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NMPEJUCJIOBUE PEJAKTOPA NEPEBOJIA

lpennaraemas uuratemo wnura B. Ilamobckoro u M. dum nc
«Knaccndeckas 3eKTPONMHAMHKa» MO CyllecTBy mnpelcTasiser coboi
yueOHUK no 3JekTpPoAnHAMHMKe. Ec/an nonbiTarbes ONpelenTh €€ MecTo
B puiy IpYrMX KHHUI, XOPOLIO H3BECTHbLIX HALIEMYy YUTATENI0, TO €e
c/elyeT pacnoJoxuth Mexny «OCHOBAMH TEOPHH 3JEKTPHYECTBA»
U. E. Tamma u «Teopueli noasiy n «SMeKTPOAHHAMHKOH CIUIOLIHBIX
epea» JI. . Jlanpay w E. M. Jlndunua.

B. [lanoBckuni, ampektop Jgaboparopuu (U3MKH BHICOKHX 3HEpruft
Crangopackoro yuupepcutera (CLUA), HanGosiee n3BecTeH CBOMMH KCle=
pPUMEHTAMLHBIME  HCCJIENI0BAHUAMH B (QU3HKe BbicoKuX dHepruli. Ero nms
CBSI33HO TaK¥Xe C CO3AaHHEM JIMHEHHBIX YCKOpHTeJeH 3JeKTPOHOB HA 60Jib-
mne sHeprun. M. duaunc — npenonaBaTe/bHHALA B TOM e YHHBEPCUTETE.

[MnosoTBOpHHE 3IKCMEPUMEHTAAbHbIE HCCACAOBAHHA B COBPEMEHHOH
¢u3nKe BO3MOXHBI TONLKO NpH riy6OKOM TNOHAMAHUH OCHOB TEOPHH,
[Nostomy He cayualiHo, 4TO KHHMra MO SJEKTPOAMHAMHKE HAaNUCaHa Ha
OcHoOBe JIeKUMH, NPOYHTAHHLIX (H3HKOM, KOTOPOrO MNPHHATO CHUTATDH
SKCTepHUMeHTAaTOpPOM. 3Jta kHura OyReT noJie3Ha TeM, KOMy HYXHO 3Ha-
HHE DJNEKTPOANHAMHKH KaK OCHOBb coBpeMenHo# Texuunkn CBY u ycko-
puTesielt, paBHO KaK H TeM, KOMY KJaCCHYeCKas 3/EKTPOAMHAMHUKA €JIyKHT
BBEJEHHEM B KBAHTOBYW) TEOpPHUIO NOJS.

B koHle Kaxnol riaBbi aBTOpH NPHBOISAT MNOLPOOHLI cnHcok
peKoMeHlyeMOl JINTepaTypH, CONMPOBOXAaeMbifi KpaTKUMH, HO Bbipasu-
TeNbHBHIMH XapaKTePHCTHKAMM TOMTH Kawaoh kuurd. Boabuwaxctso pe-
KOMEHAyEMbIX dBTOPAMM KHHT TepeBefeHbl ‘Ha pycckufi s3biK. Cnncok
JUTepaTypbl AOMOJHEH CCHJIKAMM Ha KHHTH COBETCKHMX aBTOPOB (OTMeueHbl
3Be3noykamun). B KkoHue KHHIH aBTOpb NPHBOAST OOLIMH CNMHCOK JiHTe-
patypbi, K KOTOPOMY Mbi NOOGAaBWJIH CMTHCOK HOMOJNHUTELHOH JNTePaTypHl.

C. Kanuya
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B nanHofl kHMre rjaBHOe BHHMaHUe YIeJEHO TEM pasienaM KJIACCH-
4eCKOH 3JIeKTPOIHHAMHUKH, KOTOpHe CTaju HeoOXONMMOH OCHOBOH B 3Kc-
HepUMEHTANbHON (PU3NKE H B TO e BPEMS MOTYT CJYXHTb BBeleHHeM
B KBAHTOBYI TEOPHIO BellecTBa M M3ayudHus. Mbl He cTpeMuamch
K 0co0Of HOBHM3He M OPHUIMHAJILHOCTH H3JIOKEHHs. MOMHMO TOH, KOTOpas
Heu3GeKHO BO3HUKAET [PH U3NOWEHHH NpeAMerTa, CTaBLUero KpaeyroJb-
HHM KaMHeM ¢u3ukH. Mpl He CJENOBA/NM CTPOrO  HMCTOPHYECKOMY
Fa3BUTHIO TpeAMeTa. ’

JnekTpOIMHAMHKA M3JiaraeTcs HaMM Kak (M3NuyecKas TeopHs, OCHO-
BAHHAs HA 33KOHAX, YCTAHOBJIEHHHIX ONLITOM, a He KaK YHUCTO Marte-
MaTHYeCKas W JIOTHYeCKH 3aMkHyTas cuctema. [losToMy ypaBHeHus
MakcBenna #e TOCTYJHPYIOTCH BHavale, a TOJyuYalOTCs M3  94C-
nepuUMeHTaAbHBIX 3akOHOB Kysona, Amnepa u ¢apanes. [lo Muenuio
aBTOPOB, ('M3HYECKOEe COZep¥aHHe MOHATHR BLIABJSETCH NpU 9TOM Oolee
MOJHO, W KpOME TOTO, TdKOH NONXOL COOTBETCTBYET (haKTHYECKOMY
passUTAI0 TEOpHH.

DJIEKTPOLMHAMHKE M RaXe 3JeKTPOCTATHMKA PaccMarpuBaiorTcs B NaH-
HOM KHHMre Kak TeOpHs nonf, NOCKOJbKY npu 3ToM obJeruaercs nepe-
XOJL OT CTaTHUYeCKUX siBJeHWH K nuHamuyeckuM. OLHAKO ClelyeT HMETDb
B BMIY, YTO MOXHO COBEpPUIEHHO flOC/IefOBATENEHO MOCTPOHTh 3/EKTPO-
IMHaMHUKY KaK TeOpHIO, MOJIHOCTBIO OCHOB3aHHYI0 Ha TOHATHH 33Na3/lbi-
BAIOILErO AaNbHOACHCTBUS.

Bepuinno#l anexrponnnamukn XIX B. 55110 co3naHue TEOPHH 3JEKTPO-
MarHHTHBIX BOJH M ee MoiTepiuienve Ha onurte. Jlio6oe cosepuiento:
H3NOWEHHE JIODKHO BKJI0YAThH TEOPUIO 3JIEKTPOMArHUTHBIX BOJIH, Orpa-
HUYeHHBIX METaJIMYECKUMU IOBEPXHOCTAMU, 3ITa CTOpOHA fena npuobpea
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NMpaKTHYeCKOe 3HAYeHWe B  CpaBUUTEJNbHO HelasHee BpeMs. [lpm
pacCMOTpeHWH HX Mbi BBOAHM, KaK 3T0 OOCBIUHO 1eNideTcs CO BpeMeH
lepua, nonspu3auMOHHBIA NOTEHLMAN C PElIeHUrMH BOJIHOBOIO ypaBHe-
HHS! RJis Hero.

Mpbi counn HeOOXOAMMBIM CHAYANA MBJIOMHUTL CHCUHAILHYIO TEOPHIO
OTHOCHTENILHOCTH, a NOTOM nepeliTH Kk Teopuu 3jekrpoHa. MHcropu-
YeCKM pasBHTHE STUX BOMPOCOB MPOUCXOAWIO NAPaNeNbHO, M MHO-
re TPYZHOCTH, NEPBOHAYAJIbHO BO3HMKLIME B TEOPHM H3NyueHHs sJie-
MCHTEpHBIX  3apafoB, OwiiM  BOOCHEACTBMM CHATHI  TeOpHed OTHOCH-
TENLHOCTH.

B knure BClORy HCnosb3oBaHa palMOHANM3MPOBAHHAs CHCTEMa elu-
suy MKC npocro notoMy, 4to 6OJbLIMHCTBO COBPEMEHHBIX CIPaBOYHH-
KO3 M cratell ucNonb3ylOT 3Ty cHcTeMy. OaHako (0cOGeHHO B ciyuae
TeOpUN SJEKTPOHA) BCe YpaBHEHUS HanucaHbi TaK, 4To MX 6e3 yuep6a
MOXHO Nepenucatb B rayCCOBBIX €AHHULAX.

Pasnnunbie cucteMpl eauHHMn npuBegeHH B TpusoxkeHun I. Tam ke
RaHpl TabauuH, CORepXaliMe BCe OCHOBHBIE COOTHOUIEHHS 3JIEKTPOAN-
HaMUKH, BbipaMeHHHe B DasNHYHHX CHCTEMax, BMeCTe C YHC/IeHHBMH
3HAYeHHsIMM TMePEeBORHBIX MHOMUTeJel.

Knura cosnava Ha ocHoBe neKuuii, mpouuTaHHelX oauum u3 Hac ([la-
HOBCKMM) Ha crapuux Kypcax B Kanudopuubickom u Craudopackom
YHHBEpPCHUTETAX.

[pennonaraerca 3HaHue uuTartelieM avannsa, AudepeHHANBHBIX
YpaBHeHnit W BeKTOPHOrO aHaiusa.

[Ipy u3yueHMH NOCNEAHHX IJias NpennoJiaraercs 3HAKOMCTEO C Teo-
peTnyecKo# MexawWKOH. 3HaHue TEeH30PHOTO aHANM3A IKeNaTesNbHO, HO
e 06s3aTeALHO.

B kaxjaoll rnape ykasaHa AONOJHHTeNbHas JUTepaTypa C KparkKuMH
NOSICHEHHAMMU.

Honnas 6ubnuorpadus npuBeseHa B KOHLE KHHMH.

Knura moxer chaymute nocobuem u B TOM ciyyae, KOraa JeKIHOH-
Hbil Kypc nocTpoeH no MHOH nporpamMMe. Tak, B YHCTO TeOpeTHYECKHX
Kypcax MoryT Owith onywmesb ri. 4 # 5 BMecTe ¢ TeMH pasneliaMu
Ipyrux riiae, rie paccMaTpUBalOTCs CreyMaibHbie NPHIOHEHHA TeOpHH
Notenumana. Yacte ra. 2 wacTo uanaraercs B Kypce ontHki. Ecuu
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TEOPHS OTHOCHTEJIbHOCTM BXOAMT B OTAesbHbl KypC, TO MOXHO npo-
nyctute rn. 14—17. T'n. 18 cayxur npsMbM npoaomkenuem ra. 13,
MOCKOJIbKY B Hell pacCMaTpHBAETCS TEOPHA M3NydeHHS.

Heckonbko cnoB o 3apayax. 3agauu riaBHeiM 00pasoM JOMNOJHAIOT
ocHoBHOl Tekct. Hexorvopole 3asayn npuayMmanbl HaMu, NpyrHe B3sTh
M3 PasNMyHRIX HCTOYHHMKOB. B GosibluMHCTBe CiyuaeB HCTHHHOTO ABTOPa
yKasarh TPYAHO.

3anauu. KaK OTKPHITHS, PelKO BO3HMKAIOT M30JHPOBAHHO, U B CTOJb
nouteHnol o6JsiacTn u300peTaTeNbHOCTE ABTOPOB OOLIYHO JHUIL BOCKpe-
HI3eT CTaphie HICH.



rn1ABA 1
AJIEKTPOCTATHUECKOE NOJIE B BAKYYME

B3auMONENCTBHE MEXAY MAaTepHANIbHBIMH TeMaMH MOXHO ONHCATb
apyMsi crnocofamu. OaMH M3 HMX 3aKJI0UaeTcs B BBENEeHHH TOHATHA
AeHcTBUA HA PAcCTORHUM — AAJILHONENCTBHA, APYrod — COCTOHT B npell-
C€TaBAeHHN Tpollecca B3aNMOAEHCTBHA M3 ABYX 4YacTel: cHauana paccmar-
pHUBAETCs MOJe, CO3RaHHOE OAHUM U3 Tell, 3aTeM OMUCHIBAETCS AeHCTBHe
9TOr0 MO Ha Jpyroe Teao, T. e. nyreM Omauskonefictus. B cayuae
€TAaTHYECKOro TOoJs 06a onucaHus paBHO3HAYHBL. JI/A NBHAKYIUMXCH TeJ
H KOHEYHOW CKOpOCTH pacnpocTpaHeHus B3auMONEHCTBHSA palMOHaJbHO
KaKk ¢ ¢u3nyecKOW, TaKk W C MaTeMaTH4YeCKOM TOYKH 3peHMsi CYMTaThb
nosfie peadbHO CyulecTByomuM. OIHAKO A MEKTPOMATHUTHOTO MOJS
H B 5TOM CJlyuae BO3MOXKHO 3aMEHHUTb TOHATHE NOJsS NOHATHEM «Mps-
MOro 3anasjbiBaioniero BaanMojedcTBus». [Ipencrasresne o0 noJjie Kak
0 ¢u3MUeCKHX yCJAOBHAX B TNpPOCTPAHCTBE HIpaeT OCHOBHYIO poOJb
B 9JleKTpOMarHuTHON Teopun. [1OSTOMy naxe 3/eKTPOCTATHYECKOE B3aM-
MonelicTeHe Mbl OyneMm faccMaTpuBaTh € NOJeBOH TOYKM 3peHus, 0600-
- WMB ee 3aTeM HA CJiyyall’ nepeMeHHOro mnoJs.

§ 1.1. Bexropune mods

Teopun nonas, npuMeHMMble K pasNHYHbBIM THNAM B3aUMOJeHCTBHU,
" OTJIMYAIOTCS YHCJOM NapaMeTpoB, HEOOXONMMBIX IJi onpejelieHHs NOJS,
"H XapaKTepoM €ro CHMMeTpHH. JJleKTpHYeCKOe MoJje — 3TO TpeXMepHoe
"BEKTOpHOE mojie, onpeneseMoe HaGopoM Tpex cocrapisiomux. Camo
HasBaHMe <«BEeKTOpDHOE TMoOJe» YKa3plBaeT Ha TO, 9TO KOMMOHEHTH NOJS
-NpeobpadyloTcs npH NMpeoOpa3oBaHMAX KOOPAMHAT TaK ke, KaK OTPe3OoK.
i@nempuqecxoe nojse SBJSETCA JUHEWHBIM MOJEM M TMOAYMHAETCA NPHH-
:Muny cyneprnosuumu. JBa wiu 6oslee mojed, CKJIANBIBAACH TeOMeTPH-
€CKM, Onpele/iaioT pe3yabTHPYIOLLee MOJe.
Vicropuyeck TeopHss BeKTOpHBIX nojfel paseuBajach B CBsi3H
§ u3yyeHHeM ABHMKEHHS XKHUAKOCTH. ITO HAULIO CBOEe OTpaenHue B Tep-
MUHOJIOTHM, Tlle MHOFME TOHATHS MMET TuapoAMHAMHYeCKHH oOpas.
PaccmotpuM cHauana Hekoropblie oOliMe MaTeMaTHueCKHe CBOWCTBA
fakux mnoJell, a 3areM oOpaTuMcAa K (u3nueckOMy CMBIC/y BBeleHHBIX
HATHH.
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Jlio60e BeKTOpHOE TMOJeE ONpeAefeTCs OIHO3HAYHO, €C/H HM3BECTHBI
MJIOTHOCT> UMPKYJAUMM € N TJIOTHOCTb HCTOYMHHKOB § MOJft KaK (yHK-
UMM KOOPIMHAT BO BCEX TOYKAX NPOCTPAHCTBA MpH yCJIOBHU, 4TO obluiee
KOJIMYECTBO MCTOYHMKOB M MX TJOTHOCTH oOpaiatorcss B Hyap Ha Oec-
KOHeyHOCTH. PaccMOTpUM TpexMepHOoe BexTopHoe note V(x, y, 2),
onpeﬂenﬂeMoe ypaBHEHMﬂMH

V-V=s5, (D
VX V=c. (1.2y
ChHayana Mpl MOKaXeM., YTO ecCJH
rae
1 s(x)
= | —2= 1.4
T D 9
H
1 ¢(x,) -
A = /——,d # 1.
(x,) 4n r(xa. xa) v (1.5)

to V ynoeiaersopser ypaeHenusM (1.1) n (1.2).
B ypaBuennsx (1.4) n (1.5) x, O3HauaeT KoopAHHATHL (X, y, 2)
TOYKH MOJA ¥ X, — KoopauHatel x’, V', 2’ ucrounuka nons. Paccrosuue

MEWIy TOYKAMH X M X, ONpefesiseTCst BHIpaXCeHHEM

r(xa. x;) =

=3
2 (%, — x5y
a=1

Ouepuano, uto 5Ta (QyHkums cumverpuuna no x, u x,. Craenyer xo-

powoO yCBOMTb NpuHATOe Hanucaune ¢opmya-(1.4) n (1.8), nOCKoOABKY
B fajbHefieM Mbl He €yieM NOJHOCTbIO BHIMHCHBATL STH MOCTOSIHHO
BcTpevaommecs QyHkuuu. Hanpumep. oObemubie unterpansl tuna (1.4)
n (1.8) B 6onee kpatko#t ¢opme OyayT 3annuchHBaTLCA TaK:

1 s
(P:?;'/‘Td‘v,, (1.4’)

1 c
:E'/‘Td‘v’. (1.5

Ilepefimem Kk nOKasaTedbCTBY HAaLIero vTBepx/eHwus. [l0AcTaBuB BeK-
Top (1.3) B ypasuenue (1.1). moayuum

1 s
I 7 % V. —_— V2% — p) ’
V. Ve=— Vo 4+ V.- (VX A)y=— Vip= 4EV{'![rd'v }
Tak kak onepatop Jlanjmaca V2 pelicTByeT Ha KOOpIAMHATH 0OAsA, TO

V- V= - —'/s'v'2 dv’. (1.6)
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JokaxeM rtenepb, YTO

vef 1
| 7 (re x)
rie 8(r) — nenvra-gyskuns Jupaka, objaanaomas cjaelyOmEMH (yHK-
1UHOHa/MbHEIME CBOKCTBaMH. B> nepshix,

}:: — 47 (r), (1-7)

8(r)=0 mpu r=+0, (1.8)
80-BTOPHIX, €CJAM TOYKA r==0 Haxo#HTCd B 0G/JIaCTH HUHTErpHPOBIHUA, TO

fﬁ(r)d*v’:l, (1.9)

¥ B-TPETbHX, IJIS NPOM3BOSBHOH QyHKUMH f

ff(x;)B(r) dv’' = f(x,), (1.10)

€c/H, KaKk H npexae, Touyka r==0 Takxe HaxXOAUTCA B 00J3CTH HHTErpH-
poBaHmsl. O-QyHKiHs — He aHaiuTuyeckas ¢yukumnsa. Ee ciaeayer paccma-
TPUBaTh Kak BblpaxeHHe (QYHKUHOHANLHBIX CBOHCTB. CO/epIKaLNXCH
8 ONpelefSIOIUX ee ypaBHeHusX. O-QyHkuus OyjaerT ynorpe6asTbes
HaMH TOJBKO B TakoM cMucie. JiuddepeHuNpORaHHe NOKa3bBAET, YTO
V2(1/r)=0 npn r #+ 0, u aan nokasaTeibcTBa cootHoweHns (1.7) Ham
ocTaeTcs MOKasarb, YToO

/Vz(i"_)d*v’z ~ 4, (.11

B ypassenun (1.11) touka r =0 Haxonutcs B 06beMe HHTErpPHPOBaHHS,
Vcnoasays reopemy Taycca — Ocrporpanckoro, NpHMEHHMYO K J1060My
BEKTOpY

fV-Vd'v:fV-dS..

npeobpasveM 0ObeMHBIl HHTErpaj K NMOBEPXHOCTHOMY

fw(%) dfo':fv(%)ds'z — _/'L'_gﬂ: ] // ey

rae @ -— TesecHHM YroJ. NOA KOTOPHIM MNOBEPXHOCTh MHTET pHPOBA-
HUsi S’ 10 flepeMeHHWM X BWIHA M3 TOMKH X, [lockoabKy noBepx-

HOCTb S’ OXBaThbIBAaeT TOUYKY X g TOfdQ ==4xw. 4yTO M JOKa3HBaer pa-

Betcteo (1,11). U3 ypasuenn# (1.6) u (1.10) caenyer

V- V= — %/ sV2 (%‘) dro":'/s(x;)l‘)(r)d*v’ =s(x,), (1.12)

9TO n tpeCGoBasnoch A0OKa3aTh.
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AnanormynelM 00pa3soM uMeeM

V X V~——v><ch+V><(V><A)=V(V-A)—~'V?A=

{/(c V)V( )dv —-fcw (%)dvu'}. (1.13)

Huxe Oyner nokasaHo, 4TO TNepBbili HHTerpan oOpaitaeTcas B HYJb,
€CAW € OTJMYHO OT HyJsi B OrpaHudeHHoM oObeMe. YuuTLBas 3ToO,
a takxke papeHcTBo (1.7), nonayuaem

VX V:fc(x;)g(r)d«o'=c(xa), (1.14)

T. e. ypasHeHne (1.2) Takxe ynoBreTBOpsieTcs.
Jlns nokasaresbcTBa TOrO, 4TO NepBHIit nHTerpan B pasenctse (1.13)
obpauiaercss B HyJb, HCClenyeM NOIbHTErpajbHHeE BHpaxeHns. Bsenem

oneparop V) =—, IeHCTBylouHit Ha KOOpAMHATH ucTouHuKa. Torna

ox,
ans moboft pynkumn g|r(x,, x,)] Gyser cnpaBenuBO paBeHCTBO
Vg=—V'g, (1.15)
rie oneparop nndepeHunpoBanss V uMeeT ymKe KOMIOHEHTHI di .
o

3anuueM WHTEpeCylOIHA Hac vm'rerpan B CjelyiolleM BHIE:

I— f(c V)V dv — f(c V’)V"(:)dv’.

Jupdepenunalbrelil onepatop tenepb JeHCTBYeT Ha NepeMeHHble HHTe~
TPUPOBaHNA, H MOXHO NMOITOMY MNPOHM3BECTH HHTErPHPOBAHHE MO YaCTAM

1a=f(c-v')3j?(})dﬂo'=
=fv'-{c—aj—,(}')}dv' —-—/(V’-c)-(;%(%)dv'. (1.16)

Bropo#t unterpan ofpamaercs B HyJdb, TaK KaK B CWJy OnpelelieHus
¢=V X V nuBeprenuus ¢ pasHa Hy/io. [lepBHill uHTerpan no Teopeme
I'aycca — Octporpanckoro MoXHo npeoOpa3oBaTh K MOBEPXHOCTHOMY HH-
Terpajy. B cuiy Toro, 4To BeKTOp € OT/IHYEH OT HyJs B OrpaHH4eHHOM
ofbeMe MOBEPXHOCTb HHTErpHpOBaHMS MOXHO BHOpaTh HAcTOMbKO O0Jb-
HIOW, Y4TO BEKTOp € Ha Hell 6yner ofpawathcs B Hyas. ChenoBatesibHo,
seipaxcedne (1.16) paesio nHymo.

Takum oOpasoM, MH NOKasajW, HYTO eC/M 3a4aHbl TMJIOTHOCTb HCTOY-
HMKOB S M TMJOTHOCTh WHPKYJALUMH € BEKTOPHOrO MOJst, TO peuleHHe
Bt V. MoxeT OblTb MOJYYEHO € MOMOILbLIO CK@JSIPHOrO MOTeHUHana ¢
H BeKTOpHOro notredunana A. ITorenumanbl ¢ u A ‘BHpamaioTcs HHTe-
FpanaMu OT TJIOTHOCTH HMCTOYHMKOB W MJOTHOCTH LHMPKYJSLGIH.
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MOXHO NOKasaTb, YTO 9Td CHCTeMa pelleHHH eIHHCTBeHHa, eciu
MCTOYHHKH pacrosiOXeHbl B OrpaHHyeHHOM 0O0DbeMe, HMHBHIMH CJIOBaMH.
HCTOYHUKOB #a OeCKOHEYHOCTH HET, U CaMH noJs OeckOHeyHO yMetb-
130Tcs Ha AOCTATOYHO O6OJbUIOM PACCTOSHUM OT HMCTOMHHKOB. [lycTe
umeworcd nse Qyuxkuun V, n V,, ylosiaeTBopswomue ypasuesusm (I.1)
u (1.2). Ux pasvoctb, ¢yskuma W=V, — V,, OueBHAHO, yINOBJIETBO-
psAeT ypaBHeHHAM

V.-WwW=0, (1.17)

VX W=0 (1.18)

B K@O¥AOH TOUKE MPOCTPAHCTBA M OOPALIAETCs B Hylb HA 6eCKOHEYHOCTH.
Ecan Mb nokawmeM, 4to ¢yHkuus W Be3sfie paBHAa HYJIO, TO TeM CAMBIM
GyneT MOKa3aHa eIMHCTBEHHOCTb pellenus ypasherutt (1.1) n (1.2) B cary-
Yze OTpdHMYEHHBIX HCTOYHHKOB. JIJiA 11OK33aTe/bCTBa 3aMETHM, YTO U3
ypasuernus (1.18) caenyer

W=—V{. (1.19)

CoemectHo ¢ ypasHenueM (1.17) ato naer
V2) =0. (1.20)

Tlpumenus teopeMy [‘aycca — Octporpaackoro k BéKTopy ¢ VY, nomyunm
[4vp-as = [ 1y v2p—+ @92 dv. (1.21)

JleBas yacTb CTPEMHTCH K HYJIO, €C/H MOBEPXHOCTb WHTErpPHpOBaHKA
fpOBECTH H4 JOCTATOMHO OOJBUIOM pacCTOSHHH OT HCTOYHMKOB, TaK
KaK ¢ CTpeMHTCS K Hymio no Kpakineft mepe kak 1/r. Tlepmbift umeH npa-
Bolt uacTu paseH ToxdecTBeHHO Hyai0 B cuiy (1.20). IToaromy pasen-
crBo (1.21) coaures K caenymouieMy:

f(V@M«o:f(W)ﬁ dv—0, (1.22)

n cienosaresbio, W=V, — V,=0 B0 Bcex TO4YKaX npoOCTpaHCTBa.
Takum o6pazoM, sextop V, onpeneinseMbil papetctBoM (1.3), sBasercs
e[lUHCTBCHHBIM pelleHneM ypasuennd (1.1) n (1.2).

JlokasareqbCcTBa TEOpEM, KacalOUIUXCs BeKTOpHHIX MOJel, OblM npo-
BelleHbl CTO/b AOApOGHO HE TOJBKO H3-3a MX (YHIAMEHTAIbHOR BaMHO-
CTH, HO TaKXe W NOTOMY, 4YTO TNpHMEHEHHble MeTOAH OyAyT MOJEe3Hul
B Ia/bHellIeM NpH H3YYeHHH 3JEKTPOMAarHUTHOrO MOJA.

PesioMupyeM nNojyuyeHHHE Pe3yAbTaTH.

a) Bexropuoe none V OQHO3HAYHO ONpeLeNsieTcs, €c/H TMJIOTHOCThb
HCTOUHMKOB S M TWIOTHOCTb LMPKYJIAUNN € 334aHBl B KOHEYHOM obObeme.

6) Ecau nose V uMeeT HCTOYHHMKHM S, @ TJIOTHOCTH UMPKYJALHH €
PaBHa mymo, TO V onpefensercs CKaMspHbIM MOTEHUHANOM @.
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B) Eciv nuoTHOCTb UMpPKYJALUMH ¢ OTJIMYHA OT HyJis, @ MAOTHOCTH
HCTOYHUKOB § paBHa HYJ0. To noje V onpenessercs BeKTOPHHM NOTeH-
LHANOM.

r) CkansipHbil ¥ BeKTOpHBIH MOTeHUHMalbl BO BCEX CJyuHasx onpe-
neJsioT noje V.

n) B to#i uacte npocTpaHcTBa, TAe S W € paBHbl Hymdo, noje V
onpeRenseTcs CKaJApHBIM NMOTEHLHANOM ¢, YAOBJETBOPSIOLNM ypaBHEHHIO
VZp ==0, uau BeKTOpHHM nNOTeHUMAJIOM A, YNOBAETBOPSIOLNM YpaBHe-
Hiio V X (VX Ay =0. [lone BHe HCTOYHWUKOB MPHHATO HA3BIBATH rapMO~
HHYECKHM.

e) Ecam s u ¢ BO BCeM NpOCTPAaHCTBe TOXAECTBEHHO PAaBHHB HYJIO,
To V Taxwe Besse oOpaiiaercs B HyJb.

%) PellleHue ypaBHeHMit mnons, Beipaxawoowee V uepes s u €, enuH-
CTBEHHO u onpejeseTcss noreHuuasamu (1.4) n (1.5).

3) YciaoBumcs, YTO BEKTOp # HanpaBjeH OT HUCTOYHHKA K TOUYKE MOJs,
TOrfa psii NOJe3HHX MaTeMaTHYECKHX COOTHOLIEHUH NpHMeT cRenyio-
wud By

1 .
v2(o)= 4w (),
Vignj==—Vig)
Vr = — V’r:L,
-
V.r=3.

O6wwue cBoficTBA BEKTOpHHIX NOJeR O6yAyT HeoOXOAMMbI HaM B Laib-
pHeliuleM NMpH BhIACHEHUM (PU3UYECKOrO CONEDIKAHHUS TEOPHH.

[MocnenosarebHas TeOpUs 3JEKTPOMArHUTHOro mnoas Gyner cgopmy-
JIMpOBAHA TOrja. KOrid W3 YCTAHOBJEHHBLIX OMbLITOM 3aKOHOB 3JEKTPHUe-
CTBA W MarHeTH3Ma HaMm YA4acTCst BHPasUTb NOJsA 4epe3 pacnpeneleHue
MJIOTHOCTH MX MCTOYHMKOB W UMPKYJSLUMH B BUIE CUCTEMbl YpaBHeHHH.
B 5TOM H 3aK/I04aeTCst OCHOBHAA MpPOrpaMMa KJ/acCHYeCKOH 37JeKTpo-
IHHAMHMKH.

§ 1.2. Dnextpuueckoe noje

PaccMOTpHM  3J€KTpOCTaTHYeCKOE NOJie B MyCTOTe. JJeKTpHUECKOe
noje onpenejserca cuaof F, NeHcTeywowed Ha npoOHBIR 3apsan ¢, BHe-
CeHHHIl B MnoJie, COryIaCHO COOTHOWEHHIO

. F

lim — =F. (1.23)

g—>0
Jro onpelelieHHe HANPAXKEHHOCTH MOJs He 33BHCUT OT BhbOOpa cHCTeMsl
exntny 1). B cucreme MKC anextpuyeckoe none E BHpamaercs B BOJb-
Tax Ha MeTp.

. .

') Boi6op ¥ aHanw3 CHCTEM eAWHHL W CBSI3b MEXY HHUMH NaHW B HPHJIO-
aenny 1.
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Mpenensupift nepexon BBefeH 14 TOro, YTOOB UCKJIIOYUTE BJHSHME
caMoro npoGHOro 3apsiia Ha HCTOYHHMKH NOJsi, NMOCKOJAbKY npu g —0
nose He Oyner 3aBHUCETb OT MNPHCYTCTBUS npobHoro rtena. TpeGomanue
6eckoHeyHOM MajJocTu npoOHOro 3apsina Mo CpaBHEHHIO C HCTOYHHKAMU
rnojas NpUMBOAMT K (yHAAMEHTAJBHOU TPYAHOCTH, CBA3AHHOM € KOHEUYHOH
BeJauuMilON 3apsina sjexrtpoHa. Takum obpasoM, onpeneienve (1.23) npu-
MEHMMO /ML B TOM CJy4Yae, KOrga HCTOYHMKHM TNOJS COOTBETCTBYIOT
60JLIIOMY YHCAY 9JEKTPOHHBIX 3apsloB, T. €. B Clyuyde MaKpOCKONHYe-
ckux spjeHull. ITpu paccMoOTpeHHH sS/€MEHTAPHBIX 3apSiIOB, M3 KOTOPHIX
COCTOMT peasbHOe BeuecTeo, onpefenenue (1.23) craenyer npumeusitb
¢ GosbIIol OCTOPOKHOCTBIO. [109TOMY MHKPOCKOMHYECKHE MOJS He MOTYT
OuTb ONpefie/ieHH «OMEePAlMOHHO», MO NPOM3BOIMMBLIM HMH [eHCTBUSIM
TaK, KaK 370 clejaHo Bbiue. Jloje caenyer OnMCHBaTH HENOCPEACTBEHHO
O ero HCTOYHMKAM, yXKe Npennojaras crnpaBelJHBOCTb MaKpOCKOMHYe-
CKHMX 3aKOHOB Il MCTOYHHKOB MOJIS.

§ 1.8. 3akon Kynoua

YcraHoB/ieHHBIH ONBITOM 33aKOH JJsi CHJIBl  B3aUMOAEHCTBHS Mexny
IBYMSi TOYEUHBIMH 3apsilaMM B BaKyyMe NepBOHAYaJbHO TOJIKOBAJCA Kak
nelicTBHe Ha paCCTOSHUH

__ Qg 419 1
F2—4n£0r3 — 47e, V(r)' (1.24)

rae F,— cuna, fIeHcTBylOwas Ha 3apsii ¢, €O CTOpOHH 3apsja g,
r — panyyc-BeKTOp, COENHHSIIOLIMH HA4al0 KOOpAMHAT, I'Le PacnoJoMeH
3apsill ¢, C 3aPSIOM ¢g, € — HEKOTOpasi nocrosiutasn, pasuas 107/4wc? fm,
B cucreMe MKC; ¢ — cxopocTh pacnpocrpaHenus IJOCKUX 3JeKTpoMar-
HUTHHX BOJH B CROOOIHOM NpoCTpaHcTee (cM. npuiaoxenue I). Omeparop
B nparo#l uactu coorTHowenns (1.24) nelicTByer Ha KOOPAMHATE! 3apsiaa ¢o.

DTOT 3aKOH, ONMHAKOBO MPUWIOKHMBIH KaK K HOJOXKHUTEJbHBIM, TaK
H K OTpHuATeJbHHM 3apAadM, NOKAa3blBAeT, YTO OJHOMMEHHbBIE 3apsilibl
OTTA/NKUBAIOTCH, PasHOMMEHHHe — Npursrupaiorcs. Ecm npobumid sapsin
B coorHomeHun (1.23) BbiGpaTh NOJONKUTEABLHBIM, TO ypasHeHue (1.24)
NPUBOAUT K CJElyIOleMy COOTHOIIEHHIO:

E=l fmm v(-l—), (1.25)

4neg r

KOTOpOe onpeneser sjJeKTpuyeckoe noJje E B TOUKe r, CO3NdHHO¢ 3a-
PSIOM ¢, HAXONSIUMUMCS B Haua’Je KOOPIMHAT. ITOT 3apsil § COOTBET-

cTByeT 3apsay ¢y B coornowenud (1.24). Teopemy Taycca o noroke
3JIeKTPHYECKOr0 BEKTOpPa

JE-as=£ (1.26)
S

&
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MOXHO Teneph BHIBECTH HENOCpeiCTBeHHO M3 3akona Kynowa. Jlns sroro
PACCMOTPHM 3 /IGMEHT MOBePXHOCTH (S, npencrasieHHpit B BHAE BeKTOPa,
HANpaBJeHHOro MO BHeliHeli HOPMadH K STOH- NOBEPXHOCTH, KK NOKa-
3aHo Ha puc. 1.1; 3apan g HaXOHUTCS B TOYKe X, HA PACCTOAMHH [ OT

Puc. 1.}. K nokasateabctBy teopemm [aycca. |

9TOr0 3JIEMEHTA MOBEPXHOCTH. YMHOXas CKaAsapHO o0e 4YacTH ypaBHe-
una (1.25) na 4S8, noayunm

1

E.dS = T

sl
g I

Teopema T'aycca chenyeT U3 3TOTO COOTHOIIEHUS, MOCKOJBKY st M06GoH
3aMKHYTOH MOBEPXHOCTH. OXBATHIBAIOWIZH TOUKY X/, fdQ = 4=. IlpuHuun

CYNEPNO3NULHH HaeT HAM BO3MOXHOCTL CYMMHpPOBAaTh TOJs IPOH3BOJBLHOIO
yuc/a TOYEYHHIX 3apPSAOB, MOSTOMY 3apsii ¢ B ypasHeHuH (1.26) mMOkHO
CYHTaTh CYMMapHBIM 3apsilOM, 3aK/AIOYEHHHM BHYTPH TPaHHUHOH MOBEpX-
HoctH S. _ :

[TpeobpasyeM NHOBePXHOCTHHIM HHTErpa’d k oOBHEMHOMY OT AMBEpreH-
uun E ’

fE-dS:fV-Edv
S

M HCToJb3yeM TOT (PaKT, uTO NOJHBIH 06beMHEI!l MHTErpan OT NAOTHOCTH
3apsia p eCcTh NpoOCTO 3apaid g. ITO NMO3BOJHT [pPEiCTaBHTL ypaBHe-
e (1.25) B crenyiouieM Buje:

V-E=1L, (1.27)

o

rlie p— 3apsl Ha enMHAyy o0nhemMa B TOH TOuke, B KOTOPOH 3JeKTpH-
yeckoe riosle paguo E. Tak kKak porop rpaaueHra €kanspa paeeH HYJIO,
T0 u3 ypakuenus (1.25) m npuHUMNA CynepnosulyH CJepyeT

VX E=0. (1.28)

-

Taxum 00pasoM, 3JeKTpocTaTHueckoe IoJe Oessuxpesoe. 113 TeopeMb
© TOM, YTO BCAKOE BeKTOPHOE noJe ejnHCTBeHHBIM 00pasoM onpelessieTcs
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pOTOPOM W IuBepreHuuell, CAEAYeT, uTO INEKTPOCTATHYECKOE IoJie noli-
HOCTbIO OIlpellefiseTcsl pacripefelieHUeM 3apsiloB.

[Moyuurensdo obpatuTe BHMMange Ha TO, 41O CoOTHOMWeHus (1.27)
u (1.28) BHTEKaOT HenmocpencTBeHHO H3 3akoHa KyJoHa, 3alucaHHOrO
B CJENYIOLIEM BHIE:

1 n I ' 1 1 ,
dne / p(¥e) s 40" =~ 4 f pv (T)d“’- (1.29)

W3 nocJye gHero BpIpaxeHus cJjenyetr, 4To

V-Ee—=w— — fpVQ(%)d'v’:%fp(xL)B(r)d‘U’:%. (1.30)

4we,

E(xa\ =S

AHaNIOrnyHO
VX E—— f vxv(i) av' =0
dzey . P r ’

TaK KaK POTOp BEKTOPA, SIBJSIOLIErOCs FPAAMEHTOM CKANsipa, TOXIECTBEHHO
paBeH HYJO.

§ 1.4. MoTeHunad 3JEKTPOCTATHUECKOTO MOJS

TlockonbKy craTHdeckoe noje GesBHXpeBOe, 7O €ro MOXHO Bbpa-
8UTb Yepe3 rpalveHT HEKOTOpON CKansipHoW (GYHKUMH ¢, KOTOpas Hasbi-
BaeTCsl MOTEHUUANOM TNOJs

E=—Vq. (1.31)

B nexapToBHIX KOOpAMHATAX KOMIIOHEHTHI M0Jsi, NapajjelbHble OCSIM X,
_OTIPEefieISIOTCS  BHIP AXKEHUSIMH

_ oy
E,=— 5.

(1.32)
IIpumenum TeopeMmy Crokca

f(V)(E)-dS:<§E-dl. (1.33)

. Fie dl — GecKOHeYHO MaJbill BeKTOp, KacaTeJbHbIl K 3aMKHYTOMY NyTH
HHTerpupopanus. TOria noJayyuM

é;E-dl:O. (1.34)

nockonbky VX E=0. 3710 COOTHOLIeHHe TNOKAa3bIBAET, YTO 3JEKTPO-
CTaTHueCKOE MoJle KOHCepBaTtHBHO. B rtakoM nose paGora, cOBeplueHHas
Han 3apanoM, paBHa HyJ0, ecJd 3apsiy Omucal 3aMKHYTYI0 KPHBYIO.
Crnenosarensno, paboTta, mnpousBeneHHas Npd MNepeMeeHdH MPOOHOro
8apAna u3 ONHOM TOYKHM B IPYryio, He 3aBHCHT OT nNytu. Pabora, HeoO-
XonuMasi jJnis NepeMelleHus eMHUYHOro 3apsiga M3 OeCKOHeYHOCTH B [aH-
HYI0 TOuky, ONHO3HAa4YHO OImpeleJseT MoteHuuan 3ToM rtouxu. OnHako,
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€C/IM  pAcCMaTpHUBAIOTCS NOJA MeHee 4YeM Tpex wusMepenult (Hanpumep,
NoJif. co3nanHble 3apsigaMu, OeCKOHEYHO MNPOTSIKEeHHBIMH BIOJb KaKOM-
HUOY b MMHMY WM MOBEPXHOCTH), 9TO OnpelejeHde MNOTEHUHMalda Mpu-
BOLMT K TpyaHocTsM. B 3toM ciayuae B kauecTBe Hayana OTCueTa Hesb3fl
HPUHATL GECKOHeUHOCTb W CJjelyeT BhIOpaTe Kakyw-HUOyIb OpyTyio
Touky. Ecam ke paccMarpuBaioTcsi KOHeYHble MCTOYHHKH B TpeXMepHOM
NpOCTPaHCTBE, TO STO ONpejeeHUe NOTeHUUaNa TOYHO U yaobuo. ITon-
cranoBka cootwoluenus (1.31) HenocpencrsenHo B ypasHenue (1.27)
NpUBOLMT K ypasHeHH0 Ilyaccoua

a B o6nacTy, rie NJIOTHOCTL 3apAAOB paBHA HyJ, K ypasHeHmio Jlannaca
V2 — 0. (1.36)

OcHoBHasl 3a1aua 3JEKTPOCTATHKU COCTOUT B OTHICKAHHM DelieHusl ypas-
denus [lyaccona B pasiMuHBIX YacTHHX CJy4Yasix.

§ t.5. Pacnpenenenne 3apsaioB M NOTEHIHAN

Coornowenne  (1.31) cesizsiBaeT 3JeKTpocraTHuecKull mnoTeHLuan
C 5/IeKTPHUYeCKHM noJeM B nanHol touke. C nomowpio cootHomwenns (1.4)
EKTPUUECKOP T0JIE MOXKHO BHPA3UTh TAKMe uepes MJIOTHOCTH UCTOUYHHKOB

L[ e(x)
?(Xe) = 7 / r(xe %)

rie pfe, — MIOTHOCTH HCTOUHWKOB 3JeKTpocraruyeckoro noJjs. Teopus
nojs 1aeT BO3MOXHOCTE HalTH pelleHUe, Jaxe eCad TJIOTHOCTb 3apsi-
108 p(x;) ¥3BeCTHAa JIMLIb BHYTPH HEKOTOPOH NMpON3BOJbHOH NMOBEPXHO-
ctH S. ¥ npu 3TOM OCTajbHbIE 3apsiibl YYHTHBAIOTCH NOCPEICTBOM Tpa-
HUYHBIX YCJOBUH, HAaKJALHBAeMbIX HAa NOTEHUMANbl W HX TNPOH3BOLHHE
Ha MOBepPXHOCTH S.

BocnosibayeMcsi TeopeMolt 'puna

[ @V —¢ Vi) dv= [ (¢Vy—¢Vg) - aS (1.37)

U BHPA3UM MOTEHLMAN @ (X, ) Yyepe3 MAOTHOCTbL 3apANOB 0 BHYTPH NOBEPX-
Hoctu S # 3Hauenus ¢ u Vo Ha 970l noBepxHocTH. B pasencrre (1.37) ¢
# {— HenpepeIBHHE CKANPHEE (YHKUMH, 3aBUCALME OT KOOPAMHAT.
C HenpepbHBHLIMM NEPBLIMA M BTOPHIMH NPOM3BOLHHMH B 00JaCTH HHTC-
rPUpOBaHUst U HA €e [paHuuax. 7

Mubl GyneM npoWsBONNTH HWHTErpHPOBAHNE NO KOOPAHHATAM HCTOY-
HHKA X' KOOPLMHATH TOYKM noJs OyLyT MpH STOM napaMerpamu. 3a

npuMeM SJIEKTpOCTaTH‘IeCKHﬂ noreHuyal, onpene.rmeMbm PaBeHCTBOM

-
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(1.31), a 3a § npuMeM GyHKLMKI 1/r, npencrapsiolyio coboli peluenue
ypasHenus Jlaniaca nas ToueuHoro ucrounnka. Panee Gpuio nokasamo,

4T0 V(%): —r/r3 n Vz(r):: - 4= (r). TloAcTaHoBKa 3THX BbIpaxe-
uuit B (1.37) naer
’i{ LAY ! P(X;) 7 T r V‘F
4= | |9 (%) — T3, ] dv :./ |~ o5 |- as.

Orcona

s = [ oy L[ (o545 0s. s

Tpu sbiofe ¢opmyab (1.38) Mbl MCNOJb3oBAMK CBOHCTBA O-pYyHKIMK.
QOueBunHO, YTO MOXHO Op0 Obl OGoiTHCH M Oe3 Hee, cosepluas mnpe-
IeJbHHE nepexol, HO TaK Kak npefefbHbili nepexoll 3ak/yeH B ONpe-
Jesenuy O-QyHKLMM, TO 3[1eCh elr0 He Halo MOBTOPSTH.

Ilepuiti uHTerpan B gopmyJe (1. 38) omnpenenser noTeHuMan, CO3ja-
paeMblli OObLeMHBIM 3apsinom, HaxomsiuuMcs B oObeme v. Crenyer 3ame-
TUTb, YTO PACCTOSHHUE r 3aBHCHT HE TOJLKO OT KOODIMHAT TOYKH HaGJIO-
JeHHsi X, HO TaKi{¢ M OT KOOpIMHAT X, MO KOTOPHIM MPOW3BOIMTCS
MHTEr pupOBaHHe.

3apsabl, pacnojiokeHubie BHe o0beMa ¥ 1 He COLepKalluecs, TaKuM
00pa3oM, B MePBOM uJjieHe, YUMTHIBAKOTCS MOBEPXHOCTHHIMH MHTEr pajaMu
¢opmyapl (1.38). Cienopare/bHO, nOTeHUMaa B JIOOOH TOYKe BHYTPH
NOREPXHOCTH S ONHO3HAYHO ONpene/sieTcs pacnpejesneHHeM 3apsioB BHY-
TpU 3TOH MOBEPXHOCTH, @ TaKKE 3HAYEHMSIMM MOTEHUNANA ¢ W HOPMalb-
HO{l KOMIOHEHTBl ero rpaavedtTa V@ BO BCeX TOUKax 3TOH MOBEPXHOCTH.
Ecmu we B Kakom-snbo oObeMe 3apsabl OTCYTCTBYKT, TO NOTeHpHKal
ONHO3HAYHO ONpeae/feTcsi TPaHUUHBIMM YCJAOBHUSIMH Ha [OB PXHOCTH,
orpaHuuuBauiedl naHubl oOveMm. Takum o0pa3oM, Mpl NOKasaju, YTO
IOCTATOMHO 3HAThb MOTEHLMA] W €ro HOPMAJbHYI0 NPOM3BONHYK H3
NOBEPXHOCTH IJsi ONpefesieHys NOTEHLMANd B TOUKAX BHYTPH MOBEPXHO-
ctu. [loae Mpl YBHAMM, YTO 3TO yCJIOBHE He SBJSIETCS HEOOXOAUMBIM M
YTO 15 ONpejnesieHHs MOTEHLHAJa C TOYHOCTBI A0 aiJMTUBHOH
NOCTOSIHHOM B oObeMe, Trae OTCYTCTBYKIOT 3apsilbl, HeoOXOAUMO 3HaAThH
TOJBKO MOTEHLMAJ WK TOJNBKO ero HOPMa/bHYI0 NPOM3BOAHYKI) Ha MOBEPX-
HOCTH. DTO CBA3aHO C TeM, 4TO ¢ W Vo He MOryT ObITh HEe3aBMCHMBI Ha
NOB2PXHOCTH, MOCKOJBKY @ yLosJaeTsopsier ypaBHenuto Jlansaca.

Ecnu Bce =2apsinpl 2ak/IOUEHB BHYTPH OcCKOHeul O Pacliupsion] Hes
noBepxHocTH S, To BTOpoh W Tperutt unensl B Gopmyqe (1.38) cTpemsrcs
K HYJ0, MOCKOJbKY MOABIHTErpaJibHble BhipaweHus comepxar ¢ u Vo u
YMeHbIaTcs o Kpakinel Mepe Kak 1/rd, B TO BpeMs Kak NMOBEPXHOCTH
YyBe/muusaeTcsi MPONOPUMOHAJBHO r2.

Hanee Oymer nokasano. uYTO moJie, onuckizaevoe Qopmynoit (1.38).
SKBUBAJIEHTHO MOJI0, CO3LABacMOMY pacnpenefeHHeM 3apsifioB M JMNod. B



26 3JEKTPOCTATHUYECKOE NOJIE B BAKYYME frn 1
no nopepxuocth S. IlostoMy B 0OLleM cjyyae noteHLuan NoJyuaercs
aub0 cnoxenueM noJed BceX 3apsioB, JuOo nyTeM 3ameHbl 4acTH 3ape-
OB HEKOTOPOH 3SKBHBAJICHTHOH NMOBEPXHOCTBIO C OnpeneSeHHBIM 06pasoM
pacnofioxeHHpIMH Ha Hell 3apsiiaMH W ANMNOJISMH.

Unen ¢ oObeMHBIM uHTerpasoM B ¢opmyne (1.38) crenyer paccma-
TPHBaTh KaK YaCTHOe PelieHHe ypaBHeHus [lyaccoHa, a 4JeHBl € NOBepX-
HOCTHBIMM MHTErpanaMu — Kak ofuiee pellleHHe COOTBETCTBYIOLIETO OIHO-
POLHOrO ypaBHeHusl, T. €. ypaBHeHus Jlannaca.

§ 1.6. Ocobennoctv noas

Takum 06pa3oM, Mbl BHPAa3WK NOTEHIHAJ] YePe3 KPaeBble YCJOBHA H
-HEKOTODBI UHTerpal, B3sTH no o0beMy, 3aHSTOMY 3apsiaM.

Ecn¥ nioTHOCTD 3apsifioB orpaHnyeHa, TO OObeMHBI HHTErpan B Gop-
myne (1.38) ne wumeer ocoGennocrefi. Ecau ke 3apsabl  cunTamrcs
NOBEPXHOCTHBIME, JIMHEHHBIMH WJKM TOYEYHBLIMH, TO NOSBJSIOTCH OcobeH-
HocTy. Paannunpie Buopl ocobenHocTed npupenenel B taba. 1.1. Hanom-

Ta6banuua L1
Buabl oco6eHHOCTEH noJn

3aBUCHMOCTL 3aBHCHMOCTDL NOAS
noTeunHana ot QF paccTOfIHuS
Picnpeneneune 3apaaos paccrosuus B6AM3HM| BONM3M ZaHHOTO
NaHHOrO pacnpe- pacnpeneneuns
IesleHusd 3apAnoB 3apa1oB
,
IToBepxHocTHO® . . . r - const
Jluneiiioe . . . . . Igr r-!
. Toueunoe . . . . . . rt r—2
| MyabTunoas nopsin-
ka 2" . ... .. r-n-l r-f-2

HUM, YTO NpH OeCKOHEYHOH NPOTSHIKEHHOCTH NMOBEPXHOCTHBIX MM nuHel-
HbIX 3apsioOB (HarmpuMep, B CJyYae OAHOMEPHBIX MHJH NJOCKUX moneH)
yKe HeJb3f CYdTath, YTO OeCKOHEYHOCTb HAXONMTCS MNOL  HYJEeBbIM
NOTEHUHAJIOM.

OcobeHHOCTH paccMaTpPHBaeMOro Thna B 1eHCTBUTEJbHOCTH He Cyule-
CTBYIOT, HO BO MHOTHX CJy4asxX peajbHble NOJS MaJ0 OTJIMYAIOTCS OT NoJel
€ NIOCTATOYHO NPOCTO PaCnojoXeHHbIMH ocobenHocTsmMu. Takas sameHa
peanbHpIX 3aPSIAOB TOYEYHBIMHU, JMHEHHBIMM M NOBEPXHOCTHBIMM NO3BOJISET
CHJIbHO YNPOCTUTb MareMaTHyeCKHe pacyeThl Npu pellieHUH KOHKPETHBIX
sanay. Kpome Toro, Takue 3apsnbl yAOOHBL Kak npocTeie ¢uanyeckde
NOHNTHS NPH ONUCAHUK PealbHBIX noJelt. [1osroMy o6cynuM GoJiee e TANbHO
CBOHCTBA NMOTEHLMAJOB TAKUX HCTOYHHKOB,
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§ 1.7. COBOKYNHOCTb TOYEUHBIX 3APANOB

3apsi g, pacnoJOXeHHBIH B TOUKe x;, CO31aeT B TOYKE X, NOTEH-
#uaja. paBHBIR

-t v -
A T e V(x—x)2+(y—y)=+(z—z)2 =

= { » (xa—x;)ﬂ"i }

DToT NoTeHuMan uMeeT OCOOEHHOCTH NEPBOro nopsiaka B Touke r = 0.
Oco6eHHOCTH CJeLYIOIEro MOPSANKAa MOXHO MOJYYWTb, €CJANW 3TOT MOTeH-
LHaJ CJIOKHTh C MOTLHLMAIOM, CO3[1aBacMbiM PaBHEIM, HO NPOTHBOINOJIOX-
HBLIM [0 3HAKY 3apsilOoM, CMELIeHHBIM Ha paccrosuue Ax’ oT nepsoro
3apsina. Dro pasHO3HaYHO Nuddepenyupopannio peipaxenus (1.39) no x;.
Kak Obl1o orMeueHO paHee (coortHomuenue (1.15)), npousBonnas QyHKuua
paccrosuus Io x; pPaBHa NPOU3BOIHON MO X,, B3ATOH C OOpPATHHIM 3Ha-
xoM. KpoMe TOro, B TOUKax noJis pacCMarpuBaeMblfi MOTeHLMAN yIOBJIE-
TBOpsieT ypaBHenuio Jlannmaca. Tak kak nNpousBOnHAs PEIIEHHS Takxke
yJOBJeTBOpsieT ypaBHenuio Jlannaca, To ykasannce nud¢depenuspopanune
nopoxjiaer HOBble pelueHuss ¢ ocoCennoctamu 60-

(1.39)

Lo

Jee BLICOKOro nopsinka npu r==0. Takue noren-
uManbl  HasbIBAITCS MYJ/JbTUNOJAbHBIMY NOTEHUMA- .
namu. TIpy nepsoM IuddepeHUHpOBaHAY MBL MO- R
JAyunM
Ax' (x — x cos 0
¢ = d“’ Ax! = 42X X —X) 41(:5()’3 ) _(ga x") Tmer?
(1.40)
Beauunna
gAx' =p'" (1.41)  Puc. 1.2. O6pasoBanue
. 3AEKTpHYECKOro il o
Ha3biBaeTcsl IANOJBHBIM MOMEHTOM [AHHOTO pac- noast.
npeiefieHys: 3apsiiOB (NOJMOXUTEJLHBIM CYMTAETCS
HanpaeneH#¥e OT — ¢ K - ¢, KaK nokasano Ha puc. 1.2.). Yuurnipas
3TO, NOTEHIMA] MOXKHO 3anicarb B CJefyiouel dopme:
1 1 1 1 1 p.r
- e po .V (7): _ Tap'l) . V(7): T pT (1.42)

(3Haku BexTOpOB r # V paccMorpennl Boine, B § 1.1). Querunuo, uto
pewienne (1.42) 4 ecTb noTeHuMas LUNOJS.

[loTeHyHabl, @ C/eLOBaTe/bHO U NOJS, COOTBETCTBYIOLIHE MYJbTH-
noJisM. T. €. MoMenTaM OoJiee BBICOKOrO NOPSIKA, MOXHO MNOJYYHTDH
aHajo: uuHbIM - 00pasoM. HanpuMep, noTenpuan ¢ OCOGeHHOCTBIO I10O-

1
panka 2" nonyuaercs us moteHunana ¢ OCOGEHHOCTBIO nopsinka 2"
nyTeM BBIUUTAHM$ M3 HEr0 NMOTEHLMAla TAKOTO e pacnpelefeHus 3apse
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OB, HO CIBHHYTO! O B NPOHM3BOJbLHOM HanpapjieHud Ha GECKOHEWHO MANyo
BEJIHYUHY (BbIYMTAHHUE MOXKHO 3aMeHHTb CJIOXKEHWEM, H3MEHHB 3HAKH 3a-
psnoB).

B ofuieM Bume noTeHuuan noJoca nopsaka 27 uMeer ClenyoLlui
BUA:

‘m n 1\ pit) n
e (= S ).
’ 4we,ynl Ox, 0xfi ... 41:9011! 0xu Ox8 r

roe p" npeiCTaBiser MYJbTHNOJbHBIE MOMEHT, onpenesseMblli pekKy-
PSHTHHM COOTHOLIEHHEM p'”'znp("—”Ax;. roe Ax; — CMelleHye, TIpH-
BONSIIEE K BO3HMKHOBEHMIO TOJIOCOB nopsika 2% 310 CMelleHde ne
0093aTeIhHO JIO/DKHO MPOUCXOAUTH BNOAb KOOpAMHATHBIX ocel. Tlpous-
BOLHYIO B JMIOOOM HanpaBleHHH MOXKHO BHIPA3UThL B BUAE CYMMBI Npous-
BO/HBIX IO HANPAaBJeHUSM X, Y, 2 € HANPABJAIOLIMMH KOCHHYCaMy Jar-
HOTO Hanpasnenusi B KayeCtBe Ko3¢p¢uuuenTos. HeCkonbko npuMepos
NpOCTBIX My/abTunosned npuBeneHs! Ha puc. 1.3. B cnyvae. xorma sce
CvellleHdsT NMPOU3BOIAATCA B OLHOM HaNpaB/eHUW — BIOJb OCH, CHUCTeMa
oGnanaer akcuansHOM cUMMeTpHeld, M KaXIas To4YKa MOJSA OnpeleseTcs
3HayeHWeM onHoro vriaa 0 u paccrosuus r.
[orenuuan nApHetinoro nomoca nopsiika 2% wMeeT Bul

"m0 1 P Pp(cos )
(2n) X, 4 ::—p.___ __): n , 144
P x 9. 2) dnegn! Ox'" (,- dre, ol ( )
vie P,(cos ) — noaunom Jlexannpa nopanka n,
Py (cos b —1y* o7 1
n'f""” L /1!) ox" (ﬂ) (1.45)

OrmeruM, uro Boipaxenue (1.43) npencrasiaser cobofi no cyule-
CTBY n-W 4/leH pAa3NOKeHM (GYHKUMH - 10 KOOPAMHATAM HCTOUHMKA

B pan Telaopa. Kospduuuenrbl ke 35TOro pasziokeHUs ONPEReSSIOTCS
KOHKPETHBIM pacrnpee/icHieM 3apsiioB.

ITokaxem, uyTo noOTEHUMA] NPOU3BOJNLHOIO pacnpelefieHNst 3apsLOB
f.X_) KOHEYHOH TPOTSHKEHHOCTH HA OOJILIIMX PACCTOSHUAX MOXHO BCelJa

annpOKCHMHPOBATL B BHIE CYMMbi MyJbTHNOMbHBIX noreHnuanos. Kosg-
$puudeHTaM¥ B 9TOH CyMMe ABJAIOTCS HEKOTOPBle MHTErpasibl no pacrpe-
JeNIeHUI0 3apsIOB.

Huna ynpouleHns 10KasaTe/bCTBA OYAEM CUUTATbs UTO 3aPsiilbl Pacno-
JoweHbl BOMM3M Hawana koopauHar, [lycte R —- paccrosiHMe OT Habala
KOOpAWHAT 1O TOUKH TOJs, T. €. KOOpAMHaTaMu Bexrtopa R Oynyr x
Torma. cumras, uwro /R <& 1 (@ — MaKCHMaIbLHOE paccTosHHe ME)Klly
3apsNaM{), NOTEHUHMAT l/r MOXKHO pasfoOXKUTh NO CTeNeHsM X, BO/IM3U
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Y
-
(o]
Azr ar z
x4 g +g

@

v
- -5 0 ~-{o
L EL g A o, Ax z

-2 +
-Go -09 q.

Le

Puc. 1.3. Tlpumepnl MyJbiunoaei:

@) JHHeRAHHI KRAAPYNOJD:

22 g8x)? (Bcos?6—1) p(2’P2 (cos 6) @ )
T 3 = 3 , P =2g1an”:
41‘:20 r 41|:sor

) JMHENHBU OKTYOJL:

3, wxd 1500538 —9cosh B p_ icosh .
1?(2 b d - — 14 3 - . p(3)=3lq(AX)";
41:50 r 4m—:or
8) AByMEpHHIY KBaapyrioab:
(26, 2y) 3g AxAycosbsinb
’ Amegr- °

2) TpeXMepHbLI¥l OKTYIOJb:

28, 2y, 22) _laq Ax Ay Azcosacospcosy

{meart
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touku O. Psp Tefinopa B 3TOM Clyuyae MMeeT BHUL

: 2
LIS S [—‘L(l)] = [—L(l)] ... (1.46)
r R ox, \r r=R 2! ox, ()xp L P

B 9TOM BbIpaweHHH Mbl NpUIEPKUBAEMCs CJELYIOLIET0 YCJIOBHS: €C/u
B KaKoM-Jubo ujleHe WHIEKC MOBTOPSETCH NBANKIBL, TO NO 3TOMY HHIEKCY
cjefyeT TNPOM3BECTH CYMMUpOBaH#e. DTUM yCJ0BUEM Mbl OyneM 4acro
noJb3osarecs B fadbHeineM. [loncrasmss pasencrBo (1.46) B oOuiee
BbIpaXKeHHe NI MOTEHUMana, TNOJyYaeM TaK Ha3biBaeMoe MYJbTHUIOJBHOE
RpencTaBjeHde TOJIA

1

e (x)
P1Xa) = ‘4‘[ F
e+ ; (7) [ xioaw
— — do’ —F{— x pdv’ -
411:50{Re pav [dxa r r=R® e

1 2 1 /‘ -
[ (= dv + ...}, (14
T [Oxadxp(r)]'zRf Kol A+ } .47

Koadguuuents 9T0ro pasnoxeHus Ha3HBAIOTCS MOMEHTAMH [aHHOrO pac-

dv’ —=

Npeje/eHus  3apSLOB: fpdv’ ecTb MpPOCTO CYMMapHbli 3apsin ¢,

fx;p dv’ — o-KOMMOHEeHTa IMMONLHOTO MOMEHTa M T. L. 3aBUCHMOCTb

Kaxioro uneHa coorHouwenus (1.47) or paamyca u yraa copnangaer, Ko-
HeuHO, ¢ aHajoruyHo#t 3aBucuMoctbio B (1.43).

3aMeTHM, 4TO TEePMHHBl «IHMIOML», KKBALPYNOAL» # T. JX. ynorpeb-
ASIOTCS B IBYX CMBICJIaX. B onHOM ciyyae OHUM COOTBeTCTBYIOT HEKOTFO-
poMy oMNpeneneHHOMYy pacrnpelefeHdI0 3apsalioB, B IpPYrOM — MOMEHTY
HeKOero NPOU3BOJLHOTO pacnpeliesedus. EcTeCTBEHHO, YTO BblpaxeHus
IJIsi COOTBETCTBYIOIMX TOTEHUMANOB B OOOMX CJy4asX OLMHAKOBDI.

-OTHOWIEHHe BeMMUUH TNOCJAELYIOWUAX YJEHOB B MYJbTHNOJLHOM Tpel-
crapnenuu Toas (1.47) nopsnka afR, rlle a — napaMerp, XapakrepHayio-
Wil pasMep pacnpeneneHusi 3apsinoB. CurenoBaresnbHo, ecid R>>>a, 10
MOTEHLHAJ MPOU3BOJIBHOTO pacnipene/ieHNs 3apsiloB MOXHO 3aMEHHTb I10-
TEHLHAJIOM COOTBETCTBYIOILMX MOMEHTOB.

§ 1.8. JAunossHoe B3auMopeiicTBHE

HOTeHllHaJleaﬂ JHepruss AHUNOJS B 3JEKTPOCTATHYECKOM I10Jle paBHA
U=—p-E. (1.48)

B 3anauye B KOHLE TrJaBbl npeﬂnarae’rcn NnoKasarp, 470 3TO COOTHOLIE HUe
BbITEKaeT H3 Bblpa)KeHPlﬁ IJIs KPY’I‘HLU,EI‘O MOMEHTAa, ﬂeﬂCTBleIU,EFO Ha
AUNoJab

L—=pXE (1.49)
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3uak MomenTa L TakoB, UTO OH CTpeMHTC NPUOJH3HTL MOJOXKHTENbHLIH
KOHell AWNOJsi K Hanpaejienuio noss. Cuna, aeHctsyiollas Ha AHMNONb
B HEOJHOPOJHOM 9JIEKTPHYECKOM I[OJie, eCsJi OPHEeHTauMsi AMNnoJs of-
HOCHTE/NbHO TOJsI He  MEeHsieTCs,

aBHal)

p Fe VU — Pr
=—V(—p-E)y=(p-V)E. {;0, , 502}

: Pz —— =" [P
(1.50) £ £,

B onHopomHOM nmnosie 9Ta cHaa

ofpalaercsi B Hy/b, 4TO M CJIENO- ' D2

BANO OXHAATb M3 cooOpaweHuft

CHMMETPHH. Puc. 1.4 BsanMozeiictere ABYx au-
PaccmotpuM cusy B3auMoneht- Honeu.

CTBHUS U SHEPTHIO IBYX NUNOJEH, MO-

MEHTbI KOTOPbIX NPOW3BOJbHO OPHEHTHPOBAaHb B NMpoOCTpaHcTBe (pHc. 1.4).
O6venunssi NpHUBEAEHHbIE Bhllle COOTHOLUEHMsi IJsl NOTEHUUAJTA AUIOJS
(1.42) u cuabl, neticreyloitefl Ha Hero (1.50), nosyuum BhipaceHue AJst
cunsl £, nefictByolet Ha nunons 1 co ctopoHs Aunods 2, u HaobopoT,
ana cuabl Fy, nelcTByiollleit Ha Aunoab 2 €O CTOpPOHBI Aunoss 1,

‘P@=’4.,:TOP2'V1 (%)» Ej=— Vl‘?l———T,:so‘Vl[Pz'Vl (%)]v ]
F1=(P1'Vl)E1=qnl—%‘(P1'V1){V1[P2'V1 (_})]}' (1.51)
F‘2=4Tlso-(p2-V2){V2[pl-Vz(—:—)]}=—Fl. J

Buipaxenue A5 SHepruM B3aHMONEHCTBHS MOXHO MOJYYMTb, NOACTABJISA
Buipaxenue ANs nons E; B Buipamenne anas swepruu U. B pesynbrate
‘ans suepruu Uy, nunosss 1 B none Annons 2 M COOTBETCTBEHHO IR
osHeprun Uy UMEIOT MeCTO C/elylolune COOTHOLIEHHS:

-V, 1
Ug=-p-E = - g,;n—soll'l’z -V, (—r-)]’
1 . 3
Up= mo—[p—',fl — (PN (py- r)]- (1.52)
OYyeBUAHO, 4YTO I
U21 - U12-

I10 — oblune BblpaxeHus! Al B3aMMONEHCTBHS ABYX AunoJeH.

') Ypasrenue (1.50) umeer mecto B cHay paBenctsa V (p-E) = p X (VX E
+(p-VYE=(p-V)E, ecar Toabko V X E =0. Ecan xe VXEiO, TO B lgl:t
PaXEHUU AR CHABL MOABASICTCH [ONOJHUTEAbHBI YJeH.
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§ 1.9. MNosepxnocTHbEe 0COGEHHOCTH

[oBepxHOCTHbIE OCOOEHHOCTH BTOPOTO MNOpsiiKa HAR 0COOeHHOCTH
IYnOJbHOTO BHIA NMPENCTaB/AIOT MHTEpeC He TOJNbKO B 3JIEKTPOCTATHKE,
HO M B MarHUTOCTATHKE.

Paccmotpum nBoHHOM CiOfl C IMNMO/ABHBIM MOMEHTOM % Ha €INUHMIY
naowany. [loreHunan Takoro pacnpelefieHust 3apsiioB paseH

1 f T-r
o= | ——dS. 1.5
v drgy o/ 13 S (1.53)
Ecsm BekTOp % MnocTOsiHEH NO BeJMYMHE W HOpMajieH MOBepXHOCTH S,
TO 3TO Bblpa)K€HHE MOXHO YNpOCTHUTb

o=l /""s~ 1=l o (1.54)

4z, . r3 T 4me,

rne @ o603Hauaet TeseCHbIH yroJi, Mnojl KOTOpbIM IBOHHOH CJIOH BHIEH
u3 Touku noss (puc. 1.5). TesecHsit yron msMensieTcsi CkauykoM Ha 4w

Toura
HOOAroOkHLs

W

Puc. 1.5. llotenuuan aBOHHOrO CJOS.

NpH -NepecedeHHH TOYKOH TOJIA NOBEPXHOCTH ABOHHOrO Cxosi. JTO O3Ha-
yaeT, 4T0 B Clyyae MIEaJbHOTO OECKOHEYHO TOHKOrO IBOBHOTO Ca0s Mno-
TeHUHa/bHasi (QYHKUMsi TepNUT paspwiB, pasHbifl | % |/e;. [IpoussoiHas e
910l (YHKLMM HenpepblBHAa 1O ofe CTOPOHB OT MOBEPXHOCTH ABOHHOTO
CJ1051.

B cayuae e npocTO 3apsKeHHOM NOBEPXHOCTH MNOTEHIHaJ Henpe-
pblBeH, a €ro HOpMaJjbHas TpPOM3BONHAas TepNHT pa3pbiB, PaBHbIH ofe),
rje 6— MOBepPXHOCTHas MJOTHOCTh 3apsiloB. PasHMHa MeXIy 3TUMH CJay-
yafMH MokasaHa Ha puc. 1.6.

3apsKeHHble W JIUNOJIbHbiC CJOH NO3BOJSAIOT 00pasoBbIBaTh Ha MOOOH
NOBEPXHOCTA pa3pbiBbl MPOU3BOJbHOM BeAMYMHBL B MOTeHUnale H €ero
NPOM3BONHLIX. [1O3TOMY Mbl MOXEM NOTEHUWaJ BHe Kakoro-iambo obbema
ofpatHTs B HYy/b, OKpPYXHUB 3T0T 00beM COOTBeTCTBYIOLMM 0Opasom
NonoOpaHHbIM 3aPSKEHHLIM M IMAOJBHBIM CJOsIMH. B 3TOM 3ak.ioyaercs
CMBIC/I NOBEPXHOCTHBIX usieHos B ¢Qopmyne (1.38), BoiBencHHOM U3 Teo-
pembl I'puHa. Ecsim B 9TMX uwjieHaX COOTBETCTBYIOL(MM OOpasoM sbipa-
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autb ¢ 1 Vo yepea T ¥ 6, TO MNOJe 3apsaOB, HaXONSILUXCs BHYTPH MO-
pepxHOCTH S, 0OpaTuUTCs B HY/Jb BHE STOH MOBEPXHOCTH. DTO MOXKHO
noka3satb, nepenucas (1.38) caenyiwowum obpazom:

o= 4;0 (_/ pdv +/r ",fs+fcirs—). (1.55)

rne T=-¢gp U c=¢yVo.

B kawecTBe npuMepa 3apshkeHHOH W JHWNOJbHOH NOBEPXHOCTH, BHe
KOTOpOl 1ose ofpaumiaeTcs B HyJb, a& BHYTPH OCT2eTCSl HeH3MEHHBIM,
pacCMOTPUM TMOBePXHOCTh R =— @, OkpyXawliylo 3apail ¢, HaxondwuHcs

TporuLt) GUnoneHoes [Tosepxnocmbrd

g
2]
’ f - F+ A4 4 3apa0

Paccmosrue Poccmoghie

. Z

Puc. 1.6. Msmenenue norennuana

@) BOMN3N NBORKO O ¢a08; 6) BOAUSH 3apSKEHBOTO CAO.

B Touke R=0. Ec/n N/JIOTHOCTb 3apsiloB Ha ITOH NOBEPXHOCTH MNOJG-

XUTb paBHOH & == — ﬁf’ TO €e norteHuuan OyaeT paseH
) q
P e R
q
= 1 a.
Po e R R>
Kpome roro, GyneM cunrats, 410 Ba emuHwuy nwaomwanm STOM chepht
NMPUXONUTCS HNUMOJbHLEE MOMEHT '::z%. Toira noreHunald, co3na-
BaeMbl NUNOJbHLIMU MOMEHTaMu:
_._q
P = e’ R < a,

(PTZO' R>a.
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ToTeHuuan XKe 3apsla ¢ paBeH @ _—E?(EI—R npu Bcex R. CrkaalbiBas sce
Lo
3TH NOTCHUMAJB, MOJyYyacM

(P:‘Po““%““%:znfﬁ, R<a,
¢=0, R> a.

DsekTpHUUECKOE M0JIe, CO3NaBAEMO2 AUNOMbHEIM ClOeM C nJollanpic S,
MOXHO HalTH crenylolinM obpasoM. PaccMOTpUM u3MeHeHHe NoteHUMana,
BHI3BAHHOE IMEpeMellleHHeM TOYKH MO/ X Ha paccrosHue dx

do = — E - dx. (1.56)

- VlsMeHeHMe TeJleCHOrO yrJja, MOIL KOTOPHIM AMNOJbHBI{ CACH BHUIeH M3
‘TOYKH MOJisl, HE 3aBHCHT OT TOTO, MepeMelaeTcsi M TOYKa NOJs Ha dX
wan cam caoh Ha - dx. [locaenun#i cayuali wumoctpupyer puc. 1.7.
DsieMeHT TpaHuilbl INBOMHOTO cijosi dI, cMelllasicb, NPOXOAMUT MJIOLIANb
dx X dl;, nonHoe HW3MeHEHHE TeJIeCHOro

T yrna pasio

40 — & dx X dyr __§ (dl X r)dx
e r3 — r3 .

(1.57)

V3aMeHeHHe MNOTeHIMana, COOTBETCTBYylOLIEe
TAKOMY H3MECHEHWIO TeNeCHOTG yria, Co-
raacHo cootHoweHuto (1.54) cocrasur

T

de= -

de. (1.58)

47eg

(3Hak MHHYC OOyCJIOBJEH T€M, YTO AUNOJb-
Hbiit criod ofpallleH K TOYKe NOJsi OTPHIA-
TeJLHO 3apshkeHHOH croponolt.) [pupasHu-
pasi 06a Buipawenus (1.56) u (1.58) nas de,
Puc. 1.7. K BbiBony 37a€K-  [oJyyuM

CKOr0 MNoJaf JABOHHOTO
P caon —E-dx=— " § WXD-2% (1.59)

4ae,

Tak kak dX — NpOM3BOJbHOE CMELUCHUE WM MOCKOJbKY Tpelbliyliee pa-
BEHCTBO CMPABEIJTMBO NPH BCEX BO3MOXHHIX dX, TO €r0 MOXHO Nepent-
caTh cJjenyloiiuM obpasoM:

E=L§‘_”.Z<-£=» i é;leV(%). (1.60)

4re, r? ey

Hanunuue paspbiBa noteHuyana Ha NOBEPXHOCTH IBONHOTO CJOsl CBsl-
8aHo C TeM, 4YTO TOJILHHE IBOHHOrO CJ0A mnpelnotaraliach 6eCKOHEYHO
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MaJoH; MOSTOMY B JEHCTBHTE/NLHOCTH TakHxX Pa3pbiBOB He CYLIECTBYeT
(cM. puc. 1.6). Tem He MeHee MeTon 06pasoBaHHs HEKOHCEPBATHBHBIX
NOTEHIHANOB C MOMOLIbI0O TaKHX pa3pbiBOB BeCbMa MOJE3eH, OCOOEHHO
8 TEOPWH MarHUTHHIX NoJieH, co3naBaeMbix TOKamH. COOTBeTCTByMOLIMH
HM TOTEHUHa NeHCTBHTENbHO MHOTO3HAaYeH, W €ro CBOMCTBA NOJHOCTHIO
aHaJoTHYHbl CBOMCTBAM NOTeHuWada NBOHHOTO CJOs.

§ 1.10. O6bemHOoe pacnpenenesnive JDHNOJNbHBLIX MOMEHTOB

TNotexnunan o0beMHOrO pacnpelie/ieHNs IUMOAbHBIX MOMEHTOB MOXHO
BHIYHCIUTH, UCXONs u3 ¢opMyin (1.42). Ecan P ects nHNOMLHBIA MOMEHT
eluHuibl 00beMa, TO MOTEHUMA] HeKOTOPOro o0beMa paseH

1 I ,
¢ =g !/jp- v'(T)dv. (1.61)

Tlepexons 0T OGLEeMHOrO uHTErpaia K MOBEPXHOCTHOMY M WCHOJI3VH
COOTHOLLICHNE

V(&) =tv.pip.v(l) (1.62)

sbipaxenne (1.61) MoxHO mnpeoOpasoBars k Bully, ¢QuUsHYeCKH Oojee
ACHOMY:

i (P 1 1 I3
?.:_—411&0 [!/V (T)d‘v —'/‘7V’-Pd'0]_.
ol P.ds v.p
= Ty [‘/‘—7 —[ - dv]. (1.63)

B nocnennem BHpaxeHUH NOBEPXHOCTHHIM MHTErpajd 3KBHBASCHTCH NOTEH-
HHaJly HeKOTOPOro MNOBEepPXHOCTHOTO pacrpeliesieHus 3apsaioB; OGbEMHbH
HHTErpaj — noteHuuany oOLeMHOro pacnpenefenus sapanos. CoorBer-
CTBYIOLIe NMIOTHOCTH 3apsjOB PaBHHI )

sp=P, pp=—V.P. (1 64)

Cesiab MeXXy NOBEPXHOCTHbIMH N OOBEMHBIMM 33psilaMH, ¢ OnHOH
CTOpPOHLI, M mnoJspusauuell — c ApyroH, MoxeT ObITb HeNOCPeNCTBEHHO
NosTydeHa U3 reOMeTPHYECKUX CcooLpaxeHul. Hanpumep, npy HeonHOpoIHOM
pacnpeneneHdy IMNOJbLHBIX MOMEHTOB pp MpelciaBiaser coboft naot~
HOCTb Tex 3apsillOB, KOTOPble HECKOMIEICHPOBAHBE! M3-3a HEONHOPOLHOCTI-

-_—
1
.1 Hockonbky bp=—V-P ecTb NPOCTO ypaBHCHWE HoAsl. TO WTPHX Npu V

Mower Gwitb onywed. Wtpux weobxonum aumb B HHTETPAbIIbIX BBIPAKEHHSX,,
B KOTOpHIX MMEIOTCH KaK KOOP/AMHATH MIOJf, TaK M KOOPJMHATH HCTOUNHKOB.
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pacnpenesieHHsi, a ©p €CTh IIOTHOCTb 3apsilOB, BO3HUKAIOLINX Ha MO-
BEPXHOCTH BBMILY OTCYTCTBUsI KOMIICHCHPYIOLIMX cOcelleH y Tex AHnoJef,
KOHIIH KOTOPBIX Niexar Ha 31o#t moeepxHocTH. B onHoponno#t cpene pp,
OueBHIHO, OOpPaTHTCA B HYJb, Il 9TOTO LOCTATOUHO, YTOOBI IMBEpreH-
nust £ paBHaAJACh HyJIO.

B ofuiem ciayuae NoOTenuMan NOJPUSALMOHHBIX 3apsiloB OOOMX BHUIOB
BHIPAXKAETC COOTHOILCHUEM

1 ? o, dS pp dv’
_ P P
s A= e | (1.65)

IF'eomerpuueckuit xapaktep cootHolleHud (1.64) sicen Takke M3 crenyio-
wWMX coobpaweHull. Bouucianm cyMMapnsilt IMNOJbHBIH MOMEHT p HeKo-
toporo ob6beMa. Crenyst coorHoueHusiMm (1.64), umeem

:dev’:fgdev’+f§cPdS: »fg(V’-P)dv’—}—fg(PidéSG)i
. (l.

’
rae §— Bexkrop ¢ komnoHeHtamu X . C npyro#l CTOpOHBI, 0-KOMIOHEHTY
BEKTOP2 P MOXHO MOJYYHTb, HHTETPHPYs MO YACTSM TOXACCTBO

V. (x;P): xV'.P+4 P

[onyunm
p= [Py =— [x¥V' - Pav'+ [V (x;P)dv' =
~— [V -Pav+ [xP-as. .

Takum 00Opa3oM, COOTHOLIEHHS (1.64) He 3aBHCAT OT XapakTepa B3aMMO-
neficTBHSI M HOCSIT YHCTO IeoMeTpuueckuH Xapakrep.

3apadmu

1. Tokawure, 4r0 Teofe1a I'puna (1.37) cnenyer w3 Teopemn [aycca —
Ocrporpalickoro.
2. «OnnoMepHas» B-PyHKI| 'Sl ONpe eJ1eTCH CACHYIUIUMH COOTHOMIEHHSIMIL

fﬁ(x——a) dx =1,
[rmra—adx=r@),

ecad TOYKa X = @ HAaXOoOUTCA B OGJACTH WHTErpHPOBaHMS; B MPOTHBHOM cayyae
o6a HHTErpaia paBHbl HYJIO.
C noMoubio HHTErpana Pypbe MOKaWHTe, 4TO

f cos kx dk = 28 (x).

-0
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HyxHO nOKas3arh, 4To O0e 4acTH PaBeHCTBA, OyRydH MHOXHTEASMH B HOIBIHTC-
rpa’ibHOM BBIDAWEHHH, BELYT Ce6fl ONHHAKOBO.

3. Jlokaxwure, uTO IpH NEePEceyYeHHH 3apsiKEHHOro [HMCKa 0 OCH NOTEHLHAJ
sie HCTILITBIBAET paspuiBa. TlokaxuTe, 4TO TO e CaMoe ClpaBeljIMBO B OTHOLIEHHH
HOpMa/BHOH HpOW3BOIHOH NOTEHUHANa, ecad NUCK fpeicraBaner CoGoil nBoii-
HOW CJIOH.

4, OyHKUMH BHAA ¢ = X UM ¢ = x? | 2y? — 322 ynOBaeTBOPAIOT YpABHEHHIO
Jlanaaca BO BCex TOUKaX npocrpaHcTBa. O3HadyaeT JIH 3TO, YTO COOTBETCTBYIOILHE
fIOTEHIHAAL HE HMEeI0T HCTOYHHMKOB? O6cynure 3HaueHne HOJOOGHHIX pemeHui u
¥x OTHOLIEHHE K JOKA3aTeNbCTBY TEOPEMbl O €IHMHCTBEHHOCTH.

5. INpeanonoxumM, YTO 3NEKTPHUECKOE [I0Je, CO371aBaeMOe TOYEYHBIM 3apsi-
7IOM g, MPONOPUHOHANLHO gr 2~ °p,, rJie Fo — CAMHUUHBI BEKTOD BIOAD panuyca-
sekTopa, a & <€ 1. a) Boluncaure B stom cayyae V-E u V)X E npun r=£0.

- 6) ITycts nanbl nBe KOHIEHTpHYECKHE cephl ¢ panuycaMmu ¢ M b, coennHeHubie
fIPOBOJHHKOM; Ha BHellHeH cdepe uMmeercs 3apfia ¢,. [lokakure, 4To Ha BHYT-
peuteil cgepe noasutca 3apsn

—ggd
qb=§w‘1Tam{[2bln2a—(a+b)m(a+b)+(a—b)|n(a~b)]+0(az)}.

(3apaua Basta M3 xumuru [kuuca [3].)
© 6. lMokaxure, 4TO NOTEHUHAA ¢ (X, ¥, ) € TOYHOCTbIO N0 BEJHYHMH TPETLErO
nOPSAKA MaJOCTH NO @ paBeH CpefHeMy apHOMeTHYeCKOMY OT MOTEHIHAJOB
B TOUKax X+ &, ¥, 2, X, yta 2 x,y 2=*a.
7. Jana cdepHuecku CHMMETPHYHOrO pacrpefeacHus 3apanoB MOTEHnuastl,
o

paccunTaHHbiil 110 Gopmyie ¢ = fE - dr, paBeH

r .
> r
e(r)= L / __.dr2 /‘pr’2 dar’.
Eo e r”% . R
r 4]

Pasnenure pacripenenenue 3apajnoB Ha TOHKHe cdepHueckne 06aacTH, Kawnas
#u3 KOTOpHX BHYTpH cQepbl JaeT NOCTOSHHHH noTeHuMaa. lcnojbsys Takoe
pasbuenne, nojyyuTe BHPAMEHHE JJS ¢, B KOTOPOM HMEIOTCS JIMIIL OJHOKpATHbIE
HHTErpanbl. JIOKaMHTe TOMIECTBO O6OMX BbipaXeHHil.

8. a) VMcroan3yn COOTHOLIEHHE MEXKIY KpPyTAIUMM MOMEHTOM M MOTEHLHajb-
Ho#l sueprued, nokaxute, 4t0 U =-—p-E, ecau gna aunons p L= p X E.

6) PaccMOTpuTE Ba KOMMJaHapHLIX IHIOJA € UEHTPaMu Ha (PUKCHPOBAHHOM
paccrosuue gpyr oT apyra. [TokaxuTe, utO €caum oIMH U3 BEKTOPOB OGpasyer
PukcupoBanublilt yroa 0 ¢ aMuueii, coenMusiomeR ¥x LEHTPH, TO NipH PaBHOBECHH

l ’
tg6=——r—tg6.

rae 0’ — yron, o6pasyembiii BTOpBIM BEKTOPOM C TOil e JauHued.
9, CusoBbIE JHHHM HOJSI OHPERCARIOTCA CJAELYIOIHM YpaBHEHUEM:
dx dy dz

‘E,  E, E;

Haiinure ¢yuxmimo f(x, y) = const, KOTOpas ONKMCHLIBaET B MJIOCKOCTH 2 =0
CHAOBLIE JIMMUM [OJsl JIMOOAA C MOMEHTOM P, PACHOJOMEHHBIM B Hayale KOop-
JAMHAT.

10, Buiuncante KBagpynoabHbiH MOMEHT JIByX KOHIEHTPHYECKHX KOJely
€ paauycamu ¢ U b, vecymux 3apsasl ¢ M —g.
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_ 11, JlBa auHeiubix 3apsfia NOCTOAHHOH NAOTHOCTH, Kaxublit anuuoi 2a,
nepeceKkaloTCsl B HauaJe KOOpHMHAT TaK, YTO HMX KOHIB HaXOifiTcs B TOYKaX
(£a 0, 0) u (0, £ a, 0). Boiuncaure noTeHHan ¢ A5 TOYEK 7 > @ C TOYHOCTHIO
0 4JeHOB MOpsiika r—*.

12. ITokaxuTe, 4TO NOTEHUHMAJX NOMOCa NOpsAiKa 27, NOAyYeHHbIH nyteM aud-
¢depeHnHpOBalMs NOTEHIHAaNa TOYEYHOTO 3apsja NMOCAe[OBaTEAbHO N pa3 BAOIL
HanpapJeHuil, COCTaBARIOIHUX JPYT C UPYIOM yrosa 2z/n, paBed

const .
W (r, 8, ¢) = g5 Pp (cos B) cos n1 (3 — @)
13. [Tokawute, uro B ¢opmynax (1.51) F| = —F,.
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IF'PAHHUYHBIE YCJOBUSI U CBSI3b MEXIY
MUKPOCKONMUYECKUMH U MAKPOCKOIMMYECKUMH TOJSIVH

JlunosbHEIE MOMEHTHI, PACCMOTPEHHBE B Mpenbiayliel rJjase, npen-
CTaBJAioT COOON pasHOBUIHOCTb MCTOYHHMKOB noJisi. B ypasuenuun Ilyac-
COHa 3THM KCTOYHMKAM COOTBETCTBYET OMNpPENENEHHLIH BHI MNJIOTHOCTH
sapsiios. [lonoOHble IHMNOJBHBIE MOMEHThl BO3HHMKAIOT B BELIECTBE MOI
IeHCTBHEM 3JIEKTPUYECKOrO MOJs,, ¥ €CTECTBEHHO, YTO MOBENECHNE BELECTBA
MOXHO ONKUCAaTb C MOMOLbIO €ro MNOJsPU3aAUNN — JHUNOJBHOTO MOMEHTa
envHuE 00tveMa. OObIYHO, 1Js1 6oJiee SICHOrO MOHUMAHMA SIBJAEHHUS MOJSsl=
PpU3aLHK, BCe HCTOUYHHKH 3JIEKTPHYECKOrO NOJs PA3JesioT Ha HCTHHHbIE —
€cBOOONHEIE, NIONBIXHEIE, HECKOMIIEHCUPOBAHHbIE 3aPANLl p M HA CBSI3AHHMIE,
CKOMIIEHCUPOBAHHEIE, MOJSPU3AUMOHHBIE 3apsiibl pp, CYMMapHEIR 3apsn
KOTOPBIX PABEH HyJIO Jaxe B MajJoM obbeMe. JTo pasleNieHVe B 3HAUU-
TéNbHOU Mepe npou3sobHo. Ecin uaMenuts Maciutab siBJeHHM, TO nEepBO-
HayanbHO HENOCTYNHbEe HabaIoNeHNIO 3apsiikl, KOTOphLle CYUTANNCh CBsi-
3aHHBIMHK, CTaHYT npu OoJsiee neTadbHOM paccMotpeHuu cBoGonHbiMu. Tak,
HanpuMep, MOMECTHB KyCOK MeTa/lla B KOHIEHCATOp, pe3ydbTHpyiclilee
10Jle MOXHO ONKUCHLIBATBH NBOSIKO: JHOO Kak Mosie TexX HCTHHHBIX 3apsiiloB, '
KOTOpHiE BO3HMKJM Ha MOBEPXHOCTH MeTaa, Jubo kak pe3dy/brat noJs-
pU3AUMM 3TOTO KYyCKa MeTamnia, B 3aBUCHUMOCTH OT TOTO, CHUMTAIOTCS JH
3apsaabl AOCTYNHBIMH HM3MEDEHUIO WM HET.

§ 2.1. BaexkTpuyeckas MHAYKOMS

Kak Gbiio yxasaHo, pasmuune MeXiuy ¢ U p, NOBOJbHO MPOH33O0MLHO,
OIHAKO 3TOT NPOM3BOJ HH B KOEH Mepe He MellaeT ToMy (POPMANLHOMY
ONKUCaBMI0 NoJed NoJsPU3aLMOHHBLIX 3apsioB, KoTopoe OyieT NpoBeleHo
HiKe.

Tak kak HCTOYHHKHM 3JEKTPHYECKOro NOJs paslieieHbl HAMH Ha JABa
Buna, 10 ypasHeHue [lyaccoHa npuHumaer crenywowul sun:

. i
Vio==—V.E=— - (p—+pp)- 2.1

Tenepb p 03HauaeT NIOTHOCTb JHlIL cBOGOAHBIX 3apsnoB B TOH TOUKe,
the Oepercs nuseprennus. Ecau miotHocts pp cornacHo cootHolre-
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Hmo (1.64), BoipakeHa uwepes nuBeprenumio nosspusauun P, to ¢op-
mynaa (2.1) npeoOpadyercs K TAKOMy BHIY:
Py_ ¢

v. (E+ )= (2.2)

Ha ocHoBanun (2.2) ynoGHO BBECTH BEKTOP 3JEKTPUYECKOH HHIYKLHH,

HA3LIBAEMBIH TaKXe IJCKTPUUYECKHM CMellleHHEM — TEPMUH, BBEJIEHHBIH eLe

Maxkcsennom,
D =¢,E| P. (2.3)

(B cucreme MKC 3ToT BekTOp M3MepsieTCst B KyJOHaX Ha #2.) YpasHenne
[lyaccoHa MOXHO 3anKuCaTh Tenepb IByMs criocobamu:

V.-D=gp 2.4y
nJan
V. E=-t, (2.5)
€

rite p, 0603HauaeT CyMMy MAOTHOCTeH NMOJAPHU3ALHOHHBIX H CBOGONHBIX —
uctunHux 3apsnos. C nomoubio TeopeMsl Taycca — Octporpasckoro
MOXHO MOJY4YUTb U COOTBETCTBYIOLIME HHTerpajdbHbE COOTHOLUEHHs

fD-dS: , (2.6)

/E-dS:_—goi, 2 7)

Tie ¢, ecTh CyMMapHuIH 3apsil B o0beMe MHTerpHpPOBaHHS, T. €. CYMMa ¢
u unrerpasa or - (V- P) no obpemy.

[lone [ npencraeaser coBoli JHIIbL Ty YaCTb MOJS, KOTOPAs CO3138TCH
ceobonnbIMK 3apsinaMu. CorjacHo coorHoinennio (2.3) pasHoctb mexay D
n g F ecto mossipusanms P. OTMETUM KCTaTH, 4TO XOTH NMOMSApH3aLNs W
IBASCTCS. YHCTO TEOMeTPHYeCKHM 00pa3oM — IMMNO/MbHLIM MOMEHTOM ell-
HUitl ofkeMa, OHd HMrpaeT TeM He M2Hee POJb 3JEKTPHUECKOrO MOJsl.
310 noJe nonspusauun obpasyeTCs TONbKO MOMSAPU3AUMOHHBIMI sapsiaaMH.
Peiwenne KOHKPETHBHIX 3anay, CBA3AHHBIX € MOJAPU3YIOLUHMHCH TeJjdaMHu,
34BHCHT OT TOrO, KakuM o00OpasoM MOAsPH3AUMS 3ABHCHT OT BHEILHETO
noasi. B OGonbliMHCTBE C/AyYaeB MNOJASPH3auMsi NMPOMOPHHOHAILHA OO

P =<y E. {2.8)
Kosddnunent nponopuuoHajlbHOCTH ¥ HA3LIBAETCS  SJCKTPUNECKOH
BOCHPHHMYHBOCTLIO. 3TOMY COOTHOLIGHHIO He MONYMHSIOTCA 3JICKTPeTH

(pewecTBa, o6sanaioline MOCTOSHHBIM JIHIOJBHBIM MOMEHTOM), O.HAKO
B MpaKTHKe oOHM He HWrpaioT Oosviuol posnl). B ciayuaz ke oOGHMBBIX

) bojee pHTEpCCHH BemecTBa, B KOTOPHIX NOCTOSHHBIN AMNOJbibIH MOMEHT
BO3HHKAeT Nop BJHsHUeM AedopMauuu (sBNeHUE mbe303neKrpuuectBa). ([1pun.

peo.)
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gellleCTB, KOraa cooTHomeHue (2.8) BrmoJHsercs, Bce Tpu Bektopa D, E
u P TNPONOPUMOHAJALHBL JNIPYT NPYyry

D=¢E+4 P=¢y(1+y)E. (2.9

Ecau Mbl BBeieM IH3JEKTPHYECKYIO NMPOHMIAEMOCTL, WM, KaK ee MHOIAa
HA3bIBAIOT, JH3JEKTPHYECKVIO MOCTOSHHYIO Cpensl

k=147, (2.10)
TO TOJAYYUM
n
P=—c¢,(k— 1)E. (2.12)

B coorHowenuy (2.8) npeamosaaraercs, 4WTO Cpena MoJApU3yeTCs
#30TPONHO M €e MNOJAPU3aLHOHIbe CBOHCTBA He 3aBUCAT OT HANpaBi2HHMs.
<duzuycky 3TOT Haubogee NpocTOH cayudalt uMeer MeCTO Julib y Tas3oB,
WHAKOCST U, aMopdHBIX TBePALX T2J M KyOHYecKHX KpuCTaaioB. B kpu-
CTanIax € cUMMeTpueft HuKe KyOudyecKOM  3aBUCMMOCTb KOMIIOH2HT
BEKTOPa MNOJAPH3ALIM OT KOMIOHRHT BeKTOPa 3IJCKTPHYECKOTO N0Js
OCTaeTCst JMH2HROM, olHako KO3(Q(ULUUSHT NPONOPLUMOHANBHOCTH MOXET
6LTh pazlIYdHBIM I8 Pa3HMX HanpaBjieduft. 3TO 03HA4yaeT, YTO 3aBUCHU-
MOCTb MOJAPU3AUNM OT 3JeKTPHYSCKOrO MO8 HOCHT TEH30PHBIH XapakTep

P, = 507.¢15E3v (2.13)

u pexTop P B 061ieM cayyae He napaianened Bektopy E. Mcxons us toro
daxra, 41O BENMYMHA BekTOpa P NPoNOplLUOHAbHA BeJuuuHe BekTOpa E
TIpY 3aJaHHOM yIlie Mew]y HUMM M 38]laHHOH OpHMEHTAlluW TeJa BO BHeLl-
HeM MoJe, MOXHO TNOKa3aTb, YTO TEH30D ¥,s CHMMETPUuHBIA (l0Ka3a-
Te/NLCTBO 3TOMO YTBEPXIeHUS Npeasaraercs B KayecTse 3anaun). ITosTomy,
8bHIOUPas COOTBETCTBYIOIUMM OOpPa3OM CHCTeMY KOOPIMHAT, TEH30D Z.q
MOKHO BBIPa3UTb TOJBKO yepes TpH KoHcTaHTul. OTClona Xe chenyer,
YTO uMeeTcsl N0 KpafiHelt Mepe TpH HanpaejeHusi, korma P u E napan-
Jenbibl. CHMMETPHS TeH30PA j,, CJellyeT TaKie U3 3IHepPreTHdeCKuX
<ooOpaweHu#t. -

Mu He GyneM xacarbcst cayyas, xorna £ u P He NponopLMOHANbHEL
# CBA3aHBl MeXJY COOO# HeJMHEeHHBIM COOTHOLIEHWEM. DTOT Chyuail Ba)eH
A MATHUTHBIX Cpejl u OyneT paccMOTpeH B AajpHeitmem. Caenyer non-
UEPKHYTb, 4TO NPHBOJIMBIIEECS Bbllle COOTHOLUEHHE MEXIy MNOoJapuaalmet
¥ HaNpPSHKEHHOCTHIO NMOJIA He eCTh (yHAaMeHTaJbHOE YPaBHEHHE TEOPHH,
4 JWillp HEKOTOPOe yhpoliaollee MPeAnoJoNeHHe.

