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NPEAUCJIOBUE

Copep:xaHie JaHHOTO TOMA COCTaBASIOT y4eHHe 00 3JeKTpoMarhe-
TH3ME H yuyeHHe O BOJMHAX (YNPYrHX, 3JeKTPOMATHITHBLIX H CBETOBHIX).

HManoxkeuue Begercss B Mexaynapoauoit cucreme eannuy, (CH). INo-
[IYTHO 4Y1TaTelb 3HAKOMHTCS H C rayCcCoBOiH CHCTEMOIl (COOTBETCTBYIO-
Ui Texker HabpaH meTHTOM). B npuaoxeAHdaX B KOHIE KHHTH RaHb
eAUHHLBI VIEKTPHYECKHX W MardHTHolXx BeanuyiH B CH H B rayccoBoil
CHCTEME, a4 TAKIKE COTOCTABJEH BHJ OCHOBHLIX (POPMYJ 3JEKTpOoMarHe-
TH3Ma B 00€HX CHCTeMax.

[IpyH noAroroBke KO BTOpPOMY U3JaHHIO KHHra Obl1a nepepaboTaHa.
HM3menenus M jponoanenns Oblid BHeceHbl B maparpadwr 11, 13, 19,
45, 48, 52, 107, 112, 120 u 129.

Bripaxalo npH3HATeNBHOCTb KOJIJIeraMm U Jpy3bqaM 32 I10Je3HHe 06-
CYIKJeHHs, KPHTHKY W COBeTH B XojJe padorel Hag KHUroil. QOcobyio
6narogapHocte npuHowry B. B. Ceerozapory, B. H. Tepsunacy,
H. b. Hapoxnomy, H. E. Hpozory u B. H. Jluxaueny.

Bripaxato Takxke GnarogapHocTe npodeccopy J1. JI. Toapauuy 3a
PAL TOME3HbIX COBETOR M 3aMeYyaHHH.

JlauHblit Kypc NMpefHa3HaueH B NMEPBYIO odepelb NS BTY30B C pac-
upeHHoil nporpamMmoii no ¢uskke. OIHAKO H3JOXKEHHE [I0CTPOEHO TaK,
YTO, OMNYCTHB OTAENbHBIE MeCTa, 3TY KHHTY MOXHO HCNOJNb30BaTh B
KayecTBe YyueGHOro nocoOMs AaAA BTY30B ¢ OGBYHOH MPOrpaMMoi.
B npeanocnanubix KHHMre ¢«MeToAMyeckUX PEKOMEHAALHMAX», HapAdy C
APYTHM MaTepuajoM, NpHUBeJeH OPHEHTHPOBOUHBLIH mnepeueHb KYMIOD
(T. €. U3BATHH, COKPALLEHHH B TEKCTE), KOTOPBIE MOXKHO CAe/aTh B CJY-
yae HENOCTATKa BPEMEHH /1A H3YUEHHSA KHHTH B NOJHOM oObeme.

Mocksa, centnbpb 1981 T.
H. B. Caserver



METOAUYECKHE PEKOMEHJAUHWH

B HACTOAWMX peKOMEHJAUHAX MaHB Pa3biCHEHHN MO MOBOAY TeX BONPOCOB,
KOTOpBI€ HE BCerja H3/arawTci lpaBH/ALHO. Kpome TOrO, GpHBOAHTCA OPHEHTHPOBOY-
Hulft nepeyeHb naparpacdoB AH60 HX HacTed, pacCMOTpeHHe KOTOPHX He 0053aTeN1bHO
B Clyyae HeXBATKH BpeMeHH Ha HaydenHe Kypca B monnom ofbeme. 10T nepeyelb
OTpaXaeT JIRUHYIO TOUKY 3peHHsI aBTOPa W HOCHT JMUIb PEKOMEHJATeThHHIA XapaKTep.

{. He caenyer, Kak 310 Jesaercs B HEKOTOPHX KHHIaX, Ha3hiBaTb 3JeKTPHYECKYIO
£, U MarHATHYIO Ay MOCTOAHHBIE €MPOHHUAEMOCTAMH BaKyyMa». TakHe Ha3BaHUA fB-
JAOTCA (PH3NYeCKH GeccMulCaeHHbIMH. COOTBETCTBEHHO HE Caelyer paccMaTpHBaTh
JAUWeHHble QH3UYECKOr0 CMRIC/A «36COMIOTHHE NPOHHLAEMOCTHY €,=88¢ H Wa==[lLo.

2. B Tex cayuasnx, KOTJa 9/IEKTPHUECKad H MArHHTHAA NOCTOAHNBIE BCTPeualoTcs
B KOMOMHALHH Egllg, LieTecoo0pasHo 3aMeHsTb 3TO NpouaBeleHye yepes 1/e?, rae ¢ —
a/1eKTPOAHHAMHYeCKas HOCTOAHHAS, COBMNAjdoWAs CO CKOPOCThI0 CBETa B BaKyyMe
(cm. dopmyay (39.15)).

3. Iloneano HMeTb B BHAY, YTO €, H Ly BXOAAT B HOPMYJbl B KOMOGHHAUUYU ¢ MHOXKH-
TemeM 41, npuueM 1/4me,=9+10°% a po/4n=10-7. [MosToMy Heuenecoo6pasHo HMeETb
A0 C UHCJIOBHIMH 3HaYEHHAMH Ep==0,885+10=** &d/m 0 py=1,2610—6 I'u/m. Jlyawe
MONb30BaTbCA SHAUEHHAMH NOCTOAHHHIX, BHIPAMEHHHMH udepe3 I, 4 HMEHHO: &=
=1/(41+9+10% u po=An-10-1

4. He Hajo XaneTb BpeMeHH HAa YCBO€HHE OCHOBHLIX NOHSTHAI H COOTHOLUEHHA
BeKTOpHoro auanuaa (§ 11). 3arpaueHHoe BpeMs ¢ JHXBOH OKYNHTCA 3a cyer Gofee
apOCTOro ¥ H3ALIHOTO MOAYYEHHS pAja pe3ynbraToB. Kpome Toro, noaHHHOE OHHMA-
HHE NPHPOAL H CBOHCTB 3JIEKTPOMATHHTHOrO NOJA 6e3 HCMONb30BAHUA MOHATHH M-
BEpPreHUHd ¥ poTOpa HEAOCTHIKHUMO.

5. Hepegko BcTpeuatoTcss yTBepKAeHHR, OyaTo 3aekTpuueckoe cmeueHHe D
(1M HAMPAXKEHHOCTb MATHUTHOrO noas H) siBseTca XapaKTepHCTHKOH 3J1E€KTPHYECKO-
ro (MarHUTHOrO) NMOJA, He 3aBHCAMEH OT CBOHCTB cpefwl, T. €. 910 D=Dy 1 H=H,,
rie Dy # Hy — 3Hauenus BenMuHH B OTCYTCTBHE cpelbt, 2 D 1 H — 3HaueHHs TeX Xe
BennyuH B cpefle. COOTBETCTBEHHO OTHOCHTE/IbHEIE NPOHHIAEMOCTH CPeJrl OnpejeNsaior-
ca B Buge E=Ey F wu=>B/B,;. Haro umers B By, 4TO TaKHE YTBEPIKACHHA ABAAIOTCA
HeBepHbIMH. CooTHowenus e E=Ey/ e 1 B=pB, oKxa3usalorcsa cnpabefl¥BbIMH JHILb
P BeCbMa CleUUPUUECKHX YCAOBHAX, KOTOpPbIE /A 3/EKTPHUECKOro Nojid onpegede-
Hel Ha cTp. 76, a AJAS MarHHTHOrQ noas — Ha ctp. 161.

HenpasuabHocTe B ofwmem cnydae pasedctBa D=D, BuiTekaer, B 4aCTHOCTH, H3
puc. 20.3. Yrobn y6eauTbCd B HENPABHJIbHOCTH B 06MIEM CAyude COOTHOLIEHHA U=
=B/B,, paccMoTpHM GOJbLIYI0 TOHKYIO MJIACTHHKY M3 ORHOPOINOrO H H30TPOIHOTO
peppoMarteTHka, pacrol0oKEeHHYIO NEPNeHIHKYAAPHO K JUHUAM B BHewHero Mariur-
Horo noas. B saTom cayuae B=B,, a p Moxer JocTHraTh 3HaueHHl nopsgxa 1085,

6. Beruaunn D u H HaJo TPaKTOBATh KAaK BCMNOMOraTebHLIE XapaKTEPHCTHKH
3/ICKTPOMarHUTHOro nossi (OCHOBHHMIMH ABJAKTCA E H B), onpejensiemunle ¢opMmynaMH
(19.3) u (52.5). Beanunna D oxasniBaeTcsd oJae3HOH, MOTOMY YTO ee AHBEpreHuHd on-
penessercd NJAOTHOCTBIO TONBKO CTOPOHHHX 3apsijoB, BeqHuHHa H — noToMy 4TO ee

pOTOp Onpefejstiercs MJOTHOCTBIO TOJNLKO MaKPOCKOMHYECKHX TOKOB (CM, (popMyJibi
(19.8) u (52.6)).
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7. Manoxenne MAOTHX BOMPOCOR, KAacalOlMXCS Kone6aHld H BOMH, 3HAUNTENLHO
ynpomaerca v ofacruaercs, ¢CaH BMECTO TapPMOHHUCCKUX (GYHKUHU (T.e. Kocunyca
1 CHHYCA) NCMOALIOBATL 3KCTonenttl. [ToaToMy BHeApENne B BYSOBCKHIT KYpC (BHIUKU
NPEACTABALNUS BOJH B BHJE SKCICHEHT CTag0 HACYULHO 1HeoGXOAMMEIM. Ha1o umerh
B By, YTO PHBLIKEYTh K TAKOMY NBEACTABJACHHIO OU€HDL JIerKo, 3 Bpems, 3aTpauen-
110€ Ha «HPHBLIKAMIE®, C JHXBCIO OKYHHTCH.

8. B § 18 prison ¢opmyant (18.4) aas o6weMUCH NNOTHOCTH CBSI3AHHEIX 3apsACB
MCIKIO ONMYCTHTL, @ camy GopMy.ay BaTh Ge3 BLIBOAQ.

9. INpn HexpaTike BpeMenn § 45 «Marnetusam Kax pesiTHBHCTCKME SGHERTS MOAHO
HCKJIIOUHTE.

10. Buxaaan B § 57 u § 58 MoKu0 onycTuTh, OrpalHYABIIHCE KaucCTBCHNILIM
PaceMoTpeHnen  JHa- 4 NapaMarHeTHEMA.

il. B § 76 pacuer noas aan Getatpona (popmyau (76.1) — (76.6%) moxno onyc-
THTD.

12. Tonany X1l «Qaexktpnucciiil TOK B ra3ax» B COKPAWEHHLIA BapHalUT Nporpam-
MBI MOMKIO 1€ BKII0UYATh.

13. B § 97 «Cxopocrh YNPYTHX BOJAI B TBEPJOI Cpeje» BCE BBIKIALKH MOIKKIO Ol1y-
CTHTL M AATH TCALKO OKolMateaviivie Gopmyaw (97.7) n (97.8).

i4. B § 98 «Dueprua ynpyroi Boslinh BLIBOX (Gopmydn (98.5) MOXKNO ONYCTHTh
H lauath uzvuellne sToro naparpada ¢ gopmyant (98.5).

15. Tlepevio uacty § 112 no dopuya (112.7) u (112.8) MOKHO ONyCTHTD.

16. IMaparpad 116 «[lentpupoBannad ONTHUECKAS CACTEMa» MOKHO HMCKIOULTH.

17. B § 120 «KorepenTHOCTE? MOKHO ONYCTHTH BUK/ALKH, Ha4HHA0mMKCCs Gopmy -
a0it (120.4) n sakanuuBaommecs dopmynoit (120.6).

18. [laparpad 124 «MHoronyuenasi HHTEPQCPEHLHA» MOXKHO HCKIGUNTE.

19. B § 151 «/Ingpakuns peHTTeHOBCKHX Jyuei» MOXKIIO ONYCTHTL BBIBCI (POPMYJI
Jlays 1 camu 3T (QOpMYJB H OrpailudTbCsd paccMOTpenueM ¢opmysan bpsrra —
Byanda.

20. IMaparpa}p 133 «lodorpagua» MOXKHO HCKIIOUHTL.

21, Uacte § 135, Koropasi oTHocHTCs K dopmynaM dpeHens, MOXKAO HE pac-
CMATPUBATL.

22. B § 143 «pynnoBasi ¢KOPOCTb» MOMKHO OrpamiiuliThCH 3J7€MEHTapHLIM pac-
cMOTpetneM, 3akaluuBalowmmest ¢opmysaoil  (143.7). Buwknaaku, Haudialomuecst
opmyaoit (143.8) 1 3akanuupatomuecs dopmyaoi (143.13), MOXKHO onycCTuTh.

[Toauepkicy, 9TO MPHBEAEHHEIT nepeuens COKPAILENII SIBAACTCA OPHEHTHPOBOY-
HLM. B 3aBHCHMOCTH OT O6CTOATENLCTE ON MOXeT GhiTh H3MEeHeH HJH AONUICH 1O
YCMOTPEHINO TIpenojaBaTes.



HACTDb 1
3JIJEKTPHUYECTBO U MATHETH3M

FrATABA I
IJEKTPHYECKOE IMOJIE B BAKYYME

§ 1. 3aexTpuveckuii 3apsif

Bce Tesa B npHPOMAe CMOCOGHB! 3JE€KTPH30BATLCS, T. €. NpHOOpeTaTh
3NeKTPHYECKHH 3apsf. Haanuyde vieKTPHUECKOro 3apsiia IIpOsiBIASETCS
B TOM, 4TO 3apsyKeHHOe TeJ0 B3aHMOACHCTBYET C APYIHMH 3apsixKell-
HbiMH TeslaMH. MmeeTcss faBa BuAa 3VI€KTPHUYECKHX 3apsLAoB, YCJAOBHO
Ha3blBaeMbIX MOJOMKHTEAbHBIMH H OTPHUATEJNbHBIMH. 3apsifbl OJHOTO
3HaKa OTTAJAKHBAIOTCS, PA3HbLIX 3HAKOB — IPHUTATHBAKOTCA APYT APYIOM.

DNEeKTPHYECKHH 3apsAl SBJAETCA HEOTHEMJEMBbIM CBOHCTBOM HEKO-
TOPHX 3JEMEHTAPHBIX YACTHIl. 3apsii BceX 3JeMEHTAapHBIX 4YacTHIL
(ecaiu OH He paBeH HYJIIO) OJHMHAKOB 10 a0COMIOTION BeJHuHHE. Ero
MOXHO Ha3BaTh 3JeMEHTAPHBM 3apsjgoM. [loroxkurenn-
HL{ yieMeHTApHBIH 3apajl Mbl 6yiemM o0o3HauaTbh GYKBOil e.

K 4Hcay 3/eMeHTAPHBIX YacTHIY NPHHAAJeXKAT, B YaCTHOCTH, JIEKT-
poH (HecyYU[HH OTPHUATE/bHBIH 3apAJ —e), NIPOTOH (HeCYIHH NOJJIOMK(!-
TeJbHBIH 3apsaa +e) U HeAATPOH (3apsi KOTOPOro paeeH HyJ0). K3 sTnx
YACTHIL [OCTPOEHBl aTOMbi M MOJEKYJbl JIo60ro BEIecTBd, [M03TOMY
3JIeKTPHYECKHe 3apsibl BXOAAT B cocTaB Bcex Ted. (OBbMHO 4acTHUbl,
Hecyure 3apaAbl pazHbIX 3HAKOB, NPHCYTCTBYIOT B PABHBIX KOJIHYECT-
BaX M pacnpelesedbl B Tese ¢ OAMHAKOBOH IUIOTHOCTBIO. B 31oM ciy4ae
ajJre6padyecKkas CyMma 3apsiioB B JH0OM 3JeMeHTaproM ofbeme Tefa
paBHa HYJO, U KaXKAblH TaKOH 00beM (M Teso B LeoM) 6yJeT HeATpasb-
HeIM. EcaH Kakum-1n60 o6pa3oM CO3aTh B Tese H3OLITOK 4acTHIl Ofl-
HOTO 3HAKa (COOTBETCTBEHHO HENOCTATOK YACTHI[ APYroro 3HAKa), TeJo
OKaMercsl 3apsikeHHbIM. MOXHO Tak:Ke, He H3MeHHAs OOILEro KoJuue-
CTBA IMOJIOKUTENbHBIX KW OTPHUATENbHBIX 4YACTHI[, BLI3BAaTh HMX lepe-
pacnpejesieHse B Tese TAaKHM 00pa3oM, 4YTO B ORHOH 4acTH Te/ja BO3-
HHKHET H30LITOK 3apAA0B OAHOTO 3HakKa, B APYrOH — JApPYyroro. 310
MOX<HO OCYLIECTBMTh, MPHOIM3UB K He3apsI:KeHHOMY METaJJIH4YeCKOMY
TEJNY APYroe, 3apsi>KeHHOE TeJlo.
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[TockoarKy BeAKME 3apsifl ¢ o6pasyercst COBOKYMHOCTBIO 3JIEMEHTaP-
HbIX 3apa]0B, OH fABJAETCA LEJEIM KPAaTHBIM é:

g==+Ne. (1.1)

OpHako SJEMEHTApHBIA 3apsj HACTOJNBKO Maj, YTO BO3MOXKHYIO BEJIH-
yHHY MAKPOCKONUYECKHX 3apajOB MOXKHO CYHTATh W3MEHSIOILIEHCS HE-
NpepLIBHO.

Ecnu ¢u3nueckas BeJMYHHA MOXKET NPHHUMATh TOJNBLKO OnNpejc/eH-
Hble JMCKPETHHIe 3HaueHHd, FOBOPAT, UTO 3T4 BEJHYHHA KBaHTYeTCd.
dakT, BepaxaeMuit dopmyJoii (1.1), o3Hauaer, 4TO SMEKTPHUECKHH
3apsij] KBaHTyeTcH.

Besnunna 3apsaja, uaMepseMas B pasjJHUHBIX MHEPIHAJIbHBIX CHCTE-
Max OTCuUera, OKa3hiBaercg oanmHakoboit. CnenoBaTesNibHO, 3JEKTpHYE-
CKMil 3apsj fBAfeTcA PeNATHBHCTCKH HHBapHaHTHBIM. Orciofia BhITe-
KaeT, YTO BEJMYHMHA 3apsAfAa HE 3aBHCHT OT TOrO, AIBHXKETCS 3TOT 3apfl
HJA TIOKOHTCH.

SNeKTPHYECKHE 3apsAfibl MOTYT Hcue3aTh H BO3HKHKATh BHOBb. ONHAKO
BCerja BO3HHKAIOT HJAY HCYE3aKT ABa 3JIEMEHTAPHBIX 3apAAa NPOTHBO-
NOJMOXKHBEX 3HAKOB. HanpHMep, 3JEKTPOH M NMO3HTPOH (MOJOKHTENb-
HBIfi  SJIEKTPOH) NPH BCTpede AHHHTHAMPYIOT, T. €. NpeBpalanTca
B HefiTpanbHble ramMMa-(oToHel. TIpH 3TOM MCUe3aloT 3apsifil —e H —-e.
B xoje mporecca, HA3LIBAEMOTO POXKJEHHEM naphi, raMma-GoToH, nona-
Aasd B NoJie aTOMHOTO sipa, npeBpamaercs B napy 4acTH, — 3JeKTPOH
H nosutpoH. TIpH 3TOM BO3HMKAIOT 3apajil —e U —+e.

Takum 06pasoM, cysmmapHoeii 3apad SAEKMPUUecKu US0AUPOBAHHOL
cucmemer 1) He moscem UBMEHAMbCA. ITO YTBEPIKIEHHE HOCHT Ha3BaHHe
3aKO0Ha COXpPaHEeHUd 3JE€KTpHUEeCKOro sapsdgnaa.

OTMeTHM, YTO 3aKOH COXPAaHEHHH 3JIEKTPHYECKOro 3apsifa TECHO
CBA3aH ¢ PENATHBHCTCKOH HHBAPHAHTHOCTBIO 3apsaia. JleHcTBHTENbHO,
ecJTH GBI BIHYHHA 3apsja 3aBUcesa OT ero CKOpocTH, To, NPHBEAsA B JBH-
JKEHHe 3apsiibl OAHOTO KAKOrO-TO 3HaKa, Ml H3MEHWJIH Obl CyMMapHEIA
3apsal H30JHPOBAHHOH CHCTEMBI.

§ 2. 3akon Kyaona

3aKkoH, KOTOPOMY NOAYHHAETCS CHJIA B3aHMOJAEHCTBHS TOHEUHLIX
3apsIoB, Obl1 ycTaHOBJEH skcmepimentaipHo B 1785 r. Kysonow.
ToueuHBM 3aps]0M Ha3HBAETCA 3apsKEHHOE TENO, pa3ne-
paMH KOTOPOrO MOXHO npeHeGpedb N0 CPaBHEHHIO C PACCTOSTHHSIMH OT
3TOTO Tena A0 APYTHX TeN, HecyWMX 3JeKTPUYeCKHA 3apsa.

C noMoilpio KPYTHALHLIX BecoB (pHe. 2.1), CXOMHBIX € T€MH, KOTO-
phie 6bLIM HCIOJMb30BaHK Kapenauiem AJis onpejeneHus rpaBHTanHoH-
Hoil noctosHHOH (cM. T. 1, § 45), KyJioH H3Mepsial ciy B3aHMOAEHCTRHA

1) CHcTeMa Ha3WBAeTCs SJMeKTPHUECKH H30JIHPOBaHHOMN, ecaH deped or paHnuHBalo-
My €e NOBEPXHOCTH He MOrYT MPOHHKaTbh 3apsHeHHble YaCTHLHL



§ 2. 3AKOH KY/IOHA 13

JABYX 3apsKEHHBIX MLIAPHKOB B 32BUCHMOCTH OT B@JAHUHHBI 3apsajioB
Hd HHX H OT paccroiHna MexAay Humu. [Ipu stom KynaoH ucxomun u3
TO{0, UTO MPH KaCaHUH K 3apAKEHHOMY METANTHYECKOMY LLAPHKY TOYHO
TaKOr0 JKe He3apsHKEHHOTO IIapHKa 3apsifi Pacnpencidercs MeKay
o0oHMH IaPUKAMH MOPOBHY.

B pe3ayaerare cBonx ounbiroB Kynon npuinen ~
K BbIBOAY, YTO cCuaa 83aumodedcmeus 08yx Henoo- | =
BUNCHOIX NIOYEHHBIX 3aPA008 NPONOPUUOHANLHA 6EAU-
QUHE Kaxdoeo u3 3apados u 06PpaAmHo nponopyun-
Ha1oHa Keadpamy paccmoanua mexcdy Humu. Ha-
Mpas.Jaetiie CHIbI COBMNALAET C COCAHHAOLLEHN 3a P AAbl
npamoi. '

OTseTHM, YTO HanpabJeHHe CHJbl B3aHMOJeii-
CTBUS BJOJb MNPAMOH, COEJUHAOUWEH! TOYeYHbIE
3apsivl, BbiTeKaer M3 CO0OOpaXKeHWH CHMMEeTpPHH,
Ilycroe npoCTpaHCTBO MpeAnoJiaraercad OXHOPOA-
HbiM H H30TponHbiM. C/el0oBaTe/NbHO, €IHHCTBEH-
HbIM HamnpaBJI€HWEM, BBUIEAACMbIM B NPOCTPAHCTBE
BHECEHHBIMH B HEr0 HEMOABHKHBIMH TOYEUHBIMH
3apsamMi, ABJSIETCS HANpaBJeHHE OT ORAHOro 3a-
psaa k apyromy. Honyctum, uro cuaa F, nefictBy-
lowass Ha 3apsan ¢; (puc. 2.2), obpasyer ¢ Hamnpa-
BJIEHHEM OT ¢y K (5 YTOJ ¢, OTJAHUHBIA OoT O WJH I,
Ho B cuny oceBoii cuMMeTrpHu HET HHKAKHX OCHOBAHHI BbIAGJIHTH
ci1y F 113 MHoXeCcTBa CHJI APYTHX HanpabBJeHHi, o6pa3vVIoIUHX C OCBIO
g.—¢. TAKOH Ke yroJ o (HAlpaBJEHHA 3THX CHJ O0Pa3yIOT KOHYC

Puc. 2.1.

v
[
" l‘ g e a
et B 7 1 lz
gy, R A
b Y ] ] .7‘
~_ Yy .
‘q\'r =
Puc. 2.2. Puc. 2.3.

¢ yrjoym pactsopa 2a). BosHukawilee BCJASACTBHE 3TOT0 3aTPYJHEHHE
HeYye3aerT MpH o, PAaBHOM HVJO UJH .
3axoH KynaoHa Moxer OblTb BblpazKeH (GOpMYyJIoi

Fio=—k% e, (2.1)

3aech k — KO3(PHUHEHT NPONOPUMOHANBHOCTH, KOTOPLIH MpeanoJia-
raercsl NOMOXKHTENbHbIM, ¢1 H §y— BEJAWUHHBI B3aHMOAEHCTBYIOLIHX
3apAR0B, I — PACCTOSHHE MEXAY 3apsjam, €;,— €JIHHHYHBIA Bek-
TOp, HMEIOLLUH HAUpPaB/eHHe OT 3apsifa ¢; K 3apsay ¢,, Fj.— cuaa,
feitcTBytomwasn Ha 3apaj ¢, (puc. 2.3; pUCYHOK COOTBETCTBYET CJYYEI)
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oanoumenHmx 3apsajgos). Cuna Fy oTauuaercs oT Fi, 3Hakom:

Fu=k'5 en. (2.2)

OnunakoBbii A4 000MX 3apsiloB MOAYJAb CHJIBI B3aNMOJCHCTBIA
MOXHO NPEACTaBiTh B BHAC

F—p 1ol (2.3)

ra

OnwiT Jaer, uTo cija B3aHMOZelCTRIs JBYX JAaHHBIX 3apAACE HE H3-
MCHSCTCA, ecd BOAU3H HHX [OMECTHTb €Ile Karue-Jubo  3apsiibl.
Myctb umeeTcst [3apaf q, M, Kpome TOro, N sapsapoB ¢i, Ga, - - > On-
13 cKa3aHHOrO BLILIE BHITEKAET, 4To pe3yJabrupytomasn cuaa F, ¢ xoro-
poil JefiCTBYIOT Ha ¢, Bce N 3apANOB ¢; ONPCACTIAETCA dopmyaoi

N
F=23 F,. (2.4)

i=1

rne F,;— cuna, ¢ KoTOpoil JefiCTBYeT Ha g, 3apaj ¢; B OTCYTCTBHE
ocTaJlbHBiXx N—1 3apsanos.

dakr, Bupaxkaemblii gopmyson (2.4), no3BoafeT, 3HAA 3AKOH BiaH-
MOJICHCTBHST MeIY TOUEUHBIMH 3apfilaMH, BLIGHC/IHTL CHJY B3AHMO-
JEHCTBHA MEXKAY 3apAJaMH, COCPCHOTOYEHHBIMH HA Teslax KOHCHHbIX
pasmepoB. [lasi 3TOTO HYXKHO pas6uTh KAaXIbiH M3 3apga0B ha CTONb
Manble 3apsasl dg, 4Tofbl MX MOXHO ObLJIO CUUTATH TOUEUHLIMH, BHIUH-
cuTh 1o Gopmysie (2.1) cuay B3aMMOJEHCTBHA MEXIY 3apalaMil dy,
B3sITHIMH TOTIAPHO, M 33TeM [IPOH3BECTH BEKTOPHOE CJA0MEHHE STHX CIJL
MaTemaTHuecKH 3Ta onepanusl NOJHOCTBIO COBNAjAaeT € BhIUHCICHHEM
CHJIBE TPABUTALMONHONO MIPHTSAMEHHS MeXAy TejaMn KOHEHUHbLIX pas-
mepoB (cM. T. 1, § 45).

§ 3. CHcTeMsl eHHHLL

Hazexamuy BLIGOpoM eArHuIL! 3apafa (eanunust s F 1 r Gwinn
YCTAHOBJEHBI B MeXaHHKE) MOXKINO A0OHTHCA TOTO, ytoObl KO3GUpIIIHENT
nponopiHonaipioctH B dopmyse (2.1) okasajca PaBHBIM EANIIILE.
CooTBeTCTBYIOWAA eIHHNIA 3apafa (F v r NPeAnosaraTes HIMepeH-
novi B equuunax  CIC-cheTemu) HasbiBaeTes a6CoOMW0THOM
3J€KTpOCTAaTHUYEeCKONl eaMHHUEH 3apsana (co-
kpawenuo: CICI-eqmunueil 3apana). OHa npeAcTaBJadgeT coGolil TakoH
3apsijl, KOTOpLIH B3aMMOJEfiCTBYeT B BaKyyme C DaBHLIM eMy 1i 11dx0-
ASIOAMCS] HA PACCTOSIHHH 1 CM 3ap#AJoM C cuoilt B 1 IHHY.

[locpeAcTBOM TIWATENbHLIX H3MepeHunil (OHI! OMHCAHB! B § 74) Obl0
HaiileHo, 9TO 3JeMeHTapHbIl 3apAj pabeH

e=4,80-10"% CI'C2=ep. 3apaja. (3.1



§ 3. CACTEMbl EAHHNWL

[TpHHSB eIMHUILI AJIHHEL, MACcChi, BpeMeHH M 3apsja 32 OCHOBHRIE,
MGYKHO [TOCTPOUTH CHCTEMY €JHHHL, NEKTPUYECKHX M MArHHTHBIX BEJH-
yyy. CucTemMa, B OCHOBE KOTODOH JeXaT CaHTUMETD, TpaMm, CEKyH]a
4 CI[C-endHMua 3apsja, HasbiBaeTcss a6COJMIOTHOMN 3J€KT-
pocTaTH4YE€CKOH cuctemoidi eannun (CICI-cucremoi).
B ocHOBE 3TOH CHCTEMb JIEKHT 3aKOH Ky/oHa, T. €. 3aKOH B3aHMOJeH-
CTBUSI MEXLY NOKOSIIMMHCS 3apajamu. Broc/ieiCTBAH MBI TO3HAKO-
MUMCS C A6GCOMAIOTHON 3MeKTPOMAarHUTHOH CHC-
remoii enunuu (CTCM-cucremoit), B OCHOBE KOTOPOH JIEKHT
3aKOH B3aHMOIEHCTBUA MeKAY IPOBOAHUKAME, TIO KOTOPBIM TEUCT
sAekTpuueckHil TOK. AGCOMOTHOH fABJAETCS TaKxke rayccoBba
CUCTEMa, BKOTOPOH €IHHUIBI 3JEKTPHUECKNX BEIHUHH COBNAAAOT
¢ emunuuamu CICO-cucTembl, 4 MArHUTHBIX BEIHUHH — C CAMHHNAMH
CI'CM-cucTemsl.

B cucreme CI['CD dopmyna (2.3) vmeeT BHJ

F— I_q;_gd _ (3.2)
Dra GopMysa crpaseauBa B TOM Cay4ae, €C/H 3ap#jbl HAXOAATCS B Ba-
kyyme. st 3apsjoB, NOMEIAIONIMXCS B HEKOTOPOH cpejie, OHA JOJ/IKHA
6otk yroutena (cM. § 22).

C | siuaps 1963 r. B CCCP BBeleH B JeHCTBHE [ocynapcTBeHHBIH
crangapt TOCT 9867—61, KOTOPBIM MPEAMUCHBAETCH NPEeANOYTHTEND-
Hoe nipuMeHeHue MexxayHapOAHON CHCTEMBI eJHHHILL, o6Go3HauaeMOH CHM-
poniom CU. OCHOBHBIMH €IMHHMIIAMH 3TOH CHCTEMDbl ABJAIOTCH METP, KH-
Jorpamm, CEKyHJa, ammep, KeJabBHH, CBeda H MOJIb. Eannnueil cuasl
g CH cayxur sbiotod (H), paBnbiit 10° auw.

[pu ycTaHOBJIEHMH CAHHHIL JICKTPHYECKHX W MAaTHMTHBIX BEJIMHH
CH, xak u C['CM-cucrema, HCXOAUT H3 3aKOHA B3aUMOJEHCTBUS HE 3a-
psiioB, a NpPOBOAHHKOB C TokoM. IlosTomy Ko3dpUeHT NPOonopLHO-
HaJIBHOCTH B dopmyJe 3akona KyJ/oHa OKasnBaeTCH OTJIMYHON OT eju-
HI[LI PA3MEPHOH BEJIHUNHOM.

Enununed sapsiaa B CH asnsgercs ky o n (Kn). QOIBITHBIM NTYTEM
yCTaHOBJ/IEHO, HTO

] Kn—=2,998-10° (npubauxenno 3-10?) CI'C3-en. sapana. (3.3)

Urofibl COCTABHTb NMpeICTaBjaeHie O BeJHUHHE 3apsia B 1 Ka, Bbl-
YHCJAHM CHJY, C KOTOPO B3auUMOJeHCTBOBANM Obl BA TOUEUHBIX 3apsla
semmunioi 1 KJI Kamabif, HAXOMAMXCSA Ha paccToAHMH 1 M Apyr OT
Apyra. B coorserctBuu ¢ (3.2)

F:%CFCB_—_Q- 104 qun =9-10° H &~ 102 krc.  (3.4)

DnemMeHTapHbII 3apAJ, BuIPAXKeHMUbt B KyJ/IOHAX, PaBeH
e=1,60.-10"*° K. (3.5)
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§ 4. Paunonasu3oraHHas 3anuch GopMya

Bo MHorue GopMyJb 3NeKTPOARHAMHKH, ecTi 3annceiBats 1ix B CI'C
(B 4aCTHOCTH, B TrayycoBoil) cHcTeMaX, BXOAAT MHOXHTedsami 47 H
TaK Ha3blBaemasl 3J1eKTPOAHHAMHUECKasl NOCTOSIHHASA ¢, PaBHasA CKOPOCTH
cBeTa B Bakyyme. JIns Toro yro6bl H3GaBUTHLCS OT HHX B NPAKTHYECKH
HauboJsee BaxkHEIX GopMyaax, KosgduLHeHT NPONOPIHOHANLHOCTH B 3a-
koue Kysona nonaraior paeueiM 1/4 ne,. Torna BbipaxieHue 3akoHa AJs
32psJ0B, TOMEMIAIOINXCS B BaKyyMe, NPHHHUMAEET BHJ
F:-—l*— [ 4192 | 4.1)

4me, r? '

COOTBETCTBEHHO H3MEHATCA ¥ apyrue dopmyabsl. Biujousyenennas
1oA0GHBEIM 06pa3on 3anuck (GOPMYJ HasbiBaeTca pailM O HAaJ H 3 0-
B aHHO . CucreMbl elHHHL, TIOCTPOEHHEIE C HCMOJAL30BAHHEM PAlllIO-
HaJH30BAHHBIX OpPMYJ, TaKXe Ha3blBalOTCA PpalHOHAaJdH3O-
BaHHB MU, K ux uvcay npuHagnexur y CH.

BenityuHy €, Ha3bBalOT 3JE€KTPHUYECKOH NOCTO A H-
H 0 ii. OHa uMeeT pa3MepHOCTb 3JMEKTPHUECKOH €MKOCTH, AeJeHHOH Ha
JnHHy. COOTBETCTBEHHO €€ BLIPaXKAOT B €IMHNIAX, HashiBaeMbiX ¢a-
paia Ha MeTp. UToObl HAlTH YHCJIOBOE 3HAUEHIE &, NOACTABHM B ¢oOp-
Myay (4.1) 3HaueHHs BeJHUYHH, COOTBETCTBYIOUIHE CJYYaio JBYX 3aps-
J0B no 1 Ka, pacnosioxkennnix Ha paccrosuuu 1 m apyr or apyra. Co-
raacHo (3.4) cusia B3aMMOAEHCTBHS B 3TOM cayuae pasha 9-10° H.
IToncTaBUB 3TO 3HAYEHHE CWJIB, a TaKXe ¢,=¢;=)1 Ka n r=1 m B
dopmyay (4.1), noayuum

1 1.1
- 9' 109 = 41'[._8‘)? *
OTKYZA
' 1
80=m=0,885 10-1 D /M. (42)

TFayccoBa cucreMa eqyHHI, MIHPOKO HCMIONBL3IOBAJACh H NMPOIA0JNKAET
HCIOJBb30BaThCA B (uU3HYecKoH Jauteparype. [losromMy Mbl cuniTaem
HeOOXONMMBIM [O3HAKOMHTD 4YMTaTeasl KaK ¢ cuctemoll ennnui CH,
TaK M ¢ rayccoBoil cucremor. Manoxenune 6yner secrucs B CH. IonyrHo
GyReT yKashbBaTbCH, KaK noJyyeHHnle GOpPMYJabl BEILJISAAT B TayCCOBOR
cucreme. B npnnoskennu 11 8 KOHIle KHHTH CONOCTaBJA€HA 3aN1ICh GCHGB-
HbIX GopMYJN aneKTpoaHHaMHKH B CH M B rayccoroil cucreme.

§ 5. dnexkrpuueckoe none. HanpsxkeHHocTh noas

B3aumozeltcTBlie MeXAY NOKOSIUIUMHCS 3apsSAaMH OCYINECTBIASETCS
uepe3 3JeKTpHuYeckKkoe nouae!l!). Beakuit sapaa uamenser

1}y B §40 MBI YBHAHM, 4TO B cIyqae IBHAKYILIXCS 32 PSIA0B, KPOME 3JTeKTRHY eCKOTo
10157, B3aMMOJENCTBHE OCYLIECTRASIETCA TaKxkKe Yyepe3 NOCPEACTBO MAarHUTHOIO NOJs,
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CBOHCTRA OKPYXKAIOIWETO ero MPOCTPAHCTBA — CO3JA€T B HEM 3JEKTPH-
yecKOE ToJie. DTo foJe nposiBiseT cefs B TOM, 4TO noMetieHHbIH B Ka-
KYIO-1H60 €ro TOYKY 3JEKTPHUEeCKHH 3apAj OKa3blBaercs nol JeucT-
BreM cuabl. CienoparesabHo, Aas TOro YTOObl BLISICHHUTH, HMEETCS JH
B NAHHOM MECTe 3JeKTPHUECKOe 110/1€, HYKHO NOMECTHTE TYAQ 3aPRKEH-
poe Teno (B AafbHelllleMm JUIS KPATKOCTH Mbl OYJeM TOBOPHTb TPOCTO
3apsi) M YCT2HOBHTB, HCTBITHIBAET OHO J€HCTBHE 3JIEKTPHYSCKOH CHJIBI
WM HET. [10 BeJHunHe CHJbI, AeACTBYIOEH HAa AAHHBIK 3apa], MOMKHO,
OYEBHIHO, CVAIITh 06 «HHTEHCHBHOCTH» NOJL.

Hrak, 115 oOHapy»KeHWs W HCCJefOBaHHMS 3JEKTPHYECKOro no.ld
HYXKHO BOCNOJIb30BAThCS HEKOTOPBIM «NPOOHBIMY» 3apSI0M. Hasa Ttoro
yToGRl CHJA, AeHcTBYIOWasd Ha npoo- F
HbIil 3apsiji, XapaxTepH3oBaja noJe -
«B JNAHHON Touke», nNpoOHBIH 3apsj
10oakKeH ObiTh TOoYeuHbIM. B npotiB-
HOM CJyyae CHJIa, JeHCTBYHOLLad
Ha 3apsan, Oylder XapakTepH3oBaTb
CBOMCTBA TNOJSs, VYCpeJHEHHblE N0
o6beMy, 3aHHMaeMOMY TEJIOM, KOTO-
poe HeceT Ha ceGe NpabHbifl 3apsi.

Heeneayes ¢ noMoUbl0 TOYEYHOTO Puc. 5.1.

npo6HOro 3apsaja ¢,, noje, €o3na-
BAEMOE HENOIBHKHBIM TOUEUHBIM 32pAAoM ¢. TToMecTHB npoGHblil 3apsi
B TOYKY, NOJIOXKEHHE KOTOPOH OTHOCHTENBHO 3apsiid g onpepeJisieTcs
pajinycoM-BeKTOpOM r (puc. 5.1), Mbi OGHAPYXKUM, UTO HA npoOHBIE 3a-
pAA AeHCTBYET CHAa

F=q, (%‘To%e,) (5.1)

(cM. (2.2) u (4.1)). 3xech e,— opTt panuyca-BeKTOpa r.

U3 ¢opmyasi (5.1) crenyer, uto cuna, AeACTBYIOMAS Ha npoOHbLIA
3apsl, 3aBICHT HE TOMbKO OT BeJHYMH, ONpeje/filolluX rnoJe (ot ¢
W r), HO U OT BeJHYMHBLI NPOGHOrC 3apsAla ¢,,. Ecan GpaTk pasnbié no
BeJIHYMHE TipoGHbie 33apsAbl §rp, gup U T. L., TO M CHJIBL F', F', ...,
KOTOpHIe OHH MCIBLITHIBAIOT B A4HHOH TOYKe NOJs, GYAYT PasnHUHBINH.
Onnako n3 (5.1) BuaHO, yto orHowenue F/g,, ana Becex npoGHbIX 3aps-
0B GYNET OAHUM H TeM K€ M 3aBHCHT JIHIIb OT BEJHYHMH g U T, OTpejc-
JAsiomux noje B aaHHod Touke. [losromMy ecTeCTBEHHO NPHHATH 3TO
OTHOIEHHE B KAuecTBe BEJHUHHEI, XapaKTepH3YIOIEH 3JEeKTPHUECKoe
noJe:

L (5.2)
B'I‘y BEKTOPHYIO BE&JHYHHY HAa3sblB2IOT H anpfax EeHHOCTL O 3J €-

KTPHYECKOTOo NOJs BJaHHOH Toyke (T. . B TOH TOUKe, B KO-
TOPO# NPOGHBI 3apA §n, MCTLTHIBAET AeHcTBHE chant F).
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B coorserctBuu ¢ dopmynoil (5.2) HanpsKEHHOCTh 3/MEKTPUYECKOTQ
MoJsist YHCJIEHHO paBHa CHJe, ACHCTBYIOLLE HA e THHHYHLIN TOYEYHbIH 3a-
PAR, HaxXOAsIUMHCA B JaHHOH Toyke nojs. Hanpaenenue Bektopa E
COBNAJACT ¢ HANpaBJ€HHEM CHJBI, ACHCTBYIOLWEH Ha TMOJOXUTEJAbHbBIH
3apsii.

Otmernm, uto opmyaa (5.2) ocraeTcsl cnpaBefIMBON U B TOM Cay4ae,
KOrjd B KayecTBe MPOGHOTO B3AT OTPHUATENbHBIH 3apsan (¢,,<<0).
B arom cayyae BexkTopnl E M F UMeOT npOTHBONONOKHBIE HANPABJICHHH,

K NOHSITHIO O HanPsXeHHOCTH 3JEKTPHYECKOTO MOJS MBI IPHIILIH,
HCCaIeflyst [10J1@ HRMOABHKHOTO TOoYeyHoro 3apsaid. OJHAKO olipejede-
HHe (5.2) pacnpocrpaHsieTcs M Ha Cayyail 1oJisi, cO3/aBaeMoro JoGoil
COBOKYITHOCTBI) HENOABHXKHBIX 3apsifoB. B sTOoM cjaydae, Blpouem,
HeOoOXO0MMO clefyiomee yTouHeHHe. MoXeT cayuuTbes, YTo pacuoJo-
XEHHE 3apafoB, OO0YCJOBIHBAIOIIMX HCCJAENYeMOe I[0J1e, H3MEHAETCSH
MoA BO3[IEHCTBHEM MNPOOHOrO 3apsjaa. 3ITO NOPOH3OMAET, HANPHUMEP,
Korjaa 3apsiibl, CO3Jaroliue I10Jl€, PacloJoXkKeHsl Ha INPOBOJAHHKE H
MOIYT CBOOOJIHO Mepemelarbcsl B ero mpenenax. I1o3ToMmy, 4TOOGBI He
BHECTH 3aMeTHBIX M3MEHEHHH B HccjedyeMoe 110Jie, BeJIHYMHY NPOGHOro
3apaja HYXHO 6paTh JAOCTATOMHO MaJIoH.

13 dopmya (5.2) u (5.1) caepyeT, uTo HANPANKEHHOCTDb MO TOYEY-
HOrO 3apsjia NPONOpPUHOHA/IbHA BeJIMYHHE 3apsija g U o6paTHO nmponop-
LiIfOHaAbHA KBajpaTy PacCTOAHHA r OT 3apsjaa A0 AAHHOH TOYKH NOJS:

E=— e (5.3)

T 4me, r2F

Hanpaesen Bektop E Bjoab papHanbHOil mpsmoit, npoxoisiueit uepes
3aps], U AAHHYKO TOYKY TMOJIsI, OT 3apsAjAd, eCJH OH NONOXKHTENEH, H
K 3apsay, ecJi OH OTPHLATEJEH.

B raycconoit cHcreme dopMysa AT HAMPSMKEHHOCTH MOMA TOYEUHOFO 3apaga
B NaKyyMe HMeeT BHJ

E=—Te,. (5.4)

33 eJMHHIY HATPSKEHHOCTH 3JEKTPHYECKOTO MOJS NPHHHMAETCH
HAMPSAKCHHOCTh B TAKOH TOYKE, B KOTOPOH HA 3apaf, PABHBIN eHHHLE
(I K B CH, 1 C['C2-exunuue 3apsfa B rayccosoi cucteme), AefcTByer
¢iJj1a, BEJTHUMHA KOTOpo# Takxe paBHa eaduuue (1 H B CH, 1 auu B ra-
yCCOBOH cucTeme). B rayccoBoil cHCTeMe 3Ta ejHHHIA CHeLHAJILHOrO
naspandsi ne nmeer. B CH enunuua HanpsHKeHHOCTH 3JEKTPHUYECKOro
[0J151 HMEET HA3BaHHE BOJILT HA MeTp U o6o3navaercss B/M (cm. dopmyay

(8.5)).

B coorserctenu ¢ (5.3) sapsag B 1 K cospaer B BaKyyMe Ha paccTOAHHH | M
HATPAKEHHOCTD

1 1

E=1 [1/(47-9-10%)] 12

=9.109 B/m.
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Ta e HANpSUKEHHOCTh B TayccoBOil CHCTeMe paBHA

_q _3.10% 5 "
E= T = 0% = 3.105 CI'C3-en,

ConocTasass ofa pe3yanTard, HaXoauM, 49TO
1 CTC3-es. HanpsREHHOCTH noaa=3-10* B/m, (5.5)

Cornacno (5.2) cuaa, aeicTRyiollas Ha npoGHbl 3apaj, paBHa
F=gq,E.

OueBHANO, ¥TO Ha BCSIKUH TOUeUHHt 3apAl g ') B TOUKE NoJisI ¢ Hanpsi-
weHHocThio E OyJAerT JeHCTBOBATL CHJIA

F = gE. (5.6)

Ecay 3apaj ¢ NOJOXKHUTENEH, Hanpas/aeHue CHJbI COBIIAjlaeT ¢ Hanpas-
nennem pextopa E. B cliyuae oTpUIATeNbHOTO ¢ HATPAB/EHH BEKTOPOB
F 1 E npoTuBONOJIOYKHEL.

B § 2 Gri10 yKAa3aHO, YTO CHJA, € KOTOPOI CCTEMa 3apsJI0B IeHCTBY-
T Ha HEKOTOPbIH HE BXOASIIUN B cucteMy 3apsj, paBHa BEKTOPHOIL
CyMMe CHJI, C KOTOPHIMH neficTBYeT Ha JanHbill 3apall KayAblid H3 3ap9-
0B CHCTEMBI B OTJEJBHOCTH (CM. Qopmysy (2.4)). Otcrona BBITEKAET,
YTO HANPANCEHHOCb NOARL CUCTICMbL 3apA006 PABHA BEKMOPHOIL CyMme
HanpasceRHocmeil noaeii, Komopble cosdasan Goi kKaxOeul u3 sapadoe cu-
crmembl 8 0maoeavHOCU:

E-YE. (5.7)

[Noc/efiHee yTBepkjJeHWe HOCIT HasBaHHe mMpuHOHma Cyne p-
MNO3KWIUHU (HANOKEHHA) 3N EKTPHUYECKHX nmoJe .
anHI_I,Hl'I cynepnosnunu Nno3poyideT BBLIYHC/AHTDE Hanpsa}KeHHOCTb
noNs oGOH CHCTeMbl 3apsifoB. Pa3GMB NMPOTsSIKEHHBIE 3apalbl Ha Jo-
CTATOUHO MaJjble J0JH dg, JAbylo cCHCTeMY 3apsijloB MO2KHO CBECTH K CO-
BOKYIIHOCTH TOYEYHBIX 3apsifioB. DBkja) Kamjoro M3 TaKHX 3apaicB
B pe3yJbTHpYIOIee I0J€e BbUUCASETCS M0 dopmyane (5.3).
DNEKTPHYECKOE 110/1€ MOXKHO ONMCATh, YKa3as A KaxKJ0oH TOUYKH
pefMuKiHy M nanpaBienue Bekropa E. COBOKYIHOCTE 3THX BEKTOPOB
cOpasyer nose BeKTOpa HaIpAKeHHOCTH sJeKTpUueckoro noas (cp.
¢ moJieM BeKTopa ckopoctH, T. 1, § 72). [Tosie BEKTOpa CKOPOCTH MOXKHO
npeACcTaBuTh OYeHb HAT/ISAHO C MOMOULBIO auuud Toka. AHajgoruyio
3JIEKTPHUYECKOE N0J1e MOXKHO ONHCATh ¢ IOMOWIbIO JIMHUI HaNPSXKEHHOCTH,
KOTOpblE MBI OyJeM HasblBaTh COKPALIEHHO JIHHUFAMH E (ux Hasbl-
LAIOT TAaK¥Ke CHJOBBIMH JIHHI/IHMPI). JIMBIH HaHpH}KEHHOCTH NPOBOAAT
TakuM 00pa3om, YToOBl KacaTeNbHas K HUM B KaJkJiol TOYKe COBMNaAana

~—_C HanpabIeHHeM sektopa E. [ycrora smnui BLIGHpAeTCs TaK, YTOOb

1) B qopmyae (5.3) ¢ o3naqaer 3apsl, 06YCOBNUBAOMINT TIONE. B dopmy.e (5.6)
yepe3 g obosnauen 3apal, HCHBITHIBAIOIME B TOUKe ¢ Hanpskensocrbio E peficTeue
cuan F.
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KOJIHYECTBO JIHHHH, MPOHH3LIBAIOMHX €IMHHLY MOBEPXHOCTH, MepIeH-

JMKYNAPHOH K NIMHUAM [VIOWAAKH, GbJIO PAaBHO YHC/JIOBOMY 3HAYEHHIO

Bektopa E. Torza no kapTune AuHUE HanpsA:KeHHOCTH MOMKHO CYAHTh O

HAUPABIEHUH H BeNHYHHE BekTopa E B pasHBIX TOUKaxX npocTpalcrsa
(puc. 5.2).

Jlunnu E nons Todeunoro sapsja npeactaBAsiOT co6oi COBOKYIO-

HOCTb pajiHaNIbHbIX [PAMbIX, HAaNpPABJEHHBIX OT 3apsjia, €CJAH OH INo-

JIOXKHTEJIEH, H K 3apsilly, ecau OH OTPHU-

E E uareqed (puc. 5.3). JIMHMH OJHHM KOH-

/L— LIOM OIHPAIOTCH HA 3apsd, APYyTHM YXOAAT

B O6eckoHeyHocTh. B cavom jpene, noJdHoe

UHCJIO JIMHHEL, TepeceKalolHX cPepHUECKYI0

‘ T T MOBEPXHOCTb MPOU3BOJABLHOrO pajguyca r,

é—’—\\ Oyler paBHO NPOM3BEAEHUIO [YCTOTHI JIH-

HHH Ha noBepxHoctb cdepbt 472, T'ycrora

Puc. 5.2, JINHUH 1O VCJI0BHIO YHCJAeHHO paBHa E =

=(1/4xe,)- (¢/r?). CneoBateIbHO, KOJHYe-

CTBO JINDH YHCJEHHO PaBHO (1/41eg)- (¢/r?)- dnrt=q/e,. [TomyuenHbiil pe-

3YJbTAT O3HAYaET, YTO YI¢/I0 THHHHA Ha JiloG0oM paccTOSHUY OT 3apsifa 6y-

ACT OAHHM H TeM 2Ke. OTCIO,ZIB H BbITCKAECT, YTO JIMHHH HUT e, KPOMe 3aps-
Ad, H€ Ha4YWMHAKTCA H He 3aKAHUYHBAKOTCS, OHH, HAYaBIIHCL HA 3apsie,

Puc. 5.3.

YXOAAT B GECKOHEYHOCTb (3apAJ NOJOKHTENeH), Au60, MPUX0Aa U3 6ec-
KOHEYHOCTH, 34KaH4MBAIOTCS Ha 3apaje (3apsaa orpuuaresen). Ito
cBoHcTBO JuHuA E siBMserca obuuM 1/ BceX 3JeKTPOCTaTMYECKHX
noJsieit, T. €. noJel, co3gaBaeMblX JHIOOOH CHCTEMOH HENOABHXKHBIX 3a-
PALOB: JIMHUH HANPSIXKEHHOCTH MOTYT HAUMHATLCH H/JIM 3aKaHYUBATLCS
JULb Ha 3apsjax Ju00 YXOAHTb B GECKOHEYHOCTD.

§ 6. Motenuuan

Paccmotpum noste, cosfaBaeMoe HEMOABHKHBIM TOUEUHBIM 3aPSAAOM q.
B smo6oil Touke 3TOro nosis Ha TOYeuHbld 3apag ¢’ AeificTBYer cuaa

F=9 e —F(r)e,. 6.1)

T 4ney r2
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3peck F(r) — monyab cuant F, e,.— opT pamHuyca-BEKTOPa r, onpe-
1eNAIOWEro MoJoXKeHHe 3apana ' OTHOCHTEJbHO 3apaid 4.

Cuna (6.1) sBasercs LeHTpadbHOM (CM. T. 1, §21). Lieutpanproe
nome cul KoucepsathsHo. ClefoBaTelbHO, DaGoTa, Kotopas coBep-
H12eTCs CHJIAMHM OIS Haj 3apsajoM ¢’ NpH NEPEMEIEHHH ero H3 OAHOH
TOYKH B APYIYlO, HE 3aBHCHT OT HyTH. 372 paGota paBHa

2
A= S F(r)e,dl, (6.2)

1

rae dl — sneveHTapHoe nepeMelleHue sapflia q'. Ua puc. 6.1 BujHoO,
yTo CKaJAfAPHOe TpoH3BefeHue e dl papHo NPHPALIEHHIO MOLY.1A pajiycd-
pektopa r, T. e. dr. Tlosromy ¢opmyny F ——
(6.2) mMoxHO MNpeiCTaBHTb B BHIE

2

A= S F(r)dr

(cp. ¢ dopmynoii (21.3) 1-ro Toma). log- %
cTaHOBKa BhIpamenus ansa F(r) paer:

rq

Ai—'-q—q'-S%= 1 (qa'_qq')_(B_B) g

37 4ne 4re 1y r
° oMt 2 Puc. 6.1.

Pa6oTa CHJI KOHCEPBATHBHOTIQ IOJA MOXKET 6LITL MpeJICTaBJena raKk
yOblJIb MOTEHUHANbHOH SHEPTHH!

A1'2=Wpl"—‘“7p2- (64)
Comnocrassenne dopmya (6.3) u (6.4) NPUBOAKT K ClellylOUIEMY BEIPAXKE-
HHIO IS MOTEHIHanbHO# 3HEPTHH 3apsaja ¢’ B moJe 3apsna q:

W,=_—

- 43'[.30

2. 4 const.

3HayeHHe KOHCTAHTHl B BHPAXKEHHH MOTEHIHAJbHOH 3Hepru 06LIYHO
BEIGHpaeTCcsa TAKMM 06pa3om, YTOOHI NPH YAAJICHHH 3aps/d Ha fecxoneu-
HOCTb (T. €. MPH r=00) MNOTEHIHaJbHAsl SHEPTHA ofpaltanack B HyJb.
[Ipu sTOM YCJIOBHH TOJNYyYaeTCs, HTO

W= (6.5)

~ dmey, T

BocnoabayeMcs 3apaoM ¢' B KauecTse Npo6HOTo 3apsjia As HCC.1e-
nosanus noas. Cornacxo (6.5) norenuHaNbHas SHEPrui, Kotopon c6Ja-
13eT NPoGHEI 3apsil, 3aBHCHT He TOJLKO OT €ro BEIHYHHEL q', HO H OT
BeJIMYUH § W r, ONpejeasiollux noJe. CJiiefoBaTesIbHO, 3Ta 3HEPIHA
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MOKeT ObITh HCIOJbL30BaHA /I ONHCAHMS MOJfA, NMOAOOGHO TOMY, Kak
6GLLIA HCIOJB30BaHA IS 3TOH LEJH cuJa, AeHCTBYHOLLad Ha NpoOHbIH
3apsia.

PasHble NPOGHBIE 3aPAAbl Ghp, Gnp H T. A. OYAYT 06MaNaTh B OAUOH
U Toli e Touke mojs paannuHoit sHepruein W, W, u 1. a. Onnako
ornowenue W /g, GyRer s BCeX 3apPAAOB OXHUM H TEM ke (cM. dop-

Myay (6.5)). Beanuuna

WP
¢ =-— (6.6)
Jap

HA3LIBACTCA HOTEHUHAMOM MOJAHA B JaHHOH TOYKE H HCHOJD-
3yeTcsl, Hapajy ¢ HanpdKeHHOCTblo nodas E, Aid onucanus 3/eKTPH-
YRCKHX [0JIeH.

M3 (6.6) caenyer, 4To MOTEHUMAT YHC/JACHHO PaBeH MOTEHUHAJbLHOH
3HEPTUH, KOTOPOiH o6iajas Obl B JaHHON TOYKE MOJIA €JHHHYHBIA FOJ0-
KuTenpHelil 3apaf. [logcrasus B (6.6) 3naueHne NOTEHIHMANBHOH 3HEp-
ruy (6.5), moJiyuuM AJas NOTEHUMaJa TOYEUHOrO 3apsiia Caeylee
‘BLIPAXKCHHE!

p=—_9. (6.7)

4ne, r

B rayccopoil cHcTeme HOTEHLMAN TOAS TOUEYHOr 0 3apAJa B BAKyyMe Ofi pefleifaerca
Gopmy.I0it

(p:T.

PacemMoTpuM moJie, co3jaBaemoe cHCTeMoR N TouYeuHBIX 3apsfioB
Giy Jay - - - §n. PACCTOHUA OT KaXKJAOTO H3 3apsAJA0B A0 AaHHOH TOYKU
noJst 0003HauuM 7y, 7s, . . ., 'ny. Pabora, coBepluaemas CHUJIaMH 3TOro
noJiAd Haj 3apagom g', Oyaer paBHa aarefGpanyeckod cymme paloT cuiJ,
O0YCJIOBJGHHBIX KaKIAbIM H3 3apaJoB B OTACJAbHOCTH:

N\
A12 — -;[ Af'
CornacHo (6.3) kaxpnas u3 pabor A; pasua

- (q;q’_qaq’)’

¢ 4ne, ri ris

e r;;— PACCTOSHHE OT 3aPsja ¢; 10 HauaJbHOTr0 NOJOKeHUs 3apajia q’,
ri,— PAcCTOSIHHE OT ¢; A0 KQHEeUHOro NoJoxeHHs 3apsja ¢'. CaenoBa-
TeJbHO,

N N

1 x99 ! 9:9°
Alﬂ— 43150 % 4;”.80;,_1 fia *

Ii1



§ 6. NOTEHLHMAJ

ConocTaBUB 3TO BbIpaXeHHe C COOTHOMIEHHEM (6.4), monyyHM Aans M0-
TeHNUAJALHOI 3HEPTHH 3apsifia ' B MOJE CHCTEMBl 3apAJI0B BLIPAKEHHE

N
1 q:9’
WP—_ 4me, ;1 ri !

113 KOTOpPOro chaeayer, 4To

| N
= ey (6.8)
=1 t

4, ‘

Conocrasienne noayueHHoil GopMy /bl ¢ BhIDAAKEHHEM (6.7) NpHBOAHT
K BLIBOLY, UTO NCMCHUUAA RO, CO3006ACH0O0 cucmemol 3apados, Pacen
ea2e0 paUtCEKOLl cyame NOMEeHUUaIos, cosdasaesolx KanOvin u3 3apa0os
6 omdespHoemu. B TO BpeMs Kax HANDSIKEHHOCTH M0JS CKJAALbIBAIOTCHA
HPH HAJSOMKEHM! HOJeH BEKTOPHO, NOTEHIHAIb CKIAALIBAIOTCA aJnre 6-
panuecku. [1o 2T0il NpHUKHE BBIYHCIEHAE TIOTEHIIAION OKa3LIBAETC s
OGLIYHO rOopasfgo npotle, 4YeM BLIYHCJAEHUE HATP AKEHHOCTEH 3JIeKTPU-
yecKoro noJsl.

M3 ¢opmyast (6.6) BubiTeKaer, 410 3apal g, HAXOAAIMICS B TOUKE
HOJS C MOTeHLNaIoM ¢, 06/1alaeT NOTeHUIaMbHOH 3HepIruen

W,=q¢. (6.9)

Criefosarebio, paGota CHJ NOJist Haf 3aPAAOM g MOXKET OLITH BbIpaXeHa
yepe3 pasHOCTb MOTEHILHAOB!

A= Wm—sz:Q((Pr-(Pz)- (6.10)

Taxkum ofpasom, paboTa, COBepiuaemas HaA 3apsfoM CHJIaMH noJ,
paBHa [POM3BEACHUIO BENWUHMHBL 3apsja HA pPaspocth IIOTERILIAJOB
B HAUAJILHON H KOHEUHON TOYKAX (T.e. na YOmLIb [IOTEHIHANA).
Ecsu 3apaj ¢ H3 TOUKH C NIOTEHILHANOM ¢ yAAIAeTC:d 1d OecKoHey-
nocTb (CA€ MO YCJOBHIO [OTEHOHA. pabel HyJI0), padora CHJ DOJA
OyleT papiua
A_=qq. (6.11)

Orclofa caepyer, UYTo NOMEHUuUAA HUCAEHNO pAGEH pabome, Komopyio
COBEPLUAIOM CUABL NOASL HAQ €OURUHROLM NOAONHUNIEALHBIM BapAdoM npu
ydarenuu €20 u3 OuHHOl MOUKL HA GeckoHeyHocmy. TaKyio e 110 BeJ-
yine padoTy HYXKHO COBEPIUHTH IPOTHB CHJl 3JCKTPUUECKOrO To.l A9
TOrO, MTOGEI TIEPEMECTHTb €IMHHYHbBIA NOJIOKHTEAbHBIT 3apan H3 Oec-
KOHNEYHOCTH B JaHHVIO TOUKY NOJIA.

dopmyay (6.11) MOXKHO UCHOJB30EATh s yCTAHOBJICHHA e HHLL
HOTeHIHaAa. 34 eAMHHIY MOTeHIHa a NPUHHMAIOT NOTCHIHAL B TAKOH
TOUKe NOMs, TS NepeMelleHds B KOTOPYIO H3 DECKOHEUHOCTH E/LHHY-
HIOTO TIOJI0MMTEABHOTO 3apsja 11eo0X0AHMO COBEPIIHTD pafoTy, PaBHYIO
ennnuie. Tak, B CH 32 efunuuy NOTCHIMANA, 1HA3LIBACMYIO BOJIBTOM
(coxpauiennoe 06O3HAUCHHE —- B), ppuuumaercsl MoTeHUHANT B TaKoH
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rouxe, JJs1 MEPeMelieHHst B KOTOPYi0 H3 GE3KOHeYHOCTH 3apsAa, pas-
toro 1 KyJOHY, HYXKHO COBEpIUHTb pafoTy B 1 AKOYJIb!

1 Ix=1 Ka-1 B,
OTCIOAA

1 Ow
1 B=1¢>- (6.12)

32 a6CAMOTHYIO SMEKTPOCTATHYECKYIO eHHHILY MOTeHuHala (CI'C3-el. moTeHUM-
ana) NpHHMMAETCA MOTEHUHAX B Takof TOUKE, JVIA Mepemelllends B KOTOPYIo H3 6ec-
KoHeYHOCTH 3apafa, pasnoro -1 exunune CI'CI, HYKHO COBEPLIKTD pa6oty B 1 3pr,
Boipaxasn 8 (6.12) 1 Jlk u | Ka gepe3 ea HULHL CI'C3, nalilem COOTHOLIEHHE MEXAY
poibToM H CI'C3-ea. moTeninana:

1 Ix 107 spr 1
T RKa —3-10°CI'CAen. — 300 CIrC3-ex. notennuana, {6.13)

Tagum ofpa3om, oanHa CI'CI-equnHua noreHnHana pabHa 300 B.

l1B=

B ¢u3aKKe 4acTO NONb3YIOTCS EAUHULEH SHEPrHH H paGoTH, Ha3biBaE-
moit asiekTpoHBosbTOM (3B). Ilox 3JeKTPOHBO/IBLTOM NOAPA3YMEBACTCA
pa6oTa, COBepluaeMas CHJAaMH NOJSA HaX 3apsfioM, PaBHBIM 3apdAny
3/JEKTPOHA (T. €. Haj 3/eMEHTaDHHM 3apAN0M €), IPH NPOXOXKJCHHH HM
pa3HOCTH MoTeHuuanoB B 1 B:

13B=1,60-10"* Ka-1 B= 1,60-10-1 Tx =1,60-10"*23pr. (6.14)
Henonpaylores TakkKe KpaTHbl€ 3/EKTPOHBOJNBTY €AHHHIEL

1 x3B (kun03neKTpoHBOJLT) = 10° 2B,
1 MaB (merasnekTtponBoJibT) = 10° 5B,
1 I'sB (rurasaexkTporBoJbt) = 10° 3B.

§ 7. dHeprus B3aHMOJAEHACTBHA CHCTEMbl 3apAR0B

Buipaxkenue (6.5) MO:KHO paccMaTpPUBaThb KaK B3aUMHYIO MOTEHIM-
AMbHYIO SHEPrHio 3apsAnoB ¢ u ¢'. OO603HAYUB 3aps/lbl 4epesd gi H gy,
nofyYuM J/isi HX SHEPrHH B3aUMOAEHCTBHA Qopmyny

W, = 2oz (7.1)

P 41160 12

Paccrosuue MexAy sapsagamMd Mbl OGO3HAYHJIH CHMBOJIOM ia.

PaccmoTrpum cucTemy, coctosdmlyilo u3 N TOYeUHBIX 3apafoB
Gty Go» - - -» n- B § 23 1-ro ToMa OBIIO NOKa3aHo, 4TO 3HEPrHs B3aHMO-
JeHCTBUA TAaKOH CHCTEMbl paBHA CYMM€ 3HEPrHH B3aHMOJCHCTBHA
3apa0B, B34TblX MONapHO:

Vo=23 Wou(u (7.2)
' (i %=k)
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(cm. dopmyay (23.20) l-ro toma). Cornacno (7.1)

_ 1 i
Wpix= 4ne, rip

[Moncranosxa storo Bhipawenus B dopmyay (7.2) naert, uro
W,=+ L Wik (7.3)

4 Adne, r;
Uz h)* 0 ik

B rayccosoit cucreMe B 3TOH ¢opMyae OTCYTCTBYET MHOKUTE/DL 1/4neq.

B dopmyne (7.3) cyMMHpOBaHHE NPOH3BOAWTCA MO HHAEKCAM iunk.
Q6a uujekca npoferawT, He3aBHCHUMO APYr OT Apyra, Bceé 3HAUCHHUI
ot | no N. CnaraeMble, A1 KOTOPbLIX 3HAaUYeHHE HHIEKCA { coBIapaer co
sgadeHHeM HHAeKca &, He NPHHHMAWOTCA BO BHHMAHHE, [Ipupanum
dopmydae (7.3) cheaymoliuii BHA:

N

1y L 4%

WP_?Z‘I q‘k2= 43'[80 Tik ¢ (7'4)
(kR ‘

Brpakenue

_ 1 9k
(& =i)

npeAcTaBAsfieT Co0OH MOTeHUHaAl, CO3JlaBaeéMhlii BCEMH 3apaiaMH,
Kpome ¢;, B TOH TOYKe, [/ie TIOMEIAeTCs 3apaa ;. [1puHAB 3TO BO BHH-
MaHHe, MOMYUHM JJisl SHEPTHH B3AHMOACHCTBUA CJEAYIOLLYIO dopMyay:

N
1
Wp='§'z q:9P;- (7.9)

i=1

§ 8. CeA3b MEeXKAY HANPSKEHHOCTHIO ICKTPHUECKOro noJA
H NOTEHUHANOM

DaexTpHYECKOE NOJ1e MOXKHO ONHCATh JHOO € MOMOULBIO BEKTOPHOH
Benuununl E, 1460 ¢ NOMOLLBIO CKAJIIPHOHA BEJHYHHBL §. O4yeBHAHO, YTO
MEXAY STHMH BEeJHUHHAMU JO/IKHA CYLLECTBOBATb ONpe/ieieHHas CBA3b.
Ecau yyectb, 4To E NpONopuHOHANbHO CHAE, ReficTByolle#l Ha 3apsd,
a ¢ — [OTeRUUAJbHON 3HEPTrHH 3apsana, JErKo coo0pasuTk, YTO 3Ta
CBH3b JOJKHA ObITh AHAJNOTHYHA CBSA3H MEXAYy NOTEHUHAJbHOH SHep-
rHeil W CHJIOH.

Cuna F cBaA3aHa ¢ MOTEHUMAJNbHO! 3IHEPrHedl COOTHOILEHHEM

F=—VW, (8.1)

(cM. dopmyay (22.7) 1-ro Toma). [ins 3apsiseHHOA YaCTHOE!, HAXOAA-
mefick B anexTpocratnyeckom noae, F=qE, Wp=qg. IloacraBuB
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3TH 3Hayenns B cooTHoluenue (8.1), moayunm, uTo

gE = —v(qq).
Komncranty ¢ MoxHO BHIIECTH 3a 3HaK rpaancita, OcyuecTspe 3710 U
COKPAaTHB 3aTeM Ha ¢, NpHAEM K dopmyJe

E——v¢, (8.2)

VCTaNnaBANBAIoNIel CBSI3b MEXAY NanpsKCHHOCTBIO NMOJasl H HOTEH-
1L112J10M.
[IpuusB BO BIHMAHIE onpejenenne rpajuenta (cM. gopMmyay (22.6)
l-ro TOMa), MOXKHO HamHCcaTh, 4TO
dg dp i
f=—-Te ——fe —-—¢,. 8.3
dx % dy 4 dz % (8.J)
CleoBaTedblo, B IPOEKILISIX HA KOOPAMHATHBIE OCH cooTlOoleNTie (8.2)
HMeeT BHJL
dg B dg
E —_— X ¥ EU—_ ay ’ Ez*“" UZ . (8-4)
AnajorHuno npoexuusi BekTopa E HA Mponaposblioe Hanpasicuue [
paena B3sSiTOH ¢ 0GPATILIM 311aKOM NPOM3BORHON ¢ 1O [, T. €. CKOPOCTH
}"6}31138111/151 norenuiaa TnLpH nepeMelieHinn  BA0Jb HanpanJi€lliis [
dep QN
B cnpapennunocTty ¢opmyant (8.5) serko y6eaAkTLCS, BEIGPAB nanpapJe-
iye | B XayecTse OiHOH M3 KOOPJAHHATHBLIX OCell H NPHHAB BO BHUMAHHE
cootnowenus (8.4).
[Tosicuum cooTHowmenrde (8.2) Ha npuMepe HoJs TOYEYIoro sapsina.
[MoTtenunan sToro moas puipaxaercst qopmyaoii (6.7). Tlepeias xk pe-
KapTOBbIM KOOPAIHATAM, HOJAVUHM BbipaXKenle: |

g 1 q
P= dne, r  4ne, Vi [y 22

YacTHast npoli3BofHasi 3TOH (yHKHUH N0 X paBHa

do _ q x 9 x
ox dney (x21 242y /s dngg A
AnaJjoruuno
% o 4 % 9
dy dnegg, 3 gz dne, rd°

[MoncraBiB Haiifelible 3Ha4enia DPOU3BOAHLIX B Gopmyay (8.3), npu-
JleM K BhIPaXKeHHIO

E— q  xe-l-ye, 1 ze, s q r I q

: — = 5 €
4118 ri dmeg, 74 dng, r2 10

KOTOpOe coBRajaer ¢ (9.3).
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dopmyaa (8.2) no3soadeT Mo U3BECTHBIM 3HAYEHHAM @ HaHTH Ha-
MPSIKEHHOCTD M0/ B KaXA0H TouKe. MOXHO pellMTh U 0OpaTHYIO 3a-
AAa4y, T. €. Mo 3aflaHHbIM 3HaueHHAaM E B ka0 TOuKe HAKTH PasHOCTb
[MOTEHLHAJOB MeXAy ABYyMs NPOH3BOJbHLIME TOYKaMH noad. Lag storo
BOCTIOJIb3YeMCS TeM, UTO Padora, coBepluiaeMas CHJIAMH I0JA Haj 3aps-
IOM ¢ TIPH nepeMelieHud ero 3 Toukd [ B TOuKy 2, MoxeT Gb(Th BbIYIli-

¢JeHa KakK
2

A= gEdl.

1

Bumecte ¢ Tem B coorBercTBHH ¢ (6.10) Ta ke pabora MoxeT ObITL Mpej-
cTaBjacHa B BHJE

A1 =g (P1—P2).

[TpupaBuaB APYr APYry 5TH ABA BbIpaK€HUH U COKPATHUB Ha ¢, IIPHJEM

K COOTIIOLUEHUID
2

¢ — ¢ = | Edl. (8.6)

1

Hurerpan MoxKHO 6paTh o JOG0H JHHHH, coefuHsionIel Touk I u 2,
460 paBoTa CHJl OJIS HE 3aBUCHT OT nMyTH. ILns o6XoAa no 3aMKHYTOMY
KOHTYPY @1=@2 H (opmyaa (8.6) mepexoJAUT B COOTHOLUEHHE

HEd=0 (8.7)

(KPY»OK y 3HAKa HMIUTerpaja yKasplBaeT Ha TO, YTO HHTErPHPUBAIHE
MPOM3BOAUTCA O 3aMKHYTOMY [YTH). 3aMETHM, 4TO 3TO COOTHOLIEHHE
CMPaBeANMBO TOJIBKO AJA 3JEKTPOCTATHYECKOro MOJA. Bnocaegctsuu
Mbl BBISICHHUM, YTO [I0J1¢ ABHIKYLUIHXCS 3apsjloB (T. e. IoJle, W3MeHso-
ueecsl €O BPeMeHeM) He sIBJseTcs MNOTeHIHAJbHBIM; C/el0BaTe/bLHO,
ycaoBue (8.7) Ad Hero He BBITOJHSACTCA,

Bootparkaemasi MOBEPXHOCTb, BCe TOYKY KOTOPOH HMEIOT OIMHAKO-
BLIH TOTeHUMAJ, HA3b(BAETCH SKBHIOTEHIHAJNLHOH NOBEPXHOCTHIO. Ee

ypaBHeHHe HMeeT BUJ|
¢ (x, y, 2)=const.

[IpH nmepeMeleHHH MO 3XBHIOTEHIHANBHOM NOBEPXHOCTH HA OTPE30K dl
ioreHiuan He usmensercs (dg=0). CnerosareinHo, corJgaachHo dop-
myJe (8.5) KacaTenbHasl K TIOBEPXHOCTH COCTamJjsionias Bektopa E
paBHa nyaio. Orciofa 3akiwouaeM, 4To BeKTop E B Kaxaou Toyke Ha-
npaBJ/eH 1o HOPMaJH K KBHIIOTEHIHAAbHON I0BEPXHOCTH, NMPOXOAALLeH
yepes JaHHy0 Touky. [IpuHAB Bo BHUMaHHe, 4To BeKTOp E HanpasJen
o KacareabHoil K Junuu E, jJerko coodpasuTb, 4TO JHHHH HAMpPsXKeH-
IOCTH B KaXK}OHM TOUKE OpPTOTOHAJbHBl K 3KBHMOTEHIHANDLIIbIM NOBEPX-
HOCTH M.
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DKEUNOTEHIHANBHYIO TIOBEPXHOCTh MOXKHO MPOBECTH uepes Mobyo
TouRy nons. ClefosaTeslbHO, TAKHX NOBEPXHOCTEH MOMKeT OblThb IO-
CTPOEHO 6ECKOHEYHOE MHOJKECTBO. ¥ CJIOBJIMBAIOTCS MPOBOJAHTH [1OBEPX-
HOCTH TaKUM o6pa3oM, 4ToObl PA3HOCTD NMOTEHUHANOB A/ IBYX COCEAHHX
NoBepXHOCTell GhiNa BCIOAY OXHa M Ta ke. Torxa no rycrore KBH-
NOTEHIIHANbHLIX NOBEPXHOCTEH MOIK-
HO CYIHTb O BEJHYHHE HaNpsKeH-
HocTH moJsa. JlelicTBUTeNbHO, YeM
TVIe paclnofararTcd 3KBHMNOTEHILH-
aJbHble TIOBEPXHOCTH, TeM ObicTpee
j13MeHsieTCd MOoTeHIHal nphH nepeme-
IIleHHU BJIOJbL HOPMaJH K NOBEPXHO-
ctu. Cnenorarenbno, TeM 6oJblue B
NaHHOM MecTe y@, a 3HAYHT H E.

Ha puc. 8.1 nokasahnel 3KBHNO-
TeHlUaJbHLIE NMOBEPXHOCTH (TOUHEE,
MX MnepeceyeHUs € TJIOCKOCTBbIO uYep-
texa) LJd Mojasd ToyeuHoro 3apsja.
B cooTBeTcTBMM C XapakTepoM 3aBH-
CHMOCTH E OT r 3KBHNOTEHUNAJILHEIE
NOBEPXHOCTH OpPH MpuGIHKEeHnHH K
3apsARy CTAaHOBATCA TIyUIE.

i onHOPOJAHOTO NOJA 3KBHMOTEHIHAJbHLIE MMOBEPXHOCTI! lIpen-
CTABJASAKT cOB0Il CHCTEMY PABHOOTCTOSIIMX APYT OT Apyra MJIOCKOCTeH,
NepneHAHKYJASPHBIX K HalpaBJeHHIO NOJs.

Y

.y
e L

Puc. 8.1.

§ 9. Junoan

dNeKTpUUYECKHM JHNOAEeM I1a3bBAaeTcs CHCTEMaA ABYX
OJMHAKOBRIX TO BeJIMUMHE PA3HOUMEHHEIX TOYEUHREIX 3apsaoB g H —q,
paccTosinne [ MeXAy KOTOPbIMHM 3HAYMTEIBHO MEHbIIIE PACCTOAHHA IO
TeX TOueK, B KOTOPHIX onpenensieTcs noJse cucremol. IIpamas, npoxoia-
mas yepes o6a 3apsAlna, HasbiBaercss OC b0 T HIOJA.

Bolunc/HM cHauaJia MOTeHIMan, a 3aTeM HanpfAXKeHHOCTb Mo/ JAH-
noasi. Aro nosae obaagaer oceBoil cummerpueii. [lostomy KapTitna noas
B 106011 JIOCKOCTH, MPOXOAsiel uepes och Auno/da, 6yaer oAHOH H TOH
e, npuyeM sektop E sexut B 370i N110cKOCTH. TTo0KeH e TOUKH OTHO-
CUTEJIbHO IHNOJASA OyleM XapakKTepu3oBaTh C IOMOILbIO paanyca-BeK-
Topa r JAn6o ¢ NOMONIbIO MOJAAPHLIX KOOpAHHAT 7 ¥ & (puc. 9.1). Beexem
BexTop |, NIpoBefleHHBlT OT OTPHILATEBHOIO 3aPSAAA K NOJOKHTENbHOMY .
[Tonoxkenye 3apana -+¢ OTHOCHTEJBHO LEHTpa AHNOJSA OlpencseTcs
BEeKTOPOM a, 3apsja —q — BekTopoM —a. OueBHaHo, uto l=Za.
PaccTosiuns 10 JaHHOH TOYUKH OT 3apsioB --g 1 —¢q o603HauyHM COOT-
BETCTBEHHO yepe3 ry H r_. BBILY MaJOCTH 4 NO CPaBHEHID € 7 MOAHO
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NONOXKHUTb NPUGAHIKEHHO, UTO

r,=r—acosd=r—ae,
(9.1)

r_=r+acost=r-4ae,.

[MoTenunad B TOUKe, OfNpelenseMoi paanycoM-BEKTOPOM I, PaBEH

_ 1 g _q\___ Y q(r——r4)
@ (r)= 4re, (r.,. r_) T 4ne, rer—-
TMpor3BeneHUe rr- MOXHO 3aMEHHTb uepe3 r2. Pa3docTb r- — r4 COC-
nacto dopmyaam (9.1) pasua 2ae.=le,. CnenosarenbHo,
1 gle, 1 pe,

¢ (r)= dne, r2  4mgy r?° (9.2)

rae
p=gl (9.3)

— XapaKTepHCTHKa AUNOJS, HasbiBaeMas ero 37 eKTPHUECKHUM
MOMEHTOM. BekTop p HanpapJ/ieH no OCH AHIIONsi OT OTPHUATE/b-

| HOro 3apsifia K TMOJIOXKHTENbHOMY
(puc. 9.2).

W3 dopMyanr (9.2) BuiTeKaer, 4TO
roJie JIUNoJs onpenensaercs ero sJex-
TpuueckuM MoMmeHnTOM P. Huxe Mmbl
YBHIHM, UTO H TIOBeJAEHHe JHIIOMNA BO
BHEIIHEeM 3JIEKTPHUECKOM TI0JIe TaKXkKe
onpefeNsieTcsi €ro  3JeKTPHUECKHM
momentToM p. CpaBHEHHE C Bblpaike-
uiem (6.7) MoxasblBaeT, 4YTO MOTEH-
uan nosst xunonsa yOwiBaerT ¢ pac-
crosiHHem O6wicTpee (kak 1/r?), uem

-7 +7
-— o1
' L
Puc. 9.2.

[OTeHUHAJM TOJA TOUeYHOro 3apsja (KOTOpolid H3MEHSETCA MO 3aKo-
Hy 1/r).

Wa puc. 9.1 Bugro, uto pe,=p cos §. [To3ToMy BhipaXeHHE 9.2)
MOXKHO HAMHMCaTh CJEAYIOIHM 00pasoM:

o )=z 25T (94)

r2
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Uto6el HaHTH HAGPSYKEHHOCTb NOJS AMNONS, BEIYHCAUM N0 ¢op-
myne (8.5) npoekuuu BekTopa E Ha JBa B3aHMHO NePHEHAHKYIAPHBIX
nanpapJenusi. OIHO U3 HHUX ONpefessercsa JBHKEHHEeM TOYKH, BBI3BAH-
HBIM M3MeHEHHeM paccrosuus r (npH (HKCHPOBaHHOM 1), BTOpoe —
JBHKEeHHeM TOYKH, O6YCJIOBJIEHHBIM H3MeHeHHeM yria 4 (nIpH (UKCH-
posannoM r; cM. puc. 9.1). IlepBas npoekuust NOJydaercs NyTeM
AuddepennupoBaHus BeipaxeHHsa (9.4) no r:

. dp __ 1 2pcosd
E=— or ~ 4mwe, 7 (9.5)

Bropyio npoekiuio (o6o3nauum ee Lg) noayduM, B3B OTHOLUIEHHE NPH-
pauieHHsT NOTCHLHANA ¢, NOJYyYatollerocss Npu Bo3pacTaHuu yraa ¢
Ha d§, K paccroanuio r di, Ha KOTOpPOoe NMepeMelaeTcs npu 3ToM KOHEl
oTpe3ka r (B aToM chaydae ¢urypupymwoulee B dopmyae (8.5) d/ papno
rdd). Taxum obpasom,

Ilogcrasyp 3nauenie nponsBognoil oT ¢dyHxkuuu (9.4) mo &, noayuum:

Eg — 1 psinf}- (9.6)

dne, 13
CymMma xBanparoe Beipaxenuit (9.5) u (9.6) maer kBaapat Bekrtopa E
(cm. puc. 9.1):

1
4ne,

E2=E?+E%=( )2(—%)2(4@52{}—1—511128):

=(E%)2(:;3)”(1+3c052 9).

Orcroaa

L 2 V/TF 3cosu. (9.7)

dne, r

E =

IMonoxus B (9.7) $=0, moayyum HanpsiKeHHOCTh Ha OCH JAUNOJS:

L2 (9.8)

4ngg rd -’

E, =

Bexktop E; Hanpassen no ocH aunojsi. Jto corjaacyercst ¢ 0CeBoit cum-
merpueil 3agauu. M3 ¢opmyasr (9.5) crnenyer, uro E,.>0 npnd=0wu
FE,<<0 npu 34=mn. I10 o3Havaer, uTo B JIO60M cJiyuae BekTop E; mmeer
HanpabJeHde, COBNAAAlolLlee ¢ HampabJeHHeM OT —¢ K -+g (T.e. ¢
panpasaenuem p). [Tostomy dopmyny (9.8) MoxKHO HanHucaTb B BEKTOP-
HOM BHJE!
1 2p

dne, 13 °

E,= (9.9)
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[onoxus B (9.7) $=m/2, NoAy4uM HANPSKEHHOCTb Ha MPAMOM,

npoxofdllell 4epes WEHTP AHIONA H nepreHAUKyASIPHOH K €ro OCH:
1

E, = P (9.10)

dne, r3

Cornactio  dopmyse (9.5) npu $==n/2 npoexkuus E, paBHa HYIIO.
CnenosarenbHo, sektop E| napanneneH oCH IUIOJA. K3 dopmy st (9.6)
cjaeAyer, 4YTo npu §=n/2 npoekuHsi Eg MOJOKHTEIbHA. STO 0O3HaAuaerT,
yto BekTop E Hanpaejed B CTOPOHY BO3pacraHus yr/a ¢, T. €. aHTH-
napannejibHO BEKTOPY P.

XapakTepHblM JJs HaNPsOKEHHOCTH MON  AHNOIS sABJASETCS TO
OGCTOATEABCTBO, YTO OHA YOLIBAeT ¢ PACCTOSIHHEM OT JHROJS KaK 1/,
T. ¢. 6bICTpee, YyeM HalpsKeHHOCTh I0J4 TOYeyHOro 3apsiaa (yObIBatO-
wasn Kak 1/r%).

Ha puc. 9.3 noxaszasn auevn E nons aanons. CoraacHo gopmyJie
(9.4) npn $=n/2 noreHnuan obpamaercs B HyJb AN BCEX 7. Taxkum
o0pa3oM, BC€ TOYKH IJIOCKOCTH, NepneHAHKYAAPHON K OCH JUNoJs
M NpoXofsiieil uepes ero cepeAuHy, HMEOT HYJeBOH MOTeHnHa®. 10

Puc. 9.3. Puc. 9.4.

MO0 GBLTO NMPEABKIETh 3apaHee, NOCKOJBKY PAaccTOAHHA OT 3apsiob
+qg 1 —q 10 000 TOUKH 3TOH NJAOCKOCTH OJHHAKOBDL.

Ternepb pacCMOTPHM I10BEleHHE AHMOJA BO BHEIIHEM 3JEKTPUUECKOM
nose. EcaM MMNOJAb NOMECTHTb B ONHOPOAHOE 3JEKTPUUECKOE MO.JIE,
ofpasywoue IMAoAL 3apsijibl +¢ H —¢§ OKAKYTCHA TOA neiicTBUEM PaB-
HBIX (O BeNMYHHE, HO TPOTUBONOJIOKHBIX MO HAIPABJCHHIO CHIL FiuF,
(puc. 9.4). Ot cuapl 06pasyloT Hapy, nJaedo Kotopoil paBHo [ sina,
T. €. 3aBUCHT OT OPHEHTAlMH JWNOJAA OTHOCHTEIBHO IOJS. Monynb
KaXJOf M3 CUJ paBeH gE. YMHOXHUB ero Ha IJedo, nojly4HMm BEAHHHHY
MOMCHTA Mapbl CHA, AEHCTBYIOULMX HA JAHIOJMD:

N=¢E! sin e.=pE sin & (9.11)
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(p — 3MeKTpHYecKHit MoMeHT aunons). Jlerko coo6pasuTh, 4TO dop-
mynaa (9.11) mMoxer GBIThb HanUcaHa B BEKTOPHOM BHJE.

N=I[pEl (9.12)

MomenT cut (9.12) cTpeMHTCst TOBEPHYTh AHNOJb TaK, YTOGH! €ro 31exT-
pHYECKHil MOMEHT P YCTAHOBHJICS 1O HAMPAaBJIEHHIO NOJ.

HafiteM noTeHUMANBHYIO 3HEPrHIo, KOTopodl obGnaajaer JIHNno.b BO
pHeImHeM 3JeKTpHieckoM none. CoryiacHo dopmyae (6.9) ata sneprus
paBHa

W o=09+—q9-=4 (9+—P-). (9.13)
3Iler P+ H (P..——- 3HaueHHs noTeHUHAaJa BHEUIHETO nolsi B TeX ToYKaX,

rae noMemanTcs 3apaiel +4 u —q.
[MoTeHiyan OXHOPOAHOTO NOJAA yOHIBAeT JHHEHHO B HAnpasaesiid
pektopa E. Ilpuusas 310 HanpaBiaeHHe 33 OCb X (puc. 9.5}, mMOKEO

Vi 4.
I [+ AW
i E @ pe—7

my
8Y

Y

nanucats, uro E=E ,=—d¢/dx. U3 puc. 9.5 BHAHO, YTO Pa3HOCTb
¢+—@- paBHa TNpHPAlleHH0 NOTeHNHasla Ha OTpeske Ax=1 cos a:

(p+—<p_=%%lcosa:——-Elcosa.
[Tonctasus 5T0 3HauenHe B dopmyay (9.13), moayunm, uTO
Wo=—qE!l cos a=—pE cos a. (9.14)
B 310t dopMysie @ ecTb Yroa MexAy BEKTOpaMH p H E, nostoMy ee

MOXHO Hanucarb B BHAE
W,=—pE. (9.15)

3aMeTHM, 4TO 3TO Bblpa)KeHHe HE YYUTHIBAET SHEPITNIO B3aUMOAEICTBIA
3apsiioB -+¢ u —¢q, 06pasylominx INNoJb.
Mu nonyunau ¢opmyay (9.15), cunTad s DPOCTOTH 110J€ OAHO-
poaubiM. Onnako 31a ¢opmyJia cnpaBeilinea H s HEOJHOPOLHOT O 1OJA,
PaccMOTPHM JMNOMb, HAXOAAWNHACA B HEOLHOPOAHOM IGJE, oGna-
NalolleM CHMMETDHell OTHOCHTeJbHO OCH X '}. [TycTh weHTP AMNOJIA

1) YacTuslM CAydaeM TaKOFO Noas sBJIAETCA NOTe TOYEUHOro 3apala, €cin B Kae
ueCTBE OCH X B3AThL NpAMYI0, NMPOXOLsIylo uepe3 3apsal. ‘
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NEeKUT HA 5TOil OCH, NPHUEM 3MEKTPHUECKHH MOMEHT AHNIONSA obpa3syer
¢ OCBIO yToa o, OTAHYREI oT 71/2 (puc. 9.6). B stoM cayuae cHabl, AeH-
CTBYIOILHE HA 3apAJbl AUMOJs, He OAHHAKOBBI O BEJHIHHKE. [TosToMY,
KpoMe BpallaTebHOTO MOMEHTa, Ha JHHOJb Gyper AeHCcTBOBaTb CHa,
CcTpeMsllasics MepeMecTHTh ero B HarpaB/ieHHH OCH %.Uro6b1 MOAYYHTD
sHauenve STOf CHJLI, Bocmoabsyemcs dopmynodt (8.1), cornacHo Ko-
TOpO#
F,——0W,/dx, F,=—0Wyp/0dy, F,=—0W,/02.

B cootBetcteHH ¢ (9.14)
WP (x! Y, Z)=—pE (x! Y 2) COS a

(OpHeHTauMIO AHNOQJS OTHOCHTENBHO BEKTOPA E cuuTaeM HeM3MeHHOMH:
a=const).

Jlas TOueK OcH X NPOH3BoAHEE E MmO y ¥ 2 paBHBl HYJIO. CootBeT-
creenno QW p/0y=0W,/d2=0. Taxum o6pa3oM, OTAHYHA OT HYA:
JWIUb KOMROHenTa cuan F,.. Oxa pasHa

ow oF
F,=——=L=ps cosa. (9.16)

10T pe3yNbTAT MOKHO NOAYYUTh, NPHHAB BO BHHMAHHKeE, [TO Hamp:-
JKeHHOCTD NOJIS B TOUKAX, e MOMelaoTcs 3apsaibl -+¢ H —¢ (cMm.
puc. 9.6), orHuaeTcss Ha BeJUIHHY

(OE/dx)l cos e.. COOTBETCTBEHHO pa3- yh

HOCTh CHJI, JeHCTBYMOUHX Ha 3a- :
paisl, paBHa g(0E/dx)-l cos a, uTO : >
coenagaer ¢ (9.16).

[Tpu a < n/2 onpefessiemas ¢op- /-”F\\

myaofi (9.16) Bernurina Fp MONOXKH- : ———
Te/bHa. DTO 03HayaeT, 4TO IOJ Jed- - ); > 3;
CTBHEM CHJBI AMNONL BTATHBAETCH

B ofsactk 6oJiee CHJBHOTO MOJs Pue. 9.7.

(cm. puc. 9.6). IIpu a>>n/2 xunosb
BHITAJKHBAETCA H3 INOJA.

B cnyuae, H306paxeHHOM Ha pHC. 9.7, 1Ji TOYEK Ha OCH Yy OTJINYHA
OT HyJfl JHIUb NPOU3BOAHASA dE/0y. TostoMy cuJa, ReficTByoas Ha
IANOJb, ONpeje/sieTcs KOMIOHEHTOH

F oW p oF i
y-———g—-—pay (COSG—— ).

Ipoussornasa dE/Jy oTpuuaTenbHa. CnezoBaTenbHo, CHJAa HMEET Ha-
npapJeHue, MOKa3aHHOe HA PHCYHKE. Taxum o6pa3om, H B 3TOM caydae
1HOAb BTATHBAETCA B MOJE.

" OrtvernM, 4TO TOAOGHO ToMy, Kak —OW,/0x Jaer MpOeKiuvio Ha
oCb ¥ CHJH, AelcTBYIONIell Ha cHCTeMy, NPOH3BOAHAA OT BHPAXKCHHA

2 1. B. Cargentver, 7. 3
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(9.14) no «a, B3fiTafg c o6paTHLIM 3HAKOM, JaeT NMPOEKIUI0 BpalulaTesb-
HOrO MOMeHTa Ha «ocb» a: N,=—pE sina. 3HaK MHHYC NOJYy4HJCS
[OTOMY, YTO «OCb» 0 H MOMEHT N HMEIOT NPOTHBOMOJOMKHLIE HalpaBsJe-

Husl (cM. puc. 9.4).

§ 10. Mone cucTemMp! 3apAA0B HA GOJMLLIMX PacCTOAHMAX

Boabmem cucremy N 3apsioB ¢, Gz, « « -, §x, Pa3MelleHHBIX B 00be-
Me ¢ JIMHeHHBIMY pa3MepaMH NOpAfiKa [, M HccleayeM MoJe, co3faBae-
MO€ 3TOH CHCTeMOl Ha PacCTOSTHHAX 7, GONMBUINX MO CPaBHEHHMIO ¢ L (r>>]).
BriGepeM Hauano KoopauHaT O BHYTPH o6bemMa, 3aHHMAeMOTo CHCTEMOH,
H onpejesiuM MOJNOXKEHHS 3apaJoB ¢ IOMOLLBIO PajHMyCOB-BEKTOPOB T
(puc. 10.1; uTo6B He 3arpoMoXjiaTh
PHCYHOK, MBI TOKa3aJH TOJBKO pajiuyc-
a——_ - BEKTOp i-ro 3apsia).
' TloTeHnnan B TO4YKe, onpenensiemofi

{'oy’ paauycoM-BEKTOPOM T, paBeH

: 0 N

L 1 q;

th {

0 ; Q(r)= — (10.1)
i‘\‘-oﬁ'” A 4::30; [r—r;]

1 -

e z BcrencTeue MaslocTH r; 10 CpaBHEHHIO

¢ 7 MOXKHO INOJICIKHTL, UTO

Puc. 10.1
Ir—r;l=r—r;e,=r (1—r;e,/r)

(cp. ¢ (9.1)). Iloacranoeka storo Beipaxenua B ¢opmyay (10.1) naer

N
_ | 'qt' |
® ()= Gag, &4 T=rierir * (10.2
Bocnoas3oBaBmrch GopMyaoi
1
1—x

~|1+x,

cripaBeAnHBO# MpH x¥<<1, npeoGpasyem Beipaxkenue (10.2) caeayiownm
o0pasom:

N
00 =g 2 2 (14557) = &%t g Bamdes . o

o r J 7 4dme, r 4ne, re

[Meppoiit uleH MONMYUEHHOrO BHIPAXKEHHS NPEACTAaBJSET CcOBOH MOTeH-
LHaJsl MoJs TOYEYHOro 3apsiia BeJHYHHB =Yg, {cp. c. (6.7)). Bropoi
YJleH HMeeT TaKOM JKe BHJ, KaK BHIpaxkeHHe, ONpeAesIolee IOTeHIHA
NoJIfAA AHUMOJS, NPHYEM POJb 3JEKTPHYECKOTO MOMEHTA JAHIONS Hrpaer
BeJIHYHHA

N
p= 2 9ifs. (10.4)
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Dra BeJIUYUHA HA3LBAeTCA A U OJNbHBIM 3NEeKTPHUECCKHM
MOMEHTOM CHCTEMBI 3apsijloB. JIerkKo NPOBEPHTb, YTO B CJyuae
JIHHDIJIH dopmydaa (10.4) mepeXoAuT B yXe 3HAKOMOE HaM BhEIpaXKeHHe:
p=4l.

Ecan cymMapHEI# 3apsj, CHCTEMBI PaBeH HYJIO0 (> q;=0), 3navenne
JANOABHOTO MOMEHTA He 3aBHCHT OT Bhifopa Hauasla KoopAnHaT. YUto6bt
yGEAMThCS. B 3TOM, BO3bMEM JBa NPOH3BOJMBHBIX Hayasla koopaunar O
H O (puc. 10.2). Mexay paanycamM-BeKTOpami [-TO 3apsjia, NPOBE-
JIEHHBIMH H3 3THX TOYeK, HMeeTcs COOTHOIUCHHE

(ato Takoe BerTop b, sicHo W3 pucynka). C yuerom (10.5) AnnosnbHbEIA
MOMEHT B cucreme ¢ HayajoM O’ paseH

p’=2q;ri=2q5(b+rf)=bqu+24:r:-

TNeproe caiaraemoe paBHO HYJIO (TaK Kak Yq,=0), BTOpoe npeacrabis-
eT co60il p — AWNOJBHBIA MOMEHT B cCHCTéMe KOODJAHHAT C HavaJdoM
B Touke Q. TakuMm 06pasoM, Mbl MOJNIYYHJH, YTO P'=p.

-i-g -
-t s A A
Grmmmmm 2 gF—
b P
i ] Zy % 1 !
: ! | Fhemr At
rmmmmed [,

Prc. 10.2. Pue. 10.3.

Bripaxenne (10.3) no cyliecTsy NpeicTaBisier cOGOH nepphie YNeHk!
aznoxennsi ¢pyukuuu (10.1) B paf mo cTeneHAM BeJIHYHH r,/r. Ecau
g;70, OCHOBHOH BKJIaJ, B MOTEHUHAN BHOCHT nepBHl uJjeH dqop-

myast (10.3) (BTOpoit useH yGuisaeT Kak 1/72 u moTOMy MHOTO MeHbILE
nepeoro). JlJs 3JeKTpHUeCKH HeHTPaIbHOM cucteMs! ( Y g;=0) nepsuiii
ysleH paBeH HYJIo, H MOTeHUUAaJ Onpeflessiercss B OCHOBHOM BTOPbLIM Uije-
nom dopmydtel (10.3). Tak, B 4acTHOCTH, OGCTOMT AEJO B CJayuae HoJd
AMMOJIA .

It n3oGpaxennoit Ha puc. 10.3, @ cHCTeMEI 3apsiloB, HA3LIBABMOH
KBaApPymnoJeM, # g, Hp PaBHbl HYJO, TAK 4TO QOPMyI1a (10.3)
JaeT HyJeBoe 3HaueHWe NOoTeHuHanta. B JeACTBHTENLHOCTH Xe noJje
KBaZpynoJs XOoTs H MHOro ciaGee, 4eM [oJjie JHIOJA (C TaKUMH Xe g
u ), Ho oTyinyHO oT Hysd. [loTeHunan nojs, cosAaBaeMoro Kpaapyno-
neM, onpejeJsercs B OCHOBHOM TPETBHM WJIEHOM pasJoxkeHHs, KOTOPbIH
npornopiHoHaen 1/r3, Jlnst noayvyeHHs 3TOTO 4/ieHa HYXHO YUecTb
BEIMUHHLL TopsifKa (r;/r)?, KOTOpHIMM MBI MpeHeOperain npy BEIBOAC
dopmyant (10.3). Ina nokasanHo# Ha puc. 10.3, 6 cucTeMnl 3apsioB,

2%
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Ha3blBaeMOH O K TY 11 O Jl € M, paBeH Hy/i0 H TPETHH 4jeH passoxe-
Husi. TToTeHIHAJ NOMS TAKOH CHCTEMBI Ol PefeiseTcsl YeTBEPThIM U/IeHOM
pasjioXKeHHsi, KOTODBIH NPONOpUHOHAJeH L/rt.

OtMeTHM, YTO CTOSMAS B YHCAHTE/e nepsoro ujlena opmyast (10.3)
BeJiMyHHa, paBHas »¢,, Ha3biBaeTci MOHOMNMOJEM HIH MY Jb-
THNOJEM HYJAEBOTO NOPpSJAKa, JHIOAL Ha3bBaeTcHd
MYyAbTHNOJNEM MNE€PBOro nopajaka, KBalpynoib—
MYyAbTHINOJNEM BTOpPOro mopsajfkKa H T. A

Mrak, B obiilem cnyuyae noJie CHCTEMEl 3apAA0B Ha GOJIbIIMX paccTosi-
HHAX MOXHO NPEACTaBUTH KaK HaNoXKeHHe noJiei, co3/1aBaeMbiX MYJib-
TUNIOJASIMH Pa3HBIX TOPSAKOB — MOHOTNOJIEM, JAHIOJEM, KBaApyNoJeM,
OKTynojieM U T. K.

§ 11. Onucande CBOMCTB BEKTOPHBLIX MOJIEH

Yro6el MPOABUHYTHCA JAajiblle B M3YUYEHHH SJEKTPHYECKOro MoJs,
HeOOXOAMMO O3HAKOMHTBCS C MaTeMaTHYeCKHM annaparoM, NpHMeHse-
MBIM IJISI OMUCAHWS CBOWCTB BEKTOPHBLIX mnoJsiell. ITOT annapar Hasbl-
BaeTcsi BEKTOPHB M aHaaH3oM. B panHom naparpage MH
pPacCMOTPHM OCHOBHBIE MOHSATHSI M HEKOTOpble (OPMYJBl BEKTODHOIQ
aHaJM3a, a TAKKe JJOKaxeM JBe I'VIaBHbie TeOpeMBl BEKTOPHOr0 aHaln3a:
treopemy Octporpajckoro — I'aycca u Teopemy Croxca.

Hau6onpuyio HarasaHOCTb BeAMYHMHBI, HCNOJb3yeMble B BEKTOPHOM
aHaJjli3e, HMEIOT B clyuae NoJs BEeKTopa CKOPOCTH TEKYLILEH XHAKOCTH.
IosroMy Mbi GyJieM BBOANTD STH BeJIMYKHEI, PacCMaTPHBAs TEUEHHE HIe-
a/lbHOII HECXKUMAEMOM MXHUIKOCTH, & 3aTeM pPacnpoCcTPaHATb MNOJYy4YeH-
Hble pesyJbTaThl Ha BEKTOPHbIE NOJS JIOO00H NPHPOAHL.

C OJIHMM H3 NOHATHIl BEKTOPHOrO aHANH3a MBI yiKe 3HaKOMbL. IT0 —
rpajgueHT, HCIOOMb3yeMbIH JJIST XapaKTePHCTHKH CKAaJAPHBLIX TIO-
Jefi. Ecav Kaxpoi Touke P ¢ KOOpAWHATaMH X, Y, 2 cONOCTaBasiercs
3HayeHue CKaJsApHOH BeJHYMHH @=¢ (X, I, 2), TOBOPAT, YTO 3a/laHO
cKaJiipHOe noJe ¢. [pajHeHTOM BeJIMYUHBL ¢ HA3BEIBAETCS BEKTOP

0 i, 0
grad(p=3%ex+-£ey+a—fez. (11.1)

ITpupainenne GyHKIUHH ¢ NPH CMellleHUH Ha oTpe3ok dl=e,dx-
+-e,dy+e,dz paBHO
_% 99 4y 1. 99
dp = o dx -+ 7 dy 4 T dz,
4TO MOXKHO MpeACTaBUTb B BHJEC |
dp = Vo -dl. (11.2)

Tenepp nepeiiieM K YCTAaHOBJIEHHMIO XaPAKTEPHCTUK BEKTOPHBIX
noJiei.
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Motok BekTopa. [IycThb TeueHHe KMAKOCTH OXapaKTepH30BaHO NO-
JeM BeKTopa cKopocTH. O6BeM KMIAKOCTH, NPOTEKAIOMeH B eNUHHIlY
BpPEeMeHH yepe3 HeKoTOpyio BOOOpaxaeMyto NOBEPXHOCTh S, naseiBaetrca
IOTOKOM JXHAKOCTH €epe3 3Ty noBepXHocTb. Urolbl HAHTH NOTOK, paso-
6beM TOBEPXHOCTb Ha 3JJIeMeHTapHble YHYacTKH BEJIHYHHb AS. I3
puc. 11.1 Buano, uro 3a epems At uepe3 ysacTok AS npoiiter 06BCM
XI1JKOCTH, PaBHBbIil

AV =AS cos a-v AL

Pa3nenus aToT ofbeM Ha NPOMEXYTOK BpemeHH Af, HaillleM NOTOK 4epes
nopepxHocTb AS:

AD=AV/A{=AS v cos a.

[Mepefins X AuddepeHnHanaM, MOMyuHM, UTO
dD=v cos a-dS. (11.3)

dopmyay (11.3) MoXHO Hamnucath eme AByMd cnocob6ami. Bo-inepsbix,
ec/id Y4ecThb, YTO ¥ COS O JaeT NPOEKUHI0 BEeKTOpa CKOPOCTH HA HOP-

MaJb N K miomajake dS, Moxuo npeiacrasuts (11.3) \
B BHJE \
\ L
dD=v, dS. (11.4) A S n
Bo-BTOPHIX, MOXKHQ BBECTH BeKTOp dS, MOAYJb KOTO- el |
poro papeH BeJIHuMHe IJowaiky 4dS, a HanpasjeHHe
coBMajfaeT ¢ HampasJeHHeM HOPMalH K MJOWAalKe fi: ' AN
1At !
dS=dS-n. ISLCLEAN
Puc. 11.1.

[TockoAbKY BLIGOp HAaNpaBJIeHHS BEKTOPa N yCJOBEH
(ero MOXKHO HanpaBUTb KaK B OJHY CTOPOHY OT IJIO-
jMagkH, Tak 4 B JApyryw), dS sABasgercs He HCTHHHBIM BEKTODOM, a
MCeBAOBEKTOPOM. ¥YToJa a B dopmyJie (11.3) ecTh yron Mexjay BeKTopa-
MH v U dS. ChefoBatenbHo, 3Ty OPMyJy MOXHO HaNHcarTb B BIJE

dD=v ds. (11.5)

TIpocyMMHPOBAB TOTOKH 4Yepe3 Bce 3JIeMeHTapHble MMOIAAKH, Ha
KOTOpbie Mbl Pa3GHIH NOBEPXHOCTb S, NOJAYYHM MOTOK KHAKOCTH
yepes S:

@,={vas={v,4s. (11.6)
S S

Ananoruunoe BHIpaxKeHlie, HanHCaHHOE /sl TPOH3IBOJbLHOTO BEKTOPHOIO
noJsa a, T. €. B&JH4YHHA

®,={ads={a,ds, (11.7)
S S
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HasppaeTcs MOTOKOM BekKTOpa a vYepes NOoOBeEp X
HocTb S. B cooTBercTBMu ¢ 5THM ONpefe/IeHHEM TMOTOK MHAKOCTH
MOJKEeT OLITh HAa3BaH MOTOKOM BEKTOpa Vv uepe3 COOTBETCTBYIOULYIO IIO-
pepxHocThk (cm. (11.0)).

[ToToKk Bektopa ecTb anre6pauyeckas BelUYHHA, NPHYEM 3HAK €70
32BHCUT OT Bhi6Opa HanpasJjeHus HOPMasd K 3/€MEHTAapHLIM IIOLLAA-
KaM, Ha KOTopble pasbuBaercsd NOBEPXHOCTD S npH BbIUHCAEHUH NOTOKA.
Mamenenue HampaBjieHUs] HOPMAJH Ha NPOTHBONOJIOKHOE H3MCHAET
3HAK Y Q,, 4 CAENOBATENBHO, U 3HAK BEJTHYHHDL (11.7). B cnyyae 3amk-
HYTBIX [OBEPXHOCTEH NPHHATO BHIYUCIATL IOTOK, «BBITEKAloL Uy H3
OXBATHIBAEMOfi TIOBEPXHOCTbIO 06sacTh Hapyky. COOTBETCTBEHHO B Ka-
qecTse N B JAafdbHelimeM GyAeT BCeria NMoApasyMeBaTbcs oOpallleHHast
Hapyxy (T. e. BHeUHsiA) HOpMalb.

[loToxy BexTopa MOXKHO JaTh HArJIAJHYIO IEOMETPHUECKYI0 HHTCD-
nperainmio. Jlas 3700 NPeACTaBUM BEKTOPHOE I0JE cucTeMOH JIHHUMA a,
IOCTPOEHHBIX TaK, YTOObI I'yCTOTa JUHHH B KaXJAOM MecTe Oblaa 4Hc-
JIHHO PaBHA MOJAYJIO BEKTOPA a B TOH e TOYKe noJd (cp. ¢ mpaBuJoM
nocTpocHusl JMHHHEA Bektopa E, M3JI0KEHHBIM B KOHIE § 5). Haiinem
yucsio AN nepeceuenyit JHHUH 11044 C BooGpaxaemoil njomaakoi AS.
M3 puc. 11.2 BuAHO, YTO 3TO YHCJO PABHO IYyCTOTEC JUHUB (T. e. a),
ymHoxento#t Ha AS=AS cos a:

AN (=) a AS cos a=a,AS.

Peup wjieT JHLIB 0 GKca0BOM paBeHcTse Mexiy AN u a,AS. Ilostomy
34aK paBEHCTBA 3aKJW4eH B CKOOKH. Coraacuo (11.7) BuipaxkeHue
a, AS npeAacTaBnaeT coboli AD,— noToK BeKTOpa a yepe3 NJIOWBIAKY
AS. Taxkum oOpasoM,

AN (=) AD,. (11.8)

Tlnst Toro 4To6H 3Hak AN cosnan co sHakom A®,, HYXKHO nepece-
yeHds, TPH KOTOPBIX YrOJl ¢ MEXAY IOJIOXKHTEbHbIM HANpaBJIEHHEM
JMHHMH TO0JIST ¥ HCPMaJbio K IJIOLANKE SIBJISeTCA OCTPhIM, CYHTATh NO-
JOKHTENbHBIMH. B caydae e, €CiH YTodl o TYNOH, NepeceyeHHe HYHKHO
CUHTATh OTpHUATeNbHbiM. [lnsi usoGpaxennoi na puc. 11.2 naomanku
Bce TPH MepeceyeHHsl SIBAAIOTCS TONOKHTEJIbHBIMH! AN=-+3 (AQ, B
5TOM CJydae TaKk¥Ke IMOJOXHUTEeNeH, NOCKOAbKY a,>0). Ecau Hanpas-
Jedue HopManu Ha puc. 11.2 uaMenntb Ha oOpaTHOe, NepecedeHus cra-
HyT oTpHUaTeablibiMH (AN=-—3), norok AD, Taxxe O6yner oTpHLLA-
TeJbHBIM.

[TpocymmupoBas Buipakenne (11.8) mo KOHEUHOH BooOpaxaeMon
MOBEPXHOCTH S, I0JYy4YHM COOTHOLIEHHE

@, (=) JAN=N,—N_, (11.9)
rie nox N, nmoapasyMeBaeTcs NOJHOE YHCJIO MOJIONKHTENBHBIX MMepece-
yeHu i JINHII NoJs ¢ MOBEpXHOCTHIO S, a Mox N_- — MOJIHOE YUCAOo OT-

DIIATENbHBIX TTepecedeHitil.
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MoKeT BbI3BaTh HeJOyMeHHe TO OOCTOATENBbCTBO, UTO, IOCKOJLKY
NOTOK, KaK MPaBHJIO, BhIPAXKAeTCA HEUEJBIM HHCJIOM, COMNOCTaBJsieMoe
OTOKY YHMCIO Nepeceuenuil JHHAI NOMs C NOBEPXHOCThIO TaKxke OyAeT
neuedsiM. OJHAKO CMYIIATbcA 3THM He caeayer. JIMHMA moAs npen-
CTABASIIOT COBOM YMCTO YCJIOBHBIL 00pa3s, HHKAKOro (PH3HYECKOro CMbl-
ca OHW He HMEIOT.

]
0
l —- 1
| a5/ .
f S >
|
r > a — —
- n ==
S I :—“—",
D(ASfAScnsw |~
Purc. 11.2. Puc. 11.3.

BoabMeM BOOGpaKaeMylo ITOBEPXHOCTh B BHAE NOJIOCKH Oymari,
HHKHSA 43CTh KOTOPOH 3aKPyueHa OTHOCUTENALHO BEPXHEH Ha yroa f
(puc. 11.3). BuiGop HampapJeHHsi HOPMajH JJisi BCEH MNOBEPXHOCTH
NOMKEH GbITh CAeNaH OAHHAKOBLIM 06pasoM. [TosToMy, ecin B BEpXHeH
4acTH TMOJOCKH NOJOXHTENbHYI0 HOPMAaJldb HanpasWuTh BIpPaBO, TO B
HUOKHEH uacTH HOpMalb 6yaer HanpasJsieHa BaeBo. COOTBETCTBEHHO Ile-
peceuenusl uzobpaxkeHHbIX Ha puc. 11.3 munni noas ¢ BEPXHEH 10J0-
BUHON TOBEPXHOCTH HYKHO CYHTATh MOJOKHMTENBHBIMH, @ C HIXKHEH
NOJOBHHONH — OTPHLATENbHBIMH.

Jast 3aMKHYTO#H nosepxHocTH (puc. 11.4) MONOXKHUTENLHOH CUMTa-
eTcsi BHeINHAs HopMaab. IlosTomMy mnepeceueHysi, COOTBETCTBYIOIUHE
BLIXOJLY JIMHHEA HAPYXy (B 3TOM cJiyyae yroJa ¢ OCTPHIil), HYXHO 6partb
cO 3HAKOM TIJIIOC, 4 epeceyeHHsi, BO3HUKAIOLLHe [IPH BXOJ€e IMHIH BHYTPb
(B 3TOM cayyae yroa o Tynoil), Haao 6parh CO 3HAKOM MHHYC.

W3 puc. 11.4 BUAHO, YTO B cAyyae, KOra JHHHH NOJIST NIPOXOAAT
BHYTPH 3aMKHYTOH NOBEPXHOCTH HENMpPEPLIBHO, Kaxjas JMUHHS, nepe-
cexkasl NOBEPXHOCTb, BXOAUT BHYTPb M BbIXOAWUT HAPYXy OJHHAKOBOE
yycao pa3. B ntore noToK cOOTBETCTBYIOLIErO BEKTOPA YEpes 3Ty NnobBepX-
HOCTh OKa3biBaeTcsl PaBHBIM HyMo. JIerko coo6pasHTh, YTO B Ciyyae,
ecil JUHHH noasi oOpbIBAlOTCS BHYTPHM TMOBEPXHOCTH, TOTOK BEKTOpA
yepe3 3aMKHYTYIO NOBEPXHOCTb OYNET UHC/IEHHO PaBeH PasHOCTH HHCA
JHENH, HayHHAOWMXCS BHYTPH TOBEPXHOCTH (N,,,), ¥ UHCHA JHHHH,
OKaHUHBAIOWHUXCA BHYTPH NOBEPXHOCTH (Noya,l):

(Da(:) Nuaq_Noxanq' (“10)

3pak NOTOKA 3aBHCHT OT TOro, KaKoe W3 3THX uHcesa GoJbllie. Ilpu
N, 2u=N, yapn NOTOK DaBEH HYJIIO.
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Nuseprennua. [lycTh HaM JaHO Mose BEKTOPA CKOPOCTH HECXKHMA-
eMoil Hepa3phIBHON KHAKOCTH. Bo3bMeM B OKPeCTHOCTH TOUKH P BOOG-
pamaeMyl0 SaMKHYTYIO TOBepXHOCTb S (pHc. 11.5). Eciu B ofibeMe
V', orpanHueHHOM NOBEPXHOCTBIO, KHAKOCTb HE BO3HHWKAET H HE HCUE-
34€T, TO MOTOK, BHITEKAIOUIU HapyXy uepes NoBepXHocTs, GyIer, ode-
pifiHo, paBeH Hymwo. Orangue notoka xuukoctd @, oT myns 6Gyrer
YKa3bBaTh Ha TO, YTO BHYTPH NOBEPXHOCTH HMEIOTCA HCTOY H M K M
UMH CTOK U IKHAKOCTH, T. €. TOUKH, B KOTOPBIX KHIKOCTb NOCTynaer
B O0beM (HCTOYHHKH) nu00 yaansercs u3 obbema (ctokH). Bennuuna

Puc. 11.4. Puc. {1[.5.

noTOKa ONpefesserT CyMMapHyto aareGpaHyeckyio MOMHOCTH HCTOHHH-

0B H cTokoB 1). [Ipy mnpeobnaganud HCTOYHHKOB Hajl CTOKaMH TMOTOX

GyleT NOJOXKHTEIbHBIM, NPU Npeab/1ananuy CTOKOB — OTPHUATEBHBIM.
Otuonrenune notoka @, K o6bemy V, U3 KOTOPOrO OH BBITCKALT:

o,/V, (11.11)

[AET CPEAHIOn YAEIbHYI0 MOLLHOCTE HCTOYHUKOB, 3aKJIIOUCHHbIX B ob6be-
me V. B npenpene npu crpemyiendd V K HyJIO, T. €. NpH CTATHBAHHM
ofbema V x Touke P, soipaxenue (11.11) xacT yJeabHyo MOIHOCTb HC-
TOYHHKOB B TOUKe P, KOTOPYI0 HasblBaloT JAMBepreHuned
(W1 p ac X 0 XK & € H K € M) BekTopa v (ofo3uaqacres div v). Hrak
divv = lim % .
V-0

AHajnorHyHo onpejensiercs AHBepreHuMus JaioGoro BEeKTOpa a:

diva=vli_rbn09l;—“=vli_rflo%§ads. (11.12)

Hurerpan Gepercs no MPOH3BONBLHOA 3aMKHYTOH NOBEPXHOCTH S, oKpy-
*aroteli Touky P 2); V — obbeM, orpaHuueHHsIA 5TOH MOBEPXHOCTHIO.

1) TTox MOILHOCTBIO HMCTOYHHKA (cToka) MOHHMaeTcA OOBEM KHIKOCTH, Bblaense-
muit (norsowaeMpfi) B efHLy BpeMeHM. CTOK MOXKHO pacCMaTpHBATb KAK HCTOYHHK

C. OTPHUATENbHOH MOLLHOCTDIO.
?) KpyKOK y 3HaKa MHTErpaja YKa3nBaeT Ha TO, YTO HHTErpHpoBanie npou3.

BOAMTCA MO 3aMKHYTOH NOBEPXHOCTH.
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[MockoAbKY cOBepiuaercss mepexon V—>P, npH KOTOpoM S cTpeMHTCH
K HYJIO0, MOXKHO PE/lNosaraTh, 4TO BhipaxeHne (11.12) He moxKeT 3aBH-
ceTb OT ¢OPMEl TOBEPXHOCTH. ITO NPEANOJNOXKEHHE NOATBEPHKAACTCS
CTPOTHM P acyeToM.

Oxpyxum Touky P cdepryeckofi noBepXHOCTHIO KpaHHe Manoro
panunyca r (puc. 11.6). Beruny manoctu 7 o6beM V, orpaHHueHHBIH cde-
poil, Takxe GyAeT BecbMa Mal. [Toatomy ¢ GONBILIOH CTENEHBIO TOYHO-
OTU MOXKHO GYHTATh, uTo 3Hauenue diva B npefenax oowveMa V sp/seTcA

Y-

d)
Puc. 11.6.

1,0CTOSIHHEIM }). B 3TOM cAyuae MOXKHO B COOTBETCTBHH C (11.12) ma-
IIHCATb, 4YTO

DO, ~ diva.V,

rne O, — NOTOK BEKTOPa a uepe3 NOBePXHOCThb, OTPAHUIHBAIOILY IO 00BeM
V. Cornacuo (11.10) @, pasen N,,, — YHCAY JHHUA @, HAYHHAIOWMHXCA
puyTpu V, ecan div a B Touke P noJIOXKHTENbHA, HIH N jyaya — HHCY
NHHMA a, OKaHYHMBAawouuxcsa BHYTpH V, ecnu div a B Touxke P orpuua-
TeNbHA.

W3 cKa3aHHOrO BbiTEKaeT, 4To B OJiHKaflIeH OKPecTHOCTH TOYKH C
[OJOKUTENLHON JHBepreHuueil HauyMHAOTCH JIHHHH BEKTOpa a. N3
3TOfl TOUKH «PACXOAATCS» JHHHH DOJA; 3Ta TOUKA SIBASETCA ¢HCTOUHH-
koM» noas (puc. 11.6, @). B OKPeCTHOCTH K€ TOYKH C OTpHIATeNbHOMI
[UBepreHuyell 3aKaHYMBalOTCH JIHHUM BEKTOPA a. K 3Tol TOYKe «CXO-
JSTCA» JIMHUH TIOJ; 9Ta TOUKA fBJACTCA «CTOKOM» IOJS (puc. 11.6, 6).
Yem Goabiie aGconoTHoe 3Hauenue div a, TeM GoJibILEe YHCA0 JHHHH
HAYMHAETCS HMJIM 3aKAHUMBAETCS B OKPECTHOCTH HAHHOH TOUKH.

Us onpenenenus (11.12) caepyer, 410 IMBEPreHLUHA CTb CKalAPHAA
QYHKIHA KOODAMHAT, OMpelessioHX TNONOKCHHA TOUEK B npocTpaH-
cTBe (KpaTko — QYHKIMA Touku). OnpepeseHue (11.12) sBagercsa ca-
MbIM OOL(MM, He 3aBUCHAIGHM OT BHAA KOOPJAMHATHOA CHCTEMBI.

Haiigem BHpaxeHHe A1 AVBEPreHiuH B JACKapTOBOH CHCTEME KoOp-
Avnat. PacCMOTPHM B OKPECTHOCTH TOYKH P (x, y, 2) manbii 00beM B BHE

1) Ipexnonaraercs, 9To 3navente div a H3MeHsercd NP Nepexolie of oxHofM To4-
Ki 047 K ApYyrofl HempepuBHO, Ge3 CKauKoB.
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napajnenenunena ¢ pe6pamu, NEPHEHAHKYISAPHBIMH K KOOPAHHATHLIM
ocam (puc. 11.7). IloTok BexkTOpa 4Yepe3 NOBEPXHOCTb MNapalJieseny-
nejga o6pasyercs U3 NMOTOKOB, TEKYLIHX Yepe3 Kax Ayl H3 LIECTH TpaHen
B OTAEJbHOCTH.

Haiizem notox uepe3 napy rpaHei, NepneHAHKYJAAPHbBIX K OCH X
(na puc. 11.7 3TH rpaHu 0603HAUEHBI KOCOH WITPHXOBKOH H NMOMEYEHBI

2 Ay nuagpavd I v 2). Buemngasa Hopmanb n,
~ <> n, K I'paHd 2 coBmajaer ¢ HanpableHHEM
ocu x. CrnefoBaTe/bHO, AJS TOUEK 3TOH
IpaHd q, = a,. BHemHfs Hopmalb ny

A
Y U4
Az //p / K rpami ! umeer HanpaBpaenue, npo-
2 -

THBOTOJIOXKHOE ocH x. [loaTtomy nasa To-
A yeK 3TOH IpanH q, =—a,. [10ToK uepe3
n, rpaHb 2 MOXHO 3anHCaTh B BHJE

Q.2 Ay Az,

Y

TIE ., — 3HAUEHUE a,, YCPeJAHEHHOE MO
Puc. 11.7. rpaun 2. ITotok uepe3 rpanp ! pasen

—a Ay Az,

TIe (., — CPefHee 3HAUEHHe a, AJaA rpaHH /. CyMMapHbId NOTOK yepes
rpaHd 1 U 2 onpejessieTcsl BbhipaKeHHeM

(ax2—ax)Ay Az, (11.13)

PasHOCTb Q,.—a,; NpeicTaBasier coGoi npupaleHne CpenHero
(10 rpaHM) 3Ha4YeHHS @, NPH CMEIEHHH BAOJb OCH x¥ Ha Ax. BBuny
M2JOCTH NapaJjnesenunefa (HanoMHHM, 4TO Mbl GyIeM ero pasmephl
CTPEMHTh K HYJK0) 3TO NPUPAUIEHHE MOXKHO TIPEACTABHTE B BUJE
(0a,/0x)Ax, Tae 3HaueHHe da,/dx Geperca B Touke P ?). Torpa (11.13)
nepexoiuT B

da, __dayg
S AxAyAz =224V,

ITyTeM aHAJOTHUHBLIX PACCYKAEHHH MOXHO NOMYYHTb ANA NOTOKOB Ye-
pes mnapbl rpaHed, NEPNEHAUKYASPHBIX K OCAIM § U 2, BbIpaKeHHd

da,

d
—a@AV 5| —AV
Y

Takum o6pa3om, MOJNHBIE NOTOK Yepe3 BCIO 3aMKHYTYIO NIOBEPXHOCTb
ONpeJENsIETCS  BHIPAXKEHHEM

@, (‘3;"-} ay+ )AV

1) HerouHOCTb, KOTOPYIO MEI TDH STOM JIONYCK8EM, WCHE3aeT NMpPH CTATMBAHUM
ofveMa K TOYKe P, OCYIECTRIAEMOM TIpH NPefesibHOM Nepexoje.
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Pasjle/iuB 3TO Bhlpa:KeHue Ha AV, HanjeM JWBEPreHUMIO BEKTOpA a
B Touke P(x, ¥y, 2):

. da da, . da
Vv — X F . .
diva ax+6y+az (11.14)
Teopema Octporpaackore — Taycea. 3uas fUBepreHIHio BeKTopa a
B KAMKIOfl TOYKE NPOCTPAHCTBA, MOIKHO BBIYHC/IHTH [IOTOK 3TONO BEKTOPA
yepes JIOGYI0 3aMKHYTYIO TOBEPXHOCTb KOHEHHBIX pa3mepoB. Cjresiaem

570 CHaya/a s NMOTOKa BEKTopa V (II0TOKa sxkunkoctH). [Iponssenenune
div v Ha dV nxaerT MOLLHOCTH HCTOYHMKOB KHJKOCTH, 3aKJHOUEHHbIX

B o6beme dV. Cymma TaKHX NPOH3BEJCHHH, T. €. S div v-dV, naer cywm-

MapHYIo ajire6panyecKyto MOIHOCTE HCTOUHHKOB, 3aKJIOYEHHBIX B 00be-
me V, 10 KOTOpPOMY OCYILECTBJIAETCH WHTErPHPOBAHHE. Bcaencrsue
HEC)KHMAEMOCTH JKMAKOCTH CyMMapHasd MOLHOCTb MCTOHHHKOB JOJIAHA
DABHATbCS MOTOKY MKH/KOCTH, BBITEKAIOUIEMY HAPYKY yepes noBepx-
HOCTb S, OrpaHMYMBAIOILYI0 O0BEM V. Takum oOpa3oM, Mbl IPHXOAHM
K COOTHOLLEHHIO

Fvas = divvay.

S 14

AHAJIOTHYHOE COOTHOLIEHHE BBIMOJIHAETCS [/l BEKTOPHOIO MOJA 060
IPHPOALL:

$aas = divadv. (11.15)
S 1 4

10 COOTHOILEHHE HOCHT Ha3BaHUe T e O p e M bl Octrporpaa-
ckoro—TIaycca. Hurerpaa B sieBoit 9aCTH COOTHOMIEHH A BRITH-
cIfeTcsl N0 TPOH3BOJBHOA 3aMKHYTOH [IOBEPXHOCTH S, uHTErpan
B MPaBoil YacTH — N0 00BeMy V, orpaHUYEHHOMY 3TOH MOBEPXHOCTHIO.

Lupxyasuusi. O6patumcsl CHOBA K TEHEHHIO HieanbHOH HECKHMA-
emoil JKUAKOCTH. IIpeacTaBHM cebe 3aMKHYTYHO JIMHHI) — KOHTYP L.
[TpeAnoNOXHM, YTO KaKHM-TO crnocofoM MBI 3aMOPO3MM MTHOBEHHO
KUIKOCTh BO BCeM ofbeMe, 33 HCKJIOYEHHEM OYeHb TOHKOTO 3aMKHY-
TOrO KanaJja NOCTOAHHOIO CedyeHHs, BKJKYAIOLEro B ce6a xkouryp I
(puc. 11.8). B 3aBuCHMOCTH OT XapaKTtepa IOJA BEKTOPA CKOPOCTH
AKHUIKOCTL B 00pa30BaBIIEMCH KaHAJIE OKdXKETCH Ju60 HENoABHKIIOH,
nu6o GyAeT ABHrATbCS BAOJb KOHTYDA (LMPKYJIUPOBATE) B OJHOM H3
ABYX BO3MOXKHBIX HarpasjieHuid. B KayecTse Mephbl STOro IABHKEHH
5O3bMeM BEJIMUYHHY, PABHYKO MPOU3BELEHHIO CKOPOCTH KHMAKOCTH B Kd-
HaJje Ha AJHHY KOHTypa [. DTy Be/M4YuHy Ha3BalH ILH P K yassuMuen
pektopa v no Kourypy [I'. Mrak,

wupkyaanus v no I'=1uvl

(DOCKO/IbKY KaHaJd N0 MPEANCJOKEHHIO HMEET [IOCTOSIHHOE CEYeHHe,
MOAY/AB CKOPOCTH v=const).
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B MOMeHT 3aTBep/eBaHUfA CTEHOK Y KaXKJOH M3 YacTUl, XKHIKOCTH
B KaHaje GyjleT MOralieHa COCTaBAAIOLLAsi CKOPOCTH, NepneHanKyaap-
HAaf K CTEHKe, W OCTAHETCH JHIUb COCTaBJASIONIAss CKOPOCTH, KacaTelb-
Hafl K KOHTYpY, T.e. v;. C 3TOH cocrapjsiomedl CBA3aH MMMNYJbC dap;,
MOAYJb KOTOPOro /IS 9YAaCTHIBI XKHIKOCTH, 3aKJMICUYEHHOH B OTpe3ke
KaHaja AJUHBL dl, WMeeT BeJNUHHY pov; dl (P — MJIOTHOCTb XKHAKOCTH,
¢ — MJOWAAbL MNONePedHoro CeYeHHA KaHana).
Tak Kak XHAKOCTh HleasnbHa, JAEHCTBHE CTEHOK
MOXET H3MEHHTb JHIIL HanpamJeHHE BEKTOpa
dp;, HO He ero BeJHUMHY. B3aHMojelicTBHE MeX-
JIY 4acTHIIAMH XKUAKOCTH BBISOBET TAKOE Nepepac-
npejeseHHe HMIYJbca MeXJy HHMH, KOTOpoe
BLIPOBHSIET CKOPOCTH Bcex uactuu. [Ipn srom
ajqrebpauyeckas CyMMa TaHTPeHIHANbHBIX CO-
Puc. 11.8. CTaBJSIOMMX HMIYJLCOB HE MOXKET H3MEHHTb-
cA: MMNyJabc, npuolperaeMelfl ofHOH H3 B3a-
UMOJEACTBYIOUIMX 4YaCTHIl, PaBeH HMIYJLCY,

TepgeMOMY BTOpO# 4YacTuuefi. 510 03HAYaeT, 4YTO

poul = § pov, dl,
r

rAé U — CKOPOCTb LHPKYJSIHH, U; — KacaTeJbHAA COCTABJISIOMAS
CKOPOCTH JKHJAKOCTH B o6beMe ¢ d{ B MOMEHT BpPeMeHH, MpealecTBYyo-
i 3aTBEPJEBaHHI0 CTEHOK KaHaJa !). COKpaTHB Ha PO, MOJNYYHM, UTO

LWMPRYAAUAA V 1O I‘=vl=‘95'v, dl.
r

AnajioruuHoO onpejiensiercs UHPKyJaAund moGoro BeKTopa a no npous-
BOJNLHOMY 3aMKHYTOMY KOHTYypy [:

LUPKYASLHA a no I‘=36adl=56a, dl. - (11.16)
'y

11

MosxeT noxkasarbcd, 4TO AN OTJAMUHA LUPKYASUUH OT HYJIS BeK-
TOPHEIE JIHHHH JOMKHBI ObITh 3AMKHYTBIMH HJH XOT Obl Kak-TO H30-
THYTHIMH B HanpaBJieHWH 06X0Ja 10 KOHTYPY. Jlerko yOeIHThbcs B OILUH-
GOYHOCTH TaKOro MNPEINoJoKeHHs. PaccMOTPHUM NaMHHApHOE TedeHue
KUIKOCTU B peke. CKOPOCTb MUAKOCTH HEMOCPEACTBEHHO Y JiHa pPaBHA
HYJII0 H BO3pacTaer NpH NpHGAHXKEHUH K NOBepXHOCTH BoAnt (puc. 11.9).
JIuHun Toka (NMHUM BeKTOpa V) npamonansedHsl. HecMotrpa Ha 37O,
ILHPKYJASLHA BeKTOpa Vv Nno H300pakKeHHOMY MYHKTHPOM KOHTYpY, oue-
BHUJHO, OTJIUYHA OT HYJA. BMmecTe ¢ TeM B nosie ¢ U3OTHYTHIMH JIMHH IMH
HUPKYJAALUS MOXKET OKa3aThCsl PaBHOH HYJIO.

1) HanoMuuM, 9TO RPYMOK ¥ 3HAKa WHTErpala yKaswBaeT Ha TO, UTO HHTerpH-
pOBaHHe OCYULECTBASETCA NO 3aMKHYTOMY KOHTYPY.
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[lupkyasuna o61ajaeT CBOHCTBOM alJHTHBHOCTH. D10 03Ha4YaerT,
4TO CyMMa UMPKYJIALUA 10 KOHTYPaM [, u [, OrpaHHYHBAIOIUM CMEXK-
Hble ToBepxHocTH S M S, (pHC. 11.10), paBHa UMPKYAAIUUN MO KOHTY-
pv I', orpannuHBaolleMy NOBEPXHOCTD S, SBAANOILYIOCSI CYMMOH MO-
pepxHocTe S; u Sp. JleficTBuTENBHO, WHPKYRALIA C, TO KOHTYypY,

Puc. 11.9. Puc. 11.10.

OTpaHHUHBAIOUIEMY [OBEDXHOCTL Sy, MOXkeT OblTb NPEICTAB]CHA KakK
cymMMa H{HTErpasos:

2 1
Cl':ggadl:lgadl—;— S adl. (11.17)
(I (O3us.)

[Mepauiit HHTErpad Gepercs 1o yHacTKy [ BHewHero KOuTypa, BTOPOH —
no ofulell rpanune nopepxuocteil Sy u Sp B HaNpaBJeHUH 2—1.

Auanoryudo, nupxyasiiias C. MO KOHTYPY, OrpaHUYMBAIOLICMY
OBePXHOCTL S,, PaBHA

1 2
C,=fadl={aa+ | ad. (11.18)
a (an (O61w)

IMepsuiit uuTerpana 6eperca Mo y4acTxy I1 pHeltHero KOHTypa, BTOpOi —
no ofueil rpasulue nopepxuocreil Sy H.Sp B HaNpaB/eHnH I—2.

LIupKyJAsIHst [0 KOHTYPY, OTPaHHUYHBAIOIMIEMY CYyMMAPHYO MOBEpX-
HocTh S, MOxKer OhiTb NpeACTaBJeHa B BHIE

2 |

C=Fad={ adl+§ adl. (11.19)
: 2

i 1
(1) (Ih)

Bropuie cnaraemble B BhIpaXeHHAX (11.17) u (11.18) ornyaioTCs TOMD-
Ko 3HaKOM. TI03TOMY CYMMa 3THX BbIpa:KeHHH OKa3blBaeTCs PaBHOH BbI-
paxcentiro (11.19). Takum obpazom, : .

C=C;+Cs. ' (11.20)
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Jloka3aHHOe COOTHOMIEHHE He 3aBHCHT OT dopMBI nosepXHocTel
H CNpaBeiJMBO NPH J0OOM YHCE CAaraeMblX. CnenoBaTeNbHO, €CaH
pa3sGUTb TPOM3BOJLHYIO HE3AMKHYTYIO NOBEPXHOCTH S na Goablioe
QHCTO 3JIEMEHTAPHBIX OBEDXHOCTEH AS 1) (puc. 11.11), To nupkynanys
Mo KOHTYPY, OrpaHHYHBaOUIEMY S, moxeT ObITb NpeNCTaBjleHa Kak
cymMMa 3J1eMEHTapHbIX wupkyasuuit AC 1o KOHTypaMm, OrpaHHuNBaio-
wuM  AS:

C=D.AC;. (11.21)
Potop. AAIMTHBHOCTD UUPKYJALNHH NO3BOJIfieT BBECTH TNOHATHE

yAeJbHON LHPKYASUNN, T. €. paccMaTpHBaTh oTHoteHne mpryasauun C
K BeJMYMHE MOBepXHOCTH S, «ofTexaemoi» UHp-

TN

l‘/ N kyasuueii. [Ipy KOHeYHbIX pasMepax MOBEPXHO-
/ Ol as ctn S ornomende C/S naer cpeasee 3naueHne
VAEABHON UMPKYJAUMH. D10 3HAUEHHE Xapakre-

, OHGIOY ) puayer CBOHCTBA Nojis, YCPeAHEHHLE Do lo-
\ O ] pepxHocTi S. UTOGH NOJY4HTb XaPaKTEPHCTH-

Ky 10115 B TOYKe P, HYHO yMEHbLIATh Pa3MEPEL

\ |/ NOBEePXHOCTH, cTArnBasi ee B Touky P. ITpu aToM
L ornoitenue C/S cTpeMuTcsl K HeKOTOpoMY npe-
Puc. 11.11. Jieqy, KOTOPHIii XapaKTepH3YeT cBoOiCTBA M0Jd

B Touke P.

MTak, BO3bMEM BOOGPaXKaeMBIH KOHTYD T, nexauu#i B NMJIOCKCCTH,
NpoOXOAsILIEH Yepe3 TOUKY P, M paccMOTPHM BBbIPAXKEHHC

. Cq4

.Sh_l;no < (11.22)
rae C, — LHPKYJsILAS BEKTOPA & N0 KOHTYPY I, S — naomaib, OXBa-
ThlBaeMas KOHTYPOM. BBIUMCAEHHBIH JJisi POM3BOJLHO OpPHEHTHPOBAH-
noit naockoctn npenes (11.22) ne MOXET CIYKHTDH HcUepnbIBalOLEH
XapaKTEPUCTHKOH 10J151 B TOUKE P, NOCKOJIbKY BEJIMUKHA 3TOTO npejeda
3aBHCUT HE TOJNBKO OT CBOMCTB T0Jst B Touke P, HO TaKkxe H OT Opueh-
TAUWH KOHTYpa B TMPOCTPAHCTBE. JTa OPHEHTALUs MOKET GrITb 33JaHa
HanpaB/eHHeM NOJOXHTeJIbHOH HOpMAJH 1 K NJIOCKOCTH KOHTYpa (1o-
NOMKHUTENbHON CUMTAETCS HOpManb, CBS3aHHAs C HANPaBICHUEN 06Xx0Aa
KOHTYpa NpH MHTErPHPOBAHMH NpPaBHIOM NPaBoro suHTa). Onpepenss
npegen (11.22) B ofHOH K Toll e TouKe P Jnsi pasHblX HampaBJesui n,
Mpl GYyJeM ToJy4aTb PasiHUHEIE 3HAUCHU, npuyeM IS MPOTHBOMNO-
JIOWHBIX HAMpABJEHMHA T 3HAUEHHS OTIWYAIOTCS TOJILKO 3HaKkoM (K3-
MeHeHHe HANPABJEHHH N HAa TMPOTHBOMNOJOKHOE SKBHBAJIEHTHO H3MeHe-
HUIO HANPABJAEHHs 0GXOAA TIO KOHTYpPY BO BPEM3 WHTErPpUPOBAHNSA, UTO
BLIOBET JIMIIb H3MEHeHHe 3HaKa y IUpKyAauny). s Kakoro-to Ha-

1) Ha pucyuke 3leMeHTapHuIE NOBEPXHOCTH U306paxkKenH Iad NpoCTOTH B BHAE
npPAMOYTOTLHHKOB. B neficTBUTEIBHOCTH HX (QOPMA MOXeET 6LITL COBEPIIEHHO NPOH3-
BONEHOM.
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npapaenus HopMaay peauuuna (11 .22) B laHHOIT TOYKE QKAXKeTCs MAKCHU-
MaJIbHOH.

TaxuM o6pasom, Benuyuna (11.22) Bener ce6s1 KaK TPOEKUHSA HEKO-
TOpPOro BEKTOpPa HA HanpabjleHHe HOPMAaH K MUIOCKOCTH KOHTYpd, 110
KOTOPOMY GepeTcst LHPKyJsuus. MakcHMalbHOE 3HAUYCHHE BEIWHHIDL
(11.22) onpefensier MOLYMb 3TOTO BEKTOPa, @ HANPABJCHHUE IMOJOKH-
TeALHOH HOPMAJH N, IPH KOTOPOM AOCTHraeTcs MakCHMyM, JIa€T HaNpaB-
JIeHHe BeKTopa. JTOT BEKTOpP Ha3blBaeTCcsi POTOPOM (W1 B H X-
p e M) Bekropa a. OQ6o3navaercs OH CHMBOJIOM rot a. Mcnonp3ys 310
0603HAUCHNE, MOXHO 3anHcaTh BbIpaXKEeHHE (11.22) B BHAE

. . 1

(rot a), — lim £¢ = lim +  adi. (11.23)
S>>0 35 s->0°f%

HaI‘J’lH,U,HOE ﬂpe,H.CTaBJIeHI’Ie O pOTope BEKTOP4A VvV MOXHO IIOJYUYHTLh,

npeacTaBuB cefe HeGOMbLIYIO JIETKYIO KDPBLIbYATKY, MOMEUIEHHYIO B AaH-

HYIO TOYKY TeKyLueil KHIKOCTH (PHC. 11.12). B Tex mecrax, ri¢ poTop
OTJIMYEH OT HYJMf, KPBJIbYaTKa

Gyjer BpalaThcsd, NpHYeM C TEM z} P

GoJbLIell CKOPOCThIO, YeM 00J1b-

ule no BeNWUHHE NPOeKIHda po- ——>T | NP(J—?‘%Z) 3 gz

TOpa Ha OCb KPHUIbYATKH. 3 _
Boipaxenue (11.23) onpeze- 2

nseT BekTop rot a. Ito onpele- Ay

JIEHHE SBJASIETCA CaMblM OCIIMM, ! .

He 3aBHUCAIIUM OT BHUJA KOOpIH- N z ., 4

HATHOH cHCTeMBl. [l TOrO 4To- o () 19, Prc. 11.13.

Obl HAHTH BbLIpa)XeHUd JJIA

npoekuuid BekTopa rota Ha

OCH J€KapTOBOH CHCTEMbI KOODAHHAT, HYXHO OIPEAETHTbH 3HAUCHHs
pesuunHbl (11.23) A8 TAKUX OPHEHTaUMH IVIOWAAKH S, NpPH KOTOPLIX
HOPMaJb N X IJIOILA/IKE COBMNAJAET C OfHOH W3 ocel x, y, z. Ecau, Ha-
npuMep, HANPaBUTH N no ocH X, To (11.23) mpespaTaTcA B (rot a),.
Koutyp I' pacnosioxeH B 5TOM CJIyyae B IUIOCKOCTH, NapalJIeNbHON KO-
OPAHHATHON IIOCKOCTH y2. B03bmeM 3TOT KOHTYP B BHAE NPsMOYroJb-
HuKa co croponamu Ay u Az (puc. 11.13; ocb x uMeeT Ha 3TOM PUCYHKE
HAaOpaBJCHHE HA HAC; yKa3aHHOE Ha PUCYHKE HanpaslleHue o6Xxo/a CBs-
3aHO C HANpaBJeHHeM OCH X NPABHJIOM NPABOro BUHTa). Yuactok I
KOHTYpa NMPOTHBONOJIOXKEH N0 Hanpasienuio ocH 2. [TosroMy a; Ha sToM
yyacTKe COBNalaeT ¢ —a,. PaccyXknasd aHaJOTHYHO, HalJeM, 4TO 4
Ha yuacTKax 2, 3 u 4 paBHa COOTBETCTBEHHO ay, &, H —ay. Cilenosa-
TEJIbHO, LHPKYJAALHIO MOXKHO HPEACTABUTL B BUJE

(aza_'azl)Az"_(aycl—ay 2) Ay- (1 124)

INe @,4 U 4,1 — CPEAHHE 3HAYeHUS @, Ha yyacTkaX & U I cOOTBETCTBEH-
HO, a,, H d,, — CPeJHUE 3HAYEHHS ay Ha YYacTKax 442
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Pasnocth a,;—a,; Dpeictaenaser co60H npupallleHHe CpeiHero
3HAYEHHS a, Ha oTpe3ke Az npu CMELIEHUH ITOTO OTPe3Ka B HalpasJe-
HuH ocH y Ha Ay. BBuay manoctu Ay ¥ Az 370 npupallleHHe MOMHO
npeacTaBHTh B Buie (0a,/0y) Ay, rae auauenie da,/dy Gepercd B TOuKe
P 1). AHalorWuHO Ppas’HOCTb 4,,—@y2 MOXKHO MPEICTaBUTL B BILIE
(0a,/dz) Az. loxcrasuB 5TH Burpaxenus B (11.24) i Binecst oG MHO-
KUTeAb 32 CKOOKHM, MOJYu4MM A5l UUPKYJIANHH BhipaxeHue

da, da,, . day;  da,’ A
(G—) dne=(Tr—32)5S:

rie AS — nnomanb Koutypa. Pasgeaus uupkyasuuio Ha AS, uaiizem
BLipaxieHHe A5 npoekuuu rot a Ha och x:

da; da,

(rot a), = o — 7. (11.25)
[lyTeM aHaJOTHYHLIX PAacCyKIAEHHH MOXKHO HaiiTH, 4TO |

(rot a), = 3 — 2z (11,26)

(rot a)zz%—%’, (11.27)

Jlerko yGeauThCs B TOM, YTO JioGoe H3 Buipaxennh (11.25) — (11.27)
MOKeT GhITb NOJY4eHO H3 npeawsiaywero (aas (11.25) npeapinymnm cae-
ayer cautath (11.27)) nyTeM Tak HA3LIBAaEMOH LHKJIHYECKON MepecTaios-
KH KOOpJMHAT, T. €. 3aMeHbl KOODJHHAT, OCYLIECTBJASEMOR MO cxene

e
X j
g
Vrak, poTop BeKTOpa a onpenensieTcs B JEKapTOBOH cHCTeMe KOOp-
AYHAT CJEAVIOLHM BLIDA:KEHHEM:

da, da, da. da Oa, day
rota=e, (-5?———52—)+ey (—azi"—-ai) +e, (5}——-}}—5’—) (11.28)

Hike Mbl yKaxeM 6oJsiee M3SUIHBIA CMOCOG 3aMHCH 5TOTO BBIPAXKEIlid.

Teopema CToKkca. 3Has PoTOp BEKTOPa a B KaXJ10R TOUKE HEKOTOPOH
(1e 0653aTesIbHO MJIOCKOi1) NOBEPXHOCTH S, MOXHO BBIUHCIETL LHPKY-
JISIE0 3TOTO BekTopa mo KouTypy I, orpannunsatoiieMy S (KGHTYD
TaKXKe MOXKeT OuiTh BerviccKum). s 310ro pasoObeM MOBEPXHOCTb HA
oyeHb MaJnle 3aenenTol AS. BBUAY MX MaJOCTH 3TH 3JEMEHTHI MOXKIO
cunTaTh niockumu. [lostomy B cootBerctBHH ¢ (11.23) uupkyasn-
uusl BEKTOpa a N0 KOHTYPY, OFpaHiuuBaiomenmy AS, Moxer OuiTh

1) HeTounocTb, KOTOPYIO MH NPH STOM JONYCKaeM, HC4e3aeT NpH CTATRBanHA
KOHTYDa K TOMKe P, OCYMIECTBISiEMOM NPH Nepexoe K npejedy. ‘
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NpeAcTaBdeHa B BHIe
AC=~(rot a), AS=rot a-AS, (11.29)

rie n — NoJOXHTEAbHAd HOPMadb K 3JeMeHTy noBepxHoctit AS.

- B coorsercreiuu ¢ Gopmyaoi (11.21), nmpocyMMHpOBaB BhipakeHle
(11.29) no Bcem AS, nosyuuM UHPKYJAUMIO BEKTOpa a no koutypy I,
OorpaHHyHBaOuUEmMy S:

C=>AC~ D rota-AS.

OcyuiecTsiB NpeaelbHbI Nepexof, mMpy Kotopom Bce AS crpeMartcs
K HYJIO0 (YUCJI0 X NPH 3TOM HEOrpaHHUeHHO pPacTer), NpHaeM K gopmy.e

$adl=rota.ds. (11.30)
r S

Cootnowenue (11.30) wocur Haspanue Teopemu CTOKCa,
CMBIC/1 ee COCTOHT B TOM, UTO YUPKYAAYUA 6EKMOPA A 10 A POUIE0AbHOMY
xonmypy T pasna nomoxy eexmopa rot a uepes npoussoieHyto nosepx-
Hocmb S, 02PARUYERRYH0 OaHHbIM KOHMYPOM.

Onepatop Ha6aa. Hanucanne ¢opMmya BeKTOPHOrO aHajausa 3ua-
UHTeNBHO Yrponiaercss U o6Jieryaercs, ecid BBECTH BeKTOPHBIH nidupe-
pEHUHA/ILHEIA onepaTtop, 0603HaYaemblil CHMBONOM V (Habna) ¥ HocH-
N HasBaHHe onepaTtopa Habaa WIH omepaTopa
FamMmuabToHa. Tlox aTiiM anepaTopoM NOAPa3yMEBAETCS BEKTOP ¢
KoMNoHeHTaMH 0/0x, 0/0y w d/0z. CrnepoBaTtesbHO,

J d d
V=exa—;+ey@+e,,5;. (“31)

Cam 1o cefe 3TOT BekTop cMbicsia He HmeeT. OH npHoGperaer CMBICT
B COYETAHHH CO CKAJAPHOH HJH BEeKTOPHOM (pyHKILHeH, Ha KOTOPYIO OH
CIIMBOJIHYECKM YMHOXaercs. Tak, €CIH YMHOXKI1ITh BEKTOp V Ha CKansp
¢, TO MNOJYYHTCS BEKTOP

2 2 d .
Vo=e g te, o te 5l (11.32)

KOTOpHIH mpencTaBasier coGoil rpaguedt Gymruud ¢ (cm. (11.1)).
Ec/Id BEKTOpP Y YMHOXIITh CKaJAAPHO Ha BEKTOP a, MONYYHTCA CKa-
JAsp | |

da,

da, 0Oa,
Ya= anx+ Vyay + Vzaz": ox + ayJ_I_ 2z ? (1133)

 KOTOPBIH ecTh He 4TO WHOe, KaK AnBepreHnust sextopa a (cM. (11.14)).

‘HakoHew, ecad YMHOXIITb V Ha a BEKTOPHO, MOJNYYHTCSA BEKTOP
¢ xomnonenramu: [val,=v,a,—V.q,=0da,/0y—0a,/0z v T. 1., KOTOpLIE
coBnanaloT ¢ Komnonentamu rot a (cM. (11.25) — (11.27)). Cnenosa-
TeJIbHO,  BOCIIONbL3OBaBIIMCh  3aMHCbK) BEKTOPHOIQ - NpOH3BEAEHHA
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C MOMOIILbIO ONpEAeAHTENA, MOXKHO HAaNuCaTb
g ad a
ax dy 0dz|°
a;, ay 4|

rota=[va]= (11.34)

Takum 06pasoM, CYLIECTBYET JiBa Crnocoba o603HaueHU rpPajHeHTa,
JAUBEpPreHuuy u poropa:

vp=gradg, Va=diva, [va]=rota.

OGo3HaueHUs ¢ NOMOIbI0 V 061afaioT psaoM npenMyuleciB. Tlostomy
MHL B faabHeiieM GyaeM NpUMeHsTb Takue ofo3nayenusi. Crepyer npu-
yuuTh Cce6sl OTOMACCTBATb CHMBOJN Y@ CO CJIOBAMH «IPANHEHT Gu»
(T. e. TOBOPUTL HE «Habjaa (u», a «rpajveHT ¢u»), CHMBOX Ya — CO
CMIOBAMH IMBEPreHuus a» M, HAKOHEL, CHMBOJ [va] — co caoBamu
«poTOp a».

TTosab3ysich BeKTOpPOM Y, HY2KHO NIOMHHTDb, YTO OH SABJAAETCHA audde-
PEHUMANbHBIM OIepaTopoM, AEHCTBYIOUWMM Ha BCE QYHKLUH, CTOALINE
cnpapa ot Hero. [TosTomy npu npeoGpa3oBaHHK BBIpaXKeHUH, B KOTOPbIC
BXOMUT V, HYXHO YUMTBIBATb KaK NpaBH/a BEKTOPHOH anireGphl, Tak
u npasuia auddpepeHuranpHOro ueyuenenns. Hanpumep, nponsBoaHas
npou3BeacHUs QYHKUHA @ U 1) paBHa

(e9) =9 p+o¥'.
B COOTBETCTBHH C 3THM
grad (V) = V (¢}) = Vo + ¢Vp="pgradp--@grady. (11.395)
AHAJIOrH4HO
div (pa) =V (pa)=a vo+-¢Va=agrade{¢diva. (11.36)

[paguedT HEKOTOPO# QYHKUMH @ MPENCTABJISET coboii BEKTOPHYIO
dyrknuio. ITostomy K Hemy MOrYT OHITh NPMMEHEHH! ONEpalli AHBED-
reHUHu H portopa:

divgrade=v (Vo) =(VV) o=(Vi+V;+ V) o=

0?2 0% 02
=SS5 =4 (11.37)

(A — onepatop Jlamnaca); _
rotgrade=[v, Vo]=[VV]e=0 (11.38)

(HaMOMHKM, YTO BEKTODHOE NpPOM3BEJEHHE BEKTOpPA Ha CaMOro cebs
PABHO HYJIO).
[IpuMeHHM oOnepanuyd AWBEPreHIMH W poTopa K QyHKUHUHA rot a:

divrota=y[va]=0 (11.39)

(cMeluaHHOE [ipoM3BeJeHHe BEKTOPOB paBHO o0beMy NapaslIeienunend,



§ 12. LUPKY ALK U POTOP 3JEKTPOCTATHUUYECKOIO NnoJjas

NOCTPOEHHOIO Ha NEPEMHOXKAeMBIX BEKTOpAX 1); ecau ABa M3 3THX
TOPOB COBIIAflaloT, 00bEeM Napajiesenuneia paBen HYJIIO);

rotrota=[v, [va]]=V (va) —(VV)a=grad div a—Aa (11.40)

(MB! BOCTIONIb30BANHCh QOPMYJION [albc]]=b(ac)—c(ab)).

Coornoiuenue (11.39) o3nauaer, yro noJjie poTopa He UMECT HCTOHHH-
koB. ClenopaTe/bHo, JuUHKH BekTopa [yal me MMeloT HM nayana, HH
xoHna. VIMeHHO no 3TOH NMpUYHHE MOTOK POTOpa yepes JioGylo NoBepX-
HOCTh S, ONMPAIOUIYIOCS HA JAHHBIA KOHTYP I', OKa3biBaeTcst OJAHHM H
Tem xke (cm. qopmyny (11.30)).

B sakjioueHue OTMETHM, YTO ¢ MCNosib30BaHHeM oneparopa V ¢op-
myaam (11.15) u (11.30) MOXKHO NpUAATh BUA

f a-dS= S va-dV (reopema Octporpaiackoro — aycca), (11.41)
J

_(ﬁa-dl=
r

§ 12. Llupkynsuusi ¥ POTOP 3EKTPOCTATHYECKOrO MnoOJA

[va]-dS (teopema CroKca). (11.42)

Nty <

B § 6 MBI BHIICHUJIM, 9TO CHJIBI, JEACTBYIOINE HA 3apsij g B 3/EKTPO-
CTATHUECKOM TOJie, SBJSIOTCH KOHCepBaTHBHBIMH. CJie0BaTe/IbHO, pa-
GoTa STHX CHJ Ha Jo60M 3aMKHyToM nyTu I' paBHa
HYJIIO!

A-——qudlzo.
iy

CokpaTHB Ha ¢, NONYYHM COOTHOLIEHHE

ﬁEdl:O (12'1) Puc. 12.1.
r

(cp. ¢ (8.7)).

Hnrerpas, cTOSILuH B JeBOA YacTH GoPMYJIHI (12.1), npeacrapasieT
coGoit nupkyasuuiwo Bektopa E mo KOHTYpY I' (em. (11.16)). Takum
o6pa3oM, XapaKTEPHBIM JUISl JJIEKTPOCTATHYECKOTO NOJIs ABAACTCS TO 00-
CTOATENLCTBO, YTO UHMPKYJALMSA BEKTOPA HANPSMKEHHOCTH 3TOro noJs
no Jo60oMy 3aMKHYTOMY KOHTYPY PaBHa HYJIO.

BoabMeM NPOM3BOJbHYIO MOBEPXHOCTh S, ONMPAIONlylOCA HA KOH-
1yp I, AN KOTOPOro BhIUNCASETCS UHPKYJALHN (puc. 12.1). Cornacno
teopeme Crokca (cm. (11.42)) wHTerpan or potopa E, B3aTHI Mo 3TOM
NOBEPXHOCTH, PaBeH LHPKYJAUHH BEKTOPA E no xoutypy I:

{[vE]as = E ar. (12.2)
J

S

1) Cm. §2 TOMa I,



59 rJ. 1. 3 EKTPUUYECKOE MOJE B BAKYYME

[MTocKOABKY LHMPKYJAsUMsA PABHA HYJIO, Mbl MPHXOAHM K BHIBOLY, 9TO
{[vElas=o0.

S
[Moayuennoe ycJoBHe ROJIKHO BBIMONHATECS AJA Mo60l MOBepPXHOCTH
S, onupatoileiics Ha IPOH3BOMbHEIH KOHTYP I'. 910 BO3MOKHO JHLIDL
B TOM CJ1yyae, €CJiM potop Bextopa E B Kax 0K TOUKe MoJisi paBeH HYJIo:
[VE]=0. (12.3)
[To aHafOCHH C KPLLIbYATKOR, H300paMenHOl Ha pHC. 11.12, npex-
CTaBUM Cele JMEKTPHUSCKYIO «KPbLIbYATKY» B BHIE JIETKOH BTYJIKH CO
COULAMH, Ha KOHLAX KOTOPBIX IIOMEIIAIOTCH OAWHAKOBBIE 10 BENHUHIE
MO0 M TeAbHBIE 3aps bt ¢ (PUC. 12.2; Bce yCTPOHCTBO A0NXKHO ObITh Ma-
NBIX pasmepoB). B TeX MecTax 3/EKTPHUYECKOro mo.fst, rae potop E
OT/MUeH OT HYyJIsl, Takas KpblibuaTKa Bpallajach Obl ¢ TeM OOJBbLLHM

—_— SE
? N
g ] r L
g ' g E- ______ 7 = E !I — E
) | ! — ] ——
g q q E_ ______ _I: bo- Lan
HE g — >
Puc. 12.2. Puc. 12.3. Puc. 12.4.

ycKOpEeHHeM, JeM GOMbILE 1 POEKLHs PO10Pa Ha OCh K PLLIBYATKI. Bcny-
gae 3JeKTPOCTATHUECKOro Nojsi Takoe BOoOGpaKaeMmoe YCTPOHCTBO HE
npuuinio 6bl BO BpaileHHE MpH JI000H OpHEHTAUHH €ro OcH.

WTaxk, OTJIMUMTEALHO{ OCOGEHHOCTHIO 3JIeKTPOCTATHYECKOro NoJd
aBASIETCA TO, UTO OHO Gespuxpepoe. B npeawiayiieM naparpage Ml
BBISICHHAH, 9TO POTOP CpajHeHTa cKaaapuod (yHKUHH paBeH HYJIO
(cM. dopmyay (11.38)). IlosTomy paBeHCTBO HYJO pOTOpa E B kax o
TOUKe MOJA JNeJaeT BO3MOMHBIM npeiactasiende E B Buje rpajHeHTa
cKassipROM QYyHKIHH @, Ha3biBAEMOH NOTEHIIHAJOM. Takoe npeacrapie-
Hie yike Obiao pacemorpeHo B § 8 (cm. dopmyay (8.2); anmak MHHYC
B 3TOil QopMyJe B3nT H3 QHU3HYECKHX COOGPaXKEHHH).

i3 HeoOxonuMmocTu cobaiofenus ycaobus (12.1) MOKHO Cpasy 3a-
KJIOYHTh, 4TO CYLLECTBOBaHHE 3JIeKTPOCTATHYECKOrO noss BHAd, MOKA-
3aHHOro Ha puc. 12.3, HEBO3MOXKHO. HeficTBHTENbHO, AJS1 TAKOrO NOJA
LHPKYAALHKSA 110 KOHTYpPY, H306GpaMeHHOMY NMYHKTHPOM, Obina OHl OT-
AWYHA OT HyJs, uTo nporuBopeunt ycaosuwo (12.1). Touno Tak e
HEBO3MOYKHO, YTOGH! MMOJe, OTJHYHOE OT HYJIsl B OT paHUYEHHOM o0beMe,
GbIIO BO BCeM 3ToM ofbeme oanopoanbiM (puc. 12.4). B stom cayuae
LMPK YJISILHA O KOHTYPY, MOKa3aHHOMY NyHKTHpOM, Oblna Gbl OT/IHYHA
OT HYyJs. | -
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§ 13. Teopema Tlaycca

B npenpiaymem naparpage Mbl BRIACHHJH, YeMY PaBeH POTOD 3JeK-
TpOCTAaTHYeCKOTo MoJisA. Temepp HaiifeMm Aupeprenuuto noss. C 3roi
LEe/bI0 PACCMOTPHM MOJE TOUEUHOro 3apAna ¢ M BBIYMCAMM IOTOK BEK-
Topa E uepe3s 3aMKHYTYIO MOBEPXHOCTb S, 3aK/MIOYAIOMLYIO B cebe 3apsn
(puc. 13.1). B § 5 MBI MOKa3ajH, 4TO KOJHYECTBO JIMHHI BEKTOpa E,
HAYMHAIOILMXCA HA TOUEYHOM 3apaje ~+¢ WM 3aKaHYMBAIOWNXCA Ha
3apsfie —¢, YHCJEHHO DaBHO g/e,.

Cornacto dopmyae (11.10) notok Bexktopa E uepes moGylo 3amMxHy-
TYIO NOBEPXHOCTb PaBeH HHCAY JIHHH#A, BBIXOJALIHMX HAPYXKY, T. €.
HAYMHAIOUIMXCS HA 3aPANe, €C/H OH M0JI0- A
JKUTeNeH, M YHCHy JHHHA, BXOASIIUX
BHYTDPb, T. €. OKaHUHBALLKXCA HA 3apAAL, +
€ci OH OTpHUATEeJeH. Y4Ts, YTO KoJuue- +
CTBO HAYHMHAIOMIMXCH WJIH OKAHYHBAOMUX-
cA Ha TOYEYHOM 3apsdje JAUHHE UYHCJICHHO + +
PaBHO ¢/g,, MOXXHO HAMHUCAThb, YTO

cpf,:-g;. (13.1)

3Hak moToxKa COBMAjaeT co 3HaKOM 3apaja v
g. PasmepHocTb O6EHX HacTed PaBeHCTBa Puc. 13.1
(13.1) sauHakKoBa. ' | T

Tenepr RONMYCTHM, YTO BHYTPH 3aMKHYTOH NOBEPXHOCTH HaXOAATCA
N ToueuHEYX 3apSIAOB g4, G2, --- » (n. B CHJY NPHHUUMA CYNEpPNO3HLHH
HanpaxenHoctb E noss, cosjaBaeMoro BCceMH 3apfjiam, paBHa cyMmMe
nanpskensocreit E;, cosnapBaeMEIX KaMIbIM 3apajioM B OTAENLHOCTH:
E =Y E,. Tlostomy

(D8=S§Eds=? (){ E,) dS=§§E,.ds.

Kaxnpifi U3 MHTErpanoB, CTOSILIMX TOA 3HAKOM CYMMGHI, paBeH §;/e,.
CJaenoBare/iLHO,

N
1
®E=$'Eds=-é—o-i2=l a;. (13.9)

JlokasaHHOe HaMH YTBEpPXKIEHHE HOCHT Has3BaHHe TeOpeMH
I' a y ¢ ¢ca. Ora TeopeMa I1acHuT, UTO NOMOK 8eKMOPa HARPAKEHHOCMU
INEKMPUYECKO20 NOAA 4ePEe3 SAMKHYMYO NoBepXHOCMb paseH ascebpau-
HECKOTI ClYyMME BAKUOHCHHBLX BHYMPL 3moll noeepxHocmu 3apsoos, JeAeHHO
Ha .

IMpu paccMoTpeHHH noJed, CO3JaBa€éMBIX MAaKPOCKOMHYECKHMH 3a-
panamu (T. €. 3apafamu, o6pa3’OBaHHLIMH OrPOMHLIM HHCJIOM 3/I€MeH-
TapHHIX 3aPsiA0B), OTBJEKAIOTCA OT RHCKPETHOR (NPEpHBHCTOR) CTPYK-
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Typbl 3THX 3aPAN0B H CYHTAIOT HX pacnpeleleHHBIMH B IPOCTPAHCIBE
HenpepLBHLIM 06pa30M C KOHEYHOH BCIOAY NJIOTHOCTRIO. O6beMHan
MJAOTHOCTbL 3apsaja p ONpelensercd rno aHaXOrHH ¢ IJIOT-
HOCTBIO MAacChi KaK OTHoueHHe 3apsiga dg K ¢uanuecku GECKOHEUHO
masioMy o6bemy dV, B KOTOPOM 3aKJ/IIOYCH 3TOT 3aps:

d
o= (13.3)

B nautiom cayyae nof ¢uanuecKH GECKOHEUHO MajbiM 0GBEMOM HYXKHO
MOHUMATb Takoi o6bheM, KOTODBIH C OLHOH CTOPOHBI, AOCTATOYHO MaJI
1S TOI'O, YTOGLL IJIOTHOCTD B IIPEieIaX ero MOMHO GBIIO CYNTATh OJHUHA-
KOBOH, a ¢ JAPYroit CTOpPOHDLI, AOCTATOYHO BEJHK AJIsl TOrO, yToOLL HE
MOI/1a DDOSIBUThCH AMCKPETHOCTh 3apsfia.

3uas NJOTHOCTL 3apfAja B KaxJ0i TOYKE NpPOCTPAaHCTBA, MOMKHO
HAATH CyMMapHBIl 3apsij, SaK/IOUEHHbIH BHYTPH 3aMKHYTOH MOBEpX-
nocti S. JI151 3TOr0 HYXKHO BBLIYHC/INTL HHTErpal ot p no ofbemy, orpa-

HHYCHHOMY HOBerHOCTbIO:
E q" = S p dV.

Vv
Takum oOpasoM, ¢opmyne (13.2) MOXKHO NPHAATD BUJ,
§Eﬁ=%5MK (13.4)
S 0 v

Javenus B coorsercTBun ¢ (11.41) NOBepXHOCTHEI HHTErpan oGbeM-

HbIM, [OJYYHM

1
§VE dV = SpdV.

&g

CooTHoOIeHHe, K KOTOPOMY Mbl NPHULIH, JOJ2KHO BBLIMOJHATHCH I/1A
Jo60ro NpoK3BOJALHO BeIGpaHHOrO 06BEMa V. 3510 BO3MOXKHO JHILUL
B TOM CJydae, eCJH 3HauyeHHs MOJABIHTErpasbHbIX GYHKUHI B KaXIOH
TOYKe NPOCTPAHCTBA OAMHAKOBHL. CJIENOBATE/NLHO, AMBEPreHIMA BEK-
topa E cBf3aHa C NJIOTHOCTBIO 3apsijla B TOH 2Ke TOYKe PaBEHCTBOM

VE=—1p. (13.5)
€9

10 paBeHCTBO BhIpaxaeT Teopemy I'aycca B audxpepeHuMaNbHON opMme.

B caysae Tekylleidl XHAKOCTH YV JAeT YACbHYIO MOILHOCTH HCTO4-
HIUKOB »KMAKOCTH B AanHoil Touke. [lo aHasornu roBOPAT, UTO 3apslbl
ABJAIOTCS HCTOYHHKAMH 3JIEKTPHYECKOro I0JIs.

§ 14. Bruncaenue noJefl ¢ NoMowbio TeOpeMbl laycca

Teopema Taycca nospo/ser B psfe clydaes HAHTH HANPXKEHHOCTE
nods ropasfo Gosiee NMPOCTHIMM CPEICTBAMH, HeM C HCMOJB30BAHHEM
dopmyabl (5.3) ANA HAMPSKEHHOCTH NOJA TOYEYHOro 3apsja W mpHH-
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uHna cynepnosuiuu nojeit. [1poaeMoOHCTPUPYEM BO3MOKHOCTH TEOPEMDI
[aycca Ha HECKOJbKHX MOJE3HBbIX A1 panpHeiero npumepax. Ilpexne
yeM NPUCTYNHTb K PACcCMOTPEHHIO 3THX NPHMEPOB, BBEJEM NOHATHA
NOBEPXHOCTHOH H JIHHEHHOH NJIOTHOCTEl 3apsana.

Ecnu 3apsj cocpefioToded B TOHKOM NOBEPXHOCTHOM CJI0€ HECYILIETo
3apsi Tela, pacnpejesenyue 3apsaia B NPOCTPAHCTBE MOXKHO OXapaKTe-
PH30BaThb ¢ [OMOILBIO NMOBEPXHOCTHOH NAOTHOCTH O,
KOTOpas onpefienifieTcsd BbIPaXKEeHHEM

dq
3aeck dg — 3apsl, 3aKAIOUEHHBIH B CJIOE NJIOIUANH dS. Tlon dS noapa-
3ymMeBaeTcss (M3HYeCKH OPCKOHEYHO MaJIblH YYaCTOK INOBEPXHOCTH.

Ecau 3apsaa pacnpeienieH no oobeMy HJd MOBEPXHOCTH LHJAHHADH-
JecKOro Teda (PaBHOMEPHO B KAXKJOM CEYEHHM), HCMOJb3YeTcs Ji H-
HeilHad OJOTHOCTbL 3apana

d
xzag (14.2)

(dl — manHa ¢u3uyeckH GECKOHEYHO MAJoro oTpe3ka UMJHIApa, dg —-
3apsill, COCPEIOTOYEHHBIl Ha 5TOM OTpe3sKe).

Mone GeckoHeuHON OXHOPOAHO 3apsxeHHo# nnockoct. IlyeTh
NOBEPXHOCTHAsl IJIOTHOCTb 3apfifid BO BCEX TOYKAX MJOCKOCTH OAMHa-
KOBAa M DaBHA G; NJs ONpeieJeHHOCTH OyJeM CYMTATh 3apsl NOJOXKH-
TeJbHEIM. M3 co0OpaXeHHd CHMMETPHU BbITEKAET, UTO HAIPAXKEHHOCTD
noJis B JiOBOH Touke MMEeT HanpapJjeHHe, NepneHAHKYJApHoe K [J0C-
koeTH. JleficTBHTEIbHO, MOCKOJbKY MJIOCKOCTb OECKOHEUHA H 3apsikeHa
O/IHOPOJHO, HET HUKAKHX OCHOBAHHH K TOMY, YTOOBl BEKTOD E otko-
HAJICS B KaKylo-nu6o CTOPOHY OT HOPMaJii K MJIOCKOCTH. [lanee oueBuA-
HO, YTO B CHMMETPHUHBLIX OTHOCHTENBHO MJIOCKOCTH TOYKaX HampsiKeH-
HOCTL MOJISL OAMHAKOBA NO BE&JIHYHHE U NMPOTHBOMNOJOXKHA IO HanpasJe-
HHIO.

ITpeacraByuM ceGe MBICJEHHO UHJIMHAPHYCCKYIO TIOBEPXHOCTD C obpa-
3YIOUMMH, NepPNeHANKYAAPHBIMH K INIOCKOCTH, H OCHOBAHUSIMH Be/l-
yuHbl AS, pacno/oXeHHbIMH OTHOCHTENBHO TJIOCKOCTH CHMMETPHYHO
(puc. 14.1). B cuny cummerpun E'=E"=E. IIpUMeHHM K NOBEPXHOCTH
teopemy I'aycca. IloTok uepe3 OOKOBYW YacTb MOBEPXHOCTH Oyner
OTCYTCTBOBATb, TMOCKOAbKY E, B Kaxoii ee Touke pasua Hysmo. Jlns
ocHoBanuli E, coBnagaer ¢ E. CieloBaTesIbHO, CYMMapHBIH 1I0TOK Yepesd
noBepXxHocTh paBeH 2E AS. BHYTpH MOBEPXHOCTH 3aKJiOUEH 3apfl
o AS. CornacHo Teopeme [aycca JOMXKHO BbINOAHATLCA YCJIOBHE

2E AS =945,
€9
H3 KOTOpPOro
E=—. (14.3)
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[MonydeHHbli HAMM Pe3yNbTAT HE 3aBHCUT OT AAHHR LHJAHHAPA. 310
03HAYaeT, YTO Ha JIoGbIX PacCTOAHHAX OT IVIOCKOCTH HANpAKEHHOCTH
Nois OJHHAKOBA NO BejauuydHe. Buj JHHWA HANPSMEHHOCTH MOKa3aH
Ha puc. 14.2. Jlna oTpuLaTeAbHO 3apsAKEHHOH MJIOCKOCTH Pe3yJbTaT
6y4eT TAaKMM XKe, NUILb HanpapJeHue BekTopa E H JHHUR HAOPAKEHHO-
CTH H3MEHUTCA Ha oOpaTHOE.

+or
A3 < g
IA }
F A\ ¢ - -
6‘ A o
C
Puc. 14.1. Puc. 14.2.

Ec/i B3ATb NAOCKOCTh KOHEUHbIX Pa3MepoB, HaNPHMEP 3apAKEHHYIO
TOHKYIO IWIACTHHKY *), TO NOJy4EHHLIH BbIILE pe3yJbTaT 6yner crnpasej-
JIUBBIM TOJBKO AJIA TOYEK, PACCTOSHHE KOTOPbIX OT Kpas NJIaCTHHKH
3HAYNTENbHO NMPEBHILAET PACCTOSHHUE OT CaMoit IMIACTHHKH (Ha PHC. 14.3

+g -&

V2
7N

Puc. 14.3. Puc. 14.4.

06/1aCTh STUX TOUEK o6BefeHa NyHKTHpHOX Kpusoi). [lo Mepe yaaneHus
OT MJOCKOCTH HAM MpPHOGJIHXKERUs K ee KpasM noae GyZer Bce Golblue
OT/IMYATLCA OT NOJA GeCKOHEeHHOA 3apsKeHHOA NJOCKocTH. Xapakrep

1} B ciygae mIacTHHKY MOA O B dopMyae (14.3) caedyer nonuMath 3apis, cocpe-
gorouennsiii Ha 1 M2 naacTuHkH no Beefl ee ToMmuHe. Y MeTaVIHYECKHX Tel 8apfl
pacapesensercd no suewrnefl nopepxuoctd. Ilostomy nog 0 HYKHO NoApasyMesarb
YABOEHHYIO BETHYHHY MJOTHOCTH 3apAja Ha OrpaHHIMBAIOMMX META/NHYECKYI0 nJac-
THHKY MOBEPXHOCTAX.
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no/is Ha GOMBIIMX PAacCTOAHHAX JIETKO NPEACTaBHTDb, €CJIHM Y4€CTh, HUTO
Ha pacCTOSIHUAX, 3HAYUTENBHO TNPEBLIIAOWHX Pa3MEDHI NJIaCTHUHKH,
CO3JaBaEMOE €10 TOJIE MOXKHO PaccMarpHBaTb KaK MOJIE TOHEHHOro 3a-
paad.

[Hone fByX Pa3sHOHMEHHO 3APAKEHHLIX naockocreir. [losie AByX na-
pas/ieJbHbIX GeCKOHEUYHBIX NJOCKOCTEH, 3apfXEHHbIX Pa3HOXUMEHHO
¢ OAHHAKOBOi NO BeNHYLHE NOCTOAHHOM NOBEPXHOCTHOMH [IJIOTHOCTBIO O,
MOJKHO HAHTH KaK CYNeprno3uuyuIo TMoJeHd, CO3AaBaeMblX KaXKJA0H H3
(IocKocTell B oTaenpHoeTy (puc. 14.4). B o6aactu Mexay NJI0CKOCTAMH
CKJIa/biBaeMBle NOJA HMEIOT OJAMHAKOBOE HalpaBJIeHHE, TaK YTO pe3y.ib-
THUpYIOIas HaNpsKeHHOCTb PaBHA

(4]
E - -é-; . (144}
Bue o6bema, OrpaHHUYEHHOrO MJOCKOCTAMH, CKIaAbIBAEMbIE O HMEOT
NPOTUBOMNONOXKHbIE HANpaBJeHHs, TaKk 4T0 pe3yAbTHPYIOLLAs Hanps-
JKeHHOCTb pPaBHA HY/IO. |

Taknum 06pa3oM, Mojie 0Ka3blBaeTCs COCPEAOTOYEHHBLIM MEXAY NJIOo-

ckocTsvy. HanpskenHocTb [OMS BO BCEX TOYKAaX STOH obsacTd OAU-
HAKOBA MO BeJIHUHHE K MO HanpasJeHHIo,
CJel0BaTENbHO, NOJe OAHOPOAHO. JIHHHH
@ HaNpAKEHHOCTH MPEACTaBaAoT Co6oh co-
BOKYHOCTb NapajJie/bHEIX PaBHOOTCTOA-

ULHX OpPAMBIX.

Puc. | 14.5.

TMonyyeHHniA HAMH Pe3yJabTAT NPHOMMKEHHO CHPaBELIMB H AJA
OJOCKOCTEll KOHEUHLIX Pa3MepoB, €C/IH PACCTOSHHE MEXY NJAOCKOCTAMH
MHOrO MeHbLIEe HX JMHEHHBX pa3MepoB (IOCKHil KoHAeHcaTop). B aTom
cayyae 3aMeTHble OTKJIOHEHWs ToJf OT ONHOPORHOCTH Ha6MoAa10TC s
TOJIbKO BGJN3H KpaeB mJacThHH (puc. 14.5). |

Mose GecKOHeUHOro 3apsXeHHoro uuanHapa. [lycTo nose cospaercs
6eCKOHEUHON HMMHAPHYECKO NOBEPXHOCTbIO panuyca R, 3apfAXeHHOH
¢ MOCTOSIHHON NOBEPXHOCTHO! MJIOTHOCTBIO 6. M3 coobpakeHHi CHMMET-
pHH CJEAYeT, YTO HaNpPsKEeHHOCTb NMOJsS B J0OOH TOUKE JO/KHA OLITh
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HanpaBJeHa BAOJb PajHaJbHOH NPSMOR, NEPNEeHAHKYAAPHOH K OCH
UHJAHHAPE, a BEJHUYMHA HANDPSAXEHHOCTH MOXKeT 3aBHCETh TOJIbKO OT
pacCcTOSIHUS 7 OT OCH IUaunapa. [lpeactaBuM ce6e MBICTEHHO KOAaKCH-
aJIbHYIO C 3aPSIKEHHOH TMOBEPXHOCTBI0 3aMKHYTYH LHJIHHAPUYECKYIO
NMOBEPXHOCTb paauyca r U BuIcOTHl i (puc. 14.6). [las ocHoBaHuMH IM-
auujgpa E,=0, a1a GokoBodl nosepxHocti E,=E (r) (3apsn npenno-
Jlaraem HOJIO}KHTeJlebIM). ChenoBaTesibHO, NoTOok BekTopa E uepes
paccMaTpHBaeMyio IICBEPXHOCTb paBeH E (r):2nrh. Ecin r>>R, BHYTPb
MOBEPXHOCTH nonajaer 3apsj ¢=:Ah (A — JUHEHHAA NJOTHOCTb 3a-
pana). [Ipumenun teopemy [aycca, mosyyum

E(r)-2nrh:2il.
0

Orcroaa

X r=R). (14.5)

2ne r

E(r)=

Ecau r<CR, paccmaTpuBaeMasi 3aMKHYTAsi NOBEPXHOCTb HE CONEPIKHT
BHYTDH 3apsjoB, BeaeacTBhHe vero £ (r)=0.

Takum o6pa3oM, BHYTPH PaBHOMCPHO 3apsiXKeHHOH UHAHHIpUYE-
CKOH NOBEPXHOCTH GeCKOHEUHOH IJMHHHEL MoJe oTCyTCTBYeT. Hanpsiken-
HOCTb MNOJISl BHE TOBEPXHOCTH ONpefensieTcd JUHEHHOH IJIOTHOCTbIO
3apsila A H PacCTOSIHHEM r OT OCH LUJHHIpPA.

[lone oTpuuaTeSIBHO 3aPSXKEHHOTO LHMJNHAPA OTJIHYAETCH OT MOJsA
UHJAHHAPA, 3apsKEHHOTO MNOJIOXKUTENbHO, TOJbLKO HanpaBJIEHHEM BeK-
topa E.

M3 ¢qopmynsl (14.95) craepyer, uro, yMeHbllass pajHyc UHAHHADA R
(1py HeM3MEHHOH JIMHEHHOH NJIOTHOCTH 3apsja A), MOKHO TIOJNYYHTb

/. BOJN3H NOBEPXHOCTH LUWJIHHAPA noJe
= E-/%VE,, C OdYeHb GOJBIIOH HANPSKEHHOCTBH).
g [Togcraus B (14.5) A=2nRo ¥H
NOJ0XKUB r=R, NOJYYUM JAJst Hanps-
- JKEHHOCTH MNOJAS B HENOCPEACTECHHOI
OMM30CTH K T[OBEPXHOCTH LMJMHApPA
3HaYeHHe

- - E (R)=€io. (14.6)

C noMoIbI0 NPHHIHNA CYNEPNO3HIHU
JIEFKO HAHTH TOJIe ABYX KOaKCHaJbHBIX
HHJAHHAPHUECKHX TNOBEDXHOCTeH, 3apis-
JXEeHHBIX ¢ OAMHAKOBOH NO BeJUYHHE,
HO OTAHYAKOUIeHCs] 3HAKOM JHHEMHOH NJOTHOCTBIO A (pHc. 14.7).
BayTpy MeHblIEro H BHE O60JblIEr0o LHJAHHADPOB NOJE€ OTCYTCTBYET.
B 3a3ope Mexay UHJAHHAPAMH BEJIHYHHA HANPAXKEHHOCTH NOJAst On-
pepensierca dopmyson (14.5). 3to cnpaBeainBo M AJs LUMJAHHIApHUYE-
CKHX NMOBEPXHOCTEH KOHEYHOH AJMHHBI, €CJH 3a30p MEXAY NOBEPXHOCTsI-

Puc. 14.7.



§ 14. BBIYUC/IEHHE MOJIEA C [TOMOLUBLIO TEOPEMBI TAYCCA 29

MM MHOTO MEHbILe HX JJIMHE! ([UIHHAPHIECKHH KOHfeHcaTop). 3aMeTHbie
OTCTYJHJIEHH S OT I0JIsl TIOBEP XHOCTEH GeckoHe4Holl JyIuHbl GYAYT HalJuo-
HAThCA TOJABLKO BOAM3H KpaeB LUJIHHAPOB.

[lone 3apsmenHoil cdepuyeckoil MOBEPXHOCTH. [ToJie, cosnaBaemoe
cepuueckoil MoBepXHOCTbIO pajlnyca R, 3apsKEeHHOil C TNOCTOfHHOI
NOBEPXHOCTHOH MJIOTHOCTbIO @, OYHACT, OUEBHJHO, [[eHTpabHO-CHMMET-
pUuHBIM. JTO O3HAYaeT, YTO HaNpas/eHHUE BEKTOpa E B s060H TOYKe
[POXOIUT Yepes IeHTp Ccdepsl, a BeIUMHHA HATN P SKEHHOCTH ABJFACTCH
QyHKIMeH PacCTOSIHHA r OT LEHTpa cepel. BooGpasHM KOHLEHTPHYE-
CKYIO C 3apsKEeHHOH ccepolt NOBEPXHOCTb pajuyca r. st Bcex TOUCK
s7olt nosepxHoctH E,=E (r). Ecau r>>R, BHYTpb HOBEPXHOCTH nomna-

L

naeT Bechb 3apsj ¢, pacnpejeseHHBIH 110 cepe. CaejoBare/bbo,

E (r)-4nr2=-§- ,
Q
OTKYy[a
1
E (7) zm% (r = R). (14.7)

CepHyeckasi NOBEPXHOCTb Pajuyca r, MEHBILIErO, UeM R, ne Oyner
colep:KaTb 3apsioB, BCJICJCTBHE Y€ro AJd r<R nonyuaercs E(r)=0.

TakuM o6pa3oM, BHYTPH cdepHYECKOH NOBEPXHOCTH, 3apAKEHHOH
C NOCTOSIHHOIH MOBEPXHOCTHOH IJIOTHOCTBIO O, 1OJE OTCYTCTBYET. Bue
5TOff NOBEPXHOCTH II0JIe TOXAECTBEHHO C M0JIEM TOYEHHOro 3apsid TOU
e BeJMYUHbI, TIOMEIIEHHOTO B LEHTDP cdepsbl.

Mcnoap3ysl NPUHLMA CYNEPrNO3ULMH, JIErKO MMOKa3arh, HTO TOJE
ABYX KOHLEHTPHUECKHMX cepHUeCKHX foBepxHocTed (chepHYECKUH KOH-
JeHcaTop), HECYLIHX ORMHAKOBBIE NO BEJUYHHE H TPOTHBONONOKHLIC
no 3uaky 3apsmpl +g H —¢, COCPEJOTOYEHO B 3a30pe MEeXAY [OBEPX-
HOCTSIMH, [IPHYEM BEJHUYMHA HAMPSI2KEHHOCTHU T0JIS B 3TOM 3a30p€ onpe-
nensietca dopmydoi (14.7).

Mose o6beMHO-3apsikeHHoro mapa. Ilycth wap paguyca R 3apsa-
JeH C [OCTOSIHHOM ofnemHoil mjornocTbio p. [losne B aTOM Caydae
ofnanaeT UEeHTPAJbHOHi cHMMeTpuei. JIerko cooGpasHTh, YTO JUIst 1014
BHE H1apa [OJYYAeTCst TOT XKE pe3yJibTaT (cM. qopmyay (14.7)), uto u
B CJIy4Ae TIOBEPXHOCTHO-3aPsKEHHOH Cepsl. OnauHako Ans TOYEK BHYTPH
miapa pesyJpTat Oyner umbiM. Cdepuueckas NMOBEPXHOCTL pajHycd r
(r<<R) sakmwouaer B cebe 3apaj, paBHbii p-*/ynr?. Tlostomy Teopema
l'avcca anA  TakoH TNOBEPXHOCTH 3aDHIUETCH  CACAYIOWHM o0pas3soa.

E (r)-4mr? =-;—0 D %—nr”.

Otciona, 3aMeHHB p uepe3 ¢/(* ;mR?), norydaeMm
E(r)=-—-Lr (r<R). (14.8)

4niey R
TakuM o6pasoM, BHYTPH 1Iapa HaNPs KEHHOCTh MO/ pacTeT JIMHEe#H-
HO C pacCTOsIHHeM 7 OT LleHTpa I[uapa. Bre mwapa HanpsKeHHOCTb YObl-
BaeT MO TAKOMY »Ke 33KOHY, KaK W Y MNOAfA TOUEHHOro 3apija. |



TrTJABA 11
AJIEKTPUHECKOE MOJIE B AU3JEKTPHKAX

§ 15. [MoasipHbie U HENOASPHLIE MOJNEKYbI

JqdusnerRTpPHKAMH (WIH H30JATOPaMH) Ha3LIBAIOTCA Be-
ILECTBA, HE CMOCOOHLIE TPOBOAKTE 3NEKTPHUECKHH TOK. MaeanbHbiX H30-
JIITOPOB B NpHPOJe He cyuecTBYeT. Bee BewecTsa XoTs Gbl B HUYTOX-
HOil CTeneryu TNPOBOAAT 3eKTpuueckuit ToK. OnHaKo BellecTBa, Ha3bl-
BaeMble AHIJIEKTPHKaMH, npoBoasatr Tok B 10'—10% pa3s xyxe, uem
BEIeCTBAa, HA3LIBaeMule NPOBOJHHKAMH.

EcJH H3/JeKTPHK BHECTH B 3JIEKTPHUYECKOE M0JIe, TO 3TO MoJe H caM
JHIJIEKTPHK MPETEPNEBAIOT CYIIECTBENHbIE H3MEHEHHsI. UTOOb NOHATH,
noYyemy 3TO NPOUCXOJMT, HYKHO y4YecTb, UTO B COCTaBE aTOMOB H MOJIe-
KYJ HMEIOTCS MOJIOKHTEJBHO 3apsAXeHHble siipa H OTPHLATEJIbHO 3aps-
JKEHHBlE 3JIeKTPOHHI.

Besikass MoJieKyJa ripecTaBiisier co6of CHCTEMY € CyMMapHBIM 3a-
PSINOM, PaBHEIM HyJMoO. JIHefiHble pasmephl 3TOH CHCTEMbI OY€Hb MaJbi
(nopsiika HecKOAbKHX aHrcTpeM ')). B § 10 Mu ycraHOBHJH, YTO MOJE,
cosnaBaeMoe nojo6HO cucTeMoil, onpeaensiercsds BeTHYHHOA H OpHEHTa-
nHed JMNOJBHOTO SJIEKTPHUECKOr0 MOMEHTA

pP=X4qf - (15.1)

(CyMMHpPOBaHHE TPOH3BOAMTCA KaK MO 3JIEKTPOHAM, TaK H N0 faapam).
[lpaBja, 3/IEKTPOHH B MOJIEKYJe LBHXKYTCS, TAK YTO 3TOT MOMEHT BCE
BpeMsi uameHsiercsl. OIHAKO CKOPOCTH 3JIEKTPOHOB CTOJMb BEJHKH, 4TO
NpaKTHUECKH OOHAPYXKHBaeTca cpenHee 3naweHue Momenta (15.1). Ilo-
ITOMY B AajgpHeHmeM Noj AHNOJbHBIM MOMEHTOM MOJICKYJIbl MHBi 6y11eM
NMoJIpa3yMeBaTh BeTHUHHY

p=g,<rp> (15.2)

(11 Amep B 3Tofi cymMme B KayecTBe (r;) Gepercst mpocto fr;). Mnaue
rosopsi, Mbl GYZEM CYHTaTh, YTO 3JEKTPOHbI HAXOAATCS OTHOCHTEJILHO

112 Aurcrpenm (A) — ouenn yaoGras B aToMHON ¢ualiKe eIHHHIA AMHHE!, PaBHaR
10-%0 M,
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fiflep B MOKOE B HEKOTOPHIX TOYKAX, MOAYYEHHBIX YCPEAHEHHEM MOJO-
JKeHui 3JIEKTPOHOB IO BPEMEHH.

[ToBefieHHE MOJEKYJbLl BO BHEIIHEM 3/JEKTPHYECKOM TIOJE TaKKE
onpenenaercss €e IHUMOJbHBIM MOMEHTOM. B 3TOM MOXHO YOEIHTLCA,
BbIGHCAHB TNOTEHUHANBHYIO 3HEPTHIO MOJIEKYJbl BO BHEWIHEM 3JICKTPH-
yockoM novie. BriOpaB Haualo KOOPAHHAT BHYTPH MOJEKYJB! H BOCIOMAb-
30BABILHCH MAJNOCTbIO (r;), NPEACTaBUM IMOTeHUuaja B TOH TOYKe, [Ae
HAaxoIuTCa {-H 3apgj, B BHAE

¢; =0+ VLo,
e ¢ — MOTeHLHaJ B Hauyane KoopAuHat {cM. dopmyay (11.2)). Torna

W,=4q0,=29:(@+ Vo <rp)= O g+ VP g <r.
Yurs, uto 3 ¢;=0, u 3avenus V¢ uepes —E, nonyuum
W,=—EY ¢, <r>=—pE=—pEcosc.

IMpoaudpepeHHPOBaB 3TO BHPAXKEHHE N0 ¢, MONYYHM AJisl Bpallare/ib-
HOro moMmeHTa BblpaxkeHue (9.11); B3siB NpOH3BOJAHYIO N[O X, MPHAEM K
cune (9.16).

TakuM 06pa3’oM, MOJNEKYJa Kak B OTHOLIEHHH CO3/laBaeMOro e€io
Mo/ssl, TAK U B OTHOLIEHUH HCMbITHIBAEMBIX €10 BO BHELIHEM I[OJE CUJ
3KBIBAJICHTHA JAHIIOJNKO. ITonoxuTenbHBIH 3apsaa 3Toro AHUNoas pabBEH
CYMMAapHOMY 3apsfy SA€p M IOMEILAeTCs B «LEHTPE TSMKECTH» IOJIOKH-
TeJbHBIX 3apS/0B; OTPHUATENBHLIH 3apsaj PaBeH CyMMapHOMY 3apsijy
ANCKTPOHOB H [OMEIAeTCss B «UEHTPE THAMKECTH» OTPpHUATEJbHBIX 3a-
P#I0B.

Y cUMMeTpHYHHIX Mojexyn (Takux Kak H,, O, N;) B oTcyTcrBhe
BHEILHEr0 3JIEKTPHYECKOTO MOJs LEHTPHl THXECTH NOJOXKUTENbHREIX H
OTPHLATENbHBEIX 3apsjloB COBNajaioT. TakHe MOJeKy/nl He 0G/ajaioT
COOCTBEHHBIM JHINOJNbHLIM MOMEHTOM H Has3blBAIOTCI HEMNoJ 4 p-
HBIMH. Y HeCHMMETPUYHBIX MOJeKya (TakuX, Hanpumep, kak CO,
NH, HCI 4 T. 1.) LleHTpbl TSXeCcTH 3apSJ0B Pa3HbIX 3HAKOB CABHHYTHI
ADYT OTHOCHTENbHO Apyra. B stom ciyyae monexyJbl oG/iafaior cober-
BEHHBIM AUMOJbHLIM MOMEHTOM M HA3blBAIOTCSI NOJ A PHDBIMH.

[Ton peiicTBHEM BHEIIHEro 3/IEKTPHUECKOro MOJs 3apsiibl B HENOJAp-
HOH MOJIEKYJle CMELLAIOTCS APYT OTHOCHTENbHO APYra: NOJIOXKHTENbHbLIE
Mo HAanpaBJEHHIO NOJs, OTPHUATEJbHEIE NPOTHB nods. B pesysbrare
MOJIEKYJIa NPHOGPETaeT AHNOJNbHBIA MOMEHT, BEIHYMHA KOTOPOro, Kak
MOKA3bIBAeT ONBIT, PONOPIHOHAALHA HANPSKEHHOCTH nond. B pauuo-
HaJH30BaHHOA cHcTeMe KO3IXpHUHEHT MPOINOPIHOHAJABHOCTH 3anHChl-
BalOT B BHAE &P, TAe € — 3/EKTpHUecKas NocTosHHAA, a f§ — Beauuu-
Ha, HasbiBaemMast NONAPHU3YEMOCTbHIO MOJAEKY bl Yuyrd,
uTo HanpasaeHus p U E coBnanaloT, MOXKHO HanucaTtb .

p==Pe,E. (15.3)
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JIMMOJILHBIN MOMEHT HMeeT pasmepHocTsb, paBhyio [glL. Coraacuo dop-
myne (5.3) pasmepHocTb £E pasua [glL-2. Crepopatennno, nonspusye-
MOCTb MOJIeKYJibl 3 of/aajgaer pasMepHOCTbIO L3,

ITpouecc noaspusaluu HeNOASPHONH MOJIEKYJIBI NPOTEKAET TaK, Kak
ecau Obl NMOJIOXKHTe/bHBIE H OTPHLATeJbHBbiE 3apPsAbl MOJEKYJhl ObliH
CBSI3aHBl JAPYr ¢ ApyroM ynpyrumu cujamu. Ilostomy roeopsr, uTO
HEMoJApHast MOJEKyJa BeJeT ce6sl BO BHEHIHEM MoJe Kak ynpyrui
AHNOJb.

JleficTBue BHELLHEro MOJs Ha NOJSPHYIO MOJEKYJAY CBOJAHTCS B OC-
HOBHOM K CTPEMJIEHHIO NIOBEPHYTH MOJIEKYNY TaK, 4TOOLL €€ AUMOJbHLIH
MOMEHT YCTAaHOBMJICS NQ RanpasJieHHI0 noJs. Ha senuuuHy aunoJib-
HOI0 MOMEHTA BHEILUHee NoJie NpaKkTHUeCKU He Bauser. ClefloBaTebHO,
NOJITPHAS MOJIEKYJ1a BeAeT ce0d BO BHELIHEM [I0JIe KaK JKeCTKHA AMNOJb.

§ 16. Iloaspusauus JU3NEKTPHKOB

OG6BL1YHO B OTCYTCTBHE BHELIHErO JEKTPUYECKOTO NOJI JUMNOJbHLIE
MOMEHTHE MOJIEKYJI AH3JIEKTPHKA JUGO PaBHH HYJIO (HENOJAPHLIE MoJe-
KyJbul), Ju6o pacrnpejeneHs! 0 HanpapAeHHSAM B IIPOCTPAHCTBE XaOTH-
yeCcKHM o0pasom (NossipHble MOJIeKYJabl). B 060HX caydasgx cyMMapHbIH
JAMIOJBbHBII MOMEHT AUIEKTPHKA paBeH HYJuo ).

Ilon meiicTBueM BHEIIHEro NOJA JAUEKTPUK NOJASPH3YETCH. ITO
O3HAYAEeT, YTO Pe3yAbTHPYIOUIHH AUNONbHLIA MOMEHT XH3JEKTPHKA CTa-
HOBUTCS OTJIMYHEIM OT HYJS. B KauecTBe BeJUYHHBI, XapaKTepU3yoLlei
CTeNEHb [OJNAPH3AUHU JAUSJIEKTPUKA, €CTeCTBEHHO B3ATh IHNOJBHHIN
MOMEHT €IMHHIE!I ofbema. Ecny nose wian JU3NEKTPUK (MW oba OHIl)
HEOJHOPOIHMI, CTENEeHb MNOJSAPU3AUHHM B PA3HBIX TOYKAX JHUIIEKTPHKA
Oyxer pasauyHa. YUrtoObi OXapakTepusoBaTb NOJAAPU3ALHI0O B AAHHOH
TOYKE, HY>KHO BBLIICJIUTh 3aKJOYAOUIMHA B cebe 3Ty TOYKY QH3IHUEeCKH
GeckoneyHo Mmanniii o6vem AV, naiitu cymmy%p MOMEHTOB 3aKJ/IHOYeH-

HEIX B 3TOM O0BEME MOJIEKYJ H B34ATb OTHOLIEHHE
- 1
P=zy (16.1)

Bekrtopnas seaununsa P, onpegensiemas ¢opmyaoir (16.1), HasbiBaercs
NOJNSIPH30OBAaHHOCTbLIO JHUIJXEKTpPHKa.

JIMnoJIbHEI MOMEHT P umeeT paamephocth [glL. Cnenopartenbho,
pasmepHocte P paBHa [glL-%, T.e. coBmajaer ¢ pasmMepHOCTBIO &E
(cM. dopmyay (5.3)).

Y H30TPOMHBLIX AHICKTPUKOB JA000ro THINA NOMSPH30BAHHOCTL CBS-
32Ha C HaNpSKEHHOCTDLIO T0JIA B TOH JKe TOYKE MPOCTLIM COOTHOIIEHHEM:

P=wx¢g,E, (16.2)

1) B § 23 Mul no3naxoMuMed ¢ Bém'ecmamu, KoTophie MOTYT 00JdajaTh JUN0ALHEIM
MOMEHTOM B OTCYTCTBHE BHELWIHErQ movs.
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rne » — He 3aBHcsuwasn ot E BesuuuHa, HasbiBaemasa A M 3J €K T P H-
YyeCcKOfl BOCNDPHHMMYHBOCTBIO JHUINEKTpPHKAT).
Beire 6610 YKasaHo, yto pasmepHocTdH P u eE oaunakosnl. Crenosa-
TeJbHO, % — Oe3pasMepHas Be/JHYHHA.

B rayccopoit cucreme dopmyna (16.2) HMeeT BHZ
P=«E (16.3)

JIns AU3JIeKTPUKOB, NOCTPOEHHBIX U3 HEMONAPHHIX MOJeKyJ, ¢op-
myJa (16.2) BeITeKaeT U3 cefyrouX MPOCTRIX coo0paxeHuil. B npeseder
o6bema AV momagaer Koau4ecTso MoJekyJ, paeHoe n AV, rae n — uuc-
JI0 MOJIEKY/ B efuHuue obbeMa. Kax bl H3 MOMEHTOB p OIPEAEAACTCS
B sTOoM cayuae ¢opmyJoit (15.3). CnenoBartensHo,

Y p=nAVfeE.

AV

PasnesuB 310 BhipaxieHwe Ha AV, nojsydyHM NoJspH3OBaHHOCT P=
=npe,E. Hakoneu, BBeas oGo3Hauenue x=nfl, npugem K ¢opmyne
(16.2).

B cayyae AM3JMEKTPHKOB, INOCTPOEHHBIX M3 MOJAPHBIX MOJEKYJ,
OpPHEHTHPYIOLIEMY JefCTBHIO BHELIHEro MNOJs MNPOTUBHTCS TeNJIOBOE
IBHXCHHE MOJIEKYJ, cTpeMsieecst pasbpocaTtb WX JAUMOJbHBIE MOMEHTHI
o BceM HampaBneHMAM. B pesynbrare YCTaHaBAMBACTCS HEKOTOPASR
NpeuMyLLlecTBEHHAs OPHEHTALHS JHIOJbHBIX MOMEHTOB MOJIEKYJ B Ha-
npasaenud nosig. COOTBETCTBYIOMMEA CTATHCTHYECKHH pacyeT NOKashl-
BaeT B COIVIACHH C ONBITOM, YTO IIOJSIPU3OBAHHOCTh IPONOPUHOHANbHA
HanpsAKEHHOCTH TOJs, T. €. NPUBOIHT K ¢opmyde (16.2). JusnexTpu-
yeckad BOCHPHMMHYHBOCTH TAKHX [HUIJNEKTPUKOB OOpaTHO IPONOPLKO-
"WaJbHa abCcoMIOTHOH TeMmieparype.

B HOHHBIX KpHMCTa/JIaX OTIENbHbIE MOJIEKYJbl YTPayHBalOT CBOIO
06oco6neHHOCTE. Belp KpHcTads npeiacTabiasieT co0oi Kak Gbl OJHY
THFAHTCKYI0O MoJekysny. Pemerky HOHHOTO KpHCTajlJa MOXHO pac-
CMaTPHBAaTh KakK JBe BCTABJEHHbIE NPyl B Jpyra peileTKH, OJHa H3
KOTOPbIX 006pa3oBaHa TMOJOXKUTEJNbHBIMH, a ApYyrasg OTPHUATENbHBIMH
uvoHaMH. TlpH JeficTBHM HA HOHBI KDHCTA/J/a BHEIIHEro nojas obe pe-
IIeTKY CABMTAIOTCH APYT OTHOCHTEJNbHO IPYyra, YTO NPHBOAUT K IMONSIPH-
sanuy auajekTpuka. Iloadgpu3oBaHHOCTE M B 3TOM CJyyae CBsi3aHa

1) B aHH30TPONHLIX AH3JMEKTpHKax nanpapienus P u E, BooGme roBops, He CoB-

nagaioT. B atoM ciayaae cBasb Mexay P u E onHchiBaercss QopMmynaMu

Py=g (MyxEx+%xyEy+%x2E2),

Py — & (?nyEx +%nyy+ MyzE.z)!

P, =gy (zEx +%2yEy+%22E2).
COBOKYMHOCTb JEBATH BeMHYHH %;x 06padyeT CUMMeTPHYHbIH TeH3op 2-ro paura, na-
3LBaeMEli TEH3O0pPOM AHONEKTPUUECKON BOCIPUHMUHNBOCTH
(cp. ¢ popmynoit (40.3) 1-ro ToMa). ITOT TEH30P XapAKTEPH3YET SACKTPHYECKHE CBOL -
CTBa AMH3OTPOMHOrQ JHSJeKTpHKa.
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C HanpsiKeHHOCTBIO NOJS COOTHOMIEHHEM (16.2). OrmeTuM, 4TO CNHCHI-
paeMasi gopmyJoil (16.2) nunefiHas 3aBHCHMOCTb MEXIY E u P ineer
\ECTO JIHIIb B He CJAHINKOM CHJbHHIX TOJAX (aH2MOrHYHOE 3amedaHHe
otHocHTCS H K dopmyane (15.3)).

§ 17. [Mone BHYTPH AH3JNEKTPHKA

3apsaisl, BXOAdlHe B COCTAB MOJIEKYJ JHIJEKTPHKA, HA3bIBAIOTCA
cBsi3aHub MU, [Moa peiicTBHeM NOJs CBA3AHHBIE 3apAAbl MOTYT
JHIIb HEMHOIC CMELIATHCA H3 CBOUX MOJOXKEHHH paBHOBECH; NOKHHYTb
npeaensl MOJIEKYJIbl, B COCTAB KOTOPOH OHH BXOJASAT, CBSI3aHHbIE 34D 5Lkl
HE MOTYT.

3apsinbl, KOTOpHE, XOTA H HAXOAsiTCs B NMpejenax JU3/IEKTpHKa, HO
Ee BXOAST B COCTAB €ro MOJIEKYJ, a TaKXke 3apsiibl, PAacnoNOKEHHHIE
3a npejenaMu AM3JEKTPUKa, Mbl, caeays JL JI. Jlannay u E. M. Jlngp-
wHny ), 6yleM HasbiBaTb CTOPOHHHMHU 2).

Mone B MUaIeKTPHKe fABAseTCH cynepnosuuueii noast E..,, cosia-
BAEMOr0 CTOPOHHHMH 3apajaMu, H nojs E.,, CBA3AHHLIX 3apsLoB.
Pe3yabTHPYOLLEE NONE HAa3biBaeTc! MHKPOCKOMHYECKHM
(W14 M CTHHHB M)

Eunupo - E‘cxop + Ecnﬂs' (1 7. 1)

MHKPOCKOIMHYECKOE NoJIe CHJIBHO H3MEHseTCsl B NPEeJeaax MexMoIe-
KYJNSPHBIX paccTosHuil. BeneicTene ABHAKEHUA CBsI3aHHBIX 3apsROB
none E, o0 H3MEHAETCA TaKkKe H CO BPEMEHEM. [IpH MaKPOCKOMI{YECKOM
paccMOTPEHNH YKas3anHbleé H3MEHEHHS HE o6Hapy:KHBatoTCA. [losToMy
B KauecTBe XAPAKTEPHCTHKH NOJSA HCHOMb3YeTCsl YCPEAHEHHOE IO
¢u3ugeckHn GeCKOHEYHO MajioMy obbeMy 3HayeHHE BEJIHUIHHLL (17.1):

E= <Eunupo> = <ECIOﬁ> + <E°B”3>'

B nanbHefileM YCPeXHEHHOE foJie CTOPOHHHX 3apAfOB Mbl Gygew
o603nauaTh yepes Eo, a yepeJaeHHoe noJie CBA3aHHbIX 3apAA0B — Heped
F’. COOTBeTCTBeHHO M aKPOCKOMHUECKHUM MNOJEM Mbl
GyneM Ha3blBaTh BEARHUYHHY ‘

E=E,+E'. (17.2)
TloasipnaoBanHocts P npenctaBiaser coGoif  MaKpPOCKONHUECKYIO

ennunny. Ilostomy noa E B cooTHOMEHHH (16.2) cneayer noHMMaTh
HAanpsUKEHHOCTh, onpefeasemMylo ¢Gopmy.IoH (17.2).

Yy Cm. J. A. Jdanday, E. M. Jupuuy. INeKTPOJHHAMEKA CIIIOWHBIX Cpel. Toc-
texuanar, 1957, crtp. 57.

2) [IpHHATO Ba3bIEATb TAKHE 3aPAJH CBOGOAKLIMH, Oanako TaKoe Ha3Banye Kpai-
He BEeYAauHO, TAK KaK B pAje caydaeB CTOpOHHHE 3apsiHl 6LIBAIOT OTHIOAb HE CBOGOT-
HBIMH. . :



¢ 18. OB'bEMHDBIE ¥ NOBEP XHOCTHBIE CBS3AHHLIE 3APA DI (3]

B oTCYTCTBHE AHJIEKTPHKOB (T. €. B «BAKYYME») MaKPOCKOTHYLCKOE
noJjie paBHO
E=E, =.<Ecr0p>-

MMeHHO 3Ta BeJuynHa JOMKHA NojapasymeBathca moa E B dopmyne
(13.9).

Ecau cTOpOHHHME 3apsiibl HEMOABUIKHLI, NONe, OnpeleasaemMoe Bhipa-
xeHueM (17-2), o6nafiaeT TeMH ke CBOHCTBaMH, 4TO H 3/JEKTPOCTATHUE-

CKoe 10JIe B BaKyyme. B 4acTHOCTH, €ro MOKHO XapaKTePH30BaTh C 1i0-
MOMUIBbIO TMOTEHUMAJZ (¢, KOTOPLIA CBSI3aH C HanpsiKEHHOCTbIO (17.2)
cooTHotueHusiMu (8.2) u (8.6).

§ 18. O6bemMHbIe M NOBEPXHOCTHLIE CBs3aHHbIE 3aPSAbI

Koria nus/IeKTPHK He TMOJsApH30BaH, o6beMHAs TIOTHOCTD p’ u no-
BEPXHOCTHAs TIOTHOCTb 0 CBSI3AHHBIX 3apAN0B PaBHA HYJIO. B peayae-
TaTe NOJAPH3ALHU TIOBEPXHOCTHAS IJIOTHOCTb, @ B HEKOTOPHIX CJydasnX
M 06beMHas IVIOTHOCTb CBSI3AHHLIX 3dPAJOB CTAHOBAYCHA OTJIHYHBIMH

OT HYJIA.
Ha puc. 18.1 u3oGpaxeH CXeMaTHYECKU MoJIsSpH3OEAHHBI Ji3JeK-
TPUK C HEMOJSPHBIMU (@) M MOAAPHBIMU (G) MOJEKYJAaMH. M3 pucyHka

OO0 |T0O R
OO0 [O-g
GO0 | QOO
OO0 OO IO

o) 4)

Puc. 18.1.

BHAHO, YTO NOJSPH3AUUSA CONPOBOXKIAETCS BO3HHKHOBCHHEM B TOHKOM
HOBEPXHOCTHOM ¢JI0€ JM3JEKTPHKA H30RITKA CBA3AHHBLIX 3apPAL0B OLHOIC
3HaKa. EcaM HOpMaJbHAasl COCTABIAIOMAs HANPSMKEHHOCTH noast E ans
NAHHOTO YYACTKA MOBEPXHOCTH OTJIMYHA OT HYJ#, TO NMOA NGHCTBHEN
10JI5 3apfjbl OAHOTO 3HAKA YXOAAT BHYTPh, & APYroro 3Haka BbIXOUST
Hapyxy.

Mexly MosipH30OBaHHOCTBIO P ¥ MOBEPXHOCTHOM NJOTHOCTBIO CBsi-
3aHHbIX 3aPANOB @' WMeeTcd npocTast CBaA3b. [l1s ee HaXxoxAenws pac-
CMOTDHM GECKOHEUHYIO NJIOCKONAPa/NIebHYK MJACTHHY H3 OAHOPOL-

3 H. B. Capenven, T. 2
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HOTO JUIMEKTPHKA, MOMELIeHHYI0 B OAHOPOAHOE 3JEKTPHUECKOS IMOJe
(puc. 18.2). Bble/uM MBICJEHHO B TUIACTHHE 3/IEMEHTAPHBIH o6beM B BH-
JIe 0YeHb TOHKOrO UMJIHHAPA ¢ obpasywuiumy, napantensHeivi E B fu-
WICKTPHKE, H C OCHOBAHHAMH miowaiun AS, COBIaJaoWMUMH C MOBEpPX-
HOCTAMM IWJIACTHHBLI. BeawyuHa s3toro obbema pasHa

AV=! AS cos «,

rae [ — paccTosiHie MEXAY OCHOBAHHAMH UMJIHMHIPA, & — YTOd MEXAY
pextopoM E U BHEIUHEH HOPMalbi K MOJMOXKHUTENBHO 3apsKEHHON TI0-
BepxHocTH Ausektpuka. O6nvem AV umeer
-a’ +a’ JHOOJbHBIH 3/IEKTPHUECKHHA MOMEHT BeJsd-

YHHBI

P AV=P! AS cos &

(P — Mony/ib WOJISIPU3OBAHHOCTH).

C MaKpOCKONHYECKOH TOYKH 3peHUst
paccMaTpHBaeMblil 06bEM 3KBHBANEHTER AU~
noJio, o6pasoBanuomy 3apsagaMu +a AS u
—a’'AS, oTcTOsSUEMH IpYr OT JApyra Ha
paccrosiHue [. [TosTomy ero 3feKTpHISCKHUH
MOMEHT MOKHO NpejCcTaBuTh B BuAe o'ASL.
[TpupaBusiB ApYyr Apyry o0a BhIpameHus
Puc. 1(8.9. ISt 3NEKTPHUECKOTO MOMEHTa, NOJYYUM

Pl AS cos a=c"AS/.
(3rei0/la BBITEKA2T MCKOMOE COOTHOIeHHe Mmexay o u P:
¢'=P cosa=P,, (18.1)

rae P, — npoeknus noaspyH30BAaHHOCTH Ha BHELUHIOW HOPMaJ/b K COOT-
BeTCTBYIOWEH noBepxnoctd. st npaBoét moBepXHOCTH Ha pHc. 18.2
P, >0, COOTBETCTBEHHO ¢’ J/I51 HEe [OJOXUTEAbHA,; /s JIeBOH NoBepX-
HoctH P,<< 0, COOTBETCTBEHHO ¢’ /ISl Hee OTPHLAaTe]bHa.

Beipa3us corqacho (16.2) P uepea x u E, npuaem K dopmy.e

o' =x&,E,, (18.2)

rie E, — HOpManbHasi COCTaBJStOWAR HANPAKEHHOCTH NOJAA BHYTPH
nusnekTpuka, B coorseTcTBuH C (18.2) B Tex mecTax, rie JMHUHY HAMpPA-
JMEHHOCTH BuIXOAAT M3 Au3anexkTpuka (£,>>0), HAa NMOBEPXHOCTH BBICTY-
[aloT MOJMOKHTEIbHbIE CBHA3aHHbIE 3apsfbl, TaM Xe, IAe JHHUH Hanpd-
WEHHOCTH BXOAAT B AHIIEKTPHK (£,<C0), 0OABASAOTCA OTPHIATENbHbIE
NOBEPXHOCTHARIE 3aPSAHL.

Gopmyaet (18.1) u (18.2) cnipaBeanuBbl U B camMoM OOlieM cayyae,
KOrja HEeOJHOPOINHBLIH HAHIAEKTPUK MOpPOH3BOABHOA GOpMbl HAXOAHTCH
B HeoAHOpOAHOM 3nekTpuyeckoMm none. Ilox P, u E, B 3tom caydae
'HYXHO NOHUMATb HOPMAJbHYK COCTABJAMIILYI0 COOTBETCTBYHOLLErQ
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BEKTOp2, B3ATYI0 B HenocpeACTBEHHOH OJM30CTH K TOMY 3JI€MEHTY
NICBEPXHOCTH, AJS KOTOPOro omnpegensiercs ¢'.

Tenepb 06paTHMCA K HAXOXACHHIO OOBEMHOH NJIOTHOCTH CBA3aHHBIX
3apfI0B, BO3HHKAOILUX BHYTPH HEOAHOPOAHOIO IUaNeKTPUXa. PaccMor-
PHM B HEOJHOPOZHOM W3OTPONHOM AH3JEKTPHKE C HENOJSPHBIMH MOJe-
KyJamu BooGpaxaemylo maayko naomaaky AS (puc. 18.3). Ilycrb
B eiMHuUIlEe 06beMa JUAJEKTPHKA HMEeTCs 1 OJHHAKOBLIX YacTHLL C 3aps-
JIOM -+ée ¥ n OAMHAKOBbIX YacTUI C 32psJoM —e. B HeGoab110H OKpecT-
HOCTH NJOHIAAKH AS 3/IeKTpHYeCKoe noje W AHIJAEKTPHK MOXKHO CYH-
TaTh OAHOPOAHLIMU. T103TOMY BCe NOJOKHTENbHEE 3apsAbl, HAXOAALIHe-
cs1 B6au3n AS, cMecTATCHA NPH BKJIOYEHHH NoJs B Hanpasjienny E wHa
CAMHAKOBOE pacCTOfgHHe [y, a BCE OTPHUATEJNbHHE 3apAABl CMECTATCH
B NPOTHBONOJIOKHOM HANpaB/eHAH Ha OJHHAKOBOE paccroshue l; (CM.
puc. 18.3). Ilpu 3tom uepes miomaaky AS
npoiijeT B HanpaBJeHHH HOPMAAH K Heli He- \+¢ 4 h
KOTOpO€ KOJIMYECTBO 3apAi0B OJHONO 3HaKa
(NONOXHTENbHBIX, €CH a<lit/2, oTpHUATENb-
HBIX, €l @>7/2) ¥ B HANPaBJAEHHH, NPOTH-
BOIIOJIOKHOM N, HEKOTOPOE KOJIHYEeCTBO 3aps-
JCB JAPYroro 3Haka (OTpULATENbHBIX, €CHH
a<<11/2, NOJOXKHTENbBHIX, ecan a>n/2). [1no-
waaky AS nepecekyr Bce 3apaas -t e,
KOTOpPHE [0 BKJHUYEHHs T0Jsl OTCTORJIH OT
nee He 6GoJsiee ueM Ha [,cos @, T. €. BCe -} e, 3aK/AHUEHHBIE B KO-
coM nuaupape ob6bvemom [,AS cosa. YHcno 3THX 3apsaaoB  paBHO
ni;AS cos o, a nepeHOCHMBIR HMH B HaNpaBJICHHH HOPMAJH K IJIolajke
sapap pasen enl;AS cos @ (npu a>>n/2 3apsj, NepeHOCHMEIA B HanpaB-
JIEHHH HOPMAaJi 3a CuUeT CMelleHH A 3aPAJI0B e, 6YJET OTPHUATENLHEIM).
Anajnoruyno naowaiky AS nepecekyT Bce 3apfAlbl —e€, 3aKMOYEHHbIE B
ofbeme [,AS cos o, DTH 3apajpl nepeHeCYT B HaNpPaBJeHHH HOPMAJH
K NJIouajKe 3apsij, pabubiii enl,AS cos a (43 puc. 18.3 BHARO, YTO 11pH
o< /2 3apsabsl —e nepeHecyT wepes AS B HanpaBAEHHH, NPOTHBOIO-
JoxHOM n, 3apsia —enl,AS cos @, 94TO 3KBHBAJICHTHO NEPEHOCY B Ha-
npaBJeHHu n 3apsja enl,AS cos a).

Htak, npu BKJIOYEHHU noas depe3d njomaaky AS nepenocurcs
B HanpaBJIeHHH HOpMaJn X Hell 3apsaj

Ag’=enl,AS cos a+tenl,AS cos a=en (I;-+1,)AS cos a.

-
[ ™™

Puc. 18.3.

Cymma [+, ecthb paccrosinue I, Ha KOTOpO€ CMEILAIOTCA APYr OTHO-
CHTEJIBHO JApYyra NOJOXHTEJBHBIE H OTPHUATE/bHREIE CBA3aHHBIC 3apAAbl
B JH3JEKTPHKE. B peayabTate 3TOro CMelleHHs Kaxjasa napa 3apsrLoB
npuoGperaer AUNOJbHLIA MoMeRT p=el=e(l,-1,). Uucno takux nap
B elHHALE 06bema paBHo n. CrenoBarenbBo, npouspejenue e (I,+1,) n=
=eln=pn aaer MOAYJNb noaspuloBaHHoctd P. Takum obpa3soM, 2apsa,
NPOXOAANIMA MPH BKIIOYEHHH NOJASA yepes naomaaky AS B HanpaBieHyy

s
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HOpMaJH K HEH, paBeH
Ag'=P AS cos a.

[TocKOMIbKY - IU3NIEKTPUK H3OTPONHBIA, HampaBieHus BekTopoB E
n P cosnanawor (cm. puc. 18.3). CaenoBatenbHO, & €CTh Yroa MexAy
BeKTOpamMH P M n, B CBfI3M C ueM MOXKHO HanucaThb

Ag'=Pn AS.
[Tepeitng or gensT K AuddepeHuunanam, mnoayyim
dg'=Pn dS=P dS.

Met Hany cBsI3aHHLIA 3apsAA dg’, KOTOPLIH DPOXOAMT IPH BKJOYEHHH
noJid 4epe3 3JIeMEHTapHYI MJIOWAaAKy dS B HalpaB/JeHWH HOPMAMH K
Heil; P ecTh MOASPM30BAHHOCTb, BO3HUKAIOWAS MOA ACHCTBUEM HOJfA
B TOM MeCTe, TJIe pacno/JoyKeHa molanka dsS.

[lpencrasum cebe BHYTPH AM3JAEKTPHKA 3aMKHYTYIO NOBEPXHOCTD S.
[Mp1 BK/IIOUEHHH NOJs 3Ty NOBEPXHOCTh MEPECeUeT H BLIAART HAPYKY
CBA4HHBIY 3aps] ¢°, paBHBII

q;umzﬁdqrzﬁpds
S S

(MBIl YCI0BHJNCE B CAyYae 3aMKHYTHIX MOBEPXHOCTEH 6paTh BHELUHIOI
HOpMAJb K mJowaaxam dS). B pesynbrate B ofbeme, orpaHMuYeHHOM
NOBEPXHOCTLIO S, BO3HHKHET H3OBITOUHBIH CBSI3aHHBIN 3apsf

Gias=—Gouu=—  PdS=—D, (18.3)
S

(D, — notox BekTOopa P uepes nomepxHOCTE S).
Beens o0beMHYI0 MJIOTHOCTL CBA3AHHBIX 3apsnoB p’, MOXKHO HamnM-
CaTh

q;36 == g P’ dv

vV

(nuterpan Gepercsa no o6beMy, OrPAaHHYEHHOMY MOBEPXHOCTHIO S).
Takum oOpa3zom, Mbl NPUXOAUM K QopmyJe

Vorav=—¢puas.
v S

[1peoGpasyem mosepXHOCTHLIN unHTErpas no TeopeMe OCTPOrpajicKoro —
Faycca (em. (11.41)). B pesyabraTe moayuuTcs COOTHOILEHHE

Vorav=—{vpPav.

vV vV

3T0 COOTHOUIEHHE MOJMKHO BBINOJHATBECH JAJS JIOGOTO [IPOU3BOJILHO
BbIOpaHHOTO OO6beMa V/, 4TO BO3MOXKHO JHIUL B TOM c/yyae, eciH B
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Ka}KJ_lOﬁ TOUKEe AHSJEKTPHKA BBINOJMHACTCA DaBEHCTBO
o' =—YP. (18.4)

CnenoBaTeNlbHO, MJIOTHOCTh CBSI3AHHBIX 3apAIOB pPaBHA JAHUBEPTeHIHH
noJsipusoBaHHocTH P, B3sATOH ¢ OOpaTHLIM 3HAKOM.

Mo noayuusau (18.4), paccMaTtpuBasi AUSJICKTPUK ¢ HENOJAPHBIMH
MoJiekyaamu. OpRako 3ta ¢opMmyJa cnpaBejJyiHiBa H A1 KHJIEKTPHKOB
C TNOJAPHBIMH MOJIEKYJIaMH.

dopmyne (18.4) MOXKHO AaTh HAIVISAHYIO MHTepHpeTanuwo. ToukH ¢
NOJMOXKHUTENBHOH VP Cly2KaT HCTOYHHKAMM MoJsa BeKropa P, K3 3THX
Touex nuHuH P pacxoparcs (pHcC. B
18.4). ToukH c oOTpHIATE]BHOMH é)" d) ~
VP cJayXar CTOKaMU MoJs BEKTOo- \Q @/—)_\ \Q @" |
pa P, x 3tum toukam Jaunuu P QDEIEDHDER®
cxopsites. TIpu mosspusanuy IH- ‘@@Q\V /@@Q‘
5JIEKTPHKA IOJOXHUTENbHbIE CBfl- .
3aHHBIE 3apsanbl CMEINAOTCA B HA- f mowe 7 {vg<>aﬂ ~ O mouxe Z{Vl::sg
npasJjeHud Bektopa P, T. e. B Ha- i , F
npapjeHnu JuHui P; oTpuuaredn- Pye. 13.4.

HEle € CBSI3aHHLIE 3apsijbl CMe-

IAITCAd B NPOTHBONOJIOXKHOM HANOPaBJCHHH (HA PHCYHKE OOBEJEHH
OB4JIAMH CBSI3AHHLBIC 3apAnb!, IPpHHALACAKAIIHE OTAC/IbHBIM MOJIeKyJIElM).
B peaynprare B MecTax c nosoxutensHoii VP o6pasyercsi H3GHITOK
OTPHUATENBHBIX CBfI3aHHHIX 3apsiJ0B, 4 B MeCTax C OTPHUOATEJbHOH
YP — H30biTOK MOMOXKUTE/NbHBIX CBA3aHHHX 3apsjoB.

CBsi3aHHBIE 3apAjabl OTAHYAIOTCHA OT CTOPOHHHX JHIIL TEM, 4YTO HE
MOTYT NOKHHYTb MNpeAeabl MOJEKYJ, B COCTaB KOTOPhIX OHH BXOJAT.
B ocraspHOM Ke HX CBOMCTBA TaKOBBl, KAK U Y BCeX NPOYHX 3apPs/0B.
B 4acTHOCTH, OHH CAYXKAT HCTOYHUKAMH 3JIeKTpHUYecKoro noasi. Iloatomy
B CJyyae, KOTJa IJIOTHOCTb CBSI3aHHHIX 3apsifioB P’ OTJNKYHA OT HyA4,
dopmyay (13.5) HYXHO NHcAaTb B BHJE

VE=—;0—(9+9’)- (18.9)

31eck P — IVIOTHOCTE CTOPOHHUX 3apsiNOB.
IToxacraBum B (18.4) Boipaxenue (16.2) aaa P u Bocooabpsyemca qop-
myqoh (11.36). B pesyabtare noayuum

o' = —V (xe,E) = —e,V (+E) = — ¢, (EVx +=VE).
3amenus VE B coorBerctBuH ¢ (18.5), npungeM K ypaBHEHHIO
p' = —eEyn—xp—up’.
Orcrona

, 1
' =— 13 (8E V% 4-xp). (18.6)
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U3 dopuyaer (18.6) BhiTekaer, 4To 06beMHas fIOTHOCTb CBA3AHHBIX
3apAA0B MOXKET GhiTh OT/MYHOI OT HyJA B JBYX caydasx: 1) ecau au-
3JeKTPUK HeogHopoleH (y»=+=0), 2) ec1u B AdHHOM MeECTE IUITEKTPUKA
MJIOTHOCTb CTOPOHHIX 3apPAAO0B OTIAUUHA OT HyJAA (p=0).

B cayuyae, KOr1a BHYTPH AM3/JIEKTPUKA CTOPOHHUX, 33pANOB HET,
06LeMHAA MIOTHOCTh CBA3AHHGLIX 3apASOB paBHA

4 € [}

— B (18.7)

§ 19. BexTop 2/eKTPHYECKOIO CMEWEHUSA

B npemntayiwem naparpade Ml oTMedanH, 4TO UCTOUHMKAMH NOJIA
CAyHAT HE TOJNHKO CTOPOHHKE, HO U CBA3AHHDIE 3P AMbL. B coorBetcTBUH

C 3ITHM
VE = (p+0') (19.1)

(cm. (18.5)). @opuyaa (19.1) manonpurogna AIA HAXOKAEHHS BEKTOPA
E, T4k K4AK OHA Bbip2)aeT CBOHCTBA HEH3BECTHOH BEITHYUHBEL E 4epes
CBS3aHHbLIE 3aPAAbl, KOTODhIE B CBOIO OYepeib ONMPEAL/AOTCA HEHIBECT-
noit E (cm. (18.2) u (18.6)).

Boluncsenne noseil BO MHOTHX caydadx yapouiaercs, €C/H BBECTH
BCIIOMOTATEABbHYIO BEMMUMHY, HCTOYHHKAMH KOTOPOH ABJAOTCA TOJBKO
CTOpOHHUE 3apAnsl . YTOOE YCTAHOBHTH BRI ITO# BEJHYUHEI, MOACTa-
sum B (19.1) Beipasenue (18.4) ans o'

VE = -E—I—(p—vP)-
0

Orcioga Caeayer, 4ro
V(e,E+P)=p (19.2)

(MLt BHECTH €, NMOX 3HAK V). Boipawenue, crogiuee B (19.2) B ckobKax,
npencraBaser coGoil HCKOMYIO BeldyuHy. Ee 0603HauaroT 6ykBod D u
HA3BIBAIOT HNEKTPHUECKHM CMELIeHHEM (M/H JIEKTPHYECKOH HHRYKIHei).

MTaKk, 3JEKTPUHUYECKHM CMeWeHHEeM (3JeKTP H-
YecCKO# #HAYKIHEI) HashBaercd Be/qUYUHA, ONPEASIAeMan
COOTHOIUCHHEM

D=¢,E-P. (19.3)
[oacraBus Buipamauue (16.2) masg P, monyyum
D=EQE+an‘E:‘BU(1+:c)E. (19.4)
BeapasmepHyto BeRUYUHY |
e=1-+x (19.5)
HASHBAIOT ZOTHOCHTENBHON HHUINEKTpHUECKO i

NPOHHMELAEMOCTBIO WIM POCTO AHIJMEKTPHYECKOH
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npornunaemocThio cpemu’). Takum 06pa3oM, COOTHCLIEHHE
19.4) mMoxHO 3anHcaTtb B BilJE

D=¢q¢cE. (19.6)

Cornacno (19.6) Bekrop D nponopnyoHaneH BEKTCPY E. Hanomnuwm,
YTO Mbl PACCMaTPHBaeM HM3CTPONHBIE IHAIEKTPHKH. B aHH30TPONHBIX
muanexTpukax Bektopel E n D, BoOGWe roBops, HEKOJIIHHEAPHHL.
B cooreerctBuH ¢ dopmyaami (5.3) n (19.6) sneKTpHYECKOE CMmeLe-
HHE MOJIS TCYEUHOTO 3apsfia B BaKyyMmMe paBHO
1 ¢
D_-‘l_ft—?i €,. (19.7)
'Eavpuneil 5A€KTPHUECKOrO CMEIIEHHS CJAYXHT KYJOH Ha KBaJpat-

ot merp (Ka/m2).
Coraacuo (19.2)

vD =p. (19.8)
[TponHTErpHpYEM 3TO COOTHOLIEHHE DO IPCH3BCJILHOMY obremy V.

S vD dV = S pdV.

v v

TlpeoGpasyeM Ji€BYyI0 4acTb MO Teopeme Ocrporpaznckoro—Iaycca
(em. (11.41)):

fpas={pav. (19.9)
5 1%

Cnesa ctout @, — noTok Bektopa D uepes 3aMKHYTY!0 NNOBEPXHOCTD S,
crnpaBa — CyMMa CTOPOHHHX 33pa/i0B 2g;, 3aKTIOYEHHLIX BHYTPH 3TOH
nceepxHoctH. Ilostomy pabenctso (19.9) MOXHO NPeACTaBHTL B BUAE

Op=4g, (15.10)

dopmyast (19.9) u (19.10) supaxawor Teopemy 'aycea nma BexTopa
D: nomoK 31eKMmpUtecKo20 CHEWEHUN HEPe3 SAMKHYMYI0 NOGEPXROCMb pll-
geH  Qi2eOpaudecKoll CyMme BaKAOHEHHbLX eHympi 3moil NoeePXHOCHU
CrIOPOMHUX 3apA008. | o LT e

B Bakyyme P=0, TaK yro onpefensemMasi BulpaxeHHeM (19.3) eeau-
unna D npespamaercsa B &E 1 dopmyant (19.9) u (19.10) nepexcaar
B dopmyant (13.4) u (13.2).

ENMHAHNEH NOTOKAa BEKTOpPA 3JMEKTPHYECKOro CMELIEHHA $BJASETCS
xyaon. Coraacno (19.10) 3apsn B | Ka cosaaer gepe3 OXBaThIBAIOULYIO
ero NOBEPXHOCTb NOTOK cmemenns B 1 K.

1) B asteKTpOTEXHHKE BBOAAT TAK H23BIBaeMYI0 afCONIOTHYIO AM3JIEKTPHEECKYIO
NPOHHLAEMOCTb &,= &,€. ONHAKO 974 BeNHIKHA (HBHUECKOrO CMHCIA He BMeer, ! MH
€10 TOAB3OBATHCA He OyjleM.
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[Tone BekTopa D moxxHO H306pa3UTh ¢ HOMOLLBIO JHHHI 3/€KTpHYe-
CKOro CMeleHHst (Mbl 6yfeM 