yTBepPXKAEHUE U HA3HIBAIOT Meopemol 0 YUPKYAAYUU 8eK-
mopa E.

s mokasaTenbCTBa 3TOH TeOPEeMBbI pa3o6beM IIPOM3BOJILHBIN
3aMKHYTHIA nyTh Ha aBe yact 1a2 u 2b1 (puc. 1.11). Tak xak Jju-
HelHbIN mHTEerpan (1.21) — o6o3HaunM ero I — 2

12 a

He 3aBHCHT OT HYTH MeXAy Toukamu I u 2, TO
(a) (b) () (b)
= '[ . C mpyroit cTOpOHBI, SICHO, YTO I:— J , 1 b

12 12 12 21 Pue. 1.11
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(b)

rae j — HHTerpaJj IIo TOMYy JXe YJacTKy b, Ho B 00paTHOM HAIpaB-

21

neruun. ITosTomy

(@ (b (a) (b)

1‘[2 +2J.l =1J; IJ; -

4TO M Tpe6OBANOCH ZOKA3ATh.

Ilone, obnagaromiee cBoiicTBoM (1.22), Ha3BIBAIOT NOMEHYUAND-
HotM. SHAUUT, JN1060e 3Nexmpocmamuyeckoe noje A6aiemcs no-
MeHYUANbHBLM.

TeopemMa 0 HuUPKyJaAnuM BeKTopa E mo3BoasAeT caexaTs psafg
Ba)XHBIX BBIBOJOB, IIPDAKTHMYeCKH He npuberas K pacueraMm. BoT aBa

npumMepa.
IIpumep 1.

IIpumep 2.

JIuauu asmexTpocraTudeckoro moiasa E He mMoryr GbITh 3aMKHY-
TBIMM.

B caMoM geise, ecaM 3TO He TAK M KaKas-TO JHUHHSA BeKTopa E
3aMKHYTa, TO B3AB LMPKYJIALMI0O BeKTopa E BIONL 3TOH JM-
HHM, MBI Cpa3y e IpHAEM K IIPOTHMBOPEUYMIO C TEeOpeMOoit
(1.22). 3HauuT, AEHCTBUTEJbHO, B 3JEKTPOCTATHUYECKOM IIOJ€
3aMKHYTBHIX JUHUI BeKTOpa E He cylmecTByeT: IMHHUM HauyMHA-
IOTCA HA TOJIOKHUTENbHBIX 3apAfaX U KOHUYAIOTCA HA OTpHIlATe-
JbHBIX (MJIKX YXORAT B GECKOHEYHOCTH),

Bosmo:xHa JH KOH(HUrypaIua 3JIeKTPOCTATHIECKOrO MOJA KaK
Ha puc. 1.12?

Her, HeBO3MOXHA. JTO cpa3dy CTaHET ACHO, €CJIH MBI IpUMe-
HHM TeopeMy O IMPKYJIANUM BeKTopa E K 3aMKHYTOMY KOHTY-
Py, MOKA3aHHOMY HA DHUCYHKe IYyHKTH-
poM. CTpesKH Ha KOHTYpe [IOKa3bIBAIOT
HampasJjieHue ob6xonxa. IIpu TakoM cre-
IMaJbHOM BBIOOpDE KOHTypa BKJAaA B
LUUPKYJIAILMIO HA BEPTHUKAJBHBIX YYacT-
Kax ero paBeH Hyaio: 3feck E 1 dl u
Prme. 1.12 E dl = 0; ocTaroTcsa ABa OMMHAKOBLIX IO
IJINHEe TOPHU3OHTAJBHBEIX ydacTKa. U3
PHCYHKA cpasdy BHAHO, UTO BKJAAbl B LMPKYJIALUIO HA 3THX
Y4aCTKaX NPOTHBOIOJOMHEI [0 3HAKY, HO He OZMHAKOBBI IIO
MonyJio (Ha BepXHEeM ydacTKe Oojbllle, MO0 JUHUHK Trylle, a
3HaunT, E Goabure). IloaToMy IMpPKYJIALIMA OKa3bIBAeTCA OT-
JINYHON OT HYyJdA, YTO IpoTuBopeuuT (1.22).

- -
i PR, S M
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IToreruuaa. J[o cux mop MBI PACCMATPHMBAJH OMHMCAHHE 3JIEKT-
pHUYecKoro mojs ¢ momoinbio BekTopa E. CymecTByer, 0gHaKO, H
Ipyro# ageKBaTHBIM cIoco0 OMMCAaHMS — C IIOMOINbIO IIOTEeHIIMAJIa
¢ (3aMeTuM cpasy, 4To 06a aTH cnoco6a OAHO3HAYHO COOTBETCTBYIOT
Ipyr apyry). Kak mel yBugmm, BTOpoi#i cmocob obsagaer psagoMm cy-
INECTBEHHBIX I PEHMYIOECTB.

Tor daxT, uro JuHeHHbIH MHTerpas (1.21), npexcraBiAOIIHIA
co60if paboTy CHJI IIOJA IPH NIEepeMeINeHNH eUHUYHOTO ITOJIOXKHUTE-
JILHOTO 3apAfa U3 TOYKH I B TOUKY 2, He 3aBHCHUT OT IIyTH MEXIY
9THMH TOYKaMM, IIO3BOJIAET YTBEPXKAAaThb, YUTO B 3JIEKTPHYECKOM
ToJie CYIMeCcTBYyeT HeKOTOpasa CKalsapHasa GyHKIUA KOOpPAMUHAT ¢(T),
y6bLib KOTOPOMH

2
01 -9, = [Edl, (1.23)
1

rZe ¢; 1 ¢, — 3HauYeHNd PyHKnuu ¢ B Toukax I u 2. Tax ompene-
JIeHHas1 BeJIWYMHA ((r) HasbIBaeTCsa nomerHyuarom nors. U3 como-
cTaBjIeHuA BohIpaXkeHHda (1.23) ¢ BrIpakeHHeM AJas paGoThI CHJI IIO-
TeHIIMaJbHOTO IoJA (KOTopasd paBHA YOBLIM IOTEHIIMAJNbHOI 3HEp-
TMHM YaCTHUIBI B IIOJIE) MOXKHO CKa3aTh, UTO NOMEHYUAL — 3ImO
6eJUYUHA, YUCIEHHO DABHASA NOMEHYUAAbHOU IHep2uu eOUHULHO20
NnoNoHUMEAbHO20 3apAda 6 0anHOl mouke noas.

IToreHmuany Kakoil-1u60 NPOM3BOJLHOM TOUKK O mOJA MOXKHO
YCIOBHO NpHINCATh J1060e 3HaUeHHe (). Torma moreHIMAaNBl BCEX
IPYTHX TOdYeK IOJsA OmpelensioTca coriacHo (1.23) omHosHauHO.
Ecnun uamMeHHTL () Ha HEKOTOPYIO BEJIMYHHY AQ, TO HA TAKYIO XKe
BeJINYMHY M3MEHATCA M IOTEHIIMAILI BO BCEX APYTHUX TOYKAX IIOJISA.

TakuM o6pa3oM, IOTEHIIMAJ ( OIpeNeNAeTCA C TOYHOCTHIO HO
MIPOM3BOJbHOM AAANUTHBHON IIOCTOSHHON. 3HAUEHHE 3TOH IIOCTOSH-
HO He UTpaeT POJIA, TaK KaK BCE 3JIEKTPUUYECKHe ABJIEHUA 3aBUCAT
TOJBKO OT HANPAYKE€HHOCTH 3JIeKTpudecKoro mnoJud. Ilocienusasa ke
ompegeysercd, KAK Mbl YBUIUM, He CAMHUM IIOTEHIIMAJIOM B JaHHOMN
TOYKE II0JIfA, 4 PABHOCTHIO IOTEHIIUAJIOB B COCEAHUX TOYKAX IIOJIA.

Equanneil moreHumana sasiasgerca eoavm (B).

IToTrenuuaa moasa Toueunoro sapaga. Popmyaa (1.23) cogepxkut
He TOJBKO OIIpeAejieHre NMOTEeHIMajla ¢, HO M Cocod HaXOXKAEeHUS
aroit pyrKmuu. I[JId 3TOr0 AOCTATOYHO BHIUYMCIUTDL MHTETrpaJ JE dl
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o JIIOOOMY IIyTH MEXXAY ABYMS TOUYKAMH M IPEACTABUTHL 3aTEM IIO-
JIyYeHHBIH pe3yJIbTAT B BHAe YObLIM HEKOTOPOH GyHKIHUM, KOTOpas
u ecTh @(r). MOXXHO IOCTYNHUTH U npome. Bocnons3yemMca TeM, UTO
dopmyna (1.23) cipaBefanBa He TOJLKO JJIs KOHEUHBIX IepeMerne-
HUi, HO n aaa aaemeHTapHBIX dl. Torma corsnacHo aroit dopmyste
aJleMeHTapHAsA YOblAb MOTEHIUANa Ha 3TOM IeDeMeIeHHH eCThb

- do=EdL (1.24)

HOpyrumu ciaoBamu, ecau usBectHo nose E (r), To gns Haxoxae-
HuA ¢ Hago npeacrasuth E dl (myrem cooTBeTcTByIOIMX Ipeodpa-
30BaHUIT) KaK yOBLIb HEKOTOPOH GYHKINH. ITa QYHKIUA U €CTh O.

HaitmeM TakuM cmocof60M NMOTEHIHAJ IIOJSA HEMOABMXKHOTO TO-
Ye4YHOro 3apdAza:

Edl=—1 Zeq1=—9 97 _ 4[_ 1 9, o],
47t50 r 47'{80 r2 411:80 r

rae y4TeHo, 4YTO e,df= 1-(dl),, n6o npoexnusa BexTopa dl Ha Bek-
TOp €,, a 3HA4UT, U Ha I paBHA NIPUPAIEHUIO MOLYJIA BEKTOpa T,
T. e. dr. BeauumHa, croAmasa B KPYIJABIX CKOOKax IO 3HAKOM
muddepennuana, u ects ¢(r). Tak xak npucyrcTByomas 34ech aj-
OIUTUBHAS KOHCTAHTA HUKAKOH (pM3MUECKOH pOJIM He Hrpaer, ee
OOBIYHO ONYyCKAIOT, CTPEMSCh BBIDAXKeHWE IJA ( CAeJIaTh IIPOIIe.
TakuM 00pa3oM, MOTEHIMAJ IIOJA TOYEUHOro 3apsaja

¢ = 1l g 1.25
dmey r (1.25)

OrcyTcTBHMEe B 3TOM BHIDA)X€HHH AAAWUTHBHOM KOHCTAHTHI O3HA-
YaeT, YTO MBI YCJOBHO IIOJIaraeM IOTeHIMAJ]l Ha O0eCKOHEUYHOCTH
(r > ©) paBHBIM HYJIO.

IoTennman mojasA cucremMsl 3apAnoB. IlycTs cHCTeMa COCTOUT U3
HEIOABMXXHBIX TOUEUHRBIX 3aPANOB (1, y,... COTIIaCHO mMpUHIUIY CY-
MePIo3UNUU B JI000# TOUKe moas HampsxkeHHOCTs E =E;, + E, +
+ ..., rie E;, — Banps»xeHHOCTH IOJIA 3apAfa g, u T. A. Torna Mox-
HO 3allMCaTh, HUCIOJb3yA (opmyny (1.24):

Edl = (E1+E2+...)dl = Eldl+E2dl+... = - d(Pl— d(P2 T ees = T d(p,
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rge ¢ = Z P;, T. €. IPDHHINI CYNIEePIIO3NINN OKa3bIBA€TCA CIIpaBen-
JIUBBIM M AJIA mOoTeHnuajga. Takum 06pa30M, IOTeHINaJ CHUCTEeMbI
HEIIOABUXKHBIX TOYEYHBIX 3apAnOB

dneg &7, (1.26)

rjae r; — paccTOfgHHE OT TOUEYHOro 3apsAja ¢; 0 HHTepecylomeil Hac
TOYKM MOJA. 34eCh TaKKe IPOM3BOJbHAA IOCTOSHHAA OIYIIEHA.
9TO IIOJHOCTBIO COOTBETCTBYET TOMY (PaKTy, UTO BCAKAas peajbHas
CHCTeMa 3apAAoB OrpaHMYEeHa B IPOCTPAHCTBE, IIO3TOMY €e IIOTEeH-
ouajg Ha GeCKOHEYHOCTH MOYKHO IPHUHATHL PaBHBIM HYJIIO.

Ecau 3apaabl, o6pasyomue CHCTEMY, pacupeieseHbl HelIpephIB-
HO, TO, KaK OOBIYHO, MBI CUMTAeM, UTO KaXAbIi 3JIeMeHTapHBII
o6beM dV comep»KHUT «ToueuHbI» 3apaAx p dV, roe p — o6beMHas
ILIOTHOCTH 3apsanga B MecTe HaxoxaeHusd o6bema dV. C yuerom 3ro-
ro ¢opmyse (1.26) MOXXHO IpPHUAATL MHOH BHA:

1 pdV

Uy Rl (1.27)

rae HHTErpHpOBAHHE IMIPOBOAUTCA HMJIM IO BCeMY IIDPOCTPAHCTBY,
WJIN IO TOH ero 4acTH, KOTOpas COAEPKUT 3apAxabl. Ecam sapsagbl
PACIIOJIOXKEHBI TOJIBKO HA IOBEPXHOCTH S, TO

1 adS
(P—EJ.—’.— ’ (1.28)

rie 6 — IOBEPXHOCTHAA IUIOTHOCTH 3apana; dS — 3jeMeHT moBep-
XHOCTH S. AHAJIOTUYHOE BhIPa)XeHHe OyZeT M B TOM cjaydae, Korga
3apAgbl pacupefesieHbl JHHENHHO.

Hrak, 3Has paclpefiejeHMe 3apagoB (AUCKDPETHOE, HelpephIB-
HOe), Mbl MOKEM B IIPDHHIIMIIe HANTHU IMOTEHIHaJ MoJA Job6oi cuc-
TEMBI.

§ 1.6. Casp Mexxkay IOTEHIHMAJOM M BeKTOpoM E

JJeKTpuUYecKoe IIoJie, KAaK M3BEeCTHO, IOJHOCTHIO ONHMCBHIBAETCH
BeKTOpHOI dyHKnueit E(r). 3Hasa ee, MbI MOXKeM HaiTH cHIy, Heil-
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CTBYIOIIYIO HA HHTEPECYIOIINI HAC 3apak B J1000ii TOUKe IOJIA, BbI-
YHCJUTh paboTy CHJI MOJIS OPH KAKOM YrOZHO IIepeMeIleHHH 3aps-
Ia u Ap. A uto maet BBegeHme noteHuuanaa? Ilpexxae Bcero, okassl-
BaeTcsd, 3HaAsg NOTeHHHaJ O¢(r) KAaHHOTO 3JIEKTPHUYECKOro IIoJsd,
MOXKHO DOCTATOYHO IIPOCTO BOCCTAHOBHTL M camo moJe E(r). Pac-
CMOTPHMM 3TOT BoIpoc OoJiee moZpPOOHO.

CBasp Mexay ¢ 1 E MO)KHO yCTaHOBUTH C IIOMOILbLIO YPaBHEHUA
(1.24). Ilycts nepememenue dl mapannearHo ocu X, Torga
dl =idx, rge i — opt ocu X, dx — mpupameHre KOOPAUHATEI X,

Edl=Eidx = E, dx,

rae E, — npoexnus BekTopa E Ha opr i (a He Ha nepememenue dl).
ComocTaBuB mocieaHee Boipa)keHue ¢ hopmyJoi (1.24), moryyum

E, = -3¢/0x, (1.29)

rfle CHMBOJI YacBHON IPOM3BOAHON INOAYEPKUBAET, YTO (PYHKI[HIO
¢ (x, y, 2) Hago guddepeHIPOBATh TOJbKO IO X, CUNTAA Y U 2 IPH
3TOM IOCTOSHHBIMH.

Paccy»xzafd aHAJOTMYHO, MOXKHO IIOJYYHUTh COOTBETCTBYIOIIME
BBIPpAYKEHMA I/ IPOeKInit Ey un E,. A onpenenus E_, Ey, E,, nerxo
HaliTn 1 caM BekTop E:

E=——a$i+@j+@k . (1.30)
ox Oy 0z

BesnnunHa, crosmas B cKoGKax, eCTb He YTO MHOe, KaK zpadu-
enm nomenyuana ¢ (grad ¢ mau Vo). Mel 6yaeM moab30BaThCA
BTOPBIM, Gojiee yHOOHBIM 0003HAUEHHEM M pacCMaTpPHBaTh (opma-
JbHO V¢ KaK Ipou3BeJeHNe CHMBOJIMYECKOro Bekropa V Ha ¢. Tor-
Ia ypaBHeHue (1.30) MOXHO mpeacTaBUTL B 0o0jiee KOMIAKTHOM

dopme:

E=_V(p9 (]-'31)

T. €. HAIPAXKEHHOCTh E moss paBHaA CO 3HAKOM MHUHYC I'DaMEHTY
moTeHuHuajga. 9TO U ecTh Ta GOpPMYyJia, C IIOMOIIbLI0O KOTOPOl MOYKHO
BoccTaHOBUTDH mnosie E, 3Has dysHKmuio o(r).
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IIpumep. Haiitn HanpsaxeHHocTh E moJid, moTeHHaJ KOTOPOro MMeET BUA:

1) ¢(x, y) = — axy, a — mocroaHHad, 2) @(r) = — ar, a — mOCTO-
AHHBI BEKTOp, ' — PAaAUYC-BEKTOP HHTEPECYIOLllell HAC TOUYKH
noJid.

1. Bocnosb3oBasunchk ¢opmyJoit (1.30), moayuum E = a(yi + xj).

2. TlpeacraBuM CHavata QYHKLUIO @ KAK ¢ = —a,X — 4,y — 4,2,
rze a,, a,, a, — nocrosuusle. [locae aToro ¢ momowms0 HOPMyJIBI
(1.30) natinem E = a,i + a,j + a,k = a. Buzgno, uro noje E asns-
eTc B HAaHHOM CJlydae OJHOPOIHBIM.

ITonyuum ele ogHy moJe3Hyio dopmyay. B coorHomernun (1.24)
sanumewm npasyio dacts Kak E dl = E,dl, rae dl = |dl| — anemenTap-
Hbll nyTh; E, — npoexknusa BekTopa E Ha nepememernne dl. Orciona

E, =-09/dl, (1.32)

T. e. IpoeKnua BeKTopa E Ha HanpaBieHue nepememenusa dl paBra
CO 3HAKOM MHMHYC IIPDOM3BOAHON IIOTEHIMAJa II0 JAHHOMY HAIpaB-
JIEHUIO (3TO HOAYEPKHYTO CHMBOJIOM YAaCTHOH IPOM3BOLHOI).

OJKBHIIOTEeHI[HAJIbHbIE ITOBEPXHOCTH. BBefeM NOHATHE 3IK6UNO-
MeHYUALbHOU NO6ePXHOCMU — IOBEPXHOCTH, BO BCEX TOYKAX KO-
TOPOH IOTEHIMAJ (¢ MMeeT OZHO M TO JKe 3HaueHHe. YOeZuMcCs B
TOM, 4TO BeKTOp E HampaBjieH B Ka)XJ0#l TOYKe II0 HOpDMaJH K 3K-
BHIIOT€HIIMAJIbHON IIOBEPXHOCTH B CTOPOHY YMEHbIIEHHUSA IIOTEHIH-
ana ¢. B camom gese, u3 ¢opmyusl (1.32) caenyer, 4To IpoeKIUA
BekTopa E Ha m060e HampaBiieHHe, KacaTeJbHOE K 9KBHIIOTEHIIHA-
JILHOH ITOBEPXHOCTH B AAHHOH TOYKe, paBHa HYJIO. A 3TO 3HAYHUT,
uro BeKTOp E HOpMaseH kK AaHHOW moBepxHOCTH. [lanee, BO3bMeM
nepemelnesre dl mo HopMaau K MOBEPXHOCTH B CTOPOHY YMEHbIIIE-
HEA @, Torga 0¢ < 0 m corsiaceo (1.32) E, > 0, T. e. BekTop E Ha-
IIpaBJieH B CTOPOHY YMEHLIIEHHWsS (¢, MJIM B CTOPOHY, IIPOTHBOIIO-
JIOXKHYI0 BeKTopy Vo.

OKBHIOTEHIIMAJIbHBIE IIOBEPXHOCTH HamboJiee Iies1ecoo06pa3Ho
IIPOBOAMTL TaK, YTOGHI PAa3HOCTH NMOTEHIIHAJOB AJIA ABYX COCELHHUX
noBepxXHOCTeH Oblya 6bI OZMHAKOBOI. Torga mo rycrore aKBUIIOTEH-
IIHaJbHBIX IIOBEPXHOCTEH MOXKHO HATJIALHO CYAUTH O 3HAYEHHH Ha-
NPAXKEeHHOCTH IOJIS B Pa3HBIX TOYKax. TaM, rige sTH IOBEPXHOCTH
pacIloJIo)KeHbI Irymie («Kpyde IOTeHIMAaJIbHBIA peabed»), TaM Ha-
IPAXKEeHHOCTh NmoJis Gojbiie.
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Hanee, BBUAY TOro, uro BeKTOop E BClogy HOpMaJieH K 9KBHIIO-
TeHIMaJbHON IIOBEPXHOCTH, JIHHHH BeKTopa E opTOroHaabHBI 3THM
IIOBEPXHOCTSAM.

Ha pwuc. 1.13 nokasaHa AByXxMepHasaA KapTHHA 3JIEKTPHUYECKOro
IOJIA: NIYHKTHPOM — 3KBUIIOTEHIMAJH, CILIOIIHBIMU JUHUAMUA —
aunann BekTopa E. Takoe wu3obpaxkeHme
npugaer OOJBIIYIO HArJaAZHOCTL. Cpasy »xe
BHIHO, B KAKYI0 CTOPOHY HaIllpaBJIeH BEKTOP
E, roe HanmpsoKeHHOCTb GoJibllle, e MEHb-
mie, rge 6oJibllle KPYTH3HA IOTE€HIMAJIBLHOTO
peabeda. C IOMOIIBIO TAKMX KApTHH MOX-
HO IOJYYUTh M KadyeCTBEHHLIE OTBETHI Ha

Pyue. 1.13 PAL BOIPOCOB: KyJa HAYHET ABHIATLCS 3a-

PAL IPH HOMEINEHHH €ro B Ty MM HHYIO

TOYKY, rae OoJibllle TpagUeHT IOTeHIHajaa (10 MOAYJIIO), B KaKOH
TOYKe IIOJA Ha 3apAfx OyaeT OeicTBOBaThH OOJbIIAA CHJIa M IpP.

0 NPeMMYyLIeCTBAX MOTeHIHAIA. PaHee 6bLIO OTMEYEHO, YTO
3JIEKTPOCTATHYECKOE II0JIe HMCUEePILIBAIOIINM 00pa3oM XapaKTepH-
3yercsa BeKTopHOM (pyHKIMei E (r). Kakas »xe mosb3a oT BBeIeHUA
norerHnuana? CylecTByeT HECKOJbKO BECOMBIX IIDMYMH, y6Geaure-
JIbHO CBHJETEJbCTBYIOLINX O TOM, UTO IIOTEHIIMAJ — IIOHATHE Aei-
CTBUTEJBHO BecbMa II0JIE3HOE, ¥ He CIYYaHHO, UTO 3THMM IIOHATHEM
IINPOKO IIOJb3YIOTCA HE TOJbKO B (hM3MKe, HO M B TEXHHKe.

1. 3Has moreHnuayg Q(r), MOXXHO NIPEAEJbHO IIPOCTO BHIYUCJIUTH
paboTy CHJI IIOJIS IIpM IepeMeIeHNH TOUYEYHOro 3apaaa ¢' M3 TOUKH
1 B TOUkRy 2:

A= q' (91 — ¢y), (1.33)

rae ¢; ¥ ¢,— MOTeHIuaJbl B TouKax I u 2. 3HauuT, ucKoMasa pabo-
Ta paBHA Y6biAU IOTEHIIMAILHON 3HEPrUN 3apaga ¢' B IOJIe IPHU IIe-
peMelieHnn ero u3 Touku I B Touky 2. PacueT paGoThI CHJI IIOJIA IIO
dopmyse (1.33) okas3sIBaeTCsa HE TOJBLKO IIPOILE, HO B HEKOTOPHIX
CJyYasix ¥ eAUHCTBEHHO BO3MOXXHBIM.

Ilpumep. 3apAx ¢ pacnpefeseH IO TOHKOMY KoJablly paguycom a. Haiitu

paboTy CHJI MOJIA NIPU IlepeMelleHUH TOUeUHOro 3apAja q' U3 IeH-
Tpa KOJblla Ha GECKOHEYHOCTb.

Tak kak HEeU3BEeCTHO, KaK pacIipelejieH 3apAx ¢ o KOJbIYy, TO
HHU4Yero HeJlb3fd CKa3aTh O HAIIPDAXEHHOCTHU E nonsa aroro 3apsana.
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A 3TO 3HAQYHUT, UYTO HENOCPEACTBEHHO BBIYUCJIHUTH paGoTy KakKk HH-
Terpaj Iq'E dl sgecs HempocTo. C moMoIIbIO Ke MOTEeHLHaka 3Ta
3ajlaya pelaeTcA dJeMeHTapHOo. B caMoM Jese, TaKk KakK Bce aJje-
MEHTHI KOJblla HaXOOATCA Ha OJHOM M TOM K€ PACCTOAHUH 4 OT
LIeHTpa KOJIblLla, TO NOTEHIHAaJ B BTOH TOUKe ¢y = gq/4ngga. A mo-
TeHuuan Ha GeckoHeuHoctu ¢ = 0. CiemoBaTennHO, paGora A =
=q'9y = ¢'q/4nEqa.

2. Bo MHOrux ciydyasx OKa3bIBaeTCs, YTO [IJA HaXOXKAEHUS Ha-
npsbxkeHHocTH E 31eKTpruecKoro moJis Jierde cHauajla IIOACUMTATh
MOTEeHIMAJ () ¥ 3aTe€M B3ATh I'DaJNEHT OT Hero, HeXkeJI BBIYUCIATL E
HEIIOCPEeACTBEHHO. JTO BeCchbMa CYIIEeCTBEHHOE IIPEHMYIIECTBO IIOTEH-
nuana. JlefcTBUTENbHO, AJISA BBIYHUCIEHUA (¢ HY)KHO B3ATb OJUH HH-
TerpaJi, a Ajd BelumcjaeHns E — Tpum (Begb aTo BekTop). Kpome Toro,
OOLIYHO MHTerpasbl JJIA ONpefeseHUs ¢ mpoire, yem aia E_, E y, E,.

Cpa3sy »xe 3aMeTHM, YTO 3TO He KacaeTcA CPaBHHUTEJIbLHO HEOOJIb-
LIOro 4mcJja 3ajad ¢ JOCTATOYHO Xopolueil cmMmMmerpHei. B aTux
caydyafax HaxoxxjeHue nojd E HemocpeACTBEeHHO MJIH C IIOMOIILIO
TeopeMbl I'aycca 4yacTo OKas3bIBaeTCs 3HAYMTEJNLHO IIpoOIIe.

§ 1.7. OneKTpUUYECKHNil THIIOJb

Ilone punoxasa. Inexmpuieckul Ounonrb — 3TO CUCTEMa U3 ABYX
OJMHAKOBBIX II0 MOAYJIO Pa3HOMMEHHBIX TOUEUHBIX 3apPAAOB +q M
—@, HaXONAIIMXCA Ha HEKOTOPOM paccTodaHmuu ! apyr or apyra. Kor-
Ja TOBODAT O II0Jle AWUIOJA, TO IIPEAIIOJIaraloT caM JHUIIOJIb TOYed-
HBIM, T. €. CUHTAIOT PACCTOSAHUA I' OT JUIIOJA N0 MHTEPECYIOIIUX
Hac TOYEeK IIOJIA 3HAUUTEJbHO Gosbiie l.

ITone gumosa obnamaeT OoceBOM CHMMeTDHel, IO3TOMY KapTHMHA
oJiAd B J060¥ IJIOCKOCTH, IPOXOASAIIEeH uepe3 OChb JUIIOJSA, OSHA U
Ta ’Xe U BeKTOp E JeXHuT B 3TOH IIJIOCKOCTH.

Haiigem cHayaja DOTEHIMAJ IIOJISA JUIIOJA, a 3aTeM ero Hamps-
skeHHocTh. CorsiacHo (1.25) moTeHunuaJ mOJsA AWUIOJAA B TOukKe P
(puc. 1.14, a) ompepenseTca Kak

_ 1 (g qg|__1 g(r_-r))
p=—— — - |z — .
dneg \r, r_) 4mg, r,r_

Tak kak r » l, To, Kak BuaHO U3 puc. 1.14,a,r_—r ., =1lcos 3 n
r.r=r?, rae r — pacCTOsSiHMe OT TOYKM P 10 Aumons (OH Toded-
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Puc. 1.14
Boiitl). C yuerom 3aroro

1 pcosd
2 ’

= 1.34
47t80 r ( )

rae p = gl — anexmpuveckuii momenm Ounoas. IToil BeIUUUHE
COIIOCTABJIAIOT BEKTOD, HANPABJEHHBIN II0 OCH AWMIOJIA OT OTpHIA-
TEJBHOTO 3apAfa K IOJOXKUTEJbHOMY:

p=gql, (1.35)

rge ¢ > 0 u 1 — BexkTOp, HAIpaBJEHHLIA B Ty e CTOPOHY, YTO H P.

N3 ¢popmyasr (1.34) BUAHO, YTO IIOJI€ AUIIOJS 3aBMCHUT OT €ro
3JIEKTPHUUYECKOro MOMeHTa p. Kak MBI yBUAUM fHajiee, M MOBeAEHME
OUIIOJIA BO BHEIIIHEM II0JIe TaKyKe 3aBHCHUT OT p. CiexoBaTeabHO, P
SABJISAETCS BA'KHOM XapaKTEPHUCTHUKON AUIIOJA.

Caenyer Takyke o6paTUTh BHUMaHNUE HA TO, YTO MOTEHINAJ IIOJIA
OUIOJNA yOBIBA€T C pacCTosHMEM r ObICTpee, YeM IMOTEHIIVAJ IIOJIA
roueunoro 3apana (1/r2 smecro 1/r).

A HaxoXAEeHUs IMOJA JUIOJAA BOCIOJb3yeMcAa GOpMYyJIoit
(1.32), BEIYNCJINB C IOMOIIbIO Hee IPoeKIIUN BeKTopa E Ha aBa B3a-

VMHO II€PHEeHANKYJSAPHBIX HANPaBI€HUS — BJOJb OPTOB €, U ey
(puc. 1.14, 6):
,=-20__1 2pcosS g Oe 1 psind g4
or 4mgy 3 ro8 4ngy, pd

Orcroga mMonyaes BekTopa E

E=;ZE§+E§=41 I; 1+3cos? 9. (1.37)

TEg r
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B uactroCcTH, Ipn 3 = 0 1 3 = 71/2 MBI MOJYYNM BLIPDAXKEHHUA AJA
HaIIPAXXEHHOCTH II0JI COOTBETCTBEHHO Ha OcH aumoJsa (E;) u mep-
neHANKyasapHO eil (E)):

L2 g . L P (139
dne, p3 4ney 3

T. €. IDH OMHOM ¥ TOM XKe I HaIPAXXeHHOCTh K BaBoe Goabmme E |.

@) qE, o)
4q
l
Zie=-
qE._
Puc. 1.15

Cuuia, geiicTByouas Ha JUIOab. [loMecTHM AUIIOJABL BO BHEIIHEE
HeoZHOPOXHOe 3aeKTpudeckoe moie. Ilycrs E, u E. — Hanpsaxen-
HOCTH BHEIIIHEro II0JI B TOUKAaX, I'le PacIoJIOXKEHBI IIOJOXKHUTEb-
HBIA ¥ OTPHIATEJbHBIA 3apAAbl aunojasa. Torga pes3yabTHPYOMIaa
cuaa F, geficTBylromasa Ha aumoJb, paBHa (puc. 1.15, a):

F=qgE, - gE_=¢q(E, — E)).

Pasnocts E, — E_ — aro npupamerue AE BexTopa E Ha oTpeske,
pPaBHOM JJnHe aumnois [, B HamnpaBiaeHuu BekTopa l. BeiexcrBue
MAaJIOCTH 3TOr0 OTpPe3Ka MOXKHO 3alyncaTh

_AE, OE

AE=E, -E_=""1=221.
1 al

Ilocse OACTAHOBKHM 3TOrO BhIpa)keHHus B opmyay miasa F moay-
UMM, YTO CHJA, AEHCTBYIOMAd HA AHUIOJb:

OE
F=p— ’ .
p al (1.39)

rae p = ql — 3JIeKTpUYeCKM MOMEHT AWUNOJA. Bxoasamyio B 3TO
BBIpa’keHNe IPOU3BOAHYIO IPUHATO HA3bIBATh IIPOM3BOJHOM BEKTO-
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pa o HampaBJIeHHIO. 3HAK YaCTHOI NPOM3BOJHOH MOJYEPKHUBAET,
YTO 3Ta IPOU3BOAHASA GepeTcs MO ONpeJeJeHHOMY HAIPaBJIE€HHUI0 —
HaIpaBJI€eHHUIO, COBHIAJAMIIeMy ¢ BeKTopoM 1l miam p.

IIpocrora dopmyasr (1.39), K cokaneHNI0, oOOMaHYMBA: IIPOM3-
BogHasa OE/0l siBisieTcss AOBOJILHO CJOXKHOM MaTeMaTHYeCKOMH oIre-
panueii. Mbl He OyzeM OoCTaHABJIMBATLCA Ha 3TOM 0oJsiee moapoOHO,
a ofpaTMM BHHMMaHHEe HA CYIIECTBO IIOJYYEHHOI'O pe3yJbTaTa.
IIpexxne Bcero orMeTHM, 4TO B ogHOpoaHOM moJie 0E/dl = 0, moaro-
my u F = 0. 3HauuTr, cuia geiicTByeT Ha AUIOJbL, BooGIne rosopd,
TOJIBKO B HeOoZHOpoZHOM moJie. [lajsee, HanmpaBieHue BeKkTopa F B
obmieM caydyae He COBHaZaeT HM ¢ BeKTopoM E, HM ¢ BeKTOpOM p.
BekTop F coBnagaer mo HampaB/IeHUIO JHIIb C 3JIEMEHTApPHBIM IIPH-
pameHueM BekTopa E, B3ATBIM B HampaBjJeHMH BeKTopa | mim p
(puc. 1.15, 6).

Ha puc. 1.16 nokasansl HanpasjJeHuns cuiabl F, geficTBylomieit

Ha QUIOJb B IIOJIEe IIOJIOXKHUTEJIBHOrO TOUYEYUHOIrO
Jo————<wtPy 3apana g, IpH TpeX Pa3HLIX PACHOJOMKEHHUAX IH-
ﬁF' noJasa. YoeAuTbCs CaMOCTOATEJbHO, UTO 3TO Heii-

CTBHUTEJBHO TaK.
L — 1
p Ecnu Hac mHTepecyer mpoeknusa cuibl F Ha
7 HEKOTOopoe HampasyieHHe X, TO JOCTATOYHO 3aIlH-
S —— %?p' cath paBeHCTBO (1.39) B mpoekmmsax Ha 3TO Ha-
IIpaBjeHHe, WU MBI MOJYYUM
Puc. 1.16 O
F,=p al" , (1.40)

rae 0E,/0l — npousBoJHAs COOTBETCTBYIOIIel NMPOEKIMM BEKTOpa
E onars ke mo HampaBJIeHHIO BeKTopa 1 miam p.

IIycTe AMOONL ¢ MOMEHTOM P pacIoJio-
’KeH BIOJIb OCH CHMMETDPHUH HEKOTOPOro He-
opgHopoxgHoro nmouas E. BossMeM mosioskuTe-
JIbHOE HaIlpaBJIeHHe ocH X, HaIpuMep, KakK
mokasaHo Ha puc. 1.17. Tak kak B Hampas-
JIEHUN BEeKTOpa P IpHUpaleHHe IPOeKINU
E, 6yzmer orpunarenabHbIM, TO F < 0, a 3Ha-
4yuT, BeKTop F HampasiieH BJIeBO — B CTOPO-
Hy, TIJe HaIpAXeHHOCTb moJsa OoJiblie.
Puc. 1.17 Eciu ke BEeKTOD p Ha 3TOM DHCYHKe IIOBep-

N
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HyTh Ha 90° TakK, YTOGHI OEHTP AMIOJA COBIAZAJ C OCbI0 CHMMeT-
pHM NOJIA, TO HETPYAHO COO0Pa3uTh, UYTO B TAKOM IIOJIOMKEHUH IIPO-
exoua F, = 0.

MomMmeHT cni, JeHCTBYIOIIMX Ha AMNONL. PaccMOTpHM, KaK Be-
IeT cebsa dIIeKTPUYEeCKUH AUIIOJIDL P BO
BHEIIIHEM 9JIeKTpHUYecKoM moJje E.
Kak BuaHo 3 puc. 1.18, cuanl, gei-
CTBYIOIME Ha IOJIOXKUTEJIbHBIH M OT-
PHIATeNbHBLIN 3apAAbl AUIOJSA, 00pa-
3yIOT mapy

F,=qE u F_=-¢E,

Puc. 1.18

IJIeYO KOTOPOM paBHO [sina, T. e. 3a-

BHCHT OT OPHEHTAONH AUIIOJA OTHOCUTENLHO nouad E. Moayab kax-
IOo¥ u3 9TUX cuJ paBeH ¢E, u Ha aumosasb Gyzer melCTBOBATH MeXxa-
HHYeCKHNil MoMeHT N, omnpeenAeMblii, KAaK MBI 3HaeM, IPOH3BeJe-
HHeM ¢E Ha miedo maphl, T. €.

N = gE ‘lsina = pE sina,

rae p=ql — 3MeKTPUYECKUH# MOMEHT AMIIOJA.

IMonyuerHy0 GOPMYyJy MOXXHO NIPEACTABHUTL B BEKTOPHOM BHJE
KaK

N = [pE] . (1.41)

9TOT MOMEHT CHJI CTPEMUTCS IMMOBEPHYTh ANUMOJb TaK, YTOOLI €ro
3JIEKTPUUYECKHII MOMEHT P YCTAHOBHJICA IO HANIPABJIEHHNIO BHEIIIHE-
ro mona E. Takoe mosio)keHHe AUIONA ABJIAETCA YCTOMYMBBIM.

B HeOZHOPOAHOM 3JIEKTPHUUECKOM II0JIe AUTOJbL OyAeT BecTH cebs
caenyomuM o6pa3oM: mon gelicTBueM MoMeHTa cua (1.41) aumoas
6yzmer crpeMutbcs ycraHoButhed mo noiio (pTTE), a mox meitcTBu-
eM pesyabTHUpyIomeil cuianl (1.39) — mepemMecTHTBCA B HaIpaBJe-
HUHU, rae E mo moaymio 6oabme. O6a ABHKeHNA OYAYT COBEPIIATHCA
OOHOBPEMEHHO.

OHeprus qunoJjd B nmoje, Mul 3HaeM, UTO SJHEPrUA TOYEUHOTO 3a-
paga ¢ Bo BHeIIHeM mojie paBHa W = qo, rie ¢ — IOTEeHOHAJ IOJA
B TOUKe HaXOXKAEHHUA 3apAna ¢. Jumonbp — 3To cucTeMa M3 JBYX 3a-
PAZOB, IO3TOMY €ro 9HEPTrHsA BO BHEIIHEM IO0Je

W=q.0,+q0_=q (o, - 0¢.),
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rfe ¢, U ¢_ — IOTEHIINAJ BHEIIHETO IIOJIA B TOYKAX PACIOJIOXKEHUA
3apagoB +q 1 —¢. C TOUHOCTHIO A0 BEJIMYHUHEI BTOPOTO IOPAAKA Ma-
JIOCTH
09
o,—0_= E lv
rae 0¢/0l — mpomsBoAgHAA MOTEHI[MAJNA II0 HANPABJIECHHUIO BEKTODPA
1. Corsracuo (1.32) d¢/dl = —E, moatomy ¢, —¢_=—-E,l=-Elun

W = pE. (1.42)

N3 aroit ¢GopMyJaHl cjaeayeT, YTO MHHHMMAJbHYIO JHEPTHIO
(W, uz=-PE) aunonr umeer B IOJOXXKEHUH pTTE (mosno)KeHME
YCTOHYMBOrO paBHOBecHs). IIpM OTKJIOHEHMH M3 3TOTO IIOJIOKEHUSA
BO3HMKAET MOMEHT BHEIIHUX CHJI, BO3BPAINAIOIINI AUIOJb K IIOJIO-
JKeHHI0O PaBHOBECHA.

3amauu

>

1.1. OueHs TOHKHH AUCK PABHOMEDHO 3apfAKeH C IOBEPXHOCTHOMH IIJIOTHO-
cteio 6 > 0. Halitu HanpsiskerHocTs E aj1eKTpHUYeCKOro mojisi Ha ocu
3TOro0 AMCKA B TOYKE, U3 KOTOPOM AMCK BHIAEH IIOA TeJeCHBIM yriom Q.

Pemenne. 113 coobGpakeHuil cHMMeTpHUH siCHO, uTo BeKTOop E Ha ocu

IUCKa J0JKeH COBIafaTh C HallpaBJieHHueM 3Toit ocH (puc. 1.19). IToa-

TOMY HOCTATOYHO HaiiTu cocraBasiomyio dE, B

E\ TOYKe A OT 3JieMeHTa 3apsfa Ha miomanu dS u

3aTeM NPOMHTErPUPOBATH IOJyYEeHHOE BhIpaXke-

S- dE HUe TI0 Bceil MmoBepxHOCTH AucKa. HeTpyaHo co-
dE, obpasute (puc. 1.19), uro

A 1 odS
= "9 9.
dE, 2 cos (1)

r B nanHoM cayuae dS cos3/r’ = dQ — TenecHslit

yToJI, oA KOTOPHIM ILIoImanka d.S BUAHA U3 TOU-
ds o KU A, 1 BeIpaskeHMe (1) MOKHO IlepemucaTh TakK:

=Lcdﬂ.
4 e,

F

Puc. 1.19

OTClO,I[a HCKOMAasda BeJHYMHAa

E = ! oQ.
4 g,
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1.2.

1.3.

3aMeTHM, YTO Ha GOJBIINX PACCTOAHUAX OT AUCKa Q= S/ P, re S —
mIomans aucka, u E = q/4m:0r2 — Kak II0JIe TOYeYHOoro 3apazga ¢ = oS.
B HemocpeacTBeHHOI ke 6au30CcTH OT TOUKU O TejecHHIH yroa Q = 2n
u E = o/2¢,.

ToHKOe HeNpoBOAMAIIlee KOJbIO paauycomM R 3apsiskeHO ¢ JUHeNHOM
IVIOTHOCTBIO A = A,COS @, TAe Ay— IOJIOKUTeJIbHAA NOCTOAHHAHA, ¢ —

asuMyTaabHBIX yros. HaiiTu HanpssxkeHHocTs E ajekTpuueckoro
[oJiA B IEeHTpe KOJbIA.

Pemenue. 3aganHoe pacnpejesieHue 3aps-
Jla mokasaHo Ha puc. 1.20. s cummerpuu
3TOr'0 paclpejiesieHUs ACHO, 4TO BeKTop E
B Touke O HamnpaBJieH BIPaBO U MOZAYJb
3TOr0 BEKTOpa PaBeH CyMMe IIpOeKLHUi Ha
HanpasyseHue E BektTopoB dE — or aie-
MEeHTapHHIX 3apaAfoB dg. IIpoekusa BeKTO-
pa dE Ha BekTOop E ecTs

1 dg
dE cos ¢ = —— —= cos @, 1
¢ 4reg R2° ? ¢9)

rae dg = AR dg = 4R cos ¢d¢. IIponnrerpuposas (1) mo ¢ ot 0 xo 2=,
HaiiieM MonyJb BekTopa E:
Ao

Icos (pd(p—48R.
0

41teoR

3aMeTHM, YTO 3TOT MHTErpaJ MpoIlle BCEro BBIUMCJIUTH, 3HAA, UTO
2 1
(cos“p) = "/,. Torma

3
Jcosz(p do = (cosztp)Zn = 7.
0

Mony6eckoHeuHas NpsMasf DABHOMEDHO 3aps-
JKeHHAad HUTh UMeeT 3apAA A Ha eAUHUILY JJIUHBEI.
Haititu Moxzynp U HampaBiieHHe HaNPAXKEHHOCTH
IIOJIE B TOYKE, KOTOpasg OTCTOMT OT HUTU Ha pac-
CTOSTHUM I' U1 HAXOAUTCS HAa IepNeHAUKYJIApe K
HUTH, NMPOXOAAIIEM 4Yepe3 ee KOHeIl.

Pemenne. 3amaua cBoguTcs K HaxoxzaeHuio E
u E, — mpoeknuit BexTopa E (puc. 1.21, rge
npexnoyaraerca A > 0). Haunem ¢ E,. Di1eMeHT
sapaja Ha ydyacTKe dX HHUTH HaeT CJeAyHoLui

Pue. 1.21
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14

BKJax B E :

. L (1)
47'(80 r

x

IlpuBeneM 3TO BhIpa)keHHe K BUAY, YAOOHOMY AJIA MHTETPUPOBAHUA.
B namem cayuae dx = rda/cos,, r = y/cos a. Torma

a?

.dE, =Lsinada.
4neyy

IIponnTerpupoBaB 3To BheIpakeHHe Imo o or 0 mo m/2, Haligem
E, =)\/4neyr.

Ins HaxoKAeHUs NMpoeKIuu E, rocTaTouHo o6paTUTh BHMMaHHE Ha
T0, uTo dE, orianuaercs or dE, mpocto 3ameHo# sin, B (1) Ha cos .
Torma

dE, = )\cos do/4negr u  E_ = \/4ngyr.

ME! noay4yuau MHTEepeCcHHI peayabraT: E, = E_ He3aBHUCHMO OT I, T. €.
L d
BexkTop E opuenTuposan nmox yriaom 45° k autu. Moayas Bektopa E

E =\E? + E? =2 /4ne,r.

Teopema Iaycca. MeeTcss aKCHAaIbHO-CUMMETPHUYHOE II0JI€, HANpPs-
KEHHOCTh KOTOPOTO 3aBHCHUT TOJLKO OT PACCTOAHUSA I' 4O €r0 OCH KakK
E= ar/rz, rae a — nocrofiHHas. HaiiTu 3apAx B o0neme, orpaHHUYeH-
HOM cdepoit paguycomM R ¢ IIeHTpOM Ha OCH 3TOrO IIOJA.

Pemenne. Vickomrulil 3apsin paBeH coryacHo TeopeMme I'aycca moToky
BekTopa E uepes ykasaHHyIo cdepy, YMHOKEeHHOMY Ha €,. B maHHOM

' caydae AJA ONpelesieHUs IOTOKA& MOXKHO IIOCTY-
” IUTh TaK. 3aMeTHUB, 4To noje E aBaserca ocecum-

‘ ' — ‘ MeTPUYHLIM ([IOJIeM 3apAXKeHHOH paBHOMEDHO

HHUTH), IPUXOAUM K BLIBOAY, UTO IIOTOK uepes cde-

2R Py paauycoM R paBeH HOTOKY uepe3 GOKOBYIO IIO-
1

BEPXHOCTb LIMJIMHAPA TOTO K€ paguyca U BHICOTOM
2R, pacIoJo;KeHHOro, Kak II0KasaHo Ha puc. 1.22.
Torpa

Pre. 1.22 g = ePEdS = &FE,S,
rie E,=a/Rn S = 2nR-2R = 4nR’. U okoHuaTeNbHO,

q = 4neqaR.
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1.5.

1.6.

CucremMa COCTOHUT M3 PAaBHOMEDHO 3apfXXeHHOMH cdepsl paguycoM R u
OKpY’KallIeil cpebl, 3aIIOTHEHHON 3apALOM C 00BEMHOM IJIOTHOCTBIO
p=a/r, rae o. — MOJOMKUTENbHAA MOCTOAHHASA, I' — DPACCTOAHHE OT
ueHTpa codepsl. HaifiTu sapsan chepsl, IpH KOTOPOM HAIPAMKEHHOCTb E

3JIeKTPUYECKOro I10JiA BHe cepnl He 6yz[e'r 3aBUCETH OT 7. quy PaBHO
E?

Pemenwue. IIycTs uckoMsIit 3apsa cdepbl paBeH ¢, TOrAa, BOCIOJb3O-
BaBIINCH TeopeMoii I'aycca, sanumieM aiasa chepryecKoil IOBEPXHOCTH
paguycoM r (CHapy»Ku cdepsl ¢ 3apAAOM ¢):

r
E-anr?=2 lj34nr2 dr.
€& & pT
IIpounTerpupoBas, nmpeo06pasyeM 3TO ypaBHEHHME K BUAY
E-4nr® = (q - 21[(1R2)/80 + 41'[(17‘2/280.

HanpsiskeHHOCTb E He 3aBHCHUT OT r IpH YCJIOBHUH, KOI'Zla BEIPAYKEHHE B
cKko6kax paBHO Hymio. Orcioza

q=2naR’ u E =a/2s,.
Hajitu HanpsiskeHHocTh E ajleKTpHuUecKoro moJsa B o6JacTH Ilepecede-
HHUA ABYX IIIAPOB, PABHOMEPHO 3apAMKEHHBIX Pa3HOMMEHHBIMH TI0 3HA-
Ky 3apAgaMU ¢ 06'beMHOM IIJIOTHOCTBIO P U — P, €CJIM DACCTOAHUE MEX-
Iy LEeHTpaMH LIapoB olpenenseTcs BekTopom 1 (puc. 1.23).

Pemenue. C noMoipsio TeopeMsl 'aycca HeTPyAHO ITOKas3aTh, UTO Ha-
NPAKEHHOCTb 3JIEKTPHUYECKOrO II0JfA BHYTPHU PABHOMEPHO 3apAXKEHHO-
ro mapa

E = (p/3gg)r,

rae r — pagnyc-BeKTOD OTHOCHUTEJNIbBHO LI€EHTpAa 1iapa. ITone B obnacTu
nepeceyeHnusd I1apoB MOXHO paCcCMaTpHBaTh KaK CYNEepIIO3SHUIIUI0 IIO-

Prc. 1.24
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Jeil IByX DPABHOMEPHO 3apssKeHHBIX L1apoB. Torga B MpOH3BOJLHOM
Touke A (puc. 1.24) aroit obsactu

E=E, + E_=p(r, — r.)/3¢g, = pl/3¢,.

Puc. 1.25

Taxkum o6pa3om, moJie B 06J1aCTH NepecedyeHus Ta-
KHX LIapOB SBJSAETCA OZHOPOAHBLIM. DTOT BLIBOJ
CIpaBeJJINB HE3aBUCHMO OT COOTHOILLUEHHUS paguy-
COB ILIAPOB M PACCTOSIHHUA MEXKIY HMX LIEHTPaMH.
O cnpaBeanuB, B YacCTHOCTH, M TOTAa, KOTZa
OfMH IIAp HAXOAMTCA ILEJHKOM BHYTPH ApYroro,
WM, APDYTMMH CJOBAMH, KOTJa B llIape HMeeTCs
chepuyeckasa moJsocTs (puc. 1.25).

1.7. Bocnosp30BaBIINCh pEILIeHHEeM IpeAbIAyINei 3afauyd, HAUTH Hamps-
skeHHocTh E mossa BHyTpH cdepsnl, 10 KOTOpPOH pacmpeeseH 3apsaf C
IIOBEPXHOCTHOM IIOTHOCTBIO O = OyCOS g, T'ie Gy — IIOCTOSHHAaA, § —

MOJIAPHBIA yroJ.

Pemenmue. PaCCMOTpHM ABa I1apa OAMHAKOBOI'O paguyca, MMEIOIIHX

PaBHOMEDHO pacIpelesieHHbIe 110 00beMy 3apAAbI C IJIOTHOCTAMH P U
—p. IIycThb 1eHFpEI IIaPOB CMeIleHbl OTHOCHTEILHO APYT APYra Ha pac-
crosuue 1 (puc. 1.26). Torga coriacHo pellleHHIO IpeAbIAYILIel 3aqaqyu
noJjie B 00JIaCTH IIepecedyeHHUs 3THX IIAapoB OyAeT OXHOPOLHBIM:

TZ

/“"‘\\

<

Puc. 1.26

E = (p/3gy) L. 1)

B namem ciyuae o65eMHBIN 3apaAL OTIMYAET-
Csl OT HYJs TOJbKO B IIOBEPXHOCTHOM CJIOE.
IIpyn oueHs MaJsioM | MBI IpHAEM K IIpEACTaB-
JIEHHIO O IIOBEPXHOCTHOM INJIOTHOCTH 3apsAga
Ha coepe. ToalumHa 3apAKEeHHOrO CJIOA B
TOUKaX, oIpefeaseMbIX yriom 3 (puc. 1.26),
paBHa [ cos 9. 3HAYUT, HAa eTUHHULY ILJIOLIATH
B 9TOM MecCTe IPUXOAUTCA 3apax o = plcos 9 =
=oycos9, rae o, = pl, u Beipakenue (1) Mox-
HO TIPeACTaBUTh KaK

E = - (0y/3¢)) k,

rae k — opr ocu Z, oT KOTOpOIl OTCUMTHIBaeTCA yroa 9.

1.8. ITorennuan. IToreHIMa] HEKOTOPOIO 3JIEKTPHUYECKOTO II0JISI UMEeT BHUL

0= a(xy— zz). Haittn npoexkuuio Bektopa E Ha HampaBiieHHe BeKTOpa
a =i+ 3k B Touke M(2, 1, -3).
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1.9.

Pemenue. CHauana HaiizeM BexkTop E:
=-Vo = - a(yi + xj — 2zk).

HUckoMasa mnpoexkuus

-o(yi + xj—22k)(i + 3k) _ -a(y -62)

a
E, -E2-
e V1 + 32 V10

B Touke M
_—a(l +18) _ 19 «
¢ N NT)

HajiT noTeHIuan ¢ Ha Kpalo TOHKOTO JUCKAa, II0 OAHOH CTOPOHE KOTO-
poro paBHOMEDHO paclpefejieH 3apsj C.IOBEPXHOCTHOM IIJIOTHOCTBLIO
o. Paguyc aucka paBeH R.

E

Pemenne. Ilo onpefesneHuIo MOTEHIHAN B CIY-
Yyae IIOBEPXHOCTHOTO pacIpefejieHUs 3apfana
maercA uHTerpasom (1.28). Ias ynpolueHus
MHTEerpUpOBaHUA BrIOEpeM B KauecTBe ILIOLIaf-

(o]
KH dS yacTp KoJblla PafNUyCOM I ¥ IIUpHUHOM dr 2R
(puc. 1.27). Torga dS = 29rdr, r = 2Rcos 3,
dr=-2Rsin9 d9. ITocie moACTaHOBKH 3THX BBHI-
paxxeHmnii B uHTerpaa (1.28) nosyuum gis ¢ B Prc. 1.27

Touke O:

oR ¢
¢=-=—[9sin 9d9.
11:80 /2

HurerpupoBaHue IpOBOAUM I10 YACTAM, 0603HAYUB I = u, sind d9 = dv:

[9sin9ds = ~9cos § + [cos 9d9 = -9cos 9 + sin 9,

YTO JaeT Iocje MOACTAHOBKM IIpeleJioB MHTerpupoBaHusa —1. B peay-
JBbTaTE

¢ = oR/ne,.

1.10. IToreHnman mojsi BHYTPHU 3apAXKEHHOro Iapa 3aBUCHUT TOJBKO OT

2
pPacCTOAHUA I IO €ro IeHTpa 1o 3aKoHy ¢ = ar” + b, rae a u b — mo-
crossHHbele. HaiiTn pacnpepesneHue o6beMHoro sapsfga p(r) BHYTpH
mrapa.

Pemenue. CHauasa HaiileM HaNIpAXKeHHOCTH noJdA. CoraacHo (1.32)

E,= -0¢/dr = —2ar. (1)
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3aTeM BocmoJb3dyeMmcs Teopemoit 'aycca: 41tr2E, = q/gy. Auddepen-
IIMaJ 3TOTO BHIPAYKEHUA

1 1
4nd(r2E,) = —dq = —p-4nridr,
€o €0
rae dg — zapsan mexay chepaMu, paguychl KOTopsix r u r + dr. OT-
clofa
. 1 OE 2
r%dE, + 2rE,dr = —pr2dr, —L +—E, =P,
€ or r €
TloacraBus (1) B mocjefHee ypaBHEHHe, ITOJYUYHUM
p=— 6¢gya,
T. €. 3apAA BHYTPH IlIapa pacnpefejieH PaBHOMEPHO.
1.11. OTunoas. HaiiTi cuay B3saMMOAEHCTBUA ABYX TOYEYHBIX AHIIONEH C

MOMEHTaMU P; U Py, €CIU BEKTOPHI P; U P, HaNpaBjeHbl BROJIb NPS-
MO#, COeUHAIOILel TUIOJH, X PACCTOSTHNE MEXAY IIOCIeIHUMH PaB-
HO L

Pemenue. “Cornacuo (1.39)

F=p,|6E/dL|,
rae E — HanpsAKeHHOCTb II0JIA AUIIOJNA Py, ONpefeiseMas IepBOit U3
dopmya (1.38):

_ 1 2P2_
ane, 13 )

B3AB NIpPOM3BOAHYIO IIOCJIEIHETr0 BhHIDAXKEHHUA IO | U MOACTABUB ee B
dopmyny ans F, noayuum

__1 6pipy
4eg 1

BaMeTHM, 4TO AUNONM GYAYT MPUTATUBATECH, ecau P;11p,, u orTan-
kuBatbed, ecan pdTp,.
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MpoBOAHMK B 3N1€KTPOCTaTUYECKOM none
v

§ 2.1. Ilone B BeliecTBe

Muxkpo- 1 makponoJe. VIcTHHHOe 3JIeKTPHUYECKOe II0JIe B JII060M
BellleCTBe — €ro Ha3bIBalOT MUKPONOJLeM — MEHSETCS BeCbMa pes-
KO KakK B IIDOCTDPAHCTBE, TaK ¥ BO BpeMeHH. OHO pasjHYHO B pas-
HBIX TOYKaX aTOMOB M IIPOMEXYTKax MexAay HUMH. UTo6bl HaiiTH
HaNpSA’XKeHHOCTb E MCTHMHHOrO IOJIA B HEKOTOPOH TOUKe B JaHHBIH
MOMEHT, HY>KHO ObLIO ObI CJI0’KUTh HAIIPSAXKEHHOCTH II0JIeil BCEX OT-
JeJbHBIX 3apSAKEHHBIX YAaCTHI] BEIeCTBA — OJJIEKTPOHOB M snep.
PemeHnne 3T0i1 3amauyy, OUYeBHJHO, SIBJAETCA COBEPIIEHHO Hepeasb-
HbeIM. [la ¥ caM pe3yabTaT OKasaJjcd Obl HACTOJIBKO CJIOXKHBIM, UTO
€ro IpocTo HeJb3s 6bL10 OBl MCIOIb30BaTh. BoJiee Toro, Aasa pelie-
HUS MaKPOCKOIMYECKHUX 3a7lau TaKoe II0JIe ¥ BOBCe He HYXKHO. [lisa
MHOTHMX Iejeil goctaToyHo 6ojiee ImpocToe M HeCpaBHEHHO OoJiee
rpy6oe onmcaHue, KOTOPHIM MBI M OyZeM MOJb30BATHCA B JajIbHEMH-
mIeM.

ITox anexTpuueckum mosieM E B BemrecTBe — €ro Has3bIBAIOT
maxpononem — Mbl 6yfeM HOHMMATh IPOCTPAHCTBEHHO yCPEAHEH-
HOe MUKpomoJie (Iocjie IPOCTPAaHCTBEHHOrO YCDPEeJHEHHs BpPEMEH-
HOe ycpeiHeHHe y»e He Tpebyercsa). ITO ycpeaAHEHUE IPOBOAUTCS
II0 TaK Ha3hbIBaeMOMY Qu3auiecku GecCKoHeiHO manromy obvemy —
obbeMy, comzepikaieMy OOJIbIIIOE YHMCJIO aTOMOB, HO MMeEIOIIeMY
pasMepsl BO MHOT'O pa3 MeHbIlle, YeM T€ PacCTOSHHA, Ha KOTOPBIX
MaKpoIoJjie MeHAeTCAd 3aMeTHO. YCDeJHeHHe II0 TaKUM o0beMaM
CIJIa)KMBaeT BCce HeperyJjspHble U OGBICTPO MEHAIOIINECS BapHalluyu
MHKDOIIOJISI Ha PAaCCTOAHHUAX IOPAAKA ATOMHBIX, HO COXpPaHAET
IIJIaBHbIE U3MEHEHNS MaKPOIIOJS Ha MaKPOCKOIMYECKHUX PacCTos-
Huax. Urak, moJyie B BellecTBe

E = Eyaxpo = (Epuxpo)- (2.1)
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Bausaue BemrecTBa Ha moJe. IIpn BHeceHHH J1I060T0 BeliecTsa B
JIEKTPHUUECKOE II0JIe B BEIIECTBE IMPOMCXOAUT CMEIeHUEe IIOJIOXKH-
TEJBbHBIX U OTDUIIATEJNBHBIX 3apAOB (A4ep U JEeKTPOHOB), UTO B
CBOIO OYepeab IPHBOAUT K YACTHUYHOMY pas3geIeHUIO 3TUX 3apALOB.
B Tex MM MHBIX MeCTaX BeIeCTBAa IOABJIAIOTCSA HECKOMIIEHCHDO-
BaHHBIE 3apAALI PA3JUYHOTO 3HaKa. JTO SABJEHHE HA3bIBAIOT INEK-
mpocmamuyeckoi urdykyuel, a IOIBUBIINECS B Pe3yJIbTaTe pa3-
JeJeHUA 3apAAbl — UHOYYupoeannHvimu 3apadamu.

VHAyLUpOBaHHBIE 3apALBI CO3LAAIOT AOMOJHHTEIbHOE 3JIEKTDH-
YecKoe I10Jie, KOTOpOe BMeCTe C MCXOAHBLIM (BHEIIHMM) 3J€KTpHYe-
CKHM 1o0JieM o6pasyeT pe3yJbTHpyIOLlee moJe. 3HasA BHEIIHee I10Jie
U pacmpejesieHNe MHIYIUPOBAHHBIX 3apAXOB, MOXKHO IIPH HaXO0X-
JEeHUH pe3yJIbTHPYIOINEro IOoJIs y)Ke He o0palaTh BHUMaHUe Ha Ha-
JINYKEe CaMOT'0 BEIeCTBA — €ro POJIb y2Ke YyUTeHa C IOMOIIbIO MHAY-
LIYPOBAaHHBIX 3apAAOB.

Taxum 06pa3oM, pe3yJbTHUPYIOIIee IOJI€ DU HAJINYUHN BEIeCT-
Ba ONpeAeNAeTCA MPOCTO KaK CYNepIO3UIMS BHEIIHEro NoJdA M
MOJIA HHAYIHMPOBAHHLIX 3apagoB. OZHAKO BO MHOTHX CJAYy4YasaX AeJo
YCJIOXKHAETCA TE€M, UTO MBI 3apaHee He 3HaeM, KaK paclpeaedioT-
Cs B IPOCTPAHCTBE BCe 3TH 3apAABLI — 3aJadya OKa3bIBaeTCA JAJIEKO
He TaKOH IIPOCTO#l, KaK MoOrJyIo Obl IMOKas3aThbCcAd BHauaje. Kak MbI
YBUAUM Jajiee, paclpefesieHre WHAYIIUPOBAHHBIX 3apAAOB B pellla-
IOIIIel CTeleHN 3aBHCHUT OT CBOMCTB CaMOI0 BellleCTBa — OT ero u-
3MYeCKOH IpUPOALI B (opMEI Tesl. C 3TMMH BOIIPOCAMM HaM M Ipen-
CTOMT O3HAKOMHTBbCA 00Jsiee MOAPOOHO.

§ 2.2. ITore BHYTPH M CHapYKHM IIPOBOJIHHMKA

Bryrpu npoBogauka E = 0. ITomecTM MeTaJndyecKHil IPOBOX-
HHK BO BHEIIIHEe 3JIEKTPOCTAaTHYEeCKOoe II0Jie MM COOOIINM eMy Ka-
Koi-HMOyap 3apan. B ofomx ciayuyadax Ha Bce 3apsagbl IPOBOLHHKA
OyzeT meiCTBOBATDH BJIEKTPHYECKOE II0JIe, B pe3yJbTaTe 4ero Bce OT-
puIaTeJbHbIEe 3apAAbI (3JIEKTPOHBI) CMECTATCSA MIPOTUB IoJid. Takoe
nepeMenieHne 3apAfoB (TOK) OyaeT IpOZOMKATHLCA OO TeX IIOpP
(IpakTHYeCKH 3TO IIPOMCXOAUT B TE€UeHHE MaJIOi HOJIHU CEKYHIBI),
IIOKa He YCTAaHOBHUTCA ONIpPeJEeJeHHOEe paclipefiejieHHue 3apAAOoB, IPHU
KOTOPOM 3JIEKTPHUECKOEe II0JIe BO BC€X TOYKaX BHYTPH NIPOBOJHUKA
obpaTtuTca B HyJb. TaKUM 00pa3oM, B CTATHYECKOM CJIydyae 3JIEKT-
pHuecKoe Iojie BHYTPH IpoBoxHHKa orcyrcTByer (E = 0).
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Hanee, mockoabKy B npoBogHuKe Bciogy E = 0, To MIOTHOCTD U3-
6BLITOYHBIX (HECKOMIIEHCHDOBAHHBIX) 3apAJOB BHYTPH NPOBOJHHUKA
Tak)e BCIOAYy paBHa HYJIO (p = 0). ITO JIErKO MOHATH C IOMOIILIO
teopeMbl 'aycca. HdeicTBHTENbHO, TaK KAK BHYTPHM NPOBOAHHKA
E = 0, To 1 norox BekTopa E cKB03b n106y10 3aMKHYTYIO MOBEPX-
HOCTb BHYTDH NIPDOBOZHHMKA TaK)Xe paBeH HYJI0. A 3TO U 3HAYMHT,
4YTO BHYTPHM NIPOBOAHWKA M30BITOUHBIX 3apA0B HeET.

HN36biTOUHBIE 3apALbI NOABJIAIOTCA JHIIbL HA IOBEPXHOCTH IIPO-
BOSHHMKA ¢ HEKOTOPOH MJIOTHOCTHIO G, BOOOIIe roBOpA, Pa3JIMYHOMI B
Pa3HBIX TOYKAaX €ro MOBEPXHOCTH. 3aMETHM, YTO M3OBITOYHBIN IO-
BEPXHOCTHHIN 3apAA HAXOAUTCA B OYE€Hb TOHKOM IIOBEPXHOCTHOM
cyoe (ero TOJIMHA OKOJIO OOHOTO-IBYX MEXKATOMHBIX PACCTOAHUIL).

OrcyTcTBHMEe mOJA BHYTPH IPOBOZHMKA O3HAYaeT COIVIACHO
(1.31), uTO mOTEHIMAN (¢ B IPOBOAHUKE OJUHAKOB BO BCEX €ro TOY-
KaxX, T. €. Jio00ff IPOBOAHHMK B 3JIEKTPOCTATHYECKOM IIOJIe Ipen-
craBiaseT co60il 3KBHIOTEHINAJNbHYIO 06JIaCTh M €ro IOBEPXHOCTh
ABJISIETCA 3KBHUIOTEHOHMAIbHOM.

U3 Toro dakxra, 4TO HOBEPXHOCTb IPOBOJHUKA 3KBUIIOTEHIIMAb-
Ha, ClIefyeT, YTO HEIOCPEeACTBEHHO Yy 3TOH moBepxHOCTH moJie E Ha-
IIpaBJIeHO II0 HOPMAJIK K Hell B Ka)XJ0o# Touke. Eciau 6bI 3TO 6GBLIO
He Tak, TO IOJ JAedCTBHEM KacaTeJbHOH cocrasiswoomei E zapans
npuiIn 6bl B ABMXKEHHE II0 IOBEPXHOCTH IPOBOLHUKA, T. €. PABHO-
BecHe 3apafoB ObLI0 ObI HEBO3MOXXHBIM.

IIpumep. HaiineM mnoreHmuan He3apsaKeHHOTO
npoBoAdALero mniapa, Ha pacCTOAHUM I
OT ILIEHTPa KOTOPOI'o PAacCIIOJIOMKEeH TO-
YyeyHbIH 3apang ¢ (puc. 2.1). d
IloTeruuan ¢ Bcex ToYek IIapa OZUHA-
koB. Pa3 TaK, BBIYMCJIMM €ro B LIEHTpe
mapa O, u60 TONBKO AJIA 3TOM TOUKH

pacyeT OKa3bIBaeTcsa HaunboJiee Ipo-
CTBIM:

Puc. 2.1

q ’
=+ ¢, 1
4ngy r ¢ )

TJie IepBoe cjlaraeMoe — 3TO IOTEHIIUAJ OT 3apsjia ¢, a BTopoe —
NMOTeHIMaJ OT 3apfAf0B, HHAYUMPOBAHHBEIX HA ITOBEPXHOCTH
mapa. Ho Tak kak Bce MHAYLMPOBaHHbIE 3apAALI HAXOAATCA Ha
OJHOM M TOM XK€ PacCTOAHHUH @ OoT Touku O M CyMMAapHBI HHAY-
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LVpPOBaHHLIN 3apsAx paBeH HyJ10, To @ = 0. Takum o6pasom, B
IaHHOM cJjy4ae INOTeHLuaJ] Iiapa OyZeT ompeneisiTbCA TOJbKO
nepBeIM cJyaraeMsiM B (1).

Ha puc. 2.2 nszobpakeHO IoJIe M pacupeleeHHe 3apAgoB IJIA
CHCTEMBI M3 JBYX IIPOBOAAIINX IIIAPOB, OOZWH M3 KOTOPBLIX (JIEBBIH)
3apa)KeH. BciieicTBHe 3JIeKTPHYECKOM
MHAYKINM Ha IOBEPXHOCTH IIPaBOTO
He3apAKEeHHOTO IIapa MOABUJINCH 3aps-
Obl IPOTHBOIOJOXKHOrO 3HaKa. Ilose
3THX 3apAAOB B CBOIO OUepelb BHI3OBET
HEKOTOpOe IiepepaclpefieieHue 3aps-
JOB Ha IIOBEPXHOCTH JIEBOIO IIapa —
UX pachopeiejeHHe II0 IOBEPXHOCTH
CTaHeT HepaBHOMepHbIM. CIIOIIHBIMH
JUHUAMH Ha PUCYHKE IIOKA3aHbI JUHHHA
BeKTopa E, nyHKTHDHbEIME — mepeceue-
HHAA OSKBHUIIOTEHIMAJBLHLIX IIOBEPXHO-
CTeil ¢ IJIOCKOCTHIO PHUCYHKa. ITo Mepe yJaleHHS OT 3TOH CHCTEMbI
S3KBHMIIOTEHIIMAJbHbIE IIOBEPXHOCTH CTAHOBATCA Bce Gosiee GIM3KHU-
MH K chepHuyecKHM, a JUHHH BeKTopa E mpubiamikamoTcsa K pagua-
JIBHBIM, ¥ CaMO II0JIeé CTAHOBHUTCA Bce Gosree GIM3KMM K IIOJIO TO-
YEeUHOrO 3apsaja ¢ — IOJHOMY 3apAAYy AAHHOH CHCTEMBI.

ITose y moBepxXHOCTH NMPOBOTHKMKA. Hanpsa)KeHHOCTH 3JIeKTpHUe-
CKOTO II0JIA HEIIOCPEeACTBEHHO Y ITI0BEPXHOCTH IPDOBOAHUKA CBA3AHA,
KaK Mbl ceiiyac YBHAMM, IIDOCTHIM COOTHOIIEHHMEM C JIOKAJILHOMH
ILJIOTHOCTBIO 3apsAfa Ha IIOBEPXHOCTH IIPOBOAHHKA. JTY CBA3b MOXK-
HO JIETKO YCTAHOBHTH C IIOMOIILIO TeopeMbl I'aycca.

IlycTs MHTepecylOIIHi HAC YyY4acTOK IIOBEPXHOCTH INIPOBOZHHKA
rpaHWYHUT ¢ BaKyyMmMoM. JIuEnu BeKTopa E IepneHAMKYIADHEI IIO-
BEPXHOCTH IIDOBOJHHKA, IIO3TOMY B KauecTBe 3aMKHYTOH IOBEpX-

HOCTH BO3bMeM He0OJIbIION IUJINHAD, Pacio-

n JIOXKHB €ro TaK, KaK IIOKasaHo Ha puc. 2.3.
Torza morok BekTopa E uepe3 ary moBepx-
5 HOCTb OyZeT paBeH TOJLKO IIOTOKY 4Yepe3 «Ha-
PYXHBIiI» Topen IMJIWHApPA (IIOTOKH uepe3

OOKOBYIO IIOBEPXHOCTb I BHYTPEHHHI TOpeIr]

paBHBI HYJTI0), U Mbl uMeeM E _AS = 6AS/g,,

Puc. 2.3 rze E, — npoexknus BexkTtopa E Ha BHemHO10

Puc. 2.2
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(II0 OTHOLIEHMIO K IPOBOJHMKY) HOpMaJb N, AS — mjaomangb ceue-
HUA OWINHADPA, C — JIOKaJbHas IOBEPXHOCTHASA IIJIOTHOCTh 3apaja
Ha npoBogHuKe. CokpaTuB 06e YaCTH 3TOr0 paBeHCTBa Ha AS, moJy-
YuMm

E, =o/s,. (2.2)

Ecm o > 0, Ton E, > 0, 1. e. BekTOop E HanpasjieH oT moBepx-
HOCTH IIPOBOJHMKA — COBIIajaeT II0 HAIIPaBJEHHIO C HOPMAJbIO N;
ecmu xe ¢ < 0, To E, < 0 — BexTop E HanpasjieH K MOBePXHOCTH
IIPDOBOAHMKA.

B cBsasu ¢ cooTHOomenueM (2.2) MO)KeT BOSHHKHYTb OIIGOUHOE
3akJjoueHue, 4To E BOJIM3KM NIPOBOZHMKA 3aBUCHUT TOJIBKO OT JIOKAa-
JIbHOH IIOTHOCTH G 3apsga. 9To He Tak. Hanpsikensocts E ompe-
IeJsieTCA 6CceMU 3apagaMH PAaCCMATPHBAEeMOM CHCTEMBI, KaK X CaMO
3HaUYeHUe O.

§ 2.3. Cuasl, geiicTByOlMe HAa MOBEPXHOCTH
MPOBOAHUKA

Paccmorpum ciyuait, Korga 3apsi’KeHHBIH y4aCTOK IOBEPXHOCTH
IIPOBOJHMKA I'PAHNYNT ¢ BaKyymoM. Ha maunblit aseMeHT AS moBep-
XHOCTH IPOBOJHMKA AEHCTBYeT CHJIa

AF =GAS - E,, (2.3)

rae cAS — 3apsap 3TOro ajgeMeHnTa, E; — HanpaKeHHOCTH IOJISA, CO-
3aBa€MOr'0 BCEMH OCMAJbHbIMU 3aPAAaMH CHCTEMbI B MeCTe Ha-
xoxaenua sapsana cAS. Cpasy xe samerum, uro E, He paBHO Ha-
npssxkesHocTH E nmosss B6JIM3K JaHHOIO 3JIeMeHTa II0BEPXHOCTH IIPO-
BOJHHKA, OJHAKO MEXJAY HMMHM HMMeeTcsa mpocras cBa3b. Haiigem
ee, T. e. Boipasum E; uepes E.

Ilyctes E; — HanmpaxeHHOCTb IIOJIA, CO3ZABAEMOrO 3apAAOM Ha
mwiIomaake AS B TouKax, O4eHb GJM3KUX K 3TOH ILJIOIIagKe — 34ech
oHa BegeT ce6s kKak OeCKOHeYHAas PaBHOMEDHO 3apsKeHHad ILIOC-
koctb. Torgma cornacmo (1.10) E = o/2¢,.

PesynbTupylomee mose Kak BHYTDH, TaK M BHe IIPOBOJHUKA
(86mm3u miromanku AS) saBiaseTcsa cyneprnosunueil moneit Ey u E_.
ITo pasuele croponsl mromanku AS none E, npakTuyecky oguHaKO-
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BO, moyne Xe E  mMeeT NIpOTHBOIOIOX-
Hble HampaBjeHua (puc. 2.4, rpe anda
oIpegeJeHHOCTH B3aATO ¢ > 0). U3 ycao-
Bua E =0 B mpoBogHHMKe cJexyeT, 4TO
E =E, rorga CHapyXu IDOBOZHMKA Y
ero moeepxroctu E=E;+E_=2E,
Hraxk,

E,=E/2, (2.4)

u ypaBHeHme (2.3) mpuMeTr BHUJ
AF = Y, 6AS - E. (2.5)

PaspenuB ofe yacTH 3TOro ypaBHeHHA Ha AS, IOJYyYMM BhIpake-
HMe IJ15 CHJIbl, JeHCTBYIOIIei Ha e JMHUILY IOBEPXHOCTH IIPOBOJHUKA:

F, = Y, oE. (2.6)

*

JTO BhIPa)XeHHWe MOYKHO IepemucaTh M B APYyroil ¢opme, u6o
BXOAfAIINE B HEro BeJMYUHLI 0 U E ABISAIOTCA B3aMMHO CBSA3aHHBI-
mu. JeiicrBurenpHO, coraacHo (2.2) E, = o/g, nau E = (6/gy)n, rae
N — BHEIIHSAA HOPMaJb K 3JEMEHTY IOBEPXHOCTH B JAHHOH TOUYKe
npoBogHENKa. IlosTomy

2 2
o goE
g =——n=-—""_n, (2.7
2¢g 2

rjie yuTeHO, 4T0 6 = g E, u E,Z, =E2. Benuuuny F, nHaswisaior no-

éepxrnocmnou naomunocmyio cun. HesaBucumo or 3Haka o, a 3Ha-

uuT, ¥ Hanpasierus E, cuna F, Bcerna Hanmpasiena, Kak BUAHO U3

(2.7), Hapy»Ky HIpPOBOAHHKA, CTPEMJCh €ro PacCTAHYTh.

IIpumep. Haiigem BhIpakeHHe AJA 3JIEKTPUUYECKOM CHJILI, AEMCTBYIOILIEH B
BaKyyMe Ha IIPOBOAHMK B Il€JIOM, IIoJlaras, 4YTO M3BEeCTHa HaIlpA-
skeHHocTb E mosa Bo Bcex Toukax Y IIOBEPXHOCTH IIPOBOAHHKA.

YmuOoxkUB (2.7) Ha dS, monyuyuMm BrIpakeHue nudA cuiabl dF, meit-
CTByIOIIleil Ha 3JIeMEHT IOoBepXHocTH dS:

dF = Y, g,E%dS,
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rge dS = ndS. PesyapTHpylolmasa cuiaa, HeHCTBYIOIad Ha BeChb
NPOBOAHHUK, ONIpeeadAeTcd WHTerDUPOBAHHMEM 3TOro ypaBHEHHUS
0 Bceil IMOBEPXHOCTH IIPOBOHUKA:

F= 82—09‘5E2ds.

§ 2.4. CpoiicTBa 3aMKHYTOH INpoBOAAIIEH 000JOYKH

MBI BBIACHMJIM, YTO B COCTOSIHHH PaBHOBeCHA M3OBLITOUHHIX 3a-
PAJOB BHYTPH NIPDOBOAHHKA HET — BeIleCTBO BHYTPH NPOBOAHHKA
3JIEKTPpUYECKHN HeHTpajbHO. IloaTOMYy yZhajseHHe BellecTBa U3 HEKO-
TOporo o6’beMa BHYTPHM IPOBOJHMKA (CO3ZaHHE 3aMKHYTOH IIOJIO-
CTH) IOJIS HUTAEe He N3MEHHT, T. €. HUKaK He OTPA3HUTCA Ha pPaBHO-
BECHOM pPACIIOJIO’KE€HNH 3apAL0B. ITO 3HAYHUT, UTO U3OBITOYHLIN 3a-
PAL pacupeeifeTca Ha IPOBOJHUKE C MOJIOCTHIO TaK K€, KaK U Ha
CILIOMIHOM — IIO0 ero Hapy>KHON IIOBEePXHOCTH.

TaxkuM 06pa3oM, €CJM B IOJOCTH HET JIEeKTPHUYECKHX 3apsanoB,
3JIEKTpHYECKOe II0JIe B Hell paBHO HYJII0. BrewHue 3apadst, 6 wvacm-
Hocmu 3apAdbl HA HAPYICHOU NOBepXHOCMU nPo8oJHUKA, He c030a-
JOm 8 NoAoCcmu 6HYMpPU NPOBOOHUKA HUKAKOZO 3JEeKMPUYeCcK0oz0
noas. IMEHHO Ha 3TOM OCHOBaHA 31eKMpocmamu4eckas  3auyu-
ma — 3KpaHNpPOBaHME TeJl, HAIPUMED M3MEPUTENbHBIX MPHUOODOB,
OT BIMAHNSA BHENIHUX 3JEKTPOCTaTHYecKHx moJseil. IIpakTuuecku
CILIONIHOM ITPOBOAHUK-060I04Ka MOJKET ObITh 3aMEeHEH HOCTATOYHO
IyCTOIl METaJJINYeCKOH CeTKOIl.

Jokas3aThb OTCYTCTBHE 3JIEKTPUYECKOr0 IOJIS B MYCTOH IOJOCTH
MOYKHO M MHaue. Bo3bMeM 3aMKHYTYIO IOBEPXHOCTH S, KOTOpPasa OX-
BaTHIBAET IIOJIOCTh U IIEJMKOM HaXOJUTCHA B BellleCTBe MPOBOJHMKA.
Tak kak mose E Bciogy B IDOBOJHMKE PaBHO HYJIIO, TO U IIOTOK BEK-
Topa E uepes S To)xe paBeH Hyxi0. OTCIORA
corinacHo TeopeMe [aycca paBeH HYJIIO M
CyMMapHEI# 3apAx BHYTpH S. 3T0, IpaBaa,
He MCKJIOYaeT CHTyallUM, IOKa3aHHON Ha
puc. 2.5, Korga Ha MOBEPXHOCTH CaMO# mo-
JIOCTH MMeEIOTCSA PaBHbIE KOJHYECTBa II0JIO-
JKUTEJbHOTO M OTPHIATENbHOrO 3apAAOB.
Takoe mpeanoJioXKeHne, OZHAKO, 3alperia-
eT Apyras TeopeMa — TeopeMa O IUPKYJIA-
nun BekTopa E. B camoMm fese, mycTh KOH-




52 I'naBa 2

Typ I' mepecekaeTr moysocThs 0 OgHOM M3 JMHUI BeKTOpa E m 3amMbI-
KaeTcsa B BellecTBe IPOBOAHMKA. fICHO, YTO JIMHEHHBIH HHTErpas
BekTOpa E BHoJIb 3TOr0 KOHTypa He paBeH HYJIO, Yero COrJIacHO Te-
opeMe 0 IUDKYJANUHN OBITH HE MOJXKET.

Teneps o6paTMcs K Caydalo, Korjga oJOCTh He IIycTas, a B Hei
€CTh KaKOH-TO 3JIeKTPUYECKHUil 3apAx ¢ (MoxkeT ObITH M He OLMH).
IIpexcraBuM cebe TaKsKe, YTO BCe BHEIIIHEee IIPOCTPAHCTBO 3aIlOJIHE-
HO npoBogsameil cpenoit. Ilose B Helt Tpu paBHOBECHH PAaBHO HYJIIO,
3HAUHUT, Cpela 9JIeKTPUYECKH HeHTpaJibHA W He CONEP)KUT HUTAe
U36BITOYHBIX 3apAAOB.

Tak kak Bciogy B npoBogHuke E = 0, To paBHLIM HYyJI0 OyZeT u
notrok BekTopa E CKBO3b 3aMKHYTYIO IIOBEDXHOCTb, OKDYXKaIOIYIO
nosoctb. Ilo Teopeme I'aycca aro o3Hauaer, 4TO ajarebpamueckas
CyMMa 3apAAOB BHYTPH 3TOH 3aMKHYTOH IIOBEPXHOCTH TaKxke OymeT
paBHa Hymo. Takum o6pa3omMm, anrebpamyeckas cymMMa HHIYLMPO-
BaHHBIX 3apAJOB HA IIOBEPXHOCTH IIOJIOCTHM DPaBHA II0 MOAYJIIO H
IIPOTHBOIOJIOXKHA IO 3HAKY ajare6pandyecKoil cymMMme 3apsagoB BHYT-
PH 3TO# IOJIOCTH.

IIpm paBHOBecHU 3apsAAbl, MHAYIIMPOBAHHLIE HA IOBEPXHOCTH II0-
JIOCTH, PacCIlOJIaralOTCsA TaK, YTOOBI IIOJHOCTHIO CKOMIIEHCHDPOBATHb
CHaApYy>K¥ IIOJIOCTH II0JIe 3apANOB, HAXOAAIIUXCA BHYTPH IIOJIOCTH.

ITockoJIBKY HPOBOZAINAA Cpela BHYTPH BCIOLY JJIE€KTPHUYECKU
HeHTpaJIbHa, TO OHA He OKa3blBaeT HUKAKOI'0 BINAHUS Ha dJIEKTPH-
yeckoe mose. IIoaTomMy, eciu ee yIaauTh, OCTABUB TOJBKO IIPOBOAS-
Imy1o 060JI0YKY BOKPYT IIOJIOCTH, OT 3TOTO II0Jie HUTJe He U3MEeHHUT-
ca ¥ BHe 0GOJIOUKM OHO OCTAHETCA PaBHLIM HYJIIO.

Taxum o6pa3oM, mojie 3apsAL0OB, OKPYKEHHBIX IIPOBOAAIIEI 060-
JIOYKOH, M 3apAAOB, MHAYIWPOBAHHBIX HA IMOBEPXHOCTH IIOJIOCTH
(Ha BHYTDEeHHeIl IIOBEPXHOCTH OGOJIOYKM), PABHO HYJI0O BO BCEM
BHEIITHEM IIPOCTPAHCTBE.

MbI DpUXOAUM K CJEAYIOIIEeMY Ba>XHOMY BEIBOAY: 3AMKHYmMas
npoeodaw,as o6onouKa pasdensem 8ce nPOCMPAHCME0 HA BHYMPEH-
HIOI0 U 6HEUWLHIOI0 Yacmu, 8 INEKMPULECKOM OMHOULEHUU COBEDULEH-
HO He 3agucaujue dpyz om dpyza. ITO HaLO NOHHMAThL TAaK: IOCJIE
m0060ro mepeMelieHnsa 3apsagoB BHYTPH 000JOYKM HUKAKUX H3Me-
HEHHUH I0JIA BO BHEITHEM IIDOCTPAHCTBE He IIPOM30MAET, a 3HAYUT,
pacmpezesieHre 3apAAO0B HAa BHEIIHEH IMOBEPXHOCTH O0OJIOYKH OCTa-
HeTcA HpeXXHUM. To ’Ke OTHOCHUTCA M K IOJI0 BHYTPHU IIOJIOCTH
(ecu TaM ecTh 3apAAbl) U K pacupelesleHNI0 HHAYINPOBAaHHBIX Ha
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CTeHKAaX IOJIOCTH 3apAN0B — OHM TaKKe OCTAHYTCA HeM3MeHHBIMHU
B pesyJIbTaTe epeMelleHus 3apAnoB BHe o6omouku. Bee ckasanHOE
CIpaBelJUBO, Pa3yMeeTCd, TOJbKO B PAMKAaX 3JIEKTPOCTATHKH.

IIpumep. ToueuHslil 3apsay ¢ HAXOAUTCA BHYTPH 3JEKTPUUYECKH HeHTpaJb-
HO# 060JI0YKH, HAPY>KHOH ITOBEPX-
HOCTBI0O KOTOpPOH sBJIsAeTcs cdhepa
(puc. 2.6). Halizem moTeHIHa: @ B
Touke P BHe 000JIOYKHM Ha paccro-
AHUU r oT ueHTpa O Hapy»XHoM
IIOBEPXHOCTH.

Ilone B Touke P ompegensercda To-
JIBKO 3apsaMH, MHAYIHPOBAHHEI-
MU Ha HaApY’KHOH IIOBEPXHOCTH
obosoukn — cdepe, Hu6GO, Kak
6BLJIO IOKA3aHO, I10JIe TOYEUHOro 3apAjAa ¢ ¥ 3apAA0B, UHAYLMDO-
BAHHBIX HA BHYTpPEHHeH IIOBEDXHOCTH OOOJIOYKH, DABHO BCIOAY
HYJII0 BHe noJiocTu. lanee, 3apaAx Ha Hapy»KHOH 000JI04Ke BCJIE-
CTBHE ee CHMMETDHUM pacIpeesfieTcd PaBHOMEDHO, IO3TOMY

-1 g
dmey r

[0)

YacTHBIM cJIyyaeM 3aMKHYTOI IPOBOAAIIEH 000JI0UYKH ABJIAETCA
0e3rpaHNYHAA IPOBOJAIIAA IIJIOCKOCTh. Bce IIPOCTPAHCTBO ¢ OZHOM
CTOPOHBI TAKOH MJIOCKOCTH B 3J€KTPHYECKOM OTHOILIEHHNM He3aBH-
CHMO OT NIPOCTPAHCTBA C APYroi CTODOHHI ee.

VKazaHHBIM CBOMCTBOM 3aMKHYTOI IPOBOAsAINIEH 000JIOYKKM MBI
0yzeM moJb30BaTHCA B AajibHeHIIeM HEOZHOKPATHO.

§ 2.5. O6maa 3agaua 3JJeKTPOCTATHKH.
MeToa n3obpasxeHuH

OueHb YaCTO MPHUXOAUTCA BCTPEYATHCHA C 3afaUYaMM, B KOTODPBIX
pacupegesieHHe 3apAAOB HEM3BECTHO, HO 3aJaHbl IOTEHIUAJBI IIPO-
BOJHUKOB, UX (hopMa M OTHOCHUTEJIbHOE pacmnojiokeHune. U Tpebyer-
cA oIpeneJHUTh HNoTeHmuaa ¢(r) B J060H TOUKe IOJSA MEXAY IIPO-
poganKamu. HanmomamM, uTo, 3Hasa ¢(r), MOKHO JIETKO BOCCTaHO-
BUThL caMo mnojse E(r) m no 3Hauenmio E HemocpeacTBeHHO Y
MMOBEPXHOCTH NIPOBOAHHMKOB HANHTH paclpelesieHNe IMOBEPXHOCTHBIX
3apAfOB Ha HHUX.
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YpaBuenus Ilyaccona u Jlannaca. Haiigem auddepeHuuansHoe ypas-
HEHHe, KOTOPOMY AOJIKHA YAOBJETBOPATH QYHKIMA ¢ — ImoTeHUMak . Huas
3TOro IOACTAaBUM B JieBy10o yacTh (1.20) Bmecto E ero BripaskeHue uepes ¢,

T. e. E = —Vo. B peayabrare monyuum obiiee nuddepeHINaIbHOE ypaBHe-
HHe IJid IIoTeHIlnaja — ypaﬂneuue nyaccoua:
Vo = —p/e,, (2.8)

rae V2 — onepamop Jannaca (nannacuar). B [ekapToBbIX KOODAMHATAX
OH HNMeeT BU[L
. & & &
Vit —t—>
ox Oy 0z

T. €. IpefCcTaBasAeT coboit ckanapHoe npousseaenne V-V [cm. (1.19)]. Ecaun
Me)KAy NPOBOAHUKAMU HeT 3apanoB (p = 0), To ypaBHeHue (2.8) mepexozutr
B Goslee mpocroe’ — ypaenenue Jlannaca:

Vo =0. (2.9)

OnpezaesieHne IOTEHI[MANA CBOAUTCA K HAXO0KAEHHUIO TAKOH GYHKIIUH @,
KOTOpass BO BCeM IIDOCTPAHCTBE MeKAY IPOBOAHMKAMU YAOBJIETBOPHAET
ypaBHeHHuAM (2.8) unu (2.9), a Ha TOBEPXHOCTAX CAMHX IIPOBOAHHUKOB IIPH-
HUMaeT 3aJlaHHBIEe 3HAYEHUA (¢, @y U T. A.

B Teopun mokaswiBaeTcs, UTO 3Ta 3ajavya MMeeT €JUHCTBEHHOE
pemmeHNe. JTO yTBePXKAeHUE HA3LIBAIOT mMeopemol eduHcmeernHo-
cmu. C Gpu3nUYeCKOi TOYKHM 3PEHHUA ITOT BHIBOA AOBOJIBHO OUEBH-
IeH: ecIHu pelmeHHe He OAHO, TO OyZeT He OOMH NOTEHIIMAJbHBIMN
«peabed», CIeZOBaTEJIbHO, B KaXKJ0# Touke moJse E, BooOme roso-
pA, HEOLHO3HAUYHO — MBI IPUIIIN K (usnueckomy abcypay.

ITo TeopeMe eZWHCTBEHHOCTH MOYKHO TaKKe YTBEpPXKAAaTb, UYTO
3apsAl Ha IOBEPXHOCTH IPOBOAHMKA B CTATHUYECKOM CJIy4yae pacipe-
IenAeTcs TOXXe eOAUHCTBEHHBIM o6pas3oM. JlefcTBHUTEIbHO, MEXAY
3apsAjaMy Ha NPOBOAHUKE U JIEKTPUYECKUM II0JeM BOJIM3H ero Imo-
BEPXHOCTH HMMeeTCA OZHO3Ha4YHaA cBA3L (2.2): o = gE,. Orciona
cpas3y U cJelyeT, YTO eJUHCTBEHHOCTh noJud E onpexnenser u exuH-
CTBEHHOCTD paclipeZieJIeHNA 3apsaia Ha IOBEPXHOCTH IIPOBOJHUKA.
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Pewrenue ypaBHenuit (2.8) u (2.9) B o611eM ciaydyae — 3ajayda CJIOKHaAA
M KPONOTJIWBafA. AHalWTHYECKHE pPELIeHUS BTHUX YPABHEHHH IOJYYEHBI
JUIIb AJA HEMHOTMX YACTHBIX cJiydaeB. Mcrmosib3oBaHHe e TeOpeMbI
eIMHCTBEHHOCTH BecbMa o0JleryaeT pellleHHe pPAfa 3JeKTPOCTATHYECKHX
sagay. Ecam pemeHue 3ajayu yAOBJIETBOPsAEeT ypaBHeHuIo Jlammaca (uim
IIyaccoHa) u rpaHUYHBIM YCJIOBHUSM, TO MOXKHO YTBEPKAATh, YTO OHO fAB-
JISIeTCS NPaBUJIBHBIM M €IUHCTBEHHBIM, KaKMM OBl cI1OCOOGOM (XOTHA OBI ITy-
TeM JOTaAKM) MBIl HH HAIIJIHA €ro.

Hpnmep. HOK&J{CGM, 4YTO I10JIe B l'chTOﬁ IIOJIOCTH IPOBOAHHUKA OTCYTCTBYET.

HOTQHHK&JI ¢ B IIOJOCTH HOOJJIKE€H YIOOBJEeTBOPATH YPaBHEHUIO
Jlannaca (2.9) 1 Ha CTEHKax MOJOCTH IIPMHHMATH KaKoe-TO 3Ha-
YeHue (po. Pemenue YpPaBHEHHUA JI&IIJI&C&, yaoBJIeTBOpsAIOLIlee 3TO-
My YCJOBMIO, MOKHO yramaTh cpasy: @ = @y. CorsacHo Teopeme
€OINHCTBEHHOCTH APYrux pemeimﬁ OBITL HE MOYKeT. Hos’romy
E=-Vo = 0.

Meton uM3o0pakeHHMii. ITO MCKYCCTBEHHBIA METOX, IIO3BOJIAIO-
mui B psafe caydaes (K COXKaJeHHI0, HEMHOTHX) PACCUUTATD JJIEKT-
pHuuecKoe IoJe AOCTATOYHO IPOoCTO. PacCMOTPHM MAEI0 3TOI'0 METO-
Ja Ha caMOM IIPOCTOM IIpHMepe, KOT'Aa TOYEUYHBIH 3apAL ¢ HAXOAUT-
¢ OKoJIO 0e3rpaHMYHONM HpoOBOAAILNEH IJIocKocTH (pme. 2.7, a).

q q q
°
Y-
T77777077777077777, [~ ) 2.
- g y - I
|
/ .
-q q=-q
a) 0) 8)
Puc. 2.7 )

W pea mMeroma 3aKJo4YaeTrcsa B TOM, YTO MbI JOJIKHBI HaWTH ApY-
I'yI0 3afiayy, KOTOpas DEemIaeTcsa IPOCTO M pellleHWe KOTOPOH HMJIn
YacThb €ro MOXKeT OBITh MCII0JIb30BaHO. B HameM ciydae TaKo# mpo-
CTOM 3ajaueil ABIsAeTCcA 3ajadya ¢ AByMsA 3apagamu ¢ u —q. Ilone
9TO# CHCTEMBbI M3BECTHO (€ero SKBHUIOTEHIIMAJIMN M JUHHUU BeKTopa E
IMoKasaHel Ha puc. 2.7, 0).

CoBMeCTHM CO cpefHell 3KBHIIOTEHIMAJbHON MOBEPXHOCTHIO (ee
noreHuaa ¢ = 0) mpoBoAAINYIO IJIOCKOCTh M yOepeM 3apan —q. Co-
rJIaCHO TeopeMe eJMHCTBEHHOCTH II0JIe¢ B BEPXHEM IIOJYIPOCTPAHCT-
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Be OCTaHeTCA NMpeXHUM. [[eHCTBHUTENLHO, Ha IPOBOAAIIEH IIJIOCKO-
CTH U BCIOAY B 6eckoHeUHOCTH @ = 0, TOUEUHBIH Ke 3apAX ¢ MOXKHO
paccMaTpuBaTh KaK IpeAeJbHBIR ciaydail MaJyoro cgepudecKoro
MIPOBOZHMEKA, PAAUYC KOTOPOrO CTPEMHUTCA K HYJIIO, a IOTeHIHAl —
K GeckoHeuHocTn. TakuM 06pasoM, B BepXHEM IIOJYNPOCTPAHCTBE
rpaHUYHBIE YCJIOBHA IJA IOTEHIHAJA OCTAJNCh TeMH JKe, CTallo
OBITH, TEM )K€ OCTAJIOCh M IoJie B 3Toil obnactm (pue. 2.7, 8).

3aMeTHM, YTO K 3TOMY BBIBOAY MOXXHO IPHITH, MCXOXA M M3
CBOMCTB 3aMKHYTOM IIPOBOAAINEH 0600uKH (cM. § 2.4), TOCKOJBKY
o0a mosynpocTpaHCTBa, pa3fesieHHbIE IIPOBOAAINEH IIJIOCKOCTHIO, B
3JIEKTPUYECKOM OTHOIIIEHHNM He3aBMCHMEI APYT OT APYyra, yaajleHue
3apAfa —¢ HUKAK He CKa)XeTCs Ha II0JIe B BEPXHEM IOJIYIPOCTPaH-
CTBEe, OHO OCTAHETCS IIPE)KHUM.

Hrak, B paccMaTpuBaeMOM CJIydae II0JIe OTJINYHO OT HYJA TOJb-
KO B BepXHEM IIOJIYIPOCTPAHCTBE, M OJA BBIYHUCJICHUS ITOrO IOJSA
JOCTATOYHO BBeCTH (OMKTUBHBIN 3apAn-usobpakeHue ¢' = —¢, Ipo-
THBOIIOJIOKHBMI 110 3HAKy 3apAAY ¢, IOMECTHB €ro Io APYryi CTO-
POHY IIPOBOAAIIEH MIOCKOCTH HAa TAKOM YK€ PAaCCTOAHMHU OT Hee, UTO
u 3apAx q. PUKTUBHBIN 3apAA ¢' CO3JaeT B BEPXHEM IOJYIIPOCTPaH-
CTBe TOYHO TaKoOe JKe IoJie, KaK M HMHIYIMPOBAaHHBIE 3apalbl Ha
miaocKocTu. IMeHHO 3To moapa3yMeBaloT, KOrAa rOBOPAT, YTO (PHUK-
TUBHBIA 3apsAl 3aMeHseT co00i «AeicTBHEe» BCeX MHAYIHUPOBAHHBIX
3apanos. Hazo TOJIBLKO NMETh B BUAY, UTO «JeHCTBHE» (PHKTHUBHOTO
3apafa paclIpoCcTpaHAeTCA JHUINb HAa TO IOJYIPOCTPAHCTBO, B KOTO-
POM HAaXOAMTCA HAeHCTBUTEJNBLHBIM 3apax ¢q. B apyrom mosaympo-
CTPAHCTBE IIOJIE OTCYTCTBYET.

Pe3roMmupys, MOXXHO CKas3aTh, YTO METOJ M300parkeHHH 1O Cy-
IIECTBY OCHOBAH Ha IOATOHKE IIOTEHIIMAJA IO I'DAHHYHBIE YCJIO-
BHA: MBI cTapaeMcsd HaWTH APYrylo 3agauyy (KOHQUrypamuio 3aps-
IOB), V KOTOPOH KOH(HUrypanmus IOJs B MHTepecyooIlei Hac 4acTH
npocTpaHcTBa Oblyia 6bI TOM 2Ke. Ecam aTo yaaercs ciesaTsh ¢ IIOMO-
IIbIO JOCTATOYHO IIPOCTHIX KOH(MpUIrypamuii, To MeTo N300pakeHuit
OKa3bIBaeTcsa BechbMa 3 GeKTHBHEIM. PaccMOTpHM eme OgWH IpH-
Mep.

IIpumep. ToueuHsbIit 3apsAs ¢ HAXOTUTCA MEXKAY ABYMSA IIPOBOAALIMMH B3a-
HUMHO IIepIeHAUKYJJIAPDHBIMH IIOJYIIJIOCKOCTAMH (pnc. 2.8, a).
Hax‘fmeM PacCIIoJIOKeHHe TOYEeUYHBbIX (bPIKTPIBHbIX 3apAnos, lleﬁCT-
BH€ KOTOPBIX Ha 3apfAng q 6y11e'r 9KBHUBAJIEHTHO ,T.leICTBHIO BCeX HNH-
AYIIUDOBAHHBIX 3apAA0B Ha AJAHHBIX ITOJYIIJIOCKOCTHAX.
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HysxHo HaliTH cucTeMy us a) 0)
TOYEUYHBIX 3apfAfoB, Yy KOTO- 4
poit SKBUIIOTEHIAIbHEIE TI0- ? -9 q
BepxXHOCTH ¢ ¢ = 0 coBnazanu

Obl C IPOBOAALIUMH IIOJIY- ?
naockocTaMu. OZHUM U ABY-

MA GUKTUBHLIMH 3apAfaMU q -q
3gech He OOOHTHCH, TaKHUX
3apAgOB HOJYKHO OBITH TPH
(puc. 2.8, 6). Toabko npu Ta-
KON KOH(Urypamuu CHUCTEMbI U3 YETBIPEX 3aps0B MOXKHO OCY-
LIIECTBUTh HeOGXOAMMYIO «IIOATOHKY» — 00ecrneuuTh, YTo6bl Ha
NPOBOAAILIMX TMOJYIJIOCKOCTAX IIOTEHLHAa]  ObLI paBeH HYJIIO.
WMeHHO 3T Tpu (GUKTHBHBIX 3apsja U CO3ZAIOT TO JKe IIoJe
BHYTPH «IIPAMOrO yrja», YTO M 3apaAAbl, MHAYIHUDPOBAHHbIE Ha
NIPOBOASAILINX TOJYIIOCKOCTAX.

Puc. 2.8

Haiina sty koHDHUrypaunuio ToueuHBIX 3apafoB (APYryio 3agauy),
MOXKHO 3aTeM IIPOCTO PElIUTh PAX APYTHUX BOIIPOCOB, HampHUMep
HaHTHU MOTEeHUMAJ U HANPAXKEHHOCTh MOJA B JI060H TOUKe BHYT-
PH «IIPAMOTO yrja», CHIY, AeHCTBYIOIIYIO Ha 3apal ¢, U Ap.

§ 2.6. InexrpoemrocTts. KoHaeHcaTOpsI

JJIeKTPOEMKOCTh yeAWHEHHOT0 INPOBOAHMKA. PaccMOTpHMM Ka-
KOI-1100 yeAMHEeHHBIH IPOBOAHHMK, T. €. IPOBOAHHUK, YyAaJI€HHBIH
OT APYTrHMX IPOBOAHUKOB, TeJ M 3apAAoB. ONBIT MOKAa3bIBaeT, UTO
MeXKAY 3apsA0oM ¢ TAaKOro IPOBOJHMKA M €ro IoTeHIuajaoM ¢ (Io-
TeHIMaa Ha OEeCKOHEUHOCTH Mbl YCJOBHJIHNCH CUHTATh PABHBIM
HYJII0) CYIIeCTBYeT NpAMas IPOIOPIMOHAIBHOCTD: ¢ v ¢q. CiexoBa-
TeJIbHO, /¢ He 3aBHCHT OT 3apsfa ¢, AJS KaKAOro yeIWHEHHOTO
IIPOBOAHMKA 3TO OTHOIIEHHE HMMeeT CBOe 3HaueHMe. Beauuumny

C=q/p (2.10)

Ha3BIBAIOT 31€eKMpPOeMKOCMbI0 YeJUHEHHOTO NPOBOAHUKA (COKpa-
LIeHHO emxocmbsio). OHa YMCIEHHO pDaBHA 3apsAAy, COOOIIeHHe KO-
TOPOr0 IPOBOAHHUKY IOBHIMIAET €ro MOTEeHIMaJ Ha eauHuiy. Em-
KOCTb 3aBHCHT OT DPa3MepoB M (popMbI IMPOBOAHHUKA.

IIpumep. Haitnem eMKoCTh yeAMHEHHOro IPOBOAHMKA, HMemwllero ¢Gopmy
mapa paguycom R.
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Jna atoro, kak BUAHO U3 ¢opMyJs! (2.10), HaxZO MBICJEHHO 3apA-
OATH OJaHHBIM [IPOBOZHUK 3apAAOM ¢ H BBIYMCJIUTDL €ro MOTeHILIU-
an ¢. CornacHo (1.23) moTeHIuan Iapa

(p='[E,dr= 1 J%dr= 1 l.
R 4neg pr 4ney R

ITocie moxgcTaHOBKM mmosydeHHOTro pedyJybTaTa B (2.10) HaitgeM
C = 4ne,R. (2.11)

3a eJMHUIY €MKOCTH IIPMHNMAIOT eMKOCTh TAKOTO IPOBOAHMUKA,
IOTEeHIHaJ] KOTOpOoro m3MeHsercsa Ha 1 B mpu coobmeHun eMy 3a-
pana 1 Kia. 9ty equHHIy e€MKOCTH HasbIBalOT ¢apadom (D).

dapag — oueHb OoJbIIad BeJMUMHA: eMKocThio 1 P obsrazar Gb1
YeIUHEHHBIH Iap paguycoMm 9 MiIH KM, uro B 1500 pas GoJsbire pa-
auyca 3emuan (emxocth 3emuan C = 0,7 m®P). Ha mpakTuke uame
BCEro MPHUXOAHUTCSA BCTPEUAThCS C €MKOCTAMH B MHTEpBaje OT
1 Mx® g0 1 nd,,

Kosgencaropsl. Eciin n1poBogHNK He yegWHEH, TO €ro €eMKOCThb
OyZeT CyIIecTBEHHO YBEJIMYMBATHCA IPH NPHOJIMIKEHNH K HEMY
Ipyrux Tej. IT0 00yCJIOBJIEHO T€M, UTO IOJIe JAHHOT'O IIPOBOAHUKA
BBI3BIBAET IepepacrpesieieHNe 3apA0B HA OKPY KAIOIMUX TeJax —
oABJIeHNEe HHIAYIMPOBAHHBLIX 3apAmoB. IlycTes 3apAx mIpPOBOOHMKA
q> 0. Torga orpmmarenbHbBIe WHAYIVUPOBAHHBIE 3apAAbl OKa3bIBa-
oTcA 6iM)Ke K NPOBOSHUKY, HEXKeJM MOJIOXKHUTeNbHbIe. IloaTomy
IIOTEeHIMaJ NPOBOAHUKA, ABJAKIMUICA anrebpandyecKoi CyMMOH
IOTeHIMajla COGCTBEHHBIX 3apANOB M 3apANOB, MHAYIMPOBAHHBIX
Ha IPYTrUX TejaX, YMEHbIINTCA NPH IPHOJIHIKEHUH K HEeMy APYTHX
He3apsKEHHBIX TeJl. A 3HAYHUT, €r0 €MKOCTb YBEIHUUTCS.

9TO MO3BOJIMJIO CO3JAaTh CHUCTEMY IPOBOJHUKOB, KOTOpas obJia-
JaeT eMKOCTbIO, 3HAUNTEJbHO 6OJIbIIell, YeM yeaAMHEeHHBIN IIPOBOJ-
HHUK, ¥ IPDUTOM He 3aBHCAINEHN OoT OKpyxalomux Tej. Takyio cucre-
My Ha3bIBAaIOT KOHAeHcamopom. IIpocreitmuit KOHAEHCATOP COCTO-
HUT U3 IBYX IPOBOAHMKOB (00KJIAZOK), PACIOJIOKEHHBIX Ha MAajOM
PacCTOAHUM IPYr OT Apyra.

YTo6HI BHENIHNE TeJIa He OKa3bIBAJIM BJIUAHHUA HA eMKOCTh KOH-
JeHcaTopa, ero OOKJaJKHM pacIojiaraloT TaK OTHOCHUTEJIbHO ApYT
apyra, 4To6bl moJjie, CO3LaBaeMoe HAKAIJMBAKIIUMUCA Ha HUX 3a-
pAxZaMH, OBIIO COCPEIOTOYEHO MPAKTHYECKHM IIOJHOCTHIO BHYTDH
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KOHZIeHCAaTOpa. JTO 03HAYaeT, 4TO JUHUY BeKTopa E, HaunmHalomue-
cA Ha OOHOM OOKJagKe, MOJ)KHBI 3aKaHUMBATHLCA Ha IPYToH, T. €.
3apAAbl Ha OOKJIagKaxX MOJIKHBI OBITh OZMHAKOBBHI II0 MOAYJIIO H
IIPOTHUBOIIOJIOXKHBI II0 3HAKY (¢ U —q).

OCHOBHO# XapaKTEePUCTUKONA KOHAEHCATOpA SABJISAETCS €ro eM-
KOCTb. B OT/IMYME OT €eMKOCTH YeIMHEHHOIO IIPOBOAHUKA IOJ €MKO-
CTBHIO KOHJEHCATOPA IOHUMAIOT OTHOIIIeHHEe 3apAfa KOHAeHcaTopa K
Pa3HOCTHU MOTEHIIMAJIOB MEXAY OOKIagKaMu (3Ty pa3HOCTh Ha3bIBa-
IOT ‘HaIpSXKeHHUeM):

C=q/U. (2.12)

Ilox 3apsgoM ¢ KOHAEHcATOpa MMEIOT B BHAY 3apAX, PacIoJo-
JKEHHBIN Ha IIOJIOXKHTEJbHO 3apAXXeHHOH oOKJamke.

EcTecTBeHHO, EMKOCTb KOHAEHCATODPA M3MEDPAIOT TaKKe B dapa-
Jax.

EMKOCTE KOHAEHCATOPA 3aBHCHT OT €ro reoMeTpHuH (pasMepoB H
dopMBI 00KJIAZOK), OT 3a30pa MeEXAY HUMHM M OT 3aIOJHAIOIIEH
KOHAeHcaTop cpeAnl. HalifeM BhIpA)KE€HHUA AJIA €eMKOCTH HEKOTODPBIX
KOHAEHCATOPOB, CUMTAs MOKA, YTO MEXAY OOKJIaAKaMH HAXOLHUTCS
BaKyyM.

EMKOCTh MIOCKOro KoOHAeHcaTopa. JTOT KOHIEHCATOP COCTOMT
3 JBYX IapaJIeJbHBIX IIJIACTHH, Pa3feJeHHBIX 3a30POM IIMPHHOMN
h. Ecau 3apan KoHAeHcaTopa ¢, To coryacHo (1.11) HanpsiskeHHOCTH
nossa Mexay ero obkaagkamu E =6/g, rae 6 = ¢/S, S — nromans
Kaxaoi miaacturbl. CilegoBaTelbHO, HANPS)KEHHE MEXKAY OOKJIaA-
KaMu

U=Eh=qh/¢g,S.
ITocme moxcTaHOBKM 3TOro BhIpakeHHsA B (2.12) moayumm
C=¢,S/h. (2.13)

JroT pacueT GBI IpoBefeH Ge3 yueTa MCKaXeHUA IOJIA y KpaeB
niaacTuH (0e3 yuera KpaeBbIx 3ddeKToB). EMKocTh peasbHOro
IIJIOCKOTO KOHAEHCATOpa ONIpeJesieTCA MOJYYeHHBIM BHIPAXKEHHEM
TEeM TOYHEe, YEM MEHbIIE 3a30p £ 10 CPABHEHUIO C JIMHEHHLIMHU Das-
MepaMH IJIaCTHH.
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Emkocts cihepuueckoro xkomgmencaropa. IIlycTts pagmychl BHYT-
PeHHeill 1 BHeITHe#l 00KJIaZOK KOHAEHCATOPA PABHEI COOTBETCTBEH-
HO a u b. Eciin 3apsany KOHAeHcaTopa ¢, TO HANPSXKEHHOCTHb IIOJA
MeXxAy oOKJIaZkaMH oIpejessieTca mo TeopeMme [aycca:

1
E q

4ney r2

Hanpsi>keHne Ha KOHAEHCATOpe

OTCIOJ.I& JIErKO BUIETh, YTO EMKOCTh C(bepPI‘IeCKOPO KOHAeHcaTopa

C =4ney 2.
a-b

(2.14)

*

ITonesno yb6emuTnbcA, UTO B cjJydae MaJIoro 3a3opa Mexny o6-
KJagKaMu, T. €. Ipu ycaoBuu (b — a) < a (unu b), mosy4eHHOe BhI-
paxeHne mepexoaut B (2.13) — B BrIpakeHHe AJIS €MKOCTH ILIOC-
KOro KOHJAEHCaTopa.

EMKOCTh HUIWHAPHYECKOr0 KOHAeHCaTOpa. Paccysknas Tak ke,
KaK M B caydae co C(hepHUYeCKMM KOHAEHCATOPOM, IIOJYyYHM

= ZLEOI_ , (2.15)
In(b/a)
rge | — piamMHA KOHAEHcCATopa; @ U b — pagmychkl BHYTPeHHeH 1 Ha-
PYKHOH IMJIMHAPHUYECKHX OOKJIAZOK. 34ecCh TaK Ke, KaK M B IIpe-
IBIAYIIEM CJydae, IPH MAaJIOM 3a30pe MeXAY OOKJIaAKaMH MOJY-
YeHHOe BhIpa)KeHue mnepexoxut B (2.13).
O BIMAHUM cpefkl HA €MKOCTb KOHAeHcatopa cm. § 3.6.

3amauu

2.1. O HaxoxkaeHUM moTeHuHaga. ToyeuyHHId 3apsAl ¢ HAXOAMTCA Ha pac-
CTOSAHHHU r OT LeHTpa O He3apsi’KEHHOro c(hepHUYecCKOro IIpOBOAAIIErO
CJIOSI, BHYTPEHHUH M HaPY’XHBLIA paZHUyChl KOTOPOrO PaBHEI COOTBETCT-
BeHHO a u b. Haitu nmorerHuuman B Touke O, ecau r < a.
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2.2,

Pemenne. B pe3ysbraTe 3J€KTPOCTATUYECKOH WHAYKIIMKA Ha BHYTDEH-
Hell IOBEPXHOCTH CJIOA BBICTYNISAT, HOIMYCTUM, OTPHUIATEJIbHbLIE 3aps-
Ibl, & Ha Hapy»KHOIl — mososkuTtensHble (puc. 2.9). CoraacHo npuH-
LUIy CYNepHO3UIMH HNCKOMBIN NOTEeHIHAaa B
Touke O MOXKHO IIPEJCTABUTh KaK

k(14 o)

4mey \r

e IepBLIA HHTerpaj GepeTcsd O BCeM MHAY-
IIMPOBAHHBIM 3apAfaM Ha BHYTpeHHeil HOBep-
XHOCTH CJIOf, & BTOPOil MHTErpajs — II0 BCEM
3apsjaM Ha BHeIIHeil TOBEPXHOCTH cios. W3
9TOr0 BBHIPAXKEHUA CJIELYeT: Puc. 2.9

qg (1 1 1
Q= ——-—+=].
4ngg\r a b

3aMeTHM, UTO TAK IIPOCTO MOTEHILHAJ B IIOJOCTH MOXKHO HAHTH TOJBKO
B Touke O, IIOCKOJBKY TOJBKO OT 3TOH TOYKH BCE€ MHAYIUPOBAHHBIE
3apAAbl OAHOrO 3HAKA HAXOAATCSA HAa ONMHAKOBOM DACCTOSHHHM M MX
pacnpefesneHne (HaM He M3BECTHOE) He MIpaeT DOJIH.

CucreMa COCTOUT U3 ABYX KOHIEHTPUYECKHX IIPOBOAAMMUX chep, IIpu-
4yeM Ha BHYTDeHHeil cdepe paguycoM R, HaxomuTcs 3apan ¢,. Kakoit
3apdfn g, clefyeT IOMECTUTh Ha BHEIIHIO cdepy paguycoM R,, 4To6Gb!
MOTEeHIMaJ BHYTPeHHeH cdephl cTan paBHbIM Hydi0? Kak Gyaer 3aBu-
CeThb IIPH 3TOM IIOTEHIIMAJ (¢ OT PACCTOSIHHUA I OO I[€HTPa CUCTEMbI?
H306pasuTh npuMepHBIA rpaduk aroil 3aBHUCHUMOCTH, ecau ¢, < 0.

Pemenne. 3anuieM BbIpaXKeHHA /1A MIOTeHIMaa BHe CUCTeMBI (Qy) ¥
B obGiacTu MexAy chepamu (¢p):

1 ¢g,+4; '
Oy = > 1= — + Qo>

4neg, 1 4ngy r
rge ¢, — HekoTopas mnocrofHHadA. Ee
3HaYeHHUe JIerKo HaHTH M3 I'PAaHHUYHOIO 0
ycJ0BHA: NMpH r= R, noTeHIHAT @y = ¢;.
Orcroga

©o = G2/ (4ngyR,).

U3 ycnoBusa ¢,(R,) = 0 nHaxomum q, = 0

=-q,R,/R,. 3aBucumocts @(r) Gyner
umeTrh BUf (puc. 2.10):

Puc. 2.10
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91 1-Ry/R, g (1 1

Pu = 4ngg r B 4neg \r R,

2.3. Cuna, geiicTByIOmana Ha MOBEPXHOCTHHIN 3apan. HesapsiskeHHBIH Me-

24.

TaJaAUu4YecKHH ILIap paguycoM R IIOMeCTHJIM BO BHEIIHee OZHOPOIHOE
3JIeKTpHUYECKOe IIoJie, B Pe3yJbTaTe Yero Ha IOBEPXHOCTH Ilapa IOof-
BUWJICA WHAYUWDOBAHHBIA 3apAJ C IOBEPXHOCTHOH ILJIOTHOCTBIO
G =0,c08 93, Ifle 6, — IOJOKHUTEJbHAs IOCTOAHHAS, 9 — INOJAPHBIA
yron. Haiitu Mogyab pe3yabTHDPYIOLIEH 3JEKTPHUUECKOH CHJIBI, KOTO-
pas JeficTByeT Ha 3apsj OLHOTO 3HAKA.

Pemenue. CorsacHo (2.5) Ha aseMeHTapHYyI0 ILUIOAaAKY dS qeiicTByeT
3JIeKTpUYEeCKasd CHJIa

dF = Y, oE dS. (1)

U3 coobpaskeHHil CHMMETPHMH fCHO, YTO HCKOMAas pe3yJbTHpYyollas
cuia F HanpasieHa no ocu Z (puc. 2.11) 1 moaToMy ee MOXKHO IIpeJCTa-
BHUTb KaK CyMMY (MHTerpaj) IpoeKIuii ajieMeHTapHbIX cui (1) Ha och Z:

Zf dF, = dFcos 3. (2)
B kauecTBe miaomazaku dS uenecoobpasHo cpa-
3y 2Ke B3ATh 3JIeMEHTapHBIM mosfAc, OIS KOTO-
poro dS = 2nR sin$ - RdS. YuursiBas, kpome
Toro, uto E = 6 /¢, mpeobpasyem (2) k BuURy

22
dF, =B Gin 9cos 949 =
&

noiR?
=297 cos®9d(cos 9).
Puc. 2.11 L=

IIpouHTerprpoBaB 3TO BHIpasKeHHe Mo moaycdepe (T. e. mo cos 9 or 1
mo 0), moayuum

F = nogR2/4eo.

MeTon M306paskenuii. ToueuHbli 3apal ¢ HAXOAUTCA HA PACCTOSHUU [
OT IpoBoOAALIeH IUIOCKOCTH. OnpeneauTh NOBEPXHOCTHYIO ILJIOTHOCTh
3apAfO0B, MHAYLUMPOBAHHBEIX HA IIJIOCKOCTH, KaK (PYHKIHIO paccTosd-
HHUS I' OT OCHOBAHUA NEPIEHIMKYJIApPa, ONYILUEeHHOro M3 3apsAfa ¢ Ha
IJIOCKOCTD.
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2.5

Pemenue. CorsacHo (2.2) noBepXHOCTHAA IJIOTHOCTh 3apAAOB Ha Mpo-
BOJHHKE CBA3aHa C 3JIEKTPUYECKHUM IT0JIeM BOJIM3HM NPOBOAHMKA (B Ba-
KyyMe), Kak © = gok,. CreroBaTesbHO, 3aKa4a CBOAUTCA K HaXOMKMe-
HUI0 nosa E B61u3n npoBofAlei MI0OCKOCTH. MeToZoM H300paKeHm it
rnojyyaeM, 4to B Touke P (puc. 2.12),
HaXOLALIEHCA HA PACCTOAHHH ' OT TOUKK
O, nojse B6JIM3H IJIOCKOCTH:

¢ 1
4m:0x2 x

E=2chosa=2

3HauMuT,

I
am(1? +r2)*/2’

Puc. 2.12

rie 3HaK MHUHYC IIOKA3bIBAeT, YTO HHAY-
LIIMPOBAHHBIN 3apsj IPOTHBOIIOJOXKEH 110 3HAKY TOYEYHOMY 3apady ¢.

ToueuHbIil 3apaAf ¢ HAXOXUTCA HA PACCTOAHUH | OT NpOBOAALIE IIJIOC-
kocTtu. HaiiTi pa6oTy, KOTOPYIO COBEPIINUT 3JIEKTPHUYECKad CHJIa, Jeil-
CTByIOLIasl Ha 3apAf ¢ IIPU ero MeAJIEHHOM yAaJleHUH Ha OYeHb GOJIb-
1II0e PAaCCTOSIHME OT IIJIOCKOCTH.

Pemenne. ITo onpenesennio pa6ora 3TOH CHJIBLI IIPH 9JIEMEHTADHOM IIe-
pemernesun dx (puc. 2.13)

2 Z
8A=F,dr=-—% _dr,
4mey(2x) -q F g
o— - >
rae BbIDaXXeHHe IJIA CHJBbI IIOJYy4YeHO C x d-:q X

noMoIIbl0 MeToma u3oOpaxkeHuit. Ilpo-
WHTErpUpoBaB 3TO ypaBHEHHE IO X OT [

o ©, HaiaeM Puc. 2.13

q2

A= -——
16meyl

_ q2 T dx
16neq f x?
3ameuanue. IlonbITKa pelIUTh 3Ty 3afady APYruM crnoco6oM — depe3
NIOTEeHIaJ — NPHUBOXUT K HEBEDHOMY pe3yJbTaTy (OH BJBOE OTJIHYA-
eTCA OT IIOJIYYeHHOTO HaMM). JTO CBA34HO C TeM, UTO COOTHOIIEHHe
A = q(¢; — ¢,) CTIDABETMBO TOJBKO AJIA MOTEHIMATILHOTO oA, B cuc-
TeMe Ke OTCUeTa, CBA3AHHOI ¢ NPOBOAAIIeEi MJIOCKOCTbIO, 3JIeKTpHYe-
CKOe IT0JIe MHAYIMPOBAHHBIX 3apAfOB He IMOTEHIMAJIbHO: IepeMellle-
HUe 3apAfa ¢ IPUBOAUT K U3MEHEHHUIO paclipefieJIeHUsI NHAYLINPOBaH-

HBIX 3apAfOB, M HX IIOJIe OKA3LIBAETCH 3aBUCAILNMM OT BPeMeHH.
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2.6.

2.7.

ToHKOe ITpOBOAAIIee KOJbLO paguycoM R, umerollee 3apax ¢, pacro-
JIO’KEHO IapaJljIeJIbHO IIPOBOAAILEH IIJIOCKOCTH Ha pPacCTOSHHM [ oT
Hee. HaiiTu: 1) MOBEePXHOCTHYIO IIOTHOCTh 3apsifia B TOYKe IIJIOCKO-
CTH, PACIIOJIO’K€HHOH CHMMETPHUYHO OTHOCHUTEJBLHO KOJIbIla; 2) IIOTEeH-
LaJl 3JEKTPHUUYECKOro IIOJIA B LIEHTPe KOJblia.

Pemenne. Jlerko goragaThbCf, YTO B COOTBETCTBHUU C METOAOM HM300pa-
R KeHUl GUKTUBHBIN 3apAk —¢ HOJKEH
q@ OBLITh PACIIOJIOKEH HA TAKOM K€ KOJIb-
e, HO IO APYryI0 CTOPOHY IIPOBOXSA-
l meit mrockoctu (puc. 2.14). HeitcTBu-
WWWQFO TeJbHO, TOJHLKO B 3TOM CJydyae IOTEH-
nHMaj] Ha CpeZHeH IIJIOCKOCTH MEXZIY
3THMH KOJIbLIAMM DaBEeH HYJII0, T. €.
COBNAfaeT ¢ IIOTEHLIMAJOM IIPOBOJAS-
et maockoctu. Tenepsb BOCIIOJIb3yeM-
Puc. 2.14 CA WU3BECTHBIMH HaM (QOPMYJaMH.

,""'L“‘
_q( =~

N~ ————

1. [Ina HaxoxzaeHus G B Touke O Heo6XoquMO coryacHo (2.2) HaiTh
Hanpsi>KeHHoCTb E mous B aTo# Touke (puc. 2.14). BrlpakeHue nia E
OT OLHOTO KOJIbIIa Ha OCH OBLIO MoJydyeHo B npuMepe 1 (cMm. c. 12). B
HallleM cJyd4ae 9TO BhIpaKeHHe Halo YABOUTH. B pesysbrare
c= @
= 2 _12.3/2 °
2n(R? +1%)%/

2. [ToreHuMaJ B LIEHTPE KOJblia PaBeH ajJre6pamdyecKoil cymMMe IIOTEH-
LIUaJIOB B 3TOM TOYKe, CO3ZABA€MBIX 3apAfaMH ¢ U —¢:

1 g ___ a9
dneg \R JR? 4412

Tpu pa3HOMMEHHBIX TOYEYHBIX 3apAJa PACIIOJIOKEHHI TaK, KaK IIOKasa-
HO Ha puc. 2.15, a, rme AOB —npsamoii yroj, o6pasoBaHHBLIA ABYMSA
MPOBOASILLIMMH ITOJYILIOCKOCTAMU. Moayib KaxIoro 3apAfxa paBeH |g|,
PACCTOSTHUSA MeKJy HUMU yKa3aHbl Ha pucyHke. Haiitu: 1) cymmapHbIit
3apsaf, UHAYLUDOBAHHBINA Ha

F,
qr___'}___-_rq q 7 NPOBOASAIUMX  IIOJYILJIOCKO-
A:a/z o Ea B ol 7%, cTaAX; 2) cuay, HAEeHCTBYIO-
/zi LIYI0 Ha 3apsag —¢.
a, )
);“""1 -q% q Pemenune. Iloaxymiockoct,
) 61)3 ob6pasyroomue yroax AOB,

YXOOAT B OECKOHEYHOCTb,
Puc. 2.15
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2.8.

noatomy ux noreHuuan ¢ = 0. HerpyaHo coo6pasuTh, 4To cUCTEMOM, y
KOTOPO¥ 3KBHUIIOTEHIIMAIbHEIE IOBEPXHOCTH ¢ ¢ = 0 coBmazalioT ¢ mpo-
BOAAIIMMHU IIOJYIIJIOCKOCTAMM, fABJSAETCA Ta, KOTOpas IIOKa3aHa Ha
puc. 2.15, 6. IlosTomy pei#icTBHe 3apAROB, MHAYIIMPOBAHHEIX Ha IIPOBO-
IAIAX TOJYIIJIOCKOCTAX, 9KBUBAJEHTHO AeHMCTBHI0O GUKTHUBHOIO TOoUYeu-
HOrO 3apsila —¢, IIOMEIEHHOr0 B HMKHUM JIeBBIM yroJ IMyHKTHPHOTO
KBajpara.

1. OTBeT Ha 3TOT BONPOC MBI YK€ IOJYYMIN: —(.

2. CBeflA CHCTEMY K YeThIPEM TOYEUHBLIM 3apsAfiaM, JIerKO HAHUTH M MC-
KOMyI0 culy Kak (cMm. puc. 2.15, 6)

2V2-1 ¢*

F=F-F = 4ne, 2a’

EMKocCTh napaJjiiesbHbIX MPOBOJOB. [[Ba NJIMHHBIX IPAMBIX IPOBOJA C
OAMHAKOBBIM PaJUyCOM CeYeHHUs PACIIOJOXKEHB! B BO3AYXe IapaJljeb-
HO Apyr Apyry. Paccrosnue MeXIy OCAMH IIPOBOAOB B 1| pa3 Gojblie
pazuyca cedeHHMsA Ka)XJOro mposoZa. HaliTH eMKOCTh NPOBOAOB Ha
eIUHUIY WX IJIUHBI, IIPU YCJOBHM, 4YTO M > 1.

Pemenne. 3apsaauM MbICIeHHO 06a IIPOBOAA OAMHAKOBHLIMH II0 MOAY-
JII0, HO MPOTHBOIOJIOKHBIMY I10 3HAKY 3apAJaMHU TaK, 4YTOOLI Ha equ-

HHULY OJIHUHBI IDUXOAUJICA 3apAan A TOI‘A&, II0 onpexejeHulo, HCKoMasa
€MKOCTb

Con =MU, 1)

U BCe nanbl{ex‘«imee CBOAUTCHA K HAXOXIEHUIO
Pa3HOCTH IIOTEHIINAaJIOB MEXAy IIPOBOOJaAMH.

W3 puc. 2.16, Ha KOTOPOM MOKa3aHbI rpadu-
KM 3aBHCHUMOCTEH IIOTE€HIIMAaJOB @, U (_ OT
MOJIO’KUTEJBHO U OTPHULIATENBHO 3apsKeH-
HBIX NIPOBOJOB, HETPYAHO IOHATh, YTO MCKO-
Masi PasHOCTb ITOTEHIIMAJIOB

U = [Ao,] + |ap| = 2 |ag,| . (2)
HanpsiskeHHOCTb 3JI€KTPHUYECKOro I0JIs, CO-
3aBaeMOro OLHUM M3 IIPOBOJOB Ha PAaCCTOA-
HUH X OT ero OCH, MOKHO JIETKO HalTH C II0-
moribio TeopeMbl 'aycca: E = A/2nggx. Torma
A b-a

| Ao, | = jde: In , (3)
2me, a

Puc. 2.16
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rie @ — paguyC Ce4eHUA NPOBOAA; b — pacCTOAHHE MEXKIY OCAMU
npoBogoB. U3 (1), (2) u (3) crexnyert, uTo

C., =mngy/Inm,
3fech yd4TeHo, 4To b > a.
2.9. YeTsIpe OZMHAKOBBIE MeTaJINYECKHE IIJIaCTUHBI PACIIOJOXKEHbI B BO3-

IyXxe Ha OMMHAKOBOM PacCTOSIHHH h ApYT OT Apyra, NpH-
yeM Hapy)KHBble IIACTHHEI COeIMHEHBI MeKIy COGOi
npoBogHuKoM. Ilimomans kaxmoit miaactuHel S. Hafitu
€MKOCTh 3TOH cHCTeMBI (MexAy ToukaMu I u 2, puc.
2.17).

12

Pemenne. Coo6muM miractTuHaM I u 2 COOTBETCTBEHHO

3apAnbl ¢y U —qy ITox meficTBMeM BOBHHKIIIETO MeEXIY

3THMH IIJIACTHHAMH IIOJIA pacceAHUs (KpaeBoi adderT)

Puc. 2.17  mpoH30HIeT ImepeMellleHHe 3apsfa B 3aMBIKAOLIEM IIpO-

BOJHMKe, ITOCJIe Yero IIacTHHa A 3apALUTCA OTpHIIaTe-

JILHO, & IIaCTHHA B — IOJIOKHUTEJbHO. B pocTpaHCcTBe MeXKAYy BCeMH

IIACTHHAMM BOSHHKAET 3JeKTPUYECKOe II0JIe M COOTBETCTBYIOLIee pac-

npefesieHre moreHuuana ¢ (puc. 2.18). 3aMeTuM, YTO U3 CHUMMETPHUH

CHCTEMBI CJeAyeT, UTO IIOTEHI[MaJbl B €e cepeJUHe, a TaKyKe Ha Ha-

PYSKHBIX ILTACTHHAX PaBHBI HyJ10. Ilo ompeseseHMI0 eMKOCTb CHCTe-
MBI B JAaHHOM cCJy4ae

C=4qy/U, (1)

rge U — pasHOCTH MOTEHIINAJIOB MEXIY TOY-
kamu I u 2, ee 1 Hago Haitu. U3 puc. 2.18
BHAHO, YTO DA3HOCTb IIOTEHI[HAJIOB MEXKAY
CPeJHMMH IIJIaCTHHAMH, T. e. U, BABoe 6GOJIb-
1Ie pa3sHOCTH IIOTEHIIMAJIOB MeXIAY KpaliHel
nmapoil miacTUH (Kak cjieBa, TaK U CIIpaBa).
9TO Ke OTHOCHUTCA M K HAaNPAKEHHOCTH
oJIs:

Puc. 2.18 E = 2E’. (2)

A rak kak E co G, TO MBI MOXK€M YTBEPKAATb, UTO B COOTBETCTBHH C (2)
3apal ¢y Ha miacTuHe 1 DeqMTCA Ha IBe YacTH: ¢,/3 — Ha JIeBOH CTO-
poHe miacTUHBI 1 M 2g,/3 — Ha npaBoit cTopoHe. IloaTomy

U=Eh=ch/e; = 2q4h/3¢,S,

M eMKOCTb CHCTEMBI (Mexay ToukamMu I u 2) paBHa

C = 3¢,S/2h.
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2.10. PacnpeneseHnse MHAYIMPOBAHHOIO 3apsaga. TouedyHBIN 3apaAn ¢ Ha-
XORUTCA MEXAY ABYMSA OOJBIIMMHU MapajjejbHbIMHA IPOBOAAIIMMHU
mracTiHaMu 1 ¥ 2, OTCTOAIIMMH APYr OT APyra Ha paccrosHue [,
HaiiTi mosHble 3apAAbl ¢; ¥ ¢, HaBeJeHHbIe Ha KaXXI0i U3 IJIaCTHH,
€CJIN IIIACTHUHBI CO€OUHEHBbl IIPOBOAOM H 3apdAd ¢ PacIoOJIOKeH Ha
paccrogHuM [l; or JeBoi miactuHel I (puc. 2.19. a).

Pemenne. Bocnosb3yeMcs IIpHH-
uunoM cymeprnosunuu. Ilomectum
MBICJIEHHO Ha IJIOCKOCTH P rme-to
elle Takoi ke 3apax ¢q. fIcHo, uTO
3TO YABOMUT IIOBEPXHOCTHBIH 3apsf
Ha Ka)xJoH miaactuHe. Ecau ke Ha
MoBepXHOCTH P paBHOMEPHO pac-
npeneJuTh HEKOTOPHIH 3apsf C 1o-
BEPXHOCTHOH IIJIOTHOCTBIO G, TO
9JIGKTPHUYECKOE II0JIe CTAaHeT Ipo-
CTBIM AJA pacuerta (puc. 2.19, 6). Puc. 2.19

1 2

Al

i

X

1|[[]

Q
-

IInacTHHBEI COeNUHEHBLI IIPOBOAOM,
[I03TOMY PA3HOCTh IIOTEHI[MAJIOB MeXAY HUMH paBHa HyJw. OTciona

E L +E,(1-1)=0,
roe E,, nu E,, — npoekuun Bektopa E Ha ock X cieBa u crnpaBa ot
mirockoctu P (puc. 2.19, 6).
C Opyroil CTOpOHBI, OYEBHAHO, UYTO
o= —(o; + oy),
rae cornacHo (2.2) o; = gE;, =&E;, u 0p =gE;,, = gE;, (3HaK
MHHYC, TAK KaK HOPDM&Ib N, IPOTHBOIIOJIOKHA OpTy och X).
Uckaouus E,, u E,, U3 3TUX ypaBHEHHH, MOJYyYUM
o, =-o(l -1/, o, = —ol,/l.
AHAaJOTUYHBIA BUJ UMEIOT M GOPMYJBI OIS UCKOMBIX 3apANOB ¢, U
g, 4epes 3apan q.
Pemrenue sxe aToil 3afa4u C IOMOIIBLIO MeToJa M300pakeHH BecbMa
3aTPYAHUTEIbHO: HEOGXOAMM GeCKOHEYHBIN DAJ (DUKTHUBHBIX 3apd-

OB, pacroJaralpiuxca no obe CTOPOHBI OT Halllero 3apsafia ¢, U Ha-
XOMKIEeHHe II0JIS TAKOM CHCTEeMBbl OKA3bIBAETCHA CJIOKHOM 3amadei.
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dneKTpuyeckoe none B AN3NeKTpunke
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§ 3.1. Hoaépnaanua JTHIJIEKTPUHKA

JuanexTpuru. Juanexkmpuxamu (MIX H30JIATOPAMHU) Ha3bIBa-
IOT BeIleCTBa, IPAKTHYECKH He IIPOBOAAIINE 3JIEKTPHUECKOTO TOKA.
9TO 3HAUMT, UTO B AUIJIEKTPHKAX B OTJIHYME, HAIpDHUMEpP, OT IIPO-
BOZHUKOB HET 3apAJ0B, CIOCOGHBIX IepeMeIlaThbCsA Ha 3HAUYUTEJb-
Hble PacCTOSAHMSA, CO3TaBad TOK.

IIpn BHeceHMM Ha’ke HEHWTPAJHLHOTO AMIJIEKTPHKA BO BHEIIIHee
3JIEKTPUYECKOe IToJle 00HADYKHMBAIOTCA CYILIeCTBEHHbIe M3MEHEHUA
KaK B IIOJIe, TAK ¥ B CAMOM JU3JEKTPHKeE; IOCTeAHee CAEAYeT XOTA
OBbI M3 TOro, YTO Ha OMIJEKTPHUK HauMHAaeT AeHCTBOBATh CHJa, yBe-
JNYUBAETCA €eMKOCTb KOHAEHCATOPa IIDH 3alOJHEHUH €ro JUJIJIEKT-
PHKOM H AD.

Yro0bl IOHATH, IIOYEMY 3TO IPOMCXOAUT, HALO IIPEXJe BCEro
y4eCcTb, UYTO AUAJEKTPHUKH COCTOAT JMOO M3 HEHTpaJbHBIX MOJe-
KyJ, 1u60 13 3apA’KeHHBIX NOHOB, HAXOQAIIMXCA B y3JaX KPUCTAJ-
JIMYECKO# pelreTKH (HOHHbIE KPHCTAaJIbl, Hanpumep, Tuna NaCl).
CaMu ke MOJIEKYJIBbI MOTYT OBITh NOAAPHbLLMU U HENOAAPHBIMU. Y
TNOJAPHBIX MOJIEKYJ IEHTD «TSXKEeCTH» OTPHIATeJbHOIO 3apsana
COIBMHYT OTHOCHTEJBHO LIEHTPA TAMECTH IOJIOXKUTEJNbHBIX 3apALOB,
B pe3yJibTaTe 4ero OHM 06GJaZaloT COOCTBEHHBIM IWIIOJbHBIM MO-
MeHTOM p. HemossipHbIe XK€ MOJIEKYJbI COOCTBEHHBIM AHIIOJBLHBIM
MOMEHTOM He 00J1aJaloT: ¥ HUX LEHTPHI TAXKECTH I0J0XKUTEJbHOI0
M OTPHIIATEJbHOI'O0 3apAJOB COBIALAIOT.

Ionapuzamusa. Ilog peilicTBHeM BHEIIHEro 3J€KTPHUYECKOTO
IIOJIA MPOMCXOIUT NOAAPUIAYUA IUIJIEKTPUKA. JTO SBJIEHUE 3a-
KJIIOYaeTca B ciaelymoomeM. Eciau IM3JIeKTPHUK COCTOUT M3 HEIOJIAD-
HBIX MOJIEKYJI, TO B IpeAesax KaXXKA0H MOJIEKYJbl IPOMCXOAUT CMe-
IIeHNe 3apAA0B — IIOJOXKHUTEJbHBIX II0 IIOJI0, OTPHIIATEJbHBIX
IIPOTUB IOJIA. EC/IM )Ke IM3JIEKTPHMK COCTOMT M3 IIOJAPHBIX MOJIe-
KyJ, TO IDH OTCYTCTBUH BHEIIHEro II0OJIS X AUMOJbHbIE MOMEHTHI
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OpPHMEHTHPOBAHEI COBEPIIEHHO XaOTHUYECKH (HM3-3a TEILJIOBOrO ABHIKeE-
Huda). I[lox meiicTBMeM »Xe BHENIHEro IOJS AWUIIOJbHBIE MOMEHTHI
ODMEHTHDPYIOTCS INPEMMYINEeCTBEHHO B HAIPABJICHUH BHEIIHErO
noas. HakoHen, B AM3JIeKTPHUYECKUX Kpucrayuiax tuma NaCl npn
BKJIIOUCHHH BHEIIIHEro II0JIS BCe IIOJIOXKHTEJbHble HOHBI CMEIaloT-
CA 1O IIOMI0, OTPHIATENbHBIe — IIPOTHB MOJA .

TakuM o6pa3soM, MeXaHM3M MOJAPU3AIHUK CBA3AH C KOHKpeET-
HBIM CTpOEHHMEeM AHu3jeKTpuKa. OZHAKO AJA HaJbHEHIIero CyIecT-
BEHHO JIMIIb TO, YTO HE3aBHCHMO OT MEXaHH3Ma IIOJSAPH3AIUH B
3TOM IIPOIIecce BCe IIOJIOXKHUTEJNbHEIE 3apAAbl CMEIalOTCA II0 II0JIIO,
a OTpMIIATeJbHbIe — IIPOTHUB II0JA. 3aMETHM, UTO CMEIleHUs 3apd-
OB B OOBIYHBIX YCJIOBHAX BeChMa MAaJIbl Ja)Xe II0 CPABHEHMIO C pas-
MepaMH MOJIEKYJI, 3TO CBA3aHO C TeM, UTO HANIPAKEHHOCTH BHEII-
Hero IoJifA, AeACTBYIOMEro Ha AUIJIEKTPHK, 3HAUUTEJLHO MEHBbIIIEe
HaIpAXEeHHOCTH BHYTPEHHUX 3JIeKTPHUUYECKHX IT0JIeH B MOJIEKYJIaX.

O0beMHEbIe U NMOBEPXHOCTHBIE CBA3aHHBIEe 3apAdbl. B pesyibra-
Te MOJAPHU3alNM Ha MOBEPXHOCTH AUIJIEKTPHKA, a TaKi)Ke, BooOmie
roBops, # B ero o6'beMe MOABIAIOTCSI HECKOMIIEHCUDOBAHHLIE 3aps-
abl. UToOBI MOHATH, KAKMM 00pPa30M BO3HHMKAIOT 3TH 3apAnbl (0CO-
6eHHO 00'BbeMHEBIE), O6paTUMCA K caenyiomei mogenu. Ilycts ume-
eTcs IJIaCTHHA M3 HEHTPaJbHOr0O HEOJHOPOAHOI'O AUIJIEKTPHKA
(puc. 3.1, a), y KoTOporo, Harpumep, IJIOTHOCTh KAK-TO YBeJIHUYHU-
BaeTcsa C pocToM KoopawHaTel X. O6o3HauuMm p', u p. — modyau
00beMHOI IIJIOTHOCTH IOJIOXKUTEIbHOI'O M OTPHIIATEIbHOI'O 3aPAL0B
B BemecTBe (3TH 3apaAAbl CBA3AaHBI C AAPAMH M 3JIEKTPOHAMH).

., E=0 =
pte ,
| | e
X X

6) 8)
Puc. 3.1

el

* CymecTBYIOT HOHHbIe KDUCTAJLIBI, NOJIAPU30BaHHbIE fajke IPH OTCYTCTBUU BHEII-
Hero nojs. OTUM jKe CBOMCTBOM 06JIafalOT JUSJIEKTPUKHU, Ha3bIBaeMble aexmpe-
mamu (OHM NMOJXOOGHBI MOCTOAHHBIM MarHuTaMm).
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IIpu oTCyTCTBMH BHELIHErO IOJIS B KaXKJ0H TOUKe AHIJEKTPHKAa
p, =p_ , u60 AMIIEKTPUK JEKTPUUECKH HeHTpaJeH, HO B CHJIY He-
OZHODOZHOCTH AHMAJIEKTPHKA KaK p,, TaK M p’ yBEIMYHBAIOTCH C
poctoM x (puc. 3.1, 6). I3 aToro pucyHKa BUAHO, YTO €CJH BHEII-
Hero moJisi HeT, TO 06a pacupeneeHUA B TOUHOCTH HAKJIaAbIBAIOTCA
OPYT Ha apyra (pacupeneneHue p’, (X) IOKa3aHO CIJIOLIHOMN JUHHUEH,
a pacupegenenue p_(xX) — IYHKTHDPHOI).

BraioueHne BHemrHero moJsA E npuBeneT K CMeIIEHUIO IIOJIOXKHU-
TEeJILHBIX 3apPAAOB IO IIOJI0, OTPHUIATEJIbHBIX — IIPDOTHB IOJIA, H 00a
pacmpezeleHNs CABUHYTCA OTHOCHUTEJIBHO APYT Apyra (puc. 3.1, 8).
B uTore nmosBATCA HECKOMIIEHCHDOBaHHbIE 3apAAbLI HA TIOBEPXHOCTH
OUBJIEKTPUKA M B ero o0beme (Ha HalleM PUCYHKe B 00beMe oS-
BHJICS OTPHUIIATEJNbHBINI HECKOMIIEHCHDOBAHHBIA 3apax). 3aMeTHM,
YTO H3MEHEeHNe HalpaBJIeHHA IIOJIsS Ha oOpaTHOe IpHBEJET K M3Me-
HEHHIO 3HAaKa BCeX 3THUX 3apAxoB. HeTpyaHO TakXe BHAETH, YTO B
cJiyyae IJIaCTUHHI U3 OZHOPOJHOTO AUJJIEKTPHUKA KaXKIoe pacrpene-
Jgenue p',(x) u p_(x) umeno 6u1 II-o6pasHyio GopMy, X IPH HX OT-
HOCHUTEJIBHOM CMeIlleHn# B 1ojie E BO3HUKJIM OBl TOJIBKO IIOBEPXHO-
CTHbIe HECKOMIIEHCHUDOBAHHBIE 3apAIbI.

HeckoMneHcHpOBaHHBIE 3apsAAbl, MOABJIAIOINECA B DPe3yJbTaTe
MOJAPU3ANNN ANBJIEKTDPHKA, HAa3bIBAIOT NOAADPUIAYUOHHBIMU TN
céa3annbimu. ITociefHIM TEDMUHOM XOTAT NMOAYEPKHYTH, UTO CBO-
6oa mepeMeleHUA TAKUX 3apsafnoB orpaHndyeHa. OHH MOTYT cMe-
IATHCA JIUIIL BHYTPH 3JEKTPUYECKH HEHTPaJbHBIX MOJIEKyJa. CBA-
3aHHbIEe 3apAAbl MBI OymeMm oTMeuars mrpuxom (¢', p', o).

HUrak, npu noaspusanun IU3JIeKTPUKA B HEM MOT'YT BOSHHKATH B
obmrem cayuae 1 00'beMHBIE M IOBEPXHOCTHBIE CBA3AHHbBIE 3aPALBI.

3apsangel, KOTOpPble He BXOAAT B COCTAB MOJIEKYJ AUIJIEKTDHKA,
HA3BIBAIOT CMOPOHKUMU”'. DTH 3apAAbI MOTYT HAXOAMTHCH KaK
BHYTPH, TaK M BHE IMAJIEKTDHUKA.

ITone B nmanexkTpuke. Ilonem E B guasekTpuke Mbl 6yaeM HasbI-
BaTh BeJIHYHHY, ABJIAIOIIYIOCA cymepno3unueil moas E, croporEnx
3apAnoB M moasa E' cBA3AHHBIX 3apALOB:

— r
E=E, +F, (3.1)
* CTODOHHHG 3apAAbl 4aCTO Ha3bIBaIOT caoéoanumu, HO IIocJiefHee Ha3BaHHe IJiA

paja ciaydaeB SIBJSETCA HeyAauHbIM: CTOPOHHHUE 3apAAbl OGbIBAIOT M He CBOGOAHBI-
MH.
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rae E, u E' npencraBasor coboit MaKpomoJis, T. €. yCpeAHEeHHbIe 110
usnuecku GECKOHEYHO MAJOMy 00'beMy MHKDPOIIOJIA COOTBETCTBEH-
HO CTOPDOHHMX M CBSI3aHHBIX 3apAAOB. fICHO, UTO ompeaeseHHOE Ta-
KuM oOpasom noJjie E B AM3IeKTPHKe ABIAETCA TaKXKe MaKpPOIIOJIeM.

§ 3.2. ITongpusosannocts P

Onpeneneaue. (11 KOJIWYECTBEHHOTO ONHUCAHUA IOJAPHU3AIUHA
INAJIEKTPMKA €eCTeCTBEHHO B3ATh JAUIIOJLHBIH MOMEHT €JMHMIIBLI
o6bema. Ecau BHemIHee mmojie MM JUAJIEKTPUK (MJIH TO M ApPYroe)
HEOJHODOAHLI, CTEeNeHb MOJApHU3AIUM OKAa3hbIBAeTCA Pas3JIUYHON B
Pa3HBIX TOYKAaX AUAJEKTPHUKA. UTOOB O0XapaKTepH30BaTh IIOJISPH-
3aIMI0 B NJAHHOH TOYKEe, MBICJIEHHO BHIJENAIOT (GU3NUYECKH OecKo-
HEYHO MAaJILIi 00beM AV, comepikamiuil aTy TOYKY, 3aTe€M HaXOIAT
BEKTOPHYIO CYMMY AHIOJBLHLIX MOMEHTOB MOJIEKYJ B 3TOM ob6beMe
M COCTABJAIOT OTHOIIIEHHE

=1 .
P_szp" 3.2)

OnpepeneHHbIN TAKUM 00pa3oM BeKTOp P Ha3wIBAIOT NOAAPU3O0-
6AHHOCMbIO IMAJIEKTPHKA. OTOT BEKTOD PaBEeH AMIIOJILHOMY MO-
MeHTy egWHUIB o6beMa BeIlecTBa.

Ectp emre aBa mose3HBIX npexacraBiieHHs BekTopa P. Ilycrs B
obbeme AV comepkurca AN gumosieli. YMHOXKMM M pasiejNM IIpa-
BYI0O 4YacTh BeIpakeHHsa (3.2) Ha AN. Torga MOXXHO 3ammcaTh

P = n(p), (3.3)
rage n = AN/AV — KOHIEHTpPanMsa MOJEKYJ (MX YHMCIO B €JUHHIIE
o6wveMma); (p) = (Xp;)/AN — cpegHMii AMIOJBLHBIA MOMEHT OXHOM
MOJIEKYJIBI.

Jpyroe BoIpa)keHHe gJaA P cOOTBeTCTByeT MOAENN AMUIJIEKTPHKA
KaK COBOKYITHOCTH IOJIOXKHMTEJBHOH M OTDPHUIIATEJBHOH «KHUAKO-
creii». Brlgenum oueHb Manblii 06beM AV BHYTpHM AUIJIEKTPHKA.
IIpy BOBHMKHOBEHMHM IOJSAPU3AIUN BXOAAMMIA B 9TOT 00bEM IT0JIO-
JKUTEJbHBIA 3apan p, AV CMeCTUTCS OTHOCHTEJILHO OTPHIATEILHO-
ro 3apsaja Ha BeJUYMHY 1, ¥ 3TH 3apAAbl IPHOOPETYT AUIOJbHBINA
MomeHT Ap =p’ AV 1. Pagnenus oGe yacTu 3TOro paBeHCTBa Ha AV,
IIOJIyYMM BhIDaXK€HHe JJIA AUIOJBHOIO MOMEHTa eIMHHILI 00'beMa,
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T. €. BeKTOp P:
P=p.l (3.4)

Enuaunei mosapu3oBaHHOCTH P ABiIseTcsa KYAOH Ha Kéadpam-
Hoi memp (Kia/m?).

Ceasp mesxkay P m E. Kak mokaswiBaeT OmnbIT, OJIs OOIIMPHOTO
KJacca JU3JIEKTPMKOB M IIMPOKOro Kpyra fABJEHHH MOJADPHU30BaH-
HOCTL P 3aBUCHUT AuHelHno OT HanpsKeHHOCTH E monA B AM3JIEKT-
puke. Eciin 1maieKTpUK M30TpOonHBIHA 1 E He CIMIIKOM BEJINKO, TO

P =xg)E, (3.5)

rge » — Oe3pasMepHasd BeJIUYNHA, Ha3bIBaeMas duanexmpuieckol
60CNPUUMYUEOCMBI0 BelllecTBAa. JTa BeJHYMHA He 3aBUCHT oT E,
OHA XapaKTepH3yeT CBOMCTBa caMOro JM3JIeKTpuKa. Beceraa x > 0.

B pmanbHeiimeMm, ecaM CHeqUaJbHO He OTOBOPEHO, MBI OyaeMm
MMeTh B BHAY TOJbKO H30TPOIHBIE AUIJIEKTPHMKH, IOJIA KOTODBIX
CIIpaBeAJIHUBO cooTHoumeHue (3.5).

CymiecTByIoT, 6IHAKO, M OHIJEKTPHKH, AJA KOTOPHIX (3.5) He
NIPUMMEHUMO. TO HEKOTOpPbIe MOHHbIE KPUCTAJLJIBI U 3JIEKTPETHI (CM.
CHOCKY Ha c. 69), a Tak)xe ceznemoanekmpuru. ¥ CErHETOIJIEKT-
puKoB cBa3b Mexay P u E neaunelltnaa u 3aBuCHUT, KpOMe TOTO, OT
MPeabICTOPUH OUA3JEKTPHUKA, T. €. OT MPeAIIeCTBYIOIINX 3HAUEeHUH
E (sT0 siBIIeHHMe HA3BIBAIOT 2UCMepe3ucom).

§ 3.3. CroiicTea moaa BexkTopa P

Teopema TI'aycca maa moas Bexktopa P. Kaxk mMbI ceifuac moka-
’)KeM, Iojie BeKTopa P o6GiafaeT CclefylOIIMM 3aMedyaTeIbHLIM M
BaXXHBIM cBoicTBOM. OKa3bIBaeTcs, IIOTOK BeKTopa P CKBO3b IIpO-
M3BOJIbHYIO 3aMKHYTYIO IOBEPXHOCTh S PaBeH B3ATOMY C OOPATHLIM
3HAKOM HU30LITOYHOMY C8A3AHHOMY 3aPAAY ANIJIEKTPUKA B 00beMe,
OXBaTbIBA€MOM IIOBEPXHOCTBIO S, T. €.

$PAS = ¢ ymp- (3.6)

910 ypaBHEHME U BhIpaxxkaeT meopemy I'aycca dnn éexkmopa P.

JokxasaTeabcTBO TeopeMbl. IlycTh npou3BoJbHASA 3aMKHyTasd
ITOBEPXHOCTh S OXBaThIBaeT YacTh AM3JeKTpuKa (puc. 3.2, a, rae
OUJIEKTPUK 3amTpuxoBaH). [Ipu BKIIOYEHUM BHEIIHETO dJIEKTPH-
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YEeCKOr'o InoJjid JU3JIEKTPHUK II0-

JIAPDNU3yeTCA — IIO0JIOXKHUTEeJIb-
HbIe 3apAAbl CMECTATCA OTHO-
CHTEJIBHO OTPpHUIaTeJIbHBbIX.

HaitgeM sapsnx, KOTOpBI# IIpo-
XOOHUT uepe3 ajeMeHT dS 3aM-
KHYTOH MOBEPXHOCTH S Hapy-
Ky (puc. 3.2, 6).

ITycrs 1, u 1. — BekTODHI, XapaKTepU3YIOIHe CMEIeHUd I10JIO0-
SKUTEJLHOTO M OTPHIIATEJbHOIO CBA3AHHBLIX 3apANOB B pe3yJbTaTe
noasapusanuu. Torga sicHO, YTO Yepes 3JeMeHT noBepxHocTH dS Ha-
PY>Xy MOBEPXHOCTH S BBIIZET MOJI0XKUTEAbHBIH 3apax p',l,dsS cos a,
3aKJIOYEHHBII BO «BHYTPEHHeH» YaCTH KOCOro IIMJIHHApA
(puc. 3.2, 6). KpomMe Toro, uepes asemeHT dS BoiifeT BHYTPb MOBEP-
XxHOCTH S oTpumaTeabHbIA 3apax p_l_dS cos o, 3aKJIOUYEHHBIA BO
«BHENIHEeH» YacTH Kocoro muaumHApa. Ho MBI 3HaeM, UTO mepeHOC
OTPHUIATEJIBHOIO 3apsga B HEKOTOPOM HANpPABJIEHUH SKBUBAJEHTEH
IIePeHOCY IOJIOXKHUTEJbHOr'0 3apfAfa B IPOTHBOIIOJOXKHOM HAIIpaB-
JIeHNH. YUYHUTHIBAA 3TO, MOXKHO 3allMCaTh CyMMApPHBIN CBA3AHHBIH
3apAf, BBIXOAAIMH HAPYXKY MOBEepXHOCTH S uyepe3 sjeMeHT dS,
Kak

Puc. 3.2

dg' =p,l,dScosa +|p"|L_dS cos a.
IMockoasky |p_|=p',,
dg' =p’ (I, +1_)dS cosa =p'1dS cos a, 3.7

rae l =1, +l_ — paccrosiHue, Ha KOTOPOEe CMECTHJINUCH OTHOCUTEb-
HO APYr Apyra MmMOJIOXKUTEJNbHBIE M OTPHIlATEJbHbIE CBA3aHHLIC 3a-
PAOBl TUSJIEKTPUKA INPH IIOJSIPHU3AINH.

Hanee, coraacuo (3.4) p'.l =P u dq' = PdScosa, niu

dq'=P,dS =PdS. (3.8)

IIpouHTErpNpOBaB 3TO BHIPAXKE€HME IO BCEll 3aMKHYTOI IIOBEDX-
HOCTH S, MBI HalileM BeChb 3apsd, KOTOPHII BBIIIEJ] IPH IIOJIAPH3a-
muu 3 06’beMa, OXBAaTHLIBAEMOT0 IIOBEPXHOCTBIO S, OH paBeH §PdS.
B pesyabsTaTe BHYTPH IOBEPXHOCTH S OCTaHETCA HEKOTOPHIN M30BI-
TOYHBIH CBABAHHBIN 3apan ¢'. SIcHO, 4TO BhIMIeAIHIT 3apAL HOJXKEH
OBbITH paBeH C OOpaTHHIM 3HAKOM OCTABIIEMYCS BHYTDHM IIOBEDXHO-
cti S U30BITOUYHOMY CBA3AHHOMY 3apAAy, U MBI IpUXOAUM K (3.6).
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duddepenunansnan ¢popma ypaBHeHusa (3.6). B puddepenunanbHoi
dopme ypaBHeHUe (3.6) — Teopema I'aycca mnia nmossa BekTopa P — nmeer
CIeAYIOIINA BUI:

V-P=—, (3.9)

T. €. IUBEpPreHIuA Mojsa BeKTopa P paBHa ¢ 00OpaTHBIM 3HAKOM O6bEeMHOI
IUVIOTHOCTH M3GBLITOYHOr'O CBA3AHHOTO 3apsAfia B TOM )Ke TOYKe. JTO ypaBHe-
HHUEe MOJKHO ITOJYYUTH U3 (3.6) TOUHO TAKMM JKe IyTeM, KaK U aHAJOTMYHOe
ypaBHeHHe 11 BeKTopa E (cM. ¢. 23). JlocTaTOYHO B MPOBOAUMBLIX TaM pac-
cyxaeHuax sameHuTs E Ha P u p Ha p'.

Korna B nuanexrpuke p' = 0? Kak MBI ceifuac mokaxxeMm, 00beM-
Hasl IVIOTHOCTH M3GBLITOUHBIX CBA3AHHBIX 3apPAL0B BHYTPH AUIJIEKT-
puKa OyZeT paBHA HYJIO IPH OZHOBPEMEHHOM BBLINOJHEHHH IBYX
YCJIOBHIA:

1) AM3IeKTPHUK HOJKEH OBITh OTHOPOIHBLIM;

2) BHYTpU HEro He AOJKHO OBITH CTOPOHHUX 3apAnoB (p = 0).

HeiicTBUTEIbHO, U3 OCHOBHOr'O CBOMCTBa moJdA BexkTopa P (3.6)
cJefyeT, YTO B Cayd&e OQHOPOLHOrO AUIJIEKTPHUKA MOXKHO, 3aMEHUB
P nan¢yE cormacuo (3.5), BRIHECTH X M3-IIOJ 3HAKa MHTerpaja M 3a-
HCATh

xﬁsﬂi‘dS =-q'.

OcraBmuiica HHTErpajJ ecTb He UYTO MHOE, KaK ajaredpandyeckas
CyMMa BCeX 3apfANOB — CTOPOHHMX U CBA3BAHHBIX — BHYTDH pac-
cMaTpMBaeMoil 3aMKHYTO# moBepxHocTH S, T. e. ¢ + q'. Iloaromy
%(g+q') =—¢, orkyna

' b

q'=——q. (3.10)
1+%

OTO COOTHOINEHWE MEXAY M3OBLITOUHBIM CBSA3AHHBIM 3apAAOM ¢
¥ CTOPOHHHUM 3apAAOM ¢ CIpaBeAJHBO AJs J060ro o6bemMa BHYTpH
IU3JIEKTPUKA, B YACTHOCTH U JJIA GU3NUecKH G€CKOHEUHO MAaJoro,
korga ¢' — dq' =p'dV u ¢ — dg = pdV. Torza (3.10) mocse coxpaine-
Hua "Ha dV mpumer Bup

p= - . (3.11)

3HauyuT, B OQHOPOAHOM amajeKkTpuke p' = 0, ecam p = 0.



dJIeKTPHUECKOe I0JIe B THIJCKTPHKE 75

TaxkuM o6pa3oM, ecii B IPOU3BOJIbHOE 3JIEKTPHUECKOEe II0JIe IIO-
MECTUTb OIHOPOAHBLIA HM3OTPONHBIA IHIJIEKTPHUK KaKOH YromHO
(opMbI, MOXXHO GBHITH YBEPEHHBIM, YTO IIPH €r0 IOJAPHU3ALMNH IIO0A-
BATCA TOJIBKO IIOBEDXHOCTHBLIE CBS3aHHBIE 3apANbI, OOBLEMHBIE JKe
N30BITOYHBIE CBSA3aHHBIE 3apAAbl BO BCeX TOUKAX TAKOrO OHAJIEKT-
pHKa OyayT paBHBI HYJIIO.

I'papuunsIe yciaoBus AiaA BeKTopa P. PaccMoTpuM moBeneHUe
BeKTopa P Ha rpaHune pasgesa JBYX OOZHOPOAHBIX M30TPOIHLIX TH-
3JIEKTPUKOB. MBI TOJBKO UTO YCTAHOBHUJIM, UYTO ¥ TAKUX HTHUIJIEKTPH-
KOB 00'b€MHOTr'0 M30BITOYHOTO CBA3aHHOI'O 3apAJa HET U B Pe3yJIbTa-
Te MOJIAPH3aIMM IIOABJIAETCSA TOJbKO IIOBEPXHOCTHBIA CBA3AHHBIN
3apAxL.

HaiigeM cBA3b MeX Iy IOJAPU30BAHHOCTEIO P M IIOBEPXHOCTHOM
IVIOTHOCTBIO G¢' CBA3AHHBLIX 3apANOB HA I'DAHMIIE pa3fesa THUIJIEKT-
pukoB. [[JA 3TOro BOCImOJb3yeMcCs cBoicTBOM (3.6) mosas BekTOpa
P. Bo3bMeM B KauecTBe 3aMKHYTOM IIOBEePXHOCTH He6OJILIION IIJI0C-
KU OUJIHHAD, TOPIBI KOTOPOTO PACIIOJOXHM II0 Pa3HbIe CTOPOHEI
rpaHunsI pasgena (puc. 3.3). BeicoTy munueapa OyAeM IpeAIoJia-
raTh HUYTOXKHO MaJoi, a miaomaas AS KaJoro Topra HaCTOJbKO
MaJIoi, YTO BO BCEeX TOYKAX KAaXXZOr0 TOpIAa LMJIHHApPA BeKTOp P
6b11 OB OZMHAKOB (3TO )K€ KacaeTcd M IIOBEPXHOCTHOM IIJIOTHOCTH
o' cBA3aHHOrO 3apAga). Ilycts n — obmas HopMaJb K I'paHUIIE pas-
Iejla B JaHHOM MeCTe. Y CJOBHMCS BCerga IIPOBOAHUTH BEKTOP N OT
ON3JIEKTpUKA 1 K OUAJIEKTPHUKY 2.

IIpene6perasa moTokoM BeKTopa P CKB0O3b 60KOBYIO IIOBEPXHOCTh
BLIOPDAHHOTO HAMM IHMJIHHApPA, 3amnumieM corygacHo (3.6):

PznAS + Pln'AS = "’O"DS,

rae P,, u P,,, — npoexnuu BekTopa P B nma-
JeKTpuKe 2 Ha HOpDMAaJb N U B OUIJIEKTPHKE
! Ha HOpMasb n' (puc. 3.3).

YuursiBafg, 4To mpoeKnus BeKTopa P Ha
HOpMaJib n' paBHA ¢ OOpPaTHBIM 3HAKOM IIPO-
€KI[MU 3TOr'0 BEKTOpa Ha IPOTHBOIIOJIOXKHYIO
(o6myo) mopmaus n, T. e. P,,. = —P,,, nepe-
OHUIIeM INpeAbIAyINee ypaBHeHHe IIOCje CO-
KpameHus Ha AS B cieayiomeM Buie:

P,, - P,, = -G (3.12)
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9To 3HAYMT, YTO Ha I'DaHMIIE pasfesa AMUIJIEKTPUKOB HOpMAJb-
Hasl COCTABJAIOIIAA BeKTOpa P MCHOBITHIBaeT pas3pbiB, BEIMYHMHA KO-
TOPOro 3aBHCHT OT G'. B wacTHocTH, ecam cpega 2 BaKyyM, TO
P,, = 0, u ycaosue (3.12) npuobGperaer Gosee ImpOCTOH BHUA:

o =P, (3.13)

rae P, — mpoexnus BekTopa P Ha BHemIHIOI0 HOpMaJb K IOBEPXHO-
CTH JaHHOTO OM3JEeKTpUKa. 3HAK IpoeKIuHu P, ompenenser u 3HaK
TIOBEPXHOCTHOI'0 CBSA3aHHOrO 3apsja o' B JaHHOM Mecrte. Ilocien-
HIOI0 (hOpMYyJIy MOXKHO IPEACTaBUTh B APDYIOM BHAE, & UMEHHO B CO-
OTBETCTBHH ¢ (opmysoit (3.5) MOXKHO 3ammcaTh:

o' =negyk,, (3.14)

rge E, — npoeknus Bekropa E (BHyTpHM AMaieKTpHKa BOJIM3K OT
€ro MOBEePXHOCTH) HAa BHENIHIOI HOPMajb. 3JeCh TaKXe 3HAK E
onpegeiseT 3HAK O'.

3ameuanne o nojge Bekropa P. CoorHomenus (3.6) u (3.13) He-
PeIKO AAIOT OCHOBaHME OIIMOOYHO AyMaTh, UTO IoJie BeKTopa P 3a-
BHCHT TOJIBKO OT CBA3aHHBIX 3apsagoB. Ha camMoM Jesie 3TO He TaK.
Ilosne BexTopa P, kak u E, 3aBHCHT OT 8cex 3apAfoOB, KaK CBA3aH-
HBIX, TAK ¥ CTOPDOHHHX, 00 3TOM I'OBODHUT XOTA OBI y?Ke TOT (aKT,
uyro BeKTOpel P m E cBA3aHBI Apyr ¢ JApyroM COOTHOIIEHHEM
P =xgy E. CpaAsaHHBIe 3apAfAbl OIpefeslAlOT He IoJe Bekropa P,
a JUIb IOTOK 3TOr0 BEKTOpPa CKBO3b 3aMKHYTYIO IIOBEDXHOCTH S.
Bouee Toro, aTOT MOTOK ONpeAeaAETCA He BCEMH CBA3aHHLIMHU 3aps-
JaMH, a TOJbKO TeMH, KOTODhIe OXBATBHIBAET IIOBEPXHOCTH S.

n

§ 3.4. Bexkrop D

Teopema I'aycca nnsa moas Bexkropa D. ITocKOJIbKY MCTOYHMKA-
mu nosa E ABaAIOoTCA BCe 9eKTpUYECKNe 3apAAbl — CTOPOHHHE M
cBA3aHHBIE, TeopeMy l'aycca ana moas E MoxxHO 3ammcaTh Tak:

$eoEdS =(q +q") puyrps (3.15)

rme q u q' — CTOPOHHHE M CBA3aHHBIE 3apsAAbl, OXBaTblBaeMble IIO-
BepxHOCTBI0O S. IlosiBIeHHMe CBSA3aHHBIX 3apANOB (' YCJIOXKHSET
meno, u dopmyiaa (3.15) oxasbpIBAETCA MAJIONOJIE3HOM AJIA HAXOMXK-
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JeHusa noas E B gmaseKTpHKe gake IPH «ZOCTATOYHO XOPOMIEH»
cummerpuu. [eiicTBUTeIbHO, 3Ta GOPMYJa BEIpaXKaeT CBOMCTBA He-
us3BecTHOro noJya E uepes cBsizaHHBIE 3apAAbl ', KOTOPbIE B CBOIO
ouepeab OIpPeAeJsIOTCA HeM3BeCTHHIM mojeM E.

9To 3aTpyAHEHHE, OAHAKO, MOXKHO OGOMTH, ecJM BBIDA3UTh 3a-
paxn q' yepes moTok BekTopa P mo dopmyie (3.6). Torma Beipaxe-
Hue (3.15) Mo)XHO mpeo6pa3oBaTh K TAKOMY BHAY:

$ (6oE + P) dS = gypynp- (3.16)

Besnuuny, CTOAIIYIO IIOA MHTErpajoM B CKO6Kax, 0603HAYAIOT
O6ykBoit D. MTak, MBI Hanuim ecnomozamenvHbviit gexmop D:

D=¢E +P, (3.17)

IIOTOK KOTOPOT'0 CKBO3b IIPOM3BOJIBHYIO 3aMKHYTYI0 IIOBEPXHOCTh
paBeH ajre0pamdyecKoil CyMMe CMOPOHHUX 3apsafOB, OXBaThIBae-
MBIX 3TOH IIOBEPXHOCTBIO:

$DdS =q,,.,. (3.18)

910 u ectb meopema I'aycca 0ns nonsa eexmopa D.

3ameTHM, 4TO BeKTOp D mpeacrasiser coboil cyMmMy ABYX COBep-
IIeHHO pPasandHbIX BeanunH: £yE u P. IToatomy oH AeficTBHTENBLHO
BCIIOMOTaTeJbHBI BEKTOpP, He MMEIOINN Kakoro-aubo riayboxoro
¢usnyeckoro cmeicaa. OTHAKO CBOMCTBO ImOJIA BeKTOopa D, BhIpaa-
emoe ypaBHeHHeM (3.18), ompaBIBIBaeT BBEJEHHE 3TOr0 BEKTOpa:
BO MHOTHMIX CJydYasiX OH 3HAUYHUTEJbHO YIIPOLIAeT H3yYeHHe IIOJS B
IM2JIeKTPUKax ",

Coornomennsa (3.17) u (3.18) cnpaBeAIuBBHI AJA JIOOOTO AHA-
JIEKTPHKA, KAK M30TPOIHOr0, TAK M aHHU30TPOIHOTrO.

Kak BugHo u3 BeIpa)keHHsa (3.17), pasmepHoCcTh BeKTOopa D Ta
’Ke, uTo 1 BeKTopa P. Enuanneil BeawmuymHbI D CIYKUT KYAOH Ha
xeadpamnviii memp (Ki/m?).

* BesnuuHy D yacTo Ha3LIBAIOT 31eKMPULECKUM CMeUjeHUeM NIV INeKMPULeCKOU
undyxyueti, ofHAKO MBI He GyJeM MOJb30BAThCHA dTUMHM TEPMUHAMH, YTOGHI JINII-
HUil pa3 MOAYEPKHYTH BCIOMOTraTeJbHEI! XapakTep éekmopa D.
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NuddepenunansHan ¢popma ypaBHenus (3.18):

V:-D=p, (3.19)

T. e. JMBEpPreHINA M0Js BeKkTopa D paBHa 06'b€MHOM IJIOTHOCTH CTOPOHHE-
ro sapsga B TOH »Ke TOUKe.

9To ypaBHEHHNEe MOXKHO IMOJY4HuTh u3 (3.18) TeMm ke crmocoboM, KaK 3TO
6b1710 IIpozesnaHo B caydae noas E (cM. ¢. 23). JocTaTOYHO B IIPOBOAMMBIX
TaM paccyKAeHusax 3aMeHUTh E Ha D 1 yuecThb JIMIIbL CTOPOHHHE 3aPAALI.

B Tex Toukax, rae puBepreHuus D mosoKuUTeNbHA, MBI HMEEM UCMOY-
nuxu monss D (p > 0), a B Tex Toukax, rie OHa OTPHIIATEJbHA, — CMOKU
noas D (p < 0).

CBass mexkay BekropamMu D u E. B ciyuae M30TPOIIHBIX AHIJIEK-
TPUKOB IOJasApu30BaHHOCTL P = % ¢ E. IloacTaBuB 3T0 COOTHOMIEHME
B (3.17), monyuum D = gy(1 + %)E, nan

D =¢¢,E, (3.20)
rae € — Ouanexmpliveckas npoHUYaemoCmd BellecTBa:
e=1+wx. (3.21)

JduaneKTpruecKada IPOHHUIIAEMOCTD € (KaK M X) ABJISAETCS OCHOB-
HOM 3JIEKTPHUUYECKOH XapaKTepHCTHUKON AuajeKTpuka. Ilia Bcex Be-
mecTB € > 1, gna BakyyMma € = 1. 3HaUeHHUSA € 3aBHUCAT OT HPHPOABI
ON3JIEKTPUKA U KOJeOJII0TCS OT BEJIHMYMH, BeChMa MaJio OTJIHYAlo-
IIUXCA OT eQUHMUIB! (rassl) 40 MHOTHX THICAY (Y HEKOTOPBIX Kepa-
muk). Boabmioe 3nHauenne & uMeer Boga (e = 81).

M3 ¢popmyasr (3.20) BUAHO, YTO B M30TPONHLIX AUIJIEKTPHUKAX
BekTop D xKosnmHeapeH BekTopy E. B aHM30TPONHBIX K€ OUAJIEKT-
PHKax 3TH BEKTOPHI, BOOOIIe rOBOpA, He KOJJIMNHEApPHBHI.

ITone BekTopa D HaraAgHO MOXXHO M300pa3UTh C IIOMOIILIO JIH-
HHAR BeKkTOopa D, HampaBJIeHHE M I'yCTOTa KOTOPBIX ONpEeNesIAITCS
TOYHO TaK ke, KaK M 1A JuHNi Bekropa E. JImann Bekropa E mo-
ryT HAUMHATBCA M 3aKAHYMBATHbCA KAK Ha CTOPOHHMX, TaK M Ha
CBA3AaHHBIX 3apAfax; Mbl 'OBOPHM, UTO MCTOUHHMKAMH M CTOKaMH
noas E asasaiorca nobbie 3apansl. Mcmoynukamu e U cmoxkamu
moJiA BeKTopa D sBISIOTCA TOJIBKO CMOPOHHUE 3apAAbl: TOJBKO Ha
HUX MOT'YT HAYMHAThCA U 3aKAHYMBATHCA JUHUHU BeKTOpa D. Uepes
obsacTH moJIs, rae HaXOAATCA CBSA3aHHBIE 3apsaAbl, JUHUH BEKTOPA
D npoxogaT He mpephIBafACh.
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3ameuanue o nmoJjge Bekropa D. Ilose BekTopa D 3aBucur, BooG-
IIe roBopA, KaK OT CTOPOHHHX, TaK M OT CBA3AHHLIX 3apANOB (Kak
u nose BekTopa E). O6 arom rosopur yxe coorHomenne D = egjE.
OZHAKO B HEKOMOpPbLX CHMMETDHYHBIX CJOy4YasX Imoje Bekropa D
MOKHO OIpeAeNTb, MCIO0JIb3ys TOJHLKO CTOPOHHME 3apanbl. IMeH-
HO OJIA TaKHUX cJydaeB BeKTop D ABisAeTcA 0CO0GEHHO IOJIE3HLIM,
PpesKo ympomas pacueT. BmecTe ¢ TeM 3TO ZaeT MOBOA JOBOJILHO Ya-
cTo omuO0OYHO AyMaThb, YTO moJjie D axKo6bl 3aBUCHT BCerga TOJBLKO
OT CTOPOHHHUX 3apsgoB, I HEBEpPHO TPAKTOBaTh 3aKOHHI (3.18) m
(3.19). 9T 3aKOHBI BBIPAXKAIOT TOJbLKO OIpeleeHHOEe CBOMCTBO
noJia BeKTopa D, camo ke moJie 3TOro BeKTopa OHH He OIpeAeAioT.

IIponnniocTpupyeM BhIIIECKA3aHHOE HA HECKOJIBKHMX IpHMepax.

IIpumep 1. ToueuHbIlt CTOPOHHMIT 3aps[ ¢ HAXOAUTCA B LIEHTpe ILllapa pa-
IUYCOM @ U3 OZHOPOJHOTO HM3OTPOIIHOTO AU3JEKTPUKA IPOHH-
naemoctu €. HaliTu HanpsskeHHocTh E monsa kak QYHKLIUIO
pPacCTOAHUA I' OT LEHTpa AAHHOIO Iapa.

CHMMeTpHUA CHCTEMBI NO3BOJISET AJA PellleHUs MHTepecyolle-
ro HaC BOIIPOCA HCIIOJIL30BAThH Teope-
my Taycca gis Bektopa D (Bocmoab-
30BaTbCA AHAJOTMYHOM TeopeMoit
miaa noas E sgecs He mpeacTasiser-
CA BO3MOXKHBIM, IIOCKOJBKY HaM He
M3BeCTEeH CBA3AHHBIA 3apanx). Huas
cdephbl pagUycoM r ¢ LIEHTPOM B TOY-
Ke HaXOXKJEeHUs 3apAla ¢ MOXKHO 3a-
IucaThb: 4nr2D, = ¢. Orcroma Haxo-
muM D, u no dopmye (3.20) ucko-
MYIO HANpAXKeHHOCTb E:

4
- -

1 ¢
E (r<a)= —, E,(r>a)s=
Pr<a)= e (r>a)= "

T'paduku saBucumocreit D(r) m E(r) mokasaHsl Ha puc. 3.4.

IIpumep 2. ITycTh cucTeMa COCTOUT M3 TOYEYHOTO
sapazna ¢ > 0 ¥ IpOU3BOJIBLHOIO KYyCKa
ORHODOAHOI'O H3OTPOIHOTO IHUIJIEKT- S \
puka (puc. 3.5), rze S — HekoTopas e \
3aMKHyTaf IIOBEPXHOCTb. BBIACHUM, \ +; %
YTO IIPOMBOHIET ¢ mojieM BeKTopoB E Ny
u D, a TakKe C UX IIOTOKAMHU CKBO3b

NIOBEPXHOCTh S, €CJAH IUIJIEKTPHUK
YIOaJIUTh.
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IIpumep 3.

B n1060it Touke npoctpaHcTBa noJsie E o0ycioBieHO KakK 3apd-
IOM ¢, TaK U CBA3AHHBIMHU 3apAJaMH ITOJISPHU3OBAHHOIO IH3-
gekTpuka. Tak kak B HameM ciaydae D = egyE, To aTo oTHOCHT-
cd U K noJo BekTopa D: oHO Takke ompenesnsieTcsi KaK CTOPOH-
HUM 3apsZiOM ¢, TaK ¥ CBA3aHHBIMH 3apsAJaMH AUIJIEKTPHKA.

YaoanreHue AUAdJIEeKTPHUKA NpHBegeT K H3MeHeHHIo nouas E, a
3HauyuT, ¥ noad D. Usmenurca u nmorok BexkTopa E ckBO3b mO-
BEpPXHOCTb S, TaK KaK BHYTPH 3TOH IOBEPXHOCTH MCYE3HYT OT-
pulLiaTeIbHble CBA3aHHbIE sapagel. Ilotox ke BekTopa D
CKBO3b IIOBEPXHOCTB S OCTaeTcs NIPeKHUM, HECMOTDPA Ha HU3Me-
HeHHe camoro moJas D.

PaccMoTpuM cucTeMy, B KOTOPOH HET CTOPOHHHX 3apAAoB, HO
MMeIOTCS TOJBKO CBSA3aHHbIe 3apAAbl. Takoi cHUCTeMOH MOKeT
ObITh, HAIIpUMep, ILlIap U3 3JeKTpeTa (CM. CHOCKY Ha c. 69). Ha
puc. 3.6, a nokasano noJe E Takoi cucrembl. YTO MOXKHO CKa-
3aTh O COOTBETCTBYIOIEM IIojie BeKTopa D?

Ilpesxxge Bcero OTCyTCTBHE
CTODOHHHUX 3apfilOB O3HAaYa-
eT, YTO HeT MCTOYHHUKOB
noasa D: nurum BexkTopa D
HHUIJe He HAYMHAIOTCA M HHU-
rae He KoHuawoTca. Ho moise

JIm;x«)mE JI"*;“;“D D ecTh, OHO mOKasaHO Ha
puc. 3.6, 6. BHe 1mapa Ha-
Pxc. 3.6 [paBJIeHUA JUHUNA BEKTOPOB

E u D coBnagaioT, BHyTpPH
JKe IIapa UX HaNpaBJI€HHUA IIPOTHBOIOJOXKHBI: 3l€Ch COOTHO-
meHue D = eggE yxxe HecnmpaBengiuBo, u D =¢goE + P.

§ 3.5. YcaoBua Ha rpaHHIe

Paccmorpum moBegeHme BekTOopoB E m D cHauasa Ha rpaHuie
paszesia IBYX OZHOPOAHBIX HM30TPOIHBIX AUAJIEKTPHUKOB. [IycTh aumsa
6osbIet OOIIHOCTH Ha IpaHHIle pa3jesa 3THX JU3JIEKTPHUKOB HaXO-
OUTCA HOBEPXHOCTHHIN CTOPOHHHMH 3apaAja. Mckomble yciaoBuA He-
TPYZHO IOJIYYUTH C IMIOMOIILIO ABYX TEOPEM: TEOPEMBI O IIUPKYJIA-
unun BekTopa E m Teopemnl 'aycca ana BexkTopa D:

$EdI=0, $DS = gy,
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Ycaosue naa Bexktopa E. Ilycts moue I
BOJIM3H ‘TPaHMLEI pasiesia B AU3JeKTpHUKe I 2 T

paseo E|, a B nuanexktpuke 2 — E,. Bosp- 7~ —=7r—
MeM HeOOJIbIION BBHITAHYTBIA HPAMOYTOJIb-
HBIi KOHTYD, OPMEHTHDOBAB €ro TaK, KakK
moxKasaHo Ha pwuc. 3.7.

CTOpoHBI KOHTYpa, MapajliieJIbHbIe TDaHUIE pasfesa, AOJIXKHBI
MMeThb TaKy10 AJHUHY, YTOOBI B ee mpeaenax moJe E B KaxaoM gua-
JIEKTPHKE MOXXHO OBIJIO CYUTATH OJUHAKOBBLIM, & «BBICOTA» KOHTY-
pa moskHa ObITH TpeHeOpeKknMo Masoit. Torga coraacHo TeopeMe O
IUPKYJIANUN BeKTopa E

Puc. 3.7

EZtl + Elt'l = 0,

rae npoeknuu BeKTopa E B3ATH Ha HampaBJiieHHe 00X0Ja KOHTYpa,
yKa3aHHOe Ha PHCYHKe CTpeJKaMHu. Eciy Ha HH)KHEM yJacTKe KOH-
Typa mpoeKnuio BekTopa E B3aATH He Ha opT 1T, a Ha 06Ul OpT 7,
To E,, = —E,, ¥ U3 OpPeALIAYIIEro YPaBHEHUA CIeAyeT, UTO

E =E,, (3.22)

T. e. TAHTeHIMAaJbHaA cocTaBasaiomas E okaspiBaeTCAa OQUHAKOBOI
no obe CTOPOHBI I'PAaHMILI pasfgesia (He IpeTepleBaeT CKaukKa).
YcaoBue aaa BekTtopa D. Bospmem

OYeHb MAJIO# BBICOTHI IMJIWHID, PAacCIOJIO- " s
)KMB €ro Ha TpaHHIe pasjeja ABYX IUI- 2 n
JeKTpUKOB (puc. 3.8). CeueHne muInHIpPa 1 Sl
JOJI’KHO OBITH TaKMM, UTOOBI B IIpenesax

KaXXJoro ero rTopua BekTop D Obl1 oguHa- n
koB. Torza corsacHo Teopeme I'aycca musa Puc. 3.8

BeKTOpa D
DznAS +D1n'AS =GAS,

rfe © — IMOBEPXHOCTHAA IJIOTHOCTh CTOPOHHErO 3apsaja Ha IpaHHIe
paszena. Basas o6e npoexknun BekTopa D Ha o6u1yro HopMaab n (0OHa
HallpaBJIeHAa OT OHU9JIEKTPUKA I K OUBJIEKTPHKY 2), IOJIYyYUM
D,, =-D,,, unpegsiayiiee ypaBHeHNE MOXKHO IIPUBECTH K BULY

D, - D, =o. (3.23)
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K13 3TOro COOTHOLIEHNA BHAHO, YTO HOPMAaJbHAA COCTABISIOLIANA
BekTopa D, BooOmie roBops, IpeTeplmeBaeT CKAuOK IPH Iepexone
rpasunsl pasgena. OZHAKO ecIM CTOPOHHME 3apAAbl Ha I'DaHHIE
pasgena oTcyrcTBYOT (o = 0), TO

D, =D,,. (3.24)

B aToM ciyuae HOpMaJIbHBIE COCTaBJAIOMe BeKTopa D ckauka He
HCIBITHIBAIOT, OHM OKAa3bIBAIOTCS ONMHAKOBBIMHM II0 DPas3HbIE CTOPO-
Hbl TpaHHMIBI pasfgeia.

Takum o6pas3om, ecaiH Ha IpDaHHIE pasfesa ABYX OXHOPOAHBIX
HM30TPOIHBIX AWUIJIEKTPHUKOB CTOPOHHUX 3apAAOB HET, TO IIPH Iepe-
Xone 3TOX rpaHuMubl cocTapasawmmue E.u D, ne namensiorca. Co-
craBasomue xe E, u D mperepneBaloT CKauoK.

IIpenomnenue sunanit E u D. IlosyyeHHBIe HAMHU YCJIOBHSA LIS CO-

craBasomux BekTopoB E u D Ha rpanune pasgena

_-ng_ OBYX HOHMAJIEKTPMKOB O3HAUYalOT, KaK MbI ceifyac
E,, ‘J‘Z:'E2 YBAINM, YTO JMHHUK 3THX BEKTOPOB HCIBITHIBAIOT
Ha 9TO# rpaHHUIe U3JIOM, IpeJIoMIAI0TCA (puc. 3.9).

1 “
HaiinemM cooTHOIIeHMe MeXAy YIJIaMM O; M O

E /%, Ecnu CTOPOHHMX 3apAZOB HAa TDAHHUIE pasjena
" HeT, To coruacHo (3.22) u (3.24) E, = E,,, &E,, =
-Et-ﬂ =¢,E,, . U3 puc 3.9 cxemyer, uTo
1t
Puc. 3.9 g0y _ Epe/Epp

tgoy - Elt /Eln

OTcioza ¢ y4eTOM HpeABLIAYINHUX YCJOBMI ITOJydaeM 3aKOH IIpe-
Jgomaenusa guHuii E, a 3Haunt, n guHNiA D:

lga; _%2 (3.25)
tga, &

JTO 03HAYAeT, UTO B AUIJIEKTPHKe ¢ OOJbIINM 3HAUYE€HHEM € JIH-
HuK E u D GyayT cocTaBaAaTh 60JbIIKRE YyroJ ¢ HOPMAaJIbIO K 'DaHHU-
e pasgmena (Ha puc. 3.9 g, > g).

IIpumep. N3o6pasum rpadpuuecku moas E u D y rpaHunsl pasgena ABYX
ONHOPOIHBIX AUIJIEKTPHUKOB I u 2, cuuTasd, 4TO €5 > €, M YTO CTO-
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POHHEro 3apfAfga Ha 3TOH IIO- ! o3
BEPXHOCTH HET. g |

)
Tak Kak €; > €;, TO COrIACHO |
(3.25) ay > o, (puc. 3.10). |
Jlanee, U3 paBeHCTBA TAHIEH- a,{

1

LUaIbHOM COCTaBJAIOLIEH BeK- IoreE Ilose D
Topa E HeTpyaHO cooOpa3uts ¢
noMolubo puc. 3.9, 4To IO Mo- Pnc. 3.10

aymo Ey <E,, T. e. TUHUHU BeK-

Topa E B quanextpuke 1 JOMKHBI OBITH I'yllle, 3TO U ITOKA3aHO Ha
puc. 3.10. 13 paBeHCTBa »Ke HOPMAJIbHBIX COCTABJISIOLINX BEKTO-
pa D Taxxe HeTpyQHO 3aKJIOUHTb, YTO IO Moxymio Dy, > Dy, T. e.
auHNK BeKTopa D MOMKHEI GBITH Iyllle' B AU3JIEKTPHUKe 2.

M&1 BUOUM, YTO B HallleM ciayd4ae JUHUM BeKkTopa E ucnbIThIBaloT
npesjoMJeHHe K, KpOMe TOro, TEPHAT Das3phIB (M3-3a HAJTHYUA
CBA3aHHBIX 3apANOB), JIMHUHU Ke BeKTopa D HCIBITHIBAIOT TOJTBKO
npejoMJeHue, 6e3 pasphiBa (TaK KaK CTOPOHHHX 3apAgOB Ha rpa-
HHUIIE HeT).

YcaoBHe Ha rpaHHIe NPOBOXZHMK — Iu3jJeKTpuK. Ecau cpena
1 — mpoBOAHHK, a cpefa 2 — AMAJIEKTPHK (cMm. puc. 3.8), To U3
dopmyasr (3.23) caexyer, 4To

D =o, (3.26)

n

rae N — 6HEULHAA TI0 OTHOMIEHNIO K MPOBOJHUKY HOpMaJb (ABOMKa
B MHJEKCe 37eCh OIyIeHa, MOCKOJbKY OHA He CYLIeCTBEHHA B JaH-
HOM ciayd4ae). Y6eanmcs B cupaBegauBocTH popmyas! (3.26). B co-
CTOSHUM DPaBHOBECHUS JJIEKTPHUYECKOe II0JIe BHYTDH IIPOBOJHUKA
E =0, 3HauuT, n noaapusoBadHocTk P = 0. A aTo, B CBOIO ouepenb,
o3HayaeT corsacHo (3.17), uro u Bekrop D = 0 BHyTpM nmpoBOAHU-
Ka, T. e. B o0o3HaveHuax Gopmy.sl (3.23) D; = 0 u D,, = 0. Ocraer-
ca D,,= o.

CBA3aHHBINH 3apsan y NMOBEPXHOCTH NPOBOAHMKA. Ecim K 3aps-
JK€HHOMY YYacTKy IIOBEDXHOCTHM MPOBOAHMKA IpHJeraer OLHODPOA-
HBIA OMAJIEKTPHK, TO Ha IDAHHUIE ITOr0 AUIJEKTPHKA C IPOBOAHU-
KOM BBICTYIIQIOT CBSI3aHHBIE 3apAAbl HEKOTOPOH IUIOTHOCTH G’ (HAa-
IIOMHHUM, YTO AJISI OJHODOJHOI'O AMIJEKTPHUKA 00beMHAas IJIOTHOCTH
cBa3aHHBIX 3apaAgoB p' = 0). [IpumeHnM Tenepb Teopemy I'aycca
BekTopy E — aHajornusHo ToMy, KakK 3TO ObLJIO CHEJaHO IIPHM BLIBOJE
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dopmynsr (2.2). UMea B BuAY, 4TO Ha rpaHHUIE pa3fesa IPOBOAHUKA
C IU3JIEKTPMKOM €CTh KaK CTOPOHHME, TaK M CBA3AaHHbIE 3apAAbI (O 1
c'), IpuaeM K clenywoleMy BeipaxkeHuio: E =(c + o' )¢, C apyroit
CTOpPOHBI, coruacHo (3.26) E, = D, /eg, = o/¢eg,. I3 aTHX ABYX ypas-
HeHU# HaxomuM: o/e = o + o', OTKyZa

G =- G. (3.27)

BPIJ.IHO, YTO IIOBEPXHOCTHAaA IIJIOTHOCTbHb G’ CBSA3aHHOTIO 3apdaga B
ANJJIEKTPUKEe OJHO3HAYHO CBA3aHA C HOBerHOCTHOI;'I IIJIOTHOCTBIO C
CTOPOHHEI'0O 3apsija Ha IIPDOBOOHHNKEe, INIDUYEM 3HAKH 3THX 3apAnoB
IIPOTHUBOIIOJIOXKHBI.

§ 3.6. Ilosle B OOHOPOAHOM IHIJIEKTPHKE

Eme B § 2.1 65110 OTMEUEHO, UTO ONPefesieHre pe3yabTUPYIOole-
ro monsa E B BemjecTBe conmpsaeHO ¢ GONBIIMMHU TPYAHOCTAMH, II0-
CKOJILKY MBI He 3HaeM 3apaHee, KaK DacIpelessiloTCA MHAYIHMPO-
BaHHbIe 3apAAbl B BeliecTBe. fICHO TOJNBKO, UTO pacIpejesieHue
3THX 3aPAJ0B 3aBHUCHUT OT IPUPOALI X (DOPMBI BEILIECTBA, a TaKKe OT
KOHGuUrypanuu HemrHero mons E.

ITosTomy B 00miem ciayuae pelleHHe BOIPOCA O DPe3YJIbTUDPYIO-
mem nose E B AM3/IeKTPHKe HaTaJIKHWBaeTCA Ha Cepbe3Hble TPYAHO-
CTH: ompeneneHNe Makpomoas E' cBA3aHHBIX 3apAZOB B KaXXOM
KOHKDETHOM CJIyuyae IIpeJCTaBJigeT c000if, BOOOIIe IOBOPHA, CJIOMXK-
HYI0 CaMOCTOATEJNbHYIO 3aladyy — YHUBEPCAJbHOH (OPMYJIBI IJis
Haxoxgenusa E', K coxxajneHH1o, HeT.

HckimioueHne cocTaBiseT cjaydail, KOorjga Bce IPOCTPAHCTBO, I'ie
umeerca noJe Ej, 3aI0JHEHO OOHOPOAHBIM HM30TPOIIHBIM IHIJIEKT-
pukoM. Paccmorpum 3ToT cayuait Oosiee moapo6Ho. IIpemcraBum
cebe 3apAKEHHBI NPOBOAHMK (MM NPOBOJHUKH) B BaKyyMe —
0OBIYHO CTODOHHME 3apALbI DACIIOJaralOTCA Ha NMPOBOJHMKaxX. Kak
MBI Y?Ke 3HaeM, B COCTOAHUY PaBHOBECHSA II0JI€ BHYTDPM IIPOBOAHUKA
E = 0, 3T0 IpM onpeseIeHHOM M eIUHCTBEHHOM pacIpefesieHNH I10-
BE€PXHOCTHOro 3apsana o. IIycTs B OKpy’kKaloIleM IPOBOJHUK IIPO-
CTPaHCTBe CO37aHO mpu arom noae E,.

Tenepp 3amOJHHUM BCe IPOCTPAHCTBO, I'le €CThb II0JIe, OLHODPOJ-
HBIM AUJJIEKTPHKOM. B TaKOM AM3JIEKTPHKE BCJIEACTBHE €ro II0Jf-
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pH3alU¥M MOABATCA TOJLKO MOBEDXHOCTHBIE CBABAHHBIE 3apALbI
¢’ — Ha rpaHHIE C IPOBOZHMKOM, IIPHYEM 3apAALI ¢ OXHO3HAYHO
CBSI3aHEI CO CTOPOHHMMH 3apAAAMH G HA IOBEPXHOCTH MPOBOAHHKA
corsacao (3.27).

BryTpH )Xe NpPOBOAHHMKA IOJIe IO-MpeXXHeMy O6yaeT OTCYTCTBO-
BaTh (E = 0). 3To 3HAUYHUT, UTO paclupeiejieHHe INOBEPXHOCTHHIX 3a-
PAROB (CTOPOHHMX G + CBSA3aHHBIX ') Ha FPaHUIIE pasjesia MPOBOA-
HUKa M JUIJIeKTPUKa OyneT nodo6ro NIpeXHEMY pacipeeseHUI0
CTOPOHHHUX 3apAgoB (6), ¥ KOHQHUrypauusa pe3yJIbTHUPYIOIIEro IoJs
E B aAualeKTpHKe OCTAHETCA TOH e, YTO ¥ NPH OTCYTCTBHUM JUI-
JeKTpuKa. M3MeHHUTCA TOJABKO 3HAUEHHWE IOJA B KaXJOM TOUKe.

CorsnacHo Teopeme 'aycca 6 + ¢’ =¢4E,; rae E, = D, /egy = /€€y,
[I03TOMY

c+0o =0/e. (3.28)

Ho ecam 3apaasl, co3gaiomue 3JeKTpUYECKOe IoJie, BCIOAYy Ha rpa-
HUIlEe pa3fiela YMEHbIIUINCH B £ pa3, 3HAYUT, U camo moje E Toxe
crano Bcloy MeHbIre mona E, Bo cronpko ke pas:

E = Ey/¢. (3.29)
YMHOXHMB 00e JaCTH 3TOTO paBeHCTBAa Ha Egj, MOJYIUM
D =Dy, (3.30)

moje BeKkTopa D B paccMaTpMBaeMOM CJliyuae He MEHSETCH.

Dopmyasr (3.29) n (3.30), oxasslBaeTcs, CIpaBelJuBLl U B 0O-
Jnee obmeM ciayuae, KOTga OJHOPOAHBINA AUIJIEKTPHUK IIeJIUKOM 3a-
OJHAET O00beM MeXIY OSKBHUIOTEHIMAJbHLIMH IIOBEPXHOCTAMHM
nona E, cropoEEuX 3apAnoB (uau BHeIIHero mojs). M sgecs BRYyT-
pu guanextpuxa E = Ej/e u D = D,. B ykasaHHBIX ClIy4asdx HAmps-
¥ eHHOCTb E’' o1 cCBABAHHBIX 3apPAAOB HAXOAUTCA B IIPOCTOH CBA3M
C IIOJAPHM3OBAHHOCTHIO P AMajleKTpUKa, a UMEHHO

E = -P/s,. (3.31)

IJTO COOTHOIIIEHHE JIETKO monyduTh u3 ¢opmynst E = Ej + E', ecan
yuecTb, uT0 Ej = ¢E u P = x¢gyE.

B apyrux cayuasix, Kax y»xe GbIJIO OTMEUEHO, Aej0 OOCTOUT 3HA-
YUTEJLHO CI0XKHee, U ¢popMyas! (3.29)—(3.31) craHOBATCA He cIpa-
BeIJIUBHEIMHU.
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Caencreua. Hrak, eciM OZHODOAHBLIA AMAJIEKTPHUK 3alOJHSAET
BCe IIPOCTPAHCTBO, 3aHUMaeMoe II0jeM, TO HaupsxeHHocTb E mona
OyZmeTr B € pa3 MeHbIlle HaPAXKeHHOCTH E( os1s1 Tex e CTOPOHHMX
3apAgOB, HO IIPM OTCYTCTBHM AMajeKTpuKa. OTciofa cjlexyeT, UTO
MOTEeHIMAJ () BO BCEX TOUKAX TAK)Ke YMEHbIIaeTcs B € pas:

P = 9o/, (3.32)

rae ¢, — moTeéHOHaJ IoJA B OTCYTCTBHE AHIJIEKTPHKA. 9ro ke orT-
HOCHTCA M K Da3HOCTH IIOTEHIINAJIOB

U =U,/e, (3.33)

rae U, — pasHOCTb NOTEHIMAJOB B BaKyyMe, 0e3 AM3JeKTPHKA.
B npocreitieM ciyuae, Korga OGXHOPOAHBLIM AMAIEKTDPHK 3aI0JI-
HAET BCe IIPOCTPAHCTBO MEXJy OOKJagKaMU KOHOeHcamopa, pas-
HOCTb moTeHnmasoB U Mexay ero oOKjJagxkaMu OygeT B € pa3 MeHb-
Ile, 4YeM IPH OTCYTCTBHH AHIJEKTPHKa (pasymeercs, IDH TOM JKe
3HaYeHMH 3apfAfa ¢ Ha oOKJaAKax). A pa3 Tak, TO eMKOCTb KOH/EH-
caropa (C = ¢q/U) npu 3an0JTHEHUH €ro AUIJIEKTPUKOM yBEJIUUYUTCH

B £ pas:
C' =¢C, (3.34)

rae C — eMKoCTh KOHIeHcaTopa 6e3 auanexktpuka. Ciaemyer obpa-
THTh BHUMaHMe HA TO, UTO 3Ta (OpMyJia CIIpaBedIMBa IIPH 3am0J-
HEHUM 6Ce20 IPOCTPAHCTBA MEXIAY OOKJaZKaMM KOHIEeHcaTopa M
6e3 yuera KpaeBbIX 3(ddeKTOB.

C moMoInb0 HEKOTOPHIX AMAJIEKTPHKOB (KepaMHK) yAAJIOCh CO-
3JaTh KOHAEHCATOPHI €MKOCTBIO B HeCKOJabKo dapazn (I).

3azauu

3.1. IlonApPM30BaHHOCTH IUAJEKTPUKA M CBA3aHHLIN 3apan. ToueuHsIH cTo-
POHHHUI 3apsl ¢ HAXOZUTCA B LieHTpPe chepHyecKoro ciosd HeOTHODPOA-
HOTO M30TPOIHOTO AMAJIEKTPHKA, IPOHUIIAEMOCTh KOTOPOT'O H3MEHSAET-
csl TOJBKO B paguaJbHOM HalpaBJeHHH I10 3aKOHY € = Q/r, I'ie 0. — IIo-
CTOAHHASA, I' — pPACCTOSIHHME OT IieHTpa cucTeMbl. HaiTH o0beMHYIO
IJIOTHOCTh p' CBABAHHBIX 3apPANOB KaK (PYHKLIUIO r BHYTPH CJIOA.

Pemenue. BocnonbayeMcs ypasHeHueM (3.6), B3siB B KadyecTBe 3aM-
KHYTOM ITOBEPXHOCTH chepy pafuycoM r, LeHTP KOTOPOH COBIagaeT ¢
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3.2

neHTpoM cucrtemsl. Torga
4nr®- P.=-¢(r),
rae ¢'(r) — cBA3aHHBIA 3apAx BHYTpH 3Toi cheprl. 3anuirem audde-
PEHIIMAJ 3TOr0 BBIPAYKEHUA:
4nd(r*P,) = —dq'. (1)
Snecs d¢' — cBA3aHHBIN 3apAL B TOHKOM CJIoe MeXAy chepaMu paguy-

coB r u r + dr. Umes B Bugy, uto dq’ = r'41tr2dr, npeob6pasyem (1) k
BUAY

erPr + 2rP,dr = -p'rfdr,

p’=_(i‘£f_+3prJ. )

OTKYZAa

B nHamem cayuae

€
P .=ngE, = D, = 7
€ € 4nr
M BhIpa’keHHe (2) Imocje COOTBETCTBYIOIIMX INpeoGpa3oBaHUil OymeT
UMeTh BUJ,

9TO U ecThb HCKOMEIH DeayJbTarT.

Teopema I'aycca ana sexTopa D. BeckoHeuHo GoJblllas IJIaCTHHA U3
OZHOPOOHOT'O AU3JIEKTPHKA C IPOHHUIIAEMOCTBIO € 3apfA’KeHa paBHO-
MEePHO CTOPOHHUM 3apAAOM ¢ 00'beMHOM IIoTHOCThIO p > 0. Tomuua
naactusbl 2a. Hatitu:

1) moxyab BexkTopa E u moTeHumas ¢ Kak pyHKIUK pacCCTOAHUA [ OT
cepeAUHbl ILUIACTHHHI (IIOTEHUMA] B CEepeAHHE ILJIACTHUHBLI IIOJOXKHUTh
PaBHBEIM HYJIIO); B3AB KOOPDAMHATHYIO ochb X MEpPNeHANKYJIAPHO ILIac-
THHE, HW300pAa3UThb NPHUMEpPHBbIE I'PAPUKH 3aBHCHUMOCTEH IIPOEKLUH

E (x) BexTopa E m moreHnuama o(x);
2) NOBEPXHOCTHYI0 M O6'BEMHYIO IIOTHOCTH CBS3aHHOTO 3apfAfa.

Pemenue. 1. 3 coobpakeHNit CHMMETDPHH SICHO, UTO B CEpPeAMHe ILjIa-
crunbl E = 0, a Bo Bcex oCTaJbHBIX TouKax BeKkTop E mepmeHaukyia-
PE€H ITOBEPXHOCTH IJIaCTHHEI. [na onpeneneHus E BOCIOJIb3yeMCH Te-
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opemoii I'aycca pia Bektopa D (160 HaM M3BECTHO pacIpefiesieHHe TO-
JBKO CTOPOHHMX 3apAfoB). Bo3sMeM B KauecTBe 3aMKHYTOM
ITIOBEPXHOCTH NPAMOM LUIUHAD BHICOTOMH [, OXMH TOpeIl] KOTOPOro COB-
majfaeT co cpefHeH IJIOCKOCTHIO MiaacTHHEI. IlycTh miomagb ceueHus
aTOro IMJMHApPa paBHa S, Torxa

DS =pSl, D=pl, E=pl/egy, (l<a),

Esq ¢ DS =pSa, D=pa, E=pa/e, (l:>a).
"
_Ex T'padukn dyuxnuit E, (x) u ¢(x) HoxasaHb! Ha
puc. 3.11. ITonesHo yGemuThCs, UTO rpaduk
-a 0 a E (x) coorBeTcTByeT NpoM3BOXHOH —0¢p/dx.
,‘/ / ™ . X 2. Corsacuo (3.13) moBepxHOCTHAsA ILIOT-
/ AN HOCTb CBSI3aHHOTO 3apaia
,LJ N e-1
/ — o'=P,=ugE, = ——pa > 0.
Pre. 3.11 JTOT pe3yibTaT CIOpaBefIuB AjiA obeux IIo-

3.3.

BepxHocTel minacTuHbel. TakuM o6pa3oM, eciu
CTOPOHHU# 3apax p > 0, To Ha 06eMX MOBEPXHOCTAX NMJIACTUHBI BBICTY-
NIUT TaKXKe IOJIOKUTEJbHBIH CBSA3aHHBIH 3apsAx.

s onpeaeneHus 060bEMHOM IIJIOTHOCTH CBA3AHHOTIO 3apsfa BOCIIOJb-

3yeMcsa ypaBHeHueM (3.9), KoTopoe B HallleM caydae OyAeT UMeTh Hau-

6oJiee IpoCTOi BUL:

, OP, 0 (e-1 e—-1
- _ - px | =

p= ox _5 € __sp'

OTcrofa BUAHO, YTO CBA3AHHLIN 3apsal paclnpefelieH o o0beMy paBHO-
MepHO M HMeeT 3HaK, IIPOTHBOIMIOJIOXKHBLIH CTOPOHHEMY 3apaAny.

OZHOpPOAHBIA NUAJEKTPDUK HMeeT BHUJ c(HepHUUEeCKOro CJos, BHYTPEH-
HUHA U BHELIHWH pDaguychl KOTOpPOro paBHEI a U b. M3o6pasuth mpu-
MepHble rpadUKH HaNPAXKEHHOCTH E U MOTeHIHala @ 3JIeKTPUYECKO-
ro noJiA Kak GyHKIUN PACCTOAHHUA I OT LIEHTPa CUCTEMbI, €CJIN JaHHO-
My ZIU3JIEKTPHUKY COOOIIMJM IIOJIOKHUTEJNbHBI CTOPOHHUH 3apsan,
pacnpezneseHHbI# paBHOMePHO: 1) Mo BHYTpeHHe# NOBEPXHOCTH CJIOS;
2) o o6vemy ciod.

Pemenue. 1. Boconbssyemca Teopemoit 'aycca nns Bekropa D, B3sB B
KauecTBe 3aMKHYTOH NOBEPXHOCTH cdepy pafguycoM r:

4nr?D = q,
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34

rfie ¢ — CTOPOHHM 3apsia BHYTpH 3To# cdeprl. OTCIOAA CaeAyeT, YTO
D(r<a)=0, D(r>a)=q/4dnr’.

HNckomasn HaIlpAXEeHHOCThb
E(r<a)=0, E(r>a)= D/eg,.

I'padux saBucumoctu E(r) mo-
kasaH Ha puc. 3.12, a. Ha ‘ |
3TOM ’Ke PHUCYHKe H306paskeH

¥ rpaduK 3aBUCUMOCTH @ OT I.
Tpadux ¢(r) momkeH HUMeTH
TaKON BHUA, YTOOBI IIPOM3BOJ-
Has O0¢/0r, B3siTas c oOparT-
HBIM 3H4KOM, COOTBETCTBOBA-
Ja rpaduky dyHxuum E(r).

[S7) ——
~
(=)

0 a
a)

IIpu 3TOM ZOJKHO OBITH yUTe- Pue. 3.12

HO M yCJOBHEe HOPMHMPOBKH: ¢ — 0 mpu r— oo,

Cnenyer o6paTUTh BHUMaHUE Ha TO, YTO rpaduk ¢(r) siBasieTCA Henpe-
poiénbim. B MecTax KOHeUHBIX paspbiBoB ¢yHkuuu E(r) rpadux ¢(r)
WUCMBITEIBAET JIHIIL H3JIOMEI.

2. B maHHOM ciayuae corjacHo TeopeMe Iaycca
2 4 3 3
4nr’D = /o 7(r” - a’)p,

rge p — o6 beMHas IJIOTHOCTDL CTOPOHHEro 3apsana. OTCIOL[&
3 3

D p r'-a
E=—=—"—%—.

eeg 3egg r

T'padukn sasucumocteit E(r) u ¢(r) nmoxkasaHsl Ha puc. 3.12, 6.

CropoHHUe 3apsAAbLl PABHOMEPHO paclpefesieHbl ¢ 00beMHOM MJIOTHO-
cThio p > 0 mo Iapy paguycoM @ U3 OZHOPOZHOI'O AU3JIEKTPHKA C IIPO-
Hunaemoctblo €. Haittu: 1) moxysns BekTopa E Kak QyHKIHMIO paccTos-
HHUSA r OT LEHTpAa lIapa, U300pasUTh IpUMepHble rpaduky GyHKIMK
E(r) u norennuana ¢(r); 2) MOBEPXHOCTHYIO U OOBEMHYIO IIIOTHOCTH
CBSI3AHHBIX 3apSfOB.

Pemenue. 1. dna onpenenenuss E Bocmosn3yeMmcsa Teopemoit Iaycca
Iasi BekTopa D, mOCKOJBKY 3aflaHO pacnpefejieHue JHUIIb CTOPOHHUX
3apANOB:

r<a, 41tr2D=§nr3p, D=§pr, E=£=Lr,

ggg  3egg
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D 1
r:a, 4nr2D=ina3p, p=P_ E=—=L—2.
3 &

I'paduxn byuxuuit E(r) u ¢(r) moxasaHbl

Ha puc. 3.13.
]
2. IloBepxHOCTHASA MJOTHOCTh CBA3aHHOIO
sapaga
) E .
1
e-1pa
! o=p =E£7°P2
L — " e 3
0 a r

IOns HaxoKIeHUsA OGBEMHOH ILIOTHOCTH
Puc. 8.13 CBSA3AHHBIX 3aPAKOB AOCTATOUYHO IOBTOPHUTH
paccy»XaeHHus, KOTOpble IPHUBEJH Hac K

¢opmyse (3.11), u MBI noOJyUYUM

p. (1)

OTOT pesyNbTAT MOKHO MOJYYUTh M MHAYE — C MOMOIIBIO YPaBHEHMS
(3.9). A umenno, Tak kak P = xgE u % He 3aBHCHUT OT KOOpPAMHAT
(BHYTDH 1apa), TO

p'=-V-P=-xgV E,

rae gV E=p + p'. Ilosromy p' = — = (p + p’), oTKyAa U crenyer (1).

3.5. EmkocTs nposoguuka. HaiiTH eMKOCTE 111apOBOro MPOBOZHUKA Paguy-
COM a, OKPY’KEHHOTO IIPUMBIKAIOIIUM K HEMY CJI0€M OZHOPOAHOIO IH-
3JIEKTPHUKA C HapPYXKHBIM paguycoMm b m mpoHuiaeMoctbio €. M3o0pa-
3UTh NPHMepHbIe rpadUKU 3aBUCHUMOCTeil mnouA E(r) m moreHmuana
¢(r), re r — paccTOsiHMe OT LeHTpa llapa, €CJH IPOBOAHUK 3apsKeH
MI0JIO’KUTEJbHO.

Pemenue. Ilo onpexenenuro, emkocts C = q/¢. Haiinem nmorernuan ¢
NPOBOAHUKA, MBICIEHHO COOOIMB eMy 3apAx ¢:
© b ©
1 q 1 q
¢=[Edr =——[Zrdr + — [ dr.
" 4 e, o Er 4ng, »7

Ilocie MHTErpUPOBAHUSA 3TOT'O BHIPAYKEHUSA IOJYUUM:

0=—2 (_l_ﬁ'_"l), C-__ 4meca
4dneggela b 1+(e-1)a/b
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3.6.

3.7

T'padukm saBucumocreit E(r) u ¢(r) nokasa-
HBI Ha puc. 3.14.

Emkxocts koHgencaropa. Chepruueckuit KoH- H
JeHcaTop ¢ paguycamMu obkJazok a u b, rae
a < b, 3aIIOJTHEH UB3OTPOIHBIM, HO HEOIHO-
PORHLIM JOU3JIEKTPHUKOM, IIPOHHUIIAEMOCTH
KOTODOTO 3aBHCHT OT DACCTOAHMA I K0 LeHT- O a
pa CHUCTEMBI KakK € = a/r, & — IIOCTOSIHHAad.

HaifiTn eMKOCTh TaKoro KOHIEHCATOpa.

S S
<

Puc. 3.14

Pemenne. CorsiacHO omnpenesieHHI0 eMKOCTH KoHaeHcatopa (C = q/U)
3aflaya CBOOUTCA K HAXOKAEHUIO PA3HOCTH moTeHuuaitoB U mpwu 3a-
OaHHOM 3apsje ¢:

U=]7'Edr, 1)

Tfie TpeAIojaraeTcs, YTO BHYTPEHHAs oOkjIangka nmeeT 3apaAx q > 0.
Onpenenaum E ¢ nmomoibio TeopeMel I'aycca gns BexTopa D:

4amv’D=q, E=—=—9 _ - 9

Ilocsne moacTaHOBKM IIOC/IeAHEro BhIpa)keHUA B (1) M COOTBETCTBYIO-
IIIeT0 MHTErPUPOBAHUA Halifiem:
b 4neg0
v=-—3 1m2, =22
4mgg0  a In(b/a)

Teopema I'aycca m npuHIMn cynepno3unuu. meercs nuaiexkTpude-
CKHH IIap, KOTOPHIM COXpaHseT COCTOSHHE IOJSPHU3ALMU II0CJe BbI-
KJIIOYEHHUS BHEIIIHEro 3JeKTPHUUYECKOro nois. Ecau map moisapH3oBaH
OIHOPOJHO, TO HAIIPAMKEHHOCTH NoJd BHyTpu Hero E' = -P/3g,, rae
P — nonApu3oBaHHOCTS.

1. IMonyyuts 3Ty GOPMYNy, CUATAS UTO MAak IOJAPUIOBAHHBLIN IIap
€CTh pe3yJbTAT MAJIOTO CABUra BCEX IOJOKHUTEILHBIX 3apANOB IU3-
JIEKTPUKA OTHOCHUTEJBLHO BCEX OTPHUIATENLHEIX 3apAfOB.

2. Bocnosb3oBaBIINCh dTOH (opmyJoit, HaiiTh HanpsseHHOCTH E,
noJsA B chepruyecKoil moJOCTH BHYTPH G€3rpaHUYHOrO CTATHYECKH IIO0-
aapusoBanHoro (P) AuajeKTpHUKa, eCI BIAJH OT IOJOCTH HAIPAKEeH-
HOCTb B AU3JEKTPHUKe paBHa E.

Pemenmne. 1. IIpeacTaBUM Tako# I1ap B BHJE ABYX IIapOB OJMHAKOBO-
ro paguyca, HMeEOIUX PABHOMEPHO paclpeejeHHble 3apAabl C MJIOT-
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HOCTAMH p U —p. I'ch'rb B pel3yJbTaTe MAaJoro
CABHUra LI€EHTPhI IIIapOB CMECTHJIHUCHh OTHOCHTE-
JbHO APYT Apyra Ha paccroaxue 1 (puc. 3.15).
Torzma B IpOM3BOJBHOI TOUKe A BHYTpH I1apa

' ' ' p pl
E=E,+E =2 (r,-r)=-2,
NGRS EET

rfie UCIIOIH30BAHO, UTO HAIPAKEHHOCTb IIOJA
BHYTPH DAaBHOMEDHO 3apsKeHHoro mapa E =
= pr/3e,, 3TO HEMOCPEACTBEHHO CJIeAyeT U3 Teo-
pemul T'aycca. Ocraercs ydyecTh, 4To, corjacHo (3.4), pl = P.

Puc. 3.15

2. CosgaHme chepHyecKOl IIOJIOCTH B AUIJIEKTPHUKE 3KBHBAJEHTHO
yOAJIeHHIO IIapMKa M3 IOJAPHU30BAHHOro BellecTBa. IloaToMy 1o
NPHUHIMIY CYNEePIO3UIUH Noje E BHYTPpH TU3JIEKTPHUKA MOXET ObITh
npexncrasiaeHo kak cymma E = E' + E;. Otciona

E), =E-E'=E + P/3¢,.
T. e. mosne B cheprueckoit mosoct 6osabire noada E B fuajiekTpuke Ha
BeJauuuHy P/3g.

3.8. I'pannuynsbIe ycaousa. B6ausu Touxku A (puc. 3.16) rpanuisl pasgena
AU3JEKTPUK — BaKyyM HANDPAXKEHHOCThb 3JEKTPHUYECKOro I0Jsd B Ba-
kyyMe paBHa E;, npuuem BekTop E, cocraBnser
yroJ o, ¢ HOpMaJbio K ITOBEPXHOCTH pasfesa B
maHHOH Touke. IIpoHHIIaEMOCTH AMAIJIEKTPHKA
¢. Haiitu otHomenue E/E,, roe E — Hanpsa-
JK€HHOCTb IIOJIA BHYTDHM [OU3JIEKTPHUKaA BOJIN3H

TOYKH A.

Pemenne. HanpsiskeHHOCTh IOJIA BHYTPHM IQU9-
JIEKTPHKA

E=\E!+E:. (1)

BocnosnbsoBaBuincy ycaosuamu (3.22) u (3.24) Ha rpaHuie pasgeia
IU3JEKTPUKOB, HalzeM:

Puc. 3.16

E, = E;sinq, E,=D,/eg, = Ey,/e = (Ey/€) cosay,

rae E,, — HOopMaibHa#a cocraBisiomias BekTopa E, B Bakyyme. Iloa-
CTaBHB 3TH BhIpa)keHus B (1), moayuum

E .2 cos® oo
— =,[sin oy + —5—
0 €

<1,
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3.9. ToueuHbIll 3apAL ¢ HAXOAUTCA B BAKYy-
Me Ha PacCTOAHHUM [ OT IJIOCKOH MoBepX-
HOCTH OLHOPOZHOIO HOHIJEKTPHKA, 3a-
NMOJIHAIOLIEr0 BCe IOJYIPOCTPAHCTBO.
IIpornaeMocTs guaseKTpuKka €. Haitu:
1) DOBEpXHOCTHYIO IJIOTHOCTh CBS3aH-
HBIX 3apAA0B KaK QYHKIHIO PACCTOIHUA
r OT TOYeYHOro 3apsafa ¢, HCCIEeJOBATD
MOJIyYeHHBIN pe3yJbTaT; 2) CyMMapHbIA Puc. 3.17
CBSI3aHHBINM 3apsA[] HA IIOBEPXHOCTH AH3-

JIEKTPHKA.

Pemenne. 1. BocnosnsdyeMcss HeNpPepbIBHOCTHIO HOPMAaJbHOM COCTaB-
asaoumeit BekTopa D Ha rpaHuue gusnekTpuka (puc. 3.17):

D2n =Dln’ E2n=8E1n
uIn
- %cosS+L=e— 1 izcosS—fL ,
dney r 2¢, 4ney r 2¢,

rgpe ciaraemoe 0"/280 — 9TO cCocCTaBJafAKOIIagd HANPAXEHHOCTH II0Jid,
co3gaBaeMas BOJIM3H paccMaTpuBaeMoro ydyacTKa IJIOCKOCTH, Ha KO-
TOPOM IIOBEPXHOCTHAas IIJIOTHOCThL 3apdAha paBHAa ¢'. U3 nocnexHero
YpPaBHeHus cJjenyetr, 4TO

e-1 gql
¢=--"——. 1
€+121:r3 1

3zech yureHo, uTo cosd =1l/r. IIpun | - 0 Beamuuna o' — 0, T. e. eciin
3apAf ¢ HAXOAUTCA Ha CaMOil rpaHHUIle pasfiesia, TO INOBEPXHOCTHBIMN
3apsj Ha ILJIOCKOCTH OTCYTCTBYET.

2. PaccMOTpHM TOHKOE KOJIBIIO Ha TPaHMIlEe pasfesa ¢ LeHTPOM B TOY-
ke O (puc. 3.17). IIycTs BHYTpeHHMII X BHEIIHHI paguychl 3TOrO KO-
apua ' ur' + dr'. IlIoBepXHOCTHBIN CBA3aHHBIH 3apAL B IIpeJejaax AaH-

2 2
Horo kKosbla dg' =¢’ - 2rnr'dr'. I3 pucyHKa BUAHO, YTO rP=1%+r? or-
Kyza rdr =r'dr', u Belpakenue aasa dq’ ¢ yueroM (1) npuoGperaeT BUL
, e-1 dr

dg' = | —.
q :a+1q,-2
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IIponHTerprpoBaB 3TO ypaBHEHHE IO r OT | JO o, MOJIYy4YUM
,_ e-1 q
e+1 "

3.10. ToueyHbIit 3apAL ¢ HAXOLUTCA HA IJIOCKOCTH, OTHEJSAIOLIEH BaKyyM
OT 6e3rpaHUYHOr0 OZHOPOJHOI'O JUIJIEKTPHUKA C MPOHHUIIAEMOCTBIO €.
Haittu Moaysns BekTopoB D u E Bo BceM mpocTpaHCTBe.

Pemenne. B aHHOM Cily4ae M3 YCIOBHS HENPEPHIBHOCTH HODMAJb-
HOH cocraBisolleil BekTopa D ciexyer, uto E,, = ¢E,,. Bkaang B
HOPMAaJIbHYIO cOcTaBsoIyio BekTopa E 6yaeT 1aBaTh TOJBKO MOBEp-
XHOCTHBIN 3apsaf ¢’ BOJIM3HN WHTepecyolleil HaC TOYKHU, IO3TOMY IIpe-
ObIAylllee PaBEHCTBO MOXKHO IlepelmucaTh TakK:

o'/2ey =€ (—0'/2¢).
Orcroma cpasy BHAHO, uTOo ¢ = 0.

Hrak, B JaHHOM cJyuyae [TOBEPXHOCTHBIA CBA3AHHLIN 3apAL OTCYTCT-
ByeT (KpOoMe TOYEK, HENOCPEACTBEHHO MPHUJIEralINNX K TOYEYHOMY
CTODOHHEMY 3apsAy ¢). 3HAUKUT, JEKTPHYECKOe II0Jie B OKPYKAalo-
II[eM IIPOCTPAHCTBe — JTO II0Jie TOUYeyHoro 3apsaa ¢ + ¢', u E saBu-
CHUT TOJIBKO OT PACCTOSIHHMA I IO dToro 3apsaga. Ho sapanx ¢' HaM He
U3BeCTeH, I03TOMY BOCIIOJIb3yeMca Teopemoit 'aycca a5 BexTopa D.
B3siB B KauecTBe 3aMKHYTOM IOBEPXHOCTH cepy PaguycoM r C LeHT-
POM B TOUKE HAXOMAEHHUA 3apsfa ¢, 3alMileM

2 2

2nr’Dy + 2nr°D = g,
rae Dy u D — mozmynu BekTopa D COOTBETCTBEHHO B BaKyyMe M JUd-
JIEKTPUKe Ha DACCTOAHHUU I OT 3apsaja (.
Kpome Toro, u3 ycinoBus HempepbIBHOCTH TAHI'€HIIMAJbLHOM COCTAaB-
aawoumeid BekTopa E ciexgyer, uro

D = EDO.

M3 nociegHUX ABYX YCJIOBHHA HaXOAUM, UYTO

q gq

Dg=—3% _ p-__%
" on(1+ el 2n(1 + e)r?

¥ HAIPSKEHHOCTb 3JIEKTPHYECKOro II0JIA BO BCEM IIPOCTPAHCTBE

Do __ ¢
2

€&  2n(1 + €)gyr

BugHo, uTo npe € = 1 3T GOPMYJIBI NEPEXOAAT B M3BECTHbIE HAM
BeIpaskeHus Iiasa D u E TodeuHoro sapsija B BaKyyMe.
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IlosyueHHble pe3yabTaThl rpadHUYecKH MpeAcTaBjIeHB! Ha puc. 3.18.
Cnepyer o6paTUTh BHUMaHHe Ha TO, UTO noJjie D B JaHHOM ciydae
omnpefeseTcsd He TOJBKO CTOPOHHHMH 3apsgaMH (MHaYe OHO HMeJIO
6Bl BHJ IOJIA TOYEYHOTO 3apAna).

ITone E Ilone D

Puc. 3.18
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3|-|eprm| ANeKTpn4yecKkoro nonsa
v

§ 4.1. dueKTpHUYEeCKasas 3HEPrus CHCTEMbI 3apPAXOB

JHepreTHYeCKHil MoAXoa K B3auMmopaeicTBuIO. Takoil moaxox k
B3aMMOJENUCTBUIO 3JIEKTPUYECKUX 3apANOB SABJIAETCHA, KAK MbI YBH-
IUM, BECbMa ILIOJOTBOPHBLIM II0 CBOMM IIPAKTHYE€CKHUM IIPHMMEHEHU-
sIM, & KpOMe TOr0, OTKPBIBA€T BO3MOYKHOCTDb II0-NHOMY B3IJIAHYTH U
Ha CaMO 3JIEKTPHUUYECKOe II0Jieé KaK (hM3MUECKYI0 pPeabHOCTh.

IIpesxne Bcero Mbl BHIICHHM, KaK MOYKHO IPDHUITH K IIOHATHIO O
SHEPTrUH B3aMMOAEHCTBHS CHCTEMbI 3apALOB.

1. CHauajsa pacCMOTPMM CHCTEMY, COCTOAINYIO M3 ABYX TOUYEU-
HBIX 3apAnoB I m 2. Haiigem anrebpamyecKyio CyMMY 3JeMeHTap-
HbIX pabor cun F, u F,, ¢ KoTopeIMu 3TH 3apsaasl B3aMMOJEHCTBY-
10T. IlycTs B HekoTOpPOIl K-cucTeMe oTcuera 3a BpeMmsa d¢ 3apsasbI co-
Bepmman nepememenusa dl; m dl,. Torna pabora aTux cuna

8A1’2 = Fldll + delz .

YuursiBad, uro F, = —F, (1o Tpersemy 3axkony HeioToHa), nepe-
IMHAIIEeM IIpeAbIAyllee BHIPaXKEeHHe:

8Al,2 = Fl(dll -dlz) .

BesnnunHa B CKOOKax — 3TO IepeMellleHre 3apsaga I OTHOCHUTe-
abHO 3apAzna 2. Tounee, 3TO ecTh nepemelerne 3apaga I B K'-cuc-
TeMe OTCYeTa, YKeCTKO CBA3aHHOH ¢ 3apaAaoM 2 K IepeMelaloueica
BMeCTe C HUM IIOCTYIIaTeJbHO II0 OTHOIIEHHUIO K MCXO0AHOM K-cucre-
Me. [eiicTBuTeNbHO, epeMemenue dl; sapana 1 B K-cucremMe Mo-
*eT ObITb IpejcTaBIeHO Kak Iepememenue dl, K'-cucTemsl ILIIOC
mepememenne dl] sapaga I orTHocuTeabHO 3T0it K'-cucTeMbl:
dl; =dl, +dlj. Orcioma dl; -dl, =dl} =

8A1’2 = Fldll .
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Hrak, oxaspiBaeTcs, YTO CyMMa 3JIeMEHTADHBIX paGoT B IIpous-
BOJIbHOI K-cmcTeMe oTcueTa BCerjga paBHA dJIeMEeHTapHOH pa6ore,
KOTODYIO COBepIIIaeT CHJa, AeHCTBYIOIIAasa HAa OAUH 3apsAfd, B CHCTe-
Me OTcueTa, rae Apyrou sapsapx noxkourcsa. MlHauye rosops, pabota
0A; , He 3aBHCHT OT BbI6Opa MCXOAHOH K-CHCTEMBI OTCYETa.

Cuna F,, meiicrByromas Ha 3apaf I co cTOpOHBI 3apAnga 2, KOH-
cepBaTHBHaA (KakK cmJa IeHTpajabHas). Iloaromy pabora maHHOM
cuibl Ha mepememeHnn dl] MoxxeT GbITH IpeACTaBI€HA KaK YOBLIb
OTEeHIIMAJbHOM 9Hepruu 3apaja I B mose 3apaga 2 MJIM Kak yObLIb
[OTEeHIINaJbHON 9HEPrMH B3aMMOAEHCTBHUA 3TOH Iaphl 3apANOB:

8Al,z =—dW,,

rae W,, — BeJHUYMHA, 3aBHUCSAIIASA TOJbBKO OT DPACCTOAHHA MEXIY
NaHHBLIMHM 3apsagaMH.

2. Temeps mepeiifieM K CHUCTEMe M3 MpeX TOYEUHBIX 3apPANOB (IIO-
JIYYEHHBIA AJI 9TOr0 CJydas pe3yJbTaT JIerKo 6yaeT 00061IMThL Ha
CHCTEMY M3 IIPOM3BOJILHOrO 4HucJa 3apanoB). Pabora, Koropyio co-
BEpIIAIOT BCE CHJILI B3ANMOJAEHCTBUA IIPH 3JIeMEHTAapHLIX IlepeMelre-
HUAX BCeX 3apAN0B, MOXKeT ObITh IIpEeACTaBJieHA KaK cyMMa pador
BCeX TPeX Iap B3auMOAEHCTBHH, T. e. 84 = 84, , + 84, 3+ 84, ;. Ho
IUIA Ka)XIOH mapbl B3aMMOAENCTBUI, KAK TOJbKO YTO OBLLIO ITIOKAas3a-
HO, 04;, = —dW,,, noaromy

rie W — asnepzusa 63aumodelicmeus NaHHON CHCTEMBI 3apafoOB,
W = W12 + W13 + W23.

Kaxnoe ciaraemoe 3TOil CyMMBI 3aBHCHUT OT DACCTOAHHUSA MEXIY
COOTBETCTBYIOLIUMHU 3apAAaMHu, I03TOMY 9Hepruss W naHHOH cucTe-
MBI 3apAAOB eCTh (PyHKIUA ee KOH(pHUrypammu.

ITomo6HbIE pacCyXAeHNs, OUEeBUAHO, CIPABEAJUBLL U AJIS CHCTe-
MBI U3 JI060r0 umcia 3apAoB. 3HAUHUT, MOXKHO YTBEDPXKJAATb, YTO
KaX 0¥ KOHQUrypanuy Npon3BOJIbHONA CHCTEMBI 3aPALOB IIPUCYIIE
cBOe 3HaueHHMe 3Heprmm W, m pabGoTa BceX CHJ B3aHMOIEHCTBUA
Ipu U3MEHEeHUM 3TOil KoHMrypanmmm paBHa yoObiu W:

dA = —-dW. (4.1)
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JHeprusa B3aumoneiictBua. HaiinemM BrIpa)keHHe AJA 3HEPrUH
W. Crauana pacCMOTDHMM ONATb CHCTEMY M3 TPeX TOYEUHBIX 3apsd-
J0B, IJIA KOTOPOH MBI mOKasanau, uto W = W, + W, + W,,. Ilpe-
obpasyem 3Ty cyMMy ciaenyiomum obpasom. IIpexmcraBum Kaxxioe
cnaraemoe W, B cummerpuuHoM Buge: W, = (W, + W,,)/2, nocko-
apky W, = W,,. Toraa

CrpynnupyeM 4jeHbl C OAMHAKOBHIMM IEePBBIMHM HMHIEKCAMM:
W =[(Wyy + Wig) + (Wyy + W) + (W + Wip)l/2.

Kaxnmas cymma B KDYTJIbIX CKOGKax — 3To 3Heprua W, Bzaumo-
IeicTBHA i-TO 3apsAga ¢ OCTAJLHBIMH 3apagamu. Ilosromy mocien-
Hee BbIpa)KeHHE MOXKHO IlepenucaTh TaK:

oo

W =1,(W, + W, +W3) =Y, 2 W,
im1

O6001meHne mMOJTyYeHHOrO0 BHIPAXKEHHS Ha CHUCTEMY U3 IIDOM3BO-
JILHOTO YHCJa 3apAA0B OUYeBHAHO, NGO SICHO, UYTO IPOBEJEHHBIE pac-
CYXXIeHUA COBEPLIEHHO He 3aBHUCAT OT YMCJIA 3apPALOB, COCTABJISAIO-
mux cucremy. Ftak, sHeprusa B3aMMOAEHCTBUA CUCTEMbI TOYEYHBIX
3apAI0B

W=1,>W,. (4.2)

HNmes B Bugy, uro W, = q,¢;, roe q; — i-ii 3apaj CUCTeMBI; ¢, —
MOTeHIMAJ, CO3/laBaeMblif B MeCTe HaXO0XJEeHHA i-T0 3apafa é6cemu
oCManbrbiMU 3apALaMHI CHCTEMBI, IIOTYYNM OKOHYATEIbHOE BhIpa-
JKeHHe [JIA 9HepI'MH B3aUMOJEHCTBUA CHCTEMBI TOUEUHBIX 3aPA/OB:

W=Y5q9,. (4.3)

IIpumep. YeThIipe OAMHAKOBBIX TOYEUHBIX 3apfAja ¢ HAXOAATCA B BepIIMHaX
TeTpasgpa ¢ pe6pom a (puc. 4.1). Haiinem sHepruio B3auMogeicT-
BUSA 3apANOB 3TOH CHCTEMBI.

JHeprua B3aMMOJENCTBUA Ka)xKIOHM mnapbl 3apAfOB 3IeCh OJUHA-
KoBa U paBHa W, = q2/4m:0a. Bcero Takux B3aMMOJENCTBYIOLIIUX
nap, KaK BUIHO M3 DHUCYHKAa, IIIECTh, IIO3TOMY dHEPrUd B3aUMO-
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JeHCTBUA BCEX TOYEUHBIX 3apagoB JaHHOH CH- q
CTeMBbl

W = 6W, = 6¢%/4ns,a.

g q
HWHoit momxox K pelIeHWI0 3TOro BOIIpoca
OCHOBaH Ha MHCIIOJbL30BaHHM GopMyJanr (4.3). q
IloTeHnuan @ B MecTe HaXOXAEHUS OLHOI'O U3 Puc. 4.1

3apaJoB, O0YCJIOBJIEHHBIN I10JIEM BCEX OCTaNb-
HBIX 3apAfoB, paBeH ¢ = 3q/4neya. IlosTomy

1 6q2
4ney a

W = l/ziqi(pi =1,4q0 =
i=1

Ilonmas sHeprus B3auMmopeiicTBusa. Eciau 3apsgbl pacrpegelie-
Hbl HENIPEPLIBHO, TO, pasjarasg CHCTEMY 3apfAJ0B Ha COBOKYIHOCTHb
ajeMeHTapHBIX 3apanoB dq = pdV u nepexoxs OT CyMMHDOBaHUS B
(4.3) K MHTErpHPOBAHMNIO, IOJyYaeM

W =1, [podv, (4.4)

rge ¢ — IOTeHIHaJl, CO3LaBaeMblii BCeMH 3apAgaMH CHCTEMBI B
asemeHTe 00beMoM dV. AHaJIOrHYHOE BHIpa)K€HHE MOYKHO 3aIHCcaTh
I pacupelejieHUs 3apAAOB, HaIpHMep, IO MOBEPXHOCTH; s
3TOr0 AOCTATOYHO B dhopmyiie (4.4) 3ameHuTsh p Ha o u dV Ha dS.
MoxxkHO omrn6oYHO moAyMaTh (M 3TO YacTO IPMBOAMT K Heaopa-
3yMEeHHAM), 4TO BbIpakeHue (4.4) — 3TO TOJBKO BHAOM3MEHEHHOE
BhIpakeHUe (4.3), COOTBETCTBYIOIIlee 3aMeHe IIPeJCTaBJIEHUSA O TO-
YeYHBIX 3apsjgax IpeAcTaBJI€HHEM O HEIPEepPbIBHO paclpeaeeHHOM
3apage. B meficTBUTEIBHOCTH 3TO He TaK — 00a BBIPAXX€HUA OTJIH-
4alOTCA IO CBOeMY codepxwcaruto. IIponcxokeHNe 3TOro pasiu-
YHA — B Pa3HOM CMBICJIe IOTEeHIHaJa ¢, BXOAAIIEero B o6a BhIpa-
KE€HHA, YTO JIy4Yllle BCero MOACHHUTL Ha CJIeAYIOLIeM IIpHMepe.
ITycTs cucTemMa COCTOMT M3 ABYX IIapHMKOB, MMEIOIINX 3apAABI ¢
1 g,. PaccTosENe Mexxny mIapukKaMy 3HAYHTEIbHO 6OJIbIIe MX pas-
MepOB, IO3TOMY 3apPAALI §; M ¢, MOXHO CUMTATh TOYeYHbIMU. Haii-
neMm sHepruio W naHHOH CHCTEMBI C IIOMOIIBLIO 06enx GopMy.I.
CorsacEo dopmye (4.3)

W = (q,01 + 4292)/2 = 191 = 4202,



100 I'naBa 4

rAe ¢; — IOTeHIIMAJ, CO3JaBaeMblil 3apsaloOM ¢, B MecTe HaxoxJe-
HUA 3apAfa ¢,; aHAJOTHYHBIN CMBIC] MMeeT M IOTEHIHAT @,.
Cornacuo xe popmyse (4.4) MbI ZOJKHBI pa36UTh 3aPAS KAk I0-
ro mapuka Ha GeCKOHEYHO MaJjble dJeMeHThl pdV M KaXAbIi u3
HHMX YMHOXXHTh Ha IOTEHIIMAJ ¢, CO3TaBaeMblil He TOJBLKO 3apsana-
MH JpYroro Iapuka, HO M JJIEMEHTaMH 3apsja 3mozo IIapuKa.
flcHo, uTO pesyiabTaT OyAeT COBEPIIEHHO APYTMM, a MMEHHO:

W=W,+W,+W,,, (4.5)

roe W, — pHeprus B3aMMOAEHCTBHA APYT C ADYTrOM 3JIEMEHTOB 3a-
pana mepsoro mapuka; W, — TO e, HO [Jd BTODOTO IIapHKa,
W, — dHeprua B3aUMOZEICTBHSA 3JI€MEHTOB 3apAfa IEepBOro Iia-
PHKa C ajeMeHTaMM 3apAja BTOporo mapuka. OHeprum W, u W,
Ha3bIBAIOT COGCMEEHHbIMU IHEPZUAMU 3aDPANOB ¢; U ¢y, a Wi, —
dHepzuell 63aumodeiicmeun 3apsaiga ¢, € 3apaAoOM (,.

Takum o6pa3oM, MBI BUANM, YTO pacuer sHepruun W mo popmye
(4.3) naer Tonmpko W,,, & pacuer mo ¢opmyie (4.4) — noawnyro
dHepzulo é3aumodeicmeun: xpome W, eme u co6CTBEHHBIE dHEP-
ruu W, u W,. IrHOpHpPOBaHME 3TOr0 0GCTOATEILCTBA 3a4aCTYIO SAB-
JAEeTCA HCTOYHMKOM IpPYObIX OIIMOOK.

K mannOoMy Bompocy MbI eme BepHemcd B § 4.4, a ceifuac mouy-
YHUM C IOMOIIBIO hopMyJibl (4.4) HECKOJBKO BaXXHBIX Pe3yJIbTaTOB,

§ 4.2. OHeprus 3apsi’KeHHBIX IIPOBOIHHKA
H KOHJeHcaTopa

JHEprusi yeAMHEeHHOr0 NMPOBOAHMKA. IIyCcTh MPOBOAHMK HMeeT
3apAfn ¢ ¥ noreHnuas ¢. ITockoJbKYy 3HaueHHEe (@ BO BCEX TOUYKAX,
rae MMeeTcs 3apsAlk, OAZMHAKOBO, () MOXXHO BBIHECTH H3-IIOJ 3HAKAa
uHTerpasna B popmyJse (4.4). Torga ocraBiIMiicA MHTErpaj ecTh He
4YTO HMHOEe, KaK 3apsaj ¢ Ha IPOBOJHUKE,

2 2
_90 _Co” _gq
V2T e (4.6)

OTH TPH BHIPa’X€HHUs HAIKCAHBLI ¢ y4yeToM Toro, uro C = ¢/o.
OJHeprua KoHgeHcaTopa. IIycTs ¢ M ¢, — 3apAx M IOTEHIHAJ

MOJIOKUTENbHO 3apAKeHHOM oOKJagKy KoHAeHcaropa. CoriacHo

dopmye (4.4) mHTErpaJ MOXXHO pa30OMTh Ha JBe YaCTH — IJIA OX-
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HOM m apyroil obkugamox. Torzma

W= (g0, + q09.)/2.
Tak kak ¢_ = —¢, , TO
W =q.(o+ - ¢)/2=qU/2,

rae ¢ = ¢, — 3apAx KOHAeHcaTopa, U — pPasHOCTh MOTEHIIMAJIOB HA
ero o6knaaxkax. IIpuaAB Bo BHUMaHUe, 4TOo C = ¢/U, mosy4yum cie-
IOyIOIIHe BHIDAXKEHUSA IJsA 9HEPruu KOHIeHCaTopa:

=(_I_U;=CU2 _q

2
w .
2 2 2c (4.7

3mech HaAO 3aMETUTh, UTO BTU (HOPMYJIBI ONPENENAIOT NOAHYIO
9HEPTrHI0 B3aMMOJEHCTBUA: He TOJILKO YHEPTHIO B3aMMOJEHCTBHUA
3apaAg0B OOHOM OOKJAAKHU C 3apsAJaMU APYroi, HO U dHEPruio B3au-
MOJZEMCTBHUSA 3apANOB BHYTPH KaXAOH OOKJIagKH.

A ecam ecTh IMIIeKTPUK? MBI ceifuac ybequmcs, 4To popMyabi
(4.6) u (4.7) cnpasednusvt u npu ranruvuu duanexkmpura. C aroit
1eJbI0 PACCMOTPUM IIPOIleCC 3apsAAKM KOHAEHCAaTopa Kak IlepeHoC
3apAga MaJbIMH nopnuamMu dg' ¢ omZHONE OOKJIAAKK Ha APYryio.

OieMeHTapHasi paboTa, COBepIIeHHas HAMM IIPM 3TOM IIPOTHUB
CHJI TOJIA, 3aIMINETCA KakK

6A =U'dg’ =(¢'/C)dq’,

rie U' — pasHOCTH IOTEHIIMAJOB MEXIy OOKJIagJKaMHM B MOMEHT,
KOTJa NepeHOCUTCA odepegHAasd mopuus 3apsaga dq'.
IIpouHTErpUpOBaB 3TO BHIPa)KeHMWe 1o ¢' or 0 mO ¢, moJyUYMM

A=q%/2C,

YTO COBIIaAaeT C BhIpaXXeHUeM JJIs IIOJHOI 9Heprum KOHAeHcaTopa.
3HayuT, coBeplIaeMas HaMU paboTa NMPOTHUB CHJ 3JIEKTPHYECKOrO
ToJIA LEJMKOM HAEeT Ha co3JaHme 3Heprun W 3apsaiKeHHOro KOHZIEH-
caropa. Kpome Toro, mosyueHHOe BhIpa)keHHe AJIA paGoTel A cmpa-
BEJJIMBO U B TOM CJyuae, KOrJa MexXAy oOKJIagkaMH KOHIeHcaTopa
MMeeTCS IPOU3BOJLHEIN AMAJIEKTPHK. OTHM CAMBIM MBI JOKa3aJIN
CIpaBeAIUBOCTh GopMya (4.7) M IPM HAIWYUKM JUJIEKTPHUKA.
Bce ckasaHHOe OTHOCHUTCH, OUEBHAHO, U K (opmysam (4.6).
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§ 4.3. OHepruda 3JEKTPHUYECKOTO IIOJA

O norkanmnsanum seprun. Popmyia (4.4) onpenensieT 3JeKTpPH-
4ecKyIo 3Hepruio W 060 cucTeMbl 4eped 3apAABI M IOTEHITHAJEI,
Ho, okasriBaercs, aHepruio W MOKHO BHIDA3UTh TaKXKe U uepe3 Be-
JNYUHY, XapaKTEePHU3YIOIYI0 CaMO 3JIEKTPHUYEeCKoe IIojie, — depes
HanpsykeHHOCTs E. V6egumca B 3TOM CHavala Ha IpocTeiinem
IIpHMepe IJIOCKOr0 KOHAEHCATOpa, IpeHe0perad UCKa)XeHUeM I0JId
y KpaeB miaacTuH (KpaeBbIiM addekToMm). IlogcranoBka B dopmyay
W =CU?/2 Buipaxkenus C =¢g,S/h naer

W =

cuU? =ss(,SU2 _ &g (UJZSh.
2 2h 2 (h

A nockoasky U/h=E u Sh=V (0o6beM MexIay OOKIagKaAMH KOH-
JeHcaTopa), TO

W = (e6oE/2)V = (ED/2)V. (4.8)

ITonyuenHasa ¢opmyJa cupaBedaINBa OJIs OXHOPOAHOTO IIOJA, 3a-
noJHaAwIero oosem V,

B ofmeit Teopun nOKa3bIBaeTCcA, YTO B CJydae HEOZHOPOIHOTIO
moss dHeprua W IJIA u3omponrbvLx AU3JIEKTPUKOB OIpeNesseTcH
dopmyoit

2

IlogpiHTErpasIbHOE BHIPAXKEHUE B 3TOM YPAaBHEHUH MMEET CMBIC]I
9HEpPruM, 3aKJI0UeHHOH B o6beMe dV. 3To moABOAUT HAC K BechbMa
BaYKHOH U IJIOJOTBODHOH (pu3MUeCKOil uaee 0 no0Kanu3ayuu Hep-
2uu 6 camom none. [JaHHOe IPEAIIOJOKEHNE HAIIJIO ONBITHOE ITOA-
TBEepXKIeHMe B 00J1aCTH IIepeMEeHHBIX BO BpeMeHM moJjeil. Toubko
TaM BCTpPEYalOTCA SABJIEHHUSA, KOTOPbIE MOYXHO MCTOJKOBATH Ha OCHO-
Be HJeH O JIOKaJN3aluy dHeprum B moJie. VIMeHHO IepeMeHHbIE
IIOJIA MOTYT CYLIECTBOBATh HE3aBHCHUMO OT BO3OYAUBIINX HUX BJIEKT-
PHUYECKUX 3apsafoB M PACIPOCTPAHATHCA B IPOCTPAHCTBE B BHJE
3JIEKTPOMArHUTHHIX BOJH. M OmBIT MOKAa3bIBaeT, YTO 3JIEKTPOMAT-
HUTHBIE BOJIHBI IIEPEHOCAT YHEPTHMI0 — Yy)Ke ITO 3aCTaBJAeT Hac
NIIPU3HATh, YTO HOCUMeneMm IHEP2UU ABNAEMCA CAMO TNOTe.



‘JHepPrus 3JeKTPHYECKOro IOJs 103

U3 mocaegunx ABYX GOpMYyJI ClegyeT, YTO dJIEKTPHUUYEeCKas dHep-
rusd pacupefielieHa B IOPOCTPAHCTBE C OObEMHOH IJIOTHOCTBIO

880E2 ED
w=—- —_—
2 2

. (4.10)

3amernM, uTO 3Ta ¢GopMyJa CIOpaBeAJMBA TOJBKO B CJaydae
U30MpoOnHo20 OIUIJIEKTPUKA, AJA KOTOPOr'oO BBINOJHAETCS COOTHO-
menne D = eg,E. Jl1a aHN30TPONHBIX AU3JEKTPHKOB JeJ10 06CTOHUT
CJIOXKHeEe.

Eme 06 o6ocuHoBanun popmyasl (4.9). JHeprusa yeAMHEHHOTO 3apAKeH-
HOTO IIPDOBOAHUKA, KaK U3BeCTHO, ecTb W = qo/2. IlokaskeM, 4To 3TO TakK,
HUCXOAA U3 HUAeH O JIOKAJU3aIM{ 3HEPrHH B
moJie.

PaccMOTPHUM NPOM3BOJBHBIN ITOJOKUTENb-
HO 3aps’KeHHBIN NPOBOZHUK. BHIZENINM MEIC-
JIeHHO GeCKOHEeYHO MaJIoro CeYeHHUA TPYOKYy,
OrpaHMYEeHHYI0 JHUHUAMU BekTopa E (puc.
4.2), 1 B Heil BO3bMeM 3JIeMEHTapHBIH 0GbeM
dV= dSdl. B atom o6beMe 3aKJOUeHa SHEPTUA

ED ysar -2 gar.
2 2

Tenepr HaiieM 3HepPruio, JOKAJIU30BAHHYIO BO BCell BhIZEJEHHON HaMM
Tpy6ke. I 9TOrOo IpOMHTErpHUpyeM IocjefHee BhIpaKeHHe, YYUTHIBAdA,
yro npousBefenue D dS ofMHAKOBO BO BCeX CEUYEHHUAX TPYOKH, U IIO3TOMY
€ro MOXKHO BBIHECTHM 3a 3HAK HHTerpaja:

ee)

aw =285 [Ea bas
2 A4 2

rome A — HavaJlo TPyOKH.

OcTraercs chaejaTh MOCJHEHHM AT — IIPOMHTETPHUPOBATH IOJYy4YeHHOe
BhIpasKeHHe 10 BceM TpyGKaM, U Mbl HalJeM dHEpPruio, JOKAaJIHU30BAHHYIO
BO BceM noJie. [IpyHrMaa Bo BHUMaHMe, YTO IIOTEHIIMAJ (p OXMHAKOB Yy TOP-
LI0B BceX TPYOOK (OHH BeAb HAUMHAIOTCA Ha MIOBEPXHOCTH IIPOBOAHUKA), 3a-
nuIeM

w =§§Dds,
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rfie UHTEerpUpOBaHNe MPOBOAUTCA II0 3aMKHYTOM NMOBEPXHOCTH, COBIAAAIO-
el ¢ oAHOM M3 3KBHUMOTEHIMAJbHEIX MmoBepxHocTeii. ITo Teopeme T'aycca
3TOT HHTEerpaJl paBeH 3apfAAy ¢ Ha MPOBOZHMKE, M MBI IOJIYUHM OKOHUATe-

JIBHO

W= Q(P/z,

4YTO H Tpe6onanocx, AOKa3aThb.

PaccMoTpuM aBa mpuMepa, MILTIOCTPHUPYIOIIMX BO3MOXKHOCTH U
NIPeuMYyIecTBa, KOTOPhIe JaeT HCIOJb30BAHWE WAEH O JIOKAJIMU3a-
OUM 9HEpPruM B IIOJIE.

IIpumep 1.

IIpumep 2.

ToueuHblt 3apAK ¢ HAXOLUTCA B LIEHTPE LIAPOBOTO CJIOSA U3 Of-
HOPOAHOIrO AH3JEKTPHKA C NMPOHHUIAEMOCThIO €. BHYTpeHHUH u
Hapy’KHbIA paguycChl CJOA PaBHLI COOTBETCTBEHHO a u b. Haii-
IeM 3JeKTPHUUYECKYI0 dHEPruio, 3aKJIOYEeHHYI0 B JaHHOM [IHD-
JIEKTPUYECKOM CJIOoe.

MBEIC/IeHHO BROENIUM B AUIJIEKTPUKE OYeHb TOHKUH KOHIIEHT-
pudecKUii cepruecKUit cI0i paguycom ot r xo r + dr. dHep-
rus, JOKAaJTU3OBAHHAA B 3TOM CJIO€:

2
aw =%4nr2dr,

roe E = q2/4neoer2. IIponHTErpHpOBaB IpeABIAYIllee BBIpaXKe-
HHUe IO r oT a go b, nmoayuum

g® (1 1

W =
8nepela b

Haiinem pa6oTy, KOTOPYIO HAZI0 COBEPIIUTH IIPOTHB 3JE€KTPUYE-
CKHX CHJI, YTOOBI YAAJUTh NUIJEKTPUYECKYIO IJIACTUHKY K3
IJIOCKOTO 3apAXKeHHOro KoHAeHcaTtopa. IIpemmosnaraercs, uTo
3apsl ¢ KOHAEHCATOPa OCTAaeTCsi HEeM3MEHHBIM U JUIJIEKTPHUK
3allOJIHAAET BCe IIPDOCTPAHCTBO MeXKAYy oOkjaankamu. EMkocTs
KOHIeHcaTopa 6e3 auanekTpuka paBHa C.

Pa6GoTa nmpoTHB 3JIeKTPHUYECKHUX CHJ B 3TOM CHCTeMe IMOoJeT Ha
pHpallleHle ee 3JeKTPHUYeCKONH JHEepruu:

A=AW=W2—W19

rae W, — 3Heprus mnois MexAy OOKJafKaMH KOHJeHcaTopa
IIPH HAJIWYUHU IudJIeKTpuka; Wy — To Ke, HO IIDH OTCYTCTBHHU
IN3JIeKTpHKa. ViMesa B BHAY, YTO MOAYJb BeKTopa D He mame-
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HHUTCS B pe3yJbTaTe U3BJIEUEHUA IIJIaCTHHBI, T. €. D2 = Dl = g,
3anuiiueM

2 2 2
A=W2_Wl= D—_D_qu_ l_l,
2gy 2eg 2C €

rae V=Shu C=¢,S/h; Su h — nuaomazne Kaxmaol obKIafKN U
pacCTogsHHEe MeXIAYy HHUMU.

PaGora moas mpHM NOJAPH3ALMM IHIJEKTPpHKa. AHaIN3UDYysA
dopmyay (4.10) xns 06 beMHOI IJIOTHOCTH 3HEPTHH, MBI 3aMedaeM,
YTO IPH OZHOM H TOM K€ 3HaueHMH E BeJMUYMHA w IOpH HAJIHYUH
IM3JIEKTPUKA OKas3bIBaeTcd B € pa3 6ojbIle, 4eM IIPH OTCYTCTBHH
ouajeKTpuka. Ha mepBBIN B3rJIAL 3TO KaXXeTCSA CTPAHHBIM: BeXb
HAIPAXXEHHOCTh MOJIA B 060X CJIydYasixXx MBI IIOAAEP>XKHUBAEM OTHOM
" Toi ke. Kaxk MBI ceifuac yBUaNM, BCe AeJIO B TOM, YTO IIPH CO3JAa-
HUM IOJIA B JHA3JIEKTPHKE OHO COBEpIIaeT AONOJHUTEJIbHYI0 pabo-
Ty, CBA3AHHYIO ¢ ImoJdpuadanueii. I moa sHeprueii moas B AHU3JIEKT-
pHKe cJIefyeT MOHMMATh BCIO 9HEPIHI0, KOTOPYIO HYXXHO 3aTPATHUTh
Ha BO30Y’)KIEeHHNe 3JIeKTPHYECKOIo IOJS, a OHA CKJAAbIBAeTCA M3
CcOOCTBEHHOH 3JIEKTPHUYECKOIl 9HEpPruH M TOM JOMOJHUTEJNLHOH pa-
60TBI, KOTOpas COBEpIIAETCS IPH IOJAPHU3AIMNM AHIJIEKTPHKA.

Yro6sl B 3TOM yOeauThcsa, mogacrasum B (4.10) smecro D Benn-
unny ¢,E + P, Torma

we 2l EP
2 2

IlepBoe ciaraemoe 3Aech COBIAZaeT C IJIOTHOCTHIO JHEPTHH
mona E B Bakyyme. OcTaerca IpOBEpPHUTb, UTO «JOMOJHUTEIbHAA»
sHeprusa EP/2 cBs3aHaA ¢ moJApH3anmuell IM3JIEKTPHKA.

Iloacunraem pa6oTy, KOTOPYIO COBEepIIAeT 3JeKTPHUUYECKOoe IIoJIe
Ha IOJIAPH3aIMI0 eJUHUILI 06beMa AMAJIEeKTPHUKA, T. €. Ha CMelle-
HU€ 3apANOB p', M p_ COOTBETCTBEHHO II0 ¥ NPOTHB IOJA — IPH
Boapactanuu HanpsxkeHHOCTH oT E 10 E + dE. IIpene6peras diena-
MM BTODPOTO NOPSAAKA MAJIOCTH, 3alUIIeM

8A =p'.Edl, +p'Edl_,

. (4.11)

rae dl, u dl. — gmomosHUTeNbHEIE CMEIEHHS IPH YBEJIUYEHHH
noas Ha dE (puc. 4.3). YuursiBasa, uto p_ =—p’,, HOJIydaeMm

3A =p’, (dl, -dl_)E =p'dl-E,
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l=1l-L
Pmc. 4.3

rae dl = dl, — dl_ — gomosHNTEILHOE CMEIIEHNME HOJOXKUTEIbHBIX 3a-
PANOB OTHOCHUTEJBLHO OTpunaTeabHbIX. CorsacHo (3.4) p'.dl = EdP, u

A = EdP. (4.12)

Tak xak P =x¢gE, To

2
8A =E xeodE =d[’i°2§—} =d(%l:) .

Orcroma BcA paboTa Ha NOJAPU3ANHUIO eIHHUOLI 00 beMa AUIJIEK-
TPHKa

A =EP/2, (4.13)

YTO COBHIAJaeT CO BTOPHIM cjaraeMbiM ¢opmyJabl (4.11).

TakuMm 06pa3oM, o0beMHAA IJIOTHOCTL 9Heprun w = ED/2 BKJIIO-
yaeT B ce0A COOCTBEHHYIO 9HEPTHIO II0JIA 30E2/ 2 u snepruio EP/2,
CBA3AHHYIO C IIOJIApH3amyell BemlecTBa.

§ 4.4. Cucrema OBYX 3apsAKeHHBIX TeJ

IIpeacraBuM cefe cucTeMy M3 ABYX 3apAXKEHHLIX TeJ B BaKy-
yme. I1ycTh OQHO TesIO CO34aeT B OKPYKAIOI[EeM IPOCTPAHCTBE II0JIe
E,, a npyroe — mnoxe E,. Pesyasrupytomee none E = E; + E, u
KBaApaT 3TOH BeJMYHMHBI

E® =E? +EZ 1 2E,E,.
Ilosromy mosnHas sHeprua W paHHOH cucTeMbl corjiacHo (4.9)
paBHa CyMMe TpP€X HHTErpaJoB:

2 2
w =J‘%dV+J‘%dV+J.BOEIE2dV, (4.14)

YTO coBrnagaer ¢ ¢opmysoi (4.5) M pacKpbIBaeT NOJEBON CMBIC]
BXOAAIINX B Hee caaraeMbix. IlepBnie aBa mHTerpaja B (4.14)
npeacrasasioT coboit co6CTBEHHYI0 9HEPTHIO MEePBOT0 M BTOPOTO 3a-
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paxeHHbIX Tex (W, u W,), nocieqHuit HHTerpaa — 3HEPTHIO HX
B3aumogeicreua (W,).

OTMeTHUM cienyIOlye BaXHbIe 0OCTOATENLCTBA B CBA3U C Gop-
myJoii. (4.14).

1. CoGcTBeHHAA 3HEPIHUA KaKAOTO 3apSXKEHHOrO Teja — BeJH-
YMHA CYILIECTBEHHO IIOJIOXKHUTeNbHAA. II0JI0KHUTENbHOH ABJIAETCA
BCerga M mojiHad 3Heprusa (4.9) — aTo cpa3y BHAHO M3 TOI'0, UTO
IIOJ, WHTErpaJioM HAXOLATCA CYIeCTBEHHO IIOJIO)KHUTEJbHBIE BEJIHU-
YHUHBI. JHEPTUA K€ B3aMMOAEHCTBUA MOXET OBITh KaK IIOJIOMKHUTE-
JIBHOH, TaK M OTPHIIATEJIbHOM.

2. IIpn Bcex BO3MOXKHEIX I€peMeIlleHHAX sapaxce'nnmx TeJ, He
H3MEHAIUX KOHGUIYypallMK 3apsAA0B Ha Ka)XKAOM TeJse, COGCTBEH-
Hasl dHEPTrHUA TeJ OCTAeTCHA IOCTOSHHOM, U MO3TOMY €€ MOXKHO CYH-
TaTh agJUTHUBHOHA IIOCTOSTHHOIN B BHIPAXXEHHH IJIS IOJHOM 3HEPruu
W. B aTux ciyuasx m3MeHeHHss W OIpEAENSIOTCSA BCEIEJO TOJIHKO
H3MEeHeHUAMM B3auMHOH sHeprum W,,. B uacTtHOCTH, MMEHHO TakK
BeZieT cebsl 9HEePrusa CHCTEMBI JBYX TOUEUHHIX 3apPAAOB IIPDHU M3MEHe-
HUH DACCTOSAHHUA MEXAY HUMHU.

3. B ornnume or BekTopa E 3Heprus 3JeKTPHUUYECKOrO IOJA —
BeJIMYMHA He aAAWTHBHAA, T. €. 3HepruA nojusa E, sapiaswoomerocs
cymmoii noxeit E; u E,, Boobie rosopsi, He paBHa CyMMe dHEpruit
obomnx moseit n3-3a B3aUMHOIt aHeprun W,,. B wacrrocTu, npu Bo3-
pacTarum Bcioay E B nn pa3 Heprus MoJiA yBeJUUHBaeTca B n? pas.

§ 4.5. Cuapl mpu HAJIUUYUHU TUIJIEKTPHKA

dnexTpocTpukuua. ONBIT IOKA3LIBAET, UTO HA AUIJIEKTDHK B
3JIEKTPUUYECKOM II0JIe AEeHMCTBYIOT CHJBI (MX HHOIAA HA3BLIBAIOT NO-
HOepomMOmMoOpHbBIMU). DTU CHJIEI BOSHUKAIOT U B TeX CIydasax, KOraa
OU3JIEKTPUK B II€JIOM He 3aps)XeH. IIpMUMHON MX BO3HMKHOBEHHUA
SABJAETCA B KOHEUHOM cueTe JeiCTBHEe HEOZHOPOAHOIO 3JIeKTpHUe-
CKOT0 IIOJIA HA OWUIOJbHbIE MOJIEKYJbI MOJSAPHU30BAHHOTO AMAJIEKT-
puKa (KaK HM3BECTHO, HA AUIOJH B HEOQHOPOZHOM 3JIEKTPHYECKOM
moJie JeCTBYeT CUJIa, HAIIPABJIEeHHAA B CTOPOHY BO3PACTaHMUS AAHHO-
ro mons). IIpuueM aTH CHIBI 06YCIOBIEHbI HEOAHOPOAHOCTHIO HE TO-
JIbKO MAKpPOIIOJIsi, HO ¥ MHUKPOIIOJIsI, CO3aBA€MOr0 B OCHOBHOM 06.1H-
JKAUIIIMMHM MOJIEKYJAMH IIOJAPU30BAHHOIO AMAJIEKTDHKA.

IMon aeitcTBMEM YKa3aHHBIX 3JIEKTPUYECKHX CHJI MOJISIPU30BaH-
HBI QUAJIEKTPUK AedOopMHIpyeTcs. ITO ABJEHHE HA3LIBAIOT dNeKm-
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pocmpuxyueti. BcaencTBue 31eKTPOCTPUKINY B JU3JIEKTPUKE BO3-
HUKAaIOT MeXaHWJYeCKHe HaNpS)KeHUA.

Bce 3TO NIPDHBOAUT K TOMY, UTO HAa IPOBOJHUK, HAXOAAIIUICA B
TOJIAPDU30BAHHOM JUIJIEKTPHUKE, NEHCTBYET He TOJbKO dJIEKTpHYe-
CKas cuJja, 3aBUCAINAA OT 3apAAOB HAa IPOBOAHUKE, HO U JOIOJIHU-
TeJbHAA MeXaHMYeCKasd CHJIa CO CTOPOHBI AUIJIEKTPHKa. B obimem
cJydae BJIMSHUE OUIJIEKTPHUKA Ha PE3YJbTHDYIOIIYIO CHJY, HUCIbI-
THIBAEMYIO IIPOBOAHMKOM, HEe MOJKET ObITh YUTEHO HMKAKHMHM IIPO-
CTHIMM COOTHOIIEHUAMH, M 3a7aYa BHIYMCJIEHUS CHJ C OZHOBPEMEH-
HBIM HCCJI€JOBaHNEM MeXaHH3Ma MX BO3HHKHOBEHHA, KaK IPaBH-
JIO, OKa3bIBaeTCA BechbMa CJIOKHOH. OZHAKO BO MHOTHX CJOyYaAx
3TH CHJIBI MOXXHO BBIYHCJIHUTH JOCTATOYHO IPOCTO Ge3 JeTaJbLHOro
aHaIN3a UX IIPOMCXOXKJEHUA — C IIOMOINBLIO 3aKOHA COXPaHEHUA
3HEpruu.

JHepreTHYeCKHii MeTO onmpeaeJeHUs CHJI. ITOT METOJ SBJIAET-
ca HaubGosee o6muM. OH IO3BOJISIET, OTBJIEKAACh OT IPHYMH BO3-
HHKHOBEHMS CHJI, aBTOMaTHYeCKH YYMTHLIBATh BC€ CHJIOBhIE B3aM-
MoAeHCcTBUA (dJeKTpUUYECKHEe M MeXaHWYeCKHe) M IIO03TOMY IIPHBO-
OAT K NMPaBHJILHOMY pe3yJbTarTy.

Iloka)xeM, B 4ueM CyTh 3HEPreTHMYECKOTO MEeToJa pacueTa CH.JI.
Hamn6osee mpocTo 06CTONT JejI0 B Cilydae, KOraa 3apAKeHHbIe IIpo-
BOZHMKH OTKJIIOYEHBI OT MCTOUHHKOB HanpsAxXeHusa. B aToM ciyuae
3apAAbLl Ha IPOBOAHHKAX OCTAIOTCA IOCTOAHHBIMHM, U MBI MOXEM
YTBEpXKIaTh, UTO pa6oTa A Bcex BHYTPEHHHMX CHJI CHCTEMBI IpH
MeIJIEHHBIX NIepeMeINeHNAX INPOBOJHHKOB M IM3JIEKTPHKOB COBEp-
IIaeTCA IEeJMKOM 3a CUeT YOBLIM 3JIeKTPUUeCcKoit sHeprun W cucre-
MbI (MJIH ee IOJIA). 3A4eCh IPEeAIoaraeTcsa, YTo IpH YKa3aHHBIX IIe-
pPeMeIeHUAX He IPOHCXOZUT INpeoOpa3soBaHMS JJIEKTPHUYECKOHN
3Hepruu B Apyrue GopMsel, MJIN, TOUHEE, CYUNTAETCA, YTO TAKHeE IIpe-
o0pa3oBaHMA npeHeOpexMMO MaJibl. TakuM oOpasom, AnA Gecko-
HEYHO MaJbIX IepeMeINeHHI MOXKHO 3aIIHMcaTh

84 =—dW| , (4.15)

rAe CUMBOJI ¢ IOAYEPKHUBAET, UTO YObIIL 9HEPTUH CHCTEMBI JOJKHA
OBITh BBLIUMCJEHA IPHM I[OCTOAHHBIX 3apAfaX Ha IIPOBOJHMKAX.
Ypasuenue (4.15) aABasieTca UCXOAHBIM IJA OIpPeAeJeHUS CHJI,
OeMCTBYIOIMMX HA IPOBOAHUKH M AUIIEKTPUKH B 3JIEKTPHUECKOM
none. [lenaerca aTo, Hanpumep, Tak. IlycTs Hac MHTepecyeT cHJa,
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gedcTByIOIIaa Ha OJaHHOEe Teslo (IPOBOAHHMK WMJIH AMajIeKTpHk). Co-
BepIIMM GeCKOHEYHO MaJjoe IMOCTYIaTelbHOe IepeMerenne dx aTo-
ro Tejla B MHTepecyloleM Hac HanpasieHnHn X. Torgza pa6ora HcKo-
moit cuiel F Ha nmepememennu dx ects dA = F,dx, roe F, — mpoek-
uusa cuasl F Ha mnosoxxkurennHOe HampasieHue ocu X. ITocie
IIOACTAHOBKH IIOCJeAHero BhipakeHuda Aas dA B (4.15) u menenus
Ha dx mosyuymm

F, =-0W/ox|,. (4.16)

Ciaxenyer o6paTuTh BHMMaHME BOT Ha 4To. CHia, KaK M3BECTHO,
3aBHCHT TOJBKO OT IIOJIOXKEHHMA TeJ K DacnpefesieHHs 3apANOB B
maHHBIA MoMeHT. OHa He MOXKEeT 3aBHCEThb OT TOro, Kak OymeT pas-
BHBATbCA 9HEPreTHYECKHI Ipolecc B TOM CJydae, €CJH CHCTeMa
IpUJeT B ABM)KEHHe IIO4 AeHCTBHMEM CHJ. A 3TO 3HAYMUT, YTO OJIA
BrIuncienus F, mo ¢opmyse (4.16) et HagobHOCTH mMOAOMpATH Ta-
KOH DeXXMM, IpH KOTOPOM 06s3aTeIbHO BCe 3apAABI MIPOBOAHUKOB
octaBaiuch 661 mocTogHHELIME (¢ = const). Hago nmpocro Haiitu npu-
pamerue dW npm yciaoBuM, 4TO ¢ = const, a 370 — YHMCTO MaTeMa-
THYEeCKad ollepanusd.

3aMeTHM, YTO €CJIM IIepeMeIleHUsi IPOBOAUTh IIPH IIOCTOSHHOM
IIOTEeHIale Ha IPOBOAHUKAX, TO COOTBETCTBYIOIINI pacyeT IPUBO-
AUT K Apyroi ¢opmyie gias cuibl: F, =+0W/ 6x|¢. OmHaKO — u
3TO Ba)XHO — pe3yJabTaT pacduera F, mo 3aroit ¢opmyre miam mo
(4.16) oxasbiBaeTcsi 00UHAKOBbLM, KAaK M HOJKHO ObITh. IloaTomy
MBI OTPAHUYMMCH B JaJIbHEHIIEM HCIOJb30BaHHEM TOJbKO Hopmy-
JbI (4.16) 1 6ymeM NIpMMEHATH ee AJA JIOObIX YCJIOBHHA, BKJIIOYAA U
Takue, I'le IPM MaJbIX IepeMmelreHuax ¢ #const. Hac aTo He moi-
’KHO CMYIIaTh: IPOM3BOAHYI0 W /Jx MBI B NOLOGHLIX ciaydaax Oy-
JeM BHIYMCJIATbL IpH ¢ = const.

IIpumep. Hatinem cuny, melficTBylolylo Ha ORHY M3 OOKJAZOK IIJIOCKOTrO
KOHIEHCATOpa B KHUAKOM AMIJIEKTPHKE, €CJH PACCTOAHHE MEXKAY
oOkJsagKaMu h, eMKOCTb KOHAEHCATOpa B 3THUX ycaoBUAX C M Ha
HeM IOAAep KHUBaeTCcA HamnpsixkeHue U.

B faHHOM ciyuyae IIPH MBICJIEHHOM DPas3ABHKEHHUM OGKJALOK IIO-
CTOAHHBIM OKasbIBaeTCA HanpsikeHue U, a 3apAf ¢ KOHAEHcaTopa
MeHsieTcs (3To BUAHO U3 cooTHomeHusa C = q/U). HecmoTps Ha
9TO, pacueT CHJIBI MBI GyJeM IIPOBOLUTH B MPEANOJIOXKEHUH, UTO
¢ = const, T. e. mo dopmye (4.16). 3gech Hanboiee MOAXOAALITUM
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BbIDaKEeHHEeM JJId 9HePIrul KOHAeHCaTopa ABJIAETCA Cleaylolee:

2 2
_9 __4q x,
2C  2egS

rae € — NPOHHUIAEMOCTb AUIJIEKTPHKa, S — IIOIIaAb KaKIOoM
OOKJIaJKU, X — paccTodHUe MeXAy HUMHU (x = h).

BriGepeM maJiee IOJIOKUTEIBLHOE HAIPaB-

X Jsenue ocu X, KaK IIOKa3aHO Ha puc. 4.4.
) r+dx CorsaacuHo (4.16) cuna, geiicTBymolaa Ha
-q ~———  BEPXHIOK OOKJaJKy KOHJEHCATOpA:
N e F e 2
aq
? 0 F,=-2=| =2 8

0x |q -28805-

Puc. 4.4
3nech 3HaK MUHYC yKasbIBaeT Ha TO, UTO

BekTop F HanpasiieH B oTpuLaTeNbHYIO CTOPOHY ocH X, T. €. CHJa
HMeeT XapaKTep NPUTAKEeHUs. YUHUThIBafA, 4To ¢ = oS = DS =
=¢goES u E = U/h, npeo6pasyem (1) x Bugy

>

F,=-CU?/2h.

Cuabl B :kuaKoM auajaeKTpuke. 13 ¢opmyssl (1) npeabiayniero
nmpuMepa BHIHO, UTO CHJIa B3aMMOLENCTBHA OOKJIAAOK IIJIOCKOTO
KOHJIEHCaTopa B YKUAKOM JHMIJEKTPHKe B € pa3 MeHbIlle, YeM B Ba-
KyyMme (rze € = 1). 3TOT pe3yJbTaT, KaK IIOKA3bIBA€T OIIBIT, MOXXHO
0606mMIUTL: IPH 3alIOJHEHHHM BCErO IIPDOCTPAHCTBA, I'Jle €CTh JJIEKT-
pHUYeCKoe IoJie, JKUAKUM MM ra3o00pasHbIM JHIJEKTPHUKOM CHJIBI
B3aMMOZENCTBUA MEXAY 3aPA'KEHHBIMHA IIPOBOAHUKAMU (IIPH HEM3-
MEHHBIX 3apsjaXx Ha HHUX) YMEHbBIIAIOTCA B € pas:

F=Fy/e. (4.17)

Orcloga ciefyeT, 4TO ABa TOUEUHBIX 3apsAfa ¢ M ¢y, HaXOAAMIN-
ecsA Ha PacCTOAHHH I APYT OT ApPyra BHYTPH 0€3rpaHNYHOIO XKHUIKO-
ro MJIA ra3oo0pasHOr0 OHIJIEKTPHKA, B3aMMOJEHCTBYIOT C CHJIOHM

_ 1 a14s|

F 2, (4.18)

4ney er

T. €. TOXK€ B € pa3 MeHbIIEl, YeM B BakyyMe. 3Ta ¢opmyia BbIpa-
J)KaeT 3akoH KysloHa AJIA TOUEUHBIX 3apAAOB B Ge3rpaHMYHOM AMD-
JIEKTPHKE.



OHePrus 3JeKTPAYeCKOro mojas 111

Ciuenyer o6patuth 0co60e BHUMAaHHE Ha TO, YTO B IIOCJIE€JHEM 3a-
KOHEe IIOJ TOYeYHBIMH IIOAPa3yMeBalOTCA CTOPOHHHE 3apAnbl, cocpe-
JOTOYEHHBIE HA MAKPOCKONUYECKUX TejaaX, DPasMephl KOTOPBIX
Majbl II0 CPaBHEHMIO C PacCTOAHHEM MeXXAy HuMu. Taxum obpa-
30M, 3aKoH (4.18) B oTanuue or 3aKkoHa KynoHa B Bakyyme mMeer
BeCbMa OrpaHMYEHHYIO 06JIaCTh IPHMEHEHHNA: AUIIEKTPHK HOJIKEeH
ObITh OJHOPOAHBIM, O€3rPaHNYHBIM, 00A3aTEJIbHO XKUAKHUM HJIH ra-
3000pa3HBIM, a B3aMMOJEHCTBYIOIINE TeJla — TOYEUHBIMH B MaKpO-
CKOIIMYECKOM CMBICJIE.

HNHTEepecHO, YTO B OJHOPOAHOM KUAKOM HJIU ra3000pDa3HOM JH3-
JIEKTPHKe, 3aMOJHAIOIEM BCe IIPDOCTPAHCTBO, I'Zle €CTh IIOJIe, KaK
HanpsokeHHOCTb E, Tak um cuia F, meiicTBylomas Ha TOYeUHBIH 3a-
pan g, B € pa3 Menbie E, u F, npu orcyTcTBUM [uameKTPUKA. A 3TO
3Ha4YuT, 4yTo cuaa F, meiicTBylomas Ha TOUeUHBIN 3apAx ¢, onpene-
JAeTCA B 3TOM cJydae TaKoil »Xe GpopMyJioil, KAk X B BaKyyme:

F = gE, (4.19)

rae E — HanpaXeHHOCTDb IOJS B Juinexmpuke B TOM MecCTe, KyAa
IIOMEeIaloT CTOPOHHMU 3apAx ¢. Tonpko B 3TOM ciaydae mo cuie F
dopmyaa (4.19) nmosBosser onpeneanTts nose E B xuanexkrpuke. Coe-
AyeT o0paTuTh BHUMAaHUE, YTO Ha CAM CTOPOHHUI 3apAL — OH cOCpe-
JOTOYeH Ha KaKOM-TO HeGoibImIOM Tele — OyneT neiicTBoBaTH Opy-
20e TIOJIe — He TO, YTO B caMOM AuajeKTpuke. 1 TeM He MeHee, (op-
mysaa (4.19) maer, Kak 3TO HM YAWBHUTEJIbHO, BEPHbIN pe3yJbTaT.

IToBepxHOCTHAA IJIOTHOCTH CcHJbI. Peunb moitger o cmie, meicr-
ByIOIel HAa eIWHHUIY IIOBEPXHOCTH 3apAKE€HHOr0 IIPOBOAHHMKA B
JKUAKOM HJIM rasoo6pasHOM AMA3JEKTpPHKe. PaccMoTpuM c 3TOi Ie-
JIBIO IIJIOCKMH KOHAEHCATOp B JKMAKOM AHMAJeKTpuke. IlycTh KOH-
JEHCATOp 3apfAXKeH M OTKJIIYEH OT HMCTOYHHWKA HAIDMKEHUSd —
yToOBl 3apAx KOHAeHcaTopa X mosie E BHYTDH Hero He MEHSJIHCh
IIpH pa3AgBHUTaHUM OOKJIALOK.

Bepuemca K puc. 4.4. SHeprus KOHAEHCATOpA — 3TO 3HEPrusd
II0JIL BHYTPH Hero. B coorBercTBHM ¢ (4.9) oHa paBHa W = (ED/2)Sx,
rae S — ILIOIALb KAXXA0# 00KJIaAKH, X — PACCTOSIHHE MEXIy HIMH
(Sx — obbeM, 3aHMMaeMblit osem). CoraacHo (4.16) cuna, meicTBy-
oIas Ha BEPXHIOK OOKJIaAKYy,

F, =-8W/ox| =-EDS/2,
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OTKyZa IIOBEPXHOCTHaA IIJIOTHOCTBHL CHJIBI

ED
Fa=7- (4.20)

MbI moNyYyMJIM MHTEPECHBI M BaKHBIA pe3ysbTaT, MMEIOLIHi
obmmii xapakTep (B KHAKOM HJH rasoo0pasHOM IUIJIEKTPHKE).
OkasbIBaeTcs, IOBEPXHOCTHASA IJIOTHOCTb CHJIbI, HeHCTBYMOIIEH Ha
NPOBOAHMK, paBHA 00b€MHOM IIJIOTHOCTH 3JI€KTPHYECKOH 3HEpPruu
BOI3u moBepxHOCTH. HampaBieHa 3Ta cuja Bcerga 110 HOPMaIH K
IIOBEPXHOCTH, IPpUYEM HApY’)Ky IPOBOJHUKA (CTPEMSACH €ro pacTH-
HYTb) HE3aBHCHMMO OT 3HaKa IIOBEPXHOCTHOI'O 3apsAza.

3amauun

4.1. OHeprusa B3aumopeiicTBua. ToueyHblit 3apAL ¢ HAXOLUTCSA Ha PACCTOA-
HUH | or Ge3rpaHWYHON NpoBoAAllei Itockoctu. Halitu sHepruio
B3auMozeiicteus W aToro 3apsaja ¢ 3apAfaMu, UHAYIHPOBAHHEIMY Ha
ILIOCKOCTH. <

Pemenue. MBICJIEHHO «3a8MOPO3MM» DACIpPEfEJeHHBIA N0 IJIOCKOCTH
3apsAf, U B 3THUX YCJIOBHUAX IIePEMECTHM TOYEYHLIH 3apsi ¢ B Gecko-
HEYHOCTh. 3apaAl ¢ IIPH 3TOM OyJeT NepeMellaThCd B MOTEHIIUATLHOM
roJjie, KOTOpPOe 3KBHUBAJIEHTHO IIOJII0 HENOABHXKHOTO TOYEYHOro (hHK-
THUBHOTO 3apfAfa —¢, PACIIOJOKEHHOI0 Ha HEM3MEHHOM DAacCTOSAHUM [
0 APYTYyI0 CTOPOHY OT ILIOCKOCTH. VI MBI cpasy MoXKeM HamucaTb

1 g
dngy 20

4.2. Co6cTBennas, B3aMMHasl M INOJHas dHepruu. CHcCTeMa COCTOHUT U3
ABYX KOHIIEHTPMYECKHMX MeTa/UIM4eCKHX obojiodeKk paxuycamu R, u
R, c cooTBeTCTBYIOIIMMY 3apafaMHu ¢; U ¢,. HaiiTu cobcTBeHHYIO 3HEp-
ruto W, u W, kaxaoi o6osouku, sHepruio W, B3aumMoaeicTBus 060-
JIOYEK U MOJIHYIO 3JIEKTPHUUYECKYI0 d3Hepruio W TaHHOM CHCTEMBI, €CJIH
R, > R,.
Pemenue. CoGcTBeHHasi 3HePrusi KaKIoM 060JIOUKU coriacHo (4.6)
paBHa q®/2, rae @ — MoTeHIHaJ 060JI0YKM, 00YCIOBIEHHBIA TOJBKO
3apsaloM ¢ Ha Heii, T. e. ¢ = ¢/4ne,R, rae R — paguyc o6onouku. Ta-
KUM 00pa3oM, cOGCTBEHHasd dHEPTrHUA KaXAOH 000JIOYKH

1 qi
4meg 2Ry ,

1,2 ©—
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4.3.

OHeprus ke B3aMMONEHCTBUSA 3apAKEHHBIX 060JI04eK paBHA 3apaAfy ¢
ORHOM M3 HUX, YMHOK€HHOMY Ha IOTEHIIMAaJ (, KOTOPHIH co3naeT 3a-
pan Apyro# o6OJIOYKM B MecTe HaxXOoKAeHUs 3apaga ¢: W, = qo.

B namem cayuyae (R, > R;)

1 ¢ 1 a1q
p =1 =252,

4neg Ry, 4mgy R,

ITonnas JJIEKTPpHUYEeCKaa 3Heprusa CHUCTEMBbI

2 2
W=W +W,+W, = 1 @, 92 992,
47!80 2R1 2R2 RZ

JBa HeGOJBIIMX MeTAa/INYEeCKHX IIapuKa paguycamu R, m R, Haxo-
OATCA B BaKyyMe Ha DACCTOSHWH, 3HAUYUTENBHO NDPEBBIIIAIOIEM HX
pasMepbl, 1 HMEIOT HEKOTODHIH OIpefesIeHHBIH CYMMAaDPHBINA 3apsf.
IIpu KaKkOM OTHOIIEHMH ¢,/q, 3apANOB Ha IIAPDHKAaX 3JeKTPHUYecKasd
9Heprusa cucteMsl 6yger MuHNMaidbHONH? KakoBa IIpM 3TOM DasHOCTHL
MOTEeHUNAJNOB MEXJy IIapukKamu?

Pemenue. deKTpHUUecKasd dHEPrusd AAHHOM CHCTEMBI

’

2
W, Wy W, - L[4, &, 0%
V57270 T T gneo (2R, 2R, 1

rre W, m W, — coGCTBeHHbIe 3JIeKTpHYeCKHe 3HepPrHH UIapHKOB
(q9/2); W, — 9Heprusa X B3aMMOAEHCTBHUA (g0, UIU ¢5¢,); | — pac-
cTosiHHe MeXXay mapukamMu. Tak Kak g, = ¢ — ¢, TAe ¢ — CyMMapHBIi
3apAX CHCTEMEBI, TO

- 1 ‘112 +(¢I"I1)2+‘11(9"‘I1)
4mey | 2R, 2R, l

Oueprus W Gyzer MuHHMaibHO# npu 0W/dq, = 0. Orcioma
R, R,
~ q q ]
R, + R, R, + R,

a

12

41

rge yureHo, urto R; u R, sHauuTesbHo MeHblle [. TakuMm oGpasom

41/42 = Ry/R,.
IMoTeHIMAN KaXIOro IIAPUKA (MX MOKHO PACCMATDHBATH KAK H30JIH-
poBaHHBIE) ¢ o ¢/R, HO3TOMYy M3 TpeJLIAYIIEro PaBEHCTBa CJIeAyeT,

YTO (; = @y, T. €. PABHOCTH IOTEHIHAJOB IIPH TAKOM DaclpeleJeHUHN
paBHa HYJIO.
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4.4. Jlokanusauusa 3HePruM B noJie. 3apsaj ¢ pacnpefieseH PABHOMEPHO 110
o6bemy wmapa pagumycom R. ITosaras AM3eKTPHUYECKYIO NPOHHIlae-
MOCTb BCIOAY PaBHOI eJUHHIE, HAUTH COGCTBEHHYIO 3JIEKTPHUYECKYIO
9HEPruio IIapa U OTHOIIeHWe 3Hepruu W, JOKaJIN30BaHHOH BHYTPH
mapa, K dHeprun W, B OKpYy»KalollleM IIPOCTPaHCTBE.

Pemenue. IIpesxae Bcero HaiiieM ¢ IIOMOILLBIO TeopeMbl ['aycca moue
BHYTPHM M BHe IIapa:

E=—% _r(r<R) E,--1-1@t>nr).

" 4ne,R® 4ney r?
Tenepp BBIYMCIUM COOCTBEHHYIO 3JIEKTPHYECKYIO dHEPrHIO Iapa:
R 2 @ 2 2
W =W, +W, = j‘ﬁur"’dr + jso—Ez4nr2dr =—l—(l+ 1) .
o 2 r 2 8meggR \5

Orcrona ciaenyer, 4To

1.3 w_1

" 4ngy R W, 5

HNurepecno, uto orHomenune W,/W, He 3aBHCHUT OT pajuyca IIapa.

4.5. NmeeTrca chepuueckas 060J0UKa, 3apsAKeHHAA PaBHOMEDHO 3apAAOM
q. B neHTpe ee pacrosioskeH ToueuHbIN 3apax g, Haiitu paboty asekT-
PHUUYECKHX CHJI 3TOM CHCTEeMBbI IIDH PaCIINPEHNH 060JI0YKH — yBeIuye-
HUM ee paguyca oT R, mo R,

Pemenue. PaboTa 3/IeKTpHUYECKHX CHJI DaBHA YOBLIM 3JEKTPHUECKOH
3HEPTUH CHUCTEMBI:

A=W, -W,.

Yro6s! HaliTh pasHocts W, — W, , 3ameTum, uto
IIpY pacIIMpeHuH 060J04KH (puc. 4.5) ajnexkTpu-
YyecKoe IoJje, a CJIefoBaTeJIbHO, ¥ JOKAJIN30BaH-
Had B HEM 3HEPrus HU3MEHMJINCh TOJBKO B 3a-
IITPUXOBAHHOM cepHyecKoM cioe. 3HAYHUT,

R,
W, -W, = | 82—0(E12 - EZ)4nridr,
R,

Puc. 4.5

rae E; u E, — HanpsiKeHHOCTb IOJA (B 3aIITPUXOBAHHOM CJIO€ Ha
PacCCTOSIHUHM I OT LIeHTPa CHCTEMBI) A0 U IOCJe PAaCIIMPEeHHA 000JI04-
ku. C nmomombio Teopembl 'aycca Haxogum

|

g oL 94+ 5 __1
Y 4me, r% 2" 4ney r

0N
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4.6

B pesysibTaTe HHTErPHPOBAHUA IOJTYUUM

_9go+g/2)f1 1
47:80 Rl Rz

A

3ameuanue. Eciau aTy paboTy HCKaTh Yyepe3 noTeHUyal Kak A = q(¢; —
— ¢,), rie @ — TOTeHIMAaJ, CO3aBaeMblii 3apAAOM o B MECTe HAXOK-
IeHUs 3apsfa ¢, OTBeT OyZeT ADYrMM — HeBepHBIM. CBS3aHO 3TO C
TeM, YTO NP TAKOM IIOAXOJe He YUUTHIBAETCA Ta JONOJHHUTEJbHAsA pa-
60Ta, KOTODYIO COBEPLIAIOT 3JE€KTPUYECKHe CHJbI TP HM3MEHEeHHUH
KOHGUTrypaUuK 3apsfa ¢ Ha pacuupafioujeica oboouKe.

ToueuHblil 3apAA ¢ HAXOAUTCH B IIEHTpe
chepryecKoro He3apsKeHHOTO IIPOBOAA-
1Iero cJOs, BHYTPEHHHMHA KM HapYKHBIN
pazuychl KOTOPOr'O PaBHBI COOTBETCTBEH-
HO a u b. Kakyw paboTy npoussenyT
3JIeKTpUYECKHe CHJIBI B JaHHOH CHUCTeMe,
ecJI¥ 3apAf ¢ IepeMeCcTUTh U3 ero IepBo-
HAYaJbHOTO [I0JIOXKEHUs Jepe3 MaJioe OT-
Bepctue (puc. 4.6) Ha oueHb OoJblloe
paccTosiHve OT c(hepHUdYecKoro cios?

Puc. 4.6

Pemenne. Bysem ucxoguTb U3 TOro, 4to pabora 3JIeKTPHYECKHX CHJI
paBHa yObLIH 3JIeKTpUYeckoil aHeprun cucreMmsl. Ilocnenusas ke, kax
HU3BECTHO, JIOKAJM30BaHa B camMoM IoJe. IloaToMy Bompoc cBOZUTCA,
10 CYIIEeCTBY, K BHIICHEHUIO, KAK U3MEHUTCA CaMo I10Jie B pe3yJbTaTe
3TOro IIpolecca.

HeTpyaHo cooGpasuTh, YTO IOJIe BOKPYT 3apafa ¢ U3BMEHUTCS TOJBKO
B c(hepHUECKOM cJIoe C BHYTPEHHUM U Hapy:KHBIM paguycamMu a u b. B
caMoOM Jiesle, B HAYaJIbHOM IIOJIOKEHHMH 3apsfia MoJA 3[ech He ObLIO, &
B KOHEYHOM IIOJIO’KEHHH II0Jle B 3TOM CJIoe eCThb (Beib caM cdepuue-
CKHIl IpOBOAAIIMI cJI0it GyaeT HaXOXUThCs AajeKo oT 3apana q). Cie-
ToBaTeJbHO, UCKOMas paboTa

bSEz
A=0-w, =-[2= g4y,
ca 2
a

rge W, — oHeprus, JIOKaJu3oBaHHafA B cepudeckom ciaoe. Hmes B
2 2

BURY, 4T0 E = q/4neyr” n dV = 4nr°dr, monyumnm mocsie MHTErpupoBa-

HUSA

_ q2 a-b

= <0.
8ngy ab
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4.7. PaGora npH pa3gBHKeHHH IJIACTHH KoHAeHcaTopa. FiMeeTcs miockuit
BOSAYIIHBIN KOHAEHCATOD, ILIOLIaAb KaxJ0H OOKJIaJKN KOTOPOro paB-
Ha S. Kakyo pa6oTy A' IDOTHB 3JIEKTPUYECKUX CHUJ HAJO COBEDIIUTD,
YTOGBl YBEJHYUTh PACCTOAHHE MEXIY OOKJaIKaMH OT X, HO X, €CJIH
IIPM 3TOM ITOANEPKUBATH HEM3MEHHBLIM: 1) 3apAA KOHIEHcaTopa, paB-
HBIH ¢; 2) HaIIpsiKeHNe Ha KOHAeHcaTope, paBHoe U? Yemy paBHO IIpH-
pallleHHe 3JeKTPUYECKOH 3HEPrHMH KOHAeHcaTopa B o6oMx ciaydasax?

Pemenue. 1. Hckomasa paGora

2

2g,S

A'=qE|(x3 - %) = (x5 — 1),

rie E, — HanpsAXKeHHOCTb IIOJIA, CO3JaBaeMOro OXHOH OOKJagKoMH
(E = 6/2¢,). IMeHHO B 3TOM IIOJIe IlepeMelllaeTCs 3apAM, HaXOLAUM-
cA Ha apyroi obkjaaznke. JlaHHaA pabGoTa 1[eJIMKOM HAET Ha IIpuUpalle-
HUe 3JIeKTpUYecKoil aHeprum: AW = A,

2. B aToM cayuae cuia, JeHCTByoOIIad Ha KaKAyI0 OOKJIaAKy KOHIEH-
caTopa, Gyner 3aBHCErb OT DACCTOAHUA MeKJy HHMMH. SalullleM dJe-
MEeHTapHYI0 paboTy cHJbl, AeicTBYIOIell Ha OOKJagKy IIPH ee Iiepeme-
LIeHNH Ha dX OTHOCHUTEJNbHO IPYrod OOKJIagKH:

2
g&SU”® dx

-,

x

8A'=qE, dx =

rae yuteHo, 4to ¢ = CU, E, = U/2x n C = ¢;,S/x. Ilocne nHTerpupona-
HUA HOJYYUM

I'Ipnpamerme 3ne1¢’rpntxecxoﬁ 9HEeprun KOHAeHcaTopa

(Co -CU* _gSU*(1 1 <0

AW =
2 2 X9 Xy

3ametum, uto AW= -A'

Taxum oOpasoM, pasgBuUras OOKJIaZKH, Mbl COBEPIIMM ITOJOKHUTEJb-
HYI0 paboTy (IIPOTUB 3JIEKTPHMYECKHUX CHJI), SHEPTHs ’Ke KOHJeHcaTopa
IIPH 3TOM yMeHbllaeTcd. YToObI MOHATL, B UeM TYT JeJo, Hago obpa-
TUTbCA K HUCTOYHUKY, NOAAEP’KUBAIOIIEMY HEU3MEHHON Da3HOCTb IIO-
TeHLIMaJOB Ha KOHJeHcaTope. JTOT UCTOYHHUK TOXKe CoBeplIaeT paboTy
A, .., IPHYEM COIJIaCHO 3aKOHY COXPaHeHHA dHepruum A, + A' = AW,
OTKyJZa BHAHO, 4T0 A, = AW — A’ = -24' < 0.
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4.8. Cuasl, geiicTByomue MexIy NMPOBOAHMKAMM B IHaJieKTpHKe. Ilioc-
KHM KOHIEHCATOpP OMYCTHJH B MOPHU3OHTAJIbHOM IIOJOKEHHUH B KHI-
KU AU3JIEKTPUK C IIPOHHIIAEMOCTBLIO £, KOTODBLIM 3aIlOJHHJ 330D
Mexay naactuHamiu. IllupunHa 3a3opa h. 3aTeM KOHAEHCATOP IIOAKJIIO-
YHJHM K IIOCTOAHHOMY Hanps:keHuio U. Haittu cuay f', aeiicTsyromyio
Ha €JUHHUILY IIOBEPXHOCTH IIJIACTHMHBEI CO CTOPOHBI AUJJIEKTPHKA.

Pemenue. PesyabTHpylomasa cuia f, KoTropad AeHCTBYeT Ha €IUHHUILY
IJIOLIAaAH Ka)XAOH M3 IJIACTHH, MOXKeT OBITh IpEeACTaBJEeHA Kak

f=fh-7, 0))

rae f, — @MeKTpHUYecKas CHiIa, AeHCTBylOIasd Ha eAUHHIY ILJIOIIamH
CO CTOPOHHKI APYroH IIJIACTHHEI (OHA IpeACTaBJIAET cOGOM He YTO HHOE,
KaK CHJY Ha eJUHHUIY ILIOLIAaAH IIPM OTCYTCTBHM AHdJEKTPHKa). B Ha-
1IeM cJiydae

f=7fo/e, fo=0E= 0'2/280, (2)

rae E — Hanpsi:KeHHOCTH IOJIA B MeCTe HaXOXKJAeHUs OXHOM M3 IlIac-
THH, CO3/laBaeMas 3apsafaMu dpyzou muacTuHwel. ViMes B BHAY, 4YTO
o =D = ggyU/h, nonyuum mocie moacraHoBku (2) B (1):

f="rfo(l - 1/e) = e(e — 1)g,U%/2R%.

Hanpumep, npu U=500 B, h = 1,0 mm u € = 81 (Boga) [ = 7 klla
(0,07 artm).

4.9. Cuna, geiicTBylomas Ha IU3JIEKTPHK. B nuiunapuyeckuil KoOHAEHca-
TOD BBOAAT IUJIMHADUYECKHUI CJIOH OJHOPOLHOrO IU3JIEKTPHKA C IIPO-
HUIIA€MOCTBIO €, KOTOPKIH 3aITOTHAET IPAKTUYECKH BCe IIPOCTPAHCTBO
mexay obkaagkamu. CpegHuit paguyc o6kaagoxk R, 3a30p MeXAy HHU-
mu d, npuueM d < R. KoHzeHcaTop MOAKJIIOYEH K UCTOYHUKY IIOCTO-
sAHHOro HampsikeHua U. Halitu cuny, BTArMBaIOIIy0 AUIJIEKTPHUK B
KOHJEHCaTop.

Pemenue. BocrosbsoBaBmiucs ¢Gopmysoit W = qz/ZC ISl 9HEepruu
KOHJAeHcaTopa, Haigem coryacHo (4.16), uTo Mckomasa cuia
2
Foo_ W | _g’aciox _U*oC (1)
* ox |, 2 c? 2 ox
EMKocTh maHHOro KOHAeHcaTopa IpH ycaoBuu d < R ompenenserca
opMyJI0i1 AJA NMJIOCKOrO KOHAEHCATOPA, IIO3TOMY €CJIH AHAJIEKTPHK
BABMHYT Ha IrJIyOHHY X, a QJHHa KOHAeHcaTtopa [, To

C

=esox~21rR+eo(l—x)'21tR =£°';"R(ex+l—x). @)

d d
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Ilocne nmomcranoBku (2) B (1) moayuum
F, = gy(e — 1)nRU?/d.

4.10. KougeHcaTop COCTOMT M3 ABYX HEMOABMIKHBIX IIJIACTHH, MMEIOIIINX
¢dopmy moaykpyra paguycom R, u pacrmoJio-
JKEHHOM MeXXAy HUMH NOABHXKHOM IIJIACTH-
HBbl U3 AU3JEKTPHKA C NPOHUIAEMOCTBIO €.
IlnacTuHa MOXKeT cBOGOAHO MOBOPAYHBATH-
ca Bokpyr ocu O (puc. 4.7), ee TonmuHa k,
YTO NMPAKTHYECKH PABHO PACCTOAHUIO MEXK-
Iy HENOABMIKHBIMHM IIJACTHHAMH. Mexnay
Prc. 4.7 NJacCTUHAMHM KOHIEHCATOpa IOAJepKUBaeT-
csA nocTosinHoe HampsikeHue U. Haitu Mo-
MeHT cua N oTHocuTeJbHO ocH O, HeHCTBYOIIUII Ha MOABHIKHYIO
NJaCTHHY B IIOJIO)K€HHUH, IIOKA3aHHOM Ha DHCYHKe.

Pemenue. PaGora, KoTOpyIo coBepliiaeT MOMEHT cuJ1 N IIpH ITOBOPOTe
NJIACTHHBI Ha 3JIeMEeHTapHBIA yroa do, paBHa yOBLIM 3JIeKTPUYECKOMH
3HEepruH CHUCTEeMHI Ipu ¢ = const [cM. (4.16)]:
N, da = -dW|q,
rne W = q2/20. IloaTomy
__oW| _g’C/oa
z do|, 2 (?

. (1)

B nannom caygae C = C; + C,, rae C; u C; — eMKOCTH 4YacTeii KOH-
IeHcaTopa 6e3 QUAJIEeKTPHUKA U ¢ AU3JeKTpuKoM. Ilmomaas cekTopa ¢
yIJIoM o ompefeasiercs Kak S = OLR2/2, TIO3TOMY

C = g,0R%/2h + ego(n — a)R?/2h.

2
Orcroza Z—C = 802}; (1 - €). IlopcraBUM 3TO BhIpa)keHHe B HGOpPMyJay
o
(1) u yurem, uro C =q/U, Torma
2 2 2,72
N, =L BB (e-1)RBU o,
2 2h 4h

OrpunarenbHoe 3HaueHHMe N, IOKas3bIBaeT, YTO MOMEHT 3THX CHIJI
IeMCTBYeT 10 YacOBO CTpeJiKe (IPOTUB MOJOXKUTEJHLHOTO HalpasJe-
HUA OTCYeTa yrJja o; cM. puc. 4.7). 9TOT MOMEHT CTPEMHUTCSH BTAHYTH
IU3JIEKTPUK BHYTPL KOHJAEHCATODA.

SaMeTHuM, uTo N, He 3aBUCHUT OT yria o.. OZHaKO B ITOJIO’KEHHUH paB-
HoBecus, korga o = 0, MmomeHT N, = 0. 93T0 pacxoxaeHue CBA3AHO C
TeM, YTO NIPH MAaJBIX yrjax o HeJb3A NpeHeOperaTb KpaeBBIMH 3¢h-
dexTaMM, KaK MBI feJaJM IIPY pellleHWH 3TOH 3amaud.



Fnasa 5

MocToAHHBbIN 2neKTpUYeCcKun ToK
v

§ 5.1. IInoTHOCTH TOKaA. Y paBHEHHE HEINPEPHIBHOCTH

JyeKTpuYeckHit ToK. B 3T0# riaBe MBI OrpaHMYMMCSA PAcCMOT-
peHreM TOKa IIPOBOAMMOCTH B IIPOBOAAIIEN cpene, IJIaBHBIM obpa-
30M B MeTaJlaX. JIEKTPUUECKUH TOK, KAK H3BECTHO, IPEACTABJA-
eT co0oil mepeHOC 3apAja 4Yepe3 Ty MJIM MHYIO IIOBEPXHOCTBH S (Ha-
npuMep, Yepe3 cedeHHEe IPOBOAHHKA).

Hocurenamu Toka B MPOBOAAIIEH Cpefe MOTYT GBITH 3JIEKTPOHBI
(B Merannax), Jub60 HOHBI (B 9JIEKTPOJUTAX), JHUOO ApDyrue 4acTH-
ubl. IIpy OTCYTCTBHH 3JIEKTPHYECKOI'O IIOJA HOCHTEJIH TOKa COBEp-
LIAIOT Xa0THUYEeCKOoe ABIMI)XEHME M 4epes JI00YI0 BooGparkaeMyio IIo-
BEPXHOCTH S IPOXOAUT B 06e CTOPOHEI B CPEAHEM OZMHAKOBOE UMNC-
JIO HOCHUTeJIei TOro Hu JPyroro 3HaKa, TaK 4YTO TOK uepes
NOBEPXHOCTSL S paBeH HyJ0. IIpH BKJIIOUEHHH 2Ke 3JIEKTPUYECKOro
NOJIA HAa XAaOTHYECKOe ABHM)KEHHEe HOCHTeJeH HaKJaAbIBaeTcs YIIO-
PAJOYEHHOE ABM)XEHHE C HEKOTOPOH cpefHel CKOPOCTHIO U M 4yepes
TIOBEPXHOCTh S IOABHUTCA TOK. TaKMM 00pasoM, 3J€KTPHUYECKHH
TOK — 93TO, IO CYIIEeCTBY, YINOPAAOUYEHHBLIH II€pPEHOC 3JIeKTpHUYe-
CKHMX 3apAanoB.

KonnuecTBeHHON MepOH 3JIEKTPUYECKOr0 TOKa CJHIYXKHT Cula
moxa I, T. e. 3apal, NIePEeHOCHMEIH CKBO3b pacCMaTPHUBAEMYIO IIO-
BEPXHOCTb S B eSWHUILY BPEMEHH:

I = dq/dt.

Enunnneit cuiabl Toka ABasgerca amnep (A).

II10THOCTE TOKA. DJIEKTPUUECKUN TOK MOXeT OBITh pacmpepne-
JIeH 10 MOBEPXHOCTH, Uepe3 KOTOPYIO OH IpPOTEKaeT, HepaBHOMeEp-
Ho. IlosaToMy mns Gojiee meTaabHON XapaKTEPHUCTHUKHU TOKA BBOLAT
BEKTOp IJIOTHOCTH TOKa j. MOAyJb 3TOro BEKTOPa YHMCJIEHHO DaBEeH
OTHOLIIEHHIO CHJIBI TOKa d/ yepes 3JIeMEHTAaPHYIO IJIOLIaAKY, PacIio-
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JIOKEHHYIO B JAaHHOH TOYKe NEepHNeHAWKYJIAPHO HAIPaBJIEHHIO ABH-
YKeHHA HOcHTeJeH, K ee miaomaznu dS,: j=dI/dS,. 3a Hampasie-
HHe BEeKTOpa j IPMHHMAIOT HaIpaBJieHHe BEeKTOpa CKOPOCTH U YyIIO-
PALOYEHHOI'0 [IOBMIKEHHA NONAOHUMENAbHbLX HOcHUTedeHd (Ham
HaIIpaBJIeHHe, IPOTHBOIOJIOXKHOE HAallPaBJIeHHUIO BEKTOPA CKOPOCTH
YIOPALOUYEHHOTO ABMIXKEHUS OTPHUIlaTEeIbHBIX HocuTedeit). Ecan Ho-
CUTEJNAMH ABJAIOTCA KaK IIOJIOXKHTEJNbHBIE, TAK U OTPHUIATEJbHbIE
3apAAbl, TO IIJIOTHOCTh TOKA ompegeiserca GopMysoi

j=psu, +pu, (5.1)
roe pL Hp_ — 00'beMHEbIe IIJIOTHOCTH II0JOXXUTEJbHOI0 U oTpHuIaTre-
JBHOTO 3apsANOB-HOCHUTEJEeH; U, U U_ — CKODOCTH HX YIOPALOYEH-

HOTO IBM)KeHHsA. B MpOBOAHMKAX Ke, I'le HOCUTEJNAMHU SABJIAIOTCA
TOJNBKO 3JeKTPoHH (p_< 0 m u, = 0), NIOTHOCTL TOKa

j=pu. (5.2)

»

ITose BeKkTOpA j MOXXHO N300pa3UTh rpadMIECKH C IOMOIIBIO JIH-
HU# TOKa (JIMHUI BEeKTOpPA j), KOTOPBIE IPOBOAAT TaK JKe, KaK U JIH-
Huu BeKTopa E.

3Has BEKTOD IJIOTHOCTH TOKA B Ka)XAON TOUKe MHTepecymoInei
Hac IMOBEPXHOCTH S, MOXXHO HAaiiTH M CHJIYy TOKa Uepe3 3Ty IIOBEpX-
HOCTh KaK IIOTOK BEKTOpa j:

I =jjds. (5.3)

Cuna Toka I sABJIsEeTCA BEJIUUYWHOM CKAJAPHON M aJjrebpamue-
ckoii. Ee 3Hak, Kak BUAHO U3 GopMyJasl (5.3), onpeaensercsa, Kpo-
Me BCero IIpouero, BLIOOPOM HAIIPaBJIE€HHS HOPMAJIH B KaXKIOM TOU-
Ke IIOBEePXHOCTH S, T. e. BLIOOPOM HaIpaBjaeHuA BeKTopos dS. Ilpu
M3MEHEHMH HAIpaBJIeHUsA BCeX BEKTOPOB dS Ha IPOTHBOIIOJIOXKHOE
BeJuUYNHA | MeHseT 3HaK.

YpaBHeHHe HenpepbIiBHOCTH. IIpencraBuM cebe B HEKOTOPOM
IIpOBOAAINEA cpefe, rae TedYeT TOK, 3aMKHYTYIO IIOBEPXHOCTH S.
s 3aMKHYTBIX MOBEPXHOCTEH BEKTOpPHI HOpMaJieil, a cjegoBaTe-
JBHO, U BEeKTOPHI dS IpHHATO OpaTh HApy»Ky, MO3TOMY MHTErpaJ
ﬁde JaeT 3apAf, BBIXOJAIINI B eIUHHUIY BPEMEHHM HApPYXy H3
o0bema V, 0XBaTBEIBAEMOr'0 IMOBEepXHOCTHIO S. B cuny 3akoHa coxpa-
HEHHUA 3apsafa 3TOT MHTErpaJ paBeH yOBLIM 3apsfa B efUHUILY Bpe-
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MeHH BHyTpH obbema V:

jdS=-—., (5.4)

9TO COOTHOILIEHHe HAa3bIBAIOT YPAGHEHUEeM HenpepbL6HOCMU.
OHO #ABIsEeTCA, IO CYINECTBY, BBHIDAK€HHEM 3aKOHA COXPaHEHUSA
3JIEKTPHYECKOTO 3apAza.

B cayuae crammoHapHOro (IOCTOAHHOrO) TOKa paclpefesieHHe
3apAAO0B B IPOCTPAHCTBE AOJKHO OCTABAaThCA HEM3MEHHBIM, T. €. B
npaBoit yactu (5.4) dg/dt = 0. CaemoBaTeabHO, AJA TOCTOSHHOIO
TOKa

$ids =0, (5.5)

MHaYe roBOPs, JJMHUH BEKTOpa j B 9TOM CJydyae HHUTAe He HaYMHa-
IOTCSI ¥ HUTJe He 3aKaHUYMBAIOTCA. Mbl rOBODHM, YTO B CJydae IIO-
CTOAHHOT'O TOKAa II0JIe BEKTOpa j He MMeeT HCTOYHHKOB.

JduddepenuuansHas popma ypaBHEeHHs HempepsIBHOCTH. IIpeo6pasy-
eM MocJeJHMe IBa ypaBHeHHA K AuddepeHnnanbHoil dopme. Huaa aroro
npeactaBuM 3apag ¢ kak |pdV u mpaByio yacTh (5.4) Kak

d -_[%
-Ejpdv_ Iat av.

3mech B3AT 3HAK YACTHOM IIPOMB3BOLHOM P II0 BPEMEHH, IIOCKOJIBKY P MOKeT
3aBHCeTh He TOJLKO OT BpPeMeHM, HO M oT koopauHar. Hrak,

. 8
gﬁ,dS:—[a—‘t’dv.

IanbHellee ciexyeT NpoAesaTh TaK Ke, KaK 9TO OBbLIO CAeJaHO AJIA IOTO-
ka BexTopa E B § 1.4. B pesyabTare mOJyd4UM, YTO IMBEPreHIINs BEKTOpA j
B HEKOTOpOIi TOUKe paBHa YOBLLIM IJIOTHOCTH 3apAAa B eIMHHUIY BpEMEHH B
TOH JKe TOUKe:

V-i=-0dp/ot. (5.6)

Orciofa BhITEKaeT ycnoeue cmayuornaprocmu (xorma dp/dt = 0):

@

OHo O3Ha4aeT, 4TO B cJIiy4Yae NMOCTOAHHOI'O TOKa I10Jie BEKTOpa ] He NMe-
€T HUCTOYHHKOB.
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§ 5.2. 3akon OmMa O OOHOPOXHOIO IPOBOTHHUKA

3axom OMa, OTKDHITHIH 9KCIIEPUMEHTAILHO, IJIACUT: CULA MOKA,
npomexaruezo no 00HOPOdHOMY NPOEOIHUKY, NPONOPYUOHALLHA
pa3nocmu nomenyuanoé Ha ezo xKornyax (nanpaenuro U):

I=U/R, (5.8)

rae R — anexmpuueckoe conpomuénenue mpoBOAHMKA.

Exnauneil compoTuBieHNsa CayXUT om (Om).

Conporusyierne R 3aBHCUT OT (JOPMBI M pa3MepPOB IPOBOJHUKA,
OT ero MaTrepHajla U TeMIepaTyphbl, a TaK)XXe — 3TO CJeAyeT IIo-
MHUTb — OT KOHGUrypanuu (pacrupefeieHHA) TOKA II0 IPOBOAHMU-
Ky. B cay4uae nmpoBosa CMBICS COIPOTHBJIEHNA He BBI3LIBAET COMHE-
Huii. B Gosee o6miem ciyuae o0beMHOI'O pacIpefesIeHHs TOKAa YXKe
HeJIb3A F'OBOPHUTH O COIIPOTHBJIEHHH, IIOKA He YKAa3aHbl MJM pacIo-
JIOK€HHe IOABOAAIINX K MHTEPEeCyoIlleMy Hac IPOBOJHUKY IIPOBO-
IOB, MIN KOH(UIypamus ToKa.

B npocreiimeM ciyyae OZHOPOAHOrO MUJINHAPUYECKOrO IIPOBOA-
HHKa CONPOTHBJIEHNE

R=p—, 5.9
P (5.9)

rae | — AJaUHA IPOBOAHMKA; S — IJIOIIAAb €ro IOIepedyHoro ceue-
HUA; p — Ydenvroe anexkmpuyeckoe conpomuénenue. Ilocienuee
3aBHCHT OT MaTepHaJjia IPOBOAHMKA M ero TeMmIepaTyphbl. Bripaka-
T p B om-mempax (Om.m).

3HaueHUs YAeJHLHOrO 3JeKTPHUYECKOr0 COIIPOTHBJICHUA AJA HaH-
60Jiee XOPOIINX IPOBOAHUKOB (MeIb, AJIOMHHHI) COCTABJIAIOT IIPH
KOMHATHOH TeMIlepaType HEeCKOJbKO eXuHHMI, Ha 1078 Om- M.

3akon Oma B JokaabHOU opme. Halinem cBA3L MeXKAY IJIOTHO-
CThIO TOKA j 1 mojieM E B OIHOIT M TOM ’Ke TOUKe IIPOBOJAIIEI cpe-
abl. OrpaHMYMMCS CJIydyaeM H30TDPOIHOrO IPOBOJHMKA, B KOTOPOM
HampaBJieHHA BeKTopoB j 1 E coBmagaior.

BoigeanM MBICJI€HHO B OKPECTHOCTH HEKOTOPOH TOUKM IIPOBO-
IAei cpeabl 3J1eMeHTapHBIN MUJINHIPHYECKHN 06beM ¢ 06pa3yio-
LMY, [IapajljleJIbHBIMUA BEeKTOPY j, a 3Ha4uT, 1 BekTopy E. Ecin
momnepeuHoe ceueHue nuauHApa dS, a ero aauHa dl, To Ha OCHOBa-
Hnu (5.8) 1 (5.9) MOXKHO 3amucaTh AJIA TAKOrO 3JIEMEHTAPHOI'O M-
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JUHADA
_ Ed

pdl/dS ’

¥ II0CJIe COOTBETCTBYIOIIMX COKpAIIEHHH MOJYYHUM, y>Ke B BEKTOD-
HOM BHJE,

j=§E=cE, (5.10)

rge c = 1/p — ydenvHas anexmponposodumocms cpenbl. Ennnan-
1y, oOpaTHYI0 OMy, Ha3bIBalOT cumencom (CM), TO3ITOMY egUHHUIIEH
o ABNseTCA cumenc nHa memp (Cm/M).

Takum o6pasoM, cooTHomeHue (5.10) ycTaHaBIMBAeT CBA3b
MeXAy BeJIMUYNHAMM, OTHOCAIIMMHUCA K OTZHON U TOH >Ke TOUKe IIpPOo-
BoAAwei cpeabl. IMEHHO IO3TOMY M T'OBOPAT, UYTO COOTHOIIEHUE
(5.10) BrIpa)xkaer noxaavublii 3axon Oma.

Cmmoco6bl BRIYMCJIEHMsS conmpoTuBJeHHa R. CylecTByeT Hecko-
JIbKO TaKHMX CII0cOGOB, M BCe OHM, B KOHEUHOM CYeTe, OCHOBAaHBI Ha
HUCIoab30BaHUM cooTHomeHui (5.8)— (5.10). Ilenecoob6pasHoCThb
NIPUMEHEeHHUA TOr0 MJIKM MHOTO criocoba B KaXKJOM cjIydae 3aBHCHT OT
KOHKDETHOH IIOCTAHOBKH 3aJayM M OT XapaKTepa ee CHMMETPHH.
Kak 3To mpakTHuecKHM [esiaercsd, IIOKA3aHO Ha IpHMepax 3agad
5.1-5.3 u 5.6.

O 3apsime BHYTPHM NPOBOAHHKA ¢ TOKOM. Eciin TOK nocmoannwiil,
TO N36BITOYHEIN 3apA] BHYTPH 00HOPOOHO020 IPOBOAHUKA BCIOAY Da-
BeH HyJI0. B caMmoM feJte, 4J1s1 MOCTOSTHHOTO TOKA CIpPaBeAJIMBO YpasB-
Henue (5.5). IlepennmeMm ero ¢ yuerom 3akoHa (5.10) B Buze

g3cEds =0,

re MHTEerpaj B3AT IO IIPOM3BOJLHOM 3aMKHYTOH NIOBEPXHOCTH S
6Hympu npoBOAZHUKA. [ OJHOPOZHOIO IPOBOJHMKA BEJIUYUHY O
MOXXHO BBIHECTH H3-IIOL HHTErpaja:

chEds =0.

OcraBmniica MHTErpaj corjacHo Teopeme I'aycca mpomopiuoHa-
JieH asrebpanmyecKoil cyMMe 3apsZ0B BHYTPH 3aMKHYTOI IIOBEPXHO-
ct S, T. e. IPONOPIMOHAIEH M30LITOYHOMY 3apALY BHYTDH 3TOH
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noBepxHOcTH. HO M3 mocienHero paBeHCTBa cpa3y BUIHO, YTO 3TOT
HHTEerpaJj paseH HyJ0 (160 o # 0), a 3HAYUT, paBeH HYJIIO U N30bI-
TOYHBIN 3apAA. B cCHJIy IPOM3BOJILHOCTH IOBEPXHOCTH S MBI 3a-
KJII0OYaeM, YTO M30BITOYHBIN 3apA B 3TUX YCJIOBUAX BCIOLY BHYTDPH
IIPOBOJHUKA DaBeH HYJIIO.

M30b1TOYHBIN 3apAS MOXKET MOABUTHCA TOJIbKO Ha TOBEPXHOCTH
OZHODPOAHOTO MPOBOJHUKA, B MECTAaX CONIPHUKOCHOBEHUSA C APYT'HUMHU
IPOBOAHUKAMHM, a TaK)Ke TaM, I'ie IPOBOJHUK MMeeT HeOJHODOX-
HOCTH.

JJIeKTpHYecKoe IoJie MIPOBOAHMKA ¢ TOKoM. MTak, mpu mporeKka-
HUM TOKA Ha IIOBEPXHOCTH IPOBOAHMKA (06JiaCTh HEOZHOPOAHOCTH)
BBICTYIIaeT M30BLITOUHBLINA 3apAkd, a 3TO 0O3HAUAET COryacHo (2.2), uto
CHapy>X¥W IPOBOAHWKA HMEETCS HOPMaJIbHAs
cocraBasiomaa BekTopa E. Ilamee, u3 Hempe-
PBIBHOCTH TaHTeHIIMAJBLHON COCTAaBJIAIOIIEH
BeKTopa E MBI IpMXOANM K BBIBOAY O HAJIHU-
YUM ¥ TAHTeHINAJIbHON COCTABJIAIOIIEH 3TOrO
BeKTOpa BOJIHM3M NOBEPXHOCTH IIDOBOXHHUKA.
Takum o6pasom, BeKTop E BOIM3M mOBEpPXHO-
CTH IIDOBOJHUKA COCTaBJseT (IpH HAJIUYUU
TOKA) C HOPMAaJIbIO K Heil HEKOTOPLIN He paB-
HBII HyJI0 yroax o (puc. 5.1).

" eme. Ecan TOKM cTanmmoHApHBI, TO pacnpegeeHne 3JIeKTpH-
YeCKHMX 3apAJ0B B IPOBOAAILIEH cpefe (Boobie roBopA, HEOXHOPO-
HO) He MeHAEeTCS BO BPEMEHH, XOTsS M IIPOMCXOAUT ABH)KEHHE 3a-
PANOB: B KaXXJ0H TOYKe HA MECTO YXOLAIINX 3apAXOB HEIPEPBLIBHO
TIOCTYHAIOT HOBBIE. JTH OBMIKYIMECS 3apAABLI CO3JAIOT TAKOe XKe
KYJOHOBCKOE II0JIe, YTO ¥ HEIIOABHMIKHBIE 3apAABI TOH Ke KOHGUTY-
panuu. Crano 6bITh, 3JIEKTPUUYECKOE I10JI€ CTAIIMOHADHBIX TOKOB —
moJie MOTEeHINAJIbHOE.

Bmecre ¢ TeM 3JIeKTpUUYECKOe IIOJIe B CIydYae CTAIlMOHADHEIX TO-
KOB CYIIECTBEHHO OTJIMYAEeTCA OT 3JEeKTPOCTATHYECKOro — KYJIo-
HOBCKOTO IOJIA HENMOABM)KHBIX 3apaAnoB. IlocsegHee BHYTDH IIPO-
BOJHHUKOB IIDH DABHOBECHH 3apPAJ0B PABHO HYJIO. DJEKTPHUUYECKOe
ToJIe y CTAaIlMOHADHBIX TOKOB €CTh TaKXXe KYJOHOBCKOE II0JIe, OTHA-
KO 3apAnbl, ero Bo30y xaamoIIne, HaX0OATCA B ABHKeHUU. [loaTtomy
noJie E y cTamuoHapHBIX TOKOB CYLIECTBYET ¥ BHYTPH IPOBOJHUKOB
C TOKOM.

Puc. 5.1
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§ 5.3. O606mennsIilt 3axkoH OMma

Croponnue cuasbl. Eciu ObI Bce AefiCTBYIOIIINEe HA HOCUTEIN TOKA
CHJIBI CBOJMJINChH K CHJIAM 3JIEKTPOCTATHYECKOI'0 IOJIfA, TO IIOX Jeil-
CTBHEM 3THX CHJI IIOJIOXKHUTEJIbHbIE HOCUTEIH IIepeMellaJlnch Gbl u3
MecT ¢ GOJMBIIMM IIOTEHIIMAJOM K MECTaM C MEHbIINM IIOTeHI[Ha-
JIOM, a OTpHIlaTeJbHble HOCHUTEJH IBHrajuch 661 B o6paTHOM Ha-
npaBJIeHNH. TO BeJo Obl K BLIPABHUBAHMIO IOTEHIINAJIOB, M B Pe3y-
JIbTaTe BCe COeAUHEHHbIE MKy c060if MIPOBOAHUKY NIpHoOpean Gbl
OAMHAKOBBLIM MOTEHIMAl — TOK MpeKpaTHTCa. VHBIMH CJOBaMH,
IIpY HAJWYUM JINIIb KYJOHOBCKHX CHJI CMAYUOHAPHOE Ioje KOJ-
JKHO OBITH IIOJIEM CMAMUYecKuM.

YTo6bI 3TOr0 He IIPOM3OIIIO, B I[N IOCTOSHHOI'O TOKa HapAnLy
C yYaCTKaMu, I'ie MOJOKUTEeJbHbIe HOCUTEIHN TOKa JBUXKYTCA B CTO-
POHY YMEHbIIIeHHSA IOTEeHIHajaa ¢, AOJKHBI MMETbCS YYacTKH, Ha
KOTOPBLIX IE€PEHOC IOJIOXKHUTEJIbHLEIX HOCHUTEJEeH IPOHUCXOAUT B CTO-
POHY BO3DacTaHMUsA @, T. € IPOTUB CUJI 3JIeKTpuueckoro noias. Ilepe-
HOC HOCHTEeJIeil Ha 9THX y4YaCTKaX BO3MOXKEH JIMIID C IIOMOIIBLIO CHJI
He 3JIeKTPOCTATHYECKOI'0 IPOHCXOXKAEHHA. OTO TAaK Ha3bIBaeMble
CMOPOHHUE CUNbL.

TakuM 06pa3oM, A NOAAEPKAHUSA IIOCTOSHHOTI'O TOKA HEo0Xo-
IUMBI CTOPOHHHE CHJBI, JeHcTBYyolmMe J1u60 Ha OTAENbHBIX Yy4acT-
Kax menu, gub6o Bo Bceit menm. dPusmueckad MpHpoga CTOPOHHHUX
CHJI MOXeT OBITh BechbMa pas3anuHoil. OHM MOryT GHITH 06yCJIOBIIE-
Hbl, HaIpHMep, XUMHUYECKOH M ¢(H3NUeCKOi HEOZHOPOAHOCTHIO
NIPOBOAHMKA — TAKOBBI CHJILI, BOSHMKAIOLINE IIPH COIPHKOCHOBE-
HHHY Pa3HOPOJHLIX IIPOBOJHMUKOB (raJlbBaHHUYECKHE 3JIEMEHTHI, aK-
KYMYJATODHI) MJN IPOBOZHMKOB PAa3JINYHOM TeMIIepaTypsl (TepMo-
9JIEMEHTHI) U AD.

0O600ennsrit 3akoE OMma. [I18 KoJIMYecTBEHHOM XapaKTepHUCTH-
KH CTOPOHHHUX CHJI BBOAAT IIOHATHUA MOJS CTOPOHHHUX CHJ M €ro Ha-
nps)keHHOCTH E*. DTOT BEKTOD YMCIEHHO paBeH CTODOHHEH CHIe,
IeHCTBYIOIIe Ha eJUWHUYHBINA IIOJIOMKHUTEJbHBIN 3apdAn.

Tenepr oOpaTMMcA K IIJIOTHOCTH TOKa. Eciam mox neiicTBHeM
3JIeKTpUUYecKoro noas E B IpoBogHMKEe BO3HHKAET TOK IJIOTHOCTH
j = oE, TO o4eBHAHO, UTO IIOJ COBMECTHBIM AelicTBHeM Iouda E u
moasa cTopoHHMX cua E* miorHOCTH TOKa

j=o(E+E). (5.11)




126 I'naBa 5

Jro ypaBHeHHe 0000rmaer 3akoH (5.10) Ha ciayuaii HEOZHOPOA-
HBIX Y4YacCTKOB IpoBojsawmeil cpenbl. OHO BhIpa)kaeT 0606w eHHbLlL
3axon Oma B JOKaJLHOH (opMe.

3arkon OMa a1d HeOZHOPOZHOro yyacTtra unenu. HeoxHOpOgHBIM
Ha3bIBAIOT YYaCTOK L€, Ha KOTOPOM JEeHCTBYIOT CTOPOHHHE CHJIHL.

PaccMoTpuM 4YacTHBIN, HO IPAaKTHYECKH BaKHBIN ciayuyai, Korga
3JIEKTPUYECKHIl TOK TedeT BJOJbL MOHKUX Nnpo60dos. B aTom ciy-
Yae HaIlpaBJIeHHe TOKa GyJeT coBIajaTh C HalpaBJIE€HHEM OCH IIPO-
BOJAa M IJIOTHOCTb TOKA j MOXKET CUMTAThCA OJUHAKOBOH BO BCEX
TOYKax ceueHud nposoja. IIycTs miomans ceueHNs IPOBOJa paBHA
S, npuueM S MoxkeT ObITh M He OZMHAKOBON OO JJHHE IIPOBOZA.

Pasgenum ypaBHeHMe (5.11) Ha G, MOJyUYeHHOE BHIPAXEHUE yM-
HOXXHMM CKaJIADHO Ha 9JIeMEeHT ocu npoBoza dl, B3ATHI 1O Hampas-
JIEHHIO OT ceueHHUA ] K ceueHHIO 2 (ero Mbl IPHMEM 3a IIOJIOXKUTE-
JIbHOE), ¥ 3aTeéM IIPOMHTErpupyeM IO AJHHE IPOBOJA OT ceyeHHus I
o0 ceueHHdA 2.

.
2:q 2 2
[1==[Ea+[E"a (5.12)
1% 1 1

IIpeoOpa3yeM moabIHTErpajbHOE BhIDAXKE€HHE Yy II€PBOrO MHTEr-
pana: sameHuM © Ha 1/p u j dl Ha j;dl, rae j, — mpoeknusa BeKTOpA j
Ha HampaBieHHe BekTopa dl. amee ydureM, 4TO j, — BeJIMYMHA aJ-
rebpanyecKasi; OHa 3aBHCHT OT TOr0o, KaK HaIpaBJeH BEKTOD j IIO
orromernmio k dl: ecau j 11 dl, To j,>0, ecnu xe j 1T dl, To j, < 0.
N nocnennee, 3amenum j, Ha I/S, roe I — cuina TokKa, BeJHYMHA
ToKe anrebpamueckas (kaxk u j;). IIoCKOABKY AJA IIOCTOAHHOTO
TOoKa I OZMHAKOBO BO BCEX CEUEHHUAX ILIENH, 3Ty BEJIUYNHY MOXKHO
BBIHECTH 3a 3HAK MHTerpaja. B pesyibTaTe IOJYyYHNM

id_ 4, (5.13)
o

-t Sy DO
- S DO
| &

Breipaxxenue pdl/S ompenensieT He UTO MHOE, KAK COIPOTHUBJIE-'
HU€ y4YacTKa Ienu JanHoi dl, a MHTerpaJ OT 3TOr0 BBIDAXKEHHUSI —
IIOJIHOE CONIPOTHBJIeHNEe R yyacTKa Ienn MeXxay cedeHuAMu 1 u 2.

Teneps obparuMca K mpaBoit dactu (5.12). IlepBrIit MHTerpas
3lleCb — 3TO Pa3HOCTb IIOTEHIIMAJNOB @; — (5, 4 BTOPOH HMHTerpal
IpeAcTaBisieT co6oit anexmpodeusxcyuyyro cuny (3.4.c.)€, neicTy-
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IOINYI0O HA JaHHOM ydYacCTKe IeIu:

2
6, = [E"dL (5.14)
1

Jdra BeJHYMHA, KaK M CHJa TOKa I, ABiIAeTcA ajarebpamyecKoi:
ecaH 3.4.C. CIOCOOCTBYEeT ABMIKEHHIO MOJIOXKHTEJIbHBLIX HOCHTEJei
TOKa B BHIGDAHHOM HampaBieHuH, T0%,, > 0, ecin e OPENATCTBY-
er, 10 ¢,,<0.

IToce Bcex yKasaHHBIX ImpeoGpasoBaHMii ypaBHeHHe (5.12) Oy-
JeT MMEThb CJeAYIOIINi BHA:

RI =g, — ¢, +%,, (5.15)

rae, HAaIOMHUM, IIOJIO’KUTEJbHBEIM CUUTAETCA HampaBjieHHe OT TO4-
K I K Touke 2.

9To ypaBHEHUe BhIpa)kaeT 3axon Oma dan HeoOHOPOOHOZO Yua-
cmka Lienu, B OTJINYMEe OT ypaBHeHHs (5.11), mpexacraBismoIero
TOT ’Ke 3aKOH B JIOKaJbHOH ¢opme.

IIpumep. PaccMOTPHUM yYaCTOK LielIM, IOKA3aHHKIM Ha puc. 5.2. ConpoTus-

JIeHHe OTJNYHO OT HYJIA TOJBKO Ha R
orpe3ke R. Ha Hmxwuell wactu pu- £ II—:——"
CYHKa IPEeACTaBJEeH XOJ IMOTeHIHa- 1 2
Jla @ BHOJb JAHHOrO ydacTKa. BhI-

SICHUM, 4YTO 3JeChb IIPOUCXOLHT. Pa
W3 toro ¢akTa, uTo moTeHnuana Ha P91

oTpeske R ymeHblaeTcs cjeBa Ha-

npaBo, ciexyet, uto I > 0, T.e. 1 2

TOK Te4YeT B ITOJIOKUTEJIHLHOM Ha-
npasiaenun (ot I k 2). B ganHOoM
caydae ¢; < (g, HO TOK Te4eT OT
TOYKK I K TOUKe 2 — B CTOPOHY GOJbIIEro 3HaYeHUs MOTeHIHa-
Jia. 9TO BO3MOJKHO JIHUIIb IOTOMY, YTO Ha JaHHOM y4acTKe HMMeeT-
ca 9.4.c. 6, AeficTBYOLUIAA B IIOJIOKHUTEILHOM HANpaBIeHUH (OT 1
K 2).

Bepuaemcsa k (5.15). 3 aToro ypaBHeHHs CJIeAyeT, YTO AJIA 3aM-
KHYTOH menu TouKu I M 2 COBOANAIOT, (; = (, U OHO IpHOGpeTaeT
6osree mpoCTOH BHA:

Puc. 5.2

RI =%, (5.16)
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rae R npexcrasiser co0oil yKe IIOJIHOE COIPOTHUBJIEHNE 3aMKHYTOMH
menu, a€ — aare6pamdyecKyio CyMMY OTHeJbHBIX 3.1.C. B JaHHOM
Lemnm.

Janee mpeacTraBuM cebe ydJacTOK IIeIH, COAEPIKAIIMil caM HC-
TOYHHUK 3.I.C., — Mexxay ero kiaemmamu I u 2. Torga B ypaBHEHUH
(5.15) pusa BeIOPAaHHOI'O HAMHM y4yacTKa R — 3TO BHyTpeHHee COIIPO-
THUBJICHME MCTOYHNKA, & (; — ¢, — PA3HOCTb IOTEHIIMAJOB Ha ero
kaemmax. Ecam uctounnk pasoMxuyt, o I =0ué = ¢, — ¢, T. €.
9.4.C. ICTOYHHKA MOXXHO OINPEeAEIUTb KAK Pa3HOCTh IIOTEHIIHAJIOB
Ha ero KJjeMMax B Da30MKHYTOM COCTOSHHH.

Pa3HoCTh IOTEHIIMAJIOB HA KJIeMMaX JAaHHOIO MCTOYHMUKA 3.1.C.,
3aMKHYTOI'0 Ha BHEIIIHEe COIIPOTHUBJIEHUE, BCerAa MEeHbIIe ero 3.4.C.
OHa 3aBHCHT OT BHEIIHENl Harpysku.

IIpumep. BHelrHee compoTuBJIeHME LN B 1) pa3 GoJibllle BHYTPEHHErO CO-
NIPOTHUBJIEHUS HCTOYHMKa. HalileM OTHOIIEHHe PA3HOCTH IOTEH-
MAJIOB HAa KJeMMaX HCTOYHHKA K ero 3.1.C.

ITycts R; — BHYTpeHHee CONpPOTHBJIEHHME HCTOYHMKa, a R, —
BHellIHee compoTuBjeHue Ienu. CorsacHo ypaBHeHHIO (5.15)
@2~ ¢;=€ — R, cornacro e (5.16) (R, + R,)I =6. Us atux AByx
yPaBHEHHMH IOJIYUYHM

<P2‘(P1=1_Ri1=1_ R, _ R, -
€ € R,+R, R, +R, 1l+n

OTcioga BUAHO, 4TO YeM Gosblie 1, TeM OoJbllle MpUGIHKaeTCH
Pa3HOCThL IMIOTEHIIMAJIOB Ha KJIE€MMaX HCTOYHHKA K ero 3.X.C., u
HaobopoT.

B 3akiaoueHHe I0JIE3HO IPHBECTH HATJIAZHYIO KapTHHY, II03BO-
JISIIOLIYIO JIYYIlle YACHUTDH, YTO IPOMCXOAUT B 3aMKHYTOM IlenH IIO-
crossiHHOro ToxKa. Ha pmc. 5.3 moxasaHo pac-
IpejesieHre IOTeHIMajJa ¢ BAOJb 3aMKHYTOM
Lleny, coJepJKallel MCTOYHHK 3.4.C. HA Yy4acrT-
ke AB. IloTeHnman ¢ ajad HarJIAZHOCTH OTJIO-
’KeH BJOJIb 00pas3yIomnx MUJINHADPUYECKOH II0-
BEPXHOCTH, KOTOpas OIMHpAaeTcA Ha KOHTYP C
TOKOM. Toukn A 1 B COOTBETCTBYIOT IIOJIOXKH-
TeJbHON M OTpHMIIATEJILHOM KJIeMMaM HMCTOYHH-
Ka V3 pucyHKa BHAHO, YTO IIPOIlECC IIPOTEKa-
HUS TOKA MOXXHO IPEACTaBUTh cefe TaK: IOJIOXKHUTEJNbHbIE 3apsd-
IBbI-HOCHUTEJIH «COCKAJb3bIBAIOT» II0 HAKJIOHHOMY «XeJjo0y» OT TOodY-

Pue. 5.3
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KH ¢, K TOYKe Qg — IIO0 BHEIIHEMY yYaCTKy LIelld, BHYTPH Ke HC-
TOYHHMKA «IIOAHATHCA» OT TOYKH Qg K TOYKE (, UM IIOMOTaIOT CTO-
POHHMe CHJBI, 0003HAUYeHHBIE CTPEJKOM.

§ 5.4. PasBerBiaenHble Lenu. I[Ipasuna Kupxroga

Pacuer pasBeTBJIEHHBIX Lielleil, HAIIpUMEDP HAXOXJEHHE TOKOB
B OTAEJBLHBIX €e BeTBAX, 3HAUHUTEJIbHO YIPOIIAeTCH, €CAU I0Jb30-
BaThCA ABYMs npasunamu Kupxzoga.

IlepBoe mpaBuiao Kupxroga — OHO OTHOCHTCA K y3JaM IeNH,
T. €. K TOYKAM ee Da3BeTBJEHHU: anzebpauiecKas cymma moKoe,
CX00AWUXCA 8 Y3ne, PABHA HYNIO:

2.1, =0. (5.17)

IIpu aTom TOKHM, MAylIue K y3Jy, U TOKH, HC-
XOAALIME U3 y3JIa, CIegyeT CYNTATh BeJINYNHAa-
MM pa3HbIX 3HAKOB, HAIIDMMED: IIepBble — IIO0-
JIOKUTEJIbHBIMU, BTOPble — OTPHUIATEJbHBIMH
(n11 HaoO6OpOT — 3TO He cylecTBeHHO). IIpu-
MEeHUTEeJbHO K puc. 5.4 ypaBHeHue (5.17) 3a-
NIULIETCA TaK: Puc. 5.4

II_IZ +I3=0.

YpaBHeHue (5.17) ABIAETCA CIEACTBHEM YCJIOBHSA CTAIIMOHADHOCTH
(5.5); ecam 6bI 3TO OBLIIO He TaK, B y3Jie M3MEHAJCA Obl 3apax u
TOKKM He ObLIM OBl CTAIlMOHADHBLIMHU.

Bropoe npaBuio Kupxroda — oHO OTHOCHTCA K JIIOOOMY BbIJE-
JICHHOMY B Da3BETBJIEHHOI LielM 3aMKHYTOMY KOHTYpY: anzebpau-
YecKkan cymma npou3eéedenull cun moKoé 6 omoenvHbLX ywacm-
KaX Npou360NbH020 3AMKHYMOZO KOKMYPA HA UX CONPOMuU6ELe-
HUA paéHna anzebpauieckol cymme 3.0.c., delicmeyrouwux 6 Imom
KOHRmype:

IR, =%, (5.18)

IIns moKasaTesbCTBa 3TOr0 MpaBMJIa AOCTATOYHO DPACCMOTDPETh
ciaydail, KOrja BBIAEJIEHHBI KOHTYD COCTOMT M3 TPeX YdYacTKOB
(puc. 5.5). 3agaguM HampaBiieHHe 00X0Ja, HaIpUMep, IO YacOBO
CTpeJIKe, KaK II0Ka3aHO Ha PHCYHKe. 3aTeM IPHMEHHUM K KaKJOMY
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U3 Tpex y4acTKoB 3akoH Oma (5.15):
IR, = ¢, — 03 +€,

IRy = @3 — ¢, +€,,

IR =) — @, +€5.

Puc. 5.5 CJI0’KMB 3TH paBEHCTBA, NIPUXOAUM IIOCJIE
COKpallleHHA BCeX MOTEHIMAJIOB K GhopMy-
ae (5.18), 1. e. ko Bropomy mpaBuay Kupxroda.
Takum ob6pasoMm, ypaBHeHHe (5.18) siBIseTCA CIeACTBHMEM 3aKOHA
Oma a8 HEOZHODPOAHBIX YYACTKOB IIEIIH.

CocraBienne cucrems! ypaBHenwuii. [IpaBuna Kupxrodpa B Kax-
JOM KOHKDETHOM CJydyae IIO3BOJIAIOT HANMCATh IMOJHYIO CHCTEMY
asrebpanyecKMX ypaBHEHMH, M3 KOTOpPOH MOryTt ObITb HaNJeHbI,
HaImpuMep, BCe HEHM3BECTHLIE TOKH.

YpaBueHnwnii (5.17) u (5.18) Hago cOCTABAATDH CTOJBKO, UTOGHI MX
YuCa0 OBLIO PABHO YMCJIY MCKOMBIX BeJwdyuH. IIpu aTom Hano cie-
OUThb, 4YTOGBI OJHM YDaBHEHUS He SABJAJINUCH CIEJCTBHEM ADYTHX:

1) eciu B pa3BeTBJIEHHOM ey nMeeTcA N y3JI0B, TO HE3aBUCHMEIE
ypaBHeHusA Tuna (5.17) MOXHO cocTaBUTh JHUIIb AaA N — 1 y370B;
YpaBHEHUE JJIf TOCJIeAHEero yana GymerT CIeICTBHEM IPeIbIAYIINX;

2) ec1u B pa3BEeTBJIEHHON L€ MOYKHO BBIZEJUTH HECKOJbKO
3aMKHYTBIX KOHTYDOB, TO He3aBUCHMble ypaBHeHua Tumna (5.18)
MOXHO COCTaBUTh TOJBKO AJISA Te€X KOHTYDPOB, KOTODHIe HE IIOJIyda-
I0TCA B De3yJbTaTe HAJOXKEHUA Yy)Xe pPacCMOTpPeHHbIX. Hampumep,
nia nenu (puc. 5.6) Takue ypaBHeHUA AJA KOHTYpoB 124 u 234 Oy-
AYT He3aBHCHUMBLIMH. Y DaBHEHUe JXKe AJA KOHTypa 1234 aBnsercsa

2 CJEACTBHEM JBYX INPEeABIAYIINX. MOXHO

COCTaBHTh HE3aBHCHMbIe ypaBHEHHA AJIs
OBYX IPYTHX KOHTYpPOB, HampuMep AJsA
KOHTYpOB 124 u 1234, HO TOoraa ypaBHe-
HUe IJIA KOHTypa 234 Gyner caeacTBHEM
/] OBYX IepBbIX. UYHCJIO0 He3aBHCHMBIX

Puc. 5.6 ypaBHeHH# THna (5.18) oxaswiBaeTca
PaBHBIM HaMMEHbIIEMY YHCJIYy Pa3phIBOB,

KOTOpBIE CJIefyeT CAeJaTh B LieNH, YTOOBl HAPYIINThL BCE€ KOHTYPHI.
9TO 4HCI0, KCTaTH, PAaBHO UYHCIy objacTeil, OrpaHWYEHHBIX IPO-



ITocToAHHLIH 3JIeKTPHYECKHH TOK 131

BOJHHKAMH, €CJIM CXeMy yAacTcsA U300pasuTh Ha IJIOCKOCTH Oe3 Ire-
peceueHMn.

Hanpumep, gaa menu (pue. 5.7), comepskammeil deTnIpe ya3Ja,
HaJ0 COCTABUThL TPH ypaBHeHHUsA THNa (5.17) U Tpu ypaBHEeHHs THIIA
(5.18), n60 MHUHHMAaJIbHOE YHUCJIO pPa3pbLIBOB

(oHM TmOMeuYeHbl KDEeCTHKaMHK), Hapylaloliee 3

BCe KOHTYPbI, PABHO TpeM (TpeM DaBHO M YHC-

Jo obsacreit). Eciin HeM3BeCTHLIMH SBJISAIOTCA 29 4
TOKH, TO MX YHCJIO PABHO IIECTH — II0 YHUCJIY

OTHEJbHBIX YYaCTKOB MEXAY y3JaMH, UTO CO- 7

OTBETCTBYET YMCJY He3aBUCHUMBIX YPaBHEHUI.

IIpu cocraBieHnn ypaBHeHuH Trna (5.17) n
(5.18) HeoOx0AMMO IOCTyHAThH TaK.

1. O603HAYUTH CTPEJKAMM NPEAIOJOXKUTENbHbIe HAlpaBIeHUA
TOKOB, He 3aJyMBLIBAafiCh HAJ Te€M, KyJa 3TH CTPEJKH HAIpPaBUTb.
Ecin B pesyabTare BbIYHUCIEHHS OKAaKeTCs, YTO TAKOH-TO TOK IIO-
JIOKHUTEJIeH, TO 3TO 3HAYMUT, YTO €ero HalpaBJieHNe BHIGpAHO IpaBH-
JbHO. Ecan ke TOK OKa)XeTcs OTPHIATEIbHLIM, TO €ro MCTHHHOE
HallpaBJIeHHE MPOTHBOIOJIOXKHO HAMIPABJEHUIO CTPEJIKH.

2. BriOpaB IpPOHM3BOJILHO 3aMKHYTBIA KOHTYpP, BCE €ro Y4acTKH
caexyer o0OMTHM B OZHOM HANpaBJeHWH, HAIpUMeD II0 YacOBOM
crpeake. Ecau mnpenmoso)xuTelbHOE HaIpaBleHHE HEKOTOPOro
TOKa COBIIafaeT C BLIODAHHBLIM HalpaBjeHneM 00X0Aa, TO COOTBET-
crByIommee ciaaraemoe IR B ypaBHeHU™H (5.18) Hago 6paTh O 3HAKOM
ILTIOC, €CJIM 2Ke 3TH HallPaBJEeHUA IIPOTHUBOIIOJIOXKHBI, TO CO 3HAKOM
MHHYC. AHAJIOTHYHO CJIeAyeT HOCTYNAThb U C&: eCIN KaKasa-TO 3.1.C.
€ moBBIIAET MOTEHOHAT B HAIPABIeHHH 00X0a4a, ee HAHO 6paTh co
3HAKOM ILTIOC, B IPOTHBHOM CJIy4ae — CO 3HAKOM MUHYC.

Puc. 5.7

IIpumep. Haiinem cuny Toka M ero HampaBJeHHe R
yepe3 comnpoTuBieHNe R B cxeme (puc. s
5.8). Bce conpoTuBieHHa M 3.4.C. TIpen-
IOJAralOTCA M3BECTHHIMH. Al

3aech TPH ydacTKa, CJeJOBaTeJbHO, TPH 4 !
Hen3BeCTHHIX Toka I, I u I,. O6o3HaunMm
cTpeJKaMH (He 3aXyMBIBasfCh) MX IIpef-
ITOJIOMKHUTENIbHBIE HaNpaBleHud (y IpaBo-

ro ysia). L-'-ll—E—

Puc. 5.8
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Ilens comepskur N = 2 ysna. 3HaUUT, HE3AaBUCUMBIX yDaBHEHUH
tuna (5.17) TonbKO OAHO:

I+I,+1I,=0.

Teneps cocTaBUM ypaBHeHHsa Tuma (5.18) — HX AOMKHO GBHITH
nBa (1o umuciay obJsacreit). BosbmeM KoHTYp, cogepxamuit R u Ry,
M KOHTYp ¢ R u R, Bri6paB HampaBieHHe 06X0fa KasKHOTro KOH-
Typa II0 YacCOBOM CTpeJIKe, 3aIlHIileM

~-IR+ IR, =-%,, -IR+ I,R, =%,

IlonesHo y6eguThCA, YTO COOTBETCTBYIOLlee YpaBHEHUE AJISA KOH-
Typa, cogepxaiero R, u R,, ABiIAeTCA CleICTBHEM 3THX ABYX.
PemuB cucremy HanmMCaHHBIX TPE€X YpPaBHEHUM, IOJYyYUM
— _RI%Z + chgl
R,R, + RR, + RR,

Ecan mocie moacTaHOBKM UYHCJIOBBLIX 3HAYEHHH OKaKeTCcs, 4TO
I > 0, To 3TO 3HAUMT, UTO B AEHCTBHUTEJHLHOCTH TOK TedeT TakK,
KaK Mbl IpeAIoJIOoKMIN Ha puc. 5.8, ecan ke I < 0, To B IpoTH-
BOIIOJIOXKHOM HAaIIpaBJIEHHH.

§ 5.5. 3akon Mxoyna—Jlenna

C mpoxoskIeHHeM TOKa uepe3 MPOBOAHMUK, 00JaZalomuil COmpo-
THBJIEHNEM, HepaspbIBHO CBS3aHO BbIJEJE€HHE TEIJOThl (Harpesa-
HHUe IPOBOAHUKOB). Hama 3agaua — HaWTH KOJHMYECTBO TEILJIOTHI,
BBIZEJAIONIeeCH 3a eSUHUIY BPEeMEHH Ha OIpeJeJIeHHOM yYacTKe
nenu. 34ech BO3MOXKHBI ABa CJIydas, KOTODbIe MBI M DACCMOTPHUM
ocJIiefOBaTeJIbHO, — OTHOPOAHBIH M HEOZHOPOAHBIH YYaCTKH
nenu. B ocHOBY pellleHHs 3TOro BOIpoca MbI BO3bMEM 3aKOH COXpa-
HeHHUs 3HepruM M 3akoH Oma.

OpHOponHBIH yuacTok Lenu. IIycTh MHTepecylomuii Hac ydac-
TOK 3aKJIOUeH MexJy cedeHmamMu I m 2 mpoBoxHuKa (puc. 5.9).
Haitnem paboTy, KOTOPYIO COBEPIIAIOT CHJIBI IIOJIA HaJ HOCUTEJIAMH
TOKa Ha yuacTkKe 12 3a Bpemsa dt.

2 Ecam cuia ToKa B IPOBOJHHKE PaBHA
I - I, 10 3a Bpemsa dt uepe3 Kakaoe ceueHHEe

1 ?, NPOBOAHUKA mpoitger 3apany dg = I dt. B
YaCTHOCTH, TaKoH 3apax dq Boiiger

BHYTPb y4YacCTKa 4epe3 ceueHwe I u Ta-

Puc. 5.9 KOl Xe 3apsaj BLIHJET M3 3TOr0 yYacTKa

6,
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yepes ceueHHne 2. Tak Kak pacupefesieHNe 3apAAOB B IIPOBOJHHKE
0OCTaeTcs IIPU 3TOM HEM3MEHHBIM (TOK IIOCTOSHHBLIN), TO BeCh IIPO-
Ilecc 3KBMBaJIEHTeH HENOCPeACTBEHHOMY IepeHocy 3apfAga dq or ce-
yeHNA I K cedeHMIO 2, MMEIOIUX NOTEHIHAJNBI Q7 U ¢,.
ITosToMy coBeplllaeMasi IPH TaKOM IepeHoce paboTa CHJI IIOJIsA

3A = dg(ey — 92) = I(p; — @p)dt.

CoryacHO 3aKOHY COXpaHEHHA 3HEePIruM 3KBUBAJEHTHAA 3TOH pa-
00Te sHeprusa HOJIKHA BBIAEJIATBCA B MHON ¢(opme. Ecam mpoBoxa-
HUK HENOABM)XEH M B HEM He IIPOMCXOLAT XMMHUECKHe IIpeBpalle-
HHA, TO 3Ta SHEPruUA HOJIKHA BBIAEHATHCA B (opMe BHYTpPEHHeH
(TemIoBOii) dHEepruy, B pe3yJbTaTe Uero IPOBOJHHUK HArpeBaercs.
MexaHM3M 3TOr0 IMpEeBpaleHUs JOCTATOUYHO IIPOCT: HOCHUTEJNH TOKA
(HanpuMep, 3JIEKTPOHBI B MeTajljlaX) B pe3yjabTare padOThI CHJI
OJI IPHOOPETAIOT AOIOJHHUTEJIbHYI0O KMHETHUYECKYIO SHEPTHIO H
3aTeM pacxXoAVIOT ee Ha BO30ykIeHHe KoJjebaHMH peIIeTKH IIpH
CTOJIKHOBEHHH C €e y3JIaMH-aTOMaMH.

Hrax, cornacHo 3aKOHY COXPaHEHHS dHEPTUM dJIeMEHTapHas pa-
oora 64 = Qd¢, rae Q — TemJoTa, BBIAeJNsdAeMad B eJHHUIIY BpeMeHH!
(TenmoBaA MOIIHOCTHL). /I3 cpaBHEeHMS HOCJIEeZHEro paBeHCTBa C
NpeAbIAYUINM IIOJyYaeM

Q=1((P1 -03)

A rak kak mo 3akony Oma ¢, — ¢, = RI, To

QO=RI*. (5.19)

dta ¢opmysna BeIpaXkaeT M3BECTHHIN 3akon [Jacoyna—Jdenya.

ITonyyuM BBIpa’KeHHe 3TOTO 3aKOHA B JIOKAJbHOH (opme, xa-
pPaKTepH3yIolleil BhIJeJeHNe TEeIIOTH B PA3JIMYHBIX MECTax IPOBO-
nsAmei cpenbl. A 9TOM IeaM BBIAEJIUM B JaHHOM cpele aJIeMeH-
TapHBIA 06beM B BHUJe MUIMHAPUKA C 00pa3yoIuMy, IapaJjieib-
HBIMH BEKTODY j — ILUIOTHOCTH TOKa B JaHHOM Mecre. IIycTth
momepeyHoe ceuyeHme nuiauHApuka dS, a ero manamua di. Torma Ha
ocHOBaHUM 3akoHa [[xoyna—Jlenmna B aTom o6beMe 3a BpeMs dt BhI-
JeJs1eTCA KOJHMYECTBO TEILJIOTHI

8Q =RIZdt =%S(—i£(jd8)2dt =pj2av dt,
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roe dV = dS dl — o6bem munueapuka. Pasmenus mociesHee ypas-
HeHue Ha dV dt, mosmyunm dopmMysay, KOTopas OIpeAeaseT KoJaude-
CTBO TeIlJIOTHI, BHIAEJSIOIeeCA 3a €QUHHIY BPEeMEHHM B eQUHHIIE
o6’beMa IIPOBOAAILLEH CPelbl, — YOeAbHYI0 Menno8y0 MOWHOCMb
moxa:

Oy =i’ (5.20)

dra ¢opmysa BoIpa)kaerT 3akoH Jskoyns—JleHna B JIOKAJbHOM
dopme: ydenvras mennosas mowHOCMb MOKA NPONOPYUOHANL-
Ha xéadpamy NAOMHOCMU INEKMPULECKO20 MOKA U YydenrvbHoMmYy
conpomugnernulo cpedv. 6 danHol mouke.

YpasueHrne (5.20) npexacrasiaser coboit Hanbosee obIIy0 opmy
dakoHa J[[xoyas—JleHa, MpUMEHHMYIO K JIOOBIM IPOBOAHHKAM
BHE 3aBHCHMOCTH OT UX (POPMBI, OXHOPOAHOCTH M OT IIPMPOALI CHJI,
BO30YKAAIOINX 3JIEKTPUUECKUH ToK. Ecau Ha HOCHTENH TOKa Aeii-
CTBYIOT TOJbKO 3JEKTPHUYECKHE CHJLI, TO HAa OCHOBAHUM 3aKOHA
Oma (5.10)

Q,, =JE=cE”. (5.21)

Taxkum o6pasoM, ImocjefHee ypaBHEHIE IMeeT MeHee o0l Xxapak-
Tep, Hexenu (5.20).

Heonmopomusiit yuacTox uenu. EcCIM yd4acTOK ILEeNM COXEPIXKHUT
HMCTOYHHK 3.I.C., TO Ha HOCUTEJH TOKA OyayT AefCTBOBATH HE TOJIBKO
3JIEKTPUYECKHe CHJIbI, HO ¥ CTOPOHHME. B 3TOM ciryuae BhIgesigeMoe
B HEMOABM)KHOM IIDOBOJHMKE TeILIo0 GyAeT paBHO IIO 3aKOHY COXpa-
HEeHUA 3HepPruy ajarebpamdyecKoil cymMmMme paGoT 3JIeKTPUYECKUX U CTO-
POHHHUX CHJI. ITO )K€ OTHOCHUTCS M K COOTBETCTBYIOIIINM MOIIIHOCTSM:
TEIJIOBAaA MOIIHOCTh AOJPKHA ObLITh paBHA ajre0pandyecKoil cymme
MOIIIHOCTEH 3JIEKTPHMYECKHX M CTOPOHHMX CHJ. IIpole Bcero B 3TOM
MOXXHO yOeINTBLCSA, YMHOXXMB BhIpakeHue (5.15) Ha I:

RI? = (¢, — @) +€I. (5.22)

3nech cieBa CTOMT BBHIAENAIONAACA HA ydYacTKe TelJoBas MOI-
HOCTh @; IPH HAJIWYMHU CTOPOHHMUX CHJI BeJIUUYMHA @ OIpeAeldeTca
TOI 2Ke opmyoit (5.19), UTO U AIA OZHOPOAHOrO ydyacTKa memnu. Ilo-
clIefHee )Ke CJaraeMoe CIipaBa IpPeACTaBaAeT cofoil MOILIHOCTb, pas-
BHBaeMyl0 CTOPOHHMMHM CHJIAMH HA HAaHHOM ydacTKe. 3aMeTHM elle,
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uTo mocienHAa BenwunHa (€I) aBaderca anrebpanuecKoii: B OTIHYNE
or RI? oHa W3MeHseT 3HAK IIPM M3MeHEHWM HalpaBJieHHA ToKa I.

Takum o6pas3om, ypaBHeHHe (5.22) o3HaAuaer, UTO TeIJIOBasd
MOIITHOCTD, BHIJeJIsieMasd Ha yYaCTKe Ienu MeXAy Toukamu [ u 2,
paBHa ajnreOpamuyecKod CyMMe MOIIIHOCTEH 3JIEKTPHUYECKHUX M CTO-
poHHuX cuja. CyMMy aTHX MOILIHOCTeIf, T. €. MpaBylo dacTh (5.22),
Ha3bIBAIOT MOWHOCMbIO MOKA Ha DacCMaTPUBAeMOM YydYacCTKe
nenu. Torga MoXXHO CKasaTh, YTO B CIydYae HEIOABUMKHOTO yUaCTKa
LleIX MOILTHOCTH BBIAENSAEMOH Ha JTOM YYacTKe TeIIOThI paBHA
MOIITHOCTH TOKA.

IIpumenuB (5.22) KO Bceil Hepas3BeTBJEHHOH Ienu (Torga
1= ¢y), MOTYUUM

Q=4I (5.23)

T. €. 00Illee KOJMUYECTBO BBHIJEJIAEMOI 3a €IUHHUILY BDEMEHH! BO BCeit
e [)KOYJEeBOH TeImJOThl PABHO MOILIHOCTH TOJbKO CTOPOHHHX
cuy. 3HAYUT, TEIJIOTA IPOU3BOAUTCA TOJIBKO CTOPDOHHMMH CHJIAMH.
Possb e 91eKTPUYECKOT0 II0JIA CBOAUTCA K TOMY, YTO OHO IIepepac-
npeaejaseT 3Ty TEIJOTY IO Pa3JNYHBLIM y4acTKaM IIeIH.

ITonyuum Temephr ypaBHeHHe (5.22) B JOKaJbHOH dopme. asa
3TOro YMHOXHM 00e uacTu ypaBHeHuA (5.11) Ha j, a TakxKe yuTem,
yro 6 = 1/p u pj2 =0y, [cM. (5.20)]. Toraa ymenpHas TemaoBas
MOILIHOCTh TOKa4 B HEOJHOPOAHOM INPOBOAAILEH cpexe

0, =pi> =i(E+E"). (5.24)

§ 5.6. IlepexomHbIe MpouecChl B LENMH
C KOHAEHCATOPOM

O nmepexomssIx mpoueccax. Tak Ha3bIBAIOT MPOLECCHI IIPH Iepe-
XO0Jie OT OZHOI'0 YCTAHOBHBILIErOCA B I[€NIN PeXKHMa K Apyromy. IIpu-
MEpOM TAKHX IIPOLIECCOB SBJAETCA 3apsAgKa M paspagKa KOHIEHca-
TOpa, Ha HUX MBI ¥ OCTAHOBHMCA Gojiee TOAPOGHO B 3TOM maparpade.

Ilo cux mop MBI PACCMATPHBAJIHN TOJbKO ITOCTOSHHBIE TOKH. OKa-
3bIBAETCA, OJHAKO, UTO IIOJYYEHHBbIE 3aKOHBI BO MHOTHX CJIydYadax
MOXXHO IPHMEHATh M K H3MEHAIOIIMMCA TOKAM. JTO KacaeTcs Bcex
TeX cJyuyaeB, KOIZlJa M3BMEHEHHe TOKA IIPOMCXOAMT He CJIHIIKOM GBICT-
po. B arux ciyyasax MrHOBEHHOe 3HAUeHHe TOKAa OyJeT IpaKTHYeCKH
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OIHO M TO XK€ BO BCEX IOIIEPEYHBIX CeYEeHNAX nenu. Takue TOKH U co-
OTBETCTBYIOIIIVIE MM IIOJIST HA3hIBAIOT Kea3ucmayuoHapHsimu (6oiee
TOYHBIA KPUTEpUI KBas3WUCTALMOHApHOCTH gaH B § 11.1).

HNMeHHO KBa3uCTanmMOHAPHBIE TOKM MOJXHO OIMCBHIBATH 3aKOHA-
MH IIOCTOSHHOT'O TOKA, €CJIM TOJbKO MX IPUMEHATh K MI'HOBEHHBIM
3HAYEHNAM BEJNYUH.

A Temepp o0paTHMMCA K IpoIleccaM pPaspAAKH M 3apAAKH KOH-
JeHcaTopa, MpeAIojarasi TOKM B 3THUX IPOIECCaX KBa3UCTAILHO-
HapHBLIMH.

Paspangka kommencaropa. Eciu 0oOKJIagKM 3apAXeHHOrO KOH-
JeHcaTropa eMKocTH C 3aMKHYTH Uepe3 COIIPOTHBJIeHUE R, To uepes
Hero noreder Tok. Ilycrs I, ¢, U — MrHOBeHHBIEe 3HAUEHHUA TOKA,
3apAfa MOJIOKUTEJIbHON OOKJaAKM M pas-
HOCTH IIOTEHIIMAJIOB MEXXIy OOKJIaIKaMH
(ranpsaxxeHuns). Cuuraa Tok I mojyoxxure-
=qt R JIbHBIM, KOrZJa OH TeYeT OT IOJOXKHTENb-
HOI OOKJAaZKH K OTpHIaTeJbHOH (puc.

K 5.10), samumem I = —dqg/d¢. CormacHo 3a-

koHYy OMa A BHENIHEro y4acTKa ILelH,
Puc. 5.10 COMepIKAaIlero COIpPOTHBJIeHue R:

I

Ic

RI=U.

YuureiBad, uro I = —dg/dt u U= ¢q/C, npeo6pasyeM IpenbIay-
mee ypaBHeHHE K BHUAY

dg . 9 _p. (5.25)
dt RC

B srom gnddepeHnnaIrHOM YpaBHEHHHM IepeMeHHBIe pasiesid-
I0TCA, ¥ IIOCJIe MHTEerDUPOBAHUA MBI IOJYYUM

q=gee ", (5.26)

roe qo — HavyaJIbHbIA 3apAx KOHAeHcaTopa, a T — IIOCTOdAHHAadA,
HMeomasa pasMepHOCTh BpPEMEHH:

1= RC. (6.27)

9Ty MOCTOAHHYIO Ha3BIBAIOT 8pemeHem penaxcayuu. U3 (5.26)
BHJHO, YTO T €CTh BpeMs, 3a KOTOpOe 3apsaj KOHAeHCAaTopa YMeHb-
miaeTcA B € pas.
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IIpoauddepennuposas (5.26) mo BpeMeHHu, HalileM 3aKOH H3Me-
HeHHUs TOKa:

I =—2—Z=Ioe't/', (5.28)
rage I, = go/t — cuna Toka B MoMeHT t= 0. q
Ha puc. 5.11 nokasan rpaduk 3aBUCUMOCTH ¢,
q(t) — Bapsaga Ha KOHIEHCATOpe OT BPEMEHH.

T'paduk 3aBucumocTn I(f) UMeeT TaKoOi »Ke BHUI.
3apsaaka KOHAeHcaTopa. PaccMOTpHM Iens,
COMEePIKAIINYI0O IIOCAef0BATENbHO COequHeHHble O

KoHAeHcaTop C, CONPOTHBIEHNEe R M MCTOYHHUK Pre. 5.11
a.4.c. € (puc. 5.12). IlepporauaaIbHO KOHAEHCA-

TOp He 3apsaeH (karou K pasoMkHyT). B Mo- I R

MeHT ¢t = 0 KJII0Y 3aMKHYJH, U B IeOH NOLIEJ] | 2lc
TOK, 3apsKAOIUHA KOHAEHCATOD. ¥YBeJIHNYHUBAIO- b =
mmecsa 3apAnbl Ha oOKJIagKax KOoHAeHcaTopa Oy- - I
IyT Bce B 0OJIbIITEH CTENIeHM IIPeNATCTBOBATH IIPO- el
XO0XKIEHUIO TOKA, IIOCTENIEHHO YMEHbLIIAfA €ero. Puc. 5.12

Tenepp TOK B menu OygeM CUUTATh HOJOMXKH-
TEJbHBEIM, KOTZa OH Te4YeT B HAIIPABJIEHHM K IOJIOXKUTENbHO 3aps-
KeHHOI oOKJIazKe KoHAeHcaTopa: I = dg/d¢. IlpuMeHumM 3axKoH
Oma A1a HEOZHOPOZHOTO ydacTKa menu K ydacTky I€R2:
RI=¢, — ¢ + ¢,
rge nog R mOHMMAaeTcA IIOJIHOE COIPOTHBJIEHHE 3TOr0 YYacTKa,
BKJIIOUasl BHYTPEeHHee CONPOTHUBJIEHHEe HCTOYHHNKA 3.4.C. YUHUTHIBAA,
uro I =dgq/dt u ¢, — ¢, = U=q/C, nepenumem npegpiayinee ypas-
HeHHe B BHIeE
dg €-q/C
dt R
Pasnenenne mepeMeHHBIX daeT
Rd
4 g,
€-q/C
IIponHTErpHPOBAB 3TO YpaBHEHHE C YYETOM HAYaJIbHOTO YCJO-
BudA (¢ = 0 nmpu ¢ = 0), monyunm

q
RCln|1- ~—|=-t,
n( %0]
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OTKyZa

g=gn(1 - ). (5.29)

3necs ¢,, =éC — npenenbHOe 3HAUEHME 3apAAa HA KOHAEHCATODE
(mpu t > ), T = RC. 3aKOH M3MEeHEeHUs TOKA CO BpeMeHeM

dq —t/t
I="2=7T.e s 5.30
a o ( )
rae I,=%/R.
I q I'paduku saBucumocteit q(t) u I(t) mo-
KasaHBI Ha puc. 5.13.
I
0 1
Puc. 5.13

- 3agauu

5.1. ConmpoTHBieHHe NpoBoasAmel cpeabl. MeTaliudyecKkuii map paguycom
a OKpY’KeH KOHILEHTPHYECKOIH TOHKON MeTajinuecKoi 060104Koi pa-
nuycoM b. IIpocTpaHCTBO MEXKAY STHMH 3JIEeKTPOAAMH 3AIMOJHEHO Of-
HOPOJHOI cnabo MpoBoAsieil cpefoi ¢ yAeaIbHBIM COIPOTUBJIEHHEM p.
HaiiTu conmpoTuB/IeHHEe MEXX3JEeKTPOAHOTO MPOMEXKYTKaA.

Pemenue. Briie1uM MBICIEHHO TOHKMIT chepUUecKUI CI0H MeX Iy pa-
auycaMu r ¥ r + dr. JIuHUM TOKa BO BCceX TOYKAX 3TOrO CJIOA UAYT Iep-
MEeHAUKYJIAPHO €My, II03TOMY TaKOH CJIOH MOXKHO PACCMATPUBATH KaK
UMIVHAPHUYECKHUI NPOBOAHMK IJHHOH dr ¢ IJOLIaAbi0 IONEpPeYHOr'o
ceuernus 4nr’. Bocrmomb3oBaBmuch dopmynoit (5.9), sanuirem

dr
4nr

dR =p T -

IIpouHTErpHpPOBAaB 3TO BEIPa)K€HWe IO r OT a Ao b, moayuum

5.2. [Ipa MeTaJUIMYECKUX IIapHKa OAMHAKOBOTO paguyca a@ HaxXogsaTcA B
oaHOpPOAHOM ciabo mpoBoAsllel cpefe ¢ yAeJbHBIM CONPOTHUBJIEHHUEM
p. HaiiTu conpoTHBIeHNe CpeAbl MEeXAY IIaDUKAMM NP YCJIOBHH, 9TO
PacCTOsIHHE MeXKAY IUADHKAMHM 3HAYMTEJNbHO OOJblIle MX Pa3MepoB.
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Pemenue. MbIcIeHHO 3apsAauUM IIApUKU +¢ U —¢. [IoCKOJIBKY IIapUKHU
HaXOOATCA JaJIeKO APYT OT APYra, 3JIeKTpHYecKoe 1oJje BOJIM3H MOBep-
XHOCTH Ka’XJOr'o U3 HHUX OIIpelesIfieTcsa IPaKTHYEeCKH TOJbKO 3apAaoM
caMorg Imapuka, IpUYeM ero 3apsaf MOKHO CUHUTATh paclpeesIeHHbIM
PaBHOMEDPHO II0 NOBEepPXHOCTH. OKDYKHB LIAPDHK C IIOJOXXHUTEJIbHBIM
3apaAgOM KOHIIEHTDUUYECKOH chepoil, HemocpeACTBEHHO IpujeramIiei
K ero NoBepXHOCTH, 3aIIMIlIeM BhIPa’KeHHUE IJIs TOKAa, IIPOTEKAaIOLIEro
yepe3 3Ty cdepy:

I = 4nd?j,

rge j — ILUIOTHOCTb TOKAa. Bocrnosb3oBaBuinch 3akoHoMm OMma (j = E/p) u
N 2
dopmynoit E =g/4ne,a”, nmonyuum

I =gq/epp.
Temneps HalifieM pPa3sHOCTh MOTEHIMAJIOB MEXAY IIapHUKaMH:
U=09, —o_~ 2¢q/4neya.
HckoMoe compoTHBIIEHUE
R=U/I =p/2na.

OTOT pe3yJbTaT CIpPaBEeAJHUB HEe3aBHCHUMO OT 3HAUYEHHUA AUIJIEKTpHUe-
CKOI IIDOHHIIAEMOCTH CpeXbl.

5.3. [IBa NpoBOAHHKA NIPOU3BOJBHOM (HOPMBI HAXOAATCA B OGe3rpaHUYHON Of-
HOPOZHOI cJ1aGo NMPOBOAAIIEH cpefie C YAEJbHBHIM CONPOTHBIEHHEM p U
IU3JIEKTPUUYECKOH NpPOHMIIaeMOCThI0 €. HaliTu 3HaueHMe NpoH3BeAeHUA
RC pns manHOHM cucreMnl, rie R — compoTuBieHHe cpebl MeXAY IIpo-
BoaHUKaMK, C — B3aMMHAas €MKOCTb IIPOBOAHUKOB IIPY HAJHMYHHU CPebl.
Pemenue. 3apAAUM MBICJE€HHO IPOBOAHUKHU 3apsagaMu +q u —q. Tak
KaK cpefa MeXAYy HUMH cj1abo MpoBOAsAIasA, TO IOBEPXHOCTH IIPOBOA-
HHUKOB fABJIAIOTCS dKBHUIOTEHLHAJIbHLIMM KU KOHGHUrypauusa IOJs Ta-
KOBa Ke, KaK U IPU OTCYTCTBHH CpeJbI.

OKpy’KHM, HapUMep, MOJIOKUTEJIbHO 3apPSKEeHHBbIH IIPOBOAHUK 3aM-
KHYTOM IMOBEPXHOCTHIO S, HEIIOCPEACTBEHHO IIpHJIeramplleil K osepx-
HOCTH IPOBOAHWKA, M BBIYUCJIMM OTAeJbHO R u C:
U U U
= —_—= - = Y
I $j.dS ofEdS’
_q _$D,dS _ ec$E,dS
U U U ’

R

c
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5.4.

5.5.

rfe MHTerpajhl B3ATHI 10 JaHHOM nmoBepxHocTH S. IIpn Berunciaenuu R
65111 Mcrob3oBaH 3akoH OMa j = oE, a npu Buiunciaennu C — TeopeMa
Taycca.

ITpousBefieHHe MONYYEHHBIX BRIPAsKEHMIt
RC =¢gpe/0 = gyep.

YcnoBHA Ha rpaHHIe MPOBOAHMKA. [IDOBOLHMK C yAEIbHBIM CONIPOTHB-
JICHUEeM p TFPAHWYHUT C TU3JEKTPUKOM, IIPOHMIAEMOCTb KoToporo £. B
HEKOTOpPO#l TOYKe A y IIOBEPXHOCTH IPOBOAHMKA 3JEKTpUUECKasds HH-
Aykuus paBHa D, mpuueMm BeKTop D HampaBileH OT NPOBOAHUKA M CO-
CTaBJIIET YroJl 0. C HOPMAJIbIO K IOBepXHOCTH. HaliTH MOBEPXHOCTHYIO
ILIOTHOCTH 3aPAAOB HA IIPOBOJHUKE U IUIOTHOCTh TOKA BOIM3U TOUKH A.

Pemenue. [ToBepXHOCTHAS IIOTHOCTh 3apAJOB Ha IPOBORHUKE
6=D,=Dcosa.

IInoTHOCTE TOKA Halxem mo 3akoHy Oma: j = E/p. U3 ypaBHeHus He-
npepuBHOCTH (5.5) cienyeT, 4To HOpMaJbHBIE COCTABISAIOIINE BEKTO-
pa j paBHBI, a TaKk KakK B Au3JeKTpuke j, = 0 (ToOka HeT), TO U B IIpPO-
BopHuKe j, = 0. Crane ObITh, BEKTOP j B IPOBOJHUKE KacaTeJeH ero
IIOBEPXHOCTH. JTO K€ OTHOCHUTCA U K BeKTopy E BHYTpPH NpoBOAHMKA.

C mpyroii CTOpOHEI, U3 TEOPEMEI O LUPKyJAaUuuMu BekTopa E cienyer,
YTO TaHreHIMAaJbHbIEe COCTABJAIOIIMAE ero 10 pasdHble CTOPOHLI I'PaHH-
Ibl pasfiejla ONMHAKOBHI, a 3HauuT, E = E = (D/egy) sina, rae E;, —
TaHreHLHAaJbHAsA COCTaBJAKIIAA Nojasa E B AuajieKTpHKe.
VYuurhiBag BCe 3TO, MOJYUYHUM

j= E Dsina

P EoEp

3aaop MeXxXny o0KJIafKaMH IIJIOCKOTO KOHIeHcaTopa 3aIloJIHEeH II0CJjie-
AOBaTEJIbBHO ABYMSA AMIJIEKTPUYECKHMHU CJIIOAMHA 1u?2 TOJIU.IPIHOI':I ll Hu
l2 C ITPOHHIIAEeMOCTAMH €; M €y, U YAEJBbHBIMHA COIIPOTUBJIEHMAMH p; U
Pa- KOHI{eHC&TOp HaXOOUTCHA IIOA ITOCTOAHHBIM HalpAXE€HHEM U, npn-
YeM 3JIEKTPHUYECKOe I10JIe HAaIIpaBJIEHO OT CJIOoA 1 x cnorwo 2. Haifitu mo-
BEPXHOCTHYIO IINIOTHOCTh CTODOHHUX 3apANOB Ha IpaHMIle pa3aejyia oH-
QJIEKTPHUYECKHX CJIOEeB.

Pemenue. Mckomasn IIOBEPXHOCTHAaA IIJIOTHOCTH 3apAnoB

o= D,, — Dy, =€ye.E; — g, E;. 1)
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5.6

5.7.

Ins onpenenenus E, n E, Bocronb3yeMca IByMs YCIOBUSAMM: M3 TOTO
tdaxkTa, uTo j; = j,, cnenyer E,/p, = E,/p, u, kpoMe Toro, E I, + E,l,=U.
PemuB gBa mocjefHUX ypaBHeHUsd, HaiineM E, u E,. FIx moxcraHoBKa B
(1) NIpUBOAMT K CJEeRYIOIIEeMY pe3yJbTaTy:

= E2P2 " 8P
Pl + P2l

(o

Orcrona BUAHO, 4TO G = 0 IIPH €,p; = €yP,.

HeoxHopoauslit NpoBOgHMK. J[TMHHBIA NTPOBOAHUK KDPYIJIOrOo CEUEHUSA
miowanso S cAeNlaH M3 MaTepuala, yAeJIbHOEe COIPOTHUBJIEHHE KOTO-
pOro 3aBHCHUT TOJBKO OT PACCTOSHHUA I OO OCH IPOBOZHHUKA KAaK
p =o/r?, rie a — mocrosuHas. ITo mpoBoAHUKY TedeT Tok I. Haitu:
1) HanpsAxkeHHOCTh E 1mosId B MPOBOLHMKeE; 2) CONPOTHBJIEHUE €IUHU-
LBl JJIUHBI IIPOBOSHUKA.

Pemenmne. 1. HanpsyxkeHHocTs E nosa no sakony Oma cBsA3aHa C ILJIOT-
HOCTBIO TOKa j, a j — ¢ TOKOM I, II03TOMY MOXKHO 3aIlHCaTh

I=[jenrdr= [(E/p)2nr dr.

HanpssxenHocTs E ofMHaKOBa BO BCeX TOYKAX CeYEHUS HAHHOIO IPO-
BOAHHUKA, T. €. He 3aBUCHUT OT I'. B aToM Jlerko y6eauTbcs, B3siB IPAMO-
YTOJbHBIA KOHTYP BHYTPH IIPOBOAHHKA TAK, YTOGHI OJHA CTOPOHA KOH-
Typa COBIajaja, HalpUMep, C OChI0 IIPOBOJHHUKA, U 3aTeM IIPUMEHHUB
K 3TOMY KOHTYPY TeopeMy O LHPKyJAuuu BekTopa E.

Taxum oﬁpasom, E M0’XHO BHIHECTH M3-TIOJ HHTerpajia 1 Mbl IIOJy4YUM
B pe3yJbTaTeé MHTerpupoOBaHUA

E = 2nal/S%.

2. ConpoTHBJIeHHEe eJUHHULBI JJIMHbLI IPOBOJHUKA MOKHO ONpeNe]UTh
¢ nmomousio popmyast R = U/I. Ilogenus o6e 4acTH 3TOrO paBeHCTBa
Ha AJUHY | yyacTKa MpOBOAHMKA, K KOTOpoMy oTHocaTcsa R u U, Hait-
neM

R, = E/I = 2no/S%.

3akon OMa a1 HEOAHOPOTHOrO yua-
cTKa uenu. B cxeme (puc. 5.14) usse-

&

eI 3.4.¢. € u €, ucrounukos, compo-
Tusnenus R u R, a Taxkxe emkocts C af
KOHJeHcaTopa. BHyTpeHHUe conpoTUB-
JIeHUA WCTOYHHKOB IpeHeGpexuMo
masbl. HaiiTu 3apan Ha obkjaagke 1
KOHIEeHcaTopa. Puc. 5.14

—3—

Ro

.lsm’ .IP: ]_m

ﬁ
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5.8.

Pemenne. B coorBercTBHU Cc 3akoHOM OMa A/ 3aMKHYTOH I€NH, CO-
Jepxkalliei conporuBieHua R u R, sanuiem

(R+Ry)I =% -%,,

rge IOJIOXKHUTEJbHOE HallpaBjieHHe BhIGpaHO IO 4acoBoi crpeiake. C
IpPYrofl CTOPOHBI, AJIA HEOZHOPOLHOIO y4acTKa aRb uemnu

RI=(pa_(pb +C€”

a gasa ydactka aCb

€+ 0 01 =0~ ¢,

Pelivs cOBMECTHO 3TH TPH YPABHEHHUA, MOJYUHM

R
P — @y = m(%—%o)-

3apax Ha obkyagke I onpepensierca dopmynoi q; = C(¢; — ¢,). IToa-
TOMY OKOHYATEJbHBIH De3yJbTaT

RC
4= -R—"'E(% -%).

Buzano, uto npu € > €, sapax g, > 0, 1 HaoGOPOT.

PaGora ucrounuka 3.4.c. CTeK/JIAHHAA IIACTHHA LEJMKOM 3aIlOoJHAET
3a30p MeXXAy OOKJaJKaMHU IIOCKOr0 KOHAEHCAaTopa, eMKOCTh KOTODO-
ro IOpH oTCyTCTBMM ILUTacTHHHI paBHa C, KoHpmeHcaTop moak.oueH K
HCTOYHHUKY IOCTOAHHOro HampsikeHus U. Haiitm MexaHHdYecKkyio pa-
60Ty, KOTOPYIO HEOGXOAUMO COBEPIIUTH IPOTHB 3JIEKTPUYECKUX CHII,
4yTOOBI M3BJIEYb IJIACTHHY M3 KOHAEHcaTopa.

Pemenue. CorsacHo 3aKOHY COXpPpaHEeHHdA IJHeprum

A, +A =AW, (1)

Mex HUCT

rae A,,, — COBeplIeHHas BHEIIHMMH CHJIaMH MexaHHdYeckas pabora
IPOTHUB 3JeKTPUYeCKHX cui; A, — paboTa NCTOYHHKA B ITOM IIPO-
necce; AW — cooTBeTcTBYyOLIlee ITpUpAllleHle dHEPTMH KOHIEHCAaTOopa
(MBI cyHMTaEeM, UTO yYyacTHe APYTMX BHAOB 9HEPI'MM B H3MEHEHHH dHEp-
FHM CHCTEMBI NpeHeGpeKUMO MaJio).

Haitnem AW u A, .. U3 dopmyanl pias sHepruu KoHzeHcatopa (W =
=CU2/2 = qU/2) cnepyer, uro npu U = const

AW = ACU?/2 = AqU/2. (2)
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5.9.

Tak Kak eMKOCTb KOHAEHCATOpa IIPH HM3BJIEYEHHH IIJIACTUHBI YMEHb-
maetca (AC < 0), To yMeHbIlIaeTcs U 3apsaA KoHAeHcatopa (Ag < 0).
Ilocnennee osHavaer, 4TO 3apAf MPOLLEJ] Yepe3 MCTOUHHUK IIPOTHUB Ha-
MIpaBJIeHUs AENCTBUA CTOPOHHHMX CHJ M MCTOYHHK COBEPIIMJ OTpHIA-
TeJbHYIO paboTy:

Ayer = 0qU. (3)
U3 cpaBHenunsa ¢opmya (3) u (2) ciaexyer
A, = 2AW.

ITocne moacTaHOBKH IocieqHero BhIpaskeHus B (1) moayuum
Ay = AW, mmu A, = (e - 1)C,U?%/2.

TakuM o6pa3oM, U3BJIEKas IVIACTUHY U3 KOHAEHCATOPa, MbI (BHEILIHUE
CHJIBI) COBEpIIAeM ITOJIOKHUTEJBHYIO DPaboTy (IIPOTHB 3JEKTPHUYECKHX
CHJI), DY 3TOM MCTOYHHUK 3.J.C. COBEPIIIAET OTPHUIATEIbHYIO paboTy u
9HEprus KOHAEHCATOPA YMEHbIIIaeTCH:

A>0, A <0, AW < 0.

Ilepexomgubie mpouecchl. Ilerns COCTOMT M3 HMCTOYHHMKA ITOCTOSHHOM

a.71.c. € 1 noceoBaTENbHO NOAKTIOYEHHBIX K HEMY CONPOTHBIEHUS R M KOH-
mercaropa C. BHyTpeHHee COIpOTHBIIEHUE
MCTOYHHKA IIpeHe6Gpe:KMMO Majgo. B Mo-
MeHT t = 0 eMKOCTb KOHAEHcaTopa OBICTPO C
(ckauxkoM) ymMeHbIININ B 1) pad. HaliTu Tok 6 —
B IeH KaK (QYHKIMIO BPEMEHH.

Pemenue. 3anuinem 3akoH OMa A Heoxn-
HOpoxHOro yuacTka unenu I€R2 (puc. 5.15): Puc. 5.15

RI=¢, - ¢,-%=U-%.

Yurem, uro U =¢q/C', rge C' = C/n, Toraa

RI =nq/C -€. 1)
IIpoauddepeHpyeM 3TO paBEHCTBO 110 BpEMEHH, IPHUHHUMAasA BO BHH-
MaHHe, YTO B HaleM ciaydae (¢ ymeHslunaercs) dg/dt = —I:

rY __n , a__n g
dt C I RC

HHTGI‘DHPOB&HHG nocJiefHero ypaBHeHHUdA naer

ln—l—=——nL, I=Ioe'"”RC,
I, RC
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rae I, onpegnensaerca yciaoBueM (1). HeficTBHUTeNBHO,

RI, = ngo/C -6,

npuueM ¢, =é€C — 3apsax KOHAeHCATOpPA A0 U3MEHEHHUS ero eMKOCTH.
IToatomy

I, = -1)¢/R.

5.10. KonpeHcatopy eMkocTbio C COOGLIMIM 3apAf ¢, ¥ 3aTe€M B MOMEHT

t = 0 ero saMKHyJHM Ha compoTruBieHne R. HaliTu 3aBHCHMOCTL OT
BpeMEeHH ¢ KOJMYECTBa TEIJIOTHI, BBIJEJMBIIErocsi Ha CONPOTHBIIE-
HHH.

Pemenne. FickoMoe KOJHYECTBO TEMJIOTHI

t
Q=J’R12dt, (1)
0

OTKYyZa BHAHO, YTO IpeiKAe BCero HaAo Hai-
TH 3aBUCHUMOCTD I(t). Bocmosns3yemca ¢ aToik
1eJblo 3aKkoHOM OMa s yuacTka uenu 1 R2
(puc. 5.16):

RI=¢,-¢,=0U,

nin
RI=gq/C. (2)
IIpoauddepennupyem (2) mo BpeMeHH:
U L, Al _dt

dt C 1 RC
IIpounTerpupoBaB mnocjefHee ypaBHeHHeE, IOJYyYHUM

mL ot pogetlRe 3)

I, RC

rae I, ompenensierca yciaoBueM (2) mpu ¢ = g, T. e. Iy = go/RC.

Ilocne moacranoBkH (3) B (1) U COOTBETCTBYIOLIEr0 HMHTETPUPOBaHUA
MOJIYYUM

2
qo -2t /RC
Q="(1-¢ .
ZC( )
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MarHuuTHoe none B BakKyymMme
v

§ 6.1. Cuna Jloperua. Ilone B

Cuna Jloperua. OneIT mokaswsiBaeT, uro cuiaa F, meficTByromas
Ha TOYEYHBIH 3apsAj ¢, 3aBUCHUT B 00II[eM Ciydae He TOJbKO OT II0JIO-
JKEeHUHA 3TOr0 3apAAa, HO U OT ero CKopocTH V. COOTBETCTBEHHO 3TO-
My cuny F pasgensioT Ha fBe COCTaBJIAIOIIME — 3JIeKTpUYecKy1o F
(oHa He 3aBHCHT OT ABM)KEHHA 3apsafa) u maraurtayio F, (ona 3aBu-
CHT OT CKOpOCTH 3apsAzna). B so60it TOUKe MIPOCTPAaHCTBA HAIIpaBJIe-
HU€ U MOAYJIb MarHUTHOH CHJIBI 3aBHCAT OT CKOPOCTH V 3apsna,
IIpHUYeM 3Ta CHJa BCerja IepPIeHAMKYJISAPHAa BEKTOPY V; KpoMe
TOro, B JIOO0OM MecTe MarHNUTHAfA CHJa IMEePHeHIUKYJISApPHA OIpene-
JICHHOMY B JaHHOM MeCTe HAIpPaBJEHWIO U, HaKOHEI, €e MOAYJb
IIPONOPIUOHAJNIEH TOH COCTABJIAIONIEH CKOPOCTH, KOTOpas IepIeH-
OUKYJIApHA 3TOMY BbIZEJIEHHOMY HallpaBJIEHHIO.

Bce aTH cBO#CTBa MAarHMTHOM CHJIBI MOXXHO OIIMCATh, €CJIM BBEC-
TH IOHATHE MAZHUMHKHOZO NOARA. XapaKTepU3ysd 3TO I0Jie BEKTOPOM
B, onpeznensonNM BhIZIEJIEHHOE B KaXKA0M TOYKE IIPOCTPAHCTBA Ha-
IpaBjIeHHNe, 3alHIleM BbIDa)KeHWe JJA MarHWTHOH CHJIBI B BHJIE

F, = q[vB]. (6.1)

Torza nmosHas 3JeKTPOMarHUTHAsA CHJIA, AEHCTBYIOIAs Ha 3apsaf q:

F = gE + ¢[vB]. (6.2)

Ee magzwiBalor cunoi Jlopenya. IlocnenHee BhIpa)keHHE SBJIAETCS
YHUBEPCANbHBLM: OHO CIPaBEAJIMBO KaK AJIA IOCTOSHHBIX, TAK M
JJISI IePEeMEHHBIX 3JIEKTPUYECKNX U MarHUTHBIX IIOJIei, IpUYeM IPH
JI00BIX 3HAUEHUAX CKOPOCTH V 3apsafa. 3aMeTHM, YTO V — 3TO CKO-
POCTb 3apsa OTHOCHUTEJbHO MHTEPECYIOIIEl HAC CHCTEMBI OTCUETA.
Ilo pe¥icTBuio cuanl JlopeHnma Ha 3apAA MOYXKHO B IIPUHIUIE
OIIpefeIUTh MOAYIH U HanpaBiaeHus BeKTopoB E u B. IToaTromy BbI-
paxkeHre AJs cuiabl JIopeHIa MOXKHO paccMaTpHBaTh KaK oIpene-
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JIEHNE 3JIEKTPUUYECKOI'0 I MATHUTHOIO IToJIel (B ciaydae 3jeKTpuue-
CKOTo IOJA MBI TaK M IIOCTYIHJIH)".

Cienyer NIOZYEPKHYTb, YTO HA NOKOAWUUCA IneKkmpuyeckull
3apad maznumnoe none ne delicmeyem. B sToM cymecTBeHHOE OT-
JIAYNe MAarHUTHOTO IIOJIS OT 3JIeKTPHYEecKoro. MarHuTHoOe IIoJe
IeHCTBYyeT TOJNbKO Ha ABMIKYIUICA 3apsan.

BexTop B xapaxkTepusyer CHJIOBOe AeCTBHME MArHUTHOTO IIOJIA
Ha JBVOKYIIUICA 3apAf U, CJIeA0BATEJbHO, ABJISETCA B 9TOM OTHO-
LIeHHH aHaJoroMm BeKTopa E, XapakTepmaylomero CHJIOBOE IeiCT-
BHE 3JIEKTPUYECKOro IIO0JIfA.

BasxHO# 0COG€HHOCTHIO MAarHUTHOM CHJIBI SBJIAETCHA TO, YTO OHA
BCerja ImepIeHANKYJAPHA BEKTOPY CKOPOCTH 3ap#AAa, II03TOMY pa-
6omuv. nad 3apadom He coéepuiaem. ITO IHAYUT, UTO B IIOCTOAH-
HOM MAarHHTHOM II0JIe 9HEPTUs ABHIKYIENCs 3apAXKeHHON JYaCTHIIbI
BCerjga OCTaeTcss HEM3MEHHOH, KakK Obl YacTHIa HHM JBHUIajach.

B HepeaATHBHCTCKOM IpHOIMKeHnH cuia Jloperna (6.2), Kak u
aobas gpyras cmia, He 3aBHCHT OT BbIOOpa CHCTEMBI OTCUeTa
(uHepuuanbHOH). BMecTe ¢ TeM MarHMTHas COCTABJAKOLIAA CHJIbI
JlopeHla MeHsieTCs IpPH Ilepexofe OT OZHOM CHCTeMbl OTCYeTa K
apyroi (u3-3a v). IIoaToMy JO)KHA MEHATHCA U JIEKTPUUYECKAdA CO-
craBiaaiomas gE. Orcioga cieayer, YTO pasaejieHHe IIOJHON CHJIBI
F — cuanl JIopeHIIa — Ha 3JEKTPUYECKYIO U MAarHUTHYIO 3aBHCHUT
oT BbIOOpa cHCTEMBI OTcueTa. Be3 ykasaHHA CHCTEeMbl OTCYeTa Ta-
KOoe pasfesieHHe He MMeeT CMBICJa.

MarauTHOEe 1oJie paBHOMEPHO ABHIKYILErocsa 3apsaga. OmnsiT mo-
Ka3bIBaeT, YTO CAMO MAarHNUTHOE II0JIe IIOPOXKAAEeTCS ABUKYIMMUCH
3apagamMn (Toxkamu). B pesyiabrare 0000IIeHNS 3KCIEPHMEHTAJIb-
HBIX JaHHBIX OBbLJ IIOJIY4YEH 3JIeMEeHTAapHBIA 3aKOH, OIpeesIONInit
mone B ToueuHOrO 3apsAga ¢, ABMIKYIErocd ¢ MOCTOAHHON HepeJd-
THBHCTCKOH CKOPOCTBIO V. DTOT 3aKOH 3aNmMCBIBAeTCA B Buae

B = Mo glvr]

* Pagpa6oTaH psaj cnoco60B n3MepeHU moJist B, HO Bce OHHM, B KOHEYHOM cueTe, 6a3u-
PYIOTCA Ha SBJIEHHAX, B OCHOBe KOTODLIX JIE?KUT ypaBHeHMe (6.2).

**PopmyJa (6.3) cnpaBeAIMBa U B ciIy4yae, KOrjga 3apsj ABUXKETCA C YCKOPEHNeM, Of-
HAKO TOJIBKO Ha JOCTATOYHO M&JIBIX PACCTOSIHUAX I OT 3apAja (MaJbiX HACTOJBKO,
4YTO 3a BpeMs I'/c CKOPOCTb V 3apfAja 3aMeTHO He MeHseTCs).
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rae [y, — MazHumnas nOCMoOAKHaAf; KO3QGHUUIUEHT
Ho/4m = 1077 Tu/m;

r — pagmyc-BeKTOp, IPOBEAEHHBLIH OT 3a-
pAza q k Touke HabmiogeHusa. Kornen paam- B
yca-BeKTOpa r HEIOJBM)KEeH B JaHHOH CHC-
TeMe OTCYeTa, a ero Hayajlo ABHIKETCA CO
cKopocThio Vv (puc. 6.1), moaTromy BekTop B

B JaHHOU CHCTEME OTCUEeTa 3aBHCHT HE TO- =
JBbKO OT IIOJIOXKEHHUS TOYKM HaGJII0feHusd,
HO M OT BPEMEHH. Puc. 6.1

B coorBercTBHU ¢ dpopmyJioii (6.3) BekTop B HanmpaBsieH nepneH-
OUKYJAPHO IIJIOCKOCTH, B KOTODOH pACIOJIOXKEHbI BEKTODHI V H T,
IIpHYeM BpaleHHe BOKDYT BEKTOpa V B HaIpaBJIeHMH BeKTopa B
oOpasyeT ¢ HampaBJIEHMEM V IIDaBOBHHTOBYIO cucremy (puc. 6.1).
OTrMeTHuM, YTO BeKTOp B sABIAETCA aKCHAJIbHBIM (IICEBAOBEKTOPOM).
Beanuuny B Ha3bIBalOT MazHumuou undyxyuei.

Epuanneit marEutHON MHAYKOuM ciaykut mecaa (Ti).

OneKTpUYeCKoe II0JIe TOUYEYHOIr'o 3apAfa ¢, ABUIKYIIErocs ¢ He-
PEJIATUBUCTCKON CKOpPOCTBHIO, OIHMCHLIBAETCA TeM »Ke 3aKoHoM (1.2).
IToaromy BhIpa)keHue (6.3) MOXKHO IpeACTaBHTL Kak

B = g, [VE] = [VE]/c%, (6.4)

I'ie ¢ — 3NeKmpoouramuieckas nocmosnnas (c =1/./eql, ), OHa
paBHa CKOPOCTH CBeTa B BaKyyMe (COBIafieHUe, KaK IIOTOM BHIICHH-
JIOCh, He CJy4ailHoe).

IIpumep. CpaBHEeHHE CHJI MATHUTHOTO M 3JIEKTPHYECKOr0 B3aUMOEHCTBH I
ABMIKYIDUXCH 3apAxoB. [IycTs ABa JOCTATOYHO MACCUBHBIX TOYEU-
HBIX 3apsAfa ¢ ABHKYTCA MapajljejbHO APYT APYTY C OXMHAKOBOM
HEPEeJATHUBUCTCKOM CKOPOCTHIO V, KAK IOKAa3aHO
Ha puc. 6.2. Haitnem oTHomeHne marHutTHoit F, v v
U 3JIEKTpUYeCcKoil F, cui, JefCTBYIOIINX, HAalIPH-

Mep, CO CTOPOHHI 3apAxa I Ha 3apan 2.

Cornacho (6.2) F,, = quB u F, = qE, rae v — ckKo- q] T 2q

pocTb 3apafna 2, a B u E — MHAYKIUA MarHUT- Puc. 6.2
HOT'O ¥ HANPAMKEHHOCThb 3JEKTPHUYECKOTro ToJiel,
co3zaBaeMBIX 3apAgoM I B MecTe HaXOKIeHUsA 3apsaga 2.



148 I'nasa 6

Ornowmenne F,/F, = vB/E. B Hamem cinydae coriaacHo (6.4)
B = vE/cz, II03TOMY

F,/F, = (v/c)’. (6.5)

Jake OaA JOCTATOYHO GOJBIIMX CKOpPOCTeH, Hampumep
v=300 KkM/c, 3TO OTHOIIIEHHE PaBHO 10—6, T. €. MAaTHUTHASA YacTh
CHJIBI B MHJIJIUOH pa3 MeHbllle 3JIeKTPUYECKON M COCTaBIfAeT HHU-
YTOKHYIO IIOIPAaBKY K 3JE€KTPHUYECKOH cuJe.

PaccMoTpeHHBII IpHMeEp MOXKET BBLI3BATh €CTECTBEHHBIN BO-
IIPOC — CTOMT JIM TaKue CUibl nudyuarh? OxasbiBaeTcs, CTOUT, U HA
3TO €CTh ABe BeCKHe IPUUYMNHBI.

Bo-mepBBIX, HAM IPUXOAUTCA BCTPEUATHCA C NYYKAMU YaCTHIL,
ABHKYIIIUXCA IOYTH CO CBETOBBIMHM CKODOCTSIMH, M TaM 3Ta «IIO-
IIpaBKa» K 3JIEKTPUYECKOU CHJIe CTAHOBUTCA CPABHUMOM C IOCIEI-
Hell (3amMeTuM, 4TO OTHOUIEeHUE (6.5) cipaBeJINBO M IPU PEJIATUBU-
CTCKHX CKOPOCTHX).

Bo-BTOpBIX, DK ABMIKEHUM, HAIIDUMED, 3JEKTPOHOB BAOJb IIPO-
BOJOB MX HaINlpaBJ€HHAd CKOPOCTh IPHM OGBIYHBIX IIOTHOCTAX CO-
CTaBJAET HECKOJbKO JECATHIX MHUJLIMMETPA B CeKYHAY, ¥ OTHOIIe-
HHe (v/c)? =~ 10724, HuuroskHad HOIpaBKa K 3JeKTpHUecKoil cue!
Ho neso B TOM, 4TO B JaHHOM CJIyyae MarHUTHAas CHJIa — 3TO IIPaK-
THYECKHU 6Ca AeHCTByIIad cujia, 00 dJIeKTpHUUYEeCKNe CHUJIbI NCUes-
JIX B pe3yJibTaTe IMOYTH HAeaJbHOro 0ajlaHCa OTPUIATEJIbHBIX U IIO-
JIOKUTEJBHBIX 3apAJ0B B IPOBoJgax. JTOT 6GajaHC HAMHOrO TOYHee
yem 10724, u «HHUTOXKHaA» MarHUTHAA CHJAa OKAa3bIBAeTCH, IO CY-
IIEeCTBY, €AUHCTBEHHOM. A yuyacTHe IPOMaJHOTO YHCJa 3apALOB B
CO3ZaHMHM TOKA KOMIIEHCHDYeT MAaJIOCTh 3TOr0 4JIeHa.

JIpyrumu cioBaMu, U30bITOUHBIE 3apaAabl Ha IIPOBOAAX HUUTOXK-
HO MaJbl II0 CPABHEHHMIO C CyMMAapHBIM 3apAAOM HOCHUTEJIeH TOKa.
IToaTomMy MarHuTHBIE CHJIBI B JAHHOM CJIydae HAMHOI'O IIDEBOCXOJAT
3JIEKTPHUYECKMeE CHUJIbI, JeHCTBYIOIMEe Ha N30BITOUYHbIE 3apAAbl IIPO-
BO/IOB.

§ 6.2. 3akor Buo—Casapa

l'Ipmnmn CYIepIIO3HI M H. OneIT gaer, YTO AJA MACHHTHOTIO
II0JIA, KaK M OJdA 3JIEKTPUYECKOro, CIipaBedjinB IIDMHIUII CylepIo-
S3HUIIMM: MAarHNTHOE I10JIe, CO3JaBaeMoO€e HEeCKOJIbKHNMH ABHXKYIIMMH-
CA 3apagaMH HJIM TOKaMH, DaBHO Bex'ropnof«i CyMMe€ MAarHHUTHBIX
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moJiei, co3xaBaeMbIX KaXIbIM 3apAaOM MJIHN TOKOM B OTAEJIBbHOCTH:

B=3YB,. (6.6)

3arxorm Buo—CaBapa. PaccMOTpHM BOIIDOC O HAaXOXKAEHUHM Mar-
HHUTHOTO IIOJII, CO34ABAeMOT0 NOCMOAHHbIMU 3JIEKTPHUUYECKHUMH TO-
KaM#. ITOT BOIpoc OyAeM pemiaTh, UCXOAA u3 3akoHa (6.3), ompe-
JeJAIOIIer0o HHAYKINIO 0 B paBHOMEDHO ABHIKYIIErOCS TO4Yed-
Horo 3apsaga. IloacraBum B (6.3) BMecTo ¢q 3apsag pdV, rae dV —
3JIeMEeHTapHLIN 00beM, p — 06beMHAas IJIOTHOCTL 3apaAnga, SABJAIO-
mierocd HOCUTEJEM TOKa, ! y4TeM, UTO pv = j corsacHo (5.2). Torma
dopmyaa (6.3) mpuobperer ciaeayoOIIuil BUAI:

4B = Mo LirldV

e (6.7)

Ecau »xe Tok I TeueT IO MOHKOMY IIPOBOAY C ILJIOIIANBLIO IOIIe-
peuHOro ceuesus AS, To

jdv=jASdi=1dl,

rae dl — amemeHT AauMHBI OpoBoja. Beegsa BexTop dl B Hampasie-
HUM TOKa I, mepenuiieM mOpeAblayiiee PAaBEHCTBO TaK:

jdv= Idl. (6.8)

Bexkrops! jdV u Id]l Ha3eIBaIOT COOTBETCTBEHHO 00B5EMHbIM U NU-
Helnbim Inemenmamu moxa. Ilponssensa B popmye (6.7) sameny
00beMHOT0 3JIEMEHTa TOKa Ha JHWHENHBIN, HOJIYyYUM

dB:”LI[dl’r]..

P (6.9)

®opmyast (6.7) u (6.9) Beipaxkator 3axorn Buo—Casapa.

ITostHOe mosie B B COOTBETCTBMM C IIPUHITUIIOM CYIEPIIO3UIINU
ompeensdeTcss B pe3yJbTaTe WHTETPUPOBAHHA BhIpa)keHUit (6.7)
uau (6.9) mo BceM 3JIeMEHTaAM TOKAa:

B=“_°ILj"ldv, B=“_0J‘L1’r].. (6.10)
4n r3

4n r3
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Pacuer mo atuM dopMyaaM MHAYKONM MATHHTHOI'O IIOJA TOKA
TIPOM3BOJIbHON KOHGUIypamuu, BooOlne roBopd, caokeH. OOHAKO
pacueT 3HAYHMTEJBHO YIIPOIAeTCs, €CJH paclpefeSeHHe TOKa HMe-
€T OIpeeeHHYI0O CHMMeTpHIO0. [IpuBeeM HEeCKOJIBKO IPOCTEHIINX
IPHMEpPOB HA HAXOXKACHHE MHAYKIWHK MATCHHTHOrO IIOJS TOKA.

IIpumep 1. MaruuTHOe moJie MPSMOro TOKa, T. €. TOKA, TEKYIIEero 1o TOH-
KOMY TNIpSMOMY IpoBOAYy 6ecKoHeuHO mauHbl (puc. 6.3).

CorsacHo (6.9) B mpoHU3BOJBLHOM TOUKe
A BexkTOpHl dB OT Bcex 3;JieMeHTOB TOKa
UMeIOT OZMHAKOBOE HANpaBJieHne — 3a
ILIOCKOCTh pUCYHKa. Iloaromy cioxxe-
HUe BeKTOpoB dB MOXHO 3aMeHHTH
CJIO}KeHHeM uX MoayJieit dB, mpuuem

_ Mo Idlcosa
an 2
U3 pucynka BugHo, uro dl cos, = rda
u r=>b/coso. 3HAUUT

_ Ko Icosada
4n b

dB

Hurerpupys nocieiHee BLIpaskeHHe 110 BCEM dJIEMEHTaM TOKa,
YTO 3KBHBAJIEHTHO MHTETPUPOBAHMIO IO 0. OT —71/2 mo n/2, Ha-

XoauM

=t 2l (6.11)
4 b

IIpumep 2. MarHuTHOe moJe Ha OCH Kpyrosoro Toka. Ha puc. 6.4 nokasan
BekTop dB or snemenra Toka Idl, Haxoxsierocs cmpaBa. Ot
BCEX 3JIEMEHTOB TOKa 6yaeT oOpasoBEIBATHCA KOHYC BEKTODOB

Puc. 6.4

dB, u Jerko coobpasuTh, YTO PE3YJIbLTH-
pylounit BekTop B B Touke A 6yaer Ha-
npaBjeH BBepX IO ocH Z. ITO 3HAUMT,
UTO AJIS HAXOXKAEHHUA MOAYJs BeKTopa B
OOCTATOYHO CJIOKHTh IIPOEKIIUM BEKTO-
poB dB Ha ocw Z. Kaxxpaa Takas mpoek-
LUA HMeeT BHL

Idl cos B

2

dB, = dBcosp =bto
4n  r
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rae y4TeHO, UTO YroJ Mexay aaemeHToM dl M paguycoM-BeKTO-
POM T paBeH T/2, I03TOMY CHHYC paBeH eguHHuUe. HTerpupys
3TO BhIpa)keHHe 110 BceM d! (aTo maeT 2nR) M y4YUTHIBas, UTO
cosp=R/r mn =22+ R2, nojy4yaem

My 27R?I
S GT. R (6.12)

Orcloza cireayer, 4TO B LIEHTPe BUTKAa ¢ TOKoM (2 = 0) u Ha pac-
CTOAHUM 2 > R Moayns BekTopa B paBeH COOTBETCTBEHHO

o 21l _po 27R%I
2=0 "ET, 2>>R ~G2—3¢ (6-13)

§ 6.3. OcHOoBHBIE 3aKOHBI MArHHTHOI'O ITOJHA

MarautHoe moJie o6gagaeT, KaKk U 3JIeKTPUYECKoe IoJie, AByMsA
BaXXHEHIOTUMHM CBOMCTBAMH. JTH CBOMCTBa, CBA3aHHBIE TAKXe C IIO-
TOKOM M IUPKYJANHWEH BEKTOPHOTO IIOJISA, X BHIPA)KAIOT OCHOBHBIE
3aKOHBI MArHUTHOI'O IIOJIA.

IIpesxxne yeM mepedTH K MX M3YYEHUIO, HECKOJBKO CJIOB O 2pa-
¢uvecxom npedcmasnenuu nona B. Kak u mo6oe apyroe BeKTOp-
Hoe moJie, nojie B MoskeT OBITH IPeACTABJIEHO HAIVIALHO C IIOMOIIBIO
auHEA BeKkTopa B. IX mpoBoAAT 0OBIYHBIM CIIOCOGOM — TaK, YTOGHI
KacaTeJbHAs K 3THM JHMHHAM B Ka)XIOH TOUKe COBII4jaJja C Ha-
npaBJieHHEM BeKTopa B, a rycrora suHEM#E Oblia Ob1 MponOpIHUOHA-
JbHA MOZYJIO BeKTOpa B B ZaHHOM MecTe.

ITonyuerHass TakuM o0pa3oM reoMeTpHyeckKkas KapTHHa II03BO-
JIAET JIErKO CYAUTh O KOH(PUIypamuu JaHHOTO MATHUTHOIO IIOJS U
CHJIBHO O0JIeryaeT aHAJIM3 HEKOTODBIX CHTyamui.

A reneps 06paTUMCA K OCHOBHLIM 3aKOHAM MATHUTHOTO IOJA —
Teopeme 'aycca m TeopeMe O IMUDPKYJIAIMNH.

Teopema I'aycca gas moas B. ITomox eéexmopa B cx603v nto-
6y10 3amMKHYmMy noeepxHOCMb pABEH HYNIo:

$BdS = 0. (6.14)

dTa TeopeMa ABJIAETCA, IO CyIlecTBY, o6o6mierneM onbita. OHa
BBIpa’)KaeT co0oif B MOCTYJATUBHOH (PopMe TOT SKCIEPHMEHTAJb-
HBIA (haKT, YTO JIMHUK BeKTopa B He MMeloT HM Hayaya, HM KOHIA.
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IToaTomy umcyio TMHENM BeKTOpa B, BRIXoAAIMUX M3 Jio6oro oobeMa,
OrpaHHYEHHOr0 3aMKHYTOH IIOBEPXHOCTBLIO S, Bcerga paBHO UHCIY
JUHUHA, BXOAAIMUX B 3TOT 00BEM.

OTcloa BBRITEKAET 8adHOe caedcmaeue, KOTOPEIM MBI OyaeM Io-
JIb30BAThCA B AaJIbHEHIEeM HEOAHOKPATHO. A HMEHHO: NOMokK 6ek-
mopa B cxe03b nosepxnocmdv S, 0zpaHuueHHYI0 HeKOMOPHLLM
3AaMKHYMbLM KORMYPOM, He 3asucum om ¢popmbL. no8epxXHOCMU
S. 9To JIerko NOHATH C IOMOINbIO MPEACTABIEHNA O JUHUAX BEKTO-
pa B: Tak Kak OHM HHUTZe He NPEPHIBAIOTCA, MX YMCJIO CKBO3b IO-
BEPXHOCTb S, OTPAHHUYEHHYIO JAHHKIM KOHTYPOM (T. €. IOTOK BeK-
Topa B), melicTBHTENIbHO HE NOJKHO 3aBHCETh OT (GOPMBI IIOBEDX-
HOCTH S.

3akoH (6.14) BHIpa)kaeT Tak)Ke ¥ TOT PAKT, YTO B MPHUPOAE HET
MAarHUTHHIX 3apAAOB, HA KOTOPHIX HAYMHAJKUCDH Ol HJIM 3aKaHUMBA-
JINCh TUHUH BeKTopa B. Haue roBopsa, MazHummuoe none ne ume-
em uCmo4HuKO08 B NPOTHBOIOJOXKHOCTb IOJIO 3JIE€KTPUYECKOMY.

TeopemMa 0 UMPKYJIAILMH BeKTopa B (agA MarHUTHOrO mOJIS IO-
CTOSIHHBIX TOKOB B Bakyyme). IJupkynayus éexmopa B no npous-
éonvHomy Konmypy I' pasra npoussedenuro p, na anzebpauwe-
CKYI0 CYmMMmy moxoé, oxéambviéaembvix xonmypom I':

$Bdl = pJ, (6.15)

rae I = Z I, , npuuem I, — BesuuuEB! anre6pandeckue. Tok cunTa-
€TCA MOJIO)KUTENBLHBIM, €CJIM ero HalpaBjleHWe CBA3AHO C HAIpaBJe-
HUeM 06X0ofa IO KOHTYpPY IPABHJIOM IIpa-
BOro BHMHTA. TOK IPOTHBOIOJIOXXHOIO Ha-
IpaBjJleHUA CYUTAeTCA OTPHIATEJbHBIM.

r 9TO MOpaBHJIO WMJJIIOCTpHUpyeT pHc. 6.5:
saeck Toku I, M I; DOJOXKHTENbHBIE, H6O

1,>0 o ;>0 UX HaIpaBJeHWUA CBA3AHHI C HAIDABJIEHH-
P;c 65 eM 06X0/1a IO KOHTYPY IIPABMJIOM IIPABOr0

BHMHTa, & TOK I, — OTpHMIATEJbHBI.

Teopema o mupkyasamum (6.15) moxker ObITH HOKasaHa MCXOAA
n3 3akoHa Bruo—CaBapa. B 00meMm ciyuae mIpOH3BOJbLHBIX TOKOB 3TO
JOKAa3aTeJbCTBO AOCTATOYHO KPONOTJAMBO, M MHI He OyaeM IpHBO-
IUThb ero 3gecb. Mul GyaeM paccMaTpuBaThb yTBepiaeHue (6.15)
KaK IIOCTYJIAT, MOATBEPXXAEHHBIH 3KCIEPHMMEHTAJIbHO.
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Eme oxao 3ameuanme. Ecan Tok I B (6.15) pacnpezneser mo o6n-
eMy, I'’ie PacIoJIoXKeH KOHTYp I', To ero MOKHO IpPeACTABUThL KaK

I =jjds. (6.16)

HHTerpan 3aech 6epeTcsa Mo MpoM3BOJIbHOM ITOBEPXHOCTH S, HATH-
HyToi Ha KOHTYD I'. ILTOTHOCTL TOKA j ITOA MHTErpajoM COOTBETCTBY-
€T TOUKe, I'le pacmoJiokeHa miomazaka dS, npuyem BexkTop dS obpa-
3yeT ¢ HaIpaBjeHreM 06X0Ja 10 KOHTYPY IIPABOBHHTOBYIO CHCTEMY.

Hrak, B 00meM ciayuae ypaBHeHHe (6.15) MOXXHO 3anmucaTh Tak:

$B dl =, [ j dS = pof),dS. (6.17)

Tor ¢pakT, YTO HUPKYyIANNA BeKTOpa B, BooOGme ropops, He paB-
Ha HYJIO, 03HAYaeT, 4YTO moje B He moreHnuanabHO (B OTJINYHE OT
9JIEKTPOCTATHYECKOTO IOJisI). Takoe IoJie HA3LIBAIOT 6UXDEGbLM
U CONEHOUOANbHLLM.

Tak Kaxk MUPKYJADUA BeKTopa B mpomopuuonanbHa TOKY I, 0X-
BaThHIBAEMOMY KOHTYDOM, TO MArHMTHOMY IIOJIIO, B o0IeM ciyuae,
HeJIb3A NMPUINCATh CKAJSAPHBIA IOTEeHIMAaJ, KOTOPHI GblI ObI CBA-
3aH ¢ BeKTopoM B cooTHomeHmeM, anajoruuHeiM E = —Vo. 3ror
nmoTeHnua 6bla1 6bI HEOZHO3HAYHBIM: IIPM Ka)XA0M 00Xo0Je 0 KOH-
TYpy ¥ BO3BPAIIeHMH B MCXOAHYIO TOUKY OH IOJy4as Obl mpupame-
HHe, paBHOe U,/. Bnpouewm, B Toi1 06;1acTH IpOCTPaHCTBA, I'le TOKOB
HeT, MarHMUTHBII NOTeHIMAN §,, BBOAAT U NOCTATOYHO 3(PPeKTHBHO
HCIIOJBb3YIOT.

Poas TeopeMbl 0 HUPKYJIAUMH BeKTopa B. Ora Teopema urpaer
IIPHMEPHO Ty Ke POJIb, UTO M TeopeMa I'aycca ajsa BeKTopoB E u D.
M=l 3HaeM, uTo moJie B onpenesnsieTrca BCeMH TOKaMH, IMPKYJIAINS
’)Ke BeKTopa B TOIbKO TeMHM TOKaMH, KOTOPbIe OXBATHIBAET HAaHHBIH
KOHTYp. HecMOTpsA Ha 3TO, B HEKOTODHIX CAy4YafAX — IIpH HAJIHUYNH
CIleMaJbHOM CHMMETPHHM — TeopeMa O LUPKYJIALNHN OKa3hIBAETCHA
BecbMa 3¢ (PeKTHBHOM, II03BOJIAA OYEHb IIPOCTO HAXOAMTHL B.

9To GbLIBAaET B TeX CJAyYadX, KOrAa BHIUYMCICHHE IUDKYJIALUHA
BeKTopa B M0XXHO cBecTH, BhIGpaB pasyMHO KOHTYD, K IIpDOM3Bele-
HUI0 B (Mnm B)) Ha AIMHY KOHTYpa MJIM ero yacTb. Ecam aroro Her,
pacuer moasa B npuXoANUTCA IPOBOAUTH MHBEIMM CIIOCO0AMH, HAIIDH-
Mep ¢ MOMOINbIo 3aKOoHAa Buo—CaBapa uu IyTeM pellleHUsA COOTBET-
CTByIOINUX AuGdepeHINaIbHEIX YPABHEHNH, N pacyeT CTAHOBHUTCH
3HAYUTEJBHO CJIOXKHEe.
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§ 6.4. IlpuMeHeHUA TeopeMBbI O LIUPKYJIAIUH
BeKTOopa B

PaccMOTpMM HECKOJIBKO INPAKTHMYECKH BAa)XKHBIX IPHMEPOB, HJ-
JIOCTPHPYIOIINX 3()GHEeKTUBHOCT, MCOOJIL30BAHHUA TEOPEMBI O I[MD-
KyJAIUN Opu pacuere moas B, a 3saTem o6cyauM, HACKOJIBKO YHHU-
BepcajieH 3TOT cmocol pacuera.

IIpumep 1. MarauTHOE NoJie NpsiMoro Toka. IIycTs mocrosiHHbIM TOK I Te-
YeT BAOJb GECKOHEYHO AJHHHOrO NMPAMOro IpOoBOJAa, HMelollle-
ro Kkpyriaoe cedeHue paauycom a. Haitnem maayknuio B nonsa
CHAPY>KM U BHYTPH IIPOBOJA.

U3 cummeTpum 3agaum cienyer, UTO JH-

HMH BekTopa B B maHHOM cayuyae xoi-

JKHBl UMeThb BHJA OKDY>XHOCTEH C LIeHT-

poM Ha ocH mpoBoga. Ilpuuem Mozyias

BeKTOpa B moykeH GBITH OAMHAKOB BO

BCeX TOYKAX HA DACCTOAHHUH I OT OCH

npoBoza. IToaTomy no Teopeme 0 LUPKY-

JAUuK BeKTopa B nusA kpyrioro KoHTy-

pa I'; (puc. 6.6) B+2nr = pyl, oTkyza

cJenyeT, 4YTO BHE NIPOBOZAA

B = (uo/2r)/r (r > a). (6.18)

3aMeTHM, UTO pellleHHe 3TOro BOIIPOCa HEMOCPEACTBEHHO (C ITo-
Mowmbio 3akoHa Buo—CaBapa) oxasmiBaercs ropasgo 6osee
CJIOXKHBIM.

BHyTpH IIpOBoAa M3 Tex e cooOpaKeHHH CHMMETDHHM CJIefyeT,
YTO JUHUM BeKTOpa B ABnsIoTCA TOMXKE OKpY)HOCTAMMU. ITo Teo-
peMe 0 UMPKyJAALUH Bektopa B miusa kpyrioro konrypa [y (cM.
puc. 6.6) B-2nr = pol,,rae I, =1 (r/a)2 — TOK, OXBAThIBAEMBIi
IaHHBIM KOHTYpoM. OTclofa Mbl HAXOAUM, UTO BHYTPH IPOBOJA

B = (no/2mIr/a® (r < a). (6.19)
3aBucuMocTh B(r) mokasana rpadudecku Ha puc. 6.7.

Ecau npoBox mMeeT BUA TPYOKH Kpyr-

JIOTO CeYEHUs, TO CHAPYKH HHAYKIUA

B onpepensierca ¢opmyJoit (6.18), a

BHYTPHM — MATHHMTHOE II0JIe OTCYTCT-

ByeT. JTO TaKXKe JIEFKO [IOKAa3aTh C I10-

MOIBIO TEOPEMEI O LUUPKYJIALNH BeK-
r Topa B.

[ <) R

Puc. 6.7
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IIpumep 2.

IIpumep 3.

MarautHoe noje cojseHouaa. IlycTs Tox I TeueT 1o MPOBOAHM-
Ky, HAMOTAHHOMY 10 BMHTOBOH JMHHMH HA IOBEPXHOCTb LIH-
auHgpa. Takoit o6TekaeMulil TOKOM LIMJIMHADP HA3LIBAIOT cone-
Houdom. IlycTh Ha eIMHHLY AJUHEI COJIEHOHMAA MPHUXOAUTCA N
BHUTKOB IIPOBOAHMKA. EC/M 1Iar BUHTOBOH JHMHHHM HOCTATOYHO
MaJl, TO KaXXAbIf BUTOK COJIEHOMZA MOXXHO NpHGIHIKEHHO 3a-
MEHHUTb 3aMKHYTHIM BUTKOM. ByZeM Takike mpeamnoJaraTh, 4To
ceyeHHe INMPOBOAHMKA HACTOJBKO MAaJIo, UTO TOK B COJIEHOH[E
MOXXHO CYHUTAThb TEKYILIHUM IO ero MOBEpPXHOCTH.

OnmIT ¥ pacyeT IIOKA3BLIBAIOT, UTO YeM JJMHHEE COJIEHOHA, TEM
MEeHbllle HHAYKLUA MArHUTHOrO I0JIf CHAPYKH Hero. Jlns Gec-
KOHEYHO AJIMHHOIrO COJICHOHMJA MATHHUTHOE II0Jie CHADYIKH OT-
CYTCTBYeT BooO1e.

M3 coobGpakeHUt CHMMMETPHUM SICHO, YTO JHHHUU BeKTOopa B
BHYTPH COJIEHOHJa HAIPABJEHBl BAOJb €ro OCH, IIPHYEM BeK-
Top B cocTaBifieT ¢ HampaBJeHHMEM TOKa B COJIEHOHJE IPaBo-
BHHTOBYIO CHCTEMY.

Vke TO, YMO MBI BRIACHHJIM OTHOCH-
TeJbHO KOH(QHUrypamuM MarHHUTHOTr'O
MOJIA COJICHOMJA, MOACKA3LIBAET BhI-
6paTh IPSAMOYTOJbHBIH KOHTYD TaK,
KaK HOK&S&HO Ha pnc' 6'8' HHPKY' 00000000000000000000000000
JALMA BeKTOopa B mo naHHOMY KOH- Puc. 6.8

TYpy paBHa Bl, 1 KOHTYp OXBaThHIBa-

et Tok nll. CornacHo TeopeMe o nupkyaanuu Bl = pynll, oTky-
Ja cleAyeT, YTO BHYTPHM AJHHHOTO COJEHOMZA

B =ponl, (6.20)

T. €. [10Jle BHYTPH AJMHHOrO COJIEHOHJa OJHOPOAHO (38 MCKJIIO-
yeHHeM obJacTeil, NMpuUJeramIMX K TOPILAM COJIEHOMAA, HO
3TMM IIpM pacuyeTax 3avdacTyio JpeHebperaior). IIponssenenue
nl HaswMBaIOT wucrom amnepsumios. Ilpu n = 2000 BUTKOB/M
u I = 2 A MarHuTHoe moJjie BHYTpHM cojeHouga B =5 mTa.

MarautHoe noJse Topouna. Topoun o R
npeacTaBJfAeT co60i IPOBOX, HABU-
THIH HA Kapkac, UMewIni dopmy
Topa (puc. 6.9).

SO ’///// Wy,

Ew ‘.‘
N3 coobpakeHHit CHMMeTpHH He- //////// ///,///( Hn\\\\\\ .
TPYAHO NOHATb, YTO JHHUM BEKTO-
pa B ROJKHB GBITH OKPY’KHOCTA- 0j

MH €HTPhI KOTOPHIX acCIIOJIOXKe-
» LIEHTP PRIX P Puc. 6.9
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IIpumep 4.

Hel Ha ocu OO' rtopoupma. IloaToMy fACHO, UTO B KauyecTBe
KOHTypa cJleAyeT B3ATh OAHY M3 TAKHUX OKPY>KHOCTEH.

Ecin KOHTYp pacrnosio)keH BHYTPH TOPOHIA, OH OXBAThIBAET
ToK NI, rae N — 4HCJIO BHTKOB B TOPOMAAJBHOH KAaTYIIKE;
I — Tok B mpoBoge. IlycTs paguyc KOHTypa r, TOrfa IO Teope-
Me O NMPKYAanun B+ 2nr = pyNI, oTKyna ciaefyer, 4To BHYTPH
TOpoHzaa

B = (uo/2m)NI/r. (6.21)

U3 cpaBuenus (6.21) ¢ (6.18) BuaHO, 4YTO BHYTPH TOPOHJA Mar-
HHTHOe I10JIe COBIIaAaeT C moJjieM npamMoro Toka NI, Tekyliero
BroJb ocu OO'. YcrpemuB N u pagnyc topouzna R k GeckoHeu-
HOCTH (IIPM HEH3MEHHOM CeYeHHMH TOPOHJa), B IpefeJe IOJy-
yuM BeIpakeHHe (6.20) AAA MATCHHUTHOrO IOJA GeCKOHEUHO
IJIMHHOTO COJIEHOHJA.

Ecay BHIOpaHHBEINA HAMHM KPYTJBI KOHTYP NMPOXOZUT BHE TOPO-
HMAa, TO TOKOB OH He OXBATHLIBAET, [IO3TOMY AJA TAKOrO KOHTY-
pa B+ 2rnr = 0. 9To 3HAYUT, YTO BHEe TOPOMAA MATHUTHOE II0JIe
OTCYTCTBYET.

B npenmnympfx PacCy»XIeHHAX NpPeAIoJarajoch, 4YTo JHHHUH
TOKA JIeXKAT B MEPHUAMOHAJNBHLIX IIJIOCKOCTAX, T. €. B IIJIOCKO-
CTAX, IPOXOAAIINX Yepe3d ock OO' Topouza. ¥ peajJbHOTO TOpO-
M4 JUHUHK TOKa (BUTKH) He JIeKAT CTPOro B 3THX IJIOCKOCTHAX,
MO3TOMY HMMeeTCA COCTaBJfAMoLIag TOKa BOKpPYr ocu OO'. Ota
COCTaBJSAIOILIAA CO3JaeT AOIMOJHHTEJbHOE I10Jie, aHAJOTHYHOe
MOJII0 KPYTOBOTO TOKA.

MarHuTHOe moJie IJIOCKOCTH ¢ TOKOM. PaccMoTpuMm GesrpaHud-
HYI0O IIPOBOAAIIYIO IIJIOCKOCTb, IO KOTOPO# Te-
YyeT paBHOMEDHO pacrpefile/IeHHBIII TOK OJHOTO
B 1 HanpaBiaeHusda. Ha puc. 6.10 mokasaH cien Ta-
2 3 KOH IIJIOCKOCTHM C TOKOM, TEKYIIHM 3a IIJIOC-
KOCTh PHMCYHKa (YTO OTMEUYEHO KPEeCTHMKaMH).
1 1, BeeneM noHsaTHe AuKelnod naomuocmu moxa
’ ‘ KaK BEeKTOp i, HampaBJIeHHHIA BIOJb JUHHH

] VB ToKa. Mozysib aTOro BeKTOpa NpeacTaBjsieT Co-

- 60if TOK, NIPUXOAAIIUINCA HAa eAUHHULY IJIHHBI,
Pre. 6.10 KOTOpAasi UrpaeT PoJb «IIOINEePEYHOro CeYEeHMU I ».

XxXxs

-~
m—
XX

Pa36uB MBICJIEHHO IJIOCKOCTH C TOKOM Ha TOHKHE HHTH C TO-
KOM, HeTPYAHO cOoOGpasUTh, UTO pe3yJbTHpylollee noje B 6y-
JeT HalpaBJIeHO MAapaIeJbHO IUIOCKOCTH, NPUYEM CIpaBa OT
IUIOCKOCTH — BHM3, cjleBa — BBepx (cM. puc. 6.10). 3tk Ha-
NpaBJIeHHs JIETKO YCTAHOBHUTH IO IIPABHJIY IIPABOTO BHHTA.
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Ina onpemeneHMs MHAYKUMHU Noas B BocnonbsyeMcsa Teope-
MO# o UMpKyJAUMH BekTopa B. 3Has, Kak pacIosOXKeHH B
3TOM cjyyae JIHHHM BeKkTopa B, BoiGepeM KOHTYp B BHAE IIpH-
moyroabHuKa 1234. Torma mno TeopeMe O UMPKYJALMKA
2Bl =pgil, rne | — paMHA CTOPOHBI KOHTYpa, NapasjeJbHOM
IJIOCKOCTH ¢ TOKOM. M3 mocieaHero paBeHCTBa HAXOAHUM:

B = pgi/2. (6.22)

W3 nosy4yeHHOi ¢GHOpPMYJHI BUAHO, YTO MAarHUTHOE IOJIe KaK C
ORHOM CTOPOHHBI IIJIOCKOCTH, TAK M C APYroil ABJIAETCA OXHOPOJ-
HBIM. TOT pe3yJIbTAT CIIPABEAJINB M AJIA OrPAHHYEHHOM ILjIac-
THHBEI C TOKOM, HO JIMIUb AJA TOYeK BOJIH3M IJIACTHHBI U yAA-
JIGHHBIX OT ee Kpaes.

O6mue coobGpaxkenus. Pe3yabTaTsl, MOJyYeHHEBIE B PACCMOTPEH-
HBIX IIpIMepax, MOXXHO Obly10 6bI HANTH M HEIOCPEACTBEHHO C IIOMO-
mpbio 3aKkoHa Bro—CaBapa. OgHaKO TeopeMa O OUPKYJIAOHWA IIO3BO-
JIAeT MOJYYHMTh 3TH pe3yJbTaThl 3HAYMTEJbHO Impomie M GhICcTpee.

BmecTe ¢ TeM JIETKOCTb, C KOTOpOI GbII MPOBEJEH pacyeT MOJIA B
3THX IpPHMepax, He AOJKHA CO3AaTh Y YATATENsA OMIN60YHOro BIeYar-
JICHNSA O CHJIe MEeTOLa, OCHOBAHHOI'O HAa IPMMEHEHNH TeOpeMHBl O IIUp-
kyaraonu. Kak m B cayuae TeopeMbl I'aycca I 3JIEKTPHYECKOro
oJIA, YUCJIO 38444, JIETKO pemIaeMhbIX C IIOMOMIbIO TEOPEMBI O IUPKY-
Janumn BeKTopa B, K cokasieEMIO, TO)Ke BecbMma orpamueHno. llocra-
TOYHO CKAa3aTh, YTO yKe A TAKOH CHMMETPHYHOH KOH(Hrypamum
TOKa, KaK KPYroBOoHd BHTOK, TeopeMa O OUPKYJIANOUM OKa3blBaeTcs
6ecioMomHOI. 3aech KORPUIypanqua MArHATHOrO IIOJISI, HECMOTPA Ha
Bpoze 6bl XOpOomIyI0 CHMMETPHIO, He II03B0JIAeT, ONHAKO, HAWTH Heol-
XOAMMBIA AJIA pacuyera IOpPOCTOH KOHTYD, M 3aAady IPHUXOANTCS pe-
WATh APYTMMH cIocoGaMM, ropasgo 0ojiee IDOMO3IKMMH.

§ 6.5. Iuddepenunanasaan ¢opMa OCHOBHBIX
3aKOHOB MarHMTHOTO IIOJIHA

JuBeprenuns noaa B. Teopema I'aycca (6.14) ana nona B B guddepes-
uMajabHOi ¢GopMe HMeeT BHA

V:-B=0, (6.23)

T. . Jueepzenyus nons B eclody pasna nynr. dto o3HavaeT, IOBTOPAEM,
YTO MarHMTHOe IoJie He MMeeT MCTOYHMKOB (MarHMTHBIX 3apAfxoB). Mar-
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HHUTHOE II0Jie IIOPOKAAIOT He MAarHMUTHBIe 3apAAbl (KOTOPHIX B IIPHPOAE
HeT), a 3JeKTPpHYEeCKHe TOKH.

3akoH (6.23) aBndeTca GYrOAMERMALLHBLM: OH CIIDABENJIHUB HE TOJb-
KO [JJIAA NOCTOAHHBIX, HO M [JIA IIePEeMEHHBIX MArHUTHBIX IIOJIEH.

Porop nmonsa B. Ba)kHoe cBOMCTBO MarHMTHOrO IOJIsSA, KOTOpOEe BhIparka-
€T TeopeMa O UUPKYJIAUMU BeKTopa B, mobyskaaeT nmpeAcTaBUTb U 3Ty Te€O-
pemy B auddepeHInanbHON GopMe, pacIIMpsAIOLIell ee BOSBMOXKHOCTH KaK
MHCTDYMEHTa MCCJIeJOBaHHUA M pacdyeTa.

C 3T0i 1eJIbI0 PACCMOTPHUM OTHOIIIEHHE LUPKYJIALUM BeKkTopa B k mio-
mwaxu S, orpaHNYEeHHON KOHTypoM. OKasbIBaeTCcs, 3TO OTHOIIEHHE CTPEMHUT-
CcA K HEKOTOpoMYy Ipefeny npu S — 0, IpryeM 3TOT IIpefes 3aBUCHUT OT OpPH-
eHTallu! KOHTypa B HAHHOM TOuYKe npocTpaHcTBa. OpHeHTan A KOHTypa 3a-
JlaeTCA BEKTOPOM N HOPMAJH K IIJIOCKOCTH KOHTYp&, IpUYeM HalpaBjeHHe N
CBA3AHO C HampaBjJeHHeM 00XOZa II0 KOHTYPY NIPaBHJIOM INIPABOrO BHHTA.

IIpenen, monyuyaeMulii MpM yKasaHHOM olepalyy, IpeaCTaBasdgeT coGoit
CKaJAPHYIO BEJMYHHY, KOTOpas BeAeT ceb0sA KaK IIPOEKIUA HEKOTOPOro
BEKTOpa Ha HAMpABJIEHHE HOPMATH N K IIOCKOCTH KOHTYPA, IO KOTOPOMY
GepeTcA LUPKYJIALNMUA. ITOT BEKTOD Ha3bIBAIOT pomopoxm noas B n o6o3Ha-
yaloT cuMBoJoM rot B. Takum o6pasom,

. $Bdl _
;1310 5 - (rotB),, (6.24)

rAe cIpaBa CTOMT IIPOEKIHs BeKTopa rot B Ha Hopmainb n.

Hrak, B KaXA0H TOYKe BEKTOPHOro noias B mmeercs BekTop rot B, Ha-
mpaBjJieHHe M MOAYJb KOTOPOrO CBA3AHHI CO CBOMCTBAMH CaMOro IOJSA B
maHHOM Touke. HampaBieHue BekTopa rot B ompezpensiercss TeM HampabJe-
HYeM HOpMaJM N K IIoL[afKe S, IPX KOTOPOM JOCTHTraeTcd MaKCHMaJlbHoe
3HaYeHHe BeJHYHUHHI (6.24), ABiasouleecss OZHOBPEMEHHO MOAYJEM BEKTO-
pa rot B.

B maTemMaTHKe ITOsydaloT BhIpaXKkeHHe AJada rot B B kooparnHaTHOM npen-
craBiaeHuH. [l HalIMX LeJeit BaKHO ApYyroe: okasbIBaeTcd, HopMaJbHO
rot B MoxHO paccMaTpHBaTh KaK BEKTODHOe IIpOM3BefleHHe omepaTtopa V
Ha BekTop B, T. e. kak V X B. Mu1 6yzeM nosb3oBaThCA NOCAEAHHM, Gosee
yAOOHBIM OGO3HAYEHHMEM: OHO Cpa3dy Ke II03BOJIAET 3aIHCATb BEKTOPHOE
npoussesiene V x B ¢ momoupio onpenenuTens:

e, e, e,
VxB=|9/0x 0/0y 0/0z|, (6.25)

B, B, B,
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rae e,, e, €, — OPTHI ocelf KeKapToBbIX KoopAuHAaT. [laHHOe BhIpakeHHe
crpaBefJINBO AJISI POTOpPa He TOJbKO mojda B, HO M aas maiobGoro gpyroro
BEKTOPHOrO IOJIA, B YaCTHOCTH M aJja moas E.

O6paTuMca Temepb K TeopeMe O NUPKyasuuu BekTopa B. Coruacho
(6.24) ypaBHenne (6.17) MOXHO IpeACTABHTbL B BHAE

. $Bdl .
lim 5~ Hoin>
unu (V x B), = pgj,. Orciona
VxB = Mo - (6.26)

3ro M ecTh AuddepeHIHANbHAA HOPMa TeOPEeMbI 0 IUPKYIALUK BeKTopa B.
BugHo, uTO poTop moas B coBmajaer mo HampaBJEHHIO C BEKTODOM j —
IUIOTHOCTBIO TOKA B NAHHOH Touke, a Moayne V x B pasen pj.

B a/1eKTPOCTATHYECKOM I10JIe UMPKYAALusA BekTopa E paBHa HyJII0, 1103-
TOMY

VxE =0. (6.27)

Bex'ropuoe moJe, poTop KOTOPOro BCIoAy paBeH HYJIO, ABJIAETCA IIOTEH-
IHMaJbHBIM, B IIPOTHBHOM cCJiydae I10Jie ABJIAETCA conernoudandvrovim. 3Ha-
YHUT, dnexmpocmamuyecKoe none ecmd none nOmeryuanrbnoe, mazLum-
HOe e none — coneHoudandHoe.

§ 6.6. Cuna Ammnepa

3axon Amnepa. Ka)xaniift HOCHTEJb TOKA MCIOLITHIBAET AeHCTBHE
MarguTHOM cmianl. [leficTBHe 3TOH CHJIBI mepelaeTcss HIPOBOLHHKY,
II0 KOTOPOMY 3apAAbl ABMXKYTCS. B pe3yabTaTe MarHMTHOE IIOJIe
JeHCTBYyeT C OImpegesIeHHOH CHJIOH HA caM IOPOBOJHHUK C TOKOM.
Haitnem aty cuay.

IIycTts 00'beMHAA IJIOTHOCTDb 3apsAfa, SABJIAIOMIErOCA HOCHUTEJIEM
TOKa (3JIeKTPOHHI B MeTaJlle, HaIpUMep), paBHA p. BraeauM Meic-
JIeEHO 3neMeHT oO6bema dV mpoBomEMKa. B HeM HaxoguTrca 3a-
pPAL — HOCHTeJNb TOKa, paBHKEIA p dV. Toraa cuina, geiicTeylomas Ha
asemeHT dV npoBoAHKKA, MOXKeT OnITh 3anucaHa mo ¢opmye (6.1)
B BHAE

dF =p[uB]dV,

rie U — CKOpPOCTh YNOPAAOYEHHOTO ABHXKEHHS 3apAlOB.
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Tak kKak j = pu, TO

dF = [jB]dV. (6.28)

Ecau TOK TeueT IO TOHKOMY IPOBOZHMKY, TO corJyacHo (6.8)
jdv=1dl u

dF = I[dl, B, (6.29)

rae dl — BekTOp, COBMAAIOIMMI IO HAIPaBJEHMIO C TOKOM M Xa-
PaKTEepPHU3YIOLINHA 3JIeMEeHT AJIMHBI TOHKOTO IPOBOAHMKA.

®opmyursl (6.28) u (6.29) BrIpakaioT 3axkon Amnepa. NHTErpHU-
Pys 3TH BBhIpa)X€HHUSA IO 3JIeMeHTaM TOKa (06 beMHBIM MJH JHHEH-
HBIM), MOXXHO HAaTH MarHUTHYIO CHJIY, AEHCTBYIOIOYIO Ha TOT HJIMN
MHOHN 00beM IPDOBOJHMKA WJIH €ro JHUHEHHBIH y4YacToK.

Cuabl, geiicTByOILIMEe HA TOKM B MAarHUTHOM II0Jie, Ha3bIBAIOT
amneposvimMu WIN curamu Amnepa.

IIpumep. Cuia B3aHMOALIHCTBHA napajieabubix TokoB. Halinem amneposy
CHJIy, C KOTOPOH B3aMMOAEHCTBYIOT B BaKyyme ABa IapaJjijiesb-
HbIX 6eCKOHEYHO QJIMHHBIX NMpoBoJa ¢ Tokamu I, u I,, ecau pac-
CTOfAHME MeXAYy NpoBojaMHM paBHO b. Pacuer cmibl mpousBeieM
HA eIWHUIY AJUHBI 3TOH CHCTEMBI.
Kasxnblit s1eMeHT ToKa [, HAXOMUTCA B MAarHUTHOM IIoJie TOKa [,
a MMeHHoO B mnosie B = (yo/4n)21,/b cornacuo (6.18). Yron mexny
ajJleMeHTOM ToKa [, ¥ BeKTOpoM B; mpsimoii, nosaromy, Kak ciexy-
eT u3 popmyiasl (6.29), Ha eIMHHUIY AJIHUHBI IPOBOAHUKA C TOKOM
I, peiictByer cuna F, = I,B,, niu

F Mo 21112__

6.30
a = b (6.30)

s cuasl, gedcTByOeH Ha €IUHULLY JJINHBI IPOBOAHHMKA C TO-
KOM Il, ImoJy4yaeTcsi, pa3dyMeeTCs, TO XK€ BbIpaXeHHe.

X nocnennee. Herpynao y6eauThbCcs B TOM, YTO TOKH, OXNHAKOBO
HampaBJIeHHble, OIPUTATHUBAIOTCA, & OPOTHBOIOJIOXXHO HaIPaBJIEH-
Hble — OTTAJKHBAIOTCA. 3[eCh DeYb HAET TOJbKO O MarHUTHOH
cuie. He cienyer, ogHako, 3a6bIBaTh, 4YTO KpOMe MarHUTHON MMe-
eTcA eIle M dJIeKTpHYecKasd CHja — cHJa, o0ycJjioBJeHHas H30bI-
TOYHBIMH 3apAJaMH Ha IOBEPXHOCTH MPOBOAHMUKOB. IloaTomy, ecan
TFOBOPUTH O IOJIHOH CHJIe B3aMMOJEHCTBHA MEXXAY IIPOBOAAMH, TO
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OHa MOKeT ObITh KaK CHJION IPUTSAXKEHHNA, TAK U CHJION OTTaJKHUBA-
HUA — BC€ 3aBHCHT OT COOTHOIIEHHUA MArHUTHOH M 3JIEKTPHUYECKOH
COCTaBJAIMINX IOJHOM cuabl (cM. 3agmauy 6.7).

Cuia, geiicTByomasa Ha KOHTYP ¢ TOKOM. Pe3yabTHpylomasn aM-
mepoBa CHJIa, KOTOpas AeiCTBYeT Ha KOHTYD ¢ TOKOM B MarHUTHOM
moJie, ompeaeasieTcsi B COOTBeTcTBHH ¢ (6.29) kak

F=I§NLBL (6.31)

rie MHTerpHpoOBaHHE IPOBOJUTCA IO JAHHOMY KOHTYPY C TOKOM 1.

Ecqx MarEUTHOE mOJie OZHOPOAHO, TO BeKTOpP B MO)KHO BhIHECTH
H3-1I0J MHTErpaja ¥ 3afadya CBOAUTCH K BBIYHCJIEHHIO BEKTOPHOTO
MHTerpaja ﬁdl. ITOT MHTErpaj IpeACTaBIsgeT co00i 3aMKHYTYIO
LIEIOYKY 3JIEMEHTAapHBIX BEKTOPOB dl, moaToMy OH paBeH HYJIO.
3uaunt, 1 F =0, T. e. pesyabTHpylomlad aMImepoBa CHJa paBHA
HYJIO B OAHODOZHOM MATHHMTHOM IIOJIE.

Ecau ke MarHuTHOEe II0JIe HEOZHOPOAHO, TO DPe3yJbTHDYIOIIAf
cuia (6.31), Boo6Gmie roBops, OTJIMYHA OT HYJS M B KaXXAOM KOHK-
PETHOM cJiyyae OHA OImpefeJseTcs ¢ MOMOIIbLIO BhIpa)KeHHsa (6.31).
Ona maabHeitmero ocoOblif MHTepec IpeACTaBJsAeT cJaydai, Korga
KOHTYD C TOKOM IIJIOCKHI M ero pasMephl JOCTATOYHO MaJjbl. Takoit
KOHTYD C TOKOM HAa3bIBAIOT 3/1eMEHMAPHBLLM.

IloBeaeHME 3/1eMEHTAPHOI'O KOHTYpa C TOKOM YAOOHO OMMCHIBATH
C MOMOIIBIO MAZHUMHOZ0 Momenma P,,. Ilo onpenenenuio

Py, = ISn, (6.32)

rae I — ToK; S — mJiomanb, OTpPaHNYEHHAS KOH- D

m
TYpOM; N — HOPMAJb K KOHTYDY, HalpaBJieHHE
KOTOpOi CBS3aHO C HANpPaBJIE€HHEM TOKa B KOH-

Type OpaBMJIOM npaBoro BuHTa (pmc. 6.11). B "
MArEMTHOM OTHONIIEHHH 3JIEMEHTAPHBIH KOHTYD

C TOKOM BIOJIHE XapPaKTePU3YEeTCSA €ro MarHuT- I
HBIM MOMEHTOM P,,. Puc. 6.11

Jl0BOJIBHO KpPONOTJIMBBIM pacueT mo ¢opmyJie
(6.31) c yueToM MaJIOCTH KOHTypa IPHUBOAUT K CJIEAYIOIIEMY BbIpa-
SKEHHIO JJIA CHUJIbI, NeHCTBYIONMIEl Ha 3J€MEeHTapHBIN KOHTYD C TO-
KOM B HEOJHODOZHOM MArHHTHOM IIOJI€:

oB
on

F=pn,—, (6.33)
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rie p,, — modyav MAaTHUTHOrO MOMEHTa KOHTypa; 0B/dn — mpous-
BOJHAsA BeKTopa B mo HampaBJeHHIO HOpMAJM N HJIM IO HampasJie-
HHUIO BeKTOopa p,. Ilociennee BripaxkeHue aHajgorununo (1.39) mas
CHJIBI, HeHCTByOINEeH Ha 3JIEKTPUYECKHUH OUIOJb B 3JI€KTPHUYECKOM
moJe.

U3 ¢popmyusl (6.33) BUAHO, YTO, KAK M B CIydYae 3JI€KTPHUYECKO-
ro AMIOJSA: )

1) B ogrOpOoAHOM MarHHTHOM moje F = 0, u6o dB/dn = 0;

2) manpasyeHue BekTopa F, BooOime roBops, He COBIAJAET HU C

BeKTOpOoM B, M c BekTOpOM P, ; BekTOop F cos-

F majaeT JUIOIb ¢ HaIpaBJeHWEM 3JIeMEeHTapHOro

10’_":43 Pn npupawenus BexTopa B, B3aTOrO 6 HAnpasne-

HUU éexmopa P, B MeCTe PacHOJIOXKEHHUSA KOH-

typa. CkazaHHOe MIIocCTpHUpyeT puc. 6.12, rae

10'__'3' Pn  mokasambl TpM pacmosiO’KeHMsS KOHTYpa B Mar-

F HHUTHOM II0JIe IpsiMoro Toka I;,. 3xech e moKa-

3aH.M BEKTOp pe3yabTupymomeit cuasl F, koro-

]‘”—F;g)p ™  paA OeHCTBYyeT Ha KOHTYP B Ka)XIOM cJydae

(mo1e3HO CaMOCTOATENbHO Y6eANThCA, UTO ITO
IEeACTBHTENbHO TaK).

Ecsan Hac mHTEpecyeT npoeknusa cuabl F Ha HEKOTOpoe Hampas-
JeHne X, TO JOCTATOYHO 3aIMCATh BhIpa)keHHe (6.33) B mpoeKmmax
Ha 3TO HampaBJIeHHWe, X Mbl IDOJYYHM

OB

F,=pn ==, (6.34)

Puc. 6.12

rae 0B,/0n — mpou3BoAHAA COOTBETCTBYIOINEH IPOEKIMM BEKTOpa
B onATh )Ke IO HaopaBJIeHWIO HOPMAJIH N K KOHTYPY (MJIH IO p,).

IIpumep. IlycTs 3/1eMEeHTAapHBIA KOHTYP C TOKOM, MMeEIOIIMH MAarHHUTHBIA
MOMEHT P.,, PaCIOJIO’KeH NepPIeHAUKYIAPHO OCH CHMMETDHH He-
OZHOPOZHOrO MarHMTHOIO II0JIs, IIPUYEM BEKTOD P, — B Halpas-

B JeHnu BekTopa B. BriGepeM nosoxuTte-

JbHOe HampaBjeHHe ocH X, KaK IIOKa-

3aH0 Ha puHc. 6.13. Tak kKak B

X HanpaBJeHHH BEKTOpa P, IpHpalleHne
npoeknuun B, GymeT oTpHIlaTeJbHLIM,

To F, < 0. 3Hauur, BekTop F HampaB-

JIeH BJIEBO — B CTOPOHY, rae B Goablire.

I

Puc. 6.13
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Ecin e KOHTYpP ¢ TOKOM (M BeKTOp p,) moBepHyTh Ha 90° Tak,
4TOGBbI LIEHTP KOHTYpA COBIAJ C OChI0 CHMMeTpPHH mojsd B, To B
aroM nojoxenuun F, = 0, a Bekrop F Oyzer nanpaBiien nepres-
OUKYJIAPHO ocM X, MpUYeM B Ty Ke CTOPOHY, YTO M Pp.

§ 6.7. MomMeHT cHJI, JeHCTBYIOIIUX HA KOHTYP
C TOKOM

PaccMoTpuM HJIOCKMH KOHTYD € TOKOM I B 00nHOpoOHOM Mar-
HUTHOM mojie B. Beime (cM. ¢. 161) MBI BBISICHMJIN, YTO DPe3yJIbTH-
pyloomas cuia (6.31), koTopas AeiCTByeT Ha KOHTYD C TOKOM B OJ-
HODOJHOM MAarHMTHOM IIOJie, PaBHA HYJIIO. A U3 MeXaHMKH H3BeCT-
HO, 4YTO €CJM pe3yJbTHPYyIOIIas CHJI, AeHCTBYIOIIHNX Ha JIo0yio
cHCTeMy, PaBHa HYJIIO, TO CYMMAapHBI# MOMEHT 3THX CHJ He 3aBH-
cuT oT Toukn O, OTHOCHTEIbHO KOTOPOH OIpegeasiioT MOMEHTHI
3TUX cuia. Pa3 Tak, MOXXHO IPOCTO FOBODUTH O Pe3yJIbTHUPYIOIMIEM
MOMEHTe aMIepOBHIX CHJI B HalleM Ciydae.

Ilo ompeneneHNI0, pe3yJbTHPYIOIMUHA MOMEHT aMIIEPOBBIX CHJI

N = gi[r, dF}, (6.35)

rae dF naercsa ¢dopmy.roit (6.29). Ecan nposectu pacuer mo popmy-
Je (6.35) — OH ZOBOJILHO I'POMO3ZOK M MaJI0O HHTEpPECeH, IIO3TOMY
MbI He OyJeM ero IpuBOANTh, — TO OKA3LIBAETCS, UTO AJIS IPOU3BO-
JIbHOM (OPMEI KOHTYpPa C TOKOM 3TOT MOMEHT CHJI MOYKHO IIpeAcTa-
BUTb KakK

N = [p,B], (6.36)

rie p, — MarHMTHBII MOMEHT KOHTYPa C TOKOM (ZJA IJIOCKOTrO
KoHTypa p, = ISn)".

N3 (6.36) BugHO, uTO MOMEHT N aMIepoOBBIX CHJI, A€ACTBYIOMINX
Ha KOHTYp ¢ TOKOM B OZHODOJHOM MAarHMTHOM IHOJIe, IepPHeHINKY-
JSIpeH KaK BEKTODPY P, TaK U BekTopy B. Moxy:ns BekTopa N paBen
N =p_Bsina, rgze a — yroa Mexay Bekropamu p,, u B. B Tex cay-

* Ecan BUTOK He MJIOCKHMH, TO ero MarHUTHLIA MOMeHT p,, = I IdS, rae uHTerpas Ge-
peTcs [0 MOBEePXHOCTH S, HATAHYTON HA KOHTYP C TOKOM. OTOT MHTErpaj He 3aBH-
CHT OT BHIGOpA MOBEPXHOCTH S, & 3aBUCHUT TOJbKO OT KOHTYpA, Ha KOTOPHI OHa Ha-
TAHYTA.
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yagx, Korga meT B, momeHT cuix N = 0, 1 HeTpyAHO yOeAuUTHCA B
TOM, 4YTO HOJIOXKEeHHe KOHTypa Oyzer ycroitunBbiM. Ecan pmiT B, To
toxxe N = 0, HO Takoe HmOJIO)KeHHE KOHTYpa ABJIAETCHA HEYCTOHYH-
BBIM: MaJieiilmee OTKJOHEHHE OT 3TOrO MOJIOXKEeHHUA NPHBEAET K IOo-
SIBJIGHHIO MOMEHTA CHJI, CTPeMAMIEerocss OTKJIOHHUTh KOHTYp eme 60-
JbIIe OT HAYaJbHOI'O IIOJIOMKEHHUS.

IIpumep. Y6enumca B crnpaBefauBocTH Gopmyianl (6.36) Ha mpocreiiizem
cJlyyae IpPAMOYTOJILHOTO KOHTypa ¢ ToKkoM (puc. 6.14).

Kak BHOHO U3 [JaHHOTO pPHCYHKA,
CHJIBI, AeHCTByIOIME Ha CTOPOHH 4,
NepneHAUKYJIAPHE UM KU BekTopy B,
[IO3TOMY 3TH CHJIbI HallpaBJEHhI FOpH-
30HTaJILHO (Ha PUCYHKe OHH He IIOKa-
3aHBI) U CTPEMATCH TOJHKO PACTAHYTH
(unu cxxaTh) KOHTYpP. CTOpoHHI b mep-
NeHAUKYJAAPHEI B, moatomy Ha Kaxk-
AyI0 U3 HUX OeHcTByeT cuia

. F=1IbB.

OTH CHJBI CTPEMATCS MOBEPHYTh KOHTYP TaK, YTOGHI ero BEKTOD
P OKasaJcs COHanpaBJeHHHIM ¢ BekTopoM B. Crano 6miTh, Ha
KOHTYp AeHCTBYyeT Ilapa CHJI, MOMEHT KOTODO#l paBeH Ipou3Beje-
HHUIO IJledya napel asina Ha F, T. e.

N =IbBasin a.

YuureiBaf, 4To ab — 3TO mJIOlIaAb, OTPAHMYEHHAs KOHTYPOM, H
Iba = p, noayuyum

N=p.Bsina,
YTO B BEKTOPHOH ¢(opme sanuchiBaerca kak (6.36).

B 3akiaioueEne HeOOXOAMMO OTMETHUThb, UTO Bhipa)keHue (6.36)
cIpaBeAJNBO U IJA HEOZHOPOAHBIX MAarHUTHBIX moJei. Haxo Toub-
KO, 4TOOBl pasMepbl KOHTYpa C TOKOM OBIIM JOCTATOYHO MAJIbI.
Torma BAMAHMEM HEOZHOPOZHOCTH HA Bpamalmuit MoMeHT N
MOXXHO npeHeOpeub. FIMEHHO 3TO OTHOCHTCA K 3J1eMEHTapHOMY
KOHTYPY C TOKOM.

Bo BHemEHEM HEOJHOPOAHOM MATHHTHOM II0JIe 3JIeMEeHTapHBIM
KOHTYP C TOKOM BeZeT ce0d aHAJOrMYHO TOMY, KaK M 3JIeKTpHUe-
CKMIi1 IUII0Jb BO BHEIIHEM HEOAHOPOAHOM 3JIEKTPHYECKOM IIOJIe: OH
6yzeT HDOBOpAaYMBATHLCA K IIOJIO)K€HMIO YCTOHMYMBOIO DaBHOBECHA
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(opu KoTOpOM meT B) u, kpome TOro, mMOA AEHCTBHEM DE3yJIbTHUDY-
omeit cuabel F BraruBaTbca Tyna, rae MHAYKOuA B 6Goabme.

§ 6.8. PaGora npu nepeMelieHMH KOHTypa ¢ TOKOM

Korma KOHTYD C TOKOM HAXOZMTCA BO BHEIIHEM MATHUTHOM
nojse — MBI 6yeM mpeamoJaraTh, YTO OHO IOCTOSHHOE, — HA OTAe-
JIbHBIE 3JIEMEeHTHhl KOHTypa AeHCTBYIOT aMIE€POBLI CHJIBI, & IIO3TOMY
IIPH IIepeMeIeHNH KOHTypa 3TH CHJIbI OYAYyT coBepmaTh pabory. B
3aroM naparpacde MBI OKa)XeM, 4To pabora, KOTOPYIO COBEPIIAIOT
aMIepOBhl CHJIBI IIPH 3JIEMEHTAPHOM IIepeMeImeHHH KOHTypa C TO-
KoM I, ompenenseTcsa Kak

dA = Id®, (6.37)

rae d® — npupameHNMe MArHUTHOrO IIOTOKA CKBO3b KOHTYD IIPH
JaHHOM IepeMeIeHNH.

HoxkasaTeascTBO 3TOH (GOpMYJBI OpOBEAEM B TPH JTalla.

1. CHavaya pacCMOTDHM YAacCTHHIH ciaydaif: KOHTYp (pHc. 6.15) ¢
NOABM)XHOM IepeMBIYKOH AJMHEI | HAXOAUTCSA B OJHOPOAHOM MAr-
HUTHOM IOJIe, IePIeHAUKYJIADHOM IJIOCKOCTH KOHTYypa M HaImpas-
JIECHHOM 3a ILIOCKOCTb PHCYHKa. Ha mepembruky coryiacHo (6.29)
neiicTByer ammepoBa cuaa F = I1B. [Ipu nepeMemeHUN NepeMbIYKHU
BIOpPABO Ha dx 3Ta CHJa COBepImaeT IMOJIOXKHTEIbHYIO paboTy

8A = Fdx = IBl dx = IBdS, (6.38)

rae dS — npupameHHe IJIOMAAM, OrpaHMYEHHOH KOHTYpoMm. Iiasa
ompeneseHNss 3HaKa MarHMTHOro moroka @ yenosumcsa Bcerga
6paThr HOpMaJb N K OBEPXHOCTH, OrpaHMYEHHOH KOHTYPOM, TakK,
4yT00BI OHA 00pa3oBhIBajIa ¢ HAIPABJIEHUEM

TOKA B KOHTYype IPABOBHHTOBYIO CHCTEMY -1
(cM. puc. 6.15). IIpu atom Tok I 6yzmeT Bce- _L F
rga BeJIHMUYHMHOM moJsiokuTeabHOM. IloTok @ >
ke @ MoKeT OBITH KaK MOJIOXKHUTEJbHBIM, B,n
TaKk M OTPHIATeJbLHHIM. Ho B HameM ciay- -«

Prc. 6.15

yae KaKk @, rak 1 d® = B dS asaaAlorcA Be-
JMYNHAMH NIOJIOXKHUTEJIbHBIMH (ecau Obl moJsie B Obloio HampaBiieHO
Ha HaC MJIM IepeMbIUYKa IepeMemaJach Obl BJeBO, TO B 0GOHUX Ciay-
yaax d® < 0). Kak 6ul To HH OBLJIO, B JJIOOOM M3 3THX CJIYy4YaeB BHI-
paxxerne (6.38) moxxHO mpexcraBuTs B BuAe (6.37).
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2. ITony4yeHHBIN pe3yJbTAT COPABENJHB M AJSA IPOM3BOJLHOTO
HanpaBjeHEHUs o B. UToOwr y6eZuTHCA B 3TOM, Pa3jI0KUM BEKTOD
B ma Tpu cocraBnaomue: B = B, + B, + B,. CocraBnsaiomasa B, —
BAOJIb IePEeMBIYKM — IapaJjijieIbHa TOKY B Heil U II03TOMY He OKa-
3BIBAET HA IepeMBbIYKy cuioBoro geicreus. CocraBnsiomas B, —
BAOJb IepeMelleHuA — JAaeT CUIy, NepHeHAUKYJIAPHYI0 Iepeme-
MeHN10, paboTel OHa He coBepmaeT. OcTaeTcs JHIIb COCTABJAIO-
maa B, — mepneHAMKYJAApHAasA IIOCKOCTH, B KOTODO# Iepemema-
eTcsa nepemuiuka. Iloaromy B popmyJie (6.38) BMecTo B Hago OpaTh
roapko B,. Ho B,dS = d®, u Mu onATe NPpUXOAUM K GopMmyJe
(6.37).

3. Tenmepp mepeitgeM K pacCMOTPEHMIO JII000r0 KOHTYpa OpH IIPo-
M3BOJILHOM IIepeMeIIeHNM ero B IIOCTOSHHOM HEOOHOPOXHOM Mar-
HUTHOM IoJie (KOHTYpP MOXET IIPM 3TOM M IPOM3BOJBLHBIM 06pasom
nedopmupoBaThca). Pa3oObeM MBICJIEHHO NAaHHBLIA KOHTYpP Ha Gec-
KOHEYHO MaJible 3JIEeMEHThI TOKa U PacCMOTPHUM GECKOHEYHO MaJjikle
mepeMeIeHNss UX. B aTHX yCJIOBHUAX MArHUTHOE IIOJie, B KOTODOM
nepeMemaeTca Ka)XAbI 971éMEeHT TOKA, MOXXHO CYHUTATh OZHOPOX-
HBIM. [[J1 TAKOro mepeMeImeHUs K KaXKAOMY 3JIeMEHTY TOKa IpH-
MeHUMO BhIpakeHnme dA =Id'® gaa snemeHTapHOI paboThI, Trae
nox d'® Hago MOHHMMATH BKJIAJ B IpHpAaMIeHHe IOTOKA CKBO3b KOH-
TYp OT ZaHHOrO 3JIeMeHTa KOHTypa. ClI0)KUB TaKue dJIeMeHTapHEIe
pabGoThHI A1 BCeX 3JIeMEeHTOB KOHTYpa, CHOBA IOJYUYMM BhIpAXKEHHUE
(6.37), rme d® ecTh mpUpameHEHe MATHUTHOI'O IMOTOKA CKBO3b BeCh
KOHTYP.

Yro6nl HaliTH paboTy aMIEpPOBHIX CHJI IIPH IOJHOM IlepeMemIe-
HHUM KOHTYpa ¢ TOKOM OT HAYaJIbHOTO IIOJIOXKEHHA I N0 KOHEUHOTO
2, BOCTATOYHO IPOMHTErpHpOBaTh BhIpa)keHue (6.37):

2
A=[1do. (6.39)
1

Ecau opu aTOM nepeMeleENH DOAAEPIXUBATh TOK I IOCTOAHHBIM, TO
A=1(D,-D), (6.40)

rae @, u ©, — MarHUTHBIE IIOTOKH CKBO3b KOHTYD B HAYaJbHOM H
KOHEUHOM II0oJIoXKeHnax. Takum o6pas3om, paboTa aMIIepoBBIX CHJ B
3TOM CJyYae paBHa NIPOM3BEAEHWIO CHJIbI TOKA HA IMpUpAaIMeHHe
MArHUTHOTO IMOTOKA CKBO3b KOHTYD. BripakeHue (6.40) naet He TO-
JBKO BeJIUMUYHNHY, HO U 3HAK COBepmaeMoi paboThI.
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IIpumep. ITnocknit KOHTYP ¢ TOKOM | TOBOPAYMBAIOT B MAarHUTHOM Iose B
U3 II0JI0XKEHU s, IPH KOTOPOM HopMaab K KoHTypy n T B, B mo-
noxenue, npu kotopom n TT B (HamoMuHaeM, YTo HampaBIeHHe
HOpMaJiM1 N CBSA3AHO C HAIPABJEHUEM TOKa IIPABHJIOM IIPAaBOTO
BuHTa). Ilnomanb, orpaHUYeHHass KOHTypoM, paBHa S. Haitxem
pa6oTy aMIepoBBIX CHJI IIPM YKA3aHHOM IlepeMellleHWM, CUUTasd,
4YyTo TOK | NOAREP>KUBAETCS ITOCTOSHHBIM.

Coraacuo (6.40)
A =I[BS - (-BS)] = 2IBS.
B nannom cayuae pa6ora A > 0, npu o6paTHOM ke nosopote A < 0.

Cnenyer oTMeTUThb, uTo pabota (6.40) coBepiraeTcss He 3a cyeT
3HEPruH BHEIIIHEro MATHUTHOrO IT0JA (OHO He MeHseTcCs), a 3a
CUeT MCTOYHMKA 3.X.C., MOANEepKHUBalollero Tok B KoHType. (Ho
06 atoMm 6Gosee moxgpo6HO GymeT pacckasaHo B Ia. 9.)

3amauu
6.1. Henocpencrsenuslii pacuer mEAyKuuu B. Tok
I TeueT MO TOHKOMY NPOBOZHUKY, H30THYTO- W
My, KakK MokasaHo Ha puc. 6.16. HaiiTu mar- <

HUTHYI0 HHAYKOUI0 B B Touke O. Heo6xonu-
Mble NaHHBIe YKas3aHbl Ha PHUCYHKe.

Pemenue. Uckomasa Benuunna B = B_ + B,

roe B_. — MarHuTHOe moJjie OT NPAMOJMHEHHO-

ro yyacTka KOHTypa; B, — or ero kpusoau- Prc. 6.16
HeitHON yacTu. CoryiacHo 3akoHy Bbno—Casa-

pa (cMm. mpumep 1 Ha c. 150)

_2IPoIc°5ada Mol

tgag »
4ma cos o 2na 8
I(2n-204)a
Bu =P’L ( > 0) u'O (7t a())
4n a a

B pesyasrate
B = (1 - a4 + tg ag)uel/2na.

ITonesno ybeguThCs, UTO NPH 0y —> 0 MBI IPUXOAUM K U3BECTHOMY BhI-
paxenuio (6.13).
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6.2.

6.3.

TouKuii IPOBOJA C H30JAINEH o6pa3yeT IJIOCKYIO CIIMPAaJb U3 GoJIbIIO-
ro yncjga N IJIOTHO PacloJIOKEeHHBIX BUTKOB, IIO
KOTODHIM TeueT IOCTOAHHBIM TOK I. Paguycel
BHYTPEHHEro M BHEILIHEro BUTKOB DaBHHI @ M b
(puc. 6.17). Haitti: 1) MarEUTHY MHAYKLUIO B
B LIEHTpe crnupaau — Touke O; 2) MarHUTHBIA
MOMEHT CIIHPAJH NIPH AAHHOM TOKe.

Pemenune. 1. Bkiag B MarHUTHYIO MHAYKIIUIO OT
OIHOT'O BUTKA pPaguyca r paBeH coryacHo (6.13)

Puc. 6.17 B, = pol/2r, 1)

a OT BCeX BMTKOB

B=|B, dN, (2)
rae dN — uucjo BUTKOB B uHHTepBase (r, r + dr),

dN = dr. 3)

b-a

ITocne noactaroBku (1) 1 (3) B (2) M MOCIEAYIOIEr0 MHTErPUPOBAHUA
mo r ot a Ao b monyuyum

poIN_| b

" 20b-a) a

. 2
2. MarHuTHBI MOMEHT OLHOTO BUTKa pajguyca r ecTs p, ;= Inr’, a Bcex
BUTKOB P = I Pm1dN, rae dN ompenenserca ¢opmyanoit (3). Hurer-

pHUpOBaHMHE OaeT

3 3
sznmb ;“ =ngN(a2+ab+b2).
—-a

Toxk I TeyeT Mo AMUHHOMY IIPAAMOMY IIDOBOAHUKY, UMeloIleMy GopMy
JKeJI00a ¢ IonepeYHbIM ceYeHHeM B BHJE TOHKOTrO IOJYKOJblia Daguy-
coM R (puc. 6.18). Haiitu mMarHuTHy0 MHAYKUuoO B Ha ocu O.

Pemenue. IIpexxnme Bcero BhIfiC-
o HHUM, KyJa HanpasJjieH BeKTop B B
Toyke O. IlnA 3TOro MBICJIEHHO
pa3o6reM Bech IIPOBOJHHUK Ha 3Jje-
MEeHTapHble HHUTH C ToKom dlI.
Torza sicHo, uTo JlOGbIEe ABE CHM-
Puc. 6.18 MeTpHYHbIe HUTH JAaAyT B CyMMe
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6.4

BekTop dB, HanpaBJIeHHBIH BIpa-
Bo (puc. 6.19). 3uauur, Tyna xe
6yzer HampaBjieH M BeKTop B.

IToaToMy AN HaXOMAEHWUS TOJISA
B B Touke O HOCTATOYHO HAMTH
CYMMYy IPOEKILHI 3jJIeMeHTapHBIX

Puc. 6.19
BeKkTOpoB dB oT kaxmoil HUTH
TOKA& Ha HalpaBJjieHHe BeKTopa B:
B = JdB sin . 1)
Corsacuo (6.11)
dB = p,dI/2nR, 2)

rge dI = (I/n)de (cMm. puc. 6.19). ITocre moactaHoBkH (2) B (1) mosy-
UM
Hol Hol

T
B = sin pdp = —— .
21t2R;[ n’R

Teopema o0 UMPKyaduuM B um npuanun cynepno3uumu. BuyTpu oxHo-
POZHOTO NJHHHOTO NPAMOrO IPOBOAA KPYIJVIOTO CeYeHHs HMeeTCHA
Kpyrjas LHUJIHHApPHYECKAasd IOJIOCTh, OCh KOTOpPOiH MapaJjijieibHa OCH
NPOBOZA M CMeIlleHa OTHOCHTEJNbHO IocienHeid Ha paccrosHue l. Ilo
NIPOBOJY TeYeT ITOCTOAHHBIA TOK IIJIOTHOCTH j. HaliTM MarHUTHYIO HH-
aykuuio B BHyTpH mosocTH.

Pemenue. VMickoMylo BEJIMYHMHY MOYKHO IIPEACTABHUThL COTJIACHO IIPHH-
LUIY CYIEePHO3UIMH Kak

B=B,- B, (1)

rge B, — MarHuTHas MHOYKIUA B TOM cjydae, ecaH Gbl IDOBOSHUK
6bLa crIOIIHBIM (6e3 moJsiocTH), a B’ — MarHuTHaA MHAYKLMA IOJA B
TOH JKe TOYKe OT TOKAa, TEeKYIUero Io 4YacTH IIPOBOZA, KOTOPYIO MBI
yaaauian, o6pa3oBaB IOJIOCTh KPYTIJIOrO CeUYeHHH.

TaxkuM o6pasoM, 3agada NpefyCMaTPUBAET IIpPeKe BCero BHIYHCIEHHE
MATHUTHOM MHAYKUHMHA B BHYTpH CILJIOIIHOrO MPOBOJA HA PACCTOSHHH
I OT ero ocu. BocIiob30BaBIINCE TEOPEMOM O LUPKYJIALMH, 3AMIHUIIEM

2. .

2nrB = ponr’j, orkyna B = pyrj/2. IlocienHee paBeHCTBO MOXKHO IIpeJ-
CTaBUTh C mMoMoubio puc. 6.20 B BekTOpHO# ¢opme:

B = pljr]/2.
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Pmc. 6.20 Pmc. 6.21
IIpexcraBuB Temneps no aToit popmyae By u B’, u3 Bripakenus (1) Haii-
IeM MX Pa3HOCTh:
Ho Ho ./ Ho . /
B=—"—[jr]-=—[jr'l=—"[j r-r'].
S0 =B = B L r-r)
W3 puc. 6.21 BuaHo, utor =1+ r', orkymar-r' =1 u
B = yljll/2.
Taxum o6pa3oM, B HaIlleM cjyuae MarHUTHoe noJe B B mosoctu ABaA-
eTCS OQHOPORHBIM, M €CJIM TOK TedeT K HaM (puc. 6.21), To nosne B Ha-
MpAaBJIEHO B IIJIOCKOCTH 3TOrO PHUCYHKa BBEpX.
6.5. Ilpuauun cynepno3muun. FMmeeTcss AJMHHHBIA COJIEHOHZ C TOKOM I.

HJIOUI&J.U: IIOIIepeYHOoro Ce4eH"nsd CoJIeHonaa S, 4McJI0 BUTKOB Ha efu-
HULY OJIUHEI N. HaiiT MarHUTHBIN NIOTOK CKBO3b TOpel, 3TOro COJIeHO-
uga.

Pemenue. ITycts moTox BekTOpa B cKBO3L TOpeEl cosleHonaa paBeH D.
Ecnu npHcTaBUTE K ZAHHOMY COJIEHOMAY ellle TaKOH Ke, TO IIOTOK Ye-
pes compukacatomuecsa Topubl 6ymer ® + & = O, rage ¥, — norox
CKBO3b IIONlepeYHoe CeYeHHe COJIeHOMAa BAaJH OT ero Topua. Torga

® = ,/2 = ponlS/2.

Hony’mo ciaenyer oﬁpa’m’rb BHUMaHHe Ha cjeayrinue 0co6eHHOCTH
nonss B Yy TOopLa AJINHHOIO CoJIeHoMaa.

1. JIuaum BekTOpa B pacmoJiokeHBI Tak, Kak IMOKa3aHO Ha puc. 6.22.
9TO HETPYAHO MOHATHL C MOMOIILI0 NPHUH-
LUNa CYINepHo3HUIUM: €eCAH IPHUCTaBUTh
cIpaBa eIlle TaKo# ke COJIEHOMA, moJje B
B, BHe 0GpasoBaHHOrO TAKMM 00pasoM Co-
CTaBHOT'O COJIEHOMZA OJIKHO OOpaTHUThLCS
B HYJIb, & 3TO BO3MOYXHO TOJIBKO IIPH YKa-
3aHHOM Ha PHCYHKe KOHQUrypal Uy 1ojas.
Puc. 6.22
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6.6.

2. U3 Toro ke NPHMHIMIIA CYNepIO3UIUM CIEeAyeT, YTO HOpMajbHafA
cocrapisomas B, 6yfer ofMHaKoBa IO ILIOIIARM Topla, n6o nmpu o6-
pa3oBaHUU COCTABHOrO cosleHouaa B, + B, = B, , rae B, — moJe BHYT-
PH COJIEHOMJa BIAJH OT ero Topuos. B nenTtpe Topua B = B,, u M=l 110-
ay4daeM, uto B = B,/2.

ITone conenonma. HamoTko# JiIHMHHOrO
COJIGHOMJIA C PAfNyCOM CeYeHHsd a CJy-
JKUT TOHKAS JIEHTA-IPOBOLHHMK ILIMDH-

HOIt h, HaMOTaHHAsA B OAUH CJIOH IIpakK- i L
THYEeCKH BILIOTHYIO. BIoab JIeHTHI Te- S er‘o

yeT TOCTOAHHBIA Tok I. Hairu l N iy
MAarHuTHOE 1noje B BHyTpH M BHe coJe- V

HOMJA KaK QYHKIMIO PDACCTOAHHUA I OT a) 0)
ero ocH. Puc. 6.23

Pemenue. BekTop NHMHENHHOH! MIOTHOCTH TOKA i MOMKHO NPEACTABUTDH B
BHJE CYMMBI ABYX COCTABJIAIOILIMX:

i=i +i,

CMBICJ BEKTOPOB i, M i; ficed u3 puc. 6.23, 6. B namem cayuae Moxynu
9THX BEKTOPOB MOXKHO HAiTH ¢ nmoMolubio puc. 6.23, a mo popmynam:

i, =icosa =iVl -sin®a =(I/h)1 - (h/2ma)?,

iy =isina=I/2na.

MaruutHaAa HHAYKUMA B BHYTpH cosleHOMZa omnpenesisieTCsl COrJIaCHO
(6.20) BesuuMHOM i), a BHE COJEHOHAA — BEJUUYMHOH i

B, =hoi, = (koI /RW1 -(h/27a)? (r <a),

B, =poiya/r = pol/2nr  (r> a),

rfie IpM BEIYUCJIEHNH B, BHe cojeHOMZAa Gbla MCIIONb30BaHa TeOpeMa
o mupkyaauuu: 2nrB, = py2nai.

Taxkum o6pa3oM, IpeACTABUB TOK B COJEHOHZAE B BUAE CYIIEPIIO3UIIUM
«TIOTIEPEeYHOM» U «IIPOJOJBHON» COCTABIAIOLINX, MBI IPUIIIHA K BBI-
BOAY, YTO BHYTPH TAKOTO COJIEHOHJA CYILIECTBYET TOJbKO NMPOAOJIbHAS
cocraBiApoLas noad B, a BHe coneHouga — TOJNBKO MmonepeyHas (Kak
OT NPSAMOrO TOKA).

KpoMme Toro, ec1u yMEHbIIUTD IIHPHUHY JIEHThI, OCTABJIAS HEU3MEHHOM
MJIOTHOCThL TOKA, TO IpH B — 0 cusna Toxka I — 0, Ho I/h = const. B

9TOM cCJjiy4dae OCTaeTCd TOJIBKO IIoJIe BHYTPDHM COJIEHOMJa — COJIEHOMI
CTAHOBHUTCH «HAEAJIbHBIM».
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6.7. BaaumoneiicTBHe MapaJlyieIbHRIX MPOBOTHUKOB. [[Ba JIMHHKIX IIDOBO-
Ja ¢ NpeHeGPEeKUMO MaJIbIM CONPOTHBJIIEHMEM 3aMKHYTHI C OLHOTO
KOHIIA HA CONpOTHUBJeHHe R, a ¢ Apyroro KoHIA MOAKJIOUEHHI K HC-
TOYHUKY IOCTOSSHHOI'O HAIps)KeHuA. Paguyc ceueHHs KaKIOro IIpo-
Boza B 1 = 20 pa3 MeHbIIle PACCTOAHUA MEXIY OCAMH MpoBooB. IIpu
KaKOM 3HAYEHWUHU CONPOTHUBJIEeHUA R pesynbTHpylOllasd cHjla B3aUMO-
JeHCTBUSA MPOBOAOB OOPATHUTCA B HYJb?

Pemenue. Ha xaxaoM 13 nMpoBofoB (IIPOTEKAaET IO HUM TOK HJIM HET)
UMeIoTC H36BITOYHBIE IMOBEPXHOCT-

e—ttiidt - Hele sapangel (puc. 6.24). IToatomy
‘E F R KpoMe MarHuTHOH cuiaml F, Heobxo-
e_____‘ OUMO y4YecTb M 3JeKTpuueckyio F_.

IlycTh Ha egWHHLY IJIHHBI IIPOBOJA

NPUXOAUTCA H3OBITOYHBINA 3apAfx - A.

Puc. 6.24 Torzaa aneKTpHUecKas CHJa, JeHCTBY-

olaa Ha eIUHUILY JJIHHBI IPOBOJA CO

CTOPOHBI APYroro IMpoBOAa, MOKeT OhITh HaiifleHa C IOMOIIbIO Teope-
mul I'aycca:

Fy

1 2x_ 2¥

F,=)AE =A =
4ngg | 4meyl

’

rae | — pacCcTossHHNEe MeXAy OCAMH IIDOBOAOB. MaI‘HPITHle XXe cniay,
J.'[eﬁCTBy]OH.Ile TaxK)XKe Ha eANHHNIY IJHHBI IIPOBOAA, MOXXHO HalTH ¢
IIOMOILIIBIO T€OPEeMBI O LNHUPKYJAINN BEKTOpa B:

F,, = (no/4m)2I%/1,
roe I — cuina TOKa B npoBone.

3ameTHM, YTO 06€ CHJIKI — 3JEKTPHYECKasd M MAarHUTHaA — HaIpaB-
JIEHBI B IIPDOTHBOIIOJIO}KHBIE CTODOHBI. DJIEKTpUYeCcKas cuja o6ycsoB-

JINBAET IPUTS)KEHUe INPOBOJOB, MArHUTHAsh — HX OTTaJKUBaHUe.
HaiizeM OTHOIlIEHMe 3THUX CHJI:
2,2
F,/F, = gquoI” /A%, (1)
Mesxay BeanuuHamu I ¥ A cyllecTByeT ompefeJieHHas CBA3b (CM. 3a-
nauy 2.8):
T
A=CU =2y, (2
Inn

rae U = RI. IlosToMy H3 cooTHOLIeHHA (2) cieayeT, 4To

I/\ = Inn/neqR. 3)
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6.8.

ITocne nmoacranoBkm (3) B (1) monyuum

F. _po lnz'ﬂ

F._. Eo 1[2R2

(4)

PesyabTHpyOlIan cuia B3auMoOAeHCTBHA oOpalmaeTcs B HYJb, KOTrAa
rmocjefHee OTHOLIEHHE paBHO examHHuue. dto Gymer nmpu R = R, rae

R, = f“—"ln—":sso Owm.
g T

Ecau R < Ry, 10 F,, > F, — npoBoza OTTaJKHBalOTCA, eciaHu ke R > R,
to F, < F, — mpoBoja NPHUTATHBAIOTCA. JTO MOXKHO HabiionaTh Ha
ombITE.

TaxkuM o6pa3oM, yTBepKAEHHE, UTO IPOBOJAA, 10 KOTOPHIM TEKYT TOKH
MIPOTHBOIIOJIOXKHOI'O HAIpPABJIEHHA, OTTAJKHBAIOTCH, CIIPaBeIJIHUBO
TOrja, KOrZa 3JeKTPUUECKON YacThiO B3AMMOAEHCTBHUA MOXXHO IIpeHe-
6peusb, T. €. IPH JOCTATOYHO MaJIOM cONpoTuBieHHH R B cxeme (6.24).

Kpome Toro, u3aMepuB CHJy B3aMMOAEHCTBUSA MeXAY IIPOBOAAMH C TO-
KoM (a cHJya Bcerjga HM3MepsieTCs KaK pe3yJbTHpPYIoOLIafd), Mbl He MoO-
JKeM, BooOlue roBopsi, OIpeNeJUTh CHJIY ToKa I. 3To Heob6XoxmMo
MMeTb B BHAY BO M30eXaHHe HeIOpasyMEeHHIA.

MomenT cua Amnepa. B mone aauHHOro
opAMOro mposoja ¢ TokoMm [, HaxoguTcaA
KOHTYD ¢ TokoM [ (puc. 6.25). IlmockocTs
KOHTypa IepIeHAMKYJIsApHa NPSAMOMY IIpO-
Boay. HaiiTn MoMeHT cun AMnepa, AeicTBY-
oK Ha 3TOT KOHTYp. Heobxoaumele pas-
Mephl CHCTeMhl YKa3aHhl Ha DHCYHKe.

Pemenne. Cunnl Ammnepa, geiicTByIOIIHE Ha
KPHBOJINHEHHBIE YYaCTKH KOHTYpa, PaBHBI
Hyao. Cuaml ke, AelficTBylolnue Ha
NpAMOJHMHEHHbIe YYACTKH, CO3RAIOT
napy cui. MoMeHT 3Toif mapml CHJI
H8M M HAJ0 BBIYHUCJIHUTB.

BruigenuM ABa MajbIX 3J€MEHTa KOH-
Typa (puc. 6.26). U3 pucyHka BUAHO,
4YTO MOMEHT COOTBETCTBYIOLUEH UM
napbel CHJI Puc. 6.26

dN = 2x tg pdF, 1)
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6.9.

rge 3aJieMeHTapHasa CcHJja Amnepa
dF =IdlB. 2)

3aBHCHMOCTb MATHHTHOM MHAYKIUMH B OT pacCTOAHHUA I KO NPAMOIO
NpOBOAA HAXOAHMM C IIOMOILLIO TEOPEMHl O IUPKYJIAIMH:

B = p,I/2nr. 3)

Teneps noacrasum (3) B (2), 3arem (2) B (1) u, yunTnsas, uro dl = dr
M X = r cos ¢, IPOMHTErpUpyeM IOJy4eHHOe BHIpa)KeHHe IO I OT a IO
b. B pesysbTaTe HaiineM

N = (uo/m)Iy(b - a)sineg,
npuyeM BeKTop N HampaBiieH BjaeBo (cM. puc. 6.26).

HeGonbluasa kaTylIka ¢ TOKOM, HMelOIlad MATHUTHBIA MOMEHT p,,, Ha-
XOMMTCA HA OCH KPYroBOr'O BUTKA pagny-
coM R, no koropomy Teuer Tok I. HaiiTn
cuny F, pneficTBylomyio Ha KaTyILIKY,

_-_l...--_& €CJM ee pACCTOSHME OT LIeHTpa BHTKA
. paBHO [, a BeKTOp P,, OPMEHTHPOBaH,

I KaK NokasaHo Ha puc. 6.27.
Puc. 6.27 Pemenne. Mckomas cuia corjacHo
(6.33) onpexensieTcsa Tak:
F = p,0B/on, (1)

rae B — mMarHuTHas MHAYKLHA I0Jd, CO3JaBA€MOro BUTKOM B MecTe
HaXOXAeHNdA KaTyllku. BuibepeM ock Z B HanmpaB/IeHUHM BeKTopa P,
Torga npoekuuda (1) Ha aTy och OygeT MMeThb BHL

F,=p.0B,/0z = p,0B/0z,

rge y4TeHO, YTO IPH 3aJaHHOM HANpaBJeHHHM TOKa B BUTKe B,=B.
MaruuTHaas HHAYKUMA B omnpenensierca ¢opmyJsoi (6.12), oTkyza

9B __ 3 _mR'I__
0z 2201+ R%)¥%’
Bcrneacrsue toro uro dB/dz < 0, npoekuua cuanl F, < 0, T. e. BeKTOp

F HanpaBiieH B CTOPOHY BUTKA C TOKOM /. B BEeKTODHOM BHJ€e NOJIYyUYEH-
HBI De3yJbTAT MOXKHO NPEACTAaBUTh TaK:

3 RN
“220%+ REVEP™
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3aMeTHM, 4YTO ecay 6Bl BeKTOp P, (& 3HAUMT, ¥ ocb Z) GBI HanpasJeH
B IIPOTHMBOIIOJIOKHYIO CTOPOHY, T0 B, = -B u 0B,/dz > 0, a ciexoBa-
TeabHO, F, > 0 u BexkTop F 6Bl 6B HampaBjieH BNpPaBo, T. €. ONATH
npoTHB BeKTopa p,,. Takum o6pa3om, nojsydyeHHoe BeipaxkeHue ana F
crpaBelJIMBO IJafA O0eMX OpHMeHTallMii BeKTopa P,.

6.10. Broas ATHMHHOTO TOHKOCTEHHOTrO KPYIJIOro LUJIHMHApa paguycom R
TeyeT Tok I. Kakoe faBjeHMe MCHIBITHIBAIOT CTEHKH ILMJIMHApa?

Pemenne. PaccMOTpMM NOBEpXHOCTHEIH 3JeMeHT Toka i dS, rae i —
JIMHelHas MJOTHOCTL TOKA, dS — ajeMeHT moBepxHocTH. Haiigem
CBA3b MEXKAY IIOBEPXHOCTHBIM M OObEMHBIM 3JIeMEHTAMH TOKA:

jdV = j8h - 5bdl = i dS.

CMBIC)I BXOAALIMX CIOa BEJIMYHUH [IOSACHEH Ha pHc.

»
6.28. B BekTOpHOM BHIE P
&b
jdv =1idS. (1) -
© ds
Cuna Amnepa, AeicTByollad Ha NOBEPXHOCTHBIM
3JIEMEHT TOK&, B 3TOM cJy4ae omnpejeisiercs ¢op-
MyJIo#, osy4eHHo u3 (6.28) nyrem samensI (1): Puc. 6.28
dF = [iB']ldS, (2)
rae B' — MarHuTHaA MHAYKIMA [0JA B MECTe HAXOXKAEHUA KaHHOTO

3JIeMeHTa TOKa OT BCeX APYTHX 3JIeMEeHTOB TOKAa, HCKJIoUasa TaHHbIHA.
Yrobrl HaiiTH B’, mocTymuM aHaJOrMYHO
TOMY, KaK 3T0 GbIJIO CAeJaHO AJIA 3JeKTPHU-
yeckoit cuinl (§ 2.3). Ilycts B; — Marsur-
Haf MHAYKLMA 1105, CO34aBaeMOro CaMUM
MOBEPXHOCTHHIM 3JIEMEHTOM TOKa B TOY-
KaX, O4eHb GJM3KHMX K €ro IOBEPXHOCTH
(puc. 6.29, rxe npexnosiaraercsa, 4To TOK TeueT oT Hac). CoriacHo
(6.22) B; = pypi/2.

Puc. 6.29

Ilanee, BOCIIOJIb30BABIINCH 'reopeMOifx O IHUPKYJALMN BEKTOpa B u co-
06p&?KeHHﬂMH CHMMETpPHH, JIErKO YyCTAHOBHMTb, UTO MArHMTHasa HH-
AYKLIUA II0JA CHaAPYXXH LHJIHHAPA Yy ero IOBEPpXHOCTH

B = p,I/2nR, 3)

a BHYTPHM IMJIMHADPA IOJie OTCYTCTBYeT.

Ilocnennee o3nauaer, YTto moje B’ OT Bcex OCTAJBHBIX 3JI€MEHTOB
TOKA& B ABYX OYeHb GIMBKHX K [TOBEPXHOCTH LMJIMHApPA TOuKax I u 2
(cM. puc. 6.29) gosKHO GBHITH OAMHAKOBO M YAOBJETBOPATL CJAEAYIO-
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IIMM YCJOBHAM BHYTDM U BHe IIOBEPXHOCTH LMJIMHADA:
B'=B, n B=B'+B;=2B'".
Orciona caenyet, 4To
B'=B/2. 4)

IloacraBuB 3TOT pe3yJabTaT B (2), IONYYHMM CJeAylolliee BhIpaKeHue
IJIA MCKOMOr'O JaBJIEHMS:

’ 2
p-F g _2Bp B
ds Ho 2
YuurniBas (3), HailgeM OKOHYATEJbHO
p = pl?/8n°R%.

U3 popmyanl (2) BUAHO, YTO LUJIMHAP MCILITHIBAET GOKOBOE CiKaTHe.
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MarHmTHOe none B BelwiecTBe
A 4

§ 7.1. Hamaranueaune BemecTtBa. HamaramuenHOCTD J

ITone B marmeruke. Eciu B MarsEuTHOE moJe, o6pa3oBaHHOE TO-
KaMH B IPDOBOJAX, BBECTH TO MJIM MHOE BEIIeCcTBO, II0JIe U3MEHUTCH.
910 O00BACHAETCA TEM, YTO BCAKOE BEIIECTBO ABJIAETCA MaAzHemu-
KOM, T. €. CHOCOOHO mOA AeMCTBMEM MArHHUTHOrO IOJIA HaMarHu4u-
BaTbCA — OpmobGpeTaTs MarHUTHHIA MoMmeHT. HamarauueHHOe Be-
IODEeCTBO CO3JAaeT CBoe MarHuTHoe moje B', koropoe BMmecTe ¢ mep-
BUYHBIM HoJeM B,, 00yci0BJeHHBIM TOKaMH IIDOBOAMMOCTH,
o6pasyeT pe3yJbTHpPYIOIEe IOJe

B=B,+B. (7.1)

3necy nox B' u B, umeloTca B BUAY NOJIA, yCPeAHeHHEIE IO (Pu-
3nYecKH 6eCKOHEYHO MaJloMy ob6bemy.

ITone B', xak n nose B, TokoB mpoBOAMMOCTH, HE MMeEeT HCTOY-
HHKOB (MArHHTHBIX 3apsf0B), HOO3TOMY [Jsf pe3yJbTHPYIOMEro
mons B npu Hasnuuy MarseTuka cupaBsenauBa meopema I'aycca:

$Bds = 0. (7.2)

JTO 03HAYaeT, UYTO JMHHHM BeKTopa B M Ompu Haauuwy BemecTBa
OCTAIOTCA BCIOAY HeIPEepPLIBHBIMH.

MexaHH3M HaMarHMYeHHA. B HacTosimee BpeMs YCTaHOBJIEHO,
YTO MOJIEKYJIbI MHOTMX BemecTB 00,1a7al0T COOCTBEHHBIM MAarsuT-
HBIM MOMEHTOM, 00yCJIOBJIEHHBIM BHYTPEHHHM ABH)XEHHEM 3aps-
noB. Ka)xaoMy MarEMTHOMY MOMEHTY COOTBETCTBYET 3JeMeHTap-
HBIA KPYroBOH TOK, CO3JAIOIOMUI B OKpY>KalomeM IpPOCTpPaHCTBe
MarguTHOe moJje. IIpH OTCYyTCTBMM BHEIMHEro MATHHTHOI'O IOJIA
MarEuTHbIE MOMEHTHI MOJIEKYJ OPHEeHTHPOBaHbI 6€CIOPAAOYHO, IO-
aTOMy 006yCJIOBJIEHHOE HMH pe3yJbTHPYIOIIee MarHUTHOE I10JIe paB-
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HO HyJI0. PaBeH HyJI0 1 CyMMapHbIiI MArHUTHBIN MOMEHT BemIecCT-
Ba. IlocsiegHEE OTHOCHTCA M K TE€M BeIIecTBaM, MOJIEKYJIbI KOTOPBIX
IIPH OTCYTCTBHH BHEIMIHEro OOJIA He HMEIOT MATHUTHLIX MOMEHTOB.

ECJIH JKe BeleCcTBO NIOMECTHTh BO BHEIIIHee MarHNTHOE mIoJie, TO
nox AedCTBHEM 3TOr0 IIOJIA MarHUTHbIE MOMEHTBHI MOJIEKYJ IPHO0-
peTaoT NpenMyIlleCTBeHHYI0O ODMEHTAIWI0 B OJHOM HanpaBJIeHHH,
1 BeImeCTBO HAMarHM4YMNBaeTCa — ero cymmapnmi’x MArHUTHBLIA MO-
MEHT CTAHOBHUTCS OTJHMYHBLIM OT HyJA. [Ipn 3TOM MarHMTHLIE IOJA
OTAEJNbHBIX MOJIEKYJ yiKe He KOMIEHCHDYIOT APYT Apyra, B pe3yJb-
TaTe BO3HHKaeT moJje B'.

HMEBaye OpoMCXOOUT HAMAarHWYHMBaHHME BEIEeCTB, MOJEKYJbI KOTO-
PBIX IIPDN OTCYTCTBHMH BHEIIHEIro noJid He KMEIOT MarHMTHOI'O MOMEH-
Ta. BHeCeHHe TaKMX BemIeCTB BO BHEIIHee II0Jie MHAYIHNpYET 3Jie-
MeHTapHbIe KPYroBble TOKH B MOJIEKYJaX, M MOJEKYJbI, 8 BMecCTe C
HHMH H BCe BemIeCTBO IPHOOPETal0T MArHUTHBIA MOMEHT, UTO TaKiKe
OPUBOAUT K BO3HMKHOBeHMIO mojid B'. BosbmuHCTBO BemiecTB IpH
BHECEHMH B MAarHHTHOE IOJie HaMarHW4YMBAIlOTCA cjabo. CHILHBIMHU
MarHHTHBIMHM CBOHCTBAMHK 06Jafal0T TOJBLKO t¢deppoMarsEuTHLIE Be-
miecTBa: JKeJjie3o, HAKeJlb, K00aJbT, MHOTHE HX CILJIaBbl M Ip.

HamarauuenHocTh. CTeleHb HaMarEW4YeHUs MarHeTHKa XapakKTe-
PHU3YIOT MAarHUTHLIM MOMEHTOM eIMHHIBL! 06beMa. OTY BEJIHUYHNHY
Ha3bIBAIOT HAMAZHUYEeHHOoCcmbI0 N 0003HaualoT J. ITo onpexaeneruio

-1
== > P (7.3)

roe AV — ¢usnyeckn 0eCKOHEYHO Majablifi 06beM B OKPECTHOCTH
JaHHOW TOYKM, P, — MATHMTHBIII MOMEHT OTJEeJIbHOH MOJIEKYJIBI.
CyMMupoBaHNE IOPOBOAUTCA IO BCEM MOJIEKYJaM B o6beme AV,
AHaJIOTMYHO TOMY, KaK 3TO OBLIO CAEJAHO AJSA IOJAPHU30BAaHHO-
ctu P [cM. (3.3)], HaMarEM4eHHOCTb MOXXHO IPEACTABHTbL KaK

J = n(Dm)a (7'4)

rfie n — KOHIIEHTDAIlMA MOJIEKYJ; (p,) — CPeIHMII MarHMTHBIA MO-
MEHT OXHOI MojeKyabl. U3 mocnenHeir GpopMyJsl BUAHO, YTO BEK-
Top J CoHampaBJieH MMEHHO CO CPDeJHHMM BEKTOPOM (P, ), IIO3TOMY B
JajnbHeWIeM JIOCTATOYHO 3HATL IOBeAeHHEe BeKTopa (p,) M Ipen-
CTaBJATH cefe BCe MOJIEKYJBI B Impefesax o0beMa AV MMeOIMMH
OQMHAKOBBINI MarHMTHBINA MOMEHT (p,). ITO 6yfeT 3HAUYNTENbHO 006-
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JleryaTh IOHMMAHHE BOIPOCOB, CBSA3AHHBIX C ABJEHMEM HAMATHH-
yuBaHNsa. Hanmpumep, yBeluueHENMe HaMarHW4eHHOCTH J BemecTBa
03HAYaeT COOTBETCTBYIOMee YBeJINYeHNe BeKTopa (p,): ecan J =0,
To u {p,,) =0.

Ecam Bo BceX TOUKax BemecTBa BeKTOp J OAMHAKOB, FOBOPAT,
YTO BeIeCTBO HAMATHMYEHO OJHOPOAHO.

Toxn mamarsmuuBaEua I'. HamarEmumBaHHe BemecTBa, Kak
yKe ObLIO CKaszaHO, OOYCJOBJIEHO HpPENMYIIeCTBEHHON OpHEHTa-
l’.l'.Kel‘;I NI MHAYOVMPDOBAHNEM MArHNTHBIX MOMEHTOB OTAEJbHBIX MO-
JIEKYJI B OXHOM HAIpaBJE€HNH. ITO 2Ke MOXKHO CKas3aTh M 00 aj1eMeH-
TapHBIX KPYTOBBIX TOKaX, CBA3AHHBIX C KaXJOH MOJEKYJIOH, HX
Ha3BbIBAIOT MONEKYRAAPHBIMU Mokamu. Takoe moBeJeHNE MOJIEKY-
JAPHBIX TOKOB IPHBOAMT, KAK MBI ceifuac YBHAMM, K IOSABJIEHHIO
MAKDOCKOIMYECKHX TOKOB I', HA3LIBAEMBIX MOKAMU HAMAZHUYU-
éanusn. OGLIYHBIE TOKH, TEKyIIHe IO NIPOBOZHHUKAM, CBA3AHEI C IIe-
peMeleHNeM B BelecTBe HOCHTeJNel TOKa, X Ha3bIBAIOT MOKAMU
nposodumocmu 1I.

YT10o6Bl HOHATH, KAK BO3HHKAIOT TOKH Ha-

MarHNYMBAHUA, IPEACTaBUM ce0e CHavajaa IH-
JUHAD U3 00HOpOOHO20 MarHeTHMKa, HaMarsu-
YeHHOCTb J KOTOPOro OAHOPOAHA M HAIIPAaBJIEHA
BROJbL OCH. MojnekyjJApHbIe TOKM B HaMarHH-
YeHHOM MarHeTHKe ODHEeHTHMPOBAHLI, KAK IIOKa-
3aHO Ha pHC. 7.1. ¥V coceZHHMX MOJIEKYJ MoJIe-
KYJApHBIE TOKHX B MECTaX UX CONPHMKOCHOBEHHS
TeKYT B INPDOTHBOIOJIOXXHBIX HaIOpPaBJIEHHUAX H
MaKPOCKOIHMYECKHM B3aMMHO KOMIEHCHPYIOT
apyr apyra. HeKoMIeHCHPOBAHHBIMH OCTAIOTCH Pre. 7.1
TOJILKO T€ MOJIEKYJSIDHbIE TOKHM, KOTODbIE BHI-
XOAAT Ha GOKOBYIO NOBEPXHOCTh OMJIMHADA. JTH TOKH M 06pasyoT
MaKDOCKOIIMYECKHH noéepxHOcmMHblli TOK HaMarEMumBaHEua [',
OUPKYJIUPYIOMUA 10 60KOBOM moBepxHOCTH nManEApa. Tok I' BO3-
Oy»xIaeT Takoe ke MaKPOCKOIMYeCKOe MarHUTHOE I0JIe, YTO ¥ MO-
JIEKyJAspHbBIE TOKH BMeCTe B3ATHIE.

Teneps mpeacraBuM cebe Apyroit ciayuati: HaMarHMYEHHBIH Mar-
HETHUK SABJIAETCA HeoOHOpoOnwvim. IlycTh, Hampumep, MOJIEKYJIAD-
Hble TOKH PacCIoJIO)KeHbI TAK, KaK Ha PUC. 7.2, Iie TOJNIMNHA JUHNHA
COOTBETCTBYET CHJI€ MOJIEKYJIAPHBIX TOKOB. JTa KAPTHMHA O3HAYAET,
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YTO BEKTOpP J HampaBJIeH 3a IJOCKOCTb PHUCYHKAa H
pacTeT mO MOAYJIO IPH YBEJHNYEHHH KOOPAMHATHI
X. 3Aech BUAHO, YTO KOMIEHCAINM MOJIEKYJIAPHBIX
TOKOB BHYTPHM HEOAHODOJHOI'O MarHeTHMKAa yKe HeT,
B B pe3yJbTaTe BO3HMKAET MAKPOCKOIHYECKHIt
06vemMnblli TOK HaMarEWYMBAHWA I', TeKymuii B
MOJIOKUTEJbHOM HampaBjieHHH ocu Y. CoorBercr-
BEHHO I'OBODAT O JHHEHHOMH i’ 1 00beMHO j' mIoT-
HOCTAX TOKa, i' (A/M) n j (A/mM2).

O pacuere moas B B mMarmermke. MOXXHO YTBep>KAaTb, UYTO
BKJIaZ OT HAMarEMYeHHOIr0 MarHeTHMKa B mojie B paseH BKJany, Ko-
TOPHIA GBI CO3ZAH TeM 2Ke paclpelesleHHEM TOKOB I' B BaKyyMe.
HEBaye roBopsA, YCTAHOBHB pacIpefiesieHNe TOKOB HAMarEMYNBaHUA
I', moxxHO ¢ momMompblo 3aKkoHa Bno—CaBapa HalTH COOTBETCTBYIO-
mee UM noJe B’ 1 mo popmyie (7.1) — pesyabTupylomee moJie B.

OxHAKO HEIPHATHOCTH COCTOMT B TOM, YTO pacIpesesieHre TOKOB
I' 3aBHCHT He TOJIbKO OT KOHPHUIrypanuy M CBOMCTB MarHeTHMKa, HO
n or caMoro mckomoro mojas B. IloaToMy 3azaua 0 HaXOXAEHUH
nonAa B B Marsermke B ofmeM cjydyae HeNOCPeACTBEHHO peIIeHa
6bITh He MOKeT. OcTaeTcss HONBITATHLCA HAWTH MHOM IYyTh MOAXOAA
K pemIeHMI0 3Toro Bompoca. Ml mepBHIM ImIaroM Ha 3TOM IYTH ABJA-
eTCs YCTAHOBJIEHHE Ba)XXHOH CBASH MEXAY TOKOM HaMarHNYMBaHHUA
I' 1 onpexesIeHHBIM CBOMCTBOM II0JIs BeKTOpa J, 8 HMEHHO ero mup-
KyJasnoneii.

X
Puc. 7.2

§ 7.2. Iupkyaauusa BeKTopa J

OkasblBaeTcsi — B 3TOM MBI ceifuac ybeguMca, — AJIA CTAOMO-
HApHOrO CJy4Yas OUPKYJAONs HaMarHWMYEeHHOCTH J IO MPOM3BOJIb-
HOMY KOHTYpYy I' paBHa ajre6panuyeckoii CyMMe TOKOB HaMarEW4YH-
BaHNA I', oxBaThIBaeMbIX KOHTypoM I':

$Jai=r, (7.5)

rae I' =I j’dS, mpmueM HMHTerpMpoBaHME HOPOBOAMUTCA IO IPOU3BO-
JbHOM IIOBEePXHOCTH, HATAHYTOI Ha KOHTYp I.

s fokasaTeJabCTBa 3TOM TeOPEMbI BLIUMCINM ajaredpandyecKyio
CYMMY MOJIEKYJSPHBIX TOKOB, OXBaThIBaeMbIX KOHTypoM I'. Harsa-
HeM Ha KOHTYp I' mpon3BosbHEYI0 DOBepXHOCTD S (puc. 7.3). U3 aro-
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ro pUCyHKa BHAHO, YTO OHHM MOJIEKY-
JAPHBIE TOKH IIePeCeKaloT IMOBEPXHOCTh )
S aBa)kanl — pa3 B OZHOM HaIpaBJeHUH, J
BTOpoil pa3 B aApyrom. Iloatromy Takme T J
TOKH He BHOCAT HHKAKOI'0 BKJaJa B pe-

Puc. 7.3

3yJbTHPYIOIMUN TOK HaMarHEMYWBaHNA
yepe3 IOBEPXHOCTH S.

Ho Te MoJIeKyIADHBIE TOKH, KOTOphble 0OBHBAIOTCA BOKPYT KOH-
typa I', mepecekaioT moBepxHOCTS S TOJBKO OOUH pa3. Takue MoJe-
KYJADHBIE TOKHM M CO3TAI0T MAKPOCKONHUYECKHH TOK HAMATHUYHBA-
HuA I', npoEn3sIBalomuii noBepxHOCTh S. IIycTh KaXXALIA MOJIEKY-
JAPHBEIA TOK paBeH I, M miIomanb, oxBaThiBaemas uM, S,. Toraa,
KaK BUAHO U3 puc. 7.4, anemenTt dl
KoHTYpa I' 06BMBAIOT Te MOJEKY-
JAPHBIE TOKH, OEHTPH KOTOPHIX
momagalT BHYTPb KOCOTO IUJIHHA-
puka ¢ obvemom dV = S cosa dl,
rae o0 — YroJ MeXOIy 3JeMEeHTOM
dl xoHTYpa M HampaBJeHMEM BeK-
Topa J B JaHHOM MecTe. Bce atm
MOJIEKYJIADHBIE TOKHM Ie€peceKaloT NOBEPXHOCTh S OAUH pa3, U HX
BKJaA B TOK HamarHnumBaeusa dI’ = I, n dV, rae n — KoHmeHTpa-
nousa MoaekyJa. IlogcraBmB cioma BrIpakeHue aaA dV, moayumm

dI'=1,S,ncos, dl = Jeosa dl = Jdl;

3mech yureHo, 4yro I, S, = p, — MATHUTHHRIH MOMEHT OTAEJBLHOIO
MOJIEKYJAPHOrO TOKa, a mpom3BemeHue I S, ,n — MarEMTHBIA Mo-
MEeHT eIWHMIHI o6beMa BemiecTBa.

IIponETErpNpOBAB IOJYUYEHHOE BHIDAXKEHUE IO BCEMY KOHTYDY
I', moxyunm (7.5). Teopema mokasaHA.

OcraercsA 3aMeTHUTh, UTO €CJIM MarHETHMK HEONHOPOAHRII, TO TOK
HaMarEMYuBaHUA I', Boo6Gme roBopsA, OIPOHHU3BIBAET BCIO IIOBEPX-
HOCTb (cM. puc. 7.3), a He TOJBKO Yy ee IPAHHIBI, IPHJErapomei K
KOHTYpy I'. /AIMEHHO mO3TOMY €ro M MOXXHO IDPeACTaBHTh KakK
I= I j’'dS, roe nHTEerppoBaHMEe pacOpPOCTPAHAETCA IO BCEil MOBEpX-
HOCTH S, orpaHMYEeHHON KOHTYpoM I'. B nmpuBeaeHHOM Xe OOKasa-
TeJILCTBE HAM yAaJIOCh BeCh TOK I' KaKk OBl «COrHATH» K 'PaHHUIIE IO-
BEePXHOCTH S — IpHeM, eINHCTBEHHOH LEeJbI0 KOTOPOro ABJIAETCA
YOPOCTUTh BHIUMCJEHHE 3TOr0 TOKA.

Puc. 74
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Ouddepennnanrnaa ¢opma ypaBHeHHs (7.5):
VxdJ=j, (7.6)

T. €. POTOp HAMarHH4eHHOCTHN J PaBeH IIJIOTHOCTH TOK& HaMarHM4YMBaHMUA B
TOH JKe TOYKe IIPOCTPAHCTBA.

3amMeuanue 0 moJe BeKkTopa J. CeoiicTBa moJsisg BeKTopa J, BeIpa-
)eHHble ypaBHeHHAMH (7.5) u (7.6), pasymeercs, He 03HAYAIOT,
4T0 camo noJie J onpenensiercs ToaNbKO Tokamu I'. ITose BekTopa J
(0OHO OrpaHMYEHO TOJBLKO TOH 00JIaCTBHIO IPOCTPAHCTBA, KOTOPOE 3a-
MOJIHEHO MAarHeTHKOM) 3aBHCHT OT 8CeX TOKOB — KAaK OT TOKAa Ha-
MarHNYMBAHNA I', TaK U OT TOKa npoBoauMocTH I. OQHAKO B HEKO-
TOPBIX CJYy4YaAX C ONpeAeJieHHON CHMMeTpHel neyo OOCTOMT Tak,
Kax 6ydmo moJsie BeKTopa J ompenmenfieTcA TOJbKO ToKamu I'.

IIpumep. HaiineM moBepXHOCTHBIN TOK HAMATHHYMBAHHUSA, MPUXOAALIMHACA
Ha eAUHUIY OJUHBI UUJINHAPA U3 OAHOPOAHOTO MaTrHETHKAa, eCJau
€ro HaMarHUYEHHOCTh J, NMpHYeM BeKTOp J HaIpaBjeH BCIOAY
BAOJBL OCH IJUJIMHADA.

IIpumenum ypaBHeHue (7.5) K KOHTYpY, BHI-
6paHHOMY TakK, KaK IIOKas3aHo Ha puc. 7.5. I{up-
KYJALMA BeKTopa J IO 3TOMY KOHTYPY paBHa,
KaK HeTpPYAHO coo0pa3uThb, NpOMU3BeAEeHHI0 JI.
Toxk HaMarHMYMBAHMUA 34eCh IOBEPXHOCTHEHIM.
Ecin 0603HAYUTH €ro JHMHEHHYI0 IUIOTHOCTH
6yKBO#1 i, TO pacCMaTpHUBaeMbIii KOHTYp OXBa-
ThIBAET TOK HaMarHuM4uBaHuA i'l. I3 paBeHCTBa
Jl = i'l nonyyaem

i'=d. 7.7)
Puc. 7.5
OTMeTHM MOMYTHO, YTO BEKTOPHI i’ 1 J B3aMMHO

nepneHAUKyasapHer: i’ L J.

§ 7.3. Bekrop H

TeopemMa o UUPKyJALUMH BeKkTopa H (a1s MarEMTHOro mojs no-
CMOAHHLLX TOKOB). B MaraeTukax, IOMeIMeHHLIX BO BHEIIHee Mar-
HHUTHOE I10Jle, BO3HHKAIOT TOKM HAMATHWUYHBAHHUSA, IO3TOMY MUPKY-
JAOUA BeKTopa B Temeph OyaeT ompeRenAaThbCA He TOJbKO TOKAMHM
IPOBOAMMOCTH, HO I TOKAMHM HAMATHWYMBAHWUA, & HMEHHO:

$Bdl = py(I +I'), (7.8)
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rae I m I' — TOKH OpPOBOAMMOCTHM M HAMArHWYHMBAHMSA, OXBAThIBae-
Mble 3aJaHHHLIM KOHTypoM I'.

BBuay Toro uto ompezaesieEnMe TOKOB I' B o6mieM ciydae 3agadya
caoxxHasA, Gopmyaa (7.8) cTaHOBHUTCA MAJONPHUTOAHOM B IpaKTHUe-
ckoM oTHomeHnH. OkaspiBaeTcs, OXHAKO, MOXXHO HAWTH HEKOTO-
PHIII BCOOMOraTeJbHBI BEKTOp, OHUPKYJIAOUA KoToporo O6ymer
OIpeneaAThCA TOJABKO TOKAMH IIPOBOAMMOCTH, OXBATHIBAEMBIMH
KOHTYpoM I'. JleACTBHTENILHO, MBI y)Xe 3HaeM, 4TO ¢ TOKOM I’ cBA-
3aHA OUPKYJIAOUA HAMAarHW4YeHHOCTH:

Jdl=1'. (7.9)
$

IIpeagmosiarasg, 4To OUPKyIAOUsA BeKTOopoB B u J Geperca mo ogHO-
My U ToMy e KoHTypy I', Bhlpa3um I' B ypaBHeHNH (7.8) mo dop-
myae (7.9), Torma:

ﬁ[i-J)dl =1. (7.10)
Ho

Beanunny, cToamyio mox METErpajoM B cKoOkax, 0603HauYaloT OyK-
Boit H.
Hrak, MH HaIIM HEKOTOPHIH BCIOMOraTejJbHHIA éexmop H:

B
H=—-J, (7.11)
Ho

OUPKYJIAONA KOTOPOro IO IPOM3BOJbHOMY KOHTYDPY I' paBHA aire6-
panyecKoil CyMMe TOKOB IPOBOAMMOCTH I, OXBATHIBAEMEIX 3THM
KOHTYPOM:

$Hdl = I. (7.12)

dta ¢opMysa BHIpaXKaeT TeopeMy O LUMPKYJIALMH BekTopa H:
yupxynayus éekmopa H no npou3eonvhomy 3aMKRymomy KoH-
mypy paséHna anzebpauiecxol cymme moxos npoeodumocmu, ox-
eamuvléaemblx IMUM KOHMYPOM.

IIpaBuI0 3HAKOB [JIA TOKOB TO )X€, YTO M B CJydae MUPKYJIADUNA
BekTopa B (cM. c. 152).
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3ameruM, uTo BeKTOop H npeacraBaser co60it KOMOMHATHIO ABYX
COBepIMEeHHO Pa3NuuHbIX Beauuud B/p,u J. ITosromy BexTop H —
3TO AEeHCTBUTEJIBLHO 6CNOMOZaMmebHblil. BEKTOP, He MMEIOMUIl CKO-
AbKO-EUOGYAL ry6oKOoro ¢uamueckoro cmuicia’. OXHAKO Ba)kHOE
cBoiicTBO BekTopa H, BhIpa)K€eHHOE B TeOpeMe O ero MUPKYJISAMUH,
OIpaBALIBAET BBEJEHHNE 3TOr0 BEKTOPA: BO MHOTHX CJIyYasaXx OH 3HA-
YNTEJBHO YIPOIMaeT M3yYeHHe IOJA B MarHeTHKax.

U eme, coorHOmenud (7.11) u (7.12) cnpaBeAIUBHl I JIOOBIX
MarHeTHMKOB, B TOM YHCJ€ M 8HM3OTPOIHKIX.

U3 ¢popmyamt (7.12) BugHO, UTO MOAYab BeKTopa H mMMeer pas-
MEPHOCTh CHJIKI TOKA, AeJeHHOH Ha AJHHY. B CBA3M C 3TUM eINHU-
meit BeauumHB H aABiaserca amnep Ha memp (A/m).

Aunddepenunanbaana ¢popma TeopeMbl 0 LHPKYJAdal MM BekTopa H:

VxH-=j, (7.13)

T. €. POTOpP BEKTOpa H pPaBeH IIJIOTHOCTH TOKa NMPOBOAUMOCTH B TOM Ke TOY-
Ke BellecTBa. .

Crasp mexay BekropamMu J 1 H. Mul y»ke 3HaeM, 4YTO HaMarHu-
YeHHOCTh J 3aBHCHT OT MArHHTHOH HHAYKOHWK B B JaHHON TOuKe
BemecTBa. OgHAaKo J IpHHATO CBA3LIBaTH He ¢ B, a ¢ BekTopom H.
MBI orpaHMYHMCA IIOKA PACCMOTPEHHEM TOJBbKO TAKHX MArHEeTH-
KOB, AJIS KOTOPBIX 3aBHCHUMOCTh MexAay J u H mmeer nunednblil
XapakTep, a UMEHHO:

J =yH, (7.14)

TAe  — MAZHUMHKHAA 60CNpUUMHUB0CMD, Ge3pa3MeDHAA BeJIUYH-
Ha, XapaKTepHasa [IJA KaXJOro JaHHOro Marsetuka (6eapasmep-
HOCTBb ) CJIeAYyeT M3 TOro, 4To corjacHo (7.11) pasmeprHOoCcTH H M J
OJMHAKOBBKI).

B oTanume OT QMA3IEKTPUYECKON BOCIPDHMMUYHBOCTH X, KOTOpasd
BCerfa IOJIOXKHUTEJbHA, MArHUTHAs BOCIPHMMYHBOCTL % OBIBaeT
KaK MOJIOXKHUTEJbHOH, TaK U oTpunateabHOH. COOTBETCTBEHHO Mar-
HETHKH, NOAYMHAIMMECA 3aBUCHMOCTH (7.14), moapaszensior Ha
ndpanazuemunu (x > 0) u duamaznemuru (x < 0). ¥V napamarse-
tukos J T1 H, y nnamaraeTnkos J ™ H.

* Benanunny H yacTo HashIBAIOT HANPANEHHOCMbIO MAZHUMHOZO NONR, OKXHAKO MBI
He GyfeM MOJIb30BATLCA 3TUM TEPMHUHOM, UTOOBI JUUIHUA pa3 NOAYEPKHYTH BCIO-
MoraTeJbHHIH xapakTep éekmopa H.



MarmHTHOe IoJie B BellleCTBe 185

3aMeTHM, YTO KPOMe 3TUX MAarHeTHKOB CYIIECTBYIOT ¢heppomaz-
HemuKxu, y KOoTophIx 3aBucuMocThb J(H) mMeeT BecbMa CJIOKHBIM
XapakKTep: OHA He JUHeHHasaA U, IOMMUMO TOro, HabGarogaeTca zucme-
pe3uc, T. e. 3aBUCUMOCTb J OT mpexwicTopuu MarHeTuka. (Boiee
moapo6HO 0 deppomarHeTukax Oymer pacckasaHo B § 7.6.)

Cesass mexkny B u H. [[n1a MarEeTMKOB, KOTOphle MOAYMHAIOTCA
3aBucumocty (7.14), Beipaxkernue (7.11) npuaumaer Bug (1 + )H =
= B/y,. Orcioma

B = up H, (7.15)
re || — MAZHUMHAR NPOHUYAEMOCMb CDeIbl,
p=1+x. (7.16)

¥ mapamarseTukoB p > 1, y fmaMarfeTuKoB pu < 1, npuyeM Kax y
TeX, TaK U Yy APYTHX K OTJIHNYaeTCA OT eJHHHIBLI BeCbMa MaJjo, T. €.
MArHUTHHIE CBOMCTBA 3TMX MATHETHKOB BBHIPDAXXEHHI OUYeHb cJabo.

3ameuanue o moJje Bekropa H. O6paTuMca K Bompocy, C KOTO-
PHIM CBA3aHO AOBOJBLHO 4YacTO BCTpevalomieecs 3a0iay)KAeHHE: OT
KaKMX TOKOB 3aBucHT moJe BeKkTopa H? ITome H 3aBucur, BooGmie
roBOps, OT 6CE€X TOKOB — H OT TOKOB IIPOBOAMMOCTH, X OT TOKOB
HaMarEMYMBaHUA (KaKk u moje BeKTopa B). O6 aToM roBopur yxe
dopmyaa (7.15). OxHAKO B HEKOTOPHIX caydasax moJye H ompenens-
€TCA TOJIBKO TOKaMM IPOBOAWMOCTH — HMMEHHO JJI TAKHX CJIy4YaeB
BeKkTop H ABIAeTcAa BechbMa moJIe3HHIM. BMecTe ¢ TeM 3To maer mo-
BOJ OIMMOOYHO AyMaTh, YTO moje BekTopa H AKO6GHI 3aBHCHT BCcerga
TOJIBKO OT TOKOB IPOBOAMMOCTH, X HEBEpDHO TPAKTOBATH TEOPEMY O
uupKyaanuu Bektopa H u ypaBHernue (7.13). YKasaHHas TeopeMa
BRIDA’)KaeT TOJIbKO OIpelesieHHOe CBOMCTBO moJia BeKTopa H, camo
JKe I0JIe 3TOTO BEKTOpa OHA He OIpeAeJfer.

IIpumep. CucreMa COCTOMUT K3 AJIUHHOTO IPAMO-
ro IpoBOZa C TOKOM I M IIPOM3BOJIBHOIO
Kycka napamarHetuka (puc. 7.6). Bmi-
SICHMM, YTO IPOM3OMAET C MOJAMHU BeK-
TopoB B u H, a Takxxe ¢ uupkynaunuei
BekTopa H mo HekoTopoMy GHKCHpO-
BaHHOMY KOHTypy I', ecau mapamarse-
THK yIaJHUThb. Puc. 7.6
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B kaxpgoit Touke mpocTpaHcTBa mojie B o6ycioBIeHO KaK TOKOM
npoBoguMocTH I, TaK M TOKAMM HaAMATHMYHMBAHHUA B IlapaMarHe-
THKe. A Tak Kak B HaleM ciaydae coriacHo (7.15) H = B/ppg, T0
CKa3aHHOe OTHOCHTCA U K Mmoo BekTopa H — OHO TOXKe 3aBHCHUT
X OT TOKA NPOBOAMMOCTH I, ¥ OT TOKOB HAMATHHYUBAHMS.
Vaanenue Kycka mapaMarHeTHKa NpUBeJeT K MU3MEHEHHIO IOJs
B, a 3HauuT, 1 nmoaa H. MsMeHuTCcA ¥ uMpKyIAnUA BeKTopa B mo
koHTYpy I', Tak KakK MOBEPXHOCTb, HATAHYTYIO Ha KOHTYp I, yke
He GyAyT NMPOHU3HLIBATh TOKM HAMATHUYMBAHUSA, OCTAETCHA TOJBKO
Tok nmpoBoguMocTH. llupkynanusa ke Bekropa H mo koutypy I
ocTaeTcs NpeKHel, HECMOTPA Ha M3MeHeHHe camoro moJaa H.

Kornpa BEHYyTpM MarmEeTHra j' = 0?7 Mu ceifuac moKa)keMm, 4TO
TOKH HAMAarHWYMBAHUA BHYTPM MAarfeTHka OyAyT OTCYTCTBOBATh,
ecau: 1) MargeTHK OZHOPOAHBIN M 2) BHYTPH HEro HeET TOKOB IIPO-
BogumocTH (j = 0). B atom ciyuae mpu sai060it hopMe MarLeTuka u
npH J11000# KOHGHUIypalu MarHUTHOTO IOJIS MOXKHO OBITH YBepeH-
HBIM, 4TO 00'b€MHBI€ TOKM HaMaArHMYHWBAHUA PABHBI HYJIIO M OCTa-
I0TCA TOJbKO NOBepPXHOCTHHIE TOKM HAMarHMYWBAHMA.

lia noxkasaTeabCTBa 3TOT'O BOCIOJL3YEMCS TEOPEMOH O IUDPKY-
JAONKA BeKTopa J IO MPOM3BOJbHOMY KOHTYDY I', B3aTOMy mesu-
KOM BHYTDH MarHeTHMKa. B ciiyyae 0OJHODOJZHOrO MarHeTHKa MOXX-
HO, 3amMeHUB J Ha YH, BriHecTH B ypaBHeHHH (7.5) Y M3-mOA MHTET-
paja ¥ 3amMcaTh

I' = x$HdL.

OcraBmuiica HHTErpaj paBeH corjacHO (7.12) aarebpanyeckoit
CyMMe TOKOB IPOBOAMMOCTH I, OXBaThHIBaeMbIX KOHTypoM I', moaro-
My AJA OZHODOAHOTO MAarHeTHKa

I'=ol. (7.17)

910 cooTHOmEHNEe MeXAYy ToKaMu I' u I cnpaBeaauBo Ajs J11060ro
KOHTypa BHYTDHM MargseTnkKa, B YaCTHOCTH M OJId OYE€Hb MAaJIOro KOH-
Typa, Korga I' >dI'=j,dS u I—>dI =j,dS. Toraa j,dS =yj,dS,
u mocye cokpamerusa Ha dS Mul nosyumM j, =xj,. Ilocnennee pa-
BEHCTBO BLIIOJIHAETCS IIPH JI000H OpMeHTAOINH MAaJjIoro KOHTypa, T. €.
opH a000M HaIopaBJeHWH HOPDMAJIM N K HeMY. A 3TO 3HAYMT, UTO Ta-
KHM JXe PaBeHCTBOM CBSI3aHBI M CAMM BEKTODHI j' H j:

i'=x. (7.18)
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Orcloga ciaexyer, 4To B OJHOPOAHOM MarHeTHke j' =0, ecam
j =0. 3to 1 Tpe6GoBaTOCH AOKA3aTh.

§ 7.4. I'papnunsie ycaoBusa aaga B u H

Peur naet 06 ycaoBuax aaA BeKkTopoB B m H Ha rpaENne pasge-
J1a ABYX OZHOPDOAHBIX MAUHETHMKOB. OTH YCJOBHA, KAK M B cJlydae
OU3JIEKTPHKA, MBI IIOJYYHM C IOMOINbIO TeopeMhl ['aycca 1 Teope-
MBI 0 oupKyaAaoun. Jaa sekTopoB B 1 H atu TeopeMbl, HanoMHENM,
HMEIOT BHJI

BdS =0, Hdl=1. (7.19)
$ $

YcaoBue nasa Bektopa B. [IpeacraBum
cebe OueHb MaJIOH BBICOTHI OMJIHHIAPHK,

PaCIoOJIOKEeHHBI Ha TIpaHWNOEe pasfena “’ AS
MargeTHKOB, KaK OOKa3aHO Ha puc. 7.7. 1 | | 3 —
Torma moToxk BeKTOpa B Hapy»y M3 aTOro I
OUINHADHKA (OOTOKOM dYepe3 GOKOBYIO \ Y

IOBEPXHOCTb IpeHebperaeM) MOXXHO 3a-
IHCaTh TaK:

B,,AS + B;,AS = 0.

BasaB o6e npoekoun BeKTopa B Ha 06myo HOpMaab N, DOJTYYUM
B,, = —B,,, 1 OpefbiAyllee ypaBHeHNE IOCJe COKDAIMEHUA Ha AS
IIpUMeT CJeAyIoIni BHUA:

B,, = By, (7.20)

T. e. HOpPMaJIbHasA COCTaBJAIOINasA BeKTopa B okasniBaeTcs oguHAa-
KOBOIf o 06e CTOPOHBI 'PAaHNOLI pas3fesa. JTa BeJNYWHA CKauKa He
HMCOBITHIBAET.

Ycaosua nas Bektopa H. [lna 6onpmeit o6mBocTH GyaeM npea-
moJjaraTh, YTO BZOJIb OIOBEPXHOCTH pasfejia MArHETHMKOB TeYeT IO-
BEPXHOCTHBHIH TOK IPOBOAMMOCTH C JHHEHHON! mIoTHOCTHIO i. IIpH;-
MEeHHUM TeopeMy O OUPKyaanuu BekTopa H Kk oueEb MajJIoOMy npsaMo-
YroJbHOMY KOHTYDY, BBICOTA KOTOpPOrO IpeHeOpe)XHMMO Majia Io
CPaBHEHHUIO C €ro AJWHOH [, pacmoyo)KHUB 3TOT KOHTYP TaK, KaK Io-
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kKasaHo Ha puc. 7.8. IIperebperas BKJa-

L
2 T y JOM B IUPKYJAANOUIO Ha GOKOBBIX CTOPO-
1 Z u, Hax KOHTypa, 3aOHINeM AJIS BCEro KoOH-
/ * Typa:
N
Puc. 7.8 HZtl + Hlt'l = lNl,

rfie iy — mpoexknus BekTopa i Ha HopMaab N K KOHTYpY (BekTop N
obpasyer ¢ HanpaBJIeHHeM 06xoJa MO0 KOHTYPY OIPaBOBHHTOBYIO CH-
creMy). B3aB o6e mpoeknuu BekTopa H Ha 06muit opT KacaTeabHOM
T (B cpene 2), monyuum H, = —H,, u mocie cokpameHus Ha ! mpe-
AblayImee ypaBHeHHWE HNPHUMET BHL

Hzr - Hlt = iN’ (7'21)

T. €. TAHTeHOUAaJbHAA COCTaBaAsOmas Bekropa H, Boo6me rosops,
IpH mepexoie IPaHUOLI pasfesla MarHeTHKOB IIpeTepmeBaeT CKa-
YOK, CBA3AHHLIA C HAJIHYHMEM IOBEPXHOCTHHIX TOKOB IPOBOAHMO-
CTH.

OnxBako ecam Ha rpaHHNOE pasjesla MATHETHKOB TOKOB IPOBOJH-
moctH Her (i = 0), To TaHreEOMAaIbLHAA COCTaBJAAKOmMAaA BeKkTopa H
OKa3bIBAETCA OAMHAKOBOI mo o6e CTOPOHHI I'DaHMOKI pasjena:

H,=H, (7.22)

Hrak, ec1H Ha rpaHHOE pasfesia JBYX OAZHODOAHLIX MarHEeTHMKOB
TOKa IPOBOAMMOCTH HET, TO IPH IIepexoje 3TOi TpaHHIOLI COCTaB-
asiomue B, u H_n3MeHAIOTCS HenpephIBHO, 6e3 ckauka. CocraBid-
lomue ke B, u H, mpm aToM IpeTepmeBalOT CKadoK.

3aMeTHM, UTO Ha 'PaHNIE pasfesa BeKTop B Bexer cebsa aHao-
ruuyHO BeKTOpy D, a BekTrop H — amasornuHo BekTopy E.

IIpenromnenne auaMili Bekropa B. Ha rpaEmme pasgena AByX
MATHETHMKOB JIMHMH BeKTopa B HCOHITHIBAIOT IpeJOMJIEHHE
(puc. 7.9). Kak m B cayuae IHM3JIEKTPMKOB, HaiJeM OTHOIIEHHE
TAHI'€HCOB YIJIOB O; M Oy

tg A2 = BZt /BZn
tgay By /By,
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B2t

B Ilone B Iloxe H
Puc. 7.9 Pamc. 7.10

OrpaBHYMMCH cay4aeM, KOraa Ha rpaHHUIE pa3aesia TOKa IPOBO-
OIUMOCTH HeT. B arom ciayuae corsaceHo (7.22) m (7.20):

By./ug = Bi/Hys By, = By,.

C yueroM mDOCIEZHMX COOTHOIMIEHMH IIOJYYMM QHAJOTHMYHBIA
(3.25) 3axkoH mpesomiaesnuda JuHHA B (a 3maumr, m auanit H):

8oy _KH2 (7.23)
tgay My

Ha puc. 7.10 n3o6pakeHo moJe BekTopoB B 1 H B61n3u rpasn-
OBl pasgesa JBYX MArHETHKOB (IPH OTCYTCTBHH TOKOB IPOBOLMMO-
ctu). 3mech [y, > Wy; U3 CPABHEHMA TYCTOTHl JHMHHH BHIHO, YTO
B,>B,, a H, < H,. JIuenn B He TepnaT paspeiBa HpH mnepexone
rpaEuMObl, JUENUM Xe H TepnAT pasphliB (K3-3a MOBEPXHOCTHHIX TO-
KOB HaMarHM4YWBaHNA).

Ha npesioMIeHMH MATHATHBHIX JUHUHA OCHOBAHA MAZHUMHAR 3a-
wuma. IIpn BHeCEHMH, HAIPHMeD, 3aMKHYTOH ’KeJe3HON 060104YKH
(c1051) BO BHENIHEe MATHHATHOE II0JI€ JUHHWM 3TOrO IOoJsa OyAyT KOH-
OEeHTPHPOBATLCA (CryLIaThCs) MPEeNMYIeCTBEHHO B caMoi 0607104-
Ke. BHyTpH e 3TO# 000JI0Y4KM — B HOJOCTH — MATHHUTHOE IIOJIe
OKAa3bIBAeTCA CHJbHO OCJa06JEeHHBIM IO CPABHEHHIO C BHEIIHUM IIO-
JgeM. JIpyruMu cioBaMH, jkeje3Has obosouka ob6iazaeT sKpaHHDPY-
IOIIMM JeiCTBHEM. ITO HCHOJb3YIOT AJA NPeAOXPaHEHUA YYBCTBH-
TeJbHBIX NPUOOPOB OT BHEMIHEMX MATHHUTHBIX IIOJIEil.
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§ 7.5. Ilone B OTHOPOAHOM MAarHeTHKE

Kak yxxe 6b1y10 oTMeueHO B § 7.1, HaxoxxaeHNe pe3yIbTHPYIOIme-
ro MarHMTHOIO ImoJid B nmpu HaJMuMy DPOM3BOJBLHBIX MArHeTHKOB
npexacraBiseT coboit, Boobme roBops, BecbMa CJOXXHYIO 3azady.
HeiicTBUTENLHO, AJIA 3TOr0 Heobxoaumo coriaacHo (7.1) k moaio B,
TOKOB IPOBOAMMOCTH H0oDaBUTH MakpomoJse B', co3zaBaemoe TOKa-
MM HaMarHu4MuBaHHNA. HeIIpPUiTHOCTb COCTOHT B TOM, YTO HaM 3apa-
Hee He M3BEeCTHA KOH(PHUrypanmma TOKOB HaMarHM4YMBaHUA. MBI MoO-
JXXeM JINIIb YTBEePXOaTh, YTO pacupenejieHNne 3THX TOKOB 3aBHCHT
OT OPUPOALI U KOHPHUrypanuu MarfHeTuka, a Take oT KOHQHUrypa-
MM BHEIIHero nojda By, — moas ToxoB mpoBOAMMOCTH. A IOCKOJb-
Ky MBI He 3HaeM pacupejesieHNs TOKOB HAMArHWYMBaHUSA, Mbl He
MOXXeM paccuuTaTh U mosie B'.

HckioueHne cOCTaBJseT Cayd4ail, KOrga Bce IPOCTPAHCTBO, Iae
uMeeTcA mojie B, 3amoJHEHO OQJHOPOAHBIM HM3O0TPOIHBIM MAarHeTH-
KoM. PaccMoTprM 3ToT cayuait Gosee moapo6ro. Ho mpexae Bcero
o6paTMMcCA K ABJIE€HNSAM, BOSHUKAIOIUM IPH IPOTEKaHNH TOKA IPO-
BOAHMMOCTH II0 OJHOPOAHOMY IIPDOBOAHMKY B BaKyyMme. Tak Kak Kax-
Oblii IPOBOAHUK ABJISIETCA MarHeTMKOM, TO B HeM OyAyT IpOTEKaTh
¥ TOKM HaMArHNYMBAHUA — 00'beMHEIE coryacHO (7.18) 1 moBepxHO-
cTHBIE. BO3bMEM KOHTYD, OXBATHIBAIOIIWI HAIl IPOBOAHNK C TOKOM.
Ilo TeopeMe o nupKyasanun BekTopa J (7.5), HOCKOJBKY BO BCEX TOU-
Kax KoHTypa J = 0, aarefpanyeckas CyMMa TOKOB HAMarHUYNBaHUA
(06beMHBIX M DOBEPXHOCTHBIX) paBHa Hymio: I'=1.¢ + I . =0. OT-
ciopa I g =-I .., T. €. 00beMHbIe 1 IOBEPXHOCTHBIE TOKH HaMarHu-
YNBAHUA DaAaBHBI M IIPDOTHBOMIOJIOXKHBEI IIO HAIIPDABJIEHHIO.

Takum o6pa3oM, MOXKHO YTBEPXIATb, UTO B OOBIYHBIX CJHydYadx,
KOrJa TOKHM TEKYT II0 JOCTATOYHO TOHKHMM IIPOBOJAaM, MAarHNTHOE
Iojie B OKPY’KaloleM IPOCTPAaHCTBe (B BaKyyMe) 3aBHCHT TOJBKO
OT TOKOB IPOBOAMMOCTH, M0G0 IOJA OT TOKOB HaMarHWYMBaHUA
KOMIIEHCHPYIOT APYr Apyra.

Temeps 3aI0OJHHMM OKpy’Kalollee INPOBOAHHUK IPOCTPAHCTBO OA-
HOPOAHBIM HENPOBOAAIMNM MArHeTHKOM (OYCTb AJA KOHKDETHOCTH
aro Oymer mapamarsetuk, y > 0). Ha rpaEmme aToro MarHeTuka
C IPOBOAOM HOABUTCA MOBEDXHOCTHBINI TOK HaMarEmumBaHusa I',
HMeIomuii, KaK HeTPYAHO cOo0pas3uTh, TO Ke HalmpaBJeHHe, YTO U
ToK mpoBogumocTty I (aro mpu yx > 0).
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B pesyabraTe MBI OyieM MMeTh TOK IIPOBOAUMOCTH I, 00'beMHBIM
¥ DOBEPXHOCTHBII TOKM HAMArHMYMBAHUA B OIPOBOAHWKE (MarLuT-
Hble MOJIA 3THX TOKOB KOMIEHCHDYIOT ADYT APYyra, IO3TOMY HX
MOXXHO He YYWUTHIBaATh B JaJibHEWINEM) M IOBEPXHOCTHBINI TOK Ha-
MarEMuuMBaHuA I' Ha HempoBoAAmeM MarHeruke. IIpm mocraTouHO
TOHKHX IPOBOJAaX MarHuTHoe noje B B Marmeruke 6yner onpenesns-
ThCA Kak moJye Toxka I + I'.

Taknm o6pa3oM, 3ajaya CBOAUTCA K HaXOXIAEHHUIO TOKa I'.
C 3Toif meabl0 OKPY)KMM IIPOBOAHUK KOHTYPOM, PACIOJIO)K€HHOM B
IIOBEPXHOCTHOM CJIo€ HEmpOoBOAAMmIEro Marsermka. IlycTs mioc-
KOCTb KOHTYpa IepIeHAuKYJIApHa OCH IPOBOJa, T. €. TOKaM HaMar-
HruynBaHNA. Torga, npmEnMas Bo BEMManue (7.7) u (7.14), MoxHO
3amHCcaTh:

I' = $idl = $Jdi = y$ Hdl.

Orcroga coraacHo (7.12) caemyer, uro I' = yI.
Kordurypanuu Toxa HaMarsmuuBaHUA I’ ¥ TOKA IPOBOAUMOCTH
I mpakTH4YeCKHN COBIAZAIOT (IPOBOAA TOHKHE), IO3TOMY HHAYKIUA
B’ mosis TOKOB HAMATHHYMBAHUSA OTJINYAETCHA OT HHAYKONA BO noJasa
TOKOB IIPOBOAMMOCTH BO BCEX TOYKAX TOJBKO II0O MOAYJIO M 3TH
BEKTODbI CBA3AHLI APYT C APYTOM TaK e, K&K K COOTBETCTBYIOIIHE
TOKH, & MMEHHO:
B' = yB,. (7.24)

Toraa pesyasrupylomee noie B=B, + B' = (1 + ) By, nin
B = uB,. (7.25)

9To 3HAUMT, 4TO B mpM 3amosHEHENH IPOCTPAHCTBA OJHOPOAHBIM
MarEeTHMKOM Bo3pacTaeT B U pa3. lHaue roBops, BeJHMYMHA L IOKA-
3bIBAaE€T, BO CKOJIBKO pa3 yBeJIMYMBAETCSA MarHUTHAsg MHAYKOUA B
PN 3aMI0JHEHMH MArHeTMKOM BCEro IpPOCTPAHCTBA, 3aHHMMAaeMOro
moJieM.

Ecan pasgeanth obe uacTu paBeHcTBa (7.25) Ha ppgy, TO HOJIY-
YuM

H=H, (7.26)

(B paccmaTpuBaemMoM ciaydae mosne H oxkasbiBaeTcsi TaKHMM ke, KakK
H B BaKyyMe).
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®Dopmyasl (7.24)—(7.26) copaBemIUBH X B TeX CAydaAx, xozda
00HOPOOHbLI MAzZHeMUK 3aANOAHAEM 8eCb 00BeM, 02DAHUYEHHbLI No-
6epPXHOCMAMU, KOMOpbie 06pPA306aHbL AUHUAMU 6exmopa B, (moasa
TOKa mpoBoguMocTH). M B 3THX cay4yadaX MarHUTHasa MHAyKOUA B
BHYTpHM MarseTnka Oyzer B p pa3 6onpme B,.

B ykas3aHHBIX clyyaAX MArHNTHAA HHAYKOHA B' moJad TOKOB Ha-
MarHMYMBAHWUA CBA3AHA MPOCTHIM COOTHOINEHHEM C HAMarHWYeHHO-
cThi0 J MarHeTHKa:

B’ = poJ. (7.27)

9TO BBIDa)XKEHNE MOXXHO JIETKO MOJY4YUTh M3 (HOPMYJIBI
B = B, + B', ecin yuects, uto B'=¢B, n B=ppH, rze H=J/y.

B npyrux ciayyasx, Kak y»ke ObLJIO CKa3aHO, Aej0 06CTOMT 3HAYH-
TEJILHO CJIOXKHee, U (popmynl (7.24)—(7.27) oka3blBalOTCA He CIIpa-
BeJJIMBLHIMM. B 3akjioueHMe pacCMOTPHMM [Ba IOPOCTHIX IIPHMepA.

IIpumep 1. Ilone B B conenomme. IlycTy coneHoun, Hmewwuit nl am-
nep-BUTKOBo.HA €IMHMIY MJIHHBI, 3alI0JIJHEH OTHOPOAHLIM Mar-
HETMKOM C MarHMTHOH NpoHunaemocTsio p > 1. Haiigem mar-
HUTHYIO HHAYKIHIO B moas B MarHeTuke.

IIpn orcyTcTBMM MarsHetuka corjiacHo (6.20) BHYTpH COJIeHOH-
Ja MarHUTHaA MHAYKLuA By = ponl. Tak kak MarHeTHK 3aI0JI-
HAET BCe IIPOCTPAHCTBO, I'ie IT0JIe OTJNYHO OT HyJNd (KPaeBhIMH
addexTaMn Mbl npeHeGperaeM), TO MarHMTHasd MHAYKUUA B
JoiskHa ObITh B p pa3 GoJblie:

B = upgnl. (7.28)

B atom cayuae nose BekTopa H ocraeTcs TeM ke, 4YTO U IpPH
OTCyTCTBMM MarHetuka, T. e. H = Hy.

HameHeHMe mond B BeI3BaHO NOABJIEHHEM TOKOB HaAMarHU4u-
BaHUA, 0OTEKAIOLIMX IOBEPXHOCTh MarHeTHKa B TOM ’Ke Ha-
NpaBJIeHNH, YTO U TOK NPOBOAUMOCTH B OGMOTKe COJIEHOMAA,
ato npu pu > 1. Ecau xxe p < 1, To HanpaBJleHUs YKa3aHHBIX TO-
KOB OyAyT NMPOTHBOIIOJOXKHBIMH.

I'Io.nyquthe pe3yJbTaThl cCnpaBeqJIMBHI K B CJly4yae, Kormga
MAar’HeTHK MMeeT BHJ O4YeHb AJINMHHOI'O CTEeP>XHA, PaCIIOJIOXXKEeH-
HOT'O BHYTPH COJIEHOHIA IIapaJljieJIbHO e€ro OCH.

IIpumep 2. Iloe mpAMoOro Toka NPH HAJHIYMH MarHeTHka. [Ipexmnoso-
’KMM, YTO MArHeTUK 3allOJHAET NIMHHBIA IMJIUHAD PaguycoM
a, BOOJb OCH KOTOPOro TedeT 3aJaHHLIi Tok I. [IpoHuIIaeMocThb
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MarHetTuka pu > 1. HalizeM MarHMTHyI0 MHAYKIMIO B B 3aBuCH-
MOCTH OT PACCTOAHMA r OO OCH LMJIMHApA.

HenocpeAcTBEHHO BOCIOJIB30BATLCA TEOPEMOH O LMPKYJIALMHK
BeKTOpa B Henb3s, TAK KAK He M3BECTHHl TOKM HaMarHUYHMBa-
uud. ITonoxenne cnacaer sektop H: ero uumpkyasuus onpeze-
JIfIeTCA TOJbKO TOKAMHM NPOBOAUMOCTH. [/ OKPYKHOCTH pa-
auycom r umeeM 2nrH = I, oTkyna

B = ppoH = ppol/2nr.

IIpy nmepexoge rpaHMUBLI pa3sfgesa
MarHeTHK — BAKYYM MarHUTHAas MH-
AYKUMA B mnperepmeBaeT Ckayok B
otanuue ot H (puec. 7.11).

Ycunenue B BHYTpH MarHeTHMKa BhI-
3BAHO IOABJIEHMEM ITIOBEPXHOCTHBIX
TOKOB HaMarHMYMBAHUA: Y IIPOBOAA
Ha OCH CHCTEMHI 3TH TOKH COBIAAAIOT
[0 HanpaBJIEHHIO C TOKOM I, a 3Ha-
YHUT, «YCHUJIMBAIOT» TOK I, CHAPYXKU Prc. 7.11

JKe LUJIMHADA IIOBEDXHOCTHHIA TOK

HAMarHUYMBAaHUS HAINDPABJEH B IIPOTMBOIOJOXKHYIO CTODOHY,
HO OH He OKa3blBaeT BJIMAHUA Ha mnojse B B marHeruke. Bhe
MarHeTMKa MarHUTHBIE IOJIA OGOMX TOKOB HAMArHWYHUBaHUA
KOMIIEHCHPYIOT APYr Apyra.

§ 7.6. deppomarseTnsm

®deppoMarseTHKH. B MarHENTHOM OTHOIOEHHMM BCe BeIecTBa
MOKHO Pa3ZieJUTh Ha CJa0OMarEUTHBIE (IapaMarEeTHKHN M guaMar-
HeTHKH) ¥ CHJIbHOMarauTHbIe (peppomarserukn). Ilapa- u anamar-
HETHKH IPHM OTCYTCTBHM MarHNTHOIO IOJIS, KAK MBI 3HaeM, He Ha-
MarEMYeHEbl M XapaKTepH3yIOTCA OAHO3HAYHOH 3aBMCHMOCTHIO
(7.14) samarenuersoct J or H.

deppomaznemukxamu Ha3BIBAIOT BemmecTBa (TBepAble), KOTO-
pble MOryT 06JakaTh CNOKMAHHOU HAMAZHUYEHHOCMDbIO, T. €. Ha-
MarENYeHbl y2Ke IPH OTCYTCTBHM BHEIIHEro MarEUTHOrO moJuasd. Tu-
ONYHbIE IPEeACTaBATENN (EepPPOMAarHeTHKOB — 3TO 2KeJie30, KoOaabT
X MHOrHMEe MX CILIaBHI.

OcHOBHAA KpHBajA HaMarEH4eHHs. XapaKTepHOH 0COGeHHOCTHIO
(beppOMarHeTHKOB ABJAETCA CJOXKHAsA HeJNHEHHAA 3aBHCHMOCTb
J(H) nan B(H). Ha puc. 7.12 gaHa kpuBasg HaMarEuueHusd ¢eppo-
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0 I 0 H

Puc. 7.12 Puc. 7.13

MarseTHKa, HaMarEW4YeHHOCTb KoToporo npm H = 0 To)ke paBHa
HYJIIO, ee Ha3bIBAIOT OCHOG6HOU KPU60U HaAMAZHUYEHUR. YiKe IIpHU
CPaBHHUTEJbHO HeGOJNbIIMX 3HAUYeHMAX H HaMarEmdyeHHOCTb J HO-
CTHTaeT HachlMeHus J .. Maraureas MEAyKUua B = po(H + J)
TaK)ke pacTeT ¢ yBeJnmdeHHeM H, a mocJjie JOCTHIXKE€HUA COCTOAHMSA
HachIIMeHNs B mpomoJKaeT pacTH ¢ yBeamdyeHueM H 1o JMHEHHO-
My 3aKoHY: B=p,H + const, rae const = pyJ . . Ha puc. 7.13 opu-
BefleHA OCHOBHAA KDHBas HaMarHM4YeHNA Ha guarpamme B—H. Beu-
Iy HeJIMHeHHOH 3aBHCHMOCTH B(H) pna ¢peppoMarseTHKOB HeJb3A
BBECTH MArHUTHYIO IPOHUIIAEMOCTD | KaK OIpefesIeHHYIO IOCTOSH-

HYI0O BEJIHYHHY, XapaKTepH3YIOIOyl0 Mar-

HUTHBI€ CBOMCTBa KaXXJOro JaHHOro ¢ep-

H pomarsetruka. OZHAKO HO-IpEKHEMY CUH-
Haxe B talor, 4r0 W= B/p,H, upm asrom n
aAsaserca ¢pyaxkuueit H (puc. 7.14). Mar-

/ m HHUTHAas IPOHHUIIAEMOCTb W, . AJId deppo-

1F-4 MarHeTHKOB MOYXKeT NOCTHIraTb O4YeHb 6o-

0 / - Jpmux 3HayeHWit. Tak, Hampumep, Ioad

yucroro xeae3a 5000, gaa coaBa cymep-
masaoin 800 000.

3aMeTHM, YTO IOHATHE MArHNTHON IPOHHIIAEMOCTH IPDUMEHSIOT
TOJBKO K OCHOBHOI KPHBOIl HaMarEWYeHHs, M60, KaK MbI ceifyac
yBUAUM, 3aBHCHMOCTh B(H) HeogHO3HAYHA.

MarauTebiift rucrepesuc. Kpome HeJmHeHHOH 3aBMCHMOCTH
B(H) nau J(H) gna GeppoMarHeTHKOB XapaKTePHO TaKXXe SABJIEHHNE
MAarsuTHOrO 2ucmepe3uca: cBA3b Mexay B u H uim J u H oka3sbl-
BaeTCcs HEONZHO3HAUYHOM, a ompejesseTcs IpeAmecTBYIOIIeH HCTO-
pueil HaMarHMYMBaHUSA ¢eppoMarseTnka. Ecim mnepBoHaYaJbHO
HeHaMarHM4eHHbI ¢eppoMarHeTMK HAMarHM4YWBAaTh, yBeJIUYUBaA

Puc. 7.14
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H_or Byna no 3Ha4eHHWA, NPH KOTODOM B,
HacTymaeT HachillleHHe (Touka I Ha puc. 2
7.15), a satem ymenpmars H_ ot H, mo .
-H,, T0 xpuBas HamarHudeHus B (H) X
. 3 /16
noiiler He IO NEePBOHAYAJBLHOMY IYTH 7 / yii
/ T
5

10, a Beime — no oyt 1234. Ecan gans- ] A
rd
me u3MeHATs> H B oOpaTHOM HampasJe- “

HuM ot —H, no +H,, T0 KpuBasa Hamar- 4
HUYEHNA MpoHAeT HHXKe — M0 IOYyTH
4561.

3zech MHAEKC T O3HAYAET IPOEKIUIO
BeKkTOopoB H 1 B Ha BriGpaHHOe HampaBJeHHe HaMarHWYeHHs, Xa-
paKTepu3yemMoe OpPTOM T.

ITonyurBmyIoca 3aMKHYTYIO KPHBYIO Ha3bIBAIOT nemaell sucme-
pe3uca. B ToM ciyuae, korga B Toukax I u 4 gocTHUraercs Hachllle-
HUe, NIOJy4aeTCd MAKCUMANbHAR Nemas zucmepe3uca. Koraa ke
B KpafHMX TOYKAX HACHIINIEHHA HET, IOJYJYalOTCA aAHAJOTHYHLIE
IeTJIH rucrepes3mca, HO MeHbIIEro pa3mMepa, Kak Obl BOMCAHHBIE B
MaKCHMaJbHYIO IEeTJI0 THCTepe3uca.

W3 puc. 7.15 suzpnO, uro npu H, = 0 HamMarEnYeHue He HCYe3a-
eT (TouKa 2) M XapaKTepu3yeTCA BeJH4YMHON B,, HasnlBaemoit
ocmamovwHhou undyxyued. Eif coorBeTcTByeT ocmamournas Ha-
mazruvenrnocmd J.. C HajIMuMeM TAKOrO OCTATOYHOrO HaMAarHM-
YeHHUHA CBA34HO CYIEeCTBOBaHHME IOCTOAHHBIX MarHMTOB. Besnuyu-
Ha B_ obpamaeTrca B HyJb (TO4YKa 3) JMImb IOJ AeHCTBHEM IOJSA
H,, uMelomero HampaBJeHHe, IPOTHBOIOJOXHOE IOJIO, BhHI3BAB-
meMy HamarsudeHne. Benmumry H, Ha3bIBalOT K03pYUMUEHOU
cunoi.

3nauenusa B, u H, nna pa3asix peppoMarHeTHKOB MEHSIOTCH B
IMUPOKHX mpegenax. Iis TpaHCchHOPMATOPHOrO KeJje3a OeTJasd I'uc-
rTepe3uca y3kaa (H, majo), A1a ¢eppoMarHeTHKOB, HCIOJb3ye-
MBIX JJISi M3TOTOBJIEHMS IIOCTOAHHBIX MAarHMTOB,— mMpoKasa (H,
BeJHMKO, HampuMmep, Aaa cojaBa amauko H, = 50 000 A/wm,
B,=0,9 Tu).

Ha 3THXx 0cO0EHHOCTAX KPHUBHIX HAMATHMYEHNSA OCHOBaH ymoO-
HBIH IpPaKTHUYEeCKHH IpHeM AJA pasMarHNYMBaHNA (eppoMarHeTH-
ka. HamarEnmueHHBIH 00pasel moMewmjaloT B KaTymKy, 10 KOTOPOH
[IPONYCKAIOT IEePEMEHHBIN TOK M aMILINTYAY €ro HOCTENEeHHO yMe-

Prc. 7.15
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HbIIAIOT OO HYJIsA. IIpn aTOM (peppoMarHeTNK mogBepraeTcA MHOTO-
KPATHBIM IMKJINYECKMM IIepeMarHNYMBAHUAM, B KOTOPBIX IETJIH
rUcTepe3rca NOCTEeNeHHO YMEHbIIAIOTCH, CTATHBaACh K Touke O,
raie HaMarHW4eHHOCTb pPaBHA HYJIIO.

OnbIT mOKas3bIBaeT, UYTO IIPH IepeMarEMdYMBaHMM (eppoMarse-
THK HarpeBaercd. Mo)XKHO IOKa3aTh, YTO B eAuHHUIE o6beMa deppo-
MarHeTHUKa BBIAEJAETCA IPH ITOM TemaoTa @ ,, YUCIEHHO paBHas
«IJomanu» S IeTJH rucrepesuca:

Q. = PH.AB, = S,. (7.29)

Temneparypa Kiopu. IIpy moBmimieEMH TeMIepaTypsl CIOCOG-
HOCTb (eppOMarHeTNKOB HAMArHM4YMBAThCS YMEHbIIAETCHA, B YAaCT-
HOCTH, YMEeHbIIAeTCA HAMarHN4YeHHOCTb HachlmeHudA. [Ipu HeKoTo-
poit TeMmmepaType, Ha3bIBAeMOHl memnepamypoil HJIN MOLKOU
Kiwopu, deppoMarEuTHLIE CBOMCTBA HMCYE3alOT.

IIpu Temnmeparypax, Gojsiee BBICOKMX, yeM TeMmepatypa Kiopu,
(eppoMarHeTHK IpeBpAIlaeTcs B MapaMarHeTHK.

O Teopuu deppomaraserusma. PuU3NUeCKyI0 NIPHUPOAY peppomar-
HeTH3Ma yAaJoCh MOHATH TOJbKO C IOMOIIbI0 KBAHTOBOH (PHU3MKH.
IIpu onpeneseHHBIX YCJIOBHAX B KPUCTANJIAX MOTYT BO3HMKATDb TaK
Ha3blBaeMble OOMEHHble CUNbL, KOTOPhIe 3aCTAaBJIAIOT MarHUTHLIE
MOMEHTHI 3JIEKTPOHOB YCTAHABJIHBATBLCA HNapaJjeJbHO APYT APYry.
B pesyabraTe Bo3HHMKAalOT ob6sacty (pasmepoM 1-10 MKM) CIIOHTaH-
HOro, T. €. CAaMOIIPOM3BOJIbHOI'0, HAMAarHN4YeHUA — 3TH obGJyacTH Ha-
3bIBAIOT domenamu. B npexenax Kaxaoro foMeHa ¢heppoMarseTHK
HaMarEnu4yeH OO HACHIIIEHMSA M KMeeT OIpelejIeHHBI MarHUTHBIN
MOMeHT. HampaBiieHNA 3THX MOMEHTOB AJIA Pa3HbIX AOMEHOB pas-
JINYHBI, IIO3TOMY IPH OTCYTCTBMM BHEIIHEro IOJIA CYMMAapHBIH MO-
MeHT oOpa3lna paBeH HyJI0O X oOpasen B IIeJIOM IpeACTaBJIAETCHA
MaKPOCKOIIMYEeCKN HeHaMarHNYeHHBIM.

IIpn BKJIIOUEHNH BHEIIHEI'0O MATHHUTHOIO IIOJS LOMEHbI, OpHMEH-
THPOBAHHLIE IO IOJIIO, PACTYT 38 CYET JOMEHOB, ODHEHTHPOBAHHBIX
npoTuB mosid. Takoit pocT B cnabbix mMOJMAX MMeeT oOpaTHMMBIN Xa-
pakTep. B 6osee CHIBHBIX HMONAX IPOMCXOLUT OAHOBPEMEHHAs Ie-
PeOpHEeHTanMsaA MAarHUTHHIX MOMEHTOB B IpeJejiaX BCEero AOMeEHa.
ITOT IpOLEeCC ABJIAETCA HEOOGPATHMBIM, UTO M CJIY)KUT IPHUUYNHOMN
TrUCTepe3nca U OCTATOYHOr0O HaMarHW4YeHHs.
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7.1.

7.2.

3agauu
YcaoBua Ha rpaHuue paanesa. Boausu Toukm A
(puc. 7.16) rpaHUIH pa3fesa MarHETHUK — BaKy- yd
/
YM MarHHUTHas MHAYKUUA B BaKkyyme paBHa B, A
npudueM BeKkTOp B, cocraBasier yrox o, ¢ HopMa- “ B,

JbI0 K I'PaHMIE pasfiesa B AaHHO# Touke. Mar-
HUTHasi IPOHMIAEMOCTb MAarHeTHKa paBHa Jl.
HajiTu MarHuTHy!0 HHAYKIUIO B B MarHeTuke
BOJIM3N TOM Ke TOUKM A. Prc. 7.16

Pemenne. UckoMas BeqHUYMHA

B =B?+ B2, (1)

HUmes B Buny ycaosusd (7.20) u (7.22) Ha rpaHHLe pa3fiena, HaiigemM
B, = B, cos oy,

Bt = PPOHF “,J‘OHOt = “‘BOt = p'BO sin Qo»

rae Hy,, — TaHreHumaiabHas cocrabiasiomaa BekTopa H, B Bakyywme.
IToacraBuB 3T BhIpakeHus B (1), moayumm

2 2_. 2
B=BO\/cos g +pn-sin“oyg .

IloBepxHOCTHBIN TOK HamMarHwuMBaHuA. J[IMHHBIN
TOHKHI IIPOBOAHHUK C TOKOM I pacrosioykeH mepreH-
AUKYJIAPHO IIJIOCKOM rpaHMIle pasfesia BaKyyM —
marHeTuk (puc. 7.17). IIpoHuIiaeMocTh MarHeTHKa
u. HaliTH JMHEAHYI NJIOTHOCTb NOBEPXHOCTHOI'O
TOK& HaMarHUYMBAHMA i' HA 3TOM I'paHHULle pasaesa
B 38BHCHMMOCTH OT PACCTOSSHMSA I IO IIPOBOJHHKA.

Pemenue. ITpexae Bcero o KOHGUIypamuu IOBEPX- Pme. 7.17
HOCTHOr'o TOKa HamMarHuduBaHufA. U3 puc. 7.17 He-

TPYAHO COOGPa3HTh, YTO BTOT TOK HAINPABJEH pagualbHo. Bocrmosnbay-
eMCA TeopeMoil 0 IMPKYJIAIMH HAMATHUYEHHOCTH J, B3SB B KauecTBe
KOHTypa HeGOJbLIOH NPAMOYrONbHHMK, ILIOC-

KOCTb KOTODOrO NepHeHAMKYJApHA TOKY Ha- L
MarHMYMBAHHUA B TaHHOM MecTe. Pacrosoxe- 7

HHe 3TOro KOHTypa NOKa3aHO Ha puc. 7.18, W

rae KpeCTMKAMM OTMeYeHO HampaBjeHHue IIo-
Puc. 7.18

\

BEPXHOCTHOTO TOKAa HaMarHuumBaHus. 3 pa-
BeHCTBa JI = i'l monyuum i' = J.
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7.3.

Hanee, J =yH, rae H HaxoauM u3 nupKyaanun Bekropa H mo okpy»x-
HOCTH PafHyCOM I C LIEHTPOM Ha OCH IpoBoxHUKa: 2nrH = I (13 coob-
pa’keHMH CHMMETPHMH fCHO, 4YTO JHHMH BeKTopa H MOMKHBI MMeTh
BHA OKDYKHOCTeH, JeXalllUX B IJIOCKOCTHAX, MepPNeHANKYJIAPHBIX
NpoBOAHMKY ¢ TokoM I). B peayisraTe Haxoaum

i"=(n-1)I/2rr.

Hupkyaanus sexkropa H. IIpAMoil ANTHHHEIN TOHKUIH IDOBOAHHUK C TO-
KOM [ JIeKHUT B IJIOCKOCTH, OTHAEJSAIOLIEel MpOCTPaHCTBO, KOTOpOe 3a-
MOJHEHO HEeIIPOBOASAIIIMM MarHeTMKOM C IIPOHUIIAEMOCTHIO |, OT BaKy-
yma. HaiiTm MarHuTHylo MHAyKIMI0O B BO BceM IpOCTpaHCTBe KAak
GYHKIMIO DACCTOSIHUA ' A0 NPOBOAHWKA. FIMeTh B BHAY, YTO JUHHUH
BeKTOpa B ABJIAIOTCA OKPYKHOCTAMHM C LIEHTPOM Ha OCH IIDOBOXHUKA.

Pemenmue. fcHo, uTo suHUM BeKTOopa H ABIAIOTCA TOXKE OKPYKHOCTA-
MM, IpUYeM Ha rpaHuIle pasfeia BaKyyM — MarHeTuk Bexktop H 6y-
JeT MCIBITHIBATH CKAYOK (B oTian4yMe oT BekTopa B). O60o3naunm H u
H, MarHUTHOe NOJIe COOTBETCTBEHHO B MarHeTHKe M Bakyyme. Torza
o TeopeMe O UMPKyJaAuuu BekTopa H mo koHTYpy, MMeloleMy BHI
OKDYKHOCTH paZiMycoM r ¢ LeHTPOM Ha OCH NPOBOAHHKA, MMeeM

nrH + nrH, = 1. 1)
Kpome Toro, na rpanmune pasgena B = B, uim
wH = H,,. (2)
PeuwnB coBmecTHO ypaBHeHHA (1) u (2), moayuum

I I
D S S - L S
(1+p)nr (1+p)nr

Kondurypanua noseit B m H B ngaHHOM ciy4yae mokasaHa Ha
puc. 7.19. IToneano y6equThCA B TOM, YTO INPH pu = 1 MBI IPUXOAMM K
U3BeCTHHIM HaM ¢dopmyinam aias B u H B BakyyMe.
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7.4.

7.5.

Iupxyaauua sexropoB H u J. [locTrosHHbI! ToOK [ TedyeT BROJAb JJIMH-
HOT'O OJHOPOAHOTO I[MJIHHAPHUYECKOrO IIPOBOAA KPYIJOro CeYeHHUd pa-
auycoM R. MarepnasoM ImpoBOAa ABJSIeTCA ITapAMArHeTHK C BOCIIPH-
uMuyuBoCcThIO 1. HaitTu: 1) 3aBUCMMOCTb UHAYKUIMH B OT pacCTOAHMA I
0 OCH IIPOBOJa; 2) MJIOTHOCTh TOKAa HAMATHUUYMBAHUA j BHYTPH IIPO-
BOJA.

Pemenne. 1. s nupkyasanun Bekropa H mo okpy>kHOCTH paguycom r
C LIEHTPOM Ha OCH IIPOBOAA CJEAYET, UTO

r<R, 2rnrH =I(r/R? Bo(l + yr/R,
r>R, 2nrH=1I, Bol/r.

Ha puc. 7.20 nmokasaHml rpadHKH 3aBH-
cumocreit H(r) n B(r).

2. BocnosibayeMcsl TeopeMoit 0 LIMPKYJIfA-
MM HAMATHUYEHHOCTH J 10 OKPY’KHOCTH
paguycom r (cM. puc. 7.20): 2nrd = TI',
rge I' — TOK HaMarHMYMBAHUA, OXBATHI-
BaeMbIif 3TUM KOoHTypoM. Hailtnem audde-
PEeHIMAaJ 3TOTO BhIpaKeHHus (IIpH Iepexo- Puc. 7.20
Ie or r K r+dr):

2n d(rJ) = dI'.

Tak kak dI' = j'2nr dr, To npeabIAylliee ypaBHEHHE MOKHO Ipeobpaso-
BaTh K BHAY

jr= S

Y|
g8

Temneps yurteM, uto J =y H = (xI /21tR2)r. Torga moayyum

, 2

j=xI/nR".
HeTtpyaHo coo6pa3uTh, UTO 3TOT TOK Te€UYeT B TY K€ CTOPOHY, UTO M TOK
NPOBOAMMOCTH (B OTJHMYHE OT IIOBEPXHOCTHOrO TOK& HaMarHH4YMBa-
HHUS, TEKYILIEro B NMPOTHBOIOJOXHYIO CTOPOHY).
JITMHHBINA COJIeHOU] 3alOJHEH HeOAHOPOAHBIM M30TPOMHLIM ITapaMar-
HETHKOM, BOCIIPMHMUYHMBOCTh KOTOPOTO 3aBHCHUT TOJBKO OT PACCTOAHUA
r K0 OCH COJICHOMJA KaK ) = ar®, rae a — nocroannasa. Ha ocu conero-
H“la MaTHUTHAA MHAYKUUA paBHa B,. HaiiTi 3aBHCHMOCTB OT paccTos-
HUA r: 1) HaMarHU4YeHHOCTH, J(r); 2) IMJIOTHOCTH TOKA HaMarHHMYMBa-
Hu4, j'(r).
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Pemenne. 1. Hamarunuennocts J = xH. B HameMm cayyae H He 3aBH-
CHUT OT r (3TO HEMOCPEACTBEHHO cJefyeT U3 HUPKyasauun BekTopa H mo
KOHTYpY, IIoKka3aHHOMY Ha puc. 7.21 ciaesa). ITostomy H = H, — Ha
OCH COJIEHOH[a, U MEI IIOJy4aeM

J=ar’H, = arzBO/uO.

2. U3 TeopeMbl 0 UMPKYJIALUN HaAMarHUNYEeHHOCTH J 110 GECKOHEUHO y3-
KOMY KOHTYpY, IIOKa3aHHOMY Ha pHuc. 7.21 cmpasa,

% crueayer

B

0 Jl=(J + dJ) =j. ldr,

rge | — BeIcOTa KOHTYypa, dr — ero mmpuHa. OTcio-
l Aa
., __ﬂ__ZaBOr

dr In dr Ho :

U

3HaK MHUHYC [OKa3bIBaeT, YTO BEKTOp j HAIpaBJieH

Puc. 7.21 MIPOTUB BEKTOpA HOPMAJH N, o6pasymoInero ¢ Ha-

npaBjieHHeM 00XoZa KOHTYypa NPaBOBHHTOBYIO CHC-

TeMy. [IpyrUMHU CJIOBaMH, BEKTOD j' HaNpaBJeH B Me-

CTe PAaCIIOJIOKEeHHUs IIpaBoro (Ha PUCYHKe) KOHTypa Ha Hac, T. e. 00b-

eMHBle TOKM HaMarHMYMBaHMA o6GpasyloT ¢ BekTopoM B
JIEBOBUHTOBYIO CHCTEMY.

*

7.6. IlocTOAHHBI MAarHUT HMeeT BUA KOJIbIA C Y3KUM 3a30pOM MEXAY IIO-
awocaMu. CpefHUt fUaMeTp KOJbIla paBeH d.
IIMupuna 3a3opa b, MarHUTHaA HHAYKLHUSA

/r"‘\ nousa B 3a3ope B. IlpeneOperas paccesHuem
l/ \\ p TONA HA Kpasx sasopa, HAUTH MOAYJH BeK-
] > TopoB H u J BHyTpDH BelecTBa.

‘\ A Pemenne. Bocmosb3oBaBIINCE TeopeMoOi o
\ / UUPKYJAAUMH BekTopa H M0 NYHKTHPHOMN
el ’ OKpysKHocTH auametrpoM d (puc. 7.22) m
B VUYHUTHIBAS, YTO TOKOB IPOBOAUMOCTH HET, 3a-

Puc. 7.22 nuieM

(nd —b)H, + bB/py = 0,

rae H_ — npoexuus BekTopa H Ha HanpasieHue o6xofa KOHTypa (OHO
B3SITO COBNARAIOIIUM C HanpaBjeHUeM BeKTopa B B 3asope). Otciona

H. - bB ._bB )
Ko (nd —b) Ho mtd
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7.7.

7.8.

3Hak MHUHYC IIOKAa3bIBaeT, YTO HallpaBJIEHHe BEKTOopa H BHYTPH Bellle-
CTBa MarHuTa IpOTHUBOIIOJIOKHO BEKTODY B B TOI1 Xe TOouKe. 3&METHM,
utro npu b>0 u H - 0.

Moayas HamarauueHHocTH J HaizeM mo ¢opmyJe (7.11), ucnoansysa
pesyabTat (1):

- _Biw B
1-b/nd po B H
0 /Mo i
Coornomenne mexnay BekTopamu B/py, Hu J J
B JI000# TOYKe Bell[eCTBa MarHMUTa IOKa3aHO
Ha puc. 7.23. Pue. 7.23

Ha »xene3sHOM cepJeYHHKe B BUJE TOpa CO CPeIHHUM auaMeTpom d UMe-
eTca oOMOTKa ¢ o0IMM YucIOM BUTKOB N. B cepaeunHuke cnenaHa ys-
Kas IonepeyHasi npopes3b IUPHUHOM b (cM. puc. 7.22). IIpu Toke I ue-
pe3 oOMOTKY MarHMTHas MHAYKIUA B nmpope3u paBHa B. IIpeneGperas
paccessiHMeM IIOJs Ha KpafAX OpPOpe3H, HAUTH MATCHUTHYIO NPOHHIIae-
MOCTb JKeJjle3a B 3THX YCJIOBHSAX.

Pemenune. CornacHo TeopeMe o mupKyasauuu sekropa H no oxpy:xHo-
ctu guametrpom d (cMm. puc. 7.22) umeem

(rd—b)H + bH, = NI,

rae H u Hy — Mozynu BekTopa H cooTBeTCTBEHHO B KeJsle3e U Ipope-
au. Kpome Toro, oTcyTcTBHE paccessHUA IOJA HA KPasgX IIpOPe3U O3Ha-
YaeT, YTO

B=B,.

W3 aTux AByx ypaBHeHHH ¢ yueToM Toro, uto B =ppuH u b « d, no-
JIYYUM

_ ndB
H = W NI -bB

Cuna, aeiicTBylomas Ha MarHeTHk. B ycra-
HOoBKe (puc. 7.24) c moMoupi0 BECOB M3Meps-
IOT CHJ1y, C KOTOPO# HeGOJbIIOH ITapaMarHuT-
HBIM MIapHK o0'beMOM V IpHUTArHBaeTcs K IIO-
Jiocy MarHuTa M. MarHuTHad MHAYKUOUA Ha
OCH IIOJIIOCHOI'O HAKOHEYHHKA 3aBHCHUT OT BhHI-
coThl ¥ KaK B = Boexp(—axz), rae By u a —
nocrossHHble. HaitTu: 1) Ha Kakoif BbICOTE X,
HAZO0 TOMECTHUTh LIAPHK, UTOOBLI CHJIA IIPUTH-
KeHus OblJa MAKCHUMAaJbHOM; 2) MarHUTHYIO Puc. 7.24

M
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7.9.

BOCIIPMMMYHMBOCTb ITapaMATHETHKA, €CJIM MaKCHUMAaJbHAA CHJIa IIPHUTHA-
JKeHHMA paBHa F,.

Pemenne. 1. IlycTs Ans onpenesieHHOCTH BeKTOp B Ha ocH HampasiieH
BBepX, TyAa ke HampaBuM H ocb X. Torma corsacro (6.34) F, =
= p..0B/0x, THe yuTEeHO, YTO MATHUTHLI MOMEHT P, HallpaBJIeH TyZAa e,
KyZa X BeKTOop B (A1a mapamMarseruka), IoaToMy On 3aMeHEHO Ha OX.

Hanee, Tax kak p,, =JV = xHV u 0B/dx = —2aBgx exp(—axz), TO
F, = —Ax exp(-2ax?), 1)

rge A = 2aB§xV/upo.

Beruucius npousBognyio dF,/dx M IpHUpaBHAB ee K HYJIO, IOJTYYHM
cllefylolllee ypaBHeHHe IJIA ONpefesNeHua x,,: 1 — 4ax’=0, OTKyZa

x, =1/J4a. (2)

2. Tlocne noxpcraHoBkH (2) B (1) HaiigeM
_Ho Fm JE
> X= 2 ’

rge y4TeHo, 4YTO IJiA IIapaMarHeTHKa U = 1.

JIVHHBIA TOHKHHA LUJIMHAPUYECKHH CTepsKeHb M3 IapaMarHeTHKa C
MATrHUTHOM BOCIPHHUMYMBOCTHIO ¥ M ILIOIIAAbIO IIONEPEYHOr0 CeYeHUs
S pacmoJyioykeH BROJb OCH KATYIIKHM ¢ TOKOM. OXMH KOHeI CTePKHA
HAXOAMTCA B I[EHTPe KaTYIIKH, I'le Mar-
HHUTHOe IIoJle paBHO B, a Apyroit KoHer
— B o0jacTH, rge MAarHHUTHOe II0Je
X dx npaKkTHYecKH oTcyTcTByeT. C Kakoil cu-

JIOM KaTYIIKa JeHCTBYeT Ha CTePKEeHb?

Pemenue. BrigeuM MBICI€HHO 3/1€eMEHT
Prec. 7.25 crepkHa mauHoM dx (pmc. 7.25). Ha
Hero HmeicTByeT cmJa

OB
dF, =dp, 6nx .

Ilycts BekTOp B Ha oCcHM KaTymIKM HampaBjieH BIpaBo (HAa PHCYHKe),
B CTOPOHY MoJIOKUTeAbHBIX X. Torma B, = B, 0n = 0x, 1 Tak Kak
dp,, =JSdx = yHSdx, To

dF, = yHSdx 2B - X5 pyp.
0x  npg
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7.10.

IIpoMHTErpHpPOBAB 3TO BhIPA’KEHHUE, MOJYUUM

0 2
F, =25 [Bap --25B_

TITH 2pp,

3HaK MHHYC IIOKa3bIBa€T, YTO BEKTOPD F HamnpasJIeH BJI€eBO, T. €. CTep-
JKeHb IIDHUTArNBaeTCA K KAaTYILIKe C TOKOM.

He6onburoit mapuk oo’beMoM V 13 mapaMarHeTHKa ¢ MarHUTHOM BoC-
NPUMMYHUBOCTHIO ) NEPEeMeCTHJH BIOJb OCH KATYLUIKM C TOKOM M3
TOYKHM, Ile MarHUTHas HHAYKIUA paBHa B, B o6GiacTp, rme mnoJe
NpaKTHYeCKH OTCyTcTByeT. Kakylo mpu 3TOM coBeplIMJaM paGoTy
NPOTMB MATHUTHBIX CHJI?

Pemenue. Hanpasum ock X BRoas ocu Katymku. Torga asremeHTap-
HasA pa6oTa IIPOTMB MarHUTHHIX CHJI IIPU NepeMellleHUH lIapuKa Ha
dx 6ymer umeTh BHMA

2B,

84 = -F,dx = -p,, —* dx, (1)

rge F, — npoexknusa Ha ocb X MarHMTHOMH cuiHl (6.34), a 3HAK MHHYC
O3HayaeT, YTO pa6oTa NMPOM3BOAUTCA IIPOTHB 3TOM CHJIHI.

Ilycts BekTOp B Ha OCH HampaB/ieH B CTOPOHY IOJIOXKHTEJNbHBIX X,
toraa B, = B u dn = dx (B npoTuBHOM cayuae B, = -B, dn = -dx,
T. e. IPOMU3BOAHAA 0B,/0n He 3aBUCHUT OT TOro, Ky/Jia HallpaBJIeH BeK-
top B). YunrniBasa, uro p,, =JV = yHV, nepenuuiem ypaBuenue (1) B
BHAE
8A = —yNV %dx = —ﬂB dB.
Ox HHo

IIpounTerpupoBaB ato BeipaskeHue ot B no 0, moayuum

Caeayer o6paTUTh BHUMaHUE Ha TOT QAKT, UTO MOJYUYEHHKIH Pe3yiib-
TaT — paGoTra A — He 3aBMCHUT OT XapaKTepa 3aBMCHMMOCTH B(x).
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OTHOCUTENbHOCTb 3NEeKTPU4ECKOro
M MarHUTHOro nonewv
v

§ 8.1. DiIeKTpOMarHHTHOE IOJe.
HeBapuaHTHOCTH 3apsga

Hdo cux mop MBI pacCMATPHUBAJH 3JEKTPHUUECKOe M MAarHUTHOE
nons pa3deavHo, He 00HAPY)KUBag HUKAKONH BUANMOM CBA3H MeXX-
Ay HUMH. JTO BO3MOXKHO OBLJIO cHejaTh JIMIOb OOTOMY, UTO 06a
IOJNA ABJIAJNCH CTATHYECKMMH, B ADYTHX XKe CAyJaAX TaK IOOCTY-
maTh HeJb3d.

MBI YBHOMM, UTO 3JIEKTPHUYECKOE M MATHHUTHOE IOJIA BCerga AoJ-
XHBEI PACCMATPHBATHCA 6Mecme KaK ORHO HOJHOE 3JEeKTPOMAaTHHUT-
Hoe moJie. JIpyruMH CJIOBaMH, OKa3bIBAETCS, UTO 3JEKTPHUECKOoe
MATHUTHOE IOJIA SABJSIOTCA B HEKOTOPOM CMBICJE pAa3JHUYHBIMH
KOMIOHEHTAMH eAWHOro (pu3nyecKoro ob6’beKTa, KOTOPHII MBI Ha-
3bIBAEM INEKMPOMAZHUMHLLM NONEM.

HeneHune ke 3JIEeKTPOMATHHTHOrO IOJS HA 3JE€KTpUYECKOoe H
MaTrHNTHOE HMeeT OTHOCHTEJbLHBIA XapaKTep: TaKoe AeJieHHe B pe-
malomei cTemeHHM 3aBHUCHT OT CHCTEMEI OTCUYeTa, B KOTOpOii pac-
CMaTpHBAIOTCA ABJeHUA. IIpn 3TOM moJie, IOCTOIHHOE B OLHOM CHC-
TeMe OTcYeTa, B 00ImeM cjyuyae OKAa3hIBaeTCs IepeMEeHHBIM B APY-
roii cucreme. IIpuBeseM HEKOTOphle IpPHMeEpHI.

3apsang ABM)KeTCA B MHepOuaJbHOH K-cHcTeMe OTCUeTa C IOCTO-
AHHOI CKOPOCTHIO V. B aT0it cucTeMe oTcuera MbI OyaeM HabGaiogaTs
KaK dJIeKTPHUYeCcKoe, TAK U MACHHUTHOE IOJIsI JaHHOrO 3apfAfa, IpH-
yeM 00a mOJIA mepeMeHHhIe BO BpeMeHH. EcaH ke mepeiiTH B MHep-
ouanbHEyI0 K'-cucTeMy, mepeMeIalomyioca BMecTe ¢ 3apsaaoM, TO B
Hell 3apAk HOKOMTCA M MBI GyaeM HAOGJI0ZATh TOJBLKO 3JEKTpHUe-
CKoe moJe.

IIBa ogMHAKOBHIX 3apAga ABHXYTcsa B K-cucreme orcuera Ha-
BCTpEYy APYr APYTYy C OAMHAKOBOH CKOpPOCTHIO 4. B 3T0it cucreme
oTcueTa MhI OyzeM Ha6GII0OOATh M JJEKTPHUYECKOe, M MATHHTHOE
noJss, oba mepemenHble. HaliTn Takyio K'-cucremy, rae Habuaiona-
Joch GBI TOJBKO OZHO M3 IOJIell, B JaHHOM CJIy4Yae HeJb3d.
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B K-cucreMe oTcyeTa CYmIeCTBYeT IOCTOSSHHOE€ HEOZHOPOAHOE
MargEuTHOe mnojie (HampHuMep, IOJe HEeNOABHMIKHOI'O HOCTOAHHOI'O
marenTta). Torga B K'-cucreme, ABMXKYyIelicsa oTHOCHTEeNbLHO K-cuc-
TeMbl, MbI GygeM HabGaogaTh mepeMeHHOe MArHMTHOE IIoJie, M KaK
YBHAUM Jajiee, 3JeKTPHYECKoe IoJe.

Taxkum o06pa3oM, CTAHOBHTCH SCHBIM, YTO COOTHOIIEHHA MEXIY
3JIEKTPMYECKHM M MATCHNUTHHIM IOJSMHM OKAa3bIBAIOTCA DPA3HHIMH B
Pa3IMYHBIX CHCTEMaxX OTCUeTa.

IIpexxpe ueM o6paTHTBHCA K OCHOBHOMY COAEPXKaHUIO ITOM ria-
Bbl — 3aKOHaM Ipeo6pa3oBaHUS MOJIeHl IpH mepexoae OT OGHOM CH-
CTeMBbl OTCUEeTa K APYToi, BHIACHMM CJEAYIOMNI BaXXHBLIA ON1A Oa-
JbHEHImero BOIPOC: KaK BeAyT ce6A IpM TaKHX Iepexogax caM
JIEKTPUYECKHUI 3apanx ¢ M Teopema I'aycca ans BekTopa E.

HaBapuaBTHOCTH 3apsaga. B Hacrosimiee BpeMs MMeEIOTCA HCYep-
IIbIBAIOIINE AOKA3aTeJIbCTBA TOTO, YTO MOJHBIN 3apsal M30JMPOBAHHOMN
CHCTEeMBbl He MeHAeTCA IpH N3MEeHEeHNH JBM)KEeHUA HOCHTeJel 3apaza.

B kauecTBe mOKAasaTeabCTBA MOXKHO COCJATbCA HA HEHTpPaJb-
HOCTb ra3a, COCTOAIEro M3 MOJEKYJ Boaopoga. B aTmx Moiekymax
3JIEKTPOHBI ABMXXYTCSA CO 3HAYUTEIbHO 00JbIIMMM CKOPOCTAMH, He-
’)Kes npoToHbI. IloaToMy ecsm Gbl 3apAx 3aBHCEJ OT CKOPOCTH, TO
3apaAgbl 3JJeKTPOHOB M IPOTOHOB He OBIIM Obl CKOMIEHCHPOBAHBI —
ra3 okasaJica 6l 3apAaxeHHbBIM. HaGmonerEns ke HUKAKOro 3apazna
He o6Hapy»uam (¢ TouHOCTHIO ;0 10720 1),

WUnun, Banpumep, HarpeB Kycka BemiecTBa. IIOCKOJIBKY Macca
3JIEKTPOHA 3HAYMTEJbHO MEHbIE MAacChl AAep, CKOPOCTb 3JEKTPO-
HOB IpM Harpese JOJI)KHA yBeJIW4YMBaThcA Gosnbme, yeM y aAgep. U
ecan Obl 3apsan 3aBHCEJ OT CKOPOCTH, TO IIPH HarpeBe BeIMIECTBO
CTaHOBHMJIOCH OBl 3aps:KeHHBIM. Huuero mogo6HOro HUKOrga He Ha-
6J11088J10CB.

Hanee, ecau O6b1 3apsAn 3J€KTPOHA 3aBHCEJI OT CKOPOCTH, TO B
XoJle XMMHUYEeCKHMX peaKIUil CyMMapHbIN 3apAj BelecTBa U3MEHJ-
csa Gbl, IOCKOJBbKY CPeAHNE CKOPOCTH 3JIEKTPOHOB B BEI[eCTBE 3aBH-
CAT OT ero XMMHYEeCKOro cocTaBa. PacueT mOKashIBaeT, YTO Jake
He0oJsibImas 3aBUCHMOCTD 3apAfa OT CKOPOCTHM IPHBOAMJIA Obl Jake
B OPOCTEAIMNX XHMHYECKHX peaKIUAX K OrPOMHBLIM 3JIeKTpHYe-
cKHM moaaM. Ho m 3mech HMYero moxoxkero He HAaOGJIOAAJOCH.

W HakoHen, pacuer M pabora BceX COBpEMEHHHIX YCKOpHTEJEH
3apsAYKeHHBIX YaCTHI, OCHOBAHBI Ha IPEAIOJIOKEHNH, UTO 3apAx Ya-
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CTHI] He MEHAETCA IPH U3MEHeHHH MX CKOpocTH. VITaK, MBI IPHXO-
OUM K BBIBOAY, YTO 3apAf JIO0O0H YaCTHILI — PEIATHBHCTCKHM HH-
BapHaHTHAs BeJIMYHHA, He 3aBHCAINAA OT CKOPOCTH YaCTHIBLI, OT
BBHIOOpDA CHCTEMBI OTCYETA.

HuaBapuaaTHOCTH TeopeMnl I'aycca aas moas E. OxasbiBaeTca —
3TO ciaeayeT Kak 00600IIeHMe 3KCIEePHMMEHTAaJbHbIX ()aKTOB, — UYTO
Teopema I'aycca §EdS = q/€, cIpaBeJINBa He TOJBKO [JA IOKOA-
IDUXCA 3apAJOB, HO M AJIA ABHKyImMuXcA. IIpH 3TOM IOBEPXHOCTHBIN
HMHTEerpaJ JOJI’KeH ObITh BBIYMCJIEH AJIA OZHOI'O M TOrO >X€ MOMEHTAa
BPE€MEeHH B JaHHOH CHCTEeMe OTCYeTa.

KpoMme Toro, mockoJbKy pas3jJHYHbIE HHEPIHAJbHBIE CHCTEMBI
orcyera GMU3NUYECKH dKBHBAJEHTHHI APYT APYry (CorjiacEO OPHHIH-
Iy OTHOCHTEJBHOCTH), Mbl MOXKEM YTBEDPXKJAaTh, YTO Teopema [‘ayc-
ca CIpaBeJINBa BO BCe€X MHEPIHAJLHBIX CHCTEMAaX OTCUYEeTa.

§ 8.2. 3akonnl npeo6paszoBanusa noseit E u B

IIpu mepexozae ot ofAHOM cucTeMBl oTcueTa K Apyroi mons E u B
ompenesleHHLIM 06pa3oM mpeobpas3yloTcsi. 3aKOHBI 3TOro Impeodpa-
30BaHUA YCTAHABJIMBAIOTCA B CHENNATbHON TEOPHH OTHOCHUTEJIbHO-
CTH, IPHYEM AOBOJBHO CJOKHBIM 00pa3oM. IIo 3Toif mpuumuHE MBI
He 6yZeM BOCIPOM3BOAUTH 3h4€Ch COOTBETCTBYIOIIYE BHIBOJHI, & CO-
CpefoTOYMM BHMMAaHME Ha COAEPXKaHWM 3THX 3aKOHOB, Ha BHITEKA-
IOIMUX U3 HUX CJHEJCTBHAX, & TAKXKe Ha TOM, KakK CJeAyeT IOJIb30-
BaTbCA 3THMMH 3aKOHAMH IPH DEINeHWM HEKOTODPBIX KOHKPETHBIX
BOIIPOCOB.

ITocramoBka Bompoca. IIycTs uMeloTcss ABe MHEDIMAJIbLHbLIE CHUC-
TeMbl oTcyera: K-cucTeMa M ABHIKYINAACA OTHOCHUTEJILHO Hee CO
CKOpOCTBIO v cucTeMa K'. B HeKoTOpO# IPOCTPaHCTBEHHO-BPEMEH-
HOI Touke K-cucTeMbl OoTcueTa M3BeCTHH 3HaueHHdA moJeid E u B.
Kaxkumu 6yayr seauerns moseit E' u B' B Toif 'xe caMoif mpocTpaH-
CTBEeHHO-BpeMeHHO# Touke B K'-cucreme orcuera? HamomHMM, 4TO
OOHOM M TOH )Xe IPOCTDPAHCTBEHHO-BPEMEHHOM TOYKOH HA3BIBAIOT
TaKy10, KOODAMHATHI U BPeMA KOTOPOil B 00eMX CHCTEMax OTcuYeTa
cBA3aHBI Mex Ay coboii mpeo6pasoBarmamu Jloperma®.

x - vt t—;\:vo/r:2

* T.e. x'=—2, y'=y, 2'=z2, t'=__—__2_
VL= (vg/c) V1 -(vg/¢)
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OTBeT Ha 3TOT BOIPOC, KAK yiKe ObLJIO CKa3aHO, JAaeT TEOPHA OT-
HOCHTEJBLHOCTH, KOTODasA IOKA3LIBAET, UTO 3aKOHHEI Ipeo6Gpa3osBa-
HHMA II0JIeH BBHIPAXKAIOTCH CJIEAYIOINUMH (POPMYJIaMH:

E, =E, B, =B,
_E, +[v,B] B = Ba—[VoE] (8.1)
=4 1707 = 0=

Ji-g? J1-p2

3mech cuMBoJaMu | 1 L OTMeUYEHBI npodonbrbie N nonepeinbie (IO

OTHOMIEHMIO K BEKTODPY Vg) COCTABJIAIOIINE 3JIEKTPHIECKOr0 M MarHMT-

HOTro moJieii, = vy/¢, ¢ — CKOpPOCTb CBETA B BAKYyMe (€ = 1/ggng)-
OTH Xe (bopmynm, 3alnMCaHHble B IIPOEKINAX, NMEIT BHUA:

E}

E, =E,, B, =B,,
E,- E, -v,B, , B < B, +v0E,/c2

‘/i_—ﬁ—z ! \/I‘—ﬁz ’ (8.2)
E'=M, B! =MV_/C_2

rae npexamnoJaraeTcsa, 4To OCM KOOpAHMHAT XuX HamnpaBJIeHbI B1OJIb BEKTO-
pa vy, ock Y' mapaniensHa ocu Y, ock Z' — ocu Z.

W3 ypaBrernwuii (8.1) u (8.2) BUAHO, YTO KaKAbli 13 BeKTOPOB E'
u B’ Boipa)kaercsa xkak uepe3 E, Tak u uepe3 B. 310 cBHAETEIBLCTBY-
eT 0 eduHOU NpNpoJe 3JEKTPHUYECKOI0 M MAarHUTHOro moJei. Kax-
Joe U3 HUX B OTAEJBHOCTHM He HMMeeT abCOJIOTHOro cMbicjaa: o6
3JIEKTPMYECKOM M MArHMTHOM IOJAX MOXXHO F'OBOPHUTbH JIAIIb C 065-
3aTeJbHLIM YKa3aHHEM CHCTEMBbI OTCUETa, B KOTOPOM 3TH IOJA pac-
CMaTpPHBAIOTCA.

IloguepkHEM, 4YTO CBOMCTBA 3JIEKTPOMArHNTHOrO IOJIs, BBIpa-
’KeHHbIe B 3aKOHAX ero npeo6pa3oBaHMNs, ABISAIOTCHA AOKAAbLHBIMU:
sEayeHns E' 1 B' B HeKOTOPOi#l IpOCTPAHCTBEHHO-BPEMEHHOMH TOYKe
K'-cucreMbl oTcueTa OZHO3HAUHO ONPEEJAIOTCA TOJBKO 4Yepe3 3Ha-
yeHHsa E u B B Toit »ke mpocTpaHECTBEeHHO-BPEMEHHOH Touke K-cuc-
TeMBbI OTCYeTa.

Heo6xoxzrMo o6paTUTh BEHMAaHHE €llle Ha cileaylolnne 0CoO6eHHO-
CTH 3aKOHOB Impeo0pas3oBaHHA MOJIei:
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1. B otanume ot momepeuHbIX cocTaBaAomux E m B, xoropnie
H3MEHAIOTCA HOPU Iepexofe K APYroi cucreme oTcyera, npodond-
Hble COCMAasRAoWUe He U3MEHAIOMCA — BO BCEX CHCTEMax OTCYe-
T4 OHM OKAa3bIBAIOTCA OAWHAKOBHIMH.

2. Bexkropsl E 1 B cBsi3aHBI APYr ¢ ADYrOM B Pa3HBIX CHUCTEMax
OTCYeTa B BBHICINEH CTENEHNM CMMMETPHYHLIM 06pasoM. 3To ocobeH-
HO OJIHO O0Hapy’xXuBaeTcAa B (opMe 3amucH 3aKOHOB Ipeobpa3oBa-
HUA depe3 mpoeknuu moseit [cm. (8.2)].

3. Ecan Hago moayuyuTh opmyabl o6paTHOro mpeobpasoBaHMA
(ot K' ¥ K), To gocraTouHo B popmyaax (8.1) n (8.2) 3aMmeHHUTH Bce
IITPUXOBAHHLIE BEJWYNHBI HAa HEIMMTPHUXOBaHHHIE (KM Hao6G0pOT), a
TaKKe — 3HAK Iepes Vg '

YacTHEI caydail npeo6pa3oBaHud nmojei (v, < ¢). Ecan K'-cuc-
TeMa ABHXKETCA OTHOCHUTEIbHO K-CHCTEMBI CO CKOPOCTBIO Uy < C, TO
KOpeHb B 3HameHaTesae Gopmya (8.1) MOXKHO 3aMEeHHUTh Ha €INHH-
oy, ¥ Mbl GyaeM HMMeTb

-

E, =E, B, =B,
\ 2 (8.3)
E) =E, +[v(B], B, =B, —[voEl/c”.
Orcloga ciaeayer, 4TO
E' =E +[v,B], B'=B-[v,E]/c?. (8.4)

3aMeTHM, YTO nepByIo U3 ¢opmya (8.4) MOXKHO MOJYUYUTDH HEIO-
CpeaCTBEHHO M OueHb npocTo. IIycTh B K-cucTeMe B HEKOTOPHIA MO-
MeHT ¢ 3apAfd ¢ MMeeT CKOpOCTb V. JleiicTBylomas Ha Hero cuia
Jloperna F = gE + g [v,B]. Ilepeiinem B nHepnuaabHyio K'-cucre-
My, ABIIKYINYIOCA OTHOCHUTEJNLHO K-CHCTEMEI C TOH e CKOPOCThIO,
YTO U 3apAA ¢ B MOMEHT £, T. €. CO CKOPOCTBIO V. B 3TOT MOMeHT 3a-
pPAAR q HenoaBUKeH B K'-cucreme, U cuia, JeiCTByOMasa Ha MOKOA-
muiicsa 3apsan, SABJIsSEeTCA 4YUCTO diaeKTpudeckoii: F' = ¢E'. Ilpm
Vg < ¢, KaK B HameM ciaydae, cuia naBapuanTHa (F' = F), otkyna u
caenyer mepBas u3 popmya (8.4).

dopMyay XKe IaA npeoOpa3soBaHMS MArHUTHOIO IOJIS MOXKHO
IOJYYHUTh TOJBKO C IOMOINbIO TEOPHH OTHOCHUTEJIbHOCTH B PE3YJb-
Tare AOBOJBHO I'POMO3AKHX BHIKJIALOK.

PaccMoTrpuM mpocToil mpumep Ha mpumeHeHue dopmyu (8.4).



OTHOCHTEILHOCTD 3JIEKTPHYECKOI0o H MATHHTHOTrO MoJel 209

IIpumep. Boabinaa MeTaJiMyecKas IIACTMHKA [BH- Bj
JKETCA C¢ TIIOCTOAHHON HepeJATHBHCTCKOMN
CKOPOCTBIO UV B OMHOPOAHOM MarHMTHOM IT0JIe v
B (puc. 8.1). HaiiieM NoBepXHOCTHYIO ILJIOT-
HOCTb 3apAAOB, BOBHHMKAWIINX HA IJIOCKO-
CTAX IJIACTHHKHM H3-3a ee ABUXKEHUd. Puc. 8.1

Ilepeitmem B cucremy oTcueTa, CBA3AHHYIO C IacTUHKoi. Co-
rJIacCHO nepBoit u3 ¢opmys (8.4) B aToit cucreme orcuera Gyzmer
HabJII0AaThCA MOCTOAHHOE ONHOPOAHOE 3JIEKTPHUUYECKOe IoJie

E = [vB).

OHo 6y11e'r HaIlpaBJIEHO K HaM. Ilox neiicTBHeM 3TOro BHELIHEro
noJada nponsoﬁne’r CMelleHne 3apaAloB TaK, YTO Ha oﬁpamem{oifl K
HaM IIOBEPXHOCTH IIJIACTUHKH BBICTYIIAT IIOJOXKHTEJIbHbIE 3apf-
Abl, & Ha HpOTHBOHOJIO?KHOﬁ IIOBEPXHOCTH — OTpHLAaTeJIbHBIE.

IToBepXHOCTHaA IJIOTHOCTh G 3THX 3apAAOB OyaeT Takoif, YTOOBI
co3zaBaeMoe MMH IT0Jie BHYTPH IJIACTHHKH IIOJHOCTHIO KOMIIEH-
cupoBaJio BHellHee noJe E’, 60 npu paBHOBECHM De3yJbTHDPYIO-
1iee 3JE€KTPUUYECKOe II0JIe BHYTPH ILIACTHHKH JOJKHO GBITH paB-
HO Hyno. UMes B BuAay coorHomeHue (1.11), monyumm

o =¢oE' = gguB.

3aMeTHM, 4YTO IIPH DPEIleHHH ITOro BOIPOCa MOYKHO ObLIO pac-
CYXXAaTh M HHa4Ye — C TOYKU 3PEeHUA CUCTeMbI OTCUeTa, I'ie Ijac-
THHKA ABH2KETCA CO CKOPOCThIO V. B amoil cucreme oTcuera BHYT-
PM IJIaCTMHKHM Oydem aneKkTpudyeckoe mnose. OHO BO3HMKAaET
BCJIECTBHe AeHCTBUS MarHUTHOM yacTH cuibl JIopeHna, BHI3bIBa-
Iollleil cMellleHHe BCeX 3JIEKTPOHOB B IIJIaCTHMHKe 3a IIJIOCKOCTh
puc. 8.1. B pesyabTaTe nmepefHAs IIOBEPXHOCTH IIJACTMHKH OKa-
3bIBAETCH 3apSAKEHHON IIOJIOKHUTENIbHO, 38JHAA — OTPHIATeNb-
HO, ¥ BHYTPH IJIACTHHKH IIOABJAETCA 3JIeKTPHUYECKoe I0Jie, NIpH-
4yeM TaKoe, YTO djJeKTpuueckad cuia gE KoMneHcupyer MarHur-
Hy!0 4yacTb cuiabl Jloperna g[vB], orkyna E = —[vB]. 3to moJe
CBA3AHO C O ToH e GopMyJsoi G = gyuB.

O6a noaxona K pelieHNo JaAHHOI'O BOIIpoca OTMHaAKOBO 3AKOHHBI.

PenstuBncrckast npupoga marsernsma. 13 ¢gopmyn npeobpaso-
BaHUA moieit (8.1) u (8.2) BoiTekaeT BecbMa 3aMedaTeJbHBIN Bbl-
BO/I: BOBHMKHOBEHNE MarHUTHOTrO IOJIA ABJSAETCHA YUCTO PEJIATHUBHU-
cTckuM 3G GeKToM, ClaeACTBHEeM HaJIWYMA B OpPHUPOAe IpeleabHO
CKODOCTH C, DaBHOM CKODOCTH CBeTe B BaKyyMe.
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Ecan 6bl 3aTa cKOpoCTh Oblyla 6eCKOHEUYHOIH (COOTBETCTBEHHO M
CKOPOCTb pacHpOCTPaHEHHA B3aMMOJAENHCTBHI1), HUKAKOrO MarHe-
TH3Ma BooOme He cymecTBoBaJo 6bl. B camom npesne, paccMOTpHM
cBOOOAHBIN 3JIeKTpHUUYecKMi 3apsafg. B cucreme orcuera K, rae oH
IIOKOHNTCHA, CYIMEeCTBYeT TOJbKO 3JIEeKTPHUYEeCKoe moje. A 3TO 3HAYUT
corsacHO (8.1), uTo B J1060i apyroit K'-cmcreMme orcuera, ecau Obl
¢ > ©, HIKAKOro MarENTHOro nojA B’ He BosHHMKaa0 6ul. OHO BO3-
HHKAeT TOJbKO M3-38 KOHEUYHOCTH C, T. €. B KOHEUHOM CUeTe BCJIef-
CTBHE PeJATHBHUCTCKOro agpdexra.

PenaruBucrckas mpupoga MarHeTH3Ma SABJISETCA YHUBepCaJb-
HBIM pu3nIeCKUM (GaKkTOM, M ero IpoNCXoXxaeHrne 00yCJIOBJIEHO OT-
CYyTCTBME€M MAarHHUTHHIX 3apAA0B.

B oranune or G0IbMUHCTBA PEIATHMBHCTCKHX SBJIEHHH Marge-
TH3M BO MHOTHX CJaydasgXx OOHapPy)XMBAeTCA CPaBHUTEJIbLHO JIETKO,
HaIpuMep MarHNTHOE II0JIe IPOBOAHMKA ¢ TOKOM. IIpuunna moxo6-
HBIX 6JarompuATHHIX 006CTOATENBCTB 00yCJIOBJIEHA Te€M, YTO Mar-
HUTHOE II0JIeé MOXKET CO34aBaThCA OU€Hb GOJBIMMM YMCJIOM ABHXKY-
IMUXCA 3aPAAOB OIPH YCJIOBHH MOYTH HOJHOIO MCUE3HOBEHUSA JJIEKT-
PHYEeCKOro mojs HM3-3a IDPaKTHYeCKM HaealbHOro GajnaHca uymcia
3JIEKTPOHOB M IPOTOHOB B IPOBOAHMKAX. B 3THX cilyuasx MarHMT-
HOe B3amMOfeHCTBHEe OKa3blBaeTcd npeobsamaiomum.

IToutn mosHas KOMIEHCANMUA 3JEKTPHUUYECKHX 3apALOB M IO3BO-
auna PU3MKaM HM3YYUTh PeIATHBHUCTCKHEe 3P@deKTH (T. e. Marze-
TH3M) U OTKDBITh Npasubhbie 3aKoHBI. [0 aToit npuunHe moce co-
30aHUA TEOPHHM OTHOCHTEJIbHOCTH 3aKOHHI 3J€KTPOMarEeTH3Ma B
OTJINYKEe OT 3aKOHOB HbIOTOHA He HNPHIIJIOCH YTOYHATH.

ITone He nBHIKeETCs, a H3MEHsAETCA. [IOCKOJIbKY 3JIeKTPHUYECKOe
M MarsEUTHOE IIOJIS NOABJAIOTCA B Pa3HbIX COOTHOINEHHUAX IPH H3-
MEeHEeHHHM CHCTEMhI OTCYeTa, CJeAyeT HIPOABIATH OIpeAeJeHHYIO
OCTOpPOKHOCTh B o6pamerBHHu ¢ moaaMun E u B. Ckaxkem, y)xe Bo-
opoc O cuje, HeiCcTBylomell Ha 3apAA CO CTOPOHHI O08uixcyujezocs
MarEuTHOIO IOJIA, He KMeeT CKOJbKO-HHOYAb TOYHOrO COoJepka-
HEnda. Cuia ompepessfercsa 3HaYeEnAMHU Beanuus E u B B Touke Ha-
X0 AeHusa 3apAana. Ecan B pesyabTaTe ABHXKEHUA UCMOLHUKOE IIO-
aeit E n B nx 35aYeHENs B 3TO# TOUKe OYAYT MEHATbLCS, H3MEHUTCH
¥ CcHJja, B IPDOTHBHOM CJy4ae ABM)KE€HME MCTOYHMKOB HA 3HAYEHUH
CHJIBI He OTPa3uTCs.
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Takum o6pa3oM, IpM peImeHEHH BOIpoOca O CHJIe, AeHCTBYIOmen
Ha 3apsajn, Heo6xoxauMo 3HaTh E 1 B B Touke HaX0oXAeHNA 3apAna
M ero CKOpPOCTh V, IPHYEM BCe 3TH BEJNYHMHH AOJIKHBI OLITH B3f-
Thl OTHOCHTEJbHO HHTEpecylomeil HaC MHePIHAaJIbHOH CHCTEMBLI
oTcyera.

Ecun ke Korga m roBopaT 0 «ABMIKYIIEMCA» IOJIe, TO 3TO HYX-
HO MOHMMATDb IIPOCTO KaK KpPaTKH M ymoOHBIA cmocob cooBecHOro
OINCaHWA M3MEHSIOMEroca moJjis B ONpeJeJeHHBIX YCIOBHUAX M HH-
yero GoJiee.

HackogbK0 Hag0 IPOABIATH OCTOPOXKHOCTh B o6pameHny ¢ Io-
JIeM IIpH Iepexoje M3 ONHOH CHCTeMBl OTCYeTa K APYroi, craHeT
SICHO XOTs OHl y>Ke M3 TaKOro IpoCTOro ImpuMepa.

Hpumep. 8apmxe}maa YacTHIla IIOKOUTCA MeXAy IIoJIocaMH MarHura, He-
IIOABHXHOI'O B K-cucreme ot-

cuera. Ilepeiimem B K'-cucremy, K B Ky
KoTopas  [RBMXETCA  BIIPABO S
(puc. 8.2) ¢ HepeJATHBHCTCKOIM : Yo
CKOPOCTBIO V; — OTHOCHTEJILHO *q :

]

K-cucremMul. 1. MoxxeM JH MBI
yTBepKAaTh, 4To B K'-cucreme
3apsiyKeHHasd 4YacTHIa ABHIKeT- Puc. 8.2

cA B MarHUTHOM nose? 2. Haii-

JIeM CHJy, AeHMCTBYIOIIYIO Ha 3Ty yacTuuy B K'-cucreme.

[y

1. Ia, uacTHLa d8uxemcsa 6 mazhumnom noae. Ho, samerum, B
MarHUTHOM II0JIe, & He OTHOCHTEJbHO MarHUTHoro moas. Mmeer
CMBICJI TOBODHTb O ABMIKE€HHHM YACTHILI OTHOCHUTEJIBHO CHCTEMHEI
oTcueTa, MarHUTa M APYTHX TeJ, HO TOJBKO He OTHOCHUTEJbHO
MarHuTHoro noJas. IlociegHee mpocTo He HMeeT GH3NYECKOro
cMmeicaa. Bece 3To KacaeTcs He TOIBKO MATHUTHOTO, HO U 3JIEKTPH-
YeCcKOro IoJis.

2. YToOnl HAWTH CHJY, HAKO y4ecThb, YTO B K'-cHcTeMe IIOABUTCA
¥ snekTpudeckoe mote E' = [v,B], ono HanpaByeHo Ha Hac (pHc.
8.2). B K'-cucreme 3apax GymeT ABHUraThCA BJIEBO CO CKOPOCTBIO
—Vo, IpDHYEM 3TO ABHKeHHe GymeT NPOMCXOAUTb B CKpPELIEeHHBIX
3JIEKTPUYECKOM M MarHMTHOM moiaax. IlycTe ana ompegesneHHo-
cti 3apAx yactTHusl ¢ > 0, Toraa cuia JlopeHua B K'-cucreme

F' = gE' + g[-v,B] = q([v(B] - [voB])) = 0,
YTO, BIIPOYEM, MOXKHO OBLIIO M cpa3y cKasaTb MCXOAA M3 (akTa

MHBAapHAaHTHOCTH CHJIHI NIPH HePeJATHBUCTCKHMX Ipeo6pasoBaHM-
fIX U3 OZHON CHCTEMHI OTCYeTa B APYTYIO.
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§ 8.3. CaencTBusa M3 3aKOHOB
npeo6pa3oBaHUA IOJeH

Hexoroprie nmpocteie caexpctBua. M3 ¢opmyn mpeobpasoBaBusa
(8.1) BHITEKAIOT B pAje CJydYaeB OPOCTHIE U BMECTEe C T€M IOJIe3HbIe
COOTHOIIEHUH,

1. Ecan B K-cucreme nMeeTcHA TOJIbKO aaexmpuyecioe noie E (a
marauTHOe B = 0), To Mmexxay noaamu E' u B’ B K'-cucreme cymecr-
ByeT TaKas CBA3b

B’ = —[v,E')/c%. (8.5)
HeiicrBurensHo, ectu B=0, ToE'| =E | /\/1 B u B, =0, B, =

=—[v0E]/c2\/1—[32 =—[v0E']/c'2, rge yd4TeHO, YTO B BEKTOPDHOM
IpoM3BefeHNH MOXKHO nucaTh Kak E, Tak n E| (370 xe oTHOCHTCA N
K IITPUXOBAaHHBIM BejanynHam). IIpMEAB BO BHHMAHHE, UTO
B'=B|, +B| =B’ , mpuxogum k dopmyie (8.5).

2. Eciim B K.,cucTreMe HMeeTCA MOJAbKO MazHumHoe moJse B (a
asextpuueckoe E = 0), to B K'-cucreme

E' = [voB']. (8.6)

B camoM zaeste, ectu E =0, To B, =B, /y/1-p u E, =0,E =
=[voB]/\/ 1 —[32 . 3aMeHMB B IIOCJIeJHEM BEKTOPHOM IIpOH3BeIEHHUH
B Ha B, n sarem B, ma B, npuxoxgum k ¢opmyie (8.6).

M3 popmya (8.5) u (8.6) BriTeKaeT ciaelyIOMUIl BAXXHBIIA BLIBOA:
ecau 6 K-cucmeme umeemca auwv odno u3 noaei (E niu B), mo 6
K'-cucmeme anexmpuneckoe u mMazHumHoe NONA 63AUMHO Nep-
nenduxkyaapuo. (E' L B'). 3amerum, uTo o6paTHOE yTBepXIAeHHE
cIIpaBeiJINBO He BCErga, a JHUIIb OIpH OnpeAesIeHHLIX AOIOJHHUTEIb-
HBIX OrpaHMYEHNAX, HAKJIAaAbIBAEMEIX Ha MoAyJaH BeKTopoB E n B.

M mociensee 3aMeuanue. Beuay Toro uro B ypaBHeHHsa (8.5)
(8.6) BXOAAT TOJBLKO BeJINUYMHBI, OTHOCSAIINECSA K OQHOM U TOM Ke CH-
cTeMe OTCYeTa, 3TH YPaBHEHMS JIETKO OIPHMEHATH K IOJISM, N3MEHA-
IOIOUMCA B IPOCTPAHCTBE M BpeMeHH. XOpOIMMM IPHMEDPOM MOXKET
CIY>XUTh [OJle PABHOMEPHO ABIMIKYIIEroCA TOYEYHOro 3apAna.

ITone cBOGOXHO ABHIKYLIEroCs PEeJATHBHCTCKOro 3apana. dop-
MyJbl IIpeoOpa3oBaHMA mOJIeil NpeACTaBJAAOT 6oJbIIOH HMHTEpec
mpe)x<je BCero B TOM OTHOIMIEHMH, UTO BLIPAXKAIOT CO00i YAUBHUTE/Ib-
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Hble CBOMCTBA 3JeKTPOMArEuTHOro moada. Ho, KpoMe TOoro, oHM
BAXXHEI X B YHMCTO NPAKTHYECKOM OTHOIIEHWH, IO3BOJIAA WHOIAA
OpoIme pPemATh HEKOTOPhIe BOIPOCHI.

Hanpumep, 3azauya 0 HAXOXKAEHUH MOJIA PABHO-
MEPHO ABMI)KYIIErocA TOYEYHOro 3apAla MOXKeT
OLITh pemeHa OyTeM OpeoOpasoBaHUA YHMCTO KYJIO-
HOBCKOTI'O IOJS, KOTOpoe HaGJII0ZaeTcs B CHCTeMe v

oTcueTa, CBA3aHHOI ¢ caMHM 3apsgoM. Pacuer mo- Y
KasniBaeT (cMm. 3agauy 8.10), uro gusum E moasa

€680600H0 ABMIKYINErOCA TOUEUHOrO 3apAfa ¢ UMEIOT

BHJ, NOKA3aHHKIIA Ha puc. 8.3, rle v — CKOpOCTh

3apaga. M3o0pakeHHasA 3eCh KAPTHHA COOTBETCT- Puc. 8.3

ByeT MrHOBEHHOH «(ororpapum» xorpurypanun

3JIeKTpuYecKoro oojis. Bekrop E B mpon3BoJIbHOK TOUKe P CHCTEMEI

OTCYeTa HANpaBjJeH 600nb paauyca-BeKTOpa I, IPOBEJEHHOr0 M3

TOYKH, I'le HaAXOAUTCA 3apAX B AaHHLIA MOMEHT, B TOYKY P.
Moaynabr BekTopa E ompexenserca ¢opmyJioit

1 ¢ 1-p?
E = = , 8.7
4ney r? (1-p%sin?9)3/?

rae B=v/c; 9 — yroa MexXAy paauycoOM-BEKTOPOM I X BEKTOPOM
V — CKOpOCTBIO 3apsja.

JJIeKTPHYECKOe IMOJIe «CILUIIOIMMBAETCA» B HANIPABJIEHHM JBHIKe-
HHUA 3apaga (cMm. puc. 8.3), npuuem B TeM GoJbIIeil CTemeHH, YeM
6/1M)Ke CKOPOCTh 3apsAfa U K cKopocTH c. CiefyeT Tak)ke MMeThb B
BHAY, YTO IOJIe, DIOKA3aHHOE HA 3TOM DHCYHKe, «IepeMeImaeTcCs»
BMeCTe C 3apAAOM, BcJeAcTBHe dero moJe E B cucreme orcuera, OT-
HOCHUTEJILHO KOTOPO#i 3apAA ABMIKETCHA, U3MEHAETCS CO BpeMEeHeM.

3Haa noJue E, Mo)xHO HaiiTH 1 moJje B B 3Toif Ke cucTeMe oTcUeTa:

1 Mo glvr]  1-p°
B———CT{-\FE} = . (8.8)

4n % (1-p’sin?9)%/?

9ra dopmysa ABAAETCA CAEACTBHEM COOTHomeHHd (8.5), B KOTO-
pOM IpoM3BeAeHA 3aMeHAa IMTPHUXOBAHHBLIX BeJMYHH HA HEIITPHUXO-
BaHHBLIE U ONHOBPEMEHHO V Ha —V.

IIpu v « ¢ (B < 1) Beipakerus (8.7) u (8.8) mepexoaAaT cooTBeT-
crBesHo B (1.2) u (6.3).
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§ 8.4. HEBapMAHTHI 3JIEKTPOMArHMTHOTO ITOJHA

ITockonsky BekTOphl E m B, xapakTepusymooliue 3JieKTpoMar-
HHTHOE II0JIe, 3aBHCAT OT CHCTEMEI OTcueTa (B TOM ke caMoil mpo-
CTPaHCTBEHHO-BPEMEHHOII TOYKe), BO3HHKAEeT eCTeCTBeHHHIH BO-
npoc 06 HHBapHAHTaX, T. €. He 3aBHCAILINX OT CUCTEMBI OTCYEeTa KO-
JINYECTBEHHBIX XAPAKTEPHCTHKAX 3JeKTPOMATHHTHOrO IOJIA.

MoxxHO moOKas3aTh, YUTO CYIIECTBYIOT OBAa TAKMX HHBApHAaHTA,
npexacraBiasomue coboit kom6mEanun BekTOopoB E m B, 3to

| EB=inv, | | E’- ¢*B*—inv. | (8.9)

W HBapMAHTHOCT, 3THX BEJHYMH (OTHOCHTEJILHO IpeoOpa3oBaHMMA
JlopeHna) ABAAETCA CJEACTBHEM (HOPMYJ NpeoOpPa3oBaHUA MOJEH
(8.1) nnu (8.2). Bosee nogpoOGHO 3TOT BOIPOC PACCMOTPEH B 3ala-
ye 8.9.

Hcnonp3oBaHKe JaHHBIX HHBAPMAHTOB II03BOJIAET B pALe Cayda-
eB GBICTPO M IIPOCTO HAXOAHNTH PelMIeHHe H AeJaTh COOTBETCTBYIO-
I[Me BHIBOABl M IpeicKasaHnA. IIpuBeneM Hambosee BajsKHBIE M3
HHX.

1. 13 neBaprnarTHOCTH EB Ccpasy ciexnyer, 4To B ciydae, Korga
B Kakoif-1n6o cucreme orcuera E A B, T. e. EB = 0, To 1 Bo Bcex
IPYrMX HMHepOHaJbHBIX cucreMax orcuera E'AB'.

2. s nueBapuarTEOCTH E2 — ¢2B2 cnexyert, uTo B ciaydae, KOTAa
E = cB (1. e. E2 - ¢2B% = 0), 10 u B mo6oit Apyroit WHEPOHUAILHO
cucreMe orcuera E' = cB'.

3. Eciiz B xKaKoii-1160 cCTEeMe 0TCUeTa YroJ MeXXAy BeKTOpaMH
E u B ocrpmiit (uam Tymoit), — 3To 3Havut, uro EB Gosbme (6o
MeHbIle) HyJA, — TO yroa mexay Bekropamu E' u B’ takxke 6yzer
OCTPBEIM (MJH TYIOLIM) BO BCAKOM APYroif cucTreMe OTCUeTa.

4. Ecau B Kakoit-1u60 cucreme orcuera E > ¢B (unu E < cB) —
aTo 3HAuuT, uTo E2 — ¢2B2 Gospme (1160 MeHbINE) HYJIA, — TO B
moboit apyroit cucreMe orcuera Oyaer Takxe E’'>cB' (uam
E' <cB).

5. Eciu o6a mEBapMaHTa paBHBI HYJI0, TO BO BCeX CHCTEMax OT-
cueta E L B u E = cB. UmeBHO 3TO 1 HabaiogaeTcA, KAK MBI YBH-
OUM, B 3JIEKTPOMATHHTHOH BOJIHE.

6. Ecan paBeH Hy 10 ToabKO MEBapmaHT EB, To MO)XHO HaiTH
TAKyI0 CHCTEMY OTcueTa, B Kotopoit uam E' = 0, nan B’ = 0; kakoe
MMEHHO, ompejejdeTcd 3HAKOM APyroro mEBapuanTta. CrnpaBeau-
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BO M oOpaTHOe yTBep)XAeHMe: eClIM B KaKoi-1u6o cucreMe oTcuera
E=0 uan B = 0, To Bo BcaAKoit Apyroit cucreme orcuera E' 1L B'.
(9ToT BHIBOA OhIM yxxke B § 8.3.)

U nocnexree. Hy»xHO moMHENTS, uTO Imoas E u B, BooOme roso-
pA, 3aBHCAT X OT KOOPAMHAT, ¥ OT BpeMeHHU. I103aTOMy KaXKAhIil M3
uHBapHaHTOB (8.9) OTHOCHTCA K OZHOH M TO# )Ke IPOCTPAHCTBEH-
HO-BPEMEHHOII TOUKe IO0JIsI, KOOPAMHATHI M BpeMA KOTOpPO# B pas-
HBIX CHCTeMaxX OTCUeTa CBA3aHH IpeoOpa3oBaHMAMM JlopeHna.

3agaun

8.1. YacrHslit cirywaii npeo6pa3oBanusa nmoaeit. Hepenstusucrcknit Toueu-
HBII 3apsi ¢ ABMIKETCS C MOCTOSHHOHM ckopocThio v. HaiiTu ¢ momo-
b0 popMys npeo6pasoBaHus IMoJeil MarHUTHoe mose B aroro sapazxa
B TOYKe, ITOJIO)K€HHEe KOTOPO OTHOCHTEIbHO 3apsfia OnpeaeaAeTca pa-
IHUYCOM-BEKTODPOM T.

Pemenue. Ilepeiinem B K'-cucTeMy oTcuera, CBA3aHHYIO ¢ 3apsfoM. B
3TOH CHCTEeMe MMeeTCs TOJbKO KYJOHOBCKOE I10Jie HAIPAXKEeHHOCThIO
oL 4
= 3
4neg r

r,

rge y4teHo, uto B K'-cucreMe pasgmyc-BeKTOp r' = r (HepeJsiTUBHCT-
ckuit cayuait). Teneps nepeiigem o6paTHo, U3 K'-cucremnl B K-cucre-
MY, KOTOpas ABMIKETCHA OTHOCHUTEJbHO K'-CHCTEMBI CO CKOPOCTBIO —V,
s aToro Bocnosb3yeMcsa ¢opmyoi aaa noas B us (8.4), B koTopoit
POJIb LITPMXOBAHHLIX BEJIWUYHH OYAYT UrpaTh HEILITPUXOBaHHKIE (KM Ha-

K| K

1
|
|
|
|
|
|
]

Puc. 8.4

060poT), & CKOPOCTb V, Halo 3aMeHHUTb Ha —V, (puc. 8.4). B Hamem

ciaydae vy = v, moaromy B =B’ + [vE']/cz. YunreBasn, uro B K'-cucre-
2

Me B’ = 0 u uto ¢” = 1/gypy, HAXOAUM

B:EO_L‘;’]..
4n r
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Mu nonyuusnn ¢opmyay (6.3), koropas paHee Gbhlja ITOCTYJIMPOBaHA
KaK pe3yJbTaT 0GOGIEHHUA OMBITHBIX (aKTOB.

8.2. Bosbllasa IJIACTUHKA U3 OOHOPOAHOr'o AMIJIEKTPHMKa C IIPDOHMIIaeMo-
CThIO € ABMIKETCA C IIOCTOSHHOM HepeJATUBHUCT-

B N
CKOH CKODOCTBIO V B OJHODOAHOM MATHHTHOM
nose B, kak mokasaHo Ha puc. 8.5. Haittn nmosns-
v PHU30BaHHOCTh P [H3/IeKTpHKA U [MOBEPXHOCTHYIO
€
ILJIOTHOCTh G’ CBSI3AHHBIX 3apANOB.
Puc. 8.5 Pemenne. B cucreme oTcuera, CBA3aHHOM C IJAac-

THHKOM, OyaeT HaGJIIOZATHCA KPOMe MArHMTHOrO
IoJIA U dJIeKTpUYecKoe, obo3HauuMm ero Eg, cornacro ¢popmynam mpe-
obpasoBaHusa moJei (8.4)

E, =[VB].

ITonApH30OBAHHOCTh AMIJIEKTPHKA
e-1
P =xg E' = ¢, ——[VB],
€

r/le yu4TeHO, 4TO BHYTPH AudJIeKTpuKa coryacHo (3.29) E' = Ej /e ITo-
BEPXHOCTHAA IJIOTHOCTh CBA3aHHKIX 3apAAOB

e-1
€

|o'|=P=¢g vB,
pHYeM Ha TOH NMOBEPXHOCTHM ILIACTHHKH, KOTOopas ofOpallleHa K Ham
(cm. puc. 8.5), ¢’ > 0, Ha mpoTMBOMOJOXKHOH o' < 0.

8.3. IMeeTcA He3apAXKeHHBIN AJUHHEIN NPAMOM npoBox ¢ TokoM I. Haiitn
3apAA Ha eJWHHUIY AJHUHBI 3TOTO IIPOBOAA B CHCTEMe OTCUeTa, ABHMIKY-
IeiicA MOCTyNaTeJbHO C HepeJATHBHCTCKOH CKOPOCTBIO vy BXOJIL IIPO-
BOAHHMKA B HalpaBJeHHH ToKa I.

Pemenue. B gBukymeiica cucreMe oTcuera corjsacHo ¢GopMyiaM mpe-

o6pasoBanudA (8.4) mosaBurca anexkTpudeckoe moiae E° = [v,B], nan
E; = —vgpuol/2nr. 1)
31ech BHIpa)keHUe IJIA B nosiy4eHo ¢ OMOIIbIO TEOPEMEI O LIUPKYJIsA-
LUK,
C apyroit cTopoHBl, o Teopeme I'aycca (B ABHXKyIelicA cucTeMe OT-
cyera)
E} = )/2ngr, )
rae A’ — 3apAn Ha eAHHHULY IJHHEI nnpoBoja. U3 cpaBHenus (1) u (2)
HaXOAUM

A =-v, I/cz,
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8.4.

8.5.

rae ¢’ =1 /€olo- IIpOMCXOXKAEHME 3TOTO 3apALa CBA3AHO C PA3JIUYHBIM
JIOPEHIIEBBIM COKpAII[eHHEM, KOTOPOEe HMCILITHIBAIOT «LETIOYKU» I10JIO-
JKUTEJbHBIX ¥ OTPHUIIATENbHEIX 3apAA0B (BeJb HX CKOPOCTH pa3HhIel).
B K-cucteMe oTcueTa MMeeTCA Y3KHI NMYyYOK NMPOTOHOB, ABMIKYIIHUXCH
C PEeJIATHMBHUCTCKOM CKOpocThio U. Ha HEKOTOPOM PACCTOSAHHMH OT MyYKa
HAIIPAXEHHOCTh 3JIeKTpHUYeckoro nmoJsd pasHa E. Haiitu nuaykuuio B’
MATHUTHOTO IIOJIA HA TOM ’Ke PacCTOSHHM OT nyuka B K'-cucreme oT-
cyeTa, IepeMelaoleicss Co CKOPOCTHIO Uy OTHOCUTENbHO K-CHCTEMBI
B HamnpaBJIeHUM IBM)KE€HUA IIPOTOHOB.

PemeHne. 3TOT BONMpOC IIpOIe BCEr0 PEIINTh C IOMOLILI (GOpMyJa
(8.1). Ho npexBapuTesbHO Hago HaiiTM MHAYKIHUIO B B K-cucreme Ha
TOM K€ DACCTOAHMHU OT Iy4yKa, IAe 3aJaHa HANPAXKEHHOCTb E.
Bocnoab30BaBIINCh TEOPEMOI 0 MUPKYJALMK BeKTopa B u Teopemoit
Taycca pgna Bektopa E, naiigem:

B =pyl/2rr, E =)\/2ngyr,

rge r — pacCTosHHe OT Imy4YKa, ] = Av — cHJIa TOKa, A — 3apsaf Ha
eIMHHMLY MJUHH nydyka. M3 aTUX ¢opMyJs ciegyer, UTO

B/E =equol /A = v/é%,

2
3mech ¢ = 1/ggp,. IToacraBuB BripakeHue AuaA B U3 aToro ypaBHeHus
B nocjefHiol u3 ¢popMya npeobpasoBaHua (8.1), moayuum:

" _ Elv_v0|=

B cz\/l —(vo/c)

IIpu atoMm, ecan vy < v, To TMHHMM BeKTOpa B’ MMeloT MpaBOBHHTOBOE
HaIlpaBJIeHHe C BEeKTOPOM V,, €CJIH Ke Uy > U, TO — JIeBOBHHTOBOe (K160
Tok I' B K'-cucTeMe B 3TOM cay4ae OyaeT Tedb B OOPAaTHYIO CTOPOHY).

JABuxkeHue 3apana B ckpemeHHBIX E u B nonxax. PexaTuBucrckas 3a-
pS’KeHHasl YaCTHILa ABHMXKETCA B NPOCTDPAHCTBE, Te UMEIOTCS OLHO-
POAHBIE B3aMMHO IEPIEeHAUKYJAPHBIE 3JEKTPUYECKOe U MAarHUTHOe
noaa E u B. YacTuua ABMKeTCS NPAMOJHHEHHO MO HAIPaBJEHHUIO,
nepneHaukyaapHomy BekTopaMm E u B. Haiitu E' u B’ B cucreme or-
cueTa, NepeMellamllneiicd MOCTYIIaTeJIbHO BMeCTe C YaCTHIEH.

Pemenne. U3 xapakTepa ABM)KEHHUA YACTUIEI CJeAyeT, YTO e€e CKO-
POCTb AOJIKHA YAOBJIETBOPATHL YCJIOBHIO

vB=E. 1
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8.6.

CorsacHo ¢opmynaMm npeobpaszoBanusa (8.1)
_E+[vB] 0,
V1 -
u6o B HameM ciaydae cuia JlopeHna, a 3HauuT, ¥ BeauunHa E + [vB]
PaBHEl HYJIIO. '

) nli

k=

Jls1s1 MATHUTHOTO ITIOJIAA COIVIACHO TeM Ke (opMyJiaM peo6pa3oBaHUA
2
_B-[vE]/c

Ji-gt

BI

E PacnosnoskeHre BEKTOPOB ITOKasaHO Ha puc. 8.6,
oTkyna BugHo, uto [VE] 71 B. IToatomy ¢ yueTom
TOro, uTO coryiacHo (1) v = E/B, MOXXHO 3aIIMCaTh
)
- o B-E?/Bc? B(1-p%)
v B =
Ji-p* J1-p?
Puc. 8.6

HJIN B BEKTODHOM BHJE

‘ B'=By1 - (E/cB)?.

ITonesno y6e1m'rbca, YTO IIOJIy4Y€HHBI€ BBIDAXXE€HHU#A YyIAOBJIETBOPHAIOT
obouM HUHBapHaHTaM II0JidA.

Jdsuxenne 3apaga B ckpemeHHbIX E u B moaax. HepenaTusucrckasn
YaCTHIIA C YAEJIBHBIM 3aPAAOM ¢/Mm ABHMKETCH B 00JIaCTH, I'le CO3AaHbI

ORHOPOAHBIE B3aUMHO IeprneHANKyaApHule E u B

Y noaa (puc. 8.7). B MmomeHT t = 0 wacTHIa Haxo-
aunack B Touke O M MMeja HYJIEBYI0 CKOPOCTb.
HaiiTH 3aKOH OBHM)KeHHUA YacTHURI, x(t) # y(t).

Pemenue. [[BKeHHe YACTHUB IIPOUCXOTUT IIOX
nelictBueM cuinl JlopeHna, mpuyeM, KaxK HEeTPYA-
HO coo0pasuTh, Bce BpeMsa B miaockocty XY. Ilpo-
Puc. 8.7 1Ie BCero ee ABMXKeHHe 6yJeT BHITJIALETh B TaKOH
K'-cucteMe orcuera, rae.6ymer HabaogaThCA TO-

JIBKO MarHuTHoe mnoje. Haligem aTy cucreMy oTcuera.

U3 npeo6pasosanmit (8.4) caenyert, uro E' = 0 B TaKO# cucTeMe oTcUe-
Ta, KOTOpas ABHIKETCA CO CKOPOCTBHIO V(, YAOBJIETBOPSAIOIIE COOTHO-
meHuio E = —[v B]. Jlyume Bcero B3aTh Ty K'-cucTeMy, CKOPOCTb V,
KOTOpOH HamnpaBjieHa B IOJIOKHUTEIbHYI0 cTOopoHy ocu X (puc. 8.7),
u60 B TaKOH cUCTeMe OTcYeTa yacTuua 6yaeT ABUTaThCA MEPIEeHIUKY-
JApHO BekTOpy B’ M ee nBmikeHue Gymer HambGosiee IPOCTHIM.
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8.7.

HUrak, B K'-cucremMe orcuera, KOTOpas ABHXKETCHA BIPABO CO CKOpPO-
cthio Uy = E/B, noxe E' = 0 u 6yner Ha6monaTeca Toabko noJe B. Co-
raacHo (8.4) u puc. 8.7

B'=B-[voE)/c? =B(1 - v¢/c?).

1A HepeNATHMBHUCTCKONM YaCTHLBI Uy < C, ¥ MOXXHO CYHUTATb, 4YTO
B'=B.

B naunoit K'-cucreme oTcueTa yacTuua OyAeT ABHUIraTbCHA TOJBKO B
MATHUTHOM II0Jle, IPHYEM IMepNeHANKYJISAPHO ero HAMNpPABJEHHIO.
YpaBHeHHe ABMXKEHHA YACTHUILLI B 3TOH CHCTeMe oTcyeTa 6ymeT HMeTh
BUI,

mvl /R = quyB. (1)

9To ypaBHeHMe 3alHcaHO Aasa MomeHTa t = 0, .
kKoraa B K'-cHcTeMe 4acTHIa ABHMrajach, Kak IIO- _’Y
KasaHo Ha puc. 8.8. Tak kak cuna Jlopenua F /"' r
HanpasJjieHa BCerpga IepHeHANUKYJIAPHO CKOPOCTH 'R
4acTHIIBI, TO Uy =const 1 u3 (1) crenyer, uTo 4ac- F
Tuua B K'-cucreme GyaeT ABHraThbCA IO OKPYK- = —————

HOCTH paanycoM % o X
Puc. 8.8

eB

R=muv,/qB.

TakuM o6pa3oM, YacTHIa ABHUIKETCA DABHOMEDHO CO CKOPOCTBIO v ITO
OKpY»XHOCTH B K'-cHcTeMe, KOTopasd, B CBOIO ouepelb, llepeMellaeTcs
PaBHOMEDHO BIIPABO TaKXe CO CKOPOCTBIO

vo = E/B. Tax Bener ceba Touka q Ha 060- g K
e Kojaeca (puc. 8.9), kaTamerocsd ¢ yrio-
BO# CKOPOCTBIO ® = Vo/R = gB/m.

U3 puc. 8.9 cpa3y BMAHO, YTO KOOpPAHHA- R v°=%
THI YACTHIULI ¢ B MOMEHT ! €CTh !
===
7
x = vyt — Rsinot = a(wt - sinot), 5l !
X
y=R - R cosot =a(l - cos wt),
Pnc. 8.9

rae a = mE/qu, ® = ¢gB/m.

B wunepuuanbHoit K-cucTeMe OTCYeTa MMeETCA TOJBKO OXHOPOAHOE
anekTpuyeckoe noye E. Haittu Moayan u HanpasieHus Bektopos E' u
B’ B K'-cucreMe oTrcyera, ABMIKYINEMHCA IO OTHOLIeHHIO K K-cucreme
C NMOCTOSTHHOM PEeJIATHBUCTCKONH CKOPOCTBIO V, IIOA YIJOM O K BEKTO-
py E.
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Pemenne. CornacHo popmysaM npeobpasosanus (8.1) ¢ yueToM Toro,
uyto B K-cucreme B = 0, moayuum

E| = Ecos a, E| = Esin a/y1 -p?, B=v,/c.

Orcrona HalimeM Moayab BekTopa E':

E'=JE? + Ef = E\(1 -Bcos® a)/(1 -B?),
a yron o' Mexnay sextTopamu E' m v, — mo dopmyne
tga'=E|/E| = tga/m.
AHajloruyHeM o6pa3oM HailieM MOAYJb U HanpaBjieHNe BekTopa B':
[voE]

c2\/1 —B2 '

9ro 3HauMT, yTo BekTop B’ A v, M ero Moxmysb

B, =0, B, =- B'=B, .

B = VoE sin a )
‘ c? vy1- B2
8.8. B K-cuctemMe oTcueTa UMEIOTCS OAHOPOAHBIE 3jJeKTpHYeckoe E u mar-
HHUTHOe B mossi oqHOro HampaBJIeHHUA.
Haiitu moaynu BexkTopoB E' u B' u
yroan mexxkay HuMH B K'-cucreme oT-
cyeTa, ABHIKYILIEHCA C IOCTOAHHOM
PEeJIATUBUCTCKOMH CKOPOCTBHIO V, B Ha-

NpaBJIeHUH, NIePIIeHAUKYIAPHOM BeK-
Topam E u B.

Pemenue. CorsmacHo ¢popmyaam (8.1)
B K'-cucteme orcuera o6a BexkTopa E'

Pnc. 8.10

1 B’ 6yAyT Takike pacroJIoKeHk! nep-
NMEeHAMKYJAPHO BEKTOPY V., (PHC.

8.10). Moaynu BekTopoB E' m B’ Haxonum mo dopmynam:

El= E2+(UOB)2 Bv= B2+(UOE/02)2
V1-(vg/0) U 1-e/0)?
Vron mexkay BekTopamMu E’' 1 B’ onpexenum yepes TaHreHc no gopmy-

Je

tga’ =tg(ag + ap) =(tgag +tgap)/(l -tgagtgay).
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8.9.

IMockoasky tg oy =voB/E n tg ajy =v0E/czB (puc. 8.10), 1o

., _vo(B?+E%/c?)

B T T I -pEB

Orcrona BHAHO, YTO NpH Uy — ¢ (B - 1) yrox o’ > n/2. MoxHo cze-
JaTh ¥ o6paTHOe 3aKJIOYeHHe: eCJIH B OXHOM cHCTeMe OTcueTa M3BeCT-
Hul E n B, npuuem yros mMexkAay 3TUMHU BeKTopaMu MeHblre 90°, To cy-
LLIECTBYIOT CUCTEMEI OTCYeTa, rae o6a BekTopa E' u B' B3aumMHo mapas-
JIEJIbHBI.

HuBapuanr EB. Ilokasats ¢ momomsio ¢opMys mnpeoOpasoBaHUSA
(8.1), uro BeauunHa EB sBiasiercA MHBapHaHTOM.

Pemenne. B K'-cucreme oTcuera 3TO NMpPOH3BeAeHHE

EB’ = (E| + E|)B +B}) =EB), + EB]. €3]

Ilepenuiem nocienHee ciaraemoe ¢ nmomoinbio dopmya (8.1):

_(E, +[veB,D(B, ~[VoE,)/c?*)
1-p?

E B (2
YuuTteiBad, uro BekTophl E, ¥ B, nepneHauKyasapHE BEKTOPY V,, Npe-
o0pasyeM 4YHMCJIHTEJNb BhIpa)keHUA (2) K BUAY

E,B, - (vo/c)’E,B, = E,B (1 - B°), )

rie HCHOJb30BaH TOT (GaKT, YTO

2 2
[VoB.]*[VoE,] =vo B E, cos o = vy BE|
(puc. 8.11). OcranbHble ABa CKaJAPHBIX
npou3BefieHUsA B (2) paBHBI HYJIIO, IIOCKO-
JIBKY BEKTOPBI B3BAUMHO NEepNeHAUKYIAp-
HBI.

Taxkum o6pasom, npaBasd YacTh PABEHCT-
Ba (1) npuoGperaer cieayomui BHUA: Prc. 8.11

E/B, +E\B, =E B, +E B, =EB,

4YTO K 'rpe6onanoc5 IIOKa3aThb.

8.10. Ilone E paBHOMepHO ABHIKYmerocs 3apaaa. TouyeuHkIll 3apal ¢ ABU-

JKeTCA PaBHOMEPHO M IPAMOJHHENHO C PeJATHBUCTCKOH CKOPOCTHIO
v. HaliTu HanpsikeHHocTh E mons aroro 3apsga B TO4YKe, pagu-
yC-BEKTOP KOTOPOI OTHOCHUTEILHO 3apfAfa PaBeH I' U COCTaBJIAET YroJ
9 ¢ BekTOpOM V.
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Pemenue. IlycTs 3apax ABHKETCA B ITOJOKHTEJbLHOM HAIPABJIEHHUM
ocu X K-cucremsnl orcuerta. [lepeiinem B K'-cucreMy, B Hauaje KOOp-
OMHAT KOTOPO# 3TOT 3apAx nokouTtcd (ocn X' 1 X ob6enx cucTeM COB-
nagamT, ocu Y' u Y — napananensHnl). B K'-cucreme nose E' 3apaga
uMeeT HaubGoJiee IIPOCTOM BHUJI

E = 1 %r,
4ngy r
1 B maockoct X'Y’
1 ¢ 1 ¢
E, = ——x', E!= ——vy'. 1
Er— v 4mor”,y ®

Tenepb coBepLIMM OOpPaTHBII IIepexon B HCXOAHYIO K -cHcTeMy, KOTO-
pad IBHXKeTCS OTHocHTeabHO K'-cucreMml co ckopocThio —v. B Mo-
MEHT, KOrja 3apsaj IIPOXOLHUT uepe3 Ha4yajo KOOpAHUHAT K-CHCTEMHI,
IIPOEKIMM X ¥ Y BEKTOpa I CBA3aHKI C IPOEKIUAMH x' U y' BeKkTOpa I’
CJIeAYIOLIUMH COOTHOILEHUSAMH:

x=rcos9=xy1-B%, y=rsin8=y, (2)

rae B = v/c. 3gech YYTEHO, UTO NMPOAOJbHEIE PA3MePhl HCIBLITHIBAIOT
JIOPEHIIeBO COKpAllleHHe, IIoNepedYHhle Ke He MeHAloTcsa. Kpome
TOrO, COrJIACHO NpeoGpa3oBaHHUAM, ob6paTHmIM (8.2),

' _ / 2
E,=E,, E, =E;/y1-B°.
ITogcraBuB ciona BeIpaxkeHud (1), a B HUX BMeCTO X' ¥ Y’ COOTBETCT-
ByIOILI[Me BhIpakeHusa u3 dopmya (2), moayyum
1 x 1
=L ¢ * p._ 1 e v
dneg r~ 1 _Bz dney r™ 1 _B2
3ameTHM, 4TO E,/Ey = x/y, T. e. BekTop E HamnpasseH paduaavro,
BAOJb BeKTopa r. Jleno o6CcTOUT Tak, Kak ecau 6bl a¢deKT 3anmas3abl-
BaHUA BooOIe oTcyTcTBOBaJ. Ho 3TO MMeeT MeCTO TOJBKO B cayuae

v = const, ecau xe 3apdAn ABHMXeTCA C YCKOpeHHneM, I10Jie E oxasm-
BaeTCd He paavaJIbHBIM. OcraeTca HaiiTH MOAYJIb BEKTOpa E:

2 2
2 2 _ 1 qg |x"+y
E=£+Ey-4n%ﬁ 1_p?

2 2
Tak xax x° + y° = r° u coraacHo (2)

1 -82sin29 3/2
r? =(x? 4yt =0 ______1l3 :;: ,
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TO HaNIPpAXXEeHHOCThb

_ 1 q 1-p2
4,%’_2 a _Bz sin23)3’2 :

8.11. BaauMopelicTBHe ABYX ABHKYIIHMXCH 3apAaoB. [[Be pelsaTHBHUCTCKHE
YACTHUOBI C OXMHAKOBLEIM 3aPAJOM ¢ ABMKYTCH
napaJjJjejgbHO APYr APYry C OMMHAKOBOH CKO-
POCTBIO U, K&K Nokas3aHo Ha puc. 8.12. Pac-
cTosiHMe MeXxAy udacTunmamu l. BocmoJsb3oBas-
IWNCh BhIpa)keHHeM (8.7), HaliTH cuay B3au-
MOJEMCTBHA MEXKJy YaCTHUIAMHU.

Pemenne. B taHHOM ciyyae yroja MexAy Bek- Puc. 8.12
TOPOM V OZHOM M3 YACTHI, X HANPaBJIEHHEM Ha

apyryio yactuny 8 = 90°, moaToMy 3JieKTpH-

Yyeckad 4acThb CHJHl JlopeHma B COOTBETCTBHMH ¢ ¢opmyJoit (8.7)

1 q2
F,=qE=—>__ 9 1
T e @
M MAarHUTHas 4acThb CHJBI JIOpeHIJ.&
2 2
F,=qup=te 9V 2

4m )2 ,1-[32 ’

rie NPUHATO BO BHUMAaHMe, UTO B HalueM cay4ae B csasano ¢ E ¢op-
myaoi (8.5), us koropoit B = vE/cz. 2= 1/€guq. 3aMeTHM, YTO OTHO-
LIeHHne

F/F, = gopgv® = (v/c)’,

Kak ¥ B HepPeJATHUBUCTCKOM ciaydae (6.5). BugHo, uto mpm v — ¢
MarHuMTHas 4acTb cuaml F, — F,

PesyabTHpylomas cuna B3aMMOAEHCTBHUA (OTTAJKHUBAHMUA)

1 2
F=F,-F, =E(11_2‘/1_B2'
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3neKTpoma rHATHafs MHAYKUUNA
v

§ 9.1. 3aKk0oH 3JeKTPOMarHHTHOI HHIYKLIHH.
IIpaBuso Jlerna

B mpexpiaymieit riaBe Mbl YCTAHOBHJIM, UTO CYLIECTBYET 3JIEKT-
POMAarHMTHOE II0JIe, COOTHOLIEHNE MEXKAY «KOMIIOHEHTaAMH» KOTO-
poro — 3JIeKTPMYECKMM M MATHHTHBIM IOJAMH — B pelnalouiei
CTeIeHN 3aBHCHT OT CHCTE€MBI OTcYeTa. [pyrumMm cjaoBaMH, obe
KOMIIOHEHTHI 9JIEKTPOMAarHUTHOTO IOJIA CBA3aHBI APYr ¢ ApyroM. B
3TOI rjlaBe MBI YBHAWM, UTO CYIIeCTByeT elle OoJsiee riayOokas
cBA3p Mexkay E- u B-monsmMu n o6Hapy>XnBaeTcs OHa B ABJIEHHAX
3JIEKTPOMArHUTHON MHIYKIIMH.

OtkpeiTue Papanes. B 1831 r. ®apaneeM ObLIO CAEIAHO OTHO
u3 Hanbosiee GYHAAMEHTAJIbHBIX OTKPBLITHH B 3JIEKTPOAUHAMHUKE —
sABJeHUe IneKkmpomazhumuou undyxyuu. OHO 3akjOUaeTcsd B
TOM, 4YTO 8 3AMKHYMOM NPO60JAUeM KOHMYPe NPU UIMEHEHUU
maznumnozo nomoka (T. e. IOTOKa BeKTopa B), oxeéamwviteéaemozo
amum KOHMYypPom, 603HUKaAem INeKMPULeCKUI MOK — ero Ha3Ba-
JU UHOYKYUOHHBLM.

IToaBneHne MHAYKIHMOHHOrO TOKA O3HAYaeT, YTO IPH HM3MeHe-
HMM MarHMTHOIO IIOTOKA B KOHType BO3HMKaeT 3.0.c. undyxyuu €,
IIpu aToM BecbMa 3aMeuaTesleH TOT GaKT, 4To é; COBEpILIEHHO He 3a-
BHCHUT OT TOrO, KAKMM 00pas3oM OCYIIECTBJASETCA M3MeHeHHe Mar-
HHTHOrO noToka @, 1 omnpejeaseTcsa JHUIIL CKOPOCTHIO ero N3MeHe-
HHUA, T. e. BeanunHoit dd/dt.

A eme, n3ameHeHne 3Haka npoussoaHoit d®/d¢ npuBogUT K H3-
MEHEHHIO 3HAKa WM «HampaBieHUa» €;.

Papageit 00HAPYKHUJI, UTO HHAYKIIUOHHBIA TOK MOXXHO BbI3BATH
OBYMA pa3JHYHBIMM cnocobamu. HaabHeilimee mosicHAeTr puc. 9.1,
rae n3obpakeHnl katymka K ¢ TokoMm I (oHa co3gaeT MarHHTHOeE
moJyie) 1 paMKa P ¢ rajgbBaHOMeTpOM I°' — MHAWKATOPOM MHAYKIIM-
OHHOT'O TOKA.
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1-i cnoco6 — nepememesEne paMku P

(MM OTHEeJBHBIX ee dacTeil) B IoJe Hemo- K

OBMI)KHOI KaTymku K. AN ;_—ﬁ/
2-0 cnoco6 — pamka P HemoABMKHA, ] P—

HO M3MEHAETCSA MACHUTHOE [IoJIe — HJH 38  ~]

cueT ABM)KeHHMA KaTymku K, miam Bcienct-
BU€ U3MEHEHHUSA CHJbI TOKa | B Heil, NN B
pesyJabTaTe TOr0O M APYroro BMECTe. -ll-—él

Bo Bcex aTux ciayuaax raibBaHoMmerp I’
OyZeT NIOKa3bIBATh HAJINYNE HHAYKIUOH-
HOro TOKa B pamke P.

IIpaBnao Jleana. HanpaBieHne HHIYKIXOHHOIO TOKAa (a 3HAYHUT,
¥ 3HaK 3.A.C. MHAYKIMM) olpeneiaseTcd npasuioMm Jlemua: undyx-
YUOHHBLI MoK 6cezda Hanpasren makx, imobv. npomueodeiicmeo-
éambv npuiune, e2o éviaviéaroujel. lnaue rosopsi, MHAYKIMOHHBIN
TOK CO3Ja€T MArHUTHHIA HOTOK, NPENSATCTBYIOIINA N3MEHEeHHUIO Mar-
HUTHOr'O IIOTOKA, BLI3LIBAIOIEr0 3.A.C. MHAYKIIMH.

Ecin, sanpumep, pamky P (puc. 9.1) npubauikaTts K KaTyIOKe
K, To MarHATHBIA IOTOK CKBO3b paMKy Bo3pacraer. IIpm aroM B
PaMKe BO3HMKaeT MHAYKIMOHHLIN TOK, HaIpPaBJIE€HHBIN II0 YaCOBOM
CTpeJKe (ecJIM CMOTPETh CIpaBa Ha PaMKYy). 3TOT TOK CO3JaeT Mar-
HUTHBIA IOTOK, «HAanpaBJIEeHHLI» BJIeBO, OH M IPENsATCTBYET BO3-
PacTaHWI0O MArHMTHOTO IOTOKA, BBISHIBAIOIIErO 3TOT TOK.

To ke mpom30iijeT, €CJN YBeJINUYNBATH CHJIY TOKA B Karymke K,
OCTaBJIAA KATYIIKY U PaMKy P HenoABM>XHBIMHU. IIpH yMeHbIIeHUH
’Ke CHJIbI TOKa B KaTymke K MHIYKIOIMOHHBIA TOK B paMKe P m3me-
HUT CBOe HalpaBJieHHe Ha NOPOTHBOIOJIOXXHOEe (IPOTHB 4YacOBOM
CTPEeJKH, €CJIH CMOTDETh CIIpaBa).

NHAYKOUOHHBIE TOKM BO30Y)XZAIOTCA M B MACCHBHBIX CILJIOII-
HBIX NPOoBOAHMKaX. OHM MMEIOT BUXDPEBOM XapakKTep, X X Ha3bIBa-
10T moxamu Pyxo. 3TM TOKM MOTYT JOCTHUraTh OYEHb GOJIBIION
CHJIBI, YTO X MCHOJIb3YIOT (HaIpMMep, B HEKOTOPHIX TOPMO3HBIX CH-
creMax M Op.).

IIpaBuno JleHma BhIpa’kaeT CyYILIEeCTBEHHHIH (DHU3MUYECKU
haKT — cTpeMJIeHHe CHCTE€MbI IPOTHBOJAEHCTBOBATh N3MEHEHUIO €€
COCTOAHUA (31eKMmPOMAZHUMHAR UHEPYUS).

3aKo0H 3JIEKTPOMAarEMTHOM MEAYKIMH. COryIacHO 3TOMY 3aKOHY,
KakKoBa Obl HM OblIa IPDUYMNHA M3MEHEHMsS MAarHUTHOI'O IOTOKAa, OX-
BaThIBA€MOI'0 3aMKHYTBHIM IIDOBOSAIIMM KOHTYDOM, BO3HHMKAKOIAA

Puc. 9.1
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B KOHTYype 3.4.C. HHIVKINH ompenenderca PopMyJsoi

dt

. (9.1)

3HaK MHHYC B 3TOM YPaBHEHHH CBA3aH C OIpeAeJeHHBIM IIpaBH-
JIOM 3HAKOB. 3HAK MarHUTHOro moroka @ cBas3aH ¢ BEHIGOpOM HOp-
MaJIi K IIOBEPXHOCTH S, OTDAaHNYEHHOH pacCMaTPMBAE€MBbIM KOHTY-
poM, a 3HaK 3.1.C. HHAYKOHUH €, — ¢ BBIGOPOM IIOJOXUTEIbHOrO Ha-
npaBjeHNs 00XoZa I0 KOHTYDY.

3mech mpeamosaraerca (Kak U paHee), YTO HaIlpaBJIe€HNE HOPMa-

JI N K MOBEPXHOCTH S K IOJIOXKUTEJIbHOE HaIpaBJIe-
HHe 00X0Ja KOHTYpa CBSA3aHLI APYT C ADYI'OM IpaBH-
n0oM npaéozo BuHTA (puc. 9.2). IToaTomy, BHIOMpas
(Ipou3BOJIBbHO) HaIpaBJeHNe HOPMAaJW, MBI OIIpefe-
+ JIeM KakK 3HaK IoToKa P, Tak M 3HAK (a 3HAYHUT, U

Pue. 9.2 «HaIpasJeHHe») 3.4.c. HHAyKnun §,.

IIpn cmenamHOM HamMu BbIOGOpEe IOJIOXKHUTEJNLHBIX HAIIpaBie-
HUl — B COOTBETCTBHUHY C IIPABUJIOM IIPABOr0 BUHTA — BEJNYMHBI §,
n d®/dt uMeOT NPOTHBOMOJIOKHBIE 3HAKH.

EnnEnneit MarHNTHOro IOTOKa ABIseTca 6ebep (B6). Ilpm cko-
POCTH M3MEHEHMs MAarsEuTHoro moroxa 1 B6/c B KOHTYype MHAyOH-
pyerca 3.x.c., paBHaa 1 B [cm. (9.1)].

ITonHBIN MAarEMTHLIH NMOTOK (mMOTOKOocCLerenne). Ecian 3aMkRy-
THIIl KOHTYP, B KOTOPOM MHAYOHMPYETCA 3.4.C., COCTOUT He M3 OJHO-
ro BUTKAa, a U3 N BUTKOB (Hampumep, KaTymka), To €, Gyaer paBHa
cyMMe 3.4.C., MHIYOUPYEMBIX B Ka)XKJOM M3 BUTKOB. 1 ecam mar-
HHTHBIA IIOTOK, OXBATHIBA€MBIN KaXXIbIM BHUTKOM, OOJMHAKOB H pa-
BeH P;, TO CyMMapHBI# MOTOK P CKBO3b IIOBEPXHOCTh, HATAHYTYIO
Ha TaKO# CJOXXHBIH KOHTYD, MOXXHO IIDEJCTAaBHUTh KaK

@ = ND,. (9.2)
STy BEJIMYNHY HA3bIBAIOT NOAHBIM MAZHUMHKHBIM NOMOKOM NN

nomoxocyenneiuem. B 3TOM ciydyae COOTBeTCTByIOLIas 3.4.C. HH-
IYKOUN B KOHType ompegenaserca corjgacHo (9.1) dopmy.oit

2 - _n3%
' de

n

. (9.3

* Ecuu 661 06a 3TH HanpaBJeHNUs GblJIM CBA3aHbI IPABHJIOM JIEBOrO BUHTH, 3HAKA MH-
Hyc B ypaBHeHUH (9.1) npocTo He 6blyio 6ut.
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§ 9.2. IIpupoga 3J€eKTPOMArHMTHOH MHIYKIMH

Teneps MBI JOJKHBI pa306paThCa B TeX QU3NUECKUX MPUYNHAX,
KOTOphIe IPUBOSAT K BOSHUKHOBEHHIO 3./.C. MHAYKINH, U MIONBITA-
ThCA BLIBECTH 3aKOH MHAYKIHUH (9.1) 13 TOro, 4To HaM y’Ke M3BECT-
HOo. PaccMoTpuM mocJiefoBaTeNbHO JBa Ciaydas.

KorTyp ABMKeTCH B IOCTOSHHOM MAarEMTHOM moJe. [Ipexxne
Bcero oOpaTMMcA K KOHTYPY C IOABHMXKHOM

nepeMbluKoil gauHOoi# [ (puc. 9.3). Ilycts ox E'=[vB]
HaxXogUTCA B OJHOPOAHOM MarHMTHOM IIoJe,

NIepHeHANKYJIAPDHOM IIJIOCKOCTH KOHTypa M m
HaIpaBJeHHOM 3a IIJIOCKOCTb pHCYHKA. g v
HauynemM pgBMrath nepeMBIYKY BIpPaBO CO

ckopocThio v. C Takoil ke CKOPOCTBIO Had- Puc. 9.3

HYT JOBHUTQTbCA M HOCHTEJH TOKa B IIepe-

MBIYKe — 3JIEKTPOHBI. B pesynbTaTe Ha KaXAbIH 3JEKTPOH HAUHET
AeiCTBOBaTh BAOJIb IlepeMbIYKM MarsuTHasa cuiaa F = —e[vB], n
3JIEGKTPOHBI HAUHYT IePeMeIaThCA M0 IepeMbluKe BHU3 — IIOTEeYeT
TOK, HaIlpaBJIEHHLI BBepX. JTO ¥ €CTh HHAYKIMOHHBIN TOK. Ilepe-
pacupefeIuBIINecs 3apAgbl (Ha MIOBEPXHOCTH IIPOBOAHMKOB) CO3Ja-
AyT 3J€KTPUYeCKoe II0Jie, KOTOpoe BO3GYAMT TOK M B OCTAJbHBIX
y4JacTKax KOHTypa.

MaruutHaa cuaa F urpaer poab croporHei cuiasl. Eif coorser-
creyer none E* = F/(—e) = [vB]. BameTuM, 4TO 3TO BhIpaXKeHHe
MOKHO IOJYYHTh M C IOMOWbI0 (PopMya mnpeobpa3oBaHHUS IIO-
aeit (8.4).

I[upkynanus BekTopa E* mo KOHTYDyY AaeT 1o ompejeseHHUIO Be-
JUYNHY 3.4.C. HHAYKIUK. B Hamewm ciyuae

€, =— vBl, (9.4)

rge 3HaK MHHYC IIOCTaBJIEH B CBA3N C IIDHHATBHIM IIDAaBHJIOM 3HAa-
KOB: HOpMaJIb N K HOBEPXHOCTH, HATSHYTON HA HAIl KOHTYD, MBI
BBIOpAJIN 3a MJIOCKOCTh puc. 9.3 (B cTopoHy moasa B), m moatomy mo
NpaBMJly IHPaBOr0 BHHTA IIOJIOXKUTEJIbHOE HaIpaBjeHHe o6xozna
KOHTYpa — II0 YaCOBOH CTpeJIKe, KaK IIOKa3aHO Ha PUCYHKe. IIpm
3TOM cTOpPOHHee mojie E* HampaBjieHO MPOTHB MOJIOXKUTENILHOTO HAa-
npaBieHusa 06Xxoga KOHTypa M €, — BelMuMHA OTPUIATENbHASA.
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IIpoussenenue vl B (9.4) ecThb mpupameHne IJIOMAAMN, OTPaHHU-
YeHHOH KOHTYpOM, B eauHHOy BpemeHu (dS/dt¢), moaromy vBIl=
=BdS/dt = d®/dt, rae d® — npupameEne MarENTHOI'O IOTOKAa
CKBO3b IIOMaAb KOHTYpA (B HameM cayuae d® > 0). Takum obpa-
30M,

€, = - dd/dt. (9.5)

MooxxHO B 00lIEeM BHAe OOKa3aTbh, 4TO 3aKOH (9.1) cnpasenmams
JJisA J11060r0 KOHTYpa, ABHIKYIIErocs MIPOU3BOJbHBIM 06pa3oM B HO-
CTOAHHOM HEOZHOPOZHOM MAarHEMTHOM IoJie (cMm. 3agauy 9.2).

Hrak, Bo36yxaAeHHNE 3.4.C. MHAYKIUN OIPH JBHKEHNH KOHTypa B
IIOCTOAHHOM MAarHUTHOM I10JIe 06bACHAETCA JeHiCTBHEM MarHEUTHOM
cmiabl o [vB], KoTOpas BO3HHMKAaET ONPH JBH)XEHHUH IPOBOSHHUKA.

3aMeTHM IONYTHO, YTO MAesa cxXeMnl (puc. 9.3) JIeXKUT B OCHOBE
JeHCTBHUA BCeX MHAYKIMOHHBIX I'eHEPATOPOB TOKa, B KOTOPBIX DO-
TOp ¢ OOMOTKO# BpamjaeTcsi BO BHEIIHEM MArHHTHOM IIOJIe.

KoHTyp nmokonTcs B nepeMeHEHOM MarEMTHOM IoJie. Bo3HMKHO-
BeHNEe MHAYKOMNOHHOIO TOKA M B 3TOM CJIy4ae CBHIAETEJIbCTBYET O
TOM, YTO M3MEHAIOMIeecs BO BpeMeH! MarHUTHOE II0JIe BHI3HIBAET B
KOHTYype MOsABJIeHHe CTOPOHHMX cuja. Ho yro aTo 3a cumanl? KakoBa
ux opupoga? SIcHO, 4TO 3TO He MarHUTHLIE CHJIBI o [VB]: mpuBecTn
B IBM)KeHMe nmokousmuecs (v = 0) sapagsl 3TH cHIbl He MoryT. Ho
apyrux cuia, kpome gE n g[vB], Her! OcTraercs 3aKII0YUTDH, YTO MH-
OAYKOMOHHBIA TOK OGYCJIOBJIEH 803HUKANOUWUM B IIPOBOJE 3JEKTDH-
yeckuM noJsiem E. IMeHHO 3TO IOJile M OTBETCTBEHHO 3a MOABJIEHHE
3.A.C. MHAYKONH B HEOJBMXKHOM KOHTYype IIPM U3MEHEHHH BO Bpe-
MeHHM MAarHWUTHOTO IOJIA.

MaxkcBeJJI IPeAIoI0XKHI, YTO N3MEHAIOmEeeca BO BpeMEeHH Mar-
HUTHOE II0Jle IPMBOAUT K IOABJEHHNIO B IPOCTPAHCTBE 3JIEKTpHYe-
CKOro IOJIT HEe3aBUCHMO OT HAJIWYMA NPOBOAAMIEro KoHTypa. Ilo-
CJeHHH JIMIIb TO3BOJISIET OOHADY)XHUTb IO BOSHMKHOBEHHUIO B HEM
WHAYKOVUOHHOr'O TOKAa CYILIECTBOBAHKE 3TOr'0 3JIEKTPHUYECKOTO IOJIA.

TaxkuM oOpa3oM, coriacCHO MakcBeJsly M3MeHAINIIeecd CO Bpe-
MeHeM MarsWTHOe IOoJe IOPOXKAaeT dJeKTpuueckoe moiue. I[upky-
aanua Bektopa E aToro mossA mo Jo60My HEDOABMIXKHOMY KOHTYDPY
ompeneiseTcaA Kak

oo

$Edl = (9.6)
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31ech CHMBOJI YACTHOM MPOM3BOAHOM MO BpeMeHH (0/0t) moauep-
KHMBaeT TOT (HaKT, YTO KOHTYD M HATAHYTasA HAa HEro MOBEePXHOCTH
HenoABMXHBI. Tak Kak moTok @ = f B dS (uHTErpHpOBaHME IIPOBO-
OUTCSA MO IPOM3BOJBLHON MOBEPXHOCTH, HATAHYTOH HA HHTEpECYIO-
muit Hac KOHTYP), TO

2 [Bds= _[ 9B ss.
ot ot
B 3TOM paBeHCTBe MBI IOMEHSAJIM MeCTaMH onepanuy auddeper-
IMPOBAHUA MO BpEMEHM M HHTErPDUPOBAHHA IO IOBEPXHOCTH, IO-
CKOJIbKY KOHTYD M IIOBEPXHOCTb HENOABMXKHEI. Toraa ypasHeHUe
(9.6) MO)XHO HmpeACTaBHUTbL B BHAE

$Edl = - B s. 9.7
ot

IanHoe ypaBHeHHe HMeeT Ty Ke CTPYKTYpY, uTo u ypaBHeHue (6.17),
npuYeM poJib BeKTopa j urpaetr BekTop —0B/dt. Crano GbITb, OHO MOIKeT
611TH IpeoGpasoBaHo B AuddepeHInaNbHYIO GOPMY Tak Ke, KAK U ypaBHe-
HHe (6.26). 1 B peaynbTaTe MBI NMOJYYUM

VxE = - 0B/ot. (9.8)

9To ypaBHEHME BBHIPAXKAET NOKANbHYIO CBA3b MEKAY IJIEKTPUUYECKUM U
MATHUTHBIM NOJAMU: U3MeHeHue noas B Bo epemenu 6 dannoii mouke
onpedensem pomop nons E 6 amou ae mouxe. Ornnune sxe Vx E or nyna
CBHJETEJLCTBYET O HAJUYUM CAMOTO 3JEeKTPUUYECKOTo MOJA.

ToT paKT, 4YTO MUPKYIAINSA JEKTPHUUYECKOI0 MMOJIA, BO3OYxaae-
MOr0 M3MEHSIOMHMMCA CO BpeMEHEeM MATrHWTHBLIM II0JIeM, OTJIMYHA
OT HYJIsS, 03HAYAET, YTO 3TO JIEKTPHUUECKOE M0JIe He IOTEeHIMAILHO.
OHO, KaK M MarEHNTHOE IOJIe, SBJASETCA Guxpedvim. Takum obpa-
30M, 3JIEKTPUYECKOEe II0JIe MO)XKeT ObITh KaK NOTeHIHAaJbHBIM (B
3JIEKTPOCTATHKE), TAK M BHUXDEBBIM.

B o6meM cayuae amextrpuueckoe mosie E Moxxer ciaratbeda ua
3JIEKTPOCTATHYECKOr0 IOJA M I0Js, OOYCJIOBJIEHHOTO H3MEHSIO-
mMuMcA BO BPEMEHHM MArHUTHBIM mojieM. IIocKONMBKY mupKyaanus
3JIEKTPOCTATHUYECKOr0 IOJSA PaBHA HYMIO, ypaBHeHHA (9.6)—(9.8)
OKAa3bIBAIOTCA CIPABEAJMBLIMH M IJA O0mMeEro ciaydas, KOrga ImoJie
E npeacraBiasfer co0oif BEKTOPHYIO CyMMy 3THX ABYX noJiei.
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BeratpoHs. BuxpeBoe ajieKTpHUYeckoe I0Jle HAIJIO 3aMedyaTesIbHOe NpPH-
MeHeHHe B MHAYKLIMOHHOM YCKOpHTeJe 3JeKTPOHOB — Gemampore. ITOT
YCKOPHTEIb COCTOUT U3 TOPOMAAJILHOM OTKAYAHHOM KaMephl, PACIIOJIOKEH-
HOM MexIy mnojocaMu 3jeKTpomarHura (puc. 9.4).
HaMeHeHHe TOKa B 0GMOTKE 3JIEKTPOMATHUTA CO3KaeT
epeMeHHOe MAarHUTHOe IIojle, KOTOpOe BBI3hLIBAET
BHXDEBOe 3JEeKTPUYECKOe I0Jie, YCKOpAllee 3JIEeKT-
POHEI, U OXHOBPEMEHHO yZAEp>KMBAaeT 3JeKTPOHHI Ha
PaBHOBECHO# KPYroBoii op6HTe ONpefeIeHHOrO pagu-
yca (cMm. 3agauy 9.5). Tak Kak sjieKTpHYecKoe IoJe
BUXpeBoe, HAaIpaBjJeHHe CHJbI, AeiCcTByIolLleil Ha
3JIEKTPOHBI, BCe BpPeMA COBIIAJAET C HAIpaBJeHUEM
OBUKEHUA M 3JEKTPOHhI HelpePhIBHO YBEJWUYHMBAIOT CBOIO 3HEpPruio. 3a
BpeMs HapacTaHHUs MATHUTHOTO I0JA (~ MC) 3JIEKTPOHBI YCIEBAIOT CAeIaTh
IO MMJIJIMOHa 060pPOTOB M NMpHOGpETaloT 3HEPTruio, KOTOpas MOXKET JOCTH-
rats 400 MsB (CKOpOCTL 3JIEKTPOHOB IIPHM TAKHX JHEPrHAX CTAHOBHUTCA
[IOYTH PAaBHOM ¢ — CKOPOCTHM CBeTa B BaKyyMme).

HuayknnoHHEIR yckopuUTeab (6eTaTpoH) moxobeH TpaHchopMaTopy, Yy
KOTOPOTrO DPOJIb BTOPHYHOM OOMOTKH M3 OZHOTO BUTKA UIpaeT NYYOK 3JEKT-
POHOB. .

3akaiouenne. VTak, 3aKOH 3J1eKTPOMArHUTHOMH mEAYKONH (9.1)
cIopaBeAJINB, KOrZa MAarHUTHLIM IIOTOK CKBO3b KOHTYD MEHSIETCS 3a
cYeT ABMXKEHUS KOHTypa HUJIM 34 CYeT U3MEHEeHUsd MAarHUTHOTO II0Js
CO BpeMeHeM (MM Koraa IMpPOMCXOAUT M TO M Apyroe). Bmecre ¢ TeM
Ias o0bACHEHNA 3aKOHA B 3THX ABYX CJAyYafAX MPHUIILIOCH MCIIOJb-
30BaTh ABA COBEPINEHHO PA3HbLX SAABJIEHUSA:. AJIS ABUIXKYLIErocsd KOH-
Typa — HAeiicTBMe MarHUTHOM cuibl o [vB], a ana MeHAIOImEroca Bo
BpeMeHH noJaA 0B/0t — mpeacTaBieHHe O BOBHHKAIOIEM BHXPEBOM
3jleKTpruyecKkoM moJe E.

BBuay TOro uT0 HMKAKOro eIMHOro riIyo00oKOro mpmEONNa, o0be-
IuHALIero o6a sABJeHNA, He BUAHO, MBI JOJIXKHBI BOCIPHMHHUMATH
3aKOH 9JIeKTPOMArHHTHOM HMHAYKIHUK KaK COBMeCTHBIN 3ddexT
IBYX COBEpPIIEHHO Pa3JNYHBIX ABJeHUH. Ob6a aTu ABIeHNs, BooOIIIe
roBOpsi, HE3aBUCHMBEI APYT OT Apyra, ¥ TeM He MeHee — 4YTO YAUBHU-
TeIbHO — 3.A4.C. HHAYKIUH B KOHTYpe Bcerga paBHa CKODOCTH M3-
MeHeHUs MAarHMTHOrO IOTOKa CKBO3b KOHTYD.

HNEaue ropopsa, B Tex caydasax, Korga MeHserca u moie B Bo
BpeMeHH, M KOHQUrypanus HJIM DaCHOJIOKeHHe KOHTypa B IoJe,
3.A.C. HHAYKIMK HAJ0 PAacCYUTHIBATh 1o ¢opmye (9.1), rae copaBa
CTOMT moJHasa npomsBogHad dP/d¢t mo BpeMeHH, aBTOMATHUYECKH
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yuuThiBalomas o6a ¢pakropa. B cBa3m ¢ atum 3akoH (9.1) MOXKHO
IPEeACTABAThL B TAKOM BHAE:
oo

Edl =-— +®[vB]dl . (9.9)
fear -2

Bripa)xeHne, crosimee B IIpaBOif 4acTH 3TOr0 paBeHCTBA, IpeS-
craBaser coboif moaHyIo npoussBogayio —d®/dt. 3gecy mepsoe cia-
raeMoe CBA3aHO ¢ U3MEHEHHMEM MAarHUTHOI'O IIOJISI BO BPeMEeHH, BTO-
poe — c IBM)Ke€HHEeM KOHTypa. IIpomcxoixkaeHre BTOPOro cjaraeMo-
ro 6osiee moapoOHO 0o6BsACHEHO B 3amaue 9.2.

Bo3moxHbIEe 3aTpyaHEeENsa. HOrAa IPDUXOANTCA CTAJIKHBATBCS C
CHUTyaOMsaMH, I'le 3aKOH 3JIeKTPOMATHHTHON MHAYKONH B ¢opme
(9.1) okasriBaeTcss HEIPHMEHNMBIM (B OCHOBHOM H3-3a TPYXHOCTEIH,
CBA3aHHBIX C BRIOOPOM caMoro KoHTypa). B aTux ciayuasx Heob6xo-
IuMo ofpamaTbCA K OCHOBHBIM 3aKoHaM — cuiae Jloperma
qE + ¢[vB] n 3akorny V x E = -3B/0t. IMeHHO OHH BO BCeX CIy4asx
BBIpAXKAIOT (HPU3UYECKOe COAep)KaHMe 3aKOHA IJIEKTPOMArHUTHOMH
MHIYKIIAH.

BoT gBa moyumTeJbHBIX IpHMepa.
IIpumep 1. IIpoBogsainyio JeHTY mnepeMe-

LHIA0T CO CKOPOCTBIO U 4Yepeal ob-
JacThb, B KOTOpOI‘:I HMeeTCs Mar-
HuTHoe noJye B (puc. 9.5). droix
06saCcTBIO Ha PHUCYHKe SBJIAET-
Ccs OTMEYEeHHHIH TOYKaMH Kpy- Puc. 9.5

OK, rme Iioje B HaIlpaBJIEHO

Ha Hac. I‘ansnanome’rp r IIOAKJIIOYEH K HEeIIOABHXHBIM KOHTAaK-
TamM (c'rpenxaM), C KOTODPBIMM COIIpDHKAacaeTCcs ABHXXYylLlasacs
JIeHTa. BYJIET JIM rajJbBaAaHOMETp IIOKa3blBaTh HaJlH4yYUe TOKa?

Bonpoc Ha nepamﬁ B3IJIAL KaXeTCsA He INIPDOCTHhIM, ITOCKOJIBKY
3eCb 3aTPYOAHHNUTEJIBHO Bl:lﬁpa'l'b caM KOHTYD: Heé ACHO, rage ero
«3aMKHYTb» B JIEHTE€ 1 KaK 3TOT YyYaCTOK KOHTypa IO0JIJ)KeH BecC-
TH cebsa IIpA IBHXKEHHUH JIEHTHI. OxHAKO ecau MBI 06paTHMCH K
cuJe JIopeHua, TO CTaHeT cpa3dy Xe INOHATHO, YTO JJIEKTPOHHI B
nnumyl.uei&ca JIEHTEe 6y11y'r cMellaTbCA BBepX, U 3TO AACT TOK B
uemny, Hanpasnennmﬁ 10 4acoBo# CTpeJIKe.

3aMeTHM, YTO HMJeA 3TOTrO OMBITA Jerja B OCHOBY CO3JaHHA
Mmaznumozudpodurnamuvecxozo 2zenepamopa (MI'IT), B koro-
POM HCIIOJIb3YeTCS METOA IPAMOro IpeBpallleHNd BHYTpPeHHeMH
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(TemIoBOl) 9HEpPrUM B BJIEKTPHUYECKYI0. BMecTo mpoBozsiueit
JIEHTHI TaM ¢ G0JIBIIONH CKOPOCTHIO IIPOAYBAIOT IIJIa3My (OHa co-
CTOHUT U3 3JEKTPOHOB H IOJOKHUTEJbHbIX MOHOB). B ocrasbHOM
BCce OOCTOHUT TaK ’Ke, KaK U [IJf IPOBOXAILIEH JIEHTHI.

IIpumep 2. Ha puc. 9.6 oTMeueHHBI# TOUKAMM KPY/KOK IIOKa3bIBaeT 00-

JIaCTh, B KOTOPO# JIOKAJM30BAHO ITOCTOSHHOE MAarHUTHOE IoJIe
B (oHO HampaBJIeHO NEePIEeHAUKYISAD-
HO IIOCKOCTH DHCYHKA&). JTa 00J1acTh
OXBaThIBaeTCA HEMOABMKHLIM MeTaJl-
anyeckuM kKoubuoM K. IlepemecTtus
CKOJIB3fAIIIMe KOHTAKThl Ha JIpYrylo
CTOpPOHY KOJIbIla, Mbl BBeleM MAarHHUT-
HBIA nToTOK @ B 3aMKHYTBI# KOHTYD,
comepakamuit raabBaHometrp I' (I —
HCXOLHOE TOJIO}KeHHe, 2 — KOHed-
Hoe). ITokaskeT U IIpU 3TOM raJjbBa-
HOMETP MMIYJbC TOKa?

'~
-
it

Puc. 9.6

IIpumenssa dopmanbHO 3akoH (9.1), MBI JOJKHBI 3aKJIIOUYHUTH,
4yTO MHAYKIMOHHBIN TOK 6ymer. Oguako 3To He Tak! Toka Her,
u6o 3gech u dB/0dt, u cuna JlopeHna paBHBI HyJI0: moje B mo-
CTOSAHHOE U 3aMKHYTBI# KOHTYD IlepeMelljaeTcs B 00J1aCTH, rie
HeT MarHuTHoro noas. Takum o6pa3oM, 3aech HET HM OLHOM U3
IBYX HU3NYECKUX NIPUYMH, JIeXKAIUX B OCHOBE 3aKOHA 3JIEKT-
POMATHUTHOM MHAYKIUH.

O kaxkymemcsa mapagoxce. Mbl 3HaeM, YTO CHJIa, HCILIThIBae-
Masl 3JIEKTPUYECKHM 3apAJOM B MATHHUTHOM IIOJIe, IePIEeHIANKYJIAD-
Ha ero CKOpPOCTH ¥ IOTOMY HHKAaKOM paGoThl He coBepiiaer. Mexay
TeM NpH IBM)KEHHH IIPOBOAHHMKA C TOKOM (ABHMIKYIIHECHA 3apAAbl!)
cuabl AMnepa, HECOMHEHHO, COBEpPIIAOT paboTy (3aeKTpoMoTop!).
B uem 3mech geno?

9TO KaKyleecsa IPOTHBOpeUNe NCUE3aeT, €CJIN YUeCThb, YTO IBH-
’KeHHe NPOBOAHMKA B MAarHHTHOM IIOJie HeM30eXXHO COIPOBOXKIAET-
Csl SABJIEHUMEM 3JIEKTPOMArHMUTHOM MHAYKIUH. VI MMEeHHO moToMmy,
YTO B NPOBOAHHKE HHAYIMpPYeTCA 3.A4.C., COBepluamolas pabGoTy
HaJ 3apAfaMH, NoJHasA pabora CHJI MarHUTHOro nojs (pa6ora CHJIBI
Awmnepa u pa6ora 3.4.C. HHAYKIHUHN) paBHA HyJa10. B camoMm gene,
IIPH 3JIEMEHTApPHOM Ie€peMEeIeHHH KOHTypa C TOKOM B MarHUTHOM
moJsie cuibl Ammnepa coBepmaroT (cMm. § 6.8) pabory

84, =1d®, (9.10)
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a 3.A4.C. HHAYKINN 3a 3TO JX€ BpeMsA BBINOJHSET pa60'ry

rae yureHo, 4to §, = —dd/dt. I3 mocregHNX ABYX (hopMys BHAHO,
yTo moJiHadg pabora
5AA+§A1= 0. (9-12)

Hrak, B paboTy CHJI MATHHUTHOrO IIOJIS BXOAWUT HE TOJBKO MeXa-
HH4YecKasa pabora (oOycioBieHHas cuiaaMu Ammepa), HO u pabora
3.A.C., MHAYOUPYEMO IPN ABHXXEHUH KOHTypa. O6e paboThl paBHBI
II0 MOAYJIIO M IIPOTHBOIIOJIOXHEI II0 3HAKY, IO3TOMY MX CyMMa M
paBHA HYJIO.

PaboTa cny AMnepa coBepmaeTcs He 3a CUeT 3HEPTruH BHEITHETO
MarHUTHOTO IIOJIA, 4 3a CUeT MCTOYHHMKA, IOAAEeP>KUBAIOIIEr0 TOK B
KOHType. IIpK1 3TOM MCTOYHMK COBepINaeT AOMOJHHUTEJbHYIO paboTy
npomué 3.a.c. ueAyKOUN dA”" = —§, Idt = IdD, KoTOpas okasniBa-
eTcA ONMHAKOBOM c paboroit 84, cun Ammepa.

PabGora 34, KoTopas coBepmaeTcs NPH NepeMeIleHHN KOHTypa
IIPOTUB TOPMO3AINIUX aMIIEPOBLIX CHJ (OHM BO3HHMKAIOT GJaromaps
MOABJEHUI0 HHAYKIHOHHOTO TOKA B COOTBETCTBHH C IIPAaBHJIOM
Jlerna), npeobpasyerca B paboTy 3.4.C. HHAYKIIHH:

8A = — 8A, =04, (9.13)

C sHepreTH4ecKoil TOUYKHM 3DEHHMSA B 3TOM 3aKJIOYAeTCs CYII-
HOCTb OeHCTBHA BCeX HHAYKIMOHHBIX I'eHEPATOPOB TOKA.

§ 9.3. fIBn1eHENMe caMOMHIYKUHMH

ONeKTPOMarENTHAsA HHAYKIHWA BO3HMKAET BO BCeX CJIydYasX,
KOrja M3MeHSEeTCs MAarHUTHHIM NIOTOK CKBO3b KOHTYp. IIpm atom
COBEpPIIEHHO He Ba)XHO, UeM BHIBLIBAETCA 3TO M3MEHEHHE IIOTOKA.
Ecin B HEKOTODOM KOHType TeueT M3MEHSIOMMHACA BO BPEMEHU
TOK, TO MArHUTHOE I10JIe 3TOr0 TOKA TaKXXe GyAeT N3MEHATbCA. JTO
BJeYeT 3a coboil M3MeHeHHe MArHMTHOIO IIOTOKa 4Yepe3 KOHTYP,
a cjIefoBaTeJbHO, M NOABJIEHHE 3.4.C. MHAYKIIWH.

Taxum o6pa3om, U3MeHEeHHEe TOKa B KOHType BeleT K BOSHMKHO-
BEHHUIO 3.1.C. HHAYKINH B 3TOM K€ CaMOM KOHType. [laHHOe siBJIE-
HHUe Ha3bIBAIOT camoundyrxyuei.
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HregyxTuBaOCTh. ECTM B IpOCcTpaHCTBE, Ir'l¢ HAXOANTCA KOHTYP C
TOKOM I, HeT (heppOMarEeTHKOB, moJe B, a 3HaUNT, ¥ MOJHBIA Mar-
HUTHHIA mOoTOK @ uyepe3 KOHTYp OYyAYyT IPONOPOMOHAJIbHHI CHJE
ToKa I, ¥ MOX>XHO HAaIHCaTh

®=LI, (9.14)

rae L — xoaddpunuerT, Ha3IBaAEMbIi UHOYKMUBHOCMbIO KOHTYDA.
B coOoTBeTCTBMH C IPMHATHIM IPABHJIOM 3HAKOB A BeanuuH P u [
okasnIiBaeTcd, uTo @ um I Bceraa MMelOT OAMHAKOBhHIE 3HAKH. ITO
03HAYaeT, YTO MHAYKTHUBHOCTh L — BeJWYHHA CYIIECTBEHHO IIOJIO-
JKHUTEJbHAA.

HepykTuBEOCTE L 3aBHCHT OT (OPMBI M pasMepoB KOHTypa, a
TaK)kKe OT MATHUTHBIX CBOMCTB OKpYy>Kalomeil cpeanl. Ecau KOHTYp
KeCTKMI M mo6GJIHU30CTH OT Hero HeT (eppOMATHETHKOB, HHAYKTHB-
HOCTb ABJAETCA BEJNUYNHON IOCTOAHHOI, He 3aBHCAMEH OT CHJIBI
ToKa I.

Enuanneit maayxktuBHOCTH ABAsAeTcA 2enpu (I'm). Cornacuo
(9.14) nrayxkTuBHEOCTHIO 1 I'H 061aKaeT KOHTYP, MArEUTHBIH IOTOK
CKBO3b KOTODPHIH py ToKe 1 A paBeH 1 B6, sgaunt 1 I'e = 1 B6/A.
IIpumep. HaiineM HHAYKTUBHOCTb COJIEHOUZA, peHebperas KpaeBhIMH 3(-

dexramu. Ilycts V — o6beM coseHoHna, n — YMCJIO BUTKOB Ha
€ANHHLYy ero NJJINHbI, | — MaArHUTHada INPpOHHIIaeMOCTh BellleCTBa
BHYTPH COJIEHOHzAa.

Cornacuo (9.14) L = @/I. CnenoBaTesbHO, 3ajauya CBOTUTCA K
TOMY, 4TOGHI, 3aJaBLINCh TOKOM I, ONIpeesINTh MOJHBIH MarHuT-
Hulif motok ®. Ilpm Toke I MarHMTHOoe moJie B cojeHouae B =
= puonl. MarHMTHBIA IOTOK dYepe3 ONMH BHTOK COJIeHOMIA
@, = BS = puynlS, a noaHBI# MATHUTHBEIA OOTOK, IPOHHU3BLIBAIO-
mit N BUTKOB:

® = N®, = nl - BS = ppyn’vl,
rae V = Sl. Orciofla MHAYKTHBHOCTb COJICHOMJA
L = ppon’v. (9.15)

O HexkoTOphIX TpyaHOCTAX. OTMETHM, UTO ompefejieHHe MHAYK-
THBHOCTH 0 opmyie L = @/I cBA3aHO ¢ onpeAeJeHHRIMHA TPYAHO-
cramu. Kak 6u1 H1 GBIJI TOHOK IIPOBOJ, €ro CeYeHNne KOHEYHO, ¥ MEI
IIPOCTO He 3HaeM, KaK HAAO0 IPOBECTH B Tejie MPOBOJHUKA reoMeT-
PHUYEeCKMif KOHTYp, HeoOXOoaAMMEIi Ansa BhiuucjaeEnsa @. Pesyabrar
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OKAa3bIBaeTCA HEOAHO3HAUYHBIM. [[JIA JOCTATOYHO TOHKOI'O IPOBOJA
3Ta HeOAHO3HAUHOCTh MAJIO CYI[eCTBeHHA, Yero COBEpPIIeHHO HeJb-
31 CKas3aTh O TOJCTHIX IPOBOAAX: 3JeCh H3-3a HeONpeAeJeHHOCTH
BHIOOpPa reOMEeTPHYEeCKOro KOHTypa pe3yJbTaT BhIYMCJIeHHS L Mo-
KeT cofiepkaTh 6oapmyio omuoky. O6 3ToOM He caeayeT 3a6LIBATE.

Hanbpme (cMm. § 9.5) Oymer mokasaHO, YTO CYIIECTBYeT APYroi
croco6 onpezeneENs L, MOJHOCTHIO CBOOOAHBIN OT YKa3aHHOM TPYyA-
HOCTH.

9.4.c. caMOMHAYKIMH. [Ipn M3MeHeHMH CHJIBI TOKA B KOHTYpe
coryacHO (9.1) BO3HHMKAET 3.4.C. CAMOMHAYKIIMK CeSE,:

oo d

¢, =-—=-—(LI). 9.1
0 =~ = 5 ED (9.16)

Ecam npm m3MeHeHMM TOKAa MHAYKTHUBHOCTBL L OoCTaeTrcs IOCTO-
AHHOM (He MeHsleTcA KOH(Urypamus KOHTypa M HeT (peppoMarse-
THKOB), TO

€, =—Lfiu—t (L =const). (9.17)

3nech 3HAK MHHYC IIOKa3bIBAET, YTO §, Bcerqa HampaBjeHa Tak,
4yTOOB! IPENATCTBOBATH U3BMEHEHHNIO CHUJIBI TOKA — B COOTBETCTBUU C
npaBuioM JleEnma. dTa 3.4.C. CTPEMHUTCA COXPAHUTh TOK HEU3MEH-
HBIM: OHa NIPOTHUBOJAEHCTBYeT TOKY, KOria OH YBeJIMYUBAETCHd, U
IIOAAEep>KUBAET TOK, KOrja OH yMeHbIIaeTcs. B sBJIeHUAX CAMOMH-
AYKIOUN TOK o0JazaeT «MHepIHeHd», MOTOMY 4YTO 3 (PeKTh MHAYK-
IMU CTPEMATCHA COXPAHUTH MArHUTHBIN IIOTOK NOCTOSSHHBIM, TOYHO
TaK ’Ke, KaK MeXaHHYecKas WHEpPOUs CTPEMHUTCS COXPAHHUTh CKO-
pOCTh Tejla HEeM3MEHHOM.

IIpuMeps! NPOABJIEHMS CAMOMHAYKIIMM. XapaKTepPHbIE IIDOAB-
JIeHHA CAMOMHAYKIUU HAOJIIOZAIOTCA NIPH 3aMBIKAHUU U Pa3MBIKAa-
HUM TOKa B I[eIM. YCTAHOBJEHHE TOKA IIPH 3aMbIKAHMU IEeMH M
yOpIBaHME TOKA IPHM PA3MBIKAHUHY [ENU IPOUCXOAAT He MI'HOBEHHO,
a moctenesHo. [Iprmuem 3T a¢p¢peKTh 3aMeIeHNA TeM 3HAYUTE Ib-
Hee, 4YeM OoJibIleé WHAYKTUBHOCTH IIENIU.

JI10601t 601bmIOMH 3yIeKTPOMATrHUT 06JafaeT 60JIbIION MHAYKTHB-
HOCTBhIO. Ecin ero oOMOTKY OTCO€AMHUTH OT MCTOYHUKA, TOK OBICT-
pO yMeHbIMAeTCss A0 HYJsA MU B IIpOIecCe YMEHbIIEHUA CO3JaeT
OTPOMHYIO 3./1.C. CAMOMHAYKIUA., JTO YaCTO IPUBOAUT K 0Opas3oBa-
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HHIO BOJBTOBOM AYTrM MEXAY KOHTAKTAMH BBHIKJIIOUATENA M SABJIAECT-
CA 6ecbMa ONACHbLM, IPDHYEM He TOJBKO AJNA OOMOTKH 3JIEKTDPO-
MarsnTa, HO ¥ JJIA YeJIOBeKa, pa3MbIKaoImero nenb. IIo aTuM mpu-
YHHAM OApaJIeJIbHO OOMOTKE 3JIeKTPOMATHHTA OOBIYHO BKJIIOYAIOT
JIAMIIOYKY C COIPOTHBJIEHHNEM TOrO )K€ MOPAAKA, UYTO M COIPOTHUBJIE-
HHe o6MOTKH. B aToM ciyuae Tok B 0OMOTKe cmazaeT MeAJI€HHO M
ODACHOCTH He IpeACTABJAET.

Tenmeps paccMOTPHM GOJiee mOAPOOHO XapaKTep MCUYE3HOBEHHA U
YCTAHOBJIEHHA TOKA B IIeOH.

IIpumep 1. HcueaHoBeHMe TOKA NpPH Pa3MbIKAHMM LIEIH.

IIycTh Lenb COCTOMT M3 MOCTOSHHON MHAYKTHBHOCTH L, compo-
THBNeHNA R, aMmepMeTpa A, MCTOYHMKA 3.1.C. & M CIleIMab-
Horo kJioua K (puc. 9.7, a). Ilep-
BOHauaJbHO KJaiou K Haxoaurcs B
HHIKHEM IojoxeHun (puc. 9.7, 6),
u B uenu teuer Tox I,=%/R (co-
IOpOTHBJEHHEe HCTOYHMKA 3.%.C. &
CYMTaEeM MNpeHeGpeXKHMO MaJIbIM).

B MoMmeHT t = 0 GBHICTPO NMOBEpHEM

kaou K mo 4acoBoit cTpenke M3

HM)KHEro TMOJIOKEHMs B BepxXHee

Pac. 9.7 (puc. 9.7, a). IIpn aTtom npousoii-

JeT ciefyoliee: Ha O4eHb KOPOT-

KOe BpeMs KJIIOY 3aKOPOTHJI MCTOYHMK & M TYT ke BHLIKJIIOUMI
ero u3 LeNnM, He Hapyuias ee 3aMKHYTOCTH.

Tok yepe3 HHAYKTHMBHOCTL L HayHeT y6hIBATh, & 3TO 3HAYHT,
YTO BO3HHKHET 3.1.C. CAMOMHAYKIIUH %, = —L dI/dt, nporuso-
neicTBylomasn, no JleHuy, yorIBaHHIO TOKa. B KaXXABI# MOMEHT
TOK B Lien¥ 6yfeT onpenensaThca 3aKoHOM Oma [ =<88 /R, nan

LY
dt

RI = (9.18)
Pasnenns nepemMeHHEle, NOJYYHM
dr R

— =—-—dt.
1 L

HnrerpupoBanue aroro ypasHeHus no I (ot Iy mo I) u no t (ot
0 mo t) maer In (I/Iy) = - Rt/L, uan

I=1I,e"", (9.19)
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Ilpumep 2.

rie T — IIOCTOAHHas, MMeOlasd Pa3MEPHOCTb BPEMEHH,
t=L/R. (9.20)

Ee HaswIBaloT nocmosnHou 6pemenu (6pemenem penaxca-
yuu). dTa BeJUYNHA XapaKTepU3y-
eT CKOpOCTb YyObIBaHMA TOKAa: M3
(9.19) caenyer, 4TO T €CTh BpeMd, B
TeueHHe KOTOpPOro CHJIa TOKa yMe-
HbIIaeTcs B e pa3. Yem Goublue
3HayeHHe T, TeM MeJJIeHHee Craja-
eT Tok. Ha puc. 9.8 nokasaH rpa-

¢ux saBucumoctn I(t) — yOGmiBa-
HUSA CHJBI TOK& CO BpeMeHeM (KpH- Puc. 9.8
Baa 1).

YCTaHOBJIeHHe TOKAa NpH 3aMBbIKAHHH IIeIIH.

B MomeHT t = 0 GBricTpo noBepHeM KkJaiod K NpOTHB 4YacoBoit
CTPEeJIKM H3 BepXHero IOJIOKeHHUs B HMKHee (puc. 9.7, 0).
OTHM CAMBIM MBI NOJKJIOUYMIN K HHAYKTUBHOCTH L HMCTOYHMK
€. Tok B Iemn HAYHET HADACTATL M ONAThL BOSHUKAET 3.1.C. Ca-
MOMHAYKIIMM, NPOTHBOAEHCTBYyOIAA 3TOMy HapacraHuio. Co-
raacHo 3axoHy Oma RI =€ +%€,, unu

dr

RI =6-L—. (9.21)
dt

Ilepenecem € B neByIo UacTh ypaBHEHHS M BBeleM HOBYIO Ilepe-
mennywo u = RI —-¢, du = R dI. ITocsre aToro nosyyeHHoe ypas-
HeHHe NpeoGpasdyeM K BHAY

du/u = - dt/z,
rae T = L/R — mnocTrosiHHaA BpEMEHH.
Hurerpuposanve no u (ot —€ mo RI -€) u no ¢ (ot 0 1o t)
naet In [(RI —%)/(-€)] = —-t/t nin
I=1I,1-¢e""), (9.22)

rze I, =¢€/R npexacraBaser coboit ycraHOBUBLIMACSA TOK (IpH
t - ). U3 ypaBHeHHus (9.22) BUOAHO, YTO OBICTPOTA YCTAHOBJIE-
HHUA TOKa olpejeiseTcs TOH ke mocTosHHOH 1. ['paduk 3aBu-
cumocTH I(t) — BO3paCTaHUSA CHJBI TOKA CO BpEMEHeM IIOKa3aH
Ha puc. 9.8 (kpuBaa 2).
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O coxpaHEHHH MArHHTHOTO NOTOKA. IIycTb B IPOHM3BOJLHOM
BHEIIHEM MAUHMTHOM IOJe — IIOCTOAHHOM HMJM I€PEMEHHOM —
ABHXKEeTCA U AeOPMUPYETCA KOHTYD ¢ ToKoM. IIpn aTOM B KOHTYpe
WHAYIUDYETCA TOK

€ +¢  1do

I .
R R dt

Ecnu comporusieEne KoHTypa R=0, TO OOMKHO OBITP H
d®d/dt =0, nockoabKy cuna Toxa I He MOXKeT ObIThL GeCKOHeUHO 00-
avmoit. Orcioga caegyer, utro @ = const.

TaxuM o0pa3oM, OIPH ABHKEHHH CBEPXIPOBOAAIIErO0 KOHTYpa B
MAarHMTHOM II0JIe MPOHM3LIBAIOIIMI ero MarHUTHLIA IOTOK OCTAaeT-
cs mocToAHHBIM. Takoe coxpaHeHHe IOTOKa 06ecIeunBalOT MHAYK-
LHXOHHLIE TOKH, KOTOPBIE COrJIACHO IpaBHay JIeHIa NPemATCTBYIOT
BCAKOMY HM3MEHEHHMI0O MATHUTHOrO IIOTOKA CKBO3b KOHTYD.

TeHAEHIMA K COXPAHEHHIO MAarHUTHOrO IIOTOKA CKBO3b KOHTYD
“MeeTcs B J060M cayuae, HO Han0oJiee IOJTHO OHA IIPOABJAETCA B
KOHTYpaX K3 CBEePXIPOBOAHHKOB.

IIpumep. CBepxnpoBojsliee KPyrjoe KOJbIO PafMycoM a ¢ UHAYKTHBHO-
cThio L HaXoAuUTCA B OZHOPOZHOM MarHuTHoM moje B. B Hauais-
HOM IIOJIO}K€HHH IIJIOCKOCTb KOJIblia INapajiesibHa BeKTopy B u
TOK B KoJblle paBeH HyJio. Kosblo IOBEepHYJH B IOJIOXKEHUE,
neprneHAUKYyIApHoe BekTopy B. Haiimem cuny Toka B KoJble IT0-
cjle [OBOPOTA ¥ MATHUTHYIO MHAYKIHUIO B €ro LEHTpe.

IIpu moBopoOTe KOJIbI& MATHUTHHIA IOTOK CKBO3b HEro He MeH-
eTCA ¥ OCTaeTCA PABHBIM HYJIIO. ITO 3HAUMT, UTO MArHUTHLIE IIO-
TOKH Yepe3 KOJIbLO I0JA MHAYKIIMOHHOrO TOKA ¥ BHEIIHEro oA
OAMHAKOBEI 110 MOAYJIIO, HO IPOTHBOIOJIOKHK! 10 3HaKy. [loaTo-
my LI = na’B, OTKyJa

I=na’B/L.

9TOT TOK co3faeT B LiIEHTPe KoJblia coryacHo (6.13) mone B; =
= npgaB/2L. Torpa pesyabTHpyOllasds MarHUTHaA HMHAYKIHUA B
3TOM TOUKe

B, = B—B;=B(1 - np,a/2L).
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§ 9.4. BsaumMHans HHEHOIYKUHA

BsanmmMHEaA MHIYKTHBHOCTB. PaccMoT-
PUM IBa HEeONOABM)KHBIX KOHTypa I m 2
(puc. 9.9), pacmosoKeHHbIe AOCTATOYHO
6113K0 apyr K apyry. Ecam B KoHTYpe 1
TedyeT TOK I,, OH co3faeT 4yepe3 KOHTYp 2
OOJHBIA MarfEMTHBIA NOTOK P,, IpOmop-
OVOHANBHBIA (IPM OTCyTCTBMH deppomar-
HETHKOB) TOKyY I;:

@2 = L21I1. (9.23) Puc. 9.9

CoBepiIeHEHO TaK e, eCIM B KOHType 2 TedeT TOK [,, OH co3naer
yepe3 KOHTYpP Il HOJHBIA MArHUTHBIA IIOTOK

@, = L,I,. (9.24)

KoadpdpunuerTsl nponopouosanbaocT Ly, 1 Ly, Ha3LIBAIOT 63a-
umnou undyxmueérnocmdvio KOHTypoB. OueBHIHO, B3aMMHAA HH-
AYKTUBHOCTb UMCJIEHHO PABHA MATHUTHOMY IIOTOKY CKBO3b OAVH M3
KOHTYPOB, CO3JaBaeMOMY €IWHHUYHBIM TOKOM B JDYroM KOHTYDe.
Koapopunuerntar L, u Ly, 3aBuCAT oT GOPMBI, pa3MepOB M B3aUM-
HOr'0 PacCIOJIOKEHHUS KOHTYDPOB, 8 TaK)Xe OT MarHUTHON IpOHUIae-
MOCTH OKpYy>Kalomeil KOHTYphI cpeAbl. Bripaxkaiorca 3t koaddu-
OUEeHTHl B TeX ’Ke eAWHHUIAaX, YTO M MHAYKTHUBHOCTHL L.

Teopema B3amMHOCTH. COOTBeTCTBYIOIMUI pacuer AaeT (M OMBIT
€ro MOATBEPXKAA€eT), UTO IPH OTCYTCTBHMH (HeppOMarHeTHMKOB Ko3d-
¢unuesTer Ly, 1 L,; OAMHAKOBLI:

L

,=L,. (9.25)

1

JTo 3aMeyaTeJbHOE CBOMCTBO B3aMMHOM MHAYKTHBHOCTH IIPUHSA-
TO HA3bIBATb Meopemot 63aumnocmu. Biaromaps 3Toit Teopeme
MOYXHO He JeJIaTh pa3nu4ud Mexay L,, u L,, ¥ mpocTo roBOpUTH O
B3aMMHOI HMHAYKTHBHOCTH ABYX KOHTYDOB.

Cmeict paBeHcTBa (9.25) B ToM, 4TO B J11060M cjyyae MArHHT-
HBI# TOTOK P, CKBO3b KOHTYD I, co3maHHBIH ToKOM I B KOHType 2,
paBeH MarEMTHOMY IOTOKY P, CKBO3b KOHTYpP 2, CO3JaHHOMY /ma-
KuMm e ToOKOM I B KOHTYype 1. ITO 06CTOATENLCTBO HEPEAKO I0O3BO-
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JIfeT CHJIbHO YIPOIIAThH pellleHHe BOmpoca O HaXO)KAeHHWH, HaIpH-
Mep, MarHMTHEIX IIOTOKOB. BOT aBa mpmMepa.

IIpumep 1.

IIpumep 2.

B HekOTOpO# IJIOCKOCTH JeXKaT ABa KPYroBhIX BHUTKa I u 2,
LeHTPBI KOTOPBIX coBmagaloT (puc. 9.10). Paguychl BUTKOB a,
¥ ay. B BuTke 1 Teuer Tok I. Haiimem mMarHuTHbIR motok P,,
OXBaThIBAEMBIil BUTKOM 2, €ClM a; < dg.

flcHO, YTO HENmoCpeACTBEHHO BHI-

Q uncauTs notrok P, — 3agava Bech-

2 wMa cioxHad, 60 CJIOKHOH SABJIA-

Prc. 9.10 eTcsi KOHpHUrypanuus caMoro IoJs.

Hcmonb3oBaHMe ’Ke TeOopeMbl B3a-

MMHOCTH 4YpPe3BBIYAHHO YIpOILLAeT pelleHHe IIOCTABJEHHOro.

Bompoca. JleicTBHTENbHO, IYCTUM TOT 2Ke TOK I o BHTKY 2.

Torma MarHMTHEIA noTok @P;, co3gaBaeMblil 3TUM TOKOM uepe3

BHTOK I, NpH YCIOBHM a; < Gy MOXeT OBITb HaiifieH Oo4YeHb

MIPOCTO: AOCTATOYHO YMHOKHTh MArHHTHYIO MHAYKLHIO B B

neHTpe BUTKa (B = pol/2a,) Ha miomanb Kpyra 1ta12 M y4ecTsb,
4YTO CQrJIacHO TeopeMe B3aMMHocTH P, = P,.

ITycts KOHTYpP ¢ TokoM I mMeeT dopMy NpAMoyrojbHuKa. Kak
Ha¥TM MarHuTHHI#H notok P uyepes 3a-
LITPMXOBAHHYIO IOJYIJIOCKOCTh (pHC.
9.11), rpaHuIla KOTOPOM HAXOAUTCA Ha
3aJaHHOM pACCTOSHHMHM OT KOHTypa?
Ilpeamonaraercsa, dYTO 3Ta IOJYIJIOC-
KOCTb M KOHTYD JIeKaT B OJHOH IIJIOCKO-
CTH.

&

MarauTHOe mosie Toka I 3mech Takxke

HMMeeT CJIOXKHYI0 KOHOUrypaluio, IoaTo-

Puc. 9.11 My HENOCPEACTBEHHO BBIUMCJIHUTb HHTE-

pecylomuii Hac notok P oueHs TPYAHO.

OnxHako pellleHHe M 3JeCb MOXKHO BeCbMa DEe3KO YIPOCTHTh,
€CJIM BOCIIOJIb30BAThCA TEOPEMOM B3AMMHOCTH.

IIpeacraBum ceGe, uto TOk I TeuyeT He IO IPAMOYTOJLHOMY
KOHTYPY, & BIOJIb I'PaHHUILI MOJYIIJIOCKOCTH, orubas ee Ha Oec-
KOHeYHOCTH. MarHuTHoe moJe, cCo3faBaeMoe 3THM TOKOM B 06-
JIACTHM NPAMOYTOJILHOIO KOHTYpa, MMeeT IIPOCTYI0 KOHGUrypa-
LIMI0 — 3TO IToJIe ImpAMoro Toka. IloaToMy HaliTH MarHUTHBIH
notok P’ CKBO3b IPAMOYTOJLHBIA KOHTYP AOCTATOYHO JIETKO
(mIyTeM HECJIOXKHOrO HHTErpHpOBaHMsA). A IO TeopeMe B3aHM-
HOCTH HMCKOMBIHA moTok @ = @', n 3agava peleHa.
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OpEako Hanuume ¢eppoOMarHeTHMKOB MeHSeT JeJo, M TeopeMa
B3aMMHOCTH LE€pPeCTaeT BHINOJHATHCA. YOEeAUMCSA B 3TOM Ha CJIEAY-
I0leM KOHKDETHOM IpHMepe.

IIpumep. JnuHHBIA GeppOMAarHUTHHIA LUIUHADP o6beMoM V HMeeT ABe 00-

MoTkHM (oxHa Ha Apyroit). OxgHa o6MOTKa COAEPKUT N, BUTKOB Ha
eIVHHMLY MJIHHBI, Apyras — n,. HaiimeM MX B3aMMHyI0 HHIYK-
THBHOCTb, NIIpeHeOperad KpaeBbIMH 3ddeKTaMH.
CornacHo (9.23) Ly, = ®,/I,. OTO 3HAYUT, YTO MBI JOJMKHBI CO-
3maTh TOK I, B 06MOTKe | M BBIYMCJIHMTH IOJHBII MATHMTHBIR IIO-
TOK 4yepe3 Bce BUTKM o6MOoTKH 2. Ecau B o6MoTKe 2 comepKUTCH
N, BUTKOB, TO

@, = N,B,S,
rge S — IIomagb CeYeHMA UMWIMHApa. MMes B BHAY, 4TO
Ny = nyl, | — pauna nuauugpa, By = pyugn,l,, 4; — MarHuTHad

IpOHHUIlaeMocTh IpH Toke I;, samumem: P, = ppeninyVi,
V = IS. Orciona

Ly, = piponyngV.
AHaJOTMYHO HAXOAUM U L ,:
Ly3 = uauonynyV.

BBuay TOro YTO 3HAYEHMHA i) U [y B MOCTEAHUX NABYX BHIDAXKEHHU-
AXx, BoobOlle roBops, pasHele (B (peppoMAarHETHKAX OHM 34BHUCHAT
or TokoB I, u I,), sHauenus Ly, u L, He coBmajgaior.

BsanmBaaa uaaykuusa. Haauume MarHUTHOH CBSA3H MEXJY KOH-
TypaM# OpPOABISAETCA B TOM, YTO IPH BCAKOM H3MEHEHHHU TOKAa B
OZHOM M3 KOHTYPOB B JDYTOM KOHTYpe BO3HHKAeT 3.4.C. MHAYK-
oun. JTO ABJIeHNEe U HA3LIBAIOT 63aUMHOU undykyueil.

CoryacHO 3aKOHY 3JI€KTPOMATHMTHOH MHAYKIUM 3.4.C., BO3HH-
Kamolnue B KOHTypax I M 2, paBHHI COOTBETCTBEHHO:

do, dr, € do, L dI,

L W S =2 81 (9.26
! dt 1274t 2 dt 214t (9.26)

3mech mpeamosaraeTcd, YTO KOHTYPHl HEMOABHMIKHBI U ¢eppo-
MAarHeTMKOB HOGJIM30CTH HeET.

C yueTOM siBJI€HHSA CAMOMHAYKIMH TOK, HAIDHMEDP, B KOHType I
OpyM N3MEeHEeHHUH TOKOB B 000HMX KOHTYpPaX OINpeAeasieTCA IO 3aKOHY
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Oma Kak

R\ I, =%1 -L, &—le & ’
det dt

rae €, — CTOpPOHHAA 3.A4.C. B KOHType I (IOMHMO MHAYKIMOHHBIX
3.x.c.), L; — MHAYKTHBHOCTb KOHTyDpa 1. AHaJOrMYHOe ypaBHEHHE
MOYKHO 3aIIMCaTh U JJIA ONpefieeHNs CHILI ToKa I, B KOHType 2.

OTrmeTHM, YTO Ha SABJEHNHM B3aNMHONH MHIYKOMHM OCHOBAHO He-
CTBHe TPAaHCHOPMATOPOB — YCTPOMCTB, CAYXKAIMUX AJA Ipeodpaso-
BaHNA TOKOB M HAIPAXKEHMIA.

3ameuanHe 0 3HaKe L,,. B otanune ot maAyKkTHBHOCTH L, KOTO-
pasi, KakK OBbLIO CKa3aHO, ABJAETCHA CYIIECTBEHHO HOJOXKHUTEJIbHOI
BeINYNHOM, B3aMMHAA MHAYKTUBHOCTbL L, — BelIWuYnHA anzebpau-
yeckas (B 4YACTHOCTH, pABHAA HYJIO). ITO CBA3AHO C TeM 0OCTOATE-
JBbCTBOM, 4TO, Hanpumep B (9.23), BernunHb P, 1 [; OTHOCATCA K
pa3nbtm KoEHTYpam. M3 puc. 9.9 cpasy BHIHO, YTO 3HAK MarHUTHO-
ro noroka Py Npu faHHOM HampasJeHWH TOKa [; Oyaer 3aBuCeThb OT
BbIOOpa HOpMAaJIX K IOBEPXHOCTH, OrpaHMYEeHHOH KOHTypoM 2 (MM
OT BhIOOpA IOJIOXKUTENbHOr0 HapaBJeHNusa 00xoka 3TOro KOHTypa).

ITosoxuTesbHBIE HaOpaBJeHHA AJA TOKOB (M 3.4.c.) B obomx
KOHTypaXx BCerjga MOYXHO BbhIGpaTh MIPOM3BOJILHO (8 C IOJOMKHUTENb-
HbIM HampaBjeHNeM o00XoZa KOHTypa OZHO3HAYHO — IIPABHJIOM
IpaBOro BMHTa — CBA3aHO HAIpaBJieHHMe HOPMaJHX N K IIOBEPXHO-
CTHM, OrDAHWYEHHON KOHTYPOM, T. €. B KOHEYHOM CYeTe 3HaK Mar-
HUTHOro noroka). Pas atu manpasneHusa BeIOpaHBI, BeIHYHHY L,
MBI JOJIXKHBI CYMTATh HOJOMKUTEIbHON, KOTZA IPH MOJOXKHUTEJbHBIX
TOKaX MATHHTHBIE IOTOKHM B3aMMHON HMHAYKOWH Yepe3 KOHTYDHI
OKAa3bIBAIOTCA TAKIKe IOJIOXKUTEJIbHBIMHU, T. €. COBIANAIOT IO 3HAKY
C IOTOKaMM CAMOMHAYKIIHMH.

Apyrumu crosamu, L., > 0, ecau mpu moJo-

JKUTeTbHBIX TOKaX B 000MX KOHTyDax OHH «IOJ-
MarEM4YMBAaIOT» APYr JApyra, B IIDOTHBHOM CJIy-
yae L;, < 0. B uacTHBIX cly4asgx MOXXHO 3apaHee

L,>0 L,<0 T&K YCTAHOBHTEH IOJOXHTeJbHbIE HANDPABJICHUS
a) 6) 00xoZa KOHTYDOB, YTOGBI HOJYYHTDH IKeNaTesb-

Pre. 9.12 HbIi HaM 3HaK BeJqwuuHH L,, (puc. 9.12).
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§ 9.5. OHeprua MArEMTHOrO IOJSA

MaranTHas 3HEepPrusa TOKAa. 3aMKHEM HEOOABHMIKHYIO Ielb, CO-
IepKalnyl0 MHAYKTUBHOCTb L M compoTuBieHMe R, Ha MCTOYHUK
ToKa ¢ 3.4.c. €,. B KOHType, KaK Mbl yXe 3HaeM, HauHeT BO3pac-
TaTh TOK. 3TO IPUBOAUT K IOSBJIEHHIO 3.4.C. caMoMHEAYKuuu €. Co-
riacHo 3akoHy Oma RI =%, + €, oTkyna

{go = RI _(63'

Hajigem ameMeHTapHYI0 paboTy, KOTODYIO COBEpINAIOT CTOPOH-
HHe cHibl (T. e. HCTOYHHK &) 3a BpeMs di. [Ins 3TOro yMHOXHM
mpeabIAyinee paBeHCTBO Ha I dt:

$oldt = RI*dt — € Idt.

VunuThIBaA CMBICA KaX[IOr0 CJIaraeMoro M COOTHOINEHHe
¢, = —d®/dt, sannmem

84 p0p = 5Q + IdD.

Mu1 BHAMM, UTO B IIpoOIlecce YCTAHOBJIEHUA TOKA, KOrga MOTOK P
meHdAerca 1 dP > 0 (ecan I > 0), paboTa, KOTOPYIO COBEpIIAET MC-
TOYHHK %0, OKasbIBaeTcA 6oabule BhIAeNsAeMON B LeIN AXKOYJIeBOi
TemaoThl. YacTh 3T0i paboThl (HomoaHHTENbHAsA paboTa) coBepima-
eTcA npomué 3.4.C. CAMOMHAYKIUHN. 3aMeTHM, UTO IOCJE TOTO KaK
ToK ycraHoBHTCA, dP = 0 1 Bcs pabora mcrounuka €, Gymer uaTH
TOJIBKO HAa BbIAEJE€HHE DXKOYJIeBON TEeIIOTHI.

Hrak, qomoaHNTeabHAA pabora, coBepmaeMas CTODOHHHMH CH-
JlaM{ OPOTHB 3.4.C. CAMOMHAYKIHMK B IpOIECCEe YCTAHOBJIEHUA
TOKA:

8A™" = Id®. (9.27)

JTO cooTHOmeHNe MMeeT o0muit xapakTep. OHO cOpaBeAJNBO K
OpH HAINYMK PeppOMArHETHKOB, TAK KAK IPH ero BhIBOJE He BBO-
OUJOCh HHMKAKNX MPEANOJOKEHHI OTHOCHTEJIbHO MArHHTHBIX
CBOMCTB OKpYy>Kalolieil cpeabl.

Teneps (11 ganee) 6yaeM cYUTATh, YTO GEPPOMATHETHKH OTCYTCT-
Byior. Torga d® =LdIl u

3A™°" = LIdI. (9.28)
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IIpouHTErpUpOBaB 3TO ypaBHEeHMe, moayuuM A% = L[%/2, Tlo 3a-
KOHY COXPaHEHMsA 3Hepruu jobas pabora uaeT Ha mpHUpalneHEne Ka-
KOr'o-TO BHAA dHePruu. Mbl BHAMM, UTO 4YacTh paboThl CTOPOHHUX
cun (€,) uger Ha yBesMueHHe BHYTPEHHEH SHEPIMH IPOBOXHUKOB
(c Helt CcBA3aHO BBIAEJEHHE [AXKOYJEBOM TeIIOTHI) M apyras
YacTb — B IpPOIECCe YCTAHOBJIEHHS TOKA — HA 4YTO-TO eme. JTO
«4TO-TO» €CTh He UTO MHOe, KAK MarHUTHOE Iojie, NMEHHO ero IIo-
ABJIeHNE M CBA3AHO C IIOSBJICHHEM TOKA.

Takum o6pa3oM, MbI IPUXOAMM K BHIBOAY, YTO IPH OTCYTCTBHH
(heppoMarEeTHKOB KOHTYP ¢ MHAYKTHBHOCTbIO L, IO KOTOpPOMY Te-
yeT TOK I, obsagaeT aHeprueit

=30 (9.29)

OTy 9HEPruIo HA3bIBAIOT MAZHUMHNOU dHepzuel MmoxKa NN cob-
cmeéennol IHepzuell moka. OHa MOXKeT ObITH MEJHMKOM IIpeBpalne-
Ha BO BHYTPEHHYOI0O 9HEPrHMi0 IMPOBOJHHKOB, €CJIH OTKJIOYHThL HC-
TOYHHMK &€, TaK, Kak ImOKa3aHO Ha puc. 9.7: GHICTPO IOBEPHYTH
Kaod K u3 moJIo)KeHUsa 0 B IOJIOXKEHHE a.

OHeprusa MarEuTHOro noasa. opmysa (9.29) BoIpakaeT MarsEuT-
HYIO 9HEPTHIO TOKA 4Yepe3 MHAYKTHBHOCTb M TOK (IPH OTCYTCTBHH
deppomaraeTnkoB). OfHAKO M 37eCh, KaK M B CJydyae 3JIeKTpHUe-
CKOW 9HepPruM 3apsiKE€HHBIX TeJl, 9HEPIHI0O MOXKHO BBLIDA3UTh HEIO-
CPeACTBEHHO uepe3 MAarEMTHYI0O MHAYKOUI0 B. Yb6emmumcsa, 4yTo 3TO
mak cHavaja Ha OPOCTeiimeM IpUMepe NJIMHHOIO COJIEHOMAA, IIpe-
Hebperasi MCKa)K€HMEM IIOJIA Ha ero Topmax (KpaeBbIMH 3ddexTa-
mu). [logcranoska B popmyay (9.29) Buipaskerus L = up n?V naer

W = LI%/2 = puyn®I?vy2.
A Tak kak nl = H = B/pyp,, To

W = V="oV. (9.30)

9ra opmyna cmpaBeaauBa IJA OAHOPOLHOI'O IOJA, 3AMOJIHSIO-
mero oobeM V (Kak B HameM CJydae ¢ COJEHOHAOM).

B 061meit Teopun moxkassiBaeTcs, YTO 3HEPruio W MOXKHO BbIpa-
3UTh yepe3 BeKTOpPbl B 1 H B 11060M ciyyae (HO IpH OTCYTCTBHH
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¢eppomarEeTukoB) no ¢opmyse

w =J.Bz—HdV- (9.31)

ITogsrETErpasIEHOE BHIDAYKE€HHE B 3TOM YPAaBHEHHH HMEET CMBICII
3HepruM, 3aKJIOUYEeHHOH B ajeMeHTe o6bemom dV.

OTcioma, KaK ¥ B CJIy4Yae 3JIeKTPHYECKOTO IOJA, Ml IPUXOAUM
K BBIBOAY, YTO MArHUTHAA 3HEPrus TaKiKe JIOKAJIHN30BaHA B IPO-
CTpaHCTBe, 3aHUMAE€MOM MATHHTHBIM II0JIEM.

U3 dopmyn (9.30) u (9.31) caeayer, uTo MAarHNTHAA dHEPruUA
pacupezesieHa B NPOCTPAaHCTBe ¢ 06'beMHOM IJIOTHOCTBIO

BH B?

2 2upg

(9.32)

OTMeTHM, YTO DOJYUYEeHHOE BhIpAXK€HHEe OTHOCHTCA JIMIIb K TEeM
cpexaM, Ajs KOTOphIx 3aBucuMOCTh B or H nuneiinasn, 1. e. | B co-
oreomernuu B = pp,H me saBucur or H. [Ipyrumu crosamu, BeIpa-
sxeHUA (9.31) 1 (9.32) OTHOCATCA TOJBKO K mapa- M AHaMarHeTH-
kaM. K deppoMarservkaM OHM He IDMMEHHMBI'.

OTMeTHM TaK)Ke, YTO MArHUTHAA 9HEPrus — BeJHYHHA CYIIEeCT-
BEHHO IOJIOXKHUTEJbHAA. JTO JIETKO YCMOTPETh U3 IMOCIEHUX ABYX
dopmy.

Eme 06 o6ocHopanuu dopmyam (9.32). Y6equmca B cnpaBeAIHBOCTH
aroit GOpMyJIbl, paccyKaas B «0OpDaTHOM» IMOPSAAKEe, & UMEHHO MOKAaXeM.
yTOo ecnu dopmyna (9.32) cnpaBenanBa, TO MATHUTHAA 3HEPTHs KOHTYypa
¢ TokoM W= L12/2.

C aToOlf IlesbI0 PACCMOTPHUM MATHUTHOE I0JIe
MMPOM3BOJILHOTO KOHTypa ¢ TokoMm I (puc. 9.13).
IIpeacraBuM Bce moJie pa3fesleHHHIM Ha 3Jie-
MeHTapHble TPYOKH, 06pasyolie KOTOPhIX AB-
JSAITCA JUHUAMU BekTopa B. Brigesum B on-
HOH M3 TakUX TpyGOK 3JeMeHTapHHIi o0beM
dV = dl dS. B coorBeTcTBHH C dhopMy.0ii (9.32)
B 9TOM o0BeMe JIOKAJIW30BaHA dHEprus
(BH/2) dI dS. Puc. 9.13

* JT0 006yCJIOBJIEHO TEM, YTO B KOHEYHOM cueTe BuipakeHus (9.31) u (9.32) aBasior-
ca cneacteuAMH GopMyan 84" = Id® u Toro dakTa, YTO NPH OTCYTCTBMM THCTe-
peanca pa6ora 84"°" uner moavxo Ha MpupalleHne MarHUTHOM sHepruu dW. [lna
deppoMarHuTHO cpeAkl fesio 06CTOMT MHave: paborta S8A™" uzer emme ¥ Ha mpupa-
LleHHe BHYTPEHHell 3HepPruH cpefbl, T. €. Ha ee HarpeBaHMe.
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Tenepsr Haiizem sHepruo dW B o6beMe Bceil 3jleMEHTApHOM TPYGKH.
Jsia 3TOro NMpOMHTErpupyeM IoCJelHee BhIpaKeHHe BAOJb OCH TPYOKH.
IIotok d® = BdS ckBo3b ceueHHe TPYOKH IOCTOSAHEH BAOJb BCeil TPYOKH,
noaromy d® MOKHO BHIHECTHM 3a 3HAK MHTerpaja:

do do
aw =L PHar = 152
2 2
rfe HCIOJb30BAHA TeopeMa O UMPKyaauuH Bektropa H (B HameM ciayuae
npoexkuua H, =H).
M HakoHel, TPOCYMMHMDYEeM 3HEPTHI0O BCeX 3JEeMEHTApHhIX TPYOOK:

W=Y,I[d®=r10/2 = LI/2,

rae @ — mOJHBIA MarHUTHREIA DOTOK, OXBATHIBAEMBI KOHTYPOM C TOKOM,
@ = LI. 3to u TpeboBasoCh MOKA3ATh.

OnpeneneEe HHAYKTHBHOCTH M3 BhLIPDA’K€HHA 3HEpruu. Mu
BBeJIM MHAYKTHBHOCTh L Kak K03¢pPHONEeHT NpONOPINOHAILHOCTH
Me)XAy IOJHBIM MarHMTHHIM moTokoM P u toxom I. CymecTByerT,
OJHAKO, ¥ Apyras BO3MOXXHOCTb pacuera L — M3 BhIpa)XeHUs 3Hep-
run. B camom a€ne, us conocrasnerusa popmya (9.31) u (9.29) cre-
AyeT, YTO IPH OTCYTCTBMM (peppoMarseTnka

2
=L (B _g4v. (9.33)

1% J g
HaxoxxaeErne L TakMM myTeM CBOGOZHO OT HeOompeAeJeHHOCTH,
CBA3AHHOH C BLEIYMCJIE€HHMEM MATHHTHOro moroka @ B ¢opmyie
(9.14) — cm. c. 235. K xakuM pacxoXAeHUAM HHOTAA MPHUBOLHUT
onpenenerne L no ¢popmyae (9.33) n n3 BeipaxkeHEud noToka (9.14),
mokasaHo B 3agaue 9.9 Ha mpuMepe KOaKCHaJbHOro Kabeisd.

§ 9.6. MarEuTHAsA SHeprud ABYX KOHTYPOB C TOKaAMH

Co6cTBeRHAA M B3aMMHAfA 3HepruM. Bo3bMeM [Ba HEMOIBHIK-
HBIX KOHTypa I M 2, pacCmoJIOXXHMB HX AOCTATOYHO GIM3KO ODPYTr K
Ipyry (uTobnl OblIa MAarHUTHASA CBA3b MexAy HuMH). IIpeamosara-
eTCsA, YTO B KaXXOM KOHTYpe €eCTb CBOM HCTOYHHK IOCTOAHHOMN
3.h.c. 3aMKHeM B MOMeHT ¢ = 0 KaX[anlii U3 KOHTYpoB. Kak B ToM,
TaK U B JPYroM KOHTYpe HauHET YCTAHABJIUBATHLCS CBOM TOK M, CJIe-
AOBATENbHO, MOABATCA 3.A4.C. CAMOMHAYKIMM &, M 3.4.C. B3AUMHON
naayknun §,. HomonnurenbHas paboTa, coBepmaeMas HOPH 3TOM
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HCTOYHMKAMM IOCTOSHHOR 3.A.c. npomué € u €, mier, KaK Mul
y)Ke 3HaeM, Ha CO3ZaHHMe MArHUTHOI 3HEpPrHuH.
Haitgem aty pa6Gory 3a Bpemsa dt:

8A™ = — (&, + € I,dt — (€, +Ep)dt = dW.

[Ipeo6pasyem aty GopMyny, yuurhiBag, uro &, =-L,dI,/dt,
€, =-L,,dI,/dt u T. A.:

dW = LlIldIl + L12I1d12 + L2I2d12 + L21I2dI1.

Hmea B Buny, uro L,, = L,;, mpeacTaBuM mocjegHee ypaBHEHHE B
BHUIE

AW =d(LI7/2) +d(Ly I /2) +d(Lyp 11 1,),

OTKYyZa

L.I% L,I?
W=—1‘2_1+%+L1211[2' (9.34)

3mech HmepBHIe JBa CjaraeMbIX Ha3hIBalOT cobcmeéennol 3Hep-
zuell Toxa I, u Toka I,, mocienHee ciaraeMoe — 63AUMHOU IHep-
2uel o0oMX TOKOB. B3amMHas 3HEeprusa TOKOB — BeJHYMHA ajare6-
pamdyeckas B OTJIMYKe OT COGCTBEHHKIX 9Hepruii TokoB. MaMeHeHMe
HAIpaBJeHUA OJHOI'O M3 TOKOB IPDHBOAUT K U3MEHEHHUIO 3HAKA B3a-
UMHOH 3HEpPruM — mocjexHero cjaraemoro B (9.34).

IIpumep. MMeloTca aBa KOHIIEHTPHUUYECKHUX KOHTYpa C

Tokamu I; u I,, HampaBJIeHUA KOTODPHIX IIO-
KasaHel Ha pHc. 9.14. BsaumHaa sHeprusa T
aTuX TokoB (W5 = L,,I,I,) 3aBUCHT OT Tpex 2
anre6paNyecKUX BeJMYHH, 3HAKM KOTOPLIX Puc. 9.14
ONpEeNeNAIOTCA BHIOOPOM IOJOMKHUTENIbHBIX
HamnpaBJeHUit o6xoxa oboux kKoHTypoB. Ilonesno, ogHako, y6enu-
ThCA B TOM, YTO 3HAK BEeJHUUYMHBI W, (B taHHOM ciaydae W, > 0)
omnpejeafieTcA TOJbKO B3aMMHLIM HANpaBJI€HHWEM CAMUX TOKOB M
COBEpIIIEHHO He 3aBMCHUT OT BHIOOpA INOJIOMKHUTEJBHBIX HallpaBje-
HHUit o6xofa KOHTypoB. HamoMHMM, uTo 0 3Hake BeJHMYMHBI L,
rosopuiocs B § 9.4,
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IToneBas TpakToBka 3Hepran (9.34). EcTh HECKOJBKO BaXKHBIX
BOIIDOCOB, KOTOpPHIE MBI CMOJKE€M PEeIHTb, BLIYMCINB MArHUTHYIO
3HEPruio ABYX KOHTYPOB eIle M HHaue — C TOYKH 3PEHHS JIOKAJH-
3aIM{ 9HEPruM B IIOJIE.

ITycts B, — marautsoe mose Toxa I, a B, — moxe Toka I,. Tor-
Aa 10 IPMHIMIY CYyNepno3unuy moje B Kaxaod rouke B =B, + B,
u corJyacHO (9.31) sHeprug MarHUTHOrO IOJIA 3TOH CHCTEMBI TOKOB
w =I (B?/2up,) dV. Toacrasus ciona B> = B? + B2 +2B,B,, nony-
YUM

2 2
w =j Bi 4 +I By v +I%dV. (9.35)
2pp, 2upg MU

CooTBeTCTBHE APYr APYrY OTAEJIbHEIX CJaraeMuIXx B GopMysax
(9.35) u (9.34) He BLHI3LIBAET COMHEHHI.

@opmyant (9.34) 1 (9.35) IPHBOAAT K TAKMM BAXKHBIM CJIEICT-
BHAM.

1. MareuTHaa 9HEPrusa CUCTEeMEI ABYX (M 0oJiee) TOKOB — BeJIH-
YHMHA BCerjga HoJIoXKuTeabHas, W > 0. 3To BeITeKaeT U3 Toro ¢akra,
4TO0 WmIB2 dV, rae moa MHTErpajioM CTOAT MOJOXKHUTEJIbHBIE BEJH-
YHHEI.

2. OHeprusa TOKOB — BeJMYHHA He aAANUTHBHAA (M3-3a HAJIMUYHA
B3aMMHOM 3HEPrum).

3. Ilocregruit mHTerpat B (9.35) npomopnuoHajeH mpoH3Beje-
HuIo ToKOB I,I,, Tak Kak B, © I; u B, » I,, KoappunuenT »xe mpo-
MIOPIMOHAJBLHOCTH (T. €. OCTABIIMICA HHTErpaj) OKa3bIBAeTCA CHM-
METPUYHEIM OTHOCHTEJbHO MHAEKCOB 1 M 2, a MO3TOMY €ro MOXXHO
o6o3HaunTh L, Man Ly, [B cooTBeTcTBMHM ¢ Hopmyoit (9.34)]. Ta-
KuUM o0pa3oM, medcTBHUTEeNbHO, L, = L,;.

4. U3 BuipaxkeHnsa (9.35) BriTekaeT Apyroe onpenejleHre B3anM-
HOM MHAYKTHBHOCTH L,,. B camMoM xese, comocraBieHHe BLIpajxe-
Hui (9.35) n (9.34) mokaswIBaeTr, 4TO

L12 = 1 J.%dV. (9.36)
I Iy J up,
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§ 9.7. OHeprua U CHJIBI B MATHHTHOM IIOJI€

Hawmn6osee o6mum MeToa0M OnpeneieHHs CUJI B MArHUTHOM IOJIe
AIBJIIETCA SHepzemuveckuil. B 3ToM MeToZe HCIOJB3YIOT BBHIpake-
HHe AJif 3Heprud MArHUTHOIO MOJId.

OrpaHEHYHMCA Cay4daeM, KOrga CUCTeMa COCTOMT U3 ABYX KOHTY-
poB ¢ Tokamu I, u I,. MarEuTHaA 3HEPruA TAKOH CHCTEMBI MOXKeT
OBITH OpeACTaBJeHA B BHUAE

rae @, u ®, — mosHEIe MAarHNTHBIE IOTOKH, IPOHM3BIBAIOMINE KOH-
Typhl 1 ¥ 2 COOTBETCTBEHHO. JTO BHIpa’XeHUE HEeTPYAHO IMOJYyYUTH
u3 dopmyanl (9.34), eciim OpeACTAaBHUTHL HOCJIEeLHEe claraeMoe Kak
cymmy Lo,I,1,/2 + L, I,I,/2, a 3aTeM y4ecTb, 4YTO

¢1 = LlIl + leIz, @2 = L2I2 + LZIII' (9.38)

CorylacHO 3aKOHY COXpaHeHHNs sHeprum pabora SA”, KOTOpYIO CO-
BepmalT MCTOYHHMKH TOKAa, BKJIIOUYEHHBIe B KOHTYDBI lu 2, HaeT Ha
TemJoTy 0@, Ha OpHUpalleHNe MAarHUTHOH 3Hepruu cucreMnl dW
(13-3a ABMXKEHUS KOHTYDOB MJIM U3MEHEHHUs TOKOB B HMX) M Ha Me-
XaHWYeCKyIo paboty 84 (BcreacTBHe mepeMemieHUs WiIN gedop-
Manuy¥ KOHTYDOB):

Mex

SA" = 8Q + AW + 84,,,. (9.39)

MBI OpPEeAmONIOKHUIN, YTO E€MKOCTbh KOHTYDOB IpeHeOpexumo
MaJia, U HO3TOMY JIEKTPHUUYECKYIO SJHEePrUIi0 YYUTHIBAThH He Oyaem.

B nanbHeltmeM Hac GygeT MHTepecoBaTh He BCA paboTa MCTOYHM-
Ka TokKa 8A", a TOJILKO Ta ee 4aCTh, KOTOPAA COBEPIIAETCS NPOMUE
3.4.C. HHAYKIMY ¥ CAMOMHAYKIMNH (B KaXXAOM KOHTYpe). Jta pabo-
Ta (MBI Has3Balu ee RONOJHUTeNbHON) 8A™" = — (€, + €, ) dt -
(€, +¢,,)[,dt. YuurnBas, 4TO ANA KaxkAoro KoHTtypa €, + €, =
= — d®/d¢, nepenumeM BhIpakeHHWe IJA AOOOJHUTEJIbHON paboOThI
B BHJIeE

SA™" = I, d®, + I, dD,. (9.40)

HNmenHO 3Tra yacTh paboTBl MCTOYHHKOB TOKa (paboTa mpoTuB
9.4.C. HHAYKINN N camormnyxnnn), CBA3aHHasA C N3MEHEHUEM IIO-
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ToKoB ®; u @,, 1 UaeT Ha OIpUpalleHNe MATHUTHOH 3HEPIUHU CHCTe-
MBI M1 Ha MeXaHHMYeCcKylo pabory:

Mex*

Jra dopMyJa SABIAETCA OCHOBHOW IJisi pacueTa MeXaHMYeCKOH
paboTsr dA4,.,, & U3 Hee M CHJI B MarHMTHOM IOJe.

U3 ¢popmyasr (9.41) MOKHO MOJYYNTh U GoJiee IPOCTHIE BHIpA-
KeHHA Ans dA,,,, eCOM CUMTaTh, YTO B IIpOIecCe IepeMeleHus
OCTalOTCA HEM3MEHHLIMHM HJM BC€ MAarHUTHBIE IOTOKHU CKBO3b KOH-
Typel, MJIX TOKM B HMX. PaccmoTrpuMm 3T0o OoJsiee moxpoGHO.

1. Ecau moroku mocrosrHsl, ®, = const, rqe k. = 1 u 2, 10 u3
(9.41) cpasy caemyer, 4TO

8A oy = —dW|, (9.42)

MexX

rae cuMBoa P mogYepKMBAET, UTO IpHUpaIleErNe MarHUTHOH 3Hep-
M CHCTeMBbI OOJIXKHO OBITH BHIUHCJIEHO OPpH NOCTOAHHBIX IIOTOKAaX
wepes KOHTYDHI. IloayuenHas GOPMyIa AHATOTHYHA COOTBETCTBYIO-
meit et (4.15) puAa paGoThl B 3JEKTPHUUYECKOM IIOJIE.

2. Ecan Tokm mocroanEH, I, = const, To

dA

Mex

=dw|,. (9.43)

HeiictBuTeNbHO, IpH I, = const u3 popmyast (9.37) caenyer, uro
dWi[ =(Ildcbl + I2dd>2 )/2,

T. €. B 3TOM cJy4ae IOpHpalqeHNe MAarHNTHON 3HEPTHHM CHCTEMBI
paBHO coriacHO (9.40) moJsoBMHE JOMOJHHUTEJbHOH paGoOThHI MCTOY-
HHUKOB 3.A.C. JIpyras ImoJIOBMHA 3TOH paGoOTHI MOET Ha COBEpIIeHHE
MexXaHHYecKOoi pabGoTel. lIHaue roBops, IPH IOCTOAHCTBE TOKOB
dW|, = dA,,,, uTo u Tpe6oBaIOCH MOKA3aTh.

Heo6x0aQ1MM0 NOAYEPKHEYTD, UTO 064 MOJTyUYeHHbBIe HAMM BEIpPaXXe-
HuA (9.42) u (9.43) onpependAloT MexaHMYECKYyI0 paboTy ogHON M
TOH e CHJBI, T. €. MOXXHO HamMUCaTb:

Fdl =-dW|, =dW]|,. (9.44)

J1s1 BEIYMCJIEHNS CHJBI C IOMOINbIO 3TUX (POPMYJI, KOHEYHO, HET
Heo0X0AMMOCTH MoAOMpaTh TAKOH pPe)KHUM, IIPH KOTOPOM 00s3aTesIb-
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HO OCTaBaJNCh OBl IDOCTOAHHBIMM MJIM MATrHHTHBIE HOTOKH, HJIHN
ToKkH. Hazo opocto HaiiTn npupamenne dW MarHNTHOI 3HEPTHH CH-
CTeMEl PN yCJIOBHMH, uTo aubo &, = const, aubo I, = const, a aro aB-
JIIeTC YMCTO MaTeMaTHYeCKOH omepammeit.

IlerHOCTH mMONTyUYEeHHBIX BhIpaXkeHuit (9.42) u (9.43) B ux obwHo-
cmu: OHM NPHUIOAHBI AJIA CHCTEMBI, COCTOAINEH M3 J060ro umcia
KOHTYpPOB — OAHOT'0, ABYX H T. Q.

PaccMOTpHM HECKOJIBKO IPHMEPOB Ha OpMMeHeHHe 3THX ¢op-
MyJI.

IIpumep 1. Cuaa B ciryuyae oZHOro KOHTypa € TO- o A
koM. FIMeeTcs KOHTYp C TOKOM, y KO- -L o
Toporo AB — noaBu:KHasA epeMbIYKa
(puc. 9.15). MHAYKTHBHOCTH 3TOrO T
KOHTYpa 3aBHUCHUT OIpefeJeHHHIM 00- -
pPas3oM OT KOODANHATHI X, T. €. U3BECT- B
HO L(x). Haitnem cuny Amnepa, neii- Puc. 9.15
CTBYIOII[YI0 HA IIePEMBIYKY, ABYMS
crnoco6amu: npu I = const u nmpu P = const.

B HameM ciyyae MATHUTHYIO 3HEPTHIO CUCTEMBI MOYKHO IpeA-
CTaBUTHL corjacHo (9.29):

W = LI%/2 = ®*/2L,

rge @ = LI. IlepeMecTUM NepeMHIYKY, HallpuMep, BIIPaBO Ha
dx. Tak kak dA,. = F.dx, To

1% 4L

28874

o 2L dx 2 ox’

T. e. pacueT o obenm dopmysaM coryacHo (9.44) maeT oAuH K
TOT K€ pe3yJbTaT.

IIpumep 2. BzaumopgeiicTBue aBYX KaTy-
mek ¢ Tokamu. Ha HeMarsur-
HBHIA cepaeyHHK (puc. 9.16) Ha-
AeThl KaTymku I u 2 ¢ TokamMu
I, n I,. Ilycte B3aMMHaA HH- 1 2
AYKTHUBHOCTb KATYIIEK 38BUCHT

(=]
F R
P

Puc. 9.16
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OT PaCCTOSHHA X MeKAYy HMMH IO M3BECTHOMY 3aKOHY L,,(x).
HaitgeM cuny B3amMoAeiCTBHA MeXKAY KATYLIKAMH.

MarsHuTHasi 9Heprua CUCTeMBbl U3 ABYX KaTylIeK gaercs ¢op-
myJoit (9.34). Ina onpeneseHUA CHIBLI B3auMoAeHCTBUA OyxeM
NoJab30BaThCA BhIpakeHneM (9.43). CmecTuM KaTymky 2 Ha
paccTrosinMe dx Npu HeM3MeHHBIX Tokax I; u I,. CooTBeTCTBYIO-
llee NpUpalleHie MarHUTHOH 3HEPTMH CHUCTEMBI

dW|, = I,1, dLy3(x).

Tak kak ajeMeHTapHad MexaHWdeckasa pa6Gora 8A4,., = F,.dx,
To corjyiacHo (9.43) moayuum

OL(x)
Oox '

ITycte Tokm I; um [, mogMarHMYMBAIOT APYr Apyra, TOrAa
L3> 0 u mpu dx > 0 npupamenne dL,, < 0, T. e. Fy, < 0. Ce-
IOBATEJbHO, CHJa, AEHCTBYMOLIAA HA KATYIIKY 2 CO CTOPOHBI
KaTyIIKH 1, ABIAETCA CHJION NpUTAKeHNA: BekTop F, Hampas-
JIeH BJIeBO Ha DHCYHKe.

Fy, =11,

IIpumep 3. MarnKTHOe naBieHHe Ha OGMOTKY COJIEHOMAA. Y BEJHYUM
MBICJIEHHO DafiyC CeueHHUs CoJieHoMZa Ha dr, coxpaHAd IpH
3TOM HeM3MeHHHIM TOK [ uepe3d obmorky. Torma cuasl AmMnepa
coBepuiaT pa6oTy 84,., = dWl;. B namem cuyuae

84, = pSdr,
rae p — HUCKOMOe aaBJIeHHne, S — OokoBas IIOBEPXHOCTBb COJIie-

HOMJA,
2 2
aw| =d2v -2 sa.
2po 2y

3mech yuTeHo, 4yto npu I = const u B = const. 3 paBeHcTBa
IBYX 3THX BBIDA’KeHHH HaXOAMM

2
p = B"/2y,.
MarautHOe naBiaeHHe. IlosyuyeEHOE B mOCJeAHEM IpPUMepe BHI-
pakeHMe IJs AaBJIE€HUSA MOXXKHO 06060muTh Ha ciaydail, Korzma mo
pasHble CTOPOHBI OT IOBEPXHOCTH C TOKOM (TOKOM IPOBOAMMOCTH
MJIN TOKOM HaMAaTHMYMBAHHMA) MarHMTHOe moje pasHoe — B, u B,.
B aToM ciyuae, OKashIBaeTCs, MazHumMHoe dasénenue
B,H, B;H,
2 2

(9.45)
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npuyeM geyio o6CTOMT TaK, Kak ecan Obl 06sacTh ¢ 6osbmeit miIoT-
HOCTBIO MarEUTHON 3Heprum 6buia Onr o6sacThio OosbImero maBJie-
HHA.

CoorHOomenMe (9.45) ABIgeTCA ONHNM U3 OCHOBHEIX B MAZHUMO-
2udpodunamuxe, u3ydalomei MDOBeAEeHHE JJIEKTPONPOBOAAMIUX
KHUAKOCTEH (B 3JIeKTPOTEXHHMKEe M acTpPOoPH3MKe).

9.1.

9.2.

3anaum

J.a.c. magykuuu. IIposox, uMerowuit Gopmy na- Y
pabosn y = kx®, HaXOZUTCA B OXHODPOAHOM Mar-
HHUTHOM noJie B, nepneHAMKYJIAPHOM IIOCKOCTH
XY. Ua BepiunHb! mapa6osbl nepeMeunanT MOCTy-
naTeJbHO U 6€3 HaYaJbHOH CKOPOCTH NePEMBIYKY olB
C IIOCTOSIHHHIM ycKopeHHeM a (puc. 9.17). Haittu
3.A.C. MHAYKLUUM B o6Gpa3oBaBlIeMCA KOHType
KaK (PyHKIHMIO KOOPDAMHATHI Y. 0 X

Pemenne. Ilo onpezaeneHunio %’i = —-d®d/dt. Bu- Puc. 9.17
6paB HOpMAaJb N K IVIOCKOCTH KOHTYpa B HaNpaB-

JeHnHu Bexktopa B, sanumem: d® = BdS, rae dS = 2x dy. Teneps yu-
TeM, 4YTO X = Jy/k, TOrAAa

€ =-B-2Jy/k dy/dt.

Ilpy ABHMXKEHHMH C MOCTOSHHBIM YCKOPEHHEM CKOpocThb dy/dt = 1/Zay,

¢, = -By.[Ba/k.

U3 nonyuenHo#t GpopMyan BHAHO, 4TO §, v y. 3HAK MHHYC IOKAa3bIBA-

IIO3TOMY

eT, uTo &, Ha pHCYHKe JefCTByeT IIDOTHMB YACOBOH CTDENKH.

KoHTyp aBHMXeTcHa NpPOM3BOJbHBIM 06pa3oM. 3aMKHYTHI NpPOBOASA-
A KOHTYP NepeMelaloT MPOM3BOJBLHEIM 06pa3oM (IIpH 3TOM Jaxke
RedOopMHUPYs) B MIOCTOSHHOM HEOAHOPOAHOM MarHHTHOM mnoJe. Iloka-
3aTh, YTO 3aKOH 3JIEKTPOMATHMUTHON MHAYKUMUM (9.1) OyaeT BHINOJHSA-
TBCA M B 3TOM cCJydae.

Pemenne. PaccMOoTpHM 3eMeHT KOHTypa dl, KOTOpHIit B ZaHHKIA MO-
MEHT JBHMXKETCS CO CKOPOCTBIO V B MarHUTHOM moJe B. CorsacHo ¢op-
MyJaM npeobpasdoBaHusA moJjeii (8.4) B cucTeMe oTcyeTa, CBA3AHHOM C
JaHHBIM 3JIeMeHTOM, OyzeT HaGJIOAaTbCA 3JIEKTPHYECKOe IIoJe
E = [vB]. 3amMeTHM, YTO 3TO BHIpa’K€HHE MOXKHO IOJYYHMTh M C IIOMO-
mpbio cuabl JlopeHna, kak GbIIO cAeaHO B OCHOBHOM TEKCTe Iepen
dopmyaoit (9.4).
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9.3.

Iupkyasuua BekTopa E 10 BceMy KOHTYpPY IO OIpefesIeHHIO €eCTb
3.0.C. MHAYKIIUHU:

&= $lvBldL. (1)

Tenepb HaiileM COOTBETCTBYIOLlee IIpHUpAllleHHe MArHUTHOrO IIOTOKAa

CKBO3b KOHTYP. C 3Toif Lesbio oGpaTHMcA

K puc. 9.18. IIycts 3a BpeMa d¢ Halll KOH-

TYp NlepeMecTHJICS M3 mojokeHus I'; B

noJyioskenne I'y. Ecay B nepBoM ITOJIOXKe-

. HMM MATrHUTHBIA IIOTOK uYepe3 IIOBEpX-

“dr dS=I[dr,dI] HOCTB S;, HATAHYTYIO Ha KOHTYP, ObLI pa-

! BeH @P,, TO COOTBETCTBYIOLIMI MarHur-

Puc. 9.18 HBII IIOTOK BO BTOPOM IIOJIO}KE€HHUM

KOHTYpa MOXKeT ObITb IIpeACTaBJeH Kak

@, + 6P, T. e. KaK ITOTOK yepe3 nmoBepxHocThb S, + 8S. 3xech 3P — MH-

Tepecylolllee HaC pUpallieHle MarHUTHOrO IIOTOKa CKBO3b Y3KYIO I10JIO-
cky 0S, orpaHMuyeHHyI0 kKoHTypamm I', u T,

C nomoriunio puc. 9.18 sammmem
do = [BdS = [Bdr,dl]= - §[dr, B)dI. )

3pech: 1) HanpaBJIeHHe HOPMAJH N COrJIaCOBAHO C HallpaBJIeHMeM 06-
Xozma KOHTypa — BeKTopoM dl (mpaBoBHHTOBaA cucTeMa); 2) Hampas-
JeHre BeKTOopa dS — 3jileMeHTa MJoOLIaAX MOJOCKH — COIJIaCOBAHO C
BbIGOPOM HOpMaJieit n; 3) UCIOJIb30BAHA IUKJINYECKAd IepeCTaHOBKa
B CMEILIIaHHOM IIPOM3BEeAEHHM:

a[bc] = b[ca] = c[ab] = — [ba]c.
PaspesnB BolpakeHme (2) Ha dt, HaiigeMm

dd /dr = - $[vB]dl, A3)

rae v = dr/dt¢. Ocraerca cpaBHUTE (3) ¢ (1), OTKyAa M ciexyeT, UTO
E, = - d®d/dt.

IInockas cnupanb ¢ 60gbIMM YUCIOM N BHTKOB, IIJIOTHO IIPHJIEralo-
IMUX APYT K APYry, HAXOAUTCA B OXHOPOAHOM MArHMTHOM IIOJe, Iep-
MeHANKYJIAPHOM IIJIOCKOCTH ciimpanu (puc. 9.19). HapysxHblit pagnyc
BUTKOB CIIMpaJI1 paBeH a. MarHuTHoe mojie MU3MEeHs€TCA BO BPpEMEHU
o 3akoHy B = B, sin wt. HaiiTu aMminTyxHoe 3HaueHHe 3.4.C. MHAYK-
UM, HaBeleHHOH B CIIHMpAJIH.
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9.5.

Pemenue. Banny TOTO 4YTO KaXAbli BUTOK crnupa-
JIX IPAKTHYECKHN Heé OTJINYaeTCdA OT OKPY>KHOCTH,
B HEM HaBOAMTCH 3.A.C. HHAYKIHUHN

g =—-dd/dt = - nrzBom cos ot,

roe r — paauyc paccMaTpuBaeMoro BuTka. Ha
WHTepBaJ 3HaueHui paauyca dr IPUXOLUTCA YHUC-
Jo BUTKOoB AN = (N/a) dr. BUTKH coearHEeHH! MO-
cJIel0BaTeJbHO, IIO3TOMY IIOJIHAA 3.4.C. MHAYK-
UMK B CIUDATH Puc. 9.19

€, =Ie,-(r)dN.

IIponHTErpNpOBaB, IOJYYUM ClEeAyIOlllee BhIpakKeHNe IS aMILIATYA-
HOro 3HaYeHUd 3.4.C. HHAYKIUH:

2
%,m = (n/3)a°NByo.
BHYTpH AJMHHOrO COJIEHOHMJA HAXOZUTCA KaTyInKa M3 N BHTKOB C
IJIOILLAABIO IOIepedYHoro cedyeHua S. KaTymky moBopayMBaioT C¢ Io-
CTOAHHOM YIJIOBOIl CKOPOCTBHIO ® BOKPYT OCH, COBIAZalolleil ¢ ee AHa-
METPOM M NepHeHAMKYJIAPHOH ocH cojeHouza. IIpm aToM MarHUTHOe
mmojie B COJIEHOMJe MeHseTCA BO BpeMeHH Kak B = B, sin ot. Haiitn
3.4.C. HHAYKIHUHN B KaTYIIKe, eCJI¥ B MOMEeHT ¢t = 0 oCchb KATYILLIKH COB-
najgajga ¢ OChbI0 COJIEHOMJA.
Pemenne. B MOMEHT ¢ OJIHBEIN MArHUTHHIA [MOTOK CKBO3b KATYLIKY
@ = NBScoswt = NB;Ssinwt - cos ot = 1/2 NB,S sin2wt.

CorJylacHO 3aKOHY 3JIEKTPOMArHMTHOH MHAYKIMH

€, = ~d®/dt = - '/, NByS - 20 cos20t = ~ NB;Sw cos2wt.

BeraTrponnoe ycaoBue. ITokasaTh, 4TO 3JIeKTPOHK! B GeTaTpoHe GyAyT
ABUTaThCA IO OPGHTE IOCTOAHHOIO paguyca ry IPH yCJOBHM, YTO Mar-
HHUTHOe Iojle Ha opbuTe B, paBHO IOJIOBHHE CPeJHEro IO ILIOLIaLH
BHYTPM OpOMTHI 3HauYeHMA MarHuTHoro moiada (B), T.e. B, = (B)/2.

Pemeuue. HpeJICTaBHM PEJIATNBUCTCKOE YDABHEHNEe ABNXXEHNA IJIeKT-
poOHa
dp/dt =¢eE + ¢ [vB,], (1)
rge E — BHXpeBO€ 3JIEKTPHYEeCKOe I10Jie, B IIDOEKINAX Ha KacaTeJlb-
HYI0O T ¥ HODMaJb N K TpaeKTopuH. IJA 3TOro 3amuileM HMIYJbC
3JIEKTPOHA KaK P = pT U HalJeM ero IPOM3BOJAHYIO II0 BPEMEHH:
dp_dp_ . dv_dp :

v
at —at*tParTatt"R R, (2
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9.6.

rie y4TeHo, YTO p = MV, m — peJd-
THUBHCTCKasa Macca, u dt/dt =(v/ry)n,
B 4YeM HEeTPYAHO y6eZuThCA C IIOMO-
mpi0 puc. 9.20. J[eiicTBHUTENIbHO,

dt = do-n = (vdt/ry) n, naneHei-

111ee OYEeBUIHO.

Kpowme Toro, corsiacHo 3aKOHY 3JIEKT-

POMarHWTHONH MHAYKHUU 2nrok =
2

Puc. 9.20 =|d®/d¢t|, rae ® = nrg (B). Orcrona

_d
> 5 B ®)

Teneps 3anuiuem ypasHeHue (1) ¢ yuetom ¢opmya (2) u (3) B mpoek-
LUAX HA KAcaTeJbHYI0O M HOpMAaJb K TPAGKTOPHH:

dp ro d
— =eE =e——(B), 4
de 2dt<> @

2
mv°/ry = evB,.

ITocnennee ypaBHEeHHEe MOXKHO NepenuCaTh I10CJe COKpPAIlleHUd Ha U B
BHIE

p=eryBo.

IIpoguddeperuupyeM 3TO ypaBHEHME 110 BpeMEHH, IIPMHAB BO BHUMAa-
HMe, 4TO Iy = const:

dp dB,
— =eryg——. 5
dt T (®)

W3 cpaBHeHua BuIpakeHui (5) u (4) nmoayuyaem
d 1d

LB, ==(B).
e ° 2m“

B YacCTHOCTH, IIOCJIefHee YyCJIOBHE 6y11e'r BBIINIOJIHEHO, €CJIH
B, = (B)/2.

IIpaKTHYECKH 3TO ZOCTUTaeTCA IyTEeM U3rOTOBJEHUS IIOJIOCHBIX HAKO-
HEYHUKOB CIIelIHaJbHOrO BHJa (B popMe yceueHHBIX KOHYCOB).

HAupykuuonHsiii Tok. KBasgpaTHas npoBosloyHasi paMKa CO CTOPOHOM a
¥ IPAMOI NIMHHBIA IPOBOAHUK C IIOCTOSHHBIM TOKOM [, JlesKaT B Of-
HOH mockocTH (puc. 9.21). UHAYKTUBHOCT paMKH L, ee cOnpoTHBIIe-
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9.7.

Hue R. Pamky nosepuysau Ha 180° BOKpyr ocm b

OO' u ocraHoBMJIHN. HaliT KOJINYECTBO 3JIEKT- )
pudYecTBa, NMpOTEKIee B paMKe. Paccrosnue b “"\l
Mexay ocbio OO’ M npaAMBIM NPOBOAHMKOM [ A la | 2 :
MpeAnoJaraeTc M3BECTHBIM.

Pemenne. CorsnacHo 3akoHy Oma B mpolecce a
MIOBOPOTa PaMKH TOK I B Hell onpefessieTca II0
dopmyie

Prc. 9.21
pr-_9¢ _,d
dt dt

HOSTOMY HCKOMO€ KOJHNYEeCTBO JJIEeKTpHYecTBa
1 1
=|Idt=-—|(d® + LdI) = - —(AD + LAT).
g=] = ¢ )= )

ITockosbKy paMKy Iocjie IIOBODOTa OCTAHOBMJIM, TOK B Hel IIpekpa-
THJCA U, cjaegoBaTesbHo, Al = 0. OcraeTcs BBISCHHTb, 4YeMy PaBHO
npupaieHue noroka A® ckBosb paMky (AP = d, - D,).
BriGepeM HOpMaJb N K IIJIOCKOCTH paMKH, HAallpUMep, TaK, YTOOBI
B KOHEUYHOM IIOJIO’KEHMH N GbLIO HAIlpaBJIEHO 3a IIOCKOCTb PHCYHKAa
(B cropony B). Toraa HeTPpyAHO BHAETh, YTO B KOHEUHOM ITOJIOMKEHUH
@, > 0, a B HawaiabHOM P, < 0 (Hopmasb HampaBieHa IpoTuB B), u
A® oxa3bIBaeTCA paBHBIM IIPOCTO IIOTOKY Yepe3 IIoLaAb, OTPaHNYEeH-
HYI0 KOHEYHBIM M HAYaJbHBIM IIOJIOXKEHUAMHM DaMKH:
b+a
AD =D, +|0,| = JBa dr,
b-a
rae B aBnsierca dyHKuMeR r, BUL KOTOPOH MOXKHO JIETKO HaWTH C IIO-
MOIILIO TEOPEMBI O LMPKYJIAILMH.
OKOHYaTEeNbHO NOJYYHUM, ONyCKas 3HAK MHHYC:
_AD  pyal lnb +a
R 2nR b-a

HaiinenHasi BeJMYKMHA, KAK BHAMM, OT MHAYKTHBHOCTH KOHTypa He
3aBHUCHUT (B cjiydae eca Obl KOHTYP ObLI CBEPXIIPOBOAAIIIUM, JeJIO Obl
o0cToAI0 HHaue).

Ilepembluka 12 Macchl m CKOJB3UT 6e3 TpPEeHUA MO ABYM AJUHHBIM
NIPOBOISAIIIMM DeJbCaM, PAaCIOJIOKE€HHBIM Ha PacCTOAHHUM [ Apyr or
apyra (puc. 9.22). CucremMa HaXOOUTCA B OJHOPOAHOM MAarHHUTHOM
noje, NepHeHANKYJIAPHOM IIJIOCKOCTH KOHTYpa. JleBble KOHIBI peJib-
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1 COB 3aMKHYTHI Yepe3 COIIPOTHBJIeHHEe R.

v B momenT ¢t = 0 nepemuiuke 12 coobuu-

R ®B }——p—» J¥ BIPABO HAYaJbHYI0 CKOPOCTB U,
X IIpeneOperasi conmpoTHUBJIEHHEM peJIbCOB

M NepeMBbIYKH, & TaKXKe CAMOMHAYKI ek
KOHTYyp&, HAMTH CKOPOCTb NIEPEMBIYKH B
Puc. 9.22 3aBUCHMOCTH OT BpeMEHH 1.

2

Pemenue. BriGepeM OJI0KHUTENLHOE HATIPaBJE€HHE HOPMAJH K ILIOC-
KOCTH KOHTypAa 3a PUCYHOK (OT Hac). 3TO 3HAYUT, UTO IIOJIOKUTEIbHOE
HanpaBbJieHHe 06Xofa KOHTypa (A 3.4.C. HHAYKIMK U TOKA) MhEI B3sf-
JIM II0 YaCOBOM CTpEJIKe — B COOTBETCTBMH C IIPABHJIOM NIPaBOro BHH-
ta. I3 3akona Oma ciexyer:

do ds
__9% _ _pd95 _ B, 1
RI =-— p (1)

rfie yY4TE€HO, YTO NP ABHIKEHHUM INepeMBbIYKH Brpaso dd > 0.

HNHAyKUIUOHHBIN TOK I corjacHoO npaBuay JleHIia BHI3BIBA€T IIPOTHBO-
HeNCTBYIOIYI0 ABMIKEHHUIO cumay AMnepa — oHa 6GyaeT HampabiieHa
BJIEBO.

Bri6paB ock X BnpaBo, 3allUIlIeM YpaBHeHHe JBHKEHHUA [TIePEeMbIYKHU
mdv/dt = IIB, (2)

rje clipaBa 3alMcaHa IIPOoeKIMUsa cuiabl AMepa Ha och X (3Ta BeJIUYHU-
Ha ABJISETCA OTPHUILATEJBLHOM, HO 3HAK MMHYC MBI He ITUIIeM, 160, Kak
BugHO u3 (1), Tok I < 0). Uckawouns I us ypaBHenuit (1) u (2), moay-
UM

dv/v =-adt, a = B%%/mR.

HHTerpyupoBaHHe 3TOr0O BHIDAYKEHHS C y4eTOM HAadaJbHBIX YCJIOBHMH
raer

In(v/vy) = — at, v = vge ¥

9.8. Posib nepexoqHbIX mpoueccoB. B cxeme (puc. 9.23) usBecTHH 3.4.c. 6

L HCTOYHHKA, €ro BHYTDEHHee CONpOTHBJIeHHMe R u

PO MHAYKTUBHOCTH CBEPXIPOBOAAIIMX KaTymek L; u

L,. HafiTi ycTaHOBMBILIMECS TOKH B KaTyIIKaXx I0-
cjle 3aMbIKaHHMsA Kiouya K.

L,
A

Pemenne. Bocnosbsyemca npaBuiamu Kupxroda

—6||——/Ko—i ana xoHTypoB €L, u €L,:

dr dI
Puc. 9.23 RI=<£—L1d—t1, RI:g—LzT:'
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9.9.

U3 cpaBHeHHUs 3THUX BhIpasKeHHU BuAHo, urto L, dI;, = L, dI,;, a ana
YCTAHOBHMBIIIMXCS TOKOB

LIIIO = LzIzo. (1)

Kpome Toro,

Io+ I =1 =%/R~ (2)
Us ypaBHeHuit (1) u (2) nHaiigem:

I = € L, _ ¢ L,
W RL, +L,” "* RL,+L,’

Boiuncienne MHAYKTHBHOCTH. KoakcHaibHBIA KaGeab COCTOMT M3
BHYTPEHHETO CILJIOIIHOTO IPOBOAHMKA PAJUYCOM @ U HADYXKHOM IIpo-
BOJAsAIIEeH TOHKOCTEHHOH Tpy6ku paguycom b. HallTm MHAYKTHBHOCTH
eIUHUIBL! AJIUHBI Kabess, cuuTad paclpefesieHHe TOK& II0 CEUYEeHHIO
BHYTDPEHHEro IIDOBOJHMKA paBHOMEPDHHIM. MarHuTHas IpOHHUIlae-
MOCTb BCIOAY paBHa €IUHMIIE.

Pemenne. B nanHOM ciyuae BHYTPEeHHMH NPOBOAHHK He SBJIAETCA
TOHKHM, I[I03TOMY ONpeAeATh MHAYKTUBHOCTb HAJAO HE Yepe3 MarHuT-
HBIH IIOTOK, a dHepretuuecku. CorsacHo (9.33)

1 %82
L, =—|—2nrrdr, (1)
A 12;[“0

rae r — paccTofgHHe OT ocH Kabesd. [[Jd BEIYMCIEHHUS 9TOrO MHTErpa-
Jla Hajo HalTH 3aBUcHMMOCTb B(r). C momoupio TeopeMbl O LIUPKYJIA-
LUK HMeeM:

ol
B, = 21:12 r, Bii,w =—7, B,,, =0. (2)

I'padnyeckmii BUA 3THX 3aBUCHMOCTEH IIOKa-
3aH Ha puc 9.24. C yyerom (2) uHTerpan (1)
pasbuBaeTcss Ha OBe 4YaCcTH, U B De3yJbTaTe
MHTErPUPOBAHUA MBI IOJYYUM

=M_0 l+ln9_)
e 2n(4 a

3aMeTHM, UYTO OIpefesieHHe 3TON BeJIMYHMHBI
yepe3 MarHMTHBIA NMOTOK mo ¢opmyre L, =
= @,,/] NpUBOAUT K APYTOMY — HEBEPHOMY Puc. 9,24
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pe3yJabTaTy, & UMEHHO BMeCTO 1/4 B KDYIJBIX CKOOKax IoOJIydyaeTcs
1/2. Yem TOHbIle LEHTPAJbHBINA NPOBOA, T. €. OOJbIlle OTHOIIEHHE
b/a, TeM MeHbllle OTHOCHTEJIbHOE pAa3JMYHe DPe3yJbTaTOB IOACYETa
oGouMHK croco0aMu: PHEpreTHYeCKH M M3 IIOTOKA.

9.10. Bsaumuasa uHAyKuMa. UMeeTcss TopouaaibHasi KaTyLIKa U IPOXOAS-

INUA [0 ee OCH CHMMETPHHM IJIMHHBIA
b npamoit npoBof. CeueHre KATYIIKH IIps-
a MOYTOJIbHOE, ero pas3Mephl yKa3aHbl Ha
puc. 9.25. Yucio BHUTKOB KaTyluku N,
MarHUTHas IIPOHHULIAEMOCTb OKpYXKalo-
= meit cpeabl paBHa exuHune. Haitn amn-
| | JUTYARY 3.X.C., AHAYLHUPYEMO# B 3TOH Ka-
TYILUKe, €CJAHM II0 IPAMOMY NPOBOAY TeYeT

nepeMeHHBI Tok I = I,coswt.

Puc. 9.25

Pemenne. Hckomas 3.x.c. €, = - d®/dt, rae ® = N®,;, &, — mar-
HUTHBIH IIOTOK CKBO3b IIOIEpeYHOoe CeueHHe KaTYIIKH:

‘o, =[B ds—lj Ho_pp gr = Hohl B
1 " 2 2nr 2n a’
rae B, onpejeasieTcsi ¢ MOMOIIBLIO TEOPEMBI O LUPKYJIALMH BEKTOpa
B. BasB npoussoanyo P; 1o BpeMeHH M YMHOKHB MOJYUEHHRIH pe-
syabTaT Ha N, HafifleM clefyiollee BHPaKeHHe A AMILUIUTYABI
3.4.C. MHAYKIMHU:
hol N b
- Bl N O

E
im 27 a

9.11. BeiuncieHHe B3aMMHOH MHIYKTHBHOCTH. J[Ba cojleHOMAa OZUHAKO-

BO# AJIMHBI ¥ IPAKTHYECKH OZMHAKOBOTO CEUEHHUA BCTABJEHHI IIOJ-
HOCTBIO OAMH B Apyroii. MHAYKTHBHOCTL coseHonnoB L, u L, Ilpene-
6peras KpaeBhIMU 3ddEKTaAMHU, HAUTH UX B3AMMHYIO HHAYKTHBHOCTD
(mo Mogy.io).

Pemeuue. Ilo onpeneJeHNI0 B3aNMHadA MHAYKTHBHOCTH
Ly, = Dy/1, 1)

rae P, — NOJHBIA MarHMTHEIA IIOTOK 4Yepe3 Bce BUTKHM cosleHompa 1,
ecau B coneHoufe 2 teuet Tok [,. [Torok ®; = N B,S, rae N, — uucio
BHUTKOB B cojleHoMze 1, S — ceueHMe cosmeHomnaa, By = ppgngl,. IToaro-
My dopmyary (1) MOXKHO nepenucaTh Tak (Iocse cokpalleHud Ha Ip):

Lysl = uponoNiS = pponyn,V, (2)
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9.12.

rae yureHo, uto N, = nyl, | — pnuna conenouna u IS =V — ero o6s-
eM. BripaskeHue (2) MokHO IpefcTaBUTh Yepe3 L, u L, crenyommum
o6pasom:

2
|L12|= ‘/HPO"lZV‘/PPo”zV =yL,L,.

3aMeTHM, YTO 3TO BhIpa’KeHHe onpefeseT npefeabHoe (MAKCHUMATb-
Hoe) 3HaueHue |L,,|, Boobme e |Lyo < /L L,.

Teopema B3aMMHOCTH. B ILieHTpe TOHKOH KATYIIIKH DagUyCcOM a, CO-
mepikaineir N BUTKOB, HAXOIMT-

ca HeOOJBIION IMJIHHAPHYeE-

ckuit MmarHuT M (pmc. 9.26). M r
Karymka noakiaodyeHa k 6aaiam-
CTHYeCKOMYy raabBaHoMmeTrpy [I'. Puc. 9.26

Conporusnenne uenu R. Ilocae
TOr0 KAK MATHHUT GLICTPO YAAJMIM U3 KATYIIKH, Yyepe3 rajJbBaHO-
MeTp mpoiuen 3apsaa q. HaliTy MarHMTHHIH MOMEHT MarHMTA.

Pemenne. B mpoluecce ynaneHus MarHUTa NMOJHBIH MATHHUTHRIA TO-
TOK 4Yepe3 KATYIIKY HU3MEHAJCHA, U B Hel BOZHHK MHAYKUMOHHBIN
TOK, ONpejessieMblii ypaBHEHHEM

YMHOXKHMM 0Ge yacTH 3TOro ypaBHeHHsa Ha dt M yureM, uro [ dt = dg,
TOrzA

Rdg=-d® - Ldl.

IIponHTErpNpOBaB MOCIEHeE BhIpaXkeHue, noaydum Rg = -AD — LAIL
Tenepr npuMeM Bo BHMMaHue, 4To Al = 0 (TOK GBI paBeH HYJIO KaK B
HayaJle, TAK M B KOHIIE IIpollecca), MO3TOMY

g = A®/R = /R, (1)

rae ® — MArHHUTHRIA TMOTOK Yepe3 KATYIIKY B Hayaje Ipolecca
(3HAK MHHYC MBI ONYCTHJIM — OH He CYIIECTBEH).

Hrak, 3amaya cBeJach K ONpefeseHUIO0 MOTOKa P uepe3 KATYIIKY.
HemocpeacTBeHHO ONpeReNUTH 3TY BEJIUYUHY MBI He MoxkeM. OTHAKO
JaHHYIO TPYAHOCTb MOJKHO IIPEONOJIETh, BOCIOJb3OBABIIMCH Teope-
Moif B3aMMHOCTH. 3aMeHHUM MBICJIEHHO MarHUT Ha He6GOJIbIIION BUTOK
C TOKOM, CO3ZAIOLIMI B OKPY2KAIOI[eM IIPOCTPAHCTBE TO K€ MarHMT-
Hoe IoJie, YTO ¥ MarHuT. Ecau miaomaas BUTKa S ¥ TOk B HeM I, To
MX IpoM3BelleHMe NOJKHO GBITH pDaBHO MATHHTHOMY MOMEHTY p..
marHuta: p,, = IS. ITo Teopeme B3ammHocTH L5l = Ly, I, u Bompoc
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CBOJAMTCA K HaXOJAEeHHI0O MarHUTHOrO MIOTOKA 4epe3 IJIOWIaAb S BUT-
Ka, KOTODPBIH co3naeT TOT ke TOoK I, HO TeKywu# B karyiuke. Cum-
Tasg, 9TO B IIpefie1aX BHUTKA II0Je OJHOPOLHOEe, NOJYUYUM

® = BS = u,NIS/2a. (2)

Ocraerca noxctrasuTh (2) B (1) 1 BcnoMHUTB, uTO IS = p. .. Torpa q =
= PoNpn/2e¢R n

" Pm =2aRg/p,N.



YpasHeHua Makcsenna.
dHeprua 3NeKTpoMarHMTHOro nons
v

§ 10.1. Tox cMeleHHud

OTkpmiTHe MakcBesna. Teopus 3/JeKTPOMArHUTHOrO IMOJA, HA-
yajia KoTopoii 3aymoxxua dapageil, MaTeMaTHUYeCKH OblIa 3aBeplile-
Ha Maxkcseaaom. Ilpu 3ToM omHON M3 Ba)XKHeHMIMX HOBRIX HAell,
BBRIABMHYTHIX MaKcBeJJIoM, GblJIa MBICJIb O CHMMETPHH BO B3aMMO-
38BHCHMOCTH JJIEKTPHYECKOr0O M MArHHTHOro mojeii. A MMeHHO,
MOCKOJIbKY MeHdAloIeecA BO BpeMeHHM MarsuTHoe moje (0B/dt) co-
3[aeT 3JIeKTPHUYECKOoe [oJie, CJeAYeT OKHAATh, UTO MEHAIOMmEeeca BO
BpeMeHH dJieKTpuueckoe moje (0E/0t) co3maer MAarHMTHOe HOJe.

K aToit ngee 0 HeOGXOAMMOCTH CYIIECTBOBAHUSA IO CYTH HOBOTO
ABJIEHUA WHAYKOWHM MOYXHO OPHMITH OyTeM, HANPUMeD, CJIEAYIO-
IMUX paccyXaeHuii. MbuI 3HaeM, UTO COrJIACHO TeopeMe O MUPKYJIA-
oun BekTopa H

gSHdl =jjds. (10.1)

IIpyMeHMM 3Ty TeopeMy K Cjlydalo, KOrga IpeJBapHTeJIbHO 3a-
PAXKeHHHIN IJIOCKMHA KOHAEHCATOD pas3pAKaeTcd uyepe3 HEKOTOpoe
BHeIlIHee compoTuBJeHNue (puc.10.1, a). BkauecTBe KoHTYpa I BO3b-
MeM KpPHBYIO, OXBaThIBalO- , ,
myo npoox. Ha komtyp T .-§\ ,—g\

MOXHO HATAHYTb PDa3HbIE IIO- I ‘LS I n’ S
<|->N %n
/

BEPXHOCTH, Hanpumep S u S'. F
O6Ge DHOBEPXHOCTH MMEIOT o /T T
«paBHbIE IpaBa», OZHAKO Ue- ) 6)
pe3 MOBePXHOCTb S TeueT TOK
I, a yepe3 mosepxHOCTL S’ He Pre. 101
TeueT HUKAKOI0 TOKal

Ilonyuaercs, uTo nupKyaanua Bekropa H 3aBucur ot Toro, Ka-
KYI0 HOBEPXHOCTh MLl HATATHMBAEM HA AAHHHIM KOHTYp (?!), uero
SIBHO He MOXKeT OBITh (B CJlyuyae MOCTOSAHHLIX TOKOB 3TOro M He IIPO-
MCXOANJIO).

e,
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A Henb3A M KaK-TO U3MEHHTH mpaBylo yacTh (10.1), uTo6n u3-

OexxaTp aTroif HempuATHOCTH? OKa3bIBaeTCs, MOXKHO, M BOT KakK.

IIepBoe, 4TO MEI 3aMedyaeM, 3TO TO, YTO MOBEPXHOCTDL S’ «IPOHH-

3BIBAET» TOJBKO 3JIeKTpuueckoe moJe. ITo Teopeme I'aycca moTok

BekTopa D CKBO3b 3aMKHyTyI0 moBepxHOCTH $DdS = ¢, oTkyna
oD ds = oq

ZZds = 2., 10.2
ot ot ( )

C apyroit CTOPOHBI, COTJIACHO YPABHEHHIO HePepLIBHOCTH (5.4)
. oq
dS=-—=. (10.3)
$1as=-3

CJ10’kMB OTHEJBHO JIeBhle M IpaBble 4acTH ypaBHeHH# (10.2) n
(10.3), monyuum

§(j+g—lt))ds =0. (10.4)

9TO ypaBHEHHMe AHAJOTMMYHO YPABHEHHIO HENPEepLIBHOCTH IJdA
IOCTOAHHOrO TOKa. M3 Hero BHAHO, YTO KpOMe IJOTHOCTH TOKA
IPOBOAMMOCTH j HMeeTcCs eme OAHO cjaraemoe 0D/0t, pasMepHOCTH
KOTOPOr0 paBHA PA3MEPHOCTH IJIOTHOCTH TOKa. MaKcBes1 HasBaj
3TO cjaraeMoe IJIOTHOCTHIO MOKA CMeUWeHUR:

j,. = OD/ét. (10.5)

CyMMy 2Xe TOKA IPOBOAMMOCTH M TOKA CMEIIeHHUS HAa3hIBAIOT
noArbiM moxkom. Ero niaoTHOCTD

oD

+—. 10.6
p” ( )

j nojax = j
Corsaaceo (10.4) TMHEMK DOJTHOrO TOKA SBJSAIOTCA HEOpPEPHLIBHHI-
MM B OTJIMYHe OT JUHMI TOKA NPOBOAMMOCTH. TOKKM OpPOBOAUMOCTH,
€CJIM OHM He 3aMKHYTHI, 3aMBIKAIOTCA TOKAMM CMeIIeHHs.
Ceityac Mu y6egnMcs B TOM, UTO BBeJeHHE OOJHOr'O TOKa yCTpa-
HseT TPYAHOCTDb, CBA3AHHYIO C 3aBHCHMOCTBHIO MUPKYJIANUN BEKTO-
pa H ot BeIGopa mOBepXHOCTH, HaTArnBaemMoit Ha KOHTYp I'. Oka3ssni-
BaeTcdA, AJA 3TOr0 AOCTATOYHO B mpaBoil yacTH ypaBHeHHdA (10.1)
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BMECTO TOKa ONPOBOANMOCTH BBECTH OJTHBIH TOK, T. €. BeJIJUUYNHY
oo = j(, +——)dS (10.7)

B camoMm gene, npaBas yacth (10.7) npeacrasaser coboit cymmy
Toka nposogumoct# I u Toka cmemenna I,: I =I+1, . Iloka-
3KeM, YTO IOJHBIA TOK [ GymeT OMMHAKOB M AJS MOBEPXHOCTH S,
¥ IJA DOBepXHOCTH S’', HATAHYTHIX Ha OAMH M TOT e KOHTYp I'.
IOna storo npumerum (10.4) K 3aMKHYTO# NOBEpPXHOCTH, COCTAB-
JIeHHOM 13 moBepxHocTeit S u S’ (puc. 10.1, 6). YunreBas, 4To ANA
3aMKHYTOH NIOBEPXHOCTM HOPMajb N HaNpaBjeHa HapPYXy, 3allf-
meM

Taoma(S) + Ipona(S) = 0

Teneps, ecau 06epHEHYTH HOPMAJh N' JJIA MOBEPXHOCTH S’ B Ty XKe
CTOPOHY, YTO U AJdA S, TO IepBOe cjaraeMoe B IOCJIeAHEM ypaBHe-
HMHA N3MEHNUT 3HaK, 1 MBI NOJY4YHM

Inomi(s’) = Inonu(s)’

4TO M TpeGoBasIOoCh AOKa3aTh. UTak, TeOpeMy 0 OMPKYJIAONHN BEKTO-
pa H, koTtopasa 6rl;1a ycTaHOBJIEHA AJISE HOCTOSSHHBIX TOKOB, MOXXHO
00600MUTh AJA OPOHM3BOJBLHOIO CJAyYas M 3aOMCATh

_([i+ D
gﬁHdI_J‘( += ]dS (10.8)

B Takom Bmze Teopema 0 mupKyasnum Bektopa H cmpaBeanmBa
eceeaa, CBHIETEeJbCTBOM UEMY ABJIAETCHA COrjiacHue 3TOro ypaBHEHHA
C pe3yJbTaTaMH ONBLITA BO Bcex 6e3 MCKJIOUEHHMSA CHAydasXx.

Muddepennnansrans dopma ypasHerus (10.8):

oD
VxH-]+§ (10.9)

T. e. potop BexkTopa H omnpenesnsercs MIOTHOCTBIO TOKA MPOBOAMMOCTH j K
Toka cmerneHus 0D/0t B Toit ke Touke.

Heckoapko 3amMedanuii o Toke cmemeHua. Cieanyer MMeTh B
BHIY, UTO TOK CMEIIeHUA 3KBUBAJEHTEH TOKY OIPOBOAUMOCTH TOJIb-
KO B OTHOIIEHHMH CIOCOOHOCTH CO34aBaTh MArHMTHOE IIOJIEe.
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TokM cMeImIeHHdA CYIMEeCTBYIOT JIMIIb TaM, e MeHAeTCS CO Bpe-
MeHeM 3JIEKTPHUYEeCKOoe moJie. B AMAIeKTPHKAX TOK CMeImeHHs CO-
CTOHUT U3 ABYX CYIIeCTBEHHO PA3JIMUYHHIX cjaraeMbix. Tak Kak Bek-
top D = ¢yE + P, To oTClona BUAHO, YTO HJOTHOCTH TOKA CMEIEeHUA
0D/0t cknapbiBaeTCA M3 «MCTHHHOIO» TOKa cMmemeHusda OE/dt u
moka nonspusayuu 0P/0t — BeJMYUHBI, 06YCIOBIEHHON ABHXKE-
HUEM CBA3AHHBIX 3apPAAOB. B TOM, UTO TOKH mOJAPHU3AIIMU BO36YIK-
JAlOT MATHHUTHOE II0Jie, HeT HHYEro HEOXXHUAAHHOro, U60 3TH TOKH
IO IPHPOAE CBOEH He OTJIMYAIOTCA OT TOKOB MPOoBoAMMOCTH. IIpuH-
OUOINAJBLHO HOBOE COJAEPXKUTCA B YTBEPXKAEHMH, YTO H Jpyras
4acTh TOka cMemeHusa (g,0E/0t), koTopas He cBA3aHA HM C KAKUM
IBUIKEHNEM 3apANOB, a 00yCJIOBJIeHA TOJIbKO U3MEHEHUEM 3JIEKTPH-
YeCKOro IIoJIsi, TaK)Ke Bo30y)KaaeT MarHUTHOE moJje. Jlaxke B BaKyy-
Me BCAKOe M3MeHeHHe BO BPEMEHH 3JIeKTPHUUYECKOro IOJA BO36GYIK-
JaeT B OKDY)KalolleM OpPOCTPAHCTBE MArHHUTHOE IOJIe.

OTKpHITHE 3TOrO ABJeHUA — HauboJsiee CymecTBEHHBIA M pelna-
oMU mar, chedaHgbIi MakcBeJJIOM IpPH IOCTPOEHMH TEOPHH
3JICKTPOMATHUTHOI'O MOJIA. OTO OTKPBHITHE BIOJIHE aHAJIOTHUYHO OT-
KDBITHIO 3JIEKTPOMATHUTHONH WHAYKIIMM, COTJIACHO KOTOPOMY Iepe-
MeHHOe MATHUTHOe MoJie B036y)KJaeT BHXPEBOe 3JEKTPHUUYECKOe
mose. Ciiexyer Tak)Ke OTMETHTb, YTO OTKPHITHEe MaKCBeJJIOM TOKa
CMeImeHUsA — YHNCTO TeOPeTHYEeCKOe OTKDHITHEe, IIPHUYEM IIepPBOCTE-
IeHHOH Ba’XHOCTH.

PaccmorpuMm mpumep, B KOTOPOM IIPOABJIAIOT ce0s TOKH cMe-

ImeHus.
IIpumep. B HeorpaHNYeHHOI OXHOPOAHOI NIPOBOAAILLEH cpefe HaXOAUTCH
MeTaJJInYeCKHUi map, KOTOpoMy c000-
IIeH TIOJIOXKHUTEJbHBIN anex’rpx«mecxnﬂ
sapax (puc. 10.2). OIaeKkTpHUecKHe
TOKH, TEKyllile B pagHaJIbHbIX HaIllpaB-
JIeHUAX, OOJIXXHBI BOSﬁy}KlI&TL MarHurT-
HoOe I10JI€e. BHHCHPIM, KyAa HamnpaBJI€eH
BekTop B B mpomsBosbHOM TOuke P.

IIpesxne Bcero sicHo, uTo BeKTOp B He
MOXXET HMeTb pafHaJIbHON COCTaBJIAIO-
Puc. 10.2 ugeit. Ecau 6wl aTo OBIIO He Tak, IIOTOK
BeKkTopa B uepes moBepxHocTh cheprl S

(puc. 10.2) 6611 661 OTJIMYEH OT HYJIA, YTO IPOTHUBOPEYUT ypaBHe-
Huwo (7.2). 3HaunT, BeKTOop B mO/MKEeH GBITHL HMepneHAUKYJIApPEH




YpasHeEHsa Makcsesia. JHEPrAd 3JeKTPOMATHATHOrO MOJA 267

paavaJbHOMY HalpaBJIEHHUIO B TOYKe P. Ho 3TO TakKe HeBO3MOK-
HO, TAK KaK BC€ HaIlpaBJIEeHHUA, INNEepINeHINKYJAPDHbBIE pagnaJbHO-
MYy, COBEPIIIEHHO DABHOIIpaABHbI, OHN HUYEeM He BhIJeJIeHHI. Ocra-
€eTCA €AMHCTBEHHO€ — MArHNUTHO€e II0Jieé BCIOAY PaABHO HYJIO.

OTCcyTCTBHE MATHHTHOIO IOJS NPH HAJIMYMH 3JIEKTPHYECKOro
TOKa IIJIOTHOCTBIO j O3HAYAeT, YTO KpOMe TOKa IIPOBOAHUMOCTH j B
CHCTeMe HMeeTCH U TOK CMeIleHMA j,,, MPHYEM TaKoH, YTO IOoJ-
HBI! TOK BCIOAY paBeH HYJIIO, T. €. B KaxKIoi Touke j., = —j. Hau
_ ¢ oD
= 5 —

4nr® Ot

Jew =1J

2
rae MPpUHATO BO BHUMaHMe, 4yto D = ¢/4nr® coraacHo teopeme Ia-
ycca.

§ 10.2. Cucrema ypaBHeHMIN MakcBeaia

YpasHenua MakxcBeana B uHTerpaiabHoit ¢dopme. C BBemeHHEM
TOKa CMeIeHNs MAaKPOCKONHNUYecKas TEeOpHs 3JIeKTPOMArHUTHOI'O
noas Owla Osecrame 3aBepmieHa. OTKDHITHE TOKA CMEILEHHA
(0D/dt) mo3Boano MaKcBesIy cO34aTh eAHHYIO TEOPHIO dJeKTpHYe-
CKHX M MarHUTHHIX ABJeHni. Teopnsa MakcBesa He TOJbKO 00BAC-
HUJA BCe Da3pO3HEHHHIE ABJEHUA 3JEKTPUYECTBA M MarHeTH3Ma
(mpuueM ¢ eIMHOH TOYKM 3PEeHHA), HO M NpeACcKa3aja psaj HOBBIX SB-
JIGHUi, CyIIeCTBOBaHHE KOTOPBIX IOATBEPAMJOCH BIIOCJIEACTBHU.

ITo cMx MOp MEI PACCMATPHBAJM OTAEeJbHBEIE YaCTH 3TOH TEOPHH.
Teneps MOXXHO IPEACTABUTh BCI0O KAPTHMHY B BHJAE CHCTEeMHI (pyHIa-
MEHTAJbHBIX YPAaBHEHHUI 3JIEKTPOAWHAMHMKY, Ha3bIBAEMBIX ypaséHe-
nHuamu Maxceenna 6 nenodsudxcnvix cpedax. DTHX ypaBHeHHUit ue-
TeIpe (MBI YK€ IO3HAKOMMJINCH C KaXXAbIM U3 HUX B OTAEJIbHOCTH B
IpeAIIeCTBYIOIIMX pasfesax, a ceifuac nmpocto cobepeM UX BCe BMe-
cre). B uHTerpanbHOi opme cucreMa ypaBHeHH MakcBesia nme-
eT cjeayioImmuil BUAI:

55Ed1=—j%-ds, $BdS =0, (10.10)

§Hdl=j(j+g—?]ds, $DdS =[pdv, (10.11)

rae p — o6beMHAA IJIOTHOCTh CTODOHHMX 3apAAOB, j — IJIOTHOCTB
TOKa IIPOBOAMMOCTH.
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OTH ypaBHEHHA B CXKATOH (opMe BHIPA)KAIOT BCIO COBOKYIHOCTD
HaImuX cBefeHUi o6 snexTpomarHutTHOM moJe. Comep)kaHue ITHUX
ypaBHEHHUH 3aKJIOYaeTcsa B CJIeAYIOIEM:

1. Iupkynanusa sBexropa E mo mo6oMy 3aMKHYTOMY KOHTYDPY
paBHA CO 3HAKOM MHHYC IIDOM3BOLHOM IO BpeMEHH OT MarHUTHOTO
DOTOKA Uepe3 J106yi0 TOBEPXHOCTh, OTPAHNYEHHYIO JaHHBIM KOHTY-
powm. ITpu arom nox E norumMaercsa He TOJIbKO BUXDeBO€ 3JI€KTpUIe-
CKOe IoJie, HO U 3JIEKTPOCTATHYEeCKOe (OUPKYJIALUS IOCIeRHero,
KaK H3BECTHO, PaBHa HYJIO).

2. IoTok BekTOpa B CKBO3b IPOM3BOJLHYIO 3aMKHYTYIO IIOBEPX-
HOCTb BCerga paBeH HYJIO.

3. lHupkynanusa sexropa H mo mio60My 3aMKHYTOMY KOHTYDY
paBHA IIOJHOMY TOKY (TOKY NMPOBOAMMOCTH M TOKY CMeIleHNus) ue-
pe3 IIPOM3BOJBLHYIO IIOBEPXHOCTb, OTPAHMUYEHHYIO NAHHBLIM KOHTY-
poM.

4. Tloroxk BekTOpa D CKBO3bL JIO6YI0 3aMKHYTYIO IIOBEPXHOCTH
paBeH ajare6panyecKoil CyMMe CTOPOHHMX 3apANO0B, OXBAaTHIBAEMBIX
3TOH IOBEPXHOCTBHIO. *

W3 ypaBHeHHi1 MakcBeija AJid MUPKYJIAONHA BEKTOPOB Eu H
clenyeT, UTO 3JEeKTPUUECKOe M MATHHUTHOE NOJA Helb3s paccMart-
pHMBATh KAK HE3aBHCHMbIe: U3MEHeHNe BO BpeMEeHM OLHOTO U3 3THUX
mosieil MPMBOSUT K mosiBjeHHIo apyroro. Iloaromy uMeeT CMBICIT
JIMIIL COBOKYIIHOCTh THX IIOJIeH, ONMHCHIBAIOIIAA eANHOe 3JIeKTPO-
MarguTHoe IoJe.

Ecan ke moas cranuonapus! (E = const u B = const), To ypaBue-

HHAA MakcBesia pacrafaloTcA Ha OBe I'DYNIBI He3a6UCUMbLX ypaB-
HEeHU:

45Ed1 =0, §Bds =0,

10.12
$Hd1=0, $DdS =0. (1012

B aroM ciyuae 3JeKTpHYECKOe M MarHHTHOE II0JS He3aBUCHMBI
APYT OT APYyTa, YTO ¥ IMO3BOJIMJIO HAM U3YYUTh CHaYajIa MOCTOSHHOE
aJIeKTpHUYecKoe IoJie, a 3aTeM He3aBMCHMO OT HEro M IOCTOAHHOE
MarsuTHOEe IIOJIe.

Heo6xX0qUM0 NOSYEPKHYTb, YTO DACCYXKAEHHHA, C IIOMOIIBIO KO-
TOpBIX MBI IIPUIILTH K ypaBHeHHAM MakcBesa, HM B KOeil Mepe He
MOT'YT IpeTeHA0BATh Ha UX AOKA3aTeJbCTBO. OTH YPaBHEHUA HeJb-
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351 «BBIBECTH», OHH SABJAIOTCA OCHOBHBIMM aKCHOMaMM, IOCTyJaTa-
MM 3JI€KTPOAVHAMUKH, IOJYyYEeHHBIMU IIyTeM 0000IIeHNs OMBITHBIX
baxTOB. ITH HOCTYJaThHl UrpalOT B JIEKTPOAMHAMUKE TAKYIO Ke
poJib, KaK 3aKOHBI HbhIOTOHA B KJIACCHYECKOH MeXaHWKe WM Haya-
Jla TeDMOAWHAMHKHU.

Ypasreana Makcsesia B 1uddeperunansaoii gopme. YpasHe-
HudA (10.10)  (10.11) MoxHO npeacTaBUTh B AuGdepeHnnaIbHOK
dopme, T. e. B BuAe cucrembl guddepeHIVaIbHBIX YpaBHEHHUH, a
MMEHHO:

V><E=—@, V-B =0, (10.13)
ot
VxH=j+%t12, V-D=p. (10.14)

9TH ypaBHEHUA T'OBOPAT O TOM, YTO 3JEKTPHUECKOE IOJI€ MOXKET
BO3HHMKHYTbL IO ABYM IPHYMHAM. Bo-mepBBIX, €ro UICTOYHMKOM SIB-
JIAIOTCA 3JEeKTPUUYEeCKHe 3apsaibl, KaK CTOPOHHHME, TaK M CBA3aH-
Hble. TO caenyeT u3 ypasHerna V- D =p, eciu yuecTs, 4To D=¢,E +
+PuV-P=-p, rorga V+E « (p + p'). Bo-Bropnix, nosae E o6pasy-
eTcsa Bcerga, KOriza MEHsSeTCs BO BDeMEHM MAarHUTHOe IIoJe (BhbIpa-
JKeHNe 3aKOHA 3JIEKTPOMArHHTHOM MHAYKIun Mapanes).

9TH ’Ke ypaBHEHHUA TOBOPAT O TOM, YTO MarHuTHoe moje B mo-
eT BO30Y»XAaThCA JHG0 ABMIKYIIMMUCA 3J€KTPUYECKNMU 3apsja-
MH (3JIeKTPMYECKMMH TOKaMM), JuOO IepEeMEeHHBIMH 3JIeKTpHue-
CKHMHM NIOJSAMH, JHGO TeM M APYTHM OJHOBPEMEHHO. JTO CJIEAYyeT
u3 ypaBaeHus V x H = j + dD/0t, ecan yuects, uro H=B/p,— J n
VxJ=j,rorgaV x B (j +j' + 0P/0t + ¢, 0E/0t), rme j — mwioT-
HOCTb TOKA HaMarEn4ymBaHus, OP/0t — miI0THOCTL Moka noaspu-
3ayuu. IlepBble TpU TOKa CBA3aHBI C ABHIXKEHHUEM 3apALOB, IOCIEN-
HHUI TOK — ¢ H3MeHAIuMca Bo Bpemenn nosieM E. Hukakux nc-
TOYHMKOB MArHUTHOTO IOJIA, HOAOOHBIX 3JJEKTPHUUYECKHUM 3apsagaM
(mo aHaJOrMM MX HA3BIBAIOT MArHUTHHIMU 3apAfaMH), B IPHDOJE
He CYIEeCTBYeT, 3TO cjeayeT u3 ypaBHeHms V+B = 0.

3HaueHMe ypaBHeHHMII MakcBesia B auddepernuaapHoOit popme
He TOJIBKO B TOM, YTO OHM BBIDAXXal0T OCHOBHHIE 3aKOHBI 3JEKTPO-
MAarHEATHOI'O IOJISI, HO X B TOM, YTO IYTEM UX DeIleHuA (MHTerpupo-
BaHMA) MOTyT OBIThH HalifieHHl camu moas E u B.
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YpaBHeHnsa Makcsesnna B auddepeHOUaNlbHOR (PopMe COBMECT-
HO C YPaBHEHMEM IBHM)XEHHSA 3apAXKEHHBIX YaCTHUI, IOJ AeHCTBHEM
cuabl JlopeHnma

dp/dt = gE + g[vB] (10.15)

COCTaBJIAKT (PyHAAMEHTAJLHYIO CUCTEMY ypaBHEHHMi. JTa cHcTeMa
B IDMHIONIOE AOCTATOYHA AJIA. OOMCAHMNA BCEX 3JIEKTPDOMArHUTHBIX
SABJIEHW#, B KOTODHIX He IPOABJAIOTCA KBAHTOBBIE 3(G(EKTHI.

I'pannunbie ycjoBHA. YpaBHEHHMs MakKcBe/la B MHTErPAJbHOMR
dopme obnagaroT Gosbmieii OOMHOCTHIO, YeM AnpdepeHnuaIbHbIE,
160 OHM CIpaBeJJMBHI U B TeX CJAy4asdX, KOrJa CyIIeCTBYIOT 1106ep-
XHOCMU pa3pbi6a — IOBEPXHOCTH, HAa KOTOPBIX CBOMCTBA CpeAbl
MM IOJIe MeHSIOTCA CKauyKooOpasHO. YpaBHEHHA Ke MaKcBesra
B auddepeHnuasbHON HopMe ImpeAmoaraioT, YTO BCe BEIUYUHBI B
IPOCTPAHCTBE M BPEMEHU H3MEHAIOTCS HEIPEPBIBHO.

MoO>XHO, OOHAKO, JOCTHTHYTb TAKOH »Xe OOIMHOCTH M IJIdA IUQ-
depeHnuaJbHON (HOPMBI YyDaBHEHUIl, €CJIM AOHNOJHUTbL UX 2PAHUY-
HHLMU YCNLOBUAMU, KOTODHIM AOJKHO YAOBJIETBOPATH 3JIEKTpOMAr-
HHUTHOE II0JIe Ha FPaHNIEe pa3fesa ABYX cpel. OTH YCJIOBHA COAEp-
JKaTCA B MHTerpajbHOil ¢opme ypaBHeHHMiI MakcBessla U HMEIOT
y>Ke 3HaKOMBIH HaM BHJ:

Dy, = Dy, E = Ey, By,=By, H, = H,  (10.16)

(3mech mepBOe M ImOCJIefHEe YCJIOBHUSA OTHOCATCA K CIydYasaM, KOrZa Ha
rpaHNIE pa3fejia HeT HM CTOPOHHMX 3apANOB, HM TOKOB IPOBOAMMO-
cTH). 3aMeTHM TaKXKe, YTO IpUBeJeHHble 'DAHNYHbIE YCJIOBUA CIpa-
BeQJMBHl KaK [AJIs IOOCTOAHHBLIX, TAK M MJA IOepPeMEeHHBLIX IIOJIei.

Marepnanbable ypaBHeHHsa. (DyHIaMeHTaJlbHBIE YyPaBHEHUA
MakcBeJia eme He COCTaBIAIOT IOJHON CHUCTEeMbl YPaABHEHUH 3JIEK-
TPOMArHHATHOIO IOJIA. OTHX YPABHEHUH HEJOCTATOYHO AJISI HAXOXK-
JeHUs IoJiell o 3aJaHHBIM pacIpeleeHHAM 3apANOB M TOKOB.

VYpaBEeHns MaxkcBessia He00OXOAUMO JOMOJHUTH COOTHOLIEHUAMH,
B KOTOpBIe BXOAMJIM GbI BEJMUMHBLI, XapaKTEepH3YIOIMNe WHAWBHAIYA-
JIbHBIE€ CBOMCTBA CPeAbl. OTH COOTHOIIEHWS HA3HIBAIOT MAMeEpPuUandb-
Hoimu ypasrnenuamu. Boobme roeops, 3TH ypaBHEHHMA AOCTATOYHO
CJIOXKHBI M He 001a7aI0T TOi OOIIHOCTBHIO M (HYHAAMEHTAJIbHOCTLIO,
KOTOphble CBOMCTBEHHH! YypaBHeHMAM MakcseJia.
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MartepuasbHbIe ypaBHEHUs HamboJiee IPOCTHI B CJIydae HOCTa-
TOYHO CJa0BIX 3JI€KTPOMArHNUTHBLIX I0JIeH, CPABHHUTEJIbHO MeZJIEeH-
HO MEHSIOIIMXCA B IIPDOCTPAHCTBE M BO BpeMeHH. B aToMm ciayuae
JJIA U30TPOIIHBIX CPeX, He COAEPKAIINX CErHETOIEKTPUKOB U (hep-
POMAarHeTMKOB, MaTepHaJbHble YPABHEHNA NMEIOT CJIEeAYIOLIN BAL
(oH HaM y»Xe 3HaKOM):

D=¢eE, B=puH, j=oE+E), (10.17)

rge € M, O — H3BECTHbIe HAM IIOCTOSHHBIE, XapaKTepH3ylolue
3JIEKTPHYECKHEe 1 MArHUTHBIE CBOMCTBA CpeAbl (AN3IeKTPHYeCKasa 1
MarguTHas OPOHHIAEMOCTH M 3JEeKTPOIPOBOAUMOCTE), E* — Ha-
OPAXKEHHOCTDb IOJIS CTOPOHHUX CHJI, 00YCJIOBJIEHHAA XHMHUUYECKUMHU
WM TEIJIOBLIMH IIPOIIECCAMHU.

§ 10.3. CoiicTBa ypaBHeHuii MakcBesia

YpaBHeHusa MakcBe/uia JuHeHHBI. OHH COAEP)KAT TOJBKO IIep-
Bble nmpousBogHble mojeil E u B mo BpeMeHr M npocTpaHCTBEHHBIM
KOODAMHATAM M IIepBble CTENeHH IJIOTHOCTH 3JIEKTPHYECKHX 3aps-
OB p ¥ TOKOB j. CBOICTBO JMHEHHOCTN ypaBHeHU MakcBeJia He-
IIOCPEACTBEHHO CBS3aHO C IPHHIMIIOM CYIEPIO3NUIIMN: €CJH ABa Ka-
KUX-HUOYAb IOJIST YAOBJETBOPAIOT YpaBHEHNAM Makcseia, TO 3TO
OTHOCHUTCA M K CyMMe 3THX IIOJIeH.

YpaBHeHEnsa MakcBe/ula COAEp/EAT ypaBHeHHMe HeIpPEepLIBHOCTH,
BBIPAIKAIOLIEe 3AKOH COXPAHEHMS IEKTPHUIECKOTO o ==~
s3apaga. Yrobsl ybeguThcs B 3TOM, BO3bMeM 0eCKO- / \
HEeYHO MaJblil KOHTYp I', HaTsiHeM Ha Hero IpoH3- ‘/

BOJIbHYIO KOHEYHYIO IoBepxHOCcTh S (puc. 10.3), a |\ ]
3aTeM CTSIHEM 3TOT KOHTYD B TOUYKY, OCTaBJASA IIO- \ /
BepPXHOCTb S KOHeuYHO#l. B mpezpene mupkynamusa s
§Hd1 o0pauaercsa B HYJb, IOBEPXHOCTh S CTaHO-
BHTCS 3aMKHYTOH M mepBoe u3 ypaBHeHmit (10.11) mepeitger B

g;(j + @)ds -0.
ot

Orcioga ciemyer, 4TO

S

Puc. 10.3

4s = -2 __%
$ids = ot gpas ot
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a 3TO U ecTh He YTO WHOe, KaK ypaBHEHHe HelpepbIBHOCTH (5.4),
KOTOpOe yTBep)kKJaeT, YTO TOK, BhITeKalommuil u3 o6bvema V uepes
3aMKHYTYIO IIOBEPXHOCTh S, paBeH YOLLIM 3apfAfa B eSUHUIY Bpe-
MeHH BHYTpH 3TOoro oonema V.

Tor ke 3ak0H (ypaBHEHHE HENIPEPHIBHOCTH) MOYXHO IIOJYYHTDh U
n3 guddepeHnalIbHLIX ypaBHeHH MakcBesna. JJlocTaToO4HO B3ATH
OINBEpreHnuio oT o0enx 4yacreil mepBoro u3 ypaBHeHHi# (10.14) u
BOCIOJIb30BATbCA BTOPHIM M3 ypaBHeHHH (10.14), 1 MBI moayumm
V-j=-op/ot.

YpaBEeEMA MaKcBeJa BHINOJHSIOTCA BO BCeX HMHEPIHMAJIbHBIX
cucreMax orcuera. OHM ABIAIOTCA PEJATHUBUCTCKM MHBAPHUAHTHBI-
MH. OTO €CTh CJIeACTBHE NIPUHININA OTHOCUTEIbHOCTH, COIJIACHO KO-
TOPOMY BC€ MHEpIMAJbHBIE CHCTEMBI OTCYeTa (PHU3NUECKH IKBHBA-
JIEHTHBI ApPYT Apyry. ®akT MHBapHAaHTHOCTH ypaBHeHH# MakcBeJ-
Ja (OTHOCHTeJbHO npeobpasoBaHMil JIopeHIA) NDOATBEpPKAAETCA
MHOIOYMCJIEHHbIMM ONBITHHIMM NaHHBIMH. Bunx ypaBHeHmit Makc-
BeJIa IIPH IIepexofie OT OAHOM MHepIHMAaJbHOM CHCTEMBI OTCUEeTa K
IpYyroi He MeHAETCA, OJHAKO BXOAAIINE B HUX BeJIUYMHBI Ipeobpa-
3yIOTCA IO OIpefesieHHBIM npaBniaaM. Kak npn aTom npeobpasyior-
ca BeKTophl E 1 B, MBI BHIACHMIM B I'JI. 8.

Hrak, ypaBHeHNs MaKcBeJia SBJISIOTCA IPABUJIbHBIMHU PEJIATH-
BHCTCKMMM YypaBHEHHSAMH B OTJIHYHEe, HanpuMep, OT ypaBHEHUH
MexaHMKHN HploToHAa.

O cummeTpuu ypaBHeHHMiT MakcBessa. YpaBHeHuss MakcBesa
He CHMMETPHYHHI OTHOCHTEJBLHO JJEKTPUYECKOTO M MATHHTHOIO
noJieit. 3To 06yCJIOBIEHO ONATH YK€ TeM, UTO B IPHPOJE CYIeCTBY-
IOT 3JIEKTpHYECKHe 3apsAAbl, HO HET 3apsJ0B MarHUTHHIX (HACKOJIb-
KO M3BECTHO B HaCTOsAIlee BpeMA). BmecTe ¢ TeM B HeiATpaJbHOM OX-
HOPOJHO# HenpoBoAsameit cpeae, rae p =0 u j = 0, ypaBHeHNA Mak-
cBeJIa MpUOOpeTaloT CMMMETDUYHBINR BUI, T. €. E Tak cBA3aHO C
0B/0t, xak B ¢ OE/ot:

VxE=-0B/0t, V:-B=0,

(10.18)
V x H =0D/ot, V:D=0.

CuMMeTpus ypaBHEHHHI OTHOCHTEJIBHO 3JIEKTPHMYECKOr0 M Mar-
HUTHOTO IIOJIeHl He PacIpOCTPaHAETCS JHUIOb Ha 3HAK Iepef IPOU3-
BOZHBIME 0B/0t m 0D/0t. Paznnune B 3HAKaX mepej 3THMH IIPOU3-
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BOOHBIMH IOKA3bIBA€T, YTO CHJIOBBIE JIH- JB dD
HUHM BHXPEBOr0 JJIEKTPHUUYECKOTO IOJIA,

MHIYONPOBAHHOTO M3MEeHeHHeM mnojas B,

o0pasyior ¢ BeKTopom 0B/0t 1eBOBHHTO- E H
BYI0O CHCTEMY, B TO BpeMA KaK JHHUH

MATHHTHOTO IOJIfA, MHAYIUPYEMOTr0 U3Me- Puc. 10.4
HeHuemM D, oOpasyior ¢ BeKkTopom dD/0t

OpaBOBMHTOBYIO cucTeMy (puc. 10.4).

O sJeKTpOMAarsMTHHIX BoaHax. VI3 ypaBHeHuit Makcsesa cie-
IyeT Ba)XHBI BBIBOA O CYILNECTBOBAHMM HOPHMHIOMINAJLHO HOBOTO
¢$HU3NYEeCKOro ABJIEHNSA: 3JIEKTPOMAarHUTHOE IOJie CIOCOOHO CyIIecT-
BOBATb CAMOCTOATEJbHO — 06€3 3JIeKTPHYECKHX 3apALOB M TOKOB.
ITpu 3TOM M3MEHEHUE ero COCTOAHNA 00A3aTEJIbHO NMEET BOJHOBOM
xapakTep. Ilona Takoro poza Ha3BIBAIOT 3/1€KMPOMAZHUMHBLMU
éoanamu. B BakyyMe OHM Bcerga pacIpOCTPaHAIOTCA CO CKOPO-
CThIO, PABHOM CKOpPOCTH CBeTa C.

BrIACHMJIOCH TaK2Ke, UTO TOK cMelneHuA (0D/0t) urpaer B 3TOM
ABJIGHHH NI€PBOCTENEeHHYIO pojb. IMEHHO ero npucyTcTBHE HapALY
¢ BeJNYNHON 0B/0t m1 03HaUaeT BO3MOXKHOCTb IOSABJEHHA 3JIEKTPO-
MarEUTHHEIX BOJH. BcsiKoe HM3MeHeHMe BO BPEeME€HHM MArHMTHOTIO
moJiA BO30Y KJaeT moJie 3JIeKTPUYECKOoe, N3MEeHEHHE JKe IOJIsS dJIeK-
TPHUYECKOro, B CBOIO oOdYepenb, BO30y>KZaeT MarEMTHOe ImoJe. 3a
CYeT HEeNpPePLIBHOTO B3aMMOIDEBPAINEHMA HJIHM B3aMMOJEHCTBHA
OHM H JOJI)KHBI COXPDAHATHCA — 3JIEKTPOMATHHNTHOE BO3MYINEHHE
6yzeT pacIpoOCTPaHATHCA B IIPOCTPAHCTBE.

Teopusa MakcBesia He TOJBKO IpeACKasaja BO3MOXKHOCTb CY-
IEeCTBOBAHUA 3JIEKTPOMArHUTHHIX BOJIH, HO M I03BOJIMJIA yCTAHO-
BHTb BC€ MX OCHOBHBIE CBOMCTBa, a MMEHHO: Jio0as 3jJeKTpoMar-
HHUTHas BOJIHA HE3aBHMCHMO OT €e KOHKDeTHOH (opMbI (3TO MOXKET
ObITH TapMOHHMYECKasA BOJIHA WM 3JIEKTPOMArEMTHOE BO3MYINEHHE
IIPOM3BOJLHON (POPMBI) XapaKTepH3yeTCsa CAEAYIOIOMMH O0IIUMH
CBOMCTBaMH:

1) ee cKopoCTb pacIpoCTpaHEHHS B HENpPOBOAAILNEH HeATpaJb-
HOM HedeppPOMarHUTHOHN cpene

v=c/Jen, rme ¢ =1/ eono; (10.19)

2) BekTopr! E, B 1 v (CKODOCThL BOJIHBI) 63AUMHO Nnepnenduxy-
RAPHBHL ¥ 06pa3yioT npagosurnmosyio cucmemy (puc. 10.5). Takoe
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E IIPaBOBHHTOBOE COOTHOMIEHVE SABJIAETCA 6HYMPEHHUM
c80lcmeom BJJIIEKTPOMarHUTHOM BOJIHBI, He 3aBHCH-
IODUM HH OT KAKOH KOODAWHATHOH CHCTEMBI;
3) B anekTpomaraEuTHOM BoyiHe BeKTODHI E u B Bce-
raa kosebiiorcsa B ofMHAKOBHIX (asax (puc. 10.6, rae
B nokasama MraoBeHHas «(ororpadmusa» BOJHBEI), IIPH-
Puc. 105 4o Me)XXJy MIHOBEHHBLIMM 3HaueHMAMHU E u B B Jio-
6011 TOUKe CyIIecTByeT onpenenennan CBA3b, & UMeHHO E = vB, uiun

egg E =\/upo H. (10.20)

9ro 3HaYNT, 4TO0 E 1 H (un1u B) 0JHOBPEMEHHO AOCTHUraloT MakK-
E v CHMyMa, OJHOBDPeMEeHHO o6paImaioTcd B
HyJb U T. O.

ITornMmaHUMe TOrO, 4TO M3 JUPdepeH-

nuajabHEBIX ypaBHeHHU# (10.18) BhITEKAa-

Jla BO3MOXXHOCTh CYINECTBOBAHMSA 3JIEK-

TPOMAarHUTHHIX BOJIH, IO3BOJMJIO Mak-

B cBeJIy ¢ 6JIECTAIMMM yCIIEXOM Pa3BUThb
Puc. 10.6 3JIEKTPOMArHUTHYIO TEOPHIO CBeTa.

§ 10.4. OHeprug M NMOTOK HEPrHH.
BexTop IloiiHTHHTa

Teopema IloitaTHHra. MicX0oAA M3 mpeacTaBI€HHUSA O JOKAJIM3a-
IV 3HEPTHH B CAMOM II0JI€ M1 PYKOBOACTBYACHh NIPHUHIMIIOM COXpa-
HEHNS 3HEPrHH, MBI JOJIKHBI 3aKJIOUHTh, YTO €CJH B KaKOMH-TO
oIpenesieHHON 00JjlacTH 3HEpPrus yMeHbIAeTCHA, TO 3TO MOXKET IIpO-
HCXOANTH TOJBKO 3a CUET ee «BBLITEeKAHMSA» Yepe3 IPAaHHUILI pac-
cMaTpuBaeMoil o6sacTH (cpea IpeanoJaraeTcsi HEMOABHIKHOIR).

B atom oTHOmeEHMH cymmecTByeT ¢GOpMaJbHAA aHAJIOTHA C 3aKO-
HOM COXpaHEHHd 3apaga — ypaBHeHHeM (5.4). CMBICJI 3TOro 3aKo-
Ha B TOM, 4YTO yObLIb 3apsja B JaHHOM o0'beMe 3a €IWHMILY BpeMe-
HHM paBHA IOTOKY BEKTOPA j CKBO3b IIOBEPXHOCTb, OXBATBHIBAIOINYIO
3TOT 00BEM.

Tak u B ciyJae 3aKOHA COXPaHEHUA 3HEPTHH CJeJyeT IPNU3HATh,
YTO CYIOEeCTBYEeT He TOJIbKO IIJIOTHOCTb 3HEPTrMH W B AaHHOMH obJac-
TH, HO M HekoTopuli BekTop II, xapakTepmsyomui naomrocmo
nomoxa 3xnepauu.
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Ecau roBOpHTH TOJBLKO 00 9HEPrMH 3JeKTPOMATrHMTHOI'O ImOJd,
TO ero HOoJIHAA 9HePTruA B JaHHOM o6beMe GymeT M3MEHATHLCA KakK 3a
cUYeT BBITEKAHUA ee U3 06beMa, TaK M 3a CYeT TOro, YTO IoJje mepe-
JaeT CBOIO dHEPTHIO BelIEeCTBY (3apAKEHHBIM YaCTHIAM), T. €. Ipo-
u3BOAMT paboTy Haj Bel[ecTBOM. MaKPOCKONMYECKH 3TO YTBEpPKAe-
HMe MOXXHO 3amucaThb TaK:

W _ $mds+p, (10.21)
dt
rae dS — 3JileMEeHT IIOBEPXHOCTH.

910 ypaBHeHMe BbIpa)kaeT Teopemy IloiiHTHHTra: Yyb6uinb IHep-
2uu 3a edunuyy 6pemenu 6 dannom o6 veme pa6Ha NOMOKY IHep-
2UU CK603b N0BEPXHOCMYb, 02PDAHUYEHKHYIO ImuMm 065eMoM, NAIOC
MmowHOCcmd P, komopyio cunv. nons npousdeodam nad 3apadamu
éeuyecmeéa é6Hympu 0aHno0zo0 o6vema.

B ypaBrerunm (10.21) W = J wdV, w — mIOTHOCTH dHEPTrUM I0JIA,
P ='[ jEdV, j — mnorHOCTD TOKa, E — HAmpsKeHHOCTHL 3JIeKTpHYe-
ckoro noasa. IlpuBeneEHOE BHIpDaXKeHNE AJIA P MOXXHO IOJYYUTh TaK.
3a Bpema dt mone E coBepmuT Hag TOYEUHHIM 3apAgOM ¢ paGory
dA =¢E - udt, roe u — ckopocts 3apsaga. OTcioga MOIIHOCTH CHibl gE
paBHa P = quE. Ilepexoasa K pacmpezesieHHIO 3apANOB, 3aMEHMM ¢ Ha
pdV, p — o6bemMHasA mwioTHOCTH 3apaga. Toraa dP=puE dV = jE dV.
Ocraerca mpomHTerpupoBats dP mo MHTEpecylomeMy Hac 00bemy.

Cirexyer orMeTuTh, uTO MomIHOCTL P B (10.21) MoXkeT ObITHL Kak
IIOJIOXKHUTEJbHON, TaK M OTpHOarebHOI. IlocienHee mMeeT MecTo B
TeX CIydadX, KOIZAa IOJIOXKUTeJbHbIE 3apAALl B BEIeCTBE ABMXKYTCS
IpOTUB HamnpaBieHUA moiasa E mau orpunareabHble — B IPOTHBONO-
JIO)KHOM HampapleHHM. Hanpumep, Tak OGCTOMT HejIO B TOYKaX cpe-
Ibl, THe IOMHMMO 3JeKTpuueckoro nmons E geitcrByer u mone E* cro-
poEHHX cui. B atnx toukax j = o (E + E*), u ecoim E* 1T E u no mozy-
a0 E* > E, to JE B BelpaxkeHNH Aad P okasbIBaeTCA OTPHUIATEIbHBIM.

IToHTHHT OOJYYHJI BBIDAXEHUA OJA IINIOTHOCTH 3HEPruu W M
BexTopa II, Bocmosbp3oBaBOINCHL ypaBHEHHAMH Maxkcsesna (3TOT
BBIBOA MBI IPHBOANTL He Gyaem). Ecam cpema He cOmep)XHT cerHe-
TO3JIEKTPMKOB U (heppOMarHeTHKOB (T. €. HeT SABJEHNA I'HCTepe3Hu-
ca), TO ILIOTHOCTb SHEPTMH 3JeKTPOMATHHTHOTO IIOJA

ED BH
=—+—.
2 2

(10.22)
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3aMeTHM, YTO OTHeJbHBIE CjaraeMble 3TOr0 BhIPaYKeHHS MBI IO-
Jyuunn paHee [cMm. (4.10) u (9.32)].

IInoTHOCTH k€ mOTOKA SHEPIHH dJIeKTPOMATrHNTHOIO HOJA — BeK-
rop II, HasbIBaeMblil 6exmopom Ilolinmunza, — onpenenseTca Kak

IT = [EH]. (10.23)

Crporo rosops, aas o6enx BenuunH, w u II, u3 ypaBEeHnit Mak-
CBeJLIA HeJIb3d MOJYUYHUTh OAHO3HAUHKIX BhIPAYKEHHUIl; IPUBeeHHkIe
BBID&QXXEHNA ABIAITCA HpOCTeﬁmHMK 13 6€CKOHEYHOI'0 YHMCJIa BO3-
MOXXHBIX. MBI JOJI’)KHBI IIO3TOMY DacCMaTPMBATH 3TH BhIPAXXEHHUHA
KaK IOCTYyJIaThl, CIPaBeAJINBOCTb KOTOPBIX AOJXKHaA ObITH MOATBEP-
dKAeHa COIJIacHeM BHIBOAWMBIX M3 HUX CJIEACTBUH C OOBITOM.

Ha HecKOJBKHX IpHMepax Mbl YBHOHUM, YTO XOTH Pe3yJbTaThl,
nmojiyyaeMble C IOMOINBLIO MOCIeAHUX ABYX GOPMYyJI, HHOTAA BBIIIA-
OAT CTPAHHBIMU, OOHAPY>KUTH B HUX YEro-TO HEBEPOATHOro, KakKo-
ro-1ubo pacxoXXAeHUsS C OOBITOM He yxaeTcsa. A 3TO M ABJIAETCA
CBHJETEJbCTBOM TOMY, UTO 00a BLIDA)XEHHUA HOPaBHJbLHBIE.
IIpumep 1. IloTOK 3HEPruu B 3JeKTPOMArHMTHOH BoJHe (B Bakyyme). Bul-

yucauM dHepruio dW, npoxopsmyio 3a Bpema dt yepes exu-
HUYHYIO IUIOLIAAKY, NEPIEeHAUKYJIADHYIO HalpaBJeHHUIO pac-
NIPOCTPAHEHHUA BOJHBI.

Ecnin B MecTe HaxoKAE€HHUA 3TOH ILIOIIAAKHM M3BECTHHI 3HAUe-
Hua E u B, To

dW = wcdt,
2 2
rfie W — IUIOTHOCTb 3Hepruu, w = ggE°/2 + poH"/2. Ona snek-
TPOMATHUTHON BOJHBEI B cooTBeTCTBHH ¢ (10.20)
2 2
EOE = },I,OH .
9TO 3HAYMT, YTO B JIEKTPOMATHUTHOM BOJIHE IIJIOTHOCTb 3JIEKT-
PHYECKOM 3HEepPruM B J060i1 MOMEHT paBHA IIJIOTHOCTH MAarHHT-

HOH 3HEPruM B TOH Ke TOUKe, U MOXKHO 3aIUCAThb AJIA IIOTHO-
CTH 3HEpruu:

w= eoEz.
A Torpma

dW = goE%cdt = ey /ug Edt.

Temneps BHIACHHUM, YTO MBI IIOJY4YHUM, €CJIH BOCIIOJbL3YEeMCHA BEK-
TopoMm IloitHTHHra. ATy ke BeauunHy dW MOKHO IIpeACTABHUTHL
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IIpumep 2.

Hpumep 3.

yepe3 MOAYyJb BEKTOpa II Tak:
dW = [dr = EHdt = \[eg/po E2dt.

Taxkum ob6pasoM, o6a BuIpakeHua — Aaa w u II — npuBoaAT K
OAHMHAKOBOMY pe3yJabTaTy (mociegHue ase GOPMYJIHI).

BrigesenHe TemaoTH B MpoBOAHHKe. IIycTh
0 IPSIMOMY NPOBOAY KPYIJOro CeYeHUs pa-
auycoM a Tedet ToK I (puc. 10.7). ITockonsb-
Ky npoBoj o6JajaeT CONPOTHBJIEHUEM, TO
BIOJIb HEro AeHCTBYeT HEKOTOpOe 3JIEKTPH-
yeckoe mnoJe E. Takoe ke sanauenune E 6yger
¥ y NMOBEPXHOCTH NpoBoAa B BakyyMme. Kpo-
Me TOro, HaJW4YMe TOKA IOpPOXKJAaeT M Mar-
HUTHOoe mnoJe. Ilo TeopeMe O LUPKyIAUUM
BekTopa H B6AM3M MOBEPXHOCTH IIPOBOAA
2naH = I, H = I/2na. Bektopnl E u H pac- Pae. 10.7
MIOJIO}KEHHI TaK, YTO BeKTop IIoiHTHHra Ha-

npaBjieH BHYTPb IPOBOJa HOPMAJBLHO K ero 60KOBO# TOBEPXHO-
ctu (puc. 10.7). CinenoBaTesbHO, 3JIEKTPOMATHUTHAA dHEPrus
BTeKaeT BHYTPb NPOBOJA M3 OKpYy»kKalolero npocrpaicrsa!l Ho
COrJIaCYeTCs JIM 3TO C KOJHMUYECTBOM TEILJIOTH, BHIAENAEMBIM B
npoBogHuKe? IloacuuTaEM MOTOK 3J€KTPOMArHUTHOM 3HEPruM
CKBO3b GOKOBYIO NOBEPXHOCTb YYaCTKa NMpPOBOJAA AJIHHH [:

EH - 2nal = 2naH -El=1-U = RI%,

I

P

rae yureHo, uto U — 3TO pasHOCTb NMOTEHIIHAJNIOB HA KOHLAX
JaHHOrO yuyacTka, R — ero comporusieHue. Takum o6pasom,
MBI IPUXOAUM K TOMY, YTO MOTOK 3JE€KTPOMATHUTHOM 3HEPruH
MOCTYNAaeT B IPOBOA M3BHE M LEJMKOM NPEBPAIaeTCHA B AXKOY-
JqeBy Temnory. CorsiacMMcsi, YTO BLIBOJ HEOXXHMAAHHBIMA.

3aMeTUM, YTO B MCTOYHHKe TOKa BekTOop E HampaBieH nmpoTus
Toka I, moaTroMy B o61acT MCTOYHUKA BeKTOp IIoMHTHHra Ha-
NpaBJIeH HAPYXKY: TaM 3JIeKTPOMATHUTHASA 3HEPTrus BHIXOAUT B
OKpYy>Kalolllee IIPOCTPAHCTBO, T. €. OKA3hIBAETCHA, UTO dHEPrus
OT MCTOYHHKA TOKa IlepeJaeTcsi He BAOJb NPOBOJOB, & Yepe3
OKpYyKalolllee TPOBOAHUK IPOCTPAHCTBO B BHJE ITOTOKA 3JIEKT-
POMAarHUTHOH 3HepruM — mnoroka BexTopa II.

Ha puc. 10.8 mokasaH y4acTOK ABYX- I
npoBoAHOM JUHMH. H3BecTHH Hampas- - @,
JIeHHe TOKa B NMPOBoJax M ToT GaKT, YTO é 9,

MOTeHIMa bl MPOBOAOB @) < @y. YcTa-
Pumc. 10.8



278

I'napa 10

IIpumep 4.

HOBHM ¢ nomousio Bekropa IloituTunra II, roe HaxoguTca Hc-
TOYHHK TOKa (reHepaTop), cJieBa MJIH crpaBa?

B Hamem ciayuyae MexaAy nposogamMu BekTop E Hanpabien
BHHM3, a BeKTop H — 3a miockocTh pHCYHKa, II03TOMY BEKTOD
IT1 = [EH] HanpaBJeH BIIPaBO, T. €. HICTOUHHUK TOKA HAXOLUTCH
cieBa, norpeburesbr — copasa.

3apaaka KOHAEHcCATOpa. Bo3bMeM IIJIOCKMI KOHAEHCATOp ¢
KPYTJLRIMH OOKJIagkaMu paguycoM a. IIpeHe6peras KpaeBhIMM
abdexTamMu (paccesHUeM I0JIA), HaligeM
IOTOK  3J€eKTPOMArHUTHOH  3HEepruM
CKBO3b GOKOBYIO «IIOBEPXHOCTb» KOHIEH-
caropa, H60 Toabko TaM BekTop Iloii-
HTuHra Il HanpaBJieH BHYTDPh KOHJEeHca-
Topa (puc. 10.9).

Puc. 10.9 Ha 3T0it MOBEPXHOCTH HMeeTCA MeHAolIle-

ecs anexkTpudeckoe noje E u BhI3BaHHOE

ero nameHeHneM marauTtHoe noje H. ITo teopeme o nupkynamuu

sexfopa H crenyer, uro 2naH = nazaD/at. rie CripaBa CTOMT TOK

CMellleH!s Yepe3 KOHTYP, TOKa3aHHbIM Ha puc. 10.9 nmyHKTHpOM,

Orciona H =(a/2)0D/ot. Ecnu paccTrosiHue Mexay oGkIankamMu h,
To noTok BekTopa Il CKBO3b GOKOBYIO IIOBEDXHOCTb €CTh

EH2nah =E2 %L 27an =g Py, 1)
2 ot ot

rge V= nalh — obvem KOHAeHcaTopa. ByaeM cuuTaTh, YTO 3TOT
MMOTOK HJET LIeJIMKOM Ha yBeJHWdYeHUe dHeprHH KOHAeHcaTopa.
Torga, ymHokuB (1) Ha dt, moJyYyuM mnpHpallleHHMe 3HEPrHHU
KOHJeHcaTopa 3a Bpemsa dt:

2
dW = EdD -V = d[ﬂf—v) =d(%V).

IIpouHTerpupoBaB 3TO ypaBHeHUe, HaigeM GopMyy AJIsA 3Hep-
ruu W sapsskeHHOro KoHpgeHcatopa. Takum obpasoM, U 3aech
OKAa3LIBAETCA BCe B IOPSAAKE.

§ 10.5. HMmyasc 3JeKTPOMATHUTHOrO I10JISA

J.'lan.uem{e 3J1e1c'rpomarnn'rnoii BOJIHBI. MakcBeJt TeOpeTHYEeCKH
OoKa3ajJg, 4TO 3JIEKTPDOMaArENTHBI€ BOJIHBI, OTpa)XXadACh NJIM OOrJO-
madace B TeJlaX, Ha KOTOPbIe OHM NajgalT, OKa3blBAlOT HA HHUX daes-
Aenue. ITO AaBJIeHNe BO3HHMKAET B pe3yJjabTare BO3AEHCTBUA Mar-



YpaBrennsa Makcsessa. DHeprus 3JIeKTPOMATHMTHOIO NOJSA 279

HUTHOrO IOJA BOJHBI Ha 3JIEKTPHYECKHe TOKH, BO30y)KaaeMble
3JIEKTPHYECKHM IIOJIEM TOM >Xe BOJIHHI.

IlycTh aleKTpOMarHUTHASA BOJIHA PACOPOCTPAHAETCS B OMHOPOX-
HOil cpenme, oOsagmaiomeit mnoraomeHrMeM. Haamume mnoryomenus
03HAYAET, UTO B cpeAe OyAeT BHIAENATHCA AXKOYJeBa TeIIoTa ¢ 06b-
eMHO# miaoTHOCTBIO pj2 = cE2, a moaromy G # 0, T. e. morsiomario-
mas cpeaa o6gagaeT OIPOBOAMMOCTLIO.

ONeKTpHUeCKOe IOoJie BOJHHB B TaKOil cpene
B036y>XAaeT 3JIeKTPHUUYECKHI TOK C MJIOTHOCTHIO
j = oE. BcaencrBue aToro Ha eAMHHNY 00beMa
cpennl AeHCTByeT aMIIepOBa CHJIA IIJIOTHOCTH
F..=[iB] = o[EB], manpaBneHHas B CTOPOHY > >
pacupocTpaHeHEHa BoJaHH (puc. 10.10). 9ra B / Fey ~[EB]
CHJIa ¥ BHI3HIBAET JaBJE€HHE 3JeKTPOMATHMT-

HOM BOJIHHI.

IIpu orcyrcTBum morsomeHna mposoammocts 6 =0 u F,, =0,
T. €. B 3TOM cJIyuae 3JIeKTPOMATHUTHAA BOJHA He OKA3hIBAET HUKA-
KOro AaBJIeHUA Ha Cpexy.

HMnyasc 3J1eKTPOMArHMTHOTO moad. ITOCKOJBKY 3JIeKTpoMar-
HUTHas BOJHA OKA3BIBaeT AaBJeHNEe Ha BemeCcTBO, IOCJeJHee IPHU-
oOperaer ompepesieHHEII mMnyiasc. Ho B 3aMKHYTO# cucTeme, CO-
cToAmelf M3 BemecTBa M 3JE€KTPOMATHHUTHON BOJIHBI, BOSHHKJO GBI
HapymeHHe 3aKOHA COXPAHEHMS MMIYJbCA, €CJM Ohl HMIYJIbCOM
06J1a88JI0 TOJIBKO BEIEeCTBO.

HMoyiasc Takoi CHCTEMBI MOXXET COXPAHATHCA JHIMb IPH YCJIO-
BHMH, YTO 3JIEKTPOMATrHHUTHOE IoJie (BOJIHA) TaKKe 00jafaeT MMIy-
JIbCOM: BemecTBO IpmobGpeTaeT MMIYJBLC 3a CYET MMOYyJbca, Iepe-
IaBaeMoOro eMy 3JEeKTPOMATHHTHBIM IIOJIEM.

BeeneM noaATHe naomuocmu umnyavca G 3J1eKTPOMarEUTHOTO
IOJIAA KAK BEJWYHMHY, YNCJIEHHO PABHYIO MMIYJBLCY MOJSA B eAUHALE
o6bema. Pacuer, KOTOpHI MBI He GyaeM 34eCh IPUBOAUTh, IOKA3kI-
BaeT, YTO IJIOTHOCTb HMIIYJbCA

E

Pmc. 10.10

G=11/c, (10.24)

rae II = [EH] — BekTop IloitaTnHEra. Kak n Bexktop II, miaoTHOCTH
uMmnyabsca G ABaseTcs, BooOme roBopsa, GyHKINel BpeMeHH M KO-
OpAMHAT.
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Ina 371eKTPOMarHMTHOI BOJIHHI B BaKyyMe corjacHo (10.20)
€9 E = o H, m03TOMY IJIOTHOCTH 3HEPIHH W U MOAYAL [T BeKTO-
pa ITofHTHHra paBHEI COOTBETCTBEHHO:

w=e0E%/2+nyH?/2 =g, E%, IT=EH=\Jeq/no E.

Orciona caexpyer, uto IT = w/\/egpy . A Tak Kak ggpy =1/c,
¢ — CKOpPOCTb CBeTa B BaKyyMme, To II = wc, 1 u3 ¢popmyusr (10.24)
BBITEKAET, YTO JJA JEeKTPOMArHMTHOH BOJHBI B BaKyyMe

G=w/c. (10.25)

Takas ke CBA3b MeXXIY 9HEpPruei M MMIOYJIbCOM mpHcyma (KakK
IIOKAa3bIBAETCA B TEOPHMM OTHOCHTEJLHOCTH) YACTHIAM C HYJIEBOH
MAaccoif MOKOA. JTO M eCTeCTBEHHO, HOCKOJBLKY COIVIACHO KBAHTO-
BHIM IPEACTABJIEHHUAM JJIEKTPOMATHHTHAs BOJIHA 9KBHBAJIEHTHA
IOTOKY (POTOHOB — YACTHI, ¢ HYJEBOH MacCOi IOKOS.

Eme o 1aBJeHHH 3J1€KTPOMArHMTHBIX BOJH. BHIUMCINM ¢ mOMO-
mpio ¢opmyanl (10.25) maBieHMe 3J1€eKTPOMATHMTHOH BOJHHI HA
TeJIo, KOrjJa BOJIHA HajaeT HOPMAJbLHO Ha €ro MOBEPXHOCTh M vac-
THYHO OTpa’kaeTcd B IIPOTHMBOIOJIOXXHOM HampaBjeHHH. CorysacHo
3aKOHY COXPAHEHHUS UMIYJIbCa Pg = Py +P, TAE Py, Py — MMIYIbCH
nagamomed M OTpaXeHHOH BOJIH, p — HM-
nyabC, mOepeAaHHBI# Teay (puc. 10.11).
CnpoekTHpOBaB 3TO PaBeHCTBO HA HaIpas-
JIeHMe majarlneil BOJHBI M OTHECSA BCe Be-
JAYHUHBEI K €eJUHHUIe BpEMEHH H K eJUHHIEe
Prc. 10.11 IUIOIIAAM IMONEPEeYHOr0 CeYEeHHA, HOJYUYUM

P =Dpg + Py =(Gc + (G,

rae (G) u (G'Y) — cpenHVe 3HAYEHNSA IVIOTHOCTH MMIIYJbCA B mMagalo-
mei 1 oTpa)xeHHo# BosHaX. Ocraerca yuecTsb ¢BA3b (10.25) mexay
(G) u (w) u mom paxm, wmo (W'y = p(w), rae p — KOIPPuyuenm
ompaxcenus. B peaynbTare npeabayinee BHpaXkeHue IPUMET BUA

p=(1+ p)w). (10.26)

311er BEJINYMHA P OO CBOEMY CMBICJIY €CTh HE YTO MHO€, KaK
AaBJIeHNe 3J1e}<'rpomarnn'moﬁ BOJIHBI Ha TeJIO. Hpn OOJITHOM OTpa-
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)eHUH p =1 u gaBieHune p = 2(w), IPHA OOJHOM morjomeHuu p= 0 u
p = (w).

Ocraerca B00aBHTb, UTO HABJIEHHE 3JEKTPOMATHUTHOI'O M3JyYe-
HUA OOBIYHO GhHIBAET OYeHb MAaJBLIM (HMCKJIIOUYEHHE COCTaBJAET AaB-
JIeHHe MOIOHBIX IYYKOB JIA3€PHOr0 H3JYyYEeHHs, OCOGEHHO mocJe
($OKYCHPOBKH MyYKa, a TaK)Xe AaBJIeHHe U3JIyYeHUs BHYTPH rops-
ynx 3Be3n). Hanmpumep, maBjeHNEe COJHEYHOrO0 U3JTyYeHUA Ha 3€M-
Jle COCTaBJIsAeT HeCKOIbKO enuHum Ha 1076 I1a, uro B 1010 pa3 mens-
me aTMocthepHOro maBiaeHnsa. HecMOTpsA Ha HUUTOXXHBLIE 3HAUYEHUSA
3THX BEJHYHH, 3KCIEPMMEHTAaJbHOE NOKA3aTeJbCTBO CYIMECTBOBA-
HHUA 3JIEKTPOMATHUTHBIX BOJH — CBETOBOrO AaBJE€HHUA — OBLIO IO-
ayuero II. H. Jle6egeBbiM. Pe3ynbTaThl 3THX ONBITOB OKAa3ajHUCh B
COIIACHH C 3JIEKTPOMATHHTHOH TeopHeil cBeTa.

3agaun

10.1. Tox cmemenus. ToueuHkI 3apAx ¢ ABUKETCA PABHOMEDHO U IIPSAMO-
JIMHEHHO C HEepeJIATUBUCTCKOMH ckopocThio v. HaliTu BekTOp MIOTHO-
CTH TOKa CMeLIeHUA B Touke P, HaxXoAxAlleHCS Ha PaCCTOAHUHU I OT
3apsajga Ha MpaAMOIi: 1) coBmagalolleif ¢ ero TpaeKkTopueii; 2) nepeH-
OVKYJIADHOH ero TPaeKTODMM M TNpOXOAdAIei uepe3 3apan.

Pemenne. II10THOCTD TOKA CMeLleHUA j.,, = 0D/0t, mosTomy peliteHue
3ajauy¥ CBOZUTCA K OlNpedeseHUI0 BeKTopa D B yKasaHHBIX TOYKax U
HAXOXJEHUIO €ero MNpOU3BOAHONH 1O BpeMeHH. B obGoux ciayyasax
D= qe,/47tr2, rge e, — opT BekTopa r. Haiinem npoussozuyio dD/ot.

1. B Touke P, (puc. 10.12, rae npexaro-
Jaraercd, yto q > 0)

oD 2q or _ 2¢qv

29 _or . _
ot anrd ot " 4anrd

’

3JeCh YYTEeHO, YTO AJA Touku P; mpo-
u3BoAHAaA Or/0t = —v. Ecau 6b1 Touka
P, Haxoxgunach He nepex 3apanoM ¢ (1o
XOJy ero ABMKEeHMd), a 3a HUM, TO BeK-
TOD j. OB1T GBI HaIlpaBJIEH B Ty 2Ke CTO-
POHY M HMMeJ OBl TOT K€ MOAYJb. Pre. 10.12

Hrak, ectun g > 0, BEKTOD jcy 11 v, u Haobopor.
2. B touke P, (puc. 10.12) |[dD|/D = v dt/r, noatomy:

oD/t = — qv/4nr’.

Ecnu ¢ > 0, To jo,, T v, u naobopor.
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10.2.

10.3.

Tok, TeKyIIuit N0 AJTHHHOMY IPAMOMY COJIEHOHAY, PAAUYC CEUEeHUS
KoTOporo R, MeHAIOT TaK, YTO MATHHUTHOE IIOJe BHYTPH COJEHOHZA
BO3pACTAeT CO BPEMEHEM II0 3aKOHY B = Btz, rge B — mocTosHHAas.
HaiiTH MJIOTHOCTL TOKA CMelleHMs KaK GYHKIHUIO PACCTOAHHUA I' OT
OCH COJIEHOMJAA.

Pemenue. UToObI onpefeUTh IJIOTHOCTh TOKA CMeELlIEHUs, HALO CO-
raacHo (10.5) cHavana HaNTH HaNPAXKEHHOCTb 3JEKTPHUYECKOro
noJissi — 34ech OHO GyaeT BUXpeBhHIM. Bocmob30BaBIINChL YPABHEHH-
eM MaxkcBesia A1d LUUPKyJaauuu BexkTopa E, sanuiem:

2nrE = nr’oB/ot, E = rPt (r < R);

Jou

Y I— 2nrE = nr’oB/ot, E = R°Bt/r (r > R).
1
! Teneps mo dopmye j., = gy0E /0t Haii-
! IeM ILUIOTHOCTh TOK& CMEILeHMA:
1 Jomw = €Br (r < R);

0 R r jou=€BR’/r (r > R).
Puc. 10.13

I'papuk saBucumocTH j.(r) mokasaH Ha puc. 10.13.
>

IInockuit KOHAEHcATOpP 00pa30BaH ABYMs AMCKAMH, MEXKAY KOTOPHI-
MM HaXOAMUTCH ORHOpOAHAaA caabo mpoBofsamas cpeaa. Kougencatop
3apANUIN U OTKJIOUHJIM OT UCTOYHMKA HanpsyKeHus. [IpeneGperas
KpaeBbIMH 3(p¢eKTaMH, IOKA3aTh, YTO MATHHUTHOE I10JIe¢ BHYTPH KOH-
IeHCaTopa OTCYTCTBYeT.

Pemenue. MaruuTHoe mojie 6ygeT OTCyTCTBOBATH, IIOTOMY YTO IIOJI-
HBIH# TOK (TOK IIPOBOAMMOCTH ILIIOC TOK CMEILEeHHA) paBeH HYJ0. ITO
1 Haao mokasaTh. O6paTMMcCA K IJIOTHOCTH TOKa. IIyCcTh B HEKOTO-

c PBIIf MOMEHT IJIOTHOCTH TOKa IIPOBOAUMOCTH DaB-
—‘— Ha j. flcHO, uTO j v D, mpuuem D = on, rae 6 —
]')t n ‘D MMOBEPXHOCTHAA IIJIOTHOCTh 3apfAfa Ha IOJIOKHUTe-

JIbHO 3apAKEeHHOH oOKJIagKe; N — HOpMAaJb (pHC.
Puc. 10.14 10.14).

Hannune Toxa MPOBOAMMOCTH IPHBOZUT K YMEHBIIEHUIO ITIOBEPXHO-
CTHOH IJIOTHOCTH 3apffia G, a cjJegoBaTeJbHO, 1 D — Tox mpoBogu-
MOCTH 6yeT COIIPOBOKIATHCA TOKOM cMelleHus. IInoTHOCTS mocaesn-
Hero

jou = 0D/0t = (6o/0t)n = - jn = —j.
OTcloma cienyer, 4TO AEHACTBUTENILHO

jnom-l =j + jcm = 0‘
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10.4.

10.5.

IIpocTpaHCTBO MeXAYy OOKJIaZKaMU IIJIOCKOTO KOHAEHCATOpa, MMelo-
muMu GopMy KPYTJIBIX TUCKOB, 3aII0OJITHEHO OJHOPOAHOM ciabo mpo-
BOAAIIEI cpeloil ¢ yAeJbHOH IPOBOAUMOCTBIO O M TUBJIEKTPHUUECKOHR
NIpOHMIlaeMOCThIO €. IIpeHe6peras kpaeBbIMU 3hdekTaMu, HAUTH MO-
nyas BekTopa H Mexxay oOkjIagkaMu Ha PACCTOAHHUM I' OT UX OCH,
€cJIM HAIIPAKEHHOCTb 3JIEKTPUYECKOro IIOJIA MeXKAy OOKJIaTKaMu Me-
HAETCA CO BpeMeHeM No 3akoHy E = E, coswt.

Pemenne. I3 ypaBHeHua MaxkcBesna Jius HUpKyasuuu BekTopa H
cilenyeTr, 4TO

2nrH = (jn + €8 %"—)nrz.

IlpuHumass Bo BHHMaHHe 3akoH Oma j, = oE,(t), nonyuum

r OE rk
H = —|oE, +¢eg—=2| =—2(ocos ot — gggwsin wt).
2[ n T 5o at) g (ocos 0 )

IIpeo6Gpasyem BbIpakeHHe B CKOOKaxX K KOCHHYycy. IJId aTOro ymHo-

JKHM M DasfesMM 3TO BhHIDaKeHUe Ha [ = 4 o’ + (880(0)2 , & 3aTeM BBe-
nem yrox § mo dopmynam o/f = cosd, egq/f = sind. Torza

H = %Em \/02 + (88y0)? |cos (0t + 8)

ToueuHblit 3apAx ¢ ABHXKETCA B BaKyyMe paBHO-

MEepPHO M INPAMOJHUHEHHO C HEpeJATHBHUCTCKOMN
CKOpocThbI0 V. Bocmosp3oBaBIINCH YypaBHEHHEM r
MakcBesa OaA UUPKyaauuu BekTopa H, mouy-

uyuTh BoIpakeHue MisaA H B Touke P, moJsioykeHHe o
KOTODOH OTHOCHUTEJBHO 3apsAfia XapaKTepHuayeTcs q
paauycom-BekTopoM r (puc. 10.15).

Pemenue. 13 coobpakeHHit cUMMeTpHUH
fICHO, UTO B KayecTBe KOHTYypa, II0 KOTO-
poMy Haxo OpaTh LUPKYJIALMIO BEKTOpa
H, crexyer B3siTh OKPYKHOCTDb C LIEHTPOM
O (ee cimex mokasaH Ha puc. 10.16 wmTpu-
xoBoil suHuei). Torga

9
2nRH = 2 [ D, ds, 1
" ol ®

rae R — paauyc OKpYsKHOCTH.

Haiinem nmorok BekTopa D cKBO3b IOBepX-
HOCTb, OrDAHHUYEHHYIO 3TOH OKDYKHO-

Puc. 10.16
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ctbio. [Ipoire Bcero, ecau 3Ty MOBEPXHOCTh S B3ATH chHepHYecKoit ¢
paauycom kpuBu3HH r (puc. 10.16). Torga notok BekTOopa D uepes
3JIeMEeHTapHOe KOJbII0, B3ATOe Ha JaHHOH cdepuuecKoil IMOBEPXHO-
CTH, €CThb

DdS = q 3 2nrsina’-rda’ = 2sin a'da’,
4nr 2
a BeCh IIOTOK CKBO3b BHIODAHHYIO MOBEPXHOCTh

[Dds =%(1—cosa). 2)

Teneps corsacHo (1) npoauddepenuupyem (2) Mo BpeMeHH:

3_[DdS=1sinad—°‘. (3)
ot 2 dt
P IIpu nepemelLleHUH 3apAga U3 TOYKK 1 B TOY-

Ky 2 (puc. 10.17) Ha paccrosHue v dt umeem
vdt - sin, = r da, oTkyna

d v sin a
e 4)

O

de r
ITocne moacranosku (4) B (3), a 3areMm (3) B
1 2 (1) monyuum
Pre. 10.17 H =qur sina/4nr®, (5)
rae ydteHo, 4urto R = rsina. CoorHomenue (5) B BeKTOpHOMH (opme
UMeeT BHUJ
H=21 [_";'] .
4n r

M=u BUAMM, TAKUM 06pa3oM, UTO MOCTYJMPOBAHHOE HAMM paHee BhI-
paxeHue (6.3) sBiaserca cireacTBMeM ypaBHeHMit Makcsesia.

10.6. Porop E. B HexoTopoii 0671aCTH MHEpPLMAJbHOM CHCTEMBEI OTCUETAa
UMeeTCA Bpallaolieecss ¢ YrJIOBOM CKOPOCTHIO W Mar-
dB HHUTHOe II0Jle, MOAYJb koroporo B = const. Haiitu

V x E B aT0i1 061acTH Kak GYHKIMIO BEKTOPOB ® 1 B.

Pemenue. U3 ypasuennsa V x E = — B/dt suaHo, uro
BekTop V x E HampaBjeH IIPOTHMBOIIOJNIOKHO BEKTOPY
dB, a ero MoayJ b MOYKHO BHEIYMCJIHUTBL C IIOMOLLIBLIO PHC.
o 10.18:
|dB|=B-wdt, |dB/dt|=Bao.
Pumc. 10.18
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10.7.

10.8.

IToaTomy
V x E = - [@B].

BekTop IloiiaTHHra. IIpOTOHN, HMeOIHEe OQMHAKOBYIO CKOPOCTh V,
0o6pa3yIoT Iy4oK Kpyrjoro cedeHuss ¢ TokoM I. Haiitu HanpaBieHue
u Moayab BekTopa IloitHTuHra Il BHe myuka Ha paCCTOSIHHHM I OT €T0
ocH.

Pemenne. U3 puc. 10.19 BugHO, uTO E

II ™ v. Haitnem moxyas BexTopa II:

IT = EH, rae E u H 3aBucar or r. Ilo Tl
Teopeme I'aycca

2nrE =1A/¢gg,

ree A — 3apAf Ha eIMHHULY IJIMHBI
nyuyka. Kpome Toro, mo teopeme o uup-
Kyasauuu BekTopa H

Prc. 10.19

2nrH = 1.

Onpenensia E u H u3 nocjefHUX ABYX YPABHEHHMH M YUMTHIBas, UYTO
I = Av, noayuaem

T = EH = I*/an’equr?.

Tok, nporekaloinii Mo 06MoTKe JINHHOIO IIPAMOro CoJleHOonaa, yBe-
auuuBaioT. IlokasaTh, YTO CKOPOCTh BO3PACTAHUA dHEPIHH MATHMT-
HOTO IOJIA B COJIEHOMIe paBHA NMOTOKY BekTopa IIoMHTHHra uepes ero
60KOBYI0O MMOBEPXHOCTbD.

Pemenne. IIpy Bo3pacTaHNM TOKa yBeJIHMYHUBAETCA MAarHHUTHOE II0Je B
COJICHOMZE, & 3HAYMT, IIOABJISAETCA BMXPEBO€ 3JEKTPHYEecKoe IIoJje.
IlycTy pagmyc ceueHus cojieHoMzaa paBeH a. Torza Hanpsi’KeHHOCTH
BHXPEBOT'0 3JEKTPHYECKOro NoJs y GOKOBOI MOBEPXHOCTH COJIEHOH-
18 MOKHO OIIpeAeUTh C IIOMOIIbIO ypPaBHeHUus MakcBesia, BRIpaa-
IOLLET0 38KOH 3JIEKTPOMATHHUTHOM HMHAYKIHH:

2naE =na2%, E =£6_B .
2 ot

IloToxk 3Heprum uepe3 GOKOBYIO IIOBEPXHOCTb COJIEHOHMJA& MOYKHO
NpeACTaABUTh B TAKOM BHJE:

2
® = EH -2nal =na?1 2| B~ |,
at 2“0

rage | — aauHa CoJIeHOMJAA, nazl — ero oomeM.
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10.9.

Taxkum o6pasoM, Mbl BUAMM, YTO IOTOK 3HEPIHHU Yepe3 GOKOBYIO IIO-
BEPXHOCTb coJIeHoMAa (IIOTOK BeKTopa IIoMHTHHra) paBeH CKOpPOCTH
U3MEeHeHUs MAarHUTHOI 3Hepruy BHYTPH COJIEHOHJA:

& =II-2nal = oW /ot.

OHeprus OT MCTOYHMKA IIOCTOSHHOrO HanpsixeHus U mepefaeTcs K
NoTpeOHUTEeNIO 0 AJMHHOMY KOAaKCHaJbHOMY KabeJsio ¢ mpeHeOpexxu-
MO MaJIbIM conpoTHBJeHHeM. Tok B kabese I. HaliT IOTOK 3Heprun
4yepe3 molmepeyHoe ceuyeHHe Kabend. BHemHaa npoBoadAias 060104-
Ka KabeJsd TOHKOCTeHHad.

Pemenue. VIcKoMBIif ITOTOK 3HEPruM ompegensercsa ¢GopMyJoi

b
(o} =.[17-21trdr, (1)

E rae I = EH — mJa0THOCTbL MOTOKA,
2nrdr — miowagb KoJblla LIMPH-
Hoil dr, B mpegmenax kKoroporo I

_L"'r Hé 1T ONHMHAKOBO, @ M b — paauych
T\ . BHYTPEHHEro IpoBoJa M BHEIIHeH
Puc. 10.20 obosouxkn kabena (puc. 10.20).

Jnss BBHIYMCJIEHUS 3TOro HMHTErpa-
Jla Heo6xoxMMo 3HaTh 3aBUcHMoOCTb II(r), unu E(r) u H(r). C nomo-
mpio TeopeMhbl I'aycca mosyuum

2nrE = A/ggy, 2)

rge A — 3apsj NpoBoja Ha eJUHHNY AJHHHI. [anee, mo Teopeme o
LUPKYJIAIHH

2nrH =1. 3)
Ilocne moacranoBkm E nu H u3 dopmya (2) u (3) B Beipakenue (1) u
WHTErPUPOBAHUSA IOJYUYHM
Al b

D = In—. (4)
2ney  a

B ycioBum 3amaum A, a u b He 3amaHbI, BMecTo HUX gaHo U. Haiigem
CBA3b MEXKJY 3THUMH BeJHYHNHAMU:

b

U=IEdr » ml. (5)

- 2ngy  a
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W3 conocraBnenus (4) u (5) ciaexyer, 4ro
@ =Ul.
9TO COBIAAAET CO 3HAYEHNEM MOILIIHOCTH, BbIAeJIAeMOl Ha HarpyskKe.

10.10. Ilnockuit BO3AYIUHBLIH KOHAEHCATOP, ILUIACTHMHEI KOTOPOrO HMEIOT
¢dopMy AHCKOB pafHyCcoM @, IOAKJIIOUEH K UCTOUHHKY IIepEMEHHOro
rapMOHHYECKOro HAIpAXKEHUA 4acToThl . HaliTh oTHOLIEHHe MaK-
CHMAJIbHBIX 3HAYEHUH MAaTrHHUTHOM M 3JIEKTPUYECKOH 3HEpPruH BHYT-
PH KOHZEeHcaTopa.

Pemenue. IlycTs HanpsAKeHMe Ha KOHAEHCATODPE MEHAETCH II0 3aKO-
Hy U = U, cos ot 1 paccTosiHHe MeXAy IUIaCTHHAMM KOHAeHcaTopa
paBHO h. Torza anekTpuuecKas dHEPrus KOHAeHcaTopa

gona’
2h

E?
W, = ©2 ra?h = UZ cos® wt. (1)

MarHuTHYI0 9HEPruio ompefeauM mno ¢opmyse

w, 2
I 2 dV e

Heo6xomauMyo AJs BBIYKUCJIEHHSA 3TOr0 HMHTerpaja BeJHYHUHY B
HalileM U3 TeopeMbl 0 HUPKyasauuu Bekropa H: 2nrH = anaD/at.
Orcrona, nmed B Buny, uro H = B/u, u D/t = —¢, (U,,/h)o sin wt,
MOJYYUM

roU
B = 2 g%k — —" |sin ot| . 3)

Ocraerca noactaBuTh (3) B (2), rae B KadecTBe dV Hafo B3ATH dJe-
MeHTapHLI 00'beM B BHIEe Koablia, AuaaA Koroporo dV = 2ar dr-h. B
pe3yJbTaTe HHTErPUPOBAHUA HaiieM
2 4,2
w = T Hotowa Uy,

.2
. 4
T 5 sin® ot 4)

OTHOIlIEHNe MaKCHMAaJbHBIX 3HAYEHHH MArHUTHOH sHepruu (4) u
3JIEKTPHUUYECKO# 3Heprum (1) TakoBo:

w

M. MaKC

w

3. MaKC

1 2 2
== a“o.
8“090

Hanpumep, npr a = 6 cMm 1 © = 1000 ¢! aTo oTHOWEHME paBHO
5.107%5,
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dneKTpuyeckne KonebaHus
v

§ 11.1. YpaBHeHHe K0Jie0aTeJbHOI0 KOHTypa

YcaoBHe KBAa3HCTALHOHAPHOCTH. Korza IpPOMCXOAAT 3JIEKTPH-
YyecKHe KoJsiebaHNUsA, TOK B LleIH U3MEHAeTCS BO BpeMeHH M, BooOIie
roBOps, B KaXXIbIA MOMEHT TOK OKa3bIBAeTCA He OXMHAKOBHIM Ha
Pa3HBIX y4YacTKax menu (K3-3a TOro YTO 3JIeKTPOMarHUTHbIE BO3MY-
LIIeHNs PacIPOCTPAHAIOTCS XOTA U C OUYeHb GOJIbIIION, HO KOHEeYHOH
cKopocThi0). OQHAKO MMeeTCA MHOrO CJy4YaeB, KOrJa MIHOBEHHBLIE
3HAYEeHHS TOKA OKAa3bIBAIOTCA IMPAKTHYECKH OAMHAKOBBIMH Ha BCeEX
yyacTKax Iemi (TAKoM TOK HA3bIBAIOT K6A3UCMAYUOHADHBIM).
Ina aroro Bce N3MEHEHHA BO BPeMEHH OOJIXXKHBLI IPOMCXOAUTH Ha-
CTOJIBKO MEAJIEHHO, YTO0Bbl DPACIpPOCTPDAHEHHE 3JI€KTPOMArHUTHBIX
BO3MYIIIEeHN MOXXHO OBLJIO CUHUTATh M2HOBeHHbLM. Ecan | — nauHa
Ieny, TO Ha IMPOXOXKJEHHe JJINHBI | 3JIeKTDOMarHUTHOE BO3MYIIe-
HMe 3aTpayuBaeT BpeMsa Hopsaaka T = l/c. [In1a mepuoaudecKn mame-
HAIOIINXCA TOKOB yCJOBHE KBA3WCTAI[MOHAPHOCTH OyJeT BBIMOJIHE-
HO, €ecJH

t=1l/c«T,

rae T — nepmonx M3MEeHEHMIA.

Hanpumep, ansa menu AJuHOM [ = 3 M BpeMd T = 1078 ¢, u TokM
MOXKHO CYMTATh KBA3HCTAlMOHADHBIMHM BILIOTH A0 uacrtoT 10° I'p
(3T0 coorserctByer T = 107%c¢).

B aroit rinaBe MbI Bciogy 6yAeM mpeAmosaraTh, 4TO B paCCMaTpPH-
BaeMbIX HAMH CJyyasX yCJOBHEe KBA3MCTAIIMOHADHOCTH BHIIOJIHA-
ercsd, X TOKM OydeM CUHMTATh K6a3UuCMayUOHAPHbMU. ITO IO3BO-
JIAT HaM HCIOJIb30BaTh (OPMYJIbI, IOJYyUYEeHHbIE B CTATHYECKHUX IIO-
aax. B wyactHOCTH, MBI OyZeM HcHOJIB30BaTh TOT (akT, UYTO
MTIHOBE€HHbI€ 3HAYEHHA KBA3HCTAIIMOHADHBIX TOKOB IOAYNHSIOTCA
3akoHy Oma.
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Koae6aTeabHblii KOHTYP. B menm, cogepskameil KaTyInKy HH-
OIyKTHBHOCTH L m kKoHAeHcaTop eMkKocTH C, MOryT BO3HHMKHYTb
ajqeKTpuueckue Koiaebanusa. [IoaToMy Takyio menb Ha3bIBAIOT KOJe-
6amenvrvim KORmMYypom. BrisicHMM, KakuM o6pa3oM B koJebaTe-
JLHOM KOHTYDEe BO3HHKAIOT M IOAAEPKHBAIOTCA 3IJIEKTPHUUECKHE
KoJsiebaHus.

IIycTs BHauYajse BepXHAA 00KJIagKa KOHAEHCATOpA 3apsKeHa II0-
JIOXKUTEJbHO, & HMXXHAA OTPHU-
mareabHO (puc. 11.1, a). Ilpm

3TOM BCS JHEprus KoJieGaTesb- X K
HOr0 KOHTypa COCDeAOTOYEeHa B & + _CJL
KOHAeHcaTope. 3aMKHeM KJIO4 -1 - L T L
K. KorgeHCcaTOp HauyHET pasps-

KaThCA, U Yepe3 KaTymky L mo- a) 6)

TeyeT TOK. JJIEKTpHUUYecKas Pue. 11.1

9HEeprus KOHJeHcaTopa HaYHeT

npeBpaIaThCA B MATHUTHYIO 3HEPTHIO KATYIIKH. JTOT IPOLECC 3a-
KOHYHTCS, KOrga KOHAEHCATOD IIOJHOCTHIO Da3pAINTCHA, & TOK B
meny OOCTHUrHeT Makcumyma (puc. 11.1, 6). C aToro MOMeHTa TOK,
He MEeHsfAs HampaBJieHWs, HauHeT yOunIBaTh. OAHAKO OH IPEKPATUTCH
He cpady — ero OyaerT moaaep)XMBaTh 3.4.C. CAMOMHAYKONH. TOK
6yzeT mepe3apsKaTbh KOHAEHCATOD, BO3HHUKHET 3JIEKTPHUYECKOe
moje, crpemsmeecs ocaabuth Tok. HakoHem, TOK OpeKpaTHUTCH, a
3apsAA Ha KOHAEHCATOpe NOCTUTHeT MakcumyMa. C 3Toro MomeHTa
KOHJEHCATOP HaYHET pPa3psaAKaThbCA ONATH, TOK IIOTeYeT B 06paTHOM
HAIpaBJIeHUH H T. 4. — mpomecc OyaeT MOBTOPATLCA.

B KOHType IIpH OTCYTCTBHH COIIDOTHBJIEHHS IPOBOAHMKOB OyayT
coBepIIaThCA CTPOTO mepmoaudeckme kKoaebanus. B xome mpomecca
mepHMOANYECKN HU3MEHAIOTCS 3apaj Ha oOKJIagkax KOHAeHcCaTopa,
HaIps>KeHNe Ha HeM U TOK 4Yepe3 KaTymky. KosebaHUA COIPOBOXK-
IAalOTCS B3aHMHBIMM IIDEBPAMMEHUAMH 3HEPIHH 3JIEKTPHUYECKOro M
MarHEUTHOTO IIOJIEeH.

Ecuu >Xe COOPOTHBJIEHHE NMPOBOAHHKOB R # 0, TO IOMHMO OIH-
caHHOTO mpomecca Oyaer HIpoMCXoAuTh HpeoGpasoBaHUE 3JIEKTPO-
MaArENTHON 3HEPTHH B IXKOYJIEBY TEILJIOTY.

ConporuBieHHe NPOBOAHHMKOB HeNHM R NPHHATO HA3bIBATh aK-
Mu6HbLM COnpOmuéneHuem.
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YpaBHeHHe KoJjge6aTeJbHOro KOHTYpa.
Haiinem ypaBHeHHe KoseOaHMII B KOHTYpe,

R
|
L
clr - ) , COAepXalmeM NOCHefOoBATENbHO COeJVHEH-
qal 2 Hble KOHAeHcaTop C, KaTYmMKYy MHAYKTUBHO-
{~) ¢t L, aKTUBHOE COIpPOTHBJeHNe R n BHem-
i HIOIO IepeMeHHYIO 3.4.c. € (puc. 11.2).
Puc. 11.2

Ilpesxkae Bcero BrIOepeM IOJIOXKHTEJbHOE
HampaBJeHNe 00xoJa KOHTypa, HampuMep IO YacOBOil CTpeJKe.
PaccMOTpMM CHTyanmui0o B MOMEHT BDeMEHH, KOrga HMIKHAA 00-
KJagKa 2 B mpormecce mepe3apAAKHM KOHAEHCATOPA HMeeT HEKOTO-
phlit 3apsag ¢ > 0 u Tok I TeueT B mOJOXKHUTEJbHLIM HAIpaBJICHHH.
Torza 3a mpPOMeXYTOK BpeMeHM dt 3apsn ¢ HOJYYHT OpHpAaIdeHHe
dg > 0, 1 TOK B KOHType ompezessieTCa Kak

I = dg/dt. (11.1)

CnenoBarensHO, ecau I > 0, To u dg > 0, u Hao6opoT (38aK I coBoa-
Jaer co 3HaxkoM dq).
CorsacEO 3akoBRy OMa ans yuacTka menu 1RL2

RI=¢, -9, +% +%€, (11.2)
roe %B — 3.A4.C. CAMONHAYKIINH. B mamem ciay4dae
(63='—Ld.l/dt, (pz—(p1=q/C

(3HAK g MOJIKEH COBIAJATh CO 3HAKOM Pas3HOCTH ¢, — ¢, 160 C > 0).
ITosTromy ypaBHeHHe (11.2) MOXXHO mepemucaTh B BHAE
LY pred s, (11.3)
dt C

man ¢ yuerom (11.1) kak

d2q dg 1
L—+R—*+=-q=%
4z 2 dat Cq (11.4)

9TO U eCTb ypasHeHUue KOnebamenbH020 KORMYpPa — JUHEHHOE
InddeperEnaJIbEOe HEOJHOPOLHOE YPaBHEHHE BTOPOTO IOPAAKA C
IOCTOSHHBIMH Ko3dpdunueHTamu. Haiias ¢ moMoimblo 3TOro ypas-
HeHUdA ¢(t), MBI MOXK€M JIETKO BBIYHCJINUTH HAIPsSXKeHUe Ha KOHJAEH-
carope Kak U= ¢, — ¢; = ¢/C u cuny Toka I — mo dopmyure (11.1).
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YpaBHeHHIO KO0Je6aTeJIbHOr0O KOHTYpPa MOXKHO HOpHAATbL HHOM
BHJ:

G +2Bg +adg =%/L, (11.5)

rae BBEOEHbI o603HaUYeHNA
28=R/L, > =1/LC. (11.6)

BeanunHy ), HA3LIBAIOT cobcmeennou wacmomolu KOHTypa,
B — xoagppuyuenmom 3amyxanus. CMbICI 3TUX Ha3BAHUA MEI
BBISICHUM HHXKe.

¥YpaBHeHue (11.5) MOXKHO NOJYYUTH M K3 3HEPreTHYEeCKUX coobpaxe-
HHUii, UMea B BUAY, YTO NpHpalleHue 3Heprun W KOHTypa B eAHHHILY Bpe-
MeHH, To ectb dW/dt =€I — RI®. Bnecs¥] — MOILIHOCTL BHeIIHeH 3.4.C., &
RI? — rennosas MOILIHOCTH (SICHO, YTO OHA JOJI’KHA ObITH CO 3HAKOM MH-
Hyc). YumrtmBasg, uto W = LI 2/2 + q2/2C, noayyuM mnocie auddepeH-
uupoBaHna W mo t:

LIT +qq/C =€I -RI?,
rue q = I. Ilocne coxkpallleHNs BCex cjaaraeMblX Ha I M mepeHoca mocJjexHe-
ro CJIaraeMoro B JIEBYIO Ya4CThb PABEHCTBA HAXOAHUM
LI +RI + q/C =€.

Ocraercsa y4yecTb, 4YTO i = q ul = q », 1 MBIl IIPDHUXOANM IIOCJIE HOeJIEeHNA
BCex cJyaraeMelXx Ha L K ypaBHeHmio (11.5).

Ecan € = 0, To Kose6aHMS HOPHUHATO HA3BLIBATH C80600HbIMU.
IIpn R = 0 oHU GyAayT nedamyxarowumu, upu R # 0 — saryxalo-
muMH. PaccMOTDHM IOCJI€AOBATEIbHO BCE 3TH CJAYYaAH.

§ 11.2. CpoGoagHble dJEKTPHUYECKHE KoJeGaHud

CeoGoganle He3aTyxaloume KojeGammsa. Eciu B KOHType HeT
BHeIIHe 3.4.c. € u akTuBHOe comporusiaeHne R = 0, To KosebaHus B
TaKOM KOHTYpe ABJIAIOTCA c80600nbimu nezamyxarowumu. x ypas-
HEHHMe — JaCTHHIN cayuail ypaBHenus (11.5), korzaé=0u R=0,

4 +opg=0. (11.7)
PemrenneM 3roro ypaBHeHHs sBisAeTCA QPYHKOUSA

q = gncos(wyt + a), (11.8)
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rae ¢, — aMILIMTyAHOe 3HaUYeHMe 3apsia Ha oOKjIagKe KOHAEHCATO-
pa, ®, — co6CTBEeHHas 4YacTOTa KOHTypa, 0. — HadalbHaa (asa.
3HaueHHe ®, OIpeJesAeTCd TOJbKO CBONCTBAMM CaMOro KOHTYpa,
3HAYEHNA Ke ¢, M . — HavYaJIbHBIMH yCJOBHAMH. B kauecTBe Ta-
KOBBIX MOYKHO B3fATb, HAIIDHMED, 3HAUEHHA 3apana ¢ ¥ Toka I =¢
B MmomeHT ¢t = 0. )

Coraaceo (11.6) wg =1/ JLC, IIO3TOMY IIepHoj CBOOGOAHBIX He3a-
TyXaloImux KojeOaHMHA

T, =2n/JLC (11.9)

(@opmyna Tomcona).

Haitga Tok I (amddepernmupoBarueMm (11.8) mo BpemeHH) u
uMes B BUAY, YTO HaOPsKEeHNEe Ha KOHAEHCATOPe HAXOANTCA B dase
C 3apAOM ¢, HeTPYAHO y6eanUTHCS, YTO IpK CBOGOAHBIX HE3aTyxalo-
mux KoaebaHUAX TOK | omepexkaer mo ¢ase HampsAKeHHe Ha KOH-
JeHcaTope Ha m/2.

CeoGomabIe 3aTyxawuue Kojgebamusa. Kakaniil peaabHBIN KOH-
Typ o6saKiaeT aKTHBHBLIM CONPOTHBJEHHMEM, ¥ 9HEPrusd, 3aNaceHHas
B KOHType, IOCTENeHHO pacXoAyeTcA Ha HarpeBaHue. CBOGOJHBIE
KosebaHMA OyayT 3aTyXalOIMUMH.

YpaBHeHHe JaHHOI'0 K0J1e6aTeJbHOro KOHTypa MBI IOJYYHM, IIO-
Jgoxus B (11.5) € = 0. Torga

G +2Bg +adq = 0. (11.10)
MO.)KHO noKa3aThb (HO MBI He 6yneM J9TOro aeJjaTb, NIOCKOJIBKY HAac

HHTepecyeT JApyras CTOpDOHa Bompoca), uTo mpu B < w, pelmeHne
3TOr0 OAHOPOAHOro AM(MGEepeHnHaTbHOr0 YPABHEHHSA HMeeT BH[

q = g,e Mcos(wt +a), (11.11)
rge ® — YacTOTa 3aTyXalolNX KoJjeOaHMIA:

2
) , (11.12)

a ¢, ¥ 0 — IIPOM3BOJIbHBIE IIOCTOSHHEIE,
ompenejisieMble M3 HAYaJIbHBIX YCJIOBHI.
I'papuk ¢yExmumm (11.11) mokasaH Ha
puc. 11.3. Bugseo, uTO 3Ta QYHKOUA HeE
meproguYecKas, OHA OIpejesseT 3aTyxa-
Prc. 11.3 omue KoJyiebaHus.,
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Besnuury T = 2n/® Ha3BIBAIOT TeM He MeHee nepuodom 3amy-
xaowux xonebarnui:

) (11.13)

T = 2n _ T,
Jo2 -2 1-(B/w,)?

rge T, — mepmon cBOGOLHBIX He3aTYXalOMUX KojebaHMIA.
Muoxurens ¢,e P B (11.11) HasuBawT amnaumydoi 3amyxa-
owux Kone6anuli. 3aBUCUMOCTD €€ OT BpeMeHH ITOKa3aHa MITPUXO-
BOif smHUMell Ha puc. 11.3.
Hanpsikeane Ha KOHJeHcaTope M TOK B KOHType. 3Hada ¢(t),
MOJXHO HAWTH HaOpfAXKeHHe Ha KOHAEHCATOpe M TOK B KOHType. Ha-
nps)KeHWe Ha KOHIEHCaTope

Im

Te“" cos(t + a). (11.14)

q
Us ==
¢ c
Tox B KOHTYpe

I =3—3 =qme_Bt [-Bcos(wt + o) — w sin(wt + a)] .
IIpeo6pa3yem BrIpa)keHHe B KBAaJPATHBIX CKOOKax K KocuHycy. usa
3TOr0 YMHOXXMM M Das3geJMM 3TO BhHIpa)KeHHe Ha \/ o +Bz =gy, a

3aTeM BBefeM yroa & mo opmyinam

- B/wy =cosd, w/wy=sin3d. (11.15)
ITocne atoro BbIpa)>XeHHue nJsa I OpuMeT B
I =woq,e " cos(ot + a+d). (11.16)

M3 (11.15) cnmemyer, UTO yroa O JEXHUT BO BTOpPOH 4YeTBEPTH

(r/2 < 6 < m). ATO 0O3HAUAET, UTO IPH HAJHMUHM AKTUBHOI'O COIPO-

THBJEHUA R TOK B KOHType onepexaem 1o ¢ase HANpsKeHHE

(11.14) Ha KOHAEHcaTope OoJjiee ueM Ha n/2. 3aMeTHMM, YTO IpPH

R = 0 omepexxeHme 6 = n/2.

I'paduxn saBucumocreit Uy(t) n I(t) umeroT BUA, aHATOTHYHBINH

mokasaHHOMY Ha puc. 11.3 paa q(t).

IIpumep. KonebaTe pHBbIi KOHTYD COAEPKHUT KOHAeHcaTop eMKocTH C U Ka-
TYLIKY C aKTHBHBIM COIIPOTHBJIEHHEM R M HHAYKTHBHOCTBIO L
HaﬁneM OTHOILIIeHHe 3HepPruM MarHUuTHOrO IOJIfA K 9HEPrHuH 3JIeK-
TPHUYECKOro IIoJid B KOHType B MOMEHT MaKCHMyMa TOKaAa.
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CorsiacHo ypaBHeHHI0O KoJebaTeabHoro KoHtypa (11.3)
LY rre Lo
dt C

B MomeHT Makcumyma Ttoka dI/dt = 0 u RI = — q/C. [loaTomy uc-
KOMO€ OTHOIIIeHHe
w, LI%2 L
W, g¢%/2c CR?’

Beauuunsl, xapakTepusyouue 3aTyXaHHe.

1. Koagppuyuenm samyxanusa  u épema penraxcayuu T —
BpeMsd, 3a KOTOpOe aMILIMTyZa KoJieOaHMil yMeHbIIaeTca B € pas.
U3 ¢popmyarr (11.11) HeTpyAHO BHAETH, UTO

t=1/p. (11.17)

2. JTozapu@pmuveckuii dexpemenm 3amyxanus A. OH ompeze-
JdeTcd KaK HATYpaJbHBIA JorapudM OTHOILIEHUS ABYX 3HAUEHHUHN
aMILIUTYHA, B3ATBHIX depe3 mepmoxn koJjebanus T:

2D __gp, (11.18)
a(t+T)
rge a — aMILINTyAa COOTBETCTBYIolme#d Beamuwmubl (¢, U, I). Uan
uHaye:
A=1/N,, (11.19)

rge N, — umcio KoneGaHuil 3a BpeMd T, T. €. 32 BpeMd, B TeUeHHe
KOTOpPOr'0 aMILIUTYAa KOJe0aHHI yMEHbIOIAETCA B € pa3. ITO JIErKo
noayuuth u3 dopmyxa (11.17) u (11.18).

Ecan saryxanne mamo (f < ®p), To @ = oy = 1 /\/ZE H COTJIACHO
(11.18)

A=B-2n/w, =nR,C/L. (11.20)

3. Job6pomnocmv @ kosebarenbHOro KOHTypa. Ilo ompegnene-
HUIO
Q=n/A=nN,, (11.21)

rae A — norapudMuUUYeCKHH JeKpPeMeHT 3aTyxXaHus. YeMm MeHbIue
saTyxaHue, TeM Gosbme Q. IIpu crabom saryxanuu (B < ;) coraac-
HO (11.20) mo6GpoTHOCTH

Q ~(1/R)JL/C . (11.22)
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U eme ogHa moJsie3Has opMyJia aid @ B caydae caaboro saTyxa-
HUA

szni, (11.23)
W

rone W — sHeprus, 3amaceHHas B KOHType, OW — yMeHbIIeHHe
3TOl 3Hepruu 3a mepmop kojaebamma T. B camom gene, sHeprua W
IPONOPOMOHAJBbHA KBaApaTy aMILIMTYAbl 3apsAga KOHAeHcCaTopa,
T. e. W o e 2P, Orciona oTHOCHTebHOE YMeHbIIeHWe dHePruH 3a
nepuoxn SW/W = 2BT = 2A. Ocraercsa yuects coryacHo (11.21), uro
A= n/Q.

B 3ak.sioueHMe OTMETHM, UYTO IPH f > 0, BMeCTO KoJebaHMit Oy-
ZeT IIPOHUCXOAUTHL anepuoduiecxull pa3pan KOHAeHcaTopa. AKTHUB-
HO€ CONIIPOTHBJIEHME KOHTYpAa, IPH KOTOPOM HACTYIAeT alepHoOLH-
YeCKHiIl mpomecc, HA3LIBAIOT KPUMUWECKUM:

R, =2/L/C. (11.24)

PaccmoTrpuM nBa mpuMmepa.

IIpumep 1. Kosne6GaTenbHbI KOHTYDP MMeeT eMKOCTh C, HHAYKTHUBHOCTDb L 1
akTHUBHOe compoTtusyieHre R. Hailinem, uepes ckoysbko koseba-
HHA aMIUINTYyZa TOK& B 3TOM KOHTYpPe YMEHBIINTCA B € pas.

—pt
Avmuryna toka (I, e B) YMEHBIINTCA B € pa3 3a Bpems
= 1/B. 3a aT0 Bpemsa coBepuuTcs N, konebauuit. Ecmn T —
nepuoj, 3aTyXalolux kojebaHuUit, TO

N _r__ B
* T 2n/el -p?

HWmesa B BuAy, uTO mg =1/LC u B = R/2L, nonyuum

N, =_1_\/iz_1
2n \CR

IIpumep 2. Haiizem BpeMs, 3a KOTOpoe aMILJIMTYAa KoJebaHUI TOKA B KOH-
Type ¢ ZOGPOTHOCTHIO @ YMEHBIINTCA B 1| Pa3, €CJIH YacTOoTa 3a-
TyXallIuX KoJieGaHuil paBHa .

—pt
Taxk Kaxk aMILIMTyZRa Toka I, co e Pt 10 BpEMa o, 38 KOTOpOE
aMIUINTYyAa YMEHBIINUTCA B T Das, ONpejessieTCA ypaBHEHHEM
n = exp(Bty). Orciona

to = (Inn)/B.



296 I'nasa 11

C mpyroii CTOpOHEI, JOGPOTHOCTH @ TaK)Ke CBA3aHa C f3:

Q =n/A=n/BT = w/2B.

UcknouuB f U3 moclefHUX ABYX yYPaBHEHUH, MONYyYUM

t0=@1nn.
w

§ 11.3. BoiayxkaeHHEbIe 3jIeKTpHYeCKHe KoJieGaHusA

YcranoBHBIINECH KoJjie6amMA. BepHeMcA K ypaBHEHHAM KoJie-
6atensHOro KoHTypa (11.3) 1 (11.4) 1 paccMOTpUM caydaii, Korga
B KOHTYD BKJIIOUE€HA BHEIIHAA MepeMeHHad 3.A.C. &, 3aBHCAMAA OT
BpPeMEHHM II0 FapMOHHMYECKOMY 3aKOHY:

€ =¢,,cos wt. (11.25)

ITOT 3aKOH 3aHMMaeT ocoboe mojo)keHne Giarogapa CBOMCTBAM ca-
MOTO K0J1e0aTeJIbHOr'0 KOHTYpa COXPAHATh FAPMOHUYECKUI BHI KO-
JebaHN OpH AefieTBMM BHEIIHEeH rapMOHHYECKOH 3.A4.C.

B maEHOM cayuae ypaBHeHHe Ko0Je6aTeJbHOr0 KOHTYpa 3alHChI-
BaeTcA Kak

LY LRI +2 2%, cosot, (11.26)
de C
HIn
G +2pg +wiq = (8,,/L)cos ot. (11.27)

Pemenune 3Toro ypaBHeHHs, KaK H3BECTHO M3 MaTeMaTUKH,
mpeAcTaBiseT coboit cyMMy o6mero pemeHns OJHOPOAHOIO ypaBHe-
HuA (6e3 mpaBoil YaCTH) U YACTHOI'O PeIMeHNs HeOJHOPOAHOIO YpaB-
HEeHHud.

Hac 6yzyr uHTEepecoBaTh TOJBKO yCTAHOBHBIIMeCA KoJyebaHHA,
T. €. YaCTHOE pellleHue 3TOro ypaBHeHUA (obImee pemeHue OAHOPOA-
HOro ypaBHEHHS 9KCIOOHEHIMAJbLHO 3aTyXaeT, U MO IPOMECTBHUH
HEKOTOpOr'0 BpeMeHM OHO NPaKTHYeCKM Hcue3aeT, obpamaercsa B
HyJab). HeTpyaHo y6eIuThCA, UTO 3TO pemIeHHE HMEEeT BHJI

q = qpucos(wt — y), (11.28)

rae g, — aMILINTyJa 3apAja Ha KOHAeHcaTope; y — pa3HOCTh ¢a3
MeXx Ay Koje6aHMAMH 3apsana U BHemHel 3.4.c. € (11.25). Kak M
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YBHAUM, §,, U Y OOPERENAIOTCA TOJbKO CBOMCTBAMHU CaMOr0 KOHTY-
pa ¥ BRIEYKAalomeit 3.4.c. €, mpuueM oxasniBaeTcs, uro y > 0, mo-
3TOMy ¢ Bcerja oTcTaeT mo dase or é.

Yrto6bl OmpeneNNTh IOCTOSHHBIE ¢, M \, HAAO IOACTaBHUThb
(11.28) B ucxoguoe ypaBHernue (11.27) u npeobpa3oBaTh mOJIydeH-
HOe BhIpa)keHue. MBI )Ke IOCTYIMM HECKOJbKO MHAaUYe (B LEeJAX HO-
CTHXXeHHNA OoJibOIeit IpoCTOTHI): CHaUaJa HaigeM TOK I u 3aTeM ero
BhIpA)XeHHe MOACTaBMM B McXoAHOe ypaBHeHHe (11.26). ITomyTHO
O6yneT pemeH M BOIOPOC C IOCTOAHHBIMHU ¢, H V.

IIpoaunddepennuposas (11.28) mo ¢, Haltgem

I = - og,sin(ot - y) = og,cos(wt — y + n/2).
3anumeM 3TO BHIPa)XeHHE TaK:
I=1I,cos(wt — @), (11.29)

rae I,, — aMIUINTYAa TOKA, ¢ — CABHUT IO (ase MeXAY TOKOM U
BHemHeH 3.4.c. 6,

I, =o0q,, o=y - mn/2. (11.30)

Hama sagaua maittin I, 1 ¢. C 3TOii IesIbI0 MBI HOCTYIIMM CJIeLY-
omuM oopasoM. IIpeactaBum ucxoaHoe ypasHenue (11.26) B Buze

U,+Ug+Ug=%,c0s ot, (11.31)

rge cJeBa 3alKMcaHa CyMMa Hanps)KeHHMi Ha MHAYKTHBHOCTH L, co-
nporuBieEur R m emkoctu C. Takum o6pa3oM, MBI BHOMM, 4YTO
CyMMa 3THX HaOpSXKEHHH DaBHA B KAaXXJbIi MOMEHT BHENIHEH
a.4.c. €. YuureiBas coorromernua (11.30), sanumem:

Ug= RI = RI,cos(ot — ¢), (11.32)

q 4dn I, n)
U, == 2 cos(wt-y)=—-coslot-@——|, 11.33
c<c ¢ cos( V) oC ( °-3 ( )

U, = Lj—i =-oLI, sin(ot -¢) = oLl , cos(mt —(p+g) .(11.34)
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BekTopras nmarpamma. U3 mociaegsmx Tpex ¢opMyJ BHIHO,
uro U, axoxurca B ¢ase ¢ Tokom I, U, omcmaem no daze or I Ha
n/2, a U; onepexcaem I ra /2. Bce 3T0 MOKHO HArJISAKHO IpPeACTa-
BHUTh C IOMOINbIO 6eKMOPHOU duazpammbi, N306pa3nB aMIIUTYAbI
Hanps)XeHui

Uan:RIn_l’ Ucm=Im/(OC, ULIn:(DLIm

M X BEeKTOPHYIO CYMMY, paBHYIO coryacHoO (11.31) BexkTOpYy Besu-
uuesl €, (puc. 11.4).

M3 npAMOYTOJBHOrO TPEYTrOJbHUKA 3TOH AMArpaMMhI JIErKO IIO-
JYYHTh CHeAylomue BrIpaxkeHus maa I, u ¢ B (11.29):

\ €
oLL] Iy =—2 _, (11.35)
JR? +(oL -1/0C)
|
I 1 _
(025 ) g =2L-1/0C (11.36)
! R
Ocb moxa 3anaua, TakuM o0pa3oM, pelleHa.
3aMeTHM B 3aKJIOUeHHE, UTO IOJY-

YyeHHAss HAMH BeKTODHASA JAMarpaMma
OKa3LIBAETCSA BeChbMa IOJIE3HOH IpH pe-
IMeHMM MHOTHX KOHKDPETHHIX BompocoB. OHa mo3BoJIsieT HATJIAAHO,
JIErKO M OLICTPO AHAJIM3NPOBATL PA3JMYHLIE CHTYAIMH.

Parc. 11.4

PesomancHbIe KpHBBIe. Tak HA3HIBAIOT rpaMKM 3aBHUCHMOCTEH
OT YaCTOTH ( BHeMHeH 3.K.C. € aMIUINTYX CIeAYIOMMX BeIHYMH:
Toka I, 3apama g Ha KoHAeHcaTope M Hampsikerudt Up, U, n U;,
ompexenseMuix ¢opmyaamu (11.32)—(11.34).

PesorancHBIe KpHBBIe AJA CHIBl TOKa I, (w) moka3aHEI Ha pHC.
11.5. Kak BuaHO u3 BhIpa)keHua (11.35), aMOauTyaa cHIbl TOKa
MMeeT MaKCHMajJbHOe 3HaueHMe npu oL — 1/wC = 0. CirexoBaTeib-
HO, Pe30HAHCHAA YaCTOTAa AJIA CHJLI TOKA COBIAAaeT ¢ cCOOCTBEHHOM
YacTOTOM KOHTYypa:

O pes =09 =1/VLC. (11.37)

MakcuMyM OpH pe3OHAHCe OKa3bIBaeTCA TEeM BLHIME M OCTpee,
yeM MeHbIe Ko3dpdunueHT 3atyxanusa [ = R/2L.
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I, Im
an
Cém !
H
!
0 ©, ® 0 ©p ®
Puc. 11.5 Puc. 11.6

PesornaHCHBIE KDUBLIE AJ1A 3apsfa Ha KOHAeHcaTope ¢, (®) moKa-
3aHHI Ha pHuc. 11.6 (pe3oHaHCHBIe KDUBLIe A Hanpsxerua U, Ha
KOHJEeHCATOpe MMEIOT TaKoi ke BMA). MaKCHMyM aMILIMTYABI 3a-
pAxa KOCTHraeTcsa IPM De30HAHCHOH YacToTe

O pes =05 —2B%, (11.38)

KOTopas 10 Mepe yMeHbIIeHHus 3 Bce 60JbINe MPUOIMIKAETCA K M.
Jna nonyuenua BoipaxkeHus (11.38) Hamo mpeacTaBuTh g, coryac-
HO (11.30) ®ak q,, = I, /o, roe I, naerca popmyioit (11.35). Torna

_ %, /L
J(@d - o?) +4p% &P

Im (11.39)

MakcuMyM 2TOi QYHKIIMM, MJIM, YTO TO YK€ caMoe, MHHHMYM
HOXKODEHHOTO BhIDa)XXeHHs, HaileM, IPHPABHAB IPOU3BOSHYIO IO
® OT MOAKOPEHHOTO BRIpa)KeHHA K Hyo. OTciona ¥ mMoJy4uM peso-
HaHCHYI0 uacTtory (11.38).

Temeps mocMOTPHM, KaK Iepe-
pacIpesieNIIOTCA AMILIMTYAB HA-  go
npsxeauit Ug, U, u U B 3aBuCH-
MOCTH OT YaCTOThl ® BHeIIHei
a.4.c. dra KapTHHa H30o0pakeHa g
Ha puc. 11.7.

PesonaHCHBIE UAaCTOTHI AJIA
Ug U; u U, onpegensitorca cie- 0
AYIOIUMH (popMymaMu:
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O)Rpea = 0,

Oc pes = o Y1 ~2(B/ wp)? , (11.40)
DL pes =(.00/V1 _2([3/0)0)2 .

Yem MeHbIIe B, TeM Giamike pe30HAHCHBIE YACTOTHI BCeX BeJIH-
YHH K 3HAYEHHIO .

Pe3oHaHCHEIe KpHBEIe H JOGPOTHOCTh Q. dPopMa DPe30HAHCHBIX
KPHUBHIX OIpeJeJIeHHBIM 06pa3oM cBs3aHA ¢ JOOGPOTHOCTHIO @ KOH-
Typa. Oco6eHHO mPOCTOif 3Ta CBA3b OKA3LIBAETCA AJA Caydas cJja-
6oro saryxaHusA, T. e. Ip¥ P <« ®,. B arom cayuae

Ucpea/Cn=Q (11.41)

(puc. 11.7). leficTBUTENbHO, OPH B < ) BEIUUMHA M., = K U CO-
raacHo (11.33) u (11.85) Uy, = I,,/0C =€, /0,CR, wmut Ug,, 1./ €,=
=JLC /CR=(1 /R)\/;/ C, a 3To, KaK MOKa3bsIBaeT cpaBHEHMe ¢ ¢op-
myaoit (11.22), u ects Q.

Taxum ob6pasoM, Ko6GPOTHOCTH KOHTYpPa (IpH P < ;) MOKa3bIBa-
€T, BO CKOJIbKO pa3 MaKCHMaJbHOe 3HAYEHHE aMILIUTYABLl HAIps-
JKeHHA Ha KOHJeHcaTope (M Ha MHAYKTHMBHOCTH) IIDEBBIIIAET aMII-
JUTYRY BHEIIHEHR 3.A4.C.

J06pPOTHOCTS KOHTYDA CBSA3aHA M ¢ ADPYroif BasKHON XapaKTepH-
CTHKOH pe30HAHCHOH KpHBOH — ee mHupuHO. Oka3nliBaeTca, OpH
B < o

Q = 0y/d0, (11.42)

rae w, — pPe3oHaHCHAS 4acToTa; &0 — INMPWHA Pe30HAHCHOH KpH-
BOIf Ha «BmIcOTE», paBHOM 0,7 OT MaKCHMAaJLHOI, T. €. B pe30HAHCE.

Pesonanc. SIB1eHNe pe3oHaHCA B HAIlIEM CJydYae — 3TO BO30YK-
JeHNe CHJIbHBIX KojleGaHMI IIpM YacToTe BHEIIHEH 3.X.C. MJIN Ha-
Ipsi>KeHnd, paBHOH Man 6au3K0oiH K coOCTBeHHOI uacToTe KoJeba-
TEJbHOr0 KOHTypa. Pe3oHaHC HCHOOJMBL3YIOT AJA BHIAEJIEHHA M3
CJIOKHOT'0 HaNps)KeHUA HY»KHO# cocraBiadwpomei. Ha aTom ocHOBa-
Ha BCA TeXHHKA paauonpuema. Ias Toro utobul pagMonpHeMHHK
IpUHMMAJ HMHTEpPeCcyIOIIyI0 Hac pagHOCTAaHIHIO, ero HeoO0XoZMMO
HACTpPOMUTh, T. €. n3MeHeHNeM C n L KojebaTeJbHOro KOHTypa HO-
6HUTHCA COBOAAEHNA ero COOCTBEHHONH YaCTOTHI C YACTOTOM 3JIEKTPO-
MArHUTHHIX BOJIH, H3JIyYaeMbIX pagMOCTaHIIMEH.
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C sBIeHNEeM pe30HAHCA CBA3aHA M ONACHOCMb: BHEINIHAA 3.14.C.
WM HaOpsAXKeHHe MOTYT OBITh MaJibl, OZHAKO IIPHM 3TOM HaIpsxe-
HUA Ha OTAEJbHLIX 3JIeMEHTaX KOHTypa (Ha €MKOCTH WJIHX MHAYK-
THBHOCTH) MOTYT AOCTHraTh OMACHOrO AJA KH3HM 3HaueHHA. 06
3TOM HeOOXOAMMO BCerga OOMHMTB!

§ 11.4. IlepeMeHHBIH TOK

ITonHOE conmpoTHBJIEHHE (MMIIeZaHC). Y CTAHOBUBIINECH BHIHYK-
JeHHbIe JJIEKTPHUUEeCKHe KO0JeOaHMsa MOXKHO pacCMaTPMBATH Kak
IpoTeKaHHe B memM, oOJsazalomeill eMKOCTbI0, HHAYKTHBHOCTBHIO M
aKTHUBHBIM cONpoTHUBJeHHeM R, mepemenHoro toka. Ilox meiicTrBueM
BHEIIHEro Hanps)XeHHUs (OHO HrpaeT poJb BHEmHeH 3.1.c. €)

U=U,cos nt (11.43)
TOK B IOEeOH H3MEHAETCH IO 3aKOHY

I=1I,cos(nt — ¢), (11.44)

rae
U, _oL-1/eC

I - . tgo="0T2/9C 1 (11.45)
JR? + (oL -1/0C)? R

m

3azaya CBOOUTCA K OIpeNeeHHI0O aMILIUTYABl CHJIBI TOKa H
cABHra TOKa mo ¢dase OTHOCHTeAbHO U.

IlonyyerHOEe BHIpaXK€HHME MJA AMIUIMTYABI cHabl Toka I, (o)
MOXXHO (HOpMaJIbHO TOJIKOBaTh KakK 3akoH OMa AJA aMILUIMTYAHBIX
3HaAYeHWH TOKa M Hamps)keHusa. Croamylo B 3HaMeHaTeJe 3TOro
BHIDA)KEHNS BEJIMYHMHY, HMEIMYI PasMEepHOCTb COIPOTHUBJIEHHUA,
o6o3HaualoT OyKBOM Z M Ha3LIBAIOT NOAHbLM CONPOMUELEHUEM
UIA umnedancom:

Z =+R? +(oL -1/0C)?. (11.46)

Bupaso, uTO IPH ©® = ) = 1 /«/IE 3TO CONIPOTHBJIEHNE MUHMMAJIb-
HO ¥ PaBHO AKmMuéHOMYy conpomuénenulo R. Bernuunry, croamyio
B KPYIJbIX cKOOKax ¢opMysasl (11.46), o6o3rauaoT X M Ha3LIBAIOT
PeaxmuérHbviMm CONPOMUELEHUEM:

X=0oL-1/wC. (11.47)
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IIpu aToM BermumHY L Ha3BIBAIOT UHOYKMUEHBLM CONPOMUE-
nenuem, a BeauuuHy 1/0C — emrxocmuovim conpomusnenuem. Ux
o6osraualor coorBercTBeHHO X; n X,. Hrak,

X, =0l Xc=1/oC, X=X, -Xc Z=vR?+X?%.(11.48)

3aMeTHM, YTO MHAYKTHBHOE COIPOTHBJIEHME DACTET C yBeJaude-
HHEeM 4YacCTOThI ®, & €eMKOCTHOe — YyMeHbInaeTcA. Korga rosopAr,
YTO B IEIOH OTCYTCTBYEeT €MKOCTb, TO 3TO HAJO0 HOHMMATh B CMBICJIE
OTCYTCTBMS €MKOCTHOIO COIDOTHBJIEHHA, KOTopoe paBHO 1/wC H,
cJegoBaTeJbHO, oOpaImaeTcs B HyJb, ecan C — o (IpH 3aMeHe KOH-
JeHCcaTopa 3aKODOYEHHBIM YYacTKOM).

U nocnegsee. XoTA peakTHMBHOE COIPOTHBJIEHHE H3MEpPSIOT B
TeX e eIWHHIAX, YTO M aKTHMBHOE, MeXAYy HHMH CYIIEeCTBYeT
OIpHHOUNONAaJbHOE padiauuyre. OHO 3aKJIIOYAETCA B TOM, UTO TOJbBKO
aKTHMBHOE COIDOTHBJIEHHE OIpezessieT HeoOpaTHMble IPOLECCHI B
nenu, TaKkue, HalpuMep, KaK npeo6pasoBaHMe 3JI€KTPOMArHUTHOM
9HEPrHH B JKOYJIEBY TeIIOTY.

MougEOCTS, BhIgEJIAeMas B LieNH NepeMeHHOro ToKka. MrHoBeH-
HOe 3Ha4YeHNe MOIMHOCTH DAaBHO IPOM3BEAEHHI0O MIHOBEHHBIX 3HA-
YeHNH HaOps)KeHHA M TOKa:

P(t)=UI =U,bI, cos wt cos(wt — ¢). (11.49)

ITockonbKy cos(wt — @) = cos wt cos @ + sin ot sin @, npeobpasy-
em (11.49) x BHARY

Pit)=U,I, (coszo)t cos @ + sin ot cos wt sin @).

IIpakTHUYecKHiI MHTEpeC MMeeT CpeAHee 3a MepHOA KojaebaHHA
3HaYeHHe MOITIHOCTH. YUHThIBas, uToO (coswt) = 1/2 u (sinwt coswt) =
= 0, moay4yum:

u,I
(P) =L21‘—cos 0. (11.50)
9T0 BHIpaXK€HHEe MOXXHO MIPHBECTH K HHOMY BHAY, €CJIU NPUHATH

BO BHMMaHHe, UYTO U3 BEKTODHON amarpaMMmsl (cM. puc. 11.4) cie-
ayer U, cos¢ = RI,. Iloaromy

(P) =RI2 /2. (11.51)
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Takyio »xe MOIHOCTb Da3BMBaeT MOCTOAHHBIA Tok I =1, / V2.
Beanunsh

I=1,/J2, U=U,/J2 (11.52)

Ha3bIBaIOT delicmeyrowyumu (U1 IPHEeKMUBHIMU) SHALEHUAMU
moxa u Hanpajxcernus. Bce aMnepMeTpH ¥ BOJbTMETPH I'PagyHpo-
BaHH IO JeHCTBYIOIIMM 3HAYEHHAM TOKA M HANPAKEHHA.

Bripa)xerne cpepneit momHOCTH (11.50) uepe3 meiicTByromue
3HAYEHUSA HANPAXKEHUS M TOKAa MMeeT BHJ

(P) = Ulcos o, (11.53)

rame MHOXXHTEJb COS () IDHHATO HA3BIBATh KOIPPUUUEHMOM MOW-
nocmu. TakuM 06pa3oM, BhIAENsieMad B MEOM MOIIHOCTb 3aBHCHUT
He TOJIBKO OT HAIPSXXeHWA M CHJIBI TOKa, HO eme W OT caBura (as
MEXXAY TOKOM M HaIpAXXeHHEeM.

IIpu ¢ =n/2 3aauenue (P)= 0, KaKkOBLI ObI HY GBIIM BeJINYUHH U
n I. B atoM cayuae sHeprus, mepeigaBaeMasd 3a YeTBEpPTh IepHoja
OT reHEepaTopa BO BHEMHIOIO Ielb, B TOYHOCTH DaBHA dHEPrHH, Iie-
pexaBaeMoil U3 BHEIMMHEN Meny B I'eHEPATOP B TeUeHHE CIeYIomeit
YeTBEPTH IEPHOJa, M BCA 3HEPrusa 6ecrmoie3HO «KoJiebjeTcas» Mex-
Oy reHepaTOpOM M BHEIIHEeH Membio.

3aBHCHMOCTbh MOIDHOCTH OT COS () HEOOXOAMMO YYHMTHIBATH IPH
IIPDOEKTHPOBAHUM JHWHHUI dJIeKTpoIlepefayy Ha IePEeMEHHOM TOKe.
Ecian nutaeMble Harpy3skM UMelOT 60JIbIIOe PEaKTHBHOE COIPOTHB-
JeHue X, TO COS @ MOXeT GbLITH 3aMETHO MEeHbINle eJUHNOH. B aTux
cIydasix AJIs nepefadd moTpeGHUTe N0 HY»XHOM MOITHOCTH (IpH AaH-
HOM HAIPAXXEHUH reEepaTopa) Heo6OXOAUMO yBEJIHYHUTH TOK I, a 3TO
IPUBOAUT K BO3PAcTaHHIO 0ecIojIe3HbIX MOTEepPbh SHEPrHH B IOJLBO-
gAamux npoBogax. IToaToMy Bcerga HY»XHO CTPEMHTbCS pacmpege-
JATH HArPpy3KH, MHAYKTUBHOCTH M €MKOCTH TaK, YTOOHI cOS ¢ OBla
IO BO3MOXXHOCTH OJIM30K K eguHHUNeE. [[JIA 3TOro JOCTATOYHO CHe-
JIaTh DeaKTHMBHOE COINpPOTHBJIeHHMe X KaK MOXXHO MeHbIme, T. €.
ofecneyuTh PABEHCTBO MHAYKTHBHOIO M €MKOCTHOI'O COIPOTHBJIE-
it (X, = X().

B 3akiioueHHe 3aMeTHM, UTO HOHATHE AKTHBHOI'O COIPOTHBJIE-
HUA [Upe, YeM MOHATHE JIEeKTPHUUYECKOI'0 COIPOTHBJIEHNUA IPOBOJA-
HHUKOB, oOpasyromux mnenb. IlociegHee o00ycsOBIHMBaeT Iepexon
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3HEPrMH TOKa TOJbKO B JMKOYJEBY TEIJOTY, HO BO3MOXXHBI M ADY-
rue IpeBpaleHUA 3TOIl 9HEPruH, HaIpUMeD B MEXaHHYECKYIO pa-
60Ty (3JIEKTPOMOTOPHI). AKTHBHOE COIPOTHBJIEHME TOTAA Y)Ke He
CBOAUTCA K 3JIEKTPMYECKOMY COINPOTHBJIEHHIO, & OOBIYHO 3HAYMTE-
JILHO IpPEBBIIIAET ero.

11.1.

11.2.

3amaun

Co6cTBeHHBbIe He3aTyxalmue koae6anus. B koHType, cocrodleM u3
KOHIeHcaTopa eMKocTH C M KATYIIKH ¢ HHAYKTHUBHOCTbIO L, mpouc-
XoxAT cBOOOAHbIe He3aTyxalluue KojJe6aHHUA C aMIINTYAON HAaIpA-
JKeHHud Ha KoHAeHcaTope U, . HaliTu 3.4.c. CAMOMHAYKLIMM B KaTyII-
Ke B MOMEHTHI, KOrla ee MarHUTHAas 3HEeprufA OKa3bIBaeTCsA paBHOM
3JIEKTPHUECKOH 3HEepruM KOHAEeHcaTopa.

Pemenue. CorsacHo 3akoHy OMma
RI=U +%,,

rae U — HanpsxeHue Ha KoHAeHcaTope (U = ¢, — ¢,). B HameMm ciay-
yae R = 0, mosromy €, = - U.

- L4
Ocraercsa HaiiTH Hanps:keHue U B MOMEHTHI, KOr'Za 3JeKTpUYecKas
3Heprusi KOHJEeHcCaTopa paBHa MarHMUTHOH sHepruu kartymku. Ilpm
3TOM YCJOBMH MOXKHO 3aIlMCATb:

cv?: cu?® LI* _cu?
— = + =2 ,
2 2 2 2
orkyna |U| = U,/v2.

B peayabrare umeem |8,| = U,/+2.

KosebaTenbHBI KOHTYDP COCTOMT M3 KATYIIKK C MHAYKTHUBHOCTBIO L
U He3apA’KEHHOr'o KOHAeHcaTopa eMKocTH C. AKTHBHOe CONPOTHBIIe-
Hue koHTypa R = 0. KaTymka HaXoqUTCA B IOCTOAHHOM MarHUTHOM
1oJie TaK, YTO NOJIHbIH MarHUTHBHIA NIOTOK, IIPOHU3BLIBAIOIMI BCe ee
BUTKH, paBeH ®. B MoMeHT ¢ = 0 MarHUTHOe IoJle PEe3KO BBIKJIOYU-
au. HaliTu TOKk B KOHType Kak GYHKLUIO BpeMeHH .

Pemenue. HPPI PEe3KOM BBIKJIIOYEHHH BHEIIHEero MarHUTHOr'O II0Jis B
MoMmeHT t = 0 moABUTCA HH}IYKLLHOHHBII‘;I TOK, HO KOHAEHCaATOp 6y11e'r
ele He 3apAXeHHBbIM. HO3TOMY COrJiaCHO 3aKOHY OmMma

B nannoM caydyae R = 0 u, 3Hauut, ® + LI = 0. Orciona @ = LI, rae
Iy — HavaJbHBIA TOK (HermocpeACTBEHHO IIOCJIe BRIKJIIOYEHH [10J15).
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11.3.

ITocne BBHIKJIIOYEHHUA BHEIIIHEro IIOJA mnpolecc 6yne'r OIIMCBIBATHCA
YPaBHEeHHEeM

0=--2_.%. )

IIpoguddepeHuIpPOBaB 3TO ypaBHEHHE IO BPEMEHH, MOJYYUM
I + LI =0.
LC

9TO ypaBHEeHHe rapMOHHYECKHX KoJieOaHH#, ero pellleHMe HIlleM B
BHJE

I=1,cos(o + a).

ITocrosinHble I, ¥ 0. HAXOAUM M3 HAYAJbHBIX YCJIOBHMH
dr
10)=1,, —(0)=0
0)=1I, dt( )

(BTOpPOE yCcJOBHE cleAyeT u3 ypaBHeHHs (1), n60 B HayaJbHBHIH MO-
meHT t = 0 KoHZeHcaTop GBI He 3apsiskeH). M3 aTUX ycioBHi Haligem
o =0, I, = I, B pesynbrare

I=1Iycos wyt = (P/L) cos wyt,
rze @y = 1/VLC.

B kone6aTesbHOM KOHTYpe IPDOMCXOAAT CBOGOAHBIE HE3ATyXAalOLIUe
kose6anus ¢ aHeprueit W. IlnacTHHBE KOHIEeHcaTopa MedleHHO pas-
ABUHYJH TaK, YTO YacToTa KoseGaHMI yBesndyuiachk B 1 pas. Kakyio
pa6oTy COBEpLINJIM IIPH 3TOM INPOTHUB JIEKTPUYECKHUX CHJI?

Pemenne. ByneM McXomuTh M3 TOro, 4To IpHpalleHue 3Heprum W
KoJe6aHUif KOHTYpA IIPOMCXOAMT 38 CYeT paGoOThI IPOTUB JIEKTPUYE-
ckux cuia. Onpegenum sty paGoTy cHayaja 3a MaJBIil IIPOMEXYTOK
BpeMeHH 8t, B TeueHHe KOTOPOro pPacCTOSIHHE MeXAY IJaCTHHAMH
yBesauumniaoch Ha dh:

dA = (F)dh = (¢E)dh, 8))

rae (F) — cpenHee 3a 3t 3HaYeHHe MOZAYJS CHJBI 3JEKTPHYECKOro
B3aMMOJeNCTBUA MexxAy miaactuHamu. Tak kak E = q/2g,S n, co-
rnacHo dopmyse C = g,S/h, dh = gS d(1/C), To

dA = (¢°/2)d(1/C). 2)

B nanHOM cinyuyae (npoliecc MeIJIEHHBII) BO3bMEM IIPOMEXKYTOK BpeMe-
HHM 8t TakuM, 4yToOnl T <« 8t < t, rae T — nepuox KonebGaHUii, t — Bpe-



306

T'nasa 11

11.4.

11.5.

MA Bcero mmpouecca. IIpu aToM ycioBuM kosieGaHUA 3a BpeMA 3t MOXKHO
CYUTATH NPAKTHUYECKN FapMOHNYECKHMMH M (q2)= q,'i/2= WC, nockoJb-
Ky W= qf,, /2C. C yueroM aToro nepenuuieMm (2) ¥ npUpaBHAEM IIO-
JIy4yeHHoe BblpaskeHue k dW:

lWC d(lJ =dW, wmm w =-—. (3)
2 C

IIponHTEerpMpoOBaB nocjieAHee YpaBHeHHe, HaixeM 1n( wC ) = const.
OcraeTca yuyecTb, YTO ® v 1 /«/5 , H MBI MOJYYHM

W/w = const. 4)

9TO BaXHOE COOTHOILLIEHHEe K CIipaBeJINBO OHO TOJIBKO IIPpH Mednen-
HOM IIpoLecce.

Hckomyio paGoTy MOKHO NpPeACTaBUTH KaK NpHpalleHHe Kojebare-
JILHON dHepruu KoHTypa: A = W' — W, BocnosbsoBaBmnch ¢Gopmy-
Jgoi (4), moayuum:

A=Ww'/o-1)=W(mn-1).

Jlo6poTHOCTh KOHTYpa. Kose6aTe IbHBIA KOHTYD C MAJIBIM 3aTyXaHH-
eM umeeT eMkocTh C M MHAYKTHBHOCTH L. Ha momnep:kaHue B HeM
He3aTyXAaIIUX IapMOHUYECKHX KoJeGaHUi C aMIUIUTYAOH Hamnps-
JKeHud Ha KoHAeHcaTope U, Heo6XOoAMMO IOABOLUTH CPEIHIOI0 MOIII-
HocThb (P). HaliTm noGpOTHOCTH KOHTYypa.

Pemenne. BciencTBue MasocTH 3aTyxXaHHA BOCHOJb3yeMca GopMy-
Joit (11.23):

Q = 2tW /W, (1)

roe W zCU,":, /2 u dW = (P)T, T — nepHoA 3aTyXalolIUX KoJjeba-
Huit. B Hamem cnywae T = T = 2nVLC. Ioc/e MOACTAHOBKH BTHX
BhHIpakeHuit B (1) monyyum
0-Us [C
2(P)YL

3aryxaromue koje6anua. B xonebaTeJbHOM KOHTYype MMeeTcs KOH-
neHcaTop eMKocTH C, KaTyLIKa ¢ MHAYKTUBHOCTHIO L, aKTHBHOE CO-
nporusieHre R u kiawou. IIpy pasoMKHYTOM KJoue KOHAEHCATOp 3a-
PAIMIHN, & 3aTeM KJIoU 3aMKHYJaH. HaliTh oTHolIeHNe HANIPpAXKEHUA
Ha KOHJEHCATope K ero aMIUINTYJHOMY 3HaueHHUIO B HaYaJbHBIA MoO-
MeHT (cpas3y IIocjie 3aMbIKaHHMA KJIoua).
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11.6.

Pemenue. Hanpmﬂem{e Ha KOHIeHcaTope 6}’1[6'1‘ 3aBHCeTb OT BpeMe-
HH TaK JXXe, KakK M 3ap#ajf, IIO3TOMY 3alnHullIeM

U= U,,,e’B'cos(cot + a). 1)

B HauanbHBIt MOMeHT ¢t = 0 Hanpaxenue U(0) =U,, cosa, rae U, —
aMIIuTyAa B 3ToT MomeHT. Ham Hago Haittu U(0)/U,, T. e. cos a.

Il 3TOro BOCIIO/IL3YeMCH APYTHM HAYAJIBLHBIM YCJIOBHEM: B MOMEHT
t=0Tok I =q =0. Tak kak ¢ = CU, 10 mocraTouno mpoxuddepen-
uupoBaTh (1) mo BpeMeHH M ITOJYy4YeHHoe BhipakeHHe npH t = 0 mpwu-
paBHATH K Hymo. ITonyunm —Bcosa — o sina = 0, oTkyrna tga =
=—B/w. IToaToMy HCKOMOe OTHOILLEHHe

u(o) =cos = 1 = ! . (2)
U, \/1+tg2a \[1+(B/o))2
Beanunnnl U(0) u U, nokasaHel Ha pHC. U
11.8.
I[IpuHuMas BO BHUMaHue, 4YTO o= mg —Bz, Un Pa
npeo6GpasyeM (2) K BHUAY U() .
U(0)/U,, =y1-(B/w)? =1 -R2C/4AL,
rae yuteHo, uto B = R/2L u (o(z) =1/LC. 0 —>
B kose6aTesbHOM KOHType ¢ eMKocThio C u Puc. 11.8

MHAYKTHBHOCTBIO L COBepIIAIOTCA 3aTyXa-

oiMe KonebaHud, IpU KOTOPLIX TOK MEHSeTCA CO BpeMeHeM IO 3a-
kony I(t) =1, e P'sin ot. Hafitu HaInpsKeHHe Ha KOHJeHcaTope B 3a-
BHCHMOCTH OT BpEMEHH.

Pemenue. BoiGepeM NoJIOXKHTENILHOE HAaIpaBjeHHe o6Xoja KOHTypa
no yacoBoil crpesnke (puc. 11.9). CoraacHo
sakoHy OMa aas ydacTka KoHTypa IRL2
umeeM RI = ¢; — ¢ +%B. B Haurem ciayuae
€=-LI u ¢3-¢,=q/C=Uc,rneq —
3apAx Ha oOkJjagke 2, MO3TOMY IEPBYIO
¢GopMyJy MOXKHO II€pelHCaThb TaK:

Ues =-RI -LI . Puc. 11.9

ITocne MOACTAHOBKM CIOAa BhIpaKeHUs Aas I(t) ¥ ero Ipon3BOXHOMK
MOJYYHUM

_RI,e™

U
c 28

($sin ot — wcos wt).
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11.7.

11.8.

IIpeoGpasyeM BhipaskeHNe B CKOOKax K CHHYCY. IJIs 3TOro YMHOMKHUM
¥ pasjesuM ero Ha \/(02 + [32 = Wy, & 3aTeM BBefieM yroJ § o gopmy-
JaM
—B/wy = cos b, w/w, =sind. (1)
Torna
_RI, 0,

Ue == : ¢ sin( ot -8) =1, JL/C ¢ sin(wt - 3),

rae yroa & coryacHo (1) HaXxoAUTCA BO BTOPOM YeTBEpPTH, T. €. IPHHH-
MaeT 3HadYeHHd n/2 < § < n. Takum o6pasom, HampsiKeHHE Ha KOH-
JAeHcaTope OTCTaeT mo ¢)asde OT TOKaA.

YcraHoBiaeHHe Koae6anmii. KaTyliky ¢ HHIYKTHBHOCTBIO L U aKTHB-
HBIM COIIDOTHBJIEHMEM R IOAKJIIOYMJIM B MOMEHT t = 0 K BHeIIHEMY
HanpsaxeHnuio U = U,, cos wt. HaliTi Tok B Ienu Kak GyHKLIMIO Bpe-
MeHH t.

Pemenue. B ganHoM ciayuae RI =U - LI , HIH
L+(R/L)I =(U,, /L)cos ot.

PelreHre 3TOro ypaBHEeHHs ecThb ofllee pellleHHe OZHOPOLHOro ypas-
HEHMA ILJIIOC YACTHOE pellleHHe HEeOAHOPOAHOro:

U
—_"'_Zcos( ot - ),
VR? + oL
rie A — NpoM3BOJIbHAA IIOCTOSHHAMA, & YroJ (¢ OIpejesseTcs ycJjo-
BueM (11.36): tg, = oL/R.
ITocTossHHYI0O A HaxoauM M3 HadajnbHoro yciuosusa I(0) = 0.
Orciopa A = —-(U,, /w/R2 + w?L? )cos @ . B pesysbrate
S
VR? + 0?L?
IIpu pocTraTouHO 60JBLIOM ¢ BTOpOE cjJaraemMoe B KBaJAPATHHIX CKOG-

KaX CTaHOBUTCA NpeHeGpeKMMO MaJbIM, U MEI [I0JIy4aeM yCTaAHOBUB-
meeca pemieHue I(t) co cos(wt — ).

I(t) = AeR/D

e—(R/L)t

I(t) = [cos(wt — @) — cos @] .

BoiHy»x/IeHHbIe KoJe6aHHA. YUaCTOK LielIH, COCTOSLIMA K3 IOCJeHO-
BATEJILHO COeIMHEHHLIX KOHAEHCATOPA M AKTHBHOI'O COIPOTHBJIEHUSA
R, NOAKJIIOYMJIN K BHELIHEMY IIePEMEHHOMY HAIDPAKEHHIO C aMILIH-
tynpoit U,,. IIpn aToM aMIINTyAa yCTAHOBMBILErOCA TOK& OKa3alach
paBHo# [,. HaiiTu pasHocTh (a3 MexkAy TOKOM M BHEIIIHMM Hamlps-
JKEHHUEM.
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11.9.

Pemenne. B nanHoM cayuae
U =U,cos ot, I=1I,cos(ot — @),
rge ¢ ompeaeasiercsa ¢opmynoit (11.36): tgo = —1/wCR.

HeussecTHoe 3HaueHne eMKocTH C HalileM U3 BRIDAXKEHHUS IS aMII-

autyasl Toka: I, =U, /\/Rz + (l/mC)z, OTKYAa
1

C =

(U, /1,)? - R

Ilocne moaCTaHOBKM B BRIpAXKeHHe A tg ¢ Io-
JYYHM

tg¢ = —(U, /RI,)? -1 .

B namem cayuae ¢ < 0, a 3TO 3HAYHUT, YTO TOK
onepexaem 10 ¢ale BHeIlIHee HaIpsKeHHe
(puc. 11.10). Prc. 11.10

I.Ienb IepeMeHHOro TokKa, cozepJkaiasa IocjenoBaTeJIbHO COeAUHEH-
Hbleé KOHAEHCATOD N KATYIIKY C aKTHBHBIM COIIDOTHBJIEHHEM, IIOX-
KJIIOYeHa K BHELIHeMYy [TepeMEeHHOMY HallpAXXeHHNI0, YaCTOTy KOTOPO-
'O MOYKHO MEHJsITh, HE MEHss ero aMIlJINTYAbl. Hpn YacToTax ®; M Wy
aMILIMTYABI CHJIBI TOKA& B LIEIIN OKAa3aJIUCh OANHAKOBBIMH. Haittu pe-
30HAHCHYIO YaCTOTYy TOKaAa.

Pemenue. CorsnacHo (11.35) aMnauTtyasl 6yayT OAMHAKOBBIMM IIpH
yCJIOBHH

1
L-——]|. 1
07} 0rC (1)

1
L-—— =
’m‘ wIC‘

MakcuMyMy pe30HaHCHO KPHMBOI TOKa COOTBETCTBYET 4acTOTa, PaB-
HafA coGCTBeHHOM wacToTe ®y, =1/ JLC. Tycrs ®; < @y < 0y (MOXKHO
MPEeAINOJOKUT, B HA060POT, OT 3TOr0 OKOHYATEJbHHIH DeayJbTaT He
M3MEHUTCH), TOrAa paBeHCTBO (1) MOXKHO nepenucaTb, CHAB MOAYJIH,
TaK: mg/ml -0 = My —mg/mz , WIH

2 1 1
Wy + ®; = W (1)_+0)— .
1 2

ITocse coxpaiteHnsa o6eMx dacTeil 3TOro paBeHCTBa Ha 0, + ®; IOJY-
yum: 1 = m(z, / ®; @4y, OTKyHAa

0)0 = ‘\'(1)1 (1)2 .
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11.10. BexropHana auarpamma. Llens, cocToAly0 U3 MMOCIEAOBATEIBHO CO-

eIMHEHHBIX KOHMeHcaTopa eMKOCTH C M KaTYIIKM ¢ aKTHBHBIM CO-
TPOTHBJIEHMEM R U ¢ MHAYKTHBHOCTBIO L, MOAKJIIOUMIM K BHEIIHe-
My rapMOHHYECKOMY HAIDAMXKEHHMIO C aMILTH-
Tymoit U, u gacroroit ®. CunuTas, 4TO TOK B
LeIN oNepexkaeT Mo ¢ase BHelllHee HANpA-
JKeHHe, IOCTPOHUTb COOTBETCTBYIOILIYIO BeK-
TOPHYIO AMarpaMMy M ¢ ITOMOIIbIO Hee HalTH
- aMIUINTYAY HANpSKeHMA HA KaTyIIKe.

oLl

Pemenue. Bex'ropnaa auarpaMma i OaH-

In Un HOrO cJy4Yad HMeeT BHJ, IOKA3aHHBIA Ha
oC puc. 11.11. U3 aroit auarpaMmel cpa3y BHA-
Pre. 11.11 HO, YTO aMILUINTYZAA HAIPAXKEHUA Ha KaTyll-

Ke

ULRm =IMJR2+(D2L2 ’

rme I, =U,n/\/R2 +(oL -1/0C)%.

Hanpssxenye Ha KaTyIlKe NPK HATHYMK AKTHBHOTO CONMPOTHBJIEHHA
omepe)xaeT TOK no (ase MeHee yeM Ha m/2.

11.11. MomHOCTS B 1leIM NepeMeHHOro Toka. Ilens, cocTosmyio U3 mocie-

OOBATEJIbHO COEAMHEHHBLIX 0e3LIHAYKIIMOHHOTO CONMPOTHBJEHHA R u
KATYUIK¥ C HEKOTOPHLIM AKTHBHLIM COIIPOTHBJIEHHEM, IOAKJIIOUMJIH
K CeTH C JeicTByOINMM HanpsikeHneM U. HaiiTu TemioByio Mol-
HOCTb, BRIIeJIAEMYIO B KaTYILIKe, €CJIH AEHCTBYIOLIHE HANPAXKEHUA
Ha CONPOTHBJIeHNH R M KaTylIke paBHBI cooTBeTCTBeHHO U, 1 U,.

Pemenue. Bocnionb3yeMcA BeKTOPHOIH AuMarpaMMoif, KoTopas gaHa
Ha puc. 11.12. U3 aToit auarpaMMBl COTrJIacCHO
TeopeMe KOCHMHYCOB HMeeM

AL

U?=UZ +U} +2U,U,cos 9. 1)
MorHocTh ke, BhIAeiadeMas Ha KaTyILKe:
P, =1U,cos ¢, (2)
A rge I = U,/R. 3 ypaBHennii (1) u (2) noayuum
Pre. 11.12 P, =(U? -U2 -UZ)/2R.
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1. Eguannsr Beauanes B CH u cucreme I'aycca

Enununa OTHOmIeHHe
Beauuuna OGoanase- BeJIHIHHBI en.CH
HUA ex.CIrc
CHn Crc
Cuna F H IUH 10°
Pa6ora, aHeprus AW Iox apr 10
3apan q Kn en. CI'C9 3-10°
Hanpaxerrocts E B/M | en. CIC3 | 1/(3 - 10%
3JIEeKTPUYECKOT0 ITOJIA
IToTeHuman, HanpsKeHHe o, U B ex. CIrco 1/300
ONeKTpUUEeCKHl MOMEHT P Kn-m | ex. CTC3| 310"
ITonsspnsoBaHHOCTH P ICJI/M2 ex. CI'Co 3.10°
BexTop D D Kn/m® | ex. CTC3| 127 - 10°
EMxkocTs C <o cM 9.10"
Cusa Toka I A en. Crcd| 3-10°
IInoTHOCTH TOKA j A/M2 ex. CIC3| 3-.10°
ConpoTuBjieHHne R Om ex. CI'Ca (1/(9 - 10“)
YmensHOE CONPOTHBIEHHE p Om- M| ex. CTCO| 1/(9- 109)
IIpoBoauMoOCTB T CmMm ex. CI'Ca| 9- 101!
YaenbHaa MpPoOBOAHMMOCTH c Cm/M | ex. CI'CO 9.10°
MarsuTHaA MHAYKLIUA B Tn Tc 104
MaruuTHeIif MOTOK, o, ¥ B6 Mxc 108
IIOTOKOCILeIlJIEHHE
MarauTHbIif MOMEHT Pm A- M |en. CICM 10°
HamarauueHHOCTD J A/Mm |ex. CI'CM 1078
BexTop H H A/Mm ] 4n - 1073
HNHAYKTHBHOCTD L 'u cM 10°
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2. OcHOBHBIE (hopMyasI 3deKTpoMarsetuama B CH
H cucreme I'aycca

HaumeHnoBanue CH Tayccosa cucrema
1 ¢ q
E= - E ==
ITone E ToueuHoro sapsiga dmeg r? 2
ITone E B niockom E.O no
KOHZIeHCaTope U e E = =
y MOBEPXHOCTH IIPOBOAHMKA 0
Torennuan noas 0= 1 ¢q 0=2
TOYEUHOro 3apsaga 4ney r r
2
Ceasp mexnay E u ¢ E=-Vo, ¢1-9¢ =IEd|
1
IIupkyasanus BexkTopa E §Edl =0
B 9JIEKTPOCTATHUYECKOM IIOJIe
dJIeKTPpUYECKHUIA MOMEHT p=gl
IUATIONS .
OneKTpUUECKUN AUMOIL P F=p SE , M = [pE], - - pE
B nose E ol
CBsA3b MEXAY IOJIAPHU3OBAHHO- P =xe,E P =xE
CTBI0 M HANPSKEHHOCTHIO
Cesasp mexay o', P u E o' =P, =xegk, o' =P, =xE,
Onpepenenue Bektropa D D=¢E+P D =E + 4nP
CBA3L MeXAYy € U X e=1+% e=1+4mn
Casp Mexay D u E D = egyE D =¢E
Teopema I'aycca ans BekTopa D § DdS=g¢ §D ds = 4ng
EMKkocTh KOHIOeHcaTopa C=q/U
EMKOCTb IJIOCKOTO c = EeS C - S
KOHJleHcaTopa h 4nh
OHeprusa CHUCTEMEHI 3apAAOB w =Y Zq 0,
=1, ;
Ilonnasa sHeprus w=Y Jp(pdV
B3aUMOJeHCTBUA 2
OHeprus KoHAeHcaTopa W =qU/2=CU*/2 =¢'/2C
IInoTHOCTL 3HEpPruu w = ED/2 ‘ w = ED/8n
3JIeKTPHUYECKOro IMoJA
. d . 15/
VpaBHeHHe HeNpepEIBHOCTH Ilds = -d—z, V-i= _570
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ITpodonxcenue maba. 2

HaumeHoBaHHMe CHh T'ayccoBa cucrema
3akon Oma RI=¢,-¢,+%, j=o +E)
Bakon Jxoyna—Jlenna Q = RI?, Qyﬂ =pj?
Cuna JlopeHua F=gE+q[vB] | F=gE+[vB]

c
ITone B gBHKylIerocs sapfAga = “—UM B_—M
4n 53 c rd
jr] dv 1[jr]ldV
3akon Buo—CaBapa dB = M#]a_ dB = —%—
4t r c r
dl?‘=|.1_01[d13,r] dB=lI[dls'r]-
4 r c r
ITone B: B = Po 21 B=l£
a4) IpSAMOro TOKAa 4n b cbd
B = Ho 28 p-l2rl
6) B LIeHTpe BHUTKA 47 R ¢ R
4
B) B COJIEHOMJE B =pnnl B = T"I
3akon Amnepa dF = I[dl, B] dF = %[ dl, B
dF =[jB]dV | dF =[jB]dV
Cuna BsauMomeicTBUSA _Ho 21,1, F = 25,1,
mapajjeiabHBIX TOKOB “ 4n b i
MarHuTHBEIE MOMEHT 1
=18 ==1I8
KOHTYpa C TOKOM Pn Pm =%
MarsuTHBIN U0 P, B nIoje B F=p, Z—B , N=[p,B]
n
Pa6ora no nepememenuio A=I(D,-D) | A= 1 I(D, -D,;)
KOHTypa C TOKOM ¢
IlupKkyasauusa HaMarHUYEHHOCTH §J dl=r ¢ Ja=1r
c
Onpepenenue BekTopa H H=B/p,-J H=B - 4nd
Mupkynsauusa sextopa H Hdl = ﬂ I
B CTAI[MOHADHOM II0JIe ¢H a=1r1 § c
Ceass mexay J 1 H J=yH
pHuY p=1+y p=1+4ny
Bu H B = puDH B = pH
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ITpodoasxcerue maba. 2

VYpaBHeHua Makcsenna
B auddepeHINATbHON
dopme

Csasp Mexxay E u H
B 3JIEKTPOMATHUTHOM BOJIHE
Bekrop IloiiHTHHTra

IInoTHOCTE MMIyJIBCA

3JIEKTPOMArHMTHOTI'O IIOJA

$Hdl = [ (j+ D)ds

$BdS =0
VxE =-B
V:D=p
VxH=j+D
V:-B=0
E\Jege = H Juom
1 = [EH]

= L [EH]
c

HaumenoBanue Ch layccoBa cucrema
3akoH mpeo6pa3oBaHUSA E'=E +[vyB] E'=E+ l[vOB]
moseit E u B npu vy<e ¢
B =B--L[v.E] F:B—%ﬁm]
HHBapHaHTH EB = inv
anexTpoMaruutHoro noas| E° - ¢’B’ = inv E* - B' = inv
g = _do % = _1do
9.A.C. MHAYKIUK dt c dt
W HAYKTUBHOCTD L=®/I L=c®/I
MHAYKTUBHOCTH COJEHOMAA L = pu,n'v L = 4npn’v
1 . dI
9.A.c. CAMOMHIYKIIMK (és =-L % <5, == 2 'E
OHeprusi MarHUTHOrO MOJS LIZ 1 LI%
TOKa W =— wW=___
2 c 2
IL1oTHOCTE ®HepruM _BH w = BH
MariUTHOro IoJs 87
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3. OcHOBHBEIe BeJaHYHHEI H exuHHIBLI CH

Bpemsa ¢t — BeJIHUYMHA, XaPAKTEePHU3YIOLIAA I10CJeI0BATEIbHYIO CMEHY sIBJe-
HUH U COCTOAHHMH MaTepMH, XapaKTepH3ylolllas IJMTEJbHOCTb X OBITHA;
eIUHMNIA — CeKyHzaa (c).
Cexynda paBHa 9 192 631 770 mepHoxaM H3Ny4YEHHS, COOTBETCTBYIO-
11Iero Iepexony MeXAY ABYMA CBEPXTOHKHMMH YPOBHAMM OCHOBHOI'O
COCTOSIHMA aToMa Ile3uda-133.
Jdauna | — BeJIMYMHA, XaPAKTEPH3YIOLas NMPOTAXKEHHOCTDb, YAAJIEHHOCTb K
nepeMellleHNe TeJ HJIH HX dYacTeil BAOJb 3aJaHHON JHHUM; eIUHHLA —
meTp (M).

Memp ecTb fuKMHA IYTH, IPOXOAXMOr0 CBETOM B BAKYyMe 3a HHTEepBaJ
BpeMeHHn 1/299 792 458 c.

Macca m — BeJaHYHHA, ONpeAensiollad HHEPTHhle M TpaBHTALIMOHHEIE
CBOMCTBA MaTepHAJbHBIX OGBEKTOB; €IMHHIIA — KHJOrpamMm (Kr).

Kunozpamm paBeH Macce IJIATHHO-MPHAHEBOTO 3TAJIOHA, XPaHALIEro-
ca B MexxaynapoaHom 6iopo Mep u BecoB (B Cempe, 6au3 ITapuaka).
Macca atamoHa 6auska K Macce 1 gM° uucroit Bognl npu 4 °C.

Cuaa ajeKTpHueckoro Toka I — cKajJApHasA BeJHMYHHA, YHUCJIEHHO paBHAafd
3JIEKTPHUECKOMY 3apAnY, IepeHOCHMOMY CKBO3b PACCMAaTPHBAEMYIO IIOBEP-
XHOCThb 3a €IMHHLY BpeMeHH; eIfHHHIAa — amiep (A).

AMnep paBeH CHJIe IOCTOAHHOTO TOK&, KOTOPHIH NPH IIPOXOXKAEHHH II0
ABYM MapaljleJbHLEIM IIPOBOAHUKAM 0ECKOHEYHOH AJMHBEI U HUYTOXKHO
MaJIoH TJIoLIAaA¥ KPYroBOro IONEPeYHOro CeYeHHs, PACIIOJIOKEHHBIM
B BAKYyMe Ha PAcCTOAHHM 1 M OQMH OT APYroro, BhI3BaJ Ohl Ha KaX-
IOM y4acTKe IIPOBOAHHKA JJIHHOM 1 M CHJy B3aUMOAEHCTBUA, PABHYIO
2-107" H.

TepmoaguHaMHueckan Temnepatypa T — TeMIepaTypa, OTCUMTHIBaeMas I1o

TepMOAHHAMHYECKOM IIIKaJie TeMIepaTyp OT a6COJIOTHOIO HYJf; eIHHH-

na — xeabBuH (K).

Keaveun paBen 1/273,16 yacTH TepMOZHHAMHYECKOH TeMIIEpATYpPHI
TPOMHOMH TOYKM BOZHI.

KoanuectBo BemecTBa 7 — BeJHNYNHA, PaBHasA YHUCHY CTPYKTYPHEIX 3Je-
MEHTOB, COoAep)KaIlluXCA B TeJe (cuc'reme 're.u); eINHNIa — MOJb.

Moab paBeH KOJIMYECTBY BellleCTBA CHCTEMBI, COAEPIKAllleil CTOJBKO
JKe CTPYKTYDHBIX 3JIEMEHTOB, CKOJBKO COAEPKUTCA ATOMOB B yTIJjepo-
ne-12 maccoit 0,012 kr. IIpy nmpuMeHeHMH MOJA CTPYKTYPHEIE 3Jje-
MEHTHI HOJIKHEI GBITH CrIeUPHUIMPOBAHE] X MOTYT GBITH ATOMaMH, MO-
JIeKYyJIAMH, 3JIeKTPOHAMH H JPYTFHMH YACTHLAMH MJIM CIelHdHIHpO-
BAHHBIMH TPYINAMM YACTHIIL.
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4. I'peuecknit ancdasuT
A, a — anbda I, 1 — ifiora P,p — po
B, p — Gera K, » — kanmna Z, 6 — curma
I', ¥ — ramMma A, . — nambaa T, T — Tay
A, 8§ — penbTa M, p — M0 Y, v — HICHJOH
E, ¢ — ancuaon N, v — Hi0 D, 0 — dn
Z, { — pnseTa 2, § — kcu X, x — xm
H, n — ara 0O, 0 — OMHKPOH Y, v — ncu
©, 6, 3 — Tera I, n — u Q, ® — oMera

5. Hexkoropsle ¢u3nIecKHe KOHCTAHTHI

ONeMeHTapHHIl 3apAx

Macca JJIEKTPOHA

YaenvHBI 3apAx 3J€KTPOHA e/m, ={

Macca npotona

JJIeKTpHUYecKad NOCTOAHHAA

MarHuTHas TOCTOSIHHASA

CKOpOCTb CBeTa B BaKyyme c = 2,998 - 10° m/c
6,67-107" M /(kr - %)
I'paBUTAMOHHAA ITOCTOSTHHASA G = 8 5 5
. 6,67-10" cm/(r-c)
Vckopenne cBoGOAHOro nageHUA g=9,807 m/c’
Ilocrosaunaa AsBorafgpo N, = 6,022:10* moap™

p,/4n = 107

CBA3b MeX, CKOPOCTBIO CBE€Ta
Ay Crop c=1/eouo
¥ MOCTOAHHBIMM €y H

. ={1,602 107" Kn
4,803-107'° crca
m,=0,911 - 10™ kr
1,76 - 10! Kn/xr
5,27 -10'7Crca/r
m,=1,672- 10" kr
g, = 0,885-10™" ®/m
1/4ne, = 9-10° m/D
b, = 1,257-10° Tu/m

I'u/m




MpeamerTnbin ykasarenb

v

Amnep 119

Amnep Ha merp 184

AMnianTyga KoJsebaHME 3aTyxalo-
mux 293

Beratrpon 230

BeGep 226

BexkTop D 77

— H 183

— IToituTHra 276
BsaumopgeiicTBie 3apAfOB ABHMIKY-
muxca 147, 223

BoJsHbl 3jieKTpOMarsuTHbele 273
BoasT 27

BoasT Ha meTp 10
BocnprHMUYHBOCTD
ckaa 72

— MarLuTtHaa 184
Bpemsa penakcanuu 137, 294

Ienpn 234

I'ncrepesnc 72

— MAarHuTHHIA 194
T'pagnent norennmnana 30

ANUBJIEKTpHUYe-

daBjeHne BOJIHLI 3JIEKTPOMATHHUT-
Hoit 278, 280

— Mar"LuTHoe 252

IBHKeHHe 3apAga B CKpellleHHBIX E
1 B noaax 218

JIlekpeMeHT 3aTyxaHHs Jorapudmu-
yeckuit 294

Ouarpamma BekTOpHasa 298
IunamarHeTukn 184

MuBeprennusa noasa B 157

— — E 23, 24

Ounonp aneKTpudyeckuit 33
OuanekTpukn 68

Ho6poTHOCT, KOHTypa 294
Homennr 196

Emkoctp 57

— KOHJeHcaTopa 59

— — maockoro 60

— céepuueckoro 60

— — nuauHgpuyeckoro 60
NMPOBOZHUKA yeAWHEeHHoro 57

3akoH Amnepa 159, 160

— DBuno-CaBapa 149

— HOxoyaa-Jlenna 133

— HHAYKIHMH 3JEKTPOMATHHUTHOMR

226
— Kynona 10
— Oma 122, 123

— — JAJAs HeOOZHOPOAHOrO Y4YacTKa
uenu 127

— — o606menunlit 125, 127

— COXpaHEeHHsd 3IJEeKTPHUYECKOro 3a-

paga 9, 121
3akoHBl MpeoOpa3oBaHUA  TMoJiei
207, 208

3apAnka KoHZeHcaTopa 137
3apagsl MHAYUMpPOBaHHbBIe 468
— cBsa3aHHBEe 70

— cBoGogHble 70

— cropoHHue 70

3amuTa MariuTHaa 187
— 3JeKTpocTaTHuecKas 51

Hmnenanc 302

WUmnyasc mona 279
HNuBapuaHTHOCTH 3apsana 9, 205
HMuBapHaHTHl NOJA 3JEKTPOMArHuT-
Horo 214

NuaykrusHocts 234

— B3auMHaaA 239

Nuaykuua BsaumHas 241

— MarHuTHas 147

— ocraTouHasa 195

— 3JeKTpocTaTHyeckas 46

— aJeKkTpHueckasa 77

HHepuus ajekTpoMarsutHaa 225
Hcrounukn nona E u D 24, 78

Koneb6anus BHIHYXKAeHHBle 296

— 3aryxamwomue 292

— cBobGoguble 291

— ycraHoBuBLINeca 297
Koungencatop 58

KonTyp kone6GarenbHbIit 289
KpuBaa HaMarHu4eHHs OCHOBHAas
194

Kpusnsle pesoHaHCcHBEIe 299
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IIpenMeTHRL ykaa3aTeab

Koadpduuuenr saryxanusa 291, 294
— mougHoctH 303

— orpaxeHus 280

Kyson 10

— Ha KBaJpaTHHI meTp 72

Jlannacuan 54

Maruetuxk 177

Makpomnoine 45

Meton unsobpaxkenuit 556 56
Mukponose 45

MomMmeHT aunoss ajgeKTpuueckui 34
— Mar"guTHHIR 161

— CHJ, AEeACTBYIOIUMX HA OHUIOJb
37

— — — — KOHTYp ¢ ToKoM 163
MomHocTs Toka 135

— — mnepeMeHHoro 303

— — mocrosHHOro 135

— — yZAeJabHasa TemoBas 134

Hamaruuuennocts 178

— ocraTtoyHas 195 ¢

— crnoHTaHHaa 196

Hanpsaxenue geiictByiomee 303
HanpseHHOCTb IIOJSI MArHUTHOTO
184

— — cua cropoHHUx 125

— — 3jekTpuyeckoro 10

O6beM ¢usnyeckn GeCKOHEYHO Ma-
auiit 45

Onepatop Jlamnaca 54

— Habua 24

ITapamaruetTukn 184

Ilepron kose6aHuit CBOGOAHBIX He-
saryxawpomux 292

— — saryxamomux 293

Iletna rucrepesuca 195
IInoTHOCTL 3apama 11

— HMIyJIBCaA ITOJIS 3JIEKTPOMArHUT-
Horo 297

— mnoToka 3Hepruu 274

— CHJIBI NIOBEPXHOCTHOM (3JI€KTpH-
yeckoif) 50, 112

— Toka 120

— 3HepruHd MAarHuTHoOi 245

— — MoJIA 3JIeKTPOMarHuTHoro 275
— — auekTpuyeckoit 103

IToBepxHOCTB
31

ITone Buxpesoe 153, 229

— gpunoasa 33, 34

— 3apaAga peaaTHBHCTCKoro 213
— MarsuTHoe 145

— — Ha ocH TOKa Kpyrosoro 150
— — IUIOCKOCTH C TOKOM 156

— — coJieHonga 155
Ilone MarHEuTHOEe TOKa
150, 154

— — ropouzga 155

— rmnoTeHuHajJbHoe 26, 159

— coJleHoHAaJbHOoe 15, 159

— 3JleKTpHyeckoe 9, 10

— ajekTpoMarsuTHoe 204
Ionapusanusa aualeKTpukKa 68
ITonspusoBanHOCT, 71
ITocrosinHaa BpemeHu 237

— MarHuTHaa 147

— 3nekTpuyeckasa 10

— 9JIeKTpoguHaMuueckaa 147
ITorennman 27

ITotok BekTOpa 14

— MATrHUTHBIA NOJHBIH 276
IToTokocuenaenune 226

IIpaBuna Kupxroda 129

IIpaBuno Jlenna 225
IIpenromaenue auuuit B u H 189
— Eu D 82, 83

IIpuHnun cynepnosunuu 11, 148
IIpupona maruerusma 209
IIponunaeMoCcTy AU3JIEKTPHYECKAas
78

— wmarHuTHaa 185

IIpouecce mepexoxusle 135

9KBHIIOTEHLINaJIbHaA

NPAMOTo

Pa6ora moJssa npy noaspusanuy SU-
asekTpuka 105, 106

Paspax koHAeHcaTopa amnepHozHYe-
ckuit 295

Paspsagka koHaeHcaTopa 136
Pacnpenenenue sapaxos 11
Pesonanc 301

PoTop mosna BekTopHoro 158, 159

CamouHaykuus 234

CBA3p MeXIy INOTEHLHaJIOM H Ha-
npsikeHHocTblo moaa 30, 31
CerueToajieKTpUKH 72



Ilpemgg'rnuﬁ yka3aaTeasb

319

Cuna Amnepa 160

— B3aMMOJENCTBHA TOKOB IapaJlje-
JpHEIX 160

Cuuia, geiicTByOIIaa Ha JUIIOJIb 35
— — — KOHTYyp ¢ ToKoM 161

— KO3puMTHBHasa 195

Cuna Jlopenna 145, 270

— MarHuTHasa 145

— Toka 119

— 3JIEKTpOoABHXKyInaa 126

Cunnl nongepomoTopHule 107

— IIpH HAJIMYMH QU3JIeKTpHuKa 107
— cTopoHHHe 125

Cumenc 123

— Ha Mmetp 132

Cmemenre (MHAykums) D 77
Conenong 155

ComnpoTusieHue akTUBHoe 289, 304
— eMKocTHoe 302

uHAYKTHBHOEe 302
Kputuueckoe 295

nosHoe (mmmnexanc) 302
peakTHBHOe 302
aJleKTpnyeckoe 122

— yAaeabHoe 122

C’roxu mons E u D 24, 78

Temneparypa Kiopn 196
Teopema B3ammHocTH 239
laycca ana moaa B 177
— — — D177

— — — E 15, 24

— — — — P72
eIMHCTBEHHOCTH 54

— o nupkKyJaauuu BekTopa E 25,
229, 231

— — — — H 183, 265
— — — — J 180

— IloituTHHra 275

Tecna 147

Tok geiicrByromuit 303
Toku MonekynspHble 179
— HaMmMarEmymBaHua 179
— dyko 225

Tok MHAYKUHOHHBINA 224
— KBa3uCTalMOHapHHIH# 136, 288
Tox nepemenHnit 301

— mnoJHH 264

— noaspusanuu 266

— npoBogumocTH 119, 264

— cMeleHusa 264
— 3JeKTpuyeckuit 119
Touka Kiopu 196

YpaBHeHHe KOHTypa KoJjebaTeJbHO-
ro 290

— Jlanaaca 54

— HemnpepwiBHOCTH 121

— Ilyaccona 54

YpaBHeHua MakcBeana auddepeH-
nuaJbHple 269

— — WuHTerpajbHule 267

— mMarepuagbHeie 270, 271
¥YcaoBue GeraTpoHHOe 255

— KBa3UCTAMOHApHOCTH 288

— cranuoHapHocTH 121

¥Ycaosua rpaHuyHble 270

— — naa BekTopa B 187

— — D 81, 82

— — E 81

— — H 188

— — P 75, 76

®Papan 58
®deppomarsetTukun 185, 193
dopmysa Tomcona 292

IInpkynauua sexkropa E 25, 229
— — H 183, 265
— — J 180

YacroTa KOHTypa coGecTBeHHas 291

9.A.c. HHAYKUHHK 224
— caMoMHAYKIuu 235
dnexTpeTh 69
JJIeKTPOeMKOCTb 57
9JIeKTPONIPOBOAXMOCTD
123

AnexkTpoctpukuua 107, 108
dneMeHT Toka 149

OHeprusa B3auMHas 247

— B3auMogeiicTBUA 3apanoB 97, 98
— — mnoJHaa 99

numnosaa B noJte 37, 38

— KoHaeHcaTopa 101

— MoJia MarHuTHoro 244, 245
— — ajekTpHyeckoro 102, 103
— IIpOBOAHHMKa yeanHeHHoro 100
cobcrBeHHaa 100, 244, 247
TOKa (MarHuTHasa) 244

YAaeJqbHaa



	Предисловие
	Принятые обозначения
	Глава 1. Электростатическое поле в вакууме
	§ 1.1. Электрическое поле
	§ 1.2. Теорема Гаусса
	§ 1.3. Применения теоремы Гаусса
	§ 1.4. Теорема Гаусса в дифференциальной форме
	§ 1.5. Циркуляция вектора Е. Потенциал
	§ 1.6. Связь между потенциалом и вектором Е
	§ 1.7. Электрический диполь
	Задачи

	Глава 2. Проводник в электростатическом поле
	§ 2.1. Поле в веществе
	§ 2.2. Поле внутри и снаружи проводника
	§ 2.3. Силы, действующие на поверхность проводника
	§ 2.4. Свойства замкнутой проводящей оболочки
	§ 2.5. Общая задача электростатики. Метод изображений
	§ 2.6. Электроемкость. Конденсаторы
	Задачи

	Глава 3. Электрическое поле в диэлектрике
	§ 3.1. Поляризация диэлектрика
	§ 3.2. Поляризованность Р
	§ 3.3. Свойства поля вектора Р
	§ 3.4. Вектор D
	§ 3.5. Условия на границе
	§ 3.6. Поле в однородном диэлектрике
	Задачи

	Глaвa 4. Энергия электрического поля
	§ 4.1. Электрическая энергия системы зарядов
	§ 4.2. Энергия заряженных проводника и конденсатора
	§ 4.3. Энергия электрического поля
	§ 4.4. Система двух заряженных тел
	§ 4.5. Силы при наличии диэлектрика
	Задачи

	Глава 5. Постоянный электрический ток
	§ 5.1. Плотность тока. Уравнение непрерывности
	§ 5.2. Закон Ома для однородного проводника
	§ 5.3. Обобщенный закон Ома
	§ 5.4. Разветвленные цепи. Правила Кирхгофа
	§ 5.5. Закон Джоуля-Ленца
	§ 5.6. Переходные процессы в цепи с конденсатором
	Задачи

	Глaвa 6. Магнитное поле в вакууме
	§ 6.1. Сила Лоренца. Поле В
	§ 6.2. Закон Био-Савара
	§ 6.3. Основные законы магнитного поля
	§ 6.4. Применения теоремы о циркуляции вектора В
	§ 6.5. Дифференциальная форма основных законов магнитного поля
	§ 6.6. Сила Ампера
	§ 6. 7. Момент сил, действующих на контур с током
	§ 6.8. Работа при перемещении контура с током
	Задачи

	Глава 7. Магнитное поле в веществе
	§ 7.1. Намагничение вещества. Намагниченность J
	§ 7.2. Циркуляция вектора J
	§ 7.3. Вектор Н
	§ 7.4. Граничные условия для В и Н
	§ 7.5. Поле в однородном магнетике
	§ 7.6. Ферромагнетизм
	Задачи

	Глава 8. Относительность электрическогои магнитного полей
	§ 8.1. Электромагнитное поле.Инвариантность заряда
	§ 8.2. Законы преобразования полей Е и В
	§ 8.3. Следствия из законов преобразования полей
	§ 8.4. Инварианты электромагнитного поля
	Задачи

	Глaвa 9. Электромагнитная индукция
	§ 9.1. Закон электромагнитной индукции. Правило Ленца
	§ 9.2. Природа электромагнитной индукции
	§ 9.3. Явление самоиндукции
	§ 9.4. Взаимная индукция
	§ 9.5. Энергия магнитного поля
	§ 9.6. Магнитная энергия двух контуров с токами
	§ 9.7. Энергия и силы в магнитном поле
	3адачи

	Глава 10. Уравнения Максвелла. Энергия электромагнитного поля
	§ 10.1. Ток смещения
	§ 10.2. Система уравнений Максвелла
	§ 10.3. Свойства уравнений Максвелла
	§ 10.4. Энергия и поток энергии. Вектор Пойнтинга
	§ 10.5. Импульс электромагнитного поля
	Задачи

	Глава 11. Электрические колебания
	§ 11.1. Уравнение колебательного контура
	§ 11.2. Свободные электрические колебания
	§ 11.3. Вынужденные электрические колебания
	§ 11.4. Переменный ток
	Задачи

	Приложения
	1. Единицы величии в СИ и системе Гаусса
	2. Основные формулы электромагнетизма в СИ и системе Гаусса
	3. Основные величины и единицы СИ
	4. Греческий алфавит
	5. Некоторые физические константы

	Предметный указатель