§ 2.2. 'paunusble ycaosus

B nambHefiiuem npu pellieHMH ypasHeHu#t MaxcBensa HaM NpuieTcs
Pa3je/uts 3apsanel Ha cBOOOAHBIE M CBsi3aHHbiC. Peinedne ypasHeHu#
fioTpeGyeT YCTaHOBJIEHHs CBsI3H MEXJy MOJAMH CBOGOIHBLIX 3apsiOB M
0/siMy 3apsilOB  CBSIBAHHBIX. YPaBHeHHMs,, KOTOpHE YCTaHABJMBAIOT CBSI3b



42 FPAHMYHLIE YCJOBHS [rn. 2

MEXAY CBSI3aHHBIMH 3apsilaMd ¥ BHeILHMMH MOJSIMH, HMEIOT CMBICJ ypaB-
Henu#t cocrosius. [IpuMepoM noaoOHLIX ypaBHeHMH SBJSETCS ypaBHe-
Hue (2.8). $lcHO, 4YTO ypaBHeHHe COCTOSIHUS ONpenensieTcss CBOHCTBAMH
BeNIeCTBa, B KOTOPOM NpOABASIOT ceOs CBSI3aHHbBIC 3aPSAbL.

B stom maparpadge Mbl paccMOTpHM CJyu4ait, KOTAa Ju3/JEeKTPHYeCKas
NPOHHULIAEMOCTH SIBJSETCS] MPOU3BOJMLHON (yHKIMeH KoopauHaT. Mel Oynem
N0Jb30BaThCsl  ypaBHeHusiMu (2.8) — (2.13). Tombko JuHeHHOCTL 3THX
COOTHOLIEHHt OrpaHHYMBaeT HX OOIIHOCTb. IDTO HE MellaeT, KOHEYHO,
NPUMEHATb WX K HEONHOPOIHbIM cpejam. Hauboawliu#i uHTEpec mpen-
CTaBJAET Cay4aH, KOria NPOHMLAEMOCTh MEHSAETCH CKaYKOM, KaK, Hanplimep,
HA TpaHMlLle ABYX JIH3JeKTPUKOB. ’

Paccmorpum HeCOBLIOR LMAMHAD, PACTIONOKEHHBIH Y IPAHUILLL] Pa3iena
MEXJY AUSJNEKTPUKAMM TaK, Kak NokasaHo Ha puc. 2.1. IlycTs ocHoBaHust

Cpeda 1
k;

Puc. 2.1. K BeiBOLy rpaHvuHbix ycio- Puc. 2.2. K BoiBopgy rpaHuyHBIX yCio-
BUH s HOpManbHBIX KOMIOHEHT D. Buil nas kacarenpHBIX KoMIOHeHT E.

LIM/MHIPA napajfefbHbl TpaHule pasfena, TNpPUYeM ONHO M3 HUX JeXKuT
B cpene I, npyroe—B cpene 2. Ilnomans Kaxnoro ocHoBaHus paBHa AA.
Bynem tarke cuuTath, 4TO €ro BHICOTA £ 3HAYMTEJLHO MeHbIIE JMaMeTpa.
BeiypcainM notox BexTopa D) depe3 mOBePXHOCTL, OIPAHMYMBAIOLIYIO 3TOT
o6pbeM. CorsacHo cooTHolueHuio (2.6) uMeem

[D-ds=q. . (2.6)

[Tpu 2 — 0 g cTpemurcs K ¢ AA, rie o — MIOTHOCTL CBOOOIHEIX 3aPSOB
Ha rpaHuue pasgena. Tak Kak BKjajd GOKOBOH MOBEPXHOCTH LM/JHHAPA B NO-
BePXHOCTHEIH MHTErpas CTPEeMHTCSl K -HY/I0, TO ypaBHeHue (2.6) naet

n-(Dg—D)=o, (2.14)
as
TIe np= Eg-—enunuqnmﬂ BEKTOpP, HOPMaJbHBIM OCHOBAHHIO LUJAMHIAPaA AA.

Tlonaras cnpaBenJMBHIM cOoTHOLeHue (2.11), noaydum

ne (b —kE)=", |
; (2.15)
n - (RyVoy — kVo) = — P
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ak OGLIYHO, NPENNONaraeTcs, KOHeYHO, YTO NJIOIIAAb OCHOBAHHs LMIMHIDA
HOCTATOYHO Maja, 4TOOB MOJA MOXHO OBIIO CYHTaTL NOCTOSHHBIMH.
IMoBeneHue TAHMeHUMAJILHEIX KOMIOHEHT nOJS MOXHO IOHSTh, pac-
B fcMannBaﬂ HeOo/bIoN! KOHTYp, H3oOpameHHEH Ha puc. 2.2. [lyctb ero
Gonblide CTOPOHH MapanfeNbHbl MOBEPXHOCTH pasjesa M OJHA M3 HUX
nexuT B cpene I, a npyras—B cpene 2. CoriacHo cooTHolueHuo (1.34)
YUPKY AL SJeKTPUYeCKOoro NoJs Mo 3aMKHYTOMY KOHTYDY paBHa HyJIIO

§E-dz:0. (1.34)

. Ecm Mbl NPHMEHHM 3TO COOTHOLIEHHE K ONHCAHHOMY BHILIE KOHTYPY H
--8aTeM KOPOTKHE €ro CTOPOHBI YCTPEMHM K HYJIO, TO MHOJy4dM

E,-dl—E, -dl=0. (2.16)

. Ha puc. 2.2 n, xak ¥ paHbile, eRHHUYHLI BEKTOpP, HOPMAJbHLI no-
BEPXHOCTH pasjena, a M, — €IMHHYHBIA BEKTOP, HOPMAJLHEI KOHTYDY,
f10 KOTOPOMY NPOM3BOANTCS HHTErpupoBanue. [Ipeo6pasoBaB COOTHOILLE-

sue (2.16) B COOTBETCTBHH C PABEHCTBOM =ny, X n, NoJayyuM

ar
n,-n X (E,— E)=0. (2.17)

Tak xax cootnowenune (2.17) ocraercs cnpaBen/IMBHM INpPH MPOU3BOJb=
HbIX OpHEHTALHUAX BeKTOpa M, oTHocHTeabHo E, TO

n X (E,— E;)) =0, 12.18)

_ T. e. TaHreHUHaTbHHE KOMIIOHeHTH BekTOpa E onuHakose no ofe cTo-
POHE OT TpaHullbl pasjena. Bripamas noJs 4epes COOTBETCTBYIOLIHE
" HOTEHIHMANH, TMOJYYUM

n X (Voo — Vo) = 0. (2.19)

3necy Taxke KOHTYp NpeanoJaraercsi HAacTOMbKO MajbiM, 4TO MOJs Ha
€ro CTOPOHAX MOXHO OBIO CYMTaTh MOCTOSIHHBIMH.

Kax mnokaszano Beiie, cooTHouieHne (2.18) cienyer u3 ypaBHeHus
VX E=1ot E=0 u Teopemsl Croxca. OnHako Gb10 66l HENPABHALHBIM
AyMaTb, YTO JJs1 BHIMOJHEHHS COOTHOLUeHus (2.18) HeoOXoAMMO YyCIOBHE
rot E=0. Hmxe Mp yBHIHM, YTO Ja}e B HecTaTH4YeCKOM CJy4ae,
«orna rot E He paBeH Hy/I0, TaHreHiMa bHas xomioHeHTa E HenpepriBHa
#a NOBEPXHOCTH pasnefa ABYX JM3JeKTPUKOB. BooOule, rpaHHYHEE yCJ0-
BUsl HAa HOpPMAaJdbHBlE KOMIOHEHTH BexkTopa [) M TaHreHUmMalbHble KOMMO-
HieHFbl BexTOpa E yae cozeparTcst B ypaBHeHusix noJss. J{as1 BBIBOma ke
CBSI3H MeX/y TaHreHIIMaJbHbIMH KOMIIOHEHTaMu [ unu cooTHolueHu#t (2.15)
"HeoOXO0NHMMO NpHBJEYEHHE YPABHEHHHE COCTOSHHS.

B cuny Toro, wro KacarebHas KOMIOHeHT2 V¢ HempepblBHA Ha mo-
BEPXHOCTH pa3jenia, MOXHO MOJOXHTL ¢ == ¢,. KpoMe Toro, HopmanbHas
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KoMIlOHeHTa BekTOpa Vo HempephlBHA, eC/H Ha TMOBEPXHOCTH pasjela
HeT OCOOEHHOCTH B BMAE 3aPSMEHHOro CcJiofl. IDTHMH JIBYMS COOTHOLUe-
HUAAMH 3aBepluiaeTCs COBOKYNHOCTb I'DAHMYHBIX YCJOBHH, Hak/JaJbiBaeMBIX
Ha NOJs M MX MOTEHLHAJH Ha NMOBEPXHOCTH pasjenia NBYX JH3JeKTPHKOB.

§ 2.3. daekTpuueckoe moJjie B MarepuajbHoil cpene

B mpenbayinx passenax Mbl PacCMOTPEH 3JEKTPOCTATHYECKHE MOJS
cBOGOJIHBIX 3apsifoB B BakyyMe. Dbbluiy Takke paccMOTPeHH MaTepuanib-
Hble Cpelbl, COjlepXalliie CBA3aHHHE 3apsibl, HE MOJLAIOIHECS Herocpel-
CTBEHHOMY H3MepeHHI0. CBOHCTBA TakMX Cpell ONMCHLIBAMHUCL C NOMOLUBIO
JMIONLHOTO MOMEHTA, NPUXONSIIErocss Ha enuHuly uX oObema ¥ BO3-
HUKAIONero NpH HANOXKEHWH BHELIHero sJekTpudeckoro noJs. Paccmo-
TPpUM Teneps BONPOC 00 3JeKTPHYECKOM NOJie B MaTepuadbHON cpeje.
. OxasbiBaeTcs, 4TO €Cq CTPOro MNpHIepXHBaTbecsi (PEHOMEHOJOTH4eCKOoit
TOYKH 3PeHHsl, TO BO3HHKAaeT DSl TPYAHOCTel, CBA3AHHHIX C onpejefe-
HHEM 3JEKTPHYECKOro MoJsl.

JleJo B TOM, YTO 3JeKTPHUYECKOe MOoJe MOXHO ONPEeNe/UTh Caenylo-
IIMMH TpeMsl pa3juyHBIMH CHocoOami, NpuyYeM anpuOpH OHM He OOA3aHB:
OLITH HENpPOTHBOPEYHBEIMH.

a) Mu MmoxeM onpefeiuTs IoJe B aTOMHOM Macimutabe, T. e. depes
none, neficTByloliee Ha 3JeKTPOHB B aToMe. B sTom cayuae, mo cyue-
CTBY He BO3HHUKaeT BONpPOCA O NOJAPU3yeMOCTH BewlecTsa. Jlisi mepe-
X0la K MaKPOCKOMMYECKOMY OINpejle/leHUI0 3TO [0Je HYXHO yCpPelHSTh
N0 NpPOCTPAaHCTBY # BpeMeHH. Hampumep, OHICTpBI JEKTPOH, IBHKY-

wuics B Ccpelle, mnoJiBepraercs NeHCTBUIO

MMEHHO 3TOro MoJs. -

6) MoxHo paccMOTpeTh NoJe B 10JO-

r CTH B JIM3JIEKTPHUKE M ONpPENENUTHL €ro (1o-

] JOOHO onpejiefleHHIO TOAA B Bakyyme) Mo

T cufie, neHcTByloulelt Ha enMHUuNHLIH 3apsan

Puc. 2.3. Ycpenuenue atom- B 3TO# nmosoctH. OnHako noJe, onpesedeH-

ubix noaell; &, = (& 3, 0. HOE TakuM 00pasoM, 3ABHCHT OT reOMETPHH

NOJOCTH M €€ OPHEHTALMH OTHOCHTENLHO

noms B cpeie. OnHO3HAYHOEe ONpejnefeHHe MOJYYIHUTCS TOMLKO B TOM

cayyae, ecaM KakuM-aubo o6pasoM yCJOBUTLCS OTHOCHTEJBHO (JOpMBbI 1
OpHEHTALNH NOJOCTH.

B) MoxHo omnpenenuts Moje MO ero BO3AEHCTBHIO HA OTAENbHYIO
MOJIEKYJy IU3JEKTPHKA.

PaccmoTpum kaxxnoe onpenesieHue OTHENBHO.

a) Onpedesenue noas nocpedcmor YCPeOHeHUS MO RPOCMPAH-~
cmey u 8pemeHd.

[lycte HexoTtOpas ¢ynkuus f(x, y, 2; f) 3agaHa B Kako#i-qu6o 06na-
CTH TIPOCTPAHCTBA B TeYeHHe ONpeJleNeHHOTO OTPe3ka BpeMeHu (puc. 2.3).
YcpenHeHne ee no cepe ¢ paiuycoM ¢ M NO OTpe3ky BpemeHH 27 npo~
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M3BOJMTCH ClenyloluM 06pasoMm:
T

: _/_/ /f(x+5v)’+”’i»2+C;t+0)d6d1;d?;d0.

Gy 2 b = — ,
: oT § Tad -T E2+1]’+C2<a

(2.20)

OnpeneneHue 3TOTO HHTErpasa ecTh JuHeHHas onepauus, H IO3TOMY
OHa KOMMYyTHPYeT € JUHeHHBIM ONepaTopoM IHQ¢epeHupOBaHHs

Vi=Vf. (2.21)
MuKpOCKONHYeCKHe NOJs ONMUCHBAIOTCH ypaBHeHHeM (2.5)
V.-g=Fa. (2.22)

(1]

3necb & — MUKPOCKOMUYECKOE 3JEKTPHYecKos MoJe, p, — MIOTHOCTSL 3a-
panoB B arome. YcpenHss p, MO MNPOCTPAHCTBY W BPEMEHH, MOJy4UM

Vog=te =t (2.23)

0 o
Torna us ypasseHu#t (2.21), (2.23) u (2.5) cnenyer
V.-8§=V.E (2.24)

CrenoBateIbHO, MakpOCKONMYeCKoe MnoJje E ¥ B NPUCYTCTBHM JIM3J€K-
TPUKOB MOXHO pacCMarTpHBaTh KAk CPeNHIO0 BeJUYUHY MHUKPOCKOMH-
yeckoro noas &.

6) Onpedesenue nOASL ¢ ROMOUBIO nosocmu 8 Ousasekmpure. Pac-
"CMOTPUM TPW BMI2 MOJOCTEH, NMOKasaHHbIX HA puc. 2.4. Dymem cuutats,

Puc. 2.4. MNonoctu nia ofpenenenns mojel B AWK TPHKE:

meab A ¢ MaJjoil IPOTANEHHOCTBIO BAOJb TOJA; UWieab B ¢ 60MbIOH OPOTIKEH-
HOCTLIO BIOML moas; cdepa C.

4TO Ha MX NOBEPXHOCTAX CBOGOJHBIE 3apsajbl OTCYTCTBYIOT. CorJacuo
rpanuyHoMy ycJoBHiO (2.15) noJe, u3MepeHHoe B noJoctH A, pacnogo-
¥eHHOH nNepHeHAHKyJspHO noaio, pasHo RE,, rne E, —none B cpene.
Ilone xe, wamepeHHoe B NOJNOCTH B, OPHEHTHPOBAHHOR NapainenbHO

v
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nomo, pasio E, B cuay ycaosus (2.18). Kak Oyner nokasaHo B ri. 5,
110, U3MepeHHoe B cdepudeckolt nonoctu C, papHo

 SRE, P 1
=t iT —Ent T

IDTO COOTHOLIEHHe 31eChb NPHBOAMTICH JHLUbL 18 TOTO, YTOOB MOKAa3aTh
KaK uaMepsieMoe MoJe 3aBUCHT OT (OPMBI NOJOCTH. [Ipu Gosblumx 3Ha-
deHUsIX R CoOoTHoLleHue (2.25) npHHUMaeT BuA

E=3E,. (2.26)

E (2.25)

Tlonst, BO3HMKAOILIME B PAaCCMOTPEHHBIX MOJOCTSX, rpagudecku n3obpa-
weHbl Ha puc. 2.5.

flonocme B [lonocirw C

_—_r I __ L e
£t e (2hET) 4 A
£

4 flonocme A

—

£l y: 7 C

Puc. 25 Vismenennme moass BAOJb FOPH3OHTAJBHON JHHMHK, NpOXonsLIei
uepes ueHTpsl nojoctell A, B u C puc. 2.4

Taxum oOpazoM, £CHO, 4TO MO M3MEPEHMM B MOJOCTSIX MOMHO onpe-
IeJuTh ToJe.

) [loas, dedcmsyowue na Mosexyay. Paccmotpum nusnextpuk,
PACNOJIONKEHHLIA  MEXJYy nNJACTHHAMH KOHJIEHCATOPA, KaK MOKA3aHO .HA

+ 4+ 4+ ot

Puc. 26. K Boiuncnennpo nons, nefictByomero Ha oamy
M3 MOJIEKYJ AM3JIEKTpUKA.

C1peaxo’t nokasano Hanpagnenwe nods.

puc. 2.6. M nusnexTpuK, M MAacTMHE KOHIEHCAaTopa OyneM cuuTaTh 10-
CTaTOYHO GOJBIUMMH, YTOGE MOXHO GbLIO NpeHeOpeuh KpaeBHIM 3¢ dex-
TOM. BeimennM omny us MOJexy/ AM3/eKTPHKA W OMNHILEM BOKDYT Hee
cepy pamuyca a. MoxHO ckasaTe, yTO 9Ta chepa YCIOBHO pasrpasu-
"MBAET MAKPOCKOMHYECKYI0 OOMACTb OT MHKPOCKONMYecKOH. B peayb-
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Te Ha MOJexyJay OyayT neHCTBOBaTbL MNoJs, OOYCJAOBJEHHHE CJenyio-
UMM 3apajaMu:
1) sapsnaMM Ha NJACTHHAX KOHIEHCATOpa;
2) sapsiiamH, pacnoJOKeHHLIMM Ha NOBEPXHOCTAX NU3JEKTPUKA, 00pa-
[EHHBIX K IJIACTHHAM KOHJEHCaTopa;
3) NOBEPXHOCTHBLIMM  3apAnaMM, PACIOJOXKEHHBIMH Ha BHYTpeHHel
NOBEPXHOCTH CdepH palnyca a;

4) sapsnamu OTAENLHLIX MOJEKYJ, Haxonsiuuxcs B cdepe panuyca a,
83 BHIYETOM 3apsild BHJIEJEHHOH MOJIeKy bl B lLenTpe cdeps. Boumncaum
noJie KaXNO0T0 M3 3TUX HMCTOYHHKOB.

3apsasl, pacnoJoXeHHBe Ha NIACTHHAX KOHJIEHCATOPa, CO3/12I0T B MECTE
pacnosoeHuss MOJIEKYbl 1oJie, pPaBHOe

= ~—F—{——— (2.27)

o

[Mone nNOMSIPH3ALMOHHBIX 3apsiNoB Gp = P,, pacno/o}KeHHHX HA HO-
BEPXHOCTSIX IM3JMeKTPHKA, OOpalleHHBIX K JaCTHHAM KOH/IeHCAaTOPa, PaBHO

P
_ (2.28)
o
INose Ep noJspusalliOHHLIX 3apsIOB, PacloJOXeHHBIX Ha BHyTpeHHeR
NMOBEPXHOCTH CepHl, NaeTcs CHeNylounM COOTHOLIEHHeM:

Ep=

1 N Sp cos 6 dS
/ ————, (2.29)

4re, a?

roe 60— yron mexuy P M PaiMycOM-BeKTOPOM, NPOBEAEHHHM OT MOJE-
KyJE K 3JeMEHTY MNOBePXHOCTH dS. DiemeHT NOBEPXHOCTHOTO 3apsia,
sakmodeHHbli mexay yraamu 0 u 04 d0, pasen

6pdS=|P|2xa?sinfcos 0 do, (2.30)

H cooTHoleHHe (2.29) npeobpasyeTcs K CJAELAYIOLLEMY BHIY:

n

Ep= P2ra? / sin 8 cos? 8 d0. (2.31)

4neqa? .
0
HNocne unterpuposanus noayunm Ep= P[3e, nm

P
Ep=r5—.

(2.32)

Crenyer oTMeTTh, 4TO SMEKTpPHYECKOE MOJe E, He ecTb peanpHOe noJje
B cdepuueckoit NONOCTH B Au3JEKTpuKe, ubo npu BbIBOJIE €ro 1pej-
Ronaranoce, YTO MNOJAPU3ALMS JIUSJEKTPUKZ He BO3MYLIEHA HANUYHEM
nonocty, B orauune ot (2.25).

[TpocymMupyem Tenmeps NOJs OTAENBHBIX JHNOJEH, PaCrofOMKeHHBIX
BHYTpH cdephl. YpaBHeHHe I/s1 MOTEHUMANA OTAENLHONO JHNOJS OBLIO
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nojay4yeno B ra. 1:

1 .r
P= ey (1.42)
[losie Ha paccTosHUM r OT AMNOJS PaBHO
— _ I 1p 3(p-nr a
E=— Vo= - 4= {73— ———r5—~]. (2.33)

CyMMupOBaHde MO BCeM IMNOJSM BHYTPH Ceph SKBHBAaJEHTHO Haxo-
WIACHUIO CpejiHelt BEJNMYHHB X -KOMIOHEHTBl MOJs

— y[ _3(pxx2~pyxy WCZ)J (2.34

« 4nso rs

Met npeanonaraeM, 4TO JM3JEKTPHK U3OTPOIEH M NO3TOMY HallpasJje-
Hyd X, y. 2 SKBUBAJCHTHHI. Torna 1 meeM

— — —_— 2 N . R
=y'=z :%, xy=yz=2zx=0. (2.35)
Otciona cpasy cienyer. 4TO I0.€, CO3NAHHOE MOJEKYNaMU BHYTPH Cdepsl,
PAaBHO HYJIO.

Takum 00pasoM, [0OJE B MeCTE PACHOJONEHUS BLIENEHHOH MOJEKyIH
papgno cymue noJedt (2.27), (2.28), (2.32) u (2.34):

P P P P
Egyy=E+— ~+5-=E+5 (2.36)

KpoMme u30TPONHEIX BELIECTB, 3TOMY COOTHOIIEHHIO MONYMHSIIOTCS TaKKe
Kpuctaanel kyOudeckol cummerpuu. Kpucrannel ¢ cummerpuelt Goace
HU3KOrO NOpsiiKa eMy He ynosiaeTBopsioT. DoJee Toro, B pacuere y4uThl-
BAJIMCHL JIMLIL JMIOJBHO-IMNOJILHbIE B3auMOJeHCTBUSA, YTO 3aBENIOMO He-
BepHO Jisl TeX BeLIeCTB, rie HMeloTcst GoJibiuue Ipymnbl OpUeHTHPOBAH-
HBIX MOJIEKY .

PasHulla MeX Uy ONpesie IeHUSIMU a) U B) COCTOUT B TOM, 4TO B CJIyHae B)
Mbl paccMaTpMBaJH SIBJICHHMS, pealbHO MPOMCXOMAIME C OTAeJbHOH MOJe-
KyJOH, B CJjyu4ae e a) YCpPEeIHAETCS MHKPOCKOMHYeCKOe MoJe.

§ 2.4. NoaspusyemocThb

OnpeneseHne B) OkasbHBaeTcsl NOJE3HBIM [PH ONMUCAHUM MAKPOCKOLM-
YeCKOro nopeneHus ILUIJICKTPHUKOB C TOYKH 3peHus CBOHCTB HX MOJIEKYJI.
IOns takoro OnMcaHus HeoOXOOMMO JIM3JEKTPHYECKYI0 MNPOHUIAEMOCTD
CBSI3dTh C MMOJPU3YEMOCTBIO OTAENLHOH MOJEKYJabl. 3TO MOXKHO ClenaThb
¢ nomouibio cooTHolleHus (2.36), B xKOTOpPOM CHJa, NeHCTBYIONIAs HA
OT/Ie/ILHYIO MOJIEKY/Y, BhIpawaeTcd 4epe3 BHellHee rnoJe. Iloaspusye-
MOCTL @ ONpejeleTcsi CAeAYIOIIHM COOTHOLUEHHEM:

pP= aeoEs(pq). (2.37)



§ 2.4] MOASPU3VEMOCTh 49

jie p— JUNOJNbHEIA MOMEHT, MHAYLUMPOBAHHBIH B HM30JUPOBAaHHOH MoOJe-

yne. Ecau B enunuue obbema uMeercs N MOJeKyd, TO NOJSPU3aLMs

aBHa

{ P = NPZGNEQE3¢¢, ]
Nyga

P _ T €0E3(I7(I7’

(2.38)

rae g — MJOTHOCTb, a M — monexkyJapHuIH Bec BemectBa, Nj— uucIO
Aporanpo, Tak yto N = Nyg/M. Taxum 06pasoM, noaspusauus P moxer
ObIThb BHIUMC/ICHA, €C/NHM M3BeCTHa BesuuHAa o. KomOuHupys nanee coot-
sHolenus (2.38), (2.12) u (2.36), MOWHO HCK/IIOMUTL MoJie H NOJYYUTDL

¢opmyay
k—1 aN _ Noyga

FF2T 3 = 3M (2.39)
31y ¢Qopmyny HasuBaT cooTHowenueM Knaysuyca — Mocorty, a Takxke
¢opmyaolt Jlopenu — Jlopentua. Ee npasuabhee Bcerna cuuraTh uHTEp-
NoJasLMOHHOH  (OpMyJIOH, TNO3BOJsOLIEH B paMKax 1pocTodl Monenu
YUMTHLIBATb B3aUMOACHCTBHE MOJEKY/ W CBSI3LIBAThL HOJSAPUIYEMOCTL MOJIE-
Kyd co cBoficTeamu cpenabnl. OHa ynOBJAETBOPHUTENbHO ONUCHBAET 3aBHCH-
MOCTb JIM3JEKTPUYeCKOH NPOHMLAEMOCTH OT MJOTHOCTH AJsi IIMPOKOTO
KJacca XKMAKOCTeH u TBepnbX Tea. g rasos, y KOTOPHX MNpPOHMLAZ-
MOcTb k O6Au3Ka K efMHHLE, COOTHOLIeHue (2.39) mpHHUMaeT cjaelyw-
WUl BUILL

B— 1= Na = No&2 (2.40)

M ’
T. €. MH npeHeOperaeM B3auMOAeHCTBHEM cOCelHHX MoJaekya. Iloaspu-
sauus BewlecTBa B oOmiem ciayuyae oOycCJ/OBJIeHAa ABYMS! OCHOBHBIMH TIpH-
upHaMu: 1) yAJHHeHHeM CBsideH MeXALy aToMaMy d 2) NpeHMyIilecTBeHHoH
OpueHTalMell MOMEHTOB MOJEKyJ BAOJbL BHeIUHero nofis. B orcyrcTBue
floJn  AUNOJbHBIE MOMEHTH MOJEKYJ OpPHeHTHDOBAHH XaOTHYECKH M3-3a
TEN/JOBOTO ABHMEHMS M MaJOTO B3aHMOAEHCTBHS MeXNy HUMH.

BTopas u3 3THX NpHYMH OTBeTCTBEHHA 32 TeMIEPATYPHYIO 3aBHUCH-
MOCTb JM3JEKTPHYECKOH TNPOHHLAeMOCTH. V3 cratucTHyeckolt ¢H3UKH
M3BECTHO, YTO BEpPOSTHOCTh MOJeKyle HmeTb 3Hepruio U nponopuo-

U

HanoHa e *T | rme k—nocrosuHas Boabimana, a T-— abcomoTHas TeM-
fleparypa. Ecan Mosmekyla ¢ AMNONBHBIM  MOMEHTOM P, HaXOAUTCH
B nose E, To coraacHo 3anade 13 ra. 8 HmeeMm

U=—p,- E= — pEcost,

U SHeprHsi MOJEKyJab 3aBUCHT OT €€ OpHeHTAlMH OTHOCHTEJLHO MOJs.
Jlns puivMCTeHHs CyMMapHOTO AMNONBHOTO MOMeHTa HeoGXOMMMO Mpo-
CyMmupoBath BkJIanH OTAeNbHHX MoJekysn. Ecam B eaunuue obvema
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conepxutcs N MOJeKyll, TO CPenHssi noJapusauus OyneT paBHaA -

pro cos e* % 4o
P= , , (2.41)
fex COSUdQ

TaK KaK BKJAA OTIENbHOH MoJekyibl paseH pycosf. Ilaa ynoGcTsa
PoE
kT
¢dopMyse JErKO WHTerpUpyeTcs, YHCIMTENb e C TOYHOCTHIO O TO-
CTOAHHOrO MHOXMTeNss Np, paBeH NPOU3BORHOMN 3HameHaTels. B peay.b-
Tate pacdera nojyuyaeM ¢opmyay JlaHkeBeHa

B ¢opmyie (2.41) npunsato oGo3HaueHue Xx == . 3HameHarTe b B 3TOH

P = Np, (ch x——l). (2.42)
[lpu manbix x 9Ta popmyta NPUHMMAET CIAYIOMHMHA BHA:
X NP%E

Kpome nonspusauun, o6yCHOB/eHHOH OpHeHTaUueH MONeKyl, B 006ileM
ciaydae cJjaenyeT ydecTb NOJIPH3ALMIO, BO3HHKAIOIYIO H3-32 YAJUHEHUs
CBf3ell B TMOJe W XapaxkTepusyemylo BeauuuHo#l oy Toraa coorHolne-
Hue (2.40) npuHumaer Bun
Npg .
k—l—Na0+—-360—kT—. (2.44)
B cnenylomeil riabe M CHOBa BepHeMCs K 3anaue o0 3/JeKTpocTas
TudeckoMm Noje B pakyyMe. OnHako Tenepb Mbl MOXeM BKJIYATH B pac-
CMOTpEHHE NUIEKTPHKM, YUUTHIBAA UX BJMSHHE - TDAHMYHBIMH YCJIOBHAMU
U UCTOYHHKAMH NOJHS.

3agaum

1. Ipy nawHOW oOpueHTALMM KpucTaana B noje BeauyuHa Bekropa P upo-
NMOpIUOHabHA BeJluuYNHe BeKTOpa F, a yroj Mexay HuUMU NoCTosiHeH. Martema-
TUYECKU 3TO BLIPAKAETCH CJENYIIIUM COOTHOIIEHHEM:

P=(e-e)E—(e-E)e.

Beipasure ¢ uepes P u E u yroa Mexnay HHMH U JOKAXWTE, YTO TEH30D Xag
B COOTHOWEHNU P, = &oX,3Fp CHMMETPUYEH.

2. PaccMotpuTe NpoCTyw KyGH4ecKylo pemeTKy u3 aunoJjeil ¢ OMHHAKOBLIMU
MOMEHTAMM M OIMHAKOBOH OpueHTauueil. [lokaxure, 4TO B MeCT€ paciloOxeHus
OfIHOTO M3 JMIIOJEN MOJe, CO3MaBaEMOE JPYTUMH JUNONAMH, PACTIONOXEHHBIMK
BHYTpH C¢)epbl TPOM3BOJLHOIO pajuyca € BbIMEJNCHHBIM 1UNOAEM B IIEHTpe,
PaBHO HYyJIIO.

3. Ocb nMHHOTO TOHKOTO LIMJMHIPA € NUSJIEKTPHUECKOH NMPOHUIIAeMOCThI0 &
napajjensHa BuemueMy noaw E. KakoBol Beauuuubl E u D BHYTpU LMAMHIpa?
Onpenenute nOJsi B TOHKOM IM3JEKTPUYECKOM JUCKE, OpHEHTHPOBAHHOM Tiep-
MEHIHKYIAPHO MOMI0?
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\ 4. lokaxure, 410 B ciAyuae »sJeKTpeTa (BeduyuHa P nocTOfIHHA) HHTErpad
E-Ddv paBeH HyJKO 0OPM HHTETPMPOBAHMH NO BCeMy OGBEMY, 3aHATOMY

JIEM.

5. PaCCMOTpPITe 9JeKTPpOH C 33apaioM -—e, ,uBmeLunﬁcsl 00 Kpyrosoii
opbute pPaguMycoOM a BOKPYT 3apshKeHHOH 4acTuubl - e, B TOJE, HANPABJCHHOM
pol MpAMLIM YrJIOM K MJOCKOCTH Op6uthl. [lokaxurte, 410 MOASpU3yEMOCTD o
B 5TOM CJy4ae MpHUMEpPHO pasHa 4rnad.

JUTEPATYPA

[u3nekTpHKy M TPaHHYHBIE YCJAOBUSA EaccmannBame BO ECeX paboTax,
CHHCOK KOTODhIX OpuBeseH B KOHije ri. l. BuiBon dopmyip JlamxeseHa MoxHO
pafiTH 0OYTH B JOGOM yueGHuKE 0O CTaTUCTHYECKOH ¢u3uke. Hampumep:

1. R. H. Fowler. Statistical Mechanics. ’

B kHure npuMMeHMIOTCH M3SHIHbIE METONb C UCMONh30BaHHEM GYHKLMM pac-
fpeieneHus.

2. J.E. Mayer and M. G. May er, Statistical Mechanics.

C matemaTu4eckOH TOUKH 3peHHsl 3Ta KHHMTa npoiie, YyeM Kuura Payiepa,
g1 Gosee ueM JOCTATOYHA AJ KPYra BOMPOCOB, M3JIOXKEHHEIX BbIMIE.

*JL. 0. Nawgay w E. M. Jludmuu, Cratuctuueckas dusnka.

*JI. O JTanwpgay v E. M. JTud w v, InexTpoanHamMuKa CONOUIHBIX Cpell.

* M. A. JleontoBnu, Craructudeckas ¢pusuxa.
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OBIIME METOJbl PEHIEHHA 3AJAY O HAXOXIEHUU
MMOTEHLHAJIA

B ra. 1 ObJO 1OKa3aHO, uTO 3ajJaya O HAXOXIEHHH TOTEeHLHAd
peliaetcs, nO KpaliHell Mepe NPHHUMNHAILHO, €CJH M3BECTHO pacrpefe-
Jenne 3apanoB. OnHako B IeHCTBHUTENLHOCTH GOJlee WM MeHee JIETKO
peilaloTcs JMHIUb HeKOTOPsle caMble NPOCTHe 3adaud. J1as npakTHYeCKux
uenel Opli paspaboTaHbl cHeLHaJbHble METONE KAK u3MepeHus, TaK H
npuGIMKEeHHOrO  BBIUMCJIeHHs NOJeH, a Takxe rpaduueckMe M noJyrpa-
¢uueckre cnocobul, Tpe€ylollue Juill, HEKOTOPHIX pacyeToB. AHamuru-
yecKkMe METONBl PEeAKO NPMBOAAT K pelleHyl0 B 3aMKHYTOM BHIe; pelle-
Hust B BMAE DSIOB TPUIOAHBl TOJbBKO MPM JOCTATOMHO OHCTPOH MX
cxoanMocTu. TeM He MeHee aHaJHTHUECKHe DelleHMs MPH YNpPOLUEHHBIX
IpaHUYHEIX VCJA®3HAX [al0T LeHHEle CBeleHus, Jaxe eCJqu HeOOXOAMMO
nocieayioluee, 6oJlee TOUHOe onpelesenne nonael. Kpome Toro, rpadu-
yeCKue MeTOAB TpeOyIOT mnpelBapuTeN»HOro SHaHMs OOlLlero xapaktepa
NOBeJleHHst MOTeHnMana. PellieHuss 3amau ¢ OTHOCHTENbHO NMPOCTHIMM rpa-
HMUHBIMH YCJOBUAMH H NPOCTHM pacnpeleseHHeM 3apsaoB Hrpaior 60/b-
Wyl PO M B TeXHHUECKHX TPHIOMKEHHUSAX.

K coxanenuio, oflliero MeTona pelieH#st NPOCTHIX MO CBOel reome-
Tpu¥ 3a1ay HeT. Kaxaas oTienbuas 3ajgava TpebyeT, No CylleCTBY, 0co60ro
pactmoTpenust. OJHAKO eCThb HECKOJIbKO METOJOB, KOTOPHIE TNPUJIONHMBI
K OTHOCMTEJBHO IUMPOKHM KJaccaM 3aday. PacCMOTPeHHMIO 3TMX MeTOILOB
M MOCBfillleHa HACTOsWas raapa. Msl HauHeM C I0OKAa3aTeJbCTBA TEOPEMb
O €JMHCTBEHHOCTH peLUEHPIH 3aja4y TeOpHu TNOTEHIHAJOB.

§ 3.1. TeopeMa 0 eqHHCTBEHHOCTH

dra TeopeMa YTBepKJaeT, UTO eCJH HalileHO KakoOe-nnbG9d peuieHue
3aJauyu O NOTeHlMalle, YIOBJeTBOPAOLLee IDAHUUHBIM YCJOBHSIM, TO OHO
€JIHHCTBEHHO, T. €. ﬂpyrne pel_LleHMﬂ OTCYTCTBYIOT. HO.U. l‘paHl/l‘leIMu
yCJIOBPIﬂMPI MNMOHUMAKTCH yCJIOBl/Iﬂ, KOTOPbHIM JOJKEH y110BJIeTBOpﬂTb no-
TeHUHMaJd WJIH €ro HopMaanaﬂ l'lpOHSBOlIHaﬂ Ha rpaHmLe paCCManPIBae-
Mol obsacTH.
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5
Jioka3ateJnCTBO 9TOH TeOpeMBl aHAJOrMYHO JOKa3aTeJbCTBY TeOpeMEI

00 OIHO3HAUHOM OmpeJe]eHHH BeKTODHOFO MOJISi MJIOTHOCTBIO €r0 HCTOY-
HHKOB ¥ TJIOTHOCThIO uupkymsaunu (§ 1.1). Ornnune cocTrowt B TOM, YTO
HHTETPHPOBAHHE TeMePb NPOH3BOAXTCA B KOHeuHOM oObeMe. Ilpumenmm
teopemy [aycca k Bekrtopy

[o9¢-ds= [V @9 av= [ (Ve +¢V%ldv.  (3.1)

[Tocaennnli uneH npaBod uyacTi oOpalaeTcss B Hy/Jb B CHIy ypaBHeHHs
Jlansaca, ecan NOBEPXHOCTb MHTErpPUpOBaHust BHIOpaTh TaK, YTOOBI HCKIIO-
YNTh M3 PacCMOTpeHusi BCe 3apalsl. [/ 9TOro NpuneTcst, ObITh MOXKeT,
BBECTH JIONOJHHTEJ/bHBIE BHYTPEHHME NOBEPXHOCTH.

ITycTs nMelOTCS 7Ba pasjiMUHBIX peleHHs @; H ¢y ONHOH u TOH xe
3anau#t O noteHuuasne. W ¢ ¥ ¢y VIOBJETBOPAIOT I'DAHHYHBIM YCJIOBHSIM,
T. e. Ha rpanuue obaacTn ¢; =g, wm (Vo) == (Vg,), (komnouenty Ve,
HOPMA/MBHYIO MOBEPXHOCTH, YaCTO HA3LIBAIOT KHOPMAJInHOH MpPOH3BOLHOH»
#u 00603HayaoT —g%) Ecan B Qopmyay (3.1) BMecto dynxumm ¢ noa-
CTaBHTb Pa3HOCTb ¢ ~— ¢p, TO MOJYYaETCs Cielylollee COOTHOLICHHME:

f(sol—%)V(%——soZ)-dS: f[V (¢ — @) do. (3.2)

Jlio6oe M3 rpaHuUHBIX YCJOBMH (M DaBEeHCTBO MOTEHLMAJIOB, M PABEHCTBO
MX HOpMAJbHBX MPOM3BOAHBIX) oOOpalllaeT B HyJb JIEBYIO 4aCTp COOTHO-
wenusi (3.2). CrenoBaTe/bHO, MOABIHTErpalbHOE BHIPAXEHHE B NpPABOH
yactH, Oyldyuyi BeJHUMHOH HeOTpMLATEJbHOH, LOMKHO 00pallaTsCst B HYJIb;
TOrRa HMeeM

Vo ==Vgp, ¢y =g+ const. (3.3)

Takum o0pasoM, nBa peilieHHSi, NpeANOJaraBlineCst CHAYala PasIMUHBIMY,
OTJHYAITCA TOMLKO alAMTHBHOH NMOCTOAHHOM, KOTOpas B rpaiucHT Hu-
KaKoro BKJana He JaeT H, C/1e4OBaTeNbHO, HHMKAK He CKa3biBaeTCst Ha
BeJlHUMHe SJEKTPHYECKOro MnoJs.

Ecau HMMel0TCH IOM3JEKTPHKM C NPOHMLAEMOCThIO, He 3aBucsuledl oT
noss, to (gopmyaa (3.1) samensgercs caelyloueii:

[ ekV - aS= [ 1k (Vo2 + ¢V - (kVg)] do. (3.1)
Hanucap ypaenenue Jlannaca A48 Au9JeKTPHKOB
V . (kV(‘O) — 0,

yOexpaeMcsi, 4TO 1OKasatreNLCTBO oOCTaercsi B cuie. [lpw Hammunm tak
HazbiBae MbIX HeJMHEeHHBIX AMJEKTPUKOB 00J1aCTh MHTErPHPOBAHHUSE MOXET
ObiTe pasznefeHa Ha noAoGJACTH C OJHOPOLHOH MJAOTHOCTHIO NOJSApU3A~
Uun, B KaXIOH M3 KOTOPHX TepopeMa ChpaBelJHBa.
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§ 3.2. Teopema B3aumnoctu I'puna

HmeeTcst Oonniuoe 4YHCJIO TeopeM, KOTOPBIE NO3BOJSAIOT ONHY 3JeK-
TPOCTaTHYeCKYI0 3azauy CBeCTH K Jpyroi#l, OoJee NpPOCTOH, peuieHue
koropol m3pecTHO. ORHOM W3 caMbiX MOJE3HBIX TeOPEeM TAaKOrO poja
ABJseTCd TeopeMa B3auMHOCTH ['puHa. PacCMOTPHM CHCTeMy TOUEUHBIX,
3apsilOB  g;, PaCNOJOXeHHHX B TOUKaX C MOTeHUMANAMH @;. IIpenno-

JlaraeTcs, YTO NOTEHUMaN @; CO342eTC BCeMM 3apslamy, kpome g¢;. Ilo-

TEHLMad B TOUKe j W 3apansl B OCTajlbHBIX TOYKax (oHM Oynyt o6o3Ha-
4aThCsl WHIEKCOM {) CBSI3aHBl CJEAYIOLIHM COOTHOLLIEHHEM:

- 2 g (3.4)

t=1
Ile WirPHX 03HAYaeT, YTO NPH CYMMHPOBAHMM uJeH C [ == j onyckaeTcs.
[ycts uMeeTCs Apyras CHCTeMa 3apsioB q;., pacnoJoXeHHas B TeX e
Toykax. Toria COOTBeTCTBYIOLIHMe NOTeHUHANb OYIAYT DPaBHbI

1\ 4

, \’ 9i

= T N e (3.5
i=1

VMuoxkHM cooTHOWeHuwe (3.4) Ha q}, a cooTHoileHne (3.5)— Ha g; u

NpoCyMMHpYeM TOJYueHHBle BbIpaXeHHsi MO HHIEKCY j:

n
SR /IR '
E<Pfql ) }J rl,]] 4rney’ I
j=1 1—1 i=1 3.8)

n

g ﬁ1qq 1
Y =2 XN

ryj 4neg

j=1 j=1i=1

Ecan Teneps NOMEHATH NOPANO¥X CYMMHPOBAaHuUSA B OJHOM H3 3THX COOT-
HOLUEHWH, TO noJgqy4yaercss paBeHCTBO

n n
Y B \Y
2‘ (ij]' :Z (P]ql" 3.7
- =t j=t

_DTo paBeHCTBO W eCTh TeopeMa B3auMHocTu I puma.

Ity TeopeMy MOXHO 000OWMTL HAa CJyyail n NPOBOIHMKOB C 3a-
pszamu g, ¥ TOTeHLMalaMHM @; eciv B (opmyJe (3.7) Bce ugens
c OJJHHaKOBbIMl/I notenunanamMy  o0beaWHUTs B OAHH. Jlerko BHAeTs,
4TO paBeHCTBO (3.7) NPUMEHHMO HeNnoCPeACTBEHHO K 3apsKeHHHIM Npo-
BOJHHKAM.

IlycTe BCe npOBOLHMKH, Kpome ABYX ([ M j), 3azemiens. Torna us
TeopeMbl B3aUMHOCTH ['DHHa cjelyeT, 4TO TNOTeHUHAT He3apsKeHHOro
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OpOBOAHWKA [ NPH Ha/MYHK 3apsila ¢ HA NPOBOMHMKE j paBeH MOTeH-
pHally He3apsHKEHHOrO NPOBOLHIKA j, KOrda Ha MPOBOAHHKE [ MMeeTCs
sapsn g. IlpuMeHenne TeOpeMBl B3aHMHOCTH K peIlleHui0 3a1a4y O HaXo-
MAeHHH noTreHunana Oyiaer paccMoTpeHO B koHue § 3.3.

§ 3.3. ®yukuna puna

Boasiuoe uuca0 3agauy MOXeT OBITL peli€HO € NMOMOIULI0 (PYHKUMu
lpuna. ®yskuued I'puHa HasbiBaeTCs nNoOTeHUuadsHas (QYHKUHS HaHHOH
CHCTEMBl 333eMJIEHHBIX NPOBOAHHKOB, B KOTOPOH HMeEeTCs OOMH eNHHWY-
HBfl 3apsi, pacnojoxeHHeli B Touke Xx,. CieayeT oTMeTuTh, YTO npo-
BOJIHUKH MOTYT HaXoOAHThcs B OeCKOHEYHOCTH. C NOMOUWIBID TeOpeMEl
B3aHMHOCTH MOXHO 1OKa3aTh, 4YTO ¢yHKuuMs [I'puHa naHHOH 3ajgauu
npeacTaBafgeT COOOH CHMMETPHUHYIO (PYHKLHIO KOODAMHAT TOUKM NOJS W
TOUKH, TJe PacnoJOXeH €IMHWYHBIH 3apan.

Jta ¢yHKUHA 1aeT BO3MOXHOCTHL peilaTh JBa THNA 3alay Ha Haxo-
¥IeHve noOTeHUHMaMa. B sagadax nepBOro THOA CUHTAETCH M3BECTHBIM
pacnpejefeHve TNOTeHLUMana HAa HeEKOTOPOH MNpOBOAfAUIEd NOBEPXHOCTH;
B 3ajauyaX BTOPOr0 Tuna— pacnpellelienHe 3apAnaoB BHYTPH KakoH-iu€o
noBepxHocTu. Peiients 3agau o6OHX THHOB MOTyT OBITh MOJY4YEHB € NO-
MOLIbI0 BeKTOpHOH Teopemnl I'puna

[ @v2p—4v2) do = [ ¢V — {¥s) - @S, (3.8)

rie { M ¢ — NPOH3BOJBHHE (YHKUMH KOOPAMHAT, HE HUMelIve OCO6eH-
HoCTell B paccMaTpuBaeMOM oObeMe.

[Tycte ¢ — penlenyte KakoH-au60 KOHKpeTHOH 3anauu, a § — G-pyuk-
uust ['puHa stolfi 3ajaun, 7. e. ee pelieHHe IJIS CAyuasi, KOrna BCe Ipo-
BOJHUKY 3a3eMJEHH H HMeeTCst TOYeuHHH eIMHWYHHH 3apsi, pacnoJo-
weHHBH B Touke r==0. dyuxkuns G uMeeT BUJ

1
ZW—FX' (3.9)

rie y— NOTEHLUHMan 3apsAioB, HHIAYLMPOBAaHHHX Ha noBepxHoctu S.
X — QyHKUMA rapMOHHUeCKas, T. €. OHAa YIOBJeTBOpsietT ypaBHeHHi0 Jla-
naaca. TaknM oOpazom, ¢pyukiuust G uMeet 0cOOEHHOCTH TONBKO niput r = 0,
OHAKO ONEPHPOBAHHE C TaKMMH OCOOEHHOCTAMH He NpencCTaBlseT Tpyaa
Gnaronaps ceolictBam 8-(yukund. ITonctaBass (3.9) B cooTHouieHue (3.8),
NoJy4vM

f (G V2% — oV2G) dy = f GvZ 10 ‘*’B ") / (GVo — ¢V@) - dS.
(3.10)
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Tak kax no onpejaeiennio G — 0 Ha nomepxHoctH S, TO COOTHOIIEHHE
(3.10) MoxHO npeoOpa3oBaTs K CaenyOLIEMY BHLY:

cp:*eo(vachdv—{—fcpSVG-dS). (3.11)

PaccMoTpuM Tenepb OTIebHO NBa CJyuasi, YHOMSIHYTHiE BHILe,
1) IToBepXHOCTB, OKpyXalollas TOUKY X., 3a3eMJeHa, CJel10BaTelbHO,

e ==0 u V%= —pfe;, rne p— nJoTHOCTL 3apanoB B o0beMe ¥. Toraa
u3 coorHoiuenust (3.11) crenyet
o(x)=—¢, fGVchd‘v::pr dv. (3.12)

ITo cymecTBy 5TO BHpaxeHHe siBASETCH CJEACTBMEM NPHHLMOA Cynep-
TO3HLKH.

2) IlpeanonoxuM Teneps, uTo B 00beMe T 3apsiH OTCYTCTBYIOT,
a ¢yHkuns ¢ sazaua Ha nosepxuocTH S. Torma V% =0, u cootnoue-
Hue (3.11) npuHuMaeT crepyloumMH BUIL:

(x)=— ¢ f ¢ VG - dS. (3.13)

ITO COOTHOLUeHHe [aeT peilueHHe 3alayl O MOTeHLmale B TOM CJydae,
Korja OKpyxaiollas naHubifi 00beM NPOBOAAUIAS MOBEPXHOCTH COCTOMT
H3 HeCKOJLKHX dvacTel, 3apsiKeHHBHIX [0 PAa3HbIX NOTeHUMaNoB. IloTen-
LM [pW 9TOM BHIPaXaeTcd B BHAE NOBePXHOCTHOrO HHTErpala OT NpPOuM3-
BelleHHsi NOTEHLMala Ha TIpaHuYHOW MOBEPXHOCTH S Ha HOPMAMBLHYIO ©
npousBoanylo ¢pyukuun I'puna. HopmassHas npoussonnas ¢yHkusn ['puna
PaBHAa TMJIOTHOCTH NMOBEPXHOCTHHIX 3apsloB, WHIYHHPOBAHHBIX HA 3a3eM-
JIeHHOH NOBEPXHOCTH €NMHMUHBLIM 3aPSNOM, PACHOJOXEHHHM B TOUKE X..

ITostomy ¢akTuueckH B BoipaxeHuu (3.13) noa uHTerpajoM CTOMWT Npo-
M3BeJeHue NOTEHLMANA HAa NOBEPXHOCT# S HA NJOTHOCTL MOBEPXHOCTHHIX
3apAAOB, HABEIEHHBIX HAa 3a3eMJeHHOH rpaHWYHOH NOBEPXHOCTH eJHHHY-
HBIM 33psiiOM, PAacrnoJNOXeHHHM B TOuke noJas. II10THOCT, noBepxHOCT-
HBIX 3apAiIOB Cg MOMXHO $IBHO BBECTH B COOTHOWeHue (3.13). Mas storo
3aMeTuM, 4YTO corjacuo (2.15)

Vo as Sig
AT T o (3-14)
‘Torna cooTHoweHue (3.13) CBOLMTCA K CJelylonieMy:
o(x))= — f&pscls ds. (3.15)

CootHouuenue (3.15) MOXHO BHIBECTH HENOCPEJCTBEHHO H3 TeOpEeMEI
B3aHMHOCTH:
1) IpeanonoxnM, YTO NOBEPXHOCT> S 3azeMideHa, a B TOUKE X,

pacrionoxeH ToveuHbllt 3apan ¢ ,. OO6o3nHauMv 3apsl. MHAYUMPOBAHHBIA
X

o
Ha 3MeMeHTe MOBEPXHOCTH S € HMHAEKCOM J, Yepe3 gjg.
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2) Ilycts Tenepb B TOUKe X, 3apsna Her. Paspeaum nosepxuocTs S
Ha OTHEJbHBlE SJIEMEHTH, KOKALH M3 KOTOPBIX HAXOAMTCSH NPH NOCTOSH-
HOM TNOTeHNMalle, NPUYEM NOTEHLMAN 9JeMEHTa C HHIAEKCOM j paBeH @jq.
MMoTeHuMan B TOYKe X 06O3HAUHM cp(x;). CesixkeM 002 3T¥ cJy4ast COOT-
HomeHuem (3.7)

n
qx,so(x;)Jr]Z] gysejs = 0-+0. (3.16)

Hyav B npaBOH 4Yact NosBAAIOTCA H3-3a TOrO, UTO B CJayyae 1) moTeH-
LUMaJ BCell TIpaHUYHOH MOBEPXHOCTH paBeH HYJMIO, a B CJayvae 2) 3apsn
B TOUke X, paBeH Hymo. ITonaras g , paBHBIM €IMHHLE, NOJTyuaeM

X

o

n
e(x,)=— gl Pisd1js- 3.17)

3T0 COOTHOLIEHWE 3KBMBAMEHTHO COOTHOILEHHIO (3.15), omHakO OHO no-
nyyeHo 0oJiee MPSIMBIM M ACHBIM NyTEM.

[Tpu paccMOTpPeHMM KOHKDETHHIX 3alay MBl BhBeldeM (PyHKuUuM [ puHa
L9 pa3nudHbIX TPOBOASUIMX MOBepXHOCTeH. 3Has 3TH (PYHKLUUH, Jerko.
HanucaTh peilieHust 3a4ad OOOMX THIOB, YKA3aHHBEIX B Haualle naparpaga.

§ 3.4. UuBepcus

CyulecTByloT npeo6pa3oBauitss pasivuHHIX BHUIOB, CBOASLIME OIHY
sanauy k Apyro#i. MuBepcus mpencrasiseT coOofi BecbMa BascHHH uacT-
HBIH Cayuyall Takux npeoOpasoBanud. NOCKOJbKY OHa NPHMEHMMa Kak

pl

Puc. 3.1. Musepcus.

B TpeX, Tak ¥ B JBYX H3MepeHHMAX. B IABYX H3MepeHusX CYLIECTBYIOT
npeobpasoBanust 6ojee oOuiero xapakTepa, YeM HWHBepcus.

s pelrenus 3anay HaubOsee NPOCTHIM K MOJe3HbIM METOLOM OKa3bi-
BaeTCs uHBEpPCHMA Ha cepe, nokKasaHuas Ha puc. 3.1. Ilpu 370M TouKR
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P(r. 0, ¢), pacnojoxeHHbie BHYTPM CQeprl, NepeBOAATCA B  TOUKH
P’ (a?/r, 6, ¢) BHe CepH C NOMOUILIO COOTHOLleHWs rr’ = a?, rie @ —
pannyc cgeprl. IlpaMbiM anddepeHUNPOBAHEEM MOXHO TOKa3aTh, YTO
ecin ¢pyuxkuvs $p =P (r. 0. ¢) ynosaeTsopsier ypabuenuio Jlanaaca, to

2
eMy e yIOBJeTBOpAeT Qynkuua $p=0(r", 0, (p):;l—,q)(—‘rl—,, 0, (p).

[TycTe 3apsanel ¢ ¥ ¢’ pacnoJOXeHbl COOTBETCTBEHHO HA PacCTOsHUSAX [
v I/ o1 uentpa cepn Takmx, uro [/ =a? (cMm. puc. 3.1). Torna w3
cootHowenuli rr'=a% u l’'==a? caenyer, uro rfl' =Ijr’, 1. e. Tpe-
yrommHuKe co croponamu rid w r’l’d’ nonoGuui.

Jlo muBepcu# noTeHuual B Touke P 6w paBen ¢P:4qulf ; nocue
heg

7

HHBepCHH TnoTeHUWak B Touke P’ papen @ __qT Otciona crenver
P P 4meqd y
_q)i_il.i__q; l—_l.];L 3.18

R B B i Sk e (3.18)

BHsiCHEM Tenepbh, KaK NpU HHBEPCHM npeolOpasyloTcst 3apsau. Jlas
9TOTO BOCHOJb3YEMCH TEM, YTO MNOBEPXHOCTH C HYJEBBIM NOTEHLMAIOM
CoXpanseT CBOH NOTeHLMAJ M NOCJe MHBEPCHH. MBI MOXeM CuMTaTh 1oO-
TeHIHal cgephl, Ha KOTOPOH NPOMU3BOAMTCA HHBEPCHUS, DABHLIM HYIIO,
eC/y MpeANOJOXHTb, YTO BHaualle MMENHCh Ba 3apila ¢, ==¢ M q, =
= —gafl, pacnofoxeHHbE COOTBETCTBEHHO Ha pacctoauusx [ u I’ o
neHTpa ceph Takux, uTo I’ = a?. Tlocie WHBepcHM nOTeHuMan cgepsi
JNOKEH OCTAThCSI HeM3MEHHBIM. JTO MMeeT MeCTO, eCjM MPeanoJOXUTh,
YTO 3apsiobl MSMEHAITCA CaelylouM o00pasoM: ¢,==g¢ nepexoiuT us3

2 ’ .

Touky [ B TOUYKY a/l N CTAHOBUTCH pPaBHBIM q,= aq/[‘ q"—,_ qa/l
'

nepexXoIntT N3 TOUYKH a2/l B TOYKY ! w cTanoBuTCS PaBHBIM q” = q.

B o6oux clyuyasx HHBEPTHPOBAHHHH 3apsii paBeH 3apsay IO MHBep-
CMH, YMHOXEHHOMY Ha paaMyC WHBEDCHM M JeJIEHHOMY Ha nepBOHaualb-
HO2 pacCTOsiHWe 3apsla N0 LeHTpa Cdepel. BerencTeHe storo mmeem

¢ o U _y I (3.19)
g 1~~~V 1T .

Paﬂ“ y.ﬂ06CTBa MOXHO CuYuTaTb, YTO 3HAKY 3apsaOB MPH HHBEPCHH He
MEHAIOTCH, XOTH 3TO H He 0053aTeNIbHO, €CJH Bce 3apaibpl paBHBIM 06pa-

30M moagepraioTcd vuBepcuu. [loficTaBass cootHouenwe (3.19) B (3.18),
Tony4YaeM NpaBUIO HWHBEPCHMHM NMOTEHNHMATOB

Pp a r

N == (3.20)

a
COTJIacyollleecsi € PaBeHCTBOM <Dpr=7,—<b(r. 6. ¢). IlpaBuma mnpe-
©o0pasoBanmns 1A 00BEMa M IJIOTHOCTH TOBEPXHOCTHEIX 3apAIOB JIETKO
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BHBECTH M3 NPaBWI NPeoGpazoBaHus pacCTOSHUH W 3apsaoB (COOTHOLIe-
nre (3.19)).

Yacto B UeHTpe C¢ephbl HHBEpPCUYU nocie npeoOpa3oBaHHd OKa3bIBAETCS
TOYeUHHH 3apsl. IJTO NPOHCXOIMUT NOTOMY, UTO B TIePBOHAYAIBHOH CM-
CTeMe 4YacTh CUJIOBHIX JIMHUH 3aMBlKanack B GeCKOHEYHOCTH Ha 3apsl,
paBHHH 10 BeJMYHHE CYMMADHOMY 3apslly CHCTE€MBl, HO NPOTHBONOJOX-
HEH NO 3HAaKy, a GeCKOHEYHOCTh NPU HMHBepCHU npeobpasyercd B LEHTD
cephbl UHBEPCHH.

I"1aBHOe JIOCTOMHCTBO HHBEPCUH COCTOMT B TOM, 4TO cepuueckne
NMOBEepPXHOCTH, MNpOXOoisllKe 4Yepe3 LEHTP HHBepcuM, npeoOpasylTca
B naockoctit. COOTBETCTBEHHO HBe TiepeceKaiouiHecs Cgepbl MOFYT OBITH.
npeoOpa3oBaHsl B JiBe NePECeKaMecs NJIOCKOCTH; 3aauy XKe € IJIOCKAMH
FPaHUUHEIMM TIOBePXHOCTAMH OOBIUHO JIETKO PeLIaloTCst MeTONOM M50~
GpaxenuH.

§ 3.5. Meron m3o6paxennii

M3BecTHO, YTO MOTEHLMAJ MJIOCKOCTH, PACHOJOXEHHOW MocepelnHe
MeX1y JABYMsi DaBHBIMH 3apsillaMM NPOTHBONOJOMHBIX 3HAKOB 1aK. 4TO
KaX7ast TOYKa IJOCKOCTH OAMHAKOBO yJajleHa OT O0OMX 2apsloB, paBeH
HYmo. [109TOMy 9Ty NMIOCKOCTh MOXHO 3aMeHHTh 3a3eMJeHHON npoBoasiieit
NOBepXHOCThIO (puc. 3.2, @), npu
9TOM NOTEHUMAT M NOJe OCTaHyTCHA

Puc. 3.2. Tlpumepn wuzobpaxenuii 3apsija B MIOCKOM 3a3€MJEHHOM
MPOBOJIHEKE.

HEU3MEHHBIMM KaK CrpaBa, TaK M CJleBa OT NOBePXHOCTH. TakuM oOpasom,

33ajaua o 3apsje, pPacnoJOXeHHOM BOJMH3Y 3aseMJeHHOH npopoisuiedl ro-

BEpXHOCTH, SKBHBaJeHTHa 3ajade O JIBYX 3apsnax. PuKTUBHHIH 3apsan —q

Ha3bBaeTCst «M300paXKeHueM» 3apfla ¢ 1O aHAJOTMM C OTPAXeEHWeM B 3ep-

kaje. Puc. 3.2, 6 orBeuaer cayuaio, Koria fBe NepeceKalOHIHeCs MJO-
¢ €KOCTH CO3HAI0T nsith HM3oOpaxeHUH 3apsia q.
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Tlpu peiieHuM 3a1auyd O HAXOXIEHWM NOTEHLMAJa TOYEYHOIrO 3apsna,
pacnosioxeHHoro BOJM3KM 3a3eMJeHHOH npoBozawel cdeph, creayer
BOCNOJIL30BATLCS KaK MeTOnOM M300paxeHul, Tak M wHBepcueH. Cymma
NOTEeHLHANOB, CO3JaBaEMBIX 3apAIOM ¢, PaCROJOXKEeHHEM BOJM3Y npo-
Boadlleli cdepbl paaMyca a, v 3apaiaMi, HaBefeHHBIMHM Ha cdepe, nacr
TakoH MoTeHUMAaJ, NPH KOTOpOM c¢epa OYAET MOBEPXHOCTHIO HYJEBOro
norenuuana. C nomouipl0 uHBepcud Ha cepe paiauyca 2a (puc. 3.3)

20 a—+b e 27—t e— %
]
& | P 2efb-a)
2k a? e v+a

:

g ] o ,
p=0 o=
Onpy#Hocre
UHEEDCLIL =
LEHTID uHEEDCLL
_ 1} r_ r__ Za
2= =1y Gr==9%=9r 3 1p

a) ~)

Puc. 3.3. MuBepcus toueuyHoro 3apsna u npoBoasuieit cdepnl (a)
B TOYSUHBIH 3apsAi M HPOBOIANLYIO (LIOCKOCTHL (0).

‘9Ta CHCTeMa MOXeT OniTh npzo0pasoBaHa COOTBETCTBEHHO B 3apsi q!

¥ NpOBOAALIYI0 TWIOCKOCTL. TeopeMa O eZMHCTBEHHOCTH TpebyeT, UTOOHI
NOTeHLMaJd BHE nePBOHAYAJLHOH cdeprl COOTBETCTBOBAJ NOTEHLHANY
3apafa W MAOCKOCTH, NOJYYEHHHX B pe3y. bTaTe MHBEpPCUM, T. €., MO Cy-
LIECTBY, NOTeHIMany 3apsna n ero uaobpawenus. C noMouisio o6patnoft
MHBEPCMM M300paNeHHI0 3apsna ¢, B MJIOCKOCTH MOXHO COMNOCTaBMTH
3apsan g, KOTOPEM Ha3hiBaeTCs W300pa)ieHHeM 3apsala ¢, B npoBoiduleH
c¢epe. CaenosartesbHo, MOTEHUMAN TOUEYHOTO 3apsaa ¥ ero Haobpame-
Hust B npoBoisuwell cepe anekaren Qpyuxuun UpunHa B oGaacty, Jexa-
ulefl Mexny nposoisuied cepoll 1 GeCKOHEYHOCTHIO.

KoMmbunupys o6a MeToja, JMelKO MNOJYYMTH PpelieHus BCeBO3MOMHBIX
3aJa4, B KOTOPHX OTJe/bHBblE YUaCTKH NPOBOAALIEH Cephl HMEIOT PA3IHY-
Hple MoTeHUmalbl. Jlag 9Toro HyxHO cepy npeoCpasoBaTs B MIOCKOCTh,
4 COOTBeTCTByIOUias 3ajaya JJS NJOCKOCTH JIeTKO PENIAETCs, €CJH No-
TEHLMaJ] TOYEYHOTO 3apsla M ero H3o0pameHus MCHOJb30BaTh B KauyeCTBe
¢yuxwm [puna. 3anaum ¢ 3alaHHEIM pacnpejiefieHHeM 3apsNOB BHe TPO-
BonsweH cdeprl TaKke JIeMKO PeLUaoTcs ¢ NOMOLIBIO MHBePCHE M MeTOHa
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uaobpaxenviil. AHajoryuHeiM OOpa30OM pelualoTcs 3ajauy ¢ 3apsaaaMi,
HAXOAAILMMUCH BHYTpU cgepbl. Jlaxe safaum ¢ OBYMs HJIH TpeMst nepe-
ceKaouuMucs cepamu MoryT ObITb CBelEHBl K 3ajayaM C repecekalo-
HMMUCH  TUIOCKOCTSIMM, €CitM  IeHTD MHBeDCUM B3aThb Ha4 IiepeceyeHuu
aTHX cgep.

§ 3.6. Peumenne ypasuenus Jlannaca MeTonoM pasjiefieHHs
nepeMeHHbIX

Ecau orTBieubcs OT 3afay C 3alaHHEIM paclipenelieHUeM 3dapaaoB, TO
OCHOBHAA TNpoOJeMa TEOpUH MOTEHIMAaNa COCTOUT B PELICHUM YpPABHEHMs
Jlansiaca npy 3aJaHHBIX YCJOBHMAX HA PDaHullax paccMaTpuBaeMoH obJaacTu,
Ecan 9Tv rpanuyb COBNAnaT C KOOPAMWHATHHIMY NMOBEPXHOCTAMU B OPTO-
FOHAJMLHOH CHUCTEME KOOpDAWHAT, TO pellie€HMe MOCPEACTBOM pasieleHus
nepeMeHHBX 4acTO OKasbiBaeTcA 6oJiee ynOOHBIM, ueM C TOMOWLIO (PyHK-
uuy Ipuna. Ecam rpannyHas MOBepXHOCTb COOTBETCTBYET NOCTOSHHOMY
3HAUEHHUI0 OJHOH M3 KOOpPIAMHAT, TO C T'DAHUYHBIMM YCJOBMAMYU OUEHb
ya0o6HO onepuposaTth, Oyb TO HENPEPBHIBHOCTb MNOTEHUMAJa WX ero
NPOY3BOAHLIX, MJIM TNOCTOAHCTBO 3THX BEIMUMH. ITO CHPABELJIUBO MHpH
mo6oi cucteMe koopaunat. OnHAaKo NpH CHenManbHO BHOPAHHBIX KOOP-
OWHATAX MBI MOXeM TIOHTH HeCKOJbKO Jajbile ¥ 3aluCaTh pelleHHe
B BM/e TpoM3BencHUs (PYHKLMH OTIAeJbHBIX KoopiuHaT. Toraa rpanuyHbe
ycaoBust HYXHO OyneT npuMeHaTh K (GYHKUHSM ONHOH NepeMeHHOMH,
Crenyer noGasutb, uTo HeT oOuwEro MeTOa peIiCHWs! YPaBHEHUs € 4acT-
HbIMM QPOW3BOAHBIMM, @ pAa3leJEHHE MepEMEHHbBX CBOIMT YPaBHEHHE
Jlannaca k cucteme OObIKHOBEHHBIX nupdepeHNMaNLHBIX YpaBHEHUH, KO-
TOpLIe, MO KpalHeH Mepe NPHHLMIWAMLHO, BCErja paspeiivMbL.

¥ 1%
‘é ! . B ——l— @ S
@ 11 1 @2 a
= 14 —=T é 0 ——
a) J)

Puc. 34. JIBa cnoco6a pasjeseHus NpOCTPAHCTEA MEXLY MIaCTHHAMM
KOHJIEHCATOPa NJOCKOCTAMY, CONEPWAIIMMH JUHEHHBH 3apan: x ==0
Hy=d.

XapakTepHbie YepTh PacCMaTpPUBAEMOTO METOMA JAYYLie BCErO BHISIBHTH
Ha npumepe. PaccMoTpuM 1Ba Napaj/ieqbHBIX 3a3eMAEHHBX NPOEOAHUKA
Y=0u y=a (puc. 3.4). Ilycts uepes Touky (0, d) NPOXOAUT JnH M-
HHIA 3apsan, napanieJbHbl OCM 2, H Apyrux 23apsioB MEXAY IJaCTHUHAMMU
HeT. Takum o€pasoM, paccmMaTpuBaemasi 3anaua ABYMEPHA M TIPSMOYTOJb-
Hble KOOpAMHATEI OueHb YHOOHB Masi ee peiueHus. [IpeanogoknuM, uTo
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o(x, V=X(x)Y(y), rig X ecTs OGYHKuMA TOJbKO KOOPIMHATH X,
a Y — ¢yHkums TOoMBKO KOOpAMHATH Y. Beane, kpome Touku (0, d),
JOMMKHO YNOBJETBOPATLCH YpaBHEHHE

V2 — VX" 4+ XV" =0, (3.21)

rie Ba IUTpuxa OO6O3HAYAIOT BTOPYIO NPOM3BOJHYI COOTBETCTBY IO
GynkUuy Mo ee aprymeHTy. PasmeqmM 5T0 ypaBHEHHe Ha @, Toria no-
JYuUM

XII Y//

~+=0. (3.22)

Tak kaKk mepeMeHHBIE X W y HE3ABHCHMb, TO 00a 4j€HA B YDAaBHEHMH
(3.22) ne nOMKHBI 3@BHCETH HM OT OAHOH M3 nepemenHbIX. ClenoBate.HO,
MOXKHO HanucaTh
X" Y”
== C. (3.23)
Koncranta C nasbiBaeTCs napaMeTpoM pasiclieHHs. Ecin HeT HMKakux
orpannueHui Ha BeamunHy C, TO NpoOHM3BeIEHHMe OOLHX peliendH OObIK-
HOBEHHBIX aH(depeHUHaNbHBIX YpaBHeHHH OyneT oOlMM pelHeHMEM IBY-
Meproro ypaphenus Jlanaaca. OnHAKO rpaHHuHble YCJAOBMSI HAKJIAAHBAIOT
OrpaHHueHMst KAaK HAa XapaKTep BO3MOMHBIX PEIUCHMH, TaK M HA BeJMUYMHY
napaMeTpa pasieneHust. PeilieHHe Mbl BEIDa3HM B BHIE CYMMbi (WJH MHTe-
rpaja B 2aBHCHMOCTH OT TOFO, SIBJSIOTCS JH JONYCTHMBIE 3HAYeHHMA na-
paMeTpa pasiejenuss IMCKDETHBIMM MJH HENpPEepHLIBHLIME) JOMYCTHMBIX
YaCTHBIX pelieHMH € TakuMu Ko3dduuueHTaMu, yTOGH YIOBJETBODHTDH
TPaHWYHBIM YCJAOBHAM. I OTHICKAHHA 3ITHX KOS((HLMEHTOB HYXHO
HCNOJb30BATh CBOWCTBO OPTOTOHAJLHOCTH pElUeHMH ypaBHenust Jlanmaca.
Teneps HyxHO BHOpaThb TOT WM HHOH 3HAK mapaMeTpa pasieJieHHs.
IlpeanonoxuM cnavana, uro napametp C B ypaBreHun (3.23) nojoxu-
Tenen, C=k2 Toraa cooTBeTcTByWOIHe O0ObKHOBeHHbE nH(pdepen-
LHaJLHbe YPABHEHHS NMPHHMMAIOT CJeAYOHA BHI:

Y” 4 k2Y =0, 5.94
X”—k2X=0.} (3.24)
HMx ofuuMH peleHHMAMH ABJAAIOTCH (PYHKLUHK
Y = Asin ky -+ B cos ky,
Y _ Y } (3.25)
X =Cel* - De—*x,

ATh peilieHHst 1O/DKHB YIOBJETBOPATH TPaHHUHOMY YcioBuio ¢ =0 ipu
y=0, y=a u x==*F co. Ilas Toro uro0b MOTEHLMAT HA HPOBOLsi-
INKX MNJACTHHAX PABHSJICA HYJIO, [1OCTATOYHO MOJOXKHTb, 4T0 B =0,
a8 k=nxla, rie n — UeJoe YKCAO. YCJIOBHA B GECKOHEUHOCTH HA OCH X
HE YIOBJAETBOPSIOTCA HH OAHHM K3 4ieHoB ¢yukumn X. [lostomy ans
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NOAOKHUTENbHBIX W OTPHLATENbHEIX 3HAYEHHH X HYXHO HANKHCATH OTieAb~
Hble pelIeHHs

0: nmx ]
— . _nw
o, = Y Cue*“ sin 2%
—co<x¥ <0 a .
n=1 326
- (3.26)
- . nw
@y = 2 Ae @ sin 72,
O0<x <o a

"
-

n

Tak kak MOTeHUWaJ ¢ HenpephiBeH npu x =0, T0 k03PHLHKEHTH COOT-
BeTCTBYIOLUMX uJeHOB B ofomux psangax paBud, T. e. C,=A,. Ounako
9TH KO3(p(uUMeHTH ellle He U3BeCTHH. He yuTeHO Take BJHsHME JHHe#H-
HOFO 3apsid.

JliHeHHBIA 3apsl MOXHO OTMHCATh C MOMOLUBIO JBYMEDHOH 3-(yHKLHM,
OIHAKO BBHIY TOrO, YTO pellleHus pPAasIMYHbl NpPH HOJOXKHTEbHLIX K
OTpHLATENbHBIX 3HAUEHHAX X, MOXHO BOCHOJL30BATLCA [PAHHUHBLIMK
YCJOBHSIMM HA 3apSXEHHOHM MOBEPXHOCTH. [11 9TOTO BBEIEM OLHOMEDHYIO
O-(QYHKLMIO. OHHCHIBAIOLIYIO pAachpelesieHue 3apsioB Ha 1OBEPXHOCTH
x ==0. ByneM cuntarb, YTO NJOTHOCTL 3apaNOB Ha 3TOH MOBEPXHOCTH
paBHa

a(y) =gd(y —a), (3.27)

rae QyHkuust 8(y— d) onpejensieTcst COOTHOLLIEHKSMK

a

fB(y—d)dy: 1,
‘ (3.28

[rodo—aay=r@. 0<d<a,
0

a g — 3apal, NPHXONAMHCH HA CAMHHMLY NJHHB JHHERHOro 3apsaa.
Torna noreHumMan A0JKeH YAOBAETBOPATL CJAERYIOLHM YCJIOBHSIM:

s(y) __g(y—4ad) 9¢, Opp 2mc sin ™Y
€o &g [W_W] }J A a _a— ) (3'29)

Kospduunentol Pypbe onpese/aiorcst 0ObYHBIM 06pa30M — yMHOXKeHHEM
. nwy

obenx uacte coorHowenus (3.29) Ha sin—= u nocienyiomum uute-

rpupoBanueM ot O no @. Torna Bce usieHB, KpoMe WJEHa C HHIEKCOM

m =n, WCYE3HYT. ITO CBUAETEJLCTBYET O TOM, YTO (YHKUHU CuHyCa

B 9TOM HHTEpBajJie «OPTOroHajbHb». C/EN0BATENLHO, HMeeM

9 g mad — 2m=

A

a
£ a a “m2
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WK, 3aMEHAs m Ha n, 1oJyddem

_q . nnd
n = e S (3.30)

TakuM 006pasoM, NMOJHOe pelleHHe 3ajau HMeeT CJEAYIOUMA BuI:

nnx

N : —_ .

*1= g —l—Sln nrd ea sin =Y,
gom n a a 3.31)
3.

nrtx
. q }ﬁl o oonnd ——— nwy
Py == Cor P Sin z e Sin —a

Crepyer OTMeTHTb, 4YTO BBHIDAXEHHME JJA TOFO e TMOTeHIMaIa
BHIJAfed0 Obl COBCEM HHAye, eC/aH BHOparTL ApYro# 3sHak y mapameTpa
pasneneHuss B COOTHOleHHM (3.23). HyCTb C— — k2, Torna X(x: ecTb
NPOCTO €OS kX, Tak Kak X (x)— ueTHas QyHKIus nepeMeHHOH x. Huka-
KMX OrpasiueHMH Ha BeJWUHHY K He HakJanwiBaeTcs. Beuiny Toro. uro
Heqb3s nonobpate enmHyw ¢yskuuio Y tax, urobel oHa ofpauianach
B HyJb HA O00eHX TrpaHulaX, paccMaTpupaeMylo 00JacTb CJaenyeT OnsiTh
pa3buTb Ha [BE YACTH, Telleph Yyxme NJIAOCKOCTrI0 y=d. Jlerko npo-
BepMTb, YTO INpH INPOM3BOJLHOM K pelieHHs, KoTopble ofpalnawrcs
B HyJb Ha miaockocTax y =0, y=a i HenpepwBHH qpu y=d, umeor
caenywouni pui:

h k&
ylzzth' 0<y<d ! 5 59
(3.32)
__shk(a—y)
Y= shk(@—dy’ d<y<a.l

[ToTeHumaJbl BBIPAKAIOTCA B BMIAEC HHTEIPajoB 10 £ OT 3THX pelle-
Hull ¢ Koappuunentom A (k):

+ 20 )
_ sh ky
o = A(k)coskx ——=rdk, l
- (3.33)
w shk(a—y)
P = A(k)coskx ShE(@a—d) dk. |
J

TL1toTHOCTL 3apsiiOB HAa MJIOCKOCTH Yy = cleayeT Tellepb pacCMaTpuBaTh
KaK (pyHKLHIO TepeMeHHOH Xx. B peayibrate yCJOBHe, HAKJIANBIBAEMOE
HA NOTEHIMaA B INIOCKOCTH Yy ==d, BBHIJSIHT ClAeayomHM o0pasom:

qd (x) 0%, Oy ]

© W—— oy
/’ [chkd Ichk(a——d) /
= | A(k)coskx shdeshk(a——d)Jkdk:

: cas kx sh ka
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Ho, KaK noKaszaHo B OJHOH u3 3aznady ria. 1, ¢opmajbHOe NMPHMEHGHWE

reopembl dyphe K 3-GyHKUuM NPHBOIHT K TAKOMy DaBEHCTBY: Hesq ¢
Foo ' LACER

f cos kx dk = 2r3 (x). 63>35)

—co n‘iq

18
CMBICJT STOrO PaBEHCTBA COCTOMT B TOM, 4TO 00e ero uactu BeiyT cga?)s;j
ONMHAKOBO, Oynyun MONBIHTEr PATLHbIMH  BBIDAMKEHHMAMH. Hostomy

M

g shkdshk@a—d) 264E
Ak) = 2ne, ksh ka ) (3.36)
W NOTEHUWaN B SBHOM BHAE BHIIALKT TakuM oOpasom:
shk(a—d
¢ = 21?90 / 7 s(h 7 )cos kx sh Ry dk,
. <h kd (3.37)
(Pll:%;,[kshk coskxshkR(a — y)dk.

Ecnu ¢ = |, T0 moayuenHoe pelienue (cooTHouenus (3.31) u (3.37))
obpawaercss B ¢yukuuio [puHa nauHoH sanasu. B panbHeRinem Mbl
YBUAMM, 4YTO 3TOT MeTOA OTHICKAHMA ¢(yHKunn ['puna obobiaercs Ha
cayuall CHCTEMBl M3 KOODIAMHATHBIX IMJIOCKOCTEH.

3TUM NPUMEPOM Ml CTPeMHJIMCh MPOWJUIIOCTPUPOBATH XapaKTepHble
4YepThl MeTOAd pa3fesieHust nepeMeHHbIX. He BHHKAA B 4aCTHOCTH JaHHOR
sanaum. [lpu pelueHH#t 3agay BeCbMa BaX2H NMpaBu/bHbIA BLIGOp mapa-
MeTpa pasjielieHust: OObIMHO OHA M3 BO3MOXHOCTeH 0oJize ynoOHA, ueM
Apyrue.

B TpexmepHbX 8ajasax pasneleHHE TEPEMEHHBLIX IPOM3BOAMTCH
TeM e MeTONOM. Hampmmep, B JekapToBhX KoopiauHatax @ (x, y, 2) =
= X(x)Y () Z(2), u ypasuenue Jlannaca npuobperaeT ciaenyoumit Bri:

e Xy ZzZ
- —xtvtz=0 (3.38)
Otcona caenyer
XII YII _Z”
xtTyv="7=G .59
XII Y’I .
X =7 =0

Takum o6pasom, Temepb MMelOTCS ABA NapameTpa pasaesenust; BooOLLe,
pi N HesaBHCHMBIX NMepeMeHHBIX HMeeTcs N — | mapaMeTpoB pasiedie~
tust. OTCYTCTBHE CHMMETDMM B VPABHCHHSIX JJIft OTAEJBLHBIX COMHOMXHTE-
Aefl peilleHus — XapakTepHoe CBOHCTBO ypaBHeHu# Jlannaca. 310 CBOHCTBO
BBITEKaeT W3 CHMMeTpuH oneparopa Jlanjaca no OTHOIUEHMIO K 3HAKy
&oopauHar. B cayuae npsMOYTroOJbHHIX KOOPIMHAT TOJLKO NBA COMHOMH-
FeJf u3 tpex MOryT ObITh TPHIOHOMETPHUeCKHMH (DYHKUMSIMH, HO He BCe
Tpu. Jas oThickanus KO3(QPHUHEHTOB HYXHO, YTOObH (PYHKUMH Obliy
OpTOroHaMbHEL HA TMOBEPXHOCTH, COOTBETCTBYIOLLEH NMOCTOAHCTBY OBHOA



66 OBUIME METOAH PEINEHMS 3AJAY O HAXOXIFHUHM MOTEHIMAJA [ria. 3

3 KoopauHar. Jlerko mokasatb, 4TO 5T0 ofllee CBOHCTBO peileHHiH
ypaBnenust Jlanjaca, He 3aBucsallee OT CHCTeMB KOOpINMHAT, B TeX CJy-
4asgx, KOTAd BOSMOXHO pasje/icHHE repeMeHHbIX.

OpToronanbHOCTy 9THX (YHKLNH 10Ka3biBaeTCA C MOMOIUBIO TEOPEeMbl
Ipuna. IlpuBenem 3smech 10Ka3aTenbCTBO A5 cePHUECKHX KOOPIMHAT.
Janee Mbl YBHIHMM, YTO OHO HPHMEHHMMO H B ApYrux cJayuasx. [lycts nepe-
MEHHHle Das3IesloTc ChedylowmM obpasom: (r, 0, 9= R(r)Y (b, o),
a ¢; u. P, — n1Ba BO3MONKHBIX HE3ABHCHMBIX pelleHus. [IpHMEHMM K HUM
TeopeMy ['puna

f (P, V20, — DV2%D,) dv = f [RyY\V (RyY5) — RyYoV (RyYy) - dS. (3.40)

Jlepas uacts cootnouwennss (3.40) oO6pawaercs B HyJdb, TaK KaK
®, u ¥, — pewenns ypasuenus Jlamnaca. B kauecTBe MOBEpXHOCTH §
BosbMeM cdepy Toraa koMmnoHeHTa omepatopa V’/, mapanfefbHast mno-
BepxHoctH S, He Oyner HefictBoBath Ha ¢yHxumio ¥, ¥ nostomy

R, R
(R—";——é)/ ¥,Y,dS=0. (3.41)

B cuny Toro, uro ¢yukunn R, U R, COOTBETCTBYIOT pPa3HHM 3HA-
YEHHSIM TMapaMeTpa pasfefeHus, OHH 1O-pa3HOMY 3aBHMCHT OT r, W cJe-
LoBaTeJbHO, MX JIOT apupMuUeCKKie TNMpPOH3BOIHBIC HE DPaBHBH ADYT ApYrY.
Torna us ypasHenus (3.41) caenayer, uro ¢ymxumu ¥V, u Y, opro-
roHaJbHH APY!l ApPYyTy Ha coepe.

Ecan koopamHatHas MOBePXHOCTb He 3aMKHYTa, TO 10Ka3arefbCTBO
OT/IMuaeTCst JHWbL TeM, YTO CJeAyeT yuecTb oOpallleHie NMOTeHIHATOB
B Hyab Ha O¢CKOHeuHOCTH. JleHCTBMTENbHO, €C/AH MCTOYHUKH 3aKJIOYEHbI
B OrpaHuueHHoH o006JacTH, MOTEHIMAN [JOCTATOYHO OLICTPO CTPEMUTCs
K HYJIO W -MHTeIpan mno ©OeCKOHeuyHO yBeJaWuHBalOLielca NMOBEPXHOCTH
obpamaerct B Hyab. [losToMy MOMHO chenaTh BBIBOA, YTO peileHUAMH
ypaBvenusi Jlamnaca sBJSIOTCS OPTOI OHaJbHbie (YHKIKKH B YTO €CJH
NepeMEHHBIE Pa3fenfioTcsd, TO NMPHHLMAHAILHO 3anaud peludeTcs. -

MoXxHO TaKxe 1OKas3aTh, YTO CHCTeMa BO3MOXHBIX pellueHHH ABAAETCH
nonno#t. Mbl He OyleM 3TOTO HEJaTh, XOTA NOJHOTA BeCbMd BaMHA 1Js
Teopun notexumasna. bes wee He Owbita Obl rapaHTHPOBAHA BO3MOXHOCTb
NpenCcTaBATh NMOTEeHIHAAB [POH3BOJbLHLIX paclipejeseHnii MOBEPXHOCTHLIX
3apsIoB uepe3 BO3MOXHble pellleHusi ypaBHewus Jlanaaca.

3anaumn

1. Mycts dyuknua ¢ (x, y, 2) yAoBaeTBopseT ypaBHewmsoo Jlamiaca. Tloka-
x Y

xknte, 4To QyHKIMA 7o\

F4
> —rz—) €CTb TAKXKE peHeHne ypasHEeHUA

Jlannaca.

2. Tlycts B cayuae oceBoH cvMMmeTpnu <p(r 2) — sJexTpocTaTHUECKHi
fIOTEHIHAN B TOUKe (r, z}, npuqem r”——x”-}—y [lyctv Takxe r = na, me
@ —Manas BeJnuMua. .
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[MokaxwuTe, 4TO €ciH 3apAln B pPACCMAaTPHBAEMOM NPOCTPAHCTBE OTCYT-
CTBYIOT, TO C TOYHOCTBIO N0 YJIEHOB MNOPsIKAa a3 NOTEHUMAN BWPAMAETCH cle-
aytomeit popmynoii:

Pl 2= o (2009 (r 2 +0) 490 2 —a) +
F @ 1)e(r+a, 2)+@n—)g(r—a, 2)).

10 OfHA M3 THOMYHKX TEOPEM, MCNOJb3YEMBIX NPH OTHICKAHUM NOTEHINaJa
METOJAOM fOC/EIOBATEJNLHBIX NPHOAMKCHHHA. :

3. Pasnocth MOTEHUMAJIOB MEMULY ABYMS KOaKCHAJIbHLIMM TpyOKamH ONHOIQ
AVaMETpa npH HECONbLIOM 3a30pe Mew/y HUMH paBHa v. Pasnenute 3a3op
MEXNY TpyOKamMM Ha NPAMOYTOJbLHLIE Y4acTKH H OLEHHTE MNOTEHLHA] Kayaoro

yacTKa. YunThiBas pe3ysbTar npenbinymeH 3anauu, npobBepbte Bamy onenky.
onpaBbTe MenpaBWIbHbIE 3HAYEHUS H MOBTOpsfiTe onepalyio A0 TeX fop, NoKa
HE [0Jy4HTEe HAOCTATOYHO MNpPaBHILHOrO pesyibrata. lTakolf MeTon HasbBaeTcs
METO/IOM pEJlaKCaiuu.

4. Haiigute ycnoBue TOro, H4TO ABYMEpHas CHCTEMa SKBHUNOTEHUMANEH
¢2 = f(2, y) 0pn BpailleHHn BOKPYr OCH Z NCPEXONMUT B TPEXMEPHYIO CHCTEMY
skBunotenunanei. [okaxute, 470 ecanm 3TO BO3MOXKHO, TO MOTCHUMAN BLIPA-
WwaeTcHd CAEAYIOHUM PaBEHCTBOM:

- § Fpd
<p=A_fef @ %d%_*_B.

. 1 1 o
rne F(9a) = 5 (v, oy
5. Briuncaute none snexktpuyeckoro nunoasi ¢ MomeutoM p. Kakoe pacnpe-
HeNeHne 3apsjoB HYMHO €O3/laTh Ha cdepe ¢ [MIOOcAEM p B LUEHTpE. YTOOH
noje BHe chepH PaBHANOCH HYJIO?
6. Haiiaure pacnpenesedve 3apsizoB, cospalomnx noreunnuaa KOkaBu

(cm. kuurn Mxwuca u Cwmaiita, ykasauune B ra. 1).

~—ria

—_1 ¢
- ?—'47:90 r

7. MycTb aBe 3aMKHYTHIE 3SKBHIOTEHUMANH ¢, M P, PACOONOKEHH TaK, YTO
HOBEPXHOCTb Qo 3AKJIOYEHA BHYTPH HOBEPXHOCTH @, A @, — UOTEHLMAN HEKOeH

3

Toukn P Mexny wuumu. [lokawute, 410 ecim B Touky P nmoMecTHTh 3apsn g,
@ SKBHUNOTCHIMAJIbHBIE [MOBEPXHOCTH 3aMEHHUTh 33a3EMJCHHLIMH [POBONXHUKAMH,
TO Ha [MOCJHEAHMX MOABATCH HABEACHHBIE 3apfAlW ¢, H g CBA3aHHbIE COOTHO-
HIeHueM

9 90 9

(%o—%p) ($p— %) (P — %)

8. Mokawute, at0 psins (3.31) n (3.37) cCXOAATCA M YNOBJETBOPAWT yCi0-
- BHAM 3ajayM.

9. Hajinute pacnpenelienne norewunana BHYTPH OECKOHEUHO RJIMHHOM
OpsaMOyrosbHOH MPU3Mbl € 3a3€MJEHHLIMM FPaHAMH, €CJM BHYTPH NPH3MbI pac-
HONOXeH JMHEHHBIH 3apAa ¢ MJOTHOCTHIO ¢ HA CAMHMUY AJMHE. [ paHu npuaMe
sanaorcst ypasuewusamu x =0, a; y =0, b; auweiiunii 3apan mpoxomnut Yepes
Touky (c, d).

10. a) Haiinnte pacnpenesewne 3apunoe HAa saseMmiuenHOl mpoBoAsuleH

. Chepe paanyca ag, €ciM Ha PAcCTOSIHHM ro > @y OT €€ IEHTPA PacroNONEH
Youyeunnii sapsan q.

6) Hajiniite pacnpenenenne 3apsnos wa H3oAMpOBanHO# mpoBofsuiedi cdepe,

Haxonsiweiics B OnHOPOAHOM INEKTPHHECKOM MOJE.
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B) Ha paccrossHum r; OT UEHTpa u30JMPOBaHHON mpoBomsiedn chepbl
pandyca ¢ pacnoJoXeH TO4CHHH#A 3apan ¢. KakoBa MHHMMallbHaf BelHYMHA
3apsna, KOTOpbiM JoMkHa ObiTh 3apswena cgepa, yroObl NOBEPXHOCTHAS IJIOT-
HOCTb 3apAfOB Ha HEH Oblya Be3ne NONOXMTENbLHOH?

11. Hatinure notexuuan ¢ (x) clepywouei sanaum:

dp(x) _ p(x)
W_‘ 8_0’ 0<x <=, —
<p(0)=A, ?(ﬂ):B,

opy NpPOM3BOABHHIX p(x), A, B ¢ nomowpo ¢yuxuuu [puna, onpenensemoft
COOTHOLICHNUAMHU

2
——4—20(16’, x)=—0u(x"—x), O<x<m,
dx’

G0, x)=0 (n, x)=0.
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FJTABA 4
3AJAUYM C JBYMEPHBIM PACINPEAEJIEEHUEM NOTEHHHAJIOB

Peillenne 3amay 3HauUMTEJIBbHO YAPOLIAETCH, €CJH HX FeOMeTpHIO
€ JOCTaTOYHOR TOYHOCTBIO MOXHO CYMTaThb IByMepHO#f, T. €. Oecko-
HEYHO TNpOTsHKEHHON BnoJb Tpetbeft ocu. Ilpu 3TOM BO3HHMKaeT psn
METOJIOB pelleHus, HEe HMEIOUINX aHajora B CJjyvae TpexX uamepeHuil,
4 METONbl, NPHIrOJHLIE B TPEXMEPHOM CJayuae, 3HAYMTEJbHO YHPOLIAIOTCH.
OnHuM u3 HauGoslee MOLIHBIX METONOB pelleHHs NBYMEPHbIX 3a1ay fB-
AAeTCA  METOJ  KOMILIEKCHBIX FlepeMeHHbIX M KOH(OpMHBIX NMpeobpa-
BoBaHKH.

