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«Bexmopel E W B nocmenenno
ucuesaiom u3 Co8peMeHHOU 3anucu
pusuUecKux 3aKOHOE: UX 6bIMECHSIOM
noTeHImanbl A u ¢ « [4, c. 26]*.

BBeaenue*

IlecTpmecAT 7€T TOMY Ha3aJ aBTOPY 3THUX CTPOK JOBEJIOCH CIaBaTh
CTYIECHUYECKHE DK3aMEHBI MO0 TeopeTHYecKMM OCHOBAM JJIEKTPOTEX-
Hukd. Borpoc sx3amenanmonHoro 6mnera: «Ha crone Ha moacraBke 3a-
KpeIUIeH 3apsKeHHBIN Iap U psiaoM JeKUT MarHuT. CymecTByeTr Ju

- —
BekTop IloitHTuHra [EH] H, ecnu CyLIECTBYET, TO Kyda IBMXKETCA

sHeprusa?» B OcnoBax Teopun OnextpuyectBa Tamma ML.E. B 1946 r
[1. c. 503] u B yueOHuke nmox penakuuein K.A. Kpyras 1952 r[2.c. 371]
yTBepxaaercs ""Mbi npuxooum Kk npedcmasnenuio 0 becnpepvieHOU yup-
KVAayuy IHepeuU no 3aMKHYmMslM NYymam 6 CMamuieckom 3/1eKmpomaz-
Humnom none". U naneme: "llpedcmasnenue 3mo we npugooum K Ka-
KUM IUOO CLeOCMBUAM, MOYWUM OblMb NPOBEPEHHBIM HA ONblme, d No-
MOMY TUULEHO HeNOCPeOCMBEeHHO20 huzuteckoeo cmuicaa”. S TOBTOPIIT
3TH cooOpaxenud. IIpenogaBaTens 3TOro He YWTAJl M MOCTABUI MHE
Heyo. TlpenonaBatens Ha nepecaade (OCEHHUIT), YCIBIMIAB MOBTOPEH-
HBI MHOI BOIIPOC M OTBET, IOCTABWII OMIUYHO. XBOCT ObUT TUKBUAN-
poBas. Co BpeMeHeM s [TOHsUI, UTO MpaB ObIJI BCE-TAKU MPET0IaBaTeNb,
KOTOPBIN OLICHUIT MO OTBET - «HEYIOBJICTBOPUTEIHHOY.

I'maBHas ommbKa B BeIcKa3biBaHWH akagemuka M. E. Tamma 3akiro-
4aeTcsd B OTHECEHHH TAaKOTO Pofa IMOJII K BHIY 3JEKTPOMATHUTHBIX.
3/1eck UIMEET MECTO JIBa TOJIS: OJTHO AIIEKTPUIECKOe 0€3 MarHUTHOU CO-
CTaBJIAIONIEH, BTOPOE MAarHUTHOE 0€3 DJIEKTPUIECKOH COCTaBIIAIONIEH, a
HE OJJHO €/INHOE.

* 31ech U Jajiee [UTaThl U3 KHUT HAIMMCAHBI HAKJIOHHBIM IPU(PTOM.



OcHoBaHUA AJIs1 nepecMoTpa Teopuu MakcBe10BcKoii JIEKTPOAUHAMHUKH

1. OCHOBAHMA AJA ITIEPECMOTPA TEOPUH
MAKCBEJJIOBCKOM DJIEKTPOJIUHAMUKU

JpyruM «ka3ycom» CTajlo M3BECTHOE MOJIOKEHHE, YTO MarHUTHOE
MoJie JUIMHHOTO COJICHOM/A WM TOPOUAAIBLHOW KATYIIKH C TOKOM BO
BHEIIHEM MPOCTPHCTBE PaBHO HYIIIO, a DIEKTPUIECKOE MPUCYTCTBYET,
1 90E
1 Zat
(MarauTtHOe onie B paBHO HYJIIO, 3HAYUT, PABEH HYJIIO €r0 POTOP U HE
MOJKET CYIIECTBOBATh MEPEMEHHOE dIeKTprueckoe moye. OqHaKo OHO
CYIIECTBYET, Ha YTO yKa3bIBACT HAJIMYKE HAMIPSOHKCHHUS BO BHEILTHEW BTO-
pUUYHON 0OMOTKe TpaHCc(opMaTopa.)

AHanornyHo: «Mmak, mazHumuoe noie e 0OYeHb OIUHHO2O COJle-
HOUOA OelicMEUMeNbHO PABHO HYII0, XOMs BEKMOPHLIL HOMEHYUa
Hy7io He paseny [3, c. 285], [4, c. 21]. Cam P. ®eitHMaH BUANT IPUUHUHY
3TOTO HECOOTBETCTBHUS B HTHOPUPOBAHUH KBAHTOBBIX CBOWCTB OIS
[4,c. 17, 26].

Besikasi Teopust  sBIsieTCSl  ommMcaHueM, OOOOIICHHUEM CBOWCTB
IpyIIs! onbITOB. Ecnu, X0Ts 651 OTMH U3 ONBITOB HE OAXOIUT MO OTIHU-
canue, To HeBepHa Teopus. (Cka3zaHHOE OTHOCHUTCS U K TOPOUIY, WU
TOpPOUJ TOJDKEH OBITh UCKIIIOYEH W3 TPYIIIBI U3BECTHBIX JIEKTPOMAr-
HUTHBIX YCTPOWCTB).

Emé, mouemy B TeopuH pacrpoCTpaHEHHUS CHUTHAJIOB IO IBYXIIPO-
BOJIHBIM JIUHHSM (TI€PEXO/IHBIC TPOLIECCHI) HE MPUMEHSIOT YPaBHEHUS
TEOpUH MOJs?

Otu PaxTel TpedoBaiM paszpenreHus. beuto 3a1yMaHo MpoBeCTH BEK-
TOPHBIN aHaIN3 COBMECTUMOCTH OCHOBHBIX YPaBHEHUI TPYIIIbI, HA3bI-
BaeMbIX ypaBHEHUsSMH MakcBenaa. OCHOBHBIE BBIBOIBI 3TOTO COIO-
CTaBIIEHUS OMYOJIMKOBAaHBI HECKOJIIBKO pa3 B W3JaHUAX, TaK Ha3bIBae-
MbIX MexmyHapoIHbeIX KoH(pepeHui [5], [6]. ABTOp MPUXOIUT K BBI-
BOJly, YTO OCHOBHBIMH YPaBHEHUSIMHU DJICKTPOJUHAMUKH SIBISIOTCS HE
YPaBHEHUS AJIEKTPUIESCKOTO U MAarHUTHOTO TOJIEH, a YpaBHEHUs MOJIeH
AIEKTPHYECKOTO0 H MAarHUTHOTO ITOTEHITHAIOB (CM. rArpad).

=g -
TO €CTh HE BBINOJHSAIOTCS ypaBHeHUE MakcBemna rotB = ugj +
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1.1. AHaIM3 COBMEeCTUMOCTH YpaBHeHnid MakcBeJia

P. ®deiinMaH MPUBOIUT CBOAHYIO TAOMUIYy (OPMYI IEKTPOIUHA-
MUKW [4, c. 149].

Tabmuna 1

Ilepeuens Gopmyn P. Oeitanmana

YpaBHennss MakcBesia

divE = ﬂ divB = 0,
&’
B = 1 9E
TOtE——E TOtB_nuO]-i-c_zE

N ux pemenus

E= —grade — a—A B = rotA.
_ Pt=rxp/c)
o(x,y,2, t) = e, W
> _ Rod(t-rxy/c) o
A(x,y,z,t) = f—M_rxj dv;.

IToreHumanbl mMojist @ U A 3a7ar0TCs

HMCTOYHHUKAMU TIONIEH P U § .
Vip=-L u VA= —py

€0

Ecnu k U3BECTHBIM yPAaBHEHUSM 3JIEKTPUYECKOTO U MArHUTHOTO I10-
Jell IPUMEHUTDH ONepaTOpbl BEKTOPHOM ayreOphl, MO>KHO OOHAPYKUTh
HUX B3aWMHOE HECOOTBETCTBUE. HeoxuaaHHBIM SIBISETCS pPE3YJIbTaT:
BBEJICHHBINA MaKCBEIOM B CUCTEMY IAPAMETPOB «TOK CMELICHUSD OKa-
3bIBACTCA JUIIHUM.

Ecnu B3sTH pOTOp OT ABYX ypaBHEHUH B cepeiuHe TaOJUIBI, TO
JIOJKHBI TTOTYYHTHCS JIBA OCHOBHBIX yPABHEHHS Makcsemia (CTpoKoit
1 9F
cz ot
bepém portop or E U, NPUMEHsAS BTOPOE€ YpPaBHCHUE U3 IIapbl

BBIIIIE): rotE = —‘;—f, u rotB = UoJ +=

- - o =3 0A J -
B =rotA, mnHaiinem: rotE = —rotgradp — rot—— = 0-— arotA =

B
=~ OnHO ypaBHEHUE MOTYYHIIOCh.
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= 94 N
Hns nuBepreHnuu Bektopa E = —grade — 5¢ © yderom Vip =
=-£ MOy YUM:
€o
divE = —divgradg — 2 divA = —V2p — 9 divd =2 - 2 givi.
at at g Ot
Hns cnyyast divA = 0 (Tak Bcerza CUuTalIoCch C CTapOM AIEKTPOAU-
Hamuke [6]), Haiiném: divE = Eﬂ. JlBa ypaBHEHHUS NOIYYMINCH. 3A€ECh
0

OJTHO ypaBHEHUE BBITEKAET U3 JPYTOTO.
Otu npeobpazoBanns Bemoxaman JI.JI. Jlangay u E.M. Jlusmmn
[7,c. 182].
Ecnu aHamorm4HO B3ATH POTOP OT BTOPOTO  ypaBHEHUS
rotB = rotrotA = graddiv/f — V24, 1o ero 3HaueHne Oyner otim-
Y4aThbCs OT TaOJUYHOTO.

Bocnonb3yeMcst 3aKOHOM TIOJIHOTO TOKa rotH = J, mocie yMHOXe-
HUS JIEBOW M MPaBOM yacTe ypaBHEHHA Ha [y, TOIyUYUM rot(,uoH ) =

=rotB = UoJ» [8, ¢.628]. 31ech HET «TOKA CMEIEHUs. (B YPABHEHUU
1 9E
c? ot
(GIUKTyeT ¢ ypaBHEHHEM 3aKOHA MIOJHOTO TOKA.

Makcsemna rotB = ] + OH ecTh). YpaBHeHUE MakcBeia KOH-

5
[locnennee ypaBHeHHWE B TpyIIe BBITONHSAETCS Beerma divB =

= divrotA = 0 B COOTBETCTBHH C JaHHBIMH BEKTOPHOT0 aHanusa. Tpu
YpaBHEHUS U3 YETHIPEX COTTIACOBAHBI.

WN.E. Tamm B kaure «OCHOBBI TEOPUH AIIEKTPHUUECTBA» MAET MOOUe-
PpEIHBII NOClIeI0BAaTENbHBIN BBIBOJ YpaBHEHUI MakcBemna. NL.E. Tamm
Bcien 32 MakcBeIIoM BBOIUT B ()OPMYITBI TIOHSTHE IIOTHOCTH «TOKA
CMEIEHUs», KaK MPONU3BOAHYIO HAPSIKEHHOCTH IEKTPHUIECKOTO OIS
no BpeMeHu. OnHako B nmaparpade «toku cmenienus» [1, c. 402] gomy-
LIIEHEI OIINOKHU.

Pucynok 1 uz kHMMM
Tamma WME "OT3" M
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[ToHsTHE TUIOTHOCTH SBISIETCS XapaKTEPUCTUKOW TOYKH MPOCTpPaH-
ctBa. Ho B mpuBeneHHOM Ha pHICYHKE 3TOTO naparpada mpocTpaHCTBe,
OTPaHMYCHHOM IOBEPXHOCTHIO, HU B TOYKaX 00beMa, HU B TOUKaX Ha
MTOBEPXHOCTH HET MECT, T/ie ObI MOTJIO MPOUCXOJUTh CyMMHPOBaHUE
IUIOTHOCTH TOKA MPOBOAMMOCTH W TaK HA3bIBAEMOTO TOKAa CMEIIECHHSI.
Ha Bceli MOBEpXHOCTU U BHYTPU HEE HET TOYEK, COJAEPKAIUX TOK IIPO-
BOAMMOCTH, KPOME MECTa MepeceUeHHs] IPOBOHUKA 3TOW MOBEPXHO-
CThIO. B MecTe mepeceueHust ecTh TOK MPOBOAMMOCTH, OJHAKO OTCYT-
CTBYET «TOK CMELIEHMS», TO €CTh OTCYTCTBYIOT TOUKH, B KOTOPBIX MO-
XKeT MPOUCXOAUTh CYMMHUPOBAHHE IJIOTHOCTH TOKa MPOBOAUMOCTH C
«TOKOM CMEIIeHHs». B ATOH CBSA3M HE MMeeT CMBICITA TIOHATHE «ITOII-
HOTO TOKa», TaK KaK OH HHUTJE HE TeYET M COOTBETCTBEHHO HE JOJDKEH
MIPUCYTCTBOBATh B YPaBHEHUAX DJIEKTPOAUHAMUKH.

Ioxoxyro ormmoOKy aenaet P. deitaman [4, c. 79]. Uepes mo0yro TOUKY,
BBIOpaHHOM Ha cepryecKkoi OBEPXHOCTH METIIM, MOXHO ITPOBECTH Ta-
KYIO %K€ CONPUKACAOIIYIOCS METITI0 (00€ MeT/ii BMecTe OyAyT HalIOMUHATh
nudpy 8); HanpaBleHUE BEKTOpa UHIYKIIUH B BELIOPAHHOW TOYKE OT 000UX
KOHTYpOB OyAyT MPOTUBONOJOKHBIMA. CyMMapHBI BEKTOP MarHUTHON
WMHIYKIUU OKaXeTcs paBHBIM Hymo. U Tak 171 Bcex Touek MOBEpXHOCTU
BEKTOp MarHUTHOM MHIAYKIMH paBeH Hyo. HeT mpuuuH BBOAUTH KaKoii-
00 TOK ISl «no2aueHUs moKa nposooUMOCH).

JILA. BecconoB et [8, ¢ 651]: «Bsedenue 6 ochogHbie ypasHeHUs
nepemMeHH020 INeKMPOMASHUMHOZ0 NOJISL MOKA CMeWeHUsl AGTIAemcs 3d-
cayeou Jocetimca Maxceenna. B 1873 2. Makcsennom 6Ovina uzoana
kuuea « Tpakmam 06 snexmpuuecmee u mazHemusmey». B amotil kHuee u
ObLT 88€0EH 6 DNIEKMPOMEXHUUECKUE PACHEMbI MOK CMEUjeHUs).

OTMeTHM, YTO «TOK CMEIEHHs» ObLT BBEAEH B ypaBHEHHMs Oe3 Ka-
KHX-IN00 000CHOBaHUH, €CITH HE CUNTATh JKEJIaHHUS BHIETh CHMMETPHY-
Hy10 GOpMY ypaBHEHHIA.

CymecTByromas rpynna ypaBHeHHiH MakcBesia nmpencTaBisieT co-
00l B3aMMHO HECOTJIACOBAHHYIO ccTeMy ypaBHeHui. « Tok cmere-
HUSD» MEIIaeT COBMECTUMOCTH YPaBHEHH.

Bo MHOrHX KHHUrax nposBIsieTCs ABOHCTBEHHOCTh PE3yIbTaToOB B pe-
wenusix noisis. Hanpumep, B [8, ¢. 700] npuBoAUTCS pellieHUE BEKTOp-
Horo noteHmana (¢.19.22), 3arem uepe3 ero poTop ONpeAeiIoT HHIYK-
o B (¢.19.24) u ¢ npuMeHeHHeM TepBOro ypaBHeHUS MakcBesuia
(¢.19.29) Haxonsr snekrpuueckoe none E, (¢.19.35), (¢.19.36). [Ipsamoe
omnpenenenns E depe3 mpou3BOJHYIO 0 BpEMEHH OT BEKTOPHOTO TIOTEH-
nuana A no ypaBHeHHIO (¢.19.10) npuBOIUT K MHBIM pe3yJIbTaTaM.

8
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«Tok cMelIeHus» He co31aeT MarHuTHoe noiie. Eciiu Okl 0H ero co-
3[aBal, TO JOJDKHO OBITh M 0OpaTHoe jeiicTBre. To ecTh BHEIIHee Mar-
HUTHOE ITI0JIE JTOJDKHO OKa3bIBaTh MEXaHUYECKOE BO3JICHCTBHE HA «TOK
CMEIICHUs». DTO NeHiCTBUE HE MOXKET MPOSIBUTHLCS, TAK KAK OTCYTCTBYET
HOCHUTEIb «TOKa CMEIICHUs» (ITPOBOTHUK, MTUAICKTPHK). OCOOBIM CITy-
4YacM ABJIACTCA NPOLECC PACIIPOCTPAHCHUS SJICKTPOMAr HUTHBIX BO3IL€I71-
CTBHI B CBOOOJHOM TPOCTPAHCTBE.

1.2. PacpocTpaHeHne CUTHAJIOB
10 ABYXIIPOBOIHBIM JTUHHUSAM CBSI3H

IIponecc pacnpocTpaHeHHs] CUTHAJIOB 10 IBYXIIPOBOAHBIM JIMHHUSIM
n3ydaercsi B Kypce « T€opeTHUECKUX OCHOB JJEKTPOTEXHUKH», B pas-
JieJIe MEPEXOJHBIE MTPOLIECCHI B DIIEKTPUYECKUX LIETIAX.

Ucxonnsie muddepeHnnanbaple YpaBHEHUS IS JINHUU C pactpe-

JICJICHHBIMU TTapaMeTpaMu UMEIOT BUTI [2, ¢. 274]:

ou . ai ai
—£—r01+LOat —90u+Coat

Yacto ux Ha3BIBAIOT «YPaBHEHUSIMHU Tenerpa(bI/ICTOB». [Iponudde-
PEHIIMPOBAB OJHO YpaBHEHUE 110 z APYTOE I10 ¢, IjIsi CBOOOJHOTO MPO-
CTpaHCTBa, I1ie 1y = go = 0, HaxoauM:

9%u 1 9%u 92i 1 9% 1
357 Zaez 552 = yagpz A€ obo3HaueHo LyCy =

PemenneM 3tux muddepeHIMaNbHbIX YPaBHEHUH SBISIFOTCS TaK

Ha3bIBaeMbl€ BOJHOBEIE (DYHKIINH, IPEICTABISIOIINE COOON HEKOE pac-

MpeIeICHNEe HAMPSDKEHUA U = f; (t — %) + £, (t — %) WJIA TOKa BJIOJIb

JIMHHUH W JIBIDKYIIEECs BIajdbh UM K Havalry KaHana [8. ¢. 695] mogo6Ho
IBIDKEHUIO KOpaOJIIs ¢ ero HaACTpoiikaMu, pyOKOH 1 MadTaMH.
JIBrKeHue HAYMHACTCSI C TOMAaYM Pa3sHOCTH IMOTEHITUAIOB MEXIY
BBOJIHBIMH 32)KUMaMU JTUHUU U COCTOUT U3 TPEX IMPOLIECCOB: BO-TEP-
BBIX, TIOJ] ICKCTBUEM MOTEHIIMATIA | TI0JISA, CYIIECTBYIONIETO Ha (PpOHTE
MOTEHIAaNa E=- grad@ HAaYMHAIOT CIIBUTAThCS 3apsi/ibl B IPOBOJIHU-
KaX, BO-BTOPBIX, IBIKEHUE 3aPSIOB, TO €CTh IICKTPUUECKUIN TOK, IO-
POXKIaeT BOKPYT ceOs oJie MATHUTHOTO TIOTEHITNANA, U B-TPEThUX, U3-
MEHEHHe MarHHUTHOTO TOTEHIIMAaa BBI3BIBAET IO 3aKOHY JJIEKTpoMar-
HUTHOUM MHAYKIUH OIATH DJIEKTPUUECKOE TOJIE, TOPMO3SIIUE CKOPOCTh
Hapacranue Toka. C HEeOONBIIONW 3aJePKKOM IIEMEHT JUIUHBI TTPOBOJI-
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HHKa TOJydaeT 3apsijl, a IMOTEHIHAI TT0JIy4aeT BO3MOKHOCTB IPOJBH-
HYTBCS K CIIEAYIOIEMY JIEMEHTY.

Ota rpynma TpéX MpOLECCOB MepelBUTaeTCs BIOJb MPOBOAHHUKA.
I'nsins 3 cepeanHbl TPOBOTHNKA, HANIPABICHUS BIEpe M Ha3al mpes-
CTaBISIIOTCS paBHONpaBHBIMHU. Kakoe IBukeHHE OyleT yCTaHOBHUB-
LIEMCSI, 3aBUCUT OT HAYaJIbHBIX U TPAHUYHBIX YCIOBHH.

W3navanpHO mpenmnoiaraercsi, 4TO JHMHUSA IOCTaTOYHO IJIMHHASI,
YTOOBI CUTHAN YIIEN U HE yCIeNl BEPHYTHCS B BUJIC OTPAXKECHUS 10 CBO-
€ro OKOHYaHUS (WK, YTO JIMHHS COTJIACOBaHA U HE NMEET OTPaKeHHN).

Ecnu B34Th B KauecTBe MpUMepa JUTMHHON JIMHUM KOAKCHAJIbHBIN
Ka0elb, MOYKHO HATH pacpeieNieHne HIEKTPHIECKOT0 M MarHUTHOTO
MIOTEHIIMAIOB BHYTpH Kabems. (em. 2.1.1, 2.1.2).

Pa3HOCTL JNIEKTPUYECKUX  MOTCHLHUAIOB: Py — 1 = Uyq =

= In2 , TJIe T — IUTOTHOCTH 3apsifia Ha eAUHUITY JUTMHEI Kadeis. 1o
0 1

T 1
onpexaenenuto Oy = — = 2meg )
U21 nq

ﬂ#o Hlo -

MaruutHeiid noteruuan A,(r) = Lzar = —Z—LZ Inr, u pas-

HOCTb MarHUTHBIX ITOTCHIIMAJIOB BHYTPH KaGeJm Aprg —Agr1 = Appq =

i T [ T
— B2 1n 2 1o onpepenenmio Ly = = = 222 n 2y npoussenenue
2T T 2T T1

1
LoCo = egopipto = 7z

u . ai
IlepBoe ypaBHeHUs TenmerpaducToB —— = 1yl + Lg 5, PU To =

0z
0921 Hlo Tz 2 1 04z, 0Az21
= = 0 npuHUMaeT BUI —= = —— - [n = = ——
9o p A 0z 21 T1 Ulo ln ot at
e —— 0py1 _ 0Az,
0z at 5 5
ai ou 2m 1 Az 21EEY 031
Bropoe —— = gou + Cy — = — = TO €CTh
p 0z gou + Lo at’  uug ln— 0z ln:—2 ot ’
1
04z21 04z21 1 0931
— %% — ¢ —red I/IJII/I —zal 747
0z O'MMO 0z vZ ot

I[H(b(bepeﬂuﬂaﬂbﬂme ypaBHEHUS AJISl TOTEHIMAJIOB UMEIOT TOT JKe
BUJ YTO U UCXOJHBIC YPABHEHHSI.

Taxkoii sxe B Oy IyT UMETh UX PELICHHS — BOJHOBBIE (PyHKIIUH pac-
npoctpanenus fi, f>.

3nech ecTh MMIMHAPUYECKas KOHCTPYKUHS (TPaHUIbl), HUIHHIPU-
YyecKash CHMMETpHs, BBIOpaHBl IMJIMHAPHYECKHE KOOpAMHATHL. B
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OHIUHAPUISCKUX KOOPIUHATAX ONEPATOPHI IPaIueHTa U JUBEPTrEeHIINN
JUTSI BEKTOpa A UMEIOT BUI:

94y | 104 | 4,
or r da 0z’

_ 000 , 109 59 , 09 59 .2 Ay
gradgo—;r to5,0 T35, 2 de—7+
ITo Buny HallIEHHBIX HAMU PELICHUH 1O MOCIEIHEMY WIEHY olepa-
TOPOB MOYKHO TIPEIIONIOKUTH CIEAYIONIHA OO BUI TpH yU&TE BCeX
KOOpAWHAT
grad@ing = —Z—f divA = —v—lzaait.

[lepBoe ypaBHEHHE MpeACTaBIsIET COOOW 3aKOH AIIEKTPOMArHUTHON
uHAYKIMK B auddepeHunansHoi Gopme (cm 2.1.3), BTopoe mokasbl-
BaeT, YTO UCTOYHIUKOM MAarHUTHOTO MOTEHITHANIa MOXKET OBITh U3MEHe-
HHE BO BPEMEHHM IJIEKTPHUUECKOr0 MOTEHIMaNa. DTO HOBBIN B3MAd. B
CTapoM JIEKTPOJUHAMHMKE OHO Ha3bIBAJIOCh YPAaBHEHUEM .JI0OPEHYEBON
kanubposxu [7. c. 244], u He IMENI0 HUKAKOTO HAYYHOTO 0OOCHOBAHMS.

JIBMOKyTCS MOTEHIIMANBI B0 JIMHAHN, KaK TUTBUIN OBl IBE BETBH Jle-
peBa. OHO TOJE AJIEKTPHUUECKOTo IMOTEHLMaNa, CKaJlIpHOe, Apyroe
BEKTOPHOE MarHUTHOE BUXPEBOE, TOJIYYEHHOE OT TOKa 3apsAaa EMKOCTH.

DU3NYECKU INEKTPUUECKOE U MAarHUTHOE NOJISL SIBJISIIOTCS IOPOKIE-
HUEeM ToJiel moTeHnuanoB (cM. 2.1.1, 2.1.2), oHH KaK JIUCThSI Ha BETBSIX
MOTEHIAJIOB.

dp T

_0¢ _ _ _04; _ mio .
E(r) = ar  2mregg B, (r) = or  2mr 'z

OTH 1O HE3aBUCHMBI, HO CBsA3aHbl. OOIIUi AJ1s TIOJICH — AJIeKTPH-
Yyeckuil TOK. THTEHCUBHOCTD M 2JIEKTPHYECKOTO U MATHUTHOTO MTOJIS U3-
MCHAIOTCA C USMECHCHHUEM PACCTOAHUA OT HCHTPA: OHU MHTCHCHUBHBIC
(rycThle) OnmKe K LIEHTPY U cliabble OJIKe K OTUIETKE.

BexropHoe pon3BeIcHIE [E §] = 1353 (Bextop IlotinTHHTa/Y COBA)
ofpesesseT MOIIHOCTh CHUTHAJa MPOXOJSAIIEro 4Yepe3 3JIeMEHTapHOe
KOJIBIIEBOE CeUCHUE Kabens ¢ TeKyIuM paauycoM r. CyMmapHasi MOIII-
HOCTh BCEX KOJIBLIEBBIX CEUCHHI paBHa MOIITHOCTH TIepeiaBacMoii kabe-
JIeM B HarpysKy.

CxkopocTh Oera cio€B BOJH MPU Pa3INYHON WX HHTEHCUBHOCTH, TEM
HE MeHee, oauHakoBa. [LTBEIBET (CO CKOPOCTHIO CBETA) Takoe O0JIaKo,
IJIOTHOE OJIMDKE K OCU U pejeroliee OmKe K 000JI04YKe, HE MEHSS OT-
TEHKOB (MHTEHCUBHOCTH) U (opMbl. HayuHOMYy cO0OIIECTBY HEOOXO0-
MO OMPEJCTUTh (JOTOBOPUTHCS), YTO YYAaCTOK MPOCTPAHCTBA,

11
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3al0JIHEHHBIN MOJIEM pa3HOW MHTEHCUBHOCTH, SIBJISIETCS. OAHUM IOJIEM
WJIM OH 3aI0JHEH FPYIION MoJeH.

JIucKkpuMUHAIHS TIONIeH 000CTPSETCS, €CIIM HAYaTh PACCMATPUBATH OIS
B KaOeJIe ¢ IBYMsI CJIOSIMU N30JISIHN (3KIJTa TIOKPBITA H30JISIIINEH WHOM TIpo-
HuraeMoctr). CKOpPOCTh PacHpOCTPaHEHHS CHTHAIOB OyIeT pasIMdHa.
OnHo 1 3TO0 TONIE? DTO MOXKET CTaTh MPEIMETOM HOBBIX HCCIICIOBAHUI.
OnATh HanpammBaeTCs BBIBOA: PACIIPOCTPAHSIOTCS Pa3HOCTH IOTEHIIUATIOB,
TIOJTS SIBJIAFOTCS JIUIIIb CITYy THUKAaMH TIPO/IBIKEHUH TTOTEHIHAIIOB.

Ecnu x Havamy nuHMM OyAeT NOAKIIIOYEH MCTOYHUK MOCTOSIHHOM pas-
HOCTHU NOTEHLMAJIOB, TO 110 JINHUM TPOOEKUT BOJIHA, KOTZIa OHA IOCTUTHET
KOHI[a JIMHUY, B TOAKIIOYEHHYIO Harpy3Ky B COOTBETCTBUM BEINYMHOU
Pa3HOCTH TOTEHIMANIOB 1oTeueT ToK. CIycTd BpeMsi B HECKOJIBKO MepPHO-
JIOB YCTaHOBUTCS MOCTOSIHHBIN pexxum. [locnemyronyie uamenenus oyayT
MIPEACTABIATH COOOM HAIOKEHHUS Ha paHee CYIIECTBOBABIINE PEKUMBI.

AHaJOTMYHO pemaroTcs 3ajada paclpOCTPaHEHHS CHTHAIOB TPHU
JOpyroii KOHQUTYpalMi TPOBOJAHUKOB, HAPHUMEP BEPTUKAIBHBIN MPO-
BOJI HaJl MPOBOJIAIIEH TOBEPXHOCTHIO (aHTEHHA) U IIp.

7151 Teopuu BOIHOBOIO pacpOCTPaHEHUS ANEKTPOMArHUTHBIX BO3-
JEHCTBUH MO MPOBOAAM HHUKAKAs TOMOJHUTEIbHAS CBA3h MEXKIY EuB
He noTtpeboBanack. (Hanpumep, ypaBHEHHS U3 TaOIUI 3JEKTPOJHHA-
MUKH, TaK Ha3bIBaeMoe, ypaBHeHe MakcBeia).

31ecs MarHuTHBIE CHJIOBBIE JIMHWYM, HAHW3aHbBI Ha TPOBO/IAa C TOKOM.
HanpspkeHHOCTB 2JIEKTPHUYECKOT0 MOJIS U «TOKU CMEIIEHU» IepIeHAN-
KYJISIpHBI TOKaM IPOBOJUMOCTH B poBoaax. Komibna, mpeanonaraeMbix
MaxkcBeIOM MarHATHBIX CUJIOBBIX JINHUH, HAHU3aHHBIX HAa IMHUU «TO-
KOB CMELLEHH» pPacloIoKeHbl MEXKIY MPOBOJaMH (371eCh JTydIle Mpe-
CTaBUThH JBYXIPOBOJIHYIO JUHUIO B BUJAE IBYX MapajlieIbHBIX MPOBO-
noB). VX TUTOCKOCTH He TepeceKaroTcs MPOBOIAMU JIMHUH.

T'unoreza MakcBeiia, 4TO TOK CMEILIEHHUS MOPOXKAAET MAarHUTHOE
I0JIe, HE OIpaBIBIBAeTCA, TaK e Kak runoresa JlaByasbe o CymecTBo-
BAHMHM TEIIOPOAA.

PacnpocTpaHeHre 3IEKTPOMAarHUTHBIX BO3ACHCTBUI B NPOCTPAH-
CTBE HE MOXKET JIOKa3aTh CHPaBEAJIMBOCTh CpaHTazMpoBaHHOTO Makc-
BeysioM ypaBHeHus! [Ipumep: B IByXMPOBOAHBIX IUHUIX; €CTh PAaCIpo-
CTpaHeHHe 0e3 MpuMeHeHHs ypaBHEeHUsI MakcBesa.

Havana teopuu pacnpocTpaHeHHUs dJIEKTPUUYECKHX BO3MYIICHHN B
MIPOCTPAHCTBE BHE MPOBOJHUKOB OYAYT PaCCMOTPEHBI HIKE.

CTpyKTypa U3JI0KEeHHS SIIEKTPOIMHAMIKH JIOTDKHA OBITh, BUIIMO, TAKOM.
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2. HAUYAJIA HOBOH
(IOCTMAKCBEJIJIOBCKON)
SJIEKTPOJINHAMUKHA

B 1600 r (415 ner Tomy Ha3an) anrnuiickuii Bpad Bubsm ['nnsbept
CHCTEMaTU3UPOBaJl U3BECTHbIE SBJIEHUS MO 3JIEKTPUYECTBY M MarHe-
Tu3My. Pabora mpakTmdeckoro 3HaueHus He nMena. 230 nmeT Hazam, B
1785 1t ¢dpanmy3 lapme KynoH OTKpBII MEpBEIH 3aKOH, TAE JIFOIU
Hay4YWJINCh TPOBOJUTH MEPBBIE EKTPUUYECKUE U3MEPEHHUS, UTO SIBIIS-
eTcs epBbIM npu3HakoM nosieinenust Hayku. B 1800 rony BonbTta 1306-
pea UCTOYHMK TajbBaHu4Yeckoro Toka. B 1820 rony Opcren u Amnep
JIaNTy TIEPBBIE OTFCAHUS B3aUMOIEHCTBHS DJEKTPUIECKIX TOKOB.

[IpakTHueckoe MCMONB30BaHUE AIIEKTPUUECTBA U DIIEKTPHUUECKOM
SHEPTHUH CTAJO BO3MOXHBIM TOJIBKO TTOCIEe OTKpBITHA B 1831 1 (Bcero
185 met Tomy Hazax) aHTIMICKUM ydeHbIM Maiikinom @apazeeM 3akoHa
3NEeKTPOMArHUTHOM MHIYKIMK. biarogaps 3ToMy OTKPBITHIO U3 TPYAbI
XKeJe3a, MeIM, HeOOJIBIIOT0 KOJIMUecTBa OyMaru v OBICTPOro IBUKEHUS
CTaJI0 MOXKHO MOJTy4YaTh M MepeIaBaTh Ha OOJIBIINE PACCTOSHUS TEIUIO,
CBET, MEXaHUYECKYIO CUIIy U MHOTO BCero Apyroro. Bo3Hukmu u cramu
pa3BuBaThcs «TeopeTHueckne OCHOBBI INEKTPOTEXHHUKH». «Teopus
AIEKTPOMArHUTHOTO TIOJISD».

MHOTOYHCIIEHHBIMI OIBITAMU YCTAaHOBJIEHO, YTO MEXIy IBYMs
3NEKTPUYECKUMHU 3apsiilaMy MM TOKaMH CYIECTBYIOT CHJIbI B3aUMO-
neiicTBus. PaccMaTpuBaeMble anee MaTeMaTHIECKUE 3aBUCHMOCTH 5B-
JISFOTCS pe3yabTaToM 00pabOTKH JaHHBIX MHOTHX OMBITOB. [IpocTpan-
CTBO, B KOTOPOM IPOMCXOANT M3MEHEHHE TeX MM MHBIX I1apaMeTpOB
MPUHATO Ha3bIBaTh MOJEM: IOJE TEMIEpaTyp, MOojJe CKOPOCTEH, MoJie
cui. Ha BHOCHMBIN B mOJ€ CUl 3apsii WIK TOK JIedcTByeT cuna. [lpu
MepeaBIKEHNH 3apsiia WM TOKa Mpou3BoauTCs padora. Pabora o me-
PEMELICHUIO eIUHUYHOTO 3apsiAa WIM JeMEHTa TOoKa (BEJMYMHOU B
eIMHUITy U HE WUMEIOIIETO Pa3MEPHOCTH) Ha3bIBACTCS IMOTEHIIMAIOM.
IlonsiTe BBOAUTCS JJIs1 TOTO, 4TOOBI HAWJEHHBIM OJHAXKIBI, YaCTO
TPYAHBIM 00pa3oM, MOTEHIHAT MOT HPUTOAUTHCS ISl PACUETOB C JIO-
ObIM BHECEHHBIM 3apsI0M HIH TOKOM.

Hampumep, Mexannueckrii MOTEHIIMAI IIapa B TOYKaxX Ha MOBEPXHO-
CTH CTOJIa OJMHAKOBBIM, B TOUKAaX HaJ €ro MOBEPXHOCTHIO OH OOJIbIIE.
Jns mogpéMa miapa Ha HEKOTOPYIO BBICOTY TpeOyercst cuia (paBHas
cwie Tspkectn). Cmia moabéMa Telna KOHKPETHOM Macchl m F =
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= MYGs0pm- CHIA TOABEMA €AUHUIIBI MacCchl M=1 omnpeneisercs ypas-

nenueM: Fy = E,, = —97ad Qe = —Z° Gsopu — TPAIMEHT TOTEH-
uuana. [IoBepXHOCTH PaBHOTO MOTEHINAIA HA3bIBAKOTCS SKBUIIOTEHIIH-
ansaMu. B laHHOM cilydae 3TO — ILIOCKOCTH, TouHee chephl GOJIBIIOro
nuameTpa (0ch Z HanpaBJieHa BIOJb Pajuyca 3eMIH).

2.1. SHCKTPI/I‘IGCKI/IG U MaroHuTHbBIC ITIOTCHINAJIBI

HcTouHrKaMU TTOTSHITHAIOB SBIISTFOTCS: JUTSI DJIEKTPUICCKUX TIOTCH-
LIMAJIOB JIEKTPUUYECKUE 3apsIAbl, A1 MATHUTHBIX MOTEHIIMAIOB TOKH, a
TaKXe B3aUMHBIN MTepexo0/1 OJHOTO BUJIa MMOTEHIIMAIA B IPYTOM.

YpaBHEHUS IOTCHIIUAJIOB MTO3BOJISIOT ONPEACIUTD MOTHYI0 KapTUHY
nosieit. [loTeHmanbl SIBASIOTCS HOCUTENSMU JJIEKTPUUECKOTO0 U Mar-
HHUTHOTO TIOJIAL.

2.1.1. DjaeKTprU4YeCKHil MOTEHIUA
HeNMOJABHMKHBIX 3aPAI0B. DJIeKTPHYECKOe 1moJIe

R
B nmpoctpaHcTBax 3aHATHIX 3apsaamMu AeicTByeT 3akoH Kynona: F =
1 4192 »

v %2, 71, BEKTOp CHJIbI HanpaBleH BOJb NPAMOK, COEAUHSIIO-
e TOUYKH pacloyIoKEeHUs 3apsii0B, IPU OJUHAKOBOM 3HAKE 3aps/ioB B
CTOPOHY pacTaIKUBaHUS.

MBI pacmipuM MPOCTPAHCTBO TEOPHH — OyZeM IpearnonaraTb, 4To
3apsAAbl MOTYT MEHSIThCS BO BpeMEHH. DTO JIETKO NMPEACTaBUTh, €CIIU J10-
ITyCTUTBH BO3MOXXHOCTb IEPEMEILICHNS YaCTH 3apsiia B COCENHIOI TOUKY
MIPOCTpaHCTBa. B Touke pacmonokeHus 3apsiia BeIUINHA €ro OKa3bIBa-
eTcs IepeMeHHOM Bo BpeMeHH ((t). B Touke 2 MoxeT okazatbcs qpyroi
3apsiz 000N BETUYNHBI.

Ecnu BBeCTH MOHSATHE eOuHUyHbll 3apA0, IO BETMYNHE PaBHbIHN eau-
HUIIC U HE UMEIOITHI pa3MepHOCTH, popMyIia mPHOOPETET BULL:

9q(0) = o 2 2.1)

4meey R

rae R paccrosiaue ot 3apsma 10 TOYKM HaOMrOAEHUs (HAIpuMep,
TOYKE PACIONIOKEHUsT BTOPOro 3apsiyia). Cama BeNMYMHA HA3bIBACTCS
«nomenyuany. OH IpencTaBisieT coboit paboTy, KOTOPYIO HAIO COBEP-
IIUTH JJIs IEPEHOCa SIUHUYHOTO 3apsijia U3alicKa B XapaKTePU3yeMyt0
TOYKY HaOIIOJCHHUS.
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[MToTennman oTpaskaeT Mepy BO3MOKHOCTH BBITIOJTHEHUS 4ET0 JIN0O0.
3T0 MoHATHE CPOTHH MH(POPMANNU: «IecTor dTax». [IoHATHE TT03BO-
JSIeT OLICHUTHh HACKOJIBKO TPYIHO OYJeT BBIIOIHUTH MOABEM KOHKPET-
HBIX BEIIEH Ha 3Tak MM HACKOJIBKO OyJeT CHUIICH yAap IpH HaJeHUH 3
OKHA 3TOT0 3Taxa.

DneKkTpuyecKuid MOTEHIHAN BEIHYMHA CKAJSIPHAS, HE BEKTOpHa,
(To ectb - mudpa). IT0 CBOWCTBO OCOOEHHO yAOOHO NMpH HATMYUH
TPYIIBI 3apSI0B, TAK KaK MOTEHIMAT B TOUKE HAOIOICHUS Oy IeT mpo-
CTO CYMMOH HOTEHIIUATIOB OT K&XKI0T0 HICTOYHHKA 110 OTAEIbHOCTH. [1o-
TEHIIMAJ TPYIIIBI 3aPAI0B.

0q(t) = ——3, 1 2.2)

4ATTEE

Ecnu 3apsibl pacnpeaeneHsl B MPOCTPAHCTBE € ITIOTHOCTHIO P, TO
MOTEHIUAN OYJICT paBeH.
p(t)
@q(t) = f dV (2.3)

4TTEE

W3meHeHue nmoTeHIuana 3a BpeMs df OTpaxaeT H3MEHEHHE PacIioo-
xKeHusl (KOH(QUTypaIie) 3apsIoB B MPOCTpaHCTBE 3a 3To Bpems. (OHO
SIBJISIETCS, KaK OBl HEKUM 0000IIeHHBIM TOKOM. To, uto JI. MakcBemn

1 0F 1 d(grade)
HA3BAll «TOKOM CMEWIEHHs» — —— = ——— ——, MpaB1a, 1o Makc-
BEJUTY, UIMEET MECTO MTPOU3BOIHAS epaduerma MOTSHITNAIIA, & He CaMOT0
noteHImana (2.3)).

Paccmotpum mpumep: [Iumnonp U3 TOJOKUTETFHOTO U OTPUIATEINh-
HOTO 3apsi10B. Touky HabIIOAeHN BRIOEPEM HA OCH JUIOJIS, HE BHYTPH
JUIIOJNS, a TOOAAJIb OT MOJIOKUTENIBHOr0 3apsaaa. B 3Toil Touke npesa-
JTUPYET NeHCTBHE TOJIOKUTEIHHOTO 3apsaa. Eciu Mbl MeXIy 3apsiiaMu
JUTIONST TIOJKITIOYAM MCTOYHHK TIEPEMEHHOTO HANPSDKEHUS, TO 3apsiibl
OyIyT B3aMMHO M3MEHATHCS. [loTeHInan B Touke HaOMIOAEHUS OyIeT
MEepPeMEeHHbIM BO BpeMeHH. OTKIIOYMM HWCTOYHHK HANpsHKeHUS |
HAa4YHEM BpallaTh AMUIIOJIb BOKPYT OCH MEPIIEHANKYIISAPHOMN K JIMHUHU CO-
SAMHSIONIEH 3apsnbl B cepenuue aumoss. [loTermnman B Touke HaOII0-
JICHHSI, KOTOPYIO MPEJToJiaraéM HEMOIBUXKHOM, OIATh OYJIeT ePeMEH-
HbeIM. Temeps, cuia, neldcTByoIas Ha MPOOHBIH 3aps, OyIeT MEHATh B
TEUEHHE ITUKJIA €€ U HalpaBJICHUE.

Cuity, TeHCTBYIONIYIO HA €IUHUYHBIN 3aps/l, HA3bIBAIOT HAIPSKEH-

-
HOCTBIO DJICKTPHUYECKOT'O IIOJIA U 0003HAYaAIOT Eq.
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E,(t) = —grad(py (1)) (2.4)

I'pagrieHT MoOTeHIMAaNa MpEACTaBIsAeT COOOW (QPYHKIMIO, KOTOpas
CTPOUT M3 IPWISKAIHUX K TOUKE 3HAYCHUH (HAIpUMep, TEMIEPATYPhI)
BEKTOD, MOKA3bIBAIOIINN BEIMYHUHY W HAIPABICHHUE CaMOTO OBICTPOTO
M3MeHeHUs1 00cienyeMoil BeTMYMHBI (B JaHHOM TpUMEpPE - TeMIepa-
TYpBI).

M3meHeHus: mOTEHIIMAaNa U HAMPSHKEHHOCTH JJIEKTPUYECKOTO IO
10 BEJIMYMHE U HAIIPABICHUIO SBISIIOTCS OTPaKEHUEM U3MEHEHUM U T1e-
peMerieHuii 3apsaoB. Eciii n3MeHeHUs MOTEHITHaIa H3BECTHEI WIIH TIPO-
WU3BOJATCS TI0 MPUHYKACHUIO (METAILUTUYECKUE JIETaIH), TO 3a IepeMe-
IICHUEM 3apsIOB MOKHO yKe He cleuTh. (Tak kak Juis 3aJaHHOTO pac-
MIpelleieHnsT TIOTeHINaNa, 3apsaabl yXKe pa3MecTHINCh). Temeph He
BXXHO, TJI€ ¥ CKOJIBKO Pa3MeIIeHO 3apsI0B, N3BECTEH PE3YNIbTAT UX 00-
IETO JAEUCTBUS — IOTSHIUA.

[loHsITHE AIIEKTPUYECKOE TTOJIE CTAHOBUTCS HEOOXOIUMBIM B CITYy-
gasxX M3YYCHUS NPUYWH BO3HUKHOBEHHSI DJICKTPHUYECKUX pPa3psioB,
SMUCCHUU DIIEKTPOHOB BOKPYT XOJIOJHBIX U TOPSYUX IPOBOTHUKOB, IIPO-
LIECCOB YCKOPEHUS 3apsS>KEHHBIX YaCTHI] B YKOPUTENSX U T.1II.

IIpu Takoil mocneaoBaTEIbHOCTH ACHCTBUM MOXKHO HAWTH TOJIe B
OOJIBIIMHCTBE KOH(MUTYpaluii PacIOJIOKCHUS 3apsiioB, HaIpUMep,
TI0JIe BHYTPH, BHIIIIE TUNIOCKOCTH 3apsbKeHHOro Koubha (cM. 3.1.4.1.).

Jia Hax oK IeHUs 1O, ¢ HCTIoNIb30BaHueM Gopmyisl [aycca,
fﬁs EdS=Y q/ & TpedyeTcs Hann4IKue MOAXO SIS CHUMMETPHH.

Ban nmynammu Ha Mope, CXOJ CHEXHOW JIABHHBI B TOpaxX IpPEICTaB-
JSIOT co0OW ABMKEHHE MEXaHWYEeCKOTo moTeHnuana. [lepenneit kpait
JABUHBI MOKA3bIBAET CKOPOCTh HAPACTaHUS U MPOJBIKECHUS MOTCHIIU-
aja, 3TO TO, 9TO MBI B TEOPHH JIEKTPUICCTBA HA3BIBAEM DJIEKTPUICCKUAM
WM MaTHUTHBIM TIOJIEM.

Ha ucnbiTaTenbHbIX YCTAHOBKAX MPOYHOCTH SJICKTPUUECKOU U305~
MU TOJAHAMAIOT TOTEHIHad pabodero >IeKTpoAa. DIEKTPUIECKOoe
TI0JI€ B 3a30p€ 3aBUCUT OT (POPMEI 3JIeKTpoaa (uria, map). 31ech OHSI-
THS MOTEHIIHAI U TI0JIE MBICIIEHHO Pa3IeIUMBI.

Ha mpaxTike B OONBIIMHCTBE CIy4YaeB UCIOIB3YIOTCS TIepEMEHHBIE
BO BPEMEHU MOTEHIIUAJIBI 3TO: CUJIOBBIE YCTPOMCTBA, YCTPOMCTBA Tiepe-
naud uHpopManuu 1o pamuokaHanam. [Ipu 3TOM MOTEHIMANT U TOJie
(T.e. CKOPOCTh U3MEHEHHMSI TIOTEHIIMAIA) TECHO CBSA3aHBI U TPYAHO pas-
nenuMel. HammpumMep, B Kpyrax, pacxoasmimecs OT KaMHs, OpOIIeHHOTO
B TUXYHI0 BOJSHYIO TJagh, TEKYIIMH YypOBEHb NOIbEMA M CIana
16
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(mampumMep, B CAHTUMETPaxX) OTHOCHUTEIFHO CPETHETO YPOBHS — 3TO T10-
TEHIIUAJ, OETYIIHe CKIOHEI, (TOABEMBI B CTIabI) — 3TO BOTHBI). BomHBI
MOTYT OBITh OBICTpPBIC W IUIABHBIC NMPH OJWHAKOBOW BBICOTE IMOJBEMA
(motennwmasne) (HampuMep, €CI MbI Oy/1eM Ka4aTh BOJY BECIOM).
PaboTa 1o rmepeMenieHuio eMMHIIHOTO 3aps/ia U3 OTHOW TOYKH IIPO-
CTPaHCTBA B IPYTYIO OMPEICISIETCS PA3HOCTHIO MMOTSHITNAIOB.

Q11— @, = fﬁqdf= u (2.5)

CrienuanucTsl Jaxke 3JIeKTPOTEXHUUECKUX CIEeNHATbHOCTEH IMII0X0
MIPEJICTaBIIAIOT KOJIMYECTBEHHYIO CTOPOHY Ipolecca. PaccMoTpum mpo-
CTOH TpUMep: po3eTKa IIEKTPUIECKOro MUTaHNA B KBapTupe. Paccros-
HUE MEX]y IITHIPSIMHU BUIKH MeHee 2 cM, HanpsbkeHue 220B, cpenusis
HanpsDKEHHOCTh  NleKTpudeckoro moist Oomee E=220 B/2cm=110
B/em=11000 B/m=11 kB/m !

HampspkeHHOCTR TOSIT B BO3AYXE [JIs1 BO3HUKHOBEHHS TPOOOS
(uckbl, MoauM) okoo (0,5-1) kB/MM=(500-1000) kB/M~1MB/m, B 100
pa3 OoJtpIe.

Ecnu 3apsin Oynet He eIMHUYHBIN, a KOHKPETHBIN (B KYJIOHAX), TO
cuJja, ICMCTBYIOIIAs HA KOHKPETHBIN 3apsij q2:

o -
F = q;E,. (2.6)

PaboTa no nepeMenieHn0 KOHKPETHOTO 3apsa MOIYIUTCS B IDKOY-
JAX:

(1 — 02)q; = QZquldl-
Pabora 3a enuHUIly BpEMEHH — MOIIHOCTD:

w=(p—g)p=ui 2.7)

31ech Mbl BUIUM OTJIMYME HOBOTO WU3JI0KEHUS Havdall 3JIeKTPOJHHA-
MHUKH OT npeapiaymero: Kak u paHbllle HCTOUHHKOM MO SIBJISIOTCS
AIIEKTpUYecKUe 3apsabl. PaHblme 3apsiy co31aBai IeKTpHIEcKoe Tolle,
Teneph CO3MaET IMOJIe DIEKTPHUYECKOTO MOTEHHIHANa. DJIEKTPHUECKOEe
T0JIe SIBJIIETCSI TPafueHTOM noteHuuana. OQuH U3 APKUX IPUMEPOB OT-
JIYUS IOAX0/a SIBJISIETCS cpepa ¢ paBHOMEPHO PaCIIONIOKEHHBIM Ha IM0-
BEPXHOCTHU 3apsiioM. Pacuér moreHnuana Aaer €ro npsMoe 3HaueHHUe
Kak BHYTpPH, TaK U BHE cdepsl (CM pasliesl MpUMEpbl MOTEHLIUAIOB
(3.1.2)). IloTenunan BHyTpU cdepbl paBeH MOTEHIHANY Ha MOBEPXHO-
CTH CHapy>Xu. DJIEKTPUUECKOE M0JI€ BHYTPH PABHO HYIIO, TAK KaK E q =

= —grad(¢p) = —grad(const) = 0.
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Jlns ompeeneHus TOTEHIMAA «CHAPYKH» 4Yepe3 dIEKTPHYECKOe
noJie MPUXOAUIOCH MPHOETaTh K PACCYXKICHUSIM O HATUYUH MTOCTOSH-
HOM WHTETPUPOBAHHS WIH HAIMYWH JTFO00H Mpyrod QyHKIUW (HANPH-
Mep, QyHKOHHM BpEeMEHH), HE 3aBUCAIICH OT BBHIOPAHHBIX IPOCTPaH-
CTBEHHBIX KOOPJIWHAT. DTHM HEJOCTAaTKOM O0JIaZlafoT BCE PacdEThI, B
KOTOPBIX BOCCTAHOBJIGHHE OCHOBHOW BEJIMYUHBI MPOHM3BOJUTCS depe3
U3BECTHYIO €€ IPOU3BOAHYIO.

Emié oMHUM MCTOYHMKOM AJIEKTPUIECKOTO TOJS SBJISETCS H3MEHSIO-
mieecst 1ojie MarHUTHOTO TOTEHIMaa (3aKOH JIEKTPOMArHUTHOM HH-

= 94 94
nykmun): Ejpg = prt grad@ing = — > (cm. pazgen 2.1.3. ypaBHe-
Hue (2.22))
Ecnu B3sTH poTOp OT 00EMX YacTeil mepBoro paBeHCTBa, TO
A _ a(rotd) _ 9B

rotE;,g = rot ==

a
at at ot (2.8)

OT0 ypaBHEHHE C YUETOM HM3AEPKEK 3aMEHBI MOCIIE0BATEIbHOCTH
TG hepeHIUPOBaHUS JOMOTHAST U3BECTHBI KOMIUIEKT (POPMYJI DIIEK-
TPOIWHAMUKH (C UCIIPABIICHUEM 3HAKA).

Ecmm 3apsinei, popMupyromume moje, pacioiaoKeHbl Ha HEKOTOPOi
SKBUITOTEHLIMATbHON MOBEPXHOCTH (IIOBEPXHOCTh IPOBOJHUKA), TO
BBOJUTCA MOHATHE ANIEKTPUUECKON eMKOCTH — C, Kak OTHOLIEHHE 3a-
psaa K MOTeHIuany npoBoguuka: C = q /.

DopMyna [uisl ONpENENICHUsT NIEKTPUUECKOH E€MKOCTH YCTPOUCTBA
COCTOMT M3 JIByX MHOXHTEIEH: AUIIEKTPUUECKOW MOCTOSHHON U KOH-
CTPYKTHUBHOU IOCTOSIHHOW. Harmprumep, eMKOCTh e TWHUIIBI THHBI KOaK-

N
cHanbHOro Kadens: Cy = €&y ¢ (2m/ In T—Z)
1

B npakTuyeckoi 3JIEKTPOTEXHUKE 3TOT MapaMeTp UCIHOIb3YeTCs B
OTHOILIEHUH K Pa3HOCTH NOTEHI[UAIOB!

q=C(p2—¢p1)=C-u. (2.9)
OHeprus, 3aaceHHas B 3JIEKTPUYECKOW EMKOCTH, PaBHA
W, = Cu?/2. (2.10)

DNeKTpUYecKoe MoJie BOKPYT MPOBOJHMKA MMEET, KakK IPaBHIIO,
CIIO)KHYI0 ()OPMY W DHEpPrHs CHUCTEMBI MOXET OBITh 3allMCaHa 4Yepes3
HaNpsHKEHHOCTh 3JIEKTPHUUYECKOTO MOJISl TONBKO ISl YIPOLIEHHBIX KOH-
¢urypanuii.
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2.1.2. MarHMTHbBI# NOTEHIIUAJI OABHKHBIX 3aPS/10B.
MarnuTtHoe moJie

Tenepr paccMOTpHUM IT0JI€ TPYIIIBI MOJIBUKHBIX 3apsAIOB - JIEKTPHU-
YEeCKOIo TOKa.

Hano noHnmaTts, 4To peus UIET HE O MPUTSHKEHUH, OTTAIKUBAHUU
3apsI0B MEXTY COOOM, a 0 MBMKESHUU TPYIIITHI 3apsA0B MO NEHCTBUEM
HEKHX CTOPOHHUX CHJI: XUMHUYECKOT0, MEXaHUYECKOT O, TETIJIOBOTO MPO-
UCXOXKACHUSA. MHOTrOYHMCIEHHBIMU OIbITaMH AMrepa, IJpcTeaa B
1820 1, ycTaHOBIEHO, YTO MEXAY KyCKaMH MarHUTHOM PyaAbI, IPOBO/I-
HUKaMH C AJIEKTPHUUECKUM TOKOM CYIIECTBYIOT CHJIBI B3aUMOAEHCTBUS.
[IpoctpancTBa, rae 00HApYKUBAIOTCS TAKUE B3aUMOIEHCTBUS, TPUHSTO
Ha3BaTh MarHWTHBIM TOJIeM. DTO YAUBHUTEIHHOE MPUPOJHOE SBICHNE,
KOIJla B3aMMOJEWCTBHE HCIBITHIBAIOT HE MPEIMETHI: KOCMHYECKHE
Tena, Kopabnu (TpaBUTAaLUs), JIEKTPUUECKUE 3apsibl, a B3aUMOJEH-
CTBYIOT MCKJIFOUHTENBHO ABMKYIIUECS 3apsibl; TOT KE MPOBOIHUK C
TEMHU e HO HETIOABIYKHBIMU 3apsAAaMH HE TIPOSIBIIAET JOTIOTHUTEIBHBIX
BO3/IEMCTBUI Ha ApYyTrHe NMOABMKHBIE 3apsaabl. Kaxkercs, B mpuposae HET
JPYTUX NOAOOHBIX SBICHUH.

OO6paTnM BHUMaHHe Ha KOJMYECTBEHHYIO CTOPOHY Ipoliecca. 3apsij
rpo3oBoro obmaka cocrasiser npumepHo 0,1-2 KyJIOH IpU BpeMeHHU
JEMCTBHA HECKOJIBKO COTEH MUKpoceKyH . [1o mpoBoaHuky ¢ Tokom 10
A, xaxaple 5 MUHYT nipoxonuT 3apsag B 3000 KyJI0HOB.

Puc. 2

Kak u B OJICKTPOCTATUKE, CUJIBI IIPOIIOPIIMOHAIIBHEI BEJIMYUHE TOKa
M 00paTHO MPOMOPIUOHAIBLHBI PACCTOSHUIO MEKIY 3JIEMEHTaMHU TOKA,
Kamuaﬂ TOYKA TAKOI'0 MPOCTPAHCTBA XapAKTCPU3YCTCA BEKTOPHBIM I10-
TEHIIMAJIOM.
> Ladl
d4, = Heas (2.11)

4T R1;2
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CocTaBrnstonias BEKTOPHOTO IOTEHIIMANa B MPOWU3BOIBHON TOUKE
MIPOCTPAHCTBA, HAIIPUMEP, B TOUKE PACIOJIOKECHHS DJIEMEHTA BTOPOTO
TOKa OT 3JIEMEHTA ePBOro TOKA UMEET TAKOE K€ BUJ, KAK U CKAJIIPHBIN
MTOTEHIIAI JIIEKTPHUECKOTO II0JISA, C TEM OTINYHEM, UYTO TEMEePh 3TO Be-
nuarHA BeKTopHas [2. c. 342]. Hampasnenue 3jieMeHTa BEeKTOpa MOTCH-
yasa CoBMaJaeT C HalpaBlIieHHEM JIeMeHTa Bo30yKAaloLIero TOKa.

IloTeHnuan oT Bcel TpymNIbl 3JIEMEHTOB TOKa IEPBOrO KOJIbIA
[8, c. 630]:

7 _ ko ¢ Idly _ pugy JdV1
Ay =tof ththp (2.12)

Eciu ydaecTs uTo j = pVj, TO HOTyunm
A=ty f‘iVl =ty ”f” =y, (2.13)

cpaBHEM ¢ (2.3): @, (t) = prs fp(t) av.

VYpasuenune (2.13) nmpakTHYECKOTO 3HAYCHHS HE UMEET, N3-3a HEU3-
BECTHOW CKOPOCTH JBMKEHHA 3apsIOB, 00Pa3yIOMUX dIIEKTPHUECKUI
TOK, OJIHAKO, HATJISTHO yKa3bIBaeT Ha OJIM3KOE POJICTBO CKAISIPHOTO U
BEKTOPHOTO ITOTEHIIAAJIOB.

JecTBUTENBHO, 3JIEKTPUUECKOE TOJIE OMPEENseTCs PaCcookKe-
HUEM 3aps/IoB B HEKOH 00J1acTH, a MarHUTHOE MOJIE PACIIOJIOKEHUEM
3aps0B U eIl€ CKOPOCTAMH MX TepEeMEIICHUSI.

Ocraércst OTKPHITHIM BOTIPOC, TOYEMY 3aKOHBI B3aUMOICHCTBHS CTa-
TAYECKUX U MOABMXHBIX 3apdd0B HE ABJIACTCA YAaCTHBIM CJIydacM Ka-
KOT'0-TO OOIIEro 3aKOHA B3aUMOJICHCTBHS 3apsI0B.

s oGmacTeit mpocTpaHCTBA 3aHATHIX 3apsiiaMy U TOKaMHU H3BECTHO

ypaBHeHHUe HenpepbiBHOCTH div] + % =0[7.c. 189]

st obmacTeit mpocTpaHCTBa CBOOOTHBIX OT 3apsIOB U TOKOB B ITa-
parpade 0 pacHpOCTPaHCHUU CHUTHAJIOB IO JBYXIPOBOJHBIM JIMHUSM
MBI BHJIENH €MI€ OJIHY BO3MOXHOCTh BO30YKJICHHS MATHUTHOTO ITOTEH-
yana — M3MEHEHHS CKaJIIPHOTO MOTEHIINAIA.

. 10
divd = - =22

2o (2.14)

DTO ypaBHEHHE B CTapoOd 3JEKTPOJMHAMUKE HA3bIBATOCH ypaBHE-
HUEM J10penyesoti kanuobposku [7. c¢. 244], 1 He UMETI0 HUKAKOTO HAy-
HOTO 000CHOBaHMS.
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Touku mpocTpaHCTBa ¢ H3MEHSFOIIUMCS CKAIAPHBIM TOTEHITHATIOM
SIBJIIFOTCS. TOYKAMU MCTOKA MarHUTHOTO MOTEHIMAaNA. 31€Ch YMECTHO
MOTYEPKHYTH, UTO H3MEHEHHUS CKAJIIPHOTO MOTEHIHANA, (2 HE U3MEHe-
HUSA DJIEKTPUIECKOT0 oA (110 MaKcBeITy)) SBISIOTCS UCTOKAMU JIJIS
MAar"suTHOI'O IoTeHIuaia. O1naTh HE UMEET 3Ha4YCHHUA, UBMCHSACTCA CKa-
JISPHBIN TOTEHIMAN M3-3a ABIDKEHUS 3apsioB WIH W3-32 M3MEHEHUS
HaIpsKECHUA UCTOYHUKA MOTCHIIMAIa (OHSITI) 7K€ KOI'0-TO BHYTPEHHCTO
JIBUOKEHUS 3apsIJIOB).

3IIGCB BaXXHO, YTO TOYKHU 3apOXKACHUA MarHUTHOT'O ITOTCHIHAJIa MO-
ryT OBITH TOJIBKO BPEMCHHBIMHU, IIOCJIC YCTAHOBJICHUSA CTAIMOHAPHOI'O
cocrostaus d¢@/dt = 0 ucYe3ar0T MCTOKM MAarHUTHOI'O MOTEHIIMAJIA.
3T0 rOBOPUT O TOM, YTO 3TOT HPOLIECC MOXKET CYIIECTBOBATh B PEKUME
pacipocTpaHeHUs DIEKTPOMATHUTHBIX CUTHAIOB — PaIMOBOJIH.

DTOT nepexo]i MOXKHO Ha3BaTh 3aKOHOM MATHUTO3JIEKTPUYECKOI
HHIYKIHH.

[IpuHATO TOBOPHUTH, UTO OMEPaTOp div COOOIMAaeT 00 MCTOKAX YETO
mn60. B manHOM CiTydae MBI BUIUM, YTO JIIS 3aPOXKIACHUA BEKTOPHOTO
noteHuana A, KpoMe TOKOB MOYKHO UMETh U3MEHEHHE CKAISIPHOTO T10-
TeHIa’za. MOXXHO MpelCcTaBUTh KOHAUTEPCKHUM mimpul. M3meHeHue
CKaJIAPHOT'O NOTCHIIUAJIa — CKOPOCTH ABUKCHUC IMOPUIHS, BBIAABJICHHOC
KOJIMYECTBO KpeMa — KOJIMYECTBO BEKTOPHOTO TOTeHIMana. Pacmpene-
JICHHE BEKTOPHOTO MOTCHIIMAJA 110 HAIIPABJICHUSIM HE UMEET 3HAUCHUS
(mMBepreHIus — CKaJAp).

Ecnu mpesctaBuTh MasTHUK C 3apsKEHHBIM IIIAPOM, TPOHOCSIITUMCS
Haa KOMITIaCOM, TO MbI JOJKHBI YBUACTL, UYTO CTPECJIKa KOMITIaCca OTKIIO-
HWIACh. DTO KapTUHA aHAIOTUYHA JIBIYKEHHIO TIPOBOJIHUKA MEXTY T10-
JIIOCAMHU MarHuTa.

Ecnu 3anucars 3T0 ypaBHEHUE HHAYE: divA + U%Z—(f = 0, TO MOXXHO
TPaKTOBAaTh COOBITHE MHAYE, a IMEHHO, YTO B KaXKIIOW TOYKE ITPOCTPaH-
CTBa UMEETCSI YTO-TO MOJIOKUTEIHHOE U YTO-TO OTPULIATENbHOE, B CYMME
HUYero Her! DTO HamoOMUHAET Mpolecc oOMeHa SHEprusiMH B Koseda-
TEIbHOM KOHTYpE, KOT/Ia dIeKTpHUecKas SHEpTHs KOHAeHCaTopa epexo-
JUT B MarHUTHYIO PHEPTUIO KaTyIIKH WHAYKTUBHOCTH B CyMME OCTaBa-
SICh HEM3MEHHOH, TIOCTOSHHOH (B YaCTHOM citydae HyneBoi) [2. ¢. 113].

Benp u B aTome BemiecTBa HET 3apsaa, MOKa MBI HE 3aMe€4aeM, 4TO
MOJIOKUTENIbHBIE W OTPHLATENbHBIE 3apsiAbl KOUylOT B OOHMMKY. Ho
aToM, MOJIEKyJla — BEIECTBO, a 37ech mycTtoTta! Ilomydaercs, uro my-
CTOTa 3TO HE IyCTOTa, @ HOCUTENb TOTEHIINAIOB (MOXKET, BCE JKe, CyIlle-
CTBYET «3hup»?).
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st BbIUMCIIEHHA CHJ B3aUMOJEWCTBHUS YIOOHO BBECTH IOHSTHE
MAarHMTHOE MoJie TOKa:

B = rotA. (2.15)

IIpu TakoM ompeneNeHnyd MarHUTHOTO MOl U MarHUTHOTO MOTEH-
nuana OyJaeM UMeThb

divB = 0, (2.16)
(OCKOJIBKY IUBEPreHIMsl poTopa IO MpaBUiIaM BEKTOPHOTO aHalIH3a
paBHa HyJI0). B 3TOM ciiydae roBopsiT, MarHuTHOE 0J1e (He MAarHUTHBIN
[IOTEHIIMAN) HE UMEET HCTOKOB.

B BekTOpHOM I0JIe TOKOB POJIb IpajleHTa MoTeHIHada UrpaeT po-
Top (rot) BekTopa. OmnepaTopsl IpaAMEHT U POTOP OMPEAECISAIOT BEIH-
YHHY 3JIEKTPUYECKOTr0 U MarHUTHOTO MOJIS Y€Pe3 UX MOTEHIINAIIBL.

31eck MBI BUJIUM OTIMYHE HOBOTO M3JIOKEHHS Ha4dall AIEKTPOINHA-
MUKH OT IpeabIayliero. Panpiie TOk co3iaBai MarHuTHOE MoJie, TeTeph
OH CO31aéT MAarHUTHBIN MOTEHIMAI. MarHUTHOE MOJIE SIBIAETCSA POTO-
POM MarHuTHOTO noTeHnrana. OauH U3 SIPKUX IPUMEPOB OTIHYMS MO/~
X0Jia - TOpouaibHas KaTyIIKa MHIYKTUBHOCTH WM JJIMHHBINA cole-
Houa. TOK co3aeT MarHUTHBIN NMOTEHLUAN U BHYTPU KaTyLIKH U CHa-
pyku. MarautHoe MoJIe CYIIECTBYET TOJIBKO BHYTPH KaTyIIKH, CHa-
PY’KH 3TO T0JI€ paBHO HYJIIO; aHAJTOTMYHO TOMY, KaK paBHO HYJIIO JJIEK-
TPUYECKOE TI0JIe BHYTPH PaBHOMEPHO 3apshDKeHHOU cepudeckoil mo-
BEPXHOCTH.

IToTok BekTOpa MarHUTHOTO oJist B uepe3 3ajaHHy0 TOBEPXHOCTh

Ha3bIBaETCS MarHUTHBIM IOTOKOM @ = fsB ds.

AHAJIOTUYHO 3JIEKTPUUYECKOMY MO0 U1l CPell ¢ TMHEHHON 3aBUCH-
MOCTBIO HAMarHM4€HHOCTHU CPEAbI OT TOKA JJII MAarHuTHOT'O I1OJIA ITOJTy-
yuMm: @ = L - i, 1 4aCTO UCIIOJIb3yEMbIC B TEXHUUECKON MTPAKTUKE

do di .
== d—i:u, " W, = Li2/2 (2.17)

DopMyna a5 ONpeaeieHs] UHAYKTUBHOCTA COCTOMUT U3 ABYX MHO-
JKUTEJIEW: MarHUTHOW IOCTOSHHOM M KOHCTPYKTUBHOM IOCTOSHHOM.
Hanpumep, anst eanHULbBI ATUHBI KOAKCHANBHOTO Kabems Ly = ppg ®

1 7 .
(E' In r—z) B mpocTBIX KOHCTPYKIUSX KOHCTPYKTHBHBIH MHOXXHTEIH
1

OJIMHAKOBBIN I EMKOCTH M WHAYKTHBHOCTH, TOJBKO BXOAMT JHOO B
YUCITUTEINh, MO0 B 3HAMEHATeIh OCHOBHOM (POPMYIIHL.
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1
Wnaue roBops, LyCy = gty = = Buaum, 4To 3Has EMKOCTh WU

WHAYKTHBHOCTH y9acCTKa KOHCTPYKIMH, MOKHO 0€3 IMOAPOOHBIX pacde-
TOB OIPEJEINUTH IPYTYHO BEIUUYUHY.

Cuna, ucnsIThIBagMasi 3JIEMEHTOM BTOPOTO TOKa OT IMOJIA, CO3/1aBae-
MOI'O BHEITHUMU TOKaMHU:

dﬁz = 12 [diz,rOtAl] = 12 [dz)z,é)l], (218)

(DOpMy.T[I)I, OonpeacIdromune MarHuTHBIN IIOTCHIMAJI NJIM MarHuTHOEC
T10JI€ OJUHOYHOT'O MOJBUKHOTO 3apsa, IBUKYIIETOCS CO CKOPOCTHIO V,
BBIBeZIeHB! JIbeHapoM 1 BuxepTom. OOpaTHOE AEHCTBHE MPEACTABICHO
¢dopmynoit Jlopenma:

dF =q-[?-B] (2.19)

2.1.3. 3aK0H 3JIEKTPOMATHUTHOM MHAYKIHH
(mppepennuaabHas popma). Bzaumublii nepexon
CKAJISIPHOT0 YJIEKTPHYECKOr0 M BEKTOPHOI0
MATHMUTHOT'O MOTEHI[UAJIOB

3aKOH ANEKTPOMAarHUTHON WHAYKIHU SIBISETCS TPETHUM CTOJIIOM
(GyHIaMEHTa AJICKTPOJMHAMUKH. 3aKOH TTAaCHT: (st 106020 KOHmypa
WHAYKIUOHHAS 2ekmpoosudcyujas cuna (3C) pasna ckopocmu us-
MEeHEeHUs MACHUMHO20 NOMOKA, NPOX00suje20 Yepes dMom KOHMYp, 835-
Motl co 3HAKOM MUHYC.

CrenaeM HECKOJIBKO 3aMEeYaHUI:

1) OcHOBHAas YacTh MOTOKAa MAarHUTHOH HHIIYKIINHA OOBIYHO COCPEIO-
TOYeHA B HEOOJIBIION YaCTH IUIONIAIN KOHTYpa. Hampumep, B BUTKE 00-
MOTKH TpaHC(hopMaTOpa MOTOK COCPEOTOUCH B OCHOBHOM B IUIOIIA U
CEUEHHMsI cepleyHuKa. BUTok MOXHO cuibHO yBenanuutb, DC BUTKa
OCTaHETCA MPEKHEH.

2) 3HaK MHUHYC B ypaBHEHHH 3aKOHa OOOCHOBBIBA€TCA HATHIUEM
npasuia JleHna. 9To 000CHOBaHUE BBHITJISIIUT TaK: «U MPEACTABUIOCH
MHe»! MaremaTudeckoit popMyJIsl HeT.

= 0B o
3) ®opmyny rotE = — 5, YacTo Ha3bIBAIOT g pepeHnaTb HOMN

(hopMoOif 3aKOHA 3IEKTPOMArHUTHONW MHIYKIWH. OJHAKO, 3HAHHE PO-
TOpa BEKTOpa B HuKak He MO3BOJISET IMOJIY4YUTh 3HAYCHUE CaMOI'0 BCK-
Topa E.
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dd
[IpoBenem npeodpazosanue ICipg = i

d r 3 5 0 Paa_ 0 o 22 94 7 2 2
= $Bds = frotAds = ¢ Adl = §, —dl = §, Einadl (2.20)
(B TPETHEM M HETBEPTOM 3HAKAX PaBEHCTBAX (3HaK =) UCIOJIB30-

BaHbl B = rot4d u teopema Crtokca). [Ipm paBeHCTBE HWHTETpaioB,
PaBHBI MOILIHTEIPAIBHBIC BHIPAYKCHHUSL.
Ena =2 221)

CoBniazaet ¢ OIHUM M3 BBIPKEHUH «Ta0bIuLbl popmyn DeitHMaHay.

OTO W €CTh 3aKOH JJIEKTPOMArHUTHOM MHIYKIUHU B audepeHu-
ajnbHOM hopMe: 3aKOH OTpakaeT CBSA3h N3MEHEHH MAarHUTHOTO TIOTCH-
yana ¢ HarpspKeHHOCTBIO AJIEKTPUYECKOTO MOJISL.

3aKOH DIEKTPOMArHUTHON WHIYKIWW JUI [POW3BOJIBHON TOYKH
IPOCTPAHCTBA MOXET OBITh C(HOPMYJIMPOBAH CIEAYIOIUM 00pa3oM:
«BpeMeHHbIe U3MEHEHHs BEKTOPHOT0 MATHUTHOT0 MOTEHIMAJIA CO-
31a10T JIeKTpuUuecKoe noe E;,;, Ha3pIBaeMoe HHIYKIHOHHbIM WJIH
3JIEKTPOMATrHUTHBIM.

[Ipu TakoMm moaxojie 0OHAPY>KUBAETCS SIUHBIN MPUHIIAIT HECKOIb-
kux omnbiToB dapajes (IBUKEHHE MPOBOIHIKA B MATHUTHOM TI0JIE U He-
MTOIBIKHBIN TIPOBOJHUK B TIEpEMEHHOM MarHWTHOM Tojie (TpaHchop-
matop)). O vux numet Peitaman [4, c. 53]. «Mol ne 3Haem 6 usuxe Hu
00H020 OpPY2020 MAKO20 npuMepd, Ko20a bbl NPOCMOU U MOYHBIL 00UUT
3aK0H mpe60o8an OJis C80e20 HACMOAUWEe20 NOHUMAHUS AHAU3A 8 mep-
MUHax 08yx pasHulx sienenuil. OObluHO cmob Kpacusoe 0O0OujeHue
OKA3bIBACMCA UCXOOAUWUM U3 €OUHO20 2T1YOOK020 OCHOBONOLALAIOWE20
npunyuna. Ho 6 smom ciayuae, kakozo 1ubo ocobo 2nybokozo npunyuna
He 8UOHO. Mbl 001ICHbI BOCNPUHUMAMb «APABUNLO» KAK COBMECTHbIL
aghghexm 08yx cosepulenHO pa3TUUHbIX S6IEHUY.

Teneps 00U TPUHITUT €CTh — MEHSIOLTUIICS BO BPEMEHU MarHuT-
HBII TIOTEHIMANl. BpeMeHHbIe U3MEHEeHHs MOTEHIMalla HACTYMNalT, U
Korja 3apsi1 (IPOBOJIHUK) MEpPEMEIAeTCss B HEpAaBHOMEPHOM TI0JIe BEK-
TOPHOTO MOTEHIHANA, U KOTIa MPOBOJHHUK HETOABHKEH, a MOTEHIHAI
CO3/1aH TIepeMEHHBIM TOKOM.

3aK0H IESKTPOMATHUTHOU MHAVKIMA B JuddhepeHmanpHou hopMe
JEMOHCTPUPYET CBSI3b MATHUTHOTO TIOTEHITHAJIA CO CKAISAPHBIM:

= A
Eina = —gradping = 5; (2.22)
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O6o3Hauenue E;,,;, = —gradq;,; BBEACHO BIIEPBLIE.
ind ind

oD
3axon Dapanes pas koutypa 3JCipng = 3¢ He ABIseTCs nuddepen-

nuanbHol (hopMOl ypaBHEHHMH dIEKTPOAMHAMHKH, TaK KaK MPOU3BOJI-
Hast Oep€Tcs He OT BEKTOPOB 3JIEKTPUUECKOTO MIIM MAarHUTHOT'O TOJIEH.

ITepexom aIeKTpUIECKOT0 MOTEHITHAaIa B MATHUTHBIA OBLT TIPE/ICTaB-

, 2 10
JIeH B TIpeABINYyLIEM pasaene ypaBHeHueM (2.14). divA = — v—za—f

2.1.4. IlostHoE 3y1eKTPUYEcKoe noJie. PadoTa cui mosst

Ilomroe QJICKTPUYCCKOC IIOJIC PAaBHO CYMMC [IBYX J3JICKTPUYCCKUX
TIOJICH: TTOJIS SJICKTPUICCKUX 3apsA0B U OJIA UHAYKIIMOHHOT'O, POXKACH-
HOT'0 H3BMCHCHUAMHU MAarHuTHOI'O IIOTCHITHAJIA.

S 2, = o oA
E=E;+E;(t) — Eina(t) = —grade, — m (2.23)

O06a mosis NpeACTaBIAIOT NEPBblEe MPOM3BOJHBIE MOTEHLUAIOB B
MIPOCTPAHCTBE M BPEMEHH.

B cBoto o4epens HaMPSKEHHOCTH IEKTPHYECKOTO IMOJIs, 00yCIOB-
JICHHAs 3apsAAaMu, MOXKET OBITh IIOCTOSIHHOM, OIIpeaensieMoil 3apsiiaMu
HEM3MEHHBIMHU BO BPEMEHH WJIM IIEPEMEHHON OT MEHSIOIINXCS 3apsI0B.

Pabora cuin mo nepemeneHuIo 3apsioB U MOTEHITHAN OyAeT CyMMOit
paboT MmO 3apsiioB U MOJIS, POKACHHOTO M3MEHEHUSAMH MAarHUTHOTO
noreHuuana. J{ias BHELIHEro 3apsja g2 3TH ABa NOJ HE Pa3lIHdUMBL.
Pa6ora cu mosst:

2 = = -
W = q [ (Eq — Eina)dl. (2.24)

OxHako, 1oJie 3apsiI0B MOTEHIHAILHOE, BTOpoe HeT. [TooToMy Ha 3a-
MKHYTOM ITyTH paboTa moJist 3apsiioB OyAeT paBHA HYIIIO, a OIS, POXK-
ACHHOI'0 M3MCHCHHUAMH MAarHMTHOI'O IMOTCHIHAIa, MOXET NPUHHUMATH
moboe 3HAUeHHeE.

OOwmmii MOTEHIMAl TOYKH HPOCTPAHCTBA MPEICTABISIET COOOM
CyMMy  CKaAPHBIX MOTEHUHAIOB: @ = Qg + QPing = Pq/const T
©q(t) + @ing(t) 3apam0B U CKANAPHOTO MOTEHIIHANA POKIAEHHOTO H3-
MEHEHMSIMH MarHUTHOTO TOTeHInat a. TpeOyroTes JOMONHUTEbHBIE
tonkoBanus. (Hampumep, KakoBbI OTIMYHMS MOTEHIMAIA 00YyCIOBJIECH-
HOTO TIEPEMEHHOM YaCThIO 3apsI/I0B U MOTEHIIUANA, 00YCIOBIEHHOTO U3~
MEHEHHUSIMU MarHUTHOTO TIOTEHIINAA).
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2.2. CucreMa coOrjiacoBaHHBIX
YPaBHEHM 3JIEKTPOAUHAMUKH

s XapakTepUCTUKU IOJIEW HCIIONB3YETCsl almnapaT BEKTOPHOIO
aHanu3a. Ero riaBHOM 0COOEHHOCTHIO SIBIISIETCS BO3MOXKHOCTH 3aITUCH
(u3NUECKUX 3aKOHOMEPHOCTEHl MHBAPHAHTHO OTHOCHUTENIBHO CHCTEM
KoOpAuHAT. B nanpHeNeM nNpy KOHKPETHBIX pacueTax MOTYT OBITh BBI-
OpaHbl U MPUMEHEHBI YAOOHBIC IS IaHHOTO KOHKPETHOTO CITydasi Ko-
OpAMHATHI: JEKapTOBbI, HMIMHIpHUYECKHE, chepudeckue. Be€ Bcerma
OTHOCHTCS K ITapaMeTpaM U XapaKTepUCTHKaM TOYKH OIS

B Teopuu anexTpudecTBa MBI HCHIONIB3yeM BEKTOPHBIE OnepaTophl. Mx

TPU: TPAAUEHT gradp, TUBEPreHIns divA u poTop rotA. Bee onu sBisi-
I0TCSL TIO-CYILIECTBY MPOCTO omnepaTopamu Ju(pepeHIpOBaHUs U TTOCIIe
BBIOOpA CHCTEMBI KOOPIAMHAT CPa3y IO BCEM TPEM OPTOTOHAJIBHBIM OCSIM.

Omnepatop rpagueHt paboTaet HaJ cKansipHbIMH GyHKImuIMHA. [Ipu-
MepBI: I0JIe TeMIepaTyp, IJIOTHOCTH BEIECTBa, I'ycToTa TyMaHa. Pe-
3yJIbTaToOM OyAeT BeKTOp. BekTop - rpaineHT MoKa3bIBaeT B MOCIEAHEM
cilyyae OBICTPOTY M HampaBJIeHHE YBEIMYEHUS IJIOTHOCTH TyMaHa, TO
ecTb (POPMHUPYETCS BEKTOPHOE T0JIE HA OCHOBE CKaJISIPHOTO.

Hpyrue nsa oneparopa paboTalOT HaJl BEKTOPHBIMHU HOJISAMHU.

OrmepaTop IUBEPTEHINH (CaMBIH CI0KHBIHN TSI TOHUMAaHUS ) BBIYHC-
JIIET TIPOCTYIO (HE BEKTOPHYIO) CYMMY CKOpPOCTEH M3MEHEHHs BEKTOpa
10 OPTOTOHAIBHBIM KOOPJIMHATAaM B IaHHOM Touke. Pe3ynbTar — cKamsp.
I'oBopAT, YTO HEHyNIEBOE 3HAUYEHUE NUBEPIEHIMH CBHUIETEIBCTBYET O
HaJIMYUH HCTOYHUKA M3MEHEHUH 00CIIeTyeMOT0 BEKTOPA.

Ecnu npyuMeHUTHh 0onepaTop K MOJIK0 CKOPOCTEW ABUKEHUS Tella, TO
BEIMYMHA TUBEPreHIMH MOKaXXET CyMMY H3MEHEHHMH CKOpPOCTEH I10
BCEM HAIpaBJICHUSM JABIKEHHUS Tena. M3MeHeHHe CKOpPOCTH MOXKET
MIPOMCXOANTD, €CIIH Ha JABIKYIIEECS TEJIO0 AEUCTBYET CHIIa, €CTh HCTOY-
HUK 3Hepruu. Ecnu onepartop NpUMEHNUTH K aHAIU3y CKOPOCTH MOJIETa
PaKeThl, TO OH MOKAXXET NPUYHNHY U3MEHEHHs CKOPOCTH nonéTa (Habopa
CKOpPOCTH, TIOBOPOTa — pabOTAIOT IBUTATENH).

PesynbTar paboTsl onepaTopa potopa ecth BekTop. Ecnu uccnenye-
MBII BEKTOP HOJIA (HalpuMep, BEKTOP CKOPOCTEH) COBMECTHUTH C OJHOM
13 KOOPJIMHATHBIX OCEH, TO MPY HATMYUU U3MEHEHUH BI0JIb BTOPOH KO-
OpAWHATEI, BEKTOP — PE3yNbTaT OyAeT HaIllPaBJICH BAOJb TPEThEH KOOp-
JOUHATH ¥ OyZeT MOKa3bIBaTh HAJTMYNE STUX U3MEHEHUH.
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[MpuBenéM MexaHWYECKYI0 WLTIOCTpauuio GpyHKnuu poropa. Ilpu-
MEHHTEJILHO K CKOPOCTSIM TOYEK «BOJYKA — FOJIbIY, BHIOPAB IMITHH]IPHU-
YecKHe KOOPAMHATHI M HANpaBICHHE CKOPOCTH COBMAJAIOMIMM C
HaIpaBJIeHHEM KOOPIMHATHI 0, OJTyYUM U3MEHEHUE BEINYNHBI CKOPO-
CTH BJIOJIb PAJIyC-BEKTOpa 7, BEKTOP-PE3YIIbTAT OyIeT NePICHIUKY IS~
PEH IByM IEPBBIM BEKTOpaM M MOKaXXET CKOPOCTh M HAIPaBICHUE OCH
BpalieHus Bouka. s Bcex Touek oTBeT OyneT oauH U ToT xe! Eciu
0Ch BOJTYKa OYyJIET MPELeCCHPOBATh, TO OyIET MPEIECCHPOBATH K BEKTOP
BEKTOPHOTO ToTeHIuana. Eciu onepatop poropa NpUMEHUTH K CKOPO-
CTSM YacTHIl Yasi B IOMEIIMBAEMOM CTAaKaHE 4asi, TO BEKTOPHI YIIIOBOH
CKOPOCTH B IIGHTPE CTaKaHa M OJIMKe K CTEHKaM OyIyT pa3HBIMHU.

Tabnuma popmMys SIEKTPOANHAMHUKY TOJDKHA UMETh MHON BHUJ (Ta0-
nima 2).

Tabnuna 2

Hepe‘-leﬂb COIJTaCOBAHHBIX ypaBHe}mﬁ
3JIEKTPOAHHAMUKH

IMoTenuuaabI IJIEKTPOAUHAMHUKHU

p(t—rXp/c)
» ’t = _—dV
o(x,y,2,t) .[50 yr
o —1ryi/C
A(x,y,Z,t)zfﬂo —>( X]/ )
T‘XJ

YPaBHEHUsI CBA3H NOTEHIMAJIOB
94 a L
P —grad®ing. =— = —divA.

Iloas - MPOU3BOAHBIEC ITOTCHIUAJIOB.
- _grad(pq » Eind = Ea
E = Eq - Eind 5 B = TOtA.

U TO0IIOJTHUTEJIbHBIC YPABHCHMUSA.

1 0%¢ - 0B

R g2, L1079 =22
divE = V¢ o rotE Py

divB =0, rotB =-V?4— vizgradz—(p

X (X, y, Z) — TOUKa HAOJTIOAEHUS
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B ypaBHeHUsX 3TOH TaONUIBI OTCYTCTBYET «TOK CMEIICHUS U CAMO
ypaBHeHHe MakcBeria.
IIpocTpaHCTBEHHbIE U3MEHEHHUSI DJIEKTPUUYECKOTO MOTEHIIHAla BOC-

5
NPUHUMAIOTCS KakK dJIeKTpuyueckoe mone E, = —gradg,. (Hanpumep,
99

B CHCTEME JIEKAPTOBBIX KOOpAMHAT OyaeM HUMETh FEgy = _a_xq’

6<pq agoq
E = -, E_=- , UJIX B CUCTEMEC MUINMHIAPUICCKUX KO-
Z
opAvHaT, IMpyu HaJIn4Ynuu ].IPUII/IHZIPH‘ICCKOIZ CUMMETPHHU, TO €CTh IIPH OT-
CYTCTBUM 3aBHCUMOCTHU IAPaMETPOB IIOJIA OT yrja a, 6yHCM UMCTb

_ _9¢q _ _O9¢q
Eqr = =73 Eqz = —73,)-

Tlome HaIPsKEHHOCTU JJICKTPHUYECKOI'O IIOJIA ABIACTCA IIPOU3BOO-
HOH IMOTCHIHAJIOB B IIPSIMOM U IIEPEHOCHOM CMBEICJIE CJIOBA.
HpOCTpaHCTBCHHI)IG HN3MCHCHUA MArHuTHOI'O IOTCHIIMAJIa BOCIIpU-

- -
HUMAaeTCs Kak MarHUTHoe mojie rotA = B, (Hampumep, B cucreme mu-
JTUHIPUYECKUX KOOPAHMHAT MPH HAIWYHUA [UIUHIPUYECKON CHMMET-

puw, 1uist Bektopa A Oynem UMeTh:
04, 04,
0z ar

> 1[0
rot,A =~ [5 (rAa)] =B,).

rotaff = = B,, rotrff =——==28,,

Hexotopsie ypaBHeHus: TpeOyrOT YTOUHEHHH HMHIIEKCOB MOTEHIIHMA-

JIOB: §0 ) (/)q y (ﬂind'
BDCMCHHBIC HU3MCHCHUA BEKTOPHOI'O MAarHuTHOI'O IOTCHIIHMAJIa BOC-

04 =
MPUHUMAETCSI, KaK dJIeKTpuueckoe none — = E;, ;. Bekrop Hanpsixen-

at
HOCTH 3JIEKTPUYECKOr0 MOJIs HAmpaBieH BAONb BEKTOPa MarHUTHOTO
dA
NOTEHIHUaNna A, HapuMep, z — cocrapisomas E;,; , = a—tZ; B KaleJje

0KAa3bIBAETCS NMEPHEHIUKYISIPHBIM K OCHOBHOMY JIEKTPUYECKOMY
MOJIIO 3apsi/IOB.

5
B ucTOYHMKAX 3JIEKTPUUECKOT0 1o divE MOsSBUIICS YJIEH, JOIOJI-

o a ,. =»
HAIOIIUNA TIOTHOCTH 3apsIOB: & EdlvA. Toukamu pocTa dIeKTpUIe-

CKOI'0 IOJIA ABJIAFOTCA HE TOJIBKO PACCBHINIAHHBIC 3apAibl, HO TOYKHU IIPO-
CTpaHCTBA, B KOTOPLIX €CThb U U3MCHACTCA BO BPCMCHU AUBCPIrCHIUA
MarHuTHOTI'O IIOTCHIIMAalIa 1

28



Hauyayia HOBO (IIOCTMAKCBEJVIOBCKOM) 371eKTPOAUHAMHUKH

. = 9 ,. 7 p 1 9%¢
divE = —V?¢@ + (—dLvA) =t —=—
¢ ot g V2 0t?

AHaJIOTHYHO, MOTEHIHUA]I MAarHUTHOTO IOJIA BO3HHMKAeT B TOYKAX
MPOCTPAHCTBA HE TOJNBKO OT YJaJEHHBIX TOKOB MPOBOJUMOCTH j, HO U
OT OBICTPBIX U3MEHEHMSI CKAIAPHOTO JIEKTPUIECKOr0 MOTEHIIMAajIa @ B

, 2 10
oTHX TouKax: divA = —— 22,
v2 ot .

Buxpu marautHOTro Mot \rotB =\ mpouCTEKaroT TOXE OT JIBYX HC-
TOYHUKOB. Ecnu Bua QyHKUMH pa3peniaer U3MEHATH MOCIEA0BaTENb-
HOCTh TU(PepeHINPOBAHNS IO KOOPAUHATAM M BPEMEHH, TO

3%

— b . - N 1
rotB = —V?A + (graddlv/;) = U] — pgradﬁ =
1

= po] — 5, grade.

B cBoro ouepens, ckanspHBIN MOTeHIHAT GOPMHUPYETCS 3apsiaaMu U
U3MCHCHUSIMH MAarHUTHOI'O IIOTCHIHMAaJIA. Ecmm 3apAabl IMOCTOSAHHBI, TO
0CTa€TCs CKAJSIPHBIN MOTEHUUAN, POKICHHBI N3MEHEHUSIMH MarHUT-
HOTO ToTeHnuana (2.22), 1 IeWCTBYIONMEeH OKa3bIBACTCS €r0 IepeMEH-
Hasi COCTaBIIAOMIAS:

rotB = uoj + iz OEina
v? Ot

OTO HOBOE ypaBHEHHE 3aKOHA TMOJHOTO TOKA COACPKUT JOMOJIHU-
TEJbHBIM WIEH, BKJIAJ KOTOPOro MPOMOPLHUOHANIEH CKOPOCTU U3MEHE-
HUU IPOUCXOIAIIUX MPOLIECCOB.

1 dE
BMecTo MIOTHOCTH «TOKa CMEILEHUS», 3apsa0B — 7, BBCICHHOIO

0Eind
ot ’

o 1 o
MaKCBCJ'IJ'IOM, MPUCYTCTBYET MHOU TOK C_Z POXIACHHBIN U3MCHCHU -

SAMHU ITIOTCHIIMAJIOB.

" QJICKTPUYCCKOE U MAarHUTHOE I10JIE HE €CTh MaTCpHUAJIbHBIC CY6—
CTaHIIUHM, OHU ABJIAIOTCA NPOCTPAHCTBCHHLIMH CKOPOCTSAMU U3MCHCHUA
(KPYTI/IBHOﬁ CKJIOHOB, SaBI/IXpeHI/IFIMI/I) CBOUMX INOTCHIUAJIOB WU CKOPO-
CTAMU U3MCHECHUS IIOTCHIIMAJIOB BO BPEMCHU.

IMons E u B obecrieunsaror JETKYI0 3aIIUCh CHUJIOBBIX BO3JEUCTBUM
Ha 3aps/ibl U TOKU BO3JI€ TOYKH HAOIIOICHHUSL.

Tenepp MOXKHO OTBETHUTh Ha BOIPOC, MOCTABICHHBI B Hadale.
JUTMHHBIN COJICHOUI ¥ TOPOUT OTHOCATCS K TAKMM KOH(PUTYPAIUIM HC-

TOYHHKA TIIOTCHIHAJId, B KOTOPBLIX MPOCTPAHCTBECHHBLIC HN3MCHCHUSA
29
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[IOTEHIIMANa BO BHEIIHEH 00JacT OTCYTCTBYIOT rotA=B=0,a Bpe-
MEHHBIE U3MEHEHHUS ONPEIENSIOTCS 3aKOHOM U3MEHEHMSI TOKA, CO3/1ak0-
IIETO NMOTEHINA.

UzmeHenne QopMyi 3JEKTPOJMHAMHUKH MPHUBEAET K HU3MEHEHHIO
TEOPHUH IOJIs, TEOPUU PACIPOCTPAHEHHS PATUOBOIH, U3MEHEHHIO TEO-
pUU aHTEHH, OCTAJIbHAS YaCTh TEOPETUYECKUX OCHOB JJIEKTPOTEXHUKHU
OCTAaHETCs NNPAKTUYECKH HEU3MEHHOU, Pa3Be YTO, B TEOPHUH DIIEKTPUYE-
CKHX MallVH TEPMHUH «BpAIlAOLIEecs] MArHUTHOE MOJIE) CIETyET 3aMe-
HUTb Ha TEPMHUH: «BPAIAOIIEECS M10JIE€ MATHUTHOTO MOTEHIUAIIA.

Pa3mepHOCTH BEKTOpPHOTO MOTEHIIMANA A % = %, Nupykuun

- > Vs B-c
B = rotA — = —;, Takyio e pa3MEpHOCTb UMEET AUBEPIEHIINs, TaK
m M

KaK IPEJCTABIIACT TaKyHO K€ MPOU3BOIHYIO BEKTOPHOIO MOTSHIINAA T10
MIPOCTPAHCTBECHHBIM KOOPIUHATAM.

OTtnenbHBIE pa3ebl JOJDKHBI OBITh OTBEIIEHBI JEKTPHUECKUM I10-
JISIM B IMBJIEKTPUIECKOM W MPOBOIAIIEH cpellaX M MAarHUTHBIM TIOJISIM B
MarHuTHeIX cpefax. OcoOble CBOWMCTBA JOJDKHBI MUMETh MarHUTHBIC
oJIs1, 00pa30BaHHBIC TPYIITAMHU KOJIBLEBEIX MUKPOTOKOB (ITOCTOSTHHBIE
MarHUTHI).

2.3. UCTOYHHMKH YIEKTPHYECKUX
¥ MAarHUTHBIX MOTEHIHAJIOB

Ha pucynke 3 mpencraBieHBl OCHOBHBIE SABJIEHHS 3JEKTPOAWHA-
MUKH, TIOKa3aHO X COIIOAYMHEHNE.

CIuCOK NMPUBEICHHBIX SIBICHUM, KOHEYHO, MOXET OBITh PaCIIUpPEH.
Mel BUIWM TPU OCHOBHBIX BHUAA MOJYUYCHUA DJICKTPUICCKUX 3apsAd0B U
MIOTEHUUAIOB. DTH CJIOBA IPOTUBOPEYAT U3BECTHOMY MOCTYJATY: 2/1€K-
mpuyecKue 3apsaovl He 603HUKAIOM U He ucye3arom. B mpupose Het daxk-
TOB OIPOBEprarouX 3T0T nocryinar! IlpornBopeune cHuMaercs, ecinu
MBI BCIIOMHHUM, 4YTO B MPUPOAC 3apAabl CYHICCTBYIOT IMapaMu U3 I10JI0-
JKUTEIBHBIX U OTPULATENBHBIX 3apsi0B, HAIIPUMEpP, MPOTOHBI U JJIEK-
TPOHBI, HOHBL. Ha paccTOsSHUAX, MPEBIIAONINX Pa3Mephbl TAKOrO AHU-
T0JIs1, TTapa MPEeACTABISETCS HAOMI0JaTEeII0 HEUTPAIbHOM.
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HcToxu 1 B3aUMOCBA3D sIBJICHUI JICKTPOANMHAMUKHU

IosiyyeHHe BHICOKONOTEHUHATBHBIX 3aPs/I0B
MyTeM TPeHUs: IP0O3a, 31eKTPOOpPHAsi MALIHHA,
NbE303/1eKTPUYETBO

Xumuueckoe, oTo, TEPMO
(opmupoBanme pazHocTu
ICKTPUYECCKUX MOTCHIHNAJIOB

™

4

Wanyuenne c’divA=-dop/dt

JaeKTPpUYECKUid MOTEHI[HA

JIeKTpHYECKOe MoJie <

gradpuwe=-dA/dt

HN3MmeHeHHe HAKONJIEHHOT O 3apsiaa |

A 4

(KOHIEHCATOP), dJIeKTPUYECKHe 1enH,

DJIeKTPHYEeCKUH TOK

DJIeKTPONPOBOJ. Cpeia
JBHKEHHE CBOGOAHBIX 3apsiI0B

MarsuTHoe noJje 3emJiu,
MOJIEKYJISIPHbIE TOKH,
NMOCTOSIHHBI MATHUT

A 4 \ 4

A 4

MaruuTHbIA BeKTOPHBINA MOTEHIUA

\ 4

HN3MeHeHNst MATHUTHOTO NOTCHIHAJIA,
ABUKCHHE B I10J1€ MarH. NoTeHIag a

A 4

MarHuTHoe moJie IM u3iyueHue

Puc. 3
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CymiectByeT psn (GU3HYECKUX SBICHUH, KOTJAa MOJOKUTEIbHBIC H
OTpHUIIaTeIbHBIC 3apsAbl HAa BpeMS Pa3dBUTAIOT HAa 3HAYUTEIBHBIC pac-
CTOSIHUSL. DTO:

1) Tpenue wactun Matepuu. B pesyibrare, CKOTUIEHHE pa3AeNEHHBIX
MaJIbIX 3apAI0B MOXKET COCTABIATH OOJBIIION 3apsijl, 3aHUMATh OOJIbIIINE
mwionanu 1 o0beMbl. Co BpeMeHeM 3apsjibl OOBEAMHATCS MEIJICHHO
unu OsicTpo (rpo3a),

2) xumu4eckoe, (poTo, TEpMO pazbeANMHEHHUE 3apAa0B, GOPMHUPOBa-
HHE Pa3HOCTH JEKTPUIECKUX MOTEHIMANOB («cToponHue D/C») u

3) saBneHus, O1aronapst KOTOPBIM, SJICKTPUIECTBO BOILIO B MTPAKTH-
YECKYI0 *U3Hb. OHU NPEACTABICHBI B IPAaBOIl HIXKHEW YaCTH PUCYHKA.
OT10 — IpeOrIBaHNE IPOBOAHIKA B ITOJIE TIEPEMEHHOTO MarHUTHOTO TIO-
TeHIMana — 3akoH Papanes B quddepennmansroii popme (FOC Uepka-
muH). 31ech 00paszyeTcs, Kak Obl 3aMKHYTHIH KPYT - H3MEHEHHUS Mar-
HUTHOTO ITOTEHIIMANA BBI3BIBAIOT SJIEKTPHUECKOE TOJIE, AIEKTPHIECKOE
10JIe€ B IPOBOJHUKAX BBI3BIBACT ABUKECHHUE 3apSIOB, TO €CTh DJICKTPH-
YECKUU TOK, a MOCJIEIHUN MOPOKIaeT MATHUTHBIA BEKTOPHBIA MOTEH-
[HaT.

IlepeaBuxeHne MPOBOIHMUKA B TIOJIE TIOTEHIIMATIA MOXKET COTIPOBOXK-
JIaThcs MeXaHH4YecKoil paboroit. I[Ipoucxoaut mpeobpa3oBaHue Mexa-
HUYECKOH PHEPTHUHU B AJIEKTPUIECKYIO U 00paTHO. B 3TOM KpyTe MOKeT
LUPKYJIUPOBATH SHEPTHUS OONBIINX YPOBHEH (3JIEKTPOJBUTATENH, dIIEK-
TPOCTaHIIUH).

SIBneHult, B KOTOPBIX U3MEHEHUS 3JCKTPUUECKOrO MOJIsl 3apsi/ioB,
HO HE TIOTEHITHaa, BRI3BIBAIOT MOSBIICHUE MarHUTHOTO TIOJIS, HE CYIIe-
CTByeT. YpaBHEeHUE MakcBeia JIOHO. PaBeHCTBO, 3aaarolee CBs3b,
YKa3aHHBIX B YPaBHEHHH BEJIMYMH HeBepHO. Ha mpakTuke HeT (akToB
MTOATBEPKJAIOIINX 3TO paBeHCTBO. PaKT pacHpOCTpaHEHHS DIIEKTPO-
MAarHUTHBIX BO3JCHCTBHUS HE MOXKET SBJIATHCS ITOATBEPKICHUEM PABEH-
CTBa.

B mpoBogsmielt cpeme AIeKTpHUUECKOe TOJE€ BBI3BIBAET JBIDKEHHE
3JIEKTPUUYECKUX 3apsAJIOB — DJIEKTPUUYECKU TOK. B MakcBemioBckoi
ANIEKTPOANHAMUKE ITO TOJIE U3Y4YaJloCh HECKOJILKO a0CTPaKTHO Kak ca-
MocTosTellbHOe TIone. OO 3TOM TOBOPHT, HalpUMep, Ha3BaHUE Mapa-
rpada: « AHAIOTHS MEXAY MIEKTPOCTATUICCKUM TIOJIEM B IMDIICKTPUKE
U DJICKTPUUCCKUM TIOJIEM B IPOBOJHUKE» [2, ¢. 335]. B 00oux cirydasx
MBI IMEEM JIeTI0 IPOCTO C ANEKTPUUECKUM nosieM. B mpoBoasiieii cpene
3apsapl IMEIOT CBOOO Y TTEpEeMEIIeHHS, IBUTAsICh, OHM aHHUTHIIHPYIOT,
u mojie ObIcTpo mcue3aeT. Ecnu mMeeT MECTO MOCTOSIHHAs pa3HOCTh
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MOTEHITHAIOB (MTOJepKIUBaeMast XUMUIECKON peakiuel, TepMo, HoTo
MIPOIIECCAMHU HITH «BBIMPSMIICHUEMY Pa3HOCTH MTEPEMEHHBIX MTOTCHITHA-
JIOB) TO €€ MOPOKICHUEM SBISIETCS IOCTOSIHHOE JIEKTPUIECKOE TI0JIe U
ITOCTOSTHHBIN 3JIEKTpUIEeCKUl TOK. He TpeOyeTcss HUKakux CIIOB O aHa-
JIOTHH.

OTMeTHM elie OJMH HeOXKUJaHHBIH eHoMeH. [IpencTaBuM Teruiblii
KaMeHb, YailHHK, TOMEIICHHbIE C BaKYyM; OHU OyIyT OCTHIBATh, KAK MBI
TOBOPHUM, ITyTEM H3IIYYCHHSI, TyTéM MHPPAKPACHOTO IJICKTPOMATHHT-
HOro u3nyuyeHus. Teopus TEPMOIWHAMHKHU YIAMBHUTEIBHBIM 00pa3oM
00BEIUHAETCS C TEOPHEH AIEKTPOTUHAMHKH.

[IpoOyeM cnenath KOMHMYECTBEHHYIO OLIEHKY.

[Ipocnenum 3a oxJakIeHHEM YaliHOW JIOXKKHU BOABI 4 T'p, HArpeToi
no 50 rpanmycos, TeruoBas sHeprus Boasl 200 xan. B cucreme CU
200kan * 4,2]J[x/xan = 840 k. ITpu Bpemenn oxmaxknaeHus 10 MuH =
= 600cex momyuum MomHOCTh oxnaxaeHus 840/600=1,4 Br. Ha pac-
crossauu 0,5 M, T Wiom@aab cHEeprUuecKOil MOBEPXHOCTH COCTABHT:
47:R2=3,1 M°. VienbHas yXOAsIas TerjaoBas MOIIHOCTh Oyaer 1,4
B1/3,1M°=0,45 Br/m”.

Teneps MBI MOMHTEPECYEMCSI HAMPSKEHHOCTHIO DAIEKTPUUECKOTO
TOJISL.

N3BecTHO, MOLIHOCTH CUJI 3JIEKTPUYECKOTO MOJIsI, OTHECEHHAS K €111~

Hule 1omanu — BekTop Ymosa-Iloitntunra [8, ¢.370] ]33” = [Eﬁ ]

Jlnst niuockoil mazjaromeil BOJNHBI yAedbHAs MOLIHOCTH P, = E2/z,.
[8,c.391],tne z, = 376 - Om.

HanpsbkeHHOCTh DIIEKTPUYECKOTO TOJIsT HHPPAKPACHOTO U3ITyUSHUS
(umuEa  BomHEI  okono 10 mkH)  cocrasur  0,45=E*376.
E=(0,45*%376)" =13 B/m = 0,13 B/cm.

OTMETUM TOMYTHO, SHEPTHUSI, KOTOPYIO MOXKHO MOJIYYUTh MPU OXJIa-
xaeanu 6ouku Boabl (200 mutpoB) Ha 10 rpagycoB cocTaBUT 2 Meraka-
Jopuu win 8,4 Merajpkoys, wiu 2,33 kpaTdaca.

Takoe xommuecTBO 3HEprun conepxkat 0,25 mutpa OeH3HHA.

O suepruu noinisa. Kamens, mogHsaThIi Hax 3eMIEN, UMeeT MOTEHITHA
C TOYHOCTBIO MPOU3BOJIBHOM MOCTOSIHHON BEJIMYMHBI, TO €CTh MOTEH-
yaja HeYAOOHBIM ISl MPAKTUYECKOTO MCTIONb30BaHms. [IpakTudaecku
HMHTEpEeCHa Pa3sHOCTh MOTEHIHaIoB. CMEHa IMOJIOKEHUS KaMHS MOXKET
MPOUCXOANUThH MPU COBEPUICHUH Pa0OThI, C U3MEHEHHEM JHEPTUU CH-
cTeMbl. Eciin kaMeHb MOKET CBOOOIHO TIepeMeaThes, IMaaaTh, TO €ro
MOTCHIIMAIbHAS JHEPrUsl MOXKET TEPEeXOAUTh B KHHETHYECKYIO,
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TETUIOBYIO M JIP. BUJIbI dHEpTrHU. Bcé ckazaHHOE OTHOCHTCS K TIOTSHIIU-
Ty JIEKTPUIECKOTO 3apsi/ia ¥ MArHUTHOMY IOTEHIHATY TOKA.

Bonoxpanunuiie — 3To KOHTEWHEp, B KOTOPOM HEKasl Macca BOJBI
MOJTHSTA HA BBICOTY. [Ipy MajieHu# ¢ BBICOTHI MPOUCXOUT Mpeodpa3o-
BaHUEC HOTeHHHaJIBHOﬁ OHEPTHUU B KUHETUYCCKYIO, a 3aTEM IIPU HAJTTUINU
TYypOUH U 3JIEKTPOTCHEPAaTOPa B JICKTPUUECKYO.

B o0nactu snexTpuuecTBa MOAOOHBIMU KOHTEHHEpaMHU SIBISIOTCS
KOHACHCATOp M KaTyliKa MHAYKTUBHOCTH. ((3ap$I)KeHHLIe» OHH SBJIA-
IOTCA XPaHUTCIISIMU SHEPTHU.

DNEKTPUYECKUI aKKYyMYJISITOP HE SBIISETCS B YUCTOM BHJIE XPaHUTE-
JIeM 3JIEKTPUYECKON SHEpruH. DTO CKopee Mmpeodpa3oBaTelb JJICKTPHU-
YECKOH PHEPTUH B XUMHUIECKYIO (TAJIbBAHO IpoIiecc) U 00paTHo.

24. I/I3.11yqe}me U PaCIIpOCTPaAHCHUE MOTECHINAJIOB

BomHOBas 3aBUCMMOCTH TOTEHIIHATIOB OT PACCTOSTHHSI M BPEMEHH
(aprymeHT QyHKIHI (t — Txp/ c) ) ompeaenseT To, YTO C BOZHUKHOBE-
HHEM B HEKOTOPOH TOUKE MPOCTPAHCTBA, HCUE3HOBEHUEM UJIU U3MEHE-
HHAEM UCTOYHUKA (3apsijia WIK TOKA) OT dTOW TOYKH HAYMHAET PACIIPO-
CTpaHSThCS U3MeHeHue norennuana [4, c. 120, 145, 149]. OueuaHo,
YTO 3TO MPOJABIKEHHUE MIPOUCXOAUT CO CKOPOCTHIO CBETA.

JIBa ypaBHEHHSI CBSI3H DJIEKTPHUECKOTO 1 MAarHUTHOTO TTOTCHITHAJIOB

A4 .2 199

grad@ing = ~> divA = ~ s

MOKa3bIBAIOT Ha BO3MOXKHOCTH M3IIyYEHUS] U PACIPOCTPaHEHNE MOTEH-
nManoB B cBOOOJHOM mpocTpaHcTBe. Tak o0a mpomecca mpu OTCYyT-
CTBHH 3apsJ0B U TOKOB, IEpEX0/isl OJMH B APYTroi, 00ecreunBaroT pac-
MPOCTPaHEHHE 3JIEKTPOMAarHUTHBIX BO3/EHCTBHI B CBOOOIHOM MpO-
CTpaHCTBE.

PaccmoTpuMm mpuMep BO3MOXKHOCTH PACIpOCTPAaHEHUS B OJHOM

S
HanpaBJIeHHH - z. Oneparopsl gradp u divA UMeIOT BUI:
_ —)0 1 6<p —)0 (p 0 o 6Ar 1 aAa 04,
rad =7 += t3, u divA = —+ +-—+ =
9 ¢ = r 6a r da 0z
BBI)Z[CJISIS[ YJICHBI ¢ UBMCHCHHUAMU IO zZ, NOACTABJIAA B YPAaBHCHHA
CBA3HU ITIOTCHIIUAJIOB,

9pind _ _ 04z 04; 1 09ing

IIOJIYYUM: =
y 0z at 0z vZ ot
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Brinenenre MHAYKIIMOHHOM COCTABJISIONIEH OMPEAENICHO TEM, YTO
OHAa BXOJWT B BHJIC OCHOBOH B TIEPBOE YPABHEHHUE U B KAUECTBE COCTAB-
HO¥ 4acTH BO BTopoe ypaBHeHue. [Iponud dhepennnposas emeé pa3 oaHo
ypaBHEHHE TI0 z, IPYTroe 1O ¢ , HalAeM:

0*@ina _ 1 0°@ina
0z2  v?2 0t2

OT0 BOJIHOBOE YpaBHEHHE JIJIsl CKAJISIPHOTO MOTEHITHAIIA @jng. AHAIIO-
TMYHOE ypaBHEHHUE IMMOJIy4aeTcs A MarHUTHOTro moTeHimana. Mx pe-
LIEHUs — BOJIHOBBIE (PyHKIMHK pacnpocTpaHenus [8. c. 695].

Emé npumep. Ilnockue Bonnbl. Kak Kpyru oT IOIUIaBKa Ha TIaAKOM
Bojie. CummeTpust ocTaéTcs NUIMHIPpUIECKOH. PacipocTpanenue Bo3-
MYILICHUH Tenepb OyIeT MpOUCXOAUTh MO paguycy. U Temepp BakeH

. e d 1 0A
MIEPBHIN YJIeH orepaTopoB grady u divA , To ecTb a_f u ;Ar + 6TT .
a
[oacraBmsist B ypaBHEHHsI CBS3H IOTEHIMAIOB, MOIyYaeM a_(f =
94, 1 aA 1 d¢p
=— -A, + — = — = —. JluddepeHuupys nepeoe mo r BTOpoe
0 At 25 Auddepentupys nep p
10 £, IOJY4UM: P _ 04 Lody | 0%y _ 1070 U UCKITIOYast
) YA 502 = T Bear r ot | orot v2 9t?
A i NNV
WiEH — a: C Yy4EeTOM MEepBOTr0 U3 ITUX YETHIPEX YPaBHEHUH, HaHIEM:

199 |, 0%¢p iazgo

rdr  9rz  v2 9z’
quajia B HI/IHI/IHI[queCKI/IX KOOpI[I/IHaTaX.

DTO BOJIHOBOE YpPpaBHCHUEC IJId CKaJIAPHOI'O IOTCH-

. . 0% 0%A,
Huddepentnnpys mepBoe 1Mo ¢ BTOpoe 110 », Halaém P L

Ay 104, | %A, 1 3%

r2 r or or? v2 ator

104, | 0%4Ar _ 1 0%4
T orz T v? gt
CTaBJIAIOLIEN BEKTOpAa MarHUTHOTO IMMOTEHIIMANA.

JIByX HOBBIX ypaBHEHHH CBSI3U MOTEHINAJIOB «IOCTATOYHOY, YTOOBI
MOKa3aTh BO3MOXKHOCTH PAaCIpPOCTPaHEHUs (ABMKEHHsS) BIEKTpoMar-
HUTHBIX IIPOLIECCOB; TaK ke Kak 100aBJI€HNE «TOKAa CMELICHUS» B ypaB-
HEHHEe MakcBesuia MOo3BOJISET MOKAa3aTh BO3MOXKHOCTh PaclpOCTpaHe-
HUS DJIEKTPUUECKOT0 M MAarHUTHOTO TOJIeH. YCIOBHE «HEOO0XOIMMO-
CTW» TpeOyeT MPOBEACHUS OTAENBHOIO AO0KA3aTeIbCTBA B O0OMX CIIy-
qasx.

PaccmoTpum npumep: pacpocTpaHeHNe 3ByKa B CILIOLIHOM cpefe —

rase.

. Ar
, ¥ C y4ETOM MepBOTo Momydum: — — +

. DTO BOJIHOBOE€ YpaBHEHHUE JJI PAIUyCHOM CO-
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B ka0l Touke NPOCTPaHCTBA ra3 XapaKTepU3yeTcsl INIOTHOCTHIO P
[xr/M’], naBIeHNEM B dNIeMeHTe 00bEMA [H/M”] i CKOPOCTBIO IBUKEHHS.
P.®eifHMaH NpUBOANT ypaBHEHME CBS3M 3THUX BenuuuH [15. c. 236].

a . -
a—’; = —div(pv). YpaBHEeHUE NpeanojaracT COXpaHCHHE MacChl dJe-

MeHTa 00b€Ma Taza. OHaKo, IPEANON0KHIB HECKUMAEMOCTh CPEABI —
p=const, OH OTJIOXHJI PEIIEHIE STOTO YpaBHEHUs. MBI, HAIIPOTHUB, pac-
CMOTPHUM HEKOTOPLIC cBoMcTBa. BecmoMunMm YpaBHEHUE COCTOAHUA CO-
BEpLIEHHOT 0 Tra3a — ypaBHenue Knanelipona [16 c. 4] p = pRT, rne R

raszoBas nocrossaHas Jx/krK, T — abcomroTHas Temmepatypa. M ypas-
1 ap . -
—— = —div(pv).
RT at (p?)

CpaBHHBas €r0 ¢ HAIllUM BTOPHIM YpaBHEHUEM CBSA3U MOTEHIIUAJIOB,
BUJUM, YTO POJIb IMMOTCHIOHAJIA (¢ UTPACT JABJICHUEC P, YTO MHTYUTUBHO

HEHHUEe NMPUOOpeTaeT BHUI:

OYeHb MOHSTHO, a B POJIM BEKTOPHOT'O NMOTeHIIHaNa A BEICTYAeT IPOu3-
senenue (pv). (B onpeeneHny BEKTOPHOTO MOTEHIMAIIA P - ILIOTHOCTh
3aps/I0B, 371€Ch p IIIOTHOCTh BO3AyXa). B pomm kBajgpata ckopocTy c’
BeicTymaet npousBenenue RT. Ero 3nauenne ans Bozmyxa mpu 20 rpa-
mycax C%: 287,1%¥293=(290 m/c)>.

IIpu Takoit aHaIOTHH EPBOE ypaBHEHHNE CBSI3H MMOTEHIINAIOB Oy aeT
9(p?) _

at

aTOW (OpMYIBI IS 33aHHON KOH(MUTYypaluy 3afjadd Mbl HE 3HaEM,

TOJIb3YEMCSl TOJIBKO aHAJIOTHEH.

B mexaHuke mmeer MecTo MOHsATHE "MMIyJsbe Tena", "ynmap tena”,
"HMITYJIhC Macc", KOTOpOe MPEACTABIIET COO0H MPOU3BEICHHE MaCChl
TeNa Ha CKOpOCTh MV, JIjist TeJ ¢ pacnpeIeeHHOM MacCOM, [Isl CILIONI-
HBIX CPell MOXHO BBECTH MOHATHE: MMIIYJIbC IUIOTHOCTH Macc pv.
YpaBHEHHE TOKa3bIBAET, YTO W3MEHEHHE IUIOTHOCTH WM CKOPOCTH
«JBWKEHMSI JIEMEHTa IUIOTHOCTH» MPOUCXOAUT Ha TPaHMIE CMEHBI
JaBJICHUH (TOPBIB BETpa).

Jnna snekTpuuecTBa MONMy4YMM: "MMIYJbC IUIOTHOCTH 3apsiga'

BBITJISIETh Tak: —grad(p). JokazarenscTBa NPUMEHUMOCTH

-
pU & A. (BeKTOPHBII MATHUTHBIN MOTEHIUAN).
IIpyn u3ydeHHMM pacrIpocTpaHEHUs 3ByKa B OJHOM HAlIPABJICHUH -

d(pvz) op 1 9p d(pvz)

BJOJIb OCH Z II M ———— = ——, ——=———>"Jlu -
(Tpy6a) B0 OCH Z MOy o ptiit 5, - Aubde
pEeHIMpYS TEpPBOE YpaBHEHUE IO Z, BTOPOE MO t U MCKIII0Yasi MOZOOHbIe

92 1 92
YJICHBI, ITOJIyYHM BOJIHOBOC ypaBHEHHE I P: ﬁ = Ea_tz;' Pemennem

ero OymyT BoJHOBBIC (QyHKIMU. DyHKIMS 3aaHHAsi Ha BXOAE — TYJIOK,
CBHCT, KpUK OyJIeT paciipOCTPaHITHCS BAOIb TPyOBI B UCXOHOM BHJIE.
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HarnsinHyto MHTEpIpeTannio MOXHO MOJIYYHUTh, €CIIU NPEACTaBUTh
JUTMHHYIO TIPYXKUHY CKaTHs (C BUTKAMH, HAMOTAHHBIMH B Pa3psKy).
[ocne pe3koro cxatusi WM yaapa IO TOPILY 4acTh BUTKOB COJIM3HTCS,
YIUIOTHUTCS, U 3TO YIUIOTHEHUE OyIeT pacHpOCTPaHSIThCA BAOJb MPY-
*uHbL. [100SKUT BONHA CKaTHA. 3aMedaTelIbHBIM SIBJISIETCS TO, YTO
4acTh MacChl IPY>KUHBI HE JIETUT BIOJb OCH (KaK IIyJisi), a pacpocTpa-
HSIETCS TOJIBKO U3MEHEHHAS IUIOTHOCTh yYacTKa MPY>KUHBI, BUTKH COIHU-
KAIOTCsI, HO HE YJIETal0T BCJel 32 O0IAaCThIO CHKATHS.

Ecnu Bo3meiicTBHe Ha Topel NpPYy>KUHBI OyAET UMETh KoyebaTelb-
HBIH XapakTep, TO B IBM)KEHHE OyIyT BOBIEKaThCs BeE Ooliee nanbHUe
YYacTKH HPY>KUHBI, caMa MIPYXKUHA B LEJIOM OyIeT ocTaBaThCs Ha Me-
cTe, SIBIISSICH TPOBOTHUKOM SHEPTHU.

SIBJjieHUe pacnpocTPaHeHNsI BOJIH 3aK/II04YaeTCsl B BOBJIeYeHUH B
npouecc u3MeHeHMii (koJie0aHMil) HOBBIX YYACTKOB YHNPYroi
cpeabl. DHEPTus pacxXoyeTcs TOJIbKO Ha «pacKadKy» HOBOW BOJHEI.

Ecnu BcTpeTuTCs rpaHUNa—TIPEnsTCTBHE, TO YCTAHOBHUTCS CTAIlHO-
HapHBIN KonebarenbHbIN (He Oerymmii) mpouecc, He TpeOyromuii pac-
XOZa SHEPTHUH.

[MoBepxHOCTH, TOTJOMIAIONIAS KOJNEOAHUST WIIM OTpakalomas HX
Ky/1a-TO B CTOPOHY (3€pKajio) He «BUAHA» CO CTOPOHBI HCTOYHUKA KO-
nebaHuit (JJokaTopa).

Emé Oomnee nHarmagHoe NpeACTaBICHHE MOXHO MOIYYHTb, €CIH
MPEICTAaBUTh Ke00 3alONHEHHBIH BOAOW. DTa KOHCTPYKUUS HMEEeT
WHYIO CTPYKTYPY: 31€Ch Cpe/ia pacripoCTpaHeHus KoJieOaHUi HeCKMa-
eMasi, 0JTHAKO, UMEETCsI BO3MOKHOCTh MEHSITh pa3Mep ydacTka cpejibl 3a
CYET MECTHOTO TI0JIbeMa YPOBHS KUAKOCTH (rpebHs). B pesynbrare mis
OIIMCAaHUs MPOILIECCOB MBI, BUANMO, TIOJIYYUM T€ K€ CaMble BEKTOPHBIE
YpaBHEHHS.

Ecmu MBI Teneph OyzieM B Haualie jkeno0a B epBOM cilydae TOIHHU-
MaTh M OIyCKaTh PYKY HaJ JHOM, U TEM CaMbIM MEHSATH MOTEHIHAJ
ydacTKa BOJbI, BO BTOPOM CiIy4ae OTTOHATh BOLY OT TOpLa, IpUaaBas
CKOPOCTH (c000Ias KHHETHIECKYIO DHEPTHIO) dTOM YacTH BOJBI BIOJb
#€1100a, TO B 000UX CITy4asix BJIOJIb jKeI00a MOOSKUT BOSMYIIICHUE HITH
BO3HHMKHYT BOJIHBI B 3aBHCHUMOCTH OT NEPHOAMYHOCTH BO3MYILEHHH U
TpaHul] 00JIaCTH BO3MYIIEHHUH.

3TO B TOYHOCTH COBMAJACT C MPEACTABICHUEM, KOTJa MBI TIOAKIIIO-
gaeM 3JICKTPUUYECKHH Kabeldb K MCTOUYHMKY HaNpsDKEHHs] WM TOKa,
obecrieunBasi BO30YKICHUE 3JIEKTPUUECKOIO WJIM MarHUTHOTO ITOTEH-
uana.
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MpbI BUIUM MOTIEPEMEHHBIN Mepex01 B KaXkA0M TOUKE MIPOCTPAHCTBA
MTOTEHITHAIBHON DHEPTUH HANPSHKCHIS, CKATHS, JTaBJICHUS, TOAbeMa B
SHEPTHI0 JBUKEHUS JIEMEHTAPHOH 001aCTH Cpellbl C TUIOTHOCTBIO p U
CKOPOCTBIO .

AHaJIOTMYHO PaJHOBONIHBI U 3BYK PAaCIpPOCTPaHIETCS 1O APYTHUM KO-
opauHaraMm. B mpoctpaHcTBe Bee HanpasiieHus oguHakoBel. @opma ¢a-
Kella Jiyda OyJeT 3aBHUCETh OT YCTPOMCTBAa NCTOYHHUKA MOTEHITMANA: IH-
TI0JTb, PAAMOAHTEHHA, KIIAKCOH aBTOMOOWIIS, PYIIOP.

B 0am:kHeM TpocTpaHCTBE, paclpocTpaHeHue onpenaensercs ¢op-
MO M BUJOM TI'paHUI] 00JIaCTH U3IMyUYeHHs: TpyOa, pauoTENeCcKoIl, pe-
30HATOp ¥ 1p. B xabene nBmkeHNe MOTEHINATIOB, 00paMIEHHOE KPOM-
KaMH 3JIEKTPUYECKOTO ¥ MarHUTHOTO ITOJIEH, BBI3BIBAET TOKH B IIPOBO-
Jax Kabes.

B oTKpBITOM mpocTpaHCTBE IMOJIE MMOTEHIINAIA M CBA3aHHBIE C HUM
3NEKTPUYECKHE U MarHUTHBIE MOJIS, TOCTUTAIOT TPAHUIIBI pa3/iena ABYX
cpell, B HOBOM cpeJie BO3HUKAIOT CMEIIEHNE CBA3aHHBIX 3apsA70B MU
TOKHU, KOTOPBIE CO3JAI0T HOBYIO KapTUHY IOJIsI MOTEHLIUATIOB U JPYTUX
MOJIEH - OTpaKEHUeE.

W anexTpudeckue MOTEHINAIB, U JABIEHNE BO3yXa PacIpoCTpaHs-
FOTCSI B U30TPOITHOM CpPe/ie BOJTHOBBIM 00pa3oM (0e3 u3MeHeHHs 00IInKa,
PUCYHKAa TIONS) W C HUMH pPaclpoCTpaHArTcs mons. Jwmarpamma
«HAIIPaBJIIEHHOCTWY TOJIS TIOTEHIINAJIa OTIPeAeIIsieT JuarpaMmy Harpas-
JIEHHOCTH JIEKTPHUUECKOTO U MarHuTHoro nojei. IloreHuane! urparot
NEPBUYHYIO POJIb. DJIEKTPUUECKOE U MArHUTHOE MOJIA HE CaMOCTOsI-
TenbHbl. OHU ABISIOTCS MPOCTO XapaKTEPUCTUKON CKOPOCTH M3MEHe-
HUSA TOTSHITHAJIOB.

« ' udpoounamuueckue ypasHeHus OYeHb 4acmo OKA3bI8AIOMCs AHa-
JIO2UYHBIMU YPABHEHUAM dNieKmpoounamukuy [4. c. 236]. Takas riy6o-
Kasi aHAJIOTUSI BO3BpAIIaeT HAC K MBICIH O BO3MOXXHOCTH CYyIIIECTBOBA-
HUS «O¢upay, KOTOPHIM MPOMUTaHa Besl Hama BeeneHHas.

«3¢up» U pamuoBOIHBI COOTHOCATCS TaK K€, KaK BO3IyX W 3BYK.
MEI ToBOpHM 0 pacmpocTpaHeHun Koiebanuii B yrpyroi cpeae. Cpena
SIBJISICTCS TIPOBOTHUKOM SHEPIuH, (KaK KaplaHHBIN BaJl B aBTOMOOMIIE).
st 3ByKa — MexaHH4ecKas yrpyras cpefia, s 3JIeKTPUIecTBa — JJIEK-
TpHUEeCKas ympyras cpeia €€o, Ulo. MBI )KUBEM OJHOBPEMEHHO Ooiree
4YeM B JIByX Cpeflax: BO3JyIIHas Cpela C ONpelelEHHbIM COCTaBOM Ta-
30B, TpaBUTaluMOHHas cpeaa u Ap. C BBIXOJOM U3 TPaBUTALUOHHOU
cpensl (KOCMOHABTHI) MBI T€PSIEM BO3MOXKHOCTD XOJUTh.
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B MmexaHuke B ynpyroil cpeae B3aMMOJEHCTBYIOT AABJICHHE, IJIOT-
HOCTh MAacC, B JJIGKTPHYECTBE MOTEHIMAIbl M TUIOTHOCTh 3apsi/ioB, U
XOTSI SHEPIHi U CHJIBl B3aUMOJECHCTBUS M3MEPSIOTCS B OJUHAKOBBIX
eIMHUIIAX, IPYTUX TapaMeTPOB VIS COTTOCTABICHUS CPE HET.

Ecmu npusHate, uro nobasneHne MakcBeIUIOM B YpaBHEHHS MOJIS
«TOKa CMEILEHHUS» €CTh BOJIOHTAPU3M, TO HE IPUAETCS TOBOPUTH O Ka-
KOM-TO CaMOCTOSITEIbHOM BHJIE JBMKEHHS TIOJIEH KpOME IBMKEHHS 10~
TeHIHANoB. VcuezaeT MOHATHE MATEPHATBHOCTU DIEKTPUYECKOTO U
MarHUTHOTO TOJISL.

«Bowipadicenue «peanvHoe noje» peanbHO20 CMbICAd He UMeemy....
«peanvHoe noie — MO MamemMamuieckas QYHKYus, Komopas Ucnoib-
3yemcst Hamu, ymoobl u30encamv nPeocmasieHus 0 OaIbHOOeUCMBUU Y
[4, c. 15]. B a0 opme MBICIH BBIpaxkeHa u3nuiiHe popmanbHo. Ko-
r71a Mbl TOBOPUM O PAacHpOCTPAaHEHHWH MOTEHIIMAaNa, HEBOJIHHO MPHCYT-
CTBYET MpEACTaBJICHHE O 3aIla3/bIBAIOIIEM NAIbHOACUCTBIH, (HU3HUe-
CKH OHO €CTb.

2.5. MHOro4acToTHbIE MOJIA

B o0miem ciyuae 4acTOTBI HCTOYHHKOB HE PaBHBL.

Ecnmn wabmionarens HAXOMUTCS MEXAY ABYMS HCTOYHHKAMH, TO
MHMO HETO MPOXOJAT OJHU BOJIHBI BJIEBO Ipyrue Hampaso. Korma Mbl
BeJIEM TIPUEM PaMOCTaHIUI Pa3HBIX YaCTOT B OJIHOM MECTE, TO OISTh
e MOHNMAEeM, YTO HMEEM JIeJI0 C CAMOCTOSTEIbHBIMH AJIEKTPOMATHHT-
HBIMH TIOJIIMA. B Kak[To TOYKe MMEETCs MHOTO DJIEKTPOMAarHUTHBIX
MoJieH, a He eIMHOE MICKTPOMArHUTHOE IOJIE.

Hamepenbe nate BEIBOJ (hOPMYII JJII MHOTOYACTOTHOTO TTOJIS TIPEe/I-
cTaBjeHo B [2. ¢. 374]. "Daekmpomacnumuule noas mo2ym ovimo, 8 00-
wem caydae, npouszBoNbHbIMU QYHKYUAMU 8pemeHu. Hccrnedosanue u
pacuem maxux noueti MOJACHO CyujecCmaeno obnecuums (6e3 ocpanuye-
HUsl 0OWHOCIU 8bIB0008) eCiu OAHHOE NOJle PACCMAMPUBAMDb KAK pe-
3YIbMAM HANONHCEHUS NOCMOAHHO20 NOJA U NEPeMEHHbIX NOoJlel, MeHs-
IOWUXCSL 80 8PEMENU HO 2APMOHUYECKOMY 3AKOHY C PA3TUYHBIMU YACHO-
mamu. Imom npuem, Kax uzeecmHo, 000CHO8bI8AENIC meopueli mpu-
20HOMempu4ecKux psooe (u unmezpanos @ypve) u MUHeHOCMbIO YPAE-
HeHuu".

OnHako mocenyoNUi BEIBOJ] YPAaBHEHHI BO BCeX yU4eOHUKAX TIPO-
BEJIEH TOJIFKO JIJISI TIOJIS OTHOM YacCTOTHI.
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Bokpyr Hac UMeEeT MECTO HE NIEKTPOMArHUTHOE MOJIE, 8 MHOKECTBO
3JIEKTPUYECKUX U MarHUTHBIX noJiek. IloJie Ha Kaxa0ii YacToTe ecTh
CaMOCTOATENbHOE IO0JIe.

OCOOHSKOM CTOST ITOJIS TENTBIX KPAaTHBIX YacTOT. 37eCh MBI, KaK U BO
BCEH JIEKTPO PATHOTEXHHUKE, UMEEM JIENI0 C HECUHYCOUAAIBHBIM IT0JIEM
TOW WM UHOU (hOPMBI (HAPUMED, UMITYJILCHBIM) M Pa3JI0KCHUEM ITUX
nosielt B psansl Dypoe.

Ha HyneBoil yacToTe MOTyT HE3aBUCHMO CYILECTBOBATh JBa IOJIS:
OJIHO DJIEKTPUYECKOE, IPYrO€ MArHUTHOE.

Bepnémcs k BBenenuto. Ilone, co3nanHoe pacmonoKeHHBIMH PSIIOM
ANEKTPUIECKHUM 3apsIIOM U MarHUTOM, TIPECTABIISIET cO00 Ba He3a-
BHCHMBIX TOJI1. Kaxkmoe W3 3THX mojeil sSBIsSeTcs aTpuOyTOM CBOETO
MOTEHIIHAaNa, HO BMECTe OHH HE OOpa3yroT €IWHOTO JJIEKTPOMAarHHT-

HOI'0 II0JIA, MOCKOJIBKY BEKTOPBI ITOTCHIIMAJIOB U UX nojien E) u ﬁ HE
CBsA3aHbI YPABHCHUAMMU 3JICKTPOAMHAMUKHU. HHHIOCTpaHHeﬁ 9TOI'O ABJIA-
€TCd, HalIpUMEpP, TO, YTO UBMCHCHHUE MOJIOKCHUA 3apsaga HEC IPUBOAUT K
HW3MEHEHUSIM MarHUTHOTO 1oJisl. [ 1aBHas ommOKa B TOM BBICKa3bIBAHUT
. E. TamMa 3aKi1r09aeTcsi B OTHECEHUH TAKOT'O PoJia IBYX MOJEH K BUAY
OJTHOTO 3JIEKTPOMAarHUTHOTO.
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3. MIPUMEPHI NIOJIEA IOTEHIIUAJIOB
U UX IPOU3BOJHBIX NOJEM

I'eomerpuyeckre GOpMBI OCHOBHBIX HICTOYHHUKOB JJISl TEX U JAPYTHX
MOTEHIUAIOB PA3JIUYHBL: JUIS 3JIEKTPUUECKUX MMOTEHINAJIOB OCHOBHBIE
HCTOYHUKH UMEIOT (POPMY TOUEUHOTO 3apsaaa, GopMy JHHUHN U 3aMKHY-
TOI MOBEPXHOCTH (Hampumep, chepsl); ISt MATHUTHBIX TOTEHIIUAIOB —
¢dopmy nHHUI, paMOK (KoJiell), KaTyleK. TOYeuHbIX ¥ 3aMKHYTBIX T10-
BEPXHOCTHBIX MCTOYHHUKOB JUII MarHUTHBIX MTOTEHIIMAJIOB HE ObIBAeT.
[TepeMeHHBIE NIEKTPUUECKOE TI0JIE MOXKET OBITH BO30YKIEHO M3MEHe-
HUSMH DJIEKTPUYECKOTO WJIK MarHUTHOTO TOTEHIMANIA.

3apsi Ha M30JSIMOHHON MTOJICTaBKE MOKET U3MEHATHCS 3a CUET PU-
TeKaroIero (orrekaromero) Toka. Hanpumep, B nunosne I'epra asa pas-
HOVWMEHHBIX TOYCUHBIX 3apsijia U3MEHSIOTCS 3a CUET mepeMelieHus va-
cTeil 3apsA0B OT OJJHOTO IMOJIOCA K IPYTroMYy, TO €CTh JIEKTPHUECKOTO
Toka. Takum oOpaszom, numons ['epra sIBIsSETCS MCTOYHMKOM Cpasy
JIBYX BHJIOB; SJIEKTPHYECKOTO ¥ MATHUTHOTO TOJISL.

Hwxe koHeuyHbIe pe3ynbTaThl pacyéTa NOTEHIIUAIOB TIPEICTaBICHBI
OTHOCHUTEIILHO KOPOTKMMHU (opmyniamu (0OBeICHBI paMKoii) U rpadu-
KaMH, BMECTE ¢ TeM, AJIsl TOTO YTOObl MOXHO OBUIO MPOBEPHUTH UX J0-
CTOBEPHOCTbH ITPHUBEICHBI OAPOOHBIE TPe0Opa3oBaHUsl.

3.1. lIpuMepsbI noJieii JJIeKTPUIECKNX NOTEHIUAJIOB
3.1.1. IloreHuHaJ yeAMHEHHOTO TOYECYHOT0 3apsa
. 1
HOTeHLII/IaJ'I YEAMHCHHOI'O TOYEYHOI'O 3apsaaa ¢ = iR_ CJICOYCT U3
0 fu

onbITHOrO 3akoHa Kynona. 3nece R, pannyc HHTETpUPOBaHUs, paccTo-
STHA€ OT TOYKH PACIIONIOKEHHA 3apsaia ¢ A0 TOYKU HabIoAeHus (TOYKH
MoucKa noTeHnuaia). IloreHnuan rpynmel 3apsa0B SBISIETCS CYyMMOM
MOTEHIHAIOB B TOYKE HAOJIOAEHUS OT Bcex 3apsanoB. Popmyna sBis-
€TCsl OCHOBOM JUISl HAXOKIECHHS SIEKTPHYECKUX MMOTEHIIMAIOB IIPaKTH-
YEeCKMX BCEX FeOMETPUIECKUX (POPM UCTOUHHKOB.
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3.1.2. IloTeHuMaJ pABHOMEPHO 3apsKeHHOMH
cepuyeckoi MOBEPXHOCTH
OmnpenenuM 3MEKTPUIECKUN MMOTEHIMAT 3apsaa, PaBHOMEPHO pac-
MpeIeNICHHOro Ha IapoBOM MOBEPXHOCTH paauyca r (puc. 4). B Bumy
chepryecKoil CHMMETPHH pelIeHne 0yeM UCKaTh B CPepruIecKux Ko-
opauHaTax: R, O, o.

I
P Hixyz)
r A K, y
¥ [
Pui: 4

DneMeHT 3apshKeHHOH moBepxHocTH ds =7 -da, - rsinb, - df,

-ds q-da,-sinf,do
DneMeHT 3apsaga  dq = fan’ q= %, [MoTenman
_ q dap-sinf,-db),
Q= gp

16m2g, R,

Pannyc uHTErpupoBaHMs — pacCTOSTHUE OT TOYKU PACIOJIOKECHHS
SJIEMEHTAPHOTO 3apsiaa 10 TOUYKHU HAOIIOACHUS 3alUIIeM cHaYama B Je-
KapTOBBIX KoopAuHaTaX. KoopauHAThl TOUKM HaOMIOACHUS: X, Y, Z. Ko-
OpAMHATHI 3JIEMEHTA 3apsKEHHOH cepudecKol MOBEPXHOCTH: Xp , ¥p »
Z,. [Ipoexnnu pasHOCTH KOOPAMHAT: (X-X,), (Y-Yp), (Z-Zp).

PaccrosiHue Mexy TOYKOW HAOMIOACHHS U AJIEMEHTOM IMOBEPXHO-

ctH R, = \/((x—xp)z +(y—yp)z+(z—zp)2 . CBA3b IEKapTOBBIX KO-

OpIVHAT TOYEK IPOCTPAHCTBA CO chepudeckuMu: x = R sin 6 cos a
y=Rsinfsina, z= Rcos§, 3NIeMECHTOB 3apsKEHHON IOBEPXHO-

cTu: x, = rsinb, cosa,, y, =rsinb, sina,, z, = r cos 0,. Pannyc
MHTETPUPOBAHMUS:
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R, = sz —2xx, + x5 +y? = 2yy, + ¥ + 22 — 222, + 2}

<

R2 4712 — ZRr(sin 0 cos a sin 6, cos a, + sin 8 sina sin 8, sina, + cos 0 cos Gp)

= \/RZ + 72— 2Rr(sin @ sin 6, (cos acos a, + sina sina,) + cos 6 cos Hp) "

R, = \/RZ +r2 — 2Rr(sin0 sin 6, cos(a - a'p) + cos 0 cos 9p).

O603HaYNM (a - ap) =p0.

Toraa R, = \/RZ + 712 — 2Rr(cos 6 cos 6, + sin6 sin 6, cos B)

OT0 camblii MPOCTON BUA 3aITUCH pa3Mepa paaryca HHTETPUPOBAHUS
B chepruECKUX KOOpANHATaX. MOXKHO NMEpEelTH K OTHOCUTEIBHBIM pa3-

R
Mepam: — = ¥p

R, = 7’\/)(}22 +1-— ZXR(COS 0 cos b, +sinfsinb, cosﬁ) 3.1)
OO1ee penieHre MOTEHIMANIA BCTPEYAET MaTeMaTUIECKIE TPYIHO-
CTH.

Omnpenesnm noTeHnuan Ha ocu npu 6 = 0, U cienoBaTeNbHO
sinf = 0,ucos 6 = 1. U3 (3.1) Haiiném paanyc MHTErpUpOBaHus R, =

= r\/)(,% +1—2xg(cos 6,).

dp,-sin6,d6
3amuiem noTeHIMAN: @ = — 1 E_Ff P
T=&oT \/)(}2?+1—2)(R(cos 6p)
Crnenaem 3ameHy nepemenHsix. dt = sin 6, df,. cos 6, = —t Ilo-
q dﬁpdt

Cle 3aMeHbI IEPEMEHHBIX NIOTEHMANL: ¢ = — )
TR ¥R h142ypt

[MapameTpsl f 1 ¢ IBISAIOTCS] HE3aBUCHUMBIMH; HHTETPUPOBAHUE 110 £,
aeT 27.

WuTerpan ot mpocTeiiiiei nppanoHaIbHON IPOOH —— MMeeT

2. —_a 2 / 2 _
BH —Vat + b. Toects p = P Xg+1+2x,t=

T
—_4q9 1
_87I€0T)(R

X&+1—2x,cos6,
0
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el N
= +1+2 +1-2 =
Y = 87T507”)(R< XR XR — | XR XR

87r£or)( (\/(){R + 12— /(rr — 1)2)~ = Smor;U(R +1-
Ixr — 1D.
Ipu gz < 1, (BuyTpH: chepnl) |xyg — 1| = 1 — yg, moreHnnan
= 3.2)
(pemeHue He o4eBHIHOE), IPH Y > 1, (BHE cdephl)
=1 = =19 = = (33)

4TEYT XR

YMEHBIIIACTCS TI0 TUMEPOOTUIECKOMY 3aKOHY, TAK)KE KaK Y TOUCYHOTO
3apsna.

[MoTeHuman 3aps»keHHon cdepbl

MoTeHunan g

00 20 40 160 80 100

OTHocuTenbHoe paccTtosiHme Rir

Puc. 5

B cmry cummerpun Takoi MOTeHIHAN AOKHBI IMETh BCE TOYKH,
HaxOJIAIIUAECS Ha OJWHAKOBOM PACCTOSIHHMHM OT IIeHTpa cdephl, HE
TOJIEKO Ha ocu 8 = 0.

31ech BBISABISETCS OYEHb BaXKHBIA (DaKT: TMOTEHIMAN HETPEPhIBEH
MIpH U3MEHEHWH KOOPAWHAT OT OECKOHEYHOCTH A0 Hynd. lloTeHmman
MOKa3bIBa€T, YTO TMpPH TEPeHOCEe KOHTPOJBHOTO 3apsga U3
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0ECKOHEYHOCTH 0 TOYEK Ha ITIOBEPXHOCTH IIapa U A0 BCEX TOUYEK, pac-
MOJIO’KEHHBIX BHYTPH IIAPOBOW MOBEPXHOCTH, OJWHAKOB. DJIEKTpUIE-
CKO€ II0JIe, OIpEAesIeMOe Yepe3 MPOU3BOAHBIE NOTEHLMANA, BHYTPU
nrapa paBHo Hy:10. Ilone notennuana seisiercst 6osee MOIHOM, MHGOP-
MaTHUBHOU XapaKTEPUCTHKON 3JIEKTPUUIECKOTrO MO (B YaCTHOCTH, HE
TpeOyeTcs MOUCK MOCTOSHHON WHTETPUPOBAHUS, KOTOPHI HE0OX0IUM
NIpY OIIPEeNICHUH MTOTEHIMalIa Yepe3 HAPSKEHHOCTD T10JIs).

3.1.3. DaeKkTpuyeckuii AUNOIb

[Mon mumnosneM OOBIMHO MOHMMAIOT KOH(GHUTYpAIHUIO ABYX OJWHAKO-
BBIX 10 BEJIMUMHE 3apsA10B pa3zHoi nonspHocTH. (Puc 6).

z
Fxy)
H|«1'I
-4 Fuz ¥
T
K Puc G

Kak panbie paguyc uHTETpUpOBaHUS

Ru=\/((x—xp)z+(y—yp)2+(z—zp)2 npu  x, =y, =0,

R, = /RZ +(z- ZP)Z

B xoHurypanumu ucToyHWKa MOTEHLUANa UMEETCSl BCEro JBa 3a-
psizna, TO ecThb, IMEEM JIBa paJnyca HHTETPUPOBAHMSL:

Rul = RZ + (Z - Zl)z, Ruz = \/RZ + (Z + Zz)z.

U onpenenenue o0I1ero MOTEHI[UANA CBOUTCS K IPOCTOMY CYMMHU-
POBaHHUIO MTOTEHIIHAIOB IBYX 3apsA0B (BTOPOH 3apsii OTPHUIIATEIHHBIH ).

_q (L_ 1)_ q ( 1 _ 1 )
(p_4n£o Ra  Rp/  4meo \JRZ+(z—1/2)2  RZ+(z+1/2)2

R z
B OTHOCUTENBHBIX €IUHULAX YR = 12 Xz = 172
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_q 1 1
(p - 277.'80[ 2 - 2 (3'4)
JXR+U(Z—1)2 JXR+(Xz+1)2
(st «raaTenmy» (mBa 3apsaa 0TMHAKOBOW MOJIIPHOCTH) 3HAK B cepe-
IuHE CKOOOK Oynet mitoc. bynmeMm mMmets rpyboe mogobue moTeHmnmana
3apSKEHHOTO OTPE3KA).

N
Mpumensist E = —grade. x (3.4), MOXHO ONPEACTUThH dIIEKTpUYe-
ckoe moJie aunois. OnepaTop rpagieHTa B HWIHHAPUYIECKNX KOOPIHU-
d 10 5}
HaTax: gradg = r02 4 g0=22 4 j0°2 IIpY UMECIONIEMCS BUJIC CUM-
OR roa 0z
METPHUHY TOTEHIMAN HE 3aBUCUT OT yria o.. B OTHOCUTENBHBIX €OUHH-
2 0¢ 2 0¢
ax, Ep = ——— =—-—
H 2 R l aXR’ Z l aXZ

Hamnpumep, npousBoaHas apoou

0 1 _ —XR
a - .
R\ Jaroz-02 ) GdeGz-02)’
[IpoBens mpeoOpas3oBaHus, HANAEM pagUaIbHYIO COCTABISIOLIYIO
T10JIA:

R = meol? - = - " )
(x3+(xz-1?) (x3+(xz+1)?)

OceBas cocTaBIgIONIas QJICKTPUYCCKOI'O IMOJIA:

2
el \ [0 G razn?)’

— q Xz—1 Xz+1 (36)

Ecnu 3apspl nepeMEHHBl BO BPEMEHU q(t ), TO MOTEHLUANI U I0JIe
HaNpsHKEHHOCTH OyAyT EPEMEHHBIMHU.

3.1.4. DieKTpUYecKHii MOTEHIIHAJ
JAUIJIEKTPUYECKOro IHypa
MBI TOBOpUM O ITURIIEKTPHYECKOM IIHYpE, a He 0 mpoBoxae. B mpo-
BOJIC BO3MOYKHO JIBUYKEHHE CBOOOHBIX 3aps/IOB BJIOJb HETO M PEIICHUE
CTaHOBUTCS HEOIIPEeIEHHBIM.
Bribupaem nunuaapudeckyto cucremy koopaunat (Puc 7). Oce z
COBMECTHUM C OCBIO IITHypa. DIIEMEeHT JUIHHKI y4acTka dl=dz.
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Rxy)

o

Puc 7

3.1.4.1. Tenepb HOTEHIHAIL, co3L[aBaeMLII71 3ap;maMI/1 HIHypa:
Pe®) = ——[29ay, L= 1 um @y(t) = ped

OpnHnako pa;u/lyc I/IHTerI/IpOBaHI/ISI — paccTosiHuE OT TO‘lKI/I HaOmoe-
HUS IO TOYKH PAcCHOJIOKEHHUS 3JIEMEHTa 3apsga R, cHaudana, Hailaem,
WCTIONB3YSl IEKapTOBBI KOOPAUHATHL. KoopAHHATEI TOUKM HAOMIOACHUS:
X, ¥, z. Koopaunatel anemenra 3apsna x.=0, y.=0, z.. Paguyc unrerpu-
pOBaHUS

=V —x)?+ (7 —y)? + (2= 2)%? = Jx? + y2 + (2 = 27,
YUUTBIBAsI CBSA3b ICKAPTOBBIX KOOPAMHAT C LIMIMHAPHUYECKHUMU X =
=rcosa,y =rsina, z, ToIy4uIn x> + y? = r2, r — paccTosHHE OT
OCH KOOpAMHAT.

HaxonuM cymmapHOe AeCTBHE BCEX DJIEMEHTOB 3apsijia OTpPe3Ka —
MOTEHIHAI .

T f dz;
(p = =
dmeey ), \[r? + (z —z,)2
] -7 f du
47T<‘3“’30 (z— z (z—2z,)? 47T“ffo uV1+u?

4ATTEE

31eck NpUMEHEHa 3aMEeHa IEPEMEHHBIX (z—z,)/r=u. —dz/r=du.

Jlnst onpeienenus MoTeHNuana TpedyeTcsi HHTErpUPOBATh OT MUHYC
0ECKOHEYHOCTH 10 OECKOHEUHOCTH.

W3BecTHO, 4TO MHTETpAN AJs NPOoBoAa OECKOHEYHOW IJIMHBI pac-
xonaurtcs, [1, c. 349]. Mul onpenenuM MOTEHIMAT OTpe3Ka IIHYypa
mmHoM 1 (L).

[Moxacrasmnsiem npenensr: z;, z,= =+ I/2.

1/2

-T zZ—Z -7 z=1l/2 z+1/2
o(z,r) = arcsh——= = (arcsh 272 aresh —/)
Ameg, r l_y2  4meg T T
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BrIpazum pa3Mepbl B OTHOCUTENBHBIX €IWHHIAX — B JUTHUHAX TMOJIO-
BHHBI OTPE3Ka, HAIPUMEP, BBICOTY — z/(l/2)=yz, paccTOsSHUE 0 OCH
r/(1/2)=xr.

+1 -1
Q= (arcsh X272 _ qresh XZ—) OTO TPUrOHOMETpHYECKas
4TEEQ XR XR
(dhopma 3amucu moTeHITHaIA. 3.7

PaccmoTpum n3MeHeHe NoTeHIMala o paguycy B IEHTPE OTpe3Ka,
TO ecTh npu z=(, Ha IIOCKOCTH Ha4ajia KOOPINHAT:

+1 -1
P = anee, (arcsh; — arcsh ;). [Mockonsky, arcsh(—a) =
= —arcsha, To
Q= T o (aTCSh L). Wmn ¢ ywerom TOrOo, 4ro arcshx =
4TEEY 2r
= 2 ~ — T L (L 2
In(x +Vx2 + 1), naiinem ¢ 4715502[" <2T + ZT) +1) w®

. l l
TIpH MAIbIX T MO CPABHEHUIO € JUTMHOW oTpeska -+ 1= —» TIOJTYqHM:

T l T 2
Q= 2*ln(—)= 2*ln(—).
4TTEE r 4meegy XR
Pa3HOCTE NOTEHIIMATIOB B CEPEIMHE OTPE3KA IIPU Pa3HBIX 3HAYECHUSX I:

02— = (It —i=)=—"—(m2) ()

27'[880 T2 1 277.'580 2

3.1.4.2. DneKTpuUecKoe MoIe. E=- grade. Onepartop rpagueHnra

5009 | 20109 | 200

B LWIMHIPHYECKUX KoopauHaTax: gradg = 70 a_(f + a° ;% + Z° a—f
= 50 0 50 0

npu uMmeromemcs Bune cummerpun E = —gradg = —7° % - Z° a—f.

dp dp
F.=—-2F =
R ar> "% .
[Ipu mepexojie K OTHOCUTEIBHBIM EAUHUIAM, T/ > = XR> or =

l ! ! 29 20
S0Xr, 2 = Xz, 02 = Z0)z, T0 ecTb gradep = —r0228 _ 02720

la){R la}(Z,
o= _200 o __200
R™ "voxg’ ™%~ loxs
N
E _ l —T 1 XZ + 1 _
R 2 4mee, 2 X2
AR

ol 1( xz+1 xz—1 )
8o Xr \J(rz + D2+ 23 J(tz + 1D? — 13
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Il -1 1 1

2 4meg Xr

(XZX: 1)2 +1

EZ=

el ( 1 1 )
Bmeeo \J(xz + D2+ 03 Otz — D2 + 13

3.1.5. DaekTpryecKkuii MOTEHUHAJ 3aPSIZKEHHOT0 KOJIbLa

B Buny nnimmHIpUYECKO CHMMETpHH pelieHre OyaeM HCKaTh B IH-
JTUHAPUYECKHUX KOOpAUHATAX: I, d, Z. (Puc 8).

i

Ry Rixy)
B ¥

=

Puc. &

OpHako paguyc HHTETPUPOBAHHUS — PACCTOSIHAE OT TOYKH Habmroe-
HUSA 10 TOYKH PacHoI0KEHHS 2IEMEHTApHOT O 3aps/ia 3aluIlIeM cHavasa
B I€KaPTOBBIX KOOPAMUHATAX.

Koopaunater Touku HabmofeHud: X, y, z. KoopauHatel amemeHTa
3apsSKEHHOM OKPYXXHOCTH: X, , Yp , Zp. PA3HOCTH MpPOEKIMH: (X-Xp),
(y-p), (z-2p).

2 2 2
Paccrosnune R, = J((x - xp) + (y - yp) + (z - zp) . Css3bp
ACKApPTOBBIX KOOPAWHAT TOYEK MNPOCTPAHCTBA C HUIMHIAPUYCCKUMM!
x=rcosa, y=rsina, z. KoopauHatel 5I€EMEHTOB 3apsaia; X, =
=Tcosa,, Y, =rsina,, z.

Ru=\]x2—2xxp+x§+y2—2yyp +yi+(z—z)% =

= \/rz — 2xx, + 1,2 = 2yy, + (z — z;)?
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2
_ 2 2 _ . . _
R, = Jr +7, erp (cos acos a, +sinasin ap) + (Z zp)

= [42 2 2
R, = Jr + 1%+ (z—2,)*—2rn,cos(a —a,) obozHauum @ —
a, = B

Panmn oOMIHOCTH MOXHO TEPEeUTH K OTHOCHUTEIHHBIM pPa3Mepam:
r _ z _ Zp _ _

= XR =Xz — ) = Xzp» Ru -

7“K onvya rK rl\"

2
— 2
= T\/XR +1+ (XZ —XZp) —2xgrcosp
Korna komblo pacrnonokeHo Ha MIOCKOCTHU XY, 2,=0. Xz, = 0
DTO caMblii MPOCTON BUJ 3alUCH pajdyca UHTETPUPOBAHUS B IU-
JUHAPUYECKOHN CHUCTEME KOOPAMHAT.
3.1.5.1. Orcroga MO>XKHO HayaThb MHTETPUPOBATh. J[JIMHA OKPYXKHO-

cti | = 2mr. TloTeHiman »iieMeHTa 3apsSKCHHOTO KoJiblla. d@ =
dg 1 q rdf _ g

d
—B. HOTeHHI/IaJI KoJibLa:

" 4meg R,  8m2eyr R,  8mlgy R,
__4a a _ _q ag 39
(p_Sn'stSﬁRu _8n280§ ’ (3.9)

r\/x§+1+x§—2xR cos B

3amuiieM KOCHHYC 4epe3 [MOJOBUHHBIM yron cosf = (1 -

. d

2 sin? E), o =——6¢ £ ¥ c/leNlaeM 3aMeHy Tie-
2 8m2eqr 2 2 o

Xp+t1+x7—2)XR+4XR SiN >

PEMEHHBIX, YTOOBI IPUBECTH KOPEHb K (opMe, MPHUCYIIEH dIUTUITHYEC-

CKHUM HHTETpaj1aM.
B T

— 4~ —(E_r =
L=y+2 p=(5-2). dp=2dy,
sinzg =1- coszg =1 - sin?1.
Hpenenst =0, y=-n/2; § =2x, f/2=n; y=nr/2.

0= q fn/Z ap

2 —-11/2 s
snzeor =1/ J(XR+1)2+X§—4stin2¢

4XR )
0003HaYUM Gl k (3.10)

9T0 — QyHIaMEHTaIbHBII TapaMeTp OLIEHKH MPOCTPAHCTBA C MPaKTH4e-
CKH HanOoJree 9acTO! IIMIHHAPHICCKON (OCEBOM) CHMMETpHEH.
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/2 d
=17 / Ll . Totenuuan kosslia B

Y= —-1/2
amteor -/ /()(R+1)2+)(§\/1—k2 sin?
TOYKE X, Y, Z: DyHKIUSI OTHOCUTENBHO yTJIa i/ - YETHAS, TOITOMY MOKHO
YCTAQHOBHUTH MeHbIIHeE mpeselsl. Kopens ¢ mapamerpamu Xz u Xz Taxke
HEC 3aBUCHUT OT ¥ U MOXET OBITH BBIHECEH 3a 3HAK HUHTCrpaa.

2m2gyr ,(XR+1)2+X§ 0 J1-k2sin2vy  2m2ger ,(XR+1)2+X% ’ ’

/2 dx
I/IHTerpaJIf ——— = F Ha3bIBaIOT NOJHBIM DJUIMIITHISCKHUM
0  Vi1-kZsin2x
WHTETpaJioM TepBOro poaa u obo3znayaroT F niam K. Dmmunruueckuit
unterpan F(k) ompenenur auarpaMMmy HaIrpaBJICHHOCTH B TUIOCKOCTH,

HpOXOZ{FII].IGfI qepe3 OoChb Z.

aﬂeKTpVI‘-IeCKVIVI noTeHunan 3apsA>xXeHHoro KoJibua

o

—e— Ha BbicoTe z=0

—s— HaBbicoTe 0,2 r

NIRRT N
Ao g owv;

—a— Ha BbicoTe z=1r

\ —O0—HaBbicoTe z=5r

.L
@ on

DO -
|

o)

SneKTpUYECK noTeHLmar

0,10 1,00 10,00

PaccTtosHne R/r ot ocu z (ror wkana)

Puc. 9. I'paduku pacnpeneneHus moTeHIHaNa KOJIbIa
B IIPOCTPAHCTBE
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3.1.5.2. DyekTpUUECKOe 10JIe IJIOCKOT0 KOJIbIA.

ABTOpBI OOJBIIMHCTBA KHUT YKa3bIBAIOT Ha BO3MOXKHOCTH OIperie-
JICHUS BJIEKTPUUECKOTO U MATHUTHOTO TOJIA Yepe3 MoJie MOTeHINAaa, He
MIPOM3BO caMUX pacu€ToB. PacueTsl OKa3bIBalOTCS BEChbMa IPOMO3JI-
KHMH, OJJHAKO BBINIOJHCHHBIC OJWH pa3 B OTHOCUTCJIBHBIX €AWMHHUIAX
OHU OKa3bIBAIOTCA MPUTOAHBIMU B 6OJII)HII/IHCTBG IMMPAKTUYCCKUX CIIy-
4yaeB

=

E = —grade. Oneparop rpaz[HeHTa B IWIMHIPUYECKUX KOOpANHA-
d 10
Tax: grade = TO £ + al-= - a‘i + Z° HpI/I HMCIONMICMCS BUAC CUMMET-
d d d d
- 7022 _ 20 _‘P =_2% =_9%
pun E= gradqo p P Eg E, Py

[pu nepexoie K OTHOCUTENBLHBIM eIMHUIAM, R = yg7,. OR = rdxp,
0l 01909

Z = xyr, 0z =71d)z, TO ecThb gradp = —r ;W—Z sl Er =
R
— 1% p _ _19¢
BT E; = o1 Mpumenss k (3.11), Halinem
0 0
Egp = v __ 9%
OR roxg

—q G, ( 1 > /2 dy
_ f S SR
2n2eor? [\ Oxr \/(xg + D2 + X2 0 +J1-—kZsin?y

1 a (m/2 dy

+m% b | (3.12)
! — —(xr+1)

IIpousBoanas L[po61/1

JO(R+1)2+XZ \/((XR+1)2+X§)3

[Tepssiit unen cymmsl (3.12): L‘Ug F.
((r+D2+x3)
Bropoit unen cymmel. Juddepennupys narerpan F, Haiiném:
a 71'/2 P _ 10(k?) (m/2 sin2
xR J1-k2sin2y 2 OXR fo J(1—k2sin2y)3 al’b’ saeck
6(k2) 0 4xr
dxg  Oxr (xg +1)? +Xz
4< 1 + —2xr(Xr + 1) >_
r+D?+ 17 (G + D2 +x3)?
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_a(-xh+1+x3)

 (ar+02+x3)°
/2 sin? di B fm(l — 1+ k?sin* Y)dy
- 2 — 2 cinZdn3
0 J(l—k zsinzv,b)g 0 k \/(1 k? sin? )
fﬂ/Z dlp
o k2 J(A—KZsinZ)?
_(m/2 (1-K*sin’Y)dy 1 (/2 dy _
0 k2 /(1-kZsinZ)3 k270 [(1-KZsinZ )3

1 (m/2 ay
k270 [O—kZsin2 p)

Tenepb B yMcnuTENE HET CUHYCA, 31€Ch BTOPOI HHTETPaJl YXKe eCTh
SITMIITHYECKUH MHTETpai nepBoro poaa. I[lepBrlidl nHTErpan ecTs nep-
BUYHBINA uHTEerpan 3 Buaa — 6 (1, k), TabauIsl Ha HETO OTCYTCTBYIOT.
ITo [9, c. 33] oH BEIpaXkaeTcs Yepe3 UHTErpaj BTOPOTO POJa M JOIIOJ-
HUTEJIbHBIA YJIEH, KOTOPBIM B HAILIEM CJIy4dae IpU MOACTAHOBKE IMpeJe-
noB 0 u w/2 obpamaetcs B 0.

Vs
7 dy 1 k? siny cosy
f _ =9=—2<E(¢,k)——, =
0 /(1 —kZsin21))3 1-k V1 —k?%sin?y
1
w/2  sin?ydyp 1 1
Toeer [/ 200 L (LB k) - FOb, ), e
1 1 o r+D2P+x;
1—k2_1 A (A D?2+xE-4

- (r + D%+ 12
e+ D2+
R — D%+ x2

st nosrydeHust Ipou3BOIHOM OT uHTerpana F ocraercs paznenuTs

a(k?)
Ha2u YMHOXUTb Ha NIPOU3BOAHYIO Oxr
9 (m/2 4] _ ia(kz)( 1 _ ) _
aXR 0 /1_k2 sinzzp - 2k2 aXR 1_k2 E(k) F(k) =
_ -(x?z—l—x%)( El)  _ _ F) )
2Xr (r=D%+x3)  ((r+D?+x3))’
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raeia(kz) _ 1A+xR)*+xg A(-xkt14xz) _ _ (“xk+1+xE)
2k2 Oxg 2 4xr ((p+102+x2)° 2xR(QR+D?HXZ)

ITonHOCTEIO BTOPO# WwieH cymMel (3.12):

p) fn/z dyp ~
(g + 12 + x29xr Jo 1—k2sin2
_< ~(d—1-xp) )( EGR)  F )
2y Gr + D2+ 22/ \Or —D?+ 23 (G + D+ x3)

HuddepennupoBanne mHTErpana F cBenoch K KOMOMHHPOBAHHIO
uHTerpanoB E u F ¢ pasnuunsiMu ko dunuentamu. Pagunansuas co-
CTaBJISIOIIAS SJIEKTPUUYECKOT0 Mo OyIeT:

09 _ O _ -4 ~(r+ 1)
OR rdyg 2mleyr? (G + D2 + 423

Ep = F(k) +

~(xk-1-2%) ( ER)  F() ) _
ZXR\/m Ur—D2+xz  ((r+D?425)) [ 8

_ —q 1 ( ((~xrGr+D)F (k)

- 4T2g9T2 P ,(XR+1)2+X% (Xr+1)2+x%

(xﬁ—l—x%)F(k)> _ (E-1-2R)EM)

IPUBOOS NTONOOHBIE YJIEHBI
(Xr+1)2+x% (xR—1)2+x%] P

HaWgéM:

2 2
Eo — q 1 (LF k (XR_l_XZ)E(k)) 1
B amteor? ((r+1)2+x2) AR ( )+XR((XR—1)2+X§) (3.13)

I'paduky M3MEeHEeHNs paaralibHON COCTABIIAIONEH HANPSIKEHHOCTH
[IOJI1 Ha Pa3HOM BBICOTE HAJl MJIOCKOCTHIO KOJBIA B 3aBHCHMOCTH OT
paccTOosSHUS OT OCH Z IpescTaBieHbl Ha puc 10.
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PagvnanbHas coctasnstoLlas anekTpu4eckoro nons

NN

R
QP oS

N

D P ©o o ©o
-
5 R—]

\\a —o— Ha Bbicote z=0

é§> —a— Ha Bobicote z=0,05 r
4

—a— Ha Bbicote z=0,2 r

10,00 —%—Ha BbicoTe 11

OnekTpuyeckoe rnose

PaccTosiHue R/r ot ocu z

Puc. 10. PaguanbHasi cOCTaBISIONIAS DIEKTPUUECKOTO MOJIS KOJIBIA

OTtpuuarensHoe 3HAYEHHE XapaKTEPU3yeT TO, YTO BHYTPH KOJIbIA
MoJie HampaBiIeHO MPOTHB HANpaBICHHA pocTa paguyca (K LEHTPY
KOJIbIIA).

OdeBHIHO, YTO TIPY MPUMEHEHNHU 3aKoHa [ 'aycca gﬁs E,ds = gq—o pu

00X0/le MOBEPXHOCTH JOJDKHA YYUTHIBATHCS W BHYTPEHHSSI CTOpPOHA
Kosbiia. DoOpMyITUPOBKA «3HAUEHUE NOMOKA He 3agucum om ¢opmul S
0o mex nop, noka 3aps0 q Haxooumcs suympuy [3, c. 83] mis BHeIIHEH
MOBEPXHOCTH, OXBaThIBAIOIIEN KOJIbIIO, OKa3bIBae€TCsl HEBEpHOU. Jpy-
TUMU CJIOBaMH, IOTOK BEKTOPa HANPSDKEHHOCTHU 3JEKTPUUECKOro MOJIs
3aBHCHT OT KOH(UTYPALIUK PACIIONOKEHUS 3aPSI0OB BHYTPH ITOBEPXHO-
ctu. B manHOM ciy4ae oTcyTcTBYeT 00beMHas (cheprueckas) CHMMET-
pus TIOJISE BOKPYT KOJIBIIA.

OnpenenuM akCHabHYI0 (BEPTHUKAIbHYIO) COCTABIISIONIYIO AJIEK-
TPUYECKOTO TTOJIS.

g 00 __—4_ i(%) f”/zd—l/)
z rdy,; 2m?eyr? |\ dxy [(xg + 1)? + x2 0 1—k?sin?y

+
1 0 (m/2 ay
¥ /(XR+1)2+' 12 0%z fO \/1—k25in2¢" (3.14)
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[IpousBogHas ,Z[pO6I/I 0 ! = .44 .
JO{ +1)2+x% J((XR+1)2+X§)3
[Tepssiit unen cymmsl (3.12): 2z - F.
((r+D2+x3)
Bropoit unen cymmel. Juddepennupys narerpan F, Haiiném:
8 (m/2 P _ 10(k?) (m/2 sin2
dxz fO [1—Kk2 sinz 2 dxz fo /—(1—k2 SinZ 1,1))3 alzba 31E€Ch
a(k*) 9 4Xr 2xz
AT e e ) et romenevange vl b
0xz Oxz (xr + 12 + x2 ((r + 12+ x2)

_ —4xXr2Xz
((r + D2 + x3)?
C uHTErpanoM npou3BeleM aHAIOTUYHBIE peodpazoBanus. [loiry-
9 (m/2 Y _ 1 9(k?)

0xz70  [i-KkZsinZyp  2k? 0xz (1_kz E(k) — F(k)> (3.15)

Bropoit uinen cymmsr (3,14):

YUM:

< 1 )(xR +D%+x; —4xR2x <(xR +1)? +xZ E(k) i )
VO + D7 + 47 4 Qe+ D2+ 29 \0r—D? +
1 (=% Tz
Jomenzex <<%R-1>2+x% EG) =~ e " (k)>

1
O6a wiena BMecte E; = — *

2 2 2
TeEor /(xR+1)2+x§

*< —XxzF 2+ -2Xz 2E(k)+2¢2) (k)>

(r+D2+xz  (xp—12%+x3 +1)2+x

2m2eor? [ o i1)24x2 (xR+1)2+xZ (XrR-12+1%
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AkcumarnbHasi CoCcTaBsoLLAs ANEeKTpu4ecKoro nond

>»
(en}

© 5,0
= —0— Ha BbicoTe z=0
e 40
= Y \ —a+—HaBbicoTe 0,21
[
2 —s— Ha BbicoTe z=1r
o —— "\
> 0 —»—HaBbicotez=5r
= (v
3 AN
e
4 10
(] —— D
S S@%
™ ¥ X
0,10 4100 10,00

I

PaccrosHue R/r ot ocu z

Puc. 11. AkcuanbHasi COCTaBIISIONIAs SJIEKTPUUECKOTO MOJIS KOJIbIla

HOHHTHO, 4YTO B INIOCKOCTHU KOJIbIIA, HA BBICOTC Z:O, B CWJIy UMCIO-
H.[Cf/iC)I CUMMCTPHUU HE MOKET OBITH BepTI/IKaHLHOﬁ COCTaBJ'IHIOH_IeIZ TI0JIA.

3.2. [IpumepsI mosieii MATHUTHBIX NOTEHIIUAJTIOB

PaccmoTpum nons npoBoAHHUKOB ¢ TOKOM. [lox TokoM moHMMaeTcs
IBIDKEHUE 3apaa0B. ViMeeTcs HECKOIBPKO KOMOMHAIIMK TaKOTO JBIKE-
Husl. J[BUJKEHHE 3JIEKTPOHOB B AIEKTPOHHOM JIaM€e UJIU B ITyYKE YCKOPU-
TeIs 3apsYKEHHBIX YaCTUL COIPOBOXKIACTCS DIEKTPUUECKUM IIOJIEM 3a-
psna. BHentHee aneKTpudecKoe Moje MpH IBHKEHUH 3apsA0B B METall-
JINYECKOM IIPOBOJHUKE OTCYTCTBYET, TaK KaK B IIPOBOJHUKE MMEETCS
OJIMHAKOBOE KOJIMYECTBO IMOJIOXKUTENIBHBIX U OTPULIATEIbHBIX 3aPsI0B.
B MeTtamnuueckoM IPOBOIHUKE HET JABHXKEHMSI MOJIOKUTENBHBIX 3aps-
JIOB, TaK OHU 00Pa30BaHbI 3aPsIIOM HETIOABIKHBIX TPOTOHOB. B noHHOI
cpene (pacTBOPBI, BOJIBTOBA Ayra) TOK COCTOMT U3 JABHM)KEHUS 3aps0B
oboux nongpHocTel. JBrKeHne pasHONOJISIPHBIX 3apsI0B B MPOTHBO-
MOJIOKHBIX HANpPaBJIEHUAX CO3MAa€T OJAMHAKOBOE MAarHUTHOE IIOJIE.
CyMMy 3THX Tosielf MBI BOCIIpUHHMaeM Kak €IMHOE€ MarHUTHOE IOJe.
31ech MBI CTAJIKUBAaeMCSl 1 MHTEPECHEHIIINM sIBIIEHUEM. MBI HE BUIUM
CaMHX 3aps10B, OAHAKO, YyBCTBYEM CKOPOCTb UX JBUKCHUS.

[anee Mpl paccMaTpuBaeM TOK B LIEJIOM 3JIEKTPUYECKH HEHUTPaIIb-
HOTO IIPOBOJHMKA.

57



JaexTponunamuka 2020 nocTMaKkcBe/UIOBCKAas

TunoBsIMH KOHGUrypauusMy NPOBOJAHUKOB C TOKOM SIBIISIFOTCS:
MIPsIMOM OTPE30K MIPOBOAA, paMKa, KaTyIIKa, COJIeHOH T 1 Topoun. He-
CMOTpsl Ha MPOCTOTY TEOMETPUYECKUX (OpM, B JHUTEpaType OTCYT-
CTBYET IOJHBIE CTPOIME pEIIeHHs KapTUHBI MOJIeH BO Bceil obmactu
MIPOCTPAHCTBA BOKPYT MPOBOAHHKA. B HM3BECTHBIX pemIEHUSAX HET OT-
BETAa, KaK BBITJIIUT OTEHIIMAJ BOJIM3U HCTOUHMKA HA PACCTOSIHUSIX, CO-
IIOCTaBUMBIX C €T0 pa3MepaMu.

BBojs noHsTHE BEKTOp-TIOTeHNIMANa A YI€HBIE HAKJIaAbIBAIOT OTrpa-

HA4YeHUe (KaK 3aKIMHAHHUE), 9TO IS MOCTOSHHOTO TIOJIS divA=0n
JUTSI IEPEMEHHOTO ITOJIS divA = — %Z—‘f, Opnaxo, B ypaBHEHHUS IS BBI-
YHCJICHUS TOTEHIMANa 3TH TpeOOBaHNUs He 3a0KeHbl. [Ipr 3TOM BhIsiC-
HWJIOCH, YTO MPUHATOE aBTOPAMH MHOTHX KHHT 110 DJIEKTPOJHMHAMHKE
[2,c.348.], [8, c. 627], [1, c. 217, 438], [3, c. 279], [7, c. 220] nomymie-
HUE-TIPEATOIOKEHNE, YTO divA = 0 Ha MPaKTUKE JJIs1 MHOTHUX IIPOCTHIX
KOH(UTYypanuii MpOBOTHUKOB HE BHITOIHICTCSI.

Paccmotpum nozxpoOHee psij CiIydaes.

3.2.1. OTpe30ok mpsIMOro MpPoBoJa ¢ TOKOM
OTrMeTuM BHayaje HeKOTOPYIO HEKOPPEKTHOCTH ITOCTAHOBKHU 3TOI'O
Bompoca. TOKHM Bcerja 3aMKHYTHI M OTPE3KOB TOKa He ObiBaeT. OmHAKO
ounoits ['epua sBisgeTcs: XOpoUuM MpUOIKEHHEM K OTPE3Ky MPOBOJI-
HHUKa C TOKOM. HOI[ HeﬁCTBHeM CTOPOHHHUX CHJI MOXXHO 3aCTaBHUThH 3a-
PAABI IepeMeNIaTbcs B CTOPOHY ApYT Apyra. Yem OpIcTpee mepemeriie-

. . 0
HHUE 3aps0B, TEM CHIIbHEE JIEKTPUUECKU TOK. i(t) = q/ ¢~ Homob-

HBIE pelIeHus IpOBEJeHEI B [2, ¢. 341], [8, c. 649], [3, c. 263, 283].

CyMMHpOBaHNE BEKTOPHBIX MOTEHIIMAIOB OTPE3KOB TOKA COCTABIIS-
FOIUX 3aMKHYTBIA KOHTYp HO3BOJSIET ONPEACIUTh BEKTOPHBII MMOTEH-
[UaJ MPOBOIHUKA CIOKHOM 3aMKHYTOU (hOPMBI.

3.2.1.1. Haiinem BeKTOP-NOTEHIIHAJ OTPE3KAa MPOBO/AA ¢ TOKOM BO
BCEX TOYKAX OKPY’KaIOIIETo MPOCTpaHcTBa (puc. 12).

BriGepem mUIMHAPUYECKYIO CUCTEMY KOOPAUHAT.

Koopaunatel Toukn HabmoaeHus R, o, Z.
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i

Puc 12

BCKTOp TOKa B 3TOH CUCTEME MMEET TOJIbKO OAHY IMPOCKIHIO BAOJIb

ocu z. DieMeHT Toka & = dI = | df.TaKy}o e COCTaBISIOIIYIO OyaeT
MMETh 1 BEKTOP-TIOTEHIHAN A. A = ﬁ v 6::.

OnHako paauyc HHTETPUPOBAHHS — PACCTOSHHE OT TOYKU HaOII0/e-
HHUSI IO TOUKH PACIONOKEHUS 3JIEMEHTa ToKa R, CHauyasa, HailJieM, uc-
MOJIB3Ysl IEKapTOBBI KOOpAUHATHI. KOOpaMHATH TOUKH HAOIIOCHUS: X,

y, z. Koopaunats!l anemenTa Toka x;=0, yi=0, z;. Paguyc unrerpupona-
HHA R,=yJx—x)2+ (@ —y)?+(z—2z)?=
= /x2 +y2 + (z — 2;)?, yunThIBasA CBA3b JEKAPTOBBIX KOOPIMHAT C
LIMHIPHYECKAMU X = R cos @,y = R sin a, z, nonyunm x2 + y? = R?

Haxonum cymmapHOe IeliCTBHE BCEX 2JIEMEHTOB TOKA OTpE3Ka — M0~
TeHIHa A-.

U dz;
i), e LRJTZJZ e

M z7zi — M (2zE Z7zi
AZ—Marcsh = Hmu Az = ln< + ( ) +1>

41 R R

Tak kak Arshx = ln(x +Vx2 + 1) (—o < x < +4w)

31ech MpUMEHeHa 3aMeHa TTepEeMEHHBIX (z-z;)/R=u. dzi/R=-du.

W3BecTHO, UTO MHTETpa IS IPOBOAa OECKOHEUHOH JTHHBI PacXo-
JUTCSI, TO €CTh BEKTOPHBIM TIOTEHIMANl paBeH OeCKOHEYHOCTU
[1, c. 349]. MBI onpeneiauM BEKTOPHBIN MOTEHIMAT OTpe3Ka IMPOBOJ-
Huka muHow 1 (L).

[oxcrasmnsiem npenens! + /2.
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I z+1/2 z-1/2

A, = L= (arcsh—/ —arcsh —/) (3.17)
4 R R

Beipazum pa3mepsl B OTHOCUTENBHBIX €AMHULAX — B JJIMHAX IOJIO-

BHHBI OTpe3Ka, Hampumep, BicoTy — z/(I/2)=[]z, paccTossHHE O OCH

RI12)=x.

A= (arcsh 22/ _ oresh Zz/l_l)

4m 2R/l 2R/l
_ K Xz+1l Xz—1
Ay = pom (arcsh o arcsh o ) (3,18)

[Tony4yaem ypaBHEHUS OTIMYHBIE KaK OT A, = 4%_‘,. [2,c.378], Tak u
m’ocz InR [3, c. 284].

Ha rpadukax mpemcTaBieHbl IPUMEPHI pACTIPEACIICHAS BEKTOP-TI0-
TEHI[MaJIa B MPOCTPAHCTBE B (DYHKIIMU OT OTHOCHTEIBHBIX PACCTOSHUHN
OT IICHTpa MPOBOJHUKA B PaJMaIbHOM HAIIPABJICHUU U OT PACCTOSHUS
OT IIEHTpa IMPOBOJHHUKA BIOJb €TI0 OCH.

OTAZ = —

BekTOpHbIN NnoTeHUMan oTpe3ka npoBogHuka | (L) Ha
pacctosiHun 10% AnNuHbI NPOBOAHUKA

(9
(=}

2\

b\\

4
q

w
=)

N

©

N

BekTopHbIN noTeHuman A
[«=}

— | I

(=]

=

-4,0 -3,0 -2,0 -1,0 0,0 1,0 2,0 3,0 4,0

PaccTrosinne Baonb nposopa z/(1/2)

Puc. 13. I'paduk pacmpeneneHus MarHUTHOTO ITOTEHITHAIA OTpe3Ka
MIPOBOTHUKA TIPH TIEPEMEIIICHUH BIOIL OCH Ha PACCTOSIHUU OT OCH,
paBHOM 10% OT IIMHBI TPOBOJHUKA
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BekTOpHbIN noTeHuuan oTpe3ka nposoaa | (L)

7,0
6,0 4
L

< \
5 5,0
X —&— LlenTp oTpeska z=0
I
g 4.0 —s=— 1/2 nonyoTpeska
; ‘\ —a— B KoHUe oTpe3ka
% 3,0 —%— 1,5 nonyotpeska
8‘ —>— 2,0 nonyoTpeska
§ 2,0
@ ' W

1,0 3 S

0,0 T

0,1 1,0 10,0 100,0

PaccTosiHue ot ocn nposoga R/(1/2)

Puc. 14. I'paduku pactipeneneHus IOTEHIIHAIA OTPe3Ka MPOBOTHAKA
MIPOTHB €T0 CePEAHBI, M Ha paccTosiHIAX 0,5-2,0 ero JIMHb

3.2.1.2. Haiiném nuBepreHuMIo BeKTopa A, MoJly4eHHOr0 HaMHM st

OTpE3Ka IMpoBOJA. Or[epaTop AUBEPIreHINU B MUITMHAPUICCKUX KOOPAU-

.2 10 104q = 84,
Hatax: divA = . (r4,) + 2 T2,

, [lomyunm:

divA = 2z = KL O £0.  (3.19)

0z 4TR J(z+}i/2)2+1 J(z—£/2)2+1

He paBHa HyO. [Ipu OONBIIMX TIO cpaBHEHMIO C JAuHON oTpe3ka 1 (L)
3HaYeHHWIX Z n/wim R nuBeprennus Oynmet cTpeMuThes K Hymo. [Ipu
7z=0, TO ecTh Ha IJIOCKOCTH (X,y) IWBEpreHIus npu JroboMm R paBHa
HYJIIO.

VYpasuenue noreHnuana (3.18) MoxxHO 3amucarh Takke B chepuye-
CKUX KOOpJUHATAX.

Hampuwmep,

(arcsh (ctg@ + X—) — arcsh (ctg@ - ;)>

IcosO
Ap =227

1
RSin6 XRSinG@
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—ul sin8

Ag =——— h( 0 —)
0 yp <arcs ctg +XR <in0

1
~aresh (ctg0 ~— )
arcsh | ctg )(Rsin9>

B [2, c. 380] cocTapisromniyie TOro e MOTeHIIHAJIa 3aliCaHbl B cdhe-

__ Ccos@e kR C sin @e~JkR
PUYECKUX KOOpJAMHATAX HHaue Ap = - , Apg = -
Aa =0
Omneparop ,Z[I/IBepFeHLII/II/I B cq)epnqecmxlx KOOpIUHATAX:
divA = —— (RZAR) + - (smBAg) +— 94q
RZ R no ao Rsin6 da

Haiiném nuBepreHnuo BeKTOpa A, KOTOpasi 10 MPUHATHIM IPEATO-
JI0KEHUSIM JIOJKHA OBITh paBHA HYJIIO:

>  CcosB 0 ; Ce JkR C cos GeTkR
[ = —_ —JkR = — —_
divA PO (Re ) + a8 (sm 6) = = [1

jkR + 2] # 0. Ona He paBHa HYIIIO.

3.2.1.3. OmpenenuM 3Hau€HHE BEKTOPa MHAYKIHMH MATHHTHOIO
- -
noasi B = rotA. OnepaTtop poTopa B UWIMHAPHYECKUX KOOPAHHATAX:

Ohr _0As Lop f =104z _0da Lo £ _[_( )_6Ar]
T - - a

rot A =
Oty 0z or’ r da 0z

Bextop A uMeeT TOJIbKO OIHY Z COCTABIISIOILYI0, HE 3aBUCALLYIO OT
yraa a. [Ipumenss k (3.17) nomydmnm:

_ T 0A, _ M z+1/2 _ z-1/2
B =T0toA = ar  4nR (J(z+z/2)2+R2 J(z—z/z)2+R2> (3.20)

I/IJ'II/I B OTHOCUTCJBbHBIX CANHHUIIAX:
e 04z _ u Xz+1 xz—1
B =rotA=——=—( - ) 3.21
@ @ or  4nR \(rz+ D2+ (r)?  J(z-D2+(xr)? (3:21)

IIpu z=0 (B IWIOCKOCTH Xy ) MOJIydaeTCs:

M_I 1
@

B, = rot A = (3.22)

IIpu Manom 1o cpaBHEHMIO C JUIMHOW OTpe3Ka paccTossHuU R momy-
YaeM BBIpaKEHHE, COBIAAIONIEe C MHIYKLIUEH, MOTYyYEeHHOU C IpUMe-
HEHHUEM 3aKOHA MIOJTHOTO TOKaA.
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94
at’
Ecnu cratuueckux 3apsimoB Het [10, c. 61] u TOK mepeMeHHBIH, TO ¢
yuaérom (3.18) momyunm:

3.2.1.4. DaexTpuueckoe moje HAWIEM U3 E= —grade, —

£, — 04z _ n0i@®
Z7 3t am at

(arcsh 2z _ oresh XZ_I) (3.23)
XR XR

BekTop HampsKeHHOCTH AIIEKTPUYECKOTO OIS KaK M BEKTOP Mar-
HUTHOTO TIOTEHIINAaJIa HalpaBJIeH B0 OCH Z. PagnansHas cOCTaBIsIO-
11asi HAMPSHKCHHOCTHU AJIEKTPUIECKOTO T0JIs BO30YK/IaeMOro TOKOM Ha
JMOOBIX PACCTOSHUSAX OT OCH TOKAa OTCYTCTBYET. DTO SIBISIETCS CYIIIe-
CTBEHHBIM OTJIMYHEM OT ITOJIS JHUITOJS.

Kaxoe mose, mosie oTpeska TOKa WIH M0JIE JUIIOJS SIBISIETCS OCHOB-
HBbIM B JJAHHOU TOYKE MPOCTPAHCTRA (a MOJIs OTJIMYAIOTCS KOHPUTYpa-
et u (hazoit), 3aBHCUT OT MHTEHCUBHOCTH Ka)I0TO U3 HUX.

Tax MokeT OBbITH OIIpeIeICHa, HAlPUMEP, HAIPSYKSHHOCTh DJICKTPH-
YECKOTr0 TOJIsl BOKPYT MPOBOJA JIMHUM DJICKTPOIEepeay, MHypa TOKa
JIMHEHHO! MOJIHUU M OIEHEHa BO3MOXKHOCTh BO3HUKHOBEHHS KOJIbBIIE-
Boii «IllapoBoit» MoiaHuu [12].

B 3TOM npsMOM peLICHUU HE MPUXOIUTCS BBOAUTH U ONMPEACIATH
MMOCTOSTHHYIO UHTETPUPOBAHUS.

3.2.2. OTpe30ok MpoBOJia C 0ChIO, HE COBIAAAIOIIEH
€ OCbI0 KOOPAUHAT
[TycTb MpOBOAHMK HAXOAWTCS HA PACCTOSHUH 7 OT OcH z (pHc. 15).

- N
Emanr: W, ¥
r
) . R
/ C__—*-
Prc. 15
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B nmnuHapruecKux KOOpAUMHATaX KOOPAMHATHI TOUKH HAOIIOACHUS
x=Rcosa, y=Rsina, =z Todku 3NEMEHTOB IPOBOJHHKA: X; =
=rcos a;, y; = r sin a;, zi. Paauyc-BeKTop HHTETpUpOBaHus R, 3amu-
meM CHaydaia B JEKapTOBBIX KOOpIMHATAX. R, =

=J((x —x)? + (y — y)? + (z — 2;)%. Jlaniee BHIPa3B €TO B IHINH-
JPUYECKHUX KOOpAMHATAax, HaWgEM: R, =
=JR2+712+ (z—2)2 — 2Rr cos(a — a;). ObosmaunM « — a; =

= (. Ilony4nm moTeHHral
_ _¢ aZi
B~ an JR%2+(z—z)2+r2-2Rrcos B

_ M i
Bbrio B pasa. (3211) AZ = szi \/T—ZJZ
Unen (r? — 2Rr cos ) xapaKTepu3yeT CMellleHHe OTPe3Ka OT OCH Z.
WnTerpupoBanue 1o z; HA KOHEYHOH JUIMHE OTPe3Ka MOXKHO BBIMOJI-
HUTH aHAJIOTUYHO TPEBIAyIeMy. Tak MOKeT ObITh OIpe/IeNieH TOTEeH-
LM OTPe3Ka JBYXIIPOBOIHON JHMHNY (HAarIpuMmep, npu f,;=0 u fr=r).

3.2.2.1. BekTOpHBIl NOTEHOHAJ 0TPe3Ka TPYOKH € MPOAOJIbLHBIM
TOKOM.

Taxo# UCTOYHUK 1OJIsT 00pa3oBaH JIMOO IEMEHTAPHBIMU MTPOAOIIb-
HBIMH OTpPE3KaMU TOKOB, PACIOJIOKEHHBIMH Ha OKPYXHOCTH, JTHOO
KOJIBLIAMH C 3JIEMEHTaMH TOKOB, HaIllPaBJICHHBIMH BJI0JIb ocH (puc 15).

Jlis1 aneMeHTa 3J1eMEHTapHOI O KOJIbIla TOKA Ha TIOBEPXHOCTH LIMJIMH-

npa Bemaunna dl onpenemutcs dI=1/2zr¥rdfi=Idp/2x. A = £ Iy %.

Ecnu npousBecTn HHTETpUPOBAHNE 10 YTIY f, TO MOTYyYUTCS TOTEH-
LHaJ AJIEMEHTAPHOT0 KOJbLia C oNepeyHbIMU TOKamHu. IIpomyckas npo-
MEXYTOUHBIE BEIUMCIICHUS, HAUAEM:

ull ﬂ dxzdy
Ay = .
4m? \/(XR + 12 +y2+ (xz — Xzi)* — 4xg sin®y

OpHako Ha MyTH BTOPOr0 MHTETPHPOBAHUS BO3ZHUKAIOT 3HAUUTEIb-
Hble TpyAHOCTU. He ymaércs BbIpasUTh 3TOT MHTErpal B M3BECTHBIX

GbyHKIMAX.
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3.2.3. BekTOpHBIH NOTEHIHAJ KOJbLEBOI0 TOKA

Termeps Tok TeU€T 10 OKpYy>kHOCTH (pHcC. 16). IlombITKa HalTH BEKTOP-
HBII MOTEHIIMal KOJbIIEBOIO TOKa ciaenaHa B [3, ¢. 290], Ilorenuman
HalJIeH TOJBKO BAAIHM OT KOJBLA METOJOM aHAIOTHUH C MOTEHIHAIOM
anekTpocTaTuku. Heckomnpko noiHee mpuBeaeHo pemenye B [11, c. 303].

i

Ry,_Fw)
. ! ¥

=

Puc 16

BriGepem opTOTOHANBHYIO IMIIMHAPUIECKYIO CUCTEMY KOOpAHMHAT.

Tenepsb 371eMEHT HHTETPUPOBAHUS HE CKAJISIP, a BeKTOp dl, Bektrop Toka
B 9TOH CHUCTEME UMEET TOJBKO O/HY alb(pOBYIO NPOEKUHIO. Takylo ke
-

COCTaBJISIFOIIYIO JTOJDKEH HMETh M BEKTOp A.

Pagmyc nHTETpHpOBaHHUS — PAcCTOSHUE OT TOYKW HAOIMIOICHHS 10
TOYKH PACIIOJIOKEHHS SJIEMEHTAPHOTO TOKA 3alHIIeM CHavala B IeKap-
TOBBIX KOOpJHHATAX.

Koopaunater Touku HaOmOACHUS: X, y, z. KoopauHathel sreMeHTa
KOJIBITA: Xi, Vi, Zi. [IpOeKIIH pasHOCTH KOOpAWHAT: (X-Xi), (Y-Vi), (z-Zi).

Paccrosame R, = /((x — x)% + (¥ — ;)% + (z — z;)? Chs3b mu-
JIMHJIPUYECKUX KOOPAMHAT M JIeKapTOBBIX: X = Rcosa, y = Rsina,

zZ=2z.x;=rcosa;,y; =rsina;, Z;,

VR? cos? a — 2Rr cos a cos a; + 12 cos? a; + R? sin? @ — 2Rr sina sina; + r2 sin? a; + (z — z;)?R,

= \/Rz + 712 —2Rrcos(a — a;) + (z — z;)2. O0o3HaunM «a — a; = ﬁ, 6yI[CM

umets R, = /R2+12—2R rcosf + (z— z)?. Brpasum momxo-
R
PEHHOE BHIDAXXCHHE B OTHOCHTENBHBIX eMHALAX. O003HATMM; — = X,

z Zj
~ =Xz 7‘ = Xz; BBIHECEM 7 3a 3HAK paauKaia.

R,=rJxE+1+ (xz — xz:)* — 2xr cos B (3.24)
HpI/I Zi paBHOM 0 KOJIBIIO pacnonomeHo B IIJTIOCKOCTH X, y.
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Jnst pagyca HHTETPUPOBAHMUS ITOTYYNIIaCh KOMIIAKTHAS 3aIHCh.

Pannyc uHTErpUpOBaHUs MMEN TAKOW € BUJ NPU U3yUYEHHUH 3aps-
KEHHOTO Kouiblia. BKiiag sneMeHToB 3apsKeHHOTo KoJiblia B 0Opa3oBa-
HHE TOTEHIIMANIA 3aBHCEI OT OPUEHTALMH KOJIbIIa B IIPOCTPAHCTBE U HE
3aBHCEIl OT OPUEHTAIUH B IPOCTPAHCTBE DJIEMEHTOB WHTETPUPOBAHUSI.
B CO3JaHUM MOTCHIMAJIa TOKa JOIOJHUTCIIBHO BaXHa OPHUCHTALUWA
Ka)KJIOT0 AJIEMEHTa TOKa B TIPOCTPAHCTBE.

C yueToM yria ff, mpoeKIIuN OTpe3Ka AJIEMEHTa TOKa Ha HampasJie-
mus R’ u o’ 6ynyr dly = rdf sin B, dl, = rdf cos . Kax u panbie
MPOU3BE/IEM HHTETPUPOBAHUE O YTy f.

A =if I~rcosﬁ-dﬁ f cos B-dp f cosﬁ dﬁ
B R, BJXR+XZ+1 ZXRCOSB B Ja-bcos B bcos B

e a = (xi + 1+ x7). b = 2z,
CHayasna npeoOpa3yeM 3TOT UHTErpa:

2 ol cosB-df  ul J‘adﬂ—bcosﬂ-dﬂ—adﬁ_
“ 4nly Ja—bcosp —4m-b Ja—bcosp B

_ —ul J‘adﬂ—bcosﬁ-dﬂ_
4m-b Ja—bcosf

_IHa wlar  dp Ja—bcosp-
4m bf,/a bcos B 4n'bf1/a—bcosﬁ 4-1be a—bcos d‘B

OH cBEICA K IBYM WHTETPpaIaM, HATOMUHAIOIIAM 00 DJUTATI THIECKOM

dhopme.
Jlanee BOCMONb3yeMCs TPUTOHOMETPHUECKOH (hOPMyJIOii:
cos B = cos? E - sng =1 - 2sin? g [omy4um
ul a [?7 ap

“ " 4mb o Ja—b(l—2sin%p/2)

s
u B
- a—b+2bsin? - dﬁ
4mb
OTO NIUNTUYECKUE UHTETPalIbl, OJJHAKO, TIepel Sin ﬁ/2 CTOUT 3HaK
TLTIOC.
Cremaem 3amMeHy EpEMEHHBIX:
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z=v+3v=(G-5)dr=2av,

sin2£=l—0052§=1

—sin’ y
penenst f=0, y=-n/2; p=2r, f/2=n; w=u/2.
f cosﬁ g ul gf 2dy _
w8 Ja-bcosf  4mb ¥ Ja—b+2b(1-sin? P)
u wa\/ a+b— 2bsin? dip

BriHocst 3a 3HaK KOpHSI (@+b) , OTyduM:

A = u_](g f d _ 2va+b
@ 4w \bVath ¥ [1-KZ sinZ ¢ b

/2
WuTterpansl Tabnuubie. MaTerpar [ o /

fx,[) 1—k?sin?y dl/)) (3.25)
dx _
V1-k?sin? x
. (/2 )
3HauaroT K, BTOpoit fo V1 — k?sin® x - dx = E, ecTb IOJIHbIE JJUINII-
THYECKHE MHTETPaJIbI IEPBOTO U BTOPOTO POJA.

Hanee a+b=QF+1+x7+2xp) =g +1?*+x2), k*=
2b 4xr

=a+b_Q(R+1)2+)(§

2b
/ , TAKO# K€, KaK B MPEIBIIYIUX PEUICHUSX
a+b 2
(X R+1)2+x%

F, gacto 060-

(3.26)
JoiT (XR+1)2+x3

O603HAMM 2 Z+b = P © = kg npyroii MmHOXHUTEIL (3.27)

R
2a (x3+1+x3) _ (xRr1+x3) K
= = = k.
bva+b xR\/(qu+1+x§+2xR) XRJ(XR+1)2+X§
k(XR+1+Xz)
k 3.28
F — ZXR\/E ( )

OKoHUaTENbHO nonquM

ol /2 /2
Ay = E(kp fo \/W kEf V1 —k?sin? dl,b) 1701031
Aq = 2= (kpF — kgE) (3.29)
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Um A =u_1;i<(xz+1+xz)l;_ 1+ 1)+
a 2 '7()(R+1)2+)(§XR R A (( R )
+12) E) (3.30)

DOneMeHT Toka d/ mMeeT COCTaBISIONIYI0 BIONb pamuyca dlp =
= rdf sin 3. TIpoekuus BEKTOp-TMIOTEHIMAIA Ha HanpaBieHue R.

ul f sinf-df 0

2 2 -
BVXR+ X7 +1— 2)gcosp

Oto uHTerpan TabaumuHeiid. Ero 3HaueHne npu n3MeHeHuu B B mpe-
nenax ot 0 mo 2w pasHo 0. To ecTh paananbHas COCTaBIAIONIAS TOTCH-
yana, Kak ¥ mpeanoiaranock, pasta 0.

Ha pucynke 17 npeacraBiieHa KapTHHA TOJIS BEKTOPHOT'O MOTEHIIU-
aJila B INTOCKOCTH BUTKA. KOHTYpHBIMH CTpelKaMu 0003HAUEHO TOJIE 1M0-
TEHIMAJIa MEHbIIEH MHTeHCUBHOCTH. CHIIOBBIE JINHUU 311€Ch — OKPYXK-
HOCTH. B mpocTpaHCTBe 3KBHIIOTEHIIMATIBHBIC TTOBEPXHOCTH HAIIOMHU-
HaIOT TOPOMAAIbHbBIE HOBEPXHOCTH (OyONHK) HE KpyrOBOT'O CEUECHUSI.

R™ 4n

Puc. 17. BekTopHbIi NMOTEHIIMAN KOJIBLIEBOTO TOKA

Tak e BBINVIAAUT BEKTOPHBIA MOTEHIMAN CTEP)KHEBOTO MAarHWTA.
Buxpp BOKpYr MarHUTHOTO CTEPIKHSI.

B Teopun 3nekTpuiecKuX MaIldH TEPMUH «BPAIIAIOIIEecss MarHAT-
HOE MoJIe» J0XOKEH OBITh 3aMEHEH Ha TEPMMH «Bpallarolieecs Moje
MarHuTHOro norteHuuana». [Ipu sToM KapThHA, IpPEACTaBIEHHOTO Ha
PHUCYHKE IOTeHIIHaja, IIEPeMenIaThCs B OAHOM U3 HAIIPaBJIEHUH B IJIOC-
KOCTH pUCYHKA.

I'paduku npencTapisioT pacpeaeieHne BEKTOP-MIOTEHIMaNa B IPO-
CTpaHCTBE B (PYHKIIMU OT OTHOCUTENIBHBIX PACCTOSIHUN TOUKU HaOIr01e-
HUS OT OCH KOJIBLIA ¥ OT PACCTOSTHHS HaJ| INTIOCKOCTHIO KOJIBIIA.
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BeKkTOpHbIN NnoTeHUuan Ha BbicoTe z=0,2r

0,10

<
= 2,0
S
15 A
[}
e
= 1,0
0
8051
£
& 0,0 ! ; T
0,00 2,00 4,00 6,00 8,00 10,00
PaccoTtsiHue oT ocu R/r (nNuH wkana)
Puc. 18
BeKkTOpHbIN NoTeHUMan Ha BbicoTe z=0,2r
< 2,0
: H
©
S
z 1.5 -
()
=
o
- 1.0
=
4 / \
g 05
° b
% 0/0/ \‘\E‘
m 0,0 4

1,00 10,00

PaccTtosiHue ot ocu Rir (nor wkana)

Puc. 19
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MN3me pUTenbHbIN KOHTYP PaBHOIO C KONMbLIOM
anameTpa NpPUNOAHATLIN Ha z/r

3,5
3,0

*

<

c 2,5 \

S 50 LN\

I 2 \

I

g 15 N

2 1,0
) —¢
0,0 ‘ ‘

0,00 0,50 1,00 1,50

BbicoTa nogbema z/r (NUH wkana)

Puc. 20. I'paduku pactipeneneHuss BEKTOPHOTO MMOTEHITHATA
KOJIbIIa C TOKOM

[TorydeHHbIe pelieHns Nal0T KapTUHY MOJIeH HE3aBUCANIYIO OT ad-
COJIIOTHBIX T€OMETPHUYECKHX Pa3MEpPOB, a TOJIHKO OT OTHOCHUTEIHHBIX.
DTO 03HAYAET YTO, HAPUMED, IPH TOKe 5 A mosie OyAeT OTMHAKOBBIM
y KoubIia fuameTpoM 10 cM 1 Konbla quaMeTpoM 1 M, eciii MbI OyieM
U3MEPATH €ro Ha paccTosHuM 20 ¢cM ¥ 2 M COOTBETCTBEHHO. [Ipu 3TOM
MIPEATIONAraeTCs, 9YTO pa3Mephl CEUCHUS MPOBOIa 3HAYUTECIIEHO MEHBIIIE
paaunyca KoJblia.

3.2.3.1. Haiinem nuBepreHuMi0 BEKTOPA MATHUTHOIO TMOTEHIH-
ajia KoJblA.

Omneparop AUBEPreHINU B IUIMHIPUYECKAX KOOPIWHATAX UMEET
104, , 04,

.2 10
Bun: divA = ;a(rAr) Tt
TOJIBKO OJTHY alTb(hOBYIO COCTABISIONIYIO (3.29), He 3aBUCSAIIYIO OT yIiia
aJ'II)(I)a. To ecth JUBEPreHIUd MarHuTHOTO BEKTOP-IIOTCHI[MAaJIa KOJIbIIEe-
BOTO TOKa Oy/IeT paBHA HYJIFO HE3aBUCUMO OT BETMYUHBI U HATTPABICHUS
yIANEHHsSI OT KOJIBIIEBOTO TOKA.

. CaM BEKTOp MOTEHIIMAT UMEET
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3.2.3.2. BekTOp MarHuTHO#M UHAYKIUH — B.
OmpenenuM Tereph UHIAYKITUIO MATHUTHOTO TTOJIS B = rotA. OO0mmasa
(dopMa oreparopa poTopa B IWINHAPUIECKUX KOOPAUHATAX:
> 9Ag 04 > 1047 04 aAR

—94r _ 04z =194z 04a -1 _94r
rot,A = > aR,rottRA e az,rottZA [ (RA,)

IIpy HanM4KUK TONBKO OJHOM COCTABJISIFOLIEH BEKTOPHOTO IOTEHLIU-
ana A,, He3aBUCSAIIEH OT yria anbda OynemM nMeThb

Bp = rotR/T = —%,
By =rotzA =12 (RA)| = 2 [Ro=Ag + Ag] = 52 4+ 22

3.2.3.2.1. PaguanbHas cocTaBasomas — By, mepneHInKyIsIpHas
oCH Z.
IIpunsteie o0o3HaueHus z = y,r, 0z =rdy, R = yrr, OR =

= T@){R.

_ 2 0Aq _ - 0 _ M ( oF
Br =rotgd = ——= = ——— — (kgF — kgE) = - kg o +
ok OE ok .
+F £ —kp—— —E) PaccMOTpHM HOCIEI0BATENBHO YIEHbI 3TOM
oxz oxz Oxz
CYMMBL.

o oF
3.2.3.2.1.1. IlepBsIif 4neH cyMMBI ki W:BR]’ OIpeAeIIsIETCS. TPEeMsI
zZ

BXOJISIIIMMU TTapaMeTpaMHu:

K = (xa+1+x%) Fo (2 dy |2 = — 4R
F= s fO Ji-kZsinz’ © (xr+1)2+xE
Xr|(XR+1)?+x7

Amnanoruyno (pazgen 3.1.4.1.),
oF _ 8 (m/2 P _ La(kz)(

dxz 0xz’0 Ji-kZsinZy  2k? dxz

Becp niepBblIit 4ieH cyMMbl OyieT:

1-k?2

E(k) — F(k)).

aF _ Xz()(lz-‘,+1+)(%) F(l/) k) _

kp—=
d 3
X2 v (r+1D)?+x2)

]. U ¢ yuetom

71



JaexTponunamuka 2020 nocTMaKkcBe/UIOBCKAas

1 = 1 = (XR + 1)2 +X% (XR + 1)2 +XZ OKOHYATCJIIBHO
1-k2 1B (rp+D)2+xz-4xr  ((r-DPHX5
(xr+1) tX7

[IOJIy YUM

k a_F — _XZ(X}22+1+X%) [ 1 E _ 1 F]
Toxr [(er+1)?+x3) G0z G 1

3.2.3.2.1.2. Jlanee BTOpO# 4ieH CyMMEI: F %=BR2, rae
Z

(2+1+22) o (_(X§+1+x§)>

k, = _ _ 2
F ZR\/(ZR +1)2+)(§ Oxz XR\/m ((r+1)2+x3%)

okr _ xz(Xh+4xr+1+x3) F

0%z ((r+D?+12)°

oE
3.2.3.2.1.3. HaxoauM mpeArocieHAA YJIeH CYMMBL. Kg T—Bm,

| R+ 12425 /
rae kE = X—RZ’ E = foﬂ/z 1-k 2 sinzw,l)dv,l}.

E _ EIH/Z -sin?y  3(k?) ) d = 1 9(k? )fn/z —1+1- kzsmzwdl/).

2
1-k 2sin2y Oxz 2k? 0xz "0 Jl k 2sin2y
OE 1 9(k?)
Teneps HET CHHYCA B YUUCIUTENE U — = (E—-F).
Axz 22 0xz
a(k? —4xR2
OmnpeienyB MPOU3BOIHYIO (k%) _ XRZXZ__  OKOHYATENBHO I0-
O0xz ((rr+1)2+x2)

JTYIUM kEa—E =——2X ___(F-E),
X2 xr (R +13)

. . o dk
3.2.3.2.1.4. V1 mocneaHuit, 4eTBEPTHIA WIEH CYMMBIL: E #=BR4, rae
Z

2 2
’(XR+1) +X7 akE 1 2xz

kp = —————, ero npou3BoAHAsT ——— —_—
AR %z 2R [pranzans

ak "
a_E =——2%2 ___FB IByx nocnenaux E-E=0. Ocraérca F.
X2 xr |+ 12 +x7
Oke _ Xz p

kp 25 4
Foxz Oxz XR /U(R+1)2+X§

Tenepb cymmupyem unensl B , oTaensHo £ u F:
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B = M _kiz (—(x§+1+x§) (x&+1+x3) Fa
R 2mr? 2xpyxr \ (XR-1)2+x% (R+1?+x%
(xR +4xr+1+x%) )
=2 A 2L F—F
(()(R+1)2+X%)
ol 1 xz(_ (xR+1+x%)
Bp =i — 1 F+(XR_1)2+X%E) (3.31)

2T Gt 12423 AR

Ha 3naunrtensHOM ynmaneHun y>1 eauHUIEH MOXHO TpeHeOpedb, B
CKOOKax MojTyyaeTcs IPOCTO Pa3HOCTh ABYX JUIUNTHIECKUX MHTEIPAJIOB.

PagmnanbHas cocTtaBnAoWAas MarHUTHOIO
nons Ha BbicoTe 20% OT paguyca Konbua
5
s A
[}]
8 3
[ =
8 21
I
[
X5
©
= 0 A \4>\_
_10,00 0,50 1,00 1,60 2,00 2,50
PacctosiHue ot ocu R/r

Puc. 21

I'paduk pacnpeneneHusi TOpU3OHTAIBLHON COCTABISIOIIEH MarHHUT-
HOTO TIOJIS. Y Ke Ha PacCTOSHHU OT KOJIbI[a PABHOM paguycyR/r = 2,
panuanbHasi COCTABISIOIIAS MArHUTHOTO TIOJIE TNPAKTUYECKH PaBHO
HYJIIO.

Ha mmockoctr (z=0) pamnanpHas (TOpH30HTAIBHAS) COCTABIISIONIAS
WHIYKIAN Ha JTF000M PacCTOSHHHU OT IIEHTpa paBHA HYJIIO.

3.2.3.2.2. EcTb emié BTOpasi NpoeKuus poropa BekTopa A, BepTu-
KaJbHas, 3eTOBas1, Ooiee CI0XKHasl.
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rotZA =1 [:R (RA,) 6AR] B, rotZA == 6R (RAa)],
rot;A == [A +R 6A“]
B, =rot Z;I = o4, —% B OTHOCHTENBHBIX  CIMHHIAX
OR R

R=y,r,OR=roy,.
04, Aa_ ul

OR 2mr?

kpF k
( (kpF — kgE) + — — L)
OXR XR  XRr
_ M Okr OE _ 0kg | kpF _ kgE
B, = pw— (kF on + FaXR kg n EBXR + i XR) cTajo 6
YJICHOB CYMMBI.

BZ=

. dF
3.2.3.2.2.1. Hauném c kg a:Bz/, 3TOT YWIEH CYMMBI ONpEIeNsieTCs
R

TpeMsl BXOJAIIMMHU apaMeTpaMu:
(xk+1+x%) m/2____dy 2 4XR
kp=——==—F = = 5. Hud-

> fo \/_zi-z’k +1)%+
xr| QR+ D?+2% 1ok sin®y (r+1)*+¥z

¢depenuupyem unterpan F, Haitném
OF _ 93 (m/2 P _ lf”/z sin?y a(k?)
dxr  Oxr“0 \/w_ 0 (1-kZ2sin2 )3 Oxr
P2
f:/zw = k2 = kZ —EW, k) — F(y, k)] Haxomum mpo-
(1-k Z%sin2 1[1)3
H3BOTHYIO O(K?) _ f XRHZXRYVHNG=2XR-2HR _ g “XRFIVAG g
OXR (er+D?+23) ((er+D2+x3)
MOJKHO BBIHECTHU 32 3HAK MHTETpajla MU BECh MEPBBIH WIEH CYMMEBI Bz,
Oyner:

0y, nanee

a 1- 1
kF aXF 2 (Xz+ XR)(X2+ +X:) klz [1 — E(ll) k) F(lll k)] Ion-
K Ry ((XR+D2+23)
_ (rtD’+x%
1-k?  (xr—12+x7
+1- +1+ 1
(xz+1-xg) (xR xz) [ E(l/J k) _

ke o=
—-1)2 2
OXr 243 /(XR+1)2+XZ (r=D*+xz

1
e W k)]

CTaBJIsgA 3HaYEHMS K, HaliieM

74



le/lMele 1oJieil MOTeHINAJIOB U UX MPOU3BOJIHBIX noJieit

ak
3.2.3.2.2.2. Bropas cocraBnsiomas cymMmMmbl Bz= F # onpenens-
R

CTCA TCMU K€ COCTaBHBIMHU napaMeTpaMH.
Okp 1 2 2y XR(XR+1+x%)(xr+1)
F—= ((XR —1-xz) - F

W g Joamroreg (D2 +23)
(XR*+D2+x%
3.2.32.23. Temeps ky—— J—Z £

a
; e ¢ T T BT
— fgm dy. Awnanormyno  (3.2.3.2.1.3), :7E =
R
1 a(k?
=— (k) (E-F)
2k? GXR
a(k?) 4 axp2(xg+D) (k?) _
3ACCh oxr  (xrt1%+x% (()(R+1)2+X%)2 oxr
_ _0gt1-xk)
(Ur+D2+23)"

OF
Cokpamass nogoOHBIE — 4IEHBl, HOIy4YuM  Byzs. kEa=
R

% 23 Rt D443

. . dk ok
3.2.3.2.2.4. Yernéprhiii wien cymmbl E—=Bz. B HeM —= =
oxr oxr
2
— 2(xr+1) _\J(XR+1)2+XZ dkg _ _ —Xr—1-x%
24,2 xR > Oxr 2 2,42
2XR|(XRT1?+x7 Xr AR+ +x7
Okg _ (=xr-1-x%)
xR xgJORTD2+x%
Ko Bcem uetnipém nobasinsiercs Bzs u Bzs
kgF  KgE 2+1+x2 +1)2+x% 04, | A
FF _ Kg =(XR2 X%) F_(XRZ) XZkETeHepLBZ= @y da _
XR  XR 2XRVXR 2XRVXR oR, Ry

~E—24+LtFr-LE

= k —k
2nrz\"F OXr OXr E OXR OXr XR XR
_ ok [(g+i-xk) (XR+1+xZ) E— (xg+1-xk) (xR +1+xZ) Fi+
27 2nraxdJxr (rR—1)2+x% ((r+D%+x3)
2 2 2
2 2 _ 1— 2y (XR+1+XZ)(XR+XR) F — 2 _ 1— 2 F
+ <(XR X7) (Ger+ D2 +12) (& X7)F +

(2 —1—x2E 202+ xp+ DE+2(2 + 1+ x2OF —2((p + 1)* +
+x2)E]
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I'pynmupys 4iieHsl ¢ 3JUMNITHYECKUM HWHTerpaioM E, mpuBoas mo-
-(xE-1+x3)
(tr=1)2+x%

['pynmupyst 4ieHsl ¢ JUIMNTHYECKHM UHTerpaiioM F, mpuBoas mo-
no6HbIe unensl (32 mr.), Haiinem 23 F . Takoe mapagoKcaiabHOE COKpa-
[IeHUe YHCia MOJOOHBIX YIEHOB, BUIUMO, CBUAETEIHCTBYET O KaKUX-
TO 00MIMX cBo¥cTBaxX WM AU HepeHIIMPOBaHIS AILTUNITUIECCKUX HHTE-
TpaJIOB, MM HEKUX CBOMCTBAX BEKTOPHBIX (DYHKLIWH perraeMoi 3a/1auu.
OKOHYATEIIFHO UMEEM:

=M1 (p- Uil g (3.32)

B, =
—~1)2 2
2T |Qrr 0?43 (r=1*+2z

no6ubIe unens! (20 mrt.), Haiigem 23

BepTVIKaanaﬂ cocTaBlnsawwWasda MarHTHoro
nonda B NJTIOCKOCTU KOoJibLa z=0
30
m 20 Ia
2
2 10 -
8
I
E 0
£ opo 050 100/ 150 200 250
S .10 -
-20
PacctosiHue ot ocu Rir

Puc. 22
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BepTukanbHasa cocTaBnsilolWas MarHTHOro
nons Ha BbicoTe 20% paagunyca Konbua

5
4 e

E 3 %/'\

g :

X \

E o _

= 000 050 10 VLse/z.%o’/z.so
2

PacctosiHne ot ocu R/r

Puc. 23

I'paduku pacnpeneneHus: oceBoil (BEpTHKAIBHON) COCTABISIOIIEH
MarHUTHOTO TOJISl B TUNIOCKOCTH KOJIbIIA U B IUIOCKOCTH Ha BeicoTe 20%
oT 3HaueHus paauyca. [Tone B Ha 3Toi BpICOTE TOYTH PABHOMEPHOE, TO
€CTh CHUJIOBbIE JIMHHUHU J0JTO HE PACXOIATCS.

[Ipu moctpoeHnn GOJBIIETO YHCIHIA IUIOCKOCTEH MOXKHO MOIYYUThH
TOYHYIO JUarpaMMy HalpaBIe€HHOCTHU KaX 10 reOMeTpHYeCcKOi (hOpMbI
WCTOYHHKA TTOJIS B JTF000H TOYKe MPOCTPAaHCTBA.

3.2.3.3. IloTok BeKTOpa MArHUTHOI MHAYKIMM Yepe3 3a/laHHYIO
MOBEPXHOCTb MOXET OBITh HalAEéM O€3 BBHIYMCICHHS MO B KaKIOH
Touke npoctpaHcTsa. [To Teopeme CToKca 1OCTATOYHO 3HATH 3HAYCHUE
BEKTOpa MOTEHIIMala Ha KOHTYpe, Ha KOTOPBIi Oonupaercs 3Ta MoBepX-

= > > >
HOCTb. @ = fsBds = fs rotAds = §LAdl. Hampumep, motok BekTopa
MarHUTHOW WHIYKIUK 4Yepe3 KOJbII0, MOJHATOC HAJ[ MOBEPXHOCTHIO
KOHTYpa C TOKOM PaBeH:

D= u-;(rt) $(kpF — kgE) dl = #Z,(Tt) (kpF — kgE) - 217 = i -

r(kpF — kgE) - i(t) (3.33)
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Ecau Tox cunycounaneHblil i = I, Sin @ t, TO HAIPSDKEHUE MEXIY

BBIBOJIAMHU BUTKA OyJeT U = % =w-u-r-(kgF —kgE) - L,coswt,
yTo coorBercTBYeT U, = wMI,,. Iloxoxee pelmeHUEe NPUBEACHO B
[2, c. 359.].

Ilo cnpaBounuky: «Pacu€r muayktuBHOcTe» [13, c. 186]. M =
= irFL. To ects F, = 4m - (kgF — kgE). CpaBHeHnue 3Hauyenwmii Fi,

MIPUBEICHHBIX B TAOJIUIIE CIIPABOYHUKA U BRIYHCICHHBIX 110 HamIeh (op-
MyJie B IIAPOKOM JTUaIa30He M3MEHEHUU BEICOTHI BUTKa (6omee 10 pas)
COBIAJAET C TOUHOCTHIO £ 1%.

3.2.3.4. BeKkTopbl HANPSAKEHHOCTH JIEKTPUYECKOro moJjsi. Bek-

TOpP HAaNpSXKEHHOCTH JJIEKTPUYECKOro mojis Haaém wu3z: E =

aA’ = =
= —gradg — T Eq — Eypp-

-

94 .
Brenennoe aBTopoM 0003HAUCHHE pr E,.o , Ipencrapiser coboi

3akoH Dapanes B nuddepeHInaibpaon hopme.
Ecnu cratnyeckux 3apsgoB HET U TOK MTEPEMEHHBIH, TO

u di
3.2.3.5. B cepuuecknx xoopauHarax R =7rygp = Ry sin6, z =
RC D RL’ 4
=TrXz = RC(]) cos 6. XR = ﬁa Xz = ﬁ:

Ry =7x3 + 13

g R.:q:

F

Puc. 24.

[Ipu GonpIINX MO CPaBHEHUIO C pa3MepaMH KOJbIa PacCTOSHHAX
Xr > 1 TIaBHYIO POJIh UTPAET OTHOCHTEIHHOE YAAJIEHHE TOUYKH HAOFO-

JIEHUA OT KOJIBIIA. )(}2? + )(% = Rcd,/r.
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o ((Rcd,/r)z + 1)
=5 .
(chb/r) sin6 \/(Rcrﬁ/r) +1+ Z(chb/r) sin@

\/(chb/r)z +142(Ryy/7)sin06 \

F

a

- E
(R.p/7) sin6 /
4xXr 2 2 _ AXRr? _ 4Rr
[Mapamerp k¥ ——22— = k? npu >1 k2=24R 2
P P (r+1)2+x% P X RZ, RZ,
__4rsin@
Rl’d’

3.2.4. BekTOpHbBIii IOTEHIMAJ COJICHOM/IA U TOpa

CroskeHHBIE JPYT Ha APYTa «B CTOIKY» KOJIbIa 00pa3yIoT COJICHOMUI.
[Tone conenonna OyAeT paBHO UHTErPaTy OT CYMMBI ITOTEHITUAIOB KO-
nen. Ha 3ToM myTH BO3HHKAIOT CEpbE3HBIE MaTEeMaTHYECKHE TPY/IHO-
cti. BocrmonezyemMcsi TOTOBBIMH TPUOTMKEHHBIMA PEIISHUSIMH IO
uonlr?

2
OyKUuu BHE colieHouaa B = rotA = 0. «Mmax, macnumnoe none éHe
OueHb ONMUHHO20 COJIeHOUOA OelicmBUMENbHO PABHO HYIO, XOMS GeK-
MOPHBIL nomeHyuan Hyao He paseny [3, c. 285].

AHAJIOTHYHO, AJNEKTPUYECKOE TOJe BHYTPH 3apsbKEHHOU cdepuye-
CKO IOBEPXHOCTH PaBHO HYITO, XOTS AIEKTPUIESCKUN TOTSHITNAN HYJTIO
He paBeH (pasmen 3.1.2).

OdeHb JIMHHBINA COJICHOUI HE COBCEM peaibHas KOHCTPYKIus. Ta-
Kas )Ke KapTHHA MT0JIeH IMEeTCsl BOKPYT BIIOJIHE PEabHOM TOPOHUIaTh-
HOH KaTylIKU. BHE KaTyIIKX MarHUTHOE I10JI€ PABHO HYJIO, YTO JIETKO
MpOBEpsIeTCS MPUMEHEHUEM 3aKOHA TOJTHOT0 ToKa. OHAKO DIIEKTPH-
YeCcKOe T0JIe He PABHO HYJIIO, MHAYE B BUTKAX HAPYKHOU (BTOPHYHOMN)
00MOTKH TOPOUAATLHOTO TPaHC(HOpPMAaTOpa OTCYTCTBOBAIO OBI HAIIPSI-

KEHHe U = SﬁEdT

1 o
BCKTOPHOI'O IOTCHLMAJIA A= R_2 Ilome BCKTOpa MAaroHuTHOU UH-
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3.3. O0mme 3amevyaHus K pa3aeiry
NMpUMepbI NOTEHUHATOB

B tabnuiyy cBemeHbl pe3ynbTaThl BHIBOAOB (OpMYIT IJIsl OIpe/erie-
HUS TI0JIeH MOTCHIHAJIIOB U BEKTOPOB J3JICKTPUUYCCKOI'0O U MAarHuTHOI'O
TTOJICH JUTSI HCTOYHUKOB KOJBIICBOH (POPMBI.

Tabauna 3
Koapdpmment | Koadpdumment
OO6uit nepe nepen
KO3 umreHT SJUTUITHYECKUM | SJUTHITHYECCKAM
uHTerpaiom F uHTerpaiom E
OnekTpuye-
CKHi1 TIOTECH- q 1
U 3aps- > 1 0
JKEHHOTO el O + D 4 1
KOJIbLIa
PagnanpHas
man onee | i 1 ! Lo 1)
TPHUCCKOTO Ameor? (g + 12 + 12 Xr Xr e — 1% + 22
TTOJIst
AxcuanbHast
man onex | 5 1 i M
TPHUECKOTO 2m2eyr? VO + 12+ x2 e + D2+ 17 Gr — 12+ x5
ITOJIst
MarauTHEBIN
MOTEHIHAT ul 1 1, 2 —i(()(n +1)?
o > > —Qr+1+x2) XR
KOJIbLIa NOr+ 12+ x5 XRr +x2)
C TOKOM
Pagnanphas
COCTABJIAIO- o 1 Xz Xz QR +1+x3)
11ast MaTHUT- 217 \[(g + 1) + 42 AR Xr (r — D2+ x5
HOT'O ITOJISt
AxcunanbHas
COCTABJIAIO- o 1 | _(k-1+xD
Iasi MarHuT- 217 [Cp + 12 + 42 Gr— D2+ x5
HOT'O ITOJISt
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@DopMybl HOTEHIUAIOB U HOJEH UMEIOT OJUHAKOBYIO CTPYKTYPY:

1 o
1) BCC UMCKOT MHOXUTCIIb ——, KOTOpLII/I Ha paCCTOﬂHI/IﬂX 3Ha-
[(r+1)2+x3

YUTETHHO OONBIINX paguyca Koibla ygr >> 1, mpezacrasuseT coboit
MpocTO OOPaTHYIO BEIMYMHY PACCTOSHUS OT IIEHTPa KOJIbIA JI0 TOYKU
HaGmosieHus 1/ x5 + xz = R.g, 2) comepKar dIUIMITHYECKHE MHTE-
rpajibl HEPBOTO U BTOPOro poja ¢ mapameTpoM k’, OJMHAKOBBIM Ul
BCEX CKAJSIPOB M BEKTOPOB MMOJI. 3) Mepesn STUMU MHTErpalaMu CTOUT
OpUTHUHAIBHBIN MHOKUTEIH U3 OTHOCUTEIBLHBIX pazMepoB (Tabimra 3).

Jns yu€ta COOTHOLIIEHHUSI AJIMHBI BOJIHBI U pa3MEPOB UCTOYHUKA pe-
IeHUA JOJDKHBI ITPOU3BOJUTHCA C y‘iéTOM 3arra3ablBaHUs.

_ pp(t-rxp/c) e ko J(t-rxj/c) '
fp(x;y'Z. t) - f 4”50TXp dVP A(X.V;Z; t) - f 4_71-.er dV]
H3MeHeHne NoTeHIMAalIa B IIPOCTPAHCTBE (§ = rot/f, E=- grado)

Y/HJTY BO BpEMEHU EMH& = Z—? SIBJISIETCS CYThIO CYILIECTBOBAHUS JJIEKTPH-
YEeCKOTO M MAarHUTHOT'O ITOJICH.

B npexHel Teopuu noJisi UMEETCA HUYEM HE MOJKPEIIEHHOE MPe-
MOJIOKEHHE, YTO divA =0.B JNEHCTBUTEIBHOCTH TO MPEINOJIOKECHHE
JUTSL psila ICTOYHUKOB HE BBITOJHSAETCS

, 2 1 dop
Bonee Toro BeipaxkeHue divA = — 2 3¢ BJACTCS OZTHUM U3 OCHOB-
HBIX YpaBHEHUH JUIsI OTIMCAHUS MPOIECCOB PACTIPOCTPAHEHUS IIEKTPO-

MarduTHBIX H3MCHEHHH B CBO60,Z[HOM OPpOCTPAHCTBC.
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