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IIpeaucioBue 5

Ilamamu evloarouiezocsa aH2AUILCKO20
yuernozo /[xceiimca Knepka Maxceéenna
noceauiaemcs

Jokeiivc Kiepk
MaxkcseJut
1831-1879

MNMpenoucnoBue

B HacTosmIelt paboTe BIIEPBEIE 32 MHOTO JIeT CYIIECTBOBAHIS TeO-
PHH 37eKTpOMarHeTH3Ma IIpeIIPHHATA IOIBITKA OCO3HAHHUA (H3HUe-
CKOH CYIMHOCTH 3JIeKTPOMAIHHTHBIX BEJIMUMH H 3JIE€KTPOMAarHHTHBIX
SBIEHIM. OTO CTalo BO3MOXKHEIM JIMIG IOCTe Pa3paboTKH aBTOPOM
TeopHH 3¢Hpa — 3PHPOAHMHAMHKH HA OCHOBE IIPeJICTaBIeHI O CYIIe-
CTBOBAaHHH B IPHPOJie Ta30Mof00HOTO 3pHpa — GH3HUECKOH Ccpemsl,
3AIONHAFOLIEH BCce MHPOBOE IIPOCTPAHCTBO H SBJLAIOLUEHCSA CTPOHTENh-
HEIM MaTepHaJIoOM LI BCeX BHIOB BelllecTBa H (yHJaMeHTaTbHBIX CH-
JIOBBIX ITONEH B3aHMMOJEHCTBI, BKIFOYAS AEePHEIE, 3JIEKTPOMArHUTHEIE
H I'PaBUTALMOHHEIE.

Ha ocHoBe 3¢mpo rHaMHUecKIX ITpe/icTaBIeHHI B paboTe MOKa3a-
HAa HeIIOIIHOTa ypaBHeHHH MakcBella H pa3pelleHsl HEKOTOphIe HAKO-
IHBIIHECA B TEOPHH 3IIEKTPOMAarHeTH3Ma IIapa{OKCEL.

B paGote mpom3Be/ieH TIepeBO]] OCHOBHBIX 3MeKTPOMAarHHTHRIX Be-
JunH 13 cuereMsl e MKCA B cucteMy MKC H IIOKa3aHO, UTO
BCE INEeKTPOMAarHUTHbIE SIBIEHHA CBOJLATCI K MEXAHHUECKHM IIOHATIAM,
3TO ABILIETCS IPOAOIKEHHEM H PA3BHTHEM KHHETHUECKOH TEOpHH Ma-
TepHH, OCHOBAHHOH B HayKe JI.BOIBIIMaHOM H IPOJOIKEHHON I XK. I XK.
TomMcoHOM, a B Harel cTrpane — mpodeccopoM MI'Y A K. Tmmmpsze-
BBEIM H akajieMHkoM B.D.MHuTKeBHUEM.

Ha ocHoBe 3¢HpogHHaMITIeCKHX TTpeICTABIeHHI BIIePBEIE BBeJ[eHEI
H 5KCIEPHMEHTAIBHO IIOJTBEPAKIEHBl ABIEHIA IIPOJOJIBHOIO PacIpo-
CTPaHEeHHd BBICOKOYACTOTHBIX JNEKTPHUECKHX BOIH B IIOBEPXHOCTHOM
CII0€e TIONYIPOBOJIAINEH cpebl (MOPCKOH BOJBI), UTO MHOTHE TOJBI OFI-
JI0 IPH3HAHO IPHHIMIMAIBHO HEBO3MOXKHBIM, T.K. HE COOTBETCTBYET
ypaBHeHHSIM MaKcBellla, a Takke B3aHMOHH]TYKI[HS IIPOBOHHKOB (He
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KOHTYPOB), YTO CHITPANO CYIIECTBEHHYI0 POIb B ITOCTPOEHHH CHCTEM
HHGOPMAIMOHHEIX CBA3eH Ha IIOJBIKHBIX OOBEKTAX, 3aKpeIDICHHbBIX
I'OCToM H HCIONB3yeMBIX HBIHEe B aBHAIMH BCeTO MHpa. DQHPO IHHA-
MHYeCKHEe OCHOBEI HEKOTOPBIX APYTHX IIONOXKEHI Takke ObUIH IIpOBe-
PEHBI 3KCIIEPHMEHTAIBHO, YTO IIO3BOIMIO IIONYYHTh Pe3yIbTaThl, Cy-
IECTBEHHO OTIHYAOITHECS OT OOIIEITPHHATEIX.

IIpon3Be/ieHHEIE YTOUHEHH I TEOPHH JJIEKTPOMarHeTH3Ma HH B KOeM
CIyyae HeNb3d CUMTATh 3aBEPIIEHHBIMH XOTA OBI ITOTOMY, YTO NE0Oast
Hay4Hasi TeOpHI HHKOIJAa He MoOkeT OBITh 3aBeplleHa, HOO Bcerpa Oy-
IOyT HaxOIWThCS BCe HOBHIE OOCTOATENHCTBA, TPEOYIOIIe OCO3HAHN. B
OaHHOM CIy4yae IIONe3HO BCIOMHHTH paboTel Hukomsr Tecia, MHOTO-
UHCIIEHHEIE TTaTeHTEl KOTOPOro M3BECTHEI, HO, HECMOTPA HA TO, YTO MM
OBLTH cO3/1aHBI paboTaroIie 00pa3Ikl, TeOPHI HX He ObIIa IOBe/leHa JI0
Hay4yHOH OOIIEeCTBEHHOCTH, H B Pe3ylbTare 3TOTO 3a IIPOIIEIIHe CTO
JIeT OHH He OBUIM BOCIIPOM3BE/ICHEI HIIKEM.

ITo3TOMy TIPOBENIEHHYI0 aBTOPOM PaboTy IO YTOUHEHHIO TEOPHH
3JEeKTPOMAarHeTH3Ma HYXHO CUHMTaTh BCETO JIMIIb HAYaJIoM HOBOTO 3Ta-
Ila B Pa3sBHTHH 3TOH TE€OPHH, IIPHITIAllEHHEM HOBBIX aBTOPOB K Jallb-
HelIm ee pa3paboTKaM.

JlaGopaTopHEIe HCCIEeTOBAHNA, PE3yIbTAaTE KOTOPHIX H3JIOXKEHHl B
rmaBax 4 u 5, 6s1m Ha mpoTskeHrH 1970 —1985T. mpoBeeHsI B Ta60-
paroprn 91 ®mmana JIeTHO-HCCIeTOBATENHCKOTO HHCTHTYTA (¢ 1982r.
Toit Xe 1aGoparopueii Ne 34 HUU aBHAIMOHHOTO 0OOPYIOBAHUA) B T.
JKykoBckoM MockoBckoit obmacTH. HaTypHEIe HcclleZJOBaHHA IO TIPO-
ITOIIFBHOMY PacIPOCTPAHEHHIO 3NEeKTPHYECKHX BRICOKOUACTOTHEIX BOIH
OBLIH TIPOBEJIEHEI COTPYIHHKAMH 3Toi ke TabopaTtopuu ¢ 1964mo 1986
IT. C BBIE3/IOM CHAYana Ha ITpecHsIe BojoeMtl (KpaToBckoe 1 MeiBeXbe
o3epa H MockBa-peka B MOCKOBCKO# 00JIacTH), a 3aTeM C BEIE3/I0M Ha
YepHoe Mope: CeBactomoms — 61 mpmuan, deomocus — ToHKIL
Msic, I'enenmxuk — OyxTa, IIpmMopckoe — tmpc. Pe3ympTaTsl ITo-
CIIeTHIX paboT Ha YepHOM Mope OBUIM IIpeIbABIEHBI CIIEIHANBHO CO3-
marHOH Kommccrm BBC, uTo 3aHKCHPOBAHO COOTBETCTBYIOIIHMM AK-
TOM. MaTepHaibsl HCCIeOBAHMI HCIOIB30BAHEl IIPH IIPOBE/IEHIH pa-
6071, 3amaHubIX [ToctanoBnenmsaMu [IpapurensctBa CCCP, B KOTOPBIX
aBTOp ABILLICA OTBETCTBEHHBIM HCIIONHHTENEM, H 3aKpeIUIEHEl COOT-
BETCTBYIOIIMMH akTaMH MexBeToMcTBeHHEIX Kommccmit, ['ocymapcr-
BeHHbIMH cTaHAapTaMu ([OCTamu) H PyKOBOSIIHME TeXHIYECKIMH
MaTepHaJIaMH aBHAIHOHHON TeXHHKH.



BBegenne

BBeneHue

— Y10 TaKoe MIEKTPHIECTBO? — CIIPOCHII Ipodeccop.

— 51 3Ha11, HO 3a0bUT, — OTBETHII CTy/I€EHT.

— Kakoe HecdacTbe! — BOCKIHKHYJ npodeccop. — HHKTO B
MHpeE He 3HaeT, YTO TaKoe MIEKTPHIeCTBO. OJHH 1eJI0BEK 3HAJ, H TOT
3a6bu1! Korga BCIIOMHHTE, PAacCKasKHTe, MOXKATyHCTa, HaM, MbI TOXe
XOTHM 3TO 3HaTh!

Cmap vtil aHexdoom

(<3(1)HpHaﬂ TEOpHSL. .. AaeT HAAEXAY BbIICHHTDL, WO SIBJIIETCS
COOCTBEHHO Cy6CTpaTOM 3JIEKTPHIE€CKOI'0 ABHKECHHSI, WO CcOOGCTBEHHO

32 Bellb BbI3bIBAET CBOHMH JBHJKEHHSIMH YIEKTPHUECKHE SIBJIEHHS .
D.Breensc [1]

Kax H3BeCTHO, pa3BHIHE TEOPHH JJIEKTPOMATHETH3MA IIPOIIUIO 3Ta-
TIBL:

— CTIXHMITHOTO HaKOIUIEHH (PaKTOB;

— OIIBITHOTO HAKOIUIEHM (aKToB,

— TIOIIBITOK CO3JaHMA (H3HUYECKHX TeOpHI, OOBACHIIOLIX 3IeK-
TPOMArHeTH3M,;

— TIOTIBITOK CO3JaHHA (PH3HMUECKIX H MaTeMaTHUeCKHX TeOpHii, OIH-
CHIBAIOIIX 3JIEKTPOMATrHHTHEIE ABIEHII H ITO3BOJLIIOIIMX CO3/1aTh Me-
TOJHKH HX pacuera,

— 00001eHsI QH3MUeCKHX H MaTeMaTHYeCKHX TeOpHI 3IeKTpo-
Mar”HeTH3Ma M CO3/IAHIA eIHHOH MaTeMaTHUeCKOH TeOpHH;

— SKCIEPHMEHTAIBHBIX HCCIeJNOBAHMI, HMEIOIIHX I[eIBI0 IIPO-
BEepKYy H ITOATBEPAKJIECHHE II0NOKEHII 00IIel TeOpHH;

— BHEJIpEHH TTOIyUYEeHHbIX PE3YIBTATOB B IIHPOKYIO IIPAKTHKY.

Ha 6a3e MHOTOUNCIEHHBIX OIBITHBIX AAHHBIX OBUIH pazpaboTaHbI
MeTOJEI PacueToB, II03BOJHBIIIE TOYHO PACCUHTATh CIJIOBEIE M CIabo-
TOYHbBIE YCTPOMCTBA M arperarsl, JIHHUHM Ilepefayd H JJIeKTpPHYECKHe
merm. A B XX cromeTHH Ha 0a3ze MOTYUYEHHBIX K 3TOMYy BpeMeHH 3Ha-
HIl OBUTH CO3/aHBI BaXKHEWIIie OTPACIH COBPEeMEHHOH ITPOMBIINIEH-
HOCTH — 3NIeKTPOMAIINHOCTPOEHHE, PAIHOTEXHHKA H IeKTPOHHKA, 0e3
KOTOPHIX HEMBICIIMMO CYILECTBOBAHHE COBPEMEHHOIO YeEIOBEUECTBA.
[NTonoxeHIe O TOM, UTO «HET HHUeTo 6olee IIPHKIAJHOTO, UeM XOPOIIasd
TEOPHA», TIONMHOCTHI0 ce0s OIPaBIANI0O Ha IIPAKTHKE.

Vuenne 00 3NeKTpHUeCTBE H MarHeTH3Me HAIIUIO BOIDIOIIEHHE B
e/IMHON TeOpHH, IOMyUHBIIeH Ha3BaHIe 3MeKTPOJHHAMHKA H 00Be[IH-
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HSIOINEH  JJeKTpHYecKHe M MarHMTHBIE sBIeHHI. HH y Koro HeT co-
MHEHHI B TOM, UTO HMEHHO 3Ta 00JacTh HAyKH oOecIeurIa pa3BHTHE
MHOTHX oOJacTell IPHKIAJHON HAyKH H ITPOMBIIDIEHHOCTH. J[oCcTHXe-
HHA TEOPETHUECKOIO, a caMoe ITaBHOe, IIPHKIAHOTO IUIAaHA CTONb Be-
JIMUECTBEHHEI H HACTOIBKO OPTAaHHYHO CBA3AHEI C CaMOM TeopHeH 3JMeK-
TPOJHMHAMHKH, UTO IIPAKTHUECKH HHM Yy KOT'O He BO3HHMKAeT COMHEHHI B
BEPHOCTH BCeX ee IONOXeHMH. TaKme OCHOBOITONATAOIIHE Pa3zellbl
TeOopHH, Kak 3akoHKI OMa, Kupxroda, Ammepa, dapasied, ypaBHEHHI
MakcBemna, TeopeMa ['aycca H MHOTHe IpyTHe, IIOXYYHIH BCECTOPOH-
HIOIO TIPOBEPKY KH3HBIO H IT03TOMY 3acIyXIIH BceoOllee IIPH3HAHHE.
B cBa3u ¢ 5THM m0oOble COMHEHHA, CBS3aHHBIe ¢ KakuM-THOO (yH[a-
MEHTAIBHEIM TIOJOKEHHEM SIEKTPOHMHAMMKH, CIIEI[HAIICTAMH OTMe-
TaroTcA Jake Oe3 paccMOTpeHHI. Bce 3TH IONOKEHHI JaBHO IIPHOOpe-
JH CIIy JOTMAaroB, H caMma IIOCTaHOBKA BOIPOca 00 MX HEIIONHOTE BHI-
3BIBAET pa3[pakeHHe, ITOCKOIBKY B 3MEKTPOJHHAMHUKE, a OTCIOZA H B
3NEeKTPOTEXHHKE BCe ACHO.

TeM He MeHee, B TEOPETHUECKHX OCHOBAX 3NeKTpPOMAarHeTH3Ma Ha-
KOIIMIIOCH MHOXECTBO HENOCTAaTKOB, ITIABHBIM H3 KOTOPHIX ABIAETCA
TIONIHOe HETIOHHMaHHe (H3HUYECKOH CYITHOCTH 3NEeKTPHUYEcTBA H 3JeK-
TPOMATHHTHRIX SBIEHHI. ONeKTPHUeCKHH 3apsaf CUHTaeTcs Kak OBl
BPOX/IEHHBIM CBOMCTBOM 3apsUKEHHBIX YACTHII, 4 CaMH JJIeKTpPHUYECKHe
YaCTHIEI He MMEIOT HHKAKOH CTPYKTYPHI H HHKAKOI'O CTPOMTEIBEHOTO
MaTepHala, OHM Jake He HMEIOT YeTKOro pasMepa. He oIpeneneHa
TaKkxe B (H3MUecKasd CYITHOCTh 3MEeKTPHUYECKOTO H MarHHTHOTO IOJei.
TepMuH «@10e — OCOOBI BHJT MaTepHI» HHUETO He OOBACHIET H CBO-
ITHT BCETO JIHIIIh HEIIOHATHOE K HEH3BECTHOMY.

B TeopHH 3MeKTpoOMarHeTH3Ma HaKOIMIIOCH MHOXKECTBO ITApaJoOK-
COB, HaIIpHMep, SHePTeTHUYEeCKHH IapaloKC YACTHIL: ITOCKOIBKY OHH He
HMeIOT pasMepa, XOTA HMEIOT MarHHTHEII MOMEHT H 3apsJ, TO HX SHep-
THSA TOJDKHA ORITE OeCKOHEUHO OOJBIINOIH.

VMeroniecs Ha CeTOTHA TeOpeTHUYeCKHEe 3HAHHA B OOJACTH 3IeK-
TPOTEXHHKH ITO3BOJIUIM pPa3paboTaTs METObI PacueTOB 3NEKTPHUECKHX
H MarHHTHBIX YCTPOHCTB M CHCTEM, HCIIONB3YSI KOTOPHE Pa3paboTUHKH
CO3JAH BCe 3TH YCTPOHCTBA H CHCTEMEI, ITO-TIpeXHEMY He IIPeJICTaBIIAL
¢m3IUecKX OCHOB HX PaboTel. TeM He MeHee, OOIIMMpHAs IOJOXKH-
TelbHAs IPaKTHKA CO3/aja BIIeYaTlIeHIe O 3aKOHUEHHOCTH HayKH 3JIeK-
TPOMarHeTHsMa, 00 ee COBEpIINEHCTBE. OTO OCOOEHHO OTHOCHTCA K
YpaBHEHHSAM 3IeKTPOIHHAMHKH, pazpaboTaHHeM J[x.K.MakcBeriom
BO BTOpOH moJoBHHEe 1910 cTomeTHs [2]. DTH ypaBHEHHS OKa3alNCh
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CTOJb XOPOIIH H HA HX OCHOBE CO3JAHO TaK MHOTO BCETO, YTO Y 3JeK-
TPHKOB H PAJHOTEXHHKOB CIOXHIOCH MHEHHE 00 HX COBEPIIEHCIBE,
TIONHOTE M 3aKOHYEHHOCTH. OJHAKO cJelyeT 3aMeTHTh, YTO JIOOBIe
YPaBHEHIA OTPAXAOT TOIBKO MAITYI0 YacTh BCeX CBOMCTB MOJEIH JIFO-
0oro ABJIEHI, a caMa MOJlelb, JaBIIas KH3Hb YpaBHEHHIAM, TOXe OT-
pakaeT CBOMCTBA ABIEHHA YaCTHYHO, H HCKIFOUeHHH 3/techk HeT [3]. Ilo-
3TOMY H ypaBHeHHSI MakKcBella OTPaXaroT JIMING YacTh CBOMCTB TOM
MOJeTH, KOTOpyro MakcBel1 paspaboTal i 3MeKTpPHYeCKHX SBICHHI,
a eT0 YPABHEHIA OTPAXaroT JIMIIb YACTh CBOMCTB 3TOM MozelH. OTCroa
YIOYHEHHE YpaBHEHHH 3IeKTPOJHHAMHKH Ha 0a3e YTOUHEHHBIX MOJe-
Jef JOIKHO cTaTh OOBIUHBIM PaboulM JelIoM H He JOIDKHO BBI3HIBATh
OTTOpKeHHA [4].

Kak oOBACHHTH HauMe ITapajloKcoB B 3JleKTpoauHaMuKe? [Ipas-
Ila, He BCE CIEIHANHCTHL IIPH3HAIOT HX HaJDI4He, TI03TOMY HYXHO IIPH-
BOJIUTH TIPHMEPEI.

PaccMoTprM Takoi ciydait. /[Ba OMHHAKOBEIX 3apAa HAXOIITCI Ha
HEKOTOPOM PACCTOSHHH JIPYT OT Apyra. OHH HCIIBITHIBAIOT OTTAIKHBA-
HHe JpyT OT Jpyra Ilo 3aKkoHy KyioHa:

F :ququ
.
£, 4,

Ter[epL 3aCTaBHMM S5TH JABa 3ap}1)1a JABUTAThCA BMECTE, coxpamm I10-
CTOAHHBIM paccmﬂ}me Mexcuy HITMII. Tor):[a OHH CTAHOBATCA TOKaMH H
HCIIBITRIBAIOT l'[pI/IT}I)I(eI{I/Ie II0 3aKOHy AMnepa:

_ Hgqi,r _0q, . _0q,
F=-fdr g, i =2 i, =—2;
Vi¥s .4 ot ot

0

Ho BeIp OTHOCHTENBHO IPYT Apyra 3TH JBA 3apAla OCTAIHCh He-
TIOJBIKHEIMH, YTO JKe Telleph 3aCTaBHIO HX IPHTATHBATHCA? OTO He
BRIyMKa. ONeKTPOHHEIE Ty4yl B TpyOKe He Pa3OpackBAIOTCA, XOTI B
HHX IIePEMEIA0TCA OJIHAKOBO 3apsLKEHHBIE YACTHIIEL — 3JIEKTPOHEI, B
KaXJIOM CEUeHHH JIy4ya HEeIIOABHKHbIE OTHOCHTEIBHO IPYT Apyra.

PaccMoTpHM eliie oHH ciIyyart

Ecmm B mpoBoHIKe HMeeTcd 3.7.C., HaIpHMep, dIeKTpHuecKas 6a-
Tapesd, TO, II0Ka IIPOBOJHUK Pa30MKHYT H TOK B HEM He TedeT, Ha KOH-
IIax IIPOBOJIHHKA HMeeTCs HAPsKEHHE, PaBHOE 3TOH 3.1.C. ECIH KOHIIB
IIPOBOJHHKA COEIIHHUTH, TO B MOMEHT 3aMBIKAHH I[POBOJHHKA HA y4a-
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CTKe 3aMBIKaHHA B TIEPBBII MOMEHT HMeeTCs ITOHOe HalpsKeHHe, XOTA
3TOT y4acTOK He HMMeeT JUIMHEI. OTO 3HAYHT, UTO B MOMEHT 3aMbIKaHHI
B 3TOM MecTe HMeeTcCS HYJIeBOe COIPOTHBIEHHE H, CIIeJ[OBATENhHO,
IOJKEH OBITH BCIUIECK TOKA JIO OECKOHEUHO OOJBIIOro 3HadyeHHI. Ho
Bep To 3akoHaM Kupxroda Hiruero mofgo6GHOTO He MoXeT OBITH! UTo
e 3TO 3a Ipollecc, KaK ero OIMHcaTh, KaK OH BRITeKaeT H3 «yHIBEP-
CaIbHEIX, IPHTOTHBIX Ha BCe CIIyYaH KH3HI», ypaBHeHHIT MakcBemna?

IoMrmMo TTapafoKCOB, B 3NMeKTPOAHHAMHKE HMEIOTCS ellle H CIIyJaH,
KOT/la TeOpHs IpeJCKa3sIBaeT OIHO, a TPH JeTaThHBIX M TIIATeThHBIX
HM3MEePEHIIX MOMYYaroTCcs Pe3ylbTaThl, OTIHYAIOIIHECT OT TeOpeTHYe-
CKHX B HeCKOJbKO pa3. OKazanocs, HapHMe]P, UTO IIHPOKO HCIIONb3Yye-
MBI 3aKOH IIOJIHOTO TOKa

§ Hdl =i,

KOTOpLII\/‘I SABIAETCA CIEACTBHEM II€EPBOTO YPAaBHEHILI Maxcpea, HHKO-
T'Ta HE ITOABEprajici COMHEHIAM H IIO3TOMY HE ITPOBEPATICA IKCIIEPH-
MEHTAIbHO. BO BCAKOM ClIyda€, B JIMTepaType HE COOCPKHUTCA CBeJIeHIH
00 ero 3KC1'[epI/[M€HTaJIBHOﬁ IIPOBEPKE. IIocTaBIeHHEBIE XKe JKCIIEpHMEH-
TBHI HE IIOATBEPANIH CTPOTOIO0 COOTBETCTBHA BRIIOHEHIA 3TOTO 3aKOHA.
W3 3aKoHA BHITEKaeT, UTO YGLIBaI{I/Ie MAarHUTHOH HaITPpAKEHHOCTH H
JOJIKHO HOTH IIO I‘I/HTCPGOJH/I"{GCKOMY 3aKOHY:

H/H,=r,/r

T7ie I — paccTosgHHe OT IIeHTpa IIPOBOIHIKA C TOKOM. A Ha CaMOM Jielie
OKa3aJI0Ch, YTO TaKad 3aBHCHMOCTH CIIPaBe[IHMBA TONBKO I MAJIbIX
HaNpKEHHOCTEH MAarHUTHOTO IIONA. IIpH TOKaX, COCTaBILIIOLHX BCETO
JecATEe TOMH aMIlepa, HMEIOTCA CYIIeCTBEHHBIE OTKIOHEHHS OT 3TOTO
3aKOHA, H OHH TeM OOJIBIIE, YeM OOJIBIIE TOK.

Jx.K.MakcBelI ITOIMyYHI CBOH 3HAMEHHTLIE YPaBHEHHT JIEKTPO-
MarHHTHOTO IO B IepHof 1856-1862T., a BCI0 TeOPHIO 3IeKTPOoMar-
HETH3Ma H3TOXKWI B «Tpakrare 06 5IeKTPHUECTBE H MarHeTH3Me>», BEI-
IIIe TIIeM B cBeT B 1873r.

Ommpascek Ha 3TH ypaBHeHHA Hemernkmi ¢(m3mk ['eHpux [epr; B
1886—1889rr. sKcmepHMeHTATBFHO JOKa3al CYIeCTBOBAaHHE AIEKTPO-
MAarHHUTHBIX BOIH M HCCIIEJOBAI HX CBOMCTBA — OTpPaXkeHHe OT 3epKal,
TIpeJIOMIIEHTE B IIPH3Max M T. J.
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OJeKTpOMarHHTHEIE BOIHEI ['epI IOITyyal ¢ ITOMOIIBI0 H300peTeH-
HOTO MM BHOparopa. OTO ObUI MeJIHBIH CTepXKEHb C MeTaJUIIYeCKIMH
IIapaMH Ha KOHI[aX, B PasphlB KOTOPOTO (HMCKPOBOH ITPOMEXYTOK)
BKIIFOUANach KaTymika Pymkopda. HamMeHBIDIE H3 ITPHMEHSBIIHXCS
I'epriem BuOpaTOpoB HMeN IHHY 26 cM, B HeM BO30YyKJaICh Koleba-
HHA ¢ 4acTOTOH MOpsaKa 5.16 ', uro COOTBETCTBYET JTHHE BOJHEI 60
CM.

I'eprr IOATBEPIUT BBHIBOJBI MaKCBEIUIOBCKOH TEOPHH O TOM, YTO
CKOPOCTH PacIpOCTpaHeHII 3NeKTPOMArHHTHEIX BONH PaBHA CKOPOCTH
CBeTa, H YCTAaHOBHII TOX/[€CTBEHHOCTh OCHOBHBIX CBOMCTB 3JIeKTpOMar-
HHUTHEIX BOJH H CBETA.

PassuBasg Teopmro MakcBemna, I'epn mpupan ypaBHeHHIM Mak-
CBelUIa CHMMETPHUHYI0 (popMy, KOoTopas XOpOIIO OOHAapyXHMBaeT IIOJ-
HYI0 B3aHMO3aBHCHMOCTh MEXIY 3NEeKTPHUECKHMH H MarHUTHBIMH AB-
JICHILIMI.

Pa6otsl 'epnia 1Mo 3JeKTPOJHMHAMIKE CHITPAIH OTPOMHYI0 PONb B
Pa3BHTHH HayKH H TeXHHKH H OOYCIOBIIIN BO3HHKHOBEHHE OECIIPOBO-
JIOUHOH TenerpadHi, pagHoCcBI3H, TeJIeBHAEHN, PaJHOIOKAIIH 1 T. J.

ITocme omyOmmkoBanus paboT I'eprma B 1888 r. pycckmit $pH3HK
A.C.IlomoB, mpemofaBarend GH3HNKH H 3IeKTPOTEXHHKH MHHHOTO
odmiepckoro Kiracca M TexHmyeckoro yummmna B KpoHmiragre, B
DanbHeHIeM aHpekTop [IeTepOyprckoro 3i1eKTpOTeXHHIECKOTO HHCTH-
TyTa, cTall H3y4yaTh 3MeKTPOMAarHHTHEIE BOJHEI H co37al B Hauane 1885
roga «IIpubop mId OOHApyXEHHI H PETHCTPALHH 3IIEKTPOMArHHTHbIX
KoJneGaHmiD.

25 anpens (7 mas) 1895r. Ha 3aceqannn QHU3AUECKOTO OT/ETEHHST
Pycckoro ¢msmxo-xumMirgeckoro obirectsa IlerepOypra Ilomos cpeman
Hay4HEIH JOKIaJ 00 H300peTeHHOH MM CHCTeMe CBA3H 0e3 IIPOBOIOB H
TIPOIEMOHCTPHPORBAIN PaboTy cO3aHHOH MM amraparypel. B 1897r. oH
OOCTHT TANbHOCTH YCTOHUHMBOH CBA3H B 5 KM H IIpeIOKIII CIIOCO0 Iie-
JeHTaIMH paboraroinero mepegarurka. B 1900r. ammaparypa Ilomora
ObIIa HCIIONb30BaHA BO BpeMA paboT IO NHKBHIAIMH aBapHH OpOHe-
HocIa «I eHepal-aMHpan ANpaKCHH», a TakKe IIPH CHACEHHH PHIOa-
KOB, YHECEHHBIX B MOpe y ocTpoBa 'ormany. 31ech JaIbHOCTH Pajio-
CBA3H YK€ JocTHTIa 45 KM.

JambHelIas HCTOPHA Pa3sBHTHA PAJHOCBA3H XOPOIIO H3BECTHA, H
TIOBTOPATH ee HeT HeOOXOTHMOCTH.

OG6parraet Ha ce0sS BHHMaHIe TOT aKT, UTO MONTyUeHHbIe «Ha KOH-
UHKe Iepa» ypaBHEHII MakcBellla ITOyUYIlIH CHadaja II0ATBePK/ IeHHE

11
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HA CO3/IaHHBIX €ro ITOCIeoBaTelIMH (QI3HUYECKIX MakeTaX, a 3aTeM B
IHMPOKOM IIPOMBIIDIEHHOM BHe/IpeHHH. 1 3T0 co3gano y ImpoKoH Mac-
CHl 3NeKTPOTEXHHKOB M PAJHOTeXHHKOB, KaK YUEHBIX, TaK M IIPHKIA/I-
HIKOB, a TaKke y BceX, KTO, TaK HJIH HHaue, CTOJKHYICI C YPaBHEHILI-
Mu MakcBelna, BIedaTleHHe 00 HMX IIOJHOTE, COBEpIIEHCTBe H abco-
JEOTHOH 3aKOHYEHHOCTH. A 3TO-TO H HEBEPHO.

Hemrio20 unocoun

JIro60e (r3myeckoe ABIEHHE, H 371eCh IMEKTPOMAarHUTHEIE SBIEHILT
He SBILTIOTCSA HCKIFOYEHHEM, OONAfar0T OeCUMCIEHHBIM MHOKXECTBOM
CBOMCTB, KaX0e H3 KOTOPEIX MOXKHO HCCIEOBATh [0 MF0OOH ITyOHHHL,
H, B IIPHHIYIE, YTOOH MCCIeN0BaTh M000€e ABJEHIE BO BCEI ero Ioi-
HOTe, HEOOXOMMO OECKOHEUHO COBEPIIEHCTBOBATH METOJBI HCCIEO-
BaHHI H almIaparypy, ¢ KOTOPOH IPOBOAATCA HccienoBaHHd. [TomHoe
MaTreMaTH4ecKoe OIICaHHe NMI000To ABIEHHI JOIKHO COZepXkarh Oec-
UHCIIEHHOE MHOXKECTBO YpaBHEHIH, KaXkJoe H3 KOTOPHIX JOIKHO CO-
Iepxarh OeCUHCIeHHOe MHOXKECTBO WIEHOB. IIMEHHO II03TOMY ITPOH3-
BECTH HCCIeIOBaHHe IF000T0 ABIEHHI ITOTHOCTHI0 HEBO3MOXKHO, TaK Ke
KaK M COCTaBHTH IIOJHOE €r0 MaTeMaTHYecKoe OIMCaHme. Peusr MoxeT
HITH TOJNBKO O ITOCTEIIeHHOM HapalllMBaHHI 3HAHWI 00 HccleTyeMoM
SBIICHHH H TOJHKO B 3aBHCHMOCTH OT KOHKPETHOH OCTaBIEHHOMH ITeJH.

He cocTaBILIOT 3[eCh HCKIIOUEHHI H YPaBHEHILI 31eKTPOMAarHHT-
HOTO II0N, paspaboTaHHEle MakcBeIDIOM, H CaMH 3JeKTPOMarHHTHEIE
SIBIIEHUS, KOTOPbIe HEKOTOPHIE «yUeHBIE» OTHOCAT K «XOPOIIO H3y4eH-
HEIM». O TOM, UTO 3TO HA caMOM Jielle B 3IeKTPOMarHeTH3Me JIalleKo He
BCE HM3BECTHO, CBHJIETENbCTBYIOT paboTsl Huxomml Tecla, BRIAAOIIETO-
ci CcepOCKOTO YUEHOTO—3IIeKTPOTEXHHKA, IIPOJEMOHCTPHPOBABIIETO
MHOKECTBO 3IEeKTPHUECKHX SBICHHI, KOTOPHIE IO CHX IIOP, CIIyCTA CTO
H Oolee €T, HIKTO IIOBTOPHTE HE MOKET, XOTSI BCE €T0 IIaTeHTHl XOPO-
IIT0 H3BECTHEL.

Xotenmock Ok 0OpaTHTh BHEMAaHHe Ha TOT MPHCKOPOHBII (aKT, UTo,
XOTA II0 3MEKTPOTEXHUKE H PATHOTEXHNKE BHIITOIHEHO MHOKECTBO HC-
CIIeIOBAHHIL M HAIFICAHHI TOPHI KHHUT M Y4eOHHMKOB, TEOPHA JIIeKTpoMar-
HUTHBIX SBIIEHIH CO BpeMeH MakcBeiUIa He CHBHHYJAch HHM Ha IIAr.
Peur MoxeT HATH, pa3Be UTO, 00 OT/EIBHEIX MOMEHTAX B KOHKPETHEBIX
TIPIIOXKEHIIX, HO TeOPETHUECKHE OCHOBEI OCTAINCH HE3bI0IeMbIMH.

Maio Toro, IIF00bIe IOIBITKH KaK-TO IIPOJOILKHTH pa3paboTKy Ta-
KHX OCHOB HATAIKHBAIOTCA HA IIPOTHBOJEHCTBHE (PH3NKOB-TEOPETHKOB
H YUEHBIX-3NeKTPOTEXHIKOB, IIOCKOIBKY TaKHe HCCIeOBAHHI KaK OBl
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TOJIPEIBAIOT HX aBTOpPHTeT MakcBella H CaMIX 3THX YUYEHBIX, HIUETO
He CJIeJaBIMX LI Pa3sBHTHA (pyHIaMeHTaIbHEIX OCHOB 3JIeKTpOMarHe-
Tm3Ma. Co BpeMeHeM IIOIBITOK IIPOOIKHTh ()yHIaMeHTalbHbIe HC-
CIeJJOBAaHHA OCHOB 3JeKTPOMAarHeTH3Ma CTAHOBIUIOCH BCe MeEHBIIE, a
ceflyac Takue HCCIIeIOBAHHI H BOBCE IIPeKPATHIIHCE.

Mexy TeM, B TeOpPeTHUECKOH 3MeKTPOTeXHHIKe, a 3HAYHT, H B T€O-
peTHYecKOH paHOTeXHIKe JaJIeKo He Bce B IOPSJIKe, IIPHYEM, B CAMIX
ocHoBax. [IpuBeeM IpHMep.

Ecim B34Th OJIMHOYHEIH IIPOBOJ, H IIPOITYCTHTh Uepe3 Hero TOK I,
HEeBaXHO KaKOM, TO HaIPSKEHHOCTh MarHUTHOTO IO H BOKPYT HeTro
OIlpeJIeHTCA 3aKOHOM IIOJIHOTO TOKa M Oy/leT paBHa

_ i
H_an’ 1)

rine R — paccrosHme OT IeHTpa IPOBOJIA JI0 TOUKH, B KOTOPOH H3Meps-
eTcid HAPsDKEHHOCTh MAarHHTHOTO TOMA. HHKAaKoro OrpaHHyeHHs Ha
pacmpocTpaHeHHe MAarHHTHOTO TOJIS HET, a ero y/AeNbHAS SHEPTHs OIl-
penensercs BRIpaxKeHHEM

wepHooy b @
° 2 °8m?R?
ECJII/I Ter[epL paCC‘{I/ITaTB 3Hepm}0 MAarHHTHOTO IIOJIA, l'[pHXO)I}I-
yrocs Ha | =1 MeTp JIHHEI ITPOBOTHIKA

W—T I_|—2dV—°j 2/RIdR = ioj@—
Poﬂ°2 RO'UO87722 'u4n2R0R

'2
=ty InRF—ooI ®)

DT0 0OGCTOSATENHCTBO JABHO BCEM H3BECTHO, H OOBIUHO OTBET TAKOB:
BeJb TJIe-TO CYIIECTBYeT OOPATHERIN IPOBOJ, a TOTJAa OT O0OMX IPOBO-
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JOB TONSA CKIQBIBAFOTCS, M HHKAaKOH OecKOHEUHOCTH He OymeT OTo
BEPHO, OJTHAKO HE COBCEM.

He coBceM BepHO TTOTOMY, UTO Takke IPOBOJAa MOTYT OBITH pazHe-
CeHHI Ha MF060e paccTOSHIE PYT OT APYTa, a TOTAAa SHEPTHI MarHUTHO-
TO TIOJIA, MIPHXOJAIAscs Ha edununy (!) JUTHHBI IPOBOJIOB MOXKeET OBITH
ro6oH TIpH MoOOM 3HAaUeHHH TOK4, XOTh B OJHMH MHKpoamitep. Ilapa-
ToKc!

Taxkux IpUMepOB MOXKHO HaWTH He OJMH. bolee JeTambHO BCE 3TO
paccMoTpeHo B [1].

He noarBep:xgar0Tca Ha IIPAKTHKE COOTHOLIEHUA I OIIpe [elIeHIT
B3aUMOHHIYKIHH IIPAMOYTOIBHEIX KOHTYPOB, €CIIH HX Pa3Mephl OCTa-
TOYHO BeJHKH, XOTA OB I ITOIa e, H3MepsIeMbIX eTHHIIIAMI KBaJl-
PaTHBIX MeTPOB. 3/IeCh OTIHYMA OT PacueTHHIX OUeHh OOJBINHe. A IIO-
HATHSA B3aUMOHHIYKIHH 1P 060OHIUKO0E B COBPEMEHHOH 3IIeKTPOTEXHIKE
BOOOII[E HET.

BceM H3BECTHO, YTO 3MEKTPOMArHUTHbBIE BOJHEL II€PEMEIAr0TCS
noniepeuro. Ho BOT BO3HIKIIA HEOOXOIHMOCTh PeIIleHHI B 00IIeM BHJIE
3a/1aul 00 M3Ty4YeHHH JUIONA ['epIla ¢ cocpeOTOUeHHRIMH ITapaMeT-
paMH B IIOXYIIPOBOASAILEH cpefie. [ 0Ka3alock, UTO PELHTh 3Ty 3aauy
C TIOMOIIFI0 ypaBHeHHIT MakcBella HEBO3MOXHO. B IpHOTHXEHHOM
BHJIe, OTOpackBas MPOBOHUMOCTE Cpeflbl, — TIOXKaIyicTa, a B IIOTHOM
BHJE — HeT. [IpoBejeHHbIE e IKCIIEPHMEHTHI II0KA3IH HAIIMYIe IIPo-
JONBHOM COCTAaBILIIOINEH SIEeKTPOMAarHHTHOM BOJHEI, B KOTOPOH Ha-
IIpaBIeHNE 3NEKTPHUYECKOr0 BEKTOpa COBIAZAET C HAIIPABIEHHEM pac-
IIPOCTPaHEHH 3JIeKTPOMArHHTHOH BOIHEL. Maio Toro, IIpH IIPaBHIb-
HOM IOJI0OpE PACCTOSHIA MeXy H3IyJAOIIMI 3JIeKTPOJaMH OCHOB-
Has SHePrus paclipoCTpaHsAeTcsa HMEHHO BIOIb OCH JHIION, a He IIOIle-
pex Hero. J[uarpaMma H3Iy4eHHS HAIIOMHHAET SIUIMIIC, BBITSHYTHII B
HAllpaBJIEHHH OCH JIuIoNd. Ho 3TO HUKaK He BhITeKAeT M3 YpPaBHEHHUH
Maxkcaeia!

Bce 3T0 ABIIeTCA pe3yiIbTaroM TOTO, UTO 3MEKTPOTEXHHKA IIOIHO-
CTBI0 yTpaTHIA TIpeficTaBIeHHI O GH3MUecKOH CYIITHOCTH SBJIEHHI, 00
HX BHYTpeHHEM MeXaHH3Me. I[IONMHOCTRIO OIIPaBHANOCH 3aMeydaHHe
B.1.JIeHnHa 0 TOM, UTO Y H3HKOB «MaTepHA HCUe3Na, OCTATHCH OJTHH
ypaBHeHHA» [5].

ITopa, HaKOHeIl[, BCIOMHHTs O TOM, YTO MEI BOOOIIe He 3HAEM HH
YTO TaKOe JIEKTPHUECKOe H MarHUTHOE ITOJLA, HH YTO TaKOoe 3JIEeKTpHYe-
CKHI TOK, HI KaKOB MEXaHH3M BCeX 3JJIEKTPHUYECKHX H MArHUTHBIX SB-
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JIEHHH, KOTOphle MBI TaK IIHPOKO HCIIONB3YeM, COBEPIIEHHO He IIpefi-
CTaBIAA, UTO 3TO TAKOE.

J14 paga 31eKTpOMarHHTHEIX BeJHUIH Iaxke He IToo0paH (r3mue-
CKHi cMBICT. CKaxeM, CKaILIPHBII MTOTEHI[HAT — 3T0 paboTa, KOTOPYIO
HYXKHO COBEPILIMTb IIPH IlepeMeIleHHH €JHHHYHOIO 3IeKTPHYECKOTrOo
3apAna 3 66CKOHEUHOCTH B TOUKY, HAXOAIIYIOC ITOJ, THM ITOTEHIHA-
JOM. A YTO Takoe «BeKTOPHBII MOTEHI[HAI», H KaKOB ero (hH3MIecKHi
cMpIcH? KpoMe TOro, UTO OH JOIDKEH YIOBIETBOPATEH OIIpefeleHHOMY
MaTeMaTH4eCKOMY COOTHOIIEHHTO, O HeM BOOOIIe HHUETO He CKA3aHo.

@OpPMYIBL SIEKTPOAHHAMHUKH Ipellal «IAIbHONEHCTBHEM», T. €.
IeHCTBHEM Ha PACCTOSHHMH TaKOTO COpTa, YTO peabHBII (PH3MUeCKHit
IpoliecCc B HUX He IIpocMarpuBaeTcd. [IpocTeimmml ciaydyail — 3aKOH
®@apaged

oH
e=-§,—*

ot
CBSI3BIBAET H3MEHEHHEe HAIPSKEHHOCTH O0H, MarHUTHOTO IIOJ Ha IIO-
Iragu Sy KOHTypa (B ABIPKe) € TOH 3.71.C. e KOTOpasd BO3HHKAeT Ha ca-
MOM KOHTYype B IIPOBOJHIKAX KOHTypa. HHKaKoro mporecca, CBA3aHHO-
TO C B3aHNMOJIeHCTBHEM H3MEHIIONIET0CS OIS HeIIOCPeICTBEHHO C IIPO-
BOJHHKAMH KOHTYpa, 37ech HeT, a eCTh H3MeHeHHe HallpsSKeHHOCTH
IIOJI B OTHOM MecTe (B JBIPKe) H IIOABIEHHE 3.7.C. B TPYTOM MecTe —
Ha npoBoHuKax! KakoB ke MeXaHH3M IepeJaull cHTHana? 13 ¢popmy-
JEI 3TO He BEITeKAeT, XOTA IPAaBHIFHOCTh COOTHOIIEHHI ITOYTH He BEHI-
3bIBAaeT COMHEHMH. «II0UTH», IOTOMY UTO HMEIOTCA IKCIEPHMEHTAIb-
HBIe JJaHHEIe, KOTJa 3TO coBceM He Tak. Hampmmep, ¢opmyina dapages
He YUHTHIBaeT IIONA, JIeKalliie BHe H3MEPHTEeIbHOTO KOHTYpPa, a JKCIle-
PHMeEHT IIOKa3bIBaeT, YTO MX YYHTHIBATh HyXHO, HHaue IOTPENTHOCTH
CTAQHOBATCA Ype3BEMUAHHO OombImMH. HO 3TO 0GCTOATENHCTBO HHKAK
He BEITeKaeT HH U3 3akoHa ®apajies, HH M3 ypaBHeHHI Makcpena.

Bce oCHOBHEBIE SKCIIEpHMEHTAbHEIE OCHOBEI AJEKTPOTEXHHIKH CO3-
JaHbI B IIEPBOH MOJOBHHE 1910 CTONETHA, H B 3TO Ke BpPeMd CO3/IaHbI
OCHOBHBIE TEOPETHUYECKIE €€ OCHOBHL.

[TocmefHMM KPYITHBIM JOCTHXEHHEM TeOPeTHUEeCKOH 3IeKTpoTex-
HHKH, ee (QyHJaMeHTaIbHOH OCHOBOH SBIICA JBYXTOMHBII «Tpakrar
00 3MEKTPHUECTBE W MArHeTH3Me», HATHCAHHBIH BBITAFOIIHMCS aHTIIHH-
ckmM yueHbM J[.K.MakcBemnoM, Bemmemuntdi B ceeT B 1873r. B aToit
dyHmamenTamsHOM padoTe MakcBeIIT 0G00I pe3yIbTaTH TPYA0B 24-

15
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X CBOHX TIpejIecTBeHHHKOB (OcTporpajckoro, ['aycca, Amiepa, JleH-
na, I'pmma, Bebepa, Hefimana, Kupxroda, TomcoHa, ['empMromrna u
1p.), @ TAKXKe Pe3yIbTATHI COOCTBEHHBIX HC CIIe[OBAHHH.

OT0 0060011IeHIe BEITHIOCH, B YaCTHOCTH, B CHCTEMY ypaBHEHHH, U3
KOTOPBIX, KaK YAacTHBIE CIIy4YaH, BEITEKAIH 3aKOHEI, OIICHIBAIOIIIE OT-
JeIbHbIE SIeKTPHYECKIE STBICHIH.

HyXHO OTMeTHTh, UTO CBOH 3HAMEHHTHIe ypaBHeHHI (Bcero 20
ypaBHeHWiT), BKouarorue 20 mepeMeHHBIX BEMUHH, MaKCBeIT H3I0-
KIWI B paboTe <«JIMHAMHYecKasd TeOpPHI 3IMeKTPOMATHHTHOTO ITOILI»
(1864), yemy IIpeUIIECTBOBAT PSAJ €T0 ke PaboT, OOBETHHEHHBIX IO
HazpaHHeM «O (apafieeBEIX CIJIOBHIX JITHIIX», BHIIIE/IIHX B CBET B
1856r., 1 «O (HU3MUeCKHX CHIOBHIX THHHIX», BEOIEMIMX B 1862T.
CoracHO H3IOXEeHHOMY B COBPEMEHHEIX yUeOHHKaX, MaKCBeIl IKOGHI
<«TIOCTYJIHPOBAI» CBOH YPAaBHEHH, HA CaMOM 3Ke JieJle CBOH YPaBHEHHA
MakcBeNII CTPOro BEIBeN Ha OCHOBAHHH MOJENH ABIUKYINErocst 3¢mHpa,
B KOTOPOM BO3HHKAIOT BHXpeBhIe TPYOKH («dapajieeBsl TPyOKH»), HC-
IOJB3YSL LA 3TOTO TPYABL ['eNbMToIbla O BHXPEBOM JABIDKEHHH HIe-
QIBHOM XHUIKOCTH, T.€. JKHIKOCTH He BA3KOH M He CXMMaeMoi. IIpHim-
caB 3¢QHpy CBOICTBa HAEATFHOH XHAKOCTH, TPHMEHHB TeOPEMEI
IepMronsIa 0 TOM, UTO B HAECAIBHON KHIKOCTH BUXPH He BO3HHKAIOT
H He YHHUYTOXAKTCA, a TOIBKO IIePeMEIArTCA, H, YKa3aB, UTO IHPKY-
JUA BHXPSA BIOIL €I0 OCH IIOCTOSHHA, MaKCBeII CBA3al Bce IIapa-
METpHL JIBIKYINEHCA KHIKOCTH H IIONYYII YPaBHEHHI 3IIEKTPOJHHA-
MHKH.

VIMeHHO MOJENBHE, T.€. JHHAMHYECKHI ITOIXOM H CTPOTHIl THJ-
poHaMITUecKHit BRIBOJ OOecIeurl ypaBHeHISIM Makcpellla MakKCH-
MallbHO BO3MOXHO€ [UJI1 TOTO BPEMEHH COOTBETCTBHE IIONYyUEHHBIX
YPaBHEHMIH PeallbHbIM 3IEKTPOMArHUTHRIM ABIEHIAM. O TOM, HACKOJb-
KO XOPOIIIO H JIOGPOCOBECTHO 3TO OBUIO CJeNaHo, CYJHTh HaM, TIOTOM-
KaM, TOJB3YIOIIMCS pe3yabTaTaMH MaKCBeIUIOBCKHX PaboT yxke Golee
cTa JIeT.

C Tex mop mpoIrro 6olee cTa TPHIATH JeT. 3a 3T0 BpeMsd Ha OCHO-
Be JOCTIKeHIH 19T0 Beka H MaKCBEJITOBCKOI TeOPHH CO3/aHEI I[eTkIe
OTPAcIH IIPOMBIIUIEHHOCTH BO MHOTHX CTPaHaX, 3TO HEPreTHKA, JNeK-
TPOTEXHUKA, PAJAHOTEXHHUKA H 3NEeKTPOHHKA, KOTOPHIE IIPOHIKIH BO BCE
OTPAacIH HAayKH, TeXHHKH, TPAHCIIOPTa, CBI3H H OBITa. CO3JaHbl MHOTHE
THICSIYN HAUMEHOBAHUII H3[ENHH, HCIIONB3VIOIIINX 3IEeKTPOMAarHHTHbIE
SIBIIEHS, H CETOHI HeT HHKOTO, KTO YCOMHIUICS OBI B CIIPaBe [THBOCTH
IIOMYYEHHBIX HAYYHBIX H TEXHHYECKHX Pe3ylIbTaToB. OTO CO3JAAI0
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IIpeACTaBIEeHNA He TONBKO O HEIOTPENIMMOCTH HANIEHHBIX 3aKOHOB
3NeKTPOTEXHHKH, HO H 00 HX a0comoTHOCTH. Ho 3T0 mocieHee HeBep-
HO

IIpr BceM BeMMUHMH BBIOIONMHEHHOH MakcBellToM paboOTH HeNb3s
3a0BIBaTh, YTO OHA, KaK H BcAKad padoTa, eCcTh He OKOHYarelbHad, a
TOJKO ITPHOIDUKEHHAA MCTHHA, B II03TOMY B Hell MOTYT OBITh OTCTVII-
JIEHHA OT pealbHOM KapTHHEI ABJIEHII, KOTOPhIe MHOTOKPATHO CIOXKHEe
TEOOBIX Mojielneii. I1, cieoBaTellbHO, TakHe OTCTYILIECHHA HYKHO IIOHC-
KaTb M OIPEeJeIHTh, He II0pa JIM IIOHTH B 3TOM BOIIpoce Jaibile Mak-
CBeIlIA.

U B camoM pele, IIpH OIOKaiIeM pacCMOTPEHHH BBIBOJIOB YpaB-
HEHMI{ JNEeKTPOJAHHAMUKH TaKHe OTCTYIUIEHHSI OT PealnbHOM IeHCTBH-
TeIIbHOCTH HeCJIOKXHO OOHAPYKHTb.

IIpexne Bcero, 3¢Hp IIPHHAMAICA 34 HIEAIbHYI0 KHAKOCTD, T. €.
KHJIKOCTh He BA3KYIO H He CKIMAaeMyI0. A TaKHX KHIKOCTeH B IIPHPO-
Iie He ORIBAEeT, BCe OHHM B KaKOH-TO Mepe BA3KHE H B KaKOH-TO CTEIIEHH
CKHMaeMble. A eclH 3¢Hp 3T0 BoOOIIe He KHAKOCTH, a a3, YTo IpeJ-
ToJIaralli MHOTHE HCCIeJOBarellll, TO CTelleHb CXKaTHA 3¢Hpa MOXKET
OKa3aThCI OYEHb BEICOKOH, XOTA BI3KOCTh MOXKeT OBITh H OTHOCHTEILHO
HeOOoIBIIoH. 13 3T0M IOITPaBKH BEHITEKAET OUeHbh MHOTOE.

B BA3KOH M CXHMaeMOH XHIKOCTH, B OTIIIUHE OT KHIKOCTH HJe-
aIbHOH, BHXPH MOTYT OOpa3oBRIBAThCA M YHHYTOXKAThCA, TeM Oollee,
€CIIM YUMTBEIBATh ITOTOKH XHAKOCTH BJOIE OCH BHXpA. M 3TO 3HAUMT,
YTO Ha IIEPeXOJHOM IIpoIlecce, B MOMEHT OOpa3oBaHILA, IHPKYILAILI
BJIOIIb OCH BHXpA He OyZeT IIOCTOAHHA. A 3TO 3HAUHT, YTO B OIDDKHEH
30HE JIFOOBIX 3NEKTPONOB IOJLKHBI CYIIECTBOBAThH IIPOJONBHEIE, a HE
TIOTIEPEYUHbIe BOJHEI, UTO H OBDIO OOHAPYXEHO IIPH IIOCTAaHOBKE COOT-
BETCTBYIOIIHX SKCIIEPHMEHTOB H YTO BOBCE He TPEYCMOTPEHO YpaBHe-
HHAMH MakcBeina.

Eme o6 omHoM. IIpm Bceil cBoel KaxyImelcs MOMHOTe YpaBHEHII
MakcBelna He OTpaXaroT PasBHIMA IIpollecca B KaXJOH TOUKe IIPo-
CTPAHCTBA, TaK KaK 3TH YPaBHEHHI OTPaKaroT JABIAKEHHE 3(Hpa TOIBKO
B IDIOCKOCTH. [ TOro UTOOBI NMOJOOHEIE YpaBHEHHA OTpaXalH IIPO-
IleccH B 006eMe, B OKPECTHOCTAX Kk oI TOUKH IIPOCTPaHCTBA, HYXHO,
YTOOH PacCMaTPHBAINCH PA3IHUIA B YCIOBHAX BHXpPeoOpa3OBaHHI B
IBYX IApaUIebHEIX IDIOCKOCTAX, T. €. OIIICHIBATh YPaBHEHMSAMH IIPO-
IIECCHI, IIPOMCXO/IAIINE BIONb OCEH BHXpPEH, a 3Toro y MakcBellia HeT.

HukaxkHX HaMeKOB Ha BO3MOXHOCTh CXKaTHA 3IEKTPHUECKOTO H
MAarHHTHOTO II0NeH y MakcBellIa ToXe HeT, a B C:KHMaeMOM 3(Hpe 3TO
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00s13aTeTIFHO JOJKHO OBITh, YTO H OBUIO BBIABIIEHO IIPH aHAIH3e pe-
3yJIbTAaTOB H3MEPEHHI B CIIEI[HAIbHO II0CTABJIEHHOM HCCIEJOBaHHH 3a-
KOHA ITOJIHOTO TOKAa.

U Tak gaiee.

VYpaBHeHIs MakcBelia He OTpaxkaroT H3MUECKOTO IIpoIfecca IIPH
IlepeceYeHHH PacIpOCTPAHIIOIIHNMCA MATHUTHBIM II0JIEM IIPOBOJHIKOB.
Ho mpyroit 3aKk0H — 3aKOH 3MEeKTPOMAarHUTHON HHIYKIHH, T. €. 3aKOH
HaBeJleHHA 3.J.C. Ha IIPOBOJHUK IIPH IIEpeCEUeHII UM HEIIOABIKHOIO
MAarHHTHOTO ITOII

e=Bvl
OTpaxkaeT 3TOT IpoIlecc, TaK Kak B HeM (HTYPHpPYeT CKOPOCTh V Iiepe-
CeueHHs IPOBOJHHUKOM, MMEIOIIHM JIHHY |, MAarHHTHOTO TIONA C HH-
oykipeit B. U, caeoBaTelbHO, 3TO €CTh 3aKOH OMIM3KOAEHCTBHA, B KO-
TOPOM IIPOTJLABRIBAETCS CYTh IIPOIEcca.

B 3axone xe dapajes Takad cyTh He I[POCMAaTpPHBaeTCs, a 3TO 3Ha-
UHT, YTO Ha caMOM JieJle Ifpoliecc IIpoTeKaeT Kak-To HHaye. J[efCTBH-
TEJbHO, B PeAIbHBIX IIPolieccax HIKAKOIO M3MEHEHHs HaIpSKeHHOCTH
MAarHUTHOTO II0JIA BAOJb OCH He I[POHCXO/IHT, a I[POHCXOIHUT H3MEHEHHE
KOHIIEHTPAI[IMH CHIIOBBIX MArHHTHBIX JIIMHHH B IDIOLNAJH KOHTYpa 3a
CUeT IIPHXOoJa X TyJa He B IIPOJOIBHOM, a B IIOIIEPEUHOM HalrpaBlie-
HHH. B Iporecce 5TOro IBHXKEHHSI H IIPOHCXOTUT IlepecedyeHHe HMH
IIPOBOJHHMKOB PaMKH. A TOTJa 3TOT IIPOLECC OIMCHIBAETCA HHAUe, XOTA
B YacTHOM ciy4yae GopMyJHl JamyT ONI3KHe pe3ynbTarel. IIpaBga, B
IPYTHX CIy4asx Pe3ylbTaTbl MOTYT CHIBHO PAacXOIHTIbCI, H B 3THX
CITyyasx 3KCIIEPHMEHTH MTOATBEPKJA0T He MaKCBeIUIOBCKHEe H dapae-
€BCKHE 3aBHCHMOCTH, a 3aBHCHMOCTH, BHIBEJIEHHBIE H3 YCIOBHA HEIIO-
CPEeACTBEHHOI'O B3aHMMOJEHCTBHA H3MEHSIOIIETOCA MarHUTHOTO ITOJIA C
IIPOBOJTHHKOM.

U3 Bcero cka3aHHOIO clIeAyeT TO, YTO ypaBHeHHI MakcBeluia gaie-
KO He IIONHOCTBHI0 OIMCHIBAIOT CYILITHOCTH 3IEKTPOMArHUTHOIO IIPOI[EC-
ca. OHH oImMparoTcd Ha BechMa IPHOIIIKEHHYI0 MOJIENh 3JIeKTpoMar-
HHTHBIX ABJIEHHH H, COOTBETCTBEHHO, BeChMa IPHOIMKEHHO HX OTpa-
XaroT. Bce, 4TO He 3a10:K€HO B MOJIEIH, He IIOIIAlI0 H B ypaBHeHHA. [lo-
IIEPEeYHOCTDh 3NEKTPOMATrHHUTHHIX BONH 3al0K€HA B MOJENH, OTTyJa Iie-
pelilia B ypaBHEHHH, H, €CTECTBEHHO, PEILeHHEe 3THX YPaBHEHMI JaeT
IIOIlepeYHbIe BONHBL. A IIPOJOJbHEIE BONHBL He 3aKIAABIBAMCH B MO-
JleTb, OTKYy/Ia ’Ke WM B3AThCA B YpaBHeHIAX? IX TaM H HeT, HO BOBCe He
II0TOMY, UTO TaKHX BOJIH He CYIIECTBYeT B IIPHPOJIE.
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KoHmemmsa JambHOMEHCTBHA, OTCYICTBHE MeXaHH3Ma IlepelayH
B3aHMOJIEHCTBHII B IIPOCTPAHCTBe, KOTJa TaKHe B3aHMOJEHCTBHI pe-
QIHHO IIPOHCXOJAT, HEOJTHOKPATHO KPHTHKOBAIICH PA3NTHUHBIMH y4e-
HEIMH. B 3ToM HanpaieHnn B 20 u 30-e TO/BI B HaIlleH cTpaHe Ipo-
npm GOINbIIe JAUCKYCCHH. YUeHble-IPHKIATHIKH BCeT/la HacTaMBalH
Ha TOM, YTO JOJIKEH CYIIeCTBOBATh MeXaHH3M Ilepe/iaul B3armMoJeHCT-
BHI{, H HacTaHBAJH TaKke Ha TOM, YTO JJII 0OecleueH I 3THX B3aHMO-
IeHCTBHI JOJKHA CYIIeCTBOBaTh MHpPOBasd cpesia — 3¢up. OfHAKO Ta-
Kad ITOCTaHOBKA BOIIPOCA BCTpeyana BO3PaKeHHI CO CTOPOHEI BeTyIITHX
(pH3HKOB-TEOPETHKOB, KOTOPEIE BCIUECKH IIPETIATCTBOBAIH CaMOH IIO-
CTAaHOBKe 3aJjaul, BO3MOXKHO, IIOHMMAsA CIOKHOCTh 3ajIayH H OIacasich
TOTO, YTO OHHM MOTYT C HeH M He CIIpaBHThCI. ! B pe3ymprare MEI O
HACTOSIIETO BpeMeHH He MMeeM JOCTAaTOUHO IIONHOH KapTHHEI dIeK-
TPOMArHHTHEIX SBIEHHI, a, He MTOHMMAad HX (H3HUECKOH CYTH, He MO-
’KeM Pa3BHBaTh HNMEeKTPOAHHAMIKY B TOH CTeIleHH, B KaKoii 3T0 TpebyeT
ITPaKTHKA.

Ha mpumepe 31eKTpOAHHAMHKH BHIHA OTHOCHTEIBHOCTH HAIIIX
3HAHWI O IPHpPOJE SBJIEHMH, B JAaHHOM CIydae — 3IeKTPOMArHHTHEIX.
M=l fmomxHBI OHITH TIyGoKo Omaromapusl [[x.K.Makceemry o ero
IIpe/ecTBEHHHKAM 32 Te pe3yIbTaThl, KOTOPEIe OHH JOHECIH 10 Hac H
KOTOPHIMH MBI CTOJIb YCIIEIIHO MOb3yeMcs MHOTHe Tofpl. Ho aTo BoBce
He O3HAuaeT, YTO 3a HAC BCe CJeNaHO, KaK 3TO B SBHOH HIM CKPHITOH
¢dopMe OOBACHAIOT HAM YUeHbIe OT 3IeKTPOIHAMHUKH.

Ha npoTsxeHrm 6ollee 4yeM cTa JIeT CO JTHA BRIXOZA B CBET TpaKTaTa
MakcBenna B 00GNacTH TEOPHH 3IeKTPOMAarHeTH3Ma IIPAaKTHYeCKH He
TIPOM30IIII0 HHKAKHUX CJIBHTOB, pa3Be 4To B 1874r. YMmor u B 1892-95
IT. ITOMHTHHT NPeJUIOKIUIH BBECTH BeKTOP INIOTHOCTH IOTOKA SHEPTHH
3NIeKTPOMATHUTHOTO IIONIA B IIPOCTPAHCTBE. 3a 3TO BpeMs HAIHCAHBI H
TIepelHCcaHbl COTHH YUeOHHMKOB IIO 3IIeKTPOTEXHHMKE, PAHOTeXHIKe H
SNeKTPOHNKe. B HHX NPaKTHUeCKH HHYero He J0OaBIEHO K TOMY, UTO
yXke OBUIO IOIy4eHO MakcBelIoM. [I3MeHHINCh IHIIMb 00O03HAUEeHH,
VIyUIIHIACh (MM yXyAUDUIach?) peJakisd, H3MeHHIach TPaKTOBKa. A
BcA CYTh ONEeKTPOJMHAMHKH oOcTalach TOH Ke, H  y4eHEBIe-
3NeKTPO/IIHAMHKH NTPeOHIBAIOT B ITOJTHOM OJIAr0 yIIHH, H3 ITOKOIEHH B
TTOKOJIeHHe IIPOTACKHBAA BCE OJIHH H Te e H30HThIe HCTHHEL.

Ha camoMm pene, 3a HCKIIOYEeHHeM HeCKOIBKHX 3aKOHOB COXpaHe-
HILSA, OTPaXaroliX CBOHCTBA BCEOOIMX (I3MUYECKIX HHBAPHAHTOB —
COXpaHEHI MaTepHH, IIPOCTPAHCTBA, BPeMeHH H HX COBOKYITHOCTH —
IOBHKEHHA C y4eTOM OXBaTa BCeX YPOBHeH HepapXH4ecKOro CTPOEHHA
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MaTepHH, BCe OCTAIbHbIE «3AKOHBI» HOCAT YACTHBIH XapaKTep. OTO 3HA-
UHT, UTO 3TH «3aKOHED» €CTh BCETO IHIIF IIepBOe MPHOIIKeHHe K HCTH-
He, H0O KaxkJIoe KOHKPETHOe SIBIeHHe MMeeT OecUrcIeHHOe MHOKECTBO
CBOICTB M IIO3TOMY MO’ET OBITh OIMCAHO TONHKO MPHOIIKEeHHO. UTO-
OBl ommicaTs Mo0oe SBIEHHE BO BCeil MOMHOTe HYXHO COCTaBHTH Oec-
UNCIIEHHOe MHOECTBO YpPaBHEHHH C OECUHCIEHHKIM KOIIYEeCTBOM
WIEHOB B KAKJIOM H3 HIX, a 3TO He TOIBKO HEBO3MOKHO, HO H HE HyX-
Ho. IToaTOMy aGCOMIOTHO TOUHEIX YPaBHEHHI UACTHBIX 3aKOHOB IIPOCTO
He CYIIECTBYeT H CYIIEeCTBOBATh He MOXKeT. OTO KacaeTcd Jaxe TaKHX
(yHIaMeHTaTbHBIX 3aKOHOB, KaKk 3aKOH BCEMHPHOTO TATOTEHHSI
H.HrroTOHA WM 3aKOHBI HeOeCHOH MexaHHKH. Ho 3TO Xe KacaeTci H
ypaBHeHIIT MakcBellla H JTFOOBIX JPYTHX 3aKOHOB SIEKTPOTEXHHKH,
PATHOTEXHUKN H 3MEKTPOHUKH. KaxX/Ipi «3aKOH» OTpaxaeT JIIIb Ya-
CTHOE SABIIEHIHE, OIIPeie]IeHHOe KOHKPETHOM 1IeTbI0, H OTpakaeT TOIBKO
C OIlpeJeNIeHHOH CTEIIEHBI0 TOUHOCTH, IIOCKOJIBKY He MOKET y4ecTh BCe
OCOOEHHOCTH, BCe HEJMHEHHOCTH, BCE BTOPOCTEIIeHHbIe JeTalH, KOTO-
Pphle HEMHHYEeMO B HEM CKPBITHL

3a mporrenimnie 6ollee cTa IeT B OONACTH TEOPHH 3IeKTPOMAarHe-
TH3MAa IIPAKTHYECKH He CO3JAHO HHYero HOBOIO. II03TOMy He JOIKHO
OBITH HETaTHBHOTO OTHOIIEHHSA K IOIIBITKAM IIEPeIIPOBEPHTH VK€ H3-
BECTHbIE 3aKOHBI, IIOCTABHTh HOBBIE SKCIIEPHMEHTHI HIH HAWTH HOBEIE
(yHKIMOHATFHEIE 3aBHCHMOCTH, CBS3BIBArONHE (HM3HUECKHE BeIHUH-
HEL. Hao60poT, HIMEHHO 3TO H ABIAeTCS NENbI0 HayKH. OTO Xe KacaeTcs
H TeOPETHUECKOH 3NeKTPOTEXHHIKH.

YeToBeUECTBO HKCILTyaTHPyeT AOCTIDKEHII BeTHKHX yUeHBIX 19-To
cToNeTHA Golee MOIyTopa BekoB. OHHM OKa3alich HCKIIOUHTETHHO IT0-
JIe3HBI, HO OHH € He OTKPBUIM H MHOTO€, UTO eIlle IIPEJICTONT OTKPHITh
H HCIONB30BaTh Ha OJaro IMOAAM. A HEKOTOpHIe OTKPHITHIE SBIEHMA
OKa3aJIICh YTPAYeHHBIMH, IIPHMEPOM SBILIETCS 3IEKTPOoTexXHHKa Huxo-
el Tecna, IOCTHTHYBIIEIO Ppe3ylbTaToB, KOTOphIe ceiuyac, CTO JeT
CILyCTs HHKTO He MOXeT BOCIIPOHM3BECTH, IIOTOMY UTO 3TO ApPyras 3IeK-
TPOTEXHHKA, OCHOBAHHASL HA JPYIHX 3aKOHAX, KOTOPhIE Telleph HYKHO
HAXOJHTH 3aHOBO.

060 Bcex QH3MUECKHX ABIEHHIX MBI MBICIHM MOJIEISIMHE, TO €CTh,
TeMH HIH HHBIMH TIpe/ICTaBIeHNAMH O (H3HUeCKHX ITPoIleccax, IMPOTC-
XOJAIINX B 3THX ABIEHHAX. HO 3TO BCEro JHMIIE HAIH ITPeCTaBIEHN A,
He BCerJa BepHble. OTH IIPOLECCHI MbI OIIHCHIBAEM MaTeMaTHUYeCKH,
BHOCS M B 9TH OIMCaHM JONOIHHUTEIRHbIE HeTOUHOCTH. Ho 3TO0, BCe Xe,
TIyTh PAcKPHITHA 3THX 3aKOHOB. Ho KOTJja TEOPETHKH He CTPOAT (H3H-
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YeCKHX MOJIeNel, a IBITAl0TC U3 OJHHX H TeX ke yKe OTKPHITHIX 3aK0-
HOB BBIABHTH HOBBIE CIEJICTBHA, TO TAaKOH ITyTh 3aBeIOMO oOpedyeH Ha
HeyZlauy. HOBOE MOKHO HAHTH, TONBKO IIPHBIIEKAs HOBHIE IIpPe/iCTaBIIe-
HHA, HOBEIE ()aKTHI M CTAaBI HOBBIE HKCIIEPHMEHTEI.

CerojiHs B 00JacTH TEOPETHUECKOTO 3TeKTPOMarHeTH3Ma MEI cTall-
KHBaeMcs ¢ TeM Xe KOHCEPBATH3MOM, KOTOPHIH IIOPA3I BCIO TEOPETH-
YecKyr0 (H3HKy: camMa IOIBITKa HaWTH YTO-TO HOBOEe B OOJACTH 3NeK-
TPpOMarHeTH3Ma HAaTAKHBAeTCA Ha OOCTPYKIHIO CIIEIHATHCTOB. OTO
HeIIPaBHIBHO.

B macrosiee BpeMs BCA HayKa HAXOJHUTCA B KpH3HCe, CBA3AHHBIM
HMEHHO C KOHCEPBAaTH3MOM CIIEI[HAIHCTOB, CUHTAKIINX, YTO BCE YK€
CHEeaHO M BCe [aBHO sACHO. Ha caMoM [elne MBI HAaXOIHMCS IlEper
BCIDIECKOM HOBBIX IIOHCKOB H OTKPHITHII BO BCeX OONACTAX €CTEeCTBO-
3HAHHA, BKIFOYAd 3SIEKTPOTEXHUKY, PAJHOTEXHHKY H SIEKTPOHMKY.
EcTs ocHOBaHHA ToNaraTrh, UTO S(PHpOAHHAMITUECKHI TOAXOJ OKakeT
Cephe3HyI0 IIOMOINh TaKHM IOMCKaM. A HX pe3ylmbTaToM OyaeT He
TOJBKO YTOUHEHHE YK€ CYILIECTBYIOIIHNX 3aKOHOB, HO H B HEKOTOPHIX
CIIy4asdxX HX IIONHEBIH IIePeCMOTP.

BummmMo, n 3ecs IpHIeTCs 3a Jiello OpaThes MPHKIATHIKAM, TIepe]T
KOTOPHIMH BO3HHKAIOT I[PAKTHUYECKHE 3aa4ll U KOTOPEIM IO 3TOH IIpH-
UHHEe TEOPHd, OTpaXarollas pealbHble IIPHPOIHBIE IIPOIECCH], HY:KHA
OoJmIie, YeM yUeHBIM-TeOpeTHKAM.

B mperaraeMoiil KHUTe cJellaHa IIOIBITKA I IIOHHMAaHH CYIIHO-
CTH 3NMeKTPOMArHHTHEIX ABIEHHH TPHBIEYSs 3PHPOIHHAMHIECKHE MO-
JeTH, B OCHOBe KOTOPHIX JexXaT JBHXeHHT 3¢Ipa — (PH3HUIecKo cpe-
IBL, 3AIIONHAIOINEH BCe MHPOBOE IIPOCTPAHCTBO H SABILIFOLIEHCSA CTPOH-
TeIFHBIM MaTepHalIoM JJII Bcex 6e3 HCKIFOUeHH MaTepHaTbHBIX 00pa-
30BaHMII, BKIIOYAA BEIIECTBO, 3IEKTPHUYECKOE H MAarHHUTHOE IIOIL.
VimeHHO BHXeHHE TIOTOKOB 3(Hpa, B KOTOPHIX 00pa3yroTCs TPaIHeHTH
TABIIEHHI, OKa3pIBaeTCA TOH (PH3MUecKOH OCHOBOH, KOoTopasd M obeclle-
4HBaeT Bce Te ABIEHHA, KOTOPhIE HayKa OTHOCHT K KaTeTOPHH 3IEeKTPO-
MArHUTHEBIX SIBIIEHHH [2].

Pazymeetcs, adupoarHaMITIecKne MOJETH, KaKk U BCAKHe (H3MUe-
CKHEe MOJEIH, TOXe He OTPaKarT H He MOIYT OTPaXarh 3JIeKTpoMar-
HHTHBIE ABJIEHUS BO BCEH IIOIHOTE, TeM He MeHee, II0 CPAaBHEHHIO C CO-
BpPEMEHHBIMH IIPeJICTABIEHISIMH 3TO IIar BIlepel, IpHYeM IIar CyIIecT-
BEHHBIIL.

OdHpo IHAMHKA eCTh pasfiell MeXaHHKH H, TaK ke, KaKk H BCA Me-
XaHHKA OHA OINlepHpYyeT MepeMeIleHIIMI Macc B IPOCTpaHCcTBe. OQH-
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POIHMHAMHUKA OIMMPAETCA HA yXKe CYIIeCTBYIOIIHI MOJEIbHEIT H MarTe-
MaTHYeCKHH armrapar Ta30BOM MeXaHUKH, IIOCKOIBKY Ha BCeX YPOBHAX
HepapxXuuecKoi OpraHm3ali MaTepHH JelfiCTBYIOT OTHH H Te ke (PI3H-
YecKHe 3aKOHEI, a 3QHp okazanci (GH3MUecKOH Ta3omofoOHOH cpeoH
CO BCEMH CBOICTBaMH OORIUHOTO PeabHOTrO, T.€. BA3KOTO CKHMAaeMOTO
rasza. Kpome Toro, B Heil HeT HH IIOCTYJIAaTOB, HH aKCHOM, €CTh TOIBKO
JOTHKA M MAaTepHAIHCTHUYECKHH METOJ, H3yYeHHI IIPHPOJBI, 3acTaB-
JLTEOINMI CUHTAThCA CO BCEMH IIPHPOIHBIMH ABIEHHAMH, KOTOPBIE pe-
allbHO CYIIECTBYIOT. B 3TOM IIPOSBHIHCH H HOBBIE BO3MOKXHOCTH 3(H-
POMHAMIYECKOTO TIOJIXO/Ia, IIOCKONBKY 3S(HpOAHHAMIKA, ITPOJONI-
KAroTasl JTHHHIO PA3BUTHSA KHHeTHUeCKOH Teopru MaTepru (J[x. Maxk-
ceemwt, JI.bomsimad, JIx.TomcoH, B.®.Murkeny, A.K.TuMmupa3es H
1p.) TOTMYYHIIA OT CMEXHOH OOIAacTH — Ta30BOI MeXaHHKH Bech Hapa-
0OTaHHPII MOJIeTFHBII H MaTeMaTHUeCKHI armrapar.

He Bce mpoGIeMEI B caMOM 3TOM allIapare OKa3alliCh PellleHHBIMH,
HO 3TO BC€ XK€ OCHOBA, KOTOPOH OKa3alnoCh BO3MOXKHBEIM BOCIIONb30-
BaThCA U1 MOJIEIHPOBAHUA 3IEKTPOMATrHUTHBIX SABIEHUH. A IIOCKOIBKY
BCe 5TO MEXaHHKA, TO MOJEIH OKAa3aJIICh HATILAJHBIMH, BOIIPEKH YI-
BEPKJIEHHAM HEKOTOPHIX «YUEHBIX» O TOM, UTO HHKAKHX HATIITHBIX
TIpeicTaBIeHHI I MOKOOHRIX ABTIeHHIT CO3/IaHO OBITh He MOXKeT. OHHI
OIIHOIIHCH, MOJEIH CO3MAHBI, H HAa MX OCHOBE OKAa3aJIOCh BO3MOXKHBIM
He TOIBKO MOHATH (H3MUECKYI0 CYIHOCTH OCHOBHBIX 3IEeKTPOMATHHT-
HBIX SBIIEHHH, HO M YTOUYHHTb HEKOTOPHIE YpaBHEHHA, B TOM UHCIE
ypaBHeHHs MakcBellla, IIpefcka3aTh HEKOTOPHIE HOBEIE SBIEHHA H
TIPOBEPHTH HX B TaOOPATOPHBIX, a HEKOTOPEIE H B HATYPHBIX YCIOBHAX.
OTH HOBHIEe fABIEHHS, KaK TOBOPIUIM paHbIlE, HAHIEHBl «Ha KOHUIKE
Iiepa», T. €. IIPeICKa3aHbl Ha OCHOBE HOBBIX MOJEIbHBIX ITPeCTaBIECHUH
O CYIIHOCTH SIBJIECHII.

TaxrmM oGpazoM, 3QHpOIHHAMHKA yXKe CeTOMHA MO3BONMIA B 00-
JIACTH 3MEKTPOMArHeTH3Ma CJeNarh elle OJMH Iar, YTo, HECOMHEHHO,
OKaKeTCS IIOJEe3HBIM U B IIPHKIAHOM acliekTe. Ho IIpu BceM 3TOM 3TO
TONBKO HAYANO OUePeHOTO JTala Pa3BUTHI YUeHHT 00 3JeKTpHUYeCTBe.
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maBa 1. YUTo Takoe 3anekTpuyecTBo?

1.1. Kpamkasi ucmopusi cmaHoesieHUs meo-
puu 3n1eKmpomazHemu3ma

CoBpeMeHHOH TEOpHH 3IeKTPOMArHeTH3Ma IIpeIIecTBOBAN JUIH-
TeIIbHEII IIepHOJ] HAKOIUIEHHA 3HAHMI 00 3IeKTpHUecTBe H MarHeTH3Me
[1-4]. B XVII u XVIIl BB. HCCIETOBAHUIO MPHPOIBI JIEKTPHUECTBA
ORI  TIOCBAIIEHEI  TPYHIBL M.B.JIoMmoHOCOBA, I".B.PuxmMaHa,
Bb.®parximHa, I11.0.KynoHa, I1./][uBHia H Ipyrux yUeHBIX. Pelirarornee
3HA4YeHHe MMeNO Co3/iaHHe A.BojbTa IIepBOr0 HCTOUHHKA HEITPEepHIB-
Horo Toka. B meproit Tpet XIX cTomeTHs OBLIHM IIPOBEEHKI MHOTO-
UHCJIEHHBIE HCCIEeIOBAHNA XMMHYECKHX, TeIUIOBBIX, CBETOBBIX H Mar-
HUTHBIX SBIIEHHI, BRI3RIBAEMBIX OJIEKTPHUECKHM TOKOM  (TPYZpI
B.B.IletpoBa, X.K.Opcrema, I.®.Aparo, M.Dapamges, HOx. I'eHpH,
A.M.Awmrepa, I'.C.OMa u apyrux). Bo Bropoit nomorure XIX B. 3TH
PpaboTH IONYWIIH MHOTOYHCIICHHBIE IIPaKTHUECKHEe BHEIPEHHI BO
MHOTHX pa3paboTKax, HallleJINX IMHPOKOoe IIPHMEHEHHEe B ITPOMEIII-
JEHHOCTH. 1 IIpH BceM 3TOM IIPaKTHYECKH HHKTO He 3HaeT, KaKkoBa
CYTb 3JEeKTPHUECTBA H MarHETH3Ma, WMo OHH COOOMH IIPeJCTABILIIOT, B
yeM 3aKIFodaeTcd HX (PH3HdecKas IIPHpoJa.