§ 4.1. KommaekcHo-conpsixeHunie QyHKIHH

Huxe MBI NMOKaxeM, 4TO B ABYX H3MEDEHHAX Kak AeHCTBHUTeJbHad,
TaKk M MHEMaa yacTu MoOO# aHaiuTHueckoH ¢yHkumu W koMIjekCHOro
mepeMeHHOr0 2, = Xy + Iy; ynoBaeTBopsioT ypaBueHnio Jlanaaca. (O6o-
‘3HaueHHE KOMIIJIEKCHOR MepeMeHHOM CuMBOJIOM 2 He MOMCET FPHBECTH
X HeaopasyMeHustM, HOO 3aBHCHMOCTb OT TpeTbe# JekapToBOH Koopau-
HaThl oTCyrCcTByeT.) ITostomy ¢yukumio W =W (2;) moxHO HonOOpaTh
TakuM 00pasom, 4TOObI OHAa ONHOBPEMEHHO ONKCHLIBAJA W 3KBUIOTEH-
uUMATbHLE FMOBEPXHOCTH, W CHJOBbIE JuHuM AaHHOH 3amaun. [lycTb
¢+ W=W=W(2)=W(x, + iy;). Paznenss aeHcTBHTe/IHHYI U MHU-
MYI0 YacTH 9TOH (QyHKIMM, Mbl NOJyyacM B pedy/bTare ABe (PyHKIMH
P(x;, ¥)) 1 $(x;, ¥). YpaBHeHus ¢ =const U = const OMHCHBAIOT
HOBEPXHOCTH DPaBHOIO MNOTEHNIMANA ¥ CWIOBbIE JIMHMH WM HA00OpOT.
IlosToMy npu mepexofe OT OAHOH KOMILI KCHOH NMepemeHHOR z, K #py-
TOR 2z, ¢ynKuua, yAOBjaeTBOpsOlias ypeBHeHuio Jlanaaca, MepexomuT
B (QYHKIMIO, TAKXKE YAOBJETBOPAIOILYIO STOMY YPaBHEHHI). HO MOAYYEHHOE
TaKAM cNOCOOOM pellieHHe MOMXeT COOTBeTCTBOBATL APYTol zanave. BooCiue,
uejbt pald ABYMePHBIX 2ajady MOXET ObITh peleH Cuielyloium 006pasow.
. 1) C nomouwo npeobpazoBaHus 2, = f(2;) TpaHUHuHbIC YCJOBHS
JaHHOM 3a1aul CBOAMM K TIeoMeTpHYcCKH 6osee NMpPOCTHIM YCAOBMAM.
Tlpu s1oM npeobpasoBanuu 2, = f(2,) WM 2,= g(2y) (yHKIHEA
W =W (2,) nomkna npeoGpasosaThes K Gosee MpocTol W, (g2 )=
= Wy(25). Moxer oOKasaTbCfi, UTO pellicHHE BHOBb 110.y4€HHOR 3anaun
rOpasno Jerye, yeM mnepBQHauyajbHOM.
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2) IlonGepem ananuTHYeCKylo (QyHKUMIO 9Ll HOBU!O NepieH-
HOrO 2, Tak, uToOb ¢yHKuMa ¢ Obula pelleHneM npeoOpa3oBaHHOM
3aJaud O MOTeHuuase.

3) IlpeobpasyeM 31y ¢ysHkunio o6patHO K HepeMeHHOR 2.

Paccmotpum obocHoBanue 3toro crnocoba. Ecau  ¢pynxuma W=
=g iy= f(2), TOe 2= x -} iy, anaauTnyeckas, 10 ¢ u ¢ yaOBJe-
TBOPAIOT CootHoweHusaM Koum — Pumana

oy J¢

= oy 4.1y
9 0y

9y T ox (4.2)

ITponugpepennposar  cooTHoweHue (4.1) no x, 3 CoOTHOUIE-
Hue (4.2) MO y W 3areM CJOXKHUB WX, Mbl TOJYYHM BHIDAXKEHHS

V2) = 0 = V. (4.3)

Bropoc w3 ypapHeHu#i TNOayuuM, nOMEHAB McCTaMH x u Y. Takum

00pa3oM, ¢ K U NpencTaBasiOT COOOH rapmoHmyeckne (QyHKIUH.
$yukuua W =W (2) Ha naockocTu 2==x 4+ [y MOxeT OwTh Npe-
CTaBAeHa AByMA ceMcHCTBaMu KpuBHIX: ¢ == comnst # ¢ = const. CooTHo-
wenus Kowrn — Pumana MokasHBalOT, 4TO KpuBbie 3THX CeMeECTB OpTO-
roHaJbHbl ApPYr Apyry. Ecam kpuBbie, COOTBETCTBYIOLME HMOCTOSH-
HOMYy ¢, ONpefeffiOT SKBHMNOTEHHMaAbHbEe IMOBEPXHOCTH, TO KpuBLIE
¢ == const COOTBETCTBYIOT CHJiOBbIM JIMHHAM

.4 NOoJIs. HX HA3HBAIOT TAKXXE€ JAUHUAMH TOKa.
[ToTOK 3/eKTpUYeCKOro noJs uepes no-
. BEPXHOCTL S onpenesseTcsi COOTHOLIEHHEM
. @3 o — fE. ds. 4.4
2] p @z )
2
& PaccMotpuM yuyacToK SKBHNOTEHUMAAb~ -

< HOR NMOBepPXHOCTH ¢ = CONSt, pacloJOKeH-

Puc. 4.1. CBsisb mMexny cmuo- HPIH MEXIY NByMA JIMHHSMH TOKA 4y H by,

BBIMM JIMHHSIMY W 5KBUOOTEH- E€AMHHYHOM BHICOTHI N0  TNEPHNEHAHKYJApDY

uHadsMH. Kk miaockoctu xy. Ilycrs &, j w kB mpen-

CTaBJAAIT COO0H enHHHUHBIE BeKTOPH BAO/L

HanpaeJleHud X, y. 2z, a £ — eIMHUYHHIA BeKTOP BLOJb KPHBOH ¢ == const

{puc. 4.1). Tak kKak BHICOTA TOBEPXHOCTH paBHA eauMHuLE, TO df==
=k X dS. Torna ¢opmyna (4.4) npuHumMaeT TaKOH BHI:

2

: 2 2
@:/E-dsz wfV<p-dS=—f(g%i+§;;')-dS.
1 t
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Moncraass ciona cootHowennss Koww — Pumana (4.1) u (4.2),
HONYUHM

2 2 2
Q:f(%i—%j)-dszf(wxk)-dS:pr-dt=¢2—¢l.
1 1 1
4.5

Takum oO6pasoM, pasHOCTL Mexny ¢; u ¢, paBHa noTtoky BekTopa E
yepe3 SKBUNOTEHIMANLHYIO MOBEPXHOCTh €IMHMYHOM BLICOTHI, OTPAHHUCH-
HyI0 COOTBETCTBYIOLUMMH JMHHAMHM TOKAa. JTO O3HAyaeT, YTO IBE JHHHUM
TOKa HUKOrIA He MepecekaioTcs. Temepb MOHATHO TaKXKe MPOUCXOKIEHHE
Ha3BaHWsl «JIMHHS TOKa»: B THIPOINMHAMHKE 3STH KPHRbie COOTBETCTBYIOT
AMHEAM TOKAa JKUIKOCTH. B HameM cinyyae OHUM  ONMCHIBAIOT CHIOBLIE
AMHUK 3JEKTPHYECKOro TMOJs, a KpUBbie ¢ ==CONst — SKBUMOTEHIIHAJb-
ubie noBepxHocTH. HaoGopot, ecam ¢yHkuus ¢ ONUCHIBAeT TOTeHIWaln,
0 QyHKUMS ¢ OMMCHIBAET JMHHM TOKa. BO3MOXHOCTL MeHATL MecTamu @
¥ 4aCTO MCMONL3yeTCs MNP PelleHHH IBYMEePHLIX 3anau.

§ 4.2. EMKOCTb M HaNPAKEHHOCTH SJAEKTPHUYECKOTO HOJAs

Hanoxennbie cooOpaxeHus MO3BOJAIOT BhirecTH  GopMyay  ans
€MKOCTH MeXAy IBYMsi MPOBOJHHKAMH, MOBEPXHOCTH KOTOPLIX COBNALAIOT
€ 9KBHUMOTEHLHAJbHbIMH TMOBEPXHOCTAMH ¢; U @,. Dbynem cumraTbh. uto
notok BexTopa E orpaHuueH mpM ITOM JMHMAMM TOKa ¢, M ¢,. U3
¢ootHowenns (1.26) n onpenenenus noroka ¢ caenyer

@:fE-dS———ei.

0

EMKOCTBHIO Ha3blBaeTCH BeJMUMHA

-

.9 _ eq®@
E IR

4.6)

Tak kak notox @ paeen pasHocTH GyHKIMH ¢, COCTRETCTBYIOLUMX
KpasiM MPOBOIHHKOB, TO cOOTHouleHune (4.6) mpeobpasyetcsa cnenyioum
ob6pasom: -
C = eou . 4.7)
P11 P2
Tlpu BuBOZLe (4.7) npelnonaranocs, 4TO RCE 3apsllbi J€XKAT HA APOBO-
BALMX NOBEPXHOCTAX. B oflleM cayyae, KoOria 3apsibl PachoJiOKeHbi
_ B APOCTPAaHCTBe MeXAY HUMH, QYHKLHMA, OHHCHIBAWLLAS JHHHH TOKa,
MHOrO3HauHa.
3uas ¢yukunio W =W (2). cootReTCTRyIOILYI0 TOH MIM HHOH reo-
METpHH, MOXHO BHUHCAUTL aOCOMOTHYIO Be/AUYMHY HANPsMCHHOCTH
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9AeKTpuyeckoro noss. PaccmoTpum Mony.bn mpoussonHoit W no z

AV || 0(e+iy) 0x | d(g+iY) oy
dz l”l ax a—+'—ay——7;' | .
l dzl:l dx 419 dy—rtd" dx 4% dy“d l 9

Hcnosbayst coornomenns Koun — Pumana, nonyunm
aw | | o dy ‘/ Op \2 (Ocp 7 .
=l =V @) ) = v =18 @
aw
Taxkum oOpasoM, aefcTBUTENbHAT W MHHMMas 4acTH ~j> PaBHBl npocK-
UM rpazmaHTa noTeHMana COOTBEeTCTBEHHO HaA OCH X H Yy, a MoAyJ b

d
TZ'? paBseH abcomoTHON BesnuuHe Hanpsi>KeHHOCTHU SJEKTPHUECKOTO NoJs.

§ 4.3. MoTenunall oAHOPOAHOTO HOJS

lMpexne ueM paccMaTpuBaTh PasauyHHE MPeoOPa3oBaHus, YNPOLIAIO-
liMe pelleHne MHOTWUX 3aay, HCCAelyeM [MOTeHUHaJbl IBYX OCHOBHLIX
BUJIOB, K KOTOPbLIM 4YaCcTO MNPHUBOIAT 3TH mnpeobpazosauus. Hamuboaee
NPOCTHIM SIBASIETCS MOTEHIMAN ONLHOPONHOTO 3JleKTpuyeckoro mosas E,
HANPABJEHHOTO BLOJMb OCH X. JTOT MOTeHLUHAN OMNpeNe/sseTCsl BoIpae-

¢==—|Ejx. KoMmniekcHbli MOTeHUHan wuMeeT CJelylOumi Bui:
W= |Elz:= —|E|(x +iy) =+ i}; (4.10)
COOTBETCTBEHHO (PyHKIMSA, ONMUCHBAIOLIAA JUHUM TOKa, paBHa ¢ == ~ |E|y

(npennoaaraetcs, uto noteHuman ¢ =0 Ha ocu y).

§ 4.4. Notenunan nuneiinoro 3apspa

ITone snvHe#HOrO 3apsna ¢ MNJOTHOCTBIO ¢ JeFKO HaHTH C MOMOILLIY
Teopembl [aycca (1.26). B kauectBe NOBEePXHOCTH HHTErPHPOBaHUs
BO3bMEM IMJWHIP paguyca r, €JHHMYHON BHICOTHI, KOAaKCHaJbHbIH C Jju-
HeflHbiM 3apanoM. Torna Ans HanNpsXKeHHOCTH TIOAA [OJY4YdeTCs CJenyio-
ylee BbIPaXKEHME:

E—=--9_. (4.11)

)
2neyr

Benvuniy NOTEHIMAna MOXHO BbIYMC/NTH, MOACTaBIsSS 3TO BhIpaeHne
8 coorHouwieHue (1.31) u uHTErpupyst nocJenuee

¢=— m—(Inr —Inry). (4.12)
(1]

B cootBeTCTBMM CO CKazaHHBLIM paHee, 3TO BbipaXXCHHE MNOKa3biBaeT. 4TO
noreunvan GeCKOHEUHOCTH HeJb3si Cuni1aTb pasHbLIM HYJI0, 1aK Kak 0po-
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TMKEHHOCTb caMux 3apanos CeckoHeuna. BooCue. cayua#h njockoro
nons MOXeT JMWb MPUOAHXEeHHO COOTBETCTBOBATL (M3MUECKHM YCJO-
pusiM. TaK KaK OH MpeamonaraeT HE TOAbKO OeCKOHEUYHYIO MpPOTHKCH-
HOCTb 3apsiIOB, HO H OeCKOHEUHyI0 WX BelnHunHy. 3ajaya MOXeT pac-
CcMaTPUBATBLCS KAK  JBYMEPHAS TOJLKO, €CJM MOXHO NpeHeOpeub Kpac-
pbiMi 3¢Q(eKTaMH, CBA3AHHBIMH € KOHEUHOCTBIO CucTeMbl. OOHuHC
6biBaeT yIOOHO OTCUMTHIBATE BCe MOTCHUMAMLI OT MOTEHLMAAA OLHOIO
u3 l'lpOBOllHl/IKOB HC34aBUCUMO OT TOrO, 3da3eMJieHa Ju B HeHCTBUTEJb-
HOCTH Kakas-1nbo 4YacTb CHUCcTeMbl Mau HetT. Tak, NPu BBHIBOL: COOTHO-
wenus (4.12) npennonaranccb, uTO MOTEHUMAA LMAMHIPA pajuyca r,
OKPYMKAIOUIEro JIMHEAHBIA 3apsin, PaBeH HyJIO.

KoMnaekcHyo noteHuuaibuylo GyHKuHo W MOXHO BbIBECTH M3
coorHoureHnii Koum — Pumana. onHako npolie BCero OHa noJyua:tcs
u3 coornouwtenus (4.12). Jam storo nepefineM K noaspHeiM 0603Haue-
suaM 2 = re’®. Torna nonyumum

W== - ﬁg»(lnz —Inzg) == — 2;’80 (nr— 0 —Inry) =1¢ + i),
(4.13)

rile ¢ — motenumwan, a ¢ — QyHxums aunud Toka. B cuay ocesol cuM-
MeTpWM 3a1aul (YHKUHS JHHHA TOKa A0/mKHA ObITh MPONOPUMOHAILHA
aprymeHty 2. T. €. momsipHoMmy yray 6, ecam z, cumrtats acHcTBUTENIL-
Hofl Besnunnol. [NoTeHUMAALHYI0 (YHKUMIO CHCTEMBbl NUHEANHIX 3apsiioB
JerKO TOAYuYHTb, CKAaNbiBad BbHIpAX=HUA, aHajornunbe (4.13), coorser-
CTByIOLIME KaXAOMy JMH¢HHOMY 3apsny B oOTileJbHocTH. [Ipn  3TOM

. chepyeT ydecCTb, YTO 3apslbt CMELUZHBl APYT OTHOCHUTEJILHO J1pyra.

§ 4.5. [lpeoOpa3opanue B KOMIJEKCHDH MJIDCKOCTH

PaccMoTpum Tenepb noBeleHHe KPUBbIX B HeOONLIUOH 4aCTH KOMMJIEKC-
MO naockocTH Npu ee npeobpasosanun, [TycTe npeobpa3oBanne OT 2 K 2,
3ajaHO ypaBHeHWeM Z, = f(2;), mpuueM (QyHKuusi f anmanauTH4YHA Be3pe,
82 MCKJIQYEHMEM KOHEYHOTO uMcjia ocoOnX Touek. IT0 npeobpasoBaHue
BO BCex TOYKaX, Kpome o0coObix, KoHpopmHo. KoHpopmHOCTH mpeob-
pPasoBaHus o03HauaeT, YTO YroA MeEXAY JIBYMS KPHBHIMM HAa MJOCKO-
CTH 2z, (puc. 4.2, g¢) paBeH yriy Mexiy NpeoOPa3OBaHHBIMH KPUBBIMH
Ha niockoctn 2z, (puc. 4.2,6). D10 MONHO MOKA3aTb CJEAYIOLINM
oOpazom. Tak Kak Bce NPOM3BOAHbIE AHAAWTHYECKOH YHKUMHM Cylue-

dz
CTBYIOT M HENpepbiBHbI, TO MPOU3BONHAS a'z? KOHEYHa BO BCEX TOUKaX,
1

dz.
8a uckJoueHneM 0coObix. BriuncanM npousronxyo E& = f'(z,) B Touke P,
1

M pacCMOTPUM ABa JIMHEHHBIX 3J1EMEHTA, MepeceKaollMxcs B Touke P.
Tax kax aprymeHT npousBeneHHs paBeH CyMMe apryMSHTOB COMHOXH-
Tehel, To naa aprymeHta JmHeflnoro snemedta P,Q, nosyuaercs
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clenylouiee BbipaMeHue:

arg (dzy) = larg f' (2))), + arg (dzy), (4.19)
a nns aprymenta PR, —
arg (dz;) =[arg f' (%)) ]P‘ ~+ arg (dz}). (4.15)
Bountas ceotHolenue (4.15) ns coornowenus (4.14), noayuum
6, = 6,. (4.16)

dz
Moznyas npoussonnofl 7}: [’ (z;) npencraBnser cobol wmactutat-
I

Hbii MHOXWTENb, HA KOTOPbIH YMHOXAIOTCA BCe OTPEe3KH N0 COCeNCTBY

llnocwocms z, llnocrocmey z,
Y Yz
Gz g
az ’
az & ? 3 ez
& ozl
7, 7, #
&y ——2Y
9 9
Puc. 42. K nokasaTe/nnCTBY COXpaHEHHs YIrJOB NpH KOHGOPMHOM OTO-
Gpaxenuu. .

¢ TOUKOH P;. DTO IPOUCXOANT U3-3a TOT'O, YTO MOJYJb IPOU3BEIEHHS PaBEH
npousBeieHHI0 Moaya.# comHOmMTenell. Taxkum o00pazoM, OeCKOHeUHO
MaAuLfl TpeyronbHUK npeobpasyeTcs B MONOOHLA caMomy cebe GeckOHeyHO
vanbifi  TpeyrosoHuk. [Ipu 9TOM BLINOJHAETCA CleAyiolllee PaBeHCTBO:.

ldzy| = | £ (21)p, | - [dz,|. (4.17)

[TonoGue uUCXOAHOTO M MPeoOPA3OBAHHOIO TPEYTOJLHUKOB SBNSETCS MO
CYLIECTBY IPyiHM BbipaXKeHneM TOr0O (pakTa, uTo NpH KOHGOPMHOM Mpe-
o6pa3oBaHuy yriabl coxpansorca. OuuBMIHO, YTO MPHM Takux Npeobpaso-
HHUSIX JIMHUKM TOKAa W SKBHMOTEHLMAJbHbIE TOBEPXHOCTH OCTAIOTCS OPTO-
- TOHAJIbHLIMH.

§ 4.6. MpeoGpasosanue HiBapua

Usapu mpemnoxun npeobpasoBaHue, NPH KOTOPOM JIMHUSI, COCTOf-
Was M3 HeKOTOPOTO 4YHCJA TIPSAMONMHEHHBIX OTPE3KOB, PacnoONOKeHHAsn
B TJOCKOCTH 2|, NEPLXOAUT B TPSIMYI) JMHHIO B TJIOCKOCTH 2o [Ipn
STOM BHYTDPEHHSIl 4acTb MHOIOYrOJbHHKA TIPe0Opasyercss B BePXHIOIO
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10N0BHHY TIOCKOCTH. (MHOrOyroabHuk MoxeT ObTb 3aMKHYT B 6eCKoO-
. geynoctn.) B ocHoBe npeoOpasosanma lllpapua saexunt 6onee npocroe
-’ ipeoOpa3oBanne, nNpu KOTOPOM Yrojl € BEPIIMHOW B Hauajse KOOPAMHAT

lnpeKociniy 2y flnocrocie 2z

J)

Puc. 4.3. [lpeoGpasosanue IlBapiia ans ogHOro yria.

" MBMEHSIETCA, KAK NOKa3aHo Ha puc. 4.3. D70 npeoOpasoBaHHe UMeeT W
£€aMOCTOSAITETLHOE 3HAUEHHE.
PaccmorpuM npeoGpasosamite Crelyioliero Buaa:

2, — 2, (4.18)

rie P — meficTBUTENbHOE YMCNO, HE O0A3aTENLHO LEJO0e WiM PaLHOHANb-
sioe. [Ipu TakoM npeoOpas3oBaHNM MOJIOXKUTeNbHAs 4YacTb IeHCTBUTeNb-
HON ocu mnpeoOpasyerca cama B Cebsa, xota maciita® BAOJL ITOR oCH
MénsieTcs, Tak Kak Jio0as abcuucca x, Bo3soautca B creneHb 1/3. Bo
BCAKOM Cnyuyae, oIHa W3 BeTBEH 3TOro npeoOpasosanns MO¥eT ObiTb
BhipaieHa Tak, 4TOObI YHOBIETBOPUTb TakoMy ycnosuio. C apyrofl cro-
POHLI, Aad TOYEK, JexallMX Ha OTpHULATEeJbHOH vacTH JeHACTBHUTEJLHON
OCH B RNOCKOCTH 25(Z, == rye'®), COOTBETCTBYIOILME 3HAUEHHS] 2, KOM-
ANeKCHbl, TaKk KaKk cornacio ¢opmysne npeoGpasosauus 2z, == rie’ .

1Takum 06pasoM, B COOTBETCTBMM C KOH(OPMHLIMH CBOHCTBAMM JIAHHOIO
npeoGpa3opanusi OTpULATeNbHass 4acTb JNeACTBHTeAbHOW OCH B  MJO-
CKOCTH 2z MePeXOJUT B MPSIMyIO JIMHUIO B IJIOCKOCTH 2. Yronm Mexiy
9TOH mpsMOH n moJaoxuTenLHON moayocelo pasew =f. Crenosartenbho,
npeobpasosanne (4.18) ¢ B < 1 BepXHIOW YacTh NJOCKOCTH 2, Jexa-
1wy Mexay npsivbivp 0, =Q u 0, =nf, NepeBOAUT B BEPXHIOW MOJY-
TIOCKOCTb 2y Ilokasatenb § MoxeT OmTb M GONblie eNMHHIb, COOT-
BeTCcTBYOLUMA yron B 3ToM cayuae €yaeT TyneiM. D10 npeoOpasoBamue
HMeeT OIHY TOUKY BeTBJeHHS TPH Z,==0, B KOTOPOH yribl He COxpa-
HIIOTCSI; BO BCEX OCTaNbHbIX TOUKAX OHO AHANMTHYHO.
. B OGonee ofuiem cayuae (puc. 4.4) uMeerca psn TOYek b; Ha
BAOCKOCTH 2;, COOTBETCTBYIOLIMX BEPUIMHAM YIJOB MHOFOYTrOJbHUKA.
BuyTpennne yrab MHOrOyrosbHuKa paBHBI COOTBETCTBEHHO ;. OTpasum
BHyTpeHHIOI0 00/1aCTb MHOrOYrOJbHHKA Ha BEPXHIOW MAOJYMIOCKOCTb Zo.
3TOr0 paccMOTpuUM npeoGpasopanue, onpegenseMoe  CjefyioLIuM
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anddeperHinalbHbIM ypaBHEHHEM: .

dz' =C, H(ZQ—a)l (4.19)
i=1

rae C, — KOHCTAaHTa, KOTOPas MOXeT ObiTh KOMIUIEKCHOH. DTo npeobpa-
30BaHUE ABJAETCHA AHANUTUHECKHMM BO BCEX TOUKAX, KPOME 2, ==4a;, KOTO-
pble Jexar Ha JNeAcCTBUTesbHOH OCH, HO MoKa Heuw3pecTHbl. Cnenosa-
TeJIbHO. KOHGpOpMHbIE CBOHCTBA TaKoro npeoOpPasoBaHus COCTOAT B TOM,
YTO p€ACTBUTeNIbHASA OCb HA TIOCKOCTH Zy, Z9 = Xy, NpenctaBasieT coboft
0TOOpaX<vHHe MNPAMOJMHERHLIX OTPEe3KOB MJIOCKOCTH 2;. YroJ HakjoHa
KakJaoro Takoro NpsiMOJUHEAHOTO OTPE3Ka OTHOCHTEJBHO IeACTBUTebHOMK

linocrociny 2 llnperocmy 2z
&7 ! 173

Yocrms 1 e
MHOEGYECTHURT 1751-2 -~
"”ﬂu-l

a Gi+r
J)
Puc. 4.4. TlpeoGpa3oBanne IllBapua B obwem cryuae.

dz
OCH onpenesieTCs aprYMeHTOM NPOM3BONHON ——-, OTHeCeHHOH K 2TOM
dz, y

OTpesKy. BuluncauM 3TOT apryMeHT € nOMOLIbIO ypasHerus (4.19).

a I~ £
arg (_a"j—;) =arg €+ f a1g (2, — @)+ By arg (2, — @) +
coo +Bparg (2, —a,). - (4.20)

Kpome Toro,
fdz dx, 4-id
arg{ -7, ')—arg(m%) (4.21)
u dy, == b0 3sJeMeHT dz, HAMPaBJASH BLOJb nencmmenbﬂon OCH.

Cne}lOBaTeanO ecau COOTHOMIeHKe (4.21) OTHeCTH K i-My OTpesKy, TO
OHO TpuMeT 1aKOH BuI:

arg(gj:')::arg(% +1 Zd%)—ardg(dii ): 8,. (4.22)

PaccMOTpHM  Téneph  TOUKY 2y, JIeXallyld Ha NeHCcTBHTEAbHON ocCk
MeXJy TOUKAMH &; ¥ @;,,. ApIyMeHT uucna 2z,— @ paseH HYTO. ecan
TOUKa 2 pd(.ﬂOJ]O)K“Ha CAcRa 01 29 ¥ paBeH wm, eCJaW OHA pacnonoxena
cnpasa. CienosareavHo, cootHoulehHue (4.20) COBMECTHO C COOTHOLUE-
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neM (4.22) naer
elzargcl+ﬂ(pi+l+pl+2+ <eo 4B (4.23)

aknM 00pasoM, OTPe3CK a;,, — &; NeACTBUTENbHOH OCH TMUIOCKOCTH Z
orobpaxcaercss B TPAMOJUHEAHbIi OTPe30K ¢ HakqaonoM 0, nexaumi
g8 naockoctn 2. Ecam cooTHomenne (4.23) BbUeCTb H3 aHANOTMYHOTO
cootHowewnss nas 0, ,, TO momyunm

bppy— 0= w34y (4.24)

M3 reomertpuyecknx coobpaxeHuil (puc. 4.4. @) 9€CHO, 4TO 3Ta PasHOCTD
€BSi3dHA € BeJHUYHHON BHYTpPeHHero yria %, MHOFOYTOJbHHKA |a | cienyio-
HIHM COOTHOLIEHHEM:

@ =7+ uf;,, (4.25)

Ban ynob6ctBa mHuekc i—+ | 3ameHuM Ha [ ¥ pelIWM 3TO YPaBHEHMe
OTHOCHTENLHO B0

— M
fi=——1L (4.26)
Torna ypasHenue (4.19) npumer crnenywolinél Bun:
o e o)
o =C, ﬂ (g — )\ = . (4.27)

i=1
Beanunna C, onpejensier macmiTab v yron nosoporta mpu npeoOpasosa-
nuu. Takum ob6pasom, npeoOpasosanue (4.27) u ecTb TO NpeoBpdsoBaHe,
KoTOpoe TpeGCBanoCh OTHCKAaTh.

B ofiiem cayuae npeobpasosanne lllBapua okaseiBaeTcsi BecbMa IM0-
Ae3HLIM 0PV YCNOBHH. 4TO ypaBHeHue (4 27) HHTErpupyeMo B 3J€MEH-
TapHbIX (QYHKLMAX  JTO BO3MOXKHO, 33 MCKMIOUEHMEM CHELMAISHHX CJay-
yaes, ecaun yriu kpatabt 90° n ux scero ABa. [Ipumedenne npeoGpasoparus
LBapua 3aTpyAneHO Takxke TeM, u4T0 B (opmysne mnpeobpasosarns
zl_:f(ZQ) He3aBUCHMOH mMepeMeHHON aBaseTCA 2, a HE Z;, T. €. KOop-
AMHATH TOYKM NeACTBHTEJLHOH OCH TJIOCKOCTH Zy, 4 HE KOOPAMHATH
MHOTOYTOJIbHHKA B NJAOCKOCTH 2. [109TOMY HaxoOXieHue KOOPAMHAT &
ydcto tpebyer Oonmbuimx ycuanfi. Ecam e KoOpimHaTel @, HaflLeHul, TO
3ajaya OOLIYHO pewaeTcst nmpocTo. Bo3MOXHOCTH 3TOr0 Metoza OynyT
ACHbI M3 HECKOJbKMX MPOCTHX MPHUMepPOB.

§ 4.7. llpeoGpazosanue npu HaNMYUU OAHOTO yrja

OrnenbHbifi yron moxer OwTL BCerna nepeMellleH B HAYAN0 KOOPAH-
HarT TaK, 4To @; == 0. [lpyu HeKOTOPHIX 3HAYEHUsIX YTIOB ypasHeHue (4.27)
ACIKO MHTeI pUpyeTCs.

a) a ==1. UnterpupoBanue ypasHenus (4.27) naer

2, =0Czy+ C,. (4.28)
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B astoM cayuyae npeobOpa3oBanne Tnpenctasaser coOOf napannesbHbif
neperoc u Bpauienne. C (usnueckodl TOUKM 3peHUst OHO HE MPeJCTaBIAET
uHTepeca.

6) a ==/2. Vuterpupys ypasuenue (4.27), monyuaem

2, =Ca2¥ +C,. (4.29)

Ecau npennonoxuts, 4To KOHCTaHTa Hepenoca C, paBHa HYJIO, TO ypaB-
"geHve (4.29) oToOpaxkaeT mMepBHi KBaapaT NJIOCKOCTH Z; B BEPXHIOK

llrocrocms 2z

lTnocrocms Zp

- A P P2 P

e = )

R e e T B B

8 L . S —-

7 7 7z X3

o)

Puc. 4.5. INpeo6pasoBanne 1llBapna mpv a = %

HOJIOBUHY HJIOCKOCTH 2. Tak, ecmu B HJIOCKOCTH Zy IaH noTeHuHnad,
COOTBETCTBYIOLIMA onHoponHomy nomo E:

W= |E|lp=¢+k }

4.10
= — | E| x,, Y= —1E|y, ( )

TO pemieHue AAs MJNOCKOCTH Z; JIETKO Haxomurcs no ¢opmyne (4.29)

W=—C,|E|Zi= — C,|E|(xi— i + 2 x,y)s
¢=— C,|E|(xI — ],
$= — C4|E|(2x1)’1)-

Taxum 06pasoM, Mbi NOMYYMIM peuleHue 3a7aun O NMOTEHLMANE ABYX
BapseHHbIX TIOCKOCTEH, pAaCMO/OMEHHHX WOL TPAMbIM YLIOM  apyr
K npyry (puc. 4.5). Ecim Xe ¢ u ¢ nomewssiTb MectaMu, TO NOJYyUnM
pelichue 3alauu O NOTEHLMAJE 3aPSKEHHbIX TMNEPOOHYECKHX LHIHHIPOB.
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Ecay KOMIJIEKCHBIH 1OTEHUMAN HA MJIOCKOCTH 2, TOAOWHTL PAaBHBHIM
oTeHuuany JauHefinoro sapsina (dopmyna (4.21)), 1o npu npeobpasosa-
un (4.29) nonmyuaercs nsByMepHas ¢yHkuus [puHa nad BHYTPEHHEro
rJa MeXJly JABYMs NMPOBOLSILAMH IJIOCKOCTSIMH NPKH YCJIOBHH, KOHEUHO,
TO JIMHEHHBIH 3apsaj 0TOOPAXAeTCs HA BEPXHIOIO NOJOBHHY MIOCKOCTH 2.

To e camoe npeobpasoBaHue TO3ponsieT HalTd Qyukumio Fpuma B cay-
wyae rpauuill B Buae runepbonuueckux wunuuipos. Takum 06pasom,
B Ciayuae TaKMX FpaHUMYHBIX YCJOBHMH 3alaua NONNAeTCH pPeuieHuIo.

B) o =0. B 3TOM cayuae auTerp¥poBaHHMe NMPUBOJIUT K CJelyIOLIeMY

peaybTaTy:
2y =0C31Inzy==Cqln ry+4C; ib,, (4.30)

ecan mnpeHeOpeun amnauTHBHOM moctosiuHON. Ecan Cj;— nelicTBuTenbHas
BenuuMHa, TO ReHcrBuTenbHas yacTh 2; paBHa Cylnr,. CrenosarenbHo,
TIONOKKTENIbHAS 4aCTh NeHCTBUTENLHON OCH TIIOCKOCTH 2, OTOOpamastcs
Ha BCIO JeHCTBHTENbHYIO OCb TWIOCKOCTH 2Z;, a BepXHsis MOJIOBUHA MJIO-
CKOCTH 2, oToOpaxaercs Ha nojocy mupuuoffi C,m. PacmONOMKHHYIO
B maockoctu 2z; (puc. 4.6). dto npeobpa3oBaHme JErkO MOHATb, €CJH

frnocrocms Zy irocrocms 2g

K44

N

Puc. 4.6. IMpeoGpasopanue lliBapua npu a =0.

€yuTaTh, YTO Hayano KOOPAUHAT MAOCKOCTH 29 OTOABUraeTcs B — ©O,
a4 oTpHlaTe/ibHaa 4acTb A€HCTBUTENLHOH OCH MOCHE 3TON O IOBOPAUMBAETCS
O 4acoBOH CTpeske A0 MONOXKEHUs, NapannenpHol 0 N HCTBUTENLHON CCH,
CMelUCHHOro, OjHaKo, Ha paccrosiue C,m. OueBUaHO, UTO 3TO mpeoCpa-
30RaHue TNPUBOIMT K MePpHOAMYECKOH CTPYKTYpe B MJOCKOCTH 2, pHUeM
nonoca mupunoft Cyw npencraBnsier CoGOH Kak pa3 OIMH M3 TaKuX
NepHosoB. Bepxmss NOJOBHHA MIOCKOCTH 2, oToOpaxaeTcsi B NepByIO
NoNOCYy 3TOK nepuonuueCKod CTPYKTYPH B TWIOCKOCTH 2, HHXKHSISI TIOJO=
BUHA — BO BTOPYI0, Jexaulyio Mexay npsameimun ¥, =Cyn n y, = 2C,7,
u 7. A. ITO MPeoOpa30BaHyue OKA3bIBAETCS BEChMa TMOJE3HbLIM B TeX CJy-
Yyagx, KOrja B 3ajadye HMMEIOTCA CEeTKd, KOHIEHCATOPHHIE MJaCTUHbI WM,
B o6uieM cnyyae, HEKOTOpas nepuojiMuecKas CTPYKTypa.
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§ 4.8. Kongopmuoe otToGpaweHue NpAMOYyroJabHHKA

Fcan nBe nunuu, mapanjesbHeie OCH Y, B MJOCKOCTH 2, MOBEPHYThH
JO COBNAaneHWs C TMOJNOXKUTeNbHOH #H oTpuuaresbHOR dacTaMM HNeACTBH-
TeJbHOM OCH, TO MOJyOeCKOHEUHads MOJOCA, 3AKJIOUYEHHAs MEXAY ITHMH
ApAMBIMM, OTOOpaKaeTcsl Ha BEPXHIOW MOJYMIOCKOCTL 2, (puc. 4.7, a),

lnocrotrn 2, lrocHocny 2z
&
|

i
I
I
!

Puc. 4.7. Tlpeo6pasoBanue LlBapua npu HaluiuHH ABYX YIJIOB.

Ilycrs BepiuiuHaM yrjioB COOTBETCIBYIOT TOUKHM 2, == F@; Toria Iudde-
peHunanbHOE ypaBHeHME MpPeoOpa3oBanusl NPHHUMART BHIL

dz ~1 BT C C
@z = C1(&—0) "t oyt = s 22 5
2 Vz2——a Va — 2

Monowus B (4.31) C;,=1iC,, M mnoBopaunsaeM BCIO cuctemy Ha 90°
c TeM, yToObl OHa CoBMana € n3o0pa:KcHUeM, NPHUBEAEHHBIM Ha puc. 4.7.
Iocne uurerpupoBaHus MOJyYUM

. 2y
2y ==C, arc sm(%). |

(4.31)

5 (4.32)

=gsin{].

#=asin(Z)

310 mnpeobpa3oBaHue OOLIYHO HCINONL3YeTCA Jisi TOro, uToOHl pellc-

HHE Ha IUIOCKOCTH 2; OTOCPasnTb Ha MJIOCKOCTb 2y, Eciam orobpasurs
KOMIIeKCHBIA moteHunai W OIHOPOIHOTO MoNs B MIOCKOCTH 24

W= -|E|z (4.10)

HA TJIOCKOCTb 2, € MOMOLLBbI0 cooTHOWeHus (4.32), To noayuum pacripe-
Jejiende TIOTEHIMAsa BOKPYI TMPOBOISLUEH 3apsiKeHHOH NOJOCKH HIMPH-
Hol 2a. wnu, zamensas GyHkUuo ¢ QyHKUMEHR v, MOJyYdM pacnpeencHye
norenuuana BOMM3W 2apseHHOrO SKPpaHa €O wenpio. [naBHas ocCh leaw
I NOJOCh MEPNEHINKYIAPHA MAOCKOCTH PpucyHka. Ecsan nelctBuress-
HYI0O M MHHMYIO uacTd npeo0pasoBaHHOro mnoTeHunana W npupapuaTh
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- OCTOSHHLIM BEJIMUHHAM, TO NOJYYalTCAd YpPaBHeHusl LA CHJIOBHIX JHHUR
sKBunoTeHuuane# mnoJss. [loBepxHOCTH, OMMUCHIBAeMbie 3THMH YypaBHe-
vAMH, NPencTaBasioT cobolt kKodoKaabHble 3jamunTHYECKHe U runepbosu-
eckue uMauHIpHl (cM. puc. 4.7).

Wwmelorca u Apyrue cayuau, KOTZa ypaBHeHue npeoOpasosaHus npu
JBYX yrJax JIeTKO vHTerpupyetcs. Psn sanay Moxer OuiTb cBefeH K io-
CJeNHUM € TIOMOLIbIO TIOC/ENOBATeJbHOCTH TPOCTHIX TfpeobGpa ozaHuii.
Muorue zanauu paccMOTPEHBI B JuTepaType, CMUCOK KOTOPOH MpHBeleH
.B KoHLe rjaBbl. Yacto pelieHde TOJbBKO KaXeTcsl npocTeM, U060, Kak
OTMEYAJIOCh BhIllle, HHOTNA OYeHb TPYAHO BHIPA3UThL 2y B (PYHKLUHH 2.
HecmoTpst Ha 3TH TPYIOHOCTH, MeTOL KOH(OPMHLIX nmpeobpasopaHuit oka-
3bIBAETCS BeCbMa 3((peKTHBHLIM.

§ 4.9. lNpamoe pewmenne ypasHenusa Jlanjaca
NyTeM pa3foXeHUsl MOTeHIHaJlla Ha rapMOHMKH

Muoruye aByMepHble 3aaayu OAMHAKOBO JIETKO PelIATCS KaK MeTo-
ZaMH, aHAJOTHYHBIMH TeM, KOTOpHIE TPUMEHSIOTCA B TPEX H3MepeHusX,
TaK W C TIOMOLUbLI0 KOMIJIEKCHBIX MNoTeHunaJoB. Tak, MeToRs u3oOpaxe-
HY# ¥ WHBEpPCHM eCTb MO CYLIECTBY vacTHhle cJydyau CoJjee ofuux Me-
t000B. OnHuM u3 Haubosee MOLIHBIX $BJAETCS METOA pazieseHus nepe-
MeHHEIX. OH 0coGeHHO T0Je3eH B CJyude KPYTOBHX WM PannadsHBIX
TPaHHUL, COBNANAIOLIHX € KOOPAUHATHBIMM JHHHUAMU.

YpaBHenue Jlansaca B NOJsSPHEIX KOOPAMHATAX MMEET CJAEAYIOLLHH BMJ:

,F@r_( )+062 = 0. (4.33)

Jlns pasnesenust mepemeHHux nosoxum ¢ (r, 6) = R(r) 0 (6). [Noacrasus
3TO paBeHCTBO B (4.33) M noaesuB nocjaelHee Ha ¢, NOJYYUM

ra( oR P
7?6?( 0r)+9 a5z =0 (4.34)

" Tenepr nepeMeHHME pasiefeHbl, W KayAu# ujeH 3TOro ypaBHeHusl n0J-
aeH ObTb paBeH HeKOTOpPOR noctosHHOH. [1OCTOSAHHYIO pasnesieHusl Bbl-
GepeM Tak, 4ToOH peuleHusMu s © OBUlM TPHTOHOMETPMUECKHE KPY-
ToBule (pyHkuuu yraa. B cuay nepuoaAMYHOCTH M ONHO3HAYHOCTH
pewteus 6 uaMensetrcs ot 0 mo 2w w paspeweHdsiMu OyAyT Julis He-
' KOTOpHE 3HAueHHsl mapaMeTpa pasielieHus, foJyueHHbie paHee B § 3.6,
" TlepBLilt uMeH ypaBHeHHsi MOXHO TOJOXHTbL PaBHBIM K2;

) S+ r8=0 |
0 { OR
5 (r5%) — R =0.

(4.35)
;0
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[Tapametp £k, MOXeT NPUHUMATL TOJLKO INWCKPETHLIE 3HAYEHHMf, ¥ NpHU
k,#0 umeem
0,==A,cos kb4 B, sin k0,
k -k
\ Rn:Cnr "+D"r n,
Ecimu xe k,=0, 1O
8, =E - F#6,
Ro =G + Hinr.
OCwee penterue npenctaBiseT cobo¥ CyMMy 4acTHBIX pellieHu#t COOTBeT-
CTBYIOLIMX TapPMOHMK

= i Rnenz:z(AnCOS k" 6+Bn sin k"e)(cnrk" i Dnr—k")
n=0 n=1 ‘
+(E+FB(G+Hlnr). (4.36)

Ilpexne yeM pelaTh KOHKpETHblE 2ajaud, TIOJI€3HO HEKOTOPHE yxke u3-
BECTHHIE HAM MOTEHUMA/bl APEACTABUTL B TAKOM BMAE, a 3aTeM nepelTH
K noreHuuasam OoJee obuielt ¢opmel. Kospduuments paznomenus onpe-
JeJSIIOTCS  TPAaHMYHBIMU  YCJIOBUMSIMW KOHKpPeTHOH z2aiauu, nogoGHO TOMY,
Kak 31O IHenaajock B § 3.6.

§ 4.10. NMotenuyuan auueitnoro 3apspa
¥ AMIJEKTPHYECKOro UHAMHApa

PaccMoTpuM samauy O noTeHuuase JuHEHHOTO 2apsind, PacnoJoMKeH-
HOTO HA PACCTOSHMM [ OT OCH JH3JEKTPHUECKOTO LM/JIMHAPA painyca @
u npoxullaeMoctbio k£ (cm. puc. 4.9). CnHavasa norapudMuuc cKult noreH-
1uajs oAHOro JuHefiHOro ~zapsja npelcTaBuM B Bule psana (4.36). Iro

. PABHOCU/ILHO CMELLSHUI0 HAyaJa

lowra nonn OTCYETa MOTeHLUMANa, KaK TOKa-
3aHO Ha puc. 4.8. Ecuu npene-
r R 6peuyb annUTUBHON MOCTOSAHHON,
g T0 ¢opmyna (4.12) commrcs
_/7'0505’ fpeskree y caenyiomeh:
Havaro ) g Havano
__ q
Puc. 4.8. K BRuUnCACHHIO MOTEHUMANA JM- =" Tne, InR. (4.37)

Hell 0°0 3apfna, CMELEHHOr0 OTHOCHTE)b- .
HO Hayana koopauuar O Ha pacctoduue ro.  Pan (4.393) kpome Touku r—0
HUrge ocobeHHOCTEH He wuMeeT.
[Mosromy notenuymasn (4.37) Heub3s MPefCTaBUTL B Bulle OAHOTO psiaa, OT-
HECEHHOro K HOBOMY Hawajay Koopauxar. Ero nyxHo 3anucate B Buie
IBYX OTHEJbLHLIX pelleHui: ONHOIO — CNPaBefiauBOro npu r < ry, npy-
roio—npu r > r,. Ilpu r=r, 06a pewtenuss no/mxHu copnanars. Bouee
TOr0, NPOWSBOLHAA TIpH f == r NO/kHA ObITh HeNpepLHIBHA BO BCEX TOUKaX,
33 MCKJIIOYEHMEM TOM, rle pacrnoJioxeH 3apsi. Paspuie B 9710# TOUKE nOJ-
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|
)IJ.‘H OLITe TAaKOW BeJMYHHBI, YTOOL CYMMapHbf MOTOK, HCXOsAlduM «3
Hée, COOTBETCTBOBAJ 3apALy. NMPUXOAAILEMYCH Ha €IHHUIY IJMHLBI.
Buipaxzuue Aas Jjorapupmuueckoro notenumana (4.37) aumefinoro
8apsiia, PacfoJOMKIHHOTO B Hadajse KOOPIMHAT, MOXHO CBECTH K BHpa-
JKEeHUIO NJid NOoTeHHHaJia 3apsilia, PacnoJqOXSHHOTO B TOYKe 60=0ur= Iy
(puc. 4.8), m npencraBuTh nocjeiree B Buge psana (4.36) ca ny-
gomuM o6pasoM. Bupasum R coriacHo Teopeme KOCHHYCOB: R ==

. 2
=(r2—{—r§—— 2rrpcos 0) , M 3aTeM pas/joXyM NOTEHUMasn B PsiA Mo cTe-
neusM rfr, npu r<ry, . N0 cTeneHsaM rofr npu r > ry,. O6a psna,
Kaxabi B cBoe#t 0b6sgacTH, CXOUATCH

¢

E—] q \ ._1_ _r_)n B,_ 1
o<tar, 2 ;n(ro cosn ln’o,v (4.38)
g IS (Y cosno 1 1
ro<?<00- 2meg {lngln ( r) cosn nre. 4.39)

i Tlpu paccMOTpeHuM 3anaud O JIMHEHHOM 3apsie M OM3JEKTpUuE-
CKOM LW/IMHIpPE TMOJSPHYI0 CH- e
CTeMy KOOpRMHAT BLIGEpeM Tak, L S~
yToObl €€ Hayalo HAXOMWJIOCh
#a ocu umaunapa, a 6 =0 co-
OTBETCTBOBAJIO OLl HaNpasJeHUIO
Ha nudeliHuift 3apan (puc. 4.9).
Hmenno st1oft cucteme Koopru-
HAT COOTBETCTBYIOT BHIDAXKEHUS
(4.38) u (4.39). Ytobwui ynosJe-
. TBODHTb T'DAHWYHLIM  YCJIOBHUSIM
Ma TNOBEPXHOCTH r =@, NOTeH-
umast nutefinoro sapsana (4.38)
HYXHO CJOXHTE € ODIUMM pellle-
" mueM Buna (4.36) npu k,=n B
- PACCMATPUBATL  BHPANEHME MR puc 49 Jlupefinui 3apaA W AHSICKTPH-

ROTeHIuWasa B ABYX 00gacTsX: geckuil wwnhuap (NOCIEAHuH mOKasaw Ha
HyTpH 4 BHE wmiuHIpa. Koag- pUCYHKE LITPHXOBKOH):

$uuuenrss A,, B,, E u F, Bxo-
Jsuive B ofiee peileHue, onpe-
JAESIIOTC  TPAHHYHBIMEH - yCJlO- R3S 915 1 g — SbPexTuBRLl 3apan a1 gy
BUAMU HA MOBEPXHOCTH JudJEK-

TPUYECKOrO ULMAWHAPA C yueToM ero mnonspusauwn. Pelwenus BHyTpu
Runuuipa u BHE €O  PA3NENTOTCA, BO-MEPBHX, LSl TOFO, uTOGH
NoTeHUMaNn B Haudle KOOPAMHAT OCTABAICH - KOHCUHBIM, @ BO-BTOPHIX,

Va ~
@57 Yz AN

1—-k 1k
—q (—l_k H q (m)— sdpdexTuBHHe 3apsab
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yT00B BTOpLIE PSIlHl B KAXAOM W3 BHIpAaXeHWH cXOBM/MCb, Hrak,

a<?l<ro— 2meg in:ln (ro) cosn Inro’}+
+23nr""cosn6+F, (4.40)
n=1 )

[we] (>
:_2_4_!2 1 (_f_)" cosnb—in rol}—-{— Z A, r"cosnf -+ E. (4.41)
o<r<a Teo | A n\r | "t
\ n= n=

Taxk kak MosApu3aLHOHHEBE 3apANL B UMJIMHAPE HE UMEIOT OcoGeHHOCTel
HM B Hauvaje KOOPAWHAT, Hu B OECHOH 4HOCTH ¥ 3a4aYa CMMMETPHMUYHA
OTHOCHTEMLHO Tutockoctd 6 =0, 10 Buipaxenwe (4.36) ynpoiuaercs:
ucyesaeT Jorapupmuueckul uJieH, ujieH, TPONOPUMOHAJLHEE yriy, H
uiacHB, conepxamme cunycel yruaa. [Mokasatedb cTemeHu r OKasbiBaeTCs
UM MOJIOXHTEJbHBIM, WJIH OTPULATEJbHBHIM B 33aBHCMMOCTH OT TOrO,
B Kako# oOuaacTu cxonurcs pal.

I'panuynsie ycaoBus Ha HOBEPXHOCTH HHIJIEKTPUUECKOIO LM/IMHIDPA
r =a npu Bcex 0 umeror BUN (cM. § 2.2)

1 == Yo |
O __p, 9% } (4.42)
Tor " or - J

Monctapass B (4.42) popaxenun (4.40) u (4.41) u npupaBHuBas KoO3¢-
¢uumentsl npu BceX cosnf Hymo, noayduM BrIpaeHus L KO3¢pdu-
uuentoB A, B, E u F. CnpaBelsMBoCTb -TAKOK Oflepauuu MareMaTu-
yeckM oO0yc/oBleHa TeM (DaKTOM, YTO pasioxeHue Pypbe NPOUIBOAMTCS
np noJaHo#t cucreme oproroHanbHeix ¢yHkumi. Takum oOpasom, ans
noTeHuMa a NOJAYYUM BblpAXKEHUS

L B + () s~

n=1 o

(4.43)

¢ _—2 —(—r—)ncosnO—Llnr. (4.44)
S N () - n\ry Zney O

Pemenue 1as r > ry MoxeT ObITb JlerKO HaNHCAHO MO AHANOTMM C Bbl-
paxeHusmu (4.38) u (4.39).
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IMpubasue K coorHowenuio (4.43) u BHUTA M3 HEro BeJUUHMHY
1—&%&\ inr
‘7(1+k) Oney '
®ErKO NOKa3aTh, YTO TMOTEHUHAN ¢ BHE UWJIMHIPA PaBeH MNOTeHUMATy
"emcTeMbl u3 Tpex nuHeHHbX 3apsanos. OLuH 43 3THX 3apsNOB BeJaHYH-
wott — q{(1 — k)/(1 + k) pacnojoxeH B HauajJe KOOPIMHAT, BTOPOH,
peayuuolt g (1 — R)/(1 4+ k) — B TOUKe, nOJYYEeHHOH TIpu HHBEPCUU
HEePBOHAYAILHOrO 3apsana ¢, w TpeTu#t — npocro 3apan ¢g. Touka, mouy-
.yaemas TIPM WHBEDCHM 3apsalla ¢, HAXOLUTCA Ha paccTosHuu a?fr, or
paua/Ja KOOPAWHAT ¥ JEeXHT Ha TOM e panuyce, yTo u 3apsid g. Taxkum
o0pazoM, 3anava MoXeT OHThL peuleHa u MeTOAOM uzoOpawenutt. Jrto
AEFKO TPOBEPUTb, HEMOCPENCTBEHHO NPHMEHUB JOrapu(pMUyecKue noTeH-
-yuansi. C apyro#t CTOPOHB, MOTEHUHA] BHYTPH NHSJEKTPHYECKOro LM-
JYHIpPa € TOYHOCTHIO 10 aNNWTHUBHOW TIOCTOAHHOW paBeH TNoOTeHLUHaATy
OZHOTO JuHeHiHOTO 3apsna BesauuuHo#t 2¢/(1 + k), pacnoJoxeHHOro
B To#t e TOukKe, uto  3apan ¢. CuenoBsare/ssHO, noTeHuuans B Ja06oH

TOYKE S3SKBUBAJEHTEH MNOTEHUUANY CHCTEMBI JuHEeHHBIX 3apanoB B OTCYT-
CTBUM [H3JEKTPHUUECKOrO LUiJMHADPA.

§ 4.11. Jluueiinblit 3apsan Meway ABYMS nepeceKarouuMucs
NpOBOAAIIMMH M[OBEPXHOCTAMM

B kauecTse npyroro npuMepa peuieHus 3anauu € MOMOILBIO Kpyro-
BHX TAaPMOHHK PpaccMOTPHUM 3afauy o TfOTeHUHMase JuHeHHOrO 3apsna,
pacnookeHHOTOo B TOYKe [, 3. B KiuHe, 06pa30BAHHOM 1BYMs MpO-
BOAAILMMH 333EMJIEHHBIMU TIJIOC-
KOCTsIMH, TIepeceKalouMUCs B
Hauaje KOOPAMHAT TMOL YI/NOM a
(puc. 4.10). Pentenuye s7O# 3a-
pauu Gynet ¢yHxuueit l'puna nas
obuacTu, 3aKJIOYeHHOH Mexny
EBYMsl MNPOBOASLIMMH [JIOCKOC-
TaMu. OueBUAHO, MbBl ONsTL He
CMOXeM TpeACTaBUTh pelLueHHe
B BHAC OLHOTO psfla, NPHUTOL-  pye 410, Jlunelinwi sapsi, napawielb—

Horo nuisa sceit obaactv o r =0  uplii gBYM nepecekamwmnmMcs NPoBOAALIMM
10 r = o0o. Ero HyxHO pasbutb HIOCKOCTAM.

HMa IBe YaCTH: OAHY, TPUron-
Hylo npu r < r, BTOpYyI — mpu r > ro. Ha mosepxuoctu r==r, obe
YacTH peuieHusl JNOHKHB CONPArarbcs Tak, YTOOBl MOTOK 3JEKTPHYECKOrO
AOJIR COOTBeTCTBOBAJ 3apsLy ¢

Tak Kak moteHuMas ofGpalllaeTcss B HY/Ib Ha MOBEPXHOCTAX B-=0 u
€ =— o, 70 3aBMCUMOCTbL pelIeHus OT Yraa NOMKHA UMeTb Buil Sin (n=h2),
. e. R,=nxja (cMm. (4.36,). Boipaxenus pms noreHumasa s oleux
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ofaactax Oyayt

% —V Ca(+ )m/asin';—’“e.

r<rn

o _ED ( ) psin%t—ﬂ.

r>n

(4.45)

et S S s S s

V3 HenpephIBHOCTH MOTEHUHMANd Ha UMAMHIPUYECKOH MOBEPXHOCTH
=r, caegyeT, uto Kosp¢uuuentel C, u D, n0MKHH OLITb PaBHHL.
TlosToMy samaua Oyner pelleHa, ecCjau Mbl HafneMm kKosdduumentsr C,.
JluHeHiHEI 3apan SKBUBAJEHTEH NOBEPXHOCTHOMY 3apsily Ha LMJIMH-
.ApUYECKOH TMOBEPXHOCTH r ==r, C MJIOTHOCThIO 6 (B) =¢d (0 — B). Vrao-
Bast O0-QVHKLuSA oOfnpenejseTcd COOTHOIIEHUSMH

rofa(ehp)def_— 1,
0

. (4.46)
Sroro—pa=_0, ocp<a
: .
CoxpaHeHre NOTOKA OT 3apslia NMPUBOAMT K YCJAOBMIO
0 0
(0 —By—=— P2 O 4.47
q ( B) eo[ or or Jr -n ( )

Ilasee, onpenenetine KO3(pPUUHEHTOB NPOH3BOAMTCA TaK Xe, Kak B § 3.6,
U MB noJyuaem
nnf

C =—q—sin—a——. (4.48)

n nnegy

“Taxkum 06p330M, noJHoe pelleHye 3anadd ONUCHIBACTCA NOTEHLHAJAAMM

\ |
g \C L/ r\"™ . nn . nub
@ == —— sin —— sin ——, |
r<re REQ —_ n 0 a a
- . (4.49)
N | e .
gy =2 _('_o) sin 78 gin 178
r>7e ey oy n\r a [

Tlonoxus g==1, noayuum ¢yHKuuio 'puHa Ans KJAMHOBULHOH O6jacT.
Meton paspeseHus nepemeHHbHIX OYeHb yA00eH 1J OTHCKAHuA (DYHK-
uuit Fpuna B cayuae oGaactell, OrpaHuYeHHBIX KOOPAMHATHELIMY MOBEpPX~
HOCTAMU.
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i Sanauywu

1. C nomouipi0 HHBEpCHH HaliiuTe NpPaBmio OGpasoBaHusl M300paMEHHN Ju—
HEeHHOro 3apsiaa B MapajieibHOM €MY MPOBOASIIUEM KpyrioM uuavHape. Ilpume-
MHTE 3TO NpPABWIO B cayyae, KOrna BHYTpHM OoNbIIOr0 nMAMHApA panuyca b
COREPIKMTCA MEHbIIMH — papHyca @, NpUYeM PacCTOsHUE MEeXIy MX HEHTPaMH
¢ < b—a. Halinnte eMkoCTh Ha €IMHHLY MJIMHBl M NOKawuTe, 4TO npu ¢ = (
OHa paBHA €MKOCTH KOAKCHAJbHBIX LHAUHAPOB.

2. Buisenute TeopeMy I'puHa mis AByMEpPHOro ciyyas, T. €. MNOKaXHTE, YTO

;o 1 0 dlgr
oxy )2'2;{ f“g’”"“’s‘§(‘g"é%“?T)‘” }
) C

ecnu ¢ (x, y)— AByMepHblii mnoTeHuuan, S-— IJomaib, OrPAHHYEHHAS KOHTY-
pom C, r — paccTosHHE MEWIy TOUKAMU X, y H X', ¥’ U n — BHEUIHAS HOPMAJb.
3. Onpeneante none BOGIH3H 3apSIKEHHOTO NPOBOASLIEr0 NHJIHHAPA 3JTHI-
THYECKOro CeueHus.
4. PaccMoTpuTe [BE NPOBOAAIIME [UIOCKOCTH, 3apsLKEHHBIE JO [OTEeHIHa-
aoB V2 u — V/2 u nepecekawoumecs noa npsiveiM yraom. Hafiaure snextpo-

eTaTnueckoe noie.
a2z, a,
Zy = — (2L
2 2 (al + Zy )

5. [Ipu npeoGpasoBanum
r ©o6JacTb BHE WWIHHAPA ry==a, B IJOCKOCTH 2z, orofpaxaercs Ha BCIO MJO-
i EKOCTb 2; C pa3pe3oM BlOJb AeHCTBUTEABLHOH ocH Or —a no a. C noMounbm
' kOHGOPMHOrO Mpeo6pa3oBaHMs MOTEHHHAJa MOPOBOASIIErO NUAWHAPA, HaXOnf-
. merocsi B ONHOPOHHOM MoJe, -Haliiute KOMIUIEKCHBIH NOTeHnWal npoBoasiei
© nonocH IMpHHOM 2, pacnonoxeHHON d) HapaieibHO BHemHeMy nomo E u
6) nepriennukyaspHo noao E.

6. PaccmoTpite KOlEHCATOpP, COCTOSmHHA M3 ABYX 6GECKOHEYHHIX IJacTHH
y=*a u onuHol moxayGeckoneunoii y =0 (puc. 4.11). Buemnue nnactuubl
3apsKkeHBl 1O OIHOTO M TOrO e MOTEH-
¢ nwmana. Boumcaure emkocts, mnpuxons- \y
i mycs Ha eMHHWIY IJKHH B HampasJe- ]
 HUM OCH 2, OOYCJOBJIECHHYIO KpaeBbiM
shdexToM, T. €. HaHAUTE PAa3HOCTD MEXALY a
ZEHCTBUTENbHOH €MKOCTBIO HA enviHUnY
AAVHBL K TOH, KOTOpas MOJaYy4Yaetcd, €Cdu
npennoNoXuTs, 410 npu x < 0 moge or- -
€yTcTBYeT, a npu x > 0 OHO OHOPOJHO.

7. BeckoHeUHMH kpyribi LHAMBLDPH- Puc. 4.11.
weCKHH 3KpaH panMyca a paspesaH Mpo-
AONBHO HA YeTHpe paBHbIE YacTH, 3aPFKEHHBIE COOTBETCTBEHHO 1O MOTEHLHa-
aos V, 0, —V, 0. Tokaxute, YTO MOTEHNMAN BHYTPU LHIMHAPA ONUCHIBAETCA.

ypaBHEHHEM v 0 0
- _Lay (_Zax
P= {arctg(az_rz)-l—arctg(‘az__rz)}.

KaxoB noTeHiuan BHE HUIAMHAPA?

8. Paccmotpute 06sacTh, 3AKMOUEHHYIO MEXUY IHIHHAPOM X2 - y2 == b2 n
mnockOcThio xz. Llnaunapuueckas rpanvia stofi obnactu ¥ 4acTb MuOCKoOH rpa—
Hunbl, COOTBETCTBYIOWAs 4 < X < b, HAXONMTCS NOA HYJEBHIM NOTEHLHAJIOM.
Yacth NJOCKOH rpaHuMub, COOTBETCTBYOLIAf -— & < X < @, HAXOAUTCS MOA KO-
venpuanoM V. [Tloxaxure, 4YTO CHAOBbiE JAWHMH B oOb6jgacty a <r<b

i
t
[

¢
3
s
¢
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HORYMHAIOTCH YPBBHEHMIO
Va1 r\"j
X5 [ () Jeos o = cons,
n

[pUYEM 712 MPHHUMAeT TOJNLKO HEYETHHIE 3HAUEHHA.

9. [pennonoxuM, 410 ¢ (X, y)— AByMepHblH mnoTeHuman; nycrb F(x)=
=¢(x,0), a F,—n-a 4actnaa npoussoaxas F no x. Tlokaxute, uro ecau
p(x, y)=¢(x, —y), 10

¢ (x, y) = X A,y2Fy,

rae
_ ="
"To@ny!
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FrNABA 5
3AJJAUYHA C TPEXMEPHbBIM PACNPEAEIEHUEM INOTEHLHUAJOB

VYpapuenue Jlansaca /erko Hanucate Aaa mobo#t  opToronadbuoi

.€UCTEMBl KOOpAHHAT: onepaTtop V2 ecTb NpoOCTO AuBepreHUHs rpalueHTa,

¥ NO3TOMYy, [pPHMEHHB K I'DalMeHTy TeopeMmy O AMBepreHudud B GeCcko-
HeYHo wmajoMm oObeme, MNOJYYHM HCKOMOE BbIpaXeHue (CM. NpHJIOXe-
uue ). Muorue cuctembl KOOpAMHAT NOINYCKAWT pasieseHye Iepemen-
HbiX B ypaBueunu Jlanmaca. Cdpepuueckde KOOpAMEATHI [AIOT TAKKe
BO3MOXHOCTb INpefncTaBuTh B yHNoOHOM Bue NOTeHLHAT NPOUIBOJLHOM
CHCTEMH 3apSIOB, PACHOJOKEHHbIX BOMM3M Hayala KOOPAMHAT.

§ 6.1. Pemenue ypasuenus Jlannaca
B cpepuuecKkoll cucTeMe KOOpAMHAT

YpaBHeHue Jlanaaca B cpepuueckoft cucTeMe KOOpAMHAT

(i) owr 1 o /. ow 1 o
ny . ! 2 g v _
v = 7 ()r( or )+rﬂsmﬂ 00( b od )+r25m7u O¢? =0 (5.1

,u.onycxaeT pasnejeHUE rnepeMEHHbIX

¥ ==R(r) ¥ (8. ¢). (5.2)
Ilocne oOBIYHBIX npeoﬁpasosauun 1onyyaeM IBa ypaBHeHMs
0 0R .
5;(r2~0,—)—~n(n+l)R:=0. (5.3)
(i) oY L .
57 (smﬂ )J,— oy Ocp +n(n+ I)sinbY =0. (5.4)

IMapamerp pasienenust paBeH n(n -+ 1), rae 7 — ueaoe 4Yucj0, TaKk Kak
TO/IbKO NPH TAKHX €ro SHAYEHMAX pelenus ypasuenus 448 ¥ He umewr
ocodeHnocteft npu 0 =0 u 6 ==x. Pewenun V (6, ¢) nasuawrca cge-
puueckumu rapmouuxamy. Panee 6bl10 nokasawo, uto Qynxuuu Y, (6, @)
OpTOrOHAZNbHE W aHaJoryuHbl (QyHkuuaM Pypbe. BbiBeNeHHBLIM B CBS3H
€ salavyamy B mAOCKocTH. OOllee pelieHHE PaluaNbHOrO ypaBHewus (5.3)
WMEET NpPOCTOH Bui

R(ry==A,r"+ B,r »L (5.5)
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[lepeMenHbie  cpepHYeCKNX TFapMOHMK  MOFyT OHTbL  pasnesenn

elie pas:
Y6, 9)=6(0) D(p. (5.6)

HoBuiti mapameTp paslejeHus TMOJOXUM PaBHEIM m2, a BMeCTo
noJaspuoro yriua 6 Beenem Gosee yrobuyio nepemennyio p=cos 0. INoc.e
piafeiiennsl NepeMeHHHX NOJYUYHM CJedylollye ypaBHEHUs:

d i de 2 i
=g+ [aern—qle—0 6D
d2o
e 4 m?2® = 0. (5.8)

Peunienusi 5TuX ypaBHeHUH BHPAXAOTCA (QYHKIHAMU

0 = C,Py () + D@ (). (5.9)

O =E, cosmo—+ F,, sinmp, m=0,
. (5.10)

O =Go—+ H, m=0,

rae ¢yunkuun Py (cos8) wu Q7 (cos0) — npucoenunennvie  pyuxuun
Jlexxaupa COOTBETCTBEHHO NEPBOTO H BTOporo pona. Crenyet oTMeTHTH,
uto mnpu p== 1 1 komeunbim ocraetcs Toubko P,. CienoBate/buo,
KOTIA paccMaTpuBaemasi 06/1aCTb NPOCTPAHCTBA COLEPHHUT NOJAPHYIO OCH,
B pelienye BXOMMT aulib Pp.

§ 5.2. MoreHuuana ToueHHOrO 3apsana

B cayuyae oceBolt cHMMeTpuH, T. €. KOTIa pelleHHe He 3aBHCHT OT
yraa ¢, napamerp pasfefenus m paBen uy/aio. floTenuuan toueunoro
3apsila, PacloJIOMEeHHOTO HAa PACCTOAHMH ry OT Hayaja Koopaunar, 6yner
-o6anath Tako# cmmmeTpue#, el ero pamauyc-BeKTOp NPUHATH 3a IO-
agpuylo ocb. [loTemuuan TOWeUHOro 3apsila JeTKO BLIPa3uTh vepe3
yraosbie ¥ paduajbible (QYHKUMH, NOJy4YeHHble Bbllle, pas3naras Mo cTe-
niensim rfrg u ryfr Bupaxenue aas 1/R (puc. 5.1)

—11?:—1— [(7:—)2 +1— Qr—ro_cos 6]-1/2 ==

ro
S [(’_0')” +1—2"2 cos e]"". (5.11)

r
B pesyaprate Haxolum

= D (£) Pewr=+ ¥ (2 P, G2

n=0 n=

[}
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Kawap#h 43 3TUX psAAoOB CXOAUTCA B CBoel obnactu n uxX MOXHO
cuuTaTb onpenenenuem ¢ynkuuit P, (p). W3 pasnomenus fiCHO, 4TO STH
¢yuKUMY NPeNCTaBanOT CcOOOH nosuHOMBL n-H CTelend OT HEPEMeH-
Ho#t p. HenocpenctsenHofi nposepkol Jierko yGenuThesi, YTO NOJMHOMBI
Jexannpa P, (1) yioBreTBOPAIOT ypas-
nenuo (5.7) npu m=0. N\ g lovevsii

Kak u panee, MBl HOJMy4YdM JBa saprd
BLIpAXCHHA AJS NOTEHUMaNa: OIHO
cnpasenauBo npu r < ry, Ipyroe—
npu r > 1yl

¢ = K,TZE‘ 2 (T’;‘)n P,(p),

r <1y

o

g
w -

n=0 Puc. 5.1. K BLIYMCJIEHHIO IOTEHIMANA
o 3apsina, CMEUIEHHOrO OTHOCUTEJbHO-
_q 2 ry ‘)" P, () Hayana KOOPJAUHAT:
92 T neyr r n A

r>re

St e s o s e

3
[
=1

)
(5.13)

Takum oGpasoM, NOTeHUMAN NpeicTaBlieH Kak pasnoxenue Tefinopa —
Jlopana mno crenensM r, KO3(OUUUEHTH KOTOPOFO €CTb NOJUHOMbBY
Jlexkannpa ot cos 6.

§ 5.3. MloreHuuan nuanexTpuueckoil coepsl
M TOYEYHoro 3apsaa

3anauy © NOJE TOYEYHOro 3apsina u chepuueckoil rpanille Jerko
pewaioTcsi ¢ NOMOULLID Cepuueckux ¢ynxunf. Halmem notenuman To-
4YeyHOro 3apalla ¢, pacnoJioXeHdoro BOMM3N AUINeKTPHUECKOH cdepnl
panuyca @ (puc. 5.2). Paccrosnue oOT UeHTPa cdepbl IO TOYEHHOro
Bapsina paBHO rg. Jlasi noTeHumana ¢ uCHOJb3yeM TPHU BBHIPAXeHUst:

izl = 2 Anr"Pn (P').

O<r<a n=0

&

o]

P = e 2( ) P+ X, B~ 1P, (p). (5.14)

n=0 et

‘Clunpanue 9, W @, NPU r==@Q NPOM3BONMTCH TAK ke, KAK W B IBymep-
scym ciydae. Tlpu  awboM  sHaueHud 0 NOMKHBI  YAOBJIETBOPATLCSE:
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rpanuunbie ycaopus (2.15) u (2.19). B cuny opTOroHanbHoCcTH Cdepuue-
CKMX rapMOHHWK psillbl MOXHO NpPUPABHMBATL MOWJIEHHO ¥ TEM CaMbiM
-onpegenats kospduuuentet A, u B, Dynxkuuu ¢, W ¢, CLINTH MO

L uzrermpusecros .
a7/ 774 \ Loz

Puc. 52. Iusanextpudeckan chepa H Toueunbiil sapsa.

onpenenennio (5.13). Tlpu k=00 peulenve coBnNamaeT ¢ Tem, KOTOpOe
TOJlyYeHO METOHOM MHBepCHM B . 3.

§ 5.4. Torenunan ausnekTpuueckoll cgepu
B OLHOPOLHOM moJje

s+ Knaccuueckum npumepoM 3samaum Co cepuueckoll reomerpueil Moxer
CHAYXKUTbL 3ana4ya O IusaexTpudeckol cdepe ¢ npoHuugemoctoio &, no-
MellleHHOH B ONHOpOAHOe NoJie. JIMHHM BeKTOpa SJMEKTPUYECKOM WHIyK-
uun D B cdepe nokasannl Ha puc. 5.3.

Tak kak nose B GeCKOHEYHOCTH OILHOPOAHO, TO MOTEHLMA onpene-
JIIeTCS C/IeAYIOINM COOTHOLIEHHEM:

p . =— Ex=- Eycosb=— Eyp=— EgP;(p). (5.15)
Cornacyo (5.5) u (5.9), noTenumasns BHYTPU ¥ BHe Cdepbl UMEOT BuA

== 2 Anrnpn (P‘)- l

> (5.16)
P = 2 Bnr-n—an (1) — Eyr P, (p). ]

n=u

Tlpu Bcex 3Hauenusix ) u r=@a NOMKHBI BHNORHATHCA I'PaHUYHEIE YCJIO-
Bus @ =@, U R0 [Or == 0p,/Or. [onctapnas ciona supaxenue (5.16)
¥ npupashupas KosdouimeHTHl Npu P, (p) ¢ OAHUM U TeM XKe f, Jerxko
Haittu A, v B,
Ay=B.=0=A4,=B, mpun n>1,
_ —3E,
A=g7o (5.17)
_ (k— ) Ega?
Bi="%7o -
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A FloTenuuann COOTBETCTBEHHO pasHbl

z

' (5.18)
k—1) Eyadcos
¢2:__:k+2; ——g— — Eyrcosb. ]

. 3ameTuM, uTO NOJE BHYTPU Cdepbl ONHOPOLHO, ONHAKO 1O BeH-
yuHe MeHblle, 4yeM Noje B Oeckoneunoctd B (k—+ 2)/3 pas. Jlerxo
TaKXKe BUAETh, UYTO NOJE,

. saBejeHHOe B 00/acTH BHe
" edeprl, paBHO MO0 IH-

- DOJIS ¢ MOMEHTOM

k—1
p= 47reoa3(k+2)1:},.
(5.19)

.+ Beauuuna L, onpene-
agemasi COOTHOLUEHHWEM

L— IEO‘_|EBHY1“

A

EO!PBH)'TI

(5.20)

.
- Ha3nBaeTcs GaKTopoM Ie-
NOJSIPU3ALMK  TUSJIEKTPU- /\\
yeckoro Tesa. Tak kak ]

€ornacHo COOTHOLIEHHIO /\
42.12) P=¢gyk — ) E,

T0 nas cepbt L =1/, aan  Puc. 5.3. Jlmanextpuueckas cdepa B OLHOPOA-
TOHKOIQ CTEpPXHs, OpHEH- HOM moJje.

TMPOBAHHOrO BAOJL MOJH,

L =0, 01 TOHKOrO NHCKA, OPMEHTUPOBAHHOIO NEPNEHIUKYJSPHO NOJIO,
4 = 1. Takum 06pasoM. sMeKTPUYECKOE NOJE BHYTPW NM3JEKTPUKA, HAXO-

liﬂlueFOCﬂ B OIHOpPOIHOM IOJie, BcCerjga Menblile, 4eM [oOJe B Gecko-
He4yHOCTH, a HHAYKIHUA — Goublite.

-§ 6.5. Belpawenne IS AKCHAJLHO CHMMETPHYHOrO NOTEHIHANA,
3ajgaHsoro Ha coepe

t-¥ C nomoubio ¢yHkumi Jlexannpa MOXKHO HaHTH NOTEHUMAT BO BCEX

E»_'?i'i)qkax NPOCTPAHCTBA, €CJH H3BECTHO ere pacnpelejeHune Ha coepe.

€ornacno cootnowenusid (5.5) w (5.9) nng norenumana NoOJayuuM IBa

BipaxeHns, OZHO U3 KOTOPHIX NpHUroAHO BHYTpPU Cdepbl, Apyroe’
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CHapyKu:

(5.21)

Monb3ayscy oproroHanbHOCTbIO QyHKUME P, () ¥ 3Has UX HOPMY, MOXHO
BHIUMCIINTL Kosddulwentnt A, u B,. Hopwmo#t dynkuun P, () HasuiBaeTcs

unrerpan or P2 no Bceft obOnactu u3meHenusi p. OnpegesienHus HOpMb U
OpTOroHasbHocTy GyHKUMH CJAenylT M3 COOTHOLLEeHUH

1
2
fpn )Py (1) dp = 571 D (5.22)
21

roe 3, =1, eciu m=n u 3,,=0, eciu m=+n.

[TpupaBusieM Tenepb kawnoe wu3 cooTHowenuht (5.21) npu r=ua
3a0aHHOMY pacnpefe/ieHuI0 noTenlnana. [lojyuenHble ypasHeHNsT YMHOXKUM
Ha P, (p) v npownterpupyeM no p or p=—1 po p=-1. Toraa
OT KaWJAOro psifa OCTAaHeTCs TOJbKO ONMH WIEH, a4 HMEeHHO TOT, AJs
KoToporo n==m. B pesyibrate Aan A, nofyuuM Bblpa)eHHe

+1
2 1
A,,ZJJT / v(a. 0) P, (p)dp. (5.23)
-1 -

a nna B
" B,= a?*14, . (5.24)

Takum oﬁpasoM, NOTEeHHUNANLI BHYTpUH Y BHe cq)epbx UMeloT CJle.H.YIOU.lMﬁ
(1701
+1

= \' 2n4-1 , o
r<a 240 g ["Pa () ,I/'<P(a- 6P, (pydy',
n= - .
o ' ol (5.25)
e 2 Qn—QH A () /‘P(a, OyP, @) dy'.
-1

]
<

n

§ 6.6. MoTennuan 3apsKEHHOrO KOJAbLA

BLiuuC/iMM HOTeHLMAN 33PAKEHHOTO KOJbUA C TOJHBIM 3aPALOM ¢,
PACROJIOKEHHOr0 HA PACCTOSIHWN ry OT Hauana xoopamnar O (puc. 5.4).
Ilycte r, cocrasaser yroa 6, c¢ ocvio cummerpun. Pacnpenenenue
NOTeHLUMAN2 BLOAL OCH CHMMETpHH MOXHO HaliTM, pasnaras B paL
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Ky/noHoBCkuil norewunan 1/R:

9 (2, 0)= 47:!0’0 z (rio)" P, (cos By),

r<re

n=0

o : (5.26)
¢ (2, )= qo - 2 (i)'H IP” (cos b). _

r>n z

Puc. 54. K Bbl9MCAEHHIO [OTEHHMAAA
3aPSIKEHHOIO KOJbHA.

Joxenud (5.26) na P, (1) v noacrasnss r sMecto 2 (Tak Kak P,(1)=1):

—_ 19 _ry"
. iprc(r' )= 4n€0r0§ ( ro) P, (cosby) P, (cos b),
B (5.27y
N/ r, \n+1
'>cp' (r, = Zrh }4 (—rl) P, (cos by) P, (cosb).
° n=0

CrpaBeyIBOCTb TAKOrO pelleHus CleAyeT M3 TeOpeMbli €AHHCTBEHHOCTH.

§ 6.7. 3anauu Ge3s ocerof cuMﬁeTpuu

Jlns peleHust 3anay, B KOTOpPbIX HeT OCeBOH CUMMETpuM, ClrenyeT
"BOCNO/Ib30BATLCS NapaMeTpOM /i, BBel€HHbIM B OOlleM BEIpAXKEHHH NPH
‘pasfeNieHuM NepeMeHHbIX B CepHuut CKUX KOOpAHHaTaXx. Takum 06pa3om,

“¢@epuueckue rapMonnku Y0, ¢) OyayT BaBuceth YyM¥e OT HOBYX
p p ¢) Oyny y yR
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napaMeTpoB, U PAABL, NPENCTABINOIME pelieHus 3alayu, OynyT NBONHLIMH
CyMMaMu: KaXAOMy 3HAUEHHMI0 1 COOTBETCTBYeT HEeCKOAhKO 3HaueHuM
m(m < n). dynxkuun © npenctasnaoT co6ok NPOCTO TPUTOHOMETPUYECKHE
¢yHkumK, a pyHkunn 6 — npucoenunennste ¢ynkuun Jlewannpa. Takum
o6pasom, coGCTBeHHbie (QyHKLUMM 3anauu Telzpb Apyrue, ONHAKO MPUH-
UMHAZbHBIX  OTAWYMM OT yKe pacCMOTPEHHHIX ciyyaeB HeT. [losTomy
Mbl He Oynem noapoOHO paccmarpuBaTh Takue 3anaun. Mmp He Oydem
TaKkK: paccMaTpuBaTh 3aladd € KOHHUECKHMM TIpDaHMLAMHM, KOTAA OCh
CUMMETpPHM HWCKJIOUeHa u3 u3ydaesmolt obnactu. B sTtom ciyuae, 4TOObt
YAOBJETBOPUTL FPAHUYHLIM YC/OBUAM, HEOOXOAMMO NpuMeHeHue (yHK-

wit Q) (), MMeUX 0COGEHHOCTh HA OCH.

§ 5.8. Pemenne ypasnenus Jlannaca B unJuHapuuecKoi
CHCTEMe KOOpAMHAT

Ypasrenue Jlannaca B umiuHIpUYECKON cuUCTeMe KOOpPIUHAT

1 ¢ oV 1 o2¥ o2y
7‘57(’7;?)“*72‘072"“‘5;2—:0 (5.28)

Takxe AONyCKaeT pasjesielide nepeMeHHbiX. [IpencTtaBnss pellenue B Bule
npousseneHusi Tpex ¢yHxuuh

U(r, ¢. 2)=R(r)P(p) Z(2), (5.29)

NOJyuuM CJeNyHLUKe YpPaBHCHHA IJi panualLHO  yrjioBOR M 0CeBOH
qacteH peuieHus: .

r 5’7(, —%[r?—)—{-(k?r? —n?%)R=0, (5.50)
2,

%‘; + n20 =0, 5.31)
2

e — rz—u, (5.32)

N

rae k£ W n-— napameTpw paameenusi. Ypashenne (5.30) HasuBaetcst
ypasrenuem beccesnn, a ero pewenns — ¢ynxuuamn bBeccens. Xapaxrep
pelleHus CyILECTBEHHO 3ABHCHT OT 3HAKa NapamMeTpa pasnesieHus, T. €.
OT TOro, #ABJRIOTCH Ju kK u n neHCTBUTENILHHIMM wiM MHUMbiMH. Ecan
pewtenre s @  ROMKHO OHITb OINHO3HAYHEIM, TO OHO LOJ/KHO OLITh.
NEePUONMYHO NO @, K C/AeA0BaTe/bHO, M — uejoe uucno. Ecnu kb — neit-
CTBUTE/IbHAA BEAWYMHA, TO Z(2) eCTh NPOCTO B3KCHOHeHTa, a R(r)
npracrapasercsa auHetHoM komOunauuel dyHkiuit Beccens, 0603HauaemMbix
Jy(kry u N, (kr). Otvertum, uto J, u N, — ocunmnupymoiue GyHkuna
CBOUMX aprymentoB, u J, IlaeT penieHusi, peryjaspHue npu r=0, rue
ypasnenue (5.30) umeer ocobennoctb. Ilpu BefictButenbhbix n v & pewenns
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HMMEIT cheayrowul Bul:

R(ry=A,J, (kr)~+ BN, (kr), k+0,
R(r)= Ar" 4+ Br™", k=0,
O(@)=C,cosne—+ D,sipnp, n+0, | (5.33)
Q) =Co+D, n=0,
Z(2) =E e - Fhe™®, k0,
Z(2)=Ez-+F, k=0.

Ecav n u k& paBHH Hyaw, TO
¥ —=(Alnr— B)(Cyp + D)(Ez—+ F).

OO6iyl0 MAeI WCNOAL30BAHMA CBOWCTB  WMAMHAPHYECKUX  QYHKUMK
MBI MOSICHAM Ha ChaenywoouieM npumepe. PaccmoTpum cayualh ¢ ocesoit
cummetpuel, korna n=_0. Ecan paccmaTtpusaemas 061acTb npoCTpaHCTBA
o paiuycy npocTupaetcs no OeCKOHeYHOCTH U HeT LMIAMHAPUYECKHUX
TpaHull, orpaHuuuBaLMX ¢yHKuMu R (r), TO COOTBeTCTBEHHO He Oyner
HHUKAKKX OrpaHuueHull Ha BennuuHy R ¥ pewenue OyneT BbIPAMATLCH
MHTErPajoOM NO BCeM 3HaYeHusim K:

w

f exkef (k) J, (kr) dk. (5.34)
0

BM2cTo OThiCKaHusi KO3(M@HUUMENTOB CYyMMbi HAM NPEICTOMT ONpeleiuTb
¢yukumio  f (k). Tlotenuuan toueyHoro asapsiaa moweT OHTH BhIpaxeH
HHTErpaloM TAKOrO TUNA C NOMOUIbIY CJAENYIOLIEr0 TOXIECTBA:

_l__ ! _f *kz] K
R~ Vata —0 e o (kr) dk. (5.35)

[NonoxuTenbHulll 3HaK B 3SKkcroHeHTe OGepercs npu 2z <0, a muHyc

apuz > 0. CoOTB2TCTBEHHO IJA KYJOHOBCKOrO noreHuuana ¥ — 473-[3-
. L]
NOAYYUM Cjellyiolllee WHTerpanbHoe NPEeNCTABJEHHE;
oo
___ 9 +
= Tne /e k2, (kr) dk. (5.36)
0 =

Ecan  nyxuo HaliTu nOTeHUHan TOUEUHONG 3apsiia, PpachoJOXEeHHOI o
B Hayane KOOPIMHAT, NPH HANMYUM HECKONbKMX ILIOCKMX TpPaHHIL,
NEepHEenIUKYSPHEIX OCH 2, TO CJA23ysT BOCHOJ530BaThCs KOMOuHauueH
notesunana (5.36) ¢ noTeHUManaMM HaBaAeHHBIX 3apsfoB Buaa (5.34).
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ITonoGHas cTpyKTypa. COCTAB/ieHHas U3 HECKOAbKHX C/IOeB [AMBJEKTPHKA
C PasauuHOM IMBJCKTPUUCCKOH NPOHULACMOCTbI0 Ry, By W T. 1., NOKa3aHa
Ha puc. 5.5. IloTeHuwuasqs,

z COOTBETCTBYIOLIKE PA3AUUHBIM

CI05M LUSJEKTPUKA, npuBe-

%, @, JleHbl B NOINUCH K DUCYHKY.
Ecau 1as Bcex nopepxHocTcit

pasfena HaNucaTh rpaHUuHblE

\

it Ps yCJ0BUSI 1 NPUPABHATL (PyHK-
i LMK, CTOSILIME NOJA 3HAROM Hli-
ks @2 Terpaia, To noiayuuM HeoO-

Hus pyuxkuubfl nepemenHoll &,
%y, cJemoBaTesbHO, NOTEHIMUA-

\\.\ XOLMMOE M JIOCTATOUHOE W=
\ €10 ypaBHeHuH MAS HAXOXKIE-
£y P

q

Puc. 5.5. Tlapannenvupie clou ausnextpukop 10B B KAXIOM M3 C/0CB.

B HOJE TOYEYHOro 3apsia ¢ Ecav norenunan momxen

@ oo ObiTh NEPUOIMUECKHM MO Ne-

= fe—kzlo(kn dk-]—ff(k)ekzl.'kr)dk; pemenHol 2z, TO napametp R
il 5 OKa3blBAETC MHHUMbIM M pe-

o o meHusivi - ypasuenus  (5.30)
o= [ g ) "%y (kery i+ (1 ik) ey krrat; OynyT ¢ynkumu bBecceas or
0 0 MHHUMOFO aprymeHTa. PyHK-
uun bBeccens or MHuMMBIX ap-
TyMeHTOB  00biuHO  0003Ha-
i vawoT cumBoJdamu [, u K,. u
o= [ num e s an) ar. L 13 HUX COCTaBJeHH OOIIHMp-
h HHe Tabanpbl, TdK e KaK U
ans ¢ynkuuit J v N,. 3ame-
THM, 4YTO KK B Clyuyae JeKapTOBHIX W CPepHYECKUX KOOPAMHAT, TaK H
B C/yuae UMIMHIPUYECKMX — BCe TPU (YHKIMK, COCTABNSIOLINE PELIEHHE,
He 'MOTyT OblThb OCLULIUPYIOLINMA,

0 o0
P f L&) %1y iry dk & f m k) e *2 1y kryar;
0 0

§ 5.9. MpumeHenue DUAMHAPUYECKUX (YHKUMTA
K pelieHHI0 Pa3aMuHBIX 3a7a

BayTpu unmaunapuveckoll obGnactu panuyca r, € NPOBONALINMH
TpaHHLAMK KAXI0€ PEIIEHHE LOMKHO NOAUKHATLCs TpeboBanuio J, (kr))=0,
Td4K YTO Be/WYMHA £ MOXET NPHHUMATL Julib AMCKPETHHIH pal 3na-
uenult k;, rae [— nopankoBuiii HOMeD KOpHA QyHKUMM J,, npuHEMAa0ULkk
Bce 3HaueHust oT 1 no Oeckoneunoctu. OOllee pelleHue NpeacYds.iser
cobo#t 1poliHy Cymmy no n u I, npuuem kos¢d¢uivenTs ee noabupawrcs
TakuM o0pasom. 4ToOH yNOBAETBOPUTH I'PaHUYHbIM ycaoBusiM. Beccenesr
Qynkuun o0pasyorT CcucTeMy OpPTOrOHANBLHHIX (QYHKUMA. DTO Hemocpen-



§5.9] TNPUMEHEHME UMJHHIPUYECKUX ®VHKUMI K PEUIEHMIO 3ANAY 99

CcTBEHHO CaelyeT M3 ypashenus (5.30):
To
fJ,, (kyr) I, (kyes F)r dr=0, ecan I+,
0

OpTOroHanNpbHOCTL NOTEHUHMAJNO0B, COOTBETCTBYIOILMX pAa3NHYHLIM I, CJe-
nyet u3 (5.33).

PaccmoTpum kak npumep 3amady € UHJAMHIDUYECKOR reomerpueit.
Hafinem noreHuMasl TOYEYHOro 3apslla B NPOBOMUSLUEM [MJMHIPE, OCb
KOTOpOro ecTb och 2 (puc. 5.6). AsumyranbHasi CHMMETpHs CHCTEMEL
BHOCHT B [aHHOM CJlyuYae ynpolleHus B cH-
cremy ¢(ynxumnit. IloTeHuuan He 3aBMCHT OT @,
a 3aBUCMMOCTb €70 OT r Bhipaxcaercs QyHKunaMHU
Jy (k;r). Vickomoe peulenne umeeT cnenyouwmi
BUIL:

¢ = 121 Al"’klz‘lo(kzr) npn z <0, ]|
- b (5.37)
gp== D A ) (ki) npn 2> 0, J|

]

]

1

npuyeM BejiMuMHA K, yIOBAETBODSET yCJOBHIO
Jo(Rrg) =0. Ycnosue, HakmaiviBaeMoe Ha IO-
TOK Ha nnockocrd 2=0, moxer OwuTb 3anu-
C4HO C NOMOIUBI [IByMEpPHOH O-pyHKuUH, onpe-
RelsieMOl paBeHCTBOM Puc. 5.6. Toveunnlit sapsig

B NPOBOASAILEH 3azeMJEH-
HOH HUIMHAPUYECKOH Tmo-

fo
2 f S(rdr=1. (5.38) JOCTH.
0

Takum ofpasom, yC/OBHE COXPaHEHMs NOTOKA OT 3apsiia npuMeT BHA
qo(r) __ [ ov, oV,

0z 0z L= o = 22k Ay (k). (5.39)

€

Ecm obe wactu pasenctBa (5.39) yMHOXHTL Ha J, (klrr)rdr H 3aTeM
NPOUHTErpPUPOBaTL NO 7, TO NONYYHM

To
gy (0)
220 — ok, 4, [ Yo(tr)prar,
0
OTKYLS
. _ 9 -’e (0)
Al - 47tkle° o
[Wotrzrar
[

(5.40)
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Tlo onpenenennio dyuruui Beccens J,(0) == 1. YmHoxan obe uacTu ypashes
dJ
uua (5.30) na (d—"

2
" )err ¥ MHTerpHpYs 1O 4YacTsM, NOJYYHM

To 9
[ Uy ki rar =2 11, .
0

[Ipn BHuHC/AeHMH HANO WMCMOAL3OBATH FPAHMYHEIE YCAOBUS npu r, U
TOXNECTBO, Chelywlee M3 CBOHCTB OeccesieBHIX (yHKM:

daj, n

qen = Jner + 57 e (5.41)
B pesyabrate cooTHoluenue (5.4) npuHuMaeT Bul

q 1

A = .- . 5.42)

U7 onkyey R2UJ, (R (
CaenoBaTenbHo,

— q klr JO (klr)
T ey Xe Ry Gyro)

=1

9 N _Jollar)
2mrge, i":i Ry [Ty (kyro))? J

(5.43)

——— 2 ot s et

O6otwMB 9TO paccMOTpeHHe Ha cCiyyall, KOrIa 34psaf  PAaChOJONEH
B NPOM3BOJLHOU TOYKE ¢ KOOPAMHATAMU F =@, ¢ =Q, Z =2, MOXHO
Hafitn ¢ynkumo [puna naa  obaactd Buytpu wiiuHnpa. [loTenuuan
Oyner umeTh pasnuunbil BUL npu 2 <2, U Opu 2 > 2, Yciaosue,
HakJalblBaeMOe Ha noTok, OyneT BHpaxaTbCs € nomouibio o6obuieHHoM
NBYMepHOR G-QyHKIUMH, onpelieisieMOH PaBeHCTBOM

fB(rAa)B(cp‘_a)rdrdcp::l. (5.44)

Uckomas ¢ynkuus ['puna npencrasnser co60# 1BOMHYI0 CyMMy no HHiek-
cam n u [, npudem 31a QYHKINS CBONMTCS K Buipaxenuio (5.43) c ¢=1,
KOrfia eNMHMYHBIH 3apsil pacnoJoXeH B Hauajle KOOpHMHAT.

3anayu

1. Haiinure pacnpepefienue NOTEHUMaJa BHYTPH IDapa, ofpanHdeHHOro AByMs
NPOBOAAIMMY nonychepaMu, 3apsKEHHBIMU 10 *+ —2—?

2. Brigucaure noteHuuan Bue 3apslikeHHOro HIApa, BHYTPU KOTOPOTO G6beM-
‘Hasl IMOTHOCTb 3apsfOB NPONOPHMOHAJbHA PACCTOSIHHIO IO AdaMeTpasbHOi
TJIOCKOCTH.

3. lNosepxHocTh npoBoAHUKA 3anana ypasHeHueM 7 =a [l 4 3P, (cos )],
rae 3 <€ 1. lNokaxwure, 4T0 NpU NOMEIREHHN 3TOTO IMPOBOAHMKA B OXHOPOXHOE



R L M

JIUTEPATYPA 101
SNEKTPUUECKOE T0JE Ha ero NOBEPXHOCTH HHAYLMPYIOTCH 3apsiibl ¢ MAOTHOCTBIO
3ne E

5= oy e (1 1) Py (05 0) -+ (n—2) Py (cos O]}

rie op — IJIOTHOCTh MHAYLMPOBaHHBIX 3apsaos mpu 8 =0.
4. TMokaxuTe, 4TO nOJNe BHYTPH ChepHUECKOH MOJNOCTH B AM3JIEKTPHKE PABHO

3kE,,
E“2k+l’

ecIH mojie B AM3JEKTpHKe E, H k-— IM3JEeKTPHYECKasi MPOHHULAEMOCTb CPEXbl.

5. Buuucinte nortennman mnposoasimelt cdepst pammyca a € 3apsaaoM g,
noMeIerHHol B onHopogHoe noje E, Kakop AMNOJNBHBIH MOMEHT 3apfinOB, MHAY-
LUpOBaHHBIX Ha cdepe?

6. KakoBa e’'xocTh TOHKOH npoBoasiued nonycdepb? (Y Kasanue: npuMeHUTe
HHBEDCHIO K KDPY: IOMY 3apsXeHHOMY AHuCKy. Bneperie sta samaua Grlna peunieHa
KeannHOM.)

7. M3 cheprl pasuyca a4 ynaleH CEKTop, noclie yero OHa OfeTa Ha NpPOBO-
s uuil KAMH rax, 170 ee NOBEPXHOCTH OPTOroHaJibHa IrpaHaM KiuHa. l'loxax(me,
9TO €CJIM KJMH 3apspKed, TO NOTEeHUMaNbl BHYTPM M BHE C(I)epbl BBEIDAWAITCS
cneaywomuMi Gopmy aaMu:

. a4 2= /o "
Y = const —————(r sin 6)"" cos —-,
a a0 eos
1 o (nfe +1 . T
r>a

(Ykasauue: reoMeTpus 3ajayy no3BOJSET NPUMEHNTH TOMBLKO OHY NMOBEPXHOCTHYIO
ranpmouuky. Kakosa oua?) (Cwmaiit). .
8. lMokawuTe, 4TO B LIMAMHAPMYECKOH cHCTEME KOOPAMHAT NMOTEHLMaN 3aps-
JEHHOrO MPOBOJSIIIErO AMCKA PaiMyCa & paBeH
o«

l.l"(r,z)=—-—q———[ —-klzIJ (k)smka dk,

4reqa .
0
THe g — sapaA nucka, INpensioxuTe Takke YHOE pelleHue 3TOH 3afauu.
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- TJTABA 6
CUJIA U SHEPI'HUA JJIEKTPOCTATUYECKOI'O NOJA

Ilo cux nop Halle WCCle/loBaH¥e 3JIeKTPUYECKOTO NOJS LEIUKOM
OCHOBHIBAJIOCH HA €JAMHCTBEHHOM 9KCNepHMeHTaJbHOM 3dKOHe, a UMEHHO
Ha 2akoHe KyJoHa. DTOT 3aKOH Bbipaxaercs CooTHOllienueM (1.24)
¥ ONUCHBACT CWJIY B3auMolelCTBUS MEXNy AByMS TOYEUHHMH 3apsiamu.
DnekTpudecKoe nojie OHJIO BBeleHO B KayeCTBe NPOMEXYTOYHOrO areHTa
C Uesibl0 YNPOCTUTh ONUCaHWE STOTO B3aumojelcTBusi. IloaTomy Bonpoc
0 Pea’TbHOCTH NOJis, KAK HE3aBUCUMOTO ¢U3NYeCKOTO MNOHATHS, He BO3HU-
KaJ. MakcBeai MHTAJCA OPUOMCATh JNEKTPUYECKOMY HOJIO NPOCTOR mexa-
HuYeCcKuit cMbici. JIas Hamux weJiel B 3ToM HeT HeoOXoauMocTH, ubo no-
TpeCHOCTh B (u3UYeCKOR MHTEPNpeTaluy NOJIA BO3HMKAeT JMLUL HpPH pac-
CMOTPEHHH HEeCTALMOHAPHHIX NpolleCCOB. O/HAKO NMOCKONbKY HOHATUS 0OJS
COBepIIeHHO [OCTATOYHO JLJISl ONUCAHUA NeHCTBUTENbHOCTH, TO BCe MEXAHU-
YeCKHe BeJIMUUHH, OTHOCSILLINECS K 3JIEKTPUYECKU B3aUMOJEHCTBYIOLLNM CU-
cTeMaM, MOTYT BbIpaxatbCs JnbGO HYepe3 WCTOYHUKM, YYaCTBYIOLIME BO
B3aumoeicTBuy, Jnbo uepes [OJs, CoO3/laBdeMble STUMU UCTOYHMKAMM.

ATo o3HauaeT, YTO JeCTBUEe MOJg Ha KaKyl-Au6o CHCTeMY 2apsiioB He
32BI CUT OT KOHKPETHOH Npupojbl UCTOUHMKOB TOTO noas. Ilag onucanus
E3aMos€ HCTBYSA, BO3HUKAIOLLETO PY BHECEHUU 2apsloB B HOJie, 10CTATOYHO
2HaTh TOJBKO CaMO HoJje. JTO B3aUMOAE HCTBHE MOMET OBITh BhpAXKEHO Ye-
pe3 noJie v He OyJder #BHO 3aBHCETb OT 2APS/I0B, CO3LAILUMX ITO NOJe.

CaenopaTeJEHO, B TeopuU MNOJg TaKle MEXaHWUYECKHe EeJMYMHBI, KaK
CUJla U SHEPIYs. MOXKHO BHpasuTb JAuGo ueped 3apsaibl, JuOO Hepeld
MHTerpasbl OT (QYHKUMH nosg. ENMHCTBEHHHIM KPUTepHeM APaBUIbHOCTH
COOTHOLUEHiH, BHPAXKAWIUMX MeXaHLYECKHEe BEJUUYMHH uYepe3 SJIEKTPU-
YeCKOe MoJie, ABJSAeTCd UX IKBUBAJEHTHOCTb COOTHOLIEHWAM, B KOTOpHE
BXOASIT HENOCPeACTBEHHO 3apsiiH, CO3jaicliye noJe.

§ 6.1. Oneprua oas B CBOGOAHOM MPOCTPAHCTBE

PaccMoTpum cucteMy sapanos ¢; B cBoOolHoM npoctpaHcTse. PaGora,
copepliaeMast npu cOMuKeHuu 3TUX 33pAAoOB U3 OECKOHEYHOCTH, paBHa

1

W=7 2,95 (6.1)

L

4

L]
-
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rae @;—noTeHUWal B ToYKe PpacClONOXeHUs 3apsjla gq;, CoO3laBaembiff
octanbHHIMU 3apsizamu. TIpu cOnvkeHUM 3TUX 3apslOB SHeprusi CUCTeMbl
H3MeHsieTCd M TaK Kak BCe CUIBI KOHCePBATUBHBI, TO TO H3MeHeHU2
SHEPIrUH Mbl MOXEM OTOXIeCTBHThL C CoBeplueHHOH pabGoToHl. Drta 3Hep-
rua aoikHa ObiTb rae-to 3anaceHa. (QaHako, Kak ¥ B MeXaHMKe, JlOKa-
JM3alUns SHepruM onpefefseTcsi HEOXHO3HAYHO U BaBUCHUT OT NPUHATOH
TOUKH 3peHMus.

PaccmoTpuM, Hampumep, [B€ MacChl, HPUKPenJieHHbie K KOHLaM
Ckatoll npyxuubl. Takas cucTema pacnoJiaraeT =anacoM HOTeHLMaJbHON
SHepriH, KOTOpas BHCBOOOAMTCS, €CJM NPYXHHE NpPeaoCTaBUTb CBOOoRmY.
Tlpyn 3TOM MacChl NPpHoOpeTyT KHHETHYECKYW 3Hepruio. B HauaibHbiX
yciosusix He 00si3aTENbHO CYMTaTh, YTO NOTeHUMaJbHas SHEpPrus cocpe-
noroyeHa B npyxuHe. C (> HOMECHOJIOTHYECKOM TOUYKH 3peHHs MOXKHO
flofarath, YTO B NMEPBOHayaJbHHN MOMEHT MacChl Haxolsitcsl B obnactu
¢ OOMbIIeH NOTeHUMAJ>HOM IHEPTHeH, HeweaW HoCjie pacTsKeHus npy-
auuul. CootHowelne (6.1) COOTBETCTBYeT MMeHHO TaKOH TOYKe 3pCHUs.
Huxe wmbi nonpoOyem npeoOpasopaTb ero takum oOpasom, 4ToObl ‘no-
Ka3aTb, YTO SHPTHI0 MOXHO CYUTaTb 3anaceHHoit B camom mnoJie Gjaro-
ap$ «ynpyT¥M» CBOHCTBAM MNoCJeAHelro. IJTO COOTBeTCTBOBaJNO OBl 3a-
NIACAHUI0 SHEPIMH B NPYXKHHE NPH ee CHATHH.

Buipaxenne, NojiyyeHHoe MakcBeuioM Il SHEPrHH 3JRKTPUYECKOTO
104, npeactapaseT CoOoli HHTerpad

U:E—;Q/ F2dv, (6.2)

B3ATLIE NO BCeMY NPOCTPaHCTBY.

[Tokaxewm, uTo dHeprus noas U ¢akTHyecku cosnamaer ¢ paboroit
cOamenns 3sapsnos W. Dyaem cuuTaTth, YTo noJe B KaXAOH ToYKe
npeacrasnsger coboit cymmy nojeh E; oTACHbHBIX TOYeYHHIX 3apsi/loB q;.
Torna nas E v E? Gynem uMeTh CJEAYIOLINE BbipaXKeHUs:

n
E:iz_}l E, ]
n n n } (63)
=Y+ Y'E E.|
i=1 =1 j=1 * 7 )
IliTpux osHa4aeT, YTO NPH CYMMHUPOBAHUM ONYILEHbI YJeHbl C = j,
BLIleJIEHHbiE B OT/ACJbHYI0 CyMMy. JIsifl TOYeuHbIX 3apsilloB mepBasl CyMMa
naeT GeckoHeuHo GoJsbwiol Brian B uHTerpaa (6.2). Opnnako stoT Gec-
KOHEYHb YjleH He 3aBUCUT OT OTHOCHTEJIbHOTO PAaCnoJIOWeHHs 3apsioB,
M er0 MONKHO CHYUTaThb PpaBHhiM Toll paloTe, KoTopasi HeOOXonnma IJs
€o3/aHug camMux 3apsinos, [1osTomy uJeH

Us__ﬂ’—./ Z Eldv (6.9)
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MOXHO PaCCMaTPUBaTh Kak COOGCTBEHHYIO 3HePrulo cuctembi. Beckoneu-
ol cobGcTBeHHOH 3HepruM 3apsila MOXHO u3GewaTb, €CJH MpPUINicaTh
3apsiy KOHeYHHIH paimyc '(CM. 3anauy B KoHue ruaBe). OJiHako Takas
orcpallisl BO3MOXHA TOJbKO HAPH MNOKOAWMXCH 3apsijax. Kak Gymer no-
KA3aHO BHOCJENCTBUM, BBE/leHHe KOHEYHOTO PpaauyCa APUBOIMT K Tpy.A-
HOCTSIM TMPH PACCMOTPEHNH HBINKYLIMXCH 3apslloB.

lcnonesys cootHolienue (6.4), Bhipamenue MakcBedsa AJA SHepriuu
noas (6.2) MOKHO npeo6pa305a'rb caejpyouum obpasom:

Eo
U=Us+— Ei(—VZje;) dv, (6.5)
t—l
) _
rie Yjgj — CyMMa MOTE€HUMAJOB BCeX 3apsnoB, Kpome i-ro. Jlas Mute-
FpHpOBaHHﬂ NO 4acTsaM BOCHONbL3YeMCHd BEKTOPHHM TOXACCTBOM

V. (Ap)=¢V-A+ A Vg, (6.6)
TOIA TMOJAYUNM
U= Us ~i\“ f[V (EZje;)— Zjo;V - Ef] do. (6.7)
L—l
Tak kak V. E;=0 Bo BCex TouKax, Kpome TOH, TJle pacHONOKeH 3a~
b V. E — 5 (r;)
psin g;, TO MOXHO Hanucath E,=gq; .
= \ 1 .
U=U;— 2‘ / Ei(Zj;) - dS+ \ o Z;, (6.8)

i=1 t~1

rie uepes ¢ 0003HAYEHO CHAYEHMe E’j(pj B TOYKE paclojokenus i-ro
aapsaja, T. €. BEJMYNEA HOTCHIHAJA, CO37aBaeMOrO BCeMH JAPYrHMH 2a-
panamu, Kpome i-ro. IloepXHOCTHLIE uliTerpadl MOer OblTb Cie1aH
CKOJIb YIFOAHO MadbIM, €CJH TOBEPXHOCTb UHTEIPUPOBAHMA YCTPEMUib
Kk OeckoHwuniocT. JeHCTBATEALHO, NPH ITOM MOJe YMEHLWA.TCA LO

KpaHHelt Mepe Kak 7~2, moreLndan kak r-l, a nCBepXUOCTL MHTCrpH-
poBaHus BO3PACTACT NPONOPUHCHAJLHO JMHIb BTCPOH CTeleHM painvia
Ecin cumrars, 9o uHterpain e ¢opmyte (6.2; pacnpocrpanin ua

BCE MpPOCTPAaHCTBO, TAe eCTb NOoJe, TO COOTHOWCHUE (6.8) 1peodpasycres
K BHIY

U = U, + \ (qul_ {6.9)

l~l

Bropoit uaen (6.9) coBnagaer ¢ Bbf2XcHMeM 1JiF pabOTH, HCOOXOZMMOHN
Lasi cOiieHus 3apaaoB u3 OeckoHeuHocTH. [lepBuifi uwieH npeicrasiser
cobofi 3Hepryi. 3aTpayeHHyIO Ha CO3FaHWe Camux 3apsaos. MainoxeHHwoe
COOGpaeHUs MOKa3uBaAOT, 4TO coorHolleHus (6.2) u (6.9) coorser-
CTBYIOT OJHOH K TOH e 3HepPTHH, HO B CooTHoleHuu (6.2) sueprus
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BHpamena B Buje o0beMHOro HHTerpalia OT NAOTHOCTH 3Hepruu &,E?/2
10 BCeMy TPOCTPaHCTBY. YCTaHOBUTH 3SKCMepPUMeHTalbHO, COCPeiOTOUEHa
A1 SHEprus B NOJie WM HOCUTENsIMU ee SIBJAIOTCH 3apsiibl, HEBO3MOXHO,

§ 6.2. MlNOTHOCTb SHEPrHM B AMIJEKTPHKAX

B An9JieKTpPUKAaX nNpU A0CTaToYHO OOUMX MpeanosiokeHusx o6 HX
<BoficTBax BMeCTO COOTHOWIeHMsi (6.2) uMeeT MeCTO COOTHOLieHUe

.
U:%/ E-Ddv. (6.10)
Jl13 HOKa3aT2JbCTBA 3TONO PACCMOTPHUM H3MEHEHMEe SHEPIUM CHCTeMH,
BLI3BAHHOE RHECEHHEM B [0OJe NOHOJHUTECALHOrO CBOGOHOTrO 3apsana op.
an 3TOM BC€ CBA3U, HAJOXKCHHbLIE Ha CHCTEM_V, 6y,:1€M cyhrath HocCta-
TOYHO KeCTKIMH, TAK YTO OHH HE ﬂpOI/IEBOﬂ‘ﬂT HUKaKOH pa()O’rbl. Hpﬂ
00 beMHOM pacnpeﬂeﬂeHHI/l BHpﬂﬂ‘OB BOﬂpOC 0 coOcTBEeHHOM 3Heprl/m HE
BO3HWUKAeET, H COBCpUJeHHaﬂ pa60’ra Bblpa}KaCTCﬂ CHe}Iy}OHH[M COOTHOUIEC~
HICM?

a\X/:fcp?).pdfv:fgaa(V-D)d’U:f@V-BDd’U. (6.11)

B:xktopuoe ToxnectBo (6.6) u Teopema Iaycca— Octporpanckoro nawt
BO3MOXKHOCTb TpecOpasobaTh 3TO BbipaxeHue

au":fv - 3(D9) do — faD-V;d@:
:fa(ng)»asw fBD-Vq)d-v. (6.12)

Mo rtem e cooOpaxeHusim, YTO W 0Upu BHBOAe Gopmyas (6.9), no-
BEPXHOCTHHI HMHTErpaj MOXHC 0TOPOCHUTH; TOrja NOJAYYHM

aW:WfaD-Vgodfv:ff.andw. (6.13)

310 COOTHOMWIEHHE MOXHO HPOHHTerpupoBaTh, ecau sexkrtop £ 3ai1ai
B Buze ¢vHkuug or D. Ilycrb, nHanpumep, £ n D ceszann ucpes
N3 IEKTPUYECKYI0 NOCTOAHHYIO K, KOTOpasi BaBUCHT OT KOOPIAMHAT. HO
He or E, Torna B pe3yabrare WHTErpHpoBaHus Boipawerns (6.13) or
D =0 10 D =D noayuum

D D E
U= | axv':fff-andz':ff @32-‘@(&'—_—
5 0 “ 9

=%fkeOE2d'v:%[E-Dd'v. (6.14)

Takum obpasom, d¢opmyna (6.10) cnpaBemsnusa, no kpaliHelt mepe Apu
ycaosud, yro E v D nponopunoHaILHEL
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§ 6.3. Tepmoaunamuyecknii cmpica sHepruu U

[lpennonoxeHye O TOM, YTO IUINEKTPHueCKas NPOHULAeMOCTb Kk He
SaBUCUT OT BpeMeHW M siBnsieTCsl QYHKUMER NUIUb KOOPHMHAT, O3HAYaeT,
YTO u3MeHeHue NOJS MPOUCXOAWT HU3OTEPMUUECKM, TaK KaK R oObluHO
8aBUCUT OT TeMnepaTyphl. Ho sanacanue 3Hepruu MoxeT ObiTh CfI3aHO
C HarpepaHveM [MSNEKTPUKA M, Clle/loBaTelibHO, C U3MeHeHuem R BO
ppemeny. Jlis Toro uroGbl obecneuuTh HBOTepMUUeCKHe YCJIOBHs, Ad-
SNEKTPUK JOJDKEH HAXOAMTLCA B TepMoCTaTe, KOTOpPbM nornoman 6wl
BbiiesisieMoe tedyio. [losromy paboTy, onpellelisieMyld COOTHOLle-
nuem (6.13), Henb3s HPUPaBHATL M3MEHEHWIO MNOJHOM SHepruy, Tak kak
HeoGXol¥MO yuuThiBaTh TennoBol oOmen. Onnako paboTa, onpefessi mast
cootHolienueM (6.13), npencraenser coGoll Ty MmakcumanbhHylo pafory,
KOTOPYI0 NOJie MOXET COBepIUMTb.

B TepmonuHamuke Makcumanbhasi pabora, KOTOPYK MOXHO H30TEp-
MHYeCKHM MOOJNYYUTb OT CUCTEMbI, Ha3bIBAETCH cBoGoiHol dHepruet cu-
crembi F. DTo 03HauaeT, YTO B MPUCYTCTBHU [USJNEKTPUKOB BHIpaXeHHe

{ .
U=-3 fE-Dd’U COOTBeTCTBYeT He MNOJHOH, a cBoGonHOH 3Heprus.

Ecin ke samslieKTpuueCKUe CBOMCTBA BELIECTB, HAaXOAALMXCA B HOJe,
HE 3aBUCSAT OT TeMOepaTyphbl, TO pa3jMude MeXLy ITHUMHU ABYMS BULAMU
sHeprun ucyesaeT. C TepMoAMHAMMYeCKOM TOUKH 3PEHUS 3JEKTPUUeCKOE
noine E cooTBeTCTBYyeT JaBJleHWIO rasa, a nHAiykuus D —ero oGbemy.

Herpynuno noayunTh BhipaxkeHue W AaA OonHolt sHepruu. I1yCTh, Kak
o6uiuHo, U — nonHas 3Heprus, S— sHrponuns u T -— aGcoloTHas Tem-
neparypa. Torna

F—=U—TS,
} (6.15)

dF = dU — TdS— SdT.

Kak ywxe ykasbiBaJoChb, fE- dD dv npejcraBnsieT coboit nmpupocTt pa-

60Tbl MpH NOCTOSHHOH TeMnepaType; No3TomMy
dF | =dU — TdS:fE-dDdfv.

CornacHo cooTHoWenuto (6.15), uMeem

- oF . €0 gg dR o
S=—u7, =) 2 a7dv=

E-D 1 dk

5 % ar®

U—F TS— / £ EQa'(Tk)d /E D la'(Tk)d (6.16)
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TaxkuMm 06pa30M, TEeNnno, NorJjolieHHOe Npy HaJOXEHWH MNOoJisi, paBHO

Ta'k
Q=TdS= fE dD — - a’T

Ecan, Hanpumep, NuSJeKTpPUYeCKas MOCTOSHHasi paBHa
h=1py =1+, (6.18)

dk NS
rie A — KoHCTaHTa, TO iT < 0 u, cnegosarenbho, 0Q << 0 npu 8D > 0,

(6.17)

7. e. Tenuo OyjeT BLeNSTbCs MPY HaloMeHUM Dons ¥, HaoGOpoOT, no-
FJIOIHATbCS MPH CHATHH €ro. 3aBUCHMOCTb IM3JIeKTPHYeCKOH NOCTOSHHOM
OT TemNepaTyPhi, nonobGHas (6.18), umeeTcss y rasoB, MoOJeKyJibt KOTO-
pux o6aanaloT MOCTOSHHEIM AUNOJBHEIM MOMEHTOM (cM. § 2.4).

§ 6.4. Teopema Tomcona

B nanbHefiiemM B HaluMX pacyeTaX Mbl Oyllem MOJb30BaTbCH TOJLKO
TUIOTHOCTLIO CBOGOjHOM 3Hepruu, XoTs o00osHayaTb ee OyaeM Ho-npex-
Hemy uepe3 U, a He F. DTO HaeT Ham BO3MOXHOCTb NMpUpaBHUBATb Me-
XaHHYeCKYl0 PpaboTy HeMoCPenCTBeHHO K W3MeHeHUI0 cBoOonHoHM 3Hep-
rud, He BKJIOYasi B 3HepreTuueckufl G6anaHc TennioBhie BenuuuHbl. Cpo-
©OonHas DHepIns NpHM HaNMuuu JM3JeKTPHKOB, onpejenseMas COOTHOLIe-
Huem (6.10), BeneT ceGs MO OTHOIIEHHIO K JUINEKTPUUECKHM CUCTEMaM
TOYHO TaK e, KaKk XHMHueCKas CBoOoOjHasi IHeprusi B XMMUYEeCKHX pe-
akuumsX. XumHyecKas peaklus APOAONAAeTCs jH0 TeX HOP, NOKa CBo-
©0/1Hasi IHePrusi He HOCTUFHET MHHUMYM3, HPH KOTOPOM B COCTOSHUU
CUCTeMbl HaCTynuT paBHoBecHe. B ciyuae 9JieKTpUUeCKHX CHCTeM 3apsijibt
Ha MPOBOJHMKAX Nepepacnpenenaiorcs Takum oOpasom, uToObl cBoGOHas
BHeprust Obila MUHUMAJbHA.

JlokaxeM 9T0 yTBepaenue. I[IyCTh 3apsiibl HaXoHATCSH B PaBHOBeCHH
Ha npopolHuke. PaccmoTpum BupTyanbHoe GeCKOHEeUHO Malloe CMelLleHHe
DTUX 3aPSANOB BNOJIb MOBEPXHOCTHU NPOBOLHMKA, T. €. BFUJb IKBUNOTEH-
yuaibHol noBepxHocTH. IlosHbil 3apsa Oynem cu(aTh HSM3MEHHBIM.
Bapuauus cBoGojHO# SHepru#l paBHa

§U=—;~fkeo‘6(52)dfv=fE-BDdfv. (6.19)

Tlpumensis Teopemy [aycca u nosaras NOBEPXHOCTHBHA ulleH pa3HBIM
HYyJI0, [OJNY4YuM

8U:fE-3Ddf0=f(-ch-8D)d'0=f[:pV-SD—V-%(D(p)]d'U,

W =Y ¢ [pdo— [3Dg)-as =Y ¢ [ d0=0. |
(6.20)

CyMmupoBanue pacnpocTpaHseTcssi Ha KawAblfl OTAeJbHEHl NpoOBOIHUK,
MOTeHUHA] KOTOPOro MOCTOsAHEH B CHMJY ycCjosus pasHoBecHs. KoHeunoe
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BbIpaXK€HKME PABHO HYNIO, TAK KaK NOJHLIM 3apsi KaXAOTo NMPOBOHUKA
He wuameHuncd., Takum o6pasom, Bapuauus cBoOoJHOH SHepruu paBHA
HYJIO, €CM CHCTeMa HAXOIMTCS B COCTOslHMM paBHoBecus. DTa Teopema
HasbiBaeTcsi TeopemoM Tomcona. OHa noKasbiBaeT, 4TO MpU PaBHOBECUM
cpobollHasi Heprus HeHCTBUTENLHO MMEET KCTPEMYM.
Beauuusa
-D
U, =52 (6.21)
HasbiBaeTCs MJOTHOCTBIO SHepruu (TouHee, NMAOTHOCTbIO cBoOojiHON 3HEp-
ruy) 2JeKTpocTaTHyeCKoro nossl. [1N1OTHOCTBIO oHa Ha3bHBaeTCs HOTOMY,
yTO MHTerpal oT Hee no obbemy paBeH noJHo#l sHepruu -noJs. Cnenyer,
0IHAaKO, 3aMeTUTh, UTO CBA3LIBATb YHEPTui0 C TeM WM uHbiM 06beMOM TakK
e HeBO3MOXHO, Kak JIOKalu30BaThb €€ B MoJie WIH eT0 MCTOYHHMKAX.
Ilo kpaiiHelt mepe HeJib3s 3KCNepUMeHTaNbHO YCTaHOBMTb TaKyl0 CBi3b.
[Ipu BhiBOIe BHpaXKeHHs IS SHeprUd Mbi Npeldnollaraiy, yTo cpena
nokouTcs ¥ paboTa nNpoTUB BHEIUHWX CHUJ He CoBepliaeTcs. ITO NOKa-
3biBaeT, UTO mpollecC oObeluHeHus 3apsiloB B AUINEKTPUKe MMeeT H_-
KoTopbie orpaHuueHus. Tem He MeHee, KOHeuHOe BbipaxeHue IS SHep-
rum  Hocut oOmuit XapakTep, Tak KaK BCe CHIBI B3auMojelcTsHs
KoHCepBaTHBHEL. B chenyioliem naparpage Mbl paccmoTpum Goliee oOIMEE
npolecc, nNpu KOTOPoM Bo3MOMHO ABMxeHHe cpelbl. CooTHouwenne (6.10)
OyleT np¥MeHUMO M B 3TOM Clyyae, TaK KaK KOHeYHasl SHeprus noJs
He 3aBUCUT OT €ro HCTOPHU.

§ 6.5. OGbemubIe CHJBI 9JEKTPOCTATHYECKOrO MOJs

Cuay, IeficTBYIOUYI0 Ha eluHULY OObeMa IV3JNEKTPUKA CO CTOPOHLI
BHELIHEr0 3JIEKTPOCTATUYECKOTO MOJ, MOXKHO BHIBECTH U3 BhbIPaXerus
ans sHeprun. MaveneHwe cBobGonHofi sHeprum 8U npu BupTyaJibHOM CMe-
uleHuy OX eluHuUbl ofbema BhipaxaeTcss yepes cuny F,, NefCTByIoilyi0
Ha 3ToT oObeM cienyonum obpasom. Mwu Oylem npeliiosiaraTh, yToO
CKOPOCTY I MP¥ BUPTYalbHBIX CMELIeHUAX 0X HOCTaTOYHO Mallbl, TaK UTO
npotiecc oJHoBpeMeHHo oOpaTum ¥ uzoTepMuyeH. B 3ToM cayuae vamene-
4ye cBOOONHOM SHepruy MowmeT ObITb NMPUPaBHeHO MeXaHWuYeCKoH paGore

3 = — fFW - dx dv. (6.22)

Tak Kak BMpPTyallbHOe CMellleHMe X NPOU3BOJBHO, TO MOMKHO ILeHCTBH-
TeJibHO cuuraTh F, 00bemuoll cuioil. Ee MoxHo ompejpenuTb u apyrum
nyteM. ITycte # npejcraBiaser coboit nole cxopocTell B IUdJEKTpHUKe;
TOrJa CKOPOCTh M3MEHeHWs SHePrud NoJsl B IU3JeKTPUKe paBHa

dUu c
—dt—z—wa-ud‘U, (6.23)

Bre F,— cHoBa cufa, aeficTByiollas Ha eluHuuy oObema.
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BhiuuchuM Tenepb ¥3MeHeHWe 3Hepruyl, BbI3BaHHOS W3MEHeHUsIMM 3a-
pilla 8p ¥ AM3IEKTPUYECKOM HOCTOsHHOM Ok, NPOUCXOASIUMMHU NpY MNe-
pemel{zHusix 3apsanos. CorjacHo sbipaxenuio (6.21)

o 1 1 W1
oU:—Q-BE/E-Dd'U:Q—%' 020(?)dv+ff-audv (6.24)

Wy, sameHss B mepBom unTerpane D uepes E, noayuum
8U=——€2le?8kdv+fE-BDd‘v. (6.25)
Bropo#t unterpan B (6.25) pabsen
fE- 8Dd'v:—fV<p - 3D do. (6.26)
HnTterpupys (6.26) no uactsam, HaxoLuwm
fv@ 3D dv:fq)V-(%D)d'v:f(pBV- de:fq;apdv. (6.27)

" CrienloBaTellbHO,
dUu Op" &g po OR
AT = [ (‘F o~ B2 g ). (6.28)

. 0
Yr1obbl HepeitTd K BbipawmeHuio ans F,, npousBo/Hbie e

ok
of 1 W HYXKHO
BHPA3uTh yeped CKopoCTu #. DTO MOMKHO CIejaTh C NOMOLIBI ypaBHeHuH
HeOpepbIBHOCTH

V- w42 =0, (6.29)

V- (gn+ % =0, (6.30)

KOTOpLIE BLIPaXAIT COOTBETCTBEHHO 3aKOH COXPaHEHMs BelleCTBA U 3aKOH
coxpaHeHusl 3apsiia (p— NJAOTHOCTb BellleCTBA, £ — MJOTHOCTL 3apsia).
Tak Kak B NoJie CKOPOCTe! NPOUCXOINT NepeMelileHHe BellleCTBa, TO U3Me-
HeHue NUIJIeKTPUYeCKON NOCTOAHHOM MOXHO BbLIpa3uTb yepe3 TeoMeTpu-
yecKoe W3MEHEHHMe 32neMeHTa oObema. JINsi 9TOO HYXHO NPOCIEAUTD
MCTOPMIO ero IBHxeHuss B none #. IlonHas npousBolHad Kaxol-nubo
BeJuuuHbl, - 6ynp To k uanm g, B3dTas B TouKe, IBUXKyledcs BmecTe
¢ BhiOpaHHbiM 3NemeHTOM oObema, OObIYHO Ha3biBaeTCd CyOCTaHLMOHANbL-
Hofl mpousBoaHoi. C uacTHO# NpousBoiHOH U CKOPOCTBIO # paccMaTpu-
BaeMoro ofbema oHa CBf3aHa CJELYIOLIMM COOTHOLIeHMEM:

Dk Ok Ox ok ody ok 0z

ok ok .
Dr = ox 0f Ty ofF Tz ar Tar — Ve ¥t 5 (63D
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CieaoBaTeJIbHO, UCKOMBlE HaCTHbIE Nnpou3BoAHble pPaBHLL

ok Dk

‘aTZ—Vk'"+—5?' 6.3
og :
w=—Ve utp |

Ecau cyllecTByeT ypaBHEHME COCTOSIHMSI JAHHOTO JIMDJIEKTPUKA, Hanpu-
Mep, M3BeCTHa B3aBUCHMMOCTb [MJIeKTPUYECKON NOCTOSHHON OT MJIOTHOCTY,
aHaJsorvunas cooTHollleHnio Knaysuyca—Mocortu (2.39), 1o cybcranuno-
HallbHasi NPOM3BOJHAA INU3JeKTPUUECKOR NOCTOSHHOM MOkeT OHTb Bbipa-
’eHa uepe3 CYOCTAHUMOHANBbHYIO NPOUSBOJAHYI0 NJIOTHOCTH ClelyIoUlnM
obpasom:

Dk __dk Dg (6.33)

g Dt

HPEJIHOJIO)KBHHC 0 TOM, 4YTO IUSJNEKTpHUYeCKasd MNOCTOsiHHAsg 3aBUCHUT
TOMBKO OT NJOTHOCTH BellleCTBa, BKJAOYaeT B Ce0si, KOHeYHO, ycJjioBue

D
M30TePMMYHOCTH BUPTYaNbHBIX IIpoleccoB. MHoXuTenb —1% B COOTHO-

weHnn (6.33) MOXKHO BbiBeCTH #3 COOTHOLIeHwH (6.32) u ypaBHeHus He-
NpephLIBHOCTH NOCPeACTBOM CllelylouluX npeoOpasoBanuit:

Dk dk (0 dk dk
Dk d—g(d—§+Vg . u) =g Ve - u—V - (gul=—7_8V v (6.39

CrnenopaTeNbHoO,

ok dk
W:—EgV'u——Vk'u. (635)

Tenepy cooTHoueHne (6.28) moxHO npeobpasoBaTh K TaKoMy BHIY:

=/l

IOns toro utobel o0bemuyo cuny F, OpelcTaBuTb B sIBHOM Buie,
MoJLIHTErpaNbHoe BhipaXkeHHe ClenyeT npeoOpasoBaTh B CKallsipHOe ApPoOK3-
Be/leHHe HeKOero BbIPAXeHHUs Ha CKOPOCTL #. IlepBHil ulleH MOXKHO mpell-
CTaBUTb B TaKOM Buje C HOMOUILIO ToxzeCTBa (6.6). HTerpupys namnee
[0 HacTsiM ¥ Mpejroliaras, 4TO MOBEPXHOCTb MHTeIPUPOBAHUS HAXOLHTCS
BHE JM3JeKTPUKAa U TNo3ToMy BHe o0bema, rile PacnoliOKeHbl 3apsilbl,
NoNy4YuM

oV - (o) +-2 E?-gv R ALY u]dv (6.36)

— f c;-V-(pu)d‘U:f Vo - 1 do. (6.37)

AHanoruyno BTOpOH UJeH NPUHUMAET HYXKHYK ¢opMy, ecau oTOpPOCUTHL
TI0BEPXHOCTHBIH pHTETrpan

’ dk
fE?g—V wdo=— °/V(E22?g)-udfa. (6.38)
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Takum obpazom, cootHolenue (6.36) npuHumaer Bul

dau o €0 1o &g o dk_\]
ﬁ_f[ pE+ E Vk—iV(E d—gg)J-udv. (6.39)
Cpasuuas (6.39) c (6.23), nonyyaeM Bhipa2Hue A CHJB, AeHCTBYIO-
Il # Ha enunuLy o0bema:

3 3 dk
Fv:pEwT"E?Vk—{—T"V(E??Eg). (6.40)

[lepBuit ujieH 3TOrO BhipaxeHust B corjacuu ¢ ¢opmynoit (1.23) npen-
cTapnser co0oit OOBIUHYIO INEKTPOCTATHYECKYIO OCbemuyio cuiny. Bropoi
ujieH paBeH CuJie, C KOTOPOH 3JieKTpHYeCKOe noJyie AelCTByeT Ha HEOIHO-
pOmHbIf nu3MeKTPUK. HakoHen, nociefHuit ujeH onuckiBaeT OObEMHYIO
cuny, IefCTBYIOUlyl0 Ha IMIJEKTPHK B HEOJHOPOLHOM 3JIEKTPHUUECKOM
foje. DTOT ujeH HashBAWT JMEKTPOCTPUKIMOHHLIM. Crelyer OTMETHUTS,
4yTO BeJWYHMHA 3ITOTO uwieHa uYepe3 NPOU3BOIHYIO %:(%)T SIBHO
3ARHCUT OT YpaBHeHHs] COCTOsHHMS JaHHOrO BelllecTBa. [lHTepecHo, uTO
NPy WHTETPUPOBAHUH M0 O00beMYy [OCTATOYHO OGOJbIIOrO AM3JKTPHKA,
TpaHuub KOTOPOTO HAaXONATCH BHE MOJIs, STOT 4ieH wcyedaeT. llocaennee
CBA3AHO C TEM, YTO 3JNEKTPOCTPUKLHOHHHIH uNeH npeicTabnaser COOOK
rpanueHT. B CBsI3a¥ C 9THM MM uacTo NpeHeGPeradT B pacyeTaX, NOCKOJbKY
TpaiMeHTHHE uJieHHl He JAKT BKJala B BHPaenue AN MOJNHOM CHIBHL
Onnako mnpy 3TOM NONY4YalOT HeBEpPHHE BHIpaXeHust [AJs HaTsHKeHud

BHYTPpH IU3JIEKTPHKA.

( § 6.6. Ten3op HaTswennit MaxcBenna

[pexne yeM pacCMaTpHBATL KOHKPETHLIE NpUMeHeRus gopMynsl (6.40),
BHIpa3uM OObeMHble CHJH Yepes «NPOCTPAHCTBEHHHE HaTsKeHus». B Teo-
puK noJs CyMMapHy10 Cujly, HNeHCTBYIONLYyl0 Ha JaHHLI 3JeMEHTApHLIA
00beM IUIMEKTPUKA, MOXHO BLIPA3UTh uepes3 MOoJie Ha NMOBEPXHOCTH ITOro
o6beMa. DTO 0O3HayaeT, YTO NOJe sIBAsleTCs Cpejoi, mepenaiollel Hars-
Wenysl, COBEPIIGHHO TaK e, KAaK NpyXuHa mnepejlaer CHUIY OT OIHOrO
KOHLA Ha Apyrofi. B rtakux coobpamenusx Makcpens Bullesl yKasaHus
Ha (PU3NYLCKYI0 PeasbHOCTh XapakTepucTuK noss. OnHAKO MOXHO nath
¥ HHOe onucanue AeHCTBYWOIMX CHi. HuKakoro ¢usnueCKoro JoKasa-
TENLCTBA  NPeuMyLleCTB  NOJIeBOH  KOHLenmMu nepell  KoHuenuwmeh
JanbHomelcTBust Mul JaTh He MOxeM. ClellyeT NOMHMTb, YTO B OCHOBE
BCeX MPUBEJEHHBIX PACCyXIeHHH NeXUT eNHHCTBeHHbil SKCnepHMeHTa/]b-
ubit dakt — sakon Kynona. Bce octanpHbie cnenctsusi— MatemaTHue-
CKHE, W MOTOMY He cllellyeT JyMaTb, 4TO OHM MOTYT Aath Kakue-ZhOO
1OBbi¢ CBelleHus, OTHOCALMECH K K AMMOIEeHCTBHIO 3apsilloB, NOMMMO 3a-
kona Kynona. Hosbie dusuueckue AdHHble 0 pose OydyT PacCMOTPEHHE
MpU U3y4yeHHH MPOLECCOB, 3aBUCALIMX OT BpeMeHH.
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Ecnu npennonaraercsi, uto cuna, NeHCTBYIOLIaf HA JAHHHHK 3JeMEHT
ofbeMa, nepellaeTcs Yepea ero NOBEPXHOCTb, TO STy CWIY MOXKHO BHpa-
BUTb uepe3 Teuzop Harsewu#t 7. Halo mmeTs B BULY, YTO 3TH HATR-
KeHusl MPeACTaBIAIOT cOO0OH aGCTpaKTHhE TOHATHS W He CBA3AHH C TeM,
NPUCYTCTBYET N BellleCTBO uau HeT. Komnowewra T, Tewsopa T osHa-
YaeT, 4TO a-komuoHenTa dF, cuan dF, nepenasaemMo#f uepes 3meMeHT
NOBEPXHOCTH a'S_B, paBHa

3 -
dF,= > T, dS,, (6.41)
B=1 f

roe dS,—mnpoexuust BekTopa dS Ha wHanpasiewmwe P. Paccmarpusad
yCJIOBusl PaBHOBECHS MPAMOYTOJNLHOTO MapalielNenumella, MOXHO HOKa3aTh,
4yTO TeH30p I — CUMMETPUUHLIK.

CorjiacHO APUHATOMY YCJOBHIO CyMMHPOBATH MO WHIEKCY, NOBTOPSIO-
tieMycs B Kakof-nu60 QOpMyse ABaXAH, CoOTHOLieHue (6.41) MoxHO
sanucaTh TakK:

dF ,=T,dS;. (6.42)

YroOH HalTH G-~KOMNOHEHTY HOJHOK Culb, AeHCTBYIOLNeH Ha NaHHH]
o6beM, cooTHowenve (6.42) crellyeT npoOuMHTErpupoOBaThH

F, = f T,,dS,. (6.43)

CBs3> 9TOH CHJIH C 0-KOMMOHeHTOH oObeMuOH cunu F,

e LAETCSI COOT-
HOLIEHHEM

Fo=[T,dS,= [ Fdv. (6.44)
Hcnonusys TeopeMy [aycca, samucaHHyio B TEH30PHHX OCGO3HaUEHMAX
0T
o%, dvr_—fTaBdSﬁ, (6.45)
fONYY¥M COOTHOILUEHNE MeXIY OODbeMHOH cuIOB W TeH30POM HaTsIKeHHH

_ Ty
a Oxg '

F‘Z}

. (6.46)

Takum 00pasoMm, ecJM HAaM yIaloch BHPasuTh oObeMuylo cuny (6.40)
Yyepe3 TEH30PHYIO NMBEPTeHUWI0 HEKOH Besiuumuel 7, TO 9Ta BelnwyuHa T
fBASETCA TEHSOPOM HATSIKEHMI, KOMIOHEHTH KOTOPOrO PaBHE HATSKEHUSIM,
fiepellagaeMHM MNOJIEM Yepe3 MOBEPXHOCTL NAHHOTO 00beMa. B TeHaopHBX
o6Goanauenusix cooTHoweunne (6.40) npuobpeTaeT Bun

oD g e O
B 0 ok 0
F E, oxg 2 ¢ ox, ' 2 (

va
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BBejleM 0GosHaueHne

__ g dk
_ = e (6.48)
u BOCHOJIbBYeMCﬂ COOTHOLIIEHUEM
0 o
o (EsE) = 2kE + EqEy 5y (6.49)

NOMHSl OnHOBpeMeRHO, uTo QopMyna VX E=0 B TeH3opHHx 0603Haye-~
HUAX uMeeT BUL
OE, OE, 6.50
x, T Ox (6-50)
Torna (6.47) MoxHO npeoﬁpaaoBaTb cllenymomuM o6pasom:

OE, ¢ O
ax [EEk (1 —D). (6.51)

F, —E, 58 0%, +De*ax—3*7

STO Bblpa)KeHl/le MOMXHO 3anucaTh M H€CKOJIbKO HHaye:
a 3,
Fy = (E Dy — —i—-— (1 — BE.D,). (6.52)

CpaBHuBas ero ¢ (6.46), BUIUM, 4TO

61
T,,=E,Dy — —& (1 —b) E\D, = ke, [Ea , —b) ETEY]. (6.53)

DTHM BHpakeHueM TONHOCTBIO ¥ ONpPeNesieTCs TEHSOp HATSHKEHuH

Makcpenna. OueBunHO, 4TO K KOMOOHeHTaM Tensopa T, MOryT ObITb

no6aBJieHbl  NOMOJHUTENbHEE UYJIeHH, €CIH WX TEH30pHasd INUBepreHLust

paBHa HyJo; (hUBHYECKUH CMBICT TeH30pa NPH 3TOM He W3MeHHTCH.
MaTpuiy 3TOr0 TeH30pa MOXHO HaHHCATb B SIBHOM BHie

12 2 2 '
< (Ex— Ey —E2) E,E, E.E,
T— ke, l E,E, (E—E2—E) E,E, .
[ Esz EyEz (Ez - E}')

(6.54)

Pann npoctors b B 3TOK MaTpuile NMOJNOXKEHO PaBHHM Hylo. OTMeTum,
YTO €CliH nolle BUXpeBOE€, TO B TEH30pe HaTseHull 0OSBATCA 1ONOJ-
HuTeJNbHEE YJIeHH,

Tensop MakcBenna npenctabiseT cOOOH CHMMeTPUUHHE TEH30pP BTO-
poro panra. IlpeoGpasys ero K rnaBHEHM OCAM, MOXHO MOJNYYuTbL BCelO
TP KOMHOOHEHTH, OTIWYHhLIE OT HYJs. I"naBHHle 3HaueHus TE€H30pa Haxo-~
aqr, pelas YpaBHeHue

[T,3— 8,60 =0. (6.55)
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Ipu =0 rnaBHue 3HAYeHus paBHHI

n=S0p =t p (6.56)

keg
2

Tensop HarseHull, NpeoOpasoBaHHHH K TJABHEIM OCSIM, IIpMHMMaeT OpO-
cTOf BUL

E? 0 0
keg

0 — E? 0 |. (6.57)

=5
0 0 —F

I'naBHbHe OCH OpueHTHpOBaHLI TakuM OOPasOM, YTO OCb, COOTBETCTBYIO-
I1asi ONWHOYHOMY KOPHIO A,, napainesbHa E, a ocu, COOTBETCTBYIOUIME
IBOMHEIM KODHSIM Ay ¥ Ay neprnennukyJsphu E. KauecTBeHHO 3TO wacTo
BEIDAXAIOT CJIOBAMM: BHOJb MOJsI PAaCAPOCTPAHSIETCs PACTArupamllee Ha-
TsKeHue, paBHoe ke E%[2, M nonepek ROJs — CxuMaloLlee HaTsHKeHHe,
TaKkxe paBHoe ke E%2.

BriGepeM KOOpAMHATHYI CHCTEMYy TakK, 4TOOH oCb x OuNa mapalt-
AenbHa pomo, T. e. E,=FE,=0, n BuuucauM HaTaieHue Ha 3leMeHTe
MIOBEPXHOCTH, HOpMaJIb K KOTOPOMY COCTaBjsier C OCbilo x yron 0
(puc. 6.1). Harsxkenune uMeeT B 9TOM clyyae IBe KOMIOHEHTH: OJHY — -

as sin 6=dSy
-TTT0
a5\

a8 cos 8= dSx

|
|
i
]
{
]
! =50 %05 605

dFy=-"LE% 51 605

Puc. 6.1. K BoiumcieHuio HatshxeHu#l npa Puc. 6.2. Harskenus Ha nno-
9JiEMEHTE MOBEPXHOCTH. CKOll moBepxHOCTH.

flapa/llelbHYI0 (010, 1P YIYI0 — HepHeHINKYASpHYIO, JeXallylo B 0JI0-
CKOCTH, OHpene’lsieMOH BEKTOPOM HOJS1 ¥ HOPMAJNBIO K SJIEeMEHTY NOBepX-
HOCTH. BenuuuHb 3Tux BHpaweHuH paBHB [POU3BENCHUAM KOMHOOHEHT
TeHsopa (6.57) Ha KOMIOHEHTH BEKTOpa [OBEPXHOCTHOTO 3JeMEHT&
(puc. 6.2). PesyabTupylollee HaraXeHue Ha dS paBHO BeKTOPHOH cyMMme
STUX IIBYyX KOMHOOHeHT. M3 pHCYHKA BHIHO, YTO SJEKTPuUYECKOe HOJE
IeJUT HOHOJaM YTOJl MeXIY HOPMasbl0 K MOBEPXHOCTH W HampaBlieHHeM
pesyJbTHPYLero HaTseHus. Takoe HOCTpOeHue 4acTO CbiBaeT HOJ<3-
HHIM 0OpH TpaduyeCKOM onpelleleHMM CHanl, HelctByrollelt Ha 3apmxeH-
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HYI0 OO0NacTb, eCld U3 OMNHTa M3BECTHO pacnpellesieHue noxs. B nanb-
HellueM OpH BHYWCIEHHH CHUJ, NeUCTBYIOILMX Ha MarHuTHHE MaTepuash
WJI¥ HAPOBOINHUKH C TOKOM B MarHHTHOM Holie, OymeT pacCMOTpeH aHa-
JIOTHYHLIM cayuakd.

Ha puc. 6.3 nokasann warsixkeHus, BO3HHKAWILWe Ha MJIOCKOH noBepx-
HOCTH B HEKOTOPHX 4YaCTHHIX Clydyasx. llepBHe IBe wuactu puCyHKa

v

% ) E )

/A 3
7=—%3

Puc. 6.3. Harskenus, korna nojne nepneHAHKYJASIPHO, NapaJeinbHo
U cocTaBaser yrod 45° ¢ nOBepXHOCTHIO. :

WTIOCTPUPYIOT COOTBETCTBEHHO CJyuad, KOria noJie NepreHAHKyJIapHO
U [apalelbHO NOBEPXHOCTH. B mepBOM cJyuyae BO3HMKAET pacTAruBa-
Utee ycCuiue. paBHOe 0o BeluwuumHe FED|2, BO BTOPOM — CXHMawuee
ycunye TOM ke Benuuunu. Tperbs uacte puc. 6.3 oTHOCHTCHE K Ciyyaio,
KOrIa NOBEPXHOCTb HaKJIOHeHa MOj yriom 45° Kk HanpasieHMIO mons,
HatskeHue TeRepb mapalneNbHO HOBEPXHOCTH, a BEJNUMHA €0 HO-APeNK:

| /|
N/
ZAN

N4
\\ Kowmyp
UHITIEEDU-
poBarusg

\

N

p

Puc. 64. Tlome nByx paBHBIX 3apsiioB pas-
HOT'O 3HaKa.

TIpuMeHeHue BHBEAEHHHX COOTHOLIEHUH MOXHO HPOLEMOHCTPUPOBATH
Ha APOCTHX YaCTHHX CJay4asX, HanpuMep IJsi BHYUCICHMS CUNH OPUTS-
XEeHUsl MeXAy 3apsiiaMy pa3HHX 3HAKOB WU CUJIIHL OTTAaJKUBAHUA MeXny
sapsinaMu ONHOTO 3Haka. Pacripenenenue CuIOBHIX JUHME B cryuae 3apsi-
JIOB paBHOH BeduuuHbl, HO POTHBONOJOXHLIX 3HAKOB HOKa3aHO Ha puc. 6.4+
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Ecau TeH30p HaTM¥eHul NPOMHTErpUPOBATh HO HOBEPXHOCTH AIMMKA, OHA
TpaHb KOTOPOrO JNeXMT B OJIOCKOCTH CHMMETPHM CHCTEMH, a npyras —
B O€CKOHEUHOCTH, TO MONY4YMM He 4TO uHOe, KaK 3akoH Kynona (1.24).
AnanoruyHoe pacCMOTpeHue Clyuasi IBYX 3apsloB OLHOro 3Haka (puc. 6.5)

I
Y/

TN wwmy

UHIMBEDU-
POEQHUS

+q

Puc. 65. [lone nByX paBHBIX 3apsmoB OXHOIO
3HaKa.

Takwe npuBonuT K 3akoHy Kynona. Tak Kak CullOBHe JwHuM Tenepb
napaiielibHel AJIOCKOCTH CHMMETPHH, TO MeXILY 3apsanaMy CYLIEeCTBYeT
B3aUMHOe OTTallKUBaHUe.

§ 6.7. NoBeaeHne AMIJNEKTPHUECKHX KHIKOCTell
B 9JIeKTPOCTATHYECKOM HoJie

PaccMOTpHM TOBelleHHe He3apsKeHHOM JIMSJeKTPHUeCKOR KUIKOCTH
non nelcTBueM OGbeMHHX CHI  SJEKTPOCTATHYECKOTO noas. IlycTe
p — llaBleHue B IKMIKOCTH, HaXolslleHcs B paBHOBECHH B J2KTPOCTa-
THYeCKOM 1one. Toria MexaHuuecKas oGbeMHas cula — Vp, 0OABJISIO-
IIasfcd ¥3-3a Haluuyus TpPamMeHTa napJieHull, paBHAa ¥ [POTHBONO.I0XKHA
9/eKTpuueCKOl oGbeMHON cuie F,. JIpyruMu clOBaMM, yCIOBHE PaBHO-
Becus BHpawaercs paseHcTBoM F,—-(—Vp)=0, 1. e. F,=Vp. Torna
cornacHo cootHoweiuio (6.40) rpanvenT naBleHust B MIOGOH TOUKe BHYTpH
KUIKOCTH OApeleNsieTCsi COOTHOLUeHHEM

Vp=pv=_§w+%v(ﬁﬁg§§), (6.58)
KOTOPOe MOXHO 3anucaTb B HeCKOJNBKO uHOH (hopMe:

_ & - dk .
Vp = %V(ﬁ? d—g).‘ (6.59)
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3anaBluch ypaBHEHUEM COCTOSHHUS IKUIKOCTH, MOCHelHee COOTHOLUEHHE
MOHO ﬂpOHHTerI/lpOBaTb

. i;p ';o{[EZZ—zL_[EQ%L}- (6.60)
P

Orciona caenyeT, 4ro NaBlieHHe BHYTPH HUSJNEKTPUUECKOH IKHMAKOCTH
8ABHCUT TOJNLKO OT 3MeKTPUYECKOTO noJs B naHHOM Touke. Xapaktep
9TOH 3aBUCHMOCTH OHpernelisieTC JNEeKTPHUYECKUM UM MEXaHWYECKMM YpaB-
HEHUSIMH COCTOSIHMsl unkocTH. YpaBHeHue (6.60) nokasuiBaer Take,
4TO PasHOCTb NaBJeHul (BO3HHKAIOLLAs W3-3a 3IJIEKTPUUECKHX Ccul) obpa-
LjaeTcss B HYJb, €CNH TOYKH, B KOTOPHX TNpPOU3BONMTC uaMepeHiie,
pacrionoxens BHe noJssi. BonoclencrBuu

Mbl PACCMOTPHM SIBJeHus, BOSHHKAIO- Tonuume
odrac
WUIKOCTH. aracm

X

Ecnu KMIKOCTb HeCKHMaeMa, TO
ypasHeHue (6.60) cBonurcst K crenyio-
LieMy:

Py — Py = geo [E? Jli. (6.61) [

Mz (6.61) MOXHO UHCIEHHO OLe- Puc. 6.6. [IpennonaraemMoe N3MeHe~
) N evuti ) Hue k£ Ha TrpaHHLE MEXNy THSJEK~
HUTbL PasHOCTL pnamjieHul. Jlns srToro TPHKOM M BaKyyMOM.
clenyeT BOCHOJb30BATHCS COOTHOLLE-
uueM Kiaysuyca — MoCOTTH By aHAJNOrMYHHM ypaBHEHHEM COCTOSHES.
Ecnu  coorthowenue Knaysuyca— Mocortu (2.39) cnpasenniuso, 710
LA HeCuMaeMOM XunkocTu ypaBhenwe (6.61) npunumaer sun

308a 2 —
P — py = ek E2 (k2771 |} = [505 u 1)3(k+2)]|f. (6.62)

I
e Ha TPaHUIAX NHIJeKTPHYECKOH —= |~ meperodvor
I
I
I
I
|

I
1
1
|

7 Hunernmpuk

Bawyyy

r 4

18M 2

B kauecrse nopuMepa HaTsXeHuil, neHCTBYIOIUMX Ha TpaHHile IH3JEK-
TPUKA, PACCMOTPUM TPAHMLY MEXIY NMSJEKTPUKOM C HPOHHLAEMOCTLIO &
u BakyyMoM. Byznem npennonararh, 4To Hepexoné OT NUINEKTPHKA K BAKY-
yMy OpOMCXONMT HeNpepHBHO, KaKk NOKasano Ha puc. 6.6. Hns npo-
CTOTH 3anadyy OyneM CyuTaTb IBYMEpPHOH. DMeKTPUYeCKas CHCTEMA COCTOUT
u3 IBYX KOHAE€HCATOPHHX HJIACTHH, NOTPYXEHHHX B ION3NEKTPUIECKY IO
MUIKOCTb, KaK HOKasaHO Ha puc. 6.7. Jlna BHYuC/IeHus pasHOCTH naBJe-
Hult Mexzny ToukaMu A u D JOCTATOYHO HPOWHTErpHpoOBaTH TOT YjeH
B (6.40), koTOpHH NponopuKOHANleH TpanyeHTy IMIJEKTPUYECKON MpoHU-
paemoctd. Ilosyuaroulasacs B pesymnbTaTe pasHOCTb JaBlleHuH, YpaBHOBe-
lyBaeMad rulpoCTaTuyeCKUM JaBJIeHUWEM, paBHa

D

Pa—pp="3 [ EVk-ax, (6.63)
A
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WU
D

pa—rp="5 [ (E+ )9k gy T (6.64)
A

Ecnu yuyects rpanuunne ycnosas (2.15) u (2.18), KOTOPHM TO14U-
HSIOTCS  HOPMadlblble M TaHreHUMAJbHBE KOMIOHEHTH SMEKTPHYECKOTO
noast, To coornowenue (6.64) npu-

A HUMaeT Takoil Buj:
Ep
Pp— Pp=
Z. B
f, =B, [
v/ 7 4 eo(k—1) 12 | 2 !

Cnenye'r OTMETUTbL, 4YTO XapakTepu-
- CTHKH 1104151, BXOnfui¥e B 9TO COOT-

Puc. 6.7. ﬂgoc«m‘i KOHEEHCATOp, TMO-  HoujeHue, OTHOCSATCH K NOJIO B Wi~
FPYXCHHBH B WHIKHK AH3NCKTPHK. koctu. C HOMOLUBIO 3TOrO COOTHO-
Touxy D, rae noae paBHO HYJK, MOXHO TOME- IIE€HHs JeTKO OﬂpeﬂeJIl/lTb BbICOTy

CTUTH B A0GoM MecTte Au9deKTpuKa, 10CTaATOUHO

y;\a.zek‘l.nom OT KOHHAGHCATOpa. JLast TOro yTOOH noabeMa KuIKoCTu MEeXAy rJilacTtu-

e, . miGnns” s Hoveysocts ™" HaMi _KOIWIenCaTopa. Omako sra
’ (opMyNa He TNOJHOCTHIO OMUCHBAET

NOoBeNeHHe KNUIKOCTH B 0GnacTu Mexny A u D, Tak Kak B Hell He yurena

SJAEKTPOCTPUKLMS. Tak, wanpuMep, usMeHeHusi nasleduss of A 1o B u

or A 10 D 0poTuBononoxuy no 3Haky. IToNHOe uaMeHeHue AapteHus

(4

z
Puc. 6.8. Viamenenne naBnenus or 4 no D.

X — KOOpAHHATA BAOJbL NyTH, HA KOTOPOM MPpOMIBOAKTCH H3MEpEHUE
NaBACHUA.-

B XMIKOCTH MOKa3aHO Ha puc. 6.8. [lo Mepe yMmeunvwenus mona or B
Lo D ywmenbluaeTcs M naplleHue HUXe TOrO 3HAYeHus, KOTOpOE HMe-
J0Ck B A. JT0 yMeHblueHHe NaBlleHus GONblie, YeM yBelMueHue ero Ha
rpanuie A— B. PasHocrs nasieHui, BHYHCIEHHAas Ha OCHOBE COOTHO-
lwennst (6.65), pasHa pasHocTH nasneHnH Mexay Toukamu A u D. To
JapaeHue, KOTOpOe (pakTHYeCKH 3acTaBifieT IKWAKOCTL [OJHUMATHCH,
BosHukaeT B obnacth C, Tlle noJje HeONHOPOLHO, a He HA MOBepXHOCTH
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wunkocTy., PU3UYECKas OpUYKHA ITOTO SIBIEHMS 3AKJI0YAETCS B TOM, YTO-
sHeprusl aunonedl B 3JeKTPHYECKOM HOJe Melblle, YeM B CBOOOIHOM
npocrpaHcrBe. I1o3ToMy oHuM cTpeMsarcs B 0O0JacTH, Tie NOJe MaKCH-
ManbHO, 4YTOGH  YHOBNETBOPUTH YCJIOBUID MHHEMyMa H[OTE€HLMAIbHOM
sHepruu. Takoe BO3neHCTBHME NHMAOAW HMCAHTHIBAIT B oOjacTu C, rie
none HauuHaeT pactu. IlameHue naBneHusi B obnacth A -— B u3-3a 3Jex-
TPOCTPUKILIMKM YaCTHYHO KOMOeHcupyeT 3TOT 2¢dekt. B pesyabiarte non-
Haa pa3HOCTL naBJjeHul onucuBaercs ¢opmylol (6.65). Iror npumep
HOKA3LBAeT, YTO HYXHa GONbLias OCTOPOKHOCTb MPH PAaCCMOTPEHUH CHI,
IeHCTBYOIMX B NHINEKTPUKAX. :

FasbepeM Apyroli npuMep, Ha nepsuLift B3rJsL KaXyWImics WCKmO-
4YKHTeJLHO HPOCTHM, HO Ha CaMOM JeJie npuBoisiuuit K napanokcy. Ecan
CHCTEMA 3apsSKEHHHX NPOBONHUKOB MOXeT OHTb LEJIMKOM HOTPY¥KeHa
B IUNEKTDHYECKYIO MUIKOCTh TaK, YTO CBOOONHHE 3apsinkl Ha HPOBOI-
HUKAX OCTAIOTCS HEeU3MEHHBIMM, TO CROGONHAA SHEPTusl CUCTEMB B COOT-
percTBuu ¢ ¢opmynoit (6.14) ymeHbliaercs B Kk pas, Tak kKak D He
uaMeHsiercs, a E—— yMmenbwaerca. C npyroli CTOpOHE, ecliH HpUW HOrpy-
KEHHH OCTABUTH HEU3MEHHLIMM HOTEHLMAJH H[POBOIHKMKOB, TO CBOGONHAs
SHeprusi BO3pacTaeT B R pas, Tak Kak B 3TOoM cnayuyae E ocramercs
NOCTOSIHHEM, a D ysenuuuTcs. KOHeuHO, 9Tu PaCcCyXIeHus CHpaBen)InBh
TOJLKO B TOM CJyuae, €Cly XXUIKOCTb 3afOJHSET He TOJLKO MPOCTpaH-
CTBO MeXny NpoBOAHMKaMH, HO H BHe uX. Ilo xpaliHelt mMepe Bce TO npo-
CTPAaHCTBO, TIe WMeeTCs ROJe, NOMKHO ObITh 3AMNONHEHO XKHIKOCThIO, TAK
KaK KMHaye Hellb3s MpennoJiarath, YTO pacnpenele-

Hue E v D He H3MEHUWTCH NPH BBELEHHH XHIKOCTH.

WznoxenHue coobpaxeHus NOKaswBaoT, 4TO
€ClM pU AOTPYEHUM CHCTEMH B [WIJEKTpUUE-
CKYI0 MUAKOCTH COXPaHsIOTCA 3apsfwl, TO BCe
MeXaHuUeCKUe CUMIEL YMEHbIIAKTCS B Kk pa3. B BH-
paxeHuu nns 3akoHa KyJsoHa 4acTo numyT MHO- 5
wureds 1/k, uroGbi yKkasaTh Ha TakOe yMeHblue- 7 7
Hue cuiIH. PudpueCkuit CMBICI TAaKOTO yMeHblie- Ty ~%p ’
Husl CHJIBl KQXKeETCsl TAMHCTBEHHEIM. Ha OCHOBE T€0-  pyc 6.9, Maockuii KOH-
puM MOMS TPYAHO NOHATH, IOYEMY B3AUMONEHCTBHE  feHcaTOp C TBEPAMIM
MeXHy InBYMsl 3apsilaMu JAOMKHO 3aBucCeTb OT TU3NEKTPUKOM.
CBOHCTB MaTepuama, HAXONAIETOCS MeXny HUMHM.

CoOTBeTCTBEHHO ¥ HOPONCXOXKIeHue MHOxuTels 1/k B 3akone Kynoua
TpebyeT OODBACHeHUM. ,

Jlna BHSCHeHus 3TOTO paccMOTPUM JiBe HapaliellbHHE APOBOASiIHE
TIACTHHE, MeXAY KOTOPHIMU BBENEH CJIOH TBEPLOTO nKaNeKTPHKA (puc. 6.9).
IMycre Ha enunuuy naollany OpOBOAALIMX NJIACTHH HPUXONSTCSA 3apsiibl
Tg, a Ha eluHWy NIOL{Aam¥ CJIOS NMIJIEKTPHKA — HOJSPH3ALMOHHEE
3apsine £g,. JlBa CNOS NONSPUBAUMOHHHX 3apHIOB CO3LAIOT HAa KaXnoH
NIacTHHE KOHJEHCATOpa paBHble W NPOTHBOMOJNOKHO HanpaBleHHHE MO0.s,
M nOSTOMY ST HOJS B3auMHO yHuuromawTcd. Taxkum  oGpasom,

N

ARSI NN ANV

DN
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COBEpPLIEHHO HESICHO, NOYEMY Culla B3aUMOLEHCTBUS NOJKHA HM3MEHUTHCH,
T4K KaK BBeleHue NHIJNEKTPHKA He OKa3HBaeT BJuSIHHMS HA CWIY B3auMO-
nelcTBusl 3apsnoB ¢, Iloka nu3NMeKTPUK He KacaeTcs ONaCTvH KOHIEHCA-
TOpa, culla B3auMOlelicTBUA OCTaeTCs fpexHel

q2
=_
Fo=5- (6.66)
'Cﬂeﬂ,OBaTe.’IbHO, yYMeHbLICHHe CUJEl 0O BEJAUYUHH
2
— qs
Fo=gp, (6.67)

NpOKCXOnsiltiee APH HOTPYWEHWH NNACTHH B IMMEKTPHYECKYIO HHIKOCThs
KOTOpasi OKpYMXaeT HX CO BCEX CTOPOH, He MOXeT OHTh OGBACHEHO
TOJLKO NEKTPUIECKUMH CUIIAMH.

DTOT OyeBMIHHH [1apajlOKC paspeluaeTcs, eciu NUPHHSTL BO BHUMZ-
Hiie pPasHOCTb [laBNeHUHl B MUIKOCTH MeXIy TOUKaMH, JIe}alyMy B 0ode,
¥ TOYKAMM BHe HOJACTMH KOHJEHCATOpa. I'lle noljle OTCYTCTByeT, JTa pas-
HOCTb napieHull onpenensiercs gopmyaoht (6.65) u B HateM clyyae paBHa

o 2

pe—pa=-g(1 —5)Dh=5= (1 — ) (6.68)
B wuenoM cymMa cun, OOYC/IOBIEHHHX 3TOH pasHOCTLI0 naBieHul, u
YUCTO 3SJEKTPUYECKHX CHUJ, OmperefisieMHX COOTHoLieHueM (6.66), naer
NOJHYI0 cully (6.67), roNyuyeHHYI0 HaMy ¥3 SHEpreTHYeCKHX Coobpaxe-
. TakuM 0OpasoM, yMeHblIeHue CUAH B3aMMOLEHCTBUSI MeXny nByMS
3apAflaMHd ApPW HOOMEUIEHMH HX B JMIJCKTPHUYECKYI IKMIKOCTb MOXHO
HOHATL TOJLKO IIPU yueTe NABJNCHUs, OKa3hBAeMOTO XHAKOCTHIO HAa caMu
3apsin. B CcoOTBercTBuu C KOHuemiMe#l NaNbHOACHCTBUS 4UCTO DNEKTPuU-
YeCKOe B3auMOnelCTBHE MeXILy 3apsiiaMy He W3MeHSeTCS.

3apgauu

1. Ilycts umeeTcss CHCTeMa MNPOBOJHUKOB € MAHHBIMY MOTEHUHaNaMH W
€ noJHuIM 3apsanoM Q. INokawxure, uto npu no6oM GECKOHETHO MaJOM OTKJIOHE-
HHH pAclpeneleHHsi 3apsjoB OT 3aAaBacMOro ypaBHEHWAMH IONs MOJHas 3HEep-
T yBEAHYNBAETCS. .

2. JiBa 3apsna BeJHYHHOH ¢, pacrnONOXKEHHbiE Ha Ppaccrosnui d apyr ot
JApPYTa. OTTaJNKHBAOTCH corjacHo 3akony Kynona. Bribepure noixonsimyo NoBepx-
HOCTE, OKPYXAWINYK OfMH H3 3apsiioB, H BHIYMCJANTE CHIY B3auMmOneHcreus F,
MUTErPUPYS TEH30p HaTshkenud Maxcpenna MmO 3TOH MOBEPXHOCTH.

. B onHopomnoe anextpuueckoe mose E rnoMeiena Nposonsmias cgepuye-
ckast obonouka pamnyca a. Iloxawurte, 4TO cuna, CTPEMAILascs pasopBath cdepy
Ha JBE MOJOBMHH [0 NMaMeTPaNbHON MAOCKOCTH, lepreHnuxyaspHo#t E, paBHa

F= g—moazEz.

4. JlnvHHag MAOCKas MPOBOASILIAS MOJAOCKA WUpHHOH 24 MOMeIleHa B OXHO-
ponxoe none E. Ocb NOAOCKW MepreHaHKYASPHA MO0, 8 MAOCKOCTh HaKJOHEeHA
K #Hemy non yrioM 0. KakoBa BeauupHa KPYTHIIEro MOMEHTA, MpUXOAfMlerocsd
HA €IuHNLY INEHB MOJOCKH?
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5. lunoib € MOMEHTOM P HaXONMTCH B ofHOponHoM none E. IpsMbiM wHTe-
rpUpOBaHUEM MOMEHTA TeH30pa MaKCBen{a no cdepe, B NeHTpe KOTOPOH HAXO-
JMTCSl NUNOJb, TOKAXMTE, YTO KPYTSMH MOMEHT, JeHCTBylomui Ha mvnons,
pasen p X E.

6. Onpenenure 3NEKTPOCTATHIECKYIO SHEPFHIO 3apsila g, OJHOPOJHO pacrpe-
JENEHHOrO Mo MoBEpXHOcTH chephi pasuuyca ro. KaxoBa sueprus Toro we 3apsa,
OIHOPOJHO pacOpefieneHHoro no 06beMy cdepri? (B oboux cayuasix smeprus
nopsika g/4megrs.)

7. OnpeneauTe SHEPruI0 B3auMONECTBMS NBYX B3aMMHO MPOHMKAIIIMX cep
PaBHOrO Pajuyca, ONHOPOIHO 3APSKEHHBIX C MAOTHOCTAMM 3apSIOB p; ¥ py. OTBET
BHPa3uTe YE€pe3 BEJAMUHHY B3aMMHOTO MepeKpBITHS.

8. a) Beauunna sJaEKTPHYECKOrO MOAS B HENOCPENCTBEHHOH OAU30CTH OT
3apskeHHOH MPOBOAAMEN MOBEPXHOCTH PaBHa dfe,, Tie ¢ — IOBEPXHOCTHAS MJOT-
HOCTL 3apsnoB. [TokaxuTe, 4T0 OfHa MOJNOBMHA 3TOFO MOJS CO3AAETCS 3APAAAMH,
PACNONOKEHHEIMH Ha MOBEPXHOCTH, a BTOPas — 3apPAAAMH, pPACNOAOKEHHBIMH
BaNH, H 9TO BCAETCTBHE 3TOTO HATSIKEHHE, HOPMAJbHOE MOBEPXHOCTH MPOBO-
HHKa, paBHO o2[2e, 6) JlucTox cycanbHoro sonota maomanpio 10 cu? w BecoM
0001 2z nexuT Ha MJOCKOH TFOPH3OHTANBHOH npoBoxsmeld noBepxHocTu. Kakok
BEJHTMHE TOJIE HYKHO CO3/aTh Ha NCBEPX-
HOCTH, 9TOOb MOIHATH JHCTOK?

9. a) lposonsmas cdepa Maccoit M
H pa,‘ll/lyCOM a NNaBa€T B MACHE C AUIJNEK-
TpHueCKOH NpournaeMocTbio . Ecau cdepa
HE 3apsiKeHa, TO B MacJO TMOrpymeHa ee

yacth fo < - Onpenenure sapsn g, Ko-

TOPHIM HYXHO 3apsiuts, Chepy AAs TOro, Puc. 6.10.

4TOGH OHa HOTPY3HJACh POBHO HAlOJOBHHY.

B mporecce PeileHHs MOKAKWUTE, YTO 3aBHCHMOCTBHIO £ OT MAOTHOCTH MOXHO Mpe-

HeGpeun. 6) [Ipennonaras 3anaHHbiMM Bce HeOOXOMMMBIE MapaMeTphbi, ONpPeneauTe

JIABJIeHYE B MHIKOCTH BONHM3U HHXKHEH TOUKH CEphi, KOFNa OHA NOrPyXeHa Haro-

qopuny. KakoBo naBnenue, OKa3HBaeMmOe KMIKOCTbIO Ha cepy B 3TOH TOuKE?
10. OnHa ¥3 napaianenbHBX MIACTHH 3apPsHXEHHOrO KOHAEHCATOpa MOrpyXxena

B KHAKHII JUSAEKTPHK HAKJOHHO MO OTHOWMEHHI0 K MOBEPXHOCTH IKHIKOCTH

(puc. 6.10). Ipoananusupylite xapakTep nojeil. gaBJeHHH ¥ HaTSWeHWH, BO3HM-

KAaIHX B 3TOM CJyyae.
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TOKM U UX B3AUMOIEUCTBHUE

B snekTpocTaTHKe Mbi PacCMATPUBAIM TOJLKO MOKOSIIMECsS 3apsifibl.
Tenmepb Mbi M3yuUM JBHXEHHE 3apPsAOB, WM SJEKTPU4ECKUd TOK. JpcTel
SKCNEPUMEHTAIbHO NOKa3aJ, 4TO SJEKTPHYEeCKHH TOK TPUBOAUT K BO3-
HUKHOBEHUI) MAarHUTHOTO IOJsl, TMO3TOMY ONHCAHME TOKa TOJbLKO C MO~
MOLLUBK) 3JEKTPUUECKOrO mnoisi Hepo3MoXuo. Onnako CHauala Mbl pac-
CMOTPUM TOKH, MEJEHHO MeHgioluecs Co BpemeneM. Moxuo npeanosa-
raTb, YTO OHHM 3aBUCAT MNPAKTUYECKU TOJbKO OT 3JEKTPUUYECKOrO mMoJisl.
Iloka e M3BECTHH UYHMCJ/IEHHBIE OLLEHKM OTHOCHTENIbHBIX BeJUYUH MarHuUT-
HBIX B3aUMONe{CTBUI M B3aMOAeHCTBUI TOKOB ¢ KpUCTA/JIMueCKo#t penieT-
KO#l cpeil (3TO B3auMOJieHCTBUE WPUBOMUT K 3JIeKTPUUYECKOMY CONPOTH-
BJEenHI0), TPaBOMEPHOCTb Takoro mpegnodoxenus Hescua. Onnako
Brioc/eNcTBHU OylerT NOKAa3aHo, YTO MaruMTHHMU 3(QeKTaMu MOXKHO
npenebpeub, €CaAU NoJiS UMEHSIOTCS CO CTOJb Manoit uyacToTol, uTO Tax
Ha3blBaeMasl «riyOMHa NPOHUKHOBEHMS» BeJIMKa 1O CPAaBHEHMID € pa3Mme-
pamMu npoBoaHMKOB. Mb Oynem npeneOperaTb Take elle ONHUM sBJje-
HveM, a umeHHo 3(dexTom Xouana. 3ddexT Xoana uUmeeTcs naye mpu
HyJeBofl 4acToTe U NPUBOAMT K mepepacnpenelieHUId S3KBHUNOTEHLHUA/b-
HBX MOBEPXHOCTe#l B NpoBolnMKe C TOKOM. B MeTannax sSTOT S(pQekT
HUYTOXEH M OObiuHO 3aMeTeH ToJIbKO B NOJIYNpOBOAHMKAX.

§ 7.1. 3akon Oma

3akon COXpaHeHMs 3apfja B Cpelle BLPAX(aeTCl yPaBHEHHEM Hemnpe-
"PHBHOCTH

., 0
V-H-_a;_:o, .1

THe j— nJoTHOCTh TOKa B Cpelle, U3MEpPsieMas B ammnepax Ha KB. MeTp
{a/#?]. Tox HasblBaeTCs NOCTOSIHHBIM, €CJAW HUIAe He MPOUCXOJMT Ha-
komsenuss 3apsnoB. OueBUAHO, YTO NOCTOSHHEM TOK YNOBIETBOPSIET

_ypaBHEHHIQ
V.j=0. (7.2)
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Iast Toro yroOb 00BbEIUHHTL TEOPHI) TOKOB C Teopued noneHt, Heob-
XOBUMO yClOBUE, KOTOPoe CBsi3bBaio OBl TOK H nojie B JaHHOH Touke
nposojiiuka. B OoNblMHCTBe ClyuaeB mojie U TOK NPOCTO NPONOPLHO-

HaJIbHbI
j=cE. (7.3)

BennunMHa ¢ Ha3LIBAETCH SJEKTPONPOBOLHOCTHIO BEIECTBA U B CHCTEME
MKC uamepsiercsi B oGpaTHbiX oMax Ha MeTp. ¥Ypasuenue (7.3) nasbiBaercs
3akoHoM Oma. DTo COOTHOLEHUWE YCTaHOBJEHO HA ONBITE U HU B Koelt
Mepe He SIBASETCSt yuuBepcalbHbM. OO6macTh HM3MeHeHUs! NJIOTHOCTeH
TOKa, B KOTOpOH BhimoJmsiercs ypasuenue (7.3), Ha3biBaeTCs JuHelnoH
006sacTbl0 naueoro BelllecTBa. B Merannax 3akom Oma BHNOJHSETCH
B oueHb O0JblLOM IUaNa3oHE 3HAYeHHH, HO B NOJYNPOBOXHHMKAX €O
npHMEHEeHHe orpannueno. Ypaeuende (7.3) unpenmoJsiaraeT, YTO NPOBO-
AMMOCTh u30TpomHa. B kpuctaanax ¢ cummerpuefl, oramuno#t ot kyOu-
yeCKoH, OHO IO/MKHO OLITh 3aMEHEHO TeH30PHBIM yPaBHEHHEM. .-

§ 7.2. dnekTpPoABHKYIIAN CHJA

B uncto GeaBuxpeBoM noJie He MoxeT OLITh MOCTOSIHHOTO ToKa. Ilelio-
B TOM, YTO MNOCTOSIHHBN TOK pacxoayeT B enuuulle obbeMa M B ejfU-
HULY BpeMeHM 3Hepruw, pasnyw j- E. Tako#t pacxon suepruum ne Mo-
weT CHITb ofecneuen Oe3BuxpeBbIM noJieM. [ToCTOsIHHBIE TOKHU BO3MOXHEL
TOJBKO B TOM CJyuae, ec/JU eCTb HCTOYHMKU [o0Jisl, KOTOphle CO3AAIT
noTeHlMaNbHOE 3JekTpudeckoe mnose. OOhYHO TOBOPHT, UTO TaKue
MCTOYHMKH CO3JAKOT CTOPOHHIOK 3SJIEKTPOABMKYIYK cuiy. OOo3naunm
HemoTeHlHanbHoe noie uepes E’; Torpa ypasmenue (7.3) npuHUMaer
caenywmnit Bua:
J=o(E+ E), (7.4)

rne E-—— noTenumambhoe Mone. Besamunna croponnel saexTpoismkyiied
cuno & onpenenseTcss COOTHOILEHHEM :

8:§(E+E’)-dl=§£’~dl=§j'7dl. (7.5)

IMorenunansuas vacTh Noas E npU UHTErPHPOBAHUM TO 3aAMKHYTOMY
nyTd BemanaeT. Tok BHBHIBAETCS TOJBKO HEKOHCEPBATHBHBLIMM CHJaMH,
XOTSl HAa HET0 OKa3HBAIOT BJNSIHHE NPOBOAUMOCTb U T€OMETPUS CHUCTEMEL.

Ecny niioTHOCT, TOKA MOCTOSHHA HA 3HAUMTENbHBIX YACTSX nyTH
HHTErPUPOBaHUSA, TO

g:uf %’_:JR, (7.6)

rae J=|j|S — noaunit Tok B amnepax, S— wiolwanb NONEPEYHOro:
CeuyeHHsl NPOBOAHUKA, B KOTOPOM ILIOTHOCTL TokKa paBua j, R— conpo-
THBJIEHHE NPOBOJHMKA B oMax M & —»3. L. ¢. B Bosbrax. JIns Hantolt
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Lenu noJiHLH TOK npejcTasiseT co0o¥t nocTosuHylo senuuuny. Hanbo-
nJee uyacTo 3akon Oma 3anHCHBaOT MMeHHO B (dopme (7.6).
Ipounterpupyem cootuoliehue (7.4) Bioa, HEKOTOpOH NUHMM, nepe-
cekawule#t Bcio o6nacTb, rie MMEKTCH HeKOHCEPBATHBHBLIE CTOPOHHHE
CuIb, oT Touku 1 jo Touku 2, B ciyuae, Koria TOK OTCYTCTBYeT

2 2
——fE-dl:fE’-dl:E{r:E’-dl:& (7.7
1 1

10 COOTHOUIEHME TNOKA3LIBAET, YTO SJIEKTPOCTATUYECKOE HANpsiKeHue
Ha KOHLIAX Da3oOMKHYToM LenM paBHO mNoJnoH 3JeKTPOABHNKYylUeH cHie
B sTolt Lenu. fcHo Takwe, uTo B 0OJacTH, TJe €CTb HEKOHCEPBATUB-
Hble cunbi, E' == -— E, ecan Tok paeen Hymo. Takas koMmencainus cto-
POHHMX CMJ (BbI3BAHHBIX, CKaweM, XUMHYECKUMU NOTEHIMAJAMH) Npous-
BOAMTCH 3JEKTPOCTATHYECKUM TOJIEM TE€X 3apsijoB, KOTOPHiE BO3HUKAIOT
Ha rpanunax o6JacTH, e eCTh HEKOHCEPBATUBHLIE CUJIHL.

§ 7.3. Pemenune 3agau ¢ NOCTOSIHHBIM TOKOM

Coo0paxennsi, M3NOMKEHHEE B NPEABAYIUMX mnaparpagax, noKaabl-
BAIOT, YTO 3JIEKTPUYECKOE MoJie U TOK MOJHOCTLI) ONpPeNelSIOTCs noJeM
CTOPOHHMX SJEKTPOABUNKYIUMX CHJ U NPOBOAMMOCTHIO Cpendl. McnoJb-
3ys cootnouienus (1.28), (7.2) u (7.4), E u j MoXHO Bmipasutb ue-
pe3 E’:

V.j=0, ]

Vx(%):VxE',
V.(E)y= —V.-(F),
VX E=0. J

(7.8)

B o6nracTu, rie cTOpOHHHE 3NIeKTPOABMKYIIUE CUJbI OTCYTCTBYIOT,
E Boipamaetcs dYepe3d noTenuuan. CnenoBaTesbHo, B Clyyae MOCTOSIHHOTQ
TOKAa NMOTeHLMAN NONuUHSETCs ypaBuenuio Jlanniaca

E:,_ VCP,
V. (V) =0

unn V% =0, eciu npoBonumocTh G mnocTosHHa. [ panuumble ycroBus
B 3a1a4aX € TNOCTOSHHBIM TOKOM HHbIE, HEXeJH TPaHMUYHBIE YCJI0BUS
B 9JIEKTPOCTAaTUKE, TaK KaK Telepb TPOBOAMMOCTL B Oolbllel cTenenu,
YeM JUBJNEKTPH4YeCKasd DOCTOsIHHAS, ONPENENseT YC/JIoBUS HA Tpanulle.
‘CorsacHo cooTnolueHuam (7.2) u (7.3) B OTCYTCTBHE SJNeKTPOMBMKYLIMX
CHJT UMeeM

V.GE)=0. ° )
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Tak e Kak M B CIyYae OUSJIEKTPUKOB, PacCMOTpPEHHHX B I 2,
TpanuuHble YCIOBHS ISt HOPMANbHBLIX KOMIOHEHT TWOJS OnpelensioTcs
M3 paBeHCTBa AuBeprenuud E HyMO Ha TNMOBEPXHOCTH pasfesia Mexny
apyms cpenamd (orM OyayT obo3nauaThest MHmeKcamu 1 u 2)

n- (GQEQ — clEl) == 0, }

(7.10)
n - (3Vgy — o, V) = 0.
['panuunbie yCIoBHS [Jif TAHPE€HIUANLHEIX KOMMOHEHT BHITEKAIOT M3

PaBeHCTBA HYJIO POTOPa SJEKTPUYECKOTO MOJs
nX (E,— E)=0, }
n X (Vg — Vo) = 0.

CrenoBaTelibHO, OTBHICKAHME pacupefie/ieHNs ToKa C MaTeMaTH4eCKOMH
TOYKH 3peHHs] SKBUBANCHTHO OTBICKAHHK) 3JIEKTPOCTaTHYeCKOIO NOTel-
umajga npu ToH e reomerpuu. Taxkum oOpasoM, MeTonAbi, PasBUTHE
B ra. 3, 4 u 5, npuroambl Tak¥ke M B 3ToM ciydae. EnuncTBennoe
pa3/uuue MEXAy STUMH 3aflayaMd BaKJIOYaeTCsl B TOM, YTO NPOBOJM-
MOCTb Kako#-inbo o6nacTH MOXET yMeHblUATbCS Lo HYJAs, B TO BpeMSA
KaK JU3JeKTPUYeCKas NpPOHULAEMOCTh He MOXeET ObiThb MEHbLI€ €IMHMIbL.
B rakux cnayuasx KpaeBble 3amaudl C MOCTOSHHBIM TOKOM B HEKOTOPHIX
cavuasiXx OyAyT CYILECTBEHHO OTJIMUATbCS OT KPAaeBHIX 3ajay 3JeKTpo-
cTatuku. Hanpumep, ecau npocTPaHcTBO MeXAY unapamielibHLIMU mJa-
CTHHAMHM KOHJEHCAaTOpa 3amoJHEeHO Bel{eCTBOM C€ NPOBOJHMOCTBIO g,
TO pacnpenefiende Toka OyneT TOYHO ONHOPOJLHLIM mo BCelt miollaznu,
sanoJuennofl NPOBOAALUMM BELECTBOM. B 3sleKkTpocTaTHueCKoM Ciyuae
pacnpesesienve noJsig OyjaeT oJHOPOAHBIM JUUIbL NPHOJMIKEHHO H3-32 BO3-
Myilawllero AefiCTBUsS KpaeB MJIACTHH.

ConpoTuBeHHE MKy 3JEKTPONAMHU, PACHOJOKEHHBIMH B OAHOPO.-
Holl npoponsile#t Cpene, Jerko BHUHUCIWTL, €CIM METOJB 3JEKTpocTa-
TUKH TO3BOJISIOT HANTH eMKOCTH MexAy HMMH. EMKoCTb Mexny siekTtpo-
namu 1 u 2 paemna

(7.11)

C=—=——— . (7.12)

Ilo teopeme l'aycca yMcnuTenb paBen 3apsilly, UMEKIEMYCS HA KaKIOM
DJEKTPOLE, @ 3HAMEHATeNb -— PA3HOCTU nOTeHuMatoB Mewpy uumu. Co-
NPOTUBJIEHHE MEXNY STHMH NBYMS SIEKTPONAMH PABHO

R=1___. (7.13)
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B 3nameHaTesie TeNeph CTOMT NOJHBIM TOK, a4 B YHMCIUTENE — Pa3HOCThb
notenuuanos. CpasHubas ¢opmynn (7.12) u (7.13), noxyuum

1 (o
T?d_:k—eo_' (714)
40870
RC — %20 (7.15)

3

VluTepecHO OTMETUTL. UTO NPOM33ENEHUE CONPOTUBJIEHUS] HA EMKOCTH
3aBUCHT TOJBKO OT NPOBOAMMOCTH CpPEAB U ee AMINeKTpUYecKoft mo-
cTosiHHON U He 3aBUCUT OT TeOMETPHM CHCTEeMBbI.

Ecan cpena HeojgHopoira W pacnpenefieHHe AU3JeKTPUueCKod no-
crosiHHOl OT/IMuUAeTCsl OT pacnpellefieHHs] NPOBOAMMOCTH, TO pacnpee-
neHdsl MoJis B AMSJEKTPMKE M TOKA B NMPOBOAHMKE OYAYT PasHBIMU.

EMKocTh MJIOCKOTO KoHAeHcaTOpa TpH mnpeneOpeXeHUM KPaeBBHIMU
s¢dexTamu paBHa
heoS

C:l’

(7.16)
rie S— niowlank WIACTHH, a [— paccTosinMe Mewny numu. Iloacra-
BuB (7.16) B cooTHouienue (7.15), noJyuum Bopaxenue AJR CONPOTH-
BIEHUS NPOBOJIOKM NJMHOW [ U NoflepeuHnM ceuenueM S:

l
R=—=. (7.17)
dt1a dopmyna npUMeHMMa, KOHeyHo, M upu OGoJbLIMX 3HaveHusx [, Tak
KaK HyJeBas NPOBOLHMOCTh OKpYMaiollle#t Cpeab NpPejoTBPalllaeT BO3-
HUKHOBEHUE KpaeBoro s¢pekra. Pacnpenenenne ToKa npu ITOM CHABHO
OTJIHYAETCS OT pacnpeieliendss Moiisl, KOTOPOE BOSHUKAET, €CJH KOHLBL
NPOBOJIOKM OObLIYHOM AJMHB NPUHATL 31 TJACTHHE KOHAEHCATOPA.

§ 7.4. Bpems peaakcaumu

V3 ypasuenust menpepmBHOocTH (7.1), sakona Oma j=—=oF u oanoro

U3 ypaBaenn#t Makcgpea V-E:kLE MOXHO TONYYUTh HHdQepeHy~
[
aJbHOE YpaBHEHME 7AJS IJIOTHOCTH 3apsloB p:
' O __ 9
— o hey (7.18)

Ecnn cpena onHopolHa, TO 9TO YypaBHEHHe MOXHO NPOMHTErpuUpoBaThb
Tl0 BPeMeHH

p:poe‘t:”, (719)
TIe T-— XapaKTEPUCTUUECKOE BpeMs, PaBHOE
P (7.20)

[>]



§ 7.5] MATHUTHOE B3AUMOJEHCTBUE TOCTOSHHBIX TOKOB 127

< oObluHO HA3LIBAIOT BpeMeHeM peJakcaluu padnolt cpelb. 3ameTum,
4TO 3TO MNOHATHe NPHMMEHMMO TOJIbKO K OXHOPOAHOH cpele, TaK Kak
B MNPOTUBHOM CJiydae upH UHTerpupoBanuu ypaBuenus (7.18) nyxmno
Orito OBt yueCTb 3aBUCHMOCTb NPOBOAMMOCTM M AM3JeKTpHuyeCKo#t mo-
cTosiHHO# OT KOoopauuar. Bpems pesakcaluy XapakTepuayeT BpeMsi, He-
o0xonumoe AJsl NOCTHMKEeHMsl CTALMOHAPHBIX YCJIOBMI B nanHOl cpene.
Ecan nocne Bo3HMKHOBenHMsl TOKa B Cpejie TNPOLIJIO BPEMS, 3HAYHTEJbHO
OoJiblice BPEMEHM PEJIAKCALMM, TO YC/IOBMS MOXHO CYMTaTh CTalMoOHap-
HHIMM U, CJI€JOBATENbHO, MOXKHO HCNOJbL30BaTh 33KOHBl NOCTOSITHOTO TOKA,

§ 7.5. MaruuTHoe B3auMozeilicTBHe NMOCTONHHBIX TOKOB

MaruuTtnoe B3auMoneHCTBMEe TOKOB Jyulile BCETO ONHCHBATH, ONU-
pasichb Ha SKCNEPUMEHTANLHO YCTAHOB/AEHHHIH 3aKOH B3aMMONeHCTBUSI To-
KOB B mycToTe, anajoruunnifi zakony Kymoma B dnexrpocraTuke. Baau-
\dl; ///[ﬂ/""/z)

/

/

g
J ‘

Puc. 7.1. Mamoctpanus 3akona Ammepa.

MoneficTBue MeXny Tokamu Owiio usyueno Amnepom. Cuna Baaumoseii-
CTBMSI MEXAY ABYMSI Komrtypamu € Tokamu J; u J, (puc. 7.1) paBua

F_|0 J1J§§dlz><(dll>(r12) (7.21)

rl?

rae @, npeictasiseT coOolt KOHCTAHTY, XapaKTepHYI0 MJS CHCTEMBI
eampny MKC u pasnyw 4= - 1077 2ufm;, Fy— cuna, neficTBywollas Ha
Koutyp ¢ Tokom J;. Tak kak 5To BbipaeHHE YUHTHIBAET B3aUMHbIE Ha-
npasienusi BekTopoB Fy, F;, u anemenToB Toka dI; u dl,, oHo CJOX-
Hee, nexmeau zakon Kymoma (1.24). Ha nepsmil B3rasin KameTcs, uTo
9TO BHIPAXKCHHE MNPOTUBOPEYUT TpeTheMy 3akoHy HbloToHa, T. e. 3akony
paBeHCTBa nNelCTBuS M npoTHBoJeHCTBUSA. JlelCTBUTEbHO, MOABIHTerpaJib-
HO® BHIpaxeHne B CooTHolieHuu (7.21) HE CUMMETPUYHO 1O OTHOLICHHUID
K 37eMenTaM ToKAa. ONHAKO mOC/E MHTeTPHPOBAHMA MO 3AMKHYTBHIM KOH-
TypaMm ToKa cwuja B3aumoAeHCTBUS OKa3bIBAETCH CUMMeTpUuHo#l mo oT-
HOUIEHNIO K 3TUM KOHTYpaM.

Hanuune Tako#t cuMMeTpMM MOXHO [OKasaTh CJefyiomum oGpasom.
Kcroabays BeKTOPHOE TOWAECTBO

AX(BXC)=(@A-CB—(A-B)C, (7.22)
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npeoOpasyeM BhipaXenHe s Fy

Yo (dl, - "1,2) dl, __ (dl,-dl)r,
F,— Jljzés § { = - } (7.23)

[lepBLift ulieH TNoOJbIHTErpaNbHOrO BHPAXKIHMS SABISETCH NOJHBM nudde-

peHltanoM N0 OTHOWEHUI K dly, TaKk KaK oH paBeH UnTerpany mno KoH-
1

TYpy OT TpaineHTa E;V(r
- 1,2

3aMKHYTOMY KOHTYPy STOT ulleH oOpaiiaercss B uyfb. BTopofi se un-

Terpan ) L d
F=—to [§ § LogdDa] gy, (7.24)
L s 2

)‘de. [TosToMy npu HHTETPUPOBAHMM TO

CHMMETPHUYEH OTHOCUTENIbHO OOOHMX KOHTYPOB.

TakuMm oOpa3oM, 3akoH B3auMolelCTBUSI TOKOB B MeHCTBHUTENDb-
HOCTH CHMMETPHUEH OTHOCHUTEJbHO 3THX TOKOB H He NpPOTUBOPEUUT
TpeTbeMy 3akony HbioTOHa. BosuMkaeT Bonpoc, ne OyneT nm npoTH-
BOpeuusi C TpeThuM 3akonoM HbioTona, ecam 3sneMenTh C TOKOM pac-
CMaTpPMBATh HE KAaK 4YacTH 3aMKHYTBHIX Lenef, a Kak 3apsiibl, JIBHXKY-
LiMecsl €O CKOPOCThIO #. B 3TOM cnyuae mnepBEifl UlleH B COOTHONIEHUH
(7.23) He wucyesaer, M 3akon HbwToHa, TakuM o0pa3oM, He BHINOJ-
usiercs. OnHako TakMe YCJIOBUSI HECTALMOHAPHB, W NMO3TOMY BO3MOXHA
nepenaya UMNyJbCa 3JeKTPOMarHUTHOMY MoJw. JeHCTBUTENLHO, B AaJb-
HeiftleM Mb! YBUAHM, 4TO 3SJEKTPOMArHUTHOMY WOJI0 CJelfyeT NpUNHCATh
HEKOTOPHI MMINYJbC, NOSTOMY B HECTALMOHAPHHLIX Cly4asix nefcTBUE, Bbi-
yuciacHroe 6e3 yuyeTa IoJisi, MOXKET He PaBHATHCS npoTHBoneHcTBHIO. Donee
JeTalbHO 3TOT BonpocC OyAeT pacCMOTPeH NocJjie H3yYeHUs HeCTaLMOHAPHEIX
siBJIeHu.

§ 7.6. MaruuTHOe mnoJe

B kadecTBe MCXOJHOTO COOTHOLHEHUS MJIf PACCMOTPEHHS Mar HHTHBIX
B3aumoncHcTBuIl ynoOHo B3sTh BHpawenue (7.21), Tak Kak npu Taxoft
ero Qopme B3auMOACHCTBHE felKO NMpPEACTABUTH Yepe3 noJje, CO34aBaeMoe
KoHTYypoM 1, W cudy, ¢ KoTopoH noJie neiicTByeT Ha KOHTYp 2.

Haobopot, cootuowsnue (7.24), HesBHO Co/lepiauiee KOCHHYC YTia
MeX1y SJEMEeHTaMH TOKa, HemoCPeNCTBEHHO He NMPUBOAMT K BHIPAXEHKIO
CUJbl MarHMTHOTO B3aumoneficTBUsi uepe3 BeKTopHOe HoJe. [losne B COOT-
Howenue (7.21) MoXHO BBECTH clelyouiUM oOpasoM:

F=4§ db,X B, (7.25)

rne B, - HanpsiKeHHOCTh MarHMUTHOrO MOJsl, CO3/laBaeMoro KouTypom |
B MecTe pacnonomeHuss Koutypa 2. s coornomenus (7.21) cnenyer

. dl r, 1
B,=to ], §1_1_><_-_2_ = §dll X V2(r_.,'2)‘ (7.26)

rd



§ 7.7 MATHUTHWH CKAJSIPHBIH RNOTEHIMAT 129
.

B cucreme MKC RanpseHHOCTb MarHuTHOrO mnoJssi B usMepsieTcss B Be-

Gepax Ha kBanpaTHhft MeTp.

BekTop B ananoruyeH nanpskeHHOCTH 3JIEKTpPOCTaTUueCKoro monsa E.
IMono6so Bektopy E ou onpellenseT cobofl cuny, neHcTBYIOLIYIO Ha
snement TOKa. CooTnouicHue (7.26) npzacrasnsier cobolt 06GoblueHue
sakota buo u Camapa. HOast Toro uToOb molyuuth QuddepeHnnanpHOe
BHIDAMEHHE 3TOTO 3aKOHA, HYWHO BBECTH TJIOTHOCTL TOKa

F=f(j % B)dv, (7.27)
B—1to [ JXT oy, (7.28)

B coornomenun (7.28) cuuTaeTCsi, yTO BEKTOp F HampaBlieH OT TOYKH
HHTErpUpOBaHHUs UM TOYKU HUCTOYHHKA (MeCTO pacnofioxeuns jf) x ToH
TOUKe NoJf, TAe BHUUCANETCS HANPSIKEHHOCTD.

§ 7.7. MaruuTHbiil cKaASIpHBIE MOTEHUMAN

Hccnenyem Bonpoc, NpH KaKUX YCJAOBUSX MarHuTHoe noje B Moxer
GHITL BHIPAXXEHO uepe3d CKanapHbift moTeHuuan

B=— y\Vop_. (7.29)

Paccmotpum 3samkHyTylo Lenb ¢ TokoM J (puc. 7.2). Eciu none B

J

Puc. 7.2. K BeiBONy BHpaeHusi /s MarBMTHOrO CKansp-
HOrC TIOTEHIHAAA.

B TOYKE (X, ); MOXHO BHIPa3uThb uepe3 CKangpubii MaruUTHHIR MoTeH-
uuan ¢,, TO UPH CMElleHUH S3TOR TOYKM Ha dX U3 NOJOKEeHHs (X )
B nojoxenue (x, ), N3MEHEHHME CKAJAPHONO MarHUTHOrO MOTEHLUMaNa PaBHO

dx-B

= (7.30)

de,, —=

© 3ax, 435 B. Ilanosckuii, M. ®uaunc
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Bektrop B wmoxuo uallTH ¢ nomowbld 3akona Buo u Casapa (7.26);
TOrfa MOJyYuM

1 pdexr) 1 r-(dx % di)
d‘*’m*"ﬂjfg—-rs——‘?njfﬁ—’?—“—‘ (7.31)

(Ilpu npeobGpasopatun ObIa MCHOJb30BAHA BO3SMOMKHOCTb IMKJIHYECKOR
NepecTaHoOBKH B CMELIAHHOM BEKTOPHOM NPOM3BENCHHU.) ITO HBMEHEHUE
NoTeHLlHaNa PAaBHO, KOHEYHO, €ro M3MEHEHHI0 B Clyuyae, KOT/Na TOYKa
nOMsl OCTaeTCsl HENOABUKHON, a KOHTYP C TOKOM CcMellaeTcsi a — dx,
IMocnenuee oOCTOATENHCTBO yKe OTMEUaloCh HAMU NPH BHBOJE BHIPa-
*enusi Ans noTeHuuana Apo#tworo chost (1.59). Ilo anamorum ¢ copwmy-
noi#t (1.58) usMeneHune CKaMIpHOrO MalrHUTHOTO MNOTEHIMANa PaBHO

A= = d2, (7.32)

rne dQ — u3MenenMe TelleCHOTO YI/a, NONL KOTOPHM KOHTYP C TOKOM
BUAEH U3 TOYKM HAOJIJeHUS, NPHU CMEIEHMHM KOHTypa Ha — dX.

Marnutebiit ckanspHbt noTeHuManl oOnanaeT TEMU ke MareMaTHuye-
CKMMH CBOMCTBaMM, H4TO H 3JIeKTPOCTATHYECKUH MoTeHLHan AUTOJBLHOTO
€losi, pacCMoOTpeHHBH{t panee. ITO BMAHO U3 AHANOTHH MEXAY Bhbpaxe-
HUSMH AJI8 CTaTHYeCKOrO noTeHLHMana Aunosbuoro crost (1.54) u marume-
HOTO MNOTEHLMAJa KoOHTypa ¢ TokoM (7.32). Cranspubift noreHnan
KOHIYPa C TOKOM MHOMO3HAYEH, WM WHAYe CJeRYeT CYMTaTh, 4TO NpH
I: p.cedeHnd HEKOTopoOM NMoOBEPXHOCTH, OrpaHU4EeHHON KOHTYPOM C TOKOM,
noTenlMans Tepuut pa3pbiB, paBubfl J. OTanume 0T 3JMeKTPOCTATHKH
COCTOMT B TOM, UTO NOBEPXHOCTb pa3phiBa MOXHO BHOMpaTh Tenepb
npon3BoJbHbiM 00pasoM. FiMenno BclieiCTBHe 3TOro NPOM3BoJa B Bhibope
NOBeDXHOCTH pa3phBa MarHuTHOe¢ mnoJje B o00JacTH. TAE TOKOB HeT,
OlHO3HAYHO onpeniedisieTcs noTeHUWasoM. Onnako JmaMHEHHHIA muTel pa
OT MarHUTHOIO MOJiSi KOHTYP2 C TOKOM OYA€T BHIUMCIEH MNPAaBHJILHO
TOJILKO B TOM CJyuae, eCJU nyThb WHTEIPUPOBAHUS He mEPeceKaeT 3TOM
NpON3BOJIbHO BhIOpanuoit noBepxuocTH. JluHEHubIt UHTErPan OT Ma HuT-
HOH muHAyKuMH B 1mo 3aMKHYTOMY KOHTYpPY. OXBATHIBAIOLIEMY TOK .J,
paBeH Kak pa3 BeJUuYMHE pa3pbiBa NOTEeHIHANa HA COOTBETCTBY IOl
NOBEPXHOCTH, T. €.

§ B-dl—ypy)on. 17.33)

I'paguueckoe u300paXKeHHE MATHUTHOTO CKAMSPHOTO MOTEHLHANA AAHO
Ha puc. 1.7; IMOOAbHOMY CJ010 HA 3TOM PHCYHKE COOTBETCTBYeT NMPOU3-
BOJIbHO PACl0J0KeHHas] NOBEPXHOCTb pasphiBa MOTeHHUANA KOHTYpa
C TOKOM.

dopmyna (7.33) npeicTanisieT coOoit MHTerpalibHOE BLHIpaXeHue AMQ-
(depeHLHANbHON CBSI3W, CYWECTBYIOLIEH MEXKIY TOKOM U CO3LABaEMEIM
MM noJjeM. 3aBHCUMOCTb MEXNY TOKOM M uuAykuue# B Aubdepenumalb-
HOH dopMe MOXHO noJdyunTb, npeobpasonaB B (7.33) no Teopeme Ctokca
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HHTErpan no KOHTYPY K WHTErpany noO MOBEPXHOCTH M BHIPA3UB Jyq .
yepes NOBePXHOCTHHE MHTerpaJ OT MJOTHOCTH TOKa jt

VX B=y,j. (7.34)

Takum o0pasoM, B wHesbas BHPa3uTh Huepes OINHO3HAUHHI cxanspubli
NnoTeHtIMan, MO3TOMY HCIOJL30BAHHE MArHUTHOIO CKaJSPHOro NMOTewWlnaJa
pPanuoHaMLHG TOJNBKO NMPU OTCYTCTBUM pacCnpelleseHHbX TOKOB. Marunt-
HHH cka;ggapHu# MOTeHUUan Helb3s HCMNOJbL3OBATb LJig BbLIYKCJEHHs LUP-
KYJSILMH MarHuTHOIO nO/s MO KOHTYDY, OXBaThIBAIEMY TOK, a TaKxke
npu uccJejoBasun noseil B o64acT¥ TOKOB.

§ 7.8. BexTopHBIl MarHuTHBI NOTEHUHAN

Henocpenctsenso anddepernnypvs Beipawenue (7.28), MOKHO BblMH-
CNUThL NUBEPrevuu™ W poTop BekTopa B

vop=v- () [ Dot ar =5 (L) [ xv(F)aw)}=

=7 [J V><V( )]dv’=0. (7.35)

AHaJIOrMYHO

VxB=—12 [V [ix VL) aw =

1
S '4_E£f ' - V| v,

4 . dv ' 4w, I-V(J V)er'v'
HIHTerpupyst BTODOH WieH 3TOTrO BHIPAMPHUS MO uacTAM M, KaK OOBIUHO,
OnmyCKasi MHTEerpas. B3sThifl nO MOBEPXHOCTH, NOMYYUM

VX B=—3 [ jv()av — 42 [ pv(1)av =

=y fja (rydv' +-0=p,j. (7.36

uyto coenanaet ¢ (7.34).

Ilo cux mop Mbl, MO CYLIECTBY, CYHTANM, YTO MarHHTHOE moJjie OO0V~
C/OBJ"HO TOKAMHM M 4YTO NOJIe TOKOB BCELEJNO OMNpelesisieTcs 3aKOHOM
Buo m Capapa. Onnako us paBeHCTBA nupepresunu B==0 cienyer. uro
B onpenensercs HEKOTOPHIM BEeKTOPHHIM MOTEHUKANOM

B=V X A. (7.3N

BuipasuM BeKTOPHHIH NOTEeHLMAN uepe3 TOK. CO3NAIOMMH MArHUTHOE MOJK.
Ilns storo nmpeoOpasyeM cooTHoluexue (7.28), uMes B BHMAY, 4TO Onepa-
Top V BeHCTBYyeT TOJBKO HA KOOPAWHATH TOYKH NOJS, M TMOITOMY ero
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MOXXHO BEIHECTH 33 3HaK uHTerpana

el 1 ,
B— - %/ jxv(7)d«u =toyx f%d«o’. (7.38)

ChenoatenibHO, BEKTOPHLIR nOTeHLUUWaNk CBA3AH € TOKaMy BBIpAXKCHUEM

N (7.39)

¢ TOYHOCTBIO [0 NPOUSBOLHON (YHKUMM, POTOP KOTOPOH paBeH HyiO.
[Toka Mbl nONOXMM 3Ty GYHKUMIO PaBHOH HYNIO, ONHAKO B NanbHeflLeM
BAM TpuNeTCs W3MeHN1b Haui BeiOOp. B ciyuae nmueftHOro pacnpenenexns
TOKa BeKTOPHGLIH noTeHuuaja vMeeT BHMI

A=to J(iS a (7.40)

Takum o06pasoM, MaruuTHbIE NOJS MOXKHO BHIYHCINTL C TNOMOLLBIO
cootHowennss (7.37), onpenenvB cHavyana BeKTOPHHIH noTewuwan A
n3 coorpouienus (7.39) unu (7.40). Broiuucnenue BEeKTOPHLIX NOTEHLIMA-
JIOB, COOTBETCTBYIOLUMX KOHKPETHLIM pacnpenenequsiM TOKOB, MBI OTNOKHM
IO TeX nop., NOKAa He H3YuMM pasiuyHble BUAbL TOKOB W WX BJIMAHHE HA
nosie B matepuwasnbHOH cpelne.

§ 7.9. Pa3HOBHAHOCTH TIKOB

nepBOHﬂanIthle IKCIepUMCHTANbHbIE Ha0NI01e NSl MATHUTHOT O B3aUMO-
AefcTBUS TOKOB ObLIM NPOBEREHB ¢ JNUHEHHHIMM NOCTOSIHHBIMU TOKAMH,
B cayyae nepeMeHHHX TOKOB Teopus Oojee cioxkna. Ilpewne uem mano-
WUTb ee, Mbl PACCMOTPMM HEKOTOpPble Marv¥THbE fBJIEHWS, NPOUCXONALLIME
B BewiecTBe. PacCMOTPMM TOKM B Cpele MO auaJordu C TeM, KaK 3T0
Oui0 pawee cleNaHO ISl 8apsSNOB B MaTepuanbHOH cpene. Bce -Toku
MoryT OuiTb pasOMTLl Ha IBe Kateropuy: CBOOOAHBIE, COOTBETCTBYIOLIME
IBHIKEBUIO CBOOOAHBIX 3apA/IOB, M BCe OCTA/NbHBE TOKW, CBABAHHbLIE
¢ camoft cpeno#t. Takoe paspeneHHe AHAJNOTMYHO Ppa3lesicHUIO 3ApsiNoB
B 3JEKTpPOCTATUKE Ha cBobonpbLle M nojsipusaluoHHbIe.

Mar HuTHHE mONA TaKie ObLIBAIOT ABYX BMAOB: ONHM CO3JAKTCS CBO-
00AHLIMH TOKaMu, ApYyrue — BCEMM TOKaMu BOOOwie, KAKOBO Obl HM OHUJIO
MX npoucxoxkneswue. [Tone BTOPOro BMAA M eCTb MArHMTHAS wuaykuus B,
KOTOpasi OKasblBaeTcsi paBHOM cpenﬂen:?z NO BpeMeHW W APOCTPAHCTRBY
3HAUEHHI0O MUKPOCKONMMUCCKHX MeXaTOMHLX nosel.

[lepeuucnum Tenepn TOKH, noxyﬂamne paccMOTPEHHUIO:

1. C80600Hble moOKu j, COOTBETCTBYIOLUME JBUIKEHHIO CBOGONHBIX
3apstaOB. .

2. lloaspusaquonnsie morxu. KOTOPhLic BOSHMKAIOT TPH M3MEHEHMM
TIONAPH3auUMN CO BpeMeHeM. B nanbheitiiem OynerT NOKasaHO, YTO OHM

ape 20
PABHb —5 -
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3. Toku namaznusenusn j, — NOCTOAHHbBIC MHKPOCKONMYECKHWE TOKH,
He MoAnaioLiNecs MaKpocKonwdeckomy waOmonenmio. Vs-sa wenmonwo#t
KOMIIEHCAllUW 3THX TOKOB B aTOMHOM MacwiTabe MOTYT BO3HMKHYTb CyM-
MapHbLIE NOBEPXHOCTHLHIE WM OObeMHbIE TOKH.

4. Konsexmugnbie moKu, KOTOPHE BO3HWKAIOT NPH ABHIKCHHU CPENbI,
conepxamett sapsnn. Dti 3apanel MOryT ObITb KaK CBOOONHBIMM. TaK M
NoJApU3aLHOHHBIMY,

KouBekTnBHbie TOKYW Oynyt paccmorpensl B apyroft rnase. Ceftuac
Hac OyinyT WHTEpPeCOBaTb TOJLKO MNOJiAPU3aUMOHHEIE TOKM M TOKW HaMa-
THHYEHYs.

§ 7.10. Noaspu3anuoHHHE TOKH

DneKTpUUECKUt MOMEHT HONAPU3OBAHHOM MOJIEKYNLl p paBeH

p—_—fpd«uzfpgd«u, _(7.41)

Tae p— NJAOTHOCTL 3apPSNOB B MOJiEKYJe, & — KOOPAMHATHI Pa3iMuHbiX ee
touek ¥ P=pE. Ecnu njioTHOCTL 3apslOB B MOJIeKyJie H3MeHAeTCs
CO BpeMeHeM, TO

p) 0
—(,%:f—ﬂgd«u. (7.42)

[IpeodpasyeM 3TO COOTHOLIEHHE, NMOJb3YSICH 3AKOHOM COXpaHeHus 3apsiioB

0
%: - fV-(pu)Edfu, (7.43)

¥ 3aTeM mpoMHTErpupyem no dyactaM. Kak Bcerna, omyCkas noBePXHOCT-
HBHift WHTErpaj, nojyyaeM

%‘;’_—; / ott do, (7.4%)

UNK, LJisl HEKOTOPOro o6beMa. 3aHATOTO Cpelloft,

(7.45)

JP
CnenoBaTesibHO, NPOM3BOAHAS —r NCHCTBUTE/IBHO MpeNCTABAsET cobott

YCPEAHEHHYI0 MO NPOCTPAHCTBY W BPEMeHW BEJIHYHUHY MOJCKY ASIPHBIX,
TOKOB, BO3HWKAIOINX NDH HM3MEHCHWH NOJAPH3aLVH.
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§ 7.11. Toxu uwamaruuyenus

3TH TOKM MBI ONpellesiuM yepea MarHNTHLIH MOMeHT eavHMUBI 06beMa,
MM HAMArBUYEHHOCTH

— %(g X g, (7.46)

rne E—-panuyc-BeKTOpP TOUKH C TWIOTHOCTLIO TOKA J,,. Maruwronitt
MOMEHT HEKOTOporo o6beMa B uenoM OyneT paBeH

m:fMd«u:%f(ngm)d«u. (7.47)

JIoGOnLITHO, YTO 3TO COOTHOLIEHHE 3HAJOTHYHO BHIPAWEHWIO IS Mexa-
HHYECKOTO MOMEHTa, ONpPENeNeHHOro uepe3 NPOCTPAHCTBEHHOE pacnpene-
Jewre Ckopoctelt u Macc. OHO #BASIETCS YMCTO KUHEMATHYECKUM B TOM
CMBICZIEC, 49TO He 33aBUCHT OT XapakTepa B3auMoleiCTBUS, MarHMTHOTO
WM Kakoro-yim6o wnoro. B anekTpoctatuke awmanoruyssiM o6pasom onpe-
nensieTcs aNeKTpudecKu#t MoMmesT 3amanHoro otbema (7.41). Cucremy,
B KOTOPO# MHKPOCKONWYECKHIT TOK 4Yepe3 MOBEPXHOCTb PaBeH HYIIo,
MOXKHO ONWCHLIBATL C MNOMOWILI0 MArHUTHOTO MOMEHTa 3TOTO 00beMa.
B uacTHOM Cnyyae ONHOIO KOHTypa € NOCTOSIHHBIM TOKOM MarHWMTHBI#
MOMEHT M paBedH NPOM3BENEHWIO TOKA HAa MJOLWAAbL S. OXBATHIBAEMYIO
3THM KOHTYpOM:

m==1J§. (7.48)

IIpn oM nuowans CYWUTaeTcs BEKTOPOM, HOPMANBHHIM FJIOCKOCTH,
B KOTOPO# pacrnosioxeH KOHTYP ¢ TOKOM. Hanpaenesme 3TOro BeKTOpa
8aBMCHT OT HANPABJCHHS TOKA B KOHTYPe ¥ onpenesnseTcs Nno npaBuiay
npaporo BuuTa. OOBLIYHO UMEHHO COOTHOICHYE (7.48) CnyKNT 144 onpene-
JieHUS MATHUTHOTO MOMEHTA KOHTYpa C TOKOM.

Tok j, MOXHO BLIPa3uTb yepe3 HaMATHWYEHHOCTL M, eciv BekTOp-
Hblt notenuman (7.39) pasnowuTb B PN TAK e, Kak 3TO OblIO Che-
JaHo €O cKanApubiM motenumanoM B Th. 1. Ecam o6veM, rne pacnono-
WEHbl TOKH, MHOTO MeHbIli€, 4eM PacCTOSIHHE N0 TOYKM MNOJs, TO MO¥HO
nosomute =R —E n pasnowwts l/r B psn coriacuo pasexctsy (1.46).
Tak Kak 3TO passioweHne CnpapBelJuBo AAA NIOOOTO TOKA, TO WHIEKC /m

MBI OIyCTUM:
id 1 . 0 71 . .
— =z Jd’””*[o (_)] [‘afd"’+

17 0
+3 [0;@ 6)CB [EEan'v— .. (7.49)

B cayyae noCTOSIHHLIX TOKOB f Jjdv =0, u cnenoparenbHO, BEKTOp-

HHH noTeHuWan naxe NPH HE3HAUMTENIbHBIX pasMepax pacnpenesienus
TOKOB OyJeT mONHOCTLIO OnpenesTbCsl BTOPLIM  4YJICHOM PassiomeHus.
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0 (1

Tak kak npu r =R O (—r—): — 2;‘, TO B NEPBOM npulankKesuu
4z A . R“ f&ajad‘v
po € R ’

-

NpydYeM MHTErpupOBaHMe TMPOMSBOAMTCS 1O :. EC/M K noawnHTErpanbHoMy

(7.50)

BLIPAXEHUI0 NPHOABATL M ONHOBPEMEHHO BHIYECTb M3 Hero -12“5(;/'.1- TO
NONYYNM
1 . . 1 , .
EujB:—i(EuJB+EBJE)+-2'(Ea,lp~gﬁ.’a)'
HuTerpan OT mnepBOft 4acTW 3TOTO BHPaMEHWs B Ciyyae NOCTOAHHOrO

Toka ofpauiaercs B HyJib. DTO MOXHO INOKa3aThb NOCPENCTBOM Clenyio-
iero npeoGpasopanus:

65 (V- H=0=V &5 — j - V(EE.

[TpuMenss K 3TOMy COOTHOWienwio TeopeMy laycca, mosyuum
0= [j Vet dv= [ Glp+ gl do.

Bropoft uieH NONBLIHTEIPANLHOTO BBHIPAWEHMS MOXHO IPENACTABUTL Clie-
nyouyM o6pasom:

R.,(Eajp“‘ Eaj.,)_: [(E X J) X R]ﬁ,
CcAeAOBATENIbHO, B KOHCUYHOM C4YETE nojydaeTcs

4, [ EXHXR , _mXR
wA=) T e

Taxum 06pasoM, mnepBbift UJieH MYJbTHIOJIBLHOTO PA3OKEHU CBOANTCS
K BCKTOPDHOMY noTeHuHady MarsuTHOroO JIunonsd m. Ecau HaMaFHM‘leH-.
HOCTL pasHa M, TO BEeKTOPHHIl NOTEHUMA] MMEeT BHI

e v (o [ M o [5 (Bae 0

Ho rtak rax

——mX V(%). (7.51)

r

[V’X%’dv: N /‘des'

TO BTOpPO#t ujied B CooTHoLieHnu (7.52) MoOxHO o6paTuTh B HyJb, €CJH
HOBerHOCTh nHTerpuponaHnﬂ Bbl6paTb BHE O6HaCTlrl, rge UMewTCss TOKH.
Cornacuo onpenesesuio peKTopuoro norenuyana VX M MoxHo oTOMXIe-
CTBUTb C NJIOTHOCTBIO TOKa, T. €. i

Jm =V X M. B (7.53)
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TeM caMblM 3KBMBAJIEHTHBII TOK HaMaruWuyewns Mbl BHIPaswin  4epe3
HAMArHWYEHHOCTL CPebl.

Bnepmﬂe SKBWBAJNICHTHOCTL MATHMTHLIX NoJjieft HaMAarHWYEeHHLIX BeleCTB
n ToKOB Oblna oTMedena AMnepowm. [lpencraBienve O TOKax HaMaruuye-
HUsE HeOOXONUMO il TOTO, 4TOOH MHKPOCKONHYECKHE TOKM ATOMHOIO
NPONCXONIeHUS BBECTH B MaKpockonuueckyio treopuio. CornacHo CooTHo-
wienio (7.53) B ofnacTd, rae HAMarHWYCHHOCTb ONHOPOAHA, 9TH TOKW
B3aWMHO YHWYTONANTCS; INPH HEOAHOPOAHO#f HAMAarHWYEHHOCTH HMMEeTCA
CyMMapHasl fUIOTHOCTb TOKA j,.

Pusvueckutt cmbich cootyowenus (7.53) MOMHO NOHATL CEAYIOLIUM
o6pa3oM. PaccMOTpUM 2-KOMIIOHEHTH MarHUTHBLIX MOMEHTOB MIBYX KOHTY-
POB C TOKOM, PACNONIOMEHHBIX B MJIOCKOCTH XY NPIMOYTONbHOR CHCTEMBI
Koopausat (puc. 7.3). Ecnu wamar-
HMYEHHOCTh HEONHOPOHNHA, TO NOJi-
HOHM KOMMEHCalluK TOKOB Ha rpaxvie
IBYX KOHTYpOB HE npousofiner,
T. €. CyMMapublét Tok Oyier orau-
yey OT Hy.asd.

Kak BUNHO W3 pHCYHKa, Mar-
HHTHHIt MOMEHT Kauioro KOHTypa
paBeH

m=Mdxdydz.

Cornacio  cootnowiennio  (7.48)
B NEPBOM KOHTYpe TeyeT TOK

Puc. 7.3. Kontypb ¢ TOkamH Ammnepa
B HaMarHMYeHHO# cpene.

Ha suyTpemBell IparRMLe STHX KOHTYPOB TOKM M,dxdydz
NATPABAERE B UPOTHBONONOXKELE CTOPOHHI. Ji= dxdy

Tok BO BTOPOM KOHTYpE HETPYAHO OLCHHTb, NONb3YACh PasOKEHHEM
B psn Te#nopa

oM, ]

[M, +( e )dedxdy dz

dydx

Jp=
Pasvocte Mewny J; m J, 4acT TOK B HanpaBieHWM OCH Y BROJAbL OOLiel
rpauuus 00OMX KOHTYPOB:

Jy=—

oM, dx dz.
ox

Kak HeTpyLHO BHIETb, 3Ta pasHOCTb ApelcTapisger coO0H ONHY M3 ILECTH
KOMIIOHEHT poTopa. T. €. B OOlieM cJaydae

Ja=V XM
yto coBnamaetr ¢ (7.53).
Ec/in HaMarHWYEHHOCTL WMCHBITHIBAET Pa3pbiB HA KaKoft-inbo noBepx-
HOCTM, TO HAa Hell BO3HMKaeT NOBEPXHOCTHHI! TOK, paBHBHIM CKauyKy Kaca-
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TeJbHOH KOMMNOHEHTH HAMArHMUYEHHOCTH. ITO CleAyeT W8 COOTHOLUEHHS
(7.53), ecnn ero npUMEHUTb K KOHTYPY C TOKOM, OIHA MOJOBMHA KOTO-
poro JieXMT 1O ONHY CTOPOHY nonepxnocm paspbiBa. a BTOpas — 1o

NpyTryio.
§ 7.12. Tok cmeuweHun B BakKyyme

B nokosiuefics cpeie nojHbfR TOK paBeH CyMMe CBOGOAHLIX TOKOB,
TOKOB NOJSpH3ALUN ¥ HAMATHUYCHUS

. . oP
Juoms = Jesos + b?‘*‘VXM (7.54)

Ilng toro ytoObl COXPAHAJNCS 3apsii, NOJHLIR TOK LOJKEH YyAOBJCTBODATH
YP3BHEHHIO HENPEepPLIBHOCTH

., Op
V.ji+ 5=
JivBeprenuus nonHOro TOKa paBHA
. . P
V'Jnonﬂzv'lcno6+v'(%7)+v'(VX M, (7.55)

TAK UTO YPaBHEHHE HENpPEPLIBHOCTH NJSi MOJHOTO TOKAa MPHHUMAET Clie-
Ayt BUL:

Vodast V()4 YV Vxm+ () =0 @.56)
B cuny ypaerewuss Makcsenna
Puoms =€ V- E
UMeeM
(%) =gV ‘;—f , (7.57)

U CcJienoBaTeqibHO,
Ve emo + V- ( )+V VX M)+ =V ( ):0. (7.58)-

un, ucnoseays cootsoluewne D = e F + P, noayyaem
. . oD
V. (Jcsoﬁ 1t oF +V M) =0. (7.59)

JluBeprenumsi nOAHOrO TOKA (7.57) He pasHa 1ymi0, W CJELOBATEJbHO,
OH He cosieHounaneH. B To e BpeMsi, €CJIM K YIOJHOMY TOKY ApHOaRUTH

BCJIMUNHY €, tz,—f" , TO NOJYUYUTCA BEKTOp
.t oD . oFE
€ = jesos + &-+VXM=JHQAH'+ED TR (7.60)

nojie KOTOPOro COJICHOMNAJILHO. HeOﬁX‘OllHMOCTh 3TOI'0 NONOJIHUTEJIbHOIO
yaeHa, njg TOro ytoObl TOK CTaNn CoseHownasieH, Owuinia yCTaHOBJieHa
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oF
MakcBennoM. 3ToT uneH € g7 » HOCAUMM HasBaHMe «TOKA CMELICHHAY,

He fABJSIETCS] TOKOM B OOBLIYHOM CMBICHE CJIOBA, T. €. NepeMeleHueM 3a-
psinos. Onvako B IanbyHeftlleM MH YBUIMM, 4YTO MAarHWTHLIC ABJiCHUS
MOryT ObITb  ONMCAHEL  TOJILKO npu ycCJiOBHH COJICHOUNAJLHOCTH TOKA.
TlosToMy TOK cMewienmst nomweH OLITh BBeneH B (hOPMyJibl ISl MarHuT-
HOTrO B3auMojelicTBHA B chiydae HenoCTOSIHHLIX TOKOB.

CMBICK CONesounanbHOCT TOKa € COCTOUT B TOM, 4YTO B T&X TOUYKAEX,
rae fIoJHbIR TOK TepnuT pPasphLiB M NPOMCXOAMT HAKONJEHHE 3apsinoB,
TOK € HenpepbiBeH W paBeH CKOPOCTH U3MEHCHHUA 3JIEKTPHUYECKOro nois,
CO3[1aBACMOTO HAKamJMBaecMbLIMY 3apsilaMd Ha rpanuuax paspbia. Hanpu-
Mep, lenb, COCTOsLiast W3 GaTapew, 3apsixaiolieft KOHAEHCATOp, fABJSETCs
BAMKHYTOM J TOKa €.

3anauu

1. Broiuncinte namenenne COMPOTUBJACHMS NPOBOJOKM auaMerpom D, oby-
CNOBJIEHHOE HAJHYMEM BHyTpenHe# Imean nmamerpoM d (puc. 7.4), u Bwipasute
€ero uepe3 SKBHBAJCHTHOE yisnHenue nposofoku. [lone MOMXHO cunmiarb NBY-
MepubiM ¥ D —d << D.

2. Llenrpanbupiii MpOBOAHHK KOAKCHANbHOFO Kabensl panuyca a OXpYKeH
060104KOH € BHEIIHWM pagKycOM b ¥ MpOBOIHMOCTHIO o;. Mexny s1oif o6onou-

KOH ¥ BHENIHMM TPOBOIHHMKOM pajguyca ¢
T umeercss Btopas o6ollodka € TMPOBOAU-
D T MOCTbIO Gy. BHIUHCAMTE COMPOTHBIEHHE MEMILY
i Yene [pOBOIHUKAaMK Kabens namuobi 1 a.
3. B uexoTtopoli 1ouKe p mnpoBoxsIneh
MJOCKOCTH B HEE BTEKAeT 3JEKTPHUECKui TOK
Puc. 7.4. 1 BHITeKae1r u3 Hee B 6ecxoHeunoctd. B cto-
poHE OT TOUKH p B MPOBOIAIEH MJOCKOCTH
uMeercsl Kpyrioe orsepcrue. ITokamnTe, YTO pasHOCTH NMOTEHIHANOB MEWIY JIO-
GuIMH JIByMS TOUKAaMHM Ha KPaiw OTBepCTHS BABOe 60JBINE PA3HOCTH MOTCHIMANOB
MEXy 3THMH TOYKAMH B TOM Clilyyae, €CAM OTBEPCTHE OTCYTCTBYeT.

4. Jiea neGoabmnx chepHYCCKHX ACKTPONA PafiuyCa @ MOFPYXEHB B NPO-
BOIALYIH Ccpeny Ha Imybuny d > a 01 noBepxHOCTH. PacCcrosiHne Mexnuy snex-
TponaMu paBHO b. Onpenenute COMPOTHBIEHHE MEXIy SJCKTPOLAMH, €CJIM Mpo-
BOIMMOCTL CpEIH paBHA G.

5. IIpoctpancTBO Mewny IByMsl cdepHuecknMM KOHUEHTPHYECKHMH 3SJ€K-
TPONAaMHM 3AMOJHEHO BEILCCTBOM, MPOBOIMMOCTb KOTOPOrO 06paTHO MPOMOPLHO-
HaJIbHA PACCTOSHUIO OT LIGHTPa CHCTeMBl. Onpeliesinte pacnpeyeeHue NOTCHIMana
B NMPOCTPAHCTBE MEXJY 3JEKTPONAMH, €CNH MEXAY HMMH MOJIEpKuBaercs 10K J,
a noreHnuan BHemiHeH cdepbl paBeH ¢,

6. Ha noeepxmnoctu Xpyrjoro nucka paiuyca @ OT LEHIpa A0 Kpas yJo-
WEeHO N BHTKOB cnupaidu M3 TOHKOH NpoBoJoku. Onpeneante MarHUTHbIH
AMnoAbHbi MOMEHT Takof Cnmpafiu, eclin uepe3 Hee Teuer 1ok J.

7. llo kpyrnoMy XOHTYpY, MOJNOXEHHE KOTOPOrO B MPOCTPAHCTBE 3alaeTCs
YPaBHEHHSAMH 2 = b, x2 4 y2 = a2, teuer 10k J. [lokaxurte, 49TO nMpu r < R=

ST 78 o o
=Va?+ b2 maruutHblii CKanspuplii NOTEHIMaN NPONQPIMOHAJNEH CIEAYIOIEMY

BbIPAXXEHRIO:
N n-1 b b ry*
m [Pn—,Ll ('T?*) — Pﬂ— i ("E')](?) Pﬂ (COS 0)-

n=1
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FJTABA 8
MATHHUTHBIE CPEJibl  KPAEBBIE 3AJJIAUYH

Jlo cux nop Mbl pPacCMAaTPHMBAJIM MArHWUTHBIE TOJii B BaKyyMme ¥ Te
TOKHW, KOTOpBIE CNENYeT YUYUTLIBATL NMPH NOMELICHWM BELICCTBA B MAarHHUT-
Hoe none. B obiem cayyae ToK j B cooTHOUeHHH (7.34), CBSI3BIBAIOLIEM
MATHUTHOE 1OJie C TOKOM, HYHO 33MEHWTb 1OJHLIM TOKOM (7.55), BKIIO-
YaIOIMM TOKW HaMarHwueHWws u nossipusauvn. OIHAKO €ciu nosapusanus
W3MeHsAeTCs CO BpPEMEHEM, TO NOJHBIH TOK OKA3bIBAETCH HECOJICHOMIAJib-
oM. Ectb 1Be BO3MOWHOCTH 0606uIeHnn Bupawenns V X B==p.j: nu6o
CHENATh TOK COJICHOMIANbHBIM, JHOO W3MEHMTb CaMO 3TO BLIPAXEHHE.
Bribop Mewny 3TuMu ABYMs BO3MOXKHOCTSMM Obul cienad MakcBenioM:
MakcBensi OCTaBUJI HEM3MEHHLIMH COOTHOILEHHS MEXNY MAarHUTHLIM NOJiEM
¥ TOKOM, T. e. cOOTHouieHus (7.26), (7.28) u (7.38), n B KauectBe noli-
HOM NAOTHOCTY TOKA BBEJ COJIEHOMAANbHYIO Benuuuny € (7.60). Bkuo-
yaloIy0 TOK cMeweHuss B BakyyMe. [IpaBuibHOCTbL 3TOrO INpeanoJome-
HMs ObUId NMOJHOCTHIO NMOATBEPMIleHA AaJbHeHINM PasBHTHEM TEOPHH.

§ 8.1. HanpsikennocTb MarsuvHOro noas

Ecan B KauecTBe MOJHOrO TOKA UCHOJb30BATH BEJIMUHHY €, TO REKTOp-
Hoe noie B onpenenseTcs CACNYIOUIUMH YPABHEHHUAMHU:

V.-B=0, (8.1)
.0
VXB:poc:po(jcsos+V><M+d—lt))- 8.2

[lpn paccMOTpeHvy NOASPU3ANUN IMICKTPUKORB B MI. 2 € MareMaTHuecKoh
TOYKM 3PEHWst OKa3anoCh YHAOOHBIM OTHEJIHTH NOJE, CO3LaBacMOe CBOGOI-
HBIMU 33psNaMM, OT NOJHOIO noJis, OOYCJHOBIEHHOrO KaK CBOGOIHBIMH
3apsiiamMi, TaKk M NOJSIPpU3aUMOHHLIMH. AHANOTMYHBIM OOpa3oM M3 MOJHOrO
MarHMTHOTO MNONs YHOOHO BHUIENMTb TY €0 4YacTh, KOTOPast CO3laeTcs
ATOMHBIMA TOKAMM Hamarhwuyenmus. 3anuiieM ypaBHerwe (8.2) B Bune

. oD
VX (B — poM) = po  fesos + 7) 8.3)
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H BBEIEM HOBOC noOJe

1 B
=—(B—pM=——M - .
H =~ (B—poMh = — (8.4)
B peayabTaTe noayuyaeM COOTHOILEHHE
. . 0D
VXH:JcBo() + or (8.5)

B cucreme MKC Bexktop H — HanpspkeHHOCTb MarHHTHOTO IOJS -—
u3MepaeTcs B amnep-BHTKax Ha Merp. CootHoluenne (8.5) mokashiBaer,
YTO TMAOTHOCTb LHPKYJAsuuH BekTopa H paBHa CyMMe NJIOTHOCTH TOKA
CBOGOAHBIX 3apsSAOB U MJIOTHOCTH MOJHOrO TOKa cMemieHus. B mocnennwii
a
R TaK H BaKYyMHbIl TOK CMenge-

OE
HHS € o - B cTanHoHapHbLIX WAHM KBa3HCTALLHOHAPHHIX YCAOBUAX, KOTAa

BXOAAT KaK MNOJAApPH3aNUOHHbBIE TOKH

TOK CMelieHus npeHeOpexxuMo Mal 10 CPaBHEHHIO C TOKOM CBOOOIHBIX
3apaaos, )
v X H__—jcBO(‘) (86)

HiM B MHTerpaibHoOlt opme
§ H-dl= . (8.7)

3aMeTHM, YTO B 3TOM cny-iae BekTOopbl B u H aHAJOTHYHE COOTBET-
cTBeHHO BekTopaM E W D B NH3JCKTPHYECKHX fBJEHHAX. ITO JETKO
BHETb, CPABHHBASA NMPUBEJeHHHE Bhlle COOTHOLUEHHS C (POPMyJaMu Ti. 2:

fE‘dS ::‘ggw‘»

Eo

[ -5 =gees:

§ 8.2. HcTOUHHKM MarHuTHOrO moJs

PactcmoTpeHne AM3NEKTPHKOB B ria. 2 ObJIO OFPaHWYEHO JAWHERHBIM
ciyuaeM, T. €. MOJSPH3ALHA B BeLIeCTBaX MPeANOJaraiach MPONOPUHOHA b~
HOH MNpPHJIOCXKEHHOMY anekTprueckoMy noJio. OmHako B cayvae ¢eppo-
MarHHTHBIX BelleCTB HeiuHeliHoe noseneHHe Gojee oObMHO. PaccMoTpuM
NMO3TOMY HEKOTOPbie CBOHCTBa MAarHUTHBIX NoJjel, oGyCHOBJEHHble TeM,
YTO HAMarHWyeHHOCTb M, HeiMHe#HO, a8 4YacTO JakKe U HEONHO3HAYHO
3aBUCHT OT BHellHero noJjs. IlpennonoxuM cHayaaa, uyro M saBucur
TONbKO OT CPelAbl W He 33BHCHT OT BHEIUHEr0 MATHHTHOrO MOJAS, YTO
B NPeAEeNbHOM CJyyae HMeeT MECTO B MOCTOSHHBIX MarHuTax. Kak Buano
3 cootHouleHus (8.6). mone Bekropa M oOnanaeT HOTEHHMANOM
NOSTUMY B MaTeMaTHUYeCKOM OTHOLUeHHH BeleT ceOs nOLOOHO 3zeKTpO-
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CTaTHYECKOMY MOJIO, B TO K€ BpeMs IMOJie BeKTopa B octaercs coneHo-
WO aJIbHBIM:

VX H=0.
} es

VX B =p, (VX M) + 0.

OnHako ctaTHueckoe MarHuTHoe noje H coanaercs HCTOYHWKAMH, NJOT-
HOCTb KOTOPHIX

p1BHA JHMBEPreHUHU HAMATHUYEHHOCTH, B3ITOH € O0OpatHbIM 3HaKOM. Enu-
HUUA TJAOTHOCTH MarHUTHHX 3apsafoB OOLYHO HA3HIBAETCH EIVHUYHBIM
MAarHUTHBIM TIOJMIOCOM. MarHuTHble TMOJIOCA H 3apialbl BBOATCS YHCTO
¢opmanbHO, baaropaps MM MaTeMaTHYECKOE ONUCAHME MarHUTHOrO MOJist
CTAHOBHTCA MOAOOHBHIM OMHCAHHI0 3JeKTpPHuYeckoro nous. Tak Kak Mar-
HUTHOE NOJe MOCTOSIHHBIX MarHuToB Oe3sHXpeBoe, €ro MOXHO BLIPAa3UThb
yepe3 MarHHTHBIH CKajnspHLIB NOTeHuUMan ¢, TOYHO TaK ke, Kak FE
BLIpaXaeTcsl uepes anekTpocraruyeckudl notenmuan ¢. IMonoxus

H=-—Vg,. (8.10)

MOTEHMaA MOXHO BbIDA3UTb 4Yepes OGBGMHYIO U MNOBEPXHOCTHYI IMJOT-
HOCTH MAarHHTHBHIX 3apsiioB

L[ (M-as [ V-M
LR L (8.11)

[Tose NMOCTOAHHOTO MarHWTa C 3aAAHHOW HAMATHMYEHHOCTbIO BHpa-
WAeTC TAKKE M yepe3 BEKTOPHHH noreHuwan A, KOTOpHH B CBOW
oyepellb CBI3aH C MOBePXHOCTHHIMM H oObeMHbIMH TOKamu. CoorHolue-
HUe (7.52) mpuoOpeTaeT B 3TOM Ciayyvae TakoW BHA:

A:ﬂ[/’\@;ﬁdv.ﬁ ["_x&dsj. 8.12)

4n r

[10BepXHOCTBI0 HHTErpPUPOBAHHS B 3TOM COOTHOLUEHHUM CJAYXKHT NOBEPX-
HoCTb Maruuta. [INOTHOCTE NMOBEPXHOCTHHIX TOKOB pasHa - #£ X M,
rane #7— eJHHHYHBIA BEKTOP, HOPMAaJbHbI MOBEPXHOCTH MarHura. 13
STOr0 COOTHOLLUEHHS C NOMOLILI GOpMYB (7.37) Jerko MOJYYUTb BHPa-
WeHHe IS NOJA MarduTHOR MHAYKIMU.

B cayvyae o@HOpPOOHO HaMarHuyeHHOM cpelbl BCe BHYTPEHHHE TOKH
B3aHMHO KOMIIEHCUDYIOTCS M VMEIOTCS TOJIbKO TMNOBEPXHOCTHHE TOKW.
Tak, nose UMIMHIPHYECKOrO MarHUTa, HAMarHMYEHHOTO BIOJb CoOCTBEH-
HOR OCH, 3KBHBAJEHTHO NOJMIO CoJeHouna, (opMa KOTOPOro COBNAnaeT
C UMAHHAPHYECKON MOBEPXHOCTHID MAFHWTA U JVHHM TOKa 5EXaT B MJO-
CKOCTAX, MEPHEHAUKYJASPHBIX OCH UMAHHAPA. $IcHO, yTo B 3TOM cJayuae
CylecTBeHHB! BKJAal B cKagspHuH noreHuwad (8.11) GynyT nasaTh
J@ilb KOHUB! HHAMHAPA. B chyyae NOCTOSHHBIX MarHHTOB MOXHO CHYMTATh,
yro nose H cosnaercs ABYMS CJOSMH 3KBMBAJEHTHBIX MarHHTHBIX 3apsi-
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LOB, PAaCHOJIOMEHHBIX Ha IJIOCKHX NOBEPXHOCTAX WWJAHHApAa, aHaAOTHYHO
3EKTPOCTATHYECKOMY TMOJIC. CO3[aBaeMOMY NOAOOHO PAacHOJOMEHHEIMH
3NeKTpUYeCKUMB 3apanaMu. C Ipyrofl CTOpOHBI, MOXHO MOJalaTh, 4TO
nose B cospaeTcs TCKOM B SKBHBAJICHTHOM CO/IeHOMJE, TaK XKe Kak
oObIYHOE nojie B BaKyyMe CO3naeTcs NOCTOSHHBM TokoM. Bfpy n H
paBHbl BHe o€nacTh, Tae M OTJMYHO OT HYJ/si, OAHAKO FHYTpPH MarHUTa
OHH OT/HYAIOTCS KaK Pa3 Ha BeJMUYMHY HaMarHMYeHHOCTH M. 3ameTnm.
4yTo cornacHo puc. 8.1 BHytpu marnuta B u H HanpaBaeHb NpPOTHBO-
NOJOKHO, NOCKOAbKY uMpkyasuus H no no6oMy KOHTypYy paBHa HyJio.

N/ I

5000000 QL
XX

78

Puc. 8.1. Iocronuuulil MarHuT ¢ ONHOPONHOH HAMarHHYEHHOCTDLIO:

@) SKBUBAJNEHTHLIE MarHUTHLle SapAAbl — MCTOYHHKH nojsa M, 6) SKBMBANCHTHHIK COMECHOMI,
co3nawui nose B.

CootHouennst (8.11) u (8.12) BhpamaioT cKansipHbifi H BEKTOpHbIH
MOTEHUMAJbl Yepe3 paclpelleicHHe SKBHBAJEHTHBIX MarHHTHHX 3apsoB
uau TokoB. KpoMe TOro, Hx MOXHO npeiCTaBHTb B BHIE CYMMb! NOTEH-
LHa/IOB OTJEJibHHX MarHUTHHX MoMeHTOB. CorsacHO COOTHOLUICHHIO (7.51)
HMeeM

Az—{%fmxv(‘?)dw'. (8.13)

AHanorHyHO CKajspHbI# NMOTEHUMad MoxeT ObThb 3amHCaH B BHAe, MOL0OG-
HOM BhipaxeHuio (1.61):

cpmz—]l?fm-v(})dfa'. (8.14)

IxeuBaneHTHOCTh cooTHoweHuH (8.13) u (8.14) coorHomenusiM (8.11)
# (8.12) Jerk0 NoKasbBaeTCst C NMOMOLILI0 HHTErpHPOBAHHS MO YACTHAM.
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[lons, BHYKCAeHHble NOCPEACTBOM TOW MAM uHOW mnapw  ypaBHeHHf,
JNOKHE ObiTb, KOHEUHO, OJMHAKOBBLIMH.
Hicnosbays BeKTOpPHHE TOXAECTBA, MOXHO NMOKasaTh, uTO MoJie, co3la-

BAcMOE B BaKyyMe MarHMTHHM JMNOJEM C MOMEHTOM m:fMd‘v"

paBHO

B=VXA=- %{Vx{mxv(%)!}:

— Z—;[(m : V;V(-})* mV"’(%)I (8.15)

[MocaenHuil yneH B 3TOM COOTHOLUGHMM paBeH HYJI0 Beslle. 33 HCKAIO-
uyenHeM rtouxku r = 0. s ¢opmyan (8.14) caenyer
1
He v :L{v[m.v(i)”h‘_”i_vlv(_?) 8.16)
- P dx r —— 4 ' L O

T. €. eCNM He CYUT4Th MHOXWUTENS {, TO NOJNA OTJIHYAITCA TOAbKO
B TouKe r=0.

Takum 06pasoM, Mbl BMIMM, YTO NOCTOAHHbIE MATHHTBI MOTYT ObiTh
ONMHCAaHB KaK C TNMOMOLIbI0 «IKBHBAJNEHTHHX TOKOB», T4K H C NOMOILLbIO
«9KBUMBAJEHTHHIX MAarHMTHHX 3apsnoB». Tak Kak B Lle/OM ONHCaHWE Mar-
HUTHBIX NOJcit OCHOBAHO HA NPENNOCHUIKE, YTO OHM CO3JAIOTCA ABHKY-
IIMMHCA 3apsilaMH, Mbl NOJIAT3eM, YTO MHTEpIpeTauus ¢ MOMOLIbI0 UMPKY-
JSLLMOHHBIX aTOMHBIX TOKOB Oosiee rny0oKa, yeM KOHILENHSA MarHUTHBIX
sapsanos !). CnenoearenbHo, none B, cosnaBaemoe TOKamH, ¢ ¢usnyecr:ofi
TOYKH 3peHusi uMeet Oouee raybokult cmbicn, Hexenu mone H, kotopoe
CO3/1aeTC MAarHWTHHIMM 3apsiaMu. OIHaKo onucanve C noMouibio nosns H
60.iee  nNpHBJleKaTeNbHO C MNPAKTHYECKOW TOYKH 3peHHA, TaK Kak DpH
3TOM 3allail ¢ ROCTOSIHHBIMM MATHHTAMM, HAM HaMarHHYeHHbIMH jKe/es-
HBIMH NMOAKCAMHM, HAMArHUYEHHOCTb KOTOPLIX MOXHO OnpeldenuTth Hesa-
BHCHMBbIM CROCOOOM, CBOJSITCS K 3a1aYaM 3/eKTPOCTATHKH.

Bonpoc o ToM, kakoe mnoHaTHe OOJee (QYHAAMeHTAaNbHO, MOKHO
HOCTAaBMTb HeCKOoJibKO wHaue. Paccmorpum rakywo sanavy. 3apsan g nBH-
H2TCA €O CKOPOCTbIO & B HaMarHuwueHHo# cpene. Ecnu cuna. JeficTeylo-
I1ag Ha 3apsl. HMeeT Bl .
F=gqw ¥ X).

TO YTO BXOIMT B 3TO BHpameHue B Kawecrse X? B, H umi. moxer
OblTh, KOMOUHALMA 3TUX BEJAHYUH? DKCMSPHMEHTANBHO 3TOT BONPOC H3Y4HA

) HukakHx npuHUMNHAALHBIX M[pHYHH OTCYTCTBHSI MAarHHTHBIX 3apsjiOB HET;
Mbl H2 pacCMaTpuBaeM NOJASl TAKHX 3apANOB NPOCTO NOTOMY, YTO HET HHKAaKUX
3KCNEPHMEHTAJAbHBIX YKa3aHHMH Ha HX cyuecTBoBaHue. Ecau 6B oTnesbHBIE
MAarHHTHble TOJI0Ca CYLIECTBOBaJH, TO BCE COOTHOHIEHHS,, BLIBEAEHHbIE BBILIE,
Obiin Obl sl HEX NPHroankl. B KBaHTOBOH MexaHHKe NOKa3aHO, YTO «3JeMEH-
TapHble» MarHuTHblE 3apsnbl, ecau Obl OHHM CyLIECTBOBaJH, Oblin OH CBA3AHW
C 3XEMEHTAPHLIM 3JEKTPHUYECKHM 3apSiioM HOCTOAHHKMM MHOXHTEJIEM.
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Pasertu 1). Ou uaMepsii OTKAOHEHHE KOCMHYECKUX JyHell B LaMarHiayeH-
HOM jenede. Teopernuecku Bonmpoc 6uln uccnenoBan Bauwepom ?), koto-
poift MeTanbHO paccMOTpesi IBHKEHWE 3apsKEHHBIX YacTHIL B HAMArHH-
yeHHo#t cpepe. PeaynbTathl 3THX HCC/IEAOBaHHN 3aKJIONAIOTCA B CAEAYIO-
LIeM: ecsaH  JIBMKEHHe YacTHUB MOJHOCTBIO CAy4YaHHO MO OTHOLIEHHIO
K 3apseHHON cpelle, T. e. B NepBOM NpPHOAMKEHHH HasiNuyHE CpeAb He
BAHAET Ha JBMXEHWE YacTHUbl, TO AeHCTBYIOLIMM MOJEM B NPHBEACHHOM
BblpaKeHHH 1AJf CHAbl HyxHO cuHtate B. C apyrofi cropoHbl, ecau
4acTHUA JBUKETCA MeAJeHHO H Cpellda OKa3bBAeT 3HAaYuTeAbHOE BO3fAeH-
CTBHe HA €€ JBWXEHWE, TO BEpPOATHOCTb NMPOHTH uYepe3 aTOMHHIA KOHTYpP
C TOKOM YyMeHblUaeTCsi M OTAeNbHBH aTOMHBIA KOHTYP MOXHO CHHTATH
HEMPOHMLAEMBIM JHNOJeM. B 3TOM cuayuyae npouecc ycpeiHeHWs ApH-
BOAMT K OTKJOHEHUIO, COOTBETCTBYIOlleMy noJw0 M B BblpameHuH ans
cunbl, Apefcreyouiel Ha 3sapan.  JleWcTBUTE/NIBHO, 3KCRepHMeHTaAbHbIE
pesynbTaThl PaseTtv NoOKasblBalOT, YTO OTKJOHEHME OuYeHb OBICTPHIX
YACTHIL NPHMEPHO CcorAacyercsl C BHYHCACHHBIM, €CAM B BHPaMeHUW st
CHAB ucnoJb30Bath B. B 3TOM cMbicne GoJdee TOYHBIH OTBET MOXKHO
nath B mpenesie oueHb GoblIHX ckopocted: X,.., = B.

Ilanbuefimee nonrBepineHne ¢QyunamexranvHolt poan nons B Obuio
fIOJy4eHO B ONBITAX MO OTPAa}eEHWI0 H AHGPPAKUUM HEHTPOHOB B MATHHT-
HBIX Matepuajax, npoBefeHHbix 1OzoMm u npyrumu ®). DHsio nokasano,
YTO MoJie, BAMSIOLLEe HA JIBUKenHe HeHTpOHOB, pasHo B, a me H, 1. e.
B3aumosiecTBYe HeUTPOHOB M MArHUTHBIX IIOMEHOB FMPOUCXONUT TaK,
Kak ecnum Ob oun Oblny TOKaMM AMmepa. a He JMNOJASIMH, HeNpOHHLae-
MLIMH IpYT AAS 0pyra.

§ 8.3. MarHeTHKM: MaradtHas BOCIPHHMYMBOCTD
H IPaHH4Hble YCAOBHS

B npenuiaymem pasfiee Mbl  CuMTaaM. 4TO HaMarHMYenHocts M
3aBHCUT TOMLKO OT KOOPIAMHAT, KAK B NOCTOSHHHIX MaruuTax. Bepuemcs
Tellepb K CJy4Yal WAaeanbHO MNpoHHuacMoW cpelld, T. €. Cpein., B KOTO-
poft HeT CBOOONHHIX MATHHTHHIX MOMEHTOB, @ BeJMYHHAa HABOAMMbIX Mar-
HHTHEIX MOMEHTOB RPONOPLHOHAJNLHA BHEWIHEMY noJw. Toraa ypaBHenus
AOAA UMEIOT TAaKON BMA:

V.B=0, (8.1)

§ H - L=y 8.7

) F. Rasetti, Phys. Rev. 66, 1 (1944).

) G. H. Wanier, Phys. Rev. 72, 304 (1947).

) OnucaHHe u aHaiH3 3THX onbiToB JiaHul B kHure D. J. Hughes, Pile
Neutron Research, Addison Wesley, 1954. (Pycckuit nepesox: KJ3, Heiitpon-

ubie HccnenosaHus Ha peaktopax. MJI, 1957, cm. pasgen 11.4 n 10.6.)
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Ecnu nonowuts M=y,H, To nosnyvaerca COOTHOUIEHHE, aHAJIOTHYHOE
cooTHollieHH0 (2.9) B 3jieKTpocTaTHKe,

B = (y.,+ 1) H=k,pH = pH, (8.17)

rie ¥, — MarHHTHasi BOCNPHHMYHBOCTb, K, = ¥, - | — oTHOCHTENbHAs
NPOHMIAEMOCTb CPeAbl H 1 — abCOMOTHAS NPOHHUAEMOCTb.

BrBon rpaHuuHHX ycnoBuH Aaan B w H nonHoCTbio @HanOrHYeH
BbIBONY TIpaHH4HBIX ycioBu# naa E u D B ra. 2. Ha rpanuue pasnena
Mewny cpenaMd | W 2 HOpMajbHbIE KOMNOHEHTH MNOJeH CBA3AHBI COOT-
HOLLUEHHEM

n, - (By— By =n, - (ol — pHy) = 0. (8.18)

AnanoruyHo TaHreHuMaJibHHE KOMNOHEHTH MONYHHAKIOTCA COOTHOLIEHHIO

m X (Hy— H) =, X (Ve — Vo) =, X (& — ) =K. ®.19
rie K — NIOTHOCTb NMOBEPXHOCTHBIX TOKOB Ha TpaHWLE Pasfena Mexay
IByMsl CpellaMH. ITH COOTHOLUEHHsI AHAJNIOIHYHBl  3JEKTPOCTATHUECKHM
cooTHoweHusM (2.14) u (2.18), onHako HMeeTcs W HEKOTOpas pasHHuuA
mexny Hume. Hopmanbhas komnonenta B cTporo HempepbiBHa Ha rpa-
HHULE, B TO BPeMsl KaK HOpMasibHasi KOMIOHeHTa D) HenpephlBHa TOJBKO,
€CJIH Ha IpaHHlie pasgela HeT NMOBEPXHOCTHHIX 3apsanoB. TaHreHuuannHas
KoMmnoHeHta E Bcerlla HemlpepbiBHa, a Ads B 3Ta HeNpephBHOCTb MMeeT
MECTO TOJIBKO, €CJH HeT NMOBEpXHOCTHBIX TOKOB. JTH pasinudst ofycno-
BJEHbl HaNMYHEM CBOOONHBIX 3JEKTPHYECKHX 3apsloB H OTCYTCTBHEM
MCTHHHBIX MarHMTHHIX 3apSAOB.

§ 8.4. MarHuTHbE uenu

Jlerko saMeTuth, yto ypaeHeHus (8.1), (8.17) u (8.7) MaTemaTHuecKkn
TOMAECTBEHHH yPaBHEHHAM IIOCTOSHHOTC TOKA B HelpephiBHOH cpene npu
HaJlWUHH HEKOHCepBATHBHOH 3JIEKTPOABHIKYLIeH CHJRI

V.j—o, (7.2)
j:CE, (7.3)
§E- dl—8. (7.5

-

M3 s3TuX cooTHOMIeHuiT BBIBOLHTCH BblpaMeHHe Al KCONPOTHBJEHHUA»
CHCTEMB! MOCACAOBATENbHBIX NPOBOAHHKOB

LN &
R__-u—_) & (7.17)

i
3Ta aHanorHs NO3BOJSET BBECTH MNpeNCTaBjeHHe O MAaCHHTHOM Uenu.
B aToM cayuae peuenus 3ajay o pacnpeleieHHH MAaTHHTHOrO NoJs Moj-
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HOCTbHI0O ONpENeNsOTCs BbipaXeHHeM IJi MarHHTHOro NOTOKa (I)ml

®,= [ B-as=4-, (8.20)

I'/le BEJIHYHUHAE

R N\ /7
R, = 2‘ & (8.21)

— MATHHTHOE «COIPOTHBJEHME» Ccpelb (amnep-se6ep). Takoe pelleHHe
OCHOB3HO TOJBKO Ha mnojobun middepeHUMaNbHEIX ypasHeHHH MAarHHT-
HOTO MOoJsl B Cpelle ypasHeHHAM MOCTOSHHOrO Toka. Iloatomy oHo Oyaer
CNpaBelIHBO MPH TAKMX K€ TPAHUYHBIX YCAOBHAX, KaK [/ MOCTOSHHOTO
Toka. OnHako B oOuleM cjaydae 3TH TpaHHYHble YCJOBHA pasiNyHbL.
$aKTHYECKN 3TO pelleHHe HHKOrNa He OblBAeT COBEPIUEHHO TOYHHM, TaK
KaK NPOBOAMMOCTb CBOOOJAHOIO MPOCTPAHCTBA PdBHA HYMO, @ NPOHMiae-
MocTh — envHuile. OHO NPHMEHHMO TOJNBKO B Ciayuae GOJbIIHX MO CPaB-
HeHMIO ¢ enuHuuell npoHuuaeMocTed, wiaH ecad obObeM € moseM, rpe
fIpOHHLIAEMOCTb R, ~ 1, Man no cpaBHeHHI0 ¢ oObeMOM, rie MpOHMIae-
MocTe MHoro OGojbuie. Tem He MeHee ypaBHeHus (8.20) u (8.21) cocra-
BASIOT OCHOBY TEXHHYECKOTO JIPOCKTHPOBAHHS MarHNTOB U 3/IEKTPHYECKHX
MAlKH, TaK KAK OHM N30T BO3MOXHOCTb NMpHOJHMXEHHHX pacyeToB B TeX
cnyyasx, Korjla npsMoe pellleHHe KpaeBol 3ajaud INpPaKTH4YeCKH He-
BO3MOMHO.

§ 8.5. Pemesde Kpaesbix 3ajaq € NMOMOILbIO
. MarHUTHOrO CKAaJApPHOro noTeHnuana

B ofuwem cayyae KpaeBble 3ajayd NpU HaAMYHH MarHUTHHIX Cpel
MOryT pellathCsl Kak ¢ IOMOLLbI0 CKaJSpHBIX, TaK H BeKTOPHHIX Mar-
HUTHHX NOTeHuuanoB. OIHAKO ecNHM HCTHHHBIE TOKM, COSAAIONIME BHell-
Hee TOJe, JIEXKAT BHE WHTePECYWIEro Hac ofbeMa, TO 3alayH Jyviue
BCErC pellath € MNOMOLILI0 CKAASPHHIX NOTeHuuanoB. B 3ToM cuyuae
rpaknuHble ycnoHs (8.18) u (8.19) Bhpaxalorcs uYepe3 CKanspHbIH
TOTEHLHNA] H OKa3BBaTC MOJHOCTbIO AHAJOTHYHBIMM  3JIEKTPOCTATH-
YeCKHM TIPaHMYHHM YCJIOBUSM, TOJNBKO JU3NEKTPHYECKYIO MOCTOSHHYIO
3aMeHsIeT MarHHTHas NPOHHUAEMOCTb.

Tak, HanmpuMep, 3allaul © MarHMTHHIX S3KpaHaX MOTyT OwTb pac-
CMOTpEHB METOAAMH 3/eKTPOCTATHKH. EIHHCTBEHHHIM OCHOKHSIOIMM
06CTOATENBCTBOM SBJASETCSl 3aBUCHMOCTb IPOHHLIAEMOCTH . OT BHEIUHEro
noJjsi, YT0 0cOGeHHO BaXHO MpH COALLIHX f0AAX, NeHCTBYWOMIMX B Mar-
HUTHOH cpelle. Ecay 3aBHCHMOCTb INPOHMUAEMOCTH OT BEJAHYUHB MNOJs
#3BECTHA, TO B CJyyae CHJbHBIX MOJEH HIM HACHIlEHH MOMXHO npHMe-
HUTb METOA MOC/eNoBaTeNbHbX NpHOaHMKeHHH. CHavyana HaxomMTCH pelue-
Hile B MNPEANOJOXKEHHH, YTO NPOHULAEMOCTh MOCTOSHHA. DTO pellieHHe
HcnonbgyeTcsl Aas onpelleleHHst NMPOHHILAEMOCTH B pasHEIX TOYKax. 3aTeM
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safaua pellaeTcss BHOBb C YYeTOM IMOMNPAaBOK Ha p. ITOT METOL JiaeT
TOYHOE pellieHue, €clH NoJe B Cpele OKashBaeTcs OJHOpPOAHLIM. Tak
06CTOHT Aeno, HanpuMep, B clyyae ¢GeppOMarHHTHOrO 3JUIMIICOMAA, MOMe-
IEHHOr0 BO BHellHee MoJje. 3aBHCHMOCTb MPOHHUAEMOCTH OT BHELIHer 0
noas MOXHO MNOJYYHTb, H3Mepsas KpyTawiui MomeHT, NeHcTByomul Ha
9/UIMIICOMJ], MNOABEIEHHHH B MarHuTHOM node. OnHcaHHe MOBELeHHS
MarHMTHbIX MaTepHAaJIOB B CHJbHHIX MOJAX, KOTA2 HaMarHH4YeHHOCTb Cylle-
CTBEHHO HEOAHOpOAHAa, YHCTO aHANWTHYECKMMHM METOJNaMH, MO CYLIECTBY,
HEBO3MOWKHO.

§ 8.6. TeopeMa 0 €AMHCTBEHHOCTH BEKTOPHOTO MOTeHuuada

B HeKOTOpHIX CAyuYasX TOKH HAMArHHYEHHs! TPYLHO 33MEHHTb 3KBH-
BAJIEHTHLIMH JIHMOJbHBIMH TOBEPXHOCTAMH. Toraa HeoOXOIHMO MOJL30-
BATBC BEKTOPHHM noTeHuuajloM. B § 1.1 mu BHIenu, yTo BeKTOPHLIH
NOTEHIMal €IHHCTBEHEH, €CJH MOJie 33aHHMAET BCe NMPOCTPAHCTBO, @ MCTOY-
HHKH pACIOJNOMeHb B OTpaHH4YeHHOH ofnactH. [as peweHus npaxtu-
YeCKHX 3aJlay Ba)KHO TaKe ObiTb YBEepEeHHBIM B €JIMHCTBEHHOCTH BEKTOP-
HOTO MOTeHUHAJa NpH HaJHYHH B NOJie onpeleseHHBX rpaHuu. Jokasa-
TeJbCTBO OYEHb MOXOXe Ha JOKA3aTe/bCTBO €JHHCTBEHHOCTH CKaJfpHOrO
noTeHuMana, NaHHoe B ra. 3. B xone nokasaTelbcTBA HaM MNpPHAETCH
HCIIO/b30BaTh TeopeMy ['pHHAa B BekTOpHOM ¢opme. Dr1a TeopeMa 3aKmo-
yaerca B caenywoweM. [Tycre U 1 W— npoussosibHble BeKTOpHbBE (QyHK-
unu. [IpHMeHHM K BEKTOpY

V=UX((VXW
teopemy [aycca fV- Vd'vz_—fV -dS. Torna noayuum

JUVX W) - (VXU)—U-VX (VX Wyldv= [UX (VX W)-as.
) (8.22)

A10 u ectb Teopema [puna. PaccMoTpuM tenmeph 06aacTb NMPOCTPaHCTBA,
OrpaHHYeHHYI0 NOBEPXHOCTbIO S, Ha KOTOpPOH 3sanaH BekTOpHHH moren-
uuan. O6bem 3toll obnacTu paseH v. ByaeM cuutath, 4TO TOKM BHyTpH
Hee OTCYTCTBYIOT. [las 3TOrO, BO3MOMXHO, MPHAETCS BBECTH MOLNOBEPX-
HOCTH, KOTOpBIE HCKJI0YaT 06JacTH C MOBEPXHOCTHEIMH TOKaMH. [Tosowkim
tenepp U =W=A BO Bcex Toukax oObeMa ¥ H, YYHTHBAR, HYTO
Jroose = 0, monyuum

VX B=VX((VXA)=0.

Torpa cootHouieHue (8.22) npuBOAMTCS K BULY

f(VxA)Z’dv:f(AxB)-dS:f(AxB)-nds. (8.23)
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KOTOpbifi MOXHO npeobpasoBaTh K
f(va)zdru=f(B><n)-AdS:.fB,-Ads, (8.24)

npuueM B, — TaHrenunanbHas KOMIOHEHTa Bektopa B, napassienbuas
MOBepXHOCTH M NepneHAHKysspHas k Bextopy S. IIpeanoaoxum, uro
UMEIOTCA 1Ba pelieHust OAHOM M TOW e KpaeBol 3ajnauH, T. e. TaHreH-
uManbHble KOMIOHEHTH BeKTOpa B 3THX ABYX pelueHHH COBNANalT Ha
TpaHHle WAH TO M€ CaMoe NPOHCXOAHT C TAHTEHUHA/NbHBIMH KOMIIOHeH-
tamMu Bektopa A. Ilycth Bextop A B cooTtHoumenusx (8.23) u (8.24)
paBeH pasHOCTH 3THX pelueHui. Torna mpasas 4acTb cOOTHoEHHH (8.24)
o6paTUTCsl B HyJab, TaK KaK OHA OTHOCHTC TOJBKO K TpaHHue, rae
pewennust coBnafaior. C Apyrofl CTOpOHBI, NeEad 4YacTb 3TOFC COOTHO-
Lendst He MOeT OwbTh oTpuuaTenbHol. CneloBaTesibHO, MOABIHTErpalb-
HOe BHipaxceHue paBHO Hymwo. Takum oOpasom. BblpaxenHe VX A,
rie A — pasHOCTb 1BYX BEKTOpPHEIX MNOTEHUHANOB, BO BCeM 00beme ¥
paBHO Hynwo, 1. €. moie B=V X A B ofuemM cnyyae egHHCTBEHHO.
Tak Kak eNMHCTBEHHOCTb HMEeT MeCTO /Aullib Ans potopa A, 10 camo
nose A onpenenseTcs ¢ TOYHOCTHK AC NPOH3BOJBLHOIO OE3BHXPeBOro
BEKTOpa.

§ 8.7. PewmeHune 3ajay ¢ NOMOMbIO BEKTOPHOro moteHuuanda

MB!I AOKa3a/iM, 4TO TaHreHLHaJbHLE COCTaBJSIOINE BEKTOPA MarHuT-
HOM MHAYKUHMM WM BEKTOPHOrO NoOTeHUMana Ha MoBepxHocTH S oAHO-
3HAYHO ONpej 'SI0T MarHHTHOE MOJie BHYTPH 3TOH NOBEpPXHOCTH. AHajo0-
FHYHOE TMOJIOMCHHE HMeeT MeCTO B 3JIEKTPOCTAaTHKE, The CKasspHL
ROTEHLHAN UAH HOPMaJibHas KOMMOHEHTa MOJA, 3allaHHHeE Ha 3TOH NoBepx-
HOCTH, ONPEeReNfiOT NoJe BHYTPU MNOBEPXHOCTH. DTy aHANOTHIO MOKHO
NPOROMKHTL W Aanblle, €CHH NOTeHUHAN B o0beEMe U BHpasuTh uepes
TOKH B 3TOM oObeMe M -yepes 3HayeHHs MOAs Ha rpaHuue. [ paHHuHble
3HayeHHsl mojs BbilGepeM TaK, 4TOOb BHE NOBEPXHOCTH S mode OTCYT-
ctBoBano. IloBepXHOCTHHIA HHTErpan B TaKoM ciyyae OyHNeT COOTBeT-
CTBOBaTb MOJHOMY PELIEHHIO OAHOPOAHOro nudQepeHIHaNbHOrO ypaBHe-
HHSl, & OObeMHbHl MHTErpaji OT TOKOB — YACTHOMY pelUEHHI0 HEOAHOPOA-
Horo ypaBHeHus Mb He OynemM BXONMTbL B fAeTaiad 3T1oro pacdera '),
YactHoe peweHHe paBHO oOuieMy pelleHMIO, KOrJa rPaHHubl Npeinoa-
ralTCs pPACMONOKEHHHMH B OeCKOHEYHOCTH, T. €. KOTNa H3BECTHBl BCE'
HCTOYHHKH noas. DTo oliee peiueHue ONpelensieTcs cooTHoluenneM (1.5),
unn, Oojlee KOHKPETHO, COOTHOlleHHeM (7.39).

Bbipaxenne 14 BEKTODHOrO MNOTEHUMANd MOMXHO HENOCpPeACTBEHHO
BHIBECTH M3 ypaBHeHMH MNOJf. BOCAONb3OBABLIMCL BeKTOPHBIM npeobGpaso-

'y CMm., Hanpumep, Jl . C71p st v0H, Teopns saektpomarterusma, cTp. 320,
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BaHHEM NBOHHOrO poOTOpa:
VX (VX A=V (V- A)— VA =ypj. (8.25)

[pumeHsTs omepaudio V2 K  BeKTOpY ClelyeT € OCTOPOKHOCTBIO.
B nekapromo#i cHcreMe KoopAHHAT VZA 03HauaeT BEKTOP, X-KOMIOHEHTaZ
KoToporo pasHa V2A . B npyrux cMcreMax KOOPIMHAT STOT BEKTOp CJie-
AyeT BHYHCASATH € NOMOLIBIO TOXNECTBA

V2A=— VX (VX A)+ V(V- A). (8.26)

BuGop V- A noka ocraercsi NpPOU3BOJIbLHBIM, TaK KakK MOTEHuMa
onpesieneH ToabkKo paseHcTBoM B =V XX A. Yi06HO npuHsTh

V.A=0. (8.27)

HHKakUX HOBHIX (PM3MYECKHX TMPEANOJOXKEHUH np¥ ITOM He Aejaercs.
IMo3x2, MpM H3yyeHUM MNepPeMEHHHX TOKOB MBI YBUAMM, YTO BMECTO
cooTHoweHHs (8.27) HyxHo ynoTpeGasith HeckKojbko Oonee cioxHoe
BLIpAXKEHUe, BO-TMEPBbLIX, AJS TOTO, YTOOL COXPAHUTb CUMMETPHIO Mexny
9JEKTPUYECKUMH U MarHUTHEIMH NOJSIMH; BO-BTOPHIX, 4YTOOH mnocjenyio-
UiHe ypasHeHHs OBLIM peISTHBHCTCKM KOBapMaHTHE. OnHako B ciyyae
[OCTOSIHHBIX TOKOB MEXAY STHMH 1BYyMsl BbIp@XeHHSMH HET TNpOTHBO-
peums.

[lpu ynpowaoweM npennonoxennu (8.27) nudpepeHumanbioe ypas-
HeHHe 1 A CBOANTCH K ClenylOleMy:

V2A = — p,j. (8.28)

310 — BeKTOpHas QopMa ypasHeHus [lyaccoHa, uacTHO2 pelleHHe KOTD-
poro pasHO

0 / /
ey f 7 (8.29)

10 uacTHOe pelleHHe CTAHOBUTCS OOLUMM, €CAH MHTerpupoBaHUe pac-
NpOCTPAaHNTL HA BCe TOKH, cosnaowie noje. CoorHomeuue (8.29) Toxne-
creenHo (7.39); npennonoxenue V- A=0 CcOOTBETCTBYET pPABEHCTBY
HYJI0 NMpOWSBOJBHOH (YHKUNW, BOSHMKAWONIEH NP MHTerPHPOBAHHH ypas-
Henus (7.38).

Pecuienne ypasHenMs (8.28) npu nmpoMSBOJMBHBIX TPaHHYHBIX YCJOBHSIX
OOBIYHO TOpasNo CJIOXHEE, YeM pelieHHe COOTBETCTBYIOMNIETO CKAJsSPHOrO
NMOTEHUHAJAbHOrO ypaBHeHNsi. TIpHYMHA ITOrO COCTOMT B TOM, YTO B CHAY
coorHouieHHst (8.27) koMnoHeHTEl A He He3asucumbl. Taxkum oOpasoM,
HeJib3s OMMIATb, YTO KaxAyl0 KOMNOHEHTY A B OTNEJBHOCTH YIacrcs
PasJOKUTh MO OPTOTOHAAbHBIM (YHKLUHSIM, KO3Gh(MUUMEHTH MPH KOTOPHIX
onpenesiTCs M3 JOCTATOYHOrO KOJIMYECTBA TPaHUYHHIX YCJAOBUM. MOMHO
paccyxnaTb M uHave. Kamnas «rapMOHMKa» OTRENBHOIO CKaJspHOTO
pelleHHsi, 3aBHCALIEr0 OT OAHOH KOOpAMHATHl, HMEET ABe NOCTOSIHHEIE
MHTErpHpOBaHHS, @ KaMUIbl uYjeH psina MMeer, TakuM OOpa3oM, LuecTs
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TakuX MNOCTOsHHBIX. [lns BekTOpa B nenoM HomkHo Opiio Obl mony-
yuThCst 18 NMPOUBBOMBHBIX MOCTOSIHHBIX, ONHAKO B cuiay ycaopuss V- A=0
ux Bcero 12.

[Mo 3TOM MpUYMHAM MEl [IOCTApaeMcs BLIPA3UTL A yYepe3 nBe CKalsp-
Hble noTeHuuanbHble ¢ynkuuu, ckaweM, U u V, Tak, 9robwl paBeH-
cteo V- A==0 Boinosusnoce Ttownaecrsenno. ccienyem pewienne Buna

A=VV4 VX (aU). (8.30)

KOTOpOe, OYeBMAHO, ynopaersopsieT ycjioeuio V- A==0 u rne @, — Bek-
TOp HeKoTOpO# (BOOOILIE TOBOpPS, KPUBOJIMHEHHOH) CUCTEMbl KOOPAMHAT,
BHIGOD KOTOPOH MONYMHEH ONpEIeeHHbIM ycAoBUsIM. Bripaxenne B = VXX A
He 3apucuT OT V, M 103TOMy mone Bcenesio onpeneisercs U. droro
ClefOBAN0 OXUAATh, TaK Kak B 00JacTH, e HeT MCTOYHUKOB MOJ,
HeT M DASHHLBI MeNIy M0JeM, MOAYYeHHEIM OT CKa/siPHOTO MJIM BEKTOP-
Horo noteHuuana. B obuweM caydae V neoOxomuMo Miub 1/s yaosjie-
TBOpEHHs] TPaHUYHBIX YC/aA0oBHA To A.

Onpenenentass uepes (8.30) ¢ynxkums A ynopjeTBopsier YCJAOBHIO
VX (VX A)=0, ecim 1oaeko VX @, ==0. B Teuszophsix obo3Haye-

: Oag
HWSIX STO O3HAYAeT, YTO MaTPUUA 5o~ AMArOHAIbHa W 4TO ee YJIeHbl
Oas
0x,
Mep, il eMHHUYHBIX BEKTOPOB @ ==X;; ¥; WIM 2, a TaKxe IJs BeK-
Topa r cQepuieckoll CHCTEMb KOOPIMHAT.

Ilnsi nokasatenbCTBA 3aMETHM, YTO

B—=VX A= — VX (aXVU)

paBHBEI, T. €. =constd,,. D10 ycnoBHE yNOBAETBOpPSETCSH, Hamph-

MAW B TE€H3OPHEIX o0o3HageHusax

90 o 0 o
_—‘VXAI“_ 0xy [aa 6x3]_ 6xB [aﬁ Oxa]'

310 BEIpaXceHHe JerKO NPUBOIOMTCH K BUIOY

Vo Al — a[ aU]. oU dag oU day
— VXA, =— ox, | % 0xg "”ana 0x,  0x, Oxg '

ucnons3ys yciaopuss VU =0 u VXX @=0. Ilepsoiit uyneH 49ucro rpa-
sueHtHblfl. OcTaibHble 9ieHbl Takxe OynyT 9HCTO rpaiMeHTHBIMH TipH
ycnosuu VX @ = 0. Caenosatearno, u VX (VX A)=0.

Ycaoeusi misi A Ha rpaMuue pasfiesia OBYX Cpel BHBOOSTCS W3 Ipa-
HUYHBIX ycaoBuit s B. CoxpakneHMe MarHMTHOTO MOTOKA NP mepexole
yepes rpanuuy TpebyeT coxpaHeHus JAMHEHHOTO MHTerpana ot A mo mpo-
H3BOLHOM KpPUBOH HAa MoBepXHOCTH pasnena. TakuM oOpasoM, Ha TpaHuue
Mexny cpepamu 1 m 2

A=A,



152 MATHUTHBIE CPEIBI M KPAEBLIE 3AIAYM [rn 8

riae MHAeKC f obosHauyaeT KacaTelbHYI0 Komnosenty. Ecanm Ha nosepx-
HOCTH Dasneja HeT HCTHHHBIX 10KOB, TO COXpaHsieTCs KacaTejhHasi CO-
crapasionlas F; ecam NMpM 3TOM TNpPOHHLASMOCTH He 3aBHUCST OT MO,
TO 3TO SKBUBAJEHTHO DPABEHCTBY

1
- o (VX A)z, = :T(V X A),.

Ob6a 2TH COOTHOIUEHUS MMelOT MO IBe KOMIOHEHTH M, CJeIOBATENbHO,
TpaHUYHHX YCJIOBUMHl BCETO YeThipe. 3aMeTHM, YTO IVl CKAJISIPHOTO ROTEH-
umajna ¢ HWMeeTCsi BCEro IiBa TpaHWuHbIX yciaoBus (2.15) n (2.19). Takum
o0pa3oM, Mel HMeeM JOCTATOYHOE KOJHYECTBO YCJAOBME, 4TOOHI CBSI3aThH
¢yukunu V u U Ha rpannue.

Tlpakrudecku, ecqu rpauuu HeT, pelueHMe ynoOHO WCKaThb B BuUIe
(8.30) nmpu V=0. Torna npu nanHoM Bnibope @ pasioxende A no op-
TOTOHAJbHEIM QYHKUMSAM MOxceT OblThb CAE/4HO C TeM e HabopoM (yHK-
uufi, 9YTO0 MU B CKaJsIpHOM cCJjyyae.

Bolpaxenue A uepe3 cCkajsipHele pelleHus ypasHeHus Jlanmiaca nos-
BOJIsieT Takxe OOOUTH NOMOJHUTENbHbIE TPYMHOCTH, BO3HUKAIOLIME H3-3a
TOTO, 4YTO - TOJBKO B TMpPSMOYToJbHBIX KOOpauHaTtax onepatop Jlaliaca,
ne#icTeyommit Ha BekTOp A, paBeH CyMMe TaKMX OMeparopos, lefct-’
BYIOIIMX Ha OTHe/bHbie KOMNoHeHTsl BekTOpa A. C 3Tolf nmpobieMoli Mbt
elile BCTPETUMCS IIpU PELUEHUM BOJHOBOrO BEKTOPHOrO ypaBHEHMUs.

§ 8.8. BekTopHblii moTeHUMAA B ABYMEPHOM Cayuae

B neymepHbiX 3amayax, T. €. KOTAa MOJs He 3aBUCAT OT KOOPIM-
HaThl 2, NpUMEHEHHe BEKTOPHOIO MOTeHUWa a BeceMa npocrto. Ecau cu-
JOBHIE JIMHUK JEKTPUYECKOro MOJs napaajiefbHbl OCH 2, TO M3 ¢Qop-
myJasl (8.29) crenyer, 4TO BEeKTOPHHH NMOTeHUMAN UMeeT TOIBKO 2Z-KOM-
nosweHTy. B 3TOM c/aydae MaruMTHOe MoJie BeipaxaeTcs yepes MOTEHHHAA
chenyomuM o6pa3om:

04, 04, )
B, = dy B = - =%, (8.31)
a ypaBteHue Jlanjgaca vMeeT BUL
V24,=0. (8.32)

Tak wax A, He 3aBUCHT OT 2, TO OYEBMIHO, YTO IMBepreHuus A paBHa
Hymo. Vpasuenwe (8.32) npencrapiseT co0Ooff IByMepHOE ypaBHeHUe
Jlannaca, ¥ MOTOMY BEKTOPHHH MOTEHUHA] MOXHO CYUTATL HeHCTBU-
TeJbHOM WJAM MHUMOM 4HacThl0 KOMIVIEKCHOTO moTeHuuana. C mateMaTwu-
yeCKO TOYKH 3penus CooTHowenus (8.31) aHAJMOTHYHBI COOTHOLIEHMSIM,
CBAI3BIBAIOIIMM  (PYHKIHMIO TOTOKA € COOTBETCTBYIOIMM 3JEKTpoOcTaTHYE-
cKkMM TMoJseM. Tak Kak Kaxnas KOMIIOHEHTa BEKTOPHOTO MOTeHuHana
uMeeT TAaKOK ke BMI, KAk 3SJeKTpPocTaTHYeckuMii mNoTeHuwan KyJowa, TO
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BEKTOPHBI MOTEHUMAN JNUHERHOTO IBYMEPDHOrO TOKAa paBeH

=2 jip L
A, =>Jln o (8.33)
M COOTBETCTBYIOINU{ KOMIIJIEKCHBIH TMOTEeHUHaNl
W= ip = o jipXED
¢t i or 0 x, -+ Iy, (8.34)

Muumas dacte W — dyHkums noToka ¢ M ecTh BEKTOPHBIl MOTEHuMan.
Bce MeTronnl, pasBUTHE B 3JEKTPOCTATHKE IJs ONpeneieHUst (PYHKUMM
' MOTOKA, MOTYT MPUMEHSTHCS TAKXKE W IUIsl PELUCHHs MarHMTHBIX IByMep-
HBIX KpaeBsIX 3anadv.

Ilna Toro uToObl M3 M3BECTHOrO pEIUEHUsl MPOCTOH 3anayu, Hampumep
3ajlay¥ O TOKe, PacrnojoxeHHOM BOJM3M MarHUTHON Cpenlsl € NMPAMOIMHER-
HEIMM TPaHHUAMM, MOJAYYHTb pelueHuss Cojiee CAOKHBIX 3a1a4Y, MOXHO
MCTIONb30BATL KOH(DOPMHbIe OTOOpaXeHUs, TakMe KaK npeoOpasoBaHus
Hisapua. 3anaya o TOke, pAacNoONOMEHHOM Ha IAHHOM PACCTOSHUM OT
MOBEPXHOCTH M0JyOecKoHeYHOH MAarHuTHOH cpenbl, pelUaeTcsl ¢ MOMOHILIO
meTona usoOpawenuH (uzoOpaxkenwe TOKA WMeeT Telepb Ty e BEJIHYUHY
M 3HAK, YTO M TOK B MpoBonHHKe). k13 3Toro mpocroro pemenus ¢ mno-
MOLIBI0 COOTBETCTBYIOMIEro IMpeoOpasobanusi Lllapna MOXHO MOAYYMTH
pellieHMsi pA3AMYHBIX 3alay, B KOTOPHIX (MIYypUPYIOT HIeJM WA 3a30phl
B MaruuTHOH cpene, Haxonsuiefics B nojie HaMarHWYMBAIOMMX OOMOTOK.

MeToA nByMepHBIX TapMOHHMK TaKXe BecbMa T0Je3eH B 3an24ax
¢ UMNMHIPAaMM M3 MarHuTHOrO Matepuana. Paccmorpum, Hanpumep, npo-
BOASIIMA ¥ NMpPOHMIAEMBIl MAarHMTHBHIH UMJAMHAD pamMyca a, B KOTOPOM
TeyeT nocToskHbill Tok J. LluaubAp HaxomMTcs B MONMEpPEYHOM BHEINHEM
MaruutHoM moje B Kak oOblYHO, pasmesMM niocKocTh Ha nBe 007acTH.
Ipu r > a sexTopHBIlt NoTeHuHan A, paseH TAKOMY pelUEHUIO YpasHe-
nus Jlannaca, koropoe npu OodblUMX r AaeT KaK MOCTOSIHHOe MoJie, Tak
u noje Toka J. Tlpu r < a Ml 10/KHB pelaTh HEOAHOPONHOE YpaB-
HECHHE

VIA,=- p,J. (8.35)

rae j-=J/ma?, a B, MaruuTHas TpoHMuAeMocTb uWiaMHApa. YacTHoe
petienue ypaHeuust (8.35) paBHo — p,jr¥4, a Tak Kak CTefeHb HpH 7
MoXeT ObiTh TO/bKO M0JOXMHTENbHOH, 4YTOOB HA4a.10 KOOPAMHAT ObLIO
peryasipuoit Toukol, To oOuiee pelueHHe UMeeT RUIA

oo 1

- . ire ] -

riza = “—‘ii + Z (a,cosne + b, sinne)rh, (8.36)
n=0

Pemenre BHe UMAMHIPA Jerko HaiiTh, eC/M V4ecTb, YTO MOCTOSHHOE
noJie, HaNMpaBJeHHOE BAOJMb X, ONWCHIBAETCS BEKTOPHBIM [MOTEHLHANOM
Byy = Byrsin¢, a noie TOKa paBHO MOJIO JMHEHHOrO TOKa, pacroo-
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*eHHoro B Hadane wkoopiuHar. TakuMm oOpasom, penieHue uMeer ce-
aywowmit sua:

. \ :
A, = %{_ In fri+ Byr sin ¢ 4 2 (¢ cosne—+b,sinng)r=". (8.37)

r>a
> n=0

HenpepsiBHOCTE HOpPMaJbHOM cocrapasiowet B Ha rpaHuue r =gq skpu-
BasieHTHA HenpepelBHOCTH A,. HenpepeiBHOoCTe  KacaTenbHolt cocrta-
pasowel A NpuBOIMT NPU 7 ==a K YCJIOBHIO

1 o 1 0
EFF(A2<):E3;(A2 >) (8.38)

DTn gBa yC/AOBMSI TMO3BOJSIOT HAHTH KOI(DOUUHEHTH B Pa3NOKEHUSX.
B KOHEYHOM cueTe pELICHUS NPUHUMAIOT TaKOH BWI:

2,
A —_ P’l]r lt Sln
r<a T pe Bor ¥
— (8.39)
A::ﬂh.q O.H_L )
r>a 2r n(r +U it 12 BOISIHcp

Teneps nerko paccuutats B, u B. Ecau norenuwan Buytpu UMAMHIpa
3anucath B TNPSMOYTOJBHBIX KOOPAWHATAX

e 2 %,
A . P’t.’ (x + y ) | _P’l
r<a 4 ol Boy. (8.40)

TO JETKO BHAeTb, YTO HAMArHUYEHHOCTh, CO31aBaeMasl BHEIUHMM MOJIECM,
OIHOPONHa ¥ YTO Mpu OOJALIIMX NMPOHMLAEMOCTSX No/Je MHAyKuuu, Oe3
IIOJis 3JIEKTPUYECKOTO TOKA, BABOe OOJbIUE MPUIOKEHHOTO.

§ 8.9. BekTopHhii NOTeHUHAN B LMJIMHAPHYECKUX KOOPAMHATAX

B TpexmepHOM cCJydae MpaKTHYECKH BAXHBI 3aNa4Y4 € UMWIMHIPH-
yeckolt cuMMeTpue#, HampuUMep, KOTAa TOKM TEKYT TOJHKO M0 KOAKCH-
anbHBHIM  OKpYXHOCTSM. B 3TOM ciyyae moTeHunan A uMeeT eNMHCTBeH-
HY10 COCTaBASIOMYI0 A, KOTOPas He 3aBUCHT OT @ W B UWIHHIPHYECKHX
KOODIMHATAX YNOBJETBOPSIET ypPABHEHUIO
04, 024, )

— + 622 =-—upj, (8.41)

02A
[V X (VX A, = —ome

Kak nokasano B § 5.8, peluenusi 3TOTO ypasHeHMs UMEIOT BUI,
A, == cos (kRz —a,)[A(R) ], (kry—+ B(k)K, (kr)], (8.42)

uau
A = €™ [ A% (k) J, (kr)+ B* (k) N, (kr)]. (8.43)
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B 3aBMCUMOCTH OF TOro. INEHCTBUTeJBHBHIH WM MHMMBIH MapameTp pasne-
Aewuss R. B cayuae Toka, Tekyuiero mo KOHTYpy WIH B COJIEHOHIE,
pelueHMe MoxHo sanucath B Bune (8.42) kak B obnactu 1, mpu r < ry,
Tak ¥ B obaactu 2, npu r > r,. Kosdduuuenrs onpeneasiorcss U3 rpa-
HUYHBIX YC/AOBHE HA rpanuue Mexny obaactsmu | u 2, T.e. npur=ry:
M __ A2

A=A, (8.44)

110

110
73 o T O

2 my__
w, r or *rA’J)

(rAd)=J,, (8.45)
Js, mpencrasasier coGoft MOBEPXHOCTHYIO MIOTHOCTb TOKA Ha rpannue
pasnena. CoorHoluenvuss (8.44) u (8.45) BHITEKAOT COOTBETCTBEHHO M3
ypaBHeiuit V-B—=0 u VX H=j (z-xomnonenra H paspHBHa mpu
r=rgy

Eciv #e Bce KOHTYpPH C TOKOM JeXaT B ONHOH MJIOCKOCTH, HAmpH-
Mep B miockoctH 2==0, TO pelueHHe MpH TOJOXKUTEJIBHHX U OTpHLA-
TeJdbHBIX 2 MOXHO 3anmucate B Bume (8.43). Torma BMecTo TpaHMYHOrO

yciaoeus (8.45) HyXHO MCMOJB30BATH YC/IOBHE, YTO PanMaibHAs COCTA-
0A

©
o / {1+, UCMBITHIBAET pasphiB, COOTBETCT-

Byloumil ofpeneseHHOM MOBEPXHOCTHOM IJOTHOCTH TOKA B MJOCKOCTH
z=0.

IMpuMeHUM 3TOT MeTOn K BBHIYMCJIEHHMIO BEKTOPHOro MoTeHlMana Toka J,
TeKyllel'0 B IJOCKOM KOHType panumyca ry. BsiOop TOro Wiu uHoro Buna
pelueHuss B 3TOM cJdyuae mnpousBojen. Ecau BwiOpath peluenue (8.42),
TO MOBEPXHOCTHIO pasneda Mewny nsyMs oCnactamu OyneT uuaunnp pa-
Juyca ry. 3aMeTuM, 4YTO IS PETYJSipHOCTH pelueHHMsi BO BHYTpeHHed
obnactu caenyer uckmouuth K;(kr), a Bo Buewne#t /;(kr). Torna

pasomass H, T. e. BeauduHa

AD — f AR I, (kr)cos kz dk.
0

. (8.46)
AP = f B (k) K, (kr)coskzdk, I i
.0
¥ coortHolueHve (8.44) NMpuMBOAMT K paBeHCTBY
A(RYI, (kro) = B (k) K, (kry), (8.47)
a cootHowenue (8.45) mpu j, = J8(2) naer
0 : 0 dk
S {a® grnhen — @ ik e} SEEL —pne)
0 r=ry
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YMHONUM cooTHoLuenve (8.48) Ha COSkz W TNpUMEHHM MHTErpajbHyIo
TeopeMy Pypbe, WIH, UTO PABHOCHJIBHO, BOCMOJb3yeMCsl MpencTaBieHHeM

3-QyHKuMM B BUnE fcoskza’k. Toraa nmonyuum
© (AR -2 ey (k)] — B(B)-2- 7K (& —pl.  (8.49
T [A® G I — B® K Gnl|  =pt 849)

Ho ¢ynkuuu bBeccenss m ux npoussonHble CBS3aHB COOTHOLIEHHEM

1o (krYK, (kr) — K (kr) 1, (kr) = —kl7 . (8.50)
[MosToMy KO3(D(HUMEHTH UMEOT TAKOH BUI:
Aky=" K, (kry),
B(ky =1L (kry,
U [ROTECHMANL -
Ag’: ﬁ’%"-Q/Kl (kry) 1, (kr)coskzdk,
° : 8.51)

AP — Il / 1,(kro) K, (kr) cos kz dk.
0

C apyro#f CTOpOHBI, €M B KadecTBe FPaHMIEL MeXLY INByMsi obmaactTaAMu
B3aTb miockocts 2 =0, To cootnowenne (8.43) mpusosuT K

AZ :fAI (k) J, (krye™ ¥ dk. (8.52)

Tak kak QyHkumd N, (kr) He peryispHa 8 Hadajse woopauuar. Ilosepx-
HOCTHRH TOK B mJIockocTH z = 0. papumbiit SO (r — r(), NpUBOINT K pas-

oA
PHIBY MPOU3BONHOIM —a;— B 310K naockoctd. Koadduuuents A (R) MoxHO

OnpenesnTh C.NOMOLLLI0 uHTerpana $ypbe — Beccens
f kadk frdr F(R)J (kP I (R'r) = f (), (8.53)
0 0

M UCKOMBLIHi ROTEHLWaJl paBeH

a =gl / Jy (krg) Jy (kr) e* *2 dk. (8.54)
]
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3anauu

1. PaccMOTpUTE MarHMT, NOJIOCHHE HAaKOHEYHHKH KOTOPOTO TrOpasfio LIMpe
sasopa. O6MOTKa MarHuTa pacnoJjoeHa BiajH oT 3a3opa. Ompeneivte KOM-
fJEKCHBE ToTeHIHan ¥ H306pasnTe Ha rpadHKe 3aBHCHMOCTDb floJisi OT pajfivyca
B MJOCKOCTH cHMMeTpun. OJMH M3 KOHNOB rpadHkKa NOMMKEH COOTBETCTBOBATH
TOYKE, pacrioNOMeHHOH JaleKko BHe 3a3opa, APYro# — TOYKe. rfie §noJie yke
fIOMTH T[HOCTOSIHHO.

2. Onpenesnte B U H BHyTpH n BHe cdepryeckoil o6OJNOYKH C pamuycaMu
a u b c NOCTOSIHHOH HaMarHWyeHHocThio M. YUTO npousoiineT, eciv BHYTpEHHss
cdepryeckasl NoJOCTb He KOHUEHTPHYHA BHEWIHEH NOBEPXHOCTH?

3. B gamHHOM MpOBOIsIIEM LHJHHADE pafinycoM & NpPOCBEPJEHO OTBEPCTHE
panMyca @ napajJieJbHO OCH uMinHapa. PaccrosiHue Mexay OCAMU UMJIMHIAPA U
OTBEPCTHS PABHO X, [l0 LMIMHAPY TeueT TOK C MOCTOSIHHOH MJOTHOCTHIO j.
BriyncanWTe MarHUTHOE MOJIE B OTBEPCTHH (MPH KOHCTPYMPOBAHMM MarsHuTOB He-
KOTOpHX OOJBIIMX yCKOpUTENEH uCTIOAb3yeTcs pelleHHMe Gojee OOMLIE# 3axauu,
KOrjia QWJIHHAP MMeeT SJUIMNTHYECKOe CeyeHHe).

4. Kak Ha noBepxHOCTH cdepnl HaMOTaTh OOGMOTKY, 4TOGH BHYTpPH Hee moJie
6pii0  oguoponno? (Takodl BHA OOGMOTKM HCHOJL30BaH B MACC-CHOEKTPOMETpE
Bectunraysa — I'ayncmura.)

5. [TosepxHocTh cepnl, Bpamaiolie#css ¢ yrioBo#i CKOPOCTbIO @, OMHOPONHO
sapsieHa. KakoB s@dexkTHBHBHIH IMMOJbHBIH MOMEHT 3TOH cdepbl s TOYEK,
HAXONALIMXCH BHe ee?

6. B nepBonayaiabHO ofiHOponHOe moJje B, nomemena cdepuueckas 060-
AOYKa, W3rOTOBJEHHast W3 BelECTBa C MNPOHHLAEMOCTLI W 7= p,. DBHewnwil u
BHYTPEHHUII panMychl €€ paBHH COOTBETCTBeHHO 4 W b. KakoBa BesnumHa RoJs
BO BHY1PEHHeH NOJOCTH? .

7. B 6eckoHeyHO IJIMHHOH NPOBOJIOKE, KOOPAMHATH KOTOpPoH x =a, y =),
teyer ToK J. TloaynpocTpaHCTBO, COOTBETCTBYWINEE OTPHUATENbHBIM 3Haye-
HMSIM X, 3300JHEHO Cpeloil € MPOHMIAeMOCTbhi0 . +# wo. Onpenesurte noje BO
BCEX TOYKAX ripOCTPaHCTBA.

8. Onpejnesnte MarHUTHOE foJie Toka J, TeKyniero o 6ECKOHEYHO JJIMHHOM
npoBOAOKe C KOOpAMHAaTaMM x=ga, y==~>0, ecan Bcd o6aacte mnpocTpaHCTBA
C OTPHUATENbHEIMH X M y 3afiojJHeHAa MAarHHTHBIM BEILIECTBOM € OY€Hh 60JbuLIOWH
nponmuaeMocrbxo @ —> 00,

9. Boluycante MarHMTHHIH BEKTOPHBIH MOTEHIMaJ KOJbLA C TOKOM pajny-
COM @, KOHIIEHTPHYHOIO KpyTrJioMy Mal‘HHTHOMy UHJIMHAPY C BOCHIPHHUMYHBOCTHIO
i 5= po ¥ paguycoM b < a (Cmaiit).

10. Ha xoabuo u3 Msrkoro Kenesa HaMOTd4HO N BHTKOB MPOBOJIOKH, NO KO-
topoii Tewer 1ok J. Pammyc kxoswua b, paamyc nonepeunorO cevenmns a << b.
Konbuo paspesaHo B HEKOTOpOH TOuKe, NPHyeM BeJHUMHA 3asopa paBHa d.
Brlyncaite MarHUTHOE CONPOTHBJEHHE LENd, Mpefmnodarasl, YTO NPOHHLAEMOCTh
Wejiesa BelMKa.

11. fokaxute, yro B u H ynoBJETBOPSIOT COOTHOLIEHHIO

B=uH+ M
€CAH
- B=V XA v H=—Vy,

rie A H ¢, ONpeNesiioTCsi COOTBETCTBEHHO cooTHOWeHHaMH (8.13) u (8.14).

12, ﬂych BEKTOpP @, B cooTHowenwH (8.30) nanpaBieH BAOJIL OCH 2 HHJHHII-
puueckoil cucteMbl koopnuHaT. Tlycts Taxwe V = 0. Pasnowute ¢yHxuuio U
B psdn, KaK Cl(aJlﬂprlﬁ NOTEHIHAJ B UHJIWMHAPHYECKHX KOOpAMHATAX, H J10KAXKHUTE,
YTO MOJNYYAWIIEEcss B KOHEWHOM CYETE pa3jioeHue BEKTOPHOTO MOTEHuUala
COrnacyercsi ¢ COOTHOIEHUsMU (8.42) u (8.43). nonyyYeHHbIMH APSMbLIM HHTErpH-
pOBaHUEM.
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rNABA 9
. YPABHEHHSI MAKCBEJUIA

§ 9.1. 3axoH uHaykiuu Papanes

B ra. 7 Ob10 NOKa3aHo, YyToO IJ8 MOLAEPKAHUSI MOCTOSHHEIM 3JeK-
TPUHECKOrO TOKA HeoOXOIMMO BHMXpeBOe 3JjekTpuueckoe nose E’. Die-
TpOCTaTHYECKHE TOJsi KoncepBaTuBhhie, T. e. rot E=0. Onnako skcne-
pUMeHTadbHO OBIO OOHAPYXKEHO, 4YTO W3MEHEHHI0 MAarHUTHHIX MOJel
CONYyTCTBYIOT HEKOHCEPBATUBHbIE 3IJIEKTPUYECKHe TMOJsi. 3aKoH, OIMHUCH-
BaOWMH 3Ty CBS3b, HA3RIBaeTcs 3aKOHOM MHAYKuMM Papames m MoOKeT
Obrme  cpopmysMpoBan  caenyiommM obpasom. Ilycte nom  neiictsuem
snekrponsmxytied cuabl & B uemu ¢ conporusienuem R Teyer Tok J.
C 35TOH uenpi0 CBSI3aH MarHuTHHIH MOTOK

q),,,:fB.ds, 9.1y

rie UHTErpUpOBaHHE RPOUIBONMTCH MO NOBEPXHOCTH, OrpaHUYEHHOH KOH-
TYpPOM C TOKOM. JKCMEPUMEHTANbHO HAHIEHO, YTO eC/lH MOTOK MeHSIeTCs
CO BpeEMEHeM, TO

de,,
dt

310 oO3Hayaer, HTO BEJMYMHA TOKA B LEMU OTAMYAGTCH OT MPENCKasbi-
paemoi 3akoHoM Owma. Dro oOTIMYMe oONpenenserTcss NONOJHHTENbHOH
JIeKTPONBHKYHIEH CWIOH, paBHOH CKOPOCTH uM3MeHeHMsi MAarHUTHOrO No-
TOKa, B3sATOH ¢ oOparubiM 3uakoM. CootHowenne (9.2) npencrasnser
co0oli He3aBUCHMBIH 3aKOH, MOJYYeHHbIH SKCMEepPUMEHTAIbHO, KOTOPHIH
HUKOMM ©OOpasom He MoxeT OBITh BhIBENEH W3 COOTHOLUEHHH, MpHUBO-
IMBIUMXCA panee. Bonpekd HEKOTOPBIM YTBEPMIACHMSIM 3aKOH WHLY KIMH
<dapanes He BBIBOAMTCH TAKXKE M M3 3aKOHA COXPAHEHMSA IHEPrUM MOJIHOMH
CHCTEMEl TOKOB B MarHMTHOM [loJie.

B coortHowenune (9.2) BxopuT MOJHHH MOTOK, NMPOHU3BIBAOMIMK naH-
HYI0 Lienb. JTOT MOTOK MOXET W3MEHSThCS B CHIY HECKOMbKHX TPHYHH,
HampuMep BCJAeNCTBHE W3MEHEHUs BO BpeMeHu BHELUHEro MoJs WM Bcjen-
CTBHME NBMXKeHWs CaMo#i nenM ujM ee yacti. Msl 6ynem cuMTare cOoTHOLUE-
Hue (9.2) npuMeHMMBIM BO BceX MONOOHBIX C/Ay4YasiX, BKJIOYasi W TOKH
B BHXKYIIMXCS Cpenax.

JR—&= —

. 9.2)
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Kak Oniio nokasano MakcBennom, 3akon wHaykuuu dapanes pacnpo-
CTPAHsAETCs HE TOJMLKO HA TOT CAyuaf, 1751 KOTOPOro HalMCAHO COOTHO-
wenne (9.2). Ecau 310 COOTHOLIEHMe 3anMcaTh B NpPYroM BHUIE,

v o ad o
<§E cat=—Lm—r g, (9.3)

TO CTAHOBHUTCA SICHO, YTO B NPOBOIHUKE CYHIECTBYeT HEROTeHIUANbHOE
3AeKTpHYECKOe Moje. B Cuny rpaHMyHblX ycAOBHE TaHT€HUMANbHbIE KOM-
NOHEHTH 3/EKTPHYECKOTO [OJsi HeMpephlBHBl HAa TpaHuie MPOBOLHUKA.
flosToMy MOXHO cHesnaTb BbHIBOA, YTO cooTHowenue (9.3) cnpaBenaneo
takke M B objacTy, HelocpencTBeHHO Npuiewmauie#t .k nposonoke. Tak
KaK COMNPOTHBJEHHE MPOBOAHHKA HE CONEPIKUTCS B JEBOH YaCTH COOTHO-
menust (9.3), TO 3TO COOTHOLUeHHE, MO-BHIUMOMY, He 3aBUCHMT OT MpH-
CYTCTBMSl MpOBOAHWKA C TOKOM M mnpencrtasiseT coboft obuwmi dusu-
yeckuit 3akoH, CBA3HIBAIOMIMA 3JIEeKTpHYECKOE T0Je B BAKyyMe CO CKO-
pPOCTHI0 M3MeHeHWs MarHuTHOro moasi. Ecam 310 Tak, TO COOTHOLUEHME
(9.2) MoxHo mnpeobpaszoBarh B AMQ@EpeHuMATbHOE BhIpaKenue, “TIpUME-
HMMOe B CBOOOIHOM TMpOCTpPaHCTBE WM NOKOsiuefics cpene. Ilas sToro
NOJIHYI0 MPOM3BOAHYI0 MOToka (9.1) sanumieM B BHAEe WHTerpajia oT 4acT-
WOH NpOM3BONHOH MAarHMTHOTO TMOJsA NO BpeMewu. Toriaa cOOTHOLieHHE,
(9.3) npuHuMaeT Tako#t Bum:

v gl— d/ —_ [958,
§E di=— 2 [ B.as=— [ 5F-as. 9.4
Hcnronbays TeopeMy CTOKCA, MPUXOOMM K YpPaBHEHHIO

oB

Takum 00pa3oM, saeKTpHUECKOe Moje fepecTaeT ObrTb OesBUXPEBLIM.
Vpapuenve (9.5) onMcbiBaeT kaK pas Te U3MeHeHHs B JEKTPUYECKOM
nojie. KOTOpble BO3HHKAIOT BC/eNCTBMEe 3aKOHAa uMHaykumH Papanes.

§ 9.2. ¥pasHenus MakcBeana Aans mokosuieiica cpenbl

Takum 0GpasoM, Mbl MMeeM BhipameHuss Kak AAsi MJIOTHOCTH HMCTOY-
BHMKOB (IMBEPreHuuM), TaK UM fisl TVIOTHOCTH UMPKYJsiuuu (poTopa) o6oux
pextTopos nojss £ u B. Cornacuo coorHowenusm (2.5), (7.35), (8.3) u
(9.5) uMeem

1 v E:eo—lpnwm:eo_l(pcaoé—bv'P)’
2) V-B=0,

By VxE— 28 (9.6)

—071
. oP . OE
(4) VX B=pqg(Jesos + g5+ VX M—+257)-
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JT0 M ecTb 3JeKTPOLMHAMMYEeCKUe ypasHenusi Makcpenna, aanucad-
Hbl€ B BUIE, NPUTONHOM M TOKofu#ica cpenbl. OrpaHuyeHme MOKOSA-
LWKMMUCA cpenaMu OOYCNOBICHO OTCYTCTBUEM KOHBEKTHBHBLIX TOKOB B TO-
ClleIHEM YPaBHEHUH. & TAKXe TEM, yTO [pPU BbBOAE YpaBHenus (9.5) Mbl
npeneGperay W3MEHEHUsSIMU NOTOKA M3-32 JBIXEeHUS Cpelnbl. B ypaBuenus
(9.6) B sBHOM BuIE BXONAT SKBUBAJEHTHblE BAKYYMHBIE 3apsiibl ¥ TOKH,
NpUBOAALIME K BO3HUKHOBeHUi0 noJtel. Ecaum ¢ nomoumbio coorHoluenutt

D—¢E+ P, (2.3)
H=2 _m (8.4)
o

BBECTH LONIOJIHMTENbHbE BeKtopuble noas D u H, to ypaeHenns Makc-
BEJI1a TPUHUMAIOT BUI

.

M V'D:Pcaofn
2) V-B=0,

. oB 9.7
@) VXE=-—2, )

. . oD
(4) VXH:quoé“t’W-

dopmanbHo ypapHenus (9.7) mpouie, ueM ypasHeuus (9.6), onnako
c ¢u3uuecKOl#l TOYKM 3peHusi OHH clOxHee, PelieHue 3THX ypaBHeHHR
BO3MOXHO TOJIbKO, €CAH UMEIOTCH JOMOJHHTE/NbHbE YPABHEHHS COCTOSIHES,
cesizoiBaomve D u j ¢ E v H ¢ B. B cnyuae cpenw ¢ JuHefiHbiMu napa-
METPaMM STH ypaBHEHUS] TAKOBHI:

D = keE,
jcao6 ==qkE,
H=25.
P

Ecmn cpena o6nanaer nefMHeRHBIMYU CBOHCTBAMM, TO YPaBHEHUS COCTOSAHNS
HMEKT 1pyroft Bun.

§ 9.3. 3akon Papanes AAA ABHKYUIHXCH Cpen

Heckonbko cloxHee 0000LieHHE 3aKOHA MHAYKUMM Ha caydall IBH-
weHust cpenbl. JlOkaxeM CHayaJia BCNIOMOTare/ibHYI0 TeOpeMy, Mo KOTOpo#
NOJHAs CKOPOCTh H3MEHEHHUS MOTOKa YEepe3 IAHHYI0 IBUXYLIYIOCH MO-
BEPXHOCTb MOXeET ObiTb BbIPaXEHA YEPE3 NMOBEPXHOCTHBIE HHTerpal OT
BEKTOPHOH ¢yHKuuY B.
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Tycth, wkak u panee, @ paBHO NOTOKY BekTopa B uepes nosepx-

DB
Hocth S. HaM HyXHO HaHTH (QYHKLHIO “Df » ONpenensieMyio paBeHCTBOM

" DB

d

d
Etvq)m:??'[B'dS:

e

Jijag 3TOrO paccMOTpUM NOBEPXHOCTh, H300pameHHyl na puc. 9.1, Ko-
TOpas B MOMeHT { HAXOLUTCH B nonoxewuu 1, a B MOMewr f— df
B noioxenuu 2. CornacHo mnpaBuiam
nuddepeHLUPOBanUS s

Af 1 :
A—t'/ B-ds=p [(B,u- dS;—B,- as).
(9.9)

IlpuMensis K 0ObeMy, OrpDaHHUEHHOMY
NIOBEPXHOCTIMHM S| ¥ S, U MOBEPXHOCTHIO,
oOpasyiolueficss NpH ABUXEHUH KOHTYpa
nosepxnocty S, reopeMy [aycca B Mo-
MEHT £, NOJYUYUM

[Vv-Biv= [(B,-aS, - B,-ds)—

_d:Bt (udt X dl). (9.10)

Puc. 9.1. K BhiBony npowus- [Tocnenunit unen mpenciapnsier co6oi Ha-
sonuolt DB/D!. MeHEHHUE NMOTOKA uepe3d GOKOBYIO MOBEpX-
HOCTb 0OpH IBHXEHUH KOHTypa MOBEpX-
HocTH S, snement koroporo pased dl. [lonuepkneM, 4TO MOTOK uepea
noepxuocin S, u S, B coornowenuu (9.10) BbunciseTcs B MOMEHT £,
u60 Tteopenxa [aycca nmpumepuMma JUIIbL K MrHOBEHHKLIM 3HAYEHUAM BEK-
TopHoro nofs K. Benuuuny Bextopa B wHa mnosepxHocTH S, B Mo-
MeHT £ —- dl MOXHO BHIpa3uTb yepe3 €ro BeJMYWHY B MOMEWT [ paano-
KEHHEM B psil

| OB .
B, y=B,+ g dt+ ... (9.11)

Toacrasasis B coorHolenue (9.9) coornowenus (9.10) u (9.11), B npe-
lesie MoJyyaeM

d 0B V- Bdv

Hcnoabays pasenctso
dv=u - dS dt, 9.13)
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4 1aKXe Teopemy Crokca, nojy4yaeM HCKOMO€ COOTHOLUEHHE

_gt‘i:%+v><(3><u)+(v-3)u. (9.14)

B -3TOM BBHID2XE€HHMU MNepBbifl uleH NpeacTaB/seT cOGOM MaMeHeHUCe MOTOKA
uepes NOBEPXHOCTb S BCJENCTBHE M3MEHEHUS BEKTODHOTO f10M1 CO Bpe-
mMeHeM. BTopoff umen onuchiBaeT T€ H3MEHEHUsl MOTOKA, KOTOPHIE BO3-
HHKAIOT MPW TNEPECEYEHUH CUJIOBBIX JUHUHR KOHTYPOM, OFPaHM4MBAIOLIUM
JaHHYI0 NoBepXHOCTh. Hakonew, TpeTuft uneH nosiBasieTcs Npu NpoXO0XAe HUK
MOBEPXHOCTH S uepe3 06JacTb HEOLHOPOLHOIO BEeKTODHOIO MOJS, Tie
BO3HMKAIOT CWJIOBHIE JHWHHUH.

C nomowio coorrolenus (9.14) sakon dPapanes (9.2) MoxHO mpen-
CTaBUTh B nuddepenunatbioil ¢popMe M nad IBskyiy. fica cpenwl. Tak
KaK MarHuTHOE MoJe B BCerna cOMeHOWNanbHO, TO W3 COOTHOWeHu# (9.3)
u (9.14) crenver

§E"”: - “‘%:- /[ég%VX(BXu)] (9.15)

CumsonoM E’ Mb 00D3HAYUIH 3JcKTPHYECKO? MOJe B LENH, H3MEPEHHO?
B ABMKYLicHCA cHeTeme orcuera. [Ipm 5TOM MBI CuMTasu, uYTO 3aKOH
dapajes npumenuM kK J/o0O#H LeENM, ecad NPOHU3bIBAIOWMA 3TY lenb
MArHUTHEIH TOTOK HM3MEHSIETCs CO BpeMeneM, Kakosa Obl HU. Gpina mpu-
upHa 9TOro uaMewenus. [IpuMenss k coorHowenuto (9.15) reopemy Crokca,

noJay4YuM

Vi E = - 98 vy Bxu, (9.16)

rne E’ - nose, usaMepeHHOe B IBuxylleHcs cpene. DTO COOTHOLICHHE
MOXHO 2allUCaTb MHaue

oB

V X((El—aX By= - =5

(9.17)
Ho sBblpaxcenue MOL 3HAKOM POTOPA €CTb He UTO HHOE, KAK HAMpPseH-
HOCTH TOJS, M3MEP HHAsA HeMoABWXHBIM wal.aiofaTeneM. [Tpnuuna sroro
2aKJ04aeTCd B TOM, 4T0 LA HaOJIOmaTeNs, HeCYLIEro 3apsa g 4Hepes
rojie B co cKopoctbio . OyneT CylLecTBOBAaTh NONOJHUTESbHAH CHIa
g (8 X B). kpome cuan snexrpuueckoro noas E. [1o3toMy HanpiiKeHHOCTD
3.TeKTPHYECKOr O MOJIS, M3MEepeHHas HeloIBMXHhM halJionate’eM. paBHa
HAMPsXEHHOCTH JEKTPUUeCKOro noss E’, uaMepeHHON ABMKYLIMMCS Ha-
6monareneM wMunve adggrkruHoe note # X B, 1. e. E=E 1 X B.
TakuM 06pa3oM, L5 HenoJABWkKHOTO Habmwnarens coorHowienue (9.17)
HMMEET. BUI .
; oB
-VxE-:;v’W,: - [P e
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3t1o o3HauaeT, uto AMddepenurasbHas Gopma 3akoHa uHAyKuuM Papanes
HE 3aBMCUT OT [BMXXEHHS Cpelbl B MOje. DTOr0 U CJEN0BAN0 OXKHUIATH,
TaKk Kak B coornowenue (9.15) Bxonsat rtonsbko B m E, u nostoMy oo
HE JO/KHO 3aBMCETb OT XapaKTEPUCTMK Cpelbl, B TOM YMC/le OT ee
nBuxeHus. B To ke BpeMs moJje, uaMepeHHOe IBHXYLIMMCH HaOmonare-
J€M, COCTOMT U3 ABYX uacrefl: BO-NEPBLIX, U3 «MOJH UHAYKUHMU». Bbi-
3BAHHOTO H3MEHEHHUEM BO BpEMEHM BHELUHMX MaTHUTHHX mnosell, u
BO-BTOPHIX, [0J5, MPONOPLAOHANLHOrO & X B, KoTOopoe BO3HUKAeT
BCNMEeACTBHe [BIKenusl HabmonaTens B MarHutHoM nose. [Ipk rTakoM
PacCMOTPEHHH NPENNoJaraioch, HYTO CBOHCTBA S]EKTPUYECKOTO ,MOMs He
3aBUCAT OT IBUMeuHUs Habmoparens. Kak ysunum Hike, 3TO NpPeAnoJo-
eHue CIPaBENJIMBO TOJLKO, €C/AM CKOPOCTb HAGMIONATENS 3HAYUTENHHO
MeHbllle CKOpOCTH cBeta. [103TOMy BCe BHIBOABI OTHOCHTENbHO YPaBHEHUH
MakcBennia B NBMXYLIMXCH CpelaX, KOTOpble Mbl ClenaeM B STOi riase,
MOXHO INPHUMEHATb TOMBKO, €CJM CKODOCTb Cpelbl MHOFO MeHbIE CKO-
pOCTH CBeETa.

§ 9.4. YpaBHenus Makceeana IAf ABHKYIHXCH Cpen

Kak Ob0 nokasaHo, IBHMXEHHE cpenbl, B KOTOpOH omnpenensiercs
noje, He CKa3biBae€TCs HA BUIE TPETbero ypaswenus Makcpensa (9.6).
[lepoe u BTOpOe ypaBHeHUs TaKke HE 3aBUCAT OT IBMXEHUS Cpellbl,
TaK KaK B HEPEJATUBUCTCKOM NpHUOMAMIKEHUM IJIOTHOCTH 3apsiOB B Cpele
He 33aBUCHT OT IBKXeHHMsi Habmonatens. TakuM o05pasoM, eIHHCTBEHHOE
U3MEHEHHE 3aKMOUaeTCs B MONpPABKe K TOKY B 4eTBEPTOM ypaBueHuu (9.6).
drta nompaBka KacaeTCsi KOHWBEKTUBHBIX U  [OJAPU3ALUOHHBIX TOKOB.
KonBekTuBHbE TOKH, 0OpasoBaHHbIe IBHXeHHeM CBOOOLHBLIX U MNOJsipH-
3alMOHHBIX 3apANOB, PaBHBl # (Peyog — V - P). HToObl yuecTs norepio 3a-
pAIOB MpH M3MEHEHMM NOTOKA MOJASPH3ALUM Yepe3 ABUKYLIYIOCS MOBepX-
HOCTb, COOCTBEHHO MOMSPH3ALUOHHBIE TOKH CJeNyeT MOJ0XUTL PaBHLIMH
Dp oP
~pF BMecTo .
nose, COCTOMT M3 CJEAVIOIMX uvacTel:

1) MCTHHHBIE TOKH;

2) KOHBEKTUBHbLIE TOKHU;

3) TOKu, CBsi3aHHBIE C M3MEHEHUeM MOJADU3ALMM M ABIMKEHWEM M0Jf-
pusoBaHHOR cpenel. [lo awanorum c coorHollenveM (9.14) onu paBHH

Dp oP .
- =g TYXPX)F(V-Pu;

TakuM 00pasoM, no/HbLIM TOK, cO3RaOLMH MarHUTHOE

oE
4) BaxyyMHBIR TOK CMeLeHUs &)

YuureiBas 9T NONpPABKHU K YeTBEPTOMY ypaBHeHHI0 MakcBessia, MOXHO
BHIIHCATb [OJHYI0O CHCTEMY YPaBHEHUR MOJf, MPUMEHHMYI0 K HEMarHur-
HBIM cpellaM, IBHXYIIMMCS CO CKOPOCTBIO I, KOTOpasi Maja [0 CPABHEHHUIO
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€O CKODOCTBIO CBeTa:

) V'D:Pcao6-
2) V-B=0,

8 VX E=- 92,
; . oP
4) VXB:!"‘O[Jcao6+u(pcao6""V'P)+W+VX(P><u)+ (918)

) 0
+(V-Pyu—+¢, T‘H_—:

. D
= P‘O[Jcaoé"l" Peoost —+ %t“f' VX (P X u)] .

C noMOIBIO YpaBHeHHH COCTOSIHMS UCTHHHblE TOKH M 1NOJAPU3ALKIO
B JBHXYIIHUXCS CPelax MOXHO BbIPa3UTh Yepe3 MOJs, U3MepEeHHbIe TaKKe
B IBMXYIIUXCS Cpelax:

J=d(E+u X B)=cF', }
P=c¢,(k— 1)(E+ u X B).

Ins HesapsikeHHOTO HuaneKTpHKa Ge3 TOKa ypaBHeHMss Makceenna MNpH-
HUMaOT TaKOH BUI:

(9.19)

1) V-D=0,
2) V.-B=0,
3) VXE=- 98 (9.20)

ot '’

4) VX [B— poP X sl =py .

U3 nocnenHero ypaBHeHUs BHIHO, YTO C MAKpOCKONUYECKO#t TOUKU 3pe-
HUsl IBUKYINMHACS MO/SPH3OBAHHBIR NHSJEKTPUK SKBHBAJEHTEH BELLECTBY
C MarHUTHbIM MOMEHTOM .
M, =PXu. (9.21)

D10 JErKO MOHATh, €CJH PACCMOTpETb IBMXEHHE TOJSPH3OBAHHON M4~
CTMHKM MO MNPAMBIM YIJAOM K HAampaB/eHUIO nodspu3auuu. B 3ToM cayuae
UMeeTCs IBa TOKA: OLUH, B HAllpPaBJEHUU IBHMEHUs, OOYCJIOBJIEH IBUXEHHEM
NONOKHUTENBHBIX MONSPUIALHOHHEIX 33aPSNOB, NPYrO#, B MPOTUBOMOIOKHOM
HanpaBfeHUl, OOYC/OBNEH NBHMKEHHWEM OTPHUUATENbHEIX MOJSPH3ALMOHHBIX
3apsinoB. DTH TOKH paaliefieHbl MPOCTPAaHCTBEHHO M 00pasyioT 3aMKHYThIft
KOHTYp C TOKOM, oOjajanomuit MaruutHbiM MoMeHTOM. CJenoBarefibHO,
OBHXYIUACH NONSPH3OBAHHEIE NU3JAEKTPUK CO3MAET MArHUTHOE MOJE, KO-
TOpOe Henb3s OTJMUMTL OT 110/ B HAMarHMYeHHOM BellecTBe. JKCNEpH-~
MEHTaNbHO 3TOT 3¢peKT Obin oOHapyseH PentrenoM, DitXxeHBaibAOM U AP,
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§ 9.5. lsmkenue NPOBOAHHKA B MArHUTHOM noJje

Jins npuMepa npuMeHUM ypaBHeHve Makceessia K NpoBOLsilieMy OpyCKy
MPAMOYTOJbHOIO CeueHuss M GeCKOHEUHOH IUMHDBI, ABHXYIEMYCH mapan-
AeJbHO CaMOMy cebe CO CKOpOCTbIO # OTHOCHUTENBHO OLHOPDOIHOrO Mar-
nurgoro mnonas B. [lone B nepneniuKyAspHO HANPaBAEHUIO IBHXEHUS
6pycka u MOCTOSHHO BO BpeMeHu (pHC. 9.2). JIBa CKO/b3AIIUX KOHTAKTA,

: COCIMHeHHble C 3aXUMaMy He-

TenpoaHomemp NOABMIKHOTO TaJbBaHOMETpPa, Ka-

Cal0TCs MPOTUBOMNOJNOMHBIX CTO-
por Opycka, KaK MOKagaHO Ha
pucyuke. Paccrosinue Mexay
HuMM paBHO wMpuHe Opycka [.

N3 ¢usuveckux coobpaxe-
HUl MOXHO OXH1aTh BO3HMKHO-
BEHUS] TOKa BO BHelllHe#l Heno-
IOBIKHOHM 1emd. DIEKTPOH, NBU-
Wyliufics BMeCTe ¢ MPOBOAHUKOM,
Oyler ucnbiThIBaTh LeficTBUE (-
¢exTuBHOro moJs, pasHoro E =

4  —pu B. Bcneictsue  3TOrO
Puc. 92. Tlpopopsmwmit Gpycok, apwky- UEPE3 KOHTAKTHL  BO  BHELIRIOW
umiics B MarHuTHOM [0J€ MNapajienbHO uenb MoreyeT TOK, KOTOPH# Oy-
CBOEH NJMHE. leT U3MepeH HEMOIBMXHBLIM Ha-
omonareneMm. Jlas 3roro nabaio-
narens porop E nonxcn papBHSThCA HYJIO. Tak Kak B ne Mensiercs co
BpEMEHEM (1J3 ONUCHIB2EMELX ABJeHUHl He UMeeT 3HAUEHHN, JBUYTCH HIU
NOKOATCH MCTOUHMKM MO B. IJrn sBNeHHS XapaKTepH3YOTCH TOJbKO
noJjeM H He 2IaBHCAT OT McXaHW3Ma, ¢ MOMOINLI0 KOTOPOIO 3TO MoJje
coanaercst). CielOBaTe/bHO, €CJIM 3JIeKTpUdeckoe MOJe WUMEETCs, TO OHO
LOJKHO OHITh 6E3BUXPEBHIM, T. €. SNEKTPOCTATHUECKHM.

bnaronaps waanunio 3¢pQeKTUBHBIX 3JMeKTPUYECKUX MOJell B IBUXKY-
HIeMCS POBONHUKE BO3HMKHCT 3NeKTPHYECKM#l TOK, KOTOPHIR co3nact 3a-
Psillbl HA €FO NOBEPXHOCTAX. DeKTPUYECKOE NOJIe ITHX 3apsloB U GyneT us-
MepeHo BHelHuM HaGmionateseM. C apyro#fi cTopowbl, NOJE ITHX 3apsIOB
HOJIHOCTBLIO KOMIEeHCHpYeT 3¢deKTUBHOE SJeKTpHUYecKoe noJe # X B B npo-
Bonnuke. [Tosromy. ecau paccMoTpeTh KOHTYD, uyacth KOTOPOTO pacro-
JOXeHa B OBHXYIHEMCH TNPOBOIHMKE, a Jpyras 4YacTh — BHE ero, To
MHTErPad OT S5JeKTPHYE(KOro MOJs MO STOMY KOHTYpY Oyler OTJHueH
OT HyJs. DTOT pesyJbTar cOrJjacyeTcs ¢ HabJIONAaeMOH Ha OMbITe 3JEKTPO~
npmxyuiet cunofl uBl, Bo3HUKalel Ha NPOTHBOMNOJOMXHBIX CTOPOHAX
nposonnuka. Ecau Besi cucteMa NOKOUTCS, TO HUKAKOH 3JEKTPOIBMXKYILe
CHJIbl He BO3HHKHET. -

Ecau BMecto npoBopsuero 6pycka OymeT IBUraThCs Lelb C Fajb-
BAHOMETPOM OTHOCHTENbHO Opycka B noie B, 1o onate Oyler Ha-

CROTLIAUYUE
KOHITCKI
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6MmonaTbCs  3MEKTPOINBMKYUIas cuia uBl, Tak Kak B 3TOM CJyyae
npoBOIsimuit Napajjesendnel W Uelb € rajfbBaHOMETPOM MPOCTO MOMe-
H UIUCL POJsMH. PasinyHule ClyYau OTHOCHTENbHBIX IBUXEHWH NpUBEREHbl

B taba. 9.1.
Ta6anua 91

AneKTPOINBHIKYINAH CHJa, BO3HUKAIOILas
npH pasinyHbiX OTHOCHTEJbHbIX ABHKEHUSX
napamjenenuneia, HCTOYHUKAa MarHUTHOrO noisi
¥ Habmopateas (puc. 9.2)

Jpuxcenne

B KTPOABHK YA
HabMonaTeN | cuna, M3MepeHRHas
(uenu ¢ ralb- HabJjonaTeneM

BAHOMETPOM)

napaiene- UCTOYUMKA
nunena noas B

uBI
0
uBI .
uBl
uBt
0

S OoR OO
oo
TLOROO

Sra rabnula MO3BOJsET CHEJAThb IBa BbiBONA: |) IBUXKeHHe MCTOYHHMKA
nons B ne uMeer 3HaueHus, ecan mnose B OZHOPOLHO; 2) B Takofi cu-
cTeMe Heqlb3s 3aMeTuTh aOCOMIOTHOrO nBUXenusa. [locaennee o6GCTOSTENb-
CTBO O3HAuaeT, 4TO ypaBHeHUs MakcBeana Npy NPaBUIbHOM MHTepIpeTALUH
COrJacytoTcsl € NMPUHLMNAMH OTHOCUTENbHOCTH, TloapoGHee u ¢ Gosabluei
OOLHOCTHIO 3TO NOJOXeHUe OylneT NOKa3aHO BIOCJENCTBUH.

Bosce cnoxnoe nmonoxceHHe BO3HMKAET, €CJM KPOME BHELIHETO Mar-
HHTHOTO MOJIS MMeeTcs elle W MOJie MarHMUTHOrO MOMEHTa napaJjsesieny-
neja, MOCTOSHHOIO WIM HAaBeLEHHOro B HeM. BhiBom O TOM, uTO noue,
BO3HUKAIOIEE B MOKOSIeMCH KOHType, OYIeT 3SJeKTPOCTaTU4eCKUM,
ocraetcss BepHbIM., OJHAKO NMPUYMHA BO3HMKHOBEHUS 3TOTO MOJS He BIOJHE
ICHA, MOKA YPAaBHeHUs NJA NBWXYLIeHCS Cpelbl He YUUTHIBAIOT MArHUTHBLX
cBOMCTB cpend. K coxaneHuio, 3TM CBOHCTBA HEAb3s YYeCTb NOCTATOUHO
obocHoBaHHO 0e3 HayueHHMS] TEODHH OTHOCHTENLHOCTH. TeM He MeHee
peayJbTaT 3TOrO yueTa (M3MUeCKd sicel, TaK KaKk MCTOYHHK MOJs [pH
yCJIOBUM €TO MOCTOSHCTBA BO BPSMEHH He BJMSIET HA 9(¢QeKThl, Bb3BaH-
Hble 3TUM MNOJeM. Jlpyrumu cjoBamu, Cuia, NeHCTBYIOLLAs HA 3JEKTPOH,
OBUXYIWIMIACS BMECTE € MapajjefielUIeNoM, HE 3aBUCHT OT TOTO, GyIeT Jid
MarHUTHOEe MOJie BHEIUHUM WM OOYC/JOB/AEHO MarHUTHHIM MOMEHTOM Ca-
MOro mnapaiaeienunena. [losToMy cllenyer oxunarb, YTO 3JIEKTPOILBHU-
Wyllias cuia no-npexdeMy Gyner pasHa uBl, rme B — marnutHOe mnone
B IBHXYULIEMCS HaMarHuyeHHOM napansejenunene. Tak kak MarHuT npen-
craBisieT co6OH Mo CywecTBy CHCTEMY U3 KOHTYPOB € TOKOM, TO MHl Ipu-
XOUWM K MapalOKCaJbHOMY 3aKJIOUEHHIO, YTO IBUXKEHHE KOHTYPOB C IO-
CTOIHHBLIM TOKOM MPUBOIMT K BO3HMKHOBEHHUIO 3JIEKTPOCTATHYECKOTO MO,
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B pmasnbHeitlleM Ha OCHOBE TeOpHM OTHOCHTEJNLHOCTH OyleT NOKasaHo,
yTO 9TO HeHCTBUTENbHO TaK. Habuonatenb, nBHXKYINUMACH CO CKOPOCTHIO &
OTHOCHUTEJBbHO CpEAbl ¢ HAMArHHYEHHOCTLIO M, OGHapYXUT SJeKTpUUe cKUll
MOMEHT, pPaBHBIH

1
Pyy = = u X M. (9.22)

CnenoBaTeJbHO, MJAOTHOCTb COOTBETCTBYIOLIUX HCTOYHHUKOB TMOJIA onpe-
nensercs COOTHOLIEHHEM

.V'Psxa. ‘

€
Xors 3toT 3(¢deKT BHellHe MONOOeH KJIacCHuecKOMY 3¢ ¢eKTy, Onuchi-
BaeMOMy coorwouieHueM (9.21), ero obObscHeHHe BO3MOXHO TOJbKO Ha
OCHOBE CIIeLHaIbHON TeOpHH OTHOCHTEBHOCTH. OH CBfA3aH C TeM 0OCTOd-
TENbCTBOM, YTO LJf MOKosulerocs HaOnonaTesss BpeMs INBHXEHWs 3apsiia
[0 HampaBJeHUI0 [BHXEHUS LENH OTJIMYHO OT BPEMEHH €ro IBIDKEHMUs
B [pPOTHBONOJOMHOM HANPABJAECHHH. IDTO MNPUBOIMT K BO3HUKHOBEHUIO
3¢ ¢eKTUBHON MNOIAPH3ALMH, NEPNEHAUKYIADHON K HAMPABJIEHUIO IBHXEHHS
U Jexaliet B IJIOCKOCTH KOHTYpa C TOKOM. B manbHeiilieM STOT aq)q)em
Oyzmer paccmorpen GoJsee NOAPOGHO.
Ecau njuna HaMarHM4YeHHOTO MapaJjdsedenunena KOHEYHA, TO MnoJe E

yxe He GyneT GesBUXpeBHM, TaK KaK NPOM3BOAHAs B MOKosie#cs

oB
ot
cucreMe OTCYETA OTJIMUHA OT Hynd. JleHCTBUTENBHO, TaK KaK IpH paBHO-
MEPHOM IIBHXEHUU CO CKODOCTbIO i

0
—l)—t—-~u-V,
TO

VXE=—22 —@w. V8,

4YTO B CWJy paBEHCTBAa HY/IO Aupeprenuud B ceonurcsi k — VX (# X B).
CuaenosaresbHo, eciu B ne Oyner oaHoponuwiM, To E ne Oyner Ges-
BuxpesbiM. OnHaKo, Kak u Opexae, potop E paBeH POTOPY BEJHYHHHI
— (1 X B), xoropas npencraiseT co60#l 3ddeKTUBHOE 3JeKTpUiecKoe
noJjie B ABHXKYWEHCHA cpene.

3anmaun

1. JlokawuTe, 49TO € I[IOMOIUBIO Bpamlaromeiicss KaTyMKH, HaMOTauHOH Ha
noBepxHoCTH Ccdepbl ¢ INOTHOCTHIO BUTKOB, NpolopuoHanbuoi sin 6, rpe ¢ —
nossipublit  yros, uaMepsieTcsl akcuanbHas KOMIOHEHTA [0l B €€ LEHTpe He3a-
BUCUMMO OT CTENeHH HeonHopoaHocTd noast (cM. 3apauy 4 ra. 8).

2. CpoiicTBa KaTyIiku, onucaHHOH B IepBofi 3azaue, anMPOKCHMAPYHTE
¢ NOMOUIbI0 NPOCTOff LuAMHEpHYecKo# kaTymiky. KakoBbl 0Bl GbITH pa3Mepsl
TaKoll KaTYIWIKH, T. €. OTHOILIEHHE BHICOTHl K IMaMETpy, YTOObl BJUSIHHE HEOHO-
PONHOCTH 6BLIO MHHMMAAbHLIM?
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3. Nuanextpudeckud muauunp (& > 1) pamgmyca e spamaercs ¢ yrioso#
CKOPOCTbI0 @ BOKPYF CBOEH OCH, KOTOpas MapajjenbHa MarHWTHOMY momio B.
Buyncavre noaspusaiwio exuMpavin o6beMa v 3apsjl, NpUXOASLUMICS Ha EAKHYLY
IJYHH, BO3HMK810[L[MPI Ha IIOBerHOCTI/I UHMAHHIPA.

JIMTEPATYPA

3aKkoH MMAYKIMM ¥ €rO CAEACTBYS PACCMOTPEHHI BO BCEX KHMraX 0O 9jeK-
TpoaMHamuke, Hanowenve, navbonee O6JM3Koe HAmIEMy, HMEETCSl B KHUTE:
M. Abraham and R. Becker, The Classical Theory of Electricity and
Magnetism. (Pycckuit nepesomi: M. A6param u P. Bekkep, Daexktpuye-
CTBO ¥ MarHeTuam, T. l.)



FrMTABA 10
3HEPTHUSA, CHJA U UMNYJbC 3iEKTPOMATHUTHOIO Mo

Bripaxenue njs NJIOTHOCTH SHEPTHU SJEKTPHYECKOTO NOJS YIAJIOCh
CBSI3aThb C 3JEKTPUYECKUM noJjeM (rj. 6), paccMaTpuBas HeKOTOpwfl cre-
MabHBIR mpouecc. DTOT Npouecc CocTosil B cOMMMEHUU 3apsiios, Opu
KOTOPOM MNpOoM3BOAMIaCH paboTa M u3MeHANoCh noje, [lpupaeuusas pa-
60Ty ¥ 3Hepruio, MOXHO OHJIO MNOJYudTb BbIpaXKeHHe IJS IMJIOTHOCTH
TepMonvHaMuyeckolt csobonnolt sweprun. PaccMorpum anajoruusmii npo-
Lecc AAf MarHHTHOrO NoJs, a 3areM nepefizeM K BuiBoay o6LMX COOT-
nolleHu#t B Cjyuae 3JMEKTPOMATHUTHOIO MOJs.

§ 10.1. dueprus cuCTeMbl KBA3HCTALHOHAPHLIX TOKOB

PaccMorpum mpouecc., MNOCpPEeACTBOM KOTOpPOIO 3Heprusi  Oatapew,
coanaiomell HesJeKkTpocTaruyeckoe _noJde E’, pacxoLyeTcs Ha TemuoBbE
NoTepy W Ha CO3JanHe MArHUTHOTO MOJS. YMHOMXMM CKaJdpHO Ha j Bh-
paxeHne IJs TOKa

j=c(E+E), (7.4)
B peayjbTare MOJYUYUM

E-j=L_E.j (10.1)
- . .

Jlepras vacrb 3TOrO0 COOTHOLUCHMs MpencTaBiasetr cobofl CKOpocTb, € Ko-
topoil Oarapes coBepluaet paCoTy: NepBhHl ujieH NpPaBOH 4acTH paBex
TENJOTE, BbIEJAEMOH NpU NPOXOXIEHWH TOK3; HAKOHEl, nNocJjaelHul
yJleH, KaK Mbl VBHIWM, PaBeH CKOPOCTH BO3paCTaHUSl SHEPTUM Mar HUTHOrO
noas. Eciu BCe noJsi KBasUCTALMOHAPHbLL, T. €. MEHAI0ICA MeIJIEHHO, 10
TOKOM CMelleHWs MOXHO mpeHeOpeyb. Torna uetBeproe ypaBHeHHE
Makcpesia npuHUMaeT BHI

VX H=j.

Eciu 310 ypaBHenue noncraButb B cootHouwenue (10.1) u npounrerpu-
poBaTh MO BCeMy NPOCTPAHCTBY, TO [MOJHA# MOILHOCTL. DPacXopyemas
6atapeefl, onpenesseTcsi BBIPAXeHHEM

fE’(VXH)dfv:/ OXHY gy [ E- (VX Hydv. (10.2)
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C 1OMOLLBIO COOTHOLIEHHS
VA(EXH)=H-(VXE)—E-(V X H) (10.3)

nocneanuit uneH Bbipasenus (10.2) MOMXHO IPOMHTETPHPOBATHL f10 HACTSM.
Bocnonbsosasiuuck teopeMolt I'aycca — OcTporpaickoro W TpeTbUM ypas-
HeHueM Makceenna, MoJayyuM

03
ot

- . .
/E-(V)(H)dfo.:——/H- de~[(E><H)-dS. (10.4)
Tak kak B ciayuae SJeKTPOCTATHYECKHMX B KBASUCTALMOHAPHBIX MarHHTHBIX
nonefl BemuumHa E X H ymeHbwaerca no kpaliHe# mepe kak 1/r5, To
fIOBEPXHOCTHHA HMHTErpajl B 3TOM COOTHOLUIECHMM paBeH HY/I0. 3aMmeruM,
4yTO 310 6b110 Obi He Tak. ecin Obl E u H uaMeHsmuch nporopuuoHaibHO
1/r. kak, HanpuMep, B Ciayuae uaiydeHus. OJHAKO B OTCyTCTRHE TOKOB
CMELIEHHs Takhe NOJA He BO3HUKAIOT, VHBIMH cJOBaMH, NPENTOJOXeHHe
O MenjeHHOM HM3MEHEHHWM MoJieH COOTBETCTBYET MpeHeOpeIKEeHHID BCEMU
palHalHOHHBIMM YJ€HAMM B MarHUTHOM I0Jie. AHaJOTM4HEIE OFpaHHYeHUs
¥MEJH MeCTO M MPH paCCMOTPeHUH SHEPrUd SJEKTPOC FaTHUeCKOro MoJs.
Takum 00pa3OM, MH HMMeeM OT/e/bHble BLIPAXKEHHS /18 SHEPIHH ICKTPO-
CTATHYECKOrO MOAS W A4St 3JHEPrHM MarHUTHOrO 1i0iist, 00pa30BaHHOrO
KBAa3UCTALMOHAPHHIME TOKaMH. HmuiKe MBI rioxaxeM, Kak CieayeT U3MeHUTD
9TH COOTHOLUEHHS, 4TOObI NOayuuTh ofllee BhipaxeHie AJAS 3SHEPruu
9/1€KTPOMai HUTHOTO N[O/

CoraacHo cootHoweHmo (10.2) noanas MouwHocTb, pacxopyemas 6a-
Tapeel. panHa

oB
o7 dv. (10.5)

jiE’-(VXH)de:!/?A(Y—)i—’idfo-{— /H

[TepBBili wiel NpaBOH YaCTH, KAK MB yXe YKasaau, paBeH JOKOVJCBbIM
notepsm. Bropoli uied npeactasaseT cOOOM CKOPOCTL YBeJHUEHHS 3HEpP-~
T MarHUTHOro noJss. TakuM OOpa3oM. U3MeHeHMe 3IHEPIUM MarHUTHOrO
[0/ifl OfpenesisieTcsl COOTHOIICHUEM

3U,, ~= [ H-3B dv. (10.6)
ﬂ;’]ﬂ SJICKTPOCTHTM'JECKOFO NnoJjs uMeer MeCTO aHaJoruyHoe COOTHOLIZHHE

BU:fE-BDd@. (6.19)
B 3/€KTPOCTATHYECKOM M MarHUTHOM nossix Bhipawenus ana U u U,
onpelensioT M3MeHeHHe CBOOOAHONW 3Hepruu.

HOas wunterpupoBaHus supaxenns {10.6) Heo6XoAMMO 3HaTh 3aBUCH-
Moctb Mexny H u B. Jlns cpein, HaMarHWYeHHOCTb KOTOPOH JUHCHHO
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sapucuT OT MOJA, WHTerpupomanne aHanoruuto (6.14)
1
Um=§fH-Bd'v. (10.7)

B cnyuae BeuecTs ¢ HeJMHEHHOH 3aBHCHMOCTBIO, Takux Kak ¢eppomar-
HeTHkH, BHpaxcenue (10.6) MoHO TMpouHTErpupoBaTh, eClM 3alaH nepe-
X0l U3 OIHOTO cOcTOsHMS B aApyroe. B ofuiem cayuyae peayabrar
HHTerpupoBanus OyneT 3aBHCETb OT MpelwicTopur obpasua. [las deppo-
mardervkos wuHrerpal (10.6) oTamuen oT Hyns, maxe ecid B onuiner
AOJHBI LMKJ, HanpuMep B THOJjle NepMMeHHOrO Toka. IloTepu sHepruu
fpY TAKOM UHKJe paBHbl

AUm_—_-f§H- dB do. (10.8)

Sueprus, paccesiHHas B eluHMue oObeMa NpH 3aMKHYTOM LIMKJE fepe-
MarHdyMBaHus, paBHa TJIOLIANM rucrepesucHofl metau Ha rpaduke 3aBu-
cuMmoctd B ot H.

Cootnoutenne (10.7) BbipakaeT SHepruio yepea unrerpan no o6nemy,
sanaToMy moneM. Ecau oObemHbill HHTErpal] jKelaTeNbHO BHIDA3UTH
yepe3 HMCTOYHHKH NOJAS, TO 1M STOr0 [OCTatTounHo B BHIpa3uTh uepes
BekTOpHbIf notenuuan A, a H — uepes tok j. CHauana nonyyaem

Um:%fﬂ-(vx,q)dra. (10.9)

TlpounterpupoBas Nno 4acTsM H, Kak mpemje, OTOPOCHB NOBEPXHOCTHLIM
ujled, MOJYyYHM

I

Umzémj j-Adv. (10.10)
AHanoruyHoe BbipaX€HHe IS SHEPrHU JIeKTPOCTaTHYecKoro mMoJs Co-
IEePXuT TAOTHOCTL 3apsllOB H CKaAPHHIA MOTeHuuan.

Cootrowenna (10.6), (10.7) u (10.10) 6bisin BHBEdEHH C TMOMOLLbLIO
HEKOTOPOro CHELMaNbHOro KBHpPTyalabHoro npouecca». OAHAKO 9TH COOT-
HOIUEHUA 3aBHCAT TOJBKO OT KOHeyHOl BenuuuHbl Mosell, a He OT Xapak-
tepa nponecca. CaenosarelbHO, MOXHO CUHTaTh, YTO M B 0OLuEM ciyyae
SHEPris MarHUTHOrO MOJs ONpelelsieTcsl STHMU COOTHOLIEHUAMH (C YYeTOM,
KOHeyHo, Toro, 4ro cootHoweHus (10.7) u (10.10) cnpapennuBb T0AbKO
npu JUHeHHOH saBHCHMOCTH Mewny B u H).

Muoxurearb !fy B cootnowenuu (10.10) yuutThisaer ananornyHo (6.1)
TO, YTO BEKTOPHHIl NOTeHIHan BKAOYaeT B cebs MOJe caMUX TOKOB J,
CnelosatesbHO, 3HeprHs B3auMoOJeHCTBUS CHUCTEMB TOKOB H 3apsios
€ BHEIUHWM MOJieM, NOTEHIMajih KOTOporo ¢ W A, paeHa

UBBaHMO}.l = f - ABHeLuu + PPouew) du. (10.1 D
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§ 10.2. Cuan, peificTByiomMe B CHCTEME TOKOB

[losyueHHre BbipaXkeHus JJs SHEPruM MoryT ObiThb HCMO.Jb3OBaHHI
Ans pellleHus CHeNylOUMX 3anay. Bo-nepBeX, BHPA3HM CUJb  MeLY
TOKAMH Yyepe3 BeJHUKHB TOKOB H FeOMeTpHYeCKHE NapaMeTpr. Bo-BTophHiX,
onpele/MM W3MEHEHHS MarHWTHOH SHEpPruM NMpH uW3MEeHEHHH TOKOB M HX
HO/IOKEHHSL.

PaccMOTpHM CHCTEMY, COCTOSILLYIO K3 1 IMHEHHBIX UerNeH ¢ TOKaMHu Jj.
Ipeobpasyem no teopeme Crokca cooruolenue (10.10)

Umz_é';l‘]ké;A'dlk‘_‘%;l‘]kf(vxlq)'dsk=

n ” n
=5 N | B-as,— 5 Y 5,0, (1012
k=1 k=1

rie d)k=fB-dSk—n0T0K, oXxmaThiBaeMbifi 2-f uenbio (cM. § 8.4 u

cooTHoulenke (9.1)). Ins onpefeneHusi CHA MpPeLNONOWKHM, YTO -5 Uenb
RBHieTCH € OeckoHeynHo Manoli ckopoctbio #;. CkopocTb, ¢ KOTOpOH
cuna F,, jneficteyionias Ha 3Ty nenb, comepiuaer paborty, pasHa F;-u,.
TionHas CKOPOCTbL H3MeHeHMsi SHEpTHH MpPU TAKOM BHPTYaJbLHOM MpoOlecce
pasHa Hymo. OXHAakO 3TO PaBeHCTRO HYJIO NOJydYaeTcsl B peayibTaTe
CNOMXeHHs ClelyIOlMX YeTHPEX CJiaraeMbix:

1) cxopoctb, ¢ KOTOpOH COBepliaeTcs MeXaHwuyeckas pabota F; - m,
Han i-# uemnbio;
Un .
dt ’

3) ckopocTh, C KOTOPOH B 1EMsX BHAEAAETCH TEMAOTA ZjiRk, rue
R, — conporusnenue k-ii uenu;

4) ckOpoCTb, € KOTOpPOH 3JeKTPOLBHIKYLlME CHJB B llenfaX coBep-

waior pabotry — X J,8,. B pesyibrate mosyuum

F-u+ ";ﬁm +212Rk—2 1,8, =0. (10.13)

2) cKOpOCTb H3MEHeHHsl SHeprHH MarHHTHOro MoJs

Mb mpeanonaraeM, 4YTO 3SHeprus MarHHTHOro nosas U, fBHO BHIpaxeHa
yepe3 KOOpAMHATH X, W TOK J, k-# uemu. DyneM cuwrath 3TH mepe-
MeHHbIE€ He3aBHCHMBIMH. Tak Kak B 1ensX HMMeTcs TeMNJoBbE TNOTEPH
U Gatapes cosepliaer paboTy naxe Npu NOKOSLLMXCH 1lendx, TO padory,
coBepliaeMy0 Haj i-# uenblo cuaofl F;,, Henb3s NpHPaBHATbL H3MEHEHHIO
MaruuTHOH snepruk U,,. 310 MOXHO ObnO O clenaTh, ecin Obi He ObIO
HMKaKuX IPYFMX BKJIALOB B SHEPrHIO.

PaccMmotrpuM clienywoiuii nporecc, NPOUCXOASIUMA TIpH TMOCTOSHHOM
Toke. DByneM cuuTath, 4YTO BHELIHHE 3JEKTPOABHIKYLUME CHJB MpeicTa-
Basior cobolt Ttakue ¢GyHKuMH BHpTyaabHOM CKOPOCTH #;, COOTBET-
cTByioLLefi HM3MeHEHHIO TapaMeTpa X; 4YTO TOKH B CHCTEMe OCTANTCH
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nocrostHbiMH. Eciu Tenepp B coortHowenue (10.13) moacrasurth Bbipa-
weHHe A MaruuTHolt sneprum U, (10.12), a Takwke BOCNOAB30BATHCH

sakoHoM Papalies (9.2) tﬂ:JR—F%;—, TO TIONYYHM

N\ W dd,
F; - “*2>Jk —at _}a"k a =0
AN
aU,, o,
Fiuy=—5" = Txp, Yo (10.1dH
Ewe pa3 noluepkHeM, 4TO 3TO CHPaBCIJIMBO TOJIbKO, €CJAH BCe TOKH
NOCTOAHHBI, a MOJOXeHUs BceX uenell, kpome i-#, dukcuposaun. Crneno-
BaTEJbHO, BeJHUYUHA .
Foo— ou,,
ia oxiq

(10.15)

const

npejcrasaseT cobolt cuay. ¢ Koropolt mnose nefictsyetr Ha i-# nposoa-
guk. OTMeTuM, uTO 3HaK 3TOM CUJIBI NPOTHBONOMOXKEH TOMY., KOTOpHIH
fionyuriacs Obi. eCu MOXHO Obiio 6 TpeHeGpeus ABYMs MOC/ieHUMY
qaenaMd B cootsowenun (10.13). 3ro o3Havaer, 4TO AJH MOJLEPIKANIUA
HOCTOSHCTBA TOKa B LENM TPH K3MeHEHHH reoMeTpuu 1.nu Oatapes
NoJ/KHA COBEPIUUTL paboTy, BABOE OOAbluyl, yeM paboTa pPOTUB BHEl-
HHX CH/, MOMHMO KOMMEHCaHH TenqoBwX notepb. GoorHouwenue (10.15)
BeCbMa MOJIE3HO MpH pacuete chi, AeHCTBYIOLIMX Ha IeMb C TOKOM. eciH
SHEPrUi0 MarHHTHOTO MOJisi MOXHO BBIPA3HTb Yepe3 TOKH, €r0 CO3jaloline.

§ 10.3. UHRYKTUBHOCTD

Ecan SHCPruK Mai HATHOro mnoJs

1\
=5 3, /P, (10.12)
k

HYHO BBIPA3UTb Yepes BEAMYMHBI TOKOB W TeOMETPUMEcKHe MapaMeTpu,
TO OYeHb YJOOHO BBECTH TOHATHE WHAYKTMUBHOCTH. [ToTOK wuepes k-io
HeMNb pasen

0= [B-dS,= [(VX A)- as, = §kA-d1k. (10.16)
OO6iee BHpaxeHue a1 A
%./ %dfv (8.29)

B cayyac yHelHbix uenel MoxeT ObiTh 3amucaHo B BHAe .uHelHOro
uptTerpaa

o \NY ' Jidl; .
A(xk)=ﬁ2‘g#. (10.17)
i
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TNoacrasaas (10.17) 8 (10.16), Haxoanm
Q,= 2 L,/;. (10.18)

W £ Ldl-dl,
Ly=4§ ¢ S — Ly (10.19)

onpefenseTcd TOJbKO reoMeTpHeH CHCTeMbl M Ha3dbiBaeTcs KOsdduuueH-
TOM B3auMouHiykumu uerell i u k. CoorHoutenne (10.19) unorna wa-
3uBaT (opmyofl Hefimana.

Taxum o6pasoM, coornouienue (10.12) npuHuMaeT BHI

rne BeJHYKHHA

1O\
=5 N Y Ll (10.20)
i ok
N3 (10.15) caenyer. uro cwuna, neficTeywoiuas ua i-i0 Lenb, pasHa
. ()(/m 1 v v ()ij
Fi,=+ s, =50 Jil =2 P (10.21)
Jeonst ik

Mpn cymmuposanun (10.20) u (10.21) wuieHs ¢ pasHbMH MHAEKCAMH
BCTpPe!aKTCs [ABAXKIL, a UYieHH C OJMHAKOBBIMM HHIGKCAMH — TO/bLKO
onuH pa3s. IlosroMy 3neprus B3auMoAcHCTBUS IBYX lenell paBHa

Unz :‘]1‘12L12v (1022)
a4 cOOCTBEHHAH MX SHEpPrus —

U, = o (Blu+ Bla). (10.23)
Beawuunbl L;; uasnipalorcs KOI(MpHLUMEHTAMM CAMOMHIYKIMH.

Bupaxenue (10.21) nns cuab B3auMoneicTsust 1ByX ueme# corna-
cyercss € HCXOIHBIM Bbip@XeHHeM Juisi CHJIBI MarHUTIIOrO B3auMojaeli-
crBust (7.21). Ecau B Bbipaxehue I/ CUJB MEXIY ABYMS IeNAMU NOI-
craputb coortHowenue (10.19), 1o mosayuyum

1 -d
F,:ﬁjlj2(£§(dl,-dlg)V—_~——JJQ§§r ah - dly
4z J ’ r 2 3
4TO COBNajaeT ¢ cootHoueHueM (7.24).
Tak xak OT x; 3aBUCAT TOJNLKO Te 4Jenbl, I KOTOPMX J =i

uma k==1i, W, ciefoBatTe/bHO, TOJbKO WX FPOU3BOAHBIE OTAWYHBI OT
HyJsi, TO Bhipakenue nnas CHaw (10.21) mpumer sul
Y, 0Ly
=1, 3 g, (10.24)
KOTOPOe MOXHO npeo6pasoBaTb TaK:
09;
dF;,, = J; T . (10.25)
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~roe ®,— noTok, MpOHH3HBAKWKA -10 ilemb. OueBHAHO, YTO STO COOT-
HOLIEHHE HAXOJAMTCH B MNOJHOM COIJIACHH C BHIpaKeHHeM [JIf 3JeMEeHTa
CHJb

dF=Jdl X B. (10.26)

ItH coobpayeHus TOKAa3bIBAT, 4YTO B OGIIEM CJyyae H3MeHeHHe
cBOOOAHON SHepruM MOXHO pa3buTh Ha [BE YacT¥: OIHY — 3aBUCALLYIO
OT KOOPAUHAT H JAPYrylo — OT TOkoB. M3 cooTHouleHHs

1
Up =15 3, 3 Lictihy: (10.20)
i k

npuHKMas BO BHUMaHuWe, 4TO Kawinfi ero 4jeH MOBTOPAETCA ABaAXIbi,

crenyer
W, = 2 [<v sz"k) ¥+ 24 dle tu‘]t‘]k] (10.27)
k

i

Bocnonbzosapiukck  ¢opmynamu  (10.18) u (10.24), MOxHO nONYYHTH

3, = 2 (@, 8,4+ F,3x,,), (10.28)

rae ®,— NONHLIH TOTOK MAarHHTHOTO, MOJS, NPOHH3LIBAIOLKA [-10 1Mk,
C TOukM 3peHHs TepMOIWHAMHKH TOKH W KOOpPAMHATH HIpaioT poJb
3KCTEHCHUBHBIX MAepPEMEeHHBIX, @ MOTOKH M CHJbI — WHTEHCHBHBIX.

Ecau moToku, cBA3anHbie C AaHHLIMH LENSAMY, MOJALEPKHBAIOTCSA MNO-
CTOSIHHBIMM, TO TIpH BLIYHCJIEHHH CHJIbI MOXHO mMpeHeOpeub 4/i€HOM, COOT-
BETCTBYIOLIMM «o6patHOofi 3. A. c.». B 3TtoM cnyuwae paborta, comeplieH-
Has OaTapeel, B TOYHOCTH paBHa JOKOYJEBHIM TEMnoBLIM TotepsaM. Takum
00pa3oM, B TNPOTHBOMONOXKHOCTL cooTHoueHuio (10.15) u3 ypaste-
ruga (10.13) nonyuaem
oU,,

¢ — ox io

. (10.29)‘

F,
L const

Kos¢duumentsl caMOMHAYKUMH W B3aWMHOH WHAYKIHH MOIYT OHITb
HafiieHbl He TOJBKO C moMouibio ¢opmysabl Hefimana. Oaun M3 MeTONOB
¥X OTHICKaHMfl OcHOBaH Ha HcnoJabdosanuu (10.18) B kauectBe ompene-
af0ero cootHowenns. [Morok, npoHusmBaiowmufi k-10 1enb U co3faBae-
MLl TOKOM B {-H 1enu, MOwer OHTh HalileH HenmocpeACTBEHHO M3 Kap-
THHBl TOJIf HMJHM M3 BEKTOpDHOro moteHuuana £-fi uenu. Bropo#fi Meron
0cO0EHHO MOJIE3eH TPH HENpEepPHBEBLIX pacrpenefeHnsx TOKOB, KOrAa Mo-
TOK, TPOHHU3BIBAIOIUKMA naHHYI0 1eMb, COCTABJASET JULIb YacTb MOJHOrO
notoka. B 3TOM MeTtoje HMCHOJB3YIOTCS 00a BbipaXeHUs JJst SHEPTHM
MarHMTHOro moas

2”1

1
ikJiJk =35 fH - Bdo. (10.30)

wl~

nb’:
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Meroan onpenenerus H u B paccMorpenn Bhille. TakuMm o6pa3oM, Bbi-
YuCcaeHUe WHAYKTHBHOCTH CROAMTCS K HaXOxIeHu1o uuterpasios or H - B.

[Npy BblyHCIeHHH HHAYKTHBHOCTH MPOBOAHHMKA C TOKOM YA06HO 3a-
Jayy pasfenurb Ha ABe vuacTH: 1) OMpejpeleHHe 4YaCTH HHAYKTHBHOCTH,
CBSI3aHHOM € TOJieM BHEe TPOBOJHUKA, H 2) ompejeJjeHHe YacTH HHAYKTHUR-
HOCTH, CBSIZ3aHHOM C MoJieM BHyTPH NpOBOJHHKA. Takoe pasleneHue Heo6xo-
MO, W60 MHAYKTUBHOCTb, CBSI3aHHAfl C BHEIUHHM [OJEM, He MOxeT GbiThb
paccyWTana, UCXOAs M3 TpPeAnoJiOWeHHs, UTO PalUyC TPOBOAHKHKA pPaBeH
HyMo. 370 mpeAnoJoNXeHHe NPHBOAMT K jJorapuMuyeckoll pacXoainMOCTH
COOTRETCTRYI0HIEr0 MHTerpaja. B nanbHeHiieM Mbl YBHAHM, YTO TNpPH Bbi-
COKHX YacTOTaX UHAYKTHBHOCTDb, CRsI3aHHas C MOJeM BHYTPH APOBOJHHKA,
CTaHOBMTCA MpeHeOpemMHUMO Malofl, Tak KaK BHICOKOYACTOTHHIE MOJS HE
NPOHHMKAIOT B MeTals. JTa 4acTh MHAYKTHBHOCTH MOMET ObITh 3HAYHTE/be
HOM MNpH HU3KKX 4acTOTaX, OCOOGEHHO, eclu MPOBONHUKHK (ePpPOMarHiTHL,

§ 10.4. O6bemnasi MarHuTHasi CHJA o

B mpenmaymux naparpacgax CHibl B3aWMOACHCTBMS MEKAY CUCTEMAMH
€ TQOM OBbJIH BHIpaXKEHBl Yepe3 BeJHYHHH TOKOB H COOTBETCTBYIOLIME
reoMeTpHyeckHe MapaMetpbl. Kak M CenoBano oxulaTb, STH CHAb SB-
AAI0TC  IPYTMM  BHpa)KeHHeM 3akOHa Awmnepa (7.21). [Mo auHanorum
€ 3NeKTPOCTATHKON MOXHO BHBECTH BbipaXeHHe I MarHHTHOH CHJIBL,
nefictByiolielt Ha enuHHLy o6GbeMa. ITY CHAY MOXKHO BHIPa3uTh yepe3
noje, BOCNMPHHMYUBOCTb W TOKk B JHaHHOH TOuke. B 3JnekTpocrathke
cuna F, onpenensnack COOTHOLIEHHEM

au _ 6.23
7”—-——'/'F,,-udfv, (6.23)
oTkyla naa F, monyuaercs clienyloumee BbipayeHHe:
 oF_ 0 2 o 2 dk
F,=pE— 2 E*Vk 4 X V(E o ) (6.40)
Axanoruyto wMeeM
Ay )
7k J F, - udo,

F, GyneM cuutaTh "06BbeMHOH MarHuTHOM cuiofi. [Ipexne yeM BHIBOAHMTD
o0iue BHipaweHus Aas cuabl F,, BBeleM CreAylolke OFpaHUYEHHS:
1) cpena obnafaer nuHeHHBIMH CBOHCTBAMH, T. €. BOCIPHMMYMBOCTb He
3aBUCUT OT MOJA; 2) TOCTOSHHBIA MarHWTHbBiIH MOMEHT paBeH HyMo;
3) MarHMTOCTpHMKUHMS OTCYTCTBYeT, 1. €.

dk

LEm __ 0.

g
lMpu Takux npefinonomeuwnsx npaMol pacyeT NPHBOAMT K CJAELYIOLIEMY
pesysbTary:

. 1 .
F,U:JXB-—2—H082Vkm. (10.61)
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Kak w B 3jekTpocTaThke, cHay, AeficTBYIOLYI0O Ha JaHHbl oGbeM,
MOXHO BHIPa3uUTh 4epe3 BeJMYMHY nOJs Ha TpanuMnax o6nema. Jlpyrumu
CNOBaMHM, MOXHO BBECTH TEH30pD HaTsOKeHHH, H3 KOTOpOro Oo6beMHas
cuia BHIBOAMTCA C MOMOLIbI0 TeH3opHoro coortHouwenus (6.41). Tensop
Makcpenna nis MarHUTHOIO MOJisi MPM OTCYTCTBMH MariHuTOCTPHKIMH MO
dopme nopober Tenzopy (6.54)

T,y == H,B, —

8,5
o H.B,, (10.32)

rie CyMMHpPOBaHHWe TPOM3BOJUTCH COTacHO OGbiYHOMY yciaoBuio. [eo- -
MeTpHYeCKas MHTEpNpeTaluus 9TOrO TeH30pa MPYBOAMT K TEM K& BHBOLIM
OTHOCHTENbHO MarHUTHBLIX CHJ, KOTOpble B 1. 6 ObJM nOJAyyeHH Mp:t-
MEHHTEJILHO K 3JIeKTPUYECKHM CHJIAM: HANpaBjieHHe MarHMTHOTO MOoJs
IENMT TIOTIOAM YroJl Mexdy HOPManbi0 K MOBEPXHOCTH WM HAMNpaBAEHH.M
HaTSKEHUA, BHI3BAHHOIO MarHUTHBIM  TOJieM Ha 9TOH TMOBEPXHOCTH.
BenuykiHa MaiHUTHOTO HaTsKeHusl, TMAPANJeNbHOIO WH NepPeHAnKY.isp~
Horo moumio, pasna HBJ2.

§ 10.5. O6uue B 1paxkeHus NS NEKTPOMATHUTHOR 2HED UU

Ilo cMX MOp 3M<KTPOCTaTMYECKHE NOJsi M MarHMTHHE NOJS [0CTOH:?-
HBIX MJM TIOYTH MOCTOSHHBIX TOKOB PaccMaTPUBAJUCh OTAenibHO. Teneps
Mbl HMCCAeJyeM BOMPOC, KaK CJelyeT H3MeHWTb BHIPAXEHHS /St 9HEPrHH,
CH/IBI M MMAyibca, yToOOb OHH OCTATHCL CNPaBEe[MUBLIMH H B OOLlICM
Clyqae, KOrjla HeT HHKAKMX OFpaHMUyeHufi Ha CKOpPOCTb H3MEHeHMs MOJs.
B nanpuefiiieM MBI OrpaHHuMMCs cayyaem nOJieH B BakyyMe H NpPOBOA-
HHUKOR C TPOHHI[@eMOCTbIO, pPaBHOH eAuHule. HHKaKkuX CyLI2CTBEHHBIX
pesynbTaTOB Mbl TMPH 3TOM He YAYCTHM.

Kak 6bis0 nokasano, ypasHeHus NMOJS B BaKyyMe HMMeioT BMJ

(]) V-D :pcsoé'

(2) V-B =0,

. oB . 9

3) VXE= - %2, 0.7
. oD

(4) V/H :J(‘B-:)ﬁ + F(;T

OTH YypasHeHUs TOJHOCTLIO ONKHCHBAIOT MNOBEAEHHE IJICKTPOMArHMTHBIX
nosefl, ecjiu UMEIOTCA COOTBETCTBYIOLUME YpaBHeHUS COCTOSHHS M | pa-
HHYHBIE ycjioBUS. OHH BepHbl M B chayuae ObicTpOmepeMeHHBIX MOJeli.
Tlo kpafinelt Mepe HUKAKMX BHYTPEHHUX MOpPOTHBOPEYUl HE BO3HHMKAET,
ke TIPU TPOW3BOJALHOH ¢KOpPOCTH u3MeHeHuss noJgeH. Onpnako mnpu
NOJMb30BAHUM YpaBHEHHMSIMH COCTOAIHHS cCjefyeT COO6/MI0AaTb H3BECTHYIO
OLTOPOMKHOCTb, TaK KaK OOWYHO CBOHCTBA BELUECTB 3aBHCAT OT YacCTOThl
u3MeHeHHs moaf. B maibdefiiteM Mbl GyeM 4acTo OTpaHMYHBATHCA YCJO-



§ 10.5] OBIIME BBIPAXEHWA NS 3JEKTPOMATHWUTHON 3HEPTHU 179

BUSIMH JLifl BaKyyMa, 4T0Ob u30exarb yCioXHeHuH, 00YyCJAOBIEHHBIX CBOH-
CTBaMH BelECTBA.

YMHOXHM CKaJsIpHO TpeTbe M YeTBepTOE ypaBHeHMa Makcseana coot-
BeTcTBeHHO Ha H u E, BbiuTeM nojyuyeiHbie COOTHOLIEHHS APYT H3 aApyia
M 3aTeM BOCHOJIb3yeMcsl BekTOpHBIM TOwaectsoM (10.3) nns nusepreHunu
BeKTOPHOro mpoussejeHus. Toraa noayyuM

oD

5 (10.33)

oB .
V(EX H) = —~7-H~E-_]—E-
Tpounrterpuposar no ob6bveMmy, NpelnoJaras ypapHeHUsi COCTOSHUA JuHeH-
HBIMH, TIOJYUHM CKOPOCTb H3MEHEeHUs IHEepruM

. N
9 %(H-B1~E~D)df0:_/E-jdtw—'/ (EX H)-dS§. (10.34)
MHurerpan no nmoBepXHOCTH B 3TOM BbIPAXEHUH ONPENE/AETCH M3 TeOpeMbi
I'aycca. Jlerko BuieTb, yTo Jepas 4acThb pasenctsa (10.34) npencrasaser
OO0t CKOpOCTb M3MeHeHUsl CYMMBI 3HepIMH 3JeKTPHUeCKOTO M MarHuT-
HOro mnoJe#t (cootHouteHus (6.14) u (10.7)) B toM BHIe. KakoH oHM
HMEIT B CTaTHYECKOM cJyyae. BocnoabzoBarunick cooTHowenuem (10.1),
MOXIO T10Ka3aTb, yTO MepBuifl uneH mnpaBol uyacTH npencTaBiaseT COOOH
pasiocTh MewNy JOKOYJIeBbIM TEfJOM M MOIIHOCTHIO BHEIUHEH 3JeKk1po-
ABMKYVIteR ChiH:

;2
[E-jdv:h/?(—jc—mE’-j)d‘v. (10.35)

Bropofi uien mnpasoit wactu coorHoweHns (10.34) tpeGyer ocodoro
paccMoTpeHus.

/1o cux nop Mbl NpeHeOperajin Heprvch, KOTOPYIO OH MpCLCTaBseT.
[Ipn  craTHUecKMX 4 KBAa3UCTATHUECKUX TMPOLECCAX 3TOT  HHTerpan
Moxer ObiTh CledaH CKOJb YIOJNHO MafibiM. eCiM MOBEPXHOCTb HHTerpu-
poraHusi BLOpaTh JOCTATOYHO OOJbIIOH. OaHako, KAaK Mbl NOKaMeM
B jgajbueiiiiem, IIpH  H3JAY4YC€HHH SJTEK']'pH'-IeCKVI(’ W MAarnuTHbBIE [0J9 H3-
MCHAIOTCA O7patHO MNPOMOPLMOHAIBHO TOJNbKO IEPBOH CTeNeHU 2 Ha
00JLIWHX  PACCTOSHUAX OT HCTOuUHKMKA. B 3TOM cayuae npu yseiuuenmn

TIOBCPXHOCTH MHTErPUPOBAHUS /(Ex’ H)dS Oyner cTpeMuTbcs K no-

CTOSIHHOMY 3HAueHHWIo, M CJEeJOBATE/bHO. €I'0 HYXHO YUYUTHBATL B 0011eM
HanaHce 3HepPruu.
Bexrop
N—=EXH (10.36)

HasuBaeTcs BektopoM [lofintunra. B ypaswenun (10.34) sexrop [Moiin-
THIFa TIpeACTaBiseT COOOM NOTOK SHEPIUHM 9AeKTPOMACHUTHONO MOJs uepes
eAMHULY TWJOLANHM JAaHHOM [OBepXHOCTH B efMHUNY BpeMenu. OOHAKO
cieiyeT OTMeTUTb, 4TO B OajaHce 3SHepruii CMBIC/A HMeeT JMIb BECh [0~
BepXuoCTHHt unterpan o1 N. Ecau ke Bexkrop TTofiHTHHIa 0TOMAECTBAATE
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¢ MOTOKOM SHEPruH Yepe3 eNMHHLY HJOLIALH B KAXKAOH TOYKE, TO MOKHO
NpUHTH K KaxXyLMMcs HporuBopeuksiM. IloBepxHoctHbifi HHTErpan ot
sekTopa [lofiHTHHra MoxHO npeolpasosath k o6beMuoMy 0T V - (E XX H);
CneoBaTeNbHO, CyMMapHbifi NOTOK SHeprHH o6patuTca B HYJb, €ClH OM-
peprenuts Bextopa [lofintunra pasua Hymo. Hanpumep, B CKpelleHHBIX
CTATHUECKHX BJIEKTPHYECKOM H MarHMTHOM HNOJAX BeJWyuHa BekTopa lMoiin-
THHra Oyner OTJAMYHA OT HYyJAs B Ppa3NHYHBIX TOYKaX HNPOCTPAHCTBA,
ONHAKO €ero AMBEPreHiHs Be3je paBHa HyJIO.
Takum o6pa3oM, nosaHblfi 6anaHc Mexly 3SHepruefl 3JeKTPHUECKOrO
M MArHUTHOrO HOJeH, TenJOBbIMH MNOTepAMH, OOYC/OBJEHHBIMH CONpPO-
THBJEHUEM NPOBOAHHMKOB, paboToli, coBepliaeMoli BHelllHel 3MeKTPONBH-
WyleH CUIOH, W, HakoHew, NMOTEPSAMH Ha H3lyuyeHHe ONKCBHIBAETCS COOT-
HoulenueM (10.34). CaepoBatenbHO, Bbipa)eHHs! AJSi NJOTHOCTH SHEPrHH
3JIEKTPOCTATHYECKOTO M MarHHTOCTaTHYECKOro MNojiell OCT30TCA crpasef-
JIUBBLIMH U NPH NPOHM3BOJABHOH CKOPOCTH H3MeHeHHs noaell. EnuHcTBeHHbIM
HOBbIM (PaKTOPOM, YYeT KOTOpOro HeoOXonuM AJS HANKCAHKMA 3aKoHa
COXpaHeHHsl SHepruM, OKa3biBaeTcsi HNpelnoJioKeHHe, YTO TOJE MOXeT
NepeHOCUTh SHEPrUI0 BHYTPb PaccMaTpu-

> BaeMoro o6beMa HJH M3 Hero; MPH 3TOM
J NOTOK 3HEPrUHM paBeH MNOBEPXHOCTHOMY
uHTErpany ot Bekropa Ilolinruura.

B pesynbiare BBesenust B 3aKOHB! CO-
XpaHeHusi MHOoBe pXHOCTHOrO uJieHa MNofB-
JFeTcsl BOSMOXKHOCTb NPHMEHHTbL ITH 3a-
KOHbI K YacTH MeKTPOAMHAMHYECKOH CH-

\_-/\L CTeMbl HE3aBHCHMO OT TOro, HMEIOTCs JiH

\ B Hefl mnpouecchl M3NyyeHHMss HJIH HeT.

- Jlas unanocrpauuk 3T0r0 HOMKOKEHus pac-

Puc. 10.1. Bextop loitutuara 1 CMOTPUM  mpocTofi npumep: Oarapes

COXpaHeHHe SHepruM Njis 3jie- ¢ 3neKTpolsikyniefl cuioit E' muraer

MEHTa nen. TOKOM HJIOTHOCTBIO j NPOBOAHHK C NpPO-

BOAMMOCTBIO o (puc.10.1). Ficcnenyem te-

nepb sonpoc o Ganatce sHepruk B 06beMe NMpoOBOAHKKE, 0GO3HAYEHHOM Ha

prcytke NMyHKTHpOM. JlauHa paccMmarpuBaeMoro obbema /, a paauyc — 4.
Ua sneMentapubix coobpaienult nMeeM

7 —

E

npuyeM BekTOp N Ha OOkoBOH NOBEPXHOCTH UMJHHAPA HalpasieH
BHYTpb.
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CienoBaTeJbHO,
2 2
[N- ds = — j2—(1::ﬂ =— f%d’u:nmoyneao TEnJo.

Takum obpasom, ypasuenne (10.34) ynonersopsiercs. IIpu 910M notepu
B MNpOBOIHHKE KOMINEHCHPYIOTCSi 3SHEpruefi, onpeneseMofl BeKTOPOM
[No#iHTuHra, T. €. 3Hepruefl mossi. fiBHOE BBeneHHE UCTOYHMKA YHEPrUM —
BHelllHero noJjst Oarapen E’ — OKasajoCh M3JMLIHHM.

§ 10.6. 3akoH COXpaHEHMs MMNYJbca

PaccmoTpuM Tenepb Bonpoc 00 MMNYJbCe SJEeKTPOMarHWTHOrO MOJH.
JIlas sTOoro HMcclenyeM NOJHpIH TeHsop HarskeHudt Makcepeana. Jlusep-
reHLMs STOrO TEH30Pa OnpellefifeT HEKOTOPYIO 00 beMHYI0 Cuity. BrischuM,
Kak peanusyercs 3Ta cuna. Ecnm npeHeOpeub SM€KTPOCTPHMKLMER M Ma-
THHUTOCTPUKIHEH, TO TEH30p HaTskeHMH npeacrasaseT coOoft cymmy
Tensopos (6.53) u (10.32)

T,p=E,Dy— 5 8,Ey D, HBy— o8, B, (10.37)
JTlusBepreHuusl TeH30pa HaTs»eHult paBHa
0Ty oD,ri 4D aEa——lEQe _‘)i_&D iE£+
oxg E. T0xg B oxg 27 70 ox, B ox,
+ H EB_B+B OH"__I_]-p Okm g OHp (10.38
« Oxg T Peax, T T PoEy, 5 ox, -38)

3T0 paBeHCTBO MOXHO BaNMCAaTh B BEKTODHOM BHIE, €CJM NpPUHATDH
BO BHuMaHue cjenymolme obcrosTenbcTBa. Ilepsrift unen mpeobpasyeTcs
"K BEeKTODHOMY BMIy C NOMOWbIO ypasHenus Makcsesna V- D =p.,.6
Bropo#t 1 uerBepThift ujeHH npeobpasywrcs K Buny — D X (VX E),:

0B
4YTO B CBOW ouepedb paBHO D X oF" LilecTo#t ¥ BOCHMOH YJeHH N30T

coorBetcTBeHHO — B X (V X H), uto pasHo — B X (-’c506+ %—?) Ia-

Teift yjeH ofpawaercs B HyJb, Tak Kak V- B==0. Hakoueu, tperult u
ceIbMOH uJjileHH NMPONOPUHMOHAJbHBl KOMMOHEHTaM FpaiHeHTOB OT R M R .
CuenoBateibHO,

0T .3
()JC{;

= [ Epeais — 5 BV — 5 H®Vi,, — B X Josog -+ 57 (D X B)| -
(10.39)

. 310 BbIpaXX€HHe€ MOXHO NPeACTaBUTbL B BUIE CYMMbl ABYX 4JIEHOR

07‘0!3 .0 ] ‘
o = [qur 7 PXB, (10.40)
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npuueM nepsolli
Fe-ﬂ:EpcBoG—“EQ—OEQVk ‘—'_HQ_OHQVkm‘BchBoﬁ (10.41)

npeacrasiger coGol . oObunyl0 06beMHYI0 CHJy, HeHCTBYWOLIYIO H3 Ma-
TepHaJbHbIE TeJid B KBABMCTALMOHAPHOM 3JIEKTPOMAarHuTHOM nosie. O6bem-
Hple CHJbl, HeHCTByloliMe HA CBOOOAHble 3apsibl WM HEOLHOPOLHbLIE
IU3IEKTPHKM B BJIEKTPHUYECKOM MoJie, a8 TaKike Ha CBOOOLHblE TOKH WM/IM
HEOJHOPOJAHble MarHeTHKH B MArHHTHOM MOJle, MOJHOCTHIO OMHUCHIBAIOTCH
3TUM ujeHoM. Bropo#i unen B (10.40) HOBHIH, OH mMponopuHOHANEH CKO-
pocTy uaMeHeHust Bekrtopa [lofiHTuHra. Bepaxas (10.40) B sBHO# ¢opMme,
HMeeM

0T 4 . 0(EXH) kk, ON i X
ox, :[Fw W“—M—Ja:[Few+—c§m‘7Ja, (10.42)
rae
1
eop.():—‘—ﬁ. (]0.43)

op SABHCHUT OT HAJMYMA MaTepPHANLHHIX Ted,
o01aAa0INX 3aPAAAMHM MJIM HAlleJIeHHBIX [H3JIeKTPUYECKHMMHM CBOHCTBaMHu.
C npyrolt croponbl, BTOpol wujeH B, cootHouleHun (10.42) He ucuesaer
Jaxe B BaKyyMe, M KasajJoch Obl, 4TO Ha BaKYym JeHCTByeT HeKOTOpas
obbemMuas cuja. B cBoe BpeMs 3TOT wieH Bbi3biBad OOJBIIYIO NUCKYC-
cuio. OH uMed CMbICT B TeOpum 3¢upa, rle BaKyyMy HPHITHCHIBAJIUCH
MeXanu4eckue CBOMCTBA 1% Nepenayd YNpyrux BOJH M BO3IeHCTBHA ha
MaTepua/ibHble Tena. ITO BO3MCHCTBHE OLJIO €NMHCTBEHHBIM MepUIIOM
CHs, NeHCTBYIOMX CO CTOPOHBI 3¢upa HAa MaTepHio.

OHAKO COrNiacHO 3JeKTPOHHON Teopun JlopeHua ¢usuuecKuit CMbICH
MMeeT TOJbKO Ta CM/la, KOTOPas MNOJy4yaeTcs B pesy/ibTaTe yCpelHeHHs
MO BpeMeHH MW MNPOCTPAHCTBY CWJ, AEHCTBYIOWIMX Ha 3apsibl M TOKH,
T. €. B pe3yJbTaTe yCPENHEHHS BbIpaXeHNs

F—p(E—+ u X B). (10.44)

CywectBoBande cuinl F,

B naapheftineM OyzeT NOKasaHO, 4yro B paMkax CleuMalbHOH Teopuu
OTHOCHTEJBHOCTH HEJb37 MNMOCTABUTb ONbITH, KOTOPble MNO3BOAMAM Obl
Onpeie/iMTh CKOPOCTh WJM Apyrue cBolcTBa 3¢upa. Takum o6pasom,
ecad Mpl OymeM cuuTaTh, uTO eNMHCTBEHHOH CWJIOH, KOTOpas HOJKHA
¢urypupoBats B TeopuM, sBasiercss cuna Jlopenuna (10.44), Tto BTOpPOMH
uleH B cooTHoweHud (10.42) cnenyer Buuects. Torma mas oGaacru,
rae kR =k, =1

- 0T,; 1 0N,

- Foa= oxg ¢ of '

(10.45)

T. e. paBHa cuie Jlopenna.
Ecnu 310 COOTHOLIEHHME NPUMEHUTH K 0ObeMy, OrpaHHueHHOMY He-
KOTOpOff NOBepXHOCTbIO, BHYTPH KOTOPOM HMMeeTCsl KaK BelleCTBO, TaK
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H noje. To monyuuml)

Fa:f Ty dSs— 5o fN dv. (10.46)

Tak kaxk nosnas cuna F,, nelicTBylomas Ha Tello, paBHa CKOPOCTH
M3MEHEHMS] MEXaHWYECKOrO KOJHYECTBAa MABHXKeHMS p,, TO COOTHOLI2HME
(10.46) MoxHO 3anucath B BHile

d 1 .
W[m +c—2fNadfu]:f T, S, (10.47)

STO COOTHOMIEHHME IIOKa3blBAET, UTO CKOPOCTb H3MeHEeHHs MeXaHu-
YeCKOro KOJMYyecTBa ABHMXKEHHS M 0ODbeMHbfl MHTErpal or BekTopa IloHu-
THHTA, IleJIeHHOrO Ha ¢2, paBHbl NOTOKY HartskeHuM Makcesna, nepe-
HOCHMBIX uepes3 TOBEPXHO(Tb, OKPYNKaKllyw naHHbH o6bem. Ecan oty
MOBEf XHOCTb ClleiaTh CTOMb GOoJbiiof, uToCbl OkA HAXOAMAACh B 06GJACTH,
TA€ NoJd HET, TO CYyMMa MEXaHMU€CKOIO KOJMY€CTBA JIBLKEHUA M O0BEM-
HOTO WHTerpaia oT Bekropa IlciHTunra GyneT ocTaBaThCsi MOCTOSHHOM
BO BpeEMeHH. 3TO MOKasSbiBAET, YTO NONCJHMTENMHbH ujl€H B COOTHOLIC-
Hun (10.45), BBem€HHKH BHaMW, M(XOAH M3 (PUEMUECKCH MHTEpPnpPeTaLy M
00 beMELOH CUJBl, 3ACTARJSCT M3MEHUTD kallie NPEJICTARE e 00 UMITyJbCe.

Tak kak =¢up He cC€aamgacT CBOHCIEAMH, LOCTYMHBIMHM IS H3Mepe-
HUl., TO HeOOXOINMMO MBMEHWTb Z2KOH COXPaHeHHMs KOJIMYECTBA ABIK HUS.
B 3TOM 3aKkoHe cJeLyeT YuMTHIEaTb HE TOJLKO MMIYJbLC BEILECTBA, HO
TaKXKe W MJIOTHOCTb HMMMYJbCa 3JIEKTPOMAI HUTHOTO HalyueHHus, KOTOpast
pasHa BekTopy [lofiuTunra, nenenroMy kKa ¢?. TakuM 006pasoM, BeKTOp
ToltnTHHra wrpaet ABOMHYIO POJb: KaK HOCHUTENb IHEPIMM M KaK HOCH-
TeJb MMOyJbca. B cneumaneHO#t Teopuu oTHOCMTenbHOCTH GyneT noka-
3aHO, 4TO NEPEHOC SHePruH BCEria CONPOBOKIAETCH NMePeHOCOM UMNYIbCa
B yKa3aHHOM COOTHOLIcHMH. Bogee TOro, 310 CBOHCTBO He TOJBKO 3J€K-
TPOMArHUTHONO HM3J/IyueHHsl, HO M JIOObIX MOTOKOB SHEpPruu.

3apauu

1. C nomowbio dopmyan Heéimana paccaurafite KO3 pQUUHMEHT B3aUV HUH-
AYKOMM JIBYX OIPHAKOBHIX NapaifieAbHbiX NMPOBOAHUKOB €AMHHYHOH ANHHH. Bri-
YHCENTE CHNYy B3aUMOJEHCTBHUSA MMy HHUMH, €clM OHM 06pasyloT eXHHYI0 Henb.

2. PaccmoTprTe KOakcHanbHHIE xabenb, COCTOSILME M3 NEHTpaAbHOro Mpo-
BOIHHKA pajvyca a4 ¥ BHEIIHEro TOHKOTO 3KpaHa pajMyca b ~>> a. Ompenemmre
CaMOMHAYKUHUIO €JWHHuB JIIMHBI, paccMaTpHBas o6a npPOBOIHMKA KaK eivHYIo
nenb, a TaKXKe B3aMMOMHAYKNHIO ceprevHHka M skpaHa. Iloxaxure, 4TO B3anMo-
HHAYKHMST CepHevHHKa W 3KpaHa paBHAa CaMOMHAYKuMH 3Kkpana. Mamenstcs s
OTBETH. €CIM Cep/eYHHMK M 3KpaH He KOAKCHA/bHbLI?

kb, —1 0

—’"62—— N,dv. Takas cuna nef-
CTBHTENLHO BO3HMKAET nHPH pacnpocTpaHeHHH anempomammuux BOJH B Be-
mectBe. OnHako WOAHBIH HMIyJbC, nepeaaBaenblil €10, BCeraa paBeH HYJNo
B CHy KOHEYHOCTH BOJIHOBOTO NaKeTa.

) Mb onyckaeM uneH, paBHbift
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3. Onmpejennre kpyTawii MOMEHT, AEHCTBYIOINME Ha rBeprbU HPOBOXALLIHIA
UHAMHILD, ME/IEHHO BPALIAOUIMHCA B MarHUTHOM NOJe, HanpaBAEHHOM MepHeH-
JHKYAIpHO OCH LMAHHApA.

4. Toukuit chepuueckuit 3KpaH € IPOBOAUMOCTbIO G, TONUIMHOH f W panuy-
€a a Bpaimaercss ¢ INOCTOSHHOH YIJAOBOH CKOPOCTbIO BOKpPYI OCH, meplienid-
KyJAsipHO#i OpHOPOAHOMY MAarHMTHOMY Momo. BuaKcanTe MOWHOCTL. HEOGXOANUMYIO
Ansi BpaieHus.

5. B cranbHO# ctepe pammyca a HMmeeTcs NMOCTOSiHHAS U OJHOPOAHAS HaMar-
HiyeHHocte M. Kpyraas karymka panvyca & > a, coctosulas M3 N BHTKOB
¢ TokoM J, paclonoxeHa B TMJIOCKOCTH, HapaineabHolt M, Tak, 4TO ee neuTp
coBnanaer ¢ nenTpom cdepn. Onpenenute KpyTAwH# MOMEHT, ACHCTBYOIHMH Ha
KaTy LKy,

6. Hafigute noaHylo sHepruio INOAs, a TAKXe OAOTHOCTL SHEPIHMH B Keese
H B BO3AYLIHOM 3a30pE B XenesHoM KOJbue, pacCMOTpeHHOM B 3anaue 10 ra. 8.
PaccmoTpuTe H3MEeHEHHE SHEPrud NpH HEKOTOPOM YBENHYEeHHH 3a30pa C IOMOLLbIO
BHEIIHE# MEXaHWYECKOH CHJAbL. .
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* K. E. Tamm, OCHOBH TEOpHH 3NEKTpHYECTBa.



r1TABA 11
BOJIHOBOE YPABHEHHE H INIOCKHE BOJIHBI

§ 11.1. BoanoBoe ypaBHeHHE

B coorHowenne s sHepruuw (10.34), noayueHHoe u3 ypaBHeHul
Makcsej1a, BXOIAMT MOBEPXHOCTHBIH MHTerpal, KoTopuil He obpaiiaercs
B HYJb NpH OeCKOHeuHOM pacIIMPeHHM TIOBEPXHOCTH HWHTETPHUPOBaHMS.
DToT uHTErpas Obll MHTEPNPETUPOBAH KaK TIOTOK SHEPrud, KOTOPHIH MH
HasBaJu H3JNyueHueM. YpasHeHuss MakcBessla N2l0T BO3MOXHOCTb MNpel-
CTaBUTb 9TH PACMpOCTpaHsioLluecs 1ojs B Oosiee IBHOM BHIE, MOCKOJMbKY
‘yeThlpe JMHeHHbIX ypaBHeHHS B YACTHbIX NPOM3BOIHBIX MEPBOro MOpsiKa
MOXHO CBEeCTH K IBYM JMHEHHBIM YpaBHEHHAM B YaCTHbIX MNPOH3BOIHBIX
BTOPOro Mnopsika. Jl/is 5TOro BbINHIIEM elile Pa3 ypaBHeHHS MOJS

(1) V-D=p,
2 V-B=0,
() VxXE=_ 98 0.7

ot ’
. oD
(4) V X H= Jc306+_ot .
PaccmoTpuM o6nacTh, rie Her CBOOOIHHIX 3apANOB U OTCYTCTBYIOT HCTOY-,
HUKH SJEKTPONBMXYILeH CHMbl, T. €. puos =0 1 E' = 0. Bynem cuutars,
yto B 970#t 00MaCTH € M p He 8aBUCAT HU OT KOOPAMHAT, HH OT Bpe-

MeHH. BhiuMcauM porop oOeux uacTeit ypaBHenus (3) cuctemb (9.7) u
sameHMM B HeM B Ha pH. B pesyiabrare nosayuum

VX (VXE) = — 2-(VX pH). (11.1)

3amenuM H B npasolt yacTH ero Bblpa)eHHEM uepe3 TOK ypaBHeHus (4)
cucteMsl (9.7)
V % (VX E)— 9 (; OF 11.2
X (VX )—‘vp'—ét— JCB06+57° (11.2)
Bocnoabayemcss  BeKTOPHBIM TOXIECTBOM

VX (VX E)y=V(V.E)—VE
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u 1eM, uto V- E—=0 B o6nactd, rae OTCYTCTBYIOT 34psllbl, a TaKxe,
yto j=oE. B pesyibrate ypaBHeHue (11.2) mpeoGpasyercs K Bumy

kk,, OE OF
e o Yy

V2E —

=0, (11.3)

B KOTOPOM TNpOU3BeleHHe KOHCTAHT CBOOOIHOIO MPOCTPAHCTBA .2, 3aMe-
HeHo NOCTOSHHOH 1/c2. Quepnnno, BeNMUMHA € JIONKHA MMETh pasmep-
HOCTb CKOPOCTH.

Vpasuene (11.3) uasmBaercs 060OIIeHHBIM BOJIHOBHIM YDaBHEHHEM,
[lpu pelleHMd TeX MM HHBIX KOHKDETHBIX 3a1ay BTOpOM ujn TpeTuit
yieHsl 0ObYHO BbiMagaoT. Tak, B Ciayuyae Hempopoisied cpenbl Tperufl
yien obpawaercs B HyJab. Kak Mp yBunuM B nasbHefillleM, noJyuaio-
nieecss MPH 3STOM YpaBHEHHE OMNMCHLIBAET BOJHbI, PACMPOCTPAHAIOLLIHECS

1
Vee
npeHeOpexumMo Man, W IuddepeHlUMalb-HOe YpaBHeHHe B ITOM Clyuade
4HAJIOTHYHO YPaBHEHHIO TEMJIONPOBOAHOCTH WM Auddysud. Ecan node
MeHfleTCA C yrioBofl uacroTofl o

E=E(x) e, - (11.4)

CO CKOPOCTHIO U — B nposonswel cpene Bropo#t usneH 0O6bluHO

TO JIErKO OLEHHTb OTHOCHTeJIbHble BENHUMHB 00oux uieHOB. IloacraBus
pupaxenue (11.4) B ypasnenwe (11.3), uckiounm Bpems

VE 4 *n 2 | jpowE=0. (11.5)

N .ace, oObenuHss Kosdguuuents npu E, nojyuum
V2E +(1 4 _’i)pem‘qs:o. (11.6)
E10]
HanomHuM, uTO BpeMst peJlakcallMM cpelbi, BBeleHHoe B § 7.4, pasHo
c .
T=_ (7.20)

Takum 00OpasoM, ecjlM BpeMsl pejakcauuu t MHoro OoJblie NMepvoAa Ko-
Nebanulh 2wfw, TO MHHUMbIM uJenoM B ypaBHeHuu (11.6) MoxHO npe-
HeOpeub ¥ Mbi MMecM BOJIHOBOE ypapHeHue. EciM ke BpeMs penakcaluu
MaJio 1O CpPaBHEHHIO C MEepHOAOM KoJeGaHuM, TO MHMMas 4acTb BeJMKa
No CpaBHEHMIO C enMHMuel M, ClleloBaTe/lbHO, Mbl HMEEM ypaBHeHHe
Iupdy3uu.

Y BceX YMCTHIX METaJUIOB BpPEMS peJaKCaluuM NopsaKa 107" cex,
No3TOMY MNpPH YaCcTOTaX, MeHbLIUX ONTHYECKUX, K MeTajlilaM npume-
HUMO YpaBHeHue Iuddy3un. CJIzeJlOBaTeJIbHO, B MeTaJUIMUeCKHX MNpo-

BOAHMKAX BOJIHOBbIM WICHOM DE =5 MOXHO MpeHeOpeys BIUIOTh 1O Ca-
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MbIX BBICOKMX panMouactor. MHaue roBops, Aake NMpH CaMBIX BbICOKHMX
YacTOTaX, KOTOpble TEOPETHYECKH MOXHO NOJYUMTh OT MaKpOCKoMuYe-
CKuUX TeHepaToOpoB, TOK CMelleHHsl B MeTa/ulax npeHeOpexxuMo Maj no
CpaBHEHHMIO C TOKOM MPCBOIMMOCTH.

Kos¢dpuuueHntsl. BXonsiue B ypasHeHuwe (11.5). MOMXHO npencTaBuTh
B 1pYyroM, MHorza OoJsiee ynoGHOM Bule. Tak, Hanpumep, ¢CiaM Ky — JJIMHA
BOJIHK B MYCTOTe, lleJlIcHHA4 Ha 2w, T. e.

© 1

— =5, 11.7

p . ( )
TO AN Cpelibl, XapaKTepusdyemol kosdpuumMeHTaMu R u K., MOXHO 1a-
nucarb

o1 (11.8)

rie
U=
Vkk,,

TakuM 00pasoM, OTHOLIEHHE TOKA NMPOBOIMMOCTH K TOKY CMeuleHHsi DaBHO

T E o,y fn
?DT.,_(J)—E__—E—U—_GX ‘/_T ——GKRO '7_:1, (1].9)

rhe BeJHUHIIA

Ry= i:oi (11.10)
uMeeT pasMepHOCTb COMPOTHBJEHWS M uUC/eHHO paBHa 376,7 om. Ity
BEJMYUHY WHOrAa Ha3blBAIOT XapaKTEPHCTHUYECKUM MMNENaHCOM WJH BOJ-
HOBbIM COMPOTHBJIEHHEM CBOOOIHOrO NpPOCTPaHCTBA. AHajorus Mexiy
pacrpocTpaHeHHeM BOJIH B CBOOONHOM NpOCTPAaHCTBe W B JIMHMAX mepe-
Jayu € COCPelOTOYEHHHIMH NMOCTOSHHbIMH OKa3sblBaeTCd BeChbMa MoJie3HOH
B HEKOTODHIX mNpaktHueckux chayuasx. OnHako Mbl He OyldeM mponoJ-
’KaThb STOH  aHAJOrHH U PacCMOTPHM CBOHCTB2 CaMMX 3JIEKTPOMAarHMTHBIX
noje#t. CMbics cooTHowenus (11.9) MOxHO NMpoOMJIIOCTPMPOBATL ClEAYIO-
wum o6pasoM. Eciu conpormsienue Ky6a ¢ pebpoMm X Goapumie R,. TO
B TaKOM cpele TOKM CMeuleHusi OynyT npeo6/anaioliMMH, B IHPOTHBHOM
cllyuae OCHOBHYI0 poJib Oydyr uMrpath TOKH MPOBOIAMMOCTH.

Ypasuenne (11.3) w awajsoruunble emy ypasueuus juns H win B
ONHOPOAHbI OTHOCHMTE/JbHO BEKTOPOB MOJf, TdK KaK OHHM MOJYy4eHbl
B MpeANOJIOKEHHH, 4TO CBOOOJHble 3apfibl ¥ HCTOYHHKH 3JIEKTPONBM-
®Kyue#l cuibl OoTCyTCTBYIOT. Kak M B CTaTHYeCKOM cJayuae, HJs HcClle-
IOBaHUA CBSI3M MEXIAY MOJAMH M MX HCTOYHMKAMM B KaueCTBe NPOMENY-
TOYHOro 3BeHa yLOOHO BBecTH NorteHUMaybl. K sTolt sanaue mbl BepHeMcH
B ra. 13. OIHAKO psiil PAXIIbIX M WHTEPECHBIX CleACTBMH, He 3aBMCALUIMX
OT NMPOMCXONXKAEHHA MNOJcH, MOXHO RONYuMTh, HE OOpaulasch K NOTEH-
HHaJaM. .



188 BOJIHOBOE VPABHEHHME M MJIOCKHE BOJIHBI [ra. 11

§ 11.2. Nnockue BOJHEI

PaccMoTpuM cjaydal, Koraa Bce noJis 3aBUCAT TOJMbKO OT PaCCTOSIHUSA
MeXILy HaHHOH MJOCKOCTbIO M HavajloM KoopAuHaT (puc. 11.1). Ilycts
n — elMHMYHBIH BeKTOp, HOpMaJbHbifl MJIOCKOCTH, a paccTosHue OT MJO-
CKOCTH 10 Hayaja KoopauHar pasHo (. IlpocTpaHCTBeHHble NMPOU3BOLHBLIE
BO BCeX TOYKAX MJIOCKOCTH 3aBMCAT TOJbKO oT L, u oneparop V npu-

HUMaeT BHUI
J
V:n——-.
(7/8
TakuM o0pasoM, ypasHeHuss Makcse/la B 9TOM Clyuae CBOHOSATCA K CJe-
LYIOUIUM:

A n - —‘;%:0,
2 n %:0.
o nx%‘g=—%t£, » (11.11)
4) nX%—?=j+%?=<:E+£§.
VMHOKAR MOCHeNHee ypaBHEHWe CKAJNAPHO HA M, HAXOLMM
n-(%—\--(%)D:O. (11.12)

VpaeHenne (11.12) u ypasHenue (1) cucremn (11.11) mokasmBaior, 4TO
NpONOJbHblE KOMNOHeHTh BekTopoR D u E, T. e. KOMNOHeHTbl, mep-
NeYANKYJSpPHbIE K paccMaTpuBaeMOR
IJIOCKOCTH, HE 3aBUCAT OT G, a oT
BpeMeHH 3aBUCAT  SKCNOHEHLMAJbHO
B COOTBETCTBHM C BpeMeHeM peJlaK-
cauuu navHol cpensl. CrnenoBaresbHO,

E,=E e tr=E e " (11.13)

\
0 3To 03HauaeT, 4TO €AMHCTBEHHLIM pe-
Puc. 11.1. Ha naockoctsix, nepnenau-  [WeHHEM ypaBHEHUH NoJs A5 NPOAO/Ib-
KYASIpHBIX €IMHMYHOMY BEKTOpY f, HbIX KOMIIOHEHT HBJSETCHA 3JEKTPO-
BCC HOA TMOCTOAHHEL cTaTHyecKkoe pellleHve. B ciayvae ko-
HeyHOH mNpOBOIHMOCTH Cpelibl 3TO
9JIEKTPOCTATUYECKOE TI0Je CO BpeMeHeM SKCMOHEHLMAILHO YMeHbLIaeTCH
AC HyJs.

YMHOXUM Temeph CKalgpHO Ha m ypasHenue (3) cucrems (11.11)

0B

n'—a‘?:“O.
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B pesyabTaTe NOJy4YHMM PaBeHCTBO

OB

KOTOpOEe COBMeCTHO € ypaBHeHueM (2) cucremsl (11.11) noxasml-
BaeT., UYTO TOJbKO ONHOPOLHOe CTaTHYECKoe MATHMTHOE TOJ€ MOXET
HMeTh MPOAOJbHblE KOMIOHEHTbl. TakuM o6pasoM, BCAKOe HeCTaTHUecKoe
HoOJle, YLOBJETBOPAIONIEE YPABHEHHMSIM, COCTOMT TOJBKO M3 MOMEPeyHbIX
KOMIIOHEHT, T. €. BEKTOPbl 3TOr0 NOJf MapajiefbHH IJIOCKOCTH, H30-
GpaxeHHoM Ha puc. 11.1.

Hckmouus H us ypasHenu#t (3) um (4) cucremn (11.11), nosyuum
IupepeHuMaNbHOE ypaBHeHHe, KOTOPOMY NOAYMHSIOTCH NMOMNepeuHble KoM-
TIOHEHTHl SJEKTPHYECKOro MOJH

2 2
—%Ef;-—p.e%—pc ‘L—f—_—o, (11.15)
BhiTeKalollee Takxke u3 ypasHeHus (11.3). CoorHomenne (11.15) Hasbl-
BAeTCH «TeJerpadHHM ypaBHeHHeM». B OTCyTcTBHE MpOBOLUMOCTH 3TO
ypaBHeHHe YMpoulaeTcs:
2 2 )
%‘pe%zo. (11.16)

OO6uuee peunieHde STOrO ypaBHEHuS

E=f{—ut)+ g€+ ut) (11.17)

npeiactaeiseT cOO0H BOJIHBI, PacNpOCTPAHSAIOLIMECS B HanpaBjieHusx —+ G
u —C, npuueM f M g ABJIAIOTCA NPOM3BOJbLHBIMH (YHKUMAMM CBOMX

c —_—
Vikk, Ve
chiBaeMoe (yHKLMeH f, C TeyeHWeM BpeMeHH pAaCNpPOCTPaHSeTCa B Ha-
npaBjeHMd Bo3pacTaHus (, a BO3MyllleHue g pacnpocTpaHseTcs B obpar-
HoM uanpasjeHud. CKOpPOCTb pacnpoOCTPaHEHHs TaKMX BO3MyuLieHHH
paBHa u. JTa CKOPOCTh HasbiBaercs (pasoBof wJM BOJHOBOH. OTHOLueHHE
¢$asoBHX CKopocTell B BakyyMe W B cpelle € MPOHULAEMOCTbIO K,

V™

HasblBaeTCsl MOKasaTesleM MNpeJOMJeHUs n 3ToM cpenbl.

HOas cayuan, koraa E 3aBHCMT OT BpeMeHM CHMHYCOMIAJbHO, BBeleM
KOMIUIEKCHYIO (VHKUMIO e~ i rme o — yriosas vacrota. Torna pemre-
Hue ypasHeHus (11.6) Oyner

apryMeHTOB M u == , Kak W pasbule. BoaMyuieHue, onu-

E—=Eype-i©ttk (11.18)
rie
® 2n 1
h=y=3=%"
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HacTo okasbiBaeTcs ynoOHBIM BOJHOBOE HMC/IO £ UPeACTaB/ATh B RHIE
BOJIHOBOIO BEKTOpd, HanpaBJMeHHOrO B CTOPOHY PAacnpoOCTpaHeHus:
- ) l u

1 = (11.19)

TakuM o6pasoM, pellleHue ypasHenus (11.16) nplnumaer Bun
E = Egef (k:r—vt), (11.20y

PaccmorpuM ciayualt. korzna B soipaxenuu (11.18) crour 3HaK muHyC.
IT0 3HAYMT, YTO BOJHL PACMPOCTPAHAIOTCS B CTOPOHY yBsesuvenus (.
Toraa ypaeHenue (3) cuctemn (11.11) moxHo npeoCpasosaTh CJenyio-
UM obpasom:

nX%—f:imB;ikan
uiu

B-VypenX E=2%xE a1.21)

CneznoBaTe/ibHO, KaXIOH nonepeuHol KOMNOHeHTe 9JieKTpHuecKoro nojs E
COOTBETCTBYET OMNpeleicHHOe MarHuTHOe noJse. EciM HanpaB/leHHs Bek-
TopoB E M B He MeHAIOTCA C TeueHHEM BpeMeHH, TO rOBOPAT, YTO BOJHA
MJIOCKO HJHM JHMHeHHO noJsipusoBana. CorslacHo ypashenusim (11.11) pas-
JMyHble KOMIOHEHTbl OJHOTO M TOTO XKe MOJIA HMKAaK He CBs3aHh MeXny
cobo#t. CnenoBatesbHO, He Tepsis OOLUHOCTH. MB MOXeM OFpallMu4MuTbLCH
pacCMOTPEHHEM IUIOCKO TNOJApUROBAaHHLIX BOJH. Bextopst E u B nep-
NeHAUKYJIAPHE HanpaBJeHUI0 pacnpoCTpaHeHus M ApYyr Apyry. Us ypas-
Henuft (11.11) BunHo, uro Tpu BekTopa E, B v n (wm k) obpasyior
NpaByl0 CMCTEMY BEKTODOB.

KoMnitekcHoe npencrasienre noJefl” jaetT BO3SMOXKHOCTb NPeACTABHUTH
ypasHenuss MakcBessta B ocobenHo npoctoft ¢opme. Bosee Toro. shipa-
wenusi, nonoGHble (11.20). oueHb ynOOHB M C MaTeMaTH4YeCKOH TOYKM
apenns. OnHaKO CJelyeT MNOMHUTb, UYTO peajibHble MOJA ONpenesioTcs
JeHCTBUTEJbHBIMM YaCTAMM COOTBETCTBYIOIIMX KOMIVIEKCHBIX BeJIHYMH.
[TNOTHOCTH SHEpPTrHM B MoJie, CMHYCOMJaJbHO MEHFIOLIEMCS CO BpEMEHeM,
HU3MEHSeTCsl MepHOAMYeCKH. TaK KaK OHA MPOMOPLIMOHAJbHA

E? = EZcos? (K, — wt),
T. e. Ksagpary jeHcTBuTesbHOM uact Bbipaxenus (11.20). Cpenuee no

1 2
BpemMeHd oT E2 paBHO 7E0. B o6uweM cayuae, CcpenHee MO BpeMeHU

OT Npou3BeJeHHd NelCTBUTEJBLHEIX 4acTeH ABYX BEKTOPOB. 3aBUCALINX
OT BpeMeHH KaK e~ !, paBHO MOJIOBMHe NeHCTBUTE/bHOH 4acTH Npousse-
JdeHdsl OJHOrO M3 BEKTOPDOB Ha BEKTOD, COMNPSKCHHBIA BTOpOMY, T. €.

(Re F) - (Re G) = 5 Re (F- G) = 4 Re (F* - G, (11.22)
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rae 3Hak * 06G03HauaeT BeKTOp, conpsmenHblll pannoMy. CTodiee B mpa-
BOH waCTU npousBeleHHe He 3aBUCUT OT BpeMeHH, TNOSTOMY depTa, 000-
3Havalomas ycpennenue, He HMeeT cMbicna. CrnpaBefJIMBOCTL 3TOr0
COOTHOIIEHUs JIETKO AOKa3aTb, ecauy £ u G NpeacTaBUTb B BUAZ CYMMH
NeHCTBUTENbHBIX M MHUMBIX vactel. TlonpoOubiil BbIBOL 5TOrO COOTHOIle-
HU§ TpejjlaraeTcs B KadecTBe YIPaHeHUs.

Cpenuss nIOTHOCTb SHEPruM B IUIOCKOH BOJHE paBHa

U——4H-BFE-D)—=1cE} on/s (11.23)

AJleKTpUYECKOe M MalHUTHOE nOJSs Jal0T OLHHAKOBBIA BKJAL B CPELHIOID
nnoTHOCTh sueprun. Bexrop Tlofintunra N = E X H wuanpasiieH B CTO-
POHY pacHpOCTpaHeHHMsl BOJH, a ero CpejiHee 3HAayeHHe paBHO

E X H:—;—»‘/_%Egn sm/x? = Uu. (11.24)

Takum oOpasoM, IJIOTHOCTb SHEPTHH, CBA3aHHAS ¢ IJOCKOH BOJIHOH,
B NOKOAuleHcs OAHOPOIHOH HenpoBoAsllell cpefe pacnpocTpaHseTcs
C TOH e CKOpPOCTBIO, YTO M CAMU noJjs,

§ 11.3. JlaBienve H3JAyuyeHHSN

B § 10.6 mun sugenu, 4t0 Teopusi 3dupa U 3JEKTPOHHAA TEOpPHS
Jlopexiia nalT pasjuusble Belpawenus Ajs o6bvemuod cunel. [usepres-
1Ms Tensopa HaTshkeHuil Maxcsessia npuBOAUT K 06 beMHOH culle, He HCue-
salolell Dawe NpU OTCYTCTBUM 3apanoB U ToKoB. Ytobbl sTa cuna cos-
nagana ¢ cwioll Jlopenuna, HeoOXOmWMO MPUNKUCATL SJAEKTPOMArHUTHOMY
N0JI0 HEKOTOPYIO NJOTHOCTb WMNyJbCa. Mbl BULENM, YTO MJIOCKHE BOJHbI
MepeHoCaT 3HeprHio. PaccMOTpuM Temeph 3aKOH COXpaHeHUs MMIyJbca
TDUMEHUTE]I >HO K MJIOCKUM BOJHAM.

CHayana paccMOTPUM JMHeHHO nNOJSPU3OBAHHYI0 [UIOCKYIO BOJHY,
Najaluyi0 HOpPMalbHO HA NOBEPXHOCTb BeLIeCTBa, MOJHOCTHI0 ee MO-
rJaouiaomero, t. ¢. Ha yepaoe teno. IlycTh OCb x CoBnafaeT C Hanpa-
BlleHdeM paCpOCTPAHEHUS BOJHEI, OCh y NapaJjesibHa 3/J€KTPHYECKOMY
HOJI0 M OCb 2 — MarHUTHOMY.

Tensop naTsdkenudl Maxcseina

B3
T,=ED, + HB,— —3(E D, + H.B) (10.37)
uMeeT B 3TOM ClyHae TOJIbBKO IHAroHajgbHblie KOMINOHEHTHI

1 - .
Tyo= — o (E,D, +H,B,), | -

XX

|
T,,=E,D, - 5 (E,D, + H,B,. I} (11.25)
J

1
1, =HB, - 5 ED, + HB,.
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Cornacuo (10.45) oGvemmas cuna, cootBetcTByowas cujie Jlopenua
B MaTepuajbHOl cpene, paBHa

0Ty
Vg - 6.7(3

0
F —pe = (EX H),. (11.26)

CocraBasomas TO# cuibl BAOJAbL OCU X paBHa
— L9 ED 4+ HBY—p -l (EH 11.27
- 2 ox y=y z™z P‘at(yz)- ()
Jlpyrue cocTaBasiouie paBHbl HYJI0, TaK Kak [M0Ji1 He 3aBUCAT OT
KOOpAMHAT y U 2 M MO3TOMY BEKTOp nOHHTl{HTa HEe HMMEET COCTaBJAl0-
HMX BAOJb Ocel y u 2.
Tak kaxk BOJHA MOrJMOW@ETCA, TO /A ONpefelieHU MNOJHOTO naBJje-
HUA HA BeuleCTBO HEOOXOAMMO MPOMHTErpPUPOBATL 3TY CUNY

20 -

F, dx =4 (B 4 pi?), (11.28)

0

B pesyJbTaTe OKa3LBaeTCd, 4YTO IMOJIHOE [aBJieHHe B TOYHOCTH PaBHO
TUIOTHOCTH SHepruu, mnpuxodsmel ¢ ponuoii. Tak kak cpennee sHaye-
Hue NpousBoAHON BexTOpa ITOHHTUHra MO BpPeMeHU PABHO HYJNIO, €C/U Ey
u H, MeHsIOTCA CHHYCOMAAJbHO, TO COOTBETCTBYIOULMI uJeH B COOT-
nomenun (11.28) Bumanaet. TlpousBonnas BexkTOpa [loHiHTUHra BhINa-
naeT U B cJayyae KOHe4yHOH [JMHBI BOJHOBOrO MaKeTa, TaK KaK HHTe-
rpUpoOBaTh 10 BPEMEHH CJeLyeT 0T — 0O L0 —|- 0. DTOT u/eH CKaMeTCs
TOJbKO HA4 MIHOBEHHOM 3HAYEHWM [aBJIeHMS BO BpeMs MOrJOLIEHUS BOJ-
HOBOrO MakeTa, HO He Ha cyMMapHoM sddekrte. Takum oOpasom, faBlienue
U3jlydeHus TOUYHO TaKoe Xe, Kak U B TeOpuu sdupa, — TOT MONpaBoy-
HBIH wieH, KOTOpHLIF Mbl BBeJH &% COrJjacoBaHud OOBLEMHOH CHUJIBL
¢ cujoii JlopeHua, He BAUsIET HA [aBJeHHe (eC/M He CYUTATb HayaJb-
HOFO M KOHEYHOro MOMeHTOB BpeMenu). CnenyeT 3aMeTHTb, YTO JaBJe-
HUEe, BbIYUCJEHHOE U3 TMPEANONOKEHUd, YTO eluHUlUeH TnoBepXHOCTH
3a BpeMs df morjomlaercs umnyanc obbvema cdf, pasHuih N dtfc?,
coenagaet ¢ (11.28).

HTtak, pacueT 1noOkasbiBaeT, UTO CYLIECTBOBAHUE JaBJeHus H3NYUeHUs
cornacyercs ¢ npeicraBieHueM 00 UMIyJbcCe 3JEKTPOMArHUTHOIO noJs,
a takke ¢ OoJsee OOUIMM NpEACTaBJEHUEM O NepeHOCe UMMNyJbCa npH
mofoM mpoilecce neperoca sHepruu. OAHAKO AaBJjieHue HanydeHus OblIO
NpPeACKa3aHo eule [OpeNsTUBUCTCKOH Kjaccuueckol Teopuelt adupa, u
npencTaBieHHe O HeM HE H3MEHMJOCh MPU  TOCJENyIOUEM PasBUTHH
TEOPHH 3NEeKTPOMArHUTHOTO M3nydeHus. Tak Kak pacCMaTpuBaeMas cunia
ecTb MpocTo cuna JlopeHia, TO BCe MHUKPOCKONHYECKHe MOAENH Mpoiecca
NOTJIOLLEHUS! TPUBOASIT K TOMY e CAMOMY pesyJbTaTy, a UMeHHO: llaBlie-
Hie PaBHO MJOTHOCTH SHEPruM nagaiouero uanyyenus. llamepenus storo
AaBJieHUs NOATBEPAMNN TNPpPABUJBHOCTL TEOPETHYECKUX MNpelCKa3aHul ero
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BenUuUHBL. JlaBjieHne HManydeHuss MOXKHO paccyuTarb U B CiAydyae NOJHOrO
WM YaCTHYHOrO OTPAMEHUS, a TaiKe NPU KOCOM MajeHuu.

[MpencraBaser uHTepec clydyalh U3OTPOMHOrO OLHOPOAHOTO H3Jy4eHHS
B noJjoctu. KManyyenue OyneM cuMTaTb HEMOJAPHU3OBAHHBLIM, a HHTEHCHB-
HOCTb €r0 B PAa3iMyHBIX HAanpasJeHusX — OLMHAKOBOH. K3 coobpamenuft
CUMMETpUM CJlefiyeT, uTO He OOpalllaeTcsl B HYJb TOJBKO T4 KOMIIOHEHTa
00beMHOH CUJbl, KOTOpasi HOpMasibHa TNOBEPXHOCTH CTeHKHU. 3a OCb X
BoifepeM HampaBJieHHe HOPMaJM K paccMaTpUBaeMOMY SJEMeHTY MOBepX-
Hoctu. Torna o6bemHas cHia MPUHUMaeT TaKOH BMA:

o0E?
Fo =¢ [T; + o EE)+ 4 (E,(Ez)} +

2 9 0 e 0E2  p OH?
to o oy W)+ 5 M) [ —5 55— 555 (1129

(uned ¢ mpousBonHoH BekTopa [loHHTUHTAa omyueH MO NpUYHHe, .yKa-
sannofl Beime). Cpennue 3HaueHds dYJEHOB, COAEPMAIUMX MPOU3BELEHHS
pa3JUYHBIX KOMIIOHEHT OLHOrO M TOrO e IOJs, PaBHBI HYJIO, TaK KaK
3TH KOMIIOHEHTH He CBA3aHB Mexay coGoll. CnenoBaTeNbHO, OCTAOTCH
TOMLKO KBALPATHUHBIE YJeHbI

— OE2 o2 OH? 7
- X € X » oH
Fo=tgr—o ot T (11.30)
CornacHo MpeANoOJNIOMEHUI0 O TOM, YTO Ppa3iMyHble OpHeHTauuu noJeft
paBHOBEPOATHLI, AOJKHO OLITH

i

Ex=E,=E;==FE°
H aHaJOruyHo .
Hl=1 P,

Taxum obpasom, cuna, nepreHiuKyJ/spHad MOBEPXHOCTH, paBHa

_ 1 0 —— — o (U
— = Y2 HYy — 2 (2
.= 13 —

Fo, 6 ax [E7 +pi?) ax(3)'

rie U — nnoTHOCTE sHeprud uanydedus. UToObl HaliTh 1moaHOe naBienke
U3Ny4YeHus, NPOMHTErpupyeM 3TO BbIPAXeHHME OT MNOSCPXHOCTU Cpejbl A0
MecTa, riae V[3le‘l6HVIe OTcyTCTByETI

fﬁ¢u=%U. (11.31)
0

CnenoBaTenbHO, NaBJeHWEe W3NydeHUs PaBHO OLHOH TPeTH MJOTHOCTH
SHepruM 3STOFO u3nydyenusn. [loJyueHHOe COOTHOLIEHHE JIeUT B OCHOBE



194 BOJIHOBOE VPABHEHME M IUIOCKHE BOJIHBI [rn. 11

TepMOAMHAMUYECKOTO BbiBOda 3akona Credana-— Boabumana u 3axkona
CMeleHnsa Buna I U3JIyyeHus 4yepHOro Teja.

ITpu ynpouwenuu poipawenns (11.29) Mbl MCNOMb3OBAaNH MPEANoONO-
WeHHle, YTO pasjMuHble OPUEHTAlMH MOJI€H pPaBHOBEPOATHHL. DTO Npeamno-
JIOWeHHe CJelyeT U3 MOJHOH OAHOPOAHOCTH M WSOTPONHOCTH U3JyueHus.
Jina Toro 4To0bl 3TO OCYLUECTBASJIOCH HAa NpPaKTHKE, CTeHKH IMOJOCTH
JODKHBI ObITb KUYEpHbIMU», T. €. NOJHOCTbIO MOrJOMAUUMU nanaydeHue,
B nportuBHOM ciyyae, HampuMep B NOJOCTAX € 3ePKAJbHLIME CTEHKaMH,
cootrowenve (11.31) we cnpasennuso.

§ 11.4. Nuockke BoaHW B mBrKymeHcs cpene

B oTnuuMe OT MaBJeHUS| U3JyyeHUs, BIepBble NPeNCKa3aHHOIO 3JeK-
TPOMAarHuTHOH TeopHel, CKOPOCTb CBeTa B ABUXKyIUelica cpelle Oblia
paccyutana PpedejeM Ha OCHOBe MNpennojoxenus o6 ynpyrux BoJHAX
B nokosieMcs spupe. Puso B 1853 r. skcnepuMeHTaJbHO MOATBEPAUI
5T pacueThl. Popmyna Ppenens corjacyercs ¢ ypaBHenusmMu MakcBesna
A8 LBIKYLieHcs cpelbl NpPH YCJIOBHH, YTO CKOPOCTb Cpefbl OTCUHUTHI-
BaeTC OTHOCUTENbHO TAKOH CHCTeMbl KOOPAMHAT, B KOTOPOH CKOpOCTDb
cBeTa B CBOOOLHOM IpOCTpPaHCTBe paBHa c¢. B mNanbueliueM pacuerbi
dpeHens Mpl MOBTOPUM B PaMKax TeOPUH OTHOCHTENLHOCTH.

Cornacio Ppeneno 1 Pu30 CcKOpPOCTH CBeTa B Cpene, ABMKYLUeHCS
CO CKOpPOCTBIO U OTHOCUTeNbHO HabalodaTess, paBHa

u::u0+(1—n—12)v-n, (11.32)

c.n
rae n= V kk, — nokasatenb NpelOMIeHus Cpeibl, a i = Tlokaza-

TeJb TNpeNOMJIeHUs He CclefyeT NyTaTh C eJWHUYHBIM BEKTOPOM 712,
HANPABAEHHLIM B CTOPOHY pacnpocTpaHenus BosH # = un. CkxopocTb
3JeKTPOMArHUTHLIX BOJH B HeMarHuTHOH -cpeje, ABHXKYyllelcs CO CKO-
pPOCTBLIO, 3HAYHTENLHO MeHblUel ¢, MOXHO BLIBECTH, WMCNOJbL3Ys peayJb-
tatel § 9.4. YpaBuwenus MaxcBenna B IBUNKyleHcs cpele B OTCYTCTBUE
CBOGOAHBIX 3apHNOB U TOKOB JIEFKO BLIBECTH U3 ypaBHeHWi (9.18)

(1) V-D=0,
(2) V-B=0, i
3 VxE=-9%% (11.33)

ot’
oP oE

TMonspuszauus obychoBnuBaercs s¢pQEKTUBHBIM TOJeM B ABHIKyulefica
cpene
P=¢y(k— 1)(E+4 v X B). 9.19)
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3aMeTuM, uYTO BCe NOJs, Bxoasuiie B cootHoweHus (11.33) u (9.19),
U3MepSIOTCS B HENOIBHMMKHON CHCTeMe KOODIHHAT, CBSI3AHHOH ¢ Habumo-
nateneM. IloacraBuM Bulpaxenue ajs nona noaspusauuu (9.19) B uer-
Beproe ypaBHenne Makcenna (11.33) u 3aTeM yuTeM TpeThe ypaBHeHUe
Maxcpenna. Torna ¢ TOYHOCTHIO A0 4YJIEHOB, JHMHEHHHIX OTHOCHTE/LHO U,
HOJIy4HM

VX B=
— oo 5p el — DG +eo(k— 1 [0 X S+ VX EX D)} =
=;’§{%€—+(1 ~%)[va><(V>< E)+V><(E><ao)]}. (11.34)

Tpoituble BekTOpHblE TNPOM3BENEHUS MOXHO pa3JOKUTE MO OObIYHOH
¢opwmyae. Ecau npu atom yuects, uto V. E=0, TO Nnpn NocTosHHOM ?
coornouwenve (11.34) npusumaer BUL

VxB:—C’;{%‘t‘i+(l ~%)[2(v-V)E—V(v-E)}}. (1'1.35j

Buiuncasis  potop obeux vuacTelh M Mcnoab3ys ypasHenus (3) n (2)
.cucrembl (11.33), nonyynM BOJHOBOE ypaBHeHMe LIS CpPellbl, IBIKYIlchca
¢ HeGOMBINOK CKOPOCTBIO

vp— K [02?

gk +2(1 ——-—)(v V) m] (11.36)

Tak kak no cux Mop HAaC MWHTCPECOBAJU JIMWb YJieHH, NUHcHHblE
OTHOCUTENbHO CKOPOCTH, TO AAA NJOCKUX BOJH MOXHO MOJOXHTb

0 v-n 0
. ey -y — — ,
v V= -5 w, OF
rie f — elVWHUYHBIH BEKTOP, HANpaB/jieHHBLIH B CTOPOHY pacnpocTpaHe-
HUA BOJH, a { — KOOPAMHATA, BIOJb KOTOPOH NMPOUCXOLMT pacnpocrpa-
Henve. Clle10BATENBHO,

V2B+—1,7—[1i2(1 —%) 2 n]=o0, (11.37)'

u, Of? Ug

9710 BOMHOBOE YpaBHeHHE COOTBETCTBYET CKOPOCTH PaCNPOCTpaHEeHHT

u:uo[l —(1 ———\21' n]

Ug !

" =i, + (I ——;T)ﬂ -n, (11.38)

KOTOpasi ¢ TOUHOCTBIO N0 4JeHOB nopsaka v/c cosnanaer ¢ (11.32). Kpome
duzo, sty ¢opmyny c OoJbluedl TOYHOCTBIO npoBepsan MalikenbcoH U
MopJmn.

Puznueckul  cMbica  cooTHollenus (11.38) sakmiouaercs B TOM.
9TO JBHKEHME Cpeflbl OKasblBaeT BJMAHME JMIIb HA YacTb CKOPOCTi
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pacnpocrpaneHus, NponopuMoHaJbHyI0

oP
1 k—1 ot
or

T. €. OTHOLIEHHIO MOJAPH3AUMOHHHIX TOKOB K TOKAaM cmeuleHus, Tak
KaK HOJSpU3AUMOHHBIE TOKM OOYCIOBJMBAIOTCS PeAbHHIMH [IBHIKEHUSMU
3apsinoB B AMNOJAX, TO €CTECTBEHHO [M0JIaraTh, YTO [BUXEHHE CPENHl
NOBJUSET HA Ty 4acTb BOJHBE, KOTOpas oOyc/nOBJeHa STUMH AUMOJSIMH,
BrocrenctBuv  MB  yBHAMM, YTO [AEHCTBUTENbHO BJMSHHE Cpenbl Ha
Nanamulyio -BoJHY oOYCHOBJEHO H3JyueHHeM AUMNoJell, BO3HHKAIOUIMX
B Ccpele MOA felicTBueM MNanaioliel BOJHE. IJTO HaJydeHUe B3auMoOnel-
C€TByeT C manamoueld BOJHOH, uTo M MNPUBOAUT K U3MEHEHUIO (pa30oBOH
CKopocTH. }VIMeHHO 5Ta KOrepeHTHas 3aMelseHHasl KOMIOHeHTa, U3Jjydae-
Mas [BUKYILIMMUCH HUCTOYHUKAMM, NPUBOAUT K BO3HUKHOBEHUIO KO3(¢u-
maenta Ppenens — Puzo. B  panvuelimem 6yneT nokasaHo, 4YTO BCe
TMpeAnoJIOKeHUss M pesysabTaThl 3TOH KJAaCCUUYECKOH HepesaTHBUCTCKON
TEOPUHM COrJIACyIOTCA C TeopHel OTHOCHTENbHOCTH.

§ 11.5. Otpamenue u npejoMJeHue Ha MJIoCKoll rpaHune

I'panuuble ycnoBusl, BHTeKawllUe U3 ypaBHeHHH MOJs, MOJHOCTHIO
OnpenensioT SIBJEHUs, NpoOMCXoAsiude NpU MaieHUu NJOCKOH BOJHH Ha
rpaHuily pasiesa MeXAy IBYMSl CpelaMM C Pa3jUYHBHIMH 3JIEKTPHUYECKUMH
U MarHuTHHIMM cBOHcTBamMu. [lycTh mNJOCKas BOJHA pacnpoCTpaHsercsd
B cpefe 1 B Hanpasnenwn R (puc. 11.2) u namaet Ha nIOCKyl0 rpaHuny
Mexny cpeiamu | u 2, KOTOpHE XapakTepUsylOTCs NOCTOSHHBIMH p,,
€ U po, & BomnoBoli BexTOp B M eAHMHUYHHE BeKTOp M, HOPMaJbHHIH
NOBEPXHOCTH DPasienia, ONPENENsIOT TaK HA3BIBAEMYIO MJOCKOCTb NMAAeHHS
Boanbl, Cornacho cootHowerusm (11.20) u (11.21) nons » nanawowes
BOJIHE PaBHbI

E = Eei #:r—0t), \
kX E b (11.40)
opy J

H=—

OnHa pacnpocTpaHsouancsd BOJHA HE MOXET YAOBJETBOPUTL IpAHMYHBIM
YCTOBUSIM, TaK Kak kacartesJbHble Kommnowenth E # H nomiHH OwTh
HelpepHBHE Ha rpasune. Jns oTpaeHHOR U NpPEAOMJIEHHOH BOJH MOXHO
HanicaThb

B — g ren, g BXE
* ’ e } 11.41)
B X E” ( .

AT L
E// — E()e' (B”-r wt)' I{” —_ J
. Oy
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{lITpuxom oGo3anaveHa npesoMJeHHAas BOJHA B cpele 2, ABOMHBIM LUTPH-
XOM — OTpamesuass BoJHa, HenpepHBHOCTb KacaTeJbHHIX KOMINOHEHT
BO3MOXHA TOJIbKO, eCiH IOKa3aTeJd B SKCroHeHTe OLHHAKOBH NN BCEX
Tpex mnoJjel Ha rpanune pasgena. Takum 00pasoM, HesIBHO HCHOJIb30-
BaHHOE HAaMM mpu Hamucanuu cooTHollenu#i (11.41) npenmonoxkenue,
4TO 4YacTOTa He MeHsleTCs Npu INepexole U3 OAHOH cpeln B LApYrylo,
OKAa3bIBAETCH cripaBelJIUBbIM.

KpoMe ToOro, Ha HOBEPXHOCTH

paanena mofyiaeM LOMOJHATENb- P
Hble YCJIOBUSA

k-r=Fk -r==r'-r, (1149 Erfty
iy

U3 KOTOPHIX BUAHO, UYTO BCE BOJ-~
HOBBle BEKTOPB KOMNJaHapHbI.

IMpennojoxum nns ynobctsa, g

4TO HA4yajJo panuyca-BeKTopa r Ea/tz 7’

JeXHT B IJIOCKOCTM pa3jeda, 4 ,
onpenensieMOll eNWHUYHBIM BEK- d

TopoM #. Torna ypasneHue mioc-
KOCTH UMeeT BUL M -* =0, u

Puc. 11.2. BoanoBLie BekTOphLl TNpH upe-
cJefoBaTeNIbHO, AJA BCEX TOouek OaH exrop Py TIpe

JOMJCHHU H OTpaxKeHUuU Ha nA0CKOR mo-

NJOCKOCTH BEPXHOCTHU.
n x (n X r) — B0JHOBOI! BeKTOp % U BEKTOp 71, HOPMAJLHLIH 0Tpa-
. HawlLluen OBEpXHOCTH, OINpeReisitoT MNAOCKOCTHL MOa-
=@n-r)n—r=—r. - nenus

MoncranoBka atoro paseHcTsa B cooTHouenne (11.42) npusoaut K ciue-
JLyIOLUM YPaBHEHUsIM:

B—RkYXn-(nXxXr)y=0, }

(11.43

(R—RYXn-(nXry=0. )

Taxkum o0pasoM, BOJHOBHe BekTOpH kB u R”, coOTBeTCTBYIOUIME ONHOH

u TOH Ke cpene, paBHB O BeJU4YHMHE, 4 OTHOILUEHHE MOllleeH BOJHOBBIX
k u

BEKTOPOB }77::72 P3BHO OTHOLIEHMIO (DAa30BHIX CKOPOCTEH B 3TUX
1

cpenax. ClenoBaTe/bEO, 3aKOHH OTPaX(eHus U MpPeJOMJEHHs COLepKarcs

B cooTHowenusx (11.43). Ilas Toro uToOB HamucaTh MX B OObLIYHOM

¢opme, HYXHO BBECTH YI/IB B SIBHOM BHUIE:

6=— 6", \|
sin _ u, e (11.44)
sin 07wy J

Bropoe coortHoweHHe HasmpaeTcs 3akoHoM CHenumyca.
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AMINZIMTYLR MOJell AOMKHBl yLOBJETBOPSTb T'DAHUYHBIM  YCJIOBUSAM

n X (E-+EY=nXxF,
nX(EXE+R XE) _ nxX(kXE)
P P2 )

B sTUX ypaBHeHUSX aMIUIMTYIAB MAarHUTHHX MoJed BbIpaXeHH udepes
AMIMUTYABl 3JEeKTpHYeCKuX noJelt. [IpakTuyecky AOCTATOYHO PacCMOT-
petb cayvall p, =po. Opuentauus pextopa E mnpousBoJibHA, HO ero
MOXHO BCeTa CUMTATb COCTOSINMM M3 IBYX B3aUMHO MePHEeHAUKYIAPHBLIX
komnonent. Kpome Toro, amnauryny E Oyaem cuuTaTh KOMILIEKCHOH,
yToOH yYecTb passuuHble pPasHOCTH as.

a) daexmpuuecroe nose E nepnenOuKyaapro naockocmu naderus.

B sTOM ciyuae Bce 3JeKTpPUYeCKUe BEKTODPH MapaJjesbHBE MMOBEpX-<
HOCTH pasfena M, CleLOBaTeJbHO,

Eo+Eo=Ey (11.45)

Tak kak n- E=0, 1o npeobpa3oBanne TPOHHOr0 BEKTOPHOIrO NpOH3-
BeleHUs] AJIS BTOPOrO IPAHUYHOTO YCJIOBHS AdeT

Eo(n-k)-+Eo(n- k)= Eo(n- k'),
WJM, BBOAf yriw, uaoOpaxeHHHe Ha puc. 11.2,
Egcos b — Eg cos 0” :—L‘lE{) cos 07, (11.46)
2
Vpasuenus (11.45) u (11.46) no3BoJfOT BLIPA3UTL AMIIUTYIBL [PEJIOM-
JieHHOH U OTpaXeHHOH BOJH 4Yepe3 aMIVIMTyAy nanamouiel BOJHBL
2 cos b

E'—=E ,

u
cos 6 + —L cos 6/
Us

u
—L cos 6" — cos 6
E/I — —F Uy
u
—L cos b+ cos b
Uy

I
li (11.47)
J

[pu BuBOZe Mbl Bocmofb3obamick TeM, uto 6”=0. Ecm yron 6
VCKJIOUUTL C TOMOLIBI0 3aKOHAa NpeJOMJEHMs, TO 3TH COOTHOIICHHS

u
OyayT saBuceTb JMIL OT yrja nanenus. Bemwunna u—‘:n21 Ha3bIBALTCS
2

nokazaTeneM NpeJoMJeHus cpeinl 2 oTHocutenabHo cpenbl 1. O6pmHO
MHIEKCH Y 1 OMyCKaIoT.
6) Iaexmpuuecroe nose E napasinsessho naockocmu naderusi.
B stoM ciyuae wmarnutHoe noJie H napajielbHO NOBEPXHOCTH pa3-
IeNla, W pacCyXIeHWs aHaJOTUYHBI MPEAbLIAYUIEMY, 34 MCKJIQUEHUEM TOI O,
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4yTO0 B CUJY COOTHOILUCHUSA

E—=—po 2XH (11.48)

BLITEKAIOUIEr0 W3 ypaBHeHuli MakcBeasa, pacnpenejieHie HOCTOSHHBIX
nony4aeTcs HeckoJbKo uHBIM. [lpeamonoxum onate, uto obe cpenn
UMEIOT OAMHAKOBYI0 MAarHUTHYIO NMPOHMLAEMOCTb. Toraa

H —H 2cos 6 i

: u
cos 6 4 ——u2 cos 6’
1

(11.49)

22 cos 6" — cos 6
H' —— H%

u
—2 cos 8’ 4-cos b
u,y

Cootnowenus (11.47) u (11.49) naseBalotTcs dopmyiamu Ppenes.
Breppeie onu ObiM moJiyueHn B Teopuu ynpyroro 3dupa. Mx npeoGpa-
30BanMe K Apyrum, OoJee ymoOHBHIM BHIaM, 4 Takke BHBOL Ko3(pQu-
UMEHTOB OTPAXKEHUS M MPOXOKIEHUS NPeANAraloTcs B KayecTBe 3anad.

M3 Toro dakrta, YTO ABE KOMIIOHEHTH [MOJ8 OTPAKAIOTCH M IpesOM-
JSI0TCS  NO-pasHOMy, cJelyeT DA MHTepeCHHX BHBOAOB. B mnepsom
¥3 pPacCMOTPEeHHHX BHIILE Cly4YdeB, KOTAa SJeKTpUUecKoe MoJje HepneH-
IUKYISIPHO K MJOCKOCTH TNafleHus, OTpaX<eHHe MMeeTcsl BCerfa, eciH
TOJBKO ONTHYEeCKUe CBOHCTBA IBYX Cpel pa3nuuubl, T. e, ecau 0 = 07,
Bo BTOpOM e cJydae OTpa)eHHas BOJHA MOXeT OTCYTCTBOBATb. IJTO
ppoucxoaut, korma 04 0/=90° 1. e. B u k" B3aMHO mepneHIUKY-
nspun 1), Yron nanenus, yLoBJeTBODSIOMIMA STOMY YCJIOBHIO, HasHBaeTCs
yrnom Dpilocrepa wumm yraom noaspuzanuu. 13 3akona npenomiecHus
ciaenyeT, 4To yron bBpioctepa onpernensercss cCOOTHOLIeHHEM

1g By =—L. (11.50)

2

Tlpy Takom yrje mnaieHuss B OTPAXEHHOM Jiyue HMeeTCs JHIIb OIHA
KOMINOHEHTa C 3JeKTPUIECKUM BEKTOPOM, NMePNeHAUKYIIPHBM K MJIOCKOCTH
nafeHus. DTO CBOKCTBO MOMXHO MCHOJB30BATH LN NOJSPU3ALMM KOJe-
OaHuli: ecnM OLHY WJM HECKOJBbKO IJIACTHHOK LUSJIEKTPUKA PACHOJOKHTD
qon yrjoM DBpioctepa k namaooumell BonHe, TO OTpaeHHas BOJHAa OyneT
NJOCKO NOJApU30BaHHOMN.

C npyrod CTOpOHH, uMeeTCs Psl YIJoB, 1JS KOTOPHIX Mpe/OMJeH-
Hbll Jy4 orcyTctByeT. Ecnm u, Gonblie, yeMm u;, TO 3aKOH NpeJoMJEHUS

. u .
(3akon CHemnuyca) npu 6>arcsm—u—' NpUBOLKT K 3HaueHusiM sim b/,
2

GoabumM eauHunbl. B sTOM chayyae roBopsaT, 4TO MPOM3OILAO NOJAHOE
oTpaxenne, Tak Kak aMIVIUTYLbl WHOIAA MOryT OBITb KOMIIEKCHBIMM,

1) 310 ncHO u3 dopMyn sagaun 2, CM. HHKe.
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TO MBI HCCJelyeM 35TOT chaydalh OoJiee AeTaNbHO C NMOMOUIBIO (GOPMYJH
dpenens. Bocnonb3oBaBIIMCh 3aKOHOM NPEJOMJISHHUA, HCKJOuuM yroa 0.
Toraa B ciayvae a) anexTpuueckoe noje E, nepnenauky/spHoe K IJIO-
CKOCTH MAaNeHHR, PABHO

F— si.necose——si.neicosej — cose—ilfsin”J—‘n2 . (11.51)
sin § cos 6 4 sin 6" cos 6 cos 6 i Vsin20 — n2
iVsin2ﬂ——-n2_

Muumasi BemuunHa Cos 0’ = npencTaBjeHa B 3TOM

n
BbipaxceHud B siBHoM Buze. OTCloma BUIHO, 4TO aMIUIUTYIa OTPaxeHHOH
BOJMHB paBHa aMIJUMTyAe nafawouwell, oaHako asa OTPameHHOH BOJHBI
nHas:

E”" = Ee—2¢, (11.52)

rie
) Vsin26 —n?

= arctg —————F——. 11.

? tg cos § (11.53)

CornacHo coortHowenusayM (11.49), eciu sJekTpUYECKUH BEKTOP JEXUT
B IJIOCKOCTH MaleHus, TO UMEET MECTO pPAaBEHCTBO

cos e—iz»Vsmze—nz .
H'=H & = He~2%, (11.54)
cos 0 - ;’2— VY sin2 6 — n?

rie
. Vsin? 6 — n?
¢ = arctg n2cos 6

Taxkum oGpasom, usiydeHue C pasnauuHoll nonspusanuedl usmenser ¢asy
no-pasHomy. BcaeacTsue 3ITOro NJAOCKO MNOJMPH3OBAHHOE U3JYdeHUe
nocjie OTPAXEeHUs CTAHOBUTCA SJJMNTUYECKH MOJSpU30BaHHBIM. PasHoctb
¢a3 nByX KommoHedT 2 (¢ —¢) 8aBUCUT Kak OT yrjia MafeHus, TaK u
OT OTHOCUTEJbHOTO NokazaTess npejomjenus. [lpocToli pacdeT nokazei-
BAET, 4TO

cos b Vsin2 6 —n?

sin2 6

tg(e— )=

. (11.55)

XoTs B clydae NOMHOrO OTpaAXeHUS KOIPGULMEHT NMPOXOIKIAECHUS pABEH
HYMO, MIHOBEHHBie 3HaueHus MoJs BO BTOPOH cpele He PaBHB HYJIO.
Tor ¢akr, uro 0/ — 4qucTo MHuMas BeNMuMHA, OOYC/OBIMBAET SKCIOHEH-
L1ansHOe yMenblleHve noJs Bo BTOpoli cpenme. Ilone Bo BTOpO# cpene
MoXeT ObTh ofHApyXeHO HA onbiTe, eCau BOAM3M NMOBEPXHOCTH paziena

NOMECTUTb NPO3paudbili mpeaMeT ¢ Oo/blUMM  MOKA3aTeneM IpeJoM-
JeHus,
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§ 11.6. Boausl B npopopsimeii cpege.
OtpaweHne OT MeTaJJOB

Ecnv npennonoxuTb, Kak M paHee, YTO BCe IEPEMEHHBIE CHHY-
COUIANIbHO 3aBUCAT OT BpeMeHH, TO pellleHHe OOIEro BOJHOBOIO ypas-
Hetust (11.15) umeeT B, aHANOTHYHBIA pelleHWI0 YpaBHeHMs IJjs pac-
npocTpansiouuxcs soaH (11.16). Nns nobo#t nonepeuno#t komnouestn E
MOXHO HaIuCaTh

0%E

—6C——~—(psm2E—{—tmch) —K?E, (11.56)
rie
K=a+zp:k]/1+-:%. (11.57)
Ecan paspenuts neHcTBuTenbHyl0 M MBMMYIO dactu K, TO noayunm
LAY i
]/ ‘/‘1 +(a) 1
a=—=Fk 5
) (11.58)
g \2
_k]/ Vor(E) - I
p= 5 ,
Taxkum 06pasoM, sekTopnl £ u H paBHH
E = Eje~%el (h—ot) \
kXE 11.59
H=*XEq . | t1.59)

TIEe, KaK M paHee, BeKTOp B HampasneH no ocu {. V3 stux ypasue-
Hu#l caenyer, uTO MPOBOAMMOCTH Cpenbl NPMBOMUT K NBYM 0CO0eH-
HOCTAIM: BO-TNIEPBLIX, BOJHB CTAHOBATCA 3aTyXalOUMMH M, BO-BTODHX, '
<¢a3pl NEKTPUUECKOTO U MarHUTHOTO BeKTOpPOB MNepecTaiT OmITL OIN-
HaKOBH MU.

Orpamenne OT IJOCKOH MeTalnMueCKOH rpaHMllbl  OnpenefseTcs
¢dopmynamu Ppenenss. OmnHAKO OHM NPUBOIAT K AOBOJLHO CHOMHBIM
BoipaxenussM, TIpu yacToTax, MeHbLUMX YeM yacTOTH ONTHUECKOH oOnactw,
BecbMa [MOJIe3HHIM OKasbiBaeTcsi npubspkeHue, Korna esw <€ o. B arowm
Clyuae

[+ pow
o :(1+z)]/‘~7. (11.60)

Jins npoCTOTH NPenNoJONKUM, UTO IJOCKas BONHA, PACHPOCTPaHAIOLIAACH
B IUS/JEKTPUKE B HanpasieHuu {, majaer HOPMaJbHO HA TOBEPXHOCTh
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nposonuuka. ITons B npOBOILHuKe PaBHb!
, , p,c(u (V pow t— mt) ]
E =E08

B 14+
=2 1t nX E.
w V2 po J
Paccrosnne  oOTCuMTHBaeTCS OT rpaHullel paspena. O6a 1oas ymeHb-
WAIOTCH 10 Mepe NPOHMKHOBEHMs B nposonuuk. Ha rayOune

_]/ o (11.62).

MX BeJMUMHB B e pa3 MeHblle, YeM Ha MOBEPXHOCTU. DTO PacCTOsHME
Ha3blBaeTCsl CKUHOBOH rayOMHOM uau rnyOMHOH NPOHUKHOBEHHS. 32MeTHM,
UTO & CTPEMUTCS K HYyJI0, €CiM TNPOBOLMMOCTb CTpeMHTCA K GeCKOHeu-
HOCTH, & TaKXe yMeHbluaeTca € yBeauueHuneM uactotbl. K Geckoneunbim
yacToTaM paBeHCTBO (11.62) skcTpanosMpoBaTh HeNb3f, TAK Kak NpH
HapyLIEHHM HepaBeHCTBA &w <€ ¢ ClelyeT INOJB30BaThCs Oonee oOLIMMY
¢dopmynamu (11.58).

Ilpu pacmpocTpaHeHMH BOJIH B MeTajljle SHEPrusi yXe He pasnensieTcs
MIOPOBHY MeXIY NBYMfl NOJSIMH: CPelHee 3HaueHWe MJIOTHOCTH 3JEKTPH-

yecKOH 3Hepruu paswo eE2f2, a MaruuTHOM — oF2%/20, T. e. uX OTHO-
meHMe, pPaBHOE Eew/o, BeCbMa Manas BeJMYMHA COrjacHO HaleMy mpen-
nonoxeHnio. Takum oOpasoM, B NPOBOLHUKE MAOTHOCTL SJAEKTPUUECKON
SHeprum IpeHeOpemMMO Mana 10 CpPaBHEHMIO C MarHUTHOM, WHAye roBOPS,
9JIEKTPHUECKOE [I0Jie MOYTH He TPOHUKZET B XOpOLIME IPOBOIHMKM NpH
VCJTOBHH, YTO &w <€ G,

Jlerko BHUMCIAUTE <«KO(QULMEHT OTpaXKeHus» OT MeTanauuecKol
NOBepXHOCTH. Jlns STOro BCIOMHHUM, YTO OTpaMeHHas BOJHA PacnpocT-
paHseTcs B CTOPOHY O0JbluiMX OTpullaTenbHbIX 3HaueHu#t {, T. e.

E = Elei tton

(11.61)

Bocnoasayemcs zatem ycnoueM HenpepuiBHOoCTH E u H Ha rpanune. Torna
Ijaf OTHOLIEHMH OTpaXeHHOH 3Heprum K mnanaimouiel nonyuuM BhipaX<eHue

I E” , _1—2]/25"“’ (11.63)

ecan mpeHeOpeub unenaMu co cremeHsmu )/ 2e,0/c Bhile NepBoH.

§ 11.7. OGuwee pemenue ORHOPOTHOIO BOJHOBOTO YpPaBHEHHS

CornacHo TeopeMe dypre oOliee pellieHHe BOJIHOBOTO YpaBHeHus
B TpPeX U3MepeHuAX MOXeT ObiTb PasanoxkeHO B uHTerpai dypoe no tpem
KOMIIOHEHTaM BOJHOBOro BeKTOpa k. Bekrtop k cBsizan ¢ uacToTOH mo-

w2
CpPencTBOM COOTHOLIeHUs k2 = 7. Hurerpans dypbe pacnpocTpanaioTcs
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Ha BCe TMOJAOCKHUTENbHHE W OTpHLATEeNbHBLIE 3HAUYEHUH Rk, u KpoMe TOro,
JIPOU3BORMTCA CYMMUpPOBaH#E 110 BCEM BO3MOXXHBIM NOJNAPU3ALIUAM. B pe3yib-
Tarte oOiee pelieHde OLHOPOAHOI'O BOJMHOBOI'O YPpaBHEHMA IpenCTaBAAETCS
B BUAE CynepnosulMu NAOCKHX BOJIH

3 oo o o]
E=Y|e, [dky [ dry [ diageicer-en|,  (11.64)
a=1 —co —o0 —o0

rie €,— eIHHHYHble BeKTOPH B/OJb KOOPIMHATHHIX OCeH, a, — aMIu-
TyObl, 3aBHCAIME OT 4acTOThl. OHM MOryT OHTL KOMIVIEKCHBIMH, YTO
COOTBETCTBYET MPOMIBOJBHBIM HauajbHbiM (GasaM. DTO pasnOWKeHHe YacTo
HCno/b3yercss B OOLIER TeOpuM M3NyuyeHHsi. YC/IOBHME <IONEPEeYHOCTHY
V. E=0 yMeHbliaeT 44CN0 BO3MOXHBIX 3HaueHuH o OT Tpex N0 ABYX.

B npenbinyumem naparpade Mbl Bullesd, uYTO IPY YaCTOTaX, MeHbIIHX
ONTHYCCKUX, XOpOLIME IMPOBOILHUKH BeCbMa 3¢ QeKTHBHO OTPAMAIOT M3N1y-
yenue. B cayuae BakyyMHOHM NOJNOCTH WM IMSJEKTPHMKA, OrpaHHueHHBIX
TIPOBOAHKKaMHM, BOJHOBOE YpaBHeHHWe CTaHOBMTCS ONHODOIHEIM YpaBHe-
HueM lITypMa — JluyBuans ¢ nMCKpeTHbIMH COOCTBEHHBIMH 3HAYEHUAMH,
T. €. TPaHHYHBIE YCJOBHSl YIOBJAETBOPAIOTCH TOJBKO IPH HEKOTOPHIX
3nauenusx uacTotel. ITpu sTom pewenue (11.64) cBomutcs k cymme mno k.
B ra. 12 mm paccMoTpum nonobuple cayuan ¢ Oonee o6uieft Toukm
3peHus.

Ofliee pelleHHe ONHOPOLHOrO BOJHOBOT'O YPaBHEHHS MOXHO pas-
JNIOXUTD TaKye Ha cCdepuyeCkHe WM LMJMHIPHYeCKHe BOJHB! KaK IpH
HeNpepHBHBIX, TAK W NUCKPETHHIX 3HaueHussx k. B nanpHelliieM Mm
YBULUM, 4YTO BHOOP TOrO WM HHOTO PA3NONEHHA 3ABHCUT OT CHMMET-
PpuM paccMaTpuBaeMOH 3apaum.

3apnauu

1. Toxaxute, 410 CpegHee mO BPEMEHH 3HaYeHHe NEHCTBUTENLHON wacTH
TIDOM3BENEHHS [BYX KOMIUIEKCHBIX BEKTOPOB, KaXIBH M3 KOTOPHIX 33aBHCUT OT

BpeMenn kak e ‘“f, PaBHO NOJOBHHE JEHCTBUTEJbHOM 4YaCTH NPOHM3BENEHUS
OJIHOrO BEKTOPA HA BEKTOP, KOMIIIEKCHO CONPSIKEHHLIH Ipyromy.
2. Jlokaxurte, uro Gopmyasl Ppenensi UMEIOT CREAYIOMUH BHA

2 cos 0 sin 67 E

sin(6+6)
sin (6/ — 6)
sin (6” - 6)
TOp NEPNeHAVKYJISAPEH K MJOCKOCTH naneHus. JIokaxuTte TaKiKe, 4To €CaW Bek-
Top E neXuT B IMJIOCKOCTH Maj€HHs, TO Ko3hOHIMEHT OTPAXKEHUs pPaBEH

[E"| _ tg(8—%)
|E| g (6 +6)

3. C nomompbio dopmyn Pperens nmokaxuTe, Y10 Ko3ddunHEeHT mpoxomne~
HYa ob6pamaercss B HyJb IpH YCJIOBHUAX, COOTBETCTBYIOMIMX NMOJHOMY OTPaXEHHIO,

a) nas npeaomaenHo# BoaHH E’ =

6) 1as orpaskeHHOH BoaHbl E” = E, echy snexkTpuUyeckuil Bek-
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4. JlokaxuTte, 4TO IPH HOPMAJbHOM NaleHHH Ko3hQHUHEHT oTpaweHus oT
rpaHuibl pasfiena Mexny ABYMS IuSJeKTpukamu paBeH (n— 1)%/(n-+ 1)2, rae
71— NOKa3aTeJb NMPEJOMJIEHUs Cpennl 2 mo OTHOWIEHHIO K cpene 1. Uemy pasen
ko3dduituent npoxowaenus? Bripasure uepes noxasaresb NPENOMJEHHS CTEKJAa
JOJI0 CBETA, NMPOILEINErO NpH HOPMAJLHOM MaJeHHH Yepe3 IPO3PayHyI0 CTEKASIH-
HYI0 TJAaCTHHKY, HAaXOJSILIYIOCH B BO3AYyXe.

5. Iiockast BOJHA 3epKAJbHO OTPAMAETCH OT HEKOTOPOH IOBEPXHOCTH noj,
yraom 6 k nopmagu. OnpefesHTe AEBJCHHE H3NYYECHHS.

6. Haiinute OTHOLIEHHE CONPOTHBJEHHS MPOBOAAIIEH NMPOBOAOKH NPH BHICO-
KHX 43acTOT3aX K €€ COIpPOTHBJECHHIO TOCTOSSHHOMY ToKy. TlosyueHnoe cooTHome-
HMe HOoCHT HasBaHue dopmyasl Penes pas ckus-sddexta.

7. B mnosoxntespbHoM M OTPHLATENbHOM HampaBJeHusiX OCH 2 pacmpo-
CTPAHSAIOTCS INIOCKME MOHOXPOMATHYECKME BOJIHBL B Havale KOOpPIUHAT mOa%
PaBHBI

Ey=Acosot, E,=0,

H, =0, Hy=Bcosu>t.

Bhipasute CpenHHe HHTEHCUBHOCTH H3JIyYEHHS B KawAOM HAnpaBJIEHHH vYepes
B ~au4yuHB A u B M KOHCTaHTH Cpenbl.

JIMTEPATYPA

ITaockue 3JEKTPOMATHHTHHIE BOJHBEl P3CCMOTPEHH BO MHOTHX KHHTax Yo
SJEKTPONMHAMHKE H (H3HYECKOH ONTHKE, & TaKKe B YUeOHHMKAX 1O TEOPETH-
yeckod (Manke. Ham cmicox BkJouaer ayuyiiHe u Hau6GoJiee NOCTYNHBIE KHMIH.
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and Magnetism. (Pycckuil nepeBo; M. A6param u P. Bexxep, Jaextpu-
4YeCcTRO M MarHetuaMm, T. I, ra. X.)

ManoxeHue fICHO, CTPOrO M JOBOJBHO IPOCTO.

2. M. Born, Optic. (Pycckuit nepegon: M. Bopu, Onruxa, ra. 1) Tlo-
BHIHMOMY, 5TO Hau6oJee MOJHBIK H CTporuii 0630p no ¢u3uYeCcKod ONTHKE.

3. ) A Stratton, Electromagnetic Theory. (Pycckuii nepesoa:
Jw. A. CtparToH, Teopus aaexTpOMAarHeTHsMa, ra. V.)

Ouenb MoJe3Hast KHHIa KaK € TOYKH 3pPEHHS OOLIHOCTH, TaKk H NeTalbHOCTH
M3JI0EHHS.

Bosee KpaTkoe pacCMOTPEHHE MOXKHO HAHTH B KHHrax:

4. J. H. Jeans, The Mathematical Theory of Electricity and Magnetism.

5. G. Joos, Theoretical Physics.
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30TpOMHOI cpene.

6. J. C. Slater and N. H. Frank, Electromagnetism.

7. W.R. Smythe, Static and Dynamic Electricity. (Pycckuii nepeson:
B. Cwmafi1, DIEKTPOCTATHKE H SJEKTPONYHAMHKA.)

8. H. A. Lorentz, The Theory of Electrons. (Pycckuii nepeson: I'. Jlo-
peunTn, Teopusi 3JexTPOHOB.)

KHura copepMuT NpexpacHOE H3JOWEeHHE BOMPOCa O NABJICHHH W3JYYEHHS.

* U. E. Tamwm, OCHOBH TEOPHH 3JEKTPHYECTBA.

* JL . Jlaunay u E. M. Jlupmun, Teopus noas, IV uzn.
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PEHIEHUE BOJIHOBOI'O YPABHEHMSI NPU HAJIUYUHU
NPOBOJISIIIMX T'PAHHULL

ITpexne yeMm nepefiTy K TeOopuu U3/ayueHMs, ucciaenywuiefl so30ywne-
HUZ 9SJIEKTPOMArHUTHBIX BOJIH, Mbl PacCMOTPHM pelleHHs OJLHOPOLHOIO
BOJIHOBOTQ VPaBHEHUA NPY HA/Juuu¥ TPOBOASLIMX Fpanull. 3ajaua umeer
6OMBIIOE TeOPeTHYECKOE 3HAUEHHE, @ TAKMKE MHOXECTBO IPAKTHUECKHAX
npuMenenufl, ocobenno B obaactu pammorexuuku (CBY). Mu paccMoTpum
Juib (GU3NUeCKyI0 CTOPOHY BONpOCa ¥ He OyleM KacaTbCA MPaKTUYeCKHX
yCTpOHCTB, OCHOBZHHHX Ha 3THX IIPHHUMIIAX.

C caMoro Hayaja caefyeT 3aMeTUTb, YTO B OTCYTCTBHE 3apsnoB H
TOKOB BBEIEHME NOTEHUNANOB HUKAKWX CYLIeCTBEHHBIX IPSHMYLIECTB He
IAeT: MOMHO OINEPUPOBATH HENMOCPEACTBEHHO C 3JEKTPHYECKHUM Y MarHuT-
HBIM NOJIAAMM, TIOMHA, OLHAKO, YTO OHW HE HE3ABACHMBl M MOTYT OHITb 1O-
Jy4YeHB ONHO 43 IPYroro ¢ MOMOWLLI YpaBHeHHH 11041,

§ 12.1. T'pannuHbie yCAOBHS Ha MOBePXHOCTH MeTtajja

HanomuuM ellle pa3 rpaHuyHele YcJoBusi OOWIEro BULA, KOTOPHIM
LO/KHE TOAYMHSTBCA MOJA Ha [paHdue pasiela MeXILy LBYMS CpelaMM:

n'(DI'——DQ):T, ]
n X (E,—E})=0, |
12.1
n-(B,— By)=0, % (12.1)
nX(Hx—HQ):K.J

Toe - JIOBEPXHOCTHas MJOTHOCTb 3apsanoB H K — NOBEPXHOCTHAA IJOT-
HocTh TOKOB. B § 11.6 Mbl BuIean, 4TO NpH HOPMANBHOM NaleHUH JEK-
TPOMarHUTHOH BOJIHE! AMIIIMTYNA €€ BHYTPH XOPOILEro NMpOBOAHHKA OHICTPO
yMeHbinaeTca ¢ rayOunolt. Tlpu sTOM KacareawHas cocrabasiouwtas H
MOXeT NOCTHraTh GOJbLIMX 3HaueHull, B TO BpeMs KaK KacaTeabpHas CO-
crapasiionias E Ha TNOBEPXHOCTH WICANLHONO MNPOBOILHHKA ofpaiaercs
B HYy.b.
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Vccaenyem Temepb NOBencHHe HOPMAJBHBIX KOMIOHEHT. Jlas 3Toro
paccMoTpaM XOpOWUH MPOBOLHMK, IS KOTOPOTO Z?s—>> 1. Komnonenta
portopa H, HOpMaibHas NMOBepXHOCTH MeTanna, paBHa

BHe nposonmvka n - (VX H)y— — iwen - E,
B nposoinke B - (VX H)=(— ioD~}cE)-n } (12.2)

¥ Jo/oKHA ObHTb OJMWHAKOBA BHE W BHYTPY MNPOBONHMKA., TaK KaK
n (VX H)y= ~ V-(n X H). Ecin npeneGpeyb TOKOM CMeuleHus! B Me-
Tajie, TO

n - E (Bayrp1) = — l—m:— n - E (cHapyxmw), '

Clen0BaTeNbHO, W B 3TOM nNpuOMHKeHWW HOpManbHas KomnoucHta FE
WCNHTHBAeT paspeiB. [10A006HO KacaTelbHOH KOMIIOHEHTe OHA CTAHOBUTCS
GecKOHeuHO MaiO#l BHYTpPM Me€Tajla N0 Mepe TOro, Kak ero NpoBOAM-
MOCTb Tpubanxaercd K Geckoneynoctn. C npyro# CTOpPOHB, HOpMaJbHas
KoMnoneHTa B HenpepbiBHa NP IepeXole 4Yepe3 IOBEPXHOCTb IPO-
BOJHHKA.

Ecau B uzecanbHoM npoeonHuke £ obpauiaercs B Hyab, To 4 V X E=0,
a cJjejoBaTesibHO, W Npoudsonsas B no BpeMeHu TaKe CTaHOBUTCS paB-
ro# Hymio. [loaTOMy BHYTp# TaKOTrO INPOBOAHMKA HHKAKHX MEPEMEHHBIX
noncH  CyuleCTBOBaTH He MOXeT. I'panHnuHble yCiaoBUS B 9TOM Clyyae
MMEIOT BHI

n-D—=r, ]
nxX E=0, | _
n B0, I} (12.3)
nX H=K. |

U3 3Tux ycaoBu# BHIHO, YTO SJEKTPHYECKOE 110Je HOpPMajibHO, a Mar-
HHTHOE “— Mapaj/iebHO TOBEPXHOCTH MPOBOAHMKA. J[lAf XOpOLIWX mpo-
BOJMMKOB NpPUMEHEHHE STHX YCJOBUH TI03BOJSIET TOYHO pacCuuTaTb reo-
METPHIO TIOJIEH; OLHAKO Pl CYyWecTBeHHBX GakTOPOB, HANPUMEp NOTEpH
B pe30HATOpaX M 3aTyXaHMe IpPW TIepelaye BOJH 10 BOJHOBOLAM, IpH
TAKOM PACCMOTPEHUM BHINANAIOT.

Jlns OLeHKH 1OTepb B METa/lle UHTePeCHO MOCMOTPETh, KAK HOpMait-
HHE W TaHreHUuManbHbIE [I04A WU3MEHAIOTCA B IIEPBOM le/lﬁ.lll/l)l(eH[/ll/l no
napametpy l/o. Kacatennnas kommnonenta E CTpOro HempepnbisHa Ha rpa-
HULe, U ClenoBaTenbHO, corjacko § 11.6 umeem

H= V3 l/——nXE (12.4)

He paccMaTpuBas mofHOro pellieHHsi, NMPeNNIONOXKHM, YTO BLOJb NOBepX-
HOCTH MeTal/la PacnpOCTPAHAETCs BOJHA C TaHeHUUManbHOH KOMIIOHEH-
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To H & wnopmanbHo# koMmmoHeHToH E. TlyCTh KOMIOHEHTA BOJHOBOFO
BEKTOpa, ‘napajijesnbHas TMOBepXHOCTH MeTalja, paBHa k; Torma BOGAM3H
9TOft TNOBEPXHOCTH

|H,,|_—|Ei] (12.5)

. Omnako corylacho cooTHoweHnO (12.4) TaHreHUmanbHOH KoMroHente H

CONyTCTBYeT HebOAbLIAsA TaHreHLuanbHas KommoHewta E. CpaBHuBas BE-
paxenus (12,4) n (12.5), nerko BumeTh, YTO OTHOLUEHWE TaHreHUUAJb-
HOM KoMmnonentw E kK HOpManbHOH 10 NOPANKY BeJAWYWHB PaBHO OTHO-
LIEHWI0O CKHHOBOH FayGuHBl K LAWHE BOJAHH HW3Ny4eHus

AN 2.
IE.LI\/ ] pos X’ :

Jns oneHKY noTeph B NMPOBOLHUKE HAC WHTEpeCcyeT TaHreHUUanbHas KOM-
noHenra E, HO HeTPyNHO 10Ka3aTh, YTO OTHOLUEHWE COOTBETCTBYIOLIMX
KOMIIOHeHT H TOro e HOpsIKa BeNHUWHEL.

Takum 00pa3oM, npu GOMBLWOH NPOBOIMMOCTH CKUHOBas raybuna cra-
HOBUTCH GeCKOHEYHO MajoH, ¥ 1oJs He NPOHUKAT B NpoBonHUK. Ipa-
HUYHBlE yCJIOBUA B 3TOM cayuae nMewT Bun (12.3). PaccMoTpuM perueHus
ONHOPOLHOTO BOJHOBOTO YpaBHEHMSf, VIOBACTBOPSIOLINE 3TUM YCJIOBHAAM.

§ 12.2. Co6crBeHHble QYHKIHH U COGCTBEHHBI2 3HAYeHHS
BOJIHOBOTO YpPAaBHEeHHS

B nmekaproBbX KOOpOMHATAX BEKTOPHOE BOJHOBOE ypaBHeHHe SKBH-
‘B&JIEHTHO CHCTeMe TpeX CKalfApHBIX YpaBHEHWH, Kaxnoe "3 KOTOPBHIX
COOTBETCTBYET ONHOM OpPTOroHanbHOM KOMIOHeHTe BekTOpa. B mpyrax
CHCTEMaX KOOpPIMHAT TOJOMKeHHe choxHee, OIHAKO, KAK Mbl YBUIUM
B lajpHeHileM, 1o KpaHHelt Mepe B LMJMHIPHYECKHX M CHePHYCCKHX
KOOPLHHATAX, NOJS TaKXe MOTYT ONMCHBATHCA CKAJAPHBHIMM (QYHKUMAMH.
TaxkuM 00pa3oM, Halla 3a1aya COCTOMT B OTHICKAHHK peEIUEHMS ypaBHeHHUS
1 o2v .

—0 (12.7)

Ay
vy ¢z of? ’

rae ¥ npencrasasier co6ot komnoHenT E una H W yLOBJeTBOpRET COOT-
BETCTBYIOLIHM FPAHUYHLIM YCJIOBHAM. “,

B oranune or ypaBHenus Jlannaca, ypasHenue (12.7) He cumme'rpuqﬂo
OTHOCHTEJNIbHO CBOHMX HE3aBHCHMBIX IEpEMEHHBIX: BTOpas npousBonHas 1o
BpeMeHH BXOAMT C JIPYIrUM 3HAKOM, HeXeau NPOU3BOILHBEIE MO KOOpIM-
HaTaM. B peayabraTe 3TOrO XapakTep BO3MOXHBIX peileHHH ¢ ¢u3iuecKof
TOYKM 3peHHs 1O CYIUeCTBY OTAMYAETCA OT CTaTtHyecKMX pewenud. Tak,
HalpuMep, Tenepb BO3MOXHB! NEPHONNYECKUE pelLciiia B NMOMIOCTLIO 3Kpa-
HUPOBAHHOM 061>e1vxe, He cConepxailueM HCTOUIMKOB, B TO BpEMd KaK
CTATUCTHYECKOE 110/1e BHYTPH 3a3eMJIEHHOrO NPOBOINAKA PaBho HyJio.
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ITycts 3asucuMocTs 7 OT BpeMeH:H — CHHyCOMIanbHas:
Vx, y. 2, ) =¢(x. y. dTH)=¢(x, y, 2)e-iot; (12.8)

rae Y — OYHKUMA TOABKO NPOCTPAHCTBEHHBIX KOOPIKHAT, YIOBJAETBOPSIO-
masn nuddepeHMatbHOMY ypaBHEeHHIO

V= — = — R, (12.9)

ITpaMoyroabHbBIe KOOPIMHATH [LONMYyCKAKT pa3feeHue rnepeMeHHHX, T. €.,
ecmt =X (x) Y (y) Z(2), 10

X' 4+ kX =0, l
Y’ kY =0, (12.10)
Z' Kz =0,
TpHueM TapaMeTpoB pasfefleHHs Tpu:
A A (12.11)

KaK M cJaeloBano OXWIaTb npy 4YeTblpe€X He3aBUCHMBIX MNE€pPEeMEeHHBbIX.
VYpapuenus (12.10), uau aHanoruyHbie UM B IPYFUX CHCTEMAX KOOPIMHAT,
cJlelyeT peuiaTh NPH TeX TPaHUYHBIX YCAOBHMAX, KOTOPHIM MOMYHHAKOTCH
KOMIOHEHTHl 110151, COOTBETCTBYIOUHE CKANAPHON GyHKUMY .

PaccmoTpuM sty 3amauy B HeCkOAbkO Oonee o6iieM pule. Kaxnoe
#3 ypaBHeHuit (12.10) npencrasasier coGoH yacTHeill cayuai Gonee obiulero
ypaBHeHHs

%[p(x)—%]+ [ (x)+ M ()] X =0, (12.12)

rae A—napaMeTp, B LaHHOM clyyae—rmapameTp pasneneHus. Hac wuHre-
PECYIOT pelleHHdsi STOF0 ypaBHeHus, OrpaHUYeHHble M HeNpephiBHbIE
B uHTepBasie @ < X < b ¥ yNOBNETBOPSAIOUINE ONpeleeHHBM FPaHUYHEIM
yclaoBuaM B TOUKaX x=a u y=2>,. OTHocuTesbHO p(X), ¢ (X) ¥ r(x)
OyneMm JMIb mpennojaraTb, Y4TO B 3TOM WHTepBane peileHuss 0coGeH-
HOCTeH He MMEWT, 332 UCKAOYeHueM, OHTb MOXeT, I'paHiy. B ofiiem cay-
4ae Ipar HYHLIM YCJOBHAM MOXHO YIOBJETBOPHTH JMUIL IpH OfipeleneH-
HBIX 3HAYZHHAX A. DTR 3HAuUeHHs A HA3BIBAIOT COGCTBEHHBLIMH 3HAYEHUAMU,
H pewenus ypasnenus (12.12), cooTBeTcTByIOLiMe COOCTBEHHBIM 3Haue-
HESIM A, Ha3BIBAIOT COOCTBeHHBIMM ¢(yHKuuaMu. C aHajorayHo# onHoMep-
HOR 3apmayel MBl yXe BCTpeYalHChb paHbille NPH U3y4YeHud MeTola pas-
HeNenust MEPEMEHHHX B CJayyae CTaTHyYeCKoro noteHumana. OpnHako
B IIaHHOM CJyYae pelleHHE TPEXMEpPHOH 3anauv B LEJOM XapaKTepHayeTcs
cOOCTBeHHBIM 3HAayeHueM, OIpelenseMBIM YacTOTOH.

Jas Toro yYtro6n ynmpoOCTUTh pacCy¥IeHus, PACCMOTPUM CHayajna Cay-
wafl, korma ¢(x)=0, r(¥)=1 a X(x)=0 na rpanuuax oHnactu.
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Torna yﬁaBHeHne (12.12) npumer BHI

;—x[p(x)%]=_xx, (12.13)
u3 KOTOpOr\'O BUIHO, uTO ecian A< 0 u X (x)=0 npu X=a, 10 npu
X=b>a X(x) He MOWeT PpaBHATBCA HyJ10, OO, OTKJIOHUBLIHCH
or Hyls, ¢yHkuns X (x) Oyner npomo/KaTh yBeauuHBaTLCA no abco-
AoTHOR Beawunne. C IpYroH CTOpPOHEL, NpU TIOJNOXKMTENBHBIX A 3HaK
BTOPOH NpOu3BONHOH MPOTHBONOAOKEH 3Haky X (x), CIeNOBATeNbHO, IPH
HEKOTOPOM 3nayeHun A ¢yHkums X (X) CHOBa mepeceyeT OCh X Kak pas
B Toyke b. JlanpneHium# poct A mpuBelieT K TOMY, 4TO ¢GyHKUmMs X (x)
nepeceveT ocb x JeBee Touku b. OnHAKO, B KOHue KOHLOB, Oyner nO-
CTUCHYTO TaKoe 3HayeHue A, npu KoTOpoM ¢yHkuma X (x) onsth Oyner
pasHa HyJ10 B KOHUE uHTepBaja, MMeH, OIHAKO, NpH 9TOM OAMH Hy/b
B CepenuHe HHTepBana. TakuMm oOpa3oM, COOCTBeHHLIE 3HA4YEHHs] UMEIOT
HUXKHUH TIpenea W MOTyT OBITb TEpeHyMepoOBaHB B MOpsKe BO3pacTa-
Hust Xy, A, ..., IpHYEM HHIOEKC COOCTBEHHOTO 3HAYeHWsi PaBeH YHCLY
Hyae# cooteertcTByoulefl co6cTBeHHOM (YHKIMM BHYTpPH HHTepBaja.

3T paccyxneHuss MOryT ObITh NOBTOPEHH ¥ B OCIEM Cayuae ypas-
Henuss (12.12), 3a uckaOueHHEM TOTO, YTO 3HAK BTOPOH MPOM3BOLHOH
3aBUCUT Tellepb OT 3HaKa kos¢duuuenta npu X (x) B ypaBuenun (12.12),
Ipl KOTOPOM CYWIECTBYIOT peiueHusi. Ecam xe pemeHue CyLlecTByeT, TO
MMeeTCA M HauMeHbiuee 3HaueHwe nas A. Tak, HanpuMep, ypaBeeHue
becceas

7‘;’T(r ‘fijr”)—{—(er—nTz)Jn:O

"He OyIeT WUMETh pelleHHi. obpaliaioluxcs B HyJds B 000MX KOHUAX MH-
n
TepBana, noka k%r > -

Ecau rpanaunele ycnosus Ha KOHuLAaX HHTepBana TpebyioT obpaiiz-
Hus B HyJp camMoH o¢yHkuun X (x) uiau ee mepBof npousBOLHOH, TO
cob6cTBennple ¢ynkuus ypasHenust (12.12) oproroHaiabHbl B 5TOM MHTEp-
Baje. [lna 10Ka3aTeNbCTEA STOTO YTBEPAKIACHUS IPEATIONOWMM, YTO UMEIOTCH
npa pemenus X, u X, , COOTBeTCTBYIOUIHE COGCTBEHHBIM 3HAUEHMAM A,
u k. YMuoxwum Tenepb ypasHeHwe Ans X, Ha X,, a ypaBHemwe naa X,
va X,. Ilocie 5TOrO BHYTEM OLHO ypaBHeHye W3 LPYroro W pe3yabTar
NPOUHTErpUpYyeM 110 paccMaTpuBaeMOMy uHTepBany. Tak Kak caM¥ QyHK-
Ml UM HX NPOU3BOMAHBIE O0palLalnTCd B HYJAb Ha [PaHHUAX WHTEpBana,
TO 1OCJIe WHTerpUpPOBAHHS MNOJYYUM

b
o — 1) f r(x) X, X, dx =0, (12.14)
a

B MareMaTuyeckHX HCCAenoBaHMAX (QYHKUMIO 7 (X) uacTO HA3HBAIT
«BecoM yskuui X (x}».
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Ecan npu nanHoM 3HaYeHMH A BO3MOXHO G0Jee, ueM OIHO pellleHie,
TO TOBOPSAT, YTO pelleHHe BBIPOXAEHO. YUCN0 He3aBUCHMBIX peiueHufl,
COOTBETCTBYIOMMX NAHHOMY 3HayeHWlO0 A, HA3BIBAETCH CTENEHBIO BHIPOMNIE-
nas. B stoM cayyae coorHomenne (12.14) He o03HauaeT OpTOroHadb-
HOCTH peilleHuH, TaK Kak A, MOxeT paBHatbcs A, npu m=n. Tem He
MeHee, ¥ Tenepb MOryT ObITb NOAOOpPaHB OPTOrOHalbHBIE pelleHHs. Jleno
B TOM, uTO Jo0as JsuHelHass KoOMOGWHaLMs He3aBHCHMBIX pellleHuH ecTb
TaKie peileHde, H 3TH JAuHefiHple KOMGWHAUMM MOFYT OHITb Cle.1aHb
OpTOrOHAaJBLHBIMM ApYr apyry. Bubop ko3dpduumeHTOB B OpTOrOHANBHBIX
JAMHEMRHBIX KOMOMHAuusx HeolHo3HayeH. OO6BYHO ux NOnOMPAIOT TaKUM
o6pa3oM, yToOB pellenve, NONYYaeMOe B KOHEYHOM CueTe, ONMUCHIBAJIO
HEKOTOpOE, JErKo OOHapyxuBaeMmoe ¢u3uyeckoe CBOHCTBO cucteMe. Bo
BCAKOM CJyyYae BCe He3aBHCHMBle pelIeHHS MOXHO BCErla CYUTATbH OPTO-
FOHA/MBHBIMM, TPENNOJAras, YTO IJf BBIPOXIEHHHX 3HAYeHuH L 1npous-
" BelleHa OpPTOrOHANU3auMa peleHuH,

B mo6Go#t cucTeMe KOOpIAMHAT, IONyCKawoule# pasneielve nepeMeH-
HBIX, { eCTb npouspeleHye GYHKLUMH, Kaxnas u3 KOTOPHIX 3aBUCUT JHILb
oT onHo# nepemeHHoH. Takum o6pasoM, YacToTa, Aas KOTOPOH cCyuie-
crByeT pewenue (12.9), 3aBucutT OT Tpex napamMeTpoB, MO ONHOMY OT
Kaxaol H3 mnepeMeHHBIX.

Ina nanbHeMilero roJje3HO NOKa3aTh, YTO pelleHus BOJAHOBOFO YypaB-
Henus OpTOroHanbHel. Ilpumenum K dynkuwsam ¢, u ¢, Teopemy I'puna

[ ¥ — V%) d0 = [ @V — V4 - dS.

B cuay rpanuynplx ycaoBuH, Tpebyomux oOpauleHuss B HYJAb [0S UaW
€ro HOPMa/JbHOM MNPOU3BOLHOH, NOBEPXHOCTHHH uHTerpan oOpaujaercs
B Hyab. OO6bemHbift unrterpan, ucnonways (12.9), mMoxHo npeoGpasopaTh
K BMILY .

(B2 — k?,l)fq)mq),, dv =0, (12.15)

OTKYJld HernoCpeJCTBEHHO CJieflyeT OPTOFOHAJBHOCTh pelleHud &, v .
CpashuBass cootHoulenuss (12.14) u (12.15), MOXHO BHOETb, YTO
«BeC» r(x) npencrapiaseT COGOH MHOXMTENb, HAOUMH TpaBuAbHBIH 3J7€-
MeHT 00beMa B TPeXMEPHOM NpPOCTPAHCTBE.

Takum 06pasom, B 3aMKHyTOM O0ObeMe, Ha rpaHullax KOTOPOro moJe
/1M €ro NPOU3BOIHBE OOPaILAITCA B Hy/b, MOTYT CyLIeCTBOBATh XapaKTep-
Hble 1A 9TOro o6beMa aMEeKTpPOMArHUTHeie KoseOaHusi, nonoGHblEe KoJe-
GanusaM HaTaHyTOM cTpyHB. YacToTel 3TUX KoJaeOaHuH oOnpenensioTcs
COOCTBEHHBIMH 3HAYEHHAMH, NPHYEM HauMeHbileMy COOCTBEHHOMY 3Hauye-
HHIO COOTBETCTBYeT OCHOBHas 4YacroTa KoseGaHu#l, 3a KOTOPOH cuenyer
GeCcKOHeYHOE MHOMECTBO Ipyrux. floka Mbl npeneOperaeM npoBOIMMOCTbHIO
CTEHOK, 3TH KoseGaHusi o0nanaioT HyaeBoM mupuno# ¥ He B3auMoseH-
CTBYIOT Apyr ¢ sapyrom. OnHako B NeHCTBHTENBLHOCTH 3TH KoOJeGanus
8aTyXaloT, ¥ 3aTyXaHHe HX OINpeleseTcsi NPOBOIMMOCTbIO cTeHoK. Cne-
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IyeT yKasaTb TaKxe, 4TO pealbHO BO3HHKAaOIee B NOJOCTH KonebaHie
33BHCHT OT MeTOAa BO30yXIAeHH:.

B HecTauHOHapHOM Cllyuae BCe 4eThipe MHOXUTENS, COOTBETCTBEHHO -
YUCIy MePeMeHHBIX, MOTYT OLITh NePHOAMYECKMMH, OJAHAKO JIMUlb TpeM
M3 HHX COOTBETCTBYWOT 3aMKHyThle rpaHuubl. YTO KacaeTcs ueTBepTO#

nepeMeHHOM — BpeMeHH, TO pelleHHe 33aBHCHT TOJbKO OT HauaJbHbIX
o
ycaopult, W(x, v, 2, £) n 5 . Pewenue, ynosietBOpfioliee
t=ty

Ha4a3/bHEIM, U KOHEUYHBIM YCJOBHAM, B obuleM Cjiyyae OTCYTCTBYeT.

>

§ 12.3. KoneGaHus B DpAMOYTOJLHOM pe30HATOpe

PaccMOTpUM 4acTb NpOCTPaHCTBA B ()OpPMe INPSMOYrOJBHOrO TapaJ-
JieJdenunea, OrpaHHueHHOrO MPOBOIAIIHMY CTeHKaMu. B 3ToM cayuae pce
KOMIMOHEHTH TIOJsE MOXHO NPEACTABHTL B BMIle [POM3BELEHUH peiieHi
ypasrenuit (12.10). Tlpu stoM Ky, ko U Ry cilenyer BHOPaTh Tak, 4TOOLI
Ha CTeHKaX 3JeKTPHYeCKOe ToJje ObLIO HOPMAAbHO HM, & MarHUTHOE —-
kacareabHo. Ecim pasmepn pesonatopa A, B u C, T0 Jerko npoBepuTh,
YTO 3/IEKTPUYECKOE TI0JIe KMeeT CJeLYIOliHe COCTaBJsIOLIHe:

E,=E, cos k,x sin kyy sin kyze 1ot ]
Ey:E2 sin kyx cos Ryy sin kyze— it } (12.16)
E, = Eqsin kyx sin kyy cos kqze =1,

opuYeM coGCTBEHHBIE 3HAUYEHHS! AOJNKHBL YAOBJETBOPATL YCJIOBUAM

In mmn nm

k1=7, k2:-—B, ks":—C—, (12.17)

rae I, m v n-—ueanie uyucaa. Bo3MOMHBIE 3HAYeHHS! 4ACTOTHI onpene-
JAITCA COOTHOLUIEHHEM

w2

12 2 2
7{:k22ﬂ2(25+%-+%). (12.18)

Ns cootnowennit (12.16) BuaHO, uTO 1o Kpalineh Mepe aBa M3 Tpex
UeNbX 9uCesN AOJMAHBL ObiTh OTJHUHBL OT HyJs, AJIst TOro 4TOGH 1OJe
He 00pallanoch TOXAECTBEHHO B HyJb. MarsuTHoe Mnoje, nodydYeHHOe U3
cooTnowenu#t (12.16) ¢ noMoiibl0 ypaBHeHus

VX E=inB,
aBTOMATHUYECKH YIOBJETBOpPAET TrpaHuuHbiM ycaoruaM. [lo ¢asze oHo Ha
YeTBePTb MNEPHOAA He COBNANaeT C 3JIeKTpUYecKHM ToJeM. Bcuaencrtsue
3TOrO CyMMa 9JIeKTPHUYECKOW M MarHUTHOH 3Hepruii B pe3oHaTope ocTaeTcs
TIOCTOAHHOM, XOTA B OTAENBHOCTH KawIas M3 HUX H3MeHsleTCs.
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AMIVIHTYAbl KOMMOHEHT 3SJIEKTPHYECKOTO T1I0Js HE HEe3aBHCHMEI, HOO
JBOJ/KHBl YIOBNETBOPATL ycaoBuio V- E=0, T. e.

E,ky~ Eqyky— Eqky = 0. (12.19)

Eciau BenuuuHb Ry, kg, Ry NPeACTaBAAT COOOH COCTaBJSIOLHE BeK-
topa R, To yciaosne (12.19) ecTb ycioBue NeprneHAMKYNAPHOCTH BEKTO-
pos E u k. B oOwem cayuae 3TOMY YCJOBUIO YAOBJETBOPSIOT ABa Jn-
HelHO He3aBMCHMBIX BeKTOpPa, YTO COOTBETCTBYeT JBYM BO3MOMHBIM
fIOIAPUBELHAM (33 MCKJIOYEHHEM CJyyas, KOraa ofHO M3 umced I, m, n
paBHO HyJ0; Torja HanpaeieHne E QHKCHPORaHO). 3TH 1BA BekTOpa
NPOH3BOJbHLL, HO He AONXHH ObITh KOJIMHeapHbl. KaxzoMmy us stux
BEKTOPOB COOTBETCTBYET 3JEKTPHUYECKOE TNOJE M MepHeHAHKYJspPHOE eMy
MarHuTHO2 nofje. Takam o0pasoM, Kak M npexpe, Tpolika pextopos E,
H, k 006pa3yeT OPTOTOHAJLHYIO CHCTEMY.

IToas, COOTBeTCTBYWOLIME ONpefeJeHHOMY Habopy Ueablx uucen [,
m, n, oOpa3yioT OIHO M3 BO3MOMXHBLIX COOCTBEHHBIX KoseCanuil AaHHOrO
pesonatopa. [lpousBoibHOe IO/ B pe3oHaTOpe NpeldcTaBaseT CoOok
CyMMy BCEX BO3MOXHBIX KOJeOanuH, AMIUIMTYAbl KOTOPBIX B3aBHCAT OT
MeTofAa BO3OyXAeHHS.

B peanbHBIX pe3oHATOPaX SHEPrusl 9JeKTPOMATHUTHHIX KoeGaHuit
norjouiaercs creHkamu. CKOPOCTb 3aTyXaHHsi JIETKO OUEHHTb U3 CO00-
paxenul, ykasauunx B § 12.1. CorsnacHo cootnomwennio (12.4) npu
KOHeyHOH NpPOBOAKMMOCTH ¢ BEJMUYMHA KacaTeJbHOH KOMNOHeHTH E paBHa

E":'—__ ?H"Xn.

TaxrenuuanbHasi komrioneHta H Takxe OyLeT HECKOJBKO OTJIMYATbCH OT
COOTBETCTBYIOLEH KOMIOHEHTH JJIf MAEAJbHOYO CJyuas; OZHAKO 3TO
OT/IHYHE OTHOCHTEJNBHO HEBEJUKO, H MM MOXHO npesHeGpeub. [las Toro
4ToObl HaliTH MOLUHOCTL NOTEPb B CTEHKAX, HYMXHO BLIYHCIMTbL Cpennee
NO BpeMeHH 3HaueHKe BeKTOpa [ TOMHTHHTE, HANPABJIEHHOTO BHYTPb CTEHKH:

= 25 Hio="551 -

y 5 (12.20)

B stom BHpaxenun BenuurHa Hjo npeacTtasaseT co6oi aMMIMTYIHOe
3HaueHHe KacaTelbHOH KOMIIOHEHTHl MarHHTHOTO IIOJS, PaBHOE aAMILIK-
TYJHOMY SHAYeHMI0 TIOBEPXHOCTHOro Toka. Bmenem mnosepxHocTHOe co-
npotuaermue R :

paBHOe

HonHy}o MOUWHOCTL NOTEPL B PE30OHATOPE MOXKHO TNOJYYMTH, HHTerpHupy
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(12.20) no Bcefi nopepxHOCTH pesoHaropa. [loTepH B CTeHKax NpR faH-
HOM BuJie KoMeGaHuil MOMHO XapakTepusoBaTh «L0OPOTHOCTLIO® Q peso-
HaTtopa. JIoGpOTHOCTb OlpenessieTCst COOTHOLIEHHEM

Q— sHeprus, 3anaceHHasl B pe3oHaTope
" sueprusl, TepsiemMas B CT€HKAX 3a OLHH HepHon '

rie Q He 3aBHCHT OT aMIVIMTYABl KoJeOaHHii.

§ 12.4. Luaunapuyeckne pesoHaToOpHI

[1paMOyro/bHEIH Pe30HATOP, TOJLKO YTO PAaCCMOTPEHHBIH HAaMi, HMeeT
MHOro o6uIero € LMJIMHAPHYECKUMH Pe30HATOPaMHU IIPOH3BOJIBHOIO CEUEHNs.,
B moGom pesoHaTOpe BO3MOXHLIE 3HAa4YeHMA R, a CAEAOBATENbHO, H pe3o-
HaHCHHle YacTOTHl, ONpEAeNsiOTCs reoMeTpHelt pesoHatopa. B npsimo-
YTOJNLHOM PE30HATOpe, Kak Mbl BHJeJM, Habopy uMcen Ry, Ry, Ry B 00-
IieM cJyYae COOTBETCTBYIOT IIB& He3aBMCHMBIX BMIA KoJeOaHui, pasiu-
qaoumecs nojspusauuelt. BcieacTBre 3TOro OpHEHTAUHMI0 BEKTOPOB IO/
MOYHO MOJIOXUTb B OCHOBY KJACCU(HUKanHH BULOB KoJebOanuit. Pasnenum
KoJebaHuss Ha JBa BHAAI B NEPBOM — 9/JEKTPHYECKUHt BEKTOP JIEWUT
B INIOCKOCTH, MepreHANKYIAPHOH K OCH tUIHHLPA, BO BTOPOM — B 3TOH
IJIOCKOCTH PAacIoJIOeH MarHHTHb BeKTOp. Takoe pasneseHue koseCa-
HHIl Ha nonepeuyso-saektpudeckue (TE) U nonepeuno-Mmaruutable (TM)1Y)
BOSMOXHO AJSl BCEX UHWIHHAPUYECKHX pe3oHaTopoB. OnHaKoO TOJBKO
B IIPSIMOYTOJbHOM NapaJienenuneie koJebauus pasHblX BHIOB, HO C OLH-
HAaKOBOH . KOHQurypauue#! COOTBETCTBYIOT ONHHAKOBLIM 4acTOTaM (BO3-
MOXHO BLIpOXJeHHe M O0Jiee BLICOKOTO MOPfAAKa, HalpuMep IPH paBeH-
CTBE CTOPOH Napajiejenurena).

ITokaxeM Tenepb, 4YTO TaKas KJIACCH(UKAuMA HE TOJbKO BO3MOXKHA,
HO U MOJHa, T. €, OXBaThiBaeT BCe KOJeOaHus UMIHHAPHYECKOrO peso-
Hatopa. B 9ToM ciyuae, KaKk HeTPYAHO BHAeTb, KOOPAMHATY 2 B BOJHO-
BOM YPaBHEHUH MOXHO BbLAeddTb. JI€HCTBHTENBbHO, TPaHHUHBLIE YCJIOBHA
npy 2=0 B 2=C CBOIAT 33BHCUMOCTb OT 2 K GYHKuMsaM sink;z u
coskgz, rne k3_-—_——ng—. JIpyraMy  CJI0BaMH, KaxAad KOMIIOHEHTa INoJs
JO/IXNHA YAOBJETBOPSATL ypPaBHEHHIO

(aa—;—+k§){ 5= (12.21)

PaBHO KaK H

(V2 kQ){ 5}:0, (12.22),

') Bonusl nonepeyHo-MarHutHee 1AM HasmBaloT Takixe BOJHAMH Tulla E
a nonepeyHo-saexTpuueckue TE tuna H. (Ilpum. ped.)
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rae BejHudHA R NOKa He onpeneseHa. KpOMe TOro, JHAOJKHbI BbITOJI-
HATLCA YPaBHeHUs I1OJs

VX E = iopH,
% or } (12.23)

VX H=— ivweE.
BexTopbl 1 Omeparopbl, BXOsIUHE B 3TH yPaBHEeHusi, PasoObeM Ha Mpo-

AOJbHYIO ¥ TIONEPEYHYI0 KOMIIOHEHTH!, INPHYEM WOCJENHI0Nn O0003HAYNM
uHpekcom S. Jlas nonepedHblX KOMIIOHEHT NOJs TNOJAYYaTCsl ypaBHeHus

iopHg = Vg X E, +V, X Eg, }
—iweEg=V¢ X H,-+V, X Hy,

nockonbKy Vg X Eg==iopH, u T. A. B npasyn uacTb -0IHOTO 13 ypas-

Henut (12.24) noinctasuM nonepeysylo KOMMOHEHTY IOJSR, ONPE I JIEHHYIO

u3 APYroro ypaBHeHHs, a 3aTeM BOCNOJB3yeMcs cooTHOLieHuem (12.21),
- B pesyJbrare NOJMy4HM

(12.24)

v JoE,
’ S oz iop
N B kg k2——k§ N z
o on, (12.25)
S 0z iog
Hy— e v XE,

2 2 2
P—r P—r

Takum o6pa3oM, BCe MONepeuHble KOMIIOHEHTH BHIPAXCHB 4Yepe3 Ipo-
NOJbHEIE, KaX(ad H3 KOTOPHX YIOBJIETBOpsieT AupdepeHunan-HOMy ypas-
HEHUIO

[V2+ (22— m)){ 17} =o. (12.26)

rie V?g—ﬂaymepnbm onepatop Jlansaca.

Orcona celiuac xe CjaefyeT, 4YTO BO3MOXHBI JBa BHAA KO/JeGaHHH:
E,=90, H,+0 (TE) u E, =0, H,=0 (TM). xors rpansusbe ycio-
Buft A8 KomnioHeHT E, v H, Ha GOKOBOH MNOBEPXHOCTH UWIHHIPA pas-
JIMYHBI: B NEPBOM cJyuae caMa komnonenta E, oOpamaercs B Hysab, BO
BTOPOM — JIOCTATOYHO OOpalleHHss B HyJ/b JHIIb HOPMaabHOH TPOHBEON-
nolt H, Korna ceuenre yu/JHHADA — NPAMOYToJbHUK, 00a yCAOBUs MpH-
BOASIT K OAMHAKOBLIM COGCTBEHHbIM snaueHusM (K? — k2)= k2 = kI-{-kZ.
B ocTanbHHIX CAyuasX pPe3OHAHCHBIE YacTOTHl PasNH4Hbl, HO KiaaccH(pu-
Kauus KoJeOaHuH MO NOJAPU3ALMM SJIEKTPHYECKOTO WM MAarHUTHOTO BeK-
“TOPOB OCTaeTCsl TNpexHeH.

PesoHaHCHBIE 4acTOTH ONPeAeasiOTCs COOCTBEHHBIMY 3HAYEHHSIMH ypaB-
neri#t (12.21) w (12.26). Ecuam saBucumocts E, uan H, oT koopauHar
B TWIOCKOCTH IONEpPeYHOro CEueHHs OMMCHIBaeTCsl QyHKuMel f(x, y), TO
ypaeHenne (12.26) umeer BuL

Vif = (K — kD) f = — kif. (12.27)
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TokaxeM, uro k% >0 u nostomy k> k;. Ilo teopeme I'puna
—kgff?dv+f(vsf)2d«o=ffo.ds,

M ecmi GYHKIMS f B ee HOpMaJbHAas NPOM3BOLHAS Ha IMITHHIPHYe-
CKOH moBepxHocTH S o0pawalnTcs B HyJdb, TO

f(VSf)2 dv

R2=+ " " 0. 12.28)
s ff"’dv > ( )

nw
Mt yxe BHOENH, 49TO k3=?. 3HaveHus e Rg 3aBHCAT KaK OT reo-

MeTpHU# NONEPEYHOTrO0 CeYeHHs, TaK # OT BuAa KosaebaHuil.
nrz
Ina konebanuft Tana TM H,=0 n E, saBucuT oT 2z Kak COS—~—.
Ins onpenenenus E, n k ypabnenne (12.27) nomxHo ObITh peineHo npw
ycaoBud. 4To GyHKuMs f(x, y) obpaaerca B HyJb Ha GOKOBO# noBepx-
HOCTH UMJHHApA. llonepeuHble KOMIIOHEHTHl NoOJet MOXHO HaiiTH 43
cootHoileHult (12.25):

1 oE
Eo=— v 9
s kg $ oz
 ioe joe ~ (12.29).
Hg=— P Vs X E,= P 2 X VsE,,

rie 2 — eJMHAYHLI! BEKTOP BA0Mb OCH LU/IHHIPA.
Ins konebanuit Tuna 7E E, =0 u rpannunbie yciaosua naa H,

H3 OCHOBaHMAX UMWJHHIpA §NPABOLAT K 3aBUCMMOCTH BHIA sin

nwe

c
a kg nomxHo ObiTh TakuM, uTOOB HOpMasbHas npoHsBoaHas Ff, oGpa-
1anach B HyJb Ha OOKOBOH noBepXHOCTH umiunpa. Kak u panbme, us
cootHoiennt (12.25) jerko onpenesuTh nonepeuyHble KOMIOHEHTHl NOJS

1 0H
Ho— Vv %2
S kg‘ S 0z
, . (12.30)
iop oy ~
Eg— 2 Vi X H,= — 5 2 X VeH,.
£ k3

§ 12.56. Kpyrasiii nununapuueckuii pesonatop

C noMOL{bI0 TONBKO 4YTO H3I0XKEHHHIX METOAOB paccMoTpuM TM
KO/ebanus 1NpaMOTO KpYriaoro uuIHHApHYeCKOro pesoHatopa. Komno-
HenTy E, MOXHO npeacTaBuThb B CJENyIOlEM BHAe:

E,= Af (r, ¢)cos(ky2) e~ 1%,
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The ¢yHkuus f(r, ¢) yAOBJNeTBOpsieT ypaBHeHHIO

2
%;r—(r%) %g?fz—}-k?gf:& (12.31)
T aznesnieHne mepeMeHHBIX NPUBONMT K ypapHeHuto Beccens nns pamuasb-
‘HOH KOOpPIAMHATHI, TaK e KaK B 3JeKTPOCTaTHYeCKHX 3afadax € UHJIHH-
Apuueckolt cummerpuedl. Ecam ock r =0 naxoaurcs B 06beMe pesOHa-
TOpa, TO ClefyeT BOCNOJb30BaThCs peileHHeM Oe3 ocoGeHHOCTelt B Ha-
4ane KoopaMHar. [las pesoHaTopa pamuycoMm r, u BhicoTodl C nMeeM

E,= Al (k;r) ei™ cos (ky2) i1, (12.32)

Bennuuns &, onpepensiotcs ycmosdeM J, (Rrg) =0 un npeacrtabasior
cobolft cobcrpeHHble 3HaueHust ks ypaBHenus (12.31). PesonaHcHas ua-
CTOTa TOTO HJAd MHOTO THNa KoJebaHuil onpelelsieTcs COOTHOIEHHEM

nen?

cT

2
Sr=k=ki+
Takum 05pa3oM, 4acToThl KoJeGaHuM onpenensioTcs HyJaMy OecceseBhIX
-pynukuni. Kak # B Ciydae npamMOYroJbHOrO pe3oHaTOpa, BUA KonaeOaHui
XapaKTepH3yeTcsl TpeMsl LeJbIMH uYuCaaMHu: [ — MOpSIAKOBLIL HOMep HyJs,
#m — nopanok ¢yHkuun bBeccenss u n — coOcTBeHHOE 3HayeHHe NO OCH 2.
ITonepeuyHble KOMMOHEHTH MOJA HaxOAsTca no ¢opmynam (12.29).

Hacrotet TE konebaHuil onpenensioTcs yCJaOBHEM J:n(k,ro):0 Ha
nosepxsoctd puiauHapa. Takum oOpasoM, coOCTBeHHbIE 3HaueHus R; OT-
JHYAIOTCA OT COOCTBEHHHIX 3HaueHuit B CJaydae MonepeyHO-marHATHBIX
KoaeOaHuM, M coOCcTBeHHble 4acTOTh KoseOanuit TM u TE pasuhue.
Yucao coOcTBeHHBIX KOJMeOaHufl OeCKOHeyHO W KamOe u3 HHX XapakTe-
PpH3yeTCs TpeMst 1eJBIMH YHCJIaMH.

Pe3oHaTOpbl B BHAe UUIMHIPHYECKOTO CeKTOPa ONUCHIBAIOTCS C MO-
Moo (yHkUMH DBeccenss Heuenoro nopsikKa, TaKk Kak B 3TOM Clydae
HOpsANOK COOCTBEHHBIX (YHKUMH m1 ONMpepenseTcs TPaHHYHLIM YCJIOBHEM
Ha MOBepXHOCTHX ¢ ==const. MeTolbl peileHus, pasBuThle Bblule, NpH-
MEHHMbI K PE€30HaTOpaM, COCTaBJeHHbIM M3 KOAKCHAMbHBIX UM/IHHADPOB.
B 3TOM ciiyuae, OIHaKO, HyXHO HCMOJb30BaTh NOJMHOE pellleHHe ypaBHe-
Hua Beccens. Flaubosee MHTepeCHBIM CBOMCTBOM [BYCBA3HB'X Pe30HATO-
poOB sBJISIETCA Haluume, KpoMe oOOLIYHbIX KosieOanm# Tuna TE u TM,
KoneGanuit THna TEM, npa koropuix E,=0=H,. Tlpy Takux koje-
OanuaX TrpaHMubl MHOTOCBSI3HbIX OOJacTelt BeAyT ceOf noaoOHO BHYTpeH-
HUM HCTOYHHKaM noJsefl. Jlerko puieTb, 4To HMeeTcs jaxe BHA KoJjeOa-
HuM, cooTtBercTByOAl HyJeBoM dYacToTe, KOMNOHEHTHl JEKTPUYECKOrO
nosis NpH TakoM Bule KoJaeGaHult BOOGiEe OTCYTCTBYIOT, HanpuMep,
KOrla MO BHEIIHEMY ¥ BHYTPEHHEMY UH/IMHIAPAM TeKYT paBHble H IpoO-
THBOMOJOXHO HaNpaBleHHble TOKH.
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§ 12.6. Boanosonnt

HccaenyeM BOSMOXHOCTbL Nepefaud 3JeKTPOMAarHUTHOH 3HepPruM BAOJb
OCH BOJIHOBOAA, KOTOpLH npencrapaser coOod NJMHHHBI  UMIRHAP
C OTKpPHITHIMH KOHuaMH. 3aBHCHMOCTb BOJIHBI, PACNpOCTpaHsoLlelica BAO.b
OCH 2, OT KOOpPAMHAT W BpEMEHH MOXHO NpeACTaBATb CJenylouuM 00-
pasoM:

fx, yye' Fg#moD, (12.33)

«BounHoBOe uMCNO» k., SKBUBalEHTHO napameTpy Kz B ypaesennu (12.21),
32 HCK/IIOYEHHeM TOr0 OGCTOSTE/BCTBA, YTO YHCIO R, He OrpaHHYMBaeTCs

TeNepb HHUKAKHMH FPaHWYHBIMM YCJIOBHSIMH M NpUHHMaeT MOITOMY Herpe-
puiBHbilt pan sHaueHui. CooOpawenus § 12.4, kacawoumecs Kaaccudu-
Kauuu koseGaHuil, cnpaBel/IMBbl M B JaHHOM ciy4ae. [103TOMy MBI MOXeM
OTHeMbHO paccMaTpuBath konebanus THna TE u TAM.

Bonbiioe 3HaueHHe B CBSI3H € 9THM nproOpeTtaeT OCOOBIt Ciyualt,
KPaTKO 3aTpOHyThit B npeabllyiteM naparpage. Ecam BomnoBon npen-
craBasger coOofft MHOrocesasHy0 o0nactb, T. e. TPaHHUAMH eTO CJyXaT
He MeHee, YeM JBa UWJIHHIpaA, TO NByMepHLt oneparop-Jlanaaca V?gf (x, y)
MOxeT oOpaiaTbcs B HyJb Ha rpaniuax oOgactd. B sTom ciyuae pene-
Hi#e B NONepe4YHOll NJIOCKOCTH TOXAECTBeHHO COBRalaeT C pellieHHeM
3/7eKTPOCTaTHUeCKOH 3anaud; BOJHOBOe 4YHCJIO k2———k§ H CKODOCTb.
pacnpoctpaHeHns koJneOaHult ‘paBHa ¢. B TakoH BOJHe KOMNOHEHTH NO-
Jefl Booab ocd OynyT paeHbl HyJI0: KoMnoHenTa E, oOpaliaercs B HyJb,
TaK KaKk OHa paBHa HYMIO HAa TrpaHdle W NONUUHAETCA ypaBHeHHUIO-
VZE, =0. TonoGHLIM 0OpasOM KOMIOHCHTa H, obpawmaercs B HyJ b, TaK
KaK MONuUHAEeTCs YPaBHEHHIO V%_Hz_—_ 0, a na rpannue o6patuaercss B Hy b
ee HOpMajbHas npoussoaHasd. Takum oOpasoM, 9Ta BOJHA 4HCTO IIOne-
peunas TEM. OObluHble KOaKCHaJbHble H ABYXNPOBOAHBIE JIMHMH — TH-
NAYHLIE TpHMEpPH NOAOOHLIX BOJHOBOMOB.

Ecan BosHOBOA npencrasiser co6oil ofHOCBA3HYI0 0OMaCTb, TO pele-
HUg A QYHKUMM [ aHanOTHuHbl pellieHusiM B ClydYae UMJIHHAPHAYECKHX
pesonaTopeB. XoTs k, npHHMMaeT HenpepbiBHBIH PN 3HaueHuH, OAHAKO

NpH 12aHHOM COOCTBEHHOM 3HaueHUHd kg ILBYMEPHOrO YpaBHEHAs HMeeTCs
HIXKHRA Npelle]l 3HaueHud k, a MMEHHO R ==Kg, NpH KOTOpLIX k,— nefi-

CTBHTE/bHAS BeJHurHa (OOLIMHO B Clyuae BOJHOBOLOB 3TOT npefed 060-
anavatT k,). COOTBETCTBEHHO HMeEETCsl «INpefllesHas 4YacToTay, HHXe
KOTOpO#t BOJIHBI HE MOTyT PacnpOCTPaHATLCH NpH LaHHOM BHie KoJjeba-
HUfi: noss 9SKCNOHEHUHMANbHO YMeHbIUAITCs NpU yBelnuyeHud 2. A6Gco-
MOTHasA NpelelbHasg 4YacTOTa papHa HauMeHbuleH yYacToTe, npm KOTOpOH
BO3MOXHO pAacnpoCTpaHSHUE BOJH B BOJHOBOLE He3aBHCHMO OF BHAA
KoJjebanufi. OHa onpejenfeTcs HaUMEHbIIUM 3HAYeHHEM kg.
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B ofumem ciyuae £ u k, CBA3aHb COOTHOLUCHHEM
k§=k2—k'§. (12.34)

Tlpu neficTBuTenbHEIX R, cormacHo Bhipaxenuo (12.33) osna pacnpo-
cTpansieTcst ¢ (asoBoOil CKOPOCTHIO

o k
U=, =

Sy

Tak Kak pacnpocTpaHeHWe BO3MOXHO TOJbKO, ecin k> k,, TO odYe-
BHAHO, 4YTO (pa30Bas CKOPOCTb B BOJHOBoLe OoJbile, 4eM CKOpPOCTb pac-
TIpOCTpaHeHUs 3JEKTPOMArHUTHHX BOJH B CBOOOAHOM mpOCTpaHcTBe. JTa
CKOpOCTb  33BHCUT OT 4acTOTHl. CNOXHM NBe BOJIHBI C HeCKOJNbKO pas-
JIMYHBIMH 4aCTOTaMH

ei (kgz—wt) [1 _f‘ e‘ (Akgz-—Amt)]‘

OTKya BUIHO, 4TO C/IOXeHHe IBYX BOJH SKBUBAJEHTHO MOLY/SiUMH mep-
BOHAYaMbHOM BOJHBL, ITa MOLYJALUUS PACNPOCTPaHseTCH CO CKOPOCTHIO
Aw do
V, == > (12.35)
g7 Bk, dkg
KOTOpas Ha3biBaeTcss TpynnoBodl ckopocCTtbio. COrmacHo COOTHOIIEHHIO
(12.34) B ciyuae BOJHOBONOB rpynnoBas CKOPOCTL paBHa

do k

—_ &
vg_dkg =—C, (12.36)'

T. e. Uy BCellla MeHbille c. KomOunupys ¢opmysnst aas rpynnosodl u

<asosoit CKOpOCTeH, JlerKO BHIETb, YTO

vpvg:-c?.
Onpene/ieHHYI0 CKOPOCTh PAaCNPOCTPaHeHHs MOXHO NPUMHUCATH MMNYJbCY
TONLKO C OueHb Y3KOH nosocolt wactor. B 3toM ciyuae rpynnosas cko-
POCTb BHLIYUCARETCH AJS HeKOTOPOM CpelHeH €acTOTHL
B ciyuae BOJHOBOLa NOJR BHIPANKAIOTCH YEPE3 NPOLOJbHBlE KOMNO-
HEeHTHl eliie NpOUle, dYeM B C/yyae {MIHHAPHYECKOTO pe3OHaTOpa, Mo

Tenepsb. a—azztkg. CornacHo cootHomenusM (12.25) naa konebanuit tuna
TM(H,=10) WMeeM
ikg
ES - ?‘ VSEZ’
g

we -~ -~

Hy="3 2 X Eg wm ch=k—’;szs; (12.37)
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ans koaebanutt tana TE (E,=0):
ikg
Hg= 3 Vel
S (12.38)
Eg=—""2%XHg wm Eg=2FBixZ.
g kg

CpenHee no speMeHH 3HaueHMe BeKTopa [loftnTuHra N pasHO

ana xoneOanui tuna TE

)
ﬁ_’ESXH*S‘_!/-P'O k 1‘12 l
Fo o mke T v 12.39
ans Koaebaunit tMma TM | (12.39)
J

rae uHnekcoM 0 o0osHaueHbl aMNJIHTYyIHble 3HaueHus noJeft. Ilotepu
B BOJHOBOMLE MNPH NaHHOM BHUIe KojeOaHHH MOXHO HalTH, NPOHHTErpH-
posae coorHomienne (12.20) no Bcefl NOBepPXHOCTH CTEHOK BOJHOBOMA.
[Totok sHeprum B pacnpoctpansiouieiics BosHe Oyner yMeHbillaThCs
rak e~ Kz rne
K - MOIHOCTS, paccevacmas va €IMHVIe NIVHE BOJHOBOA
_ nepefiaBaeMasi MOII[HOCTb -
1 f (H% L H%dS
= —_ (12.40)

b1 [ZszS

npayeM ﬂHTBFpHpOBaHI/Ie B 4uc/jgTesie l'lpOl/l3BOJll/lTCﬂ no HOBerHOCTVI
CTE€HOK BOJIHOBONA eARHHYHOHU NJIMHbI, 8 B 3HaMeHaTeJe — NO nonepeq~
HOMy CeudeHHI0 BOJHOBOna. «ViMnemanc sosHOBO#A» Zg onpeneJseTcs
COOTHOIIIEHHAMH:

npu kKoJjebGaHusx tana TE

z=y ok
gy kg
npu kojebanusx Tuna TM
_ to kg
g & kO

Ilpu &k < kg BONHA B BOMHOROME IKCNOHEHUMANLHO 3aTyXaeT, ONHAKO
9TO 3aTyXaHue OOYC/IOBIEHO He NOTepSMH B CTeHKaX, a HalOXeHHeM
uHTEPGEpHPYIOLUHX OTpaxkeHuil,
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§ 12.7. PaccesHne 9JeKTPOMATHHUTHBIX BOJH
KPYTJpiM L HJIHHADPOM

XapakTepHH# TipuMep KpaeBo#f 3alauM C OJHOPOIHBLIM BOJHOBLIM
ypaBHeHHeM npejcrasideT coOol 3alaua O paccesHHH NIOCKOM 97eKTpo-
MarHUTHOH BOJIHBl uW/IHBAPUYECKHM MPOBOAHAKOM. PaccMoTpuMm uneasnnHo
npoBoAsiMii HAIMHADP paduyca 4@, OCb KOTOPOro COBNANaeT C OCbio 2
(puc. 12.1). Ilyctb Ha 9TOT UMJIHMHIAP NEpNEeHAMKYJSPHO K ero ocd na-
AaeT MJOCKasg BOJHA C YrJOBOH uacToTOM ©, nondpusaums KoTopoh
TaKOBa, YTO MarHuTHLI BEKTOp napasjnenen ocd 2. [TonHoe nose Oymer
COCTOATb M3 ABYX 4dCTel: nafawuleil BOJHBI ¥ BOJHBL  pacCegHHOM
(oTpaxeHHOH)  LWIMHAPOM. 31O
noJjie MpeactaBaseT COOOH BOJHY
tana TE ¢ ky=0 u Ges orpanu-
yeHn#t Ha uwacroty. Tlopowxnaomas
¢yHKuua IM1g ¢yHkuMs Beccens
NO3BOJisleT NPOBECTH PAasOKeHHe
B psil. MarHMuTHeIl BEKTOp nanaio-
el BOJIHBL

Paccernrsi

H et (krcose—wt) —
fladawuug 20
Y <0

" — H _] k Mmpi (mo—wf)

Puc. 12.1. Kpyrawit nposondummii nu- S =2_00 m (k) iTe :
JUHIPp B MOJE H3JNYMeHMs, Halaloiero (12 41)

MEePHEHANKYASPHO OCH. :
Marnutnoe nose H napasnensho ocu uninunpa.  J{18 TOTO 4TOOB! paccedHHOE A3Jjvye-
Hie MPeACTaBUThL B Bule psna, Heob- .
xonaM0 nonobparth Takylo KomOuHaumio ¢yHkuufl Beccens, koTopas npu
"GOJbIUAX r H3MeHsIach Obl Kak eik’/l/r. Takol koMOHHalHell MOxeT
cayxutb cymma J, (kRr)-+iN,, (kr), kotopylo 0003Haual0T OOBIYHO

HY (kr). BepxHu#t uHIeKc B NanbHelIleM MOXHO He NHCaTh, TAK KakK
HHXKHEM HHOEKC u apryMeHT RF He NO3BOJSIOT HaM CnyTaTbh 3TO 0O03Ha-
YeHHEe C MarHUTHHIM 1noJeM. TakuM oOpasoM, pacCesHHas BOJIHA uMeeT
BUA,

Hy 2 a,H, (kr) el tme=eh, (12.42)
m

Kosdpuunentl @, onpenensiorcs U3 yCJIOBHs, uyTO KacaTenbHble KOM-
TIOHEHTH 3JIEKTPHYECKOTO MNOJS HA NOBEpXHOCTH UHIMHApa oOpawmaioTcs
B Hyib. Tak Kak KOMMOHeHTa f{, He 3aBHCUT OT 2, TO OHa €INHCTBEH-
Has KOMMOHEHTa MarHHUTHOTO NOJs, YTO CJAENOBANO OXHAATb H U3 (u3u-
yeckux cooOpawenuil. [TostoMy us ypasHenuss V )X H= — [wcE cnenyer

E:_ia

¢ cgo Or %

(12.43)
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TaknM o0pa3oM, AJf KAKAOTO WieHa psAa I'PaHHYHOE YCJIOBHE HMeeT
8ul

.mj’ 4

i Jp (Ra) 4 anH,, (Ra) =0,

rie INTPHX O3HayaeT HOuddepeHUUpOBAHHE IO apPryMeHTY WIM IO 7,
Orcona

r

I (ka)

——gm .
a, AT (12.44)

Hac wuHTepecyeT paccesnHas BoJHa Ha OONbIUMX PACCTOSHUSIX OT
uununapa. B stoMm cayuae

g . —@mtl) =i
H, (kr) — ‘/-n_kr' eikre 4, (12.45)
¢ MoJsi B paccesiHHOM BOJIHE DaBHHI
— . 2m+1
. 2 A i(mp— s
Hz: Hzo ‘/--?i37 ei (kr—ot) E a,e ( 4 )'

1/
E‘P - €0 Hz’

ecau mnpeHeGpeub 4iaeHamu, yObiBaroumMmu OnicTpee, yeM I/Vr.
Bekrop [loHnTuHra STOH BOJHBI HANpaBjieH, KOHEYHO, B CTOPOHY
Bospacranusi r. Ero cpensee no BpeMeHH 3HayeHHe paBHO

X/: Re(EHz)— 1/'*° (12.46)

n.ﬂfl TOro uTOoGH onpeﬂenmb MOHIHOCTL pAaCcCessHHOI0 HU3JIyyeHUsi HA elu-

HUILY [UIMHB IWJIMHAPA, HYXKHO BeKTOp N NpOMHTerpUpOBATH MO LMJIUH-
JIPUYECKON MOBEPXHOCTH, OKPYaiomeH 3Ty vactb uuwiuuiapa. [pu stom
ABOMHAsI cyMMa B NMpPOU3BENEHHH CBENETCA K OIMHADHOM B CHly OpTOro-
HambHOCTH GYHKUMH €/™f, ¥ Mbl B pe3y/ibTare NOJAY4HM

2r
= [Nrde=5 |/ 2ol 2
_“"—l//ro zo—E [, Ll (12.47")

dt ) +[N, )

T 7y (ka) [

12.
rare)

HJIH

Cpeznnuit no BpeMeHH T0TOK SHEpruM yepes efMHHLY ILUIOLALM B NANa0-
LIeR BOJIHE paBeH

7 Lo Hzo (12.48)



2292 . PELIEHHE BOJIHOBOTO VPABHEHMSI [rn. 12
Koagduuuent npu sToM Bbipamennu B cootHouenun (12.47) naswiBaercs
ceyeHneM paccesiusi uviauHnpa. CeueHue paccesiHusi ompelelseT Ty MJo-
anb, € KOTOpOH 3Heprusi nanawoued BOJHH NEPEXOAMT B PACCESTHRYIO,
Tak Kak Mbl paccMarpuBaiy UWIHHAP e€AMHHYHOH ANMUHBI, TO CEeYeHHe
paccesiHusi UMeeT pPa3MepHOCTb JUIMHLL. ['eoMeTpHyeckoe ceueHme UMIMHIPA
elMHUYHON ANHHBL paBHO 2a.

B npenene aas AMMHHBHIX BOJH, Koria ka — 0, Buipawenue nns ce-
yeHuss paccesHHsi MoxeT ObITb VYOPOILEHO NOCPEACTBOM Pa3noKeHHs|
¢yukuuit Beccens B pap. Ilpu atoM uinenst ¢ m=0 ¥ m= i 1 pawor
paBHBIE BKJanbl, 4 OCTAJbHBIE YJNEeHBl HAIOT BKaankl 00Jee BBICOKOTO
nopsnka no ka. Takum obpasom,

o= w2 (ka) a. (12.49)

Crenosatesnbpo, ceueHhie oOpaTHO NPOMNOPLHMOHAILHO KYOy IIHMHBI BOJHEI
H MeHbIIE reoMEeTpHUYeCKHX Pa3MepoB LWJIHHIPA.

Jas Toro uroObl Ha#iTHm yrioBoe pacnpelieieHde pACCESHHOTO W3.Iy-
YeHusl, CleyeT BHOBL BEPHYTbCAl K CpelHEMy 3HaueHMi0 BexkTtopa Iloin-
THHra. YAeDKUBas OCHOBHbIE HYJCHH B DA3JOXEHHM JJSl COCTABJAKMIMX
noJs, NOJyunM

]—T/I' dq;
d —_—
a(p)de 7,
) 2 Jg (ka) 2J; (ka)cos ¢ [?
[+ = 7 ; _—— .
(¢ nk | Jo (ka) + iNy (ka) J) (ka) + iN; (ka)
—>n—2k n2(§:1)‘ (1 —2coscp)2:l(%’)ia(1 — 2cos Q)2 (12.50)

CrenoBaTebHO, paccesiHHe NPOMCXONUT INaBHHIM oOpasom Hasaa. B na-
NpaB/ieHMW NaIeHUA UMEeTCs NONOJHHTENbHbIH MaKCHMyM, B HanpasjeHHR
¢ = 60° MHTeHCHBHOCTb PACCesHHOTO HM3MYyueHHsi PaBHA HYJIO.

§ 12.8. Cdepuueckue BOJIHBI

B cdepruecknx koopIumHaTaX cKaldspHOE BOJHOBOE YPABHEHWE JIETKO
JONycKasT pasfieéfNedne nepeMeHHuiX. [losdyuaiomeecs B peaysabTare 3TOro
peliieHHe YpaBHEHUs!

1 o
VQ‘;’:FT;: — k% (12.51)
MMeeT BHI .
1 m cof
’ :—r:Z k y 6, e"""’, 12.52
V=g 2, L B0 YT O ) (12.52)
rae Y7 (0. @) — obbunbie wapoBbie (YHKUMM H Zl+i—(pYHKul/Iﬂ Bec-

2
censi, YIOBIETBOPAIOIAS TpPAHUYHLIM YCJIOBHMAM pnaHHON 3amauu. YioOno



§ 12.8] CHEPUYECKHME BOJIHEL 223

noas3oBatbest  «cepudeckumu  ¢dyHkuusmu  bBeccenay, onpenensieMbiMu

cooTHoluenueM 1) L
2, (kr) = ‘/ i Z,, 1 (kD).
2

TaK yTo pelueHHe ypasHenus (12.51) npu sanannoft wactote uMeer BHI

O, 0, ¢, £)y=z,(kr) Y7 (0, 9)e "~ (12.53)

[oka He oyeBUIHO, KakUM O6GpasoM cKaJApPHOe pelieHHe NacT Heol-
XOIMMBEIE BEKTOPHHIE TMOJs. B KOOpAMHATHEIX cHCTeMaX, HCNOJb30BaB-
IIUXCSl A0 CHX NOP, HAM YA4BaJOCh IOJAyYaTh NPOCTHE M (GU3HYECKH
HHTepecHble pe3ysbTaTh, 00XO0nd TPYLHOCTb, CBOHCTBEHHYIO BEKTOPHBIM
BOJIHOBHIM YpaBHEHHSIM M aHANOrHYHYIO0 ykasawHo#t B ra. 8 npu usyue-
HUM BeKTOpHOTO ypassenusi Jlanmaca. Tonbko B InexkapToBolt cucreMe
KOOpIWHAT, Tle KOOPIMHATHHE BEKTOPE MMEIOT OIMHAKOBOE HAnpasJe-
HHe BO BCeX TOYKAaX IPOCTPAHCTBA, BEKTOpHHe ypaBHeHus Jlamjaca u
4’ AnamGepa 5KBUBAJEHTHB TPEM CKAJSIPHBIM YPABHEHHMSM IJIsi KOMIIOHEHT
BEKTOPOB. )

OnHako HMeeTCs METON PpELICHUS ONHOPOIHOIO BOJHOBOTO ypaBHe-
HUfl, NP4 KOTOPOM JerKO YJOB/JIeTBOPSIOTCA cdepHuecKue T'paHUYHbIE
ycaosus. 3toT MeTOn — OGOClleHHe MeTONa, MCNOJb30BAHHOTO MPU K-
auHIpuueckofi reoMerpuu. CyTtbh MeTola 3axkmouaeTcs B TOM, uTOOHI
NpOK3BOJILHOE BEKTOPHOE NOJI€ € HyJeBOH AuBepreHuueli BEpasuth B Bule
CYMMBl JIBYX OTHEJbHEIX NoJjeH. -

PaccmotpumM ¢GyHKLWIO ¢, YIOBJICTBOPSIOIYIO CKAaJSIPHOMY YypaBHe-
o (12.51). TpoussonHule ¢ TakKe ABJIAIOTCH pelleHHSMH 9TOr0 ypas-
.HeHust. TlpsaMolt nomcTaHoBKOH WM UCXONA U3 CBOHCTB CUMMeTpHU (CM.
3azavyy 6) HetpyaHo yOemwTbes, uTO Bhipaxenue r X V) Takwe yiosne-
TBOpsieT ypasuenuio (12.51). Tak kax

r X Vo=— VX (ry),

TO JUBEPTEHLMSI 3TOTO BEKTOPAa paBHAa HyMO, T. €. OH YIOBJIETBOPSIET
YCJIOBHIO, KOTOPOMY AO/MXKHB nopuuusitbes E uw H. Eciu

ElerV%),

TO BEKTOP MArHHUTHOTO MOJf JIETKO MOMYYHTb M3 COOTHOLUleHHs [owB| =
=V X E;. Bekrop E; He MOXET OMHCHBATL NPOUSROJLHOTO 3JEKTpUuE-
CKOTO 110715, TAK KaK OTCYTCTBYET KOMIIOHeHTa BHOJb r. OHHAKO MOKHO
MoNyuuTh JUHERHO HesaBUcHMOe peweHue, ecmu E u H noMenaTs

") Chepuueckne o¢yHkuun Beccensi 6blBaloT ABYX BHIOB: A (kr)y n n (kr),

1':

. n
apuyem j, (k) = l/—m j”_;_(kr) uon (kr) = Shr Nl-r% (kr).
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MCCTAMH, T. €.

Hy=r X Vy,

u E, onpejensath us ypasHeHus — lwDy,=V X H,. B obuweM cayuae
nose npeldcraBaser cobofl cyMMy 9THX nByX vuactheix noneil. Cosep-
LIEHHO O4YeBHIHO, 4YTO TpaHMYHBIE YCJIOBHA TeNepb YIOBIETBOPSIOTCA
6e3 Tpyna. Tu IBa TUNA BOJH NOJHOCTBIO aHaJOrM4yHbl BosHaM TE n TM
JUIA cay4an UWIMHIPpWYECKOH reoMeTpuu.

[Monb3yace 3TUMU cOOOpaXEHUAMH, peE3OHAHCHHEe TNoJas B cdepuye-
CKOM pe30HaTOpe MOXHO BHPasuTb uepes ¢yukuuo ¢. B uacrHocTw,
Korna moJs Buipaxaiorca uepe3 E|, B Kavectse 2, clelyeT B3Th j, IJIs
Toro, urobet He Obl1O ocoGennocrett npu r =0, Kpome Ttoro, npu r =r,
(ro— pamMyc pesoHaTopa) 3TO moJie AOMKHO 06pamaThcsi B HyJb, TaK
KaK OHO MNapaiesJbHO HAeanbHO mnpoBolsiedi crexke. CreloBaTesbHO,
coGcTBeHHBE 3HAYeHusl onpelensnoTes ycnosueM f, (R ,ro)=0, By 1o —
COOTBETCTBYEeT n-My Hymo ¢yHkuui j,. BoaMOMHble 3HaYeHHs 4HACTOT

w? 9
MOJYHAIOTCS M3 COOTHOIUEHMSA ‘CT:kl- n- B fIBHOM Bule nons B pe3o-

Harope OynyT

Ey _sirll() %%Z_sl;]no %

E,=%,

H,=—-;%I(I;H) 0. (12.54)
o=+ (7 5):

o= s o7 (o) = 7wy 7 (P

Buipawenue nns FH, ynpoctulock BCJEACTBHE TOTO. 4T0 Iuddepen-
uuanbHbl oneparop, HeHcTBylomui Ha ¢, uMeeT cOOCTBEHHBIE 3HAYe-
nusa L[4 1). .

Bo sropom ciayyae, koraa FH,=0, noms oORWCHBAIOTCS TEMH Ke
coorHolenusiMu (12.54), Toabko E u H HyXHO noMeHATb MecCTaMu,
4 TaKXe u3MEeHWTb 3HaKM ¥ KO3(QHUUHEHTH B COOTBETCTBUM C ypaBHe-
nueM — iveE=V X H. T'panuuHoe yC/IOBHe, COCTOfLLEE B TOM, HTO
Ey w E, ofpawmaorcs B HyJb Npu I =7, NPUBOAAT Temepb K ypas-
HEHUIO

o Irikril}  =o0; :

r=ro

COOTBETCTBEHHO BO3MOXHBIE 3HAYEHHUS] YACTOT 6yl.IYT WHBIMH,
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§ 12.9. PaccesHue 9JeKTPOMArHUTHHX BOJH Cdepoii

Paccesinue 1n0CKOR 9JeKTPOMAarHWTHOM BOJHB cepoll MoxeT ObITH
pPacCMOTPEHO ¢ TNOMOLIbIO IBYX HE3aBUCHMBIX pelleHul, yKasaHHBIX
B npenbayueM naparpade. Kak B nanamoulelf, tak u B paccesHHOM
BOJHAX o0a pelieHnst AOMKHB YYUTBIBATHCS OAHOBPEMEHHO, MOSTOMY
ynobuo BsecTd Ipe (yHKUUM OduHAKOBOH pasmepuoctd, M u N:

M, ,, =V X (9, n) (12.55)
N’m:sznl,mzv><[v>2(r'lq,m)]. (12.56)

Tak kak o6Ge ¢yHKHMM YAOBJIETBOPSIOT BOJHOBOMY YPaBHEHWIO, a IHU-
BepreHunss WX paBHAd HYJI0, TO UMeeT MeCTo n oOpatHOe COOTHOLIEHWE

M, =YX (12.57)

3ametuM, uto ¢yHKuus ¢; ., B (12.85) u (12.56) coorBercTByeT IBYM
JUHEAHO HEe3aBHCHUMBIM pEIUeHUAM CKaNAPHOTO YPaBHEHHS, INOCKOJbKY
WAapoBhe (QYHKUUH COLEPKAT MHONKUTE/L e:f™?, BeKTOpHBIE peIUeHHs
M, , u N,, nony€aorcs 1pyr u3 JApyra nocpeiactsoM nuddepen-
LUaNbHOR onepauMd, ecjaM YuMTHBaTh 002 CKaJdIpHBIX pelleHus. Jlas
TOro u4ToGp O6JErYuTh BbUIEJEHWE OPTOTOHANbHHX KOMIOHEHT NOJ:,
3aBHCHMOCTL OT ¢ HAmNHIUEM B SIBHOM BHIE, KaK Sin m¢ Wiu €Os mg:

Y1 wonern | =21 RD) PT (cos ) o e=ior. (12.58)

HCYETH sin me

Torna cocrasasioutie M u N B cepuuecKux KOOPAMHATAX ‘paBHbl
soot YeTH } _ sin me l
My, { WeveTH + Tm 0 2y (kr) P{" (cos 0) cos m¢ |

: dP" (cos 6) | cos m
._zl (kr)__l____) ¥

db sin meg § (12.59)
jo eTH L +1 m
et N, ’”{n:qzm }2_(',-—)21(13”131 (cose){ S(,)rsl Z:}r‘!—
dPj*(cos b) { cos my
+ kr dr [rzl (kr)] T di | sinmg } 5+
F orent dr :ln 7 dr [rz,(kr)] P{ (cos 6){ ::Sl Z: } q; (12.60;

rae r. 6, :E—ennﬁnqﬂue BEKTOPH!, HanpapjieHHbE B CTOPOHY YBeJuYeHHs
T0OTBETCTBY IOIIMX KoopauHat. ®ynkuun M u N Ha3bBawTCs yYeTHHIMU
AN HevyeTHBIMW B 3aBUCUMOCTH OT TOFO, HCMNOJL30BAJach JH I8 HX
00pasoBanus YeTHasi WM HeueTHas OTHOCUTEJBHO a3UMYTAMbHOTO yria. ¢
¢ynkuua ¢,
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PaccmoTpuM IJIOCKY10 BOJIHY, SJIGKTpUYeCKWH BEKTOp KOTOpPOH mna-
panneseH OCH X, PacnpoCTPaHsOUyOCs B NOJOXWTEJLHOM HanpaBieHHU
ocu 2. MaruuTHbt BekTOp ee Jewuni B rmaockocty yz. [lons stoi
BOJIHB CJlefllyeT BHIpasuTh uweped ¢yukuuuy M u N. Jas pasnoxenus
IJIOCKON BOJHB B PN NO IApOBHIM YHKLWSM BOCNOJB3YEMCS COOT-
HOLIEHHEM

elbreost— ¥ j1(91 1) j, (kr)P,(cos B). (12.61)
I=1

DnexTpuueckuil BEKTOP B CPePUUCCKHX KOOPAWHATAX MMEET KOMNOHEHTHI
E, = Ejei (brcosb—vt) — F_(sin 0 cos ¢r + cos0 cos ¢ — sin ¢g). (12.62)

W3 cooTHOLIeHMH
1

sin ()et'krcose:__W 3 (e 1krcose) (12.63)
H
—d—l—)’—%—os—ﬂ- — Pj (cos 0) (12.69)

crelyeT, 4To B pasnoweHud E, umewrcs ¢ynkuum Ny, TaK Kak
TOJBKO OHM WMEIOT KOMIOHEHTH BIOJb . 3aBUCMMOCTH OT ¢ NOJACKA-
3bIBaeT, 4TO HYXHO BHOpath uYeThyto 4Yactb ¢yHxkuuun N. PyHxuuuy M
TaKKe MOKHO OOHAPYXUTh B 3TOM DA3JIOWKeHWH, €CJHW BOCIOJL30BATECH
PEeKYPPEHTHBIMU COOTHOLIEHUSIMH ISl noJiunoMoB Jlexannpa u cdepuye-
cknx ¢yHkuwit bBeccens. Ho ux MOXKHO BHfBUTB U HenocpencmeHHo
UCTOJIb3Ysl npelcTaBieHnusi MarHUTHOIO NOJA:

H, = H,, (sin 0 sin or - cos 0 sin g0 - cos ¢p) = — —}%V X E. (12.65)

Kak u pasbwe, ¢ noMombio coorHowenu#t (12.63) u (12.64) suano,
yto HeoOxonuMa HeuyetHas 4acTh N. [losbaysicb COOTHOWeHHEM MEWIY
SJIEKTPUYECKUM H MarHWTHBLIM BeKTOpamu, HaftmeM ¢ynxuun M B pasno-
MEHUM SJEKTPUYECKOro BeKTOopa. TakuM oOpasoM, cuCteMa (QyHKuu#H
BaMBIKAETCS M TIPUHUMAeT BUI PAaslOWeHUs :

g 20+1
Er=E A.i 4 Ta 3 1) [ My, 1 (evern) — N, (vern)], (12.66)
RE, N 4 241 .
H,= —Tl,;o“z‘ it ESY) [M,, | (yeTh)+ iN, | (neueTn)]. (12.67)

Kax u B coornouednn (12.61), ¢dyukuuu Beccens B 3THX pasioxeHusix
He [AO/KHEL HMeTh oOcoOeHHOCTeM B Hayajle KOOPAWHAT, T. €. HYXHO
B3aTb QYHKuuM Jj;(kr). BcaepcTeue cHUMMeTpWM TONSt M OTpaHUYEHO
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sHaveHueM m—=1, u nosromy o6a psaa npenctaBiasioT coboli npocThe
cyMMH 1o I

Ecnu niockas posaua nanaet Ha cdepy pamuyca @, UZHTP KOTOPOH
HAXONWTCA B Hayaje KOOpIAWHAT, TO MOJA paccesiHHOR BoOMHBI GynayT
ONUCHIBATLCSA aHANOTHYHBIMU psinaMu, K03(duUUEHTH KOTOPHX onpele-
ASIOTCA W3 IPaHuuHbLIX ycJjosull HA nosepxHoctu cdepbl. Pyukunu M u N
No-npexHeMy onpeneasiorcsi coorHowenusmu (12.59) u (12.60) ¢ m =1,
a ¢yHkuus z;(kr) nomxua OwTb _grblépaﬂa TakuM oOpasoM, 4ToOb npu

ConbLIHX r OHA M3MEHANACH KaK Tako#t ¢pyHkuuett sBasieTcs

141 eikr
kr

KD (kry= j, (kr) = in, (kr) =~ (— i) . (12.68)
SJIEKTpl/IlleCKOe noJje paCCeleHOﬂ BOJIHBI MOXHO MNpEeACTaBUTb B CILeAYIO-
ieM Buzue:

\ 4 2041 .
E,=E, 2‘ it 1(11—4—}——1) [aM,, | (nevetn) — ib)N, | (vetn)], (12.69)
I=1

2 MarHuTHOE MOJie COTJacHo coorHolleHHio (12.57) B Bune

00
"
H—— tE W 72(—’11—11)[1),1",, ((ueTH) - ia,N,, | (evern)l. (12.70)
=1

Ecau cdepa mnpencrasaser coO00H uieanbHb NPOBOIHWK, TO cCyMMa
KacaTeJibHBIX KOMIOHEHT SJEKTpPUUYECKUX mnoJsiel nanawoned u paccesxoit
_BOMH HOMkHA oOpalarbcs B HyJab B JOOOH TOUKE NOBEPXHOCTH cdephl.
370 LROMKHO HMMETb MECTO W B OTAEJHHOCTH IJSl CYMMb! YJIeHOB COOT-
BEeTCTBYIOLUUMX PSIIOB € ONMHAKOBBLIMU TNOPSINKOBHIMYE HOMepaMu. [Toabaysich
9THM YCJOBHZM, ompejenseM kospduuueHTH a; U by

g, —— L&D :
[ h(’l)(kq) ’
d
e e (12.71)
by=—{ - ———1 .

—;r— [rh%l) (kr)] o

Tlpexne 4eM BaHUMATbCSl MBYHYEHHEM TOro, Kak 5TH Ko3GuHHeHTH
3aBUCAT OT panuyca chephl U IJUHEL BOJHH H3MyYeHMsi, HCClelyeM no-
BeACHHE paccesHHOR Boanb. V3 acuMntorHueckoro coorHouenus (12.68)
v ¢opmyn (12.59) u (12.60) caenyeT, uTO pamHajbHbLIE KOMIIOHEHTHE
nojiell YMEHBIUAIOTCA MPONOPLHOHANBHO 1/r2, a nonepeyHble KOMNOHEHTH
kak lfr npu Goabwux r. Takum 00pasoM, KaK M CAENOBANO OKHULATH,
sekrop [lloliHTnHra Hanpaejaen mo paiuycy. Hnterpupys ero mo cdepe’
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60/bLIOTO panMyca, TOJYYUM IOJHYI0 MOUIHOCTh DPAacCesiHHOTO W3iy-
yeHus
dW
dt

R flEstslr smﬂdﬂdcp— Re [(EQH:—@H;)rde._
(12.72)

HHterpupoBanue MOXHO NPOW3BECTH, €CJAM BOCNOJIb30BATBCSI MHTETPab-
HHME dopMysaMu LUt npucoelMHeHHBX ¢ynkuuii Jlexannpa:

~(apP! aPl, 1 211(1 4 D2
f( L +Sm29P,P,)sm6d6_M—8,,y,
0

b A F1
/‘( P} dP}, P dP}) 640 — 0
. sin@ 4O + sinl 40O sin 00 =0.

B pesyabrare nosy4ymnm
aw nE} RS
e Y @+ Qa5 (12.73)
. =1

IToToK SHepruM Yepes EAUHUNY IUIOLIANN B nanawollel BojJHe paBeH
dW

Y dt EO “0 N
H CeyeHHe pacCesHusi PaBHO
2r O
=—§Z(21+1)(Iazl2+lbtl2)- (12.74).

Taxk kak Beuucienue kKosdduuuenTos a, U b, BeCcbMa yTOMHUTEJBHO,
TO Mbl OCTdBHM €ro B CTOpPOHe, a IJf TOro YToGbl UMETH HEKOTOpOE
fipeacTaBleHHe O UX NOBeJleHWH, 3aMHIIEM UX B CIeAyiOweM BHIe:

a,=ie i siny,, b,=le 2 sin ¢}, (12.75)
rie
. drj, (kr)]
R Jy(ka) tor " — — dr
BN kay BT | dlrn (Er)]
- T dr T Jraa

® - .
CeveHue paccesiHMsl BBHIpaX(aeTcs Yepe3 STH fapaMeTpsl  CJeIyIOIHM
obpasom: : s '

2n O . , .
o= 2 ¥, (2 1)(sin? y, + sin2y}). (12.76)
1l

1

Q7eona [CHO, YTO BKJAL BOJH, SJEKTPUYECKHME TOJSI KOTOPHX OMUCH-
B3IOTES qayHKuuﬂMM M u N, npencrasnset coGoft nepHoouYecKue Q)yHK-
mm ka.. Tlpu ka<<1 NOJHOE, CeYeHHe pACCEsHUA CBOIMTCS K OYEHb
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TPOCTOMY BHpameHHi0. B 9TOM ciayuae nepBHe uJeHH pasioXeHus
¢ynkumit Beccens mo Ra paBub

3
o] =L jp) = 2¢T
a CJenoBartebHO,
o= 10T paas. (12.77)

Takum oO6pasoM, NpH HU3KMX YacTOTaX cedyeHuwe paccesHus oOpaTHO
NpONOPUHOHAIBHO YeTBEpTOH CTemeHu JUmHbl Boaubl. Kak u B ciyvae
UMWJIMHIpA, ceYeHHe paccesiHis MeHblle TeOMEeTPUYECKOTO CeyeHHsl.

Paccesinne 1U10ckOH BOJIHH cdepolt ¢ NpOKSBOJBHHIMH 3JEKTpHYE-
CKWMH M MArHUTHHIMU CBOMCTBAMH, TOIPYMeHHOW B IHIJIEKTPHK, MOMKHO
paccMoTtpeTth, chaelys TeM e nyteM. OaHako B 3TOM ciyuae NpPUIETCH
paccMoTpeTh 1NoJs M BHYTPH cdepH, a kosdpduuueHTH B psAnax onpe-
JEJSITh U3 YCJAOBUSl HenpepHBHOCTH KacatesJbHbIX Komnowent E u H.
TIpu HHM3KuUX 4YacTOTax cedyeHHe paccesHus mo-npewteMmy Oynet oGpartHo
TIPONOPUKOHAIBHO YeTBepTOfl CTeneHH IJWHBI BOJIHHI.

3apnaywu

1. lokaxure, 4TO Ha rPaHULE ¢ FPOBOAHMKOM OTHOHIEHME HOPMaAbLHOH
HOMIIOHEHTH! MAarHHUTHOTO TIOAS K KAacaTeJAbHOH TOrO e TOPSNKAa BEJHYHHEL,
YTO M OTHOLIEHHE I'AYGHHE! NPOHHKHOBEHHS K /JIKHE BOJHH NMEPEMEHHOTO NOJs.

2. B npaMoOyroJbHOM pe30OHaToOpe ¢ pasmepaMu a, a, L ¥ npoBOIMMOCTBIO
CTEHOK & BO30yxnaiTcsi KoheGaHus

E, = E,sin (K) sin (Ey—) et
a a
Hz =Ly= Ey =0.-

BriuucauTe 4acToTy KosebaHuii pesoHaTopa, OGPOTHOCTL M cHIMI, AelicTByoI1e
Ha €ro CTeHKH.

3. lMokaxute, 970 B NPAMOYrOJLHOM BOJHOBOJAE MNpejiefibHaa 4acToTa AJsf
koneGaunii Tvna TE Bcerjpa Huxe, wem s konaebanuit tuna TM. Onpenenute
k03¢ GHIMEHT 3aTyXaHHs CaMblX HHM3KOYACTOTHHIX KoJe6GauHii THna TE. -

4. BuipasuTe HAMMEHBLIIYI0 PE3OHAHCHYIO 4YacCTOTY 4epe3 pagHyc H BHICOTY
KPyrJioro HHJAMHIPHYECKOro pesoHatopa. Kak oleHutb 1106pomocﬂ, Q sroro
Konebaunusa?

5. Mnockasi BoAHA PacceHBaeTcsl npoBoAsiuuM nHAMHApoM. Onpenennte noas
¥ cedyeHHe paccesHus B TNpepese ka <€ 1, ecad napawomasi BoJHA MOJAPH30-
BaHa Tak, 4TO BekTop E mnapanjefieH OCH LHUJAHHIPA.

6. PewenHe BOAHOBOFO yPaBHeHHs TpH 3afaHHOM OPHMEHTalMKW KOOPIMHAT-
HBIX OCefl IOJMKHO OCTaThC peELIeHHEM H npu npyro#t opuentauni. PaccMo-
Tpute pasHoctb Mexay ¢ (r, 8, ¢) u y(r, 0, ¢’) npu GeckoHeuHo MajioOM Bpa-
1EHNH ¥ TIOKaXHTE, 4T0 BekTOop r X VY ynosnemopﬂer BOJHOBOMY ypaBHeHmo,
€CJH { — pelleHre cKaAsPHOro BOJKOBOTO YpaBHEHMS.

-7. . BoiqucauTe M0OAHYI0 CHAY, AeHcTByioulyio Ha coepy, PaccMOTPeHHY10

B8 § 12.8, npu ycaoBuH, 970 ka << 1. Buigucmre nonpaeKy Ha ciywai, ecan Obl
cd)epa 0OKasajach MeJHOH, a He MAea’bHO MPOBOASUIEl.

8. PaccMorpute KyOuyeckuii Pe3oHaTOP € MnealbHO NMPOBOASILME CaTezHKaMl/I.
Bo?do

flokaxure, 9T0 uyMcao Koaebanuii B WHTEPBaie YacToT do paBHO =T
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38av2 dv

e ’
AJNIMHEL BOJH 5THX Kone6aHWil MHOro meHbme peGpa Ky6a. 3aBucHT JH YHCAO
KonebaHKH, OPUXONSIIMXCA Ha enuuMny obbema, oT (QopMbl pesoHaTopa? Jta
¢dopmyna umena GoJbIIOE MCTOPHYECKOE 3HAYEGHHE B TEOPHH H3AyueHHs «abco-
JIOTHO YEPHOTO» Teja.

COOTBEICTBEHHO B HHTEpBaJ€ KPYFOBHX 4acror dy pPaBHO ecau

JIMTEPATYPA

1. J. A. Stratton, Electromagnetic Theory. (Pycckuif nepesox:
Ax. A. CtpaTToH, Teopus sJekTpoOMarLHeTusMa.)

JlutepaTypa NO BHICOKOYACTOTHHIM IOJSIM, OTPAHHYEHHEIM MPOBONHHKAMH,
pacTer oueHb OHICIPO, HO OCHOBHBIE MOJOXKEHHS] M _GOJNbIIMHCTBO METOIOB, (pH-
MeHsieMBIX Ha NpakTHke, paccmoTpennl B I IX. B ra. VI u XII pacemorpenm
LMAHHIpHYEecKHe U cPepnuecKHEe BOJHHL.

2. P. M. Morse and H. Feshbach, Methods of Theoretical Phy-
sics. (Pyccxkniéi nepeson: ®. M. Mopc u I ®emb6ax, Meronst Teoperu-
yecko# (PpUIUKH.)

3710 ynaunoe Bceobbemiwliee nocobHe NO MaTeMAaTHYECKMM MET0AaM co-
AEPXKMT BCe, YTO TONbKO MOXHO NOMEXAaTb Y3HATh O TPAHHYHBIX YCJOBHSX.
ABTOpb! BecbMa COMAJNEKT, YTO OHO HE OBIJIO MM JOCTYNHO B MOMEHT Hamuca-
HHUSI JaHHOH KHWFH.

3 E. U Condon, Principles of Microwave Radio, Rev. Modern Phys,
14, 1942. Pannss o63cphas cTaThsl, npencraBisiomas cobOH npekpacHoe BBege-
HUE B (PUBHKY DE30HATOLOB H BOJHOBOJOB.

4. ). C. Stater, Microwave Electronics. (Pyccxuit nepeson: . C n13-
TE€P, DAeKTPOHHKA CBEPXBLICOKHX YacTOT.)

B pabote cienan ynop na duU3HTECKWE OCHOBH P2CCMaTPHBAaEMOrO BONpOCA.

5. P. M. Morse, Vibration and Sound. (Pycckuii nepesor: ®. Mope,
Kone6auus u 3Byk); H. L amb, Hidrodynamics. (Pycckuit nepeson: I'. JTam6,
Fuxponynamuka.)

Kuury MHTEPECHB ¢ TOYKH 3PEHUSi CPABHEHHSI PACCESHUS NPOXOALHBIX BOJH
IMAMHApAMH ¢ pe3ynbraTamu § 127,

6. M. Born, Optik. (Pyccxkuii nepeson: M. Bopu, Onruka.)

B ra. VI nompo6uo paccMoTpeHO pacCesiHie 3JAEKTPOMAaCHHTHHIX BOJH cde-
poll, Brmouas YrJOBOE pacnpenefieHHe IS DPasAHYHBIX COOTHOWEHHH Memny
AUaMETPOM W IJMHOH BOJHEL

7. A. Sommerfeld, Electrodynamics. (Pycckuit nepesox: A. 3owm-
Mepdennn, IJIEKTPONHHAMHKA.)

3anaga O TpaHUYHBIX YCJAOBHSIX PacCMOTPEHAa 371eCh B MPHMEHEHHH K [po-
posiokaM. B 3ToM oTHomeHHM paboTa MOMOJHAET KaK AaHHYK IJaBYy, TaK H Bce
BHILIENPUBENEHHBIE CCHIIKH.

. L. Ince, Ordinary Differential Equations. (Pycckuit nepeson:
3. JI. Afinc, O6uikHOBeHHble nuGbepeHIHaNbHbIe YPaBHEHHS.)

3anaya 0 cCOOCTBEHHBIX 3HAYEHHSIX PACCMOTpEHa B ri. X.

9. E. Janke and F. Emde, Tables of Functions. (Pycckuii nepesom
E. luke u ®. dmnas, TabaHuw GyHKUMA.)

Ilas yucAEHHBIX pacueToB 3TO HauboJjee yRoOHbH KPaTKMH cnpaBOYHUK.

10. G. N. Watson, Theory of Bessel Functions. (Pycckuii nepesom
F. H. BatcoH, Teopus GecceneBbix GyHKuui.)

Uanowenue cBoiicte ¢GyHkuuit Becceas MCXHO HaHTH BO MHOrMX KHHrax

Onnako nO NoJHOTe H3JOweHuA kHura BarcoHa BecbMa yno6ua.

*JI. A. BafiHm e HiH, DNEKTPOMAarHUTHLIE BOJHBL



TTABA 13
HEOJHOPOJHOE BOJIHOBOE YPABHEHME

§ 18.1. BosHoBOe ypaBHEHHE AJSl MOTEHI{HAJOB

Cesizb noJelt u3nydeHuss ¢ HMX HCTOYHHKAMH Jierye BCero HaiTu
€ nomowbio norenunanoB. OIHAKO 3HeKTPHYeCKOe MNOJe Hesb3sl Bblpa-
3UTh TOJBKO uepes CKandapHbif NMOTeHLUMask, TAaK KdK BCIEACTBHE 3aKOHa
uHayKuun rot £ He paBeH Hyn0, eciM MAarHUTHOe MNOJE W3MEHAeTCo
€O BpeMeHeM. MarHHTHOE NOJe€ MOXHO BblPasuTb 4epes BeKTOPHbIH Mo~

TeHLHaN
B=V X A, (7.37y

TaKk Kak JAuBeprenums B Bcerna pasHa Hymo. TlockonbKy —uMeet
MecTo (7.37), 3JeKTPUYECKOe NoJe MOeT ObiThb 3aMHCAHO B BHAE CYMMbl
IByX YJEHOB: TpalHeHTa CKaNApHOrO MNOTeHUMAana U NONOJHUTENLHOrO
HEKOHCePBATHBHOI'O 4jeHa, OOyCHOBAEHHOrO WsMeHeHHeM BEKTOPHOrO

noreHuMana
oA

E==—Vop— o

(13.1)

B TakoM Buie E yaoBleTBOpsieT TpeTheMy ypaBHenuio (9.7). JluBepren-
uns A, KaK U npexje, OCTaeTcsl HeonpeleneHHOH, No KpadHed wmepe
€ TOYHOCTBIO 10 NPOH3BOJbHOH aAnuTHBHOH ¢yHKUMM Koopaunat. Ee
MOXHO ONpelesuTh ¢ NOMOWbIO COOTHOLIEHHS

V. At pe 2 4oy =0, (13.2)

#a3blBaeMoro ycaosuem Jlopenua.
B cBoGOmHOM mpocTpaHcTBe ycjoBue Jlopenna ynpomaercs:

1 0
V. A4 F=0. (13.3)

Ha nepswifi B3rnsa KaseTcd, 4TO ycioBue JIOpeHUa He MpeACTaBAfeT
€060/l MOCTATOYHO NPOU3ZOMLHOTO  JOMOJHHUTENLHOIO  COOTHOLIEHHS.
Omnako B JaibHelilueM Mbl YBUAMM, HYTO € BBelleHHEM 3TOrO YCJIOBHUS
CKanpHbll M BEeKTOPHbIAl MOT2HLMANbLl BXOAST CHMMETPHYHO B OJMHAKO-
8ble ypapHeHus NOJs # 062 MOTEHLMANA HAYMHAIOT MOAYMHATLCS TOMY Ke
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ypaBHenuio, 4TO M noas. bosaee Ttoro, Oyner nokasaHo, ¥To mpu ycnao-
iy JlopeHlla COOTHOIUEHHE MeXIy BEKTOPHBIM M CKalspHBIM TNOTEHLHa-
JAaMi pensiTHBUCTCKM KOBAPUAHTHO.

IOas Toro uroObl HalTH ypaBHEHHs, KOTOPHIM NONYHHSAIOTCH MOTEH-
uMane, HoActaBuM cooTHowenus (7.37), (13.1) u ycnosue Jlopenra
B MNepBoe M 4eTBepTOe ypaBHeHuss Makcsenna (9.7). B pesynbrate no-
Jy4YUM CeLYIOUYI0 CHMMETPUYHYIO CHCTeMY YpaBHeHHii:

024 0A .
V2A_p‘e_a_t3__—p‘cwz—p4]’, (13.4)’

02 0
VZ(P_pE_()_;;;_pca_‘f:_%. (13.5)

Bektop j' =oE’ npencraBasieT cOGO# Ty uacTh NIOTHOCTH TOKa, KOTO-
pas o€ycnoBieHd BHEUIHHMH SJEKTPOUBMXKyLMMHE cunamu. Toku B mpo-
BoAsiliell cpelle, BbI3BAHHblC SMEKTPHUYECKUMH MNOASAMH. ONKCHIBAIOTCH MO-
cJAellHAM 4JieHOM JeBOfl uyacTu ypaBHenus (13.4).

BeeneM cuMBOAMYECKHIt onepaTop [ ], HasbiBaeMmblil onepatopom Jla-
Jnambepa,

D:Vz—peﬁi. (13.6)
ot :

Tora ans cBOGOAHOrO mnpocTpancTsa ypasHenus (13.4) u (13.5) npu-
HUMAXT BHA

0 A= —pj’, (13.7)
Oo=— —"0— (13.8)

rae j' ¥ p— MCTOYHHKH NOJielt, CO3/dBaeMble BHELIHUMH CHJAMH.

STH ypaBHeHHs HA3bIBAIOTCA HEeOAHOPOAHLIMU- BOJHOBLIMU YpPaBHe-
HusMu. KX YacTHole pelleHds MOXHO BbIDa3uTb B BHIE HHTErPANOB MO
pacnpeflesenuaM 3apaAo8 U TOKOB. JIONMOJHHTENbHBIMU  PELIEHHUAMH,
T. €. pewcuUsMM OIHOPOAHBIX ypaBHeHuii, OyayT, OYEBHIHO, BOJHOBBLIE
peluenus.

Kak nrugno w3 coorHouwenufi (7.37) u (13.1), snekTpuyeckoe u Ma-
THUTHOZ NOJA He HM3MEHSIOTCS Npu npeoOpasoBaHusiX Tuna

A =A—WVy, (13.9)
<P’=<p+%%. (13.10)

rge ¢ — QyHKLUMS KOOpAMHAT ¥ BpeMeHd. DTO O3HauyaeT, 4TO JAK0O0E
ypaBHeHHe, CBf3aHHOE C 9S/IEKTPOMArHHTHHIM B3aMMOAEHCTBHEM U Bbipa-
JKeHHOe Yepes MOTeHUMalbl A U ¢, He NOMKHO M3MEHATHLCH NMPH YKAasaH-
HeX npeoOpasoBauusix. DTO CcBOHCTBO Ha3blBaeTcsi rpajMeHTHOH WHBa-
puaHTHOCTbIO. JhioGoe dABjieHHe, ONMUCAHHE KOTOPOro rpajneHTHO HHBA-
PHAHTHO, BCetla MOwxeT ObITb MOJMHOCTbIO OTOOParkeHO BsauMolelcTBHEM
3apAf0B U TOKOB.
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§ 13.2. Peuenne BOJHOBOrO ypaBHEHMSA
¢ noMombio npeobpasosanns Pypne

HccaenoBanne YacTHRIX pellleHUHl HEOAHOPOJHOrC BONHOBOTO YpaBHE-
HES Mbl HayHeM C pelleHdst HEeOJHOPOAHOrO YpPaBHEHHS SJeKTPOCTa-
THKH — ypaBHenus Ilyaccona

Vip=— L, (1.35)

o
4YaCTHOE peuleHHe KOTOPOro HMeeT BHI
. i
1 p(x2)
¢(x,) = / ~dv'.
4me, r(xa, xa)

Mpl U3MeHHM 3TO pellleHHe Tak, YTOOB y4eCTb B ypaBHeHuu (13.7) useH,
3apucalliuii OT BpeMeHM. .

Tpeanonoxum, 4TO QYHKIMIO MCTOYHMKA £ (x,, £) B oOuiux ypaBHe-
HUSX 118 @ M A

O (xe O)=— g (x,, 8) (13.11)

MOXHO NPEeACTaBUTb B BHje HHTerpana dypee
g(x,, )= fogm (xpe " do, (13.12)
fipuyeM uMeeT MECTO M 06paTHo_eoonpe06pasoBaHue Pypoe
£o(X) =5 f g (x,, tyeiotdt. (13.13)
{lotenunan ¢(x,, £) TOxe MO}KHO—:penCTaBHTb B Buje uHTerpaia Pypoe
d(x,. )= }m¢m(xge—’w‘dm . (13.14)
€ COOTBETCTBYIOLLMM OﬁpaTHbll;ooCOOTHOHJeHPIeM

Yo (%) = o f G (%, £)elt df. (13.15)

Tloncrasnss coornowenns (13.12) u (13.14) B ypasHenue (13.11), yGe-
JKJaeMmcsi, UYTO KOMNOHenTsl Pypbe ¢, (x,) yAOBIeTBOpSIOT Auddepen-
4uanbHOMY ypaBHeHH1o, nonoGHoMy ypasHenuio Ilyaccona

(1)2
Vo o Yo = — Gu- (13.16)
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PelueHne sTOro ypaBHEHHst MOXHO NPejCTaBUTh B BHAE CYNePrHO3UIMH
pelueHuii, COOTBETCTBYIOIMX TOYEYHBIM HCTOYHHKAM, OMNUCHLIBAEMbIM
1 ?

8-Qyukuuelt fupaka, 7. e. gw(xa)zﬁ(xa—xa), npuyemM X, 0603Hayaer

TOUKY PacroNiOeHUss WCTOYHHKA. [TOTeHuHaA TAKOro TOYEYHOro MCTOY-
HuKa YAOBIETBOPsET ypaBHEHHIO
2

2 N 2 N . x*
v G(xa, xa)—l— o G(x., xq)— B(xu xa), (13.17)
rae G 3aBACHT KaK OT X, Tak W OT X,. YacTHoe pelnenue, COOTBeT-

CTByollee 4HacTOoTe , NPH HCTOYHUKE obuero BuAa onpepenseTrcs CooT-
HOLIEHUEM

Yo (x)= [ £,(*¥) 0 (x, x)do'. (13.18)

Ias onpenenenuss G 3ameTuM, 4TO pewenue ypasHenus (13.17) coepn-
YeCKH CHMMETPHYHO OTHOCHTEJNbHO NEePEMEHHOH 7 — PACCTOAHHS MEWAY
TOYKAMH X, W X,, M Clel0BaTeJbHO, BO BCeX TOYKax, Kpome r=0,
OHO COBNazaeT C PelleHHEM YPaBHEHUS

d2(r

G _
) G =0,

o
rae, kak oObluHO, k=—c—. 3T0 ypaBHEHHE AETKO MHTErpUpyeTCs:

— A i
4nr

Yro6ul onpegeantb koadduuneHT A, BbMHCANM OOBEMHBI HHTerpana or
ypasuenus (13.17) no oGnactu BOAu3n Toukn r==0. Tlonoxus B sroit
ob6nactu ¢yHkumio G paBHOfl A/r W BOCNO/B30BABILKCL COOTHOLIEHHEM
(1.11), noayunm — 4nA = —1. CnenosareibHO, QYHKIMs

R (13.19)

npencrasnseT coboft pemenue ypasHeHus (13.17), ¥ noiacTaHoBKa ero
B cooTHollenne (13.18) mpuBoOmUT K CAeayiollleMy pelleHHIO:

‘1 g (x;) xikr(xa, X;)
b (X )=—] ———e do’. (13.20)
w o

4n o r(xa, xa)

TakuM o6pasoMm, Hanuywe BTOPOro ujieHa B ypasHeHun (13.16) npuseno
K TOSBIEHHIO KOMIIEKCHOTO SKCMOHEHIHAAbHOIO MHOXMUTENS B Bbipaxe-
HuH ass noteHumana Kynona (ra. 1).
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CootHoutenre (13.20) nossonseT cpasy Hanucartb perlerue ypapHe-
Hus (13.11)

¢(x,t)=/4»m(xa)e—iwfdm— // 8o(2) e~ iwtzkn gy do’
¢ o 4y « r

Koo X, )
. (13.21)
BeepeM HOBOC BpeMsl
Y [ . LA _kL
v (%, x)=tt : =tt—, (13.22)
YTO 9YKBUBAJIEHTHO CMeLUEHHIO Hauana oOTc4YeTa BpPeMeHH Ha BeJHuHHY,
PaBHYI0 BPEMEHH pacnpocTPaHeHHs 9AeKTPOMarHMTHOrO CHrHaia 13

TOYKH X, B TOYKY X,. Ecau Temepb BOCMO/b30BATHCH MpeoGpasoBaHueM
Gypoe (13.12), TO nonyuum

—_1 g(x it )
= r( ) do'.

OTMeTHM, YTO KOODIHMHATH TOUKH HAOMOJeHUs SBHO BXOIAT B B8HAMEHa-
Tesb NOJbIHTErPANbHOIO BbIPAXKEHHUS H BO BPEMsi, NPH KOTOPOM cAenyeT
6paTb 3HaueHHs TOKOB M 3apsNOB npu uuTerpupoBanud. C MaTeMaTuye-
CKOll TOYKH 3pEHHs NpHroAHel 00a 3HaKa, ONHAKO (PU3HUECKHNl CMbICA
#MeeT JHIIb MUHYC. Mbl uMeeM eno ¢ TeM
AelicTBIEM, KOTOPOe HCTOYHHK, PACNONOKeHHbIH
' Hodmodamen
B TOYKe X_ NPOU3BOAMT B TOYKE X, MW BHAK
Crodsuages
MUHYC COOTBETCTBYeT CAyuaio, KOTJd NpUYuHa a epea
onepexaer caejcTBue. PereHne HeOJHOPOI-
HOrO BOJHOBOTO ypaBHeHus (13.23), B3asTOE e
€ OoTpHUiaTelbHbIM 3HAKOM, Ha3blBAeTCs 3ana- (ip)
3[BIBAIOIIM nOTeHuHanom. PelneHue coO 3HaKOM
IIOC HASKIBAETCS  omepexaomum notemyma-  Pnc- 13.1. Benomorareas-
Has chepa nas onpeaene-
JOM. PUBMYECKOrO CMBICAA OH He MMEET, XOTH  yug garacieaomero mo-
U JelaNuCb pasfinuHble MONbLITKH HCHOJb- TEHLHANA B TOUKE X
30B4Th OMEpPeXNalollMe NOTeHUMANbl IS Pa3-  Cgepa noctwraer TouKM X, B Mo-
pelileHdsl HeKOTOPbIX TPYAHOCTEH B SJEKTPO-  MeWT £ uepes WCTOUHHK NOAS
AMHAMHKE. cepa npoxonu'rr B MOMEHT
CMbiCcs  3anasfbiBAOLLEr0 MOTeHuMana BHU- re=t—ge
HeH u3 caenywlnero npumepa. Ilycrts HaGunio-
AaTeAb HAXOAUTCH B TOuke X, (puc. 13.1) u nycts cdepa ¢ UeHTpOM
B 9TOH TOUKe COKpALlAeTCs ¢ PajHaNbHOH CKOPOCTHLIO € TaK, YTO PalHyC
ofpainaetcs B Hynb Kak pa3 B MoMeHT HaGmionenus £. CrhenosatenbHo,
B TOT MOMEHT BpeMeHH, korla cdepa NPOXOAUT MUMO HCTOUHHKOB NOJS,
9T HCTOYHMKH TNPOM3BEAyT TO AeHCTBHE, KOTOpOe B TOuke x, Oyner
BaMeuyeHO B MOMeHT f.
OG6o3HayuM KBaApaTHbIMH CKOOKamMu | ] Te nepeMmeHHble, 3HaYeHUs
KOTOpHIX caenyeT Oparb B MOMEHT BpeMeHH £, onpejenasieMblii ¢opiy-

b (X, - (13.23)
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aoft (13.22). Torna pellleHuss HEOAHOPOAHHIX BONHOBBLIX ypasHenu#t (13.7)
u (13.8), coorBeTCTBYIOMMX pacnpeieleHUAM TOKOB j (X,) 1 3apsloB p(x,):

NpuUMyT BUA

A(x, t)="10 f le( o, (13.24)
_ [P( )] .
? (%, B)= po f d (13.25)

§ 13.3. Komnonentoli ®ypbe pasa modehr. Hsayuenne

Myctes ckanspHelli ¥ BEKTOPHBI NOTEHLMANbl 3aBUCAT OT BpPEMEHW

CHHYCOUAAbHO:
Ax, f)=A,(x,) e,

P (X, B) =0, (x,) e i

Cornacho (13.24) n (13.25) sapucuMOCTb HOTEHUMANOB OT KOOPAMHAT
OFpe/leNifeTCs COOTHOILEHHIMHU

i pikr
Au,(xa):%fit%—dv', (13.26)
1 uJelkr
Pa (%) =77, f Pl do. (13.27)

HanpsikeHHOCTb nodell NONy4YaeTCs W3 NOTEHUUANOB € MOMOIBIO COOT-
wowenuit (7.37) u (13.1). Tlpy BhuKCAEHUHM TpajHeHTa «MOHOXPOMATH-
yeckol'o» ckanasipHoro noreHunana (13.27) cremyer ydects, uto oOmepa-
top V ne meficTByer Ha p, U 3aTeM nepefitu k oneparopy V', nelictyw-
m,euy Ha KOOpAMHATEI MCTO4HMKA noas. Torna nomyuum

— Vg, (x,) = f eV ( e‘ )’ (13.28)

CneﬂOBaTeanO, SHCKTp“quKoe noJe paBHO
ik o ikr
E, (x“)zzanof V'( )d 4 B © [ juS—av. (13.29)

AnanoruyHo onpeaenseTcss MarnuTHoe noJe

g [axv

Kak # B ciyuyae nOCTOSHHOrO I0Jsi, yNpoUieHHe BbipaxeHn# nocpelcTBOM
nepexona or V Kk V' okasanoce BO3MOMHBIM Onarogaps ToMmy, 4ToO
BeKTOpHbt onepatop V He deficTByeT Ha NIOTHOCTL HCTOYHHKOB.

[lpu yuere 3anasibiBaHus rpaaMeHTHHH onepaTtop AeficTByeT Ha BesH-
uiny e*'jr Bmecto 1fr. D10 osnauaer, uTO NpU AHMddepPeHUMpPOBaHNK

)d'v' (13.30)
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NOSBATCA 1Ba 4YieHa: ONUH HaMeHsiercs Kak lfr, apyrofi — kak 1/r2,
Mbl yXe OTMeuanu, uYTO ujieH, HM3MeHsOWWACH KakK 1/r, MoweT nath
KOHe4yHblfl BKJIAL B MOBEPXHOCTHuIHl MHTerpan OT BekTOpa [lofHTHHTA U,
Cnel0BaTeNIbHO, NMPUBECTH K MOTEPAM ISHEPrHH, OOYCIOBNEHHBIM H3JyYe-
nueM. OGaacTe NPOCTPAHCTBA, TAe UYieH, MPONOPUMOHANbHLH 1/r, urpaer
JOMHHUDYIOULYI0 POJb, Ha3blBaeTCs BOJNHOBOH 30HOH NONs uU3AyYeHHs.
O6nacTb e, TI'ile FA4BHYK pOnb MrPalOT uieHsl ¢ Gosnee BLICOKOH cTe-
neHblo pajuyca, HasbBaeTCs KBa3MCTALMOHAPHOHW WJAM 30HOH HMHAYKUMH.

CoorHottennst (13.29) u (13.30) no3BoasioT paccunTarh NOJHBIHA NO-
TOK SHEPrUM H3NYYeHUs MpPH MPOU3BONLHOM PacNpeneSeHHH TOKOB j(x;).

Eciv npunsTe B pacueT TOJAbKO Ty 4YacTb MNOJf, KOTOPas NpONOpLKO-
HanbHa l/r, TO MarnuTHOe noje paBHO

poH, =B, = ”‘° f(,u, X k)————d'v’ (13.31)

TaK K4k BOJIHOBOH BeKTOp R HampapieH B Ty e CTOPOHY, 4TO U 7.
CpaBHuBas Bblpaxenre (13.31) ¢ Tem unenom coorHowenus (13.29),
KOTOpHl 3aBUCHT TOJbKO OT TOKA, HAXOIMM, 4YTO B BOJHOBOfl 30ne E
M H nepneHauKyasipHbl APyl K APYrY M COOTHOLUEHHE HX BEAMYUH PABHO

Ry = l:—”— {cp. coortnowenne (11.10)]. CirenosarenbHo, CpejHee no
(1]

BpeMeHH 3HaueHHe BeKTopa [lofinTuira pasHO

N= 5 Re(EX H) = Ry|H[’F,

~ . r
rne r=-—, ¥ s N, noayunM Beipaxcenue

/ (o

npuyem Bektop N, sBiseTcs ¢yHKLMell KOOPAMHAT TOUKH HaGMONEHHs,:

dra ¢QopMmysa nosBOAsET paccyuTaTh B OOWEM cayyae H3AyueHHe
aobolt 3ananHo# cucTeMbl TOKOB. EcaM pacctosmuue oOT wu3ayyaiouieit
CHCTeMbl OO TOUKH HaOmoAeHHs BeJHKO MO CPABHEHHIO C €e PasMepamy,
TO HAual0 KOOpAMHAT yAOOHO BHIOpaTh BHyTpH pacrnpeje/ieHHss TOKOB
(puc. 13.2). Torza

Zl

3%2 ‘, (13.32)

e

B,— — i**—" f (jo X k)e~ikt do/, (13.33)

€Can y4ecTb, 4T0 =R —E& u uT0 § Mano no cpasHeHmo ¢ R.
Pacxon suepruM Ha M3jy4YeHHe MOXKHO BbIpasuTb B BHIE HHTerpana
no cdepe panvyca R, KOTOpHI CBOAMTCE K HHTerpany no TejeC-
HOMy yriay &, BeplinmHa KOTOPOro pacnonoxena B o0aacTu, saHuMaemoh
UCTOUHUKOM nons. B koHeuHoM cuere SHEprug, wHsinydaeMas CUCTEMOK
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C 4YacToTolf ®, OKkasniBaeTcsi paBHOH

Uu,_—_fNu,-dS:—B—Qi"—gflf(jmxk)e—”‘ﬁdvrdQ. (13.34)

rie dl = RR‘iS . .
Ilpumenum a1y ¢opmyay K cayualo, KOrja pasMepsl usjayyaiouel

CUCTEMBl Majibl IO CP:BiCHUIO C IJMHOH BOJIHbI, TAK YTO SKCIOHEHUHAJb-

Hblfl MHOXHTeJAb B NOIbLIHTErpadbHOM BbipaXXeHUH NPHONWKEHHO paBeH

Pacnpederewue
SaprRioe U moNo8

Toura
LCIMOYHUKe

- Vel
= Q"Q',JQ: )
43
He A ) Tovie
vong
Hoopeuram HOOTHOOEHLA

Puc. 13.2. Koopaunatsl TOYeK MOASi H €ro HCTOYHHKOB.

Hauano KOOpAMHAT PACHONOKEHO BHYTPH pacHpelleleHHsi SapAjOB W TOKOB,

equnule. PaccMOTpUM, B YaCTHOCTH, JHHeHHOe pacnpejesieHne TOKOB,
OnpeﬂenﬁeMoe COOTHOIIIEHHEM

21t

o

I=1I,cos

Yactora KoneGaHmit COOTBETCTBYeT HJMHE BOJHbL A B CBOGOAHOM MpoO-
crpaictBe. OObeMHbIHl HHTerpan NO pacnpefie/leHUI0 TOKOB AauHO# L

paseH
Ly

E.TA
ont st (T) .
El, sin 0 cos(—r) dt = klgL — L sin®,
e g

L
rie § — yroa mexily HanpasieHieM TOKOB H R. CrienoBarelibho,

sin ( L 2

= Ty L\2 T)

Vo=5Re() |2
n

. (13.35)

Ecan L mano no cpasHenmio ¢ X, 10
\2 2

Uw:-g- RO(-—%) 1().
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Tlpu nporekannn Toka /[, uepes OMHYECKOe CONpPOTHBIEHW= R wa conpo-
2
TUBJIEHUU BbUIEASETCS SHEprus RIU/Q'. Mo aHajaoruy BBOAAT «COMPOTHB-
AEHHE H3IyYeHUs» .
12
e Ru:u .

Tlpu Manbix pasMepax usayuatens
® L \2
R =% Ro( )

®opmyna (13.34) oTHOCUTCH TOABKO K MOHOXPOMATHHE CKOMY MCTOU-
HUKy. Ecan HyXHO HaliTH NOJHOe u3/fyueHHe NPH 3a1aHHOM HMINYJbce
TOKa, TO BMecTO M, cneflyer B3ate H u npounrerpuposaTh N0 Bpe-
Mmenn ). HeoGxoluMble BbIYHCIENHS] BBIMSAST CAEAyOLHM oOpasom:

f H2 () df = f dt f H e~ du f Hyre=i®'t do’ | ==
-0 —o0 -0
medm me- de’ fe—t(m+w Ve dt ==
=9n f meHm-B(m-}—m')a'mdm'a
=on [ H, H_.dm_hf[H P do. (13.36)
ITocnennee npeoOpasoBanne MOXHO CAENATh B CUAY paBeHcTsa H_, — -

TakuM 00GpasoM, MOIUHOCTb H3AYYEHHs, COOTBETCTBYIOLiAs HAHHOMY
gnTepBany uactoT do, pasHa 4nlU _,dw, a nomHas MOLIHOCTb Hany venns
BO BpeMsi MMNyJibca

] i 3 2
6W=—§;"j / lf(j,,,xk)rfk-ﬁdro' de do. (13.37)

1) Bolyncnenne uHTerpaaa f H?2 () df npousBOAMTCS HAMM A PEAALHOTO

—0Q

woxs H (f) = f Ho e ' dw. Caenosatesbho, amuautynsl H, MOryT Ourh

-0
KOMIINEKCHBIMH. B mpOTHBOMOJIOKHOCTD STOMY PH CHHYCOHMAAJbHOH 3aBHCHMOCTA
OT BpeMeHn (U3UYECKUil CMBICJ MMEET JMIIb AEHCTBUTENbHAS YacTb BbpaXeHHs

Hge™*** [nanpumep, B supaxenusx (13.26) u (13.34)}.
Ly
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Humxe Oyaer paccMmorpen Gosnee ofuwwmil cayuwali, Koria pasMepsl usny-
qaloled cucTeMBl HEBENMKH MO CPaBHEHUIO ¢ AJHMHOH BOJAHE, TaK 4YTO
MHOXHTEb e~ %% MOXHO PasnoMKTL B Psl BOAM3M HAuana KOOPIMHAT.
OuyeBHAHO, MOIHOCTb W3AYYEHHs, COOTBETCTBYIOLIErQ PA3NUYHBIM Y/E€HAM
3TOr0 pasnoweHus, OyjaeT NPONOPUMOHAJbHA PAa3/iMYHbIM CTeMeHsM Ya-
CTOTHI.

Mbl He GylleM pacCMaTpuBaTh NOAS B 30HE HHAYKLHM, XOTS U He
JOKa3aiu CTPOro, YTO OHM He JaiT BKJala B u3nyuyeHue. brino nuus
NOKasaHo, 4YTO 3TH NOAA He [AIOT BKJ3aJa B NOTOK SHEPruM uepes
NOBEPXHOCTb OYeHb OOALLIOrO paiauyca, TaKk Kak MX 33aBHCHMOCTb OT
painyca Beille nepPBoll cTenenu. Briuncaenwe BexTopa IlofiHTHHI 2 monefi
30HB MHIYKUMH INPMBOIMT K MI'HOBEHHOMY NOTOKY SHEpruH, OT/IHYHOMY
OT HyJs; OIHaKO CpejlHee NO BpeMEHH 3HaueHHe KaXIOH KOMIOHEHTHI
dypbe obpamaeTcs B HYAb. DTO TNOKAa3biBaeT, YTO NOAA HHAYKUHH CO-
34a10T KonebGaHHs SHePruM B MNoJje u3nydyeHus. B wacTHOCTH, eCiH KOH-
¢urypauus cHUcTeMbl MEHS€TCS BO BPEMS H3NydeHus, T. €. ee KonebaHus
HerapMoHuyecKkne, TO, KPOMe H3iyuYeHHs, 4YacTb SHepruu nofieT Ha
CO3/laHue NOJst MHAYKIHH.

§ 18.4. Notennnaa lepna

Ycnosue Jiopenua (13.3), cBssmBawiuee cKaaspHbii M BEKTOPHHI
NMOTeHUMANbl, He NMPOTHBOPEYUT YPABHEHHIO HENpepPbIBHOCTH

. 0
V-J—{——()%:O. (7.1

Bonee Toro, ecnu sanasAbiBapoiuue NOTeHUuann uMmeoT BuA (13.24) u
(13.25), TO nerko nokKasaTb, 4yro ycaoBHe JlOpeHpa chellyeT u3 ypaBHe-
HUAAA HENPEPBLIBHOCTH. Tak kak 3apsAbl U TOKM He He3aBHCHUMBI, TO IJjs
pacyeTos ynoGHO BBHIPA3UTh UX uyepe3 ONHY GYHKUMO, BHOPaHHYIO TaK,
uytoObl ypaBHEeHHe HeNPepbLIBHOCTH YAOBJAETBOPAAOCh TOXAECTBEHHO:

Pesos = — ¥ P, (13.38)

s op

Jevo6 = ot (13.39)

BekTop p HasblRaeTcss BEKTOPOM. NOJSPU3ALNM; C HCTHHHbIMK 3apsi-
JaMH U TOKaMH OH CBAI3aH TdK e, KAK BeKTOD JAWSJAEeKTPHUeCKOH noss-
pusauui P cBsi3aH ¢ MOMsIPU3AUMOHHBLIMH 3apsiiaMu u TOkamu. Onnako
9Ta aHanorus (OPManbHAs; TOMLKO BeNHYHHbl § M p NmpencTaBasior coGof
HCTHHHblE 3apAllbl, KOTOPhIE ABJAIOTCH BHEINHHMHM HCTOYHHKAMHU NOJs,
TAK HYTO BEKTOP p 01O CBOEMY CYIIECTBY OTAHuYAETCH OT HACTOALEro
BeKTOpa nonspusaunu P.

CoBepileHHO aHAAOrHYHO TMOTEHUHAAN A H ¢ MOXHO BbIPa3dTh uepes.
efMHCTBEHHYI0 BEKTOPHYI0 (DYHKIIHIO

1 on

A= 90, ¢=-V.IL (13.40)



§ 13.5] BHUYHCAEHHE NOJA U3JAYYEHHS C MOMOLIGI0 BEKTOPA TEPLA 241

Ycaosue JlopeHna npu 3ToM BunoJHseTcs apToMatuuecku. Bexrtop 1II
HasbiBaeTCsd MOJSPH3ALMOHHEIM  MOTEHHMAJOM MAu  BekTopoM [epua.
Tak kak coorHowmenus (13.40) nunelinn, to sBektop Kl B o6aactu, cro-
OOnHOM OT WCTOYHMKOB MONSl, TNOAYMHAETCS ONHOPOLHOMY BOJHOBOMY
ypasteruo [ M =0. ‘Ecau ke notedumans A ¥ ¢ YIOBIETBOPSIOT
HEONHOPONHBIM BONHOBHM YpPAaBHEHWAM, B MPaBOli YaCTH KOTOPHIX CTOST p
# j, 10 Bexktop [epna rakxe Oyjer yAOBIETBOPATH HEOMHOPOLHOMY
BOJIHOBOMY YPaBHEHMIO, MpaBasi 4acTh KOTOPOro — pjfey:

OM=v— L% __ P (13.41)

< orr T £

3aMeTuM, YTO TeMepb MMEeTCs BCEro TPH HE3ABHCHMBlE KOMIMOHEHTH
BMECTO YeTHpeX Npu OOHYHHIX NOTeHUHanax A M ¢.

Pemenne ypaBHenuss (13.41) npencrasaser coOoli sanasawiBaroliufl
floTeHIMAaN

1 x
M(x,)— f l( ")], o’ (13.42)
dmeg - r(xa, xa) '
npu HpOH3BOHbHOﬁ 3aBUCUMOCTH HCTOYHUMKOB OT BpPEMEHM M

Hm — 1 /" p (X;) eilkr
4me, - r(xa, xa)

dv’ (13.43)

1Py CHHYCOMAANBHON 3aBHCUMOCTH OT BPEMEHM.
TMoss HeTpyiHo BHpa3uTh uepe3 BekTop [epua, ecau Bocmonbso-
BaTbCs Ompelensolinmu cooTHoweHusm (13.40). Beemem Bemnuuny C

C=VXIL (13.44)
Torna BEeKTOP MarHWTHOrO MOJA paBeH
1 oc
B = = or (13.45)

Hu BSKTOp SHCKTpM‘-IECKOI'O noad
E=VXC. (13.46)

Cootnouwenne (13.45) cnpapennuso B oflueM cJjyyae, B TO BpeMs Kak
cootHotenne {(13.46) — ToAbKO BHe HCTOYHMKOB noas, rae V- E=0.

§ 13.5. Buiuncjenne nojst H3JAyYeHHSH
¢ nomombld BekTopa I'epua

BekropoM T'epna Mbl BOCNOAB3yeMCsi A4St BHYMCJEHHS MNOJS U3nyye-
HHMSl B C/Iyyae, KOrAa pasMepbl UCTOYHMKA W3JY4YeHus Majibl MO CpaBHe-
HIHI0 C PACCTOSIHMEM MO TOYKM HaOM0eHus W QJHHOU BOJHBL U3NYYeHHSs.

7 7 4
311 ycaosus, E(xa)<<r(xa, x,) u E(xu)<<x, SKBUBAJNEHTHH MPeano-
JIOXEHHIO, YTO Pa3HOCTh (ha3 MeKAY BOJHAMM, MPUXOASIMMH M3 PasHHX

1R Rawr 299 R Noeunpnrruss M Ownune
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TOYEK HCTOYHMKA, Mana. Toraa MHOXwuredb e*'[r B wnrerpane (13.43)
OKAa3LIBAeTCA MeJIeHHO MeHdwollelficas ¢yHknneft no cpassennio ¢ P.
EcTecTBeHHO NOSTOMY pasloKuTb 5Ty GYHKUMIO B Psi 0O CTeneHAM
paccTosHust £ OT ueHTpPa M3nyyaTess W M3YUYWTb ACUMIOTOTHYECKOE MOBE-
HAeHHe 9TOro pasnioweHus npu OoJbIUMX paccTosHuax R 10 TOUKM Ha-
6mopenus. [MapameTpamMu passiokeHus BO3bMEM OTHOIleHUd £ U R K IjuHe

BOTHEI k=—}?. DT0 pasfokeHue HMEET BHIL

eikr

=ik ¥, (2n 4 1) P, (cos8) j, (R K (kR).  (13.4T)

n=0

r

Hac wunTtepecyeT nosefieHHe 3TOro pasNoXeHHs NpH MasbiX & U GOJb-
mux R. Kak ormeuanoce B § 12.9, acumnroruueckoe mnosenenue ¢yHK-
uuH, 3aBucailedt ot R npu &R S>> 1, onpelensieTcss COOTHOILLEHHEM

M —_ ne1 PR
B (RR) = (— "™ S (12.68)

Takum obpaszom, mas Bektopa I, moayuaem
1R - _
I, (x,)= sze—ok‘ f 2‘ (— D"@2n~+ )P, (cosb) j, (k) p, dv’. (13.48)
n=40

Tak kax ¢ysHkuun Jlexanapa OpTOroHanmbHH, TO WIeHH psiia Hesa-
BUCHME!, T. €. MPH BO3BENEHHM STOTO BHIPaXeHWs B KBaApPAT M WHTETrpu-
POBaHMU MO TeJECHOMY YTy BCE MepPeKpecTHHe NMpousBelleHus oGpaTaTCs
B8 HyJb. BeiencTsue 370r0 (pa3oBLIMKM MHOXHTENSMH MOXHO npeHebpeus.
OTHoCuTeIbHEIR BeJIMUMHBI YWIEHOB pPslla 3aBUCAT OT CHMMeTpHM pacnpe-
nesieHus 3apsaoB. OnHaKoO BBWAY TOrO. 4TO nmpu ki<l

2"nt
=V
OYEBHAHO, 4YTO ENMHCTBEHHO BAXHBIM 4YJeHoM OyleT nepsuii, He 06pa-
wanwMlics B HyJb WIEH, NPH YCJOBUM, KOHEYHO, YTO IJIMHA BOJHBL

Mmuoro Gonbiue pa3MepoB MCTOYHHMKA. TakuM oOpa3oM, BOCMOJNