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BBEJIEHHUE

DNeKTpoAMHAMUKA - HayKa 00 3JEKTPOMAarHUTHBIX MOJSIX W BOJHAax. B Hel
UCCIIENYOTCS OCHOBHBIE 3aKOHOMEPHOCTH, KOTOPBIM MOAYHMHSIOTCS
3JIEKTPOMArHUTHBIE MPOILIECCHI, HE3aBUCUMO OT (pOpMBI M 00JaCTU MX HPOSBICHHUS.
3HaHUME OCHOBHBIX 3aKOHOB  JJICKTPOJAMHAMUKM  IIO3BOJISIET  M3y4daTb  Ha
npoeCCHOHATBPHOM  YPOBHE  BOMNPOCHL,  CBSI3aHHBIE C  OCOOEHHOCTHIO
pacripoCcTpaHEHHs] PAaTUOBOIH B CBOOOJHOM MPOCTPAHCTBE M B HAMPABISIOLIUX
CHUCTeMax, MX H3Iy4YCHHEM W TPHUEMOM, YCTPONCTBOM U (YHKIIMOHHPOBAHHEM
cBepxBbICOKOYACTOTHBIX (CBY) - 71eMEHTOB U y3JI0B.

JucuumuinHa SBJISIETCS OCHOBHOM JUISI M3YYEHHs CHIELMAIBHBIX IHCIUIUINH
PaAMOTEXHUYECKOTO MPOoduis U 00ecneurBaeT HEOOXOAUMBI YPOBEHb MHXKEHEPHON
HOJIrOTOBKHU B ATON 00JaCTH.

3anaueil AUCLUIUIMHBI SBIICTCA U3yUYCHUE:

B3aMMOCBS3EH 2JIEKTPUYECKUX U MAarHUTHBIX SIBJICHUM;

0COOEHHOCTEM, KOTOpPbIE XapaKTepU3yIOT pacCpOCTPaHEHUE BOJIH B Pa3IMUHbIX
cpenax;

B3aMMOCBSI3€M MEXy 3JEKTPOMATHUTHBIMU SIBJICHUSIMU B Pa3JIMYHBIX TOYKAX
MIPOCTPAHCTBA B JIFOOO MOMEHT BPEMEHU;

yCTPOMCTBa M MPHUHIMIOB (QyHKIHOHUpOBaHUsA 31MemMeHTOB CBY - Tpakra,
teopuu uened CBY;

MpaBUJ TEXHUKH O€30MaCHOCTH M 3alUThI OKpYKaroUleil cpe/ipl pu padoTte ¢
CBUY-ycrpoicTBamu.

B nmepBoi yacTu TEKCTOB JIEKLIMM PAacCMaTPUBAIOTCS OCHOBHBIE I1OJIOKEHUSA
KJIACCUYECKON TEOPHUH DJIEKTPOMArHUTHOTO ITOJIS.

Kiaccuyeckass  Teopust  DJIEKTPOMAarHMTHOIO — IIOJIA  sABJIAETCS  TOM
(yHIaMEHTAJIbHOM  OCHOBOM, KOTOpas IO3BOJIIET MEpEeHTH K  U3YUYEHUIO
BBIIIECTIEPEYNCIIEHHBIX BOIIPOCOB.

1. MCXOJHBIE NOHSATHUA U UCTTOJIb3YEMbBII MATEMATHYECKUI
AIIITAPAT

1.1. UcxoaHble MOHATHSA

B3aumoneiictBue Ten (WM 4acTHI]) B MPUPOJIC MOXKET MPOSIBIATHCS, UIU TIPU
HETMOCPEACTBEHHOM BO3JIEUCTBUM OJIHOTO Tejla (YacTUIb) Ha Jpyroe, WiIH
MOCPEJCTBOM  (DU3UYECKUX TIOJIeH, B TOM UHCJIE AJIEKTPOMATHUTHOTO IOJIS.
N3meHenue BO3IEWCTBUS OJHOTO Tejla Ha JIPYroe mnepenaercs He MTHOBEHHO, a C
KOHEYHOU CKOPOCTHIO, KOTOpasi He MPEBBIIIAET CKOPOCTH CBETA.

ITocpeacTBOM 3JIEKTPOMArHUTHOTO MOJISI OCYIIECTBISETCS B3aUMOJCHCTBUE MEXKIY
3apsHKEHHBIMU JIEKTPUYECKU TelaMu (YaCTULIAMU). DJIEKTPOMArHUTHBIE MOJIs, KaK U
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X HMCTOYHMKH, - MATE€PUAIbHBI. DJEKTPOMATHUTHOE IIOJE MOXKET NPOSABIATHCA B
BU/JIE IEPEMEHHBIX IOJIEH, a TAK)KE B BUJIE IOCTOSIHHBIX BO BPEMEHU (CTAlMOHAPHBIX )
ANEKTPOCTATUYECKOTO W MArHUTHOTO TIOJIEW, TOPOXKAECHHBIX HEMNOJBUKHBIMHU
3apsDKEHHBIMU YaCTHIIAMU WIIM MOTOKOM 3apsKEHHBIX YaCTHUI][ COOTBETCTBEHHO. B
AIEKTPOMAarHUTHOM TMOJIE DJJIEKTPUYECKOE W MAarHUTHOE IIOJS B3aWMOCBSI3aHBI U
00yCJIaBIMBAIOT €AUHBIA (HU3UUECKUIN MPOIECC, MOPOKIAEMbIN U3MEHSIOIUMHUCS BO
BPEMEHHM TOKaMu U 3apsaamu. [Ipu ompenesieHHbIX YCIOBUSX 3JIEKTPOMArHUTHOE
10JI€ MOKHO MPEACTABISTH B BUJIE MIOTOKA 3JIEKTPOMArHUTHBIX YacTHUIL -(DOTOHOB - €
Maccol IOKOs, paBHOM Hynr0. B MUKpOMHpe CBOMCTBA 3JIEKTPOMArHUTHOTO ITOJIS,
KaK M 3JIEMEHTAPHBIX YaCTULl, ONIMCHIBAIOTCS 3aKOHAMH KBAaHTOBOW MEXaHHKH.

B knaccuueckoil (MaKpOCKONMYECKOW) TEOPUU IIEKTPOMArHUTHOTO IOJI,
paccMaTpUBaIOTCS MPOLECCHl U MOl B 00beMax, pa3Mepbl KOTOPBIX HECOU3MEPUMO
0oJbIIE pa3MEPOB aTOMOB M MOJIEKYJl. B 3TOM ciydae paccMaTpuBarOTCs NOJIS HE
Ka)KJIOM YaCTHULBI B OTAEIBHOCTH, a CPEIHNE 3HAUEHUS MTOJIEN U TapaMETPOB CPEBI.

Takoii moaxox TMO3BONSIET pPEMIUTh OONBIIMHCTBO 33a4 COBPEMEHHOMN
PAIUOTEXHUKH.

B pammorexHuke HMCHOJIB3YIOTCS CUCTEMBI, B KOTOPBIX CKOPOCTb JABUKEHHS
3apsIOB MaJla IO CPABHEHUIO CO CKOPOCTHIO CBeTa. [103TOMY BONpPOCHI, CBSI3aHHBIE C
TeOopUel OTHOCUTEILHOCTH, pACCMaTPUBATLCA HE Oy IyT.

Takum oOpa3om, mnpenenabl MNPUMEHEHHS MaKpOCKOMUYECKOHW TEOpUH MO
OTPAHUYEHBl CKOPOCTSIMH, MaJIbIMH II0 CpPaBHEHUIO CO CKOPOCTBKO CBETa, H
pa3Mepamu cucTeM, OOJIBIIUMU 110 CPABHEHUIO C pa3MEpaMy aTOMOB U MOJIEKYJL.

Kilaccuueckass Teopus  DJIEKTPOMAarHUTHOIO — MOJIA, M3JIaraeMas HUXKe,
Oasupyercs Ha ypaBHeHUsX Makcpema. OHa OXBaThIBACT IMIUPOKHUI KPYT SIBJICHUM,
BKJIIOYAIOIIUKM  COBPEMEHHYIO PAaJUODJIEKTPOHUKY, JJIEKTPOTEXHUKY, BOIIPOCHI
M3JIyYEHHUsl, PACHPOCTPAHEHHMS W MNpHEMa JJIECKTPOMAarHUTHBIX BOJH Pa3JIMYHBIX
JMAIIa30HOB.

B ocHOBaHMM JTOM TEOpPUM JIEKHUT IIOJIOKEHHE, 4YTO JIIEKTPOMArHUTHOE
BO3MYILIEHUE PACIPOCTPAHSAETCS B MPOCTPAHCTBE B BUJIE DJIEKTPOMATHUTHBIX BOJIH,
KOTOpbI€ 00J1a1at0T IPOCTPAHCTBEHHO-BPEMEHHOW MEPUOUYHOCTBIO.

Kak MarepuanbHbli OOBEKT 3JIEKTPOMAarHUTHOE TIOJE€ MOXET OBbITh oOXa-
PaKTEpPU30BAHO BEKTOPHBIMHU (PYHKIUSIMU:

HAIIPSPKCHHOCTBIO 3JICKTPHUYICCKOI'O IT0JIA E ,

HAIIPSAKCHHOCTBIO MArHUTHOI'O I10JIA H.
HN3MeHeHue cOCTOSIHUS CpCabl 1101 I[CﬁCTBH@M QJICKTPOMAIHUTHOI'O IIOJIA C
TOYKH 3PCHUSA KJIaCCHYECKOMU QJICKTPOAUHAMUKHU MOKET OBITh OIMCAHO C IIOMOIIBIO

BEKTOpa MarHUTHOW MHAYKIMU B = f (H ), SIBIIIONIETOCS (DYHKITMEH HAMIPSKEHHOCTH
H, u Bekropa »sieKkTpuyeckod uHAyKuuu D= f (E ) ABIIAIOIIErocss (pyHKIMEH

HaIpsDKeHHOCTH E .
B Ttabmuune 1.1 mpuBeneHnbl €IUHUIBI U3MEPEHHUS (U3NYECKUX BEIUYMH,
KOTOPBIC BCTPETATCS MPU U3YUCHUH MIPEAMETA, B UCIOIL3yeMoit Hamu cucteme CH.
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Enuanier n3mepenns snmekrpoMarauTHIX Bennanda B CU - Ta6mwuma 1.1.

Ennnnna Beipaxxenue uepes
Bennunna
HaumenoBauue | OGosmauenme |PYrHe emumuun CH
1 2 3 4
I. Cuna Toka Awmmep [A] J -
2. YacroTta TCep [T'in] f -
3. Cuna Hproton [H] F -
4. DHeprus, padota Jlxoynb [ x| W, A H-m
5. MommHocT®, Bart[BT] P Jxk-c
MOTOK YHEPTUU
6. KonuuectBo
DIEKTPUYECTBA, Kyston [K] Q Ac
AIEKTPUUYECKUN
3apsiz
7. DAEKTPUYECKOE
HaIpsDKEHUE, BosbT [B] U B1/A
NOTEHIHAT
8. DnekTpuyeckas
Kn/B
€MKOCTh ®apana [D] C g
9. Dnekrpuyeckoe OM R B/A
CONPOTHUBJICHUE
10.9nexkTpuyeckas Crmenc [Cu] Y.G A /B
POBOJANUMOCTh
11. IToToxk MarHuTHOM BeGep [B6] @ B-c
WHIYKITUU
12. MarautHas Tecna [T] B6/a2
WHIYKITAS
13. UHIyKTUBHOCTD ['enpu [I'] L B0O/A
14. Hanpsi>keHHOCTb
3JIEKTPUYECKOTO - E B/m
0JISI
15. HanpspkeHHOCTD ] o Alm
MarHUTHOTO MOJIs
16. Dnexrpuueckas ] D K/ v
WUHIYKITUS
17. Dnexkrpuueckas i £ O/m
MOCTOSTHHAS
18. MarauutHas -
My I'/m
MIOCTOSTHHAS




6

I[J'I?I N3Yy4YCHUA TCOPHH IBJICKTPOMAI'HUTHOI'O ITOJIA HauoOoJiee noaxoasamumM H
YI[O6HI>IM MAaTCMAaTUYICCKUM allapaToM ABJECTCA BEKTOPHOC MCUUCIICHUC, OCHOBHLIC
OIIpCACIICHNA N TCOPCMbI KOTOPOI'O U3J1aratOTCsI HUKC.

1.2. BekTOpbl M AeHCTBUS HA/l HUMHU

[TonaTHe BEKTOpa KAaK BEJIMYMHBI, XapaKTEPU3yeMONW B OTIWYHUE OT CKajsipa
HE TOJIbKO YHCJIOM, HO W HaIpaBJICHUEM B MPOCTPAHCTBE, COOTBETCTBYET MHOTUM
(bU3UYECKUM SIBJICHUSIM.

Hamnpuwmep, B pusnke B KaueCTBE BEKTOPOB PACCMATPUBAIOTCS CUJIa U CKOPOCTh
u 1.1. [IpuMeHeHre BEKTOPOB MO3BOJSIET 0TOOpaXkaTh (U3HMUYECKUE 3aKOHOMEPHOCTH
B y100HO popMe, KOTOpasi IpU HEOOXOAUMOCTH MPeodpa3yeTcs sl pa3HbIX CUCTEM
KOOp/IMHAT.

BekTtopHOe CI0KEHUE M BBIYUTAHHUE IPOM3BOJMTCS IO IpaBWiaM Iapai-
jenorpaMma u TpeyroijibHuka (puc.l.1).

I
]

I
Sl

d

Puc.1.1 CnoxeHne u BBIYUTAHUE BEKTOPOB

CkansipHO€ MPOU3BEIAECHUE JABYX BEKTOPOB d U 6 -3TO CKAJIAPHAsl BEJIMYMHA,
paBHas B IEKapTOBOM CHCTEME KOOPAUHAT

a-6=a6, +a,6,+a,6, = ‘a”e‘cos(ae) . (1.1)

CkanspHoe IMpOU3BEACHUE MAKCHUMAJIBHO y NApaJUIEIbHBIX BEKTOPOB U PABHO
HYJIIO Y B3aMMHO - IIEPIIEHANKYISIPHBIX BEKTOPOB.

BekTopHOE NPOU3BEIEHHE IBYX BEKTOPOB @ U 6 - 3TO BEKTOP, HAPABIECHHBIN
NEPIEHANKYJIIPHO MNIOCKOCTH PACIIOIOKEHUS IEPEMHOKAEMBIX BEKTOPOB B CTOPOHY
[IOCTYIIATEIbHOTO IIEPEMEILEHUS IIPABOI0 BUHTA, €CJIU €70 BpalllaTh OT IIEPBOTO
COMHOXXMTEJSI KO BTOPOMY 10 KpaTuaiiiemy nytu (puc.1.2).




[ab]

Puc.1.2. BekTopHO€E NIEpEMHOKEHUE

BekrtopHoe mnpousBelieHHE MOXKET OBITh IPEJACTABICHO dYepe3 MPOCSKIIUU
BEKTOPOB B BUJIC:

i j k
[ag]: Zx :y :Z - (12)
X y z

=i(a,6. —a,6,)(-1)* + j(a6, —a.6,)(-1)’ +k(a,6, —a,6,)(-1)* =—[6a].

Monynb BEKTOPHOTO NPOU3BEACHUS MOXET OBbITh HaWJIeH 4Yepe3 MOAYJIHU
BEKTOPOB M YTOJI MEXKIY HUMHU

5;‘ = ‘EHE‘ sin(ag). (1.3)

BektopHOe mnpous3BeAcHHE MAaKCUMAaJIbHO Y B3aWMHO NEPIECHAMKYJISPHBIX
BEKTOPOB U PABHO HYJIIO Y MMAPAJUICIIBHBIX BEKTOPOB.

IIpumepsl BeNWUYMH, SBISIIOIIMXCS CKAJISPHBIMH M BEKTOPHBIMH IIPOU3BE-
JECHUSIMU.

[ToTtox @ BekTOpa MarHUTHOM MHIYKIUU B

®=[BdS,
s
TOK, TIOTOK BEKTOpa 00bEMHOI! TIIIOTHOCTH TOKA &
J=[sds,
s
rne dS=dS-n, — BEKTOp DJIEMEHTApHOM IUIOWEAAKU d.S, HaIpPaBICHHOU

NEPHEHANKYJIIPHO NOBEPXHOCTH IUIOIAIKH dS (puc.1.3),
N, — €IWHUYHBIM BEKTOP HOPMAJIBHOI'O HalpaBJIeHUs (HOpMaJb).



‘dS‘:a-b

Puc. 1.3. BekTop OpUeHTHPOBAHHOM TIIIOIIAKH

OTtcroa ciaeayer, 4To MOTOK MaKCUMAJICH, KOT/ia CUJIOBbIE JINHUU BEKTOPOB B
WIK O TEPHEeHAUKYJISIPHBI MOBEPXHOCTH dS WK NapajljiebHbl BEKTOPY d.S .

CkassipHbIM MPOU3BEJICHUEM SBIISIETCS Takas paboTra A BekTopa cuibl F Ha
nyTH [ Uiy 3.7.C. - padoTa CUIOBOT0 BEKTOPA HAIPSKEHHOCTH AJIEKTPUUECKOTO TOJIS

E
A= j Fdl, 20.c.= j Edl .
[ [

PaGota BCKTOPHOI'O ITIOJIA 110 3aMKHYTOMY IIYTH [/ Ha3BIBaeTCS 100700) QA1 0005 ()
BCKTOPHOTO ITOJIA. HaanMep, TOK J , COTJIaCHO 3aKOHY ITOJIHOI'O TOKAa, paBCH

UUPKYJSILUHA BEKTOPA HANPSY)KEHHOCTH MAarHUTHOTO 1ionst H

J=j5d§=§ﬁdi,
S [

rje [ - IBNseTCs KOHTYPOM IUIOMAIKU S .

[IpumepoM BEKTOPHOrO NPOU3BEIACHHS SIBISETCS BEKTOp YMoBa-lloliHTHHTA
p, HaIpaBJICHHE KOTOPOrO YKAa3bIBAECT HAIIPABICHUE IMEPEMEIICHUS YIEIbHOU
MOIITHOCTH 3JIEKTPOMArHUTHOTO OIS

ik
R —rr 2
p=|EH|=|E, E, E.|, Brl.
H, H, H,
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1.3. Iloasi u onepanuu BEeKTOPHOTO AaHAJIN3a

Tepmun «mone» ynorpebisieTcsi, KOrja HaJO0 COIMOCTaBUTh KaXKJOW TOUKe
IPOCTPAaHCTBA HEKOTOPYIO (PU3UUECKYIO XapaKTEPUCTHKY.

@opMaJIBHO  IOJNS  ONPEAENSIOTCS  3aJaHueM B KaXKIOM  TOYKE
paccMaTpuBaeMoOM 00JIACTHM MPOCTPAHCTBA HEKOTOPOM CKAJSIPHOM WJIM BEKTOPHOM
BEJINYMHBI: CKAJSIPHBIE U BEKTOPHBIE TOJIA.

CKalsIpHOM  BENMYMHOW  HA3bIBA€TCS  BEJIMYMHA, 3HAYEHUE  KOTOpPOM
XapaKTepU3yeTcsl OJHUM JEHCTBUTEIBHBIM 4YMCIOM, O€3 yuyeTa HampaBiCHUS WIH
Jpyroil Kakoi-Jn0o0 OLIEHKH, HAIPUMEp, CONIPOTUBIICHHE, 3apsl, TEMIIEpaTypa 1 Jip.

BekTopHas BeIMYWHA WIH BEKTOP 3aBUCUT OT ABYX JJIEMEHTOB Pa3HOU
IPUPOJIBL: YUCIIA, XapaKTEPU3YIOILEr0 JUINHY BEKTOpa (MOYJIb), U HAPaBICHUS
BeKTOpa. [IpuMepaMu BEKTOPOB MOTYT CIIYKUTh HAIPSDKEHHOCTD U MHIYKIUS
ANEKTPUYECKOr0 (MArHUTHOT'O) MOJISL.

CkansipHoe nose rpadpudecky n3oopaxaercs Ha IUIOCKOCTH PUCYHKA JIMHUSMU
PABHOI'O YPOBHsA, KOTOpPBIE SBIAIOTCA I'€OMETPUYECKUM MECTOM TOYEK PABHOI'O
3Ha4YeHHs CKaJsIpHOHN (yHKIUU ¢ = const. B mpocTpaHcTBe reoMeTpruueckoe MecTo
TOYEK pAaBHBIX 3HAYEHUN CKaJIApHOW (QYyHKUMM B OOIIEM Cciydae SBISIOTCA
NOBEPXHOCTAMU. N300pakaroT MOBEPXHOCTH WM JIMHUM PABHOT'O YPOBHS TakK, YTOOBI
pa3HOCTb 3HAYEHUN CKaJIApHOW (YHKUMM TOYKM JIIOOBIX JIByX COCEIHUX
HOBEPXHOCTEHN paBHOTO YPOBHsI OblJIa OJUHAKOBOM BETMUYMHBI.

Hanpumep, misg CKalnspHOro mMoOJs 3JIEKTPOCTATUYECKOrO IOTEHOHANA (@

(puc.1.4) 3THU MOBEPXHOCTHU Ha3bIBAIOTCS SKBUIIOTEHIHUAIbHBIMU
(paBHOMOTEHITMATIBLHBIMHU ) U N300pPaXKAKOTCS TaK, UTOOBI

O = Oy =0y =Py =....=Q,_, — @, = Ap = const .

Puc. 1.4. IloctpoeHue 3KBUNOTEHIIMATIEH TOUEYHOTO 3apsiaa

3HaueHne A@ MOXET B U3BECTHOM Mepe BhIOMpaThCs MPOU3BOJIbHO. Toraa B
TOW 00JacTH NPOCTPAHCTBA, I'IE€ AKBUIIOTEHLIMAIU ONMKE pacHoJararorcs Apyr K
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IPYTy, CKOPOCTh WM3MEHEHUS CKASIPHOW (PYHKIIMU IO HAMPABICHUIO HOPMaIM K
SKBUMOTCHIIMAIN HAWOObIIasi. DKBUMOTEHIIMATBHBIC U CHJIOBBIC JMHUHU B JFOOOM
TOYKE TOJIsl IePECeKaroTCsl MoJ1 NPSMbIM yIjioM (puc.1.4).

Hpyrumu mnpuMepaM JIMHUWA PABHOTO YPOBHSI  SIBJISIIOTCS  M30TE€PMBbI-
FEOMETPUYECKOE MECTO TOYEK paBHBIX TeMIIeparyp, HU300apbl - T€OMETPUYECKOE
MECTO TOYEK PaBHBIX JAABJIECHUW, U30KIUHBI - TEOMETPUUECKOE MECTO TOUYEK PABHBIX
3HAQYEHUH BBICOTHI MECTHOCTH U AP.

Jns XapakTEpUCTUKM BEIMYMHBI W HAIMpPABICHUS CKOPOCTH W3MEHEHUS
CKQJISIPHOTO MOJIA B IPOCTPAHCTBE BBEAEM MOHATHE IPAAUEHTA CKAISIPHOTO TOJIA.

['panueHToM ckalgpHON (YHKIIMU HA3bIBAIOT CKOPOCTh U3MEHEHUS CKASIPHON
(GYHKIIMHY, B3STYIO B HAIIPABJICHUH €€ HaUOOJIBIIIET0 BO3PACTAHMSI.

B onpenenenuu rpaaneHTa CyieCTBEHHBI J1BA MOJOKEHUS:

1) HampaBieHUE, B KOTOPOM OepyTCs ABE OMU3IIekKAIINe TOYKH, JOIKHO OBITH
TaKUM, YTOObI CKOPOCTh U3MEHEHHUSI TOTEHIMAIa OblJIa MAKCUMAJIbHA;

2) HampaBJIeHUE TAaKOBO, UTO CKaIspHAs GYHKITMS B 9TOM HAIPABJICHUH
BO3pacTtaeT (He yobiBaeT). OueBUAHO, YTO

—0
gradgozno—(p , (1.4)
on
rme On — pacCTOsSHUE 10 MEepPHeHIuKYIsipy (10  HOpMalIH)  MEXKIY
OKBUITOTCHIIMATLHBIMU MTOBEPXHOCTSIMU;
n, — HOpPMaJb K OKBUIIOTEHIMAlW, HANpaBleHHas B CTOPOHY pocTa

CKaJISIPHOM (PYHKIINU;
do = ¢, — @, — IpUpalIeHue MOTeHIMANIA IPU TIepexo/ie OT TOUYKH 1 K Touke 2.

Cwmbici Gpopmyisl (1.4) 1erko moHATh, pacCMaTPHUBAsi y4aCTOK JBYX OJTM3KUX
SKBUIIOTEHIIHANIEH (puc.1.5).

1 dn grad ¢
—> >
N 2
iz »
@2 > P

Puc. 1.5. K onpenenenuro nmoHsITUs rpajdeHTa
CKaJIsipHOU (PYHKITUH
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B nexapToBoii cucteme KOOpAMHAT TPAANCHT CKASIPHON (DYHKIIMH PaBEH

gradp=i22 4+ ;9% 1P vy (1.5)
ox oy oz

rjae V -omnepaTtop «Hablay, paBHbIN

V=i£+j2+kg . (1.6)
ox oy Oz

MBsI BUIMM, YTO CKAJSIPHOE MOJIE ¢ NMOPOXKAAeT BEKTOPHOE nojie F = grad ¢.
Takoe BEKTOpHOE MOJIE€ HA3BIBACTCS MOTEHUMAIbHBIM, a CKajspHass QYHKUUS @ —

ITOTCHITAAJIOM.

Jns HarasigHOTO OTOOpaKeHUsT BEKTOPHBIX IOJIEH OOBIYHO CTPOST KapTHUHBI
CUJIOBBIX JIMHUM. DTO JIMHUM, KacaTeIbHbIE K KOTOPHIM B KKJIOW TOYKE yKa3bIBAIOT
HalpaBlieHHe BekTopa. [ycToTa CHJIOBBIX JIMHUM MOXET COOTBETCTBOBATH
MHTEHCHUBHOCTH IIOJIAL.

BBenem moHsiTHE NOTOKA BEKTOpa a Yepe3 MOBEPXHOCTh S (HE 00s3aTesbHO
3aMKHYTYI0). DTO HHTErpal

®=ads. (1.7)

VYcnoBwinch B ciaydae 3aMKHYTOHM IIOBEPXHOCTH 32 IOJIOKHTEIBHOE
HaIpaBJICHUE BEKTOpa IMPUHUMATh HAINPABIEHUE, COBIIAJAIONIECE C HAIpPaBICHUEM
BHEIIHEH HOPMald K NOBEPXHOCTH. TorJa IMOTOK BEKTOPA YEPE3 3aMKHYTYIO
NOBEPXHOCTh IMOJOKUTEIEH, €CIM BEKTOP BBIXOAUT M3 00beMa V , OrpaHUYEHHOIO
3aMKHYTOW MMOBEPXHOCTHIO S, U OTPUIIATENIEH, ECIIM BXOJUT BHYTPH (puc.1.6).

Puc.1.6. K onpeneneHuto NOHATUS NOTOKA BEKTOPA
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O6nacte V MOXET coJiepkaTh TOUKY, U3 KOTOPOM pacxonastcs (UCTokK) (puc.1.6,a)
WIH B KOTOPYIO cXoasTcs (cTok) (puc.1.6,0) Bce cunoBbie muHuu. [locneaaue MoryT
TaK)Xe MPOXOJUTh 00JIaCTh HACKBO3b (puc.1.6,B) WM COBCEM HE MEpeceKarb ee
noBepXHOCTh S (puc.1.6,r). IloTok BekTOpa yepe3 3aMKHYTYIO MOBEPXHOCTh MOXET
SIBIIATHCSI KPUTEPHEM HAIMUYWS BHYTPU 00bEMa, OTPAaHUYECHHOTO 3TOH IMMOBEPXHOCTHIO,
MCTOYHUKOB WJIM CTOKOB BEKTOPHOTO IOJIsI, €CIIM 3Ta MOBEPXHOCTh 3aMKHYTa BOKPYT
MCTOYHHMKA WIIK BOKPYT CTOKA BEKTOPHOTO TTOJIS.

OOpainasich B KauecTBe Mpumepa K puc. 1.6, BUAUM, 4TO TaMm

®>0 (a), ®<0 (06), D=0 (B) u =0 ().

B TpetheM H3 3THX TPUMEPOB YHCIO CHJIOBBIX JIMHUM, BBIXOASAIIUX W3
3aMKHYTOM MOBEPXHOCTU S, PABHO YUCITY BXOSIINX BHYTPb.

Ecnu pa3genuth, MOTOK BEKTOpa uepe3 3aMKHYTYIO TOBEPXHOCTh Ha
OTPaHUYCHHBIA €I0 00BEM, TO MOXKHO IMOIYYUTh CPEAHIOI0 TIJIOTHOCTh MCTOYHHKA
(WK cTOKa) BEKTOPHOTIO MOJISl B JAHHOM 00BbeMe

1 o— —

[Ipu 3TOM HENB3 CynUTh 00 MHTEHCUBHOCTH MCTOYHHUKOB. C LEIBIO OLIEHKU
MHTEHCHBHOCTH UCTOYHMKOB HAJ0 NOTOK BEKTOpa a  OpaThb yepe3 J0CTATOYHO
MaJyl0 3aMKHYTYK IIOBEPXHOCTb IIPU CTATMBAHUM €€ B TOYKY. TaKoW Ipenen
Ha3bIBAIOT JIMBEPreHIMeEN (2 TAK)KE PACXOXKIACHUEM, PACXOIUMOCTBIO) BEKTOpa

fads
diva= lim 3 . (1.8)
AV—=0 AV

BennunHa JHMBEPreHIIMU  XapaKTEpU3yeT OTHECEHHYI K CAWHHUIC o0bema
MPOU3BOJIUTENILHOCTh (MHTEHCUBHOCTh) MCTOYHUKOB TOJISI B OECKOHEYHO Majom
00beMe, OKPYIKAIOIIEM JIAaHHYIO TOUKYy. Eciii nUBEpreHIus OTIu4aeTcs OT HyJs, TO
¢u3MUeCK 3TO 3HAYUT, YTO B PACCMATPUBAEMOW TOYKE HMMEIOTCS WCTOYHHUKHU

(divE > () WK CTOKU (div;< 0). Ecnu nuBeprenius paBHa HYJIO, TO TOYka M u ee
OKPECTHOCTb CBOOOJHBI OT HCTOYHUKOB U CTOKOB (HET HU UCTOKOB, HU CTOKOB JIMHUM
BEKTOpa a4 ,T.e. IMHUM HE HAYMHAIOTCS M HE KOHYAIOTCS B paccMaTprBaEMOU TOUKE).
JluBepreHiys — BeIMYMuHa CKaJsipHasi, SIBJISIONMIAsACS CKASIPHON (QyHKIIHEH
BEKTOPHOUW (PYHKITUU TOUKH.
Ecin 3aiaHbl TpOSKIMK BEKTOPA B ICKAPTOBOW CHCTEME KOOPIMHAT d,,d,,d, ,

TO

0
oa, cEr da, : (1.9)
ox oy 0Oz

diva=Va=
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BekTopHble moJis, A KOTOPBIX AWBEPreHLHs TOXKIAECTBEHHO paBHA HYIIIO,
HA3bIBAIOTCSl  COJICHOMJAIbHBIMUA  (TpyO4YaThIMM) TOJSMH, T.€. MOJSIMU 0e3
UCTOYHHUKOB.

[IpumepoM BEKTOPHOTO MOJsl, UMEIOUIEr0 KOHEYHOE 3HAYEHUE JIUBEPreHIUH,
SABJISIETCSL TIOJIE 3apsija, OO0JalarlIero KOHEYHOW OObEeMHOW IJIOTHOCThIO po. B

00JIaCTH PACTIONOKEHUSI ATOTO 3apsifa AUBEPreHuus OyJeT OTINYHA OT HyJIs, TaK Kak

MOTOK BEKTOpa SJEKTPUUYECKON WHAYKIMU [ OTIWYEeH OT HyJs 4epe3 JoOyio
JOCTaTOYHO MaIyI0 3aMKHYTYH0 TOBEPXHOCTh, PACIOJOXKEHHYIO BOKpPYT JTOTO
00bEMHOT0 3apsijia.

Ecru 3apsn nonoxurenes div D >0 (puc. 1.7,a), a ecnm oTpunaTesneH, To
div D <0 (puc.1.7,6).

divD >0 divD <0

NSl

a — UCTOK 0 — CTOK

Puc.1.7. KapTunsl noJsiei NoJIOKUTENBHOTO U OTPULATEIIBHOTO 3apsI0B

Potop (Buxpb) BekTopa. [log poTOpoM BekTOpa a TOHHMAETCS BEKTOP,
OPOEKIMST KOTOPOTrO Ha HaIpaBJ€HUE S paBHA Mpeielly OTHOIICHWS LHUPKYJSALUNA

BEKTOpa MO KOHTYPY / K BEIMYWHE TUIOMIAIU TIOCKON (DUTYPBI, OTPAaHUYEHHON 3TUM
KOHTYPOM, CTSTHBa€MOM B TOUKY
[adl
rota= lim “——. (1.10)
A8 —0 45

Potop (BHXpB) BEKTOpa a SBISIETCS MEPOM «3aBUXPEHHOCTH» BEKTOPHOIO
IIOJI1 B pPAacCMAaTpUBAEMOM TOYKE, T.€. OH XapakTepu3yeT II0Je B OTHOLICHUU
CIIOCOOHOCTH K 00pa30BaHUIO BUXPEH.

Porop BekTOpa B MAaHHOM TOYKE SBJISAETCA BEKTOPHOM CYMMOM €ro TpeX
OPTOTrOHAJIBHBIX MPOECKLIMHI
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i j ok
rotE:[Va]zirotx5+jroty5+kr0t25= Vx Vy Vz|i=
a, a, a| (Ll
(0Ga, Oa, (8x ﬁazj da, &a,
=l ——— — - =
oy Oz z  OX ox 0Oy

BekTopHoe 1ojie @ Ha3bIBacTCS OC3BMXPEBBIM B 00JIacTH V , €ClIU B KaXKJIOH
TOYKE ITOH 00J1aCTH

rot a=0.

OTMeTHM, 4TO BEKTOPHOE MOJi€ a TMPUHATO XapaKTepU30BaTh CKaISPHBIM
MoJIeM — TUBEpreHIuelt diva 1 BEeKTOPHBIM MOJIEM - POTOPOM rotd .

BI/IXQCBBIMI/I IMPUHATO HA3bIBATH IIOJIsI, B KOTOPBIX POTOP BGKTOpHOﬁ
BCJINYHNHEI, OHI/ICBIBaIOHleﬁ I1OJIC, OTJIMYCH OT HYJIA.

Teopema Ctokca. [ToTok poropa BeKTOpHOU (YHKIIMKA @ 4Yepe3 MOBEPXHOCTh
S paBeH HUPKYJISIUU ATOTO BEKTOPA MO KOHTYpPY /

[rot adS =fadl. (1.12)
/

S

Teopema cBsI3bIBaE€T KPUBOJWHEWHBIN WHTErPall MO 3aMKHYTOMY KOHTYpY /, C
WHTETPAJIOM I10 MOBEPXHOCTU S, OTPAHUYEHHOMN 3TUM KOHTYPOM.

Teopema Octporpajsickoro — ['aycca roBOpUT O TOM, YTO MOTOK BEKTOpa a

yepe3 3aMKHYTYI0 MOBEPXHOCTh S paBeH TPOMHOMY MHTETpaiy oT diva , B3ITOMY IO
obsactu V , OrpaHUYeHHON TOBEPXHOCTHIO S | T.€.

j35d§ :jdiv_adV. (1.13)
V

S

Teopema mno3Bomsier mpeoOpa3oBaTh MHTErpajbl, B3SITHIE IO HEKOTOPOMY
o0beMy V, B MHTErpaJibl IO MOBEPXHOCTH S, OTPAaHUYMBAIOILEN 3TOT 0OBEM.
Teopembr Ctokca u Octporpaackoro-I'aycca no3BossitoT TOHU3UTh KPATHOCTh
UHTErpajoB.
[IpuBenem emie HECKOJNBKO TOXKAECTB BEKTOPHOIO AaHAIM3a, KOTOPBIE
UCIIOJIB3YIOTCSl B MAaTEMATUYECKOM anmapaTe TEOPUH JIEKTPOMArHUTHOTO MOJIS:
div rota =0,

(1.14)
(1.15)
(1.16)

rot rota = grad diva—V?a,

rot gradp = 0.
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1.4. Boripocsl i1 caMONIPOBEPKH

IlepBbIii ypOBEHb 00YyUYEHHOCTH

1. Uemy paBHBI CKAJISIpHBIE U BEKTOPHBIE IPOU3BEICHUS IBYX NapAJIICIbHBIX U
JIByX B3aUMHO NEPIEHIUKYJIIPHBIX BEKTOPOB?
2. ChopMynupyiTe MpaBuiIo BEKTOPHOTO MTPOU3BEACHUS.
3. I[IpuBeauTe NpUMepbl BEIUYHH, SBIIAIOMIMXCA CKAISIPHBIMU U BEKTOPHBIMH
MIPOU3BEICHUSMH.
4. Yto Ha3bIBAETCS LUPKYJISALUEH BEKTOPHOTO MOJISA?
5. Kakoe 1ose Ha3pIBaeTCs CKASIPHBIM M KAKO€ BEKTOPHBIM?
6. UTo Ha3pIBaeTCA MOBEPXHOCTSAMHU WM JUHUAMH PABHOTO ypoBHA? KakoBbI
npaBuiia rpa)uuecKoro MOCTPOCHUS CKAISIPHOTO TOJISI?
8. B kakoMm cily4ae NOBEpXHOCTH PAaBHOI'O YPOBHSI Ha3bIBAIOTCS
SKBUIIOTCHIIMAJIBHBIMU ?
9. Uto Ha3bIBaeTCs TPAAMEHTOM CKAIApHOU (pyHKIIMN?
10. YTo mOHMMAIOT MO/ CUIIOBOM JTMHUEN BEKTOPHOTO MOJIA?
11. Kakum oOpa3zom oToOpakaeTcsi IpU MOCTPOCHUU KAPTHUH CHUJIOBBIX JIMHUH
WHTEHCUBHOCTD ITOJISI?
12. ITox KakuM yTJIOM MEPECEKAOTCS SKBUIIOTCHIIMAIBHBIE U CUJIOBBIE JIMHUU?
13. Uto noHnMaeTcs 1noj NOTOKOM BEKTOPHOM BEJTUYHUHBI?
14. B kakux ciy4asx IOTOK BEKTOpa 4Yepe3 3aMKHYTYK IOBEPXHOCTb
MIOJIOKUTEJIEH, OTPULIATEIIEH, PABEH HYIIO?
15. Uro nmoHumaercsl Moj IUBEPIreHLMEN BEKTOpa M YTO OHA OLICHUBAET B
BEKTOpHOM noJie? Kak oHa HaxoauTCs yepe3 MpOEKIUU BEKTOpa?

16. Eciu diva > 0,diva<0udiva =0, To 4To 3T0 PU3NUECKH 3HAUUT AJIsI

KQXKJIOT0 OTJEIBHOIO ciryyqasi?

17. Yro nonumaercs o poropom Bekropa? Kak oH HaxoauTcs yepes
IPOEKIMU BEKTOpa?

18. IlpuBeauTe mpuMepsbl MOJIEH, B KOTOPBIX diva W rota KOHEYHbI, PaBHBI
HYJIIO.

19. Chopmynupyiite Teopemy CTokca.

20. Chopmynupyiite Teopemy Octporpajackoro-I'aycca.

BTopoii ypoBeHb 00y4eHHOCTH

21. Kakue mons Ha3pIBaIOTCA IMTOTSHIIMAILHBIMU?

22. Ilpum KakuxX YCJIOBHUSAX MO HAJHWYUIO TOTOKA BEKTOpa Yepe3 3aMKHYTYIO
MOBEPXHOCTh MOYKHO CYJHTh O CYIIECTBOBAaHWHM MCTOYHUKOB ITOJIS BHYTPH 0OBeMa,
OTPAHUYEHHOTO ATOM MTOBEPXHOCTHIO?

23. llosicHUTE CMBICH YTBEPKICHUS, UYTO CKAIAPHOE TIOJE (@ TMOPOXKAAECT

BEKTOpHOE noje F =grad ¢ .
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24. Ecny 4uciio CUJIOBBIX JIMHUHM, BBIXOMSIINX U3 3aMKHYTOW MOBEPXHOCTH, HE
PABHO YUCITY BXOJSIINX BHYTPb, TO YEMY PaBEH MTOTOK BEKTOpA?

25. Yto nmoHUMaeTcs o pacX0AUMOCTBIO BEKTOpA?

26. /luBepreHuys — BENMYMHA CKAIAPHAS WM BEKTOPHAS?

27. Kakue mos Ha3bpIBaIOTCSA COJICHOUIAILHUMHU ?

28. IIpuBeanTEe KapTUHBI MOJEN MOJOKUTEIBHOTO U OTPULIATEIBHOTO 3apsI0B.

29. Kakue Teopembl O3BOJISIIOT TOHU3UTh KPATHOCTh HHTETPATIOB?

30. [TosicuuTe pU3MYECKU CMBICT TOXAeCTBA div rot a =0.

31. BeI3bIBaeT 1 nepeMelIeHue B10Jb SKBUMOTEHIIMAILHON JIMHUY U3MEHEHUE
ImoTeHIana?

32. Jlaiite pusnyeckoe TOJTKOBAHUE MOHSATHIO POTOPA.
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2. OCHOBHBIE 3AKOHbBI TEOPUU SJIEKTPOMATI'HUTHOI'O I10JIA

DNeKTpOMarHuTHOE TMOJ€ MOXHO paccMaTpuBaTh Kak o0coOyo ¢opMmy
MaTepuu, NPECTABIAIONLYI0 OO0 B3aMMOCBSI3aHHBIE JIEKTPUUECKOE U MarHUTHOE
1oJ1sl. DJIEKTPOMArHUTHOE MOJIE€ OCYILECTBIISIET B3aUMOJICHCTBUE MEXKIY 3apsaMH U
o0Opa3yeT ¢ HUMM €IMHYIO cUCTeMy. B pasHbIX ciayyasx 3JE€KTPOMAarHUTHOE I10JIe
OposiBIsieT cebst 1o  pa3sHoMy. Ecinum OHO BO3AEHCTBYET Ha HENOJBUIYKHBIC
AIEKTPUYECKHUE 3apsi/ibl, TO IPOSBIISIETCS OJHA €r0 CTOPOHA - IEKTPUUYECKOE MOJIE.
Ecnu  3neKkTpOMarHWTHOE II0JI€  BO3JEHCTBYET Ha JBIKYIIHMECS 3apsalbl, TO
OpPOSIBISIIOTCS 00€ €ro CTOPOHBI- W 3JEKTpUYECKOe, M MarHutHoe nois. Ecnm
AJIEKTPOMArHUTHOE TMOJ€ CO3JaHO JBWKYIIMMHCS 3apsgaMd, TO HEMOJABUKHBIM
HaO0JIr01aTeNnb OOHAPYKUT M AJIEKTPUYECKOE, MU MATHUTHOE IOJsl, a HaOJII0JaTelb,
JIBYOKYIIHICS C 3apsaamMu, 0OHApYKUT TOJIBKO SJEKTPHUECKOE TOJIe.

DJIEKTPOMArHUTHOE TOJI€ TIPEACTABIsACT COOON CIIOKHBIN (PU3HUECKUN OOBEKT.
DOnekTpuyecKkue 3apsibl M TOKM CO3Jal0T BOKPYr ce0sl CBA3aHHOE C HUMH
AJIEKTPOMATrHUTHOE TMOJI€, MOATOMY B LEJIOM 3JIEKTPOMATHUTHOE TMOJE BMECTE C
3apsaaMM  00pa3yeT €IUHYI0 MAaTepUalbHYI0 CHUCTEMY, XapaKTEepPHU3YHOILyCs
CJIEYIOINUMHU (PU3MUECKUMHU BETUYUHAMU:

1. DnexkTpudeckue 3apsasl Q.

2. DNEKTpUYECKUE TOKH J .

3. Bektopsl noJs:

BEKTOP HANPSKEHHOCTH JIEKTPUYECKOTO TOJIS E;
BEKTOP HANPSLKEHHOCTH MarHUTHOTO TOJIA H;
BEKTOD DJIEKTPUUECKON UHIYKIHH D;

BEKTOP MATHUTHOW UHAYKLUN B.

Bce »Tu miects BenMYMH pacmpeiesieHbl B 00IeM cilydae B MPOCTPAHCTBE U
3aBUCST OT BPEMEHHU W, TAaKUM 00pazoM, SIBISIOTCA (QYHKIHMSIMHU TPEX KOOPAMHAT W
BpeMenn  f(x,y,z,t). OHM  CBsi3aHBI MEXJAy Cco0OW  ONpeaeICHHBIMU

COOTHOHMICHUAMHU, KOTOPLIC OIIMCBIBAIOT 3aKOHBI JICKTPOMArHUTHOI'O ITOJIA.
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2.1. XapaxkTepHUCTHKH 3JIEKTPOMATHUTHOIO MOJIfA

2.1.1. DaekTpuyeckue 3apsabl

HanmeHbpmMM 31€MEHTapHBIM JJIEKTPUYECKUM 3apsiiOM SBISETCA AJIEKTPOH.
Ero saps otpumateneH u mMeer Bemmuuay q = -1,6-10"° K. Kpome smexrpona
CYIIECTBYIOT TMOJOXHUTEIbHO 3apsiKEHHbIE YaCTUIbl, TaKuWe, KaK MPOTOHBI U
MO3UTPOHB. B MakpOCKONMHMYECKOW TEOPUM  DJIEKTPOMATHUTHOTO TOJSI  HE
paccMaTpUBAKOTCA OTHACIBHBIE SJIEKTPOHBI, @ HM3Yy4YaeTCsl HX COBOKYIHOCTh Kak
HETPEPBIBHOE paclipe/ielieHue 3apshKeHHbIX vactuil. [lpu Takom moaxonae Oynem
CUMTaTh, UTO JAXKE€ B 3JIEMEHTapHO MaioM oobeme dV mMeercs HOCTaTOYHO MHOIO
3JIEMEHTAPHBIX YaCTHUIl U YTO MO3TOMY CIPABEIJIMB MAKPOCKOTTMYECKUNA MOAXO/I.

DNeKTpUYEeCcKH 3apsiKEHHBIM TEJIOM WM 00beMOM V Ha3bIBaeTCs TENO WIIU
o0beM, o0nagaroIil N30BITKOM OTPUIIATEbHBIX WIIH MOJTO0KUTEIBHBIX YaCTHII.
Peanbnbie snekTpudeckue 3apsaapl AQ Bcerja 3aHUMAOT HEKOTOpBIM 00beM AV,

II0O3TOMY, CTPOrO TOBOpS, 3apsabl HMEIT 00beMHOe pachpeaesneHne. OmHakKo
MPaKTUYECKU MBI YAaCTO BCTpPEYAEMCS C PAaCHpe/ICICHUEM 3aps/IoB B OUEHb TOHKOM
cloe, HampuMep, Ha TIOBEPXHOCTHM TMpoBOoAHWMKA AS; WM C 3apsaamu,
pacrpesieIeHHBIMUA  BIOJIb TOHKOM HUTH WM JUHUM Al; WIA C 3apsjaaMu,
COCPEIOTOYEHHBIMH B OYE€Hb MaJIOM 00bEME.

B »Tux ciywasx pacnpeneneHue 3apsioB HIACATH3UPYETCS W BO3HUKAIOT
MOHSTHUS TOBEPXHOCTHOTO, IMHEWHOTO U TOUEYHOTO paclpeesIeHUs 3apsA0B.

[Ipu 00BbEMHOM pacnpeIeICHUH 3apsIOB CYUTAIOT, YTO 3apsJIbl paclpeesieHbl
B HeKoTOpoM obbeme V (puc. 2.1,a). [Ipumepom 00beMHOTO pacpeieeHus 3apsI0B
MOJKET CITY>KUTb IMyYOK JIEKTPOHOB B AJIEKTPOHHOIIYYEBOU TPyOKe,
IPOCTPAHCTBEHHBIH 3apsij] B BaKyyMHOM JlamIie, noHocdepa.

(D7 7

a 0
Puc. 2.1. Buabl pacnpe/eieHus 3apsaioB:
a — 00beMHOE; O - TOBEPXHOCTHOE; B — JIMHEHHOE

B ciydae MOBEpPXHOCTHOrO pachpeiefeHHsl 3apsaoB HICAIU3UPOBAHHO
CUHMTAIOT, YTO 3aPsJIbl COCPETOTOUYCHBI B OCCKOHEUHO TOHKOM CJIO€ Ha TIOBEPXHOCTH S
(puc.2.1,6). IlpumepoM Takoro pacmpeneaeHuss MOXKET CIYKUTh paclpeIe/ICHHE
3apsiIOB HA TOBEPXHOCTH MPOBOJIHUKA.
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[Ipn nuHEHHOM pacupe/leIeHUN 3apsIoB CUUTAIOT, YTO 3apsAbl paclpeaesIeHbl
BJ0JIb OECKOHEYHO TOHKOW HUTH. [IpumepoM Takoro pacnpenesieHus SsBIeTCA
TOHKas 3apsKeHHast HUTh (puc. 2.1,B).

Pacnipenenenust 3apsaoB mno o0bemy AV wim no noBepXHocTH AS
XapaKTEepU3yIOTCS COOTBETCTBEHHO OOBEMHOH p© WM TIOBEPXHOCTHOW O
IUIOTHOCTBIO  3apsimoB  (tabm.2.1).  JluHeitHoe  pacmpenenieHue  3apsijioB
XapaKTEPU3yeTCs JIMHENHOW INIOTHOCTBIO 3apsA/IOB 7.

Bunpl pactipenenenus 3apsa0B Tabmuua 2.1
Bunel
pacnpeneneHus ILmotHOCTH 3apsimoB  |Pa3zmepHOCTH [TonHbIN 3apsn
3apsiioB
CocpenoToueHHBIHN B
. A
e e |P= M S2=EL @ K obmeme V
AV — 3
3aps 0B M Q= I pdV
4
CocpenoToueHHBIN Ha
. A
Hosepxnocrroe o= lim A0 = LY (2.2) Kn MOBEPXHOCTH S
pacnpeneiicHue AS>0 AS  dS 2
3aps 0B M 0= I odS
S
T . [TonHbIN 3apsn
MHCHHOC . AQ dQ Kn HUTH
pacripenenenue | 7= Alllmo_[ = (2.3) —
3aps/I0B -0 A M 0= I wdl
!

HpI/I TOYCYHOM pPACTIPCACIICHUN 3apAA0B CUHHTAIOT, YTO 3apsabl KOHEYHOU
BCIIMYMUHBI COCPCAOTOUCHBI B MATCMATUYCCKHUX TOYKAX HYJICBOT'O O6’I>€Ma, HYHGBOﬁ
IMOBCPXHOCTU U Hy.HeBOﬁ JJINHBI.

[TonHb1 3apAn CUCTCMbI TOYCYHBIX 3apsAJ0B paBCH UX CYMMC!

N

Q:Zqi’

i=1

rac N - 4HCJIO TOYCUHBIX 3apsAaa0B.
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2.1.2. DJjeKkTpHYecKHe TOKH

DNEKTPUYECKUM TOKOM HAa3bIBAKOTCS JIIOObIE JBIKYLIUECS 3apsnabl. B Teopuun
JNEKTPUYECKUX  LEemed B KA4yeCcTBE  KOJMYECTBEHHOM  XapaKTEPUCTHUKHU
AJIEKTPUYECKOTO TOKA OOBIYHO UCIIOJIb3YETCS! IOHATHE CHIIbI TOKA.

Cuna TOKa — DO3TO KOJMYECTBO DJJIEKTPUYECTBA, IPOTEKAIOIIETO 4Yepes3
IIONIEPEYHOE CEUCHUE IIPOBOJIHUKA 34 €AUHULYY BPEMEHH:

=24

Ecnau TOK MeHsieTcs BO BPEMEHH, TO B 3TOM CIIy4ae CHJIA TOKA - 3TO MPEes
OTHOIIEHHS] KOJIMYECTBA JJeKTpuuecTBa A(), MNPOTEKIIEro 4Yepe3 MNONepeyHOe

CEYEHUE MPOBOJHUKA 3a MPOMEKYTOK BpeMEHU Af , K 3TOMYy IPOMEXYTKY IIpPH
CTPEMJICHHH €T0 K HYJIIO:

J=1lim 22 -9 4 (2.4)
A0 At dt

B 06H_I€M ClIydac, Koraa TOKH TCKYT HC II0O TOHKHM IIPpOBOAAM, IMPUBCACHHOC
OIIPCACICHUC CHJIBI TOKAa CTAHOBHUTCA HCIOCTATOYHBIM H HCIIOJIB3YIOT ITOHATHUA
QJICMCHTA OJJICKTPUYCCKOI'O TOKAd M IINIOTHOCTU TOKA. HpOI/ISBGILGHI/IC BCJINYNHBI

aneMmeHTa 3apsga dQ , Ha CKOPOCTb €ro JIBXKEHUS V Ha3bIBACTCS DJIEMEHTOM TOKa
(WM DIEKTPUYECKUM UMIYJIBCOM) :

d.=dQ-v, A-m. (2.5)

BekTopbl 371€MEHTOB TOKa IO3BOJIAIOT OXAapaKTEpPHU30BaTh I0OJIE TOKOB U IO
BEJIMYHMHE, W TI0 HAMPABICHUIO B KKION OTIEIhHON Touke. B obmeM cimydae TOku
MIPOTEKAIOT MO HEKOTOpoMy 00beMy. OHAKO, UACATU3UPYS, TaK K€, KaK U B CIIydae
3apsAI0B, MOXKHO BBIJICTUTh KPOME OOBEMHOTO TIIOBEPXHOCTHOE W JIMHEHHOE
pacnpeneneHus TOKOB.

[Ipu 06beMHOM pacupeiesieHUu AaeTcsi 0oJiee o0liee OnpeieICHUE CUIbl TOKA!
3TO KOJMYECTBO OJJICKTPHUYECTBA, IIPOTEKAIOIIEe 3a CIUHUIy BpPEMEHH depes
HEKOTOPYIO IMTOBEPXHOCTH S.

B cinyyae mOBEpXHOCTHOTO pACHPENENIEHUS TOKOB CUMTAKOT, YTO, €CJIU TOK
Te4€T B OUCHHh TOHKOM ITOBEPXHOCTHOM CJIO€ MPOBOJHUKA, Kak 3T0 ObiBaeT Ha CBUY,
TO UACATM3UPOBAHHO MOYKHO CUYUTAThH TOJIIMHY 3TOTO CJIOSI OECKOHEYHO MAJIOH.

JIMHENHBIA TOK NMPAaKTUYECKM HMMEET MECTO B OYEHb TOHKHX IPOBOJHHKAX,
KOT/1a UICATM3UPOBAHO MOXKHO CUUTATh, YTO TOK TEUET 10 OECKOHEYHO TOHKOUW HUTH.
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JI1st XapaKTepUCTUKA pacipeiesieHus TOKa 1Mo 00heMy U MTOBEPXHOCTH
BBOJISITCS TOHSATUSI 00bEMHON & M MOBEPXHOCTHOU O s IJIOTHOCTHU TOKa (Tabin.2.2).

JIMHENHBIN TOK XapaKTepU3yeTCsl TUHEUHON IIIIOTHOCTHIO TOKA 1 .

Bunbl pactipenenieHust TOKOB Tabnuma 2.2
B a
HART PACTIPEACTICHIT IT;moTHOCTH TOKA PaszmepHoCTh
TOKa
O0ObeMHas —~ d; — A
o= —L = yoa% (2.6) 5
IUIOTHOCTh TOKA dv M
[ToBepxHOCTHAsS — d, - A
P Ss=—t-gv (2.7 =
IUIOTHOCTh TOKA ds M
Jlunerinas d, -
i=—L=rv (2.8) A
IUIOTHOCTh TOKA dl

2.1.3. CoOcTBeHHBbIC BEKTOPHI JJICKTPHYECKOT0 OIS U
3JIEKTPOMATHUTHBIE IapaMeTPbI Cpeibl

DIEKTPUYECKOE ToJI€ TPEACTaBIseT coO00i 0CcoObIN BUA MaTepUH, OTIMYHBIHI
OT BEWIECTBAa U NPOSBIIIOLIMICA B BHUJE MEXaHMYECKOW CHIIBI, C KOTOPOHM II0JIE
JCUCTBYET HA BHECEHHBIW B HEr0 HENOABWKHBIM DJIEKTPUUYECKUU  3apsii.
KonnuecTBeHHast XapaKTEpUCTHUKA 3JIEKTPUYECKOrO IOJS OMNPEAEISIETCS 3aKOHOM
Kynona. DTOT 3aKOH yCTaHaBIMBAET CUJIY B3aUMOJACHCTBUS MEXIY TOUYECYHBIMU
3apsaaMu, HAaXOASIIMMUCS B OTHOPOJIHOU CpeJie:

dF :%d%%d%»Ha
4re r

a
e dF — CWJIa, IEUCTBYIOIIAsl CO CTOPOHBI 3apsiaa dg; Ha 3apsin dq;;

dq, v dg, —»>neMeHTapHbIC TOUCUHBIC 3aPS/IbI;

¥, — €IMHUYHBIA BEKTOp (pasnyCc-BEKTOP), HAIIPABICHHBIN OT IEPBOIO

3apsia KO BTOpOMY;
I — pacCTOsHUE MEXIY 3aps/iaMu;
g, —aOCONIOTHAsA OUAJIEKTPUYECKasi IPOHULIAEMOCTh CPEJIbI.

a
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BCJII/I‘II/IHy &, MOXHO IIPCACTABUTH B CJICAYIOIIIEM BUC:

&, =& ,

30€Ch &) — a0COJIFOTHAs AUBJICKTPpUYICCKAA IMPOHUIOACMOCTbL BdKyyMd, a & —

OTHOCHUTCIIbHAA, AUDJICKTPHUYICCKAA IIPOHUIIACMOCTDL CPCIbI.

B cucreme CU
1 1

g = = )
* 1207c 47-9-10°

IJI€ C — CKOPOCTh CBETA B BAKYYME.

D

)
M

OTtHOCUTENbHAS AUDBJICKTPHUUICCKAA IIPOHUITACMOCTDL CPCIbI

D10 Oe3pa3MepHbIil KOd(PPUITUEHT, 3aBUCSIINN OT CpPelbl W TOKA3bIBAIOIINANA, BO
CKOJIBKO pa3 CHJIa B3aMMOJICHCTBHS MKy 3apsiaMHu B JaHHOH CpeJic MCHBIIIE, YeM B
Bakyyme. Boimenum w3 3akoHa KyjoHa MHOXHTENb, 3aBHCSIIANA OT BEIHYHHBI

IIEPBOIO 3apsia, PACCTOSHUS 10 HETO U CPEIbIL:

BekTop E Ha3bIBaeTCs BEKTOPOM HAIPSKEHHOCTH 3JIEKTPUYECKOTo mosisl. B Hamem
Clly4ae MbI IMIIEM [ , Tak KaK IOJI€ CO3aHO IEMEHTAPHBIM 3apsA0M. JTO I0JIe

JEUCTBYET HA BTOPOU 3apsij] C CUIION

dF =dEdq,,
OTKyJa CJIeayeT, 4YTO
JE_dF _ 1 _dar,
dq, A4re,r

Takum 06pa30M, HanmpsOKCHHOCTL ~ SJICKTPHUYCCKOI'O IIOJA  paBHa CHIIC, C

KOTOPOM JEUCTBYET ATO IMOJI€ HA €AMHUYHBIN MMOJIOKUTEIbHBIA TOUCUHBIN 3apsI.
N3 nocnemueit Gpopmynbl Juisi HAPSHKEHHOCTH TIOJNS DJIEMEHTApHOTO 3apsia

BUJIHO, YTO B KaXJOW TOYKE MPOCTPAHCTBA BEKTOP £ MO 3JIEMEHTAPHOIO 3apsjia
HaIlpaBJICH BIOJIb paguyca, IMPOBEICHHOTO B JAaHHYIO TOYKYy OT 3apsia, a Io
BEJIMYMHE OH 00pPaTHO MPOMOPLUUOHAIEH KBAJPATy PACCTOSHHUS.
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Jna rpaduueckoro u300paxeHHs TMOJS MCHOJB3YIOT CHIIOBBIE JIMHUW,

KacaTelbHbIE B KaXJ0W TOYKe K BeKTopy £ (puc.2.2). ['ycroTa CHIIOBBIX JIMHHMA
OPONOPLIMOHATbHA  BEJIMYMHE  HANpsoKeHHOCTH — nosst.  CusioBele  JIMHHUM
ANIEKTPUYECKOTO TOJIsi HAYMHAKOTCS Ha 3apsie, KOTOPBIM SIBISETCS HCTOYHUKOM
CWJIOBBIX JIMHUHN. DTU JINHUU NPETEPIIEBAIOT PAa3pbIB B TEX TOUKAX, IJI€ €CTh 3apsi/ibl.
JIuHMM pacXoIATCS OT MOJOXKUTEJIBHOTO 3apsna (MCTOK) U CXOAITCA K
OTPHULATEILHOMY (CTOK).

HCTOK dE CTOK +dg

Puc. 2.2. ITosns s51eMeHTapHBIX 3apsiI0B

MarnuTtHoe nojie - IpeacTaBiIsieT co00il 0coObIN BUA MaTEpPUU, OTIIMUHBIA OT
BCIIECCTBA W TMPOSBISIONMKACS B BHJAE MEXAHWYECKOM CHIIBI, C KOTOPOH TMOJie
JEUCTBYET HA BHECEHHBIM B HETO JIEKTPUUECKUIN TOK WJIA TOCTOSIHHBIN MarHuT. OHO
ABJISICTCS.  BEKTOPHBIM. (CXOJACTBO B  BO3JCWCTBUM MAarHUTHOTO TMOJISI  HA
BJICKTPUYECKUNA TOK M MOCTOSAHHBIA MArHUT BBI3BAHO TE€M, YTO MOCTOSIHHBIM MAarHUT
npeAcTaBIsieT coOOl CHUCTEMY MOJICKYJSIPHBIX TOKOB, TEKYIIUX B HaMarHUYCHHOM
cpene.

KonnuecTBeHHass XapakTepUCTHKAa MArHUTHOTO MOJISI OINKMCBHIBAETCS 3aKOHOM
Awmriepa. ITOT 3aKOH OMNPEACNSET CUIY B3aMMOACHCTBUS MEXIY AJIEMEHTaMU TOKa,
HaXOJISIIIUMUCS B OJTHOPOJHOM CpeJIe,

dF:_4:(;2 [[gﬂ 'a]gﬂ] H,

e dF - cuja, IeUCTBYIOIIAsl CO CTOPOHBI AJIEMEHTa TOKa d j1 Ha 3JIEMEHT TOKa d 25
M, = UM - aDCOIIOTHASE MarHUTHAs IIPOHULIAEMOCTD CPEJIbI;
Ho - abCoTI0THAs MarHWTHasI IPOHUIIAEMOCTh BaKyyMa.
B cucreme CHU
1207z

C

47-1077

I
Hy -
M
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OTtHOCHUTEeNbHASS MarHUTHAS MNPpOHHUIACMOCTDL CPCAbI OIPCACIIACTCA
BBIPa)KCHUEM

Hy
Ho

ﬂ:

D10 6e3pa3zmMepHbIil KO PUITMEHT, 3aBUCAIIIN OT cpeabl. OH MOKa3bIBacT, BO
CKOJIPKO pa3 CWJIa B3aUMOJICHCTBUS MEXKIy TOKaMH B JaHHOW cpejie OoibIe, 4eM B
BaKyyMe.

BoinenuM u3 3akoHa AMnepa MHOXHUTEIb, ONPEISISIONINMI MMoJe, CO3/1aBaeMOoe
MIEPBBIM AJIEMEHTOM TOKA, W 3aBUCSIINN OT BEJIMYMHBI 3JIEMEHTA TOKA, PACCTOSHUS H
CpeIpbl:

dB=tu, 7). (2.10)

[TonydyenHoe BbIpaxkeHue HOCUT HazBaHue Gopmynbl buo-CaBapa. Bektop B

Ha3bIBACTCS BEKTOPOM MAarHUTHOW MHAYKIMH. B Hamem ciydae mbl niuiieM d B, Tak
KakK IOJIE€ CO3JIJaHO RJIEMEHTOM TOKa. JTO MOJIe JEUCTBYET HAa BTOPOM 2JIEMEHT TOKa C
CUJION

dF =-|dB-d ,|,
0TCIOJ1a B
— dF u, 5 — B6
dB==—=—"%\d;-1,|, —. 2.11
d j2 47272[ ’ 0] M ( )

N3 MMOCJICAHCTO BBIPAXCHUA BUIAHO, YTO BCKTOP B MNCPIICHAUKYJIIAIPCH BCIOAY
IIJIOCKOCTH, HpOBG,Z[GHHOfI qCpc3 HAIIPABJICHUC TOKaA dj " paanyc-BEeKTOp 7, , T.C., UTO

BCKTOD B HalpaBJICH II0 KacaTeJbHOM K OKPYKHOCTAM, OCbIO KOTOPBIX ABJIACTCA

JIMHUA, TIPOBEJICHHAs Yepe3 HalpaBJI€HUE dJIEMEHTa Toka. Hampapienue BekTopa B
omnpenensercss mnpaBwioM BuHTa (puc.2.3). CujoBble JMHUUM MArHUTHOTO TIOJISI
3aMKHYTbIE. ICTOKOB, B OTJIMUUE OT AJIEKTPUUYECKOTO TOJISI, HET.

Puc. 2.3. Ilose >imemMenTa ToKa
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[ns  ompeneneHuss MoJieW, CO3AAaHHBIX CUCTEMOM MPOU3BOJIBHO pac-
MPEICICHHBIX  3apsifOB  WJIM  TOKOB, HCHOJIB3YETCS  MPUHLWN _ HAJIOKECHUS
(cynepnosuiiuu). CorjaacHO ATOMY IPHUHIIUITY MOJI€ CUCTEMbI DJIEMEHTAPHBIX 3apsiioB
WM TOKOB PaBHO BEKTOPHOW CyMME SJIEMEHTApPHBIX IMOJEH KaXIOTOo 3apsia Wid
TOKA:

B stux dopmynax dq u d,; — 3apsabl UK AJIEMEHTHI TOKA, 3aKJIFOYEHHBIE B
AJIEMEHTApHO MaJIOM 00bEeMe, MMOBEPXHOCTU WK JuinHE. BBUy Manioctu o0bema 3Tu
3apsabl MOXKHO CYUTATh TOYCUHBIMY. BEWUYUHBI I U 7, B IPOLIECCE MHTEIPUPOBAHMUS

SIBIISIFOTCSL TIEPEMEHHBIMM, 4 UHTETPUPOBAHUE BBITIOJHAETCS 110 BCEMY MPOCTPAHCTRY,
TI€ €CTh 3apsipl WK TOKH, co3farolue roje. [IpuHuun HaloXeHus NMpUMEHUM
TOJIBKO K BEKTOpAaM IIOJA M HENPUTOJAECH JJI1 HEIMOCPEACTBEHHOTO OIPEACICHUS
SHEPTUU CYMMAPHOTO MOJIS.

HanpsskeHHOCThD 3JIEKTPUYECKOTO MOJISI U UHIYKIHS MAarHUTHOTO TTOJI 3aBUCST
OT NapaMeTPOB CPEAbl &, U A,. DTO OOBACHAETCA TEM, UTO B CpeJe MO AECHCTBHEM

BHEILIHEro MOJII BO3HMKAIOT 3apsbl WM TOKH, COOTBETCTBYIOIIHME OMPEIEICHHOU
OpUEHTALMM YacTHLl. DTH 3apsbl UM TOKM Ha3bIBAIOTCS CBSI3aHHBIMU, IOTOMY YTO
OHM HE MOryT ObITh oOTAeNeHbl OT cpenpl. [lox CBA3aHHBIMM TOHHMAOTCA
AJIEKTPUYECKUE 3apsiibl, BXOJAIIME B COCTaB BEIIECTBA M YJCP)KUBAIOLIUECS B
ONPEIEICHHBIX IOJIOXKEHUSAX BHYTPUMOJIEKYJIIPHBIMU CcwilaMHu. Takue 3apsisl
«CBSI3aHB» C BEILIECTBOM, HEOTAEIUMBI OT HEro. JTH 3apsiabl WIA TOKH CO3JA0T
COOCTBEHHOE T10JI€, KOTOPOE CKJIaIbIBACTCs C BHEIIHUM 1ojeM. [loaToMy cymmapHoe
II0JIE B CPEJIE OTVIMYAETCS OT MOJIS B BAKyyMe.

Jlyia aHanu3a U pacuyeToB yJ0OHO BBECTH TaKUE BEKTOPHI MOJISl, KOTOPBIE OBl HE
3aBHCEIIU OT IIapaMeTPOB cpenbl &, U u, . C 3TOU LEeNb0 BBOAATCA :

1) BCKTOP MHAVKIINH JICKTPHUYCCKOI'O IT1O0JIA
D=¢,E; (2.12)

2) BCKTOP HAIIPSIKCHHOCTH MAalrHUTHOT'O T10JI

=5 (2.13)

M,

U3 hopmysl (2.9) momydnM BeIpaxeHHe sl HHIYKIIUH OIS 3JIEMEHTapHOTO
3apsana
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U3 dopmynel (2.11) chnemyeT BbIpakK€HUE IS HAMPSXKEHHOCTH MAarHUTHOTO
OJIS
J— 1 # - —
-1 LT
/ua/ drr
W3 npuBeneHHBIX BBIPAKEHUN CIEAYET, YTO BEKTOpsl D u /[ He 3aBUCAT OT
CBOMCTB Cpe€llbl M ONPEIEISAIOTCA TOJBKO CBOOOJHBIMU 3apsJaMd M TOKAMH.
CBOOOJHBIMU Ha3bIBAIOT 3apsi/ibl, KOTOPbIE MOJ BO3JAEHCTBUEM CHJI MOJS MOTYT
CBOOOJHO TepeMeniaThCsi B BELIECTBE, HMX IMEpPEMEIICHHE HE OrpaHuYMBAETCA
BHYTPUMOJIEKYJISIPHBIMU CUJIAMU.

Bektopel £ u B omnpenensitorcs U CBOOOJIHBIMU, M CBS3aHHBIMU 3apsamMu U

TOKaMH, IO3TOMY COBOKYIHOCTh BCE€X uYeTbhlpex BekTopoB mnousa (D,H,E,B)
MO3BOJISIET YUYUTHIBATH COOCTBEHHOE TTOJIE CPEIbI.

OOBIUHO BelIECTBO caMO MO cede He co3AaeT HabIoAaeMoro mois (OAHO U3
XOpOIIIO M3BECTHBIX MCKIIOYEHUN — TIOCTOSIHHBIE MArHUTHI). ODTO OOBICHSETCS
YPaBHOBEIICHHOCThIO BHYTPEHHUX TMPOLIECCOB B BEIIECTBE HA MaKPOCKOIMMYECKOM
ypoBHe. B yacTHOCTH, HEHTpaTU30BaHbI MOJIOKUTEIIBHBIC U OTPULIATEIIBHBIC 3aPSIJIbl.
Onnako moja ACHCTBUEM BHEIIHETO (MIOCTOPOHHETO) IMOJIs Ha ATH 3apsijbl B3auMHasI
KOMIIEHCAIMs UX IOJIEW B TOM WJIM MHOW CTENEeHU HapylaeTcs. MOXXHO yTBEpKIATh,
YTO BO BHEIIHEM JJICKTPUYECKOM II0JI€ MPOUCXOAUT HEKOTOopas aedopmarus, a
TaKK€ TIEPEOPUEHTAIUSI aTOMOB W MOJIEKYJ, 3apsibl KOTOPBIX MPOIOJDKAIOT
OCTaBaThCsl CBSI3AHHBIMU B TPEXKHEW CTPYKType BellecTBa. B  pesynbrare
OTKJIOHEHUW 3aps/IoB, OJIHAKO, MOSIBISETCS HECKOMIIEHCHPOBAHHOE BHYTPEHHEE
moJjie, KOTOpOE, Hajarasichb Ha BHEIIHEE, 3aMETHO HM3MEHSET €ro. DTO Ha3bIBaCTCSA
noJisipy3anueil cpenbl. AHAJOTHYHBIA TMPOIECC, CBA3AHHBIA C MAarHUTHBIM IIOJIEM,
Ha3bIBACTCSI HAMATHUYNBAHUECM.

[IycTh HEKOTOpPOE JJIEKTPOMArHUTHOE IOJE€ B BaKyyMe€ XapaKTepus3yeTcs

HanpsbkeHHocTamu /1, E. [lpu aTom
Dea}( = (90E N

Eeak = ,UOE .

3nech A00aBiIE€Hbl HUKHUE WHACKCHI, YTOOBI MOAYEPKHYTh, YTO HMEIOTCS B BUAY
UHAYKIUU B BaKyyMe.

Ecnu To e none H ,E cyuecTByeT B HEKOTOPOH cpefie, TO MHAYKIUU Oy1yT
UHBIMU:

[lpupamenus P u M OyneM Ha3biBaTh HOJISPU30BAHHOCTBIO (3IEKTPUUECKOM
HOJIApU3ALIMEH ) u, COOTBETCTBEHHO, HAMarHM4E€HHOCTBIO (MarHuTHOM
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HOHHPHBaHHeﬁ). Hpoueccm noJsipru3aivi U HaMaroHninuBaHus CPCbl BBICTYIIAOT KaK
HC3aBUCHUMBIC, T.C. HGpBBIfI CBA3aH TOJIBKO C JJICKTPUYCCKHMM IIOJICM, a BTOpOfI C
MAarouTHBIM:

P-PlE):
M = M(H).
OTHUM COOTHOIIEHUSIM MOKHO MPUAATH MPOCTYIO GOpMY:

ﬁz%hf;
M =k H ,

rie 6e3pa3mMepHble KOAPGUIUMEHTH! k, Uk, — 3TO Tak Ha3blBaeMble DJIEKTpUYECKas U

MarHuTHas: BOCOPUHMMYHUBOCTU cpefbl. OHHU BBIPAXAIOT «MEPY OTKIIHMKA» CpeIbl Ha
OpwjiaraéMoe  BHEIIHee  1roje.  BocnpuuM4YuMBOCTM  CBSI3aHBl  NPOCTBIMHU
COOTHOIIEHUSIMU C OTHOCUTEIbHBIMU TPOHUIIAEMOCTSIMMU:

e=1+k,;
u=1+k,.

N3 mnocnegHuxX COOTHOIIEHWM CIEIyeT, 4YTO OTHOCHUTEIbHAsT MarHUTHas
(IMdMIeKTpUYECKas) MPOHUIIAEMOCTh BEIECTBA paBHA CYMME OTHOCHUTEIIbHOU
MarHuTHOM  (AMAJIGKTPUYECKOM)  MPOHUIIAEMOCTH  BakKyymMa ¥ MarHUTHOMN
(2JIEKTPUYECKOI ) BOCIPUUMUYHBOCTH BEIIECTBA.

B 3aBHUCHMOCTH OT BE€IMUYUHBI k,, CpeIbl Pa3IMYaloT CIEAYIOINUM 00pa3oMm:

1. Bakyym. Hamaramyennoctes orcyrctByer , M =0 W, ciaenoBaTeIbHO,
k,=0n u=1.
2. luamaraurtHsle Bemecrsa, k, <0, 4 <1. OTu BemecTsa oa BO3AECHCTBUEM

BHEITHETO0 MAarHUTHOTO TOJII HaMarHWYMWBAIOTCS B HAIPABJICHUH, OOpPATHOM STOMY
nonto. Ero Monexkysnasl mpruoOpeTaloT MarHUTHBIE CBOMCTBA TOJIBKO TOJ BIUSHHEM
BHEIIHETO0 MarHuTHoro mnosisi. K TakuM BeliecTBaM OTHOCSTCS: BOJOPOJ, PTYTh,
BUCMYT, BOJa, Melb, cepedpo, yraepoa. JuamaruutHeld s¢ddext man, Hauboree
CUJIBHO OH BBIPAXKEH Y BUCMYTa, J1s1 KOTOporo 1 = (0,99983.

3. IlapamarnutHbele BemectBa, k£, >0 wm wu>1. Ot Bemectsa moxg

BO3JEHCTBUEM BHEIITHETO MArHUTHOTO TOJII HAMATHUYMBAKOTCS B HAITPABIICHUU TOJIA.
MouiekyJibl mapaMarHUTHOTO BeIllecTBa 00J1ajal0T MAarHUTHBIMA MOMEHTaMU U TOJ
BJIUSIHAEM BHEIIHErOo TIOJiA OPUEHTUPYIOTCS  ompeaeneHuem odpasom. K
[IapaMarHUTHBIM BEILLIECTBAM OTHOCSTCS: aJIFlOMUHUH, IJIATUHA, KUCIOPO/I.

4. @eppoMarHuTHbIE BEHIECTBA. OTH BEHIECTBA BXOAAT B TPYIILy
napaMarHUTHBIX, HO XapaKTepHbI OOJBINOW MArHUTHOW MPOHUIIAEMOCTHIO U
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HEeJMHEHHOW 3aBHUCUMOCTBIO B ot H. CBoiicTBa (peppOMarHUTHBIX BEIIECTB
OOBSACHAIOTCS HAJUYMEM MEXAY COCEJHUMU AaTOMaMU KPOME MAarHUTHBIX CHII
B3aMMOJICUCTBHS €Ill€ M HEMArHUTHBIX (OOMEHHBIX) CHJI, KOTOpPbIE 3HAYUTEIHHO
Oonblle, yeM MarHuTHble. OOMEHHBIE CWJIBI 3aBUCSAT OT HAIpaBJICHUS MarHUTHBIX
MOMEHTOB aTOMOB. K (heppoMarHuTHBIM BELIECTBAM OTHOCSTCS: KEIE€30, KOOANbT,
HUKENb U UX CILJIaBBl.

Kpome  nanektpuyeckod W MAarHUTHOW  NIPOHUIIAEMOCTH,  BEILIECTBO
XapaKTepU3yeTcss  HOpOBOAMMOCTBIO.  IIpoBoguMocTs  cpeasl  omnpenesser
AJIEKTpUYecKuil TOK B cpese. Kak ObUI0 Moka3aHo paHee, 00beMHasl INIOTHOCTh TOKa
orpeaenseTcs: 00beMHOMN TIOTHOCTHIO 3apsia U CKOPOCTHIO €ro ABMXKEHUS

o= pv.

[IpuunHbI, oOMNpeNesIole CKOPOCTh JBM)XEHHUS 3apsoB, MOTYT HUMETh
Pa3IUYHYI0 (PU3UYECKYIO TPUPOY, MOTYT OBITh SJEKTPUUECKUMU (HAmpumep, moJe)
U HEAJIEKTPUUYECKUMU (HAIPUMED, B CIIy4ae MEXaHUUYECKOT0 MEPEMEILICHHS 3apsia).

HauGonee O6H_II/IM ABJICTCA IIOHATHC TOKa IICPCHOCA 52,01), T.C. TOKa

JIBHKECHUS 3apsA/I0B, HE3aBUCUMO OT MPUYHHBI, BBI3BABIIEH 3TO JIBHKECHUE.

HaubGonee BaxHBIM SBIIE€TCS YacTHBIA Cily4ail TOKa @I€peHoca - TOK
IPOBOJAMMOCTH. DTO TOK, BO3HUKAOIIMI MMOJ JEHCTBUEM JJIEKTPUUYECKOrO IOJIS B
NPOBOJHUKAX, TIJIe BCErJla MUMEIOTCS CBOOOJHBIC 3apslbl, HaXOASAIIMECs B
Xa0TMYECKOM TEIUIOBOM JBM>KEHUHW. I[lox meilcTBHEM 3JIEKTPUYECKOTO IO
BO3HUKAET YIOPSJIOUEHHOE JBUKEHHE CBOOOJHBIX 3apsioB, OOpasyloliee TOK
npoBOAUMOCTH. CKOpPOCTh JBMJKEHHSI JSTHUX 3aps0B IPONOPLUUOHAIbHA CHIIE,
JNEUCTBYIOIIEH HA 3apsAlbl, & 3TOW CUJIOW SIBJISIETCA HAIPSYKEHHOCTD JIEKTPUUYECKOTO

ITOJIA: 5~EI/I, CJICOOBATCIIBHO, 00beMHas IIOTHOCTh TOKA IIPpOBOINMOCTH 57 TaKIXKC

IMPOIIOpHOHOHAJIbHA HAIIPAXKCHHOCTH JICKTPHUYCCKOI'O IT10JIA

rae ko3 PUIMEHT NPONOPIIMOHAIIBHOCTH Y Ha3bIBACTCS YIETbHOU 00bEeMHOMN
IIPOBOJANMOCTBIO BELIECTBA.

[TonydyeHHOE COOTHOILLIEHHE MEXIYy TOKOM MPOBOJMMOCTH U HANPSKEHHOCTHIO
noJis Ha3bIBaeTcs 3akoHoM Oma B nuddepenunansioit popme. CrencTBueM U3 HETO
SIBJISIETCS U3BECTHBIN 3akoH OMa B MHTETpajbHON (hopMme

J=U/R,
rae U — HanpsbkeHue,
R — conporuBnenue nenu.
Tok mpoBOIMMOCTM B MeTaiax cieAyeT 3akoHy Owma, OJIHaKo, 3TOT 3aKOH
CIIPaBEIIMB HE JJIS1 BCEX CPEL.
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[Iporekanue TOKa MO MPOBOJHUKY MPOUCXOAUT MOJ  JECHCTBUEM
JIEKTPUYECKOTO TOJs, KOTOPOE 3aTpayuBaEeT Ha ATO JIBMKeHUE sHepruto. [losromy
TOK, BbI3BaHHBIM KYyJIOHOBCKMMH CHJIAMHM, JTIOJKEH 3aTyXaTh aHAJOTUYHO TOKY B LIETH
KOHJ/IEHCATOpa, HArpy3KOW KOTOpOro sBisieTcs comnpoTuBieHue. OTcrona clenyer,
qTo Ui TOJJEpXKaHMS ~ TOKa  HE0O0XO0AMMO CYLIECTBOBAHME  CHJI
HEBJIEKTPOCTATUUYECKOIO MTPOUCXOKACHHUS, JEHUCTBYIOIIUX HA AJIEKTPUUECKUE 3apsiIbl.

Cuibl HERNIEKTPOCTATUYECKOTO TMPOUCXOKIACHUS, IECHCTBYIOIIME Ha 3apsibl,
Ha3bIBAIOTCSl CTOPOHHUMHU CHUJIaMHU. DTH CHJIBI MOTYT OBITh CAMOI'O pa3HOOOpPa3HOIO
IIPOUCXOXKICHUS:

MEXaHUYECKOTO (IepeHoc 3apsiia pyKom);

XMMHYECKOTO (B aKKyMYJISITOpaxX U rajlbBAHNYECKUX JJIEMEHTaX);

TEIJIOBOTO (B TepMONapax);

3a CYeT SAEPHBIX CHII (IPH PaJUOAKTUBHOM pacHaje);

AIEKTPOMAarHUTHOIO;

BHEIIIHUE AJIEKTPUUECKHE TOJIs, HE CO3aHHbIE JAHHON CUCTEMOM 3apsI0B.

DIEKTPUUECKOE TI0JIE CTOPOHHUX CHUJI HA3bIBAIOT CTOPOHHUM DJIEKTPUUECKUM
noJsieM. HanpsiskeHHOCTb MOl CTOPOHHUX CHJI OTIPEIEIISIETCS] CIIETYOITUM
COOTHOIIIEHHEM, aHAJIOTUYHBIM COOTHOIIEHHUIO (2.9)

Ecm = chm
dq

5

rae Fen — CTOpOHHSIS CHUIIA;
dg —»>JeMEeHTapHBIN 3aps.

B T1ex Toukax cpeabl, rac HUMCHOTCA CTOPOHHHC TIIO0JIA, HAIPAKCHHOCTD
CYMMApPHOTO IIOJIA OIIPCACIIICTCA CYMMOﬁ moJjst  pacClnpCACiICHHBIX 3apsAd0B U
CTOPOHHCTO II0JIA. B sTom ClIy4ac INIOTHOCTb TOKa OIPCACIIACTCA COOTHOIICHUEM

S=YE+Ewm)=yE+yEm =38, +m, (2.14)

IPEeICTaBIAIOMMUM co0oit nuddepennmanbayio Gopmy 060011eHHOTO 3aKkoHa OMa.
B 510 BhIpakeHue BBEICHO MOHATHE O0BEMHOM MIIOTHOCTH CTOPOHHETO TOKA,

Ocm = 7/Ecm , BBI3BBAHHOI'O CTOPOHHUMMH CUJIaMHU.

HOHy‘ICHHBIG TPU YPABHCHUA, YUUTBIBAIOINNC ITAPAMCTPhI CPCAbI:

B=u,H ;
D=¢,E ; (2.15)
5=7/(E+Ecm) ,

Ha3bIBAIOTCA MaTCpHUAJIbHBIMH YPABHCHUAMMU.
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B 3aBucuMOCTH OT CBOICTB MapaMeTPOBE,, £, ¥ PA3IUYAIOT BUJIbI CPENl, KOTOPHIE

npuBeAeHbI B Ta01.2.3.

Bunel cpen

Tabmuna 2.3

Bun cpenpl

XapakTepucTHKa Cpebl

[Ipumeuanne

1. Jlunennas

Cpena, mapaMeTpbl KOTOPO
E,,M,,y HE 3aBUCHAT OT
BEKTOPOB noJisl. B aTou cpene
ypaBHeHus (2.15) sBasitoTcst
JIMHEUHBIMH.

JInHeiiHast 3aBUCUMOCTD
MPaKTUYECKU UMEET
MECTO B cliydae cJ1adbIx
MOJICH.

2. Henunerinas

Cpena, mapaMeTpbl KOTOPOU
3aBUCST OT BEJIMYMHBI HANPS-
KEHHOCTH MOJs, T.€.

&, =6,(E), i, = p,(H),y = y(E).

Yare Bcero
HEJIMHEUHOCTB CpeJl
IIPOSIBJISIETCS TIPU
CUJIBHBIX IOJISIX.

3. OgHopoaHas

Cpena, napaMeTpbl KOTOPOU HE
3aBUCST OT KOOPJMHAT.

4. HeogHopoaHas

Cpena, mapaMeTpbl KOTOPOH
MEHSIOTCS OT TOUYKH K TOUKE U
MOTYT OBITh IPEJICTABICHBI KaK
(YHKIIMHM IPOCTPAHCTBEHHBIX
KOOpJMHAT.

&, =&,(x,,2),
M, =H,(X,9,2) ,
y=r(x,y,2)

5. Kycouno—
—OJIHOPOIHAs

Cpena, cocTosIast i3 HECKOIbKUX
OJTHOPOJHBIX 00JIacTEH,
rapaMeTpbl KOTOPBIX OTINYAIOTCS
JIPYT OT ApyTa ¥ Ha TPAHUIIC
pasjiesia MEHSIOTCS CKAaYKaMH.

6. N3oTpomnHas

Cpena, cBolicTBa KOTOPOi
OJIMHAKOBBI IS TIOJIEH C JIFOOBIM
HAIPaBJICHUEM BEKTOPOB IOJIS.

Cas13aHbl MeX1y COO0OH
TOJIBKO OJJHOMMEHHBIE
MIPOEKLIMH Yy4aC-TBYIOIINX
BeKTOpOB. Hampumep,

eCITH
B = u, H 1o

Bx :IuaHx;By :luaHy;

BZ :ﬂaHZ.

7. AHn3oTponHas

Cpena, nposiBIsOIIAas pa3HbIe
CBOMCTBA B 3aBUCUMOCTH OT
HaIpaBJICHUS] BEKTOPOB IOJIS.

Kaxmas npoexkuus
OJIHOTO BEKTOPA 3aBUCHT
OT BCEX TPEX MPOEKIUI
JPYroro BeKTopa. *)
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*)
Hanpumep, B aHN30TpONIHOM HAMAarHWYEHHOU Cpefe:
B =po +pH,+u H,,
By - ,unyx + 'uyyHy + '”yzHZ’
BZ = luszx + luzyHy + /’lzsz'

Yacte k0d(p(PUUUEHTOB 4; MOXET ObITh paBHa HymI0. COBOKYIHOCTbH

NEeHCTBHIA, TPOU3BOAMMBIX HaJl IPOEKIUAMHU BeKTopa H Ul MONydeHus BekTopa B,
YCJIIOBHO 0003HAYAETCs OTIEPATOPOM

/uxx /uxy luxz
ﬁ = /'lyx /Llyy /Llyz >
:uzx /uzy :uzz

KOTOPBI HA3bIBAETCS] TEH30POM MarHUTHOM IMPOHHUIAEMOCTH, a KO3()(PUIIMEHTHI L,

IpU TPOEKIUIX BEKTOPOB TOJIEW HA3bIBAIOTCS €ro KOMIIOHEHTAMH. JTO TEH30p
BTOPOTO paHTa. AHAJOTUYHO OMUCHIBAIOTCA aHU30TPONTHBIE CBOMCTBA AUAJICKTPUKOB
U TpoBOJHMKOB. Ilocne BBeleHHS] TEH30pOB [I,& Uy ypaBHEeHHS (2.15) MOXKHO

3alluCaTh B CJICAYIOIICM BUC!

Sl T &
I Il Il
S
i |
+
b
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2.2. Cucrema ypaBHeHHH djIeKTpoaAMHaAaMUKH (YpaBHeHuil MakcBeiia)

Cucrema ypaBHEHHUH 3JEKTPOJMHAMHUKHN ONKCHIBAET HauboJiee OOIIMe 3aKOHbI
AJIEKTPOMArHUTHOTO TOJISI. DTU 3aKOHBI CBSI3BIBAIOT MEXy COOOW AJIEKTpUUYECKHE U
MarHuTHBIE IIOJIS, @ TakXKe Moyl ¢ 3apsgamMu U Tokamu. CucremMa ypaBHEHHH
ANEKTPOAMHAMUKYU TOJHOCTBI0 MCYEPNBIBAET CBOMCTBA AJEKTPOMArHUTHOIO IOJSA B
peaenax KIacCHYEeCKOM MaKpOCKONMYECKOW Teopuu. OHa SBISETCS MCXOAHOU IIPHU
pemeHns 3amad paguOTEXHUKH, CBA3AHHBIX C JJIEKTPOMAarHUTHBIMHA MOJSIMM U
BOJIHAMU, U [IPU PELICHUN CTATUCTUYECKUX 3a/1a4.

2.2.1. Cucrema ypaBHeHMH 2JIEKTPOAUHAMHUKHU B 001eM BU/e

PaccMoTpuM  3aKOHBI  DNEKTPOJAMHAMHKKA B  Haubosiee 0OIeM BHIIE,
CIIPaBEIJIUBOM JIJIs TIOJIEH, 3aBUCSIIIMX OT BPEMEHH I10 JTF00OMY 3aKOHY.

1. IlepBoe ypaBHEHHUE DINEKTPOAMHAMUKH: 3aKOH ITOJTHOTO TOKA.
3aKoH MOJHOTO ToKa B AuQdepeHnmanbHoi Gopme:

— - dD
rot H =06 +——.
i (2.16)

CornacHo 9TOMy 3aKOHY BHXPb BEKTOPA HAIPSKEHHOCTH MATHUTHOTO MOJIS B
KaKJIOH TOYKE paBeH 0OBEMHOMN IUIOTHOCTHU TIOJNHOTO TOKA B 3TOH Touke. OObeMHast
MIOTHOCTH MOJHOTO TOKA PaBHA CyMMe 0OBEMHOI TIOTHOCTH TOKA TiepeHoca & U
TOKa CMEIIEHUSA S, :

0;=0+0,,
rie 0, :d—D.
dt

3aKOH MOKa3bIBAET, YTO MPUUYMHON BO3HUKHOBEHMS MArHUTHOTO TIOJIS SIBIIACTCS B
paBHOM CTENEHM M TOK MEPEHOCAa, M TOK CMEIICHUS, B TaKXE YCTaHABJIMBACT
KOJIMYECTBEHHYIO CBSI3b MEXKJY TOKOM M MAarHUTHBIM I0JeM. TOoK cMelleHus
Ha3bIBA€TCA TOKOM, MOTOMY YTO €ro JACHCTBHE TaKOE XK€, KaK TOKa IepeHoca.
Ou3znyueckn TOK CMEIIEHHUS OOHApYKMBAETCSs IMOTOMY, YTO TEPEMEHHOE
AIIEKTPUYECKOE T0JI€ BBI3BIBAET MOSIBJICHUE MArHUTHOTO TOJIS.

Jlns  momyueHHMs 3aKOHA IIOJTHOTO TOKa B  HHTErpaJibHOM  (opme
MIPOUHTETPUPYEM ypaBHEHHE (2.16) O MPOU3BOIBHON MOBEPXHOCTH S :

Irotﬁd§:£(3+§)d§.

S
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Ucnoneiys Teopemy Ctokca (1.12) o cBs3U MeK Iy MHTErpAIaMH IO KOHTYPY U IO
MOBEPXHOCTH

Irot HdS :j;ﬁdl_,
S !

MOJIyYMM, YTO MHTErpaj Mo MOBEPXHOCTH B JIEBOM YacTU MOXKHO 3aMEHHUTH 4depes
MHTErpaj Mo 3aMKHYTOMY KOHTYPY

=[5 +2yas @.17)
I S

MBI Moy4YuiIM 3aKOH MOJHOrO TOKa (IEPBOE YpPABHEHUE JIEKTPOJAHMHAMUKN) B
uHTerpanbHoit  gopme. CormacHo 3TOMY  3aKOHY  LUPKYJSLUS  BEKTOpa
HaIIPSHKEHHOCTH MAarHUTHOIO TOJIA 110 3aMKHYTOMY KOHTYpPY I paBHA MOJIHOMY TOKY,
IIPOTEKAOIIEMY CKBO3b IIOBEPXHOCTh, HATAHYTYIO Ha 3TOT KOHTYP.

[ToHBIN TOK Yepe3 MOBEPXHOCTh S MPEJICTaBIsAET COO0M CyMMY TOKA IepeHoca
4yepe3 3Ty HOBEPXHOCTh U TOKA CMEILICHUS

Jp=J+J,,
rme J:jgdg;
S
dD - = =
J.=|—dS=0.dS
V=]

OcrtanoBuMcs eme pa3 Ha (U3MYECKOM CMBICIIE [EpPBOIO  YpPaBHEHHUS
ANEKTPOJUHAMUKH, KOTOPHIN 3aKIII0YaeTCsS B TOM, UTO HE TOJBKO TOKH IepeHoca, HO
U TOKU cMmenleHus (Ha puc. 2.4 BEepTUKAJIbHBINM BEKTOP J; ) BBI3BIBAIOT MarHUTHOE
NEUCTBUE, MOPOXKAAIOT BUXPEBOE MArHUTHOE I0JI€, YCTAaHABIMBAIOT 3aBHUCUMOCTD
MEXy M3MEHEHHEM BO BPEMEHH BEKTOpAa HANPSKEHHOCTU 3JIEKTPUYECKOIO MOJIS U
M3MEHEHHUEM B ITPOCTPAHCTBE BEKTOPA MArHUTHOTO 1oJs (puc.2.4).

J

I

S|

Puc.2.4. K nepBomMy ypaBHEHHIO 3JIEKTPOJUHAMUKHU
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Tok CMCIICHUS CKBO3b ITOBEPXHOCTDH

djzd_\P —

aD
dt dt

J.=|
N

— 3TO CKOPOCTh YBEIIMUEHUS TIOTOKA dJeKTprudeckoi maaykuuu ¥V gepes oty
MOBEPXHOCTh. TakoB (pU3MUECKHIA CMBICT TOKA CMEIICHHSL.

Toku cMmenieHust CymiecTBYOT TaM, IJe UMEETCs MEPEMEHHOE AJIEKTPUIECKOE
moJjie, HE3aBUCUMO OT TOTO, TJI€ 9TO ToJie- B BaKyyMe€ WIM B BeliecTBe. TOK
CMENICHUS CYIIECTBYET MEXIy OOKIaJKaMu KOHJIEHcaTopa M oOecrednBaeT
MPOTEKAHUE TOKA B €ro 1enu (puc.2.5), oH CylecTByeT

S T

-

’ AN
4 \
’

' C

<

Yy
Yyvy )

A 4

RIEE

-
-,
\
\
N
~

1
\

©

Puc. 2.5. Tok cMelieHus B enu KOHIEHCATOpa

B IMMPOCTPAHCTBC MCIKAY AHTCHHOU M SGMHCﬁ, B MPOCTPAHCTBC MCKAY IIPOBOIAMHU
,Z[BYXHPOBO,Z[HOfI JIMHUU BCHOAY, I'IC CCTh IICPEMCHHOC 3JICKTPUYICCKOC I10JIC.

2. Bropoe ypaBHEHHE JIEKTPOJUHAMUKH: 3aKOH DJICKTPOMArHUTHOU

VUHIYKIHHN.
3aKOH 3JIEKTPOMarHUTHOW MHIYKUWU B HHTErpAJIbHOU (hopme

o d e— —
Edl =—— | BdS )
f dt£ (2.18)
WA j.DE_dZ_: - di
) dt

rne ®= IE dS — MaTHWTHBIN TOTOK (IIOTOK BEKTOPA MATHUTHON MHIYKIUM) YEPE3
S
IIOBEPXHOCTH S.
CormnacHo 3TOMy 3aKOHY MEHSIOIIEECS BO BDEMEHH MAarHUTHOE IT10JI€ BBI3BIBAECT
HE3aBUCHMO OT IapaMETPOB CPEAbl TAKOE JJIEKTPUYECKOE IOJIE, YTO I BCAKOTO
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MPOU3BOJILHOTO KOHTYpa IUPKYJSLUS BEKTOpAa HANPSIKEHHOCTU ATOrO MOJisi paBHA
B3STOM C OOpaTHBIM 3HAKOM CKOPOCTH YBEIMYCHHS MAarHUTHOTO TIOTOKAa dYepes
MOBEPXHOCTh, OTPAHUYEHHYIO 3TUM KOHTYPOM.

3anuiieM 3aKOH SJEKTPOMArHUTHOM WHIAYKIHMM MPUMEHUTEIBHO K TOUYKE
npocTpaHcTBa B quddepeHnnanbHon popme.

CornacHo npeoOpazoBanuto CTokca:

§Fd_: jrot EdS
! s

cooTHolienue (2.18) mpumer BUA

Irot EdS = —I
S s

dB —
—dS.
dt
BBuay mpou3BOJIBHOCTH MOBEPXHOCTU S TMOJUHTETPAIbHBIE BBIPAXKEHUS, JOJKHbI
OBITH OJTUHAKOBBI:
— dB
rot E = ———. (2.19)
dt

MpbI noslydunu 3akoH JJICKTPOMAarHUTHOM WHAyKUMM B auddepeHimaibHon
dbopme, COTJIacCHO KOTOPOMY MEHSIOIIEecs BO BPEMEHM MarHUTHOE Iojie oOpasyer
TAKOE AJIEKTPUUECKOE T10JIE€, YTO BUXPh HANPSIKEHHOCTH DIICKTPUYECKOTO TOJIS PABEH
CKOPOCTH HW3MEHEHHS BEKTOpa MAarHUTHOW HWHAYKIMU C OOpaTHBIM 3HakoMm. U3
3aKOHA BJICKTPOMArHUTHOW MHAYKIUH CIEAYET, YTO AIEKTPUUECKUE CHIIOBBIC JIMHUU
HE00S3aTeNIbHO JOJDKHBI HAYMHATHCA W KOHYAThCA Ha DJICKTPUYECKUX 3apsjax.
MoryT cylecTBOBaTh 3aMKHYTHIC 3JIEKTPUUECKUE CUJIOBBIE JIMHWUH, OXBATHIBAIOIINE
CBOM BUXPH B BHU/IE€ IEPEMEHHOTO MAarHUTHOIO 10JIs (puc.2.6).

B dBi

Puc. 2.6. 3akoH 371€KTPOMarHuTHON MHIYKIUU

3HaK MHUHYC B 3aKOHE 3JEKTPOMArHUTHOW MHJAYKIIMHM WUMEET OIpeAesIeHHbIN
(bu3HUECKuil CMBICIT.
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[lyctes HampaBieHue o0xoja KOHTypa / W HOpMaJIU 7, K TOBEPXHOCTH S
BBIOpAHO TaK, YTOOBI OHM 00pa30BaIM MPABOBUHTOBYIO cucteMy (puc.2.7).

Puc. 2.7. 3Hak MUHYC B 3aKOHE€ 3JIEKTPOMArHUTHOW UHAYKIUU

Torga npu yBeIMYEHUH MarHUTHOTO 1oToka @ 3yeKTpoABMKyIas cuia (3.1.C.)

dd

e=——,
dt

HaBeJeHHas B KOHType, OyJeT OTpULIATENbHOM, T.€. HANpaBJIE€HHON B CTOPOHY,
MIPOTHUBOIIONOKHYIO HAMpaBIEHUIO 00X0Aa KOHTypa. TOK, BBI3BaHHBIN 3TOH 3.1.C. B
KOHTYp€, OyJIeT co3/1aBaTh COOCTBEHHOE MarHuTHoeE 1oJie @, HalpaBJIEHHOE TaK, YTO
OHO OyJeT NpenATCTBOBaTh YBEJIWYEHUIO (M3MEHEHHUIO) HCXOJHOIO0 MAarHUTHOTO
noJist. M3510)keHHOE MOJI0KEHUE SBIsAeTCs npaBuioM JleHna. MuaynupoBaHHbIe d.11.C.
UMEIOT  XapakTep CWl WHEpUuM W IpaBuino JIeHma BbIpakaeT  3aKoOH
DJIEKTPOMArHUTHOW MHEPLHH.

3.TpeTbe ypaBHEHHUE JICKTPOJMHAMUKH : 3aKOH HEMIPEPHLIBHOCTU MATHUTHOTO

I10JISI.
3aK0H HEMPEPHIBHOCTH MArHUTHOTO TTOJIsI B HHTETpaIbHOU popme:
§BdS =0
s (2.20)
WJIN O =0.

CornacHo 3TOMY 3aKOHY MarHUTHBIA MOTOK CKBO3b 3aMKHYTYIO MOBEPXHOCTh
paBeH Hy0. JlJist TOro 4ToOBI MOMYYUTh 3TOT 3aKOH B AuddepeHimaisuon Gopme,
ucnoJib3yem npeodpaszosanue Octporpaackoro-I'aycca

§Ed§=]div Bdv,
S |4
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KOTOPOE MO3BOJISIET 3anucaTh cooTHoIIeHue (2.20) B cieayromeM BUe:

jdiv BdV =0.
V

Tak kak 00beM V TTPOU3BOJICH, TO MOJUHTETPATHLHOE BRIPAKEHUE PABHO HYITIO

divB =0, (221

Mb1 nonyuunu 3akoH (ypaBHEHHE) HENPEPHIBHOCTH MArHUTHOTO TOJSI B
mnddbepeHnmanbHol  dhopme. OH TOKa3pIBACT, YTO MAarHUTHOE IOJE HE HMMECT
WCTOKOB. JIMHUY UHIYKIIMY MarHUTHOTO TOJISl BCET/Ia 3aMKHYTHIC.

3aK0H HEMPEPHIBHOCTU CIPABEJIUB JIJIs TIOOBIX TOJICH B 1000 cpelie MOTOMY
YTO B JIFOOOM Cpe/ie MHAYKIIMHU T10JIS YUUTHIBAIOT U BHEITHEE, U HaBEJICHHOE MOJIe.

4. YerBepToe ypaBHEHHE OJJIEKTPOAMHAMHUKHU: TEOpEMa O MOTOKE BEKTOpa
JJIEKTPUYECKON UHIIYKIUH.

TeopemMa O NOTOKE BEKTOpa JJIEKTPUYECKOM HWHAYKUWM B HMHTErPAIbHOU
opMe:

\P:§Ed§:jpdV=Q. (2.22)
S 14

CornacHo 3Toii TeopeMe MOTOK BEKTOpa JIEKTpUUEeCKod MHAYKIMK ¥ uepe3
3aMKHYTYIO TIOBEpXHOCTh PaBEH CyMMapHOMY CBOOOAHOMY 3apsny Q, KOTOpHIi
HaXoAUTCA B 00beMe, OTPaHUYEHHOM 3TON MOBEPXHOCTBIO.

Jisa Ttoro uytoObl MOMY4YUTH 3Ty Teopemy B auddepeHunanbHOu Qopme,
ucrnoibzyeMm mpeodpazoBanue Octporpajackoro-I'aycca. C y4yeTomM Mpou3BOJIBHOCTH
o0beMa MOTYIHM 3Ty TEOPEMY B CIEAYIONIEM BUJE:

divD =p. (2.23)

CornacHo 3TOM TeopemMe AMBEPreHIUs BEKTOpa JJIEKTPUUYECKOW WHIYKIIMU
paBHa OO0BEMHOW IUIOTHOCTH CBOOOJHBIX 3apsifioB B KaXJAOW TOYKE IOJIS.
Hcrounnkamu BeKTOpa SJEKTPUUYECKON HHAYKIMH SBISIOTCS TOJBKO CBOOOJHBIC
3apanel. [losToMy BBeleHHE BeKTOpa D MO3BOJIAET MONYYUTh OYEHb YHOOHBIE
COOTHOIICHHS MEXIY IMOJIEM U 3apsiiaMu, B KOTOPBIX HE (GUTYypUPYET MOJSIPU3ALIUS
cpeabl. CUJIOBBIE JIMHUM 3JIEKTPUYECKOTO IMOJS HAYMHAIOTCA HA TOJIOKUTEIbHBIX
3apsaax U OKaHYMBAIOTCS HA OTPULIATEIIbHBIX.
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5. CnencTBus U3 MEPBOIO U YETBEPTOrO YPABHEHUMN AIEKTPOJUHAMUKH: 3aKOH
HENPEPHIBHOCTH MOJHOTO TOKA U 3aKOH COXPAaHEHUS 3aps/a.

3aKoH MOJHOTO TOKa B AM(depeHnanbHoi popMe ONMUCHIBAETCS MEPBBIM
ypaBHEHHEM JJICKTpoAHAMUKH (2.16). Bo3zbMeM 0T 00eux yacTei 3TOro ypaBHEHHS
JUBEPIeHIIUIO:

divrot H =div (0 + a;l—lt))

Tak Kak IMBEPreHIMs JIEBOM 4aCTH YPaBHEHUs BCEIAA paBHA HYJIIO, TO PaBHA
HYJIIO ¥ AUBEPreHIN PABOM:

div (6 +il—1? )=divé,, =0. (2.24)

[TonmydeHHOe  BBIpaXXCHHE  HOCHT  Ha3BaHWE  3aKOHA  (ypaBHCHHS)
HETPEPBIBHOCTH IMOJIHOTO TOKa B auddepeHimanbpioi GopMe U MOKa3bIBaeT, YTO
HOJIHBIA TOK HEIPEPHIBEH.

J1J1s ToNTydeHHst TOr0 3aKOHA B HHTETPAIbHOMN (hopMe IMPOUHTETPHPYEM €I
10 TIPOU3BOJILHOMY 00BeMY V :

[div (5+d—D)dV =0
4 dt

u yuteM npeoOpazoBanue Octporpajackoro-I'aycca. B uTore Mbl moiaydyuM 3aKoH
(YypaBHEHHE) HENPEPLIBHOCTH MOJHOTO TOKA B MHTETpadbHOU opme:

- dD -
§(o+=")ds =0, (2.25)
S

COTJIACHO KOTOPOMY MOJIHBIM TOK YEPE3 3aMKHYTYI0 TOBEPXHOCTh PABEH HYJIIO.
Eciu 31eKTpUYECcKOe TI0JI€ TIOCTOSHHO, TO dD/dt =0, TOK CMEIEeHns paBeH

HYJII0O M 3aKOH HCIIPCPBIBHOCTHU ITOJHOI'O TOKAa INCPEXOAUT B 3aKOH HCIIPCPLIBHOCTH
IMTOCTOAHHOI'O TOKA.

j}g‘dg — () — MHTerpajbHas Gpopma;
S
divd =0  — nuddepennuansuas hpopma.

I[JI}I BBIACHCHUA (bHSI/I‘ICCKOFO CMBICJIa J2TOI'O 3aKOHa Hpe,Z[CTaBI/IM cro B
CIIEAYIOLIEM BUJE
——  +dD -  de— -
§5d5:—§—d5=—— Dds.
S S dt dt <
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WHterpan B JeBOW 4YacTU YpaBHEHUs NpeACTaBIsieT COOOM TOK MepeHoca,
BBITEKAIOIMNIA U3 o0bema V (purc.2.8) uepes OKpyKarollyr ero MOBEPXHOCTH S :

§5d§:J=@,
] dt

rae dQ — 3apsan, TpoTEeKaroINil Yepe3 MOBEPXHOCTh 3a BpeMms dL.

Puc.2.8. 3akoH HENPEPHIBHOCTU MOJHOTO TOKA

NHTerpasi B NpaBOM  YacTU COIVIACHO TEOpEeMEe O IIOTOKE BEKTOpa
ANEKTPUUECKON UHIYKIIUU PABEH 3apsly, HaXoAsImeMycs B oobeme V :

svz{DEdE:Q,
S

Tac ¥ — NOTOK BCKTOpa SHCKTpI/I‘IeCKOﬁ WHAOYKIIHH.
HOC—)TOMy Hall€ YPAaBHCHUC MOJKHO 3aIllMCAaTh B CIICAYIOIICM BUJC!

J=_4a9
dt
nJINn
| dr (2.26)

MpbI OAy4YMIN 3aKOH COXpAaHEHUs 3apsJia B UHTErPAIbHOU dhopme:
CHWJIa TOKa, MPOTEKAIOIIEro CKBO3b 3aMKHYTYIO IOBEPXHOCTb, paBHa CKOPOCTH
U3MEHEHMS 3apsija, HaxXoJsAIIerocs BHYTpM oOObEeMa, OIrpaHUYEHHOTO ATOU
MOBEPXHOCTHIO, C 00PATHBIM 3HAKOM.

Hcnonw3ys teopemy Octporpanckoro—I'aycca

§Sd§ - j div odV,
S 14
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MOJIyYUM COOTHOIIeHUE (2.26) B CleAyIOIIEM BUJIE:
[div sav = —jd—pdV.
s 5 dt

BBuay mnpoM3BOIBHOCTH B3SITHIX OOBEMOB, IMOAUHTETPATBHBIC BBIPAKCHUS

TaK)K€ OJIMHAKOBBI:
divs =P (2.27)
dt

MpI monyuniu 3aKOH coxpaHeHus 3apsna B auddepeHnmansHoit dopme. U3
3TOM (OpMBI 3aKOHA BHUJHO, YTO MCTOYHHUKOM TOKa SIBJIIOTCS WM3MEHSIOIIMECS BO
BpeMeHHU 3apsibl. JIMHMM TOKa HA4YMHAIOTCA Tam, A€ 3aps] yMEHbLIaeTcs, U
KOHYAIOTCS TaM, /i€ OH yBeJlnuuBaercs. JIMHUM Toka IpeTepreBaloT pa3pbiB TaM, I'1e
IPOUCXOIUT U3MEHEHUE 3apsija.

Takum 00pazoM, 3aKOH COXpaHEHUs 3apsjia SBISETCS CIEICTBUEM U3 TIEPBOTO
Y YETBEPTOT0 YPaBHEHUH 3JIEKTPOAMHAMUKHY.

W3 mnpuBeIEeHHBIX COOTHOIICHWH JETrKO YCTAHOBUTHh (DU3UYECKUN CMBICI
3aKOHA HENPEPBIBHOCTH IOJHOTO TOKA.

Ecimu u3 o6vema V (puc.2.8) BbITekaeT TOK nepeHoca J , To 3apsig B o0Obeme
ymenpmaercs. [Ipu 3ToM ymesbiiaercs notok VW MHAyKIHMHM 4epe3 MOBEPXHOCTH S,
OXBAaTHIBAIONIYI0O O00BEM, T.€. B O0OBEM BTEKAeT TOK CMeUIeHHs. Tak Kak MOTOK
BEKTOpa HWHIYKLUWHM paBeH 3apsay, TO O3TU TOKH pPaBHbl IO BEJIHYUHE H
IIPOTHUBOIIOJNOKHBI 0 3HaKy. MIX cymma, Ha3biBaeMasl MOJIHBIM TOKOM, paBHa HyJt0. B
ciyudae KoHjaeHcaTopa (puc.2.5) B 00beM, OrpaHUYEHHBIN MTOBEPXHOCTHIO S, BTEKAET
[0 MPOBOJy TOK IepeHoca J, a BHITEKAET B MPOCTPAHCTBO MEXY OOKIaJKaMu TOK
cmenieHus J... [IoqHbIi TOK B 1IeNU NOdy4aeTcs HENPEPbIBHBIM.

PaccMoTpeHHbIE BBIllI€ 3aKOHBI U YPAaBHEHHS COBMECTHO C MaTepHUabHBIMU
YpaBHEHUSIMHU, YYHUTHIBAIOIIMMH CBOWCTBA CpElbl, 00pa3ylOT IMOJIHYI0 CHUCTEMY
ypaBHEHUH oayekTpoauHaMuku. [loiHas cuctema ypaBHEHMI AJIEKTPOJUHAMUKH
BKJTFOUAeT B ce0s (1abm.2.4):

1) yeTblpe OCHOBHBIX ypaBHEHHUSI, OMPEACIISIONIMX BUXPH U UCTOKU JIIEKTPO-
MarHUTHOTO 1MOJIs ((pyH/IaMEHTaIbHas CUCTEMa YPAaBHEHUH AJICKTPOJMHAMUKH );

2) Tpu ypaBHEHHS], YYUTHIBAIOIIUX apaMETPhl CPE/IbI;

3) ABa AOIOJHUTENBHBIX YPABHEHHUS, KAK CJIEICTBHS U3 OCHOBHBIX.

Cucrtema  ypaBHEHMH  DJIEKTPOJMHAMHUKM  HCUEPIBIBAIOIIUM  00pa3oM
XapaKTEPU3YyeT JIIEKTPOMATHUTHOE Tone. M3 3TuX ypaBHEHUH CIEOyeT, YTO
AJIEKTPOMArHUTHOE TMOJi€ MpeicTaBisieT co0od ocobyio ¢dopMmy MaTepuw,
XapaKTEPHYIO TEM, YTO OHA OCYIIECTBIISIET B3aMMOJICUCTBHE AIIEKTPUUECKHUX 3apsI0B
U CBS3bIBa€T MX B e€AMHYI0 cucteMy. [lone u 3apsabl mpH 3TOM BBICTYMAIOT Kak
dbopMBI  TIPOSIBICHWSI 3TOM  €IUHON  MaTepHaIbHON  CHCTEMBI. YpaBHEHUS
ANEKTPOJUHAMUKH OMPENIEISIOT KaK 3aKOHbI B3aUMOJICHCTBUS TOJISL U 3apsI0B, TaK U
BHYTPEHHHE CBOWCTBA CAMOT0 3JIEKTPOMArHUTHOTO TOJISL.
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OJIEKTPOMArHUTHOE IoJ€ - OTO COBOKYNHOCTh B3aWMOCBS3aHHBIX
AIIEKTPUYECKOTO M MAarHUTHOTO TOJieH, 3TO (opmMa MaTepuH, CYIIECTBYIOLIEH BO
BPEMEHH U MPOCTPAHCTBE OOBEKTUBHO, BHE HAIIIETO CO3ZHAHUSI.

DNeKTpUYeCcKOe U MarHUTHOE T0JIE €CTh ABE XapAaKTEPUCTUKH, JIBE (POPMBI
MPOSIBJICHUS 3JIEKTPOMATHUTHOTO TOJISI.

VYpaBHEHUSI 3IEKTPOAUHAMUKN OIMCHIBAIOT OYEHb IIUPOKUN KPYyT SIBJICHUU,
U3y4aeMbIX B paauoTexHuke. OAHAKO HMX NPUMEHEHHE OTPAHUYEHO H3BECTHBIMHU
npeaenamu. OHM HENPUMEHHMMBI: JUISI aTOMHBIX SIBIICHHMM, TZI€ Hy>KHa KBaHTOBAas
TEOpHUs TOJISL; JIsl CKOPOCTEH, OJIM3KUX K CBETOBBIM, T'/Ie HEOOXOAUMO MCIOJIb30BaTh
TEOPHUIO0 OTHOCUTEIBLHOCTH.

[lepBbie yeThIpe YypaBHEHUS DJJICKTPOJWHAMUKH (Tabn. 2.4) o00pa3yroT
GyHIaMEHTAILHYIO CUCTEMY YPaBHEHUH dJieKTpoauHamMuku. OHU CTIpaBeJIUBBI IS
mo0oit cpenpl. [lapaMeTpsl cpenbl B HUX HE BXOHAT. J[Jist TOro, 9TOOBI CUCTEMA ITUX
YpaBHEHUH cTaja MOJTHOW, T.e. YTOOBI MPU HEKOTOPHIX JOMOJHHUTEIHHBIX YCIOBUIX
OHAa OJTHO3HAYHO OTPEJIEeIsiia MoJjie, K Hei 100aBIeHbI ypaBHEeHUs S5, 6 u 7 (Tab6m.2.4),
YUUTBIBAIOIINE CBOMCTBA CPEABI MPU MOMOIIU HapaAMETPOB &,, L, U Y. DTU YPAaBHEHUS
HAKJIAJbIBAIOT JOMOJIHUTENIbHbIE CBA3UM Ha BEKTOPHI Mois. B oOmem ciyyae oHu
SBJISIFOTCS] HEJIMHEWHBIMU, TaK KaK IapaMeTpPHl €,, L, U Y 3aBUCAT OT IoJer. B nepsom
NpUOMKEHUH WX MOXKHO CUMTaTh JuHeHHbiMU. ClieyeT uUMeThb B BHUIY, YTO
apameTpsl €,, U, U Y 3aBUCAT M OT YaCTOTHI. DTa 3aBUCUMOCTH CTAHOBHUTCS Ooiiee
CUJIBHOW B CAaHTUMETPOBOM JMAIla30HE BOJH U OYEHb CHJIBHOM B ONTHUYECKOM. Y
dbeppOMarHUTHBIX MaTepUaIOB | C POCTOM YacTOThl yMEHBINACTCS © B
CaHTUMETPOBOM JMaNa30HE BOJH OTHOCUTENIbHAs MAarHuTHas MPOHUIIAEMOCTh
COCTABJISIET HECKOJIBKO €IMHUILL, a JUIsl IOCTOSSHHOIO TOKA OHA COCTABJISIET HECKOJIBKO
COTEH.

JIns MMHEWHBIX Cpell MOJIHASL CUCTEMa YPAaBHEHUH dJIEKTPOJUHAMUKHU SIBJIETCS
JIMHEWHOW, T.€. BCE IEPEMEHHBIE BETUYMHBI BXOJAT B HEE B [IEPBOU CTEIIEHMU.

VYpaBHEHUsT D3IEKTPOJWHAMHUKH ONPENEISAIOT, KaK MPOTEKAKT d3IEKTPO-
MarHUTHBIE MPOIECCHI B MPOCTPAHCTBE U BpeMeHU. OHM MO3BOJSIOT MO0 HAYAJIbHBIM
JAHHBIM HaWTH COCTOSIHUE TIpoliecca B J1000H MOMEHT BPEMEHHU.




[TonHas cucrema ypaBHEHUM 31eKTpoauHaMuku (D /1)

Tabnuma 2.4
Jlndbgepen- HNuTerpanbHas KommnekcHas .
HanmenoBanue HUaJIbHAs PU3NYECKNUN CMBICIT
(bopma dbopma dbopma
| 2 3 4 5

Yetbipe 0OCHOBHBIX ypaBHeHUs (MakcBeia), onpen

eJISIOIINE BUXPH (TIEPBOE U BTOPOE) U UCTOKH (TPEThE U YETBEPTOEC)
aneKTpoMarHuTHOro noiig (OMII). DyHnaMeHTaIbHAs CUCTEMA YPaBHEHUI AIEKTPOIMHAMUKHI

— [TprunnOM YpaBHEHUS yCTaHABINUBAIOT
_ § Hdl = BO3HHUKHOBEHHUS | CBSI3b MEXK]ly IEPEMEHHBIMU
1. ITepBoe rotH=0 + d£ ! _ BUXPEBOTO AIEKTPUUYECKUMU U
ypaBuenue DJI- dt | _ J’ ( S+ d_D ) ds [7 B 3 ) 5 MarHUTHOTO MOJIS MarHUTHBIMHU TOJISIMH.
3aKOH IOJIHOTO S dt rot i =0+ job | qpngerca B paBHoli | IlepemeHHBIE BO BpEMEHU
TOKa CTECNIEHU U TOK | MArHUTHOE U 3JIEKTPUUECKOE
(2.16) (2.17) nepeHoca o , ¥ TOK TI0JIs1 Pa3eIbHO
CMEIICHUS dﬁ/ dt |CylIecTBOBATh HE MOTYT, OHU
CBSI3aHBI IPYT C APYTOM H
2. Bropoe B JB i; Edl =— i J BdS DIEeKTpUIECKOe oOpasyroT equnoe DMIL.
ypaBHeHue /- | rot E = —7 f dt < rot E _ TI0JI€ UMEET BUXPU Bcskoe nusmenenue
3aKOH 3JIEKTPO- ! N TaM, TIae 3JIEKTPUYECKOTO OIS BO
MarHUTHOM =—jwB W3MEHSIEeTCS BPEMEHU BBI3bIBAET
VHIYKIH (2.19) (2.18) MAaTHHUTHOE TIoJIe MOSIBJICHHME MAarHUTHOI'O U
HA00OpOT.
3. Tpetne o He cyiiecTByIOT peanbHble MAarHUTHBIC 3aps/ibl, HA|
ypaBHeHue /] — divB=0 j BdS =0 (le B=0 KOTOPbIX HAYMHAIOTCS WJIM OKAHYMBAKOTCS JIMHUH
3aKOH S SBJICTCA MAarHUTHOM MHAYKIUUA B,T.e. MAarHUTHOE I0JIE HE
HETIPCPBIBHOCTH CICACTBIEM 13 AMEET UCTOKOB U SIBJISETCSA YNCTO BUXPEBBIM
MarHiuTHOTo (2.21) (2.20) SToporo nojeM. JIMHUM MarHUTHOW UHAYKLMS B BCerja
S ypaBHEHUS )

3dMKHYTBIC.




[Tponomxenue Tadbauisl 2.4.

1 2 3 4 5
4.Yerseproe _ LTS B
ypaBHenue OJ[—| divD=p ﬂ.}D ds = ,[ pdv divD=p Jlunns Bextopa D MOTYT OBITH M HENPEPHIBHEIMU
TeopemMa o 5 4 (ABIAETCA (3aMKHYTBIMH) ¥ pa30MKHYTBIMH, T.€. HAUMHATHCSA
MOTOKE BEKTOPA (2.23) (2.22) CACACTBUCM U3 |y xoHuaThCs Ha 3apsgax. DIEKTPHIECKOE HOJIe
AIEKTPUICCKON TepBoro UMEET UCTOKH TaM, IJe €CTh 3apsIbl.
WH Ty KITHHI YpaBHEHMUS)
Tpu ypaBHEHUS, YUYUTHIBAIONINE TTAPAMETPHI CPEJIbI
5. D=¢,E (2.12) D=¢,E
6. B=u,H (2.15) B=uH
7. dud- C
depermuansHas B - o BSI3b BEKTOPOB TIOJISI C TIapaMeTpaMu CPEIbI.
dbopma 6=y(E+E,,) (2.14) S =yE+7,,
000011IEHHOT O

3akoHa Oma

J_—[Ba JOITOJTHUTCIIBHBIX YPABHCHHUA, KAK CJICACTBHC M3 OCHOBHBIX

8. 3aKoH
HETIPEPHIBHOCTH
TIOJTHOTO TOKA,
KaK CIIC/ICTBHE
U3 TIEPBOTO
ypaBHeHHs D/]

div (5 + d—D) =
dt

=divé,; =0

(2.24)

— dDh ~—
£(5 += ) =
=§6,dS =0

S

(2.25)

div gH =0

JIMHUM TIOJTHOTO TOKA SBJISIIOTCS HCIIPCPBIBHBIMU.




[Tponomxenue Tadbauisl 2.4.

1 2 3 4 5
=5 d
foas =—=1 pdv
s dty,
U 3aKOH CBSI3BIBAET MEXKIY COOOIO 3apsbl U TOKH.
Je_ dQ W cTOUHMKOM TOKa SIBISIOTCS U3MEHSIOIIHNECS BO
9. 3akoH divs —— dp dt’ R BPEMEHM 3apsiibl. JINHUM TOKAa HAYNHAKOTCA TaM,
COXpaHEHUs dt T.K. divd =—jwp | TIe 3apsAl yMEHbIIAECTCS, U KOHYAIOTCS TaM, Ie
3apsaa (2.27) J= § 5dS. OH yBesnnuuBaeTcs. JIMHUM ToKa mpeTeprneBaoT
< pa3pbIB TaM, Ie NPOUCXOIUT U3MEHEHHUE
Q- J- SV 3apsja.
)
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2.2.2. CucremMa ypaBHEeHHUIl 3JIEKTPOAUHAMMKHN B KOMILJIEKCHOI (popme

B paguorexHuke B OOJIBLIIMHCTBE CIy4YaeB MCIOJB3YIOT AJIEKTPOMAarHUTHBIE
10JIs, HAIPSDKEHUS, TOKH, MEHSIOIIMECS M0 FapMOHUYECKOMY 3aKOHY BO BPEMEHH.
[TooToMy HamOOJBIIUKA HWHTEPEC U MPAKTHUYECKYI0 Ba)XXHOCTh IPEJICTaBIISIET
pPAacCCMOTPEHHE MOHOXPOMATHYECKUX TOJIEH, MEHSIOMMXCA [0 TapMOHUYECKOMY
3aKkOoHy BO BpemeHM. Kak Oyner mokasaHO HMXKE, 3apaHee 3aJaHHas 3aBUCUMOCTD
10JI1 OT BPEMEHU CYLIECTBEHHO YIPOLIAET CUCTEMY YPABHEHUM 3JIEKTPOMArHUTHOIO
0JISI, @ TAKIKE €€ PELICHHUE.

Ecnu HekoTopasi BennuuHa A, XapaKTepu3yrollas 3JIEKTPOMarHUTHOE IMoJie
(3apsiA, TOK, BEKTOp IMOJISI), SIBJSETCS TApMOHUYECKON (PYHKIMEH BpEeMEHH, TO €€
3aBUCUMOCTb OT BPEMEHHU MOKET OBbITh 3allMCaHa B CIEAYIOIIEM BUJE:

A=A, -cos(a)t + qoo),

MIHOBEHHOE 3HAYE€HUE BEJIMUUHBI,

rie A= A(x,y,z,t)

A, =A (x,y,z)- ammouryza (He 3aBHCHT OT BpEMEHH);
at+ @, - MrHOBeHHas (a3a;

w - Kpyrosas (yrjioBas) 4acToTa;

@y =@, (x, y,z) - HayaybHas ¢aza (He 3aBUCUT OT BPEMEHH).

AHanu3 BEJIIMYWH, MEHSIOIIUXCSA M0 TAPMOHUYECKOMY 3aKOHY, YJI00€H Ipu
UCIIOJIb30BAaHUU METOJIa KOMIUIEKCHBIX 0003HaueHui. MeToll KOMIIJIEKCHBIX
0003HauYeHUN MTPUMEHUM K YPaBHEHUSM AJIEKTPOMATHUTHOTO TOJIA TOJIBKO B ClIydae
UX JUHEUHOCTH, T.€. KOT/Ia YPABHEHUS, YUUTHIBAIOIINE [TAPAMETPhI CPE/Ibl, TUHEHHBI.
JI719 HEMTMHEWHBIX CPESl ATOT METO]T HEMIPUTOJICH.

OCOOEHHOCTBIO TapPMOHUYECKOM BEJIMYMHBI, 3aMHCAHHOW B KOMILIEKCHOM
dopme, sBIseTcs TO, 4TO nudPepeHnHpoBaHWEe €€ TI0 BPEMEHH 3aMEHSETCS

YMHOX€HHEM Ha MHOXUTEIb j@, T.€. 3HAKy MPOU3BOJIHOMN % COOTBETCTBYET

4
MHOXHWTEIb | .

[Tpu 3amucu cucTeMbl YpaBHEHUU 3JIEKTPOJUHAMHUKM B KOMILUIEKCHOW (hopme
OyJeM cuuTaTh, YTO OHA JMHEHHA U YTO BCE BEIMUYMHBI, BXOJSALIUE B HEE, MEHSIOTCA
10 TAPMOHUYECKOMY 3aKOHY.

B sTom ciiydyae ypaBHEHUsI AJEKTpOAMHAMUKHU B auddepeHimanbHoi popme
IPUMYT BUJ:

1. IlepBoe ypaBHEHHE 3IEKTPOANHAMHUKY - 3aKOH IIOJIHOTO TOKA:

rot H = jcof) +9. (2.28)
2. Bropoe ypaBHEHHE IICKTPOIMHAMUKH - 3aKOH DJICKTPOMArHUTHOW MHTYKIIHH:
rotE=—jwB. (2.29)

3. Tpetrbe ypaBHEHUE SIEKTPOAMHAMUKH - 3aKOH HETIPEPHIBHOCTA MArHUTHOTO TTOJIS:
divB =0. (2.30)
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4. YerBeproe ypaBHEHHE DJJIEKTPOAMHAMHMKHA — TEOpeMa O TMOTOKE BEKTOpa
AIEKTPUYECKON UHTYKIIUHU:
divD = p. 2.31)
5. YpaBHEHUS, yUUTHIBAIOIINE ITAPAMETPHI CPEBI:
D=¢FE, (2.32)
B=uH, (2.33)
S=yE+5,,. (2.34)
6. CnencrBusi U3 OCHOBHBIX YPAaBHEHUM:

3aKOH HCIIPCPHLIBHOCTHU ITOJIHOI'O TOKA
divs, =0; (2.35)
3daKOH COXPAaHCHHIA 3apiaaa
divd =—jap. (2.36)

Ec/u NpOU3BECTH COKpalleHHe NPUBEIEHHON CHCTEMb] YpaBHEHHiT Ha e’/“’ | To
Mbl TMOJY4YUM CHUCTEMY YpPaBHEHUW JJIEKTPOAMHAMUKH, 3alHMCAHHYIO IS
KOMILUIEKCHBIX aMIUIUTYI.

Cucrema ypaBHEHUH 3JIEKTPOJAMHAMUKY B KOMILIEKCHON (hOpMe CYIIECTBEHHO
OTJIMYAETCSI OT CHUCTEMbl YPaBHEHUW DJIEKTPOAMHAMUKM B ClIydae IIOJEH C
IIPOM3BOJIBHOW BPEMEHHOW 3aBUCMMOCTBIO. B ciydae mosei ¢ IpOU3BOJIBHOU
BPEMEHHOM 3aBUCHUMOCTBHIO YETHIPE OCHOBHBIX YPaBHEHUS AJICKTPOJUHAMUKH ObLIN
B3aMMHO HE3aBHCUMBL. J[1 rapMOHHMYECKHX IIOJIEM TPEThE YPABHEHUE SIBIACTCS
CJIEJICTBHEM W3 2-T0, a YSTBEPTOC ypaBHEHUE - cleACTBUEM U3 1-To. UTo ObI moKa3aTh
3TO, BO3BMEM OT 2-IO YPaBHEHUSI TUBEPIEHIIUIO:

divroth—ja)divﬁ.

Tak xak divrot E=0, To div B =0. MbI nony4uiiu TpeThe ypaBHEHHE.
Bo3bmem Tenepb IMBEpreHIuio oT 1-ro ypaBHEeHUS:

divrot H = jo divD +div5 .
Tax kax divrot H = 0,awus3 YpaBHEHHS (2.36)
divo =—jop ,
TO jwdivﬁzjwp,
OTKYyJ1a divD = o

MpbI OIy4YnIIN YETBEPTOE YpPABHEHHUE.

B3anM03aBHCHMOCTE  YpaBHEHHMI YINPOINAET CHUCTEMY YpaBHEHUW ISt
rapMOHUYECKUX TOJIEH, a TaKkKe €€ pelleHue.

BBenem noHsiTHE KOMIUIEKCHOU JUAJIEKTPUUYECKON MPOHUIIAEMOCTH, ISl YeTro

ImoaCTaBUM B IICPBOC YPABHCHUC DJICKTPOJUHAMHUKHN 3HAYCHUC TINIOTHOCTH TOKaA o u3
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(2.34) u 3nayenue unaykuuu D n3 (2.32):
rotH=jogE+yE+J,, .
Ha3zoBemM cyMMy IUIOTHOCTH TOKa CMEILEHHUS W IUIOTHOCTH TOKa IPOBOJUMOCTH

IINIOTHOCTBHIO ITOJIHOI'O TOKA 5172

gnzéi+§y=jweaﬁ+7ﬁznga 1- -2 |E.
we,

KomnuiekcHast TnasiekTpudeckas IpOHUIIAEMOCTh OMPeIesIeTCsl CaeayoIei
dbopmyon

: 4 Y
E,=e|l-j——|=¢,-j~ . (2.37)
&, ®
B »sToM  BBIpaXEHHMM  MEpBOE  ClIaraéMO€  YYUTBHIBACT  OOBIYHYIO
JTUAJIEKTPUUYECKYIO TPOHUIIAEMOCTh, BTOPOE CaraéMoe - MpOBOJUMOCTb CPE/IbI.
C yuerom (2.37) NIOTHOCTh TOJIHOTO TOKa OMNPEAETAETCS CIIECIYIOIMNM

BBIPA)KCHUEM:

O p=jwé,E.

W3 mpuBeneHHBIX BBIPAKEHHUH CJIEIyeT, YTO TOK MPOBOAMMOCTH CHH(]a3eH ¢
HANPSHDKEHHOCTBIO 3JIEKTPUYECKOTO MOJIs, TOK CMELIEHUsl CABUHYT 1o (aze Ha 90°, a
IUIOTHOCTh IIOJIHOTO TOKa CABMHYTa IO (pa3e OTHOCUTEIIBHO TOKA CMEIIEHUs Ha

HEKOTOpbI yron @, (puc.2.9).

c

E

4

&qu"

Puc.2.9. ITonHbIl TOK U YroJl JU3JIEKTPUUECKUX TOTEPD
W3 npuBeIeHHOTO PUCYHKA BUJIHO, YTO

o, vy

7 —
o, we,

C

g0, = (2.38)

Bennumnna 1g @, HA3bIBACTCA TAHI'CHCOM YTIJId AUSJICKTPHUYICCKUX ITOTEPD. Toxu

CMEUIEHUS CABUHYTHI MO (pa3e OTHOCUTENIBHO 3JIeKTpruuecKkoro noig Ha 90°, mosromy
OHU HE pacceuBarOT MOIIHOCTH. OHM MOTYT CyIIECTBOBaTh B BaKyyMe, Iie OTEPU
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OTCYTCTBYIOT. TOKM TPOBOAMMOCTH CHH(A3HBI C OJJIEKTPUYECKUM TOJIEM U
paccenBarOT MOUIHOCTh Ha Teruio. Yem Oobllle TOKA TPOBOJUMOCTH, TEM OOJbIIE
TAHI'€HC yrja MOTepb U TEM OOJIbLIE TEIJIOBBIE MOTEPH, U MO3TOMY yIrOd ¢, HOCHUT
Ha3BaHUE yIJa JUAJIEKTPUUYECKUX MTOTEPD.

B 3aBucMMOCTH OT BEIMUYUHBI g @, CPEABI PANIMYAIOTCS HA JUDJIEKTPUKU U

MPOBOJHUKH.
JMDIeKTPUKOM Ha3bIBAETCS CPe/Ia, B KOTOPOM MPeo0IagaroT TOKU CMEIICHHUS:

5.9,
T.C.

tg ¢ (1.
Ecnu B cpene tgp, =0 (7/ = 0), TO OHA HA3bIBACTCS UIACATBHBIM JIUDJIECKTPUKOM.

[IprMepoM Takou Cpenbl SBISIETCS BAKYYM.
[IpOBOJTHUKOM  Ha3bIBa€TCd Cpela, B  KOTOPOM MpeodsajaroT  TOKHU
IPOBOJMMOCTH:

5N6..

B sTom cnyuae

g o N1
Ecnm B cpene fgo, :oo(y:oo), TO OHa Has3bpIBaeTCsA HJACAIbHBIM

IIPOBOJAHUKOM. HpI/IMepOM TaKou CpCAbl ABJIAKOTCA MCTAJUIBI IIPU BOBHUKHOBCHHU B
HHUX ABJICHUA CBCPXIIPOBOANUMOCTH.

Tak kak BeIMUYMHA TaHI'C€HCA yriia IOTCPpb 3aBUCUT OT 4AaCTOTHI, TO OJHA W Ta
JKC Cpca B 3aBUCUMOCTHU OT 4aCTOThI MOKCT OBITH U AUDJICKTPUKOM U IIPOBOIHUKOM.
B JJIIMHHOBOJIHOBOM  JTHMAIIA30HC PAaAHOBOJIH IIOBCPXHOCTH 3CMIIM  ABJIACTCA
IMPOBOJHUKOM, a4 B ACHMUMCTPOBOM JIHUAIIA30HC OHA ITPOABJIACT cebs KaK AUDJICKTPHK.
ITo MCPC YBCIMYCHHUA YaCTOTHI CpCAbl BCC OopIIe MMPOABJIAIOT JUBJICKTPUICCKUC
CBOMCTBA 3a CUET YBCIIMYCHUSA TOKOB CMCIICHUA.

2.3. I'panuy4HbIe YCI0BUA YIEKTPOAMHAMUKH

DIEKTPOMArHUTHOE TOJIE YIAOBJIETBOPSET YPAaBHEHUSIM SJIEKTPOJUHAMHUKUA U
3aBUCHUT OT HaYalbHBbIX YCJIOBHM M CBOWCTB cpeabl. Kpome Toro, peanpHOe
AJIEKTPOMArHUTHOE TIOJIE  CYIIECTBYeT HE B  OE3rpaHMYHOM  OJHOPOIHOM
IPOCTpPaHCTBE, a B O0JACTH TMPOCTPAHCTBA, HMMEIOIIEH OMpeaesieHHbIE TPaHUIBI.
Hampumep, mone wucmnoiab3yeMoe B PpaguOCBs3H, PACIPOCTPAHSETCS B 001acTH
MPOCTPAHCTBA, OTPAaHUYEHHON TMOBEPXHOCTHhIO 3eMiu U uoHochepoil. Bomna,
pacmpocTpaHsIomascs B BOJHOBOJE, CYIIECTBYeT B OO0JacTH, OTpaHUYEHHOMN
CTEHKaMH BOJIHOBOJA.

B OompmmHCTBE CilydaeB MBI TPAKTUYECKH BCTpEYaeMcsi C KYCOYHO-
ONHOpPOAHBIMU cpeaamu. Ha rpanumax paszzgena oOnacTeld KyCOUYHO-OAHOPOIHOM
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Cpellbl €€ MmapameTpbl MEHSIOTCA CKAYKOM, IIO3TOMY CKOPOCTh MX MU3MEHEHHS U UX
IIPOU3BOAHBIE 10 KOOPJIMHATAM B HAIIPABJICHUHM HOPMAJIM Ha IPAHUILIE pa3/iesia PaBHBI
OECKOHEYHOCTH UM YpaBHEHHMsI SJEKTPOJAMHAMHUKU B JuddepeHunansHoil dopme
HEIMPUTOJHbI Ha rpanulie obnacrei (puc. 2.10).

['panunua paznena

Cpenal
‘C"ls/'llayl

ErsHys7 >

Puc. 2.10. Kycouno-onHopoaHas cpena

Ha rpanune pasnena ypaBHEHHUS SJEKTPOJMHAMHKU MPUOOPETAIOT 0COOYIO
dbopMy, Ha3bpIBAEMYyI0 I'DAHUYHBIMHU YCIOBUSAMU. (711 BBIBOJIA TPAHUYHBIX YCIOBHU
UCTIOJIB3YIOTCSl YPaBHEHUS JICKTPOIUHAMUKN B HHTETPAIbHOHN (opme.

2.3.1. I'panuyHbIe YCJIOBHUSA IJIEKTPOAMHAMUKHU B 00111eM BU/1€

BekTophl 271IeKTpOMAarHUTHOTO TOJISI, MPUHAJIEKAIIME OKPECTHOCTH TOUKH 0,
NPUHSATO pa3jiaraTh Ha KacaTesbHbIC (TaHTCHIIMAIbHBIE) K HOPMaJIbHbIE
cocrapisitomue. Tak, Bektop E (puc.2.11) MokeT ObITh IPECTABIEH B BUJIE

E=E,n +E,n,.
31ech n,,7n,— €ANHUYHBIE BEKTOPHI TAHTCHIIMAIIBHOTO ¥ HOPMaJIbHOT'O HaIlpaBJICHUH,
aE,,E, — TaHrennuanbHas (kacaTeIbHas) i HOPMaIbHAsk COCTABIISIONIAs BEKTOPA
HaIPSY)KEHHOCTH 3JIEKTPUYECKOTO MOJIS.

A
n,

0=
Et
Puc. 2.11. Paznoxxenue Bektopa E Ha TaHTeHIIMaNbHbBIC (KacaTeIbHBIC) U
HOpPMaJIbHBIE COCTABIIAIONINE
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KaxnoMy ypaBHEHMIO DJIEKTPOAMHAMHMKHA COOTBETCTBYET CBOE TI'PAaHUYHOE
YCJIOBHE, IO3TOMY BHECEM IPAHUYHBIE YCIIOBUA B Ta0JI. 2.5 B TOM K€ MOPSAJKE, UTO U
YPaBHEHHUS JJIEKTPOIUHAMUKH.

['paHnyHBIC YCIIOBUS NEKTPOAUHAMUKA Tabmuma 2.5
I'pannunoOe ycimoBue DopMyIMpPOBKA IPAHUYHOTO YCIOBUSA
Ha rpanune pasnena 1Byx cpen KacareibHas
1. JInst Hanps>KeHHOCTH COCTABJISOIIAS] BEKTOPA HANPSHKEHHOCTH
MAarHUTHOIO MOJIs MAarHuTHOTO MOJIS PETEPIIEBAET CKAUOK,
H,-H,=[ogn,] (2.39) PaBHBIH 10 BENYNHE TOBEPXHOCTHOM

IUIOTHOCTH TOKA O s

2. Jlnst HAPSHKCHHOCTH DIICK- Ha rpanue pasaena aByx cpen xacareiabHas
TPHUYCCKOI'O IOJIsA COCTaBJIAIOIIAsl BEKTOpA HANIPSKCHHOCTHU
E,-E,;=0 (2.40) IEKTPUYECKOTO 0JI HENPEPhIBHA

Ha rpanurnie pasaena IByxX cpen HopMajabHas
N TaBJIA g BEKT MarHUTHOM

3. I MarHuTHOW MHTYKITUH COCTaBIIAOIIA CKTOpa a 0
B WHIYKIIUW HeNpepbhiBHA (WM HOPMAaJIbHBIC

B,—-B, =0 (2.41)
COCTaBIIIOIIME ITOr0 BEKTOpa B cpenax | u
2 OJIMHAKOBHI)

Ha rpanure pasnena AByX cpell HOpMajbHas
4. JInst BEKTOpA DNEKTPUYECKOM  (COCTaBIAIOMIAas  BEKTOpa  DIECKTPHYECKOM

UHAYKIUU WHAYKIIUA TIPETEpIeBaeT CKa4YOK, pPaBHBIN
D,-D, =c (2.42) MOBEPXHOCTHOM  IUIOTHOCTH  CBOOOJHBIX
3apsiIoB ©

Ha rpanuue pasnena qByx cpen HoOpMajbHast
COCTaBJISIFOIAs] BEKTOpPa 00 BEMHOM
IJIOTHOCTH MOJIHOTO TOKA HEMPEPHIBHA

5. JI1s moJHOroO TOKa
517112 _§Hnl =0 (243)

B npenenax kaxaou cpelibl B KaXKJI0W TOUKE IOJIE ONMMUCHIBACTCS YPABHECHUSMU
ANEKTPOAUHAMUKN B AuddepeHmanbHoi GopMe, a CBs3b MEXKAYy MOJSIMH Ha
I'paHUIe pa3aena - TPAaHUYHBIMHA YCIOBUSIMMU.
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2.3.2. YacTHbI€e CJIy4ad TPAHUYHBIX YCJIOBHUI 3JIeKTPOANHAMUKH

1. I'paHnYHBIE YCAOBUS JIEKTPOIUHAMUKH JUIS DJIEKTPUYECKOTO MOJsl, KOrjaa
Ha TpaHULIE pa3fena OTCYTCTBYIOT CBOOOIHBIE 3apsibl.

B arom ciyuae Ha rpanwuie pasgena o =0 u rpanuunbie ycnoBus (2.40) u
(2.42) npumMyT CreayOUUNA BU;

E,=E,,
D n2 = D nl*
BBIpa3I/IM HpOCKHI/II/I BCKTOPOB qep63 BGHI/IIII/IHy BCKTOPOB n erJ'I X HAKJIOHA

OTHOCHUTEIIbHO HOPMAJIM K TOBEPXHOCTH pa3jiesia CoriacHo puc.2.12 u moACTaBUM HX
B TPAHUYHbBIC YCIIOBUSI.

noﬂ
. D
E A | 2
________ A 2 DIl2 1
| A i
I n, !
1 0 ]
= = W !
gaZ Etl N Etz‘i 8612 :
t1 | E = _ : _
a E, n = L 6‘11: D, D, D, =D,,
| o ! "
' 291 €2 > a1 i al ) > €al

Puc.2.12. IIpenomiieHue CUIIOBBIX JIMHUH MIPU MEPEXOJIC UepE3 TPaHUILy pas3ziena
IBYX Cpell

IIpu 5TOM IOIYyYUM CIIENYIOLIUE YPaBHEHUS
E,sma, =E,sin ¢,
D, cosa, =D, cos .

IlepBoe ypaBHEHHE pa3/IeIMM Ha BTOPOE, B PE3YJIbTaTE MOJyYUM

E

D, D,
[Tockoubky D =8aE, TO
ga, g
8a2 gal ,
OTKy 14 8% _fa (2.44)

al

tgoz1 &
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N3 cootHomenus (2.44) cimemyer, 4yTO MpU MEPEXOJ€ W3 OJHOM Cpelbl B
JIPYTYI0 MEHSIETCSl HalpaBJIEHUE AJICKTPUUYECKUX CUJIOBBIX JMHUN. DJIEKTPUUECKUE
CWJIOBBIE JIMHUU IIPU NEPEXOAE B Cpely C OONBLUIMM &, OTKJIOHSIOTCS B CTOPOHY

rpanuibl - pazaena. Ilpu 3ToM, Kak BHAHO u3 puc.2.12, HaNpsSKEHHOCTD
AJEKTPUYECKOTO MOJsl YMEHbIIIAETCs, a MHAYKIUA yBennunBaercs. [Ipu nepexone B
Cpelly C MEHBIIMM &, CHJIOBBIE JMHUM OTKIOHSIOTCS OT TpaHULBl pasjena,

HAIPpsZKCHHOCTD 3JICKTPHUYCCKOIO ITOJIA YBEIIMYNBACTCA, 4 MHAYKIMWA 11a1acCT.

2. I'paHruHbIE YCIOBUS ANEKTPOJMHAMUKH JJI1 MArHUTHOTO TOJIs, KOT/1a Ha
rpaHUIIe pa3ziena OTCYTCTBYIOT NOBEPXHOCTHbBIE TOKH, T.€. O, =0.

['panuunsie ycnoBus (2.39) u (2.41) B 3TOM cityyae NPUMYT CIAEAYIOITUN BUI:
H,=H,,
Bn2 = Bnl :
OcTaToyHOTO HAMarHWYWBAHUS OBITH HE JIOJDKHO, T.K. OHO DSKBHUBAJICHTHO

HaJUYMIO IIOBEPXHOCTHOIO TOKA.
[IpoBons npeoOpa3zoBaHusl, TAKHE K€ KaK B IEPBOM CIIydae, MOJy4YuM

8% _Ha (2.45)
tg 2 Ha
DT0 COOTHOIIEHHE aHATOTUYHO (opmyTe (2.44) nist SAESKTPUIECKOTO OIS U K
HEMY OTHOCSITCSI BCE paHEe CIICJTaHHbBIE BBIBOIBI.

3. llpenomMeHre TUHUNA MOCTOSHHOTO TOKA TPOBOJAMMOCTH Ha FPaHULIC
pazzena IByX Cpenl.

Hcnonp3yem rpaHUYHOE YCJIOBHUE JIJIi HAPSIKEHHOCTU DJIEKTPUYECKOTO TOJIS
(2.40) 1 111 TOCTOSTHHOT'O TOKA:

|

t

) =E,,
2:5;11-

S

n

[Tocnegnee rpaHMYHOE YCIOBUE MOTYUYEHO U3 (2.43) npu yCI0BUH, YTO
<~ oD
50 = —=
ot
[IpoBons mpeoOpa3oBaHus, aHAJIOTHMYHbBIE CHIETAHHBIM B IEPBOM CIlydyae H
YUYUTBIBas, YTO HA OCHOBaHUM 3akoHa Oma nipu o, =0
o,=yE,
MOJIYYUM CJIEIYIOIIYIO CBSI3b MEXKIY HANpaBICHUEM JIMHUI TOKA HAa TPaHUIIE pa3jeia
JBYX Cpe.:

0.

G 1 (2.46)
gay 7
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4, rpaHI/I‘-IHBIe YCJIOBUA SJICKTPOANMHAMUKN Hd TOBEPXHOCTHU UACAJIBHOTO

OPOBOJAHMKA.

WneanbHplii MPOBOAHUK - 3TO Cpela, MPOBOJAUMOCTH KOTOPOM OECKOHEUHO
BelMKa. MHOTHE METaJIbl MO0 CBOWCTBAM OJU3KM K HICATHHBIM IPOBOJIHHKAM.
BHyTpu wumeanbHOro TPOBOJHUKA JJICKTPUYECKOE M MArHUTHOE IO  HE
CYIIIECTBYIOT. ITO MOXHO OOBSCHUTH CICIYIONTUM 00pa3oMm. JlOmyCcTuM, 4TO BHYTpH
UJICATHPHOTO MTPOBOJIHUKA CYIIECTBYET AJIEKTpHUecKoe moiie. Tormaa B HEM BO3HUKAET
0eCKOHEYHO OOJBIION TOK M KaK CIEICTBUE - OECKOHEUHO OO0JIbIIIOE MAarHUTHOE TIOJIE.
Oto mosie oOmamaer OECKOHEYHO OOJBIION dHEpPruer, YTO MPOTUBOPEUHUT
¢usznyeckomy cmbiciy. [losTomy Hame — gomymieHHE O CYIIECTBOBAaHUU
AJIEKTPUYECKOTO ¥ MATHUTHOTO TIOJISI BHYTPH HICATHHOTO MTPOBOIHUKA HEBEPHO.

Ecmm 0003HaunTh WaeadbHBIA TMPOBOJHHUK Kak cpeay I, To B TpaHUYIHBIX
ycnoBusx (2.39) — (2.42) niis 5AeKTpUUECKOTO U MATHUTHOTO TIOJIS

E,=D,=H,=B, =0
Y OHU MPUMYT CIICTYIOIINI BUJI, €CITU OIMYCTUTh UHJEKC BTOPOU CPEeIbI:

H, =5, m,], (2.47)
E, =0, (2.48)
B, =0, (2.49)
D, =c. (2.50)

MbI noaydusid TpaHUYHBIE YCIIOBUS JUISI TIOJNS B Cpelie U y IOBEPXHOCTH
UJCAJIbHOTO TPOBOJHMKA. M3 HUX BHJAHO, YTO Yy TOBEPXHOCTH HJICAIHBHOTO
MPOBOJIHUKA CHJIOBBIC JIMHUM _ BJCKTPUYECKOTO TOJs NEPHEHJIMKYISPHBI K
MOBEPXHOCTH, @ MArHUTHOTO TOJIs - HAIIpaBJEHBI 0 KacaTelbHOU (puc.2.13).

s

el
vml
"%I

Puc. 2.13. I'panruHbIe YCIOBUS HA TOBEPXHOCTH MACATILHOTO ITPOBOTHUKA
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2.4. OcHOBHBIE TE€OPEMbI 3JIECKTPOAMHAMHUKH

2.4.1. 3aK0H coXpaHeHMs JHEPIUH IJISl JJIEKTPOMATHUTHOIO MOJIS.
Teopema Ymoa-IloiinTunra. Bexkrop IloiinTuHra

DNeKTpOMarHUTHOE II0JIE TMPEACTaBiIsieT coO0M MaTepualbHBIA Ipoliecc,
IPOUCXOAIIMNA B TIPOCTPAHCTBE. DTOT IMpollecc HEM30EKHO CBSI3aH C 3aTpaTamMu U
nepeHocom sHepruu. Teopema YMoBa-IIOWHTHMHIa ONMCHIBAET 3aKOH COXPAaHEHHS
DHEPI'UU B CIy4ae dJIEKTPOMATHUTHOTO MOJIA.

B ToMm ciiydae, eciiv B HEKOTOpO# 00J1aCTH MPOCTPAHCTBA UMEIOTCS CTOPOHHHE
CWJIbl, TO HUX DHEPrus HEMOCPEJCTBEHHO HE MOXKET TMEePEeUTH B HSHEPIrUIO
ANEKTPOMArHUTHOro TmoJist. CBS3YIOUIUM 3JIEMEHTOM  SIBIISIFOTCSL  AJIEKTPUUYECKHUE
3apsiabl. [lom nmeicTBUEM CTOPOHHMX CHJI  3JEKTPUYECKUE 3apsijbl HAYMHAIOT
JBUTATbCs, TOSIBIISIETCSI CTOPOHHUM TOK M B OKPYXKAIOUIEM HPOCTPAHCTBE
HAYMHAIOTCS AJIEKTPOMArHUTHBIE TMPOIIECCHI, CBSI3aHHBIE, B CBOIO OYEPE/lb, C IPYTUMU
SIBJICHUSIMH, B YACTHOCTH, C TETUIOBBIMH.

B nuddepenumansuoit hopme reopemy Ymona-IloliHTHHTa MOKHO 3amucath B
CJIEYIOIEM BUJE:

T2 02
+§ ¢,E +,uaH
o\ 2

ow, Oow
=p +—<+—2+div p, 2.51
Pt st tdivp (2.51)

+ div[E-ﬁ]:

<2
Pem :Ecm g = 5_
/4

T.C. B K&)I(I[Oﬁ TOYKC IIPOCTPAaHCTBA MOIIHOCTE CTOPOHHHUX CHJI P pacxoayercda Ha
TCINIOBBIC IMOTCPHU p; , HA YBCIUYCHHUC DHCPIUH IJICKTPHUICCKOTO W, W MArHuTHOI'O

Ww,, HoJIeil ¥ Ha MOIIHOCTb, YXO/IAILYIO U3 JAHHON TOYKU IpocTpancTsa div p .

B unTerpansHoii popmMe TeopeMa UMEET BU/L:

<2 2 172
P,, = [E,,8dV = 5—dV+§j€“E dV+g_[£dV+§>[E-ﬁ] ds =
V sy oty 2 oty, 2 S
=P +2 +§W +P. (2.52)
o e MY '

T.C. MOINHOCTbL CTOPOHHHUX CHJI, 3aTpadyrBacMasl B 00BEME PC pPacxoayeTca Ha

m 2

TCIUIOBBIC IIOTCPHU 3a CUCT TOKOB IIPOBOJMMOCTH Pt’ Ha YBCIMYCHHUC OHCPIHUHU

ANEKTpUYecKoro W, u marautHoro W, ToJIeH, 3almaceHHBIX B 3TOM 00BbEMe, a TaKKe
M3ITy4aeTcs 3a Ipeiebl 00beMa B BUa MOIITHOCTH U3MydeHus Py .
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Bxonsuue B Bblpaxkenus (2.51) u (2.52) crmaraembie ONpEAENSIOTCS
CIeIyIONUM 00pazoM:
Pem =E_,.0 - yAelbHasi 00beMHasi MOIITHOCTh CTOPOHHUX CHII;
52
Pr=—
4
TOJILKO OT TOKa U MIPOBOJAUMOCTH CPEIbl, TOATOMY MPEJICTABISET COOOM YIETbHYIO
00bEMHYIO0 MOITHOCTh, PACXOIyEMYIO0 TOKAaMHU MTPOBOJAMMOCTH Ha TEILIO);

- INIOTHOCTb MOIITHOCTH TCIINIOBBIX IIOTCPb (3aBI/ICI/IT

2
g,E
We = 7 - IDIOTHOCTb SHEPTUHU IJICKTPUIECCKOTO TIOJIS;
1712
_#H
W, = > - IUIOTHOCTH YHEPTUU MarHUTHOTO TTOJIS;
ow, ow, .
p + p - 9T cJIaraeMble PEICTaBIIIOT CO00H CKOPOCTh
t t

YBCIMYCHUA DHCPIUU IJICKTPUICCKOI'O U MAIrHUTHOI'O MOJICH B TOYKEC, T.C. MOIIIHOCTD,
3aTpad4yuBaCMyI0 CTOPOHHHUMHU CHIIAMH, Ha CO3OaHHC I10JIS1 B TOYKC,

2
o
P, = _[— dVv = j p,dv - MOLIHOCTb TEILUIOBBIX IOTEPH B 00BEME;
vV %
P, = .f E,o0 dV = I P.,dV ~ -MOIIHOCTH CTOPOHHMX CHJI, PACXOLyeMast
v v
B 00Beme;
¢,E°
w,= .[ “— dV = jwe av - DHEPI'UA IIEKTPUUECKOTO MOJIS;
v v
p,H
W, = j— dV = j w, dV - 53Heprus MarHuTHOrO IOJS;
v v
aVVe aVVM 92
+ - 3TU CJIaraeMble MIPEJCTaBIAI0T COO0H
Ot Ot
CKOPOCTb yBEIMUYEHHUS SJHEPIHH DIIEKTPUUECKOr0 U MATHUTHOTO MOJIEH B 00beMe V;
Py = ff[E : ﬁ] ds = ff]_)dS - MOIIIHOCTh M3JIy4Y€HUs UJIU ITOTOK
S s

MOIIIHOCTH 4epe3 MOBEPXHOCTh S (MPEeACTaBISIET COO0I MOIHOCTH, CBI3aHHYIO C
MOBEPXHOCTHIO, OTPAHUYHUBAIOILYIO JaHHBIM 00beM V);

D= [EH - BekTop lloMiHTHHTA.
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Bexrtop [loiinTiHra

p=[E-H] 2

BCET/la TEPIEHANKYISAPEH IUIOCKOCTH, B KOTOPOM pAcIoIokKeHbl BeKTOpl E u H
(puc.2.14), u noka3pIBaeT HAIIPABJICHUE NIEPEMEILICHHS YIHEPTUU OIS, IPOXOIALIEN B
€MHHUIY BPEMEHH Y€pe3 €AUHUYHYIO IUIOLIAAKY, OCTABIECHHYIO NEPHEHAUKYISAPHO
HaIIPaBJICHUIO JIBMKEHHs BOJHBI. HampaBineHue ero omnpenensercs no IpaBHIy
BEKTOPHOT'O MPOU3BEACHHUS (T.€. MOCTYNMATENbHBIM JIBH)KEHHEM IPABOI0 BUHTA IpPH
BpAILIEHUH €0 OT IIEPBOI0 COMHOXKUTENS KO BTOPOMY IO KpaTdailieMy ImyTH).

Hu o
E

Vhsl

Puc. 2.14. Bekrop IlolinTHHTa

Ha mpakTuke NpUMEHSIOT YCPEOHEHHBIM 34 MEPUOJ AJIEKTPOMArHUTHOTO
koneOanust BekTop [loWiHTMHra. B pesynbrare BEKTOPHOrO TEPEMHOKECHUS
MOHOXpoMarnuyeckoro noists E m H (MoHOXpomaTnueckoe mojie XapakTepusyercs
IIOCTOSTHHOM 4acTOTOH @, (a3oi ¢ u BeKTOpHbIMM amImutygamu E u H, )

E=E, cos (a)t + o),
H=H,, cos (a)t+g0H),

31€Ch @ U @y -HauanbHble (asel monei E u H | nonyyaem

I T
p=5[Em-Hm]{COS(2wt+¢E+<0H)+COS(¢E—¢H)}=

- 1
:_[Em 'Hm]COS(ZG)f+(DE +¢H)+§[Em 'Hm]COS((DE _q)H):ﬁr +ﬁcp‘

OkaszbiBaercsi, BekTop IloilHTMHra B cllyya€é MOHOXPOMATHYECKUX IOJEH,
MEHSIOIIUXCA MO0 TapMOHUYECKOMY 3aKOHY BO BpPEMEHHM, COCTOMT W3 JIBYX
ciaraeMbiX. [lepBoe ciaraemoe p, , 3aBUCAILEE OT BPEMEHU, MEHAETCS C YABOCHHOU

YaCTOTOM M BaXK/bI 3a IEPUOJI MEHSET HarpaBiieHue (puc. 2.15).




N -,
N/

Puc.2.15. 3aBucumocts Bektopa [IoiHTHHIa OT BpeMEHH

Nl
v

OHo ompenensieT MOATOMY IUIOTHOCTb MOIIHOCTH, KoJieOmromeics B
OKPECTHOCTH TOYKH HAOJIOJICHUSI U HE YXOJAIIEH OT 3TOW TOYKH, T.€. MPECTABIISICT
co0Oll peakTHBHYIO, KOJICONIONIYIOCS YacTh YJEIbHOM MOUIHOCTH ToJisd. Btopoe
claraemoe p,,, He 3aBUCSIICE OT BPEMEHH, B 000 MOMEHT BPEMEHH HMEET OZHO

TO K€ HAIPaBJICHUWE W OMPEAECISAET IJIOTHOCTh MOTOKA MOIIHOCTH, JBUXKYLICHUCS B
OJHY CTOPOHY, T.€. XapaKTEpPU3yEeT YCPEAHECHHYIO IO BPEMEHHU YaCTh YACIbHOU
MourHocTh. CpelHUIl BO BPEMEHM MOTOK MOIIIHOCTH Y JAHHOW TOUYKH OIpEeIsIeTCs
TOJIKO BTOPBIM CJlaraeMbIM, KOTOPOE MPEACTaBIsSCT COOOI0 CpE/IHEE 3a IEePHO
3HauyeHuE BekTopa IIoMHTHHTrA:

_ 15 lr= — Bm
pcp :?J‘pdt :E[Em 'Hm]cos(wE _¢H)’ 2 (253)

M
0

KoMIUIEKCHBIN BEKTOP, ONPEAESIEMBI COOTHOILIEHUEM

* *

p=E w|=-YE H.
2 2

*

Ha3bIBACTCSl KOMILICKCHBEIM BEKTOpOM IloMHTHHTA. 3,[[601) ﬁ — KOMIIJIICKCHO COIIpsA-

’KCHHBII BEKTOP, Y KOTOPOT'O 3HAK PH MHAMOM YacTu H WM3MEHEH.

MHuUMasi 4acTh BEKTOpa p SKBUBAICHTHA PEAKTUBHONW MOIIHOCTH B TEOPUH
Hernei ¥ He UMEET YETKOro (PU3NYECKOro CMbICIA.

BennuuHa p,, 3aBHCHT OT B3aMMHOIO c/BAra 10 (ase moieit E wu

H- (¢ — @, ) B OOHOMU U TOM ke Touke npocrpancTBa. Korna (¢, — ¢, ) =0, noTtox

SHEPTHH MaKCHUMaseH, IpH (¢, — @, ) = 90° , TOTOK SHEprUH OTCYTCTBYET.

Ecam mons 3ammcanHbl B KOMIUIEKCHOW (hOopMe, TO YCPEIHEHHBIM 3a IEepPHUO]T
BekTOp [loliHTHHTa paBeH

o
pcngRe[E'HF

[E, - H,]cos(py —p).
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2.4.2. Teopema eTMHCTBEHHOCTH pPelIeHUS] OCHOBHBIX YPaBHEHUIl
IJIEKTPOANHAMMUKHA

VYpaBHEHUs1 SJIEKTPOAMHAMHUKUA TPEJCTABIAIOT co0oi nuddepeHunanbupie
YpaBHEHUS B YACTHBIX IPOU3BOIHBIX, IOATOMY OHU UMEIOT OECKOHEYHOE KOJIUYECTBO
JMHEWHO HE3aBUCHUMBIX YaCTHBIX pemeHuil. [Ipu pemennn onpeneneHHoON 3a1a4u 10
HAXO0XKJICHUIO AJIEKTPOMArHUTHOTO I10JI, KOTOPOE COOTBETCTBYET IOCTaBJIECHHBIM
yCIOBUSIM, HEOOXOAMMO 3HaTh, KAaKUM MHHUMAJIbHBIM YCJIOBHUSM  JIOJIKHO
YIOBJIETBOPATh YAaCTHOE PEIICHHWE YPAaBHEHUM 3JIEKTPOJUHAMHUKHU IS TOTO, YTOOBI
OHO OBUTO €JMHCTBEHHO BEpPHBIM pemieHueM. OTBET Ha ATOT BOINPOC JAET Teopema
€IMHCTBEHHOCTH PELIEHUs. DTa TEOPEMa BaKHA C TOW TOYKHU 3PEHHUS, YTO E€CIIH MbI
HAIIJTK KaKUM - JUOO CIOCOOOM 3JIEKTPOMAarHUTHOE I0JIe, SBIIAIONIEECS PEIICHUEM
JAHHOM 3aJ1a4M U YJOBJIETBOPSIOIIEE TEOPEME €IMHCTBEHHOCTH, TO MBIl MOXEM OBITh
YBEPEHBI B TOM, YTO OHO, PEAJIbHO U APYTOr0 PEIICHHS ObITh HE MOKET.

Teopema €IUHCTBEHHOCTH UMeEET (PU3MYECKUU CMBICI B TOM Ciydae, €CiH
paccMaTpHUBaeTCsl OrpaHMYeHHas o0JacTh MPOCTPAHCTBA M JIONOJIHAIOTCH,
COOTBETCTBEHHO, YpPAaBHEHHS DJIEKTPOAMHAMUKMA TPAHUYHBIMU YCIOBUSMHU Ha
IpaHUIaxX 00JIacTU. DTO CBSA3AHO C TEM, UTO HalleMy HaOJIOJICHUIO JOCTYITHA TOJIBKO
OrpaHUYEHHAasl 4acTh MPOCTPAHCTBA, U, CIEIOBATEIbHO, Mbl HE MOXKEM OIPEIEIUTh
HaNpsKEHHOCTH M0JIsE BO BCEM 0€3rpaHMYHOM MPOCTPAHCTBE.

Bce 3amaun, KoTOpble NPUXOAWUTCSA pellaTbh B TEOPUM 3JIEKTPOMATHUTHOIO
10JIs1, MO>KHO Pa3JeIMTh HA JIBA TUIIA: BHYTPEHHHUE U BHEIIHHUE.

BHyTpeHHss KpaeBas 3ajauya: HUMEETCsl HEKoTopas o0jacTh MPOCTPAHCTBA,
OrpaHMYEHHas TOBEPXHOCThIO S. BHyTpum  obmacTtu 3agaHbl CTOPOHHHE TOKU
(MCTOYHWKHA TIOJIsI), @ Ha TOBEPXHOCTH (TpaHuile o00JacTH) - KacaTelbHas

COoCTaBJIArIOmIas Et BCKTOPA HAIIPAKCHHOCTH JJICKTPHYCCKOTO HIIN Ht MAargamMTHOI'O

noJis (puc.2.16).

Puc. 2. 16. BayTpeHHss 3a1a4a 3JIEKTPOJUHAMUKHA
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TpeOyercss HaliTH 1ose B JAHHOM OOJAcTH, YJOBJIETBOPSIOLIEE YPAaBHEHHIM
ANEKTPOJMHAMUKN M TIOCTABJICHHBIM YCIOBUSM. lIpruMepom BHYTpeHHEHN 3aauu
MOJKET CIIy>)KUTb 33aJ]a4a 10 OIIPEIEICHUIO MOJIsI BHYTPH 0OBEMHOI0 pEe30HATOpA.

Bueminas kpaeBas 3ajaya: TpeOyeTcs HaWTUM 1ojie B Oe3rpaHUYHOM
IIPOCTPAHCTBE, OKPYXKAIOIEM HEKOTOPYIO ITOBEPXHOCTD S . B mpocTpaHcTBe 3a1aHbl
CTOPDOHHHE TOKM (MCTOYHUKM TIOJs1), a Ha TIOBEPXHOCTHM — KacaTelibHas

COCTaBJISIONIAs] BEKTOPAa HAMPSKEHHOCTH AJIEKTPUYECKOTO WM MArHUTHOTO IOJIS
(puc.2.17).

Puc. 2.17. BHemHss 3a1a4a 3JI€KTPOANHAMUKH

Chopmynmupyem TeopeMy €IMHCTBEHHOCTH I MOHOXPOMATHYECKOTO TOJIS B
Cpele ¢ MOTEePSIMU.

Teopema eTMHCTBEHHOCTH JiJisl BHYTpeHHEH 3aga4u. JIjist Toro 4ToObl peiieHne
YpaBHEHHUM SJIEKTPOAMHAMUKU B OO0JACTH, OTPAaHUYEHHOMN MOBEPXHOCTHIO S, OBLIO
€MHCTBEHHBIM, HEOOXOJMMO 3a/JaTh HAa JTOM TOBEPXHOCTU KacaTelbHBIC
COCTaBJISIFOIIME BEKTOPOB HAMPSIKEHHOCTH AJIEKTPUYECKOTO MM MATHUTHOIO MOJI,
T.€. 3a71aTh TPAHUYHBIE YCIOBUA.

Teopema eAMHCTBEHHOCTH JUIsl BHEHTHEW 3amadu. J[Jis TOro 4toObl pelieHHe
YPaBHEHUM 3JICKTPOJIUHAMUKH OBLJIO €IMHCTBEHHBIM B O€CKOHEYHOM IPOCTPAHCTRE,
OKpY’)XKalollleM TOBEPXHOCTh S , HE0OXOAuMO 3aJaTh Ha JTOM IOBEPXHOCTH
KacaTeJbHbIE COCTABIISIIOIIME BEKTOPOB HAIPSHXKEHHOCTH AJIEKTPUYECKOTO WU
MAarHMTHOTO TOJIEW, T.€. 3aJ1aTh TPAaHUYHbBIC yCI0BUSA. KpoMe TOro, CTOpOHHHUE TOKHU
(MCTOYHMKH TIOJII) JOJKHBI HaXOAUThCSI Ha KOHEYHOM pPACCTOSHHHM, a B

OECKOHEYHOCTH TOJI€ C YBEIMYCHHEM PACCTOSHUS JOJDKHO YObIBaTh ObICTpee, YeM

1 .
—, TJIe T - pacCTOsTHUE OT PUKCUPOBAHHOM TOUYKH.
r
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2.4.3. llpyHIMUI ABOHCTBEHHOCTH

PaccmoTpuMm  »iekTpoMarHuTHoe Tmojie B obinactu V', OrpaHUYEHHOU
HEKOTOPOU MOBEPXHOCTHIO S. ByneM cuuTaTh, 4TO B 3TOM OOJACTH HET CTOPOHHUX
TOKOB U 3apsoB, YTO 3aJlaHbl HayajbHblE M TpPAHUYHBIE YCIOBUS M UTO
IPOBOJIMMOCTB CPE/Ibl PAaBHA HYJIIO.

[Ipu Takux yCcIoBUSIX ypaBHEHHS JICKTpoaAuHaMuKkH (2.16), (2.19), (2.21),
(2.23) MOXHO 3amucaTh B CJIEIYIONIEM BU/IE:

rot H = £, — 6E
ot’
- OH
rotE=—u -——;
ll'la al_
div H = 0;
divE = 0.

OTa cuCTeMa YPAaBHEHHH OCTACTCs HCU3MEHHOM, €CIUM B HEH 3aMCHUTH BEKTOP
H Ha BekTop E , a BekTop E Ha BEKTOp H , IUAJIEKTPUYECKYIO TPOHUIIAEMOCTD &,
Ha MarHUTHYIO MPOHULIAEMOCTh C OOPATHBIM 3HAKOM — 4, U — 4, HA &, .

YKa3aHHYIO IEPECTaHOBKY MOXHO HAIUCATh CIAEAYIOUIIM 00pa3oM;

EZH, % 2 Ha,

PaccMOTpeHHOE CBOWCTBO YPaBHEHUW JSJIEKTPOAMHAMUKU HOCHUT Ha3BaHUE
CBOWCTBA NEPECTAHOBOYHON JABOWCTBEHHOCTH 3TUX YPAaBHEHHUM.

CBOWCTBO NEPECTAHOBOYHOM JIBOMCTBEHHOCTH JIEKUT B OCHOBE NPHUHIIMIA
JNBOMCTBEHHOCTH, TIO3BOJISIOIIETO IIPU ONPEIEICHHBIX YCIOBUIX BBIPA3UTh PEIICHUE
OJIHOHM 3JIEKTPOJMHAMUYECKOM 3a/1aud 4epe3 pelIeHHe ApYyTroi, 0€3 He0OXOAUMOCTH
3aHOBO pEeIIaTh CUCTEMY YPAaBHEHUN DJIEKTPOJANHAMUKH.

[IpyHIMI TBOMCTBEHHOCTH 3aKJIFOYAETCS B CICTYIOIIEM.

[lycTp HamM W3BECTHO pELICHWE TPAHUYHOW 3aJa4yd DJIEKTPOAWHAMHUKHA B
HEKOTOpO# o0xacTu V Mnpu yKa3aHHBIX B HaYaJle YCIOBUSIX JUIsl ypaBHEHUU.

Ecaiu B 3TOM pelmiCcHUN TIPOU3BCCTU IICPCCTAHOBKY B COOTBCTCTBHH CO

CBOIMCTBOM MepecTaHOBOYHOM jBoiicTBenHoc E < H u &, & —pu,, T0

NOJIyYEHHBIE BBIPAXXEHUSI OyIyT TaKXKE PEIICHHUSIMH YPAaBHEHHU 3JIEKTPOAMHAMHUKU
BBHJly X CBOICTB MEPECTAHOBOYHOU JBOMCTBEHHOCTH. OJIHAKO 3TO HOBOE PEIICHHE
Ha MOBEPXHOCTH S OyJIeT yAOBIETBOPSITh HOBBIM TPAaHUYHBIM YCIOBHSIM, KOTOPBIE
MOJIyYaOTCS U3 CTAPBIX IIyTEM TOM K€ CaMOM NEPECTAHOBKH.
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2.4.4. TeopeMa B3aUMHOCTH

TeopeMa B3aMMHOCTH CYIIECTBEHHO IIOMOTaeT MPHU PEIICHUHA Pa3TUYHBIX
3a7a4 AJEKTPOJUHAMUKU. B 4acTHOCTH, B TEOpUU M TEXHUKE AaHTEHH, KaK IMPaBuio,
UCCIIEIYIOTCA U ONPEAEISAIOTCA XapaKTEPUCTUKHU MEPEIAOIINX AaHTEHH, a CBOMCTBA U
XapaKTepUCTUKN TMPUEMHBIX AHTEHH OIpPEIEISIOTCS C IOMOIIBI0 TEOPEMBI
B3aMMHOCTH YEPE3 CBOMCTBA U XapaKTEPUCTUKU dTUX AaHTCHH KaK MEPEAAIOLIUX.

Teopema B3aMMHOCTH 3aKJIFOYAETCS B TOM, YTO YCJIOBHUS MEPENAYN U3 OTHOMN
0o0JacTH B JPYryl0 COBEpPUIEHHO Takue >€, KaKk U B OOpaTHOM HampaBJICHHH,
HE3aBUCHMO OT CBOMCTB OKPYKAIOLIEH CPebl, €CJIM OHA U30TPOITHA U JIMHEWHA.

TeopeMy B3aMMHOCTH MOKHO PAaCIPOCTPAHUTH Ha JIFOOYI0 aHTCHHY U 3aIUCcaTh
ee CIeAYIoIUM 00pa3oMm:

Tac élz - 3.4.C., HaBOAUMasa B aHTCHHC 1 TokoMm J2 , IPOTCKAOIIUM B AHTCHHC 2;

éy; -9.A.C., HABOAMMAs B aHTEHHE 2 TOKOM J; , IPOTEKAIOIUM B aHTEHHE 1.

Takum o00pa3om, Teopema B3aMMHOCTH JUISi JBYX AHTEHH 3aKIIOYaeTcs B
CJIENIYIONIEM: €ClId TepBasi aHTeHHa pa0boTaeT Kak Iepeaaroiias U B HEeW MpOoTeKaeT
TOK J, ,TO BO BTOPOW aHTEHHE, pabOTaIOIIeH KaK MPUEMHAasl, HABOJUTCS Takas ke

9.71.C., Kakasi OyJeT HaBeleHa B MMEPBOW aHTEHHE, €CJIM TOK J, OyIeT MpPOTEeKaTh BO
BTOPOU AHTEHHE.

2.4.5. DyeKTpoAMHAMHUYEeCKHE MOTEHIIHAJIbI U BOJTHOBbIE YPABHEHMS

VYpaBuenus osnektpoauHamuku (2.28) u (2.29) He Bcerma ymoOHBI ISt
ONpeaeNeHus] Mojed. DTO CBSI3aHO C TEM, YTO B KaXJI0€ M3 HUX BXOAUT H
DJIIEKTPUYECKOE M MArHUTHOE MOJie W ISl OMpEeAeNICHUs] dTUX TOJeH HeoOX0auMOo
pemarb cucTeMy ypaBHeHHH. [103TOMy MCHIONIB3YIOTCSI BCIIOMOTaTEIbHbIE YPaBHEHUS
W TOHATHA, oOJierdyarouiue pelieHue 3agady 1o omnpeaeneHuto noned. K Hum
OTHOCSTCS BOJHOBBIC YPABHEHUS U AIEKTPOJIMHAMUYECKHUE MOTEHIUATIbI.

PaccMoTpuM  ypaBHEHUsI D3JIEKTPOAMHAMUKA B KOMIUIEKCHOH QopMe B
OJTHOPOJHOM cpenie 0e3 CBOOOMHBIX 3apsoB (p=0). [Ipumepom Takou cpeasl

MOJKET CITY>KUTh BaKyyM, BO3/IYX, TUIICKTPHK.
B stom ciyyae oObeMHas miIoTHOCTh Toka o =0, T.K. 0 = pv. B pesynbrare
TIOJTyYUM CIICYIOIIYIO CUCTEMY YpaBHEHUI:

rotH=joD ; (2.54)

rotE=—jwB . (2.55)
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B kaxnoe wu3 ypaBHeHMIl »3nekTpoauHamuku (2.54) u (2.55) BXoguT
HaIpPSHKEHHOCTh U AJIEKTPUUYECKOr0, U MAarHUTHOTO ToJIs. [TomyunuM U3 3TON CUCTEMBI
ypaBHEHHUU ypaBHEHUSI, COJIEpIKaIE TOJBKO MO OJHOMY MOJt0. {151 3TOro Bo3bMeM
pPOTOp OT MEPBOTO YPABHEHUS:

rotrotH = jo é‘arotE.

Hcnonb3ys B 1IeBOM YacTu ypaBHEHUS! TeopeMy o0 potope potopa (1.15), a B mpaBoii -
BTOPOE YpaBHEHHE JEKTPOJUHAMUKH, TOJIYYUM COOTHOILICHHUE :

grad div H-V*> H = 0°¢,j1, H,
2
rae V° - kBajapar oneparopa ['amuiibToHa uim orneparop Jlamnaca;
&, [1, — KOMIUIEKCHBIE TUAJIEKTPUYECKasi U MarHUTHAs! IPOHUIIAEMOCTH.
VYuwnteiBas, uto div H =0 u 4to

k* =w’e j1, (2.56)

rie k - KOMIUIEKCHBIM KOA(h(UIIMEHT paclpOoCTpaHEHHs, TMOJYYUM OJIHOPOIHOE
BOJIHOBOE€ YPAaBHEHME JUIsi MArHUTHOTO HOJISL:

VH+k*H=0. (2.57)
OTmeTuM, 4TO KOMIUIEKCHBIM KOY(D@UIIMEHT pacnpocTpaHEeHusl ONpeesieTcs
TaKKe cieayrlieit hopmyon

k=p-ja, (2.58)
rae P - koo dumumeHt dassl, paa/Mm;
o - koa(purment 3aryxanus, Hern/m.
[IponenaB aHanoruuHble NpeoOpa3oBaHHsA CO BTOPHIM YPAaBHEHHEM 3JIEK-
TPOAMHAMHKH, TIOJYYUM OJHOPOIHOE BOJTHOBOE YPAaBHEHHE JUISL DJIEKTPUYECKOTO
HOJIS:

V?E+k*E=0. (2.59)

B ortnuumne oT ypaBHEHUM DJIEKTPOAVMHAMUKHN BOJIHOBBIE YPABHEHUS SBIISIOTCS
ypaBHEHUSIMU BTOPOro mnopsaka. [lomydeHnHsle ypaBHEHHs cofepxaT B ce€Oe TOIBKO
OJIHO HCU3BCCTHOC IIO0JIC M HA3bIBAKOTCA OJHOPOAHLIMHM, TAK KaK HX IIpaBasd 4aCTb
paBHa HyJI0. PellIeHUsIMU 3TUX YPaBHEHUU SBISIOTCS BOJIHBI (T.K. B KOMIUIEKCHBIN

kod(dunmeHT pacnpoctpaHeHuss k& BXoauT kodddunmeHT ¢da3pl f, KOTOPHIi
onpenenseT Haber da3bl OeryIeil BOJHBI Ha €IUHUILY JJIUHBI).

Jlns onpenenenus B3aMMOCBSI3aHHBIX BEKTOpOB £ m H HMCHOIBb30BaHKHE TOJIBKO
BOJHOBBIX YPaBHEHMH HENOCTAaTOYHO. Henp3s HAWTH W3 OXHOIO BOJIHOBOTO
YpaBHEHUS 3JEKTPUUYECKOE M0JIe, U3 APYroro — MarHUTHOE TaK, YTOObl YCTAHOBUTH
CBSI3b MEXIY dTUMM IOJISAMH, HE UCIIOJIb3YSI CUCTEMY YPABHEHUU JIEKTPOJIUHAMUKH.
Ecnu anexTpudeckoe WM MarHUTHOE II0JIE HAWJEHO M3 BOJHOBOIO YPaBHEHHs, TO
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BTOpOE T0JIE HEOOXOIUMO OMpPENENATh M0 HalIEeHHOMY C MOMOIIbIO MEPBOTO WU
BTOPOI'O YPABHEHUS AIEKTPOJUHAMUKH.

HenocpenctseHHoe ~ OompenesieHME  BEKTOPOB  MMOJNS W3 yPaBHEHUH
ANEKTPOJMHAMUKHI WM U3 MOJTYYEHHBIX OJHOPOJHBIX BOJHOBBIX YPAaBHEHHU B psije
CIyyaeB SIBJISIETCSI BeCbMa CJIOXKHOW 3ajayed. DTa 3ajadya CTAHOBUTCS OCOOCHHO
TPYIHOH, eciu TpedyeTrcss HAWTH I0Jie, CO3/IaHHO€ CTOPOHHHUMU TOKAMH WIIH
3apsanaMu. B To ke Bpems 3Ta 3ajada uMeeT O0MbIIoe MPAKTUYECKOEe 3HAUCHHUE, TaK
KaK 3JIeKTPOMArHUTHBIE MOJISI B peajibHbIX CUCTeMaX BCEr/la CO3AAa0TCs TOKaMH (WIIH
3apsaMu), HampuMep, I[I0JIE AHTEHHBI; I[I0JIe, CO3JaHHOE€ B BOJIHOBOJAE WM
pe3oHaTope W T.A. TpyAHOCTb ONpENETIEHUS HENOCPEACTBEHHO BEKTOPOB IOJSA
OOBSICHSIETCSI TEM, 4YTO OHHM BXOJST B KayeCTBE HEHU3BECTHBIX B CHUCTEMY
I epeHInaIbHbIX YPaBHEHUI U T€M, 4TO BEKTOPBI MO SIBISIFOTCS CYMMOM Tpex
POEKLNH, KaX/1as U3 KOTOPBIX €CTh HEU3BECTHAsI (PYHKIIHSL.

Jlnst obnerdyeHust peleHus 3a/1auu 1o ONpPeNeICHUIO TOJIEH B 3JIEKTPOIMHAMUKE
BBOJATCA BCIIOMOT'aTEJIbHBIE byHKIMH, KOTOpbIE HOCSIT Ha3BaHUE
ANEKTPOJMHAMUYECKUX IMOTEHIMANIOB. BBeneHne MmoTeHuuanoB, Kak OyJeT BUIHO
HUKE, YNOpPOUIAeT pEIICHHE JJIEKTPOAMHAMUYECKUX 3a/lad, TaK KaK pEelIeHHUe
mudepeHInanbHbIX YPAaBHEHUH B ATOM CIIy4ae CBOJUTCSA K OINPEACNICHUIO JIHOO
CKaJIIpHOU (PyHKIIMH, THO0 (B psje 3a/1a4) BEKTOPHOU (HYHKIIMHU, UMCIOIIICH MEHbIIIee
YUCJO MPOEKIMH, Y4EM UCKOMOE TOJIE.

CpaBHUM TpeTbe ypaBHEHUE IIEKTPOINHAMUKI
divB=divu,H =0
C U3BECTHOM T€OPEeMOI BEKTOPHOTO aHAJIN3a

divrot A=0,
COrJIaCHO KOTOPOM M0Jie BUXpPEH BEKTOPHOU (PYHKIIMU HE UMEET UCTOUYHUKOB.
Ha ocHOoBaHMU CpaBHEHHS] MOXHO CUMTATh, YTO MHAYKIUS MATHUTHOTO IO

B= yaH npescTaBisier coOoM Mojie BUXpeW HEKOTOPOro BEKTopa A , KOTOpbIA

HA3bIBACTCS BEKTOPHBIM JJICKTPOINHAMUYCCKUM ITOTEHITHATIOM.
Takum oOpazom,

=rot A (2.60)
U
§ =rot Z .
[ToncraBum cootHowenue (2.60) B ypaBHenue (2.55). Ilpu 3toM mosyyum
CJIEYIOIIEE BBIPAKEHUE:

-

o

rot E%—ja)z =0



64
CpaBHHM €T0 C U3BECTHOM TEOPEMOI BEKTOPHOI'O aHAIN3a
rot grad ¢ =0,
COINIACHO KOTOpPOM TOJ€ TpPAJUEHTOB CKAJIAPHOW (QYHKIMM @  SIBISETCA
0e3BuxpeBbIM. Ha ocCHOBaHNU CpaBHEHHS MO>KHO CUHUTATh, UTO

E+joA=-grad ¢.
N3 mocrmegHero BBIpAKEHUS TONYyYMM COOTHOIICHHWE JUIS  HAMpPsDKEHHOCTH

QJICKTPUICCKOI'O ITIO0JIA:

E=—| jod+grad ¢ | , (2.61)

Trac (I)YHKI_[I/ISI g{) Ha3bIBACTCsA CKAJAPHBIM 3JICKTPOJMHAMHWYCCKUM ITOTCHIIMAJIOM.

Takum oOpazom, ¢ mnomonisto Gopmyn (2.60) u (2.61) MBI BbIpasUIN
HANPSHDKEHHOCTH DJICKTPUYECKOTO U MAarHUTHOTO TIOJIST Yepe3 DJICKTPOIUHAMUICCKUC
OTCHITAAIBI.

BekTopHBIii W CKaJSpHBIA IMOTEHIUAIBl HAXOAATCA W3 HEOTHOPOIHBIX
BOJIHOBBIX YpaBHECHUM JUTsI OTEHIIMAIOB (ypaBHeHul JlamamOepa).

BekTopHBIi TOTEHIIMAIT yIOBJIETBOPSICT YPAaBHCHUIO

(2.62)
KOTOPO€ HAa3bIBACTCS HEOIHOPOJIHBIM BOJHOBBIM _VpaBHEGHHEM (_ ypaBHEHHEM
JlanamOepa) 111 BEKTOPHOI'O JIEKTPOANHAMUYECKOI0 MOTECHIINAA.

HeoxnoponHoe  BoJIHOBOE  ypaBHeHwe  (ypaBHeHue  JlamamOepa)  Juist
CKaJISIPHOT'O DJIEKTPOJIUHAMHYECKOIO MOTEHIIHAJIA:

V2 + 2y =—Pen (2.63)
&

a

cm?

V2 A+ A=—45

HpI/IBCILGHHLIC HCOOAHOPOAHBIC BOJHOBBLIC YpPAaBHCHHA IIO03BOJIAIOT HAWUTHU
QJICKTPOMATHUTHOC I10JIC, C€CJIN 3aJdaHbl TOKH HJIN 3apPAIbI. Ecnn 3aJaHbl TOKH, TO U3

ypaBHeHUs1 (2.62) ompenaensercsa BEKTOPHBIM moTeHuuan A4, 3aTeM U3 ypaBHEHUS
CBA3U
divA=—joc, i, -

- CKaJISIpHBIA OTEHLMAN U Aajiee u3 ypaBHeHus (2.61) u (2.60) - BexTopsl nonst £ u

H .
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2.5. Bonipocsl AJ1s1 caMONIPOBEPKHU

I1epBbIli YPOBEHb OOYYEHHOCTH

1. B ueM 3akiro4aercsi CyTb MaKpOCKOIIMYECKOTO MOAX0a B TEOPUH
3JEKTPOMArHUTHOTO MOJIsA?
2. Kakue BUJIbI pacnpeiesieHHs 3aps10B U TOKOB Bbl 3HaeTe?
3. Kakue 3apspl Ha3bIBatOTCS TOUEYHBIMU ?
4. YTO mOCIIyKUJI0 OCHOBAaHUEM JIJIs1 BBEJACHUS TIOHSTHS 3JIEMEHTA
TOKa?
5. Ha3oBHUTE OCHOBHBIE BEKTOPBI AIEKTPOMArHUTHOTO NOJISA. 3alUILIUTE
(bopMyIIbI Ul X ONPEEICHUS.
6. N3510:k1TE OCHOBHBIE MPUHIIMIIBI TPa(pUUECKOr0 MOCTPOCHHS KAPTHUH MOJIS.
7. B ueM oTiinune CBOOOIHBIX 3aps/I0B OT CBSI3AHHBIX ?
8. Kakne BEKTOpBI 3JIEKTPOMarHMTHOTO TOJIS 3aBUCAT OT TApaMETPOB CPELBI, a
KAKUE HE 3aBUCST?
9. B uem CyTh SIBJICHHI, HA3bIBAEMBIX MOJISIPU3ALNEN 1 HAMAarHNYMBaHUEM
cpennl?
10. 3anumuTe ypaBHEHHUS!, CBA3BIBAIOIINE BEKTOPHI JIIEKTPOMArHUTHOTO MOJIS C
napaMmeTpaMy CpPebI.
11. Kakum oOpazom pa3inuyvaroT BUABI CPEJ B 3aBUCUMOCTH OT CBOMCTB
apaMeTpoB Cpeibl?

12. Kakue cpejibl Ha3bIBaIOTCS AHU30TPOITHBIMU?

13. B yem paznuuue MeXIy CUCTEMAMH YPaBHEHUN 31EKTPOIMHAMUKH,
3alMCaHHBIMU B OOIIEM BUE U B KOMIUIEKCHOU (hopme?

14. B yem pasnuna Mmexay auddepeHunanbHoi 1 HHTErpanbHo popmamu
YPaBHEHU 3JIEKTPOJUHAMUKH ?

15. Jaiite onpeneneHue NEPEMEHHOTO JIEKTPOMATHUTHOTO TTOJISI. 3alHILINTE
NOJIHYIO CUCTEMY YPABHEHUM 3JIEKTPOJANHAMUKHA B UHTETPAIIBHOUN U
muddepennmanbaon popmax. [loscHuTe GU3NIECKUIN CMBICIT YPaBHEHUIA.

16. B yem 3aximrovaercst pU3NUECKHU CMBICT TOKA CMEIICHHS ?

17. Yem OOBSICHUTD, YTO BO BTOPOM YPAaBHEHUU JIEKTPOJUHAMHUKY B OTIUYHE OT
NEPBOr0, IOCTABJIEH 3HAK MUHYC?

18. KakoBbI OrpaHUY€HUs] HA TPUMEHEHUE YPABHEHHI 3JIEKTPOIUHAMUKH ?

19. Kakas cpena Ha3bIBaeTCs IUAJIEKTPUKOM, a Kakasi IPOBOJHUKOM?

20. Kakue TOKM CyIIECTBYIOT B BAKyyMe€, II€ OTEPH OTCYTCTBYIOT?

21. Ilepeuncnute rpaHUYHBIE YCIOBUS Ha FPaHUIIE pa3zieiia 1ByX cpea. Kakon
BU/JI IPUHUMAIOT TPaHUYHBIE YCIOBHS, €CJIM BTOPasi Cpe/ia ABISAETCA UAealbHbIM
IIPOBOAHUKOM?

22. Kakoe nosue cymecTByeT BHyTPH UACATBHOTO MPOBOIHUKA?

23. Kakum o0pa3oM HampaBieHbl CUIIOBbIE JTUHUU AIIEKTPUUECKOTO0 U MATHUTHOTO
NOJIEN Y MTOBEPXHOCTHU UIEATIBHOIO POBOJHUKA?

24. TIpokoMMeHTUpYyTE TeopemMy YMoBa-IIoMHTUHTA, 3aTITMCAHHYIO B
muddepeHnransHON 1 HHTETpaibHON (popmax.
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25. Haiite onpenenenue BekTopa [loitHTHHTA. YKa)KUTE €ro pa3MepHOCTb.

26. Kak onpenensiercs HanpasiieHue Bekropa [loiHTHHTa?

27. BeiBenure (hopmydty IJsl yCpEIHEHHOTO 3a nepuoj Bekropa [loiiHTuHra.

28. Kak onpenensercs KOMIUIEKCHBIN BekTOp [loliHTHHrA?

29. Chopmynupyiite TeOpeMy €MHCTBEHHOCTH PEIICHUS OCHOBHBIX YpaBHEHUN
ANIEKTPOJUHAMUKH.

30. B yeM 3akirouaeTcsi MPUHIIUIT IBOMCTBEHHOCTH?

31. 3anummTe BOJTHOBBIE YPAaBHEHUS U BBIPAKECHUS JJISI JIEKTPOANHAMUYECKUX
noTeHIManoB. [losCHUTE UX IPUMEHEHUE.

32. B ueM 3aKIII04ar0TCsl OCHOBHBIE OTJIMYUS BOJHOBBIX YPABHEHUIN OT YpaBHEHUN
AJIEKTPOIMHAMUKHU ?

33. 3anummTe ypaBHEHHUS I SJIEKTPOJUHAMUYECKUX MTOTeHIHUaNoB. [TosgcHuTe
UX.

Bropoil ypoBeHb 00VYEHHOCTH

34. Kax onpezensieTcs cuijla TOKa B CIy4ae, €CJIM TOK MEHSETCSl BO BpEMEHU?

35. UeM 0OBACHUTH, UTO HAIPSKEHHOCTH 3JIEKTPUUECKOT0 TOJIS M MHTYKIUS
MarduTHOTO I1OJIS 3aBUCST OT apaMETPOB CPEABI?

36. [louemy cymmapHO€ MoJie B CpeJie OTIIMYAETCS OT MOJI B BaKyyMe?

37. Uem 0OBACHAIOTCS CBOMCTBA (PEPPOMATHUTHBIX BEIIECTB?

38. MOKHO JIi yTBEPKATh, YTO IIPU MOCTOSSHHOM TOKE 3JIEKTPOMArHUTHAS
SHEPrus nepeaaeTcs o npoBogam?

39. YeM 00BACHUTD, YTO MOKA3aHUS BOJIBTMETPA B IEPEMEHHOM
ANIEKTPOMATHUTHOM TI0JI€ 3aBUCST OT TOT'0, KaK PaCIOJIOKEHBI IPOBOJIA OT
BOJIbTMETPA 10 00BEKTA U3MEPEHUA?

40. IToueMy 3aKOH O MOTOKE BEKTOPA JEKTPUUECKON MHAYKIHUH CIPABEINB
TOJIBKO J1J151 CBOOO/IHBIX 3aps0B?

41. Kak 1 noueMy MEHSIOTCS JUAIEKTPUUYECKHE CBOWCTBA CPEJl IIPU YBEIUYEHUH
4acTOTHI?

42. IlomyunTe U3 ypaBHEHH 3JIEKTPOIMHAMUKHI BOJTHOBBIE YPABHEHUS.

43. BO3MOKHO 1M MCIIOJIb30BAaHKE ISl ONpeelIeHUs BEeKTOpoB £ u H Tonbko
BOJIHOBBIX YPAaBHEHUIA?

44. KakoBa nociIe0BaTeIbHOCTh ONPEIEIEHUS MOJIA C UCIIOIb30BAHUEM
ANEKTPOAUHAMUYECKUX NOTEHIIMAIOB?
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3. CTATUYECKHUE U CTAIIMOHAPHBIE ITOJIA

3.1. DJIEKTPOCTATHKA

DJIEKTPOCTATUUCCKUM I10JIEM Ha3bIBACTCS QJICKTPHUYCCKOC I10JIC HCIIOABUIKHBIX
HCU3MCHHBIX 3apAJ0B, HC HU3MCHAIOIIHNXCA BO BPCMCHU. PaCCMOTpeHI/Ie CBOMCTB
CTaTUYECKHUX MOJIeH H€O6XO,III/IMO HC TOJIbKO IIOTOMY, 4YTO 3TH IIOJII HIHPOKO
HCIIOJIB3YKOTCA Ha IPAKTHKC, HO MW IIOTOMY, 4YTO MHOTI'HC JJICKTPOAWHAMHUYCCKHUC
3a1a49u MOT'yT OBITH PCUICHBI METOAAMU CTATUKHU.

3.1.1. Cucrema ypaBHeHH# J1eKTPOCTATUKU. CKaJISAPHBINI
3JIEKTPOCTATUYECKHI MOTEHIHAJ U ero onpeaejieHue

PaccmoTpuM OCHOBHBIE ypaBHEHHMS 3jieKkTpoauHamuku (2.16), (2.19), (2.21),
(2.23) u matepuanibHOE yYpaBHeHUE (2.12):

D=¢ E,
IIpU YCJIOBUHU, YTO BXOJAIINE B HUX BEIMYMHBI HE 3aBUCIAT OT BpeMeHH. B 3ToM
ClIydae CBSI3b MEXKIY dSJICKTPHYECKHM W MAarHUTHBIM TOJISIMH Pa3pbIBACTCS, U MBI
CMOXEM  BBIJICTIUTH  CIICAYIOIIYIO CHCTEMY YPAaBHEHUW  DJEKTPOCTATUKU B
mddepeHmanbHON dbopme, ONUCHIBAIONIY IO CBOICTBa CTaTUYECKOI'O
AIEKTPUIECKOTO TIOJIS:

rot E =0; (3.1)
div D = p; (3.2)
D=c¢,E. (3.3)
OTUM YPaBHCHUAM COOTBCTCTBYIOT CIICAYIOIINC YPABHCHUS B I/IHTCFDaJILHOﬁ d)ODMel
§EdI=0; (3.4)
14
§Dds=[pav. (3.5)
S vV

IlepBoe ypaBHEHHE DJJIEKTPOCTATUKH SBIAETCS CIENCTBUEM U3 3aKOHA
JJIEKTPOMAarHUTHOM HHAYKLUHMM, a BTOPOE - TEOPEMOM O IIOTOKE BEKTOpa
3JIEKTPUYECKON UHIYKLUH.
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N3 ypaBuenuit (3.1) u (3.2) BbITEKAET, UTO AJNEKTPOCTATUUYECKOE TOJIE SIBISETCS
OC3BUXPEBBIM. DIEKTPOCTATUYECKOE rnoJje SIBJISICTCS MOTEHITUAJIbHBIM.
[ToTeHMaIbHOE TOJIE - 3TO MOJIE, B KOTOPOM BEIMYMHA JIMHEMHOTO MHTETpalia

dl

X —

BJIOJIb HEKOTOPOTr'O IMYTHU 3aBUCUT TOJBKO OT MOJIOKEHUS HAYaJIbHOM M KOHEYHOM
Touek A v B u He 3aBUCUT OT OPMBI MY TH.

CkansipHbIil AJIEKTPOCTATUYECKUI MOTEHUUAN (O SABJISIETCS YAaCTHBIM CIIy4aeM
CKQJISIPHOTO JIEKTPOANHAMUYECKOTO MOTEHIHAIA

E=—|joA+grad ¢
npu yactore ® =0 , T.€. A7 MOCTOSHHBIX MOJICH:

E=-grad ¢ . (3.6)

3HaK MHMHYC O3HAQ4aeT, YTO BEKTOp £ HampaBleH B CTOPOHY YMEHBIICHUS
noreHuuana. [loscHuM Ha3HaYeHUE 3HAKA MUHYC.

) grad ¢
1 E
— >
n, 2
D »
@ > P,

Puc. 3.1. Ha3HaueHne 3HaKa MUHYC B BBIPaKEHHH, CBS3BIBAIOIINM CKAJISIPHBIN
IIOTEHIUAJI ¢ BEKTOPOM HANPSKEHHOCTH JJIEKTPUYECKOTO T10JIS

Ha puc. 3.1 u3o0paxeHbl OTpPEe3KH JIBYX BeChbMa OJHM3KO PpaCHOJIOKEHHBIX
sKBUMNOTeHIMANeH. OlHA U3 HUX UMEET MOTeHIHaN @ , Ipyras - ¢,. Illycts ¢, > @, .
Torja B COOTBETCTBUU C ONpeAeICHUEM rpaaueHTa (rmoapasaen 1.3) uzodpasum ero
Ha puc. 3.1 BEKTOPOM, TEPICHIUKYIIPHBIM OSKBUMOTCHIIUATBHBIM JIUHUSIM,
HAIPaBJICHHBIM OT (@, K ) (B CTOPOHY yBEJIMYEHHUs MOTEHIHana). HanpsokeHHOCTh
AJIEKTPUYECKOTO TOJIsl HampaBjeHa OT 0oJjiee BBICOKOro TMoTeHIuana (@) Kk Oosee

HU3KOMY (). CreoBaTenbHO, 3HAK MUHYC O3HA4aeT, YTO HalpaBJeHHE BeKTopa £
U HampaBlIeHHE grad ¢ MPOTUBOIONOXKHEI (puc. 3.1).
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CBsi3b MEXIy TOTCHIIMAJIOM W 3apsiaMHd YCTaHaBIIMBACTCS YpPaBHCHHEM,
BBITEKAIOIINM U3 CKaJsipHOTO ypaBHeHus [lamambepa (2.63):

Pen.
.a
[Tpu ® = 0 K03 PuIHeHT pacnpocTpaHEHHS k=0 u mbI [IOJIy4YUM CKaJIsIpHOE
ypaBHEHUE JJI OIPENCICHUS TOTCHIUAA:

Vip=-F . (3.7)
&

a

[TomydeHHOe BhIpa)KCHHE HOCUT Ha3BaHWE CKaJISPHOTO ypaBHeHHs llyaccoHa.
Takum oOpazoM, Mbl oy AudhepeHIuanbHble COOTHOIICHHS, OTIPEICTSIONINe
NOTEHIIMAJI, €CJIM W3BECTHBI 3apsijfbl, M ONpPEHETSAIONNe HANpPsHKEHHOCTD
ANEKTPUYECKOTO OISl Yepe3 MOTEHIIUAI.

Yacto ObIBaeT HEOOXOAUMO OMPECITUTH MOTSHITMAN TOJIT B JTAHHOW TOYKE,
€ClIi HM3BECTHA HAMpPsDKEHHOCTHh MOJIA. B 3TOM ciiydae MOMKHO BOCHOJIB30BaThHCS
cnenyromei GopmyIoi

Vp+kip=—

o[ Edl
M

Hcxons u3 nocnenHed GpopMmyssl MOKHO JaTh CIEIYIOIIEE ONpPENEICHHE s
CKQJIPHOI0 IMOTEHIMANA: CKaJApHBIA IIOTEHIMal B MPOU3BOJIBHOM TOukKe M
MpeACTaBlIgeT CcO0OM JIMHEWHBI MHTErpal OT BEKTOpa  HANpsHKEHHOCTU

ANEKTPUYECKOT0 NoJIsA E , B3ATBIA OT TOYkHM M 110 HEKOTOpOU ToukH O , IPUHATOM 32
HA4aJIo0 OTCYeTa MOTeHIrana. Tak Kak 3IEKTPOCTaTUYECKOEe M0JIE NOTEHIMAIBHO, TO
HNOTEHIMA TOJs 3aBUCUT OT KOOPJIMHATBI TOYKM M HE 3aBUCUT OT (POpPMBI MyTH
uHTerpupoBanus. [locnenHee BrIpakeHHE MO3BOJISET BBISICHUTh (PU3MUECKUNA CMBICIT
noreHiyana. [IockonbKy HanpsHKEHHOCTb JJIEKTPUYECKOrO IIOJIsL paBHA CHIIE, C
KOTOPOM TOJIE JEUCTBYET HA €IUHUYHBIN ITOJIOKUTEIBHBIA 3apsal, TO NPOU3BEICHHE

Edl, crosimiee moa 3HaAKOM HMHTErpajia, paBHO paboTe, COBEPIIAEMON IOJEM IO
MEPEMEILICHUIO 3TOTO 3apsia Ha TyTH d/ .

CrnenoBaTenbHO, TOTEHIMAN TOJS B Touke M paBeH paboTe, KOTOPYIO
COBEPIIHUT II0OJI€ TPU MEPEHOCE SAMHUYHOTO IMOJIOKUTEILHOTO TOUCYHOTO 3apsiaa U3
To4kd M B Touky O , MPUHATYIO 32 HAYaJI0 OTCYETA MOTEHIIHAIA.

C moHATHEM TIOTEHIMANa TECHO CBS3aHO TOHITHE OJICKTPHUECKOTO
HaNPSDKEHUST MEXAY JIBYMS TOUYKAMU. DIEKTPUYCCKHM HAMPSHKEHUEM WIIH TPOCTO
HaNpsDKEHUEM MEXIy IBYMsS ToukaMd A M B Ha3bBaeTCs pa3HOCTH MOTEHITMAIOB
MEXTy STUMHU TOUKAMMU:

(0] (0] B
Up=¢.—pp=| Edl-[ Edl=[ Edl , B.
A A

Jig toro 4rtoObl ONpeneauTh MOTEHUWAN TMOJs, €ClIU 3aJaHbl 3apsibl,
HeoOXoauMo pemuTs auddepenimanbioe ypaBHeHue I[lyaccoHa, B KOTOpOM TMOJ
3HaK oneparopa Jlamaca BXOAUT HEN3BECTHBIN TOTEHIUAIL.
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Pemenne ypaBuenus [lyaccona umeer ciaeayronmm BUA:
B 00beMe V ¢ 00beMHOH TIJIOTHOCTBIO O

0= j P ay; (3.8)

47[5 r

Ha ITOBCPXHOCTHU S ¢ HOBCpXHOCTHOﬁ IINIOTHOCTBIO O

= j rdS (3.9)

Ha JIMHUK | C IMHEHHOI MIOTHOCTBIO 3apsaaa t

T
L d; 3.10
4re, '!. r (3-10)
B CJIy4ac TOYCUYHLIX 3apsa 0B
Z 9i (3.11)

47&9

II€ 7 — PacCTOSIHUE OT AJIEMEHTAPHBIX 3apsiIOB O TOUKH, TJI€ UIIETCS MOJIE;

g; — I-¥l TOYEYHBIN 3aps.

Taxum oOGpazom, IpH 3aJJaHHOM pacIpeieNICHUH 3apsiioB B OAHOPOIHOM cpesie
HANPSHDKEHHOCTh  AJIEKTPUYECKOTO TOJISI MOXET OBITh BBIYMCIIEHA MPU MOMOIIU
MOTEHIIMANIa CIeAYIOIUM 00pa3oM: ONpeIesieTCss MOTSHIINA TIOJISI B TAHHON TOYKE
npu oMoty Gopmy (3.8) — (3.11), u 3aTemM BBIYUCISIETCS HAMIPSHKEHHOCTH TOJIS TI0
dbopmyite (3.6).

YpaBHenne IlyaccoHa m ero pemeHue MO3BOJAKOT ONPEACIUTH IOJIE Kak B
TOYKaX, TJI€ PACIIOI0KEHBI 3apsijibl, TAK U B T€X TOUKaX, IJ€ 3apsAJIOB HET.

B Tex Toukax omHOpOAHOU cpexbl, Te HEeT 3apsaoB (o =0) , B ypaBHEHHUH

Ilyaccona (3.7) mpaBas 4YacTb CTAHOBUTCS pPAaBHOM HYINIO, W 3TO YpaBHEHHUE
OPUHUMAET CIICTYIOITUI BU/I:

Vip=0. (3.12)

[TonyueHHOe ypaBHEHHE Ha3bIBACTCS CKAISPHBIM ypaBHeHHeM Jlamyiaca u
Ipe/ICTaBIsIeT COO0M OJTHOPOJIHOE CTAaTHUECKOE YpaBHEHUE.

Takum oOpa3om, omeparop Jlaruiaca oT mMOTEHLHaNa 3JIEKTPOCTATUYECKOIO
nojis B OAHOPOAHOM cpene ©Oe3 3apsaoB paBeH Hymwo. [lome, co3manHOe
ANEKTPUUYECKUMU 3apsiiaMu, yAOBIETBOPSIET ypaBHeHHUIO Jlarmiaca BO BceX TOYKax,
r7I€ HET 3apsJIOB.

Kak yxe ormewanocs ( mompasmen 1.3), mpu ananu3e u Tpaduueckom
MOCTPOCHUM TIOJEH IIUPOKO HCIOIB3YETCSl TMOHATHE TOBEPXHOCTEH pPaBHOIO
noreHuuana. HamomMHUM, 4TO MOBEPXHOCTHIO PABHOrO MOTEHIMala (B ciaydae
CKAIISIPHOTO  TIOJISL  3JIEKTPOCTATUYECKOTO TMOTEHIMada (¢ OSTU TOBEPXHOCTH
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HA3bIBAIOTCS DKBUIOTCHIMANbHBIMU) HA3bIBAETCS MOBEPXHOCTh, Ha KOTOPOM
MOTEHIMAJI  COXPAHSET HEW3MEHHOE 3HayeHue. AHAIUTUYECKH YypaBHEHHE
IIOBEPXHOCTH PABHOIO MOTEHIMAJIA IIOJy4aeTCsd IPUPABHUBAHUEM IOTEHUHANA
MOCTOSIHHOM BEJIMYUHE:

(p(x, Y, Z) = const.

[ToBepXHOCTH paBHOTO MOTEHIMAJIA BCErAa MEPIEHANKYIISIPHA JIEKTPUYECKUM
CWJIOBBIM JIMHUSM, MOTOMY YTO TOJIbKO B ATOM Cjydyae NepeMellleHHue 3apsjaa Io
MOBEPXHOCTH HE CBS3aHO ¢ pabOTOi moJs:

EdI =0,

rae dl - >IeMeHT My TH 1O MMOBEPXHOCTH PABHOTO TIOTEHIINAJIA U, CIISIOBATEIHHO, BCE
TOYKH 3TOW MMOBEPXHOCTH HAXOATCS MO OJMHAKOBBIM TTOTCHIIHAIOM.

B cnydae, Hampumep, TOYEUHOTO 3apsiaa MOBEPXHOCTH PAaBHOTO IMMOTEHITHATIA
sBisitotcs chepamu ( puc. 1.4).

3.1.2. 'paHn4YHbBIE YCJIOBUS 3JTEKTPOCTATHKH

['paHnyHBIC YCTOBUS AJIEKTPOCTATUKHU MPEACTABIAIOT COOON YACTHBIA ClIydaid
IPAHUYHBIX YCIOBUU DJIEKTPOAWHAMMKH JUIA IIOJIEW, HE 3aBUCAILLIUX OT BPEMEHH.
[losTomy Ha rpaHune pasgena JIByX Cpex HAaIIpSDKEHHOCTh U MHAYKLHUSA
AIIEKTPOCTATUYECKOTO TOJISl CBSI3aHBI MEXy cO00# TeMH ke cooTHomeHusIMH (2.40)
u (2.42), 4uTo U B ciy4yae IMEPEMEHHBIX NOJIeH, TaK KAaK B T'PAaHUYHBIE YCIOBUSA
3aBHCHMOCTb OT BDEMEHU HE BXOJIUT.

IIpuBeneM 3T COOTHOLIECHUS:

En—-FEn=0, (3.13)
Dn2_Dn1:0' (314)

Ecnu Ha rpanuie pa3zena HET HOBEPXHOCTHBIX 3apsiioB (¢ = 0), TO rpaHUYHbIE
YCJIOBHS yIPOIIAIOTCS U MPUHUMAIOT BUA:

En=En,
Dn2 :Dnb
80, _ fa

tg al ga 2
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3.1.3. EMKOCTb. JHeprus 3JJeKTPOCTATHYECKOI0 MOJIs

Yem OonpImil 3apssl HYKHO COOOIIMTH MPOBOJHUKY, TeM OOJbIIE €MKOCTh
POBOJHUKA. V3 MpUBENEHHOTO BBIPAKEHHUS CIEIYET, YTO €MKOCTh OMpenemseTcs
KaK OTHOITIICHHUE 3apsijia MPOBOAHUKA K €T0 MOTEHITUATY:

c-2 o
»

J1st co3anus eMKOCTH OOBIYHO MCHOJB3YIOT CUCTEMY M3 JIBYX NMPOBOJIHHUKOB,
3apsabpl KOTOPBIX PaBHBI 110 BEJIWYMHE U MPOTUBOIIOJIOXKHBI 110 3HAKY. Takas cucrema
HAa3bIBACTCS KOHIAEHCATOPOM.

B stom cnydae pasHocth noreHnuanoB U MexTy TPOBOJHUKAME OYJET MPSIMO
pONOpUHUOHANIbHA 3apsaay Q OAHOTO W3 MPOBOJHHMKOB, YTO AHAJTUTUYECKH MOXKHO
3anucaTh CIEAYIOMUM 00pa3oMm:

1
U=-0. (3.15)

OTKyZAa KOO PHUIIMEHT MPOTIOPIIUOHATBHOCTH, Ha3bIBAEMOW EMKOCTHIO KOHICHCATOPA,
omnpeaenseTcs: GopMyoi

9 (3.16)

C==_
Ul o, — o

TA€ () U (O — TOTEHLIHAJIBI IPOBOJHUKOB.

Taxkum o06pa3zoM, EMKOCTh KOHJACHCATOPA - 3TO BEJIWYUHA, paBHAs OTHOIICHUIO
BEJIMYMHBI 3aps/ia OJHOTO M3 MPOBOJHUKOB K BEIMYMHE PA3HOCTH MOTEHIIMAJIOB
MEXIy HUMU.

BennurHa eMKOCTH CUCTEMBI CBSI3aHA C SHEPTUEU DJIEKTPUUYECKOTrO IOJs 3TON
cucrembl. Kak ObLIO TMOKa3aHO MPHU paccMOTpeHUH Teopembl YMoBa-lloWHTHHTA,
sHeprusi W, DJIEKTPUYECKOrO TOJiI BO BCEM OO0BbEME, TIJI€ OHO CYIIECTBYET,
ONPENENACTCS COOTHOICHUEM

—2
w =jgaE dav. (3.17)
e V 2

Bripaxxenue (3.17) MoxHO TTpeoOpa3oBaTh K BUIY:

W, =L [§e,E2a5ai =L §Das[Eal =L 0p, - 9. (3.18)
2 1S 2S l 2



73

N3 Beipaxkenus (3.18) ¢ yuerom (3.15), (3.16) cumemyer dopmyna s
OTIpeJICIICHNS YHEPTUH TI0JIsT KOHIEHCATOPA:

2
We:QU:CU
2 2

, (3.19)
Tak kKak Q =CU.

3.1.4. IIpsimasi u oOpaTHAas 321a4M JJIEKTPOCTATUKH

3amaua ompeneneHUs MOJS 1O 33JaHHBIM 3apsjaM Ha3bIBA€TCS OPIMOM
3ajiauelt anekTpocTaTuku. [Ipu ee pemeHnn yno6HO UCTIONB30BaTh TOTOBBIE PEIICHUS
(3.8) - (3.11) ypaBuenus Ilyaccona, mo3BOJISIONIME Cpa3y HAWTH MOJIE MO 3aJaHHBIM
3apsiiam.

OOpaTHOW 3ajlayedl  IIEKTPOCTATUKM HA3bIBA€TCA 3ajadya  OINpeeIICHUS
BEJIMYMHBI 3apsOB M HUX paclpeleseHuss B 00beMe M Ha TMOBEPXHOCTSIX
MPOBOJHUKOB, €CJIM H3BECTHO IMOJe. JTa 3ajadya TaKXKe PEHIacTcs C MOMOUIBIO
ypaBHeHusi Ilyaccona (3.7) m rpanmunbsix ycioBuid (3.13) m (3.14). OOneMHas
IJIOTHOCTh 3apsioB B 00BbEME, TJI€ UMEETCS MOJie, ONPENSIUTCS BBITEKAIOIEeH W3
BbIpaxkeHus (3.7) hopmyoit

_ 2
p=-&,Vop.
Takum 00pazomMm, pelieHue OpsiMOl U OOpaTHOM 3aJauyMl 3JIEKTPOCTATUKU HE
BBI3BIBACT MPUHIUITUAIIBHBIX 3aTPYIHECHUM.

3.2. CraumoHapHOe MarHUTHOE I0Jie

CrauvoHapHbIM  MarHUTHBIM  TIOJIEM  HA3bIBA€TCS  MAarHUTHOE  II0OJIE
MNOCTOSIHHOT'O TOKA. DTO MOJIE€ COOTBETCTBYET PEXUMY YCTAHOBHMBIIETOCS JBUKEHUS
3aps10B.

3.2.1. Cucrema ypaBHeHHH CTAIMOHAPHOT0 MATHUTHOIO MOJIfA

321KOHBI, KOTOpPbIM CJICAYCT CTALIMOHAPHOC MAIrHUTHOC IIOJIC M YpPaBHCHMHA,
OIMKCBhIBAIOIIHNEC OTH 3aKOHBI, ABJIAKOTCA CJIICACTBUAMU 5 ypaBHCHI/Iﬁ
QJIICKTPOAVMHAMUKHU ITPHU HE3AaBHUCUMOCTHU BXOIANIMX B HUX BCJIIMYNH OT BPpCMCHMU.
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YpaBHEHUSA CTalMOHAPHOTO MArHUTHOIO MOJA BBITEKAOT U3 1-ro u 3-ro
YPaBHEHUH 3JIEKTPOAMHAMUKHA U MaT€pUaAIbHOrO ypaBHEeHHU (2.13) 1 UMEIOT BUA:
3aKOH ITOJIHOTO TOKA:
B 1 depeHunanbHoil popme

rot H=2, (3.20)
B MHTETPaILHOUN hopme
§ Hdl=[ods; (3.21)
l K

3aKOH HETPEPHIBHOCTH MATHUTHOTO TIOJIS:
B nuddepennuansHoil hopme

div B=0, (3.22)
B UHTETpaIbHOMN hopme

§BdS=0; (3.23)
MaTCpUAIIBHOC YPABHCHHC o o

B=y,H. (3.24)

N3  npuBeneHHBIX, ypaBHEHMM  CIEAyeT, YTO B  OTIMYHE  OT
ANEKTPOCTATUYECKOTO MOJISI CTAIMOHAPHOE MAarHUTHOE TIOJIE SIBJISIETCS BUXPEBBIM.

3.2.2. lIpsimas 3a1a4a CTAIMOHAPHOT0 MATHUTHOTO M0Jis1. BeKTOpHBI
MOTEHI[UAJI MATHUTHOTO MOJIsI

AHQJIOTUYHO NPSIMOM 3a/1aue 3JEKTPOCTATUKHU MpsAMas 3a/Jada CTalMOHAPHOTO
MAarHUTHOTO TOJISl, UMEIOIIasl MPAaKTUUECKU BaXKHOE 3HAUYEHUE, 3aKIIF0YAETCS B TOM,
YTO TI0 HM3BECTHOW BEJIMYMHE TOKAa W €ro pachpeleseHuI0 TpeOyeTcss HaWlTu
MarHuTHoe nmone. Haubosmee mnpocto »3Ta 3agaya pemiaercss MOpU  MOMOIIU
MOTEHIUAJIOB  CTAl[MOHAPHOTO  MAarHUTHOTO TMOJsA. BEKTOpHBIA  MOTEHIMaN
MAarHUTHOTO MOJI SIBJSIETCS YaCTHBIM CIIyYa€M BEKTOPHOI'O 3JIEKTPOJUHAMHUYECKOIO
NOTEHIIMAJIa, ONPEEICHHOr0 paHee, mpu yactore o =0 :

B=rot A. (3.25)

OyHKIMS 4 Ha3bIBAETCSA BEKTOPHBIM MOTEHIIMAJIOM MAarHUTHOIO MOJIS.
N3 ypaBHEeHUs CBSI3U

div A=—jo & i1
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CIEYET, YTO
div A =0, (3.26)

T.C. IIOJIC BCKTOpPa A ABISETCS YHCTO BUXPCBLIM. HonyquHoe COOTHOIICHUC
IMO3BOJIACT OAHO3HAYHO OIIPCACINTD BGKTOpHBIﬁ IMOTCHOAJI. BeKTOpHBIfI IIOTCHIIMAJI
MAaraiuTHOI'O ITIOJIA YAOBJICTBOPACT BCKTOPHOMY YPABHCHUIO IIyaccona:

V24d=-u,b, (3.27)

KOTOpOE MpeACTaBisieT cOO0M YacTHBIN Cilydail BEKTOpHOTO ypaBHeHus1 [lanambepa
(2.62)

pu yactoTe kosnebanut o = 0.
Pemenuem BekTopHOTO ypaBHEeHUS [lyaccoHa sSBIsSETCS COOTHOIIICHUE

A=taf &Z—V:ﬁj ﬁ, (3.28)
s, 1 47 r
rJie MHTerpasl OepeTcs Mo BceMy 00beMy, B KOTOPOM MPOTEKAIOT TOKH.
Takum oOpa3oMm, MarHUTHOE TIOJIe MO 3aJaHHBIM TOKaM MOXET OBITh
BBIYMCJICHO ITyTEeM IIOCJeA0BaTeIbHOTO ucmoiab3oBanus dopmyn (3.28), (3.25) c
ydyeToM (3.26).

3.2.3. I'panuYHbIe YCJIOBHUSA VISl CTAIIMOHAPHOT0 MATHUTHOIO OJISI

['paHuyHbBIe yCIIOBUA MJIS CTAallMOHAPHOTO MAarHUTHOIO TIOJSA  SIBJISIFOTCS
YaCTHBIM CJy4aeM TI'PaHUYHBIX YCJIOBHM 3JEKTPOJMHAMUKH IJIs CiIyyasi, KOrja Bce
BEJIMYMHBI HE 3aBHUCAT OT BPEMEHH, IO3TOMY Ha OCHOBAaHHUU COOTHOmEHU! (2.39) u
(2.41) nmonydaem clieyrolINe TPAHUYHBIE YCIOBHS JJI CTAIIMOHAPHOTO MAarHUTHOTO
0JIsI, KOTOPBIE COBIA/Ial0OT C TPAHUYHBIMH YCIOBUSIMU AJIEKTPOANHAMUKHU:

Hy, —H, =|6.n,], (3.29)
B, —B, =0, (3.30)

n

MIO3TOMY K HUM OTHOCSITCSI BCE BBIBOJBI M 3aMEUaHMs, CHIEJIAHHbIC ISl TPAHUYHBIX
YCJIOBUM JIEKTPOJANHAMUKHU.
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3.2.4. MarHuTocTaTuKAa

MarauTocraTika u3y4aeT MoJisi IOCTOSTHHBIX MarHUTOB.
B o6nactsax, rine Her cBOoOOMHBIX TOKOB (O =0), ypaBHEHUS W T'paHUYHBIC

YCIOBUA CTAHUOHAPHOTO MArHUTHOI'O ITOJISI IPUHUMAIOT cneny}omnﬁ BUA:

rot H =0; (3.31)
diszO; (3.32)
B=p,H. (3.33)
Hi—Ha=0; (3.34)
B2 =8, =0; (3.35)
182 _ Har
goy  Hy (3.36)

MaraurocraTudeckoe TMojie, T.e. IMOJ€ B OTCYTCTBHUHM ITOCTOSHHBIX TOKOB
onuckiBaercs ypaBHenusimu (3.31), (3.32). B aToMm ciaydae HET HU HCTOYHUKOB
MarauTHoro mons (div B =0), au Buxpeit (rot H =0). [lo3ToMy B MarHUTOCTaTHKE

MarHUTHOE TI0JIE MOKHO IMOJYYUTh JIMIIb 3a CYET HAMarHU4eHHOCTHU CPEJIbI.
HamarnuueHHOCTb cpelibl 00yCIIOBJIEHA MOJEKYJISIPHBIMUA (2TOMapHBIMHA) TOKAMH.
Kaxnplii 2JIEKTpOH, Bpamasch BOKPYr sSApa, CO31aeT MAarHWTHBIA aTOMapHBIA
(MonekysipHbI) MOMEHT. KoanuecTBO HAMarHMYeHHOCTHU CPElbl XapaKTepUu3yeTcs
BEKTOPOM HamaruudeHHoctd M ( moppaszen 2.1.3).

N3 ypaBuenwuii (3.31) u (3.32) BUAHO, UTO MarHUTOCTATUYECKOE TOJIE SIBISETCS
0E3BHXPEBBIM.

BBenem TmoOHATHE CKaJspHOTO MArHUTOCTaTHYECKOro MoTeHuuana. U3
cpaBHeHUs ypaBHeHUs (3.31) ¢ U3BECTHON U3 BEKTOPHOTO aHAIU3a TEOPEMOM

rot grad @™ =0

MOXXHO CYMTAaTbh, YTO MAarHuTHOC IIOJIC H saBnsgercs moiieMm rpaIu€HTOB CKAJIAPHOTO
MAarovMTHOI'O MOTCHIIMAJIAa (DM .

H =—grad ¢". (3.37)

MarsurocTaTHueCKui moTCHOMAaJl YIOBJICTBOPACT YPABHCHHIO Jlanaca
Vip" =0. (3.38)

B o6nactsax mpoctpanctBa, tne 6 =0, rot H =0 , MarHuTHOE TIOJIE MOYHO

pacCMaTpuBaTb, KaK IIOTCHIIMAJIBHOC. B »stom ClIy4dac BCJIMYMHA CKaJIAPHOI'O
MAarouToCTaTH4YCCKOI'O IIOTCHIMAaJIa HC 3aBHCUT OT (I)OpMI)I IIYyTH, a 3aBUCUT TOJIBKO OT
IMOJIOKCHHA TOYCK, KaK N 'y CKAJIIPHOI'O 3JICKTPOCTATUICCKOI'O IMTOTCHIIMAJIA.
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3.2.5. UHAYKTUBHOCTH. JHEPIUsi CTAIMOHAPHOT0 MATHUTHOTO MOJISI

NHOYKTUBHOCTD  SBJIAETCS  BAXKHBIM  JJIEKTPOMAarHUTHBIM  [1apaMETPOM
AJIEKTPOMATrHUTHBIX CUCTEM M 3JIEKTpHuYeckux uened. OHa ompenensiercss IMyTeM
pacdeTra MarHUTHOTO NOJII TOKOB.

CoOcTBeHHass MHIOYKTUBHOCTb KOHTypa MpEACTaBIseT COOOM OTHOIICHHE
MOJIHOI'O MarHUTHOI'O MOTOKA K BBI3BABILIEMY €0 TOKY:

®C
L=—S" T (3.39)

[TonHBI MarHUTHBIM TOTOK 4Yepe3 MOBEPXHOCTh, HATAHYTYIO Ha KOHTYp C
TOKOM, Ha3bIBA€TCS MOTOKOCIIETIIICHUEM

@, = BdS, Bé.
N
[ToTokocuermienue KaTyYIIKX HHAYKTHUBHOCTH C TUIOTHOW HAMOTKOM Ipu N
BHUTKax

®,, = NO.

N3 teopempl Ymosa-lloiHTHHIa cieayer, 4TO DJHEpPrus, 3alaceHHas B
MarHMTHOM I0JI€, onpeaensercs GopMynon

_2 —_—

W, =IﬂdV=jﬁdV. (3.40)
V 2 Vv 2
Bripaxxenue (3.40) MokHO IpeoOpa3oBaTh K BUY
lersv a0 lesraraa |
W,=—[$BHdSdl=—[BdS§Hdl=—,,J, (3.41)
257 25 ! 2

T.K. COI'TIaCHO 3dKOHY ITIOJIHOI'O TOKa

§EdZ=J.
[

N3 Beipaxkenus (3.40) u ¢ yuerom (3.39) ciienyet Gpopmysia sl JHEPTUU TOJIS
KATYIIKU UHIYKTUBHOCTH

wo="" (3.42)
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3.3. Bompocsl 1jisl caMONIPOBEPKH

I1epBbIi YPOBEHb OOYYEHHOCTH

1. OxapakTepu3yiTe MOHATHE ‘“DIEKTPOCTATUUECKOE MOe” .
2. 3anummuTe CUCTEMY ypaBHEHUH 3ieKTpocTaTuku. [losicauTe dpuzndeckuit
CMBICJI YPAaBHEHUH, BXOASIIUX B CUCTEMY.
3. Kakue noJist Ha3bIBalOT MOTEHIIUATIbHBIMU ?
4. Iloka3aTp, 4TO CKaJSPHBIA DJIEKTPOCTATUYECKNAN OTCHIUAI SIBISAETCS
YACTHBIM CIIy4aeM CKaJSIPHOIO JIEKTPOJIUHAMHAYECKOr0 OTEHIIMAA.
5. Kak onpeaenuTs NOTEHIHA MOJIS B JAHHOW TOYKE, €CJIA N3BECTHA
HaIPsSKEHHOCTD MOJIs?
6. B ueM 3akntovaercst pu3MUECKUIl CMBICT OTEHIIMAA?
7. Kakoii Bua UMeErOT pelieHus ypaBHeHus [lyaccona nis noreHuuana ¢?
8. Kak BbIUHCIUTHh HANPSHKEHHOCTh AJIEKTPUYECKOrO TOJISI HpPH MOMOILU
NOTEHIMAJIa, ECIIH 33JaH0 pacupeneseHue 3apsaoB?
9. Kak onpenensieTcs 3M€KTPOCTATUUECKOE MOJI€ B TOUKAX, IJI€ 3apsAJI0B HET?
10. Yto noHumaeTcs 1moj 3KBUMOTEHI[MAIbHON MOBEpXHOCThIO? Kak HaxoauTcs
ypaBHEHHE KBUMOTCHI[MATBLHON MTOBEPXHOCTHU?
11. Moryt 51 OBITh 3aMKHYTBIMU CHUJIOBBIC JINHUU B JIEKTPOCTATUUECKOM T10Jie?
12. Ilepeuncaure rpaHUYHBIE YCIOBUS SJIEKTPOCTATUKY HA TPAHULIE pa3/ielia
JIBYX Cpel.
13. OT 4ero 3aBUCUT €MKOCTh ITPOBOTHUKOB?
14. Kakum o0pa3oM BeTMYMHA eMKOCTH CUCTEMBI CBsi3aHa C SHEpruen
AJEKTPUYECKOTO TTOJISI TOU CUCTEMBI?
15. ChopmynupyiTe npsAMyr0 U oOpaTHYIO 3a7a4u dJIeKTpocTaTuku. [loscHuTe
METO/Ibl UX PELICHUS.

16. [HaliTe onpeaeneHne CTAlMOHAPHOTO MATHUTHOTO TIOJIS.

17. 3anumunre cucteMy YpaBHEHHI CTAlIMOHAPHOTO MarHUTHOTO TOJISL.
[Tosicaute u3nUecknii CMbICT ypaBHEHUH, BXOAAIIUX B 3Ty CUCTEMY.

18. ChopmynupyiiTe NpsAMYyI0 3ajilady CTallMOHAPHOTO MarHUTHOTro noJist. Kak
OHa pemraercs?

19. 3anumure rpaHUYHBIE YCIOBUS I CTALIMOHAPHOTO MAarHUTHOTO TOJIS.

20. Kakoe mone Ha3pIBAETCSI MArHUTOCTaTUYECKUM ?

21. 3anumuTe ypaBHEHUS U T'PAHUYHBIE YCIOBUS MArHUTOCTATUKH.

22. Kak omnpezensercst BEKTOP HANPSKEHHOCTH MarHUTHOTO I10JIS Yepes
CKJISIPHBIM MArHUTOCTATUYECKUI TOTEHIIMAI?

23. ITosicHuTE, KaK ONpenesaeTcss NHIYKTUBHOCTb KOHTYpA.
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Bropo# ypoBeHb 00YUEHHOCTH

24. [loyueMy numyT E=- grad ¢ ,aHe E=+ grad @ ,XOT4 C TOUKH 3pEHUS
ToxaecTBa rot grad ¢ =0 o0a BbIpa)KE€HUsI PABHOLICHHBI?

25. Tlokazarb, 4utO cKanspHoe ypaBHeHue IlyaccoHa sBnsieTcs  4YacCTHBIM
ClIy4yaeM CKaJisipHOro ypaBHeHus [lanambepa.

26. [ToueMy OBEpXHOCTh PABHOT'O MOTEHIIMAJIA BCET/la NEPHEHANKYISIpHA
AIEKTPUUYECKUM CUIIOBBIM JIMHUSAM?

27. Iloka3arb, UTO BEKTOPHBIM MAarHUTHBIM MOTEHIUAN SIBJSETCS YACTHBIM
CIIy4aeM BEKTOPHOIO 3JIEKTPOAMHAMUYECKOr0 NOTEHIIHAaa?

28. Iloka3zartp, 4TO BEKTOpHOE YpaBHEHUE [lyaccoHa sIBIsI€TCS YaCTHBIM CIIy4aem
BEKTOPHOr0 ypaBHeHHUs J{anamOepa. 3anuiunre pereHre BEKTOPHOro YpaBHEHUS
Ilyaccona.

29. KakoBa nocie10BaTeIbHOCTh BBIYMCIIEHUS CTALIMOHAPHOIO MAarHUTHOTO
OJISI 110 3aJaHHBIM TOKaM?

30. Ilomyuurte popmyiy A pacueTa SHEPTUH MO KaTyIIKH.
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