HyxHo cka3ats, uto B XIX B. OBRUIN TTpeIIPHHATH HEKOTOPHIE II0-
IIEITKH pa3o0parbca B BOIIPOCE O TOM, YTO XK€ IIPEACTABILIIOT COOOH
3NEKTPHYECTBO M MarHeTH3M (PH3HUECKH, H3 Uero OHH COCTOAT H Kak
OHH ycTpoeHsl. Tak Hin HHaye, BCce OHH OBUIN BEIHYXJIECHBI IIPHBIEYD K
PAaccMOTpeHHIO TIpe/icTaBlIeHHd 00 3¢Hpe, IBHAKEHII KOTOPOIO, II0 HX
MHEHHIO, H JIeXaIH B OCHOBE 3IeKTPOMAarHeTH3Ma.

M.®apajgeil BEIIBHHYI IIPEIIONOXKEHNE O CYIIECTBOBAHMH CHIIO-
BEIX TPYOOK 3nekTpruecTBa («DapajieeBrl CHIOBbIe THHAN») [5]. IIpen-
CTaBIEHIA 00 3NeKTPOMAarHHTHEIX SBIECHHAX KaK O BHXPEBEIX IBHKE-
HHAX 3QHPHOH KHAKOCTH ORI copMyTHpoBaHH I.I'eTbMromsieM
[6], B.TomconowMm [7], UemmicoMm [8], MakcBemrom [9], a Takxke HEKOTO-
peIMH pyruME aBTopamu — XerucaiioMm [10-11], Kemmbemmiom [12],
Jlapmopowm [13], JlamxerenoMm [14], A6paramom [15] u xp. 3HAUHTEIH-
HBIM BKJIQ[ B IIOHHMAaHHE IIPOIECCOB, CBI3AHHEIX C IIPOXOXKJEHHEM
3NeKTPHYECKOTO TOKA II0 IIPOBOZIAM BHecIH HeMelkHil ¢pmsuk I1.JIpyze
[16], co3maBUmIMM 3MEKTPOHHYI0 TEOPHIO IIPOBOJHMMOCTH METAlIOB, H
Hueprnanyckii Gr3uk I.Jlopen [17] cylmecTBeHHO Pa3BHBINIH H JI0-
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TIONHHUBIIMH 3Ty TeopHro. B XX cToneTH: MoI00HEIe HIeH BHICKA3bIBa-
mucy J[x.Tomconom [18], H.K.Kacrepuasmm [19], B.®.MurkeBHueM
[20].

Maremarnyeckas TeOpHA 3JIeKTPHUECTBA H MarHeTH3Ma OBIIa CO3-
JaHa ¥ TIpaKTHYeCKH 3aBepllieHa BO BTOpoi monoBuHe XIX B. Ee amo-
(deozom sBHIICS 3HAMEHUTHII «TpakTaT 00 3MeKTPHUECTBe H MarHeTH3-
Me» [21], Hammcanusri MakcBeiwioM B 1873r. B HeM MakcBemny yja-
J0Ch OOOOIIHTE pe3yNbTaTEl PadoT pssia yUeHEIX TakuX Kak B.ToMcoH,
M.®apapeti, I'.I"emsmronsI, Kupxrod, Pankms, KymoH, Amiep, Prman,
Heiiman, Opcten, Jlen 1 MHOTHX ApyrHx (CTokc, BeGep, Yemrnc, On-
30, Bepze, Pus, bup, Xomi, Ksuuke, I'puH, /[)KeHKHH, JlarpaHx, Oeim-
un, ®yko, KHobnayx, Ilynbe) H JOIONHHTh JOCTHXKEHHI HCCIeJoBaTe-
JeH 3IeKTPOMATHUTHBIX ABJIEHHI TOTO BpEMEHH TeOpHeH 3IIeKTpoMar-
HHTHOTO Toii. B «TpakTtare» MakcBelIoM OBUIH OKOHUYATETHHO
0¢OpMIIEHF! 3HAMEHHUTEIE YPaBHEHHA JMEKTPOAMHAMIKH, ITONYYHBIIIE
€ro HMA. B TakoM BHJle TeOpHA 3IEKTPOMATHETH3MAa COXPAHIIACH [0
HaIlX JHeH MpakTHUeckH Oe3 m3MeHeHHI. TpakraT MakcBelia SBHICS
OCHOBOH BCeX ITOCIEYIOIHX yUeOHIKOB II0 3IEeKTPOTEXHIKE H 3IeK-
TPOIHHAMUKE.

IToxamyli, He MeHbIllee 3HaueHHe HMena H pabota I'.JIopeHia
«TeopHd 3IEKTPOHOB H ee IIPHMEHEHHEe K SBIECHIIM CBeTa H TEIUIOBOTO
H3TyYeHIs», HarmcanHas uM B 1909r. [17].

PaboTel MakcBela H, B YacTHOCTH, €TI0 YpaBHEHHI 3JeKTpoMar-
HUTHOTO TIOJN OKa3alH pellarolliee BIHAHHE HA PAasBHIHE yXe B XX
CTONETHH TaKHX 0o0JacTell HAyKW, KaK 3JEKTPOTEXHIKA, 3IeKTPOIHHA-
MMKQ, PaJHOTeXHHKA, JNeKTPOHHMKA M JaKe OITHKA. I3 3THX 3HAMEHH-
TBIX YPaBHEHMH BBHITE€KAJIO, YTO MOTYT CYILECTBOBATh SIEKTPOMATHHUT-
HEIE BOJHBI, PacIIpOCTPAHAIOIIHECS B IIPOCTPAHCTBE CO CKOPOCTBIO CBE-
Ta. 3TO IIpesicKazanre OBIIO chelano MakcBemnoM B padore «O ¢H3H-
YeCKHX CHIOBHIX THHHAX» (1861-1862) [9]B asToit pabote Makcpem,
TIOJIB3YACH MOJIENBI0 HEKOETO BHXPEBOIO MeXaHM3Ma B 3()Hpe, BIEPBEIE
TIPHXOJUT K CBOMM 3HAMEHHTHIM YPaBHEHHAM H BBOJHT IIOHATHE TOKa
CMelIleHHd. MaKcBeIll COBEPIIEHHO OIIPeNeIEHHO CTAHOBHTCS Ha I03H-
i Dapagies, CBA3aHHbIE C IIPH3HAHHEM PealbHOCTH (H3HUECKOTO CO-
CTOSHHA CpeNipl, IPECTaBIIeMOTO CHIOBBIMH JHHHAMH. KoHIlenmims
OIIM3KOIeHICTBHA CIOXKIDIACh Y HETO OKOHUYATENbHO, M JalbHeIIIel ero
3a/iaueil cTaro OTPasHIb CTPYKTYPY IONA B MOJIEIAX H YPaBHEHHAX, UTO
H ObUIO UM BEOIONHEHO B 1873r. B «Tpakrare 00 3JeKTPHUECTBE H Mar-
HETH3ME».



YTo TaKoe 3JIeKTPU4eCTBO? 25

Hcxona m3 ypaBHeHMIT MakcBelia, OCHOBAaHHBIX Ha IIPeJCTaBIeHH-
SIX O BHXPEBBIX IBIDKEHIAX 3¢upa, HeMelkwii ¢m3uk I'eHpux epr B
1886—1889T. ¢ moMoIIpio H300peTeHHOTO HM BHOpaTopa sKCIIepHMeH-
TabHO JIOKa3aJl CYIIEeCTBOBAHME 3NIEKTPOMATHHTHEIX BOJIH H HCCIEZO-
Bal HX CBOHCTBa (OTpakeHHe OT 3epKal, IIpelOMIeHHe B IIPH3MaX H
T.IL). ['epIl TOATBEP I BCe OCHOBHEIE BRIBOJIBI MAaKCBEIUIOBCKOH Teo-
PHH O CBOHCTBAX 3JIeKTPOMArHATHBIX BOIH [22].

Iocne omy6mikoBaHug B 1888r. paboT ['epra mo 3meKTpo IHHAMIH-
ke pycckmii ¢m3uk H m3obperarems A.C.ITomoe B 1895r. co3man HeoO-
XOIIMYIO ULL IlepeJadrl B IIpHeMa 3JIeKTPOMArHUTHBIX BOJH ardiapary-
Py, UeM IIOIOKHI HAYANIO PaHoTeXHUKe [23].

TaxmM o6pa3oM, ypaBHEHHA 3IeKTPOMATHUTHEIX IIPOIECCOB, BEIBE-
IeHHble J[x.K.MakcBeIIIOM Ha OCHOBE IIPEJCTABIEHMII O BHXPEBBIX
IOBIDKEHILIX 3(Hpa, He TOIBKO HMEIOT TeopeTHUYeCKoe 000CHOBAHHE, HO
H IIPOIIDIH BCECTOPOHHIOIO IIPOBEPKY IIPAKTHKOH.

[Tone3HO HAIIOMHHTE, YTO YPaBHEHHA 3NEKTPOIHAMIKH BEIBEICHEI
MaxcBeIIoM Ha OCHOBaHHH MOJeNeH IBI-KeHHI 3(mpa, B CyIIecTBOBA-
HIH KOTOpOoTo MakcBell G5l yOex IeH.

«J1efiCTBHTENNFHO, — IHIIIeT MaKcBeJ1, — eCIH BOOOIIe JHEPTHI
IepegaeTcs OT OJHOIO Tela K APYyroMy He MTHOBEHHO, a 33 KOHEUHOe
BpeMs, TO JOIIKHA CYIECTBOBATh Cpefia, B KOTOPOil OHa BpeMEHHO IIpe-
ObIBaeT, OCTaBHB IIEpBOE TENIO H He JOCTHTHYB BTOpOro. ITosTomy 3tn
TEOPHH JOJUKHEI IIPHBECTH K CYILECTBOBAHIIO CPeMbl, B KOTOPOH H IIPO-
HCXOJIUT 3TO PacIPOCTPAHEHHE.

VpoBeHs 3HAHHI CBOHCTB 3(Hpa TOI[a OKa3alcs HeJOCTAaTOYHBIM,
BO3MOHO, II0 3TOH IIPHUIHE CKONBKO-HHOYAP YZOBJIETBOPHTEIHHOM
KaueCTBEHHOH TEOPHH 3IeKTPOMAarHHTHHIX ABIEHHMI cO3JaTh He yJa-
JOCh, M BHHMAaHHE HcclefoBarelleil OFDIO oOpaleHo K KOIHYeCTBEH-
HOMY H3YYEHHIO 3NeKTPHYECKHX M MArHHTHBIX SBICHHI, BELIBICHHIO
3aKOHOMEPHOCTeH M CO3J[aHHI0 Ha HX OCHOBE PacueTHEIX MeToloB. Ha
3TOM ITyTH OBUIM IIOJy4eHbI BRIJAFOIHECA Pe3ylIbTaThl, II03BOJHBIIIIE
CO3/1aTh COBPEMEHHYI0 MaTeMaTHUeCKyI0 TEOPHIO 3JIeKTPOMAarHeTH3MA.
Ho He ¢m3HuecKyro.

B CBA3M ¢ TPYZHOCTAMH CO3JAHHA (DH3HUECKOH TEOPHH 3IEKTpPO-
MarHeTH3Ma, a TaKke B CBA3HM C yCIleXaMH KOJIHYECTBEHHBIX METOOB Y
MHOTHX TE€OPETHKOB M IIPAKTHKOB CIIOKIIIOCEH BIIeYATIIEHHE O TOM, UTO
HHKaKOH HeOOXOJHMOCTH B IIOHHMAHHMH CYTH 3JeKTPHUECKHX H Mar-
HHTHBIX ABIEeHHI HeT. OfHAKO TaKoe MHEeHHe TTyOoKo ommobouHo. He-
TTOHHMaHHe (H3HYEeCKOH CYIMHOCTH ABJEHIH IIPHBOAUT K TOMY, 4YTO
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CO3JJaHHEIe KOMIMUeCTBEHHbIe METO/HI HAUMHAIOT IIPHMEHAThCS Oe3 Ka-
KHX OBl TO HH OBUIO OTPaHHYEeHHI, YTO HHOTJA MPHBOJHT K OOJBIIINM
onmbKaM B pacueTax. bolee TOTO, HEyYTEHHBIMH OKA3BIBAFOTCS MHO-
THe CYIIeCTBeHHEIe 00cToATeNbcTBa. U ele Golee — MOSABILIIOTCI HO-
BEIE 33JIauH, KOTOPEIE CO3/IaHHBIMH MeTOJAaMH PEIIHTh He ITpeJCTaBILi-
eTCI BO3MOKHBIM, H OHH OCTAITCA HepelleHHbHIMH. [IpHMepoB ToMy
MHOTO H B 3JeKTPOTeXHHMKe, H B PA/IHOTEXHIKEe, H B IPYTHX 001aCTIX,
TaK WM HHaue CBA3AHHBIX C JNeKTPOMATHHTHBIMH SBICHHAMH, JaXe B
OIITHKE.

Ecmm 61 6pDIA CO3/1aHa KauecTBeHHAS TeOPHA 3IEKTPOMArHHTHBIX
SIBJIEHHI, TO, BEPOATHO, GONBIIMHCTBO (PYHKIIMOHANBHBIX OIICAHHH H
BEITEKAOIHX M3 HHX KOJIMYECTBEHHBIX METOJOB PacyeTOB COXpPaHH-
JHCH GBI HEHM3MEHHBIMH, HO B HEKOTOPBIX CIy4YasX OHH IIpeTepIielH OBl
CYILeCTBEHHEIE YTOUHEHHSI. A 3TO IO3BOIIIIO OBl CO37[aTh He TOJHKO
HOBEIE METO/IBI pacyeToB, Oolee TOUHEIE, HO ake HOBBIE HAITPABIEHHA.

Tax W mHAaYe, HO, INHPOKO HCIONB3yd MaTeMaTHUeCKHe 3aBHCH-
MOCTH TEOPHH 3NIeKTpOMAarHeTH3Ma H Jelasd M3 HHX HHOIJA Jlaxe 00-
medmrocodckue 3aKIIOUEHII, TEOPETHKH H IPAaKTHKH [0 CHX IIOp He
HMEIT HH MajeHIlnero IIpeACTaBIeHHI O CYLIHOCTH 3JIeKTPHYecTBa.
[Tomariroriee OONBUIMHCTBO K 3TOMY IIPHTEpPIENOCh H He CUMTaeT
HYKHBIM 3TOT BOIIPOC ITOJHHMAaTh. Ho He ciexyeT 3a0kBaTh, YTO PAHO
HIIM TI03HO HECOBEPIIEHCTBO TEOPHH HeH30eXHO IpHBeJeT K CTOJK-
HOBEHMIO C HHTepecaMH IIPAaKTHKOB, KOT/Ia OKaXeTCdA, UTO CO3JaHHOTO
TeOPeTHUYeCKOTo 3ajlella HeIOCTaTOUHO JUIA PelleHHs IMPHKIAIHBIX 3a-
gay. OTo TOTpeOyeT JAIbHEHINEro Pa3sBHTHA TEOPHH, HO pa3BHTHE
TEOPHH, He HMeIoIlei IpecTaBIeHNI O CYITHOCTH pacCMaTPHBAaEMBIX
€10 ABJIEHHI, HEBO3MOKHO.

Ha Heo0X0IIMOCTh CYIHOCTHOTO IOJIX0Ja K H3YUEHHIO 3IeKTPO-
MAarHUTHBIX SBIEHMH oOOpallald BHHMaHHe MHOTHe YydeHble. Erre
@.Ourenbce B 1882romy mican [1]:

«McKIounNTeNbHAd SMIMPH, IO3BONLIIOIAI ceGe MBOIDIEHHE B
JTydullleM CIy4ae pasBe JHIIb B ¢opMe MaTeMaTHUeCKHX BBIUMCIIEHHI,
BooOpaxkaeT, OYATO OHA ONEPHPYeT TOMBKO OeCCIOpHRIMH (hakTamH. B
IeHCTBHTELHOCTH K€ OHA OIlEPHPYeT IIPeHMYIIeCTBEHHO TPaIHIHOH-
HBIMH TIpeJICTAaBIeHHAMH, II0 OOJNbIIeH YacTH YCTapeBIIHMH IPOIyK-
TaMH MBIIUIEHH CBOHX IIPe[IIIeCTBEHHHKOB. IlocieqHHe ciIykar ei
OCHOBOI 111 6eCKOHEUHBIX MaTeMaTHYeCKHX BEIKIAJ0K, B KOTOPHIX H3-
3a CTPOTOCTH MaTeMaTHuecKHxX ¢opMyl JeTKo 3a0BIBaeTCS THIIOTe-
THUecKasd IIPHPOJIA IIPeNIOCEUIOK. OTa SMIHPHI yKe He B COCTOSIHIH



YTo TaKoe 3JIeKTPU4eCTBO? 27

TIpaBHIIFHO H300paxkaTsh ¢akTel, HO0 B M300pakeHHe HX Y Hee MPOKIa-
IBIBAETCS TPAJHIMOHHOE TOIKOBAHHE 3THX (haKTOB».

B 1906 r. B m3BecTHOH paGoTe «TeopHS 3IeKTPOHOB» [17]
I".JlopeHIl oTMeUaeT:

«XO0TS ypaBHeHHA (3MEKTPOMArHHTHOTO IO — B.A.) SIBIAIOTCA
TIOJIE3HBIMH IIPH PacCMOTPEHHH MHOTHX 3a/iad, OHH He MOTYT OFITh
TIPHMEHEHE! BO Bcex 0e3 HCKITOYEHII cIydyaix. Ecim OBl Jaxke 3TO H
HMeII0 MecTO, Hallla TeOpHA IlepecTaa OFl Hac yJOBIETBOPATH IIPH IIO-
TIBITKE 3arIIHYTh IMy0Xe B IIPHPOAY ABICHHI: NEeHCTBHTEIFHO, Belb B
3TOH OOIIel TEOPHH MBI BEIpaKaeM OCOOEHHbIe CBOHCTBA PA3IIUHEBIX
BECOMBIX Tell, IIPOCTO IIPFIMHCHIBAI KaX[JOMY H3 HHX CIIEIIHAIbHEIE
3HAYEHHU JHAIEeKTPHUECKOH IIO0CTOSHHOMN, IIPOBOTHMOCTH H MarHHTHOH
IIPOHHITAeMOCTH. ECI MBI XOTHM IIOHATH, KAKUM o00pasom (KypCHB
MOH — B.A.) 3NeKTPHUYECKHe M MAarHUTHEIE CBOHCTBA 3aBHCAT OT TEM-
Tleparypsl, ITIOTHOCTH, XHMHYECKOTO CTPOEHHI MIH KPHCTAIUIMYECKO-
TO COCTOSHFLA BEINEeCTBA, TO MBI He MOXEM YJOBIETBOPHTHCA IIPOCTHIM
BBEJIeHHEM LI KaXJOTO BEINeCTBA 3THX KO3((HIMEHTOB, 3HAYECHIT
KOTOPHIX JOJUKHEI OIIPENIeNAThCA M3 OIBITa. MBI OyJieM IIPHHYXJIEHEI
o0paruThca K KaKoH-HHOY[b THIIOTe3¢ OTHOCHTEIFHO MEXaHH3Ma, Je-
Kall[ero B OCHOBE BCEX ITHX SBICHHII».

CremyeT ¢ IpHCKOpOHEM KOHCTaTHPOBAaTh, YTO YCIIEXH IIPHKIAL-
HBIX HayK CO3JIH HEIHE CYIIECTBYIOINEH TEOPHH 3JIeKTPOMAarHHTHBIX
SBIIEHII I B 0COOEHHOCTH, TeOpHH MaKcBeJIa opeoll abCOIFOTHOMH HC-
THHHOCTH, @ COBpPEMEHHas TeopeTHueckad (I3HKa HCKIFOUIIIA IIpesi-
CTaBIEHIA O CYIIECTBOBAHILI 3(Hpa B IPHpPOJE, BHXPEBbIC IBIKCHHA
KOTOPOTO paccMaTpHBaIHCch MakcBeIDIOM Kak OCHOBA 3JIEKTPOMAarHHT-
HBEIX sBIeHHH. TeM caMpIM OBDIa HCKIIFOUEHA Kakasi ORI TO HH OBLIO
BO3MOXHOCTh [allbHEHIIero yIiayOleHHA B IIOHHMAHHE CYLIHOCTH
3NeKTPOMATrHATHEIX ABIeHMI. [IpAMBIM ClIeCcTBHEM 3TOTO ABHIOCH TO,
YTO MaTeMaTHYeCKHe 3aBHCHMOCTH 3IeKTPOJMHAMHKH, CO3J[aHHOH
MaxkcBennom Oolee cTa JeT Has3aJ, IIPaKTHUECKH HHKAK He Pa3BHBA-
JIHCB.

TTonEITKH HEKOTOPHIX HCCIIefOoBaTeIe UTO-THOO H3MEHHTH B 3THX
VpaBHEHMIX BceIZla OKAaHUMBAINCh Heyjadedl. OTO [Jalo OCHOBaHIE
JI.BompIMaHy B CBOHX TPHMEYaHHAX K IepeBOJy paboTel MakcBemna
«O (U3MUECKHX CHIOBBIX THHHAX» B 1898r. Hammcarts [ 2, ¢.194]:

«I Mor O cKazaTk, 4TO IIOCIefOBaTelr MakcBelna B 3THX ypas-
HEHHAX, IOXalyH, HHUYero KpoMe OYKB He IepeMeHIUH. OJHAKO 3TO
Opu10 O ciminkoM. KoHedHO, He TOMy clelyeT YIHBIATECI, UTO K
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3THM YpaBHEHISIM BOOOIIe UTO-TO MOTIO OHl OBITH AOOABIEHO, a To-
pazmo Gomee TOMYy, KaKk Malo K HIM OBUIO JOGABIEHO.

Cerogus, Oojee cTa JeT CITycTdA, 3TO yAHBIeHHe BombIiMana co-
XpaH4eT CBOIO CHIY. K YpaBHeHHAM MakcBeJlla IIPaKTHUECKH He J[0-
0aBIIeHO HHUETO, XOTS 32 3TO BpeMs HalHCaHbl COTHH YUeGHIKOB IO
TeOPeTHYeCKHM OCHOBAM 3JeKTPOTEXHHKH, HMEKTPOHHAMIKH H PaJIHo-
TeXHHKe, pellleHbl THICIUHM IPHKIAMHBIX 3a7ad, CO3/IaHEl pazHOooOpas-
Helfmme ycTpotictBa. Kazamock OBI, UTO HeT HHKAKIX OCHOBAHMI BO3-
BpalaThca K 3TOMy BoIfpocy. OJTHAaKO 3TO He TaK.

Bo-mepBEIX, HJeaTH3HpPOBAHHEIE TIPEACTABIEHHI O JBHAKEHMAX
3(HPHOH KHUIKOCTH IIPHBENH K TapafiokcaM B MOJENIX 3NeKTPOMarte-
TH3Ma. B TeopeTHUeCKHX OCHOBaX 3JeKTpPOMAarHeTH3Ma HAKOIIIIOCH
MHOXeCTBO HeJJOCTaTKOB, TTaBHEIM H3 KOTOPHIX SABIAeTCA IOJTHOE He-
TIOHMIMaHHe caMo# ()H3MUeCcKOH CYIITHOCTH 3IeKTPHUYEeCTBA H 3IEKTPO-
MarHHTHBIX ABIEHHI. OIeKTpHUecKHI 3apAJ cUMTaeTcsS Kak OBl BPOXK-
JeHHBIM CBOMCTBOM 3apsKeHHBIX UACTHII, 2 CAMH 3JeKTpPHUYeCKHe Yac-
THITHI He HMEIOT HHKAKOH CTPYKTYPHI H HIKAKOTO CTPOHTEIHHOTO MaTe-
pHana, oHH Jaxe He HMeIOT UeTKOTO pa3Mepa. He ompejeneHa Takxke H
(r3myeckasd CyITHOCTH 3IMEKTPHUECKOTO M MarHHTHOTO TioneH. TepMIiH
«10J71e — OCOOBIH BHJ MaTePHI» HHYETO He OOBACHIET H CBOIHT BCETO
I HETIOHSATHOE K HEH3BECTHOMY.

B TeopHH sneKTpoMarHeTH3Ma HaKOIMMIOCH MHOKECTBO IAapPajoK-
COB, HaIIpHMep, SHepreTHUeCcKI MapaoKC YacTHII, TOCKOIFKY OHH He
HMeI0T pa3Mepa, XOTI HMeIOT MarHHTHEII MOMEHT H 3apsf, TO HX SHep-
THSA TOJDKHA ORITE OeCKOHEUHO OOJBIINOH.

KOTOpEIe HMEIOT MecTO B THIPOJMHAMHKE HJIealbHOH KHIKOCTH,
HallpIMep SHEPTHA eHHHII UIHHE BHXPSI paBHA OeCKOHEUHOCTH He-
3aBHCHMO OT €TO MHTeHCHBHOCTH. B 3IeKTpOHMHaMIKe BO3HHK ITapa-
TOKC, aHATOTHUYHBII PAacCMOTPEHHOMY. SHEPTHS eIHHIIH IHEL TIPO-
BOJIHIKA C TOKOM paBHA 0€CKOHEUHOCTH HE3aBHCHMO OT BeTHUHHEI TO-
ka. [IpaB/a, MOCKOMBKY OJIHOUHOTO TIPOBOJHHKA B IIPHPOJie He CYIIe-
CTBYeT, TOSBILETCA BO3MOXKHOCTh pPa3pellleHHd 3TOTo Iapajokca 3a
CUeT pacCMOTpeHHI BceH KOHCTPYKIMH B I[eJIOM, BKIFOYasI OOpaTHEIH
TIPOBOJTHIIK, TOTJA 3TOT MapajJoKc paspelrnaeTca. TeM He MeHee, Iapa-
TOKCAThHOTO TION0KEeHNA He JOIDKHO CYIIeCTBOBATh HH I KaKOMH CHC-
TeMEI, B TOM YFCJe H I YCIOBHOTO OHOYHOTO ITPOBOJTHIIKA.

VmeroTcsa B HEKOTOPEIe APYTHe HeJOCTATKH CYINECTBYIOIHX MOJIe-
Jeii: GONMBIIHHCTBO M3 HUX He pacCMaTpPHBAeT B3aHMO/IeiiCTBHA BelleCT-
Ba H 3NIeKTPOMArHUTHEIX TOJeH, OTPHIBASI HX TeM CaMBIM JIPYT OT JIpyTa,
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B HEKOTOPBIX BHIPAKEHHAX HHKAK He OTPaKEeHO B3aHMMOJIEHCTIBHE HC-
TOYHHKOB TIOJIEH M Tell, Ha KOTOpPEle OHH BO3/eHCTBYIOT, H T.II.

Bo-BTOPBIX, BELICHIUIOCH, YTO MHOTHE PacueThl, IIOCTPOEHHbIE Ha
OCHOBE YpaBHEHHI MaKcBelllIa, JAal0T BechbMa IIPHOIIKEHHEIE Pe3YIlb-
TaTHl, OTIMUArOIIHecd OT HaiIeHHbIX SMIMPHYECKHM ITyTeM, Ha J(eCAT-
KH IIPOLIEHTOB, HHOTJA M B HECKOIBKO pa3. OTO KacaeTcs, HAIPHMep,
B3aMMOHMHIYKIMH OONBIIMHX KOHTYPOB. IIpaBna, MPHKIAIHHKH K 3TOMY
TIPHBBIKIIN, OTHOCAT HEYBA3KH K He YUeTy COIYICTBYIOIIHX (aKTOpPOB H
B IIpoIlecce OTIAAKH YCTPOHCTB BHOCAT HEOOXOJHMble KOPPEKTHBEL.
Ho aHamm3 1oKa3pIBaeT, YTO OJHIMH HEYUTEHHBIMH (haKTOPaMH OTKIIO-
HEHHA B pacyeTax OOBICHHITH HElb 3.

B-TpeThnx, 00GHapYyXIIOCH, UTO CYIIECTBYET CEPHI 3aJau 3IeKTPo-
IMHAMHKH, KOTOpPEe He MOTYT OBITh peIleHbl Ha OCHOBE CYILIECTBYIO-
II[UX TIPeACTaBIeHHI. OTO CBA3AHO, B IIEPBYIO OYEPEb, C TEM, UTO aB-
TOpaMH MoJelell pacCMaTpHBAINCh JIHMIID IlepBble IIPHOIIDKEHHI K
3NeKTPOMATHITHEIM SBIIEHHAM, a TAKIX IPHOIILKEHHH IT0 Mepe HaKoII-
JIEHHMS HOBHIX JAHHBIX MOXeET OFITh CKONBKO YTOJHO, IIPHBEIH K TOMY,
YTO HEKOTOPHIE IPHKIAQIHBIE 3a[aul SIEKTPOHMHAMHMKH OKA3BIBAFOTCS
HepeIlleHHbIMH, IIPHYeM HMEIOTCA 3aJaud, KOTOPEIE IPHHIMMITHAIBEHO
Helb3s PelHTh Ha 0a3ze ypaBHeHHH MakcBea.

K TaxmM 3amayaM, HalpHMep, OTHOCHTCA COBMECTHOE [BHXEHHE
IBYX OJMHAKOBLIX 3apAJOB, HEIIOJBHKHBEIX OTHOCHTEIBHO IPYT IApyTra:
TIOKa OHH 00a HEeIIOJBIKHBI, OHH OTTAIKHBAIOTCA APYT OT JpyTa IO 3a-
KoHy KyJIOHa, HO eCIH OHH BMecCTe, He CMeINasACh OJIHH OTHOCHTEIEHO
Ipyroro, IepeMelaroTcsa B IIPOCTPAHCTBE, TO OHH TellepPh CTAHOBATCSI
TOKaMH, IIPHTATHBAFOIIIMICA APYT K Apyry. Ilouemy?

Takoil 3amadeii, HaIIpUMep, ABILIETCA H 3aJaua O PacIpOoCTPaHEHHH
3JEeKTPOMArHUTHEIX BOJH JHIIONEM lepIfa, ITOMEILEHHFIM B IIOXYIIPO-
BOJIIYIO cpexy. Jmmoms I'eplia, T. €. JHIIONb C COCPeNOTOYEHHBIMH
IapaMeTpaMH, KOTOPEIle H3BECTHEI, IIOMEIEHHbI] B TIONYIIPOBOIAIIYI0
cpexy, IapamMeTpEl KOTOPOH TOXe H3BECTHBI, HM3Iy4yaeT TOK H3BEeCTHOM
BEIDMUMHEI, YacTOTa KOTOPOTO TOXe HM3BecTHA. HyXHO OIIpenelHTh
IDIOTHOCTh TOKa B CpeJie B 3aJTaHHOM TOUKe IIPOCTPAHCTBA. OTa 3a/iauya
TIONHOCTHI0 (PH3HMUECKH oIlpefieleHa. HecMOTps Ha TPHBHAIBHOCTH II0-
CTaHOBKH H 3aMaHUHMBYIO BO3MOKHOCTh H3 OOIIETO pelIeHH  3TOH 3aa-
UM ITOIyUHTh KaK IpeJelbHBIN CIIydyail MHOTHE YacTHEIE Pe3YyIbTaTEl —
H3Iy4YeHHe B HJeallbHON cpejie IIPH OTCYTCTBHH aKTHBHOM IIPOBOIHMO-
CTH, 3aTyXaHHe INIOCKOH BOJHEL B IIONYIIPOBOJHHKE ITPH O€CKOHEUHBIX
PAcCTOSHHAX OT JIIIOILL H HEKOTOPHIE [pyTHe, — 3a/iada 00 H3IyueHHH
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o ['eplla B IONYIIPOBOAAIIEH cpefe HHKOTAA M HIKEM He OBLIa
pellleHa, M IONBITKH €€ PEINTh HEeH3MEHHO KOHYAINICh Heyhaueil.
NMeroTcd, IpaBJa, IOIBITKH C(OPMHPOBATh TOTOBOE PEIIEHIE IIyTeM
TIEPEMHOXEHH] [BYX YACTHBIX PEIleHHI — peIlleHI 3a/layul O paclpo-
CTpaHeHMH II0JIA JpIIojeM I'epIia B MieadbHOM cpejie M pelleHH 3aja-
UM IUIOCKOM BONHEI, HO TaKoH IIOJXOJ COBEPIIEHHO HEKOppeKTeH. Ha
caMoM [ielle 3Ta 3a/faya He MOXeT OBITh PellleHa Ha OCHOBE YpaBHEHHI
MakcBemna, TakK KaK IIPHBOJUT K CHCTeMe YPAaBHEHHMI, He MMEFOLIHX
0O01Iero pereHn.

He pelmeHs! mpezeibHEIe 3afauil 00 3JIeKTPHUECKOM II0Je B ITyIIb-
CHPVIOILEM OJHOPOIHOM 3IEKTPHUYECKOM IIojle M MHOTHe Jpyrue. Cy-
IMeCTBYIOT Jaxe IeIble KIacchl 3JIeKTPOJHHAMHYECKHX 3a/ad, (IH3H-
YeCKH IIONMHOCTBIO OIIPENeNIEHHBIX, KOTOpHle, TeM He MeHee, Hellb3s
PELLHTE C IIOMOIIBI0 YpaBHeHMIT MaKcBeia.

B-4yeTBepTEHIX, ClIeyeT OTMETHTh, UTO He BCe TIOHATHA, HCIIOIb3Ye-
MbIe B TEOPETHUECKOH 3NeKTPOTEXHHKE, MMEI0T UeTKHI (H3MUEeCKHH
cMBIcH. UTO Takoe <«BeKTOPHBIM IIOTeHIHAT A»? OTO Takas BelIUHHA,
BHXPb KOTOPOH €CTh BEKTOP MarHUTHON HHIYKIMH B:

B =rot A.

DH3HUECKHI] K€ CMBICI 3TOH BEIHUYNHEL OTCYTCTBYET.
B-ILATHIX, B JIOTHKE 3JIEKTPOMArHeTH3Ma HMEIOTCA HEKOTOpHIe He-
yBs3KH. HarmmprMep, cTaTHUecKIi IToCTyIaT MakcBelna

§DdS =q,
S

TMTOMETIAeMEIH B yUeOHHKAX TEOPETHUECKHX OCHOB 3NEKTPOJHHAMHKH B
pa3fienax CTaTHKH, IOCIe IPeJICTaBIeHHI ero B U depeHIHaTbHOR

dopme
divD=p

MTOMEIIAeTCS YKe B pa3fieNl JHHAMHKH, XOTSI MOCIeTHsII Gopma Ipe-
CTaBJIEHHA 10 GH3HUECKOH CYIITHOCTH HHYEM He OTIIHUAETCS OT ITPeIhl-
IyIeil. B pe3yiabTare HTHOPHPYETCS 3ala3/IbIBaHIE B 3HAUEHHAX IIEK-
TpHUecKOH HHAyKIMH D Ipu mepemeleHHH 3apsAj 0B ( BHYTPH OXBa-
YEHHOTO MTOBEPXHOCTHEO SIIPOCTPAHCTRA.

A, B-IIIECTEIX, HEOOXOIHMO HAIIOMHHTH, UTO HH OJHO SABIIEHHE He
MOXeT OBITh OIIHCAHO IMOJHOCTBHIO, UTO BCAKOE OITFCAHHE IPHOIIDKEH-
HO, ¥ eCII HAIlHCAaHO YpPaBHEHHe, OTpaKarolee HEKHH IIPOIlECC, TO
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caM ¢akT HAMHCAHMI 3TOTO ypaBHEHHA C KOHEUHBIM UICIOM UIIEHOB
03HAYaeT, UTO 3TO YpaBHEHNe OIMCHIBAET IPOIECC YACTHUHO, TPHOIIH-
KEeHHO. A 3HAUHT, PaHO HIH IO3HO BO3HHKHET HEOOXOJHMOCTh €ro
YTOUHeHHA. OTO OTHOCHTCS KO BceM KOHKPETHBIM IIpoIleccaM H (H3H-
YeCKHM SBIEHHAM, H 3IeKTPOMAarHUTHBIE SBIEHISI He ABILIFOTCA HC-
KIIXOUEHHEM.

W3moKeHHbIe MOMEHTEHI, a Tak’ke HeKOTOPhIe JpyTHe cooOpakeHHT
He II03BOJLIIOT CUHTATh PA3BUTHE TEOPHH 3JIEKTPOMArHETH3Ma IIOIHO-
CTBIO 3aBepIIeHHbIM. OJHAKO HANbHEHINas 3BONIOIIA e€e BO3MOKHA
T HA OCHOBE JeTAbHOIO KaueCTBEHHOI'O PacCMOTPEHHS IIPOLIECCOB,
IIPOUCXOJAIINX B 3NeKTPOMArHUTHBIX SABIEHHAX, UTO H 3aCTaBIAET
BHOBh BePHYTHCA K pa3zpaboTke Moflellell 3THX ABIEHHH C YUeTOM Tex
HeJJOCTAaTKOB, KOTOPhIe OBLTH IIPHCYINH PaHHHM THApPOMeXaHHYeCKHM
MOJEIIM.

[To5TOMY IIOIBITKH YTOYHEHHS YPAaBHEHMH 3IEKTPOJHHAMHUKH He
TOJKHEI BRI3BIBATh IpoTecTa. HeoOXOMHMO JIHIIE YOETHThCI B KOP-
PEKTHOCTH IIOCTAHOBKH 3aJ{a4H.

OpHako BciIKOe YTOUHEeHHe YpaBHEHHH OIKHO Oa3HpoBaThCcI Ha
IIPEJCTABIEHHH O CYIIHOCTH ABIIEHHSA, Ha €ro KaueCTBEHHOH MOJIEIH.
Jx.K.MakcBemwr ciuemoBal IHHAMHUYECKOMY METOXY HCCIeNOBAHIMIT
aNeKTpoMarHeTH3Ma. OH IIPeJCTABILUL 3JIeKTPHUECKHe H MAarHHTHbIE
SIBIEHMSI KaK HeKHe BHXpEBEIe ITPOIIECCHI, MPOTeKaroIlue B 3¢Hpe —
cpejie, 3AllONHIIOIIEH BCce MHPOBOE IIPOCTPAHCTBO. I ITOCKOIBKY OH
Tonaran, uro 3¢Hp — 3TO HEUTO BPOJie HAEANFHOH KHAKOCTH, TO OH
IIIHPOKO HCIIONB30BAN IIPEJCTABIEHNA ITHAPOMEXAHIKOB CBOEIO BpeMe-
HH O CBOHCTBaX H (popMax ABIKEHHSI TaKOH XHUAKOCTH, B YAaCTHOCTH
npexncrasieHus ['.I'emsMronsna, Y.PaHKHHA H IPYTHX HCCIENOBATENEH.
YunTEBask, UTO IpejcTaBleHHs MakcBeia 00 3IeKTPOMAarHHTHEIX SB-
JEHHSIX, BbIPAKEHHBIE €0 YPAaBHEHMAMH, IIONYYIIH XOpOllee II0J-
TBepXJIeHHe, XOTI H He a0COMIOTHOE, OFUIO ORI JIOTHYHO BEPHYTHCI K
€T0 MOJIENH C ITOTPaBKOH Ha COBpPeMeHHEIe TTpeicTaBIeHHI 00 3¢dupe.

B HacTosfIee BpeMS eCTh BCE OCHOBAHMSI BEPHYTHCI K MOZEILIM
3NeKTpHYecTBa H MarHeTH3Ma, paspaboraHHbM J[x.K.MakcBemioM
€r0 IPeIIeCTBEHHIKAMH, IIOIBITAThCS ITOHATh HX HEeJOCTAaTKH C II03H-
I ceTOMHAIIHIX TTpeficTaBIeHHI 00 3dupe M PH3HUECKYIO CYIITHOCTH
3JEKTPHYECTBA, MaTHETH3Ma H 3JIeKTPOMATHUTHBIX ABIEHHH, A Yero
He0oOXOMHMO YTOUHHTH (PH3HUECKYI0 MOJeNh 3IeKTpOMarHeTH3Ma H Ha
3TOH OCHOBE IIPOM3BECTH COOTBETCTBYIOINE YTOUHEHHS YpPaBHEHHIH
3J1eKTPOMArHHTHEIX SBIEeHHI. [IpH 3TOM cTOHT He 3a0RIBaTh, YTO H
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yTOUHEHHAsd MOJelb, H ypaBHEHHd, BERITEKAIOIHEe H3 Hee, He MOIYT
OBITh TIONHBIMH H JATbHEHIIHe YTOUHEHHI MOJIeNN H YPaBHeHHI 3JIeK-
TPOJHHAMIKH B Oy TyIlleM HeH30eKHEI.

H31mokeHHOe JaeT OCHOBaHME JUIA IOIBITKH HCIIONHHTH HacTaBlIe-
e @.OHTeNmbCca, BRICKa3aHHOE HM B 1882r. B «J[HaTeKTHKe IIPHPO/IBI»
[1, c. 452]: «©©neKTpHUECTBO - 3TO JABHKEHIE YACTHI[ I3PHPa H MOJEKY-
JEI Tel MIPHHEMAIOT Y4acTHe B 3TOM JBIUKEHHH. ..Pa3mmuHble TeOpHH
I0-pa3HOMY H300pakaroT XapaKTep 3TOrO ABHKEHHA, ..OIHpasIch Ha
HOBeHIINe HCCIeTOBAHNI O BHXPEBBIX ABHKEHHAX, BHAAT B HEM — Ka-
KJasd M0-CBOEMy — TOXe BHXpeBOe JBHXKeHHe. ...O(HpHai TeopHi...
IaeT HafleXy BRLICHHTD, 4mo SBIIETCA COOCTBEHHO BEIeCTBEHHBIM
cyOCTpaToM 3JIeKTPHUYECKOTO ABHKEHH, Mo COOCTBEHHO 3a BEIb BhI-
3bIBaeT CBOHM JIBHKEHHEM 3IIEKTPHUECKIE IBICHHI».

He gomxHO GHITH COMHEHHSI B TOM, YTO IpeIIPHHATAI HHXE II0-
IIBITKA TIPEJICTaBHTh CYIIHOCTh 3JIeKTPOMAarHHTHHIX ABIEHMH, KaK H
BcAKag IOJO0OHAs IIOIBITKA, HOCHT YAcTHYHBIN xapakTep. OTo Oolee
ITOCTaHOBKA ITPOOIIeMbI, HeXXelll ee pellleHHe. TeM He MeHee aBTOP yBe-
PeH, 4TO IOAOGHbIE IOIBITKH ITONIe3HbI, MTOCKOIBKY IIOMOTAI0T JIy4IIle
TIOHATH CYIIMHOCTh 3JEeKTPOMAarHHTHBIX ABJIEHHH, OIPeJeHTh HOBEHIE
HallpaBJIeHHA HCCIeOBAHI, a B HEKOTOPHIX CIy4adx YTOYHHTH yXKe
H3BECTHBIE MaTeMaTHUeCKHe 3aBHCHMOCTH.

[IpenicTaBleHHble HHKE  MOJEMHM  3IeKTPOMarHeTHsMa, IIO-
BHINMOMY, FMEIOT CBOH HeJOCTaTKH, ITO3TOMY B JalbHelIleM H HX
TaK’kKe clefyeT YTOUHAT H JOIONHAT, KaK H BCIKHE JTPyTHe MOJIEIH.

CeroJHa cTpeMIIeHHe ITOHATh (PH3HYECKYI0 CYITHOCTH 3IeKTpoMar-
HHUTHBIX ABJIEHHH Gojlee UeM CBOEBPeMEHHO. MOKHO CUHTaTh, YTO Ha
3Ty IpoGlleMy cieJoBamo Ol OOpaTHTh BHHMAHHE 3HAUHTEIFHO PaHb-
e, HOO Bce MaTepHANBl LA 3TOro OBUIM. PAI0M aBTOPOB IOJIOOHEIE
TIOIBITKH OBUIM ITpe NIpHHATEL. CpegH HHX clelyeT OTMETHTh TPYHBI
B.®.Murkesnua (Jlermnarpan, 20—30e rompr) [20], coBpemeHHas paGo-
ta I".'H.Hukonaera (Tomck) [25], B KOTOpOH IpHBeieH OOIIMPHEIA Te-
peueHp IMapaJOKCAbHBIX ¢ TOUKH 3PEHHA COBPEMEHHOH 3IIeKTPOJIHHA-
MUKH SBIIEHHH, a TaK’Ke H HEKOTOPHIX JPYTHX. X HeOCTaTKOM Bce Xe
cleyeT CUMTaTh HEMOJHOTY (hH3HUECKHX IPeCTaBIeHHH O CYIIHOCTH
3NeKTPOMArHeTH3Ma, YTO He II03BONIUIO aBTOpaM CO3[aTh eHHYI0 H
HET[POTHBOPEUNBYIO (PH3HUECKYI0 KapTHHY 3J1eKTPOMArHHTHBIX SBIIE-
Himit. Huoke cliellaHa ITOIBITKA B KAaKOM-TO CTeIIeHH BOCIOJHHTH 3TOT
mpobe.
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CrneyeT OTMeTHTB, UTO IIPH PeaM3aI[HH STOH ITOIBITKH BO3HHKIH
OIlpe/ielleHHBIe TPYIHOCTH, CBA3aHHbIE C HEIPOPaOOTaHHOCTBIO OT-
JEIBHBIX TONOXEeHHH Ia30BOM MeXaHHKH H OTEIBHEIX IIOJIOKEHIH 1a-
Ke TaKoro pasjella MareMaTHKH, KaK BEeKTOPHBIN aHam3. K IepBEIM
OTHOCATCS ABHO HEJOCTATOUHBIN YPOBEHb TEOPHH IIOITPAHHUHOTO CIIOS B
CKHMMAeMEBIX CpeffaX, TEOPHH B3aHMOJIEHCTBI BHHTOBLIX CTPYH, TEOPHH
B3aMMO/IEHCTBHA BHHTOBEIX BHXPEBEIX TOPOHIOB H HEKOTOPHIE JPYIHE.
Ko BTOpPEIM OTHOCATCA HEKOTOPHIE IPEJCTABIEHHA, YKOPEHUBIIHECI B
BEKTOPHOM aHaNH3€e, HO HEJOCTaTOUHO 0OOCHOBAHHbIE (PH3HMUECKH, Ha-
IIpHMep, 3alpeT JleJeHH KONIHHEeapHBIX (COBIIAJAIOIINX IO HaIpaBIle-
HHUIO) BEKTOPOB JIPYT HA Jpyra. XoTd (pH3MUeCKHi CMBICI TaKOH Olle-
pailH OUeBHJEH, 3alpeT Ha IIpe/ICTaBlIeHHe TaKoH BEIIMUHHEI, KaK Ipa-
ITHEHT BeKTOpa, XOTd H 37ech (PH3MUecCKHil CMEBICI sceH (HalpHMep,
TPaiHeHT CKOPOCTH IIOTOKA BOJEI B peke). HeKoTOprIe H3 3THX TPYAHO-
CTeH ygamock 0OOMTH, HO JieTalbHasd IPopaboTKa BceX IOJOOHBIX BO-
IIPOCOB BIIEPE]IH.

Oco0o clefyeT OCTaHOBHTHCA Ha aHAIOTHH 3NIEKTPOMAarHeTH3Ma H
TH/IPOMEXaHHKH.

B mmreparype MHOTHE aBTOPHL OOpalla BHIMAaHIe Ha aHAJIOTHEO
MeXIy TIOBeJIeHHEM KHIKOCTH H JJEeKTPHUECTBA, YTO JaXe B CBOE Bpe-
M IIPHBENO K MIPe/ICTABIEHIIM 00 <aIeKTPHUeCKOM (IIFOH/e», HEKOTO-
poil 3IeKTpHUecKOH KHIKOCTH, oONajaroleli cBOHCTBaMH HJIealbHOII,
T.e. HECXKHMMAaeMOH M HEBA3KOH XHMIKOCTH, IBIKEHII KOTOpoH 00y-
CIIOBIIMBAIOT 3JNeKTpHUeCKHe sBIeHMI. Hambolee 4eTKO 3TO BEIPA3HI
Jx.K.Makceemn B cBoux paboTax «O (apajieeBRIX CHIOBHIX THHIIX»
(1855-1856), ® ¢u3muecKHx CHIOBHIX JMHHAX» (1861-1862), Muma-
MHYecKas TeOpPH 3MeKTpoMarHuTHoro o (1864) [2]u «Tpakrar 06
JNeKTpHYecTBe U MarHeTH3Me» (1873) [9].

MakcBemn yKassBal, 4To «MBI JOIKHEI HAWTH TaKOM METOJ, HC-
CIIeIOBAHHA, KOTOPHI Ha KK/IOM IIIaly OCHOBHIBAJICA Ha SICHBIX (PH3H-
YECKHX IIPEACTABIEHUAX... ...MaTeMaTH4YeCKOe CXOJCTBO HEKOTOPHIX
3aKOHOB OCTAHETICA B CHJIE H C YCIIEXOM MOXKET ORITh HCIIOJH30BAHO B
TIOJIE3HBIX MaTeMaTHYeCKHX IIpHeMaXx.

IIpH TIOMOIIM aHAIOTHH TaKoro poja s IOIBITAICS IPEeICTaBHTL B
ymoOHOH ¢opMe Te MareMaTHUeCKHe IIPHEMBI H (POPMYIEI, KOTOPEIE
HeOOXOMEI UL H3YUeHHT IeKTPHUECKHX SBICHIIH.

...OTHM IIyTeM MBI ITOIy4aeM IeOMeTPHUECKYI0 MOJelb (I3Mue-
CKIIX CHII, JAFOIIYI0 ITOBCIO/TY HAIIPaBJIEHHE CHIBI, HO HEOOXOMHNMO eIle
HafTH MeTOJ JULL BRIPAXKEHHA HHTEHCHBHOCTH 3THX CHI B KaXJOH TOU-
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ke. 310 OyJeT ZOCTHTHYTO, €CIH IIPeJICTaBILATE pacCMaTpHBaeMble KpH-
BbI€ He IIPOCTO JIMHILAIMH, HO TPYOKaMH C IIepeEMEHHBIM TedeHHeM, IIO
KOTOPEIM TeueT HeCKHMAaeMas JKHIKOCTh>.

U manee:

«CyOCTaHINH, 0 KOTOPOH 37eCh HIeT pPeub, He JOIKHO IIPHITHCEHI-
BaTbCA HH OJHOTO CBOMCTBA JAEHCTBHTENBHBIX XHIKOCTEH, KpOMe CIIO-
COOHOCTH K IBHKEHHIO H COIPOTHBIICHHIO CXKAaTHIO. ...YIIOTpeOJeHTe
TEPMIHHA <KHIKOCTB»... 03Ha4aeT TONFKO BOOOpakaeMyro CyOCTaHITHEO
CO CIeYIOIIUM CBOMCTBOM:

JIro6as yacTh KHIKOCTH, 3aHIMAIOIIAd B KaKOH-ITHOO MOMEHT Bpe-
MeHH JIaHHBIi 00FheM, B KaX/Ibli IMOCIe YOI MOMEHT BpeMeHH Oy-
IeT 3aHIMarh TaKoH ke 00beM. OTOT 3aKOH BEHpakaeT HeCKHMAeMOCTh
KHIKOCTH M JaeT HaM yTOOHYH Mepy ee KOIHMYecTBa, a HMEHHO ee
00BeM.».

U nmanmee, OCHOBEIBAICH HA CBOMCTBAX 3TOH THIIOTETHUECKOH KHII-
KoCTH, MakcBeJI HCITOb3yeT HapaOOTKH MHOTHX aBTOPOB, CO3ABIIIIX
B TO BpeMs HEKOTOPEIe OCHOBHI IBHKEHH A HJIeAIbHOM KHIKOCTH, CpeJIH
KOTOPHIX (Bcero ux 24) HyxHO yrmoMmsaHyTs I'.I'emsmromsna [6], pa3pa-
OOTaBIIell OCHOBHL TEOPHH BHXPEBOH XHMIKOCTH, a TaKkXke BiiIbima
Tomcona [7]. OTH IpeAcTaBIeHHA T03BOIWIH MakcBellTy pa3paboTars
CBOHM 3HAMEHHUTBIE YpPaBHEHHMA 3SNEeKTPOIMHAMHKH, KOTOpHIe ABHIMChH
TeopeTHUecKOoH 0a30i I CO3[aHMI PACUeTHBIX METONOB BCEX H3BECT-
HEIX CeTOHA NEeKTPHYECKHX H MATHUTHBIX SABIICHIT.

OpHaKo HEKOTOPHIE aBTOPHI, CITyCTA HECKONBKO IeCATKOB JIeT, 00-
patwm BHHMaHHE Ha HEINONHOTY YpaBHeHMiI MaxkcBemna. Tax
H.II.KacteprH B cBoeil paboTe «OO0O0OIIeHHe OCHOBHBIX ypaBHEHHI
A>POJIMHAMUKHA H 3MeKTpouHaMHKH» [19] yka3smaeT, uro «CHcTeMa
OCHOBHBIX YPABHEHMI 3JIE€KTPOMATHUTHOIO ITOJ MaKcBella, YCTaHOB-
JeHHas 75 JeT ToMy Ha3aJ, HECOMHEHHO, He B COCTOSHHI OOHATH BCE
SIBIIEHILA 3JIEKTPOMArHeTH3MA, H3BECTHhIE B HacToAIIee BpeMd. C Hallel
TOYKH 3PEHHA YPABHEHH SJIEKTPOMATHUTHOIO ITOJd MakcBeIa TOIBKO
nepevle nNPpUOAUIICEHNUA, H HUX HENOCTAaTOYHOCTh B HACTOAIIlEe BpeMs
TIPOHCXOJHUT OT TOTO, UTO TOUHOCTh COBPEMEHHBIX H3MEPEHUH B 3JEK-
TPOTEXHHKe HEH3MEPHMO BO3pOcia II0 CpaBHEHHIO ¢ BpeMeHaMH dDapa-
mes, MakcBemra, I'epIfa co BpeMeHH HX YCTaHOBIeHHI. To e camoe
CIIPaBE/UIMBO 10 OTHOLIEHHIO K YPaBHEHHAM T'HIPOIHHAMMKH, JAHHBIM
180 meT Hazag OitmepoM H JopMalbHO pacIpOCTPaHEHHBIM Ha cIydai
IOBIKEHIA Ta30B. OHM JBHO HeJOCTATOYHEI UL ITPeJICTaBIEHILI TeX ObI-
CTPBIX [IBMJKEHMIH BO3[yXa, ¢ KOTOPEIMH IIPHXOJHTCSI HMEThH [€JI0 B
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aBHAIMH, OCOOEHHO /I BHUXPEBHIX MABIKEHI. YpaBHeHHI Oifmepa
TaKke IIPEJCTABILIIOT COOOH TOIBKO nepeble NPUOIUNCEHUA .

C 3THM yIBepXAZEHHEM HYXHO COITACHTHCA, ITOCKONBKY JEOOEIE
YpaBHEHHA OTPaXaroT SBIEHHE BCeI/la MPHOMIKEHHO M HE YUHTHIBAIOT
TeX CTOPOH SABIEHII, KOTOpPEE He ITOCTABIEHEl MCXOJHOH IIENBI0 HC-
cJIeIOBaHHI.

Ha B03MOXHOCTh MOJEIHPOBAHNA OeCIHPKYILAIMOHHEIX H IHPKY-
JAIFOHHEIX TOTOKOB JKHAKOCTH oOparwi BHnMaHme B 1969r. mpodec-
cop JIeHMHTpaICKOI0 MHCTHUTYTa BOJHOrO TpaHcIopra I'.A. Psg3aHOB B
CBOMX ()YHIaMEHTATHFHEIX padoTax «OIBIT H MOJIETHPOBAHHE TIPH H3Y-
YEHHH 3MeKTpoMarHuTHoro moir» (M.Hayka, 1966)n «dnekTpHueckoe
MOJIETTMPOBAHNE C IIPHMEeHEHHeM BHXPeBHIX monei» (M.Hayka, 1969)
[26]. Takum o6pazoM, MPABOMEPHOCTh HCHOIh30BAHHS AHATOTHH MeX-
Iy 3NeKTPOMAarHeTH3MOM H THAPOIMHAMHKOH IMHPOKO ITOATBEPXEHA
TPaKTHKOMH.

OpmHako Bce 3TO KacaloCh IIPEJCTaBIEHHI 00 3MEKTPHYECKOM H
MAarHHTHOM IIOJIIX KaK 00 HJIeaIbHOH KHAKOCTH, T.€. KHIKOCTH HE BA3-
KOH H HecKHMaeMoH. DQHPOIHAMHKOH ke MOKa3aHO, UTO CTPOUTENh-
HBII MaTepHall 3THX IIolell — 3¢Hp Ha caMOoM [ielle SABILIeTCA Ia30II0-
IDOOHOI cpefoi, ClIOCOOHOH CKHMAThCA H H3MEHATh CBOXO INIOTHOCTE B
IIIPOYAHIIIIX IpejiellaX, 3T0 00CTOATENHCTBO IIPAKTHYECKH HHKOTAA H
HHKeM He OBUIO yuTeHO [27]. Ho HMMEHHO 3TO IHO3BOIMIO OOBSICHHTH
CYIIHOCTS 3NEKTPHUYECKOTO 3apA/a, YTOUHHTh 3HEPreTHYeCcKOe COJep-
’KaHe NEeKTPHIECKOT0 H MarHUTHOTO IIONeH M HaMeTHTh ITyTH LT II0-
Jy4eHILI SHEPTHH H3 OKPYXKAIOIIero Hac IIPOCTPAHCTBA.

CoBpeMeHHas (JU3NKA HA3BIBAET TA3 «CKAMAEMOH JKHIKOCTHIO,
YTO IPHHIMIMAIEHO HEBEPHO, IIOTOMY UTO Ta3 oO0NafaeT PpAIOM
CBOMCTB, KOTOPEIMH XH/IKOCTh BOBCE He 00JTa/laeT, HAIpIMep, HaHyl-
€M IIOTPaHHYHOIO CIOA B TPAIHEHTHBIX T€YEHILIX, CIIOCOOHOCTBIO BHX-
peil caMOIIPOM3BOIBHO AKKyMYIHpPOBATh SHEPTHIO H3 OKPYKAFOIIETO
BHXPh IIPOCTPAHCTBA H HEKOTOPHIMH JAPYTHMH. OTO 00CTOATEIHCTBO
TIO3BOILAET, C OFHOH CTOPOHEI, BELICHHTE CTPOEHHE 3IEKTPHUECKOTO H
MAarHHTHOTO II0JNeH GoJjee IIONHO, YeM 3TO MOXKHO CZelNaTh Ha Oase aHa-
JIOTHH ¢ KHIKOCTBIO, C APYTOH CTOPOHEI IIpeJicka3ars H IPOBEPHTH PAL
SABIIEHMI, O HACTOSINETO BPEMEHH M3YYEHHEIX HEeJOCTaTOUYHO, a C
TpeTheil — HallTH HOBHIE HAllPaBIEeHHI HCCIEJOBAHI, HEKOTOPhIe H3
KOTOPHIX, HECOMHEHHO, HMEIOT IIePCIIEKTHBY, KaKk B HAyYHOM, TaK H B
TIPHKIIATHOM acIIeKTax.
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1.2. PasmepHocmu ¢hpusuvyecKux eesiuq4uH u
ux poJsib 8 pusuke

Kak m3BecTHO, Kaxgad u3nueckas BellTUHHA HMeeT Pa3MepPHOCTS.
Kaxora ee pois?

Ilo MHeHHIO OONBINMMHCTBA (H3HKOB, BKIIOUA H  3IEKTPHKOB-
TEOPETHKOB, Pa3MEPHOCTh CIYXKHT CPeJCTBOM YCTaHOBIEHHSI COOTBET-
CTBHSI MeXIy (PH3HUECKIMI BeIHUNHAMH B ypaBHEHHIX, OIMHCHIBAKO-
X ¢H3MUecKHe, B TOM UHcIe 3IeKTPOMAarHHTHBIE 3aKOHBL. Dm3mue-
CKOTO XK€ CMEBICIAa pa3MepHOCTh He MMeeT. Takoe MHeHHe HMeeT ITOJ
co0oft TOT (akT, UTo GHIMUECKHIT CMBICT MHOTHX (H3HUECKIX BEeTHUNH
IO CHX IOp He YCTaHOBIEH. OTO B IIEPBYIO OUepe[h KacaeTcs TeOpPHH
3JeKTPOMAarHeTH3Ma, B KOTOPOI He BRIICHEHA CYIIHOCTh AMEeKTPHUYEeCKO-
TO 3apsAfa, CYITHOCTh 3NEeKTPHUYECKOTO M MAarHHTHOTO IIONeH H JPYTHX
BeIruHH. [TOIBITKA HAITH 3TY CYIITHOCTH J{a’ke He BO3HIKAeT.

Tak, HampuMep, B 21 ToMe Bolmbinoii coBeTcKoi SHIHKIONE HH (3-€
H3/laHue) Ha cTp. 4218 cratbe «PazmepHOCTH» [28] ckazaHo:

«Pa3MepHOCTh (PH3HUeCKOH BEIMUHHEI, BRIpaKeHHeE, ITOKAa3hIBaIo-
IIjee BO CKONBKO pa3 H3MEHHTCS eHHHIa (H3MUeCKOH BeJIUMHEI IIPH
HM3MeHeHIH eJIHHII] BeIHUHH, IIPHHATHIX B JTAaHHOH CHCTeMe 3a OCHOB-
HEIE.

U nanee: «B psjme ciyuaer P. MO3BONAET yCTAHABIHBATH CBSI3H Me-
K]y COOTBETCTBYIOIIMMH BelHuHHaMH». I Bce. O ToM, UTO pa3mep-
HOCTh OTpaxkaeT Ha caMoM Jielle (GH3MUEeCKYI0 CYIITHOCTh BETHUHH Peyb
BooOrie He uaeT [29, 30]! Ho mMeHHO TaKo# IMOIXOJ[ HMeeT JAleKo
HTyIIe TOCTeICTBHA.

Jlo HegaBHeTO BpeMeHH B 3IeKTPOTEXHHKe HCIIOIh30BAIICH abco-
JIOTHAS 3MeKTpHUeckas cucTeMa emuHm CI'CO, abcolroTHASL 3TIEKTPO-
MarHuTHasg cHcTeMa emuumn CI'CM, a Takxe abcomoTHad ["ayccoma
CHCTeMa eJIIHHII, B KOTOPHIX OCHOBHBIMH €J[HHHI[AMH SIBILUIICH CAHTH-
MeTp, TpaMm U cekyH/a [31], Ho B cucteme CI'CD abcomoTHAS THAIIEK-
TpHUecKas ITPOHIMIIAEMOCTh CUMTaeTcsI Oe3pasMepHON H PABHOI eJTHHIH-

Ile UL BaKyyMa:

& =1
B cucteMe CI'CM aGcoroTHass MarHHTHAS ITPOHHI[AEMOCTh CUHTAETCS
6e3pa3MepHOH H PaBHOH e/IHHIle 11 BaKyyMa!
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fo =1
aB raYCCOBOfI CHCTEME €IITHIII] a0coJroTHAL JHIJIEKTPHYECKAasA H Mar-
HHTHaA ITPOHHITA€EMOCTH CUHTAIOTCA 6e3pa3MepHanm H IIPHHHMAIOTCA

OTHOBPEMEHHO PABHBIMH €I[IHHIIE JULI BaKyyMa:
Ey =My = 1
B pesyubTare oHA U Ta Xe dIEKTPHUYECKAs MM MarHHTHASA BeJl-
UYHHA OKAa3hIBAETCA MMEIOINeH pasHyro pasMepHOCTh. Harpmmep, KomH-
YeCTBO 3JEeKTPHUECTBA (3IEKTPHUECKHI 3aps)T) HMeET Pa3-MepPHOCTh: B
CI'CO u I'ayccoBoil cHCTeMax eIHHHUII — CM 82p 1/z-c_l; a B CHCTEME

eqmmra; CICM — CMllz-rllz; MArHHTHBII IIOTOK B CHCTEME € JIHHHI]

CI'CO nMeeT pasMepHOCT — eM¥®rl, B CI'CM m I'ayccoBoii cHc-
TeMax egHHHI[ — CM 82 pl2. -1

Hamiune TpexX IIpakTHYECKH OJHOBPEMEHHO JEHCTBYIOIIHMX CHCTEM
3NeKTPHYeCKHX H MAarHHTHBIX €JIHHI[ BCeT/[a BEI3RIBANO OOJbIIHE
TPYAHOCTH B pacueTax, HO IIIAaBHOH TPYINHOCTHIO ABILUIOCH OTCYTCTBHE
Kakoro ORI TO HH OBITO ()M3MUECKOTO CMEICTA B 3THX eJHHIIIAX. KaK
IIOHUMATh, HAI[PHMeP, KOpeHb KBAJPATHBIM H3 I'paMMa, I CAaHTHMET],
BO3BEJIeHHEN B CTeIleHh 3/2 ?!

MexgyHapogHasd cHCTeMa 3NEKTPHUECKHMX H MArHHTHBIX €JIHHHI]
MKCA, ocHOBaHHad Ha TeX Ke IIPeCTaBIeHHIX, yTo H cucTteMa MKC,
0 eJMHHI[aX MacChl — KHJIOTpaMMe, UIMHbI — MeTpe H BpeMEHH —
ceKyH7le, MoOaBmIa K HIM HOBYIO OCHOBHYIO eIHHHITY — Awmmep. [To-
CKOJBKY 3Ta €JHHIIA He HMeeT HIKAKOIO HAIITHOTO IIpeICTaBIEHH],
To U QHU3HUECKHI CMEBICI ee He OIpejielleH, OTCI0/Ia H Bce 3IeKTpHYe-
CKHEe U MarHUTHBIE BEIIMUNHEI, B Pa3MEePHOCTh KOTOPHIX BXOIHT AMIIED,
Takke He MOTYT MMeTh HH HaTIAHOTO ITpe/ICTABIEHII, HI QH3MUecKo-
ro cmeIcna. K sToMy IIpHTepIIeNrCch, H 3TO CUHTAETCA B IIOPS/KE Bellei.
Tem He MeHee, cucTeMa euHHL] CU mMeeT 3HAUNTEIbHbIE IIPeHMYyIIle-
CTBa IO cpaBHeHMIO ¢ cucreMaMu CI'CO, CI'CM u T'ayccoBoii cHcTe-
MO € IHHHII.

B cucreme CU InpHBeJeHHEIE BEIIE BEIMUMHEI HMEIOT ILIEIOYHC-
JIEHHBIE CTEIlEHH: KOIHYECTBO 3JIEKTPHUYeCTBA — A°C; MarHUTHEIH II0-
ToK — MOKT-A™¢™2 Tak Xe Kak U BCe OCTAIBHEIE 3IEeKTpPHUYECKHE H
MAarHHTHBIE BeIHUHHBEL. OjHako HegocTarkoM cHcTeMbl MKCA 1o-
TIpeXXHeMY SBIIETCA OTCYTCTBHE (PH3HUECKOTO COJIePKAHII B MTOHITHH
«CHIIa TOKa», a, B CBSI3H C 3THM, H B ee eIHHUIe «AMIIEP», H alee BO
BCeX INMEKTPHUECKUX H MAarHUTHBIX BEJITUHHAX.
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Kpome Toro, B cucreMe CH HMeIOT MecTo Ge3pa3MepHbIE BETHUH-
HEI, HAIIPAMeP, PajiiaH (pajr) I IIOCKOTO yITa i cTepaguan (cp) st
00BEMHOTO yIia. OTO OCHOBAHO HA TOM, UTO PajiHaH OIpefelleH Kak
OTHOIIIEHHe JUIMHEI JyTH, H3MepseMOH B MeTpax, K JINMHEe pPajHyca,
TaKXke H3MepsIeMoi B MeTpax (puc. 1.1):

LM
S, M
R, M
a o

Puc. 1.1.K onpejeieHuio pasMepHocTeii pajuana (a) 4 crepajuana (6)

Ho Ge3pasmepHble BeTHUMHEI (PH3HUYECKOTO CMEBICTA He HMEIOT, H
3TOT HeOCTaTOK MOXHO HCIPaBHTh, OIMPAiICh Ha IpPe/ICTaBIeHHI 00
o0ImMX (H3MUECKHX HHBApHAHTAX, a IIPOIle T'OBOPS, BCIIOMHHB, YTO
IIPOCTPAHCTBO TPEeXMEPHO M COKpAIaTh Pa3MEPHOCTH (I3HUYECKIX Be-
JIMYHH, JTeXaIlHX B IIPOCTPAHCTBE IEePIEH/IKYILIPHO APYT APYTY, HElIb-
31. Ha camoM fiene B pajinaHe Ayra, HCUMCIIeMas B MeTpax, NlepIeH/IH-
KyJLIpHA paiiycy, TaKke HCUNCIIeMOMY B MeTpax, H, XOTd o0e 3TH Be-
JIYHHG] HCUHCIIAIOTCS B OJIMHAKOBEIX €IHHIIAX H3MePeHHI — MeTpax,
COKpallfaTh HX Ha 3TOM OCHOBAHHMH Hellb3d, CIeJI0BaTeIbHO, pasMep-
HOCTD PaJiiiaHa COCTaBHT

[pan] = m [ mpg.

To e OTHOCHTCA H K CTepaaHaHy, pasMEpPHOCTs KOTOPOIrO Ha ca-
MOM J[ieJIe COCTABHT.

[cpl = MaMﬁ/M;

3/ech TaKXe HeNb3S COKPAIIATh METPHI, CTOAIIHE B UHCIHTENE, C
MeTpaMH, CTOSAIMMH B 3HAMeEHATele, TOCKOIFKY OHH IepIeH HKYILIp-
HEL IpYT Ipyry. Ho Telleps W pajyiaH, H cTepajHaH MPHOOPeH YeTKIH
¢drm3mueckit cmeich. [IpaBpaa, Amd GONMBIMMHCTBA (PH3MUECKHX 337ad JI0
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CHX TOp 3TO He HMeNO OOJBIIOTO 3HAUeHHS, HO HMEHHO IIOTOMY, YTO
OBLT yTpaueH GHU3MUeCcKHit CMBICT CaMHX 3THX 33J1ad.

HepmocTarok, CBA3aHHEL C ITOABIEHHEM B CHCTEMeE H3MEPEHMIT AM-
Tepa, He BXOJMAINETO B COCTaB BceoOIMUX (PH3HUeCKHX HHBPHAHTOB,
TaKke MOKHO HCIIPAaBHTH, HO OIMMPaich yXke Ha 3(HpPOIHHAMIUECKHE
TIPeJICTABIEHS O CYIITHOCTH 3IeKTPHUECKOro 3apsaya [32].

COITOCTaBILAA YAEIBHYI0 SHEPTHIO 3IeKTPHUECKOTO IO IIPOTOHA

— £0E2
Wep = 5

, oM (1.1)
C YIeNBHOMH SHeprHei IOToKa CTPYH 3¢rpa

2
W, = '03—2\/" , w3 (1.2)
e &, /M — mH3IeKTpHUecKas MPOHUI[AeMOCTh BakyyMma, E, B/m —
HANPAKEHHOCTh 3MeKTPHUYECKOTO TONA, L, KI/M°> — IDIOTHOCTS CTPYH
a¢Hpa, DBHAKYIIEHCI CO CKOPOCTBHIO Vi, M/c (CKOpOCTH 3¢Hpa BOII3H
TIOBEPXHOCTH IIPOTOHA), TTOTy4aeM, UTO, ITOCKOIBKY IIOKa3aTelH CTelle-
Hell & U O, paBHHI 1, TO

& = 8,85102 oMt =p, = 88510 xr'm 3, (1.3)

YTO BIIONIHE COOTBeTCTRBYeT B3rsigaM O.Dpenens (1823)mprmMennTers-
HO K TEOPHH HETOJBIXHOIO 3¢mpa. TakiM o6GpasoM, BIEpBHE OKa3a-
JOCh BO3MOKHEIM IIPOCTO H TOUHO OIIpeNelMTh IUIOTHOCTh 3dHpa B
OKOII03eMHOM IIPOCTPAHCTBE.

U3 Teopemsr I'aycca [33] (puc. 1.2) cieqyer, UTO 3IEKTPHUECKOE
cMerrerre D ompezensgeTcs kak

D=¢gE=J, (L.4)
S
TJle (| — 3MeKTPHUEeCKIH 3apsy, S — INomap ITOBEPXHOCTH, OXBATHI-

BaroIIei 3apAf, OTKyZa
0 K1=DS =¢,ES =0, . S = 0, Vi, S,, kr°c (1.5)

3meck S= 4tR % R — pamiyc cepsl, CKBO3b KOTOPYEO TIPOXOJIHT
TIOTOK 3MeKTPHUecKOoro cMeleHnsa D; Vi, _ ckopocTs ImoToka 3¢upa Ha
paccTosHHH R OT I[eHTpa IIPOTOHA.
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Puc. 1.2. Munoctpanusi Kk Teopeme I'aycca

Ha noBepxHocTH ITpoToHa R = R,, T.e. pa/iIycy IPOTOHA, Vi = Vi
— CKOPOCTH JBHXEHI 3(Hpa Ha ITOBEPXHOCTH IIPOTOHA.

Taxrm o6pazoM, onpezendeTca (pH3HUECKHIT CMBICT 3IeKTPHUECKO-
To 3apdza:

INEKMPUUECKUIL 3aPAD eCMb UUPKYIAUUA NJLOMHOCIIL NONOKA
KOJIbU,€601L CKOPOCIMIL IUpa no 6ceil NOGEPXHOCMIL UACHILbL,

OTcroia pa3MepHOCTS 3NeKTpHUYecKoro 3apaaa B cucreme MKC co-
CTaBILAET

[q], K1 (Kymor) = kr°c (1.6)

Hcxond H3 H3IM0XKEHHOIO, MOXKET OBITH OIlpeJZielIEHa PasMEPHOCTH
JIIEKTPHUYECKOI'O TOKa. HOCKOJIBKY

i = oglot, (1.7)

TO PasMEPHOCTh 3HAUYECHHA €JHHHIBI JIEKTPHUECKOIO TOKA — AMnepa
OIIpEEINTCA KaK

[A] = k¢ 2 (1.8)

OTO 1aeT OCHOBaHMe UL IIepPeBOAA BCEX NMEKTPHUECKHUX H MarHHT-
HBIX BeJIumH U3 cucteMbl MKCA (MeTp, KHitorpaMM, ceKyHjia, AMIIep)
B MexaHHUecKyio cucreMy MKC (MeTp, KIIorpaMM, CeKyHJIa), UTo Cy-
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I[eCTBEHHO 00IeryaeT IpejcTaBIeHHI O (PH3HUecKOH CYITHOCTH Kaxk-
JIOH H3 HHX.

1.3. EQUHUYbI an1eKmpuyecKux u MazHuUm-
HbIX eeJlu4YuH e cucmeme MKC

ITeperop ey ¢H3MUecKHX BelurH 13 cHcTeMBI MKCA B crc-
TeMy MKC ocyIecTBIAeTCSA IIyTeM 3aMeHBl €IHHHUIEI CHIEI TOKa AM-
mep [A] pasMepHOCTEIO [KT-¢ 7.

B Tabmme 1.1 mpHBeleHBI eXMHHII H3MePeHHI OCHOBHEBIX 3NEK-
TPHYECKHX H MAarHUTHEIX BEJMUMH B cHcTeMe euHuI MK C.

3pech ciexyeT oOpaTHTh BHIMAaHIE HAa HECKOIBKO MOMEHTOB.

B cucreme MKC MarHHTHAsS HHAYKIHA OKa3bBaeTcsa Oe3pasmep-
HOH, eCIIH He YUHTBEIBATH TOTO, YTO BEKTOP MAarHHTHOMN MHIYKI(HH IIep-
TIEHIHKYJLIPEH CKOPOCTH ee PaclipoCTpaHeHHd. ECIH e 3TO yuecTsb, TO
OKa3bIBAETCA, YTO MAarHUTHAs HHIYKIGHA €CTh CKOPOCTh JBIUKEHHT 3(H-
P2 IepIeHIHKYILAPHO BEKTOPY MAarHUTHON HHIAYKIMH B M IepIleH/HKYy-
JLIPHO HAIIPABIIEHHIO PACIIPOCTPAHEHHIO MAarHHTHOTO IIOJIA, OTHECEHHAS
K CKOPOCTH €€ PACIPOCTPaHeH s, PABHOM CKOPOCTH CBeTa C, IIEPIIEH TH-
KyILIpHOH BekTopy B. Ho B 00€HX 3THX CKOPOCTAX IIPHCYICTBYET Bpe-
M, BEIpaXKEeHHOH B CEKYHAAaX. B oTiMUNe OT TpeXMEePHOIO IIPOCTPAHCT-
Ba, BPEMI OJHOMEPHO, II03TOMY €TI0 MOKHO COKPAaTHTb, H U1 HHIYK-
IMH OCTaeTCcs pa3MepHOCTh

[B] = Mp/M.. (1.11)

B ormume ot cymectByromer cucreMsl MKCA, B KOTOpPOH IIO-
CTPOEHHNE HAarTLITHBIX MOJeNeH 3aTpyAHHTEebHO, B cHcTeMe MKC mia
BCeX JNEeKTPHYECKHX H MAarHUTHEBIX BEJIHYHMH ITOSABIIETCA BO3MOXKXHOCTh
MEeXaHHYEeCKOTO MOJEIHPOBAHHA, JOCTAaTOUYHO HATILAHOIO JUII IIOHH-
MaHILA X (PH3HIeCKOro CMEBICIIA.

ITockonbKy BCe IIOIBITKH H3MEPEHII CKOPOCTH IIOTOKOB 3(mpa
BJIOJH BEKTOpAa B MarHMTHOM HMH/TYKIIMH HHUETO He JAIH, MOXHO IIpeJ-
TIOJIOKHTH, YTO TAKOT'O PaclipoCTpaHeHId HeT BooOIme. Torga ocraercs
€MHCTBEHHBII BapHAHT. MAarHUTHAs IJHMHHI MAarHHTHOH MHAYKIHH
TIpeJICTaBIeT cO00H HAOOp BHHTOBEIX TOPOHJOB, a CKOPOCTh IIOTOKA
3(mpa Ha TOBEPXHOCTH KaXJTOT0 TaKOTO TOPOHJA H OIIpe/iellIeT BelH-
UHHY MarHUTHON MHIYKIIHH

[B] = vslc (1.12)
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Tabmuya 1.1
Hassa- OBo3HA- Emanmnia Emanmnia
Bemnrmma HUE eJ[H- ermie H3Mep eHHIA H3Me] eHHA

HUITHI B MKCA* B MKC

DJIeKTPITIeCKHe BeJIIHHbBI
PaGoTa H YHeprHs JKOYITh ok M2 KI ¢ 2 KI* M?C 2
MorumHocTh Barr Br M2 Kr ¢ 3 K- M2¢ 3
KommaectBo a1ekTpH- | KynoH Kn Ac Kr-c!
4ecTBa (JIIEKTpHUE-
KHI 3apsin)
Cuila ToKa Awmriep A A KIr'c 2
IToTok armekTpHuecko- | KyioH Kn Ac Kr- ¢!
ro CMeleHHs (HH/IYK-
LIH)
OJIEKTPHYECKOE CMe- KyiioH Ha Kinm? Acm? Kr* M2¢ 2
IeHHe (MHIYKIHS) KBaJgpaT-

HBIH MeTp

HarmpspxeHue, pas- BomsT B M2 KA l¢c3 m2-¢c1
HOCTb TIOTEHLIHATIOB,
9JIEKTP OIBHKYIITAsT
CHITa
OJIEKTPOEMKOCTh dapana 0] Ac*M2 krt KI'M 2
OJIEKTPHYI €CKHH MO- — Knm Ac'Mm Kr'mc !
MEHT
BexTop mosspH3alHH — K m? A cm? KO M 2¢ 1
(ITOJIAPH3 OBAHHOCTH )
DJIeKTpHY eCKast dapana ®-M? Ac M3 Kr?t KI'M 3
TP OHHITaeMOCTh Ha MeTp
HanpsukeHHOCTh BoimbT B-m? M'KrrA™1 ¢ Mct
9JIEKTPHYIECKOTO TI0JIT | Ha MeTp
DJIeKTpHIECKOEe oM oM MZ K A2 ¢3 Kr Mm%
COIPOTHBJIEHHE
VIelbHOE SIeKTpHue- | — oMM M3 KkrA%c8 Kr- M%c?
CKO€ COIPOTHBJIEHHE
VaembHast JIeKTpHIe- | — oMMt | AZc3 M 3kr? K 1 M 3c?
CKasl IPOBOJHMOCTD
TP OBOAHMOCTH
TIoABHKHOCTH HOHOB — M2B1ct | AcZkrt —
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MarnmTHbIe BeJIM-HHBI
MarHHTHBIH IT0TOK BeGep BG6 M3k Al c2 | M?
MarnuTHas HHAYKIHSA | Tecta Tn Kr- A¢c2 Mp'M, !
MarHHTHBE MOMEHT — A'm? A m? Kr* M%c?
BeKTOp HHTEHCHBHO- — AwMm? Awm? K" M 1'c2
CTH HaMarHHY eHHsI
(HaMarHH4 eHHOCTD)
MHIYKTHBHOCTDL H Tenpu TH MZKrA™¢2 | kT tm%c?
B3aHMHasl HHIYKTHB-
HOCTH
MarnduTHas npoumifae- | IeupuHa | TH-M T M'KI'A2¢2 | krl'm'c?
MOCTh MeTp
HarnpsuKeHHOCTh Mar- Ammep Ha | A'm? Awm? Kr'M ¢ 2
HHTHOTO I10JI1 MeTp
MarHHTOABHKyIIIast Amriep AumAB | A Kr'c?
CHITa HH AM-
TIEPBHTOK
MarHHTHOE COMPOTHB- | — A-B6? A2c2M2kr T | kr M 2¢2
JleHHe HH
AB-B6?

*ITo maHHbIM CripaBOYHHKA 110 GH3HKE [JI1 HHKEHEPOB H CTYIEHTOB BY-
30B. M., Hayka, 1971 [30¢. 892-909].

BbigoObi

1. IIpencraBneHms 00 3IeKTPHUYECTBE H MarHeTH3Me COIPOBOXKIA-
I0T BCIO HCTOPHIO €CTeCTBO3HAHHA C JAPEBHEHIIMHX BpeMeH, HO HacTOs-
Iee pasBHTHE HAYKH 00 SNEKTPHUYECTBE H 3IeKTPOMATrHHTHEBIX SIBIIEHI-
SIX HAYaJIoCh TONBKO B 17 BeKe, a TeopeTHUeCKoe H SKCIIEPHMEHTAIh-
HOoe 000CHOBaHHe 3Ta 00JacTh HAyKH MONyUIIIa TOMhKO B 19 cTomeTH,
KOIJa K M3yUeHHIO 3MeKTPOMArHHTHBIX SBIEHHI IIOJKIIOUINIOCH MHO-
’KeCTBO €BPOIEHCKHX H aMepHKAaHCKHX HcclefoBareleil. OCHOBHBIM
TeOPeTHYeCKHM TPYZOM, IIOJBOIAIIIM HTOTH JIOCTHTHYTOMY, SBHICS
«TpakTar 00 SIeKTpHUecTBe H MarHeTH3Me», pa3paboTaHHBIH
Hx.K.MakceemmoMm u m3fanHeiil B 1873 1. IlonydyeHHBIe pe3ybTATH,
0600IIaroIHe TPY I MHOTHX HCClIeoBaTelleil TOro BpeMeHH, SBIUIHCE
TeopeTHUYeCKOH OCHOBOH BCeX M3BECTHBIX HA CETOJHA 3NeKTPOMArHHT-
HEBIX SBIIEHHH H ITOTYYHIH BCECTOPOHHIO ITPOBEPKY MPAKTHKOH.

2. ITapaJOKCH M TPYJHOCTH peIlleHHT HeKOTOPHIX 3aJay 3IeKTPOIH-
HAMHKH CBSA3aHEI ¢ HECOBEPIIEHCTBOM YpPaBHEHHIT 3MEKTPOMAarHHTHOTO
moJsd, GasHpPYIOIMXCI HA MOJETH HAEAM3HPOBAHHOIO (HEBSI3KOIO H
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HecKHMaeMoro) 3¢upa. COBepIIEHCTBOBAHNE YPAaBHEHHH SIEKTPOMAr-
HHTHOTO IIOIII M 3aKOHOB 3JIEKTPOMAarHeTH3Ma BO3MOXKHO JIHIIb HA OC-
HOBE YTOUHEHH HCXOIHBIX MOJENeH, B YaCTHOCTH, CBI3aHHOIO C yde-
TOM peaTbHBIX XapaKTePHCTHK 3(Hpa, ero BI3KOCTH H CKHMAaeMOCTH.

3. C coxaneHHneM clexyeT OTMETHTh, UYTO (PH3HUeCcKIie OCHOBEI T€O-
peTHUecKoH SIeKTPOTeXHHKH Toclle paboT MakcBelnla He pa3BHBa-
JOICH, YTO IIPHBETO, BO-TIePBHIX, K MOTHOMY HEITOHHMAHHIO (PH3HUeCKOH
CYLITHOCTH 3IEKTPOMArHeTH3Ma, a BO-BTOPHIX, K He HCIIOIb30BAHHIO B
TIPHKIIAJHBIX IEJIX MHOTHX PEAbHO CYILECTBYIOLIHUX 3IEKTPOMArHHT-
HBIX SBIIEHHH.

4. B cBS3M € TeM, UTO HCXOTHBIMH (PHM3HUeCKHMH HHBapHAHTAMH
SIBJLTFOTCS COCTABILAIOLIHE IBIDKEHHI — MaTepHs, I[POCTPAHCTBO H Bpe-
M, UeMy B MeXaHHKe COOTBETCTBYeT cucTeMa e MKC (MeTp, KH-
JorpamM, cexyHpa), cucreMa emmaAI; MKCA (MeTp, Kmmorpamm, ce-
KyHJIa, AMITep), MPHHATAS B INEKTPOJIIHAMIKE, OKA3hIBAETCS H30BITOU-
HOH H 3aTPY/HIIONIeH MOHHMAaHIe (PH3MUECKOH CYITHOCTH ITPOIIECCOB
3NeKTpoMarHeTH3Ma. Ha ocHoBaHHMM pa3zpabOTaHHEIX MoJeleil 3Jek-
TpoMarHeTmsMa cucteMa MKCA mpeoGpazoBana B cucreMy MKC, Ho-
CALYE0 YHCTO MEXaHHUYECKHH XapakTep, H Ha 3TOH OCHOBE CO3JaTh
BO3MOXKHOCTh IIPeJICTABIIEHI 3IIEKTPOMArHUTHEIX BEIIHUHH B BHJIE TeX
WIH HHEIX $OpM JIBHKEHHA 3(QHpa, UTO B OIpeNleIeHHOH CTeleHH IT0-
3BOIMIIO YACHUTH HX (PH3MUeCKHI CMBICIL.



S¢dupoanHAMHYECKHE OCHOBBI CTPYKTYPbI BellleCTBA 45

maBa 2. 3¢ mpoanHammuyeckmue ocHo-
Bbl CTPYKTYpbI BelllecTBa

2.1. Ymo makoe agpup”?

Odup — 310 PH3HUECKad Cpefia, 3aMONIAIOINAL BCe MHPOBOE IIPO-
CTPaHCTBO. O¢Hp SBIIETCA CTPOHTEIHHEIM MaTepHAIOM IJII BceX Oe3
HCKIFOUeHNI (OpM BeIlecTBa, ABHKEHHA 3(Hpa BOCIIPHHIMAIOTCA KaK
CIJIOBEIE TIOJS B3aHMO/IeHCTRHIL. ABTOPOM HACTOSAIIIe paboTH CO3/IaHO
HOBOE HANpABIEHHE TeOpPeTHUeCKOH (Qrm3ukn — 3¢HpouHaMuKa [1].
OToMy HAIPaBIEHHIO IIPHHA/UIEKHT cepbe3Hoe Oypyllee, ITOCKOIBKY
OHO IIPOJOJKAET MHOTOBEKOBYIO JIMHHIO ITPOHHKHOBEHH S YeIOBEUECKO-
TO IIO3HAHMA BITTy0bh MaTepHH.

IpexncrapneHma 00 3¢upe cONMPOBOXKIAIH BCIO HCTOPHIO UETIOBEUE-
ctBa. Ilo cBHIETENBCTBY AJeKcaH/ipa MeHd Bce PeIMIHI MHpa B TOM
WIM HHOM BHJe NPH3HABAIH HAJIHUHe B IPHPOJe HeKOoeH HEeBHIUMOMH
CBEPXbECTECTBEHHOH CHJIBI CIOCOOHOMH CO3/4aBaTh U pa3pyIIaTh MHPEHL.

EcTs Bce ocHOBaHMA IONAaraTh, 4To, Mo KpaliHeil Mepe, B 6-4 Bekax
IO HaIlleH 3pH, a, BepoATHEe BCETO, F 3HAUMTEIBHO paHee, HAEH 3¢Hpa
OBUIN PacIpOCTPaHEHBl JOCTATOYHO INHPOKO. Ilo IIpescTaBIeHIIM
OpPeBHIX MaTepHAIHCTHYECKHX Y4YeHWH 3¢Hp eawH H BeueH. Marepms
COCTOHT M3 MeIbYaHINX YacTHIl, 00NIa/IafoIliX ITOABHAKHOCTBI0 H 00-
Pa3yIOIRX aToOMEL. Bce cOOBITHA IPOHCXOAAT B IIPOCTPAHCTBE H BO
BpEMEHH.

W3BecTHEIH peBHETpeueckii ¢pumocod damec u3 ApeBHETPeUeCcKO-
To roposa MuierT, OCHOBATeNb IIepBOH B MHpe AKaleMHUH, T10JIarall, YTO
TIPHPOJA €IHHA H YTO B OCHOBE 3TOTO €IHHCTBA JNEXHT (PH3MUecKast
cpenia amnefpoH (HeoIlpeZeleHHOe), 0ONafaroIas CBOHCTBAMH KHIKO-
CTH. IMeHHO HaIM4He 3TOH cpeJpl 00ecleunBaeT eIHHCTBO BCETO M-
pa. JIeBKHIOI M €r0 YYeHHK J[€eMOKPHT CUMTAIH, YTO BCE BEIH COCTOAT
H3 aTOMOB (He paszpe3aeMbIX, a HIKAaK He HeJleIHMbIX!), HO caMH aTOMBbI
COCTOAT H3 &MepoB (He MMEIOIIX MepPhI), KOTOpEIe PHMCKHIT II03T-pab
Tut JIykpempit Kap HazwsmBan «aepBoHayanaMmm» («lepBoHAUANA BelleH
B IIyCTOTe HEOOBATHOH MATYICA. ..).

Hayka BO Bce IOCIEIYIOIIHE CTONETHA He CTAaBHIA ITOJ COMHEHHE
CYILIECTBOBAHIE B IIpHpoJe 3Hpa, He OUeHb, IIpaBJa, OTaBal cebe OT-
4eT 0 ero cymrHoctH. Opaniry3 JlekapT co3mal MoJelb BceleHHOH, B
KOTOPOH Bce ORIIO MTOCTPOEHO M3 3()HPHBIX BHXpelH. AHTIHUaHiH Hrro-
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TOH MHOTO JIeT IIBITAICA IIOHATH NPHPOAY 3¢Hpa, CBOHCTBA KOTOPOH
OOBACHAIH OBl H I'PAaBUTAIMOHHEIE, H OIITHYECKHe SBIeHHA. [loTepIeB B
3TOM HeyJlauy, OH TOPJI0 BOCKIHKHYI. <« HII0Te3 MBI He H3MBIIDIIEM!»,
YTO O3HAYAJIO ero IIOpakeHHe B 3TOM Bollpoce. C 3TOro BpeMeHH yue-
HEIe pa3/lelIUIICh Ha IBa Jareps — IIpH3HAOIMe 3GHp (KapTe3HaHIb),
CTOPOHHHKH «OIH3KOJIeHCTBHA», T.€. TIepeJauld BO3MYIIEHHT OT OJHOH
TOUYKH IIPOCTPAHCTBA K APYrOH, H OTPHITAROLIHe 3GHpP — OTPHIAFOIIIHE
3¢Hp KaKk HeHYyXHYIO JI1 Ilepefayd BO3MYIIEHHIH cpely (HpIOTOHHAH-
IBI), CTOPOHHHKH <«IambHOMeHCcTBIS» (action in distanceHo B 19 cro-
JeTHH OBUI CO3J[aH PN MOJelNel, THIoTe3 H TeopHit 3¢mpa, ImpaBya, He
BBLACHSIOLIX €TI0 CBOHCTBA, a IOCTYIHPYIOLHe HX. Bce oHH moTepiie-
T IOpaXeHHe, B IIEPBYI0 OYepellp, II0TOMY, YTO HX aBTOPEHL He IIBITa-
JICH BRIBECTH CBOMCTBA 3¢Hpa H3 00BEKTHBHEIX JAHHBIX, a IIOCTYIHpPO-
BaJIIM OT/eTbHEIE CBOHCTBA 3(Hpa, PaKkTHUeCKH HCKIFOUHB (GH3HUECKYTO
MOJeTb M 3aMEHHB ee a0CTPAKTHOIN MaTeMaTH4eCKOH MOJIEIhIO.

Y .1.MeHnpneneera B ero [lepromirueckoli Tabmimie 3¢Hp 3aHIMAT
<«HYIEBYIO CTPOKY», KOTOpas BIIOCIeICTBHH ObDIAa HCKIIOUeHa (He nm!)
H3 TAOJIHIEI.

B 8-m Tome Bomsioit Bpuranckoit sHipkmone i J1x.K.MakcBemn
TIOMECTIII CTAThI0 O TOM, YTO IIOCKONBKY 3QHp aOCOIFOTHO HEIOBHKEH
B IpocTpaHcTBe (Teoprsa PpeHens—J/IopeHIa), ToO Ha IOBEPXHOCTH 3eM-
M W3-3a OPOHTAIFHOTO [BIKEHHSI 3(QHpa TomKeH HaOMIOAAaThCI
BCTpeuHEni BeTep co ckopocThio 30 km/c [5]. CooTBeTCTBYOIIMIT JKC-
TIepAMeHT OBl TIOCTaBNIeH aMepHKaHIaMH A.MalfikeIhCOHOM H
9.Mopiu [2. €. 6-42],H0 pe3yabTaTH OKA3ATHCh 3HAUNTETHHO MEHEIIIE
OXHJaeMBIX (HO He HYJIeBRIMH!), UTO BIIOCIE/JICTBHH CTOPOHHHKAMH
TeopHE OTHOCHTENBPHOCTH OWHINTENHA OOBSIBIEHBl «HYIEBBIMH». A
xorga Tpodeccop KeficOBckoH  IIKOMHI  TPHKIAMHOM  HAyKH
J.K.Mmunnep, mpofienaB THTaHTCKYI0 paboTy, OMpe/ el HallpaBIeHHe
H CKOPOCTh 3(HPHOTO BeTpa HA Pa3HBIX BRICOTAaX [2, C. 62-95, 185-259]
TO €r0 Pe3yIbTATHI IPOCTO OOBIBIIH «He MPH3HAHHBIMIY». DTO 0Ka3aJIo
pelaroriee BIDLIHHE HA Bce JalbHeiIllee PasBHTHE €CTECTBO3HAHMA,
KOTOpoe OBUIO HAIPaBIEHO II0 JOKHOMY IIyTH, B KOHIle KOHI[OB, ITPH-
BeJlIIIee eCTeCTBO3HAHHE B TYIHK. Ilomior oOepHYyJcA IpecTyIUIeHIeM
TIPOTHB HAYKH.

B HacTosIee BpeMa paboTHI 10 TIOHCKY 3(QHPHOTO BeTpa IIPOJOIIKAI0T-
ci. Hambomprme yclexn B 3TOM  HAPaBIeHHH  IIONyYEHEI
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IO.M.I'amaeBsmM [3]. Pe3ymbTaThl €ro HcCleOBAaHHI MTOTHOCTRIO COOT-
BeTCTBYIOT HccnemoBamM J[. K. Mmmnepa 1921-1925r.

CruenyeTr HarmoMHHTh, uTo J[K.K.MakcBemI BEIBEI CBOM 3HAMEHH-
ThIe YpPaBHEHHA H3 IPEJCTABIEHHH O CYILECTBOBAHHMH B IIPHPOJE €JH-
HOH MHpPOBOH cpempl — 3¢Hpa, KOTOPEIL TOIZia CUHTAICA aOCOIIOTHO
HJlealbHON KHIKOCThI0. AHAIOTHUHON IO3HIH IIPHAEPKHBAICI H CO-
BETCKHH aKaJIEMHK—3IeKTPOTeXHUK B.D . MuTkeBHu [4].

CeropH mepexo, K 3GHpOJHHAMIUECKHM IIPeICTABIEHIAM O CYIL-
HOCTH (PH3HUYECKHX SBIEHHIH, B TOM UICIE 3NeKTPOMArHHTHBIX, Oolee
yeM HeoOXoJuM. [IpOHHKHOBEHHE BO Bce OOMBIIHE TTyOHHEBI CTPOEHMA
MaTepHH Bcerga OBUIO OCHOBHOH JHHMEH PasBHTHA €CTECTBO3HAHMA,
TIepexXoJt OT 3JIEMEHTAPHBIX YACTHI[ BEI[eCTBA K HX CTPOHTEILHOMY Ma-
TepHaly H TeM CaMbIM K 3()HpHEIM IIpeICTaBIEHIIM O BHyTPEHHEM Me-
XaHM3Me SBICHHI II0JTOTOBIEH BceM pasBHTHEM (prsmku 20To cToxe-
THA. IlepeXo/ K TaKHM IIPeJICTaBIeHHAM He TOIBKO IIPHBEET K IIOHH-
MaHHIO BHYTpeHHeH (H3MUecKOH CYIIHOCTH ABIEHHI, HO H TI03BOJHT
CO3/aTh IPHHIHIMAIEHO HOBBIE TEXHOJIOTHH.

Ha oCHOBaHMHM HMMEIOIIUXCA CeTOJHS JAHHBIX BBLICHEH He TOIBKO
TOT (paKT, UTO 3GHP CYIIECTBYET B IIPHPOJE, HO H TO, YTO OH IIPE/ICTaB-
JgeT coO00H OOBIUHEBIN peanbHEIH, T.e. BA3KINI H CXKHMaeMBIH Ta3. XoTg
3TOT Ta3 MMeeT CYIIeCTBEHHO Oolee TOHKYIO CTPYKTYPY, UeM H3BECT-
HEIE CETOJIHA I'a3bl, HO Ha Hero TakK ke, KaKk M Ha BCe Ta3bl, PacIpocTpa-
HAIOTCS 3aBHCHMOCTH OOBIYHOH Ia30BOH MeXaHHKH.

C y4eTOM CYILECTBEHHOIO PA3IIMUMsi B JHaMeTpe amepa M JUIMHE
ero cBoOOJHOro Irpodera 3¢Hp Kak rasz 0 CBOMM CBOMCTBAM HOILKEH
TIPHOIMKAThCA K KIAaCCHUYECKOMY HJealbHOMY Ta3sy, II0 KpaiHeH Mepe,
B CBOOOJHOM OT BeILECTBA, OOPa30BAHHOTO YIDIOTHEHHBIMH 3(HPHBIMH
BHXPSMH, IIPOCTPAHCTBE. MOXKHO IIOJIararh, YTO JULI 3TOTO Ia3a JocTa-
TOYHO ONH3KOH ABJIAETCA cTaTHCTHKA BoibIMaHa U1 KOOPIHAT M HM-
ITyIBCOB aMepa, a paclipejielieHHe CKOpPOCTel, BIIHMO, OIIM3KO OIHCHI-
BaeTcA paclipefieleHHeM MaKcBellIa, XOTs HAIHUHE BAKOCTH BCE Xe
TOBOPHT H O HEKOTOPHIX OTIHYHAX B PaclpeelIeHHH ITapaMeTpoB (-
Pa oT ykazaHHBIX. PaccunTaHHsIe 1I0 popMynaM ra3oBOH MeXaHHKH IIa-
pamMeTpsI 3¢Hpa MpHBeAeHHI B Ta0I. 2.1.

Bce mpon3Be/ieHHbIe BEIUNCIEHNA H IO YUeHHbIe 3HAUEHH S ABILIIOT-
€ OPHEHTHPOBOYHBIMI.
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Tabnuua?2.1.
Hapamempot rpupa 6 okon03eMHOM NPOCMPAHCINEE
ITapameTp | BemuHHa | Epmmiwia H3smepeHus
Sup 6 uenom
ITInoTHOCTh 0, = 8,85-107 KM >
JTaBlleHHE P>1316° Hwm™?
VaensHoe sHeprocomep- | w> 1,3-16° JoxM >
JKaHHe
TemrepaTypa T<10% K
CkopocTs repBoro 3eyka | V; > 4,3-16° M T
CKkopocTb BToporo3eyka | Vo =c¢ = 3-16 M T
Kosddripent temriepa- | a~4-10 Mot
TYPOIPOBOJHOCTH
Kosddrpent tervtonpo- | kr~1,2-15° Krmc > K+
BOJIHOCTH
KHHeMaTHYeckas B3- y=4106 M.
KOCTb
JTMHAMHYecKas BA3KOCThb H=~3,5-10° KIM ¢t
ITokasaTtesnb aqHadaThI 1-14 -
Term0eMKoCTb MpH c > 1,418 Mo¢ oKt
TOCTOAHHOM JABJIEHHH
Term0eMKOCTb MpH oy > 10" Moc - K
TMOCTOAHHOM 00GbeMe
Amep (3nemenm 3ghupa)
Macca m, < 1,5-101% KT
JTHameTp d. < 4,6-10" M
KoJIM4YecTBO B €UHHLIE n, > 5,8-10% M
o0bpema
Cpenmuas [UHHA cBoGoA- | A, < 7,4-10™ M
Horo rpo6era
CpenHAs cKopocTb Termio- | Uy~ 5,4-16° M T
BOTO JIBHDKEHHA
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2.2. Cmpykmypa npomoHa, HelimpoHa u
amoma eodopoda

Kak mokazano B [1, c. 185]pcHOBHO# yacTHIlell MHKPOMHpA SBILS-
eTcsa TMPOTOH. IIPOTOH IpefcTaBIAeT cOO0I BHHTOBOI TOPOHIATHHBIH
BHXPB 3(Hpa, T.e. BUXpEBYI0 TPYOy, 3aMKHYTYI0 caMy Ha ceOs B KOJb-
1o. LleHTpanbHad YacTs IIPOTOHA YIUIOTHEHA, €70 CTEHKH TOHKHE H TO-
’Ke YIDIOTHEeHHI. [IOCKONBKY B IEHTPaIbHOH UacTH IIPOTOHA CKOPOCTh
TOTOKA BJIONIb OCH CYIIECTBEHHO ITPEBBIIAET CKOPOCTH IIOTOKA 3¢Hpa
TapawieIbHOM 3TOH OcH Ha IlepHepHH, TO Y IIPOTOHA I[EHTPaIbHAL €T0
YacTh BEITSIHyTa B OJHOM HAIIPaBIEHHMH H II0 opMe OH HOIKEH Hallo-
MHHATh TyKOBHILY.

TopoHIATBPHELT BHHTOBOH BHXPh BEIAYBAET H3 CBOEH CEpeIHHEI —
LEeHTPAIbHOTO KaHaJla — BHHTOBOH IIOTOK 3¢Hpa. B meHTpe IpoToHa
TOTOK 3(pHpa IpakTHUeckH He HMeeT IpaffieHTa CKOpOCTei, 3aTo OH
C’KaT, H 3TO O3HA4yaeT, YTO TeMIleparypa 3¢Hpa B 3TOM MecTe H BI3-
KOCTh IIOBBIIIEHE], OHH HMEIOT XOpOIllee CIEIlIeHHEe C TEIOM CaMOIo
TIPOTOHA, H IT03TOMY IIPOTOH paboTaeT KaK JABHIATelh, IepeTOHFOIII
CKBO3b ce0s OKpYyKaroIii ero a3¢up. IlocTymarelbHOe IBHKEHIE 3TO-
IO IIOTOKa IIpeoOpasyeTcsa B TOPOHIAIBFHOE IBHKEHME 3(Hpa BOKPYT
Tella IPOTOHA. OTO [BHKEHIE BO BHEIIHEM OTHOCHTEIFHO IIPOTOHA
TIPOCTPAHCTBE IIOJUIHEHO 3aKOHy Bno—CaBapa, T.e. TOMy ke 3aKOHY,
YTO M MarHuTHOE ITOJIe I[POTOHA, €r0 CKOPOCTH YOBIBaeT 0OpaTHO IIPo-
TIOPIHOHANBFHO KyOY paccTOSHHA.

VOpBaHIE CKOPOCTH KOJBIEBOTO IBHKEHHA ITOTOKOB 3QHpa, pas-
MBIBAaEMOTO TOPOHAANBHBIM IBHKEHHEM IIPOIIOPIHOHAIBHO KBaIpary
PaccTosHIA.

CKopocTh ITOTOKa 3¢Hpa B I[eHTPe IIPOTOHA H HA €T0 IepHQepHH
OJTHA U Ta e H COCTaBIAeT mopAka 1,6- 16 m-ct

[TpOTOH MOXeT HaXOUTHCI B OJTHOM H3 TpeX COCTOSHHII (pHC.
2.2):

— B BHJIe COOCTBEHHO IPOTOHA, B 3TOM COCTOSHHH IIPOTOH IIPOILyC-
KaeT CKBO3b cebs 3¢Hp, BRAYBaeT ero H 3P B BH/e BHHTOBOH 000-
JIOUKH OKpYXaeT IIPOTOH, 3HaK BHHTOBOTO JBIUKEHHT 3pHpa B OKPY-
KaroIIeM IIPOTOH IIPOCTPAHCTBE TOT e, UTO H 3HAK BHHTOBOTO JBHKE-
HHA 3¢Hpa B Telle IPOTOHA; 3TO BHHTOBOE JIBIUKEHHE OKPYKAFOILETO
TIPOTOH 3¢Hpa BOCIIPHHIMAETC KaK 3IeKTPOMAarHHTHOE II0Je IIPOTOHA,
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— B BHJIe HEHTPOHA (TONBKO B COCTaBe aTOMHOTO A7[pa, BHE €ro Heli-
TPOH IIpeBpaliaeTci B IPOTOH); KONbIEBOE JBIUKEHHE 3KpaHHpYyeTCs
TIOTPAaHHYHEIM CIIOEM H BO BHe He IIPOXOJHT, TOPOHAIBHOE JIBIUKEHHE
3(¢Hpa YaCTHYHO SKPaHHPyeTcA MOTPAaHHYHEIM CIIO0eM, HO, B OCHOBHOM,
BEIXOJHT 3 eT0 Ipeiellbl, I03TOMY MarHHTHEIH MOMEHT HeHTpOHa I10Y-
TH TakoH e, KaK H Y IPOTOHa,
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Puc. 2.1.CTpyKTYypa OPOTOHA: () MOIEPEHHBIH paspes; 6) 3[mopa INIOTHOCTH; &)
SMEOPa TEMIIEPATYD; 2) SIIOPa CKOPOCTH TAHT €HIHATLHOTO MO0TOKA; O) JIIOPa CKOPOCTH
KOJIbLIEBOTO [I0TOKA

— B BHJIE aTOMa BOJIOPO/Ia, KOT/IAa BEITyBAeMEIH MM IIOTOK 3(Hpa He
TOMHOCTHEO TIPOXOJTUT Uepe3 ero IeHTPAThHOe OTBEPCTHE, a 3aMBIKAET-
csl BO BHe, 00pa3ys NMPHCOeTHHEHHEIH BHXPh — €T0 3MEKTPOHHYI0 060-
JOYKY; 3HAK BHHTOBOTO JBIKEHHSI 3(QHpPa B 3TOM IIPHCOETHHEHHOM
BHXpe MPOTHBOIIONIOXKEH TOMY, KOTODPHIH HMEIOT BHHTOBEIE ITOTOKH
3¢mupa B Teme mpoToHa. PazMep NPHCOEMHEHHOTO BHXPS OpPTAaHHYEH
TONKO YCIOBHAMH YCTOHUHBOCTH H B PealbHOCTH HA IITh TOPSIKOB
TIPEBHIINAIOT PA3MePHI CaMOTO MPOTOHA, X CO3JIABIIETO. JHAMETP IPO-
TOHA paBeH 2,24- 105, IHaMeTp aToMma Bojopoja~ 107 Oy,
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B cIIOXHBIX aToMax KaXJIBIH IPOTOH caM ceGe CO3/IaeT MPHCOETH-
HEHHBIH BHXPh — CBOIO 3JEKTPOHHYI0 OGOJOUKY, UeM H OOBIACHIETCS
TOT (JaKT, UTO UMCIO 3IMEKTPOHOB B aTOMe BCETJ]a TOUHO PABHO UHCITY
MPOTOHOB. ECIH OJTHH U3 MPHCOeIHHEHHRIX BHXPEH BEIPBATh H3 aTOMa,
TO B HEM B 3TOM MeCTe BOCCTAHABIHUBAETCSA MOTOK 3(Hpa. MPOXOIATITHI
yepe3 MeHTP MPOTOHA, UTO H BOCHPHHIMAETCS KaK HOHI3AIMSI aToMa.

P n H
Tozepanuunuiit

Ilpucoeounennvti
8UXPY

a) ) 8)

Puc. 2.2.TpH YCTOISMBBIX COCTOSHIA NPOTOHA: ¢ — COGCTBEHHO IPOTOH; 6 —
HEeHTPOH; 8 — aTOM BOZOPOAa

2.3. CunbHoe si0epHoe U 3/IeKmpomMa2HUm-
Hoe e3aumodelicmeausi MPOMOHO8

B cooTtBeTcTBHE € 3aK0HOM Eno—CaBapa TOpOHAAIbHOE IBHKEHHE,
co3JjaBaeMoe OJHIM H3 IIPOTOHOB B CBOGOIHOM 3¢dHpe, YORBaeT IIpo-
TMOPIHOHATBHO KyOy paccTosuus (5.75),YTO TOUHO COOTBETCTBYET 3a-
BHCHMOCTH YOBIBAaHHSA MarHHTHOTO IIOJIA OT PACCTOSHHII MeXAy IIPOTO-
HaMH (3akoH Emo—CaBapa), a KoJbIeBas — IPONOPIHOHATFHO KBaipaTy
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PAacCTOSHHA, YTO TOYHO COOTBETCTBYET YORBAHHIO 3NEKTPHUYECKOTO II0-
15 (Teopema Octporpajckoro—I aycca i 3akoH Kymona).

Ecim BTOpOI# IIPOTOH IO B I0Je TOPOHJAIBHEIX CKOPOCTEH Iiep-
BOTO IIPOTOHA, TO HA Hero HaulMHaeT JIeHCTBOBATh CO CTOPOHEI ITOTOKA
3(mpa MOMEHT CIII, Pa3BOPAUMBAIOL €T0 B HAITPABICHHH, AaHTHIIA-
PALIEIFHOM IIEPBOMY IIPOTOHY OTO IIPOMCXOIHT BCIEJCTBHE TOTO, UTO
TOIBKO TaKoe IIONOXKEHHE OKa3hIBAETCSI YCTOMUMBEIM, ITOCKONBKY IIO
Bcell nepHGepHH BTOPOTO IPOTOHA YCTAHABINBAETCA MAKCHMYM I'pajH-
€HTa CKOPOCTeH H, KaK CIIe/ICTBHE, MIHUMYM JaBIeHHT 3QHpa.

KomereBoe ke [IBHKEHHE yORBaeT IPOIIOPLHOHANBHO KBAIpaTy
PaccTOSHHA H IIPH aHTHITAPADIEIFHOM PaCHONIOKEHHI HYyKIOHOB OTHO-
CHTEIIFHO JIPYT Apyra H OJHHAKOBOM BHHTOBOM (pakTope OHO IIPHBOJHT
K HX OTTAIKHBAHHIO JIPYT OT JpyTa.

ITockonbKy yORIBaHHE CKOPOCTH TOPOHJAIBHOTO JABIKEHHI KaXJI0-
TO M3 HHX IIPOIIOPIMOHAIPHO KyOy PacCTOSHHIA OT LEHTPOB HYKIOHOB,
TO IIPH YCTAHOBHBIIEH aHTHIIAPAIUIEFHON OPHEHTAIMH IIPOTOHOB JPYT
OTHOCHTEJFHO J[pyra BHEIHee JaBlleHHE 3(Hpa IIPHIABIHBAET IIPOTO-
HEL JPYT K JIPYTY, B 3TOM H 3aKII0UaeTcA (PH3MUecKas CYIMHOCTh CIIIb-
HOTO AZIEPHOTO B3aHMOAeHCcTBHA. OHAKO IIPH 3TOM KOJBIIEBEIE IIOTOKH
3¢mpa, co3gaBaemMble B MIPOCTPAHCTBE STHMH K€ IIPOTOHAMH OKa3hIBa-
I0TCA TApaUIeTbHBIMH B MEXIIPOTOHHOM IIPOCTPAHCTBE, 3[€Ch T'Paji-
€HTa CKOPOCTeH HeT H II03TOMY JaBIEHHE 3/leCh MAaKCHMAIbHOE, UTO
3aCTaBILIeT IIPOTOHEI OTTAKHBATHCA APYT OT Apyra. TakuM oOpa3oM, Ha
00a B3aMMOJEHCTBYIOIIHX ITPOTOHA OJHOBPEMEHHO [eHCTBYIOT JBe
CIJIBI — IIPHTAIKHBAIOINAS, BEI3BAHHAA aHTHIIAPAJLIEIbHBIMH II0TOKAMH
TOPOHJAIFHOTO IBHKEHHA 3(Hpa M OTTAIKHBAIOINAA, BEI3BAaHHAI IIa-
PAUIEIBHBIMI ITIOTOKAaMH KOJIBIEBOTO ABIKEHHA 3¢Hpa.

IIpn MakbIX paccTOSHHAX APYT OT JIpyra B IIpefiellax TONIHHEL II0-
TPaHHYHBIX CJIOeB HYKIOHBI IIPHTATHBAIOTCA (IIOJTAIKHBAIOTCS BHEII-
HIM JaBJeHHeM 3(Hpa) OpYT K APYTY, TPH OOJBIIHX — OTTAIKHBAIOTCA
OpyT oT JIpyra JaBlIeHHeM 3¢Hpa MeXIy HyKIOHaMH, HMEIOIIM 3Ha-
uyeHHe OoJbllee, YeM AaBJeHHe 3(Hpa Ha HX IIPOTHBOIIONOKHEIX CTO-
ponax (puc. 2.3).Kak mokazano B [1, c. 196], BemmurHa 3a30pa Mex Ty
IPOTOHA B PaBHOBECHOM IIOJIOKEHHH COCTABILIET

A=0,250 = 2,5-10"°m

PeamrHO 3TOT 3a30p cocTaBngeT oT 0,1 mo 0,2D, T.e. HECKOIBKO
MeHBIIIE, YTO MOXKeT OBITh OOBACHEHO JedopMarieil caMiX HyKIOHOB
TIOZT, BO3ZIEHCTBHEM [IPYyT ApYra, a TakKe He IIONHBIM y4eTOM JPYTHX
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¢daxTopoB. Bo Bcex cIydasdx IONyUeHHBII pe3ylbTaT HMeeT HEIIOXOe
COBIIQJIeHIe C PeaTbHBIMH COOTHOIIEHHAMH B S/IpaX aTOMOB.

4 4P [Ipn paccTOSHILIX MeHb-
grad fr IMHX, YeM CyMMapHai TOJ-
IMHA TIOTPAHHYHEIX CJIOEB
000HX HyKIIOHOB, HX TOPOH-
JaNbHEIE IIOTOKH IlepeMellH-
BAlOTCA, JaBJIeHHEe BO3pacTa-
eT, H B3aNMOJEHCTBYIOIIHE
HYKIOHBl ~OCTAHABIHMBAIOTCA
BOIIM3H TOUKH PaBHOBECHS.

Puc. 2.3. PacmpeleieHHe TIDaJHeHTOB TakuM 06pa3soM, MOKHO
AaBJienuit upa BO/IBH OPHIETAOURX 10 yopoy i aTE,  UTO  CUIBHOE
BEPXHOCTeil JBYX HYKJIOHOB, T.p. — TOYKa

AdepHOEe U IeKmpomaz-

PaBHOBECHSI JaBJIEHHH
HUmrmoe eé3aumodericmeus

UMeEm eOuHbIL MeXAHU3M H TOIHKO IIPOABILAOTCA IIO-PasHOMY IIPpH
Pa3HBIX PACCTOSHHAX MeXy B3aHMOJIEHCTRYIOIIIMI HyKIOHAMH.

Ha paccTosgHIH, TMpeBRIIAIIM pa3Mep OT MOBEPXHOCTH HYKIIOHA
0 TOUKH PaBHOBeCHA, IPHTSKEHII HYKIOHOB APYT K JAPYTY yXe HeT,
HO BJOUIHHE HAa HX B3aHMHYIO OPHEHTAITHIO €II€ OCTaeTCA. HpOCTpaHCT-
BC€HHBIC BHHTOBEIC IIOTOKH 3(1)Hpa, CO3JITaHHBIE OJHHM IIPOTOHOM, B3aH-
MOI[efICTBYIOT C IIOBEPXHOCTHHRIMH BHHTOBEIMH ITOTOKaMH T€JIa BTOPOTO
IIPOTOHA H BBRIHYXIAIOT €TI0 PAasBEPHYTHCA B aHTHIIAPAIJIEIBbHOM Ha-
IIpaBJIEHHH, TO X€ ITPOHCXOJTHUT H C II€EPBEIM IIPOTOHOM, Ha KOTOpBIﬁ
BO3)I€I>1CTBYIOT TOPOHJATIbHEIE ITOTOKH 3(1)Hpa, CO3/TaBa€MbI€ BTOPBIM
TIpOTOHOM. B pe3ymnpTare 06a IMPOTOHA pa3BepHYTC aHTHIIApAIIeTbHO
IpyT OpyTy. B pe3ynbrare TakoW OpHEHTAIHH OKAa3BIBAETCS, UTO KOIb-
IleBad COCTABILIIONIAA JIBIKEHHS 3(Hpa Yy 000HX ITPOTOHOB B IIpOMe-
KyTKe MeXJy HHMH HallpaBleHa B OJHOM HamparieHnH (puc. 6.8).
ITosToMy TopoHIaTbHAS COCTABILIOIIASA IOTOKOB 3¢dHpa obeclieUrBaeT
Pa3sBOPOT IIPOTOHOB K aHTHITAPAIUIEIIPHOMY PACIIOIOKEHHI0 OTHOCH-
TEJIIBHO APYT ApPYTa, a KOJbIEBasd COCTAaBILAOINAI — OTTAJIKHBAHHE.

grad Py
T.p.

O6mactes ObnacTh r
MPUTSHKEHAS  OTTANTKHBAHUS
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Puc. 2.4 JlncTaHimoHHoe (3IEKTPOMATHUTHOE ) B3aMMO-
JIeHCTBHEe TOPOUIAILHBIX BUHTOBBIX BHXP e ¢ — IPH HaX0XK-
JIeHHH HX B 0OIIeH ITTOCKOCTH,

6 — TIPH COOCHOM II0JIO;KEHHH; ¢ — B OOIIIEM CIIydae

CKOpOCTL KOJIBIIEBOI'O JBHKEHII IIPH 3aJaHHOH TOpOHJAIbHBIM
BHXPEM HHT€EHCHBHOCTH KOJIbIIEBOI'O JBHXECHHA bl 1 THE b— HHIHMpHHA

Topousa, /', — IMPKYJLAMA CKOPOCTH IO eT0 MOBEPXHOCTH, YOHIBaeT
MPOITOPITHOHANRHO TUTOTHOCTH 3(Hpa p M KBAJIPaTy PacCTOSHIA I

L (2.1)

4rpr?’

rae b —mmpuHa Toponaa; [, — IHPKYIAIMI KOIbIEBOTO JIBIKEHH
II0 3KBATOpy TOpOHOQa, TO H CHIA, Z[efICTBYIOI[[aﬂ Ha IIpHTAIIKNBAaHHE H
OTTAIKHBAaHHE TOPOHIOB, 6YJICT IIPOIIOPIHOHATIbHA ITPOH3BEEHHIO

IMHMPHH H IHPKYILAMI 000HX TOPOH/IOB H 0OPaTHO IPONOPIFOHATEHA
KBaJ[paTy pacCTOSHHI MeXTy HX IeHTPaMIL:

F = blrxleFKZ - q1q2
“ pAm?  eg,4m?’ 2.3)

Vi

YTO H OIIMCAaHO 3aKOHOM KYJIOHa.

CoIloCTaRIAL B3aUMOMEHCTBHE TOPOHJATILHBEIX BHXPEBBIX BHHTO-
BBIX KOJIEIl C IIOBEAEHHEM 3apsAXKE€HHBIX YaCTHI[, MOXHO CJelaTh ClIe-
OYIOIIHE 3aKITFOUEHI.
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1. TToCKONMBKY OpHEHTAI[HA YAcTHI[ OIpeJeiiieTcs TOPOHJATbHBIM
IOBHKEHHEM, TO MarHHTHBI{ MOMEHT YAacTHI[ OTOXJIECTBILIETCSI C TO-
POHIATBHEIM JBHKEHHeM 3(Hpa Ha ee ITOBEPXHOCTH H OIpeelIeTcs
KaK IIPOM3BeJieHIe BelUMH IDIOTHOCTH 3¢Hpa B OKPYKaroIeM IIpo-
CTPaHCTBE p3, CKOPOCTH CBeTa ¢, CKOPOCTH TOPOHIATFHOIO JBHKEHHA
Ha 3KBaTOpe ITOBEPXHOCTH IIPOTOHA V, H 00beMa IIPOTOHA V!

U, =kmp,cvSr =K' p.cvV,, (2.3)

2. DIeKTPHYECKHH 3aps/ eCTh IPOABIEHHEe KOJBI[EBOTO JBHKEHHI
3(HPHEIX TOTOKOB HA IIOBEPXHOCTH IIPOTOHA. BellHuHHa 31IeKTpHUeCcKO-
TO 3aps/ia YacTHIEI IIpeCTaBIgeT COO0H IMPKYIAINIO ITDIOTHOCTH 3(H-
pa Ha IOBEPXHOCTH ITOTPAHHYHOTO CIIOS H COCTABILIET

9, K1 = pvi, S, K1lc, (2.4)

3. ITockombKy (aKT IPHTIKEHH W OTTAIKHBAHIA OIPeZeLIeTCsI
OpHeHTalHeH KOIBIEBOr0 BpallleHHA OTHOCHTEFHO TOPOHJAIBHOIO, TO
TIOJLIPHOCTD 3apsyia CleLyeT OTOXAECTBIATE C OPHEHTAIMeH KONbI[EBO-
IO IBHKEHHA OTHOCHTEIHFHO TOPOHAAIBHOTO (T.€. CO 3HAKOM BHHTOBOTO
TIBIKEHI) .

4. TIocKOIbKY CHIBHOE S/IePHOE B3aMMOJEIHCTBHE B AJpe aroMa
TIPOHCXOJUT MEXAY HYKIOHAMH, COIPHKACAFOIIMMHCA CBOMMH IIOTpa-
HHYHBIMH CIOSAMH, TO (PH3MYECKOH CYITHOCTBIO CHIBHOTO ANEPHOTO
B3aNMOJIEHCTBHS CIIe[yeT CUMTaTh IIPHXKAaTHe HYKIOHOB IpYI JAPYLY
BHEIIIHHM JIaBlIeHHeM 3(Hpa BCIeACTBHE Ia/leHHd JaBIeHHT 3(Hpa B
MEXHYKIOHHOM IIOTPAHIYHOM CIIO€ B Pe3ylIbTare 3HAUHTEILHOIO Ipa-
IHEHTa CKOPOCTeH B IIpefieliaX 3TOT0 IOTPAHMYHOIO CIIOA.

5. CyIIHOCTBIO 3JEKTPOMArHHTHOTO B3aHMOJEHCTBHI IIPOTOHOB
SBILAETCS B3aMMHOE M3MEHEHHe JaBIeHHI 3¢Hpa Ha IIOBEPXHOCTIX HY-
KIIOHOB, I[POM3BOJIIMO€ HMH JHCTAHITHOHHO.

6. CIumHOe AepHOe H 3IeKTPOMAarHITHOE B3aHMOZEHCTBHA B CBO-
el OCHOBe HMeIOT OO 3QHPOHHAMIUECKHIT MeXaHI3M H pa3lya-
I0TCs MG BEINHUYMHONH BO3HHUKAOIMX HA IIOBEPXHOCTAX HYKIOHOB
CHIDKEHMH HaBJeHMI 3¢Hpa BCIEACTBHE Pa3IIUMil B IpajiieHTax CKO-
pocTeii 3QHPHEIX IIOTOKOB B IIPOCTPAHCTBE MEX Ty HyKIOHAMH.

7. HecMOTp4 Ha TO, YTO B COBpPeMEHHOH (H3MKe CIUIbHOE SAAepHOe
B3aMMOJIENICTBHE HYKIOHOB H HX JJEKTPOMAarHHTHOE B3aHMOJEHCTBHE
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OTHOCATCS K Pa3HbIM (yHJIaMEeHTATFHBIM B3aHMOJIEHCTBHAM H HX KOH-
CTaHTHI B3aHMOJIEHCTBHI pazHATCA HA 36 MOPSIKOB, HA CAMOM JleJle OHH
HMeEIOT OOILHIT MeXAHH3M.

2.4. Xumu4ecKue e3aumoodelicmaeusi

B 1927r. garckmit ¢m3uk O.Byppo BHOIOMHHI KBaHTOBOMEXAHH-
YeCKHil pacueT MONEKYIIPHOTO HOHA Bojopoda Hp' H IoKasal, 4To
e/IMHCTBEHHBIT 3JeKTPOH B 3TOM HOHE 3aHHMaeT OpOHTamb, KoTopast
TIPOCTHpaeTcs BOKPYT 0OOMX IIPOTOHOB. TeopeTHUecKHI pacueT SHep-
THH CBSI3H 3TOTO MOIIEKYILIPHOTO HOHA, T.€. PA3HOCTH MeXIy cymMMap-
HOH 3HeprHed OTHEIFHOIO aToMa H IIPOTOHA M JHEpPIHeH HOHA B €ro
OCHOBHOM COCTOSHHH ITPHBeN K 3HaueHHto 255K][K/MOIb.

C y4eToM TOTO, UTO YFCIO MOIEKYI B MOJe COCTaBIIET 6,022.16°
(uwmcmo ABorajpo) IoIy4aeM, UTO SHEPTH CBA3H JIBYX aTOMOB B HOHE
MOIeKyTHI cocTapmseT 4,23-10™ JIx = 2,685B Ha oy Monekyry Ha'.

CremyeT OTMETHTB, UTO TaK Ha3pIBaeMas SHEPTHI CPOJICTBA aTOMOB
H MONEKYNI K 3JeKTPOHY €CTh 3HEPTHA CBI3H 3JIEKTPOHA B COOTBETCT-
BYIOIIIEM OTpPHITaTeIFHOM HOHE — MHHHMANbHAI SHEPIH, 3aTpadurBac-
Mad Ha OTPHIB 3MEKTPOHA OT aroMa MIIH MONEKYNHL. OTa 3HEPIHi CO-
CTaBIAeT A MoHa Bojopona H™ 0,7543B, u 111 BceX HOHOB JeXHT B
mpestenax o 0,153B (Cr7) mo 3,623B (CI"), T.e. OPSAAOK BEIHUHH CO-
CTaBJLAET eIHHHITBI H JOJH 3NeKTPOHBOIBT.

Jd cpaBHEHIA HAlIOMHHM, YTO SHEPIHA CBA3H JBYX HYKIOHOB =
TIPOTOHA H HeHTpPOHA B SA7pe aToMa JeiTepms cocTaBiieT 2,3 MaB, To
€CTh Ha 6 ITOPAIKOB OOIbIIIe.

PaccMoTpHM IIpHpOAYy XHMIUECKHX CBS3€il aTOMOB B MOJEKYIE C
TIO3HITI 3(PHPOTHHAMIIKIH.

[IpucoegHEHHEIE BHXPH PA3IIUHBIX aTOMOB MOTYT COEIHHATHCS
MeXx Ty coOoi Jmimb aByMs criocobamu (puc. 2.5).

B nepBoM ciyuae (puc. 2.51) BHXPH yJepKHBAOTCS OTHOCHTEIHHO
IpyT Apyra B OOIMeM IIOTPaHHYHOM ClIOe, OOpa3oBaHHOM Oxarojaps
TPOTHBOIIONOXHO HAIPaBIEHHEIM ITOTOKaM 3¢mpa. Kak OpUIO IToKa3aHO
BhIIIIE, OIarojaps IpafHeHTy CKOPOCTeH MeXly BIXPAMH JaBIeHHE II0-
HIDKaeTcd, H BHelllHee JaBlieHHe 3(Hpa IPIKHMaeT BHXPH IPYT K JIpy-
ry. Kakoro-m6o mpeoGpazoBaHisI BHXpel, KpoMe H3MeHeHHI HX ¢op-
MBI, 37IeCh He BO3HHKaeT. JIaHHBII CIy4dail COOTBETCIBYET HOHHOM XH-
MIUECKOH CBA3H.
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Bo BTOpOM cirydae coeIHMHEHHE IBYX BHXpPEH TaeT €IHHBIN BHXPb
(puc. 2.5,6). B BHHTOBBIX IIOTOKAaX 3TO BO3MO’KHO JHIIG TOT/A, KOTZA
HX BHHTOBBIE ()aKTOPHI COBIIAJAIOT. DTO O3HAYAET, YTO B IIPHCOE/IHEH-
HEIX BHXPAX H TOPOHJAIbHEIE, H KONbIIEBLIE JBIXEHHS JOIDKHBI HMETh
OJTHO H TO k€ HallpaBlIeHHe B IDIOCKOCTH coeuHeHII. Torga oOpasyer-
CA eUHBII IpHCOeIHHEHHBII BHXPh, OXBATHIBAIOIIMII 00a COeEIHHIEB-
umxcda aroMa. B sTom o0ImeM IIpHCOeTHHEHHOM BHXpe JaBlIeHHE MEHb-
IIle, YeM B OKPYKArOIIEH cpefie, a JUIMHA IIOTOKA MEHBIIe CyMMBI JUIHH

OO0 O O
o0  CD

a) 6)

Puc. 2.5. Coeumenne BUXpeil: ¢ — IIyTeM IPHIHIIAHHS APYT K APYry (cooTBer-
CTBY€T HOHHOH CBSI3H); 6 — IIyTeM 00pa30BaHHs1 OGLIHX [TOTOKOB (COOTBETCTBYET KOBa-
JIEHTHOH CBS3H)

TIOTOKOB B OOOMX IIPHCOEIHHEHHBIX BHXPAX OTHEIBHBIX aToMOB. J[aH-
HEBIA CIIy4Yail COOTBETCTBYET KOBAIEHTHON CBA3H.

H3no:xeHHOe IT03BOJLIET IIPEIIONOKHTH BO3MOKHOCTh 00Pa30BaHIT
HOHHEBIX CBSA3eH ITPH JEOOBIX BHHTOBBIX (paKTOpax B IIPHCOEIMHEHHBIX
BHXPAX, €CIH Y PearupyroLiX MOJEKYI IIOTOKH 3(Hpa Ha HX IIOBEPXHO-
CTSIX MOTYT OPHEHTHPOBAThCA AHTHIIAPAUIENFHO HA JOCTATOYHOM IUIO-
mraau. 14 KoBaleHTHOMH Ke Peakifii 00s13aTeleH OJHHAKOBBLII BHHTO-
BOH (pakTop.

IIpHHIMIT TTOCTPOEHMA MOIEKYIBI JIYUILlEe BCETO IIPOMIUIIOCTPHPO-
BaTh Ha IpHMepe MoleKynsl Hy (prc. 2.6). Bo3MOXHEI pa3Hble BapHaH-
THI TIOCTPOEHIA MOIIEKYIBI Hy — IIpH IapauielbHEIX H aHTHIIAp AIUIEIb-
HEIX CIIMHAX IIPOTOHOB, IEPIEHIUKYIIPHBIX H COOCHEIX OCH, IIPOXOJd-
1Iell uepe3 LEeHTPHI IPOTOHOB.
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Puc. 2.6.06pazoBanye MojteKyJIbI Ho

Kax BujHO M3 pHC. 2.6, BHeII-
HHe ITOTOKH HMEIOT OJHO H TO Xe
HallpaBleHHe H B TOPOHJIAIBHOM,
H B KOIBLEBOM JBHKEHHH. IMeH-
HO 3TOT cIy4all M clexyeT pac-
CMaTpHBaTh KaK OCHOBHOM ciyuait
obpazoBanmsa Moiekymrsl H,. O6-
pasoBaHme OOIIEro BHEIIHETO IIO-
TOKa YKa3bIBaeT Ha KOBAITEHTHOCTh

XHMIUYeCKOH CBS3H, YTO M HMeeT MecTO B AeHCTBHTENHHOCTH. AHAJO-
THYHBEIM 00pa3oM MOXKHO IIONYYHMTh CTPYKTYPHL H JAPYTHX MOIEKYJ

(pmc. 2.7).

7,
7

a

104,5°

0)

Puc. 2.7.CTpyKTypa MoJIeKyJ1 Bogopoaa Hy (a) u Bogsl H2O (6). 571eKTpOHHbIE
060JIOYKH — IIPHCOEAHHEHHbIE BHXPH 1D H 4D J1exaT BHe IVI0CKOCTH PHCYHKA H I10-
ITOMY He [10Ka3aHbL

JerambHoe H3yueHHe GOpM CBA3H B MOJeEKyJlax B 3GHPO IHAMHIYE-
CKOH MOJIENH ABIAeTCA IpeIMeTOM CIIEI[HATBHOTO HCCIeJOBAHH, O/THA-
KO yXe cefyac MOKHO BEICKa3aTh HEKOTOpHIE JIOIIOJHHTENIBHEIE COO00-

PaXKEHI.
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2.5. KoeaneHmHble cesi3u U xeMoOuHamuye-

CKoe 83aumoodelicmaue

[Tpn o6pa3oBaHMH KOBAJIEHTHOH CBI3H CyMMapHas JIHHHA TOKa 00-
IeT0 IPHCOEIHMHEHHOTO BHXPS OKa3BIBAeTCSI KOpoue CYMMEI JUINMH JIH-

\

()

3
a)

6)

Puc. 2.8. Cxema J1a60paTopHOro jKCIie-
PHMEHTA 110 BHIABJICHMIO JICIITOHHOI ITeHBI
npu o0pa3oBaHMI KOBAICHTHOM XVIMIie-
CKOi1 CBA3M (@) ¥ rpaduK OTKJIOHEHUS Mmapy-
ca BeCOB NpPH NPOBeICHNH XUMITIeCKOil
peaxkium (6):

1 — CTaKaHYHK C XHMHYECKHMH peaKTHBaMH;
2 — KPYTHIbHBIE Bechbl, 3 — Jazep;4 —
CaMOIIHCeLl.

HII TOKOB Pa3fielbHEIX aTOMOB,
B MOMEHT OOpa3oBaHHA KOBa-
JEHTHOM  XMMHUYECKOHM  CBSI3H
YacTh YIUIOTHEHHOTO 3aBHHTO-
BaHHOTO 3(mpa OKa3kBaETCS BHI-
OpoIieHHOH H3 MOJeKymel. Ta-
KOH KycoueK BHXpA He MOXeT
CYILIECTBOBATh B TOM K€ BHJE, H
OH ImM60 OyZAeT MOITIOIIEeH B APY-
TOM MecTe, IJle HeT PeaxiHs
Pa3loXeHHI  MOIEKYN, JHOO
npeo0OpasyeTcad B TOPOHAAIBHBIH
BHXph ciabo cxaroro »3¢mpa,
KOTOPEII MOHO VCIOBHO Ha-
3BaTh JIEITOHOM, ITOCKONBKY €ro
Macca MeHbIle MacCHl 3IeKTpPO-
Ha. PacyeT nokaspBaeT, 4ToO Mac-
ca Takoro TOPOHZA COCTaBIAET
nopsaaka 0,0001maccsr snekTpo-
Ha, HO JHaMeTp €ro COCTaBILIeT
nopsaaka 0,01mmM. [ mpoBepkH
3TOT0 0OCTOSATENHCTBA OBLT Op-
TaHM30BaH Ia0OpaTOpPHBII 3Kc-
mepuMeHT (pHC. 2.8).

Brum IOCTpOeHSI CIeIHANb-
HBle KPYTIIBHEIE BECHl, Ha OJI-

HOM M3 IUTe4 KOPOMBICHIA KOTOPHIX 3aKpeIlleHa alFOMHHHeBas IDIacTHHA
(Tmapyc), coeauMHEHHBI ¢ MeTaUIMUeCKHM KOpIycoM BecoB uepe3 10-
MeTOMHOE COIIPOTHBJIEHHE BO H30eKaHHe BO3MOXHOIO BIILTHHA SIEK-
TpocTaTHKH. KopIryc BecoB 3a3eMILmIcAd Ha Garapero MapoBOTO OTOILIe-

wus (puc. 2.8).
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ITmacTMaccoBRIi IMJIMHAP YCTaHABIMBAICA HAIPOTHB Ilapyca Ha
paccrosrmu 10 cm. PearmpoBamm cyxad menous KOH # KoHIEHTPHPO-
BaHHAas CepHAd WM COJLIHAA KHCIOTa.

I1py IpoBeIeHHH PeakiMy IIapyc CHayaja IIPHTATHBAICA K PeaKiii,
a 3areM, ITOcje ee OKOHYAHTLA, OTXOJII OT Hee HA MaKCHMAIBHOE pac-
crosHHe (10 yropa) u uepe3 1,5—24. Bo3Bpariancs oGpaTHo.

ToT xe pe3yIbTaT MOXyJaNcs, eCIIl PeakIi IIPOBOJHIACE B TOM
’Ke CTaKaHuHKe, YCTaHOBICHHOM Ha JIEPEBIHHOM HIH IIEHOIUIACTOBOM
KyOHKe BOamH oT BecoB. ITojHeceHHe 3aTeM 3TOro KyOHKa K BecaM Ja-
BaJIO TOT ke pe3ynbTal. Bce (HKCHPOBAIOCH aBTOMATHUECKHM CaMo-
TIHCLIEM.

OOBACHEHHE Pe3yIbTaTOB JKCIEpPHMEHTAa 3aKII0YaeTcsI B TOM, YTO
TIPH IIPOBEJEHIH XUMITUECKOH peakii H 0O0pa30oBaHHH JEITOHHOH Iie-
HEBL JIEIITOHEI KacaroTcA Iapyca. IIocKoIbKy JIBHKEHHE 3(Hpa Ha IIo-
BEPXHOCTH JIENITOHOB IIPH JE0OOH HX OpPHEHTAI[HH BCEIZa IIapaliebHO
IDIOCKOCTH ITapyca, To o0pazyeTcs IpaiieHT cKopocTell a¢mpa ¢ IIOHH-
’KEHHBIM JaBlleHHeM. [lapyc HaulHaeT IPHTATHBATHECA K PearkpyrOLIIM
BeIecTBaM.

ITocie OKOHYAHHMA peaKIMH JeNTOHHAA IleHa HaunHaeT UGG YHI-
poBarth, IIpHYEM B IIEPBYIO OUepelp YHIUTOKAIOTCA JEITOHBI, OKa3aB-
Imecs B BepXHEM clOe IIeHbl, ITOCKOIBKY TPaieHT CKOPOCTeH Ha HX
TIOBEPXHOCTH MEHBINlE, UeM Y BHYTPEHHHX JIEIITOHOB, CJIeJOBaTelbHO,
BS3KOCTh BEIIE M BpPeMd CYINECTBOBAHHA IIOBEPXHOCTHEIX JIEITOHOB
MeHbIe. Ho JNeNTOHBI, KaK M BCAKHE BHXPH, HMeIH IDIOTHOCTH 3¢Hpa
Ooxee BRICOKYI0, YeM IDIOTHOCTH 3(Hpa B CBOOOJHOM IIPOCTPAHCIBE.
ITosToMy paBneHMe 3¢Hpa Bo3pacTaeT, H Iapyc oTojpmraercs. [Tocie
TOTO KaK Bce JeNTOHHI TG yHHPOBANH, [aBleHHe B 3¢Hpe BEIPABHHU-
BaeTcd, W NPYXHHKA BO3BpaIlaeT KOPOMEICIO BECOB B HCXOJHOE CO-
CTOosfHMe. Pa3iHunble BelllecTBA HAlOT PaA3lUHOE OTKIOHEHHE, HO Xa-
PakTep IOBEJEHII BECOB COXPAHIETCA.

OKCIIEpHMEHTEL C  «IEITOHHOH IIeHOH» OBDIM IIPOJOIIKEHEI
0. J1.JIo6apeBsmM, cTyaeHToM xiM@aka MI'Y. IM GBIIO OTKPHEITO, UTO
«IeTITOHHAS TIeHa» IIPHBOJHUT K CHIDKEHHIO UyBCTBHTEIBHOCTH (OTOOY-
MarH, a TaKke TO, YTO KOHJIEHCATOPH], PacllOlIOKEHHEIE PANOM CO CTa-
KaH4YHMKOM, B KOTOPOM IIPOBOJIIIIACH XMMIYeCKasd Peakiiii, B IIEPBEIE Ke
CEKYHJIBI ITOCJIe Haualla PeakI(ii YBeIIMUHBAIOT CBOI0 €MKOCTh IIOUTH Ha
1%, a 3areM, IIOCIIe OKOHUAHHA PEaKI[H, IIPOMCXOTHT MeJIeHHbIH, B
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TeUeHHE NOECATKOB MHHYT BO3BpAaT 3HAUYEHHI €MKOCTH K II€pBOHA4Yallb-
HOMY 3HAQUYE€HHIO.

2.6. Memannu4eckas cesi3b U gpusuyeckasl
cywHoCmMb 3J51eKMmpo- U mensiornpoeooHocmu
Memarsnnoe

@du3MuecKkasd CYIIHOCTh 3IeKTPO- H TeIUIONPOBOTHOCTH XOPOIIO
OOBACHIETCA 3IeKTPOHHOH TeopHei, paspaboTaHHOH HeMeIKHM (H3H-
koM I1.JIpyne [5] n mmpepnanckimM ¢rzuxom I'. A JIopentem [6].

B Meramrax aToMBI COeJHHEHBI JIPYT C APYTOM 3JIeKTPOHHBIMH
o6oJouKami, o6pa3yd B Ipejieax OHOTO JOMeHA CIUIOIIHYI0 CHCTeMY
THITa GOJBIIOH MOJEKYJIHI, Takie CBSI3H HA3hIBAIOTCSI MeTALTHYeCKHMH
H 10 THIIy HanGojee OTH3KH K KOBAJEHTHOMY THITY cBs3ed [6]. OTo
IIPHBOJHUT K TOMY, UTO IIPH COeJHHEHHH aTOMOB JUIHHA 3(HPHOTO IIO-

TOKa Y MONEKYJEHI, COCTOAIIEH BCETO M3
IBYX aTrOMOB, OKa3bIBaeTCsI MeHbIIE,
yeM CyMMa JUIHH ITyTel 3()HpHEIX II0TO-

KOB y aTOMOB JI0 coemHeHHA. [ToaTomy -7 N
IIPH COEIHMHEHNH aTOMOB B MOIIEKYIy ¢ m

YacTh YIUIOTHEHHOTO 3aBHHTOBAHHOIO

3¢upa BHIOpackBaeTci M3 OOpa3zoBaB- @ @
Teficss MONeKyIsl. B oTimrume oT 0OBId-

HOH KOBANeHTHOH CBS3HM, IpH o6pazo-

BaHMH KOTOpPOH BHIOpOIINEHHA 4YacTh

3¢HpHOTO MOTOKA 3aMEIKAeTCA caMa Ha Puc. 2.9. MeTaumrieckas
ce0s, B MeTaUIaX 3TOT IIOTOK CTHMYJH- CBA3h B aTOMaxX U 00pasoBaHme
PyeT OPraHH3alMI0 3IeKTPOHA 33 CUET ;m‘;mlx ICKTPOHOB B Me-
TIOTOKOB 3(QHpa, OKA3aBIIMXCA MeEXKITY

aromami (puc. 2.9).

OO6pazoBaHHBII CBOOOHEIN 3MeKTPOH HAUMHAET XAOTHUECKH Iepe-
MeIIaThCcA B MEKMONEKYILIPHOM IIPOCTPAHCTBE B IIpefellaX OOONOUKH
BaH-ziep-Baansca, coymapsaich ¢ 3IeKTPOHHBIMH OOOIOUKAMH MONEKYT
H 0OMEHHBAACH ¢ HUMH 3Hepruell. [IpH 3TOM YacTh 3IeKTPOHOB BBIXO-
IWT Ha ITIOBEPXHOCTh MeTAUIA H, YCTAaHABIIBAIACH B ITAXMAaTHOM IIOPAA-
Ke aHTHIIApalIe]bHO OTHOCHTENBHO IpPYr Ipyra, o0pa3yeT Tak Haskbl-
BaeMyIo «roBepxHocTs Oepmm» (puc. 2.10).
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—

TN N \/‘“\ KakoBa MoOXeT
o~ ”\/%‘\/T :\/ OBITH CTPYKTypa
NI IANCL TN / sleKTpoHa?  DTO

0 /l\‘_/ L / \ / MOXET OFITh TOJBKO

BHXpeBOH >(HpHEBLT
TOPOHZ, 3HAaK BHH-

Puc. 2.10.CtpykTypa <aioBepxHocTH DepmIp> TOBOTO  JBIKEHHS
3¢Hpa B Tele 3MeKTPOHA JOMKeH OBITH IMPOTHBOIIONOKHEIM 3HAKY BHH-
TOBOTO JIBIKEHH 3(Hpa B Telle IPOToHA. ECIII B IIPOTOHE peam30BaHo
IBIKEHHe TPaBOBHHTOBOE, TO B 3JeKTPOHE JIEBOBHHTOBOE HIIH HA000-
pot. Kakue nMeHHO OHH Ha caMOM JieJle, IIPeJICTONT BELICHHUTH B OyIy-
IIeM.

ONeKTPOH JOIKeH MMeTh IlepeMeHHEIe Pa3MepHl B 3aBHCHMOCTH OT
OKPYXAFOIIHX YCIOBHH. B CBOOOHOM IPOCTpaHCTBe CXKaTHe eTo 3QH-
poM OyZeT IMPOHCXOHUTh O TeX IOp, TMOKa He HACTYIIHT PaBHOBECHE
MeXJy ero BHYTPEHHHM H I[eHTpOOeXHHIM [aBIeHHEM H JaBIeHHEeM
BHeIHMM. [Ipeiionarasd, paBeHCTBO KPHTHUECKHX IDIOTHOCTEH 3¢mpa B
TIPOTOHE U CBOOOJHOM 3IIeKTPOHE MOXKHO IIPEATIONOKHTEH, UTO pazMep
3JeKTPOHA COCTaBHT

— ~ 16
D., —ans’/man /m, =107"m.

Ho B MeTamie 3TOT pasMep MOKeT H3MEHATHCS B IMHPOKHX IIpejie-
Jax B 3aBHCHMOCTH OT TOTO, B KakKHe ITOTOKH 3(Hpa, co3/iaBaeMEble aro-
MaMH MeTallla, OH IIOIajeT. YeM HHTeHCHBHee ITOTOK 3¢Hpa, T.e. YeM
GoIbllle IDIOTHOCTh 3(Hpa B IOTOKe H YeM BEHIIE €r0 CKOPOCTh, TeM
Gomsle Oy/eT CHIKAThCA JaBJeHHe 3¢Hpa Ha IIOBEPXHOCTH 3IeKTPOHA
H TeM OOJbIle CTaHeT pa3Mep 3MeKTpoHa. [IpH BRIXOJle 31eKTPOHA M3
MeTallla B CBOOOJHOE IPOCTPAHCTBA OH COXMETCS JaBIeHHEe OKpY-
KaroIrero 3¢upa J0 YKa3aHHOH BHIIIIe BeTHUHHEL.

IToCKONBKY 3IeKTPOH HAXOJTHTCSA B HEIPEePHIBHOM TEIUIOBOM JIBH-
’KeHHH BHYTPH MeTallla, OH COYAapsIeTcad ¢ MOJIeKylIaMH. OTOpachBaeT-
s TI0 3aKOHAM IPAMOTO COYJapeHHd H Ioclle KaXkJOoTo yAapa MeHdeT
CBOI0 OPHEHTAINMIO B IIPOCTPaHCTBe. I103TOMy Bce 3NeKTPOHEI B MeTal-
Je, HaXOMACh B HEIPepHIBHO BIJKEHIH, B CPeJHEM OPHEHTHPOBAHEI
Xa0THYHO, YTO H OOBICHAET TOT (aKT, oUeMy BOKPYT MeTaTHUeCKHX
0o0pasIoB, He MOJKIIOUYEHHBIX K HCTOYHHKAM HallpsUKeHHd, HeT Mar-
HHUTHOTO TTOJIA.
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CoryacHO 3MeKTPOHHOH TeOpHH, CBOOOIHBIE SIEKTPOHbI B MeTal-
JTHYECKHX IPOBOJHHKAX OOpa3yloT 3MEeKTPOHHBIH Ta3. J[BHTAACh Xao-
THUYHO B MeXaTOMHOM IIPOCTPAHCTBE Tella IPOBOHHKA, SIEeKTPOHEL CO-
yIapAIOTCA ¢ TOBEPXHOCTAMH aTOMOB H MOIIEKyJ, 0OMeHHBAsICh C HUMH
HMITyJIbCaMH M TeM CaMBIM IIO/iiepKHBas OOIIYIO LT BCETO Tella TeM-
neparypy. IMeHHO Halu¥e M IOJBHKHOCTh 3IEeKTPOHHOIO rasa obec-
TeurBaeT BBHICOKYIO TEIUIONPOBOIHOCTh MeTAIUIMUYECKHX IIPOBOJHHKOB.
OJHAaKO IIPH 3TOM BO3HHKAIOT BOIIPOCHI, YTO IIPe/ICTABILIET COOOH Tell-
JOTa TBEPAOTO Tela, B UeM 3aKI0YaeTcs MeXaHH3M TeMIlepaTypHl TBep-
JOTO Tela, YTO SBIAETCS B TBEPAOM Telle HOCHTENEM TeIDIOTH H UeM
(H3HYeCKH TeIUI0Ta TBEP/IOTO Tella OTIIYAETCS OT TEIUIOTHI rasa.

B COOTBETCTBHE C 3NeKTPOHHOH TeopHe# CBOOOJHBIE 3IEKTPOHEL,
IBHTAACH XAaOTHUECKH MeXTy MONIEeKylIaMH Tella, HeIPePEIBHO OOMEHH-
BAFOTCA ¢ HIMH HMITYJIbCaMH, YeM CIIOCOOCTBYIOT BEIPAaBHIBAHHIO TEM-
IepaTypsl B MeTalle ¢ BRICOKOH CKOPOCTBIO, UTO H OTIIHYAET MeTallIbl
OT HEMeTAUIOB — BEICOKOE 3HaueHHe K03((HIFeHTa TeIIopOBO/HO-
CTH.

TemoBas cKOpocTh IepeMeIlleHHs 3IeKTPOHOB B MeTallle OIpefie-
JHTCSA BEIpaXKeHHeM
2 _3KT

e : (2.5)
m

e

v

rme me = 0,9108-10%r — macca 31eKTPOHA, OTKyAa HaXOJHM, UTO
mpu Temreparype 20°C (293,3K) cpeHsas cKOPOCTh TEIDIOBOTO JIBH-
’KeHIL 3MeKTpoHa cocTaruT 115,45km/c.

lMes B BHAY, UTO KOIHYECTBO SIEKTPOHOB B MeTaIlIe JIOIKHO
OBITh PAaBHO KOJIHYECTBY ATOMOB, TO FIX UHCIIO B €JIHHHIE 00heMa, KaK H
aTOMOB, COCTaBIIIeT HMOPAIKA N =10%10° M2, Ecin 6w 31eKTPOHHEIH
ra3 CyIIecTBOBAN caM ITo ceGe, TO CpeHSA JUIMHA CBOGOIHOTO IIpobera
31eKTpoHa ObDTa GBI paBHA

A=—— (2.6)
TI€ o, —INIOINAdb ITOIIEPEYHOTO CE€UECHHA JJIEKTPOHA, BEIIHUHA KOTOpOfI

cocrapiseT okomo 10°°° M?. ClemoBaTesHO, IUHHA CBOGOIHOTO mmpoGe-
ra JOIDKHA OpUIa ORI HMETh BEIHUHHY IOPS/IKA eJ[HHHI[ METPOR, B TO



64 TinaBa 2.

BpeMs KaK PacCTOAHHE MeXTy IeHTPaMH MONEKYI COCTAaBIAET BeIHUH-
Hy opsaka 10 '°M. DTo 03HAYAeT, UTO 3MEKTPOHH B MeTallle HIKAK He
B3aMMOJEHCTBYIOT MeX/y COOOH, a KaX I HellPePEBHO COyAapAeTcs
C TIOBEPXHOCTAMH MOJEKYI, OKOJIO KOTOPEIX OH HAXOJUTCH, H IlepeMe-
II[aeTcA MeX/ Ty MOJIEKYTIaMH.

B cOOTBETCTBHH C TOH ke 3NEKTPOHHON TeOpHEH yXe B COBPEMEH-
HOM ee H3IOXKEHHH KO3((HMIMEHT TeIUIOIPOBOJHOCTH MeETalIOB H
CIUIaBOB MO’KHO OIIEHHTH, HCIIONB3Yy4 3aKOH BuaeMmana—®pamma [7]

k =LooT, (27)

rae Lo = 2,445.-1F Br.OM/K? — wmcio JlopeHtra; ¢ OM: M 1 omex-
TPOIPOBOTHOCTD; T —abCcoM0THAS TEMIIEPATYPA.

DTO COOTHOIIIEHHE, YTBEPXKJIAIOINEe MPOIOPIMOHATFHOCTh TEILIO-
TPOBOJTHOCTH H IPOBOJIIMOCTH MeTAILIOB M HX CIDIABOB, IOITBEPKIEHO
IIIIPOKOH TPAKTHKOH H BOIIIIO B CIIPABOYHHKH KaK OCHOBA, XOTA H He
BCerJla TOYHASA, IOCKOIBKY CYIIECTBYIOT eIlle H JpyrHe (aKTOPEHL,
BIILIIONHE HA yKAa3aHHOE COOTHOINeHHe. TeM He MeHee, MOKHO CUH-
TaTh, UTO JIEKTPOHHAS TeOPHI METAIUIOB IOTBepXkieHa. B cooTBeTCT-
BHH C 3TOH TeOpHEN 3JEKTPOIIPOBOJTHOCTh PAaBHA

ner
o=2=t (2.8)
me
WIN )11 YZ[CJIBHOTO CO]'[pOTI/[BJIeH]/UI
p=—2 (2.9)

né’r’

I7le N — KOHIIEHTPAIli 3IEeKTPOHOB B eJUHMIlE 00BeMa; € — 3apaf
3NeKTPOHA; T — BpeMsI cBOOOTHOTO Ipobera, M. — Macca 31eKTpoHa. C
POCTOM TeMIIepaTyphl YacTOTa COYAAPEHHI 3JeKTPOHA C IOBepXHOC-
TAMH MOJEKYN YBeIHUHBAETCSI H BpeMs CBOOOJHOTO IpoGera COOTBET-
CTBEHHO yMeHbIIaeTcs. OTCI0/Ia H CHHKEeHHe IIPOBOIHMOCTH, H COOT-
BETCTBYIOIIHI POCT yeTHbHOTO COIPOTHBIEHI METAIIOB.

Taxrm 06pa3oM, COBMeCTHbIE IIpe/ICTaBIeHHS 3IeKTPOHHOH TeOPHH
H 3(}pHpOHHAMIKH TO3BOJLIIOT YACHHTH MEXaHH3M 3IeKTPOIIPOBOJIHO-
CTH MeTaJUIOB H €I0 CBA3b C TeIDIONPOBOJHOCTHI0. Ha 3T0H OCHOBHOH
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mporecc, KaK W Be3Jie, HAKIQMBIBAIOTCSA JIOIOTHHTEIHHEIE IPOIIECCHI,
TMPHBOJIAIIHE K OTKIOHEHHSIM OT OCHOBHOTO 3aKOHA, KOTOpPBIE JIOIKHEI
paccMaTpHUBATHCSA OT/ETHHO.

BbigoObi

1. 5¢up, 3anomHIFONIIL Bce MHPOBOE IPOCTPAHCTBO M SBIIAFOIIIIL-
CSL CTPOMTEIFHBIM MaTepHAIOM I BCEX BEIeCTBEHHEIX 00pa3OBaHMI,
TpeficTaBIdeT coO0H TOHKIII pealbHbL, T.e. CKIMAEMBII B IMHPOKHX
Ipefenax BA3KHIH Ia3, Ha KOTOPHIH paclpoCTPaHAIOTCA BCe 3aKOHOMED-
HOCTH OOBIYHBIX PEAIbHEIX Ta30B, UTO JAJI0 BO3MOXKHOCTH OIIPEEIHTh
€r0 IapaMeTpHl UI1 OKOJO3eMHOIO IIPOCTpaHCTBa. CyIeCTBOBAaHHE
3¢mpa B IpHpoJE MOATBEPKIECHO PAOM 3KCIIEPHMEHTOB, CPeIH KOTO-
PHIX B IIEpBYIO Ouepepb HY’KHO OTMETHTh PaOOTHl BRIJBIOIEIOCI aMe-
puxaHckoro yueHoro J[.K.Mmurepa, H3MePHBILETO CKOPOCTh H HaIPaB-
TeHne 3¢HpHOTO BeTpa B 1925romy.

2. Ha 06aze »3¢HpoiHAMHUYECKHX IIPeJCTaBIeHHI OIIpe/elIe b
CTPYKTypa H ITapaMeTpsl OCHOBHBIX YacTHI[ MMKPOMHpa — IIPOTOHA,
HEWTPOHA M 3MEKTPOHA H HMX B3aHMMOMEHCTIBHII APYr c¢ IpyroM. IIpm
3TOM BBLACHIIIOCH, YTO CIUIBHOE AJIEPHOE H 3NEeKTPOMArHHTHOE B3aHMO-
e CTBHA MMEI0T OOIIIMIT MeXaHI3M, KOTOPHIH Ha MaJbIX PacCTOSHHAX
o 210" MexTy HYKIOHAMH HpOSBIZETCA KaK CINEHOE SIepHOE
B3aMMO/IEHCTBHE, a Ha GONBIIIIX — KaK 3IeKTPOMAarHHTHOE B3aHMOIel-
CTBHE.

3. Bce H3BeCTHBIE 3IMEKTPOMAarHUTHEIE ABIEHHS MOKHO HHTEPIIPETH-
PpoBaTh ¢ MO3HIMHIL TA30BOI THHAMHKH 3(Hpa, TPH 3TOM IeKTPHUeCKII
3apA/, HHTEPIIPETHPYETCA KaK IUPKYILAIHI KOIBIEBOH CKOPOCTH IUIOT-
HOCTH 3(¢Hpa II0 BceH ITOBEPXHOCTH BHHTOBOIO TOPOHAANBFHOIO BHXPA
— IIPOTOHA MJIM 3NEKTPOHA,; IMOIIPHOCTh — KaK 3HAK BHHTOBOTO JIBH-
KeHILI 3(mpa BOKPYT 3apAfa;; SNeKTPHUECKYI0 IIPOHIIIAeMOCTh BaKyy-
Ma MOXHO HHTEPIIPETHPOBATh KaK INIOTHOCTH 3¢Hpa B CBOOOTHOM OT
BeIlleCTBA IIPOCTPAHCTBE; SIEKTPHUECKYI0 IIPOHMIIAEMOCTh BEIECTB —
KaK CBOMCTBO BeIeCTB YBEIMYMBATE IUNIOTHOCTE 3(Hpa B TPyOKax 3JeK-
TPHYECKOTO TIONA 3a CUeT CHMKEHHA er0 CKOPOCTH JBIUKEHIS, BEIHUH-
Ha 3NeKTPHYeCKOH OTHOCHTEIHEHOH IIPOHHMIIAEMOCTH PABHA OTHOILEHHIO
IDIOTHOCTH 3(Hpa, ABHKYINETOCI B cOCTaBe TPYOKH B BeIECTBe, K
IDIOTHOCTH 3(¢Hpa B BaKyyMe;



66 TinaBa 2.

IomyueHHEBIE M3 TA30BRIX COOTHOIIIEHHSI JOPMYIHHEIE 3aBHCHMOCTH
B TOYHOCTH COOTBETCTIBYIOT H3BECTHBIM 3aKOHAM COBPEMEHHOH 3IIEK-
TPOTEXHUKH.

4. BrLIBIIeH MeXaHH3M OCHOBHBIX XHMHIUECKHX B3aHMOJIEHCTBHII —
HOHHOTO, KOBAQIEHTHOIO H METAUIMYECKOTO, IIPH 3TOM 3KCIEPHMEH-
TQIBHO IIOATBEPKIEHO BBIJICIEHHE IIPH KOBANEHTHBIX PEAKIHAX JIEIl-
TOHHOH II€HbI, MEXaHHUECKH B3aHMOJIEHCTBYIOIIEH ¢ MeTalUI4eCKHMH
TpeMeTaMA  (XeMOJIHHAMHUYECKOe B3aHMOJIEHCTBHE). DTO JaI0 OCHO-
BaHHe ]I BBLABIEHIS ITPOHCXOKIEHHSI CBOOOJHEIX SIEKTPOHOB B Me-
TalwiaxX H (HM3HUeCKIX OCHOB TTOBHIIIEHHOH TEIIOPOBOTHOCTH H 3JeK-
TPOIIPOBOJHOCTH METALIOB.
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maBa 3. 3¢ upoanHaMmmnyeckasa cyul-
HOCTb 3feKTpuyecTBa

3.1. Cmpykmypa ce0600H020 351IeKmMpoHa

Ecmm nmpHcoeIMHEHHEN K APY TOPOHTANBHEIT BHHTOBON BHXPh —
3NeKTPOHHYI0 000IIOUKY — OTOpBarTh OT sA7pa, TO 00pa3oBaBIIMIicC ca-
MOCTOATEIbHBII TOPOH OyZeT ckaTl JaBIeHHEM OKPYXAroIIero a¢mpa
H 00pazyeTcs CBOOOTHEIH IEeKTPOH.

Ha sneMeHT ITOBEpXHOCTH BHOBh OOpPa30BAaHHOTO TOPOHAAIBHOIO
BHHTOBOTO BHXPS — 3IEKTPOHA — JIeHCTBYeT Pa3sHOCTh CHJI. C BHEII-
Hell CTOPOHBI JeHCTBYeT AaBJeHHEe CBOOOJHOTO 3¢Hpa, ¢ BHYTPEHHEH
— CyMMa CHII BHYTPEHHETO JIaBIeHHT, KOTOPOE CYIIeCTBEHHO MEHBIIE
BHEIIHETO JABJEHIA, IIOCKONBKY BpallleHHeM a3 OTOPOIIeH H3 IleH-
TpambHOH 06JacTH Ha IepHQepHto BHXPS, H IMeHTpoOe KHOH CIEL. Ta-
Kasg CHCTeMa HeycTOHUMBa M HauMHaeT CaMOIIPOM3BOIBHO CKHMAThCH,
TIOCKOJNBKY B MeXaTOMHOH 00NacTH CKOPOCTH Te4eHH 3(Hpa MeHbIIIE,
yeM B 3NEKTPOHHEIX 00O0JIOUKAX aToMa, TPAHeHThI CKOPOCTell MeHBIIIE,
CIIeIOBaTeNbHO, JaBlIeHHe 3(Hpa 37[eCh BEIIIIE.

Ji1 cBOOOJHOTO BHXPA JOIIKEH COXPAHHTHCA MOMEHT KOJIHUYECTBA
IOBIDKEHHA M y TOPOHAAIBPHOIO, H Y KONBIEBOIO BPAIeHHI, UTO IIPH
C’KaTHH IIPHBEJET K CaMOIIPOH3BOIFHOMY BO3PACTaHHIO H JITHHEHHOMH, H
VIIOBOH CKOPOCTH OOOHMX J[BIJKEHHH, IpHYeM IIHEHHOH CKOpPOCTH
TIPOITOPIHOHANBHO TIEPBOMH CTEIleHH CXKaTHd, a YIIIOBOH — B KBajpare.
ITpomecc camMOIPOH3BONBHOIO CKATHA I'a30BOIO BHXPA H 3HepreTHYe-
CKFIe COOTHOIIIEHTLI 3TOT0 IIpollecca OB PacCMOTPEHEI BHIIIIE.

C:xxarue BHXpA H BO3pacTaHHe CKOPOCTH BpaIleHHsI OYAyT IIPOJOI-
’KaThbCs JI0 TeX IIOP, ITOKa INIOTHOCTE BHXPA He BO3pacTeT JO HEKOTOPOH
KPHTHYECKOH BEJIHMUIHEL, IIPeII0N0KHTEIHHO TOH K€, UTO H Y IIPOTOHA,
1.e. o BemmunHE nopsaaka 107—10° xr/v®. B pesynsrare moyummpImee-
cs BHXpEBO€ BHHTOBOE KOJBI[O IIPHOOpeTeT pasMepHl, CYIIEeCTBEHHO
MeHBIIe, YeM ORUIM Y HCXOJHOTO BHXpA. OTO H OyAeT CBOOOIHBIH
3IEKTPOH.

TaxrmM o6pazoM, cBOOOHELT 3MEeKTPOH IpeficTaBideT co00il BHH-
TOBO€ BHXpeBOe KONBIO cxkaroro s¢gmpa (puc. 3.1), B KOTOpOM 3HaK
BHHTOBOTO JBIKEHH, T.e. OPHEHTAIII KOIBIEBOTO JBIUKEHHA OTHOCH-
TeIIbHO TOPOHAAIBHOIO, IIPOTHBOIIONOKEH 3HAKYy BHHTOBOTO JIBHKEHIT
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3¢Hpa B Telde MPOTOHA, HO KONHYECTBO KOJBI[EBOTO IBIDKEHII TO Xe
camoe. ClefoBaTeIbHO, OH HeceT B ceOe 3apsA] TOi ke BeIUHHEL, UYTO H
TIPOTOH, HO 3HAK 3apsA/ia He MTONOKHUTeNbHEIH, KaK y IIPOTOHA, a OTPHI[a-
TEebHBIN.
Hamrure KONBIEBOTO IBHKEHHI y 3IeKTPOHA IOATBEPKIAeTCS
TeM, YTO Y 3IeKTpoHa oOHapyKeH CITHH — MOMEHT KOIIUecTBa Bpalla-
TENFHOTO [BHXEeHHT, PaBHBLI
Yo B emmmmnax #h. I'maBHOM
( ) @ OCHI0 3NEKTPOHA ABIAETCA OCh
KOJIBIIEBOTO BpaIl[eHH4.
Ecmm y smekTpoHa B CBO-
a) 6) 6omHOM »3¢Hpe Ta Xe IDIOT-
HOCTh, YTO H y IIPOTOHA, TO
Puc. 3.1. CTpykrypa CBOGOIHOIO PAHYCHL 3JIEKTPOHA U I[POTOHA
WIEKTPOHA: @ — B MeTa/Ule; 6 — B CBO- THOCSTCS IpYT  JAPYTy, Kak
Gommom MpoCTpaHCTBe KOpeHb KyOHYECKHIl H3 OTHO-
IIIeHH I HX MAacc, T.€.

rdrp = (Mm/my)3 = (9.2 10°%71,67 10%)**= 0,082 (3.1)
H, CIIe10BaTEIbHO, paanyc CBOGO)IHOI“O 3JIEKTPOHA COCTABHT.

re=0,082,=0,0821,12 10°=9 10" m. (3.2)

Hnomazu, IIOBEPXHOCTH JJIIEKTPOHA COCTAaBHT

Sones. = dr = 4n (9 1012 = 1,1 1032 (3.3)
a BEeIIMUHHAa KOJIBI[eBOﬁ CKOPOCTH OIIPEIE€IINTCA U3 BEJIMYMHEI 3apAaa

e=pvS=1,6 10°Kn (3.4)
OTKyZa

Ve = €pS=1,6 10798,85 10* 1,1 10°% =
= 1,64 10**m- ¢t (3.5)

3HaueHHe ITHPKYILAITHI KOJIBIIEBOH CKOPOCTH OIIPEACIHNTCA KaK
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(Circ)e = 2n revi= 21 9- 107 1,64 1074 =

= 9,27 100 m? ¢ (3.6)
HJIOH_[a)IB K€ IIOIIEPEYHOT 0 CEUEHII JIEKTPOHA COCTaBHT
Secer. =M= (9 102 = 2,75 103 2 (3.7)

[IpencraBneHre 00 3IeKTPOHE KaK O BHXPEBOM KOIbIlE C TIepeMeH-
HEIM pajirycoM OpUIO BBeJleHO B.D.MutkesmueM [36, 37]. OCHOBHEIM
BO3paXeHHeM IIPOTHB MOJiell MHUTKeBHYa OBLIO YTBEpkK/IeHHEe, YTO 3a-
PAA M MarHUTHEIH MOMEHT 3JIeKTPOHA chpepHUecKH CHMMeTPHUHEL Ofi-
HaKo ITocIeAyrolHe padoT By H HEKOTOPHIX APYTHX (H3HKOB IIOKa3a-
JH, YTO 3NIeKTPOH BefeT ce0sA IOMOOHO BpAILIAIOIIEMYCS BHXPEBOMY
KOIIBI[y, CIIHH KOTOPOTO HAIpaBleH BJIONh OCH €r0 JBIKEHHI. OTOT
(aKT CHIMaeT yKa3aHHBIE BO3PaKEHIL.

Kak u3BecTHO, 37IeKTPOH 001a/iaeT cOOCTBEHHOM YHepruell, paBHOH

E = hv=md, (3.8)
H CIIMHOM — MEXaHHYE€CKHM MOMEHTOM Bpal[[eI{Hﬂ
S = Bh = MoV, = Moo, = J (3.9)

CrmH oTpaxaeT TOJNHPKO MeXaHHUeCKHII MOMEHT BpallleHHI KOJb-
LEBOTO JBHMKEHHA, B TO BpeM: KaK SHeprHi — IIOJHYI0 BHYTPEHHIOIO
SHEPTHIO 3NeKTPOHA, YUHTHIBAIOIYI0 KaK KOIBIeBOE, TaK M TOPOHIAb-
HOe JBHKeHHe. J[JI1 KONbIIEBOTO IBIKEHHT

Ee = Jaw.l2. (3.10)

Ecimi B COOTBETCTBHH C IIPHHITHIIOM Maxkcseiuia JQHEPIHH IIO CTEIIE-
HAM CBO60)IBI PacIIpeaeiLIr0TCs paBHOMEPHO, TO

E. =E, (3.11)

H, TI0 KpaifHel Mepe, I IepPBOTO CIydas — CYIIeCTBOBAHHA JNEKTPO-
Ha B CBOGOJHOM 3¢Hpe — MOKHO IIpe/Ioyarars, Yro JTHHEeHHBIe CKO-
POCTH KOJBI[EBOTO H TOPOHJATHFHOTO JIBIUKEHHI 3(Hpa Ha IIOBEPXHOCTH
3NIeKTPOHA PABHEI H, ClIeI0OBaTeNbHO, YACTHITH A¢Hpa B Telle SIeKTPOHA
IOBHKYTCS TT0 BHHTOBOI JIMHHI ¢ HAaKIOHOM BHHTA OK0JIO 45°.
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Ecim 31exTpoH IommagaeT B 00IAacTh, TAe CYIIECTBYIOT KaKHe-IHOO
TIOTOKH 3(mpa, TO, IMOCKOIBKY IPaJHEeHT CKOpOCTell yBeIHUHBAETCS,
IaBJIeHIE Ha IIOBEPXHOCTH 3MEKTPOHA MTAiaeT, H BHXPeBOe KOIBLO yBe-
JIUIBaeTC B pasMepax.

HyXHO OTMETHTS, UTO BHYTPH METAJUIOB 3NEKTPOHEI HE HAXOIATCI
B arMocdepe cBOOOIHOTO 3¢Hpa. TaM cyIecTBYI0T H ApPYrHe IIPHCOoe-
IHHEHHEIE BHXPH, KOTOPEIe MOKHO YCIOBHO Ha3BaTh 000JIOUKaMH BaH-
Iep-Baambsca H KOTOpEIE 00ecIeunBaroT MeXaTOMHEIE CBA3H He XIIMH-
YyecKOH (He 5JIeKTPOHHON) IMPHPOBI. DIEKTPOH, HAXO SIIHICST BHYTPH
TaKHX BHXpeH, OyZleT HCIEITHIBAThH JABIEHHE MEHBIee, UeM B CBOOOJ-
HOM 3(Hpe H ero pazMepsl OYAYT CYIeCTBEHHO OOIBIIMMH. Majo To-
IO, IepeMelNaich B IPOCTPAHCTBE MEXTY aTOMaMH MeTallla, 3IeKTPOH
BCe BpeMs IIepPexXOJHT U3 OJHOH 00NacTH BaH-Jep-BaallbcOBOH 000I0Y-
KH B JPYTYI0, CKOPOCTH IIOTOKOB 3(Hpa M I'PaJHEeHTEl CKOPOCTeH B HHX
PA3MYHEL, CIefOBAaTeNbHO, M [JABIEHHI B HHX Pa3lHMUHEL, IIO3TOMY
3NEKTPOH He MOKeT COXPAHATh CBOH pa3MepHl HEHM3MEHHBIMH, OHH BCE
BpeMs MEHAIOTCA, PAIyCc KOIbIA 3IEeKTPOHA He SBILIETCS II0CTOSHHBIM
H MeHseTCS B 3aBHCHMOCTH OT BHEIITHIX (paKTOPOB.

ITpoGerasd B TEINIOBOM IBI-KEHHI BHYTPH MeTalla IIyTh OT OJHOH
MOINEKYJBI K Pyroi, OT OJHOTO JOMeHa K JIPyroMy 3IIeKTPOH Helpe-
PFIBHO MeHfAET CBOE HAIPaBIEHHE F OPHEHTAIMIO B IIPOCTPAHCTBE, II0-
3TOMY BHHTOBOE JIBHKEHHE 3(Hpa. KOTOpoe CO3aeT BOKPYT ceOs Kax-
IBIH 3JEeKTPOH, YCpPeIHAeTCA 10 Hylld, I MeTall HHKaK ce0sd He IIpOosIB-
JIieT HH B IDIaHE 3JeKTPHYECKOTO 3apA/ia, HH B INIaHe HAJHYIH MarHHT-
HOTO IIOJA, 0 TeX IIop, ITOKa II0J] BO3EeHCTBHEM BHEIIHETO 3IeKTpHYe-
CKOTO IIOJIA 3NEKTPOHEI He IPHOOPETYT HEKOTOPYI0 OOINMyI0 OpHEHTa-
IO ¥ HAUHYT CBOE JBHKEHHE BJOJD IIPOBO/HIKA.

3.2. dusuYyecKasi cyuHocmsb 351eKMpuUY4YeCcKo-
20 noJisi

Kax 6pITO TTOKa3aHO BHIIIE, IIPH COEMHEHHH MOTOKOB 3QHpa, CO-
CTaBILIIOIIMX SJeKTPOHHBIE OOONOUKH aTOMOB MeTalia, B OOIIyIO
CTPYKTYPY YacTh 3aBHHTOBAHHOTO H YIINIOTHEHHOTO 3¢Hpa B CTPYKTYype
3THX 000NOUYeK OKa3BIBAeTCS IHIIHEH H BHIOpAcHBaeTCA BO BHEIIHEe
IIPOCTPAHCTBO. BHHTOBAA CTpyiKa He MOXKET COXPAHATHCA B TaKOM BH-
Iie, 10O OJTHH KOHeIl, IBIUKYIIHMIICS BIIepes, IPeICTaBIIeT cOO0H HCTOK
rasa, a IpOTHBOIIONOXHEIA €€ KOHEI[ — CTOK. llepe Il KOHeI[ CTPYHKH
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00s3aTellbHO JOJUKEH 3aMKHYThCA Ha 3aJHII KOHEI[, B pe3ylIbTaTe uero
oOpa3syeTcd HOBBIN BHHTOBOH TopoHZ 3¢dHpa HeOOIBIIOH MacCH —
CBOOOJHEIH 3IeKTPOH. B IIpHHIMIIe, WICIO TaKHX 3IEKTPOHOB B MeTal-
1e TOTKHO GBITh HEMHOTO MeHBIIIe UHCTA aTOMOB, T.e. opauka 1073,
TIOCKOJNBKY IIPH OOPa30BaHMH JJOMEHOB — XHMIUECKH COeIHHEHHbBIX
TPYyIOI aTOMOB KaXKJBI aTOM BEIOpAachIBaeT IIPH COEIHHEHHH B OOIIYIO
CTPYKTYPY CTPYHKY 3¢Hpa, 00pa3yroIIyr0 cBOOOIHBIN 3TMeKTPOH.

OImCaHHEIH MeXaHH3M (POpPMHPOBaHHA CBOOOIHBIX 3JIEKTPOHOB B
KpHCTallie MeTallla BEI3BAH IIepecTPOKOH BHEIIHeH 000IOUKH aTOMOB
MeTaJUIOB B CBSA3H ¢ 0Opa3oBaHHeM OOIIeH KPHCTAUIIUECKOH PEeIIeTKH.
OObeyHEHNEe BHEIIHIX IIPHCOEIMHEHHEIX BHXpEH aTOMOB B €IHHYIO
CTPYKTYPY TOJKHO IIPHBOJHTH K BEICBOOOXK/IEHIIO CBOOOIHEIX BHXpeEH
— 3NEeKTPOHOB, KOTOphIe HAUMHAIOT ONyXJaTh II0 KPHCTALIy B BHJE
TaK HA3BBAEMOIO <AIEKTPOHHOIO rasa». Heuro aHamormuHoe oOGHapy-
’KEHO aBTOPOM H IIOATBEPXKJEHO SKCIEPHMEHTAIFHO B KOBAICHTHBIX
Ppeaxiix, IIPH KOTOPEIX KaXasd Ilapa B3aHMOJIeHCTBYIOIMX MOJEKYI
BBICBOOOK/IaeT YacTh 3aBHHTOBAHHOIO YIDIOTHEHHOIO 3¢Hpa, KOTOPHII
TYT Xe 00pa3yeT TOPOHJAIBHELT BHXPE 3dHpa.

ITo ompepeneHIEo HAPSKEHHOCTh 3JIEKTPHUECKOTO IIONA €CTh CH-
14, JeHCTBYIOLAI HA € THHIYHEL SJIeKTPHUECKIH 3aps, TaK YTo

E=l (3.12)
q

OpHako BcsSKad CHIA MOXeT BO3HHKAaTh B pe3ylbTare IOSBIEHHA
TpajiHeHTa JaBIeHHA, KOTOPOe, B CBOIO O4Yepe]h, MOKeT BO3HHKATh KaK
pe3yIbTaT rpajHeHTa CKOpocTeil ITOTOKOB 3¢Hpa B SIEKTPHUECKOM II0-
Jie M Ha IIOBEPXHOCTH B3aHMOJEHCTBYIOIEH ¢ HIM YacTHITEL. Y UHTHIBAL
TOTIepeyHbI XapaKTep pacHpOCTpaHeHH BeKTopa 3JIeKTPHYeCKOH Ha-
IIPSKEHHOCTH, cIeyeT IojaraTh, UTo BO B3aHMOJIEHCTBHH 3JIeKTpHYe-
CKOTO TIOJI H YacTHIBI yYacTBYyeT IOTOK 3¢Hpa, HAIpaBIeHHLIH He B
HallpaBJIeHHH YacTHII, a B NepIeHINKYIIPHOM HallpaBIeHHH. B 3ToM
CIydae IPOHMCXOJHT B3aHMOJeHCTBHE 3a CUeT I'PaJIHEHTOB CKOPOCTeli,
BEKTOP KOTOPOTO HAIpaBleH B CTOPOHY YacTHITHI. Takoe B3armMOJeHCT-
BHE BO3MOJKHO B TOM CIIy4ae, €CIH B CaMOi CTPYKType 3MeKTPHYeCKOTO
IOJIA CYLIECTBYeT He TOJHKO IPOJOIBbHOE, HO H IOIepeuHoe TeyeHHe

3¢dupa.
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I[Ipn mosABIEHHH HA ITOBEPXHOCTH 3MEKTPOJA 3NEKTPHUECKOTO 3aps-
Ia, T.e. IIPH BBIXOJle HAa €T0 IIOBEPXHOCTh 3JIEKTPOHOB B OKPECTHOCTAX
3NeKTPOJa YCTaHABIHBAETCA SMEKTPHYECKOE IIoTIe.

U3 puc. 3.2 BHAHO, YTO IIPH BEIXOJle Ha IIOBEPXHOCTH 3JMEKTPOJA
BHHTOBBIX BHXPEBBIX TOPOH/IOB — 3JIEKTPOHOB IJIH IIPOTOHOB OHH CO3-
AT B IIPOCTPAHCTBE BHE 3MEKTPOJOB BHHTOBEIE BHXPEBEIE TPYOKH
IBIKYIIerocd s3¢upa. B Buxperoit TpyOke, 00pa30BaHHOI B cpejie BHH-
TOBEIM TOPOHJAIBHBIM KOJBI[OM, IIOTOKH 3(Hpa ABHAYICI HE TOIBKO
IIO KOIIBIY B ILIOCKOCTH, ITEPIIEHIHKYILIPHOH OCH TPYOKH, HO H IIapai-
JeTHHO 3TOH ocH. IIpH 3TOM B I[eHTPAIBHON YacTH BHXPEBOH TPYOKH
3¢up mBHAKETCA OT BHHTOBOTO TOPOH[A, a IO IepH(epHH - K BHHTOBO-
My TOPOH[Y, TaK UTO 00Ilee KOIMYECTBO IIOCTYIIATENBHOTO JBIKEHHA
3¢mpa Booms TpyOKH B cpefHEM PaBHO HylIo. Takoe IIOCTyIaTelbHOe
IOBIKEHIE FIMeeT OONBINOe 3HAYeHHE, ITOCKOIBKY, OyIydur PasHEIM IO
BeJIMUIHE H HAIPaBICHHIO HA PA3HBIX PACCTOSHHAX OT OCH TPYOKH, 3TO
IOBICKEHHE CO3/laeT Pa3IHUHbIe 3HAUCHHA BHHTOBOTO (hakTopa, IIpHYeM
IIO OCH TPYOKH BHHTOBOE JIBHKEHHE FIMEET OJHH 3HAK, a 110 IepHQepHH
— IIPOTHBOIIONIOKHEIA (pHC. 3.2).

Puc. 3.2. Buxpegoe 1ojie, C03JaBaeMoO¢ BHHTOBHIMH BHXPEBHIMH TOPOHIAME
(31exTpITIE CK0€ TT0JT€)

Kak mokazano B pa6orax [2-5], CyMMHpPOBAThCS MOTYT JIHIIh BHH-
TOBBIE IIOTOKH, Y KOTOPHIX BHHTOBOH ()aKTOpP ITOCTOSHEH H OJJHHAKOB II0
Bcell UmMHe BHXpA. Takoe BHHTOBOE JBHKEHHE JOIKHO YIOBIETBOPSTH
YPaBHEHHIO
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rotv=Av;
(3.13)
@ B o A
Vv,V v,
IIPH 3TOM
v gradA/ r = const. 18.

Hryero moio6HOTO I BHXPEBBIX TPYOOK 3IEKTPHUYECKOH HHIYK-
IMH HET, cleIoBaTellbHO, CYMMHPOBATHCS IOTOKH 3THX BHXPEBBIX TPY-
OOK He MOTYT, a MOT'YT JIMIITh PA3BHBATHCS B IIPOIOIFHOM HAIPaBIIEHH,
CKOIB34 10 TIOBEPXHOCTH APYT APYyra, H CMelaThcd B IIONIEpeUHOM Ha-
IIpaBIeHHH IO IaBIIEHHEM COCEJHHX BHXPEBBIX TPYOOK.

TaxrmM 06pa3oM, CHIOBHIE JHHHH 3JeKTPHYECKOTO ITOJI — 3IeK-
TpHYecKas HHIYKIHA — CYIIECTBYIOT KaK OTZAeNbHEIe BHXpPEBEIEe TPYO-
ki («Tpy6Kku Dapajies»), OHAKO MeKTPHUECKOH HHYKIHH COOTBETCT-
BYET He Bce 3TO JBHKEHHe, a TOIBKO ero KOJbIeBas COCTABILIIOINAS.

dnexkmpudeckoe noje — IMO COBOKYRHOCHIL GUHMOBLIX GUXPe-
661X mpyook Iupa (<mpybox Papadea) c nepemMenHbIM RO CeUeHUI0
GUHMOGBIM (PAKMOPOM.

VIHT€HCHBHOCTh 3NEKTPHUYECKOIO IIOJA OIIpeJelieTCs ero Hamps-
*KEeHHOCTHIO, T.e. UHCIOM TPYOOK, IIPHXO AINNXCA Ha IHHIITY TUIOIIATH
IIOIIEPEYHOI0 CEYeHH IIPOBOJHIKA, H COOTBETCTBEHHO CEUEHHEM KakK-
oW TPyOKHM: uYeM BBIIe HAMPSKEHHOCTh 3MeKTPHUECKOTO IIONI, TeM
OoJpIllee YHCIO TPYOOK TPHXOMWTCSI HA eJHHIIy IUIOIAAH H TeM
MeHBIIe OyJleT ceueHHe KakIoH TPYOKH, UTO HAXOJUTCS B ITOIHOM CO-
OTBETCTBHH C TeOpHEH Ia30BHIX BHXpeH. I ra30BOro BHXPA IIPH II0-
CTOSHCTBE LHPKYILAIMH I'a3a BAOJIh BHXPA HAIPSUKEHHOCTh U JIHHEHHAT
CKOPOCTH BpAIlleHHs TeM OOIbIle, UeM MeHbIIle eTO CeUeHHE.

JII4 OMMHOYHOTO 3apsfia IONHBIL YIOJN, 3aHMMAaeMBII KONBIEBHIM
IBIKEHHEM, COCTaBLiIeT 4m, ClleZIOBaTelbHO, JIA N TPyOOK YTol, 3a-
HIMAaeMbIH KaXTOH H3 HHX, COCTaBIIET

6= 4nuin, (3.15)
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MPH 3TOM JUIL KaXJIOH TPYOKH B COOTBETCTBHH C TeopeMaMH [ erxbM-
TOJBIA HA BCEM ee TMPOTSIKEHUH COXPAHSIIOTCS JUIL KXKJIOH dIeMeHTap-
HOM CTPYHKH THPKYISIL H MOMEHT KOJHYECTBA JIBHKEHH:

I'=2nrv; L =mvr=const. (3.16)

Kak 6ru10 IMokazaHo BBIIIIE, BEITHYHHA OJHHOYHOIO 3apiaJa OIpelie-
JBIETCA KaK

e=pV .

ITocKONBKY TOPOHMJATbHOE JBIUKEHHE Pa3MBIBAeT KONbIEBOE J[BH-
’KeHHe IO BceH c(epe IMPOCTPAHCTBA, MACCOBHIH ITOTOK KONIBIIEBOTO
IBHKEHHA yepe3 cepy OIpeIeNTCS H3 BRIPaKeHH T

§o,vds=np,ys, (3.17)
S

I

{Dds=q, (3.18)

I7le  —Bech 3apsy, HaXoLmpmics BHYTpH cdepsl; D = p,V, — IMOTOK
KOIIBIIEBOH CKOPOCTH INIOTHOCTH 3(Hpa, W, HHaye, IIOTOK JNeKTpHYe-
CKOH HHIYKIMH. IToyueHHOe BEIpaKeHIe COOTBETCTBYeT TeopeMe I'a-
ycca.

I[Tpomecc BO3HHKHOBEHHS 3NeKTPHUECKOTO IIONA IIPH IOSBICHHH Ha
TIOBEPXHOCTH 3JIeKTPOJA YIIOPATOUEHHEIX 3apsIOB 3aKIIF0UaeTCI B TOM,
YTO BHXpEBOE JBHKEHHEe KaXJOoH TPyOKH HauMHAeT PacHpOCTPAHATHCI
BJIOTH OCH TPYOKH. IIpH 3TOM Ha Toplie TPYOKH ABHKeHHe d(Hpa JTeKHT
B IUIOCKOCTH, TepIEeHAHKYIIPHOH OCH TPYOKH, M ITO3TOMY CKOPOCTbH
pacipocTpaHeHHs 3IeKTPHYeCKOro IONI B BaKyyMe paBHa CKOPOCTH
BTOPOTO 3ByKa B 3(Hpe — CKOPOCTH PACIPOCTPaHEHHI IONIEPeUHOro
IOBHKEHHI, o0ecleynBaeMol BI3KOCTHIO 3(QHpa, 3TO H ecTh CKOPOCTh
cBerta. CKOPOCTh PacIpOCTPAaHEHHA 3NEKTPHUECKOTO IO B KaKOM-
mmbo MaTepHane MeHsbIIe B K, pas,

k =vpo.! P, (3.19)
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IJie py — IUIOTHOCTH 3()HPa, BOBIEKAEMOTO B JIBHKEHHE AIEKTPHYECKO-
IO TIONIA B MaTepHale; p, — IUIOTHOCTh 3Hpa B CBOGOHOM ITPOCTPaH-
CTBE.

B onrmueckux cpefax K, = N, T.e. paBHO INOKa3aTelo IIperIoMIIe-
Hua. OOBMHO TIOKa3aTellh IpeloMIeHHS HaxOoJHTcs B Ipefenax 1,4—
1,6, 103TOMY IDIOTHOCTH 3¢HpPa, BOBIEKAEMOTO B JIBIKEHHE B JIEKTPH-
YecKOM ITolle, GONbINle INIOTHOCTH cBOOOJHOTO 3¢mpa Bcero B 2—2,5
pasa, T. €. COCTABILIET BEIIMUMHY oKomo 2:10 " krm .

COIIOCTaBIIAI €€ ¢ MacCOBOI IDTOTHOCTBIO TeX Ke OIITHUECKHX CTe-
KOJI, COCTABILIIOIIEeH BeMHMUMHY IOPATKA (2,65—3)103 KO*M S, BHJIIM,
YTO B JIBIDKEHHE B 3JIEKTPHUECKOM IIOJe BOBIEKAETCS BechMa HeGONb-
Imas yacTs 3¢mpa, mopaaka 107 oT Beeit Maccr sdmpa, o6pasyromeit
Marepual. B MeTamiax, BO3MOXHO, 3Ta JIONA OOIBIIIE.

3.3. C80600HbIlU 351eKMPOH 8 3eKmpu4ye-
CKOM riosie

PaccmoTpuM ABHKEHHE 5IIeKTPOHA — BHHTOBOI'O BHXPEBOTO KOIb-
I[a VILTOTHEHHOTO 3(Hpa B BHHTOBOM IONe 3(Hpa — 3IeKTPHUECKOM
noze. IlomaB B BHXpeBOE IIOJNE, CO3JAHHOE TaKXKe BHHTOBEIMH TOPOH-
TATBHEIME 00pa3oBaHHAMH 3(Hpa, STeKTPOH BHHYXKIEH Pa3BepHYThCA
TaK, YTOOHI INIOCKOCTh €I'0 KOJBIEBOI'O JIBHKEHHI COBIIAIA C ILIOCKO-
CTHI0 KOJBI[EBOTO JIBIXKeHHT 3(Hpa B TpyOKax. [IoCcKOIBKY B BaKyyMe
HHKAKOTO COYAApeHHsA C MOJEKyIaMH BeIleCTBa HeT, TO OpPHEeHTALHI
Pa3BepHYBIIIETOCA TI0 ION0 3JeKTpoHa OYyJeT COXPaHATHCS HeoIlpee-
IeHHO Joiro. Ilocie 3Toro Imoj JeHCTBHEM Pa3HOCTH JABIECHHH, IeH-
CTBYIOIIX Ha 3JEKTPOH, IIOCIETHIH JOIKEH HAuaTh CBOE ABIDKEHHE
BJIONIL OCH BHXpeBOH TpyOKH (pmc. 3.3).

e
SofN_ NN
6@87 . —— — e S

Puc. 3.3.951eKTPOH B TPYOKe WIEKTPITICCKOT 0 ITOJIA.
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[Ipn coBIQJieHMH HaIpaBIeHHI KONBIIEBOTO ABHKEHHA BHXPEBOTO
TIOJIA V;; M 3JIEKTPOHA V,. HA TOH CTOPOHE YACcTHIEI, KOTopasd oOpalieHa K
0JIe00Pa3yIONMM BHXPAM, TPHeHT CKOPOCTH KOJBIIEBOTO JBHKEHILT
OyZeT MeHbllle, YeM C IIPOTHBOIIONOXHON CTOPOHEI, H ITO3TOMY JIaBlle-
Hue 3¢Hpa Ha CTOPOHe, OOpaIleHHOH K HCTOYHHKY IONA, OyJeT GOib-
1IIe, 4eM ¢ IIPOTHBOIIONIOKHOH.

B cOOTBEeTCTBHE C ypaBHeHHeM BepHymImH 3TH JaBIeHHS OIpesie-
JIATCS BBHIPAKEHHAMI:

B 00JacTH a:

Pa=Po— ps(Ve — Vi) 72; (3.20)
B obxactu b:

Py = Po—ps (Ve + Vi) 72; (3.21)
B 00JIacTH c:

Pe = Po— ps[Ve — (Vi — bovi/or )] %2; (3.22)
B obxactu d:

Py =Po—ps[Ve + (Vi — bovior )] ¥2. (3.23)

3mecy b — TomEHA Tena SMEKTPOHA; Ve — CKOPOCThH KOIBIIEBOTO
IBIDKEHIL Tejla JIEKTPOHA; Vi - CKOPOCTh KOJBI[EBOTO JABIKEHHS JNEK-
TPHUECKOTO HOJI; OV,/dr — TpajiHeHT KOJBIEBOH CKOPOCTH TIOJIS.

IIpom3Bed COOTBETCTBYIOIIHE BRIUICIEHNA H IpeHeOperas Maikl-
MH WIeHaMH, IIOJXyYHM 3HAYeHHSI PA3HOCTH JABJIEHHI,CO3JA0IIUX II0-
BOPOTHEBIII MOMEHT 3NIEKTPOHY, I[PHYEM BCEria B CTOPOHY COBMEILEHH
OCH IIPOBOJHIKA H BEKTOPA TOPOHJAIFHOIO JBHKEHHUA SIIEKTPOHA!

AP =vg,b ov/or = vep.E. (3.24)

rae E = b ovi/or
Crta, eficTBYIOIAd Ha SIIeMEHT IUIOIIA M 3JEKTPOHA, COCTABHT

dF = APESIna = p,VeVy, SinadS, 18
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I7ie S; — IUIOINAAh KONBIIEBOTO CEUYEHII 3IEeKTPOHA, o — YIol MeXIy
IJIaBHOH OCBIO 3TEKTPOHA H OCBI0 TPYOKH 3IEKTPHUYECKOTO IoNd; E —
3NeKTpHUecKas HaIPAKeHHOCTb.

Ha Bceit miommagu 31eKTpoHa IIOCTOSHHAS COCTABILIIONTA KOJbIle-
BOH CKOPOCTH IIONIL He CO3/1aeT HIKAKOH CHIIBI, TIOCKONBKY yBeJIHUYeHHE
JaBIeHHA Ha TeX y4JacTKaX, I7ie HallpaBlIeHHd IOTOKOB KOJBLEBBIX CKO-
pocTeli SIeKTPOHA H NONA COBIAJAIOT, YPABHOBEIIMBAIOTCS YMEHBIIIe-
HHEM JaBJIeHHd Ha TeX yYacTKax, IJle OHH HMeIOT IIPOTHBOIIOJNOKHOE
HampaBieHHe. [103TOMy HOIONHHTEIbHOE JaBIeHHe Ha JNMeKTPOH CO3-
IaeTca He COOCTBEHHO CKOPOCTBIO IIOTOKA 3(Hpa Vi, a IHPKYIAHeH
CKOPOCTH BOKPYT KOHTYpa H, CIeJOBaTelbHO, CHJIA, BO3AeHCTBYIOINAL
Ha 3NIeKTPOH CO CTOPOHEI NIEKTPHUYECKOTO ITOJLA, ONIPeIeHTCA KaK

F = p.Ve J[(ov/or) sin adrdS = gEsina, (3.26)

TIe

b
E:jww/myn (3.27)

TaxuM 00pa3oM, HANPSKEHHOCTh ANEKTPHUECKOTO TMOIA, T.€. CHIA,
BO3JIEACTBYIOIIAS CO CTOPOHBI MEKTPHUECKOTO MO HA eIHHIYHBIA
3apsn

E =Flq, (3.28)

HMeeT CBOHM IIPOHCXOKIEHHEM I'PaJHeHT KOIBIEBOH CKOPOCTH 3¢Hpa,
YMHO’KEHHBIH Ha pa3Mep 3J1eKTpoHa. OTCIo/Ia MOXKeT OBITh OIIpejielieH H
GdI3MYecKIit CMBICT 3JeKTpHUYeCKOH HHAYKIMH D Kak KoIHMuecTBO
KOIIBIIEBOTO ABHKEHHA 3¢Hpa B eHHHIlE 00BeMa:

b
D=QE=@“WJ&NL (3.29)
0

Jng 5IeKTpOHA, JBHAKYILETrocs B CBOOOJHOM IIPOCTPAHCTBE B Ha-
IpaBleHHH CHIBI E, Sino = 1 (1aBHad1 och 3MeKTPOHA COBIAJIAET IO
HallpaBJIEeHHIO C HAIPaBIeHHEM OCH TPYOKH 3JeKTPHYECKOTO ITOJA).
ITocKONBKY HaBIeHHE eCTh NOTeHIHATbHASI 3HEPIHA, IIPOIOPIHOHATE-
Haj KBaJIpaTy CKOPOCTH MOJIEKYI, TO H CHIa, AeHcTByIoIasd Ha 3lle-
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MEHT 3JEKTPOHA, OyJeT YMEHBIIAThCA HA BEIHUHHY, IPOIOPIHOHAE-
HyI0 KBafipaTy OTHOCHTEIBHOH CKOPOCTH JIBHKEHMA SIEeKTPOHA Vg K
CKOPOCTH PACIIPOCTPAaHEHHS KOIBIIEBOTO JBHKEHHA B CBOOOJHOH Cpefie
— CKOPOCTH CBeTa ¢, T.e. Ha BeXHunHYy (Vy/c) 2 CIleJIOBATEIBHO,

E=E,[1— (v/0)?] (3.30)

H IIPH CKOPOCTH JBMKEHHUS YACTHIIRI, PABHOH CKOPOCTH CBETa, T.€. IIPH
Vq = ¢, E = 0,Kxax GBI HI MeHAIach BelMunHa E,.

ITocmeHee 03HAYaeT, UTO C MPHOMHAKEHHEM CKOPOCTH YACTHITHI K
CKOPOCTH CBeTa CHIIA, AeHCTBYIOINAd HAa YACTHIY, YMEHBIIAETCSI. aHAJIO-
THYHO TOMY, KaK IIPH YMEHBIIEHHH CKOJbXKEHHI BPAIAroIlerocs Mar-
HHTHOTO IIOJIA OTHOCHTEIHHO POTOpAa B aCHHXPOHHOH MalllHHE YMeEHb-
IIaeTCA MOMEHT, Pa3BHBAEMbIH POTOPOM. OTHM IIPHHIHITHAILHO MOXKET
OBITh O0BACHEH ()aKT HEBO3MOXKHOCTH Pa3rOHA 3apSKeHHOH UYaCTHITHI
3JeKTPHYeCKHM ITONleM 000, caMoi OOINBINONH HAaNpsKEeHHOCTH [0
CKOPOCTH CBETQ, a BOBCE He T€M, YTO CKOPOCTh CBETa I[PHHI[HIIHATBHO
HeITpeoA0IIMA.

TaxrM 06pazoM, MOXy4eHO BRIpakeHHe LI HAMPsDKEHHOCTH 3MeK-
TPHYECKOIO ITONA KaK CHIIBL, BO3JEHCTBYIOLIEH HA eIHHHUYHBIH 3apsii.
ITomaras, YTO CKOPOCTh BpPAILEHUA BHXPEBBIX TOPOHAAIBHBIX KOJEI[ —
3JIEKTPOHOB — IIOCTOSHHA, ITOIy4YaeM, YTO HAIIPSKEHHOCTDh SIeKTpHYe-
CKOT'O IIOJIA IIPOIIOPLIMOHAIFHA HAIIPSKEHHOCTH BUXPEBOTO IO, KOTO-
Ppad IMpoNOpPIHOHATBHA YHCIY TPYOOK BHXPEBOTO IO, IIPHXO IAIIHXCS
HA eJUHIIY IDIOIIAH IIOJIA.

Ecm B cBOGOHOM TIPOCTPAHCTBE AMEKTPOH MPEeAOCTABIEH CaM Ce-
0e, TO 3TeKTPOH, KaK H BCAKHIL TA30BHI TOPOMAATHFHBI BHXPh, HAUHET
Pa3TOHATECA B HAIIPABJIEHHH ITIOTOKA, HCXOIAIIETO H3 €r0 LEHTPAIbHOTO
oTBepcTHA. OHAKO B OTIIHUHE OT OOBIUHBIX TA30BEIX BHXpeH B CHIY
0co0oit pazpexkeHHOCTH 3(Hpa H Manoro ko3 QHigieHTa ero BAI3KOCTH,
a Tak’ke B CHIIy TOTO, UTO B Telle 3JeKTPOHA INIOTHOCTH 3¢Hpa Ha Je-
CATKH TOPAKOB IPEBHIIIIAeT ITIOTHOCTE 3¢Hpa B CBOGOTHOM IIPOCTPaH-
CTBE, IIOCTOSHHASI BPEMEHH PA3rOHA 3IEKTPOHA OKAa3BIBAeTCA BeChMa
OOJBIION H COCTABIIAET JeCATKH M COTHH JIeT. OTO 0OBACHAET IIPHPORY
KOCMHUECKHX Ty4deH, HO B YCIOBHAX OORIUHOTO 3KCIIEPHMEHTA 3NeK-
TPOH IIPAaKTHYECKH OCTAaeTCsI HEIIOABIUKHBIM, TaK KaK IDIOIIAIb IIO-
BEPXHOCTH €T0 Mana, Takke Maja M BA3KOCTh 3¢Hpa, IO3TOMY H CHIa
OTTAIIKHBAHHS SIEKTPOHA OT OKPYXArOIIeH ero cpejpl Mala, H BpeMi
Ppa3roHa COOTBETCTBEHHO BEJIKO.
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3.4. dusuYyecKasi cyuHocmb a5IeKmMpuU4YecKo-
20 mokKa e Memarsne

[IpH OTCYTCTBHH 3NeKTPHUECKOTO IIONA SNMEKTPOHEI B MeTalIe CO-
BepIIAIOT XaOTHYECKOe TEIUIOBOE JBHKEHHEe H HMEIOT B IIPOCTPAHCTBE
Xa0THYECKYIO, T. €. PABHOMEPHO PACIIpeIeNIeHHYI0 OPHEHTAIIHIO.

IToy meficTBHEM 3JEKTPHUYECKOTO IO XAOTHUECKOE JIBIKEHIE
SNIEKTPOHOB B IPOBOJHAKE HECKOIBKO YHOPSJOUMBAETCI. OTO YIIOPS-
JTOUYeHHe MPOSBIAETCS JBOSAKO: BO-TIEPBHIX, 3IEKTPOHEI BO BPeMS CBO-
60/tHOTO TMpoGera HAUMHAIOT OPHEHTHPOBATHCS IO TIONIO, T. €. HAlpaB-
JeHHe MX Ocel MpHOOpeTaeT OOIMYI0 COCTABILIIOIIYE0 BIOIb HAIPaBIIe-
HHA 3JeKTPHYECKOTO TOJIA; BO-BTOPHIX, SNIEKTPOHEI IIPHOOPETAIOT HEKO-
TOpOe YCKOPeHHe B 00IIeM HAIPABIEHHH BJIONb ITOJ, YBeTHUNBAT CKO-
POCTB H TeM CaMBIM CBOIO KHHETHUECKYI0 SHEPTHIO. I103TOMYy, HECMOT-
P Ha TO YTO COYZAApEeHH IEKTPOHOB C AIEKTPOHHBIMH OGOJIOUKAMH
aTOMOB IIPOBOJTHHKA HX BHOBDH JIe30PHEHTHPYET, B I[EIOM O0pa3yeTcs
IIOTOK 3JIeKTPOHOB, HMMEIOIINX yXKe HeKOTOPYI0 OOIIYI0 OPHEHTAIHIO
IO HAIPABIEHHIO 3MeKTpHUecKoro mois (puc. 3.4).

Puc. 3.4.0pnempona}me CIINHOB YICEKTPOHOB BJI0JIb WICKTPHIECCKOI'0 ITOJIA.

Ora OpHeHTalHd 3IeKTPOHAMH TepseTcs Ioclle KakJOoro coynape-
HI ¢ TIOBEPXHOCTAMH MOJEKYNI MeTalla, HO 3aTeM YacTHYHO BOCCTa-
HaBIIMBaeTC 3a BpeMs ITpodera Mex/y COyJapeHIIMH. B pesyibrare B
CpeHEM BCA COBOKYITHOCTH 3NIEKTPOHOB B MeTalllle CMeINAeTcs BIOIb
OCH IIPOBOJHHKA H, KpOMe TOTO, OKa3bIBaeTcAd Pa3BepHYTOH ITOJT HEKO-
TOPHIM OOLMM YIIOM OTHOCHTEIHFHO IUIOCKOCTH, IepIeHIHKYILIPHOH
OCH TIPOBOJIHHMKA. Be HUHHA 3TOT0O yIiia MOXeT OBITh OIpefielleHa Hc-
X0 M3 0COOEHHOCTeH CTPYKTYPHl MAarHHTHOTO ITOJ, BO3HHKAIOIIIETO
BOKPYT ITPOBOJHHKA IIPH NTPOXOKJEHHH 1T0 HEMY 3NIeKTPHYECKOTo TO-
Ka.
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Bemmumma TOKa, IIPOTEKAIOIETO II0 ITPOBOIHNKY, COCTaBHT
| = eNSy, = edrVdt = dg/dt, (3.31)

TAe e — 3apsf 3NeKTPoHa, paBHEI 1,610° B N —umcio 3JeKTpo-
HOB B €J[HHHIIe 00heMa IPOBOJHIKA, S —CeueHHe IPOBOJHIKA, Vg —
CKOPOCTh CMEIIEHHS 3MEKTPOHOB BJOJb OCH IIPOBOJHHKA; N — YHCIIO
3IEKTPOHOB B 3apsjie (, MPOTEKAOIIHX Uepe3 CEUeHHe IIPOBOTHHKA.

CKOpPOCTH IepPEMEINEHH 3IEKTPOHOB Vi, BIOIE ITPOBOJA CEUeHHEM
Sy, onpesennTcs BEpaXkeHHeM

|
V. =
" eN§,
Ecmm ITojdarare, 4YTO YHCIO BHCKTpOHOB N B l'[pOBO)IHI/II(e paBHO
1[I/ICJ'IY aTOMOB MeTajlIia, TO Torjga B €JHHHIIE 061,eMa CO)Iep)I(I/ITCSI I10-
panKa 10° M3 3JeKTPOHOB, CIIeJIOBATeNbFHO, CPeJlHee PacCTOSIHHE
Me)I()ly BHCKTpOHalVH/I COCTaBIIAET d = 10_10M H l'[pI/I CEUCHHH l'[pOBO)IHI/I-

ka B S, =1 MM ITOTYUIM, UTO B €T0 TOTIEPEUHOM CEUeHHH CONIePKHTCS
ns= 10" >IeKTPOHOB, UTO COOTBETCTBYET 3aPALY

(3.32)

O: = nee= 10“1,6 -10"° = 1,6-10°KuL. (3.33)

Ilpn Toke 1A yepe3 IOIlepeUHOe ceueHHe MPOBOJIHAKA B 1c JoImKeH
mpoittu 3apsax B 1 Ki, ciegoBarenbHO, HOKHO IIPOHTH 6,25-10 3api-
TOB ;. YUHTBIBad, UTO CpeJHee PACCTOSHHE MeXTy 3IeKTPOHAMH
cocraBiser 1070, TONTyYaeM CPeJTHIOI0 CKOPOCTh IIepeMeIeHHs JIIeK-
TPOHOB BJIOJNH IPOBOJTHHKA

Ve =d ¢, = 10%%6,25.16 = 6,25-10° wm/c = 6,25mxm/c. (3.34)

Harps:keHHOCTD 3IIEeKTPHUYECKOIO oI E ecTh CHIA, JeHCTBYIoINas
HAa eIMHHUYHEL 3IEeKTPHUeCKHil 3apsan. CHiIa, JeHCTBYIOINAd Ha JIIEK-
TPOH, OIIpeleNHTIcs KaK IIpou3BelieHHe Ee, Ilie e — 3apsAl 3NeKTPOHA.
Ioy meficTBHEM 3TOH CHIEI 3TMeKTPOH, HMEIOIIT Maccy M, MpHoOpeTeT
YCKOpeHHe, paBHOE

a=Eelm (3.35)
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H 3a BpeMA At MeXTy COyJapeHIIMH C IIOBEPXHOCTAMH aTOMOB IIpH-
o0peTeT TOMOIHHTENFHYI0 CKOPOCTh AV. Ecii A ecTh paccTosHHe, IIpo-
OeraeMoe 3IMEKTPOHOM MeXTy JBYMS CTONKHOBEHIAMH H Vig €CTh
CKOPOCTH 3JeKTPOHA, TO BEIMUMHA 3TOTO IIPOMeXyTKa BpeMeHH Oy7ieT
paBHa

At =4/ Vrep; (3.36)

ITpoBOMMOCTS TIPOBOJHHKA G TeM OOJBINE, UYeM BHIIEe KOHIEH-
Tpanus 3apsjioB B eJHHHIE 00heMa MeTalla, YeM OOJbIe BeMUHHA
3apsAja | YeM BHIIe TOJBHKHOCTh 3apsia M, T. €. TPHpAIeHHe CKOPO-
CTH, OTHECEHHOE K CHJIe, JIeHCTBYIOIIEH HA 3apAf, T. €.

Eel
o = Nem; m = Avy/E; AVq —aAt=——-, (3.37)
mu
H, CIIeJJOBaTeNLHO,
Ne“A
o= ¢ . (3.38)
mu

[IpuBeneHHas ¢opMyna U4 pacyeTa IPOBOJMMOCTH MeTALIOB
BIIepBHIe ObuIa BEIBeseHA J[pyme B 1900r. ([JI. rn.1 [16]). OmHako cie-
AyeT 3aMeTHTh, UTO caMa ITOJIBHKHOCTh 3JIEeKTPOHOB 3aBHCHT OT ILIOT-
HOCTH H BS3KOCTH 3¢Hpa B BaH-ep-BaamscoBrIx o6omoukax, B Ipesie-
Jax KOTOPHIX M IlepeMelliaeTcs CBOOOHBIH 3IeKTPOH.

PacueT mmHHBI cBOGOHOTO Ipobera 3MeKTPOHA B PA3IHUHEIX Me-
TalIaX Ha OCHOBE CIIPAaBOYHBIX JIAHHBIX JaeT XOpoIllee COBIIAJIEHHE B
MOPAZIKAX BeJIHMYHH C OKHMIaeMBIMH II0 TEOPHIH: IIPH TeMIlepaType HOIb
rpagycoB To llempcHro And MemH A = 2,6510° M; g amroMmEIS
1,6410° M, musa BOIbGpaMa 0,84.10%° m; ms BHCMyTa 3,710 m.
[TocmetHee OGCTOATENHCTBO TOBOPHT O BeckMa HeGONBINONH BeHUMHE
MeXaTOMHOTO IIPOCTPAaHCTBA B BHCMyTe, B KOTOPOM MOTYT IlepeMe-
IaThCA CBOOOTHEIE HIEKTPOHEI.

[TproOpeTs IOMONTHUTETbHYI0 KHHETHUYECKYI0 SHEPTHIO, HIEKTPOHbI
¢ GombIrelt cHIOH yAapAroTcS 00 3IMeKTPOHHYI0 000JIOUYKY aTOMOB IIPO-
BOJIHIKA, YeM H OOBACHIETCS IOBBHIIIEHHE TeMIlepaTyphl IIPOBOJHHKA
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MIPH TPOXOKJIEHHA 0 HEMY JIEKTPHUYECKOTO TOKA. A TIOCKOIBKY aM-
IUIMTYyAa KoJNeOaHHH ITOBEPXHOCTH 3IeKTPOHHOH OGOJOUKH aTOMOB
BO3PACTAeT, TO H UHCIO CTOINKHOBEHHH 3IEKTPOHOB C aTOMAMH BO3pac-
TaeT, YTO W SBIIETCA TPHUNHOH YBeIMUeHH JIeKTPHUECKOTO COIPO-
THBIIEHHS IIPOBOJTHAKA IIPH HArpeBe.

Ilpn pazorpeBe IPOBOJHHKA €rO CONPOTHBIEHHE BO3PACTaeT 3a
CUeT BO3PACTAHHSI AMIUIHTYIBI KOJNeGaHWI 3IEKTPOHHBIX OOOJIOUEK
aTOMOB W COKpAINeHHT B CBS3H C 3THM JUIHMHEI CBOOOJHOTO IpoGera
3IEeKTPOHOB. JINIA MeJH OTHOCHTEIHHOE COKpaIlleHHe JIHHBI IIpobera
cocrapiser 4,3310°3 K™, st amovimmsas — 4,610° K™ | u TIpH H3-
MeHeHFH TemilepaTypsl Ha 10 rpax. mmmHeI cBo6oHOTO IIpobera 3MIeK-
TPOHOB COCTABAT 25410 Mmu 1,5610°M cooTBeTCTBEHHO.

ITIOTHOCTh TOKA, MMPOTEKAOIIETO IO IPOBOJIHHIKY, OMPeNeUTCS H3
BBIPAXKEHHST

j = Neav, (3.39)

IIOCKOJIbKY OHA IIPOIIOPIHOHAIBHA 00BEMHOM INIOTHOCTH JJIIEKTPOHOB B
MeTailie, BeJIMUYHMHe 3JIEMEHTapHOI'O 3apA/ia H cpem{eﬁ CKOPOCTH 3JJIEK-
TPOHOB BJIOJIb OCH IIPOBOJHHKA. IloacraBimaa COOTBETCTBYIOIIIHE 3HA-
UEHH BEIIHYIH, IIOTYUHM:

Ne‘A
mu

E =0k, (3.40)

UYTO U BEHIpaxkaeT 3akoH OMa B ¢ depeHIHATEHOH PopMe.

VMHOXag JeBYI0 H IPaBYI0 YacTH BRIpaXeHHI HAa 00BeM IIPOBOJA-
Hnka V = SL, rie S— mromajp ceueHm s MPOBOJHIKA, a L — ero mymi-
Ha, II0Ty4YaeM

JSL=¢ESL. (3.41)

ITocKoNBKy 3HauYeHHe TOKa B IIPOBOJTHHKE PaBHO

| =jS, (3.42)

a ITaIeHNE HAIIPSKEHIA Ha IIPOBOJHHKE PABHO
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U =EL, (3.43)
ITomyurm
|=g9S-Y (3.44)
L R
IIe
R—EL P (3.45)
oS €

€CTh aKTHBHOE€ COIIPOTHBIICHHE BCEI'O IIPOBOJHHKA, A p = 1lle — ero
YAEIIBbHOE COIIPOTHBIICHHE.

MOIITHOCTS, 3aTpauynBacMad Ha CO3JaHHE TOKa B ITPOBOJHHKE, CO-
CTaBHT.

P=FAW, 48)

rne F = EeN— cmia, Bo3/eficTByIOIad Ha 3MeKTPOHEI; AV — TIpHpa-
II[eHHe CKOPOCTH 3MeKTPOHOB; V = SL— 065eM mpoBogHIKA. [lofcTaB-
TSI COOTBETCTBYIOIIIE 3HAUEHHS, TTOTyIaeM

P=EeN Sl SL =E%SL=EL-ES=UI = R=U?R (3.47)

mu

rre U —1majieH1e HaNpsKeHHA Ha IIPOBOJTHMKE, | — TOK B IIPOBOTHHKE.

BrpaxeHme oTpaxaeT 3HaUeHHe aKTHBHOH MOIIHOCTH, KOTOPYIO
HeoOXOMMO 3aTpaTHTh B IIPOBOJHIKE, HMEIOIETO COIpOTHBIEHHE R
L1 IPOITyCKAaHHA B HeM ToKa |. OTa MOIHOCTS 3aTpaulBaeTcsA Ha paso-
TpeB MPOBOJHHKA H He BO3BpalllaeTcsa 0OpaTHO B LeIlb.

C H3IOKEHHBIX IIO3MIMI MOeT OBITh PAacCMOTpPeH H MeXaHH3M
CBEPXIIPOBOJTHMOCTH.

[IpH TTOHIKEHHH TeMIIepaTyphl YMeHBIIaeTcsa He TOMbKO TeIIoBad
CKOPOCTh CaMHX 3NeKTPOHOB, HO H aMILIHTY/[a BOIH Ha IIOBEPXHOCTIX
SNeKTPOHHEIX 000J0YeK MONeKyl. HaumHas ¢ HEKOTOPOIo 3HAYeHI
TeMITepaTypsl 3NeKTPOHBI MeTalla, IIOIABIIHEe B TPYOKH 3SIeKTpHUe-
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CKOH HAIpsKEHHOCTH, He MOIYT IIPeofONeTh YIepKHBAIOIIYI0 CHIY
TPaJHeHTHRIX TeUeHIMH TPYOOK M IIepecTaroT B3aHMOJEeHCTBOBATh C
3NeKTPOHHBIMH 000TOUKaMH aTOMOB. COIIPOTHBIEHHE HCUe3aeT.

3.5. KoHdeHcamop (anekKmpoeMKocmb)

Co3/aHre B IPOBOJHHKE 3MEKTPHUECKOTO IO 3aCTABIIET BCIO
Maccy 3MeKTPOHOB, HAXOJSAIIMXCSI B ITPOBOJHHKE, CMENATHCS B OJHY
CTOPOHY, HAKAIUIHBASICh HA OJIHOM KOHIle M TOKHAAT JPYTO# KOHEI.
Ecm Ha 060HX KOHI[AX PACIIONOKEHH MeTATHYeCKHe TUIACTHHEL, T.€.
CO3/1aH KOHJIEHCATOP, TO TPH OJHOM H TOM e JJIeKTPHUeCKOM HaIps-
’KEHHH B I[eTIH KOIIMUECTBO 3MEKTPHUECKHX 3apSA/IOB, HAKOJIEHHBIX HA
OJTHOH M3 IDTACTHH, OYZIeT TeM OOIIbIe, UeM OOIBIIEe ee TUIOIATh H TeM
MeHBIITE, UeM GOJIbIIe PACCTOSHIE MeX Ty TUIACTHHAMH.

PaccMoTpHM 3apsKeHHBIH KOHJIEHCATOP, HA OJTHOH M3 IDIACTHH KO-
TOPOTO TIOMEIIEH 3apsy (, a Ha APYyroi —(. Hammune paBHEIX H IPOTH-
BOITOJIOKHBIX MO 3HAKY 3apsI0B O3HAYAET, YTO HA BHYTPEHHEH MOBEPX-
HOCTH OJTHOH M3 IUIACTHH COCPeIOTOUEHO 3IeMEeHTAPHbIX 3apJIOB

n= q/e, (3.48)

CO3JaBIIHX IIONEe H3 N BHXPEBHIX TPYOOK, KOHI[EI KOTOPHIX BCE BXOZAT
BO BTOPYIO IDIACTHHY, T.€. YHCIIO BRILEIIHX H3 OJHOH IDIACTHHEL TPY-
60K PaBHO YHCIy BOIIIE X BO BTOPYIO INIACTHHY 3THX ke TpyOok. Ha
BTOPOH ILTACTHHE HMeeTcd HeJOCTaTOK 3apAJ0B B TOM e KOIHYEeCTBe.
Ecym 651 3aps/1pI He OBLIH PAaBHBI HIIH HMeIH OTHH H TOT K€ 3HaK, TaKo-
TO paBeHCTBA He OBIIO OFI.

I[Tnommaas MOIEPEUHOro CeUeHHI OJHOH TPYOKH COCTaBHT (B cpef-
HEM)

S =S/, (3.49)
Ie S — IUIOIA/h IUIACTHHEI KOH/IEHCATOPa, a CKOPOCTh KOJBI[EBOTO
IBICKEHI 110 TeprdepHH TpyOKH paBHA

Vo = I'/2nmro, (3.50)

r7ie I — MHTEeHCHBHOCTH IHPKYILAIMH 3¢Hpa B TpyOKe.
I[Tpn M3MeHeHNH IUIOINAH TPYOKH 3a cueT YBeJIHUYEHH YHCIa STHX
TPyOOK — yBeIMUeHHd 3apsAfa Ha INIACTHHAX — IUIOTHOCTH 3¢QHpa B
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TpyOKax p OyJeT M3MEHATHCS II0 CPABHEHHIO C IDIOTHOCTHEO 3(Hpa B
CBOOOJTHOIL Cpefie p,:

plp, =SS = r (3.51)

Kak mokazano B [42—44], ypaBHeHHe bepHYIITH TPHMEHIMO K BHH-
TOBOMY IIOTOKY B I[eIOM. Pa3HOCTE aBIEHHIT B 3IeMeHTApHOM CTPYiiKe
Ha niepH(epHH BHXPS H B CBOOOTHOM 3(pHpe COCTABIIET

AP =p,v %2, (3.52)

a U1 BHXPEeBOH TPYOKH KPYTOBOTO CEUEHII B CpeJTHeM IIaJieHHe JIaBie-
HHS BJIONE TPYOKH cocTaBiieT [6, c. 115]

AP =p,v?4, (3.53)

11 TPyOOK HEKPYTOBOTO CEUeHH T

]—12
AP =kpyv? = KL 3.54
ko, A7 (3.54)

3nmeck K — ko3¢ GHIMeHT NPONOPIHOHANBHOCTH, YUHTHIBAFOIIIIH
dopMy ceueHHs TPyOKH.

ITockomBKy pacxof ra3a B Kax/oi TpyOke

Voo = Vp = CONSt, (3.55)
TIOIIy4aeM

V2 2 ]—12 2
AP = kov? = kY0P = L Po (3.56)
0 Arr’rie

I7ie ¢ — OTHOCHTEIbHAI INIOTHOCTH 3(¢Hpa B BHXPEBOH TpyOKe B [IH-

JJIEKTPHKE.

OGImas cuia, TefCTBYIOIAL Ha IVTACTHHY KOHJIEHCaTopa, PaBHa
oS _ I'aS _ T o
4 et 4S¢? 4eS  26,6S

2

F =APS=k

(3.57)
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Taxrm o6pazoM, GH3HUECKHIT CMBICT OTHOCHTETHHON H3IeKTPHUeCcKOH
TIPOHHMIIAEMOCTH & — OTHOIIEHHE IIOTHOCTH 3(Hpa B BUXPEBEIX TPYO-
Kax B JI3JIEKTPHKe K IDIOTHOCTH 3¢Hpa B BEXpeBOH TpyOKe B BaKyyMe,
T. €. B CBOOOJTHOM OT BelllecTBa (Hpe.

CremyeT OTMETHTS CIIeAyIOIlee CYIeCTBEHHOE 0OCTOATENECTBO LT
TIPOXOXKAEHHA BUXPEBBIX TPYOOK 3IEKTPHUECKOTO IIOII CKBO3b JHANIEK-
TpHK. ITI0TOKH 3¢Hpa B 3THX BHXPEBRIX TPyOKaX IPeICTABILIFOT cOOOH
CTaIIOHapHOe JBHXEHHe 3(Hpa, KOTOpoe MOKeT IPHBECTH IHIIb K
TIOCTOSHHOMY CMEIIEHNI0 3QHPHEIX BHXpel, H3 KOTOPhIX COCTOHT CaMO
BEIECTBO IHAJIEKTPHKA, HAa HEKOTOPYIO BEIMYHHY, IIPH 3TOM Ha IIepe-
XOJHBIH IIpoIiecc, T.e. Ha YIPyroe cMeIleHHe MOIeKyll, OyIeT 3arpaye-
Ha HeKoTopasd SHePTHi. B ocTabHOM Xe HaIHuHe CTalHOHAPHOTO BHX-
peBoro IoToka 3¢gHpa B AU3IEKTPHKE HH K KakuM KoJeOaHMIM YaCTHIT
BelllecTBA IIPHBECTH He MOKeT. OTO O3HauaeT, YTO SHEPIHA BHXPSA He
pacxojyeTcs H MMeeT PeaKTHBHBII XapakTep (IHeprHd He IePeXONHT B
TEIUIO0 — HHEPTHI0 KOJeOaHHit aTOMOB).

BbigoObi

1. OmexTpHUecKoe TONe, CO3[aBaeMoe INeKTPHUEeCKHMH 3apJaMH,
MOXHO HHTepPIIPeTHPOBaTh KaK IIPHMEIKAIOIHE IPYT K APYTy OOKOBHI-
MH TTOBEPXHOCTAMH 3¢HpHEIE BHXPEBEIEe TPYOKH ITepPeMeHHOTO TI0 TIy-
OMHe BHHTOBOTO (pakTopa, B KOTOPHIX 3(Hp BpalaeTcs BOKPYT OCH
TPYOKH H TIOCTYHATeNhHO ABIIKETCS MO OCH TPYOKH OT 3apsAfa, a To IIe-
pudeprH — K 3apsamy, 3T TOIE.

IToToxu 3¢Hpa B BHHTOBEIX TPyOKax 3MeKTPHUECKOTO MOII HOCAT
CTAIMOHAPHBI XapaKTep H B JUANIEKTPHKAX IPHBOJAT TOIBKO K CMe-
IIEHNI0 — JIMHEHHOMY WIH YIIIOBOMY MOIEKYI BEIeCTBA, IIPH 3TOM
SHEPIH IIOJA 3aTpauyrBaeTcs TOIBKO Ha IIEPeXOIHBIN IIpoLecc, KOTO-
PBIt cam 10 cebe HOCHT peakTHBHELI XapaKTep.

2. Cuna, BO3JlefiCTBYIOIAs HA CBOOOJHEBIN JIEKTPOH CO CTOPOHEI
3IEKTPHYECKOTO IIONA, OIPEAENAeTCA BEJIUHHONH CKONbXKEHHI 3eK-
TPOHA OTHOCHTEIBHO IIOJ, T.€. PA3HOCTHI0 CKOPOCTH 3JEKTPOHA H CKO-
POCTH PaCIIPOCTPAHEHH SNEKTPHUECKOTO TONA (CKOPOCTH cBeTa). IIpH
TIPHOIIKEHIH CKOPOCTH 3JeKTPOHA K CKOPOCTH CBeTa CHIIA, BO3/IEHCT-
BYIOIIAA HA 3NEKTPOH CO CTOPOHBL IIONA, YMEHBIIAETCA H CTAHOBHICI
PpaBHOH HyIO TIPH PaBeHCTBe CKOpocTell, ueM M OOBICHAETCA HEBO3-
MOKHOCTh PA3rOHA INEeKTPHUECKH 3aPsDKEHHBIX YACTHI[ SIIeKTPHUYECKIM
TIOJIEM IO CBEPXCBETOBBIX CKOPOCTEH.
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3. DNMeKTPHUYECKHH TOK B MeTAJIIe TPeJICTABIIET COOOH He TONBKO
YIIOPAJIOUEHHOE JBHAKEHHE 3JIEKTPOHOB BJONb OCH IPOBOJHHMKA, HO H
VIIOPAOUYEHHEIH IIOBOPOT 3MEKTPOHOB M3 IIF0OOTO IIONOKEHII CIIHOM
B HaIlpaBJIEHIMH OCH IIPOBOJHIKA. IlepBoe JBIUKEHHE 00eCIeUurBaeT CO-
CPeIOTOYEHHE SIEKTPOHOB Ha OJTHOM KOHIIe IIPOBOHHKA M HAKOIUIEHH €
3apAI0OB B KOHJIEHCATOpe, a TakkKe yBeIMUeHHe TEeIUIOBOH CKOPOCTH
3NEeKTPOHOB M HAKOIUIEHHE 3apAJ0B Ha KOHIle IIPOBOJHIKA, BTOPOE
IOBIKEHHE o0ecIeunBaeT IIOABJIEHIE MAarHHTHOTO IIONA BOKPYT IIpoO-
BOJTHHMKA C TOKOM.

4. CyIIHOCTb 3MeKTPHYECKOTO 3apAa KOH/IeHCaTopa 3aKEouaeTCs B
HAaKOIUIEHHH 3JIeKTPOHOB HA OJHOM M3 €T0 IUIACTHH IIPH OTTOKE TaKoTro
Ke KOJHMUecTBa 3apAN0OB C APYrod IUIacTHHEI. HaKoIUIeHHe 3apsA0oB
co3/[aeT MeXy IUTACTHHAMI 3JIEKTPHUECKOe II0JIe, IIPOTHBOEHCTBYIO-
Ilfee IIOJIO, 3ACTABHMBIIETO SIEKTPOHBI BOWTH B IDIQCTHHEI, H IIPHTOK
3JEeKTPOHOB IIPEKPAIaeTC.

5. OTHocHTeNbHAI AHAIEKTPHUecKas IIPOHHIIAEMOCTH BeEIECTBA
€CTh OTHOIIEHHE IDIOTHOCTH CBOOOHOTO 3(Hpa B JI3NEKTPHKE K INIOT-
HOCTH 3¢Hpa B BakyyMe. B pe3yipTare HalpA:KeHHOCTH 3IEKTPHUECKO-
TO TIOJA YMEHBIIAETCA H PAaBHOBECHE YCTAHABIHBAETCS IIPHTOKOM JIO-
TIOJIHUTEIBHBIX 3JIEKTPOHOB.
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maBa 4. 3¢ mpoanHamnyeckas cyiu-
HOCTb MarHeTusma

4.1.ou3uvdecKass cyuyHocmb Ma2HUMHO20 MNoJisi

Kax n3BecTHO, YAeIbHAsA SHEPTHA MarHHTHOTO ITIOJII paBHA

UH? _ B> _¢gc’B® _ p,(Bc)®

Vs 4.1
2 21 2 g (4-1)

W=

IJle [lo — MarHHTHAd IIPOHHMIAeMOCTh BaKyyMa; H — HampsaKeHHOCTH
MAarHUTHOTO II0JI1; B — MarHuTHAS HHIYKIMA; £, — JUINIEKTPHUYeCKas
IIPOHHITAeMOCTh BaKyyMa, O, — IDIOTHOCTH 3(Hpa B BaKyyMme, C— CKO-
pocTh cBeTa. OTCIO/Ia Cpa3y BHIHO, YTO MAarHUTHAd HHAYKIMA B ¢op-
MalbHO JOIIKHA OBITH Ge3pasMepHoH. Ha caMoM fielle MarHWTHAs HH-
IOyKIHI BOBCe He Ge3pasMepHa, a ABIIeTCA OTHOIIEHHEM CKOPOCTH IIO-
TOKa 3Hpa Vy, B CTPYKTYpe MarHHTHOTO IIOJIA, JIeKall[ero B INIOCKOCTH
Xy, K CKOPOCTH cBeTa T.e. K CKOPOCTH BTOPOTO 3BYyKa B 3¢Hpe B Ha-
npaBneHrH Z (puc. 4.1). OTH IBe CKOPOCTH IEePIIEeHHKYILIPHBI JPYyT
APYTY, H HX COKpAIIaTh B Pa3MePHOCTH HeJb34.

/
Yl
\
\

Puc. 4.1 ®opMupoBaHue U pacHpocTpaHeHHe MAar -
HHMTHOT0 I10J11 BOKPYT IPOBOJHHKA ¢ TOKOM

v
B:?M,Mxy/Mz. (4.2)

<4+—
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TaxrM oGpazoM, (usuueckas cyuinocn MAHUMHON UHOYKUUL
— MO CKOpOCHIb NOMOKA IPUPA 6 CHPYKmMype MAHUNOZ0 NONA,
6BIPAXCEHHAA 6 00NAX CKOPOCHIL C6emd.

ITocKONBKY HAIIPAXKEHHOCTh MAarHUTHOTO IIOJIA

H = Blu,, (4.3)
TO
H =Vylu,c = pVyC. (4.4)
OTcrofia BHIHO, YTO (QusndecKas CYuLHOCHb HANPANCEHHOCHIL
MAZHUMAO020 NOJA — IO ROCHIYRAMENLHAA CKOPOCHL NJLOMIHOCHIIL
Ipupa 6 cmpykmype MAZHUMHO20 NONA, m.e. Y0elbHOe KONULeCHI60
oeudrcerua yupa.
U3 TOITy4eHHOTO BBRIPAKEHII HEIIOCPEACTBEHHO MOKET OFITh OITpe-
IeJeHa CKOPOCTh ITOTOKA 3¢Hpa B CTPYKType MarHUTHOTO IIOIIA, COOT-
BETCTBYIOIIAS 3HAUEHHIO HAIPSUKEHHOCTH MarHUTHOTO TIOMA B 1 A/M:

Vy =H lp,c = 1/ 8,8510%3-1¢° = 376,65m ¢~ (4.5)

3HaAUEHHI0 MAarHUTHOH HHAYKIMH BelrunHO# B 1 Tecaa coOTBETCT-
BYeT OTHOIIIEHIe CKOPOCTH 3(HPHOTO ITOTOKA K CKOPOCTH CBeTa B

B=pu,H=4r10"=1,25610"° M, /M, (4.6)

IIpoRomHIK ceuerneM B 1 MM’ HMeeT pamHyc B I, = 0,564y,
TUTOIIIA/Ih €TO TIOBEPXHOCTH cocTaBiseT 3,5410 3 M2, Ha oy 3IEKTPOH
TIPOBOJTHUKA TIPHXOUTCA IDIONIAh TOBEPXHOCTH B 3,5410 27 M2, uto
TIPEBHIINAET TUTOIIAh IIPOBOJTHHKA B

3540107

27500 - 0P

Ecim OB 31eKTpoH OBLI OPHEHTHPOBAH CBOEH INIOCKOCTHIO ITapa-
JENBHO IDIOCKOCTH OJJHOMY H3 YYacTKOB IIOBEPXHOCTH IIPOBOJHHKA, TO
3TO COOTBETCTBOBANO OB CKOPOCTH B

Vios = V/1,4-10° = 1,6410°41,410°= 1,1710Mm ¢ L
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Ecmi 1o IIPOBOTHHKY TE€UET TOK B 1 A, TO Ha ero IIOBEPXHOCTH ITOA-
BHTCA MarHHTHOE ITOJIE, HAITPAXKEHHOCTh KOTOPOI'O COCTaBHUT

i 10
27T 20564

p

H=

=282AM, (4.7)

YTO COOTBETCTBYET cKopocTH B 1,0621510° m/c.
U 5T0 3HAYHT, UTO 3IEKTPOHEI IIOBEPHYTHI BCETO JIHIIB HA YTOI B

_2 [1,06215010° _

1700° 1,81Ul4pa)1.

Kak 1mokazaHo B IpeabIayIneM maparpade, MO BO3eHCTBHEM SIIeK-
TPHYECKOTO TIOJIA BCe SIEKTPOHEI, B KAKOM OBl TIOMOKEHIH OHH HH Ha-
XOJHIINCh, PA3BOPAUMBAIOT CBOH OCH TaK, UTO OOpa3yeTcs HEKOTOpas
OOIIasd COCTABILAIONIAS IPOEKINI HX CIIHHOB HA OCh IIPOBOJHHKA(PHC.
4.2).

[To OTHOIIEHHIO K FOOOMY YYaCTKy HMOBEPXHOCTH IIPOBOJIHIKA ITO-
JOBHHA 3MEKTPOHOB OKa-
3bIBAETCA TIOBEPHYTOH K
STOH IIOBEPXHOCTH, IIONIO-
/\ BHHA K IIPOTHBOIOIOKHOI,
PR TaK YTO THPKYLAIHI OT
KaXKJIOH Taphl 3JEKTPOHOB

3 3 ; "N JacT CyMMAapHYIO ITHPKY-
e (? JISITHEO, OCh KOTOPOH OyIeT

©'O
o
XD

~_~ OPHEHTHPOBaHA BJIONIb
\\\f/ TIPOBOJHHKA.
9 % Hcxopas u3 Toro dakra,

YTO IIPH IIEPEMEINEHHH B
Puc. 4.2. OGpazoBaHHe MArHUTHOI0 MojsA IIPOCTPAaHCTBe He OOHa-

BOKPYT NPOBOJXHHUKA. ¢ — OPHEHTALHsI BEKTOPa PYXHBAeTCA HHKAKHX J{O-
CITHHA HJIEKTPOHA MAPAVIETILHO OCH MPOBOAHHKA; O

— CYMMHpPOBAHHE€ BHHTOBBIX IIOTOKOB BHE IIPOBOJ- 110 TeHL“I{BIX MarHmuT-
— HBIX IONeH, YTO ITOJTBEP-

XKIEHO CIIEIHAIBHO IIO-
CTaBJIEHHBKIMH HKCIIEPHMEHTAMH, a TAK)Ke YUHTHIBAA OILIT DPCTena, IMo-
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Ka3aBIIero, YTO MarHUTHAsA CTPEKA YCTAHABIHMBAETCS IEPIIEHTHKYILAP-
HO TIPOBOJIHUKY C TOKOM, BHIPHCOBBIBAETCA IIPAKTHUECKH €HHCTBEHHO
BO3MOXHAs CTPYKTypa MarHHTHOH CHIOBOH IIMHHH KaK HEKOTOPOH
TPYOKH, B KOTOPOH II0 IIOBEPXHOCTH TeueT I(QHP B OJHOM HAITPABIEHHUH,
a BHYTPH TPYOKH BO3BpallfaeTcs B IIPOTHBOIIONOXKHOM, a caMa ke TpyO-
Ka BpalraeTcsd, TaK UTo II0 ee IIOBEPXHOCTH 3(Hp TeueT 110 BHHTOBOH
JHHHH ¢ yrIIoM B 45 K ocH TpyOKkH. [IpH 3TOM IIOCKOIBKY opMHpOBa-
HHe MAarHUTHOH CHJIOBOM JIMHIH IIPOH3BOIHTCS 3IEKTPOHAMH, KOTOPEIE
CaMH IIpeCTAaBILIIOT cOOOH BHHTOBEIE TOPOHBI HaHOOJee BepOATHOH
CTPYKTYPOH MAarHHWTHOH CHJIOBOH JHHHH SABIAeTCSI HAOOp BHHTOBBIX
TOPOHJIOB. B3amMoselicTBHe BHHTOBHIX IIOTOKOB 3(IHpa ITOKa3zaHO Ha

TaxuM o6pa3oM, CTPYKTYPH CHIO-
BBHIX JIMHHMI MarHHTHOTO IIONA H 3JEK-
TPHYECKOTO IO BO MHOTOM HJEHTHY-
HEI, HO HMEIOT H PAa3iIuHd. OleKTpHUe-
CKOe II0lle MMeeT HCTOYHHMK BHHTOBOTO
IBIDKEHIA B TOpPIE, @ MAaTHHUTHOE IIOJIE C
TIOBEPXHOCTH Bcell TPyOKH, II03TOMY
MarHHTHAA TPyOKa MOXeT CTPYKTypHpO-
BarkCiA B HAOOp BHHTOBBIX TOPOHIOB, a
3NeKTpHUecKad TpyOka He MoxeT. OxHa-
KO BCe 3TO0 TpeOyeT yTOUHEHH .

W3 BEIpaxeHNa

Puc. 4.3. CTpykTypa Mar-
HUTHBIX CHJIOBBIX JIMHILA

H =Vylu,c (4.8)
H 3aKOHA II0JIHOTO TOKa
i:§HdI; H =i/2/R (4.9)
BBITeKaeIT
i

Vv, =——, 4.10
TSR (4.10)
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a €CJIIM B MaTepHalle CKOPOCTh BHHTOBOTO IIOTOKA BHIIIE, TO

v, =t (4.11)
27R

IJle 4 — OTHOCHTeNbHAA CKOPOCTh II0TOKA 3(Hpa B MaTepHale 1o CpaB-
HEHHIO C INIOTHOCTHIO 3TOTO e II0TOKa B BaKyyMe.

3MeHeHHe CKOPOCTH 3(HPHOTO ITOTOKA B MaTepHaie o0ecIeyrBa-
eTCsS H3MeHeHHeM OPHEeHTAIlFiH JOMEeHOB, KOTOpHe ITOTOKaMH, PacIlo-
JOKEeHHBIMI Ha MX TepHepHH, THOO YBEIHUHBAIT OOIIYyI0 CKOPOCTh
MOoTOKa (TTapaMarHeTHKH U (eppOMAarHeTHKH), OO YMEHBIIAIOT (JIHa-
MArHETHKH).

CoIrocTaBMM € IOIy4YEeHHOM 3aBHCHMOCTBIO 3aKOH AMIlepa JjId CH-
JIOBOTO B3aMMOJIeHCTBHSA IIPOBOTHHKOB:

dF = ol g (4.12)
27R
H IIpeJICTaBHM eTo B opme
dF _iypu
di, 2R’ (413

OTKyJia BH/IHA ITOJTHAS H/IEeHTHYHOCTh BRIPAKEHHI I CKOPOCTH BHHTO-
BOTO ITOTOKA 3¢Hpa M 3aKOHA AMIIepa IO CHIOBOMY B3aHMOJeHCTBHIO
IIPOBOJTHHKOB.

Kak ciemyeT u3 3aKOHa IIOITHOTO TOKA, YMeHBIIIEHHEe HAIPSIKEHHO-
CTH MAarHHTHOTO IIOJ BOKPYT IPSIMOJHHEHHOTO IPOBOJHIKA C TOKOM
JOIKHO IIPOHCXOMHUTH IO THIIePOOIITUeCcKOi 3aBHCHMOCTH H, CIeI0Ba-
TeIILHO, OTHOIIIEHHe HAIPsUKeHHOCTeH TOKHO COOTBETCTBOBATh BHIpA-
KEHHIO

H1/H2 = Rz/Rl, (4 14)

rine R, # Ry — COOTBETCTBEHHO paccTOSHME OT IeHTPa MPOBOJHIKA JIO
TOUEK H3MepPEeHHs HaNpsSKeHHOCTeH MarHUTHOrO Ioisd. OjHako 3¢up

! Jlenente BexTOpOB APYT Ha APyTa 3aKOHOMEPHO, [TOCKOJIBKY BEKTOPA KOJUTH-
HeapHbI.
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CKHMAaeM, CIeTOBATeIbHO, MIT MAarHHTHOTO ITOJIA 3TO OOCTOSITEIHCTBO

TOJKHO CKAa3BIBAThCS CYIECTBEHHBIM 00pa3oM. [IpmBeieHHOE COOTHO-

IlleHHe CIIPaBeIMBO TOIMHKO JUIS MANbIX 3HAUEHHH HampsKeHHOCTeH

MAarHUTHOTO TIONA, I KOTOPHIX €ro CKaTHeM MOHO IpeHeOpeus. C

YBeIMUeHNEeM e HapSKeHHOCTH JOJKHEI HaOMFoJaThCA OTKIOHEHMA

OT 3TOTO 3aKOHA. OTO OOCTOATENHCTBO MOCTYXKIIO IIPeMeTOM SKCITe-

PHMeHTATFHEIX HCCIeOBaHII, KOTOPEle TIOATBEPAIIH 3TO IIPeJIIoIo-
JKEHHe.

Eclm MarHHTHOE IIOlIe OOIaJaeT

/ CBOMCTBOM CKHMaeMOCTH, TO IIpHBe-

JeHHasd 3aBHCHMOCTh JOIDKHA Hapy-

maThcs, TpPHUeM TeM OOJbIle, YeM

4 0OJbIlle HATPSKEHHOCTh HIH TOK, TPO-

>V TEKArOLIMIi B IIpOBOJHMKe. [0 aHamoruu

€O CXKHMAaeMOH XHJIKOCTBIO 3TO MOXKHO

TIOACHHUTH CIIeAyIOINM 00pa3oM: BEIXO-

3 IIas M3 BEPTYIIKH KHIKOCTh (PHC.

2 4.4 B BepxHeil YacTH) HAXOHUTCS TOJ

, ~/  GompImmM HampsoKeHHeM, YeM KHJI-

0 2 4 6 8 rr, KocTh, HAXOJMIAAci Ha HEKOTOpOM

PACCTOSHHH OT BEPTYIIKH. OTO 3HAYHT,

. 4TO C yHaleHHeM OT BepTYIUKH XHI-
HCCJIEJ0OBAHMA 3aK0HA ITOJTHOI'0 TOKA.
0 — MexaHEMecKkas aHanorus — pame- KOCTD OyJeT pacUmpAThCA H AOO0ABIATH
HEHHE CKOPOCTH ITOTOKa CxkHMaemoH CBOIO SHEPIHIO B JBHKECHHE, T. €. CKO-
AHIKOCTH, IPHBOJHMOH B JIBHDKCHHE POCTh CKHMAaeMOMH KHIKOCTH BJIATH OT

BEPIYIIKOH ¢ JomactaMd; 6 — peppa Gymer GONBINE CKOPOCTH He-
H3MEHEHHE HAIIPSPKEHHOCTH MAarHHTHO- C)KIV[M&CMOFI KIIKOCTH
r'o I10Jr1 B 3aBHCHMOCTH OT PacCTOSsIHHA K )

OT OCH TMpPOBOAHHKA, 1 — TeopeTHye- Ha puc. 4.4 npuBeJieHEl 9KCIIEPH-
CKasl KpHBas1, BBMHCJIEHHAas1 H3 yCJIoBHd MCEHTAIIBHBIE 3aBHCHMOCTH OTHOIIIEHII

TIOCTOSHCTBA LHPKYIILIMH MArHHTHOTO  H/FJ0 OT OTHOCHTEIHHOTO PaCCTOSHUI

Mo, 2 — YKCIEePHMEHTATLHbIE pe-

0 IIeHTpa IIPOBO a TIPH Pa3HBIX
3yMLTaThI IpH Toke | = 1A; 3 — ske- AO IEHTPa IIPOBOMHHKA IIPH D
IlepHMeHTATbHbIE Pe3yibTaThl IPH Toke SHa 1CHHAX TOKA.

| = 10 A. HI3MepeHHs IPOBOJHITHCE [PH Kakx BHJTHO W3 pe3yIbTaToB H3Me-
1acrorax 50, 4001 1000T'n peHIi, ¢ yBelmUeHHeM TOKA B IIepBHY-
HOM IIPOBOJHHKE OTKIOHEHHE HAIPSKEHHOCTH MAarHHTHOTO IIONA OT
BEJIMUIHEL, OIIpeJIeIeHHOH 3aKOHOM IIONHOTO TOKa, CTAaHOBHTCS OONb-
me. C yBeIMUYEHHEM PACCTOSHHA OT IPOBOJHHKA, T. €. C YMEHBIIICHH-
€M a0CONFOTHOH BEIIMUMHEI HAllPSKEHHOCTH MAarHHTHOTO IIOJH, 3aBH-

H/H,

0,5 L

Puc. 4.4. SkcnepUMeHTAILHbIE
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CHMOCTh YOBIBaHHM MAarHHTHOH HAIIPSKEHHOCTH IIPHOMIIKaeTcd K TH-
nep6OIYecKoH, OIpe/ieleHHOH 3aKOHOM ITOJTHOTO TOKA, H TeM B GOIb-
el CTeIleHH, YeM MeHBbIlle 3Ta HalpsKEeHHOCTh. IIpH 3TOM, Ka3aloch
OFI, poIs KpaeBHIX 3(deKToR AOIKHA OhITa GBI BO3pacTaTh, OJTHAKO HA
Iene 0Ka3aloch, YTO KpaeBhle 3((eKTH HHBEIHPYIOTCA.

HHTeprpeTalya HaNpAKeHHOCTH MAarHHTHOTO IO KaK CKOPOCTH
JaMIHAPHOTO IT0TOKa 3()Hpa BEI3EIBAET OITpe/ieIeHHbIe BO3PaKEHIL.

Bo-TepBrIX, KaKk H3BeCTHO, MaKcBelll OTAAN NpeIIouYTeHHe Tpak-
TOBAHHMIO MAarHHTHOTO IO He KakK IIOCTYNAaTeJIbHOro, a Kak Bpalla-
TeIILHOTO JBIKEHI B CBS3H ¢ OOHapyxkeHHbHIM (DapajeeM CBOHCTBOM
MAarHHTHOTO IIOJII IOBOPAYHBaTh IDIOCKOCTH IOIAPH3AIMMH CBeTa B He-
KOTOPHIX KpHcTawiax. OnHako MakcBell He ydell, YTO T'PaJHeHT IIo-
CTyIaTeIbHOM CKOPOCTH 3¢Hpa MOXKeT 00IIa/IaTh TAKHM XKe JeHCTBHEM.

Bo-BTOpPHIX, MarHUTHOE IO He 00s3aTelbHO ABIAETCA YHCTO IIO-
CTyIaTeIbHBIM JBHKeHHeM 3(Hpa. B HeM MoXeT IIPHCYTCTBOBATh CO-
CTaBILIOINAS BPAIleHHd, IIPHUYEM B PA3HBIX (H3HUYECKHX SBIEHHAX CO-
OTHOIIIEHHe MeXJy CKOPOCTAME IIOCTYIIAaTeIFHOTO H BpAIlaTelIbHOIOo
IOBHKEHHI MOXeT ObITh Pa3THYHBIM. Takad BO3MOXKHOCTh TpeOyeT OT-
IeIFHOTO PAcCMOTPEHHA, HO 3TOT BapHaHT He OyJeT MPOTHBOPEUHTh HH
H3IOKeHHBIM BBIIIE IIPeACTaBIEHHAM 00 3IeKTPHYeCKOM IIole KaK O
Habope BHHTOBEIX TPYOOK C IIePEMEHHEIM II0 CEUeHHI0 BHHTOBEIM (pak-
TOPOM, HH H3IIOKEHHBIM IIpe/ICTaBIEHHAM O HAIPAKEHHOCTH MarHHT-
HOTO ITOJII KaK O CKOPOCTH ITOCTYIIATeIbHOTO JIBIUKEHH d¢upa. TeM He
MeHee, TaKoe MOJIeMHMPOBaHNe II03BONHMT YTOUHHTH IIPeACTAaBIEHHI O
(H3HYeCKOH CYLTHOCTH MarHHTHOTO IO H €T0 IIPOSBIEHHIX B Pa3HBIX
SIBTICHILIX.

4.2. C80600HbIU 35IeKMPOH 8 Ma2HUMHOM
nosne

PaccMmoTpHM IOBeieHIe 3NIeKTPOHAa B MarHUTHOM IIojIe. MarHHTHOe
Iojie caMo IIo ce0e HIKAaK He MOXeT ITOBIILATh HA OPHEHTAIJIO 3JIEK-
TPOHA BCIIEACTBHE B3aNMHOTO YPAaBHOBEIINBAHII BCeX CHJI, BO3/EHCT-
BYIOIMX Ha JMEKTPOH CO CTOPOHBI IIONA, IIPHYEM HE3aBHCHMO OT
CTPYKTYPEL CaMOI'O MAarHWTHOIO ITONA M IIpeoOlIafaHid B HEM KOJbIle-
BOH MM MOCTYIATeThHOH COCTABIIIOIIEH TBHKEHNA 3Hpa.

B camom pexne (puc. 4.5),B ob6macti 1 MMeeT MeCTO IPHTSKEHIE
BHXpell 3a c4yeT IOTOKOB 3(Hpa B IDIOCKOCTH PHCYHKA, HO OTTAIKHBA-
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HHA 32 CYeT BpallleHHd I'a3a, TaK KaK HallpaBlleHHe COIPATaeMBIX ITOTO-
KOB Ta3a OJJHHAKOBO — B CTPOHY, IEPIEHIUKYILIPHYIO INIOCKOCTH PH-
CyHKa. B o6macti 2 — Bce HA000pOT — OTTAIKHBAHHE BHXpEH IIPOHC-
XOJIHT 32 CUeT BpaIlleHII II0TOKOB 3¢Hpa B INIOCKOCTH PHCYHKA, a IIPH-
TsDKEHHe — 3a CYeT IPOTHBOIIONIOKHOIO HalpaBIeHU JBIKEHMII rasa
B IUTOCKOCTH, IT€PIIEHIHKYIIPHON IDIOCKOCTH PHCYHKA. IIpH 3TOM co-
CTaBILIIOIME CHI, BBI3BAHHBIX ITOCTYIIATeNBHBIM ABIKEHHEM 3(QHpa,
YPaBHOBEIIEHEI MeXAy cO0OH, Tak ke KaK H COCTABILIIOLIHE CHJI, BHI-
3BaHHBIE BpallaTellbHEIM JIBIDKEHHEM 3(Hpa Takke YpPaBHOBEIIEHEI
MeXy coOOi.
IlomoxeHne cCyIie-

CTBEHHO MEHAETCA, eCIH @

BHeIIHeN CI/IJIOI7[,, Ha- @ @ @@ G)@

HPHMep, SNMEeKTPHIECKHM @ @ %‘ g
0]

IojeM, SNMeKTPOHY IIpH-

JTaHO IIOCTYIIaTE€IIbHOE @ @

IBIDKEHHIE CO CKOPOCTHIO @

V. B 3TOM ciy4yae K CKo-

pocTH 1oOTOKa 3¢Hpa B a) 0)
3NEeKTPHYECKOM ITOJIe MII
II0 ITOBEPXHOCTH KONBIA
no0aBiieTcI  CKOPOCTH
TIOCTYIIATeIBHOTO JBIKEHHA 3JIEKTPOHA. Pa3sHOCTh CKOPOCTEH, Ilexa-
IX B IDIOCKOCTH uepTexa B o6macTH 1 cocTaBHT

Puc. 4.5. YpaBHoBelIMBaHUE [JABJICHUII,
JIeHCTBYIOIHX HA NIEKTPOH B Mar HUTHOM I10JIe

AVi =V, + Vg +, (4.15)
a B 00JIaCTH 2 COOTBETCTBEHHO
AVo =V, — Vg + V. (4.16)
KBa)IpaTBI HX COOTBETCTBEHHO PAaBHEI

2_ 2.2 .
(A1) 2 = V.2 + V2 + VP + ALV + Ay, (4.17)

4.18
(AVL) % = V.2 + V2 — 20V + VP + ALV — V. (4.18)
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Pa3HOCTh KBaJpaToB CKOpOCTeH B HAIIPABIEHHH, ITePIIeHHKYILIpP-
HOM IDIOCKOCTH PHCYHKA, COOTBETCTBEHHO PaBHA:

AV'1 =V, — Vg, AVH =V, + V. (4.19)
3IeCh KBagpaTHl pa3sHOCTEN CKOPOCTEN COCTABAT

(AV1) = V" T 20V + v (4.20)
(4.21)
(AV’Z) 2 = Vez + 2\/evn + Vnz;

CymMa KBaipaToB CKOpOCTelt B KXo o6IacTH Oy/ieT paBHA

(A1) %+ (AV1) 2 = A2 + 2 + VP + 2LV + 2y (4.22)
(4.23)
(AV2) 2+ (AV2) % = 22 + 207 + VP + AV — 2,

a4 HX Pa3sHOCTh COCTaBHT

[(AvD) 2 + (AV'1) F] — [(Av2) 2 + (AV2) 2] = 4 Vav. (4.24)
B COOTBETCTBHH ¢ ypaBHEHHEM BepHYIUN HMeeM
P =p.C —psv %12 (4.25)
H, CIIe/IOBaTeIBHO,
(4.26)

AP = 2p,vpV.
CI/IJIa, Z[efICTBYIOH_[a}I Ha 3KBHBAJIEHTHYIO IIOBEPXHOCTD IJIEKTPOHA

S, OTPEIETHTCS KaK

F=APS.s = 2 Sue VoV = [BV], (4.27)
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YTO M COOTBETCTBYET 3aKOHy JIOpeHIIa M1 ABHKYIIETOCI B Mar-
HHTHOM IIOJIe 3NeKTpoHa. IIpH 3TOM, KaK BHJ-
HO M3 pHC. 4.6,HallpaBleHNe CHIHI ITepIeH/TH-

B KYIIIPHO HAIIPABIICHHIO JIBIIKEHHA 3JIEKTPOHA.
v pop 4.3. lHAykmueHocmb. Me-
F 227 XaHU3M sieJieHUs1 CaMOUHOYK-
yuu
@

[IpucoegpHeHHEIE 3(QHPHEIE IIOTOKH YIIO-
TOOJSIOTCS CKaToH IpyXKHHe, 3alaciiei IIo-
TEHIMAIBHYI0 SHEPTHIO H CTpeMAIleHcs OTo-
Puc. 4.6. Tlosmienne oT- JRHHYTH SNEKTPOHBI APYT OT Apyra. [IpH sToM
KJIOHMIOINEH  CWIIBL - TPM - prypmyarriere  TABIEHHS OY/IET ITPOIIOPIHO-
JBIRERIT  MACKIPOHA  ®  yampHO BeIIUIHe TOKA, TIPOXOJAILIETO IIO IIPO-
MAarHMTHOM II0JI€E.
BOJTHHKY.
J14 coneHOHzA Takoe AaBleHHe OyJeT TPOIIOPIHOHABHEIM UHCITY
AMITIEPBHTKOB W, TIPHXOIAIINXCS Ha eJ[HHHITY eT0 JUIHHE | :
iw
p=--
I

B cucreme MKC emurma Toka [i] — KT°C™2, JUIHHEI [l-M m, cme-
IOBaTeNbHO, MHMI[A H3MEPEHHA MAaBIEeHHI IIPHCOEIHHEHHBIX CTPYH
cOCTaBHT KT'M ¢ mwmm H (HBIOTOH), T. €. Ty e, UTO H I OGEIYHOTO
TABIIEHH .

Pabota, coBepiraemMas IIPH CXKAaTHH IIPHCOEIHHEHHBIX IIOTOKOB
3¢mpa, omnpenenaeTcsa Tak Xe, Kak H padoTa, copepIaeMasd IIPH CKaTHH
OOBIYHON TpyXHHBL EcIH A7 OGRMHON TPYKHHEI CIJIA CKaTHA TIPO-
TIOpIHOHANBHA AepopMaIliH, T. €.

(4.28)

rae K — ko3¢ ¢HuImeHT yIpyrocTH, a COBepIIeHHAas paboTa OIpe/IelHT-
CsI BEIpaKeHHEM

kG R

: 4.30
2 2k (4.30)

szdexz
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rne F, — cmma cxaTHg MPYXHHBL, TO UL CKATHIX 3QHPHBIX MOTOKOB
OyieM UMeTh Ha eTHHHITY JUIHHEI COJIEHOH A

2 ] H 2
W= % :52 DLIVZ) (4.31)

CorocTaBiad IIOTIYUEHHOE BBIPAXEHHE C H3BECTHBIM BBIPpAXKECHHEM
JULI SHEPTHH COJIEHOH A

_ p(w)’
W =
21°
OOHapyXHBaeM, YTO (H3HUECKHI CMEBICI MAarHHTHOH IIPOHHIIA€MOCTH
BaKyyMa COOTBETCTBYeT K03 HHIMEHTY YIPYTOCTH 3¢Hpa.

[Ipn HaTHYMH Xelle3a B CEepJEUHNKe Jpoccelli MarHHTHOe IIOle,
co3JaBaeMoe OOMOTKAaMH CONEHOH/A, — YIOPAJOUYeHHbIe TOTOKH 3(H-
pa — TpaTHT CBOIO SHEPTHIO HA PA3BOPOT AOMEHOB — KOHIJIOMepPaToB
MOIIeKyT Kele3a. Takme KOHTIOMepaTHl HaXOIATCA B Cep/leuHNKe B He
YIIOPAOYEHHOM TIOJNOKEHHH, OPHEHTHPOBAHEL B IIPOCTPAHCTBE BO BCEX
BO3MOKHBIX HAIPaBIeHHAX OTHOCHTEIHLHO paBHOMepHO. Ho mop Bo3-
IeHCTBHEM MarHHTHOTO ITTONI — YIOPAJOYEHHBIX KOJNBIEBBIX TOTOKOB
a¢upa, SIBIIIOUIXCA Pe3yIbTaToM YIIOPAJOYEeHHOH OPHEHTAIlNMH 3JIeK-
TPOHOB B TOKOHECYILEM IIPOBOJIe, — JIOMEHEI TaKXe Pa3BOPAUHBAIOTCS
H 00pa3yroT MarHUTHOE II0JIe CepAeYHIKa. 3ech yKe MarHHTHOe Iole
IIpecTaBIIeT cO00H HAGOp BHHTOBHIX BHXPEBHIX TPYOOK, H €ro CTPYK-
Typa, TaKuM 00pa3oM, OTIHYAeTCS OT MarHUTHOTO IIOIIA, CO3/IaBaeMOro
TOKOM.

TaxrmM oOpa3oM, HMeeT MecTO IOce[oBaTelNbHasd IIellh COOBITHIL:
3NIeKTPHUeCKOe II0Ne B IIPOBOJHHKE OOMOTKH COJEHOH/A 3acTaBILIeT
3NIeKTPOHEI MTPOBOJTHHKA PA3BOPAUHBATHCS ITTABHRIMH OCAMIH B HAIpaB-
JEeHHH OCH IIPOBOJHHKA, 3THM CaMbIM CO3JAFOTCS IIOTOKH KOJBI[EBOTO
IDBHKeHHA 3(Hpa BOKPYI NPOBOJHHKA. [IoTOKH 3¢Hpa IIPOHHKAIOT B
Kelle3HBIH Cep/IeUHNK M BBIHYXJAIOT JIOMEHEl Pa3BepHYTHCSI COOTBET-
CTBEHHO B OOIIeM HallpaBJeHHH TaK, YTO OCH BHHTOBHIX TPYOOK Mar-
HHTHOTO IIOJA, CO3/[aBaeMble JIOMEHAMH, OPHEHTHPYIOTCA YAaCTHUHO B
oOIIleM HallpaBJIeHHH, ITepIeHUKYILIPHO HAIPaBIEHIIO BO3JeHCTBYIO-
IIeTO Ha HUX BHEIIHETO II0TOKA.

ITocKONbKy KakJad Takas BHHTOBadI TPyOKa CBA3aHA C COOTBETCT-
BYIOIIIMM JTOMEHOM, HAXOJAIIHMCA B CBS3H C OCTAIFHBIM MaTepHAIOM

(4.32)
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CepJIeUHNKa, TO TH CBS3H HANPSTAIOTCA MOJO0HO MPYXHHE, H €CIH
BHEIIHHUH ITOTOK HCYe3HET, TO OHH BEPHYT JIOMEH B HCXOJHOE TIONOKe-
HHe. MarHUTHOE TI0JIe, CO3/IaHHOE CEPJIEYHHIKOM, HCUe3HeT. Tak 06cTo-
HT JIEIO C MATHHTOMSTKAM MAaTepPHATIOM.

JII9 MarHATOTBEPJIOTO MaTepHala Jiello obcToHT HHadye. Eciam co-
TMPOTHBIIEHHE CBS3€il JIOMEHOB B MaTepHalle YIaeTcs TIPeoJoNeTh
BHEIITHAM MOTOKOM, TO OHH MOTYT H He BO3BPATHTh JIOMEH B HCXOJTHOE
coctostHre. TOTJja MarHATHOE TIOJIe COXPAHHTCS M IOCIEe OTKITFOUEHHS
TOKa H3 OOMOTKH COIEHOHA.

Ho mamGonee MPOCTHIM CITOCOGOM OCHAONEHHS CBSA3€H JIOMEHOB C
MaTepHaoM SBIIETCSA, KaK H3BECTHO, HAIPeB MAarHHTOTBEPJIOIO MaTe-
pHana BIUIOTH JIO0 €ro paciUlaBieHHSI. TOTr/a BHEIHee MAarHUTHOE IIOJe
JIETKO OPHEHTHPYET JIOMEHEI B HY)KHOM HAIlPaBIeHHH, a 3aTeM, IIOCIe
OCTHIBAHHS MaTepHAaNa, MeXMOJIEKYILIPHEIE CBS3H 3aKPEIULIIOT JIOMEH B
3TOM TONOKEeHHH. MaTepHal CTAHOBHTCS MOCTOSHHRIM MarHHTOM.

IIpn HATHJHH JKeje3a B APOccele OOIasd 3arnaceHHas SHEPTUI Mar-
HHTHOTO TIOJIA OYIET MPOIOPIIHOHANBHA 00 heMY JKelle3a:

H 2
W = A W)

oz Ve (4.33)

[TocKONBKY 00BhEM JKeJle3a IPOCCENT COCTABIAET Vy = Syl , Tme Sy
— CeueHHe CepJeyHnKa, a |, — JUIMHAa MarHUTHOH CHIIOBOH IIMHIH B
CepJIeUHHKe, TO TOITyYHM

H 2
A,

2 Sil (4.34)

I7le 4 — OTHOCHTENhHAs MAarHHTHAs IPOHHIAEMOCTh Xele3a. Ilocie
COKpaAIIeHHIt 6y/IeM HMETS:

77N (1) - A
w=fe gt — )y, 2 o .
5 3 HHs— > (4.35)
rIe
SW _ w I
L=py——=-"1 R, =—*—. (4.36)
. R M, S,

31ech RM — MarHhuTHO€ COIIPOTHBJIEHHE CEPICUHHKA.
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TaxrmM o6pazoM, moxyueHa oOsuHasI GopMyna AT HHAYKTHBHOCTH
KaTYIIKH C KeIe3HEIM CepPJIeUHIKOM.

V3 M3110K€HHOTO BHIHO, YTO PONb KEIE3HOTO CepJeuHHKa B HH-
IOyKTHBHOCTH CBOJHMTICI K TOMY, UTO B HEM 3allacaeTcs peaKTHBHAL
SHEPIHA MarHUTHOTO IoNi1. Ho g TOro 4ToOHl 3Ty SHEPIHIO B HEM
co371aTh, HEOOXOIHMO COBEPIIHMTH PaboTy, T. €. I[POM3BECTH IIOBOPOT
TOMEHOB XeJIe3HOTO CepJeuHIKa H LI 3TOT0 IIPe0foeTs YIIPYToe CO-
TIPOTHBIIEHHE HX CBA3ei. OTa paboTa MPOHM3BOAHTCA ITyTeM ITOBEIIIIE-
HHA JAaBIEHHI B IIPOCTPAHCTBE MEXJY IIPOBOJHHKOM H JKeIEe30M.
CamO 3TO [aBIIeHHE CO3JAeTCS SIEKTPHUECKHM TOKOM, TEKYIIHM IIO
npoBoHUKY. [ToaToMy oOIIas 3araceHHad SHepIHA IIPOIIOPIHOHANRHA
KBalpaTy BeIHYHHEL TOKA.

OHeprui IOCTYIIATeIbHOH CKOPOCTH 3(Hpa B BHXPEBEIX TPyOKax
BOKPYT IIPOBOJHNKA, HE HMEIOIIEro KeIe3HOTO CEepJeuHNKa, H eCTh
SHEPTHA MarHUTHOTO IIONA. ECIH ecTh Kele3HbIH CepleUyHHK, TO CI0Ja
no0aBiieTcsd IOTEHIMAIbHAL SHEPIHA YIIPYTOTro IIOBOPOTa JOMEHOB
cepleuHHKa. BcA 3Ta cHCTeMa HalpsSkeHa H yAEpXKHBaeICA B HaIps-
’KEHHOM COCTOSHHH IIOBEPHYTHIMH B OOIleM HallpaBJIeHIH — BOIb
OCH IIPOBOJHHKA — 3NIeKTPOHAMH. CaMH e 3NEKTPOHbI YAEPKHBAIOTCA
B 3TOM COCTOSHHH HAIIPKEHHOCTHIO SJIEKTPHUECKOTO IO,

Ecimt 3eXTpoBIUKYINAd CHIIA B IIPOBOJHIKE HCUe3aeT, TO Hcyue3aeT
H IIPHYIHA, YIep:KHBArOINad 3MEKTPOHBI B OOINEM OPHEHTHPOBAHHOM
HallpaBIeHHH, HCYe3aeT N JaBIEHHE, VyAep:KHBarollee IIOTOKH B Ha-
TIPSAKEHHOM COCTOSHHH. PaBHOBecHe HapyIlleHO, H Bech IIpoIiecc 000-
pawBaeTca B 0OpaTHOM HallpaBlIeHHH. Telleph BHEIIHHE ITOTOKH 3QHpa
IaBAT HA BHYyTpPeHHHE, H JIHHHH KPYTOBOTO TOKa 3(mpa, COKpaInaics,
BXOJAT B IIPOBOJHUK. VIX 3HEPIHA TPaTHTCA HA yBeJIHMUEHHE TEIUIOBOH
CKOPOCTH 3JIeKTPOHOB IIPOBOJHHKA. B 3TOM H 3aKIouaeTcs MeXaHH3M
CaMOMH/TyKI[HH.

OGpatHBI1 X0 TpoIiecca MPHBOIUT K ToMy, uTo O/1C Ha IPOBOJI-
HHKe, CO3aBaeMasd ITepeMeIIarOlHMHCA BHYTPh IIPOBOJHIKA IIOTOKAMHI
3¢upa, mpHOOpeTaeT MPOTHBOMOIOKHEII 3HaK, 3Ta OJIC OymeT mpo-
TIOPILHOHANBHAS 3aIlaCeHHOH SHEPTHH HHIYKTHBHOCTHIO, T.€. BETHUIHE
HHIYKTHBHOCTH, €CIH Xe TOK OOpHBaeTcA He cpasy, TO 3JEKTPOHEI
ellle COXPAHIOLIEerocd ToKa IIPOJoIIKaeT YAEPKHBATh UACTh JABIICHIA.
TaxmM o6pa3oM, Ha KadeCTBEHHOM YPOBHE MOXKET ORITh O00OCHOBaHA
mBecTHaA popmyna O/1C caMOHHIYKITHIH:
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e = — L didt (4.37)

4.4. Anekmpoma2HUMHasi UHOYKYUsl

Kaxk H3BECTHO, 3aKOH BHCKTPOMHI}[HTHOfI HHIYKITHH
= —Blv (4.38)

oTpaxaeT IpolecC HaBeIeHHA MeKTPOIBIKYIIEH CHIIEI € B IIPOBOIHI-
Ke JUIHHOM | IpH TlepeMeIeHH  ero cO CKOPOCTHIO V B MarHHTHOM II0-
Je, HHIYKIIHI KOTOPOTO paBHAa B. OTO 3aKOH OINM3KOJEHCTBHA, HEIO-
CPeZCTBEHHO OTPaXAFOIIH B3aHMMOJEHCTBHE MarHHTHOTO IIONA H JBH-
KYIIErocs B HeM IIPOBO/THHKA.

PaccMoTprM ¢H3HUECKYIO CYIIHOCTh AAHHOTO IIpollecca.

Kak OpuTO ITOKa3aHO BBIIlE, OCHOBHBIM BHJIOM JBIKeHHA d(Hpa B
MAarHHTHOM IIOlle ABIIAeTCA Bce Ke He BpallaTelbHOe, a MOCTYIaTelh-
HOe JBHXeHHe 3(Hpa, KOTOPOe MOXKeT COUeTaThCs C BpallaTelbHbIM,
HO MOXeT H He COYeTaThC.

[IpH OTCYTCTBHH MAarHHTHOTO IIOJA, T.e. IIPH OTCYTCTBHH BHEIIHIX
IIOTOKOB 3(Hpa, 3IeKTPOHEI B IIPOBOJHMKE HAXOMATCSI B TEIDIOBOM
IOBHKEHHH, CpeJHee ITONOXKeHHe HMX IMAaBHBIX OCeH paclpefielieHO B
IIPOCTPaHCTBe paBHOMePHO. [TonoxeHne He MeHAeTCA, eCIH Yepe3 IIpo-
BOJHHK IIPOHHKAIOT IOTOKH 3(Hpa, MOCKOIBFKY B KaKOM OBl IIONIOKe-
HIH HH HAaXOJWICS 3JeKTPOH, Bce MOMEHTEHI JJaBJIeHHT BOKPYT Hero 0y-
IyT YPaBHOBEIIIEHEI.

BHemmme MOTOKH 3¢Hpa — BHEIIHee MarHHTHOE II0lle — Ha Kaxk-
IOM 3IeKTPOHE CO3/A0T AaBIeHHe TOPMOKEHHI Ha TOH CTOPOHE 3JIeK-
TPOHa, KoTopad obpareHa K IOTOKy. B cOOTBeTCTBHH ¢ 3aKOHAMH Ia3o-
BOH MeXaHWKH Ha 3TOH CTOPOHe o0pasyeTcsd YIDIOTHEHHe I'a3a, OJJHAKO
H30BITOK 3TOTO JABJIEHHT, CO3JAOLH MOMEHT CHIIBI, IBITAFOIIHICA
TIOBEPHYTH 3MEKTPOH, YPABHOBEIIHBAETCSI TAKHM K€ MOMEHTOM CHIIBI
JaBIeHHA Ha IPYTOM y4yacTKe TOTO e 3NeKTPOHa.

Ecim xe IPOBOJHHMK HAUMHAET JBHIATHCA OTHOCHTEIHHO ITOTOKOB
3¢mpa, TO CHMMETPHI MOMEHTOB HAPYIIAETCS.

K KomsueBoMy BpaleHHIo 3¢Hpa moGaBifeTcs CKOPOCTh IlepeMe-
IIeHHs TPOBOJHHKA, M HAa OJHOM CTOPOHE 3JIeKTPOHA CKOPOCTh KONb-
IIEBOTO JBHMKEHHA 3NeKTPOHA CKIAJbIBAeTCA CO CKOPOCTBIO ABHKEHHA
IIPOBOJIHHKA, HA IPOTHBOIIONIOKHOM KOHIle BEIUHTaeTcs. (puc. 4.7).
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H3MmeHeHHe maB-

JeHHS Ha CTOPOHE -7

+ + + +
3NeKTpoHa, obpa-
IIEHHOH K IIOTOKY, + + 4+ +
BEI3BIBAET YBeEIHUeE- + t 4+ + +
HHe IUIOTHOCTH

3¢upa Ha 3TOH cTo-
pOHe  3IEKTPOHA,
TaK YTo

Puc. 4.7 IlepeopHeHTAL[HSI 3JIEKTPOHOB B IIPOBO/I-
HHKe NPH ero JBH’KeHHH B MATHUTHOM I 0JIe

pr = Kops; K =Koy > 1. (4.39)

3neck k, — xoaddrameHT yBeHUeHHA ITIOTHOCTH ddHpa; K, — K03d-
(rIpIeHT TPOMOPIHOHATFHOCTH MeXTy KO03(QHIIHEHTOM YBeTHUEHHSI
IDIOTHOCTH 3()Hpa H CKOPOCTHE0 BHEIIHETO ITOTOKa 3dmpa Vi, IPOIop-
IIMOHABFHON 3HAUEHNIO MarHHTHON MHIYKINH B.

Vi3MeHeHHe [aBIeHHI HAa TOM y4YacTKe 3JIeKTPOHA, KOJBIEBOE JIBH-
’KeHIle B KOTOPOM COBIIQJIAeT C JBIKEHHEM IIPOBOHIKA, COCTABILIET

APy =Ky, (Vo + V)%, (4.40)

a Ha TOM YYacCTKe, I'TI€ KOJIBIEBOE€ NBHKXEHNE HMEET IIPOTHBOIIOIIOXKHOE
JABHXKEHHIO ITPOBOTHHKA HAITPABJIICHHE, H3MEHEHHE TaBJIEHHA COCTAaBHT

APy =kp, (Vo — Vi) &, (4.41)
e Ve — CKOpOCTL KOJIBIIEBOTO OIBHKEHIII HA T[OBerHOCTH :-)JIeKTpOHa;

V;; — CKOPOCTH IlepeMeIeHH ] I[POBOJHHKA.
Pa3HOCTE 3THX HaBIIEHII COCTABHT

AP = APy — AP, = 4Kyp, Ve Vg = 4KV, ViV, (4.42)

a BeJIIMYMHAa MOMEHTA, PasBOPAYHBAKOIIEIO ITTABHYIO OCh JJIEKTPOHA B
HaITpaBJIEHNH OCH IIPOBOJIHHKA,

M = APSI, = KNNVNSTe, (4.43)
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I7e S — SKBHBaJeHTHAd YacTh ITOBEPXHOCTH 3JIE€KTPOHA, HCIIHITHIBAIO-
IMas TIpeBBHIIIEHHE JABIEHHA OT HaGeraroIlero II0TOKa;, [, — pajIiyc
3NIeKTPOHA.

IToBOpOT BceX 3IMEKTPOHOB CO3/1ACT NMEKTPOABHAYINYIO CHIY B IIPO-
BOJIHIIKE, IIPOIIOPIHOHATHHYI0 3TOMY YITy IIOBOPOTA, a caM yroll IIOBO-
poTa 3J1eKTpoHa o, OyJeT IPONOPUHOHATIEH Pa3BOPAYHBAIONIEMY MO-
MeHTY

E ~a, ~M~ v,v; ~ By, (444)
HaIpsKeHHe Ha BCeil [UIHHe IPoBoIHAKa | Gy/eT paBHO

e =El =Blv,. (4.45)

BbigoObi

1. MarHuTHOe TI0JIe CO3/4aeTcsA BOKPYT IIPOBOJHHKOB C TOKOM BCIE-
CTBHE ITIOBOPOTA CIIHHOB 3NEKTPOHOB B IIPOBOJHIKE H3 JEOOOTO IONO-
’KeHHA B HaIPaBJIeHHH OCH IPOBOJIHMKA, IIPH KOTOPOM KONBIIEBOE J[BH-
KeHHe 3(Hpa BOKPYT 3JIeKTPOHOB BEHIJIABIHMBAeTCA HA IIOBEPXHOCTDH
IIPOBOJIHHKA H Janee B CBOOOTHOE IPOCTPAHCTBO. CIIIOBHIE JIHHHH
MAarHHTHOTO TIONSA IIPeJICTABILIFOT cOOOH HAabop 3(HPHBIX BHHTOBBIX
TOPOHJIOB, IIPHMEBIKAIOINUX APYT K APYTY TOPIEBHIMH ITOBEPXHOCTAMI,
IIpHYeM, YeM CIJIbHee HaIpsKeHHOCTh MarHHTHOTO IIOJIA, TeM MeHbIIe
pa3Mephl Kaxoro Topomja. ITo Mepe yaameHHsS OT IIPOBOJHHMKA Teo-
MeTpHUeCKHe pa3Mephl TOPOHIOB, OOpPAa3yIOIIHX CHIOBBIE MAarHHTHEIE
JIHHHH, YBETHUHBAIOTCS.

2. Ha cBOGOTHOM 3NIEKTPOHE, ABIUKYIIEMCSI B MarHHTHOM IIOJe, 32
cueT Pa3sHOCTH IPAHEHTOB CKOPOCTeH OTHOCHTEIHHO 3(Hpa Ha ero Io-
BEPXHOCTH 00pa3yeTcs MOMEHT CHII, IIOBOPAYHBAIOIIII 3IeKTPOH (CHIA
JlopeHIIa), 3aCcTaBILIOILI €T0 H3MEHHTH HAIPaBIeHHe JTBIKEHH.

3. IHIyKTHBHOCTH €CTh BeIHYHHA HEPTHH MarHHTHOTO IIOJ, KO-
TOpOe CIIOCOOHO CO3/IaBaTh YCTPOHCTBO — COJEHOH/A IIPH IIPOITyCKa-
HHIH TIO €T0 ITPOBOJHHKAM TOKA €THHHYHON BeIIUIHEI.

4. BrIJIaBIMBAaHIe M3 IIPOBOJHIKA KOJBIEBOTO JBIUKEHII 3¢dHpa H
o6pa3oBaHHe H3 HETO TOPOHJATHFHBIX BHXpeil MarHHTHOTO TTOJLI CO3/1aeT
MeXaHHYecKoe HalpskKeHHe B TPyOKax MarHHTHOTO IIOJ, ITBITArOIIeecs
COKPATHTh JJIHHY MarHHTHBIX CIJIOBHIX IIMHHI H BePHYTh TOPOHIHI 00-
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PaTHO B MPOBOJHHK. IIpH IpeKpaIeHHH TOKa B IMPOBOHIKE 3(QHPHEIE
TOPOHIBI, OOPA3YIOIHe MAarHHTHOE T0JIe, BO3BPAIAIOTCA B IIPOBOTHHK,

CO3/1aBas B HEM 3.JI.C. CAMOHHTyKI[HH.
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maBa 5. Pu3nyeckKasa cylwHOCTb 3J1eK-
TPOMarHUTHbIX B3auMoaencTBumn

5.1. BsaumMouHOyKyusi npo8oGHUKO8

HecmoTps Ha TO UTO caM 3akoH Dapaies H ypaBHeHHd MakcBelna,
TIPHBOJALINE K TOMY XK€ 3aKOHY, BEIBe/IEHBl HA OCHOBAHHH KOHIIEIIIHH
3¢mpa, ImpemonararoleM HEIOCPEACTBEHHOE B3aHMOJIEHCTBHE 3IeK-
TPOMArHHTHOTO IIOJIA H IIPOBOJHIKOB, HA CAMOM Jielle 37[eCh SABHO BEI-
paXeHa KOHIEINTHA AATLHOAEHCTBIA, IIOCKOIBKY IIPOLIeCC H3MEHEHH
MarHHTHOTO IO IIPOMCXO/IHT B OTHOM MecTe (BHYTPH KOHTYpa), IeK-
TPOJBIKYIIAs CHIIA ITOSBILIETCA B [PYTOM MecTe — Ha ero IepHepHH,
a MeXaHHM3Ma B3aHMMOJIeHCTBHA IO C IIPOBOHHUKOM He IIpeXyCcMOTpe-
HO.

OJHaKo B IPYTOM 3aKOHe — 3aKOHE SJIeKTPOMAarHHTHOH HHITYKI[HH

e =—Bly, (5.1)

Ile B — MarHuTHAsS HHAYKIUS; | — JJIHHA MPOBOIHEKA, IEpeceKaro-
IEero Ioje; V — CKOPOCTh IepeMeIeHIs MPOBOJHIKA OTHOCHTEIHFHO
MAarHHTHBIX JHHIH (pHCc. 4.8), oTpakeH 3aKOH ONM3KOEHCTBHA, ITO-
CKOJIbKY 3/IeCh HMeeTCsS TpAMas CBS3b MeXJy MAarHHTHRIM IIOIEM H
MPOBOJIHUKOM — CKOPOCTh IIepecedeHHs ITPOBOJHHKOM MAarHHTHOTO
TOJIA, XOTS MeXaHH3M BO3HHKHOBeHHUST DJ[C 31ech TOXKe He PACKPHIT.

TToHATHE B3aHMOHHYKIIHH KOHTYPOB MOJXET OBITh BEIBEJIEHO HA
OCHOBaHHMH 3aKoHa Dapajies

__SaB :,uOSdH :,UOSdi

= 2mrdt dt 27R dt

(5.2)

I7le S —IUIonaas KOHTypa, B — MarHuTHAS HHIYKIHA.
Jnd IepeMeHHOTO TOKa CHHYCOHJAILHOH (OpMBI K03 HINIEHT
B3aHMOHH/YKIHH COCTAaBHT:
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ﬁu, KT M2C (B-A_l). (5.3)
I, 27/R

Kak H3BeCTHO, B 3MeKTPOTeXHHKe OTCYTCTBYeT IIOHATHE <B3aHMO-
HHIYKIMA ITPOBOJHHMKOB», XOTA HMeeTcd IOHATHE <«B3aHMOHH/YKITHA
KOHTYpOB». I3 Ipe/icTaBIeHHI O B3aHMOMHIYKIIHH KOHTYPOB HeNb3d
BEIBECTH B3aHMOHHJIYKIIHIO OT/IENBHEIX IIPOBOJHHMKOB, IIOCKOIBKY B
(OpPMYITHHBIX BHIPAXKEHHAX B3aHMOMHIYKIH KOHTYPOB IIPHCYICTBYET
oAb KOHTypa. Hao0opoT, M3 MpeICTaBIeH i O B3aHMOHH/YKITHH
OTJENbHEIX IPOBOJHHKOB MOXHO OBUIO OB BHIBECTH 3aKOHEI B3aHMO-
HHIYKIHH KOHTYPOB TFo60i ¢dopmel. [losToMy ItenecooGpasHO HaHTH
3aKOHOMEPHOCTH B3aHMOHMHIYKIHH IIPOBOIHIKOB.

BBeneHHe IOHATHA «B3aHMOHMHIYKIIHA IIPOBOJHHKOB» HMeeT
GoIbIoe MPHKIAJHOE 3HAUEeHHe, IIOCKOIBKY Ha BCeX IOJIBIKHBIX 00b-
eKTax — JIeTaTeJBHBIX allaparax (camolleTaX, BepTONeTaX, paKeTax),
HA/IBOJTHBIX H IIO/IBOJTHBIX KOPAOIIIX, KOCMHUYECKHX aIllapaTax, a Takke
Ha MHOTHX IIPOM3BOZACTBAX IO HHGOPMAIMOHHBIM KaHAlaM CBS3H He-
00X0/IHMO Tlepe/iaBaTh CHTHAJEI, CoJep:Kaliie HHGopMaIio, 0T JOCTO-
BEPHOCTH H TOUHOCTH KOTOPOH 3aBHCHT PabOTOCIIOCOOHOCTS BCEH CHC-
TEeMEI.

VcKaxXeHHI CHTHANIOB, HeCYIHX HHGOPMAINIO, IPaKTHYEeCKH Bce-
I7la BeyT K HCKaXKeHHI0 HHQOpPMAIH, a HCKaKEHHI CHTHAJIOB CBA3a-
HEI, B IIEPBYIO OYepe]Ib, ¢ TOMeXaMH, CO3/IaBaeMBIMH SHepreTHUeCKHMHI
IIPOBOJIAMH, T.e. IIPOBOJIAMH, IO KOTOPHIM JHOO TeKyT 3HAUHTEIbHEIE
TOKH, THOO B KOTOPHIX HMEIOTCS OTHOCHTEIHHO BRICOKHE (COTHH BOIBT)
HarnpspkeHHd. OOBUHBIH pacyeT HABOJHMEIX IIOMeX OT TaKHX IPOBOOB
B COBPEMEHHOH TEOPHH 3JeKTPOMarHeTH3Ma IIPOBOJUTCSI HAa OCHOBE
3akoHa ®apajes, HO 3TO He TOJHKO He oTpakaeT (IM3MKY Ipolecca, HO
H TIPHBOJHUT K 3HAYHTEIHHBIM IIOTPEIIMHOCTSIM. [103TOMy HeoOGXOIMO
CO3JaHIe MEeTOIHKH, TI03BOILAIOIIeH OIeHHTh B3aHMOHHIYKIIIO IIPOBO-
IOB, a TaKKe PeKOMEHJOBATh MepHI IT0 00ecTleUeHHI0 TPaHCIIAIMH Gec-
COOMHBFIM H HEHCKaKAIOIINM HH(OPMAIHEO cTIocoO0M. [ 3TOTO HyX-
HO paccMoTpeTh (pH3MUYecKHe OCHOBHI CO3JAHIS MAarHHTHOIO IIONA TO-
KOM, IIPOTEKAIOIIIM B IIPOBOJHHKE, IlepeMelleHIe 3TOTO IIONA B IPo-
CTpPaHCTBE 0 BTOPOTO IPOBOJHMKA H CO3JaHMe THM MAarHHTHEIM IIO-
JeM 3.].C. B 3TOM IIPOBOJTHHKE.

HaBefieH1te TOKOM, IIPOTEKAIOIMM B IIEPBHUHOM IIPOBOJHHKE, 3.1.C.
BO BTOPHYHOM ITPOBOJIHHKE IIPOHCXOJUT B TPH CTAJHH — IIepBad — CO3-
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JaHHe MAarHUTHOTO TTOJISI BOKPYT MPOBOJHUKA C TOKOM, BTOpas — pac-
MIPOCTPAHEHIEe MATHHTHOTO TTOJIA B MTPOCTPAHCTBE H TPEThS — Iepece-
YeHHe MAarHUTHEIM II0JIEM BTOPHYHOTO IMPOBOJHAKA H GIaroaaps TOMY
CO3JTaHIE B HeM 3.]1.C.[1].

H

H « H

H

Puc. 5.1.Cozxasme MarHUTHOT O II0JIS TOKOM, TEKYIIIIM B ITPOBOHHIKE.

II epeasn cmaoua OIlpeJieaeTCA 3aKOHOM IIOIHOT'O TOKA:

. i
Hd =i, H=——, 5.4
{ 2R (©-4)
I7ie | — TOK, TEKYIIHii B IIPOBOIHIKE, H — HAIPXEeHHOCTh MATHHTHO-
O IIOJIA, CO3/1aBaeMOTr0 3THM TOKOM BOKPYT IIPOBOJHMKA, | — mmHa

MAarHUTHOH CIDIOBOI JHHHH, R — paccTosHHe OT IIeHTpa TPOBOJIHHKA
0 TOUKH H3MePEHII MarHHTHOTO ToJiA (prc. 5.1).

Bmopaa cmaousa — 3T0 pacmpoCTpaHEHHe MArHHTHOTO OIS OT
TOBEPXHOCTH TOKOHECYIIETO IIPOBOJHHKA BO BCEM OKPYKAOIIEM €TO
HPOCTPAHCTBe 3aKOH IOIHOTO TOKAa B OOBIMHONM ()OpMe He OTpakaeT
JMHAMIKH TpoIlecca. 13 HeTO IOTy4aeTcs, YTO HA JEOGOM PaCCTOSHIH
OT TIPOBOJTHHKA C H3MeHEHHeM TOKAa B IHPOBOJHIKE HAIPSKEHHOCTH
MarHHTHOTO TOJI Ha IF0GOM OT HETO PACCTOSHIH MeHSIETCS MTHOBEH-
HO, a 9TO B TIPHHITHIIE HEBEPHO.

I13BeCTHOE UeTBEPTOE ypaBHeHIEe MaKcBelIa

divB =0 (5.5)

TaKkKe ABIIeTCA CTaTHUecKHM. B miHaMmyeckoi opme 3To ypaBHeHHe
ImpHOGpeTaeT BHJ,
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div gradB +m =0; gradB =gradB(t+ R/c); (5.6)
I
div gradH +% =0, gradH =gradH (t+R/c); (5.7

rme BekTopa gradB, gradd H CKOPOCTH ¢ CTPOTO KOJUIMHEApHEL, T.€.
COBIIQJAOT IO HAIIPaBJIEHHIO B IIPOCTPAHCTBE IPYT C APYIOM, H 3TO II0-
3BOJIIeT BEHIPA3HUTh 3aKOH IIOJHOTO TOKA B IIHAMHYECKOH dopMe:

§H (t+R/9dl <=i(t); H(t+R/c) <:%. (5.8)

37ech 3HAK «<= » IOKA3RBAeT IIOCIEeOBATENHHOCTS (IPHYMHHO-
CIIeCTBEHHEIE OTHOIIEHHA) MeX/y TOKOM B IIPOBOJHHKE H CO3JaBae-
MBIM MM MAarHHTHBIM II0JeM. TOK eCTh IIPHUIHA, MarHHTHOE ITolle —
CIIeZICTBHE M MEHATh HX MeCTaMH Helb3d, TaK KaK Helb3sA CO3ZaTh II0-
CTOSHHBIN TOK B IIPOBOJHMKE, OKPYKHB IIPOBOJHHMK ITOCTOSHHBIM, He
MEHSIOIIMMCA BO BPEMEHH MAarHHTHBIM ITOJeM. 37eCh TaKke I0Ka3aHoO,
UYTO HAIPSLKEHHOCTh MAarHUTHOTO IONA H, T.e. MOSBIEHHE MarHHTHOTO
TONIL HAa PACcCTOSHHH R 0T OCH IepBHYHOTO IIPOBOJHHKA 3alla3/[FIBAET
Ha IIPOMe’XYTOK BpeMeHH, PaBHEIH OTHOIIIEHHI0 R/C. OTo BRIpaxeHHe H
OIMCHIBAET PACIPOCTPaHEHHEe MATHHTHOTO IIONIA B IPOCTpaHcTBe. [le-
JIeHHe BeKTOopa Ha BEeKTOp O3HauaeT, To 00a BeKTopa B H ¢ KOJIHHeap-
HEI, T.e. JIeXaT CTPOro B OJHOM HAIIpPaBIIeHHH, T.€. BEKTOp B CTporo Ha-
IIpaBlIeH BIONb OCH PacIpOCTPAHEHHI MarHHTHOTO ITOJIA CO CKOPOCTBIO
c.

HaxoHen, mpemba cmadusa Ipoiecca — COOCTBEHHO HaBeJICHIHE
3.1.C. BO BTOPHYHOM IIPOBOJHHKE IIEPECEKAFOIIHM €I0 MArHUTHBIM II0-
JIeM MOXeT OFITh ITONy4eHO M3 IIEPBOTO ypaBHEHII MakcBellIa, KOTO-
poe cBs3pBaet rotE ¢ MarHUTHOM HaIlPsKEeHHOCTHI0 H':

oH
rotg = - — 5.9
Ui, P (5.9)
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3neck TpaBad yacTh ypaBHEHHS BBICTyINIaeT IPHUHHOMN, a JeBad
CIeJICTBHEM H MEHATh MX MecTaMH Hellb3i1. MarHHTHOe II0Je, OITHCHI-
BaeMoOe IIPaBOH YacThI0 ypaBHEHM SBIAETCS IIPHUMHOH IOSBIIEHHH
IMPKYILAIHH 3IeKTPHUeCcKOH HAIPSKeHHOCTH B IIPOBOJHHKEe KOHTYpa.
OpHaKo, YUHTHIBAA, YTO VLI JTHHEHHBIX IIPOBOJHHKOB, JeXKAIIHX B Ha-
IIpaBIEHHH OCH y

dE oH
rot, E S0 & -, — (5.10)
dy dz ot
a TaKXke TO, UTO B paccMaTpHBaeMoM ciyuae E, = 0, mmeeMm:
dE oH
—Y —ora Ee = Uy, y , (5.11)
ol d, E. =y p
HIIH
oH
dE, = pu,—dz, (5.12)
ot
TONy4YaeM
oH
_ y
E, = u, p Idz. (5.13)
VYunTeBasg BRIpakeHHe 5.5,a Takke, UTO
Idz=2ﬂr0; (5.14)
I7ie o - PAJIIyC TOKOHECYIIETO IPOBOJHAKA, IIOTyYaeM:
r.oi(t)
E(t+R/c)= e
( ) = Ml Rt (5.15)

HudopMarmoHHsle MPOBOJIa, KAK IPABIIO, HAXOJATCA B BO3TYIII-
HO cpefie, I KOTOpoH u = 1. Torma IpH CHHYCOHIATFHOM CHTHAIE

i(t)=1sinat (5.16)

TIOTYYHM C YUETOM 3alta3/ bIBaHI .



110 T'iaBa 6.

r,o(l sinat) _

E(t+RIQ = ™ 2

yyoa)% | cosw(t), (5.17)

OTKyJa K03((HIFeHT B3aHMOHMHAYKIHH IapalIebHO ITPOIOKEHHBIX
IIPOBOJIOB Oy/IeT paBeH:

kB3 =

(5.18)

E_
l__luo

5

A k03 PrITHEHT B3aHMOHMHIYKITHA IIPOBOJIOB COCTABHT

-¢ :EI = %’ KM% (B-A™Y) (5.19)

(0]
O B

M
H HaB€IEHHAs BO BTOPHYHOM IIPOBOTHHKE 3.1.C. e COCTaBHT.
r
et) = y,a F‘; | cosw(t + R/c). (5.20)

y TaxrmM o6pazom, Io-
z X SBIIETCS  BO3MOXKHOCTD
paccMarpHBarh IIpoIiecc
HaBeJieHHd 3.7.C. B IIPO-
BOJHIKAX He KaK pe-
3yIbTaT  IepeceueHHs
MAarHUTHEIM ojeM
IUTOIA/TH  KOHTypa, Ta-
KOTo ITpoIiecca B IIPHpPO-

Puc. 5.2. HaBeaenme DJIC U IIepece e HUI
! AC mp P e BOOOIIe He CYIIeCT-

IIPOBOJHHUKOM II0CTOAHHOI0O MATHMTHOI O IIOJIA —
3J1eK TP OMAr HUTHAA MHIYK LA BYye€T, a KaK pe3yiIbTar
IIepeceycHIL MarHuT-

HEIM TTOJIEM IIPOBOJHUKOB (pHC. 5.2),H Ha 3TOH OCHOBE, B YAaCTHOCTH,
BBECTH B JIIEKTPOTEXHHKY H OTCYTCTBYIOIIlee B HACTOSIIEE BPEMS ITOHS-
THe B3aUMOMHIYKIIHH IPOBOJHHKOB, TOYHEE, PACPOCTPAHUTh HMEFO-
Ieecs B 3NMEeKTPOTEXHIKe MOHATHE SIIEKTPOMArHUTHOH HHIYKI[HH H Ha
B3aHMOJIEHCTBHE JIBYX IIPOBOTHAKOR.
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JIOIIONHHUTENHHO CclefyeT 3aMeTHTh, YTO K03(HIeHT B3aHMOHH-
IYKIHH ITPOBOTHHKOB JOJIKEH 3aBHCETh H OT COOTHOIIEHHS JHAaMeTPOB
IIPOBOJIOB, UTO TpeOyeT JOIOIHHUTETFHOTO HCCIeTOBAHILA.

CoIlOCTaBHM pe3ybTaTH PACUueTOB I B3aHMOHHIYKIIHH KOHTY-
POB OORIUHEIM H ITpejIaraeMbIM CIIOCOOaMI.

B COOTBETCTBHH C 3aKOHOM 3NeKTpOMAarHUTHOH HHAyKImH Dapages
H MaxkcBenna K03 HIeHT B3aHMOHHYKIHH KOHTYPOB IIPH CHHYCOH-
JAITFHOM TOKE B IIEPBHYHOM IIPOBOJHIKE COCTABILIET

M, = & :@ , K1 M%c (B-A7Y), (5.21)
l,  2/R

Ho mis ompegenerra 3/[C B3aNMOHHAYKIHH ABYX IIPAMOYIOJIBHBIX
KOHTYpOB 37IeCh TOXe HeoOXOIMO ITPHBIIeUeHHe 3aKOHA ITOTHOTO TOKa

i :§Hdl, H=i /27'CR, (522)
|

rae R —paccTosdHIe OT TOKOHECYIIETO TPOBOJA O TOUKH H3MePEeHHA
MarHHTHOH HaIPsIKE€HHOCTH H.
B cootBercTBIE ¢ 3aKoHOM Dapajesd Ko3(QHIHeHT B3aHMHON HH-

JTYKIIMH MeXJY JBYMS IPOBOTHEIMH JIHHISIMH OIIPENENIeTCS BEIpaKe-
HHeM [2, €. 406]:

M, = Hoftlp fichz (5.23)
2 1,

31eck 1, 12, 12, M1 —PAaCCTOSHI MeX Ty IPOBOTHHKAMH (pHC.
5.3).

a) 0)
Puc. 5.3 K BbIBoIY K03 pHIeHTa B3aNMONHIYKIIIN KOHTYPOB

EcIm KOHTYpPHI HAXOJIATCS B OTHOH TUTOCKOCTH, TO
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rp=d;rz =d+hyro=d+hyrip=d+hy +h, (5-24)
3pmeck d — paccTosEie MeXTy OJIM3NIEeKAlliMH IIPOBOHHKAMH
JBYX KOHTYpPoB; hy 1 h, — paccTosHiA MeX Ty IPOBOMHHKAMI B Kak-

JIoM KOHType. IIpH 3TOM B3aHMHBIM BIHSHHEM GOKOBHIX IIPOBOHHKOB
B KOHTypax MOXKHO IIpeHeGpeush (IIpOBepeHO SKCIEPHMEHTATHHO). B
STOM CITy4ae MATHHTHOE IIOJE, BBIXOJIAIIEE H3 MIPOBOJOB IEPBOTO KOH-
Typa, 3aXOJHT B IUIOIIaTh BTOPOTO KOHTYPA, OCIAGIIACH IO Mepe yia-
JeHHS OT TOKOHECYIINX MPOBOJIOB TEPBOTO KOHTYPA IO 3aKOHY ITOIHO-
ro Toka (puc. 5.3).

B CcoOTBeTCTBHH ¢ 3aK0HOM Dapajies 3IeKTPOMABIKYINAI CHIA BO
BTOpOM KoHTYype Tipu hy = hy = h GyzeT ompeienaTscs BEIpakeHHeM

e, MU@I%} _

" 2mrdt R .+, R
‘ o (5.25)
__ Ml di1|n (L+h/d)? _ Idi;
2rdt  1+2h/d  dt *
IIe
2
i, = Hobt o QNIAY” g
2 1+2h/d 2ir
. (1+h/d)?
=In———L.
1+2h/d
I[Ipu h >>d mveem:
M, = Kot (5.26)

2r 2

H TPH YCTPEMIEHHH BeMHUMHEI N K GeCKOHEUHOCTH KO03()(HITHEHT
B3aHMOHH/YKITHH, TPHXO/AIINIICA Ha eIHHIIY JJIMHE KOHTYpa, TaKxke
ycTpeMiIieTcs K 0eCKOHEUHOCTH, XOTA H II0 JorapH(MITUecKoMy 3aKo-
HY, UTO IIPOTHBOPEUHT (DH3HYECKOMY CMEICIY.



PuzuyecKasi CyIHOCTb 3JIEKTPOMATHHTHBIX B3aHMO/AeHCTBH i 113

IToxxom K 3TOH Xe 3a7aue Ha OCHOBE KOHIIEIIHH OIH3KOIEeHCTBHI
IIPHHIPOMHAILHO MeHAET ee IIOCTAaHOBKY. MarHUTHOE II0Ne, BBIXOZAIIEe
H3 TIPOBOJTHHKOB IIEPBOTO KOHTYPA, MepecekaeT cHaYanIa OIIKHII ITpo-
BOJTHHK BTOPOTO KOHTYpa, a 3aTeM, OCIAbIAACh IT0 Mepe yHAaleHHT OT
HCTOYHIKA, €r0 JAIBHHI IIPOBOJHHK. IIpH 3TOM B JaIbHEM IIPOBOIHI-
ke HaBoguTca OJ]C IMPOTHBOIIONOKXHOTO 3HAKA IO CPAaBHEHHIO C OIIIK-
HHM IIPOBOJHHKOM, H 3TA 3JIC YMEHBIIAETCI B COOTBETCTBHH C 3aKOHOM
IIOJHOTO TOKa II0 Mepe yAAIeHHS JabHErO IIPOBOJHHKA OT IIEPBOTO
KoHTypa. Ecmm, HamprMep, OIIUKHHII ITPOBOJHIK HAXOIHTCA Ha pac-
CTOSIHHH B OCAX OT OIDDKaHIIero K HeMy IIPOBOJTHIKA IIEPBOTO KOHTYypa
HA PACCTOSHHH 3 MM, a JATFHHI MPOBOJIHHK — HA PACCTOSHHH 3 CM, TO
SJ1C, BO3HHKAIONIAT HA JIalbHEM TTPOBOJHHKE cOCTaBHT Bcero 10% ot
SJ1C, BO3HHKAIOIIEH Ha ero OMIKHEM ITPOBOJTHIKE, a eCIIH Ha PaccTos-
rrn B 30 cM, To Beero 1%. Taxnm o6pazoM, 3/IeCh HMeET MeCTO HACHI-
IaemMas 3aBHCHMOCTh, H HHKAKOTO 0€CKOHEUHOTO yBeTHUEeHHSI 37C Ha
BTOPOM KOHTYp€ HeT.

OO6111as MeKTPOIBHAKYINAL CHIIA, BO3HIKAIOIIAsI BO BTOPOM KOHTYpe
OIIpEIEIHNTCS BEIPAXKEHIEM

r

(5\2=—,uo,uIa)IlF°2 f,; (5.27)
rge f,=1- 2 + 1 )
1+h/d 1+2h/d

31ech IIpH YCTPEMIIEHHH BEITHYHHBL h x GecKOHEUHOCTH 3HAYEHHE
HaBeJIeHHOH 3.71.C. CTPEMHTCA K TIOCTOSHHOI BeUHHe

e, =—ul a)llr—F‘; f,; (5.28)

Mexny BoipaxeHusvu i f; n f, mMeeTcs cymecTBeHHOE pa3im-
Yme: eClIH C yBellmueHHeM OTHoImeHHA h/d mepBas QyHKIHA CTpeMHTCS
K GeCKOHEUHOCTH, TO BTopasi (yHKI orpannueHa. [Ipn yxameHHHn o0-
PaTHEIX IPOBOJTHAKOB KOHTYPOB B G€CKOHEUHOCTh B BRIPAKEHHH OCTa-
eTcs I K03 HIMeHT B3aHMOHHAYKITHI OII3JIeKall[iiX ITPOBO/THH-
KOB. J[JI1 IPaKTHKH 3TO HMeeT 0co0oe 3HaUeHHe, IIOCKOIBKY YacTo pac-
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MOJIOKEHHEe OOPATHBIX ITPOBOJIHUKOB BOOOIIE HEH3BECTHO (HAIPHMED,
TIPH 3a3eMJIEHHH HCTOUHHKA H IIPHEMHHKA CHTHAIIOB).
B Tex cmyyasx, korma h << d, mmeem
€ = L] r—? y; (5.29)
d

rme d —paccTosHHe MeXTy OCIMH OIIDKAHIIIET0 KO BTOPOMY KOHTYPY
ITPOBOTHHKA TIEPBOTO KOHTYPA; h — paccTosHIe MeX Ty IPOBOTHHKAMI
BTOPOTO KOHTYpa; | — JUIIHA KOHTYPOB.

OKCIepHMEHTAIbHbIE HCCIEeTOBAHUA B3aHMOMHIYKIHH ITPOBOJHI-
KOB IIPOBOJIIIIOCH C IIOMOIIBIO JBYX OJHOIIPOBOXHBIX IIPSMOYTOIBHBIX
KOHTYpOB, Y KOTOPHIX JUIHHA IIPIJIETAIOIHX CTOPOH COCTaBILIa 1 M.
Hcnoms3oBaincs nporoy Tuita BIIBJI-0,35, BHeIMHIHA THAMETpP H30I-
IIMH KOTOPOTO COCTaBIAI 1,5 MM. B TepBrIf MPOBOJ MpOITycKaucA Iie-
PEMEHHBI TOK PA3IMYHBIX YacTOT, BO BTOPOM H3MePsIach HaBeIeHHAS
SJIC. 3MeHTHCh OMHAKOBO paccTosHuA h; u hy, Mexy mpoBoHH-
KaMH KOHTYPOB. [13MepeHHs IIPOBOMIUINCH IIPH 3HAYEHHH TOKAa B IIEp-
BOM KOHTYpe, paBHOM 1 A, B quamazoHe yactoT oT S0T'1 go 10k 1.

[f A Ha puc. 5.4.mpuse-
J, JeHEl 3aBHCHMOCTH f; H

“r f;, paccumramHBIE CO-
T OTBETCTBEHHO HA
T JA OCHOBE MaKCBeJI-

! JOBCKHX  d(dHpomuHa-

) e e mper

CTaBIIEHHH O MeXaHH3-

Puc. 5.4.Pe3yabTaThl H3MEpPEHNA HaBeJeH- ME HaBeJeHII J.1.C. B

Ho 3.4.C. B INIOCKOM KOHTYpe: 3aBHCHMOCThH fl KOHTyan. erCTI/[KalVH/I

(h/d) ~ My u 3aBucHMocTs f; (h/d) ~ M. 0GO3HAYEHET 3HAUCHHT,

Tare IIPOBEEHHbIX H3MePEHHUI. IIOJXy4YeHHbIE B Pe3Ylb-
Kakx BumHO M3 TIpadHKOB, TONyYeHHBIE Pe3yAbTATHl ITIONMHOCTHIO
VIOBIETBOPSIOT QYHKINH f,, TOTyUeHHOH HAa OCHOBE 3(HPOTHHAMITYE-
CKHX ITpeJICTaBIeHII O HaBeeHNH O/[C B IIPOBOHHKAX, H OTIIHUAFOTCA
OT MAaKCBeITOBCKOI 3aBHCcHMOCTH f yxe mpu 3Hauernax h/d = 106omee
yeM B 4 paza B MEHBIIIYI0 CTOPOHY. OT 3HaUeHHH YacTOTHl H BEJITUHHEI
TOKa B IIEPBHYHOM KOHTYpe Ppe3ylbTarhl, IIPeICTABIEHHbIE OTHOCH-
TeTbHHIMH 3HAUeHHAMH He 3aBHCAT. TakuM oOpazoM, IpoBeIeHHEIE HC-
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CIEIOBAHHA 3aBHCHMOCTEH HaBeJeHHI 3.4.C. B OONBIIMX KOHTypax
(rromazpio Gomee 1 M?) TMOKa3ami HX CYIIECTBEHHO JTydllee COBIIA/E-
HHE C TIPHBeIeHHBIMH BRIPQKEHIIMH, HEKEIH ¢ MaKCBeIUIOBCKIMH.

INomy4yeHHEIe pe3ylbTaThl IIOATBEP UM HE3aBHCHMOCTH HABOIH-
MOH 37C OT IDIOI[aJH KOHTypa IIPH HOCTaTOYHO OONBIIOM Y aJeHIH
OOpaTHEIX IIPOBOJHHKOB. CIeIOBATelbHO, B JAIbHEHIIEM IIeIeco00-
Pa3HO HCIIONB30BATh IIPEe/ICTaBIEHHE O B3aFMONH/TKIHH IIPOBOJHIKOB.

OmpenenrM IOPAOK BEIHYHMH 3JIeKTPOMArHHTHOH HABOJKH B Ka-
OeJe IpH CIeIyONRX ITapaMeTpax.

ceueHHe IPOBOJIA 0,35Mm° (Rp = 0,334MM), TOK B TOKOHECYILEM
mporojie | = 1 A; mmrra mpoBozioB | = 1m;

paccTosfHHe B OciIX MeXTy ImpoBojaMu R = 2 mm; yacToTa Iepe-
MenHoro toka f = 10k, SJIC B 0O6paTHOM IIPOBOJIE MOKHO IPEHED-
peus B CHIy €ro yAAIeHHOCTH. B 3ToM ciyuae HaBegeHHad1 O/IC Bo
BTOPOM IIPOBO/JIE COCTABHT:

_ pMllaR _ 4007 02700 (03344 _

(S =
2 2rd 272 (5.30)
= 2,1MB.

TakrM oGpa3oM, 3aBHCHMOCTh, TOTy4YeHHAs HAa OCHOBAHMH KOH-
TleIIMH OIIM3KO/IeiiCTBHA, He TOJBKO JIYUIlle OTPaXaeT CYITHOCTh ABIe-
HHA, HO H J]aeT CYyI[eCTBeHHO OoJlee TOUHBIH pe3yIhTaT.

J{1s IpoBepKH 3aBHCHMOCTH Ko3(QHIHeHTa B3aHMOHHIYKIIHH OT
IHaMeTPOB B3aHMOeHCTBYIOIHX IIPOBOHHKOB, UTO CIIe/yeT M3 BHIpa-
xeHnd 5.15u gamee, OBUT MOCTaBIEH 3KCIEPHMEHT IIO OIpesieleHHI0
BemmuuHEl OJ1C, HaBOJMMOMH C OJHOrO IIPOBOJHHKA Ha APYroi. Ilpm
3TOM JHaMeTPHl HCIONH30BAHHBIX IPOBOJHHKOB ORUIM CYIECTBEHHO
pazusivi (0,51 5MM), MpHYEM OHH W3 HUX GBI IIOKPHIT XITOPBHHHIIO-
BOH M MaTepuaToi H3OJAIHeH (BHEIHMI JHAMETpP MPOBOJHHKA C H30-
JIAIHER cOcTaBII 6,5MM), BTOpOit — JIaKOBOM H30IsIell. MekoceBoe
paccrostHue cocTaBILUIO 3,5MM. IIpOBOHHKH TUIOTHO IIPHIIETAH JPYT
K pyry. Harpyska Ha BTOpOM (HM3MePHTEIFHOM) IPOBOJTHHKE H3MEH -
mack oT 10 mo 1/3 Om. Ctomp Maioe CONMPOTHBIEHNE HArPY3KH OBLIO
HeoOXOMHMO I YAATeHHA eMKOCTHOH COCTAaBILIIOIIEH HABOJKH, UTO
cenaTh TOTHOCTRIO He yJaloch. 3aTeM IIPOBOJHHIKH IO cXeMe MeHS-
JIHCHh MECTAMH.
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Ipormyckancs TOK BeTHUHHOH 3 A, HCIOIH30BATHCH YACTOTHI OT
500 go 4000T 11, Bce M3MepeHHS MTPOH3BOJIIIHCH C TIOMOII[BI0 MArHHTO-
JEKTPHUYECKHX MPHOOPOB C TEPMOIApaMH. Pe3yinbTaThl H3MepeHHS
CBEJIeHEI B Ta0I. 4.2.

Kax BumHO M3 Tabmmie! 5.1, koadrifeHT B3aHMOHHIYKIHH TIPO-
BOJTHHKOB C PA3HBIMH JIHAMETPAMH 3aBHCHT OT TOTO, KAKOH W3 HHX SB-
JsIeTCS TIEPBHUHBIM, a KAKOH BTOPHUHEIM.

D.a.c. Ha BTOPHYHOM IIPOBO/JI€¢ NMIPH TOKE B MIEPBHYHOM IPOBOJAE

3 A, IJIMHe NPOBOAHUKOB 1,7M
Tabnuya 5.1

JAuameTtp JAuameTp YacToTa, I'nx

HEPBITIHOTO | BTOPIFIHOIO | oG | 10900 | 2000 | 3000 4000
IPOBOJIa, MM | TPOBOJA, MM

0,5 5 10mMB | 19 44 83 122
5 0,5 15 32 64 99 125
korp/Kizp 15 1,68 1,45 1,08 1,025

TaxrM o6pa3oM, 3aBHCHMOCTh KO3((HIIeHTa B3aHMOMH/TYKIIHH
TIPOBOJIOB OT COOTHOIIEHHA HX JHAMETPOB, XOTA H Ha KaueCTBEHHOM
VpoBHe, ToATBepXkIeHa. I[IoCKOMBKY IIPAMOH IIPONOPIHOHATFHOCTH
ko3¢ ¢rinieHTa B3aHMOHHIYKIIH OT BEJHMUIHEI JHAMeTpa IIEPBHYHOTO
TIPOBOZIA He IIPOCIEKHUBAETCS, MTOXOOHEIE HCCIETOBAHNA JOIIKHEI OBITh
IIPOJIOIKEHEL C YUeTOM BIIIHHA 3IeKTPOIHHAMHYECKOH (eMKOCTHOI)
COCTAaBJLIFOII[EN HABOIKH.

TaxuM 00pa3oM, IKCHEPUMERMANLILO ROOMEEPHCOAEHICA 603MOiC-
HOCMb U UeNecO00pPA3HOCHIL 66€0€HUA 6 ILEKMPOMEXHUKY Npeo-
CHAGLERNUIL 0 63AUMOUHOYKULIL NPOGOOHUKOE, HA OCHOBE KOTOPEHIX
yKe MOXKHO OIIPeJeNITh B B3aHMOHHIYKIIIO KOHTYPOB, IIPOBEII COOT-
BETCTBYIOIIlee HHTETPHPOBAHHE.

5.2. Anekmpu4deckut mpaHcgopmamop

Kak n3BecTHO, 3MeKTPHUYECKHI TPaHCHOPMATOp — 3TO CTATHYECKOE
YCTPOHCTBO, IpeJHa3HAaYeHHOe L1 IIpeoOpa3oBaHHA BeIIMUHHEI Ilepe-
MeHHBIX OJ[C u TokoB. TpaHcopMaTop COCTOHUT H3 HECKOMBKUX 3JeK-
TPHYECKH He COeMHEHHBIX H HEIIOIBIKHEIX IPYT OTHOCHTEIBFHO ApyTra
00MOTOK, CBSI3AaHHEIX MEXAY COOOH ITyTeM 3IeKTPOMAarHHTHOH MHIYK-
. OfHa #3 OOMOTOK ABJIAETCA IIEPBHUHON, OHA IIPHCOEHHAETCS K
BHeIHeMY HCTOUHHKY OJ[C, ocTampHble OOMOTKH ABIAIOTCA BTOPHY-
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HeMH, O/[C B HHMX BO3HHKAET B Pe3ylbTare IepeceUeHNs HX CHIOBBIMH
JIMHILIMI MarHHTHOTO ITOJLA, CO3[JaBaeMOI0 TOKOM IIEPBHYHON OOMOTKH.
C BTOPHYHEIX OOMOTOK IIPe0Opa3OBAaHHOE II0 BEIHMUMHE HAIpPSKEHHE
TepegaeTcs IOTPeOHTeIIM SHEPIHH.

TparcdopmaTop ¢ Kele3HBIM CEpJEUHIKOM BCIEJCTBHE 3HAUH-
TeIIHOTO YBEIHYEHHT Ko3(rameHTa cBA3H MeX Ty OOMOTKAMH TI03BO-
JeT IIPH CYIIECTBEHHO MEHBINNX rabapHrax, dyeM TpaHcdopmMarop 6e3
CepJeyuHNKa, IIpeoOpa30oBhIBATh 3HAUNTEIEHO OOIBIIHE MOIIHOCTH.

Pacuyer TparcdopMaropa ocHOBEIBaeTc Ha 3akoHe Dapajes

E= —uu,SoBlet, (5.31)

IJle e — 37C, BO3HHKAIOIAI Ha 0OMOTKe, HAMOTAHHOH Ha KeJIe3HOM
CepJIeuHrKe, TUIOMIA)h TTOTIEPEUHOTO CEUeHHS KOTOPOTO paBHa SH Ma-
TepHaT KOTOPOTO HMEET OTHOCHTEIHHYIO ITPOHHI[AEMOCTh u; oB/ot —
CKOPOCTh HM3MeHEHHMS MarHHTHOH HHAYKIMH B cepjedHnke. OOBIUHO
pacueT 0OMOTOK TpaHCHOPMATOPOB ITPON3BOUTC IO APYTOH dopMyIe,
BEITEKAKOLIIEH H3 3aKoHa dapajes:

e = — 2muu WAl S/,

rae e — OJ]C Ha 06MOTKe, i — OTHOCHTEeNbHAS MarHHTHAA TIPOHHI[ae-
MOCTb KeJIe3HOTO CepJIeUHIKA, [, — MaITHHTHAI IIPOHHI[aeMOCTh Ba-
KyyMa, W — KOJIHYECTBO BHTKOB OOMOTKH, f — uyacToTa mHTaroImmero
HapsUKeHHd WM TOKa, | — aMIUmTyza IepeMeHHOTO ToKa, S —IUIo-
b CeUeHHS CepJleuHHKa, | — cpegHss JUIMHA CIVIOBO JIMHHH Mar-
HHTHOTO ITOTOKA B CEpPJICUHIIKE.

KoaddmrmenT Tpancopmarmi K IpH HeHACHIIIEHHOM cepIeyueHT-
Ke IIPH 3TOM OIIpefielsgeTcs Kak OTHOIIEHIE UMCIa BHTKOB BTOPHYHOMN
OOMOTKM W; K UHCIy BHTKOB ITePBHUYHOH OOMOTKH W, (B HEKOTOPBIX
CIIPaBOYHIKAX OH OIIpeJielieH Kak oOpaTHas BeIITUHHA):

(5.32)

k=W1/VV2 = U1/U2. (533)

3necy Uy m U, — HanpskeHNA Ha TIEPBHYHON M BTOPHYHOH 0OMOT-
Kax COOTBETCTBEHHO IIPH OTCYTCTBHH HAIPY3KH HA BTOPHYHOH OOMOTKE
TpaHcdopMaropa (PeKHM XOIOCTOTO XO/1a).

Ipn anam3e MpHHITIIA PaGOTH TpaHcdopMaTopa BOZHHKAET CEPHS
BOIIPOCOR:
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1. KaxyM o6pa3oM sHeprHi IepeiaeTcsa MarHHTHBIM II0JIeM H3 IIep-
BHYHOH OOMOTKH BO BTOPHYHYIO?

2. Kakyro poip HTpaeT Kele3HbIH Cep/IeUHHK I YBeIMYeHHI KO-
3¢ ramenTa cBsI3M MeX Ty TEPBHUHON H BTOPHUHOH 0OMOTKAMH ?

3. IloyeMy IIpH CHHXEHHH COIIPOTHBIEHHSI HAarpy3KH BO BTOPHY-
HOH 00MOTKe H YBeIHYEHHH BCIEJCTBHE 3TOTO B Hel TOKA pacTeT cOOT-
BETCTBEHHO TOK B IIEpBHYHOI OOMOTKe, T.e. KaKOB MEXaHI3M BIILTHHA
TOKa BO BTOPHYHOH 0OMOTKe Ha BEIIUHHY TOKA B IIePBHYHOH 0OMOTKe?

OTBeT Ha IepPBEI BOIIPOC IPHHIFIHAIFHO PAaCCMOTPEH BHIIIE IIPH
aHaIH3e 3MeKTPOMArHITHOH B3aHMOCBS3H IIPOBOTHIKOB. JOIIEKTPOHEI B
TIEpBHYHOM IIPOBOJHMKE IIOJ BO3/eicTBHEM BHellHeH OJ[C OpHEHTH-
PYIOT CBOH OCH KOIBIIEBOTO BpaIlleHHS (CITHH) BIONH IPOBOJHHKA, B
pe3yibTare uero BOKPYT IIPOBOJHHKA BO3HHKAIOT KOJBIIEBHIE JIHHHH
MAarHHTHOTO IIONA, COCTABIEHHBIE H3 IIPHMBIKAIOLIX APYT K APYry
KOJBIEBBIX BHHTOBBIX TOPOHJOB. OTH IIOTOKH PacIPOCTPAaHIIOTCI BO
BHEIIHee IIPOCTPaHCTBO. Ecim IOTOK 3¢Hpa, HallpaBIeHHBIH IIepIleH-
IHKYILIPHO OCH ITIPOBOJIHHKA, CTaTHY€EH, TO BCe JABIEHHI HA IIOBEPXHO-
CTH 3JIEKTPOHA YpaBHOBeIIEHE! (pHC. 5.51) M HHKAKOMH ITPHHYHT eTBHOMH
OpHEHTAIH OH He IIoJBepkeH. Ecim e ITOTOK 3¢Hpa He CTAaIHOHAPEH,
TO B IIPOBOJIHHKE BO3HHKAET I'PaJieHT CKOPOCTeH IMOTOKOB 3(Hpa, 3TO
TIPHBOJHNT K HEYPABHOBEIIECHHBIM [ABICHHAM Ha IIOBEPXHOCTH 3IEK-
TPOHA H CO3/1aeTcA MOMEHT CHII, OPHEHTHPYIOIIII 3IeKTPOH TakuM 00-
pa3oM, 4TOOHI ero ITaBHASA OCh (CIIMH) OpHEHTHPOBATACH II0 OCH BTO-
pruHOro mMpoBoaHuKa (pHc. 5.%). TakuM o6GpazoM, HJET IIPOIECC Tepe-
Taun O/[C u3 MepBHYHOTO IIPOBOIHHIKA BO BTOPHYHEBLH.

TR
HLo—

+ + 4 + +

T - L
+ F F T + +FF+++ +FfFF+

|

a 6)

Puc. 5.5. Bo3aeiicTBHe NIOTOKA Y¢Hpa HA )IEKTPOH B IIP OBOJHHKE
@ — 5JIEKTPOH B CTALIHOHAPHOM ITOTOKe 3(Hpa; 6 — 3JIeKTPOH B IPAJHEHTHOM I10-
TOKe 3(Hpa.

Ecax BTOpHYHEDT IIPOBOJIHHK Pa30MKHYT, TO BO3HHKINAL OJ[C KOH-
LIEHTPHPYET SIE€KTPOHBI HA OJTHOM M3 KOHI[OB IIPOBOJHHKA. TopoHaan-
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HEIe TIOTOKH 3JIEKTPOHOB, YK€ HAaXOIAIIHXCS Ha KOHIlE IPOBOJHHKQ,
CO3/Al0T HA OCTABHEIX JNEeKTPOHAX IIPOBOJHIKA MOMEHT CIJI, YPaBHO-
BEIMBAIOIIIT MOMEHT CHII, CO3/JaBaeMBII HABOIHMOM 3JIC, CMeIIeHIe
3JEeKTPOHOB BJIOJIb IIPOBOHUKA H HX IIPHHYIHTEIBHBIN IIOBOPOT IIpe-
KpararoTcs.

Ecim Xe BTOPHUHBII IIPOBOJHHMK IIOJKIIOUEH K Harpyske, TO JMeK-
TPOHBI CMEIAIOTCA, IIPOTHBOAEHCTBYIOIIMI OpPHEHTAIIHH MOMEHT OCJIa-
OeBaeT, Bce 3IEKTPOHEI IPOBOJHAHKA OPHEHTHPYIOTCA 34 CUET PasHOCTH
MOMEHTOB BO3JIEMCTBYIOIIMX CHI. BO BTOPHUHOM IIPOBOJIHIKE ITOSBILI-
eTcs TOK.

M3maraeMas KauecTBeHHAd KapTHHA B3aHMOJEHCTBHA MAarHHTHOIO
TOJI M 3JeKTPOHOB JOCTATOUHO YCIOBHA M B JANbHEMINEM JOJKHA
OBITH YTOUHEHA.

Ecmm TpaHcdopMaTop He MMeeT KeJIe3HOTO CepeuHIKa, TO Mar-
HUTHOE IIONIe B IIPOCTPAHCTBE PAacIpesielleHO He HAlPSXKEHHO, 3TOT
TIpoIlecC OIMCAH BhIIIle IIPHMEHHTENEHO K B3aHMOJIEHCTBHIO TIPOBOJHH-
KOB H KOHTYPOB. OTHaKO €ClIH B TpaHc(opMaTope ecTh Kelle3HbIH cep-
IEeYHHK, TO KapTHHA CYIIecTBeHHO MeHdeTca. Ecim BTopruHas 0OMOTKa
TpaHcopMaTopa pa3oMKHYTa H TOK B HeHl OTCYTCIBYeT, TO TpaHcdop-
Marop ABJIAETCA OOBUHEIM JIpOCceleM, HHAYKTHBHOCTBIO C KelIe3HBIM
CEpIIeYHHKOM, PACCMOTPEHHEIM BBIIle. MarHHTHOE IIOJNe OKAa3bIBAeTCA
3allePTHIM B IIPOCTPAHCTBE BHYTPH KENE3HOTO CEPAECUHIKA H II03TOMY
II0 Mepe HapacTaHHd TOKA B IIEPBHUHOM ITPOBOJIHUKE HAlIPATAeTCA II0-
OOGHO CKHMaeMOH IPyXHHE. OTO cKaTHe MarHHTHOTO ITOJLA IIPeILITCT-
BYeT Pa3BOPOTY 3MEKTPOHOB B IIEPBHYHOM IIPOBOJHHKE, TaM TOK CTAHO-
BHTCS MEHBIIIE TOTO, KOTOPEII OBUI OFI B HEM IIPH OTCYTCTBHH KeJIe3HO-
ro ceppeuHnka. Torga oOpasyeTcs CleAyroIlasd IIeIoUKa B3amMOeHCT-
Bt OJ[C ceTH co3/aeT B IMepBHUHOI 0OMOTKe 3NMeKTPHUECKYI0 HAIpA-
KEHHOCTB, ITIOJ{ BO3/IEHCTBHEM KOTOPOH 3IIEKTPOHEI IIEPBHUHON CETH
OPHEHTHPYIOTCS B IIPOCTPAHCTBE, CO3JaBasd BOKPYI HHMX KONbIIEBEIE I10-
TOKH 3¢Hpa. OTH MOTOKH ITIPOHHKAIOT B KeJIE3HEII CepJeUHHK H Pa3BO-
payrBaroT JOMEHEI, UeM HAIIPATAXOTCA CBA3H JOMEHOB C OCTAILHBIM
BEIeCTBOM ceplieyHnKa. UeM Oolblle ceueHHe Xelle3a, TeM OOIbIe
IOMEHOB HYXHO IIOBEPHYTh. OTO YCHIIHE Yepe3 II0NIe IePeiaeTCs IMeK-
TPOHAM IIEPBHUHONH OOMOTKH, B Pe3ylbTaTe yroll IIOBOPOTa MEKTPOHOB
OKa3bIBAETCSA MEHBIIIE, YeM eCJIH ObI jKelIe3HOTO CepeUHIKa He OBLIO.

Hamryre Xele3HOTO CeplleYHHKA IIPEIATCTBYET PacIpOCTPaHEeHHIO
MAarHMTHOTO IIOJNA 3a €ro Ipefelbl. B pe3ynsrare 3HepIHs HaBIIE€HHI
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MAarHHTHOTO ITONIA Oolee ITOJHO HCIIONb3yeTcd BTOPHYHON 0OMOTKOH M
TaM CO37/1aeTCs BO3MOKHOCTD UL ITOJIePKAHNA OJHOTO H TOTO K€ 3Ha-
yeHHsI O/[C IIpH MEHBIIEM COIIPOTHBIIEHNH HAIPY3KH.

W’; = b;{i?M
~grad H
e —a
1

[3M

7
WI ~

@ 0) 6)

0) e

Puc. 5.6. I3MeHeHHe IPaeHTa HANPSLKEHHOCTH MATHHTHOIO II0JISA B TPaHC-
dopmaTope ¢ H3BMEHEHIEM HAI PY3KH Ha BTOPH'IHOI 00MOTKe: ¢ — cXeMa pa3Mellle-
HHS1 OGMOTOK B HKCITEPHMEHTE; 6 — 3JIeKTPHUeCKask cXeMa HKCIIepHMEHTa; 6 — H3Me-
HEHHe 3/IC Ha H3MEePHTEIbHOH 00MOTKe MPH H3MEHEHHH Harpy3KH Ha BTOPHYHOH 00-
MOTKe; ¢ — 5KBHB &JIEHTHasl MeXaHH4YecKasl CXeMa ITepelaiH 3HePTHH B ra3onpopoje; |
— I10JI0K€HHeE YIPYToH CTeHKH IIPH MaTOM JaBJIeHHH; || — IoJ10:KeHHe YIIpyTOH CTeH-
KH IIPH GOJIBIIIOM JIaBJIEHHH; 0 — 5IIOpPa JJaBJIEHHH B Ia30IPOBOJE; ¢ — SII0pa CKOPo-
CTeH B ra3orpoBoJie

3xeck HanOoNee OMH3KOH MeXaHHUeCKOH aHaloTHeH SBIIeTCA TPY-
0a, 3all0MHeHHAd Ta30M, Ha KOTOPBIH JaBHT IIOpIIeHs. B TpyOe mMeeTcs
TypOHHKA, CIIOCOOHAas cOBepIIars padoTy. [Ioka oHa HeIlOJBIUKHA, /IaB-
JIEHHe Ta3a BEICOKOE, OHO BRIPOBHEHO, ITOPIIEHs HEIIOIBIUKEH H HE CO-
BepImaeT paboTel. OFHAKO eclH TypOHHKA HauHHAeT BpallaTkCcs, CO-
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BepIad paboTy, TO Ta3 MIPOITyCKAeTCA Uepe3 JIOMATKH TYpPOHHKH Ha BEI-
XOJ TpyOHl, HAaUHHAET BEITEKaTh, B COCYZE YCTAHABIMBAECTCA I'PajHieHT
JABIIEHMI OT IOPIIHA K OTBEPCTHIO, 4 TaKXKe YCTAaHABIMBAETCS OIIpesie-
JEeHHAd CKOPOCTh MCTeUeHHMA rasa. lloplleHs Xe, IlepeMelaich, Co-
BepIaeT pabdoty (puc. 5.6).

Ecm creHKH TpyOR He OONAaroT JOCTATOYHOH YIIPYTOCTHIO, TO
TIPH IOBBIIIICHHH JIaBIeHHA Ia3 pacIlHpseT CTeHKH TPYOE, oOpasyercs
TIapaTeIHHBII TYpOHHKe BEHIXOJ] Ta3a BOBHE, 3(pPeKTHBHOCTh TYPOHHEI
najgaeT. B 3TOH aHAOTHH pPONb CTEHOK TPYOBI BBIIONHAET KeJe3HBIH
CeplleyHHK. 1IpH HACHIIEHHH CepeYHHKaA OH IIepecTaeT SKPAHHPOBATh
MarHMTHOE II0Je, YIIPYTOCTh TIOJA CHHKAETCA, H YMEHBIIAETCS JOJA
SHEPTHH, ITOCTYIAOIAsI BO BTOPHUHYI0 0OMOTKY. Bce 3TO XopoIro co-
OTBETCTBYET M3BECTHOMH 3KBHBATIEHTHOH cxeMe TpaHcdopMaropa.

Hammure pa3oMKHyTOH BTOPHYHOH OOMOTKH HHKAaK He H3MEHSIeT
curyaro. OJfHaKo eclH BTOpPHYHAI 0OMOTKa IIOJKIIF0YeHA K HarPy3Ke,
TO YacTh SHEPTHH IIOTOKOB 3(Hpa, CO3IaHHBIX IEPBHUHON OOMOTKOI,
TepeaeTcs 3MeKTPOHaM BTOPHUHOH OOMOTKH, CKOPOCTh IIOTOKOB 3(H-
Ppa cHIDKaeTcs, a TpajHeHT CKOPOCTH YBEIIUHBAETCS, COOTBETCTBEHHO
TIPOIIOPIMOHANBHO YBEIIMUEHHI0 TOKAa BO BTOPHUYHOH OOMOTKE pacTeT
TPaJHeHT HaNPKEeHHOCTH MarHHTHOTO TIONA.

ITpoBepka 3TOT0 OOCTOATENHCTBA MOXKET OBITH BROIONHEHA JOCTa-
TOYHO IIpocTo. HeoOxommMo pasMecTHTh IIEPBHUHYI0 H BTOPHUHYIO
0OMOTKH TpaHc(opMaTopa Ha IIPOTHBOIIONOXKHEIX KOHI[AX KeJIEe3HOTO
CepIeuHNKa, a IIOCPeIHHE Pa3MeCTHTh TPEThE0 OOMOTKY, COCTOSIIYEO H3
IBYX OJMHAKOBBIX BCTPEUHO BKIFOUEHHEIX 00MOTOK. Ha Hell mosBHTCA
BJ1C, xoTopasd 6y/ieT YBeIUHBATHCSA IIPH YMEHBIIIEHHH COTIPOTHBIIEHH
Harpy3KH H YBeIIUeHHI ToKa BO BTOPHUHOH oOMoTKe. O1a O/IC cBHAE-
TeILCTBYET 00 M3MEHEHHH I'pajHieHTa MarHUTHOTO IO IIPH H3MEHe-
HHH TOKa BO BTOPHYHON OOMOTKe. IIOCTaBIEHHEBII 3KCIIEPHMEHT 3TO
TIOJIHOCTBIO NMOATBEPMI. OJHAKO 3TO HHKAK He BBEITEKAeT H3 CYILECT-
ByIOIIeH TeOpHH TpaHCcopMaropa.

B o6rmumpIX ¢opMynax pacueTa TpaHcdopMaropa 3aBHCHMOCTh
SJC ot Toro, KaK pacIioloKeHEl 0OMOTKH Ha TpaHC(POpMaTOpPHOM cep-
JeUHNKe, He IIpeycMOTpeHa, IIOTOMY YTO B OOBIYHEIX TpaHc(opMmaro-
Ppax IepBHYHAA K BTOPHUYHAI OOMOTKH Pa3MeIAr0TcA HEIIOCPeACTBEHHO
oJfHa HaJ gpyroi. OHAKO H B 3TOM CIIyyae HaOIIOZAr0TCs, HEKOTOPhIe
HECOOTBETCTBHA pacyeTaM, HO MX OOBACHIIOT TaK Ha3bIBacMBIMH Mar-
HUTHBIMH TIOJLIMI pacCeMBAaHMA. YacTHUHO 3TO Tak, HO, TeM He MeHee,
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He COOTBETCTBHE pacueTaM HYXHO OOBACHATH H PA3IHUHEM B PACIIONO-
’KEHHAX IIEPBHYHON H BTOPHUYHEIX 0OMOTOK.

Kak yxe yKaspBaloch BHIIE, KO3(QHIMEHT B3aHMOHHTYKIHI
IIPOBOJTHHKOB HENIOCPEJCTBEHHO 3aBHCHT OT PACCTOSIHHA MeXIy HIMH.
[TosToMy ¢ ynmaleHHeM OOMOTOK Ha TpaHcopMaTope Ipyr OT JApyra

k03¢ QHIEHT HX B3aHMOHHAYKITIH TaKXe JOJKeH CHHXAThCA.
JUIs1 TIPOBEPKH 3TOTO OOCTOATENHCTBA ObLT BBIMIOJHEH CJIEYIONIHH

JKCITepHMeHT (pHc. 5.7).

W,s

, 05t
s

I 1 1 1 L 1

1%, 070 20 30 40 50 60 70 1, MM

W, Wy

a) 6)

Puc. 5.7.3aBHCHMOCTh O0THOCHTE/ILHOIO 3HAICHNA K03 drameHTa TpaHcdop-
MAaLlH 0T B3aHIMOPACIIOIO:KeHHMA 06MOTOK. ¢ — CXEMa PacIIoIoKeHHs 0OMOTOK Ha
KOJILLIEBOM CepJieiHHKe TIPH MPOBeIeHHH SKCIIEPHMEHTa; 6 — H3MeHeHHe K03 drim-
€HTa TPaHC(hOPMALHH IIPH H3MEHEHHH PacCTOSHHSA MKy 00MOTKaMH.

Ha ¢eppHTOBOM KOJIBLIE, HMEIONIEM BHENMHHE nHameTp 98 MM, BHYT-
peHHHEr auaMetp 60 MM H TonmHHY 15 MM, ObLIH pacriojioKeHbI ABE 00-
MOTKH 1o 10 BHTKOB, 0J]Ha H3 KOTOPBIX MOTJIa ITepeMEINaThCs BJ0JIb KOJIb-
11a (puc. 5.7a). TlepBuuHasi 06MOTKa 3alHTHIBAIACh OT 3BYKOBOTO TeHepa-
TOpa, Ha BTOPHYHOH 0GMOTKE B peXXHMe X0JIOCTOT0 X07ja H3Mepsiach 3IC.
IsmepeHta npoBoaruch Ha dactoTax 20 M 200 kI, PesynbTathl H3Me-
PEHHET CBeJIeHbI B TaOMHMITY 5.2H B BHA€ rpadHKa ImokasaHbl Ha pHc. 5.76.

Tabnuya 5.2
Hanpmkenue VroJ1 pasHe ceHUsI 0G0MOTOK HA CEpAeHIKE, FPa]
HA BTOP. ACCTOSIHNE Ve €HTPaMu 00MOTOK, MM
Hacrora ooM., lcoal:]ul). ((I))° 4;‘:113’ Ea 90° 18())°
TpaHC. ) (30,6) (55,9) (79)
20kT'q U,, MB 149 141 136 134
Kp 1 0,949 0, 913 0,899
200xT'g U,, MB 1534 1459 1401 1364
Kp 1 0,951 0,913 0,899
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HekoTopblii pa3sépoc MokKasaHH MOXKeT ObITh OTHEC €H 3a CHeT HETOUYHOCTH
GbUKcalMH pacrioiokKeHHA OOMOTOK TPpH 3SKCIiepHMeHTe. OJJHAKO HTOTOBBI
pesyiabTar — Gostee 10% ymeHbmeHHa kosdduipieHTa TpaHchopMalmH 3a
cueT pa3fBHIaHHA 0OMOTOK Ha OOMIeM CepfieYHHKe — HHKaK He MOYKET ObITh
OTHECEH Ha JTOT CUeT, TaK e KaK OH He MOJKeT ObITh OTHECEH H Ha CueT Tpa-
JHLIHOHHOTO 00bsicHeHHA 3} dekTa H3-3a MMoJiell pacceHBaHHA MarHHTHOT'O T10-
JIA.

5.3. Cunoesoe s3aumodeticmeaue rnNpoeoodHU-
Koe ¢ mOoKoMm

Kak m3BecTHO, IPH NMPOTEKAHHH II0 BYM IIapalIelIbHBIM ITPOBOJ-
HIKaM TOKOB IIPOBOJTHHMKH HCIBITHIBAIOT B3aHMHOE IPHTSKEHHE, eClIH
TOKH TeKyT B OJHOM H TOM ’Xe HallpaBIIeHHH, WIH OTTAIKHBAHHE, eCIH
HallpaBIeHHA TOKOB IIPOTHBOIIONIOKHEL. B COOTBETCTBHH C 3aKOHOM
Awmrepa cria B3anMOAEHCTBHA ITapalIellbHbIX IIPOBOTHHKOB ¢ TOKOM B
BaKyyMe OIIpefielI1eTcs BRIpaKeHHeM

|
F=- 12 (5.34)
THAe [ty = 4r-107 Te-M™! — MarruTHAS TIPOHHITAeMOCTh BakyyMma, |, m I,
— BEJIHYHHEI TOKOB B TIEPBOM H BTOPOM IPOBOJTHHKAX; | — JymHa TIpo-

BOJTHHIKOB; 0 — pacCTOSHIE MEXKTY HX OCSIMI.

IIpuBeieHHOE W3BECTHOE BHIPAKEHHE COOTBETCTBYET OIBITHEIM
JaHHBIM, OJTHAKO, He BRIpAXKaeT (PH3INUECKOH CYIIHOCTH B3aHMOJIEHCT-
BHS IPOBOJIOB C TOKOM. J[1I1 MOHMMAaHHS (H3MUECKOH CYITHOCTH pac-
CMOTPHM B3aHMOJIEHCTBHE JIBYX JIEKTPOHOB — YIUIOTHEHHBIX TOPOH-
TATFHRIX BHXPEBBIX BHHTOBBIX KOJEI[ IMAPOBOH (hOPMBI, PACHONIOKEH-
HBIX KQXJIpI B OJTHOM H3 JIBYX IIPOBOJIOB, PACIONOKEHHBIX MApallIelh-
HO OTHOCHTEIILHO JIPYT JIPyTa.

OJIeKTPOH, HAXOJAINUICA B IIEPBOM IIPOBOJE IOJT BO3JEHCTBHEM
TOPOHJIAIFHOM COCTABILIONIEN JBHKEHHS 3IeKTPHUECKOTO IONT  pa3-
BOpauYMBaeTCs TAK, UTO TMIABHAS OCh 3MEKTPOHA OKA3RIBAETCS MOJT YIIIOM
K IIPOJIOIFHON OCH IIPOBOJIA MEHBIIMM, YeM 7/2. J[I1 IPOCTOTHI BEIBOZIA
TOJIOJKHM, YTO TIIABHBIE OCH JIEKTPOHOB H OCH IIPOBOJIOB COBIAJIAIOT
MO0 HAITPaBJIEHHIO, PEATFHRIH YTON MOBOPOTA OY/ET yUTeH B JalbHeEH-
IIIEM.
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B cooTBercTBHH ¢ 3akoHOM bmno-CaBapa TOpOHJATbHAsS COCTaB-
JLTFOIAs BHHTOBOH CKOPOCTH 3()HPHOTO IIOTOKAa yObIBaeT IPOIIOPIHO-
HATbHO KyOy paccTOAHHA, a KOJbIeBai B COOTBETCTBHH C TeOPeMOI
["aycca — IPONOPIMOHABHO KBaJpaTy paccTOSHUA. [I03ToMy B Jaib-
HeHIlleM TOPOHJATbHAL COCTABILIONIAS CKOPOCTH He YUHTBIBAeTCH, H
MOXHO CYHTaTh, YTO B3aMMOJIEHCTBHE 3JEKTPOHOB OCYIIECTBILIETCS
TOJLKO IIOJ] BIDLIHHEM KOJBIEBOH COCTAaBILAIOIEH ITOTOKOB 3¢Hpa BO-
KPYT 3IEeKTPOHOB.

CKOpOCTH TlepeMeleHIsI SIeKTPOHOB BJIONb IIPOBO/IA IIPH TTOCTOSH-
HOM TOKe BEIHYHHOM |, A, ceueHHH IIPoBofia Sy, cojiepKaHHH CBOOO-
HEIX 3MeKTPOHOB B MeTamie N, M >, 3apsJie OJ[HOTO 3MeKTPOHA e COCTaB-
JeT:

|
Verp eNs, . (5.35)
@OH3MUeCKH B3aHMOJEHCTBHE MeXIy IIPOBOJHHKAMH OCYIIECTBILI-
eTCs 3a CUeT TOTO, UTO COPHEHTHPOBAHHEIE B IIPOCTPAHCTBE IEKTPOHEI
CO3JAl0T BOKPYT IIPOBOJHHKOB IIOTOKH 3(pHpa, CTPYKTYpHPOBAHHEIE B
TIpHIIeTAloIHe IPYT K APYTY BHHTOBEIE TOPOHIHI 3¢Hpa, KOTOPEIE BOC-
TIPHHIMAFOTCS KaK MarHATHOe I10JTe TOKOB (pHc. 5.8).

a 6)
Puc. 5.8. B3aumMogeiicTBHe 2JIEKTPOHOB B MApA/LIeIHbHBIX IPOBOIHMKAX. (@ —
IIPH IPOTEKAaHHH TOKOB B OTHOM HanpaBnel—nm; 6 IIPH IMPOTEKAHHH TOKOB B IIPOTHB OITO-
JIOJKHBIX HaIlp aBJICHHSIX

[Ipn mapamnelbHOH OpHEHTAIMH 3IeKTPOHOB B OOOHX IIPOBOAAX
HaITpaBJIeHHA KOJbIEBOTO ABHKEHHA BHXPEBOTO TIOJA V;; H SIEKTPOHA Vg
Ha TOH CTOpOHEe YacTHIEI, KoTopasd obpalleHa K I0Ie0Opa3yIoIM
BHXPSM, TIPOTHBOIIONOKHEI, TPAJHEHT CKOPOCTH KOIBIEBOTO JBIKEHILT
OyneT Gomblle, YeM C IIPOTHBOIIONOKHOH CTOPOHEL, H II03TOMY JIaBlle-
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HHe 3¢Hpa Ha CTOPOHAX IMPOBOJIOB, OOpaIleHHbIX APYT K APYTy, OyaeT
MeHBIIIe, UeM C TIPOTHBOIONOKHBIX.

B cOOTBEeTCTBHH C ypaBHeHHeM BepHyImH 3TH JaBIeHHS OIpesie-
JATCS BHIPAKEHHAMI:

B 00IacTH a.

P =P, —py(Ve —W)72; (5.36)

B o6mactH b:

P=P,—p, [Ve — (Ve — bovyor Y¥2; (5.37)

[IpeHeOperasd MambIMH UIeHAMH, IOIyYHM Pa3HOCTh JaBIEHHH,
IeHCTBYIOIIIX HA SIeKTPOH:

AP = 20V, (5.38)

I'7ie Vo — CKOPOCTH IOTOKA 3(Hpa HA TTOBEPXHOCTH JIEKTPOHA; V;, —
CKOPOCTh TOTOKA 3(HpPA, CO3JAHHOTO JIEKTPOHOM, HAXOJAIHMCS B
TEPBOM TIPOBOJIE, HA MTOBEPXHOCTH JNEKTPOHA, HAXOJAIETOCT BO BTO-
POM TIPOBOJIE.

Ecimt GBI 5JIEKTPOH BO BTOPOM ITPOBOJIe OBUT TIOBEPHYT TAK, UTOOKI
HaIpaBIIeHHe eT0 TJABHOH OCH COBNAJANO C HANpaBIeHHEM OCH IPO-
BOJTHHKA, TO CHIIA, JIEHCTBYIOIIAT HA OJIHH 3IIEKTPOH BO BTOPOM IIPOBO-
7le, COCTaBIIA OBl BEJHYIHY, PABHYIO:

F= 2.VoVuSe.ced. =20,VeVy Tl (5.39)
[IpH yueTe PealbHOTO YITIA 0 IIOBOPOTA 3MEKTPOHOB, HAXOISIIIXCS

BO BTOPOM IIPOBOJE, CHIIA BO3JIEHCTBHA Ha BCe JJIIEKTPOHBEI BTOPOTO
IIPOBOJIA COCTABHT:

Fa = puVe AmreAVnas/2 = erpVyaaf2, (5.40)

Ie € —3apAxd 3JIEKTPOHA, Ny — KOIMUYECTBO 3JIEKTPOHOB BO BTOPOM
IIPOBOJE.
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[TpeoGpa3yeM BEIpaxeHHe L1 3aKOHA AMIIepa:

|
T HeE (5.41)

I[JUI TOKa CIIpaBeJIMBO COOTHOIIIEHHE
| = Vp€Spceu-N, (5.42)

I7Ie Vi — CKOPOCTB IIepeMeIlleHH s JIEKTPOHOB BJIONb IIPOBOTHHKA; € —
3apAf 3NEKTPOHA, Sy ceq. — IDIOMIATD CeUEHHA IMPOBOAHMKA; N — Ko-
JIHYECTBO 3IEKTPOHORB B €JIHHHUIIE 00HEMA METAILIA, TPHUEM

5.43
e = PaVeSe = 4‘1TP3Vere21 ( )

3JIECH p; — IUIOTHOCTD 3QHPA; Ve — CKOPOCTH KONBIIEBOTO ITOTOKA 3H-
Pa Ha MOBEPXHOCTH JIEKTPOHA, S — IDIOMIA(h TOBEPXHOCTH 3IEKTPO-

Ha, [ — PaJHyC 3IeKTPOHA.
IloacraBimaa BBRIpa)XK€HHE UI1 TOKa B 3aKOH AMnepa H YUHTBIBAA,

yTo

ta = 11p.C, (5.44)
IIOIy4yaeM:

F _Van eS, NV, eg,N,

I 47p,cd
_a,eS, Na, eS )N, _
4/p,d

(5.45)

2 2
— al4]wavere SnplNl Da24mavere SanNZ -
4p,d

2
e S A 178, N0, = P, circ).
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3meck V; — CKOPOCTh IIOTOKOB 3(Hpa, BRI3BAHHBIX ITOBOPOTOM
SNIEKTPOHOB B IIEPBOM IIPOBOJHHKE; (CirC) — cyMMapHas IHPKYIAIHI
3NIeKTPOHOB BO BTOPOM ITIPOBOJTHHKE:

2
v = VereTNz"l; (5.46)
(circ) = 47w 1 °S,, N,a,; (5.47)

€ — 3apAJ 3MeKTPOHA; Vip1 H Vip2 — CKOPOCTH IlepeMeIleHHA 3IeKTPo-
HOB BJIONb IIEPBOTO H BTOPOTO IIPOBOJHHKOB; Syp1 H Syp2 — IDIOINATH
CeueHHs IMEPBOTO W BTOPOro MpoBOTHHKOB; N; m N, — KoxHuecTBO
3IEeKTPOHOB B eJIHHAIIE 00heMa IIPOBOTHHKOB; 4 H dz — YTOI OBOPO-
Ta MMOTOKOB 3(¢HPa B IIPOBOTHIKAX, TAK UTO

a1 = Vnpll(,’; ap = Vnpzl(,’. (548)

Temeps Ta ke popMyma 3akoHa Amiiepa mpHoOpena YeTKHH (PH3H-
YeCKHIT CMBICI B3aMMOJEHCTBHA 3NEKTPOHOB B IIPOBOJAX: T'PaJHEHTHI
CKOpOCTeH ITOTOKOB 3(Hpa Ha IOBEPXHOCTH 3NMeKTPOHOB CO3ANOT JIO-
TIOJTHUTENFHYI0 PA3HOCTh JIABIIEHIH, SIeKTPOHEI IIePBOTO IPOBOJTHHKA
IIPHOGPETAIOT JOMONMHHTENFHYI0 CKOPOCTh B HalPaBIEeHHH BTOPOTO
IIPOBOJTHHKA H OT/AIOT IOTy4YeHHOe IIpHpallleHHe HMITyIbca MOJIeKyIaM
CBOEro IPOBOJHHKA. TO Ke IPOHCXOAHT H C 3MeKTPOHAMH BTOPOTO
IIPOBOJIHHKA, KOTOPHIe TPHOOPETAI0T AOIOIHHUTETFHYI0 CKOPOCTh B Ha-
IIpaBIeHHH TEPBOTO IIPOBOTHMKA. OTO M NPHBOAHT K IOABIEHIIO CHII
B3aHMOJIEHCTBHA IIPOBOTHHKOB. 3/1eCh HEOOXOANMO OTMETHTH, UTO IIO-
JTyYeHHBIe BRIPAKEHH UL YIJIOB IIOBOPOTA IIOTOKOB 3Hpa a; H oy He
€CTh YINBI IIOBOPOTA 3NIeKTPOHOB, KOTOpPHIE CYIIECTBEHHO OOIBIIE.
CpefHIe YIIBI TOBOPOTA OCeH 3MeKTPOHA B MPeION0KHTETFHO MOKHO
OIIpeJIeHTh Yepe3 OTHOIIEHHe CKOPOCTH IBHKEHH 3IeKTPOHA BIOIDH
IIPOBOJTHHKA Vi, K CPeTHEH CKOPOCTH TETUIOBOTO BIKEHHA Vs

B =19 = Vil Vs (5.49)

Hpe):[CTaBJ'IﬂCT HHTEP €C JaTh YHCJIEHHYIO OLIEHKY HEKOTOPBIM ITapaMeETP aM,
Y4aCTBYKOIIIHM B CHJIOBOM B3aHMOJ1€HCTBHH TPOBOJHHKOB.
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Ecy B 1ByX NPOBOJIHHKAX TeYET B OJJHOM HAIpaBJIEHHH T10CTOSIHHBIH TOK
crioil 1A, To cHiTa IPUTSHKEHHA JIPYT K APYTY MPOBOJIHHKOB, HMEIONIHX JITIHHY
1 M H pacrioIoXKeHHBIX B OCSIX Ha pacCTOSAHHH 1 CM JIPYT OT JIpyTa, COCTABHT

F = 42107 /4r -10% = 10° H.

B 5TOM ciydae Kaxablil IPOBOAHHK comepauT 107  s11ekTpoHOB, pacrio-
JOXKEHHBIX JIPYT OTHOCHTENBHO Apyra Ha paccrosrmu 10°° M, T. e. kaxblit
3JIEKTPOH HAXOMHTCA B IIpeeaaXx OQHOH MOJIEKYJbl MeTalljla, CKOPOCTh Ilepe-
MEIIEHHs 3JIEKTPOHOB BJ[0JIb OCH COCTaBJIIET 6,25-10° m/c, a YIJIbI TIOBOPOTa
I0TOKOB 5()Hpa, BbI3BaHHbIE [IOBOPOTOM HJIEKTPOHOB, COCTABJIIIOT BCETO JIHIIb
6,25-10% 3.1¢ =2,08-10“ pax. Takoit MaJbli1 yroJ [TOBOpOTa OTOKOB 3dH-
pa He 03HaYaeT TAKOro )Ke 3HaYeHHs yIila [I0BOPOTa CaMHX 3JIEKTPOHOB, KOTO-
PBIH CYIIECTBEHHO GOJIbIIE H B JAaHHOM clyuae Juii TemriepaTypel +20° C co-
CTaBJBIET

p=6,25.10°/1,15-16 = 4-10 pan.

TaxrmM o6Gpa3oM, CHIOBOE B3aHMOJEHCTBHE IIPOBOHIKOB OCYIIECT-
BILIETCS He 3a CueT IlepeMeIleHHs 3IeKTPOHOB OTHOCHTEIHHO IIPOBOJ-
HIIKQ, 2 33 CUeT COBMECTHOH OpPHEHTAIMH HX CIIHHOB OTHOCHTEIBHO OCH
IIPOBOJIHHKA, YTO IPHBOJHT K YIIOPSAAOYEHHIO 3()HPHBIX ITOTOKOB BHE
IIPOBOJIHHKA, KOTOpPHIE H BOCIIPHHHMAIOTCS KaK OOpa3oBaHHOE TOKOM
MarHHTHOE TI0JIe. OTH ITOTOKH BO3/IeHCTBYIOT Ha 3MEKTPOHKI, IPHaBasd
HM JOTOJHHTENBHBI HMITYyJIhC B IIOIIEPEYHOM HAIpPABIEHHH, YTO H
IIPHBOJIUT K CHIIOBOMY B3aHMOEHCTBHIO IIPOBOTHIKOB.

5.4. BzaumoOdelicmeue NocCmMosiHHO20 MoKa u
MacHuUma

B3anMogeNcTBHE IIOCTOSHHOTO MarHHTA ¢ MAarHHTHEIM IT0JIEM
3eMJI H3BECTHO C JIPEBHUX BpeMeH. B3amMojeiicTBHe Xe MarHHTHOH
CTPENKH C MarHUTHBIM IIOJEM, CO3/IaBAEMBIM ITOCTOSHHBIM TOKOM, Te-
KYIIMM 10 TPOBOJHHUKY, OBIIO OTKPHITO JAaTCKHM (H3HKOM
X.K.9pcremom tompko B 1820r. [2, 3]. IMEHHO 3TO OTKPHITHE BEI3BAIIO
GOJBIIIOE YIICTIO FCCIeTOBAHMHI, KOTOPEle B KOHEUHOM HTOTe TIPHBEIH K
CO3JIaHHIO 3IEKTPOJAHHAMUKH H 3JIeKTPOTeXHHKH. OIBIT OpcTesia IIoKa-
3all, YTO HAMarHM4YeHHAasd CTPeNKa, IIOMEIeHHAs HaJ IIPOBOJHHKOM C
TOKOM, OTKJIOHSJETCS M YCTAHABIHMBAETCS IONEPEK IIPOBOJHMKA (PHC.
5.%).
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MexaHn3M B3aHMOAEHCTBHA JTaMHHAPHOTO TIOTOKa 3QHpa, co3fa-
BaeMOI0 TOKOM, IIPOXOIAIIIM II0 IIPOBOJHHKY, H OCEBOH COCTABJLIIO-
el MarHUTHOT'O IIOTOKA, CO3JaBaeMOI0 CTPENKOH KoMIIaca, BHAEH U3
puc. 5.%. Ipn napamiersHBIX MOTOKAX TPAJIHEHT CKOPOCTEH CYIIECT-
BEHHO MEHBIIE, YeM I[PH aHTHIIApaUIeIbHBIX II0TOKAX, OTCIO/Ia H Xa-
paxTep B3anMOJeHCcTBIA. He HCKIITOUEHO, YTO BHXPEBAL COCTABILIOIIASL
TaKke yJacTBYeT BO B3aHMMOJEHCTBHH MAarHHTHOH CTPEIKH C MarHHI-
HBIM II0JIeM IIPOBOJHHKA, HO 3Ta COCTABILIIOINAL JOILKHA HTPaTh BCIIO-
MOTaTeIbHYI0 POb.

C mozupmi 3PHpoHHAMITUECKHX TIpe/ICTaBIeHN 00BICHEHHE TO-
IO SBIEHHA 3aKIFOUAETCA B TOM, YTO B HEM IIPOSABILAETCS B3aHMOJEHCT-
BHe MeXJy TOTOKaMH 3QHpa, cO37[aBaeMbIMH BOKPYT IIPOBOJHHKA C
TOKOM OPHEHTHPOBAHHBIMH B IIPOCTPAHCTBE 3NEKTPOHAMH, ITIaBHASL OCh
KOTOPBIX YaCTHYHO Pa3BEpHyTa B HAIIPABIIEHIH OCH IIPOBOJHIKA, H II0-
BEPXHOCTHEO JOMEHOB Kelle3a, OPHEHTHPOBAHHBIX BIIOJb OCH CTPEJIKH.

Maenumnas cunosas

JUHUA CIMPENKU
(HuoicHaz wacmo)

A

Maenumnas cunosas
JUHUSL NPOBOOHUKA
6epXHAL 4ACb)

’ N\

RN

~—4
a) 6)

Puc. 5.9.BB03/1e{iCTBHIO IIOCTOSIHHOI 0 TOKA HA MArHUTHYIO CTPEJIKY (OIBIT
DpcTena). @ — cXeMa OIBITA; 6 — B3aHMOAEHCTBHE ITOJI1 MATHHTHBIX JOMEHOB
CTPEJIKH H MarHHTHOTO I10JIs1 IIPOBO/IHHKA C TOKOM

Kak BHTHO M3 PHCYHKA, KAXJIL JIOMeH OYyJIeT HCIBITRIBATE CO CTO-
POHEI TTOTOKA 3HpPa, CO3ABAEMOTO INEKTPOHAMH IIPOBOJTHHKA, MOMEHT
CHII, OIpeJieIIIeMbIi IDIOTHOCTHEO 3(Hpa BOIM3H MOBEPXHOCTH JIOMEHA,
CKOPOCTBIO TIOTOKA 3(Hpa HA MOBEPXHOCTH JIOMEHA, TPATHEHTOM CKO-
POCTH TOTOKA BOJH3H ITOBEPXHOCTH JIOMeHA H YITIOM MeXTy HalpaBe-
HHSIMH BHEIITHETO ITOTOKA 3()Hpa W HapaBleHHeM IIOTOKA HA MOBEPX-
HOCTH JIOMEHA.
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I[aBJIeI{I/Ie 3(1)Hpa B oOnacTu IIepeceueHIsI IIOTOKOB OIIPpeIEIINTCA
BBRIpAKCHIEM:

P= PO)J + PV COS, (550)

rae Py, — mapmeHme 3¢mpa Ha TMOBEPXHOCTH JJOMeHa IIPH OTCYTCTBHH
MAarHHTHOTO TIONA; p,; —IIOTHOCTH 3(Hpa Ha MTOBEPXHOCTH IOMEHA; V;
— CKOpOCTh ITOTOKA 3()Hpa MarHUTHOTO TION Ha MTOBEPXHOCTH AOMEHA;
V; — CKOPOCTh TIOTOKa 3(Hpa caMoif TOBEPXHOCTH JJOMEHA; o — YTOJX
MeXIy IIOTOKaMH.

Otcroa cpazy BHHO, UTO MHHHMYM JaBIeHHI OyJleT IMeTh MecTO
TIPH TIPOTHBOTIONOKHEIX HAMpPaBIeHHIX MOTOKOB 3(Hpa B MarHHTHOM
II0Je M Ha IIOBEPXHOCTH JOMEHA, T.€. IIPH MAaKCHMAILHOM I'pajHeHTe
CKOPOCTH TIOTOKA 3mpa.

ITocKOTBKY CKOPOCTh TOTOKa 3(Hpa B MarHHTHOM ITOIle ITPSMO
TIPOTIOPIHOHATHFHA BeIHUHHe TOKA, TEKYIIETO B IIPOBOIHIKE, H 0OPaTHO
TIpOTOpIHOHATFHA paccTogHIIo D 710 Hero, a Takke IPOMOPIFIOHATFHA
MarHHTHOMY MOMEHTY CTPEeJIKH [, TO OOIIHIl MOMeHT M, HeHCTBYIO-
LM Ha CTPEJIKY CO CTOPOHSBI IIPOBOHHKA, OIPEIEIHTCS BEIPaXeHIEM

Ip, cosa

M, = kP SO (5.51)
D

rae K — ko3 GHIHEHT IPOMOPIHOHAIEHOCTH; < - YTOI MEXJTy CTpeN-

KOH M IIPOBOTHHKOM.

5.5. Bzaumodelicmeue nNnocCMmMosiHHbIX Maa-
HUmMoeae

MarHuTHBIE CHJIOBBIE JTHHIH IIOCTOSHHBIX MarHHTOB, B ITPHHIIHIIE,
IIpeCTaBILIOT cO00H BHHTOBEIE IIOTOKH 3¢Hpa. BeposATHee Bcero, Mar-
HHTHOE II0Ne IIPeJICTaBIIeT COOO0H CHCTeMY BHXPEBHIX TPYOOK, B KOTO-
PHIX IO IepHdepHH 3¢Hp IepeMelaeTcsa BIOIb OCH TPYOKH B OJHOM
HallpaBJeHHH, a 10 IIEHTPY — B IPOTHBOIONOXHOM. TpyOka MoXkeT
CTPYKTYPHpPOBaThCA B HAaOOpP BHHTOBHIX TOPOHIOB. B 3TOM OTHOIIEHIH
CTPYKTypa BHXPEBHIX TPYOOK MarHHTHOTO IIONII HMeeT OIlpejeleHHOe

CXOJICTBO CO CTPYKTYpPOil BHXDPEBHIX TPYOOK 3JIeKTPHUECKOH HH/TyKI[HH
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C TOM CYIIleCTBEHHOM pazHHUIlell, YTO TPYyOKH 3MeKTpHUeCKOH HHIYKIIHH
HMEIOT CBOMM HCTOUHHKOM KOIIBI[EBOE JBHKEHHE MIKPOYACTHI], a Mar-
HUTHBIE TPYOKH — TOPOHAANBHOE. JNeKTPOH, IIOIaBLUIi B TPYOKY
3NEeKTPHYECKON MHIYKIMH HCIBITEIBAET ITIOBOPOTHEIN MOMEHT H JIOIOIN-
HHUTEIBHOE JaBIeHHE 3(Hpa CO CTOPOHEI HCTOUHHKA. ONEKTPOH, IIO-
TABIHI B TPyOKy MArHHTHOH HAaIlpsIKEHHOCTH, HCIBITEIBAET TOJBKO
TIOBOPOT, @ Pa3HOCTH ABJIEHUI BO3HHKAET TOIBKO IIPH €T0 JBHXEHHH.

Ecxm GBI MarHWTHOE IIOJNE IIPeACTaBILIIO COOOH TONBKO JIaMHHAp-
HBIe TOTOKH 3(¢Hpa, TO IPH HCCIEeJOBAHILIX 3QHPHOTO BeTpa MaiiKels-
COHOM H IIOCIIeIYFOIIIMH HCCIIeTOBATeILIMH OHO OBDIO ObI HeH30eXKHO
00OHapy:XeHO KaK IIPosABIeHHe 3(HPHOTO BeTpa HA IIOBEPXHOCTH 3eMIIH,
TaK KaK IIPH HAIPSKEHHOCTH MarHHTHOTO Ioid 3emm oT 33,4 AM y
sKkBaropa 1o 55,7 A/M y momoca cKOPOCTH 3GHPHBIX OTOKOB COCTaB-
I OBI cooTBeTcTBeHHO oT 12,580xM/c mo 20,98xmM/c. OmHAKO 3TOM
COCTaBILIIOIIEH 3(HPHOTO BeTpa 0OHApPY:KXeHO He OBUIO, ClIe0BATENbHO,
OHa OBIa MeHbINE, yeM 3 KM/C, T.e. TOTO 3HAUeHHT 3GHPHOTO BETPA,
KoTopoe ObUI0 0OHapyxeHo Mopim 1 MmmiepoM Ha EBKIMIOBEIX BEI-
corax B 1905r.

TaxmM 00pa3oM, IIPHXOJUTCA KOHCTaTHPOBATh, YTO OCEBAsI COCTaB-
JLTroINAad IOTOKA BIONH OCH MAarHMTHOM CIJIOBOM JIMHHH, IO KpaifHel
Mepe, Y MarHUTHOTO T10JI1 3eMJIM HeBeJHKA II0 CPAaBHEHHIO ¢ BUXPEBOH
(BparmaTemsHOM) COCTABILIIOINEH. OTO MOATBEPKIAETCA TeM, UTO Mar-
HHTHOE IIoJie 3eMJIH yOBIBaeT C PacCTOSHHMEM OT IIEHTpa 3eMIH IIPO-
TIOPIMHOHANFHO KyOy pajiyca, T.e. o 3akoHy buo-Casapa. OmHaKO 3TO
He 3HAYMT, YTO BO BCeX CIy4adX IPOABIEHHI MarHUTHOIO IOJA 3TO TaK.

MexaHHu3M B3aUMOJENCTBHA IBYX ITOCTOSHHBIX MAarHHTOB OTIHYA-
€TCA OT IPHBEJEHHOIO BHIIE. IIpH B3aHMOJEHCTBHHM Pa3sHOMMEHHBIX
nomocoB (puc. 5.1Q1) B BO3MYIIHOM IIpOMeXyTKe HAllpaBIeHHI Bpa-
IeHNA TPYOOK OKA3RIBAFOTCS OMHAKOBBIMH, TaK K€ KaK M HallpaBIICHHA
0CEBOTO IlepeMeIeHII 3¢Hpa, TPYOKH 00BeIHHAIOTCA, CKOPOCTH IIOTO-
KOB BO3pacTaroT, JaBIEHHE B HHX IIaJjaeT, Fl BHEIHHM JIaBIeHHEM d(H-
pa Ioroca MarHHuTa IMOATAIKHBAIOTCA APYT K Apyry. IIpH B3amMozeii-
CTBHH K€ OJHOHMEHHBIX IomocoB (puc. 5.1(5) BpareHHe BHXpPEBBIX
TPyOOK B BO3IYyIIHOM IIPOMEXYIKE MEXIY IIOIIFOCAMH OKAa3RBaeTCA
TIPOTHBOIIONOKHEIM, TaK K€ KaK M HaI[PABIEHHI OCEBBIX IIOTOKOB. OTO
3acTaBILieT TPYOKH H3THOaTbcd, YeM CO3/iaeTcd B HHX BHyTpeHHee Ha-
IpsKeHHe. J[aBneHHe 3¢Hpa Bo3pacTaeT, IIOIF0Ca OTTAIKHBAIOTC.



132 T'iaBa 6.

a) 6)
Puc. 5.10. B3auMogeiicTBHe IOCTOAHHBIX MAarHUTOB: U1 Pa3HOHMEHHBIX I10-
JIOCOB (@); U1 OJJHOHMEHHBIX IOJIFOCOB (0)

B ciyuae IOCTOSHHBIX MAarHHTOB ITIaBHYI0 POJH HIpaeT Bpara-
TellbHAsd COCTABILTIOIIAA JBHKEHHA 3(Hpa B BHXPEBHIX TPyOKax Mar-
HHTHOTO TTOJIS.

CreyeT OTMETHTh TakkKe, YTO IIPOCTOe BHHTOBOE JBIKEHHE 3(H-
pa, codeTarolliee IIOCTyNAaTelbHOe [BIJKEHIE C BpallaTelbHBIM Oe3
CTPYKTYPHPOBaHH B Ha0Op BHHTOBHIX TOPOHJIOB, MOKeT TakXke BOC-
IIPHHHMAThCS KaK MarHHTHOE TIolle. Bce M3I0KeHHEBIe BEIIIE ITONOKe-
HIL JULA 3TOTO BapHaHTa OCTAOTCS CIIPABe IHBEIMH.

JIna BRIHECEHHS OKOHUYATeNFHOTO CYXJEHHSI O CTPYKType MAarHHT-
HOTO IIONI HeOOXOJHMO IIPOBOJHTH CIleNHATbHEIE HCCIeJOBaHHA. H3-
JOKEHHEBIEe BHIIIE IIPe/ICTaBIeHII O CTPYKType MAarHHTHOTO ITONII HOCAT
caMBII IIpeIBapHTeNHLHBIH XapaKTep M JOKHEI yTOUHATHC.

BbigoObi

1. ®m3nyecKHit CMBICT MarHUTHOM ITPOHHITAEMOCTH BaKyyMa COOT-
BeTCTBYeT K03 PHIfIeHTy yIIPYTOCTH 3Hpa.

2.3.71.c. B IPOBOJHHKE CO3/aeTCsA MAarHHTHBIM II0JIeM BCET/Ia TONb-
KO ITIpH IlepeceUeHHH MM Tella IIPOBOHHKA, IIPH 3TOM B CIy4ae CTAaIlHO-
HapHOT'0 MAarHUTHOTO ITONA 3.J.C. CO3JAeTCA 3a CYeT IlepecedyeHus IBH-
KYIMMCA IIPOBOJHHKOM CHJIOBBIX JIMHHI MAarHUTHOTO ITOJA, a IIPH He-
TIOJBIKHOM IIPOBOJTHIKE 324 CUET IepeceUeH s PacIpOCTPaHIIOIIErocs
B IIPOCTPAHCTBE MAaTHUTHOTO ITIOJIA Tella HEITOABHKHOTO IIPOBOTHHKA.

3. DdupomHaMHYecKoe JaBleHHe CO CTOPOHBI BHXPEBEIX TPYOOK
MAarHMTHOTO IIOJI HAa 3JIEKTPOHBI, CO3[aBIIMe 3TO MAarHMTHOE IIOJeE,
HMeeT Ty Xe Pa3MEePHOCTh, UTO H Y OOBIYHOTO TA30BOTO JABIEHH, 3TO
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H ecTh IOTEeHIMaTbHad SHEPTHsS MAarHHTHOTO IIOJNI, KOTOpasd co3JaeT
3.J1.C. CAMOHH/TyKITHH TIPH HCYEe3HOBEHHH 3.71.C. HCTOYHHKA TOKA.

4. Jlarnenue 3¢upa Ha CBOOOTHBIL H HETOBHAKHEBII B IIPOCTPAHCT-
Be 3JIeKTPOH YPaBHOBEIIEHO, HO eCIIH JJIeKTPOH IlepeMeIlaeTcsi OTHOCH-
TeIIbHO MAarHUTHOTO IIONA, TO PaBHOBECHE JIABIIEHII HA Pa3sHBIX ydacT-
Kax 3JeKTpOHa HapyIlIaeTcs, H 3NeKTPOH HauHHaeT CMeIaThCcs B CTOPO-
HY OT IPSAMOIIIMHEHHOTO HAIpaBIeHI (CIa JIopeHta).

5. MarHHTHOE II0Ie, CO3/IaBaeMoe BOKPYT IIPOBOJHHIKA IIOBOPOTOM
CIMHOB 3NIeKTPOHOB B IIPOBOJHIKE B HAIPABIEHHH €T0 OCH, IIpeJICTaB-
J1eT co0oit Habop BHXPEBHIX TPYOOK, COCTOSAIINX H3 COOCHO PACIIONO-
’KEHHBIX BO3JIe APYT Apyra BHHTOBHIX BHXPEBEIX TOPOHIOB 3dHpa

6. Ilepegaya SHepTHH H3 IEePBHUYHOH OOMOTKH TpaHcgopMaropa BO
BTOPYIO OCYILECTBIAeTCA 4Yepe3 MarHHTHOe IIoJe, PACHONOXEHHOe B
IIPOCTPAHCTBE MeX Ty OOMOTKaMH, IIPH 3TOM BIHIHHE Ha KO3 QHIHEHT
TpaHc(opMaIH OKa3bBaeT PacCTOAHME MeXTy OOMOTKAaMI: IIPH yBe-
JOTUEeHHH PacCTOSHHUA MeXTy oOMOTKaMH Ko3(dHImeHT TpaHcdopma-
IMMH CHIKAETCS.

7. CHIIOBOE B3aHMOJIEHCTBHE IIPOBOHIKOB OCYIIECTBIIIETCA 3a CUET
COBMECTHOH OpHEHTAIMH CIIHHOB 3JIeKTPOHOB B OGOHMX ITPOBOJHHKAX B
HaIlpaBJIeHHH OCeH IPOBOIHHMKOB, UTO IPHBOJHUT K YCKOPEHHIO JIBIKe-
HIS 3J1eKTPOHOB B KaXJIOM ITPOBOJHIIKE IO HAIPAaBIEHHIO K JPYroMy
IIPOBOJHHKY, TIOyYeHHBIH HMMITYJIhC IlepefaeTcs 3MeKTPOHAMH MONeKY-
JaM MeTalla, YTO U BEI3BIBAET CHIOBOE B3aHMOJIEHCTBHE ITPOBOJIHHKOB
C TOKaMH (3aKOH AMIIEpa).
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maBa 6. 9nekTpomMarHuTHoe norse

6.1. YpaeHeHus1 Makceenna u ux o2paHuUYeH-
Hocmb

PazpaboTka THApOMeXaHHUeCKHX MOjeNeH 3IeKTpPHUYecKHX H Mar-
HHUTHEBIX aBiaeHMii H B XIX B., H ceffuac ellle HaTAIKHBAETCSI Ha OOJBIIHE
TPYTHOCTH, TIOCKONBKY 3TH SABJIEHHI BeChMa pazHooOpasHEI o ¢opMme,
a caMH MOJIeTIH MOTYT Ga3HpOBaThCA TOMBKO HA IIPeJCTaBIeHIIX O TYp-
OYJIEeHTHHIX H BHXPEBHIX JBHAKEHHIX KHJKOCTH WIH Ta3a, 0 HacTOAIIle-
TO BpeMeHH H3y4YeHHHIX JalleKo He TONHO. TeM He MeHee, pazpaboTka
TIOOOHBIX MO/IeNlell B IIPOIINIOM IIPHHECNA GOIBIIYI0 ITONB3Y, HMEHHO
3TH MOJIENH JIETTH B OCHOBY BCeH TEOPHH 3IIEKTPOMAarHeTH3Ma H II03BO-
JOUTH CO3/IaTh BCIO ee MaTeMaTHUYeCcKyIo 0asy.

IIpakTHyeckH Bce THAPOJHHAMHYECKHE MOJENIH 3IeKTPOMArHHT-
HEIX ABNIEHIII MOKHO pa30HTh Ha J[Be TPYIIIEL. B IepBoii Tpymmie Moze-
JIell MarHUTHOE II0JIe PAcCMATPHBAETCA KaK IIPOSBIIEHHE IIOCTYIIATeNlhb-
HOTO IBIDKEHHA 3QHpa, a 3JIeKTpHUeckoe Molle — Kak IMpogBIeHHe Bpa-
IaTeFHOTO (BHXPEBOTO) MBIUKEHU d(rpa. Takoi TOUKH 3peHHS IIPH-
JepXUBANCh, B yacTHOCTH, I .I'emsmromen, B.ToMcoH, J[x.ToMcoH,
H.II.KactepuH. Bo BTOpOH I'pyIlie MO MarHUTHOE II0JIe paccMar-
PHBaNOCh KaK IPOSBIEHIEe BHXPEBOTO ABHAKEHHA 3(Hpa, a sIeKTpHUe-
CKOe II0JIe — KaK IIPOSBIEHHE IIOCTYIIATeIbHOTO JBHKEHUA. OTOH TOU-
KH 3peHHsd IIPHIEPXKHBAINCh, B YacTHOCTH, J[XK.MakcBelnl H
B.®.MurkeBmu.

ITycTs a, B, y — KOMIIOHEHTHI CKOpOCTH 3¢dHpa, U, V, W — yTIOBEE
CKOPOCTH BHXpeH, a p, — IIIOTHOCTH 3¢Hpa. Torga meppasd rpyIma Mo-
Jiellel OIMILIETCA CIIeAYFOIIMH YPaBHEHHAMH!

o _op_,
oy 0z
da _dy _
0z ox
9B _0a _

0x ay_
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ox dy 0z

Py;

H OIIpeeIM CIeAYIOIIHE COOTBETCTBHA.

P> L, — MarHUTHAS II[POHHI[aeMOCTh BaKyyMa,
a, f, y — Hy, H,, H, — KOMIIOHEHTHI MarHUTHOTO ITOI4;
u, v, W— E,, E,, E; — KOMIIOHEHTEHI 3IIeKTPHYECKOIO IO

I[JUI BTOpOfI TPYIOIbL MoJelel mMeeM CIIETYIOIIHE COOTBETCTBHA:

P> — & — IHINEKTpHUYECKAS IIPOHUI[AEMOCTh BaKyyMa;
a, B, y — E,, E,, E; — KOMIIOHEHTHI JIIeKTPHUECKOTO IIOJL;
u, v, w— H,, H,, H, — KOMIIOHEHTHI MarHHTHOT'O ITOJLA.

B 103y IOCHETHIX IIPECTABIEHHI CBHJETENbCTBOBAIO OTKPHI-
Toe dapasieeM sABIEHHE IIOBOPOTA IDIOCKOCTH IIOJAPH3AIH CBETA B
MAarHMTHOM II0JE.

B MoJielIX IIepBOi IPYIIILI IIPe/ICTaBIeHHe O MarHHTHOM II0Ne KaK
0 TIOCTYIIaTebHOM JIBHKEHIH 3(Hpa IMIPHBOIHIT K BEIBOJY O BO3HHKHO-
BEHHH MarHHTHOTO ITOJNA IIPH JE0OOOM JBMKEHHH uepe3 3(Hp, 4ero Ha
CaMOM Jielle HeT, H UTO BEIRIBANO CIIPABe/IMBYIO0 KPHTHKY CO CTOPOHBI
aBTOPOB BTOPOH I'PYINIEI MOJenei. OTHAKO B MOJENIX BTOPOH I'PYIIIE
IIpeJicTaBIeHHe 00 3NEeKTPHUECKOM IIolle KaK O IIOCTYIATelbHOM JIBH-
’KEeHMH 3¢Hpa IIPHBOAUT K aHAIOTHYHEIM BEIBOJAM O BO3HHIKHOBEHHH
3NEKTPHYECKOTO IO IIPH F000M JIBHKEHHH Yepe3 3QHp. OTO ABJIEHIE
ToXe He oOHapykeHo. TakuM o6pa3oM, HeJOCTaTKOM O0eHX IPYINI MO-
Ieleil SBILIIOCH MX ABHOE HECOOTBETCTBHE OIBITHBIM J[AHHBIM.

BaXHEIM HeJOCTAaTKOM CYIIECTBYIOIMX MOJeleH 3IeKTpoMarHe-
TH3Ma SBIIINCH HealH3alid H OecIipe/leIbHOe PACIpOCTpaHeHHe JIBH-
KeHIH 3(QHpHOH XHUAKOCTH H, KaK CIE/ICTBHE, JNMeKTPOMATHHTHBIX AB-
JIEHI Ha Bce IIPOCTPAHCTBO, OKPYyXKarolllee COOCTBEHHO OOJIACTh 3JIEK-
TPOMAarHUTHEIX B3aHMOJENCTBHI H ABIEHMIT. OTa HealH3alHI IBIIACh
CIIeZICTBHEM IIpeJCTaBIeHHH ['eIbMroiblla O MABMKEHHAX HIEeaIbHOH
CpeJIBl, COINIaCHO KOTOPHIM BHXPH He MOINH HH IOSABIATHCS, HH YHIY-
TOXaTbCA, @ MOIJH JIHIIb IePeMEINaThCd U MEHATHCSI B CEUEHHMH IIPH
COXpaHEHMH ITUPKyILIRH. TakuM 06pazoM, BOIIPOC O BO3HHKHOBEHHH H
YHHUTOXEHHH BHXPEBHIX BHKEHHMH He BO3HHMKAI. MeXIy TeM, BUXPH
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MOI'YT H IIOSBILATECA, H YHHUTOXAThCA. OTO TeM Oolee IIOHATHO IIPH
PaccMOTpeHHH SABIEHHI, CBA3AHHBIX C IPOXOXKJECHHEM IIEPEMEHHOIO
TOKa II0 IIPOBOJIHMKAM: IIPH OTCYTCTBHMHM TOKA MarHHTHOTO IIONIA B OK-
PpyXaroleM IIPOBOJHHK IIPOCTPAHCTBE HET, a IIPH IIOABIEHHH B HEM
oOpa3syeTcd MarHHTHOE IIONE, T.e. BUXpeBHe IBIKeHHA 3¢dupa. Hammro
IIPOTHBOPEUNE MOJEIH C PEATBHOCTHIO.

[IpuBegeM IMTATy U3 CTAaTbH <«OIEKTPOMArHUTHbIE BOIHBI», IIOMe-
IeHHOM BoJBION coBeTcKOH sHipmkIonemun (m3g. 3, 1. 30, c. 67).
CcrUIka Ha JaHHBI HCTOYHHK HYXHA I TOTO, YTOOKI IIPOJIEMOHCTPH-
PpoBarh OQHMIMAIBHEL B3ITLAJ, COBPEMEHHOH HAayKH Ha IPHPOXY 3JEK-
TPOMArHHTHOTO H3TyueHI [1].

«OneKmpoMazHUMHble GOMHbL, 3IeKMPOMACHUMHble KOoJebaHu,
pacnpocmpanaoujiieci € npocmpancmee ¢ KoHeuHotl ckopocmoro. Cy-
wecmeoeanue O. e. bviio npedckasano M.Dapaoeem e 1832 e.
Jotc.Maxceenn e 1865 2. meopemuuecku noxaszan, umo snekmpomae-
HUNHbLe KONeOAHUA He OCIAIOMCA JIOKAIUZ08AHHbIMU € NPOCIPAaHcHge,
a pacnpocmpanaomca @ eaKyyme co CKOPOCHbIO cgema ¢ 80 ece CHo-
PoHvL om ucmouHuxa. Hz moeo obcmoamenvcmea, 4mo cKOpochiv pac-
npocmparenus 3. 8. & eakyyme paeHa ckopocnu ceema, Maxceenn coe-
Jan evigoo, umo ceem npeocmagniem coboii O. e. B 1888 2. maxceen-
no0ecKkaa meopui . 8. nonyqduia noomeepicoenue ¢ onvimax I'.Iepya,
4O Cbl2PAlo Peliaioufyio poslob 014 ee YIBePHCOeHUA.

Teopusa Maxceenna nozeomuia eduHviM 06pazom noOoLim K onuca-
HUIO paouoeosH, ceema, pPeHM2eHO8CKUX JIydell U 2aMMa-U3Ty4eHUA.
Oxa3zanocv, 4mo 3mo He uIydeHUs pazxiudHoil npupoowt, a 3. 8. ¢ pas-
JIUYHOTL OJIUHOTL 8OJIHYI.

...0cobennocmiut 3. 8. U 3aKOHbL UX 8030YHCOEHUA U PACHPOCHP AHe-
HuA onucviearomea Maxceenna ypagHeHUAMU.

TaxmM 06pa3zoM, OCHOBHEIM IIPH3HAKOM TOTO, YTO BCe IIepeUrCIeH-
HBIe BHIBI M3TYYEHHT HMEIOT «CIHHYI0 IIPHPOJY», IIOCIYXHIO TO 00-
CTOATENbCTBO, YTO BCE OHH PaCIPOCTPAHAIOTCI € OJHHAKOBOH CKOPO-
CTBI0 — CKOPOCTHIO CBETA, M 3TO JAI0 OCHOBAHIE I MX eIHHO0Opas-
HOTO OTHCaHH Ha 6a3e ypaBHEHIIT Makceea.

CregyeT OTMETHTh, UTO TaKOTO OOOCHOBAHHA COBEPILEHHO HeIOC-
TaTOYHO JUI1 TOTO, YTOOHI IIEPEUHCIIEHHbIe BHBI H3IIyUeHHH OTHOCHTD K
oOmeit mpupoze. OOIIasg CKOPOCTh PacIpoCTpaHeHNI MOKET ABILATHCA
CIIEICTBHEM HEKOTOPOIO 00uLezo c60iicmea Pa3IUHbIX BHAOB H3Iyde-
Hiil. TakuM CBOHCTBOM MOXeT OBITh, HAIIPHMeEP, CBOICTBO BA3KOCTH



DJIeKTPOMATr HHTHOE MoJIe 137

3¢mpa, KoTopoe obecreurBaeT Ilepefady IOIEPEYHOIO JBIUKEHHT II0-
ToKa 3¢mpa coceHIM cnosM. Eciin B cTpykType pasHBIX BHIOB H3IY-
YeHHS NPUCYTCTBYET 3TOT BHJ, ABHKEHHA, TO, XOTSI 3TH BHIBI PA3HEIE,
CKOPOCTH HX PaclpoCTpaHeHHd OyJeT OJIHAKOBOH.

I'maBHEIM IIPH3HAKOM, 110 KOTOPOMY MOKHO 00O0OIIATh T€ FIIH HHEIE
BHJBI H3Iy4eHId, JOJUKHA OBITH MX BHYTPEHHAA CTPYKTypa. TOIBKO
OJIMHAKOBOCTh CTPYKTYPEI MOeET SBHTHCA OCHOBAHHEM I OTHECEHHS
HM3IIy4YeHHs K OJTHOMY KJIacCy ABIICHHI.

O ToM, B KaKyl0 OIIHMOKY MOXKHO BIIacTh, IIPSMO CBHJETEIHCTBYET
OTHECEHHE 3NEeKTPOMarHHTHOTO M OIITHUECKOro M3Iy4eHHI K 00ImeMy
KIIaccy fABIEHHMI. B HacTodAlllee BpeMd CYILECTBYET MHOXKECTBO Hayu-
HEIX TPYZOB, B KOTOPHIX LA OIIHCAHMs OIITHYECKHX ABIEHHI HCIIOIb-
3YIOTCA ypaBHeHHA MakcBellla 3JIeKTpOMArHUTHOIO ITolrd. OJTHAaKO OKa-
32JI0Ch, UTO IIPOHHKAIOINAA CIOCOOHOCTH CBETAa B ITONYIIPOBOJAIIEH
cpelile — MOPCKOH BoJie, 00JIa/iaroIell JOCTaTOYHO BEICOKOH ITPOBOIH-
MOCTEI0, TI0 KpaifHeil Mepe, Ha IATh (!) IMOPAIKOB He COOTBETCTBYET
pacderaM, IIpOH3BEEHHEIM Ha OCHOBAHHH YPAaBHEHHH MaKcBela: cBeT
B MOPCKOH H OKeaHCKOH BOJie NMpoHHKaeT Briryor Ha 100—150M, B TO
BpeMd Kak, HCXOJI H3 ITapaMeTPOB Cpe/ibl M YpaBHeHHI MakcBeilIa, OH
IOJUKEH IIPOHHMKATh B MOPCKYIO BOJY He Jlalee UeM Ha JTOJM MIUIIIIMET-
pa. Ilo3TOMy OTHOCHTE CBET K 3NeKTPOMATHHTHOMY H3IIyUEHHIO HENb3d,
H BCe TIOIBITKH IIPHMEHHTh YpaBHEeHHA MakcBelUIa K OINITHYECKHM SB-
JIEHHAM HOCAT HCKYCCTBEHHEBIN XapakTep.

JId coNpsKeHHA TeOPHH M IPAaKTHUYECKHX Pe3ylbTaToB OBLIM H30-
OpeTeHBl Pa3IMyHble HCKYCCTBEHHbIE ITPHEMEI, HAIPHMeED, BBIABHHYTO
TIpeIONOXKEHHE O TOM, YTO HA BEICOKHX UaCTOTaX IIPOBOIHMOCTS BOJIBI
TagaeT, H 3THM OOBACHIIOTCA ITONy4YeHHbIe pe3ylbTarel. Ho u 37ech
pacueTsl HHKAaK He IIOJTBEPAAAIOTCA (H3MUECKHM MEXaHH3MOM SBIE-
HHA.

TaxmM 00pa3oM, B BOIIPOCax O PacIpOCTPaHEHHH 3IeKTPOMAarHHT-
HOTO H3IIy4eHH 0 HACTOAIIETO BpeMEHH HeT JOIDKHOM ACHOCTH.

OpHako 3¢HpOAHHAMITIECKHI MOAXO/I, OCHOBAHHEIT Ha IIPeJCTaB-
JEHIIX O ONH3KOJEHCTBHH, T.€. Ha IIPeJCTABICHILIX O Ilepeade dJeK-
TPOMAarHUTHBIX B3aMMOJEHCTBHI uepe3 3(¢Hp, I03BOIIET YTOUHHTDH
IIpeCTaBIeHHE O CaMOM CYIIHOCTH SIeKTPOMATHUTHBIX ABIEHHH H Ha
3TOH OCHOBE YTOUHHMTh MAaTeMaTHUeCKHe BEIPAXKEHHA, OITICHIBAIOIITHE
9TH ABIIEHHS, B UACTHOCTH, YTOUHHTH YpaBHeHHA MakcBelna, IIPHIAB
HM JHHAMHUYECKII XapakKTep.
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Kak H3BeCTHO, ypaBHEHHS 3IeKTPOJAHHAMIKH 10 MaKcBeITy B CO-
BpPEMEHHOM H300paKeHHH HMeF0T BHJ [2]:

1. rotE = —dB/dt; (6.1)
2. rotH =j +dD/dt; (6.2)

3. divD =p; (6.3)
4. divB = 0; (6.4)

3neck E H H COOTBETCTBEHHO HAIPSKEHHOCTH 3IEKTPHUECKOTO H
MarauTHoro Toleit; D = eE u B = uH — COOTBETCTBEHHO 3IeKTpHYe-
CKag M MarHMTHAad HHIYKIUH; € H g — 3IeKTpHYecKas H MarHHTHas
IIPOHHITAEMOCTH CpeJisl, | = 0E — IIOTHOCTH TOKA IMTPOBOHMOCTH; &
— yJleTbHAsA 3MEeKTPOIIPOBOTHOCTE CPEJIBL; p — IUIOTHOCTH SIEKTpHYe-
CKOTO 3aps/ia B cpefie.

IIpm sTOM
<_{ Edl
rotg = lim -— (6.5)
AS-0 AS
I
oE
rotE = o, % i+
dy 0z
(6.6)
0E, OE,). (OE, oE
X _ z J+ _ z k,
0z 0OX ox oy
COOTBETCTBEHHO
§Hd
rotH = lim -—; (6.7)

As-0 AS
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oH
rotH =| 9z -y
oy 0z

(aHX asz. OH, oH,
0z ox ox oy
BO BTOPBIX BEHIPAXEHUAX POTOP IIPEICTABIIEH Uepe3 TPAJHEHTEL.
JId peleHNd CHCTeMEI YpaBHeHHII MakcBellla BBOOATCSI CKalLIp-

HBDA 3NEKTPHUECKHIT ( H BEKTOPHBII MAarHHUTHELIM A ITOTEHI[HANEI, TAK
YTo

(6.8)

B =rotA; E = —grad¢g —dA/dt (6.9)

IIpr 3TOM ecoH CKaLAPHBII TOTEHIHAT ¢ HMeeT (H3HUEeCKIH
CMBICT paboThl, KOTOPYI0 HYKHO BBIOIONHHTH LA IIePEMEIIeHII €[~
HHYHOTO 3aps/ia H3 0EeCKOHEUHOCTH B JAHHYI0 TOUKY 3JIEKTPHUECKOTO
IIOJI1, TO BEKTOPHBIH ITOTEHI(HAI HMeeT JIHMIIb YHCTO MaTeMaTHUeCKHI
CMBICT KaK HeKOTOpasd BCIIOMOTraTelbHasd (PyHKINA, HCIIOIb30BaHHE KO-
TOPOH HMMeeT JIMIIb METOJHUYECKOe 3HAUEHHE.

Vka3aHHBIe BHIIE YpaBHeHHI MakcBelna nMeroT axddepeHIHas-
HyH0 ¢opMy. IM COOTBETCTBYIOT YpaBHEHHA JNEKTPOIHHAMHUKI B HHTE-
TpaibHOI dopme

1. 3axoH dapajies 3MeKTPOMArHHTHOH HHAYKIHH

e= g Edl = -ddm/dt. (6.10)
|

2. 3aKOH TIOIHOTO TOKa

i = {Hdl =da/dt (6.11)
I

3. Teopema OcTporpajickoro — 'aycca it 3JIeKTPHUECKOTO OIS
¢e = § DdS = g. (612)
S

4. Teopema OcTporpajckoro — I'aycca A1 MarHHTHOTO TOJA
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@, ={BdS=0 (6.13)
S

3mecs @, U D, — COOTBETCTBEHHO ITOTOKH 3JIEKTPHUECKOIO CMe-
ey D 1 MarHHTHOHN HHAYKIMH B CKBO3b 3aMKHYTYIO TOBEPXHOCTH
dS, oXBaTHIBAIOIIYI0 CBOOOJTHEIH 3apsyT (.

Paz6epeM nocrmeoBaTenbHO (H3HMUECKHI CMBICT YpaBHEeHIT.

lMepeoe ypasHeHUe Makceesriia

rotE =-dB/dt (6.14)
H COOTBETCTBYIOIIEE EMY HHTETPAIIbHOE YPDaBHEHHE
e={Ed =-d®, /dt (6.15)
|

BHIPQXarOT TOT ()akT, YTO €CIH B 3aMKHYTOM KOHType H3MeHSIeTcs
MarHHTHEIH TTOTOK, TO B caMOM KOHType Bo30yxkmaerca OJIC e, Bel-
YHHA KOTOPOH OIIpeJelHTCA YKa3aHHBIMI YPaBHEHISIMH. B YacTHOCTH,
€CIIH KOHTYpP JIeXHT B INIOCKOCTH Xy, TO MarHHTHAs HHIYKIHI HMeeT
HaIpaBleHHe OCH Z, TIepIeHIKYLIPHOH IIocKocTH xy. Torma 6yaem
HMETb.

e, =—4SdH, /dt, (6.16)

I7le S— IUIommame KOHTypa.

1) [IpuBesieHHOE YpaBHEHHe IIPeIIONAraeT BO3MOXKHOCTh H3MeHe-
HISI MarHHTHOH HAITpsKeHHOCTH BJIOIb OCH Z 6e3 KaKoro ObI TO HH ObI-
JO TIONIEPeYHOTO IlepeMeIlleHHs MarHHTHOTO IIOJ B IIPOCTPAHCTBE.
OpHako ciefyeT 3aMeTHTh, UTO PealbHO TaKOIo IIpoIlecca B IIPHPOJE
He cymiecTByeT. Ha caMmom Jiene M3MeHeHIS HAIPAKEeHHOCTH MarHHT-
HOTO IIONI1 MOXHO JOOHTHCS TONBKO CTYIIEHHeM CHIOBBIX IIMHHH H
moOaBleHHeM HX B KOHTYP ¢ 00Ko06 KoHTypa (puc. 6.1).
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IIpn stom S/C B
KOHType BO3HHKAET He
32 CUeT HM3MeHEeHHT
HAIlPSKEHHOCTH  Mar-
HHUTHOTO IIONIL GHYHL-
pu KOHTYpa, a 3a cUeT
nepeceuenus npoeoo-
a) 6) HUKO06 KOHmypa maz-
HUMHBIMU CUJLOGbIMIL
JUHUAMI, TOOaBisdIe-
MBEIMH K Te€M, YTO yXKe
HMeITCA BHYTPH KOHTypa. TakuMm o6Gpa3oM, peadbHBIN MeXaHI3M II0-
seieHnd OJ1C B KOHType HHOM, HeXelM IIPeyCMOTPEH IIEPBEIM YpaB-
HeHreM MakcBelIa, COOTBETCTBEHHO JOIDKHO OBITh HECKOIBKO HHBIM H
caMO ypaBHEHHe, OIMCHIBAaroIee 3TOT IIpolecc. lJIaBHOE TO, YTO B
IIepBOM ypaBHeHHH MakcBelDIa OTCYTCTBYET OIIMCaHHe IIpollecca Iepe-
CEYEHH CIIOBBIMH JIMHILIMH MAarHHUTHOTO IIOJS IPOBOHUKA KOHTYpA.

2) IlepBoe ypaBHeHHe MakcBellla OICHIBAET IPOIECC B TLTIOCKO-
CTH, HO He B 00beMe. COOCTBEHHO H3MeHeHHe HAlpsSKeHHOCTH H,
BIOJb OCH Z B HEM OTCYICIBYeT. IIoBOpPOT Xe IDIOCKOCTH B OCSIX KOOP-
JUHAT, KOIZla B IIPABYIO H JIEBYIO YAcTH YpaBHEHHUA IIOIIQJIAl0T BCe TPH
JeKapTOBHl KOOPIHHATEL, CYyTH HE MEHIET.

TeMm He MeHee, IlepBOe ypaBHeHHe MaKCBeJUIa M BHITEKAROLIHH H3
Hero MHTeTPANBHEIN 3aK0H dapajied MarHUTHOH HHIYKIHH IIO3BOJLIIOT
TIPOM3BOUTH pacueTsl TPaHCPOPMATOPOB M MHOTHX JPYTHX MarHHT-
HEIX CHCTEM, IOTOMY uTo (OPMyIBHOE OIICaHHe HM3MeHeHISI MarHHT-
HOTO TIOJS BHYTPH KOHTypa KakK CIeJCTBHA J0OaBIeHHI MAarHHTHBIX
CIUJIOBHIX JIHHHI ¢ O0OKOB KOHTYpA, UHCIIEHHO TIOUYTH COBIIAJ]aeT C MaTe-
MaTHYeCKHM BERIpakeHHeM [lepBoro ypaBHeHHd MakcBella, H 3TO IIO-
3BOIIAET, HTHOPHPYS CYTh IIPOIlecca, BEIIOMHATH B OONBIIHHCTBE CITyYa-
€B HeoOXO[IIMEBIe PAacUeTHl C YAOBIETBOPHTENFHOH TOUHOCThI0. OTHAKO
HHOI'ZIA OTKIOHEHHI B pacyeTaxX IIPEBBIIAIT JOIIYCTHMBIE IIOIPEIIHO-
CTH, IIpHYEM BEChMA CYII[ECTBEHHO.

3) B ypaBHeHHH IIpaBasd M JeBas YacTH He SKBHBANEHTHHI. [IpaBas
YacTh YPaBHEHH BHICTYIIAeT IIPHUIHON, a JeBasd 4acTb — €€ CIeJICTBH-
eM. Ecim myreM M3MeHeHMI MarHUTHOHM MHIYKI[HH C IIOCTOSHHOM CKO-
POCTBEI0 MOXKHO €O37[aTh Ha KOHType TocTogHHy0 OJIC, To oGpaTHoe

Puc. 6.1. Hapenenne DJIC B KOHTYpe: @ — IIO
MakcBety; 6 — B peaTbHOCTH
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JelicTBHe He MOXeT OBITh PealH30BaHo, T.K. CO3/IaB Ha KOHTYpe IIOCTO-
sHHyR0 3/1C HHMKAKOro IIOCTOSHHOTO M3MEHEeHH I MarHHTHOH HH/TYKI[HH
TIONIyYHTh Helb34. [l03TOMy IPaBIIIBHO OBUIO ORI MeXTy IIPaBOH H
JIeBOI YacTSAMH YPaBHEHHA IIOCTAaBHTh He 3HAK PaBeHCTBA, a 3HaK "[] ",
YKa3BIBAIOIIHH, UTO JIeBasd YacTh ABJAETCS CIeICTBHEM IIPaBOIi:

rotE 0 —dB/df; (6.17)
TO ’Ke OTHOCHTCA H K HHTeTPaIbHOI popMe:
e={Ed O -d&,/dt (6.18)
I

CreyeT 3aMeTHTh, UTO CIOCOOOB ITOMEHATh MeCTaMH IIPHYHHY H
CIeJICTBHE B IIPHPOJie He CYIIEeCTBYeT, HAIPHMep, eciH, IPOIycKasd B
IIPOBOJIHHKAX KOHTYpa ITOCTOSHHBIH TOK, MOXHO CO3JaTh B HeM Mar-
HHUTHBIH ITIOTOK, TO OOpaTHasd ollepalsi HeBO3MOXKHA: Hellb3d, CO3/[aB B
KOHTYype IOCTOSHHBII MarHUTHBIH ITOTOK, ITOJXYYHTh B HEM 3.]1.C.

Bmopoe ypasHeHUe Makceerina
rotH = j+dD/dt (6.19)

H COOTBETCTBYIOIIleE €My HHTeTPAlbHOE YpaBHEeHHE (3aKOH IOIHOTO
TOKAQ)

|

BBIPpaXar0T TOT (1)8KT, YTO €CIIH B IIPOBOJHHKE T€UET TOK, TO BOKPYT
IIPOBOJHHKA BO3HHKAET MAalrHHTHOE II0JIE€, BEIIHYHHY KOTOPOTO MOXHO
OIIPpEEIINTD.

HpI/IHIEHT[I/IaJILHO BTOpPO€ ypaBHEHHE MaxkcBenia MOXHO Pa3saeimTh
Ha IBE YaCTH.

rotH'= j; (6.21)
rotH"=dD/dt. (6.22)

HnrerpansHad ¢opMa — 3aKOH IOIHOTO TOKAa — OTpPakaeT TOIBKO
MIepBYI0 YacTh, I BTOPOH YacTH aHAJIOTHYHAsI ¢opMa OTCYTCTBYeT,
XOTS M MO’eT OBITh HEeCIOKHO HalHCaHa, HAl[PHMep, B BHJIe
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§ Hdl = s/ dt (6.23)
|

B oTianume ot IIEPBOTO YpaBHEHII BTOPOE€ YpaBHEHIE Makcpenna
H 3aKOH IIOJIHOI'O TOKa OTpPaXKar0T peaJIBI—[BIfI IIponecc BOSHHKHOBEHII
MarHMTHOT'O IIOJII BOKPYI ITPOBOJHHKA. OJIHaKO H 37IeCh MOXKHO Cie-
JIaTh HEKOTOPBIC 3aMCUaHI.

1) 3aKOH IIOMHOI'O TOKA ABILAETCA aHAIOTOM 3aKOHA IIOCTOSHCTBA
IMHPKYILIMHH UL BHXPEBOI'O JIBHKCHILI HEeBA3KOH H HeC:KHMaeMOH
KHIKOCTH.

fud =1, (6.24)

I7le V — CKOPOCTh ITOTOKA KHJKOCTH BOKPYT I[eHTpa BUXpA, a I — Ha-
IIPSUKEHHOCTh BHXPA. OTOT 3aKOH OTpaXkaeT BHXPEBYIO CTaTHKY, T.e.
IOBHKEHHEe XHIKOCTH B yCTaHOBHBIIEMCSA BHxXpe. COOTBETCTBEHHO H
3aKOH ITOJIHOTO TOKA, H BTOPOe ypaBHeHHe MaKcBelDla OTPaXkaroT CTa-
THKY MarHHTHOTO 104, 2 BOBCE He IHHAMHKY.

2) Kak Bo BTOPOM ypaBHeHMH MaKcBellIa, TaK H B 3aKOHE ITOJTHOTO
TOKa OTCYTCTBYIOT KakHe-THOO H3MeHeHH IIPOIECCOB BO BpeMeHH, I0-
3TOMY, HallpHMe]p, eCIH H3MeHWIAch BeJIHUHHA TOKa, TO B COOTBETCT-
BHI C YpPaBHEHHeM 3aKOHA IIOJHOTO TOKA BellIUIHA HAITPSKeHHOCTH

H=i/27R (6.25)

JOJKHA MTHOBEHHO H3MEHHTHCS HE3aBHCHMO OT TOTO, Ha KaKOM pac-
CTOSHHH OT CaMOTO HPOBOJHHKA ¢ TOKOM HAXOJHTCS MAarHHUTHAS CHIO-
Bas JHHHA. HUKAKOTo 3ala3/bIBaHHs IIPOIecca YPABHEHIEM He Ipejy-
CMOTpEHO, YTO IPOTHBOPEUHT CMEICTY, T.K. 3alla3/(RIBAHHE CIEICTBIA
(HAIPSIKEHHOCTH MAarHUTHOTO TIONA) IO OTHOIIEHHIO K IPHUHHE, €ro
BEI3BABIIETO, (TOKY) JOIKHO OBITS.

3) Bropoe ypaBHeHHe MakcBela, Tak ke KakK H IEPBOE, OIHCHIBA-
€T TIPOIIeCC B IUTOCKOCTH, HO He B 06heMe. COOCTBEHHO H3MEHEHIE Ha-
HPSUKEHHOCTH E BJIONE €T0 HAIPaBIEeHHS B HEM OTCYTCTBYET. U, TaK Xe,
KaK M B IIEPBOM YpaBHEHHH, IIOBOPOT INIOCKOCTH B OCAX KOOPJIHHAT,
KOI'JIa U B TIPABYIO, H B JIEBYIO YACTH YPAaBHEHI MOMA/IAI0T BCe TPH JIe-
KapTOBHI KOOPAMHATEI, CyTH He MEHIET.

4) Bo BTOpOM ypaBHeHHH MakcBelia, Kak H B IIEPBOM, IIpaBas H
TeBas YACTH HA CaMOM Jielle He SKBHBATEHTHEI. 37IeCh TaKkKe IIpaBas
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YacTh YpaBHEHHA BHICTYIIAeT IPHUMHOM, a JIeBasd YacTh — €€ CIeICTBH-
eM. Eci mmyTeM M3MeHeHHI 3NeKTPHUYECKON HHAYKIIHH C IIOCTOSHHOM
CKOPOCTBI0O HIIH IIPOITyCKaHHeM ITOCTOSHHOTO TOKa Yepe3 IIPOBOHHK
MOJHO CO37[aTh B OKPEeCTHOCTIX IPOBOIHHKA MarHHTHOE IOJE, TO 00-
paTtHOe JeiicTBHe He MOXeT OBITh PealH30BaHO, TaK KaK, CO37[aB B OKpe-
CTHOCTSX IIPOBOJHHKA ITOCTOSHHOE MarHHTHOE IT0Jle, HHKAKOTO II0CTO-
STHHOTO M3MeHEHHS SNeKTPHUeCKOH HHYKI[MH IIH MOSBIEHHI ITOCTO-
SIHHOTO TOKA B TPOBOJHHKE IIOMYYHTH Helb3d. [loaToMy H 37iech Tpa-
BIJIFHO ORUIO OBI MeXIy IIPaBOH H JIeBOH UACTIMH ypaBHEHHA TIOCTa-
BHTH He 3HAK PaBEHCTBA, a 3HAK [ ", yKa3BIBAIOII, UTO JleBasd YacTh
SIBISIETCA CIeICTBHEM ITPaBOL:

rotH O j+dD/dt (6.26)

H COOTBETCTBYIOIIlEE €My HHTeTPANbHOE YpaBHEeHHE (3aKOH IIOIHOTO
TOKAQ)

i = dg/ dt=>§ Hdl (6.27)
I

Tpembe ypasHeHUe Makceesrina
div D =p; (6.28)

H COOTBETCTBYIOIIIEE €MY HHIETPAIIbHOE YpaBHEHHE — TE€OpeMa Ocrt-
porpancrcoro—l"aycca UL SJIEKTPHYECKOTO ITOJIA

¢e = § DdS = q (629)
S

TpelaT TeM Xe: B HHX OTCYICTBYeT BpeMeHHOH (akTop, cieqoBaTels-
HO, 3TO YpaBHEHHA CTaTHKH. IIpaBfa, ecin TeopeMa OCTPOIpajicKOro—
I'aycca B yueGHHKaX OOBIUHO IIOMeEINAETCSI B pasfiell 31eKTPOCTATHKH,
To muddepeHIHATEHOE BHpaXeHHe TOIO Xe — TpeThe ypaBHEHHE
Makcpelnna IoMenaeTcsa B TexX ke yueOHHKax B paszjel JHHAMIKH, UTO
HIyeM He 000cHOBaHO. To, UTO HHTerpambHasd ¢gopma sBiIsgeTcs ¢op-
MOIHi cTaTHYeCcKOH, JIeTKO BHAETH H3 TOTO 00CTOATENHCTBA, YTO OIpesie-
JIEHHOE M3 3TOTO BERIPAXKEHHA 3JIeKTPHUECKOe CMeIIeHTe

D = ¢/4nR? (6.30)

JOJIKHO H3MEHATHCA MITHOBEHHO ITPH M3MEHEHHH 3apsAnaa Q. OOBIYHEIM
BO3paXeHHEM IIPOTHB 3TOI'0 ABJIAETCA TO, UTO OJMHOYHBIN 3apA1 H3Me-
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HHTHh HEBO3MOJXHO, a IIPHBHECEHHE TOIIOJIHHUTEJILHOI'O 3apsAaa €CTh IIPO-
I1eCC AOIOJHUTEIBHBIH, KOTOpLIﬁ OIMCHIBACTCA YK€ COBCEM HHAYE. Tem
HEe MEHEE, MaTEMAaTHYE€CKOE OIMCAaHHE BCE PABHO HOJDXHO IIpeaycMar-
PHBATh HAMMYHE 3aITa3AbIBAIOINETO IIOTEHITHAIA, a 3TOI'0 B YPaBHEHHH
HET.

KpOMe TOT'O, B YPaBHEHHH CJIETOBAJIO OBl TaKXke OIIpEAEeINTh IIPH-
YHMHHO-CIIEACTBEHHBIE OTHOIIIEHNA B BH/I€ COOTBETCTBYIOIIETO HX HAITH-
CaHILA.

D, :§ DAS O g, (6.31)
S
a TaKXKe
D O ¢/4nR2 (6.32)

Hemeepmoe ypasHeHUe Makceersina
divB=0 (6.33)

H COOTBETCTBYIOIIIEE €My HHIETPAIIbHOE YpaBHEHHE — TE€OpeMa Ocrt-
porpancrcoro—l"aycca UL MarHHTHOTO ITOJIA

@, ={BdS=0 (6.34)
S

He BRI3BIBAIOT OCOORIX BO3paKeHHI, KpoMe, pa3Be UTo, CBOeH HeJocTa-
TOUHOCTH, TaK KaK OHH Takke (PHKCHPYIOT HEKOTOPYIO CTaTHKY, KpoMe
TOTO, B HIX TaKXe OTCYICTBYyeT BpeMeHHOH ¢akTop. UeTBepTroe mu-
¢deperimantHOoe ypaBHeHHe MakcBellla Toxe 0e3 BCAKOTO 000CHOBA-
HIL1 TIOMeINaeTcs B yuyeOHHKaX B pa3/iell JHHAMHKH. [IHTerpambHasd xe
¢dopma, moMelraeMasi B pas3fiell CTAaTHKH, BRIpakaeT TOT OYeBH/IHBIH
(aKT, YTO MAarHUTHEIE CHJIOBEIE IHHHH BCEIJla 3aMKHYTHI: CKOJBKO HX
BHIIDIO M3 3aMKHYTOH IIOBEPXHOCTH, CTOJBKO e H JOIKHO BOHTH B
Hee. BpeMeHHEIX IIPOIIECCOB OHA He OTpakaeT.

Taxrm o6pa3oM, JUHAMHYECKHe IIPOIECCH, IPOTEKAOIHe B HeK-
TPOMArHHTHOM IIOJe, OTPaKAIOTCA He BCEMH YeTHIPHMA ypaBHEHIIMH
Makcpenna, a TOIPKO IIEPBEIM H IIOJIOBHHOH BTOPOTrO, IIPHUYEM IIepBOe
ypaBHeHHe He OTpaxkaeT pealbHOTO IIpollecca BO3HHKHOBeHII OJ[C B
IIPOBOJIHHKE TTPH H3MEHEHHH BO BPeMEHH MarHHTHOro Iond. IlepBad
’Ke IIOJIOBHHA BTOPOTO ypaBHeHHMA MakcBelna, a Takke TpeThe H uer-
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BepTOe YpaBHEHHS SBILTIOTCS YPAaBHEHHSIMH BHXPEBOH CTaTHKH H, B
TIPHHIMHIIE, K 3IEKTPO/IHHAMIKE OTHOIIEHHS He HMEFOT.

U mepBoe, H BTOPOE YpaBHEeHHI MaKcBelllla HTHOPHPYIOT ITOJIA, Ha-
XOJIAIIHECS BHE KOHTYPOB. OJIHAKO COCEJTHIIE OJTHOHAITPABTIEHHEIE BHX-
PH, HMes Ha CBOeil epHU(EPHH B COMPeIeTBHEIX 00TACTIX MMOTOKH CPe-
Bl — 3(Hpa IPOTHBOIONOKHOTO HANPABIEHHS, CO3AI0T B3aHMHYIO
KOMITIEHCAIHIO ToJel (prc. 6.2).

a) 6)

Puc. 6.2. KoMrieHcanms IojTeil: ¢ — MarHHTHOTO TOJIS1 B pacrpeeSieHHOH CHC-
TeMe TOKOB; 6 — JIEKTPHYECKOTO 10711 B PacIpe/ielIeHHOH CHCTeMe MarHHTHBIX IT0TO-
KOB

OTO0 O0OCTOATENBCTBO HE YUTEHO IIEPBBIMH IBYMSA YPaBHEHIAMH.
Ecm O 5TO yUNTHIBANOCH, TO, KaK 3MeKTpHYecKad, TaKk H MarHHTHAL
HaNpKEHHOCTH He BCeTa ObLIN OBl OJJHMMH H TeMH e UL IIEPBOTO H
BTOPOTO YpaBHEHHI.

HakoHell, Bce ypaBHeHHI MakcBellla BEIBEJEHBI H3 IIPEJIIONOXKe-
HHA 00 HlealbHOCTH 3(Hpa H, CIeJOBaTeIbHO, IIOpa3yMeBar0T OTCYT-
CTBHE y HETO BA3KOCTH H CKHMaeMOCTH. B TakoM a¢mpe BHXpH He MO-
TYT HH 00pa30BRIBAThCA, HH HCYe3aTh, YTO IIOIHOCTBI0 He COOTBETCTBY-
€T OIBITHEIM JAHHBIM: HAIPSKEHHS H MarHHTHbIE ITONIA BO3HMKAIOT H
HCYEe3ar0T, HO 3TO He 3al0:XKeHO B (IM3MKY ypaBHEHIIH. B ¢H3HKy ypas-
HeHMIT MakcBelUla Takke He 3al0XeHa CXKHMaeMOCTh IIONeH, HeIo-
CPEeJCTBEHHO BEITEKAOINAI H3 CKHMAeMOCTH 3QHpa.

IlomyueHHsIe MakcCBeIZIOM YpaBHEHHA 3IEeKTPOMATHHTHOIO IIOJA
Ha OCHOBE THAPOMEXAaHHUECKHX IIPeJICTABIEHIH 3IMeKTPOMATHHTHBIX
SABIIEHMII H HX BCECTOPOHHAA alfpoOaIfiii BO MHOTHX IIPAKTHYECKIX
TIPIIOKEHHAX ITOJTBEPXK/IAI0T IPAaBOMEPHOCTh METO/A AHANOTHMIA, HC-
TIONIF30BAaHHOTO MaKCBeIlIoM, H, Ka3aJloch OFI, M3 3TOTO He BEITEKAeT
HEOOXOIMMOCTh KaKOTO-THOO YTOUHEHHSI YpaBHEHHH 3IeKTPOIHHAMH-
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k. OIHaKO 5TH ypaBHEHMSI B COOTBETCTBHH C IIpe/ICTaBIECHHIMH
[empMroNpIa O MOBEJIEHHH BHXPEH B KHIKOCTH OTPAKAIOT BCETO JIHIIb
IIpoIlecc TepeMeleHHsS BUXpeH B IIPOCTPAHCTBE M He OTpPakaroT IIpo-
mecca oO0pa3oBaHMA 3THX BHXpeH. J[I11 Toro uToOB paccMOTpeTh IIPo-
Iecc B IeJIoM, He0OXO (MO IIPOBECTH JIOIIOMHHTEbHEIE IIOCTPOESHH.

TaxrmM o6pazoM, ypaBHEHH 3IeKTPOJHHAMHIKH MaKcBelia He SB-
JLTFOTCS COBEPIIEHHBIMH, KaK He ABJIIeTCS COBEPIIEHHEIM HHUTO Ha CBe-
Te. 1 T03TOMY HaJl HHMH HYXKHO IIPOJIOJIKaTh paboTarh.

6.2. Hekomopble ymo4YHeHUs1 ypaeHeHull
a/1eKmpoOuHamMuKu

1 u?2 ypasHeHUA
PaccMoTpuM 3MeMeHTapHBII 00BeM Cpefpl, HaxXOAIIeHcs O BO3-
JIeHCTBHEM IpHiIoXeHHOHM OJIC, a Takke BHEIIHNX MarHHUTHEIX IIOJEH

(puc. 6.3).

y
S

111

y
Puc. 6.3.06pazoBaHme WIEKTPH- Puc. 6.4.06pazoBanue
YeCKOI0 TOKA B CpeJie. MAarHUTHOT0 TIOTOKA B CpeJie.

13 MoZeIH 3IeKTPHYECKOTO IIOJIA CIIeAyeT, UTO TOK ABIIETCA CIeJl-
CTBHEM 3IIEKTPHUECKOH HAIPAKE€HHOCTH, AeHCTBYIOLIEH B IEIIH, a Mar-
HUTHOE II0JIe BOKPYT IIPOBOJHHUKA ABIIETCA CIEICTBHEM YIIOPALOUYEH-
HOM OpHEHTAIMH B IIPOBOJHHKE INEKTPHUYECKHX 3apAf0B. J[I1 aeMeHTa
CpeZpl B TaHHOI IIeIH HeOOXOFIMO YUHTHIBATh TPH 3JIEKTPHUECKHX Ha-
NIPSDKEHHOCTH, CYMMHMpYIOIIHECS APYT € IPYTOM H CO3JArOIIHe 3JEK-
TPHYECKHI TOK. F, — HalPsSKEHHOCTh OT BHEIIHET0 HCTOUHHKA OJ(C;
E}y1 — HaNPsKEeHHOCTH, HABOJMMYIO CO CTOPOHBI JPYTHX TOKOB, Me-
HAIOIIMXCA BO BPEMEHH, BHEIIHHX II0 OTHOIIEHHIO K paccMaTpHBae-
MOMY 00BeMY, 37leCh CleIyeT YUHThIBaTh, YTO MAarHHTHOE IIONE, CO3-
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Taroree 3Ty OJ[C camMo HMeeT BOTHOBOM Xapakrep; Fx o — HapsKeH-
HOCTh, HABOJHMYIO CO CTOPOHBI HCTOYHHKA, ABHAKYIIETOCA OTHOCH-
TeFHO pPaccMaTPHBAaeMOT0 00BeMa.

IIIOTHOCTH TOKA ., BOSHHUKAIOIIETO B LIEIIH, OIIPeAENieTCa STHMH
HAIIPSLKEHHOCTSIMH H IIPOBOJHUMOCTBIO Cpelbl. B cBOIO ouepens, TOK
BBEI30BET MAarHUTHOE IIOJE, HAIPSLKEHHOCTh KOTOPOro paBHa Ey |, Tak
YTo

" OE,
rotH, 0 6,=| 0 E, +aaoza—t' : (6.35)
i=1
" 9E,
rae z— €CTh BEKTOPHAA CyMMa ITPON3BOJHBIX 3JIEKTPHUECKHX

i=1
HAIPSDKEHHOCTEH 3JIEKTPHUECKOTO TONA IO BPeMEHH (CKOPOCTH H3Me-
HEHII) B TOUKe, B KOTOPOH OIpesIeNIeTcs HaBeleHHas HaIIPKEeHHOCTh
MAarHHTHOTO ToIg He

AHATOTHYHO TPH PACCMOTPEHHMH 3IeMeHTapHOTO OO0BeMa CpeJHl,
HAXOJIAIIETOCS IO/ BO3IEHCTBHEM IIPHITOKeHHOH BHerHei MJIC (Mar-
HHTONBIXYIIEH CHIBI), a TaKXKe IIOJ BIHMSIHHEM BHEIIHHX MArHHTHBIX

moyeit (puc. 6.4),momyumnm:

_ °0H,
rotg, U d,, =—U L, e (6.36)
i=1
n .
rae z—' €CTh BEKTOPHAasd CyMMa ITPOU3BOJHBIX IIO BpEMEHH

i=1
(cxkopocTH H3MeHEHH ) HANPSKEHHOCTEH MAarHHTHOTO TIONIA B TOUKE, B
KOTOPOH OIIpefiellieTC HaBeJeHHAsS HAIPLKEHHOCTh 3NEeKTPHUECKOIO
o Eg

CruexyeT OTMETHTH, UTO HCIIONb3yeMas aHAIOTHA He CTPOro Kop-
PeKTHa H JOMKHA OBITH B JaNbHeHIIIeM SKCIepHMEHTAIbHO TIOJTBep-
KIeHa.

IIpH OTCYTCTBHH IlepeMeIaroIHxcs OTHOCHTEFHO 00heMa HCTOU-
HHKOB MAarHHTHOTO H 3JeKTPHUYECKOTO TIONeH, ypaBHEHHS IpeoOpaszy-
IOTCA B BH],
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rotH, 0 4, = a+£% (E, +E) (6.37)

rmE¢D5M=—y§in+HHJ (6.38)

IIpHBeleHHBIE BRIpAXEHHS MIPeICTABILIFOT COOOH MO I HITHPOBAH-
Hele BTopoe u IlepBoe ypaBHeHHI MaKcBeiUIa, OTIIHMYAIOIIHECS OT II0-
CIIEJTHHX TeM, YTO OOBIUHO HCIONB3yeMEIH B ypaBHEHHAX Makcpemia
«CTOPOHHHH TOK» BRIPQKEH depe3 HAIPSKEHHOCTH, a TaKXe C yU4eTOM
HCTOYHHIKOB 3JIEKTPHYECKOTO H MArHHUTHOIO IIONIEeH, BHEIIIHUX OTHOCH-
TeIFHO paccMaTpHBaeMoro oobeMa. [IpejcTaBIeHHEIe B TaKOH H3Me-
HeHHON ¢opMe ypaBHEHHS 3NEeKTPOMATrHHTHOTO ITONA IO3BOJLIIOT Cie-
JIaTh HEKOTOPEIE OTIIHUHEIE OT OOBIUHBIX BEIBOIEL.

JeficTeuTe HO, B OOIIEM CIIydae HAMPSKEHHOCTH MAarHHTHOTO H
3JeKTPHUYECKOTO T0JeH, HCIONb3yeMble B 000HX YpaBHEHHIX, pa3-Hble,
a He OJIMHAKOBEIE, KaK 3TO MMeeT MeCTO B ypaBHeHHAX MakcBeiia. Ha-
IIPSKEHHOCTh MarHUTHOTO Il H,, cTosfImasd B JeBOH YacTH IIEPBOTO
ypaBHeHHSA (MOJIEPHI3HPOBAHHOTO I[lepBOro ypaBHeHMSI Makcpela),
SIBJIAETCSA YACTHI0 BCEH INEeKTPHUYECKOH HAIPSKEHHOCTH IIPaBOH YacTH
BTOPOTO ypaBHEHMA (MOJIEPHH3HPOBAHHOTO BTOpPOro ypaBHEHHSI Mak-
CBEJDIA); HAIPSKEHHOCTH IEKTPHUECKOTO oA E,, cTosImas B JIEBOMH
yacTH BToporo ypaBHeHHs, SBILAETCSI YacThI0 BCeH MAarHUTHOH Hallps-
AKEHHOCTH ITpaBoH yacTH llepBoro ypaBHeHH .

YToGHl TOKa3aTh, YTO IONYyUYEHHBII pe3ylIbTaT He CTOINh TPHBH-
alleH, KaK 3TO MOKET II0Ka3aThCs € IIEPBOTO B3IILA/IA, PACCMOTPHM 4Ya-
CTHBII cIydait, mpH KoTopoM 8. # O, B To Bpems kak Hy = 0, T.e. TOK
TeueT U MEHAETCA BO BpEMEHH, a MAaTHHTHOE I10JIe OTCYTCTBYET.

B camowm perne, ecim 31IeKTpHYeCcKOoe I10JIe HAIPABJIEHO BAOIb OCH Z,
a B IDIOCKOCTH Xy PaclIpeielIeHO PaBHOMEPHO, TO TOTJa

oE oE
2X =0, —2¥ =0 (6.39)
oy 0x

H, CIIeJOBAaTeIbHO,
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0E,, OE,,
(OtE,, =—2* - —%¥ = (6.40)
dy 0
OTKyZia
H‘V + HEV1: 0, (641)

T.€. IIPOUCXOJHUT IIOJIHAaA KOMIICHCAIH MarHHTHOTO ITOJIA. DaKTHUeCKH
BC€ BTOpPO€ YpaBHEHHE oGpamaeTCﬂ B HYIIb, a IIEPBOE€ YPaBHEHHE OCTa-
€TCA B IIPEXKXKHEM BH]IE.

AHAJIOTHUYHO, €CJIM MarHHUTHOE II0JIe HampaBIIEHO BAOIL OCH Z, A B
IDIOCKOCTH Xy PacCIIPpEEIIEHO PaBHOMEPHO, TO TOrJa

oH oH
£ =0—2r =0 (6.42)
oy 0x
TO
oH oH
rotH,,=—**-—*¥ =0, (6.43)
oy 0X

OTKyJia

E‘p +Eqgn= O, (644)

T.e. IIPOHCXOJUT ITOJHASI KOMIIEHCAIHMA 3JeKTpHyeckoro moid. Torza
IepBOe ypaBHeHHe oOpalaeTcsa B Hyllb, 2 BTOPOe YpaBHEHHe OCTaeTCs B
IIpeXHeM BHJIE.

B kaxoif Touke IIPOCTPAHCTBA IPOM3OIILIA IONHAS KOMIIEHCAIHA
ToJieHl, BHYTPeHHETo M BHEIIHETro 10 OTHOIIEHHIO K F0OOMY paccMar-
pHBaeMoMy 00beMy, XOTd H CKIaJbIBaeTcA Ha IIePBEIH B3IILAM apaIOK-
calbHAs CHTYyaIRd: IIPH HAIIUIH IIepeMEeHHOTO BO BpeMeHH JIIeKTpHYe-
CKOTO TOKa MarHHTHOE II0lle ITOJHOCTRI0 OTCYTCTBYeT. Ha camom Jene
3TO TI0JIe TOJTHOCTHI0 CKOMIIEHCHPOBAHO B KaXJOH TOUKe ITPOCTPAHCT-
Ba, H, €CIIM KaKOH-TO 00heM ITPOBOJHIKA H3BIEUb, TO II0 TPaHHI[AM 3TO-
TO BEIHYTOI'O 00BheMa H B caMOM 00beMe HeMeIeHHO MOSBHTCS COOT-
BETCTBYIOIIlee MarHHTHOE IIOJe.

OKCMepHMEHTaJIbHAsA TIPOBEPKa BbICKa3aHHBIX ITOJIO)KEHHE TIOATBEp-
JIHJIa HX.
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B 3kcrieppMeHTe ObLTa HCIIOJb30BaHa IUIOCKOCTh, HA KOTOPOH ObLI
pasMelieH psf MPOBOJIOYHBIX KOHTYPOB, BKIIIOYEHHBIX ITOCJIEA0BATENBHO,
yepe3 KOTopble IpOoITycKalics IepeMeHHbIH Tok. KoHTypa co3gaBamM Iie-
pPEMEHHOE MarHHUTHOE I10JIe B OKpY»Karoll[eM HX IpocTpaHcTBe. Haa KoH-
TypaMH pa3Melajiach H3MepHTENbHas paMKa, K KOTOPOH ObLIT MOJIKITIOYeH
H3MEPHTENbHBIH MpHGop. Iep eximoyeHHe KOHTYPOB OCYIIeCTBIAJIOCH Ta-
KHM 00pa3oM, 4TO IMOOYEPEAHO MOT TOZKIIOUAThCA COOTBETCTBYIOUIHH
KOHTYD IPOBOJIOYHBIX KOHTYPOB.

OKCIEPHMEHT I10Ka3aJl, YTO 10 Mepe MOAKIIOUEHHA BHYTPEHHHX I10
OTHOIIEHHIO K H3MEPHTENILHOH pamMKke KOoHTypoB OJIC Ha HEH pacTeT, a I10
Mepe TOCIENYIOMEro MOAKIIOYEHHA BHEMHHX 10 OTHOIIEHHIO K paMKe
KoHTypoB OJIC HauHHaeT yMeHbmaThcs (pHc. 6.5). OTo okasanoch cripa-
BEJIMBBIM JIJI1 BCEX PasMepPoB paMmoK. TeM caMbIM BbICKa3aHHBbIE BbIIIE
TI0JI0’KEHHA TOJIYHHIIH 3KCIIEPHMEHTANIbHOE IO TBEP:K]] eHHE.

1
2
3

a 6,

Puc. 6.5. H3MeHeHue 3JC Ha mMepmmmﬁlx KOHTYpax I10 Mepe yBe-
JIM4eHHA 1M CJIA 110 AK/IF0IAeMbIX TOKOHE CYLIX KOHTYPOB: 0 — PAcIIOJIoZKeHHe
H3MEPHTILHBIX KOHTYPOB Ha IUIaCTHHE ¢ TOKOHECYITHMH KaTyLIKaMH, CO3/alo-
IIMMH MarHHTHoe IoJie; 6 — DJIC Ha H3MEPHTEILHOM KOHTYpe [0 Mepe IMOAKTO-
YEHHs1 TOKOHECYITHX KaTyLleK

CreyeT OTMETHTh, UTO PacCMOTpeHHAad 3a/lauya ¢ PaBHOMEPHBIMH
ITyTECHPYIOIIIMH BO BPEMEHH IIOIAMH HEIIOCPEeJCTBEHHO C IIOMOIIBIO
ypaBHeHHIT MakcBellIa He MOKeT OBITh pellleHa, TaK KaK B HHX 3JeK-
TpHYeCKHe H MarHHTHEIE HAIPSKEHHOCTH B 000X ypaBHEHHIX PaBHEI
MeXIy CO00M, «CTOPOHHHX TOKOB» 3/IeCh TaKke HeT. [IpocieuTs pakT
B3aHMHOM KOMITEHCAITHH COCTABILIIONIIX IONeH II0 3THM YypaBHEHIIM
TpyzRHO. HyleBoi pe3ylsTaT Kak pellleHHe 3a/layd Ha OCHOBE ypaBHe-
HIT MakcBesia BO3MOKeH JIMIIb B TOM CIydae, eCIIH BCe COCTAaBILIIO-
e IMoNei 1 TOKOB PaBHEI HYJIO, YTO IIPOTHBOPEUHT HCXOHBIM YCIIO-
BHAM 33/IauH.

[IprBeeHHbIE MOJIePHH3HPOBAHHbIE YPaBHEHI SIIEKTPOTHHAMIKH
TIOYTH TIONHOCTBIO COBIIAJIAIOT C ITEPBBHIMH JABYMS YpaBHEHIIMH Mak-
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CBEIUIA, €CIIH PACCMAaTPHBATh IPAHUIy PACIPOCTPAHIIOIIETOCA B IIPO-
CTPAHCTBE TOJIA IIPH YCIIOBHH, YTO 3a 3TOMH TpaHHIEell (B CTOPOHY pac-
MIPOCTPaHEH ) HET HCTOUHHIKOB MOJIA. Torja ypaBHEHHS TPHOOPETAIOT
BHJ ypaBHeHMI MakcBeia:

rotH, O Q=(0+£%jE¢ (6.45)
0
rote, 0 9 =—,ua H, (6.46)
COOTBETCTBEHHO MOXET OBITH YTOUHEH H 3aKOH CDapax[eﬂ
e={Ed =-SdB, /dt (6.47)
|
B yTouHeHHOM BH/Ie OH IPHOOPETET BH,
dB, dB
e={Ed =-s5 —'-—¢|, ,
]f ( dt  dt j (6.48)

n mpu Bi =B, e = 0. HIEKCH «i» H «e»o03HayarT «internal $HyT-
peHHMIT)» 1 «external §rermHrt)».

Ilo aHAQIOTHH ¢ 3aKOHOM 3JIEKTPOMArHHTHOM HHAYKIMH Dapajes Ha
OCHOBAHHH YPaBHEHHA 3JIEKTPOMArHHTHOTO IIOJIA MOKHO IIPEIJIOKHTH
BHIpaKeHHe UL MarHHTO3JIEKTPHUECKOH HHITYKI[HH

(H) = S[o(E, - E,) + s%(Ei -E) (6.49)

I7me S — oAk KOHTYPA, OXBATHIBAIOIIETO ITPOTEKAIOIIIA B Cpejle
TOK.
OTmiumre OT 3aKOHA ITOJHOTO TOKA 37[eCh TAKXKe 3aKIF0YaeTCs B yue-

T€ BHEIIMHNX OTHOCHTEIIbHO KOHTYpa TIOJIeH.

3 U 4 ypaeHeHus
PaccMoTpHM Ipoliecc paclpocTpaHeHHs IOJ 3IeKTPHUecKOH HH-

TYKIIMH B TIpocTpancTBe (puc. 5.6).
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D, +(§:dz+%—ll)zdl

OD St

oD,

., oD,
Lg;‘F Q—V)c,j,r+ o—lldz

Puc. 5.6. K BhIBOAY YpaBHeHHMil
PACIIP OCTPAHEHUA WIEKTPHIeCKOM

HHAYKIINN
IIOTOKA BHXPA BAOb OCH.

@akT pacIpoOCTpaHEHNI BHX-
PeBOTO ABHKEHUA XHUIKOCTH BJOIb
OCH BHXpA MO3BONAET CHOPMYIH-
poBarh IIONOXKEHHE O TOM, YTO II0-
TOK BeKTOpa BHXpPS, @ COOTBETCT-
BEHHO H IIOTOK HHAYKIHH, BXOII-
I B HEKOTOPHIH 00heM, He paB-
HBI IIOTOKY BEKTOpa, a COOTBETCI-
BEHHO H IIOTOKY 3JIeKTPHYECKOH
HHIYKIIMH, BBIXOIAINETO H3 3TOIO
o6beMa, TIpHYEM pa3HHIA OyJeT
00yCIIOBIMBATECA 3ala3/pIBaHHEM

Ecmm moTok BekTOpa 3NeKTpHUecKoi HHAyKIpH D oT 3apsma q mpo-
XOJHT Uepe3 MOBEPXHOCTH Mapallelelmena co cropoHamu dx dy, dz
TO TMOTOKH BekTOpa D, mporrre timie yepe3 TpaHH, paBHEI COOTBETCTBEH-

HO:

CKBO3b OIIKANIITYI0 TPaHb:
D,dydz

CKBO3b JAIIbHIOIO I'PAHb:

(DX + 90 g+ 9 dtjdydz
P ot

X

CKBO3b JIEBYIO TPaHb
Dydxdz

CKBO3b TIPaBYIO I'PaHb!

D, + %2 dy+ 2 it |uxd
ay %

CKBO3b HIDKHIOIO TPAHB .

D,dxdy

(6.50)

(6.51)

(6.52)

(6.53)

(6.54)
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CKBO3b BEPXHIOIO TPAHb:

oD oD
D, +—*dz+—*dt |dxd :
( ¥, z ot jxy (6.55)

CymMMHpys TTOTOKH uepe3 Bce IPaHH H Jelld HX CyMMY Ha 00BeM
TapajUIeNIeNHIe [a, HaxoauM:

oD, oD, oD, 0D, 4D, 4D, _
+ + + + + =p, (6.56)
ox cot ody cot 0z c,ot

e
c =dx/dt ¢, =dy/dt; c,=dz/dt (6.57)
H, TaKIM 00pazoM,

div D + 92 49y, 0D, =p (6.58)
cdt cot cot '

11,11 650

¢ cf ¢ c '
I

divD +% =p; D=D(t-r/c), (6.60)

YTO OTIIMYAETCA OT TPEThErO YpPaBHEHIA MakcBeiia HaTMuneM WieHa

oD/cot.

[TonyuenHoe mu(epeHIATEHOe YpaBHEHIE TTEPBO CTeNleHH IIPH
p = Onmeer pemerne mpu p =0

D=D(t-r/c), (6.61)

T.e. 3TO BOIHA, a CaMO YpaBHEeHHe — BOJHOBOE YpaBHEHHe IIEPBOH CTe-
TIeHH H OTpaxaeT IPOJIONbHOE PacIPOCTPaHeHHe BOIHEL.
Teopema I"aycca IIpH 3TOM HeCKOIBKO BHAOH3MEHIETCS H IPHOOpe-

TaeT CIeAYIOLTYI0 GopMy:
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@, =D (t-r/cdS =q(t) (6.62)

HOCKOJILKY TOK B CpeJie pacIIpOCTpaHA€TCA BIOJb IIOTOKA Du ero

IUTOTHOCTh & TIPOIOPIHOHANBHA D, TO IA IUIOTHOCTH TOKA CIIpaBe]I-
JIHMBO COOTHOIIIEHHE

) 00
divée+——: 6=6(t-r/0), ,
e ( ) (6.63)

T.e. paclpocTpaHeHHe TOKa B cpeJie HOCHT BOJHOBOIH XapaKTep.

JlaHHOE TIONIOKEHIe IIPOTHBOPEUNT H3BECTHOMY CTaTHUECKOMY 3a-
KoHy Kupxroda o ToM, 4To cymMMa BceX TOKOB JUIA IF000H TOUKH 3JIeK-
TPHYECKOH IIeIH B 000 MOMEHT BpeMeHH paBHa HYJIO, T.€. UTO

> I =0. (6.64)

13 ypaBHeHHS ke 6.63BbITeKkaeT, uTo 3aKkoH Kupxroda crpapeqmm
JIHIITH B CPeJTHEM, HO B KaKIbIH MOMEHT BpeMeHH

n

>1#0. (6.65)

i=1

IIOCKOJIBKY BOJIHOBOH IIponecc IIoApasyMeBaeT CKHMAaE€MOCTh TOKa.

JIiA TPOBEPKH JTaHHOT'O TOJIOKEHHA GbLT MPOBEEH SKCIIEPHMEHT 10
cxeMe pHc. 6.8.

Tpearonaraaoch, YTo MPH 3aMbIKaHHH KOHTaKTa Ha JJIHHE OTpe3Ka
MPOBOJIa, MPHJIETAIONIEM K KOHTAaKTY, 0JDKHA BO3HHKHYTh MaK CHMaJlbHas
TUTOTHOCTh TOKA H, KaK CJIEJICTBHE, KOPOTKHIT HMITYJIbC HaIpsKeHHs. DTOT
HMITYJIbC JTOJDKEH YMEHBINAThCA [0 aMIUHTYJIe H PacHIHPATHCA IO Mepe
OTCTyIIa OT KOHTAKTA.

JIBa rpoBoia JTHHOM KaX/IbIH M0 HECKOJIBKO METPOB GbLIH MOMAKIIIO-
YeHbl K HCTOYHHKY TTOCTOSHHOI'O HarpsibkeHHs (o6bruHOH Gatapetike). OT
KaXI0T0 13 MPOBOJIOB GbLIH CieNaHbl 0TBOMBI uepe3 1 M. [IpoBojia repHo-
JIHYECKH 3aMbIKATHCh KOHTAaKTOM. OTBOJIbI TMOJIKITIOYAIIHCh K BbICOKOYAC-
TOTHOMY 3JIEKTPOHHOMY ocipuuiorpady. Mmes sKcriepHMeHTa 3aKiova-
JIach B TOM, YTOObI OMPENENHTh, KaK pacTeKaeTcsl TOK [0 MPOBOTY TPH 3a-
MbIKAaHHH 1IeIH, Ha Pa3sOMKHYThIX KOHIIaX KOTOPOH HAaXOAMTCA IOJHas
Pa3HOCTh MTOTEHIHAJIOB.
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B pesymnbTate mnpo-

7, 2 BEACHI 3KCIIEPHM EHTa
s 3 BBIZICHHIIOCH, 4YTO, KaK
H TpEArioaaraiocs,

9 4 INPpH 3aMbIKaHHH KOH-

TaKTa Ha OJIDKHHX K
HEMy OTBOJ[aX BO3HH-
KaeT OCTPhIH HMITYJIbC,
. 6 o aMIUMTYZOH IIOYTH B
Puc. 6.8. DkcrepuMeHT Io ompeaesieHII0 PpakTa I[TI0JHOE  HarpsDKEHHE
CKMMAaeMOCTH TOKa: ¢ — CXeMa OTBOJIOB OT ITPOBOJHHKA, HCTOYHHKA, Ha CJIe-
6 — HMITYJIb ChI, BO3HHKAIOIIHE Ha 0TBOJIaX AYIOIHX OTBOZJAX 3TOT
HMITYJIbC OKa3bIBAETCA
MeHbIlIE 10 AMIUMTY-
Jle, HO IIHpe I10 BPEMEHH, Ha CJIEAYIOI[HX ellle MEHbIIE 110 aMILTYAE H
ele MmHpe Mo BpeMEeHH. OTO CBHJIETENbCTBYET O COKHMAEMOCTH 3JIEKTPH-
YEeCKOro TOKa B [IPOBOJIE H O BOJIHOBOM XapaKTeP€E €ro pacripoCTPaHEHHs.
TaxkuM o6pa3oM, GakT CKHMaeMOCTH TOKa ObLJT ITOJITBEPKIIEH.

10 5

MarHuTHas HHAYKIHA B CpeJie PaclpoCTpaHsIeTCd IePIeHUKYILIP-
HO HallpaBIEHHMIO BeKTOPa, HO ypaBHEHHEe paclpocTpaHeHHI OyJeT IIo-
TOOHBIM YpaBHEHHIO PACIPOCTPAHEHN SNeKTPHYUeCKOM HH TyKI[HH:
dgradB

div gradB +T:O; gradB =gradB(t—r /c). (6.66)
C

OTKyJa CIEeAYET, UTO H caMa MarHHTHad HHIAYKIHA PacIIpOCTpaHACTCA
KaK BOJIHA.

B=B(t-r/c). (6.67)

C y4eToM H3IOXKeHHOrO [H(depeHIHaTbHble YPaBHEHHI 3IeK-
TPOMArHHTHOTO TTOJLI ITPHOOPETA0T BHA,!

1) rotH,, 0 4, =(U+£%j(E¢ + By Eno) (6.68)

2) rot, O 4, :—y%(Hw +Hoy+Hay) (6.69)

3) divD+0D/cot=p; " (6.70)
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4) divé, +0d, /cot=0." (6.71)

5) divgradB +dgradB/cit=0; (6.72)

3mecs D — BeKTOP 3MeKTPHUECKOH HHIYKIHH, . — BEKTOP IDIOTHO-
CTH 3JIEKTPHYECKOTO TOKA B cpejie, B — BeKTOp MAarHUTHOM HH TyKI[HH.

MHTerpambHbIe BRIPaKeHHA IPHOOPETYT BHA:

1) e={E(t-r/qd O ~d&, (t)/dt; (6.73)
2) e, :§ H(t-r/ddl O i(t) =dq(t)/dt (6.74)
3) cbe:iD(t—r/C)dSD ao); (6.75)
4 @, :i BdS=0. (6.76)

31ech e H e, — 3NeKTpHYeCKasd M MarHMTHAsg Pa3HOCTh IIOTEHIHA-
10B; @ U P, — INEKTPHUECKHA U MATHHUTHBIA MMOTOKH; | — 3JEKTPH-
YeCKHI1 TOK B IIPOBOJHMKE; (| — 3apAJ, IlepeMellarolnics B HallpaBile-
HHH 3IIEKTPHYECKOr0 TOKa (HAllpaBIeHHOE IlepeMeIleH e IPH/IAeT eMy
¢dbopMy BeKTOPa).

ITIepBoe BrIpaxeHHe — 3aKOH Dapajed MeKTPOMarHHTHON HHIYK-
IMH H BTOPO€ — 3aKOH IIOIHOTO TOKA OTIIHMYAOTCA OT OOBIUHBIX Hall-
UHeM B HHX 3alla3/(bIBaHH .

IlpHBeNleHHEIE BBHIIIE YPaBHEHHA 3NeKTPOMATHHTHOIO ITOJA YacT-
HEIM pellleHHeM HMeIOT YpaBHeHMA MaKcBella, CIIpaBeUIMBEIE UL
3NeKTPOMArHATHOTO BOIHOBOTO (JpOHTA, OJHAKO B PsAZie CIydaeB IIO-
3BOILIIOT PEIIHTh HEKOTOPHIE 3aJaul, KOTOpPhIE Helb3sA PEIIHTh Ha OC-
HOBE MAKCBEIUIOBCKIIX YpaBHEHHMH, HallpHMep 3afady o0 H3ITyYeHH:

*

IIpumeyanme: JiesieHHe BekTopoB D, d., 1 gradB Ha BeKTOp ¢ 0O3HAYaeT, 4To
3TH BEKTOpa KOJUTHHEAPHBI, T.€. B [IPOCTPAHCTBE HMEIOT CTPOr'O OJIHO H TO K€
HarpaBJICHHE.
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IIHIIONA € COCPeJOTOUEHHBIMH TIapaMeTPAMH B ITOIYIIPOBOJAIIEH Cpefe.
IIpH BEIIIOMHEHHH PAJA YCIOBHI B TAKOM JHIIONE OCHOBHAA JIONI SHEP-
ruH OyJZieT paclpoCTPaHAThCA He B IIOIIEPEUHOM OTHOCHTEIFHO BEKTO-
poB E n H HallpaBIeHHH, a B HaIlpaBIeHHH BeKTopa E M IEePIIEH/IHKY-
JLIPHO BeKTOpY H. OTO IPOJIOIBbHOE paclipoCTpaHeH e SIeKTPOMArHUT-
HOTO IIOJIA IPAKTHYECKH eIlle He H3YUYEHO, XOTI H IOATBEPAKIAEHO IKC-
TIEPHMEHTAIBHO.

Heo6xomHMoO OTMETHTE, UTO YKA3aHHBIM BEHIIIE BOBCE HE JOJDKHO
3aKOHUNTHCS YTOUHEHHE YpPaBHEHMI 3JIEKTPOMArHHTHOTIO ITONA. OTOT
Ipolecc OOLKEH IPOJOILKAThCA BCe TO BpeMsd, IIoka OyZeT BO3HHKATh
HeOOXOIHMOCTh BO Bce 0oJjee ITOIHOM PEIIeHHH IPHKIATHBIX 3a/1ad.
Tax, HampuMep, B AaibHeHIIeM IpH (GOPMYITHPOBKe 3aKOHA ITOIHOTO
TOKa CIeyeT Y4ecTh (aKT CKHMAeMOCTH 3(Hpa, ClleoBaTeIbHO, CKI-
MaeMOCTh CaMOT'O MAarHHTHOTO IIOJA M COOTBETCTBYIOIlee H3MEHEHHeE
3aKOHA THIIePOOIMYEeCKOTO YORBAHHA HAPAKEHHOCTH MarHHTHOTO II0-
T BOIIM3H TIPOBOTHIKA.

TaxmM o6pa3zoM, 3QHpOIHHAMIYECKHE ITPEeICTaBIEHII II03BOJLIIOT
YIOYHHTH (OPMYIHPOBKH 3IEKTPOMAarHeTH3Ma B HEKOTOPHIX CIy4Yasdx
CYILeCTBEHHEIM 00pa3oM. IIpoBe/leHHEIE YTOUHEHH HI B KOeM clIydae
He SBILTIOTCA TONHBIMH. OIMCaHHe 3JIeKTPOMAarHHTHOIO IO, KaK H
T000T0 (PH3HYECKOTO SIBIIECHHA, MOXET YTOUHATHCA OecIIpefelbHO IO
Mepe YBEeIMYEHNA YHClIa CTOPOH M CBOMCTB II0Je, OXBATEIBAEMEIX MO-
IeJLIMH, IIOCKONBKY OOIIee YHCIO CTOPOH H CBOHCTB IFOOOTO ABIEHIT
0ECKOHEUHO BEIHKO.

6.3. PacnpocmpaHeHue 3jieKmpu4ecKkux
60JIH 6 nosynpoeoodsiujel cpede

Kak m3BecTHO, BCSIKas cpefia, B KOTOPOH PAaCHpOCTPAHSIOTCS JIIEK-
TPOMArHHUTHEIE BOJHEI, XapaKTePH3YeTCs YAEIbHOH IIPOBOUMOCTEIO o,
MArHATHOH TIPOHHIIAEMOCTRI0 W JIHINEKTPHUECKOH ITPOHHMIAEMOCTEIO.
MarnuTHasI TPOHHIIAEMOCTh CPEJbI COCTABIAET igit, THE fo = 4m-10 !
T'H/M, 1t — OTHOCHTENFHASI MarHHTHAS IMPOHUIIAEMOCTh CPeJThI, JIHAIIeK-
TpHUecKas ITPOHHI[AEMOCTh CPeJIbI COCTABIIAET &g, THE & = 8,85-10"
®/M, ¢ — OTHOCHTENBHAS THAIEKTPHUECKAS IIPOHMIIAEMOCTh cpejIl. O
HAKO YIS Pa3NIUHBIX CPeJl COOTHOIIEHHS MOTYT OBITh CAMBIMH Pa3HbI-
MH, TaK YTO JUIS HEKOTOPHIX M3 HHX, CUHTAFOIIMMUCS TOTYIIPOBOJISAIITH-
MH, OCHOBHYIO POIIh HTPaeT JTHOO TONBKO JIH3JIeKTPHUecKas MPOHHI[ae-
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MOCTH, T.K. aKTHBHAJ IPOHHIIAEMOCTh OTCYTCTBYET (BO3IyX, BaKyyM),
60, HA00OPOT, JUAIEKTPHUECKas MPOHMIIAEMOCTh He HTPAaeT PO,
MTOCKOJIFKY PaBeHCTBO PEAKTHBHON M AaKTHBHOH COCTABJLIIOIIHX TOKOB
HACTYyIAeT TONHKO IPH YaCTOTAX, cOcTaBILTONMX mopsamka 1000 mI 1t
(Mopckas Bojia). Ha MeHBIIIX YacTOTaX MOPCKYIO BOJY MOJKHO OTHECTH
K UMCTO aKTHBHBEIM ITPOBOIAINNM CpeJlaM. PazymeeTcs, MOTYT GOHITh H
HCKIFOUEHNI, KOT/a TPHXOJUTCA CUHTAThCA CO BCEMH IapamMeTpaMH

CpeJIpI.

JIIs EOGBIX OXHOPOJHBIX CILTOII-
HEIX HPOBOJAINIX CpPeJl IIPH IIPOBeJE-
HHH TOKa KaK HMOCTOSHHOTO, TaK H IIe-
PEMEHHOTO ITPOHCXOTHT KOMIIEHCAITHS
MarHUTHOTO TIOJNS B KaXKJIOH TOUKe
cpemsl (puc. 6.2),T03TOMY MarHHTHOE
IOlle B Cpefle OTCYTCTBYET, H TIpa-
BIJIFHO TOBOPHTH He 00 3IeKTpoMar-
HHTHBIX, & TOIBKO 00 SIEKTPHUYECKUX
BOJIHAX B CpeJIE.

ClemyeT OTMETHTB, UTO PACIPO-

o oro mosta na rpamme cpe- CTPAHEHIE 3J1eKTprquc1<oﬁ cocTas-
JbI } BHYTPH cpexsl mpH momenze- JLTOIIEH B CIDIONTHOM cpejie POHCXO-
HUM B Hee I3OJIAIIMOHHOTO 00beMa  JIHT 0O€3 YYACTHA MATHHTHOTO IIOJA
Naxe JUI1 IEPEMEHHOTO TOKa, IIO-
CKOJIPKY MarHHTHO€ IIONle OKA3hIBAETCS MOIHOCTBIO CKOMIIEHCHPOBAH-
HEIM B KaXKJIOH TOuKe cpempl (puc. 6.2).J1s ero
TOITYUeHH HEOOXOIMMO YacTh CPeJEl 3aMeHHTh Ha Cpey C HHOI Ipo-
BOJTHMOCTEI0, HAI[PHMEP HA H30ITOP. TOTAAa B 3TOM IIPOCTPAHCTBE
MAarHHTHOE TI0JIe BO3HUKHET (pHC. 6.12).

Puc. 6.12. Bo3HMKHOBeHHe

HpI/I HaIIMYHH HECKOJBKHX 3apsAJ0B B CpeJie OT KaXJI0I0 H3 HHX B
KaXKJIOH TOUKe Cpeanl GYJICT HMETh MECTO CYMMHPOBAHHE BEKTOPOB Ha-
Hp}I)I(eI-H{OCTeﬁ 3JIEKTPHYECKOTO ITOJIA:

E, :Zn:Ek. (6.77)

k=1

Ecm xaxapni n3 3apAI0B H3MEHAET CBOE€ 3HAUCHNE BO BPEMEHH IIO
CHHYCOHJAIIbHOMY 3aKOHY, TO
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E, =Y E, &« (6.78)
k=1

rme | = V-1, rx — paccToSHHe OT TOUKH CPEJIBI IO IIEHTPA 3apsyia.
ITocKONMBKY TIOTHOCTh TOKA, H3ITyUaeMOTo B Cpejy, CBSI3aHA C Ha-
MIPSKEHHOCTEHIO BRIPAKEHHEM

0=(0+we)E, (6.79)

I7le ¢ — yIelIbHasd MPOBOJIIMOCTE Cpefbl, = 2naf, f — yacToTa, & —
IHIIEKTPHUYeCKAs MMPOHMIAeMOCTh BAKyyMa, ¢ — OTHOCHTEIhHAA TIPO-
HHUI[AeMOCTh CPeJIBI, TO HMeeM

o0=(0+we)E, (6.79)

n

z |[w(t r/c) (680)

k=1

B ciayuae aByX 3apsamoB (H3TyYarolX 3IEKTPOJIOB), ITYIbCHPYIO-
IIX C OJHHAKOBBIMH AMIDIHTYJIOH H YAacTOTOH, H3IYUAIOIIHX B CPexy
OJTIHAKOBHII IT0 BEIMUHHE TOK, HO B IIPOTHBOdA3€ (JHIIONE), HMEEM:

52 - 5 el @i/ _ e'[ @(t-rlc) (6.81)

Ha puc. 6.7a moka3aHo IIPOJOIBFHOE PACIPOCTPaHeHHe JNeKTPHYe-
CKOTO TIOJIA B CIIy4ae OJHHOYHOTO ITyJThCHPYIOLIETO 3apafa.

PYEar)

q)

a)

Puc. 6.7.1TocTpoeHHe BEKTOPA MOIHOCTH M3JIyIeHHSA B II0JTy-
TPOBOIAIIEH cpelie: ¢ — ITyJIbCHPYIOIMHM OJHHOYHBIM 3apsyioM; 6 —
JIHITOJIEM JIBYX 3apsJIOB, MyJIbCHPYIOIHX B IPOTHBO (haze
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XOTs peanbHO OJHHOUHBIA ITYJIECHPYIOIIHI 3apsAf CO3JaTh HeNb34,
HCIIONb3YS IIPHHITMIL CYIIEPIIO3UIIH H OT/EIHB IIyJIbCHPYIOIIHEe 3apPs/Ibl
IUOIONS C COCPENOTOUYEHHBIMH IIapaMeTpaMH APYT OT Apyra, IIo Kpai-
Hel Mepe, TeOPeTHYECKH 3TO BIIOIHE IOITyCTHMO. BekTop pacmpocTpa-
HEeHHS MOITHOCTH CTPOHTCS M0 OOBIYHEIM IIPaBHIaM IapaneiriorpaMmMa
C TOif, OJTHAKO, pa3HHIlell, YTO 37ieCh HeOOXOMMMO BeKTOp 3IeKTpHUe-
CKOH HAIpSKEHHOCTH, HAIIPABIEHHEIH B CTOPOHY OIHOIO M3 IIYJbCH-
PYIOIIX 3apsAmoB (Ha puc 6.7 BekTop E,) epeBePHYTH BIOIH €T0 OCH B
00paTHyI0 CTOPOHY.

Brmoms ocu aporond.

Uy = Uy 5 SINGTh, [ A)SinGT,, 1), (6.82)
TIOIIEPEK OCH JHITOJIA:
S . .
Unp =Um4—7_R2B%SIn(Iﬂm//])SIn(me 1), (6.83)

T/1€ COhyy M Opp — COOTBETCTBEHHO PACCTOSHIE MeX]Y dIEKTPOJAMH H3-
Iy4arels U IIPHEeMHHKA.

Jlmarpamma HampaBiIeHHOCTH Oy/ieT BHITIHYTa BJOIb OCH JHIIONI H
OHa Oy/IeT BHITAHYTa TeM CHIIbHee, UueM Golbiie Oy/ieT paccTOSHHe TIPH-
€MHIKA OT M3Iy4yaTeld. A OKOJO CaMOTO H3IyJarTels oHa Oy/eT OIMH3Ka
K KpyTOBOI.

CTOHUT HAIIOMHHTH, UTO B COOTBETCTBHH C YpPaBHEHHAMH MakcBella
BJOJTH OCH JHIIONA BOOOIIe He JIOJKHO OBITh HIKAKOTO M3TyUYeHH, II0-
3TOMy, KorAa Ipodeccopa-3MeKTPHKH YTBePkKJAI0T, YTO IIPOJOIBHOE
H3Ty4YeHHe He COOTBETCTBYeT YpaBHEHHAM MakcBemna, TO OHH abco-
JIOTHO TIpaBEl. OHH He MPaBH B TOM, UTO H3 3TOTO O0OCTOATENHCTBA Je-
JaeTcAd BEHIBOJ O TOM, UTO TaKOTO HM3Ty4UeHHs BOOOIIE OBIThH He MOXKET,
TaK, II0 KpaifHell Mepe, B CBOe BpeMd yTBepXkIan akageMuK H.E.TammM,
YTO TIOCIYKHIO IPHUMHOH 3aKPHITHSI paboT IO HCCIEJOBAHHAM IIPO-
TOJBHEIX 3JeKTPOMArHHTHBIX BOMH. HO M aKkaJieMHKH MOTYT OIIHOAaTh-
s, TOTHKO, K COKANEHHI0, HX OIMHMOKH 00XOATCS IOPOTO.
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6.4. PacnpocmpaHeHUe MOKo8 pacmeKaHUsl
e npecHou u Mopckoli eode

KBazucrarnyecKHM IIOJEM TOKOB PACTeKAHHA CUHTAeTCsd CIydaH,
KOTJ[a UIMHA 3JIeKTPOMArHUTHOH BOJHEL COM3MepPHMA C PACCTOSHIEM OT
TIpHEMHHKA 0 HCTOUHHKA OO MpeBHIIIaeT ero. C TOUKH 3peHH 3H-
POIMHAMHUKH 3TO 30HA, B KOTOPOIH 3JIEKTPOMAarHNTHAs BOIHA IIPOJOJI-
&aeT IIOJIUTHBATECA OT HCTOUHHKA. 1103TOMY 3aTyXaHHe aMIUIUTY/IBL C
YBEIIMUEHHEM PACCTOSHILAL 3/[eCh 3aBHCHT TOJBKO OT T€OMETPHH H Majo
3aBHCHT OT CBOMCTB CpeJbl H YAcTOTHL ToKa. IIpH 3TOM /JIMHA BONHEL
BOBCe He 0013aTellbHO COM3MePHMa C PACCTOIHHEM OT HCTOUHKA.

OUeBHIIHO, UTO IIPH HCIIONb30BAHIH JHIIOI C COCPeNOTOUEHHBIMH
IIapaMeTpaMH OCHOBHAA MOIIMHOCTh H3IyUeHHd 3aTpauynBaeIcs Ha
OIDUKHIOI0 30HY. B IOIyITpoBOAIIel H MOMHOCTHIO IIPOBOIAIIEH cpefie
3Ty 30HY MOXHO HCKYCCTBEHHO HCKIFOUHTH, YCTAHOBHB MEXIY 3JeK-
TPOJaMH IDIACTHHY H3 H30JLIIHOHHOIO MaTepHala H IlepepaciipeieliB
TeM CaMBIM TOK B JAMbHIOI 30HY (pHc. 6.10),CyIecTBEHHO yBEIHUNB
JAIBHOCTh PACIIPOCTPAHEHH I TOKOB PACCeTHILA.

ceHepamop
moka

cenepamop
moka

U30JIAMOP

U30JIANMOp

a)

Puc. 6.10. KBasucTaTutieckoe IBJIydeHHEe TOKa JHII0JIEM C
COCPeI0TOICHHBIMH ITapamMeTpaMu: o — 0e3 H30JIHPYIOIIIeH Iepe-
TOPOJAKH; 6 — ¢ H30JHPYIOLIEH IIeperopoKoi MeKIY HIEKTPOAaMH
JIHIIOJNIA; B 5TOM CJIydae MOITHOCTB IepepacripeaesisieTcsl B JATbHIOH
30HY

DaKTHYECKH B 5TOM ClIyda€ ITPOHCXOJUT KaK ORI YBEIIMUEHNE pac-
CTOSAHIA MEXIY JIEKTpOJaMH, UTO H CHOCOGCTByeT YBEIIMYEHHIO TUIOT-
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HOCTH TOKA Ha GOJBIMIX PACCTOSHIAIX. B TO JXe BpeMs JIIS TeHepaTopa,
paboTarolero Ha 3JMeKTPOBI Yepe3 OTHOCHTENFHO KOPOTKHE KaOeiH,
CO3JIAf0TCS ONTHMANBHBIE YCIOBHA. II03TOMY B MOPCKHX YCIOBHSAX IIPH
CO3/TaHMH OepEeTrOBBIX CTAHIMMH H3IYUeHHSI 3IeKTPHUECKHX BOIH HaH-
JYUIIIM BHIOM PACIONOKeHIS OyIeT TEPPHTOPHS HA BO3MOXKHO Oollee
Y3KOM IIepelneiike IOIyOCTPOBA, HMEIOIIETO BO3MOKHO OONBIITYIO JIIH-
Hy OeperoBOil TIHII.

C TOYKH 3peHHs MIHHMI3AINA IIOTePs MOIIHOCTH H3ITyYeHHs Tpe-
OyeTcs TaKke OOpaTHTh BHUMaHHe HA MTOTEPH MOIITHOCTH BOIH3H H3ITY-
YAFOTIHX 3TEKTPOJIOB.

CrefyeT TIOMHHTh, UTO TOTEPH SHEPTHH B OMIKHEH 30HE IIPSMO
3aBHCAT OT IUIONIAH SIEKTPOJIOB, TOCKOIBKY COIPOTHBIEHHE CIOS
CpeJIbl BOIH3H 3T EKTPOJIa H COOTBETCTBEHHO BRIJIENITEMAI B €T0 OKPECT-
HOCTH TeIUIOBAs MOIIHOCTh IPOIOPIHOHANGHEI ILTOINAIH, KaK 3TO H
cIeqyeT W3 OORIUHOrO 3aKoHa OMa (puc. 6.11).ITo3TOMY I YMEHbIIIE-
HHUS TOTeph B ONMMKHEH 30HE IeecOO0Pa3HO MO0 BO3MOXKHOCTH MAKCH-
MAaTbHO YBEIHUYHBATH TUIOINAJIE SIEKTPOJIOB.

O B [oNONHEHHe I[eIecoo0pasHO Ha-
TMIOMHHTH, YTO JUII MOPCKOH BOJEI, SIB-
ILTIOIIENCA THITMYHO IIONYIIPOBOAIIEH
CpeJIol, TPOBOJUMOCTh HAXOJHTCA B
TIpefienax 1-100M M. Bro o3HAUAET,
YTO HA BcexX uyacToTax, MeHpumx 800

= M1, mpeobnasaroieit OygeT He peak-
THBHA1, a aKTHBHAs COCTaBILIIOIIAd, T.€.
HA BCeX MEHBINMNX YacTOTaX Cpejla SBIS-
eTCS OOBIUHBIM PE3UCTOPHBIM ITPOBO THH-

Puc. 6.11.3aBucHMOCTS IIa-
JeHUsl HANOPKeHNA  BOM3H

WIEKTPOJA OT IUIOLIAJM IOBEePX-
HOCTH YIEKTpoAa NPH H3Tye-
HUM TOKa B IIOJIYIIPOBOISAIIYIO
cpexy. IpadHK COOTBETCTByeT
IOTEPSIM BJIEKTPHYECKOTO HaIIpsi-
JKeHHS1 BOJIH3H 5JIEKTpoJia Iapo-
BOH (opMbI

KOM, TIPpaKTHUeCKH 0e30 BCIKOH peak-
THBHOMH (EMKOCTHOI{) COCTaBILIIOIIEH.
HakoHelr, He clIegyeT 3a0BIBaTh, UTO
3aTyXaHHe CHTHATA B ITyOb BOJBI IIPO-
HCXOJHT ITI0 SKCIIOHEHI[HATFHOMY 3aKO-
Hy, YTO OBUIO IIPOBEPEHO aBTOPOM. DTO
BIIOIIHE COOTBETCTBYET 3aKOHY PpACIpo-

CTpaHEHIA 3JIeKTp0MaI‘I—[PITHOfI BOJIHBEI B COOTBETCTBHH C YPAaBHEHIAMH

MakcBeia, a HMEHHO:
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H =H e #e? (6.84)

3mecs H — HanpsKeHHOCTh MarHUTHOTO ITONA B cpene, Ho — Ha-
NPSIKEHHOCTH MarHUTHOTIO IO Ha IIOBEPXHOCTH CPENEl, ) — MarHHT-
Has ITPOHHIIAEMOCTh, ¢ — ITPOBOIUMOCTH CPeNHI, = 2mf, rme f — uac-
TOTA JIEKTPOMArHHTHOH BOIHEI, h — paccTOSHIIE OT IIOBEPXHOCTH Cpe-
IEI 10 TOUKH H3MEPEHN I MarHHTHOH HaIPSIKE€HHOCTH BHYTPH CPeJIEL.

ITosToMy paccuMTHBaTh HA OOINBIIMYI0 TIyOHHY ITPOHHKHOBEHILI
CHTHAla MOXHO IIPH HCIIONB30BAHMM OTHOCHTEIBHO HM3KHX YacTOT
3BYKOBOTI'O JHAIa30HAa IIOPS/IKA COTeH I epiI.

OKCITepUMEeHTaNIbHAsA [IPOBEPKA HACTOSM[ET0 TTOJIOKEHHA B ITOBEPXHO-
CTHOM CJIO€ MOPCKOH BOjibI UepHOr0o MOps MOJIHOCTBIO €ro IMOJITBEP/IHIIA;
TPH 4acTOTe MIPOITycKaeMoro Toka B 1 MI 1] Ha ITOBEPXHOCTH BOJIbI CHIHAJI
HMeeT MakCHMaJIbHOE 3HaueHHe, Ha IIyOuHe B 1 M H3MeHsiercs ciabo, Ha
INIyOHHE B 2 M 3HAYUTENbHO OCJabJjieH, Ha MIyOHHEe B 3 M. INPaKTHYECKH
TOJIHOCThIO OTCYTCTBYET.

OKCITEepUMEHTBI 10 MPOBEPKE CO3JaHHA H PaclpOCTPaHEHHA TOKOB
pacTeKaHHs B [PeCHOH Bojie ObLIH I1OCIIEZ|0BaTENbHO MPOBeieHbI Ha Kpa-
ToBckoM H MeziBexkbeM o3epax MockoBckoil o6nact (1964-65rr), a 3a-
TeM ObLIH IlepeHeceHbl Ha MockBa—peKy, rie Oblla o0opygoBaHa Gasa,
rpocyinecTBoBaBIasi rioutH 3 roga ¢ 19650 1968rr.

B mepBbIX JIByX S5KCIIEPUMEHTaX ObLIH HCIIOJIb30BaHbI 3JIEKTPOMa-
IIHHHbBIE TP e00pPa30BaTENH, IHTAIOIHECT OT aKKyMYJIITOPOB H BbIJjalo-
mue HarpsokeHHe 36 B 400711, IIpHeM oCyIIecTBILICA HH3KOYaCTOTHbIM
MPHEMHHKOM, TPHEMHBIMH aHTE€HHaMH CJIYXHIH T[UIOCKHE 3JIEKTPOZbI H3
HeprkaBeroledl cTami. IIHAHKAaTOPOM CIIYXHJIH OOBIYHbIE HAYIIHHKH.
IIpreM oCcyI[ECTBIIAJICA C JIOJIKH, IepeMellaBIIeiics [0 BeeH MOBEPXHOCTH
o03epa. Pe3ysbTaT OKa3alics IMOJI0XKHTENbHBIM, CJIBIIIHMOCTD ObLa HeTKas H
TPEeKpaIaiach, €CJIH OJJHH H3 3JIEKTPOJI0B BEIHHMAJICS H3 BOJbI.

IIpu nepeHoce sKcriepHMeHTa Ha MockBa—peky B 1965r. Hcrosb3o-
BAJICA CIELHAJIBHO CO3J/1aHHBIH T'€HEpaTop, T'EHEPHPYIOMHH BbIXOJHOH
curHan 3 MI'1| ¢ MoAyALIHEH OT MHKpO(dOoHa. DJIeKTpoAaMH CITyKHIH JIBE
IIOpaJieBbIX TPYObl, BOMTbIE B JHO Ha pacCTOAHHH okojio 10 m. mpyr oT
apyra. IlpueM curHaiga ocymecTBIsUICA ¢ GopTa KaTepa, YXOAHUBIIEro T10
MockBa—pexe Ha JlanbHOCTh A0 15km. [IpHem cHrHana GbL 4eTKHH, ToJIoc
oriepaTopa JIETKO y3HaBaeM, HO BOJIM3H 00OpymieHHOH B MocKBa—peKy Ke-
JIe3HOH (hepMbI CTAapOro MOCTA CHIHAJ 3aTyX B HECKOJIBKHX JIECATKAX MeET-
poB oT ¢epmbl. IIpH BBIHUMAHHH OJHOTO 3JIEKTPO/ia H3 BOZbI IIPHEM IIpe-
Kpamfanics.

BbL110 rpoBeieHO HECKOJIBKO BhIe3/10B Ha Oeper UepHOTro Mops, LIENbI0
KOTOpBIX GbLjIa MpoBepka paboTOCIIOCOOHOCTH armiapaTypbl. BbIACHHIIOCH,
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YTO CYNIECTBOBABIIAsA TOT/{a OOBIYHAA armlapaTypa AJi1 ITOCTaBJIEHHBIX 1ie-
JIeH He TIPHroJHa.

B 1970r. 6bLi1a co3fjaHa crielHaibHas armapaTypa — TEKCTOJIHTOBbIE
repMeTH4YHbIe KOHTeHHEpHI JIJIA FeHepaTopa H NPHEMHHKa, FeHepaTop To-
KkoB 4yacToToi B IMI'11 MomHocThi0 400 BT, criocoOHBIH paboTaTh Ha HH3-
KOOMHYI0 Harpy3ky B 1-4 Oma (paspaGotka HUI 551eKTpoJJHHAMHKH, T.
KueB), creliyanbHble KaOelmH AJHHOH B HECKOJBKO JIECATKOB METPOB,
3JIEKTPOZbI M3 HepiKaBelolled CTali H APYrHe 3JIeMEHThl. OKCIIEPHMEHT
ObLI BbIHECEH Ha MbIc XameJeoH B KpbiM.

FeHepaTtop ¢ IHTAIOMHMH aKKyMYJIATOPaMH YCTaHABJIMBAJICA B
CKBO3HOM TOHHEJIE€ y OCHOBAHHA MbIca, KaOelH MOAKIIIYaIHCh K reHepa-
TOPY H BMECTE C 3JIEKTPOJjaMH — IUIACTHHAMH H3 Hep)KaBeroleHd cTaH
IUIoma/(bio B 1 KB. M. CIIyCKaJIMCh T10 Pa3HbIM CTOPOHAM MbIca H YKJIaJIbI-
BAJIMCh Ha JTHO.

IIpreM cHrHaJOB reHepaTopa IPOH3BOJHIICA ¢ GOpTa KaTepa ITyTeM
CITycKa [IPHEMHBIX 3JIEKTPOJI0B B BoAy. K coxaJleHHIO, SKCTIEPHMEHT, XOTA
H JIaJl TI0JIOXKUTEIbHBIE PE3YJIbTaThl, BCE JK€ HOCHII OoJiee KadecTB eHHbIH
xapakTep. OJTHAKO 3TH pe3yJIbTaThl ObLIM HCITOJIB30BaHbI JJIA JlaNIbHekIIe-
r'0 YCOBEPUIEHC TBOBAHHA arTIapaTyphbl, MIABHBIM 00pa3oM, H3TydaromleH.

IMeHHO B pe3ysibTaTe 3THX HCCIIEIOBAHHI cTajla sSicHa HEOOXOZH-
MOCTh TIPHMEHEHHs MPOZOJIbHOTO PEe30HaHCa i1 oOecrieueHHs BbIXOJIa
SHEPTHH OT reHepaTopa uepe3 KabelH K HJIeKTPOZaM.

Puc. 2. Meic XamesreoH B KpbpiMy. CKBO3HOH TYHHEJIb HaXOJHTCSI Ha BBICOTE
5 MeTpoB OT MOBEPXHOCTH BO/bI BOJIH3H CeJIOBHHBI
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OpHIM W3 CYIIEeCTBEHHBIX KPHTEPHEB BRIOOpA MecTa I yCTaHOB-
KH TeHepaTopa ABJIeTCS OTHOIIEHHE JIMHBI OeperoBOH JIMHHH K IIH-
pHHe Iepellielika. B Mipe MMeOTcA ABa MecTa, SBILIOLTHECS ONTH-
MAIBHBIMH 110 JTAHHOMY KPHTEPHIO, 3TO IOIXyocTpoB CHHOII Ha CeBep-
HOM Gepery Typrmm (mmHa Geperopoit MK 11 KM, IIMpHHA TEpe-
mrefika 200M, otHomeHHe — 55) n ITaHamckrni neperreex (ymmHa Oe-
PeroBOH JIMHIM KaX0ro MaTepHka Imopaaka 14-15Tricay KImioMeTpoB,
ImMpHHA Tepelneiika okono 80 kM, ¢ yyeToM IapaUIeTbHOCTH TOKOB
060mX GeperoB MX OTHOIIEHHe cocTaBleT okoio 100).

ITostyocTpoB CHHON B C€BEPO-BOCTOUHOH MaCTH HMEET MbIC C Y3KHM ITe-
peeiikoM muUpHHOH okosio 200M H aymHOH GeperoBoii MHHH okoJio 11 k.
MbIc HAeabHO MPHCITOCOGIEH JIIA HCITOJIb30BaHHA HH3KOYaCTOTHBIX TOKOB
pacTekaHHsA, TMOCKOJIbKY BCS OJEDKHASA 30HAa HM3IIy4eHH:A BbIPYOJIEHa MbBICOM.
OTHoOIIleHHE JITHHBI GeperoBoii JIMHHH K NIHPHHE Mepeleiika cOCTaBIAET OKO-
yo 55.
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SANAJNOE BOY (A py

Jomna ITaHaMckoro KaHajla B HaHOoJiee HH3KOH ero yacti— B 81,6kMm, B
T. 4. 65,2xM 10 cyme 1 16,4 kv 1o JiHy. J[inHHa OeperoBoH JIMHHH KaXJ10To
MaTeprka CesepHoil H FOxHOE AMeprKk ripuMepHo 1o 15 000kM, 5KkBUBaneHT
— 7500xM. OTHO1IEHHE JTHH GeperoBo JIMHHH H nepelieiika ropsaka 100.
UneanbHasd CTPYKTypa JUIA pacrpoCTpaHEHHA HH3KOYACTOTHBIX TOKOB pacTe-
KaHHA 10 BCEM OKeaHaM

6.5. MpodosibHOe pacnpocmpaHeHue Jr1eK-
mpu4ecKux eoJIH 8 MOPCKol eode

IIpencraBuder creMaIbHBII HHTEPEC CIyYal M3IyUeHHd JHIIOIEM
IIepeMeHHOTO TOKa, IIpH KoTopoM d = A/2, rye A — IMHA BOIHEI 3TeK-
TPHYECKOTO TI0JIA B cpefie. B 3TOM ciyuyae K TOMy MOMEHTY, KOI/la BOII-
Ha OT JAIbHEro 3MeKTPoJa HOCTHTHET OJIDKHETO 3IeKTPOJa, HalpsKe-
HHe Ha OIDDKHEM 3IeKTPOJie M3MEHHT IOJLIPHOCTh Ha ITPOTHBOIIONOXK-
HYI0 H Jauee OyZIeT paclpOCTPaHATHCA He PA3HOCTH 3NEKTPHUECKHX
HaIpsUKEHHOCTEH, a HX CyMMa:
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i i i(rz+2rd +d?)
+ =
4% An(r +d)? 4T ?(r +d)?

YTO IIpHBe/leT He K KyOHUecKoMy, a BCeTro JHIIb K KBaJ[paTHYHOMY 3a-
TYXaHHIO HAIIPSKEHHOCTH IO PAacCTOSHHIO BJIOTH OCH JHIIONI. YpaBHe-
HILIMH MakcBelna Takoi BapHaHT He ITPeyCMOTpPEH.

Heo6xomiMo oTMeTHTS, uTo TIpH 0 = A/2 OCHOBHAs MOIIHOCTH pac-
IIPOCTpaHAeTCA He B IOIEPEYHOM, a B IIPOJOIFHOM HAIpaBIeHHH, IIPH
3TOM IUIOTHOCTh TOKa B Cpefie He 3aBHCHT OT IIapaMeTpPOB CpeIpl, OT
ILTOIIA/TH NIEKTPOJIOB H OT YACTOTHI TOKA, @ TOHKO OT BEJIHUIHEI H3IIY-
yaeMoro Toka. Ha puc. 6.9mpuBeieH 3IeKTpHUeCKHiT THIIONb C COCpe-
DOTOYEHHBIMH TTapaMeTpaMH, U1 KOTOPOTO BEIIOTHEHE HeOOXO [HMEIe
IIOCTPOEHT BeKTOPa II0TOKA H3ITy4aeMOH MOITHOCTH.

6, =0,+0,= , (6.85)

P P

[

E; Ey E; q, 9, E, Ey E;

Puc. 6.9. M3my4eHIe YHePriy JUIT0JIEM C COCPeI0TO e HHBIMHU IIapaMeTp aMH

Otcroa cuefyeT He TPHBHATBHEIA BEIBOJ, O TOM, YTO JIHIIOND C CO-
CPeJOTOUEHHBIMH ITapaMeTpaMH CIIOCOOEH H3IyyaTh 3HEPIHI0 BOID
CBOEH OCH, UTO, 0€3yCIOBHO, IIPOTHBOPEUHT BEIBOAAM, BEITEKAFOIIIM H3
ypaBHeHHIT MaKcBenna.

Ja mmond ¢ cocpeOTOUEHHBIMH ITapaMeTpaMH, COCTOAIIETO H3
IBYX 3IEKTPOJOB, INIOTHOCTh TOKA B OMIKHEH 30HE OIpefendeTcs IIy-
TeM TeOMETPHUYECKOT0 CYMMMPOBAHHA COOTBETCTBEHHO JBYX TOKOB C
y4eToM, HX 3HAKOB H 3alla3[(pIBaHHA. 13 CyMMHPOBaHHA TOKOB BHJHO,
YTO PACIPOCTpaHEeHHe HIET OT JHIIONA BO BCe CTOPOHEI, IIPH 3TOM IIO
OCH CHMMETPHH JHIIONA BONHA 3IEKTPHUYECKON HAIPAKEHHOCTH pac-
IIPpOCTpaHAeTCA B IONEPEYHOM HalPaBIEHUH, a BIOIb OCH JHIIONI — B
NIPOJOIBHOM. IIpH 3TOM HaIpPKEHHOCTH IONI B KaXTOH TOUKE CPeJIB
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0T ONHKHETO 3MEKTPoJia B HeH OyieT GOJbINe, YeM OT JANbHEro. OTa
PA3HOCTH HANPSKEHHOCTEH JIII CHMMETPHUHOTO JIHIIONSA C PACCTOSHH-
eM MeXJy SIeKTpoaMi 0 COCTaBHT LA IIOCTOSHHOTO TOKA BIOIH OCH
JHITONT

ir i(r +d)
0,=04,*0, = - : 6.86
e el e2 47_[3 4ﬂ(r +d)3 ( )
Tmer — paccTodHne OT TOUKH OO0 OJIKHETO JIIEKTPOoaA.
Ecmmd <<r, TO
id
6,=5 5. (6.87)
Ilo ocm CHMMETPHH JTHIIOILT HMEEM.
|51| = |52|, rh =rs. (688)

W3 pHCYHKa BHIHO, YTO BJIONH OCH JHIIONS BEKTOPHI MOIIHOCTH,
CKOPOCTH PACIPOCTPaHEHHS H JNEKTPHUECKOH HAIPSIKEHHOCTH COBIIA-
JAr0T 10 HAIPABJIEHHIO C HAIPABIEHHEM OCH JHITONA, a TOIEPEK OCH
JIITONST BEKTOP PaCIpOCTPAHEHHS MOINMHOCTH IEPIEHIHKYIIPEH OCH
JTHITONS, @ BEKTOP JIEeKTPHUeCKOH HATPSKEHHOCTH MApailieleH OCH JTH-
TOJIA | TIePIIEH UK YIIIPEeH HAITPABIeHHEO PACIIPOCTPAHEHH MOIITHOCTH,
KaK 5T0 ¥ ObIBaeT B OOBIUHBIX PAJ[FIOBOIIHAX.

OCHOBHAS MOIIHOCTh IIPH 3TOM H3Ty4aeTcs He TONEPeK, a BJIONb
OCH JTHITOJA.

Kak Gruro ITOKa3aHO BEIIE, NTPH PA3BHTHH 3JIEMEHTAPHOH TPYOKH
3NEKTPHYECKOTO TONA B IPOJIOIFHOM HAITPaBIeHHH HA ee TOPIE TTOTOK
3dmupa mepeMerraeTcsl B HANpPAaBIEHHH, NEPIEHIUKYIIPHOM €€ OCH.
CrefioBaTebHO, PAa3BHTHE 3JEKTPHUECKOTO TIONA B IPOCTPAHCTBE BO
BCeX HANPABIEHHAX OyJleT MPOUCXOMUTH CO CKOPOCTHIO OJHHAKOBOH M
PABHOI CKOPOCTH PACIPOCTPAHEHHS CBETA B JTAHHOH Cpejie, HE3aBHCH-
MO OT 3HAUeHHs BeKTOpa MOTOKA INIOTHOCTH MOIIMHOCTH. [103TOMY CKO-
POCTh pacIpocTpaHeHHsS TOKa B cpejie OyJeT TOH JKe, UTO H CKOPOCThH
pacmpocTpaHeHHs IMeKTPHUECKOH HHTYKITHH, T.€.
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c,=cle. (6.89)

IJile ¢ — CKOPOCTh CBeTa B BaKyyMe, a &€ — OTHOCHTENBHAS JIHIIEKTPH-
YyecKas MPOHHUIIAeMOCTh cpejisl. OTCI0/Ia JIHHA 3IeKTPHUeCKOH BOJHEL B
CpeJle OIPENENHTCS KaK
A =clf; (6.90)
ITIOTHOCTh TOKA HA H3TYUAIOIIEM 3JIEKTPOJIE, HMEIOIIEM IDIONIATh
H3TyYeHHs S, COCTABIIET

do =i0 /S, (6.91)

M Ha PACCTOSHHM I' OT 3JIEKTPOJa OIPEAEIINTCA KaK
S

2
amn

TOK, HCTeKArOIHi H3 KAXKJIOTO JIEKTPO;Ia JIHIIOI C COCPe0TOUEH-
HBIMH TTapaMeTPaMH, PacIPOCTPAHIETCS PaJHATLHO BO BCe CTOPOHEL. U
€CIIH H3BECTHA BEIIMUMHA 3TOr0 TOKA, TO INIOTHOCTE STOTO TOKA B Kak-
JIOH TOUKe CPeJIbl OIIpeJIeNIIeTCs MPOCTEIM COOTHOIIEHHEM

3 =0, (6.92)

_ir
¢ 4
BIOIs OCH JHITOINS IIPH PACCTOSHHI MKy dIeKTpoaamu d = A/2,
IDIOTHOCTH TOKA COCTABHT.

p) (6.93)

5=yt
4, @+A/2r)

(6.94)

3mech 1 — paccTOSHIE BAONh OCH JUIIONI OT OIIDKAHIIero 3JeK-
Tpoza.

CremyeT oOpaTHTh BHHMAaHHEe Ha TO, YTO MIAOMHOCHI HIOKA, NO
Kpailreri mepe, 6 OAUNCHEL 30He 0N UCHIOYUHILKA OKA3bLEAEMCA He3d-
GUCUMOIL HIL OML CGOLLCING CPedbl, HIL OM 6PEMEHHBIX NAPAMENPOE Ca-
Mo020 moka. OOBIUHEIM BO3paKeHHEM 37IeCh ABIIETCS HAIHUHE IOTePh
B cpefle. OfHAKO cllelyeT HAIIOMHHTh, YTO TOK, ITPOITyCKAaeMbIi yepe3
OOBIYHEBIT PE3HUCTOP, HA €r0 BHIXOJe MMeeT Ty Ke BeIHUMHY, UTO H Ha
BXOJle, HeCMOTPS Ha IIOTEPH SHEPTHH B 3TOM Pe3HCTOpe, KOTOPhIe BEHI-
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paxaroTcd TOH HIM MHON BEIIMUMHOMN ITaJeHMd HAIIPKEHHI Ha Pe3H-
CTOpe.

Jua npoBepku (akTa pacrpocTpaHeHHs 3JIEKTPHUECKOTO IMOJIA H CO-
OTBETCTBEHHO 3JIEKTPHUYECKOT'O TOKa BJI0JIb HAIpaBJIEHHA CBOHX BEKTOPOB
ObL1 TNPOBENEH 3KCIIEPHMEHT, B KOTOPOM HCIIOJb30BANICA PE3HHOBBIH
[IJIAHT, HaTrloJHEHHBIH Io/IcoJieHOH BOMOH H IMojiBelleHHbIH Ha HHUTAX Ha
Kpblnie 37aHuA (pHc. 6.15).

Puc. 6.15. Cxema jKCIEpHMeHTA II0 MpoOBepKe MPOJ0JILHOI0 PacHpo-
CTPaHeHHUS M3TYIeHHs JAUII0JIA C COCPeI0TOMeHHBIMI apamMeTpavu: 1 —pe-
3HHOBBIH IIUTAHT, HATIOJIHEHHBIH IT0/ICOJIEHHOH BOJOH; 2 — HJIEKTPOJIbI H3JIyal0-
ILIEro JHIIONT; 3 — 3JIEKTPO/Ibl PHEMHOTO JHITOJIS

B mimaHr noMemanHch Ba AHIIONA ¢ COCPENOTOYEHHBIMH NTapaMeTpa-
MH — H3Jly4alomHi, cOeJHHEHHbIH Hepe3 KOaKCHAJIBHBIN Ka0esb ¢ reHe-
PaTopoM CHHYCOHIaJIbHBIX KojieOaHHEH I, H IIPHEMHBIH, COEeMHHEHHBIH ve-
pe3 KoakcHalbHbIH Kabesb ¢ MpHeMHHKOM [T — JHOZHBIM MOCTOM € MHK-
poammniepmetpoM. IIITaHr ¢ BOAOH HMEET MapasHTHYIO €MKOCTh Cpy, €O
CTEHKaMH [TOMeNIeHH.

BkiroueHHe 3JIEKTPOJIOB 4epe3 KOoakKCHaJlbHbIe KaOeNH HCKITH0UHIIO
BO3MOJKHOCTb TTOSIBJIEHHS KAaKHX-JIHOO MMapa3sHTHbIX KOHTYPOB.

TTpu H3MeHeHHH paccToAHHA d MEeXAy JUITOAAMH B CBA3H C He pas-
BETBJIEHHOCTbIO TOKAa CHIHaJl B IPHEMHHKE HE JOJDKEH MEHAThCA, 10
KpatiHeH Mepe, 10 TeX Iop, TT0Ka COINPOTHBIIEHHE KaHalla HE OK&KETCs Co-
H3MEPHMBIM C COMPOTHBIIEHHEM IMapa3HTHBIX EMKOCTEH. OTO MPOHCXOAUT
Ha HEKOTOPOM paccTosAHHH d, Tak KaK COINpPOTHBJIIEHHE BOJbl B KaHaJle H
TIPOBOJIHMOCTD IapasHTHOH eMKOCTH Cpp TIPOIIOPLIHOHAIIBHBI OTHOIIEHHIO
d/é. Ha puc. 6.16  rmpHBeqeHbl [OJydeHHbIE 3aBHCHMOCTH. Pe3yibTaT
TI0JIHOCTBIO MOATBEPAMIT OKHAAHHA. [IpH 3TOM BBIACHHIOCH, YTO YBEJHYeE-
HHE COJIEHOCTH BOABI, T. €. YBEJIMUEHHE €€ MPOBOAHMOCTH YBEJIHYHBAET
T10J1€3HBIH CHTHAJ H YBEJIHYHBAET 30HY [1OCTOSHHOH aMIUHMTYZAbI BbIXOJ-
HOT'0 CHTHaJIa, OJJHAKO COKPAIaeT JaJbHOCTh PACIIPOCTPAHEHH.
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> B nampHerimem cieqyer IMpoBe-
Uy, puTh (aKT PoCcTa 3aTyxXaHHA [IPOMOJIb-
U 5> HOH BOJIHBI IIPH Pa3JIHYHbIX 3HA4Y€HHA

f aKTHBHOH IpoBOAHMOCTH cpenbl. Cre-
\ \ ! JIyeT HUMeThb B BHAY, YTO 3aTyXaHHE B

D /5  TOJyNpoBoAAmeH cpefe MNPoIoJbHOL
BOJIHbI MOJKET OBITh TAKKE CJIEZICTBHEM

Puc. 6.16.3aBHCHMOCTE CHT- TOTO, YTO SHEPTHA KaXKIOH IOJYBOJIHbI
Ha/la IIPHEMHHKA 0T PACCTOAHUA hakTHYECKH CaMOCTOATEIbHA, I103TO-
MERLY JUIOIMA PU IPOJAOIIL.  \rv rpyyMHa 3aTyXaHHSA ITPOOJIbHOM
HOM MBIy ICHITH SHEPT HH BOJIHBI B MOJIYTIPOBOAALIEH cpefe Mo-
JKeT ObITh TOH K€, UTO H Y ITOTIePEYHbIX BOJIH.

Bo BTOpOM 3KCITEPHMEHTE HCIIONb30BANICA JHITONb € IUIOCKHMH 3J1€K-
TposiaMH ¢ (HKcal[HeH HarpsKEHHOCTH H 3JIEKTPHYECKOH SHEPTHH BTO-
PbIM AHTIONIEM. OKCIIEPHMEHT CTABHJICA B TOHKOM IUIOCKOM CJIO€ TIOJIyTIpO-
BOJIAIIEH cpenbl.

Ha puc. 6.17 nokasaHa mHa-
rpaMMa pacrpoCTPaHEHHs 3JIEKTPH-
YEeCcKOro I10Ji.

OKCMepHMEHTbI 10  TPOBEPKE
CO3M1aHHA H PacIIpOCTPaHEHHsA IIpo- Enpon
JOJNBHBIX JJIEKTPHYECKHX BOJH B
MoOpcKkoH Bojie ObUIH IpPOBEJIEHbI Ha
Oepery UepHoro Mops B IIOCENKE
IIprMopckoe BOM3H ropoma deomo-
cui B koHile 80TomoB IpouLIOro
cronethA. Ilenblo 5KCTIEpHMEHTOB CDEROTOUEHHEIMY TIAPAMETPAMH B
ObL1a MpoBepKa HaKTa BOSMOKHOCTH yorneon oooo TIOJTYTIPOBOISIIIIEH Cpe-

CO3/IaHHA BJIEKTPHYECKHX BBICOKO- ;g1 TIpoqoibHas — COCTABILEOLIAs
YacTOTHBIX KoNEOAHHE! B MOPCKOH Gosbine MOMepedHOH —COCTABIIFOIIEH

BOJIe — TIOJIYIIPOBOAALIEH CpeJie. oA T.K. 3aTyXaeT MPOINOPLIHOHAILHO
IToaroToBKa K TIPOBENEHHIO HKCITe- KBaApaty, a IolepedHas — Ky0y pac-
pHMEHTa 3aHAJa HECKOJbKO JieT B CTOAHHA

CBA3H C HE IUIAHOBOCTHIO CaMOH pa-

60TbI H HEOOXOIUMOCThIO IIPEOJIONIEHHA MHOTOYHCIIEHHBIX OpIaHH3alH-
OHHBIX, a IMIABHOE TEXHHYECKHX TPYAHOCTEH, HE TP EyCMOTPEHHBIX IPH
Hauvajie pa6oT. TaKHMH TPYAHOCTAMH SBJIIHCH!

- TeopeTHuecKoe 000CHOBAaHHE BO3MOXKHOCTH CYI[ECTBOBAHHS IIPO-
JOJIbHBIX 3JIEKTPHYECKHX BOJH, OCHOBHAsA 3HEPTHS KOTOPBIX H3JIy4aeTcs
BZOJIb OCH JHIIOJIA C COCPENOTOUEHHBIMH IMapaMeTpaMH, a TaKyKe 000CHO-
BaHHA BO3MOKHOCTH IIPOXO0XKAEHHA TIPOJOJIbHBIX 3JIEKTPHUYECKHX BOJH, B

Enonep

Puc. 6.17. PacmpocrpaHeHme
WIEKTPHIECKOr0 IIOJIA JMII0JIEM C
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KOTOPbIX HarpaBJIeHHE pPacrpoCTpaHEeHHA COBIIaZlaeT C HarlpaBjieHHEM
BEKTOPa 3JIEKTPHUECKOH Harps»KeHHOCTH;

- BO3MOXKHOCTb TPOXOXJIEHHA TPOJIONbHBIX 3JIEKTPHUECKHX BOJH B
MOPCKOH Bojle KaK YMHCTO aKTHBHOH cpejie, MOCKOJIbKY peakTHBHasA CO-
CTaBJLAIONIAsA CPEMIbI TOJIPKO CPABHAETCA ¢ aKTHBHOH IMPH YacTOTe He MHee
800MTI1s;

- ompefieieHHe 3aBUCHMOCTH aKTHBHBIX TMOTEPh OT IUIOM[AH H3Iy-
YAIOIHX HJIEKTPOJIOB;

- HEOGXOIHMOCTh CO3/IaHHA HM3JIy4Yalollero reHepaTopa MOIIHOCTHIO B
HECKOJIbKO COTeH BaTT, crocoGHOro H3iy4aTh BbICOKOUACTOTHYIO (Mera-
Tepiipl) SHEPTHIO B HU3KOOOMHYIO (eIHHHIIBI OM) Harpys3Ky;

- HEOOXOJJUMOCTh CO3JJaHHA CITElHANbHBIX KaGelteH, crocoOHbIX ITe-
pefiaBaTh MOIIHOE BbICOKOYACTOTHOE 3JIEKTPHYECKOE H3JTyueHHe OT I'eHe-
paTopa K 3JIEKTpOoJIaM;

- HeoOXOJJUMOCTh BBISBIIEHHA CIOCOGOB Mepejaul BbICOKOYACTOTHOH
MOIIHOCTH OT T'eHepaTopa K 3JIEKTPO/IaM C YHYEeTOM HX pacrp efle/leHHOH
HHJIYKTHBHOCTH H e€MKOCTH (0e3 crielMabHOM TMOJICTPOMKH SHEPTHA K
3JIeKTPOJIaM He TTOCTYIIAeT);

- HEOGXOIUMOCTh CO3/IaHHA MPHEMHHKA, CIIOCOGHOTO MPHHHMATh BbI-
COKOYaCTOTHbIE CHIHAJIbI, BbIpayKeHHbIE HAHOBOJIbTAMH,

- HeoOXOJJUMOCTh COTJIACOBaHHA BXOMa TMPHEMHHKA € HH3KOOMHOH
Cpemoi, B KOTOPOH CHrHaJl BhlpaskeH HaHOBOJIbTaMH,

a TaroKe pAJ] IPYTHX.

Bce nepeunciieHHbIe MPo6JieMbl ObLTH pellieHbl, XOTA ¢ TepepbiBaMH,
Ha 5To roTpeGoBanoch ropsaka 30 JieT, MOCKOJIbKY BC€ 3TH paboThl HOCH-
JI He TUTaHOBBII XapaKTep.

Oco06yro TpYAHOCTH TpeJICTaBHIIA MPoGiIeMa COMNpsKEHH:A reHepaTopa
H TMPHEMHHKA C MTapaMeTpaMH cpeJibl — MOPCKOH Boibl. J[eno B TOM, UTO
Harpyska Ha FeHepaTop CO CTOPOHBI CPEMbl COCTABIAET €qHHHIBI OM, HO
OCHOBHYIO TPYJJHOCTb MPEICTABIIAET 3aj]aua Iepejaul SHepTHH OT reHepa-
TOpa Ha »JIeKTPO;Ibl Uepes KabGelH, pacripeyiesieHHas HHAYKTHBHOCTh KOTO-
PBIX COCTABJIIET HECKOJIbKO MHKPOI €HpH, a pacripefielieHHass eMKOCTh Ha
BOJTY HECKOJIbKO cOTeH MHKko®dapaji. BbIxo/ Hallesncs B TOM, YTO ITOCJIE0-
BaTeJIbHO ¢ KaGeliIMH Ha BbIXOZle T'eHepaTopa ObL YCTAHOBJIEH IMOCIIENO0-
BaTeJIbHBIA KOHTYP H3 MPOBOJIOYHOH KAaTyIIKH, HHIYKTHBHOCTh KOTOPOH
3HAYHTEJIPHO TMpeBblINala HHIYKTHBHOCTh Kabend, pabouee HarpshKeHHe
BbICOKOYACTOTHBIX KOHJIEHCATOPOB cocTaBio Gonee 10 kB, oHH HMeH
pa3HYI0 €MKOCTh H MOTIJIH MOAKIIIOYaThCA MapajlieNbHO ApYT Apyry. B
MPHEMHHKE HY)KHO GbLIO YCTAHOBHTh IMOAO0GHOE YCTPOHCTBO, HO 3TOTO
cJleflaHo He ObLIO, TaK YTO armapaTypa Oblia CYI[ECTBEHHO HEOHCITONb-
30BaHa. TeM He MeHee, B 11€JIOM Pe3yJIbTaThl OKa3aJHCh IMOJIOKHTENbHBI-
MH.
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ITocne rpoBezieHHs BceX paboT, CO3aHHA armIapaTypbl H MPOBEEHHA
TpEeIBapHTEIIbHBIX HCCIIEOBAaHHE B Pa3JIMUHBIX Oazax UepHOTO Mops pe-
3YJIbTaThl ObLIH MPENbABIIEHBI CIIELHAIBHO CO3/1aHHOH KoMHCCHH ¢ BbI€3-
oM KomrccHH Ha ro6epekbe UepHoro Mops B pafioH P eoJioCcHH.

CosiaHHBIiH ¢ roMonibio MHCTHTYTa 3JiekTpoaHHaMHKH (KHeB) reHe-
paTop H3JIydai 3JIEKTpHUeckHe KoJjiebaHHA 4dacToToll 1 MI'L| ¢ JBOHHOF
Mopyseiieii B 1 kI'L1 M HMITYJIbCHOH MOAYJIALIHEH MeaHIpOM C 4acTOTOH B
1 I'ty v MomHocThI0 Ao 400BT. PaspaboTaHHblil B @rmHane JIV rpHeM-
HHK ObLJI HacTpOeH Ha IpHeM Hecyuiedl yactotel B 1MI'11. I"eHepatop H
MPHEMHHK ObLITH P a3Mell|eHbl KaXJ[bIH B CBOEM I'€pMETHIHOM TEKC TOJIHTO-
BOM KOHTEHHEpPE, TaM K€ PacIIoNaTaHCh CepeOpAHO-I[MHKOBbIE aKKyMY-
JIATOPbI, 0OecrIeYHBalOI[He aBTOHOMHOE ITHTaHHE arriapatypsl. [IuTaHHe
BKJTIOYAJIOCh Yepe3 3aMblKaHHE FepMETHUHBIX BbIBOJIOB KOHTeHHepa. Ilo
TOPLIaM KaXJ[0ro KoHTeHHepa ObLIH BJi€JIaHbl J{Ba JIATYHHbIX M'e€PMETHYHBIX
BbIBOJIa, K KOTOPBIM IMOJIKJTFOUANHCh KaOelH, COeJJHHAIONHE I'eHEPaTop H
TIPHEMHHK C ITJIOCKHMH 3JIEKTPO/iaMH, [I0rpyKaeMbIMH B BoJy. I13imy4aro-
I[HE 3JIEKTPObI MPEICTABIIH cO00H IUIOCKYIO IUIACTHHY HepokKaBeroleH
cTaJH ToMUHOH B 1 MM H rutomazsio B 1 kB. M. TIpHeMHbIe 3JIeKTPO/IbI
ObIIH aHAIOTHYHBIMH.

Konreiinep ¢ reneparopom IloBepXHOCTb nupca

DnexTpon JlHo mops OnekTpoxn

Puc. 6.18.PacniosioxkeHne reHepaTopa Ha Iipce
Cxema pacIioioxKeHHs reHepaTopa IpHBeieHa Ha pyc. 6.18.

Ha roBepxHOCTH MHpca ObLT YCTaHOBJIEH TEKCTOJHMTOBBIE KOHTEHHED
C TEHEepaTopoM, IHTAIIHMCS CepeOPTHO—MHKOBBIM aKKyMYyJIATOPOM H
COTJIACYIONIHM PE30HAHCHBIM YCTPOHCTBOM (JTOTTOJHHTENbHAS HHIYKTHB-
HOCTh, BKJIIOYEHHAs TOCJIE0BaTENbHO ¢ KabesieM H HaGop BhICOKOYACTOT-
HbIX BbICOKOBOJIbTHBIX KOHJIeHcaTopoB). ITociteJioBaTeNbHBIH pPeE30HAHC
HACTPaHBAJICA TPH CHATOH KPBIIIKE 10 MaKCHMYMy TOKa, 3aTeM KpbIIIKa
3aKpbIBaJiach H [HTaHHE BHIKJIIOYAIOCH BHENIHHM BbIK/TIIO4aTesieM. Bropoi
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KOHTeHHED ¢ IPHEMHOM armapaTypoi ObLiI OTBE3€H 10 Gepery Ha paccTosi-
Hue 10kmM H norpyxeH B Bogy (pHc. 6.19).

[Tpuemunk I'eneparop Ha mupce

Puc. 6.19.PacmosioxkeHye I eHepaTopa Ha IMPce U IMPHEMHNK A BO/IM3H Gepera

B ycrnoBieHHoe Bpems Ha IMHpce BKIIFOHAJCs T'eHepaTop, H B 3TO XKe
BpEMs OCYI[ECTBILICA TPHEM CHIHalla MPHEMHHKOM. VHJTHKAIHA MpHeMa
yCTaHaBJIHBaJach I10 TIOKa3aHHAM MIUUIHAMITEPMETPa, yCTAHOBJIEHHOTO
T1071 MPO3PaYHbIMH OKOIIKaMH KOHTeHHepPa H 10 3ByKaM HayIIHHKOB, I10/-
KJIIOUEHHBIX K BbIBETIEHHBIM H3 KOHTeHHepa IMPHEMHHKa KOHTa-

kTaM. OTKJIOHEHHS CTP eJIKH JOXOAHIH /10 TI0JIOBHHBI Kb, [TOKa3a-
HHs1 ObUIH Y€TKHMH, CJILIIIHMOCTh CHTHAJIOB 4Yepe3 HayIIHHKH ObLiIa Tak)Ke
BITOJIHE YZIOBJIETBOPHTEIIBHOMH, 4TO H ObLJI0 3a()HKCHPOBAHO KOMHCCHEH.

ITortyTHO GBLIH BISBJIEHBI CIIENYIONUIHE 0COOEHHOCTH:!

1. TTpx OTKJIOHEHHH [ePEAAONHX 3J1eKTPO/IOB OT HAIIpaBJeHHsA Ha

TOUKY PacriojIoyKeHH:A MPHEMHHKA CHCHaJjl IPHEMHHKOM He YJIaBJHBaJICH,
YTO MMOATBEPKIAIIO Y30CTh JHArPaMMBbI HarpaBJIeHHOCTH.

2. BolHHMaHHe J1I000T0 3JIEKTPOJja H3 BOJ[bl, KaK y I'eHepaTopa, TaK H
Y [PHEMHHKA [OJIHOCThIO [PEKPAIANIO CBA3b.

3. IlombITka OTAEIbHBIM IMPHEMHHKOM IIpH J€HCTBYIOI[EM BOJHOM
KaHaJIeM CBST3H OOHAPY KHTh CHCHAJl B BO3/IYX€ YCIIEXOM He YBeHYasach. B
BO3/IyX CHIHaJI He MPOXOHIL.

4. TTpu mpenBapHTEbHBIX HCCIIENOBAHHAX ObLIIO BbIICHEHO, YTO CHI-
HaJl TIPOXOJIUT JI0 TJIyOHHBI He GoJiee 2,5-3X MeTpoB, Jlajee CHrHaj Ha
yacToTe B 1 MI L[ He [TPOXO/IHT.

BbigoObi

1. TTapaloKCH B TPYAHOCTH peLIeHIs HeKOTOPHIX 3a/iau 3NIeKTPO-
ITHHAMIKH CBA3aHBI C HECOBEPIIEHCTBOM YpPaBHEHMH 3IeKTPOMArHHT-
HOTO TTOJIA, 0A3HPYIOIIHXCS Ha MOJIENH H/leaTH3HPOBAHHOTO (HEBA3KOTO
H HeCXKHMaeMoro) 3¢Hpa H HTHOPHPOBAHHMH 3alla3/IIBAHIL B ypaBHe-
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HHAX 3IeKTPOMAarHeTH3Ma H B (JOPMYIHHBIX BBIpAKEHHAX HEKOTOPBIX
3JEKTPOMArHUTHEIX 3aKOHOB. COBEPIIEHCTBOBAHHE YPABHEHMH 3IIEK-
TPOMAarHUTHOTO IIONIA H 3aKOHOB 3NEeKTPOMAarHeTH3Ma BO3MOXKHO JIHIIh
HA OCHOBE YTOUHEHHS HCXOIHBIX MOJENeH, B YACTHOCTH, CBA3aHHOIO C
YUYETOM 3alla3/IbIBAHUS IIPOLECCOB, a TAKXKe PEabHBIX XapaKTePHCTHK
3¢Hpa, ero BI3KOCTH U CKHMAEMOCTH.

2. B CBS3H C TeM, UTO HCXOJHBIMH (PH3HUECKIMH HHBAPHAHTAMH
SIBJLTFOTCS COCTABILAOLIHE IBIDKEHHI — MaTepHs, I[POCTPAHCTBO H Bpe-
M, UeEMY B MeXaHHKe COOTBETCTBYET cHcTeMa euHm MKC (MeTp, Ku-
JorpaMM, ceKyHpa), cucreMa emmrHI, MKCA (MeTp, KIIorpamm, ce-
KyHJa, AMITep), TIPHHATA] B 3JEKTPOHHAMHAKE, OKA3RIBAETCS H30RITOY-
HOH H 3aTPY/HIIONIeH MOHHMaHIe (PH3MUECKOH CYITHOCTH ITPOIIECCOB
3NeKTpoMarHeTH3Ma. Ha ocHoBaHHMM pa3zpabOTaHHEIX MoOJeleil 3Jek-
TpoMarHeTHsMa cucTeMa MKC A npeo6pazoraHa B cucTeMmy MKC.

3. Bce M3BeCTHHIE 3IIEKTPOMATHAUTHEIE SBIEHHS MOXHO HHTEpIIpe-
THPOBATH C TO3HIMMI Ta30BOH MHHAMIKH 3(dHpa:

SNEKTPHYECKIH 3apAf KaK IMPKYJILAII0 KOIBIEBOH  CKOPOCTH
TDIOTHOCTH 3¢Hpa 1O Bcell MOBEPXHOCTH BHHTOBOTO TOPOHAATHHOTO
BHXPA — IIPOTOHA WIH 3IEKTPOHA;

TIONIIPHOCTh — KaK 3HAK BHHTOBOTO JIBIKEHHA 3(Hpa BOKPYT 3apA-
na;

3NeKTpHYecKoe Tole Kak HaOOp Pa3OMKHYTHIX BHXPEBBIX TPYOOK
3¢Hpa, B KOTOPHIX 3¢HP BpallaeTcs BOKPYT OCH TPYOKH H TIOCTYyIIa-
TeNFHO JIBIKETCS TI0 OCH TPYOKH OT 3apsAa, a 1o mepudepHH — K 3a-
pany;

3J1eKTPHUYeCKyI0 ITPOHHI[aeMOCTh BaKyyMa Kak IDIOTHOCTH 3¢Hpa B
CBOOOTHOM OT BeIIleCTBA IIPOCTPAHCTRBE,;

3JEKTPHYECKYE0 IIPOHHMI[AEMOCTh BEIECTB — KaK CBOHCTBO Be-
II[ECTB YBEIHUMBATh IDIOTHOCTE 3(Hpa B TPyOKaxX 31MeKTPHIECKOTO MO
3a cueT CHIKEHHI er0 CKOPOCTH JBHKEHILA,

BEIMYHHY 3IeKTPHYECKON OTHOCHTEIHFHOH IIPOHIMIIAEMOCTH KaK OT-
HOIIeHHe TDIOTHOCTH 3QHpa, JBHKYIIErocd B cOCTaBe TPYOKH B BeIlle-
CTBe, K IDIOTHOCTH 3()Hpa B BaKyyMe;

YBEIMUEHHE HAIPSKEHHOCTH MArHHUTHOIO IIONA KaK pe3ylbTar
YIIOPAIOUYEHHOT'O IIOBOPOTA CIIMHOB JOMEHOB B HAIPABIIEHIH CHJIOBBIX
TPpyOOK MarHHTHOTO TION, CO3/[aBaeMBIX TOKOM, TeKYIIIHM B IIPOBOTHH-
Ke.
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4. Ha ocHOBe 3(HpPOIHAMHYECKIX MOJellell 3MeKTPOMarHHTHBIX
SIBJIEHHI YTOUHEHBl HEKOTOPHIE 3aKOHBI 3JIEeKTPOMAarHeTH3Ma, PAa3BHTEHL
YPaBHEHHSI 3IEeKTPOMArHUTHOIO ITIOJA, IIPeACKAa3aHBl M 3KCIEPHMEH-
TAIBHO IIPOBEPEHBI HEKOTOPHIE 3aKOHOMEPHOCTH, He BBRITEKAIOIIHE H3
KIACCHYECKHX YPaBHEHHH 3JIeKTPOMAarHHTHOIO II0I1 MakcBeia, 3aKo-
Ha ®apajies 3MeKTPOMArHUTHON HHAYKIHH, 3aKOHA IIOJHOTO TOKA H T.IL.
IIpenckazaHo M 3KCIEPHMEHTAIBPHO IIOATBEPKIEHO CYIIECTBOBAHIE
IIPOJIOIBHO PACIIPOCTPAHAIOIIETOCS BHE 30HBl HHAYKIHH 3JIEKTpHUe-
CKOT'O IIONf, II0KA3aHO BIMIHHE BHEIIHEIO OTHOCHTEIBHO H3MEPHTEIb-
HOTO KOHTypa MAarHHTHOTO ITOJIA, IIPeCKa3aHO H 3KCIEPHMEHTAIEHO
IIOJATBEPXICHO YIUIOTHEHHE B IIPOCTPAHCTBE MAarHUTHOT'O ITONA, OIIpe-
JelleHBl 3aBHCHMOCTH JJI1 B3aHMOHHAYKIHH IIPOBOJHHKOB, KOTOPEHIE
TIOJTBEPXKIEHBl 3KCIIEPHMEHTAIHO H KOTOpHIEe CYIECTBEHHO OTIIHYa-
JOTCA OT MaKCBEIDIOBCKHX 3aBHCHMOCTEH.

5. PazpaboTaHHbIe MO/l 31eKTPOMAarHHTHRIX ABIEHIN ¢ TTPHBIIE-
YeHHeM IIpeJicTaBIeHIi 00 3¢Hpe MO3BOILIIOT ecTeCTBEHHEIM 00pa3oM
H30aBHTHCS OT IMAPaJOKCOB AMEKTPOJMHAMEKH. [IpoBe/leHHBIe 3KCIIe-
PHMEHTH HMOATBEPIIIH I[eIeCOO0PA3HOCTh YTOUHEHHI (YHKIHOHAIH-
HBIX 3aBHCHMOCTEH 3IJIeKTpOMarHeTH3Ma H CYIIEeCTBOBAHHE IIpelCKa-
3aQHHEIX ABIEHHI, B TOM UHCIIE 3aBHCHMOCTH HaBoauMoi OJ[C B pamke
He TOIBKO OT BHYTPEHHEIO, HO H OT BHEIIHETO II0 OTHOIIEHHIO K Heil
MarHUTHOTO IIOJIA, HAMUHEe B3aHMOMHJYKI[MH IIPOBOIHHUKOB, CYIIECT-
BOBaHHE IIPOAOIBHOIO SIEKTPOMATHHTHOIO HM3IYUYeHHI H HEKOTOPBIX

MIPYTTIX.
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3aknwyeHue

Kak mokazano B pa0oTe, BCe H3BECTHbIE 3NEKTPOMArHITHEIE SABJIE-
HHA MOXHO HHTEPIIPeTHPOBATh C IIO3MINMH ra30BOH AMHAMHKH 3(Hpa,
TIPH 3TOM OKa3aJI0Ch BO3MOXHBIM Ha 6a3e BCeOOIMNX (PH3MUECKHX HH-
BapHaHTOB — MaTepHH, IPOCTPAHCTBA H BPEeMEHH MOJEPHH3HPOBATh
MexnayHapogHyro cHcTeMy emuHHI[ CH M IIpHOaTh BCeM 3JIEKTpoMar-
HUTHBIM SBIICHILIM (PH3HMUECKIH CMBICT Ta30MeXaHHUeCKIX IIPOLECCOB,
T.€. IBIKEHHI Ta301I0400HOT0 3¢Hpa B IPOCTPAHCTBE.

Ha 3TOofl OCHOBE BBLACHIIIOCH, YTO 3NEKTPOMATHHTHEIE BEIIHUIHEL
TIPHOOPETA0T CIETYFOIYI0 HHTEPIIPETAIHIO!

— IH3IIeKTpHYecKasd IIPOHIIIaeMOCTh BaKyyMa KaK IIOTHOCTD 3¢Hpa
B BaKyyMe;

— OTHOCHTEIBHYIO JHINEKTPHYECKYIO IIPOHHI[AeMOCTh KaK CBOMCT-
BO BEIIEeCTBA YIUIOTHATH IIOJBIKHYIO YacTh 3Hpa,;

— MAarHHTHAS IIPOHMI[AEMOCTh KaK BelIMUHHa, 0OpaTHAad IIpe/ebHO-
My BO3MOKHOMY 3HAUEHHIO YIEIBHOMN 3IeKTPHUECKOH SHEPTHH;

— OTHOCHTENFHYI0 MAarHHTHYIO IIPOHMI[AEMOCTh — KaK CBOMCTBO
BEIEeCTB YBEIIMUHBATh CKOPOCTH IIOTOKOB 3(Hpa 3a cueT IIOBOPOTa J[0-
MEHOB B MaTepHalle.

— JIIEKTPHUECKMII 3apsf KaK IMPKYILAHA KONBIEBOH CKOPOCTH
IDIOTHOCTH 3(Hpa II0 BCeH IIOBEPXHOCTH BHHTOBOTO TOPOHIAIBHOTO
BHXPS — IIPOTOHA HIIH 3]IEKTPOHA,;

— IIOJIPHOCTH — KaK 3HAK BHHTOBOTO ABHXEHHI 3Hpa,

— 3IEeKTPHUYECKOe II0Jle KaK Ha0Op Pa3OMKHYTHIX BHXPEBEIX TPYOOK
3¢mpa, B KOTOpEIX 3¢Hp BpamiaeTci BOKPYT OCH TPYOKH H IIOCTYyIIa-
TeIIbHO ABHKETCA II0 OCH TPYOKH OT 3apsAa, a IIo IepHQepHH K 3apsmy,;

— MarHHTHOE II0JIe MOKHO HHTEPIIPETHPOBAaTh KaKk HAOOp ITPHMEI-
KarOIMIX IPYT K OPYTY 3¢HPHEIX TOPOHIOB.

Ha 6aze s¢upoaHHaMITIeCKHX TTPeICTABIEeHHH 0 H3HUECKOH CYII-
HOCTH 3NeKTPOMAarHHTHEIX ABIEHHI OKAa3aloCh BO3MOXKHEIM pa3pabo-
TaTh MOJEIH OCHOBHEIX 3IeKTPOMArHHTHBIX ABIECHHI, H30aBHTIBCA OT
IapalokKCOB M YTOUHHTHh HEKOTOPHIEe 3aKOHBI 3NEKTPOMArHeTH3Ma, pa3-
BHTb YPAaBHEHHA 3IEKTPOMATHUTHOIO IIONA, IPEJCKa3aTh H 3KCIIEPH-
MEHTAIBHO IIPOBEPUTH HEKOTOphIE HOBBIE 3aKOHOMEPHOCTH, HE BEHITE-
KarolllHe H3 KIACCHYECKHX YPAaBHEHHIH 3IeKTPOMArHUTHOIO IToid Mak-
CBeIlIA, 3aKoHa Dapajes 3MeKTPOMArHHTHON HHIYKIHH, 3aKOHA IIOJHO-
TO TOKa M T.II. B YaCTHOCTH, IIPEJCKA3aHO H 3KCIIEPHMEHTAIBHO IIOJI-
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TBEPXJIEHO CYIIECTBOBAHHE IPOJIONBHO PACHPOCTPAHIIONIETOCS BHE
30HBI HHYKI[HH SIeKTPHUECKOTO MO, PACCMOTPEHO BIHSHIE BHEIITHE-
IO OTHOCHTEIFHO H3MEPHTEIFHOI'0 KOHTYpa MATHUTHOTO IO HA CO3-
JaBaeMyI0 B KOHTYpe 3.7.C., TIPeJCKa3aHO H KCIePHMEHTAIBHO II0JI-
TBEPXJIEHO YIUIOTHEHHE B IIPOCTPAHCTBE MATHHTHOTO ITOJSA, BBEJIEHO
MpeJICTaBIeHHe O B3aHMOHH/YKI[HH IIPOBOJHHKOB, KOTOPHIE CYIIECT-
BEHHO OTIIMYAFOTCS OT MAKCBEIUTOBCKHX 3aBHCHMOCTEH H KOTOPhIE TIOJI-
TBEPXJIEHRI COOTBETCTBYIOIIHMHE SKCIIEPHMEHTAMH.

IIpoBeieHHEIE SKCIIEPHMEHTHI TOATBEP UIH IIPABOMEPHOCT YTOU-
HeHHA (QYHKIIHOHANBHBIX 3aBHCHMOCTEH 3IeKTPOMArHeTH3Ma H CYIIe-
CTBOBAHHE TIPeJICKA3aHHBIX SBIEHNH, B TOM YHCIIE 3aBHCHMOCTH HaBO-
JIMOI B paMKe 3.71.C. He TOIILKO OT BHYTPEHHETO, HO H OT BHEIITHETO IO
OTHOIIIEHHIO K Hell TepPeMEeHHOT0 MAarHHTHOTO TIOIA, CYIIeCTBOBaHHE
B3aHMOHMH/YKI[HH He TOJXHKO KOHTYPOB, HO H B3aMMOHHJIYKI[HH ITPO-
BOJTHHKOB, CYIIECTBOBAHHE IPOJIONFHOTO 3IEKTPOMArHATHOTO H3ITyye-
HHUS B HEKOTOPHIX JIPYTHX, a TAaKkKe IO3BOJHIN H30ABHTHCA OT HEKOTO-
PHIX TEOPETHUECKHX TTAPaIOKCOB 3IEKTPOTHHAMUKH.

Hacrosmias pa6oTta SBHIACH HOIBITKOH MPOJIOIKUTH PA3BHTHE TEO-
PHH 3IeKTPOMAarHeTH3Ma HA OCHOBE MAaTEPHAIHCTHUYECKOH MeTOJIOIO-
THH, B YACTHOCTH, HA OCHOBE KOHIIENIHH J[eKapTa 0 «OIH3KOAeHCTBHI
C HCIIOIh30BAHIEM COBPEMEHHEBIX MPeJICTABIEHHH 00 3¢Hpe H ABIIETCS
3BEHOM B 3cTadieTe PA3BHTHA KHHETHUECKOH TEOPHH MaTepHH, HAUAIO
KOTopoH monoxkeHo eme JI. BompmManoM B xoHIe 1910 cromeTns w
MPOJIOIDKEHHOH PSIOM YUEHBIX, B TOM UHCIe COBETCKHX, B 20-M Beke.
OTO HamNpaBieHHe HeOOXOMMO PA3BHBATH U JIANEE.

W3noxeHHbIe B HAcTOsAIee paboTe Pe3yIbTaThl HH B KOEM CIIydae
He JIOJDKHBI PacCMaTpPHBAThCS KaK OKOHUATeTbHBle. Ha060poT, 3TO BCe-
Io JIHIb TIOCTAHOBKA 3aJaud IO YTOUHEHHIO TeOPEeTHUECKHX OCHOB
JMeKTPOMArHETH3MA, IIPHTIIAIIEeHe K HOBRIM (PH3HUECKIM H TEOPETH-
YecKHM pa3paboTKaM B 0ONMacTH (H3NUECKHX OCHOB JIEKTPOMATHETH3-
Ma. C coXaleHHeM cleyeT KOHCTAaTHPOBATh, UTO paboTa HaJl TEOPETH-
YeCKHMH OCHOBAaMH 3JEeKTPOTEXHHKH ObUIA (PAKTHUECKH IPHOCTAHOB-
JIeHa TTOCTIe TOT0, Kak MakcBeIlIoM ObUT H3/laH «TpakTar 00 3MeKTpHue-
CTBe H MarHeTmsMe». 3a 6oixee ueM 1301eT co JHI ero NMOSIBIEHHS HH
(dH3MKaMH-TeOpeTHKAMH, ObIIO 3HAYHTEIFHOE PA3BHTHE BCEBO3MOMKHBIX
TIPHKJIQTHBIX METOIOB, PeIeHbI THICIUH IIPHKIIAIHEIX 33]1a4, HO B QYH-
JaMEHTATFHOM TeOpPeTHUeCKOM IUIaHe, TeM 0oliee, B (hPH3HUECKOM IIO-
HHUMAaHHH 3]IeKTPOMATHHTHHIX ITPOIECCOB He OBUIO C/ENaHO HITUETO.
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TTonEITKH HEKOTOPHIX HCCIIefOoBaTeIe UTO-THOO H3MEHHTh B 3THX
YpaBHEHHIX BceIZla OKAaHUMBAINCh Heyjadedl. OTO [Jalo OCHOBaHIE
JI.BompIMaHy B CBOHX TPHMEYaHHAX K IepeBOJy paboTe MakcBemna
«O (U3MUECKHX CHIOBHIX THHHIAX» B 1898r. Hammcars [ 18, ¢.194]:

«I Mor O cKazaTk, 4TO IIOCIefoBaTelN MakcBelna B 3THX ypaB-
HEHHAX, IOXalyH, HHUYero KpoMe OYKB He IepeMeHIUH. OJHAKO 3TO
Opu10 OB cirinkoM. KoHedHO, He TOMy clelyeT yIHBIATBCI, UTO K
3THM YpaBHEHISIM BOOOIIe UTO-TO MOTIO OHl OBITH HOOABIEHO, a Io-
pazmo Golee TOMYy, KaKk Malo K HIM OBUIO JJOGABIEHO.

CeropHs, Oolee cTa TPHIUATH JeT CIIYCTd, 3TO y/HBIeHHEe Bombi-
MaHa COXpaHfieT CBOIO CHIY: K ypaBHeHIAIM MakcBelUia ITPaKTHYeCKH
He JOOaBIIeHO HIYEro, XOTA 3a 3TO BpeMA HAIHCAHBI COTHH YUeOHHKOB
IO TEOPETHYECKIM OCHOBAM 3NeKTPOTEXHHKH, NMEKTPOSHHAMHKH H pa-
IHOTEXHUKE, PeIleHbl THICIYH IPHKIATHBIX 3a/lad, CO3/IaHbI PasHOOO-
pasHelime ycTpolicTBa. [IpHKIagHbIe YCIIEXH TEOPHH 3IeKTpOMarHe-
TH3Ma OKa3alICh CTONh 3HAYHTEIHHBIMH, UTO Malo KOMY B TOJOBY
TIPHXOJHT MEBICIIH O KakuX-THOO0 ee HefocTaTkaxX. TeM He MeHee, HeJJOC-
TaTKH y TEOPHH 3NeKTPOMAarHeTH3Ma HMEIOTCS, H ITaBHEIM H3 HHX AB-
JsieTcA TIONHOE HEITOHHMAHHE CYIIHOCTH 3JeKTPOMAarHHTHEIX JBIEHHI,
HX BHYTPEHHETO MeXaHH3Ma.

[osBneHHe >QHPOTMHAMHKH — HOBOH OOJAcTH TeopeTH4eCKOH
(IM3MKH BIIEPBEIE II03BONAET IIPEIIPHHATH IIOIBITKY IIO0 BBLABIICHIIO
HMEHHO (PH3HUECKOH CYITHOCTH 3JIeKTPOMAarHHTHBIX ABIECHHI H uepe3
3TO IIOHMMAaHHE IIPHCTYIIHTH K HOBOMY 3Tally PasBHTHA (PH3HMUECKOH
TEOPHH 3JeKTPOMarHeTH3Ma. 34ech HellouaThli Kpai paboTEl ML (-
3HKOB-TEOPETHKOB, 3MEKTPHKOB-IIPHKIAHIKOB, SHEPTeTHKOB H IIPHOO-
PpHCTOB. JIeTKOTro IIyTH 37ieCh HeT, HO M pe3yNbTaTkl MOTYT OKa3aTbCs
3HAUHTEIbHBIMI. [IokeraeM HM BCeM YCIIEXOB B 3TOM HeleTKoM zene!
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NMpunoxeHue. Ob6ecrneyeHne nNomexo-
YCTOMYMBOCTU NPOBOAHbIX CBA3EN

B cOBpeMeHHBIX JHEPIeTHUECKUX, IPOMBIIUIEHHBIX H ITOABIUKHBIX
00BeKTax IHPOKO HCIONB3YIOTCA PasHOOOpasHEle IIPOBOJHBIE HHGOP-
MAIFIOHHbIE CEeTH, OT COCTOSHHA KOTOPHIX 3aBHCHT PabOTOCIIOCOOHOCTE
caMHx 00BeKTOB. Ocoboe 3HaUeHHe IIPH 3TOM FIMeEeT ITOMeXOYCTOHUT-
BOCTh MH(pOpMAIH, TPaHCIHPYeMOH II0 3THM ceTsM. Kak IoKazamn
HCCIIeJOBAHUA, OCHOBHBIM HCTOYHHMKOM IIOMeX UL TaKMX CeTeH SBILA-
FOTCS CHJIOBBIE SHEPIeTHUYeCKHe IIPOBOJA, OCOOEHHO Te, uepe3 KOTOPEIe
BKIFOYAeTCA pasHOOOpasHasi KOMMYyTAaI[MOHHAA allIaparypa: B MOMEHT
BBIKIIFOYEHHI OOMOTOK pelle H KOHTaKTOPOB B TaKHX IIPOBOJIaX BO3HH-
KaroT 3NeKTpHYeCKHe MMITYJIbCHI, JOCTHTAIOIIHE COTEH BOIBT, KOTOPEIE
yepe3 NMEKTPHUYECKYI0 H MarHHTHYIO B3aHMOMHIYKIIHIO IIPOHHMKAIOT B
HHGOpPMAIMOHHEIE CETH H HCKaxaroT HHGopMaimto. IIpu smom mep-
2emutecKuM npPo6oodoMm peaibHo AslAenca 000l npoeod, xoma ovt
O00HUM KOHUOM COEOUREHHBUL ¢ UCHOUHIKOM CUJL06020 HANpAHCE-
HUA.

IIpo6meMa ocobeHHO OGOCTPHIIACH B CBSA3H C BCe OoJee IIMHPOKHM
TIpHMEHEHHEM Ha 00BeKTaxX IH(POBOH TEXHHKH, BOCIPHHMYHBOH K
HMMITYJIb CHBIM IIOMEXaM.

OOBIMHEIM CIIOCO00M OCIIA0HTh HABOJIIMbIE IIOMEXH ABIIETCS pas-
HeCeHHe IIPOBOJIOB M IIPHMEHEHHE 3KPAaHHPOBAHHBIX IIPOBOJOB. Ho
Pa3sHeCTH IIPOBOJIa B KOHKPETHBIX CHCTeMax, TeM 0ojlee Ha IIOJIBHKHEIX
o0BeKTax (camoieTax, KOpalIlix), He BCerfia yaaeTcs, SHepreTHUeCKIe
H HHGOPMAIHOHHEIE IIPOBOJA IPHXOJHTCA YKIAAEBATh B OOIHe KaHa-
I, a S9KPAaHMPOBKA YaCTHYHO 3allMINAeT OT I[POHMKHOBEHIA 3NIEKTPO-
ITHHAMHYECKOH COCTaBILIIOLIEH, HO He 3all(MIaeT OT IIPOHHKHOBEHHS
3JTeKTPOMAarHHTHOH COCTABILIFOINEH, BeIIMUHHON KOTOpOH IpeHeOpeus,
KaK IIPaBIJIO, TOXe Heb3d. OOBUHBIN 3KpaH BHIIIONHEH H3 METHBIX
TIPOBOJTHHIKOB, H OH IUIOXO 3KPAHHPYET 3NIEeKTPOMATHUTHYIO IIOMEXY.
IToaToMy 371€Ch HYKHBI HHEIE MEDEL.

Kaxk mokazano B pa6orte [1], a Takke B HacTosIel padore ([1aBa 5,
paznen «B3anMOHH/YKIHS IIPOBOHIKOBY), TOI[yCTHMO PacCMaTpPHBATh
B3aMMOCB3b He MeXy KOHTYpaMH, KaK 3TO BBIT€KaeT H3 ypaBHEHHH
MakcBemna H 3akoHa Papajies, a MeX/Ty IIPOBOJAMH, IIPH 3TOM CIIeyeT
Ppa3mMUaTh 3MEKTPOJHHAMHUECKYIO TIOMeXy H IIOMeXYy 3IeKTpOMArHUT-
Hy1o. IlepBad cBg3aHA ¢ M3MEHEHHEM BEIHUMHEI 3JeKTPHYECKOI'O Ha-
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IPSOKEHAST B IIEPBHUHOM 3HEPreTHYECKOM IIPOBOJIE, OHA CYIIECTBYET
Jaxe TOIZA, KOTAa TOK B IIEPBHYHOM IIPOBOJE IIPeHEOpPEXHMO Mal,
BTOpas CBJ3aHA C M3MeHeHHEeM BEITHUHHEI 3IeKTPHYECKOTO TOKA B Iiep-
BHYHOM IIPOBOJIe, OHA CYINECTBYET JaXe TOTJA, KOTAA B IIEPBHUHOM
IIPOBOJIe HAIpPSUKEHHe IPeHeOpeXHMO Malo. OJeKTPOAHHAMHYECKAs
ImoMexa IMPOHHKaeT OJarojaps paclpoCTPaHEHHIO BOKPYT 3HepreTHYe-
CKOTO IIPOBOJIA 3IEKTPHUYECKOTO TONA (3MEeKTPHUYECKOH HHJTYKIIHH) Ue-
pe3 B3amMHYyIo eMKocTh (pHc.l) [2, €. 163-165]3mexTpoMarHuTHAs 10-
MeXa IIPOHIKAET OJarofiaps paclpoCTPaHEHHIO BOKPYT 3HEPreTHYeCKO-
T'0 IIPOBOJIa MATHATHOTO IO (MAarHHTHOM HH/YKIH) Yepe3 B3alMHYIO
HHAYKTHBHOCTE (pmc. 2) [2, €. 161-163].COOTBETCTBEHHO M MepHI
GOPHOEI C HHMH Pa3HEIE.

Puc. 1. DKBUBAIeHTHAA cXeMa YIEKTPOIUHAMUIECKOM CBA3M memeii: U; —
HarpsDKeHHe B IIEpBHYHOH 11erH; U, — HanpspkeHHe Mojte3sHoro curHana; U, — Haripsi-
JKeHHe TIOMeXH BO BTOPHUHOH IlerH; Cj, G — B3aHMHbIe yAelTbHbIE pacIipe/eieHHbIe
B3aHMHbIE €MKOCTh H IPOBOJHMOCTh IepBHYHOI H BTOpHIHOH Iemneii; L, R, C. G —
YAebHbIE paclipeeyieHHble HHAYKTHBHOCTb, COIPOTHBIIEHHE, €MKOCTb H IPOBOAH-
MOCTh BTOPHYHOH LierH, Eg — IT0JIe3HbIH CHIHA, Z — BHyTpPEHHee CONPOTHBIIEHHE
HCTOYHHKA [10JI€3HOTO CHTHANA; , Z; — COMPOTHRIIEHHE Harpy3KH

B IIepBOM HPHGJH/DKCHI/H/I 3HAUEHHe HaBeIeHHOMN JJIIEKTPOTHHAMH-
YeCKOH TIOMeXH OIIpeeIINTCA BRIpaKEeHIEM.

— Cl DZH .
" C+C oz, +z7
L

ZB=Ei
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rne C — IOTOHHAS eMKOCTh ITPOBOJIa (EMKOCTH OJTHOTO MeTpa IIPOBOJIA
Ha OKPYKAroIIfie IIPOBOJHIKH), C; _ TOTOHHASA B3aHMHAsA €eMKOCTh IIPO-
BOJIa, CO3/IAIOIIETO TIOMeXY H IIPOBOJA, BOCIIPHHHMAIOIIETO €e,

Z, — COIIPOTHBIEHNE HArpy3KH IHHHH, Z — BOJHOBOE COIPOTHBIIE-
HIe JIMHHH CBA3H.

JlaHHOe BEIpaKeHHe CIPaBeIHBO TONBKO I He3KPaHHPOBAHHBIX
IpoBoJIoB. Ecim HHGOPMAIOHHEIE IIPOBOJIA SKPAaHHPOBAHEL H 3KPaHEI
3a3eMIIEHBI ¢ OOOHMX KOHIIOB BO BCeX pPa3phiBax IIeIH, HapHMep, B
pa3beMax WIH IepexXoHBIX KOIOIKaX, TO IIoMeXa OTBOJHTCS Ha 3eMIIIO
IIPH YCIIOBHH, OJTHAKO, YTO HHIYKTHBHBIM COITPOTHBIIEHHEM 3a3eMIICHHA
MO:XHO IpeHeGpeus. He ciemyeT 3a0bBaTh, YTO HHAYKTHBHOCT OJTHOTO
MeTpa IIpoBoJa B cpegHeM Konebrercs oT 0,510 2 Mkl 'H/M. IToCKOIBKY
HMITyJIbCHOe HalpsKeHHe IPH KOMMYTAIHIX IMepPBHYHOH LeH MOXeT
JDOCTHTaTh COTEH BOJBT IIPH UIMTEIFHOCTH HMITyIBCOB OT JONeH M0
IeCSITKOB MIKPOCEKYH], Ilelecoo0pasHO HH(GOPMAIMOHHBIE IIPOBOJA,
0COOEHHO JeXallie B OOIMX C SHePreTHUeCKHMH IPOBOJAMH KIYTax,
BHITONHATH SKPaHHPOBAHHEIMH, o0palas IIpH 3TOM BHHMaHHe Ha Kaye-
CTBO 3a3eMJIEHHA SKpaHOB.. CleyeT TakKke OTMETHTh, UTO, KaK BBLAC-
HEHO, Opyzile NP0600a, HAXOOAUIUECA 6 MEX JHce HCZYMAX, NoMexy He
IKPAHUPYIOM, 4 HA00OpOm, CHOCOOCMEYIONt ee NP OHUKHOGEHUIO.

[TpOHNKHOBEHHE 3IEKTPOMArHHTHOH ITOMEXH OT SHepreTHYeCKOIro
IpoBoJia B MHGOPMAIHOHHEIE IIPOBOJA OCYIIECTBILIETCSA Uepe3 B3aHM-

HYIO HHIyKTHBHYIO CBA3b (pHC. 2).

Puc. 2. DKBHBaJICHTHAA CXeMa JIEKTPOMATHHTHOH CBA3M memeil. M — Ko ¢d-
(HITHEHT B3aHMHOH HHIYKTHBHOCTH; i1 — TOK B IEPBHYHOMH LierH; U, — HanpsokeHHe
ITOMeXH BO BTOPHMHOH IierH; L, R — yJesbHbIe pacripesiesieHHble HHIYKTHBHOCTb CO-
MPOTHBJIEHHe BTOPHYHOH IerH; C, G, eMKOCTh H IPOBOJHMOCTb I1I0T€Ph BTOPHMHOH
erH; Eg — roJIe3HbIH CHIHAT, Z— BHyTpPeHHee COIPOTHBIIEHHE HCTOYHHKA I10JIE3HOTO
CHTHAJIA; Z, - COMPOTHBIIEHHE HaIPy3KH
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Hanp;m(e}me BHCKTPOMHII-[HTHOfI IIOMEXH OIIPEACILIETCA BBIpaXKe-
HHEM.
di
U, =M=,
at

rne M — ko3 uIHenT B3aHMOMH/YKITHH SHEPTEeTHUECKOTO ITPOBO/IA,
CO3JIAIOIIETO TIOMEXY W HHPOPMAIHOHHOTO IIPOBO/A, €€ BOCITPHHH-
MAaroIero. JJs CHHYCOHJTATIFHOTO TOKa

U, =k fiil; k,=2nM, B-c-:A~ 2L,

W3MepeHHbIe IS PAA ABHAHOHHBIX GOPTOBBIX IMPOBOJIOB 3HAYE-
HILA KodduImenTa cBA3H K, COCTABILIOT:

— s poBojoB Trma BITBJI ceuennem ot 0,350 1v? ky, = (5,65
+5,25) -10°B-c:A v Y

— JU11 mapsl mpoBozioB THia BIIBJI-BIIBJIO Tex ke ceueHmit k, =
4,5+ 4) -1PB-c:A Y

— JUIA TaphI mpoBoyioB Trma BIIBJIO Tex ke ceuenmit k, = (3,8 +
3,5) 10°B-c-Atm L

JIJIS IPOBOMIOB APYTHX CEUEHHH BelmmurHa K, MoXeT GHITh OImpejie-
JIeHa U3 BRIPaKeHHS

-6
+
= 7o BcA'mY d _Db+D,

K
d 4

rme d, cM — paccTosHIe MeX]y OCAMH SHEPTeTHUECKOTO H HH(POpMA-
IHOHHOTO MPOBOIOB, D1 m D, — HX BHeIHHE JHAMETPHI, BKIIOUAST
H3OILAIHIO.

Ha puc. 3 mprBe ieHEl H3MepEeHHbIE 3HAUEHHS HAITPSDKEHHS TTOMEXH,
BO3HHKAIOII[He HA BTOPHYHOM IIPOBO/IE TIPH PA3THYHBIX YACTOTAX TOKA B
TIePBHYHOM TTPOBOJIE [2, ¢. 166].

Tak, mpn uactote B 400111 mymrHe mpoBoja B 20 M, ceueHHH Kpa-
HHPOBaHHEIX IIpoBoJI0B BIIBJIO 0,351\/11\/12 3HaUYeHHe HaBeAeHHOH IToMe-
xu coctaBuT 30,3MB, UTO I CHHYCHO-KOCHHYCHBIX TpaHcdopmaro-
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POB JIaCT JOTOMHHTEIHHYIO IIOTPEIHOCTh H3MEPEHHS yIiIa IMMOBOPOTA
Bara B 12 yrIOBRIX MHHYT, 3TO CYIIECTBEHHO OOIIBINE, UeM COOCTBEH-
Has MOTPENTHOCTh ITpeobpazoBarels. JIJIA TeX ke YCIOBHI, HO TIPH HM-
MyJTHCHOM TIOMeXe H SKBHBAeHTHOH yacToTe B 1 MI1[ BelMUHHA HaBe-
JEHHOH TIOMeXH B HEeIKPAaHHPOBAHHBIX IIPOBOJAX COCTABHT IIOPSIKA
600-800B, B 5KpaHHPOBAHHKIX 3HAYNTEIFHO MEHBIIE, BCETO HECKOIBKO
BOJIBT, HO TOXKe JIOCTAaTOUHBIX I ¢GOS TPAHCIHpPyeMOI IH(pOoBOIl HH-
dhopmargm.

CyIIecTByeT OIMOOYHOE MHEHHE, YTO TIOMeXY MOKHO YMEHBIIHTh
ITyTeM HATPy3KH BTOPHUHOTO IIPOBOJIA HA OTHOCHTEIHHO MAloe COIPO-
THBIIEHHE, OJTHAKO 3TO He TaK. Ha prc. IpHBeIeHE 3aBHCHMOCTH H3Me-
HEHHS HANPSKEHHS TTOMeXH OT BeIMUHHEI HArpy3KH Ha BTOPHYHOM
mpoBojie. Kak BHJIHO, 3HAUeHHe TOMEXH IPAKTHUYeCKH He 3aBHCHT OT
HArpy3KH BIDIOTH 10 euHHI, OM. TakuM crtoco60M H30aBHTHCS OT I10-
MeXH Helb 3.

U,mB/m U mB/m
20} 2
JL 035,035 d
g0} 4750750510, a0} 235,035
70t W0 46:03507
60 15t
30
W 10 6/711/1 lfnﬁﬂﬂfﬁ
3w &N8N1u 6NBN 5
ig /=14
2468012151 746 802K EnlTu

U, mB/m U,MB/m

035,725

&neniuenen %8
I=]A

246 81012141y Z 4681012/ TY

12510
BN8BN3 u 818113
=74 .

Puc. 3. Pe3y/IbTaThI IKCIIEPUMEHTATHHOIO OIIpe¢/Ie/ICHIA B3aHMOCBA3H IPOBO-
JioB Trmia BIIBJI 11 BITBJID paz/nriHoro ceveHys (CedeHHs IIPOBOIOB JAaHbI B MMZ)
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U(,MB

L Ry >700 Om
5t = 50

4t =7g

L =

J R,= 10m
21 1,=075A

I {=5M

0 7 23% 56 78 9faly

Puc. 4. 3aBHCEMOCTEL HANIPSCKEeHHUS! HA BTOPHYHOM NPOBOJHIKE IPH MIEKTPoO-
MATHHUTHOH CBA3U MEXTY YKPaHIpPOBAHHLIMH npoBoaav Tuma BIIBJI-0,5 ot 1ac-
TOTHI IIPH Pa3/IHOI HATPY3Ke (IKCITEPHMEHTALHBIE JaHHbIE)

He uckimoyas H3BECTHEIX CIIOCOOOB YMEHBIIIEHH HMITYJIbCHBIX I10-
MeX IIyTeM IIYHTHPOBAHILI BCeX NepeKIFoyaeMbIX HHYKTHBHOCTEH pe-
3ucTopami, muojamMu u menoukamvu LC u RC, cnemyer oTMeTHTH, UTO
MIPaKTHYECKH eIHHCTBEHHBIM CIIOCOOOM H30aBIeHHA OT 3JIeKTpoMar-
HHTHOH H OT OCTaTKOB 3JIeKTPOIHHAMHIYECKOH IIoMeX SBIIeTCS Iepeia-
ya U mpHeM HHGopMarmH THPepeHIHATEHEIM cIIoco0oM 1o OudH-
JSIpHOH JHHEH (pHC. 5, 6).

NI, (
SR =

Puc. 5. B3aumogeiicTBIe MIEKTPOMATHUTHON HABOAKHU ¢ 0HMPUIAPHLIM II0BO-
oM. 1 — HCTOYHHK HaBOAKH; 2 — HCTOYHHK CHTHANTa; 3 — JIHHHA CBSI3H, 4 — nHb de-
PEHLHATLHBIH MPHEMHHK

IIpu 3TOM cleAyeT YUHTHIBATh, UTO OHQIUIAPHON JITHIEH ABIAETCS
CKpy4YeHHad I1apa IIPOBOJOB, 10 KOTOPHIM B KaK[Iblii MOMEHT BpeMEHH
TPAHCIMPYIOTCA TOKH OJINMHAKOBOM BEIIMUNHEL H IIPOTHBOIIOJIOKHEBIE TIO
HaITpaBJIEHHIO. OTO BHIIONHAECTCA aBTOMATHUECKH, €CIH CHTHAI B ob6a
IIPpOBOJIa T€EHEPHPYETCA OJHHM HCTOUHHKOM H oba BBIXOJa €I0 Ha oba
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IIPOBOJIA OJTHHAKOBEL. JIto60e HapyIlleHHe CHMMETPHH BEIXOOB TeHepa-
TOpa, IIPOBOJIOB JIMHHH CBA3H WM BXOJOB IIPHEMHHKA HapyIIaeT OHH-
JIPHOCTh M JieNlaeT KaHaAl CBSI3H BOCIIPHHIMYMBEIM K BHEITHHM 3IeK-
TPOMAarHHTHBIM IIOMeXaM

% HHI_II_I hmuu
00 10
L i

Puc. 6. OTae/leHHe IOJIE3HOTO CUTHATIA OT IOMeXM B JH(depeHIAILEHOM
NpHeMHHKe CUTHAJIA ¢ TpUMeHeHeM RZ-koxa («return tu zero»)

ITepemaua mHGPOBOI M aHATOTOBOH HH(OPMAIHH IIPOHM3BOIHTCT
CKpPYUYeHHOH IapoH IIPOBOJIOB, TIOMEINeHHOH B OOIIMMII SKpaH, 3a3eM-
JEHHBIH BO BCeX MecTax paspemBa. Ilar ckpyTkun — 2-3 cM, CKpyTKa
HeoOXoIyMa Ui CHMMETPHPOBAaHMA HaBeJeHHOH IoMexu. CyImect-
BYIOIIE BEIXOJHBIE (POPMHPOBATENH OOECIIEUHBAIOT aMIUINTYy M-
mynscoB 5 = 0,5B, momyctiMoe compoTrBierne Harpy3ku 4000w, co-
IIPOTHBIEHHE BXOJa MpHeMHHKOB He MeHee 40 kOM, T.e ouH (opMI-
poBarels obeclieunBaeT JO CTa IIPHEMHIKOB. [ albBaHIUeCKOH pa3Bi3-
KH IIPHEMHHKOB 37IeCh HET, OHA 1 He TpedyeTcs.

IIpn >TOM y4TeHO TO OOCTOATEIHCTBO, UTO IIPOITYCKHAA CIOCO0-
HOCTh TTOOOHOH GHQIUIIPHON THHIH CBSA3H, He CO2NACOGAHHOIL C HA-
2py3Koit (He HMeIOINeH HA KOHIAX HH3KOOMHEIX COITIACYIOINMX pe3H-
CTOPOB), IIPH JFOOOM CeUeHHH IIPOBOJIOB H IIPH TpallelenJanbHOM dop-
Me HMITYJIECOB C IIPHMEHEHHEM IIPOBOJIOB JIFOOOTO CEUEHHA COCTABILIET
nopsakxa 50 M6ut-Mm/c. Ipu cpepHeit pmmHe nporoja B 10M (Ha Taxe-
JBIX CaMolleTax) MPOITYCKHAs CIOCOOHOCTh OHGHIIPHOMN JIMHHH CBA3H
cocraBteT 5 MOuT/c, B TO BpeMsi Kak HH)OPMAIHOHHOE COJIep KaHHe
BCeH COBOKYITHOCTH CHTHAIIOB ITHJIOTAKHO-HABHTAIIOHHOTO KoMIUIEKCa
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cocraBiieT He Gonee 1 KOur/c. DTO MO3BONIAET HCIOIB30BATh ITOOYeE-
pelHyIo Ilepesiady IIOCIeJOBATeIbHEIX KOIOB C IIPHMeHEeHHeM OTHOCH-
TeIlbHO HH3KHX YAacTOT TpaHcmmu u3 paga 12,5; 50; 100; 250; 500;
1000K6wut/c. IlpemrournremsHoit yacToToil sBitercs 100 K6ut/c, ko-
Topas M 3aHKCHPOBaHA KaK OCHOBHAA B IIePCIIEKTHBHBIX JeTaTeIbHbIX
armraparax. ITepefauya ITPOM3BOJHTCS TaK HaskBaeMsIM RZ- xojgoM
(«return to zero»)p xoTopoM Kaxaeri 6HT («1»mwm «0»)pecTaBieH
OTJETbHEIM HMITyIECOM COOTBETCTBEHHO ITOJOKHTEIFHOH I OTpPHILA-
TeILHOH TOJLIPHOCTH ¢ Iay30H MeXTy HMITylIbcami. Ilepegaya M IIpH-
€M HMITyJIbCOB OCYINEeCTBIAeTcA TH((depeHIanbHRIM cIIoco60M, YTO
HCKIFoUaeT BIILIHIE TOMeX Ha KauecTBO IIPHHHMAaeMOH HH(OPMAIHH.

NHpopMmarms nepegaeTcsa IMHKIUECKH C YAaCTOTOMH, OIpeIelieMOoi
THHAMIKOH TPaHCIPYeMbIX ITapaMeTpoB, Ha BXOJe IMPHEMHHKOB OCY-
IIECTBIAETCS KOHTPONh HMHPOPMAIMH IO PARY IPH3HAKOB (KOHTPOJIb
IKIIMYHOCTH MOCTYIUIEHH, KOHTPOJH IO KONHYECTBY €/HHHUII B CIOBE
H T.1.). [lepeiaua Kakux-THO0 BHPYCOB IO TAaKOH CBS3H OT OJHOM CHC-
TeMBbI K JpyTroif IPHHIFIHATEHO HEBO3MOKHA.

Pazymeercs, 3To He KacaeTcs OTAENBHBIX JIHHHH CBS3H, B KOTOPHIX
TPAHCIHPYIOTCS KpPYIHbIe MAcCHBH HHGOPMAIWMH, HO TAKHX JIMHHH
CBSI3H, KaK IPaBHIIO, HEMHOTIO, H K HHM JIOJKeH OBITh APYTOH IMOIXO.

[IprMeHHUTeTbHO K aBHAIIOHHOMY G0PTOBOMY OOOPYHIOBAHHIO 3TOT
crroco6 nepegaur HHQpopMaImH, 00eCIeUHBIIHI eif BRICOKYI0 IIOMeXO-
3aIHIIEHHOCT, ObDT pazpaboTtan B CCCP [3-5], BliepBrle MpHMeHeH Ha
camonere Cy-27,3aTeM ObUI BHEJpeH Ha BceX THIIAX CaMOJETOB H Bep-
TOJIETOB TPakAAHCKOH M BOEHHOH aBHAIlMM, a 3aTeM Hallel IIHpPOKoe
IIPAMeHeHHe B aBHAIMH Bcero Mupa [6]. Kak ImpH HCIEITaHIIX HA CTeH-
nax [7], Tak u 3a Bce BpeMs (Gomee 30 JeT) SKCILTyaTaIlHH ABHAIHH C
GOpTOBEIM IM(POBEIM 00OPYOBAHIEM TIO IHHIAM CBS3H He OBLIO 3a-
(HKCHPOBaHO HH OTHOTO c60s HH(popMaIpH. B IuTHpYyeMoii THTepary-
pe [5] mprBeeHsI Bce HEOOXO/IMbIE I PeaIH3aIliH JaHHOTO CIIOCO-
6a CBA3M TeXHHUYecKHe IOJPOOHOCTH. HekoTOophle peKOMeHJAAIMH II0
oOIIelf OpraHM3aliH CHCTEM 3JeKTPOHHOTO OOOPYHOBHHS IIPHMEHH-
TeJHHO K IOJBHXHEIM 00beKTaM JIaHkI B padoTe [8].

MoO’XHO HaJlesAThCs, YTO OIMHCAHHBIH CIIOCO0 Ilepefaur HHGOpMa-
IMMH, CTOJIb XOPOIIO 3apeKOMEH/IOBABIIHIT ce0s B aBHAIIHH, MOXeT OKa-
3aThCAd TONE3HEIM H B JIPYTHX HH(OPMAIIOHHO-H3MEPHTENBHBIX H
VIIPaBILTIONHMX KOMIDIEKCax OOOpYMOBAHHA, HCIONB3yeMbIX B 3Hepre-
THUYECKHX, IPOMBIIUIEHHBIX H TPAHCIIOPTHBIX 00beKTax.
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