MunuctepcTBO 00pa3zoBaHus U Hayku PO
OI'BOY BIIO «Tam60BCcKuii rocyAapCTBEHHBIA TEXHUUYECKUN YHUBEPCUTET
H.S. Monotkos, B.E. UBanos, O.B. Jlomakuna

QJIEKTPUUYECTBO U MATHETU3M

MNznareancrBo TI'TY



VJIK 537(075.8)
BBK B33a73
M-758

Peyenzenmeur:
J.1.1., npodeccop kadenpsl obuiel GU3NKu pagruodIeKTPOHHOTO MPODUIIS
OI'bOY BIIO «BI'TY»
B.A. Enuceesn

J.1.H., nipodeccop kadenpsl puzuku GI'BOY BIIO «TI'TY»
O.N. I'aitHyTAMHOB

M-758 MonotkoB H.4I.
DNeKTpUUecTBO W MarHeTusMm: ydeOHoe mocodue / H.S. Monorkos,
B.E. UBanos, O.B. Jlomakuna.- Tam60B: U3-Bo ®I'EOY BIIO «TT'TY», 2012.

N31m05keHBl OCHOBHBIC BOIPOCHI JJICKTPUYECTBA M MarHeTHU3Ma, KOTOPBIE
COOTBETCTBYIOT yUYEOHBIM IporpaMMaM TIOJIIOTOBKH 0OakajaBpOB BBICIIHX
yueOHbIX 3aBefeHmil. Ocoboe BHUMaHNE OOpaIeHO Ha pa3bsCHEHHE (PU3NIECKOU
CYITHOCTH 3aKOHOB 3JICKTpOMarHeTH3Ma M Ha CO3HATCIIbHOE WX NPHMCHCHHE B
HAyKe © TCEXHHKE. BCKpBIBaCTCS PEISTHBUCTCKAS TPHPOJA MarHUTHBIX
B3aMMOJICUCTBUM M JacTCs WX OOBSICHECHHWE HA OCHOBE CIEIUAIBLHOW TEOpPUHU
otHocuTenbHOCTH. OOBEeM MaTepuasa, BKIIOUEHHBIM B mocoOue, oOecrednBaeT
MOJTOTOBKY, JOCTATOYHYIO JIJI1 YCIEITHOTO OCBOCHHS CTYJICHTAMH JPYTHUX
pa3neoB PU3NKK ¥ TEXHUYCCKUX JTUCIUILIHH.

[IpenHa3HA4YeHO M1 CTYACHTOB BBICIIMX YUCOHBIX 3aBEICHUM, 00 yJarOIIUXCS
0 TEXHUYECKUM HANpPAaBICHUSIM H CIEIUATBHOCTSIM OaKajlaBpuaTa OYHOW U
3a04HOM (hOpMBI OOYUECHUS.



Beenenue

B mepuon moaepHu3anuu cucteMbl 0Opa30BaHMs TOBBIAIOTCS TPEOOBAaHUS K KayeCTBY
oOyueHusi ¢usuke B BbIclIeld wmikosie. Her comMHeHuss B ToMm, yTo (u3uka, Kak (yHIaMeHT
COBPEMEHHOTO €CTECTBO3HAHMs, OOECIEeUMBACT TMPOTPECC B CO3JAHUM HWHHOBAIIMOHHBIX
TEXHOJIOTUH COBPEMEHHOTO MPOU3BOJICTBA. OMHAKO, BCE JOCTIKEHUS (PU3UKH TaK WM WHAYE
HAaYMHAIOTCS CO IIKOJBHOTO M BY30BCKOTO O0Opa3oBaHWs, e (OPMUPYIOTCS HE TOJIBKO 3HAHUS,
YMEHUS W HaBbIKA, HO W HAy4YHOE MHUPOBO33pEHUE M (U3UYECKOE MBINIJICHUE OymayImx
CHEIHAJIMCTOB.

Baxnas pons B (GOpMHpOBAHMM HAYYHOTO MHUPOBO33PECHHS OYIYIIMX CIECIHAIHNCTOB
MPUHAUICKAT KypCy OJEKTPUYECTBA M MArHeTW3Ma, KOTOPBIN sBIsAeTCS 0a30i, Kak s
M3Y4YEHUS IPYrUX pa3aesioB (HU3UKH, TaK U OOJIBIIOTO YKCIa OOMEHHKEHEPHBIX U CIICIIHATBHBIX
TUCIUTIINH. JIOCTOMHCTBOM JTaHHOTO MOCOOUS SBIISIETCSI PACCMOTPEHHUE TITyOOKON B3aMMOCBSI3H
ANEKTPUYECKUX U MAarHUTHBIX SIBJICHUA HA OCHOBE CHEIUATBHON TEOPHH OTHOCHTEIIBHOCTH, UTO
MO3BOJIUJIO TEOPETUYECKM OOOCHOBATH OCHOBHBIE 3aKOHBI MarHeTU3Ma H©  BCKPBITh
PENSATUBUCTCKYIO TPHUPOJTYy MArHUTHBIX B3auMojercTBuil. [lpuBomutcs TeopeTuyeckoe
000CHOBaHME BOJIHOBBIX YPaBHEHUU 3JIEKTPOMArHUTHOTO TOJISA 71 OJHOMEPHOTO CIliydasi U MX
peumieHue. bomnbiioe BHMMaHHME YIENEHO JKCHEPUMEHTAIbHOMY OOOCHOBAHMIO TEOPUU
AJIEKTPOMArHUTHOTO TIOJII W OCHOBHBIX CBOWCTB DJJIGKTPOMAarHMTHBIX BOJIH B JIHAara3oHe
CBEPXBBICOKHMX 9acTOT: A =10 cMmu A =3,2 cm.

ABTOpPBI CTPEMUIIUCH MPEKIE BCErO BBICHUTH (PU3MUECKYIO CYIIHOCTb AJIEKTPUUYECKUX U
MarHUTHBIX SIBJICHUH, OMHCHIBAEMBIX TEMM WJIM HUHBIMU MAaTEMaTHUYECKUMU COOTHOLICHUSMHU.
WNuorpa wucrnosib3yeTcsi KauyeCTBEHHBIM MOJXOJ K H3YYEHHUIO CIIOKHBIX SIBJICHUI, Hampumep,
aBTOKOJIeOaHU. B yMeHUM KayecTBEHHO OOBACHUTH CYIIHOCTh (U3NYECKUX SBJICHUN U
3aKJIFOYAETCS] UCTUHHOE MOHUMaHUEe MaTeMaTHUYeCKUX YPaBHEHHM, OMMCHIBAIOLIUX T€ UM UHbIE
3aKOHOMEpPHOCTH. BakHO, uYTOOBI CTYAEHTHI 3a MaTeMaTH4YeCKUMH (GOopMyJamMu BHJIEIH
peasibHble (PU3NYECKUE SIBICHUS U MIPOLIECCHI.

JlaHHBIN Kypc 3J€KTpUYECTBAa U MarHeTu3Ma IpeaHa3HadyeH JUIsl MOJrOTOBKU OakanaBpoB
TEXHUYECKUX BY30B, U3ydarolux (U3MKY IO paclIMpeHHOH nporpamme. OJHAKO H3JI0XKEHUE
MaTepuaja HOCTPOEHO TakK, YTO MOCOOHE MOXKHO HUCII0JIb30BaTh B By3aX ¢ OOBIYHON MPOrpaMMoit
no ¢usuke. Ilpu cokpamieHHON nporpaMme N0 peUIeHUI0 Kadeapbl dYacTb BOIPOCOB,
U3JI0’KEHHBIX B MOCOOMHU, MOYXHO OIYCTUThH WJIM IEPEHECTH Ha CAMOCTOSITEJIBbHYIO MOJATOTOBKY.
Hampuwmep,

1. Paznen 1.6 [IpoBOAHUKH B 3JI€KTPOCTATHUYECKOM TOJIE.
Paszpnen 1.10 [IpumeHeHne TUANEKTPUKOB.
Pazgen 2.8 DnekTpudeckuii TOK B paCTBOPAX M PacIiaBaX AICKTPOIUTOB.
Pazgen 2.9 DnexTpudeckuii TOK B ra3ax.
Paznen 3.6 MarautHoe 1oJie Ha OCH KPYyroBOTO TOKa.
. Paznmen 6.7 U3nydenne 3neMeHTApHOTO JIEKTPHUECKOTO JTUIIOJIS.

[IpuBeneHHBII TEpeYeHb COKpALIEHUM sBisieTcd Cyrybo OpHEHTHPOBOYHBIM. B
3aBUCHUMOCTU OT 00bEMa 4acoB, BBIJCJIIEHHBIX HAa M3YyU€HHUE 3JIEKTPUUECTBA U MarHeTu3Mma, OH
MOJKET OBITh COKpALIEH UM PACHIMPEH IO YCMOTPEHHUIO NPENo1aBaTeNsl.
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I'maBal. QJIEKTPOCTATHKA

BBenenmne

Bonpimoe KoOIM4ecTBO SIBICHUH MPHPOJIBI CBSI3aHO C MPOSBICHUEM O0CO0OTO CBOWCTBA
AJIEMEHTAPHBIX YaCTHUI[ BEIIECTBA, a CJICOBATCIBLHO, M COCTOSIINX M3 HUX MaKPOCKOIMMYECKUX
TeI — HAIMYHAS Yy HHX 2JIeKMpPu4eckoeo 3apsod. T SBICHUS OTHOCIATCS K KIaccy
QJICKTPHUYCCKUX apiaeHu. Hannune QJICKTPHUYCCKOI'0 3apsdaa MpoABJIACTCA B TOM, YTO
3apsHKEHHOE TEJI0, HAIlpUMeEp, MPH JJICKTPH3aIllMH TPEHUEM, B3aMMOJCHCTBYET C APYTHMH
3apsHKCHHBIMU TelIaMU. DeKmpocmamurka N3yqaeT B3auMOJICHCTBUE AIEKTPUICCKUX 3apsioB B
TOW CUCTEME OTCYETA, OTHOCUTEIHHO KOTOPOH OHA MTOKOUTCS.

CYHICCTBYCT ABa BUJIA JJICKTPHUYCCKUX 3apsaA10B, YCIOBHO HA3BAHHBIX IOJIOKHUTCIBbHBIMA 1
OTPULATCIIbHBIMHU. 3ap$1m>1 OJIHOIr'0 3HaKa OTTAJIKUMBAKOTCA, PA3HBIX 3HAKOB — IPUTATUBAIOTCA
JPYT K APYTY ¢ HEKOTOPOU CHIION.

SHCKTPH‘{GCKI/II;'I 3apsaa ABJIIACTCA HCOTHEMIICMBIM CBOMCTBOM HCKOTOPBIX 3JICMCHTAPHBIX
4acTHIl. 3aps]l BCEX MIEMEHTAPHBIX YaCTHUIl (€CIM OH HE PaBEH HYJI0) OJIMHAKOB 110 a0COTIOTHOM
BenuuuHe. Ero Ha3BIBAIOT 2eMeHmAapHulM d1eKmpuyeckum 3apsdom W 0003Ha4aroT e. Tak

3aps DNEKTPOHA IO COBPEMEHHBIM HAaHHBIM paBeH: e=-1,6-10""Kn (Kymona); 3apsx

npotona: e =1,6-10""" Ku; neiiTpon He nmeer 3apsia. II0CKOIbKY M3 3THX YaCTHIl HOCTPOCHBI

aTOMBI JIIOOOTO BEIIECTBA, AJICKTPUUECKHE 3apsAbl OKA3BIBAIOTCS OPTraHUYECKU BXOISAIIUMHU B
coctaB Bcex Teid. OOBIYHO YaCTHIBI, HECYIIUE 3apsAlbl IPOTHUBOIOJIOKHBIX 3HAKOB,
MIPUCYTCTBYIOT B PAaBHBIX KOJIMYECTBAX U PACIPEICICHbI B TeJie ¢ OJUHAKOBOM TUIOTHOCTHIO. B
3TOM Ciydae B LEJOM Tesno Oyaer HelTpaiabHbIM. Ecnu, Hampumep, TpeHHEM cO34aTh B Tele
M30BITOK YaCTUI[ OJHOIO 3HaKa (COOTBETCTBEHHO, HEJAOCTAaTOK YaCTHUI[ JPYroro 3HaKa), TEJo
OKa)KeTCsl ANEKTPUYECKHU 3apsbKeHHBIM. [lockombKy 3apsia ¢ Tena oOyciIoBI€H COBOKYITHOCTBIO
AJIEMEHTAPHBIX 3aPS0B, OH [0 BEJTUYHHE SIBJISETCS KPATHBIM € :
q=N |e

rae N — 4uciio M30BITOYHBIX WJIM HEIOCTAIOIIUX YacTUIl OJHOTO 3Haka. B sToMm mposBisieTcs
AMOMUCMUYHOCMb  DIEKTPUYECKOTO 3apsiia MaKpOCKONMYECKMX Tel. OJTO O3HAdaeT, uTo
AIIEKTPUYECKHI 3apsi/1 10000 Teaa COCTOUT U3 LEJIOT0 YHCIa 3JIEMEHTapHBIX 3apsii0B.

DNeKTpUYecKue 3apsapl MOTYT HCYe3aTh WIM BO3HUKATh BHOBB. (OJHAKO Bceraa
BO3HUKAIOT WJIM HMCYE3AI0T OJHOBPEMEHHO JBa AJIEMEHTApHBIX 3apsija MPOTHBOIOJIOKHOTO
3Haka. [loaToMy CyMMapHBIH 3JIEKTPUYECKUM 3apsil U30AUPOBAHHOU CUCmeMbl HE MOXKET
U3MEHSTHCS. DTO YTBEP)KICHHE HOCUT Ha3BAHUE 3AKOHA COXPAHEHUs DIIEKTPUIECKOTO 3apsiia.
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1.1 3akon Kysona

OnpIT MOKa3bIBa€T, YTO CHUJIA JJIEKTPUYECKOrO0 B3aWMOJECUCTBHS JOBOJBHO CJIOMXKHBIM
00pa3oM 3aBHCUT OT (POPMbI HANIEKTPU3OBAHHBIX TEJI M XapakTepa paclpejiesieHus 3apsjaa Ha
aTux Tenax. CneaoBarenbHO, HE CYILIECTBYET €IMHOM MNpOCTOM (OpMysbl, ONMUCHIBAIOIIEH
AJIEKTPUYECKOE B3aUMOJEHCTBHE AJIsl JIF0OOro MPOU3BOJIBHOIO cityyasi. Y ToiabKko Ui moueunsix
3aps006 3aKOH B3aUMOJICHCTBUS 3allMChIBA€TCA B JOCTAaTOYHO MpocToil (opme. ToueuHbm
3apsAOM Ha3bIBAeTCsl 3apsll, pacHpelesieHHbI Ha Teje, pa3Mepbl KOTOPOTO 3HAUYUTEIbHO
MEHbLIE, YeM JIH00ble PacCTOSIHUS, BCTpEUarolrecs B JaHHOM 3ajaye. 3aMEeTUM, 4TO IMOHSATHE
TOYEYHOTO 3apsijia BJsETCs yA00HOM abcTpakuuei AJis yIpoIeHus 3a1au.

B 1785 roxy, BOCIONB30BaBIINCh KPYTWIBHBIMM BeCaMU, KyJIOH CMOI' OIIBITHBIM ITyTEM
HaWTH 3aKOH B3aMMOJICUCTBUS HETOJBMXKHBIX TOUEUHBIX 3apsAJOB: CUIA 83AUMOOEUCMEUS 08VX
MOYEUHBIX 3apA008, HAXOOAUWUXCA 8 8aKYYMe, NPONOPYUOHAbHA GEeNUUUHE KAICO020 3apsod U
06pamHo NPONOPYUOHATILHA KEAOPAMY paccmosHus r mexcoy Humu. Hanpaenenue cunvr (puc.
1.1) cosnaoaem c npsamoii, npoxoosawetl yepes 3apsovl.

AR
F:k%. (1.1.1)



q, l: )__,E: b q, 0)

Puc. 1.1

B Mexnynapoanoit cucrteme (CH) 3apsan mamepsercs B kynonax (Ki), a xkosddumument
MIPOTOPIIMOHATBPHOCTH PABEH:

1
k= , (1.1.2)
4ne,
rie g, =38,385- 107 ®/M — HaseBaeTcst anekmpuyeckoil nocmosnnoi éakyyma. I1o3TOoMYy
2
k03ddHIHEHT mponopiHoHanbHocTH k =9 -10° 5~ - 3aKoH KyloHa MOXXHO 3alliCaTh B BUJIC:
1 .
F:—-M. (1.1.3)
4re, r

Ecnu TodeuHble 3apsnbl B3aUMOACHCTBYIOT B IUAJIEKTPUUECKON cpefe, To 3akoH KyroHa
MIPUHUMAET OKOHYATEIIbHBINA BU/I;

L o]l
F= : 1.1.4
dnege  p? ( )
HIIN
F:k-w, (1.15)
er

Il € - Ha3bIBACTCA OMHOCUMENbHOU OUINEKMPUYecKol nponuyaemocmoio cpenpl. Tak Kak
BEJIMYMHA € JJIs1 OOBIYHBIX cpesl O0JIbIlIE €IUHULIBI (8 > 1) , TO OHA IOKa3bIBAET BO CKOJBKO Pa3
CHJIa B3aUMOJICHCTBUS MEXK]ly TOUEYHBIMHU 3apsaMH B IaHHOM cpesie MEHbIIIE, YEM B BaKyyMe.

Cunbl B3auMoeicTBus Fy, u F,; MeXIy IByMs TOYeUHBIMH 3apagaMu ¢, u ¢, (puc. 1.1)
B COOTBETCTBHE C TPEThUM 3aKOHOM HbIOTOHA paBHBI 10 BEIUYMHE U MPOTHUBOIOJIOKHBI IO
HampapiaeHnio: Fj, =—F,;. Tak Kak T CHIbI TpPHIOKEHH K PasHBIM TejlaM, TO OHH
IIPEJCTABISAIOT COO0N HEYPaBHOBEUICHHYIO CUCTEMY.

3Hasi 3aKOH B3aUMOJICHCTBUS MEXAY TOUEUYHBIMHU 3apsJaMH, MOXKHO pacCUMTaTh CHUITY
B3aUMOJICHCTBUSL MEXKIY 3apsJaMH, COCPEJOTOUYEHHBIMH Ha TelaX KOHEYHBIX pa3mepoB. Jlis
3TOTO HY)KHO Pa3OMTh KaKJbIM U3 3aps10B Ha OECKOHEYHO Malble 3apsaael dg; U dq, , 4TOOBI UX

MOJKHO OBLIIO CUMTATh TOYCYHBIMU, BBIYUCIUTE CHITY BSaHMOHCﬁCTBHﬂ MCXKIAY 3apaaaMu dqz u
dq, no dopmyne (1.1.5) u 3aTeM MpPOU3BECTU BEKTOPHOE CIIOKEHHME BCEX DJIEMEHTAPHBIX CHIL

HpI/I 9TOM CYMMHUPOBAHUC OCCKOHEYHO MAJIBIX CHJI MOJKHO 3aMEHMTh HUHTCIPUPOBAHUCM.

1.2 JaexkrpocrtaTnueckoe nmose. HanpskeHHocTh mosisi. BekTop
3JIEKTPHYECKOro CMeIleHus
B3aumoseiictBue Mexay 3apsiaMH COTJIACHO TEOPHH OJU3KOACHCTBUSA OCYIIECTBIISICTCS
yepe3 d3JIEKTPOCTaTHYecKoe Tmojie. Bceskuil 3apsii M3MEHSET CBOWCTBA OKPYKAIOLIETO €ro
IIPOCTPAaHCTBA — CO3JaeT B HEM OJJeKTpocTaThudeckoe mnoje. Hamuuue mnomns, co3gaHHOTroO




HEKOTOpBbIM 3apsiioM (), MPOSBISIETCS B TOM, YTO MOMEIIEHHBIH B KaKyrO-TMOO TOUKY 3TOTO
MOJISL AJEKTPUYECKUI 3apsii ¢ OKa3blBaeTcs MoJ JedcTBUeM cuiibl. ClenoBaTelbHO, YTOOBI
BBISICHUTh MMEETCSl JIM B JIAaHHOM MECTE JJIEKTPOCTATUYECKOE IOJIe, HYKHO NOMECTUTh TyJa
3apsKEHHOE TEJO M YCTAHOBUTD, UCIIBITBIBAET OHO JEMCTBHE 3JEKTPUUECKON CUIIBI MU HET.

Hccnenyem ¢ MOMOINBIO TOYEYHOIO IPOOHOTO 3apsaja ¢, 3JIEKTPOCTaTHYECKOE IOJIE,
CO3ZJaHHOE TOYEYHBIM 3apsiioM ¢ (puc. 1.2). IIpuHATO cunMTaTh, YTO MPOOHBIN TOUECUHBIN 3apsi
q, Bcerga mnoyokuTesbHbld. IlomecTuB mHpoOHBIA 3apsa ¢, B NPOU3BOJIBHYKD TOYKY M,
MIOJIOKEHUE KOTOPOM ONpENeseTcs paguyCc-BEKTOPOM 7, Mbl OOHapyKMM, 4YTO Ha MPOOHBIH
3aps] g, B COOTBETCTBHE ¢ 3aKOHOM KynoHa nelcTByeT cuia:

1 d

: (1.2.1)

F=q

" dngge r

W3 »stoii ¢opMynsl cienyer, 4Tro cuia,
NEUCTBYIOIAs Ha TMPOOHBIM 3apsll, 3aBHCUT HE
TOJIBKO OT BEJIMYUH ¢ U 7, OIPEIEISIIOIINX 10JIe
B JJaHHOM TOYKe M, HO ¥ OT BETUYUHBI TPOOHOTO
3apsna ¢q,. Ecnu Opare pasHble 10 BEIUYMHE
NpoOHBIE 3apslbl, TO MU CHUJIbl, KOTOpPBHIE OHU
UCHBITHIBAIOT B JAaHHOW Touke M mouss, OyayT
pasznuunbl. OpnHako, coriacHo ¢opmyne (1.2.1)

Puc. 1.2

F
OTHOIIEHHE —— JUII BCEX MPOOHBIX 3apsIOB
qn

OyJeT OJHO M TO K€ M 3aBUCHT JIMIIb OT BEJIMYMH ¢ U ¥ , OMPEICIISIONINX T10JI€ B JAHHOW TOUYKE
M. TlosTomy ommuowenue cunvl F , oeticmeyroweti na npobuwiii 3apso 6 Hekomopou mouke M, k
genuyune npoOHO20 3aps0a ¢, MOJACEm CIYICUMb XAPAKMEPUCTIUKOU dJIEKMPOCMAmMu4ecKo2o

noss 8 3Moi mouxe, Komopas Ha3vl8Aemcs HANPANCEHHOCMbIO:

gt (1.2.2)

ql'[

[To cBoelt pu3nyecKoil CyITHOCTH HANPSKEHHOCTh MOKa3bIBaeT, Kakasi cujia JeMCTBYeT Ha
eOuHu4HbIl TIPOOHBIA 3aps]l B JTaHHOM TOYKe IoJid. 3Has BEJIUYMHY HANpsHKEHHOCTH IOJS B
OTIPEJICIICHHON TOYKE, MOYKHO OTIPEIEIUTh CHITY, ICHCTBYIONIYIO Ha JTF000H TOUCUHbIH 3apsia ¢’ ,
ITIOMELIEHHBIN B 3TY TOUKY ITOJIS:

F=lqE. (1.2.3)

[ToaTOMy HaNpPSKEHHOCTH SIBISIETCS CUI060U XapaKTepucTUKON noJisd. Cienyer OTMETHUTb,
YTO HANPSIKEHHOCTh SIBJISACTCS BEKTOPHOM BEIMYMHON. BekTop HanpspkeHHOCTH E B JIaHHOI
TOUKE 10J1s M HAIpaBiIeH B Ty %e CTOPOHY, UTO ¥ BEKTOP CHIlbl F , IGHCTBYIOIIEH Ha mPOGHBIil
MOJIOKUTETBHBIN 3apsy (puc. 1.2).

Kax crnenyer u3z dopmyn (1.2.1) u (1.2.2), BenuunHa HANPSHKEHHOCTH TOJIS, CO3/IaHHOTO

TOYEYHBIM 3apsAOM ¢, TMPONOPUUOHAJIbHA BEIUYMHE JTOrO 3apsia |q| u o0OpaTHO

IIPONOPLUOHAIbHA KBAIPATy PACCTOSIHUA » OT 3apsia ¢ 110 JaHHOW TOYKHU M moJis:

Ll Jd
4nege 1> _ksrz’

E= (1.2.4)




H B
3a enuHUIly HanpsbKeHHOCTH B cucteme enunul; CU npuanmaercs 1 ﬁ =1— (cm. pazn.
M

L.5).

OnpIT NOKa3bIBa€T, YTO CUJIA, C KOTOPOW CHCTEMa 3aps/loB JEHCTBYEeT Ha HEKOTOPHIA He
BXOJILIUI B cUcTeMy ITPOOHBIN 3apsiji, paBHA BEKTOPHON CyMMeE CUJI, C KOTOPBIMU JIEHCTBYET Ha
JaHHBIA 3aps] KaXIblil M3 3apsgoB CUCTEMbl B OTAenbHOCTH. OTCrofa cienyer, 4To
HANPAICEHHOCMb NOJIA CUCMEMbL 3apsA008 PABHA GEKMOPHOU CYMME HANPAICEHHOCmel Noel,
Komopuvle c030a8ai 0bl Kaxcowlll U3 3aps008 CUcCmembl 8 0MOelIbHOCIU:

- — _ N _
E :El + 2 +...+EN :ZEI . (1.2.5)

i=1

OTO yTBEp)KICHUE HOCUT Ha3BAHHUE NPUHYUNA
cynepno3uyuu (Hanooscenust)
anekmpocmamudeckux noiaeu. Tak, Hampumep,
uroObl  HAWTH  HANpSKEHHOCTh mons  E
CO3JIAaHHOTO JIBYMSI TOYECYHBIMHM 3apsiaMH ¢, U ¢,
B IIPOU3BOJIbHOM Touke M (puc. 1.3), Hy>)KHO HalTH
HANPSOKCHHOCTH  TOJIEH, CO3JaHHBIX  KaXIbIM
TOYEYHBIM 3apsJI0OM B OTACITHHOCTH:

|‘]1| |‘] 2|
q 4 Ei=k—5. Ey=k
1 = en Er,
Puc. 1.3 a 3aT€M HaHTH N€OMETPHUYECKYI0 CyMMY BEKTOPOB

E n E,,te. E=E +E,. Monynp Haps’KEHHOCTH PE3YJIBTUPYIOLIETO MOJII MOKHO HANUTH 110
dbopmyme:

E=\E} + E} +2E,E, cosa. . (1.2.6)
DNEeKTPOCTaTUUECKOE II0JIE€ MPHUHATO H300paxarb Tpaduyeckd C TOMOUIbIO JUHUL
HaNpAYCeHHOCMY WA THHAHR BekTopa E . JIMHHM HANPSYKCHHOCTH HPOBOMSTCS TAaK, YTOOBI
KacaTeIbHas K HUM B Ka)KIOi TOUYKE COBIIAZAa C HAPABICHHEM BEKTOpa E B TOM e TOUKE.
['ycroTa nuHMit BeIOMpaeTcs Tak, 4TOOBl KOJUYECTBO JIMHUM, MPOHMU3BIBAIONINX CIUHHUYHYIO
IUIOMAAKY TePICHUKYIAPHYI0 K JIMHHSAM, ObIIO PAaBHO YHCIOBOMY 3HAYCHHIO BekTopa E .
Torna mo kKapTUHE JIMHUA HAMIPSKEHHOCTH MOYKHO CYJIMTh O HAIlpaBJICHWU M BEJIIMYWHE BEKTOPA
E B pasiMuHBIX TOYKax mpocTpanctBa. Ha puc. 1.4 MOKa3saHbl PACIOJTIOKCHHE JHHHIL
HaIpPsHKEHHOCTH PA3JIMYHBIX AJIEKTPOCTaTHUeCcKuX moJield. CrnenyeT MOMHHTb, YTO JIMHUHU
HaIPsHKEHHOCTH CIIY)KAT JIUIIb CIIOCO00M rpaduyecKoro M300paKeHHUS MaTEePHAIBHOW CPEIbI,
MOCPEACTBOM KOTOPOW OCYILECTBIISIETCS B3auMOJecTBUE 3apsaoB. U3 paccmorpenus puc. 1.4
CIeyeT, YTO JIMHUHM HANPSDKEHHOCTH JJIEKTPOCTATHYECKOTO IMOJISI MOTYT HAYMHATHCA WIIH
3aKaHYUBATHCS JIUIIb HA 3apsaaax, MO0 yXOIUTh B OECKOHEYHOCTh. [Ipu 3TOM MONIOKUTEIHHBIE
3apsJibl SIBISIOTCS «MCTOYHUKAMID) TIOJISI, €CIIM TTPOBOJIUTH THAPOTUHAMUYECKYIO aHAJIOTHIO.

a) 0)




KpoMe BeKTOpa HANpSKEHHOCTH E BaXKHOM XapaKTEPUCTHKOH 3IEKTPOCTATHYECKOIO
TIOJIs SIBIIACTCS BEKMOP HIIeKMpUyecko2o cyeiyenuss D . BBeigHIe 5TOr0 BEKTOPa 06YCIOBICHO
CIIE/TIOLIIM 06CTOATENECTBOM. UHCIIEHHOE 3HAUECHHE BEKTOPA HANPIKCHHOCTH E 3aBHCHT OT
CBOMCTB cpeibl, B KOTOPOIl co3/1aeTcsl 3TO moJie. ITO CleAyeT, Harpumep, u3 popmyssl (1.2.4), B
KOTOPYIO BXOJOUT OTHOCHTENbHAs JUAJIEKTpUUecKas MpoHHIaeMocTh €. I[loatomy ans
XapaKTEPUCTUKHU 3JIEKTPOCTATHUECKOTO IMOJIS 1eJIeCO00pa3HO BBECTH BEIIMYUHY, HE 3aBUCSIIYIO
OT CBOMCTB Cpefibl. DTOMY YCIOBHIO YIOBJIETBOPSICT GEKMOp S1eKmpuueckozo cmewenus D
KOTOPBIN JIs1 OJHOPOJHOM Y U30TPOITHOW CPEJIbI YIOBJIETBOPSET YCIOBUIO:

D =g,k . (1.3.1)

HamnpapyieHie BEKTOpa CMeIeH:s [ COBIANACT JUisl M30TPOIHBIX CPEl C HANPABICHHEM
BEKTOPA HAIPSDKEHHOCTH E 3IeKTPOCTATHIECKOTO HOJIS.

Cornaco Qopmyne (1.2.4) nang mosis TOYEHUHOrO 3apsja BeJMYMHA BEKTOpa
AIIEKTPUYECKOTO CMEILEHUS paBHA:

D =gyl =—— (1.3.2)

— Kn
B cucreme equunn CH Bektop D u3MepsieTcs B —-.
M

Jluaun BekTOpa AIEKTPUUYECKOTO cMemeHus D, cayxamme mia  rpadudeckoro
M300paXeHUsT TIOJICH, TPOBOATCA IO TEM K€ IpaBWjaM, 4YTO W JIMHUMA JUIS BEKTOpA

HaIlpsHKEHHOCTH E .

1.3 Tloroxk  BeKTOpa  JJEKTPH4YeCKOro cmemenusi. Teopema
OcTtporpaackoro-I'aycca sl 3J1eKTPOCTATHYECKOTO MOJIS.

B ruaponmHaMuKke BENWYMHOM, XapaKTEpHU3YHOLIEH MOTOK @ JKUIAKOCTH, IIPUHATO
Ha3bIBaTh MPOU3BEAECHUE CKOPOCTU V' KHMJKOCTU Ha ILIOLIA/b IIOBEPXHOCTU S, YCTAHOBIIEHHYIO
NepneHIuKyIapHo notoky: @ =VS. Ilo cBoemy (u3nueckoMy CMbICITY BEIMYMHA MOTOKa @
ompezenser OO0bEMHBIM pacXoJ KHAKOCTM B eauHuMLy BpemeHu. Ilo anajmorum c
TUAPOJMHAMUKOM  BBEIEM  IIOHATHE IIOTOKA  BEKTOpa  DJICKTPUYECKOIO  CMELICHMS.
OnemeHmapHulM NOMOKOM BEKMOpa JJIeKMPUUECKO20 CMewjenus Yepe3 Mallylo IUIOIAAKy
HA3BIBACTCA TPOM3BEICHHE MOy BeKTopa D Ha momams AS ¥ KOCHHYC YIria MEKIy

BEKTOpPOM D W HOpMaJIbIO K Tuiomanake n (puc. 1.5):
A® = DAS cosa. . (1.3.1)

Jlns  OecKOHEYHO MaJloil  IUIOIIAJIKH
HMEEM:
d® = DdS cosa. . (1.3.2)
3amMeTHM, YTO  €CIM  IOBEPXHOCTH
3aMKHYTas1, TO BBIOMPASTCS BHEIIHSSI HOPMAJIb K
HEH. YUHUTBIBAs, 9TO
Dcosa =D, (1.3.3)

€CThb IMPOCKIHA BEKTOpa CMCIICHNA Ha HOpMAJIb
K 3JIEMEHTAPHOM NIOBEPXHOCTH, MOJyUHM:

d®=D,dsS . (1.3.4)

[Tomnbrii MOTOK yepe3 000

IMOBCPXHOCTb PAaBE€H CYMME OJICMCHTAPHBIX

IIOTOKOB 4Y€PE3 BCC eé Y4YaCTKH:

Puc. 1.5

n n
D= AD=) D,dS.
i=1 i=1



VBeanuuBass 9HCIO Y4aCTKOB M yMCHbIIAad HUX pPasMEpbl, CYMMHPOBAHUC OCCKOHEUHO
MaJIbIX BEJIMYHUH MOKHO CBECTU K HHTCIPHUPOBAHUIO:

® = [ Ddscosa= [D,dS . (1.3.5)
S S

W3 onpenenenus moToka BEKTOpa MEKTPUUECKOTO CMEIIEHUS CIEIYET, YTO €AUHULIEH €ero
m3mepenus siserca K (Kymnon).

Hoxaxem Tteopemy Octporpanckoro-I'aycca, KoTopas TO3BOJISIET PacCUYUTHIBATH
ANEKTPOCTATHUYECKHUE TIOJISI, CO3/JaHHBIC 3apsiiaMH, KOTOPBIE PACIPEICTICHBI MO HEKOTOPBIM
MOBEPXHOCTAM. [lyCcTh B3IEKTpUYECKH TOYEYHBIM 3apsA]l ¢ CO3JAaeT B IMPOCTPAHCTBE IIOJIE.

BeiGepem 3aMKHYTYIO0 IPOM3BOJIBHYIO ITOBEPXHOCTH S, KOTOpas BHYTPU CEOsI CONEPKUT 3aps]
q (puc. 1.6). OnpenenuM NOJIHBIM NMOTOK BeKTOpa [) yepe3 3aMKHYTYIO IMOBEPXHOCTh S .

DneMeHTapHBIN MOTOK BEKTOpa D paBeH:
d® = DdS cosa. . (1.3.6)

M3 puc. 1.6 BupHo, uyto dScosa =dS,,

MTOJTY4YHM:
d®d = DdS,, (1.3.7)

rae dS, - MpoeKIrs dIEMEHTapHON INIOMAnKu dS

Ha TUIOCKOCTh NEPICHIUKYISAPHYIO BeKkTOpy D
(puc. 1.6). Tak kak 3apsA ¢ TOYEUYHBIN, TO MOIYJb

Bektopa D  ompenemsiercs  popmynoit  (1.3.2).
YyuteiBasi 310, Ha OCHOBaHMU BhIpaxkeHus (1.3.7)
TOJTyIHM:

q
do = das,,
4mr? 0

II€ 7- pPAcCTOSHUE DJIEMEHTapHOM IUIOIIAIKU

ds
dS o 3apsgma ¢g. YuuThIBas, 4YTO —zozdco -

Puc. 1.6 !

ONIpeNensieT  DJIEMEHTAPHBIM  TEJIECHBIM  YroJl,
MMEEM:

do =1 4o . (1.3.8)
4r

Tenepp HETpyIHO MOJYYUTh BBIPAXKEHUE JUIsI IIOJHOIO IOTOKA Bekropa [ depes
IIPOU3BOJIBHYIO 3aMKHYTYIO [IOBEPXHOCTB:

4n
D= idco:q.
041t

Takum 00pa3zom, eciM TOYEYHBIH 3aps] PacloJIOKEH BHYTPHU MPOU3BOJIBHON 3aMKHYTON
MOBEPXHOCTH, TO IOJHBIA IMOTOK BEKTOPA JIEKTPUYECKOTO CMEIIEHHS Yepe3 3Ty MOBEPXHOCTh
paBeH:

D=gq. (1.3.9)

DTOT pe3yinpTaT HE 3aBUCHUT HH OT (OPMBI IOBEPXHOCTH, HH OT TOTO, TA€ BHYTPH
MOBEPXHOCTH PACTIONIOKEH 3apsl.

Paccmotpum ciywait, koraa 3apsii ¢ HaXOJIUTCS BHE 3aMKHYTO# moBepxHocTu S (puc. 1.7).
Hetpynno yOemuThes, 9TO MOTOK B 3TOM CiIydae 4epe3 3aMKHYTYIO MOBEPXHOCTh PABEH HYJIIO.
JleliCTBUTENBHO, 3JIEMEHTapHble NOTOKU d®D; n dP, yepes mIowaaku dS, u dS, 1Mo MOy
paBHBI, TaK KaK OHU BIMCAHBI B OJAWH U TOT K€ TENECHBIH yroil do. OAHAKO 3HAKH 3THX
IOTOKOB ITPOTHBOIOJOKHBI, TaK KaK YroJ o, OCIpblii m coso, >0, a yron o, Tymou u

cosa, <0. CnenoBarenbHO, CyMMa 3THUX JIBYX DJIEMEHTapHBIX IIOTOKOB paBHA Hym0. To xke



OyIeT CrpaBeIMBO W I BCEX JPYrUX YYaCTKOB 3aMKHYTOM MOBEPXHOCTH. Takum oOpazom,
€CJIM 3aps]l PACIOJIOKEH BHE 3aMKHYTOM IOBEPXHOCTH, TO IIOTOK BEKTOPA JJIEKTPUYECKOTO
CMEILIEHUS OT ATOTO UCTOYHUKA PABEH HYJIIO.

Ecnu jxe BHYTpM NOBEpPXHOCTHU pAaCIOJIOKEH HeE
OJIMH TOYEYHBIN 3apsiji, @ UX COBOKYIHOCTb WJIM €CIIU
3apsij] pacupelielieH 10 HEKOTOpPOM MOBEPXHOCTH WM B
HEKOTOpOM  O00beMe, TO, TOJIb3YSICh PUHLMIIOM
Cyneprno3uiuu mnosei, Belpaxkenue (1.3.9) MoxHO
00001IUTE:

n
D= Genymp - (1.3.10)

i=1
Oto m ectb Teopema Octporpaackoro-I'aycca:
NOMOK  8eKMopa  9NeKMPUUECKO20 CMeweHUus uepe3
NPOU3BONBHYIO  3AMKHYMYIO ~ NOBEPXHOCMb  DABEH

Prc. 1.7 ancebpaudeckol  cymme  3apsoos,  pPAacnON0NCEHHbIX

8HYMPU MO NOBEPXHOCTNU.

PaccMOoTpUM HECKOJBKO TNPUMEPOB pacueTa 3JIEKTPOCTaTUYECKHX I0JIeH Ha OCHOBE
teopeMbl Octporpajackoro-I"aycca.

1. Ilone beckoneuHoti pagHomepHo 3apsadxiceHHou niockocmu. Ecinm maockocTh OeCKOHEeUHa
Y PaBHOMEPHO 3apsbKeHa, TO NO8EPXHOCMHAS NIOMHOCb 3apsa0a

c= A (1.3.11)
AS

OJIMHaKOBa B JII00011 €€ Touke. JIerko MmoHsATh, YTO JIMHUM HANPSX)KEHHOCTH WM JIMHUM BEKTOpa
ANEKTPUUECKOTO CMEMICHHS B JIF000M Touke M MepneHauKyIIpHBI K 3TOU MockocTH (puc. 1.8),
T.€. 10JI€ 3apsHKEHHOM MIJIOCKOCTH 0OHOPOOHOe.

Jisi HaxOXACHUS HANPSDKEHHOCTH U
‘G BEKTOPA CMEIIEHHUs 3JIEKTPOCTATHYECKOTO
IOJISl  3apsDKEHHOM IIJIOCKOCTH  MBICIIEHHO
BBIJICIMM B IIPOCTPAHCTBE UWIMHAP, OCh
KOTOPOr0 NEpPHEHAMKYJSAPHA 3apsKEHHOMN
IIJIOCKOCTH, @ OCHOBAHUS MapaJuIesIbHbI €1 1
OJHO W3 OCHOBaHM AS MNPOXOAUT dYepe3
MHTEPECYIONIYI0 Hac Touky M. Luimaap
BBIPE3aeT M3  3apPSHKEHHOM  IIOCKOCTH
y4acTOK IuIomanso  AS, M Takyl xKe
IJIOIIAJb MMEKT OCHOBaHUS LWJIMHIpA,

PACIIOJIOKCHHBIEC II0 PA3HbIC CTOPOHBI OT
IIJIOCKOCTH.

Puc. 1.8

CornacHo Teopeme OcTporpaackoro-I'aycca IOTOK BekTopa D uepe3 IOBEPXHOCTb

[WIMHPA paBeH 3apsany Ag, HAXOIAIIEMYCsl BHYTPH 3TON TIOBEPXHOCTH:
D=Aq.

C ipyroii CTOPOHBI, TAK KAK JHHAK BEKTOpa D INEpeceKaloT JTHIIb OCHOBAHMS LIIHH/IPA,
IIOTOK BEKTOPA CMEIICHHSI MOXKHO BBIPA3UTh yepe3 BEIHUMHY BeKTOpaD y 0GOMX OCHOBAHHIL
WIAHApA:

@ =2DAS .

JleficTBUTENBbHO, TOTOK Yepe3 OOKOBYIO IMOBEPXHOCTh MummHiapa (puc. 1.8) cormacHo
(1.3.6), paBeH HyITIO, TOCKOJIBKY o = 90° 1 cosa = 0.

N3 n1ByX BBIpaKEHHI ITOTOKA, ITOJY4YHUM:

2DAS =Aq .

OTtkyna Hangem:



A c
-4 .2 (1.3.12)
2AS 2
Ha ocnoBanmu dopmynsl (1.3.1) Halizem HanmpsKEHHOCTH TOJII OECKOHEUHO 3apsKCHHOU
OJHOPOTHOM TIJIOCKOCTH:

-2 _9 (1.3.13)
€€ 2g4¢

2. Illone 08yx pasnoumenno 3apsdceHHbIX naockocmeu. Ecaum pasmepsl TIacTUH
3HAYUTENIBHO MPEBOCXOAT PACCTOSIHME MEXKAY HHMH, TO 3JIEKTPOCTAaTHUECKOE IOJI€ MOXHO
CUMUTATh OJIM3KUM K IO OECKOHEYHOW PaBHOMEPHO 3apsDKEHHOM MIIOCKOCTH. Tak Kak JIMHUU
HANpPSLDKEHHOCTH T0JIE pa3HOMMEHHO 3apsDKEHHBIX IJIACTHH MEXAY HUMM HAalpaBlIEHbl B OJHY
cTopoHny (puc. 1.9), To HanpPsPKEHHOCTD MOJI MEX/y IJIJACTUHAMM paBHA!

E=E +E,=—+-2> =9 (1.3.14)
2e08  2g48  g(E
[ ] ] Bo BHEIITHEM MIPOCTPAHCTBE JTHHUT
+ - - - HATPSHKCHHOCTH AJIEKTPOCTATUYECKOTO HoJIst
pPa3sHOMMEHHO  3apsHDKEHHBIX  IUIACTHH — MMEIOT
——|t}——> | —|———=— | HPOTHBOIOJOXHBIEC HAIIPABIECHUS, II09TOMY BHE THX
IUIACTUH  PE3YNbTUPYIOIIAs HANPSDKEHHOCTh  IMOJIS
1 e - > MpakTUYecku paBHa Hymo (puc. 1.9). Moayns
BEKTOpa 3JIEKTPUUECKOTO CMEIIECHUS IMOJs MEXKIY
"7 | nnactumamu, coracro dopmyite (1.3.1), paBen
- - . > D=¢gyieE =0. (1.3.15)
Mozynb BekTOpa D MO BHE INIACTHH PaBeH
—— = —
HYJIIO.
|| L 3. Ilone beckoneunoll pagHOMEPHO 3aPAHCEHHOU
Puc. 1.9 Humu. Bpigenum ydactok Huth JummHbL [, Ecim
JMHEWHAas TUIOTHOCTH 3aps/ia Ha HUTH
=4 (1.3.16)
[
TO 3apsi/l BblAeIeHHOro yyacTka (puc. 1.10) paBen
g=1l. (1.3.17)
B PaccuntaeM HanpsKEHHOCTH 10JIA B J1I000H
. TOuke M, HaxoHIsIIEHCs Ha PAcCTOSAHUU 7 OT
+\ HuTH. U3 cooOpakeHUN CUMMETpUU BEKTOP
_i_ BJIEKTPUUECKOTO CMEIICHUS D B mo6oii Touke M
\[—) - D HaIpaBJieH MEePIICHINKYIISIPHO HUTH, a
T b \/ CJIEIOBATENIbHO T0JIE PaJUaIbHO CUMMETPUYHO B
D LS g e _ M D / M000H TUTOCKOCTH, TEPIEHANKYISIPHONH K HHTH,
A i = — T.e. 1MOJe B  MONEPEYHBIX  IUIOCKOCTSX
+ n3o0paxaercs pacxoIAIIMMHCS JTMHUASMHA
5 + 5 , BEKTOpa D. Beibepem  BooOpaxaemyro
P -I- P ) 3aMKHYTYIO ITOBEPXHOCTh B BUJE IHJIUHIPA, OCh
; \ KOTOPOTO COBIIQJa€T C HUTHIO, a oOpa3yromias
_|_/ LMJIMHAPA OPOXOJUT Yepe3 MHTEPECYIONIYI0 HaC
= touky M (puc. 1.10). BeicoTa uunusapa paBHa /.
U [lonHbIi TOTOK BEKTOPA JJIEKTPHUYECKOTO
Puc. 1.10 CMEILIEHUS Yepe3 MOBEPXHOCTh LIMJIMHAPA PABEH:
@ =D2nrl,

rae 2mrl - GokoBas MOBEPXHOCTH muwMHApa. [loTok Bekropa D uepe3 OCHOBaHUS IHMJIMHIPA
paBeH HYII0, TaK Kak corjacHo (opmyrte (1.3.1) yron oo =90°, a cosa =0.



Ha ocnoBanuu teopemsr Octporpaackoro-I'aycca umeem:
O=qg=r1-1.
[TpupaBHUBasI IPaBbIe YACTH TMOCIEIHUX JIBYX BBIPAKCHHM, MTOJTYIHM:

D=—". (1.3.18)
27r

I[J'If[ HAIPsA>)KCHHOCTHU ITOJIA 3ap$1>1<eHH0171 HUTHU IIOJTYUUM:

E:ﬂ_ T

= (1.3.19)
€0€  2megyEr

N3 nanHO# hopmynbl ClielyeT, 9YTO HAPSHKEHHOCTh JIEKTPOCTATHYECKOTO TOJIST TOHKOM,
PaBHOMEpHO 3apsHKEHHOM, OECKOHEYHO JUTMHHOM M MPSMON HUTH OOPAaTHO MPOIOPIMOHAIBEHO
PACCTOSIHUIO OT HEE.

4. Ilone pasnomepHo 3apsidcenHou cgepol. JIMHUM HANPSHKEHHOCTH WIM JMHUM BEKTOPA
AJIEKTPUYECKOT0 CMEIIEHUS TOJIs, CO3AaBaeMOro 3apsyKEeHHOU cepoil, pacXosaTcs paauaibHO
(puc. 1.11a). lng HaxXoK/1€HUSI HANPSHYKEHHOCTHU TOJIS B MPOU3BOJILHON Touke M, Haxoxsencs
BHE c(epbl, BbIOepeM BOOOpakaeMyl0 IOBEPXHOCTh paauyca » > R, TJie 7 - pacCCTOSIHUE TOUKH

M ot uentpa cepsr; R - paguyc camoii chepsl.
D [lotok BekTOopa D uepe3 paccMaTpHBAEMYIO
MIOBEPXHOCTb Pajinyca ¥ PaBEH:

®=DS=4mw’D.

Ha ocHoBanuu Tteopembl OcTporpajackoro-
l'aycca wumeem @=¢q, r1TIO€6 ¢g — 3apag
PacMoJIOKEHHBIM Ha MOBEPXHOCTU CQEpPbl paguycoM
R. Ha OCHOBaHMM IIOJIy4EHHBIX  BBIPAKECHUU
HaXOJHM:

D= 471(:]r2 . (1.3.20)

JUis  HampspKeHHOCTHM  1oJii  BHE  cepsl
MTOJTY4YHM:

E=—9 (1.3.21)

4ne,er
Ananu3 3TUX (QOpPMYyNa  TOKa3bIBaeT, UTO
DJIEKTPOCTATHYECKOE roJse BHE  paBHOMEPHO
O R r 3apSOKEHHOM  cepbl HE OTJIMYACTCS OT  TOJs
TOYEYHOTO 3apsijia, €ciu 3apsii chepbl MOMECTUTh B

Puc. 1.11 eé nentpe (1.3.2) (1.2.4).

Ecmu o = % - IOBEPXHOCTHAsI IJIOTHOCTD 3apsJI0B, COCPEAOTOUEHHBIX Ha cdepe, TO

g=0S =4nR’c.
[Tonyuennsie popmysnst (1.3.20) u (1.3.21) npuHUMalOT BUL:

GR*

D=—; (1.3.22)
r

R2
E="". (1.3.23)

€Er

Mo3KHO 10Ka3aTh, YTO HAMPSHKEHHOCTh AIEKTPOCTATUYECKOTO TOJIS B JIFOOOM TOUKE BHYTPU
PaBHOMEPHO 3apsKEHHOU cepbl (r < R) paBHA HYIIO (E = 0). OTO CcHpaBeAMBO HE TOJBKO

g chepruuecKod IMOBEPXHOCTH, HO M s JII0OON 3aMKHYTOW 3apsyK€HHOW IMOBEPXHOCTU
MPOU3BOJLHON (opMbI. DTOT (AaKT YACTO UCHOJB3YETCA sl CO3JaHUS SKPAHUPYIOIINX



ycrpoiicte. Ha puc. 1.116 mnokaszana rpaduueckass 3aBHCHUMOCTb  HaIpPsDKEHHOCTH
AIIEKTPUYECKOTO TOJIS 3apsHKEHHOHN c(hephl OT pacCTOSHHUS 7 OT €€ IEeHTpA.

5. Ilone pasnomepHo 3apsicenno2o wiapa. PaccMoTpum map paanyca R, 3apspKEHHBIN 10
BCEMy ero o0bemy 3apsaoMm g paBHoMmMepHO (puc. 1.12). OO6beMHON TIJIOTHOCTHIO 3apsiia p

HA30BEM OTHOIIEHUE 3apsja K 00beMy, B KOTOPOM OH pacIpe/lesieH:

q
=21, 1.3.24
P=7 ( )
E Jns paccMatpuBaeMoro miapa Haujaem:
v g (1.3.25)
\/, \\\]\\4/{ P—ER3- 3.

/ A 3
/ \ 13 COOOpaXkeHHIA CHMMETPHUH u
’ | paccMOTpeHUs TOJIs 3apsSHKEHHOM cdepsbl clieayer,
\ q / 4yTO B JI0OON TOouke M, nexaiiell BHe ceprl Ha
\ 5 / pPacCTOSIHUU I OT €ro LEeHTpa (r > R) ero mose

/ T 45 /\ aHAJIOTMYHO I0JII0 TOYEYHOTO 3aps/a

e 1B 4
g=—nRp, (1.3.26)

: 3

& 1 T.€
El €. .
D= , 1.3.27
| 4mir? ( )
‘ q
| E=—="—, (1.3.28)
4ne,er
6) ) ]‘? _’T WJIY C YY4ETOM BBIPAKECHUS (1.33.26) HaWJIeM:
Puc. 1.12 D:ﬂ’ (1.3.29)
32
PR’
E=——. (1.3.30)
3gyer

B mo6oii Touke M, nexainedi BHYTpH Iapa Ha PAcCTOSHHUM » OT €ro ICHTpa (r’ < R),
BEKTOP 3JIEKTPHYECKOTO CMEIIEHHS ONPENEISeTCs JIMIIb 3apsaoM ¢, 3aKIIOYEHHBIM BHYTPH
cdepsl paguycom ' < R . ITo Teopeme Octporpajackoro-I'aycca numeem:

O=Damr'* =q'. (1.3.31)

3amerrM, 4to 3apsd (¢ —q'), COCpemOTOYEHHBIM BHE cdepbl paamyca r', IOIE B

paccmarpuBaeMoil Touke M’ He co3maeT, Tak KaK OH COCPEJOTOYCH BHE 3aMKHYTOMN
MTOBEPXHOCTH.

4
YuureiBasi, 4to ¢’ = Enr’3 p , m3 popmynsl (1.3.31) Haligem:

D:"Tr, (1.3.32)
E=P" (1.3.33)
3g,¢

HanpshkeHHOCTD TOJISl BHYTPH 3apsDKEHHOTO IIapa mpsiMo IPOTIOPIHOHATIBHA PACCTOSHUIO
no ero unenrpa. Ha puc. 1.120 noxa3zana rpaduyeckas 3aBHUCHUMOCTb HaIPsSDKEHHOCTH
ANIEKTPOCTATUIECKOTO HOJISI OT PACCTOSTHUS.



1.4 PaGoTta cui1 3JIEKTPOCTATHYECKOI 0 MOJISA

N3ydas MexaHuKy, Mbl OTMEYajy, 4TO paboTa, coBepIlIaeMas Mpu MepeMElIeHUH KaKoTo-
aub0 Tejla B IPaBUTALIMOHHOM IIOJIE, HE 3aBUCUT OT (OPMBI IYTH, 10 KOTOPOMY IPOUCXOIUT
NEPEMEIICHUEC, 4 3aBUCUT TOJIBKO OT HAYaJIbHOI'0O M KOHCYHOI'O ITIOJIOKCHHUSA I3TOTO TEJIA. 9T1OoT
BBIBO/] OBLI CJICACTBUEM TOT'O, YTO CHJIBI BCCMUPHOI'O TATOTCHUSA KOHCEPBAMUEHbl. Pabora ux
CBiA3aHa C UIBMCHCHUEM HOTGHHH&HBHOﬁ OHEPIUM nepeMecuiacMoro Teja. CDOpMaJ'IBHOC CXOACTBO
3aKOHa BCEMHPHOI'O TATOTCHUA M 3aKOHa Ky.]'IOHa Aa€T HaM OCHOBAaHHC IIpCarojararb, 4YTo u
QJICKTPOCTATUUYCCKUEC CHUJIBI TaK K€ JOJI’KHbBI OLITH KOHCCPBATHBHBIMU U pa60Ta HUX JOJDKHA OBITH
CBsjA3aHa C USMECHCHUEM HOTGHHH&HBHOﬁ OHCPIUU 3apSAKCHHBIX TCIIL.

Paboma 6 oonopoonom none. Ilyctb 3apsan g
MepeMeNIaeTcss B OJHOPOJIHOM 3JIEKTPOCTATHICCKOM
T0JIe C HANPSKEHHOCTBI0 E 13 Touku B B Touky C
(puc. 1.13). Ecnu 3apsan asuraincs no npsmoit BC, To
paboTa mojs paBHa:

Ape = FScosa =qkd ,
(1.4.1)
rae S — MoAyllb BEKTOpa MEpEeMEIICHMs, O - Yrol
MEX1y HaIlpaBJIICHUEM KYJIOHOBCKOM cuioil F' =gE u

BEKTOPOM IepeMelieHust S , d — PacCTOSHHE MEXIy
3apsKCHHBIMA IIJIOCKOCTSIMU, CO3JaI0MMHU
OJIHOPOJIHOE TIOJIE.

Ecnu 3apsin g u3 Touku B cHaudana IBUTAJCS IO
npsiMON B TOUKY D, a 3aTeM 1o npsMoi B Touky C, TO

Puc. 1.13 paboTa CHJI 3JIEKTPOCTATHYECKOIO MOJs paBHa (pHC.

1.13):
Appe = App + Ape = qES, cosa, +gES, cosa,,,
WA
Appe :qE(Sl cosa, + S, cosocz):qu. (1.4.2)

Mpl BHIIUM, 9TO pabOTa CHII OJHOPOJIHOTO DIIEKTPOCTATUIECKOTO TOJIS MIPH IEePEMEIICHUN
ANEKTPUUECKOTO 3apsaa 1mo npsimoit BC u nomanoid BDC onuHakoBa M paBHA MPOU3BEICHUIO
AIIEKTPUYECKOTO 3apsi/ia Ha HAPSHKEHHOCTD MO £ U paccTosiHUE d, HAa KOTOPOE NMePEeMECTHIICS
3apsi/i BIOJb JIMHAN HANPSKEHHOCTH TIOJIS:

A=qEd. (1.4.3)

W3 wuznoxkeHHoro cienyer, 4yto paboTa MO MEpPEMEIICHHUIO 3apsa B OJHOPOJIHOM
AIIEKTPOCTATUYECKOM II0JIe HE 3aBUCHUT OT (OPMBI TPACKTOPUH, a OIPEIEINIIETCS HaYaIbHBIM H
KOHEYHBIM TOJIOKEeHHEM 3apsaa. CienoBaTenbHO, CHila AIEKTPOCTATHUECKOTO B3aMMOICHCTBUS
SIBIISICTCSI KOHCEPBATUBHOM.

JlomycTiM, YTO 3apsii ¢ TepeMeniaeTcsi 1Mo 3aMKHYTOH TPAaeKTOPHU: BHAYaJIe IO ITyTH
BDC, a 3arem — Bo3Bpamiaercs u3 Touku C B Touky B (puc. 1.13). Pabota, coBepiiaemast nojgem
Ha nepBoM yuactke BDC, omnpenensercs BblpaxkeHuem (1.4.2) u sBisercs MOJIOKUTEIbHON
BenmuuHOM. Tak kak npu mepexose u3 Touku C B TOUKYy B BEKTOp HepeMelleHus S H3MEHSET
CBOE HaIpaBJeHue, TO paboTa mpu 0OPaTHOM JIBIYKEHUU OyJIeT paBHA:

Agy = gES cos{180° — at), (1.4.4)

rae (180° - oc) - yron Mexy Bektopamu F u S npu nepementennu u3 Touku C B Touky B. Tax

Kak o <90°, TO yromn (180°—oc)> 90° u cos(180°—oc)<0. CnenoBarenbHo, paboTa A

OTpHIIATeNbHA, T.C. paboTa paBHa:
Acy =—qEd . (1.4.5)



Takum 00pazom, MpH TEPEeMENICHHN 3apsiia M0 3aMKHYTOW TPAeKTOPUU B OJHOPOTHOM
ANEKTPOCTATHUECKOM 1oJie coraacHo Gopmyinam (1.4.2) u (1.4.5) cymma paboT Ha BceX ydacTKax
OKa3bIBACTCS] PABHOM HYIIIO.

Ao =Agpc + A =0. (1.4.6)

[Tone, paGota cus1 KOTOPOTO IO JIFOOOW 3aMKHYTOM TPAEKTOPUHU PaBHA HYJIIO, HA3BIBACTCS
nomenyuanvbhvim. CIeI0BaTENbHO, HIEKTPOCTATUYECKOE TT0JIE TIOTEHIIHATIBHO.

Paboma 6 none moueunoeo 3apsoa. Onpenenum paboTy MO MEpeMENICHUI0 3apsaa ¢ 1o

MIPOM3BOJILHOM TpaeKTOpUH 1-2 B 110JI€ HETIOABMIKHOTO ToueuHOTO 3apsana O (puc. 1.14).
E_ PabGora 31eKTpOCTAaTUYECKOTO ITOJISI Ha
AJIEMEHTapHOM ydacTke d/ paBHa:

2 dA=F -dl = Fdlcosa. = Fdr, (1.4.7)
rae dr=dlcoso. - TIpUpaIICHUE pagnuyc-
BekTopa 7 . Ha ocHOBe 3akoHa KyinoHa nmeem:

dA:L@dr. (1.4.8)
4dneye r

NHTerpupys 1aHHOE BBIpAXKEHUE, HAUJEM
paoory, COBEPIIAEMYIO IOJIEM o
IIEPEMELIEHUIO 3apsiaa ¢ U3 TOUKHU | B TOUKy 2:

qQ "Zdr gO (1 1
4= f0 00 (1 1

ro o Ange\n n

7

Puc. 1.14 4me e

w4, =92 49 (1.4.9)

dne er;  4meyer,
IZie 1} U ¥, - PAaCCTOSTHUSI MEX 1y TOUEUHBIMU 3apsJaMH B HAYAJIbHOM U KOHEUHOM IOJIOKEHHSIX.
M3 nosryd4eHHOT0 BBIpa’KE€HUs CIENYyeT, 4TO paboTa, coBeplaeMas Ipu NepeMeleHUH 3apsaaa g B
10JIe TOUEYHOro 3apsiaa (O, He 3aBUCUT OT (OpMBbI IIyTH, 0 KOTOPOMY JBMKeTcs 3apsia gq. OHa
3aBUCHT JIUIIb OT HA4YaJIbHOTO U KOHEYHOT'O MOJIOKEHHUS ¢, a TAKXKE OT BEJIMYMHBI 3apsSA0B g U Q.
CnenoBarenbHO, M B pPacCMaTpUBAEMOM CIy4ae IEKTPOCTATHUYECKHE CUIIbl  SIBISIOTCS
KOHCEPBaTUBHBIMHU.

VYuuTeiBas, 4To Cuia, NEHUCTBYIOLIAs HA €IMHWYHBIA 3apsj (q = 1) paBHa: F =qE = E,

I S1eMenTapHoii paGotel (1.4.8) MoxHO 3ammcath Bepaxenue: dd = Edl = Edr. PaGora,
KOTOPYIO COBEPIIAIOT CHJIBI DJIEKTPOCTATUYECKOTO TMOJIS, TepeMenias eIWHUYHBIA 3apsia I10
3aMKHYTOMY IIyTH L, YHCIICHHO paBHA JIMHEHHOMY HHTETpay:
§Edl = { Edr . (1.4.10)
L L
rae E - HanmpssKeHHOCTh IEKTPOCTATHYECKOTO TOJIS. TOT MHTErpPal HA3hIBACTCS YUpK)IAYUel
8EKMOpa HANPSCeHHOCMU BIIOJIb 3aMKHYTOTO KOHTypa. [lo cBoeMy (QH3MUECKOMY CMBICITY
UPKYISUS ONPEeIsieT padoTy Mo MEePEeMEIICHUI0 SAMHUIHOTO 3apsiia B DJIEKTPOCTATUIECKOM
ToJe.

B cnywae 3amxnyroro myru (puc. 1.14) HauanpHas W KOHEYHAs TOYKHU IEPEMEIICHUS
3apspa g coBnazgaroT. llostomy, kak cinemyer u3 ¢opmynsl (1.4.9) npu r, =7, pabora,
coBepIaeMasi ojieM MpH TMEePeMENICHIN 3apsaa ¢ 10 JII000MYy 3aMKHYTOMY ITYTH, paBHa HYIIIO.
CrnenoBatenbHO, LUPKYISIUS BEKTOpPAa HANPSHKEHHOCTH AJIEKTPOCTATHYECKOTO TIOJsS BIOJb
T000TO 3aMKHYTOTO KOHTYpa paBHa HYIIO, T.€.:

§Edl =0. (1.4.11)
L

I[aHHOC BBIPAXKCHUC ABJIACTCA HGO6XOI[I/IMI>IM u JO0CTAaTOYHBIM YCJIOBUEM
nomernyuaitbHocmu 3JICKTPOCTATUICCKOIO IIOJIA.



B mexaHuke IOKa3aHO, €CIM CHWJIBI B3aUMOJEWUCTBUS SBIIIFOTCS KOHCEPBATHBHBIMM, TO
paboTa coBepIIaeTCs UMU 3a CUET YObLIIM NOTEHIUAIBHON SHEPIUU:

A, ==AW =W, -W,, (1.4.12)

rae W, u W, - 3HadueHHA NOTEHUUAIbHOM JHEPIrMU B HAYAJIBHOM M KOHEYHOM IIOJIOKEHUH.

CpaBHuBasg 93Tu BbIpaxeHuss c ¢opmynoil (1.4.9), HalijeM NOTEHUUAIBHYIO JHEPIHUIO
B3aUMO/JICHCTBUS ABYX TOUEUHBIX 3apsiioB g U O:

w99 (1.4.13)

4ne,er
HpI/I 3TOM HpCHHOHaFaeTCﬂ, qTo HpI/I paCCTOfIHI/II/I Me>1<)1y TOYCYHBIMU 3ap$I)IaMI/I
CTpCMfIHIeMCfI K 6GCKOHGLIHOCTI/I (I” —> OO) IIOTCHIINAJIBHAsA 3HepFI/I$I B3aI/IMOI[eI\/'ICTBI/I$[ CTpeMI/ITCFI

K mymo (W =0).

1.5 IloTeHIUA 3JIEKTPOCTATHYECKOT 0 MOJIA
Tak kak CHUIIOBOE JJIEKTPOCTATUYECKOE I0JIE MOTEHIUanbHO (cM. pasn. 1.4), BBemem
9Hepeemu4ecKyr0 Xapakmepucmuxy nojs — NOMeHyua:

Q= w . (1.5.1)
q

Ilomenyuanom snexmpocmamuyecko20 noasi 6 OAHHOU MOYKe HA3bl8Aemcs OMHOULeHUe
NOMEHYUANbHOU dHepaul, Komopou odradaem npooOHblll 3apsd, NOMEWeHHbIL 8 OAHHYI0 MOUYK)
noas, K eenudune 3mozo sapada. 1o cBoeMy pu3anyeckoMy CMbICTY MOTEHIMA MOKa3bIBaeT,
KaKO¥ MOTSHIIMAIBHON SHEPTHEH 001a1aeT eAMHUIHBIN MPOOHBIN 3aps/l B JAHHON TOYKE MOJIS.

B wmexnynapomnoit cucteme CU emmnunelr moreHuumana ciayxut eoasm (B). Ecinm
npoOHbId 3apsin B 1 Kin B nmanHo#l Touke mosis oGmamaer sHepruei 1 JIk, To moTeHuuan
NEKTPOCTATHYECKOTO NOJIA paBeH | B.

[loacraBnsas  ¢popmyny (1.4.13) B  Belpakenue (1.5.1), HaiineM mnoTeHuuan
AJIEKTPOCTATUYECKOTO MOJISl TOYEUHOTo 3apsia Q:

Q= Qo . (1.5.2)
4ne,er
I[To 3101 hopMyse MOKHO BBIYUCIUTD MOTEHLIUAN MOJIS, CO3JaHHOTO TOYEYHBIM 3apsaioM
Ha PACCTOSTHUM # OT HEro. YUYUTbIBas 3TO BbIpaxkeHue, popmyiy (1.4.9) MoxkHO 3anucath B BUJE:

A4, =9 4 - :‘]((Pl _(Pz)a (1.5.3)
ne en  4meer,

rjae ((pl —(pz) - Ha3pIBaeTCsl pa3HOCThIO MOTeHIHMaloB. Takum oOpa3zom, paborta 110

MEPEMEILIEHUIO AJIEKTPUUYECKOTO 3apsAga MEXIy ABYMs TOYKaMH IOJs paBHAa IPOU3BEIECHUIO
MEPEHOCUMOTO 3apsJa Ha pPa3sHOCTh MOTEHIMAJIOB HAYAJIBHOM M KOHEYHOW TOuYeK. Pa3HOCThb
MIOTEHIIMAJIOB, TAK € KaK U NOTEHLUAJ, U3MEPSAETCS B BOJbTaX.

DNEeKTPOCTaTUUECKHUE TOJISI MPUHATO H300pakaTh TpaUUyecKd HE TOJBKO C IMOMOUIBIO
JUHUN HaNpsDKEHHOCTH, HO U C TIOMOILBIO IKEUNOMEHYUATbHBIX NnosepxHocmetl. B mobom
AJIEKTPOCTATUYECKOM TIOJ€ BCErJa MOXHO HAWTH COBOKYIHOCTb TOYEK, KOTOPbIE HMEIOT
OJIMHAKOBbIM noreHiya. [loBepxHOCTh, TPOBEAEHHAS B 3JIEKTPOCTATUYECKOM I10JIE, BCE TOUKU
KOTOPOIl UMEIOT OJMHAKOBBIN MOTEHIIMAN, HA3bIBACTCS 9K8UNOMEHYUATbHOU NOBEPXHOCTIBIO.



BBI?[CHI/IM, KaK JOJIKHBI OBITH PacCIIOJIOKCHBL
OKBUIIOTCHUOUAJIBHBIC IMOBECPXHOCTU OTHOCHUTCIIHBHO JIMHUHN
HaIpPsHKEHHOCTH ToJisl. J[7s 3TOro BBIMHCIUM paboTy o
MepEeMENICHUI0 3apsiia ¢ BIOJb JUHUM BC, pacroioXeHHON
Ha DKBUITOTCHIIMAILHOW ITOBEPXHOCTH ((p = const) (puc.
1.15). C onHO# CTOPOHBI, d7IeMeHTapHast paboTa paBHa:

dA = Fdlcosa = gEdlcosa,

I7I€ 0L - YroJ MEXIy BEeKTOPOM HANpsHKEHHOCTH £ mojs u

Puc. 1.15 3IeMEeHTapHBIM TepeMenierneM dl . C pyroii CTOPOHEI, 3Ty

ke paboTy MOKHO BBIPAa3HUTh Yepe3 pa3HOCTh NOTEHIINAJIOB:
dA=qdo .
CnenoBarenbHO, HOTYIUM:
qEdlcoso = qdo . (1.5.4)
HO, TaK KaK IIOTCHOHAJI BCEX TOYCK BKBHHOTGHHH&HBHOﬁ MMOBEPXHOCTU OAHWHAKOB
((p:const), 10 do=0. Beipaxenne (1.5.4) Oymer umers Buma: Edlcoso=0. Ono Oymer
BBITIONIHSTBCS, eciii cosa, =0, T.e. yron Mexay Bektopamu E u dl pasen o =90°. Takum

o6pa30M, JURUU  HANPAINCEHHOCMU  SIEKMPpoCcCmamu4ecKkoco noJjii 6cezoa PAacCnojloNcerbl
nepneH()uKszﬂpHO K 9K6UNOMEHYUA/IbHbBIM NOBEPXHOCMAM.

Mexny AByMs XapakTepUCTUKaMU 3JIEKTPOCTATHUYECKOIO
MOJIS: TOTEHUUAIOM M HaNpsyKEHHOCThIO CYHIECTBYET TeCHas
B3alMOCBS3b, HanJeM e€. [Iycts UMEIOTCS JBE
SKBUIIOTECHIMAIIbHBIE IIOBEPXHOCTH @, =@ H @, =@+dQ,
PacmoJio’KeHHbIE OYeHb OJIU3KO pyr K npyry (puc. 1.16). [lycte
KpaTyailliee paccTOSIHME MEXAY 3THUMU MOBEPXHOCTSIMH BJOJIb
cwioBoil nuHMM paBHO dr. C oAHOM CTOpOHBI, paboTa MO
NEPEMEILEHUIO 3apsi/ia BAO0JIb CHJIOBOM JINHUY paBHA:

dA =qEdr, (1.5.5)
rie E — HampsykeHHOCTh TOJs B 00JIaCTH  MEXIY
Puc. 1.16 SKBUIIOTEHIMAIbHBIMU TMOBepXHOCTSIMU. C Jpyrodl CTOPOHBI,
— naHHasi paboTa paBHa:
dA=q(¢, —9,)=—qd¢. (1.5.6)
[IpupaBHHBas npaBple YACTU MOCIEIHUX JBYX BBIPAKECHUN, HAWIEM:
do
== 1.5.7

ar (1.5.7)

d
€ BCIMYHHA d_(p - XapaKTCpUusyer 6I)ICTpOTy HN3MCHCHUA MMOTCHIMAJIA B HAlIpaBJICHUHN JIMHUU
r

HAIpsO>KCHHOCTH, KOTOpass YMCICHHO paBHA HW3MCHCHHUIO NOTCHOHAIa Ha CAWHHYHOM OTPE3KE

d
BAOJIb JIMHUK HAIIPSKCHHOCTH. I[aHHyI-O BCIIMYHHY d_(p Ha3bIBaIoOT zpaéueHmOM nomernyuaia:
r

? = grad@ . CenoBaTelIbHO, TIOJIy4aeM:
r

E =—-grado, (1.5.8)
T.€. HANPANCEHHOCMb NOJISl 8 KAKOU-TUOO0 MOUKe YUCIeHHO pAasHa 2paoueHmy NOMeHyuald 8
9MOLL Jice MouKe, 83a4mMomy ¢ obpammuvim 3Hakom. 3Hak MuHyC B popmynax (1.5.7) u (1.5.8)
YKa3bIBaeT HA TO, YTO BEKTOp E HANPSKEHHOCTH IO HANpABICH B CTOPOHY Hauboiee
OBICTPOro yObIBaHMSI MOTEHIMAIIA.
JUis  ogHOpOAHOrO  MOJisA, OOpPa30BAaHHOTO JIByMSI Pa3HOMMEHHO 3apsLKEHHBIMU
IUIOCKOCTSIMU, HaXOJSIIMMHUCA Ha paccTosiHuu d JIpyr ot apyra (puc. 1.13), cBsizb Mexay
HANPSHKCHHOCTHIO T0JIS1 ¥ MOTSHITHAIOM UMEET BHJI:



¢y, =Py
E="+=_". 1.5.9
d ( )

W3 stoit popmyibl cineayeT, 4yTo 3a €AUHMILY U3MEPEHMsI HAIlPsHKEHHOCTH MPUHHMAETCs
B
M

3amMeTuM, 4TO MOTCHIMAI — BEJIMYMHA CKAJApHAs, NMPUYEM IMOTEHIIMAJ MOXET OBITh Kak
MOJIO)KUTEIbHOM, TaK M OTpULATENIbHOW BenuuuHOM. Tak, Hampumep, 3HaK MNOTEHUIHAIIA
ToueqyHoro 3apsna Q cornacHo dopmyne (1.5.2) onpenensiercs 3HakoM 3Toro 3apsna (. Ecnu B
HEKOTOPOU TOYKE MPOCTPAHCTBA ABYMsI 3apsiaMu (MCTOYHUKAMH T10JI51) OJTHOBPEMEHHO CO3/IaHbI
IEKTPOCTATUYECKHE TOJI ¢ MOTEHIHATAMU @; U @, , TO MOTEHLUUAI PE3yIbTUPYIOLUIETO OIS

paBeH anreOpanvdeckoil cyMMe HOTCHIHAIOB ¢ H ¢, , T.C.

e=0,+0,. (1.5.10)

AHAJOTHUYHBIM CHOCOOOM MOXKHO HAWTH TOTEHIMAT dJEKTPOCTATHYECKOTO  TOJIA,

CO3JITaHHOTO JIFOOBIM YHCJIOM JMCKPETHBIX JJICKTPUUYCCKUX 3apsioB, a TakXKe 3apsioM,
pacrnpeieIeHHbIM Ha HEKOTOPO MOBEPXHOCTH.

1.6 IIpOBOAHUKH B 3JIEKTPOCTATHYECKOM I10JI€

HpoeodHuKaMu HAa3bIBAKOTCA TAaKUC MaTCpHaAJIbl, B KOTOPbLIX HMCIOTCA CB060J1HI>I€
HOCHUTCIIN JJICKTPHUYCCKUX 3apsa10B. HpI/IMepaMI/I MOTYT CIIYKUTb METANIMYCCKUEC TCJIa, KUIKUC
pacTBOPEI U paciiaBbl AJEKTPOJIUTOB.

Ha CBO6OILHBIG 3apsaabl IIPOBOJHHUKA, IMMOMEIICHHOI'0O BO BHCHIHEC JBJICKTPOCTATHYCCKOC
I10JI€C, HeﬁCTBYIOT CHJIbI, MPOMOPUHUOHAJIBHBIC HAIPSIKCHHOCTU I10JIA. OTH CHIIBI IIPpUBO AT B
ABMIXKCHUC 3apsAdbl ITPOBOIHHKA. HO)I HeﬁCTBHGM BHCIIHCIO IIOJIA 3apsAAbl B ITPOBOJHUKE
nepepacnpeieNsIioTC TaK, YTOOBl HAINPSIKEHHOCTh TOJISI B JIO0OOW TOYKE BHYTPH MPOBOTHUKA
Oblma paBHa HyI0. Ha moBepXHOCTHM MPOBOJHMKA, MOMEMICHHOTO BO BHEIIHEE TI0JIe, BEKTOP

HaANPSDKEHHOCTH JI0JDKEH OBbITh HAIlpaBJIEH 110 HOPMAIM K 3TOW MOBEPXHOCTH (E = En), HMHAa4e

II0J1 ICMCTBMEM TaHTE€HIMAIbHON COCTABIIAIONIEH £ BEKTOPa HANpPSHKEHHOCTH, KACAaTEILHOM K

IMOBCPXHOCTHU IPOBOJHHKA, CBO60)IHI>I€ 3apsgaabl  ICPEMCIIAINCH Obl 110 MMPOBOAHUKY, 4YTO
IMPOTUBOPCHUT UX CTATUICCKOMY PAaBHOBCCHUIO.

Beck 00beM IIPOBOJHHKA, HAXOAAMIETOCA B 3JICKTPOCTATUYCCKOM I10JIC UMECT O)II/IH&KOBBIﬁ
noreHuuall, T.C. ABJIACTCA 3KBHUIIOTCHIIMAJIbHBIM. I[eflCTBI/ITeJII)HO, JUUIA JIF000H TOYKH BHYTPHU
IMPOBOAHHNKA UMECM:

% __F_o.
dr
OTkyna ciemyeT MOCTOSTHCTBO MTOTEHIIHATIA!
¢ = const . (1.6.1)

[ToBepXHOCTh MPOBOJHUKA TAaKXKE€ HKBUIIOTEHIIMAJIbHA, TAK KaK Uil JIFOOOTO HarpaBJICHUS

Ha [TIOBEPXHOCTH UMEEM:
do__p 0.
dr

OTtkyna cienyer: ¢ = const .

JlokaxxeM, 4TO B 3apsKEHHOM IIPOBOJHMKE HEKOMIIEHCUPOBAHHBIE 3aps/bl PACIIOJIArarTCs
TOJBKO II0 IIOBEPXHOCTH MPOBOJHUKA. JIEHCTBUTENIBHO, IPOBEAEM BHYTPU IIPOBOJIHHKA
MIPOM3BOJIBHYIO 3aMKHYTyl0 MnoBepxHocTh. CormacHo Teopeme Octporpajackoro-I'aycca
CYMMapHbIH 3aps], HaXoA[IUNCA B 00beMe OrpaHMUYEHHOM paccMaTpUBAEMON MOBEPXHOCTHIO,
paBeH:

q=4§D,dS ={&,E,dS.
S S



Ho, Tak kak BO BceX TOYKax IOBEPXHOCTH S,
HaxoJsAUIelcs BHYTpU MNpPOBOJAHMKA, £, =0, TO mosydum
qg=0.

Onpenenum HaNpsHKEHHOCTh oISt BOIM3H
MOBEPXHOCTHU  3apsHKEHHOro  MpoBojaHUKA. [lng  a3toro
BBIJICJIMM Ha €ro moBepxHOcTH (puc. 1.17) manyro muiomaaky
dS W mnocTpouM Ha HeW UWIMHIpP C oOpasyroulei,
MepneHIUKYISIpHOW K Tulomanake dS. Ha moBepxnoctn

MPOBOJHUKA  BEKTOPBHI E 51 D HAIPaBJICHBI

Puc. 1.17 MEPIEHIUKYISIPHO K 3TOM mOBEepXHOCTH. [loaTomy moTok

BEKTOpa cMemieHuss [ CKBO3b OOKOBYIO IOBEPXHOCTh
LIMHPA paBeH Hymo. I10Tok Bektopa D CKBO3b OCHOBAaHME LMIMHAPA dS” Takxke paBeH
HYJI0O, TaK Kak TI0Jie BHYTPU IPOBOJHHMKA OTCYTCTBYyeT. ClieZjoBaTeNbHO, TOTOK BEKTOpa
AIIEKTPUYECKOTO CMEUICHHUS CKBO3b BCIO 3aMKHYTYIO ITOBEPXHOCTh PABEH MOTOKY CKBO3b OJIHO
BEpXHEEe OCHOBAaHUE IMJIMHPA!
d® = DdS .
Ecnu Ha miomanke dS pacnosioxkeH 3apsig dq, To coryiacHO Teopeme OcTporpaacKkoro-
l'aycca nmeem:

d® =dg =0odS,
r7ie G - HOBEPXHOCTHAS IIOTHOCTH 3apsoB. O4eBUIHO, YTO
o
D=c uwm E=—. (1.6.2)
€0€

Takxum 00pazom, €ciii AIIEKTPOCTATUIECKOE TI0JIE CO3ACTCsl 3apSHKEHHBIM MTPOBOJIHUKOM,
TO HANpPsDKEHHOCTh OSTOTO TOJII BOJNM3M TIOBEPXHOCTH TPOBOJHMKA MPOTOPIIHOHAIBHA
MOBEPXHOCTHOM TUIOTHOCTH 3apsI0B, HAXOSIINXCS HA HEM.

DKCcIepUMEHTAITbHBIC UCCIIEI0OBAHMSI PACTIPEICICHHUS 3apsI0B HA IPOBOJHUKAX PA3TUIHOMN
(GOpMBI TIOKa3BIBAET, YTO pPACHpEICNICHHE 3apsIOB IO BHEIIHEH IMMOBEPXHOCTH IPOBOTHHUKA
3aBUCUT TOJBKO OT €€ ¢opMbl: rae Ooibllle KpUBU3HA IIOBEPXHOCTH, TaMm OoJiblIe U
MMOBEPXHOCTHAs TUIOTHOCTH 3apsiioB, a CleI0BaTeNlbHO, coriacHo (opmyne (1.6.2), Gombine u
HANPSHKEHHOCTh AJIEKTPOCTATUYECKOTO TMoJisl. UTo e Kacaercs BHYTPEHHUX ITOBEPXHOCTEH
3aMKHYTBIX TIOJIBIX IPOBOJHUKOB, TO H30BITOUHBIC 3aps bl HA HUX OTCYTCTBYIOT: G = ().

1.7 dnekTpoeMKOCTHh NPOBOAHUKOB. KoHaeHCcATOPBI
PaCCMOTpI/IM IMPOBOAHHK, HaXOI[ﬂHII/II\/'ICSI BAAJIN 3apsPKCHHBIX TCJI U APYTUX IIPOBOAHHUKOB.
Takolt mNpPOBOAHMK HA30BeM yeouneHHwviM. Ilpu cOOOLIEHUN YEIUHEHHOMY HPOBOJAHHUKY
ANIEKTPUUECKOTO 3apsAia ¢, OH mproOpeTaeT moreHnuan ¢ . ONbIT MOKa3bIBACT, YTO MOTCHIIUAI
YEIMHEHHOTO MPOBOJHMKA MPOMOPIMOHAIICH HaXOAAIIEMYCsl Ha HEM 3apsiny ¢, T.€. YBEIHUCHHE
B HECKOJBKO pa3 3apsija NPUBOJUT K BO3PACTAHUIO €T0 IOTEHIMaTa BO CTOJIBKO K€ pas.

CnegoBaTeabHO, OTHOIICHUE 4 SIBJISIETCS] OCTOSIHHOM BEJIMYMHOM ISl JAHHOTO MPOBOJHUKA U

¢
MOXKET CIIY’)KUThb XapaKTEPUCTUKOW MPOBOJHUKA, HA3bIBAEMOU 21€KMpUYecKol eMKoCmbio WIn
91eKMPOEMKOCHbIO TIPOBOTHUKA.
DNEeKTPOEMKOCTh TMPOBOJAHMKA paBHAa OTHOIICHHIO 3apsja ¢ Ha MPOBOJHHKE K €ro
MOTEHLHATY @ :

c=4 (1.7.1)

¢
[To cBoemy (U3NYECKOMY CMBICTY SJIEKTPOEMKOCTh IOKA3bIBAeT, KaKOH JIIEKTPUICCKUN
3apsana HCO6XOI[I/IMO COO6HII/ITB JaHHOMY IIPOBOAHHUKY, 9TOOLI HM3MEHUTL €ro INOTEHIIKaJI Ha
eIMHULY. 3a €AMHHUIY 3JIeKTpoeMKocTH npuHuMmaercs 1 @ (Papan). DTo0 3IEKTPOEMKOCTD



TaKoTO MPOBOJHUKA, TIOTCHIIMAJ KOTOPOTO M3MeHseTcs Ha 1 B mpu coobmennn emy 3apsina B 1
Kir.

Cnenyer 3aMeTuTh, 4YTO 3JIEKTPOEMKOCTh IPOBOJHMKA HE 3aBUCUT OT IOTEHIMaia
MPOBOJIHHUKA M 3apsJa, HAXOISIIIETOCS Ha HeM. DKCIIEPUMEHT MOKa3bIBAET, YTO AJIEKTPOEMKOCTh
3aBUCUT OT (JOPMBI M pa3MEPOB MPOBOJIHHKA, a TAKKE OT CBOMCTB CPEJbl, B KOTOPOW HAXOAUTCS
MPOBO/THHUK.

Jlnst mpuMepa paccyuTaeM IEKTPOEMKOCTh Iapa paauyca R, IOMEIIEHHOTO B Cpeay C
TURJICKTPUUECKOM TPOHUIaeMOCThi0 €. IlycTh mapy cooOmieH 3apsin ¢. Y4YWuThIBas, 4TO
HaIPsHKEHHOCTH TOJIS mapa onpenensiercs popmysnoit (1.3.28), BEIYUCINM MOTEHIIUAT I1apa:

o=—[Edr=-—9— d—ZZL. (1.7.2)
7 dnege wr-  4meyeR
[loacraBnsisa 310 BhIpakeHue B Gopmyny (1.7.1), OKOHUATENbHO HailIEM 3IEKTPOEMKOCTb
miapa:
C =4mnegjeR. (1.7.3)

Ortcrozia cneayer, 4To 3JIEKTPOEMKOCTh Iapa MpsSMO MPOMOPIHMOHATIBHA €0 Paguycy H
OTHOCUTEIILHOU TUAJIEKTPUYECKON MPOHUIIAEMOCTH CPEIBI.

PaccmotpuMm 1Ba poBOAHMKA, HAXOIAIIUXCS HAa HEOOJBIIOM PACCTOSIHUU JPYT OT Jpyra.
[Ipu coobennn nepBoMy MTPOBOAHUKY 3apsia ¢ BTOPOM MPOBOTHUK 3aPSIUTCS Yepe3 BIMSHUE,
npudeM ONMMKANIIUMHU K HaBOJSIIEMY 3apsily ¢ OKa3bIBAIOTCS 3apsiibl MPOTHUBOIIOJIOKHOTO
3Haka. HaBemeHHble 3apsapl Ha BTOPOM TPOBOJHUKE TMMOHWKAIOT TOTEHIIMAT TEPBOTO
MPOBOJIHMKA. BcCliecTBHE 3TOr0 AJIEKTPOEMKOCTh MEPBOTO MPOBOAHUKA MPU HAIMYUU BTOPOTO
MIPOBOIHMKA TOBBIIaeTcsi. CucTteMa JByX MPOBOJIHHUKOB, 3aPsiIbl KOTOPBIX YHUCICHHO PaBHBI, HO
MIPOTUBOTIOJIOKHBI 10 3HAKY, HA3BIBACTCS KOHOEHCAmopoM, a TPOBOIHUKH, OOpa3yroIIue ero
00KNIa0Kamu KoOHOeHcamopd. DIEKTPOEMKOCTh KOHIEHCATOpa OMPEACSeTCS OTHOIICHHEM
3apsja g OJHOM M3 OOKJIAaJOK KOHJEHCAaTopa K Pa3HOCTU MOTEHIHUANOB AQ =@, — @, MEXIYy

HHUMMU:

c=—92 ymc=4, (1.7.4)
¢ =02 U

rie U — HampsbkeHWe Ha OOKiIaakax KoHaeHcaropa. Ilo cBoemy (QH3MYECKOMY CMBICTY

AJIEKTPOEMKOCTh KOHJICHCATOpAa TIOKAa3bIBACT, KAaKWE 3apsibl IMPOTHBOIIOJIOXKHOTO 3HAKa

HEO0X0UMO COOOIUTh OOKJIagKaM KOHJIEHCATOpa, YTOObI M3MEHUTh Pa3HOCTh IMOTEHIIMAJIOB

Mexay Humu Ha 1 B. EMKocTh KOHACHCAaTOpa Takxke usMepsercs B dapanax (D).

Takum 006pa3zom, KOHJIEHCATOP — CUCTEMA U3 JIBYX ITPOBOJHUKOB (00KJIa/10K), pa3/IeeHHbIX
JTUBJICKTPUKOM, TOJIIMHA KOTOPOTO Maja II0 CPaBHCHHUIO C JIMHCWHBIMH pa3MepaMu
MIPOBOJHUKOB. B 3aBHCHMOCTH OT (OpMBI OOKJIAIOK KOHACHCATOPHI JACIATCS HA NI0CKue,
chepuueckue M yuruHopuveckue.

Halinem eMKOCTh IIOCKOTO KOHJIEHCATOpa, KOTOPBI COCTOHWT W3 JIBYX MapaUIeIbHBIX
METAUTMYCCKUX IUIACTHH IUIOMAAbI0 S KakJas, PaclooKEHHBIX Ha OJIM3KOM pPacCTOSHHUH d
OJIHA OT JAPYroW W HECYIIHX 3apsiabl + g U —q . Eciu nuHEHHbIe pa3Mephl TUIACTUH BEJIMKH T10

CpPaBHEHHIO C pAacCTOSHUEM d, TO DJEKTPOCTATHUECKOE I0JIeé MEXIY IUIACTHHAMHU MOXKHO
CUHTATh OJTHOPOHBIM, a €T0 HAMPSHKEHHOCTh coryiacHo (opmyrne (1.3.14) paBHa:

c
E=2 -9 (1.7.5)

€0€  €p&S
ra€ o - IOBCPXHOCTHAA INNIOTHOCTH 3apsaA0B Ha IUIACTHHAX KOHACHCATOpaA. YuuteiBas

BbIpakeHue (1.5.3) a1 oqHOpPOIHOTO TOJIs, HalileM HalpspKeHHE WIM pa3HOCTh NOTEHLHATIOB
Ha 00KJIaJKaX INIOCKOrO KOHAEHCATOpa:
qd

€peS

0, — ¢, =Ed =



[ToacraBnsis nonydeHHoOe BbIpaxeHue B ¢popmyny (1.7.4), okoHUYAaTEIbHO HailieM €MKOCTb
IUIOCKOTO KOHJIEHCATOPa:
€peS
d
IZle € - OTHOCHUTENbHAS JUAJIEKTPUUECKask IPOHUIIAEMOCTb CPEJIbl, 3alOJIHSAIOIIEH IPOCTPAHCTBO
MEXAY IIaCTUHAMU KOH/IEHCATOopa.
Coepruyeckuil  KOHAEHCATOP COCTOMT M3 METaIMYecKod cdepbl paauycoM R,

C:

: (1.7.6)

OKPYXCHHON KOHIIEHTPUYECKOH ¢ Hell mosoil Meramiudeckoil cdepoir R, (R2 >R1)- Bne
KOHJICHCATOpa ToJIe, CO3JaBacMoe 3apsHKCHHBIMH c(epaMu, B3aMMHO KommeHcupyercs. [loie
MEX]ly 00KJIaZIKaMH CO3aeTCs TOJIBKO 3apsaaoM cdepsl paauyca R,, Tak kak cepa paguyca R,
BHYTpH cebsi mosie He co3maeT. B cooTBercTtBue ¢ dopmynoi (1.5.2) pa3HOCTh MOTEHIIMAIOB
MEXIy OOKIIagKaMu chepuueckoro KOHAeHCaTopa paBHa:
o4 [ 1) _daR-R)
P2 4ne,e\ R, R, ) 4meyeRR,
[loacraBnsis 310 BbIpa)keHue B (opmyny (1.7.4), HalizeM eMKOCTb c(hepruecKoro
KOHJICHCATOpa:
C 4dne eR | R, .
R, - R
Jlnist ToJTydeHHsl pa3iiMyHOW BEIUYMHBI €MKOCTH KOHJICHCATOPBI COCIUHSIOT B OaTapeu.
CoenuHeHne KOHACHCATOPOB B OaTaper MOKET OBITh MapauIeNbHBIM, MOCIEIOBATEIbHBIM H
CMEIIIaHHBIM.

(1.7.7)

11+ O Ilapannenvnoe coeounenue KOHACHCATOPOB MOKA3aHO Ha
puc. 1.18. IlycTh 37€KTPOEMKOCTH OTACIbHBIX KOHJIEHCATOPOB

, paBubl: C,,C,,...,C,. Tak Kak Ha KOHJIEHCATOPHI IOJACTCS

" (17 OJHO U TOXC HAIIPSAKCHUC U, TO DJJICKTPUYCCKHUEC 3apdabl HA
o— = —o | HHUX MOTYT OBITh Pa3JINYHBI:
q, g9, =CU,
| I q, =C,U,
|
| 9, =C,U.

q, ; OcymiecTBisisi  CIIOKEHHE TMOJYYEHHBIX BBIPAKECHHUIA,
| —I |+ ( n] HaliieM OOIIUH JIIEKTPUYECKUH 3aps]l ¢ Bcel OaTapen:

| | q=>.9,=U(C,+C, +..+C,).
Puc. 1.18 "

Eciu uyepe3 C 0003HauuTh €MKOCTh Bcel Oarapeu
KOHJICHCATOPOB, TO JJIsl He€ MOYKHO 3aINCaTh:

q=CU.
CpaBHHBAas MMOJTYYCHHBIE COOTHOIICHHS, HAWIEM:
C=C/+C,+..+C,, (1.7.8)

T.€. NIPU NApauIeIbHOM COEIUHEHMHM KOHJEHCATOpOB oOlIas €eMKOCTh OaTapeu paBHa CyMMe
€MKOCTEH OTACIIbHBIX KOHJCHCATOPOB, BXOIAIIUX B ATy OaTapero.

Cl (”2 Cn Ilocrneoosamenvroe coeouHnenue

_| |_|_ _| |_|_ — |+ KOHJICHCATOPOB I0Ka3aHO Ha puc. 1.19.

o | | | | - — O | Ilpu TakoM COCIMHCHHH KOHJICHCATOPOB
HanpspkeHue U, nmogaBaemoe Ha OaTtapero,

U, Us U paBHO CymMMe HaTPSHKCHHM,

Puc. 1.19 CYILIECTBYIOIIUX Ha OTIEIbHEIX

KOHACHCATOpax:



uv=U,+U,+..+U,,

a 3apsJbl Ha BCEX KOHACHCATOpax OKa3bIBAIOTCA OJJMHAKOBBIMHA U PABHBIMU (. YuuteiBas 4rto:

U =2,
¢
q
U,=—",
2 C2
v -4
Cn
TOJTyIHM:
1 1 1
v=2L, 4, 4 =q| —+—+..+—
Cl C2 Cn Cl C2 Cn
Ecnu uepe3 C 0603HaunTh €MKOCTH BCEl OaTtapeu, To JjIs He€ MOYKHO 3ammucaTh:
v=4<L
C
CpaBHI/IBaﬂ MOCJICOHUC JIBA BBIPAXKCHUS, HaﬁI[GMZ
1 1 1 1
—=—t— . +—. (1.7.9)
c C G C,

W3 3T0it opMynbl cienyeT, YTO eMKOCTh OaTraped MpH MOCIeI0BATEILHOM COSTUHEHUN
KOHACHCATOPOB BCEraa MCHBIIC MHUHUMAaJIbHOU OJICKTPOCMKOCTHU KOHIACHCATOPA, BXOOALICIO B
Oarapeto.

1.8 DHeprus 3aps1KeHHOT0 MPOBOJHUKA. JHEPTHUS JJIEKTPOCTATUIECKOT 0

1moJId.
3apskas MPOBOJHUK, HEOOXOJIMMO COBEPUIUTH OINpEICIEHHYI0 pabdoTy MpPOTHUB
KYJIOHOBCKMX CHWJI OTTQJIKHBaHUS MEXJIy OJHOMMEHHbIMHU 3apsigamu. IlycTb B HEKOTOpBIii
MOMEHT BPEMEHHM IMOTEHIMaJl TPOBOJHUKA PaBEH ¢, a €ro 3jekTpoeMKocTh C. DiieMeHTapHas

pabota, coBepiaemasi IPOTUB CHJI 3JIEKTPOCTATUUECKOTO MOJIsl IPU NIEPEHECEHUH 3apsia dq u3
OECKOHEYHOCTH Ha MPOBOJIHUK, paBHa!
dA=odq .
[Ipu cooluieHnn MPOBOJAHUKY 3apsja dg €ero MoTeHIHall U3MEHsSeTcsl Ha d¢, Mpu4eM
dg = Cdo . CnenoBarensHO, MOTyYaeM:
dA = Codo .
[Tonnas paboTa, HeoOxoauMas s 3apsiIKU MPOBOJHUKA OT HYJIEBOro moTeHnuana ¢ =0

10 @ = @, paBHa:

Po 2
A:jcmdcpz%. (1.8.1)
0 2
Ora paboTa UAET Ha YBEIMUYEHUE NIEKTPUUYECKON MOTEHUUATbHON SHEPTUM 3apsSKEHHOTO
poBOJHMKA. [103TOMY €CTeCTBEHHO NPEINOJIOKUTh, YTO COOCTBEHHAs! PHEPIUs 3apsyKEHHOTO
TeJa €CTh HE YTO MHOE, KaK €ro 3JIEKTPOCTaTUYeCKasi HOTEHUIUaIbHAs SHEPTUs:
_Coo
5
Oty (hopMylly MOXXHO MPUMEHHUTH I pacyeTa SHEPruu 3apsKeHHOro KoHaeHcaropa. B
3TOM ClIydae noJ ¢, ciaeqyeT MOHMMAaTh HanpsbkeHue U Ha oOKIlazikax KOHJIEHCATopa:

w (1.8.2)



_cu?
o

w

(1.8.3)

YuuteBasg, yrto U :%, MOJIyduM em€ OJHY BaXHYI0 (QOpMYay JUIsl BBIUHCICHUS

MOTEHIMATILHON SHEPTUM 3apsDKEHHOTO KOHJIEHCaTopa:

2
w=9_. (1.8.4)

20
HpI/I YBCIMYCHHU 3apAda KOHACHCATOpa IMPOUCXOAUT COOTBETCTBYIOIICC YBCIMUCHHUC €TO
QJICKTPOCTATUYCCKOTO  IIOJIA. HOBTOMY C€CTCCTBCHHO IPCAIIOJIOXKHNTDb, YTO CO6CTB€HHa§I
IMOTCHIHAJIbHAA JSHEPIrUud 3apsHKCHHOTO TCEjla €CThb HE 4YTO HHOC, KaK OJHeplusd eco

dNleKmpocmamudeckKkoco noJii.

HpOBCpI/IM OTO MPEAIOJIOKCHUE Ha IMPUMEPEC OJHOPOAHOI'O IJJICKTPOCTATUYCCKOI'O ITOJIA

€pS
IJIOCKOTO KOHZIGHCATOpa. YUHTBIBAs, UTO JUIs IUIOCKoro KoHjencatopa C=—-""— U = Ed Ha
ocHoBaHuu ¢opmyisl (1.8.3) Halinem:
2 2
goel €oel
w="0"80 =2y, (1.8.5)

rae V' =S8d - o0beM 53JeKTpOoCTaTHYECKOro MOJs MEXIy OoOKiIajkaMu KoHJeHcartopa. Ha
OCHOBAHUU TOJY4EeHHOW (OpMyINIbl HaWJIeM OSHEpPruio, 3aKJIIOYEHHYI0 B eIUHMIE 00beMa
AJIEKTPOCTATUYECKOTO TOJIS, T.€. 00bEMHYI0 NIOMHOCHb IHEPRUU:

W egE® ED D?

w=— = , (1.8.6)
V 2 2 2g4e
rae D -BEKTOP AMEKTPUIECKOTO cMmerieHus noJigs. O0beMHasi TUIOTHOCTh YHEPTUU U3MEPSETCS B
Lo
M3

Takum 00pa3oM, 00bEMHAS ITIOTHOCTh SHEPTHH OJHOPOIHOTO IEKTPOCTATUIECKOTO OIS
OTIPE/ICIIACTCS ero HAPSHKCHHOCTBIO E MM cMereHneM D .

Cornacio  ¢opmyne (1.8.5) oHepruss dW  OGeckoHeuHo Majoro ooObema dV
HEOTHOPOTHOTO TIOJISI paHa:

2
goel

AW = wdV = dv . (1.8.7)

[TomHyI0 SHEPTrHI0, COCPEAOTOYCHHYIO B MPOU3BOIHLHOM 00BbEMe ) HEOJHOPOIHOTO TIOJI,
HaiiIeM COOTBETCTBYIOIINM HHTETPHPOBAHUEM:

W= [ gy (1.8.8)

CrnenoBaTenbHO JJIEKTPOCTATHUYECKOE TI0JIE Kak oaHa u3 (QopM MaTepuu 00JagaeT
SHEpPTrHued, KOTopas paccpeloToYeHa MO BceMy oOO0beMy, 3aHHMaeMoOMy TIOJieM, a He
JIOKAJTN30BaHAa TOJIBKO B 3apPSDKEHHOM TeTIe.

1.9 I3 1eKTPUKH B 3JIEKTPOCTATHYECKOM I0JI€
K nusnexkrpukaM OTHOCSTCS BEIIECTBA HEMPOBOSAIINE AIEKTpudeckuil Tok. [Ipyu oObIYHbBIX
YCIIOBHAX B AUDJICKTPHUKAX HET CBO6OI[HI>IX HOCHTEIEH 3apA0B. MOJ'ICKYJ'H)I JUDJICKTPHUKA B
LCJIOM JJICKTPHUYCCKHU HeI\/'ITpaJ'II)HBII IMMOJIOKUTCJIIBHBIC 3apAAbl MOJICKYJI paBHBI I10 a0COIIOTHOM
BCIIMYMHE UX OTPHULATCIIBHBIM 3apsaaM. OJIHaKO 9TO HC O3HA4YaCT, YTO MOJICKYJIbI JU3JICKTPUKOB
He 00J1a1a10T AMEKTPUIECKUMU CBOMCTBaMHU.



P B 3aBucuMMOCTH OT CTpOEHUS MOJIEKYJ] IW3JIEKTPUKH MOYKHO
@—)G_) pazzenuTe Ha JABe Trpynnsl. IlepByro Tpyniy  JIHMAIEKTPUKOB

/ COCTaBIIIIOT TaKWE€ BEIIECTBA, y KOTOPBIX LEHTPbl CYMMapHOIO
|<—’| MOJIOKUTEIBHOTO U CYMMAapHOTO OTPHUILIATEIBHOIO 3apsOB KaxKJIOM
Puc. 1.20 MOJIEKYJIbl CIBUHYTBl OTHOCHUTENIBHO JpYyr JIpyra Ha HEKOTOpOe

paccrosiaue /. Takue MOJEKYIbI TUAIEKTPUKA MOKHO paccMaTpHUBaTh
Kak oanekmpuyeckue ounoau (puc. 1.20). Kaxaplii dIEKTPUYECKUN AWMOIb PHUHATO
XapaKTepPU30BaTh 2IEKMPUYECKUM OUNOIbHBIM MOMEHMOM:

p=ql, (1.9.1)
A€ ¢ - CYMMAapHBId DJEKTPUYECKHM 3apsA] OJHOTO 3Haka. Bekrop p HampaBleH OT

OTPULATENILHOTO 3apsiia K IMOJOXKUTEIbHOMY. JIMAJIEKTPUKH, MOJIEKYJbl KOTOPBIX 0O01anaroT
JUIIOJIBHBIM MOMEHTOM p B OTCYTCTBHM BHEIIHErO IIOJIS, HAa3bIBAKOT noidApHuimu. K HHM
OTHOCSITCS, HAIpUMEpP, BOJAA, XJIOPUCTBIA BOJOPOJ], OpOMHUCTHIN Bomopos, ammuak. Ko BTopoii
rpynne IPUHAUIEKAT TUNIEKTPUKH, Y KOTOPBIX LIEHTPbl CYMMAapHOIO IIOJIOKUTEIBHOIO H
CYMMAapHOTO OTpPHIATEIBLHOIO 3apsA/I0B COBNANAOT. JIMMOJIBHBIA JJIEKTPUYECKHUHA MOMEHT
KaKJIOM MOJIEKYJIBI TAaKOI'O0 AMDJIEKTPUKA B OTCYTCTBHE BHEIIHETO JIEKTPUYECKOTO IOJISI paBEH
Hymo: p=0. Ilosromy MOJEKyabl Takux JUAJIEKTPUKOB HA3bIBAIOT Henonapuvimu. K
HETOJISIPHBIM JTUAIEKTPUKAM OTHOCSITCS, HAIPUMEP, BOJOPO, a30T, YIIE€BOAOPOIBI.

Ecnm  audnekTpuk ¢ NOJMAPHBIMM  MOJIEKYJaMHM  HE  HAXOAUTCS BO  BHEIIHEM
AJIEKTPOCTATUYECKOM TI0JIE, TO BCIEACTBHE OECHOPSAOYHOIO TEIUIOBOTO JIBHIKEHUS MOJIEKYII
BEKTOPBI MX JUIIOJBHBIX MOMEHTOB OPHUEHTHMPOBAaHBI XaOTHYHO. [l03TOMYy BekTOpHas cymma
JUIOJBHBIX MOMEHTOB BCEX MOJIEKYJ, COJIEPKALIUXCS B MPOU3BOJILHOM O0bEME AUIJIEKTPUKA,
paBHa Hymroo. [Ipy BHECEHMM HENOJSAPHOIO JWAIEKTPUKA BO BHEIIHEE II0JIEC, JMIOJIBHBIE

MOMCHTBI }_7 MOJICKYJ II0J I[Cf/iCTBI/IGM OJICKTPUYCCKUX CHII F CTPEMSATCA NMOBCPHYTHCA Tak,

YTOOBI BCKTOPBI UX JUITIOJIBHBIX MOMCHTOB }_7 COBITAJIM 10 HAIIPABJICHUIO C HAIIPSX)KCHHOCTBIO E

BHEIIHEro 3JeKTpocratudeckoro mnoisig (puc. 1.21). OgHako TemjaoBoe ABMXKEHHE MOJIEKYI
Xa0THUYCCKHU <<p336paCLIBa€T» JUTIOJNIN U IPCHATCTBYCT YCTAHOBJICHUIO X JUITOJIBbHBIX MOMCHTOB
BJIOJIb TOJIA. B pe3ynbraTte COBMECTHOTO NEHCTBUS 00OMX NMPUYHMH B JUAIIEKTPUKE BO3ZHUKACT
MNPEMYIICCTBCHHAA OPUCHTALMA TUIIOJIbHBIX MOMCHTOB MOJICKYJI BOJIb ITOJIA.

= I[Ippy  oTcyrcTBMM  BHEIIHErO  MOJA
j JUIIOJIBHBIE  MOMEHTBI ~ KaXJOW  MOJIEKYJIbI
JTUDJIEKTPHUKA, COCTOSILEr0 W3 HENOJIIPHBIX
MOJIEKYJI, paBHBI HYIIIO. [[py BHECEHMH TAaHHOTO

AUBJICKTPUKA B OJSJICKTPOCTATUYCCKOC II0JIC E
Ha IOJIOXKHUTCIIBHBIC W OTPULATCIBHBIC 3aps/bl

KOKJIOM MOJIEKYlbl JCUCTBYIOT CHIIBI [,

Puc. 1.21 HaIPaBJICHHbIE B IPOTUBOIOJIOXHBIE CTOPOHBI.
[log peiictBueM H3THX CUJI  MOJIEKYyJla JAe(QOpPMUPYETCs, BCJIEACTBUE YEro IEHTPHI
IIOJIOKUTEIBHOIO U OTPHULATENBHOTO 3aps/IOB CMELIAIOTCS Ha HEKOTOPOEe paccTosHue /.
CnenoBarenbHO, BO BHEIIHEM I10JIE MOJIEKYNIbl HEMOJIAPHOTO JAUNIEKTPUKA IMPHOOPETAIOT

HaBEJCHHBIA WIN UHOYYUPOBAHHBIU OUNOJbHLIL MOMeHm: p =ql . DTOT WHAYIUPOBAHHBIN

MOMCHT Ka)KHOfI HCHOJ‘ISIpHOﬁ MOJ‘IeKyJ'IBI I[I/I3J'I€KTpI/IKa BCEeraa HaHpaBJ'IeH BOOJIb BHCIITHETO
SJICKTPOCTATUYCCKOTO IMOJIsA, a €0 BEJIMYKMHA NPONIOPHHUOHAIbHA HAITPSAXKCHHOCTHU I10JIA:

P, =g,0k , (1.9.2)
rac o - Ha3bIBACTCA nNOIApU3YEeMOCMbIO MOJIEK))Jlbl.

HBJ‘IGHI/IG OpI/IeHTaIII/II/I JOUIIOJIBHBIX MOMCHTOB HOJ‘ISIpHBIX MOJ‘IeKyJ'I BO BHCIIHEM IIOJIC U
IIOSBJICHUC IIOJ I[Gf/iCTBI/IGM I10J14 I/IHI[yHI/IpOBaHHI)IX OUITOJIBHBIX MOMCEHTOB HGHOJ‘ISIpHBIX
MOJIEKYJI, OPUEHTUPOBAHHBIX BJOJb HETO, HA3BIBACTCA nojapusayuell oudiekmpuxa. Mepoi
moJiApu3allvi AUBJICKTPUKA SBJIACTCA 6€Kmop noJjAapuzayuu ﬁ, moa KOTOPBIM IIOHHUMACTCA



Ipeie’ OTHOUIEHHS AIEKTPUUYECKOTO JUMOJILHOIO MOMEHTAa HEKOTOPOTO 00beMa TUAIIEKTPUKa K
3TOMY 00BEMY, KOI'/1a OCIEIHUM CTPEMUTCS K HYJIIO:

N
> b
P= lim =L (1.9.3)
AV >0 AV

rae AV - oneMeHTapHBI 00beM IHUIIEKTPUKA; p; - HIEKTPUYECKUI MOMEHT i-ro aunous. Tak
KaK MHJIyLHMPOBAHHBIE JUIIOJBHBIE MOMEHTBl HEMOJAPHBIX MOJIEKYN p; OJMHAKOBBI IO

BCIIMUYMHC 1 UMCKOT OJHO U TO KE€ HaHpaBJ'IeHI/Ie, TO IJIA BeKTOpa HOJ'I?[pI/I3aIII/II/I MOXXKHO 3aIInucCaThb.
P = np;, (1.9.4)

rae n :g - KOHLEHTpauust MoJieKyll. YuutsiBas opmyiny (1.9.2), nomyuum:

P=oane E=¢yyk, (1.9.5)
Y = no (1.9.6)
Ha3BIBACTCS OUDIEKMPUUECKOL 60CHPUUMHUBOCTNBIO 6eyecmed UITH NOAPUZYEMOCIbIO eOUHUYb]

obovema ousnekmpuka. opmyna (1.9.5) npumeHnMa 1 I TOJSIPHBIX MOJIEKYJ TUAJIEKTPUKA B
ciiydae ClaObIX DJIIGKTPUYCCKUX ToJiel. JIudieKTpuueckas BOCIPUUMYHBOCTD ITOJISIPHBIX

1
MOJIEKYJI 3aBUCUT OT TEMIIEPATYPHI: ~

PaccmoTpuM anekTpocTaTueckoe mojie BHYTpU IuaiekTpuka. [lycTh B Bakyyme co3/1aHO
NByMsi OECKOHEYHBIMH PA3HOMMEHHO 3apsDKCHHBIMH IIJIOCKOCTSIMH  OJTHOPOJHOE TIOJIE C

HaNPsHKECHHOCTBIO E ;. BEKTOP 2JIEKTPUYECKOTO CMEILEHHS IIPH OTOM PABEH:
D=¢\E. (1.9.7)

iyt +c’ BHecem B paccmaTrpuBaemMoe 10JI€ IJIaCTUHY
OJTHOPOJHOTO  JTUAJIEKTPUKA TaK, 4YTOOBI €ro
- — OOKOBBIE TpaHW OBUIM  TEPICHAUKYIISPHBI
- — HaIpsHKEHHOCTH BHemHero noiis (puc. 1.22). Tlox
- — | medicTBHEM  BHEIIHETO  TOJNS  JIUDJICKTPHUK
L J — | monsgpusyeTcss W HAa €ro TpaHSIX IOSBISIOTCS
— 0 — | cBa3aHHBIC 3apsAbl MPOTHBOIIOJIOKHOTO 3HAKA C
= 0 — | TIOBEPXHOCTHOW IUIOTHOCTBIO G'. DTHU CBSI3aHHBIC
b i

— IOBCPXHOCTHBIC 3apsAaabl co3aaroT BHYTpHU
= INTACTUHKHW JUOBJICKTPpUKA OJHOPOAHOC TIIOJIE C

f4++++++++
]
+ |+ +]+

— | HampsbkeHHocthlo E'. O0a momss E, u E' B

IUDJIEKTPUKE  HaIpaBJI€Hbl HABCTpedy  Jpyr
L npyry. CrenoBaTellbHO, BHYTPU JUJIEKTPUKA
pe3yJbTUpYIOLIEe T0JIE PaBHO:

Puc. 1.22 E=E,-E'. (1.9.8)

CornacHo popmyne (1.3.14) umeem:
E'=—. (1.9.9)

[ToxcraBnsis 310 BhIpaxeHue B popmyiny (1.9.8), monyuum:

E:Eo—;i. (1.9.10)
0



-+ dq’ Jlns  onpeneneHuss NOBEPXHOCTHOM IUIOTHOCTH
—+ CBSI3aHHBIX 3apsJ0B G BBIIGIMM MBICICHHO B
+ paccMaTpuBaeMOM JUAIEKTPUKE UWJIUMHIDP, ILIOIIAIb
N

Ay KOKJIOTO OCHOBaHUS KOTOpOro paBHa dS, a
oOpasyromue mnapajyieibHbl BEKTOPY HANPsHKEHHOCTH;
L | JUIMHA UWAJIWHIpA paBHA TOJIIMHE paccMaTpUBaeMOM
IUIaCTUHBI JuanekTpuka (puc. 1.23). Ha xaxaom wu3
OCHOBaHUU WJINH]IPA HaXOJIUTCA CBSI3aHHBIN
DIICKTPUUECKHI 3apsan dq' = c'dS . PaccmarpuBast 3TOT

UAJTUHIAP Kak  OOJNBINOW  JWIOJb, HAWIEM  €ro

Puc. 1.23

BIEKTPUYECKUNA TUMOJIbHBII MOMEHT:
dp=dq'L =c'dSL. (1.9.11)
[To onpenenenno BEKTOpa NOJISIpU3aLMU HAHJEM €r0 YMCIEHHOE 3HAUCHUE:

pdp _oldS_ . (1.9.12)
v av

rae dV =LdS - oObeM BBIJCIEHHOTO0 LWIMHApPA. YUMUTHIBas IOJTYYEHHOE BBIpAXKEHHE, Ha
ocHoBanuu (1.9.10) HaiineM HaPSPKEHHOCTD I0JISI BHYTPU AUAJIEKTPUKA:

E:Eo—i wm ggE =¢e £, —P.

€o
VYuursiBas popmyiny (1.9.7), nomyuum cBa3b Tpex Benuuud D, E,P:
D=¢,E+P. (1.9.13)
Ha ocnoBanuu Beipaxkenus (1.9.5) nomyqum:
D=g,E+eyE =¢,(1+y)E. (1.9.14)
CpaBHuBas JaHHOE BeIpaxkeHue ¢ popmysoit (1.3.1):
D =¢g,el, (1.9.15)

HaiiIeM CBsI3b OTHOCHUTEJIBHOM JHMAJIEKTPUYECKOW MPOHULAEMOCTH JHUAJIEKTPUKA C €ro
BIEKTPUYECKON BOCIIPUUMYHUBOCTBIO:
e=l4y. (19.16)
O0e 5TH XapaKTePUCTUKHU AUAJIECKTPUKA SBISIOTCS Oe3pa3MEepHbIMU BeIU4YMHAMH. J[7s
BakyyMma: €=1, x=0.

1.10 IIpumeHeHHne TUIJIEKTPUKOB

B HeKkoTOpBIX IMANEKTPHKAaX NOJSpU3alMA HE HCYe3aeT cpa3y IOCle YCTPaHECHUS
BHEIITHETO HJICKTPHYECKOTO TOJIA. JIM3IeKTpUKH, [UINTEITFHO COXPAHSIONINE MOJISPU3AIHIO TI0CIIe
YCTPAaHEHUsI BHEIIHErO 3JIEKTPUYECKOTO MOJS W CO3AAI0IINE B OKPYXKAIONIEM IPOCTPAHCTBE
COOCTBEHHOE JIICKTPUYECKOE TII0JIe, HA3BIBAIOT JeKkmpemamu. DIEKTPEThl NPUMEHSIOTCS B
¢GuIbTpax U OYMCTKH T'a30B OT B3BEIICHHBIX B HUX MEJIKHX TBEPABIX YACTHII, a TAKXKE I
U3TOTOBJIICHUSI MAQJOMOIIHBIX HMCTOYHMKOB TOKa. Ha OCHOBE 3IEKTPETOB  CO3/1aHBI
MasorabapuTHble MUKPO(OHBI U TEIEPOHBI.

OtHocuTenbHAS IUAIEKTPUYECKass TPOHUIIAEMOCTh OOJBIIMHCTBA KPHUCTAIHYECKUX
JWIICKTPUKOB TIOYTH HE W3MEHSETCSI ¢ M3MEHEHHEM TeMIIepaTyphl, YTO TOBOPUT O TOM, YTO B
3TUX AWAIICKTPUKAX UMEEeT MECTO MHIAYIHMPOBaHHAs mossipu3anust. OHAKO CyIIecTBYeT IpyImna
KPHUCTAJUINYECKUX ANIICKTPUKOB, HA3bIBAEMBIX CE€2HEMOINIeKMpuKamu, y KOTOPBIX HaOIoaaeTcs
pe3Koe BO3pACTaHME AWIICKTPUYECKOHW IMPOHUIAEMOCTH B OIPEACICHHOM TEMIIEPaTypHOM
uHTepBaie. CBoe Ha3BaHME 3Ta TPYyMNIA JUVIEKTPUKOB MOJIYYNIIA IO IEPBOMY HCCIECAOBAHHOMY
BEIIIECTBY TAKOTO THIA — CETHETOBOW COJIH.



Hpyroit 0COOEHHOCTHIO
CETHETORJIEKTPUKOB  SIBJISIETCS  3aBUCUMOCTD
OTHOCHUTEIIbHON JTUDIIEKTPUYECKOU
IIPOHULIAEMOCTH € U DIEKTPUYECKOU
BOCIIPUMMYUBOCTH ¥ OT HANpPsDKEHHOCTH E
AIIEKTPUYECKOTO TOJIsl B BEILIECTBE, TOTJIa KaK B
OCTAJIbHBIX JIUAIEKTPUKAX € U ) SBIAIOTCA

) XApaKTEPUCTUKAMH, HE 3aBHCAIIMMHU OT FE.
[losTOMYy B CETHETOANEKTPUKAX OTCYTCTBYET
npsiMasi ~ MPONOpPLUMOHANbHAA  3aBHCUMOCTh

MeXOy BekTopamMu D u E, a TakKe MEXKII
Yy ) Yy

BCKTOPOM IIOJIApU3allvn P u HAIPsA>XKCHHOCTBIO

Puc. 1.24 nonst £ . Jns CEerHETO2IEKTPUKOB XapaKTEPHO

SIBJICHUE HACBIILIEHUS, COCTOSIEe B TOM, 4TO
Ha4yMHAsi C HEKOTOPOTO JOCTAaTOYHO OOJBIIOro 3HAYEHHUS] HANpsHKEHHOCTU NoJisi E, BEKTOp
noJsisipuzaunu He uMmensiercs (kpuBast OA Ha puc.1.24). OTu 0COOEHHOCTH CErHETOIEKTPUKOB
OOBSACHAIOTCSA UX OOMeHHOU cmpykmypoii. MOHOKPUCTAIUI CErHETORIEKTPUKA COCTOUT U3 psja
CaMOIIPOU3BOJIBHO M CIIOHTAHHO IOJISIPU30BAHHBIX OOnacTedl — domenos. B kaxIoMm JoMeHe
IUIOJBHBIE MOMEHTBI BCEX MOJIEKYJ OpPUEHTHPOBAaHbl B HEKOTOPOM  OINpPEAEICHHOM
HaIpaBJICHUHU, BCIIEJICTBUE YETr0o KaXKJIblil JTOMEH MOXKET paccMaTpuBarbcsi Kak AuNoib. [Ipu
OTCYTCTBMM BHEILIHErO I0Ji1 OOJAaCTH CIIOHTAHHOM MOJSpHU3allMM paclojlaralorcs TakK, YTO
PE3YJIbTUPYIOLIUN BEKTOpP TMOJISIPU3ALIMUA CETHETOIJIEKTpUKa paBeH Hymwo. [lpu BHeceHUM
KpUCTaJIJJa CErHETOIEKTPUKA BO BHEUIHEE I[I0JI€ MPOUCXOAUT OpHUEHTALUS JUIOJIbHBIX
MOMEHTOB JIOMEHOB, U BECh KPUCTaJLJl OKa3bIBaeTCs MOJISIPU30BaHHBIM. B 0cTaTouHO CUIIbHOM
AJIEKTPUYECKOM TII0JI€ OPHEHTalMs BCEX JIOMEHOB MOXET OBbIThb IOJHOCTBIO 3aBeplIeHa
(coctosinue 4 Ha puc. 1.24), P, -BeKTOp NOJSIpU3aLUK CErHETORJIEKTPUKA IIpU HackleHuu. [Ipu

YMEHBIIICHUH HAMPSHKEHHOCTH E BHEIIHErO TOJIsi U3 COCTOSHUS HACBHIMICHHUS A 10 HYJIEBOTO
3HaueHus (cocrosiaue C Ha puc. 1.24) moyisipusanusi B CETHETOICKTPUKE YACTUIHO COXPAHSICTCS
M3-3a TOTO, YTO MHOTHE JIOMEHBI COXPAHSIOT CO3JaHHYIO AIEKTPUUYCCKUM TI0JIEM OPHUEHTAIUIO;
F, - ocraTo4Has MoysIpu3anus CErHeTOMIEKTpHKA. s ycTpaHeHHs 0CTaTOYHON NOIAPU3aLUU B

CETHETONIEKTPUUECKOM 00paslie ero HeoOXOAMMO IOMECTUTb B IEKTPUUYECKOE I0JE C
MIPOTUBOIMOJIOKHBIM HAIpPaBJIEHUEM BEKTOpa HAaNpPsDKEHHOCTH (coctrosiHue D Ha puc. 1.24).
Hanpsoxkennocts monst E,, HeoOxoaumas [uld YCTpaHEHHs OCTaTOYHOM NOJSpU3ALUY,

HA3bIBACTCS KOOPYUMUBHOU CUTOU.

Takum o00pa3zom, [UIsl CETHETOZJIEKTPUKOB XapaKTEpHO SIBICHUE c2ucmepesucd, TpU
KOTOPOM IPOIIECC CO3JaHMsI MOJISIpU3aliy HE COBNAAAET C MPOLIECCOM CHATHUS MOJISPU3ALUU.

[Ipy mMKIMYECKMX W3MEHEHUSX BHEIIHETO TOJisA 3aBUCHUMOCTh P oT E wn3obOpaxaercs
3aMKHYTOU KpuBO# (puc. 1.24), Ha3pIBaeMoOi nemieti cucmepesucd.

BcenenctBue  1OMEHHOM — CTPYKTYpbl  CETHETOJEKTPUKH  00nanaroT  OOJIbLION

JMDIIEKTPUIECKOi TPOHHIIAeMOCThIO £ (10° — 104), YTO TIO3BOJISIET CO3/1aBaTh MajoradapuTHBIC

KOHAEHCATOPBI.

JInsl CerHeTonNeKTPUKOB XapaKTEPHO HAJIUYUE MPEACIIbHON TeMIiepaTrypbl — mouku Kiopu,
BBIIIIE KOTOPOW CIIOHTAHHAs MOJIAPU3AIS MCYE3a€T U CETHETORJICKTPUK CTAHOBUTCS OOBIYHBIM
JUBJIIEKTPUKOM.

Ecniu  monBeprHyTh 00pazer; CEerHeTodIeKTpUKa OJHOCTOPOHHEMY CXKATHUIO  BIOJb
HAMpaBJIEHUS] OCTATOYHOW TNOJISIPU3allMM, TO YMEHBIIAETCS PACCTOSIHUE MEXKAY LEHTPpAMU
MOJIO)KUTEIBHOTO W OTPHUIIATEIBHOTO 3apSAJOB B KAXKIOW AJIEMEHTAPHOW KpPUCTAJUIMYECKOU
SYEMKe, YMEHBIIAETCS M OCTaTOYHas MOJIsIpu3alus B LEJoM. BceieacTBue 3TOro M3MeEHseTcs
Pa3HOCTh MOTEHIIMAJIOB MEXIY TpaHsMu oOpasiia, MeprneHIUKYISPHBIMUA HAMPABICHUIO CHUIBL.
[Ipu pactspkernn oOpasiia OCTaTOYHAS MOJSPU3ANUS U COOTBETCTBYIOIIAST €H MOBEPXHOCTHAS



IUIOTHOCTH 3apsoB Ha TPaHIX YBEIWYMBACTCS, YTO NPUBOJUT K BO3HUKHOBEHHIO PAa3HOCTH
MTOTEHIIMAJIOB MPOTUBOIIOJIOKHOTO 3HAKA.

SIBeHne BO3HUKHOBEHHS TNOJSPHU3ALMOHHBIX 3apsloB Npu jAedopmanuu KpucTaia
Ha3BIBAIOT NPAMbIM Nbe3odnekmpuieckum d¢gexmom. CymecTBYET U 00pamHulll nbe303¢hexkm
— gedopmarusi MbE303JEKTPUKA, TOMEIICEHHOTO B JJeKTpuueckoe moje. OOpaTHbIi
116€303¢p(HeKT 00BACHAETCS TEM, YTO MOJ ACUCTBUEM IOJIA AJIEMEHTApHbIE STYEUKH YAJTUHSAIOTCS
WIM YKOPauMBaIOTCS, a 3TO MPUBOJUT K Makpockonuyeckoi nedopmannu odpasua. [Ipsmoii u
00paTHbIN Mhe303(Q(EKT MUPOKO MPUMEHSIOT B MPAKTUKE TSI MPeoOpa30BaHMs MEXaHUYECKUX
KojieOaHuil B AJIeKTpuUeckre U Hao0opoT. I1be3031eMeHT HaX0IUTCS B TOJOBKE COBPEMEHHOTO
anekTpodoHa Ui BOCHPOU3BENEHUS TIpamM3alliCH, B IbE30UEKTPUUYECKUX MHUKpPOPOHAX H
TenepoHax, B IX0JOTaX, TUAPOJIOKATOpaX, B TEH30METPAaX —U3MEPUTENIX JaBICHUH H
MEXaHHYECKUX HAMPSHKESHUH | T.11.



I'nasa 2. IOCTOSIHHBIA DJIEKTPUYECKHHA TOK
2.1 IlonsiTHe 00 3JIEKTPUYECKOM TOKE. DJICKTPOABHKYIIAS CUJIA HCTOYHUKA
TOKA

HO)I ANNeKmpudecKum MOKOM IIOHUMAIOT BCAKOC YIIOPAAOYCHHOC JABHMIKXCHHUEC
QJICKTPUYCCKUX 3apsaa0B. Hocwuremm 3apsgaa IMPUHHUMAIOT Y4aCcTUC B TCIINIOBOM XAOTHUYCCKOM

JBUKEHUH C HEKOTOPOI CKOPOCTHIO Vv M B OTCYTCTBHUH dJieKTprueckoro nosst. Ho B aToMm citydae
yepe3 MPOU3BOJIbHYIO IUIOIIAJIKY, IPOBEIEHHYIO MBICIIEHHO B IPOBOJHHUKE, NPOXOJUT B 00€
CTOPOHBI B CpEIHEM OJINHAKOBOE KOJIMYECTBO HocuTened. Ilpu Hanuuumm e BHEIIHEro

AIEKTPUYECKOTO TOJS Ha XaOTHYECKOE ABUKCHHUE 3aps0B CO CKOPOCTBHIO V HAKJIAIbIBAECTCS
YHOOPSIIOYEHHOE JBUKEHHUE CO CKOPOCTBIO # . OJIEKTPUUYECKHH TOK, BO3HHUKAIOIMHUA B
IIPOBOJIHUKE BCIIEJCTBUE TOTO, YTO B HEM CO3JAETCS DIEKTPUUYECKOE IT0JI€, HA3BIBACTCSA MOKOM
npogooumocmu. OCHOBHOW XapaKTEpPUCTUKOW TOKa IMPOBOJUMOCTU SIBISETCS Ccuid moka —
CKaJsIpHAasl BEJIMYMHA, DaBHAas OTHOIICHHMIO 3apsja ¢, IMEPEHOCUMOMY HOCHUTEISIMH Yepe3
paccMaTpuBaeMyl0 IOBEPXHOCTb, HAIpPUMEpP, 4Yepe3 IIONEPEYHOE CEYECHHE IPOBOJHUKA, KO
BPEMEHH £, 32 KOTOPOE 3TOT IEPEHOC TPOXOIUT:
=9 2.1.1)
t

B cinydyae HepaBHOMEPHOTO JBMKEHHS 3apsiioB BBOJUTCS TOHSATHE CpeoHe20 MOKA B
TE€YEHHE HEKOTOPOTo MPOMEXKYTKa BpeMeHHU At:

o = j—‘f, (2.1.2)
rae Ag — 3apsij, IpoXOJUMBIH yepe3 MonepeyHoe ceueHue MpoBOJAHMKA 3a BpeMs At. B ciyuae
IIEPEMEHHBIX TOKOB M2CHOBEHHOE 3HAYEeHUEe CUNbl MOKA ONPEIEISIETCS NPENeIoM, K KOTOPOMY
CTPEMUTCS CpeJlHEE 3HaYEHUE TOKA, KOTAa BPEMsI, 3 KOTOPOE OHO OIPEAEISAETCA CTPEMUTBCS K
HYJIIO:

I'=lm [, = lim M:ﬂ, (2.1.3)
At—0 At—0 At dt
T.€. MTHOBEHHBIN TOK YHMCJIECHHO PaBEH MPOU3BOIHOM 10 BPEMEHHU OT 3apsjia. 3a €JUHUILY CHUIIbI
ToKa mpuHuMaetcs 1A (ammep).
DNEeKTpUYECKUN TOK MOXKET ObITh pacrpesieliéH HEPaBHOMEPHO MO CEYEHUIO MPOBOIHUKA.
B 5TOM cllydae TOK HPUHATO XapaKTepU30BATh MIOMHOCHIbIO MOKA j . DTOT BEKTOP YUCIEHHO
paBeH 3apsay, IPOTEKAIIEMY B E€IMHMILY BPEMEHM 4Yepe3 EIUHUYHYI IUIOLIAJKY,
YCTaHOBJIEHHYIO NIEPIEHAUKYIISIPHO NEPEMELICHHIO 3apSAI0B:

j=d4_ (2.1.4)
deds |
VYuursiBas popmyiny (2.1.3), Ui IIIOTHOCTH TOKA MOJIYYUM BbIpaKEHUE:
dl
f=——o0. 2.1.5
= s, (2.1.5)

HaHpaBHCHI/IC BCKTOpPaA INUVIOTHOCTHU TOKa j COBIMAAaCT C HAIIPABJICHUCM YHOPAJOYCHHOI'O
ABHIXKCHUSA ITOJIOKUTCIIbHBIX 3apAa0B. IInoTHOCTE TOKa HU3MCPACTCA B ‘A/ 2 -
M

JUis TOSsIBIEHHS M CYLIECTBOBAHUS D3JIEKTPUUECKOTO TOKAa HEOOXOAMMO BBINOJIHEHUE
HEKOTOpBIX yciaoBUil. Bo-mepBbix, HEOOXOAMMO HaJlMYME B JIAHHOM Cpele 3JIEeKTPUYECKHX
3apsA70B, KOTOpbIE MOIIIM Obl B HEel CBOOOJHO mepeMeniaThcs. TakuMu 3apsiiaMd B MeTajulax
SIBJISIFOTCA 3JIEKTPOHBI IPOBOJAMMOCTH; B )KUAKOCTAX — MOJIOKUTEIbHBIE U OTPULIATEIbHBIE HOHBI;
B ra3ax — MOHBI U 3JIEKTPOHBL. BO-BTOpBIX, /Ui CyIIECTBOBaHMS TOKa HEOOXOAMMO HaJIM4YUE B
JAHHOW CpeJie AIEKTPUUYECKOTO IOJIsl, SIHEPIUsl KOTOPOro 3aTpayuBaach Obl Ha MepeMelleHHe
3apsnoB. st Toro, 4ytoObl TOK OBLI AJUTENBHBIM, 3HEPIUs AJIEKTPUUYECKOTO MOJs JOJDKHA



MOMOJHATECS 3a CUET YCTPOWCTBA, B KOTOPOM KakOW-IMOO BHJI JHEPIHMH HENPEPHIBHO
peoOpa3oBbIBAJIICS Obl B HSHEPrUIO0 3JIEKTPUUYECKOTo Moysl. Takum yCcTpOWCTBOM SIBJISETCS
HCTOYHUK TOKa. B-TpeThbux, HE00X0JMMO HaJIMUUE 3aMKHYTOMN AJIEKTPUUYECKON LIS H.

Py P, Paccmotrpum sto Gosee moapoOHo. Ilycts

| g A ) MMEeTCs JiBa MPOBOJAHMKA | W 2 B BHJE IIApOB,
+ ) @ ( 5 s 3apsDKEHHBIX J0 MOTCHIHUAIOB @, U (,, IPUUEM

+ +

\ 7
" ’ npoBogHUKOM A. ITonoxxurenbHble 3apsabl OyayT
~ F s repeMeniaTeCs I0 IMPOBOJAHMKY OT mapa | ¢

S —

—® f); OOJBIIMM NOTEHLHAJIOM K IIapy 2 ¢ MEHbIIUM

OTCHIMAJIOM. OnHako 9TO MNEPEMCUICHUC

0,>0, (puc. 2.1). CoequauM  1maphl

Puc. 2.1 3apsA0B OyJeT mpoJoJKaThCs O TeX MOp, MOoKa

MOTEHIIMAJIBI IAPOB HE BBIPOBHSIOTCS. J(pyrumu cioBaMi, 3J€KTPUUECKUN TOK B IPOBOJHUKE A
OyZeT KpaTKOBpeMEHHbIM. {7151 Toro, 4ToObl MOAAEPKUBATH TOK JIOCTATOYHO JUIUTEIbHOE BpeMs
HE0OX0IMMO OT 1Iapa 2 ¢ MEHbUIUM MOTEHIMAJIOM HEMPEPHIBHO OTBOJUTH MEPEHOCUMBIE CIOJIA
TOKOM II0JIOKUTEIbHBIE 3apsijibl, a K mapy 1 ¢ O0NbIINM MOTEHIMAIOM UX MOABOIUTH IO MYyTH:
2-B-1, T.e. HEOOXOAUMO OCYILLIECTBUTH KPYrOBOPOT 3apsi/I0B, IPU KOTOPOM OHU JBUTAIUCH ObI IO
3aMKHyToMy nyTu. [losToMy B 3aMKHYTOH IiemM Hapsily ¢ y4yacTkoMm 1-4-2, Ha KOTOpOM
MIOJIOKUTEIIbHBIE 3aps/Ibl IBUXKYTCA O] JEMCTBUEM 3JIEKTPUUECKOIO MOJISl B CTOPOHY YObIBaHUS
MOTEHIIMAJIA, JIOJDKEH ObITh ydacToK 2-B-1, Ha KOTOPOM NEPEHOC MOJOXKHUTENIbHBIX 3apsioB
MIPOMCXOJUT B HANpaBJICHUHM BO3pAaCTaHUs MOTEHIMala, TO €CTh MPOTHB CHJI AJIEKTPUUYECKOTO
nosist . [lepemenienue HocuTeneil 3apsiioB Ha ATOM Y4acTKE BO3MOJKHO JIMIIb C TOMOILBIO CHII
HedNIeKMpUyecko2o TPOUCXOXKJIEHUS, HA3bIBAEMbIX CMOPOHHUMU CULAMU. DTO MOTYT OBITH
MEXaHUYECKUE CUJIbI, XUMUYECKUE, MEXaHUYECKHE U T.II.

CropoHHHME Ccuibl CcO3JaroTcsl Oyarojapsi UCTOYHUKY TOKAa, OCHOBHOM XapaKTepHUCTUKOMN
KOTOPOTO SIBIISIETCSL  anekmpoodsudcywas cuna. Ilox snexrpoasmxymienn cwion (3C)

NOHUMAETCA (pU3HYECKas BEIMYMHA, YUCIECHHO pPaBHAs OTHOIIEHHIO paboThl A, , COBEpIIaeMON
CTOPOHHMMH CHJIAMHU I10 NIEPEMELICHUIO 3apsizia (, K BEIMYMHE 3TOr0 3apsja:
A,
g=—". (2.1.6)
q

Enununa uzmepenns 3/1C ta ke, 9TO ¥ NOTCHIIHAIA — BOJIBT.
CroponHio0 cuity F, , IEHCTBYIONIYIO Ha 3apsj g, GOpMalbHO MOXKHO IPEJCTAaBUTh IO
AQHAJIOTUU C IEKTPOCTATUYECKON CUJIOMN:

F =qE (2.1.7)

rae E, - HanpskEHHOCTh (OPMAbHO BBEIEHHOIO IOJA CTOPOHHUX CHIL OJIEMEHTapHYIO

cm?

paboTy CTOPOHHHUX CHJI MO>KHO 3aIlicaTh B BUJE:
dA=F, dl =qE_dl,
rae dl - SIeMeHTapHOe mepeMeleHie 3apsiaa. PaboTy CTOPOHHHX CHII HAJ 3apsoM ¢ Ha BCEM
MPOTSHKECHUHU 3aMKHYTOM 1€ MOYKHO BBIPA3HUTh CIACAYIOMIUM 00pa3oMm:
A={F,dl =q§E,dl . (2.1.8)
! !

[ToacraBnsis 3T0 BelpaxeHue B popmyimy (2.1.6), nonyuum:
e={E,dl . (2.1.9)
!

Takum o6pazom, DJIC, neiicTByronasi B 3aMKHYTOM LI€NU, YHCIEHHO paBHA LUPKYJISALUU
BEKTOpa HANPsHKEHHOCTH T0J11 cTopoHHUX cuil. DJC, nelicTByromas Ha KOHEYHOM yJacTke 1-2,
OYEBM/IHO, pPaBHa:



2
£, =[E,dl. (2.1.10)
1

[Io cBoemy ¢uznueckomy cmbicny DJIC HCTOYHHMKA TOKa YHMCIEHHO paBHa pabote
CTOPOHHHUX CHJI MO TEepeMENIeHNI0 eMHnIHOTo 3apsiaa. CormacHo, Gopmyne (1.5.3) pasHocTh
MOTEHIIMAJIOB YMCJIEHHO paBHAa pPa0OTe AIIEKTPOCTATHYECKHX (KYJOHOBCKMX) CHJI IIO
MepEeMEIIeHUI0 eTMHUYHOTO 3apsia:

Qo —p, =—=. (2.1.11)
q

Ecnmm na ywactke 1-2 snekTpuyeckoW LeNM Ha 3apsA] NPOBOJUMOCTH JEHCTBYIOT
OJIHOBPEMEHHO KYJIOHOBCKHE U CTOPOHHME CUJIbl, BBOJUTCS MIOHATUE NAOEHUS HANPANCEHUs_ NN
npocto  Hanpaxcenue U,,. HampsbkeHne nokasblBaeT, Kakas paboTa  COBepILAeTCs
OJIHOBPEMEHHO KYJOHOBCKUMH M CTOPOHHHMMH CWJIAMM IO IEPEMEIIECHUI0 €IMHUYHOTO 3apsia
Ha JAaHHOM YyYacCTKe:

A A
U,=—* +f28+((p]—(p2). (2.1.12)

Ecnu Ha paccMaTpuBaeMOM y4yacTke 1enH 1-2 OTCyTCTBYIOT UCTOUHMKH TOKa (& = (), TO

Uo=¢,-9,, (2.1.13)

TO €CTb JIA TAaKOIo y4dacCTKa 1-2 monsaTus MaaCHUs HaIPAXKCHHUA W PASHOCTH IMOTCHIMAJIOB
COBIIAJArOT.

2.2 3akon Oma
Breimenum B 3aMKHYTOM aiiekTpuuecko 1ienu (puc. 2.2) 00HOpoOmwili ydacTok 1-2.
Y4acTok Ha3bIBaCTCS OJHOPOIHBIM, €CIIM OH COCTOMUT W3 PA3IMYHBIX IO CBOMM CBOMCTBaM
METAUTMICCKIX TIPOBOJHMKOB M Ha HEM OTCYTCTBYIOT HCTOYHHKH Toka. OCHOBHOM
XapaKTePUCTHKOW OJHOPOIHOTO y9acTKa SIBIIICTCS conpomusieHue TPOBOJHUKA R. Benmunna
COIIPOTHBIICHUS ITPOBOJHHUKA 3aBUCHUT OT €ro (hOpMBI, pa3MepoB, a TAK)KE OT CBOMCTB MaTepuaa,
M3 KOTOPOTO OH U3rOTOBJEH. [|JIst OTHOPOAHOTO IMIITHHIPHYECKOTO TIPOBOTHUKA:
R= pi , (2.2.1)
S
rjae [ - JUTMHA TIPOBOJHUKA, S — IUIOMAb MOMIEPEYHOTO CCUCHHS, P - YOeIbHOE CONPOMUBLEHUE

MIPOBOJIHUKA, KOTOPOE MOKa3bIBAET, KAKUM COIPOTHUBIIEHUEM 00J1a1aeT MPOBOIHUK JUIMHON 1M 1
2 .
ionaapio ceyeHus: 1M”. Enununeil usmepenus yJenbHOro conpoTHBiIeHus sBiseTcs 10M-M.

e || r OmBIT MOKA3bIBAET, YTO CHJIA TOKA B OJHOPOJIHOM
|| y‘-IaCTKC IIecun prIMO HpOE[OpHI/IOHaIH)Ha paBHOCTI/I
IIOTECHIIUAJIOB, HpHHO)KeHHOI/I K 3TOMy y‘IaCTKy, nu

00paTHO MPOIOPLUHOHAILHA COMPOTHUBJIEHUIO 3TOTO

A ydacTKa:
I R [=2"% (2.2.2)
(pl =T 1 (PZ R
— 1 " VYuuteiBasg, 4YTO I OJHOPOJHOIO  y4acTKa
1 = cipaseymBa popmyna (2.1.13), momydum:
f\ _ U12
\Yj I = 2 (2.2.3)

Puc. 2.2 Ota ¢opmyna BeIpaxkaer 3akoH Owma 014

00HOPOOHO20  Yyuacmka  yenu, 3alUCAHHBIA B
uHTerpasibHON (opme. 3akoH OmMa MOXKHO 3amucarh Tak ke B quddepenunansuont popme. s
3TOTO BBIACIMM B OKPECTHOCTH HEKOTOPOM TOYKH BHYTPH OJHOPOJHOTO TIPOBOJTHUKA
AJIEMEHTAPHBIA IUIMHAPUYECKUN O00BEM Tak, 4TOOBI ero oOpa3yromiue ObUIM TapaylIeIbHBI
BEKTOpY IUIOTHOCTH TOKa , B JaHHOH Touke (puc.2.3) mnpoBofnuka. Jlas JaHHOTO

SJICMCHTAPHOTI'O Y4acCTKa IMPOBOJHNKA 3aKOH Oma MOJKHO 3amnucaTh B BUJEC:



_a
dR

dI : (2.2.4)

dl rae dU — HanpsbkeHue MPUWIOKEHHOE K LMIUHAPY

- | dU=Ed], dR:p%. Ha ocnoBanuu Qopmynsr (2.2.4)

\ \ E Vi
[ 9= o | HaiigéMm:
] d 1
i j=-E, 2.2.5)
Puc. 2.3 P
WIn
j=GE, (2.2.6)
1
rie G=— - BeNMYHHA, OOpaTHas YJEIbHOMY CONPOTHBIEHHIO, HA3BIBAETCA yOEIbHOL
p

91eKmponpo8ooHocmuto MpoBoHuKa. Dopmynsr (2.2.5) u (2.2.6) BeipaxkaroT 3akoH Owma s
OJTHOPOJHOTO y4acTKa IIETH, 3allMCAaHHOTO B TU(QepeHIHaTbHON hopMe: nI0omHOCHb MOKA 6
HeKOmopoll moyke 00HOPOOHO20 NPOBOOHUKA NPAMO NPONOPYUOHATLHO HANPSAHCEHHOCMU NOJISA 8
MOt MouKe U YOelbHOU eKMPONPO8OOHOCHIU.

€ | | PaccmotpuMm Tenepp HEOTHOPOIHBIN y4acToK 1-2
| | HEOJHOPOAHON wLenu (puc.2.4), KOTOPbI BKIIOYAET B
ce0s conporuBieHue R u ncrtounuk toka ¢ DJC g,

Ecnum nanpspkeHuMe Ha HEOJHOPOJHOM ydacTke 1-2
@ paBHO U, , TO coriacHo 3akoHa Oma (2.2.3) umeem:
U]2
1 | I i VYuursiBas BeipaxkeHue (2.1.12), mosyuum BbIpaskeHUE:

I = (01 —p2) +e

= , (2.2.8)
O, :

KOTOpPOE COOTBETCTBYET  3AKOHY Oma onst

Puc. 2.4 HEOOHOPOOH020  yYaACmKAd Yenu. ITO BBIPAKECHHE
MO>KHO 3aITiCaTh B BUJIC:
IR = (9, —¢,)+¢€,,. (2.2.9)

PaccmMoTpuM 3aMKHYTYIO 1enb MOCTOSIHHOTO Toka (puc. 2.2). 3/1C ucroyHuka paBHa €,
€ro BHYTPEHHEE COIPOTHBIICHUE 7, CONMPOTHBIICHHE BHEIIHETO ydYacTKa Lenu (Harpys3kw) R,
COIIPOTHUBJIEHUEM IIPOBOJIOB NpeHeOperaeM. Tok Te4ET B HAPaBJICHUH, YKa3aHHOM CTPEJIKO.

1o 3axkony OMa /J1s1 BHEIIHETO yyacTka Lenu 1-2 numeem:

IR=0,-9,.

BHyTpeHnHuil ydyactok menu siBIsieTcsi HEOJAHOPOAHbIM: oH coaepxutr DJC &, koTopoe
uMeeT BHyTpeHHee compoTuBienue r. Ha ocHoBanum (2.2.9) 3akon Oma Jyig 3TOro ydacTka
3aITUIIETCS B BHJIE:

Ir=(py - ;) +e.
CrnoxuB 006a paBeHCTBa, OJIYYUM:

IR+1Ir=c¢.
OTkyna nmeeM:
€
J = . 2.2.10
R+r ( )

Ota Gopmyina BeIpakaeT 3axon Oma 0 NOIHOU Yenu: Cuia moxkda 8 NOJHOU Yenu pasHa
NEKMPOOBUICYUell CUle UCMOYHUKA TOKA, OeleHHOU HA CYMM)Y CONPOMUBIEHUL 8HEUHe20 U
BHYMPEHHEe20 Y4aACMKO8 Yenu.



2.3 CoenuHeHne NPOBOAHMKOB JIEKTPUUYECKOM LENHU
Pazaugaror IMOCJICA0BATCIBHOC U MAapaJICIIBHOC COCAUHCHUEC ITPOBOIHUKOB.
Ilocneoosamenvroe coeounenue. HpI/I MMOCJICA0OBATCIIbBHOM COCAUHCHHUU IIPOBOJHHUKOB
(puc. 2.5) cuna ToKa BO BCeX MPOBOJHUKAX OJTMHAKOBA!

I=1=1,=..=1 (2.3.1)

u

A, U U5 {/s
e I s o =
1 R1 R2 Ri’i 2

Puc. 2.5

N3mepuB Hanpspkenne U Ha Bcel LENM, a 3aT€M HAa KaXIOM M3 €€ y4acTKOB, MOKHO
YCTaHOBUTD, YTO
U=U+U,+..+U,. (2.3.2)
[Ipumensis 3akoH Oma A ydyacTka LENM IO BCEH BHEIIHEW LEMU, COMPOTUBIICHHE
KOTOPOM R, M K KaXIOMy U3 IOCIEIO0BATECILHO COCIMHEHHBIX NPOBOJHUKOB Ri,R),...R,,
MTOJTY4YHM:
U=IR;U =IR;U,=1IR,,..U, =1IR,. (2.3.3)
Otcrona ¢ yuérom cooTHouieHus (2.3.2) cienyer:
IR=IR +IR, +..+IR ,
I
R=R +R,+..+R, . (2.3.4)
Ilpu nocneoosamenvhom coeOuneHuu HNOIHOE CONPOMUBTIEHUE UeNnU pPABHO CYMMe
CONPOMUBNIEHULL 8CEX €20 OMOENbHbIX NPOBOOHUKOS.
N3 dopmyn (2.3.3) cnenyet, Hanpumep, 4TO
U] _ Rl
U2 R2
Hanpsasxcenuss na nocnedosamenvHo cOeOUHEHHBIX NPOBOOHUKAX — PACHPEOesIIonCsl
NPONOPYUOHANLHO UX CONPOMUBTEHUAM.
IIpn napannenvnom coedunenuu MpoBOAHUKOB (puc. 2.6) Hanpsbkenus U;,U,,...,U, Ha

(2.3.5)

HHUX OJJMHAKOBBI U PABHBLI HAIIPAKCHUIO HA BCEH OCIIn:

U:U1:U2:...:Un (236)
il Ry N3mepuB cuny Ttoka / B HEpa3BETBIEHHOM
| | LENH U B KaXKJ0M €€ BeTBu: [],15,...,1, molydum:
I=L+1)+.+1,. (2.3.7)
! 1y R O603HAYNM MOJTHOE CONPOTHBIIEHHE
o ] O pa3BeTBIEHHON 1enu (Mexay Toukamu 1 u 2) uepes
1 | I 2 R, a compoTHBIECHHST KaXKIOTO IMPOBOJHUKA Yepes
i i Ri, Ry,...,R,. 3 3akona Oma nisi ydacTka LIETH
| | CIIelyerT:
In_ Rn =Y Y- Y =Y ess)
'. | R R, Ry .
Puc. 2.6 Orcioga ¢ yué€roM cootHoueHus (2.3.7)
MOJIy4aeM:
l:L+L+...+L. (2.3.9)
R R, R, R,

Benuuuna, obpammuas conpomuenieHuro 6ce20 pa3BemenEéHHO20 YYACMKA Yenu, paeHa
cymme GenuyuH, OOPAMHBIX CONPOMUBTEHUAM KANHCO020 U3 NAPALIEIbHO COCOUHEHHBIX
NPOBOOHUKOS.




N3 cootHomenuii (2.3.8) MOXKHO, HapUMEP, MOJIYUUTh:
I _ Ry
Iy R
Cunvt moxoe 6 npo8OOHUKAX, COEOUHEHHBIX NAPANNENbHO, OOPAMHO NPONOPYUOHATbHbL UX
CONPOMUBTEHUSM.

(2.3.10)

2.4 PaGoTa 1 MOIIIHOCTH MOCTOSIHHOI'O 3JIEKTPUYECKOIr0 TOKA
Ecnu mo mpoBOJHUKY CONPOTUBIEHUEM R B T€UEHHE BPEMEHU ! MPOTEKAET MOCTOSHHBIN
TOK, TO paboTa CHJI IEKTPUIECKOTO MOJIs (MIIH paboTa SJIEKTPUIECKOTO TOKA) IO MEPEMEILICHUIO
3apsijia ¢ paBHa:

A=qU, (24.1)
rae U=IR — najgeHue HanpsOKeHHS Ha JAHHOM MPOBOJJHHKE. YUYUTHIBAs, UTO COTJIACHO (opMyIie
(2.1.1) g=It, naitném:

2
A=1IUt= IRt :%. (2.4.2)
MomHoCTh P 31eKTpUYEeCKOT0 TOKA PaBHA!
A 2
P=7=12R=U7=1U. (2.4.3)

Enununeii padotsl anekrpuueckoro Toka B CU sBisieTcst 0orcoyib, €NMHALICH MOIITHOCTH —

eamm:
1Jxk=1Kn-1B; 1Bt = e _ IA-1B.
Ic

Jliig pacy€ToB paboThl U MOUTHOCTU TOKA MPUTOAHBI JIIOObIE BBIPAXKEHUSI U3 COOTHOIIEHUM
(2.4.2) u (2.4.3). Ecnu ke MBI XOTUM CpPaBHUTH, B KAKOM W3 PE3UCTOPOB R W R, BBIIETUTCS
0oJIbIIIasi MOIIHOCTH (COBEPIIUTCS OOJbIast paboTa), TO CIeAyeT Y4eCTh CIIOCOOBI COSTUHEHUS
3TUX pe3ucTtopoB. llpu mnocnemnoBaTenbHOM COEIUMHEHMM PE3UCTOPOB CHJIA TOKa B HHUX
0JIMHAKOBA; 110 opmyne P =I°R BUmuM, uTO GONBIIAS MOIIHOCTH BBIIETHTCA y PE3HCTOpPA C

00JbIIMM CcONpOTHBIECHUEM. llpu mnapayienbHOM K€ COEIUHEHUM 3TU PE3UCTOpbl OyayT
2

HaxOJIUTHCS TIOJI OJIMHAKOBBIM HampspkeHueM. [loatomy cormacuo gopmyne P = 3 0oJbIIast

MOIIIHOCTb BBIJCJIUTCS HA PE3UCTOPE C MEHBIIUM COIIPOTHBIICHUEM.

Ecnu snektpudeckuil TOK NpOTEKaeT B LIENHU, IJ€ HE IPOUCXOIAT XUMHUUECKUE PEaKIUK U
HE COBepUIaeTcs MEXaHuueckas paboTa, TO SHEpPrusl 3JIEKTPUYECKOIro IOJIsl MPEeBPAILAeTCsl BO
BHYTPEHHIOIO 3HEPI'HI0 IIPOBOJHUKA U €ro Temreparypa Bo3pactaer. [lyrem TemnooOMeHa sta
SHeprusi B GopMme TEIIoThl mepefaércs OKpyXKarolluM Oojiee XOJIOAHBIM TenaMm. M3 3akoHa
COXPAHEHHUS PHEPrUM CIEAYeT, YTO KOJIUYECTBO TEIUIOTHI, BBIACISIEMON B MPOBOJHUKE, PABHO
paboTe 3MeKTPUUECKOro TOKa:

2
O=d=12p =Yt (2.4.4)
R

DTOT 3aKOH Ha3bIBAETCS 3aKOHOM [[ycoyns — Jlenya, 3aniucaHHbIA B UHTErpaJIbHOM (hopme.
TemnoBoe AelCTBUE NEKTPUUYECKOTO TOKA HAXOIUT IIMPOKOE NMPUMEHEHHE B ObITY M TEXHUKE:
JIaMIIbl HAaKaJIUBaHUS, AIEKTPUUECKUE TUIUThI, KUMIATUIBHUKY, [I€YH JJIS IJIaBJICHUS METaJIOB U
MIOJIYIPOBOIHUKOB U T.JI.

Ot dopmynsr (2.4.4), ompenensitomield KOJMYECTBO TEIUIOTHI, BBIJCISIEMOE BO BCEM
MIPOBOJHUKE, MOXHO NEPEUTH K BBIPAKEHHUIO, XapAaKTEPU3YIOIIEMY BBIJIEICHHE TEIUIOTHI B
Pa3IMYHbIX TOYKAxX MpoBOJHUKA. [[1s HaxoxaeHus nuddepeHuanbHON GOpMBI 3allUCH 3aKOHA
Jbxoyns — JleHna BbLAETUMM B IPOBOJHUKE D3JEMEHTapHbII 00bEM B BHUIE UWIMHIpA,
o0pa3yromne KOTOPOTrO COBMAAAIOT C BEKTOPOM TUIOTHOCTH Toka (puc.2.3) . CorjaacHO 3aKOHY



Jlxoymst — JleHma 3a Bpemsi df B paccMaTpuBaeMOM DJJIEMEHTApHOM OOBEME IPOBOIHUKA
BBIJICJISIETCS TEIJIOTA:

dQ = dI*dRdt . (2.4.5)

VYuureiBas, uro dI = jdS, dR = p% , HAaaEM

dQ = pj’dSdldt
1501051
dQ = pj*dvidt, (2.4.6)
rae, dV =dSdl- BennuuHa sneMeHTapHOro 00BEMa mpoBogHuKa. KommdecTBo Temiotsl dQ,
OTHECEHHOE K EIUHMIIE BPEMEHM U K eauHHIe OO0BbEMa IMPOBOJHUKA HA30BEM YOerbHOU
Meni080U MOWHOCMbIO MOKA.:

P
w29 _4° (2.4.6)
didv —dV
YuuteiBas BeipaxkeHue (2.4.6), Hailném:
o=pj’. (2.4.7)
Bocnonp30BaBIINCh H3BECTHBIMU COOTHOIICHUSMU: P = l; j =oF , nony4um
c
0=0cE". (2.4.8)

Boipaxxenus (2.4.7) u (2.4.8.) npencrasisaoT coboil auddepeHnanbHy0 3aIUch 3aKOHa

9 o . Bt
Joxoynst — Jlenna. Exununeit i3MepeHns yeIbHOMN TEIIOBOI MOIIHOCTH sBJIseTCs: 1 —-.
M

2.5 KoappuumeHT M0J1€3HOr0 AeCTBUSA UCTOYHNUKA TOKA
PaccmoTpuM 3aMKHYTYIO 3J€KTPUYECKYIO TeMb (puc.2.2), COCTOSIIYI0 U3 UCTOYHUKA TOKa
¢ O/IC & W BHYTpEHHHM COINIPOTHBIICHUEM 7, a TaK K€ BHEITHEH IEMH, ITOJTHOE COMPOTHBIICHUE
kotopoit paBHO R. CompOTHBIEHHEM TOJBOJAIIMX ITPOBOJOB OyneMm npenedperatb. CoriacHo
3akoHy OMa JUIs TTOJTHOM TIeTIH UMEEM:
I=—2.
R+7r
[Tome3Hnasi MOIIHOCTH, BBIFETsieMas Ha BHEIIHEM YYacTKe IIeNH, TO €CTh Ha Harpyske,
corsacHo ¢opmyiie (2.4.3) paBHa:

(2.5.1)

P=1U=1IR, (2.5.2)
rae U = IR - najneHue HanpsbkeHus Ha Harpyske. C yuérom gpopmysnsl (2.5.1) nomydum:
2
R
p=—""_ (2.5.3)
(R + r)

Hccnenyem, kak U3MEHSETCS TOK B LIEMH U BEIMYUHA MOJIE3HOM MOILIHOCTH, BBIIEISIEMOM B
Harpyske, OT BEJIMUMHbBI BHEIIHETO COMPOTHUBIICHUS R.

Bo-nepBbix, mpu R — oo (T.e. Korja 1enb pazoMkHyta) nosydaem: /=0 u P=0. Bo-BTopbIX,
npu R — 0 (Tak Kak CONPOTHUBIIEHUE HAIPY3KU PABHO HYJIO, MBI UMEEM KOPOMKOE 3aMbIKaAHUE
L[EN1) TOK B LIEMHU JOCTUIaeT MaKCUMaJIbHOTO 3HAYCHHUSI:

I, == (2.5.4)

KOTOPO€ Ha3bIBACTCS MOKOM KOpomko2o 3amvikanus. CornacHo ¢popmynam (2.5.2) u (2.5.3) npu
R — 0 moJie3Has MOIIHOCTh TakXke cTpeMutcs K Hynr: P=0. M3 3TuX paccyXAeHHi Clenyer,
YTO [PU HEKOTOPOM COOTHOLIEHUH MEXAY R U 7 10JIe3Hasi MOLHOCTD, BbIAEsieMasi Ha Harpys3ke,
MMEEeT MaKcuMajabHOe 3HadeHuwe. Jliusg HaxoxaeHus wmakcumyma ¢yaknun — (2.5.3)
npoauddepenuupyem e€ o R (cuutas r =const U € = const ) U NIPUPABHUBAEM IIPOU3BOIHYIO
K HYJIIIO:



P _ ,d| R , (R=7r)

— =g —% =0
dR ™" R R4 | (Rery
P JlaHHOE BBIPQKCHUE BBIMTOTHSICTCS, SCIIN
(R-r)=0. CrnenoBatenbHO, roJie3Has

MOUIHOCTb, Pa3BUBacMasi HCTOYHUKOM TOKa B
| Harpyske, OyJeT MakCUMalbHOW, ecliu
| CONIPOTHBIIEHHE R BHEIIHEH LENU pPaBHO
) l BHYTPEHHEMY COIPOTHUBIICHUIO 7 HMCTOYHHUKA
0 R=r R Toka: R=r. Taxkasg Harpy3ka Ha3bpIBaeTCs

Puc. 2.7 coenacosannou. Ha  puc.2.7. mnoka3aHa

rpaduueckas 3aBUCHMOCTD IIOJIE3HOU
MOIIHOCTH OT CONPOTUBIICHUS HArPY3KH.
[Ipy npoxoKJeHUN TOKA MO 3aMKHYTOW LENH MOIIHOCTH BBIJEISIETCS TAKXKE U B CaMOM
ycTounnke Toka: P’ =I’r. MomHoCTh, BbIIeIsAeMas BO BCei 3aMKHYTOM LI€NHU, HA3bIBACTCS
NOJIHOU MOWHOCMbIO:

P =P+P=DIR+I’r=I*(R+7). (2.5.5)
VYuursiBas popmyiy (2.5.1), Hailném:
2
€
= ) 2.5.6
° R+vr ( )

Orcropa cnenyer, 4ro Ipu R — oo TOJIHAs MOIIHOCTH CTpeMutcsa K Hymo: P =0. Ilpu

R=0 (T.e. mp1 KOPOTKOM 3aMbIKaHUH) MOJIHASI MOIIIHOCTh JIOCTUTaeT MaKCUMaJIbHOTO 3HAYCHMUSI:
2

P, =S=1_c¢, (2.5.7)
r

om

HO 3Ta MOLIHOCTH BBIAEISAETCA B CAMOM HCTOYHUKE TOKA.
Kosdpunmentom nonesHoro 1eiCTBUS UCTOYHUKA TOKA HA3bIBAETCSI OTHOILLEHUE TIOJIE3HOM
MOIIIHOCTH P K IOJHOM MOIIHOCTH P,:

P
=—. 2.5.8
n"=p (2.5.8)
n VYuursiBas popmynsl (2.5.2) u (2.5.5) Hailném:
- = — — s R
= , 2.5.9
1 R+r ( )
0.5 —— WIN
| 1
9] ; n= : (2.5.10)
R=r R 1+L
Puc. 2.8 R

W3 nosyueHHbIx opmyn cienyer, yTo Mmpu KopoTkoM 3ambikanuu (R=0), n=0. Ilpu
R =00 (uenp pazomknyra) m=1. Ilpu cormacoBanHoil Harpy3ke (R=r), KOrja pa3BUBAETCS
MakcuMmaibHas mosne3nas MonrHocTh KIIJ nmcrounmka toka paBen n=0,5, 1.e. n=50%. Ha

puc.2.8 nmana rpaduyeckas 3aBUCUMOCTh KOd(QHIMEHTa TOJE3HOTO JIEUCTBHUS  OT
COIIPOTHUBIICHUA HAI'PY3KHU.

2.6 IIpaBuna Kupxroda niist pa3BeTBJAEHHBIX JIEKTPUYECKUX Lemne
[Tonb3ysck 3akoHOM OMa, MO’KHO paccuuTaTh CHIIy TOKa Ha JitoOoM ydacTke nenu. Ilpome
BCEr0 PAcCCUMUTHIBACTCS CHJIa TOKAa B TOM Cllydae, €CJIM BHEIIHSS Lelb COCTOUT TOJIbKO W3
OJIHOPOJHBIX y4acTKOB. PacuéThl pa3BeTBIEHHBIX LENEH, colepKalluX HEOJHOPOIHbIE YYACTKU
LIeTIH, 3HAaYUTEIbHO cilokHee. s  ympomienus pacdera takux meneit [.P. Kupxrodom Obum
CO3/aHbl ClIelIMATIbHBIE [TpaBUIIa, Ha3bIBaeMble npasunamu Kupxeoga.



" [lepBoe mpaBWIO OTHOCHUTCS K y3JaM LeNH. Y3iom
j HA3bIBACTCS TOYKA OJJIEKTPUUYECKON IEeNu, B KOTOPOW CXOIUTCS
I 1 2 OoJsiee, yem aBa mpoBoHUKa (puc. 2.9). [lepBoe npaBmio Kupxroda
TJIACHT: aneebpauyeckas CyMma moKo8 OJisl Kaxco020 V3ld pPAGHA
HYTI0, m.e.

n
Iy I >, =0, (2.6.1)

i=1
Prc. 2.9 rJle 7 — YUCIIO IPOBOJHUKOB, CXOIAIIMXCA B y3le, a I, - TOKH B

MpoBOJHMKAX. IIpy 3TOM TOKM, NOAXOAAIIHME K Y3y, CUHTAIOTCS
IMOJIOKUTCIIbHBIMHU, a OTXOAAINHUE OT HETO0 — OTPULIATCIIbHBIMU. B YaCTHOCTHU, MJIA Yy3Jia
n300paxEHHOrO Ha puc. 2.9 uMeeM:

I,-1,+1,-1,=0.
Bropoe npasuno Kupxroda cocToUT B CIEAYIOLIEM: 8 JH000M 3AMKHYMOM HPOU3BOTLHO
8bIOPAHHOM ~ KOHmMYpe pA36emeNEHHOU  2NIeKMPU4ecKol yenu aneebpaudeckas Ccymma
npouszéedenuil cun mokoé I, na conpomuénenus R, coomeemcmeyrouux y4acmkos 3mo2o

Koumypa pasna ancebpaudeckoti cymme I/{C € _, Oeticmeyrowux 6 5mom KoHmype:

nl nZ
i=1 k=1
r€ n, - YUCJIO OTAENbHBIX YYaCTKOB, Ha KOTOpble pa3OUT KOHTYp, n, - uucio JJC,

NeUCTByIOIMX B JaHHOM KoHType. [lpu cocraBinenun ypaBHenuil (2.6.2) HeoOxoauMmo
YCIOBUTBCA O HampaplleHMH o0xoJa KOHTypa M 3Hakax cui TokoB [, m OJIC ¢ . 3a
HarpaBJeHne 00X0/1a KaX/JI0T0 KOHTypa MPHUHITO MPUHUMATh HampaBiieHue 00X0/a 10 9acoBOM
crpenke. Bce Toku /,, coBmajaromiMe MO HANPaBICHUIO C OOXOAOM KOHTYpa, CUUTAIOTCA

MOJIOXKUTCIIBbHBIMH, TOKH Ii’ HC COBIIAJAaromuMe € HalpaBJICHUCM o6x0na KOHTYpa, CUUTAIOTCA

OTPULATCIIbHBIMHU. SJIC €, HCTOYHHKA TOKa, OTHOCAIIAACSA K AAHHOMY KOHTYPY, CUHUTAIOTCA

MOJIOKUTEIbHBIMU, €CJIM OHU CO3Jal0T COOCTBEHHBIN TOK, HalpaBJIE€HHBbIH B CTOPOHY 00x0ja
KoHTypa. B mpotuBHOM ciydae DJIC cumraercs otpumarenbHoi. pyrumu cioBamu, D/(C
CUHTAIOTCS TIOJIOKUTEIBHBIMHM, €CIHM TpU 00X0/Je KOHTypa IO YacCOBOM CTpEJIKE OHU
BCTpEUaroTcs 0T MUHYca (-) K mtocy (+), B mpoTuBHOM ciydyae DJ[C — oTpunaTenbHbl.

| ¥y || £ B kauectBe mpumepa coctaBuM ypaBHeHHs (2.6.2)

2 JUIl HEKOTOPBIX KOHTYPOB LI€NH, M300paX€HHOW Ha puc.
I 2.10.

€ \

I

Jlnig kouTypa: 1-2-3-1 umeem:
Ly, + LR, +1,R, +1,r; =¢,—-¢,. (2.6.3)
Jlnia koutypa: 1-3-4-1 umeem:
Ra'| IR 1R +1r,+1r—1r~LR =5, ¢ —¢,.(2.64)
[Ipu cocraBnennn ypaBHenuit (2.6.1) u (2.6.2)
ClIEyeT PYKOBOJACTBOBAThCA CIECAYIOIIHM:
1. [IpousBosbHO BBHIOpaTh U 0003HAYUTH Ha
CXE€Me HalpaBJeHHE TOKOB BO BCEX BETBSX
3 (yJacTkax LIETId MEXIY COCEIHUMH Y3JIaMH)
LeMH.

2" R

Puc. 2.10 2. 3anucaTe IS m-Yy3JI0B, HWMEIOIIHUXCS B

cxeme, (m-1) ypaBuenne (2.6.1). Tak kak B
cxeme (puc. 2.10) nBa y31a, To ypaBHeHue (2.6.1) cienyer 3anucarh TOJBKO IS
OJTHOTO y37Ia.



3. Boigenutes B Lenu NpPOU3BOJIbHBIE 3aMKHYTbl€ KOHTYPbI M 3alldcaTh JUIsl HUX
cucteMy ypaBHeHu# (2.6.2). Ecnu B pa3BeTBIEHHON 1I€TIH p—BETBEU U M-y3JI0B, TO
YICJI0O HE3aBUCHUMBIX ypaBHeHUU (2.6.2) paBHO: p-m+1. Tak xak B cxeme (puc.
2.10) p=3; m=2, TO 4MCIO HE3aBUCUMBIX ypaBHeHUH (2.6.2) paBHO: p-m+1=2, T.e.
(2.6.3) u (2.6.4).

2.7 JaeKTpUYeCKHUil TOK B MeTAJLJIaX

Bbicokasi 35eKTpOnpoBOJHOCTh METAIOB OOYCJIOBJIE€HA TEM, YTO KpPOME 3JIEKTPOHOB,
CBSI3aHHBIX C SIIpaMU aTOMOB, B METaJUIaX MUMEIOTCSI C80000HbIe 3/IeKMPOHbL, OTOPBAHHbBIE OT
aTOMOB. OTU CBOOOJHBIE 3JIEKTPOHBI MOTYT JBUTaThCS XAOTHMYHO B IPOCTPAHCTBE MEXKIY
MOHAMH KPUCTANIMYECKOW PEHETKU. DJIEKTPOHHAs TEOpHUsl IMPOBOJUMOCTH METAJIOB Oblia
co3nana I1. JIpyne B Hadasnme mpomioro Beka U MOJydnsia JajibHeHIee pa3BUTHE B paboTax
I".Jlopenua. [IpennonoxxeHue 0 TOM, YTO HOCHUTEIISIMU TOKa B METAJJIaX SBJISIIOTCS AJIEKTPOHBI,
OBbLIO SKCIIEPUMEHTAIILHO JI0KA3aHO B OMbITaX, HOCTaBleHHBIX B 1913r. poccuiickumu Gpuznkamu
JL.U Manpensmtamom u H.JI. Ilananekcu u B 1916r. Anrnuiickumu ¢usukamu P.Tonmenom u
T. CrroapToM. B 0CHOBE 3THX OTBITOB JIEKUT MPEANIOIO0KEHHE O TOM, YTO €CIIM METAIIIMYECKUM
MIPOBOJIHUK MIPUBECTH B ABMXKEHUE U PE3KO 3aTOPMO3UTh, TO CBOOOAHBIE AJIEKTPOHBI JOJHKHBI MO
MHEpPUMH TMPOJIOJKATh JBUKEHHE OTHOCHUTEIbHO HOHHOM pemérku. CleqoBaTenbHO, B
MIPOBOJHUKE IpPH €ro OBICTPOM OCTAaHOBKE JIOJUKEH BO3HUKHYTH KPATKOBPEMEHHBIM TOK.

VYka3aHHbIE OTBITHI MMO3BOJIMIN ONPEIEIIUTh yIEIbHBIA 3apsi 9 Hocureneit Toka B MeTaIAX.
m

Brluncnennass BenwmuMHA YACTBHOTO 3apsia 4 okazanach Gmu3KOif K BenMUMHE
m m
XapaKTEPHOM JIJIsl AJIEKTPOHA (e - 3apsi/l JJIEKTPOHA, M - €T0 Macca).

B kmaccuueckoil 2JIEKTpOHHOW TEOpUU CBOOOJHBIC DJIEKTPOHBI METaIa YIOJI00JISIOTCS
UJeaIbHOMY MOJIEKYISIPHOMY T'a3y U paccMaTpUBAIOTCS KaK CBOCOOpPA3HBIN 971eKMPOHHbIU 2a3.
[Tomarasg, 4TO0 Ha DBJEKTPOHHBIM Ta3 MOXKHO PACHPOCTPAHUTH PE3YAbTATHI MOJEKYISPHO-
KHHETUYECKOU TCOpUHU, OLOCHUM CPCAHIOI0 CKOPOCTH XAaOTHUUYCCKOro TCIIJIOBOTO IOBWIKCHUSA
3JIEKTPOHOB:

8kT
ch = E , (271)

_ e i
roe k=138-10 23 HT_ nmocTosiHHasA bojblMaHa, m=9,1'103 ' kr — macca anekTpona. s

KoMHatHOW Temmeparypsl (T=300K), momyumm: v, ~10° /% . CnepoBaTenbHO, CKOPOCTH

TEIJIOBOTO JABM)KEHHUS JIEKTPOHOB B COTHH pa3 MPEBBILIAET CKOPOCTh MOJIEKYJI UAECAIBbHOTO rasa.

[Ipu BKJIFOUEHUM BHEUIHETO AJIEKTPUYECKOTO MOJsI HAa XaOTHYECKOE TEIIOBOE JBM)KEHHE,
IIPOUCXOJIAIIEE CO CKOPOCTBIO V¢p, HAKIAJBIBAECTCS YNOPAJOUYCHHOE JBUKEHUE DIIEKTPOHOB C
HEKOTOPOH CPEelHEH CKOPOCTBIO U, . OLEHMM BENHIMHY 3TOH cKopoctd. Ilo ompexencHuio

TUTOTHOCTH TOKAa UMEEM:
J':i:i:ﬂ, (2.7.2)
S St St
rae S — ionaas MOMEPEeYHOTO0 CEYCHUs MPOBOTHHKA, N — YHCIO 3JIEKTPOHOB, MPOXOSIINX
gyepes3 MOIEepPeYHoe CeUeHHUE IIPOBOAHUKA 3a BPEMS £, € — BEIMUMHA 3apsa/a MIEKTPOHA. Y MHOXKHUM
YUCIUTENb U 3HAMEHATENb MOCIEAHETO BIPAKEHUS HA JUIMHY / IPOBOJHUKA U YUTEM, uTO S/=V
— 00bEM npoBogHuKa. [Tomyqnm:

. eNl
j=——=enu

7 s (2.7.3)



raic u

cp =—- - CKOpPOCTb HaAIpPaBJICHHOTIO ABHXCHHUA DJJICKTPOHOB I1I0 IIPOBOJHHKY, I’l:7-
t

o 29 -
KOHIICHTpAIMsi HOCUTeNer Toka. B3ss, Hampumep, mist memu (n=10 M 3) MPEAEITbHO
. 2
JOMYCTUMYIO TEXHHYECKMMH HOpPMaMHU IUIOTHOCTh Toka ;=107 A/M°, Ha ocHoBaHuu (2.7.3)

HaWIEM:
, 7
J 10 -3 )
u. = = ~107°WMW | =1MM/ |

CnenoBarenbHO, Jak€ HOpPU OYEHb OOJBIIMX IUIOTHOCTAX TOKAa CpenHss CKOPOCTh
YIOPSIIOYEHHOTO IBHKEHIS YIEKTPOHOB B METAIIe OYeHb Mana, ona B 10° pas menbre cpenneii
CKOPOCTH TEIJIOBOTO JBMKEHHSI MOJIEKYJI peaibHOIO rasa.

Knaccuueckast a1eKTpoHHas Teopus M03BOJISIET 000CHOBATh 3aKOH OMa U HaWTH yJEeNbHYIO
AJIEKTPOIPOBOAHOCTh METAJUIOB. J|eHCTBUTENBHO, IEKTPUUYECKOE IMOJIE€ ¢ HANPSHKEHHOCTHIO E
JNEHUCTBYET Ha KaXIblii CBOOOJHBINA SJIEKTPOH ¢ cwiold F =eFE . Ilon nelcTBUEM 3TOW CHIIBI
3JIEKTPOH NPUOOPETAET YCKOPEHUE:

m m

3a BpeMd T MCXKIAY IMOCICA0BATCIbHBIMU CTOJIKHOBCHUAMMU 3JICKTPOHA C HOHAMHU PCIICTKU
Ha JUTMHE CBOOOIHOTO Mpodera A 3JIEKTPOH MPHOOPETaeT CKOPOCTH:

FE
Umax = AT = et (2.7.5)
m

[Ipu 3TOM cuuTaeTcs, YTO CKOPOCTh JIEKTPOHA IOCIE COYJapEHUs C HOHOM PaBHA HYJIIO.
CnenoBarenbHO, CPEIHSS CKOPOCTh YIOPSAAOUYEHHOTO IBUKEHUS 3JIEKTPOHA PAaBHA:

_ Umax ekt

u =—. 2.7.6
P2 2m (27.6)
[ToacraBnsis 3Ty popMyiy B BelpaxkeHue (2.7.3) Hailném 3akoH Oma:
2
=" g -6E, (2.7.7)
2m
A€ BEINYNHA:
2
o= (2.7.8)
2m

OTpeeNsieT YACIbHYIO 3JIEKTPONPOBOIHOCTh METANLIA.
OTHolIeHNE CpeHer CKOPOCTU YHOPSAIOUEHHOTO JBUKEHUS JIEKTPOHOB K
HaNpsLKEHHOCTH T10JISL, BBI3BIBAIOIIETO 3TO JIBUYKEHHUE, Ha3bIBAECTCS HOOBUIHCHOCHIBIO DIIEKTPOHOB:

_Hep
-
[ToABM>KHOCTH HOCUTEIIS TOKA TIOKA3bIBACT, KAKYIO CPEJIHIOI0 CKOPOCTH HAIIPABICHHOTO
ABUKCHUSA an06peTaeT HOCHUTCIIb B 3JICKTPUYCCKOM II0JIC eI[I/IHI/IT-IHOI\/’I Hapr[)KéHHOCTI/I.
[Toncrasnss popmyny (2.7.6) B Bepakenue (2.7.9), moxydanm:

et
Uy, =—. (2.7.10)
2m
VYuuteiBas 3T0 BbIpaxeHue, popmyiy (2.7.8) 11t yaeapHOM 37€KTPOIPOBOAHOCTH MOYXKHO
3armcarb B BUJIC.

(2.7.9)

Uop

c =enu,. (2.7.11)
Takum 00pa3om 3JeKTpOHHAs TEOPHUSI MTO3BOJIIET HE TOJIBKO 000CHOBATh 3ak0H OMa, HO H

HaWTH YAEJIbHYIO 3JEKTPOIPOBOJHOCTh MeTallla. YUUThIBas, YTO BpeMsi cBOOOJHOro mnpoodera
AJIEKTPOHA PaBHO:

T=—",
Ve



Ha ocHOBaHUU (hopmyrsl (2.7.8) HaAEM:

2
U (2.7.12)
2my,,

Opnnako, KiaccMyeckas SJIEKTpOHHAs TEeOopHusi uMeeT HenocTtatku. I[loacraBuB (opmyny

1
(2.7.1) B mocnenHee BbIpaXXeHUE, MOTYYUM COOTHOUIEHHE, U3 KOTOPOTO CIIEAYyeT, 4YTO0 G ~——, a

JT

1
CJIEIOBATENIbHO, CONPOTHUBIIEHHWE MpPOBOJHHMKA (R =—) Oyaer mpomopruoHaibHO +/71, T.€.
c

R~~T. Ho »5SKcnepuMEHT TOKa3bIBAE€T, YTO  COINPOTUBICHHE METAUIOB  MPIMO
MIPONOPIUMOHAIBHO TeMrieparype: R~T.

Ry Knaccuueckast anekrpoHHasi TeOpusi HE
IT03BOJISIET 00BSACHUTH SIBJICHUE
CBEPXIIPOBOJUMOCTU. OTO SBJICHHE ObLIO
otkpbiTo B 1911 1. Kamepnunr—OnHecoMm.
Uccnenys conpoTHBIEHHE PTYTH NOpH €€
. : : o | TOCTOSHHOM OXJIAXK/ICHUH, OH 0OHapyXHui,
1 2 3 4 5 6 7 7 K | UTO Ipu TemIepatype 4,12 K conpoTuBieHue

: PTYTH CKAa4KOM Majnano a0 Hyas (puc.2.11).

Puc. 2.11 OTO sBJICHHE HAOMIOMAETCS y psAaa JIPYrux
METAJUIOB M MX CIUIaBax. SIBIIEHHE MOJIHON MOTEPU METAUIOM JJIEKTPUYECKOTO CONPOTHUBIICHUS
IIpU  ONPENECNEHHOW  TeMIlepaType, Ha3bIBA€MOM KPUTHYECKOM, TIOJYyYWUJIO HA3BAHHE
ceepxnposooumocmu. B mocinenHue roAapl  OOHapyXKeHbl  MaTepuaibl, y  KOTOPBIX
CBEPXIIPOBOJMMOCTh HACTyNaeT MpH OoJiee BBICOKUX TemrepaTypax — npumepHo 100K. Oto
TeMIlepaTypa XHUIKOTO a30Ta. TEeXHOJOrus MOJydeHHs >KMJIKOrO a30Ta XOpoulo pazpaboTaHa U
CTOUT OH HEJIOPOTo, IO CPABHEHMIO C KUJKHUM I'e€lINeM, KOTOPbI MCHOJb3YETCS IS NOJTYYEHUS
TeMIieparyp, OJIM3KUX K a0COJIFOTHOMY HYJIIO.

B sHepretuke cBepXipoBojsiire kabenau CIoCOOHbI MepeiaBaTh OrPOMHYIO SHEPIHI0 Ha
Oospiue paccTosiHusg 0e3 moTepb. CBEPXMPOBOIAIIME OOMOTKH 3JIECKTPOMArHUTOB JArOT
BO3MOKHOCTh TOJIy4aTh CBEPXMOIIHBIE MAarHuTHblEe NOJsA ¢ uHAyKOuen po 10 — 20 Ti.
CBepXIMpoBOIMMOCTb IPEIOJIAraeTCs UCI0Ib30BaTh MPU CO3JAHUU CKOPOCTHBIX MOE3/10B Ha
«MarHUTHOM MOIYIIKE» U JIp.

2.8 DeKTpUYeCKHUil TOK B PACTBOPAX M PaCIuIaBax 3JIEKTPOJMTOB

SJICKTPI/ILICCKI/Iﬁ TOK B MeTaiax HUKAKNUMHAU XUMHUYCCKUMHU HpOHGCC&MI/I HEC
conpoBoxaaeTcsi. OOBSCHACTCS 3TO TEM, YTO HOCUTEISIMH TOKa B METaUIax SIBJISFOTCS
anekTpoHbl. Ho cymecTByeT Takoi Ki1acc MPOBOJHUKOB, B KOTOPBIX AJICKTPUUYCCKHI TOK BCETa
COHpOBO)K)IaGTCSI OHpeI[eﬂéHHBIMI/I XUMHUYCCKUMU HU3MCHCHUSIMU. paCTBOpI)I COJ'IGfI, KHUCJIIOT U
OCHOBaHHfI, TO €CThb paCTBOpBI QHGKTPOHI/ITOB, a TAKXKEC UX pacnnaBH.

HOCI/ITCJ’I?IMI/I TOKa B BHGKTpOJ'II/ITaX CJ'IY)KaT HOHBI, Ha KOTOpble }II/ICCOHI/II/IPYIOT
(pacIierisoTes) B pacTBOpPE MOJICKYJIBl PAacTBOPEHHOTO BemlecTBa. Hampumep, Mosekysa
constHOM kucnoTel HCl naucconmuupyer B pacTBOPE HA IMOJIOKHTEIBHO 3apsKCHHBIA HOH

BoJ0poa H' 1 OTPHUIATENBHO 3apsKeHHbIH HoH Cl ™ :

HCl< HY +CI™.
Jucconmarusi CEpHOKUCION Menu (METHOTO Kylopoca) MPOTEKAET M0 CXEMeE:

CuSO, <> Cu*" + 80,

CnenoBarenbHO, PACTBOPBI 3JIEKTPOJIUTOB BCErZla COJAEPKAT HEKOTOPOE YHUCIO HOHOB:
KAaTHOHOB (IT0JIOXKUTEJIbHBIX NOHOB) U aHMOHOB (OTpHULIATEIbHBIX HOHOB). [loka anmexkTpuueckoe
[I0JIE OTCYTCTBYET, HOHBI COBEpLIAIOT OeCHopsfo4YHOE TemaoBoe aABikeHue. Ho B
AJIEKTPUYECKOM I10JI€ MOHBl HAaYMHAIOT JpeiidoBarh B HampaBleHUHM JCHCTBYIOLIEH Ha HUX
cuiibl. 1 HAOIIIOACHUS TPOXOKICHHS TOKA Yepe3 NIEKTPOJIUT OIyCKAIOT YTrOJIbHBIE MIEKTPO/IbI,



HarpuMmep, B pacTBop meaHoro kymnopoca (CuSO,). Ilonarot Ha 37EKTPOABI SIEKTPOTUTHIECCKOM
BAaHHBI HAMPSDKEHUE OT UCTOYHHKA MOCTOSIHHOTO TOKA U MO0 aMIIEPMETPY CYIAT O BEIMYMHE TOKA,
MPOXOJALIEr0 4Yepe3 JJIEKTPOJUT. B ayleKTpudyeckoM Mojie HOHBI, MOJOOHO 3JEKTPOHAM B
MeTajulaX, HAUMHAIOT JpeiioBaTh B HANPABJICHUH JEHCTBYIONIEH HAa HUX CHJIBI: KaTHOHBI — K
KaTolly, aHUOHBI — K aHoxy (puc. 2.12). JIoCTUTHYB COOTBETCTBYIOIIETO 3JIEKTPOJA, HOHBI
OT/JAIOT €My H30BITOYHBIC WJIM TOJIY4alOT HEIOCTAIOIIME JJICKTPOHBI W TIPEBPAIAIOTCS B
HEUTpaIbHBIC aTOMBI WM MOJIEKYJIB. B 3aBUCUMOCTH OT XUMHUUYECKOU MPUPOIBI AIEKTPOJIUTA U
AJIEKTPO/IOB HEUTPAIN30BABILINECS MOHBI JIMOO BBIAEISIOTCS Ha AJIEKTpoiax, JMO0 BCTYNMAIOT B
PEaKIuIO C AIIEKTPOIaMU WM PACTBOPUTEIIEM.

AIIEKTPOIHTA. DTO SBJICHUE MOTYYHIIO HA3BAHUE 2IeKMPOIU3A.

+ ] Hanmpumep, B mporecce 3JEKTpoJM3a BOJHOTO pPacTBOpa
-l= — —-||— coyistHOM KucioThl HCI Ha 3IEKTpo1aX BBIACISIOTCS ra3000pa3HbIe
— XJI0p # Bojopo. [Ipu snexTponu3e MEeIHOTo Kylmopoca Ha KaTtoe
- -——@ - BBIJICJISIIOTCA aToMbl Meau. HewtpaneHas rpymnma atomMoB SOg
-l - @_:_ pearupyer 4acto ¢ BOJIOW; B pe3ylbTaTe dYero Ha aHoJe

Takum 00pa3oM, NPOXOXKAEHUE TOKA 4Yepe3 AIEKTPOJIUT
|_®_ COIIPOBOKJAETCS BBIJIECICHUEM Ha DJIEKTPOAAX COCTaBHBIX yacTel

BBIJIEIISIETCS] KUCIOPO/I.
- — - DJNeKTpOHHas TEOpUs TO3BOJSET PacCUUTaTh  Maccy
BEIIECTB, BBIACISAIOUINXCS Ha 3JIEKTpoJax npu avexkTpoiuse. OHa

Puc. 2.12 paBHA IPOU3BEICHUIO MACChl OJHOIO MOHA 71, HA YHCIIO HOHOB N,
KOTOpBIE OCEJIN Ha 3JEKTPO/JIE:
m=m,N, (2.8.1)
Macca oxHoro nona pasHa m, = L, rae | - MoJisipHas macca, Ny — 4uciio ABorajapo.

A
UYucno MOHOB N, OCEBIIMX HA 3JEKTPOJE, MOKHO BBIPA3UTh Uepe3 3apsj ¢, NPOLIEAIINNA yepes
3IIEKTPOJIUT U 3apsiJl OJHOTO HOHA: ¢, = ez, TIE e — JIIEMEHTapHBIN 3JIEKTPUYECKUH 3apsil, z —

panentHocTh Hona: N =1 =4
q, ez
Takum oOpa3zoM, Ha OCHOBE BeIpaxeHus (2.8.1) momydaem:
m=—_4 (2.8.2)
N ez
VYuuteiBas T0, 4TO g = It , r1ie [ — TOK, IPOXOJAIIMNA YePE3 IICKTPOJINT, ¢ — BpEMSl, HAUJIEM:
m=—"_1. (2.8.3)
N ez
Benuuunbl No U e SIBIAIOTCS YHUBEPCATHHBIMHU MOCTOSIHHBIMH, & L W Z TIOCTOSIHHBI JJISt
naHHOTO BemiecTBa. [lodTOMy BBIpakeHHE Nu - BEJMYMHA TOCTOSIHHASA [UISl JaHHOTO
ez
A

BEIIIECTBA.

N3 dopmyn (2.8.2) m (2.8.3) crnemyer, 4TO Mmacca 6ewjecmed, 6blOeIUBULE20Cs HA
971eKkmpooe, NPONOPYUOHANbHA 3aps0y, npoueoulemy depe3 pacmeop, uil, OpyeuMu Cl08aMu,
NPONOPYUOHANLHA CUNle TOKA U 6épeMenu. DTa 3aBUCUMOCTb BIIEpBble Oblila yCTaHOBJIEHA
M.®apaneem B 30* rogax 19-ro Beka U HOCUT Ha3BaHHeE 3akona Dapaodes st INeKMPONU3d.

Ecnu noctosiHHbIN MHOXUTEND B popMmynax (2.8.2) u (2.8.3) o0o3Hauuts K-

K=t (2.8.4)

N ez

T0 3ak0oH dapases MOKHO 3anucaTh B BUAE:
m=Kqg=KIt.



KoadduumenT K Ha3bIBACTCS 21€KMPOXUMUYECKUM IKBUBATeHMOM TaHHOTO BeniecTBa. OH
BoIpaxkaeTcs B (kr/Ku).

3akon dapajest O3BONISET OMPEICITUTh 3apsi OJHOBAIICHTHOTO MOHA, T.€. AJIEMEHTapHBIN
3apsna. U3 dopmyinet (2.8.3) momyqaem:

oo ML (2.8.5)
mN ,z
CrietoBaTenbHO, YTOOBI ONPEAEIUTh JJIEMEHTAPHBIA 3aps] e, HEOOXOIUMO B OIBITE C
SIEKTPOJIM30M, HAIIPUMEDP, MEIHOIO KyIopoca, ONPENENTh MAcCy m BBIAEIUBIIEHCS Meu,
BpeMs Ipoliecca f 1 cuity Toka I B rienu. Toraa, 3Has MOJIIPHYIO MacCy MEIU M €€ BaJE€HTHOCTD,

MO>KHO BBIUHCIHUTH 3aps] 3JeKTpoHa. ONbIThI, NPOBEAEHHBIE C PA3IUYHBIMU AIIEKTPOJIUTAMH,
nokasanu, uto e =1,6-10""Ki. DTo ecThb HaMMEHBIIHI >IeMEHTAPHBIA EKTPUYECKHil 3apsl,

CYIIECTBYIOIMHKA B mipupoje. JIFo00oi Apyroi AMeKTPUUECKUI 3apsia COCTOUT U3 IIEJIOTO YHCIia
AJIEMEHTAPHBIX 3aPSAI0B, T.€. KPATEH MO0 SJIEMEHTAPHOTO 3apsija.

DNEeKTpoNn3 TOJYyYWs IIHUPOKOE NpUMEHEeHHWe B TexHuke. Ha sBieHHM snexTposinsa
OCHOBAHBI TaKHUE€ PACIPOCTPAHEHHBIC TEXHOJIOTHYECKUE IMPOIECChl, KaK eanb8aHOCmeus U
eanveanoniacmuxa. Jjisi TpegoXpaHeHUsT METALIOB OT KOPPO3HMH HMX TOBEPXHOCTh YaCTO
MOKPBIBAIOT TPYAHO OKHUCISIEMBIMH METaUIaMH, T.€. TPOW3BOAAT HHUKEITUPOBAHUE WJIU
XpOMHUpPOBaHME. OTOT TPOLECC HA3BIBAETCS TallbBaHOCTETHMEH. [allbBAaHOCTETHIO TaKXkKe
MPUMEHSIIOT JIJIs1 TIOKPBITHS FOBEIMPHBIX U3JIETUN TOHYAUIIUMHU CIIOSAMH cepedpa min 3o0s0Ta. C
MMOMOIIBIO DJIEKTPOJU3a MOXKHO TaKXKE H3rOTOBUTHh pelbedHbIE METALINYECKUE KOIHH
MPEAMETOB. DTOT MPOIIECC HA3BIBACTCA rajbBAHOILUIACTHKOM.

Ha ocHoBe snexTposinza OCHOBaHA 31eKMPOMemaniypeusi — TOJydeHUE WICIOYHBIX H
IIEJI0YHO3EMEIIbHBIX METaUIOB (AJIOMUHHMS, MarHus, OCpuWiutHsS W Jp.) MyTEM DIIEKTPOIU3a
pacCIUIaBICHHBIX PYyA. DJIEKTPOJIU3 TaKKE MPUMEHSIETCS IJIs OYMCTKH METAJUIOB OT NMPUMECEH,
HarpuMep, paduHupoBaHHe Meau. Ha sIBICHHHM AJIEKTPOJiM3a OCHOBAHO MOJYYCHHE TSKEIOMN
BOJIbI — 3 (HEKTUBHOTO 3aMEJIUTEIISI HEUTPOHOB.

2.9 DyleKTpUYeCKHMii TOK B razax

Fa351, B OTJIMYHUEC OT MCTAJUIOB M OJJICKTPOJIUTOB, IIPHU OOBIYHBIX YCJIOBUAX COCTOAT B
OCHOBHOM H3 3JICKTPUUCCKU HeﬁTpaHI)HI)IX aTOMOB W MOJICKYJ M HC COACPKAT CBO6OZ[HBIX
HOCHTEJEH 3JeKTpUuecKoro Toka. CienoBaTesbHO, IPH HOPMAJIBHBIX YCIIOBUSX ra3bl SBIISIOTCS
H30JIATOpaMU. T"a3w1 cTaHOBATCA IMPOBOJHUKAMHU BJICKTPHUICCKOI'0 TOKA, €CJIN YaCThb UX MOJICKYJI
HOHU3BHUPYCTCH. HOHMB(II/;ME MOJICKYJI ras3a COCTOMT B PACHICINICHUHW HWX Ha 3JICKTPOHBI H
IIOJIOXKUTCIBHBIC HOHBEI. BCJ'IGI[CTBI/IG COCAMHCHUA YaCTu OCBO6OJII/IBHII/IXC5I IIpu HOHHU3AIUH
OJICKTPOHOB C HCI)IITpaHBHBIMI/I MOJICKYyJIaMH B ra3¢ MOryr BO3HHKATb U OTPpULATCIIBHBIC WOHBI.
Hapsiny ¢ mporieccom WOHM3anuu B Ta3e MPOUCXOAUT OOpPATHBIM TPOLIECC — peKoMOuHayus
HOHOB M 3JICKTPOHOB. Taxknm 06p330M, HOCHUTCIILIMU TOKA B I'a3daX ABJIAIOTCA: ITOJIOKHUTCIIBHBIC 1
OTPULATCIIBHBIC HOHBI, 4 TAKXKC JJICKTPOHEI.

I/IOHI/I3aI_[I/I${ raza MOXET IMPOUCXOAUTH IIOO ﬂeﬁCTBHGM PA3IMYHBIX BHCIIHUX q)aKTOpOB.
Tepmuttecxod HOHH?:&IIHCﬁ Ha3bIBAE€TCSI BOSHUKHOBCHHE HOCUTEJIEH TOKA B ra3e IIpyU Harp€BaHuu
€ro ao BBICOKOH TEMIICPATYPHI. YacTUYIHO WM ITOJTHOCTHIO HOHHSHpOBaHHBIfI ra3, B KOTOpomMm
INIOTHOCTU ITOJIOKUTCIIBHBIX U OTPHULIATCIBHBIX 3apsJ0B IMPAKTUYCCKU OJWHAKOBBI, HA3bIBACTCA
NIA3MOlL. I/IOHI/I?:aI_H/IfI aTOMOB HIJIIN MOJICKYJI 1014 I[Gf/iCTBPIGM CB€Ta  Ha3bIBACTCA
domouonuzayueri. VoHuzanuss raza MOXKET TaKXKe MNPOUCXOIUTh IMOJ  JACHCTBHEM
YIbTPa(HrOIETOBOTO, PEHTT€HOBCKOTO HJIM FTaMMa-U3JTy4YeHUM.

Tak xak npu OOBIYHBIX YCJIOBHUAX I'a3 BCEraa noABCpracTcsa I[el\/’ICTBI/IIO KOCMHNYECKHUX nyqefl
U PaJIMOAKTUBHBIX U3IYYEHUM, TO CTPOTO rOBOPS B JIFOOOM Ta3e BCEerja UMEIOTCS] HOCUTENN TOKa.
O)IHaKO HOHU3alusA 1101 I[CI\/’ICTBI/IGM KOCMHNYECCKHUX Hy‘leﬁ H paciajga paiuOaKTHBHBIX 3JICMCHTOB
oueHb Masia. [lo3ToMy MpOBOAMMOCTH Ta30B MPU OOBIYHBIX YCIOBHUSAX OnM3Ka K HyIo. B
JAJIBHENIIEM MBI YBUJUM, UYTO IIPUCYTCTBHE B Ta3ax JakKe Majoro KOJWYECTBA HOCHUTENEH TOKA



UrpacT BaXHYIO pPOJIb B BO3HHMKHOBCHHUHU IMPOBOAMMOCTH T'a30B B CHIIBHBIX JJICKTPHYCCKHX
ITOJIAX.

[IpoxoxxaeHne 3JIEeKTPUYECKOro TOKa B Ta3axX Ha3bIBaeTcs
2azo8vim paspsaoom. J{ns HaOMIoAE€HNS ra30BOro paspsijaa B BO3AyXe
YCTaHABIIMBAIOT JIBE METANIMYECKHE IUIACTUHKA Ha HEOOJBLIOM
paccTosiHuU APYr OT aApyra (puc.2.13) u mogaroT Ha HUX BBICOKOE
HanpspkeHue. [Ipu oObIYHBIX YCIIOBUSX OTMEYAOT OTCYTCTBHE TOKa
@ B BO3IyXe. BHOCAT B MPOCTPaHCTBO MEKAy METALTHISCKHMU

IJIaCTUHKaMM T'a30BYI0 ropenky. OTMeuaroT nosiBJIieHUE TOKa B rase.
||+ Ecnu yOpaTh ropenky, BBITIOJHSIONIYIO POJIb MOHH3ATOpPa, TO TOK
|

} | npekpamaercs. ['a30BbIM  pa3psii, KOTOPBIM BO3HHMKAET IOJ
JNEUCTBHEM BHEIIHETO MOHU3AaTOpa M MCYE3aeT IPHU IIPEKpallCHUU

Puc. 2.13 JICHCTBHSA HOHMU3AaTOpa, HA3bIBACTCA HECAMOCmOAmMeNbHbIM 2A306biM

paspsaoom.

Hccnenyem 3aBUCHUMOCTh CHUJIBI TOKA IPU HECAMOCTOSTEIBHOM Ta30BOM paspsifie OT
HaIpPsDKEHUS MEXIY dJIeKTpoaaMu. JlJis 3TOro BOCIONB3YeMCsS YCTaHOBKOHM, M300pakEHHON Ha
puc.2.14. I'a3, HaxoAsmuiics B OaJJIOHE, B KOTOPBIN BIastHBI A1eKTpoabl K u A, noHu3npyercs ¢
MOMOIIBI0 TamMma-ydedd. HampspkeHue, TNPUIOKEHHOE K  JJEKTpoJaM, peryaupyercs
MOTEHIIMOMETPOM R, a TOK U3MepseTcss MUKPOAMIIEPMETPOM.
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DKcliepuMEHTalIbHAas 3aBUCUMOCTb CHJIbl TOKa OT HANpPSDKEHUSI IMPU  HOCTOSHHOU
MHTEHCUBHOCTH MOHM3alUM NpejcTaBieHa Ha puc.2.15. Ilpu HeOonblIMX HaMpsHKEHUSIX CHIla
TOKa MponopiuoHanbHa HanpsokeHuto (I — o6macts). OOBsICHAETCS 3TO TE€M, YTO KOHIICHTPALIHS
HOCHUTEJIEH TOKa IOCTOSIHHA, MOCTOSHHA W 3JIEKTPOIPOBOJHOCTH Trasza. [losromy mpu manbIx
HaNpsDKEHUAX crpaBeuiB 3akoH Owma. Ilpu nanpHeliniem yBelIMUEHUU HANpPSKEHUS MEXIY
AJIEKTPOIaMHU JIMHEWHAs 3aBUCUMOCTb CHUJIbI TOKa / oT HamnpspkeHust U Hapymiaercs (II obnacts).
OOpbscHsETCS ATO yObUIbIO KOHIIEHTPAIMM HOCUTENIEH TOKa BCIEJICTBUE UX HEUTpalu3aluu y
JJIEKTPOJIOB, @ IIONOJHEHNE HOHOB M 3JEKTPOHOB 3a CYET MOHU3ATOPA OCTAETCS HEU3MEHHOM.
Hauunas ¢ HekoToporo 3HadeHus HanpspkeHust Uy, crila TOKa IPU HECAMOCTOSITENIBHOM Pa3psie
ocTaércss HEM3MEHHOW HECMOTpsI Ha JlajbHelee yBelIndeHus HanpsbkeHust Ha anekTpogax (I11-
obnactb). MakcumalibHas cuiia Toka [y, BO3MOXKHas MpPU JaHHOW MHTEHCHUBHOCTH HMOHM3AINH,
Ha3bIBAETCS MOKOM Hacvlujenus:. IIpu TOKe HACBIIIEHUS K JIEKTPOIaM €KECEKYH/IHO IPUObIBaeT

SNEKTPHYCCKUN 3apsifl eN,, e N, — YHMCIO Tap OJHOBAICHTHBIX HOHOB, OOpa3syIOLIMXCS B

o0BéMe rasza moja AEWCTBHEM HMOHHM3aTOpa 3a OJHY ceKyHay. OueBUIHO, YTO TOK HACHIILIECHUS
paBeH: [ =eN,. N3 »st0it dopMynbl BHAHO, YTO €CIM YBEIUYUTh B HECKOJBKO pa3

MHTEHCUBHOCTb MOHU3AIMH, T.€. 4UCIO N, Iap MOHOB, OOpa3yIOIIMXCs 3a CEKyHIy B 00BEME
rasa, TO BO CTOJIbKO K€ pa3 YBEIWYUTCS TOK HachlmeHus. [lpum nanpHeimeM yBeJIHMYECHUU
HAIpsDKCHUA MCEXKAY OJICKTpOJaMH IIPU HpG)KHGﬁ HHTCHCUBHOCTH HOHMH3aIlMU CHJIa TOKa
(puc.2.15) cHoBa HauumHaeT pe3ko Bo3pactarh (IV-obnacts HampspkeHus). XapakTepHOU
ocobeHHoCThIO [V-0i1 00acTu HampsKeHUs SIBISETCS TO, YTO DJIEKTPUYECKUM paspsii B ATOU
o0lacTd He TMpeKpalaercs M Iocie MPEeKpalleHus AEHCTBUS BHELIHETO0 HOHU3aTopa.




DneKTpUYecKui paspsii B rase, COXpaHSIOUIUIICS IOcCie MpEeKpauleHUusl ACUCTBHSI BHEIIHErO
MOHHU3aTOpa, HA3bIBACTCS CAMOCHOAMENbHbIM 2A308bIM pa3pa0oM. JIisi ero BO3HHKHOBEHHUS
HE0OX0IMMO, 4YTOOBI B pe3yJabTaTe caMOTo pa3psAa B ra3e HENpPepbhIBHO MPOUCXOAMUIIO
oOpa3zoBaHuE CBOOOJHBIX JJIEKTPUYECKUX 3apsoB. (OCHOBHBIM HCTOYHHKOM CBOOOJIHBIX
3apsA70B MPU CaMOCTOSITENIbHOM paspsifie SBIAETCA YOapHAas UOHU3AYUSA MOJIEKYNl ras3a, CyTh
KoTopoil B cienyromeM. IIpu nocrarouno Gosbiom HamnpsbkeHuu (IV obnacts HampsikeHHs)
AJIEKTPOHBI, BO3HUKAIOLIME B raze O] JEHCTBUEM BHEIIHETO0 MOHHM3ATOpa, HACTOJBKO CHIIBHO
YCKOPAIOTCS JIEKTPUYECKUM II0JIEM Ha IMyTH CBOOOJHOrO mpobera, 4To, CTalKHUBasCh C
HEUTpaJIbHBIMU MOJIEKYJIaMH, HOHU3UPYIOT uX. [Ipu 3TOM 00pa3yroTcst BTOpUYHBIE 3JEKTPOHBI U
HOHBI, KOTOpBIE, YCKOPASCHh B CBOIO OYEpEb CHIIbHBIM 3JIEKTPUYECKUM I0JIEM, UOHU3UPYIOT
HOBBIE HEUTpaJibHbIE MOJIEKYJIBI M T.J. TakuM oOpa3oMm, 4YHUCIO HOCUTENIEeH TOKa, a
CJIEJOBATENIbHO, U IPOBOJMMOCTb ra3za Pe3KO BO3pPACTalOT JaBMHOOOpa3HO. B 3Trom coctout
MIPUYMHA PE3KOTr0 YBEIMUYEHUS AJIEKTPUUYECKOTro Toka B Hadajie IV oGmactu HampspkeHus (puc.
2.15). Ongnako, ynapHasi HOHU3AIMS, MPOU3BOIUMAsT OJJHUMH SJICKTPOHAMH, HEAOCTATOYHA IS
NoJJIepKaHusl paspsifa NpU yAaJleHUM BHEIIHEr0 HOHU3aropa. [[eHCTBUTENbHO, 3JIEKTPOHBI,
PasroHsSICh B DJIEKTPUUYECKOM I10JI€, HOHU3UPYIOT TOJBKO TE€ MOJIEKYJbI, KOTOpbIE HaXOASTCA
OnuKe K aHOJly, [0 CPaBHEHUIO C MECTOM MX COOCTBEHHOTO BO3HUMKHOBeHUs. [Ipu npekpamennu
NEMCTBUSL BHEIIHETO HMOHU3ATOpa, HSHEPrusl 3JEKTPOHOB, OOpa3oBaBIIMXCS BOJM3M aHOJA,
HEJO0CTAaTOYHA JUIsi MOHU3aLUUU JpYrHuX MOJeKyl. B KoHIle KOHIIOB yhapHas HMOHHU3aLMs U
NEKTPUUECKUI TOK B raze MPeKpaaroTcs.

JUis  BO3HUKHOBEHHS CAaMOCTOSITENIbHOTO  pas3psiia HEO0O0XOJAMMO CTOJb  BBICOKOE
HaIpspKeHHUe, 4ToObl MOJIOKUTENbHbIE MOHBI TaKKe MPUOOpeTalii COCOOHOCTh MOHU3UPOBATH
HEHUTpaJIbHbIE MOJIEKYJIbI, T.€. MOPOKJaTh BTOPUUHBIE 3JIEKTPOHBI BAalu OT aHoja. Ilpu stom
oOpa3yercsl IByXCTOPOHHEE JIBU)KEHUE B ra3e 3JEKTPOHOB M MOJIOKUTEIbHBIX MOHOB BO BCEM
o0béme raza. B srom ciydae yKe BHEIIHMM HOHHU3aTOp HE UrpaeT HUKAKOH poOJu B
CYLIECTBOBAaHMM M TMOJJIEP’)KaHUU Ta30BOrO pas3psiia, TaKk Kak YHCIO CO3JaBaeMbIX UM
MEPBUYHBIX 3JIEKTPOHOB M MOHOB HMUYTOKHO Majo [0 CPaBHEHHUIO C YMCIOM HOCHUTENEH TOKa,
BO3HUKAIOMIMX TNpPU yAApHOH MoHM3anuu. Takum o0pa3oM, yBeIMUMBAasl HANpPSDKEHHUE MEXITY
NEKTPOJIaMH  razopaspsAmHoit  TpyOku  (puc.2.14), MOXHO  OCYIIECTBHTh  TEPEXO]
HECaMOCTOSITEIBHOIO pa3pslia B CAMOCTOSATEIbHBINA. DTOT MEPEX0]] Ha3bIBAECTCS 21eKMPUUECKUM
npoboem 2a3za, a COOTBETCTBYIOLIEE €My HAINPSIKEHUE HA3BIBAIOT HANpAXCEHUeM npoOos WIH
HANpAXCeHUeM 3AHCUSAHUSL.

W3 u3710KEHHOTO CTAaHOBUTCS HOHSTHBIM, YTO JJIsi BO3SHUKHOBEHMSI CAMOCTOSITEIBLHOTO
paspsza HeoOX0MMO, YTOOBI B HEM UMENIOCh XOTs ObI HEOOJIBIIIOE HAYAIBHOE YHCIIO CBOOOIHBIX
3apsA70B, CIOCOOHBIX ChIIpaTh POJIb «3amnajia» s npobos rasa. Takue cBOOOJHBIE HOCUTEIU
TOKa B ra3e BCEr/Jla UMEIOTCSA Ja)ke B €CTECTBEHHBIX YCJIOBHSX, TaK KaK TIa3 MOJBEpraercs
NEUCTBUIO0 KOCMHYECKOTO U3ITyYEHUS U paJMOAaKTUBHOIO U3ITyYEHHSI IOBEPXHOCTH 3EMJIH.

CaMOCTOATENBHBIN  pa3psii  COMPOBOXKAACTCS cBeueHHEeM rasza. OOBICHAETCS 3TO
cinenyromuM obpazoM. CTankuBasCh C MOJIEKYJaMH Ta3a, 3JIEKTPOHBI W HOHBI, 00Jaaromne
HEJ0CTAaTOYHOM 3HEpPIruen JUisi MOHU3AIUN MOJIEKYJI, IEPEBOIAT UX B BO30YKIEHHOE COCTOSTHUE.
Bo3sBpamiasice B HoOpMaibHOE COCTOSIHUE, BO30YXKAEHHBIE MOJIEKYJIbl U3JIy4alOT KBAaHThI CBETA.

CBeToBo€ M3iIyueHUE, MOMagas Ha KaTold, MOKET BbI3BaTh GOTOIPQEKT, T.€. BHIOUBATH U3
Karoga (POTOIIEKTPOHBI, KOTOPbIE MOTIYT Y4acTBOBaTh B O0Opa30BaHUHU YIApHOW HOHM3AIUH.
BrIpbiBaHUE AJIEKTPOHOB W3 KaTroja MPOMCXOJUT TAaKKe B pe3ysibTaTe €ro HarpeBaHus Ipu
O60MOapIUpOBKE MOJIOKUTEIbHBIMU HOHAMH (TEPMOIJIEKTPOHHAS 3MUCCHUS) U MOJ JIEHCTBUEM
CHJIBHOTO 3JIEKTPUUYECKOI0 MOJs (XOJOJIHAs dMUCCHUS). DIEKTPOHBI, yaapssicb 00 aHOM, MOTYT
BBIOMBATh U3 HETO MOJIOKUTEIbHbIE HOHBI.

B 3aBucumocTH OT ycinoBUM BO3HUKHOBEHHUS CAMOCTOSITENIbHBIE paspsiabl B Tas3ax
MTOJPA3AEIIAOTCS Ha CIEAYIOLME TUIIBI: UCKPOBOM, KOPOHHBIM, TyTOBOW U TICIOLIUN pa3psiabl.

CaMoCTOSATENbHBIA pa3psii HA3bIBAETCS UCKPOBLIM, €CIU HCTOYHHK TOKa HE MOXET
MOJJIEPKUBATh CAMOCTOSITENIbHBIM AJIEKTPUYECKUI pa3psii B TEUEHHUE [UIMTEIHLHOIO BPEMEHH.
HckpoBoil pa3psa nmpekpaiiaercs uepe3 KOpOTKHI MPOMEKYTOK BpEMEHH 10Cie Havaia paspsia



B pe3yJabpTaTe 3HAUUTEIBHOTO YMEHbIIEHMs HampspkeHus. [Ipumepbl MCKpoBOTO paspsua —
MCKpBI, BOSHUKAIOLIUE IIPU pacy€ChIBAHUU BOJIOC, WM pa3psia KoHaeHcaTopa. CaMble O0JbIINe
«HCKPBI» - MOJTHUH, BOBHUKAIOT BO BPEMS T'PO3bI.

Kopounwiti  paspso BO3HUKaeT B CWIbHO HEOJHOPOJIHBIX JJIEKTPUYECKUX MOJISIX,
o0pa3yroIuxcs, HanmpuMep, MeXay OCTPUEM U IJIOCKOCTBIO WM MEXIY IMPOBOJIOM JIMHUU
AJIEKTpONepejaul U TMOBEPXHOCThIO 3emiid. OcHOBHasi OCOOEHHOCTh KOPOHHOTO pas3psijaa
3aKJIFOYAETCS] B TOM, YTO IIPOLECC MOHU3ALMHN aTOMOB 3JIEKTPOHHBIM YAAPOM MPOUCXOIUT JHILb
Ha HEOOJBIINX PACCTOSIHUSIX OT OJHOTO M3 AJIEKTPOJIOB B 00JAacCTU € BBICOKMMM 3HAUYEHUSMU
HanpsLKEHHOCTH dJIeKTpuueckoro mnosis. CBedeHHe B BUJE «KOPOHBD» HaOmrogaercs BOIM3U
OCTporo 37eKTpoaa. KOpoHHBINH pa3psl UCTIONIB3YETCS B ANMEKTPOPMIBTPAX JJI OYUCTKUA Ta30B,
BBIXO/ISIIIMX U3 TOIOK, OT TBEPIBIX IPUMECEH.

B 1802r. B.B.lerpoB o0Hapyxwi, 4YTO MpH  pa3BeleHUU  IEPBOHAYAIBHO
COINPUKACAIOLIUXCA YTOJbHBIX JJIEKTPOJOB, IMOJAKIIOYEHHBIX K MCTOYHHUKY TOKa, MEXAY
AJIEKTPOJAaMU BCIBIXMBAET OCJENUTEIbHOE cBeueHue. [Ipu ropu3oHTaIbHOM pacloOKEHUU
AJIEKTPOJIOB HATPEThIl CBETALIMICS Ta3 M3rubaercss B BUAE AYTU, B CBA3M C YE€M JIaHHBII
CaMOCTOSITENIbHBIN pa3psi]i Ha3bIBAETCS 0y208biM pazpsadom. Cuia ToKa B Iyre MOXKET JOCTUraTh
orpomusx 3Hauenuiit (10°-10*A) mpu HaUpSIKEHHE B HECKONBKO IECATKOB BONBT. Bemenctaue
BBICOKOM Temmeparypbl (4000°C) jyra mUPOKO HUCIOAB3YETCS JUIS CBAPKA U PE3KM METAILIOB.
DNEKTPUUYECKYIO YTy MPUMEHSIOT B AJIEKTpOIedax Jyid IUIaBKU CTajlM, a TAKXKe IIEJIOYHBIX U
L1eJIOYHO3EMEIIbHBIX METAJUIOB.

Tnerowuii paspsi0 BO3HHMKAET TPH HHU3KHX JaBIeHUAX. Ero MokHO HaOm0OAaTh B
CTEKJITHHOU TpyOKe UTHHO#M 0KoJio 0,5 M C BHasHHBIMH Y KOHIIOB IJIOCKUMH METAJTHYECKUMU
anekrpoaaMu. Ha oanektpoapl mnonaércs HanpsKeHUE B HECKOJIbKO  KUIOBOJBT. [lpu
aTMOC(epHOM JaBJIEHUU TOK 4yepe3 TpyOoky He uaeT. Ilpu nonmkenun nasiaeHus 10 40MM.pT.cT.
BO3HMKAET pa3ps]l B BUJAE CBETSIIErOCS M3BUIMCTOIO TOHKOTO LIHYpPA, COEAUHSIOIIET0 aHOJ C
katogoM. [lo Mepe MOHWXkEHUs JaBJICHHS LIHYP YTOJIIAETCS U MPU SMM.PT.CT. 3alOJIHSIET BCE
ceueHue TpyOKH, T.€. YCTaHaBIIMBAETCs TierOIIUN paspsaa. LIBeT cBeueHus paspsjia 3aBUCUT OT
MIPUPO/IBI Ta3a.

CBeueHue npu TICKOLIEM pa3pAle HALUIO IIMPOKOE MPUMEHEHHE B OCBETHTEIbHOU
TexHuke. JlJig pexsiaMbl, HallpuMep, UCTIONb3YIOTCS pa3iMuHble ra3ocBeTHble TpyOku. lnpokoe
pacnpocTpaHeHuEe TMOJIYYWIH JIaMIlbl JTHEBHOTO CBETA, B KOTOPBIX AJIEKTPUUYECKUUN pa3psij
IIPOMCXOUT B Mapax pTyTu. Tieromuil pa3ps HaEn IpUMEHEHNE B ra30pa3psIHbIX Npudopax:
HEOHOBBIE JIAMIIbI, TAPATPOHBI, CTAOMIIUTPOHBI U JP.

2.10 DneKkTprYecKHi TOK B BAKyyMe

Ecmu 1Ba anekTpoaa MOMECTHTh B T€PMETHYHBINA COCYl H YIAIUTh U3 COCyAa BO3IYX, TO,
KaK ITOKa3bIBAc€T OIIBIT, SHGKTpI/I‘IeCKI/Iﬁ TOK B BAKyyM€ HC BO3HHUKACT. HpI/IT-II/IHa 3aKJIFOYaCTCA B
TOM, YTO B BaKyyMC HCT 3aps’KCHHBIX YaCTHUII, CIIOCOOHBIX MEPCHOCUTH JJICKTPUUCCKHUE 3apsIbl
OT OJHOTO NIEKTPoJa K Apyromy. OJHAKO B BAKYYMHOM CTEKIJITHHON KOJ0€ MOKET BO3HUKHYTh
BJICKTpI/ILICCKI/Iﬁ TOK, €CJIM OAMH M3 HaXOIAIIUXCA B Heu SJICKTPOAOB HArpe€Tb 10 BBEICOKOH
temnepaTypbl. [lpu HarpeBaHWM METaNTMYECKOTO JJIEKTPOAAa OH WCITYCKAeT D3JIEKTPOHHI,
KOTOpBIE 00pa3yrT BOKPYT HErO <«AJEKTPOHHOE 00JIaKo». DTO SIBJICHUE TMOJYYHJIO HA3BAHHE —
MEPMOINIEKMPOHHASL IMUCCUSL.

SBneHne TEPMODIEKTPOHHOM HSMHCCHU OOBSCHACTCS TEM, UYTO TMPU TOBBIIICHUH
TEMIICpATYpPbl TECJIa YBCIMYUBACTCA KHHCTHYCCKAsA OHCPIHUA HCKOTOpOI\/'I qacTHu CBO60)IHI)IX
AJIEKTPOHOB B BellecTBe. Eciin KMHeTHueckas SHeprus 3JIeKTpoHa MPEBBICUT paboTy BbIX0Ja, TO
OH MOXKCT IMPEOa0JIETh HeﬁCTBHe CHUJI IIPUTAKCHHUA CO CTOPOHBI MTOJIOKUTCIIbHBIX HOHOB U BEIITHU
C IIOBCPXHOCTHU TECJIa B BAKYyyM.

Ha sBneHuu TepMORJIEKTPOHHON 3MHCCHM OCHOBaHAa paboTa pPa3IMYHBIX 3JIEKTPOHHBIX
namil. [Ipocreiiiei 3IeKTPOHHON JIaMIION SIBJSIETCS 8aKyymHublti Ouod. OH MpeacTaBiseT co0oi
BAaKyyMHPOBaHHBIN 0aJUIOH, OOBIYHO CTEKJISSHHBIN, B KOTOPOM HAaXOJATCS JIBa 3JIEKTPOJa — aHOJI
1 KaTon. KaTOILOM JIaMIIbI CIIY>KHUT ITPOBOJIOYHAA CIIMpaJib C ABYMS BBIBOAAMU IJIS IMOJAKITHOUCHUA



K UCTOYHMKY TOKA, JINOO LMIUHAP U3 TOHKOHN (OJIBI'U, BHYTPHU KOTOPOTO HAXOAUTCS CIIUpaibHAs
HUTh Hakaja. BTopoil s31ekTpon — aHoA — NpPEACTaBisieT COOOW MeTalNIMYecKUil JHCK,
HaxOJAIIUNUCS HaJ KaToJIOM, OO IWJIMHIP, Ha OCH KOTOPOTO HAXOAMTCS KaTo. YCIOBHOE
n300pakeHNe BaKyyMHOTO JM0/Ia B CXeMax IMOKa3aHo Ha puc.2.16.

HpI/I IMOAKIIOYCHHNHN BbIBOAOB HHUTH HaAKajla K HCTOYHUKY TOKa
KaToJ HarpeBaeTcs M C €ro IMOBEPXHOCTH HCITyCKAIOTCS CBOOOIHBIC
OJICKTPOHEIL. HpI/I OTCYTCTBHHU BJICKTPUUCCKOTO IIOJIA MECKIAY KaTOJAOM U
aHOJIOM JIUIIIh HEOOJbINAs YacTh JICKTPOHOB, MCITYCKAEMBIX KaTOJIOM,
JOCTUTracT aHOoda. BoabNIMHCTBO BRUIETEBIIUX W3 KaToga SJICKTPOHOB
BO3BPAIAIOTCS HAa KaTOJ TOJ ACHCTBHEM CHJI JJIEKTPOCTATUYECKOTO
OTTAJIKHUBAHUA CO CTOPOHBI 3JICKTPOHOB, paHCC BHUICTCBUIUX C KaTOAAd U
00pa3yromux BOKPYT HETO «IJIEKTPOHHOE 00JIaKO».

Katon

Puc. 2.16 IIpy NOAKIIOYEHMHM IIOJOKUTEIBHOTO IOJIIOCA  HMCTOYHHKA

IIOCTOSHHOTO TOKa K aHOJLy M OTPHUILATEIBHOIO IIOJKCAa K KaTomy
JJIEKTPOHBI, UCITYCKA€MbIE€ HarPEThIM KaTOJA0M, JBHUKYTCS MOJ JEHCTBUEM IIEKTPUUYECKOTO MOJIS
yepe3 BaKyyM K aHOJy — B LENH TEYET 3JIeKTpuyYecKuid TOK. [Ipm m3MeHeHuM NOJISIpHOCTH
HMCTOYHMKA aHOJHOTO HAIpPSDKEHUS HA IPOTHBOINOJIOKHOE — JJIEKTPUYECKUH TOK B JIAMIIE
OTCYTCTBYET.

)
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R

Puc. 2.17

Hccnenyem 3aBUCHUMOCTh QHOJHOTO TOKa OT MPWIOKEHHOIO K JIaMIleé aHOJHOTO
HANPsDKCHUS TIPH TOCTOSIHHOW TeMIlepaType KaTola. JTa 3aBUCUMOCTh HA3bIBACTCS BOJIBT-
aMIIepHON XapaKTePUCTHKOW. OTH WCCICNOBAaHUSA YHAOOHO TPOBECTH C IOMOMIBIO CXEMBI,
n3o0paxxénHoit Ha puc.2.17. Ucrounmk Ttoka G1 obecneynBaeT TOK Hakajga Katoma. MeHss
MOMOINBI0 peoctata R1 TOK Hakaia, MOXHO HW3MEHSATh TEMIlEpaTypy Kartonxa. AHOJHOE
HaNpsDKEeHHE O00eCreunBaeTCsi MCTOYHHKOM TOCTOSSHHOrO Toka G2. BenmnumHa aHOMHOTO
HaIlpSDKEHUs pEeryiupyercss ¢ moMombro noreHuuomerpa R2. Ilepexmrouarens II mo3Bosisier
W3MEHSTH MOJIIPHOCTH aHOTHOTO HAINPSDKEHUSI.

N L>T DKcrepuMeHTalIbHbIE BOJIBTAMIIEPHBIE
XapaKTepUCTUKU TpU  Pa3IU4YHONM  TeMmIeparype

KaroJa nokasasnsl Ha puc.2.18. [Ipn orpunarenbHbIX
Il _ 1 =const HaNpsHKEHUAX HA AHOJE TOK B JIAMIIE IPAKTUYECKH
orcyrctByeT. [lpm HEOONBUIMX MOJOXKUTEIBHBIX
| HaAIpsDKEHUAX Ha JIaMIle aHOJHBIM TOK BO3PAcTaeT ¢
| poctom HampsbkeHus1. OOBSCHAETCS 3TO TEM, YTO MPHU
| MajblX HANpsDKEHUAX JIUIIb HeOOJbIlas dYacTh
| HOCHUTENIEH TOKa «3JIEKTPOHHOIO 00JaKa» y4acTBYET
' B JIBWJKEHMM K aHonay. [Ipm yBenudeHMM aHOIHOTO

O Un Ua

HAIps>XKCHUA BO3pacTacT YHCIIO OJICKTPOHOB

Puc. 2.18 «o0aKkay, KOTOpbIE y4aCTBYIOT B JIBUKEHUU K aHOTY,




BO3pacCTacT IIpHU 3TOM MU BCIIMUMHA AHOJHOI'O TOKaA. HpI/I JOCTHIKCHHUH aHOJHOI'O HAaIIPAXKCHUA
3Hauenus U, pocT Toka npekpamaercs. OObsACHAETCS 3T, TeM, 4To npu U> U, »>1neKTpoHHOE

00J1aKO TOJHOCTBIO «pPAaccachblBaeTCA», TO €CTh BCE IIEKTPOHBI, HCIIyCKaeMble KaTOJOM B
€IMHUIY BpPEMEHH, YYacTBYIOT B 0O€CHeYeHHMH TOKa M BCE OHM JOCTUTalOT aHOJa.

MaxkcumanbHO€ 3HaYCHHE aHOTHOTO TOKa /77, BOBMOXKHOE IIPU JTaHHOM TeMIlepaType Karoja,

Ha3bIBAeTCs mokom Hacviwenus. V3 puc.2.18 cinepyer, 4TOo NpH yBEIMYEHHHM TEMIIEPATYpPHI
KaToJa BO3pacTaeT U BEJIMYMHA TOKa HachllleHHs. [Ipyu ManbpIX HanpsDKEHUAX BOJIbTAMIIEPHBIE
XapaKTEPUCTUKU MPHU Pa3IUYHBIX TEMIIEpaTypaxX NPaKTUUECKU COBIAIAOT.

Takum o0O0pa3oM, BOJIbTAMIIEPHAs XapaKTEPUCTHKA BaKyyMHOI'O JHOJA He JUHEUHd.
BakyymHbIii 1101 00nagaeT 0AHOCTOPOHHEN NTPOBOAUMOCTBIO IEKTPUUECKOTO TOKA, 8 UMEHHO:
JMOJI IPOITYCKAET TOK TOJBKO B TOM CiIy4ae, KOIAa MOTCHIMAJI aHOIa BBIIIE IOTEHIMANA KaToAa;
B IIPOTHUBHOM CJIy4ae TOK B JIaMII€ OTCYTCTBYET. DTO CBOMCTBO MO3BOJISIET UCIOJIB30BATh €r0 AJIs
BBINIPSIMIICHUSI TEPEMEHHOIO0 TOKa. BakyyMHBI [IMOJ, NpPEAHA3HAYEHHBIM JUIsL ATOW LENH,
Ha3bIBAIOT KeHOMpoHoM. HEIMHENHOCTh BOJIBTAMIIEPHON XapaKTEPUCTUKU JIAMIIOBOTO IHOMA
IT03BOJIAET UCIIOJIB30BATh €r0 JIJIsl MOAYISIIIUU U AETEKTUPOBAHUS PAJIMOCUTHAIIOB.

Anop, Iz
" U, A=const
CETKa
Katox
= S
0 Uc
Puc. 2.19 Puc. 2.20

Ecom Mexmy kaTooM UM aHOJOM MOMECTHUTH TPETHM AJIEKTPOJ B BUJIIE CETKH, MOJTYIHTCS
TPEXdIEKTPOaHAS JlaMIia — gakyymHuit mpuood (puc. 2.19). Cerka MOXET OBITh U3TOTOBJICHA B
BHJIC criupany, oOBuBaromiell karoa. Ecnum Ha ceTky moaarh HEOOIBIION IMOJIOKUATEIbHBIN
MOTEHIIMAJ 110 OTHOILIEHUIO K KaTOJy, 3JIEKTPOHBI OyAyT B OOJIBIIEM KOJHMYECTBE OTCACHIBATHCS
oT karoja. Hekotopble U3 HUX MONAAYT HA CETKY, YTO MPUBEAET K BOZHUKHOBEHUIO HEOOJIBIIOTO
CETOYHOT'0 TOKA, HO OCHOBHAs YacCTh JIEKTPOHOB MPOJIETUT CKBO3b CETKY U JIOCTHUTHET aHOJA.
[Ipu yBenuueHUH MOJOKHUTEIBHOTO CETOYHOTO HAIMPSHKEHUsI aHOJHBIN TOK OyAeT BO3pacTaTh.
OTpunaTenbHOE HAMPSHKEHUE HAa CETKE MPUBOJUT K YMEHBIIIEHUIO aHOTHOTO Toka. [Ipu 3ToM B
o0oux ciydasx aHoJHOe HamnpsbkeHue U, MOCTOSHHO U MUMEET JOCTAaTOYHO OOJIbIIOe 3HAUYEHUE.
[Ipy manpHENNIEM YBEIIMUYEHNH OTPULIATEIBLHOIO HAIIPSKEHUS Ha ceTke npu U,=const aHOIHBIN
TOK IIpeKpallaeTcss M Jiammna okasbiBaercs 3ameprod. Ha puc. 2.20 moka3zaHa 3aBUCUMOCTH
aHOJHOro ToKa / 4 oT ceTouHoro HanpsbkeHus Uc. M3-3a G1M30CTH ceTKH K KaToAy HeOOoJbLINe

M3MCHCHHS Ha CETKE OKAa3bIBAIOT CHJILHOE BJIMSHUE HA BEIMYMHY aHOJHOTO Toka. IlomaBas Ha
CETKy, HampuMep, HeOOJbIIOe CHHYCOUIALHOE HANPSDKCHUE MOYKHO TOJYYUTh 3HAYUTEIIBHOC
MEPEeMEHHOE aHOJHOE HampsbkeHue. Ha 3TOM OCHOBaHO NMPUMEHEHHE TPHOJA KaK YCHIHTEIsS
Pa3IUYHBIX AIEKTPUICCKUX CHTHAIOB. BakyyMHBIC TPHOIBI PUMEHSIOTCS JUISI TEHEPHUPOBAHUS
ANEKTPUYECKUX CUTHAJIOB PA3IMYHON YaCTOTHI U T.I. (CM. paszm. 5.5).




I'1aBa 3. Marserusm

Beenenue

MarnuTHble SBJICHUS, KaK M DJEKTPUYECKUE, ObUIA W3BECTHBI C TIIYOOKOW JPEBHOCTH.
OpHako, MpUpOAa MarHUTHBIX B3aUMOJIEUCTBUN J0Jroe Bpems Obula HeusBecTHOM. Kazanoch
Ja’ke, YTO MarHUTHBIE U JJEKTPUYECKUE SIBJICHUS HE MMEIOT MEXIy COO0H HHUYero oOIIero.
Opnako, 3umoit 1819 — 20r.r. I'anc Xpucrtuan Opcren OOHAPYX U MarHUTHOE JEWCTBUE
IIPOBOJIHMKA C TOKOM Ha MarHUTHYIO CTpeiKy. OIBIT COCTOsUI B TOM, YTO MHpPU IPOMYCKAHUU
AJIEKTPUYECKOT0 TOKa [0 MPOBOJHHUKY MapajlieIbHOMY CTpEJIKe KoMmIaca, IOCIeaHss
OTKJIOHSJIach OT IEpBOHAYaIbHOIO HampasieHus. Korna ke a1eKkTpuyecKuil TOK MpoIrycKaics B
0o0paTHOM HaIpaBJIEHWH, CTPEJKa KOMIIaca OTKJIOHSIAch B JAPYryio cropoHy. OmbIT Dpcrena
MOKa3alJl, YTO MAarHeTH3M SBISIETCS OJHOW U3 «CKPBITBIX (GopM» 3iekTpuyecTtsa. llpomwno
HEMHOTO BPEMEHHU U U3 HKCHEPUMEHTaIbHBIX OTKPBITUN ODpcrena, Amnepa, dapanes u npyrux
BBIPOCIIa KJIACCUYECKasi TEOPHUs AEKTPOMArHeTU3Ma, MaTeMaTH4eCKYI0 (pOopMyIHpOBKY KOTOPOit
npugan Maxkcsemn, a [.I'epir B 1888r. Omectsie moarsepaun €€ SKCIEPUMEHTAIBHO, MMOKa3aB
CYIIIECTBOBAHUE AJICKTPOMArHUTHHIX BOJH. Co3maHue A.DWHIITEHHOM CHEIUaIbHON TEOopuur
OTHOCUTEJIbHOCTH IO3BOJIUJIO BBISIBUTH POJIb  PENSATUBUCTCKUX 3(PPexkToB B 3aKoHAX
AJIEKTPOMArHeTU3Ma U YCTaHOBUTH INTyOOKYIO CBSI3b MEX]Y IEKTPUUECKUMU W MArHUTHBIMHU
SIBJICHUSMHU.

3.1 BzanmopaeiicTBHe IBUKYIIMXCH JIEKTPUYECKUX 3aPAI0B

W3 mkonbHOrO Kypca (M3MKH H3BECTHO, €CIM IO JIBYM MapajljlesIbHbIM IMPOBOJHUKAM
MPOIYCTUTh TOKH OJIMHAKOBOTO HAIPABJIEHUS, TO OHU IPUTAHYTCA APYT K APYTY; €CIU K€ TOKU
TEKYT 110 yKa3aHHBIM MPOBOJHUKAM B IPOTHUBOIOJIOKHBIX HAlpPaBIEHUSIX, TO OHU OTTOJKHYTCS
Apyr ot apyra. Ilpu oTcyTcTBUM 37IEKTPUUECKOr0 TOKA MPOBOJHUKU HE B3aUMOJIEHCTBYIOT APYT
C JApyroM. OTOT ONBITHBIM (aKkT HPUBOIUT K BBIBOAY, UTO CUIbI 83AUMOOCLUCMBUS MEHCOY
OBUNCYWUMUCS  DNIEKMPUYECKUMU — 3APAO0AMU 68  NPOBOOHUKAX — OMAUYAIOMCS  OM  CUT
83AUMOOCUCMBUSL MeHCOY HEeNOOBUNCHLIMU 3apsoamu, TO €CThb MOSIBJICHHE MarHUTHBIX CHII
B3aUMO/JICHCTBUS CBA3aHO C IBYKEHUEM 3apsi/IOB.

CrnenyeTr OTMETUTh, UTO MPOUCXOKICHIUE MATHUTHBIX CUJI HEBO3MOKHO OOBSICHUTH C TOUKU
3peHUsl KJIACCUYECKOW MEXaHUKH. JIeMCTBUTEIbHO, B HBIOTOHOBCKOM MEXaHHKE CHJIbI
B3aUMO/JICHCTBUSL CBSI3aHbl C YyCKOpeHHeM. [lo3Tomy coriacHo NpUHIMIA OTHOCUTEIBHOCTH
lanunest cubl B3aUMOJICHCTBUS MEX/1y PaBHOMEPHO JABIKYILIUMHUCA 3apsaMHu HE JOJIKHBI Obl
OTJIMYAThCSI OT CHJI B3aUMOJICHCTBUSL MEXIY HENOJBM)KHBIMU 3apsanamu. OpHako 3TO He
COOTBETCTBYET NMPOBEACHHOMY BBIIIE 3KCIIEPUMEHTY. BO3HMKHOBEHHME MAarHUTHBIX CHJI MOXHO
0O0BSCHUTB JIMIIb HA OCHOBE CIIEUAIBHON TEOPUHU OTHOCUTEIBHOCTH A. DHWHIITEHA.

. , _ Paccmotpum B3aMMOICIICTBHE JIBYX
- TOYEYHBIX AJICKTPUUECKUX 3apsfoB ¢ u (Q 1o
OTHOIIIEHUTIO K HOABUKHOU XYz u

HenoABWXKHON XYZ cucteM orcuéra. 3apsibl ¢ U
QO KECTKO CBSI3aHBI C cHCTeMou oTcuéra X'YV'Z’,
KOTOpasi IBUKETCSI pABHOMEPHO U MPSAMOIMHENHO
OTHOCUTEIIbHO  MHEPUHAIBHOW  HEMOJBUKHOU
cucteMbl orcuéra XYZ co CKOpPOCTBIO V BJIOJb
ocH OX  (puc. 3.1). DNeKTpUYecKoe
B3aUMOJICHICTBUE B BaKyyMe JIByX TOUYEUYHBIX

== Fr 3apsAnoB ¢ U O, PaclooKEHHbIX Ha PacCTOSTHUU
o o 7 W HEMOJBUXHBIX 0 OTHOILIEHUIO K CHCTEME
0 = X’Y’'Z’, Belpaxaetcs 3akoHOM Kyrnona:
d / J 3.1.1)
: . 4re, r
Puc. 3.1

Cury F' MOXHO pasIoKHTh Ha JIBE



COCTaBJIAIOIIUEC: ITONICPCUHYIO:

F, =F'sino = %sin(wf) (3.1.2)
4re,r
¥ TIPOIOJILHYIO:
F, :Fcosoc:&zcos(v/\?), (3.1.3)
4dre,r

IJ€ O — yroJl MEXJ1y BEKTOpaMu v U 7 .

Haiiném cmny F, ¢ KOTOPOil B3aHMOJCHCTBYIOT JBHXKYIIHECS 3apsiibl ¢ ¥ Q 10
OTHOIIEHUIO K cucteMe orcuéra XYZ. Ilpu 3Tom OyneM cuuTarh, 4TO BEJIMYMHA 3apsAoB ¢ U O
HE 3aBUCUT OT CKOPOCTM HUX JIBWJKEHHS, TO €CTh 3apsiibl MHBAPHUAHTHHI IO OTHOLIEHUIO K
npeobpaszoBanuto JlopeHmna. OToT GakT HAXOAUT ONMBITHOE 000CcHOBaHHUE. COTIACHO CIIEICTBHUSIM
CHEIHaIbHOM TEOPUHM OTHOCUTENBHOCTH OWHIITEHHA MpPOJOJbHAS COCTABJISAIONIAs CHJIbI
B3aUMO/JICHCTBUS ABMXKYILUXCSI U HETIOABMXKHBIX 3apsI0B OJMHAKOBBI, TO €CTh:

!

F.=F, , (3.1.4)
a IomnepcyHas COCTaBJIArONIast CHJIbLI BSaHMOﬂeﬁCTBHH JABYDKYIIUXCA W HCIIOABHIXKHBIX 3apsAa0B
Ppa3JIU4dHbI, TO €CTh:

(3.1.5)

rae ¢ — ckopocth cBera B Bakyyme. [loncrasnsas ¢opmyny (3.1.2) B mocnenHee BbIpaykeHUE,
HaIEM TONEPEYHYI COCTABJISIONIYI0 CHJIBI B3aWMOJCHCTBUS JBMKYIIMXCS JJIEKTPUUYECKUX
3apsI0B:

qQsin(v"r)
o
V2
VYMHOKHUB YUCIIUTENb M 3HAMEHATENb 3TOT0 BBIPDAKEHUS HA [l ——, HalaéM:
c
2 . — A=
v sin(v"'r
gOv_sin(v'r) (3.1.7)

[lepBoe ciaraemoe 3TOro BBIp@XEHHS MOXKHO  paccMaTpuBaTh KakK IOMNEPEUHYIO
COCTaBIISIFOLLYIO 27IeKMPU4eCcKOll CUbl B3aUMOAECHCTBUS IBIKYILUXCS 3apsI0B:

Foo_49sn(v'r) (3.1.8)

z9

Ecnu ckopocTh ABMXKEHUS 3aps0B Majia MO CPAaBHEHHUIO CO CKOPOCTHIO CBETa B BaKyyMme
(v<<c), TO momepeuHas COCTABJISAIOMIAS IICKTPUUYCCKON CHIIBI B3aUMOJICHCTBUS JIBIDKYIIAXCS
3apsnoB (3.1.8) Oyzaer paBHA MOMEPEYHOM COCTABIISIFOIIECH CHUIIBI B3aUMOICHCTBUS HETIOIBHIKHBIX
3apsioB coriacHo dopmyne (3.1.2), To ecth: F, = F.. Bropoe ciaraemoe B BeipakeHuu (3.1.7)
SIBJIIETCSI HOBOM TMOIEPEYHOM COCTABJISIIONIECH B3aMMOJEHCTBUS JBIKYIIUXCS SJIEKTPUYECKUX
3apsJIOB, TO €CTh CUIOU MACHUMHO20 83AUMOOEUCMBUSL:

Foo 4Qvisin(v'T) (3.1.9)

W3 3T0TO BBIpAKEHHS CIEAYET, UTO COTJIACHO TEOPUU OTHOCHUTEIBHOCTH DWHINTEHHA CHIIa
MAarHUTHOTO B3aWMOJICHCTBUSI BOZHUKAET TOJBKO MPU PABHOMEPHOM JIBH)KEHUU AJIEKTPUUECKUX



3apsanoB, oo eciu v=0, T0 F.

. = 0. YunteBas dopmyinst (3.1.8) u (3.1.9), Beipaxenue (3.1.7)
MO>KHO KPaTKO 3aIicaTh:
F =F -F,. (3.1.10)

OTCIOI[a BHJHO, YTO IIPU OAHOHAIIPABJIICHHOM JBHXXCHHUHU JABYX OJWMHAKOBO 3aps’KCHHBIX

yacTull (puc.3.1) MmarauTHas cuia F_ IOPUBOIUT K yMEHBIICHHIO IOIEPEYHON COCTaBIIAOIICH
cuiibl B3auMoecteusa F. . Kak OyzneTr nmokaszaHo jgajee, €Clii MOIepedHas dIeKTpUUecKas Cuila
F_ B paccMaTpMBaeMOM Cllydac OTTAJKMBACT YaCTHUIIBI, TO MAarHuTHas cwia [ ux

nputsrusaer (cM. pasz. 3.3). M3 nonydyennsix Boipaskenui (3.1.8) u (3.1.9) Buano, uto

F 2
F_:Z_Z (3.1.11)

z9
OTtcroga BHJIHO, YTO MpPH V<<c MarHUTHas CuUja B3aMMOJEWUCTBUS 3HAUUTEIHHO MEHbIIE
MONEPEYHOW COCTAaBIISIIOIIEH CHUJIBI  DJIEKTPUYECKOro B3aumojedcTBusa. [lostomy mnpu
BBIYMCIICHUU CHUJIbI B3aUMOJICHCTBUS MEXIY CBOOOTHBIMU 3apsaMH B IEPBOM MPUOIMKEHUU
MOXXKHO TIpeHeOpeub MarHutHoil cunoil. Eciam ke 3apsiabl  (2JEKTPOHBI) JBUXKYTCS B
MIPOBOJHUKAX, TO 3JECKTPUUECKUE CUIIbI OKA3bIBAIOTCS CKOMIIEHCUPOBAHHBIMU U OIPEAEISIONIYIO
POJIb BO B3aUMOJIEUCTBUY TPOBOJAHUKOB C TOKAMHU UTPAtOT MarHUTHBIE CUJIBI.

3.2 MarauTHoe 1moJie IBHKYIIErocsi JJIeKTPUYECKOro 3apsia
CornacHO TeOpHUM IAIBHONEHCTBHS TPEAINONATracTCcs, YTO MarHUTHOE B3aMMOJCHCTBUE
pacrnpoCTpaHiaA€TCd MIHOBCHHO M BOKPYI ABWIXKYIIUXCA OJJICKTPUYCCKUX 3apsaJ0B BO3HHKACT
MarHutHoe noJie. 3anumem Gopmyiny (3.1.9) B cnenyromemM Buae:

F  =qv Qvsin(v'F) . (3.2.1)

Oty popMynay MOXKHO TPAaKTOBaTh Tak: [ €CTb MarHMTHas CHJa, KOTOpas JEHCTBYeT Ha

3apsl ¢, JABIKYIIEHWCS CO CKOPOCTBIO vV B MAarHUTHOM IoOJje, KoTopoe co3naér 3apsan O,
JBIDKYILECHUCS Takke co CckopocThio v (puc. 3.1). Jlomyckaercs u oOpaTHOE YTBEP)KICHHE.
CnenoBarenbHO, BeJMYMHA, 3aKIOYEHHass B KBaJapaTHble CKOOKM BelpaxeHus (3.2.1),
XapaKTepU3yeT MarHUTHOE I0Jie, Co3AaBaeMoe 3apsiioM (J, IBUKYIIMMCS CO CKOPOCThIO V. DTy
CHJIOBYIO XapaKTEPUCTUKY MarHUTHOTO TIOJISI IPUHATO HA3bIBATh MACHUMHOU UHOVKYUELL:

vsin(v'r
B = Qvsin(v ) (3.2.2)
4me,c
Beném HOBYIO KOHCTaHTY — MACHUMHYIO NOCMOSHHYIO sakyyma:
1 s I'H
B, =—=1,26-10" —. Torga BenuynHa MHIYKIMA MATHATHOTO MOJIsL IBUKYLIETOCS 3apsiia
€,C M
MIPUHUMAET BU/I:
vsin(v'r
B= B, Qvsin(v'r) (3.2.3)

Ora (opmyna MO3BOJSET paccyUTaTb MOJYJIb MHAYKIHUA B MarHUTHOrO MOJs, KOTOpOe
CO3/IaeT TOYECYHBIN 3apsn (), NBMKYIIEHCS CO CKOPOCTHIO V, HA PACCTOSHUHU » OT Hero. Jlerko
BUJETh, 4TO npH v=0 HMHAYKOHS MarHATHOrO mnoJisi: B=0. WHaykums B MarHUTHOTO NOJIA
BEKTOpHAs BEJIMYMHA. YMHOXKHUM YHMCIUTENIb U 3HaAMEHaTeNlb BhlpaxkeHus (3.2.3) Ha r U yuTéM,

qro  vrsin(v"'r) = [\7 X7 ] - BEKTOPHOE ITPOU3BEACHNE BEKTOPOB v U 7 . Torna mosyuum:



(3.2.4)

O1bIT IMOKa3bIBA€T, YTO HWHAYKIOUA MArbdvMTHOI'O IIOJIA 3aBUCUT OT CBOMCTB Cpcabl, B
KoTopoi co3maércsi marHuTHoe 1mone. [lostomy B Beipaxkenue (3.2.4)  BBeaém emé
OMHOCUMENbHYI0 MASHUMHYIO NPOHUYAEMOCHb CPENIbI L

5 - MOl xr] (3.2.5)

Bexkrop r HaIPaBJIAETCS oT
IBUKYIIErocss 3apsiaa ) K TOYKe, B KOTOPOM
ONpeNeIAeTCS BEKTOP WHIyKIUU B
MarHuTHoro noijsa. g  IOJIOKUTENBHOTO

=l

3apsna () BEKTOp B  HMHAYKIMH MarHUTHOTO
I10JIA HaImpaBJICH INCPHCHAUKYIIAPHO IIJIOCKOCTH,
B KOTOpPOH JIeXKaT BEKTOPbl V U 7, NPUYEM,

€CIM CMOTpPETh B KOHEIl BekTopa B, TO
KpaTyailiui NOBOPOT BEKTOpPA V K BEKTOPY 7

BUIEH, IIPOMCXO AM TPOTUB  YacOBOU
Puc. 3.2 ACH, P JRI P

cTpenku. JpyrumMu cioBamu, BEKTOPBI V; 7' H
B s monoxurtenbHOTO 3apsima () oOpaszyeT MpaBOBHHTOBYIO TPOMKY BekTopoB. Ha puc. 3.2

MMOKa3aHO HampaBJICHWE BekTOopa B B 4YeThipéx Toukax 1; 2; 3; 4, pacmoJIO)KEHHBIX Ha
OJINHAKOBOM PacCTOSHUU 7 OT 3apsiaa (). MarHuTHoe moje MpUHATO U300paXkaTh rpaduuecku
CWJIOBBIMH JIMHUSIMH, KacaTelbHble K KOTOPHIM B Ka)XJOW TOYKE COBMAJAIOT C HAIPaBICHHUEM

BeKTOpa B MarautHoro moiig. Tak kak B Toukax 1; 2; 3; 4 (puc. 3.2) MHAYKUUS MarHUTHOTO
0JISI UMEET OJIMHAKOBOE YHMCIEHHOE 3HaY€HHE, TO CUJIOBOM JIMHKEH B JAHHOM Clly4yae sIBJIIETCS

OKPYXHOCTh paamyca R =rsin(v"7). HanpaBnenue CWIOBOW JMHHUM MAarHWTHOTO TIOJS JUIS
MOJIOKUTEIILHOTO 3apsia MOYKHO OIIPENEINISTh, UCIOJIb3Ys IPAaBOBUHTOBOM OypaBUMK.

3.3 Cuna Jlopenua

VYuursiBas Beipaxkenue (3.2.2), dopmyny (3.2.1) MoxHO 3anucarh B BUJIE:

F,, =qvB. (3.3.1)
q CrenoBaTembHO, MOJTyYCHHAs
] | TeopeTMYecKM MarHWTHas CHJIA SBIICTCS

cunoit Jlopenma. Opnako, 3Ta dopmyna
HalJeHa ]IS YaCTHOTO Ciydvas, Tak Kak B
paccMaTpMBaeMOM  ciy4ae  BEKTOp vV
CKOpPOCTH 3apsizia q HaTpaBJIcH
IEPICHANKYIAPHO K BEKTOPY B HHIYKIHH
MarHuTHOTO TIIOJISI JIBFDKyIIerocs 3apsga (O
(puc.3.3). Haiiném oOmmii Bug GopMyInbl 1ist
cwiel JlopeHna u onpeennM e€ HarpaBlIeHHE.

Puc. 3.3 Ilycte  BEKTOp Vv ~ CKOpPOCTH 3apsijga ¢

COCTaBISIET NPOM3BONBHBIAH yron f3 ¢

BEKTOpOM B  HMHIyKIMM MarHuTHoro mnodis (puc.3.4). Pa3noxum BekTop Vv Ha [Be
coctaBistromue: v, =vsinf3 u v, =vcosf. Kak moka3zano Beime BenmmumHa cuibl JlopeHna

OMpCACIIACTCA COCTaBJISAIONMICH vV, CKOPOCTH V 3apsija ¢, TO €CTh:



F =qv|B=qvBsinP = qvBsin(v"B). (3.3.2)

YuureiBas, uto vBsin(v" B) = [\7 x B ], HalJ1EM BEKTOp cuibl JIopeHna:
F =g[vxB] (3.3.3)

£ v

_J
4 =

|

I

_ Y
<~ F

v F

Y5
Puc. 3.4 Puc. 3.5

JIJ1s1 TTOJIOKUTENBHOTO 3apsiia ¢ BEKTOPBL: v ; B ; [ COCTaBIAIOT IPAaBOBUHTOBYIO TPOUKY
BeKTOpOB (puc.3.5). [lpu sTom s 3apsima + ¢ MOXKHO HCIOJIB30BaTh MPABHWIIO JICBOW PYKH,

KOTOPO€ M3BECTHO M3 Kypca ¢u3uku mkoJbl. M3 puc. 3.3 BugHo, uto cuna Jlopenma F mpu
B3aMMOJICHCTBUU TIOJIOKHUTEIBHBIX 3apsAfIoB ¢ W (), IBUXKYIIMXCA B OJHOM HAIPABICHHH
SIBJIICTCS CHJIONW TPHUTSHKEHUS. DTO OOBACHSACT NPUYUHY NPUTSHKEHUS JBYX MPOBOIHHKOB, IO
KOTOPBIM TEKYT TOKH OJMHAKOBOTO HAIIPABIICHUS.

®opmyna (3.3.2) mo3BOISET BHIABUTH (PU3UUECKHUI CMBICT BEKTOPAa MarHUTHOW WHIYKIIHH,
KaK CHJIOBOH XapaKTePUCTHKH MarHUTHOTO TTOJIS:

p=1_ (3.3.4)

qv,
Yucnennoe 3HayeHue 6eKMopa MASHUMHOU UHOVKYUU DASHO cuie, O0elicmeyioueli co
CMOPOHBI  MAZHUMHO20 NOJS HA eOUHUYHBLI 3aps0, KOMOPHUL OBUNCEMCs ¢ eOUHUYHOU

CKOPOCMbIO NEPReHOUKYIApHO eekmopy B 6 oannoti mouxe nons. EnuHuLIAa H3MepeHUs
uHAyKuuu MarHutHoro nosist B CU naseiBaercss mecna (Tin) — 310 MHIYKIMS MOJs, KOTOPOE
neiictByer Ha 3apsan B 1Ki, aBmkyielics co ckopocThio 1M/C MEpHEeHAMKYISPHO CHIIOBBIM
JIMHHAM, ¢ cuaou 1H, T.e.
1Ta1 ¢ Bre
Ki-m ™

3.4 3akon buo-CaBapa-Jlamaca
N3 u3noxxkenHoro Beimie (cMm.pas3z.3.2) ciaemyeT, YTO MAarHUTHOE T0JIe BO3SHUKAET BOKPYT
ABMOKYIIUXCA BJICKTPUYCCKUX 3apAaa0B. qu/ITI)IBaH, qTo BHCKTpI/I‘-ICCKI/Iﬁ TOK B IIPOBOJHHUKAX
O6YCJ'IOBJ'ICH HAIpaBJICHHBIM JBWXXCHUEM OTPHULATCIBHO 3apsaKCHHBIX JJICKTPOHOB, MOXKHO
3aKJIIOYUTD, YTO BOKPYT IIPOBOJHUKOB C TOKOM TAKXKE JOJDKHO BO3HHUKATh MAarHUTHOC I10JIC.

[TycTs uMeeTcst MpOBOAHUK TPOU3BOJIbLHON (opmbl (puc.3.6),
II0 KOTOPOMY T€4YeT MOCTOSAHHBIA TOK /. Kakaplii 31eKTpoH ¢
OTPULIATEIILHBIM 3aPsSIOM € JBUKETCSA B IIPOBOJHUKE CO CKOPOCTHIO
v. HanpaBnenne BekTOpa VvV NpPOTUBOIOJNOXKHO TOKy /. Ha
OCHOBaHUU BbIpaxeHUs (3.2.5) KaXIbld 3JIEKTPOH CO3/1aéT B
MPOU3BOJIBLHOM TOUKE M MarHUTHOE MOJIE C UHIYKIIUEH:

E - _ uoue[vx F]

e

(3.4.1)

Brigenum BOKpYT' paccMaTpuBaeMoro JIEKTPOHA

AJIEMEHTApHBIA YY4acTOK TMPOBOJHUKA UHOIO dI. BriGepem




HarpaBJieHHe BeKkTopa dl Tak, 4ToOBl OH COBIAJaj C HAMPABJICHUEM DJIEKTPUYECKOTO TOKAa B

npoBojHuKe. COINIaCHO IpUHIMIIA CYNEPHO3UIMKM MarHuTHOEe mose dB, co3gaBaeMoe B
MIPOU3BOJILHOM TOouke M BCeMHM JSJIEKTPOHAMHU, HAXOJSAIIMMMCS B JJIEMEHTE JUIMHBI dl
MIPOBOJIHHMKA, MPEACTaBIsET COOOM BEKTOPHYIO CYMMY MArHUTHBIX IIOJI€H, CO3/1aBaeMbIX
KK JIBIM DJIEKTPOHOM, TO €CTh

dB =) B,, (3.4.2)

rae N — 4ucio 3JeKTPOHOB, HAXOALIUXCSA B y4acTKe MPOBOJAHMKA JUIMHOIO dl. BBuny Manoctu
ydacTka d/ MOKHO CYHMTaTh, YTO BEKTOPbl B, MarHUTHBIX IOJEH, CO34aBaEMbIX KayIbIM

3JIEKTPOHOM, paBHBI II0 BeIUMYMHE W HanpasieHuroo. CrnenosatenbHo, mmeeM dB = NB,.

YYHTBIBas, 9TO CKOPOCTH V HAIIPABJICHHOTO JIBMKCHHS JICKTPOHOB B MPOBOJHUKE 3HAYUTEIHHO
MEHBIIIE CKOPOCTH CBETa B Bakyyme (v<<c), Hauném:
dB = —m, (3.4.3)
4’
II€ 7 - pajuyc-BEKTOp, HAINpaBJIEHHBIH OT 3neMeHTa d/ Toka B TOouky M Habmonenus. Ha
OCHOBAHHH OTIPEJICIICHUS CHIIBI TOKA UMEEM:

Ne = Idt (3.4.3)
rae dt — Bpemsi, 3a KOTOPO€ 3JIEKTPOHBI MPOXOAAT paccrosinue d/. CrneaoBaTebHO, BEIPAKCHHE
(3.4.2) npunumaet BUA:

J5 = - opdlvdixr] (3.4.4)
4’
VuureiBas, 4to vdf=—dl, Haiigém BEKTOP dB WHAYKIIMA MAarHUTHOTO  IOJIA,
CO3/1aBAEMOTO JJIEMEHTAPHEIM YJacTKOM ! HPOBOJHMKA, HA PACCTOSHMM 7 OT HEro, T.e. B
Touke M:

d_:M. (3.4.5)
4’

OTO BHIpAXKEHHWE Ha3bBaloT 3akoHOM buo-CaBapa-Jlamaca. CoriacHo —mpaBwily
BEKTOPHOIO MPOM3BENCHHUS BEKTOphI dl; 7; dB COCTABIAIOT MPABOBHHTOBYIO TPOMKY
BexTopoB. Ha pmc.3.5 B Toukax M u N NoOKa3aHO HANpaBleHHE BeKTopa dB, a Takke
n300paxkeHa cuUiIoBasi JIMHUS, KOTOpas IpelcTaBiseT co0oil 3aMKHYTYyI0 KpuByto. Hanpasienue
CHJIOBOI! JINHUY OIpENIEseTCs IPAaBUIIOM [TPAaBOBUHTOBOTO OypaBUHKa.

YuursiBas, uto |dl x7|=dlrsin(dl "7), HaiinéM dYHCIEHHOE 3HAYCHHE BeKTOpa dB B
3akoHe bruo-Capapa-Jlamnaca:
wldlsin(dl *F)

2

dB: l’l’o

(3.4.5)

4mr
3akon bwuo-CaBapa-Jlamnaca 1mo3BOJII€T HAaWTH BEJIMYMHY M HAIpaBJICHUE BEKTOpa

MHIYKIINH MarHATHOTO 10N dB , KOTOPOe CO31aéT dIEMEHT JUTHHBI dl TIPOBOIHUKA ¢ TOKOM [ Ha
PACCTOSHUM 7 OT Hero. B COOTBETCTBMM C IPHMHIMIIOM CYNEPHO3HIMH MATHHTHOE moyie B,
CcO37aHHOe Beel MHOM [ TIPOBOJHMKA C TOKOM B TOYKe M paBHa BEKTOPHOH cymme AB,
3JIEMEHTAPHBIX MAarHUTHBIX IIOJIEH, CO3[aBAEMBIX BCEMH OTHAENIBHBIMHM y4acTKamMu Al, 3TOro

IIPOBOJIHHKA!
—_— N —_—
B = E AB; (3.4.7)

rae N — oOmee 4YHCIO YYacTKOB, Ha KOTOpoe pa3douT mnpoBOAHWK. HeorpanuueHHO
YBEJIMYUBACTCS YUCIIO YIaCTKOB N M TIepeXxois K mpeneny npu N — oo, MOKHO CyMMHUPOBAHHE
3aMCHUTb UHTCTPHUPOBAHHUECM:



E:jdE, (3.4.8)

/1€ CUMBOJI / 03HA4aeT MHTErPUPOBAHUE 110 BCEH JJIMHE MPOBOIHUKA.
Hapsiny ¢ marHuTHOM wMHAyKIueHd B BBOAWTCS Jpyras BEKTOPHAas XapaKTepUCTHKA

MarHUTHOTO MOJS — HanpsaxcéuHocmsv H , cBsi3aHHas ¢ B 11 OJHOPOIHOM M M30TPOIHOM
Cpelibl COOTHOIIEHUEM:

— B
H=— (3.4.9)
K1
N Tn-m A
E)II/IHI/IIIGI/I HU3MEPCHHUA HAIPSAXKCHHOCTH MArHUTHOI'O II0JISA SABJISACTCA: r =—. U3
H M
dbopmymsr (3.4.4) cienyer, 4To
— I|dl x7
de[‘ﬂ—xf]; (3.4.10)
4mr
NI
I . _/\_
dp = 1Sl T) (3.4.11)

r

Ot GopMyiabl IPeCTaBISAIOT cO00M yacTo ynmoTpedisieMblil B 3amucu 3akoHa buo-
Casapa-Jlarnaca. U3 dpopmyn (3.4.9) u (3.4.10) cnegyer, 4TO HAPSIKEHHOCTH MArHUTHOTO TTIOJISI
AJIEKTPUYECKOTO TOKA HE 3aBUCUT OT CBOMCTB CPE/Ibl.

3.5 MarauTtHoe 1moJie NpsIMOJTHHEHOI0 MPOBOJHUKA ¢ TOKOM
[IycTs mMeeTcss 4acTh 3aMKHYTOM 3JEKTPUYECKON LENH — MPSAMOJIMHEWHBINA IPOBOJHUK

NM (puc.3.7). Beiuucinum BEKTOp MHAYKIIMU B MarHUTHOTO TIOJIA, CO37aBAaeMOTO TOKOM I,
TEKyIIUM II0 IPOBOJHHKY, B IIPOM3BOJIBHONW TOYKE A, OTCTOSIIEHM OT IPOBOJHHMKA Ha

paccrosinuu 7, . CornacHo 3akoHy buo-Casapa-Jlamnaca (3.4.5), Moxynb BekTOpa HHAYKUUU dB
MAarHuTHOTO MOJIs, CO3/1aBa€MOT0 B TOUKE A 3IEMEHTOM d/ TPOBOJHUKA YHCIEHHO PABEH:

M w,p Idisin @
dB=—"————,
ﬁ\l \ dn o’
' % (3.5.1)
rae ¢ - yroia Mexnay Bektopamu dl u v, t.e. LCPD.
dl BekTopsl dl ¥ 7 s BceX YYacTKOB IIPSAMOJIMHEHHOTO
C MIPOBOJIHHMKA JIeXKAT B IUIOCKOCTH uepTexka. [loaromy B
' Touke A BEKTOpBl dB, XapaKTepU3yIOUIME MarHUTHbHIE
TOJIS, CO3/1aBa€Mbl€  OTJIEJIbHBIMU y4aCTKaMH,
4 | HampaBJICHBI IEPTICHTUKYIAPHO MIIOCKOCTH PHCYHKA 3.7.
Kl . 271 o CrnenoBaTenbHO, PE3yABTUPYIOIIHI BEKTOP B
To » -~ | MarHuTHOTO MOJIs TAK)KE HAIPABIEH MEPHEHIUKYIAPHO
I - K IUIOCKOCTM  YepTeka U  YHUCIEHHO  paBeH
_ -~ anreGpandecKoil cyMMe MOIyleil BeKTOpoB dB , TO ecThb
| | dlsin
NT Fe, B = [ap = [HRIAS0.
4nr
[ 1 1
! Cunrasg BenmuuuHBL: W, ; W; [  IIOCTOSIHHBIMH,
Puc. 3.7 .
MOJTYYHM:
dlsin
B:wj—zq’. (3.5.2)
4n r

!
Jlyis ToTO0, 4TOOBI BBIYMCINUTD 3TOT MHTErpall, BbIpa3uM dl W r 4epe3 OJHY HE3aBHCUMYIO
nepeMeHHyo ¢ . g 3toro u3 Touku 4 npoBenéM ayry okpyxHoctd CD, paguyc KOTOPOH,



BCJIE/ICTBUE MAJIOCTU JUIMHBI d/, MOXHO cuurtaTh r. Ilo 3Toil mpuumne TpeyroiapHuk PDC
MOXKHO CUMTaTh NpAMOyroibHbIM. U3 A PDC nmeeM:

g =P _rde. (3.5.3)
sing sin@

N3 A APK uanném:

r=—2. (3.5.4)
sin @
[Toacrainsis 310 Bhipaxkenue B (3.5.3), Hailném

di = 2+%9

. (3.5.95)
sin” @
[ToncraBnss popmynst (3.5.4) u (3.5.5) B Bepakenue (3.5.2), mocie coKpanieHus Hau1éM:

P2
4nmr,
P
rae ¢, U ¢, 3HAYCHHWE yria ¢ i1 KpalHuUX To4yek M m N nposognuka. MHTErpupoBanue no
BCEH JUIMHE MPOBOJHUKA HAET:
p,
B =—"—(cosp, —cos@,). (3.5.6)
4mr,
CornacHo Qopmyne (3.4.8) HanpsHKEHHOCTH MArHUTHOTO TIOJSA  MPSMOJIMHEHHOTO
IIPOBOJIHUKA C TOKOM KOHEYHOM JUIMHBI PaBHa!

1

47y

o

H =

(cosp, —cos@,) (3.5.7)

B cnydae npoBognuka MN GeckoHeuHoi anunbl: @, =0; @, = w. Torna aus HHAYKIUN U
HanpspKEHHOCTH MArHUTHOTO TMOJIS MOJTYYUM:

p =Ml (3.5.8)
2nr,

H= ! ) (3.5.9
2nr,

HanpaBnenue CcuIOBOW JIMHUM MAarHUTHOTO TOJS  NPSMOJMHEWHOrO MPOBOJHUKA
OTIpeIeTISIeTCs MPABUIIOM MPABOBUHTOBOTO OypaBUMKa.

3.6 MaruuTtHoe 1moJie Ha OCH KPYroBoro Toka
PaccmoTpuM MarHWTHOE TOJE, CO37aBaeéMOE TOKOM, TEKYIIUM I10 TOHKOMY IIPOBOJY,
nMeroniemMy Gopmy okpyxHocTH paguyca R (puc.3.8). ITo 3akony buo-Caapa-Jlaruiaca (3.4.5)
MarHuTHas UHAYKLIUS dB moiig co3aaBaemoro B Touke O 3yieMeHTOM dl BUTKA paBHa!
_ bl

dB 5
47R

2

- T[ T~ v
TaK Kak yroit. (dl "r) = Y u r=R. Bce BekTOpbl dB MarHWTHBIX TOJIEH, CO3/1aBaeMbIX B TOUKe O

Pa3JINYHBIMU YYaCTKaMH d/ KPyroBOro TOKa NEPHEHAUKYJSPHBI K INIOCKOCTH CaMOro KOHTYpa.
[TosTOMY MHIAYKIMSA pE3yIbTUPYIOLIETO NOJIA B LIEHTPE KPYrOBOI'O TOKA PaBHA:

p =Mt Jar.

WNHTterpupoBanue naér:

(3.6.1)



CornacHo dopmyne (3.4.8) HanpsHKEHHOCTH MAarHUTHOTO TIOJIST B IEHTPE KPYroBOTO TOKA
paBHa:

I
He=om (3.6.2)

dl A _
dBLA-— dB

B/

|
£ 0 dBfII
-7 X e ~ 1 IdB“

| L |
| /77 - 3 [

L
Puc. 3.8 Puc. 3.9

Tenepp HaAEM BEKTOpP MHIYKUMH B Ha OCHM KPYrOBOIO TOKAa, HAa PACCTOSHMHM X OT
IIJIOCKOCTH, B KOTOpo#l jexur koHTyp (puc. 3.9). Ilo 3akony buo-Casapa-Jlammaca (3.4.5)

BEKTOp MHIYKIHH dB OIS, CO3/[aBAeMOr0 3JIEMEHTOM JUIMHBI dl TPOBOJHUKA, HAXOIAIIErOCs
B Touke A, HepHeHINKYISIPEH MIOCKOCTH, B KOTOPOil 1exaT Bektopsl dl u 7. Bekrop dB
Pa3I0oXKuM Ha JiBe cocTapisitomue: dB, = dBcosP u dB;, =dBsinf, rae B - yron Mexay ocbio
X M PajMyc-BEKTOPOM 7 . BekTop MHAyKIMM dB' 1O, CO37aBAEMOTO SIEMEHTOM UIHHBI dl
IIPOBOJIHUKA, HAXOAMIErOcs B Touke C, TAKKE MOKHO Pa3loKHTh HA JBE COCTaBistomue: dB |
u dB, (puc.3.9). Tak kak cocraBmsmomue dB, u dB, paBHB TO BEIMYHHE W
MIPOTHBOIIOJIOKHBI TIO HAIIPABIICHHUIO, TO TEOMETPUIECKAsi CyMMa BCEX JIEMEHTAPHBIX MHITYKITHHA
dB,. paBHa HYmIO, TO €CTb: ZdB 1« =0. CrnenoBarensHO, pe3ylbTHPYIOMIAs HHIYKIHH

K

MarHUTHOTO T0JIsI B TOuke M Oyner paBHa:
B =Y dB, =Y dBsinp
k k
BexTopHyo cyMMy MOHO 3aMEHUTD alNredpandeckoil cyMMoi U IEpeUTH K HHTErpay:

B = dBsinp = “;“[j‘”sm(fl ") sinB.
/ n /

r

- LT . R
VYuauteiBas, uro: sin(dl"7) =sin—=1; sin B = —, momyuum:
’ 2
r

B =

B R le _ WMIR’
3

4ntr 0 273

U3 AOAM numeem: r =+ R* + x> , rne x=OM. Ciie10BaTeIbHO, OKOHYATEIILHO HANIEM:
p,WR*
2R? +x)
ITo sroii GopMyie MOKHO ONpPEAETUTh MHAYKIIMIO MarHUTHOTO IOJIS Ha OCH KPYrOBOTO

TOKa Ha paCCTOSAHHU X OT HETO. HJ'IS{ Haprl)KéHHOCTI/I MAar"iuTHOTO ITOJIA UMECM:

2
S (3.6.4)

2R +x7) 2

B= (3.6.3)




Ipu x — 0 npuxomum k dopmynam (3.6.1) u (3.6.2). Hanpasnenue Bektopos B u H
MarHATHOTO TIOJIS OTIPEACISIETCS TI0 IPAaBUITY PABOBHHTOBOTO OypaBYMKa.

3.7 3aK0H MOJTHOT0 TOKA
I/I3yqa;1 SHGKTPOCTaTI/IKy, MBI OTME€YaJIk, 4YTO H€O6XO}II/IMI)IM YCJ'IOBI/ICM IIOTCHINAJIbHOCTHU
3JIEKTPOCTATUYECKOTIO IOJI SBIAECTCS PABEHCTBO HYIIO LIUPKYJIALHUU BEKTOPA HANPSKEHHOCTH

E »>1Or0 momns BoJib 11000T0 3aMKHYTOTO KOHTYpA, T.€.
§Edl =0 (3.7.1)
L

A Bo3pMéM  mpoM3BONBHBIMN  KOHTYp L,
d(P OXBaTBIBAOLINI MIPSMOJIMHEMHBIN

dl OECKOHEYHBIM  MPOBOJHUK C  TOKOM [,
@ PacCIOJIOKEHHBIN MEPIEHUKYIIIPHO K
mwiockoctu  yeprexa (puc.3.10). Bpruucnum
LMPKYIANMIO BeKTOpa H  HANPSKEHHOCTH
MAarHWTHOTO MOJIS BJIOJb 3aMKHYTOTO KOHTYypa
L:

Hdl = § Hdl cos(H "dl) . 3.7.2
Prc. 3.10 f Hdlcos(H dD). (372

Bexkrop H MarHuUTHOTO TOJIs MPSIMOJIMHEITHOTO TOKa HampaBjeH B JII000H Touke A 1o
KAacaTeJIbHOW K OKPYXHOCTHM paauyca 7. Yroia (ﬁ Nl ): do. YuyréM d4ro BeJIMYUHA:
dlcos(H "dl) = dlcos = dI' sBusieTcs mpoeKuueil BekTopa dl Ha HampapieHHe BekTopa H .
CrnengoBaTeabHO, IMEEM:

dicos(H"dl)=dl' =rdo. (3.7.3)

Hamnpspk€HHOCTP MarHMUTHOTO TIOJIS TPSIMOJIMHEWHOTO TOKa corjiacHo (opmyne (3.5.9)

paBHa:

!
H=— (3.7.4)
2nr
[ToacraBnsis nonyyeHHble GOpMYIIbI B BbIpaxeHue (3.7.2), Hoxy4um:
2n
Hdl = | —rdo
ff }[ 2nr
WNHTterpupoBanue naér:
Hdl =1, (3.7.5)

m.e. yupkyuiAayus eekmopa Hanp}ZJfCéHHOCI’I’lH MmaeHumuozo noas H no 3AMKHYNOMY KORmMypy L

pasna moky I, oxeamvieaemomy smum kowmypom. Tak xKak DUpKynsiuus BekTopa [ He paBHa
HYJII0, TO MATHUTHOE TI0JIE HeNOMeHYUAIbHO.
OueBHIHO, €CJIM 3aMKHYTBI KOHTYp L OXBaTbIBa€T HECKOJBKO TOKOB: [,; [,; I;...1 , TO

yuprynayuss eekmopa H no smomy kommypy paema ancebpauueckou cymme MOKOS,
0X8amMbl8aeMbIX KOHMYPOM, M.e.

§ Hal = anlk . (3.7.6)
L k=1

HpI/I 3TOM TOKH Ik CUHUTAIOTCA IMOJOXUTCIIBHBIMU, €CJIW UX HAIIPAaBJICHHUC W HAIIPpaBJICHUC
00xoJ1a KOHTYpa 00pa3yloT MPaBOBUHTOBYIO cucteMmy (puc.3.10), B IpOTUBHOM ciy4yae — TOKU
1 k CUHUTAIOTCA OTPULATCIIbHBIMU. Hepr,)IHO IOKas3aTb, €CJIU KOHTYP L He oxBaTwIBaeT TOKH, TO

HUpKyasiuuss Bekropa /M paBHa Hymo. TakuMm oOpazoMm, ypaBHeHue (3.7.6) sBisercs
MaTEMaTHYECKUM BBIPAKCHUEM 3dKOHA NOJHO20 MOKA NPOBOOUMOCHU: YUPKVIAYUSL 6eKMOPA



Hanpﬂ.?fCéHHOCmu MACHUMHO20 NOJIsL NOCMOAHHO20 91EKMPUYecKoco mokKa 6001b 3AMKHYN 02O
KOHmypa paesHa aﬂee6pauqea<0ﬁ CYyMMe nOoKoe6, oxeamsvledemMblx dmum KOHmM)Ypom.

3.8. MaruuTHOe MoJie TOPONJAA U COJIEHOUIA
Topouo mpencraBisieT coO00W TOHKHH MPOBOJ, TUIOTHO HABUTHIM Ha KapKac, UMEIOITUN
dbopmy Topa (puc.3.11). OH >KBUBAJICHTEH CUCTEME OJMHAKOBBIX KPYrOBBIX TOKOB, IEHTPHI
KOTOPBIX PAacIoJOXKEHbl MO0 OKPYXKHOCTH paauyca R. Bwibepem koHTyp L 00xona B BHIE
OKpYXHOCTH paauyca r=R. Bekrop H B KaX/J0il TOUKE OTMEUEHHOH OKPYKHOCTH COBIIANAET C
e KacaTeNbHOM M MMeeT MOCTOSHHYIO BENMUMHY. BBIUMCINM HUPKYIALHMIO BekTopa H 10

3aMKHYTO MYy KO HTypy:
2R

§Hal = H [di =2nRH . (3.8.1)
L 0

CoracHo 3aKOHY ITIOJIHOT'O TOKAa UMECCM:
§ Hdl = NI, (3.8.2)
L

TaK Kak yKa3aHHbIM KOHTYp oxBaThiBaeT N TOKOB, rae N — oOliiee
YHUCII0O BUTKOB Topouna. IlpupaBHuBas mnpaBble 4YacTH HOCIEIHUX
BBIPAKEHUH, HAIEM HaNpsHKEHHOCTh MOJISl BHYTPH BUTKOB TOPOUAA:

g (3.8.3)
2nR
OTtHolrenue
N
SR n (3.8.4)
HAa3BIBAIOT YUCIOM BUMKO8 HA eOuHuye Oaunbl mopouda. CneaoBaTeIbHO, TOJTYIUM:
H=nl. (3.8.5)
JIJIss MHIYKIIMA MarHUTHOTO TI0JISI TOPOHJIA TIOJTydaeM:
B=p uH =p pnl . (3.8.6)

Ecnu BbIOpaTh KOHTYp 00X04a L B BHJIE€ OKPYKHOCTU paauyca r << R wiu r >> R, 1O
Tako KOHTYp L B meEpBOM cillydae HE OXBaTbIBa€T TOKOB, a BO BTOPOM Cllydae KOHTYp
OXBaThIBaeT /N MOJIOKUTENBHBIX TOKOB M CTOJIbKO XK€ — OTpulaTenbHbIX. ClenoBaTelibHO, BHE
topoua: H=0; B=0, T.e. MAarHUTHOE T0OJIE€ OTCYTCTBYET.

[Tonygyennsie hopmyisl (3.8.5) u (3.8.6) MOKHO IPUMEHUTH IS
OECKOHEYHO JUIMHHOTO coseHouda (puc. 3.12), To ecTh A KaTyUIKH,
IMHA [ KOTOPO# 3HAYMTEIHHO MPEBOCXOAMT JAUAMETp e€ BUTKOB. B
ATOM cIly4ae, TOJ 7 TOHMMAIOT YWCIIO BHTKOB, MPHUXOJAIIUXCA HA
eIMHUITY JUTHHBI COJICHOMIA:

_N 3.8.7
Puc. 3.12 "= (3:8.7)

rae N — oOiee 4uMcio BUTKOB CojieHOWJA. B oTimume ot Topomaa
MarHUTHOE TI0JI€ BHYTPU COJICHOUIA 0OHOPOOHO.

3.9 IloTok BeKTOpa MATHUTHON MHAYKIUH
BBGI[éM AHAJIOTMYHO TOMY, KaK 3TO 6I)IJ'IO CACIaHO B JJICKTPOCTATHKE, ITOHATHUC O nomoke

sekmopa mazcHumuou unoykyuu (puc. 3.13). DnemMeHTapHBIM MOTOKOM BEKTOpa B MarHUTHOU
WHIYKIIHA CKBO3b JJIEMECHTAPHYIO IUIOMIANKY dS Ha3biBaeTcs (pu3MYeckas BEIUYHMHA, paBHAs

HpOI/I3BeHeHI/IIO BCIIMYWHBI IJIOIIAIKN U HpOGKHI/II/I B n BGKTOpa B Ha HaHpaBJ'ICHI/IC HOpMaJ'H/I K
Hell:
d® =B dS . (3.9.1)

YuutsiBas, 4to B, = Bcos(B "), NOTydnM:



d® = BdS cos(B"71). (3.9.2)

n WNHTerpupyss 9TO  BBIpAXEHHE 10  BCEH
MIOBEPXHOCTHU S, NOJYYUM MTOTOK BEKTOpa MarHUTHOM
VMHJYKIUU CKBO3b IIPOU3BOJIBHYIO TIOBEPXHOCTD:

Boh- —~B ®=[B,dS. (3.9.3)

Enununielt MarHuTHOTO MOTOKA SIBIsIETCSt Bebep

(B6): 1B6=1Txm".
ds-y I/ Taxk kak CWIOBBIE JUHUM MArHUTHOI'O [OJA
= BCCrJa 3aMKHYTBIC KPUBBIC, TO #NOMOK e6exmopda
MACHUMHOU UHOYKYUU Yepe3 JaH0YI0 3AMKHYMYIO

Puc. 3.13 NOBEPXHOCMb PABEH HYIIO:

§B,ds =0, (3.9.4)
S

OObsAcHsAETCS 3TO TEM, UYTO MOTOK, BXOJSIIUNA B 3Ty MOBEPXHOCTb, PaBEH IOTOKY,
BbIxosiieMy U3 He€. CootHomienue (3.9.4) sBnseTcss MaTeMaTHYECKUM BBIPAXKEHHEM TEOPEMBbI
Octporpaackoro-I'aycca a1 MarHuTHOTO MoJis. JTa TeopeMa SBJISIETCS CIEJCTBUEM TOTO, YTO B
MIPUPO/IE HE CYIIECTBYET MAarHUTHBIX «3apAI0B», TO €CTh «HUCTOYHUKOB» U «CTOKOB) MOJISI.

3.10 /IBu:keHue 3apsAA0B B MATHUTHOM IOJI€
Kak mnokazano B pa3g. 3.3, Ha DJIEKTPUYECKUW 3apsAll, ABWXKYILEWCS C HEKOTOPOU
CKOPOCTBIO V B MATHHTHOM 107I¢ B , feiicTByet cuta JlopeHiia:
F =qvBsin(v"B). (3.10.1)
OueBuaHO, 4TO criia JIopeHia He IEHCTBYET Ha JBYKYIIUICS SICKTPUICCKUAN 3apsi, €CIIH
HaIpaBJICHUEC €0 NEPEMECIICHUA ITPOUCXOAUT BAOJIb CHJIOBOM JIMHUM MarHUTHOTO IToysa. B sToM
clIydae yrou (VAE ) =0 wu, cnmegoBarenbHO, F=0.

q % PaccmotpuM 3apspKeHHYIO 4acTHIly, KOTOPAsi BIETAET B

oJHOpomHOE (B =const) MarHWUTHOE TOJ€ C HaYaIbHOM
CKOPOCTBIO V, NEPIEHIUKYISIPHOU BeKkTopy B . B 3TOoM

cly4dae yroi (VAE ) = g . Ha puc. 3.14 nanpaBieHue BeKTopa

@ B coBmajaer ¢ HOPMANbIO K INIOCKOCTH depTexa. Bekrop
B B mHampaBneH «k Ham». COITAcHO IPABHIY JIEBOH pPyKH
cuna JlopeHna HampaBlieHa TEPIEHIUKYIIPHO K BEKTOPY
CKOPOCTH YaCTHIIBI, a €€ MOYJIb PAaBEH:

F=qvB.

Puc. 3.14

HamnpaBnenue peiictBus cuibl F TakOBO, YTO OHA HE
MOXXET HM3MEHUTh BEKTOp ckopocth Vv 1o BenuuuHe. Cuna JlopeHuna uW3MeEHseT JUIIb
HaIlpaBJIEHUE BEKTOPA CKOPOCTH YAaCTHIIBI U BBIIOJIHAET POJIb HEHTPOCTPEMUTEIBHON CUIIBL:

2
my
F= , (3.10.3)
R
r7ie m — Macca ABWXKYILIEHCs 4acTulbl; R — paanyc oKpyKHOCTU. [IpupaBHHBas IpaBble 4acTH
IIOCJIETHUX YPAaBHEHUH, HAUAEM painyC OKPY>KHOCTH, I10 KOTOPOM JABUKETCS 4ACTHLIA:

my
R=—:. (3.10.4)
qB
[lepuon obOpamenust 77 3apsyKEHHOW 4YacTUIBI B OJHOPOJHOM MAarHUTHOM II0JIE PaBEH
OTHOILIEHHUIO JUIMHBI OKPY>)KHOCTH 2 TR K €€ CKOPOCTH:




2nR

T=——-o01.
v
[ToacraBnss crona Beipaxkenue (3.10.4), nomydaum:
2
7="T" (3.10.5)
qB

Otcroga BHUIHO, YTO TIEPUOJa OOpAIIEHUS 3apsDKEHHOW 4YacTHIBI HE 3aBHCHUT OT €
CKOpPOCTH. OO0BsICHAETCSA 3TO TEM, UTO MCIJICHHBIC YaCTHUIbI OIMMUMCBIBAIOT OKPYXHOCTHU MaJioro
paauyca, a ObICTphIe — OOJBIIOTO pajnyca, a BpPeMs, 3a KOTOPOE COBEPIIAETCS OAUH 00O0pOT,
OKa3bIBACTCS OTMTHAKOBBIM.

==

B

VRN

Puc. 3.15

PaccmoTpuM Ooiiee ClHOXKHBIA NMpPUMEpP JIBUKEHUS 3apsSHKEHHONW 4YacTHUIBI B OJHOPOJIHOM
MarHuTHOM I1oJie. [1yCTb CKOPOCTh V 4aCTHIbl HAIIPABJICHA O] YIJIOM 0. K BEKTOPY MarHUTHOM
uHAyKuuu (puc.3.15). Pa3znokuM BEKTOp CKOpPOCTHM Ha JIBE COCTAaBJISIONIME: NapauIeIbHYIO

BEKTOPY B u MIEPIEHIUKYIIAPHYIO 9 TOMY BEKTOPY B :
Vi =VCosa; (3.10.6)
V| =vsina. (3.10.7)
O‘-ICBI/I)IHO, 4TO 4HJacTula OJHOBPCMCHHO YYAaCTBYCT B ABYX JABHIKCHUAX: BO-IICPBBIX, OHA
PaBHOMEPHO BPAILIAETCs CO CKOPOCTBIO V|, 10 OKpYXKHOCTH paauyca (3.10.4):

RV _my sin o,
9B 9B
BO-BTOpBIX, JaCTulia ABUKCTCA IMOCTYIIATCIIBHO C HOCTOSIHHOM CKOpPOCTBIO V, B HaITpaBJICHUH,

(3.10.8)

NEPIIEHANKYIIIPHOM TUIOCKOCTH BpamieHus. [lodToMy TpaeKkTopus 3apsyKCeHHOW YacCTHIIBI
IPEACTaBIsAeT COOOH BHHTOBYIO JIMHHMIO, OCh KOTOPOI COBIIAJaeT C HANpaBICHHEM BEKTOpA
MarHuTHOM MHAYKUMH. Pagnyc BUTKOB onpezensercs popmynoii (3.10.8), a paccTosHue MexIy
COCETHUMU BUTKaMU (1LIar BAHTOBOM JINHUU) PaBEH:

h=v,T =Tvcosa,

rme
2nm
T="— (3.10.9)
qB
nepuo o0paiieHus 3apsbkeHHOM yacTullbl. ClieoBaTenbHO, Iar BAHTOBOM JIMHUH PAaBEH:
2nm
h= VCosQL . (3.10.10)
qB
/ / , .
3a BpemMsi T=—— = ——— 4YacTHUIla OKaKeTcs B Touke (', Jexaieid Ha pacCTOSTHUU [ OT TOUKH

vir VCoSa

O (puc. 3.15). Ilpu sToM HacTHIa cETACT IEI0E YUCIO 000POTOB:
T [
n=—=——— ,
T Tvcosa




rae n=1; 2; 3;.... — nensie uncna. [loacrasnsas B 9T0 BeIpakeHue 3HadyeHue nepuoxaa (3.10.9),
MOJIYYUM JTUCKPETHBIH HAOOp 3HAYCHHI MOIYISI BEKTOpAa MAarHUTHOW WHAYKIIUHU, IPH KOTOPBIX
YJaCcTHIIBI OyAyT MOMmagaTh B TOUKy O', TO eCTh OyIeT HabII0aaThCsl HX (pOKYCUPOBKA:

2
g =cmmveose (3.10.11)

ql
[TomoOHass mMarHWTHash (POKYCHpPOBKA My4Ka OJIEKTPOHOB TNPUMEHSIETCS B AJIEKTPOHHO-
Jy4eBBIX TPUOOPaX.

3.11 Cuabl, AelicTBYIOIIME HA IPOBOJAHUK C TOKOM B MArHUTHOM IOJI€

PaccmoTrprM mpOBOJHUK € TOKOM /, KOTOPBIA PAacCIOJIOKEH B OJHOPOJHOM MarHATHOM
noje ¢ uHAyKuuen B. Ha kaxaplid 2JIEKTPOH, ABMKYIIUKCS B IMPOBOJHUKE CO CKOPOCTBIO V,
nercrtByet cwia Jlopenua:

F, =—e[vx B], (3.11.1)
rac e — OTpI/IIIaTCJ'IBHHﬁ 3apsAaa 3JICKTPOHA. CnenyeT OTMCTUTBH, YTO 3a HAIpPaBJICHUC TOKa

NPUHUMAETCS HaIpaBlieHHE [BW)KCHUS TMOJIOKHUTEIBHBIX 3apsnoB. [losToMy HampaBieHue
JIBUKEHMSI DJIEKTPOHOB MPOTUBOIIONI0KHO TOKY (puc.3.16).

Beruncnum cuity, IEHCTBYIOIIYIO Ha 3JIEMEHT IIPOBOJHMKA
jumHoo dl. Bextop dl coBmajaer ¢ HAIpaBIeHHEM TOKA B
IpoBOAHMKE. Eciaum B dneMeHTe NPOBOAHMKA JUIMHOK  dl
HaxoguTcs N 3JIEKTPOHOB, TO UCKOMasi CHJIa PaBHA:

dF =-Ne[vx B|. (3.112)
Ha ocnoBanuu onpezaenenus cuiisl Toka (2.1.3) numeem:
Ne = Idt , (3.11.3)

rae dt - Bpems, 3a KOTOPO€ 3JIEKTPOHBI MPOXOJAAT PACCTOSTHUE OT
OJIHOTO OCHOBaHMs YydacTka dl 1o npyroro. CrienoBaTesbHO,

BeIpakeHue (3.11.2) mpeoOpaszyercs K BULY:

dF = —Idi[v x B],
I
dF =—I[vdtx B].
VuureiBas, uto vdt = —dl , MOJTYYHM:
dF = I|di x B|. (3.11.4)
YucneHHOe 3HAUEHHUE CUJIbI, JIEHCTBYIOLIEH CO CTOPOHBI MAarHUTHOTO IOJISI HAa 3JEMEHT
MIPOBOJIHHKA JJTMHOIO d[ , paBHO:
dF = IBdlsin(dl " B) (3.11.5)
Takum oOpazom, cuiia, JEHCTBYIOIIAs HA AJIEMEHT MPOBOAHUKA UIMHOKO ¢/ B MarHUTHOM
oJie, IpsIMO MPOTMOPLHOHAIBHA CUJIE TOKa / B MPOBOJAHUKE, 3JIEMEHTY JJIUHBI d/ , MarHUTHOM
VHIYKIME B M CHHYCY yIila MEX/y HAalpaBJIeHHEM TOKA B MPOBOJHHMKE M BEKTOpOM B . DToT
3aKOH OBLI MOJYYEH SKCIIEPUMEHTATIbHO A.AMIIEPOM U HOCHUT €ro UMSl.
B ciydae 0JHOPOJHOTO MACHUTHOTO IOJIS, KOTJA BEIMYMHA M HAINpPABJICHHE BEKTOpa B
BO BCEX TOYKaX MPOCTPAHCTBA OJAMHAKOBA, NOJYYUM:
F = IBlsin(I"B), (3.11.6)
rae [ — nnauHa MpOBOJHMKA, HAXOJSMIIErocss B OJHOPOJHOM MarHuTHoM mnose. Hampasnenue
cunsl dF u F omnpefensiercss B cOOTBETCTBHM ¢ (opmyoii (3.11.4): To ects Bextopsl dl ; B ;

dF cocTaBisIOT MPaBylO TPOHKY BEKTOPOB. CIpaBejIMBO UCIOJIB30BATh MPABHIIO JIEBOW PYKH,
M3BECTHOE U3 Kypca (PU3UKU CPETHEH IIKOJIBI.



3.12 Ilnockmiit 3aMKHYTBIl KOHTYP TOKA B MATHUTHOM I10JI€
[TomecTM B OAHOPOJHOE MAarHUTHOE MOJIE€ MPSIMOYTOJIBHYIO PaMKy C TOKOM Tak, YTOOBI

YrOa O MEX/Iy HAIpPABICHHEM HOPMANM 7 K ILIOCKOCTH PAMKH M BEKTOPOM B MAarHHTHOM
UHAYKIUA Obul mpou3BoJibHBIM (puc.3.17a). Ilonaw3ysch nNpaBUJIOM JI€BOM pPYyKU JIETKO
ybenutbcs, 4To cumsl F', jeiicTByromue Ha yuactki CD u AN paBHBI 1O BEIHYHHE M
TIPOTUBOIIOJIOKHBI 110 HAMPABICHHUIO. DTH CHIBI cTpemaTcs gedopmupoBats pamky. Cuibl F
neiictBytonue Ha yaactku AC u ND, Tak ke OJMHAKOBHBI, HO OHM 00pa3yloT mapy Cujl, KoTopas
co3MaéT Bpamaloluii MOMEHT BOKpPYr BepTUKalbHOW ocu (puc.3.17a). Jus BwIUuCICHUS
MOMEHTa CHJIbI, ICUCTBYIOIIECH Ha pamMKy, oopaTtumcs K puc.3.176, rie n3o0paxeHo momnepeuyHoe
ceueHne pamku. OO0o3HaumM cropoHbl pamku: AN=CD=a; AC=DN=[. MowmeHT cui,
JNEUCTBYIOLIMX HA PAMKY, PABEH:
M =Fd. (3.12.1)

F

N
A -
'

N

Puc. 3.17

VYuuteiBas, uto F = IBl; d = asin o, NOJy4UM:
M = IBlasin a
WIn
M =1SBsina, (3.12.2)
rae S =al - mwonaas paMKu ¢ TOKOM.
[IpousBenenne cuiabl TOKa B paMKe Ha €€ IUIOMIAAb HA30BEM MACHUMHBIM MOMEHMOM
KpPY208020 MOKA.:
P, =1S. (3.12.3)

MaruuTHBII MOMEHT KpPYrOoBOIO TOKa BEKTOpHAs BEIWYMHA. Bextop p, HampasiieH
NEPIEHANKYIIIPHO K IUIOCKOCTHM PAaMKHM TaK, YTO M3 KOHIA BEKTOpa p, TOK B PaMKE BHJIEH,

UIyIIAM TIPOTHB 4YacoBOM crpenku (puc.3.17a). Ha ocHoBanum Beipakenus (3.12.3) dbopmymny
(3.12.2) MmoHO 3anucarh B BUJIE:

M = p,Bsina = p,,Bsin(p," B), (3.12.4)
rje O — Yroja MEXKIy BEKTOpaMH p, H B . Bpamaroumii MoMeHT cun M , neficTByIOUIMil Ha

paMKy, CTPEMHTCSI YCTAHOBHUTH PAaMKy TaK, 4TOOBI BEKTOpPBI p, U B ObUIM MapasulellbHbl WX




aHTUNapaienbHbl. [Ipy 3TOM MIOCKOCTh paMKM B MAarHUTHOM I10JI€ CTPEMUTCSI YCTaHOBUTHCA
NEPHEeHIUKYIAPHO K CHUJIOBBIM JIMHUSIM MAarHutHoro mnousis. Beipaxenue (3.12.4) MoxHO
3amucaTh B BEKTOPHOH (opme:

M=[p, xB] (3.12.5)
Bce Tpu BekTopa p,, ; B u M 00pa3yloT IpaByio TPOHKy BEKTOPOB, HPHUEM BeKTOp M
HaITpaBJICH BJ10JIb OCH BPpAIlICHUA PaAMKH.

4 dl PaccMoTpum neicTBHE
HEOJHOPOJHOIO0 MarHUTHOTO TOJIAI Ha
KOHTYp ¢ TokoM. IlycTb B HampaBiieHUU
TIOJIOKUTENEHON OCH X MAarHUTHOE mojie B
yBenuuuBaercs (puc.3.18). Ha koutyp ¢
TOKOM TakXe JEHCTBYET Bpallaronui
MOMEHT cui. [lomyctum 4YTO, KOHTYp C
TOKOM B HEOJHOPOJHOM MarHUTHOM II0JI€
OpUEHTHpPYETCS TaK, YTO €ro MarHUTHBIN
MOMEHT p, COBIAJacT C BHEIIHHM IOJIEM

X

B . Cunsl dF , IeHCTBYIOIIHE HA IEMEHTEI
C dl UIMHBL  dl  KOHTypa B TOYKax A un C
dF IIEpIEHIUKYISIpHBL K BekTopy B . Ecmm

Puc. 3.18 M300pa3suTh cuibl dF , JeHCTBYIOIME Ha

Jpyrue TOYKH KOHTYpa, TO OHH 00pa3yloT
CUMMETPUYHBIN KOHM4YECKUH Beep. [Ipuuém pesynbpTupyromas F Bcex 3NIeMEHTAPHEIX cunl dF
HATpaBJIeHa BJIOJIb MarHUTHOTO mojs. CIenoBaTenbHo, cuta F emscuaem Konmyp 6 obnacme
6onee cunbnozo nons B . HeTpyaHO TOKa3aTh, 4TO €CIIM MATHHTHBIH MOMEHT J, KOHTYpa C

TOKOM OyAeT HallpaBJIeH MNpPOTHB BEKTOpa B HEOAHOPOJHOTO MOJs, TO KOHTYp Oyxer
BBITAJIKUBATHCS U3 CHIIBHOTO IOJIA.

3.13 PaGora no nepemMeieHUI0 NPOBOAHUKA M KOHTYPA ¢ TOKOM B MATHUTHOM

moJjie
B pa3n. 3.11 otmedeHo, 4TO HAa MPOBOJHMK C TOKOM B MarHUTHOM IIOJIE€ JEMCTBYET CHIIA,
ITOUUHSIOMIAsACA 3aKOHY AMIiepa. Eciii MPOBOJHUK C TOKOM HE 3aKpEIUIEH, TO MOJ JE€HCTBHEM
MarHUTHBIX CHJI OH Oy/AeT ImepeMelaThCs, COBEpIas MPH 3TOM MEXaHMYECKYI0 paboTy MPOTUB
BHEIIIHUX CHIL.

Boruncnum paboty dA, coBepuiaemMyro
MarHUTHBIMH ~ CWJIaMH HOpU  TEpEeMEIICHUH
aneMeHTta dl TpoBogHUMKA C TOKOM [ B
MarHutHoM  nosie B.  Jlma  mpocToThl
MPEANONOKUM, YTO DJIEMEHT IMPOBOJHHUKA
IIEPEMENIAETC B HAIPABICHUU JIEHCTBYIOLIEH
Ha Hero cuimsl dF (puc.3.19). Ilpu sTOoM
alieMeHTapHas pabota dA paBHa:

dA = dFdx . (3.13.1)

1o 3akony AmIiepa umeeM:

dFF = IBdlsn o,

dx rIe o — yroa Mexay Bektopamu B u dl .

Puc. 3.19 IToxcTaBuB 3TO BBIpaXKEHUE CWIBI B (hopMyny

(3.13.1), nomyuum:
dA = IBdldxsin o . (3.13.2)



VYuuteiBasg, yto dldx =dS mnpencraBiser coOOW IUIOIAAb MOBEPXHOCTH, ONHUCAHHOM
3JIEMEHTOM MPOBOJIHUKA [P €T0 MEPEMEILEHNU Ha PACCTOSIHUE dX , TTIOTYUHM:
dA = IBdS sin o
W3 puc.3.19 BuaHO, uto Bsino = B, - NpoeKIHs BEKTOPa B Ha HampaBJcHHE HOPMATH 71
K iomanke dS . CnenoBarenbHO, UMEEM:
dA=1B dS . (3.13.3)
CormnacHo ompeleneHnio, JaHHOMY B pasi. 3.9, BenuuuHa B dS mnpexacraBiser co0oii
AJIEMEHTAPHBINA IIOTOK BEKTOPAa MAarHUTHOM MHAYKIIMHM CKBO3b IIOBEPXHOCTH dS , T.€.
B.dS=do.
Ha ocnoBanuu 3toro, Beipaxkenue (3.13.3) MokHO 3anucaTh B BUJE:

dA = 1dD . (3.13.4)
WuaTerpupys 3T0 BBIpOKEHHE UIsi KOHEYHOTO IpOIiecca:

A (0]
jdA:ljd@,
0 0

TTOJTYYHM:
A=1D. (3.13.9)
Takum 00pa3om, MPUXOJUM K BBIBOJY: paboma, cosepuiaemast MAHUMHbIMU CULAMU NPU
nepemeujenuu nPOBOOHUKA ¢ MOKOM 8 MACHUMHOM HOJe, PAGHA NPOU3BEOCHUI0 CUTbL MOKA HA
BENIUYUHY MACHUMHO20 NOMOKA CK803b NOBEPXHOCHb, KOMOPYIO ONUCHIEAem NPOBOOHUK NpU
CBOEM OBUNCEHUU.

Haiiném BBIpaKEHUE paboThl,
COBEpILIAEMOU cuiamu Awmriepa npu
IIEpEMENIEHNN B MAarHUTHOM I10JI€ 3aMKHYTOTO
KOHTYpa ¢ TOKOM. IIycTh 3aMKHYTBIN KOHTYp 1
—a—2—-38-1crTokom / mnepememaercs B
MAarHUTHOM T0JIe B B HOBOE MOJIOXKEHHE
I'-a'"-2"-8"-1"  (puc. 3.20). Bektop
MarHUTHOTO TIOJIst B HaIpaBJIeH

MEPHNEHIUKYISIPHO K  IUIOCKOCTH  JaHHOTO

gyeprexka. O003HauuM yepe3 @, MOTOK BEKTOpa
MarHUTHOM WMHJYKIHH CKBO3b MOBEPXHOCTh KOHTYpa 1 — a — 2 — B — | B ero HadajibHOM
HOJIOKEHHUH, a yepe3 P, - MOTOK CKBO3b MOBEPXHOCTh KOHTYpa 1'—a’'—2'—B'—1" - B KOHEUHOM
HOJIOKEHUH. byieM cuuTaTh, 4TO NOTOK uepe3 NoBepXHOCTh 1 —1'—B'—2"'—2 —a —1 paBen: @, .
JlanHas MOBEpXHOCTh HA puc. 3.20 oTMeyeHa MTPUXOBKOU. [10y1b3ysACh PAaBUIIOM JIEBOW PYKH,

HETPYAHO II0Ka3aTb, 4YTO CHIIbI, IIPWJIOXKEHHBIE K Yy4acTKy l—a—2 COBHAmalT C
nepemeienueM. CienoBaTenabHO, padoTa [0 NEPEMEIIEHUIO JAHHOIO y4acTKa MOJOKHUTEIbHA:

A =1(D,+d,). (3.13.6)
Cunbl, OpUJTIOKEHHBIE K y4acTKy 2 — B — 1, HampaBjeHbl NIPOTHB IEPEMEIICHHUS.
CrnenoBatenbHO, pab0Ta STUX CHJI OTPHIIATEIIbHA:
A, =—I(D, +D,). (3.13.7)
PaboTa mo nepemenieHnio Bcero KOHTypa paBHa:
A=A+ A4, =1(D, -D,). (3.13.8)

Takum oOpaszom, paboma cosepuiaemas cunamu Amnepa npu nepemeujeHuu 8 MacHUMmHoOM
noze 3aMKHYmMo20 KOHMypd, N0 KOMOPOMY NPOXOOUm NOCMOSHHbIU MOK, PAGHA NPOU3EEOEHUIO
CUTbl MOKA HA UBMEHEHUe MASHUMHO20 NOMOKA CK6803b NOBEPXHOCMb, O02PAHUYEHHYIO
KOHMYPOM.

3.14 SIBjeHne 3JIeKTPOMATHUTHON MHIYKIIUU



OcHOBBIBasiCb Ha TOM, YTO BOKPYI' IMPOBOJHHKAa C TOKOM BO3HHMKAe€T MAarHUTHOE IIOJeE,
@apaneri B 1831r. mpumen K BBIBOLY, YTO C MOMOIIBKO MArHUTHOTO IIOJII MOXHO CO3/1aTh
EKTPUYECKUN TOK B npoBojHuKe. [IpmHnmnuaneHas cxema onbitoB dapanes npuBeneHa Ha
puc. 3.21. Ha pnepeBaHHOM cTepxHE HamoTaHbl ABe KaTymikd. Konubsl nepoi [ w3 Hux
npucoearHeHsl yepe3 Kiod K K HCTOYHMKY IOCTOSIHHOIO TOKa, a KOHUBI apyrou II — k
ranbBaHoMeTpy. IIpy HEM3MEHHOW BeIMYMHE TOKA B IEPBOM KaTYyIIKE WJIHA IIPU TOKE PaBHOM
HYJI0 B HEHW rajJbBaHOMETP IOKa3bIBal OTCYTCTBHE TOKa BO BTOpOHl Karymike. OHaKo Mpu
3aMBIKAaHMHM W pasMmblkaHun Kiaoya K crpenka rajnpBaHOMETpa OTKIOHSJIACh M 3aTEM
BO3BpAIAJIACh B MTOJIOKEHNE PABHOBECHS, YTO CBUAETEIBCTBOBAJIO O BOSHUKHOBEHUH BO BTOPOM
KaTyIlIKe KpaTKOBPEMEHHOTO TOKa, Ha3BaHHOro Papaneem uroykyuonHoim TokoM. HanpaBnenus
MHAYKIMOHHBIX  TOKOB IpPH  3aMbIKAHUM W pa3MbIKaHUM  [EpBOM  1enu  ObuIH
IIPOTUBONOJIOKHBIMHA. ECIM 3aMEHUTh KJIIOY pEeOCTaToM, TO INPU U3MEHEHMHM TOKAa B IIEPBOM
LIETIH, BO — BTOPOM NO-NPEKHEMY HAaBOJUTCS MHIYKLIMOHHBIN TOK. HarpaBieHne ero 3aBUCUT OT
TOTO, YBEJIIMYMBAETCS] WIM YMEHBIIAETCS TOK B IEPBOM LIETIH.

K -
L
—_— |

T

() o

Puc. 3.21 Puc. 3.22

N3 onmcaHHOro omeiTa HE SICHO, YTO SBISAETCA NPUYMHOW IOSIBJICHUS WHIYKIIMOHHOTO
TOKa: WIM M3MEHEHHE TOKa B IEpBOM LEenu, WIM U3MEHEHHE MarHUTHOIO MoJii B o0jacTu
pacmnosyio’keHus: BTOpoi KaTymku. s BesicHeHHsI 3Toro Bompoca PDapaneeM ObL1 MOCTaBIEH
cieayronuid onsIT. [lo mepBol KaTylllke MPOMYCKalCs IMOCTOSHHBIM TOK M OHA OCTaBajlach
HEenoABMKHOM. [Ipy nepemenieHny BTOpON KaTyIIKM OTHOCUTENIBHO MTEPBOM MHAYKIIMOHHBIM TOK
CHOBa BO3HMKaJ. Ero HampaBieHue 3aBUCeN0 OT NPUOIMKEHUS BTOPOM KaTyLIKU K IEPBON WK
npu €€ ynaneHuu. VHIyKIMOHHBIN TOK BO3HHUKAN [P 3TOM HE3aBUCUMO OT JABHKEHHUS BTOPOU
WIM TEepBOM KAaTyIIKH. DTOT OMNBIT MOKa3aJl, YTO MPUYMHON BO3HUKHOBEHUS WHIYKLIHOHHOTO
TOKa BO BTOPOM KAaTyIIKE SBISACTCS U3MEHeHUue MA2HUMHO20 NOjiA, TPOHU3BIBAIOLIYIO €€.
@apaneil mpoBéEn emé oAUH ONBIT, YTOObI yOeauThbest B 3ToM. [lepBas karyiika ¢ TOKOM Oblia
3aMEHEHa JJIMHHBIM IOJIOCOBBIM MarHuToM (puc.3.22). Ilepememias MarHuT BJAOJb OCH
karymku, Papaneii oOHapyXUJl BOZHUKHOBEHHE B HEHl MHIYKIIMOHHOTO TOKa, HAIlpaBJICHUE
KOTOPOTO 3aBHCEJIO OT TOTO, KAaKUM IOJIFOCOM ObLII 0OpalliéH K KaTyIIKe MarHUT U YAAJIsIC WK
npuOIKaICcs OH K HeW. Pe3ynbTaTel 3TUX ONBITOB MOATBEPAMUIIN BBIBOJ O TOM, YTO IMPUUYMHOM
BO3HUMKHOBEHMSI MHAYKIIMOHHOI'O TOKAa BO BTOPOW KaTyIIKE SIBISAETCS UBMEHEHUe MA2HUMHO20
nomoxa BEKTOpa B CKBO3b MOBEPXHOCTb, OFPAHHUCHHYIO 68 BUTKAMH. J[IIs 110/TBEPKICHHUS
3TOro ombiTa ObLT MpojenaH emé onauH sKkcrnepuMmeHT. dapanell 3aMeHMN JAEpPEBSHHBIN
cepaeyHuk (puc.3.21) Ha Kene3Hbll. OTO TMNPHUBEIO K 3HAYUTEIBHOMY YBEIUYCHHIO
MHIYKIIMOHHOTO TOKa. DTO JOKAa3bIBAET, UTO B SBJICHUU BO3HHWKHOBEHUS WHIYKIIMOHHOTO TOKa
OCHOBHYIO POJIb MIpaeT BekTop B, a He H . Otkpbitoe MapajeeM sBICHHE BOSHHKHOBCHHS
MHJIYKIUOHHOTO TOKA IPYU U3MEHEHUH MarHUTHOTO IOJIsl, IPOHU3BIBAIOLIEIO KOHTYP, ITOIYYUIIO0
HA3BaHUE 1€KMPOMASHUMHOU UTHIYKLUH.

CornacHo 3akoHy OMa 3JIEKTPUYECKHM TOK B 3aMKHYTOMN LIETIH MOXET BO3HUKHYTH TOJIBKO
IIPY HAJIWYUU DIEKTPOABIKYIIEH Cuibl. 1103TOMy BO3HMKHOBEHHME HHIYKIMOHHOIO TOKa B
onbiTax dapajes CBUICTEIbCTBYET O TOM, YTO 6 3AMKHYMOM KOHMYpe, HAX0OAUEeMCs 6




UBMEHAeMOM MACHUMHOM NoJe, 603HuKaem daekmpooguxcywas cuna unoykyuu — IJC
AIEKTPOMArHUTHON WHTyKIIHH.

OmnbiThl okassIBaroT, 4t0 I C undyKyuu €; 6 KOHMype nponoPYUOHAIbHA bbicmpome uiu

cKopocmu uzmeHeHuss maznumuoz2o nomoxa @O CcK603b NOBEpPXHOCMb, 02PAHUYUEHHYIO IMUM
KOHMYPOM:

g =——0:. 3.14.1
VT ( )

JlaHHO€ BbIpa)K€HUE Ha3bIBAlOT 3akoHom Papadesi. HanpapneHue MHAYKIMOHHOIO TOKa
onpezensercs NpaBuwiIoM JIeHua: uHOYKYUOHHbIIL MOK uMeem maxkoe Hanpaegienue, npu KOmopom
€20 Maz2HUmMHOe nojie NPOMmueoOelucmsyem UIMEeHeHUI0 MASHUMHO20 NOMOKA, 6bl3blealoujemy
OaHHbIL MOK.

OObscHEeHUEe SBJIEHUS 3JIEKTPOMArHUTHOW MHIYKLHMU 3aBHUCUT OT TOTO, YTO JBHMJKETCS B
omucaHHOM ormbITe (puc.3.22): KaTylmka Wi TOJOCOBOM MarHuT. JlomycThM, 4YTO MarHuT
HEMNO/IBMKEH, a 3HAUUT U HEMOJBM)KHBIM OyJeT ero MarHuTHoe nose. [lpu 1BHKeHu KaTylKu,
BMECTE€ C HEH ABWXKYTCS, HaxoJsIluecs B HEW d3ekTpoHbl. Ha IBHXKyIIuecs 3JIEKTPOHBI B
MarHuTHOM ToJje aeiictByeT cuina JlopeHua, kotopas OyAeT BBIIOJIHATH POJIb CTOPOHHEN CHIIBI,
MPUBOJALIEH AJIEKTPOHBI MPOBOJHUKA B JBHKeHHE. MokHO mnokazarh, yto JC HMHIyKIMH,
BO3HMKAIOIIAsl B IBWKYIIEMCS IPOBOJAHUKE, paBHA!

g, =vBlsin(7"B), (3.14.2)
I/I€ V — CKOPOCTh JABM>KEHUS IPOBOJAHMKA, [ — €r0 JUIMHA.

JlonmycTuM Temnepb, 4TO MPOBOAHUK (pHC.3.22) HENOABMKEH, a EPEMELIACTCS MOJI0COBOM
MarHuT. B 1aHHOM ciydae Ha HENOJBW)KHBIE 3JIEKTPOHBI NpPOBOJHUKA cuia JlopeHua He
neiicteyetr. Ilpu ABM)KEHMM MOJOCOBOTO MarHuta B OOJAacTH PACIOJIOKEHHS] MPOBOJHUKA

M3MEHSETCS BEKTOP MHIYKIIMA B MArHUTHOTO MOJIS. M3MeHenue MazHumHo20 nos npueooum K
B03HUKHOBEHUIO UHOVKYUOHHO20 JNIeKMPUYECKO20 NOJis, KOMOpoe U NPU8OOUm 31eKmpOHbl
npo8ooHuKa 6 Oeudcenue. VIHIynupOBaHHOE JIIEKTPUYECKOE I0Jie 00JaJaeT CleqyIOIUMU
ocoOeHHOCTAMU. MHAYIIMPOBaHHOE SJEKTPUUECKOE II0JIE He A8NAemcsi NOMEeHYUANTbHBIM.
CunoBble JMHUM WHIYIUPOBAHHOTO MOJIS BCET/la 3aMKHYThI CaMH Ha ce0sl, T.€. DJIEKTPUUECKOE
noJsie sBJsieTcs guxpegvim. [IpM M3MEHEHMHM MarHUTHOTO TOJI CUJIOBbIE JIMHUM BHXPEBOIO
AJIEKTPUYECKOTO MOJIsl OXBAThIBAIOT CUJIOBBIE JINHUU MarHuTHOTO nouist (puc.3.23).

4 1'& * Jlo cux mop MblI pacCMaTpUBaJId UHIYKIIMOHHBIE TOKU B
| | | JUHEWHBIX TMPOBOJAHUKAX, ITOMEPEYHBIC pa3Mepbl KOTOPBIX
_ MPEHEOPEIKUTETTHHO MaJlbl 0 CPAaBHEHHIO C WX JJIUHOM.
A A dB OnHako WHAYKIMOHHBIE TOKHM MOTYT BO3HHUKAaTh W B
dr MAaCCHBHBIX TPOBOJIHUKAX. B 3TOM cilydae MX Ha3BIBAIOT
mokamu @Dyxo. Hanmpumep, eciu B KaTymiky ¢ OOJIbIIUM
YUCJIOM BUTKOB TMOMECTHTh METaJUTMYECKHI CTEP)KEHb, a Ha
KaTYIIKy T0/JaTh MEPEMEHHOE HANPSHKEHHUE, TO CTEPIKEHb 3a
c4eT BHUXpeBBIX TOKOB Dyko OBICTpO HarpeBaeTcsl.
OOBsCcHSIETCA 9TO TEM, YTO TMEPEMEHHOE MAarHUTHOE TIOJIe
KaTYIIKA UHIYIUPYET U3MEHSIONMIEECs dJIEKTPUUECKOE TOJIE,
KOTOpO€ M BbI3bIBaeT mnosiieHue TokoB PDyko. Temnosoe

Puc. 3.23 JNENCTBHE BUXPEBBIX TOKOB MCIOJIB3YETCS B MHAYKIIMOHHBIX

rneyax Juisi HarpeBa Ipu 3akanke pgertained. HampaBinenne
TOKOB (DYKO IMMOAYUHACTCA IIpaBUITy .HGHIIa, IIO3TOMY MABHXXYHIUMCCIA B MAardHuTHOM IIOJIC
IMPOBOAHHKHU HMCIBITBIBAIOT CUJIOBOC TOPMOKCHUC, 06yCJ'IOBJ'I€HHOC BSaI/IMO)IGI\/’ICTBI/IGM BHUXPEBLIX
TOKOB C MArHUTHBIM IIOJIEM. OTHM IMOJIB3YIOTCA IJId YCIIOKOCHHA TIOABWIKHBIX gacTen
ANEKTPOU3MEPUTEIBHBIX MPUOOPOB. Bo MHOTHX ciiydaeB Toku Dyko OBIBAIOT HEXKETATEIHHBIMHU
u gans OopbObl ¢ HUMHU TNPUHHUMAIOT CHelUalbHble Mepbl. Hanpumep, cepaeuyHuku
TpaHcPpopMaTOpOB HAOMPAIOTCS U3 TOHKUX IJIACTUH M30JMPOBAHHBIX APYT OT JIpyTa.



3.15 9JIC — vHAYKIUY BO BPALIAIOILEMCS BUTKe

PaccmoTpuM Hanbosee 4acTo BCTpeUaroOLIUCs Ha MPaKTUKE BPAllEHUE MJIOCKOTO BUTKA B
OJTHOPOJTHOM MAarHHUTHOM TOJie, KOrJa ochb BpamieHus (OQ' IeKHT B IUIOCKOCTH BUTKA W
TNepIEHIUKYIIAPHO K BEKTOpy B MarHuTHO# muaykumu (puc.3.24). IIpoBeném Bektop 71,
HOPMAJIbHBIA K IJIOCKOCTH BUTKA, ¥ 00O3HAYMM 4YEpe3 O YroJl MEXIy BEKTOpaMH 7 W B.
BriGepem Hauano orcué€ra BpemeHH ¢ Tak, yToObl mpu =0 yrox o = 0. Eciu yrioBas cKOpocTh
BpAIlleHUs pAMKHU [IOCTOSIHHA U paBHA @, TO YTOJ 0L B IIPOU3BOJIbHBII MOMEHT paBEH:

o=wt.

[IoTox BekTOpa MAarHUTHOM HWHIYKIHMH CKBO3b
wiom@aap S, OrpaHUYEHHYIO paMKOW, COIJIACHO
OIIPENIETICHUIO PABEH:

1
d):INBScosoc:NBScoscot, (3.15.1)

N
rae N — ugucno ButkoB B pamke. [lo 3akony (3.14.1)
AIIEKTPOMArHUTHOW WHIYKIIMU HaWaéM MTHOBEHHOE
3Hauenue JJC uHAYKIUH:

g, :—ci%):coNBSsin ot , (3.15.2)
nim
Puc. 3.24 g, =g, sinot, (3.15.3)
rie
g, = ONBS (3.15.4)

ammuiryaa OJC unaykuuu. Takum o0pa3oM, B IJIOCKOHW paMKe, paBHOMEPHO Bpallarolieics B
OJIHOPOJHOM MAarHUTHOM moje, Bo30yxnaercs DJIC, xoTopas H3MEHSETCS BO BPEMEHU IO
rapMmOHHUYCCKOMY 3aKOHY. ,HaHHOG SIBJICHHUE SBHJIOCH OCHOBOM IJI4 CO3JaHUsA IMPOMBIINIJICHHBIX
TeHEPAaTOPOB MEPEMEHHOTO TOKA.

3.16 SIBieHne cCAMOMHAYKIHMH
PaccMOTpHM 3aMKHYTYIO IIE€TIb, COCTOSIIIYIO U3 HCTOYHMKA ITOCTOSTHHOTO TOKAa M PEOCTaTa.
DnekTpuyeckuid TOK [, MpOXoJs MO HPOBOAHMKY, CO3MaéT MarHuTHoe noje (puc.3.25). Oto

MarHuTHOE II0J€ € MHAYKIHEH B co31aér coOCTBeHHBIM MOTOK @, CKBO3b IOBEPXHOCTS,
OTPAHUYEHHYIO KOHTYPOM:
®, = [B,ds, (3.16.1)
S

rae B, - npoekuys BeKTopa B Ha HOpPMajb K DIEMEHTY

noBepxHoctd dS. W3 3akona buo-Caapa-Jlamnaca
ClIeyeT, YTO IpH HEU3MEHHOM (opme MNpOBOAHMKA U
OTCYTCTBHM (EpPPOMArHUTHOM Cpelbl BEJIMYMHA BEKTOPA
MArHUTHOM WMHAyKIMM B NpONOpHUOHATBHA TOKY I, TO
ectb B ~ 1. CienoBarellbHO, M COOCTBEHHBINH MarHUTHBIN
nmotok @ _  cormacHo BeIpaxkenuto (3.16.1) Oymer

c

IIPONOPLMOHAJIEH CHJIE TOKA [:

Puc. 3.25 O =L, (3.16.2)

rae L — ko3gduuueHT nponopuioHaIbHOCTH HAa3bIBAETCS UHOYKMUBHOCHbIO PACCMATPUBAEMOTO
koHTypa. Ilo cBoemy (Qu3nueckOMy CMBICTY HWHIYKTUBHOCTh IIOKa3bIBACT BEIUYUHY
COOCTBEHHOTO TOTOKAa BEKTOPA MAarHUTHOW HWHAYKIUH CKBO3b IMOBEPXHOCTh, OTPAHHUYCHHYIO
KOHTYPOM TIPU TOKE B HEM, PAaBHOM €AHHUIIE:



L=—-=. 3.16.3
7 ( )
MOo>KHO CUHTATB, YTO
AD
L= . (3.16.4)
Al

T.€. MHAYKTUBHOCTb IOKAa3bIBa€T, Ha CKOJIbKO H3MEHSIETCS COOCTBEHHBIH MAarHUTHBIM MOTOK
yepes MOBEPXHOCTh, OTPAHUUYEHHYIO KOHTYPOM, TP U3MEHEHUHU TOKa B HEM Ha €IUHUILY.

W3 npuBen€HHBIX BbILIE COOOpa)KEHUI CilenyeT, YTO BEIMYKMHA MHIYKTUBHOCTU KOHTYpa
JOJI’KHA 3aBUCETh OT FT€OMETPUYECKUX Pa3MepoB U (JOPMBI MPOBOIHUKA, a TAaK K€ OT MarHUTHOM
MIPOHULIAEMOCTH OKpYXarouleil cpenbl. B 3TOM OTHOIIEHWH WHIYKTUBHOCTb KOHTYpa SIBJISETCS
AHAJIOTOM JJIEKTPUYECKON EMKOCTH YEAUHEHHOTO IIPOBOHUKA.

3a eMHUIly UHIYKTUBHOCTH MPUHUMAETCSI MHIYKTUBHOCTb TAKOI'0 KOHTYpa, COOCTBEHHBIH
MarHUTHBIN MOTOK KOTOporo paseH 1 Bebepy npu Toke B 1 Ammep. Ota euHMIA HA3bIBACTCS —
redpu (I'n):

iru =180 _ Be
1A A

[Toxaxem, 4YTO HWHIAYKTUBHOCTh JUIMHHOIO COJICHOUJA JEWCTBUTEIBHO 3aBUCUT OT
MAarHUTHOM MPOHUIIAEMOCTH CPENIbl U €T0 TeoOMETpUUeCKuX mapamerpoB. Ha ocnoBanum (3.16.3)
uMeeM:

L
rae N — of1ee yuciio BUTKOB cosieHouAa. [1jist oAHOPOIHOTO MOJIsl JJIMHHOTO COJICHOUIAa MOYKHO
MIOJIOKUTb, YTO COOCTBEHHBIN MOTOK CKBO3b €0 MONEPEYHOE CEUEHUE PABEH:
®, =BS,

rac S — momaab OrpaHu4C€HHas OAHUM BUTKOM. CJ'IC)IOBaTCJ'IBHO, IIOJIy4YuM

L:NBS.

1

y‘-II/ITBIBaﬂ, 4YTO HHAYKIUA E MAardovuTHOrO II0JIs1 BHYTPH COJICHOMJA OIPCACIACTCA
dbopmynamu (3.8.6) u (3.8.7), T.c.

(3.16.5)

N
B=yp, uTI ,
rje [ — nmMHa coJeHOoMaa, HauaéM
L=p,un’V, (3.16.6)
N N
rae n= 7 - YHCJI0O BUTKOB Ha €IWHHUIC JJIMHEI cojieHoupa, V =S/ - ero o0Oném. Takum

00pa3oM, MHIAYKTHBHOCTh COJICHOWA MPOTOPIMOHAIbHA KBAAPATy YKCIa BUTKOB Ha CIUHUIIC
JUIMHBI, 00BEMY COJIEHOUIa U MarHUTHON MPOHUILIAEMOCTH MaTepuaia, U3 KOTOPOTO U3rOTOBJIEH
CEepJCUHUK.

Bynem ¢ momompio peocrara (puc.3.25) u3MEeHATh TOK B 3aMKHYTOU 1ienu. [1pu usmenenun
TOKa B KOHType OylIeT M3MEHATHCS COOCTBEHHBIM IOTOK BEKTOpa MarHUTHON uMHIyknuun @,

MIPOHU3BIBAIOIIUN TIOBEPXHOCTh S, OrpaHWYEHHYI0 KOHTypoM. Ha ocHoBaHum 3akoHa
AJIEKTPOMArHUTHOM MHIYKIMK B KOHTYype OyaeT HaBoauThes DC MHAYKIMY, YUCICHHO paBHasl:

dd
g, =——F5 3.16.7
= (3.16.7)
VYuutsiBas Beipakenue (3.16.2), nanaém:
g, = —Lﬂ. (3.16.8)

dt



[Ipu sTOM cumTaercs, 4TO WHIYKTUBHOCTh KOHTypa L=const. SIBjeHUE BO3HUKHOBEHUS
AJIEKTPOIBIKYIICH CUITBI MHIYKIIMU B PE3yJbTaTe U3MEHEHUS TOKA B LIEMH MOJIYUYUIIO Ha3BaHHE
ABIeHUSA CAMOUHOYKYUY. DIAEKTPOIABUKYIAs CUJIa UHIYKIUU B 3TOM ciy4yae HasbiBaercs I/C
camounoykyuu. Kax Bumno u3 gopmynsl (3.16.8), Benuunna 3/]C caMOMHIYKIIMU 3aBUCHT OT
CKOPOCTH HM3MEHEHHMS TOKAa B IEeNHM C HHAYKTUBHOCTHIO. CleoBaTeNbHO, SIBIICHHE
CaMOMHIYKIIMH OCOOCHHO YETKO MPOSBIISICTCS TIPH 3aMBIKAHUU U PA3MBIKAHUU DJICKTPUUECKHUX
LIeTIeH, KOTOphIE COACpKAT KaTyIKu MHAYKTUBHOCTH. [lox merictBuem DJIC caMOMHAYKIMHA B
KOHTYPE MOKET TOSIBISATHCS MHAYKIMOHHBIA TOK CAMOMHIYKIIMH, KOTOPBIN COTJIACHO TMPaBUITY
JleHla HampaBlIeH TakK, YTO OH HPOTHUBOJCHCTBYET W3MEHEHHIO OCHOBHOIO TOKa,
00YCJIOBJICHHOTO TaJIbBAHMYECKIUM UCTOUYHHUKOM.

Haiiném xapakrep maMepeHus Toka B 1uenu (puc.3.26) mnpu

L nepeoje nepexntoyarens I1 u3 momoxenus 1 B moJsioxeHue 2.

[Tycte nepeximovatens I HaXoAUTCA B MOJIOKEHUHA | ¥ B 1eNU
YCTaHOBHUTCS TMOCTOSTHHBIM TOK

I =<

R

2 BHyTpeHHee coONpOTUBICHHE HCTOYHUKA TOKA MOXKHO

O CUHMTaTh MpeHeOpexuTeapHo MaiabiM. B MomenT =0 mepeBeném

0% nepexitouatens [1 u3 monoxxenus 1 B mojgoxeHue 2, TO €CTh Mbl

II o =| OTKJIIOYAaeM TajbBaHUYECKHM HCTOYHUK TOKA € M 3aMbIKaeM

1 | o HAaKOPOTKO KaTymky. Pe3koe H3MeHeHue Toka B KOHTYpe

(3.16.9)

Puc. 3.26 MPUBEAET K BO3HHUKHOBEHUIO 2J1C CAMOMHIYKIWH:

0-1
g, =—L—=.
At
3aMKHYTOTO KOHTYpa, Korja nepexiitouaressb [1 ycTaHOBIEH B MOJOXKEHUH 2:

3anumem  ypaBHeHue Kupxroda — mus

IR=¢, wm L£+IR:0.
dt

Pa3znenus Ha L, nosyuyum JMHEHHOE 0JJHOpoiHOE MU depeHInaIbHOe YypaBHEHHE 1-r0
MOPSIIKA:

£+£[:0 (3.16.10)
dt L
Paznennm nepemenHsle U

IIPOUHTErPUPYEM €TO:

1 t
dl R
[==-[Fat
1, 1 4 L
OTtkyna HaiaémM
miz_ﬁt
1 L

I=let. (3.16.11)
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Puc. 3.27

Takum  oOpa3zoM, mOCI€ KOPOTKOTO
3aMbIKaHHUA KaTylUIKW, B KOTOpOI\/’I IMPOTCKAI TOK
l , cuma TOKa B IHeNu HE oOpamiaercs

o
MI'HOBE€HHO B HYIIb, a Y6I)IBaeT 110
SKCIOHEHIMAIbHOMY 3akoHy (puc.3.27). U3
dbopmynsr (3.16.11) ciemyer, 9ro yem Oo0JbIIE
BCJIMYMHA HWHIAYKTHBHOCTH L KaTymlkku ¢
MeHbIIe e€ CONpPOTHBIICHHE R, TeM MeIJICHHEee
CTIaJlaeT TOK B LICTIH.

Paccmorpum Terepb ciry4an
IMOAKIIOYCHHA KaTYIIKH HWHIAYKTUBHOCTHU L kx

HCTOYHUKY MOCTOSIHHOTO ToKa, oOnanatoumiemy JJIC paBuoit € (puc.3.28). Ilocne 3amblkaHus
kioya K, 1o Ttex mop moka cuia Toka HE JOCTUTHET ycTaHoBHUBHIerocs: 3HaueHus (3.16.9), B
nenu kpome DJIC ncroynnka Toka (€ ) 6yner neiicrsoBars DJ[C camonHIyKIuH (€ ;). 3anuiem

3akoH Kupxroda a1 7aHHOTO KOHTYpa:

IR=¢+¢,
HIJIN
IR =¢- Lﬂ
dt
[IpeoGpasyem 3TO ypaBHEHUE K BULLY:
a.R,_e (3.16.12)
d L L

Msb1 monydnsid  TMHEWHOE HEOAHOpoaHOe nuddepeHnnaTbHOe ypaBHEHHE, KOTOPOE
OoT/IM4aeTcs OT OJHOpoaHOro ypaBHeHus (3.16.10) HanumumeMm mnpaBoil yacTh. YpaBHEHUE
(3.16.12) umeet nBa perieHust: oo1Iee peIeHNUE O JTHOPOTHOTO YPAaBHEHUS

R
—t
L

I, =ce ",

rac ¢ — noCTOAHHAasA MHTCIPUPOBAHUA, YACTHOC PCIICHUC!

CnenoBarenbHO, IOJTYYaeM:

=1 +1,

—t
=ce ! +—

¢ (3.16.12)

3HavYeHNE TOKA JODKHO yIOBIECTBOPATh HaYaIbHOMY ycnoBuro: ipu =0, /=0. U3

BbIpakeHus (3.16.12) naiiném

t=0

et =0
R

o €
Otkyna Haitaém, ¢ = _E =—/, - yCTaHOBUBIIIEECS 3HAYEHUE TOKA B LICIIH.

CJ'IC)IOB&TGJ'IBHO, OKOHYATCJIIBHO IMOJIy4acMm:

R,
I=I(-et).

(3.16.13)

JlanHast (QyHKUMS ONMCHIBAET HapacTaHWE TOKAa B LENU C MHIYKTHUBHOCTBIO IIOCIE
MOJAKIIIOUEHUS K HeM MICTOYHUKA [TOCTOSIHHOTO TOKa. I'paduuecku 3Ta 3aBUCMMOCTD ITOKa3aHa Ha

puc.3.29.
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Puc. 3.28 Puc. 3.29

[Ipu BhIKIIFOUEHUU onucaHHOM (puc.3.28) uenu KOHTaKThl Kitoya K pacxonsTcs u B Lenb
[IOCJIEIOBATEIbHO ~ BKJIKOYAETCS  CONPOTUBJIEHHWE BO3AYHIHOIO IPOMEXYyTKa. Tak Kak
COMPOTHBIIEHUE BO3yXa BEJIUKO, TO TOK B LENHU JOJDKEH MOYTH MTHOBEHHO YMEHBIIUTHCS B
MOMEHT ¢, 110 Hyns (puc.3.29). Benencreue 3Toro B KOHType BO3HHMKAET oueHb Oosbmas DJ(C

camounayknuu. Ota DJIC co3ma€t BO Bced IENM CUIBHOE BHUXPEBOE JJIEKTPUUYECKOE IIOJIE,
KOTOpOE€ B CBOIO oOdYepeab CO34a€T OYEHb 3HAUUTENbHYIO Pa3HOCTh MOTEHIHUATIOB MEXIY
KoHTakTamMu Kiroda K. Pa3HOCTh MOTEHIMANIOB MPHUBOAMT K MOHW3ALMHM BO3IyXa M JaXke K
BEIPHIBAHUIO C TIOBEPXHOCTH KOHTAKTOB CBOOOHBIX AIEKTPOHOB. BO3MOKHO TakKe MOsIBICHHUE
HCKPOBOTO U Ja)Ke IyroBOro paspsioB. OJHaKO MOCIE PACXOKICHUS KOHTAKTOB HA JJOCTaTOYHO
00JIbIIOE PACCTOSTHUE YCIOBHE JUISI CYILIECTBOBAHUS TOKAa CAMOMHIYKIHH (Haiuyue 3aMKHYmou
yenu) Hapyllaercsi W IEpPEeXOJHOM mpolecc MpeKpamlaercss JOCTaTOYHO  OBICTPO.
OKCIIOHEHIMAIBHBIN CclaJ TOKa Imocie pa3MblkaHud uenu (puc.3.28) HEBO3MOXKEH, 4YTO
MIOJITBEPK/TACTCS OTIBITAMH.

3.17 DHeprusi MATHUTHOTO MOJIS
YcranoBuMm nepeximrodatens Il menu ¢ MHIYKTUBHOCTBIO B mojiokeHue 1 (puc.3.26). B
CONICHOWJIE YCTAHOBUTCS TOK I, KOTOpBI cO3maéT MaruuTHOe monme B . Ecmu oTkmoums
COJICHOM/ OT Oarapeu, 3aMKHYTh €ro uepe3 CONpPOTHUBICHHE R, TO €CTh IEepEKITIoYaTelh
YCTAaHOBUTbH B TOJIOKEHHE 2, TO B 00pa30BaBIIeics 1enu OyIeT HEKOTOPOe BpeMs HITH TOK 3a
cuét DJIC camounaykiuu. PaboTa 3Toro Toka 3a Bpems df paBHa:
dA = ¢ ;1dt

dd

C

VYuuteIBad, 4T0 €; = —

, IOJIy4uM:

dA=-1dD, . (3.17.1)
Ecnu MHOYKTHMBHOCTE L He 3aBUCHT OT TokKa, TO d®, =Ldl u ¢opmyna (3.17.1)

MPUHUMAET BUJL;
dA =-LIdl . (3.17.2)
[IpounTerpupoBaB 3TO BRIpAKEHUE 1O / B MpeAesiax OT NEPBOHAYAIBHOIO €ro 3Ha4eHus [
10 HyJsl, HOJyduM paboTy, COBEpIIaeMyl0 B IIeMM 3a BCE BpeMs, B TEUEHHE KOTOPOIO
MPOUCXOJAUT UCYE3HOBEHUE MAarHUTHOTO TOJISI KATYIIKH:

0 2
A:—jud[:“ . (3.17.3)
) 2

OueBHIHO, YTO JAaHHasg paboTa coBepuHIaeTcs 3a CUET MCYE3AIOLIEr0 MArHUTHOTO MOJIS
Kartymku. TakuM oOpa3oM, Mbl MPUXOJUM K BBIBOJY, UYTO KaTyIIKa ¢ MHAYKTUBHOCTBIO L, 1O
KOTOPOM T€YET TOK / 00J1aIaeT IHEPTUCH:

LI 2

w, 5

(3.17.4)




EcrecTBeHHO mpenronokuTh, 9To dHEprus Toka (3.17.4) ecTb HU YTO WHOE KaK dHepeus
MACHUMHO2O NOJisL COJICHOWAA. BBIpa3uM SHEPrUi0 MAarHUTHOTO TIOJII 4Yepe3 BEITUYMHBI
XapakTepu3ylonme camo mojie O6eckoHedHoro cojeHounma. Cormacuo dopmymnam (3.16.6) u
(3.8.5):

L=p,un’V,

H=nl HJ‘II/I[ZE,
n

Ha OCHOBaHUM BbIpaxeHus (3.17.4) noxydanm:
1
w, :EMOMHZV, (3.17.5)

rae V =1S - 00béM coneHouna.
DHepruo, NpUXOJAUIYIOCS HAa €AMHUIY 00bEMa MAarHUTHOTO MOJIS, HA30BEM 00BEMHOU
NIOMHOCMbIO dHepeuu 1 0003HAYNM:

WH
o=—1 3.17.6
” ( )
N .. . Jx
Enunnneit 066EMHOM MIIOTHOCTH SHEPTUH SIBISETCS: ——— .
M
[ToncraBnsis Beipakenwue (3.17.5) B popmyny (3.17.6), momyanm:
1
(’JZEHOHHZ (3.17.7)

TO €CTh O00BEMHAs TUIOTHOCTh SHEPIrUUM MArHUTHOTO TIOJIA ONPENEseTCs KBaJApaToOM
HaNPsHKCHHOCTH MAarHUTHOTO 1OJIA. YUUTBIBasd, 4TO W WH = B, momy4um:

1
coZEBH, (3.17.8)
[Tonygyennsie hopmynst (3.17.7) u (3.17.8) ananorununsl Gpopmynam (1.8.6) mist IOTHOCTH
SHEPTHH JIEKTPOCTATUYECKOTO 1oJjist. st aToro mocrarouno 3amenuth: H Ha E, a B Ha D. D10
ené pa3 NoJA4EpPKUBAET €AMHCTBO AIEKTPUUECKUX U MATHUTHBIX MTOJIEH.



I'maBa 4. MarHuTHbIE CBOIICTBA BelleCTBA
4.1 OnucaHue MOJIA B MATHETHKAX U MX KiIaccupukanms
HYCTB IMPOBOJHHUKHN C TOKaMHM HaxXOJdATCA B BAKYyMC U CO3JAIOT MAarHUTHOC IIOJIE C
WHIYKIIUEN Eo- Ecnm mpoBogHMKM ¢ TOKaMU HaxXOIsATCA B KaKOW-IMOO cpenie, TO MarHUTHOE
[0JIE CYIIECTBEHHBIM OOpa3oM H3MEHSIETCA. JTO OOBSACHSAETCS TEM, YTO BCSIKOE BEILIECTBO
SIBJISICTCSL MACHEeMUKom, T.€. CIIOCOOHBIM IIOJ JACHCTBHEM BHEIIHErO IT0JIS HaMarHHMYHUBaThCS.
Ecnn momMecTuTh MAarHETUK B MATHUTHOE MOJIE EO . O6YCJ'IOBJ'ICHHOC TOKaMH, TO HAMarHud€HHOE€

BEIICCTBO CO3acT «COOCTBEHHOE» MAarHUTHOE 1051e B’ , KOTOPOC 4aCTO HA3BIBAIOT 6HYMPEHHUM

nonem. Bexkrop B HMHIYKUMU PE3YJbTHPYIOLIEr0O MAarHUTHOTO IIOJISI B MArHETHUKE paBeH
r€OMETPUYECKON CyMME MAarHUTHBIX MHIYKIMI BHEITHETO U BHYTPEHHETO IOJIEH:

55 _ 55 X4
B=B,+B" . (4.1.1)
s oObsicHEHUS BO3HUKHOBEHHUS BHYTPEHHEIO IIOJII B MarHeTukax AMIIEp BbIIBUHYII
TUIIOTE3Y O CYHIECTBOBAHMHU B MOJIEKYJIaX BEIIECTBA KPYrOBBIX TOKOB I,. Kakaplii Takol TOK

o0JiazlaeT MarHUTHBIM MOMeHTOM P, =i,S, rae S — miomaas KpyroBoro Toka. OTH KpYroBble

MOJICKYJIIPHBIE TOKH CO3JAI0T B OKPYKAIOIIEM IPOCTPAHCTBE MarHWTHOE moje B'. Ammep
CUMTAJI, YTO B OTCYTCTBHE BHEIIHETO TIOJA MOJEKYJISIPHBIE TOKH OPHUEHTHUPOBAHBI
OecropsIoYHbBIM 00pa3oM, BCJIEICTBUE YETO Pe3yJbTUPYIOLEEe BHYTPEHHE I0JIE€ PaBHO HYIIIO.

HO)I I[Gf/iCTBI/ICM BHCEHOIHETO IIOJII MArHuTHBIE MOMCEHTHI Pm ATOMOB WJIHX MOJICKYII

OPUEHTHPYIOTCS B OJHOM HAaIpPAaBJICHUM, BCJIEACTBUE 4YE€TrO MAarHUTHBIE IIOJS OTHAEIBHBIX
MOJIEKYJIIDHBIX TOKOB HE KOMIIEHCUPYIOT JpYyr Jpyra M BO3HUKAET OTIMYHOE OT HYJIA
BHyTpeHHee noie B'. OpHeHTAlMs MarHUTHBIX MOMEHTOB MOJIEKY/ISPHBIX TOKOB IIPHBOTHT K
HaMarHW4YMBAaHMIO BEUIECTBA.

CreneHb HAMAarHWYEHHOCTHM MAarHeTHKa IPUHATO XapaKTEpPU30BaTh PE3yJIbTUPYIOLIUM
MarHUTHBIM MOMEHTOM BCEX MOJEKYJ, HaXOA[IIUXCS B €AMHMIIE OObeMa BellecTBa. Ty
BEJTMUMHY HA3BIBAIOT 6eKMopom Hamaznuyuéanus I . Jljis 0JHOPOIHOTO MarHeTHka BeKTop I B
JAHHOM TOYKE OIPEAEIIACTCS BBIPAKECHUEM:

ZP}?‘!

[ = lm = , (4.1.2)
AV—=0 AV
rae AV - OGecKOHeUHO Mayblii 00beM, B3STHIH B OKPECTHOCTH pAacCMaTpUBAEMOl TOUKU
y A-m® A
MarHetuka. EJMHMIEH W3MEpeHHs BEKTOpa HAaMarHU4YMBAHHUA SBISETCS: ———=—, T.C.
M M

BEKTOpP HAMAarHWYMBAHUS U HANPSKEHHOCTh MOJI UMEIOT OJUHAKOBYIO Pa3MEPHOCTh. Teopus u
ONBIT TIOKA3BIBAIOT, YTO ISl OJHOPOJHBIX M M3OTPONHBIX CpeJ] BEKTOp MHAYKIUH B’
BHYTPEHHETO MarHUTHOT'O IOJI MPOMOPIUHUOHATIEH BEKTOPY HAMarHU4YUBaHUS I:

B'=np,l, (4.1.3)
rJe |, - MarHUTHAs IOCTOSHHAs BaKyyMa.

yT-ITeM, YTO MarHuTHasA MHAYKIOHWA BHCIIHETO IIOJIA paBHA:

B, =p,H, (4.1.4)

TaKk Kak s BaKyymMa OTHOCUTEIbHasi MarHuTHas mpoHuuaemMoctb p=1. Iloxacrasmss
BbIpaxkeHus (4.1.3) u (4.1.4) B popmymy (4.1.1), HaliieM COOTHOIIEHHE:

B =p,H +p,l. (4.1.5)

Kak 110Ka3bIBaeT OMBIT, /ISl GONBIIMHCTBA BEIIECTB BEKTOP HAMATHUYMBAHMS | CBS3aH C

HAIpsA>XKCHHOCTBIO H MarsuTHOTO II0JISI COOTHOIIICHUEM:

T=vH, (4.1.6)



rac y - XapakKTCpuCTHKa MArH€TuKa, Ha3biBacMast MACHUMHOU BOCNPUUMUUBOCMBIO. Tak kak

PasSMEPHOCTL BCJIMYHH I n H COBIIaJIal0T, TO MAarHuTHasA BOCIPUHUMYHUBOCTL SABJIACTCA
Oe3pa3mMepHON BenMuMHOM. YuuteiBas (opmyny (4.1.6), Ha ocHOBaHuM BbIpakeHus (4.1.5)
HaxXO0JUuM HMHIAYKIIUIO MAarHuTHOI'O IIOJII BHYTPH MAaro€TuKa:

B=p,(l+y)H . (4.1.7)
Ha ocnoBanuu ¢popmyisl (3.4.8) HaxoquMm:
B =p,uH . (4.1.8)

CpaBHI/IBaH ABa TIIOCICAHUX BBIPAXKCHHA, HAXOJUM CBA3b MCKIY OTHOCHTEIILHOU
MarauTHOM IMPOHUIAEMOCTBIO L BEHICCTBA U €TO MarduTHOM BOCITPUUMYUBOCTLIO Y :

p=1+y. (4.1.9)
B 3aBucumocTtu OT 3HaKa M BEJIMYUMHBI MAarHUTHONW BOCIPUUMYHMBOCTU BCE MAarHETHUKH
MOAPA3IENAIOTCS. HA TP OCHOBHBIX PYIIIIbI:
1. ouamacnemuxu, y KOTOPbIX % OTpHLATEIbHA U Majla 1O aOCOJIIOTHOM BEJIMYMHE
(X <0,u< 1);
2. napamacnemuku, y KOTOPBIX % IIOJOXHUTEIbHA M JOCTUraeT HEOOJBIIUX 3HAYECHUI
(X >0,u> 1);
3. geppomacnemuxu, y KOTOPBIX 7y TOJOXKHUTEIbHA MU JOCTUTaeT OOJIBLIIMX 3HA4YEHUM
(X >> 0,1 >> 1). B oTiinumne oT 1uaMarHeTUKOB U MMapaMarHeTUKOB, Y KOTOPBIX BEJIMYUHBI ¥ U
[ TOCTOSIHHBI, MarHUTHas BOCIPUUMYHMBOCTH (DEPPOMArHeTUKOB, a TaK K€ OTHOCHUTEIbHAS

MardvuTHas IMpOHUIACMOCTD, ABJIIAIOTCA HCKOTOPBIMU (1)yHKHI/I$[MI/I HAIpsPKCHHOCTU MAarHUTHOI'O
moJst (cm. pasn. 4.5).
Tak kak MargurtHas BOCIIPUUMYHUBOCThL JUMaMarH€TUKa OTpHUOATCIbHA, TO COIIACHO

dbopmyne (4.1.6) Bekrop HaMarHWuMBaHWsI [ W BEKTOP HANPSHKEHHOCTH H WMEIOT pa3HbIe
snakn. CIIEIOBATENbHO BHYTPEHHE Iole B’ B JUaMarHeTdke o HaIlpaBJICHUIO
NPOTHBOTIONOKHO BHEIIHEMY B ¥ pe3ylbTHpYIOIlee MarHMTHOE mojie cornacHo (4.1.1)
ocnabusercs.

Jlnst napa- U GeppoMarHeTHKOB BeKTOpsl / W H HMMEIOT OJMHAKOBBIC 3HAKM, TAK KK IS
stux BemecTs y > 0. ClieoBaTeNbHO, BHYTpeHHee moie B' B mapa- m (eppoMarHeTHKax

COBITIAZIACT 110 HAIIPABJICHUIO C BHCIIHUM MArHUTHBIM IIOJIEM BO " PE3YIbTUPYIOIICEC MAIrHUTHOC
I10JIC YBCIIMYHUBACTCA.

4.2 MarnuTHble cBoiicTBa atoma. Teopema Jlapmopa
O‘-IGBI/II[HO, pasiinuu€ B HaAMAaroHmd4€HHOCTH PpPa3JIMYHBIX MAarH€THKOB 00BSICHSIETCS
BHYTPCHHUM CTPOCHHEM AaTOMOB, WX MAarHUTHBIMU cBorictBaMd. CoOrjacHO KJIACCHYECKUM
MMpEACTABJICHUAM, 3JICKTPOHBI B AaTOMaxX JABUIKYTCSA 110 3aMKHYTBIM 0p6I/ITaM. Taxoe JBUXECHHUEC
OTJIEIbHOTO 3JIEKTPOHA SKBUBAJIEHTHO KPyroBoMmy TOKy i (puc. 4.1). MarHuTHbI MOMEHT E

QJICKTPUYCCKOT'O TOKa, O6YCJ'IOBJ'I€HHOFO JABVOKCHHUCEM JJICKTPOHA I10 Op6I/IT€, IIPUHATO HA3bIBATh
0p6um€l]leblM MACHUMHbIM MOMEHMOM JSJICKTPOHA:
P =iS, (4.2.1)

2 . 2nr
rae S =mr” - IWIomaab KpyroBol OpOWTHI 3JeKTpoHa pamuyca r. Ecom T :7 - MEepUOJI

oOpallleHUs IEKTPOHa, V - ero CKOpoCTh, TO OPOUTANIbHBIN TOK paBeH:
e _ lel”

T 2mr
CrnenoBatenbHO, ISl OpOUTATHFHOTO MAarHUTHOTO MOMEHTA OJHOTO 3JIEKTPOHA UMEEM:



P = %eVr. (4.2.2)

P Kaxxnprit 2eKTpoH, paBHOMEPHO BpAIAIONIINIICS HA opouTe,
o0yaaeT MEXaHWYECKUM MOMEHTOM HWMITYJIbCa Zl-, KOTOPBIU
~ paBeH:

£ L =mbr. (4.2.3)

OTtHomeHne opOUTaTLHOTO MarHUTHOTO MOMEHTA AJIEKTPOHA
K €ro MOMEHTY HWMITyJIbCa Ha3bIBACTCS  2UPOMACHUMHBIM
OMHOWEHUEM:
Le

P, e

Puc. 4.1 =i 4.2.4
g8=7 "7 (4.2.4)

i
BeKmOPOM 0p6umafle020 MACHUMHO20 MOMeHma amoma Ha30BEM TI'€COMETPHUYCCKYIO
CyMMYy 0p6I/ITaJ'IBHBIX MardouTHbBIX MOMCHTOB BCECX €T'0 3JICKTPOHOB!

P, =3P, (4.2.5)
i=1

TZI€ Z — YACJO IEKTPOHOB B aTOME.
B 20-x romax mpouuioro cTojeTHsi ObIO MOKA3aHO, YTO AJIEKTPOH UMEET coOCMmEeHHbll
MeXanuyecKuti MoMeHm UMILYJIbCa — CIIUH:

1
Lg=—n, (4.2.6)
2
rne h=—, h - mnocrosnHas Ilmanka. [lpyrumu cioBaMu, D5JEKTPOH NPEICTaBIISIET
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Bpamaromuiicss Bodok. CreqoBaTenbHO, KaKIbIH JJIEKTPOH MMEET COOCTBEHHBIH MarHUTHBIN

MoMeHT Pq . IIpy 3TOM r'HpOMardHiTHOE OTHOIIEHUE JUIS JIEKTPOHA PaBHO:
S
g, =——=—, (4.2.7)

T.€. OHO B JIBa pa3a 0oJIbllIe, 4eM g .
N3 dopmyn (4.2.6) u (4.2.7) HaiineM COOCTBEHHBII MAarHUTHBIA MOMEHT OJJICKTPOHA,

KOTOPBII 4acTO Ha3bIBalOT MarHeToH bopa:

P :ﬁ. (4.2.8)
2m
23 fore
Tn
JanpHeimme uccaeqoBaHms MOKa3aau, YTO YaCTULBI Sapa aToMa — MPOTOHBI U HEUTPOHBI
— TaKkKe 00J1alal0T MarHUTHBIMH CBOMCTBaMU. [103TOMY MOJIHBIM MarHUTHBIA MOMEHT aTroMma
JOJDKEH BKJIIOYaTh HE TOJBKO OPOUTANbHBIE MAarHUTHBIE MOMEHTHI JJIEKTPOHOB, HO H
COOCTBEHHBIE MATHUTHBIE MOMEHTHI AJIEKTPOHOB H SJIEP.

Pacuer nokaseiBaer, uro Py =0,927-10

PaccmoTpuM BiMsSTHME MarHUTHOTO TOJIS
Ha OpOWTANFHOE MABIDKEHHE OJIIEKTPOHOB B
aTomax Jroboro BeuiectBa. Jlomyctum, 4To
DIIEKTPOH B aToOMe JBHXKETCS IO KPYTrOBOWM
opbure, IJIOCKOCTh KOTOpO#
NepIeHINKYIISIpHA BEKTOPY H
HaIpsHKEHHOCTH MAarHUTHOTO mojisi (puc. 4.2).
[Ipy oOTCyTCTBHM MarHUTHOTO TIOJII Ha
AIIEKTPOH JCUCTBYET TOJBKO 3JICKTPUYECKas
cunma F  TUPUTSOKEHMS K SAPY, KOTOpas

BBITIOJIHACT POJib LHECHTPO CTpGMHTGHBHOﬁ




CHJIBIL:

F = mogr, (4.2.9)
rjae m - Macca 3JI€KTpOHa, 7' - pajuyCc OpOHTBI, () - YIJIOBas CKOPOCTh BPALICHUS JIIEKTPOHA
10 OpOHTE MPU OTCYTCTBHH MAarHUTHOTO TOJISL.

[Tpu HanOXEeHWM MAarHUTHOTO TIOJIST Ha 3JICKTPOH OyJEeT TOTIOTHUTENBHO JIEHCTBOBAThH CHJIA
Jlopennia F,;, xoropas B ciydae, u3oOpakeHHOM Ha puc. 4.2, Oymer HampaBlieHA
IIPOTUBOIOJIOKHO 3JEKTPUUECKON cuiie. YpaBHEHUE JIBH)KEHUS AJIEKTPOHA 3aIHILIETCS B BUAE:

F-F, =mo’r, (4.2.10)
I1€ ® - YrjaoBas CKOPOCTb OpPOMTANBbHOTO BpPALICHHUS JJIEKTPOHA B aToMeé MpH HATUYUU
MarHuTHOIO 10JIs. Y4uuTsiBas BelpaxkeHue (4.2.9) u o, uto F; = |e|VB , Hal1eM:
mogr —eVB = mo’r.
YuuThIBas CBSI3b JUHEHHOMN U YTIIOBOM CKOPOCTH V' = ®r , IOJIY4YHUM:

mwy —emB = mo*
OTKkyna BUIIHO, YTO:
0 -0l =08

m

YVuuTEBaA, 9T0 ©° —©) = ((o—(oo)(co+ (oo)z 20Aw, tae Aw=0-0,, 0+0, =20,

HaiizleM N3MEeHEeHHe YTII0BOH CKOPOCTH BpAIICHUS AIEKTPOHA IPU HATMYUU MarHUTHOTO TTOJIS:

H
Aw=-SB et 4.2.11)

2m 2m
OTcrofa BUAHO, YTO TPU HAJOKEHUM MArHUTHOTO ITOJISI YaCcTOTA BPANICHUS JJICKTPOHA B
aTOME YMEHBIIACTCS Ha BEIMUUHY A®. DTOT Pe3yabTaT SBISICTCS YaCTHBIM CIy4aeM meopembl
Jlapmopa, Tak Kak MbI PacCMOTPEIU BIIMSHAE MArHUTHOTO ITOJISI HAa JIBIDKEHHUE JJICKTPOHA TI0

opOuTe, MIOCKOCTh KOTOPOH NEPIEHUKYISIPHA BEKTOPY HANPSKEHHOCTU /{ MarHUTHOTO IMOJISL.
Ecnu opburta snmexkTpoHa pacnosio’keHa MPOU3BOJIBHO U BEKTOP OpPOUTAIbHOIO MarHUTHOTO

MOMCHTAa Pl OJICKTPOHA COCTABJIACT C HAIIPABJIICHHUEM H HpOI/ISBOJ'IBHBII/I yroia o, ToO COrjiaCHO

teopeme Jlapmopa Bcs opOuTa MPUXOIUT B npeyeccuoHHoe O08udiceHue, Mpu KOTOPOM BEKTOD
MarHMTHOTO MOMEHTa P , COXPAHss HEM3MEHHBIM YTOJI 0., BPAIlaeTCs BOKPYT HampasieHus H

C er'[OBOI/I CKOpPOCTBIO:
H
ul Ll (4.2.12)

O, =—
L
2m

W3meHeHue yrioBoi CKOPOCTH BPALEHUS 3JIEKTPOHA WM MOSBICHHUE MPELEeCCUU OPOUTHI
IPUBOJUT K M3MEHEHHIO OpPOUTAIBHOIO TOKAa (€ro YyMEHBIIEHHUIO), YTO HKBHUBAJIEHTHO

. 21
ITOSIBJICHUIO JIOIIOJIHUTENIBHOTO TOKAa Ai IIPOTHBOIIOJIOKHOrO HampasiieHus. Ecim AT = Ao
®
M3MEHEHHE Nlepuoa 00palieHust 3JeKTPOHa, TO JOTOJHUTENbHbIM OpOUTANIbHBIN TOK PaBeH:
|e| |eAc0|
AT  2m
VYuursiBas Beipaxkenue (4.2.11), naiinem:
2
. e u H
Ai = - E R (4.2.13)
4mtm

Toky Ai COOTBETCTBYET HaBEIEHHBIM OPOUTAIBHBIA MOMEHT JJIEKTPOHA Ap;, YHCICHHO

PaBHBIN:

2
S
Ap, =Ai-S, :—%H, (4.2.14)



rae S| - IIoW@aab IPOEKUUH OPOUTHI HA IUIOCKOCTb, IEPHEHIUKYISAPHYIO BEKTOpY H .
Hanpasnenue Bextopa Ap; IPOTHBOIIOJIOXHO BEKTOPY HANPSHKEHHOCTH MArHUTHOTO IIOJIA:

2
S _
Ap, =S HOL (4.2.15)
dntm

Ecnun B atoMe z 2JEKTPOHOB, TO NPH BHECEHWM aTOMa B MAarHUTHOE mojie /1 , B HeM
MHIYIUPYETCS JOTIOJHUTEIbHBIA MarHUTHBI MOMEHT, KOTOPBIN IPUMEPHO PaBEH:

N 2 <
— — e zuyS, —
Ap,, :ZApi =——H, (4.2.16)
i drm
e S | - CpedHee 3HAYCHHME IUIOLAAM MPOEKUUU OpPOMUT DJIEKTPOHA Ha IIOCKOCTb,

MEPIEHIUKYISIpHYO [ .
Takum 00pa3zom, Npu BHECEHUM JII0OOOr0 aroMa B MAarHUTHOE I0J€ B HEM HaBOAMUTCA
JIOTIOJIHUTEIbHBIA ~ MAarHUTHBIA  MOMEHT Ap, , KOTOpBIA HAIIPABJIEH IPOTHUBOIIOJIOKHO

MarouTHOMY IIOJIIO.

4.3 JlnuaMarHeTHKY B MATHUTHOM I10J1€
Kak moxa3ssIBaroT HUCCIICAOBaHUA, K AWaAMarHCTUKaM OTHOCATCA BCIICCTBA, B KOTOPBIX

aTOMbI U MOJIEKYJIbl B OTCYTCTBHE BHEUIHEro 1oJis [ HMEeIT MarHUTHbIE MOMEHTHI, paBHbIE
Hymo, T.e. P, =0. DT0 MOXHO OOBSACHUTb TEM, YTO OpPOMTAIIbHBIE DIIEKTPUYECKHE TOKHU

AJIEKTPOHOB KOMIICHCHPYIOT JIPYT JIpyra. J[namMarHeTHKamMu SIBISIOTCS WHEPTHBIC ra3bl, MHOTHE
MeTauIbl (IIUHK, 30JI0TO, M€, CEpeOpO, BUCMYT H Jp.), BOAA, CMOJIBI, CTEKJIO, OOJIBITUHCTBO
OPraHUYeCKUX COCTMHECHUH.

[Ipy BHeceHWM aMAMarHETHKa B MAarHUTHOE TIOJIE B KaXJIOM €ro aToMe HaBOIHMTCS

MarHuTHeIi MOMEHT AP, (4.2.16), KOTOpBII HanpaBJIeH NPOTUBOIOJIOKHO HANPSHKEHHOCTH 1
BHEIIIHEr0 MarHUTHOTO MOJIs. [ OTHOPOIHOTO AMaMarHeTHKa B OJJHOPOJHOM MarHUTHOM I10J1€
HaBEJICHHbIE OpOMTAlbHBIE MAarHUTHbIE MOMEHThI AP, BO BCEX aTOMax MOXHO CYHUTaTh

m

OIUHAKOBBIMU. HOSTOMy BCKTOP HAMAarHM4rMBaHUs JUaMari€TKa paBCH:

- NAP _
== =n AR (4.3.1)

m>
N
rae n= 7 KOHIEHTpalus aToMoB. Ha ocHoBaHuM BbipaxkeHus (4.2.16) nomyuum:

, =
- ne”zS —
[=-te b g (4.3.2)
4ntm
CpaBuuBas 3Ty Gpopmyiy ¢ BeipaxxenueM (4.1.6), HaiiieM YucIeHHOE 3HAYeHHE MAarHUTHOU
BOCIIPUUMYHNBOCTH JHaMarHeTHKa:
, =
ne”zS
y=-22 221k (4.3.3)
4ntm

Kak u cnemoBano oxupath, g auamarHeTukoB: ¥ <0, a p=1+y <1. MaraurHasa
BOCIIPUMMYHMBOCTh Ta30B OYEHb Maja: JUIsl a30Ta - 6,76-10_9, aprosa - 10,9-10_9, BOJIOpOJA -
2,25-10° u .. Y KumKkocTeil M TBepAbIX Te KOHIEHTPALHUsS aTOMOB GOJbIIe, GOJbIIC H

MarHUTHAS. BOCIPHUMYHBOCTb: it BOAbI - 9-107°, mst cepebpa - 25-107° u .11

4.4 IlapamarneTusm
PaCCMOTpCHHBIﬁ B NIpeAbLAyIIEM pa3aciic MCXaHHM3M HaMarHU4uMBaHUA JUAMAarH€TUKOB
CBOJUTCA K HAaBCACHHUIO JOINOJHHUTCILHOIO MAarHuTHOTO MOMCHTA y aTOMOB IIOJ )ICI)’ICTBHCM
BHEIIHETO0 MATrHUTHOIO IOJS. DJTO SIBICHHUE XapaKTCpHO 11 aTOMOB JII000ro BCIICCTBA,



CJIIOBATEIILHO, BCE BEMIECTBA JOJDKHBI 00JIaaTh JUaMarHUTHBIMU cBoWcTBamMu. OTKyma ke
OepyTcs mapaMarHeTUKu?

OKaSBIBaCTCSI, 4TO B OTJIMYMUC OT JUAMArH€THKOB, Y KOTOPBIX MArHMTHBIC MOMCHTBI
OJICKTPOHOB IIpU HX Op6I/ITaJ'H)HOM ABVKCHHUHU CKOMIICHCUPOBAHBI, ATOMBI IMapaMarH€TUKOB
HMCIOT HC CKOMIICHCUPOBAHHBIC MArHUTHBIC MOMCHTBI f?m #0. Hpnqu 9T MAr"HUTHBIC

MOMEHTHI p,, 3HAYMTENBHO OOJbIIE HABEACHHBIX MarHUTHBIX MOMEHTOB Ap, (4.2.16) npu
aramMarHuTHOM 3¢ dekre. MoxkHO cuuTarh, 4yT0 Ap, << p, , U CIE€NOBATEIbHO, BOSHUKHOBEHHE
JONOJHUTEIBHBIX MOMEHTOB Ap, B aroMax IapaMarHeTHMKOB MOXXHO He y4nmThIBaTh. K

IapaMarHeTUKaM OTHOCATCS: KUCIOPOJI, AIFOMAHNMN, IJITATUHA, IIEJIOYHbIE METAJUIBI U JP.
IIpy BHECEHMM INIAPAMAarHUTHOTO BEUIECTBA B MAarHuTHOe mnone B, =p,H Kaxabi

MAarduTHBIA MOMEHT f?m aToOMa UMW MOJICKYJIbI CTPEMHUTLCA YCTAHOBUTLCA BJAOJIb IOJIA BO (CM.

pazn. 3.2). OngHako, TEMJIOBOE [BUMKEHHE AaTOMOB WJIM MOJEKYl1 CTpEeMHUTCS pa3dpocarb
MarHUTHbIE MOMEHTBI TaK, YTO BCE€ HAlPAaBICHUS BEKTOPOB p, OyIoyT paBHOBEPOSTHHL B

pe3ynbTaTe JNeHCTBUS 3TUX JBYX MPOTUBOIOJOXKHBIX (PAKTOPOB YCTAHABIMBAETCS HEKOTOpas

PaBHOBECHAs IPEUMYIIECTBEHHAs] OPUEHTAlsl MATHUTHBIX MOMEHTOB BJI0JIb BHEIIHETO ITOJISL.
Knaccuueckast teopus napamarHetusma Obuta pasButa [I. JlamkeBeHoM B Hauaie

npouuioro Beka. OYeBHIHO, YTO OPUEHTHPYIOUIEEe NEHCTBHE MAarHUTHOIO IOJII HA aTOMBI

napaMarHeTHKa 3aBUCHT OT BEIUYUH p,, U B(. Ilpuuem, uem Gonbiie p, u B, TeM CHIbHEE

MPOSIBJIIETCS. OpUEHTHUpYollee JedcTBue mnosisd. Pas3OpaceiBaromiee JeCTBHE TEMJIOBOTO
JBIKECHHSI  ONPENENSIeTCS  CPeAHEH  TEIJIOBOM DHEpPrued MOJIEKYyld, T.€. BEIWYUHOU
nponopuroHanbHoil kT (k -nocrosinHas bonbliMana, 7' -a0coitoTHas Temneparypa). OueBuiHO,
yeMm OoJibllle TeMIeparypa, TEM MEHbIIE OpUEHTHpYyollee aelcTBUe moJisi. Takum obOpazowm,
NecTBUE JBYX IPOTHBOIOJIOKHBIX (DAKTOPOB MOXKHO XapaKTepu3oBaTh Oe3pa3MepHOil
BEJINYMHOM:

a=

B H
PmBo _ Pmtlol? (4.4.1)
kT kT

HpI/I HE€ OYCHb CHJIbBHBIX MAr"HuTHBIX IIOJIAX MOKHO CUHTATh, 4YTO HaAMarHu4cHHOCTH
nmapaMara€TukKa paBHa:

1
I = Enopma , (4.4.2)
rle 7( - KOHLIEHTPALUs aTOMOB. YUYHThIBas BeIpaxkeHue (4.4.1), noaydum:
2
[ =20Puto (4.4.3)
3kT

CpaBHuBass 310 BbIpakeHue c ¢opmynoi (4.1.6), HaligeM 3HAYEHHE MAarHUTHOM
BOCTIPUUMYHMBOCTH IS TAPaMarHEeTUKOB:

2
Ny Pubto
= ToPulto 4.4.4
X="30T (4.4.4)

OTCIOI[a BHJHO, 4YTO 7% - HOJIOXKHUTCIJIbHAsA BCIMYHMHA H CJICA0BATCIIbHO, HAIIPABJICHHA

BekTopoB [/ u H coBnagator. MccnenoBaHus MOKa3bIBaKOT, YTO BOCHPUUMYHUBOCTh KUCIOPOIa

NPy KOMHATHBIX TeMIlepaTypax paBHa 18,6- 1077 , i1 okucu azora - 0,8- 1077,y TBEPJIBIX
rapamMarHeTUKOB BocipuuMunBOCTh B 1000 pa3 Gosbiie: 1yist TUIaTUHbI - 2,58 107 , JUIS JINTHS -

23-107 mrm

Takum o0O0pa3oM, Teopus M ONBIT [OKA3bIBAIOT, YTO MarHUTHasi BOCIHPUUMYHUBOCTD
napamMarieTukoB npumepHo B 100 pa3 Oosiblie BOCHPUUMYHMBOCTU JAMAMATHETHUKOB. ITO
MI03BOJISIET OOBSACHUTH MOYEMY Y MAapaMarHeTUKOB HE MPOSIBISIOTCS JWaMarHUTHbIE CBOMCTBA.



Oxa3biBaercsi, 4YTO 0OoJjiee CHJIBHBIM MapamMarHUTHBIM 3(Q@exkT mnepekpriBaeT ciaadblit
JMaMarHUTHBIN.

N3 dopmynsr (4.4.4) cnemyer, 4TO MarHWTHAas BOCIPUHUMYMBOCTH IapaMarHETUKOB B
OTJIMYME OT JHWaMarHeTUKOB OOpaTHO MPONOPLUOHAIBHO a0COJIIOTHOM TemmepaType (3aKoH
Kropn):

xzi, (4.4.5)
I7Ie ¢ — NOCTOsIHHAs BennynHa. 3akoH Kiopu nmoaTrBep:kaaeTcsi 3KCIepUMEHTaIbHO.

4.5 ®eppomMarseTusm
CDGPPOMCZZH@WIUKLIMM HAa3bIBAIOTCA TaKKUC BCIICCTBA, B KOTOPBIX BHYTPCHHCC MArHUTHOC

nosie B' MOxeT B COTHM M THICSIYM pa3 IPEBBIIATH BbI3BaBIIEE ero noie B, (cm. pasn. 4.1).

Jlist heppOMarHeTUKOB XapaKTepHA TaKKE OCTaTOYHAsI HaMarHW4eHHOCTh. K ¢peppomarnernkam
OTHOCSITCSI JKE€JI€30, HUKENb, KOOAIhT U UX CIUIaBbl. B oTiiMume OT nua- W mapaMarHeTHKOB, y
KOTOPBIX BEKTOp HAMATHMYCHHOCTH [ MpPSAMO IIPONOPLHOHANCH HAMPSIKEHHOCTH H
HaMarHWYMBAIONIETO MO, Y (heppOMarHeTUKOB HAMArHMYEHHOCTD SIBJISIETCSI BEChbMa CIIOKHOM
¢dbyakuueir HanpspkeHHoctd (puc. 4.3). Kak BugHO M3 3TOro pHCyHKa HAMarHUYEHHOCTH
(heppOMarHeTUKOB CHayaia OBICTPO HAPACTA€T C POCTOM HANPSHKEHHOCTH MArHUTHOTO IIOJISL.
3areM HacTynaeT MacHUmHoOe Hacvlujenue, KOTJa HAMarHMYEHHOCTb YK€ IPaKTHYECKU
MepPECTaeT 3aBUCETh OT BEJIMUMHBI HAMAarHUYMBAIOIIETO TOJIS.

IA B

O H O )5t

Puc. 4.3 Puc. 4.4

[lockonbky HaMarHW4eHHOCTb (EPPOMArHETHMKOB HE MPSIMO  IMPONOPLHOHAIbHA
HANpPsLDKEHHOCTH TOJIsI, TO corjiacHo (opmyiie (4.1.6) MOXKHO NPEANoI0kKUTh, YTO MarHUTHAS
BOCIIPUMMYUBOCTb 7} HE SBJISETCS MOCTOSHHOW BEIMYMHOM JJI JAHHOTO (eppoMarHeTHka, a

SABJIACTCA AOBOJIBHO CIIOKHOM (1)YHKIH/I€I71 HaAnpsHKCHHOCTU HaMarHM4uvBaromero IoJjs, T.C.

1=x(H).

L HccnenoBanusi MOKa3bIBalOT, YTO 3aBUCUMOCTH
MArHUTHON MHAYKIHH B OT HANPSKEHHOCTH momst H
st (DepPOMArHETHKOB TAKXKE SIBIISCTCS HEIUHEHHOM
(puc. 4.4). CnenoBatenbHo, coriiacHo dopmyre (4.1.8)
ClIelyeT  IPEIIOJIOKUTD, YTO  OTHOCHUTEJIbHAs
MarHuTHas ITPOHUIIAEMOCTh | (heppOMarHeTUKa TaKKe

=
() H 3aBHUCHUT OT HAIIPSAKCHHOCTH HAMAarHM4MBaromiero ImoJist

Puc. 4.5 H, Te pu= u(H ) OtHOCHTENbHAsT MAarHWTHas

MPOHHUIIAEMOCTh (epPOMArHEeTHKOB BHadaje OBICTPO
pacTet ¢ Bo3pactaHueMm / , JOCTUraeT MakCUMyMa, a 3aTeM yobiBaeT (puc. 4.5). MakcumaibHoe
3HaUYeHHe | JUId (EeppOMarHETUKOB O4YeHb Benuko. Tak s kenesa W, = 5000, mos

nepmaiuios (78% nuxens u 22% xenesa) W, =100000.




Cnenyromee BakHOE OTIMYUE (EPPOMATHETHKOB 3aKJIHOYAETCS B TOM, 4YTO €CIIU
MapaMarHuTHbIE WM JHMaMarHUTHBIE CBOICTBA BELIECTBA MPOSBIISIIOTCS B JIIOOOM arperaTHOM
COCTOSIHUM, TO (eppOMarHUTHbIE CBOWCTBA HAOMIOJAIOTCS TOJIBKO Yy KPHUCTAUIOB U
MOJIMKPUCTAINIMYECKUX BeIleCcTB. B KuIKOM WM ra3000pa3HOM COCTOSIHUM (heppOMarHuTHBIE
BEIIECTBA BEIyT ce0s Kak oObIuHbIe MapamarHetuku. Orcrona cienyer, yTo (peppoMarHUTHbIE
CBOMCTBa ONPENENSIOTCS HE OCOOBIMU CBOMCTBAMHM HX aTOMOB, a 0CO0OH CTPYKTypoll HX
KPUCTAJUTMYECKOMN PEIIETKH.

Oxka3bIBaeTcs, 4To JUIsl KaKI0ro (heppoMarHeTuka UMEeTcsl OIpeIesIeHHas TeMrepaTypa —
touka Kropu, BbllIe KOTOpOoi (heppOMarHWTHbBIE CBOMCTBA MCU€3alOT U BELIECTBO CTAHOBUTCS

OOBIYHBIM MapamaraetukoM. J[ist xene3a touka Kropu cocraBnser 770° C, mis aukens 360°C,

s niepmainiost - 70° C.

XapakTepHbIM ~ CBOMCTBOM  (DeppOMarHeTUKOB  SIBIIACTCS  cucmepesuc.  SIBjaeHue
3aKJIl04a€TCa B TOM, YTO HaMarHM4€HHOCTb q)eppOMaFHeTI/IKa 3aBUCUT HE TOJBKO OT
HAMpsO>KCHHOCTH HaMarHM4uBaromicro IoJisd B I[aHHI)IfI MOMCHT, HO M OT HOpPCABAPUTCIBHOI'O
HaAMarHu4MBaHus oOpasma. JSIBieHWe rucTepe3nca MPUBOAMT K TOMY, YTO IIPOIECC
HaMarin4ymuBaHU S (beppOMaFHeTI/IKa HC COBIIAAACT C MPOUCCCOM pasMarHn4ruBaHU.

I I'paduk Ha puc. 4.3
4 XapakTepU3yeT XoJi IepBOHAYaIbHOU
| HamaraimyeHHoctd. KpuBas QOad Ha
| puc. 4.6  TakkKe  OTHOCUTCS K
a | [IEPBOHAYAIILBHOMY  HaMarHUYMBaHUIO
I
I
|
|

Il — — —

lo (beppoMarsHeTuka 10 HachlLICHUA [, .

byaeM  yMeHbIIaTh  HANPSHKCHHOCTH
MarHuTHOro mnoyii or H, 10 Hys.

Hu g HamarunuenHoctb OyneT yMeHbIAThCS
(xpuBas AbI, na puc. 4.6) B mporecce

pasMarnHn4vMBaHu, HO BCJIIMYMHA
HaMarHWYE€HHOCTH OCTA€TCS BCE BpPEMs
OoJIbIIIeH, yeM B npouecce

HaMaroHm4yvBaHMUA. Korz[a MAargomMTHOC
noJyie f craHer paBHOW HYIIO (H = 0),

HaMarHM4eHHOCTh (eppoMarHeTuka He
oOpaTHTCS B HOJIb — 0Opasel] COXPaHUT HEKOTOPYIO OCMAmMOYHYI0 HamachudeHnocmv 1, u

TOJIBKO B TOM Ciydae, Korja Ha oOpasen OyneT IOJaHO MarHuTHoe mone H g
MIPOTUBOIOJIOKHOTO ~ HANpaBJCHUs, HaMarHUYEHHOCTh oOpa3na oOpaTUTCS B HOJb.
HanpskeHHOCTh pa3MarHU4MBAIOIIETO MO [ ;. Ha3BIBACTCS KOIPYUMUSHOU CUTIOU.

Kpusas, nzobpaxenHnas Ha puc. 4.6 Ha3bIBa€TCs cUcmepe3UCHol nem.ell.

®eppoMarHeTUKu ¢ OOJIIIONW KO3PIUTUBHOW CHUJIOW Ha3bIBAIOTCS «MarHUTOTBEPABIMI.
JUisi HUX XapakTepHa IIMpOKas MeTis rucrepesrca. eppoMarHeTUKA ¢ MajJod KOIPLUTHUBHOMN
CWJION Ha3bIBAIOTCS «MAarHUTOMSTKUMM». [l HUX XapakTepHa y3Kas MeTiis rucrepesuca. Tak,
JUIS. U3TOTOBJICHUS MIOCTOSIHHBIX MarHUTOB HUCHOJIB3YIOTCS MarHUTOTBEpAble (PeppOMarHeTUkH, a
JUIS U3TOTOBJIEHUS CEPACUYHUKOB TPAaHC(HOPMATOPOB — MATHUTOMSITKUE.

OcobGenHoctn (heppOMarHETUKOB MOKHO OOBSCHUTBH, CIEAYS KIACCHUYECKOW TEOpUH
¢deppomarnerusma, npempioxenHon I1. Beiiccom. CormacHo 3TOi Teopuu, MpU TeMIlepaType
Huxe Touku Kropu deppomMarHeTuk COCTOMT M3 MUKPOCKOIMYECKHUX 0OJacTei, Ha3blBaEMbIX
domenamu, B KQXJI0M U3 KOTOPbIX MAarHUTHbIE MOMEHTBI ATOMOB PACIIOJIOKEHBI CTPOTO B OJTHOM
HampaBiieHHU. TeM caMblM KaKIbplii JJOMEH OKa3bIBA€TCSi HAMATHUYEHHBIM JI0 HACBHIIIEHUS
HE3aBHCHMO OT HaJMYMs BHEIIHETO MAarHUTHOIO IOJISI U OT €ro BeJW4HHbI. PazMepsl TOMEHOB

nocruraror 1072 —107° CM, BCJIEACTBUE YE€TO UX MOXHO HAOII0aTh B MUKPOCKOTI.



[Ipy OTCYTCTBMHM BHEIIHET0O MAarHUTHOTO IIOJII MArHUTHBIE MOMEHTBHI JIOMCHOB
OPUEHTHUPOBAHBI XaOTUYHO, TaK YTO CyMMAapHBIH MarHUTHBIA MOMEHT Bcero oOpasiia paBeH
Hymo (puc. 4.7). JlelicTBue BHENIHETO TOJISI Ha JOMEHBI MPH HEOOIBIINX HAMPSKEHHOCTIX
IOJICH MMPUBOJIUT K YBEIIMYCHHUIO TEX TOMEHOB, MOMEHTBI KOTOPBIX COCTABJISIOT MEHBIIIHNA YTOJI C
BektopoM H (puc. 4.8). Ilpu GONBIIMX HANPSDKEHHOCTSX MATHHUTHBIX MOJIEH MPOUCXOIHT
MMOBOPOT MarHUTHBIX MOMEHTOB JJOMEHOB B HaIpaBJICHUH 10Jis (puc. 4.9).

\
H=0 \ H#0 \\ Hy>H
\
\
. \
\
\
Puc. 4.7 Puc. 4.8 Puc. 4.9

Knaccuueckast Tteopust QeppoMarHeTusMa MO3BOJWIA OOBACHUTH 3aKOHOMEPHOCTH
HaMarHU4MBaHusg (EeppOMarHeTHKOB, W B YaCTHOCTH, SIBJICHHWE HACBIIEHUS M HaTWYHs
OCTAaTOYHON HaMarHW4eHHOCTH. OUeBUIHO, YTO MAarHUTHOE HACHIIIEHUE HACTYNaeT TOrAa, Koraa
BEKTOpPhl MAarHUTHBIX MOMEHTOB BO BceX 00JacTsIX CIOHTaHHOM HaMarHM4E€HHOCTH
YCTAHABIIMBAIOTCS MapajuleIbHO BHEWIHeMY MoJito (puc. 4.9). OcraTtouHas HaAMarHUYEHHOCTb
(beppoOMarHeTuKOB OOBACHSAETCS COXPAaHEHUEM MPEHMYILECTBEHHON OpUEHTAlMM MarHUTHBIX
MOMEHTOB JIOMEHOB IOCJ€ CHSTHUsI BHelIHero mnojis. llepemarnuumBanue ¢Qeppomarneruka
CBSI3aHO C IIOBOPOTOM 00JIaCcTEeHl CIIOHTaHHOW HaMarHUYEHHOCTH.

OnbIT MOKa3bIBAET, UTO U3MEHEHNE OPUEHTALMH 00JIacTel CIIOHTAaHHOW HAMAarHUYE€HHOCTH
IIpU U3MEHEHUH BHEIIHErO IOJIS MPOUCXOIUT CKAauKOOOpa3HO. DTO SIBJIEHHE HOCHUT Ha3BaHHE
s dexra bapkraysena.

[Ipu HamarHuuMBaHuM (PeppOMArHETUKOB MPOUCXOIUT U3MEHEHHE ero (popmbl U oObeMa.
OT0 sBIEHUE Ha3bIBaeTCs Machumocmpukyuer. OHO HALUIO NMPUMEHEHHE JJIs U3rOTOBJICHUS
YJIBTPa3BYKOBBIX M31y4aTeIIeH.

B xnaccudeckoit Teopuu peppomaraeTrMa He BCKPhIBAJIaCh MPUIMHA CAMOTIPOU3BOIHLHOM
HAMarHM4E€HHOCTH  JOMEHOB.  BHawasne  mpeamojarasoch, 4YTO  CaMOIPOMU3BOJIbHAS
HAaMarHM4E€HHOCTh JIOMEHOB JI0 HACBIIICHUSI MOXET ObITh OOBSCHEHO IOJIHOM OpHEeHTaluen
PE3YIbTUPYIOLIUX OPOUTAIBHBIX MarHUTHBIX MOMEHTOB BCEX 3JIEKTPOHOB aTOMOB, BXOJSIIUX B
JNOMEH. ['mpoMarHuTHOE OTHOUIEHHE JJIsi OPOUTANBHOIO JIBUXKEHHUS DJJIEKTPOHA COTJIACHO

e . .
¢dopmyne (4.2.4) paBHo : g = py Opnako onbIThl A. DiiHIITeHa 1 A. ne-I"aaza nmokaszanu, 4yTo
m
Ui (peppOMarHUTHBIX BEUIECTB I'MPOMArHUTHOE OTHOILIEHHUE B JiBa pa3za OoJblile, YeM JJis rapa-
e
U JMaMarHuTHeIX BemecTB (4.2.2), T.e. gy =2g =—. OOBACHHUTH OIBITHI MOHO, €CIIU
m
IIPEINOJI0KUTh, YTO 3JIEKTPOHBI 00Jalal0T COOCTBEHHBIM CHUHOBLIM MACHUMHBLIM MOMEHMOM
— eh
Py =— (4.2.8).
2m

Takum 00pazomM, HaMarHW4eHHOCTh ()EPPOMArHETUKOB HE CBsA3aHa C OpPOUTAIbLHBIM
JBUKEHUEM DJIEKTPOHOB, a OOBSICHSETCS HAJWYHMEM CIHMHOBBIX MArHUTHBIX MOMEHTOB Y
2NIeKTpOHOB. Tak, Hampumep, pacueThl MOKA3bIBAIOT, YTO B KaXKJIOM aToMe Kelie3a YeThbIpe
AJIEKTPOHHBIX CIIMHA TPEThEe 000I0UYKU OCTaIOTCA HE CKOMIIEHCUpOoBaHHBIMU. [Ipu Temmeparype
Hke Touku Kropu B QeppoMarHeTHke BO3HUKAIOT TaK HAa3bIBa€MblEe CuUibl OOMEHHO20




gzaumooelicmeusi, KOTOPbIE 3aCTaBJIAIOT MAarHUTHbIE MOMEHTBHl YKa3aHHBIX JJIEKTPOHOB
BBICTpaMBaThCsi B OOJIACTH KaXJOTr0O JOMEHA IapajlelbHO Apyr Ipyry. B pesynprare dyero
o0jacTy CIOHTAHHOTO HAaMarHWYMBaHUS OKa3blBAIOTCSI HAMATHUYEHHBIMHM JI0 HACBIIICHHUSL.
Crnenyer OTMETHUTb, YTO CHJIbBI OOMEHHOTO B3aWMOJIEHCTBUS HE UMEIOT KJIACCMYECKOro aHajiora,
a SIBJISIOTCSL 0COOBIM BUIOM KBAaHTOBOTO B3aUMOJCHCTBHUS.

OOMeHHBbIe CUIIBI TPUBOAAT K BOSHUKHOBEHUIO TaK HA3bIBAEMOIO aHmugeppomazHemuzma.
[Ipumepom aHTH(QEPPOMArHUTHBIX BELIECTB SBISAIOTCH @Geppumul. VX mnonaydaroT mnyrem
CIIEKaHUSl MOPOIIKOB, COCTOSILIUX U3 TIIATEIbHO IEPEMEUICHHBIX OKUCIIOB XKelle3a (Fe203) C

OKHCJIaMHU JPYTMX METaUIOB — MapraHia, JIMTHs, HUKess U Jp. [Ipu temneparype HU)KE TOUYKU
Kiopu crnmHOBbIE MarHMTHbIE MOMEHTHI JBYX DPa3HOPOJHBIX aTOMOB (Kejie3a U, Hamlpumep,
Maprasia) IornapHO HallpaBJIEHbl B MIPOTUBOIMOJIOXKHYIO CTOPOHY B o0Obeme Bcero obOpasua. Ho
Onarojgapst TOMy, YTO MAarHUTHbIE MOMEHTHI IBYX COCETHUX aTOMOB Pa3JIMYHbI O aOCOIIOTHOM
BEIMYMHE, HIKe Touku Kiopu ¢eppuT oOKaxeTcsi CHOHTaHHO HAaMarHWYeHHbBIM U €ro
BOCIIPUMMYHUBOCTb OTJINYHA OT HYJIS.

B 3aBucuMOCTH OT cocTaBa M TEXHOJIOTMHM IIPOM3BOJCTBA (DEPpUTOB MX CBOMCTBA MOTYT
ObITh CaMbIMM pa3HOOOpa3HbIMHU. Tak, KOAPLUTUBHAA CUJa HHUKEIb-UMHKOBBIX (HeppUTOB

A A .
cocTaBiseT Bcero 1 ——, a y KoOambTOBBIX (epputoB — oxono 2-10° =. YV maruwuii-
M M

MapraHueBbiX (eppUTOB TUCTEpe3UCHAs METis OMu3Ka K MPSAMOYrOJbHOM, YTO IO3BOJSET
NPUMEHSATh MX B KadecTBE DJEMEHTOB 3allOMHHAIOIIMX YCTPOMCTB B  AJIEKTPOHHBIX
BBIYMCIUTEIIbHBIX MAIIMHAX.

MaruutHas MHAYKUUS Yy (QEppUTOB 3HAUUTENBHO MEHBIIE, YeM Y METAIMYECKUX
¢deppomarnetukoB. Ho ¢epputsl 0051a7a10T OJHHUM BaXXKHBIM IPEUMYLIECTBOM: €CIIU
MeTallIn4eckrue (peppoMarHeTUKU SBJISAIOTCS XOPOIIMMH MPOBOJHUKAMU JIEKTPUUYECKOTO TOKa,
TO (eppuTbl 00JIAAI0T CPABHUTENBHO HU3KOM 3IEKTPONPOBOJHOCTBIO. OTO IO3BOJISET
UCIO0JIb30BaTh (EPpUTHl B KAueCTBE CEPACYHUKOB PA3IMYHBIX YCTPOWCTB, pabOTaIOLUIUMX Ha
TOKax BBICOKOI YacCTOTBHI, I/I€ IPUMEHSTh CTaIbHbIE CEPACUHUKH HEBO3MOXKHO.



I'naBa 5. DieKTpOMarHuTHbIE KOJe0aHUA

5.1 CBoGoaHbIe KOT€0AHUS B H1€ATbHOM KOHTYpe

Konebanus TOKa WM AIEKTPHUYECKOTO 3apsiia MOTYT BO3HHMKATH B IICTIH, COCTOSIICH W3
WHAYKTHBHOCTH M €MKOCTH. Takas »sieKkTpuyecKkas Ienb Ha3bIBACTC KO1eOamenbHbiM
konmypom. ECIN akTUBHOE CONPOTHBICHHE KOJIEOATEIBPHOIO KOHTYpa pPaBHO HYIIO, TO €ro
MIPUHATO HA3BIBATh udeaivHuvim (puc. 5.1).

UtoObl BBI3BaTH KOJEOAHMsS, 3apsAUM OT HCTOYHMKA TOKAa KOHACHCATOP, KOTOPBIHA
MIPEIBAPUTENILHO OB OTKIIIOUEH OT KaTYLIKU MHIYKTUBHOCTH (puc. 5.1a). DieKTpuueckoe mnosie
KOHJICHCATOPa 00J1a/1aeT SHEPTUEH:

We =dm (5.1.1)

rle ¢,, - 3apal, COOOIIEHHbIM KoHAeHcaTtopy. OTKIIOYMB OT MCTOYHHMKA TOKa KOHJEHCATOD,

3aMKHEM €ro Ha MHAYKTUBHOCTb. KOH/AEHCAaTOp HayHET pa3psKaThCs U Onaroaaps sIBICHHUIO
CaMOMHJIYKIIMM B Lenu OyJaeT HapacTaThb JJIEKTPUYECKHM TOK. B HEKOTOphIi MOMEHT TOK B

KaTymKE JOCTUTHCT MAKCHMAJIbBHOI'O0 3HAUCHUA [m , 4 KOHACHCATOP ITOJHOCTBIO Pa3pAaUTCA.

MarauTHO€ T0JIe KaTyIIKy Oy/IeT MMETh MakCUMajbHOe 3HaueHue (puc. 5.10):
2
LI
w; =—=m=2. (5.1.2)
2
Tak Kak aKTUBHOE CONIPOTUBIIEHHE KOHTYPA PABHO HYJIIO, TO OTCYTCTBYIOT IIOTEPU SHEPTUH

Ha Harp€BaHu< NNpOBOAHHUKOB. CHGI[OBaTeJ'II)HO, I10 3aKOHY COXPAaHCHUA SHECPIruu HMECM:

2 2
dm le
We =Wy nma 2% = — 5. 5.1.3
c =" YR ( )
| ]
+ ) _ |
YYYYY Y % - YYIYY .
- J - \ r
a) 0) B) r)
Puc. 5.1

B nanbHeiieM Tok OyIeT yMEHbLIATHCS, a 3apsijl Ha KOHAEHcAaTope Oy/AeT yBEIHMUUBaThCA,
T.€. DHEPrus MArHUTHOTO IOJIS KATYyIIKU OYJET MepelaBaTbCs YHEPrUH dJIEKTPUUYECKOTO IOJIS
KOHJeHcaTtopa. HacTynut Takoil MOMEHT, 4TO TOK NPEBPATUTHCS B HOJIb, a 3aps]] Ha OOKJIaaKax
KOHJIGHCATOpa JIOCTUTHET MaKCHMAJIBHOTO 3Ha4YeHUs (puc. 5.1B), T.e. MpOU30IACT mepe3apsika
KOHJeHcaTtopa. Jlanee KOHJIeHcaTOop HauyHET pa3pspKaTbCsi M TOK TEYeT B 0OpaTHOM
HaIpaBJIEHUH, IOCTUras B HEKOTOPBIA MOMEHT (puc. 5.1r) MaKCUMaJIbHOTO 3HAYEHUS. DHEPIus
AJIEKTPUYECKOT0 MO0JIA MPU 3TOM IPEBpALIAETCS B SHEPrUI0 MarHUTHOIO MOJs. 3aT€M 3HEprus
MarHUTHOTO TOJIS IEPEHIET B 3HEPIHUI0 AIEKTpuUecKoro mnoiis. Jlanee xonebaTeNbHbIN npoiecce
Oyaer mnoBTOpsAThCA. Jlerko BUIETHh, YTO B ONMCAHHOM KOHTYpE COBEpIIAIOT KOJeOaHUs:
NEKTPUYECKUH 3apsll ¢, cuia Toka [ , Hanpsbkenue U Ha KOHIEHCaTope.

[To npaBuny Kupxroda st 3aMKHYTON 1lenu B JIF0OOM MOMEHT BpEMEHU HalpshKeHHE Ha
koHzeHcatope U paBHO DJIC caMOMHIyKIUH KaTyIIKH €; :

Uc=¢g. (5.1.4)




Ecnu 3apsn koHneHcatopa paBeH g, o U :i. YuuteiBasi, 4T0O MTHOBEHHOE 3HAYCHHUE
e

2
d dl d
cwiIbl TOKa [ :—q, OJIC caMOMHAYKLMU paBHA €y = L CnenoBarensHo,
dt dt dr?
coriacHo (5.1.4) nonyuum:
2
d 1
1Ca 1,
- C
PazgenuB 310 BBIpakeHHe Ha L, TOJyduM ougdgepenyuanrvioe ypasHeHue KolebaHutll 8
UOeanbHOM KOHmMype:
2
d 1
29, " 4-0. (5.1.5)
dtz LC
CpaBHHMBass d3TO ypaBHEHHE C YpaBHEHHEM KOJIeOaHWI TNPYKHMHHOTO MasTHHKA,
yOexxaaeMcsi B MX TOXAECTBEHHOCTH. PemienuneM nuddepennuansuoro ypasHenus (5.1.5)
SBIISIETCS YPABHEHUE 2APMOHUYECKUX KOeOAHULL:

q = q,, sin(ogt +¢g). (5.1.6)
HeiictBuTenbHo, npoauddepeHuupys 3Ty PYHKUNIO ABAXKbI 10 BPEMEHH, MOTY4HUM:
2
d .
—;]:—co%qm s1n(c00t+(p0). (5.1.7)

dt
[loacraBnsis dopmynsl (5.1.6) u (5.1.7) B ypaBHenue (5.1.5), Hailimem COOCTBEHHYIO
KpPYrOBYIO YaCTOTY K0JIeOaHUI B KOHTYpE:

1

Jliist meproia COOCTBEHHBIX KOJICOAHHI HMEEM:
2n
Ty =—=2nJLC. (5.1.9)
®o
W3 stux dopmyn cienyer, 4To cOOCTBEHHAsI YacTOTa U NMEpUO KoJeOaHUN He 3aBUCIT OT
YCIIOBUH 3allycka KOHTypa, a 3aBUCUT OT [apaMeTpoB KoJedaTeabHOro KOHTypa:
WHIYKTUBHOCTH KaTYIIKA U €eMKOCTH KOHJCHCATOpa.
Haiimem 3akoH wu3MeHeHHsS CHIIBI TOKa B KOHType. [ns storo mpomuddepenmupyem
BbIpaxkeHue (5.1.6) mo BpeMeHu:

I:%:woqm cos(ogt + g ) (5.1.10)

HIJIN
I =1, cos(wyt+¢g), (5.1.11)

rac
Ly, =04 (5.1.12)

amrmutyna cuibl Toka. CpaBHuBas Gopmynsl (5.1.6) u (5.1.11), BUmHO, YTO U3MEHEHHUE CHUJIBI
i .
TOKa OTCTaeT 1o (asze Ha 5 OT U3MEHEHHUs 3apsa Ha KoHjeHcatope (puc. 5.2). Haiinem 3akon

HU3MCHCHUS HAIIPSHKCHUS HA KOHACHCATOPC!:

Uc :%:%"sin((oot+(p0) wm U =U,, Sin(coot+(p0), (5.1.13)
rne
Uy =12 (5.1.14)
C

AMINIMTYAa HAIIPSXKCHUS HAa KOHACHCATOPC.



qghl CpasuuBas popmyist (5.1.6)
u (5.1.13), BUHO, YTO U3MEHEHHE
qpl— — — HaNpsKEHUsl Ha KOHJEHCATope U
T |~ q i _ M3MCHCHHE  3apsjga Ha  Cro
gy N oOKIaIKax HPOHCXOIAT B
/ OJIMHAKOBOM (haze.
0, A - \\ S Bonnosvim conpomuenenuem
K01e0amenbHo20 KOHmMypa
N & » Ha3bIBAETCS OTHOILLIEHUE

aMIUIMTYAbl Hanpsbkenus U, Ha

Puc. 5.2 KOHJICHCATOPE K aMILIUTY/JE CHJIbI

TOKa /,, B KaTyIKe:
Um

= 5.1.15
p I ( )

T
Bemnuuner U, u [,, 0OTAMYarOTCS IO BPEMEHH Ha TO Ha ocnoBanuu ¢opmyn (5.1.12) u

i o 510

P ooC C
CJ‘IG)IyeT 3aMETUTh, UTO UACAJIbHBIX KOHC6aTeHBHI)IX KOHTypOB HET, TaK KakK HpOBOI[HI/IKI/I,
o0Opasyrolue KojebareabHbli KOHTYp BCErja MMEIOT aKTHBHOE COIPOTHBIIEHHE, KOTOPOE HE
paBHo Hymo (R #0). ITomydeHHble BBIBOABI 3TOr0 maparpada MOMKHO HCIIOJIB30BATh, ECIH
CONPOTHUBJIEHHE R Majo U MM MOKHO npeHedpeds. Ho 3To He Beera BO3MOKHO.

(5.1.14), naitnem:

5.2 CBoOoaHbIe KOJIEOAHUS B PeaibHOM K0J1e0aTeJIbHOM KOHTYpe
JIroOo#t peanbubiii KOHTYp (puc. 5.3) o0mamaeT aKTHBHBIM CONPOTHBICHUEM (R;tO).

[lepBoHauanbHO 3amaceHHass »HHEpPrusi, HalpuMep B KOHJEHcarope, OyAeT MOCTENeHHO
pacxo/0BaThCs Ha HarpeBaHHE MPOBOJHHUKOB, BCIEACTBHUE YEro CBOOOJHBIE KojeOaHUs OyayT
samyxarowumu. CornacHo npasuwity Kupxroda i 3aMKHYTOH 1Ieny UMEeM:

Up+Uc =¢g, (5.2.1)
rie
Up=IR= Rﬂ (5.2.2)
R dt e
R MaJCHUE HAIIPSHKCHHSI Ha PE3UCTOPE;
S | 1

£ Ue :Eq (5.2.3)

—— [ | HampsbkeHHe Ha KOHJIEHCATOpE;

2

/4

e =1L - _194 (5.2.4)
dt dtz
Puc. 5.3 OJ1C camounnnykiuu. CienoBaTenbHO, HMEEM:
2
L Lol +R 9q + e q=0.
dtz dt C

Pa3znenuB 310 ypaBHeHue Ha L, monyduM AudepeHralbHOe YpaBHEHHUE Ul PeallbHbIX
CBOOOJHBIX KOJIEOAHUN B KOHTYpE:

2
g Rdg 1 . _y (5.2.5)
dt? Ldt LC

BBenem 0003HaUEHUA:



R R
— =2 nmu f=— 5.2.6
7 p p i (5.2.6)
riae B - koagppuyuenm zamyxanus,
R
) 5.2.7
oo %0 (5.2.7)
rle () - COOCTBEHHAs YacTOTa UEAIbHBIX KOJIEOAHHH.

Takum obpazoM, Juggepenyuanvroe ypasuenue O0iisi pearbHbIX CB0O0OHBIX KOJIEOAHUL
UMeEET BUJI:

d2
—+2[3—+ 0‘] 0. (5.2.8)
2
dt
B 3aBucMMOCTH OT BEIWYHHBI AKTUBHOTO COMPOTHBICHHUS KOHTYypa pEIIEHHUE ATOTO
T depeHnaIbHOT0 YpaBHEHUS OyIeT pa3InyHbIM.

PaCCMOTpI/IM Clydall ManbIX INOTeph dHepruu. bynem cumrarh, 4ro B<m; HWIHK
R

2L\/_

COTIPOTUBIICHUM KOHTypa. B aTOM ciydae pemennem nuddeperinuanpHoro ypasuenus (5.2.8)
SBIICTCS YpABHEHUe 3amyxXaouux Koiebanuii 3apsaoa Ha KoHoencamope:

[L
T.e. R<2 C win R <2p - aKkTUBHOE CONPOTHUBIIEHUE MEHBUIE JABYX BOJHOBBIX

q=qome "' cos(ot + o) (5.2.9)
raec
V) 1 R?
=40y —B =,————% (5.2.10)
LC 47?

4acTOTa PEalbHBIX KOJICOAaHWH B KOHType. JIerko 3amMeTuTh, 4TO ® H (0 OTIMYAIOTCSI Ha

HEOOJIBIIIYIO BEJIIMYNHY (co < ) Tak xak cos((ot + (po) C TEYCHHEM BPEMEHH H3MEHSETCA
nepuoAndecku ot +1 10 -1, To BenmunHa

—Pr _
qome " =4qm (5.2.11)
dn Ha3bIBACTCA aMIUTATYAOMN KoJieOaHui B
q IIPOM3BOJIGHBIA  MOMEHT BPEMEHHM, a (¢, -
Mo

aMITUTyla KoJieOaHWW B HAYaJIbHBIM MOMEHT
BpeMeHH pu @ = 0. CrnenoBaTenbHO, COMNIACHO

q ) dbopmyne (5.2.11) ammuTyna mpu 3aTyXarolIuX
) I KOJIEOaHHAX yMEHBIIAETCS 1o
g SKCHOHEHIMAIbHOMY  3akoHYy  (puc.  5.4).

Breisicaum  ¢usudeckuit  cMpic  Koddduimenta
O T t 3aryxaaus [3 . [Tomoxwm, 9Tto Bpems
Puc. 5.4 1
t=1=—. (5.2.12)
p
Torna Ha ocHOBaHUHU BbIpaxkeHus (4.2.11) noayuum
dm = ‘]Ome_1 = qOTm )

T.e. 3a BpeMs T aMIUIUTyAa KOJeOaHWi B KOHTYpe yMeHbIaercs B e pa3 (puc. 5.4).
CnenoBarenbHO, corjlacHO BhIpaxeHuio (5.2.12) xosgguyuenm szamyxanus [ odbpammuo

NPONOPYUOHANEH 8PEMEHU T, 8 MmeYyeHUue KOMopo2o AMNIUMYOd KOIeOaHuli yMeHbUAemcs 6 e
pas:

B=-. (5.2.13)



Bpewmsi T yacTo Ha3pIBAIOT BpEMEHEM 3aTyXaHusl KoJeOaHUH.

q Ha puc. 5.5 uzobpaxen rpaduxk
3aTyxarolux KojaeOaHui, BBITIOTHEHHBII

(D corsacHo ¢opmyse (5.2.9) npu ¢y =0.
m

/T\\ p(t+T) Halinem 3akOH M3MEHEHHUS HaIPsDKEHUS
I
I
|

N~ q
Ha  konugencarope Uq-=-—. Ha
ﬂ\ AN SN c

U P OCHOBAHUU BBIPKCHUS (5.2.9)
T MOJTYy4HM:

— ” U:Uome_Bt cos(cot+(p0) (5.2.14)

O

rie U, = ‘]()Tm - amIumMryzaa

Puc. 5.5

HanpsDKEHUsT Ha  KOHAEHCATope B
Ha4yaJIbHbII MOMEHT BPEMEHU ( 0) npu @y =0.

3aryxamomue KojiebaHHus MPUHATO XapaKTepU30BaTh JIOTAapU(PMHUUECKUM JIEKPEMEHTOM
3aTyXxaHus, KOTOPBIH [MOKa3bIBA€T OTHOCUTENIbHYIO YObUIb aMIUIUTY/Ibl KOJIEOAHUHN 3a IEPHOJ;

A= m% (5.2.15)

T.€. JIoTapu(MUUECKUI JEKPEMEHT 3aTyXaHHs YHUCICHHO paBeH HATypaJbHOMY JOrapupmy
OTHOIIEHMSI JBYX aMIUIUTYJ, OTJIMYAlOIIUXCs BO BpeMeHHU Ha nepuo]. Ha ocHoBaHMM 3akoHa
3aryxanus (4.2.11) naiinem:

_Bt
A= mmzmewzw. (5.2.16)
VYuursiBas Beipaxkenue (5.2.13), Haiinem:
T 1
7\‘ = —_— = — .
T N,

T .
rie N, :? - YHCJIO TMOJIHBIX KOJIeOaHWM, COBEpIIMB KOTOpPbIE aMIUIMTY/la YMEHBIIAeTCS B €

pa3. MoXxHO cka3aTb, YTO JIOTApU(PMUYECKUI IEKPEMEHT 3aTyXaHus 0OpaTHO MPONOPLUOHATIEH
YHCIly KOJIEOaHUM, COBEPUINB KOTOPbIE aMIUIUTY/Ia YMEHBIIAETCS B € pa3.
YuutsiBas Beipaxkenue (5.2.6), Ha ocHoBaHuH (5.2.16) Haiinem:
RT

: 5.2.17
Y ( )

271
[Ipu Manom akTUBHOM CONPOTUBIIEHUH MOKHO CUMTaTh, YTo I = — . [loaTOMy nmeem:
0

=R (5.2.18)
coL

Otcroma BHIHO, YTO 4YeM OOJIbIlIE aKTHBHOE COMPOTUBIICHHE, TeM Ooisbiie 3 u A W,
CIIeIOBATENBHO, OBICTpEe MPOUCXOANT 3aTyXaHHeE.

KonebarenbHblil KOHTYp 4acTO XapaKTEpPU3YIOT €ro doopomuocmouio (), KOTOpas 00paTHO
MIPOINOPLIMOHANIbHA JIOrapu(PMUYECKOMY AEKPEMEHTY 3aTyXaHUsI:

0= % . (5.2.19)
Cornacao popmyne (5.2.18) momyanm:
O=—o, (5.2.20)



T.€. JOOPOTHOCTh KOHTYpa 0OpaTHO MPOINOPLHUOHAIbHA aKTUBHOMY CcOIpoTHBIeHHIO. [To cBoeMy
(UBUYECKOMY CMBICTY TOOPOTHOCTH XapaKTEpPU3yeT OTHOCHTEIIBHOE YMEHBIICHUE DHEPTUU 3a
nepuoa. Ha puc. 5.6 mokazansl rpa@uku 3aTyXarolIuX KOJEOAHWI B KOHTYpE MPH Pa3IUYHOMN

)IO6pOTHOCTI/II Q2 <Q1, 7\,2 >7\‘1, R2 >R1, Ty <171y, Bz >Bl .

q O4eBHUAHO, YTO TMpH JATbHEHIIEM
N R YBEJIMYEHHH AKTHBHOIO COIPOTHBJIEHHSA R
KOHTYypa, BpeMs 3aTyXaHus T  Oyler
yMeHbmarbcs.  [Ipy  Tak  Ha3hbIBAEMOM

\ -
_ o
/\ */\\ - KpUmu4eckom ConpomueaieHuy KOHTypa:
/\ L
O \-/ \/ \/ ! chp = 2\/:. (5.2.21)
e 4 C

cormacio  ¢Gopmyne  (5.2.10)  dacrota
Koie0aHWld @ TIpeBpamiaeTcss B HONb, a

- (S04 () KoJeOaHui CTPEMUTCS K
i a) OECKOHEYHOCTH:
q T = 2r_ 2
® 2
- Ry Ry 1R
£ - - 2
e -0 LC 4L
T~ [Tpu aKTUBHOM CONPOTHUBIICHUH KOHTYpa
/\ /\ R>R,, KoJIe0aTENbHBIN nporece
0 \/ B _\[ 4 CTAaHOBUTCSA anepuoouyecKum, T.C.
S T MPOUCXOUT arnepuoANIeCKUit paspsin
a7 _ KOHJIEHCaTODa.
VA 0)
x
Puc. 5.6

5.3 BoiHyXk/1eHHBbIE 3JIEKTPOMATHUTHBIE KOJIe0aHUA
Ilon ewinysrcoennvimu  xonebanusmu B KOHTYype IIOHUMAIOT KojeOaHMs, KOTOpbIE
BO3HMKAIOT B HEM IOJ JAelcTBUEM BHelHeill nepuoanyecku uzMmenswomeics O/(C. Ilycts Ha
IIOCJIEOBATENBHBI  KOHTYpP, COCTOSIIIMM M3 KOHJAEHcaropa eMKocTbro (', KaTylKu
WHIYKTUBHOCTH L ¥ aKTUBHOTO compoTuBiieHus R (puc. 5.7), momaercs BHemHss DJ[C,
M3MEHSIIOIIASICS 10 TAPMOHUYECKOMY 3aKOHY:
E=¢g,sinot, (5.3.1)

C| L R rae  g,- ammmrygsa OJIC, ®- kpyroBasg dYacToTa
Y Y e[ o
| BaHemHer DJIC. s monydenust nuddepeHnuanbHOro
YpaBHEHHUs BBIHY)KJIEHHBIX KOJI€OaHUN BOCIOJb3yeMCs
npasuwioM Kupxroda juist 3aMKHYTOH LienH:
Ur+Uc=¢, +e, (5.3.2)

rane Up =IR - MIHOBEHHOE NAJCHHE HAINPSHKCHHUA HA

t
1
aKTMBHOM  compotuBinenuy, Ucg = % =C j Idt -
0

dl
HalpsKEeHHE Ha KOHJEHCATOpE, € = _LE - O/1C camounaykiuu. CieqoBaTenbHO, MOTyIaeM:

dl 1k
L—+IR+—|Idt=¢,, sin ot. 5.3.3
” - | m (5.3.3)

0



[lonHoe pemieHHe 53TOTO HEOAHOPOJHOTO YpaBHEHUS PABHO CyMME peIlEHHUS
COOTBETCTBYIOLIET0 OJHOPOJHOIO JIMHEMHOTO YypaBHEHMs, KOTOpPOE€ IPEACTaBiseT coOon
3aTyXalollue KOJIeOaHHs 4YacTOThl (), M YaCTHOIO PEIIEHHs C YaCTOTOW (0 BBIHYXKJIAIOIIEH
DJ1C:

=1, s1n(cot+(p). (5.3.4)

Paznnyme yactor ®y ¥ ® OPUBOJUT K TOMY, YTO B HA4YaJabHBI MOMEHT IIOJKIIOYECHUS
OJIC B KOHType BO3HMKAalOT OueHus Toka. Ho Tak kak 3aTyxamliue KojieOaHus BCKOpE
MCYE3al0T, TO B YCTAaHOBUBLIEMCSI PEXKHMME OCTAIOTCS UMCTO BBIHY)KJIEHHBIE KOJeOaHUs TOKa
(5.3.4). YroObl HaliTH aMIUMTYyRy [,, BBIHY)KICHHBIX KOJeOaHMH M HMX HadalbHylO (aszy ¢

npoauddepeHIpyeM U IPOUHTErpUpyeM Belpaxenue (5.3.4):

/4
%:wlm cos(cot+(p):colm sin(cot+(p+gj, (5.3.5)
t
1 1
Ildt:——mcos(cot+(p):—msin(cot+(p—£j. (5.3.6)
0 ol ® 2

[Toncrasnsis popmynst (4.3.4)-(4.3.6) B ypaBHenue (4.3.3) momydnm:
1
oL, sin(cot +¢ +§] +RI,, sin(wr + (p)+—mcsin(cot +¢ —g] =g,sinof.  (5.3.7)
®

@u3n4ecKuil CMBICI 3TOIO ypPaBHEHMS: CyMMa MIHOBEHHBIX HANpPsDKEHHM Ha
unaykTuBHOCTH U, Ha akTMBHOM conpotuBieHMH Up u eMkoctH U~ PaBHO MIHOBEHHOM

BHewmHel D/IC, npunoxeHHol K KOHTYpY. CieoBaTenbHO, MOYKHO 3alicaTh, BO-MIEPBBIX:

U =olLl,, sin(cot+(p+§]:UmL sin(cot+(p+§] (5.3.8)
rjae
UmL
U, =oLl, nn I, =——. (5.3.9)
oL
Benmnunny
oL=X; (5.3.10)
IIPUHATO HA3bIBATb PeAKMUBHbIM CONPOMUBTEHUEM KAMYUIKU UHOYKMUBHOCTU.
Bo-BTopsIX,
Uc :I—msin(cot+(p—£]:Umcsin(cot+(p—£], (5.3.11)
oC 2 2
rjae
Im
U,c = wm [, =oCU,,-. (5.3.12)
Benmnunny
1
- Xc (5.3.13)
Ha3bIBAIOT PeaKmueHblM CONPOMUGIEHUEM KOHOEHCamopa.
B-tperbux,
Ug =1,,Rsin(ot +¢)=U g sin(of +¢), (5.3.14)
rjae
UmR
Uur =1,,R nmm Im:T. (5.3.15)

Benvunna R - aKTUBHOE CONPOTHBJIEHHME KOHTypa, U,,p - NaJcHHE HANPSOKEHHUS Ha

AKTUBHOM COITPOTHBJICHUMU.
Takum o6pazom, BelpaskeHue (5.3.7) MOXKHO 3anucarh B BUJE:



UL sin(cot+(p+§]+UmR sin(of +¢)+U ¢ sin(cot+(p—g] =g, sinwt. (5.3.16)

Ul [IpencraBuM 3TO BBIpaXKEHHE B BUJIE
BEKTOPHOM auarpammsl (puc. 5.8), rne OP -
OTIOpHAsl IUHUS.

Bocnonrs3oBaBmmics TEOpPEMON
[Tudaropa, noxyanm:

2 2 2
em =Upnc=Upr) +Upr-  (5.3.17)

O _T e /—, P YuutsiBas BBIpOKCHHUE (5.3.9),
Une—U, Z - o P
me™ UmlL e B (5.3.12) u (5.3.15) nonyuum:

2

1

g2 = li(——mL] +I2R?. (5.3.18)
oC

OTkyna HailileM aMIUIUTYy TOKa JUIs

BBIHY)KJICHHBIX KOJICOAHUN B KOHTYpE:

e I, = S (5319)
Puc. 5.8 R? +[1—ij
oC
HNJINn
€
lm:7m (5.3.20)
raec
2
, (1
Z=.R +(--ij (5.3.21)
oC

Ha3bIBACTCSl NOJHLIM CONpOMuUGIeHUueM TIOCIEA0BaTEIbHOTO KOHTypa. Bripaxkenue (5.3.19)
4acTo Ha3bIBaIOT 3aKoHOM OMa Jyid 3aMKHYTOH LIeTIH IEPEMEHHOT0 TOKa.

Kax BugnO 13 Gopmyinsrl (5.3.19) ammnTyna cuisl Toka /,, B KOHTypE 3aBHCUT HE TOJBKO

OT THapaMeTpoB KOHTypa (R,L,C) n ammutynsl BHemHed JJIC €,,, HO W OT YacTOTHI ®

m»°

BozaeiictBus BHentHed DJIC. [Ipu onpeneneHHoOl YacToTe ®, BO3JEHCTBHS HAa KOHTYP, MOXKET

p
0Ka3aThCs, UTO BhIpakeHUE B ckoOKax (opmysl (5.3.19) oOpatutcs B HOJIb:

1
—-0,L=0. (5.3.22)
®

pC

OTkyna umeeM:
1

0, =—F—=0. (5.3.23)

P JLc
[Ipu gacrore ©, BO3/ICHCTBUSA, KOTOpas COBHAJaeT ¢ COOCTBEHHOW 4YacTOTOH

KoJieOaHWH B KOHType, aMIUIUTyAa Toka comtacHo (5.3.19) nmocturaer makcMMalibHO
BO3MOKHOI'O 3HAYECHMUS:

Ly :E’ (5.3.24)
KOTOpPOE HAa3bIBACTCSl PEe30HAHCHbIM. 3aBUCUMOCTb AMIUIUTY[bl BBIHY)KJIEHHBIX KoJeOaHUN B
KOHTYpPE OT YaCTOThI BO3JCHCTBUSI MPHUHATO HA3bIBATh PE30HAHCHBIMU KpHBBIMH (puc. 5.9). U3
BEKTOPHOM JuarpamMmbl HaiiieM a3y BBIHYK/IEHHBIX KOJeOaHUM:

L—coL

te =%. (5.3.25)



I OueBUIHO, YTO TIPH pPE30HAHCE COTJIACHO
(5.3.25) =0 u Tok B KoHTYpeE (5.3.4) coBmagaer
| Ry mo ¢aze ¢ BuemHed DJIC, a3y koTopor MbI
| npuHumaem (5.3.1) 3a HOJIb.

Ecoun Baemnsst DJIC mpencraBisier co0oit

Ro>Ry
cymMmmy cunyconganbHeix OJIC ¢ pasnmuyHbIMU
| JacTOTaMH, TO PE3YIbTHPYIOIIHMA TOK B KOHTYypeE
| TaKKe Oyzner MIPEJICTaBIATh CyMMY
O Op | TapMOHMYECKMX TOKOB C TEMH JK€ 4YacTOTaMH.
Pic. 5.9 Opnnako, Omaromapsi SIBICHUIO PE30HAHCA, KOHTYP

CHJIBHEE BCEr0 pearupyeT Ha Ty COCTaBIIAIOLLYIO
O/1C, vacroTa KOTOpOM paBHa WM Haubosee OiM3ka K pPE30HAHCHOM uacrtore. [pyrumu
CIIOBAaMH, KOHTYP «OTKJIMKAETCS)» JIMIIb HAa YaCTOTHI OJM3KO PACIOJI0KCHHBIE K PE30HAHCHOM
4acToTe. DTH YaCTOTHI CO3JAIOT TOKM C HauOoublied ammmrynoit. Ilycrs [, - ammiutyna

Toka 1ipu pezoHance. Ecnu Baemnsist 9JC ¢ 4acToToi ® cO3/1aeT TOK B KOHTYPE C aMIUTUTYI01

1
mp
1, Zf’ TO TNPHUHATO CUMTATh, YTO Ha JAHHYIO YacCTOTY KOHTYp «OTKJIMKAaeTcs» M OHa

npomyckaercst kKoHTypoMm (puc. 5.10). Cnexktp 4dYacToT, KOTOpBIE€ IIPOIYCKAEeT KOHTYP
®y —®] =A® Ha3bIBACTCA aOCONIOMHOU NOJIOCOU NPONYCKaHus Kowmypa. BenuuuHa, paBHas
OTHOIIEHHUIO AaOCOJIFOTHOM MOJOCHl MPOMYCKaHWA KOHTypa K €ro pe30HAaHCHOM 4acToTe

o . A®
Ha3bIBACTCS OTHOCUTEILHOM ITOJIOCOM MPOITYCKaHUS —— .

Op
Im Jlist Koe6aTeNnbHBIX KOHTYPOB C JIOCTATOYHO
i 00Jb111011 TO0OPOTHOCTHIO CIPaBeIMBO
mp - — — — —
’ COOTHOIIICHUE:
' A
o 1
| [ P (5.3.26)
V2 ®
P iy
| T.€. OTHOCHTEIIbHAS T0JI0Ca MPOIYCKaHHs KOHTYpa
| | | 00paTHO TpOMOpIHOHANIbHA ero qo0poTHOCcTH. s
I | ! TOTO, 4YTOOBl YBEIMYUTH TIOJOCY MPOIYCKaHUs
) o 0y 02 s KOHTYpa, €ro J0OPOTHOCTH CJIETYeT YMEHBIIINTD.
Puc. 5.10

5.4 MomHoCTD, BblAe/sieMasi B LENHU NIEPEMEHHOI 0 TOKA
HYCTB OJICKTpHUYCCKasd 1OC€Ib COCTOUT M3 AKTHUBHOI'O COIPOTUBJICHHUA R , KaTylIKH
WHIYKTUBHOCTH L M KOHAEHCATOpa eMKOCThi0 C, COeIMHEHHBIX MOCJEN0BaTeNbHO (puc. 5.7).
[Iycts Ha JaHHYIO Lenb HOJAaeTcs IepeMEHHOE HampshkeHue ¢ ammutynod U, =g,
MrHOBEHHOE 3HAYEHHE HANPSUKEHHs M3MEHseTcs 1o 3akoHy: U(t)=U,, cosmf, a TOK B HeH
I(t)=1,,cos(ot— @), Tne @ - pasHOCTH a3 MeXIy TOKOM M HampsskeHHeM. MTrHOBEHHOE

3HAYCHHUEC MOIIHOCTH, BBII[GHSIGMOI\/’I B LCIK paBHO IIPOMU3BCACHUIO MTIHOBCHHBIX 3HAUYCHHUH
HAIIPs>KCHUA U CHUJIBI TOKA:

P(t): U(t)-l(t):Um coswt-1,, cos(cot—(p).

1 1
Bocnonws3oBaBmmcs hopmynoii cosa - cosf = 5 cos(oc — B) + 5 cos(oc + B), MTOJTYYHM:

P(t):%ImUm coscp+%lmUm cos(20t — ). (5.4.1)



[IpakTHdyeckoe 3HAYEHHWE HMMEET CpeaHee IO BPEMEHH BEIUYMHA P(t), KOTOPOE MBI
0Go3HaunM mpocto P . Tak Kak cpesiHee 3HaueHue cos(2mf — @) PaBHO HYITIO, HONYdHM:
1, U
P:%cosq). (5.4.2)

Takum 00pa3om, MrHOBEHHass MOIIHOCTH (5.4.1) KoJeONeTcss OKOJIO CPEIHETO 3HAYCHUS
(5.4.2) c yactoToit 2m, KOTOpas B JiBa pasza MPEBBIIIACT YaCTOTy TOKa. BenuunHy cos@ MOKHO

HaWTH U3 BEKTOPHOU nuarpammel (puc. 5.8):

CosSQ = R X (5.4.3)

12
R2+(wL—]
oC

Bripaxxenue (5.4.2) MoKHO 3amucaTh B BUAE:

I, U
=1 .~ M cose=1Ucos@ (5.4.4)

NERNG)

A€ BEIN4YnHa

1
=] (5.4.5)
V2
Ha3bIBAETCS Oeticmayowum UK 2¢hghekmusHvlm 3HAaUEHUEM CUIIBI TOKA. BennunHa

—=U (5.4.6)

Ha3BIBACTCS 0elCmeyiowum WA 3¢hhexkmuenbim 3HAYCHUEM HATIPSHKCHUS.
B Bwipaxenun (5.4.4) misi cpemHed MOIIHOCTH BXOIUT MHOXKHTENb COS(Q, KOTOPBIH

Ha3bIBaroT K03d)d)u1/;ueHm0M MOUIHOCTMIU. PaCCMOTpI/IM ABa MPEACIIbHBIX ClIy4as.

1
Ecnu peakruBHOe conportuieHue X :coL——C paBHO HyJIO (3T0 OyneT HabionaThes
®

1
npu ol = oC ), To corsacHo Gopmyie (5.4.3) nonyduM cos@ =1 U cpeaHssi MOIIHOCTh B LIETIH
®

paBHa:
P=1IU. (5.4.7)

) I, U,
[lepemenHbli TOK —= =1 W TEpEeMEHHOE HampspkeHne ——=U CO3[al0T B LENu

V2 V2

CPEOHIOI0 MOIIHOCTh, KOTOPYI) Pa3BHUBAET IOCTOSHHBIM TOK BEIUYMHOW [ W MOCTOSHHOE
HaIpshKEeHNEe BemmuuHou U .
Eciu Ilemb MMeeT YHCTO peakTHBHOE compoTuBieHne (R=0), To cosp=0 w,

CJIEIOBATEIILHO, CPEIHSS MOIIHOCTH, BhIICIsAeMas B Ienu paBHa Hymo P =0. B atom ciydae
OJHY YCTBECPTH NICPUOJa SHEPIrusd MOCTyacT U3 BHEIIHEHN CETH B LECTb, a CIACAYIOIYIO YETBCPTH
nepuojaa — Bo3Bpaimaercss ooparno. Takum oOpazom, npu cos@ =0 HU MpU KaKOW CUJIe TOKa

HCBO3MOXXHO IOJYYUTH B LCIIU CPEAHIOO MOIIIHOCTDb, OTJIMYHYIO OT HYJIA. B Ttexnuke CTPEMATCA
cAeNaTh COS() KaK MOXKHO OOJIbIIIE.

5.5 I'eHepupoBaHHe He3aATYXAKOIIMX KOJeOaHUH

CoOcTBeHHBIE KOJICOAHHS PA3IMYHBIX MEXAHHYECKHX U IJIEKTPHUUYECKUX CHCTEM BCET/a
ABIISIFOTCSL 3aTyXalomUMHU. OOBACHIETCS 3TO TE€M, YTO B MEXaHMYECKHX CHUCTEMax JHEPrus
pacxoayercsi Ha MPEoI0JICHNE CHJI TPEHHUs, a B KOJIeOAaTeTbHOM KOHTYPE SHEPrHsl B OCHOBHOM
paccenBaeTCs BCIEACTBHE HarpeBaHHUs HMPOBOJHUKOB TP MPOXOXKAECHUH HIEKTPHUECKOTO TOKA.
CnenoBarenbHO, CBOOOJHBIE HE3aTyxarolue KoyieOaHUs MOTYT CYIIECTBOBAaTh JIMIIb B
cucTeMax, IIeé OTCYTCTBYIOT mHoTepu dsHepruu. Ho B mpupose HET HM MEXaHWYECKHX, HH
AIIEKTPUYECKUX KOJIeOaTeIbHbIX CUCTEM 0€3 OTEPh SHEPTUH.



OueBUHO, YTOOBI NOJYYUTHh HE3aTyxarollhe KoJyieOaHHs B peaJbHOM KoJjebaTeabHOU
CUCTEME C IMOTEepsSMU, HEOOXOIUMO BOCHIOJHATH HOTEPH HHEpruu. Tak, YTOOBI MOIYYUTH
He3aTyXale KoJieOaHUs B KOHTYpE, aKTUBHOE COTPOTHUBIICHHE KOTOPOTO HE PaBHO HYIIIO,
HCO6XO)II/IMO NEPUOANYCCKU KPATKOBPECMCHHO IIOA3apsAKaTb KOHACHCATOP KOHTYypa OT
HUCTOYHHUKA ITOCTOAHHOI'O TOKA, T.C. INCPUOJUUCCKU COO6HI&TB KOHTYPY MNOpLUHHU DSHCPIUH. HJ'ISI
TOro 4toObl KojJeOaHHus B KOHTYP€ MCHBIIC OTIWYAIMCh OT TapMOHHYCCKHX, IIOJA3apAAKY
KOH/IeHCaTopa HeoOXOAMMO TPOWM3BOIUTH OJWH WIIM JBa pasza 3a mepuoa. OY4eBHIHO, YTOOBI
KoJie0aHusl B KOHTYpE UMENH MOCTOSIHHYIO aMIUIMTYAY, HEOOXO0JUMO, YTOOBI MOPLUU SHEPTHUH,
MOCTYMAIOIINE B KOHTYP B PE3yJIbTaTe MOA3aPSAKH 32 BpEMsi, paBHOE TIEPHOTY KOJIeOaHU, ObLITH
paBHBI MMOTEPSIM SHEPTHH B KOHTYpPE 3a TOT K€ NMPOMEXKYTOK BPEMEHH. JTO ycloBHE OanaHca
aMHJ'II/ITYJI). HCO6XOI[I/IMO TaK¥XeE, 4TOOBl MOMEHTEI noa3apsaaAKu KOHACHCATOpa, T.C. MOMCHTLI
MOCTYIUIEHHUS MMOPLMI SHEPTUU B KOHTYP, ObUIM COTJIACOBAaHbI ¢ KOJIEOAHUSIMU B CAMOM KOHTYpE.
YroObI BBITIOJHHUTH 3TO YCIOBHE, HEOOXOIMMO KPAaTKOBPEMEHHYIO MOJ3apsIKy KOHJIEHCAaTopa
K0J1e0aTeILHOr0 KOHTYpa NPOU3BOJUTH TaK, YTOOBI MOJIAPHOCTE UCTOYHHUKA TOKa COBIIajiajia €
MOJIIPHOCTHIO 3aPsKEHHBIX TJIACTUH KOHIACHCaTopa. JTO yciaoBue Oamanca das.

YCTpoiicTBO, €  TMOMOMIBIO  KOTOPOTO  TONYYaloT — He3aTyxXaloollue  KoJIeOaHwus,
XapaKTepU3yeTcsl TeM, YTO KoJiebaTeNbHasl CHCTeMa C IMOTEepPsSMH, BXOJSIIAst B 3TO yYCTPOMCTBO,
CaAMOCTOSITEIBHO WJIM aBTOMATHYECKH YIPABJSET MPOLECCOM TMOCTYIUIGHUS DHEPTUU  OT
HMCTOYHMKAa K caMOi KoJeOaTenpHONW CHUCTeME B Y3KOM CMbICIe 3Toro cioBa. l[lostomy
YCTPOWCTBA U TIOJyYCHHUs HE3aTYXaloUINX KOJICOAHWI HA3BIBAIOTCS A8MOKOIeOAMENbHbIMU
cucmemamy. ABTOMAaTHYECKOE TIOCTYIUIGHHE TIOPIHMHA DHEPTUM OT HCTOYHHKA TOKa B
KoJie0aTeIbLHbBIH KOHTYP AOCTUTACTCA HMCIIOJIB30BAHUEM CIICHHUAIBHBIX PEryIATOPOB, B KAUCCTBC
KOTOPBIX MOT'YT BBICTYIIATH TPCXIJICKTPOJAHBIC JIAMIIBI UJIM TPAH3UCTOPHI.

Ay CxeMa mpocTeHlero aBToreHepaTopa

) Ha JIaMIIOBOM TpHOJE I0Ka3aHa Ha pHC.

/\ —> XS51 5.11. KonebarenpHplii KOHTYp € MOTEPSIMU
+

cocTOMT M3 Karymku L1 wm #aByx

— Dy HOCJIEI0BATENBHO COCTMHEHHBIX
— koHzneHcaropos (1 n C2. [
I G HaOMIOJIEHUs] ~ BPEMEHHOM  JMarpaMMbl

| aBTOKOJIeOaHU 3a5KUMBbI XS1-XS2

L1 COEJIMHSIOTCA € BXOJOM ocLuiorpada.

— Paccmotpum paboty JTAHHOTO

|||+

|||+

Rl[ aBToreHeparopa. Jlius  3amycka  3TOrO
reHepaTopa, Kak M, HalpuMep 4YacOBOTO
MEXaHUu3Ma, HYXCH HepBOHaanBHBIﬁ
Pl S XS «tomuok». Ho mis 3toro He 00s3aTeIbHO

IIpCABAPUTCIIBHO 3apsaXaTbhb KOHICHCATOPEI
Puc. 5.11 peasap p a p

KoJiebaTenbHOro KoHTypa. Jleno B ToMm, 4To
MpU 3aMBIKAaHUU KJIOYa S AaHOJHBIM TOK, MPOXOIAIIMN 4Yepe3 OTKPBITYIO JIaMIly, CO3HaeT
NaJieHue HampspKeHust Ha pesuctope R1. 3a cuer 3TOro HampsHKeHHsI MPOM3OUIET 3apsiika
KoHJeHcatopa C2, BCIEACTBHE YEro B KOHTYpE BO3HUKHYT KoJsiebaHus. OQHaKO 3TH KoJieOaHUs
He OyIyT 3aTyXalolUMH, TaK KaK MOTEPU PHEPTHHM B KOHTYpPE KOMIIEHCHUPYIOTCSI HCTOYHHUKOM
G1 anonHoro HanpspkeHusl. OOBSCHSIETCS 3TO CIEAYIOLINM 00pa3oM.

JlonmyctuM, 4TO B TEYEHHE NEPBOrO IMOJIyIepuojaa KojeOaHUN B KOHType BEpXHHUE
mIacTUHbl KoHAeHcaTopoB C1 u C2 3apspKEHBI MOJOKUTEIBHO, KaK MoKazaHo Ha puc. 5.11. 3a
cyeT HampspkeHus KongeHcaropa C1 Ha ceTKe JIaMIbl CO3HA€TCs MOJIOKUTENIbHBIN MOTEHIUAT
10 OTHOIIEHUIO K KaToxy. CiieqoBaTeslbHO, B TEUEHHE NIEPBOTO MOIyHepruoaa KouedaHuil Jammna
OTKpbITa W 4epe3 HEeE€ OT MCTOYHMKA MOCTOSHHOrO Toka G1 Te4eT aHOAHBIM TOK, KOTOPBII
CO3/IaeT MaJeHUE HampspKeHUs Ha pesuctope Rl. Tak kak MOJSPHOCTH 3TOrO HANPSKEHUS
COBITAJIAET C MOJIIPHOCTBIO 3apsA0B HA KOHAeHcaTope C2, TO B TEUEHHE NIEPBOrO MOIYIEPUOAA
KoJIeOaHUN MPOUCXOIUT TMOJ3apsAIKka KoHaeHcaTopa C2 KojebaTtenbHOro KOHTypa. B Teuenue



BTOPOTO TMOJyNepuoaa KoJeOaHui BepXHUE IUIaCTHHBI KoHueHcatopoB Cl1 u C2 Oyayr
3apsbKeHbl oTpuuarenbHo. Hampsbkenue xonpencaropa Cl, BO3IEHCTBYS Ha CETKY JamIlbl,
CO37aeT HAa HEW OTPULATEIbHBIA MOTEHIIMAJ MO OTHOLIEHHIO K Karoay. CienoBaTellbHO, B
TE€YEHHE BTOPOro MOJIyleproja KojebaHuil jammna OyAeT 3aKpbiTa, aHOJHBIA TOK B HEil Oyxaer
oTrcyrcTBoBaTh. Hampsbkenue Ha pesucrope Rl co3gaBaThesi He OyneT, a CleJOBAaTeNIbHO, B
KOHTYype He OyJIeT MPOUCXOAUTh MoA3apsika KouaeHcaropa C2.

Takum o00pa3zoMm, KoyieOaTeNbHBIN KOHTYp C MOTEPSAMH, YIPaBJSAsS MOTEHIMAJIOM CETKU
TPEXAIEKTPOJHOM JIaMIIbl, OJUH pa3 3a MEPHUOJ IOJy4aeT MOPLHIO DHEPIUH, CaM OTKpbIBas U
3aKpLIBasaA B HY)KHBII;'I MOMCHT HOOCTYII SHEPTHH OT HCTOYHHUKA AHOJHOT'O HAIIPsIKCHUA. Ecmm
YMEHBUIUTh aHOJTHOE HANPSUKEHUE Ha JlaMIle, TO HAIpsDKEHHE, BO3HUKAIOIIEE Ha pe3ucrtope Rl
OyZeT mMaJlo; TOK, 00eceunBaoui MoA3apsIKy KoHjaeHcatopa C2 He OyJeT KOMIEHCUPOBATh
MMOTEPH SHEPTUHU B KOHTYPE, U aBTOKOJICOAHHS TIPEKPATSTCSI.

CylHOCT, HIpPOTEKAIOLIUX B TEHEpaTOpe IMPOIECCOB 3aKIYaeTcs B TOM, 4YTO
KoJeOaTeNbHbI KOHTYp YHpaBiisieT paboTOM JlaMIbl, KOTOpas B CBOIO OY€pe/lb OKa3bIBaeT
BO3JICHICTBME HA KOHTYp. YIpaBiieHHEe pabOoTOM TPEXAIEKTPOJHOM JaMIbl CO CTOPOHBI
K0J1€0aTeIbHOI0 KOHTYpa ¢ NOTEPSIMU HA3bIBACTCSI 0OPAMHOU CBA3bIO.

Crporasi Teopusi HE TOJIbKO JIAMIIOBOTO T€HepaTtopa, HO U JH0OO0H aBTOKOJeOATEIbHOU
CUCTEMbI JIOCTATOYHO CJIO’KHA, TaK KaK OHA MPUBOAUT K HEJIMHEHHBIM AU(QepeHlnanbHbIM
YPaBHEHUSIM.



I'naBa 6. DyjeKTpOMarHuTHoOE 1oJIe

6.1 IlepBoe ypaBHenne MakcBesia
W3 3akoHa snexkTpoMarHUTHOM uHAyKIuu (3.14.1) cienyer, yTo mpu U3MEHEHUHU MOTOKA
BEKTOpa MarHUTHOM MHAYKIIMH CKBO3b IOBEPXHOCTh, OTPAHUYEHHYIO IPOBOIALINM KOHTYPOM, B
HeM Bo3HukaeT J/1C unaykuuu:
giz—d—@z—ijBndS, (6.1.1)
dt dt
S
rae S - Npou3BOJIbHASI HOBEPXHOCTh, Onuparomascs Ha KoHTyp. [Ipuunnoil nossienus I/1C, a
CJIEIOBATENIbHO, U MHJYKIIMOHHOTO TOKa B IPOBOJHHUKE SIBJISETCS BO3HUKHOBEHUE BHUXPEBOTO
EKTPHYECKOro HoMst E , KOTOPOE BBIMOJIHACT JUI HOCHTENEH TOKA POJlb CTOPOHHHX CHII (CM.
pazn. 3.14). Ilo onpenenenuto DJIC MHAYKIIMM paBHA IUPKYISALUA BEKTOpPA HAMPSHKEHHOCTH
nons E CTOPOHHHX CHII IO JIFOGOMY 3aMKHYTOMY KOHTYpY L :
e; = Edl . (6.1.2)
L
W3menum mnopsaok nuddepeHurpoBaHus U uHTerpupoBanuss B Qopmyne (6.1.1) u
MIpUPaBHSIEM IIPaBble YaCTU MOCJIETHUX ABYX BBIPAKECHUIA:

_ dB
§Edl :_i(Zj ds . (6.1.3)

n

MakcBe/I HPEANONOXKMI, YTO M3MEHSIONIEECS CO BPEMEHEM MArHuTHoe mnojie B
00yCIIaB/IMBACT HOSBIICHHE B IPOCTPAHCTBE BUXPEBOTO AEKTPHUESCKOTO MO £ HE3aBHCHUMO OT
MPUCYTCTBUSL B 3TOM IPOCTPAHCTBE MPOBOIAMICTO KOHTYypa. Hanmume KOHTypa MO3BOJISET
OOHApyXHUTh 10 BO3HUKHOBEHHIO B HEM WHIYKIIMOHHOTO TOKAa CYyIIECTBOBaHHE B
COOTBETCTBYIOIIMX TOYKaX MPOCTpaHCTBA dJeKTpudeckoro mojis. Beipaxenue (6.1.3)
HA3bIBACTCSl NepeviM ypasHeHuem Makceenna 6 ummezpanvbHoU opme 3anucu: YUPKYIAYUsL
BEKMOPA HANPANCEHHOCIU DNEKMPUYECKO20 NOJISL NO NPOU3BOTbHOMY 3AMKHYMOMY KOHmMypy L
PasHa 63Amol ¢ 00pAMHbIM 3HAKOM CKOPOCMU UBMEHEHUs. MASHUMHO20 NOMOKA CKE803b
NOBEPXHOCMb, 02PAHUYEHHYIO KOHMYPOM.

[lepBoe ypaBHenme MakcBemna (6.1.3) sBusercas o6oOmenuem 3akoHa Dapanes 00
AIIEKTPOMArHUTHON MHIYKIINH.

6.2 Tox cmemienusi. Bropoe ypasnenne MakcBeJiiia
OcHoBHast uzaesd MakcBeisla 3aKJIIOYaeTcss B TOM, YTO MEXKAY OJJIEKTPUUYECKUM U
MAarHUTHBIM TOJISIMH MMEETCS B3aMMOCBA3b. Ecnu coriiacHo mepBomMy ypaBHeHHIO MakcBesia
HU3MCHAIOMIECCCA BO BPEMCHHU MAarHuTHOC IIOJIC CO3A€T JJICKTPHUYICCKOC ITOJIC, TO UMECT MECTO U
O6paTHOC COOTHOLICHHUEC, T.C. HU3MCHAIOMICCCA CO BPEMCHCM JJICKTPHUYCCKOC II0JIC TOJDKHO
MOPOKIAATb MarHUTHOC I10JIC.

+d _ = Makcgeit BIIEpBBIE MOKa3all, 4TO CYUIECTBYET
g n D ] AIIEKTPUYECKOE SIBIICHHE, B KOTOPOM JIBHIKYIIHECS
Ml — = |- 3apsHKCHHBIC YaCTHUIIBI HE MPUHUAMAFOT
+ AD |- HEMOCPE/ICTBEHHOTO Y4YacTUsi M KOTOpOe, TeM He
( -_— - \ MeHee, COIMPOBOKACTCS MATHUTHBIM ITOJIEM.
— + —
+ Lo = PaccmoTrpuM mporiecc paspsaky KOHIEHCATopa
f = I (puc. 6.1). Tok mpoBOAUMOCTH IIPU 3TOM PaBEH:
Ii’lp = —E, (621)
\ [Hp rae ¢ - 3apan Ha OOKIamKax KOHAEHcaTopa.
\_ — o V4uTeIBas, 4TO
=08 wm dg =S
Puc. 6.1 q q=Sdo

ra€ o - IOBCPXHOCTHASA IUIOTHOCTHL 3apsaJ0B Ha



oOKJIa/IKaxX KOHJEHCATOpa, NOJIY4YHM:

do
Ii’lp = _SZ . (622)
TlmoTHOCTE TOKA IIpOBOAMMOCTHU paBHA:
I, do
. p
Jnp = S :_Z- (6.2.3)

ToK TPOBOIMMOCTH HMEET MECTO BO BCEH IIeNd, KpOMe 3a30pa MEXIy OOKIaIKaMu
KoHzeHcatopa. CrenoBarenbHO, JHHUHA TOKA MPOBOJMMOCTH TEPIAT pPa3phlB HAa TPaHHIAX
obkmamok. OmHAaKO B TMPOCTPAHCTBE MEXKAYy OOKIAgKaMH HMMEETCS  H3MEHSIOIIeecs
EKTPHYECKOE TI0JIe, KOTOPOE XapaKTEepPH3yeTcsi BEKTOPOM IIEKTPHUECKOro CMEIIeHHs D .
M3BecTHO, YTO B TUIOCKOM KOHJEHCATOpE MOBEPXHOCTHAsl IJIOTHOCThH 3apsia Ha OOKIamKax
paBHa BETMYMHE BEKTOPA DIIEKTPUUECKOTO CMEIICHHS, T.€.:

c=D.
Torga nosxyunm:
. dD
Jnp o (6.2.4)

N3 dopmynsr (6.2.3) cimemgyer, 4TO IUIOTHOCTh TOKAa IMPOBOJUMOCTH paBHa CKOPOCTH
M3MEHEHHs TUIOTHOCTH 3apsija Ha oOkiankax KouaeHcatopa. C Apyroid CTOPOHBI, COTIIACHO
BbIpaKeHUIO (6.2.4) MIOTHOCTH TOKA MPOBOJUMOCTH CBsI3aHA C OBICTPOTOM M3MEHEHHUs BEKTOpa

. dD

QJICKTPUYECCKOTO CMCIICHUA, T.C. C BCINMYUHOU 7 Ho »ra Benmumna XapaKTepUusyer
t

HCKOTOpBII}'I SHCKTpI/ILIeCKI/Iﬁ mpouecc B AHUIJICKTPUKE KOHACHCATOpa W HMCECT PA3SMEPHOCTH

Kn dD
IUIOTHOCTH TOKa | —— |. Bennmuuny o MaxkcBesu1 Ha3Ball HIOMHOCIbIO MOKA CMEUeHUSL:
mMc t

- dD

Jow =——- (6.2.5)
dt

Tox CMCIICHUA HEC CBA3aH C JABMXCHUCM 3apsaa0B B IOUIJICKTPHUKE, a XapaKTCPU3YCT

MPOIIECC U3MEHEHHS JIEKTPUUYECKOTo moist D Mexay oOkimagkaMu KoHAeHcaTopa. 13 puc. 6.1

HETPY/ZHO YCTaHOBUTH HalpaBlieHUE IUIOTHOCTU TOKa cMeuleHus. [lpu paspsiike KoHJaeHcaTopa
BekTop D  yMeHbmIaercs. CIel0BaTeNIbHO, BEKTOPHOE NpHpamenue AD — HampaBiIeHo
TIPOTHBOTIONOKHO BekTopy D . Tyma e GyaeT HampaieH W BEKTOp j., TUIOTHOCTH TOKa
cmemeHus. Takum oOpa3oMm, JIMHMM BEKTOpa IJIOTHOCTH TOKAa CMEIIEHUs OyayT 3aMbIKaTh
JIMHUM TOKa [IPOBOJUMOCTH, KOTOPbIE OOPBIBAIOTCS HA OOKJIaAKaX.

W3 Bcex pusmueckux CBONCTB, IPUCYLLUX TOKY IPOBOIUMOCTH, MakcBeT mpunucai ToKy
CMEILEHMsI JIMIIb OJHO — CHOCOOHOCTh CO3/1aBaTh B OKPYKAIOIIEM IIPOCTPAHCTBE MAarHUTHOE
oJe.

Bropoe ypaBHenne MakcBeina siBisieTcst 000011eHreM 3aK0Ha OJHOTro Toka (3.7.6):

n
§HA =Y Iy =1, (6.2.6)
L k=1
T.€. LIUPKYJISLUSA BEKTOpa HANPSHKEHHOCTH MarHUTHOTO TOJIS 10 JIF0OOMY 3aMKHYTOMY KOHTYPY
paBHa Ppe3yJbTUPYIOILEMY TOKY IPOBOJUMOCTH, IPOXOJSIIEMY 4Yepe3 IOBEPXHOCTb,
ONHPAIOLIYIOCS HA OTOT KOHTYP. YUHUTBIBAS, 4TO /), = J. (jnp )n dS , noimy4nm:
S

§Edl = [(7,,) ds. (6.2.7)
L S

CornacHo MaKCBeHHy MAargHuTHOC TIIOJIC€ MOXKET CO3JaBaTrbCad HE TOJIBKO TOKOM
IMPOBOAMMOCTH, HO U TOKOM CMCIICHHA. HOSTOMy IIpu pacucTax MarHUTHBIX IOJICH B ciIydac



MNEPEMEHHBIX IPOLECCOB B (i)OpMYJ'H)I HYXXHO MOACTABJIATHL NOJIHYIO NJIOMHOCHb MOKd, KOTOpasd
paBHa CyMMEC INIOTHOCTH TOKA IMMPOBOAMMOCTHU U INIOTHOCTHU TOKA CMCIICHUSA:

dD
dt

CnenoBatensHo, B Qopmyne (6.2.7), mupkynsuus Bekropa H 1o J11000My KOHTYPY
J0JIKHA OBITh paBHa:

j:jnp+jcmzjnp+ (628)

§Edl = [ S = [ (up + ers), dS (6.2.9)
. L S S )
§Hdl = [| j +6i1_? ds . (6.2.10)
L S n

OTO BBIpaKEHUE HA3BIBACTCA 8MOpbIM ypasHenuem Makceenna 6 unmezpanvholi popme:
YUPKYTIAYUSL 8€KMOPA HANPSHCEHHOCU MACHUMHO20 NOJA NO NPOU3BOTbHOMY 3AMKHYMOMY
KOHMYpY pasHa CyMMme MOKO8 HPOBOOUMOCMU U MOKO8 CMeWwjeHus, NpoXoOAwux uepes
NOBEPXHOCMb, 02PAHUYEHHYIO dMUM KOHIYPOM.

6.3 DiieKTpOMArHMTHOE MOJIE

N3 ypaBuenuit MaxkcBemna (6.1.3) u (6.2.10) cremyer, 4TO BHUXpPEBBIE MEPEMECHHBIC
ANIEKTPUYECKUE W MarHUTHBIE TIOJIA B3aMMOCBSI3aHBI M OOpa3ylOT €IUHOE 31eKMPOMACHUMHOE
noze. VI3 mpuHIuna OTHOCUTENBHOCTH ODMHILITENHHA BBITEKAET, YTO pa3elibHOE PacCMOTPEHUE
AJEKTPUYECKOTO M MArHUTHOTO TOJIEM MMEET JIMIIb OTHOCUTEIBHBIA CMBICI. [[elCTBUTEIBHO,
ANEKTPOCTATHUECKOE TI0JIE CO3/1a€TCA HEMOJBIKHBIMU 3apsgamMu. OHAKo, €ClId  3apsjibl
NBWKYTCSI ~ OTHOCHUTEIBHO  JIPYrOM  CHCTEMBl  OTCU€Ta, TO  TOSBISETCSA  KpOMe
ANEKTPOCTATHUECKOTO Toyisi MarHuTHoe. C apyroil CTOpOHBI, HEMOABM)KHBIM  TPOBOJTHHUK C
TOKOM CO3Ja€T B KaXJOW TOYKE MPOCTPAHCTBA IOCTOSIHHOE MarHuTHoe Tosie. OgHako
OTHOCHUTEIIHO JPYTUX WHEPUUATBHBIX CHCTEM OTCYETa MPOBOJHHUK JBIXKETcs. [losTomy
CO3/IaBa€MO€ WM MAarHuTHOE IoJie B JII00OW (DUKCHPOBAHHOW TOYKE OyAeT W3MEHATHCS, a
ClIeJOBaTeNIbHO, OYyJeT NOpOXKJIaTh BUXPEBOE 3JeKTpuueckoe moje. Takum oOpazom, mosie,
KOTOPO€ OTHOCHTEIIbHO HEKOTOPOW CHUCTEMBI OTCYETa OKAa3bIBACTCA «UHUCTO» DIEKTPUUECKUM
WU «9UCTO» MAarHUTHBIM, OTHOCUTEIBHO JPYTHUX CHCTEM OTcueTa OyAeT MPeacTaBisITh COOOM
COBOKYITHOCTbH JIEKTPUUECKOTO ¥ MATHUTHOTO TOJICH.

JIist  TIOJTHOTO  OMUCAHUS JICKTPUYECKUX W MArHUTHBIX SIBJICHUW K TIEPBBIM JIBYM
ypaBHeHussM MakcBema (6.1.3) u (6.2.10) cunemyer no0aBUTH emie JBa ypaBHEHHS,
BBIpaxkaromue TeopeMmy OcTtporpaackoro-I'aycca st 31€KTPUIECKOTO U MarHUTHOTO TIOJICH:

N
§D,ds = q; (6.3.1)
S i=1
§B,ds =0, (6.3.2)

T.. MOTOK BEKTOPA 3JIEKTPUUECKOro cmeuieHuss D uepe3 3aMKHYTYI0 MOBEPXHOCTh pPaBEH
anredpanvyecko cymMme 3JIEKTPUUYECKUX 3apsA0B, HAXOIAUIUXCA B 3TOM MOBEPXHOCTH, a MOTOK

BEKTOpa B uepe3 3aMKHYTYIO IOBEPXHOCTh BCET/Ia PABEH HYIIIO.
OTH ypaBHEHUS JOJDKHBI OBITH JOTOTHEHBI MATEPUATILHBIMU YPaBHCHUSIMU:

D =¢gyeE (6.3.3)

B =pou, (6.3.4)
a Taxxe 3akoHoM OMma:

Jup =OE . (6.3.5)



Jis  cBOOOJHOrO IMPOCTPAHCTBA, TIJE€ HET TOKOB IPOBOJUMOCTH (an :0), u

JJIEKTPUYECKUX 3apsioB (‘]i = 0) cUcTeMa ypaBHeHMI MakcBeiia B UHTErpasibHON dopMme ams

QJICKTPOMArdHUuTHOI'O MOJIA NPUHUMACT BU!

§Edl =—pou| M \i5 (6.3.6)
ot
L S
§ Hdl = e % \is (6.3.7)
ot
L S
§D,ds =0 (6.3.8)
S
§B,ds =0. (6.3.9)
S
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Puc. 6.2 Puc. 6.3

W3 ypaBHenus (6.3.6) ciemyer, 4yTo NMpU U3MEHEHMHM BO BPEMEHH MArHUTHOTO mojs H
WHAYIHPYETCS BUXpEBOE dJekTpuueckoe mosie E . Ilpu 3TOM 3aMKHYTBHIE CHIIOBBIC JIMHUH
AIIEKTPUYECKOTO T0JIi £ OXBAaTBIBAIOT CHJIOBBIE JIMHWM MAarHUTHOTO mons H , mpudem

H _
HaIpaBJICHUsI BEKTOPOB aﬁ_t nu E o0pa3yloT «IeBOBHHTOBYIO» cuctemy (puc. 6.2). U3

ypaBHeHus (6.3.7) cneayer, UYTO TNpPH W3MEHEHHH BO BPEMEHHU HAIPSIKEHHOCTH F
AJIEKTPUIECKOTO TIOJISI BOSHUKACT BUXPEBOE MAarHUTHOE TIOJIE ¢ HAaNpsbKeHHOCThIo H . [Ipu aToM
3aMKHYThIC CHJIOBBIC JIMHUU MAarHUTHOTO TIOJiE FH  OXBaThIBAIOT CHJIOBBIC JIMHHH

— OE —
NEKTPUYECKOTO ToJisI  E, mNpHYeM HanpaBieHUS BEKTOPOB = u H oOpa3syior
¢

«MPaBOBUHTOBYIO» cucteMy (puc. 6.3).

CHCHOB&TCJ’IBHO, BHUXPEBBIC OJJICKTPUYCCKUC W MArHUTHBIC 11O B3aWMMOCBA3AaHbI U
00pa3yloT eAMHOE 3JIEKTPOMarHuTHoe mnosie. [Ipu 3ToM HampaBiaeHUs] BEKTOPOB AJIEKTPUUECKOTO
E u wmarhutHoro H momeii B moGOH TOUKe CBOGOZHOTO IIPOCTPAHCTBA B3AHMHO
MEPIEeHIUKYIIAPHBL. DJIEKTPOMArHuTHOE MOJI€ PaCIPOCTPaHsIETCs MEPIEHANKYISIPHO TIOCKOCTH,
B KOTOPOIi Iexat Bekropa E u H . JIpyrHMH CIOBaMH, IEKTPOMATHHTHOE [I0JIE B CBOOOIHOM
IIPOCTPAHCTBE nonepeuHoe.

6.4 BosiHOBBIEe YpaBHEHUS JJISl DJIEKTPOMATHUTHOI O MOJIA
BonHOBBIE ypaBHEHMs CBS3BIBAIOT IIPOLECC PACHPOCTPAHEHUS HIEKTPOMArHUTHOTO IOJIA
CO  cBOMCTBamMM  cpensl.  PaccMoTpuM  OJHOMEpHBIM — CIy4ald  pacnpOCTPaHEHUs
JIEKTPOMArHUTHOTO IOJIA BIOJIb OCU X. byeM cuMTaTh, 4YTO NEKTPUYECKUE U MAarHUTHBIE MOJIS
SIBJIIIOTCSI OJTHO3HAYHBIMU M HENPEPBhIBHBIMU (PYHKLIMSIMH OJIHOM KOOpAMHATBI X U BPEMEHU f:




E= E(x;t) nH=H (x;t). Tax kak BekTopsl E u H OPTOrOHANBHbI, TO IIYCTh BeKTOp E = E vJ

COBIIAJAET C OCbIO ), a BEKTOp H = H _k - C OCbIO z IPAMOYTOJIBHOM CHCTEMBI KOOPAMUHAT (pHC.

6.4). IloacunTaeM LUPKYJISIUIO BeKTopa H 110 3aMKHYTOMY HpPSIMOYTOJILHOMY KOHTYpY 1-2-3-
4-1, pacrnoyioxkeHHOMY MEepHeHUuKYIIpHO ocu y. CTOpOHBI KOHTYpa paBHbl Ax U Az, Touka |
uMeeT KoopauHaThl (X; y;z):
§HAl = Az- H (x+ Ax)— Az H . (x).
1-2-3-4-1

YA = _
A E=Ey]

I(x:y.z) 2(X+AX:y:2)

AX

(X Y:Z+AZ)
-

//H:Hzl;

O _

3(X+AXVIZH+AZ)

4
et

Puc. 6.4

B ciyqae moctaTogHO Manoro orpe3ka Ax MOXKHO CUHTATh, YTO

HZ(x+Ax):HZ(x)+AxagIZ :
X

Tornma st HUpKyasAUnUK BEKTOpa /1 10 yKa3aHHOMY KOHTYpPY HalJIeM BBIpaKEHUE:

§ﬁdi=Ax-AzaHZ . (6.4.1)

1-2-3-4-1 Ox

oF
Brrunciaum moTok BekTopa > Yyepe3 MOBEPXHOCTh paccMaTpruBaemMoro (puc. 6.4) KOHTypa
1-2-3-4-1 mmomaapio paBHOM Ax - Az :
OF — OE
| — 5= AzAxa—y. (6.4.2)
AvAz t t
[ToncraBnsis mosmydyenasie BoipaxkeHus (6.4.1) m (6.4.2) B ypaBHenue (6.3.7) Haiimem
nepBoe ypaBHeHue Makcsemia B quddepeHunanbHoi Gpopme 3anucu 1uist 0JHOMEPHOTO CIIydast:
OH OF
zZ _ £0E Y
ox ot

T.C. UISMCHCHUC HAIIPAKCHHOCTU MAIrHHUTHOI'O IIOJIA HZ Ha ¢IUHWUYHOM OTPE3KEC BAOJb OCHU X

(6.4.3)

2
MPONMOPHHUOHAIBHO CKOPOCTHU U3MEHCHHU S HAIIPSAKCHHOCTU SJICKTPUICCKOTO ITOJIA Ey .

Beruncnum mUpKyasnuo BEKTOpa E 1o 3aMKHYTOMY IPSMOYTOJIbHOMY KOHTYpY 1-2-3-4-
1, pacnosyo’)KeHHOMY NEepPIEeHIUKYIIPHO ocH z (puc. 6.5). CTOpoHBI KOHTYpa paBHBl Ax U Ay,




TOYKa 1 HMMeeT KOOPAMHATHI (x; y;z). Bektop E :Eyj pacloOJIOKEH IO OCH ), BEKTOP

H =H ,k - 10 ocu z:

ﬁ Z:—Ay E,(x+Ax)+Ay-E, (x).

—3-4-
iy AE EyJj

2(x;y+AJ1/'éZ) 3(X+AXY+AY:Z)
Ay Yy
AX
i

1(x.y:2) 4(x+AX:y:2)
_ ﬁ:HzE
@] -

X
%
Puc. 6.5
YuuTeIBast, 4To
E,(x+Ax)=E (x) AxaEy
+Ax)= +Ax——,
y\x y\X o
HalgeM:
_ O,
§Edl =—nx-ap—>. (6..4.4)
ox

1-2-3-4-1
H
Brruucnum noTok Bekropa r yepe3 MOBEPXHOCTh pacCMaTpuBaeMoro KoHTypa 1-2-3-4-1
¢

(puc. 6.5) mnomansio Ax-Ay:
OH .

(6.4.5)
AxAy
[ToncraBnsis Beipakenus (6.4.4) u (6.4.5) B ypaBaenue (6.3.6) HaiiieM BTOpoe ypaBHEHUE

Makcsemna B nuddepennmanbioi Gopme 3anucu uis 0JHOMEPHOIO Ciydasl paclpOCTpaHEHUs
BOJIH:

oF OH ,
“Ey
=Hoh—=, (6.4.6)
ox ot
T.€. HU3MCHCHHC SHGKTpI/I‘IeCKOFO TI10JIs1 Ey Ha CAMHUYHOM OTpC3Ke BIOJIb OCH X

MMPpONMOPHHUOHAIIBHO CKOPOCTHU U3MEHCHUA MAarHUTHOI'O I10JIA HZ .

Haitnem BONHOBOE ypaBHEHHME Il DJIEKTPUUYECKOM COCTABISAIONIEH 3JIEKTPOMArHUTHOM
BOJIHBL. J{7151 3TOr0 npoauddepenupyem no BpeMeHu neppoe ypasHenne Makcesa (6.4.3):

0 [6H ] O°E,
=&
ot\ Ox 81‘2




W3mensis nopsaok quddepeHIupoBaHus 1o ¢ U X, MOJTYIUM:

2
H 0°E
2[8—2]2808 2. (6.4.7)
ox\ ot 81‘2
N3 ypaBHenus (6.4.6) umeeM:
H oF
oH, 1 %y (6.4.8)
ot  pou Ox

[loacraBnsis 3TO BbIpakeHUE B cooTHoueHue (6.4.7) HaiileM BOJHOBOE ypaBHEHHUE IS
ANEKTPUYECKON COCTABIISIONICH BOJHBI [Tl OJHOMEPHOTO CITyJas:

0’E, 0°E,
5 —Souosu—2=0 . (649)
ox ot

Jlerko mokasaTh, YTO BOJTHOBOE YPAaBHEHHUE NJII MArHUTHOW COCTABJISIOIIEH BOJIHBI UMEET
TaKOH 7K€ BUI:
2 2
a—sz—Souogua#ZO. (6410)
Ox ot
W3 BONHOBBIX ypaBHEHHH CIEIYET, YTO PACHPOCTPAHEHUE DIIEKTPOMATHUTHOIO IOJIA
3aBUCUT OT OTHOCHUTEJIbHBIX 3JIEKTPUYECKOW U MAarHUTHOW TPOHUIIAEMOCTEN CPEbI.

6.5 DyleKTpOMarHuTHHIE BOJIHbI
Kak mokazano B mpeapiaymieM maparpade 3JIeKTpOMarHUTHOE ToJie Kak ocobas (opma
MaTepuH, KOTOpasi paclpoCTPaHIETCs B CBOOOJHOM IPOCTPAHCTBE, OMHCHIBACTCS BOJHOBBIMHU
YpaBHEHHUSIMH, KOTOpBIC AHAIOTWYHBI IS YIPYTHX MEXaHW4YeCKuX BOJH. ClenoBaresbHoO,
AJIEKTPOMArHUTHOE IOJIE JIOJDKHO TMPOSIBIATH ce0s KaK HENpPephIBHO PACIPOCTPAaHSIOIIMNICS
BOJIHOBOM MPOIIECC, HA3bIBAEMBIN 371€KMPOMASHUMHBIMU BOTHAMU.
Mo:xHO 1MoKa3aTh, YTO pEHICHUEM BOJTHOBBIX ypaBHEeHUH (6.4.9)-(6.4.10) mis oqHOMEPHOTO
Ciydasi MOTYT CIIY)KUTh YPaBHEHUS TJIOCKOH Oeryiieid MOHOXpOMATHYECKON BOJIHBI:
E, = E,, sin(of - kx) (6.5.1)
H,=H, sin(of —kx), (6.5.2)
rge o - KpyroBas 4acrora, k - BOJIHOBOE 4ucio, £, wu H, - aMIUIUTyabl BUXPEBBIX

AJIEKTPUYECKUX W MarHuTHbIX nosied. M3 dopmyn (6.5.1) u (6.5.2) cineayer, yto B Jt00OI
(UKCHPOBAHHON TOUKE X = X, = const CBOOOJHOTO NPOCTPAHCTBA 3JIEKTPUUECKUE U MAarHUTHbIE

HOJISl COBEPILAIOT KOJIEOaHUs C OJMHAKOBOW 4acTOTON @, mpu4eM ux (assl kx, COBIAIAIOT, T.C.

momst E u H OXHOBPEMEHHO NOCTHTal0T MAKCUMAIBHOTO HIIH MHHHMAJIBHOTO 3HAYCHHS B
JaHHOW TOYKE MPOCTpaHCTBA X, = const. C Opyroil CTOPOHBL, Uil (PUKCHPOBAHHOIO MOMEHTA
BPpEMCHU [ =1{, =const BIOJb OCH X CYHECTBYCT MNEPHOJNYCCKOC PACTIPCACICHUC
HaIpPSHKEHHOCTEH AJIEKTPUYECKOTO M MArHUTHOTO TOJIEM MO OJHOMY M TOMY JK€ 3aKOHY, T.€.
momst E u H B OJHHX M TeX K€ TOUKAX AOCTHIAIOT MAKCHMAIBHOTO 3HAYCHHS, B OIHUX H TeX
e TOYKax I0JIsl 00paIiaroTcst B HOJb.

Ha puc. 6.6 pgano rpaduueckoe u300paKEeHHE TUIOCKOW MOHOXPOMATHYECKOU
AJIEKTPOMArHUTHOM BOJIHBI B MOMEHT BpeMeHHU . 3a BpeMsi A¢ (opMa BOJHBI IEpeMENIacTCs Ha
paccrosinue Ax . [Ton pa3oBoit CKOPOCTHIO BOJTHBI TOHMUMAETCST OBICTPOTA TIEPEMEIICHUS TOUKH,
HMMEIOIICH TIOCTOSHHYIO (ha3y:

V=1lm —=—.
At—0 At dt

O BenmumHe (Pa30BOIM CKOPOCTH MOXKHO CYAHWTH MO OBICTPOTE IMEpEMEIICHUs, HApUMep,
«TpeOHs» AEKTPUUECKON MM MarHUTHOMW COCTAaBJISIONIEH BOJIHBI. V3 MEXaHWKH W3BECTHO, YTO
BOJJHOBOE YHUCJIO PAaBHO OTHOUIEHHIO pa3HOCTH a3 ¢ JBYX KOJEOMIOMMXCA TOYEK K



¢

PACCTOSTHUIO X MEXIY HUMH: kK =— . YUUTBIBAs], YTO JJMHOM BOJIHBI A Ha3bIBAETCS PACCTOSIHUE
X

2n
MEXAY TOYKaMHU, COBEPILIAIOIIUMU K0JIe0aHUs C pa3HOCThIO Qa3 27, UMeeM k :T' dazoBas

CKOPOCTh paBHa:

2n . 2n
rie T =— - mepuoJ KojebaHuH, sz uinHa BOJHBL ClieoBaTeNbHO, s CKOPOCTU
®

HOJTy4aeM:

(6.5.3)

Puc. 6.6

[Tnockas >nEKTpOMAarHUTHas BOJIHA, PACIPOCTPAHSIONIAACA B CBOOOJHOM IIPOCTPAHCTBE,
SABJIAETCS TONEPEUHON, TaK Kak BeKTopbl £ ¥ H COBepmIAIOT KONeGaHHsS B KaKIOH TOUKe
[IPOCTPAHCTBA B HANpPABICHUM NEPIEHIUKYIIPHOM K CKOPOCTH PACIPOCTPAHEHHs] BOJIHBI.
BeKkTop CKOpOCTH COBHajaeT ¢ ocklo x. ClenoBaTebHO, BekTopsl E, H m V B3amMHO
MEPIEeHIUKYIISPHBI.

Jokaxxem, 4yto ypaBHeHHs (6.5.1) u (6.5.2) sABASAIOTCS pelIeHHEM BOJHOBBIX YpaBHEHUM

(6.4.9)-(6.4.10). Ilpomuddepenmpyem Boipaxkenue (6.5.1) qBaXKapI 10 ¢ ¥ MO X :

0°E

p = —0’E,, sin(of - kx), (6.5.4)
t

0°E

- - =—k’E,, sin(or — kx). (6.5.5)
X

[ToncraBnsis MoTy4eHHBIE BBIPAXKEHUS B BOJTHOBOE ypaBHeHUe (6.4.9) HaiineM:
2 2
—k” +eynoepo” =0.

OTkyna noyiyqum:
1

VEoHoEH .

o o
YyuTeIBast, 4To ; =V - (}a3oBasi CKOPOCTH BOJIHBI, HAMIEM:

o
k

V:#-L. (6.5.6)
VeoHo \/a
Otcropa cienyer, YTO 3JIEKTPOMAarHUTHBIE BOJIHBI MOTYT PacHpOCTPaHATHCA B BaKyyMme
(8 =hp= 1). [Ipu 3TOM CKOPOCTH BOJIH paBHA CKOPOCTH CBETA:
1

Veéoko

c= =3-.10° (m/c). (6.5.7)




CrnemoBarenbHO, CKOPOCTh JJICKTPOMArHUTHBIX BOJH B JIIOOOW cpele MOXKET ObITh
BBIYHKCIICHA IO popmyre:

y=_° (6.5.8)

Jon

Otcrona Haxo1uM aOCOIOTHBIN TOKa3aTeNb MPEJIOMIICHUS ISl 3JIEKTPOMAarHUTHBIX BOJIH:

n= % = Jen . (6.5.9)
Huddepenunpys ypaBHeHus Oerymux BouH (13-14) no ¢ u o x, Haiinem:
OE,
— =0k, cos(cot - kx),
Ot
oH
2 =k*H,, cos(ot — kx).
ox

[loacraBinsis 3TH BhIpakeHUs BO BTOpoe ypaBHeHue Makcsenna (6.4.6) HaiiileM BOJIHOBOE
COIIPOTHBIICHUE CPE/IBI:

E
p=—m _ [HHho (6.5.10)

H €€

Jlnst Bakyyma (8 =Lu= 1) BOJIHOBOE COIIPOTUBJICHUE PABHO:

o= M0 377 (Owm).
€

N3 dopmynst (6.5.8) cienyert, uto (ha3zoBas CKOPOCTh MIEKTPOMATHUTHBIX BOJIH 3aBHCHUT OT
OTHOCHUTEJIBHBIX TUIEKTPUYECKOM € M MarHUTHOM | NPOHHIAEMOCTed cpeabl. Tak Kak s
OOJILITMHCTBA BEIIECTB € >1 M > 1, TO CKOPOCTh BOJH B KaKOW-THOO cpejie BCerja MEHbIIe
CKOpPOCTH CBeTa B BakyyMe, T.e. V <c¢. CrnenoBaTellbHO, COIVIACHO BbIpakeHHI0 (6.5.9)
aGCOTIOTHBII TIOKA3aTeNb MIPETOMIIEHHS GOJTHIIMACTBA BEMIECTB GobIe equAuIts! (11> 1).

®opmyna (6.5.9) mo3Bommia MakcBeluly TEOPETHYECKHM pacCYUTaTh TMOKa3aTenu
MPETOMIICHHUS U1 MHOTHX BEUIECTB, JJISi KOTOPBIX IMOKa3aTeNb MPEIOMIICHHS ObUT M3BECTEH W3
ONTHYECKUX u3MepeHuil. [[ns OoibIIMHCTBA BEIIECTB MoydeHHas ¢opmyna (6.5.9) nama
XOPOIIMK pe3yabTar. DTOT (akT Mo3BONMI MakcBeluly caenaTtb BBIBOJ O TOM, YTO ceem
npedcmasisiem coboul 31eKmMpOMASHUMHbLE 80JIHbl C 0YEHb MAJIOW JUTMHOM BOJIHBIL.

W3 onTukm u3BECTHO, YTO TOKa3arenb mpenomsieHus Boael 7 = 1,33 . CornmacHo dopmyre

(6.5.9) mpu € =81 u p=1 noxydum Juig BOAl n =9. ITO pa3inuuue HAILIO CBOE OObSICHEHUE
IIPH CO3JIAHUU TCOPHH JUCTICPCUU CBETA.

6.6 JxcnepuMeHTAIbHOE HCCIEA0BAHME JJIEKTPOMATHUTHBIX BOJIH

Jlnst  moJydeHHsl DJIEKTPOMArHUTHBIX BOJIH HEOOXOAMMO CO34aTh B MPOCTPAHCTBE
JOCTAaTOYHO OBICTPO WM3MEHSIONIEECS JIIEKTPUUYECKOE TI0Je WJIH, COOTBETCTBEHHO, OBICTPO
M3MeEHsIoIIeecss MarHuTHoe Tmoje. OuYeBHIHO, YTO U 3TOTO HETPUTOJHBI KOJIeOaTeNbHbIC
KOHTYpBl € cocpefoToueHHbIMH mapamerpamu L u C (cm. pa3g. S5.1). B takux xoHTypax
4acTOTa KONEOAHMH CPAaBHUTENBHO HEBENMKA: IEPEMEHHOE OJleKTpHueckoe mome E
COCPEJIOTOUEHO B KOHJIGHCATOPE, @ MATHUTHOE H BHYTPH KaTyLIKM HHIyKTHBHOCTH (puc. 6.7a).
JInst ToJTydeHHs OJEKTPOMArHUTHBIX BOJIH HEOOXOJWMO TIEPEHTH K Tak Ha3bIBAEMOMY
OMKPBLIMOMY KOJIeOamenbHOMY KOHMYPY Ul dniekmpudeckomy euopamopy (puc. 6.76,8). B atom
Cllydae IMepeMEHHbIC SIeKTpuueckue E M MarHuTHble H TOJS B3aMMOJCHCTBYIOT MEXY
co00i1 1 BBIXOJAT B CBOOOIHOE ITPOCTPAHCTBO, 00pa3ys AIEKTPOMArHUTHYIO BOJIHY.

OKkcrieprMEHTallbHasl TPOBEpKa BBIBOJA Teopud MakcBemia O  CYIIECTBOBAHUH
AJIEKTPOMArHUTHBIX BOJH Oblia ocymiectsieHa I'. I'epuem B 1888 roay. B xauectse uznydarens
BOJIH ['epir wmcmonp30Ban BHOpPATOp, COCTOSIIUN W3 JBYX OJMHAKOBBIX METAJUTHYECKUX



CTepXHEH, pa3/IelIeHHbIX HCKPOBBIM INpOMEXyTKoM (puc. 6.8). OOe mnosioBUHBI BHUOpaTopa
3apsKaluCh OT MCTOYHHMKA Bblcokoro Hampspkenus (MBH). Ilpu pgoctmxeHun mpoOHUBHOTO
HalpsDKEHUS B Pa3psIHUKE IPOCKAKMBala UCKpa W B BUOpaTOope BO3HUKAIM 3aTyXarollue
KojebaHus BbICOKOM yacToThl. Konebanus npoaosmkaiuch 10 TEX MOp, MOKa UCKpa HE hcyesda.
Bo Bpemst kosiebanuii B BUOpaTOpe ycTaHaBIMBalach CTOsiUask BOJHA TOKa W HanpspbkeHus. Cuna
TOKa ObUTa MakCHUMallbHa B CepelnHe BUOparopa (IIydHOCTh TOKA) W OOpaiaiach B HOJb Ha
KoHIax (y351bl TOKa). Hanpspokenne B ceperHe BUOpaTopa UMEJIO y3€Jl, a Ha KOHIAX — IMy9HOCTH
HanpspkeHus. Takum oOpa3oMm, 3JIEKTPUYECKHM BUOpAaTOp AaHAJOTMYEH HATSHYTOW CTpYyHE,
KOJICOJTIOIICHCS C OCHOBHOM (HaWMMEHbIIEHW) dwacToToW. JlmmHAa BOJIHBI A, W3Iydaemas
BHOpaTOpPOM, MIPUMEPHO B JIBA pa3a MPEBBIIIACT AIMHY BUOpatopa. [1o 3Toii npuunHe 1moao0HbIiI
BUOpATOp HA3BIBAETCS MOAYBOIHOGbIM. 1'epll MOJIyunsa SJIEKTPOMATHUTHBIE BOJHBI C JJIMHOM
BoaHEI 0T 0,6 M 0 10 M.

Jns oOHapyXeHUs
£ _ AIIEKTPOMArHUTHBIX BOJIH I'epn
i | WCTIOJb30BaJl TaKXe OTKPBITBIA BHOpATOp

HIEI Tex ke pasmepoB. llog  nelictBuem
epeMEeHHOTO AIIEKTPUYECKOTO TOJISt
MIpUHUMAaeMON BOJIHBI cBOOOIHbIE
AIIEKTPOHBI BHYTPU TPUEMHOTO BHOparopa
HAUYMHAIOT  COBEPIIATh  BBIHY)KJICHHBIE
konebanusa. [lpm »3TOM B HIpUEMHOM
BUOpATOpe TOSBISETCS BBICOKOYACTOTHBIN
TOK, a MeXIy OOeMMH IOJOBHHKAMH
BUOpaTopa — TMEpPEeMEHHOE HalpsbKEeHUe.
Ecmu pa3mepsl U3iIydaronero u mpueMHOTO
BUOpPAaTOpPOB OJWMHAKOBBL, TO Onaromaps
PE30HAHCY BBICOKOYACTOTHBIE KOJICOaHUS
B) npueMHUKa  ycwimBatorcs.  [losiBnenue

Puc. 6.7 IIEPEMEHHOI0 HANpPSDKEHUS B IPHUEMHOM

BuOpatope  I'epit  oOHapyxuBam 1O
BO3HHKHOBEHHIO JICKTPHUYECKON MCKPHI IPY KAKJOM pas3psijie BUOparopa.

E
MBH O/V’ /\;. M
/s V17 0

H

Puc. 6.8

Hna peanuzauuu onbiToB [. T'epuma B 1a00paTOpHBIX  YCIOBUSAX BOCIHOJIb3yeMCS
HUCTOYHUKOM BbIcOKOro (25 kB) nampspkenus «Paspsg 1» (puc. 6.9). Bricokoe HampsibkeHue
MOJIaeTCsl Ha JHIOJIb, COCTOAIIMA W3 JABYX METAUIMYECKUX CTepkHed mmHou 10 cm.
Bo3nymiHelil 3a30p MeXIy CTEpKHSIMHU H3JIy4alOIEro JMUIOJS BHIOMpAeTcsl paBHBIM 1+2 MM.
[Ipy BKJIIOYEHMM BBICOKOTO HAINPSKEHHUS MEXAY CTEpXKHSIMU BO3HUKAET HECTaOWJIbHBIN
UCKpoBOM pa3psa. Henepuoaunueckue 3aryxaromiue KosieOaHUS DJEKTPUUECKOro 3apsja B




JIUTIOJIE CO3AAl0T B CBOOOJIHOM INPOCTPAHCTBE KPATKOBPEMEHHBIE HETEPHOANIECCKHE UMITYIIbCHI
3aTyXaroIIUX 3JICKTPOMArHUTHBIX BOJIH. HecTaOMIBHOCTH HCKPOBOTO paspsijia MPUBOAMUT K
CBOEOOpa3HOW MOJIYISIIIMKA BBICOKOYACTOTHBIX KojeOaHwid. [IprueMHUKOM 3IIeKTpOMAarHUTHBIX
BOJIH CIY)KUT IUIOJb TEX K€ Pa3MepoB, YTO W JWIIOJb WCTOYHMKA BOJH. Poib merextopa
HU3KOYAaCTOTHBIX MMITYJIECOB DJIEKTPOMArHUTHBIX KOJIEOAHWH B MPHUEMHOM JHUIIOJE BBITIOJIHSIET
MOJTyITPOBOHUKOBBIN 0] 1403, KOTOPBIN 3aKpEIUIIETCS MEKIY METAJTUIMIECKIMH CTEPIKHIMHU
MIPUEMHOW aHTEHHBI. B KadecTBe perucrpatopa dJIEKTPOMArHUTHBIX KOJeOaHWH MCIIOIb3yeTCs
MuKpoammepmeTp uian ociiorpad C1-1.

Puc. 6.9

Jnst mpoBeneHus omnbITOB I'eplia pacmojiaraioT Mepeiarollyl0 M MPUEMHYIO aHTEHHBI
napajuleIbHO JPYr APYry Ha HEOOJIBLIOM pacCTOSHUM Jpyr oT Apyra. [Ipm BO3HMKHOBEHHH
HCKpPOBOTO pa3psla B IMEpeAarolleM JAWIIoNe Ha 3KpaHe ocuuuiorpada HaOIII0aloT CEpUIo
HENEePUOJNYECKUX KPATKOBPEMEHHBIX HUMIYIbCOB. [IpuemM 3JIeKTpOMarHUTHBIX BOJH HE
MIPEKPALIACTCS, €CIIU MEXy TUIOJIAMH PaclojaraeTcs JIMCT MPO3PavyHOro WM HENpO3payHOro
IudniekTpuka. IlpreM BOJIH MOJIHOCTBIO MPEKpallaeTcs, €clyd MEXIy AUIOJISMU YCTaHOBUTH
METaJUINYECKH JINCT AOCTATOYHO OOJIBIINX Pa3MEPOB.

Jnst mosiydyeHMs HE3aTyXalolUX AJIEKTPOMAarHUTHBIX BOJIH MCIIOJIB3YIOT JIAMIIOBBIE
TCHEPATOPBI AICKTPOMATHUTHBIX KojeOaHui (cM. pa3d. 5.4). [ mosrydeHus 6ojiee KOPOTKUX
BOJIH JIEHUMETPOBOTO U CAaHTUMETPOBOI'O JUANAa30HOB MPUMEHSIOT CHEIHAIbHbIE 3JIEKTPOHHBIE
OpUOOPBI: KIUCTPOHBI M MarHeTpoHbl. (CBEpXBBICOKOYACTOTHBIC KOJEOAHHSI TIPH ITOM
MOJYJIUPYIOTCSI HHU3KOYAaCTOTHBIM CHTHajioM. Jlisi oOHapykeHuss KosieOaHUH B NPUEMHOM
BHOpAaTOpe MOXHO BOCITOJIb30BAThCS HEOOJBIIONW IEKTPUICCKON JIAMITOYKOW, BKIIFOUCHHOW B
cepenuHe BuOpartopa. [lpu wucmonb3oBaHMM MOIYJSIMM TEPEJAaloIlero CUrHajga BMECTO
JIAMITIOYKHA MOKHO BKJIFOUHMTH KPUCTALINYECKUN AeTeKTOp (TosrynpoBoaHukoBeii CBY-amon), a
HU3KOYACTOTHBIC KOJICOAHHMSI ITOCIIe YCHIICHHS TI01aTh Ha TajdbBaHoMeTp wim ociuniorpad Cl-1.
C DoMOLIbI0 TaKUX COBPEMEHHBIX TEXHUYECKUX CPEICTB MOXKHO JKCIEPHUMEHTAIbHO
UCCIIEI0OBaTh OCHOBHBIE CBOWMCTBA 3JEKTPOMAarHUTHBIX BOJH, KOTOpbI€ BIIEPBbIE ObUIU

BBINOJIHEHBI [ eprieM.

Puc. 6.10




[TomecTM npuemMHbI BUOpaTop (IMIOJB), MOKa3aHHBIM Ha puc. 6.10, Ha HEKOTOpOM
PaCCTOSIHMM OT M3JTYYAIOIIETO MMOJIyBOJIHOBOTO BHOpATOpa, K KOTOPOMY TTOJIBOJIUTCS MOIITHOCTh
ot xiuctponnoro (K-11) remeparopa CBY (A =12 cm). [Ipuaumaembie koieOaHUsT HUMEIOT
HauOOJIBIIYIO aMIUTHTYy, €ciu 00a BuOpaTopa (mumois) mapamuienbHbl. Ecnu ke mumonu
PAacIIONIOKEHBI B3aMMHO TEPIICHANKYISPHO, TIPUEM SJIEKTPOMArHUTHBIX BOJH OTCYTCTBYeET. Tak
KaK 2JIEKTPUYECKUE KOJIEOAHWs B MPHEMHOM JHITOJIE HABOJSATCS TOJIBKO B TOM CiIydae, eCiH

BCKTOP E BomHBl mMmeeT COCTAaBJIAIOIIYIO BJI0JIb HpOI[OHI)HOfI OCU [OUIIOJIA, TO CJICAYCT

MIPEANOJIOKUTH, YTO JIEKTPUUECKUN BEKTOP £ 3IEKTPOMAarHUTHOM BOJIHBI BCETZIAa PACIIOJIOKEH
B IUIOCKOCTH, IPOXOJIAIIEH uepe3 u3aydaromuil aumosb. ONbIT 10Ka3bIBAET, YTO AJIEKTPUUECKUMA
BekTop E CcOBepuIaeT KojieGaHus BJAOJb JHHHH, KOTOpAs IEPIECHIUKYISAPHA HAIPABICHHUIO
pacnpocTtpaneHus BosHbl. CieoBaTeNbHO, IEKTPOMArHUTHASI BOJIHA, PACIPOCTPAHSIONIAsACS B
CBOOOJHOM IIPOCTPAHCTBE, SIBISETCS HONEpeyHOU.

DNEeKTpOMarHUTHOE T1I0JIe, H3JIydaeMo€ IOJIyBOJIHOBBIM BuOpaTopoMm (puc. 6.10)
reHepaTopa JCLMMETPOBBIX BOJH, paJualbHO HECUMMETpH4YHO. [[pyrumu cioBamu,
MHTEHCUBHOCTb BOJIH, M3Jy4aeMbIX AHTEHHOW, HE OJMHAKOBA B PA3JIMYHBIX HAIPABIICHUSX.
OnpIT MOKa3bIBA€T, YTO MHTEHCUBHOCTH W3Jy4aeMbIX BOJIH, MaKCHUMajlbHa B JKBATOPUAJILHOM
IJIOCKOCTH, T.€. B TOPU30HTAJIbHOM IUIOCKOCTH, IMPOXOJAIIEH 4Yepe3 CEepelrHy H3JIydarollen
anTeHHbl (puc. 6.10). B 3TOM ciyyae MHTEHCHMBHOCTh NMPUHUMAEMOW BOJHBI MaKCHMaJIbHA.
[lepemerasi mpueMHUK B BEPTUKAIBHOM INIOCKOCTU MO OKPY>KHOCTH C LIEHTPOM, COBIAJAOIINM
C M3JydYarolled aHTEHHOM, OTMEYaloT YMEHbIIEHHWE WHTEHCHUBHOCTHM IPUHHMAEMOIl BOJIHBL
[IpyemM BOJH NOJIHOCTHIO IMpPEKpallaeTcsi, Korja NpUeMHas aHTeHHAa HaXOAWUTCA Ha JIMHHH,
MpoXoduieil uepe3 MpoJOJbHYI0 OCh M3y4arouleil anTeHHbl. llpu 3TOM OTCyTCTBHE mHpuemMa
HabOJ0JaeTCs Npu 000N OpUEHTALMH B IPOCTPAHCTBE MTPOIOJIBLHOM OCH IPUEMHOM aHTEHHBI.

C mnomompio omucanHoro reHeparopa CBY (A =12 cM) MOXHO TMOKa3aTh, YTO
AJIEKTPOMArHUTHbIE BOJIHBI MPOXOJSAT C HEKOTOPBIM OCJIa0JIEHHEM uYepe3 Mpo3padyHble U
HENpOo3payHble TUAIEKTPUKU (OPrcTeKIo, TEKCTOIUT). Ecnu Mexay usiydaromeil U npueMHOM
aHTEeHHAMM YCTaHOBUTH METAJUIMYECKUN JUCT JOCTATOYHO OOJIBIIMX Pa3MepoOB, TO MPUEM BOJIH
MpeKpalaeTcs. DIEKTPOMarHUTHbIE BOJIHBI YACTUYHO OTPaXXaroTcsl OT AMAJIeKTpUkoB. [lomHoe
OTpaXeHHE MPOUCXOJUT OT MeTaJInueckoro jucra. [Ipu 3ToM cripaBeayiuB 3aKOH OTPaKEHMUS,
U3BECTHBIM M3 ONTHUKH. TO, YTO MeETaJIbl XOPOUIO OTPa)kaloT 3JIEKTPOMATrHUTHBIE BOJIHBI,
UCIOJIb3YETCSl JJIi W3TOTOBJIEHUS BOTHYTBIX CQEepHUYecKUX 3epKall, B (OKyce KOTOpPbIX
pacrojiaraerTcs M3JIy4daroluid WM HNPUEMHBIN 3JIEKTPUYECKUid BUOpATOp — JIUIONb. XOpOIlee
OTpa)XCHUE METAJUIOB JJISl 3JI€KTPOMAarHUTHBIX BOJIH MO3BOJIMIIO CO3AATh 8OJIHOB00bL, T.€. TPYObI
MPSIMOYTOJIbHOTO UJTM KPYTJIOTO CEYEHUs, BJIOJIb KOTOPBIX 3a CUET MHOTOKPATHBIX OTPAKEHUH OT
CTEHOK pacIpOCTPaHSIOTCS BOJIHBI.

Hcrounuk 51 IIPUEMHUK
AJIEKTPOMAarHUTHBIX BOJIH
CaHTUMETPOBOTO Jauana3oHa (A =3,2 cm)
nokaszanbl Ha puc. 6.11. OrpaxaTenbHblii
knmuctpoH (1)  ycraHaBnmmBaercs — Ha
MPSIMOYTOJIbHOM BOJIHOBOJIE (2) cedeHHEM
23x10 MM Tak, 4TOOBI H3Iy4arolIHi

Puc. 6.11 YeTBEPTHBOJIHOBON BUOpATOp KIMCTPOHA

ObUI PACIIOJIOKEH BHYTPU BOJIHOBOJA
MEPIEHIUKYISIPHO K €ro IIHUPOKOM CTEHKE. YeTBEepThBOJIHOBOM JUIIOJb KIMCTPOHA BBIITOJIHSIET
pOJIb aKTUBHOTO IITHIPbKA CBSI3M U MO3BOJSET BO30YAUTH B MPSMOYIOJIBHOM BOJHOBOJE
HaIpPaBIIIEMYIO 3JIEKTPOMArHUTHY0 BOJIHY. [IpsiMoyrosbHbIi BOIHOBOA (2) Harpy»keH ¢ OJHOM
CTOPOHBI H3JIy4arOllel pYNOPHOW AaHTEHHOM, a C JPYrod BOJHOBOJ 3aKOPOYEH IOJBUKHBIM
IUTYHKEPOM, BBIOJIHAIOMUM poJib 3epkana. CBY konebanus MOAyIupyroTcss HU3KOM 4acTOTOM
MynbTUBHOpaTopa. [IpueMHUK CAaHTUMETPOBBIX AIEKTPOMArHUTHBIX BOJIH (puc. 6.11) cocrout u3
pyNOpHON aHTeHHbI 4, NPSIMOYrOJIBHOIO BOJIHOBOJAA 5 U JEeTeKTOpHOM cekuuu 6. Pomb
aKTUBHOTO IPHUEMHOro J3jeMeHTa u jerekropa BeimoiHser CBY-guon /1403, xoTopslit



pacrnojiaraercs MEpHeHAUKYJIIPHO K HIMPOKON CTEHKE BOJIHOBOJIA HA PACCTOSHUU YETBEPTH
BOJHBI OT 3aKpbITOrO KOHIA JETEeKTOpHOM cekuumu. CHUrHaja ¢ JeTeKTopa IOoJaeTcs Ha
MHUKpOaMIepMeTp WU ocuuiuiorpad.

B canTuMeTpoBOM Juama3oHe paJMOBOJH TaK K€ MOYXHO II0Ka3aThb IONEPEYHOCTb
AJIEKTPOMArHuTHbIX BoJIH. W3nmyuenue reneparopa CBY (puc. 6.11) xapakrepusyercst TeM, UTO
SNEKTPUYECKUH BekTOp E  BONHBI TNEPIEHIMKYJIAPEH K IIMPOKOH CTEHKE BOJIHOBOJA.
YCTaHOBUM MEXIY HMCTOYHHUKOM M IPUEMHHKOM METaUIMYECKYIO CETKY, COCTOSIIYI0 U3
napajuleNIbHbIX MEIHBIX MPOBOJIOK. OKa3bIBaeTCs, YTO MHTEHCHUBHOCTh NMPUHUMAEMOW BOJIHBI
OYEHb CHUJILHO 3aBUCHUT OT TOTO, KaK MEJIHbIE IIPOBOJIOKH CETKU OPHUEHTUPOBAHBI [0 OTHOILIEHHUIO
K 9IEKTPHYECKOMY BEKTOpY E BOJHBI, M3IydaeMOH MCTOYHMKOM. ECIH IIPOBOJIOKH CETKH
TePICHIUKYIIAPHEl BEKTOPY E BOJHBI, TO IEKTPOMATHHUTHOE H3IydEHHE HPOXOIHT CKBO3b
ceTKy 6e3 3aMeTHOro ociadnenus. Eciy NpoBOJIOKH CETKH TapallIebHbl BEKTOPY E BOJHBI, TO
M3JIy4eHHE CHIIBbHO ociiadmsercsi. OOBSCHAETCS 3TO TEM, YTO B IMEPBOM CIIydae dJIEKTPUUYECKOE
none E wne Haoyur CBY TOKM B HPOBOJIOKAX M H3JIydeHHE HE OTPAXaeTcs OT ceTKH. Bo
BTOPOM cjlyyae IOJ JEHCTBHEM IOJS B MPOBOJIOKAX HABOASTCS TOKH, 4YTO MPHUBOJIUT K
OTPaKEHMIO YACTH SHEPTUHU OT CETKU U 0CIa0ICHHIO MPOXOSILEro CUrHaia.

Puc. 6.12 Puc. 6.13

C moMoIIpI0 CAaHTUMETPOBBIX 3JIEKTPOMATrHUTHBIX BOJH (A = 3,2 cM) MOXHO MOKa3aTh UX
npenomiieHue. ['epit ais 3TUX 1eseil NCmoIb30Bal MPU3My U3 acdanbTa, Maccoit 60jee TOHHBI.
Jlnist cCaHTUMETPOBBIX BOJH (A = 3,2 cM) MPU3MYy MOKHO M3TOTOBUTH W3 OPraHUYECKOTO CTEKJIa
Wi Jgoboro apyroro audiektpuka. B nuamazone CBY mmpokoe npUMEHEHHE MOJYYHIIN
UCKYCCTBEHHBIE CpE/bl: BOJHOBOJHBIE WJIM METaIOJIEHTOUHble CTpyKTyphl. Ha puc. 6.12
[I0OKa3aHa BOJIHOBOJIHAs MpU3Ma JUIs AJIEKTPOMArHUTHBIX BOJH. [IpsMOyrosibHbIe BOJHOBO/IBI

HMEIOT cedeHue: a, =20 MM, a) =30 MM, OCh X PACIOJI0XKCHA TOPU30OHTAIBHO. JIIsi BOIHEL,

JNEKTPUYECKUN BEKTOpP £ KOTOPOW NEPIEHAUKYISAPEH OCU X, DKBHBAJICHTHBIM IIOKa3aTellb
IIPEJIOMIICHHUS PaBEH:

(6.6.1)

Ilpu L =3,2 cmu a, =2 cm noxydum n = 0,6.
Xox nydeil B nmpusMe nokazaH Ha puc. 6.13. Ilo 3akony
MPETIOMIICHUS UMEEM:
i 1
sme_ 1 (6.6.2)
sinfB n

- rae o= 450 - yroj IIpu BepuiuHe NnpusMbl. M3 BeIpakeHMs
Puc. 6.14 (6.6.2) Haiinem yroa mpesiomieHus: sinf = nsino = 0,42 umm




B =250

CrnenoBatenbHO, BOJHOBOJIHAS MPHU3Ma JIOJDKHA OTKIIOHSTH IMajaolee Ha Hee M3Iy4eHUE
HA yron y=o-fB= 20°. Omperr momHocTHIO MOATBEPKAAaET I3TOT pe3yibTar. Bmecro
BOJIHOBOJJHOU TPHU3MbI MO>KHO HCIIOJIB30BaTh METAJJIONEHTOUYHYIO (puc. 6.14). OHa uMeer TOT
Ke ToKasaTedb mpeioMieHus (6.6.1) uis BOJNHBI, JNEKTPHYECKHi BekTop E  KOTOPOif
napajuieieH JIEHTaM CTPYKTYphl. Paccrosnue mexny nenramu a, =20 mMm.

Puc. 6.15a | Puc. 6.156

DNEeKTPOMarHUTHbBIE BOJIHBI MOKHO (POKYCHUPOBATH C TIOMOIIbIO JIMH3, U3TOTOBJIEHHBIX KaK
U3 €CTEeCTBEHHBIX, TaK M MCKYCCTBEHHbIX JuIeKTpukoB. Ha puc. 6.15 mnoxka3ansl
JIBOSIKOBOTHYTBIE U JIBOSIKOBBITYKJIBIE METAUIOJEHTOUYHbIE JTUH3bI JUIS AJIEKTPOMArHUTHBIX BOJH
(A=3,2 cm). Tak Kak SKBHBAJICHTHBI NOKA3aTeIb NPEIOMICHHS JUIS BOJHBI, BEKTOp E
KOTOPOM IapajuleeH JIEHTaM, MEHbUIE €IUHUILIbI (n :0,6), TO JBOSIKOBOTHYTasi JIMH3a (puC.
6.15a) sBusercs (dokycupyromer, a ABOSKOBbIMyKias (puc. 6.150) paccemBaromiei.
DKCIIEpUMEHT MOATBEPKIAET ITOT PE3yibTar.

Takum o6pa3oM, uaes MakcBemsia O TOM, YTO CBET SBJISETCS AIIEKTPOMArHUTHBIMU
BOJIHAMM MaJIOW JUIMHBI BOJIHBI HAIlLJIa CBOE MOJIHOE SKCIIEPUMEHTAILHOE MOATBEPKACHUE.

6.7 U31ydyeHue 3J1eMEHTAPHOI0 3JIeKTPUYECKOTr0 U0
DnemeHmapHulM  Ounojiem MOXKET CIYKHTh BHOpaTop, JJIMHA KOTOPOTO Maja TIo
CpaBHCHHIO C I[J'II/IHOI7[ BOJIHBI. HpI/IMepOM OJICKTPUYCCKOTO JUIIOJIA MOIYT CIYKWUTb [JBa
METAJUIMYECKUX IIapa, KOTOPBIE 3apsDKAlOTCS OT TeHepaTropa AJIEKTPHUECKUX KoJeOaHHi
BBICOKOM 4acToThl (puc. 6.16). Ecnu reneparop co3maeT rapMOHMUYECKOE KosieObaHue, TO 3apsi
HU3MCHACTCA 110 3aKOHY: g = qo sin ¢ ¥ MOMEHT AUTIOJIA TaKKE U3MCHACTCA 110 3aKOHY:

P = pg Sin of, (6.7.1)

rie po =qol! - aMIUIUTYy1a SIEKTPUYECKOTO MOMEHTA JIUTIOJIS.

m C  oJeMEeHTapHBIMH  JWIOJISMH  TTPUXOJIUTCS
U| BCTpeuaTbCsi HE TOJBKO B panuoTexHuke. Haubonee
BaXHBIM TPUMEPOM DJIEMEHTAPHBIX JHITOJNCH SBISFOTCS

C) ] AJEKTPOHBI BHYTPH aroma. J[IBH>KEHHE D3JIEKTpOHA IO
~ }

KpYroBOM WJIM 3JIIMNTUYECKON OpOUTE MOKHO Pa3IoKUTh
Ha [Ba IPSAMOJMHEHHBIX TapMOHMYECKUX B3aWMHO
MIEPIEHIUKYISIPHBIX KoJieOaHusl. ONeKTpoH,
— COBEpUIAIOIIMM  TrapMOHMYECKHE KOJIEOaHUSI  BOKPYT
IIOJIOKUTENBHO 3apsKEHHOTO sJpa, MPEACTaBIAeT co00i

Puc. 6.16

BJICMGHTapHBIfI AUTIOJIb, MOMCHT KOTOPOTO U3MCHACTCA 110




3akoHy (6.7.1) u co3maer cBETOBYIO BOJIHY. Takoe mpecraBieHrne o6 aToMax BEHIECTBA, Kak 00
AJIEMEHTAPHBIX JTUTIOJISX, TIO3BOJISET 00BICHUTH HEKOTOPBIE OCOOCHHOCTH M3JTyUCHHS CBETA.

PaCCMOTpI/IM OCHOBHLIE CBOMCTBA QJICKTPOMArHUTHOI'O I10JIA, U3TYy4aCMOI0 3JICMCHTAPHBIM
nurmojieM. [Ipy 3ToM MBI He OyIeM MTPUBONUTE CTPOTHE J0KA3aTeILCTBA CBOMCTB ITOJIS.

BoisicHuM, kakyro popMy UMEET BOJHOBOM ()POHT 3JIEKTPOMArHUTHOM BOJIHBI JUIOJIS HA
OOJIBIIUX PACCTOSIHUSIX OT HEro (r >> k). Tak Kak 2J€KTpOMarHUTHOE BO3MYILEHHUE B BaKyyme
pacrpoCTpaHseTcsl BO BCE CTOPOHBI OT JUTIONS CO CKOPOCTBIO CBETA, TO BOJHOBOH ()POHT MMeEET
BuJ chepsl. CriejoBaTeNIbHO, BOJTHA, U3TydaeMasi TUTIOJNIEM, €CTh cihepuyeckas OIHdA.

Tak kak OJICKTPpOMAarHuTHas BOJIHA ITIOINIEpCYHasd, TO
JNEKTPUYECKUI BEKTOP E B pa3HBIX TOYKAX IIPOCTPAHCTBA
COBEpLIAET KojeOaHus B HaIpaBJICHUU
NEPIECHAUKYIISIPHOM DPAJAUYyC-BEKTOPaM 7 TOYKH, IPUYEM
3TH KoseGaHus BeKTopa E COBEPIIAIOTCS 110 KACATEIbHOI
K Mepuauany. Bekrop H Taxe MEPIEHINKYIISIPEH
panuyc-BEeKTOpY M COBEpIIaeT KoJeOaHus Mo KacaTeabHON
K IIMPOTHOMY KpYry, IPOBEACHHOMY uepe3 TOuKy M Ha
cdepe pamuyca » ¢ neHTpom B Touke O (puc. 6.17).

Ha puc. 6.18 wu300pakeHbl CWIOBbIE JHHHUH
BHUXPEBOT'O DJJICKTPHUYECKOI'O IIOJIA B HeKOTOPI)II\/'I MOMCHT
BpPCMCHHU. CuJI0BBIE IMHUU QJICKTPHUYCCKOTIO II0JIA ITPpHU 3TOM

Puc. 6.17 PAaCIIOJIOKCHBI B MGpPII[HOH&HBHOﬁ IIJIOCKOCTH n

MIPEJICTaBISIOT cOO0M 3aMKHYTbIE KpUBbIE B COOTBETCTBHE
C BUXPEBBIM XapaKTEPOM NIEKTPUYECKOTo noJisl. Hanpasnenne MarHuTHOTO noJist ' B Kaxaou

TOYKE IMEPIEHIUKYISIPHO BEKTOPY £ M K HalpaBICHUIO paclHpOCTpaHEHHs. MarHuTHbIE
CWJIOBbIE JIMHUM IMPEJICTaBISAIOT CO0OM KOHIIEHTPUYECKHE OKPYXKHOCTH, JIeXKallhe B
AKBATOPHAJIbHOM IIOCKOCTH, U HMMEIOIIME IEHTp Ha ocu aumois. Takum oOpa3om, Bce TpHU

Bektopa £, H w V' B3auMHO NEpPNEHIUKYISPHBI.

DONEeKTpOMarHuTHOE  TOJIE  AJIEMEHTapHOTO
IUIIoad o0jlazaeT emé OIHUM BaXKHBIM CBOMCTBOM.
WN3nydyeHne HSHEpPruM JAMIOJEM HEOJAUHAKOBO B
Pa3IMIHBIX HaITpaBJICHUAX, T.C. I10JIC JUIIOJISA
paauaJIbHO HCECHUMMCETPHUYHO. HI/IHOHB MaKCHUMaJIbHO
M3JIy4aeT SHEPTHUI0 B IUIOCKOCTH, MPOXOAIIEH depes
CCPCAMHY OUIIOJI MNEPHCHAUKYIIAPHO K €ro oCu, u
COBCEM HE€ W3Iy4aeT BJOJIb CBOEH oOcH. OITO
IMMOATBCPKAACTCA OIIbITaMHU B ACOUMETPOBOM
nuanaszone BoJH. [lomyBosmHoBO#M BuOparop (puc. 6.9)
HE U3JTy4aeT BIOJb Cce0sl 1 MaKCUMAIbHO H3JIydaeT B

MIJIOCKOCTH, TIEPIICHIUKYIISIPHON BUOpATOPY.

6.8 JHeprus 31eKTPOMATHUTHBIX BOJIH
IImoTHOCTE OHEpPIrun SHGKT'pOMaFHHTHOfI BOJIHBI CKJIaJAbIBACTCA U3 IUIOTHOCTEH OHEPIrun
BHUXPEBBIX JJICKTPUYCCKUX U MAarHUTHBIX TIOJIEH:

2 2
eogel N pnonH

=g +oy = 6.8.1
ETOH 2 2 (6.8.1)
VYuuteiBas Beipakenue (6.5.10), naiiaem:
H=E |20 (6.8.2)
Hokt

[ToxcraBnsis 310 BhIpaxkeHue B popmyiy (6.8.1), momyuum:



w=ggeE”. (6.8.3)

PacnipocTpanenue 37I€KTpPOMArHUTHBIX BOJIH CBSI3aHO C IMEPEHOCOM JHEPTUHU, TOJI00HO
TOMY, KaK paclnpoCTpaHEHUE YINPYTHX BOJH B BEIIECTBE CBA3aHO C MEPEHOCOM MEXaHMYECKOU
SHEPTUH. DHEPrusi, MEPEeHOCHMas BOJHOW B €IWHUIY BPEMEHHU Yepe3 HEKOTOPYIO IUIOMIAIKY,
YCTAHOBJIEHHYIO MNEPHEHIUKYJISAPHO HAIPABICHUIO PACHpPOCTPAHEHUS, HA3BIBACTCS HOMOKOM
oHepauy. MTHOBEHHOE 3HAYECHHE MOTOKA SHEPIUU ONIPEAEIISIETCA COOTHOIIEHUEM:

D = d—W (6.8.4)
dt

EnuHunein n3MepeHnsi nOTOKa SHEPrUuu CIYKUT Bm.

DOHeprusi, IepeHoCuMas B CIWHUIY BPEMEHH 4Yepe3 EeIUHUYHYI0 IUIOMIAJIKY,
YCTAHOBJIEHHYIO TEPIECHANKYISIPHO HAIPABJICHUIO PACIpPOCTPAHEHUS BOJIHBI, HAa3bIBACTCS
NJIOMHOCMbIO NOMOKA SHEP2UU UL UHMEHCUBHOCINBIO 8OJIHbL:

o dw_ do

- _ 4@ (6.8.5)
dS-dt  dS

Enuauneir wu3mepeHusi IUIOTHOCTH TOTOKa

Bm
SHCPrHH  CIYKHT — —. Jlns  BBIYUCICHUS
M

IUIOTHOCTH IIOTOKA DHEPIUU paCCMOTPUM LIMIUH]P,
oOpa3ylomme KOTOPOrO MapajuIeNbHBl  BEKTOPY
ckopoctH V' BouHBI (puc. 6.19). B o0beme dV

[«

UWIMHApPA conepxutcs sHeprus dW . llycts
Vdt IJIOIIAb CEUEHHWs LWJIMHIpAa paBHA dS, a ero

Puc. 6.19 miuHa Vdt. Torma 3a BpeMmst dt Bed DHEprus,

COCPENOTOYEHHAs B LMIMHIAPE NPOWIET CKBO3b IUIOIAAKY dS. YuuteBas, uto dW =wdl),

I7I€ @ - IJIOTHOCTb SHEPTHH, HAUIEM:

_dw w-dV
S dS-dt dS-dr’
Tak xak 00bem muuHApa paBeH dV,, = VdtdS , nomyaum:
H=w-V. (6.8.6)

[ImoTHOCTH MOTOKA SHEPTHH — BEKTOPHAS BEJITMYMHA U XapaKTEPU3YETCs 86eKmopom Ymosa-
Totunmunea:

I=w-V. (6.8.7)

VYuursiBas popmyisl (6.8.3) u (6.5.6), u3 Beipaxkenus (6.8.6) Haiinem:
= 2% g2
Holt

Ha ocnoBanuu ¢popmyisl (6.8.2) nomydum:

I1=F-H. (6.8.8)
B BexTOpHOIT popme TaHHOE BbIpaKEHUE 3aIIUCHIBAETCS B BUJIE:

T=[ExH|. (6.8.9)
Bektopsl E, H w I B3aMMHO NEpPHEHAMKYIAPHBI M OOpA3ylOT HpPaBYIO TPOMKY

BEKTOPOB.
DEeKTPOMarHUTHBIE BOJHBI XapaKTEPU3YIOTCS HE TOJIBKO SHEPIHel, HO U PEISATUBUCTCKON
MacCOMu:

m= Kz, (6.8.10)
c
a TaKKe UMITYJILCOM:
P:mc:K, (6.8.11)
c



rac ¢ - CKOpoCThb CBETA.

6.9 IlIkana 371eKTPOMArHUTHBIX BOJIH

C moMOImbI0 COBPEMEHHBIX PaAUO(PHU3NYECKUX METOJ0B MOXKHO TOJYYHUTHh BOJHBI C
pa3IM4YHON JUIMHOM BOJIHBIL. [IpakTHyecKkuil paguouana3oH HAYMHAETCS C JUIMH BOJIH MOPSIIKa
1-2 kM, qnuHbl BOJIH nopsiaka 200 M OTHOCAT K CpEIHEMY JMaNa3oHy, JECITKH METPOB — 3TO
YK€ KOPOTKHE BOJIHBL. YJIbTPAKOPOTKHE BOJIHBI MPUMEHSIOTCA B CHEHHAIBHON PAJUOCBS3H.
JIMuHBI BOJIH OT HECKOJIBKMX METPOB JIO CAHTUMETpAa HIPUMEHSIOTCS B TEIECBUIACHUU U
paguosiokanu. Emie ©Oojee KOpPOTKHME SJICKTPOMArHUTHBIE BOJIHBI CYOMIJTUMETPOBOTO
JaTnia30Ha y)Ke MEePeKphIBAIOT HH(MPAKPACHYIO 00J1aCTh TEIJIOBOTO U3TyYEHUS.

YyacTok BUIMMOTO CBETAa BeChbMa MaJjl: OH 3aHMMAaeT BCEro JIUING JIUHBI BOJH OT 7,0 107
cM 10 3,6-107 cm. [lanee ciaemyer ymbrpaduoaeroBoe usnydenue ot 3,6-107 cv mo 107° com.

JITMHBI BOJIH PEHTIGHOBCKOTO M3JIydeHHMs 3aKiioueHsl B npexenax ot 107 cm go 1070 cm.
Usnyaenne ¢ mmuHoi BomHbl A < 107! cM BO3HHKaeT B mpolecce pagrOaKTHBHOTO PACIana U
Ha3bIBACTCS Y -U3JIy4CHHUEM.

OpHako, JJIEKTPOMArHUTHBIE W3JIy4EHUs, J/JIMHA BOJIHBI KOTOPBIX OTJIMYAeTCs Ha
HECKOJIbKO MOPSAJIKOB, 00J1a/1al0T KaYECTBEHHO pa3iMYHbIMU cBoiicTBamu. [lpu manbix amuHax
BOJH (ynbTpaduoJIeTOBOE, PEHTICHOBCKOE M Y -U3Iy4eHHs]) B OO0JbIIEH Mepe MpOsBISETCS
KBAHTOBBIM XapakTep u3iaydeHus. Tem He MeHee, B HacToslIlee BpeMs OOHapyX eHa KBaHTOBAs
MIPUPO/Ia U3ITYYEHHS BCEX YUACTKOB LIKaIbl AJIEKTPOMArHUTHBIX BOJIH.



