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O cTpyKType yyebHuka

Kypc «Teopernueckre OCHOBBI AJIEKTPOTEXHUKI» BKJIOYAET B ceOsl YETHIPE YACTH.
[IepBas, cpaBHUTEIBHO KOPOTKasd, nMeHyeMas «OCHOBHbIE TIOHSITUSI U 3aKOHBI T€O-
PUH 3JEKTPOMATHUTHOTO TI0JIS M TEOPUHU AJIEKTPUUECKUX W MarHUTHBIX Iiereli», co-
JEepPsKUT 0000IIEeHNST IIOHATUI U 3aKOHOB U3 00JACTH 9JIeKTPOMATHUTHBIX SBJICHUN
U pa3BuTHe (POPMYJIUPOBOK U OTPeNeSeHN OCHOBHBIX MOHATUN U 3aKOHOB TEOPUU
ANIEKTPUIECKUX M MATHUTHBIX IIeTTell. JTa 4aCTh, CBA3BIBAS KYyPChl (PU3UKU U TEOPETH-
YeCKUX OCHOB 9JIEKTPOTEXHUKHU, OTHOBPEMEHHO (POPMUPYET y YNTATES TTPABUIbHBIE
(pusmgeckue mpepcTaBIeHN O TIPOIlECCaX, TPOUCXOAIIINX B 9JEKTPUIECKUX U Mar-
HUTHBIX TIETIAX W B 9JIEKTPOMATHUTHBIX moJistx. OHa moMoraeT Takske TIyOsKe TOHATDH
M3J1araeMble B MOCIEYIONTNX JacTIX Kypca MaTeMaTudeckre (popMyIUPOBKHI 1 METO-
JIbI PeTenusT 3a1a4.

Bropas u Hanbosbinas mo oObeMy 4acTh Kypca, UMeHyeMast «Teopust TUHEHHBIX
3JIEKTPUUYECKHUX TIeTel», COAEPIKUT TOCIeI0BaTeIbHOE U3JI0OKEHUEe 9TOU TeopuH, Co-
MPOBO’K/IA€MOE 3HAUYNTETHHBIM KOJUYECTBOM IPUMEPOB. 3/IeCh M3JIaraloTcsi OCHOB-
Hble CBOWCTBA JIMHEWHBIX 2JEKTPUYECKUX IleNeld W PasiMuHble TOAXO/bl K pacyeTy
YCTAaHOBUBINUXCS U TIEPEXO/IHBIX TPOIECCOB B TakuX IensgX. OCHOBHOEe BHUMaHUE
yZeJseTcss MeToJlaM aHaJN3a, TTO3BOJISIONIUM PACCYUTHIBATh XapaKTePUCTUKU DJIeK-
TPOMATHUTHBIX ITPOIIECCOB B JIEKTPUUECKUX IIETISAX, CTPYKTypa U IapaMeTphbl KOTO-
PbIX U3BecTHBL. BMecTe ¢ TeM, paccMOTPEHBI TaKKe M OCHOBHBIE TTOAXO/bI K 3a7a4aM
CUHTE3a W JUATHOCTUKHU IIeTel], aKTyaTbHOCTh KOTOPBIX PACTET B HACTOMIIIEE BpeMs.
[IpuMeHeHEe METONOB ATUX Pas/esioB Y4eOHUKA MO3BOJISET CO3/aBaTh dJIEKTpUYe-
CKHe TIeTN ¢ Hallepe] 3aJJaHHBIMA CBOMCTBAMU, a TaKXKe ONpPEAESITh MapaMeTphbl WIn
IMAarHOCTUPOBATH COCTOSHIE PEATHHBIX YCTPOMCTB.

TpeThbs yacTh Kypca Ha3bIBaeTCd <« Teopus HeMTNHEMHBIX 9JIEKTPUIECKUX M MAaTHUT-
HBIX 1lerieii». B Heil namaraiorcst cBOKMCTBA HEJTMHENHBIX 3JIEKTPUUYECKUX U MATHUTHBIX
TeTeli 1 METOBI PacueTa IMPOUCXOIIINX B HUX MpoiieccoB. [lapamMeTpsl HETMHENHBIX
TeTell 3aBUCAT OT TOKA, HATIPSLKEHUST T MAaTHUTHOTO TTOTOKA, M 9TO TIPUBOANT K CY-
MIECTBEHHOMY YCJOKHEHUIO MaTeMaTUUeCKUX MOJiesieil HeTMHEHHBIX 2JIEMEHTOB U
MEeTO/IOB aHaJIM3a MPOIEeCCOB B HEJIMHENHBIX 1elsAX. BMecTe ¢ TeM 9TH BOIIPOCHI UMe-
10T GOJIBINOE 3HAUEHME B CBA3U C HIMPOKKUM MCIIOJb30BAHNEM 3JIEMEHTOB Ileleii ¢ He-
JIMTHEWHBIMU XapaKTePUCTUKAMU B COBPEMEHHBIX YCTPOMCTBAX.

[Tocsenusis, yerBepTas, 4acTh — <« Teopus 3JeKTPOMATHUTHOTO MOJig». MHoTHe
9JIEKTPOTEXHUYECKHE TIPOOJIEMBI He MOTYT OBITh MOJTHOCTHIO PACCMOTPEHBI TIPU TTOMO-
A TEOPUU TIeTlel U JOJKHBI PeliaThesl ¢ MIPUBJIEUEHUEM METOI0OB TEOPUU AJIEKTPO-
MarHUTHOTO 1oJst. IIpeskie Bcero, aTu MeTobl HeOOXOAMMBI Il PacdyeTa BasKHeHIIX
3JIEKTPOMATHUTHBIX TTAPAMETPOB 2JIEKTPOTEXHUIECKUX YCTPOUCTB, TAKUX MHIYKTUB-
HOCTb, EMKOCTb, COIIPOTUBJICHHE, YeM, OJHAKO, JAIEKO HE MCYEPIbIBACTCS 001aCTh UX
npuMeHenus. be3 ucnoab30BaHust COBPEMEHHBIX METOIOB TEOPHUH AJEKTPOMATHUTHO-
TO TIOJ HEBO3MOXKHO PACCMOTPEHUE BOTPOCOB U3MYyYEHWS W PACIPOCTPAHEHUS B
MPOCTPAHCTBE JIEKTPOMATHUTHBIX BOJH, TOTEPh B MONTHBIX 9HEPTETUIECKUX YCTPOIi-
CTBaX, CO3JaHMUA U UCITOTB30BAHNS YCTPONCTB € BBICOKOH HATTPSKEHHOCTHIO DJIEKTPH-
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YeCKOT0 WJIM MArHUTHOTO ToJtell u T. . Hanmune B yuebnuke nepBoit vactu: « OCHOB-
HbIe TIOHATHUS 1 3aKOHBI TEOPUH 3JIEKTPOMATHUTHOTO TIOJS U TEOPUM SJIEKTPUYECKNIX
¥ MaTHUTHBIX TIeTIel», TaeT BO3MOXKXHOCTD HA4YaTh PACCMOTPEHHE TEOPUN dJIEKTpOMar-
HUTHOTO TI0JIsT ¢ OOIIUX YPaBHEHUI, UTO MO3BOJISIET TIOAPOOHO PACCMOTPETH MOAXO/IBI
K PEIIeHnIo 3a/1a4 TCOPUN 3JIEKTPOMATHUTHOTO TOJIS M IPIMEPBI NX PENCHUS B paM-
Kax OrpaHUYeHHOro 00beMa yueOHUKA.

B yueGHuKe IpriHATA CKBO3HAS HyMepaIlus rias. B mepBblii ToM yueOHUKA BXOIUT
gacTh 1 «OcHOBHBIE TIOHATHUS U 3aKOHBI TEOPUH 3JIEKTPOMATHUTHOTO TIOJIS ¥ TEOPUU
AJIEKTPUYECKNX M MAaTHUTHBIX Tiereii» (rsaBbl 1-3) m #Havano vactu 2 «Teopus nu-
HEWHBIX 3JIEKTPUYECKUX 1ereli» (riaBbl 3—8), BO BTOPOH TOM — OKOHYaHUE YacTh 2
«Teopus mTuHENHBIX JIEKTPUYECKUX Ierneits> (TaaBbl 9—18), a Takke yacTb 3 «Teopust
HEJINHEMHBIX 9JIEKTPUYECKUX Iierneit» (ryaBbl 19—-22), B TpeTuii Tom — vactb 4 «Teo-
pHis 9JIEKTPOMArHUTHOTO 10Jisi> (ritaBbl 23—30). YeTBepThlil TOM BK/OYaeT B cebst
BOITPOCHI, YIIPasKHEHUsT U 334K 110 BCEM YacTsIM Kypca, a Takke HabOp pacyeTHbIX
3a/IaHUI 110 BCEMY KYPCY € METOIMYECKUMU YKA3aHUSIMU JIJISI UX BBITOJTHEHUS. B Hem
[PUBEJIEHBI TAKJKE OTBETHI HA BOIIPOCHI, PEIIEHUs] YIIPAKHEHUIT 1 33/1a4.



YACTb YETBEPTAA
TEOPUA SJIEKTPOMAITHUTHOI'O NoOJisA

[naBa ABaAuaTb TPETbA

YpaBHEHUS 3/IEKTPOMArHUTHOro noss

23.1. DneKTpoOMarHUTHOE MNoJsie U ero ypasHeHusl
B MHTerpanbHou popme

B . 1, 1. 1 661 paccMOTPEHbI OCHOBHbIE CBOWCTBA 9JIEKTPOMATHUTHOTO TIOJIST U [TPH-
BeJICHbI OCHOBHbIE TTOHSITUSI U 3aKOHBI, XapPaKTEPU3YIOIINE JIEKTPOMATHUTHOE TI0JIE.

Inexkmpomaznumiuoe noje ABJASETCst 0COOBIM BUIOM MaTepuu. Besikast aiekTpude-
CKU 3apsDKEHHAS YaCTUIA OKPY’KeHA 9JIEKTPOMATHUTHBIM TIOJIEM, COCTABJLIIONIUM C
Heil exunoe 1esoe. Ho a/leKTpoMarHiuTHOE T10JI€ MOKET CYIIeCTBOBATh U B CBOOO/I-
HOM, OTZIEJIEHHOM OT 3aPsKEHHBIX YACTUI] COCTOSTHUN B BHUJIE€ ABIKYIITUXCS CO CKOPO-
ctbio, 6rmskoil k 3-10°% m/c, hoTonos MM BoOOIIIE B BUJIE M3IYYEHHOTO ABUIKYIETOC
C 9TOI CKOPOCTBIO 2JIEKTPOMATHUTHOTO OIS (9JIEKTPOMATHUTHBIX BOJIH ).

DJIEKTPOMATHUTHOE TI0JIe XapaKTePU3yeTcs HeNpPEPBIBHBIM paclpenesieHueM B
[POCTPAHCTBE, W BMECTE C TEM OHO OOHAPY/KMBAET AMCKPETHYIO CTPYKTYPY B BHUJIE
KBAHTOB M3JIyY€HHOTO 3JIEKTPOMATHUTHOTO TI0JIsA, HarpuMep (hOTOHOB.

DJIEKTPOMATHUTHOE TI0JIE SIBJISIETCSI HOCUTEJIEM OTIPEIEIEHHOTO KOJNYEeCTBA dHEP-
T'UH, KOTOPast CIIOCOOHA TIPe06Pa30BbIBATHCS B IPYTHE BU/Ibl 9HEPTUU — XUMHUYECKYTO,
TETJIOBYIO, 9HEPTUI0 MEXaHUYECKOTO JIBUKEHUS U T. II.

DJIEKTPOMATHUTHOE T10JIe, SIBJISISICh HOCUTEJIEM OIPE/IeJIEHHOTO KOJTMUeCTBA SHEP-
ruu, o0JIafiaeT TakKe U ONpeeJIEeHHONW COOTBETCTBYIOIIEH 9TON SHEPIIK MACCOM, KO-
Topast MOKeT OBbITh oIpeaeaeHa u3 oouieii casasu W= mc? MeXKIy MOJTHOM aHeprueit W
U TIOJTHOUM Maccoi m, MPUYeM ¢ eCTh CKOPOCTb cBeTa B mycToTe. OMHAKO TJIOTHOCTD
MacChl B MICIIOJIb3YEMbIX OOBIYHO 9JIEKTPOMATHUTHBIX TIOJISIX BechMa Majia. ITycTh Mar-
HUTHAA WHAYKIUA paBHa 1 Ta u HAIPSKEHHOCTH 3JIEKTPUYECKOTO TIOJIS paBHA
108 B/m = 10° B/cm. ITocenee MOKeT ObITh JOCTUTHYTO TOJIBKO MPH BECHMA BBICO-
KoM BakyyMme. [Ipu aTuX yciroBusax o6beMHas IJIOTHOCTb 9HEPTUN 3JIEKTPOMArHUTHO-
ro 110Jisl, PaBHas CyMMe OOBEMHBIX IIJIOTHOCTEH 9HEPIUN DJIEKTPUYECKOTO U MarHWT-
HOTO TIOJIEl, MMeeT 3HadeHue

W e,E* B? 10" 1

= = 4,42-10° Jlxc/m”.
2 2p, 2-4m-9-10° 2471077 P/

WI
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CoOTBeTCTBEHHO 00BEMHAST TIOTHOCTH MACCHI AJIEKTPOMATHUTHOTO TOJIST TPU 9TOM
paBHa

' . 5 . .
RV —
C .

T. €. TIPEJICTaBJsAET COOON BeChbMa Mayl0 BEJMUIHY.

Hanunuwme maccwl 1osisi iMeeT NMPUHIUITMAIBHOE 3HAUYeHre. B yacTHOCTH, pactio-
Jlarag 3Ha4eHreM Macchl 110151, BeChbMa JIeTKO TIOICYNTATD /aBJIieHUe CBeTa Ha TIOBEPX-
HOCTb TeJia, Ha KOTOPYIO OH TajiaetT. /laBiieHue cBeTa ObLIO 9KCIEPUMEHTAIBHO yCTa-
HOBJIEHO U KOJIMYECTBEHHO wu3MepeHo B Ouectsimux omnbitax I1. H. JleGenena,
MO/ITBEP/INBIINX BBIBOJBI TEOPUH AJIEKTPOMATHUTHOTO TOJIA.

HwuroskHasg MI0THOCTh MacChl MCIIOTh3YEMBIX HA TPAKTUKE 3JIEKTPOMArHUTHBIX
noJieil Jjaer ocHoBaHUE OOBIYHO HE MHTEPECOBATHCS HTOM XapPaKTEPUCTUKON MOJS U
obparaTh BHUMAaHHE B OCHOBHOM Ha HEPreTHYECKYIO CTOPOHY PACCMATPUBAEMBIX
SIBJICHUIA.

DJIEKTPOMATHUTHOE 110JI€ HAPSI/LY C BBINIENIEPEYNCIEHHBIMI CBOWCTBAMU XapaKTe-
PUBYETCST 0COObIMU NEKMPOMAZHUMHBIMU CBOUCMBAMU, HE PACCMATPUBAEMBIME B Me-
XaHUKe, a IMEHHO CIIOCOOHOCTHIO OKA3bIBaTh CHJIOBOE BO3JEICTBUE HA 3apsiKEHHbIE
YaCTUIIBI. TO BO3/ICHCTBUE 3aBUCUT OT CKOPOCTH 3aPSIKEHHBIX YACTHII.

B mepBoii wactu Kypca ObLIO YKa3aHO, YTO IEKTPUUECKOE U MATHUTHOE MOJIST SIB-
JIATOTCS JIUITH JIBYMS CTOPOHAMMY BCET/IA €IMTHOTO 3JIEKTPOMAarHUTHOTO 110714, Jlesienue
O0OBEKTUBHO CYIIECTBYIOIIETO HE3aBMCUMOrO OT HAIMX HaOJIIOJEHUN DJIeKTpoMar-
HUTHOTO TIOJIS Ha JIBE €T0 COCTABJAIONINE — T0JIe AJeKTPUYeCKoe W ToJe MarHuT-
HOE — SIBJISETCS OTHOCUTETIHHBIM, T. €. 3ABUCUT OT YCJIOBUIA, TP KOTOPHIX TPOU3BO-
JUTCST HAOJTIO/IEHIE 9JIEKTPOMATHUTHOTO TI0JIsI C TIOMOTI[BIO T€X UJIM UHBIX YCTPOMCTB.
B mepBoii wactu Kypca ObLIN yCTAHOBIEHBI KOJINYECTBEHHBIE COOTHOIIIEHSI, OTPeie-
JIATOTINE CBA3h MEXKY STUMU JABYMS CTOPOHAMM 3JIEKTPOMATHUTHBIX SIBJIEHUI.

W3 Bcero paccMOTPEHHOTO B TIEPBOI YaCTU KypCa BBITEKAET, YTO BCSKUM 2JIeKTPH-
YeCKUiT TOK 00s13aTeIbHO COTIPOBOKIAETCSI MATHUTHBIM TOJIEM U, HA0GOPOT, MATHUT-
HOE TI0JIe HeM30EKHO CBSI3aHO C BJIEKTPUYECKUM TOKOM. IIPHUHSTO pasauyarh Tpu
BUJIA 3JIEKTPUYECKOTO TOKA: TOK TPOBOJAUMOCTH, TLIOTHOCTb KOTOPOTO IMPOIOPIIHO-
HaJbHA HATIPSKEHHOCTH 3JIEKTPUYECKOTO T0JIS; TOK CMEIeHNd, IJIOTHOCTh KOTOPOTO
MPOIIOPIIMOHATPHA CKOPOCTH W3MEHEHUS HAIPSKEHHOCTU 3JIEKTPUYECKOTO TIOJIA,
M TOK TIE€PEHOCA, TIJIOTHOCTh KOTOPOTO ONPEJIENISIETCS CKOPOCTBIO JIBVXKYIIMXCS CBO-
GOJHBIX HJIEKTPUUECKHU 3aPSIKEHHBIX YACTHIL VU TEJI, 3aBUCSIIIEN OT 2JIEKTPUIECKOTO
HATPSKEHUS B/IOJIb ITyTH, TPONEHHOTO 3TUMHU YacTUllaMu uiu TesaMu. Oaaaxo gu-
3UYECKU CJIEJIyeT Pa3jnuyarh JIUIIb JIBA BU/IA JEKTPUUECKOTO TOKA, XapaKTepusylo-
IUXCsT MHBIMU TTPpU3HAKaMu. [1epBbIil BUI TOKA TIPECTABISIET COOON JBIKEHE dJie-
MEHTapHBIX YaCTHIl, 000X dJeKTprudeckuM 3apsiioM. Crofia OTHOCSATCS TOK
HepeHoca, TOK IPOBOAUMOCTH M YaCTh TOKA CMEIeH I, 00si3aHHast CBOMM TIOSIBJICHU -
€M M3MEHEHNIO AJIeKTPIUECKON MOJIPU30BaHHOCTH BelecTBa. BTopoit Buj ToKa, KO-
TOPBIN He MOKET ObITh IIPECTABJIEH KaK JIBUKEHNE N3BECTHBIX HAM 3aPSsKEHHBIX DJ1e-
MEHTAPHBIX YACTHI], €CTh TOK 2JIEKTPUUECKOTO CMEIIEHUS B ITyCTOTE.
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B mpoctpancTBe, okpysKaiomeM ABMKYTNECS 3apsKeHHbIe YaCTHIIBI, CYIIEeCTBYeT
KaK 9JIEKTPUYECKOE TI0JIe, TaK 1 MAarHUTHOE TI0JIe. ITH TI0JIsI OMPEAENSIIOT co00il 1Be
CTOPOHBI €JIMHOTO AJIEKTPOMArHUTHOIO TOJISI.

Toxu aIeKTPIIECKOTO CMEIIEeHNS B ITyCTOTE BO3HUKAIOT TP U3MEHEHUN 3K TPH-
YEeCKOTO TI0JIT BO BPEMEHU M TaKyKe OKPY’KEHBI MATHUTHBIM TioJsieM. CiieZ1oBaTesbHo,
[IPU BCSIKOM U3MEHEHUU AJIEKTPUUECKOTO 10JIs1 BO BDEMEHU BO3HUKAET B TOM JKe IPO-
CTPaHCTBE CBsI3aHHOE ¢ HUM MarHuTHOe Tosie. O6a 3TH OIS ONPEIESIOT U B 9TOM
cyJae eJ[MHOe 2JIEKTPOMATHUTHOE TIOJIE.

CBs13b MEK/Ly 9JIEKTPUUECKUM TOKOM U HAIIPSIKEHHOCTBIO MATHUTHOTO TI0JIST yCTa-
HaBJINBAETCA 3aKOHOM TTOJTHOTO TOKA

jBHdl =1,

TJIACSIITAM, YTO JTMHENHBII MHTErpaa HAPsiKEHHOCTH MAarHUTHOTO TOJIST 10 JII0OOMY
3aMKHYTOMY KOHTYPY paBeH IOJITHOMY TOKY CKBO3b MOBEPXHOCTb, OIPAHUYEHHYIO
9TUM KOHTYPOM.

YpaBHenwue, BoIpaskaoliee 3aKOH MMOJTHOTO TOKA, IOHUMAEMOEe B YKA3aHHOM BBIIIIE
0600IIEHHOM CMBICJIE, KOT/IA B IIPABOIi €r0 YaCTH COAEPIKATCSI BCE BUBI TOKOB, B TOM
YucyIe M TOK CMeIeHus B mycToTe, 1ano Maxkcsesnowm. [TocpenctBom atoro ypasme-
HUS YCTAaHABIMBAETCS OJIHA U3 BAXKHEHIINX CBA3€i MEXK/Y 3JIEKTPUIECKON U MarHUT-
HOIl CTOPOHAMM AJIEKTPOMATHUTHBIX SIBJICHUH, a UMEHHO, OHO OTIPEJIeJIsieT MATHUTHOE
0JIe, BO3HUKAIOIIee TP ABMKEHNUN 3aPSKEHHBIX YaCTUT U TIPY U3MEHEHUH 2JIEKTPH-
YEeCKOTO TIOJIS.

Bropas cBsi3b orpeiesisieT aJIeKTpUYeCcKoe 1moJjie, BO3HUKAIOIIee IPU M3MEHEHUN BO
BpeMeHu MaruuTHoro moJsst. Ona otkpsita MapajieeM u chopMyaInpoBaHa UM B BUIE
3aKOHa DJIEKTPOMATHUTHON MHAYKIMU. MaKCBe/Ty NpUHAIJIEKUT 3aciyra 0600-
IEHKsT ATOTO 3aKoHa st JI0OoN cpezbl. COrJIacHO MaKCBEJIOBOW (hOPMYJIUPOBKE
3aKOHA 3JICKTPOMArHUTHONW WHAYKIIMH, 3JEKTPOJABILKYIIASA CHUJA, BO3HMKAIONIAA B
KOHTYpe TIPY U3MEHEHNU MarHUTHOTO TOTOKA CKBO3b MOBEPXHOCTD, OTPAHUYEHHYTO
KOHTYPOM, paBHA B3SITOH CO 3HAKOM MUHYC CKOPOCTH U3MEHEHU 9Toro moToka. Cymi-
HOCTBH 00001eHnst MakcBeJIa 3aKJII09aeTcsl B TOM, 4TO KOHTYP, B KOTOPOM BO3HHKa-
er D/IC, MoxeT OBITH MPEACTABJIEH PACIIONIOKEHHBIM B JII000ON cpese. B actHocTH,
9TO MOJKET OBITH JIMIIb MBICJIEHHBIN KOHTYP, HAXOASANIUNCS 1IEJTUKOM B IIyCTOTE.

Bosauknosenne I/IC B TakoM KOHType TIPU U3MEHEHUNU MAarHUTHOTO TIOJIS €CTh
pe3yJbTaT MOABACHUS UH/YIIMPOBAHHOTO 3JIeKTpruieckoro noss. [Ipu aTom anexTpo-
JIBUKYIIAsT CUJIA, JIEUCTBYIOIIAsi BJOJIb KOHTYDPa, PaBHA JIMHEHHOMY WHTErpasy
HANPSIKEHHOCTH 3JIEKTPUYIECKOTO TI0JIsl, B3ITOMY BJIOJIb 3TOTO KOHTYpa. Takum obpa-
30M, 06001IIeHHAs MaKCBe/ToBa (DOPMYJIMPOBKA 3aKOHA JIEKTPOMArHUTHON WHIYK-
WU TIPEJICTABJISIETCS B BUJIE

dd
5515511 ==,
dt
CyHlHOCTb SABJICHU S SJIeKTPOMaFHI/ITHOﬁ I/IHI[yKHI/II/I 3aKJ/JII049aeTCAaA B TOM, 4TO HpI/I
BCAKOM U3MEHEHUU MarHMUTHOTO I10JId BO BpeMeHI/I BO3HHMKaAET B TOM JKe HpOCTpaHCTBe

CBA3aHHOE C HUM 9JICKTPUYECKOC ITI0JIE.
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[locnennee ypaBHeHue olpejiesisieT WHAYIUPOBAHHOE HJIEKTPUUYECKOE I0JIe, Ha-
IPSDKEHHOCTh KOTOPOTro Mbl 0603HaYamu E,,,. VICTOYHHKAMU 3/1€KTPUYECKOro MOt
SIBJISIIOTCSI TaKJKe 3JIEKTPUYECKH 3apsizKeHHbIE YacTUIIbI U Testa. CBsi3b 9JIeKTPUYECKO-
TO TT0JIsT, OKPYKAIOIIETO 9TH YACTHUIIbI U TeJIa, C UX 3JEKTPUUECKUM 3aPSIJIOM OIIpeIe-
JIIeTcsT TIoCcTyJIaToM MaxkcBesia

j;Dds =q,

KOTOPBI TJIACUT: IOTOK BEKTOPA 3JIEKTPHUECKOTO CMEIIEHMs CKBO3b JII0OYI0 3aMKHY -
TYIO HOBEPXHOCTH B JIIOOOM cpejie paBeH CBOOOIHOMY 3apsi/Ly, 3aKII0UeHHOMY B 00be-
Me, OTPAaHUYEHHOM 3TOI MOBEPXHOCTHIO.

JIuaum BekTOpa HANPSAKEHHOCTH WHYIIMPOBAHHOTO 3JIEKTPUUECKOTO TOJIS BCIOLY
HETPEepPBIBHBL. JIMHIM BEKTOPA 3JEKTPUYECKOTO CMEIIEHNS, CBA3AHHOTO C 3apaIaMu
TeJT W YaCTHII, HAYMHAIOTCS W KOHYAIOTCS Ha 3TUX 3apsiax.

JImHnuM BeKTOpa MAarHUTHON WHIYKITUU BCIOMY HEMTPEPBIBHBI, YTO BBIPAZKAETCS CO-
OTHOIIIEHUEM

§>Bds:0.

[IpuBenennbie BhIIIE YETHIPE COOTHOIIEHUS U SIBJISIOTCS OCHOBHBIMU yPaBHEHU -
MM 3JIEKTPOMAarHuTHOTO TIOJISI B MHTETpaIbHON (hopMe.

V3ydeHue 3IeKTPOMArHUTHOTO MOJISI U METOJIOB €0 pacyera uMeeT BecbMa 00JIb-
1moe 3HayeHue.

B i 3, 1. 1, B KOTOpOIi OB JaHbI OCHOBHbIE TOHATHUSI TEOPUH DJEKTPUYECKUX U
MATHUTHBIX IieMeil, OblIa 0TMeYeHa CA0KHOCTh (DU3UYECKUX SIBJICHUI B 9TUX IIEISX.
bBrio mokazamno, 94To BO3MOKHOCTH TIOCTPOEHUST TEOPUU JIEKTPUIECKUX U MarHUT-
HBIX ILlellell OCHOBaHA Ha Psijie Hay4YHbIX aOCTPaKIWii, Ha IpeHeOpesKeHUN PSAIOM AB-
JIEHWH, KOTOPBIE TIPU OTPEIeIEHHBIX YCIOBUIX MOKHO CUMTATh BTOPOCTENEHHBIMU.
Teopust a/eKTpUUeCKUX U MAaTHUTHBIX IIeTTell OTIepUpYyeT C IMapaMeTpaMu Iiereii, Ha-
MpUMep € UHAYKTUBHOCTHIO, EMKOCTHIO, DJIEKTPUIECKUM COTPOTUBJICHNEM, MATHUT-
HBIM COTIPOTUBJIEHUEM U T. 1., IPUHUMAS 3HAYEHUS 9TUX MMapaMeTPOB KaK JaHHbBIE.
OpHaKo /st pacyeTa IapaMeTpoB Ieneil HeoOXOAUMO 3HATh dJEKTPUYECKUE U Mar-
HUTHBIE 10JIsI, 00pasyoliuecss Ha ydacTKax Iereil Mpu HaJIWYUKd B THX y4acTKaxX
TOKOB W HampspkeHUil. V3ydeHne sMeKTPOMATHUTHBIX MOJIe BAaXKHO HE TOJIBKO JIJIST
pacyera mapamerpos 1ereil. OHO HeOOX0AUMO, €CIM MBI KejaeM OoJjiee IOJIHO pac-
CMOTPETh KaPTUHY 3JIEKTPOMATHUTHBIX SBJIEHUI B TOM UJIU WHOM yCTPOICTBE, HE OT-
pannunBas cebst TEMU AOIYINEHUSIMU, HA KOTOPBIX OCHOBAHA TEOPUS DJIEKTPUUECKUX
W MATHUTHBIX I1lemeil. [lo cyiecTBy, 75T TIOJHON XapaKTePUCTUKK 3JIEKTPOMATHUT-
HBIX ABJIEHUI B JII0O0OM yCTPOIiCTBE HEOOXOAMMO 3HATH IIPOCTPAHCTBEHHOE paciipeie-
JieHUe OTIPeeAIONNX UX (DU3UIECKUX BETMYIH — TIJIOTHOCTU TOKA, HATIPSKEHHOCTH
9JIEKTPUUECKOTO TIOJIsI, MATHUTHON WHAYKIIUU U T. . U UX U3MeHeHWe BO BPEMEHM.
[TosTomy Jtst TIyOOKOTO M3y4YeHUsT DJIeKTPOMATHUTHBIX SIBJIEHUI HEOOXOAUMO HU3Y-
YUTh XapaKTePUIYIONTHe UX MOJIS.

Jlasiexo He Bcerja Ipu aHAJIU3e dJIEKTPOMATHUTHBIX SIBJICHUI MOTYT GBITh BBEjIE-
HbI U UCIIOJIb30BAHDI OHATHUS 00 2JEKTPUYECKON U MATHUTHOM LEIAX, XOTs Obl faxe
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JUISE TIOJTyYeHus TIPpUOJIsKeHHOTo petieHnst. CyIecTByeT MHOTO BasKHBIX TTPaKTHYe-
CKMX CJIyYaeB, KOT/Ia 3TU TIOHSITUS TEPSIOT CBOW CMBICJ W KOT/Ia aHAJIN3 9JIEKTPOMar-
HUTHBIX SIBJEHUIT MOKeT ObITh NMPOM3BENECH TOJBKO IyTeM JAETajbHOTO W3y4YeHWs
3JIEKTPOMArHUTHOTO T0JIs1. B KayecTBe 0/{HOTO M3 BaXKHEHIIINX MPUMEPOB MOKHO yKa-
3aTh Ha M3JIy4YeHNE W PacIPOCTPAHEHHUE HTEKTPOMATHUTHBIX BOJIH.

CTpoiiHOCTh ypaBHEHHI 3JIEKTPOMArHUTHOTO TOJISI OTPAXKaeT COOOH TPEIENbHO BbI-
COKYIO YIOPSIZIOYEHHOCTh BHYTPEHHETO IBMXKEHUSI MaTE€PUMU, CYIIECTBYIOIEH B (popme
9JIEKTPOMArHUTHOTO T10JIsL. Jlake TP caMbIX CUJIbHBIX MCIOJIB3YEMbIX HAMH 3JIEKTPO-
MarHUTHBIX MOJIIX B HUX HE BO3HUKAeT TYpOYJIEHTHOE WJIM XaOTHYECKOE JIBIIKEHHE,
CBOWCTBEHHOE TEIJIOBBIM IIPOIECCaM U TIPOIECCaM TIPU JIBVKEHUH JKUJIKOCTEN 1 Ta30B.
OrMedeHHast BbIllle BeCbMa MaJsiasi IJIOTHOCTb MACChI 9JIEKTPOMATHUTHOTO TIOJIsl, CBSI3aH-
Hast ¢ OTCYTCTBMEM MacCChl TIOKOsI, 00YCJIOBJIMBAET TO, YTO IHEPIHUST HIEKTPOMArHUTHOTO
TIOJIST JIETKO TIEPEIAETCST CO CKOPOCTBIO CBETA BOJIb TIPOBOJIOB M B CBOOOIHOM TIPOCTPAH-
CTBe. DTN CBONCTBA 3JIEKTPOMATHUTHOTO TIOJIS JIATOT BO3MOKHOCTH C TIOMOTIBIO 3JIEKT-
POMarHUTHBIX YCTPOMCTB OCYIIECTBJISATH YIPaBJeHre OOJBIIMMEI MOTOKAMI SHEPTHH,
CO3/IaBaTh CJIOKHBIE GBICTPOIEHCTBYIONINE KHOEPHETHYECKIE CUCTEMbI YIIPABJICHUS, TTe-
pemaBaTh OTPOMHBIE TIOTOKU UH(POPMAIIHH, TTOCHLIATh CUTHAJIB HA COTHA MUJLTHOHOB KU~
JIOMETPOB B KOCMUYECKOE TTPOCTPAHCTBO, TPOM3BOJIUTH BBIYNCIEHUS C TIOMOTIBIO 3JIEK-
TPOHHBIX MAIIMH ¢ UCKIIOYUTETBHO GOJIBIION CKOPOCTHIO.

Vcceaemyst a/IeKTPOMarHUTHOE T10J1e, HEOOXOMMO OIPEIEJISATh BCE BEJIMUYMHBI, €T0
XapakTepuaymolnne, B Kak10H ToukKe mpocTpancTsa. [loaTomy MbI He MoXeM ymoBJie-
TBOPHUTHCS MHTETPATHHOI (JOPMOI YpaBHEHUI U JIOJIXKHBI TIPEJICTAaBUTh UX B Audde-
peHImaIbHol hopMme.

B nasbHeiiem OyzeM paccMaTpUBaTh 3JEKTPOMATHUTHOE 10JIE B HEMOABUIKHBIX
cpe/laX, U B YAaCTHOCTU B HEIMOJBIIKHBIX TPOBOMHUKAX. COOTBETCTBEHHO BO BCEX
ypaBHeHUsIX Oy/ieM BBOJIUTH YaCTHbBIE TIPOU3BOIHBIE TI0 BPEMEHU.

23.2. 3aKOH NOJIHOro Toka B auddepeHumnanbHoi opme —
nepsoe ypaBHeHue Makceensna

CoryracHo ypaBHEHHIO §>H dl = i, BbIpaskaiomeMy 3aKOH MOJTHOTO TOKA, TUHENHbII 1H-

Terpaj HAMPsKEHHOCTH MarHUTHOTO TIOJIsT, B3SATHIN 110 3aMKHYTOMY KOHTYDPY, MOKET
paccMaTpuBaThCs Kak Mepa 3JIEKTPUIECKOTO TOKA, TPOXOISAIIET0 CKBO3h MOBEPXHOCTh
S, OTPaHUYEHHYTO0 3TUM KOHTypoM. OHAKO 0 BEJIMYMHE TOTO WHTETpajia HeJb3sT Cy-
JITD O PACIpeieIeHIH TOKA 110 TIOBEPXHOCTH S. UTOOBI PEIINUTH 3TOT BOITPOC, HEOOXO-
JIUMO BOCTIOJIb30BaThCS ATUM JKe ypaBHeHueM B nuddepeHIu-
anbHOI hopme. [lomycTuM, MBI KejlaeM BBISICHUTD, TPOXOIUT N
JI TOK CKBO3b MAJIyIO MOBEPXHOCTb, HA KOTOPOI pacrosioxeHa b
Touka A, 1 KaKoBa IJIOTHOCTh TOKA B 3TOU Touke (puc. 23.1). O [ ---4d=rot H
JIMHENHBII MHTETPAJT HAIPSKEHHOCTU MarHUTHOTO TIOJIS, B35I-
TBIH BJIOJTb MAJIOTO KOHTYPA, OTPAaHUYNBAIONIETO TOBEPXHOCTB AS,
paBeH MaJIOMY TOKY Af, TPOXO/AIIEMY CKBO3b 3Ty TOBEPXHOCTB!
ﬁH dl = Ai, u MOKeT CITysKUTh Mepoii Toka Ai. Benmunna Ai 3a-

BUCHT OT pa3MepoB MOBEPXHOCTU As. UTOObI TONYYUTh BITOJIHE Puc. 23.1
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oTIpeieJIEHHYIO BeJINYMHY, Pa3/ieJIUM IIPaBYIo 1 JIeBYIO YacTH paBEHCTBA Ha As U Hal-
JieM TIpefiest, K KOTOPOMY CTPEMUTCST OTHOIIIEHNE, Korjia AS CTpeMHUTCS K HYJIIO, CTATH-
Basdch B Touke A. byznem nmetn
_fHAL
lim &—— =1lim —.
As—0  AS As—0 As
Besunna, cTosiiasi B paBoil 4acT PABEHCTBA, IPEICTABISIET cOO0I COCTABIISIO-
I1Y10 BEKTOpa IIIOTHOCTH TOKA MO HAIPABICHUIO HOPMAJIX K IOBEPXHOCTH § B TOUKe A:

lim 2 —5cosp =35,
As—0 AS
Benuuuna, cTosimas B JeBOH YacTH paBeHCTBA, KaK M3BECTHO M3 Kypca MaTeMa-
TUKH, MIPeACTaBisger coOo0il MPOEKIMIo Ha HallpaBIeHne HOPMald K IIOBEPXHOCTH S
B TOUKe A BEKTOpA, HA3bIBAEMOTO BU X P € M, WJIU PO T 0 p 0 M, BekTopa H. Buxph Bek-
topa H o603nauaior rot H. COOTBETCTBEHHO /IS €T0 IPOEKLUN UMeeM 0003HaAYeHUEe

H dl
rot, H =lim ~—.
As>0  AS
Craso ObITh,
rot, H =9,.

Ecain a/1eMeHT MOBEpXHOCTH PACTIONIOKHITH TAK, YTOOBI MOTOKHUTETbHAST HOPMAJIb K
HeMy COBIaJiajla ¢ HallpaBJIeHueM BeKTOpa ILJIOTHOCTH TOKA, TO IIPeies OTHOLIEHUS
Ai/As iosyaut HanboJIblliee 3HAYEHNE, PAaBHOE TJIOTHOCTH TOKA B TOYKe A, mpudem
HaIpaBJIeHNE TTOJI0KUTEILHOM HOPMATH MBI CBA3BIBAEM MTPABUJIOM TIPABOTO BUHTA C
HalpaBJieHreM 00Xojia KOHTypa. [Ipu Takom pacnosioskeHnu ajieMeHTa OBEPXHOCTH
B IIPaBOIl YacTH PaBEHCTBA, HAIIMCAHHOTO B BEKTOPHOU (hopme, OyeT CTOSITh BEKTOP
IJIOTHOCTH TOKA, a B JieBoil — BekTop rot H. Takum o6pasom, B muddepenimaabuoit
(hopmMe 3aKOH IOJHOTO TOKA MPEJACTABUTCS B BUIE

rot H = 9.

ITO ypaBHEHHE 3JIEKTPOMATHUTHOTO IOJisi HOCUT Ha3BaHUE MEPBOTO ypaB-
Heaudg MaxkcBenana. llegHocTs 3ammcu ypaBHEHUS TIOJI B BEKTOPHOU hopme
3aKJIIOYAETCSI B TOM, YTO TaKasl 3allUCh HE 3aBUCUT OT
BbIOOpa cucteMbl KoopauHat. OQHAKO BBIPaXKEHUSsT
JUIST COCTaBJISIONIUX BUXPS HEKOTOPOTO BeKTOpa A,
B YaCTHOCTH BeKTOpa H, yepe3 cOCTABJISIONINE CAMO-
ro BeKTOpa A TOJy4aioTCsl Pa3JUYHBIMU B PA3HbBIX
CUCTEMAX KOOPJIMHAT.

Bripasum cocrassigioniue Bektopa rot A B fekap-
TOBBIX KOOpAMHaTaX. PaccMOTpuM OeCKOHEYHO Ma-
JIBII TIPSIMOYTOJIBHBIN KOHTYD abcda (puc. 23.2) B
IIJIOCKOCTH, TTapaJuiesibHoi miockoctu YOZ, u cocra-
- BUM cymmy npousBeznennii A dl 1o Bcem ctopoHam

Puc. 23.2 kouTypa. Mmeem
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+A, dy B1oJIb CTOPOHBI ab;

+ (AZ + 04,
oy

dy] dz Broan cropousl be,

A o4, dz | d. d,
—| A, + > 'z | dy BOJIB CTOPOHBI cd,
— A, dz Bnosb cTOpoHsl da.

0A, 0A,
[Ipu sTom A, | A, + Y dy |, A, + az* dz \|m A, — cpelHme B TIpeieiax COOTBET-

CTBYIOIIEl CTOPOHBI 3HAUYEHUSI COCTABSIONUX BeKTOpa A. CyMMUDPYSI 9TH BEJIMUNHBI
U JIeJIsl CYMMY Ha BEeJUYUHY IUIONAAKN dy dz, OTPaHUYE€HHON KOHTYPOM, HAXOAUM

0A
rot A= o4, %4, .
' oy 0z
Onpeensisg aHAJTOTUYHBIM 06Pa3OM APYTIHe COCTABJIAIONINE, OIydaeM
0A oA
rOtXA=%— v, rotyA=an_aAz; rot, A = y_an.
oy 0z ' 0z Ox ox 0Oy

[Toceanue aBa BbIPAKEHUs JIETKO MOJYYAIOTCA M3 MEPBOrO IUKIMIECKON TIepecTa-
HOBKOI1 OYKB X, Y, 2.

Takum 06pa3oM, B JIEKaPTOBBIX KOOPAMHATAX MIEPBOE ypaBHEHWE MaKcBeJia mpu-
HUMaeT BH/
oH, OH, . oH, oH,  oH, oH,
oy oz Tz o U e oy :

[Tosb3ysich TPUBEIEHHBIMU BbIIIIE COOOPAaKEHUSIMU, MOKEM TOJIYYUTh BbIPasKe-
HU BeKTOpa Tot A U B IPYTUX cucTeMaxX KoopAauHat. Hampumep, B MUTHHAPIYECKUX
KOOpAMHATAX p, O, Z pajualbHasl, TAaHTeHIIMAIbHAS U 0CEBAsl COCTABJISIONINE PABHbI

0A
rotpAzl%—aA“, rot A= P _%,
p 0o Oz oz Op
10 104,

rot, A=——(pA — .
. pE)p(p o) > da

B cdhepuuecknx xoopannarax p, 6, ¢ cocraBisoniie BekTopa rot A paBHBI

rot (A= ! {8(144) sin0) _8(;%}

psin®| 06 ®
0A
rot,A = 1 i P —i(rAw) ,
plsin® 0¢p Op

0A
rot ,A = 1 2(pAe)— 2.
plop 00
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23.3. 3aKOH 3/IeKTPOMarHUTHON MHAYKLMMK
B acddepeHunanbHon opme —
BTOpOe ypaBHeHue MakcBenna

Hammmewm B muddepentimanabioii popme ypaBHenme §E dl= _ci:f’ BbIpaskaloliee 3a-

KOH 9JIEKTPOMArHUTHON WHAyKIuu. [Ipw aToM, paccmarpuBast 1moJie B HEMOABUKHBIX
Cpeziax, 3aMeHNM TOJIHYT0 TPOU3BOHYIO 110 BpPEMEHH 4acTHOI npousBoaHoil. CocTa-
BUM JIMHEHHBII MHTerpas HaIlPsSDKEeHHOCTH 3JIeKTPU-
YeCKOTo MOJist 110 MaJIOMy KOHTYPY, OTPaHUYHBAIONIe-
My MaJIyio ToBepXHOCTh As (puc. 23.3); pa3mennm ero
Ha BeJIMYMHY TTOBEPXHOCTH U HA/IeM TIpejies], K KOTOPo-
MY CTPEMUTCS TIOJyYeHHOE OTHOIIEHWE, KOT/la TIOBEPX-
HOCTb AS CTPEMUTCSI K HYJIIO, CTATUBASICh B HEKOTOPOI
Touke A mosist. I[Ipu aToM TOMYyYnM TPOEKIUIO HA Ha-
IpaBJieHue HOPMAJIU K BBIODAHHOMY 3JIEMEHTY MTOBEPX-

Puc. 23.3
HOCTH B Touke A Buxps BekTopa E:
$Edl
lim =rot,E.
As—0  AS

B mpaBoii yacTu ypaBHEHMS MBI TOJEKHBI TOTOK AD CKBO3bh MOBEPXHOCTH AS pas-
JIEJIUTH Ha MOBEPXHOCTh AS U HAWTH TIpe/ies], K KOTOPOMY CTPEMUTCS 9TO OTHOIIECHME,
korga As — 0. ITpu 9TOM MOJIyYHM COCTABJISIONIYIO BEKTOPA MAarHUTHOM WHAYKIMK B
B TOUKe A, HOPMaJIbHYIO K BHIOPAHHOMY 3JIEMEHTY MTOBEPXHOCTH:

. AD 4O

lim —=-——=8,.
a0 As  ds
Takum 06pasom, nmeeM

rot, E = _2B, .
ot

BoibGepeM 1moJioskeHne aJieMeHTa MOBEPXHOCTH TaK, YTOObI HOPMaJib K HEMY COBIIa-
Ja ¢ BekTopoM — 0B/0t. Torna B JieBOIi yacTy paBeHCTBA MOJYYUM BUXPb BekTopa E.
Bynem umetn

rot ,.E = —@.
ot

ITO ypaBHEHUE U TIPe[CTaBJsieT cOOON BbIpaKeHHe 3aKOHA 3JIEKTPOMArHUTHOMN
UHIYKIHU B quddepentmanbaoit hopme. OHO HA3BIBAETCIBTOPBHIM YPABHEHU -
eM MaxkcBenma.

Hamnpassienne BekTopa 0B/0t ecTb HalpaBJjieHUE, K KOTOPOMY CTPEMUTCS HAIIPaB-
JieHue npupamennsa AB BekTopa MarHUTHOW WHIYKITUHU, TPOUCXOAIIETO 32 ITpOMe-
JKyTOK BpeMenu At, korma At — (. Ecau BekTop B n3MenseTcs He TOIBKO MO BETUIH-
He, HO U 110 HAIIPaBJIEHNIO, TO TIPON3BOIHAsS OB/0t He HaripaBJieHa 110 OHOMN MPSIMOT €
BeKTOpOM B.
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B nexapToBoii cucTteMe KOOPAMHAT MOTyIaeM

0E, OE, B, OE, OE, 0B, OE, oE, 0B

z _ X . 2 _ X z

dy oz a’ oz ox o’ ox oy a

23.4. Teopema lNaycca m nocrynat Makcsenna
B amddepeHunanbHon popme

Teopema laycca B mpuMeHEHUN K 3JIEKTPUUYECKOMY ITOJIO TJIACHUT: TIOTOK BEKTOpa Ha-
MPSZKEHHOCTHU AJIEKTPUUECKOTO T0JIs1 CKBO3b 3aMKHYTYIO TOBEPXHOCTDb B OJTHOPO/IHO
U M30TPOITHON Cpejie PAaBEH OTHOIIEHWIO HJIEKTPUUYECKOTO 3apsija, 3aKII0OYECHHOTO B
oObeMe MPOCTPAHCTBA, OTPAHUYEHHOTO ITON MMOBEPXHOCTHIO, K aOCOMOTHO JNaIEK-
TPUYECKO TIPOHUIIAEMOCTHU CPEJIBI, T. €.

_4q
fEds-E.

Takum 06pa3oM, MHTErPaJ HAPSIKEHHOCTH 2JIEKTPH-
YeCKOTO T0JIsT, PACTIPOCTPAaHEHHBIH 10 HEKOTOPOI 3aMK-
HyTOU ToBepxXHOCTU (puc. 23.4), Mg OTHOPOAHOU U
M30TPOITHON CPebl MOKET PACCMAaTPUBATHCA KakK Mepa
AJIEKTPUUECKOTO 3apsfa, 3aKJII0YEHHOTO BHYTPHU 9TOH
noBepxHocTr. OMHAKO TIO BETWINHE HTOTO MHTErpaia
ellle HeTb3s CyINTh O PaclpeieIeHIH 9JIeKTPUIECKOTO
3apsana BHYTPH 00beMa, OrPaHUYeHHOIO 3aMKHYTOI
HOBEPXHOCTBIO. [{Jist pelierust Toro Borpoca HeoOXo-
IMMO TIPUMEHUTH TeopeMy laycca B muddepentmas-
HO¥T opme. JlomrycTrM, 4TO MBI JKeJTaeM BBISICHUTD, Ha- Puc. 23.4
XOJIUTCSI JTH 3JIEKTPUYECKIIT 3apsi/i B MalioM 0Obeme AV,
3akJoydamonieM B cebe TOUKy A, U KakoBa OObeMHast
MJIOTHOCTD 3JIEKTPUUYECKOTO 3apsi/ia B 9TON TOUKE.

[Torok BekTOpa E CKBO3b MaJlyto MOBEPXHOCTD, OTPaHUYUBAOILYI0 06beM AV, pa-
BEH JIeJIEHHOMY Ha € MaJIOMY 3apsily Aqg, 3aKJTI0Y€HHOMY BHYTPH 9TOI TIOBEPXHOCTH:

_Aq
fEds ==

Paspenum obe yacTr ypaBHeHHUst Ha AV 1 HaiizieM Tpefies, K KOTOPOMY CTPEMUTCS
orHotenune, kormga AV — 0. Nmeem

Eds
lim L _ lim 27
AV-0 AV AV=0 g AV

Brrpaskenue, crosmiee B J1€BOI YaCTH ypaBHEHWS, HA3BIBAETCA PACX 0K 1€ H U -
eM, WK JUBepTreHIueii Bektopa E 1 kpaTko obosnavaercs div E. B npasoii uac-
TH TOJTy4aeM 00BEMHYIO TIOTHOCTD P 3JIEKTPUUYECKOTO 3apsijia B IAHHOM TOYKE MPO-
CTPAHCTBA, JeJieHHYIo Ha €. TakuM o6pasom, Teopema laycca B auddepeHImanbHOR
(opme iprHUMaET BUJ
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divE="L.
€

TepMuH «pacXokIeHIe» XOPOIIO XapaKTepr3yeT 0COOEHHOCTH MOJISI B TEX MECTaX,
rae p # 0, u B Tex mectax, rze p = 0. [losoxuTebHbIN 3apsAa MOKHO paccCMaTPUBATh
KaK «MCTOYHUK» JIMHUI HANIPSIKEHHOCTU AJIEKTPUUECKOTO TI0JIsI, OKOJIO HErO HaunHa-
forcst 9tu auHuU. OTPUTATEBHBIN 3apSil SIBISIETCST KakK ObI «CTOKOM» (OTpPHIIATEb-
HBIM UCTOYHUKOM ) JIMHWUH, OKOJIO HETo JuHUN KondaioTcs. [Toatomy ecam B HeKOTO-
pom obbeme AV obbeMHAsT TIIIOTHOCTD AJIEKTPUYECKOTO 3apsiia He PaBHA HYJIO, TO
yepe3 MOBEPXHOCTD, OTPAHUYUBAIONIYIO 3TOT 00beM, JIUHUK HATIPSKEHHOCTH 2JIEK-
TPUYECKOTO TIOJISI PACXOOSIMCS B OKPYIKATOIIEe TIPOCTPAHCTBO WU CXOOSIMCS U3 HETO
(puc. 23.5, a, 6), 94TO KPATKO BHIPAsKAETCS CJIOBAMI: pacxoskieHre Bekropa E He paBHO
Hys0. B obsiactu nosist, rie otcyTeTBYOT 06beMHble 3apsiabl (p = 0), IMHUN HAIpsI-
JKEHHOCTH T10JIs1 He HAYMHAIOTCS U He KOHYAIOTCST; Yepe3 000 aieMeHT 06beMa TaKo-
IO [IPOCTPAHCTBA JIUHUN HAIIPSIKEHHOCTH IIOJIST TOJBKO poxoaiat (puc. 23.5, ), HO He
pacxonATCs OT HETO U He CXOAATCA K HeMy. M bl ToBopnM, 4TO pacxoskaenne Bektopa E
BO BCeX TOYKax Takoi obsractut paBHo Hymo: div E = 0. TTosie B o6mactu, rae div E = 0,
HA3bIBAETCSI COMEHOM JalbHBIM (OT IPEYECKOro cIoBa coAnvuldn'C — TpyoKo-
00OpasHbIii).

3HaueHre PacXoXkKIeHusT BEKTOpa He 3aBUCUT OT BbIOOPA CHUCTEMbI KOOPAMHAT,
¥ COOTBETCTBEHHO ITOCJIeIHEee YpaBHEHEe MHBAPUAHTHO B OTHOIIIEHWH CUCTEMBI KOOP-
muHaT. OIHAKO BBIPAXKEHUST PACXOXKIEHUS HEKOTOPOTO BEKTOpa A yepe3 ero cocras-
JISTIOTIUE TTOJIYYAI0TCS PA3JUYHBIMU B PA3HBIX CUCTEMAaX KOOP/MHAT.

0A:
A+ —dz
0z
: /A.\-
i 0
[
> J | —
Ay Sy A,
S &'/ Ay+ (_.d}'
dy 0y
y +()A,\-d’
Y ox Y A:
0 y
p<0 X
Puc. 23.5 Puc. 23.6

Boipasum div A B nekaproBeix KoopauHatax. IIpeacraBum cebe GecKOHEYHO Ma-
JIBI TTapasiiesienures; co CTOpoHamMu dx, dy u dz, TapasieIbHBIMU OCSIM KOOPAUHAT
(puc. 23.6). IloTox BekTOpa A CKBO3b MOBEPXHOCTDH MapaJIJICTCTIUTICA CIATACTCS U3
MMOTOKOB CKBO3b ero Tpanu. Vmeem

— A, dy dz ckBO3b JATIBHIOO IPaHb;

+H A+ oA
ox

X

dxj dy dz ckBO3b GJIVIKHIOO IPaHb;

— A, dx dz ckBO3b JIeBYIO Tpamb;
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%y
— A, dx dy cKBO3b HUKHIOIO TDaHb;

0A
+ (A,, +—7 dyJ dx dz ckBO3b TIPaBYIO TPaHb;

+ (AZ + 8;42 dzj dx dy cKBO3b BEPXHIOIO TPaHb.
4

0A, .
[Ipu aTom A,, (Ax + p s ali U T. JI. — cpellHue B IpeziesiaX COOTBETCTBYIONIECH Tpa-
X

HU 3HAYEHUs] HOPMAJIbHBIX K TIOBEPXHOCTH TPpaHu cocTaBisiiomux Bekropa A. Cywm-
MUPYsI TIOTOKHU Yepe3 Bce TPaHU ¥ JIeJisi CyMMy Ha o6beM napasuienenumena dxy dy dz,
HAXOJIUM

. A, OA, 0A
divA = o4, +—L + 0 .
ox oy 0z

PacxosieHue BekTopa nHorna o6osnadator VA, rie V (unraercst «Habsia») npes-

cTaBisger coboi CUMBOJMYECKUI AuddepeHInantbHblii BeKTOPHBIH omepatop Ia-
MUJIBTOHA. B 1ekapToBOil cucTemMe KOOPIMHAT OH UMEET BUJL

z

V= ii +J 9 + kg,
ox oy 0z
rzie i, j u k — equHngHbIe BeKTOPHI 110 ocsim OX, OY u OZ. BesmauHbl ai =V, 83 =V,
x Y

0
— = VZ MbI JIOJIZKHBI paCCMAaTPUBATh KaK COCTaBJIAIONINE V 110 ocsam KoOpJZinHar.

0z
[uddepenimaabaoe Boipaxkenre VA GopMaibHO MOKHO paccMaTpUBaTh KaK CKa-
JISpHOE IIpou3BezieHne BeKTopoB V u A. [leificTBUTEIBHO,

VA= ii+ji+k2 (A, +jA, +EkA,) =
ox oy 0z
0A
= QAI +2Ay +QAZ _ 4 +— +—aAZ =div A,
ox oy ° oz ox oy 0z

Tak Kak i =fj=kk=1uij=jk =ki=0.
Takum o6pasom, Teopemy laycca B auddepenimanbHoil hopMe MOKHO HalucaTh
TaKXKe B BUJE

VE =P,
€
B nexapToBoil cucTteMe KOOPAMHAT OHA UMEET BU/T

0E, OE, QE, p
&

X

+
ox oy oz

Boipaskenus pis div A npuHUMAIOT BUI
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divA= 12(pA o)+ 104, + o4, _ B IUJIMHIPUYECKON 1
pop p oo 0z
. 0A
divA= %i(pzAp) + 1 Q(Ae sin®) + 1 2 — B cdepuueckoii cucre-
p° Op psin® 00 psin® o¢

Max KOOPAWHAT.

[l19 HeomTHOPOIHOM M aHU30TPOITHOI cpenbl TeopeMa laycca He mpumenuMa. [1pu
9TOM CJIE[[YeT IMOJIb30BATHCS AHATOTHMYHBIM, UMEIONMM 3HAYUTETbHO GoJiee 00Muit
XapakTep ypaBHEHNEM [T BEKTOpa aJIeKTprdeckoro cMemierns D. Vimenno, cormac-
HO rocTysaty MakcBesiia, ITOTOK BEKTOPA 3JIEKTPUIECKOTO CMEIIEH ST CKBO3b JIIOOYIO
3aMKHYTYIO MMOBEPXHOCTD B JIOOOH Cpejie paBeH CBOOOIHOMY HJIEKTPUIECKOMY 3apsi-
11y, 3aKJTI0YEHHOMY B TIPOCTPAHCTBE, OTPAHUYEHHOM 3TOH MOBEPXHOCTHIO:

j;Dds =q.
B nuddepentinanpraoii hopme moctynrar MakcBessia IpUHAMAET BUJT
ff> Dds
lim £ = lim ﬂ,
AV=0 AV AV=0 AV
T. €
divD =p
NJIN B MHOU 3allCn
VD =p.

B mexapToBBIX KOOpAMHATAX 9TO YpaBHEHUE MUIIETCS B hopme
oD, D, oD,

+ +
ox oy 0z

3aMeTHM TIOIYTHO, YTO BhIpa)keHHe rot A MoxkeT OBITH 3allMCAHO Yepe3 3HaK V
B BUJIe BEKTOPHOTO npousBesieHus [VA], B 4eM HETPYAHO yOeaIuThCsl.

:p'

23.5. BoipaxeHue B audppepeHumanbHon popme
MPUHLUMNOB HENpPepbIBHOCTU MarHUTHOIO NOTOKa
MU HENpepbIBHOCTU 3J/IEKTPUYECKOro TOKa

Nwmeronuit hbyHpaMenTaabHoe 3Ha4eHNe MTPUHITUIT HETTPEPBIBHOCTH MAarHUTHOTO T10-
TOKA YTBEPKJAACT, YTO JIMHUYM MAarHUTHOM MHYKIIMU HUTJIE HEe UMEIOT HU HavaJja, H1
KOHIIA — OHM BCIOJly HelIpepbIBHLL. VIHBIMU CJI0BaMM, MATHUTHBINA IIOTOK CKBO3b JIIO-
Oy10 3aMKHYTYIO OBEPXHOCTH PaBEH HYJIIO:

§Bds =0.

B npupozae He CYHEeCTBYET MAalrHUTHBIX MACC, ABJIAIOHNINXCA MCTOYHUKaAMN JIMHUI
MarHUTHON WHAYKIINU, HO,ZIO6HI)IX JJIEKTPHUICECKUM 3apAdaM, KOTOPbIE [al0T Ha4daJjlo
JIMHUAM 9JIEKTPUYECKOIO CMCUICHMA. MarnutHoe 1oJe IIOPOKAA€ETCA TOJIBKO 3JIEK-
TPpUYECKUMU TOKAMU, U JIMHUN MarHUTHOM WHAYKIIUU, OKPYIKAOUINE IJIEKTPUIECKUE
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TOKH, BCETAAa 3aMKHYTHI, HelpepbIBHEL. (uddepeniinanbaoil 3anmmchio MaTeMaTuye-
CKOH (POPMYJMPOBKH ITOTO BAXKHOTO MPUHITUIIA SABJSETCS BhIPAKEeHUE

divB =0,
KOTOPOE CIIPABE/JINBO JIJIsl BCEX TOYEK JIF0OOT0 MAarHUTHOTO TOJIS.

Crousb ke (dyHIaMEHTaJbHOE 3HAYEHUE MMeeT IPUHIIAN HETPEPBIBHOCTH 3JJIEK-
TPUYECKOTO TOKA, COTJIACHO KOTOPOMY JIMHUU TOKA HUTJIE HE TIPEPBIBAIOTCS, BCerza
SIBJISISICH 3aMKHYTHIME. [TOJIHBIN TOK, BKJIIOYAIOIINI B ce0s1 TOKH IPOBOIMMOCTH, I1e-
peHoca U CMEIIEHNUsT, TIPOXOSIIINA CKBO3b JIOOYI0 3aMKHYTYIO MOBEPXHOCTH B Ha-
MpaBJIEHNN BHEITHEW HOPMAaJIH, PaBeH HYJIO:

§;8 ds =0.

Kax 6b1710 yKa3aHo B IePBOM YacTH, 9TO BaKHelllee MOJI0KeHne TpuodpeTaeT co-
BEpIIEHHO OOIMiT XapaKTep JIMIIb ¢ BBEJACHHEM B PACCMOTPEHHE, TIOMUMO TOKOB,
[PEICTABJISIONMX cOOOIT IBUKEHME DJIeMEHTAPHBIX 3aPssKEHHBIX YaCTHIL, TAKKe 1 TO-
KOB 3JIEKTPUYECKOTO cMelienus B mycrore. [luddepenimanbHoil 3armchio nocjeiHe-
TO PaBEHCTBA SIBJISIETCS BbIPAKEHUE

divd =0,
KOTOPOE, TaK ke Kak u BoipakeHue div B = (), cripaBe/inBo BO BCEX TOYKAX MPOCTPAH-
CTBa.
C dopmainbhoii croporbl Bhipaxkenue divd =0 sBIsieTCss TPSIMBIM CJIEACTBHEM
nepBoro ypasuenusi Makcsesuia. [leiictsuresnbro, divd = div rot H, Ho mist 1106010

BEKTOpPa A pacxosKaAeHneE €ro BUXpAa TOKAECTBEHHO paBHO HYJIIO. Taxkum o6pa30M,

div rot A= irotx A+iroty A+irot2 A=
x oy 0z

0 (06A, OA,\ o (0A, 0A.) o(0A, 08A,

:a oy Oz oy\ 0z Ox oz| ox oy

[TosToMy B IOJIHOW cUCTeMe YpaBHEHUI 3JIEKTPOMAarHUTHOIO II0JISI, B KOTOPYIO B
KauecTBe OAHOTO M3 OCHOBHBIX BXOAWT IlepBOe ypaBHeHHMe Makcsesia, U3 JABYX
BBIPKEHUI, XapaKTEePU3YIOINUX ITPUHIIUIIB! HEIIPEPLIBHOCTH MAarHUTHOTO MOTOKA U
9JIEKTPUUYECKOTO TOKA, TOJIKHO COJepPKaThCs TOJIbKO MepBoe.

23.6. Teopema OcTporpaackoro. Teopema Ctokca

YeTaHOBUMM J[Ba BasKHBIX, UMEIOIINX GOJIBINOE 3HAYEHNE B TEOPUU TI0JIsl, PABEHCTBA,
BeIpakaionux coboit Teopemy Ocrtporpaackoro u teopemy Crokca. DT paBEeHCTBA
UMeIOT YUCTO TEOMETPUIECKUH CMBICT M CIPABEIUBHI 1T TTPOU3BOJBHOTO BEKTO-
pa A, HO MBI TIOJIYYMM WX CHAYaJla HA OCHOBAHWHM WMEIOIINXCS B HAIIEM pacIopsiKe-
HUU YPaBHEHUN [ BEKTOPOB HAIPSIKEHHOCTEN 3JIEKTPUYECKOTO ¥ MAarHUTHOTO T10-
JIell 1 3aTeM yiKe JIaJINM UM FeOMEeTPUYECKyI0 MHTEePIIPETAIIHIO.

[TycTp 3apsi g pacipeesieH HEKOTOPbIM 00pa3oM 110 00beMy V, orpaHuYeHHOMY
MOBEPXHOCTHIO §. Torma g = Ip dV. Vctiosb3yst reopemy [aycca B mHTErpaibHOiT (hop-

Vv
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Me, MOKeM HallucaTh: §>E ds = IB dV . 3amenss p/e uepes div E corracHo Toii ske Teo-
s Vv g
peme B muddepennnanbHoil popme, oTydaeM PaBEHCTBO

§Eds = J.divE dav.
s v

JTto PaBEHCTBO MOJKET OBITH HAIMCAHO JJIA JI1060r0 BEKTOpa 14y HEIpepPbIBHOTO
BMECTE CO CBOMMMU IIEPBBIMU ITPOU3BO/IHBIMU B obmactu V u Ha IIOBEPXHOCTH S:

j;Ads = j divAdv.
s \%4

Ono saBasiercst GopMyJanpoBKO TeopeMbl OCTPOTPAZCKOTO U UMEET YUCTO Teo-
METPUYECKUN CMBICT TIpeobpa3oBaHust 0OBEMHOTO WHTErpajia B TOBEPXHOCTHBI.
JleiictBurenbHo, npeacTaBuM cebe oobeM V pasmeeHHbIM Ha d1eMeHThl oObema dV.
Bennunna div A B COOTBETCTBUM € ee ONpee/IeHeM eCTh OTHOIIEHNE MOTOKA BEK-
Topa A CKBO3b MOBEPXHOCTH, orpaHnunBamilyio oobem dV, k oobemy dV. Ciuemno-
BatesibHO, div A dV ecTh MOTOK BeKTOpa A CKBO3b MOBEPXHOCTD, OIPAHUYMBAIOILY IO
obbem dV. TlpeacraBum Ba coceiHux oobema dV, CONPUKacaoUXCst APYT € APYToM
[0 HEKOTOPOIl TIoBepXHOCTH ds. OUEeBHUIHO, €CJIN MOTOK CKBO3b MOBEPXHOCTDH COIMPHU-
KOCHOBEHUSI JIJIST OTHOTO 00beMa Oy/IeT BBIXOISIIIM U3 HETO, T. €. MOJOKUTETbHBIM,
TO JIUIsT IPYTOTO OH Oy/IeT BXOIAIINM B HETO, T. €. OTpUIaTeabHbIM. [ToaTOMy mpu co-
CTaBJIEHUN WHTErpaa J. div AdV 1o Bcemy 06bemy V TOTOKH CKBO3Db BCE MOBEPXHOCTH

\4
MEXIY CMEKHBIMI 3JIeMeHTapHBIMEI 06beMaMu dV B cymme gaayT Hysab., OcranyTest
TOJIBKO MOTOKU CKBO3b T€ TOBEPXHOCTH dS KpailHUX aJieMeHTapHbIX 00beMOB dV, KO-
TOpbIE SBJISTIOTCST 9JIEMEHTaMU TIOBEPXHOCTH S, OTpaHndYnBawIeil Bech o6beM V. Ta-
KM 00pa3oM, WHTerpas I div AdV peiicTBUTENbHO paBeH TOTOKY BeKTOpa A CKBO3b
Vv
MOBEPXHOCTD S, T. €. PABEH MHTErPary §Ads.
s
Ycranosum Tereps Bropoe BaskHOe paBeHCTBO. [IycTh CKBO3b HEKOTOPYIO HE3aMK-
HYTYIO TIOBEPXHOCTD S, OTPAHUYEHHYIO KOHTYPOM [, TPOXOAUT TOK i. ViMeem i = JS ds.
S
CoryracHo miepBOMy ypaBHeHMWI0 MaxcBesga B MHTETPaTbHON (hopme, MOXKeM HalH-
caTb {)H dl = I 8 ds. Vicnionb3ys To ke ypaBHeHMe B AuddepeHImanbHoii ¢popme, 3a-
l s
menum & Ha rot H. Ilomyunm

§Hd1 = jrotH ds.
! s

10 PABEHCTBO MOJKET OBITH HAITMCAHO JLJIA JI060T0 BEKTOPa A, HEIIPEPbIBHOT'O BMECTE
CO CBOMMU IEPBbIMU ITPON3BOJAHDbIMU Ha IMOBEPXHOCTU § N Ha KOHTYPE [

EfAdl = _[ rot Ads.
/ s



[naea 23. YpaBHEHWS 311EKTPOMarHUTHOro Nosst 25

OHo BbIpaskaet co60it Teopemy CTOKCAa M UMEET YUCTO TEOMETPUYECKHUIT CMBICJT TTpe-
06pa3oBaHus TIOBEPXHOCTHOTO WHTETPAia B UHTETPAT MO KOHTYPY. JleiicTBUTENbHO,
npeacTaBuM cebe MOBEPXHOCTD S PA3/IETIEHHO Ha 3JIeMEHTHI ds. Besmumna Hopmab-
HOW COCTABJISIONIEN BEKTOPA TOt A B COOTBETCTBHH C €€ OIpe/leleHueM eCTh OTHOIIe-
HUe CyMMBbI TipousBezieHuit A dl 10 BceM cTOpOHaM KOHTYpPa, OTPaHUYHBAIOIIETO dJIe-
MEHTapHYIO TUIONAIKY ds, K Beimdnue moBepxuoctu ds. CiempoBatenbro, rot A ds
npescTaBisieT coboit aty cymmy. Ilpu cocraBiennn naTerpaia Irot A ds 1o Bceii mo-
s
BepXHOCTH § nipou3sBesiernsi A dl juist Bcex COTPUKACAIONINXCS CTOPOH COCEHUX dJIe-
MEHTAPHBIX TIJIONA/I0K B3AUMHO KOMIIEHCUPYIOTCS, U OCTAIOTCA TOJBKO TIPOU3Be/ie-
Hust A dl o Bcem aemenTam dl KoHTypa [, orpaHUYMBAIOIIETO BCIO TIOBEPXHOCTD S, 4TO
U MIPUBOJUT K TIOCJTIETHEMY PABEHCTBY.

23.7. NMonHasa cucteMa ypaBHEHUI 3/1IEKTPOMarHMTHOro nonsa

PaccmaTtpuBas asleMeHTapHble 3apsisKeHHbIE YaCTHITBI, ABUKYIIIECS B IMTyCTOTE, U OK-
py’Kaloliiee UX I0Jie, Mbl Pa3TMYaeM JIBa BH/IA 2JIEKTPUIECKOTO TOKA: TOK ITepeHoca 1
TOK 2JIEKTPUYECKOTO CMeIleHus B IIycToTe. B yacTu mpoctpancTBa, 3aHUMaeMO¥ IBU-
JKYTIUMUCS 3aPSIKEHHBIMUA YaCTUIIAMU, CYTIECTBYIOT TOKHU TIEPEHOCA, TIJIOTHOCTh KO-
TOPBIX UMEET BhIpaxkeHnue Jy, = po. B ocTaibHOM NpoCTpaHCTBE, OKPYIKAIOLUIEM JBU-
JKYIIUECsT 3apsDKEHHBbIE YACTHIIBI, CYIIECTBYIOT TOKHU 3JIEKTPUUECKOTO CMENleHUS,
uMelolne MI0THOCTD & ., = 0D/0t, Tne D — anexTpuyeckoe cMmellleHUe B IIyCTOTe.

B ob6mmem Buze MOKHO HamucaTh: & = 0D /0t + po, npuyeM B OJHUX TOYKAX MPO-
CTPaHCTBA TEPBOE CaraeMoe PaBHO HYJIO, a B IPYTUX TOUKAX PABHO HYJIO BTOPOE
cJjlaraemoe.

Bexropsl D u E 351eKTPUYECKOTO TI0JISE U COOTBETCTBEHHO BeKTOPhl B 1 H Maruut-
HOTO TIOJISI CBSI3AHBI Yepe3 2JIeKTPUUYECKYIO TMOCTOSHHYIO €y M MAarHUTHYIO TTOCTOSTH-
HYIO g COOTHONIEHUSIMU:

D=¢,E u B=p,H

Takum 06pa3oM, MOJHAsE CHCTeMa YPaBHEHWI 2JIEKTPOMArHUTHOTO TIOJIsI B 9TOM
cllydae UMeeT BU/I

rotH =§; roth—@; ) =@+pv;
ot ot

D=¢\E; B=p,H; divD=p; divB =0.

Ucnonpsys csasu D = ¢y E u B = py H, MOXXHO 9TU YpaBHEHU TepenucaTh Tak,
4TOObI OHU COJEPIKAIN TOJIBKO BEKTOPbI E 1 B. ITH BEKTOPBI CJIeyeT paccMaTpuBaTh
KaK OCHOBHbBIE BEKTOPBI 2JEKTPOMATHUTHOTO TI0JIs. J|efCTBUTENBbHO, KAK MBI BUJIEN
(cm. u. 1), cuna, reiicTBytoMast Ha 3aPSIPKEHHYIO YACTHUILY, JIBUKYIIYIOCS B DJIEKTPOMATr-
HUTHOM TI0JI€, OTIPe/IeJISIETCSI UMEHHO STUMH BEKTOPAMU. YUUTBIBAS, UTO € U g — T10-
CTOSTHHBIE BEJINYUHBI, TOJydaeM

rot B=p,8; rotE=-B. 5-¢,%F  on divE="; divB=o0.
ot ot €
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[Ipu MUKpOCKOTTUYECKOM PACCMOTPEHUN SBJIEHUHN TOJBKO UTO TTIPUBEICHHBIN CJIY-
vail sBJsieTcst oouwM. TIpu 5ToM B HEKOTOPOI 06JIACTH TPOCTPAHCTBA dJIeMEHTapHbIE
YaCTHIIbI, 00JIAAIONIIE DJIEKTPUYECKUM 3aPsIIOM, MOTYT OTCYTCTBOBAaTbh, U HJIEKTPH-
YecKHe TOKH MOTYT ObITh 3aMKHYTBIMU Ha ce0sl TOKaMU 9JIEKTPUYECKOTO CMEIIEHS,
YTO, HAIPUMEP, UMeeT MECTO B U3JMyIeHHOU 9TeKTPOMATHUTHOU BOJTHE.

[Tpu M3y4YeHUU DJEKTPOMATHUTHBIX IIPOIECCOB B BEHIECTBE OOBIYHO HET HEOOXO-
JIMMOCTH PacCMaTpPUBATh CJIOXHYI0O MUKPOCTPYKTYPY BelecTBa. /leiicTBUTENbHOE
9JIEKTPOMATHUTHOE TI0JIe B BENIECTBE BeChbMa PE3KO M3MEHSIETCS OT TOUYKU K TOUYKE
B TIPOCTPAHCTBE MEXKY 2J€MEHTAPHBIMU 3apsSKEHHBIMU YaCTUIIAMW, BXOJSANUMU B
COCTaB BEIECTBA, U B KaXK/I0 TOUKE BEJNYMHBI, XapPAaKTEPUIYIOIINE TT0JIe, ABISIOTCS
OBICTPO UBMEHSIONUMUCST (DYHKITUSIMI BPEMEHH BCJIEACTBUE JABMKEHUSI ¢ OOJIBIION
CKOPOCTBIO 3TUX vyacTHil. OHAKO 9TH HEO[HOPOJHOCTH MUMEIOT MUKPOCKOITMYECKUIT
XapakTep, 1 Mbl IMEeM BCE OCHOBAHUS UX OCPEIHUTH B IIPOCTPAHCTBE U BO BPEMEHU
[PU PACCMOTPEHUM MAaKPOCKOITMYECKUX TIpolieccoB. [Ipu aTom ocpesiHenHble Begnyu-
HBI, BOOOIIE TOBOPST, OyAyT (GYHKIIUSIMU KOOPAUHAT M BPEMEHHU, HO N3MEHSIIOIMMU-
Cs1 3BHAUUTEJIbHO MEJIJIEHHEee, YeM NUCTUHHbIE BEJIMYUHBI IPU MUKPOCKOIIMYECKOM Pac-
CMOTPEHUU SIBJICHUSI.

Eciu cBOGOIHbBIE 3aPsiKEHHbBIE YACTUIIBI HAXOASITCS B CTOJIb Pa3pPeKeHHOM Belle-
CTBE, YTO OHU MOTYT GECIPENSATCTBEHHO YCKOPSITHCS MO ACHCTBUEM DJIEKTPUYECKO-
TO TIOJISI, He WCHBITHIBAS WJIW TOYTH HE WCIBITBIBAS CTOTKHOBEHUN C MOJIEKYJIaMU
BEIECTBA, TO B TAKOM CJIy4ae MO AeHCTBUEM OCPEIHEHHOTO 3JEKTPUUECKOTO IO
BO3HUKAET YIOPSMIOUEHHBIH TOK TepeHoca. [IpmmMepoM MOXKET CIy:KUTh TOK MEXKIY
9JIEKTPOIaMH B CUJIBHO Pa3pesKeHHOM rase, KOTJa PACCTOSHUE MEXIY 3TEKTPOIaMU
MeHbIIe cpeHeil IINHBI CBOOOIHOIO Ipobera HOHOB U 2JIEKTPOHOB.

Ecnm anemenTapuble 3apsKeHHbIE YACTUIIBI, ABMKYIIUMECS B BEIIECTBE, MHOTO-
KPaTHO IMyTeM CTOJTKHOBEHUS TepealoT aTOMaM BEIeCTBA KNHETUYECKYIO0 SHEepPTHIo,
pruoOpeTaeMyto TIPH YCKOPEHUN B OCPETHEHHOM 3JIEKTPUYECKOM TI0JI€, TO MO JI€HCT-
BHEM ITOCTOSTHHOTO OCPEIHEHHOTO TI0JIST YCTAaHABIUBAETCS TOCTOSTHHAS CPEIHSIST CKO-
POCTD 3apsiKEeHHBIX YacTHIl. [Ipu aTOM B M30TPOIHOIL cpejie ocpelHeHHAs TLIIOTHOCTh
TOKa MOJKeT ObITh BbIpaskeHa B (hopMe MPOU3BENEHUsT OCPETHEHHON HAMPSIKEHHOCTH
9JIEKTPUYECKOTo 110Jis1 E 1 BeJIMYMHbBI Y, XapaKTEPUIYIOIIEll 3JIEKTPOIPOBOHOCTD Be-
IiecTBa 1 UMEHYeMOH Y/IeJTbHOH IIPOBOAMMOCTBIO BelllecTBA. TaKkoll TOK Ha3bIBaeM TO-
KOM 1poBojiumMocTu. [IpuMepamMu MOTyT CJIysKUTh TOKM B MeTaJlaX, MOJIYIIPOBOIHU-
KaX W 3JIEKTPOJIUTAX.

[InoTHOCTH TOKA Hepenoca J,e, I MIOTHOCTL TOKA IPOBOAUMOCTH J;,, MOTYT OBITh
NPEACTaBJIEHbl B BH/E MPOU3BEACHMS OCPEAHEHHOW O00BEMHOI IJIOTHOCTH 3apsjia
NIBIDKYIUXCS YaCcTUI] HAa OCPETHEHHYIO WX CKOpOcTh. IIpu aToM ecnm B ABUMIKeHWH
YYIaCTBYIOT KaK TMOJOKUTETHHO, TAK U OTPUTIATENHHO 3apssKeHHbBIE YACTUTIIBI, TO TLIOT-
HOCTb TOKa MOJKeT ObITh BbipaskeHa B Buje J = p,o, + p_o_, T71e py ¥ 0, — 0ObeMHast
IJIOTHOCTD 3apsifla M CPEIHSIST CKOPOCTH TIOJIOKUTETHHO 3apsLKEHHBIX YaCTUIl U P
U U_ — TOXE OTPUIATENBHO 3aPSIKEHHBIX YACTHII.

Jlist ToKa POBOJIMMOCTU MMEEM BO3MOXKHOCTD TIPEACTABUTH IJIOTHOCTh TOKA B
M30TPOTHON cpejie Takke B hopme

J =vE.

p
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VaienbHast POBOAMMOCTD Y 3aBUCUT OT TeMIIEPATypPbl CPeIbl U B OOIIEM Ciydae
MOJKET 3aBUCETh TAKyKe U OT HANPSIKEHHOCTH 9JIEKTPIUUECKOTO MOJIS.

Bo Bcex ocTanmbHBIX Caydasix, KOrJa Cpey He MPeCTaBIgeTcss BO3MOXKHBIM Xapak-
TEPU30BaTh ONPeAeTeHHBIM 00Pa30M 3aBUCSIIEH OT TeMIepaTypbl U HANPSKEHHOCTH
MOJIST YIETBHOM 2JIEKTPUYECKON TTPOBOMMOCTBIO, T. €. KOT/IA CBSI3b MEXK/Y TJIOTHO-
CTHIO TOKA M HAMPSIKEHHOCTBIO 9JIEKTPUUECKOTO TIOJIST He TIPEJICTABIISIETCS BO3MOK-
HBIM BBIPasuTh B hopMme J = yE, yCIOBUMCS SBJIEHUE ABUKCHUS 3aPSKCHHBIX YACTHI
MMEHOBaTh TOKOM IlepeHoca. 1Ipu TakoM ycJI0BUM B OKPECTHOCTHU JJAHHOM TOUYKHU I1PO-
CTpaHCTBA MOKET OBITH NGO TOK MPOBOAMMOCTH, JIUOO TOK MepeHoca, a He oba aTh
BU/IA TOKA OJ[HOBPEMEHHO.

Besikoe BeliecTBO 1O /IEICTBUEM 9JIEKTPUUECKOTO TIOJIST OJISIPUBYETCS. DIeMeH-
TapHble 3apsiKeHHbIe YACTUIII, BXOISIINE B COCTAB ATOMOB U MOJIEKYJI, CMEIAIOTCS:
YACTHUIIBI C TTOJIOKUTENBHBIMU 3aPSI/IAMUA — B HATIPABJIEHUN TIOJIST, C OTPUTIATENbHBIMU
3apsjaMyu — MPOTUB TOJSL. DTOT MPOIECC Mbl KOJMYECTBEHHO XapaKTePU30BaJIn 10-
agpuszoBaHHOCTHIO P BemiectBa. [lonHOE ocpemrerHoe amekTpudeckoe cMerieHne D
B BeIleCTBE PABHO CyMMe OCPEJIHEHHOTO 3JIEKTPUUecKoro cMmetenns Dy B mmycToTe
U TIOJIsIpU30BaHHOCTH P BelecTBa:

D=D,+ P=¢,E+P.

IIJIH OCpe/IHEHHbIX 3HaueHnit D n E [T U30TPOITHOTO BEMIECTBA MOJKHO HAIlMCATh
COOTHOIIEeHue

D =¢E,

rae € — abCcoIoTHA AUBJIEKTPpHUYECKasA ITPOHNUIAEMOCTDb BEUIECTBA.
B BbIpaK€HUU IJIA IJIOTHOCTU TOKa CMEHICHUA B JUIJIEKTPUKE

_ oD _o(E)

Mot ot

OylieM mojipasyMeBath o1 J.,, D u E Taxkke ocpeHeHHbIe 3HAYEHUST COOTBETCTBYIO-
MTUX BEJINYNH.

[Ipu BHecenwnw BellecTBa BO BHEIIHee MATHUTHOE TIOJI€e B BEIIECTBE BO3HUKAIOT
COTJIACOBAaHHBIE 3JIEMEHTApHBIE TOKHU, CO3/IAI0NIe MAarHUTHBIE TI0JIs, HATIPABJIEHHbIE
MPOTHB BHENTHETO TT0JIsT, €CJIM BENIECTBA IUAMArHUTHBIE, 1 B CTOPOHY BHENTHETO TI0JIS,
ecJIM BENIeCTBA TapaMarHuTHbie U geppomarauTHbie. OcpeiHeHHOE 3HAYCHWE Mar-
HUTHON MHIYKIIMKA MOXKET OBITh MIPEACTABICHO TIPU 9TOM B BHU/E CYMMbI

B=u,H +u M,

rae H — ocpe/lHeHHasA HAIIPAKEHHOCTb MAariuTHOTO 1IOJIA 1 M — HaMarHm4eHHOCTD
BelieCcTnBa. CootHolreHne MEX/1y Bn H,ZIJIH M30TPOITHOT'O BEMIECTBA IMUIIETCA B BUIE

B =uH,

rae p — abcomoTHad MarHUTHAS IIPOHUITAEMOCTDH BE€NIECTBA.

PaCCManI/IBaH B JIaJIbHeﬁH.IeM OCpe/IHEHHbIE B YKa3aHHOM CMbICJIE 3HAYEHNA BCEX
BEJIMYNH, 6y[[€M NMETb JIA 1106010 MN30TPOITHOTO BEHIECTBA CJICAYIONIYIO CUCTEMY
ypaBHeHI/Iﬁ JIEKTPOMAIrHUTHOI'O I10JIAL
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rot H =9; rotE=—@; o =yE+@+J
ot ot

nep?

D=cE; B=upH; divD=p; divB=0.

[L1oTHOCTH TOKa JJIst OOIHOCTH BBIPaKEHA B BHJE CYMMbI TPEX COCTABJISIONINX.
[Ipu aTOM Ha/IO UMETH B BUJLY, YTO TI0 CAMOMY CMBICJTY TIEPBOH 1 TPEThE COCTABJISIO-
MIMX OHU HE MOTYT UMETh MECTa B OTHOI U TOW ke TOUKe MPOCTPAHCTBA OJ[HOBPEMEH-
HO. /[Be TIepBbIE COCTABJIAIONINE MOTYT OBITH OZIHOBPEMEHHO B TIOJIYTIPOBOISIIIEN Cpe-
ne. OIHAKO B XOPOIIIO MPOBOJSIIINX BEIIECTBAX BCEr/la MOKHO MpeHeOpedb BTOPOi
COCTaBJISIIONIEH 110 CPABHEHMIO C TIEPBOM U B JAMAJIEKTPUKAX 0OBIYHO MOXKHO TIpeHes-
peub TEePBOI COCTABJISIONIEN 110 CPAaBHEHUIO CO BTOPOM.

[Ipu pertenrt KOHKPETHBIX 33/1a4 K IIPUBEJICHHBIM BbIIIE€ YPABHEHUSIM 3JIEKTPO-
MarHuTHOTO 10JIsSI HEOOXOMMO H00ABUTH IPAaHUYHbIE YCIOBUS HA MMOBEPXHOCTSIX, SIB-
JISIONTUXCS TPAHUTIAMU MEXKIY PA3JUIHBIMU CpeJlaMU — TPAHUIIAMU MEXIY IUDJIeK-
TPUKAMU U TTPOBOTHUKAMU, MEXIY ABYMS AMIJIEKTPUKAMU C PA3JIUUYHBIMU €, MEKITY
JIBYMS TIPOBOSATIINMU CPelaMU € PA3TUIHBIMA Y, MEKTY IBYMS CPeaMU C Pa3INIHbI-
MU Q. DTH TPaHUYHBIE YCIOBUST OYayT chOPMYIUPOBAHbBI B CJAEAYIONEM maparpade.
[Tpu uccaenoBaHiy epeMeHHbIX TI0JIeH B 00IIeM cIydae T0JKHBI ObITh 3a[aHbl TaK-
JKe HayaJIbHbBIE YCJIOBUA.

Kpowme Toro, 7151 permienus Botmpoca o mepeiade SHEPTUHU 3JeKTPOMArHUTHBIM T10-
JIeM HeOOXOAMMO WCII0JIb30BaTh BbIPaKEHME st 0OBEMHON IJIOTHOCTH JHEPTHH
9JIEKTPOMArHUTHOTO TOJIS:

wW'=W'+ W,/ :E2—D+%.

23.8. N'paHMuHbIE YC/I0BUSI HA NOBEPXHOCTU pa3aena AByX cpea
C Pa3/INYHbIMMU 3/IEKTPUYECKUMM U MarHUTHbIMU CBOMCTBaAMM

PaccmoTpenne ypaBHeHUIT 3JIeKTPOMArHUTHOTO T10JIs1, 3alIMCAHHBIX B AuddepeHIu-
aslbHOM (hopMe B BBIOPAHHOI crcTeMe KOOPMHAT, TIOKasbiBaeT, uto Benuunibl H, E,
B, D nojixibl ObITh HENPEPbIBHBIMK (DYHKIIMAME KOOPAMHAT, TaK KaK B IPOTHBHOM
ciydae ux mpousBojiHbie He cyiiecTByoT. Dyuknun H, E, B, D MOTyT GbITH Pa3pbiB-
HBIMU B TOYKaX Ha TPAHUIIAX pasiesia Cpell C Pa3INYHbIMU 3JIEKTPUUYECKUMU UJIA Mar-
HUTHBIMU CBOHCTBAMHU, a TAK)Ke B TOUKAX IIOBEPXHOCTEH ¢ BechMa TOHKUMU paciipeie-
JIEHHBIMU HAa HUX CJIOSIMU 3aPSIIOB WU TOKOB.

Tak Kak ypaBHEHUS 3JIEKTPOMArHUTHOTO T0JIsl He MOTYT OBITh 3allICaHbl B TAKUX
TOYKAX, TO 3a/a4a HAXOKAEHUS JEKTPOMATHUTHOTO TMOJISI HE MOKET OBbITh pellieHa,
€CM He JOMOJTHUTh YPaBHEHUSI COOTHOIIEHWSIMHY, CBI3BIBAIOIIUMU COCTABJITIONINE
sextopos H, E, B, D 110 06e cTOPOHbBI IOBEPXHOCTEH, ABJISAIONIMXC IPAaHUIAMK Pasie-
Jla Cpejl ¢ Pa3JIMYHbIMU 3JIeKTPUYECKUMU UJIM MAarHUTHBIMU CBOICTBAMU, U Ha3bIBae-
MBIMU TPAHUYHBIMU YCJIOBUSIMMU.

PaccmoTpuM 1noBesieHMe 110J1 HA TPAHUIlEe pasziesia IBYX OJHOPOAHBIX U U30TPOII-
HBIX Cpe/l ¢ PA3JINYHBIMU 3JIEKTPUUYECKUMU U MAaTHUTHBIMU CBOHCTBAMMU.

B kaxkmoit u3 cpex nose GyaeM xapaktepusoBath Bekropamu X, Y, cBsSIBaHHBIMU
MeskLy coboii cooTHomennem Y = aX, riae a — cKajisipHasi BeJIMYMHA, W YIOBJIETBO-
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pstiorumu ypasuerusiM rot X = 0, div Y = 0, uiwm B unre- b | ¢
rpaIbHOI (hopMme: §X dl =0, §Y ds =0 (puc. 23.7).
I s

S1 X2

$2
[TycTh BexTOp X B TIepBOIi cpejie Y TIOBEPXHOCTH pas/ie-

Jia 0OpasyeT ¢ HopMaJIbio K Hell yroJi 0. Onpenennm cooT- 0

o o o 1

BETCTBYIOIIUIT yroJs 6, BO BTOpoii cpeje. st auHeitHOrO |

UHTEerpaia §>X dl o kourypy abcda wmmeem: §X dl = |
I !

2

X, [
Yll a | d

=X, sin 0y-ab — X, sin 0ycd = 0, ecu be u ad 6eckonedno Puc. 23.7
MaJIbl TI0 CPaBHEHUIO ¢ ab u cd.
BBumy toro, uto ab = cd, monydaem:

X,sin@, = X, sin0,, *)

T. €. Ha TOBEPXHOCTHU pa3iesia PaBHBI KacaTesbHble COCTaBJsOINE BeKTopa X.

Boobpasum 3aMKHYTY10 MOBEPXHOCTH, 00PAa30BAHHYIO TIIOCKMMHU MTOBEPXHOCTSIMU
S U Sy, CJIEIBI KOTOPHIX B TJIOCKOCTH PUCYHKA CYTh JMHUU ab v c¢d, n nuIMHIpuYe-
CKOM TTOBEPXHOCTHIO, MEPECEKAIOIIEICsT ¢ TIOCKOCThIO PUCYHKA 110 JTMHUSM be u ad.
[ToTok BexTOpa ¥ cKBO3b 3Ty 3aMKHYTYTO TIOBEPXHOCTH PaBEH HYJIO, TAK KaK BHYTPH
MOBEPXHOCTH HeT UCTOYHMKOB moJisi Y. TIpenebperast TTOTOKOM CKBO3b GECKOHEYHO
MaJIyI0 HUJIUMHAPUYECKYIO TTIOBEPXHOCTD, I10JIy4aeM

IYds + IYds =-Y,cos0,s, +Y, cosB,s, =0,
St 52
OTKy/1a, TIPUHIMAsT BO BHUMAHUE, YTO S; = So, HAXOIANM
— k%
Y, cosB, =Y, cosH,, **)

T. €. Ha TTIOBEPXHOCTHU pasjiesia PaBHbI HOPMaJIbHbIe COCTaBJsAONEe BeKTopa Y.
Pasnenus paBenctBo (*) Ha (**), ¢ yueroMm cooTHotenus Yy = a X; u Yy = a,Xo,
MOJIy4aeM YCJIOBUE TIPEJIOMJIEHUS JIMHUI 1IPU TIEPEX0jie UX U3 OJ[HOU CPelbl B JIPY-
IATON
g0, _a
g0, a,

Ecomm muavu Bektopa X HOPMaIbHBI K TIOBEPXHOCTH Pasjieia, To BeKTopbl Y GyIyT
OIMHAKOBBI B 00emx cpenax: Yy = Yy, Ho BekTop X Ha MOBEPXHOCTH pasjiesia CKaIKOM
U3MEHsIeT CBOE 3HaueHUe, TaK Kak

X, = ﬁ =X, =—.
a a,

[Honumas nox ¢pyukiueii X onny us Benuuun E, H, a non dpyukiueit Y — D, J wm
B, MoxeM 3amucaTh COOTHOIIEHUSI, CBSA3BIBAIOIINE NX KacaTeJabHble U HOPMaJbHbIe
COCTABJISIONIME HA IOBEPXHOCTU Pasjiesia JABYX CPeJl C PA3JIUYHBIMU CBONCTBAMU, Xa-

paKTepU3yeMbIMU CKAJIPHON BEJUYNHON @, PABHOU €, Y WU LL.
[Tosmyuennble yca0BUS HETTPEPBIBHOCTU COOTBETCTBYIONINX COCTABISIONIUX BEJTH-
yud E, H, D, J, B Ha TOBEPXHOCTH pa3fiesia ABYX CPell COXPAHIIOTCS TaKKe U B CIydae
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AHU30TPOIIHBIX CPE]l, CBOMCTBA KOTOPHIX XapaKTePU3YIOTCS TEH30PHON BeTMUUHON (a).
OpHAKO YCIOBUST MPETIOMJIEHST JINHWIT TPU TIePeX0/ie UX U3 OJHOW CPEbl B APYTYIO
IPUHUMAIOT OOJIee CIIOKHBII BU/I.

B HeKOTOPBIX ciTydasix Ha PAHUIAX pa3jiesia CPell ¢ Pa3InIHBIMI CBOWCTBAMHE Pa3-
MEIIAIOTCST UCTOYHUKH TOJIsI, TaKMe KaK AJEKTPUYECKUEe 3apsiIbl C MOBEPXHOCTHOMN
[JIOTHOCTBIO G U TOBOJIMIMbIE M3BHE CTOPOHHWE TOKU C JIMHEHHOI TJIOTHOCTBHIO j.
B aTuX yc/I0BUSAX rpaHUYHbBIC YCIOBHS BUIOM3MEHSIOTCS, TaK KaK WHTEIPAJIBI §;Dds,
ﬁH dl yxe Hesb3sh TPUPABHATH K HYJIIO. s
1

23.9. dneKTpoCcTaTUYecKoe nosie U noJsie NOCTOAHHbIX TOKOB
KaK YyacCTHble cJslyyau /1IeEKTPOMarHMTHOro nons

Vike ObLIIO OTMEUEHO, YTO IPU ABUKEHUN 3aPSKEHHOIO TeIa OKOJIO HETO BO3HUKAIOT
KaK 9JIEKTPUYECKOE, TaK U MATHUTHOE TT0JIsT, T. €. 0OHAPY/KUBAETCS 9JIEKTPOMATrHUTHOE
T0JIe, ¥ 9TO JIUIIb B YaCTHOM CJIy4ae MOKOSIIErocst 3apsiKeHHOTO Tesla OKOJIO HEro 06-
Hapy>KUBAeTC TOTBKO OHO 3TEKTPUUIECKOE TOJIe. Y3Ke U3 9TOTO ITPOCTOTO (hakTa cie-
NIyeT, 9TO YPaBHEHUs, XapaKTepU3yIOIIe 3JeKTPOCTATUHIECKOe TT0JIe, TOKHBI BBITE-
KaTh KaK YaCTHBIH cay4ail w3 oOmMX ypaBHEHUH 9JEKTPOMArHUTHOTO IIOJISL.
OueBnito, 3T0 Oy/eT MPOCTENIINN YACTHBIN CIydail, XapaKTePHbII TeM, 4TO BCIOLY
IJIOTHOCTh TOKa paBHA HyJ0. PacCMOTPEHMIO HTOTO YacTHOTO cirydass OyayT HOCBS-
IIEHBI CJIEeIYIONNE /IBE TJIABbI.

JpyruM mpocTelinmMm ciaydaem SBJsIeTCS CUCTeMa HEelOJIBUKHBIX CBEPXITPOBO/IS-
ITUX KOHTYPOB, TI0 KOTOPBIM TTPOTEKAIOT MTOCTOSHHBIE TOKH. OKOJIO0 TAKMX KOHTYPOB
00OHapYKUBAETCS TOJIBKO CTATHYECKOE MATHUTHOE IT0JI€e. J|eiCTBUTENbHO, 2JIeKTPUYe-
CKOe TI0JIe B TAKOW CUCTeMe TOJHOCTBIO OTCYTCTBYET, TaK KaK MAaTHUTHBIN MOTOK He
M3MEHSETCSI BO BDEMEHU U, CJIeZIoBaTeIbHO, B IPOCTPAHCTBE HE MHAYLIUPYETCS HUKA-
kux /I C u, Kpome TOTO, CONMPOTUBJIEHNE ITIPOBOJIHUKOB, a CJAEI0BATENbHO, U TIaJleHIe
HaIpsyKeHUs B ITPOBOJIHUKAX PaBHBI HYy/M0. MarauTHOe 1Mojie HeloABUKHBIX TTOCTO-
SIHHBIX MAarHUTOB MMEET TAaKO JKe XapaKTep, KaK 1 MoJie OKOJIO HETIO/IBUKHBIX CBEPX-
MPOBOIAIINX KOHTYPOB ¢ TOKaMU, TaK KaK OHO CO3/IAeTCS 2JIEMEHTAPHBIMU TOKaMU B
TeJle MarHuTa, IPoTeKArIUMU 6e3 morepb aHeprun. Heckosbko 6Gosiee CIOKHBIM 1
BMeCTe C TeM BeChMa BAKHBIM YACTHBIM CJIyYIaeM 3JIEKTPOMATrHUTHOTO TIOJIS SIBJISIETCS
0JIe MTOCTOSIHHBIX TOKOB, MPOTEKAIOIINX B HEMOABHMIKHBIX MTPOBOAHUKAX, 0OJIa1a0-
ITUX OTJIWMYHBIM OT HYJSA dJIEKTPUUECKUM COMPOTUBJIEHUEM. B 9TOM ciIydae OKOJIO
[IPOBOJHUKOB U BHYTPH HUX OOHAPYKMBAIOTCS KaK MOCTOSHHOE MAarHUTHOE TI0JIe, TaK
U TIOCTOSTHHOE 3JIEKTpUUYecKoe Tojie. PacCMOTPEHMIO ITUX CJIy9aeB TMOCBAIIAIOTCS
JIBAJIIATD IIecTas, IBaAIaTh cebMast U IBaAIaTh BOChMasl TJIaBEIL.

B mocsiepHux ABYX TiaBax OyAeT pacCMOTPeH OOUIUI caydail — 2/eKTPOMArHuT-
HOe T10Jie, U3MEHHIOIeecsd BO BpeMEHMU.

ITpob6iema pacdera 3JIEKTPOMATHUTHOTO ITOJIS MIPHU CJIOXKHON (popMe TeoMeTpuun
06J1acTU paccMaTpPUBAETCS B pasfielie MaTeMaTHKH, Ha3bIBAEMOM MaTeMaTHUYeCKO
(pusuKoii.

B nanbHedem Mbl IpUBe/IeM HEKOTOPbBIE U3 METOJI0B MaTeMaTu4ecKoi (hU3uKH,
OIITMAaJIbHbIE JIJIST PACCMOTPEHHBIX paHee 3aj1a4. V13 60JIBbIION COBOKYITHOCTH MO/XO-
JIOB MOTYT OBITH BbIJIEJIEHBI TPHU: HEITOCPEACTBEHHBIE aHATUTHYECKIE METO/IbI PacyeTa
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HEIPEPBIBHOTO PACIIPe/Ie/IeHUs] B IPOCTPAHCTBE U BO BPEMEHU PACCUUTLIBAEMbBIX Be-
guauH (HanpsokeHHocTteld E, H o, moTertuanoB U U IpyTHX ); YNCTI€HHBIE METOJIBI,
MIPU KOTOPBIX UCKOMBIE BETUIMHBI OTHICKUBAIOTCS B KOHEUHEN COBOKYITHOCTU TOUEK,
HA3bIBAEMBIX y3JIAMHU, TTPU TIOMOTINA KOHEYHO-PA3HOCTHBIX YPABHEHWI; METOBI TIPE]I-
CTaBJIEHWS UCXOAHBIX YPaBHEHUH MO B BUE WHTETPATHHBIX YPaBHEHUH U METOIBI
(bmamueckoro m MaTeMaTHYECKOTO MOJIETTMPOBAHNS.



[naBa ABaALATb YeTBepTas

JNeKTpocTaTUuyecKoe nosne

24.1. be3BMXpPEeBO XapaKTep 3/1IEKTPOCTaTUYECKOro nosns.
FpaAveHT 3/1eKTpuYecKoro noteHumana

OcHOBHOW 3afauell HACTOSIIEH TJABBI SBJSAETCSI PACCMOTPEHHE METOIOB pacuera
9JIEKTPOCTATHYECKOTO TOJIs, T. €. AJIEKTPUIECKOTO TIOJIST CUCTEMBI HETIOABKHBIX OT-
HOCUTEJHHO HAOTIONATEISI 3aPSKEHHBIX TEJI TPU OTCYTCTBUU AIEKTPUYECKUX TOKOB.
Ecim B cucteMme HeT HaMarHMYeHHBIX TE€JI, TO MAarHUTHOE 110JI€ OTCYTCTBYET. C.He[[OBa'
TEJIbHO, BCIO/LY

J =0 B =0; H =0.

Hasnuane B a1eKTPHUECKOM T10J1e CBOOOHBIX PACTIPEETEHHBIX B 00beMe 3apsiioB
PUBEJIO ObI K BOSHUKHOBEHUIO 3JIEKTPIUECKOT0 TOKA. [[0aTOMY MpeAnookenne, 9To
J =0, BezteT K 3aKT09eHNI0, 4T BCioay p = 0. MoryT ObITh TOJBKO 3apsijibl, paciiperie-
JIEHHBIE TI0 TTOBEPXHOCTSIM 3aPSIKEHHDBIX TEJI.

N3 cucrembl ypaBHEHWI 3JIEKTPOMATHUTHOTO TMOJISI OCTAETCS CJEYIONAs COBO-
KYITHOCTb:

rotE=0; D=¢E; divD =0.
Yenosue rot E = 0 CBUIETENBCTBYET, UTO SICKMPOCMAMUUEcKoe noje umeem 6e3-

suxpesotl xapaxmep. I1osie, yIOBIETBOPSIONIEE 3TOMY YCJIOBHIO, Ha3bIBAIOT OE3BUXPe-
BoiM. Corsacto teopeme CTOKCa, 17151 JIIOOOTO 3aMKHYTOTO KOHTYPa UMEEM

§Edl:‘|‘rotEds =0.
1 s

Takum ob6pasom, ycrosue rot E = 0 Beipaskaet B quddepeHimanibHoil popme paHee
BBICKa3aHHOE BAyKHOE TTOJIOKEHUE: B 3TIEKTPOCTATHIECKOM TI0JIe TUHENHBINT WHTETPa
BekTopa E BOJb JTI060T0 3aMKHYTOTO KOHTYpa paBeH HyJ 0. COOTBETCTBEHHO B HJIEK-
TPOCTATUYECKOM T10JIe IMHEWHBIN MHTerpas BekTopa E, B3ATbIN OT TOUKN A 710 TOUKH
B, He 3aBucUT OT BBIGOpA ITyTH WHTETPUPOBAHMS U TIOJTHOCTBIO OIPEAETISIETCST B 3a-
JIAHHOM TI0JIe TTOJIOKEHnEM ToYeK A u B. DT0 00CTOATEIBCTBO a0 HAaM BO3MOKHOCTb
BBECTU MOHATHE O TTOTEHIINANE dJIEKTPOCTATUIECKOTO oA, [loTeHnImam amekTpocTa-
TUYECKOTO TI0JIs1 B TOUKEe A MbI ONPeNeUIN KaK JUHEHHBIN MHTETpas BeKTOpa E, B3s1-

TBII OT TOYKK A /10 HEKOTOPOIi 3agantoi Touku P, 1.e. U, = I Edl. Tlorentan B T04-
A

Ke P paBeH HyJ10. JIMHeliHbIN nHTerpasn Bektopa E BIOJb HEKOTOPOTO ITyTH OT TOUKU

A 110 Touku B ecTb Pa3HOCTH HIEKTPUUECKUX MOTEHIIUAIOB B TOUKax A u B:

P
[Edl=U,-U,
A

YcraHoBUM CBSI3b MEXAY HalIpAKEHHOCTDIO 3JIEKTPUYIECKOTO TOJIAA 1 UBMEHEHNEM
IOoTeHIIMaJa B IIPOCTPaHCTBE. I[OHyCTI/IM7 YTO ITOJIOKEHHNE TOYKH A, B KOTOpOfI pac-
CMaTpHBaA€EM ITOTEHI A []7 OIIPpENEJIAETCA €€ paCCTOAHUEM [ or HavanbpHOI TOUKM O
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BJI0JIb HEKOTOPOTO 1yTH (puc. 24.1), uaymero B TOYKy
P, Tne moteHnMan MPUHSAT PaBHBIM HYJI0. Beipaskenne
IS TIOTEHTINAA TIPYA 9TOM MOKHO HAIlMCaTh B BUE

Ip

U= jEdl: IfEcosa dl,
1 1

npuyeM [p — juiHa Beero 1myTu ot Touku O 110 Touku P, ,
o — YToJl MeXXy HampaBieHueM BekTopa E u kaca- Puc. 24.1
TEJIbHON K TYTH.

B3siB yacTHYIO IPOM3BOAHYIO OT 00ENUX YacTeil paBEHCTBA 110 HUKHEMY IPEIEITY,
HageM

oU
— =-Fcosa,
ol

OTKYJla CJIE/IyeT, UTO NpUpallleHre NoTeHIIhala, paCCYHUTAaHHOEe Ha eJIMHUILY TiepeMe-
LIEHUS B KAKOM-I100 HAIIPABICHUU, YUCAEHHO PABHO B3SITOM ¢ 0OPATHBIM 3HAKOM CO-
CTaBJISIONIEN HANIPSIPKEHHOCTH TI0JIST B 9TOM HaIlpPaBJIeHUN.

B wactHOCTH, B 1€KAPTOBBIX KOOPAMHATAX UMEEM

U __p, Uy U
ox oy ' 0z

Eciiu HanipaBiienue nepemerterusi d/ coctaBiisieT mpsiMoii yroai (o = 11/2) ¢ BEKTO-
pom E, to cos oo = 0 u 60U/l = 0. CiieroBaresibHO, MBICJIEHHO MTepeMENasich B HallpaB-
JIEHUW, HOPMAJIbHOM K HaIPaBJEHUIO JIMHWI HANPSKEHHOCTU TI0Jisl, Oy/eM MMETb
U = const, T. e. Oy/ieM 0CTaBaTbhCsI HA NOBEPXHOCMU PABHO20 nomenyuaia. Jlunuu na-
NPSAACEHHOCMU NOJISL HOPMATLHLL K NOBEPXHOCMAM PABHOZ0 NOMEHUUALA. YPABHEHUE
U(x, y, z) = const orpeziesisieT COBOKYITHOCTb TOYEK, JIEXKAITUX HA TIOBEPXHOCTU PaBHO-
rO TIOTEHIINATA, T. €. IBJISIETCS ypaBHEHUEeM 3ToH nmoBepxHocTU. Ciielbl TOBEPXHOCTEN
PABHOTO MOTEHIIMAJNA B IJIOCKOCTU YePTeKa HA3bIBAIOT IUHUSIMU PABHOTO IO -
TeH 1 naga. JInnum paBHOTO MOTEHIIMAA TIePECeKAIOTCS C IMHUSAMN HAPIKEHHO-
CTU TIOJIS BCIOAY TIOZ TIPSIMBIM YTJIOM.

CoBmerniast HarpaBJieHue Tepemenienust dl ¢ wanpasienuem Bektopa E, Oymem
UMETh

oU
a=0, cosa=1 —=-E
ot
ITO XapaKTepHOe HallpaBJeHUE COBIIAZAeT ¢ HOPMAJIbIO K ITOBEPXHOCTH PABHOTO
norernuana. [ToaToMmy ycaoBuMcst 0003HaYaTh IepeMelieHue dl B 5ToM HalpaBIeHuN

uepes dn, B COOTBETCTBUY C YeM HAIHIIEM:

oUu _

on

OueBu/IHO, dn €CTh 2JIEMEHT [IINHBI JIUHUK HATPSIKEHHOCTH TOJIs, IPUYEM KOOP-
JIUHATY 7 CYUTaeM pacTylell B HanmpasieHun Bekropa E.

[IponsBoHAST OT MOTEHIIMAIA TI0 KOOP/IHATE NMeeT HAanOoIbllee 3HaYeHIe B Ha-

MpaBJIEHUH, HOPMAJIbHOM K TIOBEPXHOCTH PABHOTO MOTEHIINAJIA U TIPOTUBOTIOJIOKHOM

-E.
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Harnpasseniio Bekropa E. 91o nanGoJbiiee 3HadeHre IPOM3BOIHON MOKET ObITh M30-
OpaskeHO BEKTOPOM, HAIIPABJIEHHBIM TIPOTUB BekTopa E 1 HOCSIMM Ha3BaHMe TP a -
AUEHTA DJIEKTPUUYECKOTO TMOoTeHIHana Ero obo3HAYAIOT CHMBOJIOM
grad U.

Ipaduenm nomenyuana pasen npupawenuo NOMeHYUALA, OMHECEHHOMY K eOUHUUE
ONUMbL U B3SAMOMY 8 HANPABIEHUU, 8 KOMOPOM MO NPUpaujeHue umeem nauborviuee
sHauenue:

_|ov
‘grad U= P

Bexropst E u grad U paBHbI Mek/Ly COOOM 110 BeJIMYMHE U HATIPABJIEHBI B TPOTHBO-
MOJIOKHBIE CTOPOHBI:

grad U = -F.

Cocrasistiolnye rpajuenTa 31eKTPUYeCKOro oTeHIaNa 110 0CsIM B JIeKapTOBOI
oU oU oU

cucTeMe KOOpAnHAT CyTh —, ——, ——. ClieZioBaTesbHo,
ox Oy Oz

.oU .oU ou
grad U=1i—+j—+k—.
ox oy 0z
Fpa[[MeHT ITOTEeHI[MaJIa MOJKET 6bITb 0603Haqu IIpru MIOMOIIN CHUMBOJIMYECKOTO
onepatopa V (3Hak «Habsa») B Buzie VU. Ipu atom VU (hopMaibHO MOKHO paccmar-
pUBaTh Kak IPOM3BEAEHNE CUMBOINYECKOTO BekTopa V Ha ckansap U. B nekapToBbix
KOOPJMHATAX UMeEeM

VU = ii+ji+kg U=i@+j%+ @=grad U.
ox oy 0z ox oy oz

Cuenosatenbto, paBeHcTBO E = — grad U moxkeT ObITh HaricaHo B (opme
E=-VU.

3HaK MUHYC B 9TOM PaBEHCTBE YKa3bIBaeT, YTO MOTEHI[MAJ yObIBaeT B HAIIpaBJIe-
HUU JTUHUN HATPSKEHHOCTH TI0JISA. JTO ABJSETCS CIENCTBUEM OIpe/leJIeHNs TIOTeH-
Iyaja Kak JMHEHHOTO WHTerpajia HAPSKeHHOCTH 3JIEKTPUYECKOTO T0JIs, B3SATOTO OT
paccmaTpuBaemoii Touku A 1o 3agannoit Touku P, B kotopoit U = (. Takoe omnpenele-
HUe 11e71ecO00PasHo, TaK KaK IIPU 9TOM MOTEHIINA TOJIOKUTENHHO 3aPSIKEHHOTO TeJia
OKa3bIBAETCS TAKIKe TTOJIOKUTENBHBIM TIPU YCJIOBUH, YTO MOTEHITHAT OECKOHETHO Yiia-
JIEHHBIX TOYEK TIPUHUMAETCS PABHBIM HYJIIO.

Bce ckazaHHOE CBUIETENBCTBYET O TOM, U4TO BCSIKOE 0€36UXpesoe noje ecmy noje
NOMEHUUATLHOE, T. €. TAKOE, KOTOPOE MOKET OBITh 0XapaKTEPU30BAHO MOTEHIINATBHON
dbyaxmmeit U(x, y, z).

OG6paTHO, BCAKOE MOTEHIMATBHOE TTOJIe SIBJSIETCST OE3BUXPEBBIM, YTO BBITEKAET U3

toxaectsa rot grad U = 0. [leiicTBUTEBHO,
rot, grad U = iglradZ U—égrady U :8(6[])_6 ou =0
oy 0z oy\ oz 0z\ oy
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Ananoruuno rot, grad U= 0 u rot, grad U = 0. Iloguepkuem erie pas, 4To JJIs 3a-
JIAHHOTO TI0JIsI TIOTEHIIUAT OIPEEeNISIETCS] ¢ TOYHOCTBIO /10 ITPOM3BOJILHON TTOCTOSIH-
HOM, 3aBUCsIIEel OT BbIOOPA TOi TOUKH, rae npuauMaercst U = 0.

24.2. Y6bIiBaHME NOoTEeHUMasia U Hanps>KeHHOCTU Nons
Ha 60/IbLWINX PACCTOAHUAX OT CUCTEMbI 3apsXXEHHbIX Ten

Bo MHuorux ciyyasix cylecTBeHHO 3HaTh, KaK U3MEHSETCs IOTeHIUAJL IIPU yjaleHun
Ha BecbMa 0OOJIBINOE PACCTOSIHIIE OT CHCTEMBI 3aPSIKEHHBIX TEJ.

I[Ipocreiinie cayyar GBI PAaCCMOTPEHBI B MepBOi yacTu. Tak, HAMPSIKEHHOCTD
IOJI Y MOTEHIINAJ yeJUHEHHOTO TOUYCYHOTO 3aps/ia ¢ Ha PACCTOSAHUU 7 OT HETO B OJ-
HOPOJIHOW 1 M30TPOITHOM Cpejie COOTBETCTBEHHO PaBHbI

E= 1 q S U= li,
€ 4nr’ € 4nr
pUYeM TIPUHUMAETCST PAaBHBIM HYJIIO HOTEHI[Ual OECKOHEYHO yAaleHHbIX TOYEK.

Jliobast cucrema 3apsKEHHBIX TEJT C OTIUYHBIM OT HYJIsI CYMMapPHBIM 3apsiZIOM, pac-
[OJIOKEHHBIX B KOHEYHOU 00JIaCTH MPOCTPAHCTBA, MOKET PaCCMaTPUBATBHCs HA pac-
CTOSTHUSIX, BeCbMa OOJIBIIINX 10 CPAaBHEHHIO C Pa3MepaMy 3TOi 00J1acTh, Kak ToYed-
HbIi 3apsia. [ToaToMy Tipu Takux BechbMa GOJIBITNX PACCTOSTHUSIX OY/IYT CIIPABEJIBBI
€ TOYHOCTBIO JI0 MAJIbIX O0JIee BBICOKOTO TIOPSIIKA TIOCeIHIe (HOPMYJIbI, IPUYEM ¢ —
o6t 3apsaa cucreMbl. Ciie0BaTeIbHO, A5 JI000I CUCTEMBI 3aPSKEHHBIX TEJI, Pac-
MOJIOKEHHBIX B KOHEYHOI 00JIaCTH TIPOCTPAHCTBA U UMEIOIINX CyMMapHBIN 3apsifl, OT-
JIMYHBIN OT HYJIsl, HOTEHI[MAJ CTPEMUTCS K HYJII0 B GeCKOHeYHOCTH Kak 1/7 1 Hanpsi-
’KEHHOCTb MO — Kak 1/7°.

B Tom ciryyae, Korza cymMmma 3apsiioB BeeX Tell, 00pa3yIolux CUCTEMY, paBHA HYJIIO,
HoTeHIMan yObiBaeT B GeCKOHEYHOCTH elrie OpicTpee. Takyro crCcTeMy MOKHO MOJpas-
JIeJTATh Ha UITOJIHN, TaK KaK JJIs KasKI0T0 MOJI0KUTETbHOTO 3apsijia dg MOKHO T10100-
parth B CHCTeMe PaBHBIN eMy 0 3HaYEeHUIO0 OTPUIATENbHBIN dq,. TloTeHIman aumnoJist
Ha OOJIBIINX PACCTOSTHUAX 7 OT HErO BbIpaskaercst (popMyJIoi

U gd cos @ _ pcos @
4mer? 4mer?

rjie p = gd — SIEKTPUIECKUN MOMEHT JUIIOJST; ¢ — YTOJ MEKLY PAJnyC-BEKTOPOM 7
U OCbIO JIUTIOJIST, IOJIOKUTETbHOE HATIPABJIEHNE KOTO-
pOIl IpUHUMAEM OT OTPUIATEIBHOTO 3apsa K MOJ0-
JKUTeTbHOMY (pHC. 24.2).

3aMeTuM, 9TO TIOTEHIINA PaBeH HYJIIO0 He TOJIbKO
B GECKOHEYHOCTH, HO M BO BCEX TOYKAX IJIOCKOCTH,
HOPMAJIbHOU K OCH JIUIIOJI U TPOXOJSAIIEH uepe3
CepesIMHy OCHU JTUTIOJN, TaK KaK JJIs 3TOH MI0CKOCTH
cos @ = 0.

Cocrapnsiomme E, u E, HanpsKeHHOCTH II0JISA
B/IOJIb PaJiiyca ¥ W TI0 KacaTeJbHON K OKPY:KHOCTH
pazmyca 7 B TIJIOCKOCTH, ITPOXO/ISAIIEH Yyepe3 OChb JIU-
T0JIsI, OKA3bIBAIOTCS PABHBIMU
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__lg_psin(p

E = —_ % .
rop  Amer

r

_@ _2pcos @

or  4mer® ¢

Takum o6paszom,

E=.E’ +E§ ZLB\/E’:COSQ o+1

4rer

VTak, MOTeHIAN MO Ha GOIBIINX PACCTOSHUAX OT Hero yObBaet, kak 1/72,
a HalpsiKeHHOCTb 1o — kak 1/7°. Tloatomy a7ist J1060i COBOKYITHOCTH 3apsizKeH-
HBIX TeJI, 3aKTI0YEHHBIX B KOHEYHOI 00J1aCTH MPOCTPAHCTBA U MIMEIOIIUX CYMMAaPHBIT
3apsijl, PaBHbIi HYJIO, TOTeHIMAN YObIBaeT B 6ECKOHEYHOCTH He MejieHHee, yem 1/72,
a HalpsKEHHOCTD 1MoJsi — He MessieHHee, yem 1/7°. TIpu aToM BO3MOXKHO U Gosee
GbicTpoe yObIBaHE TIOTEHIMANA, ECITU OCU OT/IETbHBIX MO, HA KOTOPbIe MOKHO
MOJ[Pa3/IeIUTh CUCTEMY 3aps/10B, OPUEHTUPOBAHBI B IIPOTUBOIIOJIOKHBIX HAallpaBJIeHU-
X |, CJIEJIOBATENBHO, TI0JIST 9TUX [UIOJel 0CTabIsioT APYT ApYyTa.

Bo Bcex ykazaHHbIX 3aj1auaX ObLI HPUHSIT PABHBIM HYJIO HOTEHIIUAT OECKOHETHO
YIQJIEHHBIX TOYEK. ITO HE MOXKET OBITh CIIEJAHO MPU PACCMOTPEHIH TOJIsI HeCKOHeY-
HO JUIMHHBIX TIPOBOJIOB, CYMMAapPHBIN 3aps/l KOTOPBIX OTJINYEH OT HyJid. XOTS peasb-
Hble TPOBOJIA BCeTr/la MMeI0T KOHEeYHyIO JUIMHY, OJHAKO IIPU MCCJEJOBAHNN TIOJIS
OYeHD JITMHHBIX MTapaJlJIeIbHBIX MPSMOINHENHBIX IPOBOJIOB YaCTO YIIPOINAIOT 3a/1a4y,
JIOITYCKast, 9TO MPOBO/IA UMEIOT OeCKOHEUHYIO TnHY. Kak yBuanM nasbiie, aTM 10C-
THTAEeTCsI CYIECTBEHHOE YIIPOIeHne 3a1aun. PaccMOTpUM yenHEeHHBII OeCKOHEYHO
JUIMHHBIN NTPAMOJIMHEHHBIN ITPOBOJI, PABHOMEPHO 110 JUIMHE 3aPSKEHHBIN, ¢ JIMHEH-
HOIT TITOTHOCTBIO 3apsizia T. HampsikeHHoCTh TT0JIsT TAKOTO TPOBO/IA, KaK OBLIO TOTyde-
HO B IIePBOI 4acTH, paBHa

T

E = .
2ner

[Tomarag, uto Touka P, B kotopoii U = 0, yaneHa oT ocu TpoBojia Ha PaCCTOSTHUE 77,
MTOJTYYUM

Uzj t dr:i(lnrp—lnr).

2mer 2ne
B wactrocTH, MoxHO TpuHSaTh U = 0 ipu 7p = 1. Torna Gyaem umerhb

U=-—""Inr.
2me

[IpunATH Ke rp = 00 HETb3S, TAaK KaK UHTETPAJ TIPU 3TOM TePsIeT CMBICJ — MOTEHITH-
aJl BCIOMLY TIPH JIIOOOM KOHEYHOM 7' CTAHOBUTCST OECKOHEYHBIM.

Omnako ecm CymecTByeT HeCKOTbKO MapayyIeTbHBIX TTPOBO/IOB U TIPUA 9TOM CYM-
MapHBIN 3aps/l UX PaBeH HYJIO, T. €. T = X1; = 0, 9TO OOGBIYHO U MMEET MECTO B peaib-
HBIX 3aj[a4aX, TO MOTEHIMAT B OECKOHEUHOCTH MOKHO TIPUHSATH PABHBIM HYJIIO JakKe
U B TOM CJIy4ae, eCJii YCJIOBHO PacCMaTpUBaTh MPOBOJA Kak OECKOHEYHO JJIMHHBIE.
PacemoTpnmM cHavasna siBa TpoBO/ia € 3apsi/laMy Ha €IWMHUILY JJIUHBI Tq = T U Ty = —T.
Ha puc. 24.3 oTMeUYeHbI TOUKU TTepecevdeHusT ITPOBOIOB C TIIOCKOCThIO pucyHKa. [Ipo-
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A
BO/la HOpMaJIbHbI K IIJIOCKOCTU PHUCYHKA. Paccrosnue

MEsKLy TIpoBOaMu 0bo3HaunM depes d. JIjis nmoreHima-
Jla B TOUKe A MeeM BbIpasKeHue 9

T Tp T Tp T Tp T 1, =+ N
U=—"LIh—~+2h—2=—Inh~L—-—1In-"t, e
2ne . 2me n, 2me 1, 21 1, d

Jle 74 U 75 — PACCTOSAHUSL TOYKU A OT HPOBOJOB, 7p, U TSI %
7py, — PACCTOSIHUS TOYKU P OT MPOBOJIOB. A

[Tpu ynanenun Touk P B GECKOHEYHOCTD Tpy = Ipy W e p
nepBoe cjaaraeMoe obpamaercst B Hysib. TakuM oOpasomM, Up=0
ec/IM TIPUHATH PAaBHBIM HYJII0 MOTEHIMAT OECKOHEYHO Puc. 24.3
YAQTeHHBIX TOYEK, TO Ha BCEX KOHEYHBIX PACCTOSHUIX 7| U 7y TIOTEHIINAT TTIOJTyIaeTCsI
KOHEUYHBIM:

U=——"1In"
2ne 1,

3aMeTnM, 9TO TIPU 3TOM TIOTEHITNAJ PaBEH HYJIO TaKKe Ha TIIIOCKOCTH, TPOXOIs-
TIeii mocepeaHe MeXK Ty TPOBO/IAMH, TaK KakK JIJIST BCeX TOYEK dTOH MIOCKOCTH 7y = 7.

Omnpesenm, Kak yObIBaeT MOTEHIMAT Ha OOJIBIINX PACCTOSTHHUSX OT MPOBOJIOB.
Ipu r >dumeeM 1 /1y~ 1 — d cos 0/ry ~ 1 — d cos 0,7, Tiie r — paccrosifme TOYKN A OT

CepeMHbI OTPE3Ka, COCAMHSIIONIEr0 OCH TIPOBOIOB, a O — yroJI MEeXIy PagnycoM 7 1
1M orpeskoM. CienoBarebHo, mpu r >>d

U=_fln(1

2ne r

B dcosej

Pazmarast torapudm B psiji 1o crenedsim d cos 0/r u npenedperast 4ieHaMU BbIC-
HIUX MTOPSIZIKOB MAJIOCTH, HAXO/IUM

U w’cose'
2ner

CocraJistroliye HaPsKEHHOCTH TI0JIst TIPH 7 >>d UMEIOT BbIPasKEHUSI:

_0U _ tdcos® £ _ 10U _ 1dsin®

- D E,=—-2 =
' or  2mer? ro0  2mer’
u, cjaea0BaTeJIbHO,
td
E=\E}+E; =—.
2mer

Taxkum 06pa3oMm, [ist mapbl GECKOHEYHO ITMHHBIX TIPOBOOB, MEIOIIX PaBHbIE M
IIPOTHBOIIOJNIOKHbBIE 110 3HAKY 3apsijibl, TOTEHINAT B OECKOHEYHOCTH CTPEMUTCS K
Hymo, Kak 1/7, a HanmpsKeHHOCTh Mo — kak 1/72 Jliobyio cuctemy GeckoHedHo
JUIMHHBIX TapaJiJieJIbHbIX ITPOBO/IOB, PACIOJIOKEHHBIX Ha KOHEYHbIX PACCTOAHUAX
ZIPYT OT IpyTa U UMEIOMNX CYMMAapHBII 3apsiJl £T;, PAaBHBIN HYJI0, MOKHO Pa3/leTUTh
Ha Imapbl IPOBOJAOB C PaBHbIMU U ITPOTHUBOIIOJIOKHBIMU 110 3HAKY 3apA/laMU. CJIeI.[OBa'
TEJIbHO, MOTEHIUA TAKOU CHUCTEMbl YObIBaeT B GECKOHEYHOCTU HE ME/JICHHEe, YeM
1/r, a HaNPSKEHHOCT TIOJIs — He Mejientee, yem 1/72,
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24.3. OnpeaeneHue noTteHumana
no 3ajaHHOMY pacrnpeaesieHuo 3apsaaoB

Briparkenue moreHInasa TOUEUHOTO 3apsi/a JAaeT BO3MOMKHOCTb YKa3aThb JJISI OJIHO-
POIHOM Cpe/ibl OOIINI METO/ BBIYMCJIEHHS TIOTEHIIMATA TIPU 3alaHHOM paclipe/iesie-
HUM B KOHEYHOU 00JTaCTH TPOCTPAHCTBA SJEKTPUYECKUX 3aPsI/IOB.

[TompasnenuB Bce pacripeziesieHHbIE B TTPOCTPAHCTBE
sapsiiibl (puc. 24.4) Ha sseMeHTapHble YacTu dq, OyneMm
paccMaTpUBaTh 9TH JIEMEHTBI dg KaK TOUYeYHbIE 3apSiibL.
[Torenmuan B Touke A, onpenensieMblil KaXK/bIM TaKUM

1 dg
snemenToM, paBed dU = ——. CjiezioBareibHO, MOTEH-
€ 4nr
1[Uaj, ONpeeNsieMblii BCeil COBOKYITHOCTBIO pacripejie-
Puc. 24.4 JIEHHBIX B ITPOCTPAHCTBE 3apsiIOB, MOKET OBITH Hail/leH
us3 (bopmyﬂm
U= J' 1 dq

Amer  Ame? 1

Ecim sextpuueckuii 3apsi pacnpezeaeH no oobemy V, npudyemM o6beMHas MI10T-
HOCTb 3apsi/ia B HEKOTOPOI TOUKE POCTPAHCTBA €CTh P, TO CJAEAyeT pasouTh BeCh 00b-
eM Ha asnementsl dV. Torna

pdV

4ns I

Ecim 3apA/l paciipesiesieH JIMIIb B BECbMa TOHKUX CJIOAX Yy ITOBEPXHOCTU 3apPAKEH-
HbBIX T€JI, KaK 9TO UMEET MECTO y TE€JI U3 IIPOBOAANIIETO MaTeEpUaJia, TO MOKHO CHUTATD,
4TO 3aps/l paclipeesieH Ha IMMOBEPXHOCTHU TeEJI. PasbuBas 3apAKEHHbIE ITOBEPXHOCTHU
Ha 9JIEMEHTbI dS, MOJKEM HaAIIMCaTb dq =0 dS, /1€ 6 — IMOBEPXHOCTHAasA IJIOTHOCTD 3a-
pAana. Torzxa BbIpasKeHue AJid IoTeHIMala IIPUHUMAET BU/L

U = 1 Lds,
dne 1

[pUYeM UHTErpa JA0JKEH OBbITh PACIPOCTPAHEH MO BCEM 3apsiKEHHBIM ITOBEPXHO-
crsam. To 06CTOATENBCTBO, YTO B 0OBEMAX, 3aHATHIX CAMUMU 3apPSKEHHBIMU TeJIaMH,
HaXO/MTCS MPOBOJIAIIAS CPEa U, CJIEIOBATEIBHO, CPela BO BCEM TPOCTPAHCTBE HEOJI-
HOPOJIHA, B ]AHHOM CJTydae HeCYIeCTBEHHO, TaK KaK BHYTPH IIPOBOJAIINX TEJ TI0JIe
oTcyTcTBYeT. Mbl MOrJIi OBl MBICJIEHHO YOPaTh MIPOBO/ISAIIEE BEIECTBO TeJl, 3AMEHUB
€ro JIM3JEKTPUKOM C MPOHHMIIAEMOCTBIO € M COXPAHUB BCE TOBEPXHOCTHbIE 3apsI/Ibl
test. IIpu 3TOM 110J1€ OCTaIoch Obl O3 M3MeHEHMsI.

B ciydae kora 3apsiji pactipe/ieJieH Ha IPOBO/IAX, AUaMeTpP CeYeHUsT KOTOPBIX MaJl
10 CPAaBHEHMIO C PACCTOSTHUSIMU OT IIPOBOJIOB JI0 TOYEK TI0JIsl, B KOTOPBIX OIIPEIEJIsIeT-
Cs1 OTEHITNAJ, MOKHO CYMTATh 3aPsi/l COCPEI0TOYEHHBIM Ha OCSIX POBOJIOB. Ecim 1 —
JIMHEHHAsT TUIOTHOCTD 3apsiaa, To dq = tdl n

U:i Ldly *)
471:81 r
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[pUYEM MHTETrPaJl PACIIPOCTPAHAECTCS B/IOJb BCEX 3aPAKEHHBIX TTPOBOJIOB.
Haxomnerr, mpr KoHEYHOM YHCTIe 1 3aPS/I0B, KOTOPBIE MOTYT PAaCCMaTPUBATHCS Kak
TOYEUHbIC, UMEEM

v-_ L5
4me 13 1

YunrsiBas cootHomenue E = — grad U, MOJKEM 3alluCaTb CJACAYIOIINE BbIPpAKEHU A
[JIA HAIIPAYKEHHOCTU 9JIEKTPUYECKOI'O I10JIA:

E:ij'p%'dv, E:i oF is, E=i Tl
r

4me 5, 4ne p? 4me % r?
S

31ech ¥ — BEKTOP, HATIPABJIEHHBIN OT TOYKU PACIIONIOXKEHUS 3apsijia K TOUKE OIpe-
JIeIeHUsT HATIPSIKEHHOCTH TI0JISE M PABHBIN PACCTOSTHUIO MEKIY HUMH.

OtMeruM ere pas, uyTo (GOpMyJiaMu, MPUBEJAEHHBIMU B HACTOSIIEM maparpade,
MO>KHO TT0JIb30BATHCS JIJISI BBIUUCJAEHUS TIOTEHI[UAIA TOJBKO B TOM CJIydae, eCiu 3apsi-
JIbI paciipe/iesieHbl B KOHEYHOI 06J1acTy TipocTpancTBa. B yactHocTH, hopmytoit (*)
MO’KHO TTOJTb30BATHCS, €CJIU IJINHA TPOBOIOB KOHeUHa. JlelicTBUTeNbHO, aTa (hopMyia
OCHOBaHA Ha BbIPAKEHWH JIJISI MOTEHIMAA TOYEUHOTO 3apsijia, KOTOPOE TOJIyY€eHO B
[PE/ITOIOKEHIH, YTO TOTEHINAT GECKOHEYHO YAATEHHBIX TOUeK paBeH HyJ0. OxHa-
KO, KaK ObLIO MOKa3aHO BBIIIE, JJIsT OECKOHEYHO JIMHHBIX TTPOBOIOB MOTEHIHAT B
GECKOHEYHOCTH He MOKET OBITh MIPUHST PABHBIM HYJIIO, TAK KaK IPU 3TOM Ha BCEX KO-
HEYHBIX PACCTOSTHUAX MOTEHIMAT MOJIydnsicst 6b1 Geckonedrno 6ombimum. CooTBeTCT-

BEHHO 1M MHTEIrpaJl J‘Ldl B IIDUMCHCHUU K 66CKOH€'~IHO JJIMHHBIM ITPOBO/IaM BCIOLY 06‘
!
pamaercst B 6eCKOHEYHOCTb.

3aMerum, 4To B ciiydae 0ObeMHOTO U MOBEPXHOCTHOTO PACIIPEAE/ICHUs 3apsiioB
TMOTEHIINAT OCTAETCA KOHEYHbIM U B T€X TOYKAX, I'/le p WJIN G HE paBHbI HYJIIO. B CJIy-
yae ke JIMHEHHOro pachpe/iesieHns 3apsi/loB MOTEHIIUAI CaMUX 3aPsKEHHBIX HUTEId,
ecJIM TIPEAONOKUTh UX GECKOHEYHO TOHKUMM, MOJTy4aeTcsl GECKOHEYHO GOJIBIIIM.
IToaToMy TOYKM HUTEH HOJKHBI OBITh MCKJIIOUEHBI M3 PpacCMOTPEeHUs. TOYHO Tak JKe
JUUISL CUCTEMbI TOYEYHBIX 3aPsI/I0B MOTEHI[MaI 0OpalaeTcs B 6eCKOHEYHOCTh B TOYKAX,
IJle COCPENOTOUEHbBI 3aps/bl. ITH TOUKU TaKKe MOJKHBI ObITh MCKJIIOUEHbI U3 pac-
CMOTpEHHS.

Dusnyeckuii CMBICT UMEET TOJNBKO 00bEMHOE paclpeesenne 3apsaaoB. Tem He
MeHee YCIOBHOE IPEACTaBIeHne O MOBEPXHOCTHOM, JTMHEHHOM MM TOYEYHOM pac-
npejieJIeHNH 3apsIIoB BeChbMa T10JI€3HO MIPU PellleHNH MHOTUX KOHKPETHBIX ITPaKTHye-
CKMX 3a/1au.

24.4. YpaBHeHus lNyaccoHa m Jlannaca

HO[[CTaB]IHH B ypaBHEHHWE

+ — =+ £ =
ox Oy 0z

’

0E, OE, OE. p
&€
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BbIpaskaioniee reopemy laycca B i depennmanbhoii hopme, BMecto sennyut E,, E,
u E, X BBIpaKeHUs 4epe3 MOTEeHIIUAT:

oU oU oU
E,=— E,=— u E, =——,
ox ’ oy 0z

[IOJIy4aeM ypaBHEHUE

o’U +62U +62U _p

ox* oy* oz’ g
Irto muddepeHnranbHoe ypaBHeHne HOCUT Ha3Banne ypaBHenus [lyacco-
Ha. ATerpan
o L pdV

- y
47t8v r

MIPUBEICHHBIN B IpebIIyIeM aparpade, siBisierTcs pernerneM ypaBaenus [lyaccona
B CJIydae, KOr/ia 3apsi/ibl paciipeieJieHbl B KOHEYHOH 00JIacTH ITPOCTPAHCTBA.

Ecau B paccmaTpuBaeMoil 06/1acTH TPOCTPAHCTBA OTCYTCTBYIOT OOBEMHBIE DJIEK-
TpuYeckue 3aps/nl, To ypaBHenune Ilyaccona nmomy4aer Buj

0°U 0°U  o°U
2 + 2 + 2 =
ox® JOy 0z
¥ Ha3bIBAETCA B 3TOM YAaCTHOM ciay4dae ypaBHeHHeM Jlammaca. daekrpocraTu-
yeckoe I110J1e yZ0BjaeTBopsieT ypasHenunio Jlamnmaca.
JleBbie wacTu ypasaenwuii [Tyaccona u Jlammaca mpeicTaBisiior co60i pacxosxie-

HUE T'paJlN€HTa IIOTEHIMA/Ia 1 MOT'YT OBITh 3aliCalbl B Q)opMe, He SaBI/ICHHleﬁ OT BbI-
60p3. CUCTEMbBI KOOpAMHAT:

0

divgrad U = P div grad U =0.
€

Hepenko MOXHO BCTPETUTH 3aMUCh JIEBOM YACTU ITUX YPAaBHEHHUN C TTOMOIIHIO
CHMBOJIITYECKOTO oreparopa B Buzge V2U. JleficTBUTEIbHO,

2 2 2 2
V? = ii+ji+k2 :a—+a—,+a—,
ox "oy 0z ox* oy* 0z’

1, caeloBaTeNbHO,

o°U 0°U o°U
= 2 + 2 + 2"
ox® 0oy~ 0z
Omnepatop V2 yacTo 0603HaYAIOT A M HA3BIBAIOT OrepaTopoM Jlariaca uim jaria-

cuanom. CrenoBatenbro, ypasuenus [Tyaccona u Jlammaca MoryT ObITh HAHCAHBI
TaK)ke B BUJIE

ViU

V2U:—B U AU:—B; VU =0 wm AU =0.
€ €
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24.5. NpaHuyHbIE YC/I0BUS HA NOBEPXHOCTU NPOBOAHUKOB

Tax Kak B 97I€KTPOCTATUYECKOM TI0JIE JIEKTPUUECKIE TOKU OTCYTCTBYIOT, TO M3 COOT-
Hommenus J = yE ciemyer, 4To BHYTpU MPoBOAHUKOB (# 0) Beroy 10/kHO ObiTh E = 0.
N3 Buipaskenust E = —grad U npu 9ToM CJIeIyeT, 4To JJIst K00 IIPOBOIHIKA OTEH-
IIMaJT BCEX €T0 TOYEK UMeET OFTHO U TO JKe 3HaueHue. [[oBepXHOCTH TPOBOIHUKOB CYTh
MMOBEPXHOCTU PABHOTO JIEKTPUIECKOTO TIOTEHIINANA, U JTMHUN HATIPSKEHHOCTHU TTOJIST
B U2JIEKTPUKe HOpMaibHbl K HUM. O603HaunM uepes E, u E, HOpMaIbHYIO U Kaca-
TeJbHYIO K TIOBEPXHOCTH MTPOBOIHUKA COCTABJISIONINE BeKTOpa E B IUAJIEKTPUKE OKO-
JIO TIOBEPXHOCTU TPOBOJIHUKA. | paHUYHOE yCJIOBUE JIJISE TIOJISE B JIMJIEKTPUKE HA T10-
BEPXHOCTH MPOBOJHUKA MOXKeT ObITh 3amcaHo B Buae U = const Wjm, 4To TO JKe
camoe, £, =0, E=E,=—-0U/on. llpu atom D = ¢F = — saa—U = o, I'/le 6 — IJIOTHOCTD
n
3JIEKTPUYECKOTO 3apsA/ia HAa TIOBEPXHOCTH TTPOBOIHUKA.

24.6. N'paHUYHbIE YC/IOBUS HA NOBEPXHOCTU pa3aena
OBYX AN3/IEKTPUKOB

Ha rpanuiie paszena IByX OJHOPOIHBIX M U30TPOIHBIX IUJIEKTPUKOB € aOCOTIOTHBI-

MU JIUDJIEKTPUYECKUMHU TIPOHUIIAEMOCTSIMU & U €y, HAXOASAIIUXCSA B DJIEKTPUUECKOM

nosie (puc. 24.5), HANPSZKEHHOCTh M 9JIEKTPUYECKOe CMellleHne KOTOPOro YIOBJeT-

BOPSTIOT YPAaBHEHWSIM &E dl=0wu §Dds =0, moxxeM (cM. § 23.8), mpunumas X = E,
I s

Y =D, a, =¢,, a, = &, Ha ocHOBaHWN OTHOIEeHNT (*), (**), 3ammcars ycaosus E; sin 0 =
= E, sin 6, u D, cos 0 = D, cos 0,, BeIpakaloliie HePEePhIBHOCTH KACATETBHBIX CO-
CTaBJIONUX BeKTOPa E 1 HOPMATBbHBIX COCTABIAIONNX BekTopa D. YeioBue mpeiom-
JIeHUsT JIMHUN TPUHUMAET BUJL:

tgh, _ g

tgd, &,

%

9.9:950.0.9,0,0.9.0.9.9.9.9%
SIS
R RAKAK XS
R P X RIRERIIK.
(9,0, 0.0.0.2.0.9.9, SRK 2 SELLLRRKKKRAX KKK,
RRKXE | R DL L Ky =15
OO0 4 LRI NRIKKS o €1=1,08)
QI ARSIPELRIEKES
QIR X XD
QKR %
QKKK 61 B ol +
% %6305 —————»—— ¢
KKK —S
N ZEREEEEEEEEEE SN
2 : RN =
R RIS Y
150% %% 000t 2 T S S e oot totods —_— 1
1 IS SIFf—s—o—————
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PacemoTpum coryyaii, Korjia JIMHUY HANPSIKEHHOCTU TI0JIE HOPMAJIbHBI K TIOBEPX-
HocTH pasziena (puc. 24.6) IBYX M30TPOIHBIX CPe/l ¢ aOCOTIOTHBIMY JAUAIEKTPUYECKHU-
MU TIPOHUIAEMOCTSIME & U €. BEKTOPBI cMeleHust OYayT OJMHAKOBBI B 0OEUX Cpe-

nax: Dy = D,, HO HANIPSIKEHHOCTD TI0JIS HA TIOBEPXHOCTH Pasjiesia CKauKOM U3MEHSeT
CBO€ 3HAUEHMe, TaK KaK
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E = & zE, = &
€y €y

IIycTb €1 > €9 U COOTBETCTBEHHO JUAJICKTPUYECKAsT BOCIIPUUMUYUBOCTD 7 IIEPBOI
cpebl GOJIbIIE MIJIEKTPUUECKON BOCIIPUMMYKMBOCTHU o BTOpoii. Torma E; < E,. Ha
puc. 24.6 nusobpakeHo /st 9TOr0 caydasi moje Bekropa E.

Y nmoBepxHOCTHU pazziesia IBYX AU3JEeKTPUKOB U3 MTEPBOI CPe/ibl BHICTYTAIOT 0JI0-
JKUTEJIbHBIE 3aps/Ibl TUTIOJEH U U3 BTOPOI Cpellbl — OTpUIlaTeIbHbIe 3aPs/Ibl TUTIO-
Jieit. Tak Kak y; > o, TO HOJOKUTENbHbBIE 3aPsI/Ibl TPE0OJIAIAI0T HA/l OTPUIIATETbHBIMI
U B TOHKOM CJIO€ Y TIOBEPXHOCTH pasjiesia 00pa3yeTcst CBSI3aHHbINA MOJOKUTETbHBIN
3aps. Beuy upes3BbrdaiiHON MAJOCTH TOJIUHBI 3TOTO CJIOS €T0 3aps/i MOXKHO pac-
CMaTpUBaTh KaK MTOBEPXHOCTHBIN € TIIOTHOCTEIO ¢'. [IpnMensas nmoctynat Maxkcsesna
K 3aMKHYTOU MOBEPXHOCTH, CJIe/l KOTOPOI n300paskeH Ha puc. 24.6 MITPUXOBOIL JIHHU-
eit, momyunm Dy = D,, Tak Kak CBOOOTHBIX 3aPsI/IOB Ha TIOBEPXHOCTH Pasfiesia ABYX JH-
anekTpuKoB HeT. CieloBaTeIbHO,

e, +P =¢,E,+P, wm ey (E,-E)=P -P,

+ !
a~*rq , YUUTHI-
€9

C apyroii croponsl, puMenss Teopemy Laycca B popme ﬁE ds =
Bast, uto g = 0, Gy/ieM umerhb
§Eds L —Es+E,s =4,
g € €
OTKy/Ia

!

g,(E, —E)) :%:G’-

Taxkum obpasom, ' = P, — P,.

IIpsimoii mpoBo CJiou U30JasIUU .
P poBor l'm WTax, BCaeACTBHE HEOAMHAKOBON CIIOCOOHOCTHU

OGpaTHbrii SO 7
SR JM3JICKTPUKOB I10JIIPU30BaTbCs Ha UX II0OBEPXHOCTU
R 80 %S S 0 . .
4 “43‘&%% w‘.\:\g‘” BO3HUKAET CBSA3AHHDIN IIOBEPXHOCTHDIN 3apsi/l C IIJI0T-
L ‘&”””’é}.e,zg‘:o HOCTBIO, PABHOI PA3HOCTH TIOJIIPU30BAHHOCTEN /11~
A

AJIEKTPUKA, M3 KOTOPOTO JIMHUU HAIIPSKEHHOCTU TI0-
JIAA BBIXOZAT, 1 INDJIEKTPUKA, B KOTOprfI OHHN BXO-
ag1. B obiiem ciaydae, Korja JUMHUU HAMPSKEHHO-
CTH TIOJIS TIOAXOMAT K TIOBEPXHOCTH Pasfiesia Iojl
HEKOTOPBIM YTJIOM, ' PaBHO, KaK HETPYAHO ybe-
IUTBHCS, PA3HOCTH HOPMAJTBHBIX COCTABJISIONINX
BeKTOpOB P 1 Py,

B Buse mnpumepa paccMOTpUM KOHIIEHTpUYE-
CKHUI Kabesb ¢ HECKOJBKUMU CJIOSIME JINDJIEKTPUKA
C pa3HbIMU JTUJICKTPUYECCKUMU TIPOHUIAEMOCTAMU
(puc. 24.7). BoobpasuMm HUIMHAPUYECKYIO TOBEPX-
HOCTh pajuyca 7 U JJUHBI [, 0Cb KOTOPOI cOBMeIIie-
Puc. 24.7 Ha ¢ 0Chi0 KabeJtst. [TOTOK CMeTeH st CKBO3b ATY MO~

A\
=N\ \©
\
oS
/
=~/ /S
7/
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BEPXHOCTb PaBeH 3apsiLy ¢ = T/, paciosoKeHHOMY Ha OTpesKe [ BHyTpeHHEero IpoBojia
Kabeus, T. €. des = ¢ = 1/, npuyem T — IMHENRHAS IJIOTHOCTD 3apsija.
S
Tak Kak Ha BCeil II0BePXHOCTH BBULY cuMMeTpun D = const u Bektop D HopMaseH
K TIOBEPXHOCTHU, TO IDds = Ds = 2nrlD.
S

Nrak,

D=_".
2nr

HanpsikeHHOCTD B k-M ¢J10e M30JISAI1UN PaBHA
E-P__*
g, 2mre,

B mpejiesiax Kaskoro cJiost HalpsKEHHOCTD 110Jist YObIBAeT ¢ YBEJIUYEHUEM 7, TIPU
nepexojie ke K cJeyIoleMy CJI00 OHA U3MEHSIeTCs] CKAUKOM B CBI3M € U3MEHEHUeM
€. DTOT CKAYOK MbI U MOKeM OOBSICHUTD MOSIBIEHMEM CBSI3aHHBIX 3aPsiIOB HA TIOBEPX-
HOCTH pasjieia IBYX CJI0eB TUAJEKTPUKA.

B xaxxmom ciioe HATPSIKEHHOCTD TI0JII UMeeT MAaKCUMaJIbHOE 3HaUeHUe Y BHYTPEH-
Hell TOBEPXHOCTHU CJI0s1, paBHOE Ej, = L, [IpUYEM 7}, — BHYTPEHHUI PaJIMyC CJOSI.

7€,
[IpencraBisieTcst BOSMOKHBIM TIPH TIPOEKTUPOBAHIK Kabesst mogo0parh BeJTNIHHbI
7€y, TSI BCEX CJIOEB TaK, YTOOBI BEJTMIUHBI E},, OTBEYAN Oy CTUMBIM 3HAUYEHUSIM Ha-
IPSIKEHHOCTH, COOTBETCTBYIOIIMM 3JIEKTPUYECKOU IIPOYHOCTH cJioeB. B yactHOCTH,
€CJIM JIONYCTUMask MaKCUMaJIbHash HAIIPSIXKEHHOCTD 110J1s1 £, BO BCeX CJIOSIX OJJMHAKO-
Ba, TO CJICJYET CTPEMUTHCS K COOJIOACHUIO YCIOBHUIL:

e, =1€, =...=1E€, =... =const.
IIpumenennemM MHOTOCIOIHON U30JIAINN JOCTUTACTCSA 3HAYNTEIbHOE BIPaBHUBA~
HM€ HAIIPSAKEHHOCTHU T10JIS1 BJIOJIb PAJINYCa, YTO UILIIOCTPUPYETCS SII0Poii Ha puc. 24.7.

24.7. OcHOBHas 3afjaya 3J/1IEKTPOCTAaTUKMU

OO6meii 3aaueii pacyera sJIEKTPUIECKOTO TOJIS SIBJISICTCS OTIPE/IeJIeHe HATIPSIKEHHO-
CTH TIOJISI BO BCEX €T0 TOYKAX 10 33JIaHHBIM 3apsijiaM WJIM TIOTeHInanraM ten. [l
9JIEKTPOCTATHYECKOTO TIOJIS 33/1a4a MOJHOCTBIO PEIAeTCs OThICKAHUEM MOTEHITAA
Kak QYHKITMM KOOPAWHAT. ECJU MOMHOCTBIO 3a/IaHO PacipesiesieHne 2JeKTPUIeCKIX
3apsiIOB B OJTHOPOIHON U M30TPOITHOM CPeJIe, TO PEIIEHUE MOKET OBITh TIOTYYeHO Me-
TOJIOM, U3JTOKEHHBIM B § 24.3. ObpaTHas 3a/1a4a OTBICKaHNS pacIpe/ieIeHusT 3apsIoB
M0 33/IAHHOMY PACIIPEIESIEHHIO TOTEHINATIA PEIAETCST ¢ TIOMOIIBI0 ypaBHenus Jlar-

oUu
JlaCa 1 TPaHNYHOI'O YCJIOBUA —887 =0 IOBEPXHOCTU 3apAKEHHDIX ITPOBOAANINX TEJI.
n

OpHako 6oJIblIIell YacThlo 3ajlaua OKa3bIBACTCS 3HAYUTENBHO cioskHee. OOBIYHO pac-
CMaTPUBAETCST CUCTEMA 3aPSIPKEHHBIX TIPOBOAAIINX TN, OKPYKEHHBIX JINATEKTPUKOM,
B KOTOPOM OTCYTCTBYIOT OGBEMHbIE 3apsijibl. 3aaHbl THO0 TOTEHIIHAIb! Beex Teit: U,
Us, ..., Up, ..., 16O TIOJTHBIE 3aPSI/IBI TEJL: 1, ¢, ..., G- Pacrpesiesierne xe 3apsiioB Mo
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MOBEPXHOCTHU KAKIOTO TeJla HEM3BECTHO M TIOJIJICKUT OpeiesieHI 0. B aToM 1 3akJiio-
YaeTcsi OCHOBHAS TPYIHOCTb 3ajauu. Takske HEM3BECTHBIM SIBJISIETCS W paciipesesie-
HIIe TOTeHIasa B mpoctpancTBe. OCOGEHHO YCTOKHSIETCS 3aj1a4a [IJist HEOHOPO/I-
HOW WJIK HEU30TPOITHOU CPEJIbl.

Permenvie Takoit 3a1aun aHATUTHYECKUM ITyT€M B KOHEYHOM BHJIE€ BO3SMOKHO TOJTh-
KO JIJIST OT/IETBHBIX YACTHBIX CTy4aeB. B HEKOTOPBIX CIydasx ylaeTcsl HAUTH pellieHie
PU TIOMOIIIA UCKYCCTBEHHBIX TIPUEMOB. B CBSI3M ¢ 9TUM UPe3BBIYAITHO BAXKHO YCTAHO-
BUTH T€ HEOOXOMMbIE U JOCTATOYHbIe TPeOOBAHWUS, TIPH YIOBIETBOPEHUN KOTOPBIX
TI0JIe OTIPE/IEesISIETCST €INHCTBEHHBIM 00pa30M. DTHUMHU TPeOGOBAHUSIMU SIBIISIIOTCST CJTe-
ayoniue:
1. ITone B AMaJIEKTPUKE JIOJBKHO YIOBIETBOPSTD YPABHEHUSIM:

rot E=0; D=¢E; divD=0.

I[Tpu sTom ypasaente rot E = (), kak ObLT0 OKa3aHOo B § 24.1, 5KBUBAJIEHTHO PABEHCT-
By E = —grad U.

Jl71s1 OJTHOPOTHOM CPeibl ATU YPABHEHUSI MPUBOJSATCS K OJHOMY YPAaBHEHWIO JIJIsT
norennuana U:

div(eE) =edivE = —edivgradU = V> U =0,
T. e. K ypaBHenuio Jlaraca
0°U 0°U  o°U
r Tt T
ox oy 0z
2. TToBepXHOCTH MPOBOASAIIMX TeJ AOJZKHBI ObITh MOBEPXHOCTSMU PABHOTO MOTEH-

uajia, T. €. I KaKIOH TaKoW MOBEPXHOCTH AOJLKHO OBITH COOIIOAEHO YCIOBIHE
U = const; 9TOT ke oTeHIInal TeJIO UMeeT, KOHeYHO, 1 BO BCeM CBOeM oObeMe.

0.

3. HOTGHHI/IaJIbI Ha ITOBEPXHOCTH TEJI JOJIKHDBL OBITDH PpaBHbI 3a/laHHbIM 3HAaYCHUAM Uk,
€CJIN 110 yCJIOBUAM 3a/la4 U3BECTHDI 9TU IMOTEHINAJIbI. Ecan xe 3a/laHdbl IIO0JIHbIE 3a-
pAAbI TEJI, TO AJIA KaKA0TO TeJjia JO0JIXKHO OBITD YAOBJIETBOPEHO yCJIOBUE

oU
q, = ;[Gds = —J;g%ds.

MOKHO [OKa3aTh, 4TO BHIIOJHEHNE 9TUX TPeOOBAHMI He TOJbKO HEOOXOLUMO, HO
U JOCTATOYHO, YTOOBI 3aa4a ObLIa PelleHa eqUHCTBEHHBIM 00pa3oM. DTO BaxKHOE [10-
JIO3KEHME 4ACTO HA3BIBAIOT TEOPEMOM €MHCTBEHHOCTH.

24.8. MNnockonapannenbHoe none

3ajaua pacyera BecbMa YIIPOMIAETCS, €CJU BCE BEJUYMHBI, XapaKTepPU3YIOIIHe MoJle,
3aBUCST TOJIBKO OT JIBYX KOOPAUHAT. TaKOMY yCJIOBUIO YZIOBJIETBOPSIET ITOJIE CUCTEMBI
U3 HECKOJIbKUX GECKOHEYHO JIMHHBIX TapalJIeJIbHbIX APYT APYTY MATHHAPUIECKUX
MIPOBOJIOB C 3apsilaMu, PaBHOMEPHO pacipe/eeHHbIMU 110 UX AJauHe. [|uaniekTpuk
OyzeM TipenosaraTb oAHOpoAHbIM. Harpasum och OZ napaiieibHO OCSIM ITPOBOJIOB.
Toraa Bce IMHUN HAIPSIDKEHHOCTH TI0JIst OY/LYT JIeKaTh B IJIOCKOCTSIX, apaJieIbHbIX
mrockoctu XOY. KapTrna 1mosist Bo BCeX 9THUX IJIOCKOCTSX OJJMHAKOBA, U IOCTATOYHO
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uccaenoBaTh 1mose Toabko B miaockoctu XOY. Tlose takoro Buma OyeM HasbiBaTh
naockKkonapanajgeabubM 1moaem Ha puc. 24.8 nuzobpakeHnl momepedtbie ce-
YeHWs IBYX MPOBOJIOB M KapTUHA IO 0KOsI0 HuX. [loTennman mmockomapaiesns-
HOTO TIOJIST €CTh (DYHKITUS TOJTBKO ABYX KOOPAWHAT: X 1 y. [loBepxHOCTH PaBHOTO TIO-
TeHIMaa CyTh IUJIMHAPUYECKIE MOBEPXHOCTH ¢ 00pasyoIUMU, TTapalie/bHbIMU
ocu OZ. Jlmunu paBHOTO MToTeHInaMa B miockoct XOY onpenesnsioTes ypaBHEHUSIMA
BUIA
U(x, y) = const.

YenoBuMcs HAHOCUTD HA YepTeke JUHUU PABHOTO TIOTEHITHAA Yepe3 Takue 1po-
MEKYTKHU, 4TOOBI TIPH TIepexo/ie OT 000 JIMHUU K COCeIHel BCera moaydarh onHa-
KoBoe mpuparienrie AU noreHimana.

YpaBHenme JIUHAW HANPSLKEHHOCTH TOMI YV
MOJKET OBITh TIOJy4eHO Ha OCHOBE CJIECYIOIINX
coobpaskenwii. [TycTh HEKOTOpPAsT TUHUST HATIPSI-
JKEHHOCTH TIOJIS PACCMATPUBAETCS KaK HAuallb-
Has (puc. 24.8). CoequHuM MPOU3BOIHHYIO TOY-
Ky M(x, y) c HEKOTOPOI TOUKON A HayaIbHOI
JIMHUW KPUBOJMHENHBIM oTpesakoM MmA. O60-
3HauuM depe3 W motok Bektopa E cKBO3b I10-
BEPXHOCTH, KOTOPYIO oruca Obl 0Tpe3ok MmA,
HepeMelnasich mapauiiebHo caMoMy cebe B Ha-
npasienun ocu OZ u mpoxonst nyTh [ Yeio-
BUMCSI PACCMATPUBATh MTOTOK HA €WHUITY JJIH-
HBI TIPOBOJIOB 1 BBeieM obo3nauenue V="Yy/L.

Bemmuuna V, Tak ske Kak u BeIndnHa MoToka W, 3aBUCHT OT TOJIOKEHUS TOUKH M,
T. €. ABseTcs (GyHKINEH ee KOOPAWHAT, 9TO MBI 3anuiieM B Buzae V(x, y). fcho, 9to
N1 BceX Touek M(x, y), Texkaiux Ha OJJHOH U TOH JKe TUHUU HAIPSKEHHOCTHU TOJIA,
dbynxmmg V(x, y) nmeet onqnnakosbie 3HaueHud. [loaTomy ypaBHenme

Puc. 24.8

V(x, y) = const,

OTIpejiesIsTiolee COBOKYITHOCTh TAKUX TOYEK, W SIBJISETCS YPABHEHUEM 9TON JIMHUW Ha-
npsuxkentnoctu modist. Oyukiuio V(x, y) Ha3bBaioT G yHKIIUeNd MOTOKA.

Oyukius V(x, y) MHOrO3HaYHA, TaK KakK ecii OOOUTH 110 HEKOTOPOMY 3aMKHY-
TOMY KOHTYPY Ce€YeHHe KaKoro-Jubo 3apsisKeHHOTO MPOBOJA, TO V IOJydYUT Mpupa-
IeHUe, paBHOE A‘PE/I, rae Wr — IoTOK CKBO3b IMMJIMHPUYECKYIO ITOBEPXHOCTD, OXBA-
TBHIBAIOIIYIO OTPE30K HTOTO IMPOBOJA JJIMHONW [ ITa MHOTO3HAYHOCTH HE MMeEET
CYIIECTBEHHOTO 3HAYEHVs], TAK KaK HAIPSDKEHHOCTD MOJIsI, KAk ceiiuac Oy/er mokasa-
HO, OTIpefiesisIeTCsT B BUle MPOU3BOAHON (DyHKIMM V 10 KOOpAMHATE W 3HAYEHWE TT0-
CTOSTHHOU cjaraiorneil (pyHKITNN He UTPaeT CYIeCTBEHHON PO,

YesioBUMCsT HAHOCHTD Ha YepTeke JIMHUN HATPSUKEHHOCTH TIOJIST TaK, YTOOBI MpH
repexojie OT 000N JTUHUK K COCEHE BCera moJydaTh OJJHO U TO JKe TPUpAIeHIe
AV byHKIINN TTOTOKA.

OtmetnM, uto ypaBaenust U(x, y) = const u V(x, y) = const onpemesnsaiorT aBa ce-
MeHCTBa KPUBBIX, TIEPECEKAIOIINXCS BCIOY MO TIPSIMBIM YIJIOM, T. €. 00pasyoInx B
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mnockoctu XOY oproroHambuyio cetky. Ilycts dn — a7eMeHT IIUHBI JTUHUK HATIPSI-
JKEHHOCTH MOJIST U da — DJIEMEHT JITMHBI JIMHUK PaBHOTO moTeHimana. O4eBuaHO, BO
BCeX TOUKax 1oJist dn L da. Bysem cautath KOOPAMHATY 72 BO3PACTAIONIEH B HATIPaBJIe-
nun Bektopa E. Koopaunary a Gynem cumrtarh Bospacrarolieil BjaeBo ot Bekropa E
J1U1sT HAOJTIO/IATe s, PACTIONIOKMBIIETOCS TaK, YTO JIJis Hero BekTop E Harnpasiien CHU3Y
BBepx. [lorennman U yBeandyuBaeTcs B HapaBiaeHUU TpoTuB BekTopa E, T. e. B cTOpo-
HY YMEHBIIIEHUS KOOPAMHATHI 7. YCIOBUMCS CYUTATh (DYHKINIO TTOTOKA V Bo3pacTaio-
1Iei B TOM JKe HaITpaBJeHNH, B KOTOPOM yBeJandnBaeTcs a. HanpsxkeHHoCTh a/1eKkTpu-
YECKOTO TOJISI TIPH 9TUX YCJIOBUSX MOXKeT ObITh Bhipaskena uepe3 U u V B hopme

E = _oU +Q.
on oa

PasenctBo E = — 0U/0n nam yxe 3HakomMo. OHO TOBOPUT, YTO BeTMUYNHA BekTopa E

YUCJIEHHO paBHA YMECHBINEHUIO MOTEHIINAA HA eIUHUILY JJTMHBI B HATIPABICHUH JIU-

HUW HanpsKeHHocTH 1moJid. CooTtHotenue xe E = 0V,/0a cnemyeT u3 TOro, 4T0 HaIpsI-

JKEHHOCTD T0JIsI YMCJIEHHO paBHA MOTOKY BekTopa E, mpoxozsiieMy uepe3 eJuHUILY

MOBEPXHOCTH, HOPMAJIbHOUW K JUHUAM HANPsyKeHHOCTH T0Js1. /laBas mpupaiienue

TOJIBKO OJIHOW KOOPAMHATE @, TIOJIyYUM COOTBETCTBYIOIIEe Tpupalienue motoka d, V.

[Torok d,¥; npoxoaut yepes moBepxHOCTb [ da. Tak Kak 3Ta IMOBEPXHOCTh HOPMaJibHa
K JIMHUSIM HATPSIZKEHHOCTH T0JISI, TO

E:da‘PE :daV :ﬂ‘
lda da oa

Ypasuenue (*) BBIpaKEHO B CHCTEMe KPUBOJUHEWHBIX OPTOTOHATBHBIX KOOPIH-
HaT 7 U 4, T7le 1 OTCUUTHIBAETCS BJIOJIb IMHUN HATIPSSKEHHOCTH TIOJIS U @ — BIOJh JIN-
HUI paBHOTO MOTeHIMaMa. [lepexond K meKapTOBBIM KOOPAWHATAM, HATIUAIIIEM:

)

oU oV
E =——=+—;
ox oy (**)
g o UV
) oy ox
PaBencrBa E, = — ou nk, =- ou ObLIN y3Ke TIPUBE/IEHDI PaHee.
ox oy
ov ov .
Pagenctna E, = a— n Ey =— a— BBITEKAIOT U3 CJIEYIONMNX C006pa>KeHI/II/I. Jamum
Y X

npupaiieHre ToJabKo KoopanHare y. CKBO3b MIOMAAKY [ dy TIPOXOIUT TIOTOK
dy‘PE == El dy. Orciona umeem

Y| dy>0 ar>0 Y Ey oY 4V _ov
T T Y ldy dy oy
dV>0] dx>0
— 3Hak rroc (+) cireayer IpUHATh TIOTOMY, UYTO

V u y Bospacraior 0ba Bieso ot E, (puc. 24.9).
v /JlaBas mpwupaienue TOJBKO KOOPAWHATE X,
Puc. 24.9 HaiijieM COOTBETCTBEHHO
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B d ¥, __ov
ldx ox
3/1ech HeOOXOIMMO MTOCTaBUTh 3HAK MUHYC (—), Tak Kak V BO3pacTaeT BJIEBO, a X —

BIIPaBo ot E, (cM. puc. 24.9).
O6e dyukuuu, U n V, ynosaerBopsitor ypaBHenuto Jlarmmaca. ITpoauddepeHim-
2

d¥;=-Eldc nwm E, =

X

pOBaB IepBoe ypaBHeHue (**) ellle pa3 1Mo x U BTOPOE elife pa3 1o Y, TOJIYIUM —

X2
0’V o°'U o'V
= n— =— , OTKyZIa
Ox Oy dy* Ox Oy
o0°U 9°U
—+ =0.
ox?  oy®
2 2
[uddepentiupys mepBoe ypaBilenne Mo ¥ W BTOPOe IO X, HalieM — ov _ov
oxoy oy’
ox Oy ax?’
o’V 9’V
—+ =0.
ox* oy’

Takum o6pasom, Jo6bie hyHkuun U n V, yaoBI€TBOPSIONIME COBOKYITHOCTH YPaB-
Henuit (**), yZI0OBIETBOPSIOT U iepBOMY TpeboBaHuI0, chopMyInpoBaHHOMY B § 24.7.

Jlist 3a1aHHO# CHCTEMBI TTPOBOTHUKOB 3TH (DYHKITMH OJKHBI OBITH TAKOTO BHU/IA,
4TOObI YAOBJIETBOPSIIIOCH BTOPOE TpeboBaHMe — TTOCTOSHCTBO MoTeHIana U Ha 110-
BEPXHOCTH KaKZIOTO ITPOBOTHUKA.

Kpome Toro, /151 onpeieIeHusT TIOCTOSTHHBIX B BhIpaskeHusax pynkumit Un V Heob-
XOZIMMO WCIIOJIb30BaTh TPEThE YCJIOBWE — KOJWYECTBEHHOE 3a/laHue MOTEHIINAJIOB
WJIN 3aPSIZIOB TIPOBOTHUKOB.

Cootnorrenus (**) BIOJIHE OCTATOYHBI JIJIsT BBIYUCTIEHWS COCTABJISIONIUX HAIIPSI-
JKEHHOCTH TI0JIsl, €CJIM TeM WJIU HHBIM criocoboM HaiigeHa jubo dyukiusa U(x, y),
mubo yukims V(x, y).

24.9. NpuMmeHeHune (PYHKLUA KOMMJIEKCHOrO NepeMeHHOoro

bynem paccMaTpuBaTh IIOCKOCTD, B KOTOPOH PACTIONOKEHBI INHUYA HATTPSKEHHOCTH
TMIJIOCKOTIAPAJIIIETBHOTO TIOJIS, KaK MJI0CKOCTh KOMIJIEKCHOTO TIEPEMEHHOTO 2z = X + jy,
B KOTOPOH 110 OCH abCIINCC OTKJIABIBAIOTCST BENECTBEHHBIE KOJUYECTBA (X), & 10 OCH
opAMHAT — MHUMbBIe KomdecTBa (jy). HazoBeMm aTy miockocThb mrockocTbio z. Kax-
JIOWf TOYKE TaKOW TIIIOCKOCTH COOTBETCTBYET BIIOJHE OTIPEIeJIEHHOE KOMILIEKCHOE
YUCJIO Z.

Beenem B paccMoTpeHMe KOMILUIEKCHYTO Besinuuny C =& + jn, rae &(x, y) u n(x, y) —
byukimm x u y.

ToBopsrT, uto £ ecTb peryJspHas aHajiutudeckass GyHKIHUS KOMILJIEKCHOTO Tepe-
MEHHOTO Z B HEKOTOPOW 00JIaCTH, €CJIM OHA OJIHO3HAYHA, HETIPEPhIBHA M IMEET OIlpe-
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JIeJICHHYIO HEIPEephIBHYIO MPOM3BOAHYIO BO BCEX TOYKax aToil obsactu. IIpu arom
obosHavatwor C = f(2).

[laBag mepemennoil z mpuparnienue Az, mogyduM mpupaiienue GyHKIn AL =
= f(z + Az) — [(2). Ecam oTHOmIEeHNEe AL/Az CTPEMUTCS K OIPEAETIEHHOMY TIPeIeTy

MGy [GHAD-[@) _dg

lim — =
Az0 Az Az>0 Az dz

HE3aBUCUMO OT TOTO, 110 KAKOMY 3aKOHY CTPEMUTCS K HYJIIO Az, TO 9TOT TIPEJieJ U Ha-
3BIBAETCS MIPOU3BOIHON OT (PYHKITNU KOMILJIEKCHOTO TIEPEMEHHOTO.

Boi6upas npuparienve Az O[fH pa3 B HATIPABJIEHUN OCH BEIECTBEHHBIX (Az = Ax),
ZIPYTOil pa3 — B HANPABJIEHNN OCH MHUMBIX (Az = jAy) KOJTUYECTB, MOKEM HAINCATh
ycnoBue auddepertupyeMocT GyHKIIUNA B BUE

i A&+ A
dz A0 Ax Ay—0 ]Ay

rae A& n An — u3MeHeHue § U M IPU U3MEHEHUU TOJIBKO X Ha BeJmyuHy Ax; A & 1
Ayn — TO 3Ke IpU U3MEHEHHH TOJIBKO i Ha BeJIMYUHY Ay. ITO PABEHCTBO MOXKET ObITh
MepPenncaHo B BUE

dc o .0 .0 O

45 _0  jon__;0  on

dz 0x ~ox oy Oy
OTKYyZa CJelyeT, 4TO

on__ 0. on_0&
ox oy oy ox

[Mocneanue ypaBHeHus Ha3biBalOT ypaBHenusMu Kormm—Pumana. Onu neob6xo-
JIMMBI U, KaK HETPYIHO MOKa3aTh, JOCTATOYHBI Il TOTO, 4yToObl yHKIWs C = f(2)
KOMIIJIEKCHOTO TIEPEMEHHOTO Z MMeJia OIPEICJICHHYIO TPON3BOIHY0. 13 aTX ypas-
HEHUI mosydaem

°n_ 0%t _ a9’ o’ d'm 0%

ox>  oyox  oy>  ox> oyox oy’
N

0%t | 0%

o’n 0’
7?4_7121:0 2 2
ox” 0oy ox® 0oy

T. e. dyuknnm C(x, y) 1 n(x, y), a crenoBaTeabHo, U GyHKINS C =& + jn yIOBIeTBOPS-
10T ypaBHenwuto Jlamaca.

Comnocrasiisist ypaBHenusi Komu—Pumana, cBsg3sbiBatoriye & u 1, ¢ ypaBHEHUSIMU
(**) B mpeapiayiem naparpade, gaomnmMu cB3b Mexay V u U, 3aMedaeM UX MOJTHOE
COOTBETCTBHE. DTO O3HAYAET, UTO MOKEM HEIOCPEACTBEHHO MPUHATh & = Vun=U
U COOTBETCTBEHHO TIOJIOJKUTD

C=E€+jn=V+jU=/(2.
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Oynkmms €=V + jU, BeliecTBeHHAsT 4aCTh KOTOPOH ecTh (DYHKITNS OTOKA, & MHU-
Masl — IIOTeHIIMaJl, Ha3blBACTCsI KOMIIJIE KCHBIM IOTEHIUNALOM 105
CocrasJstionye BeKTopa HAMPSIKEHHOCTH TOJIsI MOTYT OBITh TIOJTyYeHbI U3 yPaBHe-
HUI:
_oU _ Onm, _oU _ oOnm
* ox ox Y oy oy

Hepezuco I/IHTepecyIOTCH TOJIBKO MO]_[yJIeM E BGKTOpa E, TaK KaK BbIHy)KZ[eHHOe CO-
CTOsAHUE III/IBJIeKTpI/IKa OHpelIeJIHeTCH MMEHHO 3HAYECHNEM HaHpH)KeHHOCTI/I I10JIA. I[JISI
BbIYMCJICHUA E nmMeemM CoOOoTHoOlIeHue

2 2
0
U
oy

E

el
ox

E=E!+E} =

0 0
Ho, cornacno ypasnenusm Komru—Pumana, Aa_ j CJietoBaTeJIbHO,

dy Ox
2
J 4

on
ox

o0&
ox

£

dz

W3 Bcero cka3amHOTO CJEAYET, UTO 33jla4a pacyeTa MoJid PeIieHa, ecan HalaeHa
aHamuTryeckast pyHkiws ¢ = f(z), yaoBiaeTBOpsIONas TPAaHUYHBIM YCIOBUSAM Ha I10-
BEPXHOCTH TPOBOJOB, T. €. TaKas, MHUMAasg 9acTh KOTOPOW MPUHUMAET MOCTOSHHOE
3HaYeHUE Ha KOHTYpe, OTPAHUYUBAIOIIEM CEYEHIE MPOBOA. YKa3aTh OOIIHiT METOJ
HAXOKIEHUsT TaKOU (GYHKIINH 17151 JTI000H (hOPMBI cedeH it TPOBOIOB He TIPEICTABIIS-
€TCsT BO3MOIKHBIM.

ITo 3amanHOil KOH(UTIYpalnu KOHTypa CedyeHus MpoBoAoB Gyukmusa C = f(z) Mo-
JKeT OBITh HalijieHa TOJIbKO JIJIsI HEKOTOPBIX (hopM cedeHuit. OTHAKO MOKHO MONUTH 00-
paTHbIM TyTeM. VIMeHHO, mccieays pa3judHble aHaJIuTudecKkne (MYHKITUU, MOKHO
HAWTH COOTBETCTBYIOIINE UM IT0JISI ¥ TOJIYYUTh TAKUM IIyT€M PENIeHUs ISt Psijia KOH-
KPETHBIX CJIydyaeB. JTO OYEHb CYNIECTBEHHO, TaK KaK CO3/[aeT BO3MOXKHOCTb TIPH
CJIOKHOM (hOpMe cedeHusT TPOBOJIOB, Ui KOTOPOIi He MOKET OBITh MOJYIEHO TOYHOE
perieHue, moxo0paTh GJIM3KUNA CIydail, pACCMOTPEHHbII TEOPETUYECKH, W BBIBOIbI,
HOJTyY€eHHbIE U3 TIOCJIeIHETr0, TIPUOJIKEHHO TPUMEHNUTD K UCCJIELyEMOMY PEabHOMY
CITyYalo.

24.10. None yeaAMHEHHOr 0 NpPoBOAA KPYrioro ce4yeHms

Pacemorpum ananmutnaeckyio Gyukimio (= Ajln z + C, tie A — BetecTBeHHas BeJu-
ynHa, a C = C; + jC,.
O6oszHauns z = re’°, momyanm

=€+ jn=Ajlnr—-A6+C, + jC,.
[Tosarag & = Vu n = U, Haxonum

V=-A0+C;; U=Alnr+¢C,.
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Jy YpaBHeHnue nUHUI HAIPsKEHHOCTU ToJid: V = const
um O = const. YpaBHeHUe JUHUN PAaBHOTO MOTEHITNAJIA!

U = const nm » = const.
0\ =const Caenosatenbto, Gyukimsa = AjIn z + C onpenens-
Y eT 1oJie, JUHUN HATIPSIKEHHOCTU KOTOPOTO SIBJISIIOTCST JIy-
JaMU, UCXOIANIUMI U3 Hadama Koopaunat (puc. 24.10).
JIuHUKM paBHOTO TOTEHIUAJIA SIBJISTIOTCS OKPYKHOCTSIMU
C LIEHTPOM B HavaJie KOOPAMHAT, 1 TIOBEPXHOCTH PABHOIO
Puc. 24.10 MOTEHI[NAMA — TIOBEPXHOCTSIMU KPYTOBBIX ITMJIMH/IPOB.
Ecom coBmecTM ¢ 0/1HO# 13 3TUX TTOBEPXHOCTEH MOBEPX-
HOCTb 3apPSIKEHHOTO TIPOBOJIa KPYTOBOTO CEYEHMs], TO JIJIsI TIOBEPXHOCTH TIPOBOjIA Oy-
JIET YIIOBJIETBOPEHO OCHOBHOE TpebOBaHME — MOCTOSTHCTBO MoTeHImasa. CregoBartesib-
HO, MOKHO YTBEpXK/aTh, YTO paccMaTpuBaeMasi (GYHKIIUS SBISETCS KOMILJICKCHBIM

MOTEHIIUAJIOM TI0JIsI BHE TIPOBOJIA.

[TocTosinHast A onpeesisieTcsi Ha OCHOBAaHWHU TOTO, YTO MPU 00XO0JI€e MO 3aMKHYTO-
MY KOHTYPY BOKPYT C€4eHHUs ITPOBo/ia yToJi O Bo3pacTaeT Ha 27, a hyHKIMA V nosryya-
et npupaiienue, paioe Vg /[, rie Wi — norok BekTopa E CKBO3b HUIMHAPUIECKYIO
[OBEPXHOCTH, OXBATBIBAIOIILY10 OTPE30K MpoBojia AuHoi /. Cormacto teopeme [aycca,
9TOT MOTOK J0J/KEH OBITh PaBEH OTHOIIEHUIO 3apsijia ¢ OTPe3Ka MPoBojia K abCOJIIOT-
q

HOW JIU2JEKTPUUECKOH TpoHuIilaeMocTu & cpenbl. CiemoBaTeabHO, i = —-A2n
€

\)
U=¢ o

T
mA=-_94 _ ———, IpUYeM T — 3apsi/ Ha eMHUILY AJMHBI IIPOBOJA.
2nel 2me

Nrax,

V=_"10 +C; U= —ilnr+C2.
2me 2me

[Tocrostatibie Cy n C, 3aBUCAT OT BHIOOPA HAYATLHON JMHUN HATIPSPKEHHOCTH TOJISI,
JUIs KoTopoii ipuHuMaercs V=0, 1 oT BbIOOpa JIMHUK PABHOIO IOTEHIIMAJA, Ha KOTO-
poii npunumaetcst U = 0.

HamnpsizkeHHOCTD 110J1s1, COTJIACHO TOCJI€HEMY BBIPAJKEHUIO MPEbIYIIEro mapa-
rpacda, paBHa
T 10t

2ne " z| 2mer

dg
dz

[Ipupamenue AU noteninasa mpu nepexojie OT JMHUU PABHOTO TTOTEHITHATA, TI0-
MeYeHHOH HOMEPOM V, K cocefHed, (v + 1)-if, IMHNN, COTIIACHO MPUHATOMY JOTTyIIe-
HHUIO, JIOJIZKHO OBITH TIOCTOSTHHBIM, HE 3aBUCSIIM OT V:

,
AU=U,,, -U, = —i(lnrw1 —Inr) = ~ % In™*" = const,
2ne 2ne 1,

v

v+

= B = const.
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CireioBaTeIbHO, PAJINYChl OKPY’KHOCTEN PABHOTO TIOTEHIIUAIA U3MEHSIOTCS B I'e0-
METPUYECKOIT TPOTPECCHH, 3HAMEHATETb KOTOPOH MOKET OBITH BEIOPAH ITPOU3BOJIBHO.
[Ipupamenue AV ¢yHKIINM TOTOKA TP TIEPEXOIe OT V- JIMHUN HATPSKEHHOCTH
oyt K (v + 1)-11 MBI yCIOBUINCH TaKsKe TPUHUMATh OMIUHAKOBBIM [IJIT BCEX TTPOMe-
SKYTKOB MKy JTUHUAMH HATPSKEHHOCTH TIOJIS:
—0,) =const,

v+1

AV :VV+1 _Vv :L(e
2me

OTKyJla
0,,, -0, =A0, =const,

T. €. INHUW HATMPSKEHHOCTHU TIOJIS IOJKHBI OTCTOSTD JIPYT OT IpyTa Ha paBHbIE YTJIBL.
Ha puc. 24.10 BpiuepueHO 110Jie YEUHEHHOTO IIPOBOJA, IpUYeM IpuHATO B = 1,5
u A6 = n/4.

[Toste BHE IPOBO/Ia TAKOE Ke, KaK ecyin Obl BeCh 3apsiji IIPOBOjia ObL COCPE0TOUEH
Ha ero ocu. CJenoBaTesbHO, MOJYYeHHOE PellleHre CIPABEJIUBO /IS YeJAUHEHHOTO
JIMHEITHOTOo poBoa 110601 hopMbl ceueHns. JIMHEHHBIMY TPOBOJAMY HA3HIBAEM Ta-
K€, ToTIIePeYHbIe PAa3MePbl CEYECHUI KOTOPBIX BeChMa MaJIbl TI0 CPABHEHUIO C PACCTOS-
HUEM OT TIPOBOJIOB /IO TOYEK, B KOTOPBIX PACCMATPUBAETCSI TIOJIE.

3ameTnm, 4To ecsiu Obl OCh TIPOBO/IA TIPOXOANIA He Yepe3 Havyalo KOOPAUHAT, a ye-
pe3 TOUKY z; = Xy + jyq, TO T0JIe XapaKTepPU30BaI0Ch Obl (hyHKIIMEI

L=V +jU=-—""jln(z—2z)+C.
27e

24.11. NMone ABYX NJIOCKOCTEN, CXOAALMXCA NOpA Yr/IoM

Pacemorpum tertepb dyHkimio = A In z + C. ITonaras onsats € = Vun = U, Oyzem
1MeTh

=V +,jU=Alnr+jA0+C, +jC,.

YpaBHenue JUHUN HanpsokeHHoCTH ToJist V = A In 7 + C; = const, T. e. 7 = const.
Ypasuenne aunuii pasaoro norteniuana U= A6 + C,, T. e. O = const.

JIMHWK HAMPSIKEHHOCTHU MOJIST TIPEJICTABJISIOT COO0M OKPY;KHOCTH, JIMHUN PaBHO-
ro MOTEHIUAJAa — pajiuaJbHble TPSIMble, U MMOBEPXHOCTU PABHOTO MOTEHI[MAJA —
IJIOCKOCTH, Tipoxozsime deped och OZ CoBMeCTUM ¢ JIIOOBIMU JBYMST TIOBEPXHO-
CTSIMU PABHOTO MOTEHIIMAJIA TOBEPXHOCTHU JIBYX METAJLTMUECKUX ILJIACTUH, UMEIOIIIE
aJIeKTpUYECKUe 3aps/bl, paBHbIE 110 3HAUYEHUIO, HO TPOTUBOIOJOKHBIE IO 3HAKY
(puc. 24.11). B Havane xoOpAWHAT MJIACTUHBI OTAEJIEHBI IPYT OT IpyTa BeChbMa TOH-
KUM CJIOEM JM2JIeKTprKa. Tak Kak OCHOBHOE TpeOGOBaHUe MOCTOSTHCTBA MOTEHIIHAA
Ha TIOBEPXHOCTHU KaKIAOW TIJIACTUHBI OKA3bIBAETCS yIOBJIETBOPEHHBIM, TO, CJIEIOBa-
TeJIbHO, TI0JIe TAKUX TIIACTIH XapaKTepPU3yeTcs paccMoTpeHHOU dyuknmeii. [locto-
aunbie A u C, Hatizem u3 yeaosuit: U= Co=U;ipu 0 =0, U=Aa + Cy = U, ipu 6 = a..
Cuenosatenbho, Ao = Uy — Uy, rie o — yros Meskay mnactunamu. Kpome toro, In 7= 0
u Cy =V, ipu r= 1. Takum 06pa3om, (GyHKITHS, XapaKTepU3YIOTIast oJie, UMEET BUJL
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g:%lnzwﬁjm

HaHpH)KeHHOCTb 110JIA paBHa

_ﬂ:UQ_U1 _U2_U1

E

’

dz oz or

T. €. TaK K€, KaK 1 /IJIAA YEAMHEHHOI'O ITPOBO/Id, OHa N3MEHACTCA O6p3.THO IIponopiuo-
HaJIbHO 7.

Uz + - U1
Puc. 24.11

O6parum BHEMaHUE Ha TO, 4To GyHKIwsa = A In z + C oramyaercst ot GyHKIHH,
paccMOTPEHHOU B IIPeAbLAyIIeM Haparpade, TOIbKO MHOKUTENEM j. ITO IIPUBOLUT K
nepemene MectaMu U 1 V 1 COOTBETCTBEHHO K TTepeMeHe MeCTaMt JIMHUH HaIlPSKeH-
HOCTH TIOJIA M IMHUH paBHOTO moTeHInana (cM. puc. 24.10 n 24.11).

24.12. NMone AByXNpOBOQHOW JIMHUM Nepefaum

PaccmoTpuM BaskHBIH /171 TIPAKTUKU CAy4Yall — T10JIe IBYXITPOBOHON JIMHUU Tlepeia-
qu (puc. 24.12). [IpoBoma, pacmosoKeHHbIe IPYT OT APyra Ha pacCTOSHUN 2b, BHAUYa-
Jie OyIeM CYUTaTh JIMHEITHBIMU.

[Tonp3ysach TPUHIIUTIOM HAJMOKEHU, TOJIyIaeM BBIPAKEHWE I KOMILTEKCHOTO
MOTEHITAJIA

C=V+jU= —len(z—zl)—T—zjln(z—22)+C,
2me 2ne

- Jy U=const rie Ty U Ty — JIMHEHHble TJIOTHOCTU 3apsjoB
L M IIPOBO/IOB; Z1 U Zy — KOMILJIEKCHbIC KOOPANHATDI
0, TOUYCK IIepeceyeHuss IPOBOJOB C IJIOCKOCTBHIO
) e N\ b X0v.
5 e(l) 3 s < PacriosioxxuB ocu KoopAiMHAT Tak, Kak MoKa-
\ Xo 3aHO Ha puc. 24.12 (zy =— b, zy =+ b), ¥ yuuThI-
|« b\ Bad, 4TO JIJIsI ABYXIIPOBOIHOW JIMHUU T = — Ty = T,
nojy4yaem
Puc. 24.12 C=V+jU=—len(2+bJ+C.
2me z—-b

Ob6osnavas z + b = e’ % yz—b= rye’ % Tne 7, u 7, — PaCCTOSHUS OT TOUYKH Z J10

oceil TpoBoIOB 1 01 1 6y — COOTBETCTBYIOIINE YTJIbI ¢ 0chio OX, HaxXO0MUM
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V= _L(e2 -0)+C;
2me

U :Llnr—anCz.
2ne 1

[Honoxus Cy = 0, momyuaem U = 0 mpu 7| = 1y, T. €. IUHUEH HYJIEBOTO TOTEHIINATA
npu C, = 0 sBJIsIETCST OCh OPJAMHAT. YpaBHeHUe JIFoO0H JUHUKM PAaBHOTO MOTEHIIHAA

UMeeT BUJ
T,
U=—In-2 =const,

2ne 7

WITH
,
2 = k =const.

n
HOKEDKGM, 4TO JIMHUW PaBHOTO HOTEHIMAJIA CYTb OKPYKHOCTU C IEHTpaMM Ha

ocu OX. Nmeem
no_ (=)' ty’ g

2 (b+x)* +y®
nJjain
(A=FHx? =20+ kH)bx +(1-k*)y* = -b*(1- k).
Pazziesmm nocaenee ypasuenne na (1 — k%) u 706aBUM ¢ Kaxk10il CTOPOHBI 110

2

qﬂeHy(lJrk
1k

2
J b?. Tomyunm

2 2\? 232
PSSy SO 0, P TSR S L VS
1— k2 1— k2 1— k2
nJIn
1+82 Y 2%b
- b| +y* = ,
(x 1-k* J Y (1—#)

4TO ABJAETCA YPAaBHEHUEM OKPY/KHOCTU C KOOPAMHATAMU IIEHTPA

1+ R
X, Yy b un y,=0

U PajInyCcoM
2k
1=
Yro0bl IpUpalieHre MoTeHInaa P Mepexojie OT JOOH JUHIK PABHOTO MMOTEH-
Iajia K COCEHEI 0CTaBAIOCh MOCTOSTHHBIM, J0JKHO OBITH COOIIONEHO YCIOBHE
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T 7. 7. T, k
AU=U,, -U, =——|In-2>" _In-2" |= —In—*' = const,
2ne\ 7. 7 2me

, VvV

T. €. uncJsa k mpu Bo3pacTaHUK MOPSIZIKOBOTO HOMEPA V JIMHUIA TOJIKHBI U3MEHSITHCST B
reOMeTPUYECKOI TIPOTPECCHH:

kv+1
k

%

= B = const.

[Tonoskus B Beipakenuw iist pyHkimu nmotoka Cy = 0, moayunm V=0 npu 05 = 04,
T. €. HAYaJIbHOW JIMHUEN HanpspkeHHocTH 1ot ipu Cy = 0 SBJISIOTCS yY4acTKU OCu
abcImce, yXosiye OT IPOBOIOB B OECKOHEYHOCTD. YpaBHeHHUe JIt000i TMHUN HATIPS-
JKEHHOCTH T10J19 uMeeT (hopmy

V= —L(G2 -0,)=const, wm 6,-0, =9 =const
ne

U, CJIEJIOBATEJBHO, SIBJSIETCS YPABHEHUEM JIYTH OKPYK-
HOCTH, TIepeceKalolieiicsi ¢ MpoBoJlaMu, YTO BUJHO He-
mocpecTBeHHO u3 puc. 24.13. JlelicTBUTENBHO, YO
QMP, nonm KOTOpPBIM BHEeH OTpe3ok QP w3 ToYek
M(x, y), nexxanux Ha JUHWHA HATTPSSKEHHOCTH TOJIS, Pa-
BeH YTy 9 U OcTaeTcs MOCTOTHHBIM. KoopAmHATEI 11eH-
Tpa okpyxHOCTH: Xy = 0 m ¥, = — b ctg B. Tak kak yrJbl
QOF u QMP paBubl MexIy coOOH, Kak U3MepsieMble
onmHo# u Toit xe ayroit QSF, To

Puc. 24.13 Yy, =—b ctg(n—9) = betg 9.

Yro06bl TTOPa3AeUuTh MoJie Ha TPYOKH PAaBHOTO TIOTOKA, CJEYET CUUTATH PA3HOCTD
AV=V,,,— V, oiuHaKOBOII JJIs1 ABYX JIOOBIX COCEAHUX JUHMIL. [[J1sT 9TOr0 HEOOXOIH-
MO TIPH [Iepexo/ie OT TGO JIMHUN HATIPSIZKEHHOCTH TI0JIST K COCEIHEI N3MEHSITh YToJl
9 Ha nocrosiHHyI0 BeandnuHy AS.

Ha puc. 24.14 noctpoena KapTuHa M0Jig IBYX JIMHEHHBIX MTPOBOIOB, TIPUYEM TIPU-
a0 B =+/3 u A9 = /6.

[IpoBoma peanbHOI JTWHUU TIepeIadynd MMe-

g 10T KOHEeUHble ceueHms. Pacrpezesnenne ayiek-

}R\ /— _D\/ TPUYECKOTO 3apsi/ia IO TOBEPXHOCTH TIPOBOIOB

- Z 2 L [IPU 9TOM 3aBUCHUT OT (DOPMBI UX CeUeHMii 1 Oy-

Yo/ JeT HepaBHOMEPHBIM JasKe s TPOBOIOB

KpyToro cedenus. Ilociemnree yTBep:KaeHIE

V=0 0 V=0) . \ CTaHOBWUTCS OYEBWAHBIM, €CJU TMPUHATH BO
(/Q():ns ' Xz BHUMaHHUe TPUTSKEHUE 3aPSAI0B Pa3HOro 3Ha-
Ka, PACIIOJIOKEHHBIX Ha MPSIMOM M 00paTHOM

/QO\N‘} = npoBojax. IToBepxXHOCTHAS IJIOTHOCTD 3apsija

vz 3 JIOJKHA IMETh MAaKCUMYM B TOYKaX JIBYX MPO-

L=const BOJIOB, HaXOJSINIUXCSI Ha KpaTyaifiiem pac-
Puc. 24.14 CTOSIHUU JIPYT OT zipyra. Pacrpezenenue 3aps-
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Jla TI0 TIOBEPXHOCTH ITPOBOJIOB HEM3BECTHO, YTO BeChMa OCHOXKHAIET 3amadqy. OmHaxko B
BaJKHOM YaCTHOM CJTydae JIJist IPOBOIOB KPYTJIOTO CEYEHNUSsT 3a/[a4a MOXKET ObITh peltiie-
Ha TOYHO, €CJIN 3aMETUTb, YTO B TOJIE ABYX JMHEHHBIX TIPOBOJIOB BCE TTOBEPXHOCTH
PaBHOTO TIOTEHINATA SBJIAIOTCS MTOBEPXHOCTAMHU KPYTJIBIX MAJINHAPOB. Beerma Mox-
HO TaK PaCIiOJIOKUTH OCH JIMHEHHBIX TIPOBOIOB, YTOOBI IBE TIOBEPXHOCTH PABHOTO TMO-
TEHI[MAaJIa COBTAJIN C TIOBEPXHOCTSIMU PEATbHBIX MPOBOIOB (cM. puc. 24.14).

[Toste BHYTPH METAJINYECKHX TIPOBOIOB OyI€T OTCYTCTBOBATD. [1oJie Jke B inaiek-
TPUKe ITPU TaKOH 3aMeHe PeaybHbIX MPOBO/IOB 9KBUBAJIEHTHBIMUA UM JIMHEHHBIMH OC-
TaHercss 6e3 M3MEHEHUs], TaK KaK TPH HTOM YAOBJETBOPSIETCS OCHOBHOE IPaHUYHOE
yCJIOBHE — TIOCTOSTHCTBO MOTEHI[MANA Ha TOBEPXHOCTH TPOBO/A. Takum oOpasoM, 3a-
Jlaya pacyeTa IMmoJst IByX MPOBOIOB KPYTJIOTO CEYEHUS CBOJUTCS K OTBICKAHUIO TTOJIO-
JKEHUSI 9KBUBAJIEHTHBIX UM JIMHEWHBIX MTPOBOJIOB MJIM, KAK FOBOPST, K HAXOXKIEHUIO
9NMEKTPUUYECKUX OCEU TPOBOJIOB.

O603HaunM yepe3 D paccTosiHue MEK/Y TeOMETPUYECKIUMU OCSIMK TIPOBOJIOB 1 Ye-
pe3 h = D/2 paccTosiiinie OT TeOMETPHUYECKOIT OCH JI0 TIJIOCKOCTH HYJIEBOTO MOTEHIHA-
aa. Ilycts xy 1 R — KoopanHATa IEHTPA U PAANYC OKPYKHOCTH PABHOTO TMTOTEHITAAA,
COBIAJIAIONIEIT ¢ OKPY/KHOCTBIO ceueHus nposoga. Mimeem /i = | x; | u cormacuo Bbipa-
SKEHUSAM /11 Xy 1 R mosrydaem

1+ k b 2k

[1-#

1-#

)

Otciona HeTpynHo ybemutbes, uto b2 — R? = b* u, cienoBaTe/bHoO,

b=+h*-R>.

Jrta GopmyJia U aeT BO3MOKHOCTD OTIPEIEUTD MOJ0KEHNE 3JIEKTPUIECKUX Oceit
10 3a/IaHHBIM PAcCTOSTHUIO D = 2/ MeXK Iy TeOMETPUYECKIMU OCSIMU U paanycy R ce-
YeHUH TTPOBOJIOB.

Ha puc. 24.14 3amtpuxoBanbl ce4eHUs MMPOBOJOB OKOJIO KOHTYPOB ceyeHui. Tak
Kak 11oJie o/[pas/ieJieHo Ha TpyOKU paBHOro nortoka (AV = const), To rycrora JUHUI
HAIPSKEHHOCTU TIOJISI BCIOMY MPOMOPIMOHATbHA 3HAUEHUIO HATPSIKEHHOCTU TIOJIA.
KapruHa 1osist, n3o6paskeHHasi Ha PUCYHKe, OTYETJIMBO TTOKA3bIBAET, YTO HATIPSIIKEH-
HOCTb TI0JI UMeeT MaKCUMYM B TouKax Ay 1 Ay. OK0JIO 9TUX TOUEK AMITEKTPUK HAXO-
JITCS B HanboJree HAIPSIZKEHHOM COCTOSTHUM, ¥ TIPU TOBBITIIEHUW HATIPSIZKEHUST MEKLY
MPOBOIAMU HAPYIIEHUE JEKTPUIECKON MIPOYHOCTU TUIJIEKTPUKA HAUMHAETCS UMEH-
HO B 9TUX TOYKaX.

24.13. lNone napannesibHbIX HECOOCHbIX LWINHAPOB

Pemennas B npenpiayiieM naparpade 3azava s IByX JUHEUHBIX IIPOBOIOB JlaeT
BO3MOKHOCTb HAWTHU T0JIe MEXKY /IBYMs TIapajiieIbHbIMU HECOOCHBIMU TUJINHJIPA-
MU, IMEIOTINMHU KPYTJIbIe CEUeHUsT PA3TUIHBIX PafinycoB Ry 1 Ry (puc. 24.15). [leticT-
BUTEJIBHO, BCETA MOKHO TaK PACIIONIOKHUTb OCH JIMHEHHBIX IIPOBOAOB, YTOOLI B UX
1oJie JiBe TIOBEPXHOCTH PaBHOTO IMOTEHIMAJIa COBIAJM C ITOBEPXHOCTSIMM 3ajaH-
HBIX TPOBOAANINX NMUIUHAPOB. [lycTte D — paccTosgHme MEXIy TeoMeTPUIeCKUMU
OCSIMU IIUJIMHPOB, /iy U hy — PACCTOSTHUS OT TEOMETPUYECKUX OCEil /10 TIOCKOCTH I10-



56 Yactb 4. Teopusi 3neKTPOMarHMTHOrO NOAst

Jy

k>1 5 k<1 CTOSTHHOTO (HYJIEBOTO) MOTEHIInaNa, b —
N 7 h paccTosinie OT 3JIeKTPUYECKUX ocei
/b 10 aToil rockoctu. CorsmacHo Gopmyie
\ (jZeonst b =+h* —R*, cupaBenmuBoil 11 Kask-
JIOTO TIPOBOJIA, UMEEM
ME el b*> =h! —R} =h; - R;,
R] ’ )U —— - ; \\ N NJIN

) 2 2

[ ) (hy +h))(hy, —h)) =R; —R;.
E [Ipu pacrnosioxkeHU” UJIUHIPOB CO-
riacHo puc. 24.15 umeem by + hy = D u,

R} - R}

Puc. 24.15 CJIeZI0BaTENbHO, hy — hy = %

B sToMm ciyvyae nmeem
2 2 2 2 2 2
h1=D +R -R; h2=D +R2—R1.
2D 2D
[Ipu pacronoxenun MUJANHAPOB OMWH BHYTPH jApyroro (mosoro) (puc. 24.16)
R; — R}
hy — hy = D, cnenosaTenbHo, hy + hy = —2—1
B aTom crygae numeem
hoo D +RI-R, D’ +R)-R
' 2D ’ 2D

Boipaskenus aiist Ay u by MOKHO Hamcath B 00IIeM BUJIE, CIIPABEAINBOM 11 060-
UX PACHOJIOKEHUI IIMIUHIPOB TIPU JIFOOOM COOTHOIIEHUU PajiycoB Ry u Ry:

oo |D+RI-R)|
1 2D )
b - D* +R; - R} '
’ 2D

W3 atux popmyst onpenenseTcs
MOJIOJKEHWE TLIOCKOCTU HYJIEBOTO
noTeHIuana, 1 u3 GopMysIbl
b= \/hf —~R? = \/hf — R} naxonar-
Csl TIOJIOJKEHMST  9JIEKTPUUYECKUX
oceil, T. €. DKBUBaJICHTHBIX JINHEN-
HBIX IIPOBOJIOB, YTO JA€T BO3MOK-
HOCTb IIOCTPOUTD IOJI€ 110 METOLY,
U3JI0KEHHOMY B TIPEABIAYIIEM IIa-
Puc. 24.16 parpade.
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24.14. lNone y Kpasi NJ1I0CKOro KOHAEHcaTopa

Pacemotpum dynknmio z = A(e®> + a°), rie a ' A — BellecTBEeHHbIE U TTOCTOSHHbIE
sesmunnbl, [lonoxus =V + jU, Gynem nmetsb

x+ jy = A(e” cosalU + je*' sinalU +aV + jaU),
TJTH
x =A(e" cosaU +aV);, y=A(e" sinaU +al).
B wactHoM ciryuae, korma alU = + 7, BBIpaKeHUsT [JI1 X U i TPUOOPETAIOT BU]
x=A(aV —e"); y==+An

ITH ypaBHEHU ONPEIENIIOT ABE MOMypaMble, Tapaneabasie ocu OX. [leticTBu-
TeJbHO, KOOPJAMHATA X TIPU U3MeHeHUN (DYHKIIMHU MOToKa V MMeeT OfMH MaKCUMYM,
orpeJiesiIeMblil U3 YCIOBUS

dx _ Aa(1-e")=0, 1e. V =0.
dv
ITO MaKCUMaJIbHOE 3HAUEHHUE PABHO X, = —A.
Kpaiinum 3navennam (yHKIU TOTOKA V = —0 U —« U
V = +o0 cooTBeTCTBYET 3HaUeHme x = —o. CienoBa- ]
TeJIbHO, TIPU U3MeHeHun (QYHKIIUN TTOTOKA OT —o0 JI0 < 0
+00 KOOpIMHATA X TIPUHUMAET BCE 3HAUYEHUS MEXKIY
—oo u —A. Koopamnata ke y ocraeTcst TOCTOSTHHOM.
Ona nMeeT 3HAYEHUS: [IJIT OJHOM TTOJYNIPSMON Y1 =
= +An u ana apyroit y, = —An. Ha puc. 24.17 uso-
OpaskeHbl 3TH TOJypsiMbie. O603HAYNB PACCTOSTHUE
MesKLy HUMU depes d, OyseM UMeTb iy — Yy = 2An = d u, cnenoBatesnbio, A = d/2m.
OO6Hapy:K1BaeTcs 3amMeyaTelbHOe CBOMHCTBO MCC/IEyeMOil HaMu (DYHKITUH, & UMEH-
HO: JIBE JIMHUY PABHOTO TIOTEHI[UAJIA OIPEIEISIEMOTO €10 T0JIsl SIBJISIIOTCS TapaJLiesib-
HbIMU TTonynipsaMbiMu. [ToTertman onnoit u3 Hux paseH Uy = n/a, MOTEHIIUAN IPYTOM
umeet 3naveHue U, = —n/a. Takum 00pasoM, MOCTOSTHHAS @ OIPEIE/ISIETCS Yepes pas-
HOCTh ntoTeHInanoB: Uy — U, = 2n/a, oTkyna

2n
a=—-:
U1_U2

Ecmm 3aME€THM, YTO 9TU IOJYIIPAMbDIE ABJIAIOTCA CJI€laMU B IIJIOCKOCTHU zZ IBYX OT-
PAaHNYEHHBIX C OHHOI'/JI CTOPOHbBI OECKOHEYHBIX IapaJjisieJIbHbIX IIJIACTUH, TO HaM CTaHET
SCHO, 4YTO paCCMOTpPEHHasA (byHKHI/IH OIIpeAeJIAET 110J1€ MEX/Y IJIaCTUHaMU IIJIOCKOT'O
KOH/IeHCaTOpPa, OrpaHM4Y€HHbIMUA C OI[HOI>JI CTOPOHBI. HOILCTaBJIE[H B BbIpasK€HUE [JIA 2
Haﬁ]leHHbIe 3HAUEHUS MMOCTOSIHHBIX A 1 a, noJjiy4yaemMm

7y

Xmax =—4

—o0 U,

Puc. 24.17

2n
d T 2n
z= et 4

o U, -U,

Cl
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npudeM =V + jU. Ilosnaraa V = const = V, n 3aiaBasco
psanom 3Haveruii U B untepsase U, < U < Uy, mosyanm
P TOUEK, JTesKaUX Ha OJHOU JUHUW HATIPSKEHHOCTH
X TI0JIS1, TIO KOTOPBIM M MOKEM TIOCTPOUTD 9Ty TUHUIO. /1151
H TTOCTPOEHUS APYTUX JUHUN MOCTOSHHYIO Beauduny V,
OyJeM U3MEeHSTh [PH Mepexojie OT OAHOW JMHUU K CO-

ceJiHel KaKIbli pa3 Ha OJMHAKOBYIO Besmyuny AV.
[Tosarag U = const = U, npuuem U, < U, < Uy, u 3a-
JlaBasiCh PSAIOM 3HaYeHUU V, HaiijieM TOYKU, TPUHAJLJIe-
JKallue OJIHOM M TOM ke JIMHUW PaBHOTO TOTEHIIMasa.
Puc. 24.18 JIuHUM paBHOTrO TOTEHIIMAJA CTPOUM TakK, YTOOBI LIS
JIOOBIX JIBYX COCEIHMX JUHUI MMEJIO MECTO YCJIOBUE

AU = const. Ha puc. 24.18 nocTpoeHo 1oJie y Kpasi MJI0CKOTO KOH/IEHCATOPA.

Becbma cy1iecTBeHHO BBISICHUTDB, HA KaKOM PAaCCTOSIHUM OT Kpas KOHAEeHcAaTopa
MOZKHO CUUTATH TI0JI€ TTPAKTUYECKU OJHOPOAHBIM. C 9TOM 11eJ1b10 Hali/IeM MTOJI0KEeHe
Toi TouKH Ha ocu OX, B KOTOPO# HATIPSIKEHHOCTD MOJIST OTsinvaetcst Ha 1 % ot Hamps-

1

U, -U .
skeHHoctn Ey = 72 OZHOPOIHOTO T0Jist. HampsskeHHOCTh B 060 TOYKE MOJIsT

nMeet 3Hauenue E = fig . CenoBarebHO,
z
1_|d :Aa‘e"C +1‘.
E |d¢

Ha ocu OX morennuas paBeH HYyJIIO, 4TO HETPYAHO YCMOTPETh U3 BBIPAKEHUS JIJIsT
KOOPAWHATHI . /lelicTBUTEIbHO, eCJTH IPUHSTDH B 9TOM BhIpaskeHnu U = (), TO Moayuynm
y = 0. [loatomy miist Touek Ha ocu OX umeem z = V. [IpunsB enie Bo BHUMaHUE, YTO

1
Aa —, noarydaeM 77151 ocu OX ypaBHeHUe

U U, E,

1. i(e“V +1).

E E,
Crasno ObITh,

E-E, _£_1_ 1 - e
E, E, e +1 e +1
E_EO aV

[Momarass ———— = —0,01, moxyunm e*’ = 0,0101 u aV = —4,60. Boas atu umc-

0
JIOBBIE 3HAUYEHUs B BBIPA’KEHUE /IS KOOPAMHATHI X, KoTopoe 1ipu U = 0 umeeT Buj
x=A(e" + aV), nonygaem x > —4,6 A. PaccTosiHue NCKOMOI TOUKM OT Kpask KOHZeH-
caTopa paBHO (x — %) = 3,6 A, Tak Kak paccrosame Kpad maactu oT ocu OY ecTh
xg = —A. Vcionp3ys 3HaYeHne TOCTOSTHHOW A, OKOHYATETbHO HAXOANMM

d

— =0,57d.
2n

‘x—xo‘ =36
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OxpaHHoe KOJIBIIO
Takum 06pasoM, yKe Ha PACCTOSIHUM OT Kpasl KOHIEH-

CaToOpa, UMEKIIEM TTOPAAOK TOJIIUHDBI JUIJIEKTPUKA MEXK/TY

T_\I,
IJIACTUHAMM, TI0JIe MOXKHO CUUTATh OJHOPOJHBIM C BEChbMa rrrmpa%“” dacty U
BBICOKOU CTEIeHbIO0 TOUHOCTHU. l

B arasonHbix BO3AYNIHBIX KOHJEHCATOPAX, PacCUUTaH-
HBIX Ha BBICOKOE HAIIPSKEHUE, U B KOTOPBIX PACCTOSIHUE Me-
KLY TIIACTMHAMU 3HAYUTENBHO, Ui UCKIIOYEHUST KPAaeBOTO
adeKTa BBIIEISAIOT B KauecTBe pabodyell 4acTh TOJNBKO CPEAHIOI0 YacTh MJIACTUHBI
(puc. 24.19). Kpaii miuacturbl 0O6pasyer IIpr 9TOM TaK Ha3bIBaeMOe OXPAHHOE KOJIbIIO,
M30JIMPOBaHHOE OT paboueii YacTu MJIACTUHBI, HO UMeEIoIee MOTEHIMA, 110 BO3MOJK-
HOCTH OJIU3KUH K TIOTeHIany paboueii vactu. [Tpon3BeileHHbII pacyeT TaeT BO3MOJK-
HOCTb OTIPE/IEJIUTh TPeOYEMYIO MIMPIUHY OXPAHHOTO KOJIBIIA.

Puc. 24.19

24.15. Npapmuecknn MeToa NOCTPOEHUS KAPTUHDI
nJiocKonapasiesnbHoro nons

Bo MHOTHX TTpaKkTHYeCcKUX caydasax hopMa ceueHm 3apsKeHHBIX POBOTHIUKOB 1 MX
B3aMMHOE PACIOJIOKEHNE HACTOJBKO CJIOKHBI, YTO TOUHBIN aHATUTUYECKUH pacueT
T0JIsT OKA3bIBAETCST HEBO3MOXKHBIM. B CBsI3U ¢ 9TUM TOJTydaeT O0JIbIoe PAKTHYECKOE
3HaueHue rpauIecKuii METOI TIOCTPOEHMSI KAPTHHBI TTOJIs, KOTOPBIN paspaboTaH st
IIJIOCKOIIAPAJIJIe/IbHBIX 1TOJIeH U 110JIei], OKPYKAIOUIUX 3apsi’KEeHHbIe TeJla BpallleHus.

Hawubosee pocto mocTpoeHne ocyuiecTBIASeTCst [1Jist TIOCKOMAPAJLIebHOTO MOJIS.
JTOJKHBI OBITH COOMIOIEHBI CJIELYIONINE YCTOBHSI:

1) JIMHUW HAIIPAYKEHHOCTH I10JIA 1M JIMHWUKW PaBHOT'O ITOTEHIIMaIa JOJIKHBI IIEPECEKATD-
Cia BCIOAY TIO/L TIPAMDBIM YTIJIOM;

2) JIMHUW HAIPAXKEHHOCTU TIOJIA TOJIKHbBI 6bITI) TIEpPIEH/IUKYJJIAPHBI K KOHTYpaM, Or-
PaHNYMUBAIOIINM Ce€4YE€HUA ITPOBO/ITHUKOB;]

3) stueiiku ceTku, 06pa3oBaHHOM JTMHUSMU HAMPSIKEHHOCTH TIOJISI ¥ JIMHUSIMUA PAaBHO-
o TOTEHIMaJIa, PH AOCTATOYHON IYCTOTE CETKH AOJKHBI OBITh TIPUOIU3UTEIBHO 10-
JOGHBI JIPYT JIPYTY.

Tperbe ycioBue COOTBETCTBYET TPeOOBaHMIO, YTOOBI pUpalieHue noreHnuana AU
IIpU TIepexo/ie OT JI0O0# TMHUK PABHOTO MOTEHIINAA K COCEITHEN OBLIO MOCTOSTHHBIM
1 4T00OBI 1M0JIe GBIJIO MOJPa3Ie/IeHO Ha TPYOKK PaBHOTO TIOTOKA, T. €. 4TOOBbI AV = const.
[Tpu HaJMYMK TaKOTO TPeOOBAHUST TPEThE YCIOBHE BBITEKAET U3 YPaBHEHHMIT

ou oV
on oOa
Ecau 0603HaunTh cpeHue pasMephl SsUeHKU CeTKU: A — 110 HAllPaBJEHUIO JIH-

HUW HAMPSKEHHOCTH MOJA U Aa — TI0 HANIPABJIEHUIO JIMHUH PABHOTO TTOTEHI[NAA
(puc. 24.20), To 9T ypaBHEHUs TPUOIUKEHHO MOTYT OBITH 3alicCaHbl B (hopMme

AU _av
An  Aa
IIpu ycnoBuax AU = const u AV = const umeem

E:
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An_ k, = const,
Aa
OTKY/Ia W CJIEIYET, YTO TIPU TOCTATOYHO TYCTOI CETKE ee
AYEHKHU JTOJKHBI MPEACTaBAATh COOON MPUOIN3UTEND-
HO TI0106HbBIE TPAMOYTOJBHUKM, ec/irt (hopMa sueiiki He
CJIUIIIKOM MCKaKeHa KpuBu3Hoi snHuit. Ho naxe u npn
3HAYUTEJTbHOM WCKAXKEHUU sueeK, KOrja TPYJHO TOBO-
| puTh 00 MX MOLOOMH, TOCIEAHEE COOTHOIIEHUE BeChMa
[IOMOTaeT MPaBUJIBHO MMOCTPOUTH KapTUHY 10Jist. OObIY-
U, U, HO KapTUHY IOJISI PUCYIOT HA TJia3, CTPEMSICh Y/OBJie-
R TBOPUTH MEPBOMY U BTOPOMY YCJOBUSIM, a 3aTEM YKe
[OCTENEHHO BHOCST MCIPABJIEHUS Tak, YTOOBI YIOBJIe-
TBOPHUJIOCH M TPeThe ycaoBue. Pekomenmyercst st 06-
JIETYEHUST TIOCTPOEH ST BEIOUpaTh An = Aa. Ha puc. 24.20
B BHU/Ie TIPUMepPa MOCTPOEHO TI0JIe MEXKIY ABYMS MIPIMOJTUHERHBIMU TIPOBOAAMU TIPSI-
MOYTOJIBHOTO CeUeHUsI, UMEIOITUMU OJINHAKOBbIE 3aPSAbl PA3HBIX 3HAKOB.

Ny
()HSf 7/
~C

Puc. 24.20

24.16. Npacpmuecknni MeToa NOCTPOEHUA
KapTUHbI NONSA Ten BpalleHus

[TocTpoenue moJist, 06OPa3oBaHHOTO 3aPSKEHHBIMU TeJIaMK BPallleHHst ¢ 001Iel 0ChIo
BpallleHNs, TaKKe MOKeT ObITh BbINOJHEHO rpadudeckum mytem. [Tose cTposT B oa-
HOM M3 MepUINaHHbBIX TJIOCKOCTel. B Buse mpumepa Ha puc. 24.21 mocTpoeHo moJe
OKOJIO KPYIJIOTO CTepsKHS, MPOXOJSINEero 4yepe3 BbIpe3aHHOE B IJIACTHHE KPYTJoe
OTBEpCTHeE.
[IepBoe u BTOpPOE yCI0BUSA, CHOPMYINPOBAHHBIE JIJISI TITIOCKOIAPAJIJIETBHOTO TIOJIST
B IIpezblayIieM maparpade, octaioTcst 6e3 u3MeHeHUH, TPeThe Ke yCJIOBUE, Kacaro-
nieecst (OPMBI sSTU€EK, HECKOJIbKO YCIOXKHsieTcs. llpu BpameHun KapTUHBI TOJIS
BOKPYT OCH 3aPS’KEHHBIX TeJl Kax/as JUHUA HAPSKEHHOCTH T10JIS1 OIUIIET TOBEepX-
HOCTbH BpaliieHusi. MOKHO YCJIOBUTHCSI BHIOMPATh 3TH MOBEPXHOCTH TaK, YTOOBI I10-
TOoK AWg, TPOXOAANTNN MEXAY IBYMS COCEIHUMHU TOBEPX-
HOCTSIMH, BCIoAy ObuT oxmHakoB. Torma, ecam Aa — cpel-
Hee B TIpefiesiax SgUYEUKU TIOJIS PACCTOSTHWE MEXKAY ITUMU
o TTOBEPXHOCTSIMHU, OTCUYNUTHIBAEMOE B MEPUIMAHHON ILJIOCKO-
CTU TI0 HAIPABJEHUIO JIMHUU PABHOrO ToTeHIuana, u EF —
cpellHee 3HadYeHWe HANpPSIKeHHOCTH B Ipefiesax oTpe3ka Aa,
To AYf = 2nrAaE, Tie ¥ — paccTosgHUe OT CepeuHbI OTPe3Ka

+%}% : %J%+ Aa 1o ocu BpareHust. Takum 06pa3oM, UMeeM

i Fo_ AU _ LAY
i A 2mr Aa
~ : Tak kak AU = const u AW = const, To monydyaem
K4 A b,
; Aa

Puc. 24.21 rae ky = const.
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TakoMy COOTHOIIEHIO TPUOJUUTENBHO ¥ YAOBJIETBOPSIET TI0JI€, TOCTPOECHHOE Ha
puc. 24.21.

24.17. N'pacpmuecknni MeToa NOCTPOEHUS KapTUHbI NONS
AN HEOQHOPOAHOW U30/IMPYIOLLE cpeabl

Bce BrITIen3noxxeHHOE OTHOCUIOCH K OMHOPOAHOU cpezie. JlomycTum, 9T0 U30IMPyIo-
mas cpefia COCTOUT U3 HECKOJTBKUX OJIHOPOHBIX TUAIEKTPUKOB € PA3TMUYHBIMU 3HA-
YeHUSIMH €, TPUYEM TTOBEPXHOCTH PA3/esIa MEXK/LY AUIJIEKTPUKAMHU JIJIS TIOCKOMApai-
JIEJTBHOTO TIOJIST SIBJSIOTCS TTUJIWHAPUYECKUMU TTOBEPXHOCTIMHM W IS TIOJIST Tell
BpAIlleHUsT — TIOBEPXHOCTSIMU BpallleHust BOKPYT o01mieit ocu. [Ipu aToM Jrydriie uso-
GpakaTh Ha PUCYHKe He JINHUW HATPSKEHHOCTH TI0JIst, a JIMHUK 9JIEKTPUIECKOTO CMe-
IEHNs, TaK KaK Ha TOBEPXHOCTH Pasjiesia [IBYX [UJEKTPUKOB TPYOKHU CMEIEHUsT He
MPETEPIEBAIOT PA3PHIBA.
Tak kak D = ¢E u A¥p = eAWf, To GyIeM UMETb JIJIsT IIJIOCKOTIAPAJIJIEILHOTO TIOJIst
AU _ 1 AY,,

E=——"" ,
An €, Aa

rae ¥ p = ¥p/l — NOTOK cMelleHns, pacCCUNTaHHBIA HA €AWHUILY JJIMHBI TPOBOIHMU-
koB. Cie1oBaTeIbHO, MJIS TIJIOCKOMAPAJIIETHHOTO TIOJIS OTyJaeTCs yCIOBUE

An

—=¢ pk1,

Aa

rje ky = const u €, — abCoTIOTHAS IUDJIEKTPUYecKas IPOHUIAEMOCTh B TOW 00s1acTu,
rjie CTPOUTCH sS4eliKa CeTKH TOJIS.

,HJIH ITOJIA TEJI BpallleHUA
AUt AW,

E=
An 2Tl',7’8p Aa
u
An
&:rgka’

rae ky = const.
Kpome Toro, He06X0MMO TIPUHITH BO BHUMAHUE YCJIOBUE TIPEJOMIIEHUST JIMHUI
3JIEKTPUUECKOTO CMETEeHNS Ha IIOBEPXHOCTU Pa3ziesia IBYX TUITEKTPUKOB (cM. § 24.6).

24.18. Teno v3 AM3IeKTPUKa BO BHELLHEM 2/IEKTPOCTaTUYECKOM none

HpaKTI/I‘IeCKOG 3Ha4Y€HNE NMEET 3a/lada O paCyeTe I10Jid B Ciy4dae, Korja Tejao n3 amu-
JJICKTPUKA BHOCHUTCA B 3a/laHHOE BHEIITHEE I10JIE. Ilonoxurenbuo 3apsAKEeHHbIC YaCTH-
I1bl, BXOJAIINE B COCTaB aTOMOB W MOJIEKYJI BEHIECTBA, CMENIIAIOTCA B HallpaBJIE€HUN
T10JIA, a OTPULATEJIbHO 3apPAKEHHbIE YaCTUIIbl — B ITPOTHUBOITOJIOKHOM HallpaBJICHUN.
Ha TIOBEPXHOCTU TeJia MOABJIAIOTCA CBA3aHHbIE 3aPAJbl Pa3HbIX 3HAKOB. ITU CBSI3aH-
HbI€ 3aps/ibl CO3al0T CBOE I10JI€ KaK BHYTPHU T€Jia, TaK U BHE €T0. HaHpH)KeHHOCTb E
PE3YJIBTUPYIOUIETO TIOJIA ABJIAETCA FeOMeTpI/I‘{eCKOﬁ CyMMOI7I HalIpAKEHHOCTU E()
BHENIHETO I10JIA U HAlIPAKEHHOCTN E1 ToJIA CBA3aHHBIX 3apA10B. TPYI[HOCTB 3a1aun
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3aKJII0YAETCS B TOM, UTO MOJISIPU3AIINS BEIECTBA, a CJIE/I0BATENbHO, U CBSI3aHHbIE 3a-
PAIBI OTIPEIeNIIIOTCS Pe3yAbTUpyfonieii Hanps:keHHocThio E, KoTopas cama 3aBUCHT
OT CBSI3aHHBIX 3aPSIOB.

Ecim teno n3 nuanexTprka HAXOAUTCSA B CPEJIE, IUAJIEKTPUYECKas TIPOHUIIAEMOCTh
KOTOPO¥ MeHbIIE UAIEKTPIUYECKON TPOHNUIIAEMOCTH BENIECTBA TeJa, TO BHYTPH Teja
T0JIe CBSI3aHHBIX 3aPS/I0B HAMIPABJIEHO TIPOTUB BHEIITHETO MOJISA. DTO HETPYAHO YCMOT-
peTb u3 puc. 24.22. Takoe 1oJie CBI3aHHbIX 3aPs/I0B BHYTPH TeJia HA3bIBAIOT JIETIOJIS -
PUBYIOIIUM 9JIEKTPUYECKUM TIOJIEM, U €T0 HAIPSIKEHHOCTh 0603HavYaoT yepes E__.

Ey 8{) E E
\\W

Buemmee nose ITone csazanupix  Pesyabrupylomee
3aps/ioB noJe

Puc. 24.22

+

[

3ajiaua pacuera 3akjaoyaercs B cieayomeM. Heo6xoanmo HaiiTh pacrpeesnenme
CBSI3AHHBIX 3aPSJIOB, CO3/IAIONINX TaKOe TI0Jie, KOTOPOe, OYIydur HATOKEHHBIM Ha 3a-
TAHHOE BHEIITHee T10JIe, IAeT Pe3yJIbTUPYIOIiee MoJie, YI0BIEeTBOPSIONiee rPAaHNYHBIM
YCJIOBUSIM Ha TIOBEPXHOCTH TeJIa — PABEHCTBY KAacCaTEJNbHBIX COCTABIISAIONINX BEKTOPA
E v paBeHCTBY HOPMaJIbHBIX COCTABJISIIONINX BeKTOpa D 10 06€ CTOPOHBI MOBEPXHO-
ctu. B creyroriem naparpade paccMOTpeH MPOCTENTITNI TPUMeD 33[a4K TAKOTO THTIA.

24.19. inaneKTpruUYecKni Wwap BO BHELUHEM OQHOPOAHOM none

[IycTp map n3 auaieKTpuKa BHECEH BO BHEITHEE OJHOPOIHOE TI0JIe HATIPSKEHHOCTH
E,, cymectByioliee B mmycTtoTe. [Ipeamomokum, 4To map MoIsIpu3yeTcss OJHOPOIHO,
T. €. YTO OJTHOPOTHO PE3YJIBTHPYIOIIEe IM0JIe, CO3arolnee TOIIPU3aINIo, U, CJIeI0Ba-
TeJIbHO, OJTHOPOHO U JIETOJISIPU3YIOIIee MOJIE.

0O0603HAYMM HAITPSIKEHHOCTD o isipu3yornero mnoJst yepes E__. CieoBaTesibHO,
HAINPSKEHHOCTh PE3YJIBTHPYIOIIETO MOJIs BHYTPH 1apa Oyaer

E"=E,-E__.

Hanpasum ocs OZ B cTOpoHy BHelHero 1moJst (puc. 24.23). Beiencrsue cummeT-
pun otHocuteabHo ocu OZ J0CTaTOYHO PACCMOTPETH IOJIe B OJHON MEPHUAUAHHON
MJIOCKOCTH.

[Totentuan U"” BHYyTpU 11apa HaWJeTCs: U3 yCIOBUS

o _ou ’
0z

OTKy/a

U" = —E"z + const.
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[Homaras U" = 0 ipu z = 0 u 3ameyast, 4TO z = ¥ COS @, TTOJTYINM
" o__
U'=—-(E,-E_)rcos o.

IIpu stom cocrasisiomas —Eyrcos ¢ mpexacrasisier coO0H MOTEHIMAN BHELIHErO
MOJIsA, & cocTaBsgomas E o 7 cos @ — MOTCHITUAJ TI0JII CBSI3AHHBIX 3aPS/IOB BHYTPU
napa.

e_
<
53
e

AY

A |

|
VAN
P ad

A
AN
yias
{32]
N——

€0

Buemnee noe Ilose cBasannbix  Pesyabrupyiomee
3aps/0B noJie

Puc. 24.23

Bo BHelHeM 1pocTpaHCTBE OJHOPOJHO MOJISIPU30BAHHBIN 11Ap CO3/aeT IoJie Ta-
KO€ JKe, KaK 3JIEKTPUYECKUIl JIUII0JIb, TOMEIIIEHHBIN B IleHTpe mapa. /leiicTBUTebHO,
HEMOJISIPU30BAHHBIN IUAJIEKTPUIECKHIT AP MOKHO MTPEICTABUTD cebe KaK JIBe HAJO-
JKEHHbBIE JIPYT Ha JIPyra Pa3HOMMEHHO 3apsiKeHHbIe cepbl ¢ 3apsifiaMi, PABHOMEPHO
pacipeieIeHHBIMHU 110 UX 00beMy. DTH 3apsi/ibl 00Pa3yIOTCs COBOKYITHOCTHIO MOJIOKI-
TEJIbHBIX 1 COOTBETCTBECHHO OTPUILATEJIbHBIX 3JIEMEHTAPHDbIX YaCTHIL, BXOAJAMINX B CO-
CTaB MOJIEKYJI uasiekTpuka. [Ipu ognopoaHoil ossIpusay Bce MOJIEKYJIbI OJISIPU-
3ytoTcst OMMHAKOBO. IlycTh d — [aymHa oceil aJieMeHTapHBIX [HIOJIEH, T. €. CpeHee
paccTosiHme, Ha KOTOPOe CMEMIAIOTCS IPYT OT JIpyTa B MOJIEKYJIaX 3apsi/ibl HIPOTUBOIIO-
JIOKHBIX 3HAKOB. Bech TOJSPU3OBAHHBIN TTap HSKBUBAJIEHTEH JIBYM DAaBHOMEPHO U
Pa3HOMMEHHO 3aPsKEHHBIM c(hepam, CMeTieHHbIM JPYT OT Apyra Ha paccrosiaue d. Ho
Kask/iast chepa co3zraeT BO BHEITHEM TIPOCTPAHCTBE TAKOE JKe MOJIe, KaK ec/n Obl BeCh
3apsiz 61T cocpeoTouet B ee menTpe. Criel0BaTesbHo, IBE CMeIeHHbIe OTHOCUTEb-
HO JIPYT JpyTa cepsl 9KBUBATEHTHBI TUTIOJIO.

Tax kak paanyc R mapa MHoro 6oJiblie IJIUHbI d ANTOJIs, TO BHE MIApa MOTEHIHA
T0JTs1, BBI3BAHHOTO TOJISIPU3aIineii 1mapa, onpeesnTcs MpuBeseHHoi B § 24.2 hopmy-
noit 2B e p — DJIEKTPUYECKUNT MOMEHT JUTIOJIST, 9KBUBAJIEHTHOTO MOJISIPU30-

4me,r’
BaHHOMY LIAPY.

Hamnarasa stot IIOTEHIIMAJI Ha IIOTECHI[MAaJ/JI BHCIIHEIO OJHOPOAHOTO I10JId, BHE IIapa

OyieM UMeTh

U'=-E,rcos (p+&s;p.
4me ¥

O603HaYNM PE3YIBTUPYIONTYIO HATPSKEHHOCTD MOJIST U JIEKTPIUYECKOE CMeTIeHIe
BHe mapa £’ u D'. Vcnosb3yem rpaHWYHbBIE YCAOBUI HA TIOBEPXHOCTH IMapa.
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[Ipu r = R umeem

E—Er um | 19U _f_1oU")
r a(p r=R r a(‘p r=R
T. €
E,sing+ 222 - (F —E_)sino.
dne R
CienoBaTeabHO,
= 7p .
= 4mg,R®
Kpowme toro, ipu = R
D, =D, wnm g, v =g _ovr )
a(P r=R a(P r=R
T. e
pcos ¢ _
e,E, cos (p+W =e(E, —E_))cos o.
CiieoBaTeIbHO,
4
e Ey+———=¢E, —¢E__.
0~0 27[R3 0 o
Wcnonbaysa soipaxkenue E__ = L@, oJIy4aeM
4me R
e E, +2e E__ =¢E, —eE__
n
€—¢
- = 5 EO'
€+2¢g,

TaknMm O6p3.30M, MOMEHT 9KBUBaJIEHTHOTO /IUIIOJIA PaBEH

p=4ne,R°E_ = 4nR%, — O E,.
e+2¢,

Hawm YaAaa0Ch BbIPpasuTb p n E yepes3 HallpAKEHHOCTb EO 3a/laHHOT'O BHEITHEIr o
nosist. [Ipu aTOM TpaHWYHbBIE YCJIOBUSA Ha MOBEPXHOCTU Tapa YOBIETBOPSIOTCS JIJIst
BCEX TOYEK IMOBEPXHOCTH, T. €. JIA Mo00ro 3HaYEeHUS ¢ IIpnr = R. CJIG,Z[OBaTe]IbHO,
Hallle 1IpeAIToJI0OKEHNE, YTO Iap B OAHOPOAHOM I10JI€ ITOJIAPU3YETCA OJHOPO/IHO, ITpa-
BUJIBHO.

HeprIIHO HalTH paciipeaesieHue CBA3aHHBIX 3apA0B 110 ITOBEPXHOCTHU IIapa.
Mmenno IMOBEPXHOCTHAsA IVIOTHOCTD G 9THUX 3apAJA0B paBHa HOpMaJII)HOIL/,I COCTaBJIAIO-
el BEKTOpa MOJISIPU30BAHHOCTH:

6 =P, =Pcos o,
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r/e
P=—"P _3¢ 5750 F 3¢ FE_.

@Rjj 8+280

3

Mpbi HanLIM pacrpejiesieHue CBSI3aHHBIX 3aPsI/IOB U3 YCJIOBUS, UTO AP TOJSPU30-
BaH OAHOPOAHO. MOKHO BbICKa3aTh 0OpaTHOE MOJOKEHHE, YTO PACIPENEICHUE CBSI-
3aHHBIX 3apPsZIOB HA MMOBEPXHOCTHU IlIapa € ILIOTHOCTBIO, TTPOIOPIIMOHAIBHON COS @,
BBI3BIBAET OJTHOPOJHOE JETOJIIPU3YIoliee Moje BHYTPH Mapa.

Mo:KHO 10Ka3aTh, YTO TAKUM K€ 3aMeYaTeIbHBIM E
CBOICTBOM TIOJISIPU30BATHCST OHOPOHO BO BHEIITHEM
OIHOPOIHOM MoJie obamxaer ammncon. Ilap sBis- L1 /e
€TCST €T0 YACTHBIM CIyUaeM.

HerpyzaHo coobpasuTh, 4TO TEJIO MPOU3BOJBHON < >
hopMBI OYIET TOIAPU30BATHCS B OJHOPOAHOM IOJIE
HeoHOPoAHO. PaccMoTpuMm, HATTpUMED, ITUJTUHAP KO-
HEYHOW JIJTMHBI, TOMENIEHHBIH B OJHOPOIHOE TIOJI€ Buemmee nose Ioixe CBA3AHHbIX 3a-
Tak, 4TO €ro oOpasyIolre COBIAIAIOT C HallpaBJie- pf{ﬁ%"ﬂ‘(‘)ﬁ’;;}f;a‘g’lzf'
HueM mosist (puc. 24.24). Eciu npeanoioKuTh, 4To PUC. 24.24
MUJIMHP TOJISIPU3YETCS OJHOPOJIHO, TO CBSI3aHHBIE
3apsIIbI TOSIBATCST TOJIBKO Ha ero Topiax. O4eBUHO, IIPU OTOM I10JIe CBSA3aHHbIX 3apsi-
JIOB HE MOKeT ObITh BHYTPH IUJIMHPA OXHOPOIHBIM, a CJIeI0BATEIbHO, HEOIHOPO/I-
HBIM OyJIET U Pe3yJIBTUPYIOIIee T0JIe, YTO TIPOTUBOPEUUT MPEANONOKEHUIO 00 OIHO-
POMHO TOJISIPU3AITAN.

24.20. O6wunK MeToa pacyeTa 3J/IEKTPUUYECKOro nons
B HEOQHOPOAHOM cpeae. MeToa MHTErpanbHbIX YyPpaBHEHUN

B npenpiaynux maparpadax GblIM pacCMOTPEHbI HEKOTOPBIE YaCTHBIE CTyYan pacye-
Ta HJIEKTPUYECKUX T0JIeil B OHOPOAHBIX cpenax. B § 24.3 npuseneH obmuil MeToz
oTIpeziesIeHUS TTOTEHIINAIA B OHOPOIHON CPeie TT0 3a[aHHOMY PacIipe/ie/IeHIIo 3apsi-
noB. B § 24.18 mokazano, 4To B ciryuae HEOJHOPOMTHBIX Cpell Ha TPaHUIaX pasiesia ofl-
HOPOJIHBIX CPeJi OSABJAIOTCS CBSI3aHHBIE 3aps/bl. Ecim cpefa HeoHOPOIHA, TO TIOJ
BO3/IEHCTBHEM BHEIITHETO MOJIsI CBSI3aHHbIE 3aPsI/Ibl MOSIBJSIOTCS 110 BCEMY €€ 00beMY.
Pactipeniesienne aTux 3apsi0B omnpeiessieTcss He TOJbKO HAPSKEeHHOCTHIO AJIeKTPH-
YECKOTO MOJIs1 CBOOOIHBIX 3aPsI/IOB, HO U CAMUMHU CBSI3aHHBIMU 3apsijiaMu. HaroMHnm,
YTO TPYAHOCTH PENIEHUS PACCMATPUBAEMON 33/1a4/ 3aKJII0YAETCS B TOM, UTO MOJISPU-
3aI1usl BEIEeCTBa, a CJIe0BaTeJIbHO, U CBSI3AHHbBIE 3aPSI/IbI OMPE/EISIOTCS Pe3yJIbTH-
pyloleil HanpsyKeHHOCThIo E, KoTOopas caMa 3aBUCUT OT pacipenesieHNs CBSI3aHHBIX
3apsanoB. TakuM 06pasoMm, It IpuMeHeHust MeToa § 24.3 HeoOXOAUMO TIPUBECTH He-
OJTHOPOJIHYIO Cpe/ly K 9KBUBAJEHTHOU €l OTHOPOJHOM.

JlotycTrM, 9TO TIOBEPXHOCTD § pasiessier 00beM V; ¢ HeOTHOPOIHOI IUaIeKTpH-
YeCKO TPOHUIAEMOCTBIO g/(X, ¥, 2), 1 00beM V, ¢ OXHOPOAHON AUDIEKTPUIECKON
IIPOHUIAEMOCTbIO €, = const. B o6bemax V; u V, pacrpeaesnerbl 3apsijibl ¢ 00bEMHOI
IJIOTHOCTBIO P; M P, COOTBETCTBEHHO (pHcC. 24.25).
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Jlnst HaxoKeHWsl BeJIMYUH CBSI3AHHBIX 3a-
Ve PSAZI0B BOCTIOJIB3YEMCST BBIPAKEHUSAMU

g ~ const divD =p, D =¢E nm diveE =edivE + E Ve.

Torzna B cpene ¢ AM3JIEKTPUYECKON TTPOHUIIAE-

. |
MocThio g umeeM divE, :&——Ei Ve, aB

€ &
cpeie C IMAIEKTPUIECKON POHHUI[AEMOCTBIO €,
. 1
Puc. 24.25 umeem divE, =p—*‘——E8 -Ve,.
e, ¢

€ €
[lomycTim, 9TO paccMaTpuBaeMyIo 3a/ady pacyeTa MoJis B HEOTHOPOHON cpere
MBI XOTUM 3aMEHUTD 33/[auell pacyeTa MoJist B OJHOPOHOM Cpejie C AMJIEKTPUIECKO
IIPOHUIIAEMOCTDIO €. J[JIs1 ATOTO ClIeyeT onpeneanuTbh 0ObeMHYTO MJIOTHOCTD 3aPsi/IOB,
COOTBETCTBYIONINX HOBOMY 3HAYEHUIO JIN3JIEKTPUIECKOI TTPOHUTIAEMOCTH.
st coxpanenust nensmentsivu Besinuut divE; u divE, npu mnepexosie K ojiHO-
POJIHOM CpeJie C INAJIEKTPUIECKON TIPOHUIIAEMOCTBIO € 00BEMHYTO TIOTHOCTD P; 3apsi-

&
Ja CJIelyeT YMHOKUTD Ha BEJIMYNHY —, a O6'I)€MHyIO IIJIOTHOCTD P, 3apdla — Ha BEJIN-
€.

1

€
YUHY —!
€

e

P,:ipi_iEivgi:P;‘*‘P )
s, s,

1 1

B obsactu V; u p/, = ipe B obsacti V,.
86
[Tpu cBegeHUn Cpeabl K OAHOPOLHON HEOOXOAUMO aHAJIO-
I'MYHBIM 00pa3oM 1peoOdPasoBaTh MOBEPXHOCTHYIO MJIOTHOCTh
G 3apsijla Ha rpaHulle pasjesa cpel. st ee HaXOKAeHUs BOC-
[10JIb3yeMCs BbIpaxKeHueM §Dds = g (puc. 24.26).
s

HOpMaJIbHaH K ITOBEPXHOCTU S COCTaBJAIOMIIAA HAIIPAKEH-

o (& o (e}
HOCTH II0JId B OJHOPOAHOU Cpejie paBHAa +— C OJJTHOU U ——
Puc. 24.26 AHOPOAHOM Cpeae b e 0 A %

C IPYTO#l CTOPOHBI NOBEPXHOCTH.

Hanpsi:keHHOCTD 3JIeKTPUUECKOTO 110J151 B TOUKE Ha TPaHulle pasjiesia Cpejl MOKHO
pasze/inTh Ha J[BE YacTh: 0OPa30BaHHYIO BCEMU 3apsilaMi 3a UCKJIIOYEHIEM MTOBEPX-
HOCTHOTO 3apsi/ia, PacIoI0KeHHOTO B 310 Touke (E,), 1 00pa3soBaHHYI0 MOBEPXHOCT-
HBIM 3apsI/IOM, PACIIOJIOKEHHBIM B 3TOH Touke. Torja HOpMaJbHbIE COCTABJISIONINE
HAIPSIZKEHHOCTH 110JIsT ¢ 00eMX CTOPOH TIOBEPXHOCTH PABHBI COOTBETCTBEHHO

E,=E +2, E.=E -2.
2¢ 2¢
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Ecan nx momcTaBuTh B BBIpa)Kamlee IPaHNYHOE YCIOBUE COOTHomeHue gk, =
=¢,E,,, TO MOXXHO HAITW BEJINYUHY C:

c=2 "% p _90E,, ¢
€; +8e

ek = Ei T8
€; +e,

Taxkum o6pa30M, Mepexoi OT HEOAHOPOIHON CPe/bl K OTHOPOTHON MOYKHO BBITIOJ-
HUTb, €CJIM B TOYKAX HEOAHOPOAHOCTH MOMECTUTH DJIEKTPUUECKHE 3apsifibl, 0ObEM -
Hasg p W TIOBEPXHOCTHAS G TIJIOTHOCTH KOTOPBIX OIPEENSIOTCS Yepe3 HEeM3BeCTHBIE
Besinuntbl E 1 E, KOTOpbIe CaMy 3aBUCSAT He TOJbKO OT 33/[aHHBIX CTOPOHHUX, HO ¥ OT
MCKOMBIX «BTOPUYHBIX> 3aPSIIOB.

Jlyist 3anucy ypaBHEHUH, KOTOPBIM YAOBJIETBOPSIIOT 0ObEMHAST p 1 TIOBEPXHOCTHAST
G IUIOTHOCTU BTOPUYHBIX UCTOYHUKOB, BbIpa3uM Beanuntbl E u E, uepes MJI0THOCTH
3a/JaHHbIX U BTOPUYHBIX UCTOYHUKOB (CM. § 24.3):

E=ijp T av, +i o, =L av, + jprdv T s,
€ 7’

dmey g, dne g, r 4758 r?

1
(r — BeKTOp, HATIPABJEHHBIN OT TOUKH, T/le PACTIONOKEH 3apsl, K TOUKe, B KOTOPOU
HaxoauM Besuuuny E, u paBHbId paccTosiHulo Mexxay numn), £, = E-n u, noacras-
JIgS UIX B TIOJTyYeHHBIe BbIme BoipakeHud (*), (**), naxomgmm:

+grad8i Jﬂdvi +grad8i §G—rds= gradSJp r av, - gradai; av.,
’ dme, 7 r dmg; o 7’

c —

A b T g - j v, = 7j v, +7jp'r—.”dv.
2n- r? 2“1/5 ot

Permaga CUCTEMY M3 /IBYX MHTErPAJbHbBIX ypaBHeHI/Iﬁ, MOJKEM OTPEAC/IUTD IIJIOTHO-
CTHU p U G 3apAA0B U PACCHUTATDb HAIIPpAKEHHOCTb E tosns.

B KyCcOuHO-0IHOPOHOM Cpejie, KOTa AMaJIeKTPIUYECKast TIPOHUIIAEMOCTD €; Belle-
CTBa TeJia, HaXOAAIIEIrocsa B Cpejie ¢ IIPOHUIaeMOCTbIO €,, UMEET OJMHAKOBOE 3Ha4e-
HUE BO Bcex TouKax, umeeM grad g; = 0, BCJIeJICTBHE Y€ro TPH Mepexojie K OAHOPOIHOMN
cpejie ¢ AMAIEKTPUUECKON TPOHUIIAEMOCTRIO € «BTOPUYHBIE» NCTOYHUKN PAa3MEIIEHBI
TOJIBKO Ha TMOBEPXHOCTU § U MOAYMNHAIOTCA YPaBHEHUIO

A rn ., rm
o - fo—ds= j —dV+2nIper—3dVe.

2n r v
A

YuutniBas, 4To §0 r—?ds = i;cs Mds (cMm. puc. 24.26), u obo3Hauast MIPaByio
r r

S S

YyacTh ypaBHeHUs depe3 2elE,, TIOJydnM OKOHYATEIbHO

c—iiﬁcwds=287fw. (***)

2 r?
S
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PerieHrie MHTErpaabHbIX YPABHEHUI SIBJISIETCST CJIOKHOM 3a1adeil 1 MOKET ObITh
HalijIeHO B O0OIIEM CJTy4Yae YHCIEHHBIMU METOaMI. B HEKOTOPBIX CJIydasix, KOT/ia mo-
BEPXHOCTD Pa3jieia sIBJSIeTCsI TI0CKOM, IIMIMHAPIYECKO Jn60 chepruuecKoii, MOryT
OBITH TIPUMEHEHbBI AHATUTUIECKIE METO/IbI PEIIECHS.

CBoiicTBa MOJYYEHHBIX YPaBHEHU, OTHOCIINUXCS K WHTETPATbHBIM yDaBHEHM-
am trra OperosbMa BTOPOro Pojia, 3aBUCAT Kak 0T KoahUImenTa mpu BXOJISIIeN
0]] 3HAK MHTETpasia MUCKOMOM TJIOTHOCTH 3apsijia, HA3bIBAEMOTO S/IPOM, TaK M OT 3Ha-
yeHust MHOKUTeNSA A. [Ipu pacueTe TpeXMEpHOTO 3JIEKTPUYECKOTO OIS /[P0 NMeeT

cos(r,n)

7.2

, TOr'Zla KaK IIPU paCCMOTPEHUN IIJIOCKOIIapaJlJIeJIbHOTO II0JIA OHO, KaK

cos (7,

n .
HETPYAHO YOeAUThCs, CyTh 7) [y IByXMEPHBIX T10JIel BXO/Ale B ypaBHe-
r

HI€ MHTErPaJIbl 0 06BEMY TEPEXOAT B MOBEPXHOCTHBIE, & MHTETPAJIbI 110 TIOBEPXHO-
CTSIM — B KOHTYPHBIE.

3HaueHue MHOKUTENS A OTIPEENISIeTCS] COOTHOIIEHUEM JIU-
9JIEKTPUYECKUX TPOHUIAEMOCTEN Tesla U OKPYXKAIoIel ero
cpenbl 1 HaxoxuTcs B mpenenax 0 < A < 1, mpuyeM KpaiiHue
3HaueHus noJrydaorcs npu ;=0 u g ; = 0.

B kauecTBe nipuMepa pelieHus 3ajla4u pacyeTa dJeKTpude-
CKOTO TI0JISI METOJIOM WHTETPAJIbHBIX YPABHEHUI PACCMOTPUM
caydait, Koraa 6€CKOHEYHO JVTMHHBII UJIMHAP paguycoM R 13
JMDJIEKTPHUKA ¢ aBGCOTIOTHON TPOHUITAEMOCTBIO €; BHECEH B Cpe-
Eo Iy ¢ TIPOHUTIAEMOCTBIO €,. [IpHNUMAaZ, 9TO BHeITHEE 2JIEKTPU-

YecKoe ToJie HapsKeHHOCThIo Ey HOPMAIbHO K OCU ITUJINH/I-
pa, TIpuUBeZeM cpefry K OJHOPOTHOM C IPOHMUIIAEMOCTHIO &,
Puc. 24.27 (puc. 24.27).

[TockombKky Ha KOHTYpe IUJINH/PA BBITIOTHSAETCS YCIOBHUE

cos(r,n):i 10 TpH
r 2R’

dl = R do wnTerpasibHOe ypaBHEHHE

o —&iﬁcwcﬂ =2 \E,,
m r
[IEPEXOJIUT B yPaBHEHUE
A 2n
c ——JG do=2e LE,,.
2y

B nmannoMm ciydae perienue 9TOr0 YpaBHEHUS TPUBUAJIBHO, TaK KAaK BXOAIINUN B
HETro WHTETPas PaBeH HYJIO BCAEACTBIE CUMMETPUYHOTO paclpeieIeHus 3apaI0B Ha
MOBEPXHOCTU MUAUHIAPA: G = 26, AE,.

[Ipu ycmoBuM 01HOPOAHOCTH BHENTHETO TOJIST IMEET MECTO COOTHoTIeHune Ky, =
= Eycose u, cnenoBaTenbHo, 6 = 2g,AE, cOSQ .
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MoskHO TOKa3aTh, YTO MOJIyUEHHOE pacipesiesieHue 3apsijia CO3/[aeT BHYTPU IU-

€, —¢
JIMH/IPA OJTHOPOJIHOE 3JIEKTPUUYECKOe ToJie HalpsDKeHHOCThIo E = AEy=—"—*<F  , B cB4-
€, +¢,
3U C YeM pPe3yJIbTUPYIOIIee T0Jie BHYTPH IIUJINH/PA TAKKE SIBJISIETCS O[THOPOIHBIM Ha-
2¢
npsukeHHoctolo E= (1 - L) Ey=—<—F,.
€, +€

1 e
[Ipu g;> g, nenosgpusyioniee aJIeKTPUYECKOE TTOJIE HATTPABIECHO HABCTPEYY BHEIII-
HEMY, 4TO UMeeT MecTo 1pu A > 0.
PemmuM MeTozioM MHTETpaIbHBIX YpaBHEHUIT paccMOTpeHHyo B § 24.19 3amauy o
niape ¢ JU3JeKTPUIECKON MTPOHUIIAEMOCTBIO €;, BHECEHHOM B OJIHOPOJIHOE I0Jie Ha-
npssKeHHOCTBIO E ), CyIIecTBYIONIEM B Cpelie ¢ IU3JICKTPUYECKON TPOHUIIAEMOCTBIO €.

cos(r, n) 1
quTbIBaH, YTO Ha IMOBEPXHOCTHU MIapa CIIpaBeAJInBO COOTHOMIEHNE ————— =

r? 2Rr
13 UHTETPATbHOTO ypaBHeHUs (***) momyuaeM
o _ O ds = 2eME,.
4nR < r

Tax xak Ey, = E, cos ¢, To, UCXO/ U3 YCAOBUI OMHOPOIHOCTH TOJIS BHYTPU IIapa,

OyzieM HCKaTh pelieHne B BHJE G = Gy, COS .
cose o _ 4nR

r

o ()
Beruncians BXOJAIIMHN B YpaBHEHUE MHTETPaJI § i G, COS @, HAXO-
s

A €, —¢
MM MCKOMYIO ILIOTHOCTb 3apsja ¢ = 6g 37 E,cosp=3—"—¢F,, 1 HapsKeH-

- g; +2¢
G m G m
HOCTb 2JIEKTPUYECKOrO 1I0Jis BHYTpu mapa: £, =E)——"2=——"—F, e —* =
3e g, +2¢ 3e
g, &
=———EF,=E _ — HanpsaKeHHOCTb AENOJIAPUIYIOLIETO MOJI.
e +2
1

AnanuTryeckoe pelreHre MHTETPATbHOTO YPAaBHEHUS AT TIIIOTHOCTH BTOPUIHBIX
WCTOYHUKOB TTPU HEOTHOPOIHON MOSAPU3ANNN TeJa Jaxke TP ero TpocToit (opme
3aTPYAHUTENBbHO. B Takmx 3aauax WHTETpaIbHOEe ypaBHEHNE PENIAIOT YNCIEHHO.

24.21. lNMpoBopasilee Tes10 BO BHELUHEM JIEKTPOCTaTUYECKOM noJie.
AJieKTpocTaTUUECcKoe SKpaHupoBaHue

BousbItioe mpakTudeckoe 3HaYeHNe UMEIOT TaKKe 3a7adyi, B KOTOPBIX paccMaTpuBa-
I0TCA 3apsAKEHHbIC MJIM He3apsAXKEHHbIC IIPOBOJAIIME TeJja, BHECEHHbIEC B 3a/laHHOE
BHeIITHee aJieKTpudeckoe 1ose. [lose BHYyTpU TpoBOJsIEro Teja ucyesaer. B mpo-
CTPAaHCTBe BHe Tejia BHeITHee Tojie n3MeHsercs. Ha TOBEPXHOCTH Tesia HABOJSATCS
(MHAYIUPYIOTCS) AJIEKTPUYECKUEe 3apsibl. JTO HA3bIBAETCS IBJIEeHHUEM 3dJEK -
TpocTatuuyeckoi muaykmnun Ha puc. 24.28 B Buzme mpuMepa TOKa3aHoO pe-
3YJBTUPYIOTEe MOJIe OKOJIO MPOBOJSIIETO Tesla, BHECEHHOTO B TIOJIE 3apPsKEHHBIX
MJTACTHH.
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N Y Ecii BHECceHHOE Tes10 He ObLIO 3apsiKeHO, TO CyMMa Ha-
- T BEJCHHBIX HA HEM 3apSIOB OKa3bIBACTCS PABHOM HYJIO.
= +  OTH 3apsiibl PACIPEE/ISIIOTCS TaK, YTOObI MX 110JI€ BHYTPU
= R +  IPOBOJSIIETO TeTa B TOYHOCTH CKOMIIEHCHPOBAJIO IOJIE
B > i BCeX BHEUIHUX 3apsi/10B. HU4TO He M3MEHUTCS, ecan IIpo-
A"~ T]+  Bomsuiee Tes0 OyeT MOJIBIM — BO BCEil OJIOCTH TeJIa [oJie
A 1{‘ TaKxke OyJeT OTCYTCTBOBATh. DTHM OOCTOSITEIBCTBOM IIIH-
\‘_/

POKO TOJIB3YIOTCS JITISI 9AEKMPOCMAMUUEcK020 IKPAHUPO-

Puc. 24.28 8aHUS DNEKTPUIECKUX U3MEPUTENbHBIX MTPUOOPOB U dJie-
MEHTOB M3MEPUTENbHBIX CXeM OT BHENIHUX 3JieKTpudeckux mosieil. C aToil 1esbio
puOOPHI MOMEIIAIOT B 3aMKHYThIE METAJLTMYeCKe 000JI0UKY, Ha3bIBaeMble SKPAHA-
mu. Kak 1moxasbpiBaeT OTbIT, JOCTATOYHO BBHITIOJHUTH SKPAHBI U3 MENKON MeTajinde-
CKOM CeTKH.

Ecau sxenaresibHO IPUAATH CAMOMY 3KPaHY HOTEHIINAJ, PaBHBIN HYJIO, TO 9KpaH
COEIIMHSIIOT ¢ 3eMJieil. DTO ObIBAaeT TOJIE3HO, HATIPUMED, B CJIyYae, eciid OT Ipubopa,
3aKJIIOYEHHOI'O B 9KPaH, BbIXOJAT IIPOBOJHUKU K BHEIITHEN cXeMe, KOTopasd HaXOAUuTCA
IIpu ImoTeHnuale, 6JII/13KOM K IMOTEHIIUAJJY 3EMJIN.

3aszeMJIeHHbII HKpaH crocoOeH B paBHOI Mepe 3alllIaTh BHEITHEE IPOCTPAHCTBO
OT TIOJIg 3apsIZIOB, TIOMENEHHBIX BHYTPU dKPaHa.

[Too6HY10 9KPAHUPYIOILYIO POJIb UTPAET 3al[UTHAST CBUHIIOBast 000I049Ka Kabe-
neit (puc. 24.29, a). Tose, cyiiecTByiomiee MKy OTAETbHBIMU IPOBOAAME KabeJis,
He BBIXO/IWT 32 TIPE/IeJIbl CBUHIIOBOI 000JOUYKH, ¥ 9THM HCKJIIOYAETCST DIEKTPOCTATH-
"yecKoe BUsIHUE Kabesist Ha GJmM3Jieskaniye mpoBo/a JuHui cBsisu. VHorma B kabese
OKPAHUPYIOT KasK/Iblil IPOBO B oTebHoCTH (puc. 24.29, 6), yem pocturaercs 6oJjiee
pPaBHOMEPHOE pacIpeiesieHIe MoJisi OKOJIO KasKI0TO U3 MPOBOJIOB KabeJis.

CauHI0Bast 060104Ka
IJKpaHbI

— 3asemiieHue

Puc. 24.29

WuTepecysich pe3yJbTUPYIONINM TOJIEM, KOTOpOe 00pa3yercsi BHE MPOBOASIIETO
TeJa, BHECEHHOTO BO BHEIITHEE 1T0JIe, HATTPUMep B CJIydae, TOKa3aHHOM Ha puc. 24.28,
MBI JIOJDKHBI PACCMATPUBATH 3TO TOJIe KaK Pe3yJIbTaT HAJOKEHUS MOJIs HaBeJICHHBIX
Ha TeJie 3aps/I0B Ha 33JlaHHOe BHellTHee moJie. Ecii, KpoMe Toro, BHECEHHOE TeJI0 NMe-
eT CyMMapHbBIi 3apsijl, OTJIMYHBII OT HYJIST, TO HEOOXOIMMO HAJIOKHTD €IIle U M0JIe ITO-
TO 3apsjia.

[Ipumep pacyera pe3yJabTUPYIOLIETO TIOJIST IPUBE/IEH B cjeyiolieM naparpade.
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24.22, MeTa/l/IMyeCcKUii WIap BO BHELWWHEM OAHOPOAHOM MnoJie

3azava, paccMoTpennas B § 24.19, mo3BoJisieT HANTH 110JIe, OKPY Kalolilee MeTaJLTyde-
CKWII 111ap, BHECEHHBIN BO BHEIIHEE OJTHOPOJIHOE ToJie. BHYTpH Im1apa 1oJie [0JIKHO
OTCYTCTBOBAaTh, M TIOTEHIHAJ B 0ObeMe IIapa J0JKEH UMETh MMOCTOSTHHOE 3HaYeHHe.
CirieqioBaresibHO, 3apsijibl, KOTOPbIE HABOSTCS Ha TOBEPXHOCTH 111aPa, JI0JIKHbBI CO3/1a-
BaTh BHYTPH IIapa OJHOPOHOE I10JIe, TIOJHOCThI0O KOMIIEHCUPYIOIIlee BHEIIHEE T0JIe.
Kak BbITE€KaeT u3 paccMOTpeHust, IIpousBeieHHoro B § 24.19, Takoe 1mosie obpasyeTcst
3apsijlaMu, TIOBEPXHOCTHASI IJIOTHOCTh KOTOPBIX TIPONOPIMOHA/IbHA cOS ¢@. Bo BHer-
HEM IIPOCTPAHCTBE 3T 3aPS/Ibl CO3/IAIOT MOJIE TAKOe JKe, KAK AKBUBAJIEHTHBIN TUTIOJb,
MOMEIIEHHBII B 1leHTpe mapa. Takum 00pa3oM, HHTePeCyIONast HAC 3ajiada CBOITCS

K paccMOTpeHHOH B § 24.19 3asavye 0 AMDIEKTPUYECKOM IIape, ecn B Hel MPUHATH
e—¢

E'=Ey-E__=0,1.¢. E__=E,. Cornacto dopmyse E_ =Y E  5T0 paBeHCTBO
€+2€,

JIOCTUTAETCS B TIpesiesie 1pu € = oo, [Toaromy 1osist Bektopa E 0/luHAKOBbI JIJIsI MeTaJI-

JIMYECKOTO TIapa U 1apa u3 AusJIeKTPUKa pu € = oo, BHe 1mapa B 0001X CIydasix O/iu-

HAKOBBI U T0Jig BekTopa D. OmHako BHYTPH IIapa U3 AuUdJeKTpuKa BekTop D u npu

€ = 00 OCcTaeTcsd KOHEYHBIM U He paBHBIM Hyo. VIMeHHO, yunTbiBast paBeHcTBa P = 3g)F

u E__ = E,, nmeeM
D"=¢g,E"+P =P =3¢,E,.

ITO CBSI3AHO C TEM, YTO TPYOKM BIEKTPHUYECKOTO CMEIIEH Vs HEITPEPHIBHBI Ha Ipa-
HUIIE IUDJIEKTPUKA U, CTYIIAsiCh BHYTPHU TeJsia ¢ OOJIBIION AMAIEKTPHYECKOI TPOHNU-
I[AEMOCTbIO, TIPOXOIST Yepe3 Tesio 6e3 paspbiBoB. CBsi3aHHbIE 3apsi/ibl HA TPAHHUIIE JBYX
JIMDJIEKTPUKOB HE JIAl0T Havala HOBBIM TPYOKaM CMeIeHUsI.

BuyTpu xe MeTammmdeckoro Tesia ncyesacT He ToJbKO moJie BekTopa E, Ho u mose
BekTopa D. 3apsi/ibl, HaBe/leHHbIE Ha TTOBEPXHOCTH TeJIa, SIBJSIIOTCS TENePh CBOOOIHBI-
M, 00Pa30BABITUMUCST BCJIEICTBIE KOHEYHON MTPOBOAUMOCTH TeJia. TpyOKu syieKTpu-
YEeCKOTO CMEIIEHNUs, CYIECTBYIONUE BHE TeJla, 3AaKaHUYNBAIOTCS HA 3TUX 3apsi/laX U He
MPOHUKAIOT BHYTPH Tesa. OTciofia BUHO, YTO PACCMOTPEHUE TIPOBOJHUKA KaK JU-
9JIEKTPUKA C € = 00, TI0 CYIIECTRY, SABJSIETCS (DOPMAIBHBIM.

Bousee cioxHoll siBIsieTcs 3aj1a4a ONpeleIeHus TI0Jisi BOKPYT 3aPsIKEHHOTO UJIU
HE3apsIKEeHHOTO METAJLIMYECKOTO TeJia, BHECEHHOTO BO BHEIIIHEE HEO[HOPOJIHOE TOJIE.
Ee MoxHO pemuth, UCTOMB3YST METO MHTETPAJIBHBIX yPaBHEHUH, (JOPMATBHO pac-
CMaTpUBast INAJEKTPUK KaK ITPOBOTHUK.

[Ipu ¢; = 0 mmeem A = 1, u ypaBuenue (***) § 24.20 ana ciaydas He3apsKEHHOTO
TeJla TIEPEeXOIUT B UHTETPaTbHOE ypaBHEHNUE

G—iﬁcwds =2eE,,,
2m r

KOTOPOE MO3BOJIIeT PACCUUTATH MJIOTHOCTH paclipe/leJIeHHbIX HA TOBEPXHOCTH MTPOBO-
JAIIEro Teja CBOOOIHBIX 3aPsI0B.
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Ecam momermerHoe Bo BHeITHee TI0JIe TIPOBOJISIIEE TEJI0 UMeET 3apsij ¢, To, pH-

1
6aBJIsAsg K 00EUM 4acTaM ImocjeIHeEro ypaBHEHA COOTHONIEHNE 7§0 ds = g , [IoJIy4da-
N N
s

€M ypaBHEHHE

Zt 2

c - ! §C{COS (r,n) —%}ds = Q+28E0n,
g r o s

yUYuTbIBalOlIee 3ap4/l TeJa.

24.23. MeTopA 3epKaJibHbIX U306pa)keHni

Pacuer moJist 3apsKEeHHbIX IPOBOLHUKOB, PACIONOKEHHBIX BOIM3U IIOCKUX [IOBEPX-
HOCTEH, OTPAaHUYNBAIONTNX TTPOBOJAIIYIO CPE/LY, CBOINTCS MPH TTOMOIIM METO/A 3ep-
KaJIbHbIX U300pakeHUIl K pacyeTy 1oJist HECKOJbKUX TIPOBOJIHUKOB TIPH OTCYTCTBUN
MPOBOJIAIIEN CPe/bl.

PaccmoTrpuM 1mosie IPSMOTTMHEHOTO MTPOBOJIA, pac-

é\ MOJIOKEHHOTO Ha PACCTOSIHUU A OT TIJIOCKON TOBEPXHO-

7 ¢ty TpoBosIeii cpenbl (puc. 24.30). ITO COOTBETCT-

= Dons;  BYET HAIDUMED, TPOBOJLY, OBEIIEHHOMY Ha BbICOTE h
SANSNSNSSNAIN N Ha/l TOBEPXHOCTRIO 3eMIH. Bee mmHinm HanpsiKeHHOCTH
\ \\\\ \ // <| / 0JIsT, HAYMHATOIIMECST HA TTOJIOKUTENBHO 3aPSKEHHOM
\\‘_::‘5/‘”\3’::__‘ _’ MIPOBO/IE, 3aKAHUYNBAIOTCS Y TIOBEPXHOCTU TIPOBOJISIIEN
P i . Cpelbl, T/ie TIOSIBIISIETCST UHLYITUPOBAHHBIN OTPUIIATE b

/Pmcl 24 50 ueiit 3apsi. [lome ompesensieTcst Kak 3apsiioM MPOBO-

J1a, TaK ¥ BCEM 3aPsI/IOM, PACIPe/IeJICHHBIM 10 TIOBEPX-
HOCTH TIPOBOJAIIEH cpezibl. Pacripeziesienrie WHIYIIMPOBAHHOTO 3apsi/ia U3 YCJIOBUM
3a/1a9M HE U3BECTHO UM TaK¥Ke MOJJIEKUT OIPeeSICHUIO.

Ha mepBbrit B3rys1 3ajaua pacdeTa TOJST B TaKOH cCHUCTeMe KaskKeTcs JI0BOJIBHO
caoxuON. OZHAKO OHA PEIIAETCsT BEChbMA TIPOCTO TIPU MOMOIIH Memo0d 3ePKaALbHbIX
usobpascenuil. YCTpaHUM MBICJEHHO TTPOBOSILYIO CPELY W 3aMEHUM ee TIPOBOIOM,
SIBJISTIOIINMCST 3€PKAJIbHBIM M300PAKEHNEM PEaTbHOTO TIPOBO/IA B TIOBEPXHOCTH Pasjie-
Jla ¥ UMEIOIIUM 3aPsijl TOM JKe BEeJIMYUHBL, YTO U 3apsi/i PeajbHOTr0 IIPOBO/IA, HO ITPOTH-
BOMOJIOKHOTO 3HaKa (puc. 24.30). [leficTBUTEIBHBII TIPOBOJL U €T0 3epKaTbHOe n300pa-
JKEHIE COCTABJISIOT IBYXIIPOBOIHYIO JIMHUIO, TT0JIe KOTOPOii M300paskeHo Ha puc. 24.14.
W3 puc. 24.14 BujiHO, 4TO TLJIOCKOCTH, PACIIOJIOKEHHASI TIOCEPEIUHE MEKLY JAeCTBH-
TEJBHBIM TPOBOJOM U €T0 3€PKaJbHBIM H300pPa’KeHUEM, SIBJSETCS MOBEPXHOCTBIO
paBHOTO TIOTEHIMATA. B JefICTBUTENbHBIX YCIOBUSAX TTOBEPXHOCTH MTPOBOIAIEH cpe-
IIbI KaK Pa3 COBIIAJIAET C ATOM MJIOCKOCTBIO M TAKIKE SBJSETCS TOBEPXHOCTHIO PABHOTO
notenimana. OTCOIa CIELYET, YTO eCaU 3aAMEHUMb NPOBOOAUYH CPedy 3ePKATLHbIM
usobpascenuem nposooa ¢ UsMenenuem 3HaKa 3apsoa, mo 6 obaacmu Hao nposoosuen
cpedoll nosie OCManemcst Maxkum Jice, Kax u 8 Oeucmeumenvvlx yciosusx. B atom u 3a-
KJIFOYAETCST METO/I 3€PKAJIbHBIX N300paKeHHUI.

ITOT METOJ] TPUMEHKUM | TIPH JIFOOOM YHCJie TIPOBOJIOB, IPOTSIHY THIX MapaJieIbHO
JPYT APYTY U TapaJijiesibHO MIJIOCKOM MOBEPXHOCTHU, OTPAHUYNBAIONIEH TTPOBOJISIIIYIO
cpeny (puc. 24.31). Kaskplit mpoBoJI JOJKEH ObITh 3¢PKaJIbHO OTPakeH B IIOBEPXHO-
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CTH TTPOBOJIATIEH CPe/Ibl C N3MEHEHNEM 3HaKa 3aps/ia, TIOCJe YeTo MPOBO/IAIIas cpejia
MOJKeT OBITh MBICJIEHHO Y/IAJe€HA U PACCMOTPEHO TI0JIe COBOKYITHOCTH JIEHCTBUTEb-
HBIX TIPOBOJIOB U X 3€PKaJIbHBIX N300paskeHnil. B TakOM MoJIe TI0CKOCTD, PacIioio-
JKeHHasI Ha MeCTe ITOBEPXHOCTH ITPOBOJIAIIEH CPe/ibl, SIBIAETCS TOBEPXHOCTBIO PABHOTO
HOTEHINAA, TaK KaK 3aps/bl IPOTUBOIIOIOKHBIX 3HAKOB Pa3MEIIECHBI CHMMETPITYHO
OTHOCHTEJBHO 3TOH 1ockocTr. Crie0BaTesIbHo, HAMIEHHOE TAKUM Iy TeM TI0Jie 1 Oy-
JIeT NeHCTBUTENbHBIM TI0JIeM B 00JIaCTH HaJl IMOBEPXHOCTHIO MMPOBOJLNICH Cpe/ibl.

Puc. 24.31 Puc. 24.32

MeTo/1 3epKaJIbHbIX H300paKeHUI TaKKe MOKET OBITh UCIIOJIB30BaH, KO/ TIPOBO-
IATIas cpefia OrpaHrdeHa JBYMs MJIOCKOCTSIME, CXOANIMMUCS TOJ YIJIOM oL = Tt/7,
rJie 71 — 11eJI0€ YUCJIO, TIPUYEM YTOJI oL OTCUUTHIBAETCS B IUAJIEKTPUKE, T/Ie pACCMATPH-
BaeTcs moJie. PazjieB Bce MPOCTPAHCTBO HA OIMHAKOBBIE YACTH TIOCKOCTSIMU, TIepe-
CEKAIONIMMUCS 1071 YIIoM o (CM. puc. 24.32), 4TO BO3MOKHO, TOJBKO €CJU 7 €CTh
TeJT0e YUCJI0, U TIOCTTEI0BATENbHO OTPaKkast IPOBOJ] B 9TUX TLIIOCKOCTSIX, MOJYIUM CHUC-
TeMy U3 JIeHCTBUTEIHHOTO TIPOBOJIA U CEPUH €T0 3€PKaNbHBIX M300paskeHnii. B moJe
TAKOU cHCTEMBI TIITOCKOCTH A — A’ 1 B — B’ ABASIOTCS TIJIOCKOCTSIMHI PABHOTO MOTEH-
1[aja, Tak Kak 3apsi/ibl IPOTUBOITOJIOKHBIX 3HAKOB Pa3MeIeHbl CHMMETPUYHO 110 OT-
HOTIEHUIO K HUM. [103TOMY 110JI€ 5TOI CUCTEMBI COBIIAJIAET C IEHCTBUTENBHBIM T10JIEM
B TOH 4acTW MPOCTPAHCTBA, TJIe TIOCJIEe/IHEE CYTIECTBYET.

Mertoj1 3epKaJIbHbIX U300PasKEHUI B TIOJIHOM Mepe MPUMEHIM U JIJIS 3aPSiKEeHHBIX
TeJ1 000N (GOPMBI, PACIOTIOKEHHBIX B IUAJIEKTPUKE OKOJIO TIOCKOCTEH, OrpaHWYH-
BAIOIINX TIPOBOJSIILYTO cpefy. EcTecTBeHHO, mMoJie IPH 9TOM yiKe He Oy/eT TIOCKoTa-
PaJLIeIbHBIM.

MeTtox 3epKaibHBIX U300paskeHUN MOKHO TIPUMEHUTH TaKKe B YCJIOBHUSX, KOT/IA
MJIOCKAsT TOBEPXHOCTH PA3JIENISIET JIBE CPEBI C PA3JIUYHBIMU JMIJIEKTPUIECKUMU TTPO-
HUT[AeMOCTSIMA. [IyCTh MCTOYHIKOM 9JIEKTPUYECKOTO TOJIST SIBJISIETCST TTOJOKUTETh-
HBIH 3apsi ¢, TOMEIeHHbIN B cpejie 1 ¢ IUAJEKTPUUECKON MTPOHUIIAEMOCTHIO € Ha
paccTostHuM /i OT IJIOCKON MOBEPXHOCTH paszena cpen (puc. 24.33).

[Tpu cBeienum cpebl K OJHOPOAHOM € IUATIEKTPUIECKON MTPOHUIIAEMOCTBIO € T10-
MECTUM Ha TIIOCKOW TIOBEPXHOCTH AJIEKTPUUYECKII 3apsijl, TUIOTHOCTh KOTOPOTO, KaK
caenyeT u3 cootHomenus (**) § 24.20, Mmoxxno onpeneauTsb o hopmyie 6 = 2gAE,,
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TaK KaK COCTaBJsAONas HanpsukeHHocTH E,(c) 1oJst, 00ycIoBIeHHAsT 3apsilaMi Ha
IJIOCKOCTH, OOPAIaeTcst B HYJIb.

g
€1 h
L S
q €]
h
. ) /
o q1=-)\q

-

€ o 2 =(1-1) q ele

/

Puc. 24.33

IIpu &y = oo, T. e. ipu HOpPMATBHON 3aMeHe UATEKTPUKA ITPOBOHUKOM, MMeeM
A=11uo = 2¢gE, Tak xak nanpsekennocts E = E(q) + E(c) 1ToJIsT B TPOBO/ISIIEN Cpe-
e, 0OyCJIOBJIEHHAS 3apsI/IOM ¢ U PACHPEeIEHHBIM Ha TJIOCKOCTH 3apsi/ioM, paBHA
Hymo, 10 E(q) = —E(c) u, cieoBaresabHo, 10Je TIOBEPXHOCTHBIX 3aps/IOB 9KBUBAJICHT-
HO ToJi0 3apsijia —q. Iloatomy asiekTpudeckoe 1oJie B cpefie 1 ornpeessieTcs 3a/aH-
HBIM 3aPSIZIOM ¢ U €r0 3ePKaIbHO U300PasKEHHBIM 3apSIZIOM ¢4 = —¢,  TI0JI€ B TIPOBOIS-
nieii cpejie — 3apsifioM g U 3apsi/IOM —¢, KOTOPbIil 9KBUBAJIEHTEH TOBEPXHOCTHOMY U
MOMeEIIEeH B Ty Ke TOUKY B cpefie 7, T. e. 3apsIioM, PaBHBIM ¢y = g — g = 0, 94TO 1aeT 3Ha-
yeHre HalPsLKEeHHOCTH ToJ1sT B ipoBosieit cpeze E = 0.

[Ipu KoHEeUHOM 3HAUEHUN €y M3 BRIPAKEHUSA G = 2gAE, cleqyeT, 4TO aaeKTpude-
CKOe TIoJie TIOBEPXHOCTHBIX 3apsA/l0B 9KBUBAJEHTHO TIOJIO 3apsia, PaBHOTO —g A,

B CBSI3U C 4eM T10Jie B cpejie T MOKHO HAUTHU MPU HAJIOKEHUU JIEKTPUUIECKUX TTOJIeH
£, —¢

3aIaHHOTO 3apsA/ia ¢ ¥ 3ePKaTbHO N300pasKeHHOTo 3apaaa ¢= —qh = ————L

€, +&,

Jluist pacuera 1oJist B 061acTi 2 HEOAHOPOAHYIO CPELy 3aMeHsieM OHOPOIHOI ¢ 1u-
BJIEKTPUYECKON IIPOHHUIIAEMOCTBIO €9, IPUYEM JIJISI COXPAHEHUSI HEU3MEHHON COCTaB-
JISTIOIIEN HAITPSKEHHOCTH JIEKTPUUYECKOTO TI0JISI, CO3ABAEMOT0 3a[aHHBIM 3apSIIOM ¢,

. €
HOCJIe/IHUI JI0JI5KeH ObITh U3MEHEH U CTaTh paBHbIM ¢ —. [Tosie B cpese 2 onpeens-
€y
. €, €y =€ €,
eTCsT HAJIOSKEHUEM T10JIeit 3apsiia ¢ — B objacTu 1 1 3apsijia ————- ¢ —=, MOMelI[eH-
€, €, +€, &

HOL'O B TY K€ TOUKY:

€y By —&y By _ 28

q4, =4 =
€, E€,+E& & &, +g
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Wsinoskennblie paccyskIeHUs COXPAHSIOT CUJIY U B T€X CAYYasiX, KOT/Ia UCTOYHUKOM
TIOJIST SIBJISIETCST 9JIEKTPUIECKUM 3apsijl, paclpeieIeHHbIN BAOJIb MMPOBO/IA C IUHEIHON
IJIOTHOCTHIO T. B momydenHsIx (hopMyax IOCTATOUYHO 3aMEHUTH BETUINHY ¢ Ha T.

24.24. NpuMeHeHne MeToAa pa3aesieHUs nepeMeHHbIX
A1 pelleHus 3a4aud J1IEKTPOCTaTUKMU

Ecau nipoBogiHUKN 00J1a1aloT TIPOCTOil (hOPMOIT OBEPXHOCTH, HATIPUMEP TLIOCKOI,
UJINHAPUYECKOH, chepruuecKoil Wi Kakoi-1mb0 APpyroi, KOTOPYIO MOKHO OITHCATh
IPOCTBIM YPaBHEHHEM B TTOJXO/ISIIE BRIOPAHHO crcTeMe KOOPAWHAT, TO TIPU MTOMO-
MM AHAJTUTUYECKUX METOJIOB Y/IAETCSl PACCUUTATH MOTEHIIMA HJIEKTPOCTATHUECKOTO
10J1s1. OOBIYHO HA MOBEPXHOCTHU MTPOBOHUKOB 3a/Iaf0T 3HAYEHUE MTOTEHIIHAA WU CO-
CTaBJISIIONIEH HATIPSIKEHHOCTH TOJIsI, U 33/[ada CBOJUTCS K HAXOXKIEHUIO TI0JISI B TIPO-
CTPaHCTBe MEXKIy aJjiekTpozamu. [Ipm ycioBum, korma

HoJjie yJAOBJIETBOPseT ypaBHeHuio Jlammaca, ero MOKHO b . U=t
MCKaTh METOAOM, OCHOBAHHBIM Ha Pa3leIeHHN Iepe- '  U—0
MEHHBIX YPABHEHUSI. v=0

PaccmoTpuM 3a1a4y pacyera mioCKomapasieTbHo- 0 X
IO T10JIs, CO3/IaHHOTO CUCTEMOII 3apssKEHHBIX 2JIEKTPO- U=Uiv)
JIOB TIJIOCKOH (POPMBI, MOTEHIIUATBI KOTOPBIX 3aIaHbl Puc. 24.34

(puc. 24.34).
[Ipu mpuMenenun MeTo/Ia pa3eseHns epeMeHHbIX ToTeHtman U(x, y) B ypaBHe-

Huu Jlariaca

o0°U  0°U

—+—=0

ox oy
BHYTPU NIPAMOYTOJIbHON obsiacTu npezicrasisierca B Buge U(x, y) = X Y, rae X(x) —
dyuakmms Torpko x 1 Y(y) — dyaknms Toabko y. [1pu 3amene U(x, y) mponsBeneneM
XY ypasuenue Jlamiaca npuHUMaeT BUJL

2 2
Y—a X 4 Xﬂ =0,
ox? dy*
U 1iocJie ero jeqenns Ha X Y momgydaem
10°X  19%Y 10°X  10%Y
— +——+=0 wm — =—-=—.
X ax? Y oy? X ox® Y oy®

Tak kak jeBast 4aCTb 1I0CJICAHEIO YPABHEHUS 3aBUCUT TOJILKO OT X, a IIpaBas —
TOJIBKO OT ¥, TO OHO YOBJIETBOPSIETCS [UIST JIIOOBIX X 1 i TOJIBKO B TOM CJIy4ae, €CJIH 1
JleBasi ¥ TIpaBasi €ro YacTH PaBHbI HEKOTOPOIl MOCTOAHHOI Besmumie —A2 IIpu aTom
CIIPaBe/IJIUBBI /IBA YPaBHEHUS:

d*X

2

d*y
2

Y

+1°X =0, ~2Y =0,

YACTHBIE PENIEHUS] KOTOPHIX NMEIOT BH/L
X =C,sinkx + C, cosix, Y =C,shiy + C,chhy.
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Bemmuuna A u nocrosuunie Cy, Cy, Cs, C; BBIOMPAIOTCS TAKOBLIMU, YTOOBI ObLIN
Y/IOBJIETBOPEHbBI 33/IaHHbIE TPAHUYHbIE YCJI0BUsL. Tak, ecsiu ipu x = 0 v Ipu X = @ ume-
et Mecto ycaosue U = 0, To, ciegoBatenpHo, Cy = 0 m C; sin Aa = 0, 0OTKyIa BBITEKAET,
gyto Aa=7nn, tne n =1, 2, 3, ... B cury Toro, uto C; # 0.

Takum 06pa3oM, MOCTOSIHHASA A MOKET PUHUMATh He MPOU3BOJIbHbIE 3HAUCHIS,

nn
a JIMIb 3HAY€HUA, YOBJIETBOPAKOIINE PaBEHCTBY 7\.,1 =~ ¥ Ha3bIBaeMble COOCTBEH-
a

HbiMu gncsamu. CoorBercTBytomue um GyHrmn X, Y, HoCAT Ha3BaHUe COOCTBEH-
HBIX (PYHKITN.
OObiee pelerre ypaBHEHUs 3alIUIIEM B BUJIE

U(x,y) = Y. (Dysh,y + D,,chk,y)sink x,
n=0
e yepesd Dy,, D, obosuauensl Beauuutbl Dy, = Cy,Cs,, Dy, = Cy,Cy,. Bxozsiuue B
Hero noctostiibie Dy, Dy, cIeayer onpeaeanTh NCXOA U3 HeOOXOAUMOCTH YI00BJIe-
tBopenust yeaosuit: U= U (x) pu y = 0, U = Uy(x) tiput y = b, KoTOpbIEe TIPUBOJIST
K COOTHOIIIEHUSIM

U,(x)=Y.D,,sink x,

n=0
U,(x) =Y (D,shx,b+D,,chi b)sini .
n=0

KoadduiimerTs! psga MOXKHO HAWTH ¢ TTIOMOIITHIO M3BECTHBIX /71T KO PUITNEHTOB
psina Oypbe BHIPAKEHMIL:

D,, :1JU1(x) dx, *)
aO
2% . TN
D, = —J.Ui(x)sm—de =U,,

dO a

D1nshknb+D2nchknb:gIUz(x)sinn—nxdx:Uzn, (**)
610 a
OTKy/Ia
b = Us ~Uchi,b
. shi b

B o61iem ciydae pemnienne ypaBHeHust Jlariaca B IpsIMOYTOJIBHOM CHCTEME KOOP-
JIMHAT METOJIOM pasJleJIeHUs IIePEMEHHBIX MOXKHO 3aIllUCaTh B BUJIE Psijia

U(x,y) = D (Cy,sink x + C,, cosh ,.x)(Cy,shi,y + C,,chh ,y)

n=0

aubo B BUIE psga
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©
Ul y) = Z(Cmshk X+ C, chh x)(Cy,sink,y + C,,cosh ,y),
n=0
K03(UIMEHTHI KOTOPOTO HAXOASATCS MPHU Pa3JoKeHUH (PYHKIUH, OTPEeIIoNInX
rPaHUYHBIE YCJOBUSI, B Psi/l 10 COOCTBEHHBIM (DYHKIUAM 33124 (B PaCCMOTPEHHOMN
BBIIIE 3a/1a4e 110 PYHKITUSM Sin A,X).

Pertenuie ypasaenust Jlamiaca, 3aicaHHoro B IUJINHAPUYECKO MO0 MHOI cHC-
TeMe KOOP/IMHAT, TaKKe MOKET OBbITh IIPEACTABIEHO B BU/E Psi/ia, OMHAKO COOCTBEH-
HBIMU (DYHKITUSIMU TaKOTO petierust OyayT apyrue. OHU OTPEesIsSTioTCs] BUIOM COOT-
BETCTBYIONUX YPAaBHEHUI.

Pemtenuie U(x, y) nmeer Bu GECKOHEYHOTO Psijia, U IIPU pacyeTe MOTeHIMaa, Ha-
HPSIKEHHOCTH TOJIs IMO0 MHTETPAIbHBIX TTAPAMETPOB, TAKMX KaK eMKOCTb, CHJIA, ITPHU-
XOJIUTCS OTPAHNYNTH KOJTMIECTBO YUUTHIBAEMBIX B HEM 4JeHOB. MeTo1 HaXOuT TIpu-
MeHeHMe JIJIsl pacdyera MoJsl B OJHOPOAHOI cpee B 00JacTsX ¢ MPoOcToil (hopMoit
TPaHUIl, TaK KaK MPH JPYTUX YCJIOBUAX OH CTAHOBUTCH BECbMa TPYIOEMKHM.

OueBUIHBIM HEOCTATKOM METOJIAa Pa3fiesIeHns TIePEMEHHBIX, KPOMe TPYIOEMKO-
CTH OTpejiesieH st COOCTBEHHbBIX (DYHKIIUI U COOCTBEHHBIX 3HAYEHU, SIBJISIETCSI CYIIle-
CTBEHHAS 3aBUCHMOCTH TOYHOCTH PEIIeHNS OT KOJMYECTBA y/IEPKUBACMBIX YJICHOB
psana. [IpakTrka mokasbIBaeT, YTO 71 MOJTYYeHUs PENIeHNs C Y/IOBIETBOPUTEIbHOM
TOYHOCTBIO TIPUXOJIUTCS YIUTHIBATH MHOTHE JIECATKN 4JeHOB psga. Kpome Toro, Me-
TOJI pasjieJieHusi MepeMeHHbIX OrpaHrdYeH B 00JacTH y Us=U,

CBOETO MTPUMEHEHUS B CBSI3U € HEOOXOIUMOCTHIO HAJHU-
YU TIPOCTHIX TPAHUYHBIX KOH(MUTYPAIUTA. U=0

Wcnonb3ys mosrydenHoe peliieHue, HaiijieM TTOTEeHIa x
B IIPSIMOYTOJIBHO# 0OstacTrt (puc. 24.35) 1pu yCIOBUSAX U=0
U=0mpux=0,x=a,y=0 uU=U, npuy=b. Puc. 24.35

N3 ycenoBus Ui(x) =0 npu y = 0 nmomygaem D,, = 0 (cm. (*)), 1 u3 ycaoBus

Uy (x) = Uy= Y D,shir bsink,x npuy=>b

n=0

D,, sh?»nb:gIUO sink ,x dx = 4U°, n=135,...
a
0

mn

Takum 06pa3zoM, HCKOMOE pelleHre IIPUHUMAET BU/L
. MNX | TN
Ay, 2SI sh Y
U(x,y) = oz a —3 a_ pn=135,...
B
n=l nsh——
a

Haiinennplii moTeHnuasn yjoBjaeTBopseT ypaBHenuio Jlamnaca v 3aJlaHHbIM Tpa-
HUYHBIM yCIOBusIM. JleficTBuTenbho, mpn iy = b, x # 0 oH paBen

4U, Z lsinn—nx =U,, n=135,...
a

T g n

U(x, b) =

u obpartiaercst B HyJib Ha JIPyTUX IPaHuIiax 00JacTu.
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24.25. YncneHHbIA pacyeT 3/1IeKTPOCTaTUHYECKOro nons
MeToAl0M CETOK

B kauecTBe MiLTIOCTpAMM YUCIEHHOTO METO/Ia pacyeTa 3JeKTPOMATrHUTHOTO TIOJIS
[PU TTOMOIIM KOHEYHO-PA3HOCTHBIX YPaBHEHUH ¥ CII0C00a WX MOJYYEHUs] PACCMOT-
pUM cIy4ail pacyera IJIOCKOTAPAJIENbHOTO 3JIEKTPOCTATUYECKOTO TOJsT B HEOIHO-
PONHOI cpefie ¢ MUAJeKTPUIECKON ITPOHUIIAEMOCTDIO € = € (X, Y).

PasHocTHBIE ypaBHEHUST MOTYT OBITH 3aIMCAHBI [IJIsI CHCTEMBI Y3JI0B, TPOU3BOJILHO
pa3MeIleHHbIX B AaHHON obsacT. OMHAKO TIPU STOM BO3HUKAIOT OOJIBIITE TPYIHO-
I I cTu (hOPMUPOBAHUS CUCTEMbI PA3HOCTHBIX YPaBHEHUN U
; , ¢ WX pemeHus. B cBsi3u ¢ aTuM HauboJiblee pacpocTpa-

HeHUe TOJYYUIN MEeTObI, TPU KOTOPBIX Y376l 1, 2, 3,...
B P o (puc. 24.36) pacmomaraioTcd B BepPIINHAX CETKW TIPS-
MOYTOJIbBHUKOB, KOTOPbIE 0OPa3yI0TCst TIPU MePecedeH i
S R ¥ h BepTUKAMBHBIX U TOPU3OHTAIBHBIX JTUHMUIL.
11 Ecnu anextpuueckuil 3apsji pactpe/iesieH B POCTpaH-
8 By |4 Y 5 crBe ¢ 06BbeMHOIT IIOTHOCTBIO P (X, i), TO YpaBHEHUE JJIst
PuC. 24.36 yana 0 ceTkn §Dds = IpdV MO’KHO 3aricarth B BUJE

s Vv

[eu) E, (xpydl —jp<x y)ds,

abcda

(%)

-
1
1
i
hs 1
-

oU
rae E, = “on HOpMaJIbHAd K KOHTYPY COCTaBJIION[Ad HAIIPSAKEHHOCTHU dJIeKTpUye-
n

CKOTO TIOJISI.

WuTerpas B JIeBOiT 4acTH 9TOTO BBIPAKEHMSI MOKEM TIPEJCTABUTH B BUJIE CYMMBI
YeThIPEX UHTETPATIOB BIOJb TyTel ab, be, cd, da v BraucauTh ux mpubINKEHHO, UC-
MOJIb3YsT M3BECTHBIE METO/bI MPUOIMKEHHOTO BBIYUCIEHUsST WHTETpaioB. [Ipumene-
HIIe MeTO/a TIPSIMOYTOJBHUKOB MPUBOHT K BBHIPAKEHUSIM

h, h,\U,-U,
J‘S(‘x7y)Eydxg(8]cp 5 el o 9 j —k2(U0 -U,),

ab h2
hy\U,-U,
Is(x,y)Exdy [g‘llcp + ey 9 J b =ky(U, -Uy),
be 3
h U, -U,
s(xry)E dx (8 ¢ 5 j k (U -U )r
CJ:I Y IIcp 2 €1y P 9 ]’l4 4 0 4
h,\U, -U
8(.76' y)E dy E(‘C;IV(‘ IC) 2] -t = kl(UO _U1)’
(,1[1 p 2 T 2 h4
h.h, h,h h.h h, h
Jp(x, y)ds = Piep —— 1 *Priep 24 g * Pirep 32 s TP — =~/

B KOTODPBIX BETUIMHDI Ecp, Efeps -+ Pleps -+ PIVep ABIAIOTCA CpeaHUME QYHKINIA € (X, ¥),
p (%, ¥) B COOTBETCTBYIOIINX sTYEHKAX.



Fnasa 24. dnekTpoctatuueckoe none 79

[Tomyuennoe ypaBHeHue

i=4 £
hU, + kU, +hyUs + kU, —U, S b = f, )
i=1
BBIPA’KAET UCKOMBIN moTeHTran U yepe3 OTEeHINAIIBI YeThIPEX COCeTHNX y3710B. Unc-
JIO BXOJSAIINX B YPaBHEHUE TOTEHIMAIOB OyzeT OOJIBIIM, €CIi IPUMEHHUTD GoJiee
TOYHBIE COOTHOIIEHUS /JIs BBIYUCICHUS WHTETPAJIOB, BBIpakasg WX HE TOJBKO Ue-
pe3 moTeHImast yaaos 1, 2, 3, 4, 0, Ho Takske, HATPUMEP, Yepe3 MOTEHITHAIL Y3JI0B 3,
6, 7, 8.

Vpasuenust Buza (*) 00pasyioT CUCTEMY Pa3HOCTHBIX YPaBHEHMIA, KOTOPask MOKET
ObITH paspelieHa OTHOCUTEIbHO UCKOMBIX TIOTE€HIIMAJIOB Y3JI0B U3BECTHBIMU METO/1a-
MM pEIIeHHsT CUCTeM aireOpandecKux ypaBHEHHIA.

3anucbiBag cucreMy ajredpanueckux ypasHenuii B MmaTpuuHoil ¢popme kU = E
OTMETHUM, YTO XapaKTePHON 0COOEHHOCTHIO CUCTEMbBI PA3HOCTHBIX YPAaBHEHU SIBJISIET-
sl pefikasi 3aroJHEHHOCTh MaTPUIbl KO3(PdUIMEHTOB HEHYJIeBbIMU A7ieMeHTamu. [1pu
UCTIOJTb30BAHUY ypaBHEHUH B (*) CTPOKM MATPHIIBI COMEPKAT 5 OTIUYHBIX OT
HYyJIsl JIEMEHTOB, TaK 4TO IPHU TIOJHOM UHC/Ie 91eMEHTOB 1> KOJMYECTBO HeHyIeBLIX
9JIEMEHTOB He MPEBBIIIAET 57. Ta 0COOEHHOCTh PA3HOCTHBIX YPaBHEHUIT TIO3BOJISIET
PUMEHUTH A(D(HEKTUBHBIE METOJIbI PEIIEHUs], YIUTHIBAIONINE PEIKYIO 3alI0JIHEHHOCTD
X MaTpuil KoaOuImeHTos.

W3noxeHHbIN BBIE TOAXOA TPUMEHUM 7 pacdyeTa IIOCKOMEPUIUAHHBIX U
TPeXMEPHBIX ToJieil. B aTux ciyyasx sjaeMeHTbl MaTpUIbl Koadduinentos kK Bbipa-
JKafoTCS ¢ TIOMOIIIBIO PYTUX COOTHOIIEHUI.

24.26. BapyauMOHHbIN NOAXOA K pacyeTy 3J/IEKTPUYECKOro nons
B HeogHOpoaHoM cpeae. MeToa KOHEYHbIX 3/IEMEHTOB

Pariee 6b110 orMedeno (eum. § 2.1, 1. 1), uTo 3aTpaunBaeMasi BHEHIHUMU UCTOYHUKAMM
9HEPrust MPU CO3/IAHUH HIEKTPOMATHUTHBIX TI0JIeil MUHUMAJIbHA, €CJIU TIPOIIECC CO3-
JaHUsT HTUX MOJIEH TPOMCXOAUT Oe3 moTeph sHeprun. TakuM 00pa3oM, U paciipeesie-
HUe SHEPTUH B 3JIEKTPOMArHUTHBIX MOJISIX TPOUCXOIUT TaK, YT0OBI TIOTpedIsieMast OT
HCTOYHMKA 9HEPTUst OblJIa MUHUMAJIBHOI.

Ecnu ipu peniennu 3a1a4 pacyera 3JeKTPOMArHUTHBIX TTOJIEN TPUXOUTCST OTIEPH-
pOBaTh TAKMMHU TOHSTUSIMH, KaK TIOTEHIINAJ W OTIpe/iesisieMble UM TTPOU3BOIHbBIE Be-
JIMYUHBI, TO MOKHO YTBEPKIATD, YTO 9TH (DYHKIMH JOJIKHbBI OBITh TAKUMHE, YTOOBI OTI-
pezessieMast UMW 9HEPTHUsT 1M0Jist ObLITa MUHUMAJIBHOTA.

Ucxonst 3 3TOro MPUHIINIA, KOHEYHO-PA3HOCTHBIE YPABHEHUSI 3JIEKTPOMATHUT-
HOTO TOJIST MOTYT OBITH OIPEIeJICHBI Yepe3 TaKuM 06pa3oM mogodpantbie (hyHKITUH,
KOTOpbIe 00eCIeYrBaIOT PUHIUIT MUHUMYMa SHEPTHUH, OIPEAEISIeMOil HEKOTOPhIM
bynxmmonamom J.

[TocranoBka 3aaun pacueTa MOTEHITMAIA, CBSI3AHHAS ¢ MUTHUMU3AIel (DyHKIIHO-
Hasa J, HOCUT Ha3BaHUe BAPUAIIMOHHOMN, TaK KaK MOTEHIUAJ PA3bICKUBAIOT ITyTEM Ba-
puary (GyHKIIMOHANA ¥ HAXOXK/ICHUS TAKKX €r0 3HAYEHUiA, KOTOPble 06eCeYrnBaioT
MUHUMYM (DYHKITMOHAJIA.

OpuH U3 1y Teil OTBICKAHUS OTEHIMAIA BAPUAIMOHHBIM METOJOM CBSI3aH C TIPEJI-
CTaBJIEHUEM €r0 B BUJIe HHTEPIOJSIIMOHHOTO TTOJTMHOMA
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N
Ulx, y, 2) = a,o,(x,y,2),
n n
n=1
rjie a, — MOJIeKaIne Ompe/eseHnio KoahOUINEeHTsl, ¢, — Tak Ha3bIBaeMbie Oa3uc-
Hble (DYHKIMK 3a[AHHOTO BUJIA.
YauThIBas, 4TO SHEPIUIO AJEKTPUUECKOTO TOJIST 3aPsII0B 0O BEMHON TJIOTHOCTHIO P
MOJKHO 3arnucatb B opme W, = O,SIs(grad U)*dV nub6o B dopme W, = O,SIpUdV,
1% Vv

aHepreTUYecKuii GyHKITMOHAT MOKHO TIPEICTAaBUTh KaK

JU) = [e(grad U)* dV -2[pUdV.. *)
\4 \%4

37ech TepBbIfl MHTETPAJ BBIPAYKAET YABOECHHYIO, 2 BTOPON — YUYEeTBEPEHHYIO SHEPTHIO
OJISI.
B HekoTopbIx 3aiauax 00beM V orpaHuyeH MoBEPXHOCTHIO S, Ha KOTOPOU 3a/1aH Mo-

oU
TEeHIINaJI ambo ero IIPpOMU3BO/IHAaA 67 110 HOpMaJIi K ITOBEPXHOCTH. HpI/I 3a/laHHOM Ha
n

IIOBEPXHOCTH S IIOTEHIINAJIE MI/IHI/IMI/ISI/IpyeMHﬁ 3HepF€TI/I‘{€CKI/Iﬁ (byHKHI/IOHaJI nmeer

Buz (*), TOra Kak Mpu 3alaHHON Ha Hel (DYHKIINHI a—
n
2 oU
JWU) = Ia [grad U(x, y,2)]" dV —2J.pU(x, y,2)dV — i;U(x, Y, z)a—ds.
n
Vv 1% s

Koadpdutnments: a,, Bxoasdme B Beipakenue A norennuana U(x, y, z), MOxKeM

HaWTU U3 yCIOBUS aa—‘] =0(n=1, 2, .., N), IOPOKIAIOIIEr0 CUCTEMY aJreOPandeCcKIX
an
ypaBHEHUH.

IHEPrHio MATHUTHOTO TT0JIsT B 00beMe V MOKHO TIPEICTaBUTh KaK CyMMY dHEPTHii,
3aKJIOYEHHBIX B €€ OT/IeTBbHBIX KOHEYHBIX 3JIeMeHTaX. JTO MO3BOJISET B Ipefiesiax aJe-
MEHTOB 3aMncaTh O0Jee TTPOCThIE BHIPAKEHUST [IJIsT MOTEHITHATIOB.

Bua u cBoiicTBa BapUAIIMOHHOTO METO/Ia OTIPEIEISIOTCsT OA3UCHBIMU (DY HKITHSI-
mu @. Pactipocrpanenue moydniv 6a3ucHbie (GyHKIMN, KasKast U3 KOTOPBIX OT/IYa-
eTCsT OT HYJISI TOJIBKO B TIPEJIeIax CBOEH Mo100/1aCTH, Ha3bIBAEMOl KOHEYHBIM 3JIEMEH-
TOM.

[TpocreiinmMu reoMeTpUYECKUMU 9JIEMEHTAMK Ha TII0CKOCTH MOTYT ObITh 3aI10JI-
HATOTIME €€ TPEYTOJIBHIKHU, a B TIPOCTPAHCTBE — TETPasIpbl. BO3MOKHO MCITOTH30Ba-
HUe U IPYTUX [JIOCKUX U OOBEMHBIX 9JIEMEHTOR.

XapakTep HHTEPIOJISIIINOHHOTO MOJTMHOMA OTIPe/IesisieT 0COOEHHOCTH Paciipe/iesie-
HUS TIOTEHIMAa BHYTPHU 3JIEMEHTA, O/IHAKO KOJMYECTBO y3JI0B aJleMeHTa (TeoMeTpu-
yeckast (popMa aJleMeHTa) 33/[aeT KOJUYECTBO UJIEHOB ITOTO MOJMHOMA HE3aBHUCUMO
OT ero creneHu. J[pyrumMu cjaoBaMu, KOJTUYECTBO UCKOMBIX KO3(h(PUIIMEHTOB UHTEP-
HOJISIITHOHHOTO MOJIMHOMA JIOJIKHO OBITH PABHBIM YHCJTY MTPUHAIEKAIIIX DIE€MEHTY
Y3JI0B.

Hucsio y370B TPEYTOMIBHOTO dJIEMEHTA TIPU JINHEWMHOUW WHTEPITOAINY TTOTeHInaIa
Ulx, y) = oy + a4 X + dyy TOTKHO OBITH PAaBHBIM TPEM, TaK KaK MOJUHOM COAEPIKUT
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Tpu Koaburmenta. KoabdunmerTsr o, oy, 0y CIeAyeT BBIPA3UTh Yepe3 MOTeHITHA-
JIBI y3JI0B (B IAHHOM CJIy4dae BepIITIH) 3JIeMEHTa, CBA3aB TeM CaMbIM BEJINYUHDI d{, A,
as Beipaxenus U(x, y) = Zan(pn ¢ koadunmenTaMn oy, oy, oly.

n

Pemmag cucremy ypaBHeHU I

=
|

=0, +o,X; +0,Y;

=
Il

Oy +0,X; +0,Y,
U,=0a,+ax, +a,y,
(311€Ch X}, Yjy Xjy Yjy Xp, Yj — KOOPAMHATEI BEPIIUH 1, j, k DJIeMeHTa) OTHOCHTEIBHO BEJIH-
YUH 0, Olf, Oly, TIOJTyIAEM:
a, =U;b+U;b, +U,b,
a, =U;c; +U;c; +Uc,
a, =U,d, +U,d; +U,d,,
rzie Koo dUIMeHTsI b, ¢, d OTIpeIeITIOTCs Yepe3 KOOPAUHATBI BEPIINH TPEYyTOJbHHUKA.

Comnocrasnenne Boipaskennit U(x, y) = oy + oyx + apy = U;b; + Upb; + Upby, +
+(Uici+ Uie; + Upep) x + (Ui d; + Updy + Up dy ) y m U, y) = a; 9 (x5, y)+ a; 0 (%, y) +
+ay, ¢ (x, y) moxaswiBaet, uto @; = U, a; = U, ap = Uy m 9;(x, y) = b; +cix + diy,
0 (0, y) =b; + ¢x + diy, ¢ (x, y) = by + px + dyy.

Kak Bujro, 6asucHast GyHKIUSA @; (X, y) paBHa 1 B BepIlnHe i 9/leMeHTa U, SIBJISISACH
JMHERHON (GyHKIMel KoopauHar x, y, obpaiaercs B HyJb B BePIIMHAX j, k. AHaso-
THYHBIM CBOHCTBOM XapakTepusyiotcs 1 Gasucubie dyHkunn ¢; (X, y), ¢ (%, y).

B obriem ciydae, Korja sJIeMeHT UMEET P Y3JI0B, BBEJIEHIE MaTPHUIL

” a HT = H Qo, Oy, "'apHr

U =T, U, .Uyl

2

||x|\=||1,x,y,2,x2,y,... l,

l@ll=llo1r @2 .0l
MO3BOJISIET 3amucaTh Bbipaxkenue U(x, i) = X o U 1ocJjie pelienus ypaBHeHs
U=Xa,rzne

2
Lo, y,z,x0 ...
1 11 1

2
L20,Y9,25,%5,...

2
pr,yp,zp,xp,...

MaTpUIla Pa3MEPHOCTHIO pxp, Haiith Bemmunny o = X ' U U BBIPAa3uTh TOTEHI[HAT
U(x, y) yepe3 6azucHbie (DYHKIMN:

Ukx,y)=xX'U=9¢ U.

PacemorpuM opmupoBanme cucteMbl ypaBHEHNN METOZIa KOHEYHBIX 2JIEMEHTOB
IIPU pacueTe IUIOCKOIapasIebHOIO 3JIEKTPOCTATUYECKOIO 110,
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Jlnst osyuenust anreGpandecknx ypasuenuii dynkimonan J(U) :J e(gradU)*ds -
—2j pUds ciemyet npeicTaBuTh Yepes3 cyMMbl (hyHKIMOHAIOB J, amemenToB. Omnpeje-

S

M
e _0n=12 .. N

e=1 n
rae M — 4quciio aseMeHTOB 06s1acTi, N — 4KCII0 y3JI0B BHYTPH 00-
[ jactu s.
[Iycth y3eaq ¢ HOMEPOM i SIBJISIETCST OOIMIUM TSI HECKOJIbKUX
J 2 TPEYTOJTBHBIX 37IeMeHTOB (puc. 24.37).
Puc. 24.37

[IponsBoxnas al; (dbyHKIIMOHAA 9JIeMeHTa ¢ y3JaMu i, j, k
i

oJ

—2ja(gradU)—(gradU)ds —2Ip—ds

l l

Yuuteisas, 4To

o
grad U= z[a‘PfU REL/RRNLS UkJ ](aa(p’U + 2y 0% Ukj,
Y

ox ox ox oy oy
oU o a(gradU)zi%+j%
6U oU, ox oy

1 BBOJISI 0O03HAYCHUS

a?:2js a(I)”%+%% ds
'\ ox ox oy oy “

a?:2js a([)”%+63([)”% ds
| ox oy oy Oy “

df, =2 e 9900 0000 | g
c\o0x ox oy oy i
/= _ZIP(PI‘ ds,,
noJryqaem
0J,
oU,

Bxopsmume B aT0 cooTHOmeHne Koa(hhUIIMEHTDI TPU MTOTEHITHAIaX BEPITUH dJIeMeH-
TOB, KaK ¥ BeInauny f,°, 0OBIYHO PACCUUTHIBAIOT aHATUTIHYeCKH. [IJIst paccMaTprBae-
MOTO CJydasi, KOTZa 3JeMEHT COIEPKUT TOJbKO TPU Y374, TMPOU3BOAHBIE BUIA
op, 00,

1 1

b

ox Oy
YHUCASIOTCS OCOOEHHO IIPOCTO.

=aU, +a;U; +a3U, + [

IIPUHUMAIOT TIOCTOAHHDbIE 3HAUYE€HUA, 1 COOTBETCTBYIOIIME MHTETPAJIbl BbI-
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PaccunteiBas npousBoHble HYHKIIMOHATIOB BCEX 3JIEMEHTOB 06JIaCcTU TI0 TIOTEeHITHA-
JIy y3J1a i U CYMMUPYS COOTBETCTBYIOMMe Koa(duiinenTsl, HaxoauM (cM. puc. 24.37)

=Za;"k’ Zazﬂkzk _Zasz il _Zazl’ im Zatm’Fz Zf

Takum o6pa30M i-st CTpOKa ManI/IHbI K cucrembr aJIre6pqueCKI/IX ypaBHEHUT
K U = E nosyyaemas 1pu BbIYMCJIEHUN TTPOU3BOHON (DYHKIIMOHAA 110 TTOTEHITHA-
ay U; yania i, B JaHHOM NPUMEPE, KOT/Ia Y3€Jl i SIBJISIETCST OOIIMM JINTID JIJIST 5 9JIeMeH-
108, cyTh 0,0, ...0, Ry, Ry, Rig, Rify Riy Ri, 0, ..., 0, 0, ecint ysmwt 4, j, k, [, m, n wymepoBaHb
OJINH 32 JIPYTUM.

[Tos06HO pacCMOTPEHHOMY MOKEM PaccyuTaTh KOIMDMHUIIMEHTHI JAPYTUX CTPOK
marpuibl K. Ona nMeer, kak mpasuio, He 6osee 10 % wHenyeBbIX Koa(hOUINEHTOB,

e

TaK KaK ITPOU3BO/IHbIE Cl)yHKLII/IOHaJIOB 9JIEMEHTOB, KOTOPbIE HE BKJIIOYAIOT B ceba

1

y3eu i, obpaiaTcst B HyJib. B ¢Bsi3u ¢ TeM, uto marpuiia K siBjsiercst peiko3arorHeH-
HOI, JIJIsl pellieHust YPaBHEHU MeTO/Ia KOHEUHbBIX 2JIEMEHTOB IIPUMEHSIIOT CIIeI[UaJIb-
Hble 9KOHOMUYHBIE METO/IbI, YUUTBHIBAIOIINIE ITO CBOMCTBO CUCTEMbI YPaBHEHUI.

Pemmus ypaBrenue KU = F moskem paccunTaTh HAIPSIXKEHHOCTD TI0JI BHYTPH dJie-
MEHTOB, a Takxe Apyrue auddepeHnaabHble 1 THTETPAIbHBIEC XapaKTePUCTUKU.

MeTonm KOHETHBIX 2JIEMEHTOB IIPUMEHSIOT MIPU YUCJIEHHBIX pacueTax Mmojel B He-
OTHOPOJIHBIX, AHU30TPOTTHBIX U HEJWHEHHBIX Cpe/lax, KOT/a TMOoJydeHre aHaTuTude-
CKUX PeNIeHnul 3aTPyAHUTETBHO.



[(naBa ABaguaTb NATas

PacueT 3/71eKTPpUYeCcKon eMKOCTH

25.1. EMKOCTb MeXAy KpyrjibiMyU LWINHAPaMMU.
EMKOCTb ABYXNPOBOAHOM JIMHUMN NepeAaum

EmMKocTh MeXKIYy ABYMS YeAMHEHHBIMU TTPOBOISIIIIMMY TEJIAMU PABHA OTHOIIEHUIO 3a-
psilia ¢4 = ¢ OJTHOTO U3 TeJl K padHocTu ux norenimanos Uy — Uy, ipudeM mperoJiara-
eTCsT, UTO 3apsA/Ibl TeJI PABHBI 110 a0COMOTHOMY 3HAYEHUIO U TPOTUBOIIOIOKHBI 10 3HA-
Ky, T. €. ¢y = —q{ = —q. Bbunucjienue eMKOCTH MEXIY JBYMsI TeJlaMU CBOJUTCSI K
BBIYKCJIEHUIO Pa3HOCTH UX TIOTEHI[HAJIOB B 3TUX YCJOBUSIX. B KauecTBe BasKHOTO 11pH-
Mepa HaiijieM BbIpaKeHHe JIJIsI eMKOCTH MEKIY JABYMsI MMapajiieJIbHbIMU KPYTJIBIMU
HPOBOAAIIMMU IUAnHAPaMu. [luannapsl OyaeM mnpemnonaraTh GeCKOHEUHO JJIMHHbI-
MU, EMKOCTb Oy/IeM OIpPeAeIsaTh MeKIy X oTpeakamu anHoil [ B §§ 24.12 u 24.13
OBLIIO UCCJIE0BAHO MOJIE TAKUX IIMINHIPOB.

[ToTeHnman B HEKOTOPOI TOUKE, yAaJEeHHON Ha PACCTOSIHUSI 71 U ¥y OT JIEKTpUYe-
CKUX ocelt TanHapoB (cM. puc. 24.12 u 24.15), onpenensiercss hopMmyoit

U= in'ic, = =

ne 1 2ne

Ink+C,.

Hac wnTepecyeT pasHOCTbh MOTEHIIMAIOB CaMUX ITUIUHAPOB. Jlyst onpemenenust
MOTEHIMAJIOB IUJIMHAPOB BHIOEPEM Ha MX MTOBEPXHOCTSIX TOUKHU, HATIPUMED HarboJiee
GJIM3KMe IPYT K APYTY TOuku Ay u Ay (em. puc. 24.14 u 24.15). Tlyctb by — 3HaueHMe
OTHOIIEHUS 75/7{ JUIST TOYKU A; U COOTBETCTBEHHO ky — 3HAYEHHUE 9TOTO OTHOIICHISI
JULsE TOYKu A, Vmeem

U, -U, N
2ne k&,
Tak kak g = 1/, T0
co_ 4 _ 2nzl.
U, -U, In-1t
b,

OTHoteHwe 75/7( 751 000 TOUKHU TOJIST MOKET OBITH BHIPAsKEHO depe3 paanyc R
OKPY>KHOCTH PaBHOTO TIOTEHITMAJA, TPOXOAANIEH dyepe3 aTy TOo4YKy (cM. puc. 24.12),
1 yepe3 paccrostaue i =| x| 0T 1eHTpa 9TOi OKPYKHOCTH 10 MIOCKOCTH MOCTOSTHHOTO
notennuasa (Ha puc. 24.12 — 710 MI0CKOCTH HYJIEBOTO TIOTEHIMANa). Bocmoirbp3oBas-

2
much hopmynamu i = R buR= ib, npuBe/leHHbIME B § 24.12, osryyaem
[1-#°| 1= k|
2
ﬁ: 1-k yOTKy[[akQ—Zﬁk-i- 1=0mn
R R
2
L L
R \R’
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3Hak mroc ciaexyer 6parh mpu k > 1, 4TO COOTBETCTBYET CJAYYAIO 7y > 7y, T. €. pac-
II0JIOKEHUIO OKPY’KHOCTU PAaBHOIO lOTeHLMaa caesa oT 1tockoctu U = const (cM.
puc. 24.15). 3uak mumyc caeayer O6patb mpu kB < 1, 4TO COOTBETCTBYET PACIIOJIOKE-
HUIO OKPY’KHOCTU PaBHOIO HOTeHIMaIa clpaBa oT 1tockoctu U = const.
PaccmoTpum yacTHble caryvau.

1. EMKOCTDh KPYIJIOTO IMJHMHIPA OTHOCHTEJIBHO IUIOCKOCTH ki>1
(puc. 25.1).

JIJIst TIOCKOCTH TIOCTOSIHHOTO MOTEHInaia ky = ro/r; = 1,
TaK KaK 9Ta IJIOCKOCTh PACIOJOKEHA IMOCEPETHe MEeX1Ty
aNeKTpuuecknMu ocamu (cM. puc. 24.12). CaemoBaTesnbHO,

2mel 7

/\'2=l

C =
Puc. 25.1

3pech b — paccTostHue OT OCH IIMJIMH/PA JI0 TIOCKOCTH U R — paauyc ruansapa. o-
JIy4eHHOH (HOPMYJION MOKHO TOJIb30BATHCS /ISl BBIYUCICHUST €eMKOCTH OTHOCHUTE/Ib-
HO 3eMJIM TIPOBOJIA, TIOJBEIIEHHOIO HAa BHICOTE A MapaslieJIbHO TIOBEPXHOCTH 3€MJIM.
Tak kak 0ObIYHO A >> R, TO NPUOIMKEHHO

2mel
2h°

C=~

In

2. EMKOCTb M€Ky HECOOCHBIMH, HE OXBATHIBAIOIUMH JPYT >
ZIpyra KpYIrJAbIMH IUIHHAPaMu (puc. 25.2).

Nmeem kg > 1 u ky < 1, u, ciaeqoBaresIbHO, Tepes 3HAKOM
KBaJ[paTHOTO KOPHs B (hopmyJie [7ist By HA/0 B3sITh 3HAK TLIIOC,
a st ky — 3Hak MuHyc. TakuM 0Opasom,

const

U=

=

hy

2mel

a
I
>

Puc. 25.2

YauTbiBasi, 4TO /IS JIEOOOTO YKCJIA X CYIIECTBYET TOKIECTBO

1
=x++vx? -1,
x—+x? -1
MOJKEM TlepenucaTh (OPMYJIy [IJIsT EMKOCTH MEXIY ITUJINHAPAMU B BHUJIE

2mel

C:

In £+
1
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Bennuunbl Ay u by OnpepensiroTess 4epe3 pacCTOSTHUE MEKIY TeOMETPHYECKUMU
OCSIMU ITUJIMHZIPOB U Yepe3 UxX paauycol Ry u Ry, mo dhopmymam:

D?> +R; - R}
h1 = — |
2D

’

D?> +R}! —R;
2D

;h2:

BBIBEZICHHBIM B § 24.13.
Jlist IBYX IUJTMHPOB OJMHAKOBBIX PaycoB uMeeM Ry = Ry= R wu hy = hy, = D/2.
Dopmysa AT eMKOCTH TP STOM MPUHUMAET BUJ

nel
D D?
n —+ -1
2R\ 4R?

C:

3. EMKocCTh MeKIy TOHKHMH PoBoAaMu. EMKOCTB ABYXNIPOBO/IHOI JIMHUY Mepeia-
Ymn.
Eciu Ry <« D u Ry < D, To, cornacuo dopmyiam aias by u hy, uMeem

2 2 R, 2R R, 2R,
[Toatomy dopmy.ia /st EMKOCTH MOKET OBITH TIPE/ICTaBJIeHa B TPUOIKEHHON (hopMe:
2mel el
C= = D
D D
Inf == | In——=
%) "wE

Ecuu paznychbl MpoBOIOB OJMHAKOBBI: Ry = Ry = R, Kak 9T0 00BIYHO UMEET MECTO
NI ABYXIIPOBOHON JIMHUU TIepe/laud, TO MOoJydyaeM

C~ nel
lng

4. EMKOCTb M€Ky HECOOCHBIMH, OXBATHIBAIOIIUMH IPYT
JIpyra KpyriabIiMH uaHApamMu (puc. 25.3).
B artom ciyuae umeeMm k; > 1 u ky > | u, ciegoBatenbro,

2mel

IIpu sTOM Ay 1 hy OTIpesensAoTes TeMu ke HGOPMYJIaMu, Y4TO
"B I 2.

Puc. 25.3

5. EMrocth MEXK/1Y COOCHBIMHU KPYIJIBIMHU ITWJINH/IPpAMU. HOC]Ie,ZIHHH (l)OpMy.Ha Tepe-
XOIUT B (bOpMyJIy IJIA EMKOCTU MEXAY COOCHBIMHN IW/IMHAPaMHW B IIpeJese IIpu
]’l1/R1 —> 0 h2/R2 —> 0.
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JleiicTBUTEIBHO, AJISL COOCHBIX NUAMHAPOB D = 0 1, COrIIacHO BBIPAKEHUAM IS fiy
u hy, umeeM hy = o u hy = o, ipudeM h,/hy = 1. YuursiBast 910, U3 nocjeanei hopmy-
JIBI TIOTY4aeM

Co 2mel .
R,

In=—2
1

25.2. NoTteHumnanbHble KO3(PhunLMeHTbl, K03thhDULMNEHTDI
3/1EKTPOCTAaTUYECKOW MHAYKLIMU N HaCTUUYHbIE EMKOCTH
B CUCTeMe Ten

B cucreme HeCcKOTbKUX 3apSPKEHHBIX TEJ MTOTEHIIMAI KasK/[OTO TeJia OTPeIesisieTcs He
TOJIBKO 3aPsI/IOM JIAHHOTO TeJa, HO TaKKe U 3apsi/laMu BCeX OCTANbHbIX Tes. [1pu aTom,
€cJIM € HE 3aBUCUT OT HAIPSDKEHHOCTU IOJIsl, TO TIOTEHIUAT SIBJISIETCS JIMHENHOM
(byHKIHEN 3apsi1oB. ITO TOI0KeHKEe ObIJIO UCTOIB30BaHO (cM. 4. 1) pu BBIBOJIE BbI-
PaKEHUSI JIJIsl SHEPIUU 3aPSIKEHHBIX Tesl. PaccMOTPUM 3TO MOJIOKEHUE U BbITEKAIO-
M€ U3 HETO COOTHOIIEHUS Hojiee IOAPOOHO.

Ecau BHECTH He3apskeHHOE TPOBOAAIIee Teso A,y B ToJe Apyroro Tema Ay, mmero-
IET0 3apsifl ¢y, TO Teno A, mprobperaetT HeKOTOPbIil moteniman U, OTIMIHbIA OT
mysist. Ecom BHOCHMOE Teto A, MeeT HIYTOKHO MaJtbie pasMepsl (puc. 25.4), To MOK-
HO TIpeHeOpedb UCKaKeHUeM 110151, BOSHUKAIONIMM OT MOSIBJICHHS Ha BHOCUMOM TeJie
WHLYIIMPOBAHHBIX 3apsifoB. [Ipu aToM Tesno A, npuobGperaer MOTEHIUAN, KOTOPBII
ObLJI B TOUKE €ro PACIIOIOKEHNs 10 ero BHeceHust. [Ipu 3HaunTeIbHBIX pasMepax BHO-
cumoro Tesa (puc. 25.5) 1oJie rickaxkaetcs, u moreHtman Ul GyIeT ompenessiThes Kak
3apsoM ¢ Tena Ay, Tak W 3apsaaMu, WHIYITMPOBAaHHBIME Ha Tesie A,. CienoBaresn-
Ho, U, 3aBucut 0T (hopMbI TOBEPXHOCTEHT 060UX TEJ U OT B3AMMHOTO X PACIIOJIOKE-
Hus. Ecin quanexTpuyeckast IPOHUIIAEMOCTD CPEJIbI He 3aBUCUT OT HANPSKEHHOCTH
1oJist, To noteHnuan Ul n3MeHsercs: MPONOPIMOHANIBHO 3apsiy ¢, TaKk Kak B 3TOM
cJIy4ae py U3MEHEHWU 3apsijia ¢ paciipejiesieHue 3apsiZioB Ha TIOBEPXHOCTH TEJ U CO-
OTBETCTBEHHO KapTUHA I10JIs1 He U3MeHsoTcsl. VTak, MOXHO HaImcarh:

o
Uy =a 4.

Puc. 25.4
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CBHSI) MCKAY IIOTECHIINAJIOM 1) " Tea Ay 1 ero 3a A10M MOKHO BbIPa3uUTHb B aHaAJIO-
1 1
rUIHON (hopmMme:

r_
Ul =0 q,.

CrenyeT TOTIEPKHYTh, YTO KOa(GUITNENT o1 He paBeH Bexmunie 1/Cy, rae Cy —
€MKOCTD TeJjia Ay, OTIpe/iesisieMasi B IPE/IIIOI0KEHIH, YTO BCe JAPYTHeE Tesla OT HeTo Oec-
KOHEYHO y/1ajieHbl. Takoe paBeHCTBO MPUOJIMKEHHO MMEET MECTO TOJILKO B TOM CJTyYae,
KOI/JIa BHOCUMOE TeJio Ay BecbMa MaJsio (M. puc. 25.4). B obmiem ciydae (cm. puc. 25.5)
norennuan U; ompejessieTcsi Kak 3apsiioM ¢, PaclpeieIeHHbIM Ha TTOBEPXHOCTH
Tesia Ay, Tak ¥ 3apsiiaMu, MHAYIIMPOBAaHHBIMK Ha TeJsie Ay, Takum oOpasom, Koahdu-
IIUEHT OLyy, TAaK JK€ KakK 1 KOI(MPUIIMEHT Olyj, 3aBUCUT OT (hOPMBI 0OOUX TET U OT UX
B3aUMHOTO PACIOJIOKEHMUSI.

[Tpeamonoxum Terneps, 4To TeI0 A IMeeT cymMMap-
HBIN 3apsill, PAaBHBIN HYJIO, B TO BPeMs Kak 3apsill ¢,
tesa Ay otaden ot nyJist (puc. 25.6). [Ipu atom Temna
IPUOGPETAIOT MOTEHIHAIBI, 3HAYEHUST KOTOPBIX MPO-

< TMOPUMNOHAJIbHBI 3apALY (9.
@.- 2

" __ " _
Ul=a,q, n Uj=0aynq,.

ECJII/I 3apsAbl O6OI/IX TeJI OTJINYHBI OT HYJIA, TO II0-
TEHI[1AJIbI TEJI MOFyT 6I)ITI> Hafl[[eHbI Ha OCHOBC IIPpUH-
Puc. 25.6 nuIa HajaokeHus. Mmeem

7T " __ .

Uy =Uj+U{ =0 g +0,q,;
) " o_

Uy =U{+Uj =0 5q +0 5 q,.

B ob6uem ciayuae, Koraa UMeeTcs 7 3apsi’KeHHBIX Teq: Ay, Ay, ..., A, TOJydaeM CHc-
TeMY ypaBHEHMII:

Uy=0q +0,qy +...ta,q, +...+004,G,;

Uy =0y1G +00qy +.o 00 qp +.0o+ 000, G,
Up=04G +049Gy +. o0 G+ 4004,

U,=0,q +d,,q, +...+0d ,q, +...+0,,q,.

n

KoadurnmenTs! o HOCAT Ha3BaHWe MOTEHITMAJbHBIX KOd P HUIIUEHTO B.
Onu 3aBucAT 0T (GOPMBI U pa3MepoB MMOBEPXHOCTEN TeJ, OT B3aWMHOTO PACIIOJIOXKe-
HUS TeJ U OT AUAJIEKTPUUECKON MpoHutiaeMoctu cpebl. Koaddunmentsr oy, ¢ oau-
HAKOBBIMU WMH/IEKCAMKM Ha3bIBAIOTCSI COOCTBEHHBIMU MOTEHIIMAJbHBIMHU
Koo bunumenTamu, a KoAPOUIIMEHTHI O, C PA3TUIHBIMU UHIEKCAMM — B3 a -
MMHBIMU MOTEHIIUAAbHBIMU KOO bUITUEHTAMU. DTU YPABHEHUS CIIy-
JKAT JIJIs1 BBIYUCJIEHUS TTOTEHIMAJIOB TEJ TI0 3aIaHHBIM UX 3apPsijiaM.
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Hepeznko BosHukaerT oOpaTHasi 3ajlada: M3BECTHBI MOTEHIIMAbBI TeJ, TpeOyercst
HAWTU WX 3apsfbl. Pelnasg mpuBe/ieHHbIE BBIIIE YPAaBHEHUS OTHOCUTENBHO 3apsIOB,
MOTYIUM

G =BU, +BpU, +... 4B U, +... +BLU
Gy =BoUy +BpU, +... B U, +... +B,,U

G =BuUy +BplU, +... +BRU, +... +BLU s

Gy =Bl +B U, +. o B U+ +B LU,

Koadpdutnments: f mazpiBaioTcs Koa ppunmentTamMum afekKTpocTaTuyde -
CKOW MHAYKIUU —CcOOCTBEHHBI MU [P OANHAKOBBIX MHAEKCAX U B3 a W M -
HBIM U TIPU pa3HbIX uHAekcax. OHN UMeI0T Pa3MepHOCTh EMKOCT.

CobcTBeHHbIiT KOa(DMUIMEHT DJIEKTPOCTATHYECKON WHIAYKIUU By, MOXKET ObITh
Hali/leH, ecJIu TPUHATD, UTO TIOTEHIINABI BCEX TeJl, KpoMe Tesa A, paBHbI HyTo. [Ipn
3TOM TOJNYYUM ¢f, = BppUp.

Ha mpakTuke paBHBIM HYJIO TPUHUMAIOT T10-
TeHIMan 1moBepxHocTn 3emusn. CiresloBaTeIbHO,
JUISL TOTO YTOOBI TEJIO TIPUHSJIO TIOTEHIHA, PaB-
HBII HYJIIO, €r0, KaK MPUHSITO BBIPAKATHCS, HEOO-
XOJIMMO «323EMJIUTh», T. €. COEJMHUTD ITPOBOHY-
KoM ¢ 3emJjei. /[lysi ompenesieHus OINBITHBIM
myTeM KoadduierTa By, caenyeT, 3a3eMIUB BCe
tesa, kpome Teaa A, (puc. 25.7), coobmuTh 10- Puc. 25.7
crepHeMy norernuan Uy, XoTst Gbl IPUCOETUHIB
9TO TEJIO K TOJIIOCY DJIEKTPUYECKON Oatapeu, APYroii moioc KoTopoil 3asemiieH. V13-
MEePUB BOJTBTMETPOM Hampsukenne U, MeXIy TeJOM U 3eMJiel, OTKIIOYUM BOJBTMETP
u GaTapero U paspsiiiM TeJo Ay, Ha 3eMJII0 Yepe3 Ga/iucTuYecKuil rajibBatomerp Gy.
ITo oT6pocy ranbBaHOMETPA OTIPEIETUM 3aPSIJL ¢, TeJIa, a CJIe0BATEIbHO, CMOKEM BbI-
YUCIUTH U UCKOMBIH Koaddunment Py, Bee coeamamTenbubie 1 3a3eMsmoNIue mpo-
BOJHMKKM B 9TOM OIIbITE JOJKHBI OBITh BECbMa TOHKUMM, YTOOBI IPUCYTCTBHE UX IO
BO3MOKHOCTU MaJio McKaxaso mose. KoahhuImeHTsl ¢ OJUHAKOBBIMU HHIEKCAMU
BCE TIOJIOKUTETBHBL: Py, > 0, TaK Kak B OMMCAHHOM OITBITE MMOTEHIINAJ 1 3apsif Tena Ay,
UMEIOT OJINHAKOBBIE 3HAKU.

Ecom B TOM ke omnbiTe MU3MEPUTH TIPY MTOMOIIH JPYTOTO TagbBaHoMeTpa G, 3apsj
(I, KOTOPBIiT OBLT CBsI3aH HA TIOBEPXHOCTH TeJia A, 1 OCBOOOIMIICS TIPU Pas3psijie Tesa
A}, TO TIOJIyYUM BO3MOKHOCTH OTIPEIEJIUTD U B3AUMHBIN KOI(PDUITUEHT 37IeKTpOoCcTa-
TUYECKOU UHIAYKIINUH [3,;, 13 COOTHOIIEHUS ¢, = B,,Up.

OueBuHO, K03DDUINEHT [, TaK K€ KaK U Bce B3auMHbIe KO3(hGhUITNEHTHI JIeK-
TPOCTATUYECKOW WHIYKIUU, OTPUIlATEJeH. IDTO HEIOCPEICTBEHHO SIBCTBYET U3
puc. 25.7: upu U, > 0 JUHUK IOJS HAYMHAIOTCS Ha Teje A, U 3aKaHUMBAIOTCS Ha
Tene A, u, ciefoBarenbho, ¢, < 0. Takum obpasom, Boobmie f, < 0 mpu k # p.
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Hepenko monb3yioTcst ypaBHEHUSIMHI B HECKOJIBKO MHOI (hopMe, a UMEHHO: BBIpa-
SKAIOT 3aps/l KAKO0TO Tesla He Yyepe3 MOTEHIINAJIBI TeJl, @ Yepe3 Pa3HOCTH MOTEHINAJIOB
JAHHOTO TeJia W APYTUX TeJI, B TOM umcie u 3eMian. Mmeem

g =CU -0)+C,( U, -Uy)+...+C,(U, -U,)+... +C,,(U, =U,);
G =CyU, -U)+C, (U, -Uy)+...+Cu U, -0)+...+C,, U, -U,);

q, = Cni(Un _U1)+Cn2(Un _U2)+"' +an(Un _Uk)+"' +Crm(Un _O)

Koaddunmentsr C B 3TUX ypaBHEHUSX HA3bIBAIOTCS YACTHUUYHBIMU €MKO -
CTSIMM — cOOCTBEHHBI MU IPU OJMHAKOBBIX MHEKCAX U B3AUMHBI MU TIPU
pa3IMYHbIX WHAeKcax. J[s onpenenennst coOCTBEHHO yacTUUHON eMKocTi Cyy, Clie-
JIYeT MPUHSATH NOoTeHInabl Becex e paBubivu Uy. Torna g, = CyU,.

Il usmepenus emkoctu Cy, HeOOXOIMMO CO-

@ ® eIMHUTh MeXIy coOO0i Bce TeJa, 3apsiiuTh BCIO

@ @ 9 a1y cuctemy 0 moTeHnuaga U, OTHOCUTENHHO

1k 3eMJI 1 3aTeM, OTKIIOUMB UcTOUHUK D/IC, paspsi-

IUTHh cucteMy Ha 3emimio (puc. 25.8). IIpu stom

RO s ¥ rampBanomerp ymoJxen OBITH BKIIOYEH TaK, YTOObI
Puc. 25.8 OBLI M3MEPEH TOJIBKO 3aps g, Tea Ay,

Acno, uto Cp, > 0, Tak Kax IPU TOJOKUTETBHOM TIOTEHITNAJE CUCTEMBI U 3aps/l Ha
Heii Oyer nojoxurese. Ipu atom e yeaosun Uy = Uy = ... = U,= ... = U, u3 ypas-
HeHUH, copepKanux KoapPUIIMeHThl 9JIeKTPOCTATUIECKON WHYKIINMH, TMEEM

Gy =Bp By o By + BV,

CuieroBaTesbHO,

Chp =Br B+ +By +-o + By

Bsanmuas yactuunast eMkocTh C,, OTIPEIeISIeTCST U3 TOTO K€ OIbITa, YTO U KOa(h-

dunment B, Hetictsurensro, ipu Uy =Uy= ... =Up_1=Upyy= ... =U,=0u U,#0u3
ypaBHEHWH, coflepKalluX YacTUIHbIe eMKocTH, nMeeM g, = — C,,U,. CienoBaTenpHO,
Coi = — B, Takum oO6pasom, BooOie mpu k # p

Ckp= - ka n Ckp > 0.

[IpenmyniecTBO ypaBHEHNU, COAEPKANNX YACTUYHBIE EMKOCTH, TIO CPaBHEHUIO C
YPaBHEHUSMH, COAEPKAMIMU KOIDPUIIMEHTHI 3JIEKTPOCTATUICCKON WHIYKITUHU, CO-
CTOWUT B TOM, YTO B HUX Bce KO3(hPUIINEHTH TOJO0KUTETbHBL.

OTmeTHM, 4TO MMEET MECTO PaBEHCTBO O, = Oy, CHPABETMBOCTD KOTOPOTO JIETKO
JI0Ka3aTh U3 YCJIOBUS HE3aBUCUMOCTH dHEPTUN CUCTEMBI 3aPSKEHHBIX TEJ OT TocJIe-
JI0BATEJIBLHOCTH, B KOTOPOW YCTAaHABIMBAIOTCS 3apA/Ibl CUCTEMBI, aHAJIOTUYHO TOMY,
KaK ObLIO JI0Ka3aHO paBeHCTBO My, = M, (cm. u. I). ITosb3ysch onpejenuresnsami,
JIETKO TIOKa3aTh TakkKe, 4To By, = B,z U u3 ycnosua Cy, = — By, cnenyer, uto Cy, = Cpp.
ITO COOTHOIIIEHNE BBIPAXKAET TTPUHITUI B3AUMHOCTHU [IJISI CUCTEMBI 3aPSyKEHHBIX TeJI.
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25.3. MNoTteHumanbHbie K03chhULMEHTbI B CUCTEME
napansienbHbIX BECbMa AJIMHHbIX NPOBOAOB

B Buze mpuMepa, BecbMa Ba;KHOTO JIJIST TPAKTUKHU, PACCMOT-
PUM CHCTEMY TIPOBOIOB, MPOTSHYTHIX TaPaJIeJbHO IPYT
JIPYTy HaJl TOBEPXHOCTHIO 3emitn (puc. 25.9). [lauHy 1poBo-
JIOB OYJIeM TIPEIIIoaraTh CTOJb OOJIBIION, YTO TOJI€ MOKHO
CUMTATh IJIOCKONApaLIeabHbIM. OOBIYHO AMAMETPBI IIPOBO-
JIOB BEChbMa MaJIbl 110 CPABHEHUIO C PACCTOSIHUEM MEXK/Y UX
OCSIMA U C BBICOTOM UX ToABeca. B TakoMm ciydae Tmporie
BCEr0 OIPEIESIIOTCS MOTeHIHaMbHbIe KOd(MMUIIMEHTHI .
st onipenenennst KoaGUITUEHTOB 0Ly, Olay, O3, .., Oy 1O~
CTATOYHO MPUHATh ¢ #0 U gy =q3=...= q,=0. IIpu aToM HHI
OJIVIH TIPOBOJI He J0JIKEH OBbITh 3a3eMJIeH. YPaBHEHUS MIPHU-
obpeTaroT BU

Puc. 25.9

Uy=ayuq; Uy=0y,q;...; Uy =0,q;...

[Toste 3apsiKeHHOTO TIEPBOTO MPOBOA OYIET TAKMM 3Ke, KaK ¥ TIPH OIHOM ITPOBO/IE,
MPOTSHYTOM Ha/l TIOBEPXHOCTHIO 3eMJN (CM. puc. 24.27), Tak KaK NCKaKEeHNEM TIOJIS
BCJIEJICTBHUE CYIIECTBOBAHUS JPYTUX TPOBOJOB MOXKHO MpeHeOpedb BBULY MAJIOCTH
ux ceyenuit. [Ipu TakoM ycaoBuu K0ahOUITHEHT o1 SABJSIETCS] BETMIUHON, 00paTHOM
€MKOCTH TIPOBOJIA TT0 OTHOMNIEHWIO K 3eMJie, BBIPAsKEHUE JI7IT KOTOPOH IOJIy4eHO B
§ 25.1 B IPEAMONIOKEHUN OTCYTCTBUSI OCTANBHBIX TPOBO0B. CriesoBaTeIbHo,

1 . 2h
o,y =—-—yIn=—"t
2nel R,
U BooOIIe
oy = i 11’1%
2nel R,

KOB(b(bI/IHI/IeHT Oloy HETPYAHO ONPENAEJTNUTDH, €CJAN 3aMETUTDH, YTO HE3aPAKEHHDbIE
IIpoBO/ia BBUY MaJIOCTU UX ceueHuni IIPUHUMAIOT B I10JIE€ 3aPAKEHHOIO IIPOBOJa TE
IOTEHIINaJIbl, KOTOPbIE€ MOJIYHYAlOTCA B MECTAaX MX PACIIONOKEHUA U ITPU OTCYTCTBUN

. T T
ux. Haiizem, nomnbsysice ypasuennem U = —— In 2 + C,, npuBeaeHubM B § 24.12,
ne  n

MOTEHIIMAJ Ha OCU BTOPOTO IPOBOJIA, OTIPEIEsieMblil 3apsi/laMu TIEPBOTO TIPOBOJIA 1
€ero 3epKaJIbHOrO N300pakeHus B IoBepxHoCTH 3eMJin. [Tocrostanast Cy B ITAHHOM CJIy-
yae paBHA HYJIIO, TaK KaK JIJISI TOUYEK HA MOBEPXHOCTU 3€MJIM PACCTOSIHUSI 7 U ¥y JIO
IIPOBOJIA U €r0 3ePKaJbHOr0 U300pakeHUsT PaBHBI MEKIY COOOI 1, KpOMe TOTO, JJIsk
atux Touek U = 0.

3ameuas, uyTO JJIs TOYKH, JiesKalleil Ha 0CH BTOPOTrO MPOBO/A, HEOOXOAUMO TPH-
HSITD 7| = Fj9 U Ty = Ty (CM. puc. 25.9), mosydaem

119

U, = B iz,
2nel 7,
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CienoBaTeabHO,
1 7,
oy =— Int2,
2nel 1y
Boobiie 6ynem numerhb
1 18 'k
a, In-2

P 2mel v,

Tax KaK 7, = 1, (cM. puc. 25.9), TO 0y, = 0Ly, YTO OBLIO OTMEYEHO B TIPEIBLIYIIEM
naparpade Jist 001Iero corydast.

YMmenne pacCHUTBIBATh IMOTEHIUAJIbHbBIC KO3(1)(1)I/H_II/IGHTBI, KOS(I)(I)I/IHI/IBHTI)I JJIEK-
TpOCTaTI/I‘{eCKOf/’I VMHAYKIUU 1 HaCTUYHbIE EMKOCTH BECbMaA BAsKHO BO MHOT'MX ITPAKTH-
YeCcKHMX 3a/[auax, HA[pUMep NP pacyeTe MapaMeTpoB JIMHUU TTePeIaun CO CJ0KHBIM
pacroyiokeHueM TIPOBOJIOB, MPHU BBISICHEHUU BOIPOCA O BIMSHUU JUHUU Tiepelaun
BBICOKOTO HAIPSIKEHUs HA PACIIOJIOKEHHbIE PSIIOM C Hell IMHUU CBSI3U U T. I

25.4. EMKOCTb ABYXNPOBOAHOW JINHUM C YYETOM BJ/IMSAHUSA 3€M/IN

[Tomygyennsie B peapiaymieM maparpade BeIpaskeHns A MOTEHIIHAIBHBIX Ko du-
LIUEHTOB B CUCTEMe IapaJlle/IbHbIX IIPOBOJIOB, IIPOTSHYTHIX HAJ[ [IOBEPXHOCTHIO 3€M-
JIY, IAI0T BO3MOKHOCTb HAUTH BBIPAJKEHUE JIJIs1 €MKOCTHU JIBYXIIPOBOJHON JIMHUM IIe-
pelaum ¢ y4eTOM BJIUSHUS 3E€MJIH.

[l 1ByX IIPOBOJIOB MeeM

Upy=o0,q +0,qy; Uy =0yG +05,q,.
[TycTh 3apsijibl IPOBOIOB PaBHbI 110 aGCOTIOTHOMY 3HAUYEHUIO ¥ ITPOTUBOTIOIOKHBI
0 3HAKY: ¢y = — (1. 3aMEHSIS ¢y HA — ¢4, TOJy4aeM

U=y —ap)g; Uy =0y —oy)g.

CJIe]_[OBaTeJIbHO, HNCKOMas EMKOCTb UMEET BbIpaKeHUE

C: qi 1

U -U, oy +ay—2a,

OnpenennM, TOAB3YSACH 9TON (HOPMYJION, eMKOCTh IBYX-
MIPOBOJIHOM JIMHUU, TTPOBOJIA KOTOPOU TO/BEIIEHbI HA OJIMHA-
KOBOH BBICOTE / OT 3eMJIM U Ha paccTossHUU D Apyr OT apyra
(puc. 25.10). Paguycsr npoBojoB ouHakoBbl 1 paBHbl R. Co-

PuC. 25.10 " rmacuo (hopmysiaMm, TTOJIy4eHHBIM B MpeAbIyIeM maparpade,
nMeeM
1 2h 1 J@2h)? +D?
Oy =0y =—In"=; oy =0, = In .
2nel R 2mel D
CiieoBaTebHO,
1 nel

_2(0111—(112)_ 2h D

In| 22— —7
R 4h* + D?
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ECJII/I BbICOTa IIO/IBECA h MHOTO 6OJIbLH€ paCCTOﬂHI/IH Me)KI[y HpOBO/IaMI/I D, TO
V4h* +D?* ~2hu

nel

an

C~

T. €. TToJIy4aeM (hopMy.ry, BeiBefeHHYIo paHee (cM. § 25.1) Ge3 yuera BAUSHUAS 3eMJIH.

25.5. EMKoOCTb Tpexca3Hoh JIMHUKN Nepepaum

Bce mosydennbie Bbillle COOTHOINIEHUST, CTPOTO TOBOPSI, CIPABEIJIUBBI TOJIBKO JIJIsT
9JIEKTPOCTATHYECKOTO 10JIs1. OIHAKO ¢ GOJIBINOI CTENEHBIO TOYHOCTH OHU MOTYT OBITh
UCTIOJIb30BAHBI U TIPU BBIYNUCIEHUN TTAPDAMETPOB JINHUI TTePead P TPOMbIIILIEH-
HOI yacrore. Kpurepuem HOMyCTUMOCTH MPUOJIMKEHHOTO PACCMOTPEHMSI TIEPEMEH-
HOTO 3JIEKTPHUYECKOI'O I10JI OKOJIO IIPOBOAOB JIMHUM B OT/A€/IbHbIE MOMECHTDBI BpEMEHN
KaK 9JIEKTPOCTATUYECKOT'O I10JIA MOJKET CJHYKUTb COOTHOHIEHUE MEKIY JIMHETHBIMU
pasmMepaMu 00JIacTH, B KOTOPOH paccMaTpuBaeTCsl M0JIe, U JITMHOM 9JIeKTPOMArHUT-
HOI BoJIHBI. Borpoc o jiyiinHe A 91eKTpOMariuTHON BOJIHBI K O CKOPOCTH U €€ Paciipo-
crpanenus Gyner paccmorped B §§ 29.1 u 29.2. Mimeer mecto cooTHornenue A = v/f,
riie / — yacrora Konebanmii. B Bosayxe v = 3-10° kM/c, u iput yactore 50 iy umeem
A = 6000 km. Ha aymHe BosHbl (haza KoJeOaHUN HATPSZKEHHOCTH TIOJISI MEHSIeTCS
Ha 27, B npenenax obsacTu, JUHEIHbIE pa3Mepbl KOTOPOil 3HAYMTETbHO MEHBIIE A,
MOKHO cUnTaTh (haszy KoaedaHuil HalpsKEHHOCTH TI0JIs OIMHAKOBOW BO BCEX TOYKAX
obsactu 1 ¢ GOJIBINON CTETEHBI0 TOYHOCTH PACCMATPUBATD T10JIE€ B KAXK/BIIT MOMEHT
BpPEMEHU KaK AJIEKTPOCTATHUECKOE.

B ypaBHEHMSIX, CBSA3BIBAIOIIMX 3aPsi/ibl M TIOTEHIIUAIBI, He0OX04uMO 1o ¢ u U no-
HUMATh B 9TOM CJIyuyae MIHOBEHHbIE 3apsi/bl TIPOBOJOB ¥ MTHOBEHHbIE HATIPSIKEHUST
MESKITy TPOBoJIaMu U 3emiieit. [Ipyr cuHycongaqbHOM pesKUMe 3TH YPABHEHUST MOTYT
OBITH HAITMCAHBI B CUMBOJIMYECKO (hopMe /111 KOMITJIEKCHBIX JEHCTBYIONIMX 3apsIIOB
¢ v nanpsokenuit U. 71 TpexXmpoBOAHOI JTMHUN ypaBHeH s IIPHOOPETaIoT BUJL

q, = B11U1 +B12U2 +B13U3;
4y =ByU; +BpU, +ByUs;
Gz =B Uy +BsU, +B33U 5.

[Ipenmnonoxum, uto nanpsikenus U, U, u U, 06pa3yioT CHMMETPUYHYIO CUCTEMY,
1.e.U, =a’U, nU, = al,, rie a — KOMILUIEKCHBII MHOKHUTENb (cM. u. 11). meem

A1 3, A1 3

=¢ 3 :—7-1-'7; a :e? :—7_'7;
2 ]2 2 ]2

B atom ciydae ypaBHeHMst MOTYT OBITH 3alliiCaHbl B (hopMme



94  Yactb 4. Teopusi 3n€KTPOMArHUTHOrO NOAst

a, =By +a2B12 +aB13)U1;
qy =By +02B23 +aBz1)U2§
43 =B +a2[331 +aB32)U3-

Besmmuunbt, crostiie B CKOOKAX, BEIECTBEHHBI IPU YCJIOBUH, YTO POBOJA JTUHIH
PacToIosKeHbl CHMMETPIUYHO OTHOCUTEBHO APYT APYTA, T. €. €CIH PBig = Po3 = B3, TAK
Kak (a + a®) = — 1 ectb BemecTBennoe yncao. [Ipu 5Tom cTogmme B CKOOKAX BeIMuH-
HbBI [IPEICTABJISIIOT COO0N eMKOCTH TIPOBOIOB OTHOCUTEIBHO 3€MJIM WJIH, YTO TO K€,
€MKOCTh JIMHUU Ha OHY a3y MpPU COeIMHEHUN 3BE3/I0H.

IIpu oTcyTCTBUM CUMMETPUU B PACIIONIOKEHUM TTPOBOJIOB, T. €. €CU B9 # P # P3y,
cTosIe B CKOOKaxX BEJIMYMHBI OKAa3bIBAIOTCS KOMILIEKCHBIMU. VX BelecTBeHHbIE
YACTH SIBJISIIOTCS EMKOCTSIMU ITPOBOJIOB OTHOCUTEJIbHO 3E€MJIH, TAK KaK OHU OIPe/IeJisi-
10T YacTb 3apsijia, U3MEHSIONIYI0cs B (haze ¢ HAPSIKEHUEM, U, CJIe/I0BATEIbHO, OTIpe-
JIeJII0T PEaKTUBHYIO COCTABJISAIONIYIO TOKA, CIBUHYTYIO 10 (pa3e Ha yroJs /2 oTHOCH-
TEJBHO HANPsDKeHus. MHUMbIE YacTU BEJMYHH, CTOSIINUX B CKOOKaX, OMPEIessiioT
aKTUBHBIE COCTABJIAIONINE TOKOB B MTPOBOJIAX, Haxo/dAmnmecs B ¢a3e Uiau B IPOTHBO-
(base ¢ nanpsoxennaMu. 3aMeTUM, YTO CyMMa MHUMBIX 4acTel /171 BceX Tpex (a3 pas-
Ha HYJIIO0, TAK KaK TTPY CyMMHWPOBAHNH TIOJTyYaeM Tiepesi BceMu Koahduiimentamu Py,
By; 1 B3, BemecTBeHHble MHOKHUTEIN (@ + a°) = — 1. DTo 3HAYNT, UTO €CTH B OTHUX
(hazax MHMMBIE YACTH OTIPE/IETATOT MOJOKUTENbHYIO aKTUBHYIO MOIITHOCTD, TO B JIPY-
TUX OHH OIPEIEJISTIOT TAKYIO K€ 110 aGCOMOTHOMY 3HAYEHHIO, HO OTPHUIIATEIbHYIO aK-
TUBHYIO MOIIHOCTh. DU3MUYECKN 9TO O3HAYAET, YTO NMPU HECUMMETPUYHOM PACIIOJIO-
JKEHUW TIPOBOJIOB HEKOTOPOE KOJIMYECTBO DHEPTUM TEpe/lacTcs 3a TEepUoJ TyTeM
9JIEKTPOCTATUYECKOI MHAYKIIMU U3 OAHON (hasbl B APYTYIO. ITO cBOeoOpasHOE sIBJIe-
Hie 00yCIOBIMBAET HECHMMETPHUIO TOKOB TIPH CHMMETPUUYHBIX HAlpsLKeHUsIX. Ecte-
CTBEHHO, YTO HECIMMETPHUS TOKOB OIPE/EISIeTCS He TOJTBKO MOSIBJIEHNEM PA3HbIX 110
3HAYEHUIO U TI0 3HAKY aKTUBHBIX COCTABJIAIONINX, HO TaK)Ke W Pa3ININEM PEaKTHB-
HBIX COCTaBJISIONIUX BCJEICTBHUE TOTO, YTO EMKOCTHU IIPOBOJIOB PA3JIUYHBI.

[TosHast CHMMETPHSI B PACIIOJIOKEHUH TIPOBOIOB MOKET OBITH JOCTUTHYTA TOJIBKO
B Kabesie, B KOTOPOM 3a3eMJIeHHast 000JI09Ka OXBAaThIBAET CUMMETPUYHO BCE TPHU TIPO-
Boja (cMm. puc. 24.29, 6). B BO3ayuHoil TMHUN [JasKe TIPU PACIOI0KEHUH ITPOBOIOB 110
BEPITUHAM PABHOCTOPOHHETO TPeyrobHuKa (prc. 25.11) Haamume 3eMIn BHOCUT He-
cummetpuio. [lofaBHO HeCMMMETPUYHON OKa3bIBaeTCS JUHUS C PACIOTOXKEHUEM
IPOBOJIOB COTJIACHO puc. 25.12.

3
1

—=

X
\

]

X
2
Puc. 25.11 Puc. 25.12 Puc. 25.13

— W o
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OO6bI4HO Yepe3 paBHbIE PACCTOSIHUST M3MEHSIIOT PACIIOIOKEHNE TIPOBOJIOB HA OMO-
pax Tak, YTO HOCTEHEHHO OCYIIEeCTBIIAETCS. KPYroBasl epecTaHOBKa (TPAHCIIO3UIIN )
1poBo1oB (puc. 25.13). OcHOBHAsI 11eJ1b KPYTOBOH MEPECTAHOBKU — YMEHBIIUTH JJI€K-
TPOCTATUYECKOE U AJIEKTPOMATHUTHOE BJIUSIHUE TIPOBOJIOB JIMHUK BBICOKOTO HAIPs-
JKeHNUS ¥ CUJIBHOTO TOKA Ha coceiHIe TNHUY cBsi3u. [Ipu nammanu kpyrosoii nepecra-
HOBKHU Cpe/lHME 3HAYEHUA ITapaMeTpPOB BCel JTUHUU MMOJIy4aloTCA OAMHAKOBBIMU [IJISA
Bcex (a3, 1 BCIO JIMHUIO MOJKHO PacCMaTpUBaTh Kak CUMMeTpHYHYI0. B cpenem st
BCEell JTUHUU HEe 6y11eT UMETb MecTa Iepejlaya SHEPrur 3a 1eJIbli 1epuojl U3 OJHOMN
(a3bl B IPYTYIO MyTEM 3JIEKTPOCTATUIECKON MH/TYKITH.

C nocTaTOYHON IS MPAKTUKM TOYHOCTBIO PEIeHHe MOKHO TIOJIyYUTb, BBOJAS B
CHCTEMY YPaBHEHMIA

Ui=04q +0,q, +0454;;
U2 =0y ) 0y Gy + 0y qs;
Uy =0y Gy +0tgy Gy +0ay
CpefHMe I BCeil JIMHUY 3HAYeHUs TIOTEHIINAIBHBIX KOd(MPUIUEHTOB .
O6o3HaYMM

Oy FOyy Ay Oy F Oy FO
" 3 Ce 3

TJIE Olyg, Oloz, Olgq, OLiq, Olyg, Olg3 — MUCTUHHBIE 3HAYEHUS KOA(MMUIIMEHTOB I/ OJHOTO U3

YYaCTKOB, ¥ Oy/IeM CUUTATh B JAJbHEIIIEM, 4TO /I BCeil JTMHUK BCe KO MUIIMEHTDI

Ol C PA3HBIMU MH/IEKCAMU PABHBI O, 1 Bce KOADDUIIMEHTHI 0L C OJ[MHAKOBBIMU WHJIEK-

caMU PaBHBI 0.

EcrectBeHHO, UTO B CUMMETPUYHON JTUHUU TIPU CUMMETPUYHOUN cHUCTeMe Hallps-
SKEHUN 1 3apsafbl Gy, ¢y, g, 06p33y10T TaK)Xe CUMMETPUYHYIO CUCTEMY, T. €. §, = a’ 4.
4; = aq,.

VpaBHEHUST B 9TOM cjlydae MproOpeTaoT BU/L

’

U1 =0,q +0, 4, +o,q; =|o, +(a+a2)am]% =(0y =0, )y
Uy=0a,q +o,q, +o,q; =0y —a,)q,;

Uy =a,q +0,q, +oyq; =(0y —o, )q;.
CitezioBareibHO, NCKOMasi €MKOCTh IIPOBO/Ia OTHOCUTEIbHO 3€MJIM PaBHA

1

(XO _(xm

C =

Cornacuo hopMmysiam, TPUBEIEHHBIM B § 25.3, nmeem

a, =—1 1 ln%ﬂn%ﬂn% ;
onel 3\ R, R, R,
_ b1 Inl2 g n 22 1 o

2nel 3 Ty Tys T3
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Takum o6paszom,
2mel

Inl 2 %/h1h2h3 %/7'127’237’31
%/R1R2R3 %/7’12'7’23'7’31'

[Tpu pacmosoKeHH TIPOBOIOB COTIIACHO cxeMe puc. 25.12 nmeem
Ty =ty =D; 15, =2D; hy=h, =h, =k
_ _ 2 2., _ 2 2
Ty =Ty =N4h™ + D" 1, =V4h* +4D".
CiieoBaTeIbHO,

2mel

n 2hD
RY(ah? + D*Wh? + D?

[Ipenebperast BIUSHUEM 3€MJIH, T. €. TIPUHUMast D << A, mojaydnm

_ 2mel
| 2D
ni
R

25.6. MeToa cpeaHUX NOTEHUMANOB AN1A pacyeTa NoTeHuMasbHbIX
K03(p(PULIMEHTOB U eMKOCTE B CUCTEME NPOBOAOB

[l pacueta eMKOCTH CJIOKHBIX CHCTEM, COCTOSIIIIUX M3 HECKOJIbKHUX TTPOBOIOB KO-
HEYHO! JIIMHBI, HATIPUMEP €MKOCTH PaJuOaHTEHH, IUPOKO MCIIOIb3yeTcs MpUOIIm-
JKEHHBIN METO/I, TIPEIJIOKEHHBIN XOYy.

B astekTpoctatrueckoM IoJie MOTeHIua IPOBOIHIKA OJMHAKOB BO BCEX €0 TOY-
KaX, 3apsi/l JKe pacrpeessieTcsl 10 TOBEPXHOCTH MPOBOJHIKA HEPaBHOMEPHO. X0y
HPEIOKII JIJIST BBIYMCEHUST EMKOCTH MCXOIUTh U3 00PAaTHOTO, 10 CYIIECTBY, He OT-
Beyarollero JeMCTBUTEIbHOCTH TPEATIoNoKeHus. VIMeHHo: TIpejmoaraeTcs, 4To 3a-
PsIZi pacIpeziesisieTcss PAaBHOMEPHO 110 TOBEPXHOCTU IIPOBOAHUKOB U JIJISI JTUHEHHBIX
MIPOBOJIHUKOB — PaBHOMEPHO TI0 UX JIJINHE. BhruncisieTcst pacipeiesienue moTeHIna-
Jia TI0 TTOBEPXHOCTU WU TIO JJIMHE TMPOBOIHUKOB, M B (DOPMYJIY NI €MKOCTU BBO-
JIUTCS cpejiHee 3HaYeHNe BBIYMCIEHHBIX TAKUM 00Pa3OM MOTEHIIHATIOB TPOBOAHUKOB.
B coorBercTBUM ¢ 5THM OyeM Ha3bIBaTh TAKOH METOA ME€TOJLOM CPEAHUX MO -
TEeHI[ U aJoB. ITOT METO, XOTS U OCHOBAH Ha TIPEIONIOXKEHNUN, HE COOTBETCTBYIO-
IeM peabHBIM YCJIOBUAM, B pPsjie CAydaeB, HAIPUMEDP MPU BBIYUCIEHUN €MKOCTH
crcTeMbl, 00pa3oBaHHON MapaJleIbHBIMU IPOBOJAMM, JaeT J0CTAaTOYHO TOYHBIE pe-
3yabraThl. OObICHSIETCS 9TO TEM, YTO HEPABHOMEPHOCTh PacIpeie/eHNs 3apsia 3a-
METHO CKa3bIBAaeTCs JINIIb Ha KOHIIAX TAaKUX ITPOBOIOB. YIIPOIIEHNE XKe pacdera J10C-
TUTaeTcs BechbMa 0OJIbIIOE, TAK KaK IIPU 3a[aHHOM PaCIpeAeIeHIH 3apsiia MOTeHI Al
BBIYUCISIETCS 110 (hOPMYJIaM:
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po_Lqods oo 1 prd

_4TESS r _4T[381 r diy

[TpenmonoxmM, 4TO UMEIOTCS [Ba OTPe3Ka TPOBOJIOB,
JUIMHBL KOTOPBIX [; u [, (puc. 25.14). Tpebyetcst Bbrumc- dh
JINTH TTOTEHIINATBHBIN KOa(hOUIHEHT a4. IIpeamomoxnm,

uto ¢; = 0 u g, # 0. Ilpu aTOM nMeeM Puc. 25.14

Uy =0 1,9,

HO]ILSYHCI) HpI/I6JII/I>KeHHLIM METO/IOM, IIpeAIogaraeM, 4To 3apsi/l ¢o paclipeiejicH
pPaBHOMEPHO BJIOJIbH BTOPOTO TIPOBOJIA C IUHEHHON IIOTHOCTBIO Ty = ¢/ l,. TToTeHIman
B HEKOTOPOH TOYKE MEPBOTO IIPOBOJIA, OMPEIeIseMblil 3aPSII0M ¢y, OYIeT paBeH

g b prad g, d,
1~ )

4res 1 4mely 5 7
2 2

MpUYeM WHTETPUPOBAHUE MPOM3BOAWTCSA BIOJb BCero BTOporo mposoga. Cpemmee
3Ha4YeHMe IIOTEeHIMAa IIePBOr0 1IPOBOJIA H0JIydaeTcsl B pe3yJibTaTe HHTEIPUPOBAHUS
BJIOJIb IIEPBOTO IIPOBOJIA:

U1=111;|:U{d11= el dhydly

dmell, 3y 7

Takum 06pasoM, UCKOMBIIT TIOTEHIIHAIBHBI KOa(hdUIMEeHT onpeaensiercst (hopmy-
JIot

1 dldl,
4nel,l '

Oy
20l r
Bripaskenue 1J1sl MOTEHITMATBHOTO KO3 PUIIMEHTA C OIMHAKOBBIMU MHIEKCAMU, Ha-
HPUMEP Oy JJIST TPSIMOJIMHEITHOTO OTPE3Ka MPOBOJIa KPYTJIOTO CEYEHMsI, MOKET ObITh
HaliJIeHO TIyTeM CJeAyouux paccy:xkaennit. IIpeamnonsaraeM cOOTBETCTBEHHO TTPUHS-
TOMY JIONYIIEHUIO, YTO 3apPsi/l, HAXOSIIUINCS HAa TTOBEPXHOCTH TIPOBO/IA, PABHOMEPHO
pacrpezesien 1o aguHe poBojaa. Haxomum notentuan U, co3maBaeMblii 9TUM 3apsi-
JIOM B Pa3HBIX TOYKAX OCU TIPOBOJIA, M BRIYUCIIEM cpefiHee 3HaueHne U moTeHIMata
BOJb OocH. [IycTh # — paccTosHUE OT KOJIBIIEBOTO 3JIeMEHTA TIOBEPXHOCTH ITPOBOIHU-
Ka, UMEIOIIero JUIMHY dI' B HalpaBJIeHU OCH MPO-
BogHuKa (puc. 25.13), no anemenTa dl ocu poBoI-
HUKa, [ — [JIMHAa TPOBOAHUKA U ) — PAIUYC €ro
ceyenus. I[lorentman U’ B HEKOTOPOU TOUKe OCH, (

ONpeIENAEeMbIN BCEM 3aps/I0M ¢ TIPOBOIHUKA, PaBeH PuC. 25.15
1 dr
U-_- 4 I ar
dne Y r
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Cpe/tee 3HaueHMe TOTEHIMANA BIOJb Beeit ocu Oyaer

” dl’dl

2
4mel” 5

Lo
U=?{Udl_

CueioBaTesIbHO,

Oy

dl dl
47‘58[2 J,.JI. r

IIpruYeM HaMMEHbIIIee 3HaUY€HUE 7 €CTb 7.

B xauectBe IIprUMeEpa OIlpeaeinMm, MoJab3ysAaChb METO-

JIOM CpeIHUX MOTEHITNAIOB, MOTEHITNAIbHBIN KO3(]-
pUIMEHRT a9 I TapaIeJbHBIX OTPE3KOB MTPOBOIOB,

/ PacCIoJIOKEHHBIX Ha paccTossHuu D 1pyr oT Apyra u

< Q MMETOINX OJMHAKOBbIE AJNUHEL [ = [, = [, mpuuem Haua-
JIa OTPE3KOB JIeKAT Ha OJHOM MEePHEHINKY/ISAPe K HUAM.

Puc. 25.16

3 Ocu KoOpaMHAT PACHONIOKUM TaK, Kak MOKa3aHO Ha
puc. 25.16. Umeem

O =

4“812IJ\/D2+(x2—x)

Z*Jq _ _
J‘ dx, = j d(x, —x) = Arshl M4 Arsh
0D+, —x)? DY+ (x, —xy)’ D
CienoBaTeabHO,
I
J.(A rsh™—t 4+ Arsh ™ }dxr
0

HerpyaHo ybemutnbesi, 4To

I Arshl ad dx, = I Arsh™ dx1

3ameyas, 4TO

HaXOoIUM

Oy =

J.Arshydy = yArshy—Iyd(Arshy) =

=yArshy—J ydy =y Arshy —/1+y” +const,

Ji+y?

1 ] X D
— 2J. Arshﬁdx1 =

4mel” 2mel?

2 2
1 D ZA shl_ }1+L+1 Ul ashl_ |22 4,0
T omel 1 D D? omel D [? /

x1A h 1+ 2L
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[Ipu BBIUMCIEHUN KO3(MOUIIMEHTOB 044 U Olyg C OAUHAKOBBIMU WHAEKCAMU JIJIsT
MPSMOJIMHEITHOTO TTPOBOJTHUKA, MMEIOIIET0 KPYTJIoe CedeHrne pamuyca 7y, pe3yJabTaT
WHTETPUPOBAHUA TPUBEIET K (hopMyse, KOTOPas TMOJydaeTcs U3 TOTBKO UTO TOJTY-
yeHHON (opMyIsl myTeM 3aMennl D Ha 1. CieioBaTesbHo,

2
1 [ 7, 7

o =——-o/Arsh—— -2 +1+
2mel r, \I? [

Tax xak Tpu BBIBOZIE 9TON (hOPMYJIBI HAJTUYUE APYTOro MPOBO/IA He YIUTHIBAJIOCH,
TO €MKOCTh YeTUHEHHOTO ITUJINH/IPA KOHEYHOU JITUHBI TTOTYYaeTCs U3 BBIPAKEHUT

Co R _ 27t8[2
o
! Arshi— Hh o140
7 [? /
3aMeTuM, 4TO UMeeT MECTO COOTHOIICHUE
2
Arshi =In L+ Z—+1
7 % 7
Ipu [ > 1y 6yner
2
Arsh o [0 e om? o i —1=m L — 0,307,
% [? [ 7 % %
CuiefoBaTeIbHO,
Cn l2nsl - anl.
In—-0,307 In—
Ty o

EmkocTn MEKAYy TUINHIAPAMU Haﬁ[[eTCfI N3 CUCTEMBI ypaBHeHHfIZ

Upy=03q +0,qy; Uy =09G +0yq,.

[Ipunumast gy = — gy 1 YIUTBIBASI, UTO Olgg = Olyg U Olgy = Oy, TIOJYyUAEM
U=y -ay,)q; Uy=—(a;—a,)q;
q 1

C= - ,
U -U, 2 —oy)

IJI€ COlyg U Oy HAXOASATCS TI0 TOJBKO YTO MOJYYEHHBIM (OPMYJIaM.
pu [ > ryul > D umeem

ocn—ocuzi ln2—l—1 - 1n2—l—1 _ ! ln2
2mel 7, D 2nel 7,

W, CJIeZIOBATEIBHO,
nel

cr T
InD/r,
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YTO COBIIQJIAET C BBIBEJICHHOU paHee (GOPMYIIOif 1711 eMKOCTHU ABYXITPOBOIHON JTUHUHT
nepenaun (em. § 25.1).

25.7. BblunC/ieHUe eMKOCTHU Mo KapTUHE nons

EMKOCTD MeKIy ABYMSI IUJIMHAPUYECKUMU TeJaMu OOJIBIION JIIMHBI WUJIH MEKILY
JBYMSI TeJIaMU BpAIleHusT ¢ OOIIell OChI0 MOYKHO BBIYUCIIUTD, MOJB3YsICh KapTUHON
T0JIs1, TOCTPOEHHOI XOTS ObI TIPUOJIVKEHHBIM IPapUUeCKIM METOIOM, U3JI0KEHHBIM
B §§ 24.15-24.17.

OTHoleHre MoToka BekTopa cMmenieHnst A¥Yp CKBO3b cedeHue OJHON TPyOKH K
MpupanieHnio noreHnnana AU Mexxy COCeTHUMU TUHUSIMU PAaBHOTO TTOTEHITAAJA, CO-
TJIACHO YPaBHEHWSIM, MpUBeIeHHBIM B § 24.17, paBHo:

AY,, Aa 1
JIJIST TLTOCKOTIAPAJITIEIBHOTO TI0JIsT =g pl —=_1
AU An  k,
Y, Aa 1
IUIST TIOJTST TeJT BPAIeHUsT =2mre ,— = 2m—.
An k,

3apsi] Tesla paBeH, CorylacHo nocryaaty Makcsesia, IIOTHOMY IIOTOKY CMELeHUsT
CKBO3b CeYeHNsI BCeX TPYOOK, HaunHaomuxcst Ha tesie. Ecim uncsio aTux Tpy6oK pas-
HO my, To ¢ = my A¥Yp. PazHOCTb OTEHIIMAIOB MEX LY ABYMsI Testlamu pasHa Uy — Uy =
= my AU, T71e my — 4NUCJI0 UHTEPBAIOB MEXK/Y COCEHUMU JIMHUSIMU PaBHOTO IIOTEH-

ruasa. Takum obpasom,
o _[AYom _om
U,-U, AU ‘ m, m,

C

pUYeM JIJIst TJI0CKONApaJIeIbHOro ToJst ks = [/ky, a ans 1osst ten BpalieHust
ks = 21/ky. Yucso ks 3amator, npuctynas Kk rpaduyeckomy moctpoenuio mosst. OHo
onpeziensieT (opMy sUeeK MoJis, T. €. OTHoIeHue Aa/An. ucna my u my HAXOAAT U3
IIOCTPOEHHON KapTUHBI 1OJISL.
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23.1. YpaBHEHM1SA 2/1IEKTPOMarHMTHOro nons
B amddepeHunanbHou popme

BOMPOChHI

1. (O) Kakumu xapakTepHBIMU CBOHCTBAMU JIOJDKHBI OTJINYATHCS 33/[a4d, KOTOPbBIE
MO’KHO PElIUTh HA OCHOBE YPAaBHEHUI 3JIEKTPOMArHUTHOTO TI0JIsI, 3AIIMCAHHBIX B UH-
TerpaipHoi hopme?

2. [TpaBUIIbHO JIU TIOHUMATD TIOJT AJIEKTPUUECKUM TOKOM TOJIBKO JIBHKEHUE 3apsiyKeH-
HBIX YACTHIL UJIN TeJT?

3. Cosmaercst M MarHUTHOE TIOJIE AJIEKTPUUECKUM TI0JIEM, @) He U3MEHSIONIMMCS BO
BpPEMEHH, 0) U3MEHSIONMMCSI BO BDEMEHH 110 JIMHEITHOMY 3aKOHY, ) U3MEHSIOIIUMCS
BO BPEMEHU 10 CUHYCOUAATHHOMY 3aKOHY?

" do .
4. (O) 3aBucuT T BXOASNINHN B TIPaBYIO YacTh yPaBHEHUS j;E dl = — — MarHUTHBII
) dt
MOTOK OT 3JIEKTPUYECKOTO TOKA, MHAYITUPYEMOTO 3TUM TTOTOKOM?

3. (O) TIpu kaKOM YCJIOBUM B TIPOBOJISIIEM TeJIe, HAXOATIEMCS B HEe NU3MEHSIONIEMCST
BO BpPeMeHU MarHUTHOM ToJie, MoKeT uHynuposarbest I/ C?

6. KakoBo 3HaueHue BenuuHbl rot H B OITHOPOJHOM MarHMTHOM roJie?

7. MoxHo i, 3Hast HallpaBJeHNe U 3HaUYeHUe HANPS)KEHHOCTH MarHUTHOTO TIOJIS B
TOYKe, YKa3aTh B 9TOW TOYKe @) HampasjeHue Bekropa rot H, 6) 3nauenue MOmyJist
BekTopa rot H?

8. Bo Bcex Toukax HEKOTOPOIt 061acTH BHITIOIHEHO ypasHenue rot H = 0. Mosker m B
9TOI 06JIACTH CYIECTBOBATH MArHUTHOE TI0JIE?

9. (O) MoxxHOo T MOHUMATH MO/ MATHUTHOW WMHIyKIWel B, BXozsmieilr B mpaByio
YacTh BTOPOTO ypaBHeHMs MakcBesia, MHIYKITUIO CTOPOHHETO TI0JIsI, He 3aBUCAIIYTO
OT UH/YIIUPYEMOTO UM JIEKTPUUECKOTO TTOJIST?

10. (O) dsasercs nu 6e3BUXPEBLIM JIEKTPUUECKOE TI0JIe, eAMHCTBEHHAS COCTABJISIO-
At HAMPSKEHHOCTH E, TPAMOYTOTBHON CHUCTEMBI KOOPAMHAT KOTOPOTO €CTh (PyHK-
IS TOJIBKO KOOPANHATHI X7

11. dsngerca i dpyuxiusa div D BekTopHOI?

12. 3asucur jm sHavenne GyHkim div A B Touke oT BBIOOPA CHCTEMbBI KOOPAMHAT,
B KOTOPOI ee PAaCCUYNUTHIBAIOT?

13. MoseT /i coJIeHOUIAIbHOE 110Jie OBITh BUXPEBHIM?

14. Yem paznuyarorcst n300pasKeHUsT CUTOBBIX JIMHUIT 9JIEKTPUIECKOTO TI0JIsT B 06J1ac-
TSIX, I/le UMEIOTCSI COCPEe/IOTOYCHHBIE 3JIEKTPUYECKUE 3apsiibl U I7ie UX HeT?

. 1
15. TIIOTHOCTH KAKOTO M3 3apsijloB BXOAUT B MPaByio yacTh ypasHenus div E = = p:
€

CcBOOOIHOTO UJIM CBIA3aHHOIO?
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16. (O) Mosxet i ToJie OMHOTO U3 BEKTOPOB, CBSA3AHHBIX cOOTHOMIeHUeM D = ¢F,
OBITH COJIEHOUIATBHBIM, & IPYTOTO BEKTOpPA HET?

17. CBobo/HbIE 3apsijibl B HEKOTOPOM 0ObeMe OTCyTCTBYIOT, Tak uTo div D = 0. Cripa-
BenBo Jiu paBeHcTBo div E = 0 B Toukax oObeMa, ec/ii cpejia @) OJHOPO/IHA, 0) HEeOJl-
HOPOZHA?

18. (O) IIpu kakux yciaoBusix crnpaBeamBo Boipaskenue div H = 0?

19. (O) Bekrop H Hanpsi;KeHHOCTH MATHUTHOTO TIOJIST B 00JIACTH, CBOOOIHON OT TOKA,
HaIpaBJIeH BAOJb OCHU X. ABJIgeTCS U HAPSKEHHOCTD MO (DYHKITHENH KOOPAMHAT?
Byzner mu oTBeT TeM ke, ecai TIIOTHOCTh TOKA He paBHA HYJ0? (U = const.)

20. (O) Umeror s embica Boipakennst div div A, rot grad V, grad rot A, rot rot A,
grad div A, grad grad V, div rot A, rot div A? Kakue 13 HUX TOXKIECTBEHHO PaBHBI
HYJTIO0?

21. (O) Ilpu xakoM XapaxTepe pacipeeseHIs B TPOCTPAHCTBE ATEKTPIUECKOTO TOKA
u 3apsiaa Beamuuisl rot H, div D TepstioT cMbIc?

YNPAXHEHNA

1. (P) Omnpenenure miotHocTh J(X, ¥, z) ToKa Kak (DYHKIIMIO KOOPAUHAT B 00J1aCTH,
rjie HalpsKEHHOCTh MarHUTHOTO TOJIsT Xapaktepusyercst dbynknusvmu a) H = iby +
+ jax, 6) H = ja, 6) H = jcz*, 2) H = jHye ™, 0) H = iby\Jx* +y* + jax\|x* +y?,

e) H=iby(x> + y*) " + jax (x> + y*) 5, o) H, = a 3)H,=Hye “, tne a, b, c — mocro-
r

JAHHbIE, 7 = \UCZ +y2.

2. (P) Omnpenenure 3aKk0oH U3MEeHEHUs B IpOcTpaHcTBe HanpsikenHoctu H =jH, mar-
HUTHOTO TI0JIsl, CO3/I1aBAEMOTO AJIEKTPUUYECKUM TOKOM C 33JIlaHHBIM 3aKOHOM €ro pac-

npexenenust: J,=J, =0 u a) J, = J, = const, 6) J, = Jyar, 8) J, = J, i, 2) J,=Jy(ar)",
ar
0) J, = J, [(ar)?, e) J. = Jy exp (ar).

3. (P) 3ammmure Boipaskerue rot wWH B IPSIMOYTOJILHOM crCTEME KOOP/IMHAT U ITPe00-
pasyiite ero k Buay rot uH = f| rot H + f,. Haiinute hyHkimy fiu fo, yauThIBasi, 4To
H=p(x, y, 2).

4. Nnrerpupys ypasaenne rot H = J 1 npuHUMas MaTHUTHYTO TTPOHUIIAEMOCTD PaB-
HOM | BCIO/LY, pacCYrTaiiTe HANMPSIZKEHHOCTh MArHUTHOTO T0JIsSI BHYTPU U BHE @) Oec-
KOHEYHO JITMHHOTO MPOBOJIA KPYTJIOTO cedeHns paguycoMm R =1 MM ¢ Tokom i = 10 A,
6) GeCKOHEYHO JTMHHOI TPyOBl ¢ BHYTPEHHUM M BHEIIHWM pajnycaMu R; = 5 MM,
R, =8 mm ¢ TokoM i = 20 A mipu ycsioBuu J = const B IpoBoJie 1 B TPyOe.

3. (P) MarnutHbie nioJist ¢ HanpsikerHoctsimu Hy (x, y, z) u Hy (x, y, z) yaoBieTBopsi-
10T paBeHcTBY rot H; = rot H,. Haiijiute cBa3b Mexxay Besmunnamu Hy u H,.

6. MaruuTHas MHAYKIUA B OECKOHEYHO JIJIMHHOM (DEPPOMATHUTHOM CTEP;KHE KPYT-
JIOTO cedeHus pajinycoM R HarpaBieHa BIOJb €ro OCH, TOCTOSTHHA [0 CeYEeHUT0 U 13-
MeHseTCcs 110 3aK0oHY B, = By sin wt = 0,1 sin 314 ¢ Txn. Onpenenure HanpskeHHOCTh E
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HJIEKTPUUYECKOTO TOJISI HA PACCTOSHUM 7 =2 ¢M < R OT OCH CTEPsKHsl, TpeHeOperast -
IYIIUPYEMBIM B CTEP;KHE TOKOM.

7. (P) dBnsercs mu BUXPEBBIM 2JIEKTPUYECKOE T10J€, HANpsiKeHHOCTh E KoToporo 3a-
nmana BoipaxkenueM a) E = iby + jax + kcz, 6) E = je¥, ¢) E = iE, + jE, + kE;,
2) E= (iax + jby + kcz)-2, 0) E = (iax + jby + kcz), e) E = kE,, sh ax, xc) E =jE,, sin cz,
3) E = (iax + jby + kez)r ™ tne a, b, ¢, Ey, Ey, E; — noctosinsie, r =[x +y> +2°.

8. (P) BeckoHeyHO JUIMHHAS CTaJbHAsl MIACTHHA, IMUPUHA d KOTOPOIl 3HAYNTEIBHO
MPEBBIIIAET €€ TOJIIUHY /2, PactoiosKeHa B MI0CKOCTH ¥ = 0, HOpMaJIbHOM K JTUHUSAM
UHAYKIUU B = B,, sin ® ¢ oAHOPOAHOTO MarHUTHOTO oA, OTpeneanTe MIOTHOCTb
J,(X) TOKa 1o MupHUHE MJTACTHHBI IPU JOMYIIEHUH, YTO MarHUTHAasE WHIYKIUs, 00Y-
CJIOBJIEHHAS WH/IYITUPOBAHHBIM B IIJIACTHE TOKOM, 3HAUUTEJIBbHO MeHbIle B,,. Yiennb-
Hasl JIeKTPIYecKas IIPoBOAMMOCTh ctamn pasHa 10° Cm/mM. Paccunraiite ToK B mia-
crune mpu d = 5 e, h = 2 mm, B, = 0,001 T, © = 314 ¢ L.

9. (P) Paccuwnraiite mroTHOCTb J(#) TOKA, UHAYIIMPOBAHHOTO B TOHKOM CTAJTBHOM JIVICKE,
TOJIIUHA /i KOTOPOTO 3HAYNTENHHO MEHbIIIE pajgnyca R = 2,5 ¢M U IJI0OCKOCTh KOTOPO-
rO TePIEeHANKYIspHA JUHUAM MarHuTHo# wHayknuu B = 0,001 sin 314 ¢ T BHet-
HEro OJHOPOJIHOTO TIOJISI TIPU JIOIYIIEHWH, YTO MarHUTHAsT WHIYKIIMS, CO3/aHHast
WHJYIIUPOBAHHBIM B JIUCKE TOKOM, 3HAYUTEJbHO MEHbIIE UH/YKI[UU BHENIHEro Mar-
HUTHOTO MOJIA. YedbHas dIeKTpHUecKas mpoBoguMocTh cramy pasaa 108 Ca/m.

10. (P) HampsxeHHOCTD 2JIEKTPUYECKOTO OIS 3a/]aHa OTHUM W3 BBIPDAKEHUH, TTPU-
BeJIeHHBIM B y1ip. 7. HalimuTte mioTHOCTSD p (&, ¥, Z) 3JeKTPUIECKOTO 3apsiia, CO3/at0-
MIEeT0 MOTEHIINAIBHOE TT0JIe W PACTIPE/IEIEHHOTO B OHOPOHOM cpejie ¢ TTPOHUIAeMO-
CTBIO €.

11. 3anumure Teopemy Taycca div E = p/e B TakoM Bu/e, KOT/Ia B IIPaBYIO 4acTh BXO-

[T He TOJBKO CBOOOMHDBIN, HO U CBI3aHHBIN 3apPsifl IJIOTHOCTDIO Peyus = P

12. (P) 3anummure Boipaskenue div D B muddepenimanbioii (hopme B IPSIMOYTOJIb-
HOI cucTeMe KOOPJAUHAT IIPU YCJIOBUH, YTO cpejla aHU30TPOIIHA U OCU KOOPAMHAT
@) COBIIA/IAIOT C TJIABHBIMU OCSIMU AHU30TPOIIHH, ) He COBIAIAIOT C TIABHBIMU OCSIMU
AHU30TPOITU.

13. Mcnosb3ys cuMBoIMueckuii orepatop V, 3anuiimre BoIpaskeHne rot A B mpsimo-
YIOJBHOH CHCTeMe KOOPJAUHAT.

14. (P) B Bo3ayirHoM mpoCcTpaHCTBe MEXK/IY TTPOBOASANINMHY TIJIACTUHAMU HATIPSKEH-
HOCTb 3JIEKTPUYECKOTO 110Jis1 u3Mensiercst 1o 3akony E(x) = iE, (1 + ax), rae x — Ko-
Op/IMHATA, OTCUYUTBIBAEMAS OT OJHOM U3 TacTHH (I — opT ocu x). OnpepesnTe WIOT-
HOCTb p (X) 0OBEMHOTO AJIEKTPHUUYECKOTO 3apsi/ia, TIOMEIEHHOTO MESKY TIACTHHAMU.
15. (P) OGbemHast TUIOTHOCTH HJIEKTPUYECKOTO 3apsijla, HaXOJAIIErOCst B BO3IyXe
MEKLy IByMsl BeChbMa JIJIMHHBIMU COOCHBIMU TIPOBOJISIIIUMU ITUJTUHAPUIECKUMU T10-
BEPXHOCTSIMHU pasimycaMu Ry u R,, uameHnsetcd 10 3akony p (). Haiiaure Hampsiken-
HOCTH E (¥) asieKTpudecKoro mosst mpu Ry <7 < R,.

16. (P) 3anuimure B NpsAMOYTOJbHON cucTeMe KOOpAuHAT audepeHimaibHbie ore-
paropsl a) rot rot H, 6) div rot A, ) VU, 2) V(VU), 0) VXE, e¢) Vx(VU).
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17. (P) Ompenenute, MOXeET JIM MarHUTHas WHAYKIUSI BBIpAXKaThcs (opMyaamu
a) B=1iBye ™, 6) B = (iax + jby), 6) B = (iax — kcz), 2) B=jBye ™, 0) B = kB,, sh ox,
e) B=j((ax)* + (by)*) ", ac) B=By(jx +jy — k2), 3) B= (i(x* + y*) % +j(* + y*) ",
u) B =1iB,, sin kx, k) B =jB,, sin kx.

18. (P) YuurniBas ypasuenue div & = 0, momyuute Boipaxkerine div E B a) ognopo-
HOH cpeJie ¢ yIeJbHOI 9JIEKTPUYECKON TIPOBOIUMOCTBIO Y, 6) HEOJHOPOAHON B OTHO-
MIEHUN 3JIEKTPUIECKOI MPOBOAMMOCTH CPEJIbl, B KOTOPOH T€YeT TOK TPOBOIAUMOCTH
mI0THOCTHIO J = YE.

23.2. CucteMa ypaBHEHMUM 3/IEKTPOMarHUTHOro nons

BOMPOCHI N YMPAXXHEHWA

1. (O) Ilouemy B cucTeMy ypaBHEHUIT 9JI€KTPOMATHUTHOTO TIOJII BXOIUT YpaBHEHNE
div B = 0, rorza kak ypaBHenue div & = 0 He BxoauT?

2. MoseT JIM CyIIECTBOBATh BEKTOPHOE MOJe A, YIOBIETBOPAIONICE yPaBHEHMAM
rot A=f#0,divA=C=0,T. e. nose, CO3aHHOE KaK BEKTOPHBIMMU, TAK U CKAJSIPHBIMHU
MCTOYHUKAMU?

3. (O) MoxHo a1 11oJ1e TIIOTHOCTH TOKa MpeAcTaBUTh B BUjie & = rot F, e F — Heko-
Topasi BeKTopHas (GyHKINA, He paBHAas HanpsikeHHOCTH H mons?

4. (P) Iloncunraiite ToJIHOE YMCJIO TIEPEMEHHBIX, BXOAAINX B CHCTEMY YPaBHEHUI
9JIEKTPOMATHUTHOTO TOJIsl, YYUTBIBASI, YTO BEKTOPHDIE TTEPEMEHHBIE COEPKAT B 00-
meM ciaydae Tpu cocTasisionux. CorocTaBsTe IMOJTy4eHHOE YHICJI0 ¢ KOJINYeCTBOM
YPaBHEHUIA.

3. (P) I/ICHOJII)SYH YpaBHEHUA JJIEKTPOMATHUTHOTI'O I10JIf, BbIBEJUTE COOTHOIIEHUE

0 .
—a—p =div (YE + J,p), BBIpakaioliee IPHHIHI COXPaHEHN 9IeKTPUYECKOTO 3aps/Ia.
t

6. (P) llomnas cucrema ypaBHEHUH 3J€KTPOMArHUTHOTO TIOJIS YIIPOIIAETCS B Psifie
YACTHBIX CIy4aeB. 3aUININATE YPaBHEHNS /I He U3MEHSIONNXCS BO BPEMEHH TTOJIE.
Paznenute ux Ha /Be HeCBs3aHHbIE TPYIIIIBI, OMUCHIBAIOIINAE JEKTPUYECKIE W Mar-
HUTHBIE TTOJIS.

7. (P) OcHoBbIBasich Ha ypaBHeHUsIX Tot E = —%—f, rot H =3, nonyunurte ypaBHEeHUs

OTHOCHUTE/JIbHO d) HaIlIPAKEHHOCTU 3JIEKTPUYECKOIO I10JI4, 6) HaIlIpAKEHHOCTU Mar-

HUTHOTO TI0JId, paccMaTpuBas noJie B 1) mpoBoadtieii cpeze, mpunnmad J = yE u mpe-

oFE
HeOperasi TOKOM 9JIEKTPUYECKOTO CMEIeHNsT, 2) IUaJIeKTPUKe, npuHuMas J = € —-

ot
23.3. N'paHnYHbIE YC/IOBUA Ha NMOBEPXHOCTAX pa3sfgena cpen
C pa3/IM4YHbIMMU CBOMCTBAMM
BOMPOCHI 1 YMPAXXHEHUS

1. (O) Ilouemy rparmunslie ycaoBusd B, = By, Ey = E,, kKax u ycaosus Hy = Hy,
D, = D, He SBJISIIOTCSI HE3ABUCUMBIMU B CJIy4yae NEePEMEHHOTO 9JIEKTPOMArHUTHOTO
noJisi?
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2. (O) B yeM nprumHa BO3HMKHOBEHMS CKaYKa HOPMAJIbHON K MMOBEPXHOCTH pasjesa
Cpell COCTABJIAIONIEN HAIPSIKEHHOCTH @) JIEKTPUYECKOTO, 6) MATHUTHOTO TOJISI?

3. Kakue u3 cocrapssgionux sektopos D, E, B, H MoryT ipeTeprieBaTh pa3pbiB B TOU-
KaX TIOBEPXHOCTE pasjiesia IBYX CPEl C PA3IUIHBIMU HIEKTPUUECKUMH U MATHUTHBI-
MU CBOHICTBAMM?

4. (O) CoxpaHSIOT JIN HENIPEPBIBHOCTD KacaTeJIbHbIE 1 HOPMAJIbHbBIE COCTABJISIONNE
BexTopoB D, E, B, H Ha mOBepXHOCTHU Pa3jiesia IByX aHU30TPOITHBIX CPEJl C PA3TNIHbI-
MU 9TEKTPUIECKIMHU 1 MaTHUTHBIMU CBOMCTBAMU?

5. Kaxkoe u3s yenosuit: D, = D,y i E,; = E,» COXpaHUT CBOM BUJL [IPU HAJUYUU CBO-
nl n2 t1 t2

GOIHOTO 3apsi/ia C MOBEPXHOCTHON IIJIOTHOCTBIO G Ha MMOBEPXHOCTH pasjieia ABYX CPel

C Pa3JIMYHBIMM JUIJIEKTPUUECKUMU TTPOHUIIAEMOCTSIMU ?

6. (P) 3anummre ycoBue, cBA3bIBaIONee HOPMATbHBIE K TIOBEPXHOCTH pasfiesia IBYX
cpen C pa3jiIM4YHbIMU JUIJIEKTPUYECKUMU IIPOHUIAEMOCTAMM COCTABJIAIOIINE BEKTOPA
9JIEKTPIUYECKOTO CMEIIEHNsT, eCJIU Pa3MelleHHbII Ha Hell CBOOO/HbII IeKTPUIECKUi
3apsiji IMeeT MMOBEPXHOCTHYIO IJIIOTHOCTD G.

7. (P) 3amummmTe ycaoBue, CBSI3bIBalOIlee KacaTeJbHble K TOBEPXHOCTHU Pas3zesa IBYX
Cpell ¢ pa3IUIHBIMU MATHUTHBIMU TTPOHUIIAEMOCTSIMHU COCTABJIIONTNE BEKTOpa Ha-
NPSIPKEHHOCTH MAarHUTHOTO TIOJIST, €CJI Pa3MelNeHHbIN Ha Hel CJI0M TOKA UMeeT TIIOT-
HOCTb J.

8. (P) [lokaxkuTe, 9TO B TOYKAX MOBEPXHOCTHU pazziesa GeppoOMarHUTHOTO Tesla U BO3-
JlyXa BbITosiHsAeTCs paBeHcTBO ny(H — Hy) = noM, t71e ny — BEKTOP HOPMaJIHM K T10-
BEPXHOCTH, HAITPABJIECHHBII BHYTPb (heppOMarHuTHOM cpe/bl, M — HaMarHM4eHHOCTb,
1, 2 — UHAEKCH BO3AYITHON W (DepPOMArHUTHON CPEJIbI.

9. IloBepxHocThio pa3zmena cpex 1 u 2 aBisgercst IockocTh z = (). VI3BeCTHBI BEKTOPBI
D, (8 cpene 1) u H, (B cpese 2) npu z = 0: Dy = (i2x + j3y* + k5)-10° Kn/m?,
H,=(i+j5/ + k4)10° A/m.

Paccuuraiite Benmuunet Dy, E,, Ey, B, H,, B, na nosepxnocTu pazsnena cpes. Vx mpo-
HUIAEMOCTH &1 = 28, €5 = 4&), 1y = d0ug, py = 100,

10. IToBepXHOCTHBIII TOK ¢ JMHEIHO# TI0THOCTBIO j = 10° A/M MMeeT HarpaBieHue,
MapajieJTbHOe OCU X W Pa3MelleH Ha MockocTu z = (), aBJsiomnieiicss TOBepPXHOCTHIO
paszesia cpefl ¢ MAaTHUTHBIMU TTPOHUIIAEMOCTSIME Ly = W Iipu 2 < 0 1 py = 100p, ipu
z > 0. HampsiskeHHOCTh MAarHUTHOTO TOJISE B CPeJie € MPOHUIIAEMOCTBIO |, PaBHA
H, = (i-10° +-2-10° + k-10%) A /M. Paccunraiite HanmpsiKeHHOCT MATHUTHOTO TIOJIS 1
MarauTHYIO WHAYKITUIO B CPefie C TPOHUIIAEMOCTBHIO L.

11. (P) Buytpu Haxo/s1ierocsi B BO3/AyXe MapaiieabHo OCH z 0eCKOHEUHO JTHHHOTO
KPYTJIOTO IIUJIMH/PA, ANDJIEKTPIYECKas IPOHUIIAEMOCTb KOTOPOTO € = 2, dJIeKTpIYe-
CKOE I10JIe OJTHOPOJIHO ¥ €ro HanpsixkeHHocTs E =jE, =7 100 B/m. Paccunraiite 3naue-
HUS COCTABJAIONNX BEKTOPOB HampstkenHocTu E, n cmemenust D, Ha ero TOBEpXHO-
crtu B Boayxe. CoxpaHsieT Jii OJIHOPOIHOCTD TI0Jie B BO3/IyXe?

12. (P) Ha nockoit ToBepXHOCTH X = const pas/esa BO3yXa M MarHUTHON CPEIB ¢
TEH30POM MarHUTHOM IIPOHUITAEMOCTHU (“’) HaIIPAKEHHOCTb MAaTrHUTHOTO TIOJISA B BO3-
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nyxe Hy =il + jH,,. Onpenenure HanpskeHHOCTh Hy MarHUTHOTO 1OJISE B MarHmT-
HOI cpefie, a TakyKe MATHUTHYIO WHAYKINIO By B Hell n By B Bo3ayxe, MpuHNUMAasd, YTO
IJIaBHbIE OCH aHU30TPOIIMHK ) COBIAAAIOT C OCSMU X, 1, 6) He COBHAAAIOT C OCAMMU X, Y.

24.1. MNoTeHuMan 3/1eKTPOCTaTUYECKOro nonsa
BOMPOCHI

1. (O) IloyeMy TOTEHIMAT CBSA3BIBAIOT C HAMPSKEHHOCTHIO TIOJSI COOTHONIEHHEM
E = — grad U, a ue coornomrernem E = grad U?

2. [Touemy HaNPSZKEHHOCTD 3JIEKTPOCTATUYECKOTO MOJISI HE U3MEHSIETCS] TIPU YBEJIH-
YeHUM MO0 YMEHBIIEHUN TIOTEHIAIA BO BCEX TOUKaxX 00JaCTH Ha OHO U TO JKe YhC-
J10? VI3MEHUTCS JTIi HATIPSAKEHHOCTD T10JIsT, €CJIM U3MEHUTh TIOTEHIIUA BO BCEX TOUKAX
B k pas?

3. Uemy paBHA HANPSIKEHHOCTD JIEKTPOCTATHYECKOTO TIOJISI B 00JIACTH, T/Ie TIOTEHIH-
aJl IMeeT MOCTOSTHHOE, He 3aBUCSIIee OT KOOPANHAT TOUKU 3HaYeHUE?

4. B HampaB/ieHMM BEKTOPa 7 MOTEHIMAJ] M3MEHSIETCSl ¢ HaubOJIbIIeil CKOPOCTHIO.
B xakoMm HarpaByieHUU MMOTEHIMAT He U3MEHSIeTCs ?

3. HOZ[ KaKUM YTJIOM K ITOBEPXHOCTU IIPOBOAAIIETO TEJia TTOAXOAAT JIMHUN HAIIPSAKEH-
HOCTH 9JIEKTPHUYECKOTI'O rnoJist?

6. Yemy pasna dyskims grad U BHYTpU MPOBOISIIETO Tesa?

7. TlosiHbIN 3aps/ cucTeMbl TeJl paBeH HyJ0. MoxkeT i Ha 6OIBIIOM paccroaHum r
OT HUX MOTEHITaT y6bIBaTb KakK 7*1, r*2, r e

8. Kak ciietyer pa3aMecTTb JIBa PaCIIONOKEHHBIX PSIIOM [TUIIOJIsT, 4TOOBI Ha GOJIBIITOM
PACCTOSTHUK OT HUX TIOTEHIHAI YObIBA KaK r’2, r?

9. (O) B siunuu niepeaum mMpoBoOjia PACCMATPUBAIOT Kak OeckoHedHo ynnnble. [Ipn
KAaKOM YCJIOBUU TIOTEHIINAJ TOJIsI B OECKOHEYHO yaJIEHHBIX TOUKAX MOKHO TIPHHSTh
PaBHBIM HYJIO?

10. (O) Ilouemy nys1 pacueTra MOTEHIIMATIA 3aPSKEHHOTO TeJla MOKHO TI0JIb30BAThCS

o as o
BbIpaK€EHUEM U= Tigi, CIIpaBe€/IJIMBbIM TOJIbKO B OJTHOPO/JHOUN Cpe€/l€ C ANIJIEK-
e r
s

TPUUYECKOW MPOHUIAEMOCThIO €7 Besb caMo TpoBOjisIee TeJ0 HAPYIIAET OJHOPO/I-
HOCTH CpeNibI?

1 rods
11. (O) MosxHo 1 npuMeHUTD Bhipaxkenue U = . §— JUISL pacyeTa MoTeHIaia
neY r
S

TOJIs 3aPSKEHHOTO IPOBOJISIIETO TeJIa, €CJIM B €r0 MoJie PACIIONOKEHO MPOBO/ISIIEe

He3apsKeHHOE TeJIo?

12. (O) MoskHo Jin [Jist pacyera MOTEeHIHaa ToJist 3apsi/IOB, PACITPEAETEHHBIX ¢ 00b-

€MHOI TJIOTHOCTBIO p B 00beMe V AMaeKTpUKa € MPOHUIIAEMOCTDIO €, BOCIIOIb30-
1 pdV

4m r

BaTbCsl BbIpakenuem U = , €CJIM TIPOHUIIAEMOCTb OKPY:KAIOIIEro IMpo-

€,y
CTpaHCTBA &,?
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YNPAXHEHNA U 3AAAYUN

1. Haiigure cocrasasiomue E,, E,, E, HAIPAKEHHOCTH 3JIEKTPOCTATHYECKOTO MOJI,
MOTEHITNA KOTOPOTO

a) U= Uy=const, 6) U=ax, 8) U=ax + by + kz,2) U= axy, 0) U= Ua (x> + y* + 2*) 3,
e) U= e * shky cos mz.

2. Haiigute cocrasmstiontue E, E,, E, HAMPSKEHHOCTU 3JIEKTPOCTATUIECKOTO TTOJIA,
norerian Koroporo a) U = Uya ™™, 6) U = Uye “sin ka, 6) U = Uye * cos ka,
2) U= ar™"sinka, 0) U= (ar" + br™") cos ko sin mz.

3. (P) ABngercsa mu mOTEHITNATBHBIM TTOJIe, HATPSKEHHOCTh KOTOPOTO 3a7laHa BhIpa-
xermneMm a) E=i510%6) E=i7-10°+j5-10%,6) E=iax,z) E=k by, 0) E=i ax’ +j bz,
e)E=iaxy +jax + k ax’?

4. (P) Haiizure moTeHIMa 1MoJis, HanpskeHHOCTh KoToporo a) E = iE;, 6) E = jby,
6)E=kcz*,2) E=iE e ™, 0)E=jE, + kEs, e) E=iax + kcz, ) E=jcy + ka.

5. (P) Kakum ycIoBUsIM JIOJIKHBI YAOBIETBOPITH (hyHKIMN Ey, Ey, E3, 94T00BI 110JIE Ha-
npsekennoctoio a) E=1E +jE,, 6) E=jE, + kE;, 6) E=1iFE, + k E5 6b110 notenmu-
AJIbHBIM ?

6. ITorenian nosst 3agan BoipaxkenueM: a) U= ax, 6) U= ax + by, ) U= ar, 2) U = axy.
Omnpezeure COCTaBJISIIONIME HATPSKEHHOCTH 110Jist. VI3o6pasute jquann U = const
Y JIMHUW HATIPSIKEHHOCTH TTOJIS.

7. (P) [lomyuute BBIpakeHU 7 pacdeTa MOTEHIINAIA U COCTABJIAIONINX HATIPSIKEeH-
HOCTH TI0JisT Ha GOJIBIITMX PACCTOSTHUSX OT PACIIONIOKEHHBIX B yIJIaX KBajipaTa 3apsifioB
+q, +q, —q, —q (puc. B24.1, a) u +q, —q, +q, —q (puc. B24.1, 6).

a A 6 A

Puc. B24.1

8. (P) Hatinure moTeHIIMAN 1 HAPSKEHHOCTH MOJST HA OCH TOHKOTO KOJBITA Pajiiny-
coM R, 3apsZKEHHOTO € TTOCTOSTHHON JTMHEMHOU TIJIOTHOCTBIO T.

9. (P) Haiigure moTeHIua moJs, CO3AaHHOTO OECKOHEYHO JIMHHON paBHOMEPHO 3a-
PSIZKEHHOH TIIACTHHON MIMPUHON 2a ¢ BechMa Masioil TontnHoi d (d < 2a). TloBepx-
HOCTHAsI IJIOTHOCTD 3apsijia IJIACTUHDLI PaBHA G.
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10. (P) HaiiguTe moTennnas u HaIpsSKEeHHOCTD MO, CO3AHHOTO COBOKYITHOCTBIO N
3apsIKEHHBIX MAPAJIIETbHBIX IPYT APYTY OECKOHEYHO VIMHHBIX HUTEN, PA3METEeHHBIX
PAaBHOMEPHO HA MUJINHAPUIECKOH TIOBEPXHOCTH PAANYCOM R TIpU JIMHENHON TIJIOTHOCTH
UX 3aPSATIOB ) Ty =Ty = ... =T,0) Tj= —Ty = t13=—T14, = +15= ... =1. Onpeaeaure 3aKoH
yOBIBaHUSI ITOTEHITHAA U HATIPSIKEHHOCTH TIOJIsI Ha OOJIBIITUX PACCTOSIHUSIX OT HUTEH.
11. (P) IlonmyuuTe BBIpaskeHMs /g pacueTa MOTEHIMANA W HAPSIKEHHOCTH TTOJIS
PaBHOMEPHO 3apsKEHHON € TIOTHOCTBHIO 3apsifia T MPSMOJUHENHON HUTH JTITHON [
B TIIIOCKOCTH, TTEPTICHANKYIAPHON HUTHA M TTPOXOAIIECH depes ee cepenumy.

24.2. YpaBHeHus Jlannaca m lNyaccoHa
BOMPOChI

1. Kaxkoii mo/mkHa ObITh (hopMa TPOBOJISIIETO TeJia, 0OECIIEYNBAIOIIETO YCIOBUE TI0-
CTOSIHCTBA MOTEHIMaa B oObeme V?

2. (O) Kaxkne u3 soipaskennit grad div E, grad E, grad rot A, div grad U, rot grad U,
grad div grad U umeior cmbici?

3. YnosnerBopsier sin ypasHenusim Jlaminaca u [lyaccona norenipasn ajieKTpoctTaTu-
YeCKOTO IM0JIS1 B @) HEOIHOPOIHOM Cpejie, 6) KyCOUYHO-OHOPOIHON CPeJle, 8) OHOPOJI-
HOI cpejie, 2) aHU30TPOITHON OJHOPOIHON cpefie?

4. (O) IlpaBag wactp ypaBuenus Jlammaca paBHa HyJIi0, TOITOMY €TO PelleHueM STB-
sgercd, B yacTHOCTH, HyHKIusA U = const, Tak Kak TOT/Ia KaXKI0€ N3 CJIaraeMBbIX JIEBOI
JyacTH ypaBHeHUsI oOpaiiaercst B Hy b, [louemy ypasHenue Jlamiaca MOKeET HMETh U
UHbBIE PeNIeHus, OTANIHbIe OoT pemeHus U = const?

3. (O) Tosne cosmano 3apsoKeHHBIMU TPOBOJSIIIME Tesamu. KakuM ypaBHeHueM —
[lyaccona nm Jlamiaca oHO OTTMCHIBAETCS?

6. (O) MoryT 11 IOTEHINAJ WJIN €TO TPON3BOHBIE NMETDH Pa3pPBIBBI?

7. (O) Ha 3amMKHYTOI TOBEPXHOCTH, BHYTPU KOTOPOU 3aPsIl OTCYTCTBYET, TIOTEHIINAT
MOCTOsTHEH. UeMy paBeH MOTEHINAJI BHYTPHU MOBepXHOCTU? VI3MeHseTcd M OH BHe
MTOBEPXHOCTU?

8. Kakue 3navyenust npunnmaet bynkius div D @) BHYyTpU 3apsizKEHHOTO MTPOBOJIHMU-
Ka, 6) B OKPY’KAIOIIEM €T0 JU3JIEKTPUKE, 8) Ha MOBEPXHOCTHU 3aPSKEHHOTO TPOBOIHU-
Ka, 2) Ha TOBEPXHOCTU He3apsKeHHOTO MPOBOHUKA?

9. HO[[XOI[HT Ji IO/ TIPAMbBIM YTJIOM K TTOBEPXHOCTU ITPOBOJIHUKA JIMHUN HAIIPAYKEH-
HOCTH JIEKTPUYECKOTI'O 1I0JIA, €CJIN OKPYIKAIollaA €ro AN3JIEKTPUIEeCKaA Cpe/la XapaK-
TEPU3YETCA aHU3OTPOITHBIMU cBoiicTBaMuU?

10. (O) ITouemy 1pu perernn obIIeil 3a1aun IEKTPOCTATUKK YA0OHO BHAYae OIl-
penenaTh MOTEHINAN, a He cpa3y HaNPssKEHHOCTh 9JIEKTPUYECKOTO OIS ?

11. (O) HezapsskeHHOE TIPOBOZIAIIIEE TENO, IIOTEHITUAT KOTOPOTO HEM3BECTEH, HAXOIUTCS

oU
B 3JIEKTpoCTaTHYecKoM Tojie. Kakomy ycsioBUio yoBaeTBOpseT (HyHKIINA an Ha ero
n

HOBerHOCTI/I? Kak usmenurces aTo YCJIOBHME, €CJIN TEJIO 3aPAKEHO U €T0 3apsi/l paBEH q?
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12. (O) Kakas 13 3a1a4 3JIeKTPOCTATHKHI MMeeT HoJiee POCToe PellleHne: a) Tpu 3a-
JIAaHHOM PaCIpe/Ie/IeHU N 3aPsIIOB Ha TOBEPXHOCTSIX MPOBOJHUKOB WJIU 0) TIPH 3ajlaH-
HBIX MTOTEHITHANAX MPOBOAHUKOB? J[M3IEKTPUK, OKPYKAIONTUI MTPOBOIHUK, OTHOPO-
JIeH.

13. Ha 3aMKHYTO# MTOBEPXHOCTH, OXBATLIBAIONIEH OTHOPOIHYIO CPELY, 33JaH MTOTEH-
rast U = const. CBOOOIHbBIE 3apsijibl BHYTPU MOBEPXHOCTH OTCYTCTBYIOT. CyliiecTByeT
JI TI0JIe BHYTPHU TIOBEPXHOCTH? VI3MEHUTCS JI OTBET, €CU @) TTOTEHIINAN Ha TIOBEPX-
HOCTH He MOCTOSTHEH, 0) cpeia KyCOUYHO-0IHOPO/IHA, 8) BHYTPHU TOBEPXHOCTH UMEETCSI
CBOOOHBII 2JIEKTPUYECKUI 3apsii?

14. Moxer i1 Ha [IOBEPXHOCTU BHECEHHOI'O B 3JIEKTPOCTATUUECKOE I10JIe Tesa Ipe-
TepIieBaTh PaspbiB @) MOTEHINAT, 0) HOPMAIbHAS K MOBEPXHOCTH TeJIA COCTABJISIO-
11as1 HaIIPSIKEHHOCTH 1107181, 8) KacaTesIbHas K [IOBEPXHOCTU TeJjla COCTABJISIIONIAsT Ha-
HPSIKEHHOCTH 110J15T?

YNPAXXHEHWA U 3AOAYN

1. (P) IMorennuaibr 0OKIaI0K OJHOCIOWHOTO KoHaeHcaropa paBHbl —Uy u Uy Cun-
Tasi, YTO TMOTEHIMAT B TPOCTPAHCTBE MEKIY OOKJIAIKAMK U3MEHSIETCST TOJbKO B Ha-
[PaBJICHNHN, HOPMATHLHOM K OOKJIAIKAM, OTIPE/IETNTE 3aKOH €r0 M3MEHEHNUs B CIydae
@) TIJIOCKOTO, 0) MUJIMHAPUYECKOTO KOHIeHcaTopa. PaccTosiHie MeXIy OOKIajiKaMu
paBHO d. Pajnyc BHyTpeHHell 0OKIAIKN IIJIHHIPUYECKOTO KOHIeHcaTopa paBeH R.

2. (P) B mpocTpancTBe MEXAY TIIOCKUMU 3JEKTPOIaMHU, TIOTEHIINATBI KOTOPHIX PaB-
ubl 0 u Uy, pacupeneiet 3apsij ¢ 00bEeMOM IJIOTHOCTBIO p. Haiigure moreHman u Ha-
MPSDKEHHOCTD TOJIST B TOYKAX MEXKIY 2JIEKTPOJIaMU, TIPUHUMAS JIUJIEKTPUYECKYTO
MIPOHUIIAEMOCTDb PABHOU € = &) U JIOMYCKAst, YTO T10JIE U3MEHSIETCS TOJBKO B/IOJIb KOOP-
JIMHATBI, OTCYNTBIBAEMON TI0 HOPMAJTH K 9JIEKTPo/iaM. PaccTogHmne Mexy aJieKTpo/ia-
MU PaBHO d.

3. (P) lloTennmaasl MUANHAPUIECKUX COOCHBIX KaTo/a M aHozAa (ux pagmycel Ry, R,
(R, <R,),apnuHa [ 3HaunTEIHHO MPeBbIIIaeT paguychl) pasuel U, = 0, U, = U,. Yactb
MESKATIEKTPOTHOTO TTpocTparcTBa (o1 7= R, 10 7= Ry = 0,5(R, + R,)) 3amosHeHa s1ek-
TPOHAMM € TIOCTOSTHHOI 06beMHOI 1oTHOCTHIO p. Haiiaure sasucumoctu U(r), E(7),
CUUTAL TT0JIE BJIEKTPOCTATHYECKUM 1 He N3MEHSIONIMMCS 110 KOOPIUHATAM OL U Z; € = &
BCIOJTY.

4. Tlokaxwure, uto cocrasigwomue E,, E, E, HAIPAKEHHOCTH 3JIEKTPOCTATHIECKOTO
MOJIS YTOBJIECTBOPSTIOT B OTHOPO/IHON cpejie ypaBHeHuo Jlarmaca.

5. (P) B npocTpaHcTBe MEXKIY 3a3¢MJICHHBIMU OOKJIJKAMU TJIOCKOTO BO3YITHOTO
KOHJICHCATOPA PaCIpe/ieJieH 9JIEKTPUYECKHN 3apsijl IOTHOCTBIO @) p = py = const,
6) p=ax, 6) p=py+ax,z) p=ax’+bx+ py, ) p=ppe™’, e) p=poe ™, %) p = p,, sin kx.
KoopauHaty x OTCUUTBIBAEM BJIOJIb HOPMAIH K OOKJIA/KAM.

Haiigure noTeHIman 1 HAPSKEHHOCTD T10Jst. PacctosiHue Mexy OoOKJIajKaMu
paBuo 2d. ITpumure p # 0 ipu 0 < x < d u p =0 npu d < x < 2d; € = g, BCioy.

6. (P) B cpene ¢ nuanekTpudaecKoil IPOHUIIAEMOCTDIO € = 2g( MTOTEHITUAJ JEeKTPOCTa-
TUYECKOTO 110181 BBIpaxkaercs ofHoi us dopmymr: a) U = ax, 6) U = ax’+ bx + U,
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6) U= U, + ax’, 2) U= Uye™, 0) U= U, sin kx, e) U= U, <, o) U= U, sh kx, 3) U= ar*,
r

wU=ar>+br 2+ '+ U,.

Omnpeenure, CyIecTBYET Ji B 00JIACTH 9JIEKTPUYECKUI 3apsil U pacCYrTaiiTe ero
IIJIOTHOCTD.
7. Mosxer sin B obsractu, re o6beMHast TJIOTHOCTD 3apsiia paBHA HYJIIO, TIOTEHITHAI
HJIEKTPOCTATUIECKOTO TOJIsT OBITH MPEICTABIEH BbIPAKEHUEM:

a) U=ax>+ by* + cz,6) U=axy + byz + cxz,8) U= ax’ + bxy + cz>, 2) U=arcos a,
) U=2+br?
r

8. Omnpenenure 0ObEMHYIO IIOTHOCTH 2JIEKTPUYECKOTO 3apsijia, MOTEHIIHAT KOTOPOTO
pasen a) U= axyz, 6) U= axy’z. [uanexrpideckas MPOHUIIAEMOCTD CPe/Ibl PABHA .
9. (P) Ha mununapudeckoii moBepXHOCTH PafNyCcOM R TTOTeHITHAT U3MEHIEeTCs TI0 3a-
kony U = U, sin ka, rae k — HeKoTOpOe 11es10e ToJIoKkuTenbHoe yrcio, 0 < a < 27.
CuuTas, 94To moJie ABJSEeTCS II0CKOTapaIeIbHbIM, HalinuTe iotennnan U(r, ) u Ha-
NPSKEHHOCTD E(7, o) TIOJIS B IPEITIONOKEHNH, UTO € = £y BCIOAY. YOEAUTECh B TOM, UTO
npu k = 1 BHYTPH TIOBEPXHOCTH TI0JIE€ OJHOPOHOE.

10. (P) Chopmysupyiite coobpaskeHus, OTpeesioliue BbIO0p CUCTEMBI KOOPAH-
HAT, B KOTOPOH I1eJ1eco0Opa3Ho 3auchiBaTh U pelaTh ypaBHenust Jlammaca u ITyac-
CoOHa.

11. TImockuit KOHIEHCATOP COMEPKUT £ CIOEB AMAIEKTPUKA, TIPOHUIIAEMOCTH KOTO-
DBIX PABHBI €1, €9, €3, ..., & [|OBEPXHOCTHU paszjiesia IUIJIEKTPUKOB — IJIOCKOCTH, MapaJ-
JieJIbHbIE OOKIaJIKaM KOHIeHcaTopa. 3alliiiiTe TPAaHUYHbIE YCJIOBUST IS TOTEHIIHAA
U eTo MTPOU3BOIHON HA TOBEPXHOCTU MesxKy i M i + 1 crogmu. [logcuanTatite yncio mo-
CTOSIHHBIX 1TPY MHTErPUPOBAHUN ypaBHeHUN Jlamiaca u 4ucjio yCJOBUi JIJIsT TIOTEH-
[[UAJIa ¥ ero MPOU3BOHOM.

12. (P) IlpoBozsiiee Teao € MOJOCTHIO, TIOMENEHHOE B 2JIEKTPOCTATUYECKOE ITOJIE,
npuHUMaeT rotenruan U. Haligute moTeHImaa B MOJIOCTH.

13. (P) bBeckoneuno AaMHHBIN MPOBOAAIINN TUJINH/IP PAANyCcOM R TTOMeleH B HOP-
MaJbHOE K €r0 OCH OJHOPOAHOE 3JIEKTPOCTATHMYECKOe TI0Jie HaIMpPsKEeHHOCTHIO
Ey=100 B/m. Ncrionb3ys penienye yrpakHeHus 9, HaiiinTe MJIOTHOCTD HaBeJIEHHOTO
Ha TTOBEPXHOCTHU IUJIMHPA 3apsijia, TPUHUMAas BHE ITUJINHAPA € = &.

14. (P) B mpocTpaHCcTBO MeKIy OOKJIaJKaMu MJIOCKOTO BO3LYITHOTO KOHAEHCATOPA,
paccrosinue Meskay KotopbiMu d = 2 M u Hanpstkenne Uy = 10 B, BcrasiieHa Hesapsi-
JKeHHas1 TPOBOJISIIAS TJIACTUHA TOIMHOM dq = 0,2 ¢M, TIOBEPXHOCTH KOTOPOH MapaJ-
JIeJIbHBI OOKJIa/IKaM. PaccTostHie OT TIACTHHBI 10 OOKJIAIKK, TOTEHIIHA KOTOPOI pa-
BeH HyJI0, dy = 0,5 cm. Paccunraiite noreninman U(y) n HanpsikeHHOCTH E(y) 1oJis B
Tpex 00/acTsX: B IUIACTHHE W B ABYX BO3AYIIHBIX CJI0AX (OCh Y MepHeHIUKY/IsSApHa
IJIACTUHAM ).

15. (P) Pemure npeabiynyio 3ajia4qy mpy yCJIOBUH, YTO KOHEHCATOP IUIUHAPUYE-
CKUH, paiuychl 00KIaI0K KOTOPOro Ry =2 MM, Ry = 5 mm. ToJriuHa mpoBoIsIIero mu-
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JIMHJIPa, COOCHOTO ¢ 0OKJIaKaMi KOHAeHcaTopa, di = 0,2 MM, PacCTOsIHIE OT HEro J0
BHYTpeHHeN 00KIaaku dy = 1 MM.

16. (P) BuiBequTe ypaBHeHMe, KOTOPOMY yIOBJIETBOPSIET IoTeHIMan U B HEOJHOPO/I-
HOM JINBJIEKTPUKE C TPOHUIIAEMOCTBIO € = f(X, ¥, 2).

17. Ha 3aMKHYTOIl TOBEPXHOCTH S 3a/1aH MoTeHIMal. B ob6sacTi, orpaHn4eHHOI 3TOit
MOBEPXHOCTHIO, MMEIOTCsT ¢BOOOIHbBIE 3apsijibl. [IpelioskuTe MOAXO0/ K OTPEIeIeHII0
1OJIs1 B 00JTaCTH, OCHOBAHHBIN HA METOJIe HAJIOKEHMSI.

24.3. NMnockonapannesbHOE 3J/IeKTpocTaTU4ecKoe rnone
BOMPOCHI

1. Hoquy npn I/1306pa>KeHI/II/I KapTHUHBI IIJIOCKOIIApaJIJIEJIbHOTO I10JIA JIMHUK TTOCTO-
SHHBIX 3HAYeHUI IoTeHIIMaJIa IIPOBOJAT TakK, YTOOBI IIprpalleHne nNoTeHiasa Mexay
COCeHUMMU JIMHUAMM COXPAHATIOCh O/THUM U TEM xKe?

2. Touemy simHuK V = const HAHOCAT Tak, YTOOBI pUpaleHue (GYHKIUU TOTOKA TPU
mepexojie OT HEKOTOPOI JTUHUW HATIPSIKEHHOCTH TIOJIST K COCeHeH COXPaHsIoch Io-
CTOSTHHBIM?

3. KakoBa cBA3b MexkIy (byHKIIHEN TOTOKA U 3aPSI/IOM MPOBOAHUKA HA €IUHUILY JJTH-
HBI?

4. MoxHO T TIPY UBYYEHUN TI0JI, XapaKTEePUCTUKU KOTOPOTO SBJSIOTCS (hyHKIIHS-
MU KOOPAMHAT X, Y, Z, BBECTH TIOHITHS @) TIOTEHIMaIa, 6) GYHKIINU MOTOKA?

5. CoxpanseT 1 QYHKINS MOTOKA MTOCTOSTHHOE 3HAYEHWE Ha TIOBEPXHOCTH TIPOBOJI-
HUKa?

6. (O) llouemy norennman u HYyHKIUSI TTOTOKA, YAOBICTBOPSS OMHOMY M TOMY Ke
YPaBHEHMIO, HE COBMA/IAIOT, T. €. ABJAIOTCS PA3TUYHBIMU PYHKIINAMU ?

7. (O) Ilouemy B 3a1a4ax 37EKTPOCTATUKN Yallle penaioT ypaBuenue Jlanmaca oTHO-
CUTEJIPHO MOTEHIINANA, a He (PYHKIUU TTOTOKA?

24.4. Metoa KOMMJIEKCHOro nNoTteHuuana

BOMPOCHI

1. KakoBa pa3zmMepHOCTb KOMIIJIEKCHOTO TTOTEHITHaa?

2. (O) 3aman KoMILIEKCHBIN TToTeHTan ((z) moad. Kak onmpeneauts hopmy ITPOBOI-
HHKOB, I10JI€¢ KOTOPbIX OH ONUCHIBAET?

3. (O) MosHo 711, 3HAST KOMILJIEKCHBIN TIOTEHIINAT TI0JIsI, ONTPEAEeNUTh TIJIOTHOCTD 3a-
psiZia Ha TIOBEPXHOCTH 3aPSIKEHHOTO MTPOBOHUKA?

4. KoMIuieKkCcHbIe TIOTeHIIUAbI IBYX TI0JIel Pa3anJyaroTcs Ha ocTosiHHOoe yucio Cp + jCs.
OnuHAKOBHI U HATPSKEHHOCTH E(X, y) 1 coctaBmsaioniue HanpsokenHoctu E(x, y),
E,(x, y) atux momei?

9. (O) MosKHO /i KCIIOJIB30BaTh MMOHSITHE KOMILJIEKCHOTO IOTEHIIMAJA /IS pacueTa
1T0JIsI B HEOJTHOPOIHOU cpejie?
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6. Ha xakoM OCHOBaHUHU MOKHO 3aKJTIOYNTH, yTO GyHKIws § = Aj In z + C sBasiercst
[IPU COOTBETCTBYIOIIEM BBIOOPE TIOCTOSTHHBIX KOMILIEKCHBIM TIOTEHITUAIOM JIEKTPH-
YeCKOr'o I10JI51 3apsUKEHHOr0 1IPOBO/a KPYIJIOrO ce4eHus?

7. 3aBUCHUT JIM KOMILJIEKCHBIN TTOTEHIIMAJ 3aPSKEHHOTO YeJIMHEHHOTO MTPOBOJIA KPYT-
JIOTO CEUEeHUsI OT €TO paamyca?

8. Mosxno s n306pasuth junun U = const u V = const BHyTpPH 3apsizKEHHOTO TIPO-
BOzma?
. T T .
9. Bre 3apsuKEHHOTO TIPOBO/IA KOMILIEKCHBII TIOTEHIHAT paBeH { =——0 — —— jln7r+
2me 2me
+ C; + jCy. KakoB KOMILIEKCHBIN MOTEHIINAT BHYTPHU TMIPOBOAA?

10. V3ameHuTCS I KOMILJIEKCHbBII TOoTEHIINAJ TI0JIA 3aPpAKEHHOTO OECKOHEYHO JJINMH-
HOTO HpHMO]II/IHGﬁHOFO IIpoBO/ia, €CJIM IIPOBO/ ITIOMECTUTH B O/THOPO/IHOE SJIEKTPpUYE-
CKOE€ I10J1€, HAIIPAKEHHOCTb KOTOPOI'O HallpaBJ/IEHA IIOIIEPEK OCHU HpOBOZIa?

11. V3mensercss 1 KOMILJIEKCHBIH TIOTEHIIMAT B TOYKeE, IepeMeIalolieiics BI0b
@) JIMHUU HANIPSAKEHHOCTH T10Jis1, 6) JIMHUK ITIOCTOSTHHOTO HOTeHI[raa?

12. (O) ITouemy mipu KoHGOPMHOM 0TOOPaKEHUN 00IACTH COXPAHSIETCS HEU3MEHHOI
€MKOCTb MEKJY TeJIAMU, BEJlb PACCTOSTHUE MEXKY HUMH U3MEHSIETCS?

13. B kakoMm cJirydae MpoBOJI PaycoM cedeHust R pu KOH(GOPMHOM OTpaskeHu# 00-
JIACTH C HOMOIIbIO YHKIMK § = 2> COXpanuT cBoio Gopmy B mockocti {? MosxeT m
COXpaHUTHCsE (hopMa MPOBOIOB ABYXIIPOBOAHON JIMHUU IIPU TAKOM OTOOPaKEHUH?

14. Paccrosnne Mex1y JUHEHHBIMU ITPOBOJIAMM C KOOPJAMHATAMU X1 + jyi, Xy + jyo
paBHo 7. Kakum oHo Gyner mpu KOH(MOPMHOM OTOOpaskeHHH obsacTu (yHKIMed

a)(;:ez,6)Q:shz,e)qzaz+b,z)§:z+1?
z

15. (O) Coxpansiercs Iu HeM3MEHHBIM MIPKU KOHMOPMHOM 0TOOPaKeHUN 00JIaCTH 110~
TOK BEKTOPA HATPSIKEHHOCTH CKBO3b 3aMKHYTYIO ITOBEPXHOCTh, OXBATHIBAIOIIYIO 3a-
PSDKEHHBIN TTPOBO/T?

16. (O) MozkHO s Onpe/IeTUTh CUTY B3aUMOJICHCTBUS JABYX 3aPSKEHHBIX JINHENHbBIX
MIPOBOJIOB, PACCYUTHIBAS €€ 10 3HAYEHUSM JIMHEHHOW MJIOTHOCTH 3aps/ia W Hamps-
JKEHHOCTH TOJIs1 B 00J1aCTH ® TIPU KOH(OPMHOM 0TOOpaskeHIH 00JIaCTH Z € TIOMOTI[HIO

dbynxiun £(z)?
YMPAXEHUA N 3AOAYN

1. (P) 3amumure KOMIJIEKCHBIN TTOTEHIIMAT OHOPOIHOTO TIOJIS.

2. 3anumuTe ypaBHeHU JuHUHN (pyHKINU nmoTtoka V(x, y) U TUHUN 9TeKTPUIECKOTO
notentnana U(x, y) 1o BRIPAKEHUIO KOMIIJIEKCHOTO TIoTeHITnasia nosst a) {(z) = Az + B,
6) {(2) =AZ,6) {(z) =AInz+ B,2) {(2) =AjIn z + B, 0) {(2) = A2®°. HaiiauTe nanps-
KeHHOCTb E(x, y) mona u ee coctasnsiomue E(x, y), E(x, y).

3. O6bsicuute embica pasuoctt AV = V(xy, yy) — V(xo, yo).
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4. (O) OO6bsicHUTE IPUYKMHY TPYAHOCTEH pacyera IOJsl METOIOM KOMILIEKCHOTO T10-
TeHI[Maa B KyCOYHO-OHOPOIHON cpejie.

5. 3anunmTe KOMIUIEKCHBIN ITOTEHIINAI TT0JIST 3aPSPKEHHOTO IIPOBOJIA KPYIJIOTO ceve-
HUS B IPSMOYTOJIBHON CUCTEMe KOOPJAUHAT.

6. (P) 3anumute KOMIIEKCHBIN MOTEHIIUAM TOJS 3aPSKEHHOTO TTPOBOJIA KPYTJIOTO
ceyeHus, TIOMEMIEHHOTO B O/THOPO/IHOE T10JIe, HAIIPS’KEHHOCTDh KOTOPOTO MePIeH/INKY -
JIIPHA OCH TTPOBOJIA.

7. (P) 3anumuTe KOMILIEKCHBII MMOTEHIIUAM TIOJIS IBYX TOHKUX MTPOBOJIOB KPYTJIOTO
CevyeHUs1, paccTosiHUE d MEsKLy OCSIMU KOTOPBIX PaBHO 1 M. 3apsi/ibl Ha IMHUILY [IJIU-
HBI IIPOBOJIOB @) Ty = Ty, 6) T = —To.

8. (P) 3amummTe KOMIJIEKCHBIN MTOTEHITNA U HATPSIKEHHOCTD 110J1s1 N TTPOBOIOB, 3a-
PSUKEHHBIX € JIMHEHOU TIJIOTHOCTBIO 3apsifia T KaKAbIN, pacipe/leIeHHbIX paBHOMEP-
HO 110 OKPY’KHOCTH PafycoM R 1 06pas3yIonux «paciielyieHHy0» (hasy JUHUK Tie-
penaym.

9. (P) 2N nuHENHBIX TPOBOJIOB € 3apsi/laMU IJIOTHOCTBIO +T U —T PACIIOJIOKEHBI PaB-
HOMEPHO TI0 OKPY>KHOCTH PajnycoM R Tak, 4TO COCE[HUE MPOBOJIA UMEIOT 3aPs/Ibl
pasHbIX 3HAKOB. HalijinTe KOMIIIIEKCHBIN TIOTEHITUAT TIOJIS.

10. (P) 3anummre KOMNJIEKCHBIH TTOTEHITMAT W BBIPAKEHHE [IJIs1 HANPSKEHHOCTU
MOJIS IBYX JINHEHHBIX PAa3HOUMEHHO 3aPsKEHHBIX TPOBOJIOB, PACTIONOKEHHBIX @) Ha
OCH Y Ha PacCTOSTHUU 2 A IPYT OT ApyTa, 6) HA OCH X Ha pacCTOsTHUU 2d ApyT OT Apyra
CUMMETPUYHO OTHOCHUTEJIBHO Hauajla KOOPAUHAT.

11. (P) IIpoBos pasmycom cedernst R pacrioyioskeH BHYTPH IBYTPAHHOTO yTJa o, 00paso-

do

BaHHOTO MIPOBO/AIIMMHY INTIOCKUMU NIOBepXHOCTAMU. Paccunraiite pagnyc R, = R .
z
z
IIPOBOJIA B TJIOCKOCTH @ MPH KOHGOPMHOM 0TOOpakeHnu obnactu GyHKIneH o = z
B TIPEANOJIOKEHNH, YTO TPOBOJ JUHEWHBIN, MPUHUMAs KOOPAWHATY OCU TIPOBOZA
B IUIOCKOCTH Z PAaBHOH 2, = 7rye’®. Ormennte BeImunHy AR OTKJIOHEHHS KOHTYpa

=2
/o

IIpoBO/Ia OT KPYTOBOI'O B IIJIOCKOCTU .

12. B ycnoBusax npenpiyIeii 3a1a4u MpoBoj] uMeeT oTentmai Uy OTHOCUTETBLHO TIPo-
BOJIANINX TIOBepxHOCTel ¢ moTenimuanom U = 0. Paccun- t N "
TaliTe KOOPJAWHATHI HECKOJIbKUX (6 + 8) Touek JUHUMH, \1//00"54,\] Y 0%"'
MOTEHIIMAJI KOTOPOIl mnocrostier u paBeH U = 0,50, u
MOCTPOIATE 3TY JIMHUIO.

13. Ilpunumas AMaJIeKTPUYECKYTO TIPOHUIIAEMOCTH Cpe- n

IIbI, OKpYsKatolieil m3obpaskernbie Ha puc. B24.2 nmposo- |~
Jla, PaBHOU &), pacCUMTAlTe @) 3apsji IIPOBOJIA Ha e/IH- + -
HUILy €ro JJINHBI, 0) HalpsoKeHHe MeXKIy MPOBOAAMHE v v ™~

8) EMKOCTb IIPOBOIOB HA €IUHUILY JITUHBI [IPU YCJIOBUH,
uTo TTOTOK TpyOKU AV = 50 B 1 Hampsikenue MesIy co-
CeIHUMH JIMHUSIMY paBHOro notenunuana AU = 50 B.

Puc. B24.2
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24.5. dneKTpocTaTuyecKoe noJsie npoBoAoB KPYyrioro ce4yeHus

BOMPOCHI

1. B xakux TOoYKax ABYX MapalJIeTbHBIX TTPOBOIOB KPYTJIOTO CEYEHUS TJIOTHOCTH 3a-
psijia, a TaKsKe HAIPSIKEHHOCTD T10JIst IPUHUMAIOT HarboJibine (HauMeHbIIMe ) 3Haue-
HUSI, €CJIM TPOBO/A MMEIOT 3apsi/ibl d) OJIHOTO 3HaKa, 6) Pa3HBIX 3HAKOB?

2. CoBIa/IatoT Jii TeOMETPUYECKUE W DJIEKTPUYECKIE OCH @) YEIUHEHHOTO 3apsKeH-
HOTO TIPOBOJIA KPYTJIOTO CedeHust, 6) JABYX KPYIJIbIX MPOBOJOB C 3apsilaMi Pa3HbIX
3HAKOB, 8) /IByX KPYTJIBIX TIPOBOJIOB C 3apsi/laMU OJHOTO 3HAKa?

3. Moxer i QJIEKTPUYECKasA OCb IIPOBO/JIA PacCiiojiaraTbCd BHE €Tr0 ceueHus”?

4. VI3mensieTcst Ji paccTosiHue MeX/y TeOMETPUYECKON 1 AJIEKTPUYECKOI OCSME MTPO-
BO/la ITp1 M3MEHEHUU BBICOTHI €r0 ITo/[B€Ca Ha/l TIJTOCKOI ITOBEPXHOCTBIO 3eMIn?

5. Y Kakoro u3 /IByX Pa3HOMMEHHO 3apPsKEHHBIX MPOBOOB PA3JIUYHBIX PA/IYCOB
IJIOTHOCTH 3apsiia IMeeT HanOOoIbIee 1o MOLYJTIo 3Hadenne? Ha moBepxXHOCTH KaKo-
rO U3 MPOBOIOB HAMPSIKEHHOCTD TOJIST IOCTUTAET HAMOOJIBINETO 3HAYECHIIST?

6. MoxxHo i, ornpesie/TuB MOJIOXKeHNe 3JIeKTPUYECKNX Ocell MTPOBOJIOB, PacCYUTATh

HATPSKEHHOCTD TOJIS, TIOTh3YSACh BhIpakenneM E = B TOYKaX @) BHE MPOBOJIOB,

2mer
6) BHYTPHU TIPOBOJIOB, 8) Ha UX MOBEPXHOCTH?
7. KakoBo 1osoxeHme MI0CKOCTH HyJIeBOTO TIOTEHIHAA BYX MMPOBOJIOB pasinycoM R
Kakprit 1 morenruagsamu —Uy u Uy ?

8. B HekoTopoit obsactu rycroTta auHuii V = const 6oJibliie, 4eM B IPyTrUX 00J1acTsIX
Takoh ke miomaan. Kakoe 3akiaroueHre MOXKHO CeJaTh O TyCTOTe JIMHUI PaBHOTO
MOTEHIMAIA B 9TUX 00J1aCTIX?

YNPAXXHEHWA 1 3AOAYN

1. PaccuuraiiTe HaIPSXKEHHOCTH TIOJS U TIJIOTHOCTD 3JIEKTPUYECKOTO 3apsifia Ha TO-
BEPXHOCTH TIPOBOJIOB KPYTJIOTO ceueHus Npu 3ajjanHoM a) Hanpsikenuu U = 1000 B
MeXJLy TIpoBoAaMH, 6) muneitnoit motnoctn T = 1,5-10 Ki/m ux 3apsanos. Paccros-
He D MeKy TeOMETPHYECKUMHU OCSIMU TTPOBOJIOB U UX PAJIUYChl IPUBEIEHBI B Tab-
JIUTIE:

Ry, c™m 3 4 5 6 7 8 9 10 1 12 13 14

Ry, cm 1,0 | 1,5 1 20 | 25| 30 | 35| 40 | 45| 50 | 55| 60 | 65

D, cm 5 7 9 1 13 15 17 19 21 23 25 27

2. (P) Paccunraiite HanGoJIbliie 3HAYCHUST HAMPSDKEHHOCTU JIEKTPUIECKOTO TIOJIST
Ha KOHTYpaX CeUeHMi IUIMHAPOB TIPU WX PaCIoioKeHnn coracHo puc. B24.3 (R; =1 cm,
Ry=2cm, AjAy =d =3 cm) u puc. B24.4 (Ry=1cm, Ry=5cM, AjAy =d =1 cm).
JluneitHble TIOTHOCTH 3apsioB Ty = —Ty = T = 1070 Ki1/M, anasmexTpideckas mpoHi-
I[AeMOCTb CPe/Ibl &
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Puc. B24.3 Puc. B24.4

3. (P) IIpu ycnoBusax mpeabIAyIell 3a[aun OMpeieJInTe HAPSKEeHNe MEXIY IITITH-
JPaMu, PU KOTOPOM HAIIPSKEHHOCTD 110Jis1 E, - jocturaet sHadenust Ey,, =30 kB/cm.

24.6. KapTuHa aneKTpocTtaTUu4yecKkoro rnons
BOMPOChI U YMPAXXHEHUS

1. (O) IIpaBuibHO JI OCTPOEHA KapTUHA MOJIsl, €CJIU TYefKU CeTKH, 0Opa3oBaHHble
muausivu V= const u U = const, IpecTaBIsiior coO0i MOA00HbIE a) YeThIPEXYTOJIb-
HUKHU, 6) TPEYTOIbHUKH, 6) MIEeCTUYTOJbHUKN?

2. B mose 3apsyKeHHOTO TTPOBOJIAa HAXOAUTCS He3apsKeHHBI MpoBoz. KakoBo coor-
HOIIIEHUE MEXK/Y YUCJIOM BXOJSIIUX U BBIXOJSIINUX U3 HE3aPSI’KEHHOTO MMPOBO/IA JIU-
HU HAPSKEHHOCTH MOJIS?

3. B oiHOpPOIHOM T10JIe HAXOIUTCS 3apSI?KEHHBIN TTPoBO/I. PaBHO T 4110 BXOJASIINAX
B TIPOBO/I CUJIOBBIX JIMHUI YMCJTY BBIXO/SANUX U3 HETO JIMHWH ?

4. (O) MosxHO Ji1 1306pasuTh KapTUHY 110151, COOJI0ast TpebyeMble MpaBujIa ee 1mo-
CTPOEHUS, €CIM B 3JIEKTPUUYECKOM TI0JIe 3aPSPKEHHBIX MTPOBOJIOB MMEETCS TeJo, /U-
3JIEKTPUYECKAs ITPOHUI[AEMOCTh KOTOPOTO OTJINYAETCST OT IPOHUIIAEMOCTH OKPYsKalo-
el cpeibl?

5. B nenTpe Kakoil 13 ABYX sS4eeK KapTUHBI TOJIS HAIPSIKEHHOCTh GOJIbIIeE: B TYeiKe
GOJIbILIEro MU MEHbBIIETO pasMepa?

6. 3apsKeHHBIN TPOBOJI OXBaYeH METALIIMYECKOI 000I0UKOiT, KOTOpast @) coefinHeHa
¢ 3eMJIeld, ) N30JIMpOBaHa U He 3apsikeHa. V3o0pasuTe 1JIst 9TUX CJlydaeB JIMHUN Ha-
HPSKEHHOCTH 9JIEKTPUYECKOTO TIOJIst B 00J1aCTH, OXBa4e€HHOI 000JI0YKOM, 1 BHE €e€.

24.7. MeToA MHTErpasibHbiX ypaBHEHUMN
BOMPOCHI

1. (O) ITouemy mipu 3aMeHe HEOTHOPOIHOU CPEbI C TUAIEKTPUUECKON TTPOHUIIAEMO-
cThio B 00beme V;, paBHOI €; = &;(X, ¥, ), Ha OAHOPOIHYIO C AUIIEKTPUIECKON TIPOHM-
[[AEMOCTBIO &, KPOMe OOBEMHBIX 3aPSII0B IPUXOANTCS BBOAUTD €IIE 1 TIOBEPXHOCTHBIE?
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2. (O) Ilpu cBemenun cpepl K OHOPOIHON W BBEAIEHNN HA MTOBEPXHOCTHU S TIPOCTOTO
CJI0S1 3apsLI0B IUIOTHOCTBIO G BeJIMYMHA CKAadKa COCTaBJISIONIEl HanpsikeHHOCTU E),
I10JISI COXPAHSIETCsI TOH Ke, YTO U B KyCOUHO-0JHOPOAHOII cpeze. CoxpaHsiercs 1 Ipu
9TOM HEM3MEHHOH BeJIMYMHA CKauKa KacaTeJbHON cocraslsionieil D, BeKTOpa 3JeK-
TPUUYECKOTO CMEIIeHNs ?

3. (O) MoxHo 1 Ipu CBeIEHUN CPesibl K OJHOPOMHON Ha MOBEPXHOCTH S TeJia pas-
MECTUTH BMECTO MPOCTOTO JBOWHON CJIOi 3apsiioB, 00ecrmednBaionuii TpedyeMbit
CKAYOK KAcaTeJbHOU COCTABJISIONIEN BEKTOPA IEKTPUUECKOTO CMEIEHMsT?

4. (O) Teso u3 BemecTBa ¢ ANIIEKTPUIECKON [IPOHUIIAEMOCTBIO € # €, HAXOJUTCS B

BO3/1yX€ BO BHCIITHEM II0JIE. Kaxum WHTErpaJibHbIM CBOIICTBOM XapaKTepU3yeTcsA IJ10T-
HOCTb BTOPWYHbIX UCTOYHUKOB?

24.8. MeTtop 3epKasibHbIX U306paxxeHnin
BOMPOChI

1. Kak omnpenenmnTs MJIOTHOCTD 3aPsIZIOB, MHAYITUPOBAHHBIX HA TTOBEPXHOCTU TTPOBO-
JSIeil cpeibl, MOMb3YSICh METOAOM 3€PKAIbHBIX M300pasKeHMii?

2. CoxpaHsieTcs JIi HEM3MEHHbBIM TIPU BBEJIEHNUH 3ePKaIbHO N300PasKeHHBIX B IIPOBO-
JISTIIIEl cpefie 3apsIIoB TI0JIE @) B AUIJIEKTPUKE, T/IE PACTIONOXKEH 3apPsKEHHBIH TPOBO/,
6) Ha TpaHuIe TPOBOIAIIECH CPEIbl CO CTOPOHBI AUAJIEKTPUKA, 8) Ha TPAHMIIE MTPOBO-
JISTIIIEN CPelbl CO CTOPOHBI TIPOBOJISIIEI CPEIbI, 2) BHYTPU TIPOBOJISIIEN CPEBI?

3. MOsKHO JIM BOCIIOJIb30BAThCS METOLOM 3E€PKAJbHBIX U300pakeHUil it pacuera

TIOJIA 3aPAKEHHOI'0 Tejla KOHEYHBIX Pa3MEPOB, HAIIpPUMED IIPOBOJAAIIETO IIapa, paciio-
JIOJKEHHOI'O Ha/l TIJIOCKOM TIOBEPXHOCTbIO HpOBOJIHH.Ieﬁ cpezu,l?

4. Cyefryer Jivl IpU IPUMEHEHNUT METO/Ia 3ePKATbHBIX N300PaskeHU C/1e1aTh OTOBOP-
Ky O TOM, YTO 3apsiZKEHHbIE TIPOBOJIA OJIKHBI OBITH JIMHEWHBIMI?

3. (O) Tlouemy TOJIBKO TIPU TIEJIOM 71, OTIpE-
nesstiotiieM yron o = ©t/n (puc. B24.5), Bo3-
MOJKHO IIPUMEHEHHE METO/A 3ePKAbHBIX H30-
Gpaskennii? Kakoii mmyTh pacuera moJist BO3MOKEH
mpu o, # /n?

6. CKOJIbKO 3epKaTbHO H300PasKEHHBIX ITPOBO-
JTIOB JIOJIKHO OBITH YUTEHO MPU pacuere OIS 3a-
PSKEHHOTO TIPOBO/IA, PACTIONOKEHHOTO BHYTPH
npsiMoro (o = 1t/2) yria, 06pasoBaHHOTO MPO-
BOJIATITIMU TIOBEpXHOCTIMU? KakoBo umcio 3ep-
KaJIbHO M300paKEHHBIX TIPOBOIOB MIPH 0L = TT/71,
ecam n — 11esioe yncyo? (em. puc. B24.5)

Puc. B24.5

7. (O) 3apsuKeHHBIN TPIMOJIMHENHBIN TTPOBOJ PACTIONOKEH B AUITIEKTPUKE Tapa-

JICJIbHO IIJIOCKOCTH, Ha KOTOpOIL/,I 3a/laHO yCJIOBUE ai = 0. MosxHo 1u IIPUMEHUTDH MeE-
n

TO/ 3€PKaJIbHbIX 1/1306pa>1<eH1/1171 JJIA pacdeTa I10JiAd B ILI/IS]IGKTPI/IKC?
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8. (O) Ha ogmoii ctoposre (x = () mpsamoro AByrpaHHOTO yTJia 3amano yeaosue U = 0,

a Ha znpyroii (y =0) — n = 0. MOKHO /I IPUMEHUTD METOJ 3€PKAIbHbBIX U300pasKe-
n

HUI 71 pacdeTa I0JIsl B AUDJIEKTPUKe?
YMPAXHEHUA

1. (P) IIposox pamiycom R = 0,5 cM MPOTSIHYT HaJ[ IJIOCKON TTOBEPXHOCTDHIO 3eMJTH Ha
Boicote i = 13 M. Onpeziesre MIOTHOCTD 3apsiia Ha MOBEPXHOCTH 3€MJIU ITPH HATIPSI-
SKeHMH MesKIy TpoBomoM u semieit U= 110 kB. Haiiaute otHomenue A/R, ipu KOTO-
POM MOTPENTHOCTD PacyeTa MoJisl Ha TTOBEPXHOCTH 3eMJIH He pesbiinaet 1,0 % mpu jo-
MYIIeHNnH, YTO pajinyc 1poBoza R ~ 0.

2. (P) Paccuuraiite, moJib3ysiCh METOIOM 3€PKAIbHBIX M300paKeHMil, CUITY, JeiicT-
BYIOIIYIO Ha MOJ[BENIEHHbII B BO3/[yXe HA BbicoTe £ = (0,5 M Ha MIOCKOIT TTOBEPXHO-
CTBIO 3eMJIM TPOBOJI, JIMHEHAs MIOTHOCTH 3apsza KoToporo pasta 1070 Ku/m. [u-
AJIEKTPUYECKYIO TTPOHUIIAEMOCTD 3€MJIN TTPUMUTE PaBHOM €, = g;, v, = 0.

3. B npocTpancTse (€ = gy) MeXAY ABYMs IIPOBOIANINMH MTAPAJIJIETbHBIMU TIJIOCKUMHU
MTOBEPXHOCTAMHU, MOTEHITNAIBI KOTOPBIX PaBHBI HYJIO, PACIOJOKEeH TOYEUHBIN 3a-
psn g. [Toab3ysich METOIOM 3ePKaIbHBIX M300paKeHUH, YKaKUTe 3HAKU M PACIIONO-
JKeHre M300paskeHHBIX DIEKTPUYECKX 3apsfoB. PaccumnTaiitTe MOTEHIIMAT W HATIPS-
JKEHHOCTb TI0JIsI TIPU PACCTOSIHIK MEK/Y MMOBEPXHOCTSIMU, PABHOM d, M MEXKLY 3apsi-
JIOM U OJHOU M3 [IOBEPXHOCTEH, paBHOM /.

4. YkakuTe 3HAKU ¥ PaCHOJIOKeHNe 3ePKalbHO M300pakeHHbIX 3apsIOB B YCIOBH-
SIX TIpeABbIAyIIell 3aauu, TPUHUMAas A7 ofHOoU u3 nmoepxHoctelr U = 0, a a4 apy-

roin — — = 0.
on

24.9. MeTopa pa3ageneHns nepeMeHHbIX
BOMPOCHI 1 YMPAXXHEHMUS

1. (O) 3azmaua pacyera 1oJist B MPSIMOYTOJBHON 00JIACTH PEllleHa METOIOM pasjielie-
HUS TiepeMeHHbIX Tpu yeaoBusx U= 0 Ha ctoporax x =0unx=a, U=0mpuy =0
u U= Uy upu y = b (cMm. puc. 24.35). VIamensiTest i cOOCTBEHHBIE YNC/IA U COOCTBEH-
Hble hyHKIMK 3a1a9n 1pu 3agannu yeaosuii U= 0 na croponax y =0,y =b, U= 0 npu
x=0,U=U,upu x=a?

2. (P) Ha cropoHax mnpsiMoyroJibHON obJsiactu 3aaHo yciosue Buga oU/on= f, tae
GbyHKIMS [ pasinvHa Ha Kaskaoil U3 cTopoH. ENUHCTBEHHOE JIM pellieHne UMeeT 3a-
Jlaya pacyeTa MOTeHI[Mala BHYTPU OOJACTH B TAKOW MOCTAHOBKe? 3alMIuTe MHTE-
rpaJibHOE YCJIOBHE, KOTOPOMY JIOJIKHA YIOBJIETBOPSITH (DYHKITHS f.

3. (P) Ha xax[0ii 13 CTOPOH MPSIMOYTOJIbHOM 00JIaCTH 3alaHO HEKOTOPOE paciipesie-
JieHue TorexHimana. [peaioxure cnocob pacyera MoJist BHYTPH 00JIACTH Ha OCHOBE
METOJIOB HAJIOKEHWS W Pa3fiesieHns MepeMeHHbIX.

4. (P) Ilpamosmnelinblii BecbMa AIMHHBIN TIPOBO/T ¢ TMHEHHON TIIIOTHOCTHIO 3apsi/ia T
PacCIloJIOKEH BHYTPU IIPAMOYTOJbHOTO IMTPOBOAAIIETO KaHaJla, MMOTEHIIMAJI CTEHOK KO-
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TOPOI'o paB€H HYJIIO. HpelUIO)KI/ITe OCHOBAHHBIN Ha METOJaX HAJIOJKEHUA U pasfiesie-
HUA TIepeEMEHHBIX c1ocob pacyeTa 1oJisd B KaHaJe.

3. (P) Ha nunmuapudeckoit moBepxuoctu pagnycom R mortenrman pasen U(R, o) =

= U, sin ka.. [Tosb3ysich METOOM pas/ieJIeHUsI IePEMEHHBIX, PeluTe ypaBHeHue Jlar-

oU\ 19U

maca ——| r— |+ ——
ror\ or r° oo

nactsix a) 0 <r<R,6) r>R.

= 0 u HaliAuTe NOTEHIUA ¥ HAIPSKEHHOCTD H0JIs B 00-

24.10. MeToabl CETOK U KOHEYHbIX 3JIEMEHTOB
BOMPOCHI

1. HpI/I pacdeTre IByMEPHOTIO 110JIsA METOJAOM CETOK 06pa3y10Lu1/Ie CUCTEMY aJIre6paI/Iqe-
CKHE YpaBHEHUA COAEPKAT B HpOCTefI].HeM CJIy4dae 110 IIATD CIaraeMbIX. MozkeT i B Ka-
JK10€ YpaBHEHNE BXOAUTD 6oJIbllee YNCTIO caaraeMbix? Yem OIIpeAesIACTCA 9TO YUCJIO?

2. Kaknx aneMeHTOB MaTpuIlbl KOa(MGUIIMEHTOB CUCTEMBl CETOYHBIX YPaBHEHUI
GOJIbIIIE: PABHBIX HYJIIO WM OTJIUYHBIX OT HYJIS?

3. UeMy paBHO OTHOINIEHWE YNCTA HEHYJIEBBIX 3JEMEHTOB MATPUITHI KO3(h(MUITMEHTOB
CUCTEMBI CETOUHBIX YPaBHEHU K TIOJTHOMY YUCITY 9JIEMEHTOB ITPH MTPOCTENIIER pa3HoCT-
HOW arnmpoKcuMariy ypasaenns Jlamiaca, eciim mopsok cucTeMbl ypaBHEHUT paBeH 717

4. V3 nomHoro uncsia N y3710B pacueTHON 00OJIaCTH 7 Y3JI0B JIEKUT Ha ee TPaHHUILe,
MpUYeM B 72/2 TPAHUYHBIX Y3J1aX 33/[aH TIOTEHINAN, a B 77/2 y3/1aX — ero HopMaJibHasd
npousBo/Hast. KakoB 1MOpsiiok cucTeMbl aireOpanveckix ypaBHEHUI, KOTOPBIMK Ha
9TOI ceTKe almmpoKCUMUpyeTcs ypaBuenue Jlariaca?

. . oU
3. (O) Kaxkoit cMbICT IMeeT BXOASIINN B (YHKI[HOHAT 9HEPTUN WHTETPAJT ﬁU . ds?
n

S

6. (O) CKoIbKO Y3JI0B TOTKEH MIMETH TPEYTOIbHBIN 97IeMEeHT TIPU KBAJIPaTUIHON WH-
TEPIOJIAINH TMOTEHI[NAMA BHYTPH €T0?

7. (O) CKOJIbKO Y3JI0B JIOJZKEH UMETh TeTPasAp MPU @) JUHEHHOMH, 6) KBaApaTUIHON
WHTEPHOJISIUY TTOTEHINATA BHYTPH €ro?

8. (O) ObacTh pasbuTa Ha IJIOCKKHE TPEYroJbHbie ajeMeHThl. CoxpaHser Jau B 00-
JIACTU HETPEPBIBHOCTH MOTEHIUA W COCTABJAION[ME BEKTOPA HANPSKEHHOCTU TTOJIST
[PHU @) JUHEIHO, 6) KBaJPaTHYHOW WHTEPIIOJISIINN MOTEHIINAA?

9. (O) VY3es ¢ HOMEPOM j SABJISIETCS OOIMIMM JIJIsI M TPEYTOJbHBIX 9/1eMeHTOB. CKOJIBKO
MOTEHINAJIOB BXO/IUT B yPaBHEHIE, COCTABJIEHHOE JIJIsSI 9TOTO Y3J1a, IPU JIMHEHHOW WH-
TEPIIOJIAIIH TTOTEHIUAJIA BHYTPU JIEMEHTOB?

25.1. EMKOCTb MeXAY KpYr/ibiIMU LUANHApPaMMU
BOMPOCHI U YIPAXXHEHWSA

1. (O) UsmenuTcs au eMKOCTb MEXY ITPOBOSANINMY IUIUHAPAMU, €CIU BHYTPU OJ1-
HOTO U3 HUX 00Pa30BaTh MOJOCTD U 3alI0JHUTD €€ CPELOH ¢ JUINICKTPUUECCKON IIPOHM-
1[aeMOCTBIO €7
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2. (O) Nmeer Ji CMBICJ €MKOCTh YEAMHEHHOTO TPSIMOJUHEHHOrO OECKOHEYHO JIJIH-
HOTO TIPOBOJIA pasnycoM R?

3. (O) Nmeet i CMBICIT €MKOCTD MESKLY ABYMST OECKOHEYHO TOHKUMHU MTPSIMOJIMHE -
HbIMN 6€CKOHG‘{HO JJIMHHBIMN HpOBO[[aMI/I?

4. (O) MoxHo 11 BBeCTH TIOHATHE eMKOCTH YEeJIMHEHHOTO TeJia ¢ UIIeKTPUIeCKOI
IIPOHUIIAEMOCTBIO €, PACTIOTIOKEHHOTO B BO3/LyXe JHOO B APYTOM JAUJIEKTPHUKE C JIH-
AJIEKTPUUECKON TTPOHUTIAEMOCTBIO &1 # &7

5. (O) O06bsicaute, TOYEMY €MKOCTb KPYIJIOTO IIHMJIMH/PA
mmHON [ otHOcuTebHO 1ockocTr (puc. B25.1) B nBa pasa
MPEBBITIAeT eMKOCTh MEKIY ABYMS IIMJIUHIPAMU TOTO JKe pa-
JIyca, PACCTOSTHUE MEKIY OCSMHU KOTOPBIX paBHO 2A. Kakyio
IEMTHYI0 AHAJIOTUIO MOKHO HUCTIOJIB30BATD JIJIsT O0bSICHEHST?

6. IlocTpoiiTe KPUBYIO 3aBUCUMOCTH €MKOCTH MEK/y HECOoOC-

HBIMU OXBATBIBAIOIUME JIPYT PYTa KPYTJIBIMUA ITUITHHIPAMU

JUIMHOM [, 0T paccrostiust D Mexay ux ocsimu. Onpegennre Be- Puc. B25.1
Juauny D, TIpu KOTOPOH €eMKOCTh MEXIY UJIUHAPAMU TTPH-

HUMaeT HanMeHbITIee 3HaUYeHNe.

7. (O) Pammycer R, R, cedeHUll MPOBOAOB NBYXITPOBOJHON JUHUN 3HAUUTEIHHO
MeHbIIe paccTosiHusT D Mexay ux ocsimu. llosmyunre BeIpaxkeHue sl pacyera eMKO-
CTH M€y TIPOBO/IAMU Ha OCHOBE MeTOJ[a HAJIOKEHUST TP pacueTe Pa3HOCTHU TIOTEeH-
IIUAJIOB TTPOBOJIOB.

8. Iosyuure BhIpaskeHUe NIJIi EMKOCTU KPYTJIOTO ITUJIMHIPUYECKOTO TTPOBOJIA JIJTH-
HOU [ ¥ pagmycoM R, TPOTSIHYTOTO MapajijieIbHO TJIOCKON MOBEPXHOCTH 3€MJIM Ha
paccrostiuu i >> R, NCTIOIb3YsT METO/IBI 3€PKATBHBIX M300PaKEHUN U HAJIOKEHSI.

9. (O) MOKHO /i OIPEAETUTh EMKOCTh Ha €IUHUILY JJUHBI OECKOHEYHO JJTMHHOTO
MPSIMOJIMHENHOTO TPOBO/IA, TTOABENIEHHOTO HaJl TJIOCKON TTOBEPXHOCTHIO TeJa, JH-
aJeKTpUUIECKas TPOHUTIAEMOCTh KOTOPOTO TMPUHSTA PAaBHOHM HYJIIO?

25.2. NMNoTteHumnanbHble KO3 hunLumneHTbl, K03hhPULNEHTDbI
3/1EKTPOCTAaTUYECKOW MHAYKLIMW N YaCTUUYHbIE EMKOCTH
B CUCTEMe Ten

BOMPOChHI

1. Bospacraet /i1 moTeHIHAN 3aPSIKEHHOTO TIPOBOJISIIIETO Tesa ¢ 3apsiaoM g > O pu
BHECEHMM B €ro I0Jie APYroro MpoBOAMILEro Tejaa ¢ 3apagoM a) ¢y > 0, 6) g, < 0,
6) g1 =07

2. (O) 3aBucuT g cOOCTBEHHDII MOTEHIIUATIBHBIA KOI(MMUIIMEHT oy, OT @) 3apsijia
k-to Tena, 6) 3apsma n-To Teja, 8) B3AUMHOTO PACIIONOKEHUsT k-TO ¥ 7-TO TeJia, 2) B3a-
HUMHOTO PACIIOJIOKEHMSI M-TO U k-TO Tesa, d) AN3IeKTPUIECKO TPOHUIIAEMOCTH Cpe-
Jibl, €) pazmepa k-ro Teia, ) pasmepa n-ro resa?

3. (O) na onpeneneHus MOTEHIINATBHOTO KO3 PUIIMEHTA o1y B CUCTeMe IBYX TeJ
caenyeT, IPUHAIB ¢- = 0, g # 0, HaitTu noteniman U; nepBoro Tena. CiaenyeT gy mpu
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9TOM YyAaJINTh BTOPOE TEJIO JII/I6O MOJKHO OCTaBMTb €I0 HEe3apAKEHHBIM B I10JIE€ 3aps/ia
MepBOTO Teja?

4. (O) NmeeTcs HECKOJIBKO TTPOBOASAIINX TeJI. VI3MEHUTCS JIM TOTEHITMAJIBbHBIN KOA(h-

hburmenT oy, k-ro Teaa npu JONOJTHEHUH CUCTEMBI €Ille OJHUM TPOBOSAIINAM TEJIOM?
W3amensarcs i mpu 9TOM B3aWMHBIE TTOTEHITUATbHBIC KOIGMDMUIIMEHTBI Oy U Oy ?

5. (O) /IBa npoBOASAIIMX Tejia MEJIEHHO TPUOIMKAIOTCs APYT K ApyTy. Kak nsmeHs-
I0TCsI TOTEHI[UAMbHbIE KOI(MMUITMEHTDI Oy, Olyy, Olgo?

6. Pasen i coOCcTBeHHBIN KOA(MMUIMEHT IeKTPOCTATHUECKON MHAYKIUN By, €MKO-
ctu Cp k-ro Tena?

7. (O) KakoB 3HaK cOOCTBEHHOTO MOTEHIIMAIBHOTO KOa(duimeHTa oy,? BaaumMuoro
MOTEHITNAIBHOTO K03 dUIMeHTa oz, ?

8. CrpaBeiBO JIM HEPABEHCTBO [y, > ZB,“. ,1# k, T. €. UMEET JI MECTO JINArOHaIb-

1

Hoe TIpeobJiaianne MaTpuilbl KoahOUINEHTOB 2JIEKTPOCTATUYECKON WH/LYKITHH?

9. Ilpu kakoil popme 1 KakoM paclONIOKEHUN TPeX Tesl UX B3aWMHBIC ITOTCHI[UATb-
Hble KOA(DMUIMEHTHI PaBHBI MEKILY OO0 ?

10. Vmeer i cMBICT COOCTBEHHBIN TTOTEHIIMANBHBII KOA(MOUIMEHT YeIuHEHHOrO
BechbMa JJTMTHHOTO TPOBO/A?

11. Becbma QIUHHBIN TPOBOM PACTIONOKEH MEKIY ABYMS MapasIeTbHbIMUA TLIOCKO-
CTAMU, TOTEHI[MAJIBI KOTOPbIX PaBHBI HYJIIO. Wmeet sm cMbIcT CO6CTB€HHBIIL/,I IIOTEHI -
AJTBHBIN K02 bUITNEHT TPOBOIA?

12. MoxxHO 71 71 HAXOXKIEHUS eMKOCTH MEXKIY ABYMS TeTaMU, He SBJISIONTIMUCST
JUTUHHBIMU TIAPAJIJIEIbHBIMU [TPOBOJIAMHY, IPUMEHUTH (POPMYJIbI, BbIpAXKAIOIIUE €M-
KOCTb ZIBYX ITPOBOIOB Yepe3 MOTeHINATbHbIe KOAMhUINMEeHTH?

YMPAXKHEHWSA

1. OxcnepuMeHTaIbHAS YCTAHOBKA TTO3BOJIIET M3MEPUTD BCE 3aPSIBl M TIOTEHIUATIBI
CHCTEMBI TIPOBOASAMX Test. Onpenennte HeOOXOAUMOE YHUCIO U3MEPEHUT [JIsT HaX0-
JKJIEHUST TIOTEHITMAIBHBIX KO9(D(MUIIMEHTOB CUCTEMBI @) TPEX TeJ, O) 1 TeJL.

2. (P) Berpazute x0ahPUIIMEHTH 2JI€KTPOCTATUUECKON UHAYKIIUN Yepe3 TOTEeHITH-
asibHble KOI(DMUIIMEHTHI B CUCTEME @) JBYX TeJl, 0) TPEX TeJl.

3. (P) Buipasurte eMKoCTb MEXKIy IBYMS TeJlaMU 4epe3 NX @) MOTeHIINAIbHbBIE K03(h-
dbutmeHTsl, 6) KOa(HUITMEHTHI 2JIEKTPOCTATHYECKON WHAYKIMH, 8) YACTUYHBIE EMKO-
CTH.

4. (P) Beipasute yacTuuHble eMKOCTHU B CUCTEME ABYX TeJ Uyepe3 MOTeHITNAIbHbIE KO-
acpdurmenToI.

3. (P) Tlomyuyunre BBIpaKEHUST AJIsI pacueTa TMOTEHITHATBHBIX KOAGhMHUITMEHTOB IBYX
BeChbMa JITMHHBIX JIMHEHHBIX TPOBOIOB PaJiycaMu R, pacIioioKeHHBIX BHYTPH TIPsI-
MOTO JIBYTPAaHHOTO YIJIa, HA CTOPOHAX KOTOPOTO TOTEHITUAJIBI PABHbBI HYJIIO.

6. V306pasuTe cxeMy 9JIEKTPUYECKON TIEIH JIJIsT PacuyeTa eMKOCTH MESKILY JBYMSI TIPO-
BOZIAMU MHOTOTIPOBOTHOM JIMHUH, TPOTSTHYTHIX HaJl TOBEPXHOCTHIO 3EMJIH, TPU THUCJIE
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€€ IIPpOBO/I0B, paBHOM TPEM, YETbIPEM, 71. DaeMeHTaM’ IIEIIN ABJIAIOTCA coOCTBEHHBIE
" B3aMIMHbI€ YaCTUYHbIE EMKOCTU ITPOBOJOB.

7. IlocTpoiiTe KPUBYIO 3aBUCUMOCTUA eMKOCTU C IBYXITPOBOJIHON JUHUHU OT PACCTOS-
HUsA D Mexay ocaMu MpoBojoB. K KakuM 3HAYEHUMSAM CTpeMUTcs: eMKocTh C Tipu
@) cONMMKEHNN TPOBOIOB, 6) D — o0?

25.3. EMKOCTb IMHMIA nepepaumn
BOMPOCHI

1. BospacTaet 11 eMKOCTD ABYXITPOBOAHON JIMHWH TTPU YBETUIEHUH BBICOTHI TTO/IBECA
MTPOBOIOB HAJ[ TTOBEPXHOCTHIO 3€MJITH ?

2. Bricota moaBeca OIHOTO W3 TTPOBOIOB ABYXIIPOBOAHON JTUHUU HAJ TTOBEPXHOCTHIO
3eMsi paBHa hy. Paccrostuue mesxxay mposogamu D < Ay IIpu KaKoM TIOJIOKEHUN
BTOPOTO IIPOBOJIa EMKOCTh MESKLY IIPOBOJAMK UMeET @) HanOoblee, 6) HauMeHbIIee
3HavYeHune?

3. [IpoBosa ABYXIIPOBOAHOI JIMHWUK, POTSHYTHIE HA BbICOTE /i HAJl IOBEPXHOCTHIO
3eMJIU, IPOXOJIAT Jajiee B YIeTbe, PACCTOSHUE OT CTEH KOTOPOTO 10 TIPOBOIOB TAKKe
paBHO A. Kak usMeHsiercst eMKOCTh JIMHUM Ha eAMHUIY €€ JTHHBI? (Y, = Yeren # 0).

4. MoryT Jin ObITh KOMILIEKCHBIMU @) KO3(D(MUIMEHTBI 3JIEKTPOCTATHYECKON MHIYK-
11K, 6) MOTEeHIUaIbHbIe KOO (MUIIMEHTBI, 8) YaCTUYHBIE EMKOCTH ?

3. [Touemy MOHATHE EMKOCTH MEXKY TTPOBOAMU, BBEJIEHHOE B YCJIOBUAX AIEKTPOCTA-
THKH, MOKHO MCIIOJIb30BaTh IIPU aHAIM3€e IIPOIECCOB B IMHUHU, KOT/Aa B IIPOBO/IAX Te-
YeT 9JIEKTPUIECKUI TOK ¥ X TTOBEPXHOCTH HE dKBUITOTEHITUAIBHBI?

6. Koappumment, cBs3bIBaOIMMil KOMILJIEKCHBIE 3aPsi/] IIPOBO/IA U HAIIPSIKEHHE MEXK-
Iy TIPOBOJIOM ¥ 3eMJIEH, SIBJISIETCST TaKske KoMILIekcHbIM: ¢ = (a + jb)U. KakoBa em-
KOCTb TIPOBOJIa OTHOCUTEIHHO 3€MJIN?

7. Dynet v miepeiaBaThCsl aKTUBHASI MOIITHOCTD W3 OJIHOU (hasbl B IPYTYIO TIPU pac-
MOJIOKEHWH TIPOBOIOB JIMHUU B BEPINNHAX PABHOCTOPOHHETO TPEYTOJbHUKA, KOT/A
CPeHsST BBICOTA TIO/IBECA TIPOBOJIOB 3HAUNUTETHHO TPEBBINIAET PACCTOSTHUE MEKIY
HUMU?

8. K TpancrnonnpoBanHoii TpexdasHoil JUHUH TPUI0KEHA HECUMMETPUYHAS CHCTEMA
HarnpsukeHuit. Byzner m B Takoli IMHUY TIepelaBaThCsl aKTUBHAST MOIIIHOCTD U3 OHOM
(hasnr B 1pyryio?

YMNPAXXHEHUA

1. (P) IIpu kakoii BeicoTe /i TIoZBECA TPOBOIOB ABYXITPOBOIHON JUHUU HaJl TOBEPX-
HOCTBIO 3¢MJIW TIOTPENTHOCTH pacueTa eMKOCTH, BOSHUKAIOIIAs
pU TIpeHeOpesKeHNN BIMSIHIEM 3€MJIU, He TIPEBBICUT 3Hayve-
uus 1,0 %? Paccrosinue Mesxy ipoBogiamMu paBuo D = 1 M, pa-
JTMYCBI TPOBOJIOB Ry = Ry = 1 em (puc. B25.2).

2. V306pa3uTe 4acTUYHbIE EMKOCTH B CHCTEME JIBYX BECbMa

JUTMHHBIX TTPOBOJIOB, MOKA3aHHBIX HA puc. B25.2, u Bbipaszure
€MKOCTh JIMHUU Yepe3 YaCTUYHbIe eMKOCTH. Puc. B25.2
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3. (P) PaccuuraiiTe eMKOCTb BO3IYIIHON ABYXITPOBOJIHON JIMHUH, TPOBOJIA KOTOPOH
TIO/IBEIIEHBI HA/[ TOBEPXHOCTHIO 3€MJIN Ha BbICOTE iy = 4 M, hy = 4,5 M TIpU pacCTosSTHUT
D = 0,5 m mexxay aumu. Pagnycst mpoBoos R = 0,6 cwm.

4. (P) PaccumraiitTe eMKOCTb BO3AYIIHBIX ABYXIIPOBOAHBIX JuHuiI (prc. B25.3). Ilo-
TEeHIIMAJ OTMEUEHHBIX TTPUXOBOH JUHMEH TTOBepXHOCTeN paBeH Hyio. OmpenennTe
HOTPENIHOCTh pacyeTa eMKOCTH MPH MPpeHeOPeKeHU BJIUSTHUEM ITPOBOSIIE 110-
BepXHOCTHU. VICXO/IHbIE YHC/IEHHbBIE TaHHbIe CBECHBI B TaOJIMILY.

a 6 8 d
y 2R ¥y 2R -
By s 2 o
4 2 D %2 4 2
ek d | ¢
3 h /’12 hy hz 3 hy /’12
X _ R X
0 O 777 0
2
IR 2R
2
1
r
o =60°
Ry
o2 = 45°
Puc. B25.3
Bapuant | Ay, M | ho,M | hg, M | Ay M d, M D,m | ry,m | mp,eM | Roem | Ry, em
4 4 5 6 — - - — 2 -
0,2 0,3 - — 1 0,3 - — 1 -
6 0,2 0,4 0,1 0,3 0,5 - - - 0,2 -
p - - - - - - 4 5 2 2
0 - - - - - - 0,2 0,4 1 0,5

9. (P). OnuH 13 IpoBOAOB BO3AYIIHOM ABYXIIPOBOAHON JUHUM, IIPOTSIHYTON HaJl 110~
BEPXHOCTHIO 3eMJIN, M30JIMPOBAH U He 3apsikeH. Hatinnte ero motentmal, a Takxe Ha-
npstkenue Upy MEXIy 1POBOJAMM, €CJIM [OTEHIMal JPYroro IPOBOJA pPaBeH
U =10 kB, paagnycsl npoBonoB R = R, = 1 cM, pacctognue mexkay numu D = 20 oM,
BbicoTa moaBeca £ = 3 m. (IloTeHiman 3emin paBeH HyJIio.)

6. (P) HaumenbInas BeIcOTa ITOBECA HAJl 3eMJIEI TTPOBOJIOB OJMHAKOBBIX PAINnycoB R
TpexdasHoil TpaHCIIOHUPOBaHHOI JMHUK paBHa i (puc. B25.4), paccrosHue MexIy
coceTHUMHU TIpoBoZiaMu paBHO D. IIpn kakoM pacrosioskeHun TPOBOJAOB EMKOCTD JIH-
HUU UMeET a) HauMeHbllee, 6) HanboJibllee 3HaUeHne?
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a 8 2
3 3y ?

. PACR v

| p=—>0<>03 ] 2 |
2 D

h h h

TIITTIIITTIT TIITTTIIIIIT
Puc. B25.4

7. (P) Paccunraiite 3apsabl n300paskeHHbIX Ha puc. B25.4 mpoBoaoB TpexdasHbIX
aunuii gaunoii [ Ilorennmanst nposogos Uy = —40 kB, U, = —40 kB, U; = 80 kB, ux
pamycbl R = 10 mm, paccrosiane mesxay Humu D =35 M, h =10 M (U, = 0).

8. (P) PaccunraiitTe moTeHIInaabl ¥ 3apsiabl IIPOBOAOB (cM. puc. B25.4) nunuii nepe-
Jlau¥ TIpu oTeHImazne mepsoro mposozaa U; = 110 kB, ecin @) BTOpoii u TpeTuii mpo-
BOJIa M30JIMPOBAHBI U He 3apsiKEHBI, ) BTOPOI TIPOBOJI 3a3€MJIEH, & TPETHIT H30JIUPOBAH
U He 3apsiKeH, 8) BTOPOI U TPETUIl MPOBOJIa 3a3eMJieHbl. Bee pa3mepsl ykas3aHbl B yc-
goBusax ynpaxkuenud 7. (ITorennnan semman paBen HyJo.)

9. Boinosinute mpeablayliee yipaKHeHUE IPU YCJIOBUSX, YTO HANPSIKEHUE MEKLY
npoBogamu 1, 2 paBao U;y = 110 kB 1 uTo moTeHIIMaMbI TPOBOIOB HEM3BECTHHI.

10. (P) IIpoBosa TpaHcmoOHUPOBaHHOU (BapuaHTbl a—2) Tpex(a3HOW JUHUU TTPOTS-
HYTBI BOJIU3U IPOBOSIIEN TOBEPXHOCTHU CJOKHOI (OPMbI M PAaBHOYAATIEHBI APYT OT
apyra (puc. B25.5). Paccuuraiite eMKOCTh ITPOBOJIA, TIPUHUMAS JTUDJIEKTPUUECKYIO
MIPOHUIIAEMOCTH CPeibl PABHOMU €, PAINYCHI TPOBOIOB R, paccTogHue Mexky HUMU D.
Heob6xoanumbie pasmeps! npuBeieHbl B Tabmie. OmeHuTe morpenHocTh pacyera eM-

KOCTH IIPpOBO/Ia IIPpU JIOIIYIIEHNN, YTO Cp€/la OAHOPOIHA.

a 6 8 d
y
2R
2R - LLL. -
R 2 R 3m2R 3/dI2
NP 2R WR 2R DND
noAlD?2 d 1" D A2 52
h dr h
X
0 - 777, -

Puc. B25.5
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R, cMm D, M d,m h, M Ry, M
a 1,5 2 - 10 —
o 0,5 0,2 1 - _
8 0,5 0,2 1 1 -
2 1,5 2 - - 4
0 0,15 - - - 0,05

25.4. MeTopa cpegHUX NOTEHLMANO0B
BOMPOCHI N YMPAXHEHUS

1. (O) [Toyemy TpysHOCTU pacyeTa eMKOCTU TeJia 3HAYUTEJIbHO YMEHBIIAIOTCS, €CTU
M3BECTHO paclpeiesieHre TIJI0OTHOCTHU 3apsiia Ha €r0 MOBEPXHOCTU?

2. (O) 3aBucHT JIM TIOTPENTHOCTH PACYETA EMKOCTH MEKJLY JABYMS TIPSIMOJIMHEHBIMU
HapaieJIbHbIMA OTPe3KaMU MPOBOIOB METOJIOM CPEIHUX MOTEHIIUATOB OT JJIUHbI [
OTPE3KOB U PACCTOSTHUST I MEKILY HUMU?

3. [Ipu kaKOM yCJIOBUM METOJ CPEAHUX TTOTEHIIUATIOB TIO3BOJISIET TIOJYYUTh TOUHOE
pernrenue?

4. Kakyio ¢hopMy nMeeT yeJlMHEHHOE TTPOBOJISATIIEE TEJI0, EMKOCTh KOTOPOTO, paccuu-
TaHHAsg METOJIOM CPeHUX TIOTEHI[NAJIOB, UMEET TOUHOE 3HAUYEeHWE?

3. (O) 3aBucuT Jin TOTPEITHOCTD PacyeTa EMKOCTH MEKIY ABYMS chepaMi METOIOM
CPEeIHUX MOTEHIUAJIOB OT @) X PAJNYCOB IPU 33/[AHHOM PACCTOSTHUU MEX/y UX T[eH-
TpaMmu, 6) PACCTOSTHUSI MEK/Y IIEHTPAMU P 3aaHHBIX paanycax chep?



[(naBa ABaaLUaTb WecTas

JNeKTprUUYecKoe nosie NOCToOSAHHbIX TOKOB

26.1. YpaBHEHM S 2IEKTPOMAarHUTHOr O NoJif NOCTOSAHHbIX TOKOB

B macrosmeii riraBe 6ymeM paccMaTpUBATh TI0JI€ TIOCTOSTHHBIX TOKOB B HETIOABU/KHBIX
MPOBOIHUKAX W MPOBOAANINX cpenax. [locTosSHHBIN TOK MOKeT TTPOTEKATh TOJbKO B
3aMKHYTOW TIPOBOJIAIIEN Tlenu. Eciin 9/1eKTpuyeckoe COMPOTUBIIEHHE 1IN OTJINYHO
OT HYJISI, TO NTPOXOsK/eHe TOKA B Hell BBI3bIBAET IajeHue Hanpsokenus. CriemoBa-
TeJIbHO, KaK B JIUIJIEKTPUKE, OKPYIKAIOIIEM TTPOBOAHUKHU C TIOCTOSTHHBIM TOKOM, TaK 1
BHYTPU CaMUX MPOBOJHUKOB OY/IET CYIIECTBOBATH He TOJBKO MarHMUTHOE, HO U BJIEK-
TpUYecKoe roJjie. ITH MOCTOSHHbIE MTOJIST HA3BIBAIOT CTAII MO HAa P H bl M H.

[TepBoe ypaBHenue Maxkcesia rot H = J B aToM ciiydae ykasbiBaet, yto H, a cie-
JoBaTeIbHO, U B, Tak 'ke Kak u J, He 3aBUCAT OT BpeMeHU. [loaTomMy n3 BTOporo ypas-
Henus Maxkcsenna rot E = —0B/0t cnenyer, uto BHe uctounnkos J/[C rot E = 0.

Takum 06pa3oM, ypaBHEHUsI 9JIEKTPOMATHUTHOTO OJIS /ISt IOCTOSIHHBIX TOKOB B
HENOABMKHON MPoBosIeii cpene BHe ucrournkos DJ[C npuobperaior BuL

rot H =J; rotE =0; J=vE;
D =¢E; B=pH; divD =p; divB =0.

Yenosue rot E = 0 cBumerenbcTByeT, uTo BHe nctounuka J/[C amextpuyeckoe
0JI€ TIOCTOSTHHBIX TOKOB SIBJISIETCS, TaK 7K€ KaK U 9JIEKTPOCTATUIECKOe T10JIe, 6e36UX-
pesovim. Takoe 110J1€ SIBISIETCS NOMEHUUAALHBIM, T. €. JIJISI €T0 XapaKTEPUCTUKU MOKET
ObITh BBeleHa dyHKIMS koopauHat U (x, y, z), Ha3biBaeMast 9JIeKTPUIECKUM MOTEH-
rmasiom, mpudem E = —grad U.

26.2. dneKTpuuyeckKoe noJsie B AN3JIEKTPUKE,
OKpY)KaroweM NpoBOAHUKMN C NOCTOSAHHbIMU TOKaMM

PaccMoTprM cHavasia aJIeKTPUYECKOE T0JIe B AUAJIEKTPUKE, OKPYIKAIOIIEM ITPOBOIHMU-

KU C TIOCTOSTHHBIMU TOKaMU. Tak Kak Py OTCYTCTBUM TOKOB B JINBJIEKTPUKE CIIEAYET

HPUHATH B HeM p = 0, TO 110Jie B AMAJIEKTPUKE XapaKTEPU3YeTCsl yPaBHEHUSMMU:
rotE =0, 1.e. E=-gradU; D =¢E; divD =0.

Jl7ist OHOPOHOM Cpejibl, Korjia € = const, atu ypaBHetust gaot div E = 0 niam
div grad U =0, 1. e. moreniman yzosiaetrBopsiet ypasuenuio Jlammaca.

Takum 06pasoM, B CAMOM AMIJIEKTPUKE TAKOE II0JI€ HIUUEM He OTJIUYACTCS OT JJIEK-
TpocraTndeckoro. OHAKO IPaHUYHbIE YCJIOBHS HA MMOBEPXHOCTH TIPOBOIHUKOB YiKe
HE COOTBETCTBYIOT TE€M, KOTOPbIe MMEIOT MECTO B dJIEKTPOCTaTHKe. B asekTpocraru-
YeCKOil 3aj1aue TIOBEPXHOCTh KaskKI0T0 MPOBOJHNUKA SIBJISIETCS TIOBEPXHOCTHIO PAaBHOTO
noreniana. IIpu MpOXoKIEHUN 0 MPOBOAHUKY 3JIEKTPHYECKOTO TOKA B MPOBOJ-
HUKe BO3HUKAET TajleHue IMOTEeHIINaa, 1, CJIel0BATEbHO, TOBEPXHOCTh MTPOBOAHUKA
yoKe He OyAeT paBHOIIOTEHIIMAIbHOI. JIMHUN HATIPSAKEHHOCTH 9JIEKTPUUYECKOTO OIS
B JIUBJIEKTPUKE MOAXOAAT K MOBEPXHOCTH IPOBOAHUKA HE IO/ HPSIMbIM YIJIOM, TaK
KaK Ha IMOBEPXHOCTH MPOBOIHUKA TOSBJISAETCS KacaTeJIbHas COCTABJSION[Aas Hapsi-
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/ /‘ / JKEHHOCTU TI0JId B HaIpaBJeHUU JuHul Toka. Ha puc. 26.1 mo-

A . KazaH XapakTep JIMHUI HAIPSKEHHOCTH JIEKTPUIECKOTO T10JIs

L, OKOJIO TIPOBOZIOB JUHWH Tepenadu. C MPUHITUTHAIBHON TOUYKN

EdYE 3pEeHUsT yKa3aHHOe OOCTOSITENCTBO CYIIECTBEHHO OCIIOKHSIET

j— s E'A . pacyer moJsd, OAHAKO TPAKTHYECKH BO MHOTHMX CIy4YasiX €ro

i \E A\ \ MOKHO HE YYHMTBIBATh, TaK KaK OOBIYHO MajeHKe HarpsiKeHust

Ey BJ10JIb ITPOBOIHUKOB Ha JIJTUHE, CDABHUMOI € PACCTOSTHUEM MEK-

Puc. 26.1 Iy TIPOBOIHUKAMM, HUYTOKHO MaJIO TI0 CPABHEHUIO ¢ PA3HOCTHIO
MTOTEHIINAJIOB TTPOBOHUKOB.

B kauectBe npumepa cpaBHUM Mexy co0oii KacaTebHyto E, u Hopmaiabhyio E, —
cocragisionue Bektopa E B IUa/IeKTPUKE Y MOBEPXHOCTU MTPOBOJIOB JIMHUU TTE€PEIAYN
(cM. puc. 26.1). KacaresrbHast coCcTaBJISIIONIast MTPEACTaBIIsieT cOO0I TajileHne HalpsiKe-
HUSI, OTHECEHHOE K €JIMHUIIE JJIMHBI TPOBOJIA, U MOKET OBITH OTIpe/ie/ieHa 13 BhIpaKe-
nus E, = J/y. Ec/m npuHATH 1715 MeIHBIX TPoBoA0B v = 5,8-107 Cv/M 1 J = 5105 A /M2,
nosryanM E, = 0,086 B/M. Hopmanbaas cocTaBmsionias 3aBUCUT OT HATIPSIKEHNS U Me-
KLy TIPOBOZIAMU U paccTosiHust D Meskay HUMH. Tak Kak 1moJie Mesk/y TpOBOJIaMU He-
OIHOPOHO U HanboJiee CUIIbHOE TI0JIe COCPEOTOYEHO OKOJIO TPOBOIOB, TO E, > u/D.
Jlaxe 1151 TIPOBOJIOB JIMHUU HU3KOTO HATIPSIKEHUST, TIPOJIOKEHHBIX HA 3HAYUTETTBHOM
PaCCTOSTHUY APYT OT APYTa, Kak 5TO ObIBAET B CHIPHIX MMOMeEIEHUsIX, BeandnHa E, oka-
3biBaeTcst MuOro Oosbiie E,. Ilycts, Hanpumep, # = 100 B u D = 10 cm. Tlpu sTom
E, > 1000 B/m u, crenosarensuo, E,/E, > 10%. Jlaa munmit BBICOKOTO HANpSIKEHNS
BesimunHa E, GJu3Ka K KPUTHMYECKOMY TPAJIMEHTy IMOTEHIMANa /IS BO3/MyXa, T. €.
nMeet tnopsimok E, ~ 30 kB/cm = 3.10% B/m. CrenoBatenbHo, AT TaKUX JIMHUI
E,/E, ~ 3,5-10".

[Tomyuennbie U@ PHI TOKA3BIBAIOT, YTO COCTABJSIONIAS E, HUITOKHO MaJja 1o CpaB-
HeHuIo ¢ E,, U TIpU pacCMOTPEHHH T0JIsSI OKOJIO TIPOBOJIOB €10 MOKHO TIpeHeOpedb 6e3
OlaCeHMsT BHECTH OTUM CKOJIb-HUOY/b 3aMeTHYIO omOKy. B Takom cirydae rpaHud-
Hble YCJIOBUSI HA TIOBEPXHOCTH MPOBOJHUKOB OKA3bIBAIOTCSI TOXKJ/IECTBEHHBIMU YCJIO-
BUSIM B aJieKTpocTaTuke. [loatomy mpu paccMOTpeHUN 3JIEKTPUUECKOTO TI0JISI B JIU-
9JIEKTPUKE, OKPYIKAIOIIEM ITPOBOAHUKH C TIOCTOSTHHBIMUA TOKAMH, MOKHO HCTIOJIb30BATh
peliieHusl, oJydeHHbIe TIPU PACCMOTPEHUM COOTBETCTBYIONIUX 3JIEKTPOCTATHUECKIX
3a/1a4.

26.3. dneKTpUUYecKoe noJsie 1 rnoJsie BeKTopa rnJIoTHOCTU TOKa
B NpoBoAsLLEeN cpeae

BuyTpu npoBOHUKOB, 110 KOTOPBIM ITPOXOAUT 3JIEKTPUUECKUI TOK, TAKIKE CYIIECTBY-
eT 2JIeKTpIUYecKoe moJie. HanpsskeHHOCTh 9TOTO 10Jist B UB0TPOTHOM 110 OTHOTIEHHIO
K TIPOBOJINMOCTH CPeJie CBSI3aHa € TIIOTHOCTHIO ToKa cooTHonrenueM J =y E, kKotopoe
npejcTaBisieT coboil Bbipaskerue 3akoHa Oma B auddepenimanbHoil hopme.

B uzoTtporntoii cpesie HarpaBienye JUHUI 3JIEKTPUIECKOTO TOKA BCIOJLY COBIIAJIAET
C HAIPaBJieHUEM JIMHUI HAIPSIKEHHOCTH JIEKTPUUECKOTO 101, Ecn, Kpome Toro,
cpezia omHopoHa (Y = const), TO U TyCTOTA JIMHUN TOKA BCIOJY MPOMOPITMOHATbBHA
ryCTOTe JINHUN HANPSKEHHOCTU HJIEKTPUYECKOTO TMOJIs, T. €. KAPTUHDI JIMHUI TOKA
U JIMHUT HATIPSKEHHOCTH TI0JIsT TIOI0OHBI IPYT APYTY.
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Ecnu cpesa HeomHOpOHA B OTHOIIIEHUN TIPOBOAMMOCTH, TO TUHIH TOKA OCTAIOTCS
B HEll HEIPEPbIBHBIME, UTO CJIE/[yeT U3 IPUHIUIIA HEIIPEPBIBHOCTU TOKA, BBIPAXKAEMO-
ro yCJIOBUEM i;J ds = 0 wnn div J = 0, koTopoe mpeacTaBsieT coboii 0600IEHHY IO

S
(opmy mepBoro 3akona Kupxroda cooTBETCTBEHHO B MHTETPAIBHON 1 B Tuddepen-
nuanpHoi hopmax. Ho B Takoil HeOAHOPOIHON cpefie TUHUH HANPSIKEHHOCTH 3JIEK-
TPUYECKOTO TI0Jis OyyT mpepbiBHbIMI. Ha ToBepXHOCTH pasjiesia IByX Cpell ¢ pas-
JINYHBIMUA  Y/IEJIbHBIMUA  TIPOBOAMMOCTSIMA  HOPMAJIbHAST  COCTABJISIIONIAsT  BEKTOPA
HAIPSIPKEHHOCTH 3JIEKTPUYECKOTO TT0JIs MI3MEHSIETCST CKauKOOOPa3HO.

[ToBepxHOCTH TIPOBOAHUKOB, SIBJSIONIMECST TPAHUIIAMU MEKIY TPOBOSINEN Cpe-
JIOI U JIMBJIEKTPUKOM, OYEBH/IHO, 0OPa3yIOTCsI COBOKYITHOCTHIO JIMHUIT TOKA, TaK Kak
HOPMAJIbHAST K HUM COCTABJISAIONIAS BEKTOPA TUIOTHOCTHA TOKA PaBHA HYJIIO.

B Hacrostiieil riase OyeM UCCIe0BaTh MPOCTPAHCTBEHHOE Paciipe/ieJieHne TOKa
B MAaCCHBHBIX IPOBOJSNUX cpejax. [lojie BeKTopa IJIOTHOCTU TOKA B TaKUX CPeJlax,
B0OOIIE TOBOPS, OyZ€T HEOAHOPOAHBIM, U JJISI BBIYMCJIECHUS TOKA i, MIPOXOMISIIErO
CKBO3b HEKOTOPYIO TIOBEPXHOCTH S, B3STYIO B TPOBOJIAIIEI Cpejie, HeOOXOANMO POU3-
BOJINTH WHTErPUPOBAHUE | = §)J ds.

s

Buytpu npoBozsiieii cpeast BHe uctouHnkoB J/[C Beiopy cobmoaeTcst yeaoBue

§E dl = 0 nau rot E = 0, uto BeIpaskaeT BTOpoil 3akoH Kupxroda cooTBeTCTBEHHO B

uHTerpanbHoil u anddepennuansioit hopmax B obmactu, rae et uctounukos J/C
[Tosne oxaspiBaeTcs norenuanbHbIM. [loBepXHOCTH PaBHOTO 37IEKTPHYECKOTO MOTEH-
Iasa, onpesensemole ypasHenueMm U(x, y, z) = const, mepeceKaroTcsl TUHUSMHI Ha-
HPSKEHHOCTH JIEKTPUUECKOTO MOJIS O/ IPSMBIM YTJIOM, a CJIe/IOBAaTeJIbHO, B M30-
TPOIIHOII Cpejie OHU MePeceKaIoTCs 110/ IPSMbBIM YIJIOM ¥ JINHUSIMH TOKA.

Takum 06pa3oMm, sJIEKTPUYECKOE TI0JIe U [OJIe BEKTOPA TJIOTHOCTH TOKA B TPOBO/ISI-
meit cpenie BHe ncTouHnKoB J/]C XapakTepusyIoTcss CUCTEMOI YpaBHEHHMI:

rotE =0; J=vE; divJ =0.

ITH ypaBHEHNS BBITEKAIOT U3 IPUBEJICHHON B § 26.1 crcTeMbl ypaBHEHUIA, TPUYeM
ypastenue divJ = 0, kak ObLJI0 yKazaHo B § 23.5, ABJseTCs CJeJCTBUEM ypaBHEHUSs
rot H = J, tax xak div rot H = 0.

Botpoc o mpocTpaHcTBEHHOM paciipe/ie/IeHH TOKA YPe3BbIYATHO BasKeH TIPU pac-

CMOTPEHNH MHOTUX ITPAKTUYECKUX 3a/la4, HAIIpPUMED 1PN NUCCJI€AOBaAaHNN TOKOB B 3€EM-
JI€, TOKOB B MAaCCHUBHBIX ITPOBO/HNKaX, TOKOB ITPOBO/IMUMOCTH B U3O0JIAIIUN 1 T. .

o

pasaena AByX NpPoBoOAsSiLMX cpen W

26.4. N'paHNYHbIE YC/IOBMS HA NOBEPXHOCTHU \\\w\\b
\81

I,
YeraHOBUM COOTHOTIIEHWE MEXKIY KacaTeIbHBIMU U N4 %07 N

N NN
HOPMAJIbHBIMU COCTABJISIIOIIUMI BEKTOPOB HAIIPSIKEH- \ \\\\\\QV/
HOCTH 3JIeKTPUYECKOTO TOJSA U MJIOTHOCTH 3JIeKTPU- \ X :
YeCKOro TOKa Ha MOBEPXHOCTHU pasjesia IBYX IIPOBOJ- N

J
HUKOB C Pa3JIMYHBIMU YEJbHBIMHU 3JIEKTPUUYECKIMU R
P va p NN
MIPOBOIUMOCTSIMU ¥y U ¥y (puc. 26.2) PuC. 26.2

-

Z;



128 Yactb 4. Teopys 3neKTPOMarHUTHOrO Mons

BenenictBue  BBINIOJIHEHNST  yPAaBHEHUI §;E dl =0, §Jupds =0, J, =vE Moxem
i s

(em. § 23.8) mpunarts X=E, Y=J,
n3 § 23.8 3anmcaTh COOTHONIEHNS:

p A1 =71, Ay =Y M Ha OCHOBaHUM ycI0BUH (*), (%)

E sin®, = E,sin®,, J,cosb, =J,cos0,, 89, _ i
tg6, v,
BBIPAKAIONINE HEMPEPHIBHOCTh COOTBETCTBYIONIUX COCTABJSIONINX HAMPSKEHHOCTH
3JIEKTPUYECKOTO TOJISI ¥ IIJIOTHOCTH TOKA B ITPOBOJISAIIIEH CPe/ie, a TAKKe YCIOBUE TIpe-
JIOMJIEHUS] JIMHUI TOKA TIPOBOIMMOCTH.

Bo MHOTMX TTPaKTUYECKIX CIyYasiXx Mbl BCTPEYAEMCs C IEPEXOI0M TOKA M3 METaJl-
JINYECKUX TeJl B OKPYIKAIOILYIO CPEJLy, y/eJbHasi MPOBOJAUMOCTh KOTOPOIl BO MHOTO
pa3 MeHblIIle y/IeJbHOI TPOBOMMOCTU MaTepuasia aTuX Tes. Takue ycJoBUS UMEIOT
MECTO, HAlIPUMeEP, B CJIydae HAJTUUKs TOKOB YTEUKH Yepe3 U30JISIIIII0 MEK/LY TTPOBO/IA-
MU, HAXO/ISIIUMUCS TIPU PA3HBIX MOTEHIMANaX. TOK yTeuYKr BO3HUKAET BCJIEJCTBUE
HECOBEPIIEHCTBA U30JAINN. Y/IelbHas IIPOBOIMMOCTD U30JIAIINHI BO MHOTO Pa3 MEHb-
1e yAeIbHON MPOBOAMMOCTH MaTepuasia mpoBoaoB. Hampumep, 1yis kabenbHoit Oy-
Maru uMeeM TIpubusuTensHo ¥ ~ 107 Cv/m, Torma kax ana memn y = 58-10% Cv/v,
T. €. OTHOIIEHHE yAeTbHONW MTPOBOANMOCTH MEIN K YAEABbHON MPOBOAMMOCTH M30JIS-
nmm nmeeT opsok 6-10%. B kavecTse Apyroro npuMepa MOKHO yKasaTh Carydaii Tie-
PexXo/ia TOKa B 3€MJIIO Yepe3 3aphIThie B 3€MJII0 METaJLIITYecKue 1eKTpobl. OGBIYHO
HPUMEHSTIOT CTaIbHBIE 3JIEKTPO/IbL. Y/IeTbHAs TIPOBOIUMOCTD CTAIA TPUOIUZUTETHHO
paBHa vy = 5-10° Cm/m.

YnenrpHast TPOBOAMMOCTD MTOUBBI 3aBUCUT OT BJIAKHOCTHU TIOUBBI U OT €€ COCTaBa.
B cpenHeM ee MOXHO cuuTtath paBHOil ¥ = 1072 Cm/M. Takum 06pa3oM, OTHOIIEHNE
Y/IeJIbHOM TIPOBOJIMMOCTU MaTepHalia 3JEeKTPOJIOB K y/I€TbHOM TPOBOMMOCTHU TTOUBbI
HMeET MOPSIIOK 5-108.

Bo Bcex aTuX ciayyasx mpu pacCMOTPEHUM TOJIS B Cpefie ¢ MaJIol yIeJIbHON TTPOBO-
JMMOCTBIO MOKHO TIpeHeOpeub MaJleHUeM HaTlPSKEHUsT BHYTPH METaJJINYeCKUX TeJl
U CYUTATHh TTOBEPXHOCTHU TEJ MOBEPXHOCTSIMU PABHOTO [TOTEHIIMAJIA.

26.5. AHanorms aNeKTpUYecKoro nosns B NPoBoAsLLEN cpepe
C 3J/IEKTPOCTAaTUYECKUM NOJIEM

Me>1</:[y COOTHOHMIEHUAMU, XaPaKTEPUIYIOIINMU CTAllMOHAPDHOE IJIEKTPUYECKOE I10JI1€
ITOCTOAHHBIX TOKOB B HpOBOlIHHlefI cpene, 1 COOTHOIEHUAMM, XapaKTEPU3YIOIMIUMA
JJIEKTPOCTATUYECKOE 110JIE€ B /IMIJIEKTPUKE, MOKHO ITPOBECTHU (l)OpMaJII)HYIO aHaJI0-
THIO.

L[JIH JJIEKTPUIECKOT'O I10JII TOKOB B HpOBOILHIHeIL/,I cpeae MMEerT MECTO COOTHO-
IneHmA:

B
rot E =0; IEdl=UA—UB; J =vE; divJ =0; Ist=Ai.
A s

Onu (1)OpMaJIbHO COBIIAAYT C COOTHOWEHUAMU [JIA IJTEKTPOCTATUYIECKOTO I1OJIA
B INSJIEKTPUKE:
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B
rot E = 0; jEdl:UA—UB; D =¢E; divD =0, desqu,
A s

€cJIM B TIOCJIEIHUX 3aMEHUTHh BEKTOP AJIEKTPUUECKOTro cMeliienusi D BeKTopoMm TioT-
HOCTH TOKa J, BJIEKTPUIECKUI 3apsii Ag — TOKOM Ai U aOCOJIIOTHYIO JNBJIEKTpUYe-
CKYIO0 TIPOHUIIAEMOCTD € — yIEJIbHON TTPOBOAUMOCTBIO .

B Bwipaxkenun IJ ds = Ai BeJimurHa Al €CTh TOK CKBO3b CedeHHe S TPYOKU TOKA.

s
ITOT TOK TPOTEKAeT CKBO3b JI0O0e ceyenne TpyOKH, B 4aCTHOCTH B Hayajie TPyOKH,
T7le TOK BBOAUTCS B PACCMATPUBAEMYIO TTPOBOJISIIYIO CPEy U3 9JEKTPO/IA, TOTPY KeH-
HOTO B 3Ty cpefy. B Bbipaxkenmn I D ds = Aq Benmumna Ag ecTb 3apsiji Ha TOBEPXHO-
S

CTU 3apsiKEHHOTO Tejia B Havyajle PaccMaTpUBAeMOil TPYOKU 2JIEKTPUYECKOTO CMe-
meHus, a § — Jrboe cedenne 9Toil TpyOku. OTCIOa SICHO, YTO €CJIM YCJIOBUST ISt
BekTopa J = yE Ha rpaHulle TaHHOU MPOBOSIIECH CPE/bl C YAEJbHOU MPOBOANMOCTHIO
Y COBIIAZIAIOT C yCA0BUAMU /i BekTopa D = ¢E Ha TpaHuiie Takoii xxe (hOpMbI AUITEK-
TPUKa ¢ aOCOJIOTHON JINAIEKTPUIECKOI TPOHUIIAEMOCTBIO €, TO DJIEKTPUICCKUE MOJIST
B IIPOBOJISIIEI Cpejle U B IUDJIEKTPUKE JOJKHBI ObITh AHAJIOTUYHBI IPYT APYTY.

B anextpocraTtdeckoil 3asade TpaHUICH AWDJIEKTPUKA SBISAETCSA TTOBEPXHOCTD
MPOBOAIIETO TeJa. DTa TOBEPXHOCTh €CTh TTOBEPXHOCTHh PABHOTO TIOTEHITNATA, U BEK-
Top D k Hell HopMasieH. B mpuMepax, pacCMOTPEHHBIX B TPEABIAYIIEM Taparpade,
rpaHuIlel TIII0XO0 TTPOBOJIATIEN cpeibl (TTOYBBI MJIM HECOBEPIIEHHON U30JISIIAN ) SBJIS-
eTcsl MOBEPXHOCTh MPOBOAHUKOB. C GOJIBINOI CTENEHBIO TOYHOCTH TY MMOBEPXHOCTh
MOKHO CUYUTATh IMOBEPXHOCTHIO PABHOTO TOTEHI[MANA W BEKTOP TJIOTHOCTU TOKa J
B IIJIOXO MPOBOJISAIIEH Cpejie CYMTATh HAMPABJIECHHBIM 110 HOpMaJsiK K Hell. Ha ocHoBa-
HUU U3JI0KEHHOTO MOKHO YTBEP:K/ATh, YTO KAapPTWHA 3JEKTPUUYECKOTO I0JIs TOKOB
(B TIOUBE WJIM B MBOJISAIMN) B 9TUX 3a/la4ax JIOJKHA COBIAJIATh ¢ KAPTUHOM TOJIST B
COOTBETCTBYIOIIUX 2JIEKTPOCTATUYECKUX 3a/[auax.

Ha aTom ocHOBaH Tak Ha3bIBAEMBII METOL 9 TEKTPOCTATUIECCKOHN aHa-
JIOT U U, O3BOJITIONIAN B Psifie CIydaeB IIPU pacdyeTe TOKOB B MPOBOSAIIEN cpele
BOCITOJTh30BATHCST TOTOBBIMU PEIMIEHUSIMHU COOTBETCTBYIOMNX 337144 JIEKTPOCTATUKU.
MeTton a71eKTPOCTAaTHIECKON aHATIOTUH JaeT BO3MOKHOCTD TaKyKe 3aMEHUTH UCCIIEI0-
BaHUE 3JEKTPOCTATUIECKOTO MOJIST 9KCTIEPUMEHTATHHBIM UCCIEIOBAHNIEM TI0JIS TOKA B
HPOBOJAIIEN cpejie, 0 ueM Oyzer ckasano B § 30.13.

B gactaoctH, hopmysl A anekTpudeckoit mpoBoaumoctu G =i/U cpen, B KOTO-
PBIX IIPOTEKAET TOK, MOTYT OBITh MOJYYEHbI M3 COOTBETCTBYIOMIUX (DOPMYJI st €M-
koctu C = q/U Tes, Tak KaKk B aHAJIOTUIHBIX 33/1a4aX TOK i 3aMEHSETCS 3apsIoM (.
DJIeKTpUYeCcKast eMKOCTD TeJla NN eMKOCTh MEXKJLY TeJlaMU OTIPEeIeiIeTCsl TeOMEeTPH-
YEeCKUMHU TTapaMeTPaMu TeJl U aOCOMIOTHBIMU JINBJIEKTPUIECKUMU TIPOHUIIAEMOCTSIMU
cpen, okpyskaomux tesa. [Toatomy, 4ToObI moaydnTh opmyay st G, 10CTaTOUHO
3aMEHHUTD B COOTBETCTBYIOIIEH opmyiie 1ist C abCOMOTHbIE AMAJIEKTPIUUECKIE TTPO-
HUIAEMOCTU € JIMAJIEKTPUKOB Y/EJIbHBIMU TIPOBOJIMMOCTSIMU Y TIPOBOJISIIUX CPEI.
Ecnu npoBossiinas cpeia ¥ COOTBETCTBEHHO JIMAJIEKTPUK OJTHOPOJIHBL, TO B (hOPMYJIY
N5t ipoBoguMocTu G yjie/ibHAst TIPOBOJIMMOCTD Y BXOJUT MHOXHUTEJIEM U COOTBETCT-
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BeHHO B hopmyury st eMkocTr C abCOOTHAsT AUAJIEKTPUYECKast TIPOHUIIAEMOCTD €
TaK)Ke BXOIUT MHOXHUTeseM. B TakoM cirydae /711 aHQJIOTUYHBIX 3371a4 UMeeM

G_v
C ¢

26.6. Tok yTeuku B kabene n conpoTusneHme nsonauum kabens

J ILnoTHOCTD TOKa
yTeuKH
SR

SN

IIpsamoii
pOBOJL

Nszonauus

3anurapie
MOKPOBBI

U,y :fEdl:TEdr:
A 4l

OmnpezesiuM TOK yTedykw i B Kabesie, BOSHUKAIOIINI
BCJIe[ICTBHE HecoBepieHcTBa n3osinun. Ceuenne Ka-
GeJist u3oOpaskeHo Ha puc. 26.3. JIMHUKM HAIPSIKEHHO-
CTH TIOJISI W JIMHUYU TOKA YTEUYKU B U30JISIIIUU MOXKHO
CUMUTATH HAIPABJIEHHBIMU 10 PAJUYCaM.

[IpoBenem BHYTPU HBOJSAIUU ITUTHHAPUIECKYIO
[OBEPXHOCTh, UMEIOIIYIO pajuyc 7 U JJIMHY [ B Ha-

npassiernn ocu Kabenst. meem i = 2 rlJ u, cienosa-
J i

TeJIbHO, E = = = .
Y 2mrly

Hampszxenne u,p Mexxny mpoBoJaMu HalizieM, CO-
CTaBJISIA JTUHEUHBI WHTETpas HAIPSLKEHHOCTU 3JIEK-
TPUYECKOTO TIOJIS BOJIb PAlNyCa:

L’z
2nly 1,

OTCIOI[a HaXoaM COIIPpOTUBJIEHUE Ru IIPOBOANMOCTD G N304 N rabess:

R="an _ l In’2,
i 2nly n’
G:i: 2nly.
R In’2
n

Dopmyiry st TpoBoANMOCTH G MOKHO OBLIIO HAIKMCATh CPasy, MOJIb3YsICh METO-
JIOM 3JIEKTPOCTATUYECKON aHaysoruu. /[Jist aToro 1octatouno B popmyJie it EMKOCTH

kabess

C:2nl£,

.
In-2
n

HPHUBEAEHHON B § 25.1, 1. 5, 3aMEHUTH € Ha Y.

26.7. ConpoTtuBsieHue 3a3eMJIeHUsA

JLJist OCyIIeCTBIIEHUS COEIMHEHMST KaKOM-/TMO0 TOUKK 3JIEKTPUYECKOI 1IeTIH ¢ 3eMJIei
3apBIBAIOT B 3€MJTIO0 METATINYECKIE TTPOBOIHIKY, K KOTOPBIM M MTPUCOETUHSTIOT COOT-
BETCTBYIOILYIO TOUKY Ienu. CUCTeMY TaKUX 3aPBITHIX B 3€MJITO ITPOBOJIHUKOB HA3BIBAIOT
3a3eMJaUTeeM. Tak, HAMpUMep, TIPH COEMHEHUN B 3BE3Ly OOMOTOK BBICOKOTO
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HaTpsKeHus Tpexdasnoro TpanchopMarTopa, MuTaole-
TO JINHUIO Tiepeiaui, OOBIYHO 3a3eMJISTIOT HETIOCPEICTBEH-

HO WJIM Yepe3 HEKOTOPOe COIPOTUBJIEHNE HEUTPATbHYIO r{/\,\
N

Touky Tpanchopmaropa (puc. 26.4). ITUM JOCTUTAETCS
TO, YTO HAINPSKEHUS TTPOBOJIOB JIMHUH TI0 OTHOTIEHUIO K = f+
3emJie IpU HOPMATBHOM PeXMMe He MOTYT ObITh 6OJIb-

nre (pa3apix HapsKeHuil. [Ipu moBpeskaeHnN U30aAITNN NS

OJTHOTO 13 (ha3HbBIX MTPOBOJIOB BO3HUKAET TOK KOPOTKOTO Puc. 26.4
3aMBIKAHUS, TIPOXOJIATIINI OT MecTa TIOBPEXKAEHNS yepe3

3eMJIIO U 3a3eMJINTENh K HeUTPaJIbHOU TOUKe TpaHC(opMaTopa. DJIeKTPUIecKuil TOK,
MPOXOJIsl Yepe3 3eMJII0, BCTPEUaeT HEKOTOPOE COMPOTUBIIEHIE, HA3bIBAEMOE COTI P O -
TUBJIEeHUEM 3a3eMJeHu s [lo cymecTBy, 3T0 — CONPOTHUBIIEHNE 3€MJIN, KOTOPOE
BCTpeyaeT TOK MPHU PACTEKAHNN OT 3a3eMJINTENSA. BIOTh TOBEPXHOCTH 3€MJIH CO3/1a€T-
csl TaJieHre HATPSDKEHUsI, KOTOpoe BOJIM3M OT MECT 3a3eMJIEHUS MOKET JOCTHIaTh
OTIACHBIX JIJIST KM3HU 4YesioBeKa 3HAYeHWH y:Ke Ha JIMHE Imara 4yesjoBeka. [loaTomy
BeCbMa CYIIECTBEHHO YMETDb BBIUNCJIUTDH COITPOTHUBJIEHNE PACTEKAHWIO TOKA B 3eMJe
[IPU PA3JINYHBIX KOHCTPYKIIMSIX 3a3€MJIUTEJIEN.

C 3azemyIieHMEM OTEJBHBIX TOYEK IEMN BCTPEUYAEMCs B IENAX KaK MepeMeHHO-
O, TaK ¥ TOCTOSHHOTO TOKA. B MpuBeieHHOM TIpUMepe B 3eMJie TTPOTEKaeT ITepeMeH-
HBIH TOK. Pacmpenenenne mepeMenHOro ToKa B MPOBOJAINEH cpesie, B TPUHITATIE,
JIOJIDKHO OTJIMYAThCS OT paciipe/ie/ieHusl MOCTOSIHHOTO TOKa, TaK KaK IPU IepeMeH-
HOM TOKE B KOHTYPax, KOTOPbIE MOKHO cebe TIpe/ICTaBUTh B IPOBOJSAIIEH Cpejie, BO3-
HUKAIOT WHAYIIMPOBAHHBIC AJICKTPOABMKYTIINE CHJIBI, OKA3bIBATOTINE BIAUSHIEC HA Pac-
npezesnenre Toka. OHaKO BBUIAY OOJIBIIOTO YAEIBHOTO COTPOTHUBIEHMS 3€MJIH TIPU
BBIYKMCJIEHUH TOKOB BOJIM3H 3JIEKTPOJOB MOKHO MpeHeOpedb, BO BCSIKOM CJIydae
[P IIPOMBIIILJIEHHON YaCcTOTE, WH/YITUPOBAHHBIMH 3JIEKTPOBIKYITUMHU CUJIAMHU 110
CPaBHEHWIO C aKTUBHBIM Ta/IeHNEM HATPIKEHNS U BECTH PacydeT, KaK TPH MOCTOSTH-
HOM TOKE.

@opmyJibl st ipoBoaumoctu G = i/U 3a3eMiiennst MOTYT ObITh HAIMCAHbBI HA OC-
HOBaHUU METO/Ia 3JIEKTPOCTATUYECKOHN aHAIOTHH TI0 UMETOTNMCS (popMyIaM /I eM-
koctu C = q/U cOOTBETCTBEHHO PACIIONIOKEHHBIX TeJ.

B asekTpocTarndeckux 3ajiadax OOBIYHO PABHBIM HYJIIO MPUHUMAIOT TOTEHIHAI
GeCKOHEYHO yIaJeHHBIX TOYeK. B MHTepecyommx Hac 3aja4ax, OTHOCSIIUXCS K TO-
KaM B 3eMJie, TaKyKe MPUHUMAIOT PABHBIM HYJIIO TIOTEHIINAT OECKOHETHO yIaJIeHHBIX
TOUYEK WJIHM TIPAKTUYECKH [OCTATOYHO YAQJEHHBIX OT 3JeKTpoja Touek. [Ipu atom B
Boipakennn G = i/U Benmmunna U ecTb IOTEHIINAJ 3JIEKTPOJIA, TaK e KaK B BBIpaKe-
unn C = q/U Bemmunna U ecTb OTeHIINAI 3apSKEHHOTO Tesa.

Heo6xoanMo eliie 3aMeTUTh, YTO B 3eMJIE JIMHUU TOKA He YXOISAT B OECKOHEYHOCTD,
a cobMparoTCst y IPYroro aJeKTPojia Wi, Kak B IIPUMepe, TTOKa3aHHOM Ha puc. 26.4,
y MecTa TIOBPEsKAeHUsT U30suu JuHui. OXHAKO 3TO 0OGCTOSITEIHCTBO MAJIO CKa3bl-
BaeTCsI HA PacIpe/leJIeHUH TOKA OKOJIO JIAHHOTO 9JIEKTPO/IAa ¥ Ha 3HAYEHUU COOTBETCT-
BYIOIIIETO €My COTIPOTHBJICHUS 3a3€MJIEHNUSI, TAaK KAK OCHOBHOE COTIPOTUBJIEHHE pacTe-
KaHWIO TOKA COCPEOTOYEHO BOJIU3U HIEKTPOJIA, T/e TIOTHOCTh TOKA B 3€MJIe UMEET
HanGOJIBIITIE 3HAYCHUS.
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|'Hi Paccmotpum HekoTOpBIEe TpUMeEPHI. Tak Kak eMKOCTh yeTUHEH-
HOTO TIapa pajguyca » paBHa

C = 4ner,
TO TIPOBOIMMOCTD 3a3e€MJIEHUST JIJISI IIIAPOBOTO 3JIEKTPO/IA, TIOrPY-

' JKEHHOTO B 3€MJIIO CTOJIb IJIYOOKO, 4TO MOKHO TIpeHeOpedb BJIHsI-
NN HUeM MoBepXHOCTH 3eMiin (puc. 26.5), 1okHa ObITH paBHA

<

%

“(//
)
,/7//

N

N\

N

g

2o
A

%
/

~
o
4

%

c

NS
0\ =

1
G == = 4myr,
R Y

Puc. 26.5
npuyeM R — CONPOTHUBJIEHNE 3a3eMJICHNUSI.

Ecout a71eKTpos1 pactiosiokeH GIM3K0 OT MOBEPXHOCTH 3EMJIH, TO JIMHUK TOKA MCKa-
JKafoTCs, KaK 9TO BUAHO U3 puC. 26.6. B aTOM ciiydae MOKHO BOCIIOTB30BATHCST METO-
JIOM 3epPKaJIbHbIX M300paskeHnn. JIMHIK TOKA y TIOBEPXHOCTH 3eMJIM JTOJKHBI ObITh K
Hell KacaTesJbHBI. TO YCIOBUE OCTAHETCS Y0BAECTBOPEHHBIM, €CJTH MBICTIEHHO 3aTI0JI-
HUTD BO3/YITHOE TIPOCTPAHCTBO HAJl TIOBEPXHOCTHIO 3€MJIH TTPOBOIATICH Cpesioli ¢ Ta-
KO Ke, KaK Y 3€MJIH, y/IeTbHON MTPOBOANMOCTBIO U TTOMECTUTD B 3TY CPEMY 3TEKTPO,
SIBJISTIOTIIAACST 3€PKATbHBIM U300pasKeHUEM JIEHCTBUTENHLHOTO 3JIEKTPO/Ia OTHOCUTE -
HO TIOBEPXHOCTH 3eMJd. TOK, BBIXOASAIINI 13 MHUMOTO 3JIEKTPO/IA, 0JIKEH OBbITh pa-
BEH TI0 3HAUEHUIO W 110 3HAKY TOKY, BBIXOAIIEMY U3 JICHCTBUTEIHHOTO 3JIEKTPOJIA
B 3emunio. [IpoBoumocTh 3a3emiieHust 71 J€WCTBUTENBHOTO 3JIEKTPOJA, OUYEBH/I-
HO, PaBHA TIOJIOBHHE TIPOBOJUMOCTH CHCTEMbI, 06Pa30BaHHOI 2JIEKTPOIOM U €T0 3€eP-
KaJbHBIM M300paskeHreM. Tak, HalpuMep, MPOBOAMMOCTD /IS 3JIEKTpoia B opme
MOJIYIIAPHs, PACIIONOKEHHOTO Y TIOBEPXHOCTH 3€MJIN TaK, KakK IMOKa3aHo Ha puc. 26.7,
paBHa

1
G=—=2myr.
R Y

YacTo MPUMEHSIOT 3a3eMJIUTEN B BUje TPYO, 3a6UTHIX BEPTHKAIBHO B 3€MJIIO
(puc. 26.8).

N N

N \‘
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[Tyctp [ — pmana TpyOBI M 7 — ee pamauyc. [IpeanonoKuM, 94To OuH KOHeEIl TPYObl
HAXOJUTCS y CaMOM MOBEPXHOCTH 3eMJin. [linHa TpyObl BMeCTe ¢ ee 3epKaJibHbIM M30-
Opaxenrem paBHa 2/.

EmkocTb nuausapa, uMeronero aauny 21 u paauyc 7, npu 2/ > r corzmacHo Gopmy-
Jie, MPUBEIEHHON B § 25.6, MprOIMKEeHHO paBHA
2me2l

20
In=

,

C=

Cuie1oBaTesIbHO, TIPOBOAUMOCTD JIJISI CHCTEMBI M3 3JIEKTPOJIa U €r0 3ePKaIbHOTO
n300paskeHnsT paBHA

_ Amyl
In 2
,

G

Takum 06pa3oM, IPOBOIUMOCTD 3a3eMJIEHUS JIJIsT AJIEKTPOIa B (hOpMe BEPTHUKAIIb-
HOH TPyOBI BbIpaskaercst GopMyioit
2myl
G =2
21
In==
’

[l yMeHbIIIeHNsT CONPOTUBJICHUS 3a3eMJICHUS 3a3eMJIsIIolee YCTPOCTBO 4acTo
BBITIOJIHAIOT B BHJIE PSJIOB 3a0UTHIX B 3eMJIIO TPYD, COEMHEHHBIX MEKILY co00il Me-
TaJJIMYECKUMU ToJlocaMi. PacueT IpOBOJMMOCTH 3a3€MJICHUS IIPU TAKOM CJIOKHOM
3a3eMJITesIe MOKET OBITh BBITIOJIHEH 110 aHAJOTUU C PACY€TOM eMKOCTH CUCTEMbI CO-
eIMHEHHBIX MEXILY OO0 TPSMOJUHENHBIX OTPE3KOB TPOBOAHIKOB. C 3TOH 1ETbI0
C YCIIEXOM MOJKET OBITh MCIOJIb30BaH METOJ CPEIAHUX MOTEHIIMAJIOB, U3JI0KEHHBIN
B § 25.6.



[(naBa ABagUaTb ceabMas

MarHuTHoe nosie NnOCToOSAHHbIX TOKOB

27.1. BuxpeBoM XxapaKTep MarHMTHOroO NnoJsisi TOKOB. CKanspHbin
noTeHUuMan MarHUTHOIro nons B 06;1acTu BHe TOKOB

YpaBHeHMS MATHUTHOTO OIS TOCTOSHHBIX TOKOB, KaK 9TO CJIEAyeT U3 CUCTEMBI YPaB-
HeHU, TpUBeIeHHBIX B § 26.1, umeroT BUA

rotH =J; B=uH; divB =0.

[lepBoe ypaBHeHMe CBUIETENIBCTBYET O TOM, YTO MATHUTHOE 110JI€ TOKOB SIBJISIETCST
suxpesvim. CienoBatesabto, Tam, rie J # 0, Heb3a yKa3aTh Takylo CKaISIpHYIO (PyHK-
o koopawHat U, (¥, y, z), TpafileHT KOTOPO# mporopinonaseH Bektopy H, Tak Kak
u3-3a Toxaectsa rot grad U, = 0 pu aToM okaszasnoch Ob1 Betony rot H = 0.

WupiMu cioBaMU, BUXPEBOE TI0JIE HE SBJSETCH TMOTEHIINATBHBIM.

OnHako B TOM 4YacTW TPOCTPAHCTBA, TJe TIOTHOCTh TOKA paBHA HYJIO, MMeeM
rot H = 0 u, ciepoBaresbHO, B 3TOM 4acTW MPOCTPAHCTBA MOXKHO TipencTtaBuTh H
B BUjIE

H =-gradU,,.
Bennuuiy U,, Ha3bBalOT CKAJSPHBIM NMOTEHINATOM MATrHHUTHOTO

0 J1 1. VIHIeKC «M» cTaBUM, YTOOBI OTJIMUNTH MATHUTHBIN MTOTEHIINAJ OT 2JIeKTPUYe-
ckoro. Mmeem

oU oU oU
Hx = — M ; H’/ = — M ; HZ = — M ,
ox ’ oy oz
" BOO6H_Ie COCTaBJIAIONIAA BEKTOPa H 1o JIIO6OMy HalpaBJeHHIO paBHA YMEHbBIIICHUIO
MAariMTHOTO IMOTEHIIMaIa, OTHECEHHOMY K €/IMHUIIE AJUHBbI B 9TOM HallpaBJIEHUN:

H, =Hcosa = _oU, ,
ol
T7le oL — YToJI MeXKIy HalpaBjeHreM BekTopa H u HampaBJieHieM, B KOTOPOM OIIpejie-
JIsieTcsT cocTaBJsionast H,.

[ToTeniuan oMHAKOB BO BCeX TOYKAX ITOBEPXHOCTH, ITePeCeKaeMOi JTNMHUSMK Ha-
MPSDKEHHOCTHU TIOJIST TIOJ] TIPSIMBIM YIJIOM, TaK KakK, MePeMeNIasiCh [0 3TOi MOBEPXHO-
cru, umeeM cos o = 0 u oU,, /0l = 0, T. e. U,, = const. Takyto TOBEPXHOCTh HAa3bIBAIOT
MOBEPXHOCTHIO PABHOTO MAaTrHUTHOTO moTeHnmana. Ee ypaBHeHue
nMeeT BUJI

U, (x,y,z) = const.

Ecnu 0603HaunTh uepes dn nepemelierie B cropony Bekropa H mo HopMasu K mo-
BEPXHOCTH PaBHOTO TOTEHI[MAIA WM, YTO TO JKe, M0 KacaTeJbHOW K JIMHUU Halpsi-
JKEHHOCTH TI0JIsI, TO, OYEBH/HO, OY/IEM MMETD
oU,,

on

‘gradUM‘ =H=-
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W3 ckasanHoro SJCHO, YTO ITI0JIb30BATLCA IMOHATHEM CKaJIAPHOTO MAarHUTHOIO I10-
TEHIMAIA MOKHO TOJIBKO B TOI obsmactu npocrpanctsa, rae J = 0. OgHaxko u B 910
vactu mpoctparcTBa U, sBisieTcss MHOTO3HaYHON (yHKIIed. YToObI TIOKa3aTh JTo,
paccMOTPUM MarHUTHOE TT0JIe OKOJIO KOHTYpa ¢ TokoM (puc. 27.1). JInaeitHsiii nnre-
rpajl HAPSLKEHHOCTH MArHUTHOTO TOJIs, B3SITHIA 110 JI0OOMY 3aMKHYTOMY KOHTY-
PY, He 0X8amul8aouemMy KoHmypa ¢ MoKoM, PaBeH HyJIO: {>H dl = 0. B gactaocru, pa-

BeH HYJIIO HHTerpas no mytu AnBmA, uzobpaxennomy Ha puc. 27.1. CiegoBaresnbHo,
'[H dl = J-H dl, T. e. wHTETpAJ, B3ATHII MEXKIY ABYMS 3a- === W

AnB AmB == ____ A
JaHHBIMHU TOYyKamMu A u B, OIIpeZeTIIETCS TOJBKO IOJIOKE- ,/ \\ “—T"
HUEM 9THUX TOYEK M He B3aBUCUT OT BbIOOpa IyTH .: h ! ot
WHTETPUPOBAHUS MEKITYy TOUKAMU MTPU YCTIOBUH, YTO 3aMK- m‘\ RIS e
HyTble KOHTYPbI, 00pa3oBaHHbIe IBYMsI PA3JTUUHBIMU Iy TS
MU UHTETPUPOBAHUS, HE OXBATBIBAIOT KOHTYPOB C TOKAMU.
[Ipu TakoM ycaoBuM UHTETrpaJ

Puc. 27.1

jBHdlz J'HdleMA -U,,
A

AmB

MO’KHO pacCMaTpUBaTh KaK Pa3HOCTb MArHUTHBIX roTeHnuanoB Uy, u Uyp 1osist B
Toukax A u B. Eciii ycJIOBHO IPUHSITH PABHBIM HYJIIO TIOTEHI[MAJ B HEKOTOPOIA 3a/1aH-
Hoii Touke P (U,p=0), To pa3HOCTb IIOTEHIIAIOB B ToUKax A u P OyzeT paBHa IOTEH-
IUasy B TOUke A:

P
J'HdleMA.
A

OzHako ecy BHIOpaTh TaKOI 3aMKHYTBIN IIyTh MHTETPUPOBAHUS, KOTOPBIN OXBa-
TBIBA€T KOHTYD TOKa i, HarpumMep myTh AIBmA #ua puc. 27.1, To JUHERHBIA UHTErpas
HATPSKEHHOCTU MarHUTHOTO TIOJIS TI0 TAKOMY TIYTH Y3Ke He PaBeH HYJIIO:

§Hdl= [Hdl- [Hdl=i#0,
AIBmA AlB AmB
OTKyZa
del: JHdl-l—i:UMA ~U,, +i.
AIB AmB
IIyts A¥rBmA oxBaTbIBaeT JiBa pasda KOHTYP € TOKOM i. /[J1 Takoro myTu mmeeMm

ﬁH dl = 2i u, cienoBaTesNbHO,
ArBmA

[Hdl= [Hdl+2i=U, -U, +2i
ArB AmB

1 BoOOIIIe UHTETPAJ 110 HEKOTOPOMY MyTH AXxB MOXKeT OTINYaThCsA OT WHTErpajia Mo
nytu AmB na ki, Tiie k — 11€J10e 4ncsio, ecyau Bee MyTH MPOXOJSAT BHE 00JIacTh TIpo-
CTPAHCTBA, 3AHATOI CAMUMU MTPOBOJAHUKAMU C TOKOM:
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J'Hdl U, U +ki
AxB
CoBMecTuB TOYKY B ¢ TOUKO# P, B KOTOPOI TOTEHINA TPUHAT PaBHBIM HYJIIO, TIO-
JlyqaeM
[Hdl=U,, +ki
AxP
Takum 00pa3oM, CKaJSIPHBII MAarHUTHBIN MOTEHIIMAT OKA3bIBAETCS BEJIWYMHON
MHOZO3HAUHOU.

27.2. BEeKTOpHbI/ NOTEHLMaJsl MarHUTHOrO MoJisi TOKOB

BexTop MarHuTHON WHAYKIIMU MOKHO MIPEICTaBUTDh B BUIE BUXPS HEKOTOPOTO BCIIO-
MOTATeJbHOTO BeKTOpa A:

B =rot A,

[IPUYEM BEKTOP A IIpU 3aJaHHOM PacIipeieJIeHII B IIPOCTPAHCTBE 3JIEKTPUIECKHIX TO-
KOB SBJISIeTCsT (DYHKIIMENH KOOP/IMHAT.

Bextop A HOCUT Ha3zBaHWE BEKTOPHOTO MOTEHIIMAajJla MATHUTHOTO
10 71 1. Onpenesum ero Tak, Yro0bl ypaBHEHUST MAaTHUTHOTO TIOJIST

rotH =J; B=uH; divB =0

GBIV YIOBJIETBOPEHBI BO BCEM MPOCTPAHCTBE — U TaM, I7le OTCYTCTBYIOT TOKH, U TaM,
roe J = 0.

Yenosue div B = 0, Bbipaskaroliiee TIPUHITATT HEMPEPBIBHOCTH MAaTHUTHOTO TIOTOKA,
YJIOBJIETBOPSIETCS TOXK/IECTBEHHO, ec/iu B nipesictaButh yepe3 A B Bujsie B = rot A, tak
kak Bcerna div rot A = 0 (cm. § 23.5).

Haiiziem BBIpaskeHre BEKTOPHOTO TIOTEHITUATA, OTIPE/IEISTIONIee ero 0 3aJaHHOMY
pacIpeieIeHII0 TOKOB TakK, YTOObI OBLIH YAOBIETBOPEHBI OCTAIbHBIE IBA YPAaBHEHUSI:

rotH =J u B=uH.
OrpannynmMcst paccMOTPEeHNEM OIHOPOHOM Cpefibl. YMHOKUM TIPABYIO U JIEBYTO Yac-
TH TIEPBOTO YPaBHEHUsI Ha aOCOTIOTHYIO MArHUTHYIO IIPOHUIIAEMOCTD W cpesbl. [Toryunm
prot H =totpH =rot B = pJ,

u Tak kKak B = rot A, To umeem
rotrot A =pJ.

B wactHoCTH, 1711 Tpoektny Ha och OX MoOskeM HaIMCcaTh
rot, (rotA) =pJ,.

Pa3Bepnem JieBy10 yacTh aToTO ypaBHeHus. VMMeem

0A
rot, (rot A) = irotzA—glrotyA:i v 04| _0foA, o4 )
’ oy 0z oy\ ox oy oz\ 0z  Ox

_00A, 0'A, 0'A, | 0 0A,
ox oy oy’ 8z*  ox oz
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ox Ox
2

OA 2 2 2
rotx(rotA)=§ aA’f+ ‘1’+8AZ - aA"+aA"‘+aAJ‘ =
x

ox oy oz o oyt oz

~ O divA-v2A..
ox

[MTomgunranum BekTop A yenosuio div A = 0, T. e. GyieM cuuTaTh, 4TO 1MoJie Bektopa A
He MMeeT UCTOYHUKOB. JleificTBurenbHo, npu yeaosun div A # 0 Bceraa MOKHO MIpu-
Hath A=A’ + A", npudem div A’ =0 u div A” = 0. [Tose cocrasstionieil A” kak cos3aaH-
HO€E UCTOYHMKAMU SIBJISIETCSI IOTEHITMATIBHBIM, U, cJiefioBaTesibHO, rot A” = (). [TosTomy
B=rot A=rot A', T. e. HaInuMe cocTaisiioNiell A” He U3MeHsieT BeInunuHy B 1 MOK-
1o npuHaTh A” = 0. OKOHYATETBLHO MOTyIaEM

rot, (rot A) = -V’A_.
Ypasuenue rot, (rot A) = pJ, nepenuceBaeTcs B BUIE
_0%A, A, O°A
VZA, St =k,
ox oy 0z
IT1o ecTh ypaBHenne [lyaccona, ono mosiHoCThIO coBajiaet ¢ ypaBuenueM Ilyac-
COHA JIJII 9JIEKTPUYEeCcKoro motentuana (cm. § 24.4), ecnmm 3amennTs A, Ha U n pJ,
Ha p/e. [loaTOMy €ero peleHne MOKXHO HAITMCATh MO0 AHAJIOTHH C PENIeHNeM ypaBHe-

HUA HyaCCOHa JJIA 9JIEKTPUYCECKOI'O ITOTEHIIAaIa. II]IH QJIEKTPUYECKOTI'O ITOTEHINaIa
MbI MeJIn

jpdV
47t8 r
3amenssa U na A, u p/e na pJ,, moaydaem
A - B deV.
4ry, 1

WHTrerpupoBaHiie J0CTaTOYHO PACIIPOCTPAHUTh 0 BceMy oObemy, e J, # 0. Be-
JINYNHA 7 — 9TO PaCCTOAHUE OT IEHTPA dJIEMEHTA O6’b€Ma dV, B KOTOPOM IIPOEKIMA
BEKTOpPa IIJIOTHOCTU TOKa €CTb Jx, 10 TOYKU, B KOTOpOfI OIIpeAe/IAeTCA Ax

AHaJIOTMYHBIM IIyTEM HETPYAHO IIOJYYUTH BbIPpAKEHUA I JAPYTUX COCTaBJIAIO-
IMUX BEKTOPHOI'O IIOTEHIIMAJIA. OKoHYaTEIBHO 6y,ILeM NMETDH
JAdv.o, o _n J,dv. A JdV

b

x:7 ’ Yy z
4TEV r 47‘CV r 4Tc r

@J, +jJ, +kJ)dV

A

. . _u
A=iA, + jA, + kA, _Zi
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YTO MOJKHO 3aIlICaTh KPATKO:
av
A=t
47 r

HOHMMAs 371€Ch NHTETPUPOBAHUE KaK TEOMETPUYECKOE CYyMMUPOBAHUE.

[Toryyenmble BhIPAKEHUs, CIysKAIINE A1 ONPEAETEHNsT COCTABIISIONINX BEKTOP-
HOTO MOTEHIIMAA [0 3aIaHHOMY Pacipe/e/IeHUI0 TOKa B IIPOCTPAHCTBE, CIIPABE/IINBbI
BCIOZY, B YaCTHOCTH U TaM, I'1e J# 0 OHI/I HpI/IFO,Z[HbI HpI/I yCJi0oBUH, 9YTO TOKH CYIIECT-
BYIOT B OTPaHMYEHHOM 00'beMe TIPOCTPAHCTBA, a 9TO (DU3MUECKU BCET/Ia U MMEET Me-
cro. IIpu 5TOM 3HaUYeHMe BEKTOPHOTO MOTEHIMAA YOBIBAET 110 Mepe yaaleHus B Gec-
KOHEYHOCTh OT 00JIaCTH, 3aHATOW TOKaMH, He MeJJleHHee, yeM 1/7, 4To HeTpyaHO
YCMOTPETh 13 TIOCIEHEr0 BhipakeHus. Tak Kak cocTaBJsiione BekTopa B Bbipaska-
I0TCS Yepe3 IIPOCTPAHCTBEHHbIE IPOU3BOAHBIE OT COCTABIAIONINX BeKTOpa A, To 3Ha-
YyeHre MaTHUTHON MHAYKIMU B, a cie10BaTebHo, U 3HaYeHne HAIPSKEHHOCTH TI0JIST
H y6biBaior B 6eCKOHEYHOCTH He MejyieHHee, ueM 1 /77,

Boipaskenue 1151 A MOKeT ObITh YIIPOIIEHO, ECJI TOKU IPOTEKAIOT 110 KOHTYpaM 13
JIMHEHHBIX IIPOBOHUKOB, TIOTIEPEYHbIE Pa3Mephl CeYeHUI KOTOPBIX BECbMa MaJibl 110
CPaBHEHUIO C JJIMHOI KOHTYPOB U [0 CPABHEHUIO C PACCTOSHUSIMU OT IIPOBOJAHUKOB
JI0 TOYEK, B KOTopbIx onpenensercss A. Ilpeacrasum snemenT o6bemMa IPOBOAHKUKA B
sugie dV =dl ds, rae ds — s/1eMenT IOBEPXHOCTH § IONEPEYHOro cederus u dl — ane-
MEHT JIJIMHBI [ TIPOBOHMKA.

BriGepem nanpasnenns dl Bciogy Tak, 9ToObI OHM COBIAJAIM C HAIIPABIEHUSAMU
BEKTOpa ILJIOTHOCTU TOKa J, T. €. pa3obbeM IPOBOAHMUK Ha OTpe3ku Tpybok Toka. [Ipn

atoM J (ds dl) = (J ds) dl n
dsdl)y n dl
A=Pgpssdh _woeroga0dl
4ni;j|. r 4ni;'_[( *) r

Ho nipu coburroieHnu BblllieyKa3aHHBIX YCIOBHIT MOKHO CYUTATh, YTO PACCTOSTHIS
7 IO TOYKH, B KOTOPOIT ompeziensieTcst A, OUHAKOBHI JJIsST BCEX DJIEMEHTOB (S TaHHOTO
ceyenns s. TOUHO Tak jkKe MOJKHO CUNTATh OJMHAKOBBIME BCE OTPE3KU dl MEK LY IBYMS
nonepeuydbiMu cedyeHussMu. CireZioBaTeTbHO, MOKHO HAIIACATh
A:iﬂ;ﬂ'[]ds:i @,
47 LT 47 T

e i = IJ ds — TOK B TIPOBOJIHUKE.

S

27.3. MeToa npuBeaeHUsA BUXPEBOro MarHUMTHOIO Nnons
K 6e3BUXpeBOMYy

Merto;1 ipuBeieHrsT BUXPEBOTO MATHUTHOTO 1MOJIsI K OE3BUXPEBOMY OCHOBAaH Ha pas-
JIOKEHUH BeKTOpa HanpsikeHHocT H MarHuTHOTO 1101 Ha BuxpeByio H, u 6e3Bux-
pesyio H,, cocTaBidionue, T. €. Ha IPeJICTaBIeHIH HAPSKEHHOCTH MarHUTHOTO HOJIs
B Buzie cymmbl H = H, + H,. IIpu 9TOM J0IlyCKa€eTCs, YTO BEKTOP ILIOTHOCTU TOKa J
MOPOXKIAET TOJbKO HEM3BECTHYIO HAPsLKeHHOCTh Hy, KoTopas u ompenessgeT BUXpe-
BYIO YaCTh MAaTHUTHOTO T0JI4 T. €. tot H; = J. OCHOBOIT MeTo/Ia TPUBEIEHNST BUXPEBOTO
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MariuTHOTO MOJIsT K GE3BUXPEBOMY SIBJSIETCS BO3MOXKHOCTD PA3eJbHOTO pacdeTa
BUXPEBOI COCTABJIAIONIEH, KOTOPBIA MOKET OBbITh BBIIIOJIHEH O0JIee IPOCTHIMU CIIOCO-
6amu. Tak kak Benmunna div H, ve 3aana, To ypasaenue rot H, = J numeer MHOXKeCT-
BO He 3aBUCANIMX OT MAarHUTHBIX CBOWCTB BelecTBa perrennil. [lo aroit mpuymne
ypasuenue rot Hy = J MOKeT ObITh PEIieHo IS CIydast OMHOPOIHON CPEIbL.

[Tockonbky div J = 0 u J = rot H,, TO /ISt BbIeJIEHHON Ge3BUXPEBOI COCTABJISIO-
uieii, papuoit H,= H — H,, cipaBe/iinBO ypaBHeHUe

rot (H- H,)=rot H, =0, H, = —grad U,,

T. €. I{p MOJKHO ITPEACTaBUTH B BU/IE€ I'Pa/IMEHTA CKAJIAPHOIO MarHMTHOTO IOTEHIINAJIA
UM 1 HalIpAKEHHOCTb MAariHUTHOTI'O T10JI 3allMCaTb B BU/IE

H=H, — grad U,

B arom ciyuae ypasrenue div B = 0 moskHo 3anucath Kak div u (H, — grad U,)) =0,
OTKy/la

div u grad U,, = div p H,, )

B KOTOPOM HeusBecTHbIMU siBJistioTcst Uy, u H,. B HanboJiee o01ieM cirydae Tpexmep-
HOTO MarHUTHOTO TIOJIsI IOJIKHBI OBITh ONPe/IeIeHbl YEThIPEe CKaNPHbIE (DYHKIIMU —
Tpu coctasisionme H, n crkangapupiii MarauTHeiid otennman U,,. B ypasuenun (*)
sanaommM st pacuera Uy, ssasiercst H,,. TIoaToMy Ipeskiie BCEro JOJKHO ObITh Haii-
neHo perenue ypasuenus rot Hy = J.

BoamoskHOCTD BbIGOpaA TIPON3BOJIbHOTO pactpenenetus div H, siBJIsieTcst CymecT-
BEHHBIM TIPEUMYIIECTBOM METOJIa MPe0OPa3oBaHUs BUXPEBOTO MATHUTHOTO MOJISI B
6essuxpesoe. [losiBisieTCs BOZMOKHOCTD BBIOMPATH U3 MHOXKECTBA PelleHuil Hanbo-
Jiee onTuMasbioe. OHIM 13 crioco6oB pacueTa BendanHbl H, IBJIsIeTCS] HCMOJIb30Ba-
Hue 3akoHa bno—Casappa:

H, - [Zav,
ans r
re oobeM V ABJIsieTCst OHOCBSA3HOI 06J1aCcThio ¢ TOKaMU. TIpu TTOMOIIU 9TOrO BbIpa-
skenus Beanunna Hy Mosker ObITh paccunTaHa BO BCEX TOYKAX IPOBOAHUKOB ¢ TOKA-
mu. OTOBOpPKa OTHOCUTENBHO OJHOCBAZHOCTH 00beMa MHTErPUPOBAHUSA TIPH BbIYKC-
JIEHUY BUXPEBOII cocTasionieil H, ICKOMOTO II0JIsI CBsI3aHa ¢ TeM 00CTOSITEILCTBOM,
410 0OBEM MOKET 3aHUMATD HE TOJIBKO YaCTh IIPOCTPAHCTBA, TAE IPOTEKAET dJIEKTPUYE-
CKUI TOK, HO U YaCTh, TJle TOK OTCyTCTBYeT. VIHTerpan §>H dl 1o KOHTYPY, OXBaThIBAIO-
I
IeMy TOK, PaBeH 3TOMY TOKY, TOT/Ia KaK WHTeTrpaJ _f*;VU . dl paBen nyJro Bcerna. ITo
I

[IPOTUBOPEYNE YCTPAHSIETCS, €CJI 00JIaCTh MHTErPUPOBAHUS SIBJISIETCS OJIHOCBSI3HOM.

Jlist obecriedeHnst OJHOCBSABHOCTH OOJIACTH WHTErPUPOBAHUST MPUXOAUTCS BBO-
JIMTh HEIIPOHUIAeMbIe /s 00X0/1a TOKA TOBEPXHOCTH. TAKOBOH B cilydyae M300paskeH-
HOTo Ha puc. 27.1 KOHTYpa ¢ TOKOM MOKET ObITh JII00ast OBEPXHOCTh, HATSHYTast Ha
MPOM3BOJIBHBIN KOHTYP, 0Opa3soBaHHBIN JUHUEH TOKa, JeKallell Ha MOBEPXHOCTH
MIPOBOIHUKA.
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W3 ananorun ypaBHeHuU 1uist ckansipHoro noteriana div e grad U= — p asiekTpo-
CTaTHYECKOTO TOJIsI U JIJISl CKAJIIPHOTO MarHuTHOTO noteriaria div u grad U, = div u H,
crenyet, uto Beamunny — div pu Hy MOXKHO paccMaTpuBaTh Kak 0OBEMHYIO MJIOTHOCTh
py = —div u H, GUKTUBHOrO MarHUTHOTO 3apsijia M, sBJstolerocst (hopMajbHO BBe-
JICHHOM pacyeTHON BeJMYMHON. M3 3TOU aHaJOrMu BBITEKAET, YTO COOTHOIIECHUIO
—{) ggrad U, ds = ¢ cOOTBETCTBYET aHAJIOTHYHOE COOTHOIIIEHITE —§> pugradU, ds = m.

S S

B oxHoponHoil cpejie ¢ MarHUTHOM MPOHUIIAEMOCTBIO [L CKAJSIPHBIH MAarHUTHbBIN
HoTeHIMan yaoBaeTBopsieT ypasuenuio Ilyaccona div grad U,= div H= — p,,/1, pe-
HieHue KOTOPOro B CUJIY CKa3aHHOT'O BbILIE MOKHO 3aIMcaTh Kak

1 r
H-H,=—[2Tqv,
dmpy, v
U TIOJIYYUTH BhIPAKEHUE JIJIsT UCKOMOM HATIPSIKEHHOCTH MATHUTHOTO TIOJIsI B BUJIE
1 r
H=—(>"qviH,
4y, 7

B kauectBe mpumepa paccMOTpUM CJIy4ail TPUBEJCHUS BUXPEBOTO MAarHUTHOTO
MOJIsT TOPOUJIATHHOTO C BHYTPEHHUM PANycoM R; W Hapy>KHBIM pajilycoM R, mpo-
BOJIHMKA BBICOTBHI /I C TIOCTOSIHHBIM TOKOM IIOTHOCTBIO J (puc. 27.2, a).

a 6
Hy

=~

Puc. 27.2

[Iprumem MaraUTHYIO TPOHUIIAEMOCTD L TIOCTOSTHHOM BCIOTY.

OrpaHnunM OHOCBSA3HYIO 00J1aCTh ¢ TOKOM HIKHEN (¢ KoopanHaToii z = (), Bepx-
Heil (¢ KOOpAMHATON z = i) 1 GOKOBOI MOBEPXHOCTSAMU IIMINHAPA PAAUYCOM Ry. ITO
osnavaet, uto H, = 0 Bciomy BHe 00pa30BAHHOTO ITHMHU TOBEPXHOCTSIMHU 00beEMA.
B munmnapuyeckoii cucteme KoopawmHaT BekTop J mMMeeT coctaBisiontyio J,. [lo-
ckonbKy rot H, = J, To ipu J =j J, MOKHO OIepupOBaTh €IMHCTBEHHON COCTABIISIO-
meit H,= H,,. Torna nnsa H, nmeem

_dH, =J,nm H, (r) = —IJadr =(R, —-1)J
dr R

Tak yto Hy(r)=(Ry — 1) J, ipu Ry <r<Ryu H(r)=(Ry — Ry) J, ipu 0 <r<Ry.

o’



MnaBa 27. MarHWTHOE rosie nocTosiHHbIX Tokos 141

3asucumocts Hy (r) uzobpaskena Ha puc. 27.2, 6.

ITycth TOK HampaBiIeH TakMM 00Pa3oM, YTO TTOJOKUTEIbHOE HAIPABJIEHIE BEKTOPA
H, coBmagaer ¢ TakoBbIM J7is ocu z. [Ipu aTom H, ckauko06pa3Ho MEHSIeTCsT Ha BeJIH-
unHy H, Ha moBepxuocTH z = 0 u Ha BesimunHy —H, Ha oBepxHOCTH Zz = A. B cooTBeT-

oH

BZ

crBuu ¢ yciosueM div u Hy = p =—p,, Ha 9TUX TOBEPXHOCTSIX MOSABATCS MAarHUT-

HbIe 3aps/Ibl: —M HA HUXKHEH TIOBEPXHOCTM U +m Ha BEpPXHEi, TOTJa KaK BO BCEX
OCTJIbHBIX TOYKAX 00JIACTH MArHUTHBIX 3apsiioB He Oyzuer. XoTsi 0ObeMHast TI0T-
HOCTh MarHUTHBIX 3aps/IOB HA YKa3aHHBIX ITOBEPXHOCTSIX oOpariaercsi B OeCKOHed-
HOCTb, UX TIOBEPXHOCTHAS IJIOTHOCTh KOHEUHA U paBHA G, (7) = —puH (7)) < 0 Ha HIDK-
Hell u G, (1) == +uH(r) > 0 Ha BepxHEH TOBEPXHOCTU.

Hatinennbie MarHuTHBIE 3apSIbl MTOJTHOCTHIO OMPEAESIIOT MAarHUTHOE TI0JIe BO BCEX
toukax obmactu, riae H, =0, T. e. Tam, T/ie €r0 MOKHO OTUCATH C TTOMOIIBIO0 CKASIPHOTO
MarHUTHOTO TIOTEeHIHaa. B To# jkKe yacTu MPOCTPAHCTBA, B KOTOPOU TPUCYTCTBYET

BUXPEBasd COCTaBJIAIOMIIAA HB, COCTaBJIAIOIME HAITPAKEHHOCTU MarHMTHOTO IIOJIA paB-

HBI H’.: _%7 H(l: - %7 Hz = HB - aUM .
or roo 0z

27.4. BoipaxkeHue MarHMTHOro noToka v SHeprum MarHMTHOro nons
yepes3 BEKTOPHbIW NOoTeHUuasn

YcranoBUM CBS3b MEKAY MarHuTHbIM IIOTOKOM ® cKkBO3b HEKOTOPYIO IIOBEPXHOCTD §
1 BEKTOPHBIM IMOTEHIIMAJIOM A MaraurthHoro nojs. Mmeem

®=IB ds = jrotAds.

S S
Cornacto Teopeme Croxca, Jrot Ads = §Adl. CrenoBaTebHO,
s /

cp:§Adz.
/

Taxum 06Pa30M, MAZHUMHDLI NOMOK CKBO3b NOBEPXHOCTL S PABEH JUHEUHOMY UHMEe-
2pany 6eKmMopHO20 NOMEHYUALA N0 3AMKHYMOMY KOHMYPY, 02PAHUNUSAIOWEMY IMY NO-
8epxXHOCbD.

Jli1st BbIYMCIIeHUST MATHUTHOTO TIOTOKA Yepe3 BEKTOP MAarHUTHOW WHAYKIIUU TIPU
MOMOITA MHTETpaJia I B ds 1e06x011Mo OTpeie/IUTh BeKTOp B BO BCeX TOUKAX T0-

s
BepxHOCTH S. [Ipy BBIUMCIEHN MAaTHUTHOTO TIOTOKA Yepe3 BEKTOPHBIN moTeHmmranr A
JIOCTATOYHO 3HATDH TIOCJTEHUN TOJbKO HA KOHTYPE, OrPAHUYUBAIONIEM 3Ty ITOBEPX-
HOCTb. VIHTErpupoBanue 10 TIOBEPXHOCTH 3aMEHSIETCSI MHTETPUPOBAHUEM TI0 KOHTY-
DY, UYTO BO MHOTHUX CJIy4asiX OKa3bIBAETCS BECbMA TTOJIE3HbIM.
Bblunciienne 9HEprud MarHUTHOTO TOJisE B 0ObeMe Ha OCHOBE BbIPAsKEHISI

W, = lj' HB dV conpsikeHo ¢ OOJBIIMMU 3aTPYAHEHUSIMU, TaK KaK HEOOXOIMMO
2 Vv

paccunTaTh HanpssKeHHocTh H v MHAYKIMIO B MarHUTHOTO MOJIST BO BCEX TOUKax Gec-

KOHEYHOTO TIPOCTPAHCTBA. Bhlunc/IeH1e SHepru MarHUTHOTO 10Jist W, MOKHO YIIPO-
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CTUTB, €CJIM IPeoOPa3oBaTh HHTErPaJ 110 HEOrpaHUYEHHOMY 00beMy V B MHTErpast 1o
ob6nemy V), B KOTOPOM CYIIECTBYET CO3JAIONIII MATHUTHOE T10JIe DJIEKTPUYECKHET TOK
IIOTHOCTBIO J.

Jluist Takoro rmpeoOpasoBaHis BOCIIOJIb3YEMCsT COOTHOIeHneM B = rot A u u3BecTHbIM
u3 BekTopHoil anre6pbl BoipaskerreM div [AH] = H rot A — A rot H, wim Hrot A =
= Arot H + div [AH]. Tlocse mogctanoBku B (GOPMYJTY /ISl 9HEPTUH MATHUTHOTO
noJist Beipaskenusi A rot H + div [AH | Bmecto H rot A nmeem

W, :lj‘ArotHdV +1jdiv [AH|AV. )
2 v 2 v
Moo IIOKa3aTb, YTO BTOPOE CJlara€MoO€ B (*) CTPEMUTCA K HYJIIO, ITIO3TOMY
W, = 1 [Arav,
2}

YTO MO3BOJISIET OFPAHUYKTD BBIYMCIIEHUE HHTErPaJia JUIIb B TOW 4acTh 0ObeMa, B KO-
TOPOH TJIOTHOCTH 3JIEKTPUUECKOTO TOKA HE paBHA HYJIO.

OrnepupoBatue BEKTOPHBIM MOTEHITMATIOM 00JIeTyaeT pacCMOTPEHHE Psijia BaKHBIX
MOJIOKEHWH TeOPUU MAarHUTHOTO T0JI, TaK JKe KaK MOJb30BaHUe CKAISAPHBIM TOTEH-
IMAJIOM YIIPOIaeT PacCMOTPEHIe MHOTHX BOIIPOCOB 3JIEKTPOCTATHKH.

27.5. O6was 3apaya pacyeta MarHUTHOIO NOJISA NOCTOSIHHbIX TOKOB

OGmeit 3aaueil pacyeTa MarHUTHOTO TIOJISI TIOCTOSIHHBIX TOKOB SIBJISIETCS HAXOXK/Ie-
HUEe BEKTOPa MarHUTHOM WHIYKIIMU WU BEKTOPA HATPSKEHHOCTH MATHUTHOTO TIOJIS
BO BCEX TOYKAX MPOCTPAHCTBA 10 33JIaHHOMY PacIIpe/ieJIEHUIO TOKA B ITPOCTPAHCTBE.
JTa 3ajjaua TOJHOCTbIO PENIAeTCs HAXOXKIEHUEM BEKTOPHOTO moTeHiuasa A Kak
¢yarmmu xoopamHat. [Ipu aTOM MarHuTHAs UHIYKITUS OTPENESIeTCS U3 COOTHOIIIe-
Hust B = rot A. B o61em ciydae aHaTUTHYECKIMU METOJaMU 9Ty 3ajlady YAaeTcst pe-
IITUTh B OTPAHUYEHHOM YHUCJIE CTyYaeB.

Permrenme 3a/lady¥ pacyeTa TPEXMEpPHOTO MarHUTHOI'O T10JId B HEOAHOPOJAHBIX Cpe-
JIaX TIPU UCTIOTh30BAHNN BEKTOPHOTO MAaTHUTHOTO TIOTEHITHAA, KaK MTPaBUJIO, CBI3aHO
C 60]II)H_H/IMI/I TPYAHOCTAMMU. Onu OIIpeAeJIAI0TCA, BO-IIEPBBIX, TEM, YTO [IJIAd TpEXMeEP-
HOTO MarHUTHOTO TIOJIsT B HEOZHOPOIHBIX Cpe/laX 32 Pe/IKUM MCKJII0UeHNEeM HEBO3MOK-
HO HAITH aHAINTUYECKOE PEIIEeHUE U TI0ITOMY MTPUXOIUTCS MPUOEraTh K PA3TMIHBIM
YUCJIEHHBIM MeTo/laM. Bo-BTODPBIX, TIPU MCIIOTH30BAHUN YHMCJIEHHBIX METOJIOB HAJIU-
Yiie TPEX CKAISIPHBIX COCTABJISIONINX BEKTOPHOTO MArHUTHOTO TIOTEHITHAIA U HEOOXO0-
JIUMOCTD YZIOBJIETBOPUTH TPAHUYHbBIE YCIOBUS IIPUBOJUT K TOMY, UYTO CUCTEMBI KOHEU-
HO-Pa3HOCTHBIX YPaBHEHUIT OKa3bIBAIOTCS TPOMO3IKUMHE ¥ TIOX000YCIOBIEHHBIMHU.

I/IHTepeCy}:ICb MariMTHbBIM I10JIEM BHE ITPOBO/ITHUKOB C TOKOM, T. €. TOJIbKO B O6JIB.C-
T TIPOCTPAHCTBAQ, T/1€ IVIOTHOCTb TOKA PaBHA HYJIIO, UMEETCA BO3MOKHOCTb BOCIOJIb-
30BaThCsT TaKKe JPYIMM METOAOM. B aTOi 06JacTu IPOCTpaHCTBA MAaTHUTHOE TOJIe
MOKHO 0XapaKTepU30BaTh CKATSIPHBIM MaTHUTHBIM TToTeHInamom U,,. Bextop Hamps-
JKEHHOCTH TI0JIsI TIPH 9TOM otipesiesisieTcst u3 cootHomnenuss H = —grad U,,.

MeTtopt pacueTa MAarHUTHOTO TIOJIS HA OCHOBE CKAJITPHOTO MATHUTHOTO TIOTEHITHA-
Jla aHAJIOTUYHbI IIPUMEHEHHDBIM ITPU PACUETE JIEKTPOCTATUYECKUX HOJIGI(/)L 1 B 9TOM UX
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60JIbII0E JOCTOMHCTBO. Takas aHAIOTUs Ja€T BO3MOKHOCTD PEIIUTD Psij 3a4a4, OTHO-
CAMMUXCA K pacdeTy MarHUTHBIX TOJIEH, ITyTeM COTIOCTABIEHUS X C COOTBETCTBYIO-
UMY PETEeHUIAMHA 327124 9JIeKTpocTaTuku. OTHAKO CYIIeCTBEHHBIM HETOCTATKOM Me-
TO/Ia SIBJISIETCSI HEBO3MOKHOCTD pacdyera MarHUTHOTO TMOJIsI B 0OJIACTSIX ¢ TOKaMU.

PacueT MarHuTHOTO MO B OOJIACTSAX C TOKAMI Ha OCHOBE MCIOJMb30BAHMS CKa-
JIIPHOTO MarHUTHOTO IMOTEHI[Hala MOKET ObITh PeajM30BaH NP YCJIOBUU TIPUBE-
JIEHUST BUXPEBOTO MATHUTHOTO TOJs K Oe3BuxpeBoMy. IIpm TakoM TIOAXOAE MOKHO
HCITOJTb30BaTh BCE YMCJIEHHbIE METO/IbI, U3JI0KEHHbIe B TJIaBe 24 JJIs pacdera 3JieK-
TPOCTATUYECKUX TTOJICH.

27.6. NnockonapannenbHoe none

PaCCMOTpI/IM MarHuTHOE II0JIe CHUCTEMbI 66CKOH€‘{HO MJIMHHBIX ITapaJijieJIbHbIX -
JIMHAPUYECKNX TTPOBOJIHUKOB € TOKaMH B ofiHOpoaHOM cpene. Och OZ nHampaBuM Ta-
PAJLTIESIBHO OCSM IMPOBOAHUKOB. B TakoM cirydae JTMHUN HANIPSKEHHOCTH TOJTS TIEJTH-
KOM JIeKaT B IJIOCKOCTSIX, MapalieabHbIX 1mockoct XOY, 1 KapTHHA 10JIT BO BCEX
9TUX IJIOCKOCTSX O/INHAKOBA, T. €. M0JIe TAKOH CUCTEMBI TOKOB IIJIOCKOMApaJJIe/IbHOE.
HOBerHOCTI/I PaBHOTO MAaroMTHOIO IMOTEHINaJIa UM CYyTb NWJIMHAPUYIECKNE 1TOBEPX-
HOCTH ¢ 0oOpasyomumMu, mapauieabibivu ocu OZ. JIMHUN PaBHOTO MOTEHIMATA B
nztockoctn XOY onpe/esisiioTest ypaBHEHEM

U, (x,y) = const.

WurepBasbl MeXIy COCETHUMU JTMHUSIMU PAaBHOTO
HoTeHIasa 6y1eM BbIOMPATh Tak, YTOOBI IPH TIEPEX0- ¥
Jie OT OIHOW JIMHUM K JPYTOil COOII0ATIOCH YCIOBUE
AU,, = const.

YpaBHeHMe TUHUHT HATIPSKEHHOCTH TIOJIST MOKHO
HOJIYYUTh Ha OCHOBE COOOPasKeHUH, aHAJOTHYHBIX
TeM, KOTOpPbIe ObLIN MCIOJIb30BAHBI IS TTOTyYEHUST
ypaBHEHWS TMHUU HATIPSKEHHOCTU JIEKTPUIECKOTO
MOJISA. YCTIOBUMCSI CUUTATh TIOJIOKUTENBHBIMUA TOKH,
HarpasJieHHble K HabmozaTe0. BoibepeM o/Hy -
HUIO HATPSYKEHHOCTH TOJIsT B KauecTBE HAYAIbHOM.
Ha puc. 27.3 ona orMedyeHa KUPHOI JIMHUET.

CoennHuM TIPOU3BOJIbHYIO TOUKY M (X, i) ¢ HEKOTOPOIT TOYKOH A HaYaIbHON JTMHIH
orpeskom MmA. Ilyctb Wy ectb motok Bektopa H CKBO3b ITOBEPXHOCTD, KOTOPYIO OITUCAT
6b1 0Tpe30Kk MmA, TiepeMelasich mapaiielbHo caMoMy cebe B HarpaBieHun ocu OZ u
HPOXO/IST MTh [. YCIOBUMCSI pacCMaTpuBaTh TIOTOK HA €MHMUILY JUTMHBI TIPOBOIOB. BBe-
nem obosHauerue V,, = Wy/l. Benmnuuna V,,, HasbiBaeMast G Y HKITM € i 110 T O K , 3aBU-
CUT OT TOJIOXKEHUS TOYKU M U, ciiefioBaTesIbHO, aBiseTcs (MyHKIMel KOOPAUHAT 3TOH
Toukd. J[Jig Bcex TOYeK, JieXKaluX HA OMHOW M TOU >Ke JIMHUU HATPSDKEHHOCTHU TIOJId,
dbynxmusa V,(x, y) nmeet ognnakoBoe 3Hadenne. CrenoBaTesibHO, ypaBHEHNE

0

Puc. 27.3

V., (x,y) =const,

ornpezeJsiAmoIee COBOKYITHOCTb TaKUX TOYEK, U ABJAECTCA YPAaBHEHUEM JIMHUKW HAIIPA-
JKEHHOCTH I10JIA.
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Ycenosumcesa pacioJjiaraTb Ha 4epTeske JIMHMKW HAIIPAXKCHHOCTU IIOJIA Tak, I-ITO6I)I
[IPH [Iepexo/ie OT 000N JTMHUHU K COCETHEN BCer/ia MoIy9aTh OHO U TO JKe puparie-
uue A V, GbyHKIum noroxa.

O6o3HaunB yepe3 dn dJeMEHT JTMHBI JIMHUK HATPSDKEHHOCTH TOJs U depe3 da
9JIEMEHT JITUHBI JIUHUK PABHOTO TIOTEHIINAA, OyaeM uMeTh Bciofy dn L da. Koopau-
HaTY 7 YCJIOBUMCSI CYUTATh Bo3pacTaloleil B HanpaBiaenny sektopa H. Koopaunary a
6y/:[eM CUNTATh BO3pacTalolieil BjeBo oT BekTopa H s HabJoaTes, PacCIOJI0KUB-
merocs Tak, 9To BekTop H KaxxeTcs eMy HallpaBJIeHHBIM CHU3Y BBepX (cM. puc. 27.3).
DyHKINIO TIOTOKA GY/IEM CUYMTATh BO3PACTAIONIEH B TOM K€ HAIIPABJICHUN, B KOTOPOM
YBETUIMBAETCS .

HanpsikeHHOCTh MArHUTHOTO TT0JIsT BhIpaskaeTcs yepe3 U, u V,, B Buje

ou, v, *)
=+ .
on oa

[TepBoe paBeHCTBO yske OBLIO TPUBEIEHO paHee. Bropoe BhipaskeHue CIeayer 13
TOTO, YTO HAIIPSPKEHHOCTD TOJIST YUCJIAEHHO paBHa MOTOKY BekTopa H CKBO3b elnHUILY
MOBEPXHOCTH, HOPMAJTBHON K JMHUSIM HanpsikenHoctu mosist. [lyers d, Wy — npupa-
neHne oToKa BekTopa H, cooTBeTCTBYIOIIEEe MPUPAIIEHNIO TOJIBKO OIHON KOOPINHA-
bl a. [Totok d,¥y; TpOXOUT Yepes MOBepXHOCTD [ da, HOpMAJIbHYTO K JIMHUSM HATIPsI-
skeHHOCTH 1107151, CrietoBaTesIbHO,

_ da\PH _ daVM _ aV

M

lda lda da

Beipaskenusa (*) coBeplieHHO aHAJIOTWYHBI COOTBETCTBYIOIIUM BBIPAKEHUSM B
§ 24.8, ompenenAomuM HATIPSYKEHHOCTD 3JIEKTPUUECKOTO TOJIS.
Cocrasasronue BekTopa H B eKapTOBBIX KOOPAWHATAX BHIPAKAIOTCS B BHUJE

_ovu,, :+8VM. I _ou, _ oV, (**)

H=-

; = = .
ox oy Y oy ox

ITH PAaBEHCTBA MUIMYTCsS HA OCHOBAHWU TeX JKe COOOPaskeHUH, YTO U COOTBETCT-
Bylomue paBenctBa (**) B § 24.8. 113 nux myTeM mOBTOPHOTO AN hEpeHITMPOBAHNS
MoJTy4aeM ypaBHEHUS:

H:

X

0°U, U, _, OV, 0V, _
ox’ oy* T ox? oy’
T. €. 00e dynkin, U, u V,, yrosiaersopsiior ypasaenuio Jlammaca. Heo6xommmo, oHa-
KO, TIO{YEPKHYTh, YTO ITO UMEET MECTO TOJIBKO B 0OJIACTHU POCTPAHCTBA, HE 3aHATON
9IIEKTPUIECKUM TOKOM. TOJIBKO B 9TOM 00J1aCTH BO3MOKHO BBIPA3UTh HAIIPSIZKEHHOCTh

MoJis B BUJIE TpajienTa ckaasipHoro norenimana U, Takasg oroBopka He OTHOCHTCS K
BBIPAKEHNAM HAMPSKEHHOCTH TIOJSA Yepe3 (PyHKITNIO TTOTOKA:

g g V. . _
- ) x ) - T~

oa oy Y ox
KOTOpPbIE 11O CaMOMY HUX CMBICJIY AOJIKHDBI ObIThH CﬂpdSeaﬂUBbl maxoice u 6HYympu npo-
B00HUKOB C MOKOM.

0,
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Haxkowner, otmetuM, uTo (byHKIUS TMOTOKA V,, BBeAEHHAS I XapaKTEPUCTUKU
MJIOCKOTIAPAJITIETTLHOTO TI0JIs, BECbMA TIPOCTO CBSI3aHA C BEKTOPHBIM TTOTEHIHAIOM. B pac-
CMaTPUBAEMOM CJIydae BeKTOPHBIN MOTEHITNAN HATpaBiIeH BCIOY Tapasseabio ocn OZ,
T.e. A, =A,=0; A, # 0, Tak KaKk BEKTOP IJIOTHOCTH TOKA BCIOy NapaJijieJieH STOI OCH.
[Toatomy nmeem

oA, 04, oA, oA oA, _ oA, , 04, oA
Yoy o0z oy UV 6z ox o’ T ox oy '

YMmuOkas paBeHcTBa (**) Ha L 1 COTOCTABJISIS UX C TTOCJETHUMY PaBEHCTBAMHU, T10-
JIydaem

B

A, =pV, +C,

IIpruYeM IIOCTOAHHAA C MoxkeT OBITh 0T6pomeHa KaK He uMmenniad CymecTBEeHHOro
3Ha4YeHMA.

27.7. NpuMmeHeHue (PyHKLUA KOMMIEKCHOrO NepeMeHHOoro

MaruuTHbiil otennman U,, n dyHKINUS moToka V,, B 00JacTH, He 3aHATON TOKa-
MM, CBsI3aHBI MeXIy co00il coortHomeHusaMu (**), coBHagaOMMUMU ¢ ypaBHEHUSIMU
Komm—Pumana, KOTOPbIM JTOJKHBI YIOBJIETBOPSATH MyHKIMK &(x, y) 1 n(x, y), ompe-
JICJISIONINE BEIECTBEHHYI0O U MHUMYIO YacTH aHAJIUTHIeckoil hyHKmu C = & + jn =
= f(2z) KOMILJIEKCHOTO MEPEMEHHOTO z = & + jy. [ToaTOMY 1711 OTIMCaHMSI TIJIOCKOTIAPaJI-
JIeJIbHBIX MAarHUTHBIX IOJIell BHE TOKOB, TaK e KakK U IPU OIMUCAHUM IJIOCKOIIapaJ-
JIEJTHHBIX 2JIEKTPUYECKUX TI0JIeH, MOKEM BOCIIOJIb30BATHCS AHAJIUTUYECKUMU (PYHK-
UMY KOMILIEKCHOTO TlepeMeHHOro, nmonoxkuB & = V,, u n = U, T. e. npuHuMas
C_!:a—i_]n :‘/M +]UM :f(Z)
CocrasJstiorue Bekropa H MOryT ObITh TIOTy4eHbI U3 YPABHEHUIL:

g - 9% __om. 5 __ 90U, __on

x - A vy~ A, A

ox ox oy oy

Mopyab BekTopa H paBen

H

dg
JH! +H] = =

27.8. NMone nuHeliHbIX NpoBoAoB. NMpUHLUKMN COOTBETCTBUA
NJ1I0CKONapas/iesibHbIX 3/IEKTPUHECKUX U MarHMTHbIX nonen

Pacemorpum dynknuio § = K In z + C, rne K — BemiectBenHas Beanunia u C =
= C, +j C,. Belpaxas mepeMeHHYIO Z B TIOJISIPHBIX KOOPAMHATAX, GyieM UMeTh 2 = re’
=V,+jU, =Klnr+jKo+C, +jC,.
YpaBHeHMe JTUHUI HAMPSKEHHOCTH TOJISI MOSKHO HAIMCATh B BUJIE
V,=Klnr+C, =const, T.e. r=const.
YpaBHeHMe JTUHUI PABHOTO MMOTEHIIMATIA UMEET BUJL
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U,=K06+C, =const, T.e. 0 =const.

JIMHUT HAIPSZKEHHOCTH TIOJIST CYTh OKPY’KHOCTH ¢ OOTIMM IIEHTPOM B Hadase KO-
opauHat. JIuHUM paBHOTO TIOTEHITNAA — pauaIbHble Jyund. Takoi XxapakTep mMeeT
MarHuTHOE T0Jie JIMHEHHOTO TIPOBO/IA C TOKOM, TIPOXOJSAIIETO MEPIEHINKYIIPHO K
miockoctu XOY yepe3 navano koopannart. [loctoganas K onpezensgercs u3 ycaoBus,
4To Mpu 00X01e BOKPYT TOKA i B MOJOKUTETHHOM HAMPABJICHUH YTOJI O U3MEHSIETCST
Ha 27, 2 MarHUTHBIN MOTEHIMAJ TIoJydaeT npupaiienue, papuoe AU, = —i. Craso
ObITh, i = —K 21, u K = —i/(2n). OkoHYaTeAbHO MoJydaeM Beipaskenust 1 V, u U,

i 1
V,=——Inr+C; U, =——0+C,.
T 27

Yro6bl MHTEPBA MEXKIY ABYMS JTMHUSIMU PABHOIO MOTEHIMAIA COOTBETCTBOBAJ
oTipejieJieHHOMY TipupanieHuio AU, IoTeHInana, 3TH JUHUH JOJKHBI OTCTOSTD JIPYT
OT JIpyra Ha paBHBIE YTJIbI AD.

Jlyist TOro 4TOObI JIMHUN HANPSKEHHOCTH T0JIS JIEJIUJIH TI0JIe Ha TPYOKKM PaBHOTO
MOTOKa, HEOOXOANMO COOJIOCTH JUJIST IBYX COCEHUX, v-il 1 (v + 1)-ii, TuHuil ycioBue

i i,
V,=——(nr,, —Inr,) =——In* = const,
2n 2n 7,
T. €
’
4 = N =const.
,

A%

CrefoBaTerbHO, PAIIYCHI TUHNAN HATIPSKEHHOCTH TIOJIS TOJKHBI BO3PACTATh B TEO-
METPUYECKOIT MPOTPECCrd, 3HaMeHATeIb KOTOPOil MOKHO BBIOPATH MTPOU3BOIBHO.

Ha puc. 27.4 u306pakeHO MarHUTHOE TIOJIe YeMHEHHOTO MPOBO/IA, TIPHUYEM MPH-
Hsato N = 1,5 u A0 = /4.

B Tom cirydae, Korja mMeeTcst 72 IMHEHHBIX IIPOBOIOB
€ TOKaMHM, MOKHO BOCIIOJIb30BATHCSI IIPUHIIUIIOM HAJIOXKe-
HUSI U HAaXOIUTb KOMIIJIEKCHBIN NOTEHIIMAJ U3 BbIpaxKe-
HUS

//Coﬂsf

k=n
=V, +jU, = —iz i,In(z-z,)+C,
2105
TJIe zj, OTIPEIeNISieT TOUKY, Yepe3 KOTOPYIO TIPOXO/UT MPO-
BOJI C TOKOM i,
CpaBHI/IBaH TTOJIYy4Y€HHDbIE€ BbIpaK€HUA 1/ ITOTEHI 1A~
Jla U (l)yHKHI/II/I IOTOKA MATHUTHOIO IIOJS JIMHEHHBIX
IIPOBOAOB € TOKaMM C COOTBETCTBYIOIIMMU BbIPAKECHUAMU [IJI51 TIOTEHIIUATa 1 (l)yHK-
Y TTOTOKA JIEKTPUUECKOTO OIS JMHEWHBIX 3aPsKeHHBIX TPoBoI0B (cM. § 24.10)
U COTMOCTABJISASA KAPTUHY MATHUTHOTO TOJII HA puc. 27.4 ¢ KapTUHOHN 2JIeKTPUIECKO-
ro oz Ha puc. 24.10, 3amMedaeM UX COOTBETCTBUE C TOM JUTIH paguutleir, uto Un V
nomensinch Mectamu. OTCIo/1a cile/lyeT 3aMedaTebHbIN BbIBO/I:

Puc. 27.4
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Kapmumna maznuminozo nons aumneinvix mokos coenaodaem ¢ Kapmunoil 21eKmpuiecKozo
NOJLS IUHETHDIY 3aPs006, eCli MOKU U 3apsovl PaAcnpedesetvl 6 nPpoCmpancmsee 00UHa-
K060. Pasnuuue mexncoy smumu Kapmunam 3aKioudaemcst Iums 6 mom, 4mo Ha mecme
JUHUTL HANPSIHCEHHOCMU INEKMPUUECKO20 NOSL PACNONAZAIOMCS TUHUL PABHO20 MdA2-
HUMHO020 NOMEHUUALA U HA MECTE TUHUL PABHOZ20 INEKMPUUECKO20 NOMEHUUANLA PACNO-
JA2AIOMCSL IUHUU HANPAHCCHHOCTU MAZHUMHO20 NOJIS.

HO3TOMy AOCTATOYHO IMOCTPOUTDH TOJIBKO KapTUHY OJHOTO I10JI, 3JIEKTPUIECKOIO
WJIN MariuTHOTO, BTOPOE K€ T10JIy4a€TCsA Ha OCHOBE TOJIBKO YTO BbICKA3aHHOTO 110JI0-
JKEeHMA, KOTOPpOE MOJKHO Ha3BaTb IPUHIIUIIOM COOTBETCTBU A IIJIOCKOIIapaJi-
JICJIbHBIX 3JIECKTPUYECKOI'0O U MaroHuTHOTO I10JIEH.

27.9. NMpAMOSIMHENHDBIN NPOBOA C TOKOM
BO BHELWHEM OAHOPOAHOM MnoJie

Oyuknus § = Dz + C onpesessiet co6oil OHOPOAHOE MaTHUTHOE TIoJie. [eficTBUTE b-
HO, IMeeM

C=V,+jU,=Dx+jDy+C, +jC,.

JIMHUM HANPSKEHHOCTH TIOJII CYTh MpsiMble, mapamienbabie ocu OY. Oun Beipa-
JKAIOTCS ypaBHEHUEM

V., = Dx +C, =const
NJm
X = const.
BexTop HampsxkeHHOCTH OIS HampaByieH mapamieabno ocu OY. HampsxeHHOCTH
MOJIST PaBHA
ov
H, =-—*=-D=-H,.
’ ox

Ha ocnoBanum npuHINTA HATOKEHUS MOKEM YTBEPKAATD, UTO (DYHKITUSA

Q:—i1n2+Hoz+C
2n

orpeziesisier coboi 1oJie TPSIMOJIMHERHOTO MPOBOA C
TOKOM i BO BHEIITHEM OJ[HOPO/IHOM I10JI€, HATIPSIXKEHHOCTh
koroporo H, = —H,. Tax kax

Inz=1Inr+jO =§1ln(x2 +yH)+j arctgz,
x

TO ypaBHEHUE JTUHAHT HaIIpAKEHHOCTH I10JIA MOKET 6bITb
HaIlMCaHO B BU/€E

M

Vo= _2iln(xQ+y2)+H0x+C1 = const,
T

a ypaBHEHUE JIMHUII PAaBHOTO TOTEHIINAIa MOXKET ObITh
MpeACTaBJIeHO B BUIE Puc. 27.5
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U, = - alrctgg +H,y +C, =const.
2n x

Takoe mosie m306paxkeHo Ha puc. 27.5. B Touke b HampsiKEHHOCTH MMOJIST paBHA
HyJ110. JIMHUIO HAMPSIKEHHOCTH TOJIst, TIPOXOSIILYIO Y€Pe3 ATy TOUKY M OMEYECHHYIO
1dpoit 2, MOKHO paccMaTpuBarh Kak oAy Junuio abfdbc. B atom ciyuae ona mo-
no0Ha IMHUSAM 3, 4 1 5, PacIiooKeHHBIM BIIPABO OT TIPOBOJIA € TOKOM. Ee MOKHO pac-
CMaTpUBaTh U KaK JBe JUHUW: TUHUIO abc v 3aMKkHyTYIo aunuio bfdb. B Takom ciyyae
OHa T0JI00HA [IBYM JIMHKSM, OTMEYeHHbIM 1U(poii 1, 0JiHA U3 KOTOPBIX HPOXOIMUT
cJieBa OT MIPOBO/IA, a JPyras OXBaThIBAET TIPOBOJI.

27.10. lNone npoBOAOB, UMEOLLINX KOHEYHOE ceYeHune
Npon3BOJIbHON (hOpPMBbI

[Tpu wccreloBaHNU MAarHUTHOTO T0JIsT BOJIM3W MACCUBHBIX MTPOBOIOB, MMEIOIINX Ce-
YeHUe CI0KHOI (DOPMBI, ITH TTPOBO/IA YIKE HEJIb3sl PACCMATPUBATD KaK JiMHeliHbIe. Pa-
300beM TIPOBOJI Ha GECKOHEYHO TOHKHE MapaJiie/ibHblie HUTH. KoopanHaThl 1ieHTpa ce-
yeHUs1 HUTH B 1iockocTr XOY obosnaunm vepes &' u y' (puc. 27.6). IloBepxHOCTD
cedeHust HUTH paBHa ds = dx’ dy’. Kaxaast Takast HUTb SIBJISIETCSI JIMHEWHBIM TIPOBOIOM
¢ TOKOM di = J ds, riie J — IIOTHOCTh TOKA, U 110 OTHOIIEHHUIO K Heil CIipaBe/InBhI 110-
JIydeHHbBI€ BbIIlle BbIPAKEHUS st GYHKIIMY TOTOKA U noteniinana. MyHKIMs TOTOKa
Y x M(x,y) W TIOTEHITUAJI, oTipefiensieMble B Touke M(X, y) TOKOM i,
m P MTPOTEKATONTIM BO BCEM TIPOBO/IE, TIOMYYAIOTCS CYMMUPO-
0 BaHMeM (PYHKIUI MOTOKA W MOTEHIINAJIOB, OTIpeiesise-
RS MBIX B 9TOI TOUKE TOKaMH, TPOTEKAIONTUMHU B OT/IETBHBIX
Hutax. CienoBaTebHO, BBIPAKEHUS /IS BeIWUuH V, 1
NN y U, B Touke M(x, i) TOJKHBI OBITH ITOJTyYEHBI HHTETPUPO-
BaHMEM 110 CEYEHUIO S MMPOBOJIA BBIPAKEHWH /g (hyHK-
UM TI0TOKA W TIOTEHIIMAJa, OIpeNesieMbIX B TOYKe

; M(x, y) Tokamu B HUTsIX. TakuM 0Opa3oM, MOKHO Hallu-
Puc. 27.6 caTb

":1________
Y R~
3
>

Vv :—J.ilnrdSJrC]; U :—jieds+62,
" 2 " AL

TJie ¥ — paccTOsTHUE OT IeHTpa CeYeHsT HUTH TOKa /10 Touku M(x, y) u 6 — yrou, co-
craBisieMblil ocbio OX ¢ pajiiyc-BEKTOPOM 7.

Dopwmyoit ayst Uy, MOKHO TTOJIB30BATHCS JIUIID TIPU PACCMOTPEHUHN TIOJIST BHE TIPO-
BOJIa C TOKOM, TaK KaK MOHSITHE CKAJSIPHOTO MOTEHIIUAJIA TOJIbKO 3/IECh UMEET CMBbICIL
Dopmya ke mist V,, IpUrojiHa mpu pacCMOTPEHUHU TI0JISI KaK BHE TIPOBOJIA C TOKOM,
TaK W BHYTPU HETO.

[Moyuentoe obiee Boipaskenne (HYHKIINU MOTOKA B cIydae J = const MOKeT ObITh
HaIMCaHO B BHUJE
V, = —ﬁlj‘lnrals+c1 = —2il Inrds +C,,

M
2ns TS
N S
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r7ie S — TMOBEPXHOCTh ceueHus mpoBoja. Bemnunny —~ Jlnrds BXOJIANIYIO B 9TO BBIpa-
JKeHne, 0003HAYAIOT CIIEAYIONIMM 00pa3oM:

1jlnra’s =lng
S S

3/ech ¥ — paccTostHue OT Touku M /10 ssieMeHTa ds TIoBepXHOCTH. Bemunny g Ha-
3bIBAIOT CPEJHUM F€eOMETPUUYECKUM PACCTOSIHU-
eM oT Touku M no moBepxHocTd S. [losgcHUM 3TOT TepMUH.
Pazo6bem 1uiomia/b § Ha 7 paBHBIX Yacteit As (puc. 27.7) Taxk,
yTo § = n As. CpemiHee TeOMeTPUIECKOE BCEeX 71 PACCTOSTHUHN OT
TOuKH M 710 TIEHTPOB BCEX IJIOMAA0K AS PaBHO g = 411, ... T,

njiam

1 k=n 1 k=n
lng:;Zlnrk :—ZlnrkAs. Puc. 27.7
k=1
YBesmunBas 4unciao IIJIOIIAZIOK, TIOJIyYaeM B IIpejieJie Ipu 7 — oo

lngzljlnrds.
SS

Takum o6pasoM, numeeM

M

V,=—"tlng+ C,.
2n

AcHo, uTO cpemHEE TEOMETPUUECKOE PACCTOSIHUE OT TOYKU JI0 TIOCKON MTOBEPXHO-
CTHU 3aBUCUT TOJBKO OT (DOPMBI KOHTYPA, OTPAHUYUBAIOIIETO 3Ty MTOBEPXHOCTb, U OT
MOJIOKEHUS TOYKU MO OTHOIIEHUIO K 9TOU TTOBEPXHOCTH.

27.11. None NnpoBOAOB KPYrjioro ce4eHusa

ITone BHE IIPpOBO/ia KPYTIJIOI'O CEYEHMA TaKOE JKeE, KaK €CJIN OBl BECH TOK i IIpOoxXoanJI 110
OCH IIPpOBO/ia. HOBTOMy BHE IIPOBO/IA, COTJIaCHO M3JIOKEHHOMY B § 278, nmeem

V,= —ilnro +C,,
2n

TJie ¥y — paccTossHue ot Touku M, B KOTOpO#l otpezensercs V,, 70 eHTpa CeUeHUsI.

Haiizem BbIpaskenue jjisi PyHKIMU TOTOKA BHYTPU TIpoBoja. HampsikeHHOCTD
T10JIsl HA PACCTOSIHUU ¥, OT OCH ITPOBO/IA OIIPEIEISIETCS HA OCHOBAHUM 3aKOHA TIOJIHOTO
TOKa 1 COOOPaKEHU CHMMETPHH:

fHdl = H2mr, = Jur} = i%

2 )
rme R — paamyc ceuenus nposoaa (ry < R). Nmeem

"o
2nR*

[Totok BexTOpa H CKBO3b IIIOMAAKY, UMEIONIYIO AJMHY B HAIIPABJICHUN OCH TIPO-
BO/Ia, PaBHYIO eIMHWIlE, U MUPUHY dry, paBed H dr,. CiemnoBaTesbHO,

H=i
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dv, =-Hdry =——"_dr,.
2R
3HaK MUHYC HE0OXOAMMO TIOCTABUTh, TaK Kak V,, U 7y BodpacTatoT ipu i > 0 B Ipo-
THUBOIIOJIOKHBIX HaIlIpaBJICHUAX.
WnTterpupys, naxoanm
7y
4nR?

[Toxpasensist mojie Ha TPyOKU paBHOTO MoToKa AV, oryyaem

=—i +C,.

! 2 2
AV, =—— (15,4 — 1) =const
4rR? VY

nim

2 _ .2
rO,v+1 - rO,v +K'

Tak Kak BHYTPEHHUIT paJnyCc BHYTPeHHE TPYyOKK paBeH HYJIIO, TO
MeeM CBA3b MKy PajuycaMi JUHUI MarHUTHON WHTYKIIAH:

2 . 2 _ .2 _ . . 2
oy =K, 15, =15, +K=2K;...; r;, =vKk.

Ha puc. 27.8 nszobpakeHo 1ojie BHYTPH MPOBOJIA, TPUYEM MTOTOK
Puc. 27.8 HojipasiesieH Ha MsITh TPYOOK PaBHOTO TOTOKA.

27.12. None ABYXNpOBOAHOM JIMHMUM Nepepaym

MaruuTtHoe 1mojie HeCKOJIBKUX MMOCTOSHHBIX TOKOB, TPOTEKAIONX B TPSIMOJIMHETHBIX
[POBOJIaX, UMEIONIUX KPYTJIble CeYeHUsT JIOObIX Pa3MepoB, BHE MPOBOIOB TaKOE Ke,
KakK ecjii ObI 9TU TOKH TPOTEKAJU 0 JTMHEHHBIM TIPOBO/IAM, COBMEIIEHHBIM C OCSIMU
JIefICTBUTEIBHBIX MTPOBOJIOB. B camMoM Jiesie, TOCTOSTHHOE MarHUTHOE 110JIe COCEHUX
MIPOBOJIOB HE MHAYIIUPYET B TeJIe IAHHOTO MPOBO/IA 3JIEKTPOABIKYIINX cuJl. [ToaTomy
pacrpejiesieHre TOKa B TeJie KasK/J0ro MPOBOJIA OCTAETCS TaKUM JKe, KaK U B TOM CJIy-
yae, KOT/la 9TOT IIPOBOJ yenuHeH. Tak kKak MarHUTHOE IT0JIe TOKa, IPOTEKAoIIero B ye-
JIMHEHHOM IIPOBOJIE KPYTJIOTO CEYEHNsI, BHE ITPOBOJIA TAKOE JKe, KaK eCJin Obl BECh TOK
OBLI COCPENOTOUEH HA OCU ITPOBO/IA, TO U IIPU JIIOOOM UHCIIE TPOBOIOB KPYTJIOTO ceve-
HUS TIPU PACCMOTPEHUH TI0JISI BHE TTPOBOIOB MOKHO UX 3aMEHUTH INHEUHBIMU ITPOBO-
JTaMU, COBMENIIEHHBIMU C TEOMETPUUECKUMU OCSIMU JIeHCTBUTETHHBIX TTPOBOI0B. He-
06XOIIMO TIO[IYEPKHYTh, YTO 3TO TPABUJIO CIIPABEIIMBO TOJBKO TI0 OTHOIIEHIIO
K ITPOCTPAHCTBY BHE TIPOBO/IOB, TOJIBKO MTPHU MIOCTOTHHOM TOKE M TOJIBKO B TOM CJIyYae,
€CJTM MaTrHUTHas TTPOHUIIAeMOCTh MaTepHraJjia ITPOBOIOB PaBHA MAarHUTHON TIPOHUTIAe-
MOCTH OKPY:KAIOIIeil Cpebl, HATTPUMeED /JIsT MEHBIX WM aJIOMUHUEBBIX TTPOBOIOB
B BO3J/IyXe.

Takoe TpaBUJIO HEBEPHO TIO OTHOTIEHUIO K 3JEKTPUYECKOMY ITOJTI0O HECKOIBKUX
MaCCHBHBIX TIPOBOJIOB KPYTJIOTO CEYEHMs], TaK KaK OJU30CTh COCETHUX TPOBOJIOB BbI-
3bIBaeT Tepepaciipesie/ieHre 3apsijia Ha MOBEPXHOCTH JIAHHOTO TIPOBO/IA.

[t nocTpoeHns KapTUHBI MATHUTHOTO TI0JIST TOKOB, IIPOTEKATOIINX B JIBYX JIMHEH -
HBIX ITPOBO/IAX, 00Pa3yOIIKNX [BYXITPOBOAHYIO JHHUIO TIepeadi, BOCIIONb3YeMCs pa-
Hee PACCYMTAHHOW KapPTUHOM 2JIEKTPUUYECKOTO TI0JIS /IBYX 3apSKEHHBIX JTUHEWHBIX
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mpoBOMOB (cM. puc. 24.14), 3aMeHUB B 3TOH KapTUHE HA OCHOBAHUU TIPUHITUTIA COOT-
BeTcTBUA (cM. § 27.8) TUHUM HANPSKEHHOCTH 3JIEKTPUYECKOTO TOJIST IUHUSAMU PaB-
HOTO MAaTHUTHOTO TTOTEHITHAA U IUHUU PAaBHOTO 3JTEKTPUIECKOTO TMOTEHITHAIA — JIH-
HUSIMU HATPSDKEHHOCTU MarHUTHOTO MO, Beipaskenuns aisd pyHKITNN MOTOKA U IS
MOTEHINAMNA TMETOT BU]L

V, =—i(i1 Inz, +i,In7,)+C, =Lan+C1;
2n 2n

M

U =_i(i191 +1,0,) +C, =i(92 -0)+C,,
2n 2n

TaK Kak
i =—1i, =1
JIMHUYM HATPSIZKEHHOCTU TIOJISE CYTh OKPY3KHO- Y
CTU C TEHTPaMU Ha TIPSIMOI, NepeceKaomieiics ¢
ocsiMU TIPOBO/IOB. KOOp/IMHATHI TIEHTPOB M PaINy-
CbI 9TUX OKPYKHOCTE OIpEIesITIOTCs U3 BhIpaske-
HUM, TomydyeHHbIX B § 24.12 npu pacyeTe alneKTpu-
yeckoro 1o, JIMAusgM#M paBHOTO MarHUTHOTO iy X0 4
MOTEHITNAJIA IBJIIIOTCS IYTH OKPY>KHOCTEN, TTPOXO0-
JSIUX yepes ocu oboux mposoxos. Ha puc. 27.9

-

n300paskeHa KapTUHA MarHUTHOTO TOJIST IBYXITPO- HSXE
o =¢ X
BO/ITHOU JIMHUU TIepe/lavyu. Y onst
B peasnbHBIX yCIOBUSIX IIPOBOJIA UMEIOT CEUEHHS Puc. 279

KOHEUHBIX pasMepoB. IIpm 5TOM BHE MTPOBOIOB
H0JIe TaKoe JKe, KaK ecJu Obl TOKKM ObLIN COCPEJOTOYEHBl Ha FeOMETPUUECKUX OCIX
MPOBOJIOB. B 9TOM OTHOIIEHNN MarHUTHOE IT0JIE OTJIMYAETCS OT 2JEKTPUUECKOTO, TaK
KaK 5JIEKTPUYECKOE TI0JIe OKOJIO IIPOBOAOB KPYTJIOr0 CEYEHMS OKA3hIBAETCS TAKUM JKe,
Kak ecau Obl 3apsibl ObLIN COCPEJOTOYEHBI Ha SJIEKTPUUECKUX OCSX IPOBOIOB, He
COBIA/AMOIINX C UX TEOMETPUYECKIMHU OCSIMU. BHYTPH TIPOBO/IOB MarHUTHBIE JIMHUT
IPEJICTABJISIOT COOOM CI0KHbBIEe KpuBbIe, Tak, (GyHKIUS TOTOKA BHYTPHU MPSIMOTO TIPO-
BOJA UMEET BBIPAKEHIE
.9 .
- +ilnr2 +C,
4nR* 2m

u muHun V,, = const UMeoT CIOXHYIO (hOpMY.

M

27.13. 'paHn4YHbIE YCZIOBMSI HA NOBEPXHOCTU pasaena ABYX cpen
C pa3J/IM4YHbIMMU MarHUTHbIMM NPOHULLAEMOCTSAMMU

Ecan nmHnm MarHuTHOW MHAYKIUU [IepeceKaloT IOBEPXHOCTh pasjiea JABYX ydacT-
KOB MarHUTHON 1emnu, UMEIoIX pa3jindHbie MarHuTHbIE ITPOHUIAEMOCTH, IO/ HEKO-
TOPbIM YTJIOM K HOpMaJX K ATON TIOBEPXHOCTH, TO Ha MMOBEPXHOCTU pasj/iesa JIMHUN
MarHUTHOI MHAYKIUU U3SMEHAIOT CBOE HallpaBJ/IEHHE.

Haiinem ob1ine ycioBusi, KOTOPBIM HO[YNHSIOTCST COCTABIISIION[IE BEKTOPOB Mar-
HUTHOM MHYKIIUN U HAIPSPKEHHOCTH MAarHUTHOTO 1107151 Ha TPaHUILe IBYX Cpell C Pas-
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JIMIHBIMUA aOCOMIOTHBIMU MArHUTHBIMU TTPOHUTIAEMOCTSIMU
W 1 py. O6e cpezbl OyeM mpernonaraTb OJHOPOIHBIME U
nzorponubiMu. Ilyets 0 1 0, — yrasl Mexxmy HampasJie-
HASAMU JIMHANW MarduTHOW WHIYKIMA W HalpaBJeHUEM
HOPMaJIU K IIOBEPXHOCTH Pas/iesia B IIePBON U BTOPO# cpe-
ne (puc. 27.10).

CorocraBiienre  ypaBHEHUIT §H dl =0, §>B ds =

\Hl\ g
\§

%

Puc. 27.10 B =uH c¢ ypaBHEHUAMU {)Xdl 0 §>Yds 0, Y=aX

(cm. § 23.8) nosBossier punsaTh X = H, Y = B, a; = n4, a; = p» 1 3a1McaTh HCKOMbIe

coornomenus H,sin®, = H,sinb,, B,cos®, = B, cosb,, Eg? = ﬂ, BbIpaKAIOIIHE
g9, My

YCJIOBUST HETIPEPBIBHOCTH COOTBETCTBYIONUX COCTABJIAIONUX BeKTOpoB H 1 B, a Tak-
JKe YCTTOBUST TTPEJIOMJIEHUS TMHUH MaTHUTHON WHIYKIMU HA TIOBEPXHOCTH CPEJL C pas-
JINYHBIMU MATHUTHBIMU TIPOHUTIAEMOCTSIMH.
BoutbItioe mpakTHyeckoe 3HaUEHe UMeeT BOIIPOC O XapaKTepe MArHUTHOTO TIOJISt
B BO3/lyXe OKOJIO [I0BEPXHOCTEH CTaJIbHBIX YacTell MalllH, TPaHCHOPMATOPOB, 3JIEK-
TPOMArHUTOB M JAPYTUX 3JEKTPOTEXHUUECKUX YCTPOICTB. MarHuTHbIe IIPOHUIIAEMO-
et (hepPOMATHUTHOMN CPe/Ibl M BO3/yXa CUIILHO PA3HsITCS MeKLy coboit. [luis Bo3myxa
MPAKTUIECKHU Wy = Wo. ILycTh nuist peppomarauthoit cpenst g = 1000 . B Takom ciry-
% //// yae nmeeMm tg 0; = 1000 tg 0,. Ecomm smnum maruutHOm
it H2=Ho WHJYKIIUU BHYTpU (heppoMarHuTHoii cpeabl (puc. 27.11) co-
Heaeao Boanyx CTaBJIAIOT C HOPMaJbIo yroJa 0, = 89°, To cOOTBETCTBYIONINI
YTOJI B BO3/IyX€e OKa3bIBaeTcs paBHBIM 0, = 3°20'. IloaTomy BO
', Bcex caywasx, Korza MarHWUTHOE MOJIE CO3AACTCSA TOKAMH,
MPOTEKATONUMHE TI0 MTPOBOJTHUKAM, PACIIOJIOKEHHBIM B BO3-
nyxe, TPaKTHIeCKN MOKHO MTPUHATH 05 = 0, T. €. cauTarh, 9To
% JIMHUU MarHUTHON WHIYKIUU B BO3JIyXe HOPMAJbHBI K TI0-
Prc. 27.11 BEPXHOCTH TeJl U3 (DEPPOMATHUTHBIX MaTEPHATIOB.

\\\\\
]

\

27.14. NMone ToKkOB B6/1M3M NIOCKMX NOBEpPXHOCTEN
¢heppomarHuTHbix Tes. MeTop 3epKasibHbIX U306parkeHnin

[Tyctb 0KOJI0 GECKOHEYHOH IJIOCKOCTH, OFPaHUYUBAoIeil (hepPOMArHUTHYIO CpPeLy,
JIJIS1 KOTOPOU TIPYMEM WL = 00, PACIIOJIOXKEH B BO3/IyXe MapaJIeJbHO MIJI0OCKOCTHU TIPOBO/I
¢ TokoM i (puc. 27.12). [loBepxHOCTD (HDepPOMATHUTHON CPEABI SABISETCI TTOBEPXHO-
CTBIO PABHOTO MAaTHUTHOTO TTOTEHIINAJA, TaK KaK JUHUU HAMPSKEHHOCTH TIOJIS B BO3-
IyXe K Hell epIeHANKYIIPHBL

Ynanum MpicTeHHO (hepPOMATHUTHYIO CPEMY, 3aMEHUB €€ TOKOM ', SBISIONTIMCS
3epKaJIbHBIM U300pakeHreM B TIOBEPXHOCTH pasjiesia AeHCTBUTeIbHOrO ToKa i. ToK 7'
MIPUMEM PaBHBIM TOKY i M IMEIOTINM TO K€ HalpaBJIeHHe.

Cpe/Hsisi TIOCKOCTh MEK/Y JeHCTBUTENBHBIM TOKOM ¥ €T0 3epKaJbHBIM M300pa-
JKEHUEM, COBTIA/IAIONIAs C TOBEPXHOCTHIO Pa3fiesia B JIeMCTBUTENbHON 3a1aue, SBISET-
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51 TIJIOCKOCTBIO PAaBHOTO MArHUTHOTO TOTEHI[UAIA. JTO
BBITEKAET XOTsI OBl M3 TOTO, YTO JIMHUW MarHUTHOI WMH-
AYKIMU, OXBAThIBAoONME 00a TOKA, MOJLKHBI PACIOJIO-
JKUTHCST CUMMETPUIHO OTHOCUTETBHO 3TOU TIJIOCKOCTH,
YTO BO3MOJKHO, TOJBKO €CJTM OHHU €€ TepeceKaioT Mo/
MIPSIMBIM YTJIOM.

WTak, mocse 3aMeHbl (heppOMAarHUTHOHN Cpelbl TOKOM

i' ycJOBUS Ha TPAaHWYHON IJIOCKOCTM HE WM3MEHUJIUCD.
Ocrasicst 63 MI3BMEHEHUS U TOK i B 00J1aCTH JIeHCTBUTEb-
Horo mosid. [loatoMy mpuxomnM K cieyioniemMy BecbMa ~=fe--
CYIIECTBEHHOMY BBIBOLY: 70Jle NPAMOLUHENUH020 MOKA i, PuC. 27.12
npoxoodswezo 6 6030yxe NAPALIEIbHO NIAOCKOU NOBEPX-
HOCMU MACCUBHOZ0 MeNd U3 (PePPOMAZHUMNHO2Z0 MAMEPUALd, cosnalaem 6 030yxe ¢
nonem, Komopoe oopaszyemcs 08YMs MOKAMU — OCUCTNBUMENLHIM MOKOM i U €20 3ep-
KAIbHOIM U300padcenuem i' = i 6 NOBEPXHOCMU Med, 8 NPeONOLONCEHUU, YMO Geppo-
Maznumuas cpeda yoaiena.

OCHOBaHHBINI HA 3TOM TMOJOKEHUU METOJ[ pacdyera
MOJIST HA3bIBAIOT METONOM 3€ePKAaJbHBIX HM30-
6paskennil. CaHAIOTMYHBIM METOZOM MbI O3HAKOMHU-
JINCH B TJIaBe O pacyeTe ajeKTpocTaTndeckoro moss. Oj-
HAKO HJIEKTPUYECKUE 3aPSI/Ibl TOJLKHBI OBITH OTPaKEHBI
B TIOBEPXHOCTH TPOBOIAIIEN CPEbI C MU3MEHEHNEM 3Ha-
Ka 3apsifa, TOK jKe OTpaykaeTcs B MOBEPXHOCTH (eppo-
MarHUTHOMN cpejbl 0e3 U3MEeHeHKs HAllPaBJIeHMS.

MeTo/1 3epKaIbHbIX N300paKEHN, OUEBUITHO, MOKET
OBbITH PAcHpPOCTPaHEH Ha JII0OOE YUCJIO TIPOBOJIHUKOB C Puc. 27.13
TOKaMHU, TIPUYEM TPOBOJHUKU MOTYT MMETh CEYCHUS
70001 (GOPMBL. ITOT METOJ, TaK JKe KaK U JIJIS 9JIEKTPOCTATUYECKOTO TMOJIsI, MOXKET
ObITH MCIOJIb30BaH, KOTJa JBE€ TOBEPXHOCTH, OrPaHUYMBAIONIE (HEPPOMATHUTHYIO
CPeJLY, CXOJISATCS TIOJL YIJIOM 0L = TT/7, T/le 7 — 11€JI0€ YUCJIIO, TPUYEM YTOJI 0L OTCUUTHIBA-
etcs B Bosayxe. [lose mpu a = n/2 nokasano Ha puc. 27.13.

|
!
/

27.15. N'pacdpmueckunii MeToa NOCTPOEHUS KapTUHbI NONs

B ciokHBIX ciydasiX aHaJUTUYECKUN pacdeT I0JIs OKAa3blBAeTCS HEBO3MOKHBIM U
HPUXOIUTCS TIPUOEraTh K MPUOJIKeHHBIM rpaUu4ecKUM MeTOAAM TIOCTPOEHUsT Kap-
TUHBI Tosid. Takoit MeToj BecbMa TOJIe3€H TPU MMOCTPOEHUH KAPTHUHBI MOJIS OKOJIO
CTAJbHBIX MOJOCOB AJEKTPUUECKUX MAIIIUH U anmapaToB. Ha moMoIb HaM TIpu 9TOM
[PUXOUT TO OOCTOSATENBCTBO, YTO JIMHUU MArHUTHON HHIYKIIMK B BO3LyX€e OKOJIO I10-
JIIOCOB HOPMAJIbHBI K UX TOBEPXHOCTSM, U, CJEl0BATENbHO, TTIOBEPXHOCTHU TOJIIOCOB
MOKHO CUHUTATh MOBEPXHOCTSIMU PABHOTO MAarHUTHOTO TIOTeHIMana. Takoe ycioBue
BEPHO B TOM cJlydae, KOr/ia IoJie CO3/1aeTCs TOKaMU, ITPOXOSIIUMU 110 TPOBOJIHUKAM
1 0OMOTKaM, PaCIoJIOKEHHBIM B BO3/yXe, 4TO OOBIYHO U UMEET MECTO. YCTaHOBUM
CHayasia METO/| TIOCTPOCHMS KapTUHBI MOJIst B 06J1aCTH, He 3aHATON MPOBOIHUKAMHE C
TOKaMH, CO3/IaI0IUMU HCcIefyeMoe 110J1e, T. €. OKOJIO TeX YacTell 0JII0COB, KOTOPbIe
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BBICTYIIAIOT 3a IPEAEJibl 0OMOTOK € TOKOM, HaJIOJKEHHBIX Ha CEPACYHHKHU IIO0JIOCOB.
ECJII/I, IIOMUMO TOTO, B [[aHHOfI obsacTi IIPOCTPAHCTBa I10JIE HpI/I6JII/I>K€HHO MOJKHO
CUUTATDh IIJIOCKOIIapaJuIeJIbHbIM, TO, O4Y€BUAHO, CJIEAYET PYKOBO/ICTBOBATbCA IIPABU-
JIaMH, aHaJIOTUYHbIMN TEM, KOTOPbIC OBLIN YCTaHOBJIEHDBI B § 24.15 IJIA TIOCTPOEHUA
JJIEKTPUYIECKOTO 110JIA, a UMEHHO!:

1) JINMHWUW HaIIPpAKEHHOCTU IIOJIA 1N JIMHUKW PAaBHOTI'O MAarHUTHOI'O ITOTEHIMaJIa JOJIKHBI
TrepecekaTbCA BCIOAY IO/ MPAMbBIM YIJIOM;

2) moBepxHOCTU (PEePPOMArHUTHBIX CPEJl CJEAYET CYUTATH TIOBEPXHOCTSIMU PABHOTO
MarHUTHOTO MOTEHIIMAJA U JIMHUU HAIPSIKEHHOCTH TI0JISE B BO3/LyX€e CJIEYET ITPOBO-
IUTH TIEPTIEHIUKYJISPHO K HUM;

3) stueiiku ceTku, 06pa3oBaHHOM JTMHUSMU HANIPSIKEHHOCTH TOJISI ¥ JIMHUSIMUA PaBHO-
0 TIOTEHIMaJIa, PH JOCTATOYHON IYCTOTE CETKH JAOJKHBI OBITh TIPUOIU3UTENHHO T10-
JTOGHBI JIPYT JIPYTY.

O603HaYNM CpelHIe Pa3sMepPbl TYEHKU CETKU B HATIPABJIECHUM JIMHUN HAIPSIKEH-
HOCTH TI0JISE Yepe3 An U B HAIIPABJIEHUM JUHUN PABHOTO MAaTHUTHOTO MOTEHI[MANA —
yepe3 Aa. Torma nocsieee MpaBUJIo MOKHO BBIPAa3uTh B hopme

an_ k = const.

Aa

[Tyrem psija moc/ae0BaTeIbHbIX TIPUOIUAKEHUI yaeTcs MOCTPOUTh KapTUHY TIOJIS,
YJIOBJIETBOPSIIOILYI0 BCEM YKa3aHHBIM TPEOOBAHMSIM.
Ha puc. 27.14 nzobpasxena mocTpoeHHast
; TaKUM CrmocoOOM KapTHHA MOJisI OKOJIO TO-
' JIOCOB 9/IEKTPUYECKON MAIIHHBL.
Ecnu noctpoena kapTuHa 1oJisi, To U3 Hee
MOKeT OBITh Hail/[EHO MATHUTHOE COMPOTHB-
\ ; JieHne R, WM MarHUTHas TPOBOJUMOCTD
Puc. 27.14 A = 1/R,, = ®/F BO3IyNTHOTO TPOMENKYTKA
MEXKy TOJIOCOM U sikopeM, mpudeM @ —
MarHUTHBIN MTOTOK B PACCMAaTPUBAEMOM ITPOMEXKYTKE U F — M. JI. C. Ha JJINHE TIpOMe-
KyTKa. Ecim my — dnciio TpyOOK MarHUTHOW WHIYKITUH, TO

O =mADP=mlp,HAaq,

rie A® — 10TOK B 0tHOI TpyOKe ¥ [ — jymuHa B Hanpasiaerun ocu OZ (nepreHanKy-
JITIPHOM TITOCKOCTU PUCYHKA). Ecau my — 4mcio nHTEepBaIoB MEXKAY COCETHUMU JIH-
HUSIMU PaBHOTO MoTeHInana, To F=myAU, = my HAn, tne AU,, — n3aMeHeHue moTeH-
[Majia Ha NPOTSKEHUH OJIHOIO MHTePBaJa.
Takum o6paszom,
Aam,; /

A= —— =[x
Ho Anm,
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Benmunna A nipezctapisieT coO0M MarHUTHYIO MTPOBOAUMOCTD Ha €MHUILY JJIHHBI
B HanpaBaeanu ocu OZ. OHa 3aBUCUT UCKIIOUYATETHHO OT KOH(MUTYpaIuy paccMart-
pPUBAEMOTO YYaCTKa MAarHUTHOMN IIETIH.

[TpuBeseHHbIE MTPaBUJIA TOCTPOCHUS KaPTUHBI TIOJISI CIIPABEAJUBbI TOJBKO B 00-
JIACTH, HE 3aHATOI JIEKTPUUYECKUM TOKOM. B 06/1acTu, Tjie pacIoioKeHbl IIPOBO/IHI-
KU WJIA KaTyIIKA ¢ TOKOM, 9TH TIPaBUJIa HETTPUMEHNUMBI, TaK KaK 37IeCh TEPSIET CMBICT
HOHATHE CKAJIIPHOTO MATHUTHOTO TIOTeHInaa. JIJis mocTpoenus prbInKeHHOl Kap-
THUHBI ITOJIST ¥ B TEX MECTAX, T/e OKOJIO CePAEYHIKA MOJI0CA PACTIONOKEHBI KATYIIKU C
TOKOM, MOCTYTIAIOT CJIeAyonM o0pazom. CKUMAIOT ceyeHre KaTyIIKA B HallpaBJie-
HUU K TIOBEPXHOCTH CeP/IEYHNKA JI0 HYJIEBbIX pa3MepoB. VlHavye ToBOpS, IPEATIOIAraior,
YTO TOK TeYeT 10 OECKOHEYHO TOHKOMY CJIOI0, IPUJIETAIOIIEMY K TOBEPXHOCTH CEp-
neunuka. [Ipu Takom mpeanosokeHn BO BCEM MPOCTPAHCTBE OKOJIO TIOJI0CA TOKOB
HET, U TOHSTHE CKaJSIPHOTO MArHUTHOTO IMOTEHIIHAIa MOKET OBITh HCIIOJb30BAHO.
[Ipu 5TOM T0JI€ BCIOLY JIOJIKHO YIOBJIETBOPSITH IEPBOMY U TpeTbeMy ycaoBusiM. Oj1-
HAKO BTOPOE YCJIOBHME — TEPIEHANKYISPHOCTD JUHUN HANPSIKEHHOCTU TOJISl K T10-
BEPXHOCTH (DEPPOMATHUTHON CPEJIbl — COXPAHSIETCS TOJIbKO TaM, I/l HA TIOBEPXHOCTU
(heppoMarHUTHON cpefbl HET TOKOB. B MecTax, re MMeEIOTCsl pacipe/ieJicHHbIe T0-
BEPXHOCTHBIE TOKW, COOTBETCTBYIOIINE TOKAM B KaTyTII-
Kax, 9TO yCJI0BuUe He cobmopaercsi. PaccMOTpuM I0CKY10
MOBEPXHOCTDH (DEPPOMATrHUTHON CPeJIbl, TI0O KOTOPOH TPO-
TeKaeT B TOHKOM cJioe Tok (puc. 27.15). Ilycts Tok mpote-
KaeT B HAIIPaBJIEHNH, HOPMATHHOM K TJIOCKOCTH PUCYHKA.
CocraBuM JUHEHHBIN nHTerpan Bektopa H 10 KOHTYpPY
abcda. Ecov juist (heppoMarHuTHON Cpeibl TPUHSITD L = o0,
To OyneM uMeTh BHYTpH (heppomarauTHoi cpeasl H = 0.
ITyctb ad w bec Becbma Maibl 110 cpaBHeHUIo ¢ ab. Torma

i;Hdl = H, ab,

abcda

Puc. 27.15

rie H, — kacaresbHast coctaBisioniast Bekropa H B Bo3yxe 0K0JIO TOBEPXHOCTH (hep-
POMarHuTHON cpezibl. Ho aTOT MHTErpas paBeH TOKY i, IIPOXOSIIEMY CKBO3b KOHTYD
abcda. Tloatomy

T. €. KACAMeNbHas COCMABLAIOWAS. HANPSANCEHHOCMU NOLSL 8 B030YXe OMAUUHA OM HYLsL
u pasna aunetinoi niomuocmu moxa. CieoBaTeabHoO, JUHAW HATPSIKEHHOCTU TIOJIS
OKOJIO TAaKMX TIOBEPXHOCTEN He TIePIeHANKYASPHBI K HUM. Harpassienue simnauii ocra-
€TCSI HEM3BECTHBIM, TaK KaK HEM3BECTHA HOPMaJbHAS COCTAaBJSIONasa BekTopa H.
[Ipu mocTpoeHur MOJist MOCTYHMAIOT caeayiomuM obpazom. CTPosT CHavasa moJie
OKOJIO TeX YacTell TOJIIOCOB, T/e HeT TOKOB, MOJIb3YSACh BBIMIEU3I0KEHHBIMU TIPa-
BuamMu. [loBepXHOCTH TOMIOCOB B 9TUX MeCTaX CYUTAIOT PaBHOTOTEHIIMATHHBIMU.
OcranpHble TUHAN PABHOTO MOTEHIIAAMA ATOTO MO TTOABOAAT K COOTBETCTBYIONINM
TOYKaM KOHTYpa ITOJIf0ca B MeCTax, T/ie IPOTeKaloT MOBepXHOCTHBIE TOKU. [losoxenne
3TUX TOYEK 3aBUCUT OT PACIIpe/ie/IecHNsT TOKa B TIOBEPXHOCTHOM cJjoe. Pa3HocTh 1o-
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TEHIUAJIOB JIBYX COCEJHUX JIMHUI PaBHA TOKY, IPO-
TeKAIoIeMy MKy COOTBETCTBYIOITUMU JABYMS TOU-
KaMU, K KOTOPBIM HEOOXOMMO TIOABECTH TH JIMHUHU.
JImHuM paBHOTO TOTEHIINANA, TaK ke KaKk U JUHUN
HaIPsLKEHHOCTHU TIOJIST, B MECTAX, T7Ie TIPOTEKAIOT TOKH,
HAKJIOHHBI K KOHTYPY moJifoca (cM. puc. 27.15). 3a-
TEM CTPOST BCE I0JIe, CTPEMSICh K TOMY, YTOOBI BCIO-
Iy YAOBJIETBOPSINCH TIEPBOE U TPeThe TpeboBaHUSI.
Korma ato ymaercs, mosie moctpoeno npasuiabHo. Ha

PuC. 27.16 puc. 27.16 npuBeseH TPUMeP ITOCTPOEHHOTO TaKUM

IyTEM TI0JIsI OKOJIO TI0JII0Ca, 0OTEKAEMOTO TOKOM.

Ecuu 1oJie co3aeTcst HECKOJIbKUMU TOKAMK U TIPH 3TOM JIETKO MOJKET OBITh T110-
CTPOEHO TI0JIe KaXK/IOTO TOKA B OT/EJbHOCTH, TO JIJIsI TIOCTPOCHUST PE3YJIbTUPYIOTIETO
MOJIST MOJKHO TIPUMEHHUTH TpauUyecKuii MeTO HAIOXKEHUs T0JIei, TTPeII0KeHHbIH
MaxkcBesiom.

[IycTh nMeroTcs ABa mapasiebHBIX TPOBOJIA KPYTJIOTO CEUYEHU C TOKAMU iy U iy B
OJTHOPOMIHOM cpezie. KapTUHBI MOJIsI KaXKJ0r0 TOKA B OT/AEJbHOCTU CTPOSITCS BEChMa
mpocto (cM. § 27.8).

[TocTponm Ha ogHOM PHUCYHKE KapTUHY JUHUN HATPSIKEHHOCTU TIOJI TOKA i U
KapTUHY JIMHUI HATIPSIZKEHHOCTH MOJISt TOKA iy ¢ TAKOW TYCTOTOM, YTOOBI MIMEJIO MECTO
paBencTBo | A Vy(|=| A Vi |. IIpu cobmonenun 5Toro yea0BHs IOMYYaoIascs B UTO-
re HAJIOJKEeHWS IBYX MOJIell ceTKa MO3BOJIAET JIETKO TIOCTPOUTH KAaPTUHY JUHWH HATPS-
JKEHHOCTH Pe3yJIBTUPYIONIEro MoJisi 000MX TOKOB, iy U iy. JlefiCTBUTENbHO, YpaBHEHIE
JIMHUW HATNIPSKEHHOCTU Pe3yJIBTUPYIOIero moss nmeet Buj V, + V,» = const u, cire-
JIOBATEJIBHO, JIIsT JIFOOBIX JIBYX TOUEK, JICXKAIUX HA 9TON JinHuH, umeeM A Vi + A V=0,
T. €. AVM1 = —AVM2.

Ecaiu mpu mocTpoeHnu oT/le/IbHbIX 1oJieil cobmoneno yeaosue | AV, | =|AV,,], To
PSIJL TOUEK TiepecedeH st JINHII HATPSKEHHOCTH OT/IeJIbHBIX TT0JIell OyieT nprHajie-
JKaTh OJIHOM UM TOW JKe JIMHUKM HANPSIKEHHOCTU pe3yJbrupyiolinero noss. [las Toro
4TOOBI TIEPERTH OT OJHON TaKOH TOYKU K JAPYTOii, HEOOXOAMMO, TEPEXO/sT B OJHOM
0Jie Ha COCEIHIO0 JIMHUIO, TIEPEXOJANTh U B J[PYTOM TI0JIe TaKXKe Ha COCEIHION JIu-
Huto. [Ipu sToM, ecau TOKU iy U iy OAMHAKOBO HAIIPABJIEHBI, TO, VAAJISIICH OT OJHOTO
TOKa, CJIe/lyeT IPUOINKATHCS K IPYTOMY; €CJIU Ke TOKH i1 ¥ iy IMEIOT pa3Hble HallpaB-
JICHUsI, TO CJIEAyeT OJHOBPEMEHHO YAAJISTHCS OT 0OOMX TOKOB WJIN OJHOBPEMEHHO
NpUOIMKAThCS K HUM. [IpakTHyecKu 9T0 O3HAYaAET, YTO JUHWS HATPSIKEHHOCTH pe-
3yJABTUPYIONIETO IO TEPEXOAUT depe3 STUelKy CeTKU, TOoJydaromeiicss oOT HaloxXe-
HUS OT/IEJIBHBIX TTOJIEH, 10 KPUBOJMHENHOW IUaroHa I 3TOU S4eliKu, IpudeM cJaeryeT
n36path Ty WM WHYIO [HarOHajb B 3aBUCKMOCTH OT 3HaKOB TOKoB. Ha puc. 27.17, a
(BepxHss YacTh PHUCYHKaA) TOCTpOeHa KapTWHA JUHUH HANPSKEeHHOCTH TOJS TPU
iy = —2iy, a Ha puc. 27.18, a — npw iy = 2i;. AHATOTUYHBIN TPHEM MOKET OBITh UCTIOJh-
30BaH JIJIs1 TOCTPOEHUS KaPTUHBI JIMHUH PABHOTO MAarHUTHOTO TIOTEHI[NATIA PE3YTbTH-
PYIOILETO TI0JIs, KOTOPbIE OIuchiBatoTest ypasaerneM Uy, + Uy, = const. Ha puc. 27.17, 6
(HUZKHSIS 9acTh PUCYHKA) OCYIIECTBIEHO TaKOe MIOCTPOEHE JIJIS CIyvast iy = —2iy, a Ha
puc. 27.18, 6 — pust caydast iy = 2.
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Puc. 27.17 Puc. 27.18

Ecnm namokvM KapTUHBI JIUHWH HANMPSSKEHHOCTW HA KAPTUHBI JIMHUN PaBHOTO
MarHUTHOTO MOTEHIIUAJA PE3YJIBTUPYIONIETO TIOJIS JIJIsi COOTBETCTBYIONIUX CJIYYaEeB,
TO TIOJIyUUM OPTOTOHATBHYIO CETKY.

[Tob3ysich MPUHITUIIOM COOTBETCTBUS IJIOCKOTIAPAJIIENbHBIX 3JEKTPUUYECKOTO U
MarHUTHOTO ToJieit (cM. § 27.8), MoskeM yTBep KIaTh, YTO MIJI IBYX 3apsIKEHHBIX JIN-
HEWHBIX TPOBOMOB puc. 27.17, an 27.18, a natoT KapTUHBI TNHUI PAaBHOTO 9JIeKTpUIe-
CKOTO IIOTEHLMAMA IPU Ty = —2T; U IPU Ty = 2T; U COOTBETCTBeHHO puc. 27.17, 6
u 27.18, 6 1a10T KaPTUHbI JUHUI HAIPSKEHHOCTU SJIEKTPUYECKOTO OIS, DTOT METOL
MOKeT ObITh MCIOJIb30BaH U B GoJiee CIOKHBIX caydasx. Hampumep, ecan moje B
9JIEKTPOMATHUTE CO3IAETCS TOKAaMU B IBYX KATYIIKaX M MMOCTPOEHHI TOJId, CO3/IaBae-
Mble OT/IEJTbHO TOKOM B OIHOHN W TOKOM B IPYTOI KaTyIKe, TO YKa3aHHBIM METOOM
JIETKO TTIOCTPOUTH Pe3yIBTUPYIOIee TI0Je Kak MpH ip/i; > 0, Tak u mpu iy/i; < 0.

27.16. lNMpocTtpaHcTBeHHasA 3aAaya. NMone Kpyrosoro KOHTypa € TOKOM

Pacuer MarHWTHBIX TTOJIEH TOKOB, MPOTEKAIONINX TIO KOHTYPaM, UMEIONINM BO BCEX
HAIPaBJIEHUSIX KOHEYHbIE Pa3Mepbl, MPEACTABISIET cOOON BeCchbMa CJIOKHYIO 3ajady.
[Ipu aTOM BCe BeTMUMHBI, XapaKTEPHUIYIOIINE MTOJIe, ABISAIOTCS DYHKITUAMA TPEX KO-
opauHart. OO METO/ PEIIeH s 3aKII0YAeTCsT I OJHOPOTHOM CPelIbl B HaXOsK/Ie-
HUU 110 33J]AHHOMY PacIpe/ieJIeHUI0 TOKOB BEKTOPHOTO TIOTEHI[aIa 110 (GhopMyJiaM,
yYKa3aHHBIM B § 27.2. BeKTOp MarHuTHOI WHAYKIIMY OINPEESIeTCs U3 COOTHOIIEHUS
B =rot A.

[Ipocreitimmii TpuMep MPOCTPAHCTBEHHON 3aJladyil — TI0JIe TOKOB, TTPOTEKATONIUX
[0 KPYTOBBIM KOHTYPaM, JIeKAIUM B MaPAJIIEIbHBIX IJIOCKOCTSIX U UMEIOIIUM 11€H-
TpbI Ha 00111el ocu. J[OCTATOUHO PACCMOTPETh KAPTUHY TAKOTO MOJIST B OIHOM ILIIOCKO-
CTH, IPOXOJIAIIEI Yepe3 9Ty OCh, TAK KaK BCe I0JIe TOJydaeTcst BpalleHneM Haii/leH-
HOU KapTuHbl BOKPYT ocu. Cio/la OTHOCUTCS BaKHBINA CAy4all — MarHUTHOE T10Jie
KaTyIieK ¢ TOKOM, COCTOSIIIAX U3 KPYTOBBIX BUTKOB.

OmnpenennM ToJie OHOTO KPYTOBOTO KOHTYpa ¢ TOKoM i (puc. 27.19). EctecTBento
paccMaTpuBaTh mMoJie B IMUJIMHIPUYECKUX KOOPAWHATAX Z, p, o.. Havamo koopauHat
MOMECTUM B IeHTPe KoHTypa ¢ ToKoM. Ocb OZ HATIPaBUM TIEPTIEHIMKYISTPHO TIIIOCKO-
CTH KOHTYpa.
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[TycTp momepeunbie pasMepnl cedeHUs S TTPOBOJHUKA
BechbMa MaJibl TI0 CPaBHEHMIO ¢ paauycoM R kosbia. Pac-
CMaTpUBas TOJie Ha PACCTOSIHUAX OT TPOBOJHWKA, 3HA-
YUTEJbHO IIPEBBIIITAIOMINX TTOIIEPEYHbIE PA3MEPDI €TI0 Ce-

A

(77

“ sexmaopa A YEHUST, MOYKEM BBIYHMCJSITH BEKTOPHBINA IMMOTEHIIMAJ 110
dopmye (cm. § 27.2)
a=£f idl
inY r

i

WNuTterpupoBanue Mpou3BOAUTCS BIOJIb BCETO KOHTY-
pa ¢ TokoM. BeiencTBre cuMMeTpUM OTHOCUTETHHO OCH
OZ nvHMKM BEKTOPHOrO IIOTEHLMAIA IOJKHBI ObITh OK-
PY’KHOCTSIMU, JIEKAITUMU B IJIOCKOCTSIX, TAPAJIJIEbHBIX TIJIOCKOCTH KOHTYPa TOKA,
U UMeIoNMU TIeHTpsI Ha ocu OZ. CienoBatenbHo, A MMeeT eTUHCTBEHHYIO COCTaB-
qsiontyio A,. OHa paBHa

Puc. 27.19

B icosa dl dl

A a
4TE

Tak kax

r= \/22 +R? +p> —2Rpcosa, dl =Rdoa,
TO
J- cosa da
\/ 22+ R’ —2Rpcosa
[TpuBeseM 9TOT MHTETPaJl K SJTMIITUYECKUM WHTErpajiaMm, A1l KOTOPbIX HMEIOTCs

tabuipl. [Ipumem o =t — 2B, do = 2dp,

4Rp _ kz

22 +(R+p)*

e mR

Yucao k nesxut B npesenax 0 <k < 1. 3nayenne k= 1 nonyuaercss ipuz=0u p =R,
T. €. Ha OCH KOHTYpPa ¢ TOKOM, KOTOPBIH IPE/IIoaracM BecbMa TOHKUM. 31ech A oOpa-
aeTcst B 6CKOHEYHOCTD, HO, KaK ObLIO OTMEUYEHO, TPUHSATAsI yIIpoleHHast hopmyia
11t A MOKET OBITh HCIOIb30BaHA TOIBKO HA IOCTATOYHOM PACCTOSTHUH OT TIPOBOIHI-
Kka. VimeeM cos o= —cos p = 2sin?p —1,

; 2./ y
r=+z +R> +p> —4Rpsin’ B+ 2Rp =/§pwl1—k2s,mz B.

CJiteioBaTeIbHO,
- i [R k ]”2(25111 B-1)dB
8 o A1—k*sin*p
nIm

] 2sin” B — ni |R
PN RLY dp =\ff(k)-
2n\p J‘wli k? sin? 2n\ p
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[Tonp3ysch ToXIECCTBOM

: 2 2
251n‘B—‘1 :% 2—(k , —ZJTsinZB ,
Ji—E*sin’p k| J1-k%sin®B

MOJKEM HalluCaTb

2 2
(k) _(k —ij -

rie

. nj‘Z ap
0

1—k*sin’ B

/2

E= j1/1—kzsm23 dp

HPEJICTABJISIOT COOOM TTOJHBIE AIIUIITHYECKUE WH-

Terpajbl IepBOro U BTOPOro poja. OHU SBJISIOTCS 2,4
dbynkisiM MoyJist k. Ha puc. 27.20 npuBesieHbl Kpu- 2,2
Bbl€, BbIpakaiolue 3Tu (PyHKIUU, U KPUBBIE, JAI0- 20
te BeandnHy f(k), BXOISIYIO B BBIPQKEHUE VIS | 8

BEKTOPHOTO MOTEHI[HATA. 1.6 K
JIMHUM MAaTHUTHOM MHIYKIIUK UCCIEYEMOTO MO | 4
JIS1 JIESKAT B IJIOCKOCTSIX, TIPOXOANINX Yepes och OZ. | 5 E

BeKTOp MarHUTHOU VHAYKIAN UMEET TOJIBKO ZIBE |
COCTaBJIAIOIIHNE, Bz n Bp, KOTOpbIE HAXOAATCA U3 0.8

BBIPKEHUI: 0.6
B, =rot,A; B, =rot A. 0’4§§fx1 A /10 yi
JUtsi BHIYMC/ICHHS STHX COCTABISIONMX HE0O- 2 e T
XO/JIMMO MCITOJIb30BAaTb BbIPpa’K€HWA COCTABJIAIOIINX 0 0,102030,40,50,60,708091,0
BeKTOpa rot A yepe3 cOCTaBJIONTIE BeKTOpa A B Puc. 27.20

MUJIVMHAPUYECKUX KOOPp/IMHaTaXx.

27.17. BbipakeHne CKaNIAPHOro NoTeHuuasa yepes TesieCHbIN yron,
noa KOTOpbIM BUAEH KOHTYP TOKa

[TokasxkeMm, 4TO CKAIAPHBIM MAarHUTHBIN ToTeHman U, B
HEKOTOPOU Touke M 10Jid 3aMKHYTOTO TOKA i IPOIOP-
IMUOHAJIEH TEJIECHOMY YTJIY ®, IO/l KOTOPBIM BUIHA W3
9TOM TOYKU ITOBEPXHOCTh, OTPAHUYEHHAS KOHTYPOM
Toka (puc. 27.21). Ilpu mepemeniennun u3 Touku M B
TouKy M' Ha paccrosiHue d/’ moTeHIna MOJyYaeT Ipu-
parenue

dU =—-Hcosa dl'=-Hdl. Puc. 27.21

M
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M gy TouHO Takoe JKe MmpupalieHue MoJTydns Obl ITOTEHIUAT B
TouKe M, ecyii BeCb KOHTYP I€PEMEeCTUTD TapaJlieIbHO ca-
MoMmy cebe Ha paccrosiiue —dl' B IPOTHBOIMOJNOKHOM Ha-
MPaBJIECHU.

BoizieiuM a1eMeHT AanHbI dl KOHTypa TOKa U PaccMOT-
puMm nipuparienve notenipana dU’, B Touke M, Bbi3BaHHOE
HepeMeleHreM 9TOTo ajeMenTa 1o mytu —dl' (puc. 27.22).
Nmeem

ds=[-dl' dl] dU' =—dH dl'

Puc. 27.22 re dH — HanpsiKeHHOCTD OIS B Touke M OT TOKa i B aJie-
mente dl. CormacHo 3akoHy buo—Casapa—Jlamaca,
1 i r
dH =——|dl—|.
dnr r
CJieoBaTe IbHO,

1 1 r 1 r
dU! =———dl'|dl- |= [—dl' dl]-.
2 2
47t r r 4rr r
Ho [-dl’ dl]| = ds ectb BekTOp, HOPMAJIBHBII K ILIONIA/KE, OMMChIBAEMOIl OTpe3-
KOM d[ TIpH TIepeMeIeHnn ero Ha myTH —d/’, M paBHBII 10 BeJIMYNHE 9TOM TIIOMIAKE.

r .
CuenioBaTesibHO, ds — = cos B ds ecTb TPOEKITUS ATOH ITONAAKN Ha chepy pagnyca 7 ¢
r

1 r .
IEHTPOM B TOuKe M u — ds — |=do' ecTb TeeCHDIH YTOJI, TIOX KOTOPHIM BU/IHA TIJIO-
r r

maaka n3 touku M. MTak,
i
dU! = —do'.
o
Yro6bl 110IyunTh U3MeHenune dU,, noTeHIuana, BbI3BAHHOTO B TOYKe M TOKOM BO-
BCeM 3aMKHYTOM KoHTYpe (cM. puc. 27.20), Heo6X0AMMO IPOCYMMIPOBATH BEJTHMYNHBI
dU’, 1o BceM aniemenTam d/ koutypa. [Ipu aToOM, CyMMuUpysi B IpaBOil YaCTH BEJTUIN-
HBI d®', TIOJyYUM TEJIECHBIN Yrosl d®, TOJI KOTOPbIM BUHA M3 TOYKU TOBEPXHOCTD,
olMChbIBaeMasi BCEM KOHTYPOM IIpHU TiepeMeliieHuun ero Ha mytu —dl'. OueBuaHo, do
€CTbh TIPUpAIeHUE TEJECHOTO YIJa ®, TI0Jl KOTOPBIM BU/IHA U3 TOUYKU M TIOBEPXHOCTb,
orpaHUYeHHast KOHTYpOM TOKa. TakuM 06pasom,
i i
dU, =—do nw U, =—o+C.
o 4t
Ecou npunsite Uy, = 0 B 6eCKOHEYHO yaJeHHBIX OT KOHTYPa TOKa TOYKaX, JJIsT KO-
Topbix ® = 0, To 6yaem numers C =0 u
1
U, =—o.
47

TemecHBINT yTOM ©® MOJOXUTENEH, eCIN U3 TOYKN M TOK B KOHTYpe KasKeTcs Ha-
MPaBJEHHBIM TTPOTUB YacOBOU cTpesaku (cM. puc. 27.20).
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27.18. MarHuTHOE NnoJsie KOHTypa Npon3BoOJIbHOW (POPMbI
Ha 60/1bLIOM PacCTOSAHMU OT KOHTYpa

O603HauNM Yepes 7 paccTostHue TOYKH M, B KOTOPOiT OTBICKUBAETCST
notennmain Uy, oT HekoTopoil Touku O BHYTpH KOHTYpa (puc. 27.23).
ITycthb  MHOTO GOJIBINE INHEHBIX pasMepoB KoHTypa. ITycts ON —
Hanpasienre oT O Kk M, Ipu KOTOPOM IIPU 33J[aHHOM ¥ TEJIECHBII
YTOJI ® TOJIyYaeTcst HanOOIBIINM, PABHBIM O,y 1IPH BCSIKOM JIPY-
rOM HAIPaBJIEHUU, COCTABJISIONIEM C 9TUM HAINPABJIECHUEM YTOJ @,
[IPU TOM K€ 7 OYIEM UMETh ® = ®pay COS @. HO @y, = s/r e s —
YyacTh 1MOBEPXHOCTH chepbl pajinyca 7, BbIpe3aeMas 1eHTPAJbHbIM
KOHYCOM C TEJIECHBIM YIJIOM My, TAKKM 06Pa3oM, COTJIACHO BbIpa-

i
skennio U, = 4—0), nMeeMm
n

Puc. 27.23

_ IS Cos @

U -
Y 4n P

JLJist TLIOCKOTO KOHTYpa TIPH 7, HAMHOTO OOJIBIIIEM PasMEPOB KOHTYPA, S €CTh I1JI0-
1a/ib, OTpaHuYeHHAs KOHTYpoM, 1 ON — HampaBJieHue HOpMadu K Heil.

Tak xak mpousBeieHNE iS = M eCTb MATHUTHBII MOMEHT TOKA i B 3aMKHYTOM KOHTY-
pe, To dhopmyny s U,, MOKHO TIPEACTaBUTH B BUJE

_mcos @
=—.

U

M

4y

CocrasJstionue HaMPsKEHHOCTH TOJsE Ha OOJIBIIUX PACCTOSIHUSAX OT KOHTYpa
UMEIOT BbIPKEHIS:

I :_GUM :2mcosq).
' or dnr®

I __tou, :msin(p.
' r oo 4mr®

U3 13/10;K€HHOTO BBITEKAET CJIE/IyIoIee BasKHOe mostoxkene. Ha 6osbiimx paccrosi-
HISIX OT KOHTYPa TOKa HAPSIKEHHOCTh MATHUTHOTO TOJIsT YOBIBAET 0OPATHO TIPOIOP-
IIUOHAJIBHO KyOy PacCTOSIHUS, U XapaKTep MOJIsl COBEPIIEHHO He 3aBUCUT OT (HhOPMbI
KOHTYPa TOKa. HarpsskeHHOCTD OIS TOJTHOCTBIO OMPe/esISIeTCs] MAarHUTHBIM MOMEHTOM.

BecbMa MHTEPECHO OTMETUTD, YTO XapaKTep MarHUTHOTO MOJIsI Ha GOJIBIINX Pac-
CTOSTHUSIX OT KOHTYPa TOKA TaKOW 3Ke, KAK U XapaKTep dJIeKTPUIECKOTO MOJIST TUTIONST
Ha GOJIBINX OT HETO PACCTOSTHUSIX. TO CTAHOBUTCSI SICHBIM, €CJTH COMIOCTABUTH MTOJIY -
YeHHbIe B HACTOsIIeM maparpade ¢hopMyasl ¢ GopMmyaaMu B § 24.2 11 TOJIs dJIeK-
TPUUYECKOTO JIUTIOJIS.

27.19. Teno BO BHELLHEM MarHUTHOM noJie.
AHanorus c afieKTpocTaTu4yeckon 3apgauen

33[[3‘131 O pacdyeTe MaroHuTHOTO IIOJIA ITPU HaJIMYMKW BO BHEIITHEM MAarHMTHOM I10JI€ TeJia
3 BelecTBa C abCOMIOTHON MarHUTHON IIPOHUIAEMOCTBIO U aHaJOTUYHa PacCMOT-
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pennoii B §§ 24.18 u 24.19 3amade o pacuere 3JeKTPUUECKOTO TIOJIS IPU HAIUYUHT BO
BHEIITHEM 3JIEKTPUIECKOM MOJI€ TeJia U3 JMITEKTPUKA ¢ aOCOTIOTHOM AUIEKTpIYe-
CKOU TTPOHUIIAEMOCTHIO €.

JleficTBUTETHHO, KaK yYpaBHEHUS T0JIS, TaK U TPAHUYHBIE YCIOBUSA aHATOTUYHBI B
000uX CiTydasix.

JlJist MAarHUTHOTO TIOJIST IMEEM BO BCE MHTEPeCyIoIeil Hac 06J1acTy POCTPAHCTBA
rot H = 0, Tak Kak B 9TOi1 00JIaCTH OTCYTCTBYIOT MaKpocKomuyeckue Toku. Ciemoba-
TeJIbHO, YPABHEHUSI MATHUTHOTO TOJISI UMEIOT BUJT

rotH =0; B=pH =p,H +p,M; divB =0.

B cooTBeTCTBYIOMIEN 3IEKTPOCTATUIECKON 3a/1aue B paccMaTpuBaeMoii obaacTu
npocrpanctsa div D = 0, tak Kak B 9T0l obmacTi HeT cBOGOAHBIX 3apsioB. [loaTomy
YPaBHEHUS 2JIEKTPUYECKOIO 110J151 UMEIOT BUJL

rotE =0; D=¢E =¢,E+P; divD =0.
3ametn™, uto ypaBHenus rot H = 0 u rot E = 0 5KBUBaJEHTHBI yPaBHEHUSM

H =-gradU, u E =-gradU.

I‘paHI/I‘{HbIMI/I YC/I0BUAMU Ha ITOBEPXHOCTU Te€JIa, BHECEHHOI'O BO BHENTHEE MAarHuT-
HOe€ 110J1€, ABJIAIOTCA PaBEHCTBO B o0bonx cpegax HOpMaAJIbHBIX COCTaBJIAIOIINX BEKTO-
pa MaArHUTHOM WHAYKIUKN 1 KaCcaTeJbHbBIX COCTABJAIOMINX BEKTOPA HANIPAKEHHOCTU
IIOJIA:

B,=B, w H,=H,.

,HJIH TeJa N3 INIJIEKTPUKA, BHECEHHOI'O BO BHENIHEE 3JIEKTPUYECKOE 110J1€, T'PaHNY -
Hbl€ YyCJIOBUA UMEIOT aHaJIOT MY HbBIN BU/IL:

D,=D, un E,=E,.

Takum 06pa3oM, MPpK MCCIE0BAHUH TIOJISI TeJI BO BHEITHEM MAarHUTHOM I10JIE MO-
JKeM BOCIIOJIb30BAThCSI aHAJOTHYHBIMU 3ajladaMy, PEIIEHHBIMU B 9JIEKTPOCTATHKE,
c 3amenoit E na H, D na B, P na pyMu ¢ Ha [ Tak Kak MOJIPU30BAaHHOCTD BEIEeCTBA
P =dp/dV, a namarunaenrocts M = dm/dV, To B aHAJIOTMYHBIX 3a/a4ax dJIEKTpUYe-
CKUI MOMEHT COOTBETCTBYET YMHOKEHHOMY Ha Ly MATHUTHOMY MOMEHTY.

27.20. Wap v anauncoma BpawleHus
BO BHELUHEM OAAHOPOAHOM MarHUTHOM noJse

B § 24.19 6bu1 paccMOTpeH map U3 AUAJIEKTPUKA, HAXOISIIUICS BO BHEITHEM DJIEK-
TPUYECKOM I10JIe. Bblio HaiieHo, 4To map moasipusyeTcst OJHOPOIHO.

To4HO Tak ’Ke Iap M3 BelecTBa ¢ aOCOMIOTHOW MarHUTHON MPOHUIIAEMOCTBIO L,
MOMEIIEHHBIII BO BHEIITHEE OJ[HOPOJHOE MAarHUTHOE I10JIe, TIOJIIPU3YETCs OJTHOPOJTHO.
[IycTp map momerien B mycToTe u W > L. Torma BekTop HanpspkeHHOCTH H__ 11074,
OTIPeIeJIIEMOr0 HAMArHMYEHHOCTBIO 111aPa, OKAa3bIBAETCsS BHYTPH IIapa HallpaBJieH-
HBIM TIPOTUB BeKTopa HanpsmkenHoctn H\) BHemHero 1o, B aToMm ciydae mose Bek-
Topa H__ Ha3bpiBaeTcd pa3MaTrHUYMUBAONIUM T 0JeM. Vcrnonb3ys hopmyJsl,
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nosiydennbsie B § 24.19, u mpousBesis B HUX COOTBETCTBYIONIYIO 3aMeEHY, MOJIYYNM
opmysnl g mHTEpecylomniero Hac caydasd. HanpssxeHHOCTb pa3sMarHMYnBarioniero
OISt ompeziessieTcs (hopMytoi

_ K=Yy H

Top+2p,

Bue mrapa mosie, BbI3BaHHOE HAMArHUYEHHOCTBIO 1Tapa, TaKoe JKe, KaK 1oJe TOKa B
BeCbMa MaJIOM 3aMKHYTOM KOHTYP€, HaXOANIeMCd B IIEHTpPe ITapa, NMEIOIIero Mar-
HUTHBII MOMEHT 7, PAaBHBIN TEOMETPUYECKON CyMMe MarHUTHBIX MOMEHTOB BCEX dJie-
MEHTapHBIX TOKOB B 0OBbEMeE IIapa.

[Tonw3ysch dhopmymnamu, moaydeHHBIME B § 24.19, HaxoamM

3 3 Al
wom=A4np R°H _ =4nR'ny, ————H,,
Ho +2u,
rae R — paauyc mapa.
Hamarnnyennocts M BeliecTBa L1apa paBHa MarHUTHOMY MOMEHTY, OTHECEHHOMY
K equHuIe oobema mapa. CiesoBaTesbHo,

HOM:%:3H0uHo:3HOHCD~
An ps Ho +2p,
3
PeSyJIbTI/IpyIOH_[aH HaIlIpAKEHHOCTb W PE3YJIbTUDPYIOMIAdA MarHuTHasd WHIAYKIUA
BHYTPH IIapa PaBHbL

H:HO_HCD: 3HO HO’
Ho +2p,
B=_ SH ) = 3 B,
Ho +21, Ho +2p,

Uem GoJibliie p, TEM CHJIbHEE Pa3MarHuyu-

Baioree 1ose n teM caabee mose H, HO Tem —_—
.

cunbHee Tiosie B. B ipeziese ipu L — oo mmMeeM
H_ =H;,; H=0; B=3B,. = — ==
_—p—/_\
—_——

TakuM 3aMmedaTeIbHBIM CBOMCTBOM HaMar- Buemmee osHOponHOoe  PesyibTupylomee

HUYUBATHCSA OJJHOPOJHO BO BHEIIHEM OJHOPOJI- ToJe noxe sextopa H
HOM TI0J1e 00JIa/IA€T HJITTUTICOU]T, YACTHBIM CJTy- I
yaeM KOTOporo sBJsgercsd map. Ha puc. 27.24 \ / =
JUIA 9JIITUIICOnIA 1/1306pa>I<eHbI BHEIIHEe OfHO- M y¥e=—=p_ =M %g
poJHoe ToJie, moJie Bektopa H, onpesensemoe fﬁ%
HaMarHM4eHHOCTBIO JUIMIICOUA U CBA3aHHOE ﬁ
C YCJOBHBIM IIPEJICTaBJI€HNEM O HABEAEHHDBIX  Ilose HaBeIeHHBIX PesyabTupyloniee
MarHUTHBIX MaccaxX, pe3yJIbTupyollee IIoJje MariuTHBIX Mace nouse Bexropa B

BekTopa H u pe3ybsrupyiotiee moJie BekTopa B. Puc. 27.24
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27.21. MarHuTHoOe noJsie B HEOAHOPOAHOM cpeae.
MpuMeHeHne MeToAa MHTErpasibHbIX YypaBHEHUMN

Pemenne 3aaun pacyeta MarHUTHOTO TOJISI B HEOJIHOPOAHON Cpejie CTAHOBUTCS TI0JI-
HOCTHIO AHAJIOTMYHBIM COOTBETCTBYIOIIEH 3ajlaue 3JIEKTPOCTATUKU TIPU BBEICHUM
B PacCMOTPeHHE MArHUTHBIX 3aps/IOB 00BEMHOI M MOBEPXHOCTHOMN TIIOTHOCTBIO Py,
U G, 9KBUBAJECHTHBIX CO3/IAIOIIIM I0JI€ TOKAM.

Jl71s1 pacueta MarHUTHOTO TTOJIST TOCTOSIHHOTO TOKA,
nporekamoomero B objactu V co cpenoii, uMmeromei
MAaTHUTHYIO TIPOHUIIAEMOCTD i,, TIPUMEHUM PACCMOT-
peHHbIi B § 24.20 MeTOZ UHTETPATBHBIX YPAaBHEHUI.

B wactu mpocTpaHCTBA, OTpaHUYEHHON 3aMKHYTON
/ TTOBEPXHOCTHIO S, MATHUTHAS MTPOHUIIAEMOCTH OTIpe-
nensercsa Gyakmueit w(x, y, z). lloBTopsasa paccyx-
NEeHUs, BRITIOTHEHHBIE B § 24.20 pu BBeIEeHUN BTO-
/ PUYHBIX HCTOYHWKOB 3JIEKTPOCTATUYECKOTO TIOJI,
U IIPUBOJISL Cpelly K OJJHOPOJHOM ¢ MarHUTHOM I1po-
HUIIAEMOCTHIO L, TIOJTYYAEM COOTHOIIEHUS JIJIST TLIOT-

HOCTU BTOPUYHBIX UCTOYHUKOB B Buje (puc. 27.25)

Puc. 27.25

He *)
Py =_7Hi grad His Oy =2He7\’Hn7
i
rae Hn — HOpMaJibHasA K IIOBEPXHOCTU S COCTABJIAIONAA HAIPAKECHHOCTH MAarHUTHOTO
IOJIsI, A = M.
Mi + “’e

[Tpu pacyere moJist B KyCOUHO-OTHOPOHON Cpefie TI0 AaHAJOTHH € UHTETPATHLHBIM
ypaBHenueM (***), nmomydennbim B § 24.20, HaX0UM WHTETPATbHOE YPaBHEHUE OTHO-
CUTEJILHO PA3MEIEeHHBIX HA TIOBEPXHOCTU § MATHUTHBIX 3aPSI/IOB TIOTHOCTBIO G,

A cMcos(r,n)dS
N 2n- r?

CBolicTBa 3TOTO MHTETPAJBHOTO YpaBHEHUs TakKWe >Ke, YTO W ypaBHeHms (***)
§ 24.20. IIpu ncnosib30BaHWM CKAISIPHOTO MATHUTHOTO TIOTEHIMATA U BBEJICHUH JK-
BUBAJIEHTHBIX 3JIEKTPUYECKUM TOKAM MarHUTHBIX 3apS/I0OB pacueT BXOJSAIIEH B Tpa-
BYIO yacTh ypaBHenus (**) Besmuunbsl Hj, CTAaHOBUTCS TIOJHOCTHIO aHATOTHMYHBIM
pacuety BeJTMUUHbI Ej, B COOTBETCTBYIOIIEN 3a/1a4e 9JIeKTPOCTATUKH.

[TpaBast yactb ypaBHeHust (**) MOsKeT OBITh BhIPaKeHa TaKKe U Yepe3 CO3/arolme
BHEIITHEe MarHUTHOE I0Jie AJIEKTPUYECKUE TOKH, €CJIU JIJIsS pacueTa HalpsKeHHOCTH
MaTrHUTHOTO TIOJIsT TpUMeHUTh 3aKoH buo—Casappa. PaccuntsiBas Besmumuuny H, 11ese-

c =2u,AH,,. "

o 1 (pudV
€000pa3HO COMOCTABUTD 3aTPaThl HA BbIYMCIeHUe uHTerpana Hy, = —— J.i
on 4mpu, r
1],
IIpY 3aMeHe TOKOB MarHUTHBIMM 3apsjaMu U unrerpana Hy, = ym de, ecan
Yo

14
TaKad 3aM€Ha HE€ BbIITOJTHAECTCA.
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W3noxeHHbIN TOAX0A MOKHO MPUMEHUTH IS pacueTa Kak TPEXMEPHBIX, TaK U
JIBYXMEPHBIX MarHUTHBLIX TOJIe. B ciay4yae nockomapasiebHOTO MO BXOAAMIAS
1o/ 3HaK uHTerpasa (GyHkiusa B ypapuenun (**) Gyner WHOI, Tak KaKk COCTABJISIIO-
1231 HAMTPSDKEHHOCTH MATHUTHOTO TI0JIsT, HOPMAJIbHAs K KOHTYPY / ceueHutst TIOBEPXHO-
CTHU paszena cpel miaockoctbio X0Y, Beipaskaercs ¢hopMyIoi

H - 1 J~ y cos(r, n) s + 1 {)GM cos(r, n) dl,
2mp, - r 2np, r

rjie s — cevyeHue MmIoCKocThio X0Y 06acTt ¢ MCTOYHUKAMU BHEIITHETO TIOJIST, Py —
00beMHasT TJIOTHOCTh MAarHUTHBIX 3aPsI/IOB, OIPEESIONINX BHEITHEE MOJIE.
Ypasuenue (**) MOKHO Tellepb 3aMucaTh B BHJE

&_‘f’ G, cos(r,m) dl — &IPMB cos(r, n) ds.
e r T r

Kax oTmeuasnocs, mpuMeHeHre BEKTOPHOTO MAaTHUTHOTO TIOTEHIMAA /IJIS PacyeTa
JIBYXMEPHBIX MATHUTHBIX 1T0JIEl Tak ke 9(PEeKTUBHO, KaK U CKAJSPHOTO MATHUTHOTO
HOTEHIMaMa TPU MpeoOPa3sOBaHUN BUXPEBBIX 1M0JIEH K MOTEHIHAIbHBIM. [ToaTOoMy
JUUISL pacueTa IJI0CKONAPAJJIETbHOTO MArHUTHOTO TOJISi TOCTOSIHHOTO TOKAa B KyCOY-
HO-O/IHOPOJIHON Cpejie B KaueCTBe BTOPUYHBIX MCTOYHMKOB UCIIOJb3YEM Pa3MellleH-
Hble Ha TIOBEPXHOCTH Pas/iesia CPejl JIEKTPUIECKUEe TOKU TLIIOTHOCTBIO J.

[Tycth KOHTYpP [ pasmensieT cpebl ¢ MarHUTHBIMU ITPOHHUIIAEMOCTSMU L; U L,
(puc. 27.26).

[Im0THOCTH j TOKOB, PacIOIOKEHHBIX Ha KOHTYPE
cedeHusl TeJla C MArHUTHON IPOHUIIAEMOCTBIO
JOJKHA OBITh BhIOpaHa Tak, 4ToObI 0GECeunTh MpH
repexoie K OHOPOIHON Cpefie ¢ MPOHUIIAEMOCTHIO [
CKaYOK KacaTeJbHOW COCTaBILIONIEN MAaTHUTHON WH-
B, _k,

R
POIHOM cpejie ¢ HEKOTOPOW MarHUTHOM MTPOHUIIAEMO-
CTBIO L CJIOSE TOKA IIJIOTHOCTBIO j (CM. puc. 27.26) BbI3bI-
BaeT CKAYOK KACATEJIbHBIX COCTABJISIONINX HAMPSIKEH-
HOCTH MarHutHoro noJist H,; — Hy, =j u MarHuTHON uHAyKImu B,; — B, = nj. O603HaunB
yepe3 B, KacaTeJIbHYI0 K KOHTYPY COCTABJISIONIYI0 MArHUTHON WHIYKIIUU B OJTHOPOJI-
HOII cpejie, 00YCIOBJICHHYIO BCEMH HCTOUHMKAMU 32 UCKITIOYEHIEM PACIOJIOKEHHOTO B

Iy KITH . Pasmernenue na kourype / B ofHo-

Puc. 27.26

paccMaTpuBaeMoOll TOUKe, MOXKeM 3arucarhb: B, = B, — %], B,;=B,+ %] IloxcraBnss

B
9TH BBIPAKCHHUSI B COOTHOLICHHE —% = He

i M

, TIOJTy4aeM IocJjie TPOCThIX MpeodpasoBa-

HUI ypaBHEHUE j = 2 WiTh, B, = 2 A B,, KOTOpOE TOCJe MOACTAHOBKU BEJTUIUHBI
“’ “i + H e
=% =_iijCOS(r’n) ds_i{)jcos(r,n) di
21 2,

t
on r r
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IIPUBOJUT K UHTETPAJIbHOMY YPaBHEHUIO

j+&§jcos(r, n) dl = _&IJ, cos(r, n) ds.
T r T r

371ech s— cedeHue MPOBOJIOB C TOKOM TIJIOTHOCTBIO J', 3a/1al0NUM BHEIITHEe MarHuT-
HOE II0JIE.

Ecan anexTpudyeckuil TOK, cO3MAONINN BHENTHEEe MATHUTHOE TIOJIe, TTPOTEKAET B
cpenie ¢ MATHUTHOM MTPOHUIIAEMOCTBIO L, TO IO BXOATIEN IO/ 3HAK WHTeTpasa MIoT-

HOCTBIO TOKA CJIe/lyeT TOHUMAaTh BeJTMYNHY, PaBHYI0 J' = B CITyJasix, KOT/Ia 3JIeK-

TPUUYECKHUI TOK ITPOTEKAET B CPeie C MArHUTHOW IIPOHUIIAEMOCTBIO U, TMeeM J ' = He
n

Kak u nostygeHHoe Boliiie ypasHeHue (**), 1aHHOE ypaBHEHUE SIBJISIETCSI MHTETPasIb-
HBIM ypaBHEHUEM OTHOCHTEJIbHO IJIOTHOCTH BTOPUYHBIX HCTOYHUKOB M XapaKTepU3y-
eTCsl aHAJIOTHYHBIME CBOlicTBamMu. Ero perieriie MOJKeT ObITh B HEKOTOPBIX CJIydasiX 110-
JIy4eHo aHATUTUYECKH, OIHAKO B OOIIEM CITydae OHO TPeOyeT YMCIEHHOTO PEeleH s

Haiinennoe Bbie cootnomenue j = (2/u)AB, MOXKeM UCIOJIb30BaTh JJIsI pacyera
MJTOCKONAPAJITIEIbHOTO MArHUTHOTO TI0JIST TOCTOSTHHOTO TOKA %, TIPOTEKAOIIETO MO TIPSI-
MOJIMTHEITHOMY TTPOBOJLY, PACIIOJIOKEHHOMY B Cpefle ¢ MAarHUTHOW TPOHUIIAEMOCTBIO L1y
MapaJIIesIbHO TIJIOCKOH MOBEPXHOCTH pasjiesia cpejl ¢ MarHUTHBIMI ITPOHUIIAEMOCTAMEI
Ly 1 Wwo. [oBTOpss paccysxnenus, mpuBefennbie B § 24.23, HalizieM 3HAYeHNST TOKOB

o 2p,

== "1 , =—"—1.
My +Hy My +Hy

[To06HO 3epKabHOMY U300PAKEHUIO B 9JIEKTPHYECKOM MOJIE, /s PacyeTa Mar-

HUTHOTO TT0JISI B CPeJie C MaTHUTHOM TIPOHUIIAEMOCTBIO [y CJIeIYET BBECTH 3€PKAJIBHO

n306paskeHHBIN TOK iy 1 TOCJIE 3aMEHBI Uy Ha Wy YYeCTh TOKH i 1 iy (puc. 27.27, a). [Ins

pacuera 1oJisi B cpejie ¢ MarHUTHON ITPOHUIIAEMOCTBIO Ly TOK i 3aMEHSIEM Ha iy, 2 Mar-
HUTHYIO TIPOHUIIAEMOCTD IPUHIMAEM PaBHOIT [y BO BceM rpocTpaHcTBe (puc. 27.27, 6).

H2 \ 6 oI

Puc. 27.27
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27.22. KoacdhdurumeHTbl pasMarHuumBaHus

s snnuriconnoB kak H__, Tak 1 M 1ipomiopiiioHaIbHbI HANpsi>KeHHOCTH H, BHeI-
Hero moJist. CTao ObITh, MOKHO HATIMCATD

H_ =NM.

Koaddunment mpomoprimonanbaocTi N Ha3bBaioT KO3 G PUIMUEHTOM pa3-
MarHuY W BaHu A OT HEro 3aBUCUT TIPU JTAHHOM HAMarHWYEHHOCTH 3HaY€HUE Ha-
NPSIPKEHHOCTH pasMarHuduBatoniero moss. KoadduinenT pasMarHinyuBaHust 3aBU-
CHUT TOJIBKO OT (POPMBI HAMAarHNYNBaeMoro Tesa. /lyig mapa nmomrydaem

Pacuer maet nmst ssnsmniconsa Bparenns GopMyry

A A
—— — In(b +VA* =1)-1 1-—=—arccosh
N oo VA1 s 5

A2 -1 1-22

MPUYEM A eCTh OTHOIIEHNE OCU BpalleHNs 3JIUTICONIA, KOTOPasl IpenoaraeTcs Ha-
[IPaBJICHHON B/I0JIb JIMHUYW BHEUIHETO I10JIs1, K OCH, eil mepreHuKyasipHoil. IlepBoiM
BoIpaskeHueM Ji7ist N y100HO TI0JIb30BaThest pu A > 1, BropbiM — mipu A < 1.

Jlist GeCKOHEYHOM, PacIoIOKEHHOM TOlepeK TOJIs MIaCTHHBI, KOTOPYIO0 MOKHO
paccMaTpuBaTh Kak CILTIONIEHHbIN asauncon, HaxoaquM N = 1, mpunas A = 0. 1o —
HauBbICIIee Bo3MoskHOe 3Hauenue N. [lyig mapa, monaras A = 1 u packpbiBas Heotpe-
NETEHHOCTD, ostydaeM N = 1/3, [l 6eCKOHEYHO JJIMHHOTO CTEPIKHS, PACIIONOKEHHO-
TO BJIOJIb TIOJIA, TIOJIaTast A = o0 U PACKPBIBAs HEOTPeaeIeHHOCTh, momydaeM N = 0.

CBOIICTBO AJITUTICOMIOB OJIHOPOJHO HAMAarHWYMBATHCS B OJIHOPO/IHOM BHEITHEM
MoJIe UCTIOb3yeTCs B MarHuTOMeTpuu. [ nccaenoBanmst MarHUTHBIX CBOMCTB dep-
POMATHUTHBIX MATEPUATOB MOKHO U3TOTOBHUTH U3 ATUX MATEPUATOB 00PA3IIbI, UMEIO-
e (opMmy SJUIUIICOMA BpallleHuss Win Gmu3Kylo K Hell dopmy. OQHOPOAHOCTH
HaMarHUYMBaHMs OCOOEHHO BaskHA MMEHHO TIPU MCIBITAHUN (hepPOMarHUTHBIX MaTe-
pHAJoB, TaK KaK NX MarHUTHAS TIPOHUTIAEMOCTD L 3aBUCUT OT HATIPSPKEHHOCTHN TTOJIS 1
TOJIBKO IIPU OZHOPOIHOM HaMarHWYMBaHWU 3HAYEHKE L BO BceM oObeme obpasiia Oy-
JIeT OIMTHAKOBBIM.

Bgectn B paccmoTpenmie KoahGUImenT pa3MarinanBaHus, 3d8UCAWUL MOJLKO OM
@opmovL mena, cTporo TOBOPSI, BO3MOXKHO TOJBKO JIJIs 3JITUTICOU/IOB U X YACTHBIX CJTY-
YaeB: I1apa, MJIaCTHHbI, GECKOHEYHO JIMHHOTO IUJIMH/PA C SJIUIITHYCCKUM WU
KPYTJbiM cederneM. OMHAKO JUist TPUGIIMKEHHBIX TPAKTHYECKUX PACYETOB MArHUT-
HOTO TOJIsl, KOTOpoe 00pasyeTcsi MpW BHECEHWM B OMHOPOIHOE BHEITHEE IMOJIE TeJl
WHOU (hopMbBI, HAITPUMEP KOPOTKUX ITUJIWHAPOB, BCE Ke BBOASAT B pacueT Koahhuim-
EHTBI Pa3MarHUYNBAHNS TaKUX TeJs. Takoil pacdyeT ABISETCSA TOJIBKO OPUEHTHPOBOY-
HBIM, TaK KaK TeJa, OTJIUYHbIE 10 (hOpPMe OT 3JIJTUTICOU/IOB, HAMArHUYUBAIOTCS HEOI-
HODPOJZIHO B OJTHOPOZIHOM BHEIITHEM MAarHUTHOM TIOJIE.
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27.23. MarHMTHOe 3KpaHupoBaHue

JlJist 3aIUTHI HJIEKTPOM3MEPUTEIBHBIX TPUOOPOB OT BJIMSTHUS
M(r,¢) TIOCTOPOHHUX MArHUTHBIX IOJIEd MX CUCTEMbl OMEIIA0T B
MaCCHBHBIE 3aMKHYTBIE WJIM TOYTH 3aMKHYThIe 000JOYKH U3
(dbeppoMarHuTHOrO Marepuajia. Takue 00OJOYKM HA3bIBAIOT
MAaTHUTHBIMU 3KpaHaMmu. llose BHyTpH aKpaHa OKa-
3bIBAETCS OCIA0JEHHBIM 110 CPABHEHUIO ¢ BHELIHUM TIOJIEM.
[lng sxpama B (popMe TmoJioro mapa ¢ paguycamu Ry u Ry
(puc. 27.28) u ¢ abcoMIOTHOI MarHUTHON TIPOHUIIAEMOCTHIO
CTEHOK |1, TOMENEHHOTO BO BHEIITHEE OJTHOPO/IHOE TI0JIE C UH-
nykiuei By, MarauTHas WHIYKIUS B B TI0JIOCTH 9KpaHa MO-
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Puc. 27.28 JKeT 6I)ITI) paccdnTaHa U OKa3bIBA€CTCA paBHOﬁ
~ 1
_ B, ,
Rd
142]1- R (R
R, Bty

Hampuwmep, ecain Ry = 0,9R, u =500y, To B=0,031B,, T. €. HAIPSIZKEHHOCTD MTOJIs1
BHYTPH 9KPaHA COCTABIIAET 3 % OT HANPSKEHHOCTU BHeIHero moJts. st heppomar-
HUTHOTO BEIIECTBA L 3> Ly, U SKPAHUPYIOIee JIeiCTBUE ONPEENSETCS TeM, UTO JIH-

HUM MarHUTHON MHAYKIIMM BHENTHETO I0JIsA, CTPEMACH IMPOUTH IO MyTH C HAUMEHbD-
LIMM MAarHUTHBIM COIIPOTUBJICHUEM, CIYIIAIOTCS BHYTPU CTEHOK 9KPaHa, II0YTH He IIPOo-
HUKas B €r0 MOJOCTb.

Hepezaxo mpumeHSAIOT MHOTOCTYIIEHYAThle 9KPAHBI B BHU/E HECKOJBKUX ITOJBIX
(beppoMarHUTHBIX TeJI, PACTIONIOKEHHBIX OJTHO BHYTPH JIPYTOTO.

27.24. PacueTt MarHMTHOro nossi B HEOQHOPOAHOM cpege
METOAOM KOHEUYHbIX pa3HoCTen

UnicmeHHBIi pacueT MAarHUTHOTO TOJIST TIOCTOSTHHBIX TOKOB B HEOJHOPOAHOM cpeie MOXK-
HO BBITIOJTHUTH METOIOM KOHETHBIX PAa3HOCTEHN aHATOTHYHO PACUETY JIEKTPOCTATHIE-
CKOTO ToJisl. AHasiorust petieHust ypaBHenuii Jlammaca u Ilyaccona GymeT TOJHOI,
€CJT BBITTOJTHUTH SKBUBAJIEHTHYIO 3aMeHY 9JIEKTPUIECKUX TOKOB MAaTHUTHBIMU 3apsijia-
MU [JIOTHOCTBIO p,,. YHMCIEHHBIN pacyeT TPEXMEPHOTO MArHUTHOTO TMOJIST 1e1eco00-
Pa3HO BBHITIOHSATD, 3aMEHSIA 3JIEKTPUYECKIe TOKM MAarHUT-
HBIMM 3aps/laMd, TaK KaK B 3TOM CJiydae BMECTO BEKTOP-
HOTO YPaBHEHUS] MOYKHO TIEPEUTU K PENIEHUIO CKAJISIPHOTO
7 ¥S5 ypaBHEHHs ISl CKaJIIPHOTO MarHUTHOTO ToTeHImana. /s
(hopMupoBaHusi KOHEUHO-PA3HOCTHBIX YPaBHEHUI BOC-

r->-7--®1 [o1bp3yeMcsl COOTHOIIEHUEM
st

@
N
o

% |- - @t

N

S3
3 @&--|--x%--

T
S -4--

NI

N
(=PI
/

S6 /

\
MYV

ﬁu gradUds = §>u aa—U ds = —m (m — MarHUTHBINA 3apsin).
n

Pazo6bem paccmatpuBaeMbiii 00beM V Ha COBOKYII-
Puc. 27.29 HOCTb O/[IHAKOBBIX KyOOB ¢ 1HOiT pebpa £ (puc. 27.29).

~ @ - -
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PasmectM MarHuTHBIN 3apsim m B meHtpe 0 Kyba M IPEACTaBUM HHTErpas

oU
:ﬁu—ds [0 TIOBEPXHOCTH § Kyba B BUE CYMMbI HIECTH WHTErPAJIOB 1O MOBEPXHO-
S

CTAM S¢, S9, ..., S¢ 1 BBIYNCJIMM HX HpI/I6JII/I>KeHHOZ

U, -U,
[nxy, 2y grad U ds = () h* 4+ ") =—=0 = kU =Ty,

St

Uu,-U,
[y, 2)grad U ds = (oo h* + g h*) =20 =k (U, =Uy),

$2

Us-U,
J.H(x yyz)grad UdS = (l"’bcph2 +H00ph ) h kG(U()‘ _U())'

6
371€Ch BETMYMHDL [ cp, Mocps -y Mocp ABAAIOTCA CPEAHUMU DYHKIMI U(X, ¥, Z) B COOT-

BETCTBYIONIUX KyOax.
KoneuHo-pa3HOCTHOE ypaBHEHNE

i=6 %
k1U1 + k2U2 + ...+ ngs — U()Zki= — pMcphB, ( )
i=1
B KOTOPOM Py, = m/h®, BipaskaeT notenman Uy yana (0 yepes HOTEHINATIBI COCEHIX
mectu y308. COBOKYIMHOCTh TAKUX YPaBHEHUIT 00pasyeT CUCTeMY, KOTOPasi MOKeT
OBITH pa3pelieHa OTHOCUTETbHO HCKOMBIX TIOTEHITHAJIOB Y3JI0B.
[Ipu yrcennoM pacyere MIOCKONAPAIIETBHOTO MATHUTHOTO TIOJIST B HEOAHOPO/I-
HOW cpejie TOJIyYM PasHOCTHOE YpaBHEHNE OTHOCHUTETHHO BEKTOPHOTO MarHUTHOTO
[IOTEHIMaJIa, IPUHUMAS 32 UCXOJHOE COOTHOIIICHHE ﬁH dl=1i. TIpu aTOM HCKITIOYAET-

cs1 HeOOXOIMMOCTD TIEPEXO0/IA OT TOKOB K 9KBUBAJIEHTHBIM UM by
MATHUTHBIM 3aPSI/IaM.
Pa3o6beM 061aCTh Ha COBOKYIIHOCTD KBAAPATOB C UIMHON | - il N
CTOPOHBI 4. ‘ b h/2
Ha puc. 27.30 usobpaskeHbl YeThIPe CMEKHBIX KBaapaTa, ) a0 a |t k2
B KQJK/IOM 3 KOTOPBIX MaTHUTHBIC TPOHULACMOCTH [y, oy g | |7 | 7|
U [JIOTHOCTH Jj, ..., J; TOKA UMEIOT B 00IeM cJIydae pa3imd- 7
Hble 3HaYECHUA. h/2 h/2
BoruucinM uHTErpast §> B/udl sponw kourtypa abed, nis Puc. 27.30

!
4yero pasoObeM ero Ha YeThIpe MHTerpaja 1o cropoHam ab, be, cd, da koutypa:

B h h A, - A

—dl= + 0 "1 =-k(A, -A),
[tz gt [ A=)

B h h A, -A

—dl = + 0 2 =k (A, —-A,),
| TR ,(Ay —Ay)
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del;( h  * JAO_AS = ky(A, —Ay),

M 2u, 2uy ) A

B h h YA, -A

—dl = 0 L=k, (A, —A)).
L}[U (2114 +2H3] 5 (A 1)

Bxomsamuii B pasHocTHOe ypaBHenue (Ayg — A ki + (Ag — Ay) by + (Ag — A3) ks +
+ (Ayg —Ay) k4 =i TOK i CKBO3b ILIONIAAKY, OTPAHUYEHHYIO KOHTYpOoM abcda, Bbipasum
4epes MIOTHOCTH Jy, ..., J; TOKa B KBajparax i =J,, R =0,25 (J, + Jy + J3 + J;) h? u no-

JIY4UM OKOHYATE€JIbHO!:

S kA, - Ak = -J b,

i=1 i=1

[To ananoruu ¢ pasHocTHBIMU YpaBHeHUAMU (¥) ypaBHeHus (**), 3anucansbie 1711
COBOKYITHOCTH siY€eK CeTKH, 00pasyioT cUcTeMy ajreOpandyecKux ypaBHEHUI, pere-
HUE KOTOPOI MO3BOJISIET ONPEIEJIUTh BEKTOPHbBIN TTOTEHIIUAT B COBOKYITHOCTU TOYEK

obsacTu.



[(naBa ABagLATb BOCbMas

PacueTt MHAYKTUBHOCTEN

28.1. O6wmMe BbipaXkeHUa AN B3aMMHOM U CO6CTBEHHOMN
MHAYKTUBHOCTEN

B Hacrosiiieii riaBe OyjieM paccMaTpuBaTh cTaTHdecKue nHAyKTHBHOCTH. COOTBETCT-
BEHHO MarHWTHBIE TTOTOKH, OIPEAESIONIe 9TH WHIAYKTUBHOCTH, Oy/IeM HAXOIHUTh
[PU MOCTOSIHHOM TOKe. CTaTudyecKkne WHYKTUBHOCTH 3aBUCST OT F€OMETPUYECKUX
[apaMeTpoB, ONPeeIONX (hOPMY, pa3Mepbl U B3AUMHOE PACIIOJIOKEHNE KOHTYPOB,
U OT MAarHUTHON TTPOHUTIAEMOCTHU CPEbl, OKPY>KAIOIIe KOHTYPHI, a TAKKe OT MAaTHUT-
HOIl IPOHUIIAEMOCTH BEMIECTBA CAMUX ITPOBOANINX KOHTYPOB. Ecau p = const, To un-
TYKTUBHOCTH KOHTYPOB He 3aBUCAT OT TOKOB B HUX.

O6parum ocoboe BHUMaHWE Ha TO, YTO
UHIYKTUBHOCTHU OTIPENESIOTCS MIOTOKOCIIE-
TJIEHUEM, T. €. /IS BRIYUCJIEHNS UHIAYKTUB-
HOCTH 9JIEKTPUYECKOTO KOHTYPa HeoOXOI1-
MO ONPEENUTH MOJTHOE YUCJO CIETTICHIH
€/IMHNYHBIX TUHUI MAarHUTHON WHIYKITUU C
KOHTYPOM.

[Tosryunm obiiiee BbIpaskeHUE [1IsT B3auM-
HOW WHyKTUBHOCTH JIBYX KOHTYPOB ITPOU3- 2
BOJIHO 3azianHoll dopmbr (puc. 28.1). Puic. 28.1

[Ipearosnoxkum, 4TO KOHTYPbl HAXO/IST-
cs B BO3/lyXe U MaTepuaJj IPOBOJIHUKOB HeheppoMarHuTHbIN. [Ipumem BCiogy | = L.
YenoBuMcest 0603HaYaTh TIOTOKOCIIEIIJIEHHE B3aUMHON MHAYKIIUU OYKBOII € IBYMSI MH-
JIEKCAMIL: TIEPBBII MHJIEKC OYIeT YKa3blBaTh, ¢ KAKMM KOHTYPOM CIIEILISIETCST MOTOK,
BTOPOH — KaKUM TOKOM OOYCJIOBJIMBAETCSI MOTOK. ByeM McKaTh MOTOKOCIEIIEHEe
¥,; cO BTOPBIM KOHTYPOM, 00YCJIOBJIEHHOE TOKOM i1 B TIEPBOM KOHTYpe.

[IpexcraBuM cebe Bech MPOBOAHUK BTOPOTO KOHTYpa IMOAPa3ieIeHHbIM Ha dJie-
MeHTapHble TPYOKHU ToKa iy (puc. 28.1). TIOTOK, CHEmIAonuMiicss ¢ OQHONH U3 TaKuX
TpyOOK, paBeH JIMHEHHOMY MHTErpajly BEKTOPHOIO IOTEHI[ala BAOJb OCH 9TOM
TpyOKH

D, = A, dl,
Iy

Ha puc. 28.1 3amTpuxoBaHa moBepXHOCTb, CKBO3b KOTOPYIO TIPOXO/UT TTOTOK Dy;.

ITOT MOTOK CIEIISIETCSI ¢ TOKOM diy, TIPOTEKAOIINM B pacCMaTprBaeMoil TpyOKe
TOKa U COCTABJISTIOIINM JI0JII0 diy /iy BCETO TOKA iy BO BTOpoM KOHTYpe. ClieioBaTe b=
HO, OH BHOCUT B Besinuuny Wy 107110, paBHYIO

A, = ‘iﬂl A,dl,.
)

2
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Tak Kak TOK diy MMeeT MOCTOSIHHOE 3HAYeHMe BIOJb BCEH TPYOKM TOKA, TO €ro
MOKHO BHECTH 10J1 3HaK uHTerpasia. O6o3Hadas yepes ds, cedenne TpyOKH TOKa U de-
pes J, IIOTHOCTh TOKA B 9TOM CEYEHUH, MOKEM HaIcaTh diy = Jods,. [locnennee pa-
BEHCTBO TIPHOOPETAET BUJL

1
¥, = .*{)(Jz ds,)(A,dl,).
iy}
Tak kak BeKTOPbI J5 1 dl, UMEIOT OTHO ¥ TO JKe HampasJyietne, 10 (Jo ds,) (A, dl,) =
= (dl, ds,) (A, J,) u, ciepoBaTesbHO,

1
dvy, = *ﬁ(JzAz )(ds,dl,).

1, b

WuTerpupyst Mo BceMy CEUEHUIO Sy BTOPOTO MPOBOAHUKA, TIOJYUYUM

1
Yy =— I§(J2A2)(ds2 dl,).
Iy
s9 by
[Ipoussenenue ds,dl, ectb snement obbema dV, Broporo nposoanuka. [Toatomy
notokocierienne Wy MoKeT ObITH MTPEACTABIEHO B BUJlE

1
Wy == [J,4,dV,.
1 V)
Tak xKak MBI JKejlaeM OIIPpEAC/INTDh BECJINYNHY ‘P21 KaK ITOTOKOCIICITJICHE B3aMMHOI
WHAYKIINH, 06yCJIOBJIeHHO€ TOKOM i1, TO COOTBETCTBEHHO U BeKTOpHI)IIL/'I IIOTEeHII1aJI AQ

HEOOXOIMMO BBIPAa3HTh Yepe3 TOK iy. COrlacHO U3JIoKeHHOMY B § 27.2, iMeeM

u dv
A2 :ZOJ“Iiiir
TCV r

rae Vi — obbeM MpoCTpaHCcTBa, 3aHNMAEMOTO TIEPBBIM KOHTYPOM; 7 — PACCTOSTHUE OT
asnemeHTa obbema dV| 110 TOYKH, B KOTOPOI ONpeAessieTcsl BEKTOPHbII OTeHIIHa,
u J; — BEKTOD IJIOTHOCTH TOKa B TOUKax ssemMeHTa oobema d V. [lojacrasiiss Beipaxe-
HUe JIJIsT BEKTOPHOTO TIOTEHITNAJIA B TIOC/Ie/[Hee BbipaxkeHue s Wy, Toydaem

dv, dv,

‘1121=L0.J.J.J1J2 ,

4mi, W

Ortciona maxozum 0011ee BBIpAKEHHUE TSI B3ANMHON WHIYKTHBHOCTH:

M,, :ﬁ :7u.0. _[IJ1J2 76”/1 dV2'
I 4mii, W, r

WurerprpoBaniie 10/KHO OBITH TPON3BEIEHO ONH Pa3 0 BCeMy 00beMy MePBOTO
IIPOBOJIHUKA ¥ JIPYTOIl pa3 — 1Mo BceMy 00beMy BTOPOTO ITPOBOHUKA, TPUYEM 7 €CTD
paccTostHue Mexay asementamu oobeMoB dVy u dV,. Ilomyuennas dopmyra BepHa
TOJIBKO JIJIA OZIHOPOJHOI B MAarHUTHOM OTHOIIEHMH CPeJbl, TaK KaK HCII0JIb30BAHHOE
IIPU €€ BbIBOJIE BbhIpaykKeHue /IS BEKTOPHOTO IOTEHIIMAA CIIPABE/[JINBO TOJbKO B 9TOM
caydae. B yactHocTy, 1 MarHuTHas IIPOHMIIAEMOCTb MaTepHuaJia CaMUX IIPOBOAHUKOB
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JIOJIKHA OBITH TAKOH JKe, KaK ¥ IPOHUIIAEMOCTb OKpYy:Katoleii cpessl. Kak ObL10 paHee
OTMEUYEeHO, TIPU |l = CONSt B3anMHas MHAYKTUBHOCTD He 3aBUCUT OT TOKOB B KOHTYPax.
Hanmuame TOKOB iy U iy B TOCTeTHEM BBIPAKEHUU HE TMTPOTUBOPEUUT ITOMY TOJIOKE-
Huto. /lelicTBUTETbHO, BHECS TOKU MO/l 3HAKU WHTETPAJIOB, TTOJTYIUM B IOABIHTETPAITH-
HOM BbIpa)KeHUU OTHOIUIeHUd J1/14 1 Jy/1y, KOTOPbIE XapaKTepU3yIoT pacipesiesieHue
TOKOB B ITpoBoAHNKax. Ho mpu moCTOSTHHOM TOKe pacrpesieieHe TOKa 3aBUCUT TOJTb-
KO OT (pOPMBI TIPOBOHUKA U He U3MeHIeTCs IpU n3MeHennn Toka. [loaTomy orHorire-
HUe TIOTHOCTU TOKa B KaXK0H TOUKe MPOBOIHUKA KO BCEMY TOKY TIOJHOCTBIO OIpe-
nensgercs GopMoil TPOBOIHUKA.

Eca 6bI MBI CcTanu ONpPeNessiTh MOTOKOCIEIIeEHe B3auMHOM nHaykimu Wi, ¢
HEPBBIM KOHTYPOM, 00YCJIOBJIEHHOE TOKOM BO BTOPOM KOHTYPE, TO, OUYEBHU/HO, MTOJIY-
i Obl

Ciie1oBaTeIbHO, [t B3AMMHON MHAYKTUBHOCTH My = W {y/iy MbI MeIH ObI TO JKe
caMoe BbIpaskeHue, 4To u 114 My Tem caMbIM MOJATBEP:KIaeTCS BasKHBIN BBIBO/I, 110~
JIVYEHHBIU B 1EPBOM YacTU U3 YCJOBUSA HE3aBUCUMOCTU 9HEPTMU MATHUTHOTO IOJIS
TOKOB OT TIOPSI/IKA YCTAaHOBJIEHUS TOKOB, @ UMEHHO: TIPH [L = CONSt UMeeT MecTo paBeH-
CTBO

Mk[) :Mpk'

[Tosyuum obiiee BbipaskeHue [7ist COOCTBEHHO MHIYKTUBHOCTH L KOHTYPA, MOJIb-
3ysICh Hail/IeHHBIM OOIINM BbIPpaKEHHEM [IJIsi B3aMMHON WHAYKTUBHOCTH Moy JBYX
KOHTYpOB. IIpencraBum cebe Ba COBEPIIEHHO OJANHAKOBBIX KOHTYPa, COMMKAIOIINX-
Cs1 JI0 TTOJTHOTO CJIMSTHUS TaK, YTO OJMH U3 HUX 3aHUMaeT oobeM japyroro. [Tocie Tako-
rO CJIUSIHUS, TI0 CYIIECTBY, YK€ OCTAeTCsl TOJIbKO OJUH KOHTYP. V3 BbhIpaskeHust JJist
M, HETPYAHO TOJYYUTh BBIPAKEHUE AJ L TaKOTO KOHTYpPA, MPUHSIB ij = iy = 1 U
Vi=V,=V. Umeem

1= Mo IIJJ'dVdV,,
vV

4mi® r
npudeM J — MJIOTHOCTH TOKa B aseMenTte oobema dV; J© — 7
IJIOTHOCTH TOKA B ajieMenTe dV' U 7 — pacCTostHue MeXIy
anemenTamu obbema dV u dV'. VinterpupoBatue npousBo- dan .

JATCS ABaX/bl 110 00beMy Bcero nposoanuka (puc. 28.2).
[TpuBesienHoe BbIllle BbIPAsKEHIE JIJIST PACUETA WH/YKTHB-
HOCTHU L MOXHO TIOJTy9UTh, UCIIOJIb3Y s TAK)Ke COOTHOIIEHUE 5

W = 51 J AJ dV, (cm. § 27.4), cBssbiBaioliiee Besnanibr W, Puc. 28.2
V

J

av )
Ju A. Yuursisag, uto A = Z—O IJ —ZL s wapaykTuBHocTH L = 2W,, /12 HaXOIUM
T r

BBIPAJKEHUE, COBIIaaonee ¢ HaliienubIM Boltte npu V,=VuV; =V,.
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Berpaskenue nisa M,y BecbMa yIpoIaeTcs AJsT KOHTYPOB
13 JIMHENHBIX ITPOBOAHUKOB, ITOIEPEYHbIE Pa3MePhl CeYeHUI
KOTOPBIX BEChMa MAJIbI TI0 CPABHEHUIO C IJIMHOU KOHTYPOB U
TT0 CPaBHEHUIO € paccTosgHIeM Mexky HnMn (puc. 28.3). B Ta-
KOM CJy4ae HeT HeOOXOAUMOCTH JIEJUTh IMPOBOAHUKH Ha
TpyOKM TOKa. BeKTOpHBI IOTEHIMAI B IIleHTpe djeMeHTa dl,
MTPOBOHIKA BTOPOTO KOHTYPa MOKHO BBIYUCIUTD MO (hOPMY-

ge (cm. § 27.2)

A, _”Ji;ﬂ

47:1 r
1

Puc. 28.3

[Torokocuerienne Wy P 9TOM MOKET ObITH IPUHATO PaBHBIM MOTOKY @9y CKBO3b
IMOBEPXHOCTb, OIPAHUYEHHYIO OCbIO TTPOBO/IHMKA BTOPOTO KOHTYPA, T. €.

wo ¢ ridhdl,
¥y =@y =¢A,dl, == pp-——2.
Pt =

Pasnenus ¥, na iy, nosydyaem

[IpezcTaBisieTcst BOSMOXKHBIM YIIPOCTUTH U BhIpasKeHue st L KOHTypa, 00paso-
BAHHOTO U3 TOHKOTO MPoBOAHNKA. OIHAKO YIPOIIEHHYIO (DOPMYITY HEJIb3s IIPU 9TOM
[PUBECTH B TOYHOCTH K TOMY BHJLY, K KOTOPOMY OBLIO NMPHUBEIEHO BbIPAsKEHUE ISt
My, T. e. Hestb3s cBecTH B (hopMmyJie iJist L IByKpaTHOE MHTErPUPOBaHKe M0 06beMy
MPOBOTHUKA K ABYKPATHOMY WHTETPUPOBAHUIO TIO OCH TTPOBOJHWKA, TAK KAaK TaKOM
uHTerpaa obpaiaercss B 6eCKOHEYHOCTb.

Ympotenue popMyIbl 1711 L KOHTYpa U3 TOHKOTO TTPOBOAHUKA KPYTJIOTO CEYEHUS
MO’KHO BBITIOTHUTE CJEAYIONNM TTyTeM. PasnenuM motokocternienre Y Ha aBe 4acTu:
Y=Y em T Yonyrp IpuueM Wy, onpenensercsa JMHUAMU MarHUTHOM MHLYKITMH, OX-
BaTbIBAIOIIMMU BECh IIPOBO/IHUK, CJIEI0BATENBHO, PACIIOIOKEHHbI-
MU 1IeJIMKOM BO BHEIIHEH 10 OTHONIEHUIO K IIPOBOJHUKY Cpele,
U W yyyrp ONPENETIACTCS JIMHUAMU MaTHUTHON WHIYKIIMH, [TPOXO-
JSIIUMHU BHYTPU Tesa TPOBOAHUKA. JIMHNH, onpenessdioniie Be-
JnaHy W, e, TTPOXOISIT CKBO3b 3AIITPUXOBAHHYIO HA puc. 28.4
MOBEPXHOCTD, OTPAHIMYEHHYIO KOHTYPOM [y, JIEJKAIIMM Ha BHYTPEH-
Hell MOBEPXHOCTH MPOBOAHUKA. B cirydae ecim mpoBogHUK 00Opa-
3yeT OTUH BUTOK, TO K)KIasI TaKas JIUHUS CIETIIIIeTCs OJTUH Pas ¢
TIPOBOHUKOM H, CJIEZIOBATEIHHO,

BHeII BHeII

Yo = P = § Ay dl,,
b

rie A, — 3HaYeHUe BEKTOPHOTO MOTEHIINAIa Ha KOHTYpe [, Besmunny A, MoxeM mpu-
OJIMKEHHO BBIYHMCIIATD 110 (hopMmyJie
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A, _”Ji;liidli

47:1 r
1

[TpearooKIM, 4TO BECh TOK i TEYET 10 OCH MPOBOAHKKA. [Ipr aTOM MHTErpHpOBa-
HITe TPOU3BOIUTCS 0 Beeit ocu [ mpoBoituka. VIHTerpas nMeeT KOHEYHOE 3HAYEHNE,
TaK KaK BCe TOYKU KOHTYPa [y, B KOTOPBIX OTpeeisieTcst Ay, JiexkaT Ha KOHEYHOM pac-
CTOSIHUU 7 OT TOYEK KOHTYpa [;.

Takum o6pasom,

_M§§d11d12_

BHem
4m

Bemruniy Wy, TPUOIIKEHHO MOKHO TIPHHATDH PABHOI BHYTPEHHEMY TTOTOKO-
CIIEIUIEHUIO B OTPe3Ke JJIUHON /; GECKOHEUHO JJIMHHOTO TIPSAMOJUHERHOTO MPOBOA
KPYTJIOTO CeYEeHUs, TTOCKOJbKY PaJinyCc KPUBU3HBI KOHTYpa ITPOBOJIHUKA BEJUK I10
CpPaBHEHWIO C TIOTIEPeYHBIMU pa3Mepamu cedenns. CoryiacHoO BBIPAsKEHUIO, TIOJTyJIeH-
HOMY B 4. [, umeem

_ Mo .
\Puuy'rp - 81 lli’
riae p — abCoJIoTHAS MAarHWTHAS MTPOHUIIAEMOCTh MaTepuasa mpoBoja. VIHIyKTHB-
HOCTb L MOKHO IIpe/ICTaBUTh B BUJIE

b4 b4
_ " BHem BHYTD
L= . +7._LBHELL[ +LBHyT]’)’

1 1

IpUYeM Ly, HA3BIBAIOT BH € I H € i, & Lyyyy, — BHYTPEHHE N MHIYKTUBHOCTBIO.
Wrax, MokeM HaIMcath CJeAyIollee YIPOIeHHOe BbIPasKeHUe JIJisl UHAYKTUBHOCTH
KOHTYpa U3 TOHKOTO ITPOBOJHUKA KPYTJIOTO CEUEHMUS:

L=L +L :“AMM#LZR
4n” r

BHCIIT BHYTP 8
T

28.2. B3auMHasi UHAYKTUBHOCTb AABYX KPYroBbIX KOHTYpPOB

Haiinem BbIpaskeHue jijisi B3aMMHON MHIYKTUBHOCTH KPYTOBBIX KOHTYPOB, PACIOJIO-
JKEHHBIX B MAPAJLTIENbHBIX MJIOCKOCTIX TaK, YTO UX IEHTPHI JIEKAT HAa OJTHON MPSIMON,
HOPMAJIbHOM K 9THM ILTOCKOCTSIM (puc. 28.5).

Uckomyio GopMysy MOJIyunM, BBIIIOJHUB JBYKPATHOE WHTETPUPOBAHUE BJOJIb
0060MX KOHTYPOB COTJIACHO BBIPAKEHUIO

0 dl,dl, R
L | - '
-

bl
OjiHaKo MHTErpupoBaHue yke ObLJIO BITTOJIHEHO B § 27.16
MPU OTBHICKAHUM BEKTOPHOTO IMOTEHIMAJA B T0JIe KPYTOBOTO
Toka. IMeHHO /1711 BEKTOPHOTO TTOTeHIIMaIa Ay Ha OCH BTOPO-
ro IPOBOIHUKA, OIPEAEIIEMOTO TOKOM i{, TIPOTEKAIOINM B
MEPBOM KOHTYPE, UMEeM BBIPA’KEHUE Puc. 28.5

R
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i | R
A _ Moty | By k).
2 2n"R2f()

[Tpu 5TOM B COOTBETCTBUY C MPUHATHIM B § 27.15 0603HaUeHUEM TIOTydaeM
o ARR,
h* +(R, +R,)*

3nech Ry u Ry — paychl KOHTYPOB U i — PacCTOsTHIE MEK/IY UX IeHTpaMu. [IpuHs-
TO W = Ly, TAK KaK MPEAI0JaraeTcsi, 4YTo KOHTYPbl HAXO/SITCS B BO3/IyXe.

Oyuknus f(k) nzobpaxena B Buje KpuBoii Ha puc. 27.20. Ona MoxeT ObITh pes-
CTaBJIeHa Yepe3 MOJHbIEe dJITUITHYeCKIe NHTErPaJIbl IEPBOTO M BTOPOTO POJia CorJiac-
HO BBIpaKEHUSIM, TPUBeIeHHbIM B § 27.16. Bextop A, KacaTeseH K OCU TPOBOAHUKA
BTOPOTO KOHTYypa WM BCJEACTBHE CUMMETPUU HMMeEET OJAMHAKOBYIO BEJUYUHY B0
Bcero BTOporo KoHTypa. CienoBaTelbHO, TOTOKOCIETITIEHe B3aUMHON NHYKITUN CO
BTOPBIM KOHTYPOM, 00YCJIOBJIEHHOE TOKOM i1 B TIEPBOM KOHTYPE, TIOJTy4aeTCs] PABHBIM

Wy, = §Aydly = §A,dly = Ay dl, = A,27R, =i\ [RR, [ (k).
) Iy Iy

Takum 06p3.30M, HNCKOMas B3aMHad MHAYKTUBHOCTD BbIPAKA€TCA (bOpMy]IOﬁ

M=y RR, (B,

L

28.3. NlHAYKTUBHOCTb KPYroBoro KOHTypa

Hatinem dopmysy a1 MHAYKTUBHOCTH KPYTJIOTO KOJbIlA M3 TOHKOTO ITPOBOAHIKA
Kpyryoro cedenus (puc. 28.6). BHemnsas MHAYKTUBHOCTD Ly, OTIPeesisseMast IOTo-
KOM Dy, TAHUH KOTOPOTO OXBATHIBAIOT BCE ceyeHre MTPOBOIHIKA, PAaBHA B3AUMHOI

| UHIAYKTUBHOCTU MEKAY OECKOHEYHO TOHKUMH KPYTOBBIMU
KOHTYpaMM, OZIMH U3 KOTOPBIX, [{, COBIAJIAET C OCBIO TIPOBOJI-
HUKa U JIPYTOH, [y, SIBJISIETCSI BHYTPEHHEI, T. €. HAaMEHbIIIeH,
OKPY>KHOCTBIO Ha MIOBEPXHOCTU MPOBOiHUKA. CJe/0BaTe/IbHO,
rosaras B nocienseM Boipaxkenuu § 28.2 Ry=Ru Ry=R — a,
MO’KeM HallnlcaTb

Lo =HoVR(R=a) [ (k) =R [ (R),

rjle @ — paauyc cedeHus MPOBOAHMKA U R — paamyc KoJblia,
npudeM a < R. Tak Kak KOHTYPbI [; 1 [, Jiexkat B OHOM TL10C-

Puc. 28.6 KOCTH, TO B BeIpaxkeHu 17151 k2 cieyer npunats i = 0. Vmeem
(R-a+R)? 4R* — 4Ra+ a’ 2R )’

CienoBaTeabHO,
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a Y a’
k~ [1-| —| ~1- —
2R 8R
Bennuuna f(k), Bxomsimast B BbIpaKeHUe IS Ly ey, MOKET OBITH OTIPE/e/ieHa 13

kpuBolt Ha puc. 27.20. OxHaKo M7 paccMaTPUBAEMOTO CIydas d << R MOXHO TOJTy-
4uTh PUOIMKEHHOE Bhipakenue st f(k). Tak kak k ~ 1, To mpubIMKEeHHO NMeeM

(2 _pk-2F~kK-
f(k)_[k ij LE~K-2F.

MoskHO T10Ka3aTh, 4To npu k ~ 1 snnunrudeckue warerpaibl K(k) u E(k) nmeror

caeyiomye IpubIKeHHbIe 3HAYeHUS:
Kzln74 zIDS—R n Ex~1.
1-F° a

CrenoBatesbHO,
LBHem = M()Rf(k) ~ MOR(lI‘ISR _2)
a

Tak kak [; = 2R, TO BHYTPEHHSISI MHAYKTUBHOCTD BbIpaKaeTcst (hopMyioit

n,y _uR
L =— =
WP8n 4

CienoBaTeabHO,

L :MOR(mSR—2j+“R.
a 4

Ecin ipoBoa u3 HedeppoMarHuTHOrO MaTepuasa, To [ ~ Ly 1
- uoR(lngR - 175).
a

Borpaskenue 71 BHyTpeHHEH MWHAYKTUBHOCTH TOJYY€HO B TIPEATIONOKEHUN PaB-
HOMEPHOTO PacIpe/IeJIeHUsT TOKa 10 CEYEHUTO TIPOBOAHIKA, YTO COOJIIOAETCS TP MO~
CTOSTHHOM TOKe. IIpu niepeMeHHOM TOKe BBICOKOI YaCTOTBI B CJIy4yae Pe3Koro MposiB-
JICHUST TOBEPXHOCTHOTO a(hheKTa BHYTPEHHUH MTOTOK TIPH W = W OYAET MaJ, U TOYHee
BBIYNCJATH WHAYKTUBHOCTD 110 popMmyJre

L= uOR(ln8R —2}
a

npeHedperas BeTHIHHON Ly ...

28.4. MeToa y4acTKOB

[Tomyuennsie B § 28.1 BeIpakeHNd M9 WHAYKTUBHOCTEN KOHTYPOB M3 TOHKUX IPO-
BOJHUKOB Jaf0T OCHOBAHWE BBECTH METO]I pacueTa, OCHOBAHHBIN Ha YCJIOBHBIX MOHS-
TUSAX O B3aUMHOIN MHIYKTUBHOCTH MEXK/IY y4acTKaMU IIPOBOJHIKOB U 00 MHIYKTHB-
HOCTSX Y4aCTKOB TTPOBOJTHUKOB.
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[Iyctp mmeioTcst Ba KOHTYpa. Paszobbem TepBbiit
KOHTYP Ha M Yy4aCTKOB U BTOPOIl KOHTYpP — Ha 7 yyacT-
k0B (puc. 28.7). [lnuHy k-ro y4acTka 1mepBOro KOHTYpa
0603Ha4YNM Yepes [y, v JTHHY p-TO y4acTKa BTOPOTO KOH-
Typa — uepes Iy, PasbuBas B BeIpakeHun Jis My, WH-
Terpajbl 0 3aMKHYTBIM KOHTypaMm [{ u [, Ha CymMMbI
WHTErpasioB, B3AThIX BJOJb YYACTKOB KOHTYPOB, OyaeM
NMETDb
M. - e Fi"uo dl,dl,

w=2 2 [

k=1 p=1

hplyp

Bripaxkenue, crosiiee 1o 3HAKOM JIBOWHON CyMMBI, MOXKEM PacCMaTPUBATh Kak
B3aNMHYIO WHYKTUBHOCTD M5, MEXKTy k-M yUacTKOM T1epBOTO KOHTYpa 1 p-M yua-
CTKOM BTOPOTO KOHTYypa. TakuMm oOpasom,

k=m

=n
M21 = z SMik,Zp'
k=t p=t

=1 AHATOTUYHO MOKHO TIOCTYTIUTh TTPU BBIUUCICHUN UHAYKTUB-
\ HOCTH KOHTYpa. PasoObeM Bech KOHTYP Ha m y4acTKoB (puc. 28.8).
[Tpu 3TOM 1yCTh i), €CTh OTPE3OK k-T0O ydacTKa 110 OCH MPOBOJI-
HUKa, a 12p — OTPE30K p-TO y4yacTKa 10 BHYTPEHHEMY KOHTYDY,
&—=""I;  JIeXkalieMy Ha MOBEPXHOCTH MPOBOAHUKA. XOTS JAJIsI TOHKOIO
Puc. 28.8 MPOBOAHUKA [y, = ly;, HO HEOOXOAMMO pa3IMyaTh 9TH IBa yYaCT-
Ka, TaK Kak B hopMmyse 11 L WHTerpupoBaHue TTPOU3BOIUTCS
OJIVH pa3 110 OCU TTPOBOJIHUKA, IPYTON Pa3 — 110 YKa3aHHOMY BHYTPEHHEMY KOHTYPY.

Mopmyita 1st L IpuHUMAET BU/L

111)

BoipaskeHue 1oj; 3HaKOM JIBOMHON CyMMbl MOKHO YCJOBHO paccMaTpUBaTh IIPU
k = p Kak BHEINIHIOI WHIYKTUBHOCTD Ly, k-TO ydacTKa KOHTypa U TIpH k # p — Kak
B3aNMHYIO WHIYKTUBHOCTD M}, MEXly R-M M p-M ydacTKaMu KOHTYpa. [Ipu Beramcie-
HuK M}, MOKHO UHTETPUPOBAHUE 110 OTPE3KY BHYTPEHHETO KOHTYpa [y, 3aMeHUTb UH-
TerpupoBaHueM 10 OTPE3Ky OcH [y, TOro e p-To yuactka. Torza Oyznem umernb

Mlk,2p ~ Mik,ip :Mk[) u Mlp,Z/c ~ Mi[),Ik :Mpk‘
YuureiBast, 4T0 My, = M, m01y4aeM
k=m k=m p=m
L= ZLBHCLH]E +2 Mkp +LBHyTp’
k=1 k=1 p=1

rie

dl dl, dl.dl
Breu b :% I J%r M,, = %J J.%Y

by b hilp

npuyeM dl; — aJeMeHT Ha OCH B-TO y4acTKa, dl{ — 3JIeMeHT Ha OCH P-TO yYacTKa.
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B BbIpaskeHuu jiJ1st L BO BTOPOM YJICHE p # k 1 OIIPe/ieIeHHOE cOueTaHue HHIEKCOB
k m p BCcTpevaeTcst TOMBLKO OMH Pa3 HE3aBUCUMO OT TIOPSIIKA, B KOTOPOM OHU CTOSIT.

PaccmoTpenubriit MeTos 06JIer4aer pacuet HHAYKTHBHOCTEN B T€X CIydasiX, KOTr/a
KOHTYPbI MOKHO Pa3OUTh Ha YYACTKH, UMEIOTIIE MPOCTYIO (hOpMY, HATpUMep Ha TIpsi-
MOJIMHEHHBIC OTPE3KU MJIM HA JIYI'M OKPYKHOCTEIA.

28.5. IHAYKTUBHOCTU KOHTYPOB, COCTaBJ/IEHHbIX
M3 NPSAMOJIMHENHbIX OTPE3KOB

DopMyJIBI I B3AUMHOM WHIYKTUBHOCTH My, 9, ¥ HHIYKTUBHOCTH Ly, ; YIACTKOB
IIPOBOJIOB CXOMAHBI ¢ (HOPMYJIaMU IS TIOTEHIIUAIbHBIX KOI(MMUIIMEHTOB OTPE3KOB
[IPOBOJIOB, MOJIyYeHHBIMU B § 25.6 110 MeTOMy CpelHnX MOTeHINaNI0B. Pasinune 3a-
KJIIOYAeTCS B MHOKHUTEJISAX, CTOSIIUX TIepe/] 3HaKaMi HHTErPajioB, U B TOM, U4TO B (hop-
MYJIBI JIJISI MHIYKTUBHOCTEN BXOAUT CKaJISIpPHOE Tpou3BeieHne BeKTopoB dly u dl,, 1. e.
Besmunna dly dly = cos 0 dlidl,, Tiie © — yros Mexy HalpaBJIeHUSIMU dJI€eMEHTapHBIX
otpe3koB dl; v dl,, a B GOpMYIIbI s MOTEHIIUATBHBIX KOA(hMOUIITNEHTOB BXOAUT TIPO-
ussegenue dlydl, paun oTpe3Kos.

B coryuae korma otpesku [ v [y IpSAMOJIMHENHBI, BeJIMYNHA COS 0 OMHAKOBA ISt
BCex as1eMeHTOB dly u dl, u MoskeT GbITh BhIHECEHaA 3a 3HAK nHTerpasa. [Ipu atom dop-
MyJIa JIsl B3AMMHON MHIYKTUBHOCTH MEXK/Y STHMU OTPe3KaMK ProOpeTaeT BUJL

M, =t COSOIIM.
r

47 i

B dopmysie mist coOCTBEHHON MHAYKTUBHOCTH Lye, TPSIMOJIMHEITHOTO OTpE3Ka
HEoOXOAMMO IPUHATH cos O = 1, u, ciemoBaTeNbHO,

g pdld
b =2

BHeIT

ITH HOPMYJIBI OTIUYAIOTCS OT (DOPMYJT JIJIST TOTEHITUATBHBIX KO3 (PUITUEHTOB Ol o
U 0 TOJIBKO MHOKUTETSIMU. VMeem

M
2 =ug,l,1, coso;
Ay Ay

BHEILL

=g, %

Ha ato obcrogrenbetBo 0OpaTiyl BHUMaHUe B 04HOI 13 cBoux pabor JI. A. Ilefit-
suH. OHO UMeeT Ba)KHOE 3HAUEHUE, TaK KaK JIA€T BO3MOKHOCTH NMEIOIIHNECs B JIUTE-
patype (opMyJbl [T MHAYKTUBHOCTEN WMCIIOTH30BATH [T BBIUMCIEHUS TIOTEHIU-
AJIbHBIX K03(MUIMEHTOB U 00PaTHO.

B § 25.6 6buta BeiBeseHa opmyiia 17st KOIMDMUIIMEHTOB Oy ABYX HapasJIebHbIX
OTPE3KOB MPSMBIX POBOJIOB OJAMHAKOBOI [IIMHBI [, PACTIOIOKEHHBIX TaK, YTO Hayaja
OTPE3KOB HAXOJSITCS HA OJJHOM K HUM IEPIEeHUKYJIsIpe. PaccTossHue Mexay ocsMu
MIPOBOIOB paBHO D.

Econ HanpaBiiennst 06Xo/1a, KOTOPbIe CYUTAEM HMOJIOKUTETbHBIMHE, JJIsI 060UX OT-
peskoB coBnazaior, To 0 = 0 u cos 6 = 1. Eciiu mmostoskuTeibHble HalpaBIeHus: 000MX
OTPE3KOB MTPOTUBOIIOIOKHEIL, TO O =t 1 cos 0 = —1. Vcrion3ys BeIpakeHus 171 OTHO-
meHust Myo/09, oJy4aem
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2
Arshi— D—+1+2
2me,l D I? [

M =+p,e,l”

YunrsiBast PABEHCTBO

Arshiz In—+ |— +1|,
D D \D?

MOJKEM HallnMcaTb

=+L01 lnl+\/l2 +D? _\/12 +D*-D
S 2n D /

M

B wactHoM cayuae mpu [ >> D mosydaem

M = iw(lny - 1).
D

T

W3 mocnenneit hopmMyabl HETTOCPEICTBEHHO BBITEKAET BBIPAKEHWE [IJIT BHETTHEH
UHIYKTUBHOCTHU MPSMOJMHEIHOTO OTpe3Ka MPOBOAHUKA JJIMHON [, KIMEoIero Kpyr-
JIoe CedeHne pajnyca ry, mpudem 7, < L. B a1oit hopmyiie Heo6xommmo 3amMennTh D Ha
7o Y B34Tbh 3HaK 1umoc. Mimeem

L —M—OZ 1n2—l—1

BHEI
2n\

O6parum ocoboe BHUMaHKME Ha TO, YTO KOI(DMUIUEHTHI 0Ly OBLIN BBIYUCIIEHBI B
§ 25.6 npubIMKEHHBIM METOIOM CPEIHUX MOTEHIIMATIOB, OCHOBAHHBIM Ha JOMYyIIe-
HUM, YTO 3apsi/l paclpe/ie/ieH paBHOMEPHO 110 JUIMHE IIPOBOJIA, T. €. YTO JIMHeiHas
MIJIOTHOCTD 3aps/ia OIMHAKOBA 10 Beeil aymHe mpoBoza. OaHako dhopmys aag M u L
B 9TOM OTHOIIEHUH BIIOJIHE TOUHBI, TAK KaK IOCTOSHHBIN TOK UMeeT OJ[HO U TO Ke 3Ha-
YyeHue Ha BCell JJIMHe ITPOBO/JIA.

28.6. UHAYKTUBHOCTb NMPSAAMOYrOJ/IbHOW PaMKu

BOCHOJH:)SyeMCﬂ METOJIOM YYaCTKOB [IJId BbIYUCJIEHUA MHAYKTUBHOCTU IIPAMOYTOJIb-
HOH paMKH U3 MPOBoIa KPyrsoro cederus (puc. 28.9). JlimHbl cTOPOH paMKu 0603Ha-
YIM uepes a u b, paanyc ceuerunss — uepes 7. [Iycts a >>ryu b > 1.

Bzanmnas WHAYKTUBHOCTb MEXK/Y B3aMMHO IMEPIEHAUKYJIAPHBIMU CTOPOHAMU
pPaMKHU paBHA HYJIO, TaKk Kak 3/iech cos 6 = 0. CienoBaresibHO, IOCTaATOYHO yUECTb

e ) TOJIbKO B3aUMHbIE WHIYKTHUBHOCTH MEXK/IY TTapaMy MPOTHBOIOJIOK-
Il HBIX MapaiebHbIX CTOPOH paMKH. [{JIs 5STHX cTOpPOH cos 6 = —1, Tak
KakK, [epeMelasich BI0Jb KOHTYpa PaMKH, Mbl 0OXOIUM IIPOTHBOJIE-
JKATe CTOPOHBI B TIPOTUBOTIONIOKHBIX HAITPABIEHUSIX.

Jl7ist CTOPOH paMKH, UMEIONINX [JINHY [ = a M pacCTosiHUe MeXKLy

r

ocsMI TIpoBOIHNKOB D = b, 0603HaunB yepes d = a’ + b* anaronanb
Puc. 28.9  PAaMKH, moJIydaem
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Ma:—“‘)a(lnmrd—d_b):“oa(ln b +d—bj.
27 b a 2n a+d a

COOTBETCTBEHHO JIJIsI CTOPOH, MMEIOUNX AJUHY bn paccrodganue MexRay OCAMN
IIPOBO/IOB @, MOKEM HaAIICATh:

M, :Hob[ln a +d—a)'

27 b+d b
Bremnrine MHAYKTUBHOCTU CTOPOH, UMEIOIIUX AJIMHbIL a 1 b, PpaBHbI
LBHema =uoa(1n2a_1j7 ‘LBHemb =M0b(lnzb_1]
2n 7, 27 T,

BHyTpeHHIOI0 MHAYKTUBHOCTD BCel PAMKH HAXOJIMM, 3aMedasi, YTO JIJTMHA KOHTYpa
pasua 2(a + b). CiemoBaTtenbHo,

BHYTP

= (@b,

rjie p — abCcoMoTHAsT MATHUTHAS TPOHUIIAEMOCTh MaTepuaia mpoBoja. Takum o6pa-
30M, TIOJTy9aeM OKOHYATETHHO

L=2L +2L 0y +2M, +2M, + L =

BHYTP

“Polgin 290 29 b +“(“+b}
i ry(a+d) r,(b+d) n\ 4

BHell a

28.7. B3anMHasi MHAYKTUBHOCTb MeXxay ABYMS
ABYXNPOBOAHbIMU JINHUAMM

Haiinem BoIpaskenue st B3aMMHONW WHAYKTUBHOCTH MEXKY JBYMS JABYXITPOBO/IHBI-
MU JIMHUSIMU, 06Pa3oBaHHBIMU TIPOBOAMHU KPyTiioro cedenust. Ha puc. 28.10 mudpoit
1 moMedeHo ceyeHue MPSIMOTO IIPOBOAA IIepBoil mHuK U nudpoii 1’ — cedenue 06-
paTHOTO MpoBozA 3ToU JuHUU. COOTBETCTBEHHO IndpamMu
2 1 2' IoMeYeHbl CeYEHUs IIPSIMOro U 0OPATHOIO IPOBOIOB
Bropoil smaun. IlycTs pamuna guaun [ MHOTO OOJIbIe BCex
paccToAHNH MeXIy mpoBoiaMn. B Takom cirydae mpu mof-
cuere BeJMUMHBI M MOKHO TTpeHeOpedb OTPE3KaMH, COe/H-
HAIONUMY TTPOBOJIa B Havyasie ¥ B KOHIlE JUHUU U M300pa-
skeHHpIMA Ha puc. 28.10 mrpuxamu. I[lonp3ysach metomom
YYaCTKOB, HAaXONM

M=My,+My+M,, +M, =F;01[1n21 - 1}“01[11121 _ 1]+
T

"o 2n Mo
+ MOl(lrlzl - 1)—“01[1n2[ - 1} = “—Ollan'n'z .
T\ Ny T N 2n iylyy

B uncnutene moa 3HakoM Jorapudma CTOSAT PACCTOSHUS MEXKIY TPSIMBIM TTPOBO-
JIOM OJTHO¥ JIMHUM M OOPATHBIM ITPOBOIOM JIPYTO JIMHUU, a B 3HAMeHaTeJle — pac-
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CTOSTHUSI MEK/TY TTPSIMBIME U 0OpaTHBIMK TIPOBOaMK 0Oenx nHuit. Bemmunna M mo-
JKET OKa3aThCs TTOJIOKUTEIBbHOM WM OTPUIIATEIbHON B 3aBUCUMOCTH OT TOTO, Oy/eT
JIV BEJIMYIHA, CTOSIIIAS TI0/l 3HAKOM Jioraprdma, GoJIbIie I MeHbIIe euHUIbL. J{Jst
PacmoIoKeHus TPOBOIOB, TTOKazaHHOTO Ha puc. 28.10, M > 0. ITo 3HAUUT, IYTO TIPU
0060MX TTOJIOKUTENTBHBIX TOKAX B JIMHUSIX MOTOKU CAMOWHAYKITMY 1 B3aNMHOM MHIYK-
MU HAIIPaBJIEHbI COTJIACHO.

Ecsu 6b MbI TIOMEHSJIU MecTaMu MPSIMON U 06paTHbIﬁ MPOBO/Ia B OJIHOU U3 Jiu-
HUI, T. €. UBMEHWJIN YCJOBHOE MOJIOKUTEbHOE HallpaBJeHrne TOKA B O/IHOM U3 JIMHUH,
TO TOJYYHIN OB JJIST TAKOTO Ke PaCIoNoKeHUs PoBogoB M < 0. ITo 3HAYMT, UTO
npu 000UX MOJOKHUTEIbHBIX TOKAX MOTOKU ObLIK Obl HAIIPABJIEHBI BCTPEYHO.

28.8. UHAYKTUBHOCTb ABYXNPOBOAHON JIMHUMN

Ompenenum, TOAB3YACh METOJOM YYacTKOB, WHIYKTUB-
HOCTD TI€TJIH, 0OPA30BAHHON IBYMS MapaLIebHBIMU MPO-
Bozamu KpyrJoro cedenud (puc. 28.11). Paccrognne mex-
Jly ocsIMU IIPOBOJIOB — D, paanycel ux cedeHnii — R u R/,
Puc. 28.11 qmHa et — [ MoskeM Hanucatb

L = LBHeHI1 +LBHem1’ +2M11’ +L

BHYTp

rie
LBUellll = LOI ln27[_1 ) LBueu_l1’ = LOI ln2il_1 )
2n R 21 R
M“,z—LOl 1n£l—1 ; Lﬂuyl_p=M72l=l’l'7ly
2n D 8t 4n
npuyeM [ — abCoJIOTHASI MATHUTHAST TIPOHUIIAEMOCTD MaTeprasia mpoBoaoB. ITorydaem
2
Lol D pl "

D
L I P
o "RR dr nl " JRR 4

B BasKHOM YacTHOM cJydae [Jist IBYXIPOBOIHOM JUHUU 00br9HO R’ = R,

[Ipu aTom
[ D u
L=—- In—=+5 |
n[“o R 4j

ITpu p > g, HATIpUMep I CTAIbHBIX IIPOBOAOB, 9Ta (HOPMYyJIa BT TIPUOIH-
JKeHHOI, TaK KaK Hasinmure (peppOMarHuTHON CPe/bl HCKAsKaeT M0JIe OKOJIO IPOBO/IOB.
OHaKo 3TUM UCKa)KeHHeM MOJKHO IpeHeOpedb, eciv Pajlychl CEYEeHUI TIPOBOLOB
MaJibl IO CPABHEHUIO C PACcCTOSTHUEM MesK/y mpoBogamu. [Ipu p = py ata dpopmya,
KaK MOKHO TTOKa3aTh, 1aeT 1pu [ >> D TOYHOE 3HaYeHWe CTaTUYECKON NHIYKTUBHOCTH
JUIsT TIOOBIX COOTHOMITEHUH Mexay D u R.

28.9. UHAYKTUBHOCTb Tpexd{a3HOW IMHUKN

B xaskmom mpoBozie TpexdaszHo# JUHWM Tepeiadul MHAYKTUpYyeTcs He Toibko J/C
CaMOMH/IYKIMH, OOYCIOBJIEHHAs TIEPEMEHHBIM TOKOM B 9TOM TIPOBOjIE, HO TaKkKe U



nasa 28. PacueT nHayktveHocteit 183

I/1C B3aumMHOIT MHAYKIMK, 00YCIOBIEHHAS TOKAMH B IPYTUX MTPOBOAAX JuHUM. Pac-
CMOTPUM TPEXTTPOBOAHYIO JUHUIO, T. €. IUHWUIO, B KOTOPOI OTCYTCTBYET HEUTPAIbHBIN
poBoj. OOBIYHO AKTUBHBIE COMPOTUBICHUST ¥ U UHAYKTUBHOCTH L OIMHAKOBBI JJIsT
BcexX Tpex MpoBooB. OMHAKO B3aMMHbIe MHAYKTUBHOCTU My, Moz 1 M3 MeXIY TIpO-
BOJIaMH TTPU HECHMMETPUYHOM PACIIOTIOKEHUH TPOBOIOB OYIYT OTJIMYATHCS APYT OT
apyra. Ecam Tokn B TMHWM M3MEHSAIOTCA MO CHHYCOMAAJBHOMY 3aKOHY, TO MOKHO
BOCTIOJIb30BATHCA CUMBOJIMYECKUM METOIOM U JIJI TTaZICHIST HATIPSYKEHWH B TIPOBO/IAX
HAIMMCATh BBIPAKEHNS:

U =@+jol)l, +joM,l, + joM,l,;
Uy, =0+jol)l, +joM,l, +joM,]I,;
U, =0+ jol), +joM, I, +joM,I,.
[IpeamonoxkuM, 9TO0 TOKU B JUHUU 0OPa3ylOT CHMMETPUIHYIO CHCTEMY, T. €. I 9

=a’l; I, =al, I‘llea:—21+j\/§l/lazz—1_j\/§.

2 2 2
y‘{I/ITI)IBaH, qTo 613 = 1, MOJKEM IIEPENNCATh YPABHEHUSA B BU/E

U1 =[r+jo (L+c12M12 +aM13)]f1;
Uz [r+jo (L+02M23 +aM21)]j2; @)
U, =[r+jo(L+a’M, +aMy)]i,.

BprEDKCHI/IH, CTOANINE B KPYIJIbIX CKO6K3.X, BC€ BEHIECTBEHHBI TOJIBKO B CJy4dae
CUMMETPHUYHOI'O PACIIOJIOKEHUA IIPOBOJOB, KOI'la

My =My =My =M.

JleficTBUTeIHO, IPUHUMAS BO BHUMAHNUE, 4TO @° + @ = —1, B 3TOM caydae HOJTy-
JaeM

U =[r+jo(L-M)I;
Uz =[r+jo (L _M)]j2§
U, =[r+jo(L-M)]I,.
Pasnocts L — M = L' B nocjie/IHUX ypaBHEHUSAX MOXKHO pacCMaTpPUBaTh KaK dKBU-

BJIEHTHYIO WHAYKTUBHOCTH OJTHOTO MPOBO/ia. VIHAYKTUBHOCTH L yeInHEHHOTO TPO-
BOJIa JUTUHOM [ 1 ¢ pagnycoM cedenust R Boipakaetcst (hopMyJIoi

L= LBHCIII +LBHyTp :u()l(lny — 1]-‘,—“1’
2m R 8n

rjie W — abCcoJIoTHAsE MATHUTHAST TIPOHUITAEMOCTH MaTepraja mpoBo/Ia.
BsanmMuast mHAYKTUBHOCTH M MEKIy TapasiiebHBIMI TTPOBOAAMI UHOM [ ¢ pac-
cTOsSTHIEM MesKIy ocsamu D mipu [ >> D BeipaskaeTcst (opMyIoit

M :MOI(IHZZ - 1].
D

2n
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[Ipu saTom mepen dhopmymoii caenyeT B3sATh 3HAK IITIOC, TaK KaK MOJOXKUTEIbHbBIE
HAIPaBJIEHNS TOKOB BO BCEX IPOBO/IAX MBI IPUHUMAEM B OJIHY CTOPOHY BJIOJb JINHUN
nepeznaun. Takum o6paszom,

LI'=sL-M :l(uo n2 +“j.
27 R 4
[Ip1 HECUMMETPUYHOM PACIIOJIOKEHUN TTPOBOIOB PACCTOSHUS MEXKIY OCSIMHU TTPO-
BOJIOB HE PaBHbI JIPYT APYTY: Dyy # Dys # Dsy.
OnHaKo ecyu yepe3 paBHbIE MHTEPBAJIbI BAOJb JUHUU OCYIIECTBJIEHA TPAHCIIO3U-
IS TIPOBOJIOB, TO BBIpa)KeHMe st L' COXPaHUT CBOI BHJ, ecau 1moj M IoHUMAaTh
cpe/lHee 3HAYeHVe B3aMMHON WHIYKTUBHOCTH JIJIsI TPEX YYaCTKOB JIMHUU:

1 / 21
M :g(Mm + M, +M31):2nuo(lnD,_1ja

rie
D'=A D12D23D31~

B necummeTpuuHoli TpexdasHol JUHUHM TPUA TTPOXOKIACHUN 10 HEll TIepeMEHHOTO
TOKa UMEIOT MECTO CBOeoOpasHble aHepreTudeckue mpoiiecchl. B ypasuenusix (*) npu
My # Mys # M3 BBIpasKCHUsI, CTOSIIE B KPYTJIBIX CKOOKAX, SIBJISTIOTCSI KOMILIEKCHbI-
Mu. VIX MHUMbBIE YacTH TIOCJIe YMHOXKEHUS HA jo© JAIyT BEIIeCTBEHHbIE BEJUYUHBI,
MMEIOINE CMBICIT aKTUBHBIX COMTPOTHBJICHUN.

CkJia/pIBast BBIpaKEHIsI, CTOSIIIIE B ypaBHEHUSAX (*) B KPYTJIbIX CKOOKAX IJisI BCEX
Tpex haz, TONYINM TIPU KaXKA0U B3aUMHON WHAYKTUBHOCTU BEIIECTBEHHBIN MHOKH-
Tenb a® + a = —1. ClenoBaTebHo, CyMMa OMOTHUTEIBHBIX aKTUBHBIX COTIPOTHBJIE-
HUI BO BceX Tpex (ha3ax paBHA HYJIIO, T. €. €CJIN B OT/IETBHBIX (Da3ax OHU TIOJIOKUTEIb-
HBI, TO B IPYTUX OHW OTPUIIATENbHBI. VIHBIMU CJTOBaMU, eCJIM U3 OJHUX (ha3 dHEPTHs
OTJIaeTCs, TO B IPYTHE OHA MTOCTYMAET B TOM K€ KOJTMUYECTBE, T. €. COBEPIIaeTcs nepe-
HOC DHEPTUU TIYTEM 3JIEKTPOMATHUTHON WHIYKIIUKA U3 OHOI (ha3bl B APYTYIO.

B 3akioueHre riaBbl OTMETHM, YTO pa3paboTKe METONOB pacyera WHIYKTHB-
HoCTel TocBsIeH pan pabor coserckux asropos: I. H. Ilerposa, JI. A. Ileiitauna,
B. A. ®oxka u npyrux.
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26.1. dnekTpuyeckoe nosie NoCToOSAHHbIX TOKOB B ANDJIEKTPUKE
M B NpoBoasilien cpene

BOMPOChHI

1. Uem pa3jinvaroTCA IJIEKTPUYECKHE I10JId, OIIpeAesiddeMble ITOHATUAMU «CTaTHU4de-
CKue» 1 «CTaHHOHaprIe»?

2. Hoquy IIpu MPpOTEKaHNN IJIEKTPUYIECKOTO TOKa ITI0 IIPOBOJAaM, BbIIIOJTHEHHDBIM N3
BeliecTBa C KOHEUYHO SHGKTPHQECKOﬁ IIPOBO/IMMOCTbBIO, B OKPYy/KalOIIEM UX JUIJICK-
TPHUKE BOSHUKAET JIEKTPHUIECKOE mnoJie?

3. (O) Ilo npoBomam, HAXOAAIUMCS B UAJEKTPUKE, TTPOTEKAET MMOCTOSHHBIN TOK.
B kakux Toukax Beanunna div D He paBHa HYJIIO?

4. (O) IIpoBozsiiiee TEIO PacHoI0KEHO B AMIJIEKTPUKE BOIMU3H IPOBOJIA, TI0 KOTOPO-
My MpOTEKAeT TOCTOSHHBIN 3aJeKTpuuecknil ToK. CyliecTByeT Jii 3JeKTpPUyYecKoe
moJie BHYTPH MPoBozsAIiero tesa? KakoBo 3HaueHMe MI0THOCTH 9JIEKTPUYECKOTO 3a-
psijia @) BHYTpPHU TeJia, 0) Ha ero MOBEPXHOCTH, 6) B JAMIJIEKTPHUKE, 2) Ha TIOBEPXHOCTH
MIPOBOJIA C TOKOM, ) BHYTPH TIPOBOJIA C TOKOM?

5. I[TocTOSTHHBIN TOK TedeT 1o MPOBO/LY, B 00beMe KOTOPOTO nMeeTcst osocTb. Cyie-
CTBYET JIN 3JIEKTPUYECKOE TI0JIe BHYTPH TOJOCTH?

6. B AUSJIEKTPUKE BbI/IEJIEH HeKOTOprfI o6bem. MoxkHo JI, HE BbBIXO/ 3a IIpe/eJibl
9TOTO O6’beMa, OIIpeaeJinTb, ABJIAETCA JIN 110JIE B obbeMe JJIEKTPOCTATUYIECKHM WJIN
CTallMOHaPHBIM 9JIEKTPHUYECKUM I10JIEM ITOCTOAHHOI'O TOKa?

7. IToyeMy B HEKOTOPBIX CJIyYasX CTAIlMOHAPHOE 3JIEKTPUUECKOE TTOJIEe B INAJIEKTPUKE
MO’KHO PacCMaTpUBAaTh KaK 9JIEKTPOCTATUYECKOE?

8. Kakoe u3 1osieii B 1naieKTpruKe ¢ GOJIBITNM OCHOBAaHHEM MOKHO PAacCMaTpPUBATh
KaK 3JIeKTPOCTATUYECKOE: I0JIe TTPOBOJIOB BBICOKOBOJIBTHON JIMHUU TI€peadyy WK
ToJie MUH HU3KOBOJIBTHOM CUJTbHOTOUHOM JIMHNUU, HATIPUMED, IIIMH 3JIEKTPOCBAPOYHO-
ro ycTpoiicTBa?

9. (O) Ha rpanutie 1ByX cpell ¢ Pa3JIMUHBIMU YI€IbHBIMU 9JI€KTPUIECKUMU ITPOBOIN-
MOCTSIMU BbITIOJTHsIeTcst HepaBeHCTBO div E # 0. CBUIETEIbCTBYET JIM OHO O CYIIECTBO-
BAHUU 2JIEKTPUUECKUX 3aPSII0B HA TTOBEPXHOCTHU pasiesia cpes?

10. Bo ckosbKO pa3 u3MeHs1eTCs TyCTOTa JUHUN HATPSIKEHHOCTH KaPTUHBI 9JIeKTPHU-
YECKOTO TIOJISI MTOCTOSTHHOTO TOKA, HANPABJIEHHBIX MO0 HOPMAJHU K TPAHUIlE Pa3jesia
JIBYX CPe[l C YIeJTbHbIMU 2JIEKTPUUECKUMU MTPOBOIUMOCTIMU Yi U Yo?

11. (O) B ipoBozsIiyio cpey ¢ yaeabHOM 2JIeKTPUIECKON TTPOBOAUMOCTBIO Y BBEJIEH
3JIEKTPOJI TPOBOIUMOCTBIO Y4 >> Y, B KOTOPBIN BXOIUT TOK. Kakum ciemayer npuHATh
rPaHUYHOE YCJIOBUE JIJISI TOTEHIIMAJIA HA TOBEPXHOCTHU AJIEKTPOIa TIPU pacyeTe dJeK-
TPUYECKOTO T0JIsI B TIPOBOJISAIIIEN cpejie?

12. B ajieKTpocTaTHyeCcKoOM 1oJie TPYOKH BEKTOPA SJIEKTPUYECKOTO CMEIEHUS OTNpa-
IOTCSI Ha PaBHBIE 3apsi/ibl TPOTUBOIOJIOKHBIX 3HAKOB. KakOBO aHAJOTMYHOE YTBEp-
JKJIeHMe JIUIsT TPYOOK BEKTOPA TJIOTHOCTH 3JIEKTPUUYECKOTO TOKA B ITPOBOJISIIIEN cpejie?
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13. Tlouemy B HEKOTOPBIX CJIydYasix 1eIecO00Pa3HO MEPEHTH OT MCCIeA0BaHUS dJIEK-
TPOCTATUYECKOTO TIOJS K IKCIEPUMEHTAIBHOMY HM3YYEHUIO 3JIEKTPUYECKOTO MOJIS
TOKa B MPOBOAIATIIEN cpesie?

14. (O) Ilpn BBIMOTHEHNN KAKOTO yCJOBUSA MOBEPXHOCTD 3a3€MJISTIONIETO ATEKTPOA
MO’KHO CUATATh dKBUTIOTCHITMATBHON? BhITosHAeTCA M 3TO yCI0BHUE HAa TTPAKTHUKE?

YMPAXKHEHWSA

1. (P) 3anumure ypaBHeHUS, KOTOPBIM YIOBJIETBOPSIET 3JEKTPUUECKUIN TTOTEHITHAT
CTAIMOHAPHOTO TI0JIsS B @) OJHOPOAHOM, ) HEOIHOPOIHOM JUAJIEKTPUKE.

2. (P) JlnvaHas ABYXIPOBO/IHAS JIMHUS MMOCTOSHHOTO TOKA C IPOBOJAMU KPYTJIOTO
CEUEeHUsI C PAINYCOM R TIPOTSHYTa B OJ[HOPOJHOM HEUIEATHHOM JIUIJIEKTPUKE C Y IeJIb-
HOI 3JIeKTPUYeCKO TTPOBOAUMOCTBIO Y. COMPOTUBIEHNE ABYX MPOBOIOB JUHUU HA
eJIMHUILY ee JJINHBI paBHO 7. Ha BXOAHBIX 3aKUMax JIMHUM JIefCTBYeT HaIpsiKe-
nue U, HalimuTe 3aBUCHMMOCTD HAIPSKEHUS HA BBIXOIHBIX 3aKUMaX JIUHUU OT ee
JUIMHBI [ TIPY YCJIOBHMM, YTO JIMHUST @) Pa3OMKHYTa, 6) 3aMKHYTa Ha Pe3ucTop 7,. Pac-
cTtosiare D MeXKIy OCSIMU TTPOBOIOB 3HAYUTEIBHO MPEBBITIIAET UX PAJNYCHI.

3. (P) Ha aByX mpOTHBOIIONIOKHBIX CTOPOHAX KBAAPATHON MPOBOAAIIEH TIACTUHBI
IIOCTOSTHHOM TOJIIUHOI d 3amanbl motennyanbl Uy u U,. IlokaxuTe, 4T0 TOK i ILIACTH-
HbI He 3aBUCUT OT Pa3MEPOB €€ CTOPOH.

4. (P) /IBe mpoTHBOMIOIOKHBIE CTOPOHBI 1, 2 TPSAMOYTOTBHON TJIACTUHBI TTOCTOSHHOMN
TosuHoN (puc. B26.1) IOKPBITHL C10eM BelIeCTBa, y/eIbHas aJIeKTprIecKasi IIPOBO-
JINMOCTH Y, KOTOPOTO 3HAYNTETHHO GOJIbIIE YAeTbHON SIEKTPUUECKON TPOBOANMOCTH
Y BemiecTBa nractuHbl. OHU IPHUCOEANHEHD! K ICTOYHUKY TOKA. B IiacTuHe nmeercst
BbIpes A, a takke TpemmHa AB, IPENsATCTBYONIAs IPOXOKACHNIO ToKa. /[pyroil BbI-
pe3 B B I1acTHHE 3aI0JIHEH BEeIlleCTBOM C Y/IeJbHOH 2JIeKTPUYEeCKOil TPOBOMMOCTBIO
Y # Yy SaIUIINTE ypaBHEeHNe, KOTOPOe ONNChIBAeT MOTeHINAN 2JIeKTPUYEeCKOTo MO,
a TakKe KpaeBble U TPAaHUYHbIE YCJIOBUSI HA CTOpOoHAaxX 1, 2, 3, 4 TIacTUHBI, BIPe3ax
U TpeluHe.

y=0 3
i > i m\ g i __8_]_ _____________
i @ B\ B i o

€ g1 <e<g
™ @/
¥

4 A 2
Puc. B26.1 Puc. B26.2

Vs

3. (P) Mexay AByMsI TIOCKUMU 3apsLKEHHBIMI TTacTUHAMY 1, 2 KOHEYHBIX pa3sMepoB
(puc. B26.2) nmeercsa maBa c0os AWAIEKTPUKA C TTPOBOIANIAM U TUIJIEKTPIIECKUM
BKparieHussMu. [1ob3ysch METOAOM 3JIEKTPOCTATHYECKOI aHaJOTUH, U300pasuTe
YCTPOWCTBO, TOJIe TIOCTOSTHHOTO TOKA B KOTOPOM aHAJOTUYHO 3JIEKTPOCTATUIECKOMY
TTOJTI0 MEXKY TIJTACTHHAMMU.

6. (P) Ilomyunre hopmyiy 1 mocTpoiiTe KPUBYIO 3aBUCUMOCTH TTPOBOUMOCTH G 1130-
JISIIIAY TIATAHPAYECKOTO KOHAEHCATOPA OT PACCTOSTHUST D MeXKIy OCSME OOKITA/I0K.
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Paccuuraiite G npu pagnycax oOKIamok Ry =5 M, Ry = 10 cm, D = 2 cM; yaeabHast
aJIeKTpUUecKas MPOBOIMMOCT HerleabHoro auasekrpuka y = 10~ Cm/m. Jlymna 06-
KJIaJI0K Konjiercaropa 1 m.

7. (P) ¥YaenbHble 2JIeKTPUYECKUE TTIPOBOIUMOCTH JINJIEKTPUKOB CJIOEB JIBYXCJONHO-
TO IUINHAPUUECKOTO KOAKCHATBLHOTO Kabems pasubl v = 1078 Cv/m, v, = 107 Cv/m.
Pasychbl 00KJIIOK ¥ TPAHUYHO# MOBEPXHOCTH ¢JioeB Ry = 3 ¢M, R3 =5 cM, Ry = 4 cMm.
Ortipeziesiure TOABEIEHHOE K KOHJIEHCATOPY HAIPSIKEHUE, TIPU KOTOPOM TOK yTEYKH
cocrasisier 2-107% A. Jlmmna kabesst 1 k.

8. (P) /luasnexkrpudeckas MPOHUIIAEMOCTD CPE/Ibl, OKPYXKAIOIIEN IBYXIIPOBOIHYIO
JIMHUIO, PaBHA € = 2g), ee yjeabHas dJeKTprdeckas IpoBoAnMocTh ¥ = 1078 Cv/m.
[Tpu kakoit yacToTe MOABENEHHOTO K JUHUU CUHYCOUJAJBHOIO HAMPSIKEHUS aM-
IJIUTY/Ia TOKA MPOBOJMMOCTU B Cpejle paBHA aMILTUTY/le TOKA 3JEKTPUUYECKOTO
cMeleHmng?

27.1. CkansipHblii NOTEeHLMas MarHUTHOIO Nons
BOMPOChI

1. Kakoii xapakTep nMeeT MarHuTHOE T10JIe, CKaJISIPHBIN ITOTEHIINAT KOTOPOTO M3Me-
HSIETCS 110 IMHEHHOMY 3aKOHY BJIOJIb OJTHOI U3 KOOPJMHAT U HE 3aBUCUT OT JBYX JIPY-
IUX KOOpJAWHAT?

2. KakoMy ypaBHEHUIO YIOBJETBOPSIET CKATSAPHDBI MArHUTHBIN TTOTEHIIUAT TIOJST B
@) OJIHOPOJIHOI B MarHUTHOM OTHOIIEHUU Cpejie, ) HeOTHOPOIHOI cpee?

3. (O) Kakue orpanuveHust cJeayeT HaJ0KUTh Ha BEIOOD Iy TH WHTETPUPOBAHKS BEK-
TOpa HAPSKEHHOCTH MarHUTHOTO TOJIsT, YTOOBI €r0 CKAJISIPHBII TIOTEHIA ObLI OJ1-
HO3HAYHBIM ?

4. HO‘-IEMy, HECMOTPA Ha HEOJAHO3HAYHOCTD CKAJIAPHOIO MAaroiuTHOI'O IIOTEHIIMAaJIa, OII-
penessdeMad ¢ ero ImoMOIbIO HAIIPAKEHHOCTD ITOJIA OZ[HOSHa‘{Ha?

3. (O) Mosxer sin cKaJISIpHBII MAarHUTHBII TIOTEHITHAT UMETh Pa3PbIBbI B HEKOTOPHIX
TOYKAX MPOCTPaHCTBA? MOTYT Jii UMETh Pa3pbhIBhI €T0 MEPBbIe TPOU3BOIHBIE O MTPO-
CTPAHCTBEHHBIM KOOD/IITHATAM?

6. (O) B yem 3akmiouaercs yrpoleHne pacuyeTa NCXOTHOTO BUXpeBOro moJig H mpu
pasziioskeHnn ero Ha BuxpeByio H, w mnorenimanbhyio —grad U, cocraBisioiime:
H=H, — grad U,?

7. (O) Ilpasyio yacth ypasHenus div u grad U, = div uH,, B3sTy10 ¢ 0OpaTHBIM 3Ha-
KOM, 110 aHAJIOTUU C yYPaBHEHHEM OTHOCHUTEIHHO MOTEHI[HAJA 3JIEKTPUIECKOTO TIOJISI
MOKHO paccMaTpuBaTh KaK 0OBEMHYIO IJIOTHOCTh «MarHUTHBIX» 3apsiioB. Kakosa
Pa3MEPHOCTh «MAarHUTHBIX» 3apsi/OB, UX OOBEMHOI, TTOBEPXHOCTHON ¥ JIMHEWHOM
MJIOTHOCTH ?

8. [louemy BuxpeBylo cocTaBstonyo H, Mos paccynTaTh 3HAUUTETBHO MPOIIIE, YEM
nckoMmoe BuxpeBoe mosie H?

9. HOTGHHI/IaJI UM BUXPEBOTO I10JIA B O6J13.CTI/I, rae IIpoOTEKaeT BJIGKTpI/I'—IeCKI/IIL/,I TOK, HE
MO’KET OBITh BBE€AEH B PaCCMOTPEHUE. Hoquy BC€ K€ MOKXHO BBECTU U PACCUHUTATDH
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CKJISIPHYIO (DYHKIIUIO BO BCEM IIPOCTPAHCTBE, BKJIIOUAS U TY €r0 YaCTh, TJI€ IIPOTEKAET
9JIEKTPUUIECKUI TOK?

10. Buxpesyio cocrasisiontyio noss H,, ynosiaeTBopsionyto ypasuenuio rot H, = J,
MOKHO 3a/1aTh He eIMHCTBEHHBIM CIIocoO60M. Kakumu cooOpaskeHUsIMI MOKHO PYKO-
BOJICTBOBAThCS TIPU BbIOOPE TOrO Win uHoro moJst H,?

11. (O) Buxpesyio coctansiontyio H, oJisi MOKHO pacCUYUTaTh, TIOJIb3YsICh 3aKOHOM

buno—Casappa H, = 1 I [J x r]rdV. Ilpu stom div H, = 0. Tne pacmomnaraiorcs B
47 v

9TOM CJlydae MCTOYHHMKK MOTeHIIMaIbHON cocTassionieir —grad U,, 1oJis, eciiu cpezia

@) OJHOPOJIHA, ) HEONHOPOIHA?

YMPAXKHEHWA

1. (P) Y6eaurech B TOM, 9TO CKaJSIPHBII MarHUTHBIN MOTEHIMAT MOKHO OIMCATH B
oHOpPOHOIT cpene BuIpaxkenuem: a) U, = (ax’ + by?), 6) U, = (ax + by — c2),
8) Uy=a(x —y),2) U,=a(x +y — 22),0) U, =ax’, e) U,= Use” %, ac) U, = U, sin kz,
3) Uy = a(@® + y* + 22 %, u) U, = (ax’y + by’z).

2. (P) OceBag u yrioBas cOCTaBJAONNE MATHUTHOW WHIYKIIMA PaBHBI COOTBETCT-
BenHo B, = 0,5 By(1 — cos az), B, = 0. Onupeznenure ee paguanbHyI0 COCTABISIO-
uyio B,

3. (P) [TokaxuTe, 9TO 9KBUBATEHTHBIN TOKY MOJHBIN (DUKTUBHBIN MAarHUTHBIN 3apsi/
JIOJKEH OBITh PABEH HYJIIO.

4. (P) llomyuuTe BeIpaskeHUe 1Jis pacdeTa BUXPEBOU COCTABJIONIEH HAPSIKEHHOCTH
Hy,, MarHUTHOTO MOJISl, CBA3bIBAIONIEE €€ C MIOTHOCTBIO TOKA J, IPH PACCMOTPEHUH
MJIOCKOTIAPAJIJIEIbHOTO MATHUTHOTO TOJIST U lottytenuu, uyto H,, = 0.

3. (O) dmexTpudeckue TOKU +i M —i IPOTEKAIOT IO JJIMHHBIM IIPSIMOJIAHEHHBIM
MITHAM TTPAMOYTOIbHOTO cedeHus (puc. B27.1). PaccmarpuBag MaruuTHOe 1oJe Kak

mIocKonapasiensioe n npunnmas H, = j H,,, paccuuraii- 2
oH
Te (byHKHHH HBy = HBy(X, y)r div Ho HB = Mo ayBy :f(x’ ?/) h o X!
u nsobpasute Ha rpacduke xpusyio H,, = H, (x) mpu 0_a T
0<x<D 0<y<h Puc. B27.1

27.2. BeKTOpPHbIA NOTEHLMAN MarHUTHOIO NnoJisi
BOMPOChI

1. Buusier i Boibop dyHknmn div A Ha MArHUTHYIO WHIYKITAIO?

2. (O) dnexTpuyecKuil TOK TeyeT MO BeCbMa IJIMHHOMY MPIMOJIUHEHHOMY TTPOBO/LY,
PaCIoNIOKEeHHOMY B OHOPOIHON cpele ¢ MAarHUTHON TTPOHUTIAeMOCTHIO | = L. Otpe-
JICTUTE YHUCJIO COCTABJSIONINX BEKTOPHOTO MAarHUTHOTO TIOTEHITMANA B MPSMOYTOJIb-
HOI cucreme koopauHar rnpu J = k J,. VI3aMeHUTCs1 /i OTBET, ecyiv BOJIM3H TPOBO/IA T10-
MECTUTDH TEJIO KOHEUHBIX PAa3MePOB C MATHUTHON MPOHUIIAEMOCTHIO [ # Lo?
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3. (O) dyexkTpuyecKuii TOK TEUET M0 KOJBIIEBOMY ITPOBOHUKY, TOMENEHHOMY B OJI-
HODPOZHYIO cpeny (L. = const), 1 UMeeT B MUJIUHAPUYECKON crucTeMe KOOPJNHAT eIUH-
CTBEHHYIO cocTaBJsonyio J,. KakoBo Hanpasienne Bekropa A?

4, Hoquy Ha OCH IIpoBO/ia OECKOHEYHO MaJIOTO CEYEHUsT C TOKOM i BeKTOprIf/,I Mar-
HUTHbBII IIOTEHI[AJI HE MMEET CcMbICa?

5. Kaxkoit 13 MeTO/I0B pacyera TPEXMEPHOTO MArHUTHOTO TI0JIS — HA OCHOBE CKJISIPHOTO
WM BEKTOPHOTO MarHUTHOTO MOTEHIMAIa — TpebyeT GOJIbIIero oobeMa BhIYUCIeHIH?

6. MarnutHast HHAYKIIHST OJJHOPOIHOTO 110Jis1 paBHa B = iB,. VIaMeHsieTcst i BEKTOP-
HBIl MATHUTHBIA TTOTEHITUAJ BIOJb KOOPAMHAT X, ¥, 27

7. (O) Bexropubiii MaruuTHbIH notennman A = iC|y| He 3aBUCUT OT KOOPAMHAT X, Z.
Kakoe 1mosie oncweiBaeT aToT 1oTeHuasn? e pacmnosiokeH U Kak HallpaBJeH TOK, CO3-
JAIONTUI Takoe MoJe?

8. MarauTHBII MMOTOK CKBO3b MOBEPXHOCTH paBeH HyJ0. O3HavaeT Ju 3TO, YTO HA
KOHTYpE, OTPaHUYUBAOIIEM TOBEPXHOCTb, BEKTOPHbIIT MArHUTHBIN TIOTEHIMAT @) 00-
paiaeTcst B HyJib, 6) MMeeT paBHOE HYJIIO CpeHee 3HaueHue?

9. Bo Bcex TOYKax KOHTypa HallpaBJIeHUE BEKTOPHOIO MarHUTHOI'O IIOTEHI[UAA [1eP-
MEeHIUKYJISIPHO BeKTOPY dl, KacatesbHOMY K KOHTYPY. UeMy paBeH MarHUTHBIN OTOK
CKBO3b TTOBEPXHOCTD, OTPAHNYEHHYIO KOHTYPOM ?

10. MoxHo 71, TTOB3YSACh BhIpakeHeM O = ﬁAdl, BBIYNCJUTh MAarHUTHBIA ITOTOK
I

CKBO3b TIOBEPXHOCTh, IIPOXOASIIYIO @) MOJHOCTBIO B IPOBOJISAIIEI cpejie, 6) 4acTHUHO

B IIPOBOJISINEN cpejie N YaCTUYHO B IUDJTEKTPUKE?

YMPAXKHEHWSA

1. DneKTpuYecKuii TOK TeUeT MO KPYTIOMY KOJbBILY, PACTIONOKEHHOMY B HEOTHOPOI-
Holt cpene. [Ipu xaxoit hopme pa3MeInieHHBIX B MTOJIE TOKA HAMAaTHUYUBAIOTIUXCS TEJT
BeKTOprIﬁ MarHUTHBIN IOTEHIIMAJ MMEET BO BCEX TOYKaX IIPOCTPAHCTBA TOJIBKO
OJTHY OTJIMYHYIO OT HYJsI cocTaBstiontyio A,? Ilouemy mpu npousBobHON hopme
(heppOMarHUTHOTO Tela UMEIOTCS U JIPYTHe COCTABJIIONUE?

2. OObsicHUTE, TIOUYEMY BBejleHHasi COOTHOIIeHrneM B = rot A ¢yHKIMs A HOCUT Ha-
3BaHMe BEKTOPHOTO TOTEHIINATA MATHUTHOTO TIOJI?

3. (P) Ucnonpays ananoruio ypaBaenuit [lyaccona ns ckaasapHOTO a1eKTPUIECKOTO
MOTEHIINAMA W JIJIST COCTABJSAIONINX BEKTOPHOTO MarHUTHOTO TIOTEHITNATA, BLIACHUTE
Xapakrep usmenenns Gynknun A(r) mpu r — oo B ciryyae III0CKONapaJIeIbHOTO TTOJIA.

4. (P) dnexrpuyeckuii Tok i = 100 A Teyer no 6eCKOHEYHO JTTMHHOMY MTPSIMOJIMHET -
HOMY ITPOBOJLY KPYTJIOTO C€YEeHUs PajinycoM R = 2 cM, PaCIONOKEHHOMY B OJTHOPO/I-
HOW cpejie ¢ MAarHUTHOW TTPOHUIIAEMOCTBIO L. PaccunTaiite u 1ocTpoliTe KpUBbIE 3a-
BucumocTteit A(r), B(r) BHyTpHu 1 BHe IPOBOJIA.

3. (P) Uctionb3yst MeTO/I HAIOKEHMs], pacCunTaiiTe 3aBUCUMOCTb A(X) BIOJIb JINHWUH,
COEUHSIONIEN GIKaliime IPYT K APYTY TOYKHU ABYX OECKOHEYHO JIMHHBIX MIPSIMO-
JINHEWHBIX TIPOBO/IOB KPYTJIOTO CEYEHMSI C TOKAaMU BCTPEUYHBIX HAIPABJIEHN, pacIo-
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JIOKEHHBIX B OMTHOPOJHOM cpefle ¢ MaTHUTHOW TTPOHUIIAEMOCTBIO L. Paccrosaue me-
Ky ocsimu poBoIoB d = 10 em. Tok kaskzoro nposoja i = 80 A.

6. (P) B nasy npsiMoyrosibHOI opMbl, n3obpaskeHHOM Ha puc. B27.2, pazmerieHbl

IBa TIPOBOJIA IPSIMOYTOJILHOTO CEYEHMSI ¢ TOKAMU BCTPEY- d=2cn

HBIX HarpasieHuil. /lomyckas, 4To MMeronui euHCTBEH- "

HYTO COCTABJIATONTYTO0 A, BEKTOPHBII MAaTHUTHBIN TTOTEHITHAT

3aBHCHT TOJIBKO OT KOOPJAMHATBI Y, Haii/inTe 3aBUCHMOCTH | , o o
Ay), B(y) nst 0 <y < h v nocTpoiiTe KpUBbIE WX U3MeHe- | 2

uus. Tok opnoro mposoza i = 50 A, MarHuTHasI IIPOHMILAE- =10 cu
MOCTb BelllecTBa MTPOBOJIA [.

h N
7. (P) /IBa omiMHAKOBBIX MPSMOJUHENHBIX BECHMA JJIMHHBIX 2 y * .
MIPOBOJIA C TOKAMU iy U iy MTAPaJIJIETbHBI OCU Z 1 CHMMETPUY-
HBI OTHOCUTEJTBHO TJIOCKOCTH yz. Kakum ycIoBuUsIM yI0BIIe- PBIC 8272

TBOPSIET BEKTOPHBII MAaTHUTHBIH MTOTEHIIMAJ B TOUKAX T1JIOC-
KOCTH Yz TIPH @) iy = —iy, 0) iy = iy?

8. (P) PaccuunraiiTe BeKTOPHBII MarHUTHBIN TTOTeHITMAM A(7) 10JIs1, CO3/1aBaeMOTO TO-
KaM¥ KOaKCHaJIbHOTO Kabesist. Pajnyc skuiibl Ry = 2 cM, pagnycbl 060109KH Ry = 4 cM,
R3 =5 cm. Tok kabenst i = 100 A, MarHUTHast TIPOHUIIAEMOCTD PaBHA Ly BCIOZLY.

9. IIpsamMonrHeRHbII 6ECKOHEYHO AIMHHBIN IPOBOJ ¢ TOKOM i = 10 A u pagnycom ce-
yenus R = 2 cM TOJBeleH B BO3/yXe HAJ| TJIOCKON TOBEPXHOCTHIO Tesla Ha BBICOTE
h =4 m. Onipeziesiite BEKTOPHBIA MAarHUTHBIN TOTEHITHAJ U €r0 HOPMAJIbHYIO TIPOU3-
BOJIHYIO B TOYKAX TIOBEPXHOCTH, €CJIN OHA SIBJISIETCS TTOBEPXHOCTHIO @) UI€ATHHO Ha-
MarHu4eHHOTO, 6) W/eabHO TIPOBOISIIETO TEJIa.

10. (P) B nmockocTy mpsIMOJIMHEHOTO BeChbMa JIJINH-
HOTO IIPoBoja ¢ ToKoM i = 20 A pacrnosoxensl n3006pa-
JKeHHbIe Ha puc. B27.3 KOHTYpbI IPSIMOYTOJIbHOU (@)
u TpeyrosibHoit (0) hopmbl. PaccunTaiite CrierieHHbI 7
€ KOHTYPaMU MAarHUTHBIN MOTOK, TPUHUMAS a = 2 CM,
b =4 cwm, [ =4 cm. MarauTHast IPOHUIIAEMOCTh PaBHA
Ho BCIOAY.

11. (P) Oaun u3 KpyroBbIX KOHTYPOB PACIIONOKeH B myiockoctu z = 0, a 1pyroit —
B ITOCKOCTH o, = () IMJTMHIPUUECKON crucTeMbl KoopanHaT. OTipesieinTe MOTOKOCIET-
JieHWe B3aUMHOU WHAYKITUM.

I P it

Puc. B27.3

12. (P) Pacnonoskenme MpPOBOMOB ABYXITPOBOJIHBIX JUHUN

|
ykazaHo Ha puc. B27.4.

Paccumnraiite B3auMHYIO WHAYKTUBHOCTH MEXKIY JUHUSMHU.
[Tpumute p = .
13. IameHeHne BEKTOPHOTO MAarHUTHOTO MTOTEHIHAa BO BCEM

IPOCTPAHCTBE Ha MOCTOSHHOE YKCJIO He Bjeder 3a coboii
M3MEeHEeHUI MarHUTHOU nHAyKIuu. OHAKO pacueT 9HEPTUU Puc. B27.4
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MarHuTHOTO ToJist 110 (hopmysam W, = %J' BH dV, W, = %JJA dV mpuBOAUT K pas-
Vv Vv

JIMYHBIM pesysibrataM. Kak 1o 00bscHUTD?

14. (P) Ompenenute cKaJIAPHBIN U BEKTOPHBI MATHUTHBIE TIOTEHITHAIBI U X TTPOU3-
BOJIHbIE TI0O HOPMAJIM HA KOHTYpPe CeueHUs Tesia, HaXOJAIIErocss B MAarHUTHOM TIOJie
(TIp¥ yCJIOBUM TIIIOCKOTIAPAJITIENIbHOCTH T10JIsT) W BBIMIOJIHEHHOTO U3 BEIECTBa C uje-
aJIbHBIMU cBOIcTBamMu: a) u=00,7=0,6) p=0, y = oo,

27.3. KoMnJjieKCHbI MarHUTHbIW NOTEHLMuan

BOMPOChHI

1. Kakne uz munanit cemeticts U,, = const, V,, = const (V,, — pyHKIIA MTOTOKA) MOKHO
1300pasuTh B 00J1aCTH @) CBOOOAHON OT TOKa, 6) 3aHATOI TOKOM?

2. IIpaBusbHO Jin yTBep:kAeHne, uTo JuHUN U, = const TOAXOAT MO IPSMBIM YTJIOM
K TTIOBEPXHOCTU TTPOBOJIOB C TOKAMU?

3. UsmennTcs au nonoxenue auHuii U,, = const u
V,, = const, nzobpaxeHHbIX Ha puc. B27.5, ecam us- y
MEHUTDH HallpaBJeHUE TOKA Ha IPOTUBOIOJIOKHOE
@) B OJTHOM M3 TIPOBOJIOB, 6) B 060UX TTPOBOIAX?

4. KakoBa pa3mMepHOCTbh (DYHKITUU 1TOTOKA?

9. SBjsieTcst T KOHTYD CEYEHHUs MIPOBOJA C TOKOM
JIMHUEN, Ha KOTOPOW (PyHKITUS TIOTOKA NMPUHUMAET
IIOCTOSHHOE 3HAaYeHue?

6. VmeeT i BEKTOPHBII MATHUTHBIN ITOTEHIIHAJ T10-
CTOSTHHOE 3HAUYeHWe Ha KOHTYpe CeuyeHUus MPOBOJA C
TOKOM?

0 x
Puc. B27.5

7. Ha kaxkux us munuii, u300pakeHHbIX Ha puc. B27.5, BEKTOPHbBII MAarHUTHBIN OTEH-
[[UaJl TPUHUMAET TIOCTOSTHHbIE 3HAYEHU ?

8. ABasIoTCS ST TMHUN TTOCTOSTHHBIX 3HAYEHWI BEKTOPHOTO MAarHUTHOTO ITOTEHIIHAIa
TEeMU JIMHUSIMU, HA KOTOPBIX MAarHUTHAs WHIYKIUS COXPaHseT IOCTOSTHHbIE 3HAaue-
Hus?

9. MOKHO Ji IOCTPOUTH KAPTUHY MAarHUTHOTO TI0JISI BHYTPU TIPOBOJIA C TOKOM, U30-
OpasuB ceMeiicTBa B3aUMHO OPTOrOHAIbHBIX aunuil U, = const u V,, = const?

10. VsmMeHUTCS M BBIpaKE€HUE KOMIIJIEKCHOTO TTOTEHIIMAJIA TUHEITHOTO TTPOBO/IA € TO-
KOM, PaCIIOJIOKEHHOTO B TOUKE C KOOPAMHATON z = X + jy TIPU TlepeHoce Havaia Koop-
AvHAT U3 ToYkH z = 0 B TOuKy z = a + jb?

11. BeinosiHseTcsT I IIPUHITUIT COOTBETCTBUSI MATHUTHOTO U 3JIEKTPUYECKOTO TTOJIEN
BHYTPU JIMHEHHBIX TTPOBOIOB?

12. MosKHO /1 BBECTH KOMILJIEKCHBIN MATHUTHBIN TOTEHI[UA B 00JIACTH € JIEKTpUYe-
CKUM TOKOM?
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13. Kaxkoe nosie onucsiaet ynkimsa ¢ = Dz + C KoMIJIEKCHOH TTepeMeHHoll z, ecan
D — MHMMas ocTogHHAA? a

14. KapTuHa MaroHuTHOTO T10JIS TOKA 1, TOMEMIEHHOTO BO
BHeENTHEE OJHOPOJIHOE TI0JIe, TOKaszaHa Ha puc. B27.6.
[IpuBezner u K M3MEHEHUIO KAPTUHBI TOJIsT U3MEHEHNe
HaITpaBJIeHNS TOKA ITPOBO/IA HAa TPOTUBOMONIOXKHOE? 13-
MEHUTCS JIT TIPU 9TOM KOMTIJICKCHBIN TTOTEHITHAT ?

15. KakoBo 3HaveHMne HATPSKEHHOCTH MaTHUTHOTO
moJist B Touke b Ha puc. B27.6? Coxpanser jiu Hampsi-
JKEHHOCTb TIOJIs B TOUKax JiuHuu bfdb opHO 1 TO Ke 3Ha-
yeHme?

16. CrpaBennuBo Jiu yTBepKIeHUE O TTOCTOSIHCTBE Ha-
MPSKEHHOCTH MAarHUTHOTO TIOJIsT Ha JIUHUSX V = const
MOJIST YeAWHEHHOTO TIPOBOZIA @) KPYTJOTO CeYeHUd,
6) POM3BOJILHOI (POPMBI CedeHMs? Puc. B27.6

17. smenutcs au GYHKINS TOTOKA B TOUKAX TTOBEPXHOCTH YEIMHEHHOTO MTPOBOJIA C
TOKOM, €CJI1 HEMarHuTHOE BEIeCTBO MPOBO/IA 3aMEHUTh HA MarHUTHOE?

18. CooTBeTcTBYIOT Jik JAPYT APYTY AJEKTPUUYECKHE U MATHUTHbBIE T10JISI MTPOBOJIOB
KPYTJIOTO CEYEHUsI, KOTOPbIE He SIBJISTIOTCS JINHEHHBIMU ?

19. (O) TTouemy 61M30CTH HECKOJIBKUX TIPOBOJIOB C TIOCTOSIHHBIM TOKOM HE BbI3bIBAET
nepepacipezie;ieHuss B HUX TOKOB: BeJlb HA ABMKYIIMECS 3apssKeHHbIE YaCTHUIBI CO
CTOPOHBI MAarHUTHOTO TOJIST IEUCTBYeT CUJIa, B Pe3yJibTaTe 4ero YacCTHUIIbl JTOJIKHBI
CMeNIaThCsl M PABHOMEPHBIN 3aKOH pacipe/ie/IeHUs IJIOTHOCTU TOKA HaPYIIAThCs ?

20. CymuiecTBYIOT I aHATIOTUYHbBIE «IJEKTPUIECKUM»> EHTPAM «MArHUTHbBIE> I1€H-
TPBI TIPOBOJIOB?

21. (O). B yactu ipocTpancTBa, CBOOOIHOM OT TOKA, IMHUK HANPSIKEHHOCTA MATHUT-
HOTO TOJIST TTAPAJIIETbHBI 0CH . MOTYT JI OHM CTYIIATHCS B HATIPABJIEHUH OCHU X?

YMPAXHEHUSA

1. (P) PaccuuraiiTe MarHuTHBIN ITOTOK CKBO3b PACITOJIOKEHHYIO B BO3/IyX€E B TLIIOCKO-
MapajieJTbHOM T0Jie TIPSIMOYTOJTBHYIO TIJIONIA/IKY, HA JBYX TapajijieIbHbIX CTOPOHAX
KOTOPOI JyIHOM [ = 2 M GyHKIMS TTOTOKA TpuHuMaeT sHaderus Vi, =20 A, V=25 A.

2. (P) BoipasuTte ycoBus HEPEPHIBHOCTH KacATEIbHBIX 1 HOPMAJTbHBIX COCTABJISAIO-
IIMX BEKTOPOB HAIPSIKEHHOCTU MATHUTHOTO IOJISI M MarHUTHOM MHAYKLIUM 4Yepe3
@) BEKTOPHBIN MarHUTHBIM MMOTEHI[MAT U ero IPOM3BOAHBIE, 6) CKAMSPHBIA MarHUT-
HBII MOTEHIINAM U eT0 TTPOU3BOHBIE B IIPSIMOYTOJBHON CUCTEME KOOPAMHAT.

3. (P) KakuM 10/15KHO ObITH COOTHOIIIEHNE MEXKIY PajiycaMu JUHUIT A = const Kap-
TUHbBI MarHUTHOTO MOJISI MPOBOJA KPYIJIOTO CEYEHUs, IPU KOTOPOM TIOTOK JII0O0i
TPyOKM MarHUTHOW MHYKIIMU IPUHUMAET OJ[HO U TO ke 3HadeHune. Halizure cooTHo-
HIEHWE MEXKIY PajilycaMu JIMHUM KaK BHYTPH, TaK U BHE IIPOBOJIA.

4. (P) 3anummre KOMIIEKCHBIN ITOTEHI[UA ABYX OECKOHEYHO JIMHHBIX JUHENHBIX
IIPOBOJIOB € TOKaMU TPOTHBOIOJIOKHBIX HAIPABJIEHWI ¢ KoopauHaTtamu z; = b + jO0,
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2y = —b + j0. PaccumraiiTe HAMPSKEHHOCTh MATHUTHOTO TOJIS B TouKax oceir Ox, Oy.
Tox mposoma i = 100 A, b =15 cm.
3. (P) Bripasute nponsBoaHYIO KOMILIEKCHOTO MOTEHITHAA Yepe3 cocTaBstionme H,,

H,, HanpsKeHHOCTH MarHWTHOTO noJjid. Kakme omepanuu ciesyer BBINOJHUTD Hal
KOMIIJIEKCHBIM TTOTEHITUAJIOM [IJIS TIOTydeHus BhipaxkeHus H, + ij?

. i
6. (P) KomruiekcHblil MOTEHITNAM MATHUTHOTO TI0JIsI paBeH ((2) = —z—ln z + C. Pac-
T

CYUTalTe MArHUTHBIN TIOTOK CKBO3b ILIONIA/KY JAJUHOMN /, IB€ CTOPOHBI KOTOPOII 1ep-
MEHAUKYJISIPHBI TJIOCKOCTA KOMILJIEKCHOTO MEPEMEHHOTO z. VX KOOpAMHATHI PaBHBI
a)zy=1+j0,20=0+j1,6)z,=1+j0,20=2+;0,8) 21 =2 +;0,2, =2 + 2j. Tox
1 =200 A, MarHUTHAST TPOHUIIAEMOCTDb PAaBHA L) BCIOTY.

7. (P) Ilo npsMosmHeitHOMY aJIOMUHHEBOMY TTPOBOY PAIUYCOM 7, = 2 CM CO CTaJlh-
HOT cep/ieBUHOI paanycoM 7, = 1 cm tedeT Tok i = 20 A. OnpesennTe TOK Kayk10i U3
yacTeil TpoBO/Ia U, TIOJIb3YsICh METOIOM HAJIOKEHUS, PACCUNTANTE KOMIIJIEKCHBII Mar-
HUTHBIH TOTEHIIUAJ TIPOBOJIA U (DYHKITUIO MOTOKA BHYTPU HETO. YIeJbHas dJIeKTprye-
CcKas IIPOBOAUMOCTB amoMutust — 3,5-107 Cm /M, cranu — 107 CM/M, MarHUTHAS TIPO-
HUIIAEMOCTDb PaBHA [l = Ly BCIOY.

8. (P) PaccuunraiiTe MarnuTHbIN MOTOK BHYTPHU MPSIMOJIMHEITHOTO MTPOBO/IA KPYTJIOTO
CeueHus Ha €IMHUILY JIIUHBI U COTIOCTaBbTE €r0 ¢ BHYTPEHHUM ITOTOKOCIEIJIEHUEM
MPOBOIA.

9. (P) PaccmarpuBasg mpoBozia ABYXIIPOBOJHON BO3AYITHOW JIMHUU Iepefiadyn Kak
JIMHEHHBIE KPYTJIOTO CEYEHHUsI, pACCUNTANTE BHEITHIIT MArHUTHBIN MOTOK, 06pa3oBaH-
HBIN JTUHUSIMUA MarHUTHOU WHAYKIIUW, TIepPeceKaloNMU KpaTyalinuii oTpe3oK, Co-
eIMHATOMMH KOHTYPBI ce4eHni mpoBozioB. Tok mpoBozioB i = 20 A (KoopanHaThI NX
IEHTPOB PaBHBI 2o =9 +j 0 cm, z; = =9 +j 0 c™m), pamuycer cevennii R = 1 cm.

27.4. MeTtop 3epKaJibHbIX U306pakeHun
BOMNPOCHI
1. TTouemy MeTOJ 3epKAIbHBIX M300pasKeHMIT YIIPOIAeT pacyeT MarHMTHOTO TTOJIsI?

2. IIpAMOJMHENHBIN TTPOBOJI C TIOCTOSTHHBIM TOKOM PacIoJIOKEeH B BO3JyXe Tapa-
JIEJTHHO TIJIOCKON MTOBEPXHOCTH TeJa, OTPAHUYMBAIOINIEN CPe/y, MarHUTHAs TPOHUIIae-
MOCTb KOTOPOTO MPUHSATA PAaBHON HYyJ10. MOXHO JIM JIJIsT pacyera MoJjisi TPUMEHUTh
METOJI 3€PKaJIbHBIX N300paKeHUii?

3. Ilouemy MeTOA 3€pKaJbHBIX U300paKeHUIT MOKHO IIPUMEHUTD /IS pacueTa Mar-
HUTHOTO TI0JISI IPOBO/IA C TOKOM, PACTIOJIOKEHHBIM BHYTPU lIBpraHHOI‘O yria a, 06pa-
30BaHHOTO MTOBEPXHOCTIMU (DepPOMATHUTHOTO TeJa, TOJIbKO TOT/Ia,
KOrI/ia 3HaUeHue /o — Ieioe?

4. TTouemy uncsio u300pakeHHbIX TOKOB, TIOKa3aHHbIX Ha puc. B27.7,
JIOJKHO OBITh PaBHBIM TPEM, a He [BYM?

3. (O) Hax mrockoii moBepxHOCTHIO (hEPPOMATHUTHOTO TeJa, Mar-
HUTHAS TPOHWUI[AEMOCTh KOTOPOTO MPUHSTA OECKOHEYHO GOJIBIIOI,

Puc. B27.7
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PaCIoNIOXKeH U30THYTHIN o/ yriioM 90° mpoBoa ¢ TOKOM, CTOPOHBI KOTOPOTO TapaJ-
JesbHbl oBepxHocTu. KakoBa KoHbuUrypanus v HalpaBjeHne 3epKaTbHO n300pa-
JKEHHOTO TOKa? MOKHO JIU TIPUMEHUTH METOJ 3€PKATbHBIX M300PaKEH T, €CJIU O[HA
13 TMPAMOJUHEHHBIX YacTel MpoBo/ia MmapajieabHa TOBEPXHOCTH, a Ipyras MeprieH-
JIUKYJISIpHA eif?

6. (O) JluneitHblil KPYroBOI KOHTYP C TOKOM OXBaTbhIBAET JJIMHHBIN COOCHBIN C HIM
[IAJIMH/IP KPYTJIOTO C€YeHNs], MArHUTHAS IPOHUIIAEMOCTD BEIeCTBA KOTOPOTO OecKo-
HeyHo Besinka. Kakoil Bus nmeer n3oOpakeHHbIH TOK? B Kakoil yacTu mpocTpaHCT-
Ba — BHYTPH JIMOO BHE IIMJIUH/IPA — OH JIOJUKEH ObITh PACHOJIOKEH?

YMPAXXHEHUA

1. (P) TIpsamonuHeiinbiii 6eCKOHEYHO JIMHHBIA TOHKHUIA TIPOBOJL ¢ TOKOM i = 200 A
HOZIBEIIEH HA BbICOTE 4,5 M HaJI TIJIOCKOIi MOBEPXHOCTBIO M/I€AJIbHO HAMAarHUYEHHOTO
tesa. PaccunTaiite HanpsixkeHHOCTh H MarHUTHOTO T0JISI HA TOBEPXHOCTH TeJia 1 T10-
CTpoiiTe KPUBYIO u3MeHenus H B1oJib moBepxuoctu. Orpe/iesinTe CUITy B3aUMOIENCT-
BUSI TIPOBOJIA C TEJIOM Ha €IUHUILY €TO JJINHBI.

2. (P) Pemute mpeapinyInyio 3ajaqy Mpyu yCJIOBUH, YTO MTPOBOJ TOJBEIEH HAJ TLIO-
CKOI TTOBEPXHOCTBIO MI€ATbHOTO TUAMarHUTHOTO TeJa, ¥ KOToporo p = 0, y = oo.

3. (P) IlpsaMonnHeiinbiii GECKOHEYHO JUIMHHBIA TOHKWIT IPOoBOA ¢ TokoM i = 100 A
HPOTSIHYT BHYTPU TIPSIMOTO JIBYTPAHHOTO yIJia MapasijieJIbHO ero CTOPOHaM, 0Opa3o-
BaHHBIM BeIleCTBOM, MATHUTHAS POHUIIAEMOCTH KOTOPOTo W = . PaccunTaiite cury
MPUTSKEHUA TPOBO/IA K CTOPOHAM YTJIa, €CJIN PACCTOSTHUS OT MPOBO/IA IO HUX PABHBI
dy =3 M u dy =4 m. Kak UBMEHUTCSI CUJTa B3aUMOJIENCTBUSI, €CJTM BEIECTBO SIBJISIETCST
UIeaTbHBIM JUaMarHETUKOM?

4. (P) IIpsamoanHeiHbIi 6eCKOHEYHO JIMHHBII TOHKII MTPOBOJ] C TOKOM PaCIIOJIOKEH
MEXKIY JIBYMsI MapasjieIbHbIMU TIJIOCKUMU TIOBEPXHOCTSIMU (DePPOMATHUTHBIX TeJ
napaJiieJIbHO UM Ha OJIMHAKOBOM OT HUX PaccTOsTHUM, paBHOM d/2. CKOJIIbKO n306pa-
JKEHHBIX TOKOB CJIe/lyeT MPUHSATH BO BHUMaHUE TIPU OTIPEIeIEHUN TI0JIS MEKIY TII0C-
KOCTSIMU METOJIOM 3€PKaIbHBIX M300paskennii? OleHUTe IIOrPENIHOCTh pacyera Ha-
IPSKEHHOCTH TI0JIsT Ha TIOBEPXHOCTH TeJI TIPU yueTe k m300pa’keHHbIX TOKOB.

5. (P) IIpsamonuHeiinplii 6eCKOHEYHO JAJTMHHBINA TIPOBOJ ¢ TOKOM i = 50 A pacnosiokeH
B BO3/IyXe€ Mapasiyie;IbHO GECKOHEYHOI IIJIOCKON TIOBEPXHOCTH TeJIa ¢ MarHUTHOMN TIPO-
HUIAEMOCTBIO [\ HAa paccTostauu i = 5 cm ot Hee. Paccumraiite u mocTpoiite KpUBYyio
3aBUCUMOCTH CHUJIbI B3AMMOJIEHCTBHST TOKA TIPOBOJIA M (hepPOMATHUTHOTO TeJia TP Pas-
JIMYHBIX Wi OT 2 110 oo. [Tpy KaKWX BeJTMUYMHAX W OMYIIEHHE 0 ee GECKOHEUHO O0JIh-
MTIOM 3HAYEHUN TTPUBOJNUT K MOTPEITHOCTH B PACYETE CUJIBI, HE TIPEBBITIAONIEH 5 %?

28.1. NHAYKTUBHOCTU KOHTYPOB, KaTyLUEeK U TOKONpOBOAOB
BOMPOCHI

1. (O) 3aBucuT 1 UHIYKTUBHOCTb KOHTyPa OT XapaKTepa paclpeieseHus TOKa M0
CEYEeHMIO TTPOBOIA KOHTYpa?
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2. (O) NmeroT siu cMBICS TOHATUS MHAYKTUBHOCTH KOHTYPA U B3aUMHON WHIYKTHB-
HOCTH KOHTYPOB TIPHU JOIYIIECHUHN, YTO KOHTYPBI SABJASIOTCS OECKOHEYHO TOHKUMU?

3. MoryT st UMeTh 0COGEHHOCTD MOANHTETPATbHBIE (DYHKITHH BHIPASKEHUIT

[ = Mo J‘J'JJ,dVdV'y Mo Mo IIdVidV2v
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HCIIOJIb3YEMBIX TTPpU pacyeTe UHAYKTUBHOCTU U B3anMHON I/IH[[yKTI/IBHOCTI/I?

4. (O) Mosno 1 paccunTaTh B3aMMHYIO WHAYKTUBHOCTD JABYX KOHTYPOB, €CJIH Pac-
npejiesieHrie TOKa B O/IHOM M3 HUX HEU3BECTHO?

3. (O) KoHTyp ¢ TOKOM i PacroJio’keH BO BHEIIHEM MarHUTHOM roJie. VIHIyKTuB-

HOCTh KOHTYPa MOXKHO OTIPeesuTh 1o hopmyse L = %J'JA dV, rne J — JIOTHOCTD
L \%4

Toka. CemyeT Ju MO BeTUINHON A TOHMMATh BEKTOPHBINT MAarHUTHBIN TTOTEHITHAT

@) BHEIIHETO TI0JIsl, B KOTOPOM HAXOAUTCS KOHTYD, 0) 110Jis TOKa KOHTYPa, 6) Pe3y.Jib-

TUPYIONHIA TOTEHIHAT, 00y CIOBIECHHBIN KaK BHEIITHUM, TaK ¥ TTI0JIEM TOKA KOHTYpa?

6. Hoquy VHAYKTUBHOCTD YEJIMHEHHOTO KOHTYPAa YMEHbIIAETCA TIPU YBEJINMYECHUN
YaCTOThI IIPOTEKAIOIIETO 110 HEMY TOKa?

7. (O) KpyroBoii BUTOK U3THOAETCSI TIO AUAMETPY TaK, YTO YTOJ MEKIY TIOCKOCTSIMU
norykoser udmensgetcs ot 180° mo 0°, korama mosykosbiia caruBaoTesd. Kak namenser-
CsI TIPU 9TOM UHJIYKTUBHOCTH BUTKA?

8. (O) MHOTOBUTKOBYIO KPYTOBYIO KaTYIIKy MOXKHO PacCMaTpUBATh KaK COBOKYII-
HOCTH KPYTOBBIX BHUTKOB. PaBHA M MHAYKTUBHOCTD KATYNIKW CyMMe WHIyKTHBHO-
cTell ee BUTKOB?

9. (O) IIpu kakoM pacmoyIO;KEHUU IBYX KPYTOBBIX KOHTYPOB C TOKAMH CHUJIa B3aUMO-
JENCTBHS MEsKy HUMK 0OpalaeTcs B Hyib? PaBHa Ji HyJIIO TIPX 9TOM B3aUMHast WH-
JYyKTUBHOCTbH?

YMPAXKHEHWSA

1. (P) llonyuute BBIpaskeHUe 75 pacueTa BHYTPEHHEN WHAYKTUBHOCTU TPSIMOJIN-
HEIHOTO TTPOBO/Ia KPYTJIOTO CeUeHNUS HA eAAMHUILY €T0 JITTMHBI HA OCHOBE COOTHOTITECHUS

W
Lysyrp = 1IPY JOIIY LIEHUH, YTO TOK PaCIpe/iesiet 110 CeYEHHIO IIPOBO/Ia paBHOMED-
i

HO.

2. CormocTaBbTe BHYTPeHHUE WHAYKTUBHOCTU ITPOBOJIA KPYTJIOTO CeueHusl, HaleH-
Hble Ipu paBHOMepHOM (k = 0) u HepasHOMepHOM [J(7) = Jy(1 + kr), k= 0] pactipene-
JIEHUU TOKA 110 ero cedyeHuto. KoopuHaTy # OTCUUTHIBANTE OT OCU IIPOBOJIA.

3. (P) CpaBHuTe BHYTPEHHIOIO U BHEITHIOI WHAYKTUBHOCTU IIPOBOIOB IBYXITPOBO/I-
HOW BO3IYITHON JIMHUM Tlepe/layu, PaJuychl R KOTOPBIX CBS3aHbI C PACCTOSTHUEM Me-
Ky ocsiMmu cootHoteHueM D = 10R. Pacuer BbITiosHUTE TIPU YCJIOBUM, YTO MarHUT-
Hasi IPOHUI[AEMOCTh BEIeCTBa MPOBOIOB PaBHa @) g, 6) 100,



196 Bonpockl, ynpaxHenus, 3aaa4n K rnasam 26, 27 u 28

4. B xoakcuanbHOM Kabeje TOIIIMHA 000JI0YKH, ABJISIONIENCcS 0OpaTHbIM IIPOBOIOM,
3HAYUTELHO MEHBINE ee CPeTHEro pajnyca Ry, B CBSI3U ¢ 4eM 000J0YKY MOKHO pac-
CMATpWBaTh Kak OeCKOHEYHO TOHKy. Haiijiute OTHOIIEHHE WHIYKTHBHOCTEN
Lyyyrp/ Lyens K0TS, €CIIM 5KHJTA BBITIOJTHEHA U3 @) aTIOMUHNA, 6) CTaIN ¢ MATHUTHOM
nporutaeMoctbio 100y, Paamyc sxunel paBen R;.

5. (P) TokompoBoj mpezacTaBisieT coboil jiBe BecbMa [JIMHHBIE MPSMOJNHERHbIE
IITUHBI TIPSMOYTOJIBHOTO CEIEHUS C PABHBIMA TOKAMU TTPOTUBOTIONOKHBIX HATTPaBJIe-
HUI1, BBICOTA /I KOTOPBIX 3HAYNTENHLHO OOJIbIIIE TMUPUHBI d KasKI0# U3 IUH U PacCTOs-
Hust D Mexy OMMKHUMU JUIMHHBIMU cTOpoHamu 1uH. [TpeHeOperasi nckakeHrueM
MOJISA ¥ KpaeB IIIH, pacCINTaliTe MHAYKTUBHOCTh TOKOTIPOBOA HA €AMHUITY €TO JJIN-
HBI TIPU YCJOBWH, YTO IJIOTHOCTH TOKA TIO TOJIIWHE KaKI0#l W3 IMuH a) J = const,

X
0) J(x) = Jy =, rie koopauHata x jgexut B npepesnax 0 < x < d u OTCUUTBIBACTCS OT
"d

BHEITHUX CTOPOH MUH. MarHuTHAas MPOHUIIAEMOCTH NIMH U OKPYKATONIEH UX CPeJIbl
paBHa L.

6. (P) s ynyuiienus ycjaoBUi OXJIaXKAeHNUS TOKOIMPOBO/A KAKIAs U3 €ro MPsSIMO-
YTOJIBHBIX TIWH TOJIUHON 2d 3aMeHeHa AByMs mmHamu Toamuuoi d. [loxyunte
BbIpaKeHUE JIUISL pacyeTa MHIYKTUBHOCTH TOKOIIPOBO/A, 110 JBYM COCEHUM IIMHAM
KOTOPOTO TeYeT TOK OJHOTO HAIPaBJEHMs, a 10 JABYM JIPYTMM COCEJIHUM IINHAM —
MPOTHUBOMOJIOKHOTO. CPaBHUTE MHAYKTUBHOCTD TAKOTO TOKOTIPOBOJIA C MHTYKTHBHO-
CTBIO TOKOTIPOBOJIA U3 JIBYX MINH TOJIIUHOM 2d Kax/1ast U pacTOSTHUEM d MEKY HUMHL.
Paccrositivie d Mex/Iy cOCETHUME ITNHAMU 3HAYNTETHHO MEHbIIe UX BBICOTHI /. Mar-
HUTHAasA TTPOHUIIAEMOCTH IITUH W OKPY’Kaollell WX cpeabl paBHaA . [l1oTHOCTH TOKA
HIWH MTOCTOSTHHA. TOKM ITMH KaX/I0TO TOKOIPOBO/IA OJMHAKOBBI.

7. (P) IlomyuyuTe BpIpaskeHMeE 751 pacueTa MHAYKTUBHOCTA TOKOIIPOBO/IA HA €TUHUILY
€ero JUIMHBI, COJEPIKAIIEro YeThIpe TPSIMOYTOJIbHbIE MIMHBI TOJINHON d Kaxaas, oopa-
IIeHHbIe APYT K APYTY JJIUHHBIMEA cTOpoHaMu. PaccTosnme MexXay coceTHUMU IHA-
mu d. TTo 1iepBoii 1iHe, cuuTast CIeBa HalpaBo, M MO TPETheil TeYeT TOK MPSIMOTO Ha-
IpaBJIeHus, 110 BTOPOI 1 4eTBepToii — o6paTHoro. CpaBHUTE UHIYKTUBHOCTH TAKOTO
TOKOIIPOBO/IA ¢ MHAYKTUBHOCTBIO TOKOIIPOBO/IA, PACCMOTPEHHOTO B TPEABIIYITUX
JBYX 3ajlayax. BeicoTa A mMH OJMHAKOBA M 3HAYMTEIBHO MPEBBINIAET UX TOJIIUHY
U paccTosgHUEe MeKTy HuMHU. MarHuTHas TPOHUIIAEMOCTb IMWH U OKPYsKafomel ux
cpenbl paBHaA L. I[10THOCTD TOKA IMWH MOCTOSTHHA. TOKM TIIMH KasKI0TO TOKOIIPOBOA
OJINHAKOBBL.

8. (P) NanyxkTuBHOCTU KOHTYPOB paBHbI Ly 1 Ly, HaiininTe MakcMMaIbHO BO3MOKHOE
3HAYEHNE UX B3aMMHON MHAYKTUBHOCTH.

9. /IBa OMHAKOBBIX COOCHBIX MEJHBIX KOJIbIIA HAXOMAATCS HA PACCTOSHWUM JIPYT OT
IpyTa, paBHOM X paanycy R. Pagmycs mpoBozos koser a = 0,1 R. [TomyunTe BeIpaske-
Hue 1 KoapPUIeHTa CBI3M.

10. (P) Kpyrosoit koutyp paanycom R = 10 cM BBITIOJTHEH U3 TTPOBOA PaIIyCOM
a = 0,5 cM, MAarHUTHAS TIPOHUTIAEMOCTH MaTepuaia KoToporo pasua p = 100p,. MoxHo
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JIVT TPV BBIYUCJICHUY WHYKTHBHOCTH TTPeHeOPEdb €ro BHY TPEHHEN HHYKTHBHOCTBIO,
€CJIN TIOTPEIIHOCTh pacyeTa He JIOJIXKHA TIPEBBIATh 5 %? VI3MeHuTcst in OTBeT, ecyin
KOHTYD BBITIOJIHEH U3 HEMarHuTHOTO (| = L) BemiectBa? (Tok B KOHTYype MOCTOSH-
HBITL.)

11. (P) KpyroBoii KOHTYp M3 MEIHOTO TIPOBOJIA PAANYCOM R, 3HAUNTETHHO TPEBBI-
MIAIONTUM PAJNYC @ €T0 CeYeHUs], TOMEIIeH BO BHEIITHEEe O/IHOPOJHOE MAarHUTHOE T10JIe
¢ unykimeii B = 107%-cos 314¢ Tx, HanpaBIeHHOE O HOPMAIK K TLIOCKOCTH KOJIBIIA.
Paccunraiite MOIIHOCTH TIOTEPH B KOHTYPE MPU JIOMYIEHUH, YTO MArHUTHBIH TTOTOK,
00y CJIOBJIEHHBII MH/IYITIPOBAHHBIM B KOHTYPE TOKOM, 3HAUYNTEJbHO MEHbIIE BHETITHE-
rO MAaTHUTHOTO TOTOKAa. MarHmTHasg MPOHUIIAEMOCTh paBHA |y Bcioay, R = 3 cwm,
a =1 MM. YieabHas aeKTprdeckas IPOBOANMOCTb Mean 5,7-107 Cum/m.

12. (P) Pagmnyc pacro/ioskeHHOTO B BO3/IyXe KPYTOBOTO BUTKa paBeH 4 cM. [TocTpoiiTe
KPUBYIO 3aBUCUMOCTH OTHOIIEHUS €r0 WHAYKTUBHOCTU K COIPOTUBJIEHWIO TIPU TI0-
CTOSTHHOM TOKE OT PaJInyca MPOBO/IA, €CJIU MaTepUas BUTKA d) Mejib, 0) CTalIb ¢ Mar-
HUTHOH TiponuiaeMoctbio 200, YaerbHas asieKTpuyecKas MPOBOAUMOCTH CTAJH
5108 Cm/m.

28.2. MeToAa y4yacTkoB
BOMPOCHI M YNPAXXHEHNS

1. MoXXHO i TPUMEHUTH METO] YIaCTKOB I pacdeTa UHAYKTUBHOCTH KOHTYPOB
B @) HEONHOPOAHOI JTUHEIHOI cpeje, 6) KyCOYHO-0JHOPOAHOI JTUHEIHOI cpeje,
6) HEJTUHEWHOU cpejie, MArHUTHAS IPOHUIIAEMOCTh KOTOPOU 3aBUCUT OT TOKA KOH-
TypoB?

2. CremyeT v Ipy IPUMEHEHNHN MeTO/Ia YIACTKOB MPEACTaBUTh BHYTPEHHIO WHIYK-
TUBHOCTH TaKKe B BUNI€ CYMMBbI BHYTPEHHUX MHAYKTUBHOCTEN YYaCTKOB?

3. (O) Iloyemy rnoHATHA UHYKTUBHOCTH yYacTKa IIPOBO/IA K B3AMMHON MH/TYKTHBHO-
CTHM MEK/y y4acTKaMU IIPOBOJIOB SIBJISIIOTCS YCJIOBHBIMU?

4. DNeKTPUYECKUii TOK He MOJKeT MPOTEKATh B OTPe3Ke IMPOBOJIA, TaK KaK MOCIeIHII
He3aMKHYT. OHAKO BBIPAKEHUS I MHAYKTUBHOCTH U B3aUMHOW WHAYKTUBHOCTH
OTPE3KOB MO3BOJIAIOT HANTH WHAYKTUBHOCTD 3aMKHYTHIX KOHTYPOB. [louemy 210 BO3-
MOYKHO?

3. [Touemy hopmybl 171 pacyeTa MOTEHITHATBHBIX KOA(hMUIIMEHTOB METOIOM CPEJI-
HUX TTOTEHITNAJIOB MCIOIB3YIOT A OTpeNesieHnsd B3aUMHON WHAYKTUBHOCTH U WH-
NYKTUBHOCTH 3TUX OTPE3KOB TOJIBKO B CJIydasX TPSIMOJUHENHBIX OTPE3KOB MPO-
BOJIOB?

6. (P) Buemrasasg mHAYKTUBHOCTD KBAZPATHOTO KOHTYPa pa3MepoM axa paBHa L. Pas-
Ha 1 2L, BHENHSISI WHIYKTUBHOCTD MPSIMOYTOJBHOTO KOHTYpa pa3MepoM ax2a?

7. (P) Kaxos cpennuii pagnyc KpyroBoro BUTKa, UMETOIIEr0 TaKyIO jKe BHEITHIOIO WH-
NYKTUBHOCTH, YTO M KBAJ[PATHBINI BUTOK CO CTOpPOHON a? Paamyc mpoBojia BUTKOB
7, << a.
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28.3. UIHAYKTUBHOCTb ABYXNPOBOAHON JIMHUMN
BOMPOCHI N YMPAXHEHWSA

1. (O) Moser Jin B3auMHasT WHIYKTHBHOCTD JIBYX JABYXIIPOBOAHBIX JUHUN 0Opa-
MATHCS B HyJ1b? MOJKHO Ji 9TOTO [JOCTUYD TTyTe€M BBIOOPA TMOJOKUTETBHBIX HATIPAB-
JIEHUT TOKOB JIMHWH?

2. (O) [Touemy UHAYKTUBHOCTD MPOBO/IOB, HAli/leHHAS MIPU MOCTOSTHHOM TOKE, OTJIH-
JaeTcs OT UHAYKTUBHOCTHU MIPU TlepeMeHHOM ToKe? OT KakuX (haKTOPOB 3aBUCHUT pas-
Jn4ne’?

3. ITpaBuibHO Jiu OyzeT paccuynTaHa WHIAYKTHBHOCTD JBYXITPOBOIHO JTMHUY HA €/TH-

b4
HUITY JJTMHBL ¢ TTPOBOIaMU pagumycamu R 1o ¢popmyJie L = —, ecii ONpeieIUTh TOTO-
1

Kocrerenue ¥V kak Pa3HOCTb MAaKCMMaJbHOTO U MUHHUMaJIbHOTO 3HaYeHni BEKTOP-
HOI'O MaromTHOI'O HOTGHHI/IaJIa?

4. (P) Ucrnionb3ys BbIpaxkeHUe /Jisi BBIYUCICHUS WHAYKTUBHOCTU IMPSMOYTOJbHOU
paMKH, HalIUTe ee Tpe/ieIbHOe 3HAUYEHNeE, KOT/IA JVINHA JIBYX €€ TIPOTHUBOTIOJIOKHbBIX
CTOPOH HEOTPAaHMYEHHO BO3PACTAET, a PacCTOsiHuEe d MKy HUMHU, PaBHOE JITHE
JIBYX JPYTUX CTOPOH, KaK M PAJUYC 7y TPOBOJIA, COXPAHSIOT MMOCTOSIHHOE 3HAYEHMeE.
CpaBuuTe HaliJlecHHOE BbIpaskeHue ¢ (hOPMYJION JIJisi MHIYKTUBHOCTH JIBYXITPOBO/THOM
JIMHWUM, PAJNYC CEYeHUsT POBOJIOB KOTOPOU 7, a PACCTOSTHUE MEKLY TIPOBOAAMU d.

3. (P) Onpenenmre WHAYKTUBHOCTD MPSIMOJTHHEHHOTO HEMATHUTHOTO TTPOBOJIA KPYT-
JIOTO CeYEeHUst pauycoM R u JmiHOi [, oaBemerHoro Ha Bbicore A (I >> h) Hax mio-
CKO¥ MOBEPXHOCTBIO MJIEATHHO TPOBOJSIIETO TeJIa, BBITOJHSIONIETO POJIb TIPOBO/A
€ TOKOM 0OPATHOTO HATIPABJICHUSI.

6. (P) Bosmyurnag aByXmpoBOAHAs JTUHUS PACIONIOKEHA TapaleJbHO TIIOCKOU T0-
BepxHOCTH 3emyu. Pagmycsl mpoBozoB R = 1 cM, paccrosune mexay auMu D = 1 M,
BBICOTA TIO/IBECA TIPOBOJIOB Ay = 5 M, hy = 6 M, MATHUTHAsI TIPOHUIIAEMOCTD BEIIECTBA
poBooB w = 100p,. 3emirst ob1agaeT uaeasbHbBIMU TIPOBOAAIIMME cBoMicTBaMu. Ori-
pelesTe MOrpelnrHoCTh pacuyeTa MHAYKTUBHOCTUA MPH TIPpeHeOPesKEeHNN BIUSHUEM
3EMJTH.

7. (P) Haiinute WHAYKTUBHOCTH BO3YITHBIX JIBYXITPOBOIHBIX JIMHUMH, TTPOTSAHYTHIX
BOJIM3Y TIOBEPXHOCTEN € MI€aIbHBIMU TIPOBOJISIIIMMU CBOMicTBaMU. MarHuTHas mpo-
HUIIAeMOCTbD BelecTBa MpoBoioB paBHa 100y, paanycs! nx ceuennii — R (puc. B28.1).

Bapuanr | Ay, m | ho,Mm | hy,m | hywm | dom | Dym ry,M | o, eM | Riem | Ry, M

a 4 4 5 6 - - - - 2 -
6 02 | 03 - - 1 0,3 - - 1 -
6 02 | 04 | 01 | 03 | 05 - - - 0,2 -
. - - - - - - 4 5 2 2
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8. (P) Ncnoab3ysa dopmyny pig pacdera MHAYKTUBHOCTH JBYXITPOBOJHON JIMHNY,
paccumTaiiTe CUTy B3aUMOJEHCTBUS TOKOB IIPOBOJIOB U CPaBHUTE €€ C CUJIOH, TOJy-
YaeMOH B MPE/IIOJIOKEHNH, YTO TOKW TTPOBOJIOB COCPEIOTOYEHBI HA UX OCAX.

28.4. NHAYKTUBHOCTb Tpexd{a3HOW IMHUN
BOIMPOCHI

1. Coxpanutcd A HEM3MEHHOU WHAYKTUBHOCTHh TpeX(asHOU JUHUU TIPU 3aMeHe
MpoTeKaoIel B Hell CHCTEeMBI TOKOB TIPSIMOI TIOCJIeI0BATEIBHOCTH Ha CHCTEMY TOKOB
@) oOpaTHOM MOCIEN0BATEIBHOCTI? ) HYJIEBOI MOCIE0BATENbHOCTH?

2. IlpoBoza nuHMI Mepeaun PacHoJIOKeHbI MAPAJJIeTbHO TOBepXHOCTH 3emau. Ka-
KOe BJIMSHWE HAa MHAYKTUBHOCTD TPeX(as3HOH JUHUN MOXKET 0Ka3aTh 3eMJIs?

3. 3aBUCHUT JM WHAYKTUBHOCTH TPex(hasHOW JUHAN OT TTOPSAAKA TAPMOHWKHU TTPOTe-
Kalollero 110 Hell Toka?

4. Paccrositnus Mexxay mpoBojamu TpexdasHoil auHun nepenadu Diy = Dy # Dos.
B xaxoii u3 dasz monosHUTENbHOE AKTUBHOE COTIPOTUBJIEHUE OTINYAETCS OT HYJIS?

YMPAXHEHNSA

1. (P) IlomyunTte BeIpasKeHMe I pacyeTa SKBUBAJEHTHON WHIYKTUBHOCTH TIPOBO/IA
TPaHCTIOHNPOBAHHON Tpex(ha3HOl JUHUH, PACTIONOXKEHHOI HaJl MJI0CKOI TTOBEPXHO-
CTHIO 3EMJIU TIPH YCJIOBHH, YTO y/€/IbHAsA JIEKTPHUYECKast TIPOBOIUMOCTD 3eMJIH Oec-
KOHEYHO BesinKa. Bbicota mojBeca mpoBojoB — hy, hy, K3, paccTosiHie MeXIy HUMU
Dy, Dy3, Dy3, pamuycsl ceueHuil MpoBoioB — Ry, Ry, Rs.

2. (P) Paccuuraiite sKBUBAJIEHTHYIO MHAYKTUBHOCTD ITPOBO/IA Tpexdas3Hoil TpaHcIo-
HUpOBaHHON JmHWY AanHON 10 KM, TPOBOIA KOTOPOIi PACIIONIOKEHBI B OJHOM TIIIOC-
KocTH. Pajimychl ceueHuit TPOBOIOB R = 5 MM, PACCTOSTHUST MEK/LY COCETHUMU ITPOBO-
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mamu D = 2 m. CpaBHUTEe TOJyYeHHOE 3HAUEHWE C MHAYKTUBHOCTBIO KKIBIX MBYX
MIPOBOMIOB JIMHUU, IPUHUMAS L = [y BCIOTY.

3. (P) V¥V xakoii u3 1ByX BO3AYIITHBIX TPeX(ha3HBIX TPAHCIIOHNPOBAHHBIX JUHUI € TTPO-
BOJIAMU OJIMHAKOBOTO Pajiyca 9KBUBAJEHTHAs1 WHIYKTUBHOCTH TPOBOJA OOJIBIIIE:
[IPOBOJIa KOTOPOI PACIIOJIOKEHbI B @) BEPIINHAX TPABUIBHOIO TPEYrOJIbHUKA C JIJIU-
HOH cTOpoHbl D miv 6) B OJHOI TJIOCKOCTH TaK, YTO PACCTOSTHUE MEK/Y COCETHUMU
mpoBoziamMu pasHo D? IIpu kakoii 1imHe CTOPOHBI TPEYTOJAbHUKA NHAYKTUBHOCTH JIN-
HUI paBHBI?

4. (P) B anextpuueckotii meun TpexhasHblil TOK TOIBOIAT IO TPEM KPYTIBIM METHBIM
muHaM pagnycamu 1,2 cM, 0cl KOTOPBIX HAaXO/ATCS B OJTHOM TIJIOCKOCTH. PaccTosgHus
Meskay cocexraumu mutnamu D = 0,2 m. nmma mun 8 M, gactora Toka f = 50 Tir, Tox
muabl [ = 3000 A. PaccunTaiiTe MONTHOCTBD, TEPEHOCUMYTO M3 OJHON (ha3bl B APYTYIO.
Ornpezienute, KaKyio 4acTh COCTABJISAET 3TA MOITHOCTD OT aKTUBHOI MOIITHOCTH, BBI/IE-
JIIEMOU B ITMHAX.

5. (P) IIpoBoza TpexdasHoii TMHUN TPOTSHYTHI BOJIM3KU IIOBEPXHOCTEN ¢ HUIeabHbl-
MU TIPOBO/ISIIMME CBOMCTBAMU M PaBHOYIaJIeHbI IpyT OT Apyra (puc. B28.2). Paccun-
TaliTe SKBUBAJIECHTHYIO WHIYKTUBHOCTb OJIHOTO TIPOBOJIA, YYUTBIBAST TPAHCIIO3UIUIO
MPOBOJIOB (BapuaHThl a—2). MaruuTHas IPOHUIIAEMOCTh BeleCcTBa MTPOBOJIOB PaBHA
100 py. OtteHUTE MOTPENTHOCTD PacyeTa Mpu MpeHeOPeKeHIH BIUSHUEM HEOIHOPO/I-
HoCTH cpezibl. YuceHHble JaHHble puBeAeHbl B Tabauie K ymp. 10, § 25.3.
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Puc. B28.2



[naBa ABajauUaTb AeBATas

NepeMeHHOE 3/1IeKTPOMAarHUTHoOE NnoJie B ANIJIEKTPUKe

29.1. MNnockasn 3neKTpoMarHUTHasi BOJIHa B AN3JIEKTPUKE.
CKOpOCTb pacnpoCTpaHEeHUs 31IeKTPOMAarHMTHON BOJIHbI

B npeapiayimux riaaBax ObLIM MCCIEAOBAHbI YaCTHBIE MPOSBJICHUS 2JIEKTPOMATHWT-
HOTO TIOJISI: 3JIEKTPUYECKUE TI0Jis, OKPYsKalollue CHUCTeMbl HEMOJBUKHBIX 3apd-
JKEHHBIX TeJI, U 9JIEKTPUYECKUEe U MArHUTHbBIE TOJIS, OKPYKAIOIINE CUCTEMbI HElo-
JIBUKHBIX KOHTYPOB C TTOCTOSTHHBIMU TOKaMHU.

B obmiem ciydae i M3MEHSIIOINXCS BO BPEMEHM 3apsiIoB, U3MEHSIONIMXCS BO
BpeMEHU TOKOB, JABMKYIIUXCS 3aPsSKEHHBIX WJIM HaAMAarHUYEHHBIX TeJl WJIU JBUXKY-
IUXCST KOHTYPOB € TOKAMH B OKPY KalOIeM UX ITPOCTPAHCTBE CYIIECTBYET TepeMeH-
HOE 3JIEKTPOMarHuTHOe TI0JIe.

OrpaHnyuMcs pacCMOTPEHHMEM TePEMEHHOTO 3JIEKTPOMATHUTHOTO TIOJIsI B HEIO-
IBUZKHBIX OJJHOPOAHBIX M M30TPOIHBIX cpefax. s uccaeoBaHms 9TOTO MoJist HeoO-
XOIUMO 0OPATUTHCS K TTOJHON CHCTEME YPaBHEHUI 9JIEKTPOMArHUTHOTO TOJIS:

rot H = §; rotE:—@; 8:yE+@+J ;
ot ot

mep?

D=cE;, B=uH; divD=p; divB =0.

B IIeKapTOBOﬁ CHUCTEME KOOpAWHAT II€EPBbIE [ABa YPaBHEHUA 3allUIIYTCA B BHUJIE
mecTn ypaBHeHI/Iﬁ COOTBETCTBEHHO TPEM IIPOEKIMAM Ha OCH KOOPJAMUHAT. I/ICHOJIIJSYH
CIII€ BbIpaKeHUA NJII BEKTOPOB 8, Du B, TIIoJIy4a€eM 9T YPpaBHEHUSA B BU/E

oH
M T yp vePaiy, @
oy oz ’ ot ’
oH, oH oF (6)
L i —yE +e—2L+J.
0z  ox ™y ot ey
oH
v Mo g g%y ®)
ox oy ot
aE‘z aEU - _ aHx . (Z)
oy oz ot
OF, OF, _ L oH, (9)
oz  oOx ot
oF, OE, _ L oH, (e)
ox oy ot

[IpeamonoxuM, 9T0 TPOBOAUMOCTD MUAJIEKTPUKA paBHA HyO (Y = () 1 9TO CBO-
GoHbIe 3apsi/bl B AuasieKTprKe orcyTeTByioT (p = 0). B takoii cpeme Moryr cyiiect-
BOBATh TOJIBKO TOKU JJEKTPUIECKOTO CMEIEHUSI.



202 Yactb 4. Teopus 3MeKTPOMarHUTHOrO Mofs

Jlyist TOro 4TOOBI JIydllle BBISIBUTH OCHOBHbBIE COOTHOIIEHUST B 3JIEKTPOMArHUTHOM
1oJie, pacCCMOTPUM CHavasa MPOCTEHIINH caydail — TJIOCKYIO 3JIeKTPOMArHUTHYIO
BOJIHY, PACTIPOCTPAHSIIONTYIOCS B OJHOPOTHOM U M30TPOTTHOM AUITIEKTPUKE. DIEKTPO-
MarHuTHAs BOJHA HA3bIBAETCS TIIIOCKOW, KOT/Ia BCE BENUYUHBI, XapaKTepUIYIOIIe
WHTEHCUBHOCTH JIEKTPOMATHUTHOTO TIPOIECCA, 3aBUCAT TOTHKO OT OTHOU U3 AeKap-
TOBBIX KOOPJAMHAT, HAIIPUMEP OT KOOPAMHATHI z. [Ipuban3uTeIbHO TaKOH XapakTep
MeeT 9JIeKTPOMATHUTHAS BOJTHA, M3TydeHHas aHTeHHOMH, eCJIN 9Ty BOJTHY pacCMaTpH-
BaTh B HEOOJIBIION 00/1aCTH IPOCTPAHCTBA HA OOJIBIIOM PACCTOSHUN OT U3JIy4aloNiero
IEHTPA.

Wrak, npeanosoxuM, 4to BeKTOpsl E 1 H He 3aBUCAT OT KOOPIUHAT X U Y, T. €.

M o, H _g %y %y
ox oy ox oy

Crenosarenbro, E n H aagiotcsa GyHKIIUAMA TOTBKO Z U t. YIUTHIBAA elile ycJo-
Busa y = 0 u p = 0, momyyaeM ypaBHEHUS TIOJIS B BUJIE

oH OE
_ Y :gaEx; (a!) Y :_MaHx; (2!)
0z ot 0z ot
oH oE OFE . oH
Y o—¢ y; (61) X =—u y; (a/)
0z ot 0z ot
OoE oH
=g 2 ; g 0= z e
p (6") h— ()

[Ipearosioxum, 94To 110Jie BI3BAHO UCTOUHUKAMU, HE COIEPIKAIUMU TOCTOSTHHBIX
TOKOB U TIOCTOSIHHBIX 3aPsI/IOB, KAK 9TO U UMEET MECTO B CJIydae U3JIyuYeHUs BOJIH aH-
TeHHON. TOK 1 HapsXKeHUe B aHTEeHHE He MMEIOT TTOCTOSHHBIX COCTABIIIOMMX. B Ta-
KoM cJrydae BekTopel E 11 H e MOTYyT UMeTh COCTaBJIAIONINX, HEe 3aBUCSTINX OT BpeMe-
HU, 1 ypaBHenus (B') u (e') maior

E, =const =0; H, =const =0.

Boi6epem nanpasienue oceit OX u OY tak, uroObl BekTop E ObL1 HalpaBjeH 1o ocu
OX. D10 Bceryia MOXHO c/IesiaTh, ecyii BeKTop E Bce BpeMs OCTaeTcst TapasiielbHbIM
HEKOTOPOMY HAIPABJIECHUIO, T. €. KOTJIa BOJIHA SIBJISETCS TOJIpU30BaHHol. Takue yc-
JIOBUSI, B YaCTHOCTH, 00ECTIEYNBAIOTCS TIPH M3JTyYEeHUH 2JIEKTPOMArHUTHBIX BOJIH He-
NO/BUKHOM anTenHoil. B takom ciyuae umeem E, = 0. Ilpu aTom ypasuenus (6') u

OH oH
(@) mator —~=0u—+=0, 1. e. H, = const = 0.
0z ot
Curenosarenbho, Bektop H Hanpassien 1o ocu OY. MBI 11oiy4aeM MepBblii CyTIecT-
BEHHDBII BBIBOJL: 8 2ACKMPOMAZHUMHOLU B0JIHE, CB0O00HO PACNPOCMPAHIIOUEUCS 8 00HO-

podrom u usomponmom dusnexmpuxe, sekmopvt E u H 63aummno nepnenouxyispmot:

E_1lH.
Wrak, ocratorcst Ba ypaBuenusi (a') u (0'):
oH oH
_ Y :SaEx; (a!) aE;\ =—pu .’/' (ar)
0z ot 0z ot
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[udbddepeniupys BTopoe ypaBHEHUE TI0 Z U TIEPBOE TI0 ¢, TOTyIaeM

0°E 0°H, 0°H, 9°F,
U _u E y _ T —¢ X
0z° otoz 0z ot ot?
OTKyILa nMeemM
0°E, ,0°F, *)
s g .
ot? 02>

MPUYEM U = i
\Jue
Vpasuenus (a'), (0") u (*) mo popme coBepIIeHHO aHAJOTUYHBI YPaBHEHISAM

o _pow, _ow_jd w_,o'

ox o ox o’ ot ox?

1
(TTpuyeM v = ——), TOTy4eHHbIM B 4. I] mpu paccMoTpennn mepexoiHbIX TPOIeccoB

JLC

B HEUCKaKaION[eil OJHOPOAHOM JuHu. PelieHne mocaeHuX ypaBHEHNN ObLIO Haii-
JIEHO B BUJIE

u, = p(x —ot) +y(x +0t);

U \E[tp(x —ot) —y(x +or)].

[Tonb3ysch 9TUM pelieHreM, MOKeM Hanucath Bbipaxenus 1 E, u H,, 3aMeHUB B
TOCTIe/IHNX BBIPDaKEeHUAX Uy Ha E,, iy na H, x na z, C na ¢ n L na p. ITponssens sty 3a-
MeHy 1 0bo3Hadast GyHKIMK OT (2 — o) 1 oT (z + vt) yepes Fi(z — ot) u Fy(z + ot), Oy-
JIEM UMETHh UCKOMbIE BbIPAKEHUS B BHJIE

E =F(Ez-v)+F,(z+0t);
H, =\F[F1(z—vt)—F2(z+vt)].
o\

Tak kak no ycnosuio E, u H, He MIMEIOT COCTABJIAIONINX, He 3aBUCAIIIX OT BpeMe-
HU, TO 1 DyHKIMU F; 1 Fy He MMEIOT 9TUX COCTaBJISIONINX.
BpisicHUM CMBICJI, KOTOPBIN UMEIOT YacTHbIE PEIeHUS:

E,=F(z-v); H, = |F(z-u).
7 \e

B 11060i1 TouKe, ABUKYIIEHCS B TOJIOKUTENBHYIO cTOPOHY ocu OZ cO CKOPOCTHIO
dz/dt = v, snavenus E, u H,; octaioTcs MOoCTOSAHHBIMU. JleficTBUTEIbHO, TTOJIOKeH e
TaKOH TOUKM OTIPelesIIeTCs] KOOPAUHATON z = 0t + zy U, CJIeZIOBATETHHO, BETUIUHEI E, 4
u H,q B 9TOii IBUIKYIIEHCs TOYKe UMEIOT 3HAYeHNUSI:

E. =F (vt +z,—ot) = F|(z,) = const;

H

g = hd F,(z,) = const.
‘ K
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OTcroza caenyeT, 4TO KaK0€e OIpeieJIecHHOe 3HAaUeHNEe BeTUINHBI E, NI BeJTMYUHBI
H,; pacnpocTpansaeTcst B CTOPOHY NMOJIOKUTENBHON ocu OZ co cKopocThio v. [ToaTomy
MOJKEM YTBEPIKIATh, YTO AT YACTHBIE PEIICHUST OMPEEIISTIOT COOON HJIEKTPOMATHUT-
HYIO BOJIHY, PACTIPOCTPAHSIIONIYIOCS CO CKOPOCTBIO ¥ B TIOJIOXKUTEIbHOM HATIPABIEHUN
ocu OZ (npamyio eonny). Tak xak ¢ Bemmuuaamu E u H cBg3aHa onpeieieHHAS TIJI0T-
HOCTb 9HEPTUU DJIEKTPOMATHUTHOTO TIOJIST, TO IBUXKYIIASICS 2JIEKTPOMArHUTHAS BOJTHA
HeceT ¢ co0oil ompeieleHHoe KOTMYECTBO AJIEKTPOMATHUTHON SHEPTH.

HpI/I IIOMOIIIN aHAaJIOTUYHDBIX paCCYDK,Z.IeHI/HL/,I HpUXoanM K 3aKJIIOYE€EHUIO, YTO YaCT-
Hbl€ pelleHust

E, =F,(z+ot); H,, =—-|>F,(z+0t)
‘ i

OMPEEIAIOT COOOM HIEKTPOMATHUTHYTO BOJIHY, ABUKYIIYIOCST CO CKOPOCTBIO 0 B OTPH-
raregpHOM Harnpassienun ocu OZ (o6pamuyio 6ouny).

WTax, MBI TTOIYINIIN, 9TO ANEKMPOMAZHUMHAS B0JIHA PACNPOCMPAHIEMCS 8 NPO-
cmpancmse co CKOpocmuio

1
0=——.
JJue

ITa CKOPOCTh 3aBUCHUT TOJBKO OT MATHUTHBIX U HJEKTPUUECKUX CBONCTB CPEIBI.
B mycrore ona paBHa

c=— L —9998.10% w/c ~ 3-10° m/c.

VHoEo

ADGCOIOTHBIE 3HAYEHUSI HANPSIKEHHOCTE MAarHUTHOTO U 9JIEKTPUYECKOTrO II0JIei
CBSI3aHbI KaK B IIPSIMOIL, TaK ¥ B 0OPaTHOI BOJIHE COOTHOIIEHUEM

€

H=|>E,
u
OTKy/la I10Jy4aem
wH? ¢E?
2 2

CJieoBaTesIbHO, eciu CYuecmayem moavko nPImMas Uil moivko 00pammas 80aHa,
MO dHepeuU MAZHUMHOZO U INEKMPUUECKO20 NOJel PABHbL MeHcOY COOOU.

Obparum BHUMaHHe Ha aHAJIOTHIO, KOTOPYIO MOKHO TTPOBECTH MEX/IY PaCCMOT-
PEHHBIM ABJIEHUEM PACIIPOCTPAHEHUS TIIIOCKOH 2JIEKTPOMATHUTHOM BOJIHBI B /TUAJIECK-
TPUKe, XapaKTepusyoleicsa HanpskeHHoctamu E, u Hy, v siBjieHneM pacipocTpane-
HUA BOJIH HAIIPAKEHUA ¢ U TOKA 1 B OAHOPOJAHOU JIMHUU TIPU OTCYTCTBUU TIOTEPH B
JIMHKUK. YKe OBLIIO OTMEUYEeHO, YTO BhIpaskeHue i E, COBepIIeHHO aHaJIOIMYHO BbIpa-
AKEHMIO I U M COOTBETCTBEHHO BhIpasKeHue /st H,, analorudHo BBIPaKEHUIO I 1.
ITO OOCTOSATENHCTBO HE SIBJISIETCS CIYYAiHBIM. [IefiCTBUTENbHO, MOKHO PacCMaTpH-
BaTbh BeJMYMHY E Kak najieHne HalpsiKeHUs], OTHECEHHOE K eMHUIIe JIJINHBL JIMHAN
HAIPSPKEHHOCTH 3JIEKTPUYECKOTO T10JIs], 1 COOTBETCTBEHHO BeMuuHy H — Kak TOK,
OTHECEHHBII K eINHUIle JJIMHBI IMHIUU HAIIPSKeHHOCTH MarHUTHOTO 110J1s1. [Ipu atom
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oruotenue E,/H, W/ = z UMeeT PasMePHOCTD HJIEKTPUIECKOTO COIPOTUBJIEHUS

yt =
U MOYKET PAaCCMATPUBATLCA KAK BOJTHOBOE CONNPOTUBJIEHUE CPe bl aHAIO-

TUYHO BOJIHOBOMY COIIPOTHBJIEHUIO Z = 4/ L/C ogHopoaHoii muaun. B ciydae pacnpo-

CTpaHE€HUA BOJIHBI B IIYCTOTE UMEEM

41077

9.

Bripaskenue jiist ckopoctu v = 1/4/ue pacipocTpaneHust 3J1eKTPOMarHuTHOM BOJI-

HBI B IN3JIEKTPUKE aHATOTMYHO BBIPAKEHUIO 7151 CKOpoCcTH v = 1 /\/ﬁ pacrpocTpaHe-
HUS BOJIH B JIUHUM.

Mo:kHO GbIJIO OBl BBECTH BMECTO 3JIEKTPOMAarHUTHBIX KOHCTAHT €y U L /IBE JAPYTHE,
BBIPKAIONIMECs Yepe3 HUX, (PU3nYecKue KOHCTAHTBI, & UMEHHO:

e

4TO JIydiie OBl BBIPAKaao BOJHOBbBIE CBOCTBA MOJIS.

Y100bl yACHUTH BO3MOKHOCTD CYIECTBOBAHMUSI OZHOBPEMEHHO U IIPSMOIi 1 00paT-
HOIl BOJIH, PACCMOTPHUM TIEPEXOl BOJHBI M3 CPEbl ¢ aOCOIOTHOM JNJIEKTPHYECKON
1 abCOJTIOTHON MAarHUTHOM IPOHUIIAEMOCTSIME €1 U |1y B CPELY C TPOHUIIAEMOCTSIMHU &,
u . [Ipenmnososxim, 4To cpesbl pas/iesieHbl TII0CKOCTHIO U UTO BOJIHA PACITPOCTPAHSI-
eTCsT B HAallPaBJIeHNH, HOPMAJIbHOM K IIJIOCKOCTH pasfesa. [ladarwwas B TiepBoii cpeje
Ha OBEPXHOCTH pasje/a BosHa (E,, H,y) (IIpsMas BoJHA) YaCTUYHO IIPOXOAUT CKBO3b
MOBEPXHOCTH pasjiesia, 00pasyst BO BTOPOil cpene npenomiennyto (IPSMYy0) BOJHY
(Eyo, Hy») M yacTH4HO OTpakaeTcst OT MOBEPXHOCTH pasJiesia, 00pasys B epBoii cpejie
ompadicennyio (0bpatiyio) Bommy (E,, H,). CooTHOmEHNS MeK/Ty HAIPIKEHHOCTS-
MU TOJISI JIJIst 9TUX BOJIH HA ITOBEPXHOCTHU Pas/iesia MOKHO HAIIUCATh, UCII0JIb30BAB Ha
OCHOBAHUU BBIIIEOTMEUEHHOM aHAJIOTUU COOTHOILIEHUST MEXKY HATIPSIKEHUSIMU U TO-
KaMU B MAJAIONINX, TPEJTOMIEHHBIX U OTPAKEHHBIX BOJTHAX TOKA W HANIPSKEHUS.

WNmeem HA TOBEPXHOCTHU pasiesa:

2z. z,—z
— 2 . _ %2 1 .
E<p2 _7bﬂq)1y E\|/1 _7E‘q}1y
Zy +24 Zy +24
2z, -z,
Hy="2"Hy; H,=2"2q,
Z4 +22 zZ,+2z,

T7e 2{ = /My /€, U 29 = |, /€, — COOTBETCTBYIOIINE BOJHOBBIE COPOTUBIIEHHSI TEP-

BOII 1 BTOPOU Cpe/ibl.

Ecan zy = z4, TO OTpakeHHbIE BOJIHBI OTCYTCTBYIOT.

Ecmm zy > zy, To Egy n E\j uMeloT oiuHakoBble 3Haku, a Hyy n H,,y — pasHble 3HaKHU.
B nepBoii cpese B pesyJsibraTe 4aCTUYHOTO OTPaKEHUS BOJIHBI HAIIPSKEHHOCTD 3JIeK-
Tpuyeckoro nosis Ey = Ey + E,q BO3pacTaet, a HalPSsKEHHOCTbh MarHUTHOTO T10JIst
H, = H,, + H,, youiBaer. IIpu z, < z; uMeeM o6paTHYIO KapTHHY.
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Bce ocraibHbIe BBIBOJIBI, TIOTyY€HHBIE TIPU UCCIEOBAHUN PACTIPOCTPAHEHUS BOJH
B OTHOPOJIHBIX JINHUSIX 0€3 MOTePb, MOTYT OBITH COOTBETCTBYIOIINM 00Pa30M TepeHe-
CEHBI Ha MCCJEyeMbI Caydall paciipOCTpaHeHns MJIOCKOH 3JeKTPOMAarHUTHON BOJI-
HBI B JINDJIEKTPUKE.

B obmiem ciydae, Koria HampaBieHHe PacpOCTPAHEHUsT MAMAONIeil BOJIHBI CO-
CTaBJIsIeT HEKOTOPBIN YIOJI ¢ HOPMAJIBIO K TIOBEPXHOCTH Pas/iesia CPeJL, LIS HaXOXK/Ie-
HISI OTPAKEHHOI U TIPEJIOMIICHHON BOJIH HEOOXOIUMO UCTIOJIB30BATh BCE TPAHIMYHbIC
yeqioBus 175 Bektopos E, D, H u B.

29.2. BekTop MOMHTHUHIra

OHpeI[eJH/IM MOIITHOCTb ITOTOKaA 3HEPTUU, OTHECEHHYIO K €/IMHNIIE ITOBEPXHOCTU, HOP-
MaJIbHOU K HaIIpaBJIEHUIO PACHIPOCTPaHeHWA BOJIHbBI. BleeM InpeaiosaraTb, 4To Cylie-
CTBYET TOJIBKO BOJIHA, ABUXYIIAACA B O/[THOM HallpaBJIE€HWH. B takom cJrydae O6’beM-
Hasa TJIOTHOCTb 9HEPTHUUN SJIEKTPOMAIrHUTHOTO I10JIA paBHa

2 2
€ il (4

2 2 2
. | _ds u, ciaegosaresibHo, B obbeme dV = dl ds (puc. 29.1) saxmouena
idV —>—> JHEPTUA
-1 L) 1
- —EH dl ds.
dl o
Puc. 29.1 Otpe3ok 1yTH dl BoJiHA TIPOXONT 32 TIPOMEKYTOK BpeMeHu d,

KOTOPBIN cBst3aH ¢ dl cooTHOMmeHeM dl = v dt.

MoIHOCTh TIOTOKA SHEPTUH, OTHECEHHAS K eIMHUIIE TIOBEPXHOCTH, HOPMaJIbHOIT K
BEKTOPY CKOPOCTH ¥, YNCJICHHO PaBHA KOJIMYECTBY S9HEPIHU, KOTOPasi IPOXOAUT Yepes
eIMHUILY TOBEPXHOCTH, HOPMAJIbHOW K BEKTOPY ¥, B einHuIly BpemeHu. OHa moJryya-
€TCs paBHOMU

EH g1 as
-0
ds dt
[TpuarMmas Bo BHUMaHWME, 4To dl/dt = v, HaxXOAUM
S =EH.

ITa BeJIMYMHA MOKET PacCMaTPUBATHCS KaK BEKTOP S, HAIIPaBJIECHHBIN B CTOPOHY
JBVKEHUS BOJHBI, T. €. B HAIIPABIEHUH BEKTOPA CKOPOCTH .

[IpencraBienus o TOTOKe 9HEPTUN U O MOIIHOCTH TTOTOKA 9HEPTUN, OTHECEHHON K
eIMHIIIe TOBEPXHOCTH, Oblin pa3Buthl B 1874 r. B paGore H. A. ¥M0Ba, B KOTOPOIi OH
MPUMEHWJT 3TH TPEACTABICHNS K CIydaio Tepefiaun sHepruu B ynpyrux cpegax. Ha
OIMHHAIATH JeT To3:ke [[oMHTHHT TpUMeHNIT 9T TIPEICTaBIEHNS K CJIydalo repe/ia-
YU 3JIEKTPOMATHUTHON dHEPTUU ¥ TIOJIYYUJ BhIpAKEHIE BeKTOpa § uepe3 BeKTopol E
1 H. CooTBeTCTBEHHO, BEKTOP § TTOIYYnsI HauMeHOBaHue BeKTopa [lofiaTuHTA.

Haiinem cBa3b Mexxy HampaBiaenreM BekTopa [lofiHTiHTa 1 HanpaBIeHNAMN BeK-
topoB E 1 H. B nipsiMoii BoJIHe, KaK 3TO CJIe/lyeT U3 BhIPAKEHUI, II0Jy4eHHbIX B IIpe-
apipymem naparpacde, Eyq u H,q Bceraa oHOro 3HaKa, T. €. B TOT MOMEHT, KOT/Ia BEKTOP
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E nampaBieH B cTOpoHy nosoxutenbHoi ocu OX, Bektop H HampaByieH B CTOPOHY TI0-
soxkutesbHOM ocu OY. BeKTop ke CKOPOCTH © B TIPSIMOIT BOJTHE HAIIPaBJIeH B CTOPOHY
nosnoxureabHoir ocu OZ. Baaumuoe pacrosiokerue BekTopoB E, H u S 1715 npsmoi
BOJIHBI ITIOKAa3aHO Ha puc. 29.2.

B o6Gparnoii Bosise Eo 1 H,, Bcera nMeIOT pasiMyHble 3HAKU ¥ BEKTOP ¥ HallpaB-
JieH B oTpHIaresabHyto cropony ocu OZ. Bzaumuoe pacrnosiokennie Bektopos E, Hu §
B 06parHOil BosHe n306paskeHo Ha puc. 29.3.

X
E
H
S
v 0 Z
Y
Puc. 29.2 Puc. 29.3

Mbr BuIMM, 4TO Hanpasienue eexmopa Ilotmmunea coenadaem c nanpasienuem
nOCMYNamenviozo 0BUNCEHUS OCU NPABOZO BUHMA, 20]06KA KOMOPOZO BPAULAEMCS 6
naockocmu, cooepacaweii sexmopwvt E u H, 6 nanpasaenuu om E x H no kpamuatiuemy
PACCmMOosIHUIO.

CrenoBatesbHO, BEKTOP § MOKHO MPEACTaBUTh KaK BEKTOPHOE ITPOU3BE/IEHIE BEK-
topos E u H:

S =[EH].

On onpezensier cob0it MOUHOCD NOMOKA INEKMPOMAZHUTNHOU IHEP2ULL, OMHECEH-
HY10 K eOUNULe NOBEPXHOCTU, HOPMATLHOU K HANPAGLEHUIO PACIPOCIPAHEHUS. BOJIHbL.
Boipaskenue as BekTopa ITodHTHHTA OBLIO TOIYYEHO B IPEANOJ0KEHIH, YTO Cpejia
OJIHOPOJIHA U M30TPOITHA U YTO CYIIECTBYET TOJIbKO IPsMasi UM TOJbKO OOpaTHAast
BosiHa. B ciexyiomem naparpadge 6yaeT mokasaHo, 4TO 9TO BhIpaKeHUE CIIPaBEIINBO
B 0011eM CJTydae.

OcranoBuMCA Ha BaKHOM IIPAKTUYECKOM ciydae, kKoraa E, u H, usmensiorcs Bo
BPEMEHHU TI0 3aKOHY cHHYyca. [IpeinosioKuM, 4To CyIeCTBYeT TOJIbKO OJHA MpsiMast
BoJiHa. Meem

E ., =F(z-0t)=E_, sin(ot+v);
H, = §F1(z—vt) :\/EEM sin(w? +y),

[pUYEM @ — YIJIOBas 4acToTa KoJieHOaHMil.

[TocsieiHMe ypaBHEHUS yAOBIETBOPSIOTCS TIPH YCJIOBUH, YTO CYIIECTBYET PaBeH-
CTBO Wt + y =k (z — vt), e k — nocrostiHas BesimunHa. Tak Kak 9T0 paBEHCTBO JT0JIK-
HO Y/IOBJIETBOPATHCS /IS JIIOOOIO MOMEHTa BPeMeHH £, TO, IpuHsB ¢ = 0, Haiinem y = kz.
Cuenosatesibio, ot = —kot u k = —o/v. Takum 06pa3oM, HavaabHast (hasa Yy MOKET

o)
OBITH TIpejicTaBIeHa B Buae Y = — 2. Ctasmo ObITh, nMeeM
0
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Exi :Exm Sin((ﬂt—wZJ; Hy1 = EE»,(m Sin(()\)t—(DZ].
[4 o 0

Ha puc. 29.4 uzobpakensl Bekropbl E i H B pasHbix Toukax ocu OZ Jjist MOMEHTa
BpeMenn t = (). Bermuanusr E u H pacmipesiesieHbl B TPOCTPAHCTBE O 3aKOHY CUHYCA,

X — U BCe 9TO paclipejieieHne TePeMEaeTcs B M0JIo-
H TN KUTEJNbHYI0 CTOPOHY ocu OZ CO CKOPOCTBIO .
N - YA N [lelicTBuTENBHO, TOUKA, B KOTOPOI E, = 0, omnpere-
Z - z -

9 \ \ o Y4 . Q)]

. , 2 Jistercst yeaoBueM: ot — —z =0, wim z = ot, T. e. 1BU-
g £

Y, ; /. H 0
E  a=or JKETCSI CO CKOPOCTBIO ¥ B TIOJIOKUTEIHHOM HAIPaB-
PuC. 29.4 genun ocu OZ. Ha puc. 29.4 mTpuxoBbIMU

JIMHUSAMU U300pakeHo paciipejesieHue I0JIs B He-
KOTOPBII MOMEHT BpeMenH ¢y > 0.
Paccrosinme, Ha KOTOpOe PacIpOCTPaHSIETCs 3JIEKTPOMArHUTHAST BOJIHA B TeYeHUE
OJIHOTO Tepuojia KoJgebaHWil, Ha3blBaeTCst NJIMHO W BOJHBbBL O603HAYas IJIHHY
BOJIHBI Yepe3 A, Oy/ieM UMeTb

rje f — vacrora KoJeGaHuil.
Pasnoctb (a3 kosiebaHuii B IByX TOYKAX, YAAJE€HHBIX APYT OT JPyra B HaIllpaBJe-
®
HUU PaciipoCTpaHEeHUs BOJHBI Ha PacCTOsIHUE A, uMeeT 3HaueHue — A = o1 = 2r. Cre-
v
JIOBATEJIbHO, ONIUHA BOJIHBL €CTb PACCMOSHUE MENCOY 08YMsL OIUNCATUUMU TNOUKAMU,
8 KOMOPLIX HANPANCEHHOCTD NOJLS UMEEM MAKCUMATLHOE NOLONCUMEILHOE SHAYEHUE.
YT06bI HAMISAHO IPEACTABUTL cebe BCe IOJIE IJIOCKON BOJIHDL, HEOOXOAUMO BOOO-
Pa3uTh [IBa B3AaUMHO TEPIEHANKYISIPHBIX CEMEICTBA JIUHUIT HAMPSIKEHHOCTH 2JIEK-
TPUYECKOTO ¥ MATHUTHOTO TOJIEH, 3aMOTHSTIONIX
v co0O0M BCe TIPOCTPAHCTBO, B KOTOPOM PacIIpoCTpa-

H
A ,/&// »’/%%//// mstercst BoaHa (puc. 29.5). B kaxkmoil mirockocTw,

napasienbHoi miockoctn XOY, nunHun Hamps-

X

v 2 KeHHOCTH MOJs pacrpeiesieHbl paBHOMEPHO, HO B
nanpasiaenun ocu OZ TycToTa JUHWH MEHSIeTCS

E 110 3aKOHY cHUHYyca. Bce aT0 pacmpesnenenue 1BuU-

Puc. 29.5 JKETCSI CO CKOPOCTHIO ¥ B TIOJIOXKUTETBHOM Ha-

npasyiennu ocu OZ.

29.3. MoTOK 3/1IeKTPOMAarHUTHOM SHEPrumn

Bexrop IlolinTuHra, onpeiesissonnii 3HaueHne 1 HallpaBJeHue MOTOKa 3JIeKTpoMar-
HUTHOW 9HEPTruw, repeiaBaeMoil B e/IMHUILY BPEMEHU CKBO3b €JMHUILY TIOBEPXHOCTH,
HOPMAJIbHOM K HAIIPABJIEHUIO PACIIPOCTPAHEHUS BOJIHbBI, PABEH

S =[EH].
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[TokaskeM CIIPaBeITTMBOCTD ATOTO YTBEPSKAEHUST IJIsT OO0 Cpejibl, KOTopasi B 00-
IeM CJIydae MOKET ObITh U HEOJHOPOIHON U aHU30TPOITHOM, ¥ JIJIs JTI0OOTO XapakKTe-
pa mosrst. CBoe paccMOTpeHHe OTPAHUYIM TOJIBKO OTHUM MPE/OJI0KEHNEM, 4TO AJIeK-
Tpudeckue (€ M y) 1 MaTHUTHBIE (1) CBOWCTBA CPEIBI HE 3aBUCAT OT HANPSKEHHOCTEH
AJIEKTPUYECKOTO M MAarHUTHOTO TTOJIEH M He IBJIAIOTCA (DYHKIMAMHI BPEMEHH.

PaccMoTprM HEKOTOPBIIT TIPOU3BOJIBHO BBIOPaHHBI 06beM V TPOCTPAHCTBA, OTpa-
HUYEHHBIN 3aMKHYTOH ITOBEPXHOCTHIO .

[Ipenmonoxum, uto sueprust (W, + W,,) aslekTpnieckoro 1 MarHUTHOTO TOJIEH, 3a-
KJIoueHHas B oObeme V, namensietcs: Bo BpeMenu. CKOPOCTb ee yMeHbIIIeH!sT PaBHA

—Q(W3+W“):—Ig ED_ _HB),,
ot ‘ ol 2 2

Vv

B ob6uiem ciryyae [ist aHU30TPOITHOM CPeibl UMeeM

? (ED] d (ExDx +E,D, +EZDZJ

a\ 2 ) or 2
E?+¢ E? +¢ E? oD
_ O\ e ME Ry TEE | g Dy g Py p 0D, _ gD
ot 2 a v oot ot ot
M TOYHO TaK Xe
O(HB)_,oB
a2 ot

Takum o6pasom,

ot ot

Bpra)KaH IIJIOTHOCTb TOKa CMeNIeHnA B BU/I€ PA3HOCTU peSy.TIbTI/IpyIOU.Ieﬁ IIJIOTHO-
CTH TOKa U TIJIOTHOCTEN TOKOB IMIPOBO/IMMOCTH U IIEPEHOCA U UCITIOJIb3Y IIEPBOE YpPaB-
HEHHe 1\/13.KCBGJI]IEI7 HaXO0/IuM

—Q(Wa +W,) = I(—EaD —HaBjdv.
or )

oD
E = 8 —'YE _Juep =rOtH —'YE _Juep'
Kpome toro, BTopoe ypaBHenre MakcBeJia JaeT
oB =-rotE.
ot

Takum o6paszom,

—%(Wa +W,) = j(—ErotH +yE* +J,,E + HrotE)dV.
Vv

SaMeTI/IM, 4YTO MMECT MECTO TOXIAECTBO

HrotE —ErotH =div|[E H].
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[leticTBuTenpHO, BeKTOpHOE TTpousBenenue [E H| BeIpaskaeTcsd B BUe
[EH|=i(E,H,-E.H)+j(E,H, ~E H,)+k(E,H,-E H).
CiiegoBaTeIbHO,

div[EH] = E(Esz —EZHy)-i‘i(Esz -E H,))+
ox oy

oF
+§(E":H’/_Eny)=Hx aEZ — Y +HI/(6EX _aEZ)_i_
z ’ : L

oy 0z 0z Ox
OF, OE. | p(oH, ©OH,) .(0H, oH,)_
Lox oy oy oz oz ox
oH
- E, v _OH, =H rot E+H, rot E+H_ rot E—
ox oy ' )

—E rot H-E rot H-E rot, H=HrotE—-ErotH.

CoryacHo I9TOMY TOXAECTBY U Ha OCHOBAHHWMH TEOPEMbI OCTpOFpaHCKOFO MOJKEM
HallucaTb

I(HrotE—ErotH)dV =Idiv[EH]dV =§[EH]ds.

Vv s

Takum 06pa3om, MoJsyyaem

—%(Wa +W,) = [vE*dV +[J,,EdV +§[E H]ds. ™)
Vv Vv s

[TepBblii HHTErpas B IPABON YACTH MOJIYYEHHOTO YPAaBHEHUS MIPEACTABIIsIeT coO0ii
HHEPTHIO, TIOTJIOAEMYI0 B 00beMe V B eIMHUILY BPEMEHU BCJIEACTBUE KOHEYHOM TIPO-
BOJIMIMOCTH CPEJIbI, T. €. 9HEPTUIO, TEPEXO/AILYI0 B TEMJIOTY B TEX 4acTsx obbema V,
rjie cpea obJamaeT yaeabHON TIPOBOMMOCTBIO Y U TJI€, CJI€0BATENbHO, CYIIIECTBYIOT
TOKM TIPOBOIMMOCTH. BTOPOIi MHTETpas ipecTaBsieT coboil paboTy, 3aTpaunBaeMyo
B CIMHUILY BPEMEHM Ha YCKOPEHHE CBOOOIHBIX 3aPsiKEHHbBIX 4acTHIl B oObeme V, T. e.
Ha yBeJIUYEHIE KHHETHYECKON 9HEPTUH ITHX YACTUI[ B TeX 4acTsax obbema V, e cy-
IECTBYIOT TOKHM IMEPEHOCa CBOOOIHBIX 3apsUKEHHBIX YACTHUIL ECau MMeeT MecTo
CTOJIKHOBEHHUE ITHX YACTHI[ C MOJIEKY/JIAMH BEIIECTBA, TO YaCTh COOOIEHHOI M Ki-
HETUYECKON 2HEPTUN TaKXKe MEPEXOUT B TEIJIOTY.

Hasnmane Tperbero wHTErpasa moKasbiBaeT, 4To He BCsT YOBIIb SHEPTHH dJIEKTpUIe-
CKOTO M MATHUTHOTO TOJIel B 00beme V IpeBpaliaercst BHyTPH 9TOro 06beMa B TEILIO-
TY U B KHHETHYECKYIO SHEPTHIO CBOOOIHBIX 3apsiKEHHBIX YacTHIl. BesmdmHa aTOro
TPETHErO MHTETPAJIA TIPECTABIISIET COOON MOIIHOCTD, YNCTIEHHO PABHYIO TOW SHEPTUH,
KOTOpast MepeiaeTcst B eAMHKILY BpeMeH! 13 oObeMa V CKBO3b MMOBEPXHOCTD .

Takum 06pa3oM, MOIIHOCTD TIOTOKA 3JIEKTPOMArHUTHON SHEPTUH CKBO3b MOBEPX-
HOCTb S BBIPAXKAETCS B BUJIE

p=§[EH]ds =§Sds.
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Ortciofia caemyer, 4To yeJabHask MOIHOCTD TTOTOKA 3JIEKTPOMArHUTHON dHEPTUHU, YUC-
JIEHHO paBHAd KOJIMYECTBY 9HEPTHH, TlepeiaBaeMoll B eZIMHUITY BpeMeHHU CKBO3b €/~
HUILYy TTOBEPXHOCTH, TEPIEHANKYIAPHON K HATIPABIEHUIO PACTIPOCTPAHEHUS BOJIHBI,
MOJKET OBITH MPeCTaBIeHa BEKTOPOM

S=[EH]

Vpasuenue (*) 1MOIy4eHO B MPEANONOKEHNHN, YTO B oOsacTt V He COBepIIaeTcst
MEXAaHIIEeCKON PabOTBI 110 TIEPEMEIIEHUIO B TIPOCTPAHCTBE 3aPSIKEHHBIX TPOBO/SATINX
TeJ 1 TIPOBOJANINX KOHTYPOB C TOKaMH, a TaKyKe 110 TepeMenieHuIo OT/eTbHBIX Jac-
Telt cpeibl, HEOAHOPOIHBIX B JIEKTPUYECKOM M MATHUTHOM OTHOIIEHNN. DTO TIPEIIIO-
JIOKEHHUE 3aKJII0YaT0Ch B TOM, YTO BEJIMYKMHBI Y, [ U € OBLIN TIPUHATHI TOCTOSTHHBIMU B
KaK/1011 TouKe mpocTpaHcTBa. CiieoBaTeIbHO, BCE YaCTH HEOTHOPOIHOW CPEIbI, U B
YAaCTHOCTU TIPOBOIHUKH, TPE/IOJAraJiuch HEMOABIKHbIMEI. KpoMme Toro, He ObLIO
[PE/IION0KEHO CyIecTBOBaHUe B obactu V Kakux-1u6o MCTOYHUKOB 3JIEKTPOJIBU-
JKyreil cuibl. YpaBuenue (*) npezcraBisier coOOH BbIpakeHHe 3aKOHA COXPaHEeHUsT
9HEPru¥ B IPUMEHEHUH K TAKOMY CJIydalo.

B 6osiee obimem ciydae BHYTpH 00JacTi V MOTYT CYIIECTBOBATh MCTOUHMKH DJIEK-
TPOMarHuTHOI SHEPrUM, B KOTOPBIX COBEPIIAETCS MPeoOpa3oBaHue SHEPIHU KAKO-
ro-1m60 Buja (TEIIOBOI, XUMUYECKON U T. /I.) MJIM MEXaHUYeCKOil paboThI B 9JIEKTPO-
MarHuTHyIo sHepruo. O603HAYMB Yepe3 p, MOIIHOCTh ITUX MCTOYHUKOB, MOXKEM
HAIMCATh HA OCHOBAHUM 3aKOHA COXPAHEHUSI 9HEPTUM CJIE/IYIOlee PABEHCTBO:

0 2 o
pg_&(Wa-FWM)-F‘J;yE dV+£JmPEdV+f[EH]ds. )

VYMHOKHUB 3TO ypaBHEHUE Ha df, TOJYy4rM, 4TO paboTa, COBEpIIacMast BCEMH UCTOY-
HUKaMK 32 BpeMs df, njeT Ha N3MeHeHHe 3aaca 9HEPrui B MAarHUTHOM ¥ 3JIEKTpUYe-
CKOM TI0JISIX B 0ObeMe V, Ha BbIIeJIEHHE TEMJIOTHI B 9TOM 0ObeMe, Ha yBeJnYeHre K-
HETUYECKON 9HEPruy HaXOAAMMXCs B oObeMe V cBOOOIHBIX 3aPsKEHHbBIX YaCTHIl U
4TO, KPOME TOI'0, 4aCTh HTOH PabOThI COOTBETCTBYET SHEPIHHM, TIEPeIaBaeMoil 3a Tpe-
ZIeJTBI 06JIACTH CKBO3b MTOBEPXHOCTD .

29.4. U3nyuyeHne 3/1eKTPOMArHUTHbIX BOJIH aHTEHHOM.
OnbiThl I'. Fepua. Pa6oTbl . H. Jle6enesa.
N3o06peTteHune paauo A. C. lMonosbiM

Bcestkas 1emnb nmepeMeHHOT0O TOKa, CTPOTO TOBOPS, U3JIyUaeT 3JeKTPOMArHUTHbBIE BOJI-
Hbl. JTO MPUHITUIUAIBHOE TOJOXKEHUEe CJefyeT U3 PelIeHus CUCTeMbl ypaBHEHUM
9JIEKTPOMATHUTHOTO TIOJIs, KOTOPOE MOKET OBITh MOJYYEHO /IS KOHTYPOB TOH WJIN
uHOI hopmbl. B cirenyromux maparpacdax OyaeT IpuBeIeHO pelieHre sl 3IeKTpude-
CKOTO JIUTIOJIS C TTePEMEHHBIMU 3apsaaMy. 371eCh OCTAHOBUMCS JIMIIb Ha HEKOTOPBIX
00MmuX cOOOPAKEHNUSX, CBSI3AHHBIX C BOMPOCOM 00 M3JIYYEHUU JIEKTPOMATHUTHBIX
BOJTH.

[Ipenrmonoxum, 9TO TOK B HEKOTOPOM KOHTYPE YBEJTMUUBAETCS OT HYJIS /10 KOHEY-
HOTO 3HAY€HUs ¥ 3aT€M BHOBb YMEHbINaeTcs /10 HyJist. Ecau yBesnyuBaTh TOK B KOH-
Type 6ECKOHEYHO MEIJIEHHO, TO TIOTOKOCIeTIeHne caMOMHAyKIu W pu ToKe i Tipu-
HUMaeT TO 3HaUeHre, KOTOPOe OHO UMeeT MPU TOM Ke 3HAUEHUH YCTAaHOBUBIIETOCS U
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BeCbMa JITUTEJBHO CYMECTBYIONIETO TIOCTOSHHOTO TOKA. DHEPIHs, N3PAacX0l0BaHHASd
X ar=[idv,
ot
peoOpPasyeTcst TIPH ATOM B IHEPTHIO MATHUTHOTO 10JIst. [Ipu GeCKOHEYHO MeITTEHHOM
YMEHBINIEHUN TOKA B KOHTYpPE BCA dHEPTHS, 3alaceHHasd B MaTHUTHOM T10Jie, BO3Bpa-
maercst o6patHo uctounuky J/IC. OaHaKo MOJHBIN BO3BPAT IHEPTUH MOJIST HCTOYHU-
Ky 9/1C umeer MecTo TOJIBKO P GECKOHEYHO MeJIJIEHHOM U3MeHeHnr ToKa. [Tpu ko-
HEYHON Ke CKOPOCTH yYCTAHOBJICHUS W YMEHBINEHNS TOKA YaCTh dHEPTUNU YHOCHUTCS
U3JIYYEHHON 3JIEKTPOMArHUTHOW BOJIHOM.

Camblil (haKT U3JIyUYeHUs CBSI3aH € TeM, YTO CKOPOCTh ¥ PACIIPOCTPAHEHUS dJIeK-
TPOMArHUTHOTO TI0JI UMeeT KoHeuHoe 3HadeHue. [lycts B MomenT Bpemenn ¢ = 0 Tox
B KOHTYpe HaunHaeT yBeanyuBaThcs. /Jlo MmomenTa ¢ = 0 TOK B KOHTYpe OTCYTCTBOBAJL.
K MomeHTy BpeMeHU ¢, KOTZIa TOK B KOHTYpPE JOCTUTAET MAKCUMATHHOTO 3HAYEHMS,
9JIEKTPOMArHUTHOE TI0JIE YCIIEBAET PACIIPOCTPAHUTHCS TOJBKO HA KOHEYHOE PACCTOSI-
HUE OT KOHTYPa, paBHOe vt(. Ecam Besres 3a TeM TOK B KOHTYPE YMEHBITTAETCS, TO 9Hep-
THs TI0JIT YaCTUYHO BO3BpaIaeTcs MCTOUHNKY. OHAKO rPaHUIIA AJIEeKTPOMATrHUTHOTO
T0JIsl TIPOJIOJIKAET PACIIPOCTPAHSATHCS B TIPEKHEM HAIIPABJIEHUU C TOM JK€ CKOPOCTHIO
0, 1 K MOMEHTY BPEMEHH fy, KOT/Ia TOK B KOHTYPE BHOBb CTAaHET PaBeH HYJIIO, TTOJIe Pac-
MPOCTPAHNUTCS HA PACCTOSHHUE OT KOHTYpa, paBHOE 0vfy. [loaTomy sHeprus momns He
BO3BpAIIaeTcs MoJTHOCThIo uctounuky JJ[C. HacTh aHEpTUN OKa3bIBAETCS CBS3aHHOM
C 9JIEKTPOMATHUTHOM BOJIHOM, CBOGOIHO PACIIPOCTPAHSIIONIENCS B TPOCTPAHCTBE.

W3 ckazaHHOTO SICHO, UTO KOJNYECTBO 9HEPTUN N3TYUECHHON BOTHBI 32 HEKOTOPBIT
MIPOMEKYTOK BPEMEHM 3aBUCUT OT CKOPOCTH U3MEHEHUS ToKa B KOHTYpe. [Ipu mocTo-
STHHOM TOKE U IOCTOSTHHBIX 3apsijlax M3JIydyeHre He uMeeT MecTa. Beskuit KoHTyD,
B KOTOPOM TTPOTEKAET MePEMEHHBIH TOK, TPUHIIATTNAIBHO TOBOPS, N3JTy4aeT aJIeKTPo-
MarHuTHbie BOJIHBL. OIHAKO TP MTPOMBbITILIeHHOI YacToTe f = 50 11 B cuctemax, ¢ Ko-
TOPBIMHU MbI UM€EEM JIeJIO B TEXHUYECKUX YCTPONCTBAX, KOJUYECTBO SHEPTUU U3JTyU€eH-
HO BOJTHBI TIPAKTUYECKN HUYTOKHO, U TIPY PacdeTax Mbl 3Ty 3HEPTUIO He TPUHIMAaeM
BO BHUManwue. V3ydenrie He3aHAYNTEIBHO U B Iara3one 3ByKOBBIX yacToT. [loaTomy
B PalIOTEXHIKE HCIIOMb3YIOTCS BBICOKHE 4acTOThl — Tpubuanrensno ot f = 10° Ty
U BBIIIIE.

CrocoOHOCTh KOHTYpa K M3JIYYEHUIO CUJIBHO 3aBHCUT OT €r0 TeOMETPUYECKOI
KoHpurypanuu. [IJist yBeJMIeHus 910 ClIocOOHOCTH HE0OXOAMMO CO3/IaTh TaKKe yC-
JIOBUST, YTOOBI MATHUTHOE 1 9JIEKTPUYECKOE TI0JIsI, CBSI3aHHbIE C TIEPEMEHHBIM TOKOM 1
HepeMeHHbBIM HATIPSUKEHIEM B KOHTYPE, ObLIN PACTpe/ie/ieHbl B OHON U TOIl ke 06-
JIACTH MPOCTPAHCTBA, OKPYsKAMOIIETo KOHTYp. Tak, Harmpumep, KOHTYP, M300pakeH-
HBIH Ha puc. 29.6, cojiepKaniuil KaTyIKy CAMOWMH/LYKIIMY C TIIIOTHO HAaBUTBIMYM BUTKA-
ME OOMOTKM W KOHJEHCATop ¢ HeOOJBIINM PACCTOSTHUEM MEKAY ILTacTHHAMM,
obsaaeT BecbMa ¢aaboil ClIoCOOHOCTHIO K U3IYYEHUIO, TAaK KaK OCHOBHOE MArHUTHOE
[0JI€ ¥ OCHOBHOE 9JIEKTPHUYECKOE T10JIE COCPEA0TOUEHBI B PA3HBIX 00JIaCTSAX TPOCTPaH-
crBa. V3ydenne He3HAYMTENbHO TaKKe M Y KOHTYPa, M300pakeHHoro ma puc. 29.7.
MaruuTtHoe 1oJie pacrpeziesieHo B/I0JIb TAKOTO KOHTYPA, HO OCHOBHOE 3JIEKTPHYECKOE
0JIe OCTAETCsI COCPEOTOYEHHBIM B HEOOJIBIIIOM TIPOCTPAHCTBE MEXK/Y OOKJIaIKaMu
KoH/eHcaropa. Ho ecsin pasaiBUHYTh OOKJIaJIKU HAa BO3MOKHO OOJIbIIIEE PACCTOSTHIE

BHeNTHUM nctounukoMm DJIC npu yBenmueHun Toka U paBHas A = ji
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ZIPYT OT JIPYTa, BBIIPAMHUB COCAMHSIONINI UX TTPOBOJ TaK, KakK MOKa3aHo Ha puc. 29.8,
TO BJIEKTPUYECKOE W MACHUTHOE MOJISI OKa3bIBAIOTCS PACIpeleIeHHBIMU B OJHOI
U TOii e obsacTy mpocTpaHcTBa. Takas cucrema 00JaaeT BHICOKON CIIOCOOHOCTHIO
K U3JIYIEHHIO.

PuC. 29.6 PuC. 29.7 Puc. 29.8

[lepBbie 3amMevaTebHBIE ONBITHI, AKCIIEPUMEHTATIHHO IOITBEPAUBINAE TEOPUIO
Makcsesuia, 611 TT0cTaBsIeHbl TepiieM. OCHOBHOI KoJiebaTeIbHbIN KOHTYP, TaK Ha-
3bIBAEMBIN BUOPATOP, KOTOPBIM TIOJIb30BAJICST [epIl, 1Mo cyIecTBy, ObLT T0100€H KOH-
TYpY, u3obpaxkeHHomy Ha puc. 29.8. OOKIaK1 KOHIEHCATOPa, BBIIOJHEHHbBIE JTHOO0 B
BUJle ILIACTUH, MO0 B BUE IIAPOB, MOIJIU IEPEABUTaThCs BAOJb CTepxKHel [ u [
(puc. 29.9), yeM KOCTUTATIOCH U3MEHEHNE eMKOCTH CHCTeMbL. YT0OBI HMETh BO3MOJK-
HOCTb 3aPSAUTh KOHAEHCATOP, B IPOBOJE, COCAUHAIIOMEM €ro 0OKIaaKu, ObL1 obpa-
30BaH MEKIY JABYMsI MAJEHBKUMHU IIapUKaMU MCKPOBOil ipoMeskyTok K. OOKmaaku
KoHjieHcaTtopa [epil pucoeanHsyi KO BTOPUUHBIM 33KUMaM UHAYKITMOHHOHN KaTYIITKU
R. Kaxmoe mpepbiBaHie TOKAa B MEPBUYHON 0OOMOTKE KaTYHIKU BBI3HIBAJIO MMITYJIbC
I/1C Bo BrOpHuHOI oOMoTKe. KonmeHcarop saps- R
JKAJICST JI0 HAIPSIKEHUs, TIPU KOTOPOM MTPOCKaKHBaJia [c\ /o]

HCKPa MEKIY MapuKaMiu. 3apsiKeHHbIN KOHIEHCATOP

OKa3bIBAJICA KOPOTKO3AMKHYTBIM uYepe3 WCKpPY, U B

cricteMe BUOpaTOpa BO3HUKAIM KOJIeOAHUsST BechbMa

BBICOKOI yacToThl. YacToTa KoJebaHuil 3aBrCesa OT

eMKOCTH M MHIYKTUBHOCTU BUOpaTOpa. ITH KoJieba- I L

HUST BecbMa OBICTPO 3aTyXasld, TaK KaK MX SHEPIUsI —G % O—
pacxo/oBasiach Ha M3JIy4YeHNMe W Ha BbIjIeJIEHUE Terl- Puc. 29.9

JIOTBI B KOHTYPE.

Jlnst oOHapysKeHUsT 9JIEKTPOMATHUTHBIX BOJIH, W3JIYYEeHHBIX BHOpaTOpOM, lepir
[PUMEHSIJI TaK Ha3bIBae€Mblil PE30HATOP, COCTOSIBIINIT M3 KOJeOATEIhHOTO KOHTYPA,
cHabKEHHOTO MCKPOBBIM MPOMEKYTKOM. [Ipu HacTpoiike pe3oHaTopa B PE30HAHC C
YaCTOTOH 2JIEKTPOMATHUTHBIX KOJIeOaHUI B BUOpAaTOpe B KOHTYpPE pe30oHaTOpa BO3-
HUKAJIM JI0OCTATOYHO CUJIbHBIE KOJIeOaHsl, BhI3bIBABIINE TIPOCKAKUBAHUE UCKPbI B €T0
HCKPOBOM IpoMeskyTKe. 10 jyinHe 9T0i MCKPbI MOKHO OBLIO CYAUTh 00 WHTEHCHBHO-
CTU 3JIEKTPOMArHUTHOTO TOJIsI B MECTe PACIOJIOXKeHUsT pe3oHaropa. lepily yaanoch
0OHAPY/KUTh HJIEKTPOMArHUTHOE W3JIy4eHHe Ha paccTossHun 12 M or BuOparopa,
HMMEBIIIETO TeOMETPUYECKHe pa3Mephl mopsiaka 1 M.
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OmbiThl [epiia mokaszasu, 4To 3JeKTPOMArHUTHbIE BOJHBI PACIIPOCTPAHSIOTCS B CO-
OTBETCTBHHY C 3aKOHAMU, KOTOPBIE BBITEKAIOT U3 TeOpUH MaKcBesta. ITH OTIBITHI MO/ -
TBEPAUIN Takke TUoTesy Makcseia 00 2JeKTPOMArHUTHOI npupoje csera. Ha-
HpaBJIsist U3JIydeHne Bubparopa Ha GOJIBIIYI0 METAJINIECKYIO TIACTHHY HOPMAJIbHO
K ee OBePXHOCTH, [epIil HabJIoal cTostare BOJIHbI, 0O0Pa3yIolecs: B pe3yJibrare Ha-
JIOKEHUST Ha IIPSIMYIO BOJIHY BOJIHBI, OTPaKeHHOH OT 1iacTiHbl. OGHApYyKUBas Pe3o-
HATOPOM Y3JIbI U IIYYHOCTH KOJIeGaHWil B CTOSTYEN BOJIHE, OH TIOJyYas BO3SMOKHOCTD
U3MEPATD JJINHY BOJHBI U, 3Hasl YaCTOTY DJIEKTPOMATHUTHBIX KOoJlebaHuil B BHOpaTo-
Pe, MOT BBIUUCJIUTH CKOPOCTH PACIPOCTPAHEHUS 3JIEKTPOMATHUTHBIX BOJIH. JTa CKO-
POCTh OKa3ajach PaBHOW CKOPOCTH CBETA.

Tepir 0GHAPYIKUII, YTO BIEKTPOMArHUTHBIE BOJIHBI, U3JIy4aeMble BUOPATOPOM, OT-
paskaloTcsl OT METALINYECKHUX 3€PKaJI 110 TEM K€ 3aKOHAM, I10 KOTOPBIM ITPOUCXOIUT
OTpakeHHe OT 3epKajia M CBETOBOTO Jryda, 1 HaOJII0/1a)l TaKsKe MPEIOMIIEHIE SJIEKTPO-
MarHMTHON BOJIHBI IPH IIPOXOKIEHUH €€ CKBO3b OOJIBIIYIO IIPU3MY, CAEJAHHYIO U3 ac-
dampra.

bBaectsimme ombITHI IO MCCIEAOBAHUIO PACTIPOCTPAHEHUS U TMPETIOMJIEHNS B pas-
JIMYHBIX CPelaX 3JeKTPOMATHUTHBIX BOJH U 10 9KCTIEPUMEHTATbHOMY /T0OKA3aTeIbCT-
BY 9JIEKTPOMArHUTHON TIPUPO/IBI CBeTa OBLIH MPOU3BEIEHbBI BBIAAIONMMCST (DH3UKOM-
akcriepumentatopom 1. H. Jlebenesoim. I1. H. JlebGeneB BriepBbie OCYIIECTBUII B CO3-
JaHHOM uM jgabopartopuy BUOPATOP BecbMa MaJbiX PasMepPOB, KOTOPBIA M3Jrydal
BeCcbMa KOPOTKHUE BOJHBI, UMelonre AUy MeHbIe 1 cM. OH oCyIecTBIT TakKe pe-
30HATOP C TEPMOTIPeoGpasoBaTesieM, MO3BOJISIONUI TPUHUMAT CTOJIb KOPOTKHE BOJI-
Hbl. [epir, omepupoBaBiuii BOTHAMU, UMEBITUMU JJIUHY TOPSIIKA METPA, BRIHYKIEH
ObLII CO3/1aBaTh MPU3MBbI 1 3epKasia Gosbiux pasmepos. I1. H. JleGenes B cBoeit ycTa-
HOBKE TIOJYYMJI BO3MOKHOCTH TOJIb30BATHCS TIPEJTIOMIISIONIUMU U OTPAKAIOIIUMU
BOJIHBI YCTPONCTBAMHU BEChMa MaJIbIX Pa3MepOB. DTO He TOJBKO CENTATI0 BCIO IKCIIe-
PUMEHTATBHYIO YCTAHOBKY HETPOMO3IKOM, HO U OTKPHIJIO HOBBIE BO3SMOXKHOCTH JIJIST
MCCIIEIOBAHNSA, a UMEHHO: 0Ka3aJI0Ch BO3MOKHBIM UCCJIE0BATh MPOXOKAEHIE JJIEK-
TPOMATHUTHBIX BOJIH Yepe3 KPUCTAInIecKre Tea. Pe3ymbraTsl 9TOro 3aMedaTesbHo-
T0 9KCcIepuMeHTaIbHOTO rccenoBanus 1. H. Jlebenes omybmukosan B 1895 . B pabote
noj; HazBaHueM «O JIBOMHOM TIPEJIOMJIEHUN JIyYeil JIeKTPUUECKON CUIIBI».

Muposyio caasy nputecian I1. H. JlebGeneBy ero Giectsiiye OmbIThl, B KOTOPbIX OH
BIIEPBBIE KCIIEPUMEHTATBHO JIOKA3as JaBJeHre cBeTa. B TepBBIX OMbBITAX, YCITENTHO
saBepuienubix B 1900 r., I1. H. JleGeaeB oOHapy kg 1 U3MEPUJI JaBJeHNe CBeTa Ha
TBepible Tena. B nocrmenyomux, eme 6osee TPYAHBIX OMbITAX, 3aBEPIIMBIINXCS K
1910 r., I1. H. JlebeneB sKCIIepUMEHTATIBHO I0KA3all CYIIeCTBOBAHWE CBETOBOTO J[aB-
JIeHUsT Ha Ta3bl. Pe3ysbrarer akcnepuMenTaibHbix pabor I1. H. JlebeneBa okazaniuch B
COTJIACUU C BBIBOJAMU MaKCBEJJIOBON TEOPUU JIEKTPOMATHUTHOTO TIOJISI.

VMmeroliee MUPOBOe 3HaueHKe n3oOpeTenne mepBoro paauorenerpada ObLIO cae-
JIAHO BBIIAIONIUMCS PycCKUM (Gu3ukoM u ajekTporeXxHukoM A. C. IlomoBbiM.
A. C. IlonoBy puHAJIJIEKUT 3acyra CO3/[aHNs TIEPBOTO pajroTeserpada u mpuMene-
HUS PAIUOCBs3H s pakTudeckux meseit. A. C. Ilonos co3znas nepBblil MpUeMHUK
pazuotesnerpadHbIX CUTHATIOB. B 9TOM IIpueMHIKe OH MCII0JIb30BAJI [IJISI PETUCTPAIIHI
MIPOXOISIINX JIEKTPOMArHUTHBIX BOJIH TaK HAa3bIBAEMbII KOTe€pep, MPeICTaBISIONI
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cO0O0M CTEKJISTHHYIO TPYOKY ¢ METAJINYECKUM MOPOIIKOM. Takas TpyOKa MMeeT BeCh-
Ma OOJIBIIOE HJIEKTPUIECKOE COMPOTUBIIEHIE, HO MPU MTPOXOKIAECHIN B MECTE €€ Pac-
MOJTOKEHUST AMEKTPOMATHUTHBIX BOJIH COTIPOTUBJIEHIE TPYOKH Pe3Ko majsaet. Biro-
4UB Takyio TpyOKy B 1enb uctournka J/[C, MOKHO TIO PE3KOMY YBETUYEHHIO TOKA
CYZIUTD O TIOSIBJICHUN 3JIEKTPOMArHUTHBIX BosiH. OHAKO TTOCTe TpeKpamienus AeicT-
BUS 9JIEKTPOMATHUTHBIX BOJIH COMTPOTUBJIEHIE TPYOKN BHOBb He BOCCTAHABINBAETCS,
U JIJIs €70 BOCCTAHOBJIEHUsT Tpebyercst BeTpsixHyTh TpyOKy. A. C. ITomnos BBeJ B CBOM
[PUEMHHK YCTPOICTBO /IS aBTOMATHYECKOTO BCTPSIXUBAHUS TPYOKH, [eHCTBYOIIEe
O/l BJIMSIHUEM TOKA, BO3HHMKAIONIETO B IeNN TPYOKM B pe3yJibraTe IPOXOKIEHMS
9JIEKTPOMArHUTHO# BOJIHBL TakuM 06pa3oM, TPyOKa aBTOMATUYECKU PUBOJIMIIACH B
COCTOSIHIE TOTOBHOCTH 3aPETUCTPUPOBATH HOBBIN CHTHAT. JTO H300peTeHne cpasy ke
J1Ia7I0 BO3BMOKHOCTD PETMCTPUPOBATH CUTHAJBI a30yku Mopae.

s yBenmudyenus: uyBctBUTeabHOCTH 1peMa A. C. Ilonos mepBblil TIpesioKuI
HCIIOJIb30BATh AHTEHHY — BEPTUKAJIbHBIN ITPOBO/I, OMIHUM KOHIIOM IIPHUCOEAMHEHHBII
K npueMHOMy ycTpoiicTBy. [lepBonavanmbro A. C. [lonoB nmpuMeHsaa cBoe mIpueMHOe
YCTPOUCTBO JIJIsl PETUCTPAIIH TIPUOIMKAIONIXCST TPO30BBIX PA3PsI/IOB, B CBSI3M C YeM
U Ha3BaJ U300PETEHHOE MM YCTPOICTBO TPO30OTMETYMKOM. 3aTe€M OH TIPUMEHII ITO
YCTPOMCTBO 711 OCYTIECTBICHNS PAJNOCBA3M B BOEHHO-MOPCKOM JIeJIe.

Odurmanbhoit 1aToil n300peTeHnst pano MPUHITO cunTtath 7 Mast 1895 r., Koraa
A. C. TTomnoB BBICTYTIHJI € TyOJUYHBIM TOKJIAJI0OM Ha 3aceJaHn (DU3MIECKOTO OT/IeIe-
must Pycckoro ¢husuko-xummdeckoro obiectsa Ha teMy «O6 OTHOIMEHUN MeTaJlIu-
YECKMX MOPOIIKOB K 3JIEKTPOMAarHUTHBIM KosiebanusiM». Bo Bpemsi aTOTO [MOK/Iaj1a
A. C. IlomtoB memMoHCTpUpPOBAJ JCHCTBUE CBOETO TIPUEMHOTO YCTPOHCTBA.

CoBpemeHHBIE aHTEHHBI TIEPEAAIONTUX U TPUEMHBIX PAJAMOCTAHITUN OCYTIECTBIIS-
I0TCSI 110 TOMY K€ ITPUHIIUILY, KOTOPbIii OBLT MOJOKEH B OCHOBY KOHCTPYKIIUHU MIE€PBOI
antenHbl A. C. Ilonosa. IIpu KOHCTPYHPOBaHNN AaHTEHHBI CTABUTCS 3a/1a4a CO3/[aHUs
Pa3BepPHYTOr0 KOJIeHATeTbHOTO KOHTYPA. AHTEHHBI, PACIIONOXKEHHbIE HAJ TTOBEPX-
HOCTDBIO 3eMJIH, OOBIYHO COCTOSIT M3 BEPTHKAIBHBIX TIPOBOJIOB, COEIMHEHHBIX ¢ HoJee
WM MEHee Pa3BUTON TOPU30HTAJIBHON CeThio MpoBOOB. [l mepematonieii paano-
CTAHIINMY HWKHMI KOHEI[ aHTEeHHBI TIPUCOEINHAIOT K OTHOMY M3 3aKMMOB KaTyIIKN
reHepatopa aJeKTPOMarHUTHBIX KoJieOaHWil BBICOKOW 4acTOThl. JIpyroil 3askum Ka-
TYIIKU COEIMHAIOT C 3eMJlell yepes clielnaabHylo cucteMy 3asemintess. /]C Boico-
KO 9acTOThI, BO30YsK/IeHHAs] B KATYIIKE TEHEPATOpa, CO3MAeT MOIIHbIE KOJeOAHS
TOKa B aHTEHHe, KOHTYP KOTOPOIl OOBIYHO HACTPAUBAIOT B PE30HAHC C YACTOTON KOJIe-
GaHWiT B TeHeparope.

MOoTIHOCTD M3/TyYeHUsT AaHTEHHBI MOKET OBITH BBIYNC-
JIeHa cJIey oMM ITyTeM. Ecii aHTeHHa pacrosioxkeHa Hajl
MOBEPXHOCTBIO XOPOIIO MTPOBOJAIIEH 3eMJIN, TO MOXKHO
IPEICTaBUTH cebe 3eMITI0 3aMEHEHHOTT 3ePKaTbHBIM H30-
Opaxenriem anteHubl (puc. 29.10). OKpyXuUB aHTEHHY
U ee 3epKajbHOE M300pakeHne 3aMKHYTOW TTOBEPXHO-
CTBIO S, TIPUMEHUM K 00beMy V, orpaHMYeHHOMY 9TON
MMOBEPXHOCTBIO, ypaBHeHMWe (**) TpembImyIIero mapa-
rpaca. [logpasymeBast o1 BeTMIUHOM p, TOTBKO MOIII-
HOCTb, PAaBHYIO CKOPOCTH IIepexo/la SHEPI U 13 aHTEHHBI

Puc. 29.10
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B OKpY’Kalollee ee MoJie, T. €. UCKJII0Yas U3 PACCMOTPEHUs MOTEPH SHEPTUU B OKPY-
JKartomeM anTeHHy npocrpanctse: Y = 0 u p = 0, Jy, = 0, monyyaem

P, —%(Wa W) =§SE[EH]ds =Sf5ds =i>5nds,

rae S, — HopMaJibHas K MOBEPXHOCTHU S coCcTaBJsAonas Bexkropa llolintunra.

Wamenenue 3amaca sHepruu nojeit (W, + W) B o6beme V 3a 1ie1blii iepuo; KoJie-
GaHMiT TOKa B aHTeHHE PAaBHO HYJIO. [109TOMY CpeiHsIsl MOIIHOCTD BOJIHbI, U3JIyYeH-
HOII aHTEHHON U ee 3epPKaJIbHBIM U300pasKeHeM, PaBHA

1 1
P, :?gpedtzié ?'([Sndt dg:fsmds,

S

npudeM S, ., €CTb cpejnee apudMeTHIeckoe 3a Iepuoj; Kojaebannil 3Hauenne Hop-
MaJIbHO# cocraBistionieil BekTopa IloiiHTHHTA. TakuM 00pasoM, s BBIYUCIECHUS
MOIIIHOCTH U3JIyYEHUsT HeOOXOAMMO OIPEAEIUTh B KAKION TOUKE IIOBEPXHOCTH S JIJIST
Kak/0ro MoMeHTa BpeMenu Bektop [lofintunra § = [E H| u, cieoBaresbHO, HANTH
Besimuusbl E 1 H myTem pellieHns: CUCTeMbl YPaBHEHUN 9JI€KTPOMATHUTHOTO TIOJIA.

29.5. dneKTpoANHAMNUYECKNE BEKTOPHbIN
M CKaNsipHbIA NOTEHLNasIbl 3/IEKTPOMArHMTHOIO NonsA

[IpencraBisieTcst BOBMOKHBIM aHAJTOTHYHO TOMY, KaK 9TO OBLIO CeJaHo TP pac-
CMOTPEHWHU CTATUYECKUX U CTAIMOHAPHBIX TI0JIEH, BLIPA3UTH U B OOIIEM CIIydae st
MepeMEeHHOTO AJIEKTPOMArHUTHOTO 10Jis1 BeKTOpbl E 1 B yepe3 BcrioMoraresbHbIE Be-
JIMYUHBI — BEKTOPHBIN MoTeHnnan A m ckamxapubiil motertman U nonsa. Beenenne
3TUX BCIIOMOTATEIbHBIX BEJIMYUH T[EHHO TeM, YTO OHM JJIs1 OJHOPOHONW 1 M30TPOII-
HOI cpeJbl IOBOJIBHO IIPOCTO BBIUMCJISIIOTCS 0 33/IaHHBIM paclipe/iesIeHUIO B IIPO-
CTPaHCTBE W U3MEHEHUIO BO BPEMEHU CBOGOIHBIX 3apsiIOB U TOKOB MTPOBOIMMOCTH U
nepeHoca. EcrectBeHHO, uTo ipu 9ToM A u U siBiistiorest GyHKIUSMA He TOJIBKO KOOP-
IITHAT, HO ¥ BPEMEHU.
Bynem mcxoanTh U3 COBOKYITHOCTU YPABHEHUN 3JIEKTPOMArHUTHOTO T10JIS:

rot H = 98; rotE =—@;
ot

oD
8 = an + JCM +Jncp = (an + ']ncp) + E’

D=cE;, B=uH; divD=p; divB =0.

31ech 0603HAYEHDI: Jyp — IJIOTHOCTH TOKA IIPOBOAUMOCTH; &, = 0D /0L — 1I0THOCTD
TOKa cMeleHus U Jy, — IMJIOTHOCTb TOKa MepeHoca.

YMHOKast IepBoe ypaBHEHUE HA [L ¥ UCTIOJIb3Ys TPEThE, UETBEPTOE U MATOE yPaB-
HEHUs, MOKEeM TIPU [L = const 1 € = const IPUBECTU Ty COBOKYIMHOCTH K YeThIPEM
YPaBHEHUSIM:

oFE oB
rotB=pJ, +J, . )+ep—; TOtE =——;
l"’( np ncp) H 6t at
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divE = B; divB = 0.
£

[Tocnennee ypaBHeHUE MaeT BOBMOKHOCTD MPENCTaBUTh BeKTOP B uepes gexmop-
HoLil nomenyuail A 3IeKTPOMArHUTHOTO TOJIST B BUJIE

B =rot A, *)

tak Kak Bcerga div rot A = 0. VI3 BToporo ypaBHEHUsI UMeEM
rot E = —grot A=rot —% ,
ot ot

4TO YAOBJIETBOPAETCAA, €CJIN ITOJIOKUTDH

E :—%—gradU, 9
ot

tak Kak rot grad U= 0. Besmuuna U ecTb cKaIapHblii NOMEHUUAL DTIEKTPOMATHUTHOTO
IOJISL.

[Toncrasus Bopaskenud (*) u (**) B mepBoe ypaBHEHHE 37€KTPOMATHUTHOTO TOJIH,
HoJrydaem

2
rotrot A = p(J,, +Jncp)—8}l(z;1 —gp grad %
t

Kax 6b110 nIokaszaHo B § 27.2, UMeeT MeCTO TOXKIECTBO

rot  (rot A) = aidivA ~V?A, =grad  (divA)-V’A_.
X

CocraBnigas Takue e BbIPaKEHUS I TIPOEKIid A, n A, yMHOKast 9TH BbIpae-
HUS HA OPTHI U CKJIAJIbIBAS UX, TOJIyIaeM

rotrot A =graddivA -V’ A.
CiiefoBaTeIbHO,

2
graddiv A= V" A=p(J, +7,.) ~eu "2 —opgrad O
t

Bekrop A moka BbiOpaH Tak, 4TO OnpesiesieH ero Buxpb (rot A = B). Mbl Mokem
elre TeM UK UHBIM CTTIOCOOOM OTIPE/IESTNTh PACXOXKIEH e 9TOTO BekTopa. CresaeM aTo
TaK, 4TOOBI YIPOCTUIOCH TIOCJEHee ypaBHEHNE, a UMEHHO, YTOOBI B HEM COKPaTH-
JINCH HepBbeI YJeH B JEeBOW YacTH C IIocjeIJHNM 4JIE€HOM B HpaBOﬁ vactu. C aToi
1[€JIBI0 TIPUMEM

. aU ko
divA =——ep —. )
ot
[Tocsie cokpalieHnst yKazaHHbIX YJICHOB B [IPABOM ¥ JICBOW YaCTsX yPaBHEHUS MO~
JydaeM ypasHenue [lamambGepa 1y BekTopa A:

0’A
VZA_8M67 = _l’l(‘]np +Jncp)‘
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ITO ypaBHEHUE PACIIAIaeTCs HA TPU COOTBETCTBYIOMINX YPABHEHUS 71T TPOEKITHIT
Ay, A, A,, IpIYEM B TIPABBIX YaCTAX OyAyT COAEPAKATHCA COOTBETCTBEHHO POEKITUH
BEKTOPOB TJIOTHOCTH TOKA.

[ToncraBnss Beipaxkenne (**) ns E B ocTaBiieecs TpeThe ypaBHEHUE 3JIEKTPOMAr-
HUTHOTO TIOJISA, TTOJTyYaeM

divE = - divA—diveradU = 2.
ot €
3amensta div A ero Beipakennem yepes U corsacHo paBeHCTBY (¥**) 1 3amevas,
ato div grad U = V2U, naxoamm
2
V2U —ep oU —B,
ot* €
T. €. CKaJISIPHBII TIOTEHIIMAT TIPU 3TOM TaKsKe YAOBIeTBOPsieT ypaBHeHuIo lamambepa.
3aMeTuM, 4TO TIPH MMOCTOSHHBIX MOJSX, Koraa 0A/ot = 0 u oU/ot = 0, ypaBHeHUsT
Jamambepa 1epexo/isAT B ysKe usBectible HaMm ypaBaenus [Iyaccona mis U un A.
Wccnenyst mosie B 06acTu, Tie HeT ¢cBOGOAHBIX 3apsioB (p = 0) U HET TOKOB MPO-
BoauMocTu u nepenoca (Jy, = 0, Jie, = 0), OyeM UMeTh ypaBHEHUSI:
2 2
VU = auﬂ; VZA =sua—A,
ot’ o’
KOTOpbIe HOCAT Ha3BaHWe BOJTHOBBIX yPaBHEHU .

[TosryunM, TOJIb3YSICh HEKOTOPBIMHU OOIIMMU COOOPasKeHUSIMU, BbIpaskeHust st U,
Ay, A, A, onpeiensione 9T BeJIMYUHBI 110 3alaHHOMY PaclpeiesIeHIIo 3apsa/10B 1
TOKOB U UX U3MEHEHUIO BO BPEMEHU U SBJISIONINECS YaCTHBIMU MHTETpaiaMu MIpuBe-
JIEHHBIX BbIllle ypaBHeHuil [lamambepa.

[TpearooKM, 4TO B HEKOTOPOM MaJIOM 3JIeMeHTe 0ObeMa MTPOCTPAHCTBA COJIEP-
SKUTCST U3MEHSIONIUICS BO BDeMeHU 3apsifl g. EcTecTBeHHO, 3TO OCyIecTBUMO (husu-
YEeCKH TOJIBKO IyTEM MPUTEKaHWsI CBOOOIHBIX 3aPsiKEHHBIX YaCTHI[ B JaHHBIH 2Jie-
MEHT 00beMa M3 CMEKHBIX C HUM 3JIEMEHTOB 00beMa W YTEKaHUsI UX U3 JaHHOTO
asleMeHTa 0OGbeMa B CMEKHbBIE ¢ HUM 3JIeMEHTBI 00beMa. OIHaKO CHavYaIa PaCCMOTPUM
ToJie, CO3/IaBaeMOE TOJIBKO 3apsiIOM, HAXOJSIINMCST B JaHHOM 3JieMeHTe 0ObheMa.
[TycTh s1eMeHT 0ObeMa CTOJIb MaJl, 4TO 3apsi/l ¢ MOKHO pacCMaTpUBaTh KaK TOYEY-
HBI.

Bue 3apsiia g noreniuan U yaoBiIeTBOPsiET BOJTHOBOMY YPaBHEHUIO

2

v ot
npuueM v = 1 /\/l,Ts . Haiizem periienuie aToro ypaBHeHUs JIJIsl paCCMaTPUBAEMOTO CJIy-

qasd. Honaraﬁ, 4TO 3apdal HaXOAWUTCA B HadaJjli€ KOOPpJHUHAT 1 obo3Havas qyepes 7 pac-

CTOSTHHE OT 3apsiia 10 TOYKH, B KOTOPOii onpenessiercss U, GyneM nmernb
; ; ; or or «x
rZ:xZ+y2 +2% 2r——=2x;, =2
ox ox r

n a"HaJIOorTu4HoO
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o_y , r_z
oy r oz r

[Tose 3apsiaa g obaagaer chepudeckoil CMMMeTpUeii, 1, caenoBaTenbo, U aBiser-
ca dyHKmei toabko 7 u t. IIpu atom Bekrop grad U HanpaBJ/ieH 110 paguycy U UMeeT
Besinunny, paBuyio grad, U= oU/or. IIpu TakoM yCJIOBUU UMeEM

U _ovar_aux

Ox or ox or r

o’U o (oU\x 0o
e R N e Ml

ox> ox\or Jr ox “ror Ox or

U x* 1oU 1 x oU
T

or> vt ror r*r or

10U 6(1j oU _
r

CocTaBiisisi Takue ke BuIpakenus s 0°U/dy* n 6*U/0z° u ckiapBasi ux, MoJy-
qaeM
2 2
vy - 90Y 20U _10°(U)
or* ror r or

BosHoBoe ypaBHeHue 1mprodpeTaeT BUj
18°0U) _ 10U - ’(rU) _ 1 0°(rU)
roort ot art orr  o* o
[Tocnennee ypaBuenue nas U coBepiiieHHO aHATOTHYHO ypaBHeHUto (*) mag E,,

KOTOpPO€e MBI UMEJIN TIPU MCCIeIOBAaHNN TIJIOCKON BOTHBI B § 29.1. CieoBaTebHo, 110
AHAJIOTUM MOJKEM HaIlMCaTb €ro pelieHne B Buiae

rU = F,(r—vt) + F,(r +ot).

WuTepecysach TOMBKO TMPSIMON BOJHOMW, PACTIPOCTPAHSIONIENCS OT 3apsia, OTPaHu-
YUMCSI PACCMOTPEHUEM YaCTHOTO petnenns Fi(r¥ — o), IpudeM 3aluIieM ero B BUJe

e

ITpu sTom © = 1 /4/ue ecTb cKOpOCTH pacrpocTpaHeHust BOJIHbBI. VTak, nmeem

U:f(t—r/v)'

r

Tak Kak B 4aCTHOM CJIy4ae JIJisl He U3MEHSIONIET0CsT BO BpeMeHH 3apsijia ¢ aTa (hop-
q _q(t-rv)
4drmer 4rme

MyJia JoJKHA Tprobpectr Bug U =

’
, TO, ceoBaresibHo, f |t ——
v

3nech g (t — r/v) — snauenue 3apsoa q 6 momenm epemenu (t — r/0), npeduecmeyio-
wutl momenmy epemenu t, 8 komopwiii onpedensiemcs U. IIpu amom r/v ecmv npomency-
MOK 6peMeHiL, 6 meueHue KOmopozo 60aHA, QBUNCYULASC CO CKOPOCBIO U, NPOXOOUM
nymo .
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Ecuu 3apsizpl pacripeziesieHbl B HEKOTOpoM oObeMe V mmpocTpaHcTBa ¢ 06BEeMHOI
IJIOTHOCTBIO p(X, ¥, 2, t), aBJsionieiics hbyHKINel KOOPANHAT U BpeMeHH, TO, TIPUMe-
HSIST TIOJIYIE€HHOE PeIeHne K aJieMeHTapHoMY 3apsify dq = pdV, 3akTI09eHHOMY B 2Jie-
MeHTe 0ObeMa dV, U cyMMUPYsT TTOTEHIMATBI B HEKOTOPOU TOYKE TMOJIST OT BCEX dJie-
MEHTAPHBIX 3apPA/I0B, MTOTyIaeM

J p(t— r/v)dV

4n8 r

r7le ¥ — pacCTOSTHUE OT 3JIeMeHTa 061>eMa dV no Touku, B kotopoil onpezensiercs U.
[Tocientee BBIpaKeHUE SIBJSIETCSI YaCTHBIM pellleHueM ypaBHeHust JlamambGepa
g U.
AHaJIOTMYHBIM TIyTEeM IOJIy4aeM 4YacTHbIE pellieHust ypaBHenwii [amambepa st
MPOEKITNiT BeKTOpa A:

J, (- r/v)dV JJ (t- r/v)dV A J. (t=rfv)ydV.

* 4n r 4nv

A z
4n r

3necw J (t — r/v), J,(t — r/0) m J,(t — r/v) — 3HaYEHNST NPOEKIUIT BEKTOPA TLJIOT-
HOCTH TOKa TIPOBOMMOCTH HJIU TIepeHoca B ajieMeHTe oObeMa dV B MoMeHT (¢ — 7/v),
npedwecmeyowuli MOMEHTY ¢, B KOTOPBIiT onpezendiores A,, A, n A,.

[ToryuenHble BbIpaKeHUS IEPEXOIAT IIPU MIOCTOSTHHBIX TOKAX B Hall/leHHbIE paHee
BbIpakeHus (cm. § 27.2).

[TosyueHHDII pe3y IbTaT NMeeT TIyOOKOe MPUHITUITHATbHOE 3HAUYeHe — OH BbIpa-
JKAeT TO CYIIECTBEHHOE OOCTOSITENBCTBO, YTO JEKTPOMATHUTHBIE BO3MYIIIEHUS Pac-
MPOCTPAHSIOTCS OT IIEHTPOB BO3MYIIEHUS C KOHEYHOI CKOPOCTBIO ¥, ¥ YeM JIAJIbIIe OT
IIEHTPa BO3MYIIEHsI, TeM GOJIbIle 3ama3/biBaeT ux jaeictsre. COOTBETCTBEHHO CKA-
aspuwti U 1 gexmopivlii A TIOTEHITUABI, BBIpaskaeMble TIocaeTHUMU (hOpPMyJIaMu, Ha-
3bIBAIOT 3JEKTPOJMHAMUYECKUMU 3aMa3/bIBAIONUMU MOTEHI[UA-
JTaMHU.

B sakioueHne o6paTMM BHUMaHUE Ha TO, YTO BbIPasKEHUE ISl HAIIPSIKEHHOCTH
asleKTpudeckoro moJst (¥*), momumo uinena (—grad U), copepskut ere uieH (—0A,/ot).
CocrapJisist TMHENHBINH HHTETPAJ HAIIPSIKEHHOCTHU 3JIEKTPUIECKOTO TI0JIST BIOJIb HEKO-
TOPOTO MPOU3BOTHHOTO 3aMKHYTOTO KOHTYpa, OyIeM NMeTh

o
§E dl = §[ —gradU)dl— —iﬁAdl_ =

TaK Kak i.) grad U dl = 0 u Tak KaK WHTETpa § Adl paBen MmarauTHOMY TIOTOKY @ CKBO3b

MOBEPXHOCTD, OTPAHUYEHHYIO KOHTYPOM MHTETPUPOBAHMSI.

Takum ob6pasom, coctasisionas (—OA/0t) HaPSAKEHHOCTU SJIEKTPUIECKOTO TIOJIST
nMeeT cmbica I/ C, uHAYyIIUPYEeMOT TIepeMEeHHBIM MarHUTHBIM ITIOTOKOM, OTHECEHHOM
K €/IMHUIIE JJIMHBI B HAIIPABJIEHUN 9TOU COCTaBJISIONIEH.

B asekTpocratuyeckoM 1oJie U 9JEKTPUYECKOM CTAIMOHAPHOM I0JIE OKOJIO He-
MOIBUXKHBIX TPOBOTHUKOB C TIOCTOSTHHBIMU TOKAMU 9JIEKTPOIBILKYIIINE CUJIBI MHIYK-
U OTCYTCTBYIOT, M HATPSKEHHOCTD 9JIEKTPUIECKOTO MO B 9TOM CIIydae OTpeess-
ercst TosbKo wieHoM (—grad U), npudem U He 3aBUCHUT OT BPEMEHH.
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29.6. DNeKTpPUYECKUA AMNO/Nb C NepeMeHHbIMU 3apsaaamMmn

PaccMOTpUM 2JIeKTPHIECKYIO KOJIEOATEbHY IO CUCTEMY, 00PAa30BAHHYIO TBYMSI MAJIbI-
MU METATMYECKUMU chepaMi, COSTMHEHHBIMI TTPOBOAHUKOM O [. TIpeamosto-

JKUM, 9TO BCSI €MKOCTh TaKOTO BHOPATOpa €CTh V4
eMKOCTb MeX1y cdepamMy U 4TO COEIUHUTEJIb- A
HBII TIPOBOHUK 00JIaa€T TOJBKO UHIYKTHBHO- rsin
croio. [Ipr BO3HUKHOBEHUM KoJieOaHUiT B TaKoii 2 B
cucTeMe IIePEMEHHBIH TOK i B IPOBO/IHUKE B KaJK- 0 y
JIbIIE MOMEHT BPEMEHU MMeeT OJIHO U TO ke 3Hade- "
HUE BJIOJIb BCErO IIPOBO/IHUKA. +q r
Takoii BUOPATOp HA PACCTOSIHUSIX 7' OT HETO, ~ 0 Y

HAMHOTO MPEBBINIAIONINX [, MOKHO paccMaTpu- -q

BaTh KakK JIUIOJb C IEPEMEHHBIM 3JIEKTPUUECKUM Y

MomeHTOM ¢gl. TToMecTiM UTIONb B HaYaIe Koop-

JIMHAT 1 HAIIPaBUM ero och 1o ocu OZ (puc. 29.11). Puc. 29.11
3aIma3apIBAIOITII BEKTOPHBIHN TOTEHINAT A B TOUYKe, YAATEHHON Ha PACCTOSTHAE 7

ot BUOpaTopa, paBeH

i(t—rfoydl _pit- r/v)l

47r r 4t r

A=

[Tocrientee BbIpaskeHMe TOTYYAETCs, €CJU YI€CTb, 9TO 1pu 7 >> [ Benmuuuny 1/7,
a Takke, B COOTBETCTBUU C BBIINEOTMEUYEHHBIM TTOJIOKEHIEM 00 OJMHAKOBOCTH TOKa
B/IOJIb TIPOBOJTHUKA, U BeJIMUNHY (¢ — 7/0) MOKHO BBIHECTU 3a 3HAK WHTETpaJa.

3aras3apIBaAONINI CKAISPHBIN TTIOTEHITHAT B TOH K€ TOYKe PaBeH

g 1 [q@—r'/v)_ q(t—r"/v)}
4me v r" .

ITpu r > [ umeem

7,.!~ _Z . "o +Z
~r Ecoscp, r=r Ecoscp.

Paznaras atu BbIpaKeHUA B PA/JL 110 CTEIIEHAM MaJIOHN BeJTMINHEI 5 COS @ 1 OTrpaHun-

YMBasChb ABYM:A IIEPBbIMU YJIEHAMUW PA3JIOJKEHNA, ITOJTyHIaEM

a-rfo) _ ql-rf) 1 o [q(t r/v)}
2 or

v r v

qa(t—1"fo) _ q(t-1/0) | [ q(t - r/v)}
r

+—cos p—
7"’ r 2 r

CieioBaTesIbHO,

U =_lcos<p6[q(t—r/v)}

4ne Or r
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YeoBuMCesT B IasibHEIIIEM OITyCcKaTh 0O603HaYeHne aprymenra (¢ — 7/v) U KpaTko
caTh

q(t-rfoy=q i(t—r/v)=1i
3aMeTuB, uTO
oq_ _10q  0i_ 10
or v Ot or vot’
Oy/1eM, TOJIb3YSICh ATUMHU COOTHONIEHUSIMU, TIPOU3BOIHBIE Og/Or vt 0i/0r 3aMEHSITh yM-
HokeHHbIMU Ha (—1/v) mpousBogHbIMU Og/0t M 0i/0t. Kpome Toro, 3aMeTUM, UTO
dq/ot =in &*q/ot> = 6i/ot.
Cocrasmoniye BeKTopa MAaTHUTHON WH/TYKITNU OMPEESAIOTCS U3 COOTHOIIEHUIA

B, =rot A, B, =rot,A; B, =rot A

il
3amerus, ut0 A, = A, =0n A, = Z—, HaXO0IUM
18

g -0A. oA or _plf i 10ily.
Yooy or oy 4m\ P r’

r rov Ot
0A, _ 04, or _ _Hl(_i_Min.

B = Z = -
2

== B, =0.
Y ox or ox 4\ r 1o Ot

’
’
Tak xax B,/B, = —y/x, To BekTOp B KacaTesieH K OKPY/KHOCTH, JIeKAIIEH B ILIOCKO-
CTH, IEPIEHANKYIIPHON K ocu OZ 1 uMeloIiel 1eHTp Ha 9Tol ocu (cM. puc. 29.11).
ITHU OKPY>KHOCTH SABJAIOTCSA MarHUTHLIMM JuHuAMU. CiefoBaTesbHO, B chepuye-
CKOH cHCTeMe KOOPJIMHAT 7, @, 0. BEKTOp B nMeeT enHCTBEHHYIO COCTABIAIONIYIO By,
pasHyo 1o sHauennio | B, | =B} + B, . Tak kak \Jx” + y* =7sin ¢ u sHak B, gomken

coBnazarh co snakom B, nipu y = 0 u x > 0 (cm. puc. 29.11), To
Buzu—l i+i@ sin(p:ulsmq) @+gi . )
4\ r* root dmro \ ot r

Ompenemnm cocrapraomue Ey, E, n E, B chepuuecknx KOOpANHATAX, MOJIb3YICh
BBIpAKEHUEM

E = oA —grad U,
ot

npuyem 3amMetum, uto A, =0, A, = A, cos ¢ u A, =—A, sin ¢ n yro U MOKHO 1IpescTa-
BUTDH B BU/E

U - _ZCOSM(QJZ _lcosw(_iaq_fJ]:lcwp[iJ}

4dre Or\ r 4me root 7’ 4me 2

o r
Tax xak A, u U He 3aBucar ot a, to E, = 0. lanee nmeem

__aA,_aU__uzcowai_zcow(_151-_l- 1661_24}

" ot or 4re Ot  4me o’ ot r*n rvot



nasa 29. lepeMeHHOe 3neKTPOMarHUTHoe none B avanektpuke 223

1 .
Tak xax = W, TO IEepBOE CjlaraéMoe 1 MePBbIN YJIEH B CKOOKax COKpalaroTcda n

)
HoJIyyaem
. 2 k%
£ :lcoscp ﬁ+2'q :2ulcoscp 9i+v—q. (**)
4dne \r’o * 4y roor?
Haxomer,
- 04, 10U _ulsingoi Isne( 1 2q, a
¢ ot roe  4Amr ot 4ne \rroot P
wim
: . 2 &k
E(P:LSIH(P @+9i+v—2q . S

4rr \ot r r

[Tockoabky E, =0, T0 E L B.

B nanbHeiinem OyzemM paccMaTpUBaTh BaKHBINM TPAKTUYECKHI CIydail CHHYCOM-
JATBHOTO M3MEHEeHUs TOKa B pumoJe: I, sin of. C y4eToM KOHEYHOI CKOPOCTH pac-
MPOCTPAHEHNS 3JIEKTPOMArHUTHBIX BOJIH B BBIPAKEHNN IS HATIPSKEHHOCTH AJIEK-
TPUYECKOTO TOJIA U JIJIT MATHUTHOW WHIYKIINYA MBI IOJKHBI TIOJICTABUTD BEJTMUNHY
i=1,sin o (t — r/v). Bameuas, uro wr/v = 2nr/(To) = 2nr/\, rae T — nepuon Koyeba-
HUN U A = 0T — [yIuHA BOJHBI, TIOJIyYaeM

@:a)lmcosm t—z ; gi: L ol,, sin® t—z ;
ot v r 2nr v

9 2
v2q=—( A j mlmcosm[t—r)
r 2nr 4

CrenoBarenbno, B BoIpaxkenusx Ans B, E, u E, aMIumTyna Kaxa0ro mocIenyo-

HIETro 4JjeHa OTJINYA€TCA OT aMIIUTY/Ibl IPEAbIAYIIETO MHOXUTEJEM —.
mr

29.7. dneKTpoOMarHMTHOE NnoJie Ha pacCTOSAHUAX OT AUNONA,
Ma’iblX NO CPAaBHEHUIO C A/INHOWN BOJIHbDI

[Iycth << A. B aTOM cirydae MOKHO OCTaBUTH TOJIBKO TTOCIEIHIE YJIEHbI B BhIPAsKe-
nusix aist By, E, n Ew' Nnaeem

- uli snzup; E

_2lgcose. £ _lgsing
4mr 4mer? '

B

’

4mer?
[Tpu atom npubsskerHas hopmya aast B, coBnagaer ¢ dhopmysoil Bruo—Casapa—
Jlammaca, cripaBeiIMBOIL JIJIs TOCTOSTHHOTO TOKA. [Ipubimkentbie hopmyJist st E, u
E, coBnamaior ¢ ¢opmynamMu, BRIBEIEHHBIMU PaHee I CTaTUYECKOTO AUTIONA (CM.
§ 24.2).

PaccMoTpeHHbIe 3/1eCh JIeHbl 00X BBIPAKEHUH /11 COCTABJISIIONINX BEKTOPOB B
nkE OIIpeAeJIAIT TOJIBKO PEAKTUBHYIO MOIITHOCTD B CBA3U C TEM, YTO MTHOBEHHbIE Ha-
IPAXKEHHOCTH MAarHUTHOI'O W 9JIEKTPHUYECKOTI'O noJjen CABUHYTbI OTHOCUTEJIbHO /IPYyT
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Ipyra o ¢aze Ha YyroJi m/2, Tak Kak Ha 9TOT YTOJ CABUHYTHI 10 (haze i U ¢. 3aMeTuM,
YTO COCTABJISAIONINE, KOTOPHIMU MbI 3/1€Ch TIPEHEOPETIN, HO KOTOPbBIE CYIIECTBYIOT 1 B
paccMaTpuBaeMoii obsactu (7 << ), ONpeaeasioT aKTUBHYIO MOIIHOCTb, 4TO Gyer

MOKA3aHO B cJe/yioleM naparpade.

29.8. 3J'IEKTpOMaI'HMTHoe noJsie Ha pacCToAHUAX OT Annons,
3HAQ4YUTEJIbHO NMpesBbllUaloWnX AJIMHY BOJIHbI
IIpn 7 > A B BeIpakenuaAx s By, u 1 E, MoxkHO npenedpedb BCeMH YjleHaMu, Kpo-

Me TepBbiX. Bemmunnoii E, MOKHO mpeHeOpedb MOJTHOCTHIO, TaK Kak 00a ee djeHa
BeChbMa MaJIbl 110 CPABHEHMUIO C MEPBBIM YJIeHOM cocTasiistionneii E,. Mmeem

B, = mwlm cos((ot—m = Wi, sin @cos a)t—@ ;
4dnro 4 2\ A

E¢=W“m¢chm@M—Wj=dg=1zg=J“Hw
4mr v \/E €

Boumna, nMetoras takoii xapakTtep, Ha3bIBaeTcs cheprudecK o if.
MpbI IpUXoauM K 3aMeYaTeJbHOMY COOTHOIIEHWIO, TOJydYeHHoOMYy pamee TIpH HC-
CJIe/IOBAaHWY TIJIOCKOW BOJIHBIL:

2 2

Takum o6pazoM, u aasi chepudecKoil aJeK-
C _ TPOMATHUTHOI BOJIHBI HEPTHST JIEKTPUUECKOTO
,/ Bing A Ha 110/151 paBHA 9HEPTUU MATHUTHOIO IIOJISL.
/ . \ OtMmetuMm ocobo, yto E nu H uMmeroT oauna-
\ KOBYIO (haszy KoJsieOaHU W, CIIe0BATEIBHO, OIl-
“. penessioT coboil aKTUBHYIO MOIIHOCTh. BekTop
i [ToitHTHHTA, KaK 3TO BUAHO M3 puc. 29.12, B Jio-
\ & ; 60iT MOMEHT BpeMeHHU U B JIF0OOI TOUKe Harpas-
% / JIeH TI0 PAIYCy ¥ B CTOPOHY OT IUTIOJS U, CJIEI0-
N , BaTeIbHO, SHEPTH TTEPEAETCS B HATIPABJICHUH Pa-
S L7 JITYyCOB OT JAUTIOJA. JTA SHEPTUS yKe He BO3BPpa-
maercst 00paTHO K MCTOYHUKY ¥ SIBJISIETCST 9HEP-
THel M3JTyIeHHOTO 9JIeKTPOMATHUTHOTO TIOJI.

eE’ uH’®

Puc. 29.12

29.9. MOWHOCTb U CONPOTUBJIEHUE U3JTYUYEHUA ANUMNONSA U aHTEHHbI

Oxpy:XuUM AUTIONb cPepruIecKoil TOBEPXHOCTHIO, UMEIOIIEN TIEHTP B MeCTe PacIio-
Jgoxxenus aunods (puc. 29.12), u BBIYUCIUM MOITHOCTH ITOTOKA 3JIEKTPOMArHUTHOM
9HEPTUH, TIPOXOISIIEN CKBO3h 3Ty TTOBEPXHOCTh. HopMasibHast K TTOBEPXHOCTH ChephI
coctapsiomas Bexropa [loiinTunra pasna S, = E,H,. Otauunoe ot Hyna cpejanee
apudmeTnyeckoe 3a IepuoJi 3HaueHue 3TOW cocTaBisdioniell Bektopa IloWiHTUHTA

7
Sncp: !

?J‘ E¢Hadt MOJKET IMOJMYYUTHCA TOJBKO OT TEX COCTABJIAIOMINX ITPONU3BEACHUA

0
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E,H, = E,B,/1, KOTOpbIE ABISIOTCA NPOM3BEACHUAMM YIEHOB BbIpaskenuii (*) u (***)
B § 29.6 s B, u E,, naxopammxcs B o1nHaKoBO# (hase. K HUM oTHOCATCA MponsBe-
JIEHNE TIEPBBIX 4IeHoB B, n E, npousseaenne nepsoro uiena B, n tperbero ynena k,
¥ TIPOM3Be/IeHIe BTOPBIX 4ieHOoB By, u E,. Jlerko yoeauThes, 4To 1B IOCTeHIX PO~
M3BEIEHNS B CYMMe He JIAi0T OTJANYHON OT HYJS CpelHell MOIIHOCTH.

Taxum 06pa3zoM, ocTaeTCs TOJIBKO TPOU3BeIeHNe TIePBBIX 4ieHoB By, i E,, KoTopbie
OB PACCMOTPEHBI B npez[bmymeM naparpade. imeem

12 2 2nr
,I sin® ¢ cos?| ot — == |dt.
I 4r*)? i ( 3 j

T
2
YunutsiBas, 4TO — f cos? [mt - ;:TJdt = 51, oJry4aemM

e fu ., 1’
S =—"__ /Zsin o= —sm ,
P8 \e °= 41’27\,2 ?

e [ = Im/\E — JICUCTBYIONIUNA TOK.

AieMeHT nmoBepxHOCcTH cepbt (em. puc. 29.12) pasen ds = r do r sin ¢ da.. Cpentsist
MOIITHOCTh BCETO TIOTOKA 3JEKTPOMATHUTHON SHEPTUU CKBO3b MOBEPXHOCTH C(Hepn!
OKa3bIBACTCS PaBHOU

n2n
1'2 2

II =Y \/Esm ¢ |r*sing dodo. =
00

B [sin? odo.
0

Ho
T -1 -1 4
Ising(p do = J.—sin2 @ dcos @ = J.(cos2 ¢—-1dcosop= 3
0 1 1
CJiteioBaTesIbHO,
2w l”
3 Ve a?

Wrak, cpemssi MONTHOCTDb IMOTOKA 2JIEKTPOMAarHUTHON 2HEPTUH, TepeiaBaeMoi
CKBO3b ITOBEPXHOCTH C(Pepbl, OKa3agach OTAMYHON OT HYJIS. DTa MOITHOCTD YUCIECHHO
paBHA 9HEPTUU 3TEKTPOMATHUTHOTO TOJIS, U3NYUAEeMO20 TUTIOJIEM, OTHECEHHON K efTu-
HUTIe BPEMEHU.

Muosxutens npu I2 npecrasisger coboii aKTUBHOE CONPOTHBIICHHE KOJIeOaTeh-
HOT'O KOHTYPa, XapaKTepUsyIollee ero cnocoOHOCTh K uaaydenuto. Ero HaspBaor ¢ o -
NPOTUBJIEHNNEM U3JAyUeHUd. T 9MeKTPUIECKOTO TUTIOJS COMPOTUBIEHIE
n3aydenusi R’ Beipaskaercs (HopmyJIoi

po2m pl”

3 Ve A’
Peanpnasg antenna IpeacTaBIAeT CO6OI>1 60]166 CJIOKHYIO, Y€M [IMIIO0JIb, NU3JIy4al0-
1y CUCTEMY. O6quHO aHTE€HHa COCTOUT U3 IIPOBO/IOB, PACIIONIOKEHHDBIX Ha/l ITIOBEPX-
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HOCTBIO 3eMJIH. YYaCTKU aHTEHHBI 06J1a[a0T EMKOCTHIO 110 OTHOIIEHHIO K 3eMJIe U OT-
HOCHUTEJBHO JIPYT Apyra. BesencTsBue aTOTo MTHOBEHHBIN TOK HEOAMHAKOB BJIOJb
MTPOBO/IOB AHTEHHBI, TaK KaK TOK OTBETBJSAETCS OT MPOBOJIOB B MWAJICKTPUK B BUJIC
ToKa cMmeteHnsd. OHaKo BCer/ia MOXKHO Pa3/ieTUTh TTPOBOJT Ha dJIeMeHTapHbIE OTpe3-
KU JJTHHO# dl, B TIpe/iesiax KOTOPBIX TOK MOKHO CYMTATh OJMHAKOBBIM B KayK/IbIil TaH-
HbBIIl MOMEHT BPeMEHU. TH OTPE3KH C TIePEMEHHBIM TOKOM i MPEICTABJISIIOT OO0 He
YTO MHOE, KaK dJIeMEHTapHbIE TUTOJIN. DJIEKTPOMAarHUTHOE TT0JIe BCEH aHTEHHBI OTIpe-
JIeTATCS Ty TeM HAJIOKEHU TI0JIell BCeX IUTIONE, T. €. TyTeM WHTETPUPOBAHUS BIOJb
MIPOBO/IOB AHTEHHBI.

Haubosiee mpocTo MOKHO MCIIOJIB30BATh PE3YJIBTATHI, TOJTyYeHHbIE JJIs IUTIOJIS,
LTSt aHTEHHBI, PACTIOJIOKEHHOH HaJl TOBEPXHOCTBHIO BECbMa XOPOTIIO TPOBO/ISIIIEI 3eM-
JI ¥ 00pa30BaHHOI BEPTUKAIBHBIM ITPOBOIOM, 3aKaHUMBAIOIIMMCS B BEPXHEN CBOEi
YaCTH CUJIBHO PAa3BUTOM CHCTEMO¥ TOPM3OHTAIBHBIX TIPOBOAOB (puc. 29.13). IIpu atux
YCJIOBHUSIX 3EMJIF0 MOYKHO 3aMEHUTh 3epPKaJbHBIM M300pakeHNEeM aHTEHHbI, a TaKKe
MOKHO ITpeHeOpeYb eMKOCTBIO BEPTUKAIBHOTO MTPOBOJIA. 3aMETHM €lle, YTO TOPU30H-
TaJlbHblE TIPOBOJA M WX 3ePKaJbHble M300Pa’KEHUsT MPAKTHYECKU Majio HM3JIydaroT
9HEPrUIo, TaK KaK TOKU B JIEUCTBUTEJbHBIX TOPU30HTAJIBHBIX [IPOBOJIAX U B UX 3€p-
KaJbHBIX M300pPasKEHUSAX HAIMPABJIEHBI B MPOTUBOMOJIOKHBIE
ctoponsl (puc. 29.13). T TOPU3OHTATBHBIE YIACTKH TIPETHA-
ik 3HAYEHBI /7T YBEJTMUYEHNS eMKOCTH CHCTEMBI, UTO TPUBOUT K
YBEJIMYEHWIO TOKA B BEPTUKATBHOM TIPOBOJIE, & CJIEIOBATEIBHO,
K YBEJIMYEHUIO MOIIHOCTU U3JydeHust. Takum obpasom, pac-

z 7 cMaTpHUBaeMasi aHTEHHA TIPUBOJUTCS K MEPEMEHHOMY 9JIeK-

= TPUYECKOMY JIUTIOJIO, uMelonemy aiuny [ = 2h, rae h — Bbi-

COTa JeHCTBUTETbHON aHTEHHBI. JJIEKTPOMATHUTHOE T10JIe Ha

““*P;I'c"z'g' ‘1'3*“" PACCTOSIHUSIX 7 >> I XapAKTePU3YeTCsl TEMU K€ COOTHOIIEHMSI-

MH, YTO W JIJIST JTUIIOJISL.

ConporuieHue uaaydenns R’ Takoil aHTEHHbI BMECTE C €€ 3epPKaJibHbIM U306pa-
JKeHUeM HaiiJieTcst 13 mocJieiHell (hopMyJibl, eciii B Hell moyioxkuTh [ = 2h. B neiicTBu-
TEJILHOCTHU U3JIyYaeT TOJIbKO caMa aHTeHHa. [[loaToMy conpoTuBieHre U3JIydeH st aH-
TEHHBI ompefeautcs GopMyJioi

R _12z u<2h)2:4ff\ﬁf12
2 23\e A\ 3 Ve n?

OObIYHO aHTEHHA PACIIOJIOKEHA B BO3IYXE U W = L, € = &). 110/ICTABUB YKCJIOBbIE
h? h®
3HAYEHUS &) U [y, HoaydaeM R = (4m)%10 — = 1580 — Om
A A

29.10. Nepenaya 3N1eKTPOMarHUTHON 3HEepPrumn
BAOJ1b NPOBOAOB JINHUMU

[lepenaua srepruut B10Jib TIPOBOIOB JIMHUK OCYIIECTBJISIETCS 3JIEKTPOMATHUTHBIM 110-
JieM, PaCIIPOCTPAHIIONMMNMCS B TUJIEKTPUKE BJIOJIb TPOBOMOB nHUU. [IpoBoga munnm
CITy>KaT HATIPABJSIONIIMU 9JIEKTPOMATHUTHOTO TIOJIA.
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OKpPY’KUM YaCTh JIMHUU BMECTE C IPUEMHUKOM 3aMK- o s
HyTOU moBepxHOCTBIO s (puc. 29.14). Ha ocuoBanmu —i a/ \
/ \
ypasaenus (*), momydennoro B § 29.3, MoskeM HanmcaThn: N = L !S
e IS N r

0 o
—&(Wa +W,) = J;yE dV+:f[EH]ds,

~ -

€cJi B TIPOCTPAHCTBE, OKPYIKAIOIIEM TIPOBOJA JIMHUH, Puc. 29.1‘4--“
HeT cBOOOAHBIX 3apazoB (p = 0; Jye, = 0).

Eciu V — o6bem 061acTH, 3aKJIIOYEHHONW BHYTPU TIOBEPXHOCTH S, TO BEKTOP ds
JI0JIKEeH OBbITh HATpaBJjIeH 1Mo HopMasu N, BHelIHeil K 9Toii obaactu. Eciiu Mbl skenaem
CYUTATH MOJIOKUTENLHON SHEPTHIO, TIEPEIaBaeMyto BHYTPb 00s1acTu V CKBO3b TIOBEPX-
HOCTb S, TO HEOOXOIMMO M3MEHHTh HAMTPABJIEHIE MOJIOKUTETbHON HOPMaJIi Ha 0Opat-
HO€, T. €. IPUHSTH MOJIOKUTETbHON BHYTpeHHIOI0 HOpMaib Ny (puc. 29.14). Bexrop
ds1, HaTTpaBJIeHHDIIT 10 HOpMas Ny, paBeH ds; = —ds. 3aMeHsIsI B TIOCJIETHEM PaBEHCT-
Be ds Ha ds;, MoJyInM

d
LE H]ds, = — (W, +W,)+[vE*dV.
ot
s |4

Mpb1 BuamM, 4TO TpUpalieHne dHePruu 3JeKTPUUYEeCKOTO M MAaTHUTHOTO TOJIel B
O6I>€Me V 1 IOTJIOIIEHME 9HEPTrUM B IIPUEMHHUKE 1 B IIPOBOJAX JIMHNHU, PACIIOJIOKEH-
HbBIX B 9TOM O6"beMe, HpOI/ICXOI[I/IT 3a CUeT Hepeaaqn SHGKTPOMaFHHTHOﬁ 3Hepr1/11/1 B 06-
JacTh V CKBO3b OTPAHUYMBAIONTYIO €€ TTOBEPXHOCTD .

B vactHoM cjIy4dae, Korjga TOK B eI HOCTOHHHbeI, HEpPrud I0JIell He U3MEHSIeTC s
BO BpeMeHI/I. CJIeZ[OBaTeJIbHOy HepBbeI YJICH B npaBoﬁ qacTu I1ocjeaHero ypaBHeHI/IH
paBeH HYJI0, I UMEEM

§)[13H]ds1 = ijde,
s Vv

T. €. PHEPIHs, TOTJIoNIaeMast B TIeN B BU/IE TETIIOTHI, PABHA 9HEPTHH, TIepelaBaeMoil B
ob6sacTh V uepes OBEPXHOCTD S.

TaxkuM 06pa3oM, SHEPTHsL, BhIe/sieMast B MPOBOIHIKE B BU/IE TEILIOTHI, TIEPEIACT-
CS B TIPOBOJHUK CKBO3b ITOBEPXHOCTH MPOBOAHNKA U3 [MAJIEKTPUKA, OKPY;KATONIETO
MPOBOJTHVIK.

B mpocreiiiem caydae st orpeska [ mpsiMOJIMHENHOTO TPOBOIA KPYTJIOTO Ce-
yeHus: paamyca R (puc. 29.15) 310 mOJOKEHNE TMOATBEPIKAACTCS HETIOCPE/ICTBEH-
HBbIM BBIYMCJICHHEM HAIPSDKEHHOCTeH 110Jell Ha IOBEPXHOCTH IIPOBOJA. Bbruncianm
HOTOK 3JIEKTPOMAarHUTHOM 9HEPIUN CKBO3b ITOBEPXHOCTD § OTPe3Ka MpoBoja. Vimeem
H=—'u E, = Z, npudeM E, — cocTaBisionias Harpsi-

21R [
JKEHHOCTHU 3JIEKTPUYECKOTO TIOJIS TI0 KacaTeIbHOM K MO-
BEPXHOCTH TIPOBOJIA U 7 — COINPOTHUBJIEHUE OTPE3Ka
mpoBozia. CieioBaTeIbHO, HOPMAJIbHAA COCTABIIAIONTA
BexTopa [lofinTnnra paBua

Puc. 29.15

i’r

2nRl

S, =EH=
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Bennuuna 2nRIl = s ecTb MI0MA/1b MUITHIPUIECKON TTOBEPXHOCTH OTPE3Ka TIPOBO-
na. MoIHocTb, nepejiaBaeMasi B TIPOBOJI CKBO3b €T0 TIOBEPXHOCTh U3 OKpY:Karoleit
Cpe/lbl, OKa3bIBAETCSI PABHOI

— 42
S,s=ir.

3JIEKTPUUYECKOTO TT0JIeH OKOJIO ITPOBOJIOB JUHUU Tepefaund. JIMHUU HalpsKeHHOCTH
3JIEKTPUUECKOTO TOJIST HECKOJIBKO U30THYTHI, TAK

S
i 0& " ! JIEHUS CAaMUX TPOBOJIOB BeKTOp E y TOBEpXHOCTH
MIPOBO/IA MTMeeT KacaTeJbHYIO K 3TON TTOBEPXHO-
THUHTA B Pa3HbIX TOYKAX MTOJI, TOJydaeM KapTIHY,
n300paskeHHYI0 Ha prcyHKe. Mbl BUIM, YTO TO-

Ha puc. 29.16 moxaszansl HampaBieHUSI JUHWH HAMPSKEHHOCTH MArHUTHOTO U
s KaK BCJIE/ICTBUE HATMYUST AaKTUBHOTO COTTPOTHB-
M

M M
s CTH COCTaBJISIONIYIO TI0 HATIPABIEHUIO TOKA B ITPO-
Or reneparopa K npuemnnky Bozie. Ormipeziesisia HanmpaBieHue Bektopa [loiin-

S

M

@

TOK 3JIEKTPOMArHUTHOW SHEPIUH HAIIPABJIEH B [IU-

M
AJIEKTPUKE OT TeHepaTopa K MPUEMHUKY W 4ac-
Puc. 29.16 TUYHO — BHYTPb IIPOBOJ/Ia BCJIEJCTBUE HAJUYNS

AKTUBHOI'O COIIPOTUBJICHUA IIPOBO/IOB.

Heob6x011Mo 0TMETHTD, 9TO U3THG JTUHII HATTPSKEHHOCTH 3JIEKTPUYECKOTO TIOJIST
Ha puc. 29.16 cuibHO npeyBesyeH. B nosie 1eiicTBUTEIbHOI JINHUY TIepeiadr 3TOT
M3TH0 HUYTOXKEH, TaK Kak KacaTesbHas cocrapisiomast Bekropa E y moBepxHocTn
IIPOBOJIa BeCbMa MaJjia 110 CPaBHEHUIO ¢ HOPMAJIBbHOI coctaBsaonieil (cMm. § 26.2).

[Ipu nccnegoBannM OJTHOPOIHBIX JTUHUH OBLIO TTOKA3aHO, YTO CKOPOCTD JIBUKCHUSA
BOJTH 3JIEKTPUYECKOTO TOKA 1 HAPSKeHUs BAOIb auHun (cM. 4. I1) paBna v = JLC,
rae LuC— MHAYKTUBHOCTb U EMKOCTb JIMHUU Ha €AUHUILY €€ NJINHbI. Tak kax 9HEP-
rus HepeaeTcs 3JeKTPOMArHUTHBIM TI0JIEM B JIU2JIEKTPUKE, OKPY’KAIOIIEM TPOBO/A
JVMHWUU, TO CKOPOCTb 0 JIOJKHA PaBHATHCS CKOPOCTH JBMKEHUS 3JIEKTPOMArHUTHON
BOJIHBI B asiekTpuke. Cie0BaTesIbHO, JOKHO UMEeTh MeCTO PaBEHCTBO

1 1
- - ’
NLC  \Jpe
rae € U u — abCoIOTHBIE AMIJIEKTPUUYECKast U MarHUTHAS TIPOHUIIAEMOCTH JUDJIEK-

TpuKa. B 5TOM BbIpaskeHU¥ L eCTh BHEIHSIST HHIYKTUBHOCT, OITpe/iesisieMast MarHUT-
HBIM TIOTOKOM B auasiekTpuke. Harpumep, mist kabenst umeem (cm. 4. 1)

L=y C=2n8.
2n 7

"
In-2
n

CJiteioBaTeIbHO,
LC = pe.
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29.11. Nepenavya 3n1eKTPOMarHUTHON 3HEPrun
No BHYTPEHHeW’ NoNOCTU MeTaJI/InYeCcKnx Tpy6

B npenpbiayiem naparpade Mbl BUIEH, YTO IIPOBOJA JUHUHN Tepedadn CIysKaT Ha-
MPABJISIONUMHI 3JIEKTPOMAarHUTHOTO I0JIs, BUIKYILIErOCs. B AMDJIEKTPUKE, OKPYsKalo-
meM 9Tu poBoja. OJHAKO TaKyI0 HAIIPABJISIONIYIO POJIb IIPOBOJA JUHUKM MOTYT BbI-
MOJIHSTH TOJBKO MPY YCIOBUH, UTO JJINHA SJIEKTPOMATHUTHON BOJIHBI B INITIEKTPUKE
BO MHOTO Pa3 MPEBOCXOIUT PACCTOSTHUE MEKTY TTPOBOJIAMH, T. €. TOJIBKO TIPU YCIOBUH,
YTO YaCTOTA HAMIPSIKEHUS U TOKA He CIUIIIKOM BeJTUKa. B MPOTUBHOM crydae TIpoBOa
JauHUKA OyayT BecbMa 3(DMEKTUBHO M3JIydaTh 3JIEKTPOMAarHUTHOE I0JIE B OKPYsKaIO-
1ee MpOCTPAHCTBO, T. €. OYAYT AeCTBOBATh TOJ0OHO aHTEHHE.

Takum 06pa3oM, TIPU BeChbMa BBICOKHMX YaCTOTaX, COOTBETCTBYIONIMX TaK Ha3blBae-
MBIM YJIBTPAKOPOTKUM BOJIHAM C JIJIMHOUN BOJIHBI MOPSIIKA HECKOJIBKUX CAHTUMETPOB,
KOTOPBIMHU [TOJTb3YETCsI COBPEMEHHAs PAJIMOTEXHUKA, Y3Ke CTAHOBUTCSI 3aTPYAHUTEb-
HBIM TIEPEIaBaTh SHEPTUIO TT0 JTUHUSIM OOBIYHOTO BH/A. 3aTPYAHCHUS TIPU 9TOM BO3-
PacTaioT elle MOTOMY, YTO TP CTOJIb OOJIBIINX YACTOTAX B U3OJISIIMU [TPOBOLOB BO3-
HUKAIOT 3HAYMTEJNbHbIE TOTepU sHepruu. [Ipu KpersieHnu mpoBOJOB Ha OTAEIbHBIX
M30JIITOPaX UMEEM B MeCTaX PACIIOIOKEHUST U30JISITOPOB CPELY C IOBBIIIEHHON /-
BJIEKTPUYECKON ITPOHMUIIAEMOCTHIO, YTO IIPEBpAIlaeT JUHUIO B CBOEro poja (uisTp,
Cpe3aloInii BLICOKIE YaCTOTDI.

B cBsI311 co BceM CKasaHHBIM OTHOCHUTEILHO CBOMCTB JIMHUK II€PeJadn IIPU BeChMa
BBICOKMX YacTOTaX IPEACTABJSET GOJBIION MHTEPEC BO3ZMOKHOCTD Mepejaun dJIeK-
TPOMArHUTHBIM TIOJIEM SHEPTUN BHYTPH METALTHYECKUX TPYO.

Crenku TpyObI, €CJIM OHU BBITIOJHEHBI U3 MaTepHaia ¢ BeCbMa BBICOKOH yIebHOI
[IPOBOJMMOCTbIO, HE TPOIYCKAIOT CKBO3b ce0s1 9IeKTPOMarHuTHBIE BOJIHBI. B mpe-
JIeJIBHOM cJlydae, Korja Tpyba MMeeT CTEHKHM M3 CBEPXIPOBOJSIIEr0 MaTepuaia,
9JIEKTPUYECKUE TOKH, BO3HUKAIOIINE B CTEHKAX TPYOBI, HE CO3/AIOT Ta[eH ST HAITPSI-
JKeHUsI U, CJIeI0BaTeIbHO, KacaTeIbHAasI COCTABJISAIONIAs HAIPSKEHHOCTH dJIeKTpude-
CKOTO TIOJIS1 Ha BHYTPEHHEH MOBEPXHOCTH CTEHOK BCIOAY J0JKHA OBITh PaBHA HY.JIIO.
CrenoBatenbHo, BekTOp llofiHTHHTA He MMeeT COCTaBIAIONIEH, HOPMAJTBHON K TI0-
BEPXHOCTU CTEHKU. DJIEKTPOMAarHUTHOE T10Jie He TPOHUKAET BHYTPb CTEHOK U MO-
JKET MPU HAJJIEKAIUX YCIOBUSX Iepe/ilaBaTh IHEPIHUIO TOJHKO B HAIIPABJIEHUH OCHU
TPyOBI.

[Ipu meranbHOM aHajM3e YCJIOBUU PACIPOCTPAHEHUs JIEKTPOMATHUTHBIX BOJIH
BJ10JIb TPYObI, KOTOPbIL IPOU3BEAEM B CJeaylolieM mnaparpade, BbIACHAETCS OIHA WH-
TepecHass U BakKHas OCOOEHHOCTb, a MMEHHO: BJOJb TPYObl BO3MOMKHO PaCIIPOCT-
paHeHue TOJbKO KOPOTKUX BOJIH, ISt KOTOPBIX JIJIITHA BOJHBI B CBOOOIHOM ITPOCTPAH-
CTBE OJJHOTO IMOPSIAKA C TOMEPEeYHBIMU PasMepaMy MOJOCTH TPYObI MM MEHBIIE MX.
B cBs13u ¢ 9THM Takue TPyObI TOTYYNIIH TIPUMEHEHNE B PAITHOTEXHUIECKUX YCTPOHCT-
BaxX YJIBTPAKOPOTKUX BOJIH JIJIsI TEPEAYH IJIEKTPOMATHUTHOM SHEPTUN OT TeHepaTopa
9JIEKTPOMATHUTHBIX KOJIeGaHMIT K U3JIyJatoleMy YCTPOUCTBY U MOJIYYUIN Ha3BaHWe
BOJHOBO/L0B. Jl/IMHa BOIHOBOAOB OOBIUHO HEBEIUKA, U, CIELOBATENbHO, IOTEPU
SHEPTUN B UX CTEHKAX, BBI3BAHHBIE KOHEUHOM yAETBHON TTPOBOIMMOCTHIO MaTepHaIa
CTEHOK, He3HauuTe bHbL. [loaTOMY I1pU MCc/e0BaHuK BOTIPOCA O PACIIPOCTPAHEHUN
9JIEKTPOMArHUTHBIX BOJIH B BOJIHOBO/IAX TIPEATIONIOKUM, UTO y/I€JbHAST ITPOBOIUMOCTD
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MaTtepraia CTeHOK OeCKOHEYHO BEJIUKa, He JOMYCKas TPU ITOM CYIIECTBEHHBIX OT-
KJIOHEHUH OT MPAKTUYECKUX YCIOBHH.

29.12. BonHoBOAbI

Jlnist ysicHeHust 0COOEHHOCTEN paciipoCTpaHeHMsI SJIEKTPOMArHUTHBIX BOJIH B MeTaJl-
JIMYECKUX Tpybax pacCMOTPUM HauboJiee TPOCTOI U BMECTE ¢ TeM UMEIOIIN 60JIb-
1roe MpakTU4YecKkoe 3HauYeHUe BOJIHOBO IpsiMOyTosibHOTO cedeHus. Ocp OZ Hamnpa-
BuM Bz10J1b TPyOBl. Oct OX u OY pacrosiokuM Tak, Kak moKasaHo Ha puc. 29.17.
Paccmotpum cirydaif, Korna TUHUM HATPSIKEHHOCTH 3JIeK-
TPUIECKOTO TOJIST PACTIONOKEHBI B TIIOCKOCTSIX, TEPIEHINKY -
Jgsapubix ocu OZ, 1. e. korna E, = 0.
[Tpenmomaras, 4To Bce BeTMYMHBI U3MEHSIOTCA BO BPEMEHHT
M0 CUHYCOWJAJBHOMY 3aKOHY, BOCIIOJB3YyeMCS CHMBOJIYE-
CKUM MeTo/ioM. Kpome TOTO, TIPeATIoNoKUM, 4TO BOJHOBOJ
Puc. 29.17 nmeet OeckoHeuHyto amHy 1o ocu OZ. Tlo anasoruu co ciy-
YaeM JIBWKEHUS BOJIH TOKA M HANPSDKEHWS BAOID JJTMHHBIX
o/tHOpoAHbIX nHUH (cM. . [T) mpepmonosknm, 4To MI3MeHeHre HaNPsKeHHOCTEH ToJiei
B110J1b oct OZ BbIpakaercst (pyHKIIMel B e ', 4To COOTBETCTBYET HAJTUYUIO OHOM
npsaMoii Geryiieit BoJHbI. (3/1ech yepes ¥ 0603HauYeHa BEJINYMHA, UMEIOIIask CMbIC]T KO-
auIenTa pacpocTpaHeHust, B OTJIUYHE OT Y, KOTOpast 0003HAYAET Y/IETbHYIO 2JIEK-
TPUUECKYIO TIPOBOJIMMOCTD BEIIECTBA. )
[Ipu aTux yc0BUSX KOMILIEKCHBIE BBIPAsKEHUS] MTHOBEHHBIX COCTABJISIONIMX Ha-
NPSKEHHOCTE 9JIEKTPUYECKOTO ¥ MAarHUTHOTO 110JIel OYIyT MMEeTh BHJ

GALSLIIIIII IS IIIILY

ANNALUARRNRNNNY,Y
 ANNNNNNRNRNNY

(=)
\
\
<

22227227727

z

T jot =Yz, 17 _ T jot ,=Y'z. 17 _ ().

E =E, e’ E =E, e"e’ E, =0
y T jot —vy'z. T T jot vy'z, T T jot _—y'z
H =H,e"e" H =H, e"e H =H, e"e™,
rje KoMIviekcubie ammarynst E,  E, H,  H, n H,  aBjigores GyHKIUAMA X

uy.

[ToxcraBnsst atu Boipaskenus B ypaBuenus (a)—(e) B § 29.1 u yuuTsIBas, uTo B 1u-
anextpuke y =0 u p = 0 u uTo, Kpome TOTO, 110 ycaoBuio E, = 0, mocse cokpaiieHus Ha

mx?

o6umii MHOKHTEND /e '? mojydaem

oH

sz"_y’Hmy =j0‘)8Hmt; (a) y,Emy =_j('0uHmt; (2)
-V'H,, _sz = joek,,; 6)  —VE, =-jouH,; )
oH ' oE ' .
w M g @ P ot
ox oy ox oy
Hoxcrapnss E,, us (2) B (6) n E,, u3 () B (a), Haxoanm
H =_L,8Hmz. =_L’6Hmz (*)
Y S S

e k2 = y? + o pe.
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Ypasuetnue (8), €Ci B HETO MOACTABUTD BBIPAKEHUS (), Y/IOBIETBOPSIETCS aBTO-
matndeckn. Ocraercs ypasuenue (e). [loacrasnsasasnero E, nE, , 13 (0) 1 (2) u 3a-
tem BvMecto H, u H, ~ux Bbipaxkenus (*), mosydaem ypaBHeHI/Ie I[JIH H,.:

my
o'H,, o'H,
ox? oy’
bynem uckatnb H . Bdopme H,,, = XY, rie X — dyuxnus tonbko x u Y — dyHkuus

+k*H,, =0. .

TOJIBKO Y. HocnenHee ypaBHEHHE TPUHIMAET BUJL

8 X 6 Y L RIXY =0
6x 8y
Pasnenus ero na XY, Haxoaum
2 2 2 2
LOX A0V gy 10X 107
X ox* Y oy’ X ox? Y oy?

JleBas wacTh mocJsieiHEeTO ypaBHEHUS ABJAeTCS (DYHKIMEH TOJBKO X, TpaBasg —
byHukueir Toabko y. CiieoBaTe/bHO, ypaBHEHNE YIOBIECTBOPSIETCST ITIST JIIOOBIX X 1 Y
TOJIBKO B TOM CJIy4ae, ecJIi M JieBasi U TpaBas ero YacTh PaBHBI HEKOTOPOH TIOCTOSTH-
noit Besmunne M2, [Ipn aToM ypaBHeHne paciafaercs Ha 1Ba:

2
%ﬂgf}(:o; ﬂJrn Y =0,
oy*

e &=k -’
Wurerpupyst atu ypaBHeHUs, IOJIydaeM
X =Acos(Ex +9); Y =Bcos(ny +v);
Hmz = HO COS(E_,.X' + (p) COS(WZ/ +\V)1
roe H, = AB.

[TocrosHubIe &, 1, @ U Y OLPEAEISAIOTCS U3 TPAHUYHBIX YCJI0-
BUIl Ha IIOBEPXHOCTSIX CTEHOK BoJIHOBOZA. IIpn cBepxiposos-
MIUX CTEHKAaX Ia/leHUe HAIIPSIKEHUST B HUX PABHO HYJIIO U, CJIE/I0-
BaTeJIbHO, BHYTpU cTeHOK Bcrony £, = 0. [loatomy rpaHuuHbBIM
YCJIOBHEM JIJISI TIOJIST B IMDJICKTPUKE BHYTPU BOJTHOBOJIA SIBJISICT-
CsI PABEHCTBO HYJIIO Y MTOBEPXHOCTU CTEHKHU KacaTelbHOU K 3TOH

MOBEPXHOCTU cocTaBsionieir Bektopa E. Vcmonab3ys aTo ycio-
Bue, mMeeM (puc. 29.18)

Emy:O mpu x=0 n x=gq

=0 mpun y=0mu y=>
U3 ypasuenwuii (2), () u (*) mpu 3TOM HOJTydaem
oH .

ox
ol Puc. 29.18

=0 mpu y=0wu y=>

=0 mpu x=0 u x=gq

%Y
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Iro mnaet ¢ =0; & =mn/a; y =0; n=nn/b, rie m u n — 1esanie yncia. VimeeM oKoH-
YaTesJbHO

: : mnx __ nm
H, =H, cos " cos MY

a

IMoxcraBiists 9TO BhIpaskeHue B ypaBHenue (*) u ucmosb3ys ypasuenus (2) u (0),

HAXO/IUM KOMILJIEKCHbIE BBIPAXKEHUS] MTHOBEHHBIX COCTABJISIONUX HATIPSIKEHHOCTEN
HIEKTPUIECKOTO ¥ MATHUTHOTO TIOJIEN:

: mn mnx _ nm Ly
H, = v mn H, sin 77 cos MY g,
a a
: MAX . NTY iy
H, = v - H cos T gin 7Y it 1,
7 bk a

mnx  nm _
H, = H,cos——cos by el

a
: ounn mnxy . nm .
E, = J “2 H, cos sin Y el
bk a
. jQUMT - . MTX NTY iy .
E, =7 H2 H  sin cos Y vz F 20,
' ak a b

Kpome Toro, ypaBuenue (**) rocie mojcTaHOBKH B Hero Bblpakenus H, ¥ ero
BTOPBIX TIPOU3BOHBIX JIa€T

5] {5 e
a b
2 2
(=] {5 -
a b

Haiinennoe pereHue 1MOKa3bIBaeT, YTO B BOJHOBOJE MOJKET CYIIECTBOBATH Psiji
BOJTH, TIPUYEM KasK/Iasi BOJIHA COOTBETCTBYET Mape 1EeJIbIX Yucesl m U 1. 3alaHue OJ[HO-
BPEMEHHO 7 1 71 PABHBIMY HYJIIO TIPUBOJIUT K PABEHCTBY HYJIIO BCEX COCTABJSIONUX E.
CrenoBaTesbHO, TPOCTEUITNN CIydail MOIYIAETCs, €CIU OHO U3 3TUX YUCET PABHO
HYJII0, a Ipyroe paBHO efqunutie. [lycts, Hanpumep, m = 1 u n = 0. CornacHo moces-
HEMY COOTHOIIEHUIO, IPU 9TOM k = 1t/a U ypaBHEHUS JIJIsl COCTABJISIIONINX HATIPSIIKEH-
HOCTEH TOJIst TPUOOPETAIOT BH

OTKYyZa

!
: ayr o T eye. : : T iy
H, =120, sin™ e, H,=0; H, =H,cos—e"""%
n a : a
: : O o T ey, g
E =0, E, = —j O sin T eire <0,
‘ T a
[locTosiHHAs Y’ MMEET TaKoIl JKe CMBICI, KaK Koduuyuenm pacnpocmpanenus B
Teopur OAHOPOAHBIX JuHuK (cM. 4. I). B obiem ciydae MOXKHO ee IPeJICTaBuTh B
Buje Y = o + jB, Tjie BeJnUYMHA 0 XapaKTepU3yeT 3aTyXaHue BOJIHbI BIoJb ocu OZ u
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MOKeT OBITh HazBaHA KO3 puuuenmom samyxanus, a BeJIMINHA B XapaKTepU3yer us-
MeHerue (asbl Biosb ocu OZ u MOKeT ObITh HazBaHa K0dQ@uiuenmom gasvl.

2
. mn nn
U3 coornomennii k2 = y? + o’ue un (j +[] = k* mosydaeMm IS TIPSAMO-

a b
YTOJIBHOTO BOJHOBO/A CO CBEPXIIPOBOASAIIMMU CTEHKAMM
2 2 skookosk
2 9 9 mmn nm 2 ( )
Y =k —0'ue =| — +? — o e
a

2 2
mn nn
IIpu (j +(b) > w’pe nmeeMm y'2 > 0 1y’ — BelecTBEHHOE YNCTIO, T. €. ' = o
a

u 3 =0. B atom ciyuae mosiyuaeM 3amyxaouyro oamy.

2
Hpﬂ(mnj J{nnj < ®? e umeeMm ¥’ < 0 my’ — MHUMOE 4HCIO, T. €. 7' =j P u o = 0.
a b
B sTOM ciydae mosrydaem BOJIHY, PacipOCTPAHSIONLYIOCS BIOJIb BOJTHOBOIA He3 3amy-
xamus.

MpbI IpUXOUM K WHTEPECHOMY 3aKJII0UEHUIO, YTO JIJII BOJTHOBOJA C 3aJaHHBIMU
pasmMepaMu a U b CyliecTByeT KPUTHUYeCKash 4aCTOTa, olpeessieMast 13 yCJio-

Bus ¥ = 0 BeIpaskeHueM

[Tpu yacToTax HIKE M) HEBO3MONCHO PACTIPOCTPAHEHIE BIIOJb BOJHOBO/A BOJIH €3
saryxanus. [Ipn yactoTax BbIIIE My BOJHBI PACIPOCTPAHSIOTCS 63 3aTyXaHUs.

O6o3Hauas, KaK U paHee, yepes A JUIMHY JEKTPOMATHUTHOI BOJIHBI TIPH €€ pac-
[POCTPAHEHUU B CBOOOIHOM TIPOCTPaHCTBE (BHE CTEHOK BOJHOBOZA), OyIEM MMETh
(cMm. § 29.2)

11 2n 1

=l =——=—"—"-—.
Jue /' e o

C]Ie[[OBaTe]IbHO, KpHTH‘IeCKOﬁ 4acToTe ®p COOTBETCTBYET KPDpHUTHYE€CKasd
JJMHAa BOJHDbI 7»0 B CBO6OI[HOM IIPOCTPAaHCTBE!:

Ay = 27 _ 2

Jheo, /o) + @b

Bemmuunbl o) 1 Ay 3aBUCAT OT YMCET M W 7, ONPEEJISTIONINX XapaKkTep BOJHBI.
Ecnu a > b, To camast Mmastast Kputnaeckast yactota moayaercsa npum=1un=0. Ona

A

. T
OKa3bIBa€TCsI PABHOM M) = ——— — 1, CJIEJI0BATEIHHO, HANOOJIbIIAst KPUTHUYECKAS JJITHA
yue @
BOJTHBI MMeeT 3HauerHmne Ay = 2a. Ecim a =10 cm, 1o Ay =20 ecM u f = 0y/(21) =v/Ay =
=3-10'"/20 = 1,5-10° I VI3 aTOTO IIPUMEPA BUJHO, 4TO BOJTHOBOJ CIIOCOOEH MPOITC-
KaTh 2JIEKTPOMArHUTHbIE BOJHBI TOJTHKO BECHMA BBICOKOI YaCTOTHI.
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Tak Kak IpH © > o) uMeeM Y’ = jB u e/ 7% = /(P9 1o nna nomyyenns Buipae-
HUIA 17151 Z1efiCTBUTEIbHBIX MTHOBeHHbIX Besmuu H,, I, H,, E, n E, HeobX0nnMo B 1X
KOMILJIEKCHBIX BBIPQKEHUAX 3aMEHUTh MHOKUTENDb ¢/ 7 Ha sin (wt — Bz). Bemmuuna
®/P =0 ecTb pazosasn ckopocmsb BOJIHEI.

JlommHa BOJIHBI A B BOJTHOBOJIE TIOJIyYaeTcsl U3 COOTHOIEHMs BA = 21, 3ameHsIs B
cootnomenyn (***) v'2 gepes (—B%) n o’ pe yepes (21/A)?, HaxoUM

SGRGRG)]

2 £2j2 (mjz (njz 1 1 1
—= = -1—=1| -|= Wil — = |— — ——.
A A a b AN A

Otciofia BUAHO, YTO JJIMHA BOJHBI A B BOJHOBOJIE GOJIbIIIE JJTMHBI BOJIHBI A B CBO-
GOIHOM MPOCTPAHCTBE TIPH TOIT JKe YacToTe. ITa pazHuIla TeM OOJIbIIe, YeM GOJIbIIe A

NpUOINKAETCS K KPUTHYECKOI JTMHE BOJHBI A, ¥ TIPU A = A MoJydaeM A = oo,
O o 1 A A
_ A —

B2n e A o
CuenoBaTesibHO, (hazoBasi CKOPOCTH ¥’ 9JIEKTPOMATHUTHBIX BOJH B BOJTHOBO/IE GOJIBIITE
CKOPOCTH JIBUKEHUS 9JIEKTPOMATHUTHBIX BOJIH B CBOOOIHOM HIPOCTPAHCTBE. ITO, KO-
HEYHO, He 03HAYAET, YTO HJIEKTPOMATHUTHOE TI0JI€ JIBHKETCST CO CKOPOCTHIO, GOJIBIIETH,
YeM o, TaK KakK ' eCTh TOJbKO CKOPOCTh, C KOTOPOIl B YCTAHOBUBIIEMCS PEKUME JIBU-
KeTest hazoBoe pacripesiesienue BoJb ocu OZ.

B BoimenceneoBanHOM ciydae Bosib oc OZ BOJHOBO/A UMEET OTJIUYHYIO OT
HYJISI COCTABJISIIONIYIO TOJIBKO HAIPSIKEHHOCTh MarHUTHOTO T0Jiss. COOTBETCTBEHHO
BOJIHBI TAKOTO THIIA MOJIYYNUIH HAMMEHOBaHIE «MarHUTHBIX BOJIH». VIX IpuHSITO 060-
3HavaTh OyKkBOH H. Tak Kak JUHUM HAIPSSKEHHOCTH 9JIEKTPUYECKOTO TOJIST IPU 9TOM
JIeKaT TeJIMKOM B TIONEPEYHBIX CEUEHUSX BOJTHOBO/IA, TO BOHBI TOTO THIIA HA3BIBAIOT
TaK/Ke «IIOTIEPEYHBIMU HJIEKTPIUUECKUME BOJHAMU» 1 0obo3HavaoT OykBamu TE. [lst
[PSIMOYTOJIBHBIX BOJHOBOIOB BBOAAT obosHauyenue H,, (wan coorserctBento TE,,),
MIpUYeM MH/IEKCHI COOTBETCTBYIOT BhITNIEyKa3aHHBIM uncaam m u n. Ha puc. 29.18 uzo-
GpaskeHa B MOTIEPEYHOM ¥ TIPOJIOJIBHOM CEYEHUSIX TIPSIMOYTOILHOTO BOJTHOBO/IA KapTHHA
nosist iuist Bostabl Hyy (v TEjy). CIUTONTHBIMU JIMHUSIMU U300PaKEeHbI JTUHUK HATTPSI-
JKEHHOCTH 9JIEKTPUYECKOTO TI0JIS, MITPUXOBBIMU — JIMHUU HAMPSKEHHOCTH MAarHUTHOTO
nosist. [Ipu GOJIbIINX 3HAUEHUSIX YUCEJT 7 U 71 KAPTHHA MOJIydaeTcst 6oiee CJI0KHOIA.

MoryT cyIecTBOBaTh TaKKe Tak Ha3blBaeMbI€ 9JIEKTPUYECKUE BOJHBI, 0003HAYaAE-
Mbie GYKBOI E ¢ COOTBETCTBYIOIINME HMHAEKCAMU. BOJIHBI 3TOTO THIA XapaKTepH3y-
IOTCSI T€M, YTO B HUX BJI0JIb OCU BOJHOBO/IA OTJIMYHYIO OT HYJISI COCTABJISION[YIO UMEET

Torna

MaszoBas CKOPOCTb MOJKET OBITH IpeacTaBJI€Ha B BU/I€ U=

Tz 1 OJIbKO HAIIPAKEHHOCTD 9JIEKTPHUYECKOTO IT10JIA.

v

ITU BOJHBI HA3bIBAIOT TaKKe «II0IIepE€YHbIMMA
MaroHmuTHbBIMU BOJIHAMUW», O603H3.LI3.9[ ux I1ipu
atom GykBamu TM.

Ha puc. 29.19 uzobpaskeHbl JTUHUN HAIPsi-
Puc. 29.19 JKEHHOCTU MAaTHUTHOTO TO0Jig (IITPUXOBBIE JIH-
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HUW) U 3JEKTPUUECKOTO MO (CIJIONTHBIE JUHWN) [ TPOCTEHUIIero ciaydas —
«9JIEKTPUYECKOI» BOJHBI B IMUJIMHAPUYECKOM BOJHOBOJE. JTOT CJAydall WHTEPeCceH
TEeM, YTO KapTHHA IMOJIST B HEM UMEET MHOTO OOIIEro ¢ KapTUHOI TIOJIST TIPH PACTIPO-
CTpaHEHUH 3IEKTPOMATHUTHBIX BOJIH BJIOJb KOHIEHTPUYECKOTO Kabessi. B orsmdie
ot kKabeJst B BOJIHOBOJIE OTCYTCTBYET BHYTPEHHUIA TPOBO U POJIb TOKOB ITPOBOAUMO-
CTH BO BHYTPEHHEM METAJLIMYECKOM TIPOBO/ie Kabesist B BOJHOBO/E UTPAET TOK CMe-
MIeHUS.

BosaukHoBenme TOTO MJINM WHOTO TUTIA BOJH B OTHOPOHOM BOJIHOBOJIE 3aBUCHT OT
CBOICTB KOHIIEBBIX YCTPOICTB, B YaCTHOCTU OT YCTPOMCTBA, TEHEPUPYIOIIErO BOJIHBI B
HavaJie BOJHOBOJIA.

JLiist BO3OY KIEHUST JKeJIaeMOro THIIa BOJIH MOKHO BBECTH B BOJTHOBOJ METaJLInye-
CKUI CTEp/KEHEK, PACIOJIOKUB €ro OCh B MECTe, I/ie J0JUKHO BO3HUKATh HarboJiee
CUJIBHOE 3JIEKTPUUECKOoe ToJIe KeJaeMOi BOJIHBI, U HAIIPaBUB OCh CTEpPXKEHbKA B Ha-
MpaBJIeHUY JIMHUH HAIPSKEHHOCTH 9Toro 11oJid. [oaBonsa HanpsizkeHne BbICOKOI yac-
TOTBI MEX/IY CTEPKEHBKOM M BOJHOBOJOM XOTsI ObI TI0 KOHIIEHTPUYECKOMY Kabesrto,
MOKHO BO30YIUTH KosiebaHusi B BOJHOBOE. MOKHO TaksKe BBECTU B BOJIHOBOJ He-
GOJIBIITYIO TETJII0 U3 TIPOBOJIOKH, 0OTEKAEMYI0 TOKOM, PACIOJIOKUB METII0 B MeCTe
OXKHMIAEMOTO MAaKCUMYyMa HaINpPsKEHHOCTH MAarHUTHOTO TOJIST TaK, YTOOBI TLIOCKOCTh
nersin Oblia TePIeHANKYIPHA K HallPaBJIeHUIO MArHUTHBIX IMHUI TPeOYyeMOro ToJIs.

Ha mpuemMHOM KOHITE BOJTHOBOZA MOKHO TTPUMEHUTHh aHAJOTUYHBIE YCTPOICTBA.
MOKHO TaksKe OCTaBUTh HTOT KOHEIl OTKPBITBIM WJIM CHAOAUTh €r0 PYIOPOM JIJIsl U3-
JIy9eHUS BOJH B MIPOCTPAHCTBO.

[Ipu cpaBHeHUM XapakTepa 9JEKTPOMATHUTHBIX BOJIH B BOJTHOBOJIE U B OJTHOPO/I-
HOHN JIMHUK OOHAPYKUBAIOTCS HAPSLY ¢ OOIIMME X YepTaMK U CYIIEeCTBEHHbIE Pa3-
JINYKs B HUX. B Teopun oJHOPOAHBIX JUHUI OBLI PACCMOTPEH TOJIBKO IIPOCTEMIINIL
TUII BOJIH, XapaKTePU3YIOLIUXCS TeM, YTO IIPU OTCYTCTBUU COITPOTUBJICHUS ITPOBOJIOB
JINHUU HAINPSKEHHOCTU KaK MarHUTHOTO, TaK U 3JIEKTPUUYECKOTO T10JIsT PAcIoIaraT-
€SI 1IeJIMKOM B IIJIOCKOCTSIX, HOPMAJIbHBIX K HAIIPaBJIEHUIO ITPOBO/I0B. Ecyin Hampasie-
HUEe TIPOBOJIOB Tapasiebio ocu OZ, To 715t Takux BoJiH Beony H, = E, = 0. 9Tu BoJ-
HbI HAa3bIBAIOT TOT € PEeYHBI M U WU TaKKe O CHO BH BI M U JIJISI IUHWH TIePeIavn.
Kax mbr Busienn, a3oBasi CKOPOCTh pactpoCTpaHeHUs 3TUX BOJTH v = 1 /\/ﬁ =1 /\/;Ta
HEe3aBUCUMO OT (DOPMBI KPUBOI TOKA W HATIPSKEHNS WA OT WX YaCTOTHI paBHA CKOPO-
CTHU PACIPOCTPAHEHMS HIEKTPOMATHUTHBIX BOJIH B CBOOOZHOM IPOCTpaHCTBe (TIPU
OTCYTCTBUU MTPOBO/IOB). COOTBETCTBEHHO MPHU MEPUOANYECKOM TIpoIiecce JIIHA BOJI-
Hbl A = 0T paBHa JJIMHE 2JIEKTPOMATHUTHON BOJIHBI B CBOOOJHOM ITPOCTPAHCTBE.

Boaubr Takoro Tuma He MOTYT CyIIECTBOBATH B BOTHOBOE. /lelficTBUTENbHO, eciu B
BOJIHOBOJIE Beiony E, = 0, T. e. ec/iv IMHUY HATIPSIKEHHOCTU 3JIEKTPUYECKOTO TOJIS Jie-
JKaT TOJIBKO B MOTIEPEYHBIX IJIOCKOCTSIX, TO TOJIBKO B 3TUX IJIOCKOCTAX PACIIOIaraiT-
s ¥ JIMHUU TOKA CMEIEHNsT, KOTOPBIE MOTYT ObITh 3aMKHYTHI Ha ce0sT U KOHYAThCST
Y CTEHOK BOJIHOBOJZIA M IIPOJIOJIKATHCSI B CTEHKAX B BU/IE JUHUM TOKA TPOBOIUMOCTH.
AcHo, 4TO Takue JUHUM TOKA CMElleHMs JIOJKHBI OXBAaTbIBATbCS 3aMKHYTBIMU Ha
ceOst IMHUSIMU HAITPSKEHHOCTH MarHUTHOTO TIOJIs], & CJIefloBaTebHo, BeKTop H, BOO6-
e TOBOPS, JOJKEH MMETh OTJIWYHYIO OT HYJIS COCTaBJSIONIyio Baoab ocu OZ
(H,#0).
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Ecau B BomroBoOME Betony H, = 0, T. e. TMHUM HANIPSXKEHHOCTU MATHUTHOTO TIOJIS
JIESKAT [EJUKOM B TIOMEPEYHbIX TIOCKOCTSX, TO HEM30EKHO JOJIKEH CYHNIeCTBOBATh
MPOMOTBHBIN TOK CMEIIEHNs, OXBATBIBAEMBIN ITUMHU JUHUSIMHU, a CJIEI0BATEJIbHO,
E, # 0. Takum 06pa3oM, BOJHBI, KOTOPbBIE SIBJISTIOTCST OCHOBHBIME B JINHUW TTEPEIavi,
He MOTYT CYTIIeCTBOBATh B BOJHOBO/IE. B BOJTHOBOIE MOTYT PaCIPOCTPAHITHCI TOTBKO
BOJIHBI, B KOTOPBIX Jii60 BekTop H, mnbo Bekrop E viMeeT MPOLOJIbHbBIE COCTABIISIO-
nrue. [Ipu aToM BecbMa CyIiecTBEHHO, YTO PACIIPOCTPAHEHHE ITUX BOJIH BJIOJIb BOJHO-
BOJA BO3MOYKHO, TOJBKO €CJIM 4acTora f BbIlle KPUTHYECKOI 4acToThl f. Kpuru-
vyecKasl JUIMHA BOJIHBI Ay = 0/f; UMeeT MOPSIZIOK JUHEHHBIX Pa3MepPOB MOMEPEYHOTO
cevyeHusT BOJTHOBO/IA.

WHTepecHo OTMETUTD, YTO U B JIMHUU IIepeadyrl BO3MOKHO BO3HUKHOBEHME BOJIH
9TOTO TUIIA, €CJIN JIJTMHA BOJHBI A OY/IeT CPaBHUMA C PACCTOSIHMEM MESKILY TPOBOIAMU
JIMHUM, HO TIPU 9TOM JIMHUS OYIeT MPEACTaBIATh OO0 aHTEHHY M 9JIEKTPOMArHUT-
Hoe T10Jie Oy/IeT BeChbMa MHTEHCUBHO M3JIy4aThCsl B OKPYsKarollee IPOCTPAHCTBO, YTO
puBeeT K ObICTPOMY 3aTYXaHWIO BOJIH BAOJIb JUHWK. ECJIU JTMHUS MMeeT BUJ KOH-
HEHTPUIECKOTO Kabesist, M3JlydyeHre 9TUX BOJH He Oy/eT MPOUCXOANTh, TaK Kak 00-
JIaCcTh, B KOTOPOI PaCIpOCTPAHIIOTCS BOJIHBI, 9KPAHUPOBAHA OT BHEITHETO TTPOCTPaH-
CTBA HApPY KHBIM TPYOUYAThIM TIPOBOAOM Kabesst. OaHako kabeb UCIOIb3YIOT 0OBIYHO
mpu Gosiee HU3KUX YaCcTOTaX, TaK KaK OH TPOBOANT YIOMSHYTHIC BBIIIE TOMEPEeUHbIe
BOJIHBI, 2 TIPU YaCTOTaX BBINE KPUTUIECKON MOKHO BOCITOJIb30BATHCSI BOJTHOBOIOM.

[l BOJTH, pacmpoCTpaHAIONINXCST BAOJb BOJTHOBOA, MOXKHO TaKyKe BBECTH TIOHS-
THe BOJTHOBOTO cONpoTUBJIeHUs. [lepenaya sHeprun BA0JIb BOJTHOBOA OTIPEETSIeTCs
B3aUMHO TIEPIIEHANKYISPHBIMU COCTABJIONIUMU BeKTOpoB E v H, neprieniuKyisip-
HBIMM OCH BOJIHOBOJIA. B paccMOTPEHHOM BbIllle IIPUMEPE MIPSIMOYTOJIbHOTO BOJHOBO-
Ia 910 ObLIN cocTaBsonue E, u H, v cocrasnsiomue E, u H,. IlonoxurenbHoe 3Ha-
yeHwne Bektopa lloftnTrHTra (B TOMOXKUTENIBHOM HampaBieHnnu ocu (0F) mosydaercs
ot ymHoxenusa E, u H, ognoro snaka u ot ymuoxenus E, n H, pasubix 3naxkos. [To-
9TOMY BOJTHOBOE COIMPOTHUBJIEHUE CJIEIyeT OTMPENeATh N3 COOTHOIIEHUH:

x El/
- nm z=-———.
H

Y x
W3 BoimenpuBeieHHBIX ypaBHEHWH TosrydaeM s BoaH tuna H (tuna TE)

Z:;mu:wu:wh\/ﬁ&
Y B A € A

Ho \/i/e =2’ ecTb BOTHOBOE COMPOTUBIICHIE B CIydae, KOT/a CPEIa, 3aII0HSIOIIAsT

Zz =

BOJIHOBO/, HE OIrpaHNY€Ha CTECHKaMM BOJIHOBO/A. KpOMe TOTO,

2

2
Ay VY S R O R

A ~ f

CienoBaTeabHO,

!

z

=TGR

zZ =
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Taxum 06pa3oM, BOJHOBOE COMTPOTUBJIEHHE 2 He OTPEIENsieTCs Kak 2’ TOIbKO Tapa-
MEeTPaMU CPEJIbl, & 3aBUCUT OT YaCTOTHI f ¥ XapaKTepa BOJIHBL, T. €. OT YHCEJI /M 1 71, OT
KOTOPBIX 3aBUCHUT KPUTHUYECKAst 9acToTa fy. OHO 3aBUCUT TaKKe OT THIA BOJHBL Tak,
ns BoaH tuma E (tuma TM) mmeeM BuIpakeHme

Z=Z,\/1_(fo/f)2-

CTo0JIb C/IOKHAS 3aBUCUMOCTD Z OT MHOTHUX BEJIMUMH, XapaKTEPUIYIOMINX HE TOJIb-
KO Iepeaatoiiee yCTpOfICTBO, HO U IIPOIECChI B HEM, €CTb PE3yJibTaT TOT'O, YTO BOJIHO-
BOJ HE MOJKET OBITD PaCcCMOTpPEH KaK dJIEKTPpUYECKadA Iellb C Ollpe/eJIEHHbIMU I1apa-
MCETpaMMu. ﬂJIH nCcJae0BaHuA IIPOIECCOB B BOTHOBO/IE HeO6XOZ[I/IMO, Kak 5TO U ObLIO
CJ/IeJIaHO, O6paTI/ITbCH K cucreme ypaBHeHI/Iﬁ JJIEKTPOMAIrHUTHOTI'O I10JIA.



[naBa TpupuaTtas

NepeMeHHOE 3/1IeKTPOMarHMTHoe noJsie
B NpoBoOAsALLEeNn cpeae

30.1. Nnockasn 3neKTpoMarHMTHas BOJIHA B NPoBoAsLLen cpeae

PacemoTpnm ciarydaii, korzia miockas aJeKTpOMarnuTHas BOJTHA, PACIIPOCTPaHSIONas -
CS B INDJIEKTPUKE, TTOIXOUT HOPMAJIBHO K TIJIOCKOI MTOBEPXHOCTH, OTPAHUYNBAIOIIEH
C OJTHOIT cTOPOHBI TTpoBozIsANLyIo cpeny (puc. 30.1). Bynem npeamnonarate, 4To MPOBO-

JAlTaA cpefa IIPOCTUPAETCA BO BCEX OCTAJIbHBIX HallpaB-
X

// // JeHusix 10 GeckoHeunoctu. I[lagarorast BoJHA YacThIO

% o , /// OTpaXkaeTcs OT MMOBEPXHOCTHU TIPOBOJISIIEI CPE/IbI, YACTHIO
y=0 720 MIPOHUKAET B 3Ty Cpely U TorjomaeTcs B Heil. Pacemort-
/ PUM BOJIHY, MPOIIE/IIYIO CKBO3b ITOBEPXHOCTDb Pa3jiesia

U pacrpoCTPaHSIONIyIoCs B MPpoBosiel cpene. Harmpa-

BuM ocb OZ B Tu1yOb TPOBOIAIIEH CPEbl HOPMATBHO

—_—

§ o -, K ee nosepxHoctu. ILnockocts XOY coBmecTum ¢ 9TOM
/H/ MOBEPXHOCTBHIO.

Y, B mpoBoxgmielt cpene mpakTUYECKW BCETA MOSKHO

7

nperebpedb TOKaMU CMEIIEHUsT 10 CPaBHEHHIO ¢ TOKa-
MU IIPOBOJUMOCTH. B Takom ciyyae ypaBHeHust Mak-
CBeJLIa MPUHUMAIOT BU/L

rot H =J =yE; totE = _OB = —u%.
ot ot

[Ipenmomoxum, 4TO HAPSKEHHOCTHU TIOJIEH HEe MMEIOT COCTABJISIONINX, TOCTOSTH-
HBIX BO BPEMEH.

Hampasus ocs OX 110 Bektopy E u yuntsiBas, uto B 1ockoii BosHe E v H He 3aBu-

CAT OT X U Y, n3 ypaBHeHud (2) u3 § 29.1 nosyuaem

Puc. 30.1

0:—uaHx, T.e. H_=const=0.
N3 ypaBuenwii (a) u (0) HaX0uM
o0H oH
M, O OH,
0z 0z ot

[Ipenrmonoxum, 4TO HATIPSIKEHHOCTH 3JIEKTPUIECKOTO M MATHUTHOTO TOJIEN U3Me-
HSIOTCSI BO BDEMEHU 110 3aKOHY
E =E, sin(ot+vy;); H, =H,sin(ol+yy).

Boipaskast MrHOBEHHbBIE HANPSIZKEHHOCTH TI0JIEH B CMMBOJIMYECKON (hopme, OyieMm
UMeTh

T jlottyg) _ VE pJot _ fr ,Jot.
E =E,e =E, e"e” =E, e,

T — jlotyyg) _ NH piot _ g7 Lot
H, =H,e =H, e"e” =H,e™.
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Ammnutynst E,, n H,, u Hauanbuble Hasbl Y 1 Yy, a CIeI0BATEIbHO, U KOMILTICKC-
Hble aMIuTy el £, u H | apisiotes hyHKIMAME TOTBKO OHON KoopAuHATH z. [Toj-
cTaB/IsAs BhIpaskenus semmunn E_u H , B CUMBOJIMYECKON popme B ypaBHEHUS, CBSI-
seiBafonte E, u H,, moydaeM moc/ie COKpaiieHust Ha OOm[uii MHOKHTETb e/ aTH
ypaBHEHUSI B BUjIE

dH dE,

m —yE ; = —jouH, .
e YE, e Jou

[udbdepeniupys nepBoe ypaBHeHUE 10 Z U UCTIOJIb3YsI BTOPOE, HAXOANM

)

)
" = jowyH .
dz*

Pemrenue sToro JimHeHOTO YpaBHEHUA C TTIOCTOAHHBIM KOS(I)(I)I/IHI/IGHTOM nmMeeT BU/Q
H, =Ae™ +A,e™,

rae
o =4/ jouy.
| .
Tax xax \/; =—(1 + ), 9TO JIeTKO TMPOBEPSIETCS BO3BEIECHNEM ITOTO PABEHCTBA B

V2

KBa/lpaT, TO, BBO/IA €I11€ 0603HaYEHNE

opy _
2 y

IoJiy4aemMm
a =jour =1+ )| =57 =1+ )k

Bropoii unen B Boipaskenuu st H, ipu A, # 0 yBesmuuBaeTcst 10 6CKOHETHOCTH
MIPU BO3PACTAHUN Z, TAaK KaK BelIeCTBEHHAd 4acTh o ToJoxkuTe bHa. HanpskennocTs
MOJIsI He MOJKET PACTH 70 OECKOHEYHOCTH, U, CJIE€A0BATETHHO, MbI JIOJIKHBI TIPHHSITh
Ay = 0. Takum 06pasom,

y _ -0z
H, =Ae™.

[Tocrosinnas Ay nosyyaetcs u3 ycjaoBus, 4to 1pu z = 0 Besmmunna H ,, nmeer 3a-
nanHoe 3Hauenue H,, = H, e’'™ nHa nmoBepxHOCTH cpejibl. Bce BesmunHbl, OTHOCS-
IHecsT K TIOBEPXHOCTH Cpefibl, GyeM oTMmedaTh uHaekcom e. Crano 6oith, A; = H,

U perieHre nMeeT B
H,=H e ek

me
N
H, = H, e sin(ot +y ,, - k2).
Boipaskenue il HaIPSIKEHHOCTH 3JIEKTPUYECKOrO I10J1S1 HAXOJAUM U3 IIePBOTO
ypaBuenus (*). Mmeem

E, = 1(1 + HRH , e e
¥
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nJjmn

E = %Hmee’kzsin mt+\uHe—k2+E ,
Y 4
TaK Kak
Ry

V2

[1s10THOCTH TOKA U3MEHSIETCST TI0 TAKOMY K€ 3aKOHY, KaK HAIPSI)KEHHOCTD 9JIEKTPU-
YeCcKOro 1oJid, Tak Kak J = yE.
BosroBoe conporuBiienne jjisi IPOBOJISINEN CPE/Ibl OKA3bIBAETCSI KOMILIEKCHBIM

U PaBHBIM .
Z:EJ:M:(L;.]') o
H, Y 2y

Pacmonarag atuM BeIpakKeHUEM, MOKHO HAHTH COOTHOIIEHUS MEXIY HAIPSKeH-
HOCTSIMU BOJIH: IQ/IAIOIEN U3 IMBJIEKTPUKA HA [IOBEPXHOCTD IIPOBOJISAIIET CPE/bl (E o7
H ), orpaxenHoil ot nosepxuoctu cpeast (E,, H ) u npeaomnennoii (E,, H ),
T. €. TIPOIIeAIIeN B TPOBOIAIILYIO cpely. JlJist aToi 1ein MOTYT ObITh MCIIOJIb30BaHbI
opmyuibl, BeiBeieHHbIe B 4. 11 mpu riccsieioBaHnM paciipocTpaHeHUs! TIEPUOINIECKUX
BOJIH B OJIHOPOJIHON JIMHUU, 3aMKHYTOH B KOHIIe Ha conpoTuBieHue Z. MimeeM Ha 110-

BEKPXHOCTHU pasJesa

147 :ej71 u 4 1+ k= %ejz.
g Y g Y

Eo— 2Z 5 s Z-z i
2 = Lo 1= 5 Lo
“ Zz Y Z+zf
. 2z, . . z,—Z .
Hgo2 :;Hqﬂ; H\y1 :;ngﬂ
2 +Z z2+Z
I Z; = /), /€, — BOJHOBOE COMPOTUBJIEHHUE JIJIsI TIA/AIONIENH U OTPAKEHHOW BOJIH B

JIUBIEKTPUKE, TPUYEM Ly U €1 — aOCOMOTHBIE MATHUTHAS U TUAJIEKTPUIECKAsT TPOHU-
[[AEMOCTHU JTUAJIEKTPUKA.

B nipenesbHOM carydae, Kor/ia yaeabHast IPOBOANMOCTD IIPOBOISIIIEH Cpeibl GeCKO-
HevHa, mosydaeM Z = 0,

E\m = —E(P1 u Hw =H
U, CJIeIOBATEIbHO, HA TIOBEPXHOCTH pasesia

By =E, +E, =0 u H, =21
T. €. BOJIHA ITOJIHOCTHIO OTPAKAETCS OT MMOBEPXHOCTH CBEPXIIPOBOISAIIEN cpebl. B nu-
aJIEKTPUKE TIPU 3TOM B pe3ysbraTe WHTephepeHIInN MaJaloniel 1 OTpakeHHON BOJIH

YCTaHaBJIMUBAIOTCA CTOAYNE BOJIHBI. JToT Cﬂy‘{aﬁ AHAJIOTUYEH PERKUMY KOPOTKOI'O 3a-
MbBIKaH1A OHHOpOHHOﬁ JIMHUUW TIepelavyu.

ol

ol ol

30.2. invHa BOJIHbI U 3aTyXaHMUe BOJIHbI

[TosyueHHbBIe BBIPAXKEHUS /ISl HAIIPSIKEHHOCTEH 3JIEKTPUYECKOr0 U MAaTHUTHOTO T10-
Jieil Tpeskzie BCEro CBUJIETEJLCTBYIOT O TOM, YTO aMIIUTY/bl HAIPSKEHHOCTEN 110
Mepe MPOHUKHOBEHMs BOJIHbBI B TJIyOb IIPOBOJSIIEN CPebl IPU IIJIOCKON BOJIHE yObI-
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BAIOT 110 TIOKa3aTeIbHOMY 3aKoHy. Kpome Toro, HauasnbHast (haza KosebaHmii n3Mensi-
€TCs1 TMPOTIOPIIMOHANBHO 2z, IPUYEM TI0 Mepe TIPOHUKHOBEHWS BOJHBI B TIyOb CPEJIbI
Kosiebanust Bee OoJiee 3ammasplBaloT 1o (ase Mo OTHOIIEHWIO K KoJebaHusIM Ha 110-
BEPXHOCTH cpe/ibl. Bo Bcex TOUKax cpejibl, B TOM YKCJie W HA ee TIOBEPXHOCTH, HATIPSI-
JKEHHOCTD 9JIEKTPUUYECKOTO TOJIsT orlepexkaeT 1o (ase HANPSLKEHHOCTh MAarHUTHOTO
10J1d Ha yroJi /4.

Jlnuna 60amoL A, T. €. PACCTOSTHUE, HA KOTOPOM (ha3a U3MeHsIeTcsT Ha 27, onpe/eis-
eTCsl U3 YCIIOBUS /ouy/2 A = 27, OTKya HAXOAUM

x:znAiifzzJ%gl;ﬂ

ow  Jfuy

Tak Kak ® = 2nf, e / — yacrora xKojsebanuii. OTHOIIEHNE AMIIUTY I HAIIPSIKEHHO-
cTell TToJiell Ha PacCTOSHUM Z = A OT TIOBEPXHOCTH CPeJibl K UX 3HAYEHUSIM Ha TTOBEPX-
HOCTH paBHO € ™ = ¢ = 0,00187, T. €. Ha 9TOM PACCTOSHIN BOJIHA TPAKTHYCCKH TOJI-
HOCTBIO 3aTyXaer.

B Hukecnemytomeii Tabuie MpUBEAEHbI 3HAYECHUST TMHBI BOJHbBI TIPU 4acTOTE
kostebanmii = 50 Ty u 500 kI11 B Meau, B (heppOMarHUTHOM BelecTBe (€C/I CUUTATh
[ = const), B MOPCKOI BO/ie M B CyXOH 1mouBe. MBI BU/INM, YTO TIPU TTPOMBIIIIJICHHOM
vacrore f = 50 1 a1leKTPOMAarHUTHAS BOJTHA TPOHUKAET B Me/Ib Ha HECKOJIBKO CAHTH-
METPOB, a B (heppOMATHUTHOE BEIECTBO — BCETO JIUTITh HA HECKOJIBKO MUJIJINTMETPOB.
[Tpu pagmovacrorax rryOMHA TPOHUKHOBEHUST U3MEPSIETCS] B ME/IH JIECATHIMU JTOJIsI-
MU MWJIJTUMETPA, a B (hpeppoMarauTHOM BEMIECTBE — COTBIMU JOJSAMHA MUJIJINMETPA.
[Tpu BBICOKMX YacTOTaX TIyOHMHA TPOHUKHOBEHUST BOJHBI B MOPCKOII BOJE ¥ JIaKe B
CYXOIi TIOYBe HE3HAYNTEIbHA.

JlyiiHa BOJHBI A /1711 Pa3JIMYHBIX BEIIECTB
Menb DeppomMarauTHOe Mopckas Bozga Cyxas 1mousa
YacroTa f F——
y=58107Cm/m, v~ 107Cm/Mm, v = 1C™m/M, y = 1072Cm/m,
1= pg n~ 1000 po 1= Ho 1= pg
50 I'g 5,9 cM 0,45 cm 450 m 4500 M
500 kIt 0,059 cm 0,45-1072 cm 45 M 45 M

Bexrop IlolinTnHTa MMeeT 3HAYEHWE

S=EH, = %H,fwe'”‘z sin(ot +v 5, — k2) sin(cot+\yHe —kz+745).
Y

Cpesnee 3mayenue S, Bekropa IlojinTunra 3a nepuos Koaebannii paBHo

ggHﬁeQE%
9

Y

s
COS —.

1T
S = [ Sdt=
T 4



242 Yactb 4. Teopus 3MeKTPOMarHUTHOrO Mons

Taxm 06pa3oM, Ha PaCCTOSTHUE OT TIOBEPXHOCTH, PABHOE Z = /2, TPOHUKAET TOJIb-
ko e 2"~ 100 = 0,187 % sHepruy, HorIoNAeMoil B IIpoBojsIIeii cpese. [loaTomy mpak-
TUYECKW MOKHO CYWTATh, YTO BOJTHA 3aTyXaeT y/Ke Ha PACCTOSTHUH, B J[BA-TPU Pasa
MEHBIIIEM 10 CPAaBHEHUIO ¢ IIPUBEIEHHBIME B TaOIHUIIE.

30.3. siBneHne noBepxHOCTHOro 3cdekra

[TepemeHHBIT 2/IEKTPUYECKUN TOK pacIpenesiseTcs HepaBHOMEPHO IO CEUeHUTO TPO-
BOJ/IOB, ITPUYEM TIIOTHOCTH TOKA UMeeT HanOOJIbIIIe 3HAYeHMs Ha TOBEPXHOCTH TIPO-
BOJIa ¥ yObIBAeT TI0 Mepe y/aJeHusl OT MMOBEPXHOCTH B TJIyOb MPOBOA. DTO sIBJICHIE
HA3BIBAETCI TOBEPXHOCTHB M 3D DEeKTOM.

[TepeMeHHbBIIT MArHUTHBIN TOTOK B TeJIaX, 00IAAI0NNX KOHEYHON TPOBOMMOCTDIO,
BBI3BIBAET B 9THX TEJIAX BUXPEEbLe MOKU, KOTOPbIE OCIA0JISIFOT MATHUTHBII OTOK BHYT-
pH TTPOBOAANIETO Tema. ITOT 3 heKT MHOT/Ia HA3BIBAIOT Pa3MarHMYNBAIONTIM JIEHCT-
BHEM BUXPEBBIX TOKOB. [lo cyIecTBy, 1 B 3TOM ciIydae MMeeM JIeJ0 C SBJIEHUEM T10-
BEPXHOCTHOTO addeKTa.

sIByienne TOBEpXHOCTHOTO 3(hheKTa MOKHO OOBSICHUTD, PACCMATPUBAST TPOHUKHO-
BEHUE 9JIEKTPOMArHUTHOTO TI0JIsT B TIyOb MIPOBO/A M3 MIPOCTPAHCTBA, OKPYIKAIOIIETO
nposoj. B § 29.10 6b110 1m0Ka3aHo, 4TO IOTEPU SHEPTUU HA HATPEBAHUE IIPOBOIA TO-
KOM CJIe[lyeT PacCMaTpUBATh KaK IMOTJIOIEHNEe BHYTPU TIPOBOJIA 3JI€KTPOMArHUTHON
9HEPTrUH, TepelaBaeMoil B TeJI0 MTPOBOIA Yepe3 €ro TIOBEPXHOCTh U3 OKPYKAIOIIETO
npocTpaHcTBa. B npepiyiiem maparpade Mbl yOeIUIICh, 4TO TIEPEMEHHAst 9JIEKTPO-
MarHuTHasl BOJIHA 3aTyXaeT MO Mepe MPOHUKHOBEHWs B TJIyOb MPOBOISIIEH CPEIbL.
[ToaTomy BTOJIHE €CTECTBEHHO, UTO aMIITUTYIBI TIJIOTHOCTH TOKA W HATIPSKEHHOCTEH
9JIEKTPUYECKOTO ¥ MArHUTHOTO TI0JIEH TIPU ITEPEMEHHOM TOKE U TIPU [TIEPEMEHHOM T10-
TOKE UMEIOT HanboJIbIlee 3HAYEHUE Y TIOBEPXHOCTH TeJT U3 TIPOBOJISIIETO MaTepUaIa.

30.4. AKTUBHOE U BHYTpEeHHee UHAYKTUBHOE
CONpoTUBJIEHUA NPOBOAOB

OO0y MHIYKTUBHOCTD L KOHTYPA TOKA MOKHO TIPOCTO PA3JeIUTh HA BHYTPEHHIO
Y BHEIIHIOI TOJBKO B CJIydyae, KOT/[a JIUHUU MarHUTHON WHIYKIIMU PACTIOJIAratoTCst
00 TEeTMKOM BHYTPHU TeJla MPOBOJOB KOHTYPA, 00pa3yst BHYTPEHHUIT MarHUTHbI
NOTOK @0, MO0 IENMKOM BHE IPOBOJOB, 00pa3ysl BHENIHUIT MOTOK Py, IIpn
9TOM KOHTYPbI C€Y€HMUsI IPOBOJIOB COBIA/IAIOT C JIMHUSIMI MATHUTHON WHIYKIIUK. JTU
YCJTOBUST COBITIONAIOTCS] TOYHO B €INHCTBEHHOM CJIydae — JIJIsT TIPSIMOJIMHENHOTO KOH-
reHTpruaeckoro kabesst (puc. 30.2), B KOTOPOM MPSIMBIM IIPOBOIOM SIBJISIETCSI ITPOBOJL
KPYTJIOrO CEY€EHUsT, 2 OOPATHBIM — COOCHBIN € HUM TPYOUATBIi IPOBOJL, CEYEHUE KOTO-
POTO OTPAaHUYEHO ABYMSI KOHIIEHTPHUYECKUMU OKPYKHOCTSIMIL.

CocraBiisist IMHERHBIIT WHTETPAJ HAIIPSKEHHOCTH HJIEKTPUYECKOTO TTOJISI TI0 KOH-
Typy agdmcfbna, 6ynem umernb

fEdI=[Edl+ [Edl+ [Edl+ jEdl:—%.
agd

dmc cfb bna dt
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55

(DBHyTp Dpyem

Puc. 30.2

Benanuuna

[Edl- [Edl=u,, ~ug,,

anb dmc
paBHas PasHOCTH HAMPSLKEHWIT MEKIy MPOBOJAMHU KOHTYpa 1o myTsMm anb u dmc,
mpezcTaBisieT coboll majeHne HaPsKEeHUsT Ha y9acTKe JUHUM anHoit Al OTpesok Al
6epeM CTOJIb MaJIbIM, 1ITO6I:-I MOJKHO 6I)IJIO CUUTATD TOK 1 OANHaKOBbBIM Ha €Iro AJINHE,
T. €. ‘-ITO6I)I MOJKHO 6bIJIO HE CHUTATDBCA C TOKaMU CMENIEHNA MEK/Y ITPOBOaMU. B atom
CJIydae pacCMaTprMBaA€MOE€ IMaJICHUE HAIIPAKEHNA MOKHO IIPEACTAaBUTDb B BUE

L di
Uy = Uge = w+L—,

dt
rjie 7 u L — conpoTuBIeHNE U WHAYKTUBHOCTh PacCMaTPUBAEMON TIaphbl IPOBOJIOB Ha
ydacTKe JJIUHOM Al
Vcronb3yst HallMCaHHOE BbIIIEe BhIPasKeHUE JJIsT BEJTMIUHBI §E dl, nonyyaem

do . | dO
[Edi+ [Edi= [Edi- [Fdi-2Pun _jpop O oy
) | d de de
aga cfb anb dmc
d(DBH TIT di
1, HAKOHET[, OCYTIIECTBIAA 3aMeHY 70 =Lonem 7 L= Ly + Lyyyrp Oyniem umets
. di
[Edl+ [Edl=ir+L,,, ~.
U dt
agd cfb

ITO COOTHOIIIEHWE MOKHO PAcCMATPUBATh KAaK ONPEENIONee BETUUUHBbl ¥ U
LBHyTp'

Jlist yIpoIeHust pacCMOTPEHUsT CHaYala MPEAoJIOKIUM, YT0 0OpaTHbIi TpyOUa-
TBII POBOJL 0OPa30BaH M3 CBEPXIPOBOJSIIETO MaTepyasa, T. €. UMeeT HECKOHETHO
GOJIBINYIO YIEJNbHYIO TIPOBOIMMOCTD. IIpH 9TOM €ro akKTUBHOE CONMPOTHBJIEHNE Oy/IeT
paBHO HyJI0. PaBHa HYJI0 Oy/IeT U €r0 BHYTPEHHSSI HHIYKTUBHOCTD, TaK KaK, COTJIac-
HO ckazaHHoMY B § 30.2, nymHa 571eKTPOMArHUTHOM BOJTHBI B METAJLIIE TIPU Y = 00 PaBHA
HYJIIO, T. €. 9JIEKTPOMAarHUTHOE TI0JIe He TIPOHUKAET BHYTPH poBo/a. Ha moBepxHnoctn

o6paTHOTO TPyOUYaTOro MpoBOjIA KacaTeJbHAas COCTaBIstionas E! HaMpsKeHHOCTH
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JJIEKTPUYECKOI'O IIOJIA TIPU 9TOM paBHa HYJIIO, 1 COOTBETCTBEHHO ITa/ICHNE HAIIPsAXKE-
HUA B/IOJIb 9TOTO TIPOBO/IA TaKKE PABHO HYJIIO, T. €.

jEﬂ:Q
ofb

Besmunna E; Ha TOBEPXHOCTH BHYTPEHHETO MTPOBO/IA TIOCTOSTHHA BIOJIb OTPe3Ka Al,
TaK KaK TOK i He U3MEHsIeTCs B/LOJIb 9Toro orpeska. CiesoBaTe/bHo,

[Edl=EAl

agd

IIpu cunyconiaJibHOM U3MEHEHUM TOKA € YIVIOBOM YaCTOTON ® MOKEM HalllCaTh:

ElmAl = 7jm +](DL [ = (r+jxsuy'rp)[.m’

BHYTP
Tak Kak, coriacHO 3aKOHY 1IOJIHOTO TOKa, [, = H , u, T1ie u = 2nR — nepumeTp ce-

YeHHA IIPAMOTO IIPpOBO/a, a H[m — HaIIPAKEHHOCTb MaroMTHOTIO I10JIA Ha €ro IIOBEPX-
HOCTH, TO

_AE,
BHYTp ;Hi

Takum 06pasoM, sl BbIYMCICHIS Zyyrp TPSIMOTO TIPOBOJIA B IAHHOM CJIydae J10C-
TATOYHO HAUTHU KOMILJIEKCHBIE AMILTUTY bl KACATEJIbHBIX K IIOBEPXHOCTU TIPOBOIA CO-
CTABJIIONTUX HAMIPSYKEHHOCTEN 9JeKTPUYECKOTO U MAarHUTHOTO MOJIel Ha TTOBEPXHO-
CTHU TIPOBOJIA.

Eciu 6bI yienbHast IPOBOANMOCTD MaTeprasa 00paTHOTO TPyGYaToOro MmpoBOjA,
TaK ke Kak M MaTepuaya MpsIMOTO TIPOBOIA, MMeJa KOHEYHOe 3HAYeHNe, TO TafieHue
HANpPSAKeHUs: BAOJIb 1yTH ¢fb Takxe ObLIO ObI OTIUYHO OT HYJIS:

IEﬂ=ﬂM=VHL@m@,
5 P dt

ZBHyTp =7r+jx

tm

’ ’
rper' vl

IPOBOAR, a ] — KacaTeabHasa COCTaBJAIONIAA BeKTOPa £ Ha BHYTPEHHEN eTo IMoBepX-
HocTu. IIpu aTOM TOK i B 0OpaTHOM IpoBoje paBer H (u', toe H, — xacarenbpHas co-

— aKTHUBHOE COIIPOTUBJIEHNE U BHYTPEHHAA NHAYKTUBHOCTD O6paTHOI‘O

CTaBJIAIOMIasl BEKTOPA H na BHYTpeHHefI ITOBEPXHOCTHU 06paTHOFO IIpoOBO/Ja, a u —
JIJINHA BHYTpeHHeIL/,I OKPY/KHOCTH, OFpaHI/I‘{I/IBaIOH_IEﬁ ceyeHmne
9TOTO IIpoOBOAA. HpI/I CUHYCONJIAaJIbHOM IIpOIECCE NMEEM

A,
BHYTD — , 1 .
u H,
st cioxxHOl (hOpMBI cedeHUsT MPOBOJIA, HAIIPUMED JIJIs
carydast, m3o6paskeHHoro Ha puc. 30.3, yJke He IpeCcTaBIseT-
€ BO3MOJKHBIM CTOJIb OIpEeNIeHHO Pa3/leJUuTh MATHUTHBIN
HNOTOK Ha BHemmHWi u BHyTpeHHmil. Ha puc. 30.3 usobpaske-

Ha KapTUHA 110JIg IPU OCTOSHHOM TOKe /IS TPOBOJIA IIPSMO-
Puc. 30.3 YTOJILHOTO cedeHus n3 HedeppoMarHuTHOTO Marepuana. Kak

7y

r'+jol’

N

D%

.



nasa 30. lepeMeHHOe 3neKTpOMarHUTHoe none B Nposoasuel cpeae 245

BU/IHO U3 9TON KaPTUHbBI, KPOME JIMHUI MArHUTHON MH/TYKIIUU, 3aMBIKAIOTIIUXCS 111~
KoM Jinb60 BHYTpH, JOO BHE MPOBOJA, UMEIOTCSI JIMHUM, MTPOXOISIINE YACTUIHO B
TeJie TPOBOIA W YACTUIHO BHE €T0. [Ipu mepeMeHHOM TOKe KapTUHA MOJIS eIlle YCI0XK-
HSIEeTCS, TaK KaK MePEeMEHHBIN TOK paclpeessieTcs HePaBHOMEPHO IO CEYeHUIO H,
KpOMe TOTO, BCSI KapTUHA MEHSIeTCd B TeUeHWe TTepruofia, Tak Kak MJIOTHOCTh TOKA B
Pa3HBIX TOUKAX CEUEHUs MPOBOA MMEET Pas3inuHble (asbl.

BeneacTBrie aTOro Heb3st IPEAJIOKUTD B 0OIIEM CIydae CTOJIb JKe IIPOCTOM U MpH-
TOM TOYHBII CII0COO BBHIUMCJIEHKMS aKTUBHOIO U BHYTPEHHEIr0 MHAYKTUBHOIO COIPO-
TUBJICHWH, KaK IJIsI PACCMOTPEHHOTO BhIIE KOHIIEHTPUYECKOTO KabeJIs.

OnHako /s TPOBOJHUKOB (PUTYPHOTO ceueHUs U3 (PEPPOMATrHUTHOTO BEIIECTBA
(puc. 30.4) mpu pe3KoM MPOSIBIEHUU MOBEPXHOCTHOTrO 9ddeKrTa MOKeT ObITh IIPHU-
MeHEH ¢ BecbMa OOJIbINOI TOYHOCTHIO aHAJOTUYHBIA M3JI0KEHHOMY BBIIIE IIPOCTOM
Metozn pacyeta (cM. § 30.6), Tak Kak BCJeACTBUE BBICOKONW MAarHUTHOM MPOHUIAEMO-
CTH BelecTBa JUHUU MarHUTHOM WMH-
JYKITUH J171sT GOJIBINON YaCTH BHYTPEH-
HEro MarHUTHOI'O ITOTOKA 3aMbIKAIOTCS
BHYTPU TeJia TIPOBOJHUKA U WMMEIOT
dbopmy, BecbMa OJM3KyI0 K (opme
KOHTypa CeUYeHUs MPOBOAHUKA. TOIb-
KO /I He3HAUUTEJbHOM YacTU Mar-
HUTHOTO IIOTOKA JIMHUM MarHUTHON
WHYKIUU [IPOXOJSAT YaCTHUUHO BHYT-
P TIPOBOJIHUKA M YaCTUYHO B BO3IyXE
BHE €ro.

Takoil mpubANKEHHbII METO pacyera MMeeT OOJIBINoe 3HAYeHNE TaK/Ke B CBSI3H C
TEM, YTO BHyTPeHHee PeaKTHBHOE CONPOTHBIICHHUE Xyyyy, TAKUX HPOBOIOB OOBIYHO CO-
cTaBJIgeT OOJIBINYIO, 4 YACTO U OCHOBHYIO YaCTh BCEIO MHAYKTUBHOTO COIPOTUBJICHMS.

Touroe 3HaYeHNE aKTUBHOTO COTPOTHUBJIEHUS 7 IIPOBOJA CJIOXKHOI (POpMBI ceve-
HIS1, OYEBHJIHO, BCETJIA OIPE/IeIsieTCsl U3 cOOTHomenust = P/I % npudeM mMouHocTs P,
noryonaeMast B IIpOBOZE, MOKeT ObIThb BBIYMC/IEHA KAK MHTErpPaj 10 IIOBEPXHOCTU
MIPOBO/IA OT CPEJHETO 3HAYEHUs 32 [TePUOJ HOPMAIbHOHN K 3TOI TOBEPXHOCTU COCTAB-
ssorieit Bektopa [oliaTrHra. OIHAKO 715 TTIPOBOIOB CJIOKHOU (POPMBI ceYeHUsT Ta-
KOI1 00111ii MeToz pacuyera 60JIbIIell YaCThIO MaJIO YTO AA€T IIPAKTUYECKH, TaK KaK He
W3BECTHO TOUHOE paclipe/ie/ieHre TT0JIsT BO BCe MOMEHTBI BpEMEHH 110 BCEl MTOBEPXHO-
ctu poBoja. [10aTOMY GOJIBIIYIO TIEHHOCTD TIPEACTABIISIOT TaKsKe BO3MOKHBIE TTPHU-
OJIKEHHBIE METOJIBI PacyeTa.
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Puc. 30.4

30.5. ConpoTuBneHue npoBoAa Npyu pe3KoM NposiBJIEHUN
noBepXHOCTHOro 3cdekra

PaccMoTpuM TPAMOJMHEHHBIN TIPOBOA KpyTimoro cedenns (puc. 30.5) u mpeamoso-
JKIM, 9TO OOPATHBII TPOBOJ] YIATIEH OT HETO Ha CTOJIb GOJIBIIIOE PACCTOSTHUE, YTO €T0
BJIMSTHUEM Ha Paclipe/ie/IeHIe TOKA B PACCMaTPHBAEMOM ITPOBO/IE MOKHO TIPEHEOPEUb.
[IycTh mmna 271€eKTPOMATHUTHON BOJTHBI A B BEIIECTBE MPOBO/IA 3HAYUTETHLHO MEHb-
me paauyca R cedenud, T. e. A << R. Ha pucyHke BeqnunHa A MOKa3aHa TOJIUHON
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JIOTIOJTHUTEJIBHO 3alITPUXOBAHHOTO ¢Jiosi. B TakoMm ciyudae, 11o-
CKOJIbKY Ha JIJIMHE A BOJIHA B [POBOJIE MPAKTUYECKU TIOJHO-
CTBIO 3aTyXaeT, MOKHO MpeHeOpedb KPUBU3HOM TTOBEPXHOCTH
[IPOBOJIA, CYUTATH BOJIHY, IPOHUKIIYIO B TEJO MPOBOJA, ILJIO-
CKOHl M BOCIIOJIb30BATHCSI 3aBUCUMOCTSIMH, IOJYYEHHBIMU B
§ 30.1 mpu mccmeAoBaHUN TLIOCKONW BOMHBL Ha moBepxHOCTH
nposoza (mipu z = 0) umeem

HZm :Hm()’ Etm :(1+]) (;)JHme
\ 2y

CurienoBaresibHO, coriacHo (hopmyJie peabIIyIero naparpadga

. Lo
ZBHyTp :r+]xBHyTp :(1+]); 75»
OTKy/la
r= xBHyTp = l % .
ul\ 2y

OTHollleHre aKTUBHOTO COIIPOTUBJIEHUS IPOBO/IA IIPU TIEPEMEHHOM TOKE K €T0 CO-
MPOTUBJIEHUIO TIPU TIOCTOSTHHOM TOKE TT0JIy4aeTcsi PaBHBIM

r [l ]op (1) _ s |opy
7, u\ 2y \ys) uV 27
rje s — cedeHue mpoBoja.
sIBieHue moBepXHOCTHOTO ahdeKTa, Kak ObLIO YKa3aHO BBIIIE, CIEAYET paccMar-
puBaTh KakK Pe3yJibTaT 3aTyXaHUsl B IPOBOJIE 9JIEKTPOMATHUTHOI BOJIHBI, IIPOHUKAIO-
ieil Yepes MOBEPXHOCTH MIPOBOJIA M3 OKPYIKAIOIIEro ero auajektpuka. Murepecto
IIOJIyYHUTh BBIPAKEHUS I 7" U Xyyrypy, UCXOJIL U3 DTOTO (DUZMIECKOTO NPE/ICTaB/ICHUS.
CpejiHsist MOIIIHOCTD MTOTOKA 3JIEKTPOMarHUTHONW SHEPrUH, HepelaBaeMOil BHYTPb
IIPOBOJIa CKBO3b €r0 MTOBEPXHOCTD ¥ BBIJEJSIONIENCST B IIPOBO/IE B BUJIE TEILIOTHI, PaB-
na P = S.ul, tne S, — cpexnee 3a nepuos 3nadenne Bektopa IloiinTunra na mosepx-
HOCTH TIPOBO/IA; U = 2R — TIepUMeTp cedeHust poBojia U ul — TOBEPXHOCTD TPOBO/IA,
CKBO3b KOTOPYIO IPOHWKAET 3JeKTPOMarauTHast BosHa. [Ipunnmas z = 0 B BeIpaske-
Hum 11 S, B konne § 30.2, nonyyaem
op H?

me

cp 2
y 2
U, CIeL0BATEIbHO,

H2
p= [OH e

2y

AMILIUTYIa HATIPSIKEHHOCTH MarHUTHOTO IT0JIsl HA TIOBEPXHOCTU CBSI3aHA C JIENCT-
BYIOIIIUM TOKOM [ B TIPOBO/IE 3aKOHOM IOJHOTO ToKa H,,,u = \/EI. Crano ObITh,
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p=L[o0p_p

Cu 2y
Takum 06pa3om, nMeeM
roljon
u\ 2y

Kak 66110 mosrydero B § 30.1, HanpsizKeHHOCTh MarHWT-

HOTO TIOJIST OTCTaeT 10 ¢a3e OT HANPSKEHHOCTH 2JIEKTPH-
YeCKOTO TI0JId Ha YTOJ 1t/4, 9TO COOTBETCTBYET OTHOI BOCH-
Mol mepuopa kosjebanus. Ha puc. 30.6 mzoOpaskeHbl
KpuUBble u3MeHeHUs Besnuud E, H m § Ha MOBEPXHOCTH
npoBoja B GyHKIUU BpeMeHn. B Tedenne GoJblieil yacTu
nepuo/ia KosebaHwii, paBHON TPeM BOCHMBIM IepHO/a U3- Puc. 30.6
MeHeHus1 E u H, BeanunHa Bektopa IloiiHTHHTA 1TOMIOXKN-
TeJbHA U, CJIeZIOBATEIbHO, SHEPTHS TIOCTYIIAET B TIPOBO/] U3 BHEITHETO TTPOCTPAHCTBA
U UJIET HA U3MEHEHUe SHEPIUU MAaTHUTHOTO TI0Jist B 0GbeMe TIPOBOJIa ¥ Ha BbICTICHIE
TEIJIOTHI B TIPOBOJIE. B TeueHwre MeHbIel 4acTu Mepuojia KoaebaHui, paBHOIl OJ1-
HOIT BocbMoOIt nepuonia usMenenusi E u H, Bexrop IloiiHTrHTa nMeeT oTpUIlaTeIbHYTO
BEJIMYMHY U, CJIE/I0OBATEJIbHO, IOTOK 9HEPTUM HAIIPABJIEH OT IIPOBOJIA B OKPY:KAtOIIee
€ro TPOCTPAHCTBO. B TeueHue 3TOro mpoMekyTka BPEMEHU 9HEPrusi, 3alaceHHasi B
MarHMTHOM 10Jie B 00beMe TPOBO/IA, YACTUYHO BO3BPAIAETCS B OKPYJKaloIee 1po-
BOJI IIPOCTPAHCTBO M YACTUYHO MPeoOPasyeTcst B TEIIOTY. DTH KOJIeOaHUS SHEPTHH C
JACTUIHBIM BO3BPATOM €€ B IIPOCTPAHCTBO, OKPY KAoIee TPOBOJI, MOXKHO PACCMATPH-
BaTh KaK PE3yJbTaT HaJINYUSA BHYTPEHHETO PEAKTHUBHOTO COMPOTUBIEHUS Xy, TIPO-
Boza. Kak m3BecTHO, MeXKTy PEAKTUBHBIM X M aKTUBHBIM # COMPOTUBJIECHUSIMU TIETIN
U pa3HoOCThIO @ (a3 HANPKEHUS W TOKA B ITOH IENMU CYIIECTBYET COOTHOIIEHIE
x/r=1tg o.

B cyuae, KoTOpPBINT MBI paccMaTpUBaeM, HAIPSKEHHOCTh MATHUTHOTO TIOJIS Ha TT0-
BEPXHOCTH TIPOBOJIA COBMA/IAET 10 ha3e ¢ TOKOM B mpoBojie. HanpsskeHHOCTh aJeK-
TPUYECKOTO TIOJISI HA MTOBEPXHOCTU TIPOBOJA MPEACTABJSIET cOOOI HalpsLKeHUe Ha
e/IMHUILY JIJTUHBI TTPOBOJIA, KOTOPOE MOKET PACCMATPUBATHCS KaK HaIpsiKeHUe, Tpe-
OJI0JIEBAIOIIEE AKTUBHOE 7' ¥ BHYTPEHHEE PEAKTUBHOE Xyypyr, COIIPOTUBJIEHNUS ITPOBO/IA.
Tak kak pazHOCTb ¢ (ha3 HATPSKEHHOCTEN JIEKTPUIECKOTO U MATHUTHOTO TI0JIel paB-
Ha 7/4, TO UMeeM

xBH P
P = tgp=1.
CiefoBaTeIbHO,
! o
xBHVTp =r=— 7“
’ ul\ 2y

Takum 06p3.30M, Hccae/ysd mmpolecc nepegadu 9JIEKTpOMariuTHBIM ITOJIEM 9HEPIUN
CKBO3b IIOBEPXHOCTD IIPOBO/IA, IPUXOANUM K TEM K€ BbIPAKCHUAM AJIA 7" U Xy, KOTO-
pblie OBLIN ITOJTY4Y€HbI BbIIIE€ NHBIM ITyTEM.
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[Tomyuennoe B HacTosmeM maparpade BhIpasKeHTe
2
_ |on H,,
C]
P 2y 2

NI CpelHell MOTITHOCTH, BBIZIEIIEMON B TIPOBOZIE I OTHECEHHON K eMHUIIE TIOBEPX-
HOCTH TIPOBO/IA, TIO3BOJIIET OYEHD MMPOCTO TIPU PE3KOM TIPOSIBIEHUN TTOBEPXHOCTHOTO
acbdexrTa BEIYMCIUTD TIOTEPU B TIPOBOJIE, €CJIU U3BECTHO pacIipejiesieHre 10 MOBepX-
HOCTH aMIJIUTY/IBl KacaTeabHoil coctasisionieii H,, = H,,, HalpsSsKeHHOCTH MarHUT-
HOTO TIOJISI HA MTOBEPXHOCTU. B BBINIENPUBEICHHOM MTPOCTEHIIEM MTPUMEpPE TTPOBOJIA
KpyrJioro ceueHus Beanuyuna H,, = H,, BO Bcex TOYKAaX TOBEPXHOCTHU OJIMHAKOBA,
1 MOIIHOCTD MOACYMTHIBAIACH IIPOCTHIM YMHOKEHUEM S\, Ha BEIMYMHY TI0BEPXHOCTH
poBojia. B GoJiee CIOKHBIX CIydasix ee HeOOXOIMMO BBIYHCISITD TTyTEM UHTETPUPO-
BaHWUS 110 TOBEPXHOCTHU S TIPOBOJIA:

p-1 Em?, ds.
2V 2y

OO6BIYHO pe3Koe MPOsIBJIEHNE TIOBEPXHOCTHOTO 3(hheKTa UMEET MECTO TTPU BHICOKIX
YacToTax, HAPUMEp MPHU PACIIPOCTPAHEHUH JIEKTPOMATHUTHBIX BOJIH B BOJIHOBOJIAX.
3nas pacripenenenue H,, 1o BHyTPeHHEN TTOBEPXHOCTH BOJTHOBOJIA, HETPY/THO, TIOJIb3Y-
SICh TIOCJIeIHEN (POPMYJION, BEIYUCIUTD MOIITHOCTD, TEPSIEMYTO B CTEHKaX BOJTHOBO/IA.

30.6. MoBepxHOCTHbIN 3¢hcheKT B MaCCMBHbIX NPOBOAAX
13 peppoMarHMTHOro MaTepumana

Bce coornotenus B mpeapiayiux naparpadax MmoJydeHbl B MPEANONIOKEHIH, YTO
MarHuTHAas IPOHUIIAEMOCTD CPeJibl TOCTOsIHHA. J[J1s1 POBO/IOB U3 (hepPOMATHUTHOTO
Marepuajia 9To ycjoBue He cobuogaercss. MarHuTHasi POHUIIAEMOCTh (eppomar-
HUTHBIX BEIIECTB CUJIbHO 3aBUCHUT OT HAIPSIKEHHOCTH MAarHUTHOTO 1oJist. [loatomy
BeJIMUMHA | B KAXKIOU TOYKE CPeIbl M3MEHAETCS B TeUeHHe MepPuoia M3MEeHEeHUS
HAIPSKEHHOCTH TOJIst. [IycTh p ecTh HEKOTOpoe cpejiHee 3a Meprojl 3HaueHne abco-
JIIOTHON MarHUTHOHN TPOHUIIAEMOCTU. JTO CpejHee 3HAUeHUe SBJsIeTCS (DyHKIMeH
aMTIIUTybl H,, HapsS:KeHHOCTH 10, TaK KaK TUCTepe3WCHas TeTJs U3MEeHSeTCS
¢ nusmenenueMm H,,

Beawuwna H,, yObiBaeT 10 Mepe yaajeHHst OT MOBEPXHOCTH IMPOBoOja B IiyOb
ero. [Toaromy, ecmm aMrinTya HaPSIKEHHOCTU 110151 H,, HA TIOBEPXHOCTU HMMeEET
noctaTouHo Oostbiioe 3Havenue (puc. 30.7), To | cHavama pacTeT MO Mepe yaaJeHust
OT MOBEPXHOCTH B TJIyOb IPOBO/IA, @ 3aTeM, JOCTUTHYB MaKCHMyMa, BHOBb YObIBAET.

Bospacranue p puBoanT K 60JI€€ PE3KOMY TIPOSIBIECHHIO T10-
BEPXHOCTHOTO 3(hdeKTa 0 CPAaBHEHUIO C TeM CJIydaeM, KO-
T7la BO BCeM IPOBOJIe UMEETC TaKoe ke 3HAUeHUe [L,, KaK
Ha MMOBEPXHOCTH MPOBOa. Takoil XxapakTep BAUSHUS HETIO-
CTOSHCTBA |1 MOKHO TIPEIBUIETh HA OCHOBAHUU BBITIETIPHU-
. BeZIEHHBIX (POPMYJI, TTOTYUYeHHBIX TIPU YCJIOBUU [ = cOnst;

0 1_'1me H, W3 HUX CJEAYET, YTO 4YEM 6oJIbIIre W, TEM 6bICTpee 3aTyXaeT

Puc. 30.7 BOJIHA.

i
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Ha puc. 30.8 mpuBeneHbl KpUBbIe 3aBUCUMOCTU aMILIUTY/BI TIJIOTHOCTU TOKA J,,
OT KOOPAMHATHI Z JIJI TIJIOCKOH BOJTHBI B CIIy4asx W = W, = const u W # const. [Ipu atom
Z €CTh PACCTOSTHUE OT TIOBEPXHOCTH (hePPOMATHUTHON CPEJIBbI, OTCYUTHIBAEMOE B IIIyOb
ee. Kpussbie, uzobpaxenusie Ha puc. 30.8, HOCTPOEHbI MPK OJMHAKOBBIX B 000MX CJIy-
yasax 3Havenngax Toka. Ha puc. 30.9 mpuBezens! KpuBbie U3MEHEHWS aMIITUTYIB Mar-
HUTHOH wHayKiwmu. [Ipu p # const BesmunHa B, cHayaia yObIBaeT MeIJIEHHO BCJIE]I-
CTBUE SIBJICHWSI HACBIIICHUS, a HA HEKOTOPOI TJIyOMHE PE3KO TMajaeT MpaKTHYECKU
710 HYJIS.
Im

Puc. 30.8 Puc. 30.9

HernocTostHCTBO W 1 CBsI3aHHOE ¢ HUM OBICTPOE 3aTyXaHKE BOJIHBI IIPUBOST K YBE-
JIMYEHUIO AaKTHBHOTO COMTPOTUBJIEHHSI TIPOBO/IA. DTOMY CIIOCOOCTBYIOT TaKKe MOTEpH
Ha ructepesnc. Moxxao okasats (JI. P. H e i M a 1. [ToBepxuocTHbIl 9 eKT B heppo-
MaTrHMTHDBIX Te]IaX), YTO aKTMBHOE U BHYTPEHHEE PEAKTUBHOE COIIPOTUBJIEHUA ITPOBO-
JI0B 13 (DEPPOMATHUTHOTO MaTepuasia IIPU Pe3KOM TIPOSBIEHUN TTOBEPXHOCTHOTO (-
(dexTa ¢ 6OJIBIION TOYHOCTHIO BBIPAKAIOTCS (DOPMYyIaMU, aHAJIOTHYHBIMU IO CBOE
CTPYKTYpe hopMysaM IpH | = CONSt, a UMEHHO:

7:1;41 Ol :l ok u xBHyTp:QGTy
u\ 2y u\ vy

rjie 1, — 3HaYeHne abCoMOTHON MAarHUTHOM MIPOHUIIAEMOCTH Ha MTOBEPXHOCTH MTPOBO-
I1a, oTIpeiesiTeMoe TI0 OCHOBHOM KPUBON HAMAarHUIUBAHWS TIPU AEUCTBYIOIIEN HAIPSI-
SKEHHOCTU MarHUTHOIO 110J1s1 H ., Ha 110BepxHoctu 1posoja. Beanunna H ;. Haxo-
IUTCS U3 COOTHOMEHUA H oji.r = I/, BBITEKAIOIIETO U3 3aKOHA TIOJTHOTO TOKa, IPUYEM
I — jelicTBYIOIINIA TOK B TIPOBOJIE U 4 — HIEPUMETP CEYEHUSs IPOBOJIA. DTH (HOPMYJIbI
BecbMa TOYHBI, eciu H,,, 6osbine Toro 3HaueHust H,, MpU KOTOPOM W UMEET MaKCH-
MYM, HO ¥ I[P MEHbIIUX 3HaYeHUsIX H,,, OHU MOTYT ObITH UCIIOJIB30BAHbI JIJIs1 OPUEH-
TUPOBOYHBIX TOJICUETOB.

W3 Tabiuipl, npuBegeHHoi B § 30.2, BUAHO, YTO 2JIeKTPOMArHUTHASL BOJIHA B (hep-
POMarHUTHON cpejle Jlake B MPEANONOKeHnN p = const yxke mpu yacrore [ = 50 Tt
[PAKTHYECKH MOJTHOCTBIO 3aTyXaeT Ha ryOrHe HeCKOJIbKUX MUJLInMeTpoB. HermocTo-
STHCTBO W CIIOCOOCTBYET ele 6osiee GICTPOMY 3aTyXaHHI0 BOJIHBL [ToaTomy mocJie-
HUe (HOPMYJIbI, TOJydYeHHbIe U3 YPABHEHUS TLIIOCKON BOJIHBI, OKa3bIBAIOTCS CIIPABE]I-
JINBBIMU TIPAKTUUYECKHU BO BCEX CJlydasiX, KOT/Jla B KAUeCTBE TOKOBEAYIIUX YacTell Tex
WJIN UHBIX YCTPOMCTB UCIOJB3YIOT PEJIbChI UJIHM JIPYTUe CTajbHble MAaCCUBHbBIE MPO-
BOTHUKU (haCOHHOTO TIPOGUIIA.
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30.7. O KOMNIEKCHbIX MarHUTHOM U AN3/IEKTPUUYECKOMN
NMPOHMLIAEMOCTSAX

HpI/I HCCJIEIOBAHNN MTEPUOANYECKUX IJIEKTPOMAIrHUTHBIX ITPOIECCOB B Q)eppOMaFHI/IT'
HBIX CpelaX IIOTEPU IHEPIrUuU, CBA3aHHbIE C IIEpEMArHMYNBAHNEM CPEAbIl, MOT'YT OBITh
Y4TEHbI BBEAECHHWEM B YpaBHEHUA 9JIEKTPOMATrHUTHOIO ITIOJISI KOMITJI€ KCH O ab-
COMIOTHON MAarHMUTHOM IMIPOHUITAaEMOCT U

i=—"=pe™ =pcosy - jusiny,
H

m

PABHO OTHOIIEHWIO KOMILJIEKCHDBIX aMIJIUTY MATHUTHON MHIYKIIUK U HATIPSIZKEHHO-
CTU MarHUTHOIO I10JIS.

[TonsiTHe 0 KOMILUIEKCHON MarHUTHOM IIPOHUIIAEMOCTH BIIEPBbIe ObLIO BBEIEHO B
1913 r. B. K. ApkasibeBbIM 1 0Ka3aJI0Ch BEChMa TI0JIE3HBIM ITPU MHOTHUX UCCJIETOBAHM-
sIX W pacyerax. B wactHoctH, (hopmyJibl, IPUBEJEHHBIE B TIPEABIAYIeM Taparpade,
MOJIYY€EHBI C UCTIOJIb30BAHUEM MTOHSATUS 0 KOMIIJIEKCHON MarHUTHOW MPOHUIIAEMOCTH
U C JIONOJIHUTEIBHBIM YUYE€TOM 3aBUCUMOCTH W OT H,,, XapakTtepHoil mis dheppomar-
HUTHBIX BEIIECTB.

BBenenne KoMIIeKCHOW MAarHUTHOM ITPOHUIIAEMOCTH /1aeT BO3MOKHOCTHh YU€CTh
MOTepU Ha TUCTEPE3NC, a TakKe, KOT/Ia 9TO CYIIEeCTBEHHO, U MOTEPH, BO3HUKAIOIINE B
(eppoMarHUTHOM cpejie BCIEACTBUE SBJIEHUS MAaTHUTHON BSI3KOCTH. BBenenne Kom-
TJIEKCHOW MATHUTHOW TTPOHUIIAEMOCTU C TIeJIbI0 ydeTa TIOTepb Ha TUCTEPE3NC COOT-
BETCTBYET 3aMe€HE TMCTEPE3UCHO TeTJIM PABHBIM € 10 IJIONA[U IKBUBAJIEHTHBIM
9JITUTICOM, UTO AT BO3MOXKHOCTH TTOJb30BATHCA TIPU UCCIEIOBAHNN TTEPUOTTIECKITX
MPOTIecCOB B (hePPOMATHUTHON Cpefie CUMBOJMUYECKUM METOIOM.

ApPryMeHT \y KOMILIEKCHON MarHUTHON IPOHUIIAEMOCTH IIPEACTABIIsIET COOO0il yro
3anas/plBaHus 110 (hase IKBUBAJIEHTHON CUHYCOUIBI MATHUTHON MHYKIIUN OT 3KBU-
BAJIEHTHOW CHHYCOUbI HATIPSIKEHHOCTH MarHUTHOTO ToJis. Moayab 1 paBeH OTHO-
MIEHUIo aMITATY M B,,/H,, 9TUX 5KBUBAJEHTHBIX CUHYCOMUI.

BBenenre KoMIIEKCHON MarHUTHON MMPOHUIIAEMOCTH JIa€T BO3MOKHOCTD TIPH Tie-
PHUOIMUECKUX MPOIeccax HAMMCATh BTOpoe ypaBHeHue Maxkcsesuia it heppoMaruur-
HOI Cpe/ibl, B KOTOPOI MMEIOT MEeCTO TIOTepPHU Ha TlepeMarHuynuBaHue, B TOH ke (popMme,
YTO U /I CPE/bl, B KOTOPOU 3TU MOTEPU OTCYTCTBYIOT. B WacTHOCTH, I TIJIOCKOH
BOJIHBI BTOPOE ypaBHeHre MakcBesia st (heppoMarHiuTHON Cpejibl IPUOOPETAET BH/L

dE

mx

dz

TOT/IA KaK /I CPEZIbl, B KOTOPOM OTCYTCTBYIOT TOTEPH Ha TepeMarHUYMBaHue, 3TO
ypaBHEHWE UMeeT BUJ]

= _]wuHmu’

dE

mx

dz

[Ipu uccienoBaHUU 2JIEKTPOMATHUTHBIX IIPOIIECCOB B HECOBEPIIEHHOM JIH3JIEK-
TPpUKe, B KOTOPOM MMEIOT MECTO IOTE€PU IHEPruu IPU U3MEHEHUU IOJISPU3AIINH,
B CJlyyae CHMHYCOUJIQJIbHOTO M3MEHEHUS HANPSKEHHOCTU JIEKTPUYECKOTO TOJS BO

= —ja)uHmy.
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BpeMeHHU BeCbMa I10JIC3HBbIM ABJISACTCA BBeI[eHHCKOMHJIeKCHOfI 3.6COJIIOTHOI>JI
AUDTEKTPUIECKON MPOHUIAEMOCTH:

. D _ o
£=—"""=¢ge "’ =gcosy — jesiny.
E

m

[Tpu 5TOM ¥ ecTh yroJi, Ha KOTOPBIN 3amasabiBaeT 10 (ade CHHYCOUIAIbHO U3Me-
HAIOIEecs dJIEKTPUYECKoe cMelleHre D oT CUHYCOMIalbHO U3MEHSIOIeiics Harps-
SKEHHOCTH 9JIEKTPUYECKOro 1oJist E. DTOT yrou npejcrasisger coboil Tak HazblBaeMbIii
YTOJI TIOTE€Ph B AUJIEKTPUKE.

B atom ciydae nepsoe ypaBHeHne MakcBesiia Jist IUIOCKON 9JIeKTPOMAarHUTHOMN
BOJIHBI IPUOOpPETaeT BH _

_ At =joik, .
dz

BeegennemM KOMILIEKCHON AUAJEKTPUYECKON MPOHUIAEMOCTH MOYKHO Y4ecTb U
HOTEPH B CPeJie OT TOKOB IIPOBOAUMOCTH, YTO BECbMA BaKHO, KOT/Ia PACCMATPUBAETCS
5JIEKTPOMATHUTHOE 110JIe B HECOBEPIIEHHOM AMJIEKTPUKE, NMEIOLIEM OTINYHYIO0 OT
HYJIsI YAETbHYIO TIPOBOAUMOCTD ¥, M KOIJIa IJIOTHOCTU TOKOB CMEIIEHHsI Y IIPOBOJIM-
MOCTH COM3MEPUMBI APYT ¢ Apyrom. [Ipu sToM nepsoe ypasHenne Makcseiia IpUHK-
MaeT BUJL

df , . o ) ),
- < =YEmr +](D8.me =Jo (S_JJEMX.
dz ®

O6o3Havast
£ —jl =gcosy — J (ssin\u +y] =¢g'=¢e’,
® ®

MOJKEM 3TO ypaBHEHUE HANCATh B hopme

dd,, = .
— Jog' E,
2
COBEPIIIEHHO aHATOTUYHON (hOPMeE ITOTO Ke ypaBHeHMUsI
di .
-—™ = jock,,
dz

LA AUJJIEKTPUKA, B KOTOPOM OTCYTCTBYIOT IIOTEPU.

Takum 06pa3oM, UCITOJIb30BaHKE TIOHATHIT 0 KOMILJIEKCHOW MarHUTHOI TPOHKIIAe-
MOCTH M O KOMIIJIEKCHOW JAM3JIEKTPUYECKON MTPOHNUTIAEMOCTH IaeT BO3MOKHOCTH Ha-
IrcaTb OCHOBHbBIE ypaBHEHUA IJEKTPOMATHUTHOIO IIOJIA IIPU TMEPUOAUYECKUX ITIPO-
1ieccax B MPOCTON M CUMMETPUYHON hopMme U B 001IIeM ciiydae, KOT/a B Cpeie HMEIOT
MECTO IOTEPU SHEPTHUUN TOTO WUJIM MHOI'O BUIA.

30.8. HepaBHOMepHOe pacnpegeneHue nepeMeHHOro MarHUTHOro
MOTOKa B NMJIOCKOM JINCTE

Uccnenyem ciyyaii, Korja miaoCKui MpoOBOJALIINN JIUCT TPOHU3BIBACTCA MIEPEMEHHbIM
CUHYCOUIQIBHBIM TMOTOKOM @, IMHUU MATHUTHOW WHIYKITUU KOTOPOTO HATIPABJIEHBI
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BIOJTh JINCTA TIEPIIEHANKYSIPHO 3amTpuxoBanaoMy Ha puc. 30.10 cegenuto. PaccmoT-
peHIe 9TOTO CJIydasi TPEACTAB/sIET GOJIBINOI UHTEPEC, TAK KAK CEPAEYHUKU TPAHC-
(hopmMaTopoB 1 ATEKTPOMATHNUTOB, a TAKKe YIACTKA MAaTHUTHBIX TeTIel aTeKTPUIeCKUX
MallliH, TPOHU3bIBAEMbIE [IEPEMEHHBIM MarHUTHBIM MOTOKOM, 00BIYHO COOMPAIOT 13
JINCTOBOM 3JIEKTPOTEXHUYECKOM cTaiu. [lepeMeHHbli MAarHUTHBII IOTOK MHYLIUDYET
AJIEKTPOABMKYIINE CUJIBI B KOHTYPAX, PACTIONIOKEHHBIX B MJIOCKOCTSAX, HOPMATTbHBIX
K JTUHUSIM MarduTHON WHAYKIWHU. B 9TUX KOHTypax MoA AefiCTBUEM WHAYIIMPOBAH-
Hbix J/IC BO3HUKAIOT BUXPEBbIe TOKU. Kak MarHUTHBIN TMOTOK, TaK U BUXPEBOH TOK
pacmpeiesisifoTcsl HepaBHOMEPHO 110 cederuio Jiucta. OObIYHO JynHa [ JiucTa U ero
BbicoTa A (puc. 30.10) 3HAUMTENBHO IPEBOCXOAAT €ro TouHy d. IIpu 5ToM MOKHO
npeHeOpeyb NCKPUBJIEHUEM JIMHUI TOKA Y KPAeB JINCTA 1
CUMTATh JUHUU TOKA TIPSIMBIMU, HATIPABJIEHHBIMU TIapaJI-
JIEJTbHO TIOBEPXHOCTH JINCTA U MEPIEHIUKYISPHO JTUHU-
sIM MaTHUTHOU MHAYKIUHU. PacnosoxuM ocu KoopJauHAT

-

A

Tme 77/ Tak, Kak nokasano Ha puc. 30.10, 1. e. Tak, 4TOObBI, KaK 1
< é 7 panbiie, Bektop E O6bur napastened ocu OX u Bexktop H
By _| ?7’ 6b11 mapasuiesier ocu OY. Hauasio KoopanHaT moMecTum
| / 7 B cepenune cedenust aucra. [pu o > d w [ > d anexrpo-
%% MarduTHYIO BOJHY MOKHO CYUTaTh IJIOCKOH. Cremaem
A é..-,: nonyienue, yto p = const. IIpu arom ocraiorcst B cu-
bre. 30.10 Jie ypaBHenwus, moaydennbie B § 30.1. CremoBatebHo,
uc. 30.
nMeeM
- . : 1dH
H, =Ae*” +A,e“;, E, 6 =———™",
Y dz
rie

a =Jjouy =1+ ) % =1+ j)k.

OmHaKo TPAaHUYHbBIE YCJIOBHS TeNePb OKAa3bIBAIOTCS WHBIMU, HEXKEIU I Cydas,
nccaenoBanHoro B § 30.1. daeKTpoMarHuTHBIE BOJHBI TPOHUKATIOT B JIMCT C IBYX €TO
CTOPOH, ¥ Ha 00enX TMOBEPXHOCTSIX JIUCTA BEKTOPHI B 1 cOOTBETCTBEHHO BeKTOPhI H
JIOJIZKHBI OBITH OJITHAKOBBI 10 BEJIMYKMHE U HAIIPABJICHIIO. ITO TpeboBaHme coOII01a-
eTcst ipu ycaosuu A; = A, = A. CireoBaTesbHO,

H, =A(e™ +e”)=2Achaz
B, =2Apchaz=B, cchaz

J, =vE, =-2Aashaz= —Mshaz,
u

rie B,, = 2Ap npezncrasaser coboii snauenne B, B cepenune mucta (npu z = 0).

O6bIYHO HaAC MHTEpECYET Ccpe/iHee 3HavYeHune Bcp WMHAYKIUU 110 CEYCHUIO JINCTA. Kom-
TIEKCHaA aMINVIUTyZa 9TOro Cpe/lHEro 3Ha4YEeHHUA ITOJIYyYa€TCA KaK Cpe/lHee 3Ha4YeHue
KOMILJIEKCHOI BEJTMYNHBI Bm Ha TOJININHE JINCTAa:
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od
. 1 dj2 . B d|2 ) Sh?
B, == IBm dz = =m0 Ichazdz=BmOT.
d _y, /2 od
2

g HaxoaeHUsl caMuX JCHCTBUTEJBbHBIX aMIIUTYJ MHAYKIUU U IJOTHOCTH
TOKa HeOOXOAMMO B3SITh MOJIYJIM HAliJIEHHBIX BbIpaKeHUN. ImMeem

ﬂ — \@ké

2 9’
‘shocz‘2 = sh(kz + jkz)sh(kz - jkz) = cthz—Zcos2kz;
‘chaz‘z = ch(kz + jkz)ch(kz - jkz) = ch2kz+20052k2'

CiieoBaTebHO,

Bm :BmO Chsz-;COSZka Jm :‘Q‘BmO Ch2k2 —2C052k2'
u

Ha puc. 30.11 mpuBenena xpusas B,,/B,,, B byHkiuu 8 -
2kz. Ha nosepxuoctn ymcra z = d/2 u 2kz = kd. [1ns1 anex- 4|
TPOTEXHUYECKOU JUCTOBON cTamu umeeMm p ~ 1000 po,
y=10" Cm/m, u npu f =50 ', d = 0,5 MM mapametp kd =

6

= Jouy/2d nmeer snavenue kd = 0,7. 5 !/
W3 xpusoit na puc. 30.11 BugaHO, 9TO TTPpM 2TOM 3HAYe- 4 /

HUM kd HepaBHOMEPHOCTD paclipeie/leHusl MAarHUTHOTO T10- 5
TOKa ellle TTPaKTUYeCKH He 3aMeTHa. /

Opraxo mpu Toi#t ke TosmuHe gucta u f = 2000 Ty mo-
aydaeM kd = 4,4, 1 COOTBETCTBEHHO OTHOIIEHHE aMILIN-
Tyl UHAYKIIUA HA TIOBEPXHOCTH B,,, K aMILJINTYy/Ie UHIYK-
uuu B,y B cepeaMHe JKMCTa OKasplBaeTcs pasHbiM 0 1 2 3 4 5 6
B /B = 4,5. OTcroia BUAHO, YTO JIJisi 3BYKOBBIX YaCTOT Puc. 30.11
TosuHa Jucta 0,5 MM HeomycTuMO Besinka. [Ipu 3ByKOBBIX 4acTOTaX OHA JIOJIKHA
6Tk opsizika 0,05—0,10 mm. TTpu pagmovacToTax yske U IpU TaKUX MaJbIX TOJIIIN-
Hax JIMCTa ITOTOK pacIpeie/isieTcs BeCbMa HepaBHOMEPHO T10 TOJIIIHNHE JINCTA — BUX-
peBble TOKK CUJIbHO OCIab/ISIOT oJe B cepeauie aucTa. [Ipy BbICOKMX 4acTOTaxX Ha-
XOJSAT IIPUMEHEHNe CePAeYHNKH, CIIPECCOBAHHbIE 3 TOHUYANIIEro (hepPOMarHuTHOIO
MOPOITKA ¥ U30JUPYIONIETO MaTepuaia.

Ortipesiesium 1iotepu P, Ha BUXPeBble TOKU B JIKCTE C YUYETOM HEPABHOMEPHOCTU
pacmpeiesieHrsT MarHUTHOTO TIOTOKA. AKTUBHAS MOTITHOCTD, PACXOAyeMast B TPOBOIS-
1eit cpejie ¥ OTHeCeHHas K einHuIle 0ObeMa, PaBHa KBaApaTy AeiCTBYIONIEi TI0THO-
CTHU TOKa, IeJIEHHOMY Ha YAeJbHYI0 TPOBOAUMOCTE cpefibl. CenoBaTesbHo,

ar. (7, |of B
B :{’"j :%(cthz—cosZkz).
v y\\2 4p’y

2kz
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TaKKaK\a|:JcTw,To
dP, o
AV 4p
Broipasum B,y uepe3 aMIIMTyry CpefHel 10 CeUYeHUIo JINCTa MHIYKIINA U3 ypPaB-
HEHU

B, (ch2kz —cos 2kz).

sh 24 chkd —cos kd

Bug =B 2= B,y 2 _p, NhHdocoskd
22 Jo kd kd
2 2

CJie1oBaTesbHo,

dP, _g @ g ch2kz —cos2kz
av. "7 4p chkd —coskd

[Torepu P, B 06beMe BCero Jicta MoJIydnM, yMHOKas yiaeabHblie notepu dP,/dV na
JUIMHY [, Ha BBICOTY A ¥ Ha 9J1€MEHT TOJIIMHbI dz JUCTa ¥ WHTErPUPYS IO TOJIIUHE
JICTA:

P :mdf Py g, = B2 1h 2 pg> kA Zsinkd
B av " 4n chkd —coskd

~dJ2
Takum 06pasoM, IOTEPH, OTHECEHHBIE K eUHUIE 00beMa BCETO JIMCTA, BhIPAsKAIOT-
csl B BUje

pr = P, _ B, Y shkd—smkd.
lhd P4p chkd —coskd
Herpyano ybenutbest, uto npu kd < 1 910 BhIpakeHMe epexouT B (Hhopmyry

.4
P = gkinydQBz

mcep?

nosydernyto B 4. I11, ecan nipenebpedn siBjieHneM TTOBEpXHOCTHOTO addekra. B mo-

. T
cnenneii popmye ky, = —— — koaddunnenT HGOPMBI CHHYCOUILL.

242

30.9. HepaBHOMepHOe pacnpegesnieHne ToKa B LMIMHAPUUYECKOM
npoBoAe KPyrzioro cevyeHus

PaccmoTpum siBjieHHE TIOBEPXHOCTHOTO adeKTa 1pu MPOXOKAEHUH T€PEMEHHOTO
TOKa 10 [IHJIMHAPHYECKOMY ITPOBO/Y KPYIJIOTo cedeHust. [Ipeanosmokum, 4to o6pat-
HBIH TPOBOJT HAXOAMTCS HACTOJIBKO JAIEKO, YTO BAUSHIEM IEPEMEHHOTO MAarHUTHOTO
MOTOKA, BEI3BAHHOTO TOKOM B HEM, Ha pacripeieJicHue TOKa B MCCJIEyeMOM ITPOBO/IE
MOKHO 1peHebpeub. EcTecTBeHHO BBIOpATh IMUJIMHAPUYECKHE KOOPAUHATHI 7, Z 1 0,
coBMecTuB ochb OZ ¢ ocbio npoBoza (puc. 30.12). JIuHuu 3/eKTPUYEeCKOro TOKa Ha-
npaBJieHbl apajienbHo ocu OZ. BeseacTBre oceBOl CUMMETPUH JIMHUNA MAarHUTHON
WH/LYKIIMW TIPEACTABISAIOT COO0M OKPYKHOCTH, JIEKAIHE B TIOCKOCTSIX, HOPMAJIbHBIX
K OCH TIPOBO/IA, C IIEHTPaMU Ha 9TOoii ock. Takum 0OpazoM, BEKTOP J UMeET eIMHCTBEH-
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HYyIO coCTaBJIAIoNLyIo J, u Bektop H — equncrBennyio . 0H, ===~
coctasJsiionyto Hy. IToaromy B panbHeiiliem orryc- o :
TUM UHAEKCH Y J, 1 Hy. OnHako OyseM MOMHUTD, 4TO
J u H cyTh MPOEKINU BEKTOPOB, a He UX MOAYJIU W,

CJIEZIOBATEJIbHO, OHM MOTYT MMETb KaK IIOJIOXKHUTE/Ib- H= /
Hble, TAaK 1 OTpUIIATesIbHbIE 3HAUeHUS. B cuiy oceBoii 9, A
cumMeTpun J 1 H 3aBUCAT TOJIBKO OT 7. z
Jlnst HaxoskzeHust ¢z Mexxy J u H Boctionb3y-
eMCsI YPaBHEHUSIMU: Puc. 30.12
rot H = J; rotE:—u%; E:EJ.
ot Y

MaruuToaBIKyIash Cuia BIOJIb KOHTypa abcda, OrpaHNYMBAIONIETO 3aIITPUXO-
BanHyio Ha puc. 30.12 mromanaky, paBHa

_Hrdo +(H +5;’er(7+ drydo = aaﬂrdrde +H drdo,
T s

IpUYeM B IIPABOI 4acTy OTOPOLIEH YJIeH TPETHEro IMOPSIAKA MAJIOCTH.

BesnmunHa riomaaku, orpaHideHHON KOHTYpoM abceda, pasua ds = r do dr. Cieno-
BaTeJbHO, B JAHHOM CJIydae, Korja BeKTop H mMeeT TOJBKO OJHY COCTABJISIONLYIO
Hy = H, nonyyum

oH H
rot, H=—+—,
or r

U 1epBoe ypaBHeHue MakcBessa peCTaBIsieTcsl B BU/E
of H_, )
or r
DJIEKTPOABIIKYIIIAst CUJIa BIOJIb KOHTYpa gkmng,
OTPAHUYMBAIOIIETO 3ANMTPUXOBaHHYIO Ha puc. 30.13

TIOIAAKY, UMEET 3Ha4Y€HUE

Edz—(E +6Edrjdz = —@drdz.
or or

PaszienB Ha BeJIMYNHY TIOMAAKY dS = dr dz, no-
JIydaeM B JIaHHOM cJiy4ae, Korja Bektop E nmeer

TOJIBKO OIHY cocTaBistonyio E, = E, Puc. 30.13
rot E = —%.
or
CuefioBatenpHo, BTOpoe ypaBHeHne MakcBeia MoKeT GbITh HAIMCAHO B hopme
op __on
or ot
nimn

or _WE.
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[udbdepentupys ypasaerue (*) mo ¢, a ypasaeane (**) 1o 7, umeeM
1oH O°H _a) o _ OH
rot orot ot or orot’
W3 sTx cooTHOIIEHNIT ¢ yueToM ypaBHenus (**) moxydyaem ypaBHeHUe JIJIS TIJIOT-
HOCTU TOKa:

0*J 1oJ _ _aJ
- =uy—.
or* ror ot
uddepentupysa ypasaenne (*) mo r u ucnosn3yda ypasHenue (**), mosyuaem
ypaBHEHUE JIJIST HAIPSKEHHOCTH MArHUTHOTO TTOJIS:

0*H N 10H H  0H
or? ;5 1/72 _“YE'

Ecnu Tok, a ciieoBaTesibHO, Takske J 1 H sIBJISIIOTCST CHHYCOUIATbHBIMU (DYHKITHUSI-

MU BpeMEHH, TO, BBOJSI KOMILJIEKCHDBIE BbIPAKEHISI MTHOBEHHBIX IIJIOTHOCTH TOKA M

HalpsiKeHHOCTU MAarHUTHOTO I0JIS
T 7 Jjot T _ I Jjot
J=J,e” n H=H,6ke

B ypaBHenus (*) u (**) u cokpaias Ha OOIMiT MHOKUTEIb €, TI0TyYaeM UX B BUJIE

an, H, *)
dr r "
j . ®%
I = jowyH,,. 9
dr

COOTBeTCTBeHHO BMECTO ypaBHeHI/Iﬁ C YaCTHbIMU HpOI/ISBOﬂHbIMI/I JJIA Jn HHO]IY‘
yaeM OOBIKHOBEHHbBIE JInHelHble AuddepeHnnaIbHbie YPaBHEHMS AT UX KOMILJIEKC-
HbIX aMHJII/ITy[[:

d*J,  1dJ, I'H, |1
dr* v dr

dr* v dr
Beenennem HOBOH nepeMeHHON
X = 14/—jopy
MOCJIE/IHUE [[BA YPABHEHUsI TIPUBOSATCS K GOJiee TPOCTOMY BUILY:
d*J, 1dJ, . d*H, 1dH 1),
w20, S 2 T, =0
dx x dx dx x dx x
ITH ypaBHEHNS ABJAIOTCA YaCTHBIMM CIydasMn ypaBHeHus beccess

2 2
d y+1dy+[1_n Jy=0.

X2

dd, H, . .
- = jowyH .
,

= jouyJ,,;

q)yHKHI/II/I, YAOBJIETBOPAOIINE YPAaBHEHUIO BeCCeIIH, Ha3bIBalOTCA (byHKHI/IHMI/I
bBeccens. O6HII/II>'I WHTErpaJl YpaBHEHUA MOKET OBITH HAITNCAH B Bujie

y =AJ,(¥)+BN ,(x),
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rne A u B — mpousBoJibHBIE TIOCTOSTHHBIE; J, (x) — dynkiusa Beccemnst mepsoro poga
nopsaka n; N,(x) — dyaknus bBeccenst BToporo pozpa mopszaka 7.

VpaBHeHue sl TUIOTHOCTH TOKa TIoJiydaercst U3 obiero ypaBHenust Becceos,
ecu B HeM TON0KUTh 7 = (. YpaBHeHUe 7151 HANPSLKEeHHOCTH MaTHUTHOTO TIOJIS TT0-
JIydaeTcst, ecJiu mojaoxuth 7 = 1. CireoBatesibHO, 0OIIMe HHTErPaIbl 9TUX YPaBHEHUN
MOTYT OBITh IIPEJACTaBIEHbI B BUIE

= AgJo(X)+ BN (x); H, =AJ(x)+B,N,(x),
e Jo(x) u Ny(x) — GecceneBbl GyHKIMU IEPBOTO U BTOPOTO POJIa HYJIEBOTO MOPSIKA,
a Ji(x) u Ni(x) — GecceneBbl (GYHKIME TIEPBOTO M BTOPOTO POJA TIEPBOTO MOPSI/IKA.

O6o03HaunM paanyc cedeHus mposoa yepes R. [Tocrosinubie Ay U By 1 COOTBETCT-
BeHHO Ay 1 By onipefiesisgioTes n3 TpaHnyHbIX yeaoBuit ipu r=0unr=R, T.e. ipux =0
ux=R,—jouy.

W3 nogpobHoro pacemorpenus GeccesneBbix dyHkimii caemayer, uro Jo(0) = 1 u
J1(0) =0, B To Bpems kak Ny(0) = u N;(0) = o. Tak kak nu J,,, uu H,, Ha ocu mpoBoaa
He MOT'YT UMeTh GeCKOHeYHO GOJbINNX 3HaYeHuii, 1o By =0 u By = 0.

Wtax, pyig II0THOCTA TOKA UMEeM

J, =A,J,(x).

Dyurimio Jo(x) MOKHO NIPEACTABUTD B BUJE PSi/a:

x? x* x°

=+ — = St
22 (2-4)° (2-4-6)
4YTO JIETKO ITPOBEPUTH HOZ[CTaHOBKOﬁ TOCJETHETO BbIPAKEHNA B YpaBHEHUE JIJIA Jm

[Tocrosinnast Ay paBHa KOMILJIEKCHOI aMILIUTY/€ IVIOTHOCTH TOKA J,,, Ha OCH IIPO-
Boza. CiemoBaTebHO,

Jo(x)=1-

2 4 6 . kK
e o :JmoJo(x):Jmoboe]ﬁ0~ &

. . x
J =J J|J1-=—+ - + ...
T 92 T 9.4)2 (2-4-6)2

Dyukims Jo(x) ecTh KOMILIEKCHOE YHCJI0, TAK KAK X SBJISETCS YUCTIOM KOMILTEKC-
HbIM. Yepes by 0603HaUeH MOIYJTb, & Yepe3 Py — apryMeHT KOMILIEKCHOTO urca Jy (x).
HanpsikeHHOCTh MarHUTHOTO TI0JIsE MOKET OBITh TIOJTydeHa U3 ypaBHeHust (¥*):

g -1 dJ, ~-jonydJ, 1 dJ

"jewy dr o jopy dx  [“jouy dx
H — ij [_dJO(x)]
Vjouy - dx
[udbdepentupys pan J, (x), Haxoaum
H JmO |:X 23 xS X7 :| _ (FFF*)

nim

" \—jouy
— Jm()
VjoRy

-5+ T Tt
2 2.4 (2426 (2-4-6)>-8

Ji(x) = be™ .

Jm 0
\-jouy
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[TosryaeHHbIIT HOBBII Psifi IPEACTaBJIsIET COOO0I HEe YTO UHOE, Kak OecceseBy (hyHK-
o J1 () iepBoro poja nepporo nopsizika. Yepes by 0603HaueH MOLYJIb, a Yepes By —
apTyMEHT KOMILJIEKCHOTO yucia Ji(x).

1y jowy by Bo by By
0 1 0 0 —45
1 1,015 14,22 0,501 -37,84
2 1,229 52,28 1,041 -16,73
3 1,950 96,52 1,800 +15,71
4 3,439 138,19 3,173 53,90
5 6,231 178,93 5,812 93,55
6 11,501 219,62 10,850 133,45
7 21,548 260,29 20,500 173,51
8 40,817 300,92 39,070 213,69
9 77,957 341,52 74971 253,95
10 149,831 382,10 144,586 294,27

B Tabsmie panpl 3HaueHust MoayJieit by u by 1 apryMeHToB By 1 B KOMILIEKCHBIX
BesInUnH J ) (74/—jopy) n J,(r\/—jopy) Ipu HECKOJbKUX 3HAYEHUAX BEJTUYNHDI 7.

Tak kak bo C YBCIIMYCHUEM 74/OUY MOHOTOHHO BO3pacTaeT, TO aMILJIUTY/1a IIJIOTHO-

CTHU TOKa MMEET HauMMEHbIIee 3Ha4Y€HHE Ha OCH IIPpOBO/a, U OTHOHIEHWE aMILJIUTY/{
TOKa Ha ITOBEPXHOCTHU IIPOBO/Ida M1 Ha €TI0 OCHU 6y1[eT TeM 60]1]3]1[6, yeM GOJIbIIe yrijoBasd
4acToTa, yAeJabHasA IIPOBOAMMOCTDb, MariHuTHad IIPOHUIIAEMOCTD U paJnyC IIPOBO/Ia R.
Yro xe kacaeTcs yrijia Bo, TO OH TaKK€ MOHOTOHHO BO3PAaCTa€T C YBEJIMYEHNEM T\/(Tw,

1 B T€X CJIy4dadX, KOorga r,/ouy JOCTUTA€T OOJIBIINX 3Ha‘{eHHI>'I, (1)3.33. IIJIOTHOCTH TOKa

Ha HEKOTOPOM PACCTOSTHUM OT OCU MOJKET OKa3aThCs MPSIMO TIPOTUBOTIOIOKHON (haze
MJIOTHOCTH TOKA Ha OCH, a TP JAAJIbHENIEM YBEJIUUECHUN ¥ MOKET CHOBA COBIACTb C
($ha30il TIOTHOCTH TOKA HA OCH U T. JI. 3aBUCUMOCTH BeJUYduH J,,/J,0 = by 1 By oT
r\/cTuy nanbl Ha puc. 30.14. Ha puc. 30.15 mokazanbl Ha BpeMeHHOM [uarpaMMe BeKTO-
PBbI, XapaKTepPU3yIollKe pacipejiesieHne MJI0THOCTYA TOKa 110 BeJnunHe 1 (ha3e BIOJb
paziyca TpoBojia, IPUYEM B KOHIIE KaXK/I0OTO BEKTOPA IIOMEYEHO COOTBETCTBYIOIIEE
3HAUCHNE 74/®OUY.

Pacemorpenne puc. 30.14 u 30.15 npuBoauT Hac K TeM ke oOmmM (hU3HMIECKUM
MOJIOKEHUSM, KOTOPbIe OBLIN YCTAHOBJIEHBI BBIIIE W KOTOPbIE XapaKTePU3yoT sIBJIe-
HUEe TIOBEPXHOCTHOTO a(hdeKTa Bo Beex 6e3 UCKIIOUYEHUsT CIydasX. DJIeKTPOMarHuT-
Hast BOJIHA MPOHUKAET BHYTPb IIPOBOJIA CKBO3b €TI0 TIOBEPXHOCTD U3 JAMIJIEKTPUKA, OK-
pyskatoriero mpoBo. ITo Mepe MpOHUKHOBEHUsE B TIyOb TIPOBO/IA BOJHA MOCTETIEHHO
3aTyXaeT, ¥ aMIIUTY/[bl HATPSIKEHHOCTH HJIEKTPUYECKOTO TIOJISI U COOTBETCTBEHHO
IJIOTHOCTH TOKa yObIBatoT. [Ipu aTOM KoJie6aHUs 10 Mepe MPOHUKHOBEHUS B IIyOb
POBOJIa Bee GoJiee 3amasibiBaioT 110 (hase 10 OTHOIIEHUTO K KoJieOaHUsAM Ha MOBEPX-
HOCTH TIPOBOJIA.
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18 270°
16 240°
14 /1 210°
12 By 180 [ 8
10 V4 1500 |—4
i I 4 / Bo 1lo
8 H{Jmo Y. /J 1200 |4 24" —4| —8| —12] —16] —20] —24
4 Zm 3( /100 T
6 / Jmo[ ] 90 4 \H\‘h/_.
4 /| 60° ﬂl/r 7
/ /, 5 Jm()
2 )y AREY4 300 -3 \‘\ |~
oy 6
0 1 2 3 4 5 6 7 -12
Puc. 30.14 Puc. 30.15

30.10. AKTUBHOE U BHYTpeHHee MHAYKTUBHOE CONpPOTUBJIEHUS
UWUINHAPUYECKUX NPOBOAOB KPYI/iOro cevyeHus

CorJylacHO COOTHOIIIEHUIO, ycTaHOBJIeHHOMY B § 30.4 /11 TPOBO/Ia KPYTJIOTO CEYEeHMS,
nMeemM

IE
me
ZBHyTp r+ ]xBHVTp - - )
uHme
rne E,, u H,, — 3uavenust £, w H, Ha MOBEPXHOCTU MIPOBOJA, T. €. TIpu 7 = R; [ —

JUTAHA HpOBOI[a ¥ 1 — TepuMeTp ero cedenust. Mcnombayst Beipaxkenust (**%) u (****)
U3 TIpe/ibllyero maparpada u cessnb J, =7 E, , noayyaem

7\/7J o (Ry—jouy)

r+ ijHyTp -
J, (R jouy)
1
ConpoTuBienne MpoBojia IPU ITOCTOSIHHOM TOKE PaBHO 7, = — CienoBarTe/ibHO,
YR
Zsuy'rp _ L + ] xBllyT]J _ R\I _.](D“"Y JO (R V _]O)MY)
%o " % 2 Ji(Ry—joony)
Tak Kak /—j = e ™%, To nmeem
Y
ZBHyTp _ R\/(DM b [[308751872] _ ZBHyTP e](P.
- - b
T bn» T
r _ ZBHyTp COs @ . xBHyTp _ ZBHyTp sin ¢
T T 7 T T

3nech by, u by, — 3Havenus moayeit by u by, a By, 1 By, — 3HaUEHUS apIYMEHTOB
1 3, KOMIIEKCHBIX Beandud Jo(x) u Ji(x) mpu # = R, T. e. Ha TOBEPXHOCTHU TTPOBOIA
(mpu x = Ry—jouy).

Yrou, Ha KOTOPBII 3ama3/bIBaeT 1Mo (aze HANMPSIKEHHOCTb MAaTHUTHOTO TMOJISI OTHO-
CUTEJIBHO HAIPSIKEHHOCTU 3JIEKTPUYECKOTO TI0JIST Ha TTIOBEPXHOCTH MTPOBOJIA, PaBEH
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T
(p=BOe _Bie _Z'

OrHomenne BHYTPEHHEH WHIYKTUBHOCTH Ly, IPH TIEPEMEHHOM TOKE K ee 3Ha-
YeHUIO L,y o TIPU MOCTOSTHHOM TOKE HETPY/HO HAiiTH, eC/IM MPUHATH BO BHUMAHME,
9TO Lyyyrp = Xgyrp/® W UTO Ly o = pl/(8m). Vimeem

LBHyTp _ xBHyTp 70 _ xBHyTp l 87'5 _ xBHyTp 8
= = s — = -
L o (DLBHyTp() o YTCR 0‘)“[ 7 (Rﬂ(x)},t’y)
B Tabmmiie ganbl OTHOMEHWS Zyyyry/ 70, /70, Lyyrp/ Lynyrp 0 ¥ YTOT ¢ B 3aBUCHMOCTH
oT R {Jouy.

BHYTp 0

Ryopy Zonyrp ° r X payrp LBHyTp
T To o Lo
0 1 0 1 0 1
1 1,013 7,06 1,0001 0,1247 0,9976
2 1,180 24,01 1,080 0,481 0,961
3 1,625 35,81 1,318 0,951 0,846
4 2,168 39,29 1,678 1,373 0,686
) 2,680 40,39 2,043 1,737 0,556
6 3,180 41,17 2,394 2,093 0,465
7 3,679 41,78 2,744 2,450 0,400
8 4,179 42,23 3,096 2,814 0,352
9 4,679 42,57 3,446 3,165 0,313
10 5,179 42,83 3,796 3,922 0,275
1,0 Lom r Xowymp 30 Ha puc. 30.16 nmpusenenbr KpUBBIE 7/7, Xyyyrp/T0
0.8 Louyrpo X o 7o 40 B Lyiyrp/ Liyrp 0o XapaKTEpU3yIOLIe BO3pacTaHUe aK-
’ N2 y TUBHOTO W BHYTPEHHETO WHIYKTUBHOTO COTIPOTHUBJIE-
0.6 \i“y“’ 0 //,/ 3,0 HUIl IPOBOJIa U YMEHbIIEHKE €r0 BHY TPEHHEH MH/YK-
> V.4 TUBHOCTHU TIPU yBeIUdeHun napamerpa Ryopy. [pu
0.4 r_f) /‘,// "~ i 20 gospacranuu napamerpa Ryouy otaomenue by,/by,
0.2 /1 1.0 CTPEMMTCA K eAMHUIE M Pa3HOCTD Py, — By, CTpeMUT-
/ x“;g”’ L cs K Tt/2, a cIe/oBaTeJbHO, YTOJI ¢ CTPEMUTCS K T/4.
0 /2 yE— R\é@y 0 [TosToMy 1Tpu GOJIBIITMX 3HAYEHUSAX ITOTO MapaMeTpa
Puc. 30.16 MMeEeM
2oy Rou
7, 2 ’

7 Yuyp R [©OHY
T, 7, 2V 27
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YTO COBIA/IAET C PE3YIBTATOM, TTOJydeHHbIM B § 30.5 Ipu paccMoTpennn crydas pes-

KOTO TIPOSIBIIEHUS MTOBEPXHOCTHOTO 3(hheKTa, ecyi yuecTh, 4TO JIJIs TIPOBO/Ia KPYTJI0-

TO ceyeHus HeoOXOAMMO IPUHATH /1 = TR2/(21R) = R/2.

opy
2

R
Bsenst ob603HaueHME ) = %, MOKHO JIaTh [IPUBEACHHbBIE B TabaUIaX IIpuOIn-

JKEHHbIE BBIPAXKEHU IS OTHOWEHWI 7/70, Xuyyrp/T0 U Lyyyrp/ Liyyrp 0:

% x<1 x> 1 x> 30
r 1+ X4 + 1 + i
" ry x 4 6y ¥+ 0,265~y
x 1 <1 x> 1
L ) 1 ERN
" 7% LTV
Loy A 1.3 1
LBHyTpO 6 X 64X) x

Ecan y > 30, To pu pacueTe akTUBHOIO COLPOTUBJICHUS IIPOBOZA €0 YCJIOBHO
MO’KHO 3aMEHUTH 9KBUBAJEHTHBIM TPYOUATBIM MTPOBOIOM C TEM K€ BHEIITHUM Pajiny-
COM U PaBHOMEPHBIM paciipejiesieHueM TOKa 110 cedeHuio. Jluis onpeesieHust TOJIIIN-
HbI b CTEHKM 9KBUBAJIEHTHOTO TPyOUYATOro MpoBO/A, Ha3bIBAEMOIT MHOTIA 9 K BU B a -
JEHTHOW rAyOUHON MPOHUKHOBEHHU ST TOKA, UMEEM BBIPasKEHUE

/ /
—_— 7 =17 = .
2nRby ok TR’y *
CienoBaTeabHO,
R 2 1

b=7= =

2y wTw - Jrfuy .

30.11. 3¢ ekt 6nn3ocTun. MNoBepxHOCTHaNA 3aKanka
MHAYKUMOHHbLIM METOAOM

Eciu B HemocpeacTBEHHOM GIM30CTH JIPYT OT APyra PaciioioKeHO HECKOIbKO MPO-
BOJIHUKOB C MEPEMEHHBIMU TOKAMU ¥ KaxK/[bIil U3 HUX HAXOAUTCS HE TOJIBKO B COOCT-
BEHHOM IT€PEMEHHOM MarHUTHOM TI0Jie, HO U B MAarHUTHOM TI0JIe JIPYTUX TTIPOBOJIHU-
KOB, TO pacIipejieJieHue TIEPEMEHHOTO TOKA B KasKIOM TIPOBOIHUKE OY/IeT HECKOTIBKO
OTJIMYATBCST OT TOTO, KOTOPOE MMEJIO OBl MECTO, €CJIN Obl TOT TPOBOIHUK ObLI yeu-
HeH. IToT adderT HocuT HaumeHoBaHue 3 h b exTa 61130 cTH. OH IPUBOAUT K
JIOTIOJTHUTEJIbHOMY YBEJNYEHUI0 aKTUBHOTO CONPOTUBJIEHUS TIPOBO/IHUKOB.

B aByxmpoBoaHOl IUHUN TIepejaudl, B TPOBOIAX KOTOPOU TOKHU ITPOTEKAIOT B TIPO-
TUBOIIOJIOKHBIX HAIIPaBJIeHUsIX, 9 dEKT GJU30CTH TIPUBOIAMUT K TOMY, YTO TLIOTHOCTD
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TOKa HA CTOPOHAX MPOBOIOB, OOPAIEHHBIX JIPYT K IPYTY, OKA3bIBAETCsT OOJIBIIEN, dem
Ha [TPOTHBOIIOJIOKHBIX CTOPOHAX. DTO MOKHO OOBSICHUTD CTPEMJIEHIEM TOKA N30paTh
My Th, TPX KOTOPOM TOJIHOE COITPOTUBJICHUE TIOTYyYAeTCS HAUMEHBITNM. XO0TS I0TI0JI-
HUTeJIbHAs HEPAaBHOMEPHOCTDb paclipeiesIeHusl TOKa BeJeT K BO3PACTaHUI0 aKTUBHOTO
COTIPOTUBJICHUS TIPOBO/IA, MHAYKTUBHOE COMTPOTUBJICHUE TTPH 9TOM YMEHBINAETCS, TaK
KaK BCJIE/ICTBIE COMKEHNS TIPSIMOTO 1 0OPATHOTO TOKOB YMEHBIIAETCST OKBUBAJIEHT-
Hasg WHAYKTUBHOCTD KOHTYpA.

[TosepxHoCTHBII ahdekT u ahdEKT GAM30CTH MUPOKO UCIOIB3YIOTCS MPU MO~
BEPXHOCTHOI 3aKaJlKe CTaJIbHbBIX M3/eJINi MHAYKIMOHHBIM MeTO/IoM. B Buje npume-
pa paccCMOTPUM IIOCKMI KOHTYP, 110 KOTOPOMY IIPOTEKAeT TOK BBICOKOM 4aCTOTDI.
Ecam nofecTt KOHTYP GJM3KO K MIOCKOI TOBEPXHOCTH CTAIBHOTO TeJIa, TO B 9TOM
TeJie BOJIM3U €10 TIOBEPXHOCTH BO3HUKHYT MHYIINPOBAHHbBIE TOKU. DTH TOKH, COTJIAC-
HO MPUHIIUIY 3JI€KTPOMATHUTHOW MHEPIMU, OYAYT HATPABJIEHBI TPOTUBOIOIOKHO
TOKY B YKa3aHHOM BBIIlle KOHTYPE, Ha3bIBAEMOM B JIAHHOM CJIy4ae WHAYKTOPOM. -
bexT 6IM30CTH TIPU HTOM TIPOSIBJISIETCST B TOM, UTO TOK B T€JI€ CTPEMUTCS CII€I0BATD 32
IPOBO/IHUKAMU MHYyKTOpa. IIpraBas mpoBoHIKaM MHYKTOPA TY WM UHYIO (opMmy,
MO’KHO COOTBETCTBYIOIIM 00PA30M HAMPABJISITH TOKH B TeJIe 1 TTOJIyIaTh HarpeBaHue
MIOBEPXHOCTHOTO CJIOSI TeJia JIsT 1eJIel TOCTIe/yIONeil 3aKalKi TOIBbKO B TPeOyeMbIX
Mectax. Eciin moBepxXHOCTD Tesra He III0CKast, TO U MHAYKTOPY HEOOXOIMMO TPH/IATD
cooTBeTCTBYIONYI0 (opMy. MeToji MOBEPXHOCTHOI 3aKkaaky ObLT pa3paboTaH B
CCCP B. 1. BoorauusiM 1 IPYTAMU.

30.12. dneKkTpoMarHUMTHOE SKpaHUpoBaHue

Jl71s1 3a1IUTHI 9IEMEHTOB 2JIEKTPUYECKUX IIETIel, HAIPUMEDP KaTyIIeK CAMOWH/IYKIIUH,
9JIEKTPOHHBIX JIAMII, 3JIEKTPOU3MEPUTENbHBIX PUOOPOB U T. JI., OT BJIMUSIHUS Ha HUX
MEePEMEHHBIX 3JIEKTPOMATHUTHBIX TIOJIel TPUMEHSIOT MeTaJlIndecKue sKpanbl. Ecan
3aIMIIAEMbII 9JIEMEHT eI OKPYKHUTh CIUIONIHOW MEeTAIMYeCKOil 060J0UYKOM, TO
MIPU TOCTATOYHON ee TOJITMHE BHENTHEee 3JeKTPOMATHUTHOE ToJie TTPAaKTHIeCKU He
[POHUKAET BHYTPb OOOJIOYKH, YTO SICHO M3 TPOU3BEAEHHOIO BBIIIE PACCMOTPEHIS
mporiecca MPOHNKHOBEHUS 3IEKTPOMAaTHUTHOW BOJTHBI B TPOBOJSATIYIO cpeay. [Tomo6-
Hble 000JIOUKM HOCAT HasBaHWe DJIE€KTPOMATHUTHBIX 9KPaHOB. JCHO, uTO
TaKOH 9KpaH OKa3bIBAETCS TAKXKe MPAKTUUECKU HETPOHUIIAEMBIM U JIJIST TIEPEMEHTOTO
9JIEKTPOMATHUTHOTO TIOJISI, CO3/IAHHOTO 2JIEMEHTOM 3JIEKTPUUECKOI TIETTH, 3aKII0UeH-
HBIM B €0 MOJIOCTH, T. €. 9KPaH 3alHINaeT TakKe Bce TPUOOPBI, PACIIONOKEHHbIEC BHE
€T0, OT BJUSHUS TI0JIs, CYIIECTBYIONETO BHYTPH €TO.

Dusnyecky sKpaHUPYIOIee JeiicTBHE MOKET ObITh 00bSICHEHO BO3SHUKHOBEHHEM
TOKOB B CTEHKAaX 3KPaHa, CO3/IAIOIINX T10JIe, KOTOPOe KOMIIEHCUPYET UX BbI3bIBAIOIIEE
BHEIITHEee T10JIe. ITU TOKU MOTYT PAaCCMaTPUBATHCS KAK BUXPEBbIE TOKU.

g nonyuenust abdeKTUBHOTO 9KPAHUPYIOIIETO AeUCTBUS TOJIUHY CTEHOK 9K-
pana HeoOXOAMMO B3SITh IOPSAKA IJIMHBI BOJIHBI A B BellleCTBe dKpaHa. JleficTBUTE/Ib-
HO, B § 30.2 MbI yOeIMINCh, YTO HA PACCTOSTHUN, PABHOM JIIMHE BOJIHBI B TIPOBOJISTIIEN
cpe/ie, 9JIEKTPOMArHUTHAS BOJIHA MPAKTUYECKU MOJHOCTBIO 3aTyxaeT. Kak BujHO u3
tabsmiiel, npuBeaernoil B § 30.2, mpu yacrore /= 500 kIt 11iiHA BOJIHBI B MEIH TIOJTY-
waercst pumMepHo paBuoii 0,6 mm. [ToaTomy mpu pagmodactoTax HeT HEOOXOIMMOCTH
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OPUMEHSTh /IS 9KPaHOB (hePPOMArHUTHBIE MAaTePUasbl, KOTOPbIE HEKeJATeNbHBI
BCJIE/ICTBHE 3aBUCUMOCTH MX MAarHUTHOH MPOHUIIAEMOCTH OT HAIIPS>KEHHOCTH TOJIS 1
siBsieHnst rucrepesnca. OGBIYHO TPUMEHSIIOT 9KPAHbI U3 XOPOIIO TIPOBOJISIIIETO MaTe-
puaja, HAIpUMep U3 Meau Win amioMutus. [Ipu npomMbiiiienHoit yacrore f = 50 I
Me/IHBIN 9KpaH OKa3biBaeTcd 3Gh(PEKTUBHBIM JUIIH TTPU 3HAYUTETBHON TOJIIIITHE CTe-
HOK, TaK KakK J[JTMHA BOJHBI B Me/IM MTPH 9TOH yacToTe paBHa 6 cm. [Ipn Taknx HU3KNX
4acTOTaX MOKHO BOCIIOJIb30BaTbCs 9KPaHOM U3 (heppOMarHuTHOrO MaTepuala, B KO-
TOPOM 3JIEKTPOMATHUTHASI BOJIHA 3aTyXaeT 3HAYUTETHHO OBICTPEE, YeM B MEIH, €CJIH,
KOHEYHO, II0Tepu B (DeppOMAarHUTHOM 3KpaHe He IPEISITCTBYIOT ero IIPUMEHEHUIO.
DeppoMarHUTHBIN 9KPaH OKa3blBAaeT dKPAHUPYIOIee AeHCTBUE U TPU HOCTOSTHHOM
1oJie, Kak 9To ObLI0 nokasano B § 27.23. [Ipu nepeMeHHOM I0JI€ €T0 9KPaHUPYIOIee
JeliCTBUE 3HAYNTEIbHO BO3PACTAET BCJEICTBUE JIOTIOJHUTEIBHOTO 9KPAHUPYIOIIETO
abdexra TOKOB, BO3HIKAIOIINX B CTEHKAX 9KPaHa.

30.13. dkcnepuMeHTasIbHOE UcciefoBaHue U MoaeimpoBaHue
3/1IEKTPUYECKNX U MAarHUTHbIX MoJiIen

Hapsiny ¢ pacueTom ajieKTpUYeCKUX, MATHUTHBIX W 9JIEKTPOMArHUTHBIX TIOJIEN UMeeT
GOJIBIIIOE MTPAKTHYECKOE 3HAYEHNE UX HEITOCPEACTBEHHOE SKCIIEPUMEHTAIBHOE UCCJIe-
JIOBaHUE B PEATbHBIX YCTPOUCTBAX, a TaK)Ke UX IKCIEPUMEHTATHLHOE UCCIe0BAHIE
METOJIOM MOJIEJIUPOBAHUSI.

J1L7151 9KCTIepUMEHTATTBHOTO UCCIIEI0OBAHMST DIEKTPUYECKOTO TI0JIsT, HATPUMED AJIeK-
TPUUYECKOTO TIOJISI B BO3/IyXE OKOJIO M30JIITOPA BBICOKOTO HAIPSIKEHUS, MOXKHO BOC-
MOJIb30BAThCST T€M OOCTOSITETHCTBOM, UTO YAJIMHEHHOE TEIO W3 MeTajlja WM W3
IIJIEKTPHKA C € > &), BHECEHHOE BO BHEITHEE AJIEKTPUIECKOE TI0JIe, CTPEMUTCS Pac-
MOJIOKUTBCS BJOJb JMHUN HANPSKEHHOCTH 3TOTO TOJs. [IpuKkpenum MajieHbKyio
CTPEJIKY U3 TOHKOM U Y3KOU aJlOMUHUEBON JIEHThI UJIU U3 COJIOMUHKH B €€ CepelHe
K BOJIOCY, HATSTHYTOMY MESK/Iy KOHITaMU HeOOJIBINON CTEKJISHHOM BUIKK. BUiky mpu-
KPEIM K KOHILY JUTMHHOTO CTEPKHS U3 U30JUPYIONIETO MATEPUATA, CIYIKAIIETrO JIJIsST
BBO/Ia CTPEJIKHU B HccemayeMoe moJie. CTpesika oJsKHA CBOOOIHO BPAIAThCs Ha BOJIO-
ce. [Ipu BHeceHUM CTPEIKHU B UCCJIEyeMOE TI0JIe OHA PACTIOJIATAETCS BAOJb JIMHUM Ha-
MPSIKEHHOCTH TIOJIS.

[ToMecTHM M30JIATOP U CTPEJIKY MEXK/IY HCTOYHUKOM CBETa 1 OEJIbIM JINCTOM OyMa-
T W YCTPOUM OCBEIleHNe TaK, YTOObI Ha JINCTe OyMard MoJyvanach peskasi TeHb OT
U30JIATOpPA U OT CTPesKu. IIpu aTOM MmosiydaeM BO3MOKHOCTh OOPHCOBATH Ha JINCTE
OGymaru TeHb U30JIITOpa U TeHb CTPeJIKK. [lepemeriast CTpesiKy B pasjnyHbIE MOJIOKe-
HUS B 110JI€ U30JIITOPA, KaXKIbIi pa3 Oy1eM IPOBOAUTH YePTOUKY Ha Oymare BIOJIb ee
teru. [Tpu GOJIBIIOM YnCIIe YepTOUYeK Ha GyMare OTYETINBO HaMeyaeTCsl HallpaBJIeHe
JINHUI HATIPSIKEHHOCTU UCCJIElyeMOTro MoJisl. ITU JIMHUHU HAJJIEKUT TPOBOJIUTH TAK,
4TOOBI YEPTOUKK OBLIM K HUM KacaTesbHbl. VIMest KapTUHY JMHUIA HANPSKEHHOCTH
0JIsA, JIETKO TIPOBECTU TIE€PIIEHNKYJIIPHbIE UM JIMHUW PaBHOTO noTeHImama. Ecan
10106paTh PaCCTOSTHUS MEKIY JUHUSME HAMPSDKEHHOCTH TIOJIST ¥ MEXKIY JIHHUSIMU
PaBHOTO MOTEHIIMAA TaK, YTOOBI YIOBIETBOPUINCH TpeboBaHMsI K (OpME siueeK ceT-
KU 1107151, chopmysinpoBannbie B §§ 24.15, 24.16, To kapTHHA TI0JIST 1aCT BO3MOKHOCTD
CYZIUTh ¥ O 3HAYEHWH HATIPSIKEHHOCTH TIOJIST B PA3HBIX TOUKAX.
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SHaueHue HAMPSKEHHOCTH TOJIST MOXKHO M3MEPUTh U HETOCPEACTBEHHO, MOJIb3Y-
sICh MaJIeHbKO#1 6€33JIeKTPOIHON HEOHOBOII JlaMIToi. Pacrioiarast jamMiy B HEKOTOPOIA
TOYKE TT0JI1 B HANIPABJIEHWW JINHWH HANPSSKEHHOCTH, YBEJNYMBAEM HANPSKeHNe Ha
M30JIITOPE 710 TeX TOP, MOKA JIaMIIa He BCIIBbIXHET. JlaMIa BCIIBIXWBAET P OIperie-
JIEHHO# HaIPSKEHHOCTH TT0JIsI, KOTOPast MOXKeT ObITh HaiijieHa MpeBapUTeIbHO 1Iy-
TeM MOMEIIeHNsT JITAMITbl B HapacTaroliee u3BecTHoe mose. [IpousBos onbIT B pa3HbIX
TOYKAX MCCJEYEMOTo TI0JIs, OTpeiesiieM HANPSKeHN Ha M30JISTOPE, TIPU KOTOPBIX
BCITBIXMBAET JIAMIIA B 3TUX TOUYKAX MOJsA. Pe3ybrartsl udaMepeHuil 1at0T BO3MOKHOCTD
MyTeM TIPOMIOPITMOHATIBHOTO TIepecyeTa MoJyYnTh HAPSKEHHOCTh B PA3HBIX TOYKAX
MOJIST TIPY OTHOM HATPSKEHUH HA M30JIITOpe.

Jlns viccaenoBaHMA TTOCTOSHHOTO MAarHUTHOTO TIOJIST MJIM MAaTHUTHOTO TIOJIST, M3Me-
HSIOIIETOCS ¢ HEOOJIBIIOI 4acTOTOI, HO HE MEHSIIOIIETO CBOEH KOHMUTYPAIINU, MOKHO
BOCTIOJIb30BATHCA AHAJOTUYHBIM METO/IOM, TIOMEITas B Pa3jNYHbIe TOUKU T0JIS CBO-
GOJIHO BPAIAIOIIYIOCS CTPEJIKY 13 (hepPOMArHUTHOTO MaTeprasia U HabJIoast moJio-
JKEHUS, KOTOPbIe 3aHMMaeT CTpesika B 9TUX TOouKax mous. s ncciaemoBaHus mar-
HUTHOTO TI0JII MOKHO MCIIOJIb30BATh TaK:Ke SIBJICHUE 3JIeKTPOMATHUTHON WHYKITNH.
[Tomeriast B pa3tble TOUKU TTOJIsT HEOOJIBIION BUTOK MJIM KATYIIKY U U3MEPSIsI C TOMO-
IBI0 OAJITMCTUYECKOTO TaJibBAHOMETPA JIEKTPUUYECKIIT 3apsijl, TIEPEHOCHMBbIIT CKBO3b
HoIepevHoe CeveHre MPOBOjia KATYIIKU 1Py YObIBAHUHU MOTOKA /10 HYJISI, WJIA M3Me-
psas peiicTBylolee 3HaYeHre uian amintyny DJC, nnaynupyemoii B KaTyIike 1pu
MEPUOAMYECKN U3MEHSIONEMCS TTOTOKE, MOKHO BBIUMCJIUTD 3HAUEHUE TTOTOKA, CIIET-
JISIONIErocsl ¢ BUTKaMU KaTymiku. OTBICKUBAS MOJOXKEHUE KAaTYIIKA OKOJIO TaHHOU
TOYKHM TI0JIsT, TP KOTOPOM MOTOK MMeeT HauOoJIblliee 3HAYCHME, TT0JyIaeM HalpaB-
JleHue BekTopa B, meprmeHauKyasgpHoe TI0CKOCTH KaTymkd. [lo 3Hadennio motoxa
MPU 3TOM HAXOJMM 3HAYeHWe MAarHUTHOWM MHAYKIIMY B cepe/inHe Karymku. Karyiika
MOJIKHA OBITH CTOJIb MAJIBIX Pa3MePOB, YTOOBI B €€ Mpe/lesiax 1moJie Majio OTJIHYAIOCH
OT OJTHOPOJTHOTO.

WccnepnoBanne aeKTPUYECKOTO TOJS TTOCTOSHHOTO TOKA B TTPOBOIAIIEH cpejie
MPOU3BOIUTCA BechMa 1pocTo. Ecii cpesia TBepasi, MOSKHO MCCJIEA0BATD T0JIE TOJIb-
KO Ha ee TTOBePXHOCTH. Ecn jke cpesia sKUKas UK PBIXJias, TO 10JIe MOXKHO MCCIIeI0-
BaTh U BHYTpH ee. C 3TOH 1EeJIbI0 BBOAST B CPE/LY 30H/I, IPEACTABISIONNI cOOO TOH-
KU METaJUTMYECKUI CTePsKEeHb, M30IMPOBAHHBIN 10 BCEH [/TNHE, KPOMe HEGOJIBIIIOTO
OTpe3Ka Ha KOHIIE.

SOHJI TPUHUMAET TTOTEHIHAT TOH TOYKU CPe/bl, B KOTOPOI HAXOAUTCS €T0 OTKPBI-
TN KOHell. PagHOCTDb TOTEHIMa/a 30Ha U TIOTEHIMaIa KaKoH-11b0 Ipyroi Hens-
MEHHOIT TOUKHU CPEe/Ibl MOKeT ObITh M3MePeHa BOJBTMETPOM WU TPU MAJbIX Pa3HO-
CTSIX TMOTEHIIUAJIOB — BBICOKOYYBCTBUTEJNbHBIM TajbBaHOMETPOM. COTMPOTHBIIEHUE
BOJIBTMETPA JIU TaIbBAHOMETPA J0JIKHO OBITH TOCTATOYHO BEJIMKO, YTOOBI TOK Yepe3
HUX, BBIXOJISIUHN M3 KOHIA 30H/IA B CPE/LY, He BBI3bIBAT 3aMETHOTO U3MEHEHUS TIOTEH-
[ajla B MeCTe PaCIoIOKeHusT KoHIa 30H1a. Hambosee ToUHbIE pe3ysIbraTbhl MOTYT
OBITH TIOJTyYeHbI [TPU UCTIOJNB30BAHUN JIJIST M3MEPEHUsT Pa3HOCTU TTOTEHIIMAIOB KOM-
neHcarmonnoro Metoza. [Tomemnas koner| 3002 B pa3IndHble TOYKHA NCCIELyEMOTO
M0JIsI, MOKHO HAWTH B HUX MOTEHIIUAJIBI, YTO JIaeT BO3MOKHOCTH TIOCTPOUTD TTOBEPX-
HOCTH PaBHOTO TOTEHIMAA UJI TUHUY PABHOTO TIOTEHITHAA HA TIOBEPXHOCTH CPEJIb
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WM B KAKOM-HUOY/Ib cedeHrr cpeibl. JIMHUM HAPSAKEHHOCTH 9JIEKTPUUECKOTO 101,
a B OZIHOPOJIHOI B OTHOIIEHUH ITPOBOIUMOCTH CPeJie U TUHUK TOKA ITPOBOISAT TIePIIeH-
JIUKYJISPHO TOBEPXHOCTSIM PAaBHOTO IOTeHIIMasa. Ha ToBEPXHOCTU Cpeabl JUHUHU
TOKA JIEXKAT B 9TON OBEPXHOCTH, U, CJIEI0BATEJIBHO, OHU [E€PIEH/IUKYJISIPHBI K JIUHU-
sIM PaBHOTO TIOTEHITNAJIa HA 9TON TTOBEPXHOCT.

3Hast pa3HOCTb MMOTEHIIUAIOB JABYX OJIM3JIEKANMX OBEPXHOCTEH PAaBHOTO MOTEH-
[yajga U PacCTOSTHUE MesKLy HUMU B JJaHHOM MeCTe I10JIs1, MOKHO Oe3 Tpyia orpejie-
JINTH 3HAYeHNe HATIPSKEHHOCTH 3JIEKTPUYECKOTO I0JIsT B 3TOM MecTe. MOKHO Harpsi-
JKEHHOCTDh TIOJISI U3MEPHUTH W HETOCPEICTBEHHO, €CJUM BOCIIOJIb30BAThCS ABONHBIM
30H/IOM, COCTOSIIIIUM U3 JIBYX BBINIEOIUCAHHBIX OJMHOYHBIX 30H/I0OB, OTKPbITbIE KOH-
I[bI KOTOPBIX PACITOJIOKEHBI Ha HEOOJIBIIOM OTIPEICIEHHOM PACCTOSTHUN JIPYT OT JAPY-
ra. VIamepsisi pa3HOCTb MOTEHITMAJIOB 30HIOB U JIEJISI €€ Ha PACCTOSIHUE MEK/LY KOHI[AMU
30H/IOB, TIOJly9aeM 3HAaYeHWe COCTABJIAIONIEN BEKTOPA HATPSKEHHOCTU 3dJIEKTpUUe-
CKOTO TIOJIsI B HAIIPABJIEHUH JIMHUU, COEIUHSIONIEN KOHIIbI 30HIOB.

IDKCIEPUMEHTAIBHOE UCCTIEIOBAHIE 3JIEKTPUYECKIX M MATHUTHBIX TTOJIEH B TEX WJTH
MHBIX TEXHMYECKUX YCTPOHUCTBAX — M30JATOpaX, MprOOpax, MallMHaxX, almaparax —
umeeT OOJIbLIOE 3HAYEHHE JIJIst IPABUIBHOTO IPOEKTUPOBAHKS 9TUX YCTPOUCTB. JKC-
HePUMEHTAIbHOE UCCAE0BAHNE PACTEKAHUS TOKA B IIPOBOAAIIEH Cpee umeer 60Jb-
I10€e 3HaYeHne /IJIsT TPAaBUIBHOTO TTPOEKTUPOBAHUS 3a3EMJISTIONINX YCTPOMCTB, a TAaKKe
JUISL OTIPE/IeJICHNsI TaK Ha3bIBaeMbIX OJIY/KIAIOIINX MOCTOSTHHBIX TOKOB B 3€MJIE, OT-
BETBJISAIONINXCS B 3€MJIIO OT PENbCOBBIX ITYTEH TOPOJCKOTO JJEKTPUYECKOTO TPAHC-
HOPTa ¥ BBI3BIBAIOIINX PasbelaHie MPOJOKEHHBIX B 3eMJI€ METAIIMYECKUX TPYO U
oboJtouek Kabeeii.

[TocTOsSIHHOE JIEKTPUYECKOE T10JIE B IUDJIEKTPUKE TIPU OTCYTCTBUU OOBEMHBIX 3a-
PAZIOB, TIOCTOSTHHOE MarHUTHOE 110JIe B 00J1aCTH BHE TOKOB 1 IIOCTOSIHHOE DJIEKTPrYe-
CKOe€ II0JIe B IIPOBOJALIEiT cpee B obnacTy BHe McTOUHUKOB I/ C onuchiBaoTcs aHa-
JIOTUYHBIMU YPaBHEHUSIMU, UMEIOITUMU COOTBETCTBEHHO BUJT

rot E =0(E = -gradU); D =¢E, divD =0; (@)
rot H =0(H =-gradU,); B=pH, divB =0, (6)
rot E =0(E = —-gradU); J =vE, divJ =0. (8)

[ToaToMy ec/i OJINHAKOBbI reOMeTpUYecKue KoHduryparmn obaacreil mpocTpaH-
CTBA, B KOTOPBIX CYMIECTBYIOT 3TU TIOJISI, €CIM aHAJOTHYHLI TPAHIMYHbIE YCJIOBUS Ha
rpaHuIax o6Jacreii u ecyiu MoJ00HBI OTHOCHTEBHBIE PACTIPE/IEJIEHISI 3HAUYEHUIT €, [
U Y BHYTPH 06JIacTell, TO KaPTHHBI ATUX 0JIeH OyIyT MOMOOHBI IPYT APYTY.

ITO 06CTOSITENHCTBO MOKET OBITH MCIIOJIb30BAHO JIJIsl MOJIETTUPOBAHMST OJJHOTO TOJIsST
ApyTUM. V13 BBINIEN3IOKEHHOTO CJIEAYET, YTO MPOIIE BCETO M ¢ HAMOOJIBIIEHl TOTHO-
CTBIO Y/IAETCsI IKCIIEPUMEHTAIBHO UCCIIEI0BATH SJIEKTPUYECKOE MOJI€ B IPOBOSIIEN
cpezie. [ToaToMy ecTeCTBEHHO MCCIIEIOBAHNE MOCTOSIHHBIX AIEKTPUYECKNX MOJel B
JINBJIEKTPUKE U OCTOSTHHBIX MATHUTHBIX T10JIENl BHE TOKOB 3aMEHSITh UCCIIE[0BAHNEM
9JIEKTPUYECKOTO TOJISI B TIPOBOJISIIEN CPejie Ha COOTBETCTBYIONINX MOJENSIX. Baskno
[P 9TOM, YTOOBI IPU MOJIEIUPOBAHUK OBLIO COOJIOJIEHO TEOMETPUYECKOE MTOI001e
obJracteil, B KOTOPBIX CYIIECTBYET MOJIE, & TAKXKE COOIOIEHBI TPeOyeMble TPAHIIHBIE
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yeaosust. Eciu cpena ogHopozta, To TpeboBaHue IPaBUIbHOIO paciipe/ie/ieHnst 3Ha-
YeHUIl Y BHYTPH 06JIACTH OTIIAJIaeT.

Jlist uccaeoBalusl MI0CKOMAPAJJICbHBIX MOJIeil UCIOMb3YIOT METaInIeCKue
JIMCTBI WJIM JINCTBI U3 TIPOBOJIAIIEN OyMaru, BbIpe3aHHbIE 110 OIPEAETIeHHON hurype,
usobpakaronieii 061acTh paccMaTprBaeMoro moJis. K HeKOTOPBIM 4acTsIM IPaHMIL
JIECTA TIOBOJIAT, @ OT HEKOTOPBIX YacTell OTBOAAT TOK, OINPeIeeHHBIM 00Pa3oM pac-
Ipeiesisish ero BAOJb 9TUX YacTeil rpanuil. OcrajbHble YacTH TPaHuI] OYayT, OYeBU/I-
HO, JTMHUAMU TOKa. Eciim Mojenupyercs, HanpuMep, MI0CKoNapalieJbHOe MarHuT-
HOE 110JIe OKOJIO KaKUX-HUOY/Ib YacTell MalliH WJIKM alllapaToB, TO MPAHUIIbI JIKCTa,
BJI0JIb KOTOPBIX MOABOANTCS TOK, COOTBETCTBYIOT IPaHUI[aM, B0JIb KOTOPHIX pacipe-
JleJieHa MarHUTO/IBMIKYTIAsl CUJIA, BBI3BIBAIONIAsE MArHUTHOE I0JI€; TPAHUIIbI, BOJb
KOTOPBIX B JIUCTE TOK He MOABOAUTCS 1 KOTOPbIE SIBJISTIOTCS JIMHUSIMU TOKA, COOTBET-
CTBYIOT IPaHUIIaM, BJIOJIb KOTOPBIX HE PACIIPeiesieHa M. /I. C. ¥ KOTOPbIE, CIIe0BATEb-
HO, SIBJISIIOTCST JINHUSIMU PABHOTO MarHUTHOTO MOTEHIIHAJIA.

Ha puc. 30.17 uzobpaskena obmactb abcdefga B seKTpuvecKoil MalinHe, B KOTO-
POl CYIIECTBYEeT MarHUTHOE TIOJIE B BO3/YXE MEKLY TOJIOCOM M SIKOPEM M B IPO-
cTpaHcTBe Mexay nomocamu. Ha puc. 30.18 mokaszan burypHsiii JUcCT, HA KOTOPOM
MOKeT OBITh MCCJEOBAHO TOJIe TOKA, aHAJOTHYHOE MarHUTHOMY IOJIF0 B MalllliHE.
YT06bI UCKIIOYUTD B MAIIKAHE 00/1aCTh, T/Ie IPOTEKAIOT TOKU, 0OMOTKA HA CEPACUYHUKE
MOJTIOCA YCIIOBHO TIPEITOIOKEHA CKaTOH K iuHuN ab. Bross aToil muHum onpeieneH-
HBIM 00pa3oM pacipeesieHa M. . ¢. Tak jKe cJelyeT paciupesenTh TOK, BXOAAIINN B
qct o simaun ab. Jluauu bed v efga B Matmte cyTh IMHUK PABHOIO MArHUTHOTO T10-
tennuada. Jlunuu bed v efga B mucre — munuu Toka. [ToaTOMY BeeM JIMHUSIM PaBHOTO
MarHMTHOTO TIOTEHI[MAJIa B T10JIe MAIIUHBI OYyT COOTBETCTBOBATD JIMHUK TOKA B JIKC-
Te, ¥ BCeM MarHUTHBIM JIMHUAM B [10JIe MAIIUHBI OYIyT COOTBETCTBOBATH JIMHUK PaB-
HOT'O 9JIEKTPUYECKOrO0 MOTeHInaa B aucrte. IlocieqHue Jerko MOryT ObiTh 9KCIIEPHU-
MeHTaIbHO HaiieHbl Ipyu romornu myna K u rasipanomerpa G.

v

Puc. 30.17 Puc. 30.18

Jluist uccieToBaHust TPOCTPAHCTBEHHBIX 1M0JIEI MOKHO TIPUMEHUTD BAaHHY €O €J1ab0
MPOBOAIIEH KUAKOCTHIO, B KOTOPYIO TMOTPYKEHBI METAJLIMUECKHUE Tea (3TEKTPOIBI)
U TeJla U3 U30JIUPYIONIETO BellecTBa ompeneaeHHol ¢hopmbl. K Metammmueckum Tesam
JINHUU TOKA TIOJXO/ST MEPIEHIUKYJISIPHO X TIOBEPXHOCTSIM, TeJIa U3 U30JUPYIOIIEr0o
BelecTBa 06TeKaTCs JIMHUAMI ToKa. Haexammm obpazoM noabupast hopmy Test
U caMoi BaHHbBbI, MOKHO MO/IeJINPOBATh B TaKoU BaHHe MAarHUTHOE II0JIe UJIN JJIEKTPpU-
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YecKoe ToJie B TUDJEKTPUKE OKOJIO TOW WJIN WHOU MHTepecyIollell Hac CUCTeMbl Ha-
MarHM4YeHHBIX WU 3aPsKEeHHBIX Tesl. Bo n3beskaHue TosBJAEHUS 3. [I. C. TOJISIPU3AINT
OKOJIO 9JIEKTPOIOB TOIB3YIOTCS TIEPEMEHHBIM TOKOM HU3KON 9acTOTHI, KOTOPBIH pac-
mpesiesiIeTcsT B BAaHHE TMMPAKTUIECKN TaK JKe, KaK U MOCTOSTHHBIM TOK TTPU OTCYTCTBUN
3THUX 3. 1I. C.

B anextponruTrdeckoil BaHHE MOKHO MOIETMPOBATH HE TOJTHKO TIOCTOSTHHBIE U 13-
MEHSIONTHECST ¢ MAJION YaCTOTONW MAaTHUTHBIE U 9JIEKTPUUECKUE TIOJIsI, HO U OIS BEK-
TOpa CKOPOCTH B ra30BOM MJIV KU/IKON CPejie IPU OTCYTCTBUK TyPOYIE€HTHOTO JABUIKE-
HUS, a TaKXKe TOJSA [PYTUX (PU3NUECKUX BEJWYUH, €CJAU 3TU TIOJS OMUCHIBAIOTCS
YPaBHEHUSIMHU, aHATIOTUYHBIMU 110 (popMe YPAaBHEHUSM 3JIEKTPUUECKOTO TI0JIST TIOCTO-
SHHOTO TOKa B ITPOBOJIAIIEH cpejie (JI71s1 OJTHOPOHOM cpesibl — ypaBHeHueM Jlaraca).

CIIoNHyI0 cpejty 3JeKTPUYECKON MOJIEIM MOKHO 3aMe-
HUTb, JOIYCKasi M3BECTHYIO CTelleHb MPUOJIMKEHUs, 00JIb-
HIMM YKCJIOM JIEMEHTOB, COCTABJIEHHBIX U3 COIMPOTUBJIEHUI,
T. €. 3AMEHUTbH, KaK TOBOPST, dJEKTPUUECKON PEleTKON Win
cerkoit. Ha puc. 30.19 usobpaskeH ajieMeHT U3 MIECTH COMPO-
TUBJICHUH, 3aMEHSIONTNN TapaJljiesIeTTuIie]l, BBIPe3aHHbIi 13
CILIOMIHON cpenbl. [IpuMeHeHMe 3IEKTPUYECKUX CETOK IS Puc. 30.19
npuGIMKEHHOTO PellieHnst ypaBHeHuii Jlariaca mpeaiokeHo
C. A. Tepmropuasim B 1929 T

ITOT METOJ MOKET GBITh PACITPOCTPAHEH U HA MCCJIE0BAHUS OBICTPOIIEPEMEHHBIX
moJiel, y’ke He ONMUChIBaeMbIX ypaBHeHueM Jlammaca. IlepemMennbpie 91eKTPOMATHUT-
HbIe TTOJI OTJINYAIOTCS OT TIOCTOSTHHBIX 9JIEKTPUIECKUX U MATHUTHBIX TIOJIEH TeM, UTO
B HUX IOSBJISIOTCST TOKU 3JIEKTPUUECKOTO CMEIIEHNUST U UHAYITUPYeMble TlepeMeHHbIM
MarHuTHBIM ToTokoM D/[C. B asekTpudeckoii MO/IeTl 3TO MOKHO YYeCTh BBE/ICHUEM
B KKIBIN 9JIEMEHT MOJIESTU TIOMUMO COIIPOTUBJIEHUI TaKyKe eMKOCTeH W WHIYKTHB-
Hocreit. Ha srom mpuniumne JI. M. TyrenmaxepoM paspaboTaHbl TaK Has3bIBaeMble
9JIEKTPOMHTETPATOPBL. BBO/ISI B 3TH 2JIeMEHTBI KPOME BBIIIIEYKA3aHHBIX JIeTaJel elrle
YCUJTTEIH ¥ IOTTOJTHUTEIbHbIE TPOBOAMMOCTH OIIPEAEJISIIONIIE OTOOP MU FeHEPUPO-
BaHUe 9HEPTUH B JIEMEHTE, TIPE/ICTABIISIETCS BOSMOKHBIM PEIIATh TIPHU MOMOIIH 3JIeK-
TPOMHTETPATOPOB BeChbMa PasHO0Opas3HbIe 3a/IadH.

OtMeTuM, HaKOHEIl, YTO JIJIsi HEMOCPEICTBEHHOTO M3yUeHUs TIePEMEHHOTO JJIEK-
TPOMArHUTHOTO TIOJISI B TIPOBOJISIIEN CPEJie, T. €. [Jisl U3yUeHUsl sIBJIEHUsI TOBEPXHOCT-
HOro addeKTa, MOKHO MCCIIEI0BaHNE BECTH B YCTPOICTBAX, TEOMETPUYECKHU MOI00-
HBIX JEHCTBUTEIBHBIM YCTPOICTBAM, HO JIMHEHHBIE pasMepbl [ KOTOPHIX YMEHbIIIEHBI
I yBEJTWIEeHBI B HEKOTOpoe umcyao pa3. [Ipu aToM, Kak cienyeT u3 BIIEU3I0KEH-
HOI TeOpUHU MTOBEPXHOCTHOTO (PeKTa, HeoOXOAMMO, YTOOBI B MOJEJIN ¥ B OPUTHHAJIE
ocTaBajach HeM3MEHHOH OespasMmepHas BeanmunHa L/ouy, HasbiBaeMas KPUTEPUEM

o100usl.

Jl1st HenocpeaCTBEHHOTO MCCAE0BAHUS TIEPEMEHHOTO 3I€KTPOMArHUTHOTO MOJIS
B IUDJIEKTPUKE B TEOMETPUYECKH MOAOOHBIX MOJIENAX KPUTEPUEM 110100 SBJISAETCA
IpU TIEPUOANYECKUX TIPOIleccax BeJudnHa [o \/E 1 1IpH JII0OBIX TIPOIeccaX — BeJu-

[ ,
YMHa —4/UE, Tae t— IIPOMEIKYTOK BPEMEHU, OTCHUTBIBAEMbBIN OT HA4a/IbHOTO MOMEHTA
t
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Bpemenw. JleiictBurensHo, otHOmenue 1/t B mones (1 /t,) u B opurunaine (lo/ty) m0/K-
HO OBITh PABHO OTHOIIEHUIO CKOPOCTEH PACIIPOCTPAHEHUS 9JIEKTPOMArHUTHBIX BOJIH B

[ l.
MOJIeNH 01:1/ W€, U B OpPUIUHAJIE Z)Qzl/./pLQ(c,z,OTKyIIat—1.m@1 =t—z,/u282 = const.
1 2

B obsacTii Teopuu M MPaKTUKU MOAETMPOBAHUSA TIPUOPUTET U OGOJIbIINE 3aCTyTH
npunaaexar copetckuM yaenbiM H. H. IlaBmosckomy, A. H. Kpbrnosy, M. B. Kup-
nuueBy, a Takxke C. A. lepmropumny, JI. U. [yrenmaxepy, H. B. Kopoabskosy, /1. 1O. I1a-
HOBY H JIP.

30.14. O kpuTepuaxX pasrpaHMYEeHUs 3aa4 TEOPUM DJTIEKTPUUECKUX
M MarHUTHbIX Lenei U 3agay TeOpuMn 3/IeKTPOMarHUTHOro nons

W3 Bcero BBIIIEN3I0KEHHOTO CIAEMYET, UTO, TIO CYIIIECTBY, BCE ATIEKTPOMATHUTHBIE SIB-
JIEHUSI TIPU [TOJTHOM U JIETATbHOM X PACCMOTPEHUH TPEOYIOT UCCIIEA0BAHUS DJIEKTPO-
MarHUTHBIX TOJIEH W COOTBETCTBEHHO B TOHW WJIM WHOUW Mepe OTHOCITCS K TEOPUU
9JIEKTPOMATHUTHOTO ToJIst. BMecTe ¢ TeM, TpeicTaBisieT GOMBIIYIO IEHHOCTh BO3MOJK-
HOCTb CBeJeHUs 3a1a4 U3 00JIaCTU 9JIEKTPOMATHUTHBIX SBJIEHUI K 3a7adyaM TEOPUU
9JIEKTPUYECKUX W MATHUTHBIX TIeTell, KOTOPas OlepupyeT TOJIbKO WHTErPaJbHBIMU
BEJIMYMHAMHU — 3JIEKTPUYECKUM TOKOM, HAIPSKEHHEM, MAaTHUTHBIM ITOTOKOM U T. II.
Becbma BakHBIM SBJISIETCS YCTAHOBJIEHUE KPUTEPUEB, B KAKUX CJIYYasX JOMYCTUMO
paccMOTpeHHte 3a1a4 KaK OTHOCSIIUXCS K TEOPUHU IIelled 1 KOrjaa HeoOX0AUMO UX pac-
CMaTpUBaTh Kak 3aJla4i TEOPUU TIOJIS.

Teopust 9JIEKTPUYECKUX TeTiell Oa3upyeTcsl Ha BBEACHUH APaMETPOB OT/AETbHBIX
YYIaCTKOB I€NH, U3 KOTOPBIX OCHOBHBIMU SIBJISTIOTCS MHAYKTUBHOCTH, EMKOCTU U CO-
npotusseHusd. [loMmuMo aTUX mapaMeTpoB BBOAAT B PACCMOTPEHUE e1lle MHOKECTBO
NIPYTUX, HAXOAANINXCSI B M3BECTHOM CBSI3W C HUMU WM UMEIOTINX CAMOCTOSATETbHOE
3HavyeHune. Tak, MarHUTHBIE T[eNU MPUHATO XapaKTePU30BaTh WX MATHUTHBIM COTIPO-
TuBjenueM. [Ipu cumyconmasbHOM M3MEeHeHWN MarHUTHOTO ITOTOKAa MOXKHO BBECTHU
6oJiee OOIIMIT TTapaMeTp — KOMILJIEKCHOE MAaTHUTHOE CONPOTHUBJIEHKE, XapaKTePU3YIo-
Iee TakyKe U IOTepy SHEPTUM Ha TUCTEPE3UC W HAa BUXPEBbIE TOKM B MATHUTHOM TIETIH.
[Ipu ncceoBaHNN 3IEKTPUUYECKUX TIETIEN TTPY CUHYCOUIATBHBIX TIePeEMEHHBIX TOKaX
BBOJAT HOHATUS 00 aKTUBHBIX M PEAKTUBHBIX COINPOTUBJIECHUSIX M IIPOBOAMMOCTSIX
YYaCTKOB I€I1, KOTOPbIE B MTPOCTEUIITNX TIETISAX HAXOAATC B (PYHKITMOHATBHOU 3aBU-
CUMOCTHU OT UHIYKTUBHOCTEH, eMKOCTell U CONPOTUBJIEHUH OTHETbHBIX 2J€MEHTOB
nenu. ITpu cuHyconaIbHOM U3MEHEHNU TOKOB BBOJIST Tak:ke OoJiee 001I1e mapamMmer-
PBbI — KOMTIJIEKCHOE 9JTEeKTPUIECKOE COMMPOTUBJIEHNE U KOMILJIEKCHYIO TIPOBOINMOCTb.
MHuorure a7eMeHTHI TTeTiell XapaKTePU3yIOTCs UX CHelndmiecKMy TTapaMeTpami. Tak,
HarpuMep, OCHOBHBIE CBOIICTBA TPEXITEKTPOIHON DJIEKTPOHHON JTAMIIBI OTIPEIETISTIOT-
CsI He TOJBKO ee BHYTPEHHUM COTPOTUBJIEHNEM, HO W KOI(D(PUIITMEHTOM YCUTEHW.

W3 Bcero paccMOTPEHHOTO BBIIIIE CJIE/IYET, YTO TOJBKO JIJISI CTATUYECKUX WJIM CTa-
[IMOHAPHBIX PEKUMOB BCEM 9TUM MTapaMeTpaM MOKET ObITh TIPUAAHO BIIOJIHE OIpeie-
JIEHHOE 3Hau€eHWe U UTO IPU TIEPEMEHHBIX MTPOIecCax UCTIOIb30BaHKE UX CYIIECTBEHHO
ocaoxusieTcs. Tak, HaTpuMep, pacrpeeeHne MarHUTHOTO TTOJIST OKOJIO KaKOTO-JT10h0
9JIEKTPUUECKOTO KOHTYPa TIPU 33/IaHHOM 2JIEKTPUYECKOM TOKE B KOHTYPE 3aBUCUT HE
TOJIbKO OT (OPMBI KOHTYPa, HO U OT pacrpe/ieleHust Toka BHYTPH TIPOBOJAHNKA, 0Opa-
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3yI0IIero KOHTYp. TOIbKO TIPU TTOCTOSTHHOM TOKe paciipesiesieHrie TOKa MPU 3aTaHHbIX
9JIEKTPUUECKUX CBOICTBAX MPOBOHUKA OJIHO3HAYHO OIIPE/IEISIETCS] TeOMETPUIECKOI
dopmoit mpoBogHMKa. COOTBETCTBEHHO TOJBKO MPHU TMOCTOSTHHOM TOKE TaKOH BasK-
HEUIN TapaMeTp 3JIeKTPUIECKON ey, Kak ee UHAYKTUBHOCTD, BIIOJTHE OTIPees-
€TCsT TIPU 3a/[aHHBIX MAarHUTHBIX CBOMCTBAX CPebl TEOMETPUUECKUMU Pa3MepaMiu U
(opmoit korTypa nenu. IIpu nsMeHeHUN TOKAa BO BPEMEHU U3MEHSIETCS pacipesee-
HUe TOKa 110 CEYEHUIO MTPOBOAHUKOB, 00Pa3yIOIUX KOHTYP TOKA, U COOTBETCTBEHHO
MU3MEHSIETCSl pacipe/ie/ieHe B IPOCTPAHCTBE MAarHUTHOTO IOTOKA, CIEIJIEHHOTO C
KOHTYPOM, a CJIeIoBaTeJbHO, M3MEHSIeTCSI M WHAYKTUBHOCTh KOHTYpa. Tak, mpu Te-
PHOIIMYECKUX MPOIECCaX, KaK Mbl UMETH BO3MOMKHOCTb YOEIWThCS B 3TOI TJIaBe,
9JIEKTPUUECKUH TOK pacIlipeiesisieTCcsT TPENMYIIIECTBEHHO B TOBEPXHOCTHOM CJIOE TTPO-
BOJIHMKA, 4TO BeJIeT K OCIabJEHUI0 MATHUTHOTO TIOJIsI BHYTPH IIPOBOIHIKA U K YMEHb-
MIEHNI0 WHAYKTUBHOCTH 11enn. [1pu cunyconaqbHOM TOKE MHAYKTUBHOCTD SBJISIETCS
(ysKIIMEl YTIOBOH YacTOThI ToKA. [Ipn HecuHyconmaTbHOM MEPUOANYECKOM TOKE OHA,
0YEBUIHO, OyIeT ABIAThCs (PyHKIMEl Takke (hopMbl KpUBOii Toka. Ipu Henepuoan-
YEeCKUX M3MEHEHUSIX TOKA MHIYKTUBHOCTH, CTPOTO TOBOPSI, OYAET SABJSATHCS, XOTsI Obl
0 OTHOM TOJBKO yKa3aHHON MPUYNHE — HEPABHOMEPHOCTH pacIipejieleHHsT TOKa B
MPOBOTHUKE — CJIOXKHON (DyHKITMEN BpeMeHU.

OT CKOpOCTH U3MEHEHUS TOKa 3aBUCHUT B ellle OOJIblell Mepe aKTUBHOE CONMPOTHB-
JieHre TpoBoJHNKA. CTPOro TOBOPS, 3TO YTBEPsKIEHNE OTHOCUTCS U K eMKOCTU KOH-
JleHcaTopa, Tak KaK HepaBHOMEPHOE pacIpesieieHe TIepeMeHHOTO TOKa 10 TTHPUHe
00KJTaJIoK KOHJIEHCaToOpa JI0JIKHO BBI3BIBATH TIepepacipe/iesieHre MOTOKa 3IeKTpude-
CKOTO CMeTIEHNs B INATEKTPUKE, a CIeI0BATETHHO, TIPUBOIUTH K HEKOTOPOMY U3Me-
HEHUIO eMKOCTU KOHeHCaTOopa.

Kputepuem TorO0, CI€yeT I CUUTATHCS C PACCMOTPEHHBIMU SIBJIEHUSAMH, CITYKUT
COOTHOIIIEHUE MEXKIY TPOMEKYTKOM BpPEMEHM, HEOOXOAUMBIM [IJIsI TIPOXOSKIEHIS
9JIEKTPOMATHUTHOHN BOJIHBI BHYTPh MPOBOAHUKA OT €T0 TOBEPXHOCTHU IO IEHTPATh-
HBIX YacTell TOMepPeyHOro CeUYeHUs], U MPOMEKYTKOM BPeMEHU, B T€UeHHE KOTOPOTO
TOK B MIPOBOJHUKE YCITEBAeT N3MEHUTHCS HA 3aMETHYIO BEJTMUNHY IO CPABHEHUIO CO
CBOMM MaKCHUMaJIbHBIM 3HaueHueM. [Ipu mepuoanyeckux mpoiieccax aTOT KPUTEPUd
CBOIUTCSI K COOTHOIEHWIO MEXAY JATUHON 9JTeKTPOMATHUTHONW BOJIHBI BHYTPHU ITPO-
BOJIHUKA U JIMHEMHBIMU Pa3MepaMU TOIIEPEYHOT0 CeUeHNs TPOBOAHNKA. Eciu ninHa
BOJIHBI B IPOBOJIAIIEN cpejie MeeT TIOPSIOK WJTH MeHbIlle TUHENHBIX Pa3MePOB TOTIe-
PEYHOTO ceueHust TPOBOIHUKA, TO SIBJIEHUE TOBEPXHOCTHOTO ah(heKTa CTAHOBUTCS 3a-
MeTHBIM. MBI BUiesId, YTO IJINHA 3JEKTPOMATHUTHON BOJHBI B TIPOBOIAIIEN cpefie
Jlake TIPU CPABHUTEJIbHO HU3KUX YaCTOTAaX BecbMa HEBEJUKA.

Mp#1 Havgau 371ech pacCMOTPEHE BOTIPOca O TIapaMeTpax Ielell Mpu TTepeMeHHbIX
TOKaX C aHAJIN3a BJUSHUS HA 3HAYEHUS ITUX [TAPAMETPOB IIPOIIECCOB, TIPOUCXOSIIINX
BHYTPU MPOBOIHUKOB, IOTOMY UTO 3TU TPOIECCHI MTPUXOAUTCS YUUTHIBATh YiKe TIPU
CPaBHUTEJIBHO ME/IJIEHHBIX U3MEHEHUSIX ToKa. Borpoc o mapamerpax 1emnu eie 60Jib-
1€ OCJIOKHSIETCS, KOT/Ia TOKY U HAIIPSIKEHUS B 1eII U3MEHSIOTCS CTOJIb OBICTPO, UTO
3a BPeMsl 3aMETHOTO UX U3MEHEHUs 9JIEKTPOMArHUTHbIE BOJHBI HE YCIIEBAIOT PaCIpo-
CTPaHUTHCI B IUAJIEKTPUKE BAOJb BCell Temu. Tak Kak CKOPOCTh PacpOCTPAHEHUS
9JIEKTPOMArHUTHBIX BOJIH B JIMAJIEKTPUKE BEJIMKA, HAIIPUMED B BO3JyXe OHA PaBHA
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npubmsnTensno 3-10% M/c, To yuuTHIBATDL €€ KoHeuHoe 3HaYeHe IPU He O4eHb TIPo-
TSDKEHHBIX TEMsIX TPUXOAUTCS JIMIb [IPU BeCbMa ObICTPHIX M3MEHEHUSIX TOKa M Ha-
MPSKEHNS.

B Tex cayuasix, Korja MOKHO HE CYUTATHCS C KOHEYHON CKOPOCTBIO PACIpPOCTpPa-
HEHUS BOJH B IN3JIEKTPUKE, JIEKTPUYECKYIO 11eIb HA3BIBAIOT IEThIO C COCPEOTO-
YeHHbIMU Mapamerpamu. [Ipu nepuopnyeckux mporeccax KpuTepueM J0nyCTUMOCTH
paccMOTpeHHUs Tel KaK TN € COCPEA0TOUEHHBIMU MTapaMeTpaMu ABJISETCS MaJIOCTh
JINHENHBIX PA3MEPOB 1IEITH U €€ 2JIEMEHTOB 110 CPABHEHUIO C JJIMHON 9JIEKTPOMATHUT-
HOI BOJIHBI B wasiekTpuke. [Tpu wacrore f = 50 T'11 ayiMHa 91€eKTPOMArHUTHON BOJTHBI
B Bozjtyxe pasHa A = 3-108/50 = 6-10° M = 6000 kM. IToaToMy mpu 9T0it yacToTE OOBIY-
HbIE 3JIEeKTPOMArHUTHBIE YCTPOINCTBA M 3JIEKTPUYECKHE 11ETTH, 32 NCKIIOUEHNEM JIJTNH-
HBIX JIMHWIA, PACCMATPUBAIOTCS KaK 00JIa/Ialolie COCPEAOTOUCHHBIMU apaMeTPaM.
[Tepronnueckre POIECCHI B HUX YACTO HA3BIBAIOT KBA3WCTAIIMOHAPHBIMU MPOIIEC-
caMH.

Ecom mpoTsskeHHOCTD 2/IeKTPUYECKON 1NN CTOJIb BEJIUKA, YTO IPOMEKYTOK Bpe-
MeHH, HeOOXOIMMBIi JIJIsT TIPOXOJKIAEHUS 9JIEKTPOMATHUTHOM BOJIHBI BJIOJIb 1ETIH, CTa-
HOBUTCS CPABHUMBIM C MTPOMEKYTKOM BpPEMEHU, B TeUeHNE KOTOPOTO TOKU MJIW Ha-
MPSDKEHUST B OTJIEJIbHBIX YYaCTKaX IEMU yCIIEeBAIOT 3aMETHO U3MEHUTHCS, TO TaKYIO
e y’Ke HeJIb3sT XapaKTepr30BaTh COCPEIOTOYEHHBIMU MapameTpamu. B mpocreii-
IeM CJIydae, Korja I1elb MeeT OOJIbINYIO MPOTSIKEHHOCTD JIMITh B OJ[HOM HaIpaBJie-
HUW, BBOJAIT MOHSATHE O TTapaMeTpax, paclpeiesleHHbIX 1o JJInHe 1ernu. [Ipumepom
TaKUX IeMeil sIBISII0TCS OJJHOPO/IHbIE JTMHUHU. [[pyriuM IPUMEPOM MOTYT CJIYKHUTH 00-
MOTKH TPaHC(hHOPMATOPOB U JIEKTPUUECKUX MAIIIUH, KOTOPBIE TIPU PaCIIPOCTPAHEHUN
BJIOJIb HUX BOJIH TOKA U HANIPSIKEHUSI C JIJTUTEbHOCTHIO, U3MEPSIEMOIT MUKPOCEKY H/Ia-
MU, JIOJKHBI PACCMATPUBATBCS KaK TN ¢ pacipeiesieHHbIMI rTapamerpamu. /s xa-
PAKTEPUCTUKHU MOAOOHBIX IETell BBOJSAT MapaMeTpPbl, OTHECEHHBIE K €AMHUIIE [ITIMHBI
TeTTH.

OHAKO U 9TOT METO/] CTAHOBUTCS YK€ HEBO3MOKHBIM B TEX CJyUastX, KOT/A JJIMHA
9JIEKTPOMATHUTHOH BOJIHBI B IUIJIEKTPUKE CPABHUMA C Pa3MepaMU YCTPOIICTB BO BCEX
HarnpaBieHusix. C TaKUMM yCJIOBUSIMU Mbl BCTPEYAEMCsI B TEXHUKE YJIBTPAKOPOTKUX
BOJIH, JIJTUHBI KOTOPBIX M3MEPSIOTCS CAHTHUMETPAMHU M KOTOPble HAaXOIAT ITUPOKOE
HpUMEHEHNe B COBPEMEHHOI pajnoTexXHuKe. [Ipu CTOJb GBICTPBIX TpoIeccax yiKe
HEBO3MOKHO XapaKTepU30BaTh YCTPOMCTBO OMpeNeIeHHBIMU MapaMeTpaMu: WHIYK-
TUBHOCTBIO, EMKOCTBIO U CONPOTUBJIeHNEM. HeBO3MOXKHO TOBOPUTD TaKKe M O T1apa-
MeTpax, pacrpeieJIeHHBIX B/IOJh KAKOTO-TO OJHOTO HANPaBIEHUS. JJIEKTPUUECKHE
KoJiebaTeIbHbIe CUCTEMBI IIPH CTOJIb KOPOTKHUX BOJIHAX IIPUOOPETAIOT BECbMa CBOE0O-
Pas3HBIN B/ — HTO MOJIbIe METAJLINYECKIE TeJla, BHYTPH MOJOCTEH KOTOPHIX BO30Y K-
JIAI0TCSl HIEKTPOMATHUTHBIE BOJTHBI B IUAJIEKTPUKE, MHOTOKPATHO OTPAYKAIOIINECS OT
CTEHOK TeJl. B Taknx crcTemMax BO3MOKHA HACTPOHKA B PE30HAHC, TIPUYEM PEe30HAHC-
HBIE YaCTOThI OTIPE/IEJISTIOTCS padMepaMu 1 (hopmoii Tesr. Becbma cBoeobpastyio (op-
MY TPUHUMAIOT TTPU CTOJIb KOPOTKUX BOJIHAX U YCTPONCTBA, CAYIKAIINE I TTepeladun
9JIEKTPOMArHUTHON 9HEPTUM, TTOJYIUBIITNE Ha3BAHUE BOJHOBOJOB. DTO — MeTaJLIuU-
yeckue TpyObl, BHYTPU KOTOPIX PACIIPOCTPAHSIOTCS 9JIEKTPOMArHUTHbIE BOJIHBI B Ha-
npasseHun oceil TpyO. ITo OTHOIIEHUIO K TOA00HBIM YCTPOUCTBAM 3aTPYAHUTEIBHO
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[PUMEHEHVE MOHATHSI 9JIEKTPUIECKON 1lenu B ero 00biuHOM cMbicie. [list pacuera
9JIEKTPOMATHUTHBIX IIPOLECCOB B IOAZOOHBIX CHUCTEMAX HEOOXOAMMO Ipuberarh K pe-
IIEHUIO YPAaBHEHUIT 5JIEKTPOMArHUTHOTO TIOJIs ¢ YY€TOM COOTBETCTBYIOIINX TPaHUY-
HBIX YCJIOBUT.
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29.1. MNnockasn 3/1eKTpoMarHuTHasi BOJIHa B AANDJIEKTPUKeE

BOMPOCHI 1 YNPAXXHEHUA

1. Ha GosblioM pacCTOSTHUM OT MCTOYHHMKA JEKTPOMATHUTHOTO TIOJISI HANPSIKeH-
HOCTb MarHUTHOTO TI0JISI B JIM3JIEKTPHKe Mpornopinonaibia ¢ynkuun 1/7. Kakos xa-
pakrep 3aBucumoctu E(r) B aToit obmactu?

2. 3aTyxaeT Ju 3JIEKTPOMATHUTHAS BOJIHA, PACIIPOCTPAHSISICh B UJIEAJIBHOM JIUIJICK-
Tpuke?
3. (O) IIpm xakux ycJOBUAX B AUIJEKTPUKE HAPSAY C MPSIMOI BOJHON CYIIECTBYET
u ob6parHas?
o’E, ,0°E,

P =0 P Y/IOBJIETBOPSIET, KAK HETPYIHO ITPOBEPUTD, (DYHK-

4. (O) YpaBHEHUIO

st E(z, t) = E,sin kz sin kot, koTopast, ojiHaKo, He MMeeT apryMeHTOM HU z — oL,
HU z + ot. O3HaYaeT Jid ITO, YTO PEIIeHWEe ypaBHEHUSs, TPEACTABIEHHOE B BHUJE
Ez, t) = Fi(z — ot) + Fy(z + ot), He siBaisieTcst 0O1IMM ?

9. (P) HamupstkeHHOCTD 9JIEKTPUYECKOTO II0JIST IJIOCKOM 9JIEKTPOMATHUTHOM BOJIHBIL
eyt E(z, ) = j10 cos (10% + 30z). B xakoM HanpaBIeHIN OCH Z PACIIPOCTPAHSAETCH
BosiHA? PaccunTalite HanpskeHHOCTh H(z, ) MAarHUTHOTO TIOJIS U CKOPOCTD PacIipo-
CTpPaHEHUS BOJIHBI.

6. (P) Haiinure nanmps:KeHHOCTb MarHUTHOTO TIOJS TJIOCKON 9JIEKTPOMAarHUTHOM
BOJIHBI, HATIPSKEHHOCTD JIEKTPUYECKOTO OIS KOTOPOH BhIpaskeHa (opmymoit E =
= (iE, + JE)e/™ "

7. Iliockasi a7IeKTPOMArHUTHAsT BOJIHA, U3MEHSISICh 110 CUHYCOUIAJIbHOMY 3aKOHY C
gacroroit 50 11, MpoXoaNT Yepes TpaHUIly pas3iesa IByX CPel ¢ MPOHUIIAEMOCTSIMU L,
€y 1 Mo, 80gy. UeMy paBHa 171HA BOTHBI B TIEPBOII cpezie? Bo CKOJIBKO pa3 U3MeHIeTCs
JIUTHA BOJTHBI Ha TPAHUIIE pasjiesia cpes?

8. (P) KakoBo MakcnMaibHO BO3MOKHOE 3HAUEHNE HATIPSKEHHOCTH MAarHUTHOTO TIOJIST
M MarHuTHOM MHAYKIMUU B IJIOCKON PSIMOM BOJIHE B BO3/1yXe, €CJIU HAIPAKEHHOCTD
9IEKTPIYECKOTO TIOJIS He MOYKeT IpeBbimath 3nadens 3-10° B/m? PaccunTaiite 06b-
€MHYIO TLIOTHOCTh SHEPTUH JJIEKTPOMArHUTHOTO TOJISI B BO3AyXe TIPHU TPeAeThHOM
3HAYEHUN HanpsKeHHOCTH 1101 E.

9. (P) Iltockas cuHyconaaabHas 3JIeKTPOMArHUTHAs BOJTHA PACIPOCTPAHSIETCS B JIM-
3JIEKTPUKE C TPOHUIIAEMOCTAMM &, Ll B ITPOCTPAHCTBE MEK/LY COOCHBIMHU MJI€ATIBHO TTPO-
BOJISIIIIME JKUJION 1 060JI0YKO#T Kabesisi B HATIPaBJIEHUU OT TeHepaTopa K HArpya3Ke,
corpoTuBJIeHne Kotopoit R,. Haiianre aHepruio ajeKTpOMarHUTHOTO TOJI, 3aKJII0-
YeHHYI0 B 0ObeMe IaJieKTpUKa Kabesisi VINHO#, PAaBHON JIJIMHE AJI€KTPOMArHUTHOM
BosiHBI. CpaBHUTE ee ¢ HEPTUEl, MOTJOIMAEeMON B HArpy3Ke 3a Mepuojl N3MEeHEeHUS
nosist. Pajgmyc sl Ry, BHYTpeHHUIT paanyc 00010uku Ry. [Ipumute pomyiiere 06
OTCYTCTBUH OTPA’KEHHBIX OT HATPY3KW BOJIH.
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10. (P) Cuoii KoakCHaIbHOTO Kabesisi XapaKTepu3yeTcst BeTMYUHAMHU € = 4gj, L = L.
Omnpeieite CKOPOCTH PACTIPOCTPAHEHUST DIEKTPOMAarHUTHOI BOJTHBI B Kabesie U Bbl-
pasuTe ee yepe3 MHAYKTUBHOCTh M €MKOCTb KabeJsist Ha e[MHUILY ero JJINHBI, CYUTast
yIeJbHOE COTIPOTHBIIEHIE MaTeprasa KUJIbl 1 0601049ku p = 0.

29.2. Bektop MoHTHUHIra
BOMPOCHI

1. Vimeet v cmbicst nousiTHe BekTopa [loitHTHHTa BHYTPU TPOBOIHIUKOB M HA UX TIO-
BEPXHOCTSX?

2. Hampasnenne BekTopa lloiinTrHTa B HEKOTOPOI TOYKe 337aH0. KakoBo HampasJie-
HHUE BEKTOpa CKOPOCTHU 3JIEKTPOMAarHUTHO BOJIHBL B 9TOH TOYKe?

3. Kakosa pasmeprocTs BekTopa [lotinTiara?

4. KakoBa yactora uamenenus Bekropa [lofiHTUHTA TIPU CUHYCOUIATTHHOM 3aKOHE 13-
MEHEHHSI BO BpEMEHH HAIPSIKEHHOCTH 9JIEKTPUUYECKOTO M MATHUTHOTO IOJISI C YaCTO-
TOU ®?

5. Bekrop TlofiHTrHTa MMeeT KacaTeTbHYI0 M HOPMAJBHYIO COCTABJISAIONIAE Ha IT0-
BEPXHOCTH HEKOTOPOro oObeMa. Kakast U3 COCTaBIISIONMX ONpPeIe/sieT dIeKTpoMar-
HUTHYIO 9HEPTHUIO, TIOCTYTAIONIYIO B 00beM W UCXOIAILYI0 U3 0ObeMa?

6. IIpoBozsiee Tero MOMEIIEHO B TTlepeMEeHHOe 9JeKTPOMarHuTHOE ToJie. B anepruio
KaKOTO BH/Ia IPeoOpasyeTcst 9JIeKTPOMAarHUTHAST 9HEPIHsl, TOCTYIAOIIAst BHYTPb Tesla
CKBO3b €TO MOBEPXHOCTH?

T T T
7. Kaxoi ¢cMBICTT UMETOT BETHUNHDI I J YE*dVdt, J.J.J wp E AVt u Iﬁ[E Hds dt?
oV oV 0s

YMPAXHEHUA

1. (P) dJeKTpoMarHuTHast SHEPIUs MepeaeTcs M0 KoakcuaabHoMy Kabesro. Boipa-
sute BekTop I[ToiiHTHHIra Yepe3 TOK i Kabesst U HANPsKEHUE U MEKLY sKUJIOH U 060-
JIOUKOM, 1peHebperas morepsiMu B kabeJie.

2. (P) TIpstMOyTOJIBHBIN KOHTYP PACIHOJIOKEH B TI0JIE TJIOCKOH GeryIieil B HalrpaBieHnn
OCH Z CUHYCOUIAJIBHON 9JIEKTPOMArHUTHOU BoJIHBL [Ipn kKakoM pacronokeHun KOHTY-
pa CKBO3b OTPaHUYEHHYI0 UM IMOBEPXHOCTH MTPOXOAUT HAUOOJBIIMNA TOK CMEIEHUS],

U OIPEJEJIUTE €ro, BBIYNUCIISIS BETUYMHBL a) %J. D ds, 6) §>H dl.
s i

3. Ilmockuii BO3AYITHBIN KOHAEHCATOP 3apsKaeTcs OT BHENTHETO UCTOUHUKA. YKaKH-
Te HampasjeHue BekTopa IIoOHHTHHTA B TOYKAX @) MeKAy OOKIaikaMu, 6) BOJU3U
KpaeB 0OKJIAJIOK, 8) B Bo3yxe BO/m3u 00kaanok. Onpeesnre HallpaBJieHe BEKTOPaA
[ToiinTHHTa B TeX e TOYKaX MPU paspsiike KOHAeHcaTopa Ha Pe3UCTOp.

4. (P) CpaBHuTe 3amaceHHyI0 3a BpeMs ¢ 3apsiia IJIOCKOTO KOH/EHCATOPa 9HEPIHIO

TOJIsE ¢ BHEPTHUEid, MOCTYIUBINEH CKBO3b OOKOBYIO TTOBEPXHOCTH, OXBATHIBAIOIILYIO €T0
auasiekTpuk. Hanpsokenne Mexy oOKJIajKaMu U3MEHsIeTCsT 110 3aKoHY u(t).
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5. (P) DaekrpoMarnuTHast 9HEPrHs HepeaaeTcs Mo KOaKCHaaIbHOMY Kabesio ¢ IByX-
cyoliHoi mzondnueit. Haliure pajmyc MoBepXHOCTU pasjiesia CJIOEeB, ITPU KOTOPOM
9HEPTU, TIepelaBaeMast B CJI0SIX, OAUHAKOBA. PafinyChl JKUJIbI, TOBEPXHOCTH Paszesa
CJI0EB U BHYTPEHHUH pasnyc 0O0JOYKH PaBHBI COOTBETCTBEHHO R, R, R,. JIusnex-
TPUYECKUE U MAarHUTHBIE TTPOHUIIAEMOCTH U30JISAIUN CIIOEB: €, L 1 €9, L.

6. (P) Haiigure pactpenenenue Bektopa [loiintunra S(r) B o0beMe MeX/IYy KPYTJIbi-
MI OOKJTaJIKaM¥ TIJIOCKOTO KOHJIEHCATOPa TIPH MPUIOKEHHOM K HEMY HANpPsKEHUN
u(t) = U, sin o t. Onpenenute cpentee 3a mepuoxa 3uadenue S(7, t). Koopaunary 7 ot-
CUMTBIBANTE OT OCU CUMMETPUH KoHJieHcaTopa. [IpumuTe pomyiienue, yto E(t) ne 3a-
BUCHUT OT 7.

7. OnennTe YacTOTy MPUJIOKEHHOTO K BO3/LYIITHON ABYXIIPOBOIHOM JINHUW HaATIPSTKe-
HUs, TIPA KOTOPO# Iepe/iaBaeMasi 110 Hell MOIITHOCTb UMeeT TOT JKe MOPAL0K, YTO U U3-
JlydqaeMast.

8. (P) IIpsamoyrombHbiil KOHTYp co cTtoporHamu a = 10 cm, b = 20 cM pacmosoKeH B
noste GeryIieil B HalpaBJIeHUN OCH Z CUHYCOMIAIBHOI BOJIHBI TaK, 4TO €0 TIOCKOCTh
IepIeH/INKYIPHA BEKTOPY HaIIPsKeHHOCTH MarHuTHoro noss H = j H,, a KopoTkue

CTOPOHBI TTapaJlyieJIbHbl BEKTOPY HAIIPAKEHHOCTU SJIEKTPUIECKOTO I10JIA. Haﬁ[[I/ITe UHAY-

mpyemyio B koutype J/IC aBymst ciocobamMu, BEIYHCIISIS @) € = i;E dlu6)e=- ao

npu H,, =500 A/m, f=10° Ty, 0 = 3-108 Mm/c, p = g, & = &,

29.3. BuxpeBasi ¥ noTeHuMasibHas coOCTaBAfOwWme
3/1IeKTPOMArHUTHOro Noss

BOMPOCHI N YIPAXXHEHWA

1. (O) B rakux ciyJasix B 971eKTPOMAaTHUTHOM IT0JIE MOKET OTCYTCTBOBATh @) BUXPe-
Bas ) IMOTEHI[UAJIbHAS COCTABJISIONIA?

2. (O) Mo:xno i BMecTo moTeHImanoB A, U, NCIOIb30BaTh JJIsSI OMUCAHUST 3JIEKTPO-
MarHUTHOTO TIOJISI CKAJISIPHBIN MarHUTHBINA Uy, U CKaJIIPHBIN 2JIEKTPUUECKUH TIOTEH-
IUAJIBI?

3. /IBe cpenbl XapaKkTepu3yoTCs Pa3JIMYHbIMKA 3HAYEHUSMU TIPOHUTIAEMOCTEH | U €.
B kaxoit u3 cpey Bpemst 3ara3ibIBaHus 2JIEKTPOMATHUTHOM BOJHBI HA OJTHOM W TOM
JKe PACCTOSTHUU 7 OKa3bIBaeTCs1 OOIBIITNIM?

4. Ilo nByXIIPOBOMHON JTUHUN TIePeZiaun TIPOTEKAET TepeMeHHbIil ToK. CyIecTByoT
JIN BUXPEBasd W MOTEHIIMAIbHAS COCTABIAIONINE HAaNPsKeHHOCTH E Tosd B @) OKpy-
JKAIOIIEM ee INDJIEKTPUKE, 6) BHYTPH POBOIOB?

5. JINHUM 3JIEKTPUYECKOTO TOKA JOJIKHBI OBITh 3aMKHYTHIMU. [10 KaKUM Ty TsIM 3aMbI-

KaeTcs JIMHUS TOKA MTPOBOAMMOCTH, TTPOTEKAIOIIETO IO TPOBOJAHNUKY TTPU COCAMHEHUH
UM TeJI C 3JICKTPUYECKUMU 3apsiiaMu +q u —q?

6. (P) becrxoneuno mmmuubIN cosenonsn (puc. B29.1), mepeMeHHbBIN MarHUTHBIH
IIOTOK CKBO3b CeYeHHe KOTOPOTO HAIPaBJIEH IIEPHEHANKYJISPHO IMJIOCKOCTH PUCYH-
Ka, OXBavyeH IpoBosAmuM (y = const) KosbitoM. OObsicHuTe (GU3NYECKUIT CMBICI
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HHTErpajoB §E dl, §%dl, {{E + ?:jdl, B34TBIX BJIOJIb OCe-
1 1 1

BOI JIMHUM TIPOBOJIA KOJIbIIA, ¥ BLIPA3UTE UX Yepe3 COIPO-
TUBJEHUE 7 KOJIbIA U €T0 TOK i.

7. (P) OxBarbiBaioliiee COJIEHOU ] KOJIBbIIO B YCJIOBUU IIpe-
JBIIYIIETO YIIPAKHEHUS COCTOUT W3 JIBYX IMOJYKOJIEll, BbI-
MOJIHEHHBIX M3 MAaTEPUAJIOB C YEJbHBIMU 2JIEKTPUIECKUMU Puc. B29.1
IIPOBOJIMMOCTSIMU V4 U Yo. Haiiure Bemmunny grad U B moury-

KOJIBIIAX TPU TOKE KOJbBIIA, PABHOM i.

29.4. Nepepaya 31€KTPOMAarHMTHOW SHEPruM BAOJIb NPOBOAOB JIMHUMU
BOMPOCHI 1 YMPAXXHEHUS

1. (O) OaunakoBo u HanpasieHre BekTopa IIoHHTHHIA Ha TIOBEPXHOCTAX JKUJIbI 1
000JIOUKM KOAKCUAJIBHOTO Kabessd?

2. (O) /IByxmpoBo/iHAs IUHUS TIEPEMEHHOTO TOKA MPOTSHYTA TTAPAJJIETHHO TTOBEPX-
HOCTH 3eMJIH, KOTOPYIO curTaeM mpoBosineil. KakoBo nanpasienne Bekropa [loiin-
TUHTA HA TTOBEPXHOCTU 3€MJIN?

3. (O) Konzencatop ¢ uzealbHbIM AUJIEKTPUKOM MOIKIIOUEH K UCTOUHUKY CUHY-
COUIAJIBHOTO HaNpsiKeHus. VI3sMeHsieTcs Ju HaripaBjeHne BekTopa [loitHTHHTa MexX-
1y OOKJIa[IKaMHU KOH/IEHCATOPA B T€YEHUE MEPUo/a U3MEHEHUsT HANPSIKEHUST MCTOY-
nuka? KakoBo cpemnee 3Hadenne Bextopa llofintunra 3a mepuoz?

4. Ilo AByXTIPOBOAHOW JUHUHU TeUeT TePpEeMEeHHbIN TOK. VI3MeHsaeTcs u B TU9JIEKTPH-
Ke HampaBJeHre BekTopa [lofiHTUHTA B TeueHMe TIeproIa U3MEHEeHN TOKa? 3aBUCUT
JIN OTBET OT XapakTepa HATPy3KW JITHUU ?

5. Tlouemy suHUsA, TpeAHAa3HAYCHHAS JIs TIEpelaul JeKTPOMATHUTHON 3HEPTUN
[IPOMBIIIIJIEHHON 4acTOThI, Hea(hheKTUBHA /IS TTePeladur SHEPTUU B PAUOYAaCTOTHOM
ararasoHe”?

6. (P) OmexTpomarHuTHAsA 3HEPTHI TepefaeTcd 1O JUHUN H
MOCTOSTHHOTO TOKa Oe3 moTepb mpu Hanpsukernn U= 110 kB. A S
Panuycer cedenus mpoBosioB R = 6 MM, paccTosiHUe MEXKIy uxX L | — ®
ocamu D = 2 M, Tok smuann I = 100 A. Hafigute 3sauenue n i E 4 i
Hanpas/eHne Bektopa [IofHTHHTa B HECKOJIBKUX TOUKAaX OT- Puc. B29.2

pesKa IpsMOIi, coenHsIoNeN ocu mMpoBoaoB (puc. B29.2).

7. (P) /IByxnpoBojaHasi JiuHust 6e3 moTepb NMeeT pa-
JINyC ceueHus MPOBOJIOB R, paccTosiHUe MEXKIY OCS- 2R 44D 4,

i
i
i
e
1
i
i
LL

r

TOpa [lotinTuHTa B Pa3JIMYHbIX TOYKaX MIPAMbBIX d — a

MU IIPOBO/IOB D >> R U JUIMHY, PaBHYIO YeTBEePTOH yac- : : ;
T JUTHbI 9JIEKTPOMATHUTHOI BOJIHbL B IUJIEKTPUKE, #_i_p_ ___________ [ i
okpy:xarolieM aunuio. Haiiiure Boipaskenue s BeK- i i i
-~ e — .
u b — b', uzobpasxkennbix Ha puc. B29.3 u npoxous- l E l—j:/4 b E
MIMX Yepe3 OCU TIPOBOJIOB, IIPU YCJIOBUHU, YTO JIMHUA
Puc. B29.3

HarpysKeHa Ha COIIPpOTHUBJIEHNE, paBHOE BOJITHOBOMY.
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8. (P) Pacecmorpennas B mpesibIiyIeM yrpakHeHUH JTUHNS HarpyskeHa Ha COTIPOTHB-

T .
Jnenue Z,=Zexp j 3 r7ie Z — BOJIHOBOE COITPOTUBJIeHUE MuHNU. Haiinute BeipaskeHme

muist BekTopa [loftHTHHTa HA IPSIMBIX @ — @' 1 b — b, cauTast 3alaHHbBIMU HAITPSIKEHIe
Uy U TOK iy Harpy3ku. O0bsiciuTe GU3NIECKUIl CMBICT U3MEHEHUsT HATTPABJIEHS BEK-
Topa llolinTuHTa B HEKOTOpPbIe MOMEHTHI BpeMeHH. PermuTe 9Ty 3a/ady Takke Mpu
IHe JuHIH, pasHoi [ = 0,022,

30.1. Nnockas aneKTpoMarHuTHasA BOJIHA B NpoBoAsLlei cpeae
BOMPOChI

1. YeMm passmyaioTcst MPOIeCcChl PACIPOCTPAHEHUST DJIEKTPOMATHUTHOTO TIOJIS B Hjle-
aJbHOM IUAJIEKTPUKE U B MPOBOAIIEH cpeme?

2. Ilpy KaKuX yCJIOBUAX [IJIsT HAXOKIEHWS HAMpsKeHHOCTH H = Aje™* + Ae™ mo-
CKOI1 BOJTHBI @) MOKHO IIPUHSITH OJIHY U3 MOCTOSTHHBIX PABHOMN HYJIIO, 0) CJIE/yeT MpH-
uuMmatb Ay # 0, Ay # 0?

3. IloueMy aneKTpOMarHUTHAA BOJTHA B TIPOBOISAIIEH cpefie 3aTyXaeT, a B UeaTbHOM
NTUDJIEKTPUKE HET?

4. (O) Ilouemy BOJITHOBOE COTIPOTHBJIEHUE TTPOBOIHUKA KOMILJIEKCHOE, & M/I€ATHhHOTO
TTMJIEKTPUKA BellleCTBEHHOe ?

3. (O) Tlnockast a/eKTpOMarHUTHAs BOJHA PACIPOCTPAHSACTCS B HEUIAEATHHOM V-
9JIEKTPUKE, XapaKTEPUIYIONEMCS yIeTbHOM 2JIEKTPUYECKOI TIPOBOJIMMOCTDIO Y U JIU-
AJIEKTPUYECKON TTPOHUTIAEMOCTBIO €. 3aTyXaeT JI BOJIHA B TaKOl cpezie? B kakux mpe-
JlesIaX MOSKeT JlexkaTh yroJl cABHTa 1o (dase Mexkay BeKTopamu Hanpsikennoctu E, H
CUHYCOUIAJIbHON BOJTHBI?

6. (O) Ilnockas smeKTpoMarHUTHAS BOJTHA PACIIPOCTPAHSIETCS B HANIPaBJIEHWH, TIEp-
HEHIUKYJIIPHOM TIOBEPXHOCTH GECKOHEYHON TPOBOJISAIIEH MIaCTUHBI KOHEYHOW TOJI-

mwmbl. Cripaseamso i coorrnomenne E/H = (1 + f) /% BHYTPU TIJIACTUHBI?
Y

7. (O) CoxpangeTcs 1 MOCTOSHHBIM yTOJ CABUTA IO (ha3e MEXIY HAIPSKEHHOCTSI-
MU 9JIEKTPUYECKOTO U MATHUTHOTO TOJIEH TIJIOCKOH CUHYCOUIATBHOM BOJIHBI, PACITPO-
cTpaHsonieiicss B riy0b Ge3arpaHUIHOI TPOBOISAIIEH Cpe/ibl?

8. (O) ITouemy ¢ poCcTOM YACTOTHI DJEKTPOMATHUTHOTO MOJISI TIyOHUHA €0 TIPOHUKHO-
BEHUST B TIPOBOJIATIYIO CPELY YMEHBINAETCS?

9. (O) [na ompezneneHnsi CKOPOCTU PACIPOCTPAHEHUS 3JEKTPOMATHUTHON BOJHBI
B TIPOBOJAIIEH cpefie MOKHO PacCy’KAaTh TaK ke, KaK W MPHU PaCCMOTPEHUN TIOJIS
B IUaJIeKTPUKe: (Da3a BOJHBI HEU3MEHHA MPH 2z = 0f, TaK 4TO MOJydaeM ot = kot, OTKY-

o 2m
Ia o= n = _|=—. CupaBeJ/IMBO Jii TaKOe OIpejie/ieHue CKOPOCTU PACIIPOCTPAHEHUST

wy
BOJIHBI B TIPOBOJIATIEN cpefie?
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YMPAXKHEHWSA

1. (P) N3o6pasute 3IeKTPUUYECKYTO T€Ih, COIPOTUBJIEHNE KOTOPOH PaBHO BOJIHOBO-
MY COIPOTHBJIEHUIO TTPOBOJAIIEH cpefbl. BoipasuTe mapaMeTps! ee 3JIeMEHTOB Yepes
BEJIMUUHBI ®, W, Y. EAWHCTBeNHA TN Takas IeMb?

2. JluanexTpudeckasi MPOHUIIAEMOCTH CPEB paBHA € = 4g), ee yeabHas aJeKTpuye-
ckasg mpoBoanMocTh ¥ = 10° Cm/m. [Ipu kakoit yacTore M3MeHEHUS MOJIS TIJIOTHOCTH
TOKOB TTPOBOJIUMOCTHU W CMETIEHUS COM3MEPUMBI ?

3. (P) Tox i = I, sin of mpoTeKaeT Mo MPSMOJUHETHON NIUHHOW METHON NTUHE TIPS-
MOYTOJIBHOTO CeYeHUs, BBICOTA /I KOTOPOI 3HAUMTENbHO Gosibine TosmuHbl 2d. [Tpu-
HUMast JOMYIIeHne, YTO MPOHUKAIOIIAs B IIMHY 9JIEKTPOMArHUTHAST BOJIHA TLIOCKas],
HOJIYYUTE BBIPAKEHUsI /ISl HANIPSZKEHHOCTH MArHUTHOTO TI0JIst U TIOTHOCTH TOKa B
mure. Paccunraiite u ocTpoiiTe KPUBYIO 3aBUCHMOCTH OTHOIIEHUST COTIPOTUBJICHUS
7 IUHBI TIPU TIEPEMEHHOM TOKe K COTIPOTHBJIEHHIO 7y IPH TIOCTOSTHHOM TOKe B (DyHK-
MK yacToThl ©. Ilpumure snavenus 2d = 2 oM, b = 20 em, p = po, v = 5,7-10° Cm/m,
aumHa mEbl [ = 2 M, 0 < o < 4007w, 1/¢ (0 < £ <200 I').

4. Bo ckombKO pa3 paznumyaroTcs aKTUBHbBIE COMMPOTUBJIEHUS METHON IMUHBI (CM. yC-
JIOBUE TIPebILYIEro yIpaskHenus) 1 crambroii mmms (n = 1000 pg, y = 10° Om/m)
TaKUX K€ PA3MEPOB TIPH @) TIOCTOSTHHOM, 0) TlepeMeHHOM ToKe 4acToThl f = 50 [?

5. (P) Omnpezenure yactoty f, mpyu KOTOPOH Mpu yCJAOBUSX yip. 3 ¢asa MmI0THOCTH
TOKa B IIIMHE B MOMEHT BPEMEHU ¢ U3MEHSIETCST Ha @) 27, 0) 4.

30.2. AKTUBHOE U MHAYKTUBHOE CONMpPOTUBJIEHMS NPOBOAOB
BOMNPOCHI

1. IIpaBusibHO Jit curTaTh 00MIEH (DU3UIECKYIO TIPUPOY SIBJIEHUIN MOBEPXHOCTHOTO
ahdhexrTa 1 HEPAaBHOMEPHOCTH pacTpeie/IeHNs MAarHUTHOTO TIOJIST BHYTPHU TTPOBOIS-
UX TeJ?

2. Ilo npsiMmoTMHEITHOMY TIPOBOJLY KPYTJIOTO CEUEHUs TeyeT epeMeHHblil ToK. Kakune
U3 TOYEK TPOBOa (PACTIONOKEHHbIe OMKe K TIOBEPXHOCTH WJIN K IIEHTPY) OXBade-
HbI OGOJIBITM MArHUTHBIM TIOTOKOM? B KakMX TOYKaX MJIOTHOCTb BMXPEBOTO TOKa
6ourbiiie?

3. 3HaveHmWe TJIOTHOCTHU MEPEMEHHOTO TOKA B TOUKAX CEUEHUS MTPOBOIA B MOMEHT
BpeMeHu ¢; u3BecTHO. MOXKHO JIM CUUTATh, YTO B MOMEHT BpeMeHu ¢ = ¢y + At 11po-
M30¥i/IeT MPONOPIMOHATBHOE U3MEHEHUEe TIJIOTHOCTH TOKA BO BCEX TOUKAX CEYeHU:,
T. €. YTO OHA BO BCEX TOUKAX M3MEHIETCS CUHXPOHHO BO BPEMEHN?

4. [Tpm kaKOM ycJIOBUU KOHTYP ITPOBOIA HEKPYTIIOTO CEYEHUS MOKET COBITAZIATh C JIU-
HUEH MarHUTHOW WHYKITNH?

5. ITpousoiiner u mepepacipenesienne BHYTPEHHETO U BHEITHETO MOTOKOB B Kabeure,
nzobpaskeHHoM Ha puc. B30.1, npu @) yBeJWUYEHUM 4acTOTHI TOKA, 6) YBEJIUYECHUN
YIEJIbHON 3JIEKTPUYECKOIl TIPOBOIMMOCTH MaTepuasa sKUJIbl U 000J0UKN Kabesist?
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(DEHyTp Dyprem

Puc. B30.1

6. (O) K roukam ad uzobpasxennoro Ha puc. B30.1 kabes, 101COEANMHEH BOJBTMETP,
MpUYEM CaM BOJIETMETP U €TO COEIMHUTENbHDIE TTPOBO/IA PACTIONOKEHBI TIOJTHOCTHIO B
MPOCTPAHCTBE MESKLY KUJIOH U 000I0UKO# Kabesist. 3aBUCUT JIK TIOKa3aH¥e BOJIbTMET-
pa OT PaCIONIOKEHUST €TO COeMHUTETHHBIX TIPOBOAOB? B KakoMm ciyvae ero mokasa-
Hist OyayT: a) HauGOJBIIMMH, 0) HauMeHbIMUMU? Kakue HampsoKeHUs u3Mepsier
BOJIBTMETP B 9TUX JIBYX caydasx? Kak M3MeHsITCST OTBETHI HA 9T BOIIPOCHI, €CJIN TIPO-
BO/Ia BOJIBTMETPA TIOJICOEIMHEHBI K TOUKaMm bc?

7. HPOBO[[H]_[ICC TEJIO HaXOUTCA BO BHEHIHEM IIEPEMEHHOM 9JIEKTPOMAroiuTHOM IIOJIE.
Kakoii cMbIcsT UMeeT MHTerpas ff>S ds? 3nech § — Bextop IloitnTuHTra, ds — s1€MeHT
MIOBEPXHOCTH TeJIa. s

8. (O) MeppomarHuTHOE TEJIO MMeeT pebpa U yriibl. IIpu KakKuX YCIOBUSAX MPOHU-
KaIOII[yi0 CKBO3b €T0 MOBEPXHOCTD 9JIEKTPOMATHUTHYIO BOJHY MOKHO PACCMAaTPUBATh
KaK TIJIOCKYTO?

9. Kakue a71eMeHTBI COJAEPKUT dJIEKTpUUecKas 11e1hb, TapaMeTPbl KOTOPOH TakHe e,
KaK ¥ 9JIeKTPUYECKIe TTapaMeTPbhl OTPe3Ka IPOBO/IA IIPU PE3KOM MTPOSIBJICHUH TTOBEPX-
HOoCcTHOTO addexrta? EnnncTBenna mm Takasd 1emb?

10. MoskHO T paccunTaTh aKTUBHOE COIIPOTHUBJIEHNE TTPOBOJIA TIPSIMOYTOJBHOTO Ce-
op
2y
(3zmech [ — pnmHa MPoBOAA, ¥ — IEPUMETP CEYEHHS ITPOBOJIA.)

[ .
yeHust 1o popmyse r = — , €CJIN TIOBEPXHOCTHBIN 3(PDeKT MposiBieH pe3Ko?
u

11. TloBepxHocTHBIN 2P PEKT MPOABIAETC pe3de MPU YBEIUIEHUN TTapaMeTpa @y,

275\/5
TaK Kak JJIMHA BOJIHBI CBsI3aHA ¢ HUM COOTHoOIIeHHeM A = ———. TTouemy mpu aTOM

Jouy
COIIPOTUBJIEHUE TIPOBO/JAa MOJKET KaK YBEJIMYNBATbCA, TaK U YMGHI)IJ_IB.TI)CH?
YMPAXHEHUS

1. (P) Paccrosnue ¢ MeXIy COCETHUMU IIUHHBIMA CTOPOHAMU JBYX IIWH TPSIMO-
YTOJBHOTO CEYEHUs C OAMHAKOBBIMHU TOKAMU TPOTUBOITOJIOKHBIX HAlPaBJIeHWH i =
=+, sin o ¢ 3HaYUTEILHO MEHbIIIe UX BBICOTHI A. Tosmmna 2d mH UMeeT TOT e 110~
PAOK, 9TO U PACCTOSTHITE MESKILY HUMM, a JJTMHA IHUH [ >> h. 3anuimTe BoIpasKeHUsT st
HaIpstKeHHOCTH H 110151 Ha JVIMHHBIX CTOPOHAX IMWH U PacCUUTATE paciipe/iesieHus
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2d 2d 2d

HAIPSIKEHHOCTH MOJI ¥ IJIOTHOCTH TOKA 110 TOJIIUHE IIUH, R P At
npunnMas 2d = 20 M, h = 200 MM, p = g, ¥ = 107 Cnm/M, —1 [
=50 Ty, 250 Ty, 400 Tx, 800 T'n. Paccumnraiite akTHBHBIE U 1 A 3

peakTuBHBIE conpoTuBaeHms mnH, [ = 10 KA.

2. (P) Ilo mennoii mune 1 (puc. B30.2) TeueT cunycougab-
HBII TOK B IIPSIMOM, a 110 TAKUM JKe ImuHam 2, 3 — B obpat-
HOM HAIPaBJIEHUM, [IPUYEM CYMMa TOKOB IIIUH PaBHA HYJIO. h X . .
Cunrast TOKU HIMH 33/[AHHBIMY, HAWUTE 3HAYEHUST HATIPSI- i i is
JKEHHOCTHU MarHUTHOTO TIOJIST HA JUIMHHBIX CTOPOHAX MIUH
U paccuyuTaiTe HAIPSIKEHHOCTh MArHUTHOTO TIOJIST U TLJIOT-

HOCTb TOKA B IIMHAX. Beimommure pacyerst ipu 1, = 1000 A, ’ g b
T, ==200 A, [, =—800 A, c=6 um, d=6wm, =100 um, § “%“_
1= v =>57107 Cym/m, f =50 I 2

Puc. B30.2

3. (P) MMunst 1, 2 (em. puc. B30.2) coennaens! mapasiemb-
o, ux Tok I = I, + I, pasen Toky Tpetbeii muunt (I, = 1000 A), Tekyiiemy B IpOTH-
BOTIOJIO;KHOM HaIlpaBJIeHUH, TPUYEM 3HaUYeHns TOKOB [, [, HemsBecTHbl. PaccumnTaiiTe
HAMPSKEHHOCTh H 01 Ha UTMHHBIX CTOPOHAX IIWH, a TaKxXKe TOKH [, [, MCTIoab3ys
YHUCJIeHHbIE JaHHbIE U PE3YJIbTaThl PENIeHUs MPEeIbIIYINEel 3a1a4n.

4. (P) Tokonposox (puc. B30.3) cocrout ms uerbipex 24 2 2d M
e, TosmuHa 2d Kaskaoi U3 MWH 3HAYUTETHHO MEHb- — 1
TTe WX BBICOTHI. Paccrosmue ¢ MeXIy MUHAMI UMeeT TOT ¢ ¢ ¢
JKe TIOPS/IOK, UTO M UX TOJMINHA. /[Be JIeBbIe ITUHBI C TO-
KOM 1 =iy + iy IPAMOTO HAIIPpaBJIEHUS COeIUHEHBI ITapai-
siepHO. 1o ABYM APYyTHUM MIMHAM, TaKKe COeIMHEHHBIM
napaJiiesibHo, TeYeT TOK i = i3 + i; IPOTUBOTIOJOKHOTO
HaIpaBJIeHUs. 3alUIINTe YCJI0BUS, MTO3BOJISIONINE Pac-
CUMUTATh TOKWM KAKJOW M3 IUH W paclipejiesieHue TaoT-
HOCTU TOKA U HAIPsIKEHHOCTU H 10JIst 110 UX TOJIIMHE.

9. (P) Pemnre npeaplayiyio 3agaqy Ipu YCAOBUH, YTO
MapaJieJIbHO COe/IMHEHBI TIepBasi IIIMHA C TPEThEN U 110
HUM TeYeT TOK i = iy + i3 IPSIMOT0O HaIlpaBJeHUs, a BTO- T JV JV JT
pasi ¢ 4eTBEPTOU C TOKOM i = Iy + i; IPOTUBOTIOJOKHOTO 1 2 3 4
HalpaBJeHu. Puc. B30.3

6. 3 yeTbIpex MWH TOKOMPOBO/A PA3JNYHbIE MAPBI IITUH MOKHO COEAMHUTD Mapas-
JIeJIbHO, HATIPUMeD, MEPBYIO CO BTOPOH, MEPBYIO € TPEThEl UK TIEPBYIO C YeTBEPTOM.
I[Tpu kakoM criocobe coeTMHEH s OTHOIIIEHIE COMPOTHBIIEHNUST 7 TOKOTIPOBO/IA TIPH Tie-
PEMEHHOM TOKE K €r0 COIPOTUBJIEHUIO 7)) IIPH OCTOAHHOM TOKe OyeT HauMeHbIIM ?
[IpumuTe ymcienHble JaHHbIEe TAKUMU K€, KaK W B yIp. 2.

7. (P) Toxu cumMmeTpuuHON Tpex(haszHON CUCTEMBI MPOTEKAIOT MO MIUHAM TIPIMO-
yroapHoTO cedenus (cm. puc. B30.2). PaccuuraiiTe akTUBHBIE COMPOTUBJIEHUS TITHH,
MPUHUMAsT TeOMeTPUYECKIe pa3MepPhl, MaTePHUAJ IWH W YaCTOTy N3MEeHEeHUsT TOKa Ta-
KUMU e, KaK ¥ B yIIp. 2.
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8. (P) Toku I, I,,, I, xaxnoii us das cummerpuunoii TpexdasHoii cuctemMbl IpoTeKa-
10T TI0 IBYM, Ha3bIBaeMbIM paciienaeHusMu, munaM (puc. B30.4) mpsaMoyTroabHoTo
cedenns. [Tomyunre Buipaxkenus s tokos I, I[, I,, I,, I, I; xaxoit us umn, cuu-
Task BBICOTY A IUH 3HAYUTENHHO OOJIbIlle WX MIUPUHBI 2d U PACCTOSIHUSI ¢ MEXKIY
HUMU. (XapaKTepuCTUKN MaTepuasa HMifH vy, [ = L.)

2d 2d 2d 2d 2d 2d

c c ¢ c c _ H=Ho _
1b 3b 4
p=o
h X X ° ° X X
i if iy iy i3 i3 hy
2a 4a iﬁfx
3 h
- - z
1 2 3 0
Puc. B30.4 Puc. B30.5

9. (P) B riy6okoM 1 y3KOM ma3y poTopa 3JeKTPUUecKoil Mamuubl (mupuna d masa
3HAYUTETbHO MEHBIIIE €T0 BBICOTHI /1) HAXOAUTCS HEMATHUTHBIM TIPOBOHUK TIPSIMO-
YTOJIBHOTO CEYEHHsI BBICOTOI /1 << hy, 110 KOTOpOMY Tewet TOK i = I, sin ¢ (puc. B30.5).
Paccuuraiite HanpsikeHHOCTb H(y) MATHUTHOTO T10J151 M IJIOTHOCTD J(Y) TOKA B TOY-
KaX Ce4YeHUs MPOBOIHUKA, MPUHUMAS JOMYIICHNE, YTO MAarHUTHAS TPOHUIIAEMOCTb
BelecTBa potopa 6eckoHeuHo Besnka. [TocTpoiite kpusbie 3asucumocteit H(y), J(y)
mpu I =100 A, =50 T, y = 3,610’ Cm/M, d =1 cm, h = 5 cM 1 onpesie/Te aKTHBHOE
COIIPOTUBJIEHUE IIPOBOAHUKA AIUHOM [ = 1 M.

10. (P) B ruiyboKOoM 1 y3KOM T1a3y POTOpa SJIEKTPUIECKON MaIlu- H = Ho
Hbl (d < h, h < hy ) HaxoxdTCs ABAa HEMArHUTHBIX IPOBOAHUKA 1, 2 d

|
MPSIMOYTOJILHOTO CEYEHMSI C TOKOM OJIHOTO HAIPaBJICHUS, COEIH- b=

HeHHbIe TTocseoBaTesbHo (puc. B30.6). Paccunraiite u moctpoiite

kpuBbie 3aBucumocreit H(y), J(y) pu 0 <y < 2h u naiiiure akTus-

HO€E COIPOTHBJIEHIE KAXK/IOTO U3 MPOBOAHUKOB tnHON [ = 0,5 M N
mpud=05cm, h=2cm, I;=1,=100 A, f=50 T, y=5,7-10" Cnm/M, ol B
c=0. y
11. (P) B npamoyrosbnom masy (puc. B30.6) naxonarcs nBa He- }
MarHUTHBIX IIPOBOJHMKA, COeAUHEHHbIE I1apaliesbao. Paccunraii- h
Te TOK ¥ aKTUBHOE COIIPOTUBJICHUE KAK/[0T0 U3 IIPOBOHUKOB, IIPH
I, +1,=1=100 A uc=1mm. OcrajbHble YnCIEHHbIE TaHHbIE Ta-

= X

0

Puc. B30.6
KHe Ke, KaK W B TPEBIAYIIEM YITPOKHEHNN.
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12. (P) B npsiMOyTOIbHOM T1a3y MUPUHON d 1 BBICOTOI /i HAXOAATCS 72 TIPOBOJHUKOB,
pasmepoM d x d KaxIplii, COeIMHEHHBIX @) MOCe0BATEIbHO, 0) TapajieabHo. Pac-
CTOSTHIIE MEJK/Y COCEHIMI POBOAHUKAaMU paBHO ¢. Cuntast TOK [ KaKI0ro TpoBo/Ia
(BO BTOPOM cJiy4ae TOK BCEX MPOBOIHUKOB) 3a[aHHbIM, HAlJNTe BEJMUYMHBI HATIPSI-
’KEHHOCTH MAarHUTHOTO TI0JIsT HA CTOPOHAX k-TO TIPOBOIHUKA, & TAKIKE YCJIOBHSI, TO3BO-
JISTEOIIME ONPE/IEUTh TOK KayK/I0T0 U3 MapaJIeJbHO COEJIMHEHHBIX TIPOBOIHUKOB.

13. (P) PaccuuTaiiTe BHyTPEHHIOIO W BHENIHIO WHIYKTHBHOCTH CUCTEMBI U3 JBYX
IPSMOYTOJMBHBIX MIKUH pazMepoM 2d x h (d < h) (cm. ynp. 1) ¢ TokamMu +i 1 OCTPOii-
Te KPUBYIO 3aBUCUMOCTH OTHOIIEHUS BHYTPeHHEN NHIYKTUBHOCTHU MIPU TTePEMEHHOM
TOKe K BHYTPeHHEN WHAYKTUBHOCTU TIPU MTOCTOSHHOM TOKE OT TIapaMeTpa MLY.

14. (P) Boipasute morpentHocTb pacyeTa COMPOTUBICHUS IUHBI TPSAMOYTOJIBHOTO Ce-
uennst paamepom 2d x h (d < h) Tipu OTyIEeHnn Pe3KO BBIPAKEHHOTO TIOBEPXHOCT-

Horo addexTa, TpuHUMAsT ToTydeHHoe Tipu peniernnn yup. 3, § 30.1 Beipaskenue st
pacueTta Z Kak TOYHOE.

15. (P) Ha noBepXHOCTH JJIMHHOTO MTPSAMOJUHEIHOTO TTPOBO/IA 3ajlaHa KacaTeTbHast
COCTABJISIONIAST HANPSKEHHOCTH E; 9JIEKTPUUYECKOTO TOJIs. 3aIlUIIUTE BbIPAKEHME,
CBS3BIBAIOIIEe MOIHOCTD MOTEPh B IMTPOBOJIE C BETUINHON E; B yCJIOBUSAX pe3KO BbIpa-
JKEHHOTO TIOBEPXHOCTHOTO ahPeKTa.

16. (P) Haiinmure morpentHocTh pacdyeTa aKTUBHOTO COMPOTHUBJIEHNS CTATBHOTO TTPO-
[ |op .

Boza paauycoM R = 0,5 cm 1o hopmyite r = — 5y CIIPaBEJIMBOM IIPU PE3KO BbIpa-
uy 2y

JKEHHOM MTOBEPXHOCTHOM 3(heKTe, eCu BEIeCTBO MPOBO/IA XapaKTepu3yeTcst 3Have-

nuamu p = 40 o, v = 6-10% Cm/m. Yacrora Toka nposoga f = 50 Iy (u = 2nR).

17. (P) Paanyc memnoro mpoBoja paBen 0,5 cM. KakoBbI pajinychl aliOMUHHEBOTO

(y = 3,5-10” Cm/m) 1 cranproro (p = 50p,, ¥ = 107 CM/M) IIPOBOIOB TOI K€ JLIMHBDL,

uMeronux mpu yacrore Toka f = 50 I1] Takoe ke aKTHBHOE CONPOTUBJIEHHUE, 4TO 1 MEJI-

HBIM TTPOBOAL?

18. (P) Kakum go/mken GuITh pajiyc cTaabHoro mposoa (v = 107 Cm/m, pe = 50 ),

uto0BbI Tipu yactorte Toka [ = 50 Tir oTHOIIEHNE 7_ /7~ OBLIO TAKUM K€, KaK U JIJIsT MeJl-

HOTO MPOBOJa PajycoM R = 4 cm (v, = 5,7-107 Cm/m).

19. (P) Cranbhas MuinHAPUYECKast CEP/IIEBIHA TTPOBOA PAIIYCOM 5 MM TIOKPBITA

ATOMIHUEBON 000JI0YKOH TOMIUHON A = 2 MM. [Ipr Kakux dactoTax aKTHBHOE CO-

[POTUBJIEHNE TAKOTO MPOBOJIA MPAKTHYECKU HE 3aBUCUT OT CBOICTB BEIECTBa Cepi-
1eBUHHI (Y,, = 3,5-107 Cm/m)?

30.3. HepaBHOMEepHOe pacnpeaeneHue
nepeMeHHOro MarHMTHOr 0O NMOTOKa U 3JIEKTPUUYECKOro ToKa
BOMPOChI

1. Yeunurcss nu HePaBHOMEPHOCTh paciipeieIeHNsI MAaTHUTHOTO TOTOKA B IJIOCKOM
JIICTE, €CJIA BO3PACTET @) MarHUTHAs TIPOHUIIAEMOCTb MaTeprasia JUCTa, 6) yaeabHast
MTPOBOAAMOCTH MaTepuaJia JINCTA, 8) 9YaCTOTa M3MEHEHUS MAarHUTHOTO TIOTOKA?
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2. OgnnakoBa i (haza MarHUTHONM WHAYKITMU B TOYKAX TJIOCKOTO JIMCTA, UMEIOMIIX
pasamunble KoopAuHaThI z (puc. B30.7)?

3. HO‘IEMy IIPp1 BBICOKUX YaCTOTAaX USMEHEHUA MAaTrHUTHOTO ITIOTOKA
TOJIUHY JIUCTOB CJIEAYET BbI6I/IpaTI) MEHbIIIe ?

4. TTouemy 1ipu cOOPKE CEPAEYHUKOB U3 JIMCTOBOI AIEKTPOTEXHUYE-
CKOH cTa/ B 06Pa3yonXcsl TaKeTax OT/Ae/IbHbIE JTUCTBI U30JHPY-
10T OJIVH OT JIPYTOTO, HATTPUMED TIOKPHIBAIOT HETIPOBOJISIIIM JIAKOM? |-
Byner nmu gocturatbest Tpedyemblii ahdeEKT, ecam MeKIy JTUCTaMu 0
TMaKeTOB IIPOJIOKUTH 3JEKTPOIIPOBO/JAHbIE, HO HEMarHuUTHbIE CJION
BelecTBa’?

NI ‘\\

NI

3. Kak cremyer pactionosKuTh MIOCKH# TPOBOASIIIET IUCT OTHOCH-
TENbHO JIMHWI HAITPSIKEHHOCTH BHETITHETO OJTHOPOTHOTO MATHUTHOTO Puc. B30.7
10JIs1, YTOOBI HATPETh €ro JI0 3aJaHHON TEeMIIEPaTyPhl 32 HaUMEHb-

1ee BpeMsi?

6. (O) IlyTp wHTErpUpPOBAHUS TIPU BBIYUCICHUN MHTETPaJa i;H dl = i Be1OpaH Tak,
/

YTO OH OXBATHIBAET JUHUM KaK CTOPOHHETO TOKA, pacipesiesieHre B MPOCTPAHCTBE

KOTOPOTO M3BECTHO, TAaK M BUXPEBOTO TOKA. Kakoii TOK ciesyeT MpuHUMATh BO BHU-

MaHue, 3alUChIBasi MPaByo YacTh WHTErpaja: CTOPOHHUN, BUXPEBOW OO U TOT U

NIPyTOit?

7. (O) Ha ropounanbublit heppoMarHuTHBINA CEPAEYHUK KPYTIOTO CEYEeHUsT HaMO-
TaHO @ BUTKOB. MOXHO 711 HAWTU HAIPSAKEHHOCTh MAarHUTHOTO IOJISI HA OCEBOU
JTHUY BHYTPU CEPAEUYHNKA, TOTB3YACh hopmymnolt H = iw/2nr, Tie r — paauyc oce-
BOI IMHUU, €CJIV TOK i a) epeMeHHblii i = [, sin of, 6) ocTosgHHbI i = [? B kakux
IJIOCKOCTSIX PACIIOJIOKEHBI KOHTYPBI, IO KOTOPBIM 3aMbBIKAIOTCSI INHUU BUXPEBOTO
TOoKa?

8. MoseT Jii IUIOTHOCTD 1IEPEMEHHOTO TOKA, IPOTEKAIOIIEro 110 MPSIMOJNHETHOMY
[UJITHIPUYECKOMY TTPOBOY KPYTJIOTO CeUeHUs] @) UMETb B OJIMH U TOT K€ MOMEHT
BPEMEHU B Pa3JUYHBIX TOYKAX CEYCHUS] Pa3JINYHble HATIPABJICHUS, 6) 0OpamaThCs B
HYJIb OZIHOBPEMEHHO BO BCEX TOUYKAX CeYeHHsl, 8) 00paNaThCsi B HY/Ib OJHOBPEMEHHO
B HECKOJIbKUX TOYKAX CEYeHUs?

9. Kakue yc/joBusI JTOJKHBI OBITH BBITIOJTHEHDBI, YTOOBI 3JIEKTPOMATHUTHYIO BOJIHY,
[IPOHUKAIOIIYIO B IIUJIMHAPUIECKUI TIPOBOJI KPYTJIOTO CEYEHMsST MOKHO OBbLIO ObI pac-
CMaTPUBATh KaK MJIOCKYTO?

10. B nexotopsiit MOMEHT BpeMeHH (hasa TIOTHOCTH TOKA B TOYKE HA TIOBEPXHOCTH
IIPOBOJIa PaBHA \;, a B OJIM3KON K TOBEPXHOCTH TOYKE BHYTPHU MPOBOAA — \; + Ay,
KaxoB 3nak Ay,? B kakoif 3 aTUX TOYeK TOK OTCTaeT 1o ¢aze?

11. HavanbHasg dasa HanpsuKEHHOCTH MAarHUTHOTO IIOJIST Ha IIOBEPXHOCTH IIPOBOA
paBHa y,. UeMy paBHa HavangbHad (asza ToKa IpoBoaa?
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YMPAXKHEHWSA

1. (P) Bo cxompK0 pa3 U3MEHUTCST MOIITHOCTH TTOTEPH B CEPAECTHUKE TpaHc(hopMaTopa,
€CJIM JINCTBI TOMUHON dy = (0,2 MM, U3 KOTOPBIX OH COOpaH, 3aMEHUTH JINCTAMU TOJI-
IUHON dy = 0,5 MM IIPH YCIOBUM COXPAHEHUST TO¥ JKe CpeiHeil MarHUTHON WH/LYKITHH.
MarnuTtHas npoHuiiaeMocTb BentecTBa aucTOB 1 = 1000 Ly, yaeapHasT a7eKTpudecKast
nposoauMocTh y = 107 CM/M, yacTora MaruuTHoOro notoka a) f = 50 Iy, 6) f =400 T
ABsenne rucrepesuca He yUUTbIBaliTe,

2. MarnuTHast MHYKIMS Ha CTOPOHaX Jmcta (eM. puc. B30.7) npu 2 = —d/2 n zy = +d,/2
pasBHa B, = B,, u B, = B,, coorBercTBenHo. Haiiznre miotHocTh ToKa J(2), a TakKe
cpeliHee 3HaYeHe MAarHUTHOM MHIYKIUHU TI0 cedenuto nucta (b > d, [ > d).

3. (P) Ilpu kakoii TosmmuHe d TUCTOB CEPEYHNKA U3 TIEPMAJLIOS, MATHUTHAST TPOHH-
I[AEMOCTD ¥ y/IETbHAST DIEKTPUYECKast TPOBOUMOCTH KOTOPOTO PABHBI COOTBETCTBEH-
1O 1 = 2000p,, v = 0,62-107 CM/M, pazHOCTh HaUGOIBIIEr0 ¥ HANMEHBIIETr0 3HAYeHHIT
MH/YKI[UK B JIKCTE OTndYaeTcst He 6osee yem Ha 10 % ot cpennero. [Tpumure yactory
usmenenus moJst B aucre a) 50 Iy, 6) 2000 I

4. (P) Pagnyc cevennst poBoga R = 0,5 ¢M, MAarHUTHAS TPOHUIIAEMOCTD MaTeprasa
nposozia p = 2000, ero yaeabHas aleKTpudeckas mpoBogumocth ¥ = 3-10° Cum/m.
Kakoit Tok yactotst 50 11 MOJKHO TIPOITYCTUTH TIO TTPOBOJIY MTPH JIOMTYCTUMON MaKCH-
MaJIbHOIT TIIIOTHOCTH TOK Jyo, = 107 A/M??

5. (P) IIpsiMosinHeiHbIN OECKOHEYHO JITTMHHBINA METHBIN MTPOBOJL pagnycoM R = 0,5 cm
MTOMeIIeH B OHOPOIHOE 2JIEKTPOMATHUTHOE TT0JIe, BEKTOP HanpskeHHOCTH H KOoTOpO-
TO HaIpaBJieH BJOJb IPpoBoja. Hanps:kenHocTs mosis Ha ero nosepxuoctu H, = 3-10%x
xsin 100m¢ A/Mm. PaccunraliTe BUXpeBOU TOK B MPOBOJie HA €UHUILY €TO JJINHBL.

30.4. 3¢ dekT 6MM30CTU. DNEKTPOMArHUTHOE SKpaHMpPOBaHUE
BOMPOCbI

1. ITo mpoBoay TeuyeT TepeMeHHBIH TOK. I3MeHUTCS i pacipesiesienne IOTHOCTH
TOKa 110 CeYEeHUIO IIPOBO/IA, €CJU MapalJIeJbHO €My PacIOoJIOKUTh IPYToil MpoBoOf,
CTOPOHHETO TOKa B KOTOPOM HeET?

2. TIposiBisiercst i aheKT 6JIM30CTH B TIPOBOZIAX, TT0 KOTOPBIM T€YET TIOCTOSTHHBII TOK?

3. 3aBuUcHUT JU pacrpefieleHre TOKA M0 CEYeHHWIO IBYX MPOBOIOB OT HATIPABIEHUS
MIPOTEKAIONTNUX TT0 HUM TOKOB?

4. (O) Ob6mazsaer i SKPaHUPYIOLIMM JeHCTBUEM TPOBOsIIIAs TPYyOa KOHEYHOMN JIJTH-
HBI, OXBaTbIBaloNas a) 006a MPOBOJAA ABYXIIPOBOAHON JUHUM, 0) OAUH U3 IIPOBOIOB
MBYXTIPOBOZHOM JIMHWUH, @) TPU TIPOBO/Ia Tpex(hasHoil JTMHUH, CYMMa TOKOB KOTOPBIX
paBHa HYyJTIO?

3. (O) [lyist akpaHUPOBAHUS BJEKTPOCTATUYECKUX TI0JIEl HAXOAT IIPUMEHEHNE CeT-
Yyarble TPOBOJAIINE dKPaHbL. [Ipr KaKuX YCIOBUSX OHU IKPAHUPYIOT MEpPeMEeHHOe
9JIEKTPOMATrHUTHOE T0Jie?
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6. (O) ImekTpoMarHUTHOE TOJIE TIJIOCKOTO TOKOBOTO KOJIBIIA 3KPAHUPYIOT OXBATHI-
BaloIM €ro Me/lHbIM 3KpaHOM C(l)epH‘leCKOﬁ (l)OprI, COCTaBJIEHHBIM M3 /IBYX ITOJIY-
cdep Tak, 9To MesKILy HUME 0Opasyercst HeOOIbInast BO3LYINHA e/ib. B Kakoil mioc-
KOCTH  11eJIecO0OpPa3HO  OPMEHTUPOBATH MIETb IS JOCTHKEHMS HAUOOJIbIIEro
sKpaHupymoliero agdekra: B IJIOCKOCTH KOJbIA WM B TIEPIEHIUKYJISPHON eMy
MIJIOCKOCTH ?
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23.1. YpaBHEHM1SA 2/1IEKTPOMarHMTHOro nons
B amddepeHunanbHon popme

BOMPOChHI

1. Criocob TTOJIy4EHUA HAIPAKEHHOCTU JIEKTPUYECKOTO T10JIA C TTIOMOIIbIO MHTETPAJIb-

HOTO COOTHOHIEHUS §>E ds =4 saxmouaercs B HaxoKAEHUU TaKoil TTOBEPXHOCTH S,
g €
B /1106011 TOuKe KOTOPoil BeKTOp E coXpaHsieT MOCTOSTHHOE 110 MO/LYJIIO 3HaUeH1e 1 Ha-
MpaBJIeH K HEH MO/T OIHUM U TEM 3Ke YTJIOM o.. Eci Takast TOBepXHOCTH CYTIECTBYET U
OHa Haii/ieHa, To BeJimunHbl E 1 cOS o0 MOJKHO BBIHECTH W3-TI0] 3HAKA WHTETpasa W
q

HalTH NCKOMYIO HaIIDSAKEHHOCTD I1OJIA KaK E=—— .
£SCOSa

Taky1o TOBEPXHOCTD MOKEM OIPEIETNTD, €CIIN TT0Jie 00JIaIaeT OJHUM U3 TUIIOB CHM-
MeTpu: cheprudecKoi, IMIMHAPIIECKOi b0 mrockoil. [Tpu cheprueckoii cummer-
PHH 110JIs TIOBEPXHOCTD § CyTh cepa, M B 3TOM cJIyyae umeeM s = 4mr%, cos o = 1.

DJIEKTPUUECKOE T10JI€ BEChMa JITMHHOTO TIPOBOJIA KPYTJIOTO CEYEHUST XapaKTePU3yeTCst
MUJINHAPUYECKON CUMMETPHUEN, TaK UTO TIOBEPXHOCTDIO S SIBJISIETCS TaKasi 3aMKHYTast
[UJIMHAPUYECKast TOBEPXHOCTh, Ha 4acTh KOTOpoii (60KoBOil) nMeeM E = const # 0,
a Ha Apyron ee yactu (TOpIeBoit) — cos o = 0.

Crioco6 pacuera HanpsikeHHOCTH H MarHUTHOTO TIOJISI HAa OCHOBE BBIPAsKEHUSI
ﬁH dl = i anajormyeH pacCMOTPEHHOMY BBIIIIE: TIPH HAJIUYUE KPYTOBOU CUMMETPHN
1

TOJIS BBIOMPAEM TaKOil KPYTOBOW KOHTYP WHTErPUPOBAHIsI, Ha KOTOPOM nMeeM H = const
U B TOYKaX KOTOPOTO yros Meskiy Bektopamu H u dl iMeer 1oCTOSIHHOE 3HAYEHME.

4. BXopgmuii B TPaBylo 4YacTh ypaBHEHUS 3aKOHA 3JIEKTPOMAarHUTHON WHITYKIIUW Mar-
HUTHBIH TTOTOK CJIeyeT TIOHUMATh KaK Pe3yJIbTUPYIONINA, OTIpe/leIIeMbIi Kak cyMMa
BHEITHETo (CTOPOHHEr0) TIOTOKA M MAarHUTHOTO TIOTOKA, CO3/[aBAEMOTO WHYIUpPYe-
MBIM 3JIEKTPUYECKUM TOKOM.

3. IIpu aBMKEHUN TIPOBOJISIIETO TEA B MATHUTHOM TI0JIe B HeM Bosuukaet D/[C wH-
nykiun. Ecam, HanipuMep, B HEM3MEHSIOEMCST MAaTHUTHOM TI0JI€ TTOCTOSTHHBIX MarHU-
TOB BpaliaTh paMKy M3 IPOBOJIA, TO B Heil BosuukaeT J/[C.

9. Ilox unayknmeii B, BXomsiell B IpaByio YacTbh BTOPOTO ypaBHeHUs MakcBesa,
cJIeyeT TOHUMATDh Pe3yJIBTHPYIONIYI0 WHAYKIIMIO, 0OYCIOBIEHHYIO TEHCTBHEM CTO-
POHHETO M WHIAYIMPOBaHHOTO T0neii: B = B, + B,,,. VIMenHo usmeHnsioneecst Bo
BPEMEHHU Pe3yJIbTUPYIolee Moje ¢ MHAYKINeil B MpuBOaUT B COOTBETCTBUU CO BTO-
PbIM ypaBHeHHeM MakcBesia K MOSIBICHUIO 9JIEKTPUIECKOTO OIS U 9JIeKTPUIECKOTO
toka. CocrasJstiomas B, 1101 BOSHUKAET BCJIEACTBUE IIPOTEKAHUS UHIYIUPOBAH-
HOTO TOKa. UHAyIIMpOBaHHOE 3eKTPUIECKOE TI0JIE TIPUBOANUT K TIOSIBIEHUIO DJIEKTPH-
YeCKMX TOKOB. B mieaThHOM IHU3IEKTPUKe MTPOTEKAIOT TOKU JIEKTPUIECKOTO CMETIEHNST
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U TIepeHOoca, MarHUTHOE 10JIe KOTOPBIX COBMECTHO CO CTOPOHHUM I0JieM 00pasytoT
pe3yJIBTUPYIOIIee 110Jie, MHIYKIIHS KOTOPOrO BXOJHUT B IIPABYIO YaCTh BTOPOTO YPaB-
Henust MakcBesia. B mpoBogiHNKax UCTOUHUKAME WH/LYITPOBAHHOTO TOJIST SIBJISIIOT-
Cs1 TOKHM CMEIIeHUsT 1 TIPOBOJIIMOCTH.

B psine ciydaeB MHAYIMPOBAHHBIM IOJIEM MOKHO ITpeHeOpedb ¥ He TPUHUMATh BO
BHUMaHWE COCTABJISIIONIYIO — %, BXOJISIIIYIO B IIPABYIO YacTh BTOPOrO yPaBHEHUSI

t

Makcsesia. Takoe joryiienne CyIecTBEHHO YIIPOIIAET PellieHne 3aaqi aHaan3a
9IEKTPOMArHUTHOTO 110711, OHO onpaBAanio, ecim B, < B,

10. B cuny coornottenntii 0F, /0y = OE,/0z = 0 umeem rot E = 0 u, cienoBaresbHO, Ta-
KOe 1oJie — Oe3BUXPEBOE.

16. ITosre Bextopa D comenonmanbhoe mpu div D = 0, T. €. TIpr OTCYTCTBUN B 00JIACTH
cBOGOMHBIX 3apsanoB. Ecim cpema oxHopoaHa, 1o € div E = 0 u, ciegoBaresbHo, 0
Bektopa E Takxe conenoupanbioe. B meognopoanoii cpeae umeem div D = div ¢E =
. . 1
=e¢divE+ Egrad e = 0 u div E= —= E grad ¢, oTkyza cieayer, uTo B 0011IeM cilydyae
€
div E # 0, 1. e. mosie Bektopa E He SIBJISIETCS COJIEHOU/IAILHBIM.

18. Boipaxast sesmunny div H w3 cootrommenus div B = div uH = p div H + (grad p)
H = 0: div H = — (1/p) (grad p) H, npuxoauM K 3aKJII0YEHNIO, YTO B OJHOPOIHOI B
MarHuTHOM OTHOIIeHUY cpefie Boipaskenne div H = 0 cripaBeyinBo, Tor/a Kak B HEOJI-
HOPOZHOM cpene, Koraa grad p # 0, OHO HeBEpPHO.

19. HanpsxkeHHOCTh MATHUTHOTO TIOJIS He SBJseTCsS (DYHKIMEN KOOPAMHAT, TaK Kak
npu 3aganHbix yeaosusax (J = 0, H = H,) us ypasuenusa rot H = 0 momxygaem:
0H, /oy =0,0H,/0z=0. YaursiBas ycnosue div H = 0H,/0x = 0, IpUXOANM K 3aKJII0Ye-
HUIO, YTO TIOJIE SIBJISIETCST OZIHOPOJHBIM U H = const.

[Ipu J # 0 nmeem: 0H, /0y = —J,, OH,/0z = J,, u TaK Kak div H=0H,/ox = 0, T0 umeeM
H=H(y, 2).

20. Boipaskenust div div A, grad rot A, grad grad V, rot div A cmbicia He UMeIOT, Tak
Kak ¢ynknus div A ckansphas, onepaiuu div u rot HaJl KOTOPOW BBITIOJIHEHBI ObITh
He MoryT, a pyHkimn rot A, grad V — BeKTOpHbBIE, Hajl KOTOPbIMU HEJIb35 BHIIOJTHUTh
olepalmio rpajuenTa.

ToxmectBeHHO paBHbI HyJ 10 Bhipaxkenus rot grad V u div rot A.

21. DTH OHATHUS TEPSIOT CMBICJ B TOUKAX, I/l 00beMHast TJIOTHOCTh TOKa JIKOO 3apsi-
na obpaiaeTcs B 6eCKOHEYHOCTh. MIHOTIA IPUHUMAIOT JOIYIIEHIE O TOM, YTO TOK Te-
YeT 10 TPOBOAY OECKOHEYHO MAJIOro cedeHus Jubo 1Mo 6ECKOHEYHO TOHKOMY JIHCTY.
B psje ciryuaes 11es1ecoo06pasHo paccMaTPUBATh 2JIEKTPUUECKIE 3apsi/Ibl KaK COCPeo-
TOYeHHbIE B OECKOHEYHO MaJibIX 0ObeMax, pacipesieseHHble B1oJb OECKOHEYHO TOH-
KIX IIPOBOJIOB JI0OO pacipeeieHHbie Ha 6ECKOHEYHO TOHKUX JcTaX. Bo Becex aTux
c/lydasgX MCTOYHUK pasMelleH B OECKOHEYHO MajioM 0ObeMe, I0ITOMY ero 0ObeMHast
IJIOTHOCTH CTAHOBUTCS OECKOHEUHON 1 TOHATHA rot  div B TaKMX TOYKaX He Olpeie-
JIEHBI.
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YMPAXKHEHWSA

1. Vckomas IOTHOCTE TOKA OTipesiesisieTcst BhipaxkenueM J = rot H, B KOTOPOM JiJist
BbIUMCJIEeHUs BemuuHbl Tot H ciieyeT uctomp30BaTh MOAXOASIIYI0 CUCTEMY KOOPIH-
HAT: B BapMaHTE 2 UMEEM B MPSAMOYTOJIbHON cucteMe KoopauHat J = k (—aHye ™),

. 1
B BapHMaHTe )¢ UMeeM B IUJINHAPUYECKOi cucTeme KoopauHat J = k P (rH,) = 0.
ror

2. urerpupys ypaBHeHUE lag(rHa) = J, HaxonuMm H, = 1] rJ,dr. Hatipumep, nipu
ror r
0
ar JO ar JO ar
J. =Jy ¢ (Bapuant e) umeem H, = —e“ + —- (1 —e®).
a ar
3. 3anuceiBas Beipaxkenue rot wH B MpsSIMOYTOJIbHOM cUCTeMe KOOPIUHAT:

o 0 Jo 0
rotuH =1|—uH)., - —(uH + 7 —WH), ——((uH +
u _ay(“ ). az(“ )y} JL,Z(M ). ax(“ )z}

0
| Ox
+j a—“Hx—a—“Hz +k a—”H
| 0z ox

+k| = (uH), —;(uH)x} =urot H +{6“HZ —a“Hy}r

oy 0z

, —a—MHx =urot H +(grad n)H,

ox 7 oy

nosyyaeM: fi = W, y, 2), fo = (grad W H.

5. [Tpunumast Bo BHUMaHMe Tok1ecTBO rot grad V=0, MokeM 3ammcaTh COOTHOIIEHNE
H, =H, + grad V, tme V = V(x, y, z) — HekoTOpast CKaisipHast (DYyHKITHSL.

7. Boruucsms dyuximio rot E, onpenesisieM ycsioBus, pu KoTopbix rot E # 0 u, cienosa-
TeJIbHO, AJIEKTPIUYECKOE T10JIe SIBJISIETCST BUXPEBBIM. JlJIsT BapuaHTa /¢, B YaCTHOCTH, UMEEM
rot E=1 (—aE y / 82) = —1iE,,ccoscz # 0, 1, ceoBaTeNIbHO, T0Jie BekTopa E — BuxpeBnoe.

8. IlomecTnM Hauasmo MPSMOYTOJLHOW CHUCTEMBI KOOPAMHAT B CEpeUHE TLIACTHU-
uol. Ilpun ponymenun B,,, < B, Bropoe ypaBHenue Makcsesla IIpuHUMaeT BUJL
OF, OL,

X X

. 0
=—B,, ® cosot. C yueToM yCJIOBHI 3214 UMEEM =0 (mmactuna Gec-

0z 0z 0z
KOHEYHO JUIMHHAS, 110JIe He 3aBUCHT OT KOOPAMHATHL z u J, < J, (t < d), Tax 4uro
IJIOTHOCTh TOKA J, = B,, ® yX COS ® ¢ NU3MEHSIETCST B HAIIPABJIEHUH TTOTIEPEK TLITACTHHBI

0,5d P

. . wyhd?

0 JIMHEITHOMY 3aKOHY. AMITJIUTYIHOE 3HaUeHIe ToKa i = /i I J(x)dx =
0

B,, cosot

MIPU 3aJIaHHBIX YUCJIEHHBIX 3HAaUeHUsAX paBHO 0,39 A.

9. [IpyHNMas B MUINHPIYECKON crcTeMe KOOpAnHAT B = B,, 13 BTOPOTO ypaBHEHUS

10 10E, 0B, .
MaxcgeJia —a—(rEa) ey =- = C YY4€TOM HE3aBUCUMOCTH T10JI4 OT YIJI0BOM KO-
ror r oo t

OPIIMHATBI TIOTyYaeM ig (vE,) = —%, OTKYy/la HAXOJIUM TIJIOTHOCTD ToKa J(7) = YE(r) =
ror

=-0,50y7B,,coswt = — 1,57-10°7 cos 314 t A/m>.
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10. /I HaXOsKIEHMSI TUIOTHOCTH 3apsijia NCII0JIb3yeM cooTHomenue p = ¢ div E, 3anu-
coiBast Beipaskenue div E B oaxostiieit cucreMe koopauHat. Harnpumep, a/ist Bapua-
ta 6 noaydaem p = ¢ divje* = 0.

12. Ilpu coBmazeHNU ocelt MPIMOYTOJbHON CUCTEMBI KOOPAMHAT C TTaBHBIMU OCSIMU
AHU30TPOIUN NUMEEM

e, 0 0
=0 ¢, 0
0 0 e

0

. . . 0 0
u D =ig E, + je, E, + ke,,E, tax uto div D = a(.SJC,CEI) + @(snyy) + é(szzEz) .

HpI/I HeCOBIIaJIcHUHN oceit KOOpAuHAT C I'VIaBHBIMK OCAMM aHU3OTPOIIMH MMEEM

€ € €

xx Xy Xz
(8) = Syx 8yy Syz 4 D= i(gxxEv + SxyEl/ + SJCZEZ) +j(8yxEx + gnyy + gyzEz) +

€ gzy €.

oD
+ k(sszx + gzyEy + SzzEz) = le +ij + szr divD = an + Yy 4 6DZ.
ox oy 0z

14.p=diveE=¢, OF, = gyak,.
ox

15. 3anuceBas Boipaxkenue div E = p/gy B HUIMHAPUYECKOI CUCTEMe KOOPAMHAT

U WHTETPUPYS €T0, HaXOIUM 12(rE,) = ip, E(r) = ij. rp(r)dr + C.
ror € €07

2 2 82H 2
16. —rot rotHzi(a i, oH, v 0 Hz]-i—

;T t rani
y* 0z oxoy oOxoz

" 0*H, +62Hy (', OH.) ,[0°H. o'H. 0°H, _0'H,
ox? 0z oyox oyoz ox?  oy®  ozox  ozoy |

divrot 4=0,vi=i 9 + U 1 ¢ U gwpy -
ox oy 0z

2 2 2
oU _ oU_ 0o [,J,
o’ oyt o2’

oy oy 0z

(OE, OF oFE, OE,
+Jj Lz 1+ k -,
0z Ox ox Oy

oF
vxE=|i 2+ j O s kO \uGE, +jE, + kE) = i| P2 - |4
ox 0z
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17. Marnntnasg MHIYKIAA MOXeT BbIpaskaTbcs (opmysoit B = B(x, y, z), ecan

t + %2 =¢q — ¢, TaK 4TO Mar-
ox 0z

HUTHAsI MHAYKI[US MOKET BbIpaskaThCst (hopmyioit B = iax — kcz nipu a = c.

div B =0. [l BapuanTa 6, Haripumep, nveeM div B =

18. 13 Boipaxkenuii divd =0, 8 = yE caenyet: div yE=ydiv E + E grad y = 0, otkya
. E grady .
nosnyyaem div E = ——2"—"' B 0oaHOPOJHOI cpe/ie BBIOJHAETCS COOTHOLICHHE
Y
div E=0.

23.2. CucreMa ypaBHEHUM 3/IEKTPOMAarHUTHOro nons

BOMPOCHI N YIPAXXHEHWA

1. Ypasnenue div & = 0 BbITekaer u3 mepsBoro ypasHenus Makcsesia rot H = 3 B
cuny toxaectBa div rot H = 0. [loaToMy OHO He BXOJIHUT B CUCTEMY YPaBHEHUI DJI€K-
TPOMArHUTHOTO IOJISI.

oB
B cumy aToro ke ToxkecTBa U3 BToporo ypaBHenuss Makcsesia rot E = o cenyer
t

. 0B 0 ;.
paBeHcTBO div — = — div B = 0, o3HavatoIee HeM3MEHHOCTb BO BPEMEHU BEJTNYUHBI

div B. Xots ypasuenue div B =0 u ciexyer u3 BToporo ypaBHeHusi MakcBeJiIa, oHa-
KO €T0 HeJIb3sI UCKJIIOUUTD U3 CUCTeMBbI YPaBHEHUH aJIeKTPOMArHUTHOTO T0JId, TaK KakK

. °B
IIpr paCCMOTPEHUN HE M3MEHAIONINXCSA BO BpEMEHU T1OJIEN, KOT'Zla 67 = 0, 13 BTOPOToO
L

ypaBHeHuss MakcBesiia, IpUHUMAIONIEero B 3ToM cirydae Buj rot E = 0, yxe He BbITeKa-
er ypasHenus div B = 0, oKa3bIBaIOIEro, YT0 MATHUTHBIX 3aPs/I0B HE CYIIECTBYET.

3. Tak Kak BeKTOp MJIOTHOCTU TOKA yioBieTBopsieT ypasienuio div § = 0, To B cuy
toxaectsa div rot F= 0 ero MokHO mpecTaBuTh B Buae & = rot F u paccmarpuBaTh
KaK MCTOYHUK HEKOTOPOTO BEKTOPHOTO 110151 F, He 00s13aTeIbHO COBITA/AIONIETO C T10-
JIeM BEKTOPa HAIPSPKEHHOCTH MarHUTHOTO TOJISI, TAK)KE YIOBJIETBOPSIOINIETO ypaBHe-
Huio 8 = rot H.

4. B cucremy ypaBHEHUIT 3JIeKTPOMArHUTHOTO TIOJIsT BXOANUT 16 CKa/IIPHBIX TIepeMeH-
HBIX: 5 BEKTOPHBIX, a uMeHHO D, E, B, H, §, u ckajsipHasi — ILIOTHOCTH 3apsiga. B To
JKe BPEMST YMCJIO0 CKAJISIPHBIX ypaBHEHUil cocTaBisieT 17, Tak Kak K 5 BEKTOPHBIM
ypaBHEHUsIM, 00pasyionM 15 cKamsapHbIx, 100aBisiorest 2 ckaaspabix: div B =0 u
div D = p.

HesaBucumbiMu u3 HUX siBJistioTcst 16 ypaBHenwii, Tak kak ypasuenue div B =0 B 06-
MeM cjydae IepeMEeHHOTO 3JIeKTPOMArHUTHOTO TOJISI BBITEKAET U3 BTOPOTO ypaBHe-
Huga Makcsesa.
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5. U3 ypasuenus rot H =9 caenyer Boipaskenue div § = 00, KoTopoe B CHIIy COOTHO-

menus & = yE + % + Jyep MOKHO 3amucath B Buje —div % =div (YE + Jyp) 1, yuuI-
ThiBast ypaBHernue div D = p, OJTy4nTh BbIPasKEHUE —aa—pt) = div (YE + Jyep).

Ecsm, Bo16paB 06beM V, IpOMHTErPUPOBATH 110 HeMy (DYHKIIMK 00€nX yacTeil HaiiieH-

HOT'0 COOTHOLIEHU, TO, IPUHMUMasd BO BHUMaHUE, YTO jp dV=qmn jdiv (YE +J ) dV =
Vv Vv
d
if)(yE +J ;) dS, MOXKHO 3a1MCcaTh BbIPaKeHHe —jq = ﬂ;(yE +J ., ) ds, oKazbiBalolIee,
A
S S

4TO 3apsi/l B 00bEME MOKET YMEHBIIATHCST TOIBKO 3a CYET IPOTEKAHMsI TOKa U3 0ObeMa
V CKBO3b OTPAaHUYUBAIOILYIO €T0 TIOBEPXHOCTb.

6. HpH%=0H%=OHOHy‘IaeMTOtH= 3, rot E=0,div B=0, div D =p, B=puH,

D=¢E 5=vE+puo.

Ecau dynkmusa 8(x, y, z) 3amana, To 3T ypaBHEHUSI MOKHO Pa3/leuTh Ha JBe TPYII-
IbI, TIepeMeHHbIe B KOTOPBIX He B3auMocBs3aubl: rot H =8, div B=0, B= uH u
rot E=0, div D = p, D = ¢E. IlepBasi rpyIiia ypaBHEHIiT OIUCHIBAET HE U3MEHSIIOTIIe-

CsA BO BpEMEHHU MAarHUTHBIE 110JI4, BTOPad — HE U3MEHAIOIMINECA BO BpEMEHU 9JIEKTPU -
YeCKue I10JId.

7. 1y MCKJTIOUEHUs O/THOM M3 TIePEMEHHBIX M3 CUCTEMbI YPaBHEHUH 9JIEKTPOMATHUT-
HOTO TOJIS CJIEYET TPUMEHUTH ONEPAINIO TOt K 00EMM YacTsIM OJIHOTO U3 yPaBHEHU I
MakcBesia, OJCTaBISS lajiee B MMOJyYeHHOE BbIpaskeHue Jpyroe ypaBHenue Mak-
cBesa. PaccMoTpuM pertienrie BapuanTa 1) ympaskHeHUs.

Tak xak rot 1 rot E=— % 8, TO ostyyaem: rot 1 rot E=— y%. AHaJIOTHYHO HAXO/IUM

i
rotlrotH:rotEM rotlrotH:fuﬁ.
Y Y ot

HVcnonbays cootrotenue rot; rot E = grad; div E — div grad Ej;, mosyyaem mpu p = const,
¥ = const B NPSIMOYTOJIbHOI CHCTEME KOOPMHAT

O°E, +a2E,. 0°E, OF

+ =uy—-,

o oyt oz’ ot
0°H, +62Hl. +62Hi _waH,. i=xg.2
ax? oyt a2’ ot .

Kax Bunno m3 ypaBHEHUH, B IPSIMOYTOJBHON CUCTEME KOOPAWMHAT YPABHEHUST OTHO-
CUTEJILHO cocTasiistiomux E,, E,, E,, kak v aus cocrasasiomux H,, H,, H, B onHopoz-
HOI cpejzie 00pasyioT CUCTeMy HECBSI3aHHbIX ypaBHeHui. OHAKO MOKHO yOeUThCS B
TOM, YTO B IIUJIMHIPUYECKOI CUCTEME KOOPANHAT ypaBHEHUS OTHOCUTEBHO BETUIIMH
E, E, (xkak u nns Benuaud H,, H,) B3auMOCBSI3aHbI.
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23.3. N'paHnyHbIEe YC/I0BMA HA NOBEPXHOCTAX pa3aesna cpen
C pa3/INYHbIMMU CBOMCTBAMM

BOMPOCHI 1 YNPAXHEHUA

1. B cuny ycnosus E, = E,y MoKeM 3amicaTh PaBEHCTBO ﬁE dl = §E dl, Tie KOHTYpPBI
h b

[}, l, nHTErpUpPOBaHKS, UMEIOIINE OJUHAKOBYIO (hOPMY, B3SIThI Ha 0GEMX CTOPOHAX I10-

BEPXHOCTH pasjie/ia B Pas/JUUHBIX CpelaX. YUUThiBasi, 4T0 (opMa KOHTYPOB MOKET

OBbITh TIPUHSATA TPOU3BOJIBHOI (B 4aCTHOCTU, OHU MOTYT OBITh CTSIHYTBI B TOUKY ), MO-

. ()
JKeM, HCITOJTb3Ys 3aKOH 9JIeKTPOMATHUTHON UHIAYKITUN fﬁE dl = o 3ammcaTth ycJio-
t
I
Bue B, = B,,. Takum 06pa3om, rpanndnble yciaoBust Ey = Ej» u B,y = B,y He ABISIOTCS
HEe3aBUCUMBIMHU.

AnasornyHoe paccy’KIeHWe MO3BOJSET TMPUNUTH K 3aKJIIOUYEHUIO, YTO M3 YCJIOBUS
H,, = H,» i1 iepeMeHHOr0 3JIeKTPOMarHuTHOTO 110J15 BbITeKaeT paBeHCTBO D, = Do,
TaK 4TO 9TU COOTHOLIEHUS TaKkKe He ABJAIOTCA He3aBUCHMBIMU.

2.B cJiydae d) OHa 3aRJ/JI049a€TCA B BOBHUKHOBECHUMN TOHKOI'O CJIOA CBA3aHHbIX 3JICK-
TPUYECKUX 3apA/I0B Ha IMOBEPXHOCTU pa3d/iejia Cpel BCIEACTBUE UX paSJIH‘IHOfI I10JIA-
PU30BaHHOCTH.

B ciryuae 6)pasinunas HaMarHu4eHHOCTb M TeJsl BeleT BCJIeACTBIE HellPEPbIBHOCTH
HOPMAJIbHOU K MOBEPXHOCTU pasjiesia CPeJl COCTABJSAIONIE MarHUTHOW WH/YKIIUU
K CKayKy HOPMaJIbHOU COCTaBJISAIONIEH HAIPSIKEHHOCTH MAarHUTHOTO TOJIS, TaK Kak
1

H,=— (B, — M,).

Ko
4. Tpannynble yCIOBUS HENTPEPBIBHOCTH COCTABJISIONINX BEKTOPOB MO Ha TTOBEPX-
HOCTHU pasjiesia ¢ Pa3JIuYHbIMU CBOMCTBAMU COXPAHSIOT CBOM BU/I U TP aHU30TPOII-
HbIX cpenax. OHaKO YCIOBUS, BIPAXKAIONNE CKAYKH COCTABJISIIONINX BEKTOPOB TI0JI,
U3MEHSIIOTCS.

Ecom Tensopw (g,), (e,) 3anmmcath B B

€ €

€ €
_|©mnt ntl _ ¢ nn2 nt2
()= , (8y) = :
€m € €ma €y

To u3 ycioBus D, = D, cienyer BeIpaKeHue €, E,1 = €,,0 Eno — (€11 — €4r2) Ey, KOTO-
€

nn2

E
pO€e B YaCTHOM CJIYYa€, KOT/IA £, = E£9, IEPEXOJUT B COOTHOLIEHHE — - =
n2 8rm1
6. [Ipm HAMMYMK HA TIOBEPXHOCTH Pas/iesia CPeJl dJEKTPIUIECKOTO 3apsiia BhIPasKeHe
—D,1Asy + D,5Asy =0 (ceMm. § 24.6) mpunumaet Bug —D,,; As; + D,n Asy = Aq, Tie Aq —
3apsill, OXBAThIBAEMbIIT 3aMKHYTOH MMOBEPXHOCTHIO IMUJIWH/PA. YUUTBhIBas, 4TO As; =
A
=Asy=Asu A—q ~ G, U3 TTOCTIETHETO BBIPAKEHNS TIosydaeM ycaosue —D, + D,y = G,
s
CBsI3bIBAIOIlEe HOPMAJIbHbIE K TIOBEPXHOCTH pasjiesia CPejl COCTABJISIIONINE BEKTOPA
CMeIleHUsI IPU HAJTMYUK Ha HEll TOBEPXHOCTHOTO 3apsijia IJIOTHOCTHIO G.
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7. Ipubnuskentoe Boipakenue Hyab — Hycd ~ j;H dl (puc. P23.1) caenyer npupas-
abed
HATH TOJHOMY TOKY i, OXBAY€HHOMY KOHTYPOM WHTErpPH-

POBAHUS U [IPOTEKAIONEMY B HAIIPABJIEHUH, IIEPIIEH/INKY -

i .
JIAPHOM TI0ocKocTU pucynka. Torna Hy — Hy = — =,

ab
U, CJIeIoBATENbHO, KacaTteabHas cocTaBisionas H, Ha-
MPSZKEHHOCTH MATrHUTHOTO TIOJIST TIPETEPIIEBAET Pa3phiB
Ha TIOBEPXHOCTH C Pa3MEINeHHBIM Ha Hell CJI0eM TOKa. Puc. P23.1
IIpu py = 00 umeem H,y = 0.

8. B Toukax Ha rpaHuile ABYX Cpell ¢ MAaTHUTHBIMUA TTPOHUIIAEMOCTSIMU [y U Ly YCJIO-
BUe B, = B, MoXkHO 3anucath B Buze pg(H,; + M,;) = o (Hy + M,5), OTKyIa BbITE-
kaet coornomenue (H,  — H,5) = (-M,; + M,5). HamarunuennocTth Bo3/1yxa paBHa
nymo (M, = 0), tak uto nony4daem: (H,; — H,») = M5, i ny (Hy — Hy) = ny M.
11. TlosoKeHre ToYeK TOBEPXHOCTH IIMANHAPa OyaeM oIl-
penenaTh 3nadenueM yriaa o (puc. P23.2). B Touke A nme-
eMm E,;= E;sin a.= 100 sin a, E; = E cos o= 100 cos a. B cuiry
IPAaHUYHBIX YCJIOBUI Ha TIOBEPXHOCTH IIMJTUHAPA B BO3/IyXe
€, .
nosyuaem E,, = —LE,; = 200 sina, E, = E; = 100 cos a,
86
D,, =200 g, sin a, D, = 100 g, cos a.

B Toukax 1moBepXHOCTM HUJWHAPA B BO3/yXe HAIPSKEH-

E,
noctb nonst E, = |E., + EZ = 102V4sin” o +cos® o e oc- Puc. P23.2

TaeTCsl IMOCTOSIHHOM, U, CJIEA0BATEIbHO, OHO HE SBJSETCS OQHOPOAHBIM BOIM3U IW-
JIMH/TPA.

12. Tak xax Hy = H,, H,; = H,{, T0 Hy = H,, B,y = Byy = noH,. Ilpn copnanenun

IJIaBHBIX OCelt AHU30TPOIINU C OCAMMU X, iy UMEEM

M. 0 Br2 2% O H\CZ
W=l "B, "o w,|m,
Yy y2 Ky y2
1 .
OTKyZla By = pwH,, ByZ = HyHer Hy=—By= ﬁiOHxh By2 = MyHi/b By = inH,y +

+J oy, Tak uto By = i poH,y +ju,Hy, Hy =1 R H,y +jH,.

X

HpI/I HEeCOBITaJ€HHNN TI'JIaBHbIX ocent AHU3O0TPOIINHN CPe/ibl C OCAMU X, Yy UMEEM

_ M e l”lxy Bx2 _ M e ”‘m Hx2

(W
Ry Hyy By2 My Hyy Hy2

b

oTkyna By = W Hyo + Wy Hyp, By = iy Hyo + 1y, Hyp. OTCrOM@ HaXOAMM
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1 m ", m
H\C2 = —Dx2— ﬂHyQ = Ho Hx1 - = y1rBy2 = “ythx1 + oy _ﬂuyx Hyl’
Hxx l’l'xx “’:&"x xx XX XX
B, =ipgH, +jugH,., By = ingH, +j|n HOH _Be oy
1 =T oIy T J Mo yb P2 — Wollyy T J “yx x1 + l”lm/ ”’yx yl |

. HA .
Hy=i| "0 —""H |+ jH,.
HL\L\? “.XZ’L"

24.1. lNMoTeHunan 3/1eKTPOCTaTUYECKOro nonsa
BOMPOCHI

1. YcnoBHO NPUHATO, YTO HAIPAKEHHOCTH MOJIS HAIIPaBJIeHa B CTOPOHY OT TOJIOKU-
TEJIbHO 3aPSKEHHBIX TeJ, U YTO MOTEHIMas yObIBaeT B HAIPABIEHUY JIMHUN HATIPSI-
JKEHHOCTH TI0JIsT. TUM YCJIOBUSIM COOTBETCTBYeT cootHotenne E = —grad U.

9. Ecsiv noJiHblii 3apsiji IPOBOJIOB JIMHUK PAaBEH HYJII0, TO MOTEHIUAN B GECKOHEYHO
yIQJIEHHOI TOYKe MOKHO MTPUHSTH PABHBIM HYJITO, TAK KaK B 9TOM CJIydae Ha OOJIbIIIOM
YIQJEHUH OT TPOBOIOB OH MTPOTIOPIIMOHATIEH (DYHKITUH ¥, TJIe ¥ — PACCTOSTHUE OT MPO-
BOJIOB /IO TOUYKH OIpe/IeJIEHUsT TOTEHIINAIA, 77 — TIOJIOKUTENbHOe unco. Econ ke mo-
HBIN 3apAn IMpoBO/IOB OTJIMYEH OT HYJIA, TO pPaBHBIM HYJIIO MOKHO TIPUHATH IMOTEHIIUAJT
TOJIBKO HA KOHEYHOM PACCTOSTHUU OT TIPOBOJIOB, TAK KaK B 9TOM CJIyyae MOTEHIINAJ ITPO-
HopIroHaieH (hyHKIUKU In 7, KOTOpast HeOrpaHMYEHHO BO3PACTAET MIPU 7 —> 0,

10. Ecom MBIc7IeHHO yIaauTh TTPOBOJIAINEE TEeJI0, COXPAHUB Y3Ke B OJTHOPOTHON cpejie
C TIPOHUIAEMOCTBIO € Ha IIOBEPXHOCTHU § TeJia 3aPsijl, PACIIPE/IeJIEHHbIN TaK JKe, KaK OH
ObLJI pacIipe/iesieH Ha TIOBEPXHOCTH MPOBOJISIIETO TeJIa, TO MoJie KaK BHYTPH S, TaK U
BHE €€ COXPAHUTCS TeM ske. BHYTpu s 1107151 He OyieT, a BHe ee OHO TTOJIHOCThIO OTpe/ie-
JINTCS 3apSAIOM TIOTHOCTBIO 6. [loaToMy TIpm pacyere moTeHIMaa 110 TPUBEAEHHON
(hopmyJie cpemy MOKHO paccMaTpUBaTh KaK OJHOPOHYIO.

11. Ecim nuTerpmpoBanme BBITOJHATH TOJTBKO 1O TTOBEPXHOCTH 3aPSAKEHHOTO TeJa,
TO pe3yJibrat Oy/ieT HeBepHbIM. VIHTerprpoBanue cJieyeT BhIIOJIHUTD TAKKe U 110 T10-
BEPXHOCTH HE3APSTKEHHOTO Tesa, VST 9ero HeoOXOAMMO 3HATh IIOTHOCTH G HaBe-
JIEHHOTO Ha €ro IOBEPXHOCTH 3apsijia.

12. Ecsiu moHUMATD T10/1 BEIMYUHON P TJIOTHOCTH CBOOOHOTO 3apsi/ia, TO HEJb3sl, TaK
Kak cpezia HeoHopoaHa. [[Jist morydeHust oTeHnama HeoOX0uMO KpoMe CBOGOIHO-
rO 3HATh PaCIpe/iesieHIe 1 CBI3AHHOTO SJIEKTPUUYECKOTO 3apsi/ia.

YNPAXHEHNA U 3AAAYN

3. Ilosne Bexropa E sBisierTcsl IOTEHIIMAAbHBIM, €CJAU OH Y/JIOBJIETBOPSIET yPaBHEHUIO

rot E = 0. Hanpumep, 11 BapuanTta 0 umeeM rot, E = OF, 9E, __ b+ 0, u, cnegosa-

oy 0z
TEJIbHO, TT0JIE B 9TOM CJIydae He SIBJISIETCS] MOTEHIIHATbHBIM.
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4. TloTeHNMAN CBS3aH € HAMPSKEHHOCTHIO 9JIEKTPUIECKOTO TOJIST COOTHOTTEHMSIMI
U= —I E dx+ fi(y,z) + C= —I E,dy+ [o(x,2) + C= ,J‘ E.dz+ f3(x,y) + C. [Ipumensis
WX JUUIsST pellieHust BapraHTa 0 ycsoBust, HaxoauM U= —Eyy + fo(2) + C=—Esz + f3(y) + C,
orkyna U(x, y, z) = —Eyy — Esz + C.

3. Cocrasistioninie Ey, E,, E3 HAPSIZKEHHOCTH TIOJIST JIOJKHBI Y/IOBJETBOPSITh YCJIO-
oF oE, OE, OFE 0E, OE

Busm rot, E=—2 — —2 =0, rot, E=—1 - —2 =0, rot, E=—2 — —1 = 0. /L Bapn-
oy 0z 0z Ox ox oy
aHTa 6, B 4aCTHOCTH, UMEEM % =0, % - % =0, % =0.
oy 0z ox oy
1 pcose
7. Ucnonpzyem dhopmyny U= o » OTIPEJIEIISIONLY IO MOTEHIIHA TIOJIST INTIOJIS
r
npu r > d. Tlose 3apsizioB, u3obpaxkeHHbIX Ha puc. P24.1, a, 5KkBUBaJIeHTHO Ha 6OJIb-
2pcos @ ¢
MIUX PACCTOSTHUSX TIOJIO ABYX aumosieit Uy =
4mer®
a 4 6 A

Puc. P24.1

[ToTeHIma MoJIst 3apsiioB, N300paskeHHBbIX Ha puc. P24.1, 6 u oOpa3yionmx KBaapy-
M0JIb, paBeH

3
—75).

COS COS COS
v, :p( 0 _ 2@1J PeOsQ s
drnel 1, n 4mer’

d . d . ] .
YuuThIBasg, uTo 1y = 7 — — Sin @, 1y = r + — sin ¢, HAX0AUM 713 - 5’ = 37 d sin o,
2 2

3psin2e 9psin2e 3pc052(p
Uy = , E, = , Ep =
8mer® 8mer’ 4mer?
Takum 06pasoM, XapaKTep M3MEHEHHsI MOTeHIMaja Ha OOJIBIINX PACCTOSTHUSIX OT
JIBYX JIUITIOJICH (TIPOMOPIMOHANBHO 7 2 W 7 °) OIPE/IeNSeTCs MX B3aHMHbBIM PACIIO-

JIOJKEHHNEM.
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2n

8. IloTenmuan wa ocu z (puc. P24.2) pasen U = Rdy = R , a Ha-
0 471:8\/22 +R? 28\/22 +R?
ou _ TRz

npskennocts nosid E, =0, E, =0, E, = — o W

Puc. P24.2 Puc. P24.3

9. IlnmacTumy paccMaTpuBaeM KaK COBOKYITHOCTb OECKOHEYHO JUTMHHBIX TTOJOCOK

odx,
X
2me

xIn \/(x —x,)* +y*. VnTerpupys aT0 BbIpaXKeHUe B NpeesaX U3MEHeHHS X, OT
—a 10 + a, HaXO UM

HMIMPUHON dx KasKaast, MOTeHIna moJist KoTopeix (puc. P24.3) pasen dU = —

Ux,y) = ——— xlnw+aln{[(x—a)2 ry? [+ a)? + g -
4ne (x-a)’ +y’

—4a+2y arcthZagQ}.
Yy +x"—a
10. O603HAYMB B TMOJSIPHON CHCTEME KOOPIAMHAT KOOP-
JIMHATBI TOYKU A, B KOTOPOH ompesiesigeM MOTEHITHNA, KaKk
7, @, a KOOPAWHATHI n-H HUTU Kak 7, = R, o, = (n/N)x
x(2n — 1) (puc. P24.4), moxeM Hammcarh MOTEHIIHAJ
moJis n-# 3apsSKeHHON HUTH B BUJIE

U, =" In[+> + R* = 2rRcos(p — ., )].
4me

HOJH)BYHCB METOZAOM HaJIOKEHWA, ITIOJIy4YaEM B CJiydae O/1-
HOMMEHHDBIX 3apA10B HUTEeR

Puc. P24.4

T

N
U lnl_[[r2 +R* —2rRcos(p—a )]

4me

W TIpY Pa3HOMMEHHBIX 3apsax HATEH



296 Otsetbl Ha BOMPOChI, PELLEHMS YNPaXHEHNN 1 3aay

N
U= LZ(—l)” In[7* + R* —=2rRcos(p—a.,)]

4me o
nim
1_[[72 +R* —2rRcos(p—a )]

U = LI Py i )
4me l_I[r2 +R* —2rRcos(p—a )]

n=1,3,...

Boipaskenust 11 pacyeTa HANPSPKEHHOCTH TOJIST UMEIOT BUJI IPU OJHOMMEHHBIX 3a-
psizax

E ou, r, r—Rcos(p—-a,)

" o _%.72+R2—2r]€c05((p—an)y

_ou, 1, rRsin(p—-o )
o rdp  2me r’+R® —2rRcos(p—a.,)
N _ _ N in(o—
E T, r—Rcos(p—a ) £ T, rRsin(p—a )

r [}

C 2me ~r’+R? —ZrRCOS((p—OLn)y _%nﬂ r* + R* =2rRcos(gp—a.,)

" TP pa3SHOMMEHHBIX 3apA/Aax HUTE.

£ =—ii(—1)” r—Rcos(p—a,)

2me = r* + R? —2rRcos(p—o.,)
N : _
E, __ T (—1)” rRsin(p—-a ) .
2me o 7> + R* —2rRcos(p—a )
dq

11. Ucnionb3ys hopmyny U= 1 JUUIST TIOTEHITHAIA TT0JIsT TOUEYHOTO 3aPsi/ia, HAXOAUM

mer

U=+]/‘2 tdz =1:71n\/1’2 +(Z/2)2 +1/2
e dmeZE +rr Ame 2 L)~

rjae r — pacCTosgHMe OT CepeIMHbI HUTH /10 TOYKHU pacdeTa I10-
TeHIMada, z — KOOPAMHATA, OTCYUTHIBAEMAasi OT CEPEAUHbI
HUTH 710 oTpe3ka dz (puc. P24.5).

Cocrapasionye HaPsKEHHOCTH TIOJIsT PABHBI Puc. P24.5

E = o/ E,=0.

dmerr® +(1/2)* ,
24.2. YpaBHeHus Jlannaca m lNyaccoHa
BOMPOChI

2. Nmeror cmbica Boipaskerus:: div grad U, grad div grad U.

4. Jlng monydeHWs eIMHCTBEHHOTO pellleHus ypaBHeHus Jlamaca ciemyer 3a1aTh
KpaeBble YCJIOBUS U MMOTEHIMAIA HA TTOBEPXHOCTSIX MPOBOIHUKOB U Ha MOBEPX-
HOCTSIX, OPaHMYMBAIOIIMX pacuyeTHyio obaacTb. Ecim onu oanopoausie (Ulg = 0),
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TO perenueM ypasrenus Jlamiaca sisisiercst bynkimsa U= 0. B ob1iem ciydae nmeem
Ulx, y, 2) = 0.

5. Takoe 1ote onrcbiBaeTcst ypaBHeHneM Jlarmaca, Tak Kak oGbeMHast TJIOTHOCTb 3a-
psijia Ha MMOBEPXHOCTHU Tesia oOpalaercss B 6eCKOHEYHOCTh 1 ypaBHeHue IlyaccoHa B
9TUX TOYKAX 3aIUCAHO OBITH HE MOJKET.

6. IToreHian — HenpepbiBHast (GYHKINS, TaK KaK B IIPOTUBHOM CJIydae UMENNCh Obl

TOYKH C HEOIpeJeJeHHON HapPsKEHHOCTBIO 2JIeKTpUYecKoro 1oJis. [IpousBosHbie

MOTEHIIMAJIA MOTYT UMETh PA3PbIBbI, TAK KAK HOPMAJIbHASI COCTABJISION[AST HAIPSIKEH -

Hoctu moJis E, = —a— M3MEHIEeTCS CKAaUKOM KaK Ha TIOBEPXHOCTU pa3iesia Cpell ¢ pas-
"

JIMIHBIMU ANIEKTPUIECKUMU CBOMCTBAMH, TaK U Ha 3aPsKEHHON MTOBEPXHOCTH B OT-

HOPOJIHOM cpejie.

7. TloTentmast MOCTOSTHEH BHYTPH MOBEPXHOCTH ¥ B 00IIIEM CJIyYae M3MEHSIETCST BHE ee.

10. PacyeT 25eKTpPOCTATUYECKOTO TOJIS YIIPOIIAETCs, €CJU MOJIeKaIlee PEreHnio
muddepermaabHOe ypaBHEHNE 3aITCAHO OTHOCUTENBHO CKAIIPHON (pyHKINHU (110-
TeHIINasa), a He BEeKTOPHON. B mocienneM ciaydae ero cyieayer pemaTh s KaXKI0u 13
MPOEKIINI BEKTOPA HANPSIKEHHOCTH TOJIs1 HA OCH KOOPJIMHAT.

[Ipu pemenuu 3aja4 371€KTPOCTATUKY YACTO 3a/IaHbl MIOTEHIIUAJBI TEJI, UTO JaeT BO3-
MOKHOCTb 3aIliCaTh KpaeBble YCJOBUSI HA MOBEPXHOCTAX Tea B dhopme U = const,
yI06HOII TIpK pellieHnn ypaBHeHust Jlariaca OTHOCHTENBHO OTEHI[HAIA.

oU .
11. chHK]_[I/IH 67 CBs3aHa C IMOBEPXHOCTHOM IIJIOTHOCTBIO 3aps/ia Ha IMOBEPXHOCTHU
n

oU
IIpOBOAAIIEIO Te€Ja COOTHOIIEHUEM G = — &€ —. HOBTOMy, €CJIN TEJIO HE 3apAKeHO, TO

on
ou

5 ds=0,ampu g =0, Koraa Tes0 3apsEKeHo, — YCIOBUE
n

MOJKHO 3allucaThb yCJIOBUE & §
S

oU
—sb—ds=q.
on 9

N

12. HpI/I 3a/laHHOM pacCIIpeleJICHUN 3apdla Ha ITOBEPXHOCTAX ITPOBO/ITHUKOB ITOTEHITN -

1 rods
aJl MOJKHO paccymTaTh, UCIOJb3Ysl pemenne ypasHenus [Tyaccona U= — ¢ —, e

4TESS_ r

S — TOBEPXHOCTD 3aPSLKEHHBIX MMPOBOAHWKOB. [Ipu 3a1aHHBIX MOTEHIIMATIAX TTPOBOJI-
HUKOB HEOOXOIMMO pelnarh ypaBHeHue Jlarmiaca, 09TOMY B MEPBOM CJIydae TOJy-
YUTD PellieHne MPOIIe.

YMPAXHEHUA N 3AOAYN

1. [Ipumem ykazannoe na puc. P24.6 narpasienue oceif Ko- T U=U,
L
opzaunar. ITorennuan nameHsieTcst TOJIbKO B/I0JIb KOOP/INHA-
d 2U d V
TBI ¥, TAK 4TO ypaBHeHUe Jlariaca IpruHuMaeT BUJL W =0. 0| % =
Y l U=-U

[Tocse naterpupoBanusg Haxoaum U(y) = Ciy + C,. Ilocro- Puc. P24.6
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stanbie Cy, Cy onpenensiem us yeaopuit: U= —Uynpuy =0, U= Uyupuy =d: —Uy = C,,

Uy = Cid — U,

Takum o6pasom, U(y) =d ' 2U, y — U,

B mpoctpatctBe MexIy 0OKTaAKaM¥ IIMJIMHAPHYECKOTO KOHIEHCATOPA MOTEHITHA

AU
dr

=C; Inr+ C,. Ucnionbsys ycenosust U= —Uynpur=Ru U= Uynpu r= R + d, 3anucei-

BaeM ypastenuss —Uy = C; In R+ Cy, Uy= C; In (R + d) + C,, peniast KoTOpbie, Haxo-

JquMm rioctostiuabie Cy, Co:

YAOBJIETBOPAET ypPaBHEHUIO 1d(

y j= 0, pemenne kotoporo umeet Bun U(r) =
rdr

C, =20, In"" R+d’ C, U, ln(R+d)+lnR'
R In(R+d)-InR

Mcxomblil oTeHIIMA

2U, Iny—U In(R+d)+InR

U(ry=—— 0 . .
In(R+d)-InR In(R+d)-InR

2. TloTeniuan MexKIy 3JeKTpoaMy YIOBJIETBOPsieT ypaBHeHuto [lyaccona ) =-

WHTErpUPOBaHUE KOTOPOTO MTPUBOJUT K BhIpaskeHuio U(y) = _2£ y?+ Cyy + C,. Uc-
€
MOJIb3Ysl KPaeBble YCJIOBUS, TTOJyYaeM

1 p p o1 P
Cy,=0,Ci==(Uy+ ), Uy)=-—"—y*+ —(Uy + ).
2 1 d( 0 2%, ), U(y) 280!/ d( 0 2%, )Y

3. IIpocTpaHCcTBO MEKILY KaTOAOM U aHOIOM pasbuBaeM Ha JBe 00JIacTi: B IEePBOii U3
HuX, e R, <7< Ry, umeeM p = 0, Bo BTopoii, rie Ry <7 < R,, mmeeM p = 0. B aTux 06-
JIACTSIX TIOTEHIUAJ y/IOBJETBOPSAET YPABHEHUSM

1d( dU, L td( dU,
-7 =—€¢p ——| 7 =0,
rdr\  dr rdr dr

WHTErpUPOBaHUE KOTOPBIX IIPUBOAMUT K BbIPAKECHUSAM

Ui(r) = —(4gg) 'p? + CyInr+ Cy, Usy(r) = Dy In 7+ D,.

g onpenenenus noctogauubix Cy, Cy, Dy, D, uctionb3yem kpaeBbie yeaosus Uy = 0
ou, oU
1 _ 2

npu r = R, Uy = Uy ipu r = R, a Takke rpannunbie ycaoBusi U; = Uy u 5 5
r r

npu r = Ry:
—(4gy) 'p + C;In R+ Cy=0,D; In R, + D, = U,,
—(4gp) 'p + CIn Ry + Cy =D, In Ry + Dy, —(28y) 'pRy + C; = D;.
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2
5. B obmactu 1, tiie 0 < x < d, noreHnumasn yoBaeTBopsieT ypaBHenuio [Tyaccona ﬁ =

2
=-¢,'p, a B obnactu 2, rie d < x < 2d, — ypasnenuio Jlaraca dx[z] = 0. [Ipu ux un-

TErPUPOBAHNH PEIIeHne B KAXKI0H 13 00JIaCTeil COAEPIKUT TI0 JIBE MOCTOSTHHBIE:

Ui(x) = f(x) + Cix + Cy, Upy(x) = C3x + Cy.

YuureiBas, uro mpu x = 0 motentuan Uy (0) = 0, momygaem Cy = 0. Us=0 T

[Ipu onpenenennu noctosguubix Cy, Cs, C; HAUAIO KOOPAUHAT

1715 061acTH 2 11esiec000pa3Ho MPHHATH Ha Tpanuile obmacteil 4| , txz p=0
(puc. P24.7), 1. e. B Touke 0, a a1st obmactt 1 — B touke 0. Yo%l ________.
VpaBHeHUsl, CBA3BIBAIOIIIE IOCTOSHHbIE, 3aIKChIBAaEM, UCONb- 4| 1 Oltxl p#0
3ysI yCJIOBYE HETIPEPHIBHOCTH MOTEHITHAA W €T0 TTPOU3BOIHOM

B TOYKaX rpaHuIlbl obmactell npu x; = d, xo = 0, a TakKe Kpae- Ur=0 l

Boe ycsosue Uy =0 ipu xy =d: C3d + C;=0, f(d) + C;d = Cy, Puc. P24.7

Jiat Ci=0Gs.

x=d

Pemas X, HaXO/IMM:

Ci=-05d'[f(d) +df'(d)], C;=05d"[df(d) - [(d)], C; = ~Cyd.

g 3anucn Beipaskeruit Uy(x) u Us(x) coreyer paccuyuTtath (yHKITUN

S ==e3' [p()dx, f(x) = ~[[p(x)dx dx,
WX 3HAUEHUs IpH X = d, mocrosrmbie Cy, Cs, C;. Hammpumep, pu p(x) = pyax moaydaemMm

J'(@) = —(2e0) ' poax?, f(x) = —(6eg) ' poax?,

J'(d) = ~(2e0) ' poad?, f(d) = —(6e0) 'ppad®.
6. IL10THOCTB 3apsiia MOJKHO PaCCYMTATh C MOMOIIBIO BhIpaskeHust p = — 2g, div grad U.
[Toryyaem, Hanpumep, 1A BapuanTa 6 p = —4as.

9. Tak kak Ha NUIMHIPUYIECKON MOBEPXHOCTU TOTEHIIUAT U3MEHIETCS M0 3aKOHY
U= U, sin ko, TO MOKHO TIPETOJIOKUTD, YTO BO BCEM MPOCTPAHCTBE OH MOKET OBITH
npeacrasiaen B Buge U(r, o) = U(7) sin ka, T. e. OH mieprognye 1o yriy o. Iloacras-

1o oU 1(0*U
g U(r, o) B ypaBHeHue Jlammaca ——| r— |+ — = (, momyyaem ypaBHeHUE
r

ror\ or da.’
2
OTHOCUTEJIbHO Besmunnbl U(r): 1;[7 dz(r)j - k—2 U(r) = 0, koTopoe UMeeT peliie-
rdr r r

reMm dyukumo U(r) = Cyr* + Cyr ™ B 4eM MOXKHO yOeINTBCS €10 HEMOCPeACTBEHHOI
MOJICTAHOBKO B ypaBHEHHUE.

Ha ocu z (r = 0) notenmman nMeet KOHeUHOe 3HAUYEHNE, paBHOE HYJIIO, OTHAKO pelle-
ruie U(r) mpu 060M He PAaBHOM HYJIIO 3HaYeHUH TOCTOsTHHON C, obOpartiaetcst B Gec-
KOHEYHOCTbH, 4TO 03HayaeT, uT0 C, = 0, u, TakuM 00pa3oM, BHYTPH IIUIHHAPHIECKON
noBepxHOCTH pamiycoM R monydaem Ulr, o) = Cyr* sin ko. Hoctostanyio C; onpee-
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nseM ¢ tomowio yesnosus U(R, o) = U, sin ko C; = U,,R™*. Tloatomy uckomoe petre-

k
.
Hue nipu r < R 3anuceiBaeM B Buze U; (1, o) = U, (Rj sin ko

[Ipu r — oo mosmyuaem U — 0, Tak Kak TOTEHIINAT HA TIOBEPXHOCTH ¥ = R B CUJTy 3a/1aH-
Holl 3aBucumoct U(R, o) = U, sin k o siBisieTcst 3HakonepeMerHoil gpyukueii. ITo-
9TOMY BO BHellHeil obmactu (7 > R) pemienue caeayer sanucath B Buge Uy(r, o) =
= Cyr*sin ko, Tax xax Tompko mpu C; = 0 nmeem U(r, o) — 0 mpu # — oo, ITocTo-
sunyio Cy onpeznesnsiem u3 yeosust U(R, o) = U, sin ka. = CoR™* sin ka: Cy = U,,R*.

k
Takum obpasom, ipu + > R nionayyaem U, (7, o) = U, (Rj sin ka.
r

Jlns onipenienienms XapakTepa moJis BHYTPH IIUJINHPUYECKOH MoBepXHOCTH 7 < R pac-

ou U, ()" U, ()"
cuntaeM E=+E} +E2: E,= ——— = —’”k() sin ka, E, = —mk[j cos ka,
or R R R R

k-1 k-1
E= U’”(rj ksin? ko +cos? ka = U’"[rj k
R R R

U,
ITpu k = 1 onyuaem E = ? U, CJIeI0BATENbHO, IPUXOANM K BBIBOY, UYTO MOJE TIPU
r < R opnopozxno (E, /E  =tga).

10. B kakoii 6bl crcTeMe KOOpAMHAT HU ObLIM 3amucaHbl ypaBHeHus Jlanaca uim
[Iyaccona, mpu WX WMHTETPUPOBAHUM TIOSIBJISIIOTCS JIBE TOJIEKAINe OTPeaeIeHUIo
nmocTostHHbIe. 71T HaX0K/IeHNs TTIOCTOSTHHBIX U BBIPAKEHUSI JIJIsI TIOTEHIINANA €T0 Cle-
IyeT MPUPaBHATH K 3aJaHHbIM 3HAYEHUSIM Ha [TOBEPXHOCTSX, OrPAaHMYMBAIOIINX 00-
JIACTh pacueTa. YeMm rpoire yjaeTcst 3aucartb ypaBHEHUs TIOBEPXHOCTE, TEM Jierye
HaiiTn nmocrostHHble. [T09TOMY CHCTEMY KOOPAMHAT BBIOUPAIOT TaK, YTOObI TPAaHUYHbIE
[OBEPXHOCTU OBLIM KOOPAMHATHBIMU B BBIOPAHHOI crcTeMe KOOpAuHaT. B munnm-
PHUYECKOM KOHJIEHCATOPE, HAIIPUMED, YPaBHEHMsI 00KJIa0K UMEIOT B TIOJISIPHON CHC-
TeMe KoopauHat Bu R = const, R, = const, ToT7a Kak B IPSIMOYTOJIBHON cCTeMe OHI
cnoxnee: X2 + y> = RZ, ¥% + y* = R? . [loaTomy ypaBHenwe Jlarmaca B 9TOM cIydae JTyd-

Ime 3anmcaTtb B HOJIHpHOfI CHUCTEME KOOpAWHAT.

12. ¥YpaBrenue Jlanmnaca B mMojaoCTH Teja caeqyeT PeriaTh MPU TPAHUYHOM yCJIOBUHU
U = U, = const Ha BHyTpeHHel TTOBEPXHOCTH TeJia. PellieHneM YpaBHEHUS SIBJISETCS
byuknus U = U, HAPSDKEHHOCTH TIOJIST B MMOJIOCTH 0OPAIAETCs B HYJIb.

13. Hasegennble Ha MOBEPXHOCTU LMAUHAPA 3aPSAbl JOJKHBI ObITh TAKUMM, YTOODI
co3/laBaeMoe MU I0Jie BHYTPH IIHJINHAPA OBLIIO OHOPOAHBIM 1 HAIIPABJIEHHBIM Ha-
BCTPEUY MO0 HAIPSKEHHOCTBIO Ey. B aTOM ciiydae HAps:KeHHOCTDh Pe3yIbTUPYIO-
IETO TIOJIsl BHYTPHU IUJIMH/IPA obpariaeTcst B HyJ b, [IJ1st TOro 4To6bl BHYTPH IIUJIAH/I-
PUYECKOIT MOBEPXHOCTHU 10JIe OBLIO OJHOPOAHBIM, HEOOXOAUMO, YTOOBI MOTEHIIHAI
Ha Hell uaMeHsacsa 1o 3akoHy (cM. yrup. 9) U(R, o) = U, sin o. Tax xak mpu aToMm
E;=R'U,, tous ycnosusa E, — E;= E, — R"'U,, = 0 maxoaum U,, = —E, R. HopmanbHas
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K ITOBEPXHOCTU COCTABJISAIONIAS HAMPSKEHHOCTH TI0JII BHE NMuanHApa paBHa E,(R) =
= Ey, — R''U, sin a. YuursiBasg, uro E, = E, sin a, noayuyaem E,(R) = E, sin o +
+ Eysin o= 2E) sin o 1 6 = gyF, = 2 E sin o = 1,77-10° sin o Ki/m>

14. Tak Kak aJeKTpOCTATUYECKOE TI0JIe B TIPOBOJLINEN Cpefie
OTCYTCTBYET, TO B IpoBo/iAtIei mnactune E = 0, a ee moteHu-

aJl COXpaHAET HEKOTOPOE IMMOCTOAHHOE 3HaY€HNE UQ. Pemrenne
2

ypaBHenus Jlammaca lej = 0 B obmacrax 1, 3 (puc. P24.8)
Y

MoskHO 3armucaThb B Buze Uy (y) = Ciy+Cy, Us(y) = C3y + C,.

Puc. P24.8

Wcnonpay4 3apanabie 3Havenus noreHtmanoB U = 0, U = U, a Takke ycI0BHe TIOCTOSTH-
crBa norernuaia U, maactunsl, noaydaem ypasuenus: 0 = Cy, Uy = Cydy + Cy, Uy = Cy,
Uy=Cs(d - di — dy) + C;. Yucio rnenssectnix (Cy, Cy, Cs, Cy, Uy) TIPEBBITIIACT YHCITO
ypaBHEHUI, B CBSI3M ¢ 4eM TPeOyeTcst UCIOb30BaTh €llle OJHO YCJAOBUE, KOTOPHIM SIB-
JISIETCSI YCJIOBUE PaBEHCTBA HYJIIO 3apsi/ia IJIACTHHbBI, 03HAYAOIIEe B COOTBETCTBUM C
TeopeMoii [aycca paBeHCTBO HYJIIO TIOTOKA BEKTOPA HAINPSIKEHHOCTH 3JIEKTPUIECKOTO
I0JIsT CKBO3b OXBATHIBAIONIYIO ILIACTUHY IIOBEPXHOCTH. BejiencTBrEe HEM3MEHHOCTH
OJISL TI0 OCSIM, MapaJIIeIbHBIM OOKJIaZKaM M IOBEPXHOCTSIM IIJIACTUHBL, 9TO YCJIOBIE

03HauaeT PaBeHCTBO HAIPSKEHHOCTH OIS ¢ 06erX cTOpoH TacTuhbl: —Cy = —C,. Pe-
U U,d, U, U
mas ypasaenus, HaxomuM: Cy = C3=—2— C; = L Ui(y) = B =—0
yp e B AR B 1Y) = _dly = ald
U, U,d, U, U, d
Us () = Ey= 20 _ JEy=0.
3(y) = d—d, Yyt d— d 3 d d Us(y) = T—d. d 2

Taxkum 06p3.30M, HaIIPpAKEHHOCTD I10JIA B 06acTax 1, 3 umeer OJ/IHO M TO K€ 3HaueHue
HE3aBUCHUMO OT MECTa PacCIlOJIOJKEHUA TIJIACTUHDI.

15. B omsimume oT mpeAbIIyIel 3aaun ceyeT pearh ypasHenue Jlammaca B mo-
JIIPHOU crcTeMe KOOPAMHAT:

1d( dUu

) 0: Ui(r) = CyInr+ Cy, Uy = const, Us(r) = C3In r + Cy.
rdr\ dr

YpaBHeHUsI, TO3BOJIAIONINE HANTU ITOCTOSIHHBIE U TTOTeHInaI Uy, IMEIOT BUI:
0=CiIn R+ Cy, Uy=Cy In (R + dy) + Cy,
Uy=CsIn (R, +dy +dy) + Cy, Uy=C31In Ry + Cy.
YcsioBre paBeHCTBA BXOJAIIETO B MTPOBOASIINI ITUJIMHAP U BBIXOSIIETO U3 HETO TI0-

TOKa BEKTOPaA HAIIPAKEHHOCTU IJIEKTPUYECKOTO ITIOJIA TTO3BOJIAET 3allCaTb YpaBHE-

nue 2n (R + dy) ——=2n (R, +d, + dg) ——— W3 KOTOPOTO CJIEJIyET COOT-
R, + R, + d +d,

Hommenue C; = Cs. PeHH/IB YpaBHEHUST OTHOCUTETbHO Hen3BeCTHBIX Cj...Cy, TOTydaeM
BEJIMYNHBI
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U, (r) = U,Inr B
ln{(R1 +d2)R2 [R(R, + d1 +d2)]_1}
B InR,
In{R,(R, +d,)[R,(R, +d, +d,)|""}
E\(r) = Uy

rIn{(R, +d,)R,[R,(R, +d, +d2)]71}.

16. YuursiBast cootHomenue D = ¢ E, cripaBelyInBOE B INJIEKTPUKE, TPOHUTIAEMOCTD
KOTOPOTO siBJIsieTcst (pyHKIMei KoopauHar, sanucbiBaeM Boipaxkenue div € E = p, win
div € grad U= —p. B npsAMOyroJibHOIi cricTeMe KOOPAMHAT 9TO ypaBHEHKE IPUHUMAET

BUJT
8(6Uj o oU 6(8U)
—le— |+—|e— |+—|e— |=—p.
ox\ ox ) oy\ oy ) oz\ oz

Vpasuenue dive grad U = —p umeer cMbicsI He Tipu Jii000it GyHKImu e(x, y, z). Ecau

Ot Ot Ot
OHa Pa3pbIBHA, TO B TOUKAX Pa3pbiBa MPOU3BO/IHbIE —, —, — HE CYIIECTBYIOT U JUD-

ox Oy 0z
(hepentmanbHOE ypaBHEHNE B 9TUX TOYKAX PACCMAaTPUBAThCS He MOXKeT. K Takum To49-
KaM OTHOCATCA TOYKM TOBEPXHOCTEH pasjiesia ONHOPOAHBIX CPell ¢ Pa3JIuYHbIMU
CBOMICTBaAMM.

24.3. MNnockonapasnsienbHOe /IeKTpocTaTuyecKoe nosne

BOMPOCHI

6. YnosseTBopsiomue ypasuenuio Jlanmaaca ¢GyHKIIUA COBITAAIOT, €CJTH OHU UMEIOT
OIMHAKOBbIE 3HAYE€HUA Ha TI'DaHUIE O6]IaCTI/I. OlIHaKO I'paHHUYHbIE YCJIOBUA [JIA 110~
TeHIIhaJa 1 (byHKL[I/II/I IIOTOKa pa3J/INYHbI. ﬂeﬁCTBI/ITeJIbHO, €CJIM Ha ITOBEPXHOCTHU 3a-
nano ycyosue U = const, To B 001eM ciaydae Ha Heil V # const, 1 Ha060pOT, eciu -
HHWA T'PaHUIIbL O6JIaCTI/I SABJISIETCS JTUHUEH HaIIPAKEHHOCTH I10JI4, TAe V= const, To Ha
et U # const.

7. Ha 1oBepXHOCTSIX MPOBOJHUKOB OOBIYHO 3a/IaH TOTEHIIHA 1160 ero HopMaibHast
K HUM MPOU3BOJHALA, a He (DYHKIUS TIOTOKA, KOTOpas caMa MoJJIeKuT pacdery. Ha
rpanuiax obaactu (GyHKIMs TOTOKA, KaK MPaBuJIo, HemsBecTHa. Kpome Toro, moreH-
1UaJj, B OTJAUYKME OT (DYHKIIMU MOTOKA, MOXKHO IIPUMEHUTD JIJIsl aHAJU3a HE TOJIBKO
NIBYXMEPHBIX, HO U TPEXMEPHBIX TOJIEH.

24.4. MeTo4 KOMIJIEKCHOIrO NoTeHuuana
BOMPOCHI

2. OyuKIUIo cliepyer 3anucaTh B Buje § = & + jn, BbIJIeNUB ee JIefCTBUTETBHYIO U
MHUMYIO YacTu. YpaBHenue n = 1(%, y) onpesesnseT JUHUIO, HA KOTOPOIl TTOTEHITAT
AJIEKTPOCTATUYECKOTO TIOJISI COXPAHSIET TOCTOossHHOe 3HaueHue. [loaTomy ypaBHeHUe
JINHWUH, OTIPeIesIsTIolell KOHTYP CeueHUsl TPOBOJHUKA, N(X, ¥) = const.
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oU
3. IloTHOCTD 3aps/ia HA MOBEPXHOCTH IIPOBO/IHNKA PaBHA G = gk, = —¢,, . Tak kax
n
dc
Ha nosepxuoctu nposoguuka £, = E(E, =0), To 6 = g)£ =¢, Ak
z
3. Tlose B HEOHOPOMHOM cpejie He YAOBAETBOPsieT ypaBHeHmio Jlammaca, Tora Kax
JefiCTBUTEIbHAS M MHUMAsT YaCTH aHATUTUIECKUX PETYJISPHBIX (DYHKITUI KOMIIJIEKC-
HOTO TIEPEMEHHOTO Y/IOBJETBOPSAIOT €My, H, CJeJ0BAaTeJIbHO, HE MOTYT ONUCHIBATDH
1oJie B HEOJTHOPO/THOI cpejie.
12. TIpu xkoHMPOPMHOM (T. €. COXPAHSIIOIIEM YTJIbI MEK/IY KPUBBIMHU) OTOOPaKEHUH
06JIACTH TIIIOCKOCTH Z B 00J1aCTh MI0OCKOCTH ( hyHKImed § = f(2) MOTYT U3MEHSITHCS

TreOMETPUYECKHE XaPaKTEPUCTUKU TEJI, HO HE NX 3apsA/ibl U ITIOTEHIIUAJIbI. HOSTOMy EeM-
KOCTb TeJl COXpaHAEeTCA HEU3MEeHHOI.

15. ITorox COXPaHA€TCA HEM3MEHHDBIM, TaK KaK 3aps/l IIPOBO/Ia HE MEHAETCA.

16. Tak Kak HANPSKEHHOCTD TIOJIsI TPU KOH(MDOPMHOM OTOOPaskeHUN 061aCTH U3MEHSI-
eTcst, TO U CUJIa B3aMMOJIeCTBIS [TPOBOJIOB, HaiifeHHas B oOaactu C, Gy/IeT oTmdyarh-
CsI OT JIEMCTBUTEBHOW CUJIBI BO CTOJIBKO K€ Pa3, BO CKOJIbKO PA3JIMvaroTCs Halpsi-
KeHHoctu E, n E; o B TOYKaX PacrosioKeHHs TPOBOJIOB.

YMNPAXHEHUA N 3A0AYN

1. B ogHOpOAHOM 3J1eKTPpUYECKOM TT0JIe BeTnduHbl E,, E, He 3aBUCAT OT KOOPAUHAT X,

oUu ov . oU oV
- =7,Ey:—7 = ———, MOKEM 3a-
ox oy oy ox

y. [TosaToMy, TOJTB3YsICh BhIpsKeHUSIMU E, = —
mucath: U=—E.x — E, y + Uy, V=—E,x + E. y + Vj, TaK 4TO KOMILIIEKCHBIN MOTEHIIH-
annona C=V+jU=(-E,x + E.y) +j(-E.x — E,y) + Vy + jU,.

4. 3ammcaTh eUHOE BbIpaskeHKe JJIsi KOMIUIEKCHOTO MOTeHInala BO Beell 0bacTu,
coziepsKaiieil HeCKOJIbKO OJHOPOAHBIX CPEJl, CJIOKHO BBUIY HEOOXOAUMOCTH HAXOJK-
neHvst Takoil pyHkimu £(2), KoTopast uMesia Gbl HEIPEPHIBHYI0 MHUMYTO YacTh U pa3-
PBIBHYIO €€ MPOM3BOIHYIO 110 HOPMaJid K MOBEPXHOCTH pasfena cpel. Iloabop He-
cKOJMBKNX (pyHKIMIA {(2), Kakaas U3 KOTOPBIX OIMKChIBaja Obl MOJIe B MOA00IACTSIX,
COJIEPIKANINX OJTHOPOJIHBIE CPEIbI, CJIOKEH, TaK KaK 3T (DYHKIIUU JIOJCKHBI YIOBJIE-

ou 0
TBOPATH TPAHUYHBIM ycioBuaM Buna U; = Uy, s{a =€ ) a He YCJIOBUSM
n ) n
i i+

suma U = fi(x, y) mubo V = fo(x, y), tae fi(x, y) u fo(x, y) — 3anannbie HyHKIUH.

6. VckoMBIlT KOMIIJIEKCHBIM TMOTEHITHA 3alWIleM, UCIIOJb3ysT METOJ] HATOXKEHU,
T . .

BBUte {=C; + &y, e §; = —2— J In z + C — KOMILJIeKCHBIHI TTOTeHIIMAT YeJINHEHHOTO
e

3apsKEHHOTO MTPOBO/IA KPYTJIOTO ceuenus, a (y = Az + B — KOMILIEKCHBII TTOTeHITHAT

OJHOPOLHOTO 3JEKTPUUECKOTO IOJIsL. BBIOOP BXOAAIINX B BBIPAKEHUE /151 KOMILIEKC-

T .
HOTO ToTeHIMaa ¢ = o jlnz+ Az + C nmocrosuubix A, C onpezesier moJI0KeHIe
ne

muund V=0u U= 0.
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7. PacriosioxkuM TIpoBojia Ha OCH X Ha OAMHAKOBOM pacctosianu 0,5d mo 06e cTOPOHBI
oT Havasa KoopamHat. [lomb3ysach MeTooM HATOXKEHUS, HAaXOANM

a) C(Z):—% ln(z2 —6142)4- Cu 6) C(Z):—iln2—0,5d ic

2ne  z+05d
P2
8. IlycTtb npoBoga umeroT KoopauHatol z, = Re ¥ ,n=0,1,2, ., N -1, N — uncio

IIPOBO/IOB. TOF,Z[B. B TOYKE C KOOp,Z[I/IHaTOﬁ Z KOMILJIEKCHBIN IoTeHIInaa MOKHO pacCun-
21

N-1
T . Uil
TaTh C MOMOIIBIO BhIPAKeHU ((2) = ——— j Zln z—Re N |+ C.
n=0

9. Bynem cuuTaTh, 4TO OJIUH U3 IIPOBOIOB C 3aPSIZIOM, IUHENHAS MIJIOTHOCTH KOTOPOTO
t > 0, umeer koopauHaty x = R. KoMmiuiekcHbIll moteHninan N MpoBOIOB € TTOJIOXKU-

N-1 i2n
—_ TN RN i )
TEJIbHBIMU 3apd/laMu paBeH C1(Z) =——] n| z e 1, @ C OTpHUIlaTeJIbHbI
n=0

S ][%37\’/%]
Mu sapsami — Gy(2) = —— j> In| z—Re
n=0

+ C,. B urore nosrygaem

e z—Re N

(@) =-——i¥m-2"2____+c
2ne

n=0

10. Ilpu pacmonokeHUn TPOBOAOB COTJIACHO BAPUAHTY @ KOMILTEKCHBIN MOTEHITHAT
paBeH

QZ,len(zfjh)+ijln(z+jh)+C,
2ne 2ng

T 1 1
E.=—x - ,
2me LCQ +(y-h)?* x* +(y+h)2}

F_ T y—-nh B y+h
Y o2ne|xt+(y-h)? xP+@+h)?’|

[Tpu pacnosioKeHuu TPOBOIOB COTJIACHO BapUAHTY 6 HAXOAUM

L=——"jlnGz-dy++——jlnGz+d) +C
2ne 2me

.t x—d . x+d
Yoone|(—-d) +y? (x+d) +y? ]

£ :Ly 1 3 1
Y one” [(e—d) +y? (c+d) +y? |
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11. [TpubsmkeHHOE 3HAYEHUE Pajlyca IPOBOAA B IJIOCKOCTH () PABHO

R =R do|  _ erow/a%{
¢ dz o

Z=z(
IIpu o = /2 OH, B YACTHOCTH, BO3pAcTaeT B 27, pas.

Bamkaiimast kK Hayaay KOOPAMHAT TOYKA ITPOBOJIA UMEET B MJIOCKOCTU ( KOOPANHATY
(r, — R)"* ¢’ ™" a manbomee yranenas (7, + R)™* /7", tak 4To paccTOSHIS OT HIX
JI0 OCH TIPOBOJIA COCTABIAIOT 7, = 1% — (1, — R)™%, 1y = (1, + R)™* — 17",

Takum 06pa3oM, MOrPENTHOCTh PaBHA

AR1 — Rw —7 = RET’O(T[/&)_1 _rort/(x +(7,.0 _R)n/a,
o

AR, =R, -1, = REy&® " 1y _(r, + R)¥*
a
B uwactHOCTH, TIpK 0 = /2 oHa paBHa |AR;| = |AR,| = R%.

24.5. dneKkTpocraTuUyecKoe rnosie npoBoAoB KPYyrjoro ce4yeHus
YIMPAXHEHUA N 3ALAYN

2. HaubGoJbiiiee 3Hauenne HAMPSDKEHHOCTU TI0JIST HA TIOBEPXHOCTH IIMJIMHIPA MeHb-
mero paanyca Ry Oyzer B Touke Ay. Haubosibiee 3HaueHNe HAPSAKEHHOCTH TIOJIST HA
MOBEPXHOCTH IUJINHIPA OOMBINETo paanyca — B Touke A, HanMmenbiiie 3HadeHust
HAIPSKEHHOCTH OIS — B TOYKAX HA MPOTHBOIIOIOXKHBIX CTOPOHAX ITUIMH/IPOB. 3a-
MEHUM TTUITH/PBI TUHEHHBIMH TPOBOIAMH, COBIIAIAIONINMH C 3JIEKTPUYECKUMU OCH-
MU IIWJIAHJPOB, U 715 ycaoBuil puc. B24.3 ncnosb3yem Boipakenns (cm. § 24.12)

F T 1 N 1
M one, | R —(h,—b) R,—(h,-by+d|

F.o_ " 1 N 1
2 one, | R, —(hy —b) R, —(h,—by+d |

D*+R}—-R;
[Moncrapss 3aiaHHble YrCIeHHbIe 3HaUeHMsT, HaxoauM (prc. B24.3): h, = —p
2 2 p2
= 2,75 CM, h2 = % = 3,25 CM, b = h12 - R12 = 2,56 CM, EA1 = 2640 B/M, EA2 =

= 1846 B/m.

3. Hckomoe Hanpsikenne Mexay ruamaapamu (em. § 24.12) U = 5 ' In (3
e,

MOKeM HaiiTh u3 ycaoBus (cm. puc. B24.3):

U 1 1
EA1 = E‘[nn = + ’
' ln(kmax/kmin)|:R1 _(h1 _b) RZ _(hz _b)+d:|
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-1

U=E lnkma‘x ! + 1
R —(h,=b) R,—(h,-b)+d

Jo1t k

min

[lozicTaBsAs UKCAeHHbIe 3HAYCHUS, TTOTydaeM: Ry, = 5,3, kyin = 0,3, U= 5,6-10% B.

24.6. KapTuHa 3Nn1eKTpoCTaTU4YeCKoro nonsa
BOMPOCHI

1. Kapruna moJist moctpoena mpaBUIbHO TOJIBKO B CIyYae d, KOT/Ia STYEHKI CETKH 00-
PasyoT MOA06HBIE YETHIPEXYTOMbHUKH.

4. B cuty ckauko0Opa3HOTO M3MEHEHNST HATIPSPKEHHOCTH TI0JIST HA TOBEPXHOCTH TeJia
IIpU IIepexo/ie Yyepes Hee IJIOTHOCTD JINHUH 1107151 U3MEHSIeTCsT CKauKoM. B kasknoit us
obJracreil, Kak BHyTpeHHeN 001acTi TeJsa, TaK ¥ BHEITHEH, KAPTUHY MOJIST MOKHO TT0-
CTPOWTH TPABUJIBHO, OHAKO B ATHX OOJIACTSIX STYCHKU CETKU He OYAYT MOM0OHBIMI.

24.7. MeTop MHeTerpasibHbIX ypaBHEHUM
BOMPOCHI

1. O6beMHast TIOTHOCTh BTOPHYHBIX MCTOYHMKOB oOpamiaercss B 6eCKOHEYHOCTh B
TOYKaX IIOBEPXHOCTeH pasjiesia cpell ¢ Pas3jnYHbIMU JAUIJIEKTPUUECKUMU [TPOHUIAE-
MocTsiMu. 15 coxpanenust ycaosud g; E,; = €, E,, Ipy 1iepexoie K 0JJHOPOJHOIL cpeie
Ha MOBEPXHOCTHU CJeNyeT Pa3MeCTUTDb IIPOCTON CJI0M 3/IeKTPUUYECKUX 3aps/IOB ILJIOT-
HOCTBIO Gy.

2. He coxpanseTcs, TaKk KaK BCJIECTBYE HETTPEPBIBHOCTH BEIMUUHBI E; B OTHOPOTHOM
cpene (E; = E,,) HenpepoiBHoll 6yzer u Benuunna D,: D,; = ¢E,; = D,, = €E,,,.

3. Mo:xHO, Tak Kak TPy Mepexo/ie Yepe3 ABONHON CJIOH dTeKTPUIECKUX 3apsIZIOB TMEET
MECTO CKa4OK BeJTMIUHbl E, 11, cenoBatesbio, D, AHATOTHYHO ypaBHEHUIO TSI BETIH-
HBI G, MOKHO TIOJIYYUTh MHTErPAJbHOE YPaBHEHMeE [IJIT MOMEHTA BOMHOTO CJIOS AJIeK-
TPUUECKUX 3aPSI0B, €CIM 32 UCXOIHOe MPUHSTH ypaBHeHue Ej; = E;, BMECTO YpaBHEHUs
D,; = D,,. Crenyer uMeTh B BHIY, YTO B OTJIMYUE OT TIJIOTHOCTH TIPOCTOTO CJIOST 3aPSIIOB
MOMEHT JIBOIHOTO CJIOSI SIBJISIETCST BEKTOPHON BEJTMIHMHOM.

4. HpI/I PAaBHOM HYJIIO IIOJTHOM 3aps/i€ ¢ Teja YUCJIO0 BXOJAIINX CUJIOBBIX JIMHUH TTOJIS
PAaBHO YUCJY BBIXOAAIINX HHHHﬁ, B CBA3M C YEM I10CJIE 3aME€HbI CpEAblI Ha OAHOPOA-
HYIO NJOJIJKHO BBIIIOJIHATHCA yCJIOBUE § Oy ds = O, rjae s — IOBEPXHOCTD TeJia.

S

24.8. MeTtop 3epKasibHbIX U306paxeHni
BOMPOCbI

5. [Ipu Heres10M 72 He yIaeTcst pa3MEeCTUTb IIPOBOJIA B OJHOPOIHOI cpejie TakuM 06pa-
30M, YTOObI Ha CTOPOHAX YIJIa O MOTEHIIMAJ COXPaHsJI MOCTOsSIHHOEe 3HayeHue. [Tpu
0. # T/N MOXKHO TIPUMEHHTDH MeTO7l KOH(GOPMHBIX oTobpaskenuii. Dynknusa o = 27/¢
oToOpaskaeT BHYTPEHHIOIO 4acTh JBYTPAHHOTO YIJIa MJIOCKOCTH Z B BEPXHIOI MOJIY-
IIOCKOCTD 00JIACTH .
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. oU
7. Ilpu mepexoze K OMHOPOAHON Cpelie yCIOBUe . = () Ha TJIOCKOCTU COXPAHUTCH,
n

ecJIM 3HAaK 3ePKaJbHO M300PaKEHHOTO 3apsiaa OYAeT TeM jKe, YTO M 3HAK UCXOTHOTO
3apsa TpoBo/a.

8. 3ajlaHHbIe TPAHUYHBIE YCTIOBUSI MOTYT OBITH BBITIOJHEHBI B OHOPOAHON Cpejie mpu
pas3MeIeHny 3apsa MIA0THOCTBIO —T BO 2-M M 3-M KBaJIpaHTax, a TakXKe 3apsa MIoT-
HOCTBIO +7T B 4-M KBaJIpaHTe TIJIOCKOCTH.

YMPAXKHEHWSA

1. Ecin IIPUHATDH TMOTEHIIMAJ TOYEK IOBEPXHOCTU 3€EMJIM PABHBIM HYJIIO, TO IIOJIE
3apAKEHHOIO IMpOBOJa B BO3AyXeE 6y[[€T TaKUM JK€, KaK 1 I10JIe IBYX PA3HOMMEHHO
3apAKEHHDBIX ITPOBO/IOB, PACIIOJIOKEHHBIX CUMMETPHUYHO OTHOCUTEJIbHO ITIOBEPXHOCTH
3EMJIN.

Tak Kak ImoTeHInaJg NIpoBoJga MOKHO paCCUUTATD I10 (bOpMy.He 5
U=—""In"2 rnery=b+h—R r,=b—h+ R (puc. P24.9), 10

ne

-1 _
’ b+h-R
JIMHEHas I0THOCTD 3apsiaa pasua T = 2nel/|In——— | wmHa-
b-—h+R =
MPSZKEHHOCTD T10JIS1 Ha TIOBEPXHOCTH 3€MJIN !
T 2b th
E(x) =~ = Puic. P24.9

27‘58\/[92 +u? \/b2 +a? - ne(b? +x2)'

Jlonyienre 0 6ECKOHEYHO MAJIOM CEYEHWU MPOBOJIa O3HAYAET, YTO HIEKTPUIECKAST
. th

OCb TIPOBOJA COBIIAZAET C TEOMETPUUYECKOM, TaK UTO Eyy(X) = ————F——.

‘ ne(h” +x°)

[TorpenHOCTh pacyeTa HANOOJIBIIETO 3HAYCHUST HANPSKeHHOCTH ToJist (Tipu & = 0) co-

CTaBJIsA€CT
E, —E ;
8=M100%:[1— 1—(R/h }100%,
. T

Y

OTKy/a ToJiydaeM, 9To Tpu A/R > 7 morpemntHocts & < 1 %.

[ItoTHOCTB 3apsda Ha IIOBEPXHOCTH 3EMJIM MOJKHO PACCUUTATD C IIOMOIIbIO BbIPAKE€HIMA

/) 2ebU

=¢E,(x) = — == '
c =¢E,(x) e +x2)I/UH/I o(x) (b* +x)In[(b+h-R)(b-h+R)™]

VHaynupoBaHHbIi Ha HOBEPXHOCTH 3€MJIM 3PS/l PABEH B3SITOMY ¢ 0OPaTHBIM 3HAKOM
3aps/y IPOBOJIA, WK
th dx

hpode
n Y b +x?
—Q0

Tc(x)dx =-
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2. Cuua, meficTByiolas Ha OTPe30K IIPOBOJIA AJIUHOM 1 M ¢ 3apsoM JTUHEWHOH TLI0T-

g, —¢
HOCTBIO T CO CTOPOHBI 3€PKAbHO M300PaKEHHOTO 3apsi/ia IJIOTHOCTBIO Ty = — ——— 1
g, +&,
2
2 8 —& _ T
paBua f = tF = —v° --—% ——  Ee srcrpemMajbHble 3HAYEHUs PABHBI F ———
€, +e, 4ngyh 4me  h

Ipn & =00 " g; = 0 cooTBETCTBEHHO. HOI[CTaBJIHH YHUCJIEHHbIE 3HAYE€HW A, IT0JydYaeM
f=71,810"% H.

24.9. MeTopa pa3aeneHus nepeMeHHbIX
YNPAXHEHMSA

1. [Tpu u3MeHEeHUU TPAaHUYHBIX YCIOBUI M3MEHSIOTCS KaK COOCTBEHHBIE YKMC/Ia, TIPHU-
HUMarone snadenus nn/b, n=1, 2 ..., Tak 1 coGCTBeHHbIE (DYHKITHU, KOTOPHIE CTAHO-
Bsrcst paBubiMu sh (nnx/b), sin (nny/b).

2. Pemenne U(x, y) He sBJSeTCS €IUHCTBEHHBIM, Tak Kak noreHiman U;(x, y) =
= U(x, y) + C, tne C — npousBOIbHAS MMOCTOSTHHAS, TaKKe ABJIIETCS PEIeHneM 3a/1a-
yu. B cootBercTBUM € Teopemoii [aycca MOTOK BeKTOpa HATPSIKECHHOCTH 2JIEKTPHU-
Y4eCKOTro MOJIs, MPOXOAAIINI CKBO3b TPaHKIly 00JIaCTH, PaBeH BEJIMYMHE ¢/g, Tae § —

. oU
3apsijl, HaXOosuiicss BHyTpu obmactu. [loatomy dyHKIms . = f noJKHaA yroBIIe-
n

oU T
TBOPSATH HHTETPATLHOMY COOTHOIIEHUTO §a— dl = = TIpu oTcyTCTBUY 3apsiia BHYTPU
n €
1
00JTacTH OHO TIEPEXOIUT B COOTHOTIICHIE § fdl=0.
!

3. IIpeacTaBuM MCKOMBIN HOTeHIMAN BHYTpH obaact B Buge U(x, y) = U, + U,, Trie
U, — noreH1Inazi, pacCUUTHIBAEMbI METOJIOM Pa3/ieJIeHUs TIePeMEeHHBIX ITPU TPaHNY-
HbIX yeaoBusix Uy = 0 Ha ABYX cropoHax obacTtu, Hanpumep, npu x =0 u x = a u 3a-
JIaHHBIX TPAHUYHBIX YCIOBUSAX Ha cTopoHax ¥y = 0 u y = b, a Uy — TOTEHIHAJ, PacCym-
THIBaeMbIil 11pu TparrynoM yeaosuu U, = 0 #a croponax obmactn y =0 uy =b u
3a/IaHHBIX TPAHWYHBIX YCJIOBUAX HA JIBYX JIPYTUX CTOPOHAX.

4. Tlorennman U(x, y) BuyTpu obactu npeacTaBuM B Buje cymmbl Uy + Uy, Tie GyHK-

1uio U; paccunThiBaeM B TIPE/IIOJNOKEHNUU, YTO TTPOBOJI PACIIOJNOKEH B OJTHOPOJTHOM
. T 1

6esrpanmunoii cpene: Uy = —— In = @yukuuio Uy HAXOIMM METOIOM Pas/eIeH s Te-
2ne 1

PEMEHHBIX ITPU HEOTHOPOHBIX IPAHIMYHBIX YCJIOBUIX HAa CTOPOHAX 00JIACTH, 3ajiaBae-
MbIxX B Buze U, = —U; (cM. yup. 3).

5. PaswickuBas pemetue B Buge U(r, o) = U(r)Us(a) = Uy(7) sin ko u nopcrabiisist
ero B ypasHenue Jlamuiaca, mmoc/ie HeCJ0KHbIX TPeoOpa3oBaHUil HAXOAUM ypaBHEHMe

d rdU1
dr\ dr

2
j— k—U , =0, pemerne koToporo 66110 HaiizeHo panee (cm. § 23.2, yip. 9).
’
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24.10. MeToAbl CETOK U KOHEYHbIX 3JIEMEHTOB
BOMPOCHI

ou
5. Bemmumaa §U € P ds TIPOTIOPIIMOHAIbHA DHEPIHH HJIEKTPHUYECKOTO TOJIS 3aPSI/IOB,
n

. oU
pacrpenesi€eHHbIX C ITIOBEPXHOCTHOM IIJIOTHOCTBIO G = —€ 87 Ha ITOBEPXHOCTU S. [ToaTo-
n

ou oU
My IIPU 3aJ[aHHON Ha rpaHuile obaacTu GyHKIMN [ = —— WHTerpas §>U —— ds MOKHO
on on
TPAKTOBATH KaK BEJMUHMHY, TPOMOPIUOHAIBHYIO SHEPTUH MOJIST CO3AIONINX €r0 UC-
TOYHUKOB.

6. B npsAMOyrosibHbIX KOOPJAMHATAX MOJUHOM BTOpOTO mopsigaka U(x, y) = oy + o x +
+ oy + agx” + oy xy + o5 y” uMeet mecTb KoahOUIMEHTOB O + Os, L7151 OTIPe/IeIeHIS
KOTOPBIX HEOOXOIAMMO, 4TOOBI TPEYTOIbHBIN 3JIEMEHT COEPsKAJ IECTh Y3JI0B, KOTO-
pble pacloJaraioT Mo TPU y3Ja Ha KaXKAYI0 U3 CTOPOH ajieMeHTa. [Ipu aToMm Tpu y3ia
JIeKAT B BepPIINHAX 3JIEMEHTA.

7. Tak Kak 4uCJIO y3JI0B 9JIEMEHTa JOJKHO OBITH PAaBHBIM KOJHMUYECTBY KOa((hUIneH-
TOB TIOJIMHOMA, TIPUHSATOTO /I ONUCAHUA MoTeHnuamta, To npu a) U(x, y, z) = oy +
t oqx + oy + 03z YUCIO0 y3JI0B COCTABJLAET YEThIpe, IIPUYEM UX pa3MellaloT B Bep-
IIMHAX TeTPaszpa, a npu 6) U(X, y) = og + 0 X + Gy + 052 + o x° + o5y° + oz +
+ 07Xy T OgXZ T Og Yz Y3JIbl, YUCJIO KOTOPBIX COCTABJIAET [IECSATH, PACIIOIaraioT B 4e-
TBIPEX BEPIIMHAX M Ha IIecTu pebpax TeTpasipa.

8. Ilpu sMHEHOW MHTEPHOJISIMK TOTEHI[Mala Ha CTOPOHE, 00MIel /ISl JBYX Tpe-
YTOJIbHBIX 3JIEMEHTOB, TOTEHIIMAJ U3MEHSIETCS 110 OJJHOMY U TOMY K€ 3aKOHY, TaK KaK
MOTEHIINAJBI BEPIIMH 2JIEMEHTOB NMEIOT OJIMHAKOBBIE 3HAYEHUS [T COCETHUX dJIe-
MeHTOB. OIHAKO BCJEACTBIE CKAYKa HOPMATBHBIX K OOIIEil CTOPOHE 3JIEMEHTOB CO-
CTABJATONNX HATPSKEHHOCTH TIOJIS MOYJIb HANPSLKEHHOCTH TOJIA TIpeTepreBaeT
Pa3phiB Ha CTOPOHAX 3JTE€MEHTOB. JIJIsT TOTO YTOOBI IPU KBAAPATHIHONW HHTEPIOJISI-
Y TIOTEHIMAT OBLT HEMPEPHIBHBIM, HEOOXOANMO, 4TOOBI Ha OOIIEi CTOPOHE ABYX
TPEYTOJBHUKOB PACIIOJIAraioCh MO TPU y3Ja, OOIINX [t 9TUX 31eMeHTOB. [Ipu BbI-
MOJIHEHUU 3TUX YCJIOBUI KacateJbHast K MX 0OIIeil CTOPOHE COCTABJISIONIAs HAIIPSI-

JKEHHOCTHN SJIGKTPI/I‘{GCKOI‘O I10JIA TaKKe HEIIpEPbIBHA.

‘)"[ n n
9.B ypaBHeHI/Ie = Z = () BXOZST TIPOU3BO/IHBIE (yHKIITMOHATIOB TEX

J
3JIEMEHTOB, KOTOPbIE MMEIOT O6L[II/IM y3en ¢ HomepoM j. [IpousBognas dyrrnmonama

.. a']'af[ ¥4 aJ'aI[ V4 aU o o
p-TO 2JIeMeHTa ¢ y3aaMu i, j, B —— = — TIPU JINHEHHOH WHTEPTIOJIATIIH T10-
ou; oU oU,

TeHnmana BHyTpu anementa umeer Bui: C,; U + G U + C Uy, (3nech Gy, Gy Cpy

J

HOCTOHHHbIe). HOSTOMy YPaBHEHUE —— = 0 COZIEPKUT CTOJIBKO CJIara€MbIX, CKOJIbKO
ou,

Pa3INMYHBIX Y3JIOB IIPUHA/JIEKUT IJIEMEHTAM, UMEIOINM 06HII/IM yaea j, T.e.m+ 1.
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25.1. EMKOCTb MeXAy KpyribiMU LUWIUMHAPaMKU

BOMPOCHI N YIPAXXHEHWA

1. Hanuuue nosocreii B 06beMe MPOBOASIIETO TeIa He M3MEHSAET HU eMKOCTD TEJIa, Hit
€MKOCTh MEXKAY TeJTaMI.

2. EMKOCTD yeAMHEHHOTO IPSMOJINHEIHOr0 GECKOHEUHO UIMHHOTO TIPOBO/SIIETO 11~
JIMHZIPA He MOKeT ObITh OIIpe/iesieHa, TaK KaK IPU 3aJaHHON JUHEIHON IJIOTHOCTH €T0
3apsia noreHuan U ToYek ero moBEePXHOCTH MOJKET ObITh MPUHST PaBHBIM IIPOU3-
BoJIbHOMY uwmcay. [Toaromy u otHorenue t/U He ompeeseHo eIMHCTBEHHBIM 06pa-
30M.

3. IIpu ymMeHbIIEHUU paiyCcoOB TTPOBOJIOB MOTEHITNAIBI TOUEK X TIOBEPXHOCTEH, KaK
U HanpskeHure Mexay nposogamu Uy — U, = (t/2ne) In (D/R) nipu 3aaHHON JIMHE-
HOH TUIOTHOCTH WX 3aPsi/IOB, BO3PACTAIOT U CTPEMSITCST K GecKoHeuHoCcTH ipu R — 0.
[Moatomy pomyiierre 0 GECKOHEYHON MAaJOCTH PAIMYCOB TIPOBOAOB MPU pacyere
eMKOCTHU TIPUHATH HEeJIb3sl U eMKOCTh TaKOW JIMHUY [epeJaul He MOKET ObITh Olpe/ie-
JIeHa.

4. TTOHATHSI €eMKOCTH TeJI JINOO eMKOCTH MEK/LY TeJJaMU MMEET CMBICJI JIUIITh IIPU Pac-
CMOTPEHWH TIPOBOJISIINX TeJ, MOTEHITUAIBI KOTOPHIX UMEIOT TTOCTOSTHHbIE 3HAUEHUST
BO BCEX TOYKAX ITOBEPXHOCTEN KayK/OTO U3 TEJI.

5. Ilpu oauHAKOBOI JIMHENHON IIOTHOCTHU 3JIEKTPUIECKOrO 3apsifia MUJINHIPA, O/-
BEIIIEHHOT'0 HaJ[ TIOBEPXHOCTHIO 3eMJIH, U JIBYX 1UJANHAPOB (puc. P25.1) pasuocTs 110-
TeHIMasoB, paBHas U; — (0 B mepBoM ciiyuae, B /IBa pa3a MeHbIIle PA3HOCTH TTOTEHITHA-
qaoB U; — U, = 2U;. IloaToMy eMKOCTH pa3anyaioTcs B IBa pasa.

AnanornvyHas moiBeNeHHOMY HaJl 3eMJel IUINHAPY 9JeKTPUIeCcKas 1elh COAEePKUT
OIMH KOHAEHCATOp eMKOCThio C, TOTZa Kak ABYM IIMJIUHAPAM COOTBETCTBYET IIeTTh U3
JIBYX TIOCJIEZIOBATETHHO COEIMHEHHBIX KOHAEHCATOPOB eMKOCThI0 C KaKIbIii, TaK YTO
BO BTOPOM CJIy4ae MmoJiydaeM 9KBUBAJEHTHYIO eMKOCTh, paBHyio 0,5C.

a U1 U1

v

Puc. P25.1
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7. OupegesM MOTEHIUAIBI B TOYKAX OCeil TPOBOAOB METOAOM HaJoKeHus. [Ipu
1 #0, 1 =0 umeem 1 = Ry: Uy = (v/2ne) In (1/R)) + A w nnst r = D:

U, = (z/2ne) In (1/D) + A, tax uro U; — U, = (t/2ne) In (D/Ry). llpu 19 # 0, 1y = 0
mveem Uy — Uy = (t/2m¢) In (D/R,) u uckomast emxocts C = — 0
In(D/\[RR,)

9. EMKOCTB B 9TOM CJIy4dae OIlpeae/InTb HeJIb34, TaK KaK IMOTEeHIMaJI TIOBEPXHOCTU HE

nMeeT IIOCTOAHHOI'O 3HaYeHMsd, a IIOAYNHEH Ha Heit YCJIOBUIO 67 = O, rae n — HOpMaJib
n
K ITOBEPXHOCTHU TeJ1a.

25.2. NoTteHunanbHble KO3 PprumneHTbl, KO3(PPULMEHTbI
3J1IEKTPOCTAaTUHECKOW MHAYKLMU N YaCTUUYHbIE EMKOCTH
B CUCTEMe Tes

BOIMPOCHI

2. CoOCTBEHHBIN MOTEHIMATBHBIN KOA(DDUIUEHT k-TO Tela 3aBUCUT OT PasMEpPOB 1
B3aMIMHOTI'O PACIIOJIOXKEHUSI BCEX TeJl CUCTEMBL, a TAKXKE OT JUIIEKTPUUECKOH IIPOHU-
L[AeMOCTHU CPEeJIbL.

3. llorennman U; mepBOTO Tesa caenyeT MCKATh IPU YCIOBUH, 9TO BTOPOE TeJIO He 3a-
PSDKEHO U HAXOJUTCS B TIOJIE 3aps/ia TEPBOTO TeJia.

4. BBenerue B cucteMy TPOBOSNINX TeJ AOTMOJHUTENBHO OJHOTO WU HECKOJIbKUX
IIPpOBOAAIINX TEJI IIPUBOJUT K USMEHEHUIO BCEX CO6CTB€HHbIX 1 B3aUMHDbIX ITOTEHI[M-
aNbHBIX KoabbuimenTos. /leiicTBUTEbHO, BHECEHIE B MOJIE k-TO 3apSIKEHHOTO Tea
APYToro He3apssKeHHOIO IIPOBOASIIEIO Tesld HPUBOAUT K U3MEHEHUIO IIOTeHIUAIOB
BO BCEM TIPOCTPAHCTBE, B TOM YHCJIE U B TOYKAX MTOBEPXHOCTH k-TO 3apSIKEHHOTO TEJTA,
a CJIeZIOBATETbHO, K N3MEHEHIIO COOCTBEHHOTO MOTEHIMATBHOTO Koahdurmenta k-ro
TeJa.

5. Ecain  3apspkenHoMy ¢ 3apsagoM ¢y > 0 Tesry puOImKaTh He3apsizKeHHOEe TIPOBO-
Jistiiee TeJio, To norennuant Uy Tesia YMEeHbIIUTCS BCJIeICTBUE BIUSHUS NH/YIIUPOBAaH-
HBIX Ha MOBEPXHOCTH HE3aPSKEHHOTO Tesa 3apsiioB. [1oaTomy OyzieT yMeHbIaThCst 1
COOCTBEHHBIN MOTEHIMATBHBIN KOIMMHUIUEHT 0Lyy. AHATOTUIHBIM 00PA30M U3MEHSI-
€TCsl ¥ TIOTEHIUATbHBII KO(hDMUIUEHT CLyy.

Tak kak npu cOMMKEHUH TeJl BO3PACTAET MOTEHIMA HEe3aPSLKEHHOIO TeJa, TO U B3a-
WMHBIE TTOTEHITHATbHBIE KOI(DDHUITMEHTHI OL1y = Oy TaKIKEe BO3PACTAIOT.

7. Bce nmoTeHnmaababie KOAMOUIMEHTHI MOJOKUTENbHBI, TaK KaK 3HAK IOTEeHI[haIa
3apSUKEHHOrO Teja, Kak U MOTeHIMaa BHOCMMOTO B €ro I0Jie He3apsiKeHHOIo Tela,
COBITQ/IaeT CO 3HAKOM 3apsja TeJa.

YMPAXHEHNSA
2. Jlsist TOro 4ToObl BBIPa3uTh KOI(MMUIMEHTHI BIEKTPOCTATHYECKON MHAYKIINU Yepes3
HOTEHIHATbHbIE KOI(DDUIIEHTH, HEOOXOANMO PENTUTh cucTeMy ypaBHernii o q = U

OTHOCHTEJIbHO 3apsAioB: ¢ =a. U 1 u3 ycaoBus o '= B HaiiTu uckoMbie Koahdu-
IUEHTHI DJIEKTPOCTATUYECKON MHIYKIIUM.
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B cucrteme aByx Tenm u3 ypaBHeHU
oy gy +ay,q, =U,
oy +0ygy =U,
i 1oy —ag Ol 99
=— HB11=TyB12=—

Al—oy oy

HaXoAUM o ~ ai, By = _M, Byy = %ir
A A A
B cucTemMe Tpex Ten U3 ypaBHEHUH
OyiGy 0 yGy +03q; =U,
Oy Gy +0 (s +0ysqs =U,
Ogqy +0gqy +053G; =Uy

MOJTy4aeM
Ol ggQlgg =030l 3y Qg3 gy =0 p0 gz Ol Ol 53 — O 30 5y
—1 _
a A O30 g3 =Op0gy O gyOlgy =0 303 OlypQyz = O 14Ol o3,
OlgOlgy =0l gOlgy  QLypQlgy =00l gy OO gy — O HQ o4
O 9y Ol aq — Ol a0 O 0L 29 — OL O
Tak uTo By = —2-38 8T8 g, =T8T TLUES yor g (3mech A — onpejenu-

A A
TeJIb CUCTeMbl YPAaBHEHUI ).
3. Boipaskas pasnocts norenimanoB U; — U, Tenr yepes 3apsj ¢ OJHOTO U3 HUX, Ha-
xoauM u3 ypaBHeHUii U; = oq1qq + daqy Us = oo1qqy + dggy: Uy — Uy =
q

= (o1 — 2o+ a) gy, C= = .
U -U, oy =20+,

1 1 1
Tak xak oyq = XB% Oy = _ZBQ» Oy = XB“’ rie A =By Bo — 5122) TO T10JIy4aeM

_ BBy — B
Bi +2Byy +B22.

Ucnonbzys cootromenust By = Ciy + Cio, Bra=— Cio, Pog = Coy + Co, HA- |

Ch
xomuM C = Cpp + —172_ D10 BhIpaskeHUe I03BOJIAET MpeAcTaBuTh Ci2 T
11+ Cyy Cn
2
eMKOCTb MEKy JBYMs TeJaMU B BUJE €MKOCTH dJIeKTPUUYECKOM 1ier, Puc. P52

coziepKaiieil Tpu KOHAEHCATOPA, COEAMHEHHBIX MOC/Ie0BaTeIbHO-TIa-
pastensho (puc. P25.2).

4. Bocriomb3yemcs pelieHreM MpeAbIayIero yipaxkaeHus: Ciy = — By, Ciy = P11 + Bio,

. O gy Oy Oy
Cyy = By + P1o, @ TakKe ynpaxknenus 2: By = —=, By = ——= Py =— 1106 A =
A A A
= 0ly{0lyy — O 5,. B mTore Haxommm:
Ay O oy =0y Oy —Qyy

C12 =

27 _72'
OOl gy = Oy OOl =y OOl gy —Qyy
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5. [TomecTrM HAYaIO MPSIMOYTOJBHON CHCTEMbI KOOPIUHAT B BEPIINHE [BYTPAHHOTO
yriia 1 0603HaYUM KOOPAMHATEI TPOBOJIOB X1, Y1 U Xy, Yo VICTIONB3YsI METO 3€PKaJIb-
HBIX M300paKeHU, 3amuIneM TTOTeHIIHaIbl TpoBoaa 1 pu g, = 0 1 poBoza 2 mpu

q;=0:

il 1 4 1 i 4 ( 1 )
U, = 1 — In| — |- 1 1 =
" 2nel H(Rj 2mel n(2y1] 2nel n(2xJ+2nsl HLQ Ix? +y? J

a9 lr{ 2%y, ] U, = 9, ln[ 2x,Y,
R

" 2mel /xf +y?

OTKYy/a 110JIy4aem

- 1IH[R2x1y1 } o, Vo 1y 2wy, ]

q, 2mel lx? +y? q, 2mel | RJx? 4yl

it HaxoXK/IeHUs MOTEHITUAJBHOTO KOI(MMUIIMEHTA Olyy PacCUMTAaeM IOTEHIIMAT B
TOYKe paclioyioxkenus 1posoza 2 upu g, # 0, g, = 0:

U, = 1 ! ST P ! -
2mel _\/(xz_x1)2 +(, _?/1)2_ 2mel _\/(XQ +x1)2+(y2 _.7/1)2_
T Y ,1 + 1 ‘
2nel _\/(xQ _351)2 +(Y, +y1)2 i 2mel _\/(xz +X1)2 +(Y, ""91)2 ]

U, _ 1 m{[(’% +2)° s —y) NG —1)” +(, +y1>2]}

T e [T e A A [ A R A g

25.3. EMKOCTb IMHUIA Nnepegayn
YMPAXHEHWS

1. TlorpemnrHocTh pacyera €MKOCTH JABYXIPOBOAHON JIMHUU TPU TIPEHEOPEKEHUH
BJINSTHUEM 3eMJIM MOXKHO HAUTH 10 hopmyJie

E=—==

G

’

CI_CZ 1_ R V4h2+D2
D
In—

(Cy, Cy — eMKOCTH TIpH y4eTe BJIUSTHUST 3eMJIU U TIPH [TPEHEOPEKEHUH €€ BIUSHUEM ).
[Ipu 3aaHHBIX YUCTEHHBIX 3HAYEHUSIX TTOJIYYaeM, YTO TOTPENTHOCTh He MPeBbIIIaeT

OJIHOrO TpoleHTa upu i > 1,6 M.
3. IloTenmuanbable KO(MGUITUEHTHI PACCUUTHIBAEM TI0 (DopMyIam:

o = 1 ln % Olgg = 1 hl % Qg9 = Qo = 1 ln h1 +h2 .
2ne,l \ R ) 2ne,l \ R ) 2me, [ D
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Wckomast eMKOCTh paBHA

c- ! _ 2wl L gog10 1@
o+, =20, In 4hh,D M
R*(hy +hy)?

4. Jlng pacueta eMKOCTH ABYXITPOBOIHON JIMHUHU BOCIIOIb3yeMCsI KOH(OPMHBIM OTO-
OpaskeHreM 00JIaCTH CYIIECTBOBAHMUS MOJISI HA BEPXHIOIO MOJIYILJIOCKOCTD € MTOMOIIIBIO
byuknuu = f(z) komIuiekcHOro Tepemernoro z. Ilposoaa 1, 2 nuHun, numeronie
B IJIOCKOCTH Z KOOPAMHATBI 21 = X1 + iy = 1q, 2y = Xg + jijy = 1, OYIAYT UMETH B IJIOCKO-
ctu { koopauHathl (i = & + jny, Gy = &y + jN9, UX PAAMYCHI TPUMYT 3HaUeHUI Ry = R
‘ f'(2) i Ry = ﬂ 1 (Z)‘zzzz' Tax xax 3apsabl U TOTEHIINATBI TIPOBOOB TIPU KOH(MOPM-

HOM TIpeoOpasoBaHii 06JIaCTH He U3MEHSIOTCS, TO eMKOCTb TaKyKe He M3MEHSIeTCs U
" 1
MozkeT ObITh Haiiena 1o gpopmyie C = , TIIE Oly{, Olyg, OLiy — TTOTEHIH-
Oy +0 g —20,

aJbHbIe K03 DUITMEHTHI TPOBOJIOB B IJIOCKOCTU TIepeMEHHOTr0 (;:

1 In 2n, 1 1 2n, 1 In \/@2 —§1)2+(ﬂz+m)2

— |, Qg = y 01

2ne,l | R, 2ne,l \ R, 2me,l \/@2 —&)? +(m, -1’

[Ipu pacmosokeHrn HaYaIa MPSIMOYTOIBHON CHCTEMBI KOOPAMHAT B BepIiHe 06pa-
30BaHHOTO TOBEPXHOCTSIMU HYJIEBOTO MOTEHIINAIA TPSAMOTO yrJia (BapuanT a) QPyHK-
s § = 22 0To6pakaeT BHYTPEHHIO YacTh yIa B BEPXHIOI MOIYIIOCKOCTh KOM-
IJIeKCHOU niepeMenHol § = & + jn.

IIpoBoza TMHIM UMEIOT B IIOCKOCTH § KoopauHaTh §; = 12e’*% =&, +jn, Ly =1e/** =
= &, + jny, ux pagmycs paBubl Ry = 2R | e’ | = 2Rry, Ry = 2R | 1, ¢/*| = 2R,

B sajauax BapuaHToB 0, 8, 2 (GYHKIIMU, OCYIIECTBISIONINE OTOOpaskeHne 06JIacT B

K
—Z
BEPXHION TONYIJIOCKOCTh EPEMEHHOIT , MMEIOT COOTBETCTBEHHO Bua = e? | ( =
.T 1( z R
=sin—z {=—| —+—2
d 2\ R, =z
OTrob6paskeHne BHyTPeHHel yacTh Kpyra (BapraHT 0) B BEPXHIOO MOJIYIIJIOCKOCTD BbI-

o az+b
HOJTHSIETCS € TIOMOTIBIO APOOHO-TMHERHON (HyHKIMK ( =
cz+

, K09 PUTIMEHTHI KO-

TOpOﬁ MOJKHO OIIPEe/IeSINTh U3 YCJIIOBUA COOTBETCTBUA KOOPAMHAT TPEX TOYEK B I1JIOC-
KOCTHU z TPEM TOYKaM B IIVIOCKOCTHU C_,

Ecau mpunATh, HaTpuMep, YTO MEHTP OKPYKHOCTHU TEPEXOUT B TOUKY ¢ KOOPJAUHA-

TOl + j mmockoctu {, a Touku z= Rynuz=— Ry — B Touku { =+ 1 u { = — 1 cooTBeTCT-
z+jR,

BEHHO, TO MOKHO TOJIY4NTh § = ———.

Jjz+ R,

Jl71st yncieHHbIX TAHHBIX BapUaHTa a noaydaeM: 7y = 6,4 M, 7, = 7,2 M, Ry = 0,256 ™,
Ry =0,288 ™, & =9, n =40, & = 20, 1y = 48, oy = 1,03-10' /1, atyy =1,04-10" /1, 0y =
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=3,4-10'/1, C = 0,714-10 "'/ ®. [Ipn npenebpexeHNy BANSHIEM 3€MIM MKOCTD JIH-
nuu pasua Cy = nel(In D/R) ' =0,71-10" 1!/ @, tak uTo nmorpentHocTh pacueTa eMKOCTH
He TpeBbImaet 1 %.

o
5. IIpunumast g, = 0, Haxogum U, = o =21 U, u ¢ yueTOM BEJIUYUH
P ) = 01qq 1
O qy

e 7y =N D? + 4h*, nomydaem
(5
U2 = D
%)
In| ==
R

Hanpszxenne mexay mpoBogamu pasao Uy = Uy — Uy = 4,7 xB.

U, =53 «B.

6. ComoctaBuM eMKOCTH TPexX(ha3HbIX JUHUI ITPU PA3TUIHOM PACIIOJIOKEHUN ITPOBO-
JIOB ¥ TIpEeHEOPEKEHNN BIMSTHUEM 3eMJIH. EC/n IIpoBojia paciioiosKeHbl B OHOM TLI0C-

KOCTH (BapuaHThI @, 0 ), TO
3
C, =2n8/ln(\/i ]

[Ipu pacmososxkeHnn MPOBOJIOB B BepIIMHAX PABHOCTOPOHHETO TPEYTOJbHUKA (BapH-

aAHTHI 6, 2) IoJjiygaem:
C2 = 27'[8[/1H(Dj > C1.
R

CormoctaBuM eMKOCTH JIMHUY TIPY yUeTe TTPOBO/IAINEN 3eMJn. BhipaskeHue st eMKO-
cru C| nuHum (BapuaHT a) usBectHo (cM. § 25.5). IIpu pacrnosioskennu poBoIOB B
BEPTUKATIBHON MJIOCKOCTH (BapuaHT 0) TOJIydaeM:

2mel
W20 [ hGi+2D) '
R \Qh+D)(2h +3D)

Cpasnenune snauennii C] u C) nokaspiaet, uro C; > C.

Cy =

[Ipu pacriosokeHUM TTPOBOIOB B BEPIITMHAX PABHOCTOPOHHETO TPEYTOJIbHUKA (BAPUAHT @)
nMeeM

2mel

) 3h2(h ++/3/2 D)
R %/[(D/2)2 +Qh+3/2 D) WD? + 4k
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CpasHenne BbIPQKEHUH 71 pacyeTa eMKOCTH TokasbiBaeT, uto Cy< C; < C} < (],
T. €. HAUMEHBIITYI0 eMKOCTh UMEET JIMHMS € PACTIOJIOKEHNEM TPOBOJIOB B BEPTUKAJIb-
HOH MJI0CKOCTH (BapraHT 6 ), a HanOOJIbINYI0 — TIPU PACIOJIOKEHUI TPOBOIOB B BEP-
MIMHAX TIPABUJIBHOTO TPEYTOJIBHIKA COTJIACHO BAPUAHTY 6.

7. 3apa7pl IPOBOJIOB HAXOIUM, Pelllas CUCTeMY YPaBHEHUI
Oy TGy 0 3q; =Uy,
Oy Gy +0gyqy +0yqy =U,y,
Oy + 030Gy +0g3q; =Us,

JJIA 9ETo MIpeaABapUTe/JIbHO paCCUUTbIBAEM ITOTEHIIMAJIbHbIE KOS(l)(l)I/IHI/IeHTI)IZ

ln(%j—iiﬂ ot 11
R

a) 0t11=0022=(133=2n801 s
1 1n[*/4h2+D2]
D

=255-10"

Qg = Qo3 =

~ | —

1
2me,l 0

2 2
1 ln{wz +4D J:1y45.1010; é’

2me,l 2D

043 =

gi=—29710 "1 K, gy = — 3,64-10 - [ Kn, g5 = 6,83-10 "-/ K;

6) oy = ln[%j=1,37-10“1 LA 1n[2(h+D)J=1,44.101 111
2me, [ ® 2me,l R [ @
gy = ln(z(h+2D)j=1,49-10“11,
2me,/ [ ®
PO ln[2h+D]_2’9101011y
2me,l D [ ©
oy = — 1n(2h+2Dj—1,98~101011,
2me,l 2D [ @
ayye ln(2h+3Dj=3,5-10101 t
2me,l D [

g1 = — 3,09-10 7 [ Ku/m, gy = — 3,78-10 7 [ Ku1, g5 = 6,67-10 7 [ Kur;

1 2h 1
8) Olj{ = Olyy = In| 2= |=1,37-10""
) OLiy = Olgy ome,l (R]

s = — |2 he¥30 ) /Rl 14310t L
2ne,l 2 [ @

2 2
oy = | YDy s5qgnd L
2me,/ D [ ®
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2
O3 = Olgg = ! In|.[(0,5D)* + 2h+ﬁD D =2,85-101°1 i,
2me,l 2 [ @
gi=-3710"1Kn, gy =— 3,710 " [ Kn, g3 = 7,07-10 "-] Ku;
2) oyt = 11n(2hj= 137.101 1 L
2ne,l R [ @
Olyy = Olgg = LMD h+ﬁD R :1,43-10“1 i,
2me,l 2 [ @®
2
Olyy= Oy = L (0,5D)* +| 2h +ﬁD D :2,85-10101 i,
2me,l 2 [ @®
1 2 2 w0l 1
Oy = m[\/D +(2h +/3D) /0}23,17-10 L
ne,l [ ©

gi=-3,610"1Kn, g, =— 3,610 -/ K, g3 = 7,13-10 "] K.

8. Ilpu ycnoBuu a 3amayum ciaenyeT IPUHATD ¢y = g3 = 0, Tak Kak BTOPOU U TPETU
[IPOBOJIA HE 3aPsIKEHbI, YTO TO3BOJIsIeT 3anucarh ypaBHenust Uy = oy ¢, Uy = gy g1,
Us = 031 ¢4, 13 KOTOpbIX HaxomuM gy = U, /oy, Uy =a o fou,, Uy, Us =0 o Jou Uy
Haxoauwm (puc. P25.3): ¢, =8,03-10 "/ Knu a) U, = 20,5 xB, Us; = 11,6 xB; 6) U, =
=23,2 B, U;=159 kB; ¢) U,=20,52 kB, U3 =23,0 kB; 2) U,=23,0 kB, U;=23,0 xkB.

a 8 2
3 3.0 »
20 Ay B
| o<—>0<—>03 16 2 1
2 D
h h h
TITIITIITIIT TIITITIIIIIT

Puc. P25.3

[Tpu ycaosum 6 yrpaxkuenust ciexyer npunsts Uy = 0, g3 = 0, Tak 4TO ypaBHEHMS,
CBSI3bIBAIOIIME 3aPS/Ibl U TOTEHIMAJIbBI IIPOBOJIOB, IPUHUMAIOT BUL

Uy =04 +o,q,
0=0yq +oyq,

Us =0 31G 0 3,4,.

Pemas UX, IMoJryd4aem

O g9 O gy a U, Ol 310l g9 — Ol 390 o4
q1= U,q=——q1=- , U= Ui
Ol Ol gy = QL pQ o4 L) Ol 1Ol g = QO o4 Ol 1Ol g9 — Ol 10 o4
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[TopcTaBassa HaliieHHBIE TIPU PEIICHUN YIIP. 7 3HAUEHNS MOTEHITNATbHBIX Koadduim-
€HTOB, HAXONM:

a) q; =8,3210 " Kn, gy = — 1,55-10 7 K1, U3 = 8,11 kB;
6) gy =8,3810 "I Kn, gy = — 1,7-10 "] Kn, Uy = 10,71 xB;
8) q; = 8,32-10 " Kx1, ¢, = — 1,55-10 71 K, U; = 19,29 kB;
2) q1 = 8,38:-1077] Ku, G =— 1,7-10771 Kn, Uy = 18,59 xB.

[Ipu ycnoBuu BapuaHnTa 6 ¢ yuetoM cootHomerus U, = Us = 0 Haxonum 3apsiibl po-
BOJIOB, Pelliasi CUCTEMY YPaBHEHUI

Oy Gy O yyGy +03q; =U,
Oy + 0 gy (s +0p3qs =0

O3y + 035Gy +033q; =0.

ITozcTaBiss yncaeHHble 3HaYeHus, moaydaeM (cM. puc. P25.3): a) ¢, = 8,36-107 71 Ko,
gy = —1,44-10"1 K, g3=-0,6210 "I Knu . 1.

10. Vcmoap3ys cOOTBETCTBYIONTYIO0 (DYHKIINIO KOMIIJIEKCHOTO TiepeMertoro ¢ = f(2)
(cM. perienne ymp. 4), oToOpakaeM 3aaHHYI0 00J1aCTh HA BEPXHIOW TIOMYIIIIOCKOCTb.
Boruucnus paauycol Ry, Ry, Ry poBOioB, pacctognuust Dyy, Dy3, Doz MEXAY HUMU U
BEJIMUUHBI 1}, Ny, N3 B TIJIOCKOCTH ITepeMeHHOT (, TIepeX0IuM K pacueTy eMKOCTH ITPO-
BOJIa TPAHCIIOHUPOBAHHOI Tpexasnoii uaun. Tak Kak mpu KoH(GOpMHOM 0TOOpa-
JKEHUH 00JIaCTH eMKOCTh He U3MEHSIETCsI, TO JIJIS pacuyeTa eMKOCTH TIPOBOIAa ¢ YIE€TOM
BJIUSTHUS TTPOBO/ISATIEN TIOBEPXHOCTU MCIIOJIb3yeM (hOpMYJTy, ToJydeHHnyio B § 25.5.

EMKOCTB IpoBOZIa TMHUY TIPY IPEHEOPEKEHNT BIMAHAEM ITPOBOASIIEH TTOBEPXHOCTH
2mel

rmosy4aem 1o opmyiae C = ———— .
y bopmy n(D/R)

25.4. MeToa cpegHUX NOTEHUMaNoB

BOMPOCHI

1. HpI/I 3a/laHHOM paclipeieJieHNN IJIOTHOCTU 3JIEKTPUYECKOI'O 3apA/ia Ha ITOBEPXHO-
CTU IPOBOJAIIETO TeJa €ro NoTeHINaJl MOKHO PACCUUTATD, ITOJIb3YACH BbIpaKEHUEM

1 rods .
U= o § —— nocJie yero HaiiTu eMkocTh C = ¢/ U, yuutbiBag, 4To 3apsij Tea g = §Gd$.
ned 7
g g

S

Pemrenne 3a/lavr HaXOXKAEHUA 3apd/ia TeJsa 110 €ro IMoTeHInamry (‘{TO 3a4aCTyIo IIpu-
XOOUTCA aeJiaTb Ha HpaKTI/IKe) 3HAYUTEJDbHO CJIOKHEE, TaK KaK IIPU 3TOM IIPUXOAUTCA
Ipe/IBaprUTEJIbHO OTbICKUBATDh HEM3BECTHOE PacCIIpe/ieJIEHNE IIJIOTHOCTU 3apda.

2. [TorpentHocTh MeTO/Ia CPEHUX MTOTEHITNATIOB YMEHBIITAETCS C YBETUIEHUEM JITTUHbI
poBoI0B (TIpu A = const), Tak KaK B 9TOM CJIydae paciipe/ieJieHne 3apsijia BIOJIb HUX B
1esioM OJInKe K paBHOMEPHOMY, XOTsI BOJIM3KM KOHIIOB MPOBOOB IJIOTHOCTD 3aPsi/IOB
OCTaeTCsI CYIIECTBEHHO OOJIbIIeN, YeM B MX CpPe/lHel JacTH.

3. HOFpeLHHOCTb MeTO/Zla CPEAHUX ITOTEHIIUAJIOB 3aBUCUT OT pacCIipe/ieJieHnA 3apAa/ia
Ha IMTOBEPXHOCTHU TeEJI. YEM OHO OmKe K PaBHOMEPHOMY, TEM MEHbIIE IOTPENTHOCTDb
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Mmetoza. IIpu 3amannom pacctosinuu Mesky cchepamu OTrpentHocTb BO3PACcTaeT ¢ yBe-
JMYeHNeM UX PaITyCOB, TOTAA KaK MPH 3aJJaHHbIX paanycax cep OHA yBeTUINBAETCS
C YMEHBIIIEHNEM PACCTOSTHUS MEXIY HUMU.

26.1. dneKkTpuuyeckKoe noJsie NoCTOAHHbIX TOKOB B AN3JIEKTPUKE
M B NpoBoOAsLLEN cpeae

BOIMPOCHI

3. TosHbrii 3apsi B 00bemMe AV, BbIIeIEHHOM BHYTPH TIPOBO/IA € TOCTOSTHHBIM TOKOM,
paBeH HYJIIO, TaK KaK OTPHUIATEJbHBINH 3apsiji MMEIONMXCsT B 00beMe 3JIeKTPOHOB
PaBeH IOJIOKUTETHHOMY 3apsily HEIOIBWKHBIX HOHOB. [loaTOMY BHYTpPH 1pPOBOJA C
tokoMm umeeM p = 0 u div D = 0. Ha moBepXHOCTH POBOJIa ¢ TOKOM Hapsiy ¢ Kaca-
TEJIbHON COCTABJISIIONIEH HANPSKEHHOCTH 3JIEKTPUYECKOTO TI0JIst, 00YCJIOBJIEHHOM
MPOTEKAIONUM TOKOM, UMeeTCs TaKyKe U HOpPMabHAs cocTaBigionas E,, mpeTepre-
BaroTasl Pa3pbiB BCIAEAICTBUE TOTO, YTO C BHYTPEHHEH CTOPOHBI TOBEPXHOCTH TTPOBOIA
J, =vE, = 0. [loaToMy Ha TTOBEPXHOCTHU TTPOBOJIA C TOKOM BO3HUKAET 3JEKTPUIECKU
3apsijl IJIOTHOCTBIO G = &) E, 1, ciemnoBarebHo, 0ObeMHast MJIOTHOCTD 3apsjia Ha Heil
obparmaercss B 6eCKOHEUHOCTD.

Jl1st XapakTepucTUKyU paciipeie/ieHust 3JIeKTPUUIECKOro 3apsi/ia UCIOJIb3YIOT MOHSITHE
€r0 TOBEPXHOCTHOM IIJIOTHOCTH M TIOBEPXHOCTHOM JUBEPreHITNU BEKTOPA dJIEKTpUYe-
CKOTo cMelieHus, o6o3HavaemMoil kak Div D u onpezesisieMoii Kak pasHOCTh HOPMaJib-
HBIX K TIOBEPXHOCTU COCTABJIAIONINX BEKTOPA 9JTEKTPUIECKOTO CMETIEHNS, B3ITHIX T10
ob6e ee croponsr: Div D = D,,, — D,;. CBa3b Mexxay Besmunaamu Div D u ¢ uMeet B
DivD =o.

4. B mpoBoisIIieM Teste 3JIeKTPUIECKOTO TOKA W 3JIEKTPUYECKOTO TIOJI HET, TOTOMY 1
IJIOTHOCTb 9JIEKTPUYECKOT0 3apsijia BO BceM obbeMe Tejia paBHa HyJro. OHAKO Ha ero
MMOBEPXHOCTHU PacIIpeieieH WHIYITUPOBAHHBIN 9JIEKTPUIECKUI 3aPsi/l, TOBEPXHOCTHAS
JI0THOCTH Kotoporo DivD =D,, — D,;=D,, = G.

B awasiekTpuke cBOOOAHBIE 3apsijibl OTCYTCTBYIOT U B JII0OOI TOYKe ero oObemMa Bbi-
nosisiercst cootrotienue div D = (), Torga Kak Ha TMOBEPXHOCTH MPOBOAA ¢ TOKOM
nMeeM ycaoBue Div D = ¢ (cM. 0TBeT Ha Bompoc 3).

9. Ha rpanuiie AByX cpell ¢ Pa3JiIndHbIMU YAEJbHBIMU JIEKTPUUECKUMU [TPOBOMMO-
CTSIMU Y4 U Y B cuuty ypaHenuii div J = 0, J = yE nonydaem

divyE=ydiv E+ E grad y=0, otkyza crexyet, uto div E = —(grad yE)/y #0. Tak xak
Besimunbbl grad y u div E obpaiaiorcst B 6eCKOHEYHOCTh, 9TO O3HAYAET CYIIECTBO-
BaHIe Ha IPAHMUIIE JIBYX CPEJl AJIEKTPUUECKOTO 3apsiia B GECKOHEYHO MaloM OObeMe.
B T0 ke BpeMst IJIOTHOCTD MOBEPXHOCTHOTO 3JIEKTPUUECKOTO 3apsijia Ha IPAHUILE IBYX
cpen KoHeuHa. [1m0THOCTD 3apsaa MOKHO ONpefeiuTh 1o (hopmyJie

o = Dn2 - Dnl =& Jn.

11. Ha moBepxHoCTH 2JIeKTPO/Ia MOKHO IPUHATE ycsoBue U = const, T. e. cAUTaTh ee
9KBUTIOTEHITUATBLHOM.

14. [ToBepxXHOCTH 3a3eMJIIONIETO 3JEKTPOAA MOKHO CUUTATh HKBUIOTEHIINMATHHOM,
€CJIN yZIeJTbHAS JIEKTPUYeCKasi MPOBOJIMMOCTD BENIECTBA 3a3eMJINTENS 3HAYUTETBbHO
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MPEBBITIAECT yAEAbHYIO 9JEKTPUICCKYIO TTPOBOAMUMOCTH 3eMau. Ecau 3azeManTenb
BBIIOJTHEH U3 MEJIU, TO TIPH Yyepme = 102 CM/M OTHOIIEHNE STHX BEJINYMH COCTABISET

5,7107/102 = 5,7-10° > 1.

YNPAXHEHNSA
1. DJiekTpUYeCcKUil MOTEHIMAT B OJHOPOIHOM CPeie YAOBJIETBOPSET ypaBHeHuio Jlar-
naca div grad U = 0, a B HeopHOpOAHOI cpene — ypaBhenuio div & grad U = 0.

It YpaBHEHUA COBIIa/IalOT C YPaBHEHUAMU, KOTOPbIE€ OIMNUCHIBAIOT IMOTEHI[UAJ IJIEK-
TPOCTAaTUYECKOI'O I10JIA B COOTBGTCTByIO].[ICfI cpezne.

2. [lapameTpbl JIMHWH, PACCMAaTPUBAEMOI KaK AJIEKTPUYECKAs 1eThb C paclpeiesieH-
HBIMHU BJIOJIb Hee TapaMeTPaMu 7 1 g, CyTh BOJIHOBOE CONPOTUBJICHHE JIUHUN Z = 17/ g

1 KO3(DUINEHT PaCcIIPOCTPAHEHUST Y = \/E N3 ypasuenuit (cm. T. 2, § 16.3)

Upsx = Ugx chyl = Lz shyl, I, =1, chyl = U, /zshyl pmvunOi tvHim HAXOMUM €

U..r
yaetom cootHomenust Uy, = I, 7, Boipaskenue Uy (/) = —— 21—
r.chyl + zshyl
UBX
Eciu iuHust pasoMKHYyTa, TO, IPUHUMAs 7, = oo, noaydaem Uy, (/) = —2
ch(rgl)

Jl1st HaxOKIeHUsT TTPOBOAMMOCTH g Ha €MHUILY [IJIMHBI JUHUU BOCIIOJIb3yeMCsl aHa-

JIOTHEN 9JIEKTPUYECKOTO T10JII B HEUJEATBHOM IUBJIEKTPUKE C 3JIEKTPOCTATUIECKUM

MOJIEM, JIJIsl YeT0 UCTIOJIb3yeM (hOPMYJTy JIJIsSI pacdeTa eMKOCTH, TIpuBeieHHyio B § 25.1,
C T

I 3,g=y—=7y -

el InDR

3. yLII/ITbIBaH, 4TO 9JIEKTPHUYECKOE I10Ji€ B IIJIaCTUHE O/IHOPO/IHOE, €€ COIIPOTUBJIEHUE

[

1 .
r=—=—. Tak KaK OHO He 3aBUCHT OT Pa3MePOB CTOPOH KBa/[PATHOI1 IJIACTUHBIL, TO U
ys  yd
Ul 2
—1_—2% takKe He 3aBUCHUT OT Pa3MEPOB CTOPOH ILIACTUHBI. TakuM 00pasoM,
,
mobast KBaZpaTHas IJIACTHHA OJHON U TOH e TOJIIIMHbL U YAEIbHOI 9JIeKTPUYECKOI
IIPOBO/IMMOCTH €€ MaT€puasa UMEET OJHO U TO K€ COIPOTUBJIEHUE IMOCTOAHHOMY

TOKY.

TOK 1 =

4. Bo Bcex Toukax IJIACTHUHDI, 3a MCKJIIOYEHHNEM TOYEK, JIEKAIIUX Ha ITOBEPXHOCTU
pasjiesia Cpell € pa3dJiMdHbIMU YI€JIbHBIMU 2JIEKTPUIECKUMU ITPOBOJIUMOCTAMMU, ITOTEH-
[raJjs OIMUChIBAETCA YPaBHECHUEM Jlarmaca.

oU oU
B Toukax moBepxHocTu Boipe3a A nmeeM J, = — y — = 0 u, caemgosarenbHo, — = 0.

on on

oU

C ob6enx cTOpoH TpenuHbl AB Takke MeeM yCJI0BUe n = 0, Tak KaK CKBO3b TPeIIU-
n

HY TOK TIPOTEKaTh He MOKeT. B Toukax moBepXHOCTU BbIpe3a B MOTeHInan yaoBJe-

oU oU .
TBOPSIET YCIOBUAM Y o =7 P U; = U,, Tie WHIEKCH i, € HOPMAJIX 71 03HAYAIOT, YTO
n, n

e
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oU
IIPOU3BO/IHYIO P MOTEHIINAJIA CIeyeT BBIYUCIATL CO CTOPOHBI MaTepuaja ¢ yaeb-
n
HOH NPOBOAMMOCTBIO Y U Y;; COOTBETCTBEHHO.

oU
Ha ctoponax 3, 4 macTUHBI BBITIOJTHEHO YCTIOBUE a— =0, Tak KaK MPOBOAUMOCTbH OK-
n

pyskaioriero niactTuny anasektpuka y = 0. [IpoBogmmocTs BetecTBa, MpuseraoIero

K cTOpoHaM 1, 2 IIacTuHsI v, >> ¥, B CBA3U C yeM ToTeHITran U 37IeKTPoIOB He u3Me-

HSIETCS U €T0 MOYKHO MPUHSATH OCTOSTHHBIM.

Tak Kak Ha TpaHUIIE «XOPOIIO MTPOBOJIAIIEE BEIIECTBO — MIACTUHA» TTOTEHITNAT CKay-

KOM He U3MeHSIEeTCs, TO TTOTeHITHA B TOYKaX CTOPOH 1, 2 TIIacTUHBI, TTPUMBIKAIONTIX

K asekTpozaam, nmoctosiuen: U = Uy na cropore 1 u U = U, # U; Ha cropone 2.

5. B coOTBETCTBUNM ¢ METOIOM 3JIEKTPOCTATUYECKON AHAJIOTUN JUITEKTPUKAM C TIPO-

HUTIAEMOCTSIMU €4, €, € CJIEAYET TOCTABUTH B COOTBETCTBYE TTPOBOIHUKU C YETbHBI-

MU TIPOBOJMMOCTSIMHA Yy, Yy = 8—2y1, Y= i}q. [Tnactuaam 1, 2, Kak ¥ BKpaIJIEHUIO C
€4 €y

YIeTbHOM TTPOBOIMMOCTBIO Y, COOTBETCTBYET BEIECTBO, yI€AbHAS TTPOBOJIUMOCTH KO-

TOPOTO Y, >> Y1, Yo, V-

YerpoiicTBo, aHaornyHoe n3obpaskenHoMy Ha puc. P26.1, nokasato Ha puc. P26.2.
Ye >V 12 1

e __. Bt
3} @/81<8<82 12 @/ Y1<y<712
2 Y>> Y1, 72 2
Puc. P26.1 Puc. P26.2

6. [IpoBOIUMOCTD YTEUYKH MOKHO HAWTH C TIOMOIMIBIO (opMyJibl G = Te. 3necy C —
€

€MKOCTDb MEeJK/Ly HECOOCHBIMU OXBATBhIBAIOIIUMU JPYT JAPYyTa IIUIUHAPAMU, OTIPeIeIsi-
emas 1o puBefeHHoMy B § 25.1, 1. 4 Beipaskenuio. [Ipu D — 0 umeem Ay —> o, hy —> oo,

R
u nposogumMocTth G = 2yl In —2 npunuMaer HauMmeHnbinee 3nadenue. [Ipu D — Ry — R,
1
nosyuaem G — oo, ITpu 3aanubIxX 3HaueHnax mapamerpos G = 9,9-107% Cwm.
i i
7. HanpsskeHHOCTD 2JIEKTPUYECKOTO MOJIsS B CI0sX Kabens E; = yEy=—v.
2nry,l 2nry,l
Hanpsikerre Mesky KuIoi u 000JI04KOi
Ry .
i1, R 1, R
U= IEdrz— —In—2+—In—=2
R 2nl\v, R, v, R,

Tok yTeuku He npesbimaet 3nauenns 2-10~% npu nanpsskenun U < 80,2 B.
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-

8. AMILUIUTY/IBI TOKA MIPOBOJAMMOCTH M CMEMIEHUS PABHBI [y oy = GUpay = C = Uy

m

n ICM max — © CUmax-

[Ipu yactore ® = y/& TOK CMENIEHUsI paBeH TOKY IPOBOAMMOCTH. TakuM 06Gpasom
noJsiydaeMm o = 570 1/c.

27.1. CkansipHbi NOTEHLUMaN MarHMTHOro nons

BOMPOChHI

3. CKaHHpHLIﬁ MaTrHUTHBIN HOoTEHIIMAJI CTAaHOBUTCA HEOJHO3HAYHDbIM, €CJIN ITyTb WUH-
TETPpUPOBaHUA HAIIPAKEHHOCTU MAIrHUTHOI'O I10JIAA OXBATbIBAET Z-)JIeKTpI/I‘{eCKI/Iﬁ TOK.
On 6leeT OTHO3HAYHbIM, €CJIN UCKJJIIOYUTDb TaKUeE IIyTH, T. €. €CJIN BBECTU «HEIIPOHU-
Ia€Mbl€», UJIN 3alIPETHDIE [AJIA IIEpEeCEYEHUA IIEPETOPOAKH, KOTOPbIE€ KOHTYD MHTEIPU-
POBaHUA ITEPECEKATb HE MOJKET.

9. Kak u noTeHmmas seKTpruIecKoro 1moJist, CKaJsIPHbI MATHUTHBIH TOTEHIIHA BCIO-
NIy HeTpepbIBeH, TaK KaK HAINPSIKEHHOCTh MAaTHUTHOTO TTOJIST KOHEYHA BO BCEX TOUKAX
MpocTpaHcTBa. B To jke BpeMs coCcTaBJISIIONINE BEKTOPA HANPSKEHHOCTH MAarHUTHOTO
MOJISI MOTYT U3MEHSITBCS CKAYKOM, T. €. TIPETEPIIeBATh PA3PbIB, HAPUMED TIPH TIEPEXO0-
Jle yepe3 CJION TOoKa.

6. Ymporenue 3aKkai04aeTcss B TOM, YTO pacdeT BUXPEBON cocrasisionieit H, mos,
Y/IOBJIETBOPSIONIEN e/IMHCTBEHHOMY ypaBHeHUIo rot H,, = J, 3HaYMTeJbHO MPOIIE, YeM
pacueT ruckoMoro 1oJist H, Tak Kak 1Ipyu 9TOM MOKHO He peraTh AuddepeHnaabHbIX
ypaBHeHnil. OCHOBHBIE BBIYUCIECHUS TTPU HAXOKIEHIN MCKOMOTO TI0JI HATPSKEHHO-
croio H cBsizanbl ¢ penienneM ckansipHoro ypasaenus div p grad U, = div uH,, Torna
KaK B JIDYTUX CJAYYasdX TMPUXOJIUTCS PEIIaTh HE CKAISIPHOE, a BEKTOPHOE YpaBHEHUE,
YTO BHAYUTENTHHO CIOKHEE.

7. MarHuTHBIN 3apsi m MOKEM BBECTU IO aHAJIOTUU C 3JEKTPUUECKUM 3apsIoM ¢,
OTIPENIeNITIONTUM TTOTOK BEKTOPA 3JIEKTPUYECKOTO CMEIIEHUST: M = E{SMHB ds. Maruut-

s

HBIIT 3apsiji IMeeT, KaK BUHO, pasMepHOCTh BO, U, cireoBaTeIbHO, Pa3MEPHOCTD €T0
00beMHOIT, TOBEPXHOCTHOI 1 JMHeiiHoi ImoTHOCTeit B6,/M%, B6,/M?, B6/M.

11. B ciryuae omHOPOIHOM GE3TpaHIYHOI CPE/Ibl UMEeeM BO BCEM MTPOCTPAHCTBE YCJIO-
sue div H, = 0, o3Havaio1iiee, YT0 MarHUTHbIE 3aPsi/Ibl OTCYTCTBYIOT U, CJIEZI0OBATEIBHO,
H, = H. Onako B HEOZHOPOAHOM cpeje BeanuunHa p,, = — div uH, oTJMyHa OT HyJIs,
Tak Kak p, = —u div H, — grad p H, # 0 B Toukax, rue grad u # 0.

YMPAXHEHUA

1. OmnucpiBaeMoe CKaJISIPHBIM TIOTEHITHAJIOM TI0JIe Beera 6e3BUXPeBOe, YIOBIETBO-
psiotiiee ToxkaectBy rot grad U, = 0. Ecam rot grad U,, # 0, To 1oJie He SABJISI€TCST 110-
TEHI[MAJTBLHBIM U He MOKeT onuchiBaThest pyukimeit U, (x, y, z). Hanpumep nist Bapu-
anra a umeem: grad U, = f= 2aUxi + 2bUyj, rot f= 0, u, ciieqoBaTeIbHO, CKaISIPHBIT
MarHUTHBIN MMOTEHIINAT MOKeT onuchiBaThes dhynkiueit U, = ax® + byz.
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. 10 oB 10 B,a .
2. Ucnonnsys yeaosue div B==— (rB,) + —= = 0, maxoqum: — — (rB,) = — —>=sin az,
ror 0z ror 2
B,a .
OTKyJIa ioJydaeM B, = — —2 7 sin az. MOKHO TIOKa3aTh, YTO 9TO PelleHne He eMHCT-

BEHHOE.

3. JlomycTnM, 4TO CyMMa 3KBUBAJIEHTHBIX TOKY (DUKTUBHBIX MarHUTHBIX 3aPSIOB,
PACIOJIOKEHHBIX B KOHEYHOM 00beme V, He paBna Hy.mio. Torma nHrerpat {) pgrad U, ds
N

10 TIOBEPXHOCTH, OXBAThIBAOIIEH 00beM V, OTJMUYEH OT HyJisl, YTO TPOTHBOPEUUT
[IPUHIMILY HEIIPEPbIBHOCTH MAarHUTHOIO IIOTOKA i;B ds = § wH ds =0.

S N

oH
4. Cootrormienne rot H, = J 3amminemM B IPSIMOYTOJILHOM crcTeMe KOOPAWHAT 3 Y-

X
oH BA

5 =J,, OTKya ¢ yuetom ponymenust Hy, = 0 naxoaum H,, = J J,dx + f(y, 2).
” :

5. lombaysce peutennem yup. 4, sanumem Hy, B Buje

0 mpn x < 0,
L mpu 0 <x<a 0<y<h,
. ah
Hsy(xly)=J‘]zdx= % npu a<x<D-a 0<y<h,
0

ih(D—x) mpu D—a<x<D, 0<y<h,
a

0 mpu x > D.
o om = HoHyy >0
Tak kak —~ = ( BCIOAY, 32 UCKJIIOYeHUeM JUHUH y = 0, )
%Y ! . .

: 1 1 : 1
0<x<Dwuy=h,0<x<D,rne pyHKims H,, wamenserca oo Do
ckaukoM, To div py H, = —p, = 0. Ha yka3aHHbBIX JTMHUAX a a1
nMeeM p,, = T 00, OJIHAKO IMOBEPXHOCTHAA IJIOTHOCTb Mar- 0 )

HUTHBIX 3aPsII0B G = * poH,, # o (puc. P27.1). G = —toHyy <0

27.2. BeKTOpHbIA NOTEHUMaNn MarHUTHOIO noss Puc. P27.1

BOMPOCHI

2. Pemenue ypasnenus Ilyaccona s cocrapisiomux A, A, A, BEKTOPHOIO MarHuT-
HOTO NOTEHIMA/Ia MoKasblBaeT, uTo 1pu J, = 0, J, = 0 monyvaem A, = 0, A, = 0, Tak 4To
npu J = kJ, OH UMeeT eANHCTBEHHYIO COCTAaBIIONY0 A = RA,. MaraurHoe 1moJe SBJsi-

eTCsl IJIOCKOTIAPAJIIeIbHBIM 1 00€ COCTaB/IAIONINe MarHUTHON uHyKinn B,, B, Mox-
. 0A 0A ‘
HO HAWTH, TTOJIb3YsICh BhIpaskeHnneM B = rot A: B, = a—z, B, = 5 =
) x




324 Otserbl Ha BONPOCHI, PELIEHNs YPaXKHEHWI 1 3aa4

[Tpu nasmany BOJIM3M POBOJIA Tela KOHEYHBIX PA3MEPOB ¢ MATHUTHON MPOHUIIAEMO-
CTBIO [ # |4y MATHUTHOE TI0JIe CTAHOBUTCS TPEXMEPHBIM, TaK KaK BO3HUKAET COCTaB-
Jstioniast B, MaruHuTHON nHAYKIuu. Ecim Obl B 3TUX YCIOBUSX BEKTOPHBII MArHUT-
HbBIIl TOTEHIMAT COXPAHUJ €IUHCTBEHHYIO COCTABJAIONYI0 A, TO MOJydnsin Obl
Ay an

P _E = 0, yTo HeepHO. [loaToMy umCIO cocTaBisIO-

BHOBb COOTHOIIIEHHE Bz =

X BEKTOPHOTO MAaroHuTHOI'O IMOTEHI[MAJa HE MOKET 6bITb MeHee IBYX.

3. BexkTOpHbBINT MArHUTHBIN MOTEHIIUAJ UMEET eJIMHCTBEHHYIO cocTaBJsonyio A, # 0,
ecJu 11oJie IockoMepuauannoe. [Ipu atom B, # 0, B, = 0, B, # 0. MarauTHoe 1oJjie oc-
TAeTCs TAK)Ke IMJIOCKOMEPHUIMAHHBIM, KOT/IA TEJIO C MATHUTHOM IPOHUIIAEMOCTHIO L,
BHOCUMOE B TI0JI€, SIBJISIETCSI TEJIOM BpAIeHUs BOKPYT ocu z. Ecim MarauTHOE 110J1€
CTAaHOBUTCS TPEXMEPHBIM, TEPSISi CBONCTBO TJIOCKOMEPU/IMAHHOCTHU, UTO IPOUCXO/IUT,
HAINPUMeEp, KOT/a TeJIO ¢ MPOHUIIAEMOCTBIO | He SIBJISIETCS TEJIOM BPAIEHUsI, TO BO3-
HUKAeT COCTABJIAIONIAS MATHUTHOW WHAYKIIUM B, W TOJe He MOXET OIMCHIBATHCS
eIMHCTBEHHOM CcOCTaBsIoNel A, moTeHmaa.

B o6iemM ciyyae moTeHIMas MMeeT BCe TPU HEHyJeBble coctasisionme A, A, A,,
XOTS TIOTHOCTDb TOKA MOKET UMETb IIPU 3TOM €IMHCTBEHHYIO OTJIUYHYIO OT HYJIS CO-
CTABJIAIONIYIO J,,.

7. 3ammchiBas Beipaskenue B = rot A B IpsAMOYTOIBHON cicTeMe KOOPAUHAT W PACCUH-
ThIBas cocTapiasgiomue B,, B,, B, maruutHo#l muaykunu, naxoaum B, = 0, B, = 0,
B,=const <0 mpuy > 0wu B,=const >0 npuy <0, T. e. MATHUTHOE TTOJIE OAHOPOJIHO
npu y > 0 u ipu y < (. Takoe moJsie MOJKET CO3/1aBATHCS AJIEKTPUUECKIM TOKOM, pac-
Mpe/ieJIeHHBIM Ha TIocKocTH iy = 0 ¢ MOCTOSIHHOWM IIJIOTHOCTBIO j = —ij, = const.

YMPAXHEHUA

3. [loTeHnuan MI0CKOTAPAIETbHOTO 3JEKTPOCTATIYECKOTO MO TTPOTIOPIINOHATIEH
dyskimn In 7, rae 7 — paccTosiHUE OT TOYKH PACIIONOKEHNST HCTOYHKKA MOJIS 10 TOY-
KU OTpesieJieHns MMoTeHIInata. YIuThIBas aHajaoruio ypaBuenuii Ilyaccona
10 raU+1aZU_p 10 r6A+162A
- - =-F e I I -
ror\ or r* oo ? € ror\ or r? oo ?

—-uJ

(ypaBHEHMS 3anMCaHbl B TIOJIAPHON CHCTEMe KOOPAWHAT ), OTTUCHIBAIONTUX TTOTEHITHA-
ab1 U A, MOKHO onpesiesints, 9to A = In 7.

4. BeKTOpHBINI MATHUTHBIN TTOTEHITHAT yAOBJETBOPSET BHYTPU U BHE TIPOBOJIA yPaB-

HeHI/IHMid( dAJ=—p0 ! 0<r<R; 1dd[T’dAj=0,7’2R,I/IMeIOIL[I/IMpeHIeHI/IHI
b1

r— y
rdr\ dr R? rdr r

Mol dA Mol C
A@r) = - P+ Cilnr+ Cy B(r) =-22 = r——Lupu0<r<Ru
(r) iR 1 2 B(7) & 9nR’ ; p

A(ry=CsInr+ C4, B(r) = G mpu ¥ > R.
r
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[lng HaxoskIeHusT BXOAIINX B pelieHus mocTosTHHBIX Cy, Cy, C3, C4 UCTIONB3YEM CJIe-

nytomiue ycaosud. Tak xkak npu » = 0 umeem B = 0, o Cy = 0. [Ipu » = R maraut-
C
Had MHAYKINA He MOXKET UMETh Pa3phiBa, YTO IPUBOIUT K YCIOBUIO u—o = ——2 or-
2R R
i i
Kyaa mojydaeM Cs = — ;—0 [Toreniman A mipu 7 = R TakKe HelpepbIBEH: —Z—O + Cy=
T e

i
= —Z—O In R + C,. Opna us nocrosuubix (Cy win C;) MOKET UMETh IIPOM3BOJIBHOE KO-
n

HEYHOe 3HAaueHUe, TaK KaK M3MEHEHWe BEKTOPHOTO MarHUTHOTO MOTEHIMAla Ha I10-
CTOSTHHYIO He OKa3bIBaeT BIMSHIS HA MarHUTHYI0 HHAYKImio. [Ipunnmas C; = 0, 1o-

aydaeM Cy = — —— (ln R - 0,5) 1 OKOHYATEIBHO MOKeM Hamucarb A(r) = — Ho! 5 RalllaVig
27‘C 4R
“0(1 R-05), B0 =2 ou0<r< R A = — Rl ln B Bol oy s R
TcR 2n 2nr
5. [MomecTnM HaYamoO TPSMOYTOTHHON CUCTEMBI KOOPAWHAT B i y —i
Touke Ha paccrostiuu 0,5d ot oceii npoBonos (puc. P27.2). J;x
[ToTennman BHE HpOBOlIOB B TOUKAX OCU X PaBeH d
Puc. P27.2

A, ——MO ln‘x+05d‘ ln‘x 05d‘+C

[TocTosinuyio C npuHUMaeM paBHOI HYJIO, Tak Kak npu x = 0 nmeem A = 0.

. . A
6. BexTopHbIil MATHUTHBII MOTEHIIAN YAOBIETBOPSIET YPABHEHIIO — - = — Lo J(Y),
%, 0<y<0,5h,
e J@) =4,
——l, 0,5h< y< h.
dh
dA Wi
WuTerpupys ypaBHenue, noaydaem B, (y) = T = - T npu 0 <y < 0,54 u
Y

B(y) = 22/21@ - O»Sh) + C, ipu 0,54 < y < h.

[Hoctosiunbie Cy, C, MHTErpUPOBAHUSA OonpenesisgeM u3 ycaoBus B, =0 npu y = 0 u yc-
i
JIOBUST HellpepsiBHOCTH Besmuntbl B, ipu y = 0,50: C; =0, Cy = — Hol

d

dh

WuterpupoBanue pyrkinu B (y) = ZA MIPUBOJUT K BhIpakeHUIM A(y) = — Lolyz +C
Y

mpu 0 <y < 0,54 u A(y) = L;,—;Z(y —0,5h)% - %‘ﬂy + Cymipu 0,58 <y < h.
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YcsioBue HempepbIBHOCTU BEKTOPHOTO MAarHUTHO- 71| B
-3
ro norextmaa npu y = 0,54 nossossier monyuurp: 10
; y
ih
C;=C+ ”07 0 5 10 cm
4d SN g
\\ 4
Kpusbie saucumocreii B(y), A(y) (npunsito C=0) 2 \\ P 4
mokasanbl Ha puc. P27.3. B
7. TIpu cUMMETPIYHOM PACIIONOKEHUH TOKOB +i m —i 4
OTHOCUTEJIBHO TIockocTu X = () MaruutHoe mnosie 6
TaK)Ke CUMMETPUYHO OTHOCUTEIBHO ATOM ILIOCKO- lfgf;d 4
CTH, TaK YTO OCb Y COBIAJIA€T C OJHOMN U3 JTUHUI
MarHuTHOM MHAYKIMU. Tak Kak Ha IJIOCKOCTHU 0 [t —
oA ~ 5 10 cm
x =0 numeem B, = — = 0, TO BEKTOPHBIII MaTHUT- - \\
6y -10 \\
HBIU TIOTEHIIMA Ha Hell MPUHUMAET MOCTOSHHOE,  —15 S~
T ——
paBHOE HYJIIO 3HAYEHUE. 220
[Ipu oxHOHATIPABIEHHBIX TOKAX TPOBOJIOB IOJY- Puc. P27.3
yaeMm B, = 0 nipu x = 0 u, crenoBaTenbHo, . =0,
X

T. €. BGKTOprIfI MarHUTHBIN TMOoTeHIIna IIPUHUMAET Ha OCH Y IKCTPEMAJIbHOE 3HA4Y€-

Hue. Tak xak Ha TockocT X = 0 mMeem B, = Z—A # 0, T0 A =A(y) # const.
Y

8. BexTopHBIl MArHUTHBIN MOTEHTINAI YAOBJIETBOPseT ypaBHeHwio [lyaccona B Toukax

rdr\ " dr

B TOYKaX BHE TOKOB 1Ipu Ry <7 < Ry, ¥ > Ry. [Ipu unTerpupoBannu ypaBHEHUN B KaxK-
J10ii U3 06JIacTel CIIeyeT ONPEAeTUTh MO 2 MOCTOSHHBIX, TaK YTO /IS HAXOKAeHUsT 8
HOCTOSHHBIX (BCero umeeM 4 obacti) HEOOXOAMMO UCIIOIb30BaTh 8 ycaoBuil. M-
TerpupOBaHUe YPABHEHUI IPUBOJIUT K BbIPASKEHUSIM:

obmactb 1: 0 <r< Ry, A= - 025p,Jir> + C; Inv + C,,
obnactb 2: Ry <r< Ry, Ay=CyInr+ Cy,

obmactb 3: Ry <7< Ry Ay =— 0,25y Jyr? + Cs Inr + Cg,
obmactb 4: 7> Ry, Ay = C; In r + Cg.

sl 1 obomouku mpu 0 <7 < Ry, Ry <7 < Ry u ypaBuenuio Jlamiaca 1d(r dA ] -0

B cuuy paBeHCTBa TOKOB KHJIbI U 000JIOUKK W MTPOTHBOIIOJIOKHOTO WX HAIIPABJICHUSI
nMeeM B = 0 ipu » > R3 1, cienoBarenbHo, C; = 0. [loctosanyto C; HaX0auM U3 yCJI0-

A

BuUs B, = —aa—A #zoompur=0: 86—1 =—0,5uJyr+ Cpt, Cy = 0. Hocroanusie Cy, Cs, Cy,
r r

Cs, Cg, Cg 1I0TyqaeM, UCIIOJIB3YsI YCJAOBUSI HENIPEPBIBHOCTU MMOTeHIMANa (TPU YCJIO-

BUST) ¥ €r0 HOPMaJIbHOW MTPOM3BOAHO (TPU YCIOBHUS) B TOUKAX Ha TPaHUIax obJac-
Teit 1u2,2u3,3u4:

4,

r=R = A2 r:R17 A2 r=Ry Aa r:RQ7 AS r=Rs3 4 r:RS’
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oA, _0A,] oA, 0A,] 0As| oA,
or Cor or Coor Coor Cor

r=R r=R r=Ry r=Ry r=Ry =Ry

Tak kak B Kaxkoe u3 BoIpaskeHUl A((r), Ay(7), As(r), A4(r) BXOAAT He Bce MOCTOSTH-
HbIE, MoJIyYaeMast IPU HaXOKJIEHUHU MOCTOSTHHBIX CHCTeMa aireOpanyecKux ypaBHe-
HUIT UMeeT PeIKO 3ar0JHEHHY 0 MaTpUIly Koa(hdUIMEHTOB, 4TO 00JIeryaeT pereHue.
[Tocne mopcTaHOBKY 33JJaHHBIX B YCJIOBUU 3a/[aUl YNCTEHHBIX 3HAYEHUN W PelleHus
YpaBHEHUH MOKeM HAWTU 3HAYeHUS BEKTOPHOTO MAarHUTHOTO MOTEHINAJIA BO BCEX

0A

00TacTAX M MAaTHUTHYIO WHAYKIIAIO C TIOMOTIBIO COOTHOIIEHUsT B = o
r
10. /Insg pacueTa MAarHUTHOTO TIOTOKA BOCIIONb3yeMCs BbIpakeHnem O = ﬁAdl =
[
= §>Acosoc dl. B Toukax nsobpaskeHHBIX Ha puc. B27.3 KoHTYpoB BekTOp A mapasie-
/

JIeH BEKTOPY IIOTHOCTH TOKa J, Toraa Kak BekTop dl onpepensiercss reoMeTpreil KoH-

Typa M HampasjeHueM ero o6xona. B o6oux BapuaHTax a, 6 3aja4u COCTOSAIINN U3

IPSMOJIMHERHBIX OTPE3KOB KOHTYDP CjeAyeT pa3OuTh Ha YYaCTKH, 3alliChIBass WH-

Terpan §A dl xax cymmy umHTerpanoB no ydactkam. /s Bapmanta a umeem: ® =
1

2 3 4 1
= J.A12 coso, dl, + J.A23 cosou, dl, +JA34 coso ,dl, + J.A41 cosa, dl, =1(Ajy — Asy).
1 2 3 4

OTM?TI/IM, gTo oy = 0, Oy =T, Oy = O3 = — 0,57. HpHIﬁHM&H BO BHUMaHue, 9TO Ay =
Bl Lo Ay =Ml Ly ¢ omyuaen @ = Boli b2y 14077 Bs,
2n  a 2n b 2n a

B yCJI0BUAX BapUaHTa 6 MOXKEM 3aICcaTh:
-1

-1 b-a J
r,
\/12+(b—a)2 \/12+(b—a)2
2 2
_71’0‘3=E,cosa3:0,dl2:wdx
I*+(b-a)’ 2 b—a
Mol

YuureiBas, uto Ap = =2 In 1y C, Ays(r) = — Mol 1 + C, HaXOIM
2n  a 2n

b
® = Al +[ Ay (1)

Tak Kak oy =0, cos o,y =1,cosa , =

_ R b gy~ 062107 Bo,
2n(b-a) a

11. Tak Kak KOHTYPBI PACIOJIOKEHBI BO B3AMMHO MEPIEHANKYJISIPHBIX ILIIOCKOCTIX, TO
B TOYKaX KOHTypa HaIllPaBJIeHUsI BEKTOPOB dl 11 BEKTOPHOTO MOTEHIINAA, CO3/[aBAEMO-
TO TOKOM JIPYTOTO TIPOBO/IA, OpToToHANBHEI. [Toatomy WP, = 0.

Lollnh (dy +h)* +d}

2 (dy + hyJd? +h?

12. Tax xkax M = Y2 = i§> A dl, nomyqaem: M = .l(Az —Ay)=
oLy L
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14. JIunuu MaTHUTHON MHIYKITNN B BO3IyXe TIOAXOIAT TIO/ TIPSIMBIM YTJIOM K TTIOBEPXHO-
cTH Tesia ¢ GeCKOHeYHO OOJIBIIOI MArHUTHON IPOHUIAeMOCThIO. [T09TOMY CKaNSPHBII
MarHUTHBIN MTOTEHIIMAJ] UMeeT Ha MOBEPXHOCTHU MOCTOSHHOE 3HAYCHUE, YTO CJIEJyeT

oU, 0
U3 yCJIOBUS p =0. U3 ycroBus B; = 0 Ha TOBEPXHOCTH TeJIa BHITEKAET, UTO a— =0.
t n

Ha moBepxHOCTH Tesa, BEMECTBO KOTOPOTO XapaKTepu3yeTcs 3HaueHuaMu = 0, y = oo,
umeeM B, =0, B, # 0, 4T0 1103B0OJIsIET, UCTIOAB3Yst cooTHommenust H = —grad U,,, B=rot A,

oU
3aIicaTh BBIPAKEHUST 5 Y =(, A = const.
n

FpaHMqule 3HaYCHUA ITOTEHIIMAJIOB M MX HOPMAJIbHBIX ITPOM3BOAHBIX Ha ITOBEPXHO-
CTH TeJl C njacaJbHbIMU CBOIiCTBAMU CB€/ICHELI B Ta6.HI/H_[yZ

U, oA

CoiicTBa BerecTBa Uy A et} ol

on on

p=ooy=0 const fxy) fxy) 0
p=0y=00 J(xy) const 0 J(xy)

27.3. KoMnieKcHbI MarHUTHbINU NOTEeHLUMan

BOMPOChHI

19. /leficTBUTENBHO, HA JABUXKYITUECS B TIPOBOHUKE 3JICKTPOHBI JICHCTBYET CHUJIA CO
CTOPOHBI MAarHUTHOTO IOJISI COCETHUX TOKOB, TaK YTO TOK JIOJKEH TOJ| JefiCTBUEM
9TOII CUJIBI B OOIIIEM CJIydae rmepepactpeneasitbesi. VIsMeHeHUIO MII0THOCTH TOKa Mpe-
MSTCTBYIOT CUJIbl B3AUMOJICHCTBUSI MEK/LY JIEKTPOHAMU, B CBSI3U C Y€M B IIPOBOJIHU-
KaX 9TOT 2 PeKT MPOIBIIETCI HE3HAUUTETBHO.

21. Tak Kak JUHWAN HANPSSKEHHOCTH MAarHWTHOTO TIOJIST TTAPAJUIEIbHBI OCH I, TO MO-
skeM namucarb H = jH,, nppyeM npu cryienuy JMHUI B HallpaBJIeHuU OCH X TOJTyYa-
em H =jH,(x). Beraucaas npoeknun sekropa rot H na ocu x, y, z, naxoaum rot, H =0,

rot, H=0, rot, H= 3 Y # (), Ha OCHOBAHUM Y€T0 JIeIAeM 3aKIIOUEHNE, YTO CTYIIEHNE
x

JINHUI HATIPSPKEHHOCTU MAarHUTHOTO TIOJIS B HATIPABJIEHUN OCH X BO3MOXKHO JIMIIDb B

00J1aCTH € TOKOM, TJIOTHOCTb KOTOpOTo J = J, # 0.

YMNPAXHEHUS

1. U3 Beipaxkenus © = E{; A dl cienyet, 9TO B IJIOCKOIIAPAJIEIbBHOM MarHUTHOM T10JIE
/

MarHUTHBIN TIOTOK MOKHO paccyuTaTh 1o opmye ® = (A, — Ay)/, e Ay, A; — Bexk-

TOPHBIN MAarHUTHBIN TTOTEHITMAT HA CTOPOHAaX KOHTypa. Tak kak A = uV,, + C, To noy-

gaeM @ = pl(Vyo — Vi) = 4n-107° B6.

2. CoBMECTUM ILJIOCKOCTD X = () ¢ TOBEPXHOCTHIO pa3fiesia cpell ¢ Pa3TUIHBIMU Mar-

HUTHBIMU TIPOHUTIAEMOCTAMU: | = Wy pu x < 0 u p = py mpu x > 0. Ipanuunbie ycio-
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BUSI HEIPEPLIBHOCTH KacaTeJIbHBIX COCTABJISIOMMX HAMPSIKEHHOCTH MArHUTHOTO
nons Hy = Hyy sanmmem B Buge jH, + kH, = JH, + kH,, i, y9uThIBast COOTHOIIIEHUSI

1(0A, 0A, 1(0A, 0A,
" _[ - 1} H,y=—| 2% -=—

vyt =

n,\ oz ox pl ox oy
MOTYIUM
i aAm _ aAz1 _ i anz _ aAzZ i aAyl _aAm _ i aAyZ _ anz
n,\ oz ox pn,\ 0z ox ) p\ ox oy n, | ox oy

Ipannunoe ycnoBue B, = B, 3anucbiBaeM B Bujie B, = B, niu

aAzl aAw aAzZ 6Ay2

oy 0z oy 0z

Jlist Toro, uTOObI BBIPAa3uTh rpanuyHblie yeaosus Hy = Hyy, B, = B, uepes3 CKaJIsipHBbIii
MaTHUTHBIN MoTeHIraI, yureM cootnomienne H = —grad U, n moxyunm:

oU

Ml

al]M2 aUM1 6(]MZ aUMl a(]1\[2
=— —_— = 1 =H, :
ox

oy dy 0z oz ox

W3 nepBbIX JIBYX COOTHOIIIEHUH, CBA3BIBAIONIMX TPOU3BOJHBIC CKAJISAPHOTO MArHUT-
HOT'O TIOTEHIIMAJA 110 KacaTeJbHbIM HAllPaBJIEHUAM K TOBEPXHOCTU pasjiesa Cpell, ce-
nyet, uto Uy = Uy, T. €. CKaJISPHBIN MAarHUTHBIN MOTEHIMAJ HeTIPePbIBEH Ha MTOBEPX-
HOCTHU pazjiesia cpejl ¢ pa3jinyHbIMU MAarHUTHBIMU CBOMCTBAMU.

CkansapHbIil MAaTHUTHBIN MMOTEHIHAJ, KaK W €ro KacaTeJbHasl K TOBEPXHOCTH Pasjiesia
cpen TPOU3BOHAS, HETPEPhIBEH HE TOJIBKO B CIy4ae MJIOCKUX, HO W HETIOCKUX I0-
BEPXHOCTET.

3. MarHuTHBII TIOTOK CKBO3b ceueHre TPYyOKH, JiesKalleil BHe TIPOBO/IA 1 OTPaHUYEH-

. il 7
HOU JIMHUSIMU PAIUYCOB 74 1, 73, PaBeH ADy = (Apq — Ap) [ = M1 B Bemunna AD,,
27 7,
7 o
MIMeeT OJIHO U TO ke 3HaueHue npu aobom k, ecimn —L = const. MarHuTHBIH T0TOK
7,
%

CKBO3b cedeHue Jio6oil TpyOKn BHYTpH poBoja ADy, = (A — Ap)l = —4:;22(7,631 1)

COXpaHSIET TIOCTOSIHHOE 3HAYEHWE, €CJIN €€ PAJNYChl YZOBIETBOPSIIOT COOTHOIIEHNTO
2 2
7,y — 1, = const.
4. Vcronb3ys MeTO/ HaloXKeHUs, HaXOAUM
i z-b
1

1 i
=-—1 -b)+ —1 +bh)+ C==—-——
5 21 n(z ) 2n n( ) 2n nz+b

+ C.
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Hnsa pacdera cocrapuaomux H,, H, HaIpsSKEHHOCTHM MAarHUTHOTO IIOJIS HAXOAUM

BEJINYNHY cdz’(; = 68VM +jaaUM =-H,—jH, n nonyyaem B Toukax ocu x: H, =0, H, =
z X X

_1 b . 48 A " B TOYKAX OCH Y:
nx’ b x-002M™ '

Bt b e 48 Ay,
Ty +b y-+0,02 ™
9. IIpousBoHAs KOMILITEKCHOTO MOTEHIIMANA PaBHA
£=£=6VM +].0UM =_H1/ _]H
dz dx ox ox :
s naxoxaenus sennunnsl H, + jH, obe 9acTi mOCIeHETo paBeHcTBa ClenyeT yM-
N *

X

. . . d .
HOXUTD HA j U HAUTU COMPSIKEHHYI0 KOMILIEKCHYIO BeJIMYUHY: ( j G H, +jH,
dz

6. B rurockomnapasielbHOM MarHUTHOM ITOJIe MAarHUTHBIN ITOTOK CKBO3b ILIONIAJIKY
JUIMHOM [ MOKHO ONpeesInTh 110 3HaueHuio QYHKINKA HoToka Kak @ = py AV, =
= u(Vyy, — Vil tue Vo, Vi, — dyHKIM 110TOKA Ha cToponax 2 u 1 miomanku. Pac-
il,
cunTaB GYHKIMIO TOTOKA U3 Bhipaxkenus V,, = ——Inr + C, naxogum ® = —, — In -2,
2n 2n n
[omyaaem ipu yeaoBusix: a) r,=r, n®=0,6)ry=1,,=2u®=-277-10"/B6, 6) r, =2,
=232 u @ =-1,39-10 3/ BG.
7. O6o3HaunM vepe3 R,, R. CONPOTUBJIEHUST HA €[MHUILY [JIMHBI aTFOMUHIEBOI 000-

JIOUKH U CTAJIBHOI cep/illeBUHBI TPOBOIa. Tak Kak TOK MPOBOIA PACIIPEEISIeTCS MEXK-
1y 000JIOUKOI U CepAIeBUHOI 00paTHO TPOMOPIIMOHAIBHO UX CONPOTHBIECHUSIM, TO

iR . _ iR,
R.+R,° R,+R,

Jlnst gucsieHHbIX yeqoBuil 3aaun nosaydaem: R./R, = 10,5, i, = 18,26 A, i, = 1,74 A.

13 COOTHOIIEHUN i R, = i,R,, i, + i, = 1 HAXOANM i, =
MarnuTHOe 1oJie BHe ITPOBOJIa TAKOe JKe, KaK U MoJie TUHEIHOTO TOKA, TPOTEKAIOIIEr0
. i
B/IOJIb OCHU TTPOBOJA. [109TOMY KOMILTEKCHBIH TIoTeHIMan paBen ((z) = o Inz+ C.
T

.
Buytpu nipoBoza dyukimio V, = —_[ H (7) dr naxozum, 3anuchiBast HaIPsIZKEHHOCTD Mar-
0

. 2 2
L + Ja TC(?" —T. )
wr? 2nr 2nr

C

rae J, =i, [(n(r —12)):

i.r
HuTtHOro onst H(r) = —<—napu 0<r<r,u H(r) = npu 7. <r<r,

2

17
Vi=———+Cupu0<r<r,
4mr,
. 2 2
1. 1, r J [r =71 r
VM:—4—L—2—L n—— 2“ T‘—rfln— +Crpur, <r<r,
T 2n 71 r

C C
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P
o

R2

8. 13 Beipaxkenus V,, = —i + C (em. § 27.11) caenyert, uto V= Cyipu 1y =0 u

i .
Vi = i + Cy npu 1y = R, T. €. HA KOHTYpE CeYeHUsI TPOBO/IA. MarHUTHBII MTOTOK
T

ui
BHYTPH ITPOBOJIA HA eIUHUILY JUTMHBI cocTaBiisieT O = i B6.
Iy

BryTpenHee moTOKOCIETIEHHE TTPOBO/IA HA €WHUILY JJUHDI, B TO JK€ BPEMS, PABHO
i
pr = M (em. 1. 1, § 3.5).
8n

Bemmuumsr @ n W ne COBIIQ1alOT, TaK KaK IIPU BbIYMCJIEHUN TIOTOKA HE YUUTBIBAETCA
TO 06CTOHT€JIBCTBO, YTO JIMHUU MAarHUTHON WHAYKIIMU BHYTPU IIPOBOJa OXBAaTbIBAIOT
pa3jindHbi€ TOKHU. TaknMm 06pa30M, IOHATHA TIOTOKA U ITIOTOKOCHEIJIEHWA PA3JINYHDI,
XOTA B HEKOTOPDBIX C/IydasdX OHW COBIIA/lAIOT.

3

9. N3o6pasum Ha puc. P27.4 ceyeHus poBOJIOB 1 OT- w - 3
pe3ok AB. O603HAUMB PACCTOSHIS OT TIEHTPOB Ceve- ,@ r '_ﬁ A
HUI IIPOBOJIOB 110 TOueK A, B uepes ry, 1y, 17, 75, MOXKEM D )
3amnmcarb Puc. P27.4
Pap _ Mol T2 Mol T _ Holp Tl
[ 2, 2n 1 2m  nn,

YuuteiBad, uto 7y = R, 75 =D — R, 1{ = D — R, r, = R, Haxoqum

D, =H—°ilnD_R
[ T

=2,27-107 B6/m.

27.4. MeTtop 3epKasibHbIX U306paxxeHni
BOMPOCHI

5. [Ipu onpenenennn KoHdurypamnuu n300paskeHHBIX TIPOBOIOB C TOKAMI, a TAKKe
HATIPaBJEHWIT TOKOB CIeyeT UCXOAUTD U3 TOTO, YTO B OJHOPOJIHOM Cpefie Ha TTOBEPX-
HOCTSIX, KOTOPbBIE SIBJISLIMCH TOBEPXHOCTSIMA HAaMarHWYEHHBIX TeJl, JOJIKHA COXpa-
HUTHCS Tol ke pyrrnusa U, (x, y, z).

[ToaTomy st coxpatenust yeiaoBusi Uy, = const Ha TOBEPXHOCTH M300PasKeHHbII TOK
JIOJDKEH TTPOTeKaTh TaKKe 110 U30THYTOMY Toj yriioM 90 rpazycoB IpOBOY, IpuYeM
HarpaBJeHNe TOKA B HEM JOJIKHO ObITh TaKMM JKe, KaK M JefCTBUTEIBHOTO TOKA.
Ecau onna U3 cTOPOH M30THYTOTO MPOBOIA TIEPIIEHANKYISPHA K TOBEPXHOCTH TeJIa,
TO OJIHA U3 CTOPOH M300PAKEHHOTO TPOBOJIA TAK/Ke JOJUKHA OBITH TEPIEHANKY-
JISIPHOM K 9TOH ITOBEPXHOCTU.

Ecuu B 06111eM Ciydae KOHTYP € TOKOM, PACIIOJIOKEHHBIN Ha/l MJIOCKON TOBEPXHOCTHIO
HAMarHUYEHHOTO TeJla, UMEET MPOM3BOJBHYIO (hOPMY, TO KOHTYDP HM300pPaskeHHOTO
TOKa JI0JKEH OBITh 3€PKAJbHBIM M300paskeHNeM 3alaHHOTO KOHTYPA.

6. MaruutHoe 110JI€e KPpYyroBOTrO KOHTYPa C TOKOM, OXBAaTbIBAalOIINUM COOCHBIM ¢ HUM
MarHUTHBIN IWJIMH/P, ABJIAETCA IIJIOCKOMEPUAMNAHHBIM, IIpPUYEM JIMHUN MarHUTHON
WHAYKIUN TOAXOAAT K IIOBEPXHOCTU NMUJIMHAPA 10/ IIPAMbBIM YTJIOM. yLII/ITbIBaH, 4qTo
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IocJy€ YCTpaHeHUA IMMUJINH/IPA IT0J1€ JOJIXKHO COXPAaHUTHCA IIJIOCKOMEPU/IMAaHHBIM, N30~
OpaskeHHBIN TOK TaKyKe J0JKEH UMeTh (hOPMY KOJIbI[A, COOCHOTO € IIMJAUHAPOM. Mar-
HUTHAST UHAYKIUS MEPIEHIUKYJISIPHA K TTOBEPXHOCTH IUJUHPA TOJbKO B CJIydYae,
KOT/Ia KPYTOBOIl KOHTYP M300PasKeHHOTO TOKA UMEET PayC, MEHBIIUIT pajuyca 1u-
nuHApa. VIcKoMble BEeIMYUHBI — Pajnyc H300PasKeHHOTO TOKA U €ro 3HaYeHue — CJie-
JIYET OIPE/IENSITh U3 YCJOBUSI TOCTOSTHCTBA CKAJSIPHOTO MAarHUTHOTO TOTEHI[HAJIa Ha
TTOBEPXHOCTHU IUJIWH/IPA.

YNPAXHEHNSA

1. Hayasio KoopinHaT IPUHUMAaEM B TOYKe TIOBEPXHOCTH TeJia, OJIsKaiiieil K mpoBo-
1y, 1 OTCUNTBIBAEM KOOPAMHATY X BIIPABO OT HAa4Yajia KOOPAMHAT BJIOJIb MOBEPXHOCTH.

KoMIuieKCHBIN MOTEHIMAI TT0JIsi TOKa BMECTE € €T0 3ePKaJbHbIM N300paskeHueM pa-
i : .

BeH = 5 [In (z —jh) + In (z + jh)] + C.
T

dg
dz

. IKcTpemasbhble 3Havenus H=7,1 A/M nocturaiorcss mpux=+hux=—Ah.

Tax kak ma mosepxnoctu Tena umeem H, = 0, H = H,, To nomydaem H =

1
nx? +h?

.9
Cusia B3auMO/IEICTBUST TIPOBOJIA € TEIOM paBHa f' = ? = H401h =89-10" H/m.
n

2. B 5TOM cirydae KOMIUIEKCHBIN MTOTEHIMA paBeH (= — i[ln (z—jh) —In(z+jh)] + C,
a_i_h
dz| max’+h?

i
Ee naunbospinee snavenne H = — = 14,1 A/M focturaercst Ha TOBEPXHOCTH TeJIa TIPH
n

HalpAKEHHOCTb MAarHUTHOTO IT10JIAA Ha ITOBEPXHOCTU TEJIa H= Hx =

+2
. . i
x = 0. Cua B3auMoielicTBHS TTPOBOJIA C TEJIOM PaBHA TOH Ke BeJIMInHe Ho

, OJIHAKO

s

B OTJINYUE OT MPEAbIIYIIEN 3alaui OHA SIBJISIETCS] CUJIOH OTTaJIKUBAHMSI.
3. Ha pasmeleHHblil BHYTPU JBYTPAHHOTO YIJia TPOBOJ C TOKOM
(puc. P27.5) neiicrByer cuia fi = —if, CO CTOPOHBI TOKa i1, cuIa fy =
= —jf,2» CO CTOPOHBI TOKA iy U cUa f3 = —if,3 — jf,3 co cTOpoHsI i5. Mx
3HAYEHUST MOKHO PACCYMTATD MO (HOpMYyJIaMm:

-2 2
_ Mot 4 _ Mol
fxi 4Ttdl rfy2 4Ttd2 ’

fia= podi’l _ wod,yi’l Puc. P27.5
U r@d) +@2dy) 1" w[@d)” +@2d,y)’]

Custa pUTSIKEHUS POBOZIA K CTOPOHAM YIJIa COCTABJISIET:

-2
K BEPTHKAIBHOf CTOPOHE fy = fu + fuz = L0 Ha + 2d1 ~|=4510"" [ H,
dn |d, d] +d,
woi*l] 1 d.
K TOPH30HTAIBHOI CTOPOHE f, = fy1 + fy3 = —>—| — + 2 =4,1-10"* [ H.

4 |d, d} +d;
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Ecnn BEIIECTBO XapaKTEPU3YETCA HACa/IbHbBIMU JIMaMarHUTHbBIMUA CBOfICTBaMH, TO
3HAaKKM M300PasKEHHBIX TOKOB M3MEHSIIOTCSI Ha MTPOTUBOIIOJIOKHBIE, YTO MPUBOIUT K
M3MEHEHUTO 3HaKa JEeUCTBYIONIEN Ha TPOBOJ CULITHL.

4. Tak Kak 3epKajibHO M300PasKEHHBIN B OJIHOI M3 IIJIOCKUX MMOBEPXHOCTEH TOK J0JI-
JKeH OBITh U300paskeH, B CBOIO OYepe/lb, U B JAPYTOil IIIOCKOIN MMOBEPXHOCTH, TO MOJTHOE
YKCJI0 TOKOB, IPH KOTOPOM TIOTEHIHAIBI Ha 00eNX MOBEPXHOCTSAX OYIYT TIOCTOSTHHbI-
MM, OKa3bIBAETCsI OECKOHEYHO OOJIBIIIM.

HopmasbHasi kK TOBEPXHOCTU COCTABJISIONIAS HATPSKEHHOCTH MarHUTHOTO TIOJIS B
TOYKE ¢ KOOPANHATOI z =x + j 0 paBHa (IPOBOJI ¢ TOKOM NMeeT KoopauHaty z=70,5 d)

N N

@)= e Dy

+(05d) +[(n 05)d])> S« +[(n+05)d]

ITpu N = 1 yuurbIBaroTCs Ba U300pasKeHHBIX TOKA, Ipu N = 2 — deTbIpe TOKa, MpH
=3 — 1IeCTb TOKOB U T. JI.

. o -1 .

i 1—e?™ i ™
IIpn yyere Bcex nzobpaxkenHbIx TokoB nmeeM H,(x) = ——————— = —th—.

) 2d wmd e 2d d
1+e

IIpu ydyete yeThIpex H300PaKEHHBIX TOKOB IOIPEITHOCTD PacyeTa BenduHbl H, (TIpu
x = d) coctaBnsger 15,4 %, a mpu ydere MecTr TOKOB — 7,7 %.

5. Cuna B3anMOJIENICTBUS TOKA IIPpOBO/ia 1 HAMAIrHM4Y€HHOTO T€Jia paBHa CHUJIE€ B3aMO-
JeNCTBUS ABYX TOKOB: 3a/laHHOT'O0 1 3€PKaJIbHO I/1306pa>KeHHOI‘O, paBHOTO

— — .2 f—
PO et LU V] Tt f=Bli=™! Mo -1,

TR dmh pfp, +1

Kpusast sasucumoctu f /I = F(u/u,) npusenena Ha puc. P27.6.

Cua B3auMoIeCTBUS I/IMGGT HauboJIblIee 3HaYCHUe npu H/w S
0,

Wi
JIOIYLIEHUH [ = 00; [y = —— L. -
4mh yd
/,
ITorpeniHocTh pacyera CUJIbI IPH JIONYIEHIH |1 = 00 MOXK- . 1Ou/uo

HO HaifT! ¢ oMot hopmyabl € = 22— 100 %. Tlo- [

TPEITHOCTD HE TIPEBBINIACT BEJUUUHbI € TPU AOMYMIEHUN — —S
L = 00, €CJTM MaTHUTHAs TPOHUIAEMOCTD BEIecTBa TeJia Puc. P27.6
6oubie Besmunabl p = (1+200/¢) uy. B wactHocTH, npu

= 5% nmeem p =41y,
TakuM 06pas3oM, yKe MPU OTHOCUTENLHO HEOOIBIIOM 3HAYCHUU MAarHUTHOW TIPOHMU-
[[aeMOCTH MOKHO 6€e3 3HaYUTEJNbHOU TIOTPENTHOCTH HPUHATH TIPH pacyere 3JIeKTPo-

MarHUTHOI CHJIBI JOIIYIIEHNE L = O, Takoe A0IIymieHne yrpoumaeT pacdeT, IMO3BOJIAA
OIIEHUTDb 3HaYeHne CHJIbI 6€e3 BBINIOJHEHNS CIOKHBIX BBIYMCIEHN.
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28.1. NHAYKTUBHOCTU KOHTYPOB, KaTyLleK U TOKONpoBOoAaoB

BOMPOCHI

1. Vamenenue pacmpeziesieHus MJIOTHOCTH TOKA 1O CEYEHUIO TTPOBO/IA KOHTYPA TIPU-
BOJIUT B OOIIEM CJIydae K M3MEHEHMIO MAaTHUTHOTO MOJIsl He TOJBKO BHYTPH MPOBO/IA,
HO W B OKPYKaloIeM KOHTYp mpocTpancTBe. [loaTomy kak BHyTpeHHSIs, TaK W BHEII-
HsIST MHAYKTUBHOCTHA KOHTYPA 3aBUCST OT 3aKOHA pacIIpeiesieHus IIOTHOCTU TOKA 110
CEYeHMIo MPOBoJIa. B yacTHOCTH, TIPU YBEJIMUEHUN YACTOTHI TPOTEKAIOIIETO 10 KOHTY -
Py TOKa 1 BBITECHEHUM TOKA HA MMOBEPXHOCTD IIPOBO/IA €I0 BHYTPEHHUI TIOTOK YMEHb-
MIAETCsI, BCJIEICTBIE YETO YMEHbBIIAETCS U BHYTPEHHSISI UH/yKTUBHOCTH KOHTYPA.

2. TToHsATHE MHIYKTUBHOCTH KOHTYPa U3 GECKOHEYHO TOHKOTO ITPOBO/IA TEPSIET CMBICII,
TaK KaK BCJIEJCTBHE HEOIPAHWYEHHOTO BO3PACTaHUs MAarHUTHOW WHIYKIIMKA BOJU3U
[IPOBOJIA CIETJIEHHBINA ¢ KOHTYPOM MarHUTHBIN TIOTOK CTAHOBUTCSI OECKOHEYHO OOJIb-
ITUM, XOTS TOK MPOBOJA U OCTAaeTcsl KOHeYHbIM. [[09TOMy WHAYKTUBHOCTH TAKOTO
KOHTYpa He MOKeT ObITh OTpe/ie/ieHa.

B to xe BpeMsdA B3aMHad MHAYKTUBHOCTb ABYX KOHTYPOB U3 66CKOH€'~IHO TOHKHUX
IIPOBOJIOB KOHEYHA, €CJIU KOHTYPBI He UMEIT 001X Toyek. [loTokocienieHme B3a-
UMHON WHAYKIUKU B 9TOM CJIy4a€ KOHEYHO, TaK KaK MarouTHad MHAYKIWA, CO3/laHHaA
KOHTYPOM | Ha HATSHYTON HA KOHTYP 2 MOBEPXHOCTH, He oOpaiiaercs: B GeCKOHed-
HOCTb HU B OJTHON TOYKe.

4. Tak xaxk MOTOKOCIIETIIeHNe B3aUMHON WHAYKIINY 3aBUCUT He TOJIBKO OT pacipene-
JIEHUSI MArHUTHON WHAYKITUHU, HO TAK)KE U OT Pacipe/iesieHust IIIOTHOCTU TOKa, TO T10-
TOKOCIIEIJIEHUE, KaK U B3aUMHYIO UH/[YKTUBHOCTb, MOKHO PACCUUTATh, TOJBKO €CJIU
dbyuxims J(x, y, z) 3agaa B oGbeMax MIPOBOAOB 060MX KOHTYPOB.

5. B TMpUBEAECHHOM [IJId pacdeTa MHAYKTUBHOCTHU KOHTYPaA BbIPpAKEHUUN I10/] BEJIM-
JUHON A CJIeIyET NIOHUMATb BeKTOprIﬁ IoTeHIaJI 1OJIAA TOKa KOHTYPa, TaK KaK MH-

1

TerpaJt 7‘l.JA dv OIIPpENEJIAET B 9TOM CJIy4a€ 9HEPIrUIO MAarHUTHOT'O 1IOJIAA TOKaA, ITPOoTe-
2 \4

Karomiero B KOHTYype.

7. HaubGosrbiliee 3HaYeHre WHAYKTUBHOCTH BUTKA UMEET, KOT/IA YTOJ MEXKIY ITOJy-
koJsibilamu coctaBisier 180 rpamycoB (MIOCKWUiT KOHTYP), a HAUMeHbIllee — TMPU CO-
BMeIeHUN MOIYKOJeT (YTOJ MeXKIYy TIJIOCKOCTSIMU MOTyKoJer paBeH () rpamycos).

8. IHAyKTUBHOCTH ABYX COETUHEHHBIX UHIYKTUBHO CBI3aHHBIX BUTKOB paBHa L, =
=L+ Ly + 2M , Tak 4TO TIpU YKCJe BUTKOB KATYIIKU, PABHOM N, ee 9KBUBAJ€HTHAS

N N N
UHIYKTUBHOCTD L, = ZL p T ZZM 4p (B TIOCJIE/HEM CJIaraeMOM k # p). llosTomy
k=1 p=1 k=1
N N
WHIYKTUBHOCTH MHOTOBUTKOBOH KATYIIKU MPEBBIIIAET HA BETUIUHY ZZM by CYM-
p=1 k=1

My UHJIYKTUBHOCTEI €€ BUTKOB.

9. IIpu mpoTeKawIuX MO KOHTYPAM TOKax ij, iy SJIEKTPOMArHUTHYIO CUJIY f, CTpe-
MSIIYIOCS. U3MEHHUTD B3aMMHOE PACHOIOKEHIEe KOHTYPOB, MOXKHO PACCUUTATh, TTOJIb-
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.. oM oM

3ysICh BbIpakeHueM [ = iyiy — (g — obobmeHHass koopaunara). [TpousBogHas —

g g

o6palaercss B HyJb, €CJIM B3aUMHash MHAYKTUBHOCTb M JIOCTUIaeT CBOEro KCTpe-

MaJIbHOTO 3HAYEHMUST, YTO UMEET MECTO, KOT/[a KOHTYPbI PACIIOJIOKEHBI COOCHO B OHO
IJIOCKOCTH.

YMPAXXHEHUA

1. DHepruro MarHUTHOTO OIS B TIPOBOJIE PAJINYCOM ceueHus R paccunTaeM 1o (popmy-

2nR
ne W, = '[WN’1 dV =0,5ul _” H *r dr do. Yaursias, uto npu J = const umeem H(r) = g,
Vv 00

nli? 2W, ol
Haxogum: W, =——mu Ly, = —2 = —.
16 R 8n
3. Tak xax L, ., = “—1, Lo = lpo lng, TO L _ Ao m2 = 92,
4n ' T R Lo n R o

5. YuuTbiBasg coOTHOILIEHUE /i >> d, D, MOJKHO OIIpEAEC/INTDb BU/] JUHUHT HaIlpAKEHHO-
CTU MariHMTHOTO IIOJIAA BHYTPU U BHE IITNHBI. B IIPOCTPAHCTBE MEXKAY IMTNMHAMU MAaTrHUT-
HOe T10J1€ paCCMaTprBaeM KaK O/[THOPO/IHOE, U €TI0 JIMHUU TlapaJlJieIbHbI JIJTMHHBIM CTO-
pOHaM MINH, TOT/la KaK B obJacTy BHE IMUH MarHUTHOE II0JIe OTCYTCTBYET N H=0.
Bemmunna HaIIPAKEHHOCTU MAIrHUTHOTO I10JIA MEXK/Yy NIMHAMW B COOTBETCTBUU C 3a-
KOHOM IIOJTHOTO TOKa paBHa H= l/h W HE 3aBUCHUT OT paclpeaesieHnA IJIOTHOCTU TOKa
11O TOJIIIIMHE IINH.

M
-2
1

NuaykTUBHOCTh MOKHO paccyuTaTh 1o ¢dopmynte L = . B cayvae a nosyvyaem

wohJ*d?

WBHyTp - = HODZ N

i, TO:

2 13
ayp = m [ Taxk xkak Wienm =

20 2h
2d

Ho Ho
L= D | 6) L= 0,4+ D).
%) h(3+ j ) h( +D)

[, a B ciyyae 6: W,

6. VHIyKTUBHOCTH TOKOIIPOBO/IA U3 [IBYX IIUH TOJIUHON 2d Kak/1as pacCaIrTaeM 1o
hopmyre

5d)2
Ly =W C A i ey e =
i i 29

[Tpu pacyere MHIYKTUBHOCTH TOKOIPOBOJA C <«PACIIETIEHHBIMU TTUHAMU> YUTEM,
YTO BHYTPH HTUH HAMPSIKEHHOCTD TOJISI U3MEHSIETCST 110 JIMHEIHOMY 3aKOHY, a BHE UX
COXpAHSET TOCTOSIHHOE 3HAYEHHE:

7d)2
2W 41 17 nod
=2 = o [wglhH? () de = == K0
-9 -2 6 h
i i )
Takum 06pa3oM, TIPU PACIIENIEHUH TUHBI TOKOIIPOBO/IA HA J[BE €T0 MHIAYKTUBHOCTD
Bo3pacrtaetr B Ly/L = 1,2 pa3za.

L.

L,
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2W
7. VIHAYKTHBHOCTD TOKOMPOBOJA HAXOAUM IO opmyite L = —*, Tze
i

d l 2 2d l 2 3d . l 2 5 lZdl
W, =p,lh j(] xzdx+j[j dx+J'[Z— x—2d)} drt = 2Hol 47
2dh '\ 24 2h  2hd 12h

0 2d

5 dl
[TosyyaeM MHAYKTUBHOCTD L = g “07' [Tpu TakoM criocobe CoOeMHEHUS TIUH TOKO-

MPOBOJIa €T0 MHIYKTUBHOCTH YMEHbIIaeTcs B 2,8 pa3a B CpaBHEHUU C WHIYKTUBHO-
cThio Ly (cM. ymp. 6) «HepaciiernieHHoro» TOKONpoBoa U B 3,4 pa3a B CPaBHEHUU
C MHYKTUBHOCTBIO «PaCIIEIJIEHHOTO» TOKOIIPOBO/IA C TOKAMH OJITHAKOBOTO HAIPaB-
JIEHUS B COCEJIHUX IIMHAX.

8. MakcumanbHO BO3MOXKHOE 3HaUYeHNe B3aUMHON NHAYKTUBHOCTU KOHTYPOB HalijieM
M3 yCJIOBUSI, YTO Hanbouibliiee 3HaueHme Koadduinenra cBsisu k, orpesiesisieMoe Bbl-
paxenuem k = M/,/LiLQ, pasHo 1. Iloatomy M . =+/L,L,.

10. ITorpenrHOCTh BBIYUCJIEHUS] WHAYKTUBHOCTH MPU TIPEeHEOPEKEHUN BHYTpPEHHEH
WHYKTUBHOCTBIO Ly, PaBHA

6= 100w, R 100% = 89°%,

4{%}3(111%—2}100“0]%}
a 4

T. €. BHyTPeHHel MHIYKTUBHOCTHIO TIpeHeOpeub Heb3st. [Ipu p = pg mosydaem

6= Mo R 100% =7.5%,

4{%13(111813—2}“}
a 4

YTO TaK’Ke€ ITPEBLIIIAECT 3aladHHOC 3HAYE€HUE.

11. Unaymupyemas B kontype DJ]C pasna e = 8,9-10~* sin 314 ¢ B. AxTusHOe conpo-
TUBJIEHUE 7 = L ~1,05-1072 Owm, WHJIYKTUBHOCTD L = pOR(IHSR - 1,75] ~1,41077 Tn,
a

s
VHJIyKTHBHOE compoTtusaenue ol = 4,4-107° Owm.
2
MorHocTb ioTeps P = % ~3,8107* Br.
r* +(ol)

VauThiBasi, 4TO MHAYKTHBHOE conpotusienne (ol = 4,4-107> OM) KoHTypa 3HauMH-
TeJIbHO MeHbie akTuBHoro (7 = 1,05-10 OM), gomymennre o MaJoOCTH MaTHUTHOTO
MOTOKa, 00YCIOBIEHHOTO HHIYIIHPOBAHHBIM TOKOM KOHTYPA, MOKHO CYUTATDH OIPaB-
JTAHHDIM.

12. YuuTbiBasi, YTO HHAYKTUBHOCTD BUTKA M €TI0 COIIPOTHUBJIEHUE ITOCTOSHHOMY TOKY
8R 2nR 2R

OIIPEAETSAIOTCST BhIpaskeHusiMu L = uoR| In— — 175 |, r = 5 =~ HCKOMOE COOT-
a yra va

HomIeHue, omnpeaesdroniee MOCTOAHHYIO BpEMEHN BUTKa, UMEET BU/L:
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2
T:L:W(ln%_m)
r 2 a

Ecmm MaTepraJioM IIPpoOBOJa BUTKaA ABJIAETCA CTaJb, TO IOJIy4aeM

2
Lo [ SR, w

r 2 a 4p,

T

KpuBast 1 = f(a) nist BuTKa craiam ndobpaskena Ha puc. P28.1.
107%¢

3,0

2,5

2,0 1

A

~

1,5

2a

-

10 CTaJbHOM
’ NPOBOJ
0.5 // a | 2

/|
P

a
0 01 02 03 04 mm

Puc. P28.1 Puc. P28.2

28.2. MeToa y4yacTKoB
BOMPOCHI

3.B METO/Ie YHAaCTKOB MHTErpaJibl 10 3aMKHYTbIM KOHTYPaM IPEJACTaBJIEHbI B BU/IE
CYMMbI MHTETPAJIOB 110 Y4aCTKaM IIYTHU MHTETPUPOBAHM . YcI0BHBIM SBJISIETCS TOJIKO-
BaHMWE MHTErPaJOB 110 Y4aCTKaM KaK I/IHlIyKTI/IBHOCTeﬁ 9THUX Y4aCTKOB b0 Kak B3a-
MMHDBIX I/IHZ[yKTI/IBHOCTeﬁ MEXK/1Yy HUMH, TaK KaK BHQKTqueCKHﬁ TOK BCeErJa 3aMKHYT
1 HE MOJKET IIPEPbIBATHCA Ha KOHIAX Yy4aCTKOB. Dusnyecknii CMBICT UMeeT MarHuT-
HbBII ITOTOK, C]_[el'[JIeHHbIIL/’I C KOHTYPOM, HO HE€ C Y4aCTKOM KOHTYPa.

YMPAXXHEHUA

6. [IpaMOyTOTBHBIN KOHTYD PAa3MEPOM ax2d MOKHO MPEJCTABUTh B BUJIE IBYX PSIOM
PaCToI0KEeHHBIX KBaIPATHBIX KOHTYpoB 1 m 2 pa3mepamu axa (puc. P28.2). Unnyx-
TUBHOCTb MPSIMOYTOJIBHOTO KOHTYPA OTINYAETCS OT BEJIUYUHBI 2L, Tak Kak My # 0.

7. Buemnue VMHAYKTUBHOCTU KBa/I[paTHOTO M KPYIJIOTO BUTKOB PaBHbI COOTBETCT-
BEHHO!

Lo="0 910 % 155 |, 1, =, R[ n 3B 2

T T, 7,
Uckowmerit paguyc R saBasiercs perierneM ypaBHeHus L, = L:

U912 455 |= gl 188 9

T 7y 7y
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28.3. UIHAYKTUBHOCTb ABYXNPOBOAHON JIMHUMN
BOMPOCHI

1. B3aumnast MHAYKTUBHOCTH MEK/LY IBYMSI IMHUSIME 0OPAIIAETCS B HYJIb IPU TAKOM
UX PaCIOJIOKEHNH, KOT/IA TIOTOK B3aMMHON MHIAYKIIUU PaBeH HYJIIO: €CJIN IPOBOJIA OJI-
HOH 13 JINHUH Pa3MeleHbl B ITocKocTh y = ) Ha 0ANHAKOBOM PACCTOSIHUN OT IIJIOCKO-
cti x = 0 (WX KoopAMHATHI CyTh z =a + j0 n z = — a + j0), To MpoBoOZA BTOPOIT JINHUN
TOJDKHBI PACIIosaraTbes B IIockocTn x = 0 (HarmpuMep, KOOPAWHATHI IIPOBOJIOB BTO-
poit smuum paBuet z = 0 + jb u z =0 — jb).

2. IIpu OCTOSTHHOM TOKe TIJIOTHOCTH TOKA B JTIO00I TOYKE CeYeHHsI TPOBOA MEET
OJTHO U TO ’Ke 3HaueHMe, TOT/la KaK IPU IIePeMEeHHOM TOKe OHa SBJSAeTCS (QyHKIMEH
KOOPJIMHAT TOYKHU. DTO IPUBOAUT K PA3IUUYUIO He TOJbKO BHYTPEHHUX WHIYKTUBHO-
CTeli TIPOBOJIOB, HO TAK)Ke W BHEITHUX.

YMPAXKHEHWSA

4. TlpuauMast TMHY b paMKH HEOTPaHUYEHHO BO3pacTalleil mpu a = const, 7, = const,
HAXOAUM BeJnduHy L/b u3 BbIpaskeHust JIJisl WHYKTUBHOCTH ITPSIMOYTOJBHON PAMKH

(M. § 28.6):
lim Z1n =0,limIn nﬁ,limg(a+b—\/a2+ b*) =0.

2ab 2ab 1
b= b r(a+a*+b*) b g (b+a*+ b*) rp b= b
Takum 06pa3oM, WHAYKTUBHOCTh Ha €IMHUILY JJIMHBI OECKOHEYHO IJUHHON PaMKH

1 a
paBHa L' = —| p,In—+ % , UTO COBIIA/IAET C BBIPAKEHUEM JIJIST PacUeTa WHAYKTHBHO-

T 7,
CTHU ABYXIPOBOAHON smunnu ipu a = D, 1y = R (em. § 28.8).

5. Ilpumensisi MeTO/ 3epKATbHBIX OTPAKEHUH, 3aMUIIeM WHIYKTUBHOCTH JIBYXITPO-
BOJIHOM JIMHUH, 00Pa30BAaHHOMN 3a[aHHBIM TIPOBOIOM U €TO 3ePKATbHBIM H300pakeH M-

[ 2h .
eM: L =—|p, lnf + 1) YuuTbiBas, 4TO MOTOKOCHEIJIEHNE IBYXIIPOBO/IHON JIMHUU B
s

ABa pa3a IpeBbIIIACT ITIOTOKOCHECIIJICHNE ITIO/IBCIICHHOI'O Ha/l IIOBEPXHOCTBIO TeEJIa IIPO-

2h ;,Lj

)
BO/Ia, TIOJIy4aeM NCKOMYIO MHAYKTUBHOCTD L = In [T lnf + n
T

Kax BuiHO, MHAYKTUBHOCTH MPOBOJIA, TOBEIIEHHOTO Ha BBICOTE A HAJI TLIIOCKOI 1MO-
BEPXHOCTBIO M/ICAJIbHO IIPOBOJISIIIETO TeJIa, B /1B Pa3a MEHbIIle UHAYKTUBHOCTH /IBYX-
MIPOBOIHON JIMHUM, PACCTOSTHUE MEXK/Y MTPOBOJIAMU KOTOPO paBHO 2/.

6. Vcrosb3yst METOBI YYACTKOB U 3epPKabHBIX n3obpaskenuit (puc. P28.3), Mmosxkem
3anucath Boipaxkenue: L = Ly + My + My + Myy + My, Tiie L{ — WHIYKTUBHOCTD
JABYXITPOBOAHOMN JTMHUN Ge3 ydyeTa BAUSHUS 3eMJI, Mo, My, My, My — B3auMHbIE
WH/YKTUBHOCTH MEK/IY TIPOBOIAMU JINHUN U UX 3€PKAJIBHBIMI U300PKEHUSIMH, PABHbIE

el | 21

ol !
M,=—"|In—-1|,M,,, ==2|In
’ h, ’ 2n \/(h1 +h2)2 +D°* ~(h, _h1)2

11,
2n
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My, =M, , M, = —“Ol(lnl - 1].

2n\ h,
YuureiBas, uto L, = M—Ollng +H—1, HoJTy4aem
n R 4n
2
2m | 2 R*[(hy +hy)* +D* —(hy —h))*]

2
2n | 2 R[4h,h, + D*]

[Ipm 3a1aHHBIX PACCTOSHUAX U PAINyCaX TTPOBOJIOB HAXO/NM:
L; = 1,18-107 Tu. TlorpentsocTs pacyeTa MHAYKTUBHOCTH TIPH
npeHeOpeskeHnn BIUSHUEM 3eMJu He npesbiiaer 1 %. Puc. P28.3

7. Jl1s1 pacyera MHAYKTHBHOCTH JBYXITPOBOIHOM JIUHIK OTOOPA3UM € TIOMOIIBIO (hyHK-
1in § = f(z) KOMILIEKCHOTO TTEPEMEHHOTO0 33IaHHyI0 00JIaCTh HA BEPXHIOIO MOJIYILIOC-
KOCTh. BerGop orobpaskarorieil (hbyHKIMH, HAXOKACHIE KOOPAMHAT OCEH MPOBOIOB
B IJIOCKOCTU MEPEMEHHOTO C BBITIOJIHAETCS aHAJOTHYHO PACCMOTPeHHOMY B § 25.3,
yIIp. 4. YauTbIBasi, 4TO IPU KOH(GOPMHOM OTOOPAsKEHUN TOKHU U TIOTOKOCIIETIJIEHUST He
MpeTepreBalnT U3MEHEHUH 1 MMEIOT Te JKe 3HAYeHWS, YTO U B TIJIOCKOCTH TIepEMEHHO-
TO 2z, MO’KEM PACCUMTAThb WHIYKTUBHOCTH MO (DOpMYyJie, TIOTYIYEeHHON TP PENIeHUN
HPEIBIIYIIETO YIIPaKHEHMSI, TOJCTABJISISA 3HAYEHUsT TTapaMeTpoB Ry, Dy, g, hog, TTOITY-
yaeMble B IIJIOCKOCTH TiepeMeHHOi (. Pajnychl TPOBOIOB MPUMYT TPUOIMKEHHbIE
sHauenus R|/'(z)| npu pacuere dpynkunu | f'(z)| Ha ocu nposogos. O603HAYNB KOOP-
JIMHATB! Ocell MTPOBOZIOB B IsIockocTu § depes &y = vy + juy, & = vy + juy, mosyunm:
D, = \/(01 —0,)% + (U, —uy)?, hyg=uy hyy = u,. Harrpumep, ipu perieHnu 3a/1ad, mo-

KaszaHHOI Ha pric. B28.1, 6, u ucnosb3oBannn otobpaxkaronieil hyHKIwm § = el umeem
Ry, = Rn/d, Ry, = R(n/d)e™ ™", 2, = jhy, 2y = hy + jhy, Gy = cos mhy/d + j sin nhy/d, y =

Thy
e?  (cos mhy/d + j sin nhy/d), Tak uTO

2 2
D, = cosn—h1 — ™M cos% + sinn—h1 — ™M sin% .
d d d d

Otobpaskarorue hyHKIUK IS APYTUX KOHUrypanuii obaacteil mpuBeeHbl Ipu pe-
meHnu yup. 4, § 25.3.

8. Tak Kak MpU HEMArHUTHOM Marepuase MPOBOJOB JUHUY Bbipakenue L = p //mx

D 1 .
X (lnR + Z JIaeT TOUHOE 3HAaYeHNe UHAYKTUBHOCTHU, TO HallIeHHbBIE C TOMOIIBIO (hop-

. 1.,dL w,li* 1.,d ul[ D 1}
=Bli, f,=—i*"= asKe =20 == | 2% |n= + = || coBma-
My f; fo 21 i BBIPAKEHUS [/ D /o 21 ol 2 BIT

JIQIOT.
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Ecau ipoBona BbINOTHEHBI U3 (hePPOMATHUTHOTO BEIECTBA, TO JAOMYIIEHUE O TOM,
4TO TOKU COCPETOTOYEHBI HA OCSIX, SIBJISIETCS TIPUOIMKEHHDBIM, CIIPABEJIMBBIM JIHIITb
MIPH BBITIOJIHEHUN cooTHoteHus D > R.

28.4. NHAYKTUBHOCTb Tpex(a3HOW IMHUN
YNPAXHEHNA

1. Hasnmuwne B6JIN3M TIPOBOJIOB JIMHUIL TI€peiadit HEMArHUTHBIX TIPOBOJISTINX TEJT TIPH-
BOJIMT K U3MEHEHUIO MH/LyKTUBHOCTE MTPOBOIOB. [IJIs1 X HAXOKAEHUs 11e1ecooOpas-
HO BOCIIOJIb30BaThCs, TPUHUMAsT BO BHUMAHUE IJIOCKYIO MTOBEPXHOCTDH 3€MJIU, METO-
JIOM 3€pPKaJIbHbIX M300paskeHMiT U PacCUYnTaTh BeJIMYUHBI L 1 M ¢ y4eToM 3epKajibHO
PACIIONIOKEHHBIX OTHOCUTEJBHO TOBEPXHOCTH 3eMJu TOKOB. CiieflyeT y4ecTb, UTO
JlaKe TPU CUMMETPUIHOM PACIIONIOKEHUN TPOBOJIOB, Koria Dy = Dy3 = D34, paccTos-
HUST MEKIY MPOBOJAMU M WX 3€PKAJbHBIMU U300PAKEHUSIMU 71, Ty:3, To3 HE MOTYT
ObITH PaBHBIMU.

Tak Kak MHAYKTHBHOCTH IPOBOAOB 1, 2, 3 ¢ y4yeToM BJIMSHMS 3€MJIM pPaBHBI L, =

= s Ko ln% +% ,k=1,2,3 (cm. § 28.3, perienue yup. 5), To cpejHee 3HaUeHKIe

2n R,
1 wol, 2h  ul
UHIYKTUBHOCTH TIpoBojia L = 3 (Ly+Ly+Ly)cyrs L= 2—lni 8 rine h=3/hh,h,,
T T
R=3/RR,R,.
BszanMHble WHAYKTUBHOCTH MEXK/IY MPOBOJAME PACCUUTHIBAEM 1O (HOPMYIam
[, 7 [, 7
Miy = Mz + My = =510 12 My = Mgy + My = = In 12

n D, n Dy

[y 7,
My = Mygg + Mpy =50 In 23
. Dy

Cpennee 3nauenne KoadduImenTa B3anMHON WHAYKITMN MEXTY TPOBOIAMU PaBHO

r
M = P;—Olnﬁ, rjie o/ BeJauyuHamu #, D cieyeT MOHUMaTh UX cpellHue 3HAYeHUs,
T

— 3 —
paBHbIE 7" = \/71'271'3”2'3a D = \/D12D13D23-

TakuM 06pa3oM, SKBUBaJIEHTHAsE WHIYKTUBHOCTD TIPOBOJA TPex(asHOW JIMHUK [TPU

yduere BIAMAHWA HpOBOZ[HLL[eI;,I 3EMJIN U HAJIMYWA TPAHCIIO3UIIMK TTPOBO/IOB paBHA L' =

Y VO PR eI
2n 4

2. OKBUBaJEHTHAI MHAYKTUBHOCTH ITPOBO/IA TpeX(I)aBHOfI JIMHUM TIpU YKAa3aHHOM

3
Hol 1nD*E+i ~ 1,310/ T =1,310"2 I,

PACIIOJIOJKEHUU TIPOBOJIOB paBHa L' = 5
s

TOI/la KaK MHAYKTUBHOCTb I[Byxr[pOBOI[HOﬁ JIMHWU, 06paSOBaHHOI‘/JI IIpOoBO/laM1

a)1u2: Lip~2510%/Tu=2510"°Tn
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6) 21 3: Lyg =Ly~ 2,510°%/ T =2,510"2 ',
6)1u3: Liy~27710 5] Tu=2,77-10"2 I'n.

3. OKBUBaJIEHTHbIE WHAYKTUBHOCTHU ITPOBOJOB JTUHUAHT OIIPENCJIAIOTCA BbIPDAKEHUAMMUN:

/ D 1 I D32
L In=+=-1|, L =—pu,lIn +— . Tak kak 32 > 1, 0 L!.. > L'
(@) = 2n“0( R 4j (6) 27tlvlo R 4 (6) (a)*
3uadenue paccrosuus Dy, npu kotopom Ly,= Li;, onpenesnsieM u3 ypaBHEHUs

D32

D
In—“ —In , U3 KOTOPOTO CJIe/yeT, uTo D,y = D32 = 1,26 D.
R
4. MomHoCTh, TTepeHOCUMYI0 B KpaitHue (asbl, HaXOAAIINecs Ha paccTosTHuu 2D
JIPYT OT JIPYTa, MOXKHO PACCYUTATD 1O hopmyae Py, = Py = o I2Im (a*My, + aMs),
TOT/Ia KaK MOTI[HOCTD, IEPEHOCHMYIO BO BTOPYIO ¢asy, — 1o Gopmyie
Py = 0 12Im (a’Mys + aMyy).
[ToncraBasis B T BeIpaskeHUs KO3(hGUITMEHTH B3aUMHON WHIYKITUH

wol(, 21 wol(, 1
Miy=Myy="""| In=——1|,M In— -1 |, nonygaem Py, =2700 Br, P,,, = 0.
12 23 275( D J 13= 2n D Yy 1 2

Ecau npunaTh momnyiiieHre 0 paBHOMEPHOM pacIipe/ieJIeHUH TOKa 110 Ce4eHUIO ITPOBO-

0B, 4TO CIIpaBeAJIMBO IIPpU OTHOCHUTEJJIbHO HeOOJIBIINX paanycax rmpoBOJIOB 1 HU3KUX

P,
YacTOTax TOHA, TO 7 = [/ys m —& = — 1o ()32,
P 3

5. Ha nepBom ararie pacuera mpuMeHeHHEM COOTBETCTBYIONIEH (DYHKITNN KOMILJIEKCHOTO
nepeMeHHOTO ((2) 06J1aCTh PACTIONOKEHNsT TUHUU OTOOPAsKAEeTCsl Ha BEPXHIOK MOJIY-
M0CKOCTh. Koop/nHaThl oceii MPOBOIOB, UX PAUYChI, @ TAKKE PACCTOSHUS MEKLY
HUMU CJIE/lyeT PACCUUTATD TaK XKe, KAK 9TO BBITIOJHEHO MPU PACCMOTPEHUU JBYXITPO-
BOZIHON JiuHUM (cM. perieHue ymp. 7, § 28.3). Ha BTopom aTarie 3KBUBaJIEHTHYIO UHIYK-

. 2hD
TUBHOCTB IPOBOJIA BbIYUCIsieM 110 (hopmyJie L' = o= | Mo lnR— +5 4 | yTBBas, 410
T r

orpeziesisieMble Kak cpefinue Benuunbl A, D, R, r (cM. pemenue yup. 1) caexyer pac-
CYUTATD B IUIOCKOCTH TiepeMennoro § = f(2). [lis pacyeTa aKBUBAIEHTHO MH/LYKTUBHO-
CTH TIPOBOJIA TIPH JIOMYTIIEHUH OJTHOPOAHOCTH CPe/ibl MOKHO MCIIOTh30BATh BhIpAsKeHNE

.1 D u .
L= 27| Mo lnE + o | D, R — cpeanve 3HaYeHrst PACCTOSHUIT MEK/LY TIPOBOAAMM

1 UX PAINYCHI, paCCYUTAHHbIE B UCXOJHOM IIJIOCKOCTH IIEPEMEHHOTIO0 Z = X + jy.

29.1. MNnockasn s3seKTpoMarHMTHasi BOJIHa B AANDJIEKTPUKeE
BOMPOCHI

3. ObpaTHas BOJHA BOBHUKAET MIPU OTPAKCHUU TIPSIMOIT BOJTHBI 9JIECKTPOMATHUTHOTO
MOJIS OT CPEJIBI, BJIEKTPOMArHUTHBIE CBOMCTBA KOTOPOH OTJIWYHBI OT CBOMCTB /IUAJIEK-
TPHUKA, B KOTOPOM PacIpoCTpaHseTCs BOJHA.
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4. Pemenre BOJTHOBOTO ypaBHEHW, UMEIOIee CBOUM apryMeHTOM (DyHKIWU z — ot
U z + 0f, MOJKET B YaCTHBIX CIyUYasgx COAeps:KaTh MPON3BeAeHN (DYHKIINH ¢ apTyMeHTa-
mu kz, kot. [leiictButenbio, dyukmnio E,, sin kz sin kot MoskHo0 11peo6pa3oBaTh K BULY
12 E , [cos k(z —vt) —cos k(z + vt)]. B mmmnnoit muanm Ge3 moteps (em. 1. 2, § 17.8),
MIPOTIECCHI B KOTOPOIT TaK’Ke OMUCHIBAIOTCS BOJHOBBIM ypaBHEHUEM, TPU HATOXKEHUN
He3aTyXalomnuxX Oerylmux BOJH BO3HUKAIOT CTOSYME BOJIHbI, KOTOPbIE ONUCHIBAIOT
pyHKIIMSIME ¢ aprymMeHTamMu Bx, of. AHAJOTUYHbIE SIBJIEHUS MOTYT UMETh MECTO U ITPH
pacrpocTpaHeHrH 3JIEKTPOMAarHUTHBIX BOJTH B JIMAJIEKTPUKE.

YMPAXHEHUSA

0 2
5. Ilpu aBwkennyn HabIIOAATES BAOID OCU Z CO CKOPOCTBIO 0 = —%t =~ —3,3¢, korzma
KOOpAWHATA Z UBMEHSIETC TI0 3aK0HY Z = 2, — 3,3t, dyHKIUg E(2, t) IpuHNMAET OCTO-
auHoe 3Havenue, pasHoe 10 cos 30z, [loaToMy BomHA pacmpocTpaHseTcs cO CKOPO-
cThIO ¥ = 3,3t B HampaBJIeHH, 0OPATHOM HAIPABJIECHIIO OCH Z.

U3 ycnosusi H = \Je/uE nonyuaem H =i 10,/g/u cos (100¢ + 30z).

6. IIpu & > 0 ajekTpoMarHUTHAs BOJIHA PACHPOCTPAHSETCS B HAIPABIEHUH OCH Z
¥ COCTABJISIONINE HAIPSKEHHOCTH MArHUTHOTO 1ot paBHbl H, = —E,\/e/n it~ k),

H,=E, g/n it =k pp (—iE, + jE,) \/g/iuej(mtf k)

E* pH?

€ € S0
8. ckombie 3HAUEHMST HAXOAUM U3 YCIOBU T

2 Hde
Ho
~ 1072 06 i
B~ Ton. O6beMHas MIIOTHOCTD 2JIEKTPOMATHUTHOM HEPTUY TIPU TAKUX 3HAUe-
HUAX HanpsikeHnocTn mois W =g E? ~ 80 Ix/m°.

110rl~ 8 103A/M

uH?  eE’
9. O6beMHast IIIOTHOCTD HHEPTUH AJIEKTPOMATHUTHOTO 110711 paBHa W/ ="——— TN =

= pH? B NIPEAIIOIOKEHNH, YTO CYIIECTBYET BOJHA JIMIIb OHOTO HANpaBieHus. Tak

i I, . @)
KaK B COOTBETCTBHUU C 3aKOHOM TIOJTHOTO ToKa H = —— = —"sin (ot — — z), TO B 00b-
v

2nr  2mr
eMe JUDJIEeKTPUKa Kabess AINHOM A MeXKIy JKHUI0i 1 060JI0UKOM
Ry A 2m 92
12 I’L, R
WaM J‘IJ. il sin ( Z)d”d(de—uimlniz.
RO O 4n’r 47 R,

DHeprus 3JeKTPOMATHUTHOTO TOJIs, ToryolaemMast B Harpyske, papaa W, = UI T =

wl’h. R, .
= 7ln —, YTO COBIIala€T C HaWJE€HHbIM BbIPpa’K€HHNEM

it R,
T =puhqje/p, E = \f Ju/ ln—
2mzr 2nf

10. I/IHHYKTI/IBHOCTI) 1 eMKOCTD KabeJist elII/IHI/I‘IHOfI JJIMHBI OIIPEIE/IAIOTCA BbhIPpAaKEHW A~

u, R, 2me
MulL="—"In"—2%2 C=—"""__r5e Ry, Ry — paguycsl kuibl u obonouku (cMm. § 3.4, T. 1).
o R, InR, R, 1, g — paany (em. § )
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TaK KaK CKOPOCTh PACIPOCTPAHEHMS HICKTPOMATHITHOI BOJIHBL paBHa o = 1/ /ue, o,
2l £ = ClnR, /R, HOJIyYaeM: v = L
InR,/R,’ o - JIc

IIpu 3a/1aHHBIX BEJUYUHAX €, L UMEEM 0 = 1/1/4}1080 =c/2.

HCIIOJ/Ib3Y A BbIpaKEHUA U =

29.2. BekTop MoWHTHHIra

YMNPAXHEHUS
1. IIpu orcyrcTBUM MOTEPh B Kabese BEKTOP HANPSIKEHHOCTH 3JIEKTPUUYECKOTO T10-
T
JIsl He UMEEeT COCTaBJISONINX, TapajieJbHbIX OCH z KabeJs, Tak uto E = E, =
2ner
u i
=——H=H,= , Ry, Ry — pammychl sKUJIbI 1 0OOJIOUKIL.
rInR, /R, 2nr
Bexrop IloitnTrnra, uMeomuil eAIMHCTBEHHYIO COCTABJSAIONIYIO, TTapaJlJIeJIbHYIO OCU
ui
Kkabeunst, pasen § = E, H, = —5——.
2nr*InR, /R,

2. Bynem cuMTarb, 4YTO 2JIEKTPOMATHUTHASI BOJIHA UMEET COCTABJISIONINE HAIIPSIKEH-
Hocreil E, n H, 971€KTPUIECKOTO M MarHUTHOTO moJjieil. Tok cKBO3b orpaHuyeHHyIo
KOHTYPOM TIOBEPXHOCTh UMeeT HauboJIblliee 3HAUeHKe, eCJIU BEKTOP ds, HOpMalbHBII
K TIOBEPXHOCTH, COBITQJIAET C OPTOM i OCH X, T. €. €CJTM KOHTYP pacrojaraercs B moc-
KocTu x = const. [IpyHnMas pasamep KOHTypa BIOJb OCU i PAaBHBIM @ W BJIOJIb OCHU Z
PaBHBIM b, HCKOMBIN TOK MOKEM 3allicaTh B BUIE:

i= agj‘Exds= aH,, sin @ cos [(ot—kzkabJ, 37ech k = @
6t5 2 2 v

Taxoe xe BbIpaKeHME IMOJIydaeM, paCCUUThIBAsA TOK C TIOMOIIBIO YpaBHEHUA i= § H dlI:

i =-aH,, sin|ot — k(z + b)] + aH,,, [sin (ot — k2)] = aH,, sin];b cos(mt_k“@)
‘ 2

4. BoiesiiM BHYTPU KOHIEHCATOPA MEXK/IY €r0 OOKIaIKaMu IIUIMHAD PaaiycoM R u
BBICOTOM d, paBHOI pacCTOSHUIO Mesky oOkmaakamu. Ha G0KOBOIT MOBEPXHOCTH BbI-
JIEJIEHHOTO TIIJIMH/IPA HAIPSKEHHOCTD E 3IEKTPUYECKOTO OISt IMEET e[MHCTBEHHYTO
cocrapJsionyio, pasuyto E = u(t)/d. IIpumem, 4T0 BEKTOP HANPSKEHHOCTH MarHWT-

HOTO TI0JIsl IMEET Ha Hell TaKyKe eJINHCTBEHHYIO COCTaBJISIONIY0, paBHyto H = i /271r=

C du
S dt (3mech C — eMKOCTD BBIJIEJIEHHO YacTh KoHzieHcaTopa). [leperaBaemas ckBo3b

2nr
GOKOBYIO HOBerHOCTb HAJIMH/PA BJIGKTpOMaFHI/ITHaH BHepI‘I/ISI

W,, = ”EHdtds—”— (t)—dtais cj (t)dt

Clu* (&) —u*(0)]

[Tocie unTerpupoBanus Haxoaum: W, = 5 = Wou(®) — W,u(0).
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Takum 06pasom, ecau GOKOBasI MOBEPXHOCTD BBIAEAEHHOTO LUIUHAPA ABJSETCSI 00-
KOBOI IIOBEPXHOCTBIO CJIOSI AUJIEKTPUKA KOHAECHCATOPA, TO [IEPEAaBAEMAasl CKBO3b 110~
BEPXHOCTH JIUDJIEKTPUKA DJIEKTPOMAarHUTHAsI SHEPIUsI paBHA MPUPAIIEHUI0 dHEPTUU
9JIEKTPOMATHUTHOTO TOJISI KOHIEHCATOPA.

9. Yci0BHE PaBEHCTBA IIEPEIaBaeMOIl B CJIOSIX JIEKTPOMArHUTHON 9HEPTUI j E\Hds, =

Ay

1
= I E,H,ds, 3anuuiem, yuutbiBast cootrourenust E = \Ju/e H, H = i/2nr, ds = 2nr dr,

$2

R Ry
B BUIIE /WL, /€, I Vrdr=\u,/e, '[1/ 7 dr, KOTOpOE TI0C/Ie MHTETPUPOBAHMUST TTO3BOJISIET
R R

MOJIYYUTDh ypaBHeHUE /I, /e, In R/ R, = Mm R,/R.

€
Tpu Mt = *2 yyeem R = JR,R,. B o6mem ciydae, 0603HaUnB o = R paxomum
€ & Moy

In(R/R))*=1nR, /R, otkyna R = “/R{'R, .

6. Tak Kak HAIPSAKEHHOCTH AJIEKTPUIECKOTO M MATHUTHOTO ToJiell paBHBI E(f) =
Uu, . ] U
:L(t):imSlnmt,H(r’[)zi=in7~28diE=8 n®
d d 2r 27 dt 2d
sHauenne BekTopa Ilointunra S(r,t) = E(t)H (7, t) obpamaercsa B Hyab (31ech d —

paccTosiHue MeX/Iy OOKJIaIKAMM).

7 COS WL, TO cpeaHee 3a 1epmuo/

8. [lomycTtM, 9TO HAMPSKEHHOCTH dJeKTpudeckoro noad E, = E,,, sin(mt - mz/v) .

[Tpu Borancienun IJIC criocoboMm a 1o hopmyiie e = ﬁE dl nopn Benmunnoii E cie-
[

JYET MOHUMATh HANPSIKEHHOCTh WHAYIUPOBAHHOTO 3JIEKTPUYECKOTO IOJIsl, PABHYIO
E, = 0B, Tak uto

e=§E . dl=a(Ey — Eye) = avp \/E (E, — E) = 2aE,,,sin %’ Co{wt - (D(z + ;’H .
1

0

I[Tpu Borancaennn IJC crnocobom 6 1o hopmyJie e = —aaif TaKKe TT0JydaeM

z+b
e=—gaj uy g/nE , sin -2z dz = 2aE,, sinw—bcos wr-2 2+é .
ot ’ v 2v v 2

z

IIpu nojcraHoBKe YKcIeHHBIX 3HaYyeHuil nHaxoaum E,, =79 B.

29.3. BuxpeBasi U noTeHuMasibHas coCTaBsowWme
3J/IEKTPOMArHUTHOro nons

BOMPOChHI

1. BuxpeBasi cOCTaBJISIONAA HATMPSKEHHOCTH JEKTPUIECKOTO TIOJIST OOpaIaeTcst
B HYJIb, KOI'/la BeKTOprIﬁ MarHUTHBIN TIOTEHIIMaJ HE U3MEHAETCA BO BPEMEHU. Ha-
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mpuMep, TP MepeMeIeHNH C TTOCTOSTHHON CKOPOCTHIO TTPOBOISAIIETO TeJIa B OJHOPOI-
HOM MarHMTHOM I10Jie BEKTOPHBIH MarHUTHBINA TTOTEHIMAA B JIIOOOH Touke oObeMa
TeJa COXpaHdeT OHO M TO ke 3Havyenue. OHAKO MPU 3TOM MOTEHINAIbHAS COCTaB-
JIIonasl HAPSKEHHOCTU 3JIEKTPUYECKOTO MOJIST OTJIMYHA OT HYJISL B OKPYsKalolemM
Teso auasiekTprke. Ee cyrecTBoBanue 00yCIOBIECHO TOSBICHIEM HA TIOBEPXHOCTH
MTPOBOIHMKA WHAYIIMPOBAHHBIX 3JIEKTPUYECKIX 3apPAN0B. 3apsbl HE CO3/AI0T AJEK-
TPUYECKOTO TOJIs BHYTPH TTPOBOIHUKA, €CJIH TEJIO M30JMPOBAHO M K HEMY He TPHCO-

€IMHEHA 9JIEKTPHUYECKad 11€CIIb. Takum o6pa30M, BBIIIOJIHEHO YyCJIOBUE aﬁ =0 BO BceM
¢

npocTtpaHcTie, yeaosue grad U= 0 — BayTpu nposojsiiiero tesia u grad U# 0 — B ok-
PY’KaloIeM TeJIo UAJIEKTPUKE.

Ecau x mpoBozsieMy Tesry TpucoefnHeHa 3JeKTpUYecKas Ielb, TO MO JAeHCTBU-
eM WHAyIUpoBaHHOU B TpoBoaHuke J/[C B 11enmu MOKeT TPOTEKATh JIEKTPUIECKUI
TOK, 1 Torza nosydaeM yciaosue grad U 0 He TOJIbKO B AUDJIEKTPUKE, HO U B 00beMe
Tesa.

[ToTeHnManIbHast COCTABIAIOIAA HAIPSKEHHOCTH IEKTPUYECKOTO MO/ 0OpalaeTcs
B HyJIb, KOT/Ia €I ICTBHE HIEKTPUYECKUX 3aPSIOB, PACIIPENIEIeHHbIX B IPOCTPAHCTBE
(Hampumep, B IPOBOJIAIIEM TeJie), KOMIIEHCUPYETCs, 3apsi/ibl OHOTIO 3HaKa He 0OHa-
HKAIOTCS U UX DJIEKTPUYECKUM TI0JIEM MOKHO MPeHeOPeyb.

HaHpI/IMep, B IIJIOCKOM HpOBO[[HHIeM TOHKOCTEHHOM [NCKe, IIOMEIIICHHOM B HOpMa]Ib—
HOEe K ero IJIOCKOCTH OJIHOPOJHOE IepeMeHHOe MarHUTHOE I0Jie, HAIPSKEeHHOCTh
9JIEKTPUYECKOTO T10JIs1 HE COAEP/KUT TIOTEHIMANbHO COCTAB/IAIONICH, eC/I IUCK Ofl-
HOPOJEH B OTHOUIEHUH 3JIEKTPUYECKOI IIPOBOJUMOCTH BEIECTBA, 13 KOTOPOTO OH 13-
FOTOBJICH.

2. TlepeMeHHOE BIEKTPOMArHUTHOE T0JIe HEJIb3s B 0OIIEM CJydae OlucaTh ¢ MOMO-
IIbIO TOJIBKO 3ﬂeKTpI/ILI€CKOI‘O U MaroHuTHOTI' O CKaJIﬂpHI)IX IIOTEHIIMAJIOB, TaK KaK HpI/I
arom umeeM E = —grad U,, H = —grad U,, u, cienosarenbho, rot E=rot H =0, uto He-
BEPHO.

YNPAXHEHNA

6. HanpsikeHHOCTD MHIYIIMPOBAHHOTO B KOJIbIIE AJIEKTPUUECKOTO TOJISI COAEPSKUT B

CHJIY TIOCTOSTHCTBA YIETbHON IEKTPUYECKOIT TIPOBOANMOCTH BEIECTBA KOJIbIA TOJb-

KO BUXPeBYIO cocTaBisgonyio E = — 0A/0t, HanpaBJIeHHYIO 0 OCH ITPOBOJIA KOJBIIA.

[ToaTomy mHTErpasbl §>E dl, §(6A/ 0Ot) dl = 6® /0t UMEIOT CMBICTT HHIYITUPYEMON B KOJTb-
! 1

e I/IC. Tak kak E + 0A /0t = —grad U =0, To nosy4aem §(E +0A/ot) dl =0, Torna xak
!

§>Edl= - §3(0A/at)dl= ir.
! /

7. B cumy asekTpuyecKkoil HEOJHOPOAHOCTH MaTepuaja KOJbIla HANPSKEHHOCTDH
AJIEKTPUYECKOTO TIOJIS COAEP;KUT JIBE COCTABJISIONINE: BUXPEBYIO, paBHyio —O0A /0L,
u noteHipaabHyio —grad U. Bosuukaorine Ha 0ONMX TPAHUIAX TTOJYKOJIEI] dJIeK-
TPUYECKUE 3apsiIbl CO3/IAI0T aJeKTpudeckoe moJie. Ha ofHOIl U3 rpanuil 3HaK 3JeK-
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TPUUYECKUX 3aPSI/IOB TOJOKUTEEH, @ Ha JIPYroil — OTPUIATENEH, B CBSI3U C YeM
BekTopbl grad U B IOJIYKOJIbIIaX MMEIOT Pa3/IyHble HAIIPABJICHUsL. YUUThIBast, 4YTO Ha-
MPSKEHHOCTH OIS B TOMYKOJIBIIAX PABHBI COOTBETCTBEHHO Ey = i/sy, Ey = i/sy,, U3
BBIpakenuii £y = —0A,/0t— oU/r da, Ey = —0A,/0t— 0U/r o, momyuaem: oU/r Oaly =
= —0A,/0t — i/sy,, OU/r 0oy = —0A, /0t — i/5Y,.

29.4. Nepepaya 3/1eKTPOMArHUTHON 3HEPruu BAOJIb NPOBOAOB JIMHUM
BOIMPOCHI N YIMPAXXHEHUSA

1. Bextop H Hanps»KeHHOCTH MarHUTHOTO I10JI1 UMeeT e/[MHCTBEHHYIO YIJIOBYIO CO-
cTaBIsTionyio H, Kak Ha TIOBEPXHOCTH JKUJIbI KaOeJIsl, TaK U Ha BHYTPEHHEH TTOBEPXHO-
cTH ero 060JIOUKH, TOT/IA KaK HAIpaBJIeHne BeKTopa HanpsukeHHocTn E amekTpuye-
CKOTO TIOJISI HA 3TUX IMOBEPXHOCTSIX MOKET ObITh pa3iudubiM. Ilpm pomymienun
GeckoHewHO GOJIBIION y/eTbHON SJIEKTPUYECKON TIPOBOIMMOCTH BEIeCTBA KabeJst 1
06osi0ukn Ha 00enx MoBepxHOCTSX umeeM E = E,, Tak 4To B 9TOM CJlydae BEKTOP
[ToitHTHHTa UMEEeT eIMHCTBEHHYIO COCTABJISIONIYIO S,. DHEeprus 3JeKTPOMAarHUTHOTO
TI0JIS1 TIEPE/IAETCS B ANDJIEKTPUKE MEXKY JKUJION 1 000I09KOM Kabesrs.

Ecyt mpuHsITh BO BHUMaHIE KOHEYHYIO TPOBOUMOCTD BEIIECTBA JKUJIbI i 000TOUKH,
TO Ha UX OBEPXHOCTSIX HAPSIAY C PAAMAJIbHON COCTABJISIONICH HAIIPSI)KEHHOCTH JJICK-
TPHUUECKOIO 110JIsI IIOSIBJISIETCSI TaKKe M KacaTebHasl cocTassiomas L, kotopas Ha-
IpaBJieHa Ha MOBEPXHOCTSIX JKUJIbI U 0O0JIOYKHU B Pa3Hble CTOPOHBI B CBSI3U C TEM, YTO
TOK B HUX T€UET B TIPOTUBOTIOJIOKHBIX HAITPABICHUSIX.

BenencrBue atoro Bektop IloiiHTrHra GyIeT UMETh HE TOJBKO OCEBYIO, HO TakKKe W
pauanIbHyIo S, COCTABIAIONIYI0. B 9TOM ciydae CymiecTBYIOT MOTOKHU 9JIEKTpOMar-
HUTHOI 9HEPIHUH, HATIPaBJIEHHbBIE BHYTPb JKUJIBI 1 000JI0UKK KabeJist. ITa 4acTh dJIeK-
TPOMarHUTHOI 9HEPIUK paccenBaeTcst B KuIe 1 060g049Ke Kabesst B BUIe Terlia.

2. llpu pomymennu uaeasbHONU MPOBOAUMOCTU 3€MJIM KacaTelTbHAs K Hell COCTaB-
JISIOIIAs BEKTOPA HAIIPSIDKEHHOCTH 3JIEKTPHYECKOTO M0JIsT 0OpaIaeTcst B HyJIb, TAK 4TO
BekTOp lloitHTHHTA HEe COMEePKUT HOPMATBHON K TIOBEPXHOCTH 3€MJIU COCTABJIIONIEH
U, CJIeZIOBATENbHO, SHEPTHS JEKTPOMATHUTHOTO OIS TIePelaeTCs BAOIb TTOBEPXHO-
CTHU 3eMJIN, He TIPOHUKAs BHYTPb Hee.

Ecau cuntarb ynenpbHylo 2/IeKTPUYECKYIO TTPOBOJIMMOCTD 3eMJIM KOHEYHOM, TO Ha ee
MOBEPXHOCTHU TorydaeM Beandunsl E; # 0 u S, # 0. B aToM ciryuae anekTpoMarauTHas
BOJTHA IIPOHUKAET B 3eMJIIO, UTO IIPUBOJMUT K YACTUYHOM 110TEPE IHEPTUU DJIEKTPOMATr-
HUTHOTO TIOJIA.

3. CunycoujiayibHble HANPsKEHUE U TOK KOHJIEHCATOPA € UI€AJIbHBIM JIU3JIEKTPUKOM
caBUHYTHI HA yroJi 90°. Tak kak HAPSKEHHOCTU 3JIEKTPUYECKOTO M MATHUTHOTO TI0JIS
MesKLy OOKJIaJIkaMi KOHIEHCATOPa CABUHYTHI Ha TAKO¥ JKe YToJI, TO UX MPOU3BECHNE
S = EH gaBnsetcsa 3HakomepeMeHHOU (DyHKIMeH, cpe/iHee 3a Mepuoji 3HaueHne KOTOo-
pOIl paBHO HYJIIO.

B oxny uerBepth mepuosa umeeM S > () U 3JEKTPOMArHUTHAS dHEPTUS MOCTyTaeT

BHYTDPb KOHJIEHCATOPA, TOT/Ia KaK B CJEAYIONIYIO YeTBEPTh nepuoza nosaydaem S < 0
U 3JIEKTPOMArHUTHAST 9HEPTUS MT€PelaeTCs U3 JIUAIEKTPUKA KOH/IEHCATOPA.
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6. YuuteiBast, uTo0 R < D, OyaeM cYUTaTh, YTO JEKTpUYE- H

CKHe OCH ITPOBOJIOB COBITA/IAIOT € UX TEOMETPUIECKUMHU OCSI - " s

Mu. HarnpsizKeHHOCTH 9IEKTPUYECKOT0 U MAarHUTHOTO ToJieit G ";—;1""* ----- ®
1 1

B TOYKe A 3amuiiieM B BHUJE: Puc. P29.1

T T T

E(r)= + =(1+ ! J
2ner 2ne(D—-r) 2me\r D-vr

H(r)=l+l=l(1+ 1 ]
2nr  21(D -7v) 2m\r D -—r

Tlie 7 — pacCToSHUe OT TeOMETPUUYECKOTO TIeHTPA OJIHOTO U3 MPOBOJIOB /10 TOYKUA A
(puc. P29.1).

. Cu _ meu
YauThiBast, 4TO JIMHEHHAS IVIOTHOCTD 3apsifid T = —— = ———, HAXOANM
[ InD/R
. 2
=g (e gt ) So- o B
2InD/R\r D-r 4m[r(D -r)]> InD/R

Ha puc. P29.1 nokasano mampasaenue Bektopa § [loliHTUHTA B 07IHOI 13 TOYEK TIII0C-
KOCTH, IIPOXOJSIIEN Yepe3 ocu IPoBoAoB. VIX 3HaueHus IpUBeIeHbl B TabJIuIIE.

A M 0,06 0,1 0,2 0,4 0,6 0,8 1,0

$10°6 |Br/M® |44,5 16,7 4,65 1,47 0,85 0,65 0,6

7. ]yt HAaPSKEHHOCTH 9JIEKTPUIECKOTO0 M MarHuT- R d_la_b_ia
Horo moJiet (puc. P29.2) moxem 3ammcaTh BbIpaske- == ‘
HUS (CM. pelieHne TpeabIAyInell 3a1a4un ):

3y

i)
L

1
)
i

i
——
=
1

q=—

o) -

u(x,t) D i : }
E(x,0) = : ( 3 , — gt ey
2(D*/4-y*)InD/R . : ;/4 b
i(x,t) D — = :

Hxty= —0DD Puc. P29.2

20D 4y
Hampsokenue Mesk 1y TpOBOAMK U TOK B HUX pacTIpeie/IeHbl BIOJIb IMHHIH 110 3aKOHY
(M. T.2,§17.3)U=U,chyx — I, Zshyx, I =1,chyx— % shyx, rneU,, I, — xommiexc-

Hbl€ HallpsAKeHNEe U TOK B HadaJje JIMHUH.

Tak Kak JUHUS HArpy’KeHA HA BOJHOBOE CONPOTHUBJIEHNE, TO TTOCJIE/HEe BBIPAKEHUE
moskeM 3amucarhb B Buge U = U, (ch yx — sh yx), I = I,(ch yx — sh yx), win, yunrsiBas

COOTHOIIEHUS | = Ej ch ij = cos 2m x, sh jx =7 sin %x
AT A - r
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2n 2m

U :Ui(cos%:tx—jsin%:tx):[]le_]*x, I=1le i

.3n

Ha nmunusix a — a' u b — b’ imeem x, = 1./8, x;, = 31/16, Tax uto Ua=Uie_]Z,Ub=Uie_] 8 m

UID* : 2[ nj
0 = sin| ot —— |,
2n(D?*/4-y*)*InD/R 4
2
S, = uiD sin{mt—?m].
2n(D?*/4-y*)*InD/R 8

Kak Buzno, umeem S > 0 u, cieoBaTeIbHO, B TIOOOH MOMEHT BPEMEHN dHEPIUst DJIeK-
TPOMATHUTHOTO TIOJIS TePeaeTcsl OT MCTOYHUKA K HATPY3Ke.

8. Hoacrasass B ypasHenus AannHoi aunnn (em. T. 2, § 17.7) U =U,,ch yx +1, Z sh yx,
I=1,chyx+ % sh yx BeumHBI & =7Ze'™% chyx = cos %x, sh yx =j sin %x, mo-

2
JIYIHM:

U=U, cosﬁx+e"'"/6jsinﬁx , I=1, cosﬁx+ej”/6jsin@x .
A A A A

IIpu x, :% mveem U, =1,225U,¢, [ =0707 [,/ wm u, =1,225 /2 Uysin (¢ +30°),

i,=0,707 /2 I, sin (o ¢ + 30°). Ipu x, = 4,/16 maxogum U, =U, (1,11 +;0,33),1, =

=1,(0,73 +j0,33), u, = 1,16 /2 U, sin (ot + 16°), iy = 0,8 /2 I, sin (ot — 6°),

_ 01380,I,D*
(D*/4-y*)*InD/R

_0,148U,1,D*
(D?/4-y*)*InD/R

sin?(ot + 30°),

a

b sin (ot + 16°) sin (ot — 6°).

[Ipu [=10,02 A nmeem x, = 0,011, x, = 0,0054, cos %xa ~1,sin ijxa =0, cos %xb ~1,

2

sin @xbzo, S, =8, = UQIQD, sin (wt—njsin ot.

A 2n(D*/4-y*)*InD/R 6
[Tocrpous dynkiwmio Sy, (¢) mpu [ = 0,251, a Takske byHkiwmo S, () = S, (¢) ipu [= 0,022,
BU/IUM, UTO B HEKOTOPbIE ITPOMEXKYTKN BPEMEHU OHU OTPUIIATEJbHBI, T. €. B 9TH MPO-
MEKYTKH BPEMEHU TTIOTOK 3JIEKTPOMArHUTHOW SHEPrUU HAINPaBJEH HE K TIPUEMHUKY,
a OT Hero K renepatopy. lIpu peak TMBHOM Wik CMEIIAHHOM XapaKTepe Harpy3Ku Mmpo-
UCXOANUT OOMEH 2JIEKTPOMATHUTHON SHEPTrUel MKy TIPUEMHUKOM U JIMHUEH, peji-
CTaBJISAIONIEH cOO0N HAKOIUTEb 9HEPIUU, PACTIPE/IEJICHHBIN BOJb JUHW.
OtMeTuM elie pas, 4YTO €CJAU JUHUS HArpy’KeHA HA BOJHOBOE COTPOTHBJIECHUE (CM.
ynp. 7), To 1ipu 1060M x uMeeM S > 0, Tak Kak HarpsiKeHne 1 TOK COBIIAAioT 1o dase.
B atom ciydyae He IpoucxouT 0OMeHa 3JIEKTPOMArHUTHON 9HEprueil Mex/Iy reHepa-
TOPOM U IPUEMHUKOM, a OCYIIECTBJISETCS TOJIBKO ee Iepeayva.
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30.1. Nnockasa 3neKTpoMarHMTHas BOJIHA B NPOBoOAsLIEN cpeae

BOMPOCHI

4. COCTaBJIHIOH_[I/Ie HaHpH)KeHHOCTeﬁ JIIEKTPUIECKOTO N MarHUTHOTO I10JIA ILJIOCKOM
SﬂeKTpOMaI‘HI/ITHOf/Jl CI/IHyCOI/IlIaJIbHOfl BOJIHBI B NJA€AJIbHOM /IUIJIEKTPUKE COBIIQ/IAIOT
110 (1)336, B CBA3M C YeM OTHOIIEHHE NX KOMIIJIEKCHBIX 3Ha‘{€HI/IIL/,I, OIIpeaesIdoniee BoJi-
HOBOE€ COIIPOTUBJIEHUE, ABJIAETCA BEHIECTBEHHDIM.

Kak Buao us pemrenus: ypaBHeHU OTHOCUTEIBHO COCTABJISIONINX HAIPSIKEHHOCTEN
3JIEKTPOMArHUTHOTO TIOJISI CHHYCOW/IATbHOW BOJIHBI B TIPOBOJIATIEH Ccpejie, BeTMINHBI
E(t), H(¢) cnsunyThI 110 (haze Ha yroa 45°. [ToaToMy BOJTHOBOE CONPOTUBIIEHNE TPOBO/IS-
Ielt cpeibl SIBJSETCS KOMIIJIEKCHBIM 1 HOCUT aKTUBHO-MHIYKTUBHBIN XapakTep.

5. B HenmeanbHOM [AM3JEKTPUKE TIPOTEKAIOT BUXPEBBIE TOKH, MPEISATCTBYIONINE TTPO-
HUKHOBEHUIO 2JIEKTPOMArHUTHON BOJIHBI B IJIyOb CPe/Ibl, B CBSI3U € Ye€M BOJIHA 3aTyXa-
€T TI0 Mepe ee yajJeHus OT TOBEePXHOCTH ANAJIEKTPrKA. BUXpeBble TOKM MTPUBOAT K
BBIJIEJIEHUIO TETTa M HATPEBY JAMAJIEKTPUKA.

6. [IpuBenennoe cooTHOIIEHNE, OMPEENIAIONIee BOJHOBOE COTPOTUBJIECHUE CPEID,
CIIpaBe/I/INBO, KOTJla BXOAAMNE B Hero Bennundbl E, H — HalpsKeHHOCTH COCTaB-
JIFTOTIUX TIOJS TTAIato1ell BOMHBL. B macTiie KOHEYHON TOJIIIMHBI HAPS/LY ¢ Ta/aio-
TIeii CyTIecTBYeT TakKe 1 OTPakeHHas OT ee TpaHuIl BoJsiHa. [loaToMy oTHOIIIEHME Be-
svwaun E u H ne onpesiesisieT B 5TOM cJIyyae BOJHOBOTO CONPOTUBJICHUS CPE/IbI.

7. B m060it Touke 6e3rpaHUYHOI TIPOBOISIIIEN CPEIbI YTOJI C/IBUTA MEK/LY BeTNYNHA-
mu E(t), H(t) coxpaHsieTcst HEeM3MEHHBIM U PaBHbBIM 45°.

8. C pocToM 9acTOThI yCUJIMBAETCS BIMSHUE WHYITUPOBAHHBIX B ITPOBOJIAIIEI Cpeie
BUXPEBBIX TOKOB, OCTAbJISAIONINX CTOPOHHEE JIeKTpoMarauTHoe moste. [loatomy cko-
POCTD 3aTyXaHUS TOJIS BJOJb KOOPIWHATEI €T0 PACIIPOCTPAHEHNS BO3PACTaeT U TJTy-
OGUHA MPOHUKHOBEHUSI MOJISI B CPEY YMEHBINAETCSL.

9. ITonyyaemast pu TakoM criocode OIpeieIeHNsl CKOPOCTh HOCUT HasBaHue (aszo-
BOIl. BBesienHas nmpm n3yuyennn aIeKTPOMarHuTHOTO TIOJIA B uaIekTpuke (em. § 29.1)
CKOPOCTH PacipoOCTPaHeHNs BOJH TakxkKe dBJsgercd Ga3oBoil, HO OHA OJTHOBPEMEHHO
SBJIAETCS W CKOPOCTHIO PACTIPOCTPAHEHNS JEKTPOMATHUTHON BOJIHBL

®azoBasi CKOPOCTh PACIIPOCTPAHEHNUST BOJIHBI B TIPOBOJISIIIEN CPEJie 3aBUCUT OT YacTo-
ThI U3MeHeHUs 1ost. OHa XapaKTepu3yeT aJeKTPOMArHUTHBIE MTPOIECCHI B TIPOBO/IS -
el cpejie TOIBKO MPU FTAPMOHMYECKOM 3aKOHE M3MEHEHUS M0JIs BO BPEMEHH.

YMNPAXHEHUS

1. DsekTpUYecKue 1enu ¢ MUHUMATBHBIM YHUCJIOM 2JIEMEHTOB, UMEIOIIE COMPOTUB-
aenue Z= (1 +j)Jou/2y =7+ jx, comepkar pe3sucTop 1 KaTylmKy WHIYKTUBHOCTH, CO-
e/IMHEHHBIE TIOCJIEIOBATEIHHO WU TTAPAJITIETbHO.

[Moyuaem r = x = \Jop /2y Mpu HOCJAEIOBATENLHOM, & = b = \/y/20W TIPH Mapasiiesb-
HOM COeTMHEHUN.

3. Pacmosnio:xuM Havajao TPSIMOYTOJIBHON CUCTEMBI KOOPAWHAT B CEPelUHE CeYeHUS
IIMHBI ¥ HAIIPABUM OCH, KaK yKasaHo Ha puc. P30.1. Vimeem E =E ,H =H .
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OnpesiesuM U3 rpannunbix yeaosuit H = I/2h npu z = —d, H = —1/2h 2

11pu z = d oCTOSTHHbBIE, BXOAMNMe B pemenne H = A;e % + A,e® ypasHe-
d*H I

st — = jougyH, o.” = jou,y. V3 ypasuenmit A + Aye ! = 28
z
A1efotd + AZeotd: _[/Zh HAXOIM A1 = ]7, A2 = —# " CKOMOE
4hshod 4hshod A z

sh az. C momotpio ypaBHeHUsT

2hshad %

dH
YE = —7 orpezessieM HallpAKEHHOCTDb 9JICKTPUYECKOTO I10JIA 1 ILJIOT-
z

penienue 3amnuiieM B BU/ie H=-

fa : la
——— choz,J=———chaz
2yhshad 2hshad Puc. P30.1

[Tpu TOCTOSTHHOM TOKE COTIPOTUBJICHUE 7y IMHBI JTTMHON [ MOJKHO HAlTH 110 (hopmyJie

[ )

p=—== i [Ipn mepemenHOM TOKE dHEPTHIO, TPOHUKATONTYIO CKBO3b MOBEPX-
rs Y

HOCTD ITUHBI, MOXKHO PACCYUTATH C TOMONIBIO BEIPAKEHUS § = {)(E H) ds, a BuyTpeH-

HOCTBb TOKa E =

S

HE€€ PEaKTUBHOC M aKTHUBHOE COIIPOTUBJIEHUA IIMHBI COOTBETCTBEHHO I10 q)opMleaM

Xynyrp = IM IZ2 §(E H)ds = 21};llm(E Hy , r= 2[};ZRe(E H) .
Iloxcrasass B mocieee BBIpAKEHUE Haii- riro
AeHHbIe Bble BeanunHbl E u H, momydaem 5]
2,01
r=iRe [ cth ad] | 8
2vh Lol
u r/ry = kd Re [(1 + j) cth (1 + ) kd], 144
1,24
r7ie k= Jopy/2. [Ipu BBIYMCIEHNAX NCTIOb- | 0
3yeM COOTHOIIEHHUE 8’2'
cth(1+ jykd = DA+ Dkd_ 0.4,
sh(1+ j)kd 0,21 ;
_ sh2kd — jsin2kd 0" 20 40 60 80 100 120 140 160 180 200 Iy
ch2kd —cos2kd Puc. P30.2

KpuBast 3aBucumoctu 7/ry = ¢ (f) nokasana ua puc. P30.2.
5. YunteiBag, uto J(z) = ch(1+ j) kz = ch kzcos kz + j sh kzsin kz (cm. pemenue ynp. 3),

HAXOAMM, 4TO Ha paccrossHun 2d ¢asa IIOTHOCTH TOKA U3MEHSETCS Ha BEeJUYHHY

Ay, = arctg (thkz tgkz). U3 coornomenus AY, = 2nn nonydaem nn = kd, k= %n

sl
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[ToxcraBnsist yncaeHHble 3HaYeHus, noaydaem f = 440 T npu n = 1, f = 1750 I
npu n = 2.

30.2. AKTUBHOE U MHAYKTUBHOE CONPOTUBJIEHMS NPOBOAOB

BOMPOCHI

6. Tak kak IEPEMEHHOE SJIEKTPOMATrHUTHOE I10JIE€ ABJIAETCA BUXPEBDBIM, TO HAIIPAKE-
d

HUE U,y = IE dl 3aBucut oT BbIOOpA MYTH MEKIY TOYKaMU d, d. JIpyrumu cioBamu,
a

MOKa3aHMe BOJBTMETPA 3aBUCUT OT PACIMOJIOKEHUS €T0 COeMHUTETHHBIX MTPOBOJIOB,
MOAXOAAIIMX K TOUKaM d, d. Yem 60JIbIINI BHEITHUI MarHUTHBIN IIOTOK, CO3aHHbINA
TOKOM JKHJIBI KaOeJIst, 0XBaYeH COeMHUTEIbHBIMU TIPOBOAAMHU, T€M GOJIbIINM OyIeT 1
noKazaHue BoJibT™MeTpa. [109TOMYy MpH PacIoOKEeHIH TPOBOIOB BIOJb JUHUU ad
(em. puc. B30.1) nokasanue BosisT™MeTpa Oy/IeT HAMMEHbBIIMM, B 9TOM CJIydae MpOBO-
JlaMU OXBau€eH JIUITb BHYTPEHHUN MAarHUTHBIN MOTOK TpoBoja. [Ipu pacrionosxkenun
[IPOBOJIOB B/I0JIb JTMHUHN abcd 1okazaHue BoIbTMeTpa Oy/1eT HaubOJIbITM, TaK KaK Ha-
psALy ¢ BHYTPEHHUM MOTOKOM M3MEpUTEJbHBIE TTPOBOJIA OXBATHIBAIOT TAKKe TOJIHO-
CTHIO U BHENTHUI MATHUTHBIN MTOTOK, MPUXOASIIMIICS Ha IJINHY [ KWJIbI.

8. PeGpa 1 yriibl Tl B IefCTBUTEIBHOCTH BCET/Ia UMEIOT KOHEUHBIN PajiyC 3aKpyTJie-
HUsl, TAK YTO UX MOKHO aIlllIPOKCUMUPOBATH COOTBETCTBEHHO IUJIUH/POM U chepoii
paguycoM R. CooTHOIeHNe paguyca 3aKPYIJIeHUS U JIUHBL A 3JeKTPOMAarHUTHON
BOJIHBI B (DePPOMATHUTHOM TeJie OmpefesiseT BO3MOKHOCTh PACCMOTPEHUS TTOCE]-
Hell KaK TJIOCKOW: pu R >> A ee MOXXHO CYUTATh TLIOCKOM.

B ninockoii BosiHe xapakTtepusytoniue ee Bektopbl E, H 3aBUCAT TOJBKO OT OJHOU KO-
OpPAUHATBL. ITO YCJIOBHE B PAaCCMATPUBAEMOM CJIydae BBIIOJIHSETC IIPUOIKEHHO,
€CJTU JITMHA 9JIEKTPOMATHUTHON BOJIHBI B (DEPPOMArHUTHOM TeJle 3HAUUTETHHO MEeHb-
IIIe PACCTOSTHUSI, OTCUUTHIBAEMOTO BJIOJTb €T0 TIOBEPXHOCTH, HA KOTOPOM aMILIUTYa
BekTOopoB E, H mipeTepiieBaeT 3HAaUNTETbHOE U3MEHEHNE.

YMPAXHEHNSA
2d 2d
1. O6osnaunm mmnbl udpaMu 1, 2, a UX AJIUHHbIE CTOPOHbBI OYK- ] ]
Bamu a, b (puc. P30.3). [l pacuera moJis BHyTpHU 000N U3 MIMH
MPUHUMAEM TPSMOYTOJIBHYIO CHCTEMY KOOPAWHAT, CBSI3aHHYIO C 1 4 2
>4
TOW TUHOM, ToJIe B KOTOPOH PaCCUUTHIBAEM, U PACIIOJIaraeM Ha-
) y

YaJI0 KOOpAMWHAT B IIEHTPE CEYCHU A IIMHDI.

HanpskeHHOCTh MAarHUTHOTO T10JIst B JIIOOOM U3 IIIUH 3aIIChIBAEM
B Busle H = Aje ® + A,e® u onpenesnisieM moctosannblie Ay, A, u3 I B
yenosuit H=H, npnz=—du H=H, npuz=d. i i

sha(z-d) I sha(z+d)

H = —H .
“ sh2ad " sh2od T
. . . . . a a
Vcnomnbays rpannansie yeaosus H,, =0, H,, =—I/h, H,, =—1/h, ||
] Puc. P30.3

H,, =0, nomyyaem:
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:_ishoc(z+d) J :(Lj choa(z+d)
" h sh2ad * ' h sh2ad
:isha(z—d) J __ocill cha(z-d)

2 ) 2
h  sh2od h  sh2ad
Kpusbie sasucumocteii | H (z) | 17151 3a1aHHbBIX YHCACHHBIX 3HaYeHU T H306paskeHbl Ha

puc. P30.4.

CormpoTrBieHe TOKOMPOBO/IA COMEPSKUT aKTUBHYTO M PEAKTUBHYTO COCTABJISAIONINE, TIPH-
4eM TIOCTIENHIO MOJKHO Pa3/IeIuTh Ha JIBE: X; U X,, O0YCIOBJIEHHBIE COOTBETCTBEHHO
BHYTPEHHUM U BHEITHUM MAarHUTHBIMU MOTOKaMU: £ = Zy + Ly + jx, = Z; + jx,. BuyT-
peHHee COPOTHUBJIEHNE Z; OJIHON MIMHBI TOKOITPOBOIA paccuuTaeM 1o (opmyJie

[ I o
Z,:I—Zf[E, Hds :y—hlcth 2ad,

c
a BHelrHee — 110 opmyie x, = o L, = o py!/ A TJie ¢ — PacCTOSTHUE MEXK/LY ITMHAMH, [ —

JJIMHA HIMHDbI.

104|171
Aly
{2 = s0ry 4 )
], 10m/m
JJ=2500 o] .
7 8
AN/ /N 6 7
/fz/ﬁf//’/ - Z v
A 7=y e
/=800y T
=1 N i —
108 6-4-2 0 24 6 8 10 mu 200 400 600 800 Iy
Puc. P30.4 Puc. P30.5

[TocTaBisist YMCJACHHBIE 3HAYEHUST, HAXOANUM 3aBUCUMOCTD 7' = 7'( ), n300pakeHHYIO
Ha puc. P30.5.

2. Bocnosibayemcs TTOydYeHHBIM B TIPebIAYINel 3aaue peleHneM
) sha(z-d) o, sha(z+d)
sh2ad sh2ad

OTPEIEJISIONIIM TI0JI€ B JTI0O0M M3 MINH, 3aIUCHIBASI TPEIBAPUTETBHO BeTMINHbL H
H,, H,, Hy, H;,, Hy,:

H=-H

)

~

bbb Lo g ok

oh 20 2k h h
o1, I, 1 : .
Yy === — 2 = —] +I —I y H’a:Hﬂ H :0.
2b 2]’l 2h 2h 2h( 1 2 3) 3 2b 3b

Hm =0, Hw ==

[Tosyyaem:
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: I, sho(z+d) , ol cha(z+d) 105 | 1]
Hy=—o o == 144 42
h  sh2od h  sh2od 14/
12
H2 = _AM_,_i(_h +1, _IB)M, o] l/
h  sh2od 2h sh2ad <
J, :%M_&(_LJF[Z_]B)M, 6:
2h  sh2od 2h sh2ad 41
: 1 sha(z-d) 2]
H, = —— (=1, +1, —1,)2*z=4) .
’ 2h( 1 3) sh2ad 6 3 0 3 6 MM
. o cha(z—d) Puc. P30.6
J,=—(CI, +1, -1,)————~.
’ 2h( 1+ =1y sh2ad

3asucumocts | J,(z) | uzoGpaxkena na puc. P30.6.
3. Ilpumensiss 3aKOH II0JIHOTO TOKA, MOXKEM IIOJIyYUTh BEJIUUNUHDL
. . . . I, . . i
- - — __h _ _13
H,, =Hs, =0, H,, =H,, __Z, H,, =H,, —7-
[na naxoxnaenusa seauunn H,, = H,, BOCIIOJb3yeMCsl BbIpaXKEHHUEM, [TOJYyYeHHBIM
npu pemienun ynp. 1:

sha(z—-d) . sha(z+d)

H = _H“ + Hb )
sh2ad sh2ad
a TaKyKe BbIpaK€HUEM
potdl _p o chaz=d) o chaz+d)
vy dz y  sh2ad y  sh2ad

BoiGupast KOHTYp JUIHHOI [, 060pasoBaHHbBII JTMHUSAMHE, JIeXKaIUMK Ha CTOpoHax 16 u 2a
IIVH, 3alUIIeM YPaBHEHIe §E dl = — jo® B Buge E,,[ - E,l = —jou,clH,, u, yin-
!

Iyao ol cth2od, E,, = Lﬁ; cth 2ad, nocne HecIOAKHBIX

yhsh2ad  yh

ThIBast, 4To £ 20 =
I

(2cth2ad +o.c) sh2od’

sHavenus, moaydaem: [, = 12 — j 215 A, I, = 988 +j 215 A.

Hpeo6pa30BaH1/If/’1 HaXO/InM: I1 = HOZ[CTB.BIIHH YHCJIEHHbIE

4. YuuTniBast yCJIOBUSA CUMMETPUN, MOKEM HA OCHOBE 3aKOHA TTOJTHOTO TOKA 3aIHCATh
COOTHOIICHUS:
H,,=H, =0, Hy, =H,, :_2(11 +1,), H,=H,, =H,, =H

la da-

Besmuuny H |, naiizieM, NCIIOJb3Y$ 3aKOH 3JIeKTPOMArHUTHON MHYKITUN §>E dl = —jo py®
[

¥ BBIOHPAst TAKOH KOHTYP MHTErPUPOBAHUS, UIHHA KOTOPOTO paBHa [ 1 /[Be CTOPOHBI
KOTOPOTO NPOXOAAT Bosib aunnii 1bwu 2a E,, [ — E,, [ = —jou,cl H,,. 3anucpiBast BbI-
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paskenus s E " E s H \, Y TIOBTOPSISI pellieHue TIPEeIbIYIIero yIpakHeHUs, Oy -
4aeM BbIPasKeHUE 15l TOKa | (-

5. Kak u ipu pemternu ymip. 3 u 4, BeIpaskaeM BHaYase HATPSDKEHHOCTh MATHUTHOTO
TOJIST Ha CTOPOHAX a 1 b TH Yepe3 uxX TOKU. JIJIsT HaXoKIeHUsT TOKOB IITHH 3aMiChIBa-
€M ypaBHeHue {)E dl = — jod 1151 KOHTYpa JIHHOI [, 06pa30BAHHOTO JTHHIAMM, JIeKa-

[

MUMU Ha cTOpoHax 16 u 3a mH. AHAJIOTHYHOE ypaBHEHNE MOKEM 3alicaTh U JIJIs
KOHTYpa C JIUHUSMH, JIEKAIUMU Ha CTOPOHAX 2b u 4a TiivH.

7. Bynem cuntath, 4To TOK I, 1epBoii (ha3bl MpoTEKaeT 110 JIeBOH IIMHEe, TOK BTOPOil
daswi [, = 1,(=0,5 — j/3/2) — 1o cpenneit, a ok I, = I,(—0,5 + jv/3/2) tperbeit da-
3bl — MO TpaBoi MHe. HanpsykeHHOCTh MArHWUTHOTO TOJIST HA JUTHHHBIX CTOPOHAX

TITIH;
) ) ) . i ) ) i I
H =H, =0 H, =H, =—-L, H, =H, =-%="L(-14jJ/3).
1a 3b 2a 1b 7 2b 3a A 2h( N3)
AKTHBHbBIE CONPOTUBJIEHUS IUH PACCUNUTBIBAEM, MTOJIb3YsICh BHIPAKEHUAMU
=13 =j_él Re (—Ew ﬁ1b), 7y :jlz Re (Eza I—i:’zd —E2b ﬁZb), rie L’ju7 :_Hib & ¢th 2oud,
1 2 Y
B, =H, %cth2od-H, % B -8, %1 _F % cth2ad
Y v sh2ad v sh2ad Y

BolnosHsas Hec/oKHbIE TTpeoOpasoBanust, HaxoauM: 71 = I/yh Re (o cth 2ad),

1 .
ry=1/yh Re a (2 cth 20d — m), U TIOCJTe TTOJICTAHOBKU YUCJEHHBIX 3HAYEHUN TIO-
sh2a

ayaaem: 7, = 1,8:1075-1 Om, 7, = 2,34-107-/ Om.
8. CooTHomienue, ceasbiBatomiee Toku I, I mn nepsoii dbasw I + 17 = I,, nononsnm

ypaBHEHUEM i;E dl = —jod, 3amcaHHBIM ISl KOHTYPA, JIMHHbBIE CTOPOHBI KOTOPOTO
!
(mmanoit [ kaxaast) TpOXO/IST BOJIb IITHH 10 cTopoHaM 15 mepBoil iHbL 1 2a BTOPOit

mmst: E,, — E,, = —jou,cH,, = jou,cl|/h Yaurwsag, uro E,, = —H,, & ¢th 20d,

E,, = Hzgg = cth 20d — H,, g;, H, =H,, H,, =-I!/h, naxomum nocie
Y v sh2ad
IIPOCTBLIX TIPeoOpa3soBaHmii BRIpAKEHNE, aHAJIOTHIHOE MOTy4eHHOMY IIPH PelleHHH
. i . ) .
up.3: 1] = L . IIpu pacuere Tokos I}, I ypasuenue ¢ E dl = — jo®
P-4 (2cth2ad +ac)sh2ad PP 22 P f /
npunnmaet sua E,, — E,, = —jou,cH,,, Tne
E,=H, %cth2ed-H, — % H, =H,, H,=-,
4a 4a y 4b 'YSh2(1d 4 3b 4b h
By =H, —%  _f, %cthoad, H, —-1.
ysh2ad Y h

Ncnonb3ya aTv COOTHOIIEHN, HAXOAUM Besmuuny H ,, u nanee Toku I, .
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9. HPI/IHI/IMaH HOHyHIeHI/Ie, YTO JIMHUN HaHpEDKeHHOCTI/I MAardmMTHOTIO I10JISA B Hasy I1a-
paJLIesIbHbI JIHY 11433, B IIPSIMOYTOJIBHOM crcTeMe KoopauHat nmeem H = k H .. Tlpu
h<y<h,umeem H = I/d = const B cus1y yCJ0BUS L = o0 BelllecTBa 3yOII0B U TeJsa Po-
1 I3
)

Topa. [Toatomy ypasrenne —— - = jo Loy H crefyeT pemmath Py FPAHMYHBIX YCIOBHSX

sua: H =0upuy =0, H = [/d upu y = h. Onpepie- a1
7uB BXoxAmme B pemenne H(y) = Aje ™ + A,e™ 10°[-10°
MOCTOSTHHDBIE A4, Ay, TIOJIyUAEM: A%_ /11(/)“"2 I
. 9{9 /
H(y) = ishay ) = d7H o choy el s ///

d shah’ dy 'd shoh g: Z /
DJeKTPOMATHUTHOE TI0Jie TMPOHUKAET B MPOBOI Z:i |j|\/,/ i
CKBO3b €T0 BEPXHIOI0 ITOBEPXHOCTH, OTPAHNYCHHYIO ;: g B>
muuueii y = h, Tax uto Hl_L==* y

1 | 3 4 0 I 2 3 4 Sem
= FRe{;scis = y—dRe (o cthah) = 2,3-107% Om. P, P30

Kpussie H(y), J(y) npy 3aaHHbIX YUCICHHBIX 3HAYCHUSX n300pakersl Ha puc. P30.7.
)

10. 3aniem perenrie AndHepeHIMaNTbHOTO YPABHEHHSI ——— = j© w,vH, onucpisato-

1ero 1moJie B M06GOM 13 MPOBOAHUKOB P TPAHIYHOM ycioBun obmero suga H = H
npuy =0wu H = H, npu y = h Ha CTOPOHAX TIPOBOIHHKA:
sha(h—y) “H, shoy

shah " shah’

=0, H w=1 / d, TOra KaK Ha CTOPOHAX IIPO-

Hy)=H,

Ha croponax nposoauuka 1 umeem H

la

sonnuka 2 — H,, = I/d, H,, =21/d. Tlostomy MosKeM 3amicath COOTHOITCHS:

- I sha .
H,(y) =22 H,(y) = ——[sha(h~y) +2shay],
d shoh
Ji(y )—i o chay J,(y) = [-cha(h —y) +2chay].
‘ shoh = 77 d h ah
103 |H]|
AXTUBHOE COMpOTHUBJIEHWE TPOBOAHUKA | MOXKHO — 40{ A/
paccuntaTh 10 GOpMyJie, MOJIYYEeHHON TpH pele- 367 /
HUM yrp. 9, CONPOTHBJIEHHE TTPOBOJHUKA 2 — II0 ;é /
dbopmyne 24 /
201
1 16 /\/
I? 8 v
S 4_ y
= gRe[Ez(h)flz(h)—Ez(O)ﬁQ(O)]. 0 051.0152025303540 cw

Puc. P30.8
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Kpusas zaBucumoctu H(y) nzobpaxena Ha puc. P30.8. IIpu 3aaHHbIX YHCIECHHBIX
3HAYeHUAX TosTydaeM 7y = 3,58-10°1 Om, 7, = 1,67-10° Om.
11. 3anuinem HaNPSKEHHOCTH JJIEKTPUYECKOTO T10Jis1 Ha ctoponax 1b (npu y; = h)
u 2a (npu y, = 0) TPOBOTHIKOB, TIOJIb3YSICh PEIIEHUEM TIPE/bIIAYIIeil 3a1aun:
P lo o
Uiy —
ydshoh vd shoh
Jl71s1 HaxosKieHust ToKa TPOBOJIHMKA 1 3amuiiieM ypaBHeHMe 3aKOHA 9JI€EKTPOMATHUT-
HOU MHIYKIUT §>E dl = — jo®, BoIOMpast KOHTYP UHTETPUPOBAHUSI CO CTOPOHAMI, COB-
!
Ta/[IoIIMK co croponamu 15, 2a nposoxmnkos: E,, — E,, = —jou,c I, /d. 3necn ¢ —
paccrosiiine Mexxay ctopoHamu 1b u 2a nposoauukos. [loacraBisist B 9T0 BbIpaskeHue
Besqnunnsl E,,, E,,, oJydaeM mocJie mpocTbiX MpeodpasoBaHmii
B I
2choh +oacshah

AKTWBHBIE CONPOTUBJIEHUS MTPOBOJIOB PACCUUTHIBAEM TaK K€, KAK U MPHU peleHnn
yup. 9 u 10.

chah, E,, = (I - I, ch ah).

=—66-j93A 1, =11 =1066+j93 A.

1

12. TlpuBeseM pellieHre MPU MapasieJIbHOM COeMHEHUN MPOBOAHNKOB. Obo3Havast
IIPOBOIHUKN, HAYMHASI OT JiHa 11a3a, iudpamu 1, 2, ..., n, a ux cropous kak la, 1b, 2a,
2b u T. 1., MOXKEM 3AIKCATh Ha OCHOBE 3aKOHA TOJTHOTO TOKA BEJIMYMHbI HATIPSKEHHO-
CTeil MarHUTHOTO TIOJIS:

I

d )
L+ I, + T

na d

B coorBeTcTBNM € 3aKOHOM 3ﬂeKTpOMaFHHTHOﬁ WHAYKIWN [JId KOHTypa CO CTOpOHa-

mu kb, (k+ 1)aumeem E,, — E,,, , = —jou,cH ,,. 31€ch ¢ — paccTosiHme MeKIy CTOPO-

kH,a

wHamu kb u (k + 1)a poBOAHUKOB.

HZa =H1b = sz =0

Hm =0, Hw =

H , H, =

KommyecTBO TaKMX COOTHOIIEHMIA, moaydaeMbiX npu k = 1, 2, .. n — 1, paBuo n — 1.
Bxopgamue B nux Besqmunnsl E,, H, BbIpaskaiorcs yepe3 Toku I, I,,..., I, TpoBoaHu-

KOB, TaKk Kak (cM. pemieHue yip. 10)

sha(d —y) I shoy

Hk(y): Hka

shad ¥ shad’
: .o cho(d- . o cha
Ek(y)=_Hka7M+Hkb77y,
Y shad v shad
E _ Uil o 1 +(j1+j2+...+fk)a cthod
v ,Yd Shad yd ?
Ek+1,a = _MCthad-i- ([1 +12+...+]k+1)0( 1

vd vd shad
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[na naxoxnenusa n toxkos I, I,,..., I, caenyer (n — 1) cooTHoIIenne JOMOTHUTD

ypaBHEHUEM f1+ f2+...+ fn =1.

13. Ilpu 3aganHOIl TeOMeTPUU IMWH BO3MOKHO, YUUTHIBASI COOTHOIIIEHUE Pa3MepOB
(d < h), pazjesieHrie MAarHUTHOTO TTOTOKA Ha BHYTPEHHMIA, JIUHIUK KOTOPOTO Hapai-
JIeJTbHBI ITMTHHBIM CTOPOHAM TIIWH W MTPOXOAT B TeJie IITHH, U BHEITHUH, IMHUN KOTO-
POTO TIPOXOAT TAPAJIJIETbHO 3TUM CTOPOHAM IITHH B MTPOCTPAHCTBE MEXIY IMHAMMU.

BHYTpPeHHIOI0 MHAYKTUBHOCTD IIMH IIPU IIEPEMEHHOM TOKE HAXOIMM € TIOMOIIBIO BbIPa-
x, 2lh 1
=——Im

skenust L =—+ —
1

EH j YaurbiBast, 4TO Ha BHYTPEHHUX (0OPAIEHHbIX IPYT
0o o

K JIPyTy) CTOpOHaxX muH E = 0% cth 2ad, H = I/h, nonysaem L;= 2lhIm(oc cth 2ad).
Y wy

HaHpH}KeHHOCTb MaroMTHOTO IIOJIA BHYTPHU JIEBOU Li/Ly

iz 1.0
IIMHBI IIPY IIOCTOSIHHOM TOKe paBHa H; = —— (mpu ()]
2dh 0.8
oTcYeTe KOOPAUHATHI Z OT JIEBOW CTOPOHBI TITHHBI). 872' \
IHeprusi MATHUTHOTO TIOJIsI, 3aKJIIOYEHHAsT BHYTPU 812- \\
2l ,i° 41 3
s, pasta Wy, = — 00" gy Ly = M0 7 Bremmas 231 i
3h 3h 01l ouy
MHLyKTUBHOCTD IHH paBHa L, = polc/h. KpuBag 3a- 0 5 7 ¢ § o2 141618 10°
sucumoctr L;/Ly = f(opy) msobpaxkena na puc. P30.9. Puc. P30.9

14. Tlpu pacuete cOnpOTHBJIEHUS TIPSIMOYTOJIBHON ITUHBI B YCJIOBUSAX PE3KO BBIPA-
JKEHHOTO TIOBEPXHOCTHOTO 3(ppekTa 1Mo BeTMUMHON #, BXOJASAIIEH B BBIPAKEHUE

Z=(1+)) ! / 02)—“ , CJTe/LyeT TIOHUMATh TIEPUMET], PaBHbII U ~ 2h. Vicionb3yst HaliieH-
uy 2y

Hoe Tipu pemennn ymp. 3, § 30.1 Boipaskenue Z; = 2lh a cth ad v BeIETSIS BetecT-
i

BEHHYIO I MHUMYTO YaCTH BeJIMYUH Z 1 Z}, HAXOJMM TIOTPENTHOCTh PacdyeTa akTHBHOTO
Y BHYTPEHHETO PeakTUBHOTO COIPOTUBJIEHUH MIMHBI.
15. YuutsiBast cootHomenue E = \Jop/yH, 1 UCIONb3ys BbIPaKeHUe

2
P= %gu%y
2y 2

E2
HaxoauM: P = ZL lu 2”" (3mech u — cedeHus MPoBojA, [ — ero aInHa).
| 20u

16. Bripaskenue /7151 BEIYUCIEHUS TOYHOTO COMTPOTUBJIEHUS TTPOBOJIA
[ : -
Zyuyrp = ﬁ,/— Jjouy J,(x)/J,(x) , e x = R\/—jouy, MOXKeM 3amucarh B BUle
y

Jo(x)
*]1(35)y

Loyl

ZBHT:i :7/1131_.
P 9nR Y 2y J(x) pro(1 =)
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[ o
Tak kak —— | 2H = Tons — AKTUBHOE COIIPOTHBJIEHUE IIPOBOJIA IIPU PE3KOM IIPOsBJIE-
2nR\ 2y
HUU TIOBEPXHOCTHOTO aekra. YUuThiBas, 4T0 aKTUBHOE COIPOTUBJIEHUE TIPOBOJIA

Jy(x)
Ji(x)

onpezensercs BbipaxkenueM Re [7,,, (1 — /) ], MOkeM 3ammcarb UCKOMYIO TO-

IpetrHOCTb B BH/IE:

1
roo—r _
e=m " 100% = )| Re L= 11000,
r Ji(x)

[lg 3a1aHABIX TapaMeTPOB UMeeM X = R/ —jouy = 1,54\/j ,e=-13,8%.

[ Rex.lo(x) ’
2nyR? J(x)
e x = Ry/—jouy, OkasbiBaeTcs paBHBIM 7y, = 2,2-107% [ Om.

17. AxTuBHOE COIIPOTUBJIEHWE ME/ITHOT'O ITPOBOJA 7y, =

Takoe ke CONMPOTUBIIEHNE WMEIOT aJTIOMUHUEBBI TPoBoj paaumycoM R = 0,64 cwm
W CTaJbHOI TIPOBOJ pajimycoM R = 2,4 cMm.

18. CormpoTuBiieHrie MeTHOTO MTPOBOIA JINHON [ TIPU MepEMEHHOM TOKe

1, ! Re * Jo (x)’ TaK UTO 7,,/7y = 2 (37ech X = R \/—jou,Y,, ). Paxnyc R crams-

M_27tyMI%f1 J (%)
JO(‘RC V_jm“c’Yc) — 4
Ji(Rc V_jG)HCYC)

HOTO TTPOBOJIA HAXOJUM, pelnas ypaBHenue Re| Ry—jop.y,

R, =22 cwm.

19. MoxHO cuuTaTh, YTO aKTUBHOE COMPOTUBJIEHUE IMPOBOJA MPAKTUYECKU HE 3a-
BHUCUT OT CBOWCTB BEIECTBA CEP/IIEBUHDI, €CJIN 3JEKTPOMArHUTHOE TI0JIe TTPOHUKA-
€T CKBO3b TIOBEPXHOCTH TIPOBOJIa B ATIOMUHUN Ha TIyOMHY, PABHYIO 9KBUBAJIEHTHON
ray6une nponnkHosenus b = (1fuy,,) . U3 ypasuenns b = A Haxoaum

f> % ~ 1810 T
Ay,

30.3. HepaBHOMepHOe pacnpeaesneHne nepeMeHHoro MarHuTHoOro
MOTOKa U 3J/IEKTPUYECKOro ToKa

BOMPOChHI

6. HpI/I BbIYMCJICHUU MHTETPaJsla B 3aKOHE ITOJTHOT'O TOKa CJAEAYET IIPUHUMATh BO BHH-
MaHue KaK CTOpOHHI/IfI, TaK 1 BHXpeBOﬁ TOK, OXBaTbIBa€MbI€ KOHTYPOM MHTETrPpUpOBa-
HUA.

7. HpI/I ITOCTOAHHOM TOKE€ 3TO BbIpasKeHHE€ ITPUTOAHO /IJId HAXOKAEHNA HAIIPAKEHHO-
CTHU MAarivuTHOTI'O I10JIA BHYTPU CEPpACYHHKA. Ecan B 06MOTKE IIPpOTEKaET HepeMeHHbIﬁ
TOK, TO CJIEAYET Y4ECTb BI/IXpeBOfI TOK B CEP/IEYHUKE, TUHNUN KOTOPOI'O 3aMbIKalOTCA B

IJIOCKOCTAX, HOPMAJIbHBIX K OCEBOI IMHUM CePAeYHMKA: 217 H = oot + Ty
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YMPAXXHEHUS

1. Vcxomoe oTHOIIIEHNE MOXKHO HAMTH, NCIOJb3Ys BBIPAKEHNE
P/, ) _ d,(shkd, —sinkd,)(chkd, —coskd,)
~ P/(d,) d(shkd, —sinkd,)(chkd, —coskd,)

Jlist 3alaHHbBIX YUCJIEHHBIX 3HAYeHUiT TTosTydaeM: a) n = 6,25, 6) n = 6,1.

3. y‘{I/ITI)IBaH, 4qTo HaI/I6OJII)IHaH, HaunMeHblIasA 1 CpeHAA BEJIMYNHDbI MarHuTHON WH-
AYKIOUUN OIIPEACIAIOTCA BbIPAKEHUAMUN

Jeh b —cosbd
Bmuﬁ:BmO M’BMHM_BWIO’B BmOWV
ch kd +coskd ~ chkd —coskd

MOJTy4aeM ypaBHeHue =1, pemenne KoToporo kd =

10 kd
= 1,5 TT03BOJISIET TIOJYIUTD: d: 0,96 mm 1ipu /=50 Tigu d = 0,15 mm ipu f= 2000 T,

4. HaHpH)KeHHOCTI) MartMTHOTO I10JIA Ha ITOBEPXHOCTHU ITPOBO/A
J

H, =——""_ J (R\-jouy) sammiiem ¢ ydetoM cooTHouerus J, , =.J, .
\—jopy J, (R\/—]COM )
(3nech J,,y, J,. — KOMILIEKCHbIE aMILUIMTY/IbI TVIOTHOCTH TOKA Ha OCH MPOBOJA U Ha

Jpe  Ji(Ry=jouy)
\/ —jouy Jo(Ry=jouy)
4TO HanGOJIbINAS IOTHOCTh TOKA MMEET MECTO Ha TIOBEPXHOCTH TIPOBOJA W YUHTHI-
. o 2TR T (R
Bast, uto H, = I—’”, HaXO/IMM MCKOMBIii TOK: | = —== TR J\( ].(DW)
2nR J-jowy Jo(RJ-jouy)
JIsSIsT YMCJIEHHblE 3HaYeHus, TojydaeM [ = ‘I' ‘ = 200 A.

ero nosepxHoctu) B Bune H,, . [Ipynumas Bo BHUMaHue,

. IToxcras-

3. 3ammchIBast MPOEKITNIO YPaBHEHUS Tot y’ rot H = - jcopoH Ha OCb z IIUIMH/IpIYe-
CKOIl CHCTEMbBI KOOPANHAT, SIBJISTIOINLYIOCS OCBIO TIPOBOJIA, U YYUTBIBASI, 4TO H=H L(1),

d*H 1dH
HonyqaeM ypaBHeHI/Ie _t —]OJ HOYH, COBIIa/1aro1iee C ypaBHeHI/IEM OTHOCHU-

dr* v dr
TeJBHO TIOTHOCTU TOKA B IUJIMHAPUYECKOM IPOBOJIE KPYTJIOTO cedeHus. Pererme
ypasuenus H = A, Jy(x) + BoNy(x), The x = r/—jouy, caeayer samucats B Buge H =
= Ay Jy (x) (Tax xak Ha ocu mpoBoza pu x = 0 mveem Ny(0) = c0) 1 HAUTH UCKOMYIO TIO-
CTOSIHHYIO Ay U3 TPaHUYHOTO yCJI0BUS pu 7 = R, kotopoe umeet ug H(R) = H

Ay = H.
oO——"— 0
Jo(Ry—jouy)

Takum 06pasoM, uMeeM

Jo(ry=jouy).

H(r) = —————

J (R\/ —Jjouy)
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Jls1 pacuera Toka [ = §H dl B ipoBo/Ie BbIOEPEM KOHTYP MHTEIPUPOBAHUSI, PACIIOJIO-

JKEHHBIH B IIOCKOCTH O = const, 0iHa U3 CTOPOH KOTOPOTO COBITAJIAET C OCHIO TTPOBO-
lla, a ipyTast MPOXOANUT NaPAJJIETHHO OCU B/IOJIb TTOBEPXHOCTH MPOBoJA. /IBe apyrue
CTOPOHBI KOHTYpa JIesKaT Ha PACCTOSTHUN [ OJTHA OT JIPYTO U TI€PIEHIUKYISPHBI OCH.
Ucnonb3ys HalileHHOE pellleHne, HaX0IUM

S 1
Pei, = (AR - O =— L (R jour) -1
Jo(R=—jour) g

ul,=4210> Anpul/=1wm.

30.4. 3¢pchekT 6M30CTU. DNEeKTPOMAarHMTHOE 3KpaHUMpoBaHue
BOMPOChI

4. TIpoBoasias Tpyba, OXBaTHIBAIOIIAS ABYXIIPOBOAHYIO JIMHUIO JTHGO TPH TPOBOJIA
Tpex(asHoil IUHIH, CyMMa TOKOB IIPOBOJIOB KOTOPBIX PaBHA HYJIIO, 00JIaj1aeT SKPaHH-
PYIOIIUME CBOWCTBAMU 1 OCJIAbJIsIeT MoJie JIMHUIT B TOYKaX BHE TPYObL.

Ecan xaxxaprit u3 mpoBonoB auHuN (0qHOMbA3HOM N Tpex(has3HOI ) OXBATUTb ITPOBO-
JIsIIeit M30JMPOBaHHON TPYOOH, To aKpaHupyiotiero addekra He HabJIIOAETCS.

JleficTBUTEIHHO, MATHUTHOE T10JIe KasKI0TO M3 MPOBO/IOB B TOYKAX BHE TPYObI COXpa-
HUTCST TeM ke (4To U 6e3 TPyObl), TaK Kak BCJEACTBIE PABEHCTBA HYJIIO BCETO BUXPe-
BOTO TOKa B CTEHKaX KasKoil TpyObl MHTerpas §>H dl BIOJIb TIyTH, OXBATHIBAIOIIETO

1
TpyOYy, COXpaHsETCsT PaBHBIM TOKY MPOBOJA. DKPAHUPYIOIIHiT 3(hdEKT MPOBOAAIINX
TPyO MPOSIBIISIETCSI, €CIN OHK AIEKTPUYECKU COSMHEHBI MKy c000ii, Koria BUXpe-
BOH TOK KaX/I0M M3 HUX OTJINYEH OT HYJIS.

3. IKpaHupyIolee AelCTBIE CETYATHIX TIPOBOISIINX 9KPAHOB (KaK ¥ CIIOMIHBIX TTPO-
BOJIATINX 9KPAHOB) B TIEPEMEHHOM 3JIEKTPOMArHUTHOM TI0Jie OCHOBAaHO Ha addexTe
ocsiabJIeH ST TTOJIST 32 CYET JAeHCTBYSI MHYIIUPYEMbIX B TeJie 9KpaHa BUXPEBBIX TOKOB.
ObPeKTUBHOCTD 9KPAHUPOBAHUS CETYATOTO HKPAHA OIPENessIeTCss COOTHOIIEHUEM
pa3sMepoB sTUeeK CeTKH U JVINHBI 3JIEKTPOMArHUTHO BOJIHBI, @ TaKXKe y/IeJIbHOH 3JIeK-
TPHUUYECKOI IIPOBOAMMOCTDIO MaTepuasa 3KpaHa. JKpaHupyloliee JAeliCTBUe CeT4aToro
9KpaHa 0cIabIIsIeTcs1, KOT/ia ITNHA BOJIHBI CTAHOBHUTCSI MEHbIIIE Pa3Mepa sTIeiiKi ceT-
KM 9KpaHa.

6. DKpaH cJeyeT pacioJoKUTh TaK, YTOObI 1leJIb, 0O0pasyeMast TIPU COeIMHEHNN Jac-
Tel 9KpaHa, He MPETsATCTBOBAJIA MPOTEKAHUIO MHIYIIUPYEMBIX B CTEHKAX 9KpaHa BUX-
PeBBIX TOKOB. Tak Kak BUXpPEBbIE TOKU B CTEHKAaX 9KPaHa 3aMbIKAIOTCS B TIIIOCKOCTSIX,
HapaJieJIbHbIX TIOCKOCTH KOJIbIIA C TOKOM, TO JIJIs IOCTVSKEHMsT HanbOJIbIEro 9Kpa-
Hupyioiero addeKTa mesrb cleayeT PacioJoXKUTh B MIJIOCKOCTH KOJIbIIA.
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BUXPEBBIE TOKHU, 242
BOJTHA
MarHuTHas romnepeunas, 234
cepuueckas, 224
anexkTpuueckasd, 234
nonepeuHas, 234
aJIeKTpPOMarHuTHas, 234
orpaskennas, 205
magaomas, 205
mpesomiaennas, 205
HIEKTPOMATHUTHAS TIJIOCKAsT
B amasekTpuke, 201
B TIPOBOJIATIEN cpene, 238
obpatHast, 204
npsimast, 204
BOJIHOBO/IBI, 230

r

riyOuHa TIPOHUKHOBEHUST
SKBUBaJIeHTHas, 261
MIPOHUKHOBEHUS BOJIHBI, 241
IPaieHT 9JIEKTPUIECKOTO
nmoTreHInasia, 34
TpaHUYHbIE YCIOBUS, 28
B MarHuTHOM 1oJie, 151
Ha TIOBEPXHOCTH
MIPOBOIHUKOB, 41
pasziesia IBYX MPOBOISIINX
cpen, 127
pasjiesia IuaJIeKTPUKOB, 41

a

JTUTIOJIb 3JIEKTPUIYECKU, 35
C TIepeMeHHbIMH 3apaiaMn, 221
JUTNHA 9JIEKTPOMATrHUTHON BOJIHBI
B nnasiekTpuke, 208
B TIPOBOJIATIEN cpene, 241
Kputnyeckas, 233

E
€MKOCTb
IBYXIIPOBOAHON JUHUM Tiepenayun, 84
C YYETOM BJIMSHUSA 3eMIH, 92

e€MKOCTh (TIPOOJIKEHNE)
MESKITY KPYTJIBIMU
HUIMHAPaAMHU, 84
Tpexasnoit auHnn nepepayn, 93
yactuyuas, 90
B3anMHast, 90
cobctBennad, 90

3

3a/1a4a 3JIEKTPOCTATUKN OCHOBHA, 43
3aKaKa MHAyKInonnasd, 261
3aKOH
buo—Casappa, 139
IIOJIHOTO TOKa, 13
B nuddepeniuanbHoii hopme, 15
AJIeKTPOMArHUTHON nHyKIMN, 13
B nuddepennnanbHoil popme, 18
3aps
BTOPUYHBII
MarHUTHBIN, 164
aJIeKTpUYecKuii, 67
MarHuTHBIN UKTUBHBIH, 140
oObeMHad IJI0THOCTD, 140
ITOBEPXHOCTHAS TJIOTHOCTD, 140

U3JIyYeHre 2JIEKTPOMATHUTHBIX BOJTH
anrennoi, 210-211
WHIYKTUBHOCTD
B3aumHas, 172
JIBYX KPYTOBBIX KOHTYPOB, 175
MEKLy ABYMS IBYXIPOBOJHBIMU
munugmu, 181
JBYXITPOBOAHON innn#, 182
KOHTYPOB U3 MPSIMOJTMHEHHBIX
oTpe3koB, 179
KPYyTroBOTro KOHTypa, 176
npsMoyrosbHoi pamku, 180
cobcrBennas, 173
Tpexdasznoit sunuu, 182

K

KapTHHA TI0JIst
MaruuTHoro, 154
9JIEKTPOCTATHYECKOIO, 59
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K0P pUIIeHTbI
3aTyXaHWs BOJTHOBOJA, 233
IoTeHInaIbHbIe, 87
B CUCTeMe JITUHHBIX TTPOBOIOB, 91
B3anMHbIe, 88
cobcTBeHHbBIE, 88
pasmaramunBanud, 167
pacrpocTpaHeHus: BOTHOBOAA, 232
¢aspr BosiHOBO1A, 233
AJIEKTPOCTATUIECKON MHAYKINU, 87
B3anMHble, 89
cobcTBennble, 89
KPUTEPUH pa3rpaHuyeHns 3a7ad TEOPUU
1ernei u Teopuu Mo, 268

n
JIMTHUU PaBHOTO TIOTeHITHaa, 33

M

MarHUTHBIN ITOTOK
CBS3b C BEKTOPHBIM MarHUTHBIM
norexnuagom, 141
MEeTOJ]
rpadUIecKoro MOCTPOEHUST KAapTUHBI
moJis, 59
JUUIST HEOTHOPOHOH cpenbl, 61
Marfuraoro, 153
Tes Bpamenus, 60
3JIEKTPOCTATHYECKOTO, 59
3epKATBHBIX M300PasKEHIH
B MarHuTHOM 11oJie, 153
B 9JIEKTPOCTATUYECKOM TIoJIe, 72
HUHTErPAJIbHbIX YPaBHEHUI
B MarHuTHOM 1oJje, 164
B 9JIEKTPOCTATUYECKOM I10J1€, 65
KOHEUYHBIX dJIeMEHTOB, 79
MO/IEJIUPOBAHMS 9JTEKTPUUECKHUX
1 MarHUTHBIX TToJIel, 263
[PUBEJIEHUST BUXPEBOTO
MaTHUTHOTO TIOJIST
K Oe3BuxpeBomy, 138
pasiesieHns IIepeMEeHHbIX, 75
CETOK
B MarHuTHOM I1oJe, 168
B 9JIEKTPOCTATHYECKOM TT0JTE, 78
CPeIHNX TIOTEHIINAIOB, 96

Metog (npodosicenue)

YYaCTKOB

IUIST pacueTa MHAYKTUBHOCTEM, 177

9JIEKTPOCTaTUYeCKOH arnasoruu, 129
MO/IeJTUPOBAHIIE

9NIEKTPUUECKUX U MAaTHUTHBIX

moaeu, 263

MOTITHOCTD M3JIydeHusd, 224

(o)

orrepaTop, 21
lamuisrona, 21
Jlammaca, 40
omwITH lepra, 211
0Cb 2JIEKTPUYECKAsL, IPOBOAA, 55

n

nepeaya SHEPTUN
BIIOJTh TTIPOBOMIOB TUHUU, 226
IO BHYTPEHHEN TTOJIOCTU
MeTLTNYeCKuX Tpyo, 229
MOBEPXHOCTU PABHOTO TIOTEHIUATA
MaruurtHoro, 134
aJIeEKTpUYECcKoro, 33
[TofinTrara BekTop, 206
noJie
MarHUTHOE
B HEOJTHOPOHOM cpene, 164
BO/MIM3K (heppOMATHUTHBIX
Macc, 152
Buxpesoe, 134
JIBYXIIPOBOJIHON JINHUU
nepegaun, 150
KOHTypa Ha OOJIBIIIOM PACCTOSTHUN
ot Hero, 161
KPYTrOBOTO KOHTYpa ¢ TOKoM, 157
JIUHENHBIX TPOBOIOB, 145
IJIOCKOTapasienpHoe, 143
IIOCTOSIHHBIX TOKOB, 134
[IPOBOJIa KOHEYHOTO CEYEeHMUSI
IPOU3BOJIBHOM (popmbl, 148
MIPOBOJIa C TOKOM BO BHEIITHEM
MarHuTHOM T1oJie, 147
MIPOBOJIOB KPYTJIOTO cevenus, 149
MoTeHInagbHoe, 34
coJieHoM1aIbHOE, 20
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noJjie (npodoicenue)
crarmonapHoe, 125
AJIEKTPUUECKOE TIOCTOSTHHBIX TOKOB, 125
B MuasekTpuke, 125
B TIPOBOJIsIINEN cpefe, 126
ajekTpoMaruuTHoe, 11
B amanexTpuke, 201
aJieKTpocTaTudecKoe, 32
JIBYX TJIOCKOCTEM, CXOJSATIIUXCS
noj; yriom, 51
JIBYXIIPOBOIHOMN JINHUK
nepegayd, 52
MapaJyieJIbHbIX HECOOCHBIX
[IMJIMH/IPOB, 55
TJIOCKOTapasienbHoe, 44
MIPOBOJIA KPYTJIOTO ceueHust, 49
y Kpast TIOCKOTO KOHJIEHCATopa, 57
nmoctysat Makcsenna, 14
MOTEHI[AAJ
BEKTOPHBIN
MarHuTHBINA, 136
9JIEKTPOMATHUTHOTO TI0JIsA, 217
KOMILJIEKCHBI
JIMTHEWHBIX TTPOBOJIOB
¢ Tokamu, 146
MarHuTHOTO oJd, 145
AJIEKTPOCTATUIECKOTO MO, 49
CKaJISIPHBIN
MarHuTHbIN, 134
9JIEKTPOMATHUTHOTO TI0JIst, 217
ANEKTPUIECKU, 32
JIMTHEWHOTO paciipeie/IeHnsT
3apsanoB, 38
00bEMHOTO pacIpeie/IeHIst
3apsamoB, 38
MOBEPXHOCTHOTO PaCIpe/leIeHUs
3apsanoB, 38
TOYEUHBIX 3apsIoB, 38
3JIEKTPOJAMHAMUYECKU I
BEKTOPHBIN, 216
CKaJISApHBIN, 216
MOTOK 3JIEKTPOMAarHuTHOH aHeprun, 208
MPUHITATT
HETPEPBIBHOCTHU
MarHUTHOTO ITOTOKa, 22
9JIEKTPUUECKOTO TOKa, 23

OPUHIAT (npodosicenue)
COOTBETCTBUS TIJIOCKOMAPAJIIETHhHBIX
AJIEKTPUYECKUX U MATHUTHBIX
nosein, 147
MPOHUIIAEMOCTb KOMILIEKCHAS
JusjiekTprueckas, 251
MarauTHadg, 250

P

pactpejesieHme

MATHUTHOTO TIOTOKA B TIJIOCKOM

jmcre, 251

TOKa B TIPOBOJIE KPYTJIOTO CeUeHus, 254
pacuer

WHAYKTUBHOCTH, 171

9JIEKTPUUECKON eMKOCTH, 84

o xkaptune moJs, 100

C

CBsI3b BEKTOPHOTO MAarHUTHOTO
[OTEHIIhAJIA
C MarHUTHBIM TTOTOKOM, 141
C sHeprueil MarHuTHOTO OIS, 142
CKOPOCTb BOJTHbI
(azoBast B BosiHOBOjIE, 234
CKOPOCTH PaclpoCTPaHEHUS
9JIEKTPOMATHUTHOH BoJHBI, 204
COIIPOTUBJIEHUE
BOJIHOBOE AMaJIeKTpuKa, 205
3azemuienus, 131
usaydenus, 225
uzossiin kabesst, 130
MIPOBOJIOB
aKTUBHOE, 242
BHyTpEHHee WHIYKTUBHOE, 242
KPYTJIOTO cedenns, 259
MPU Pa3HOM MOBEPXHOCTHOM
acdexre, 246
COCTABJISTIONIAST HATIPSIKEHHOCTH
MarHUTHOTO TOJIsI
6essuxpesas, 138
Buxpesasd, 138

T
TeopeMa

laycca, 19
Croxkca, 25
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TOK yTeuku B kabese, 130
TPAHCIIO3UIUST TIPOBOIOB, 95

y

ypaBHEHUE

Tamnambepa, 218

Komm—Pumana, 48

Jlamnaca, 40

Maxkcsesna, BTOpoe, 18

IIyaccona, 40

3JIEKTPOMArHUTHOIO 1oJis, 14, 25, 27
ypaBHeHUsT BOJTHOBBIE, 218

(]

(ynxmmsg noroxa
B MarHMUTHOM 1oJe, 143
B 9JIEKTPOCTATUYECKOM II0JIE, 45

1]

UJIAHID AU3JIEKTPUIECKII
BO BHENTHEM OJHOPOIHOM T0Je, 68

y
4acToOTa, KPUTHYECKAs BOJTHOBOA, 233

1]

map
JIUDJIEKTPUYECKUI BO BHEITHEM
3JIEKTPUYECKOM Ti0Jie, 62
MeTaJITNdecKUiT BO BHEITHEM
3JIEKTPUUECKOM TIoJIe Toie, 71

c}

9KpaHUpOBaHIE
MaruutHoe, 168
9JIEKTPOMArHUTHOE, 262
ajieKTpocTaTndeckoe, 70
3JITUTICON/] BO BHEIITHEM OJIHOPOIHOM
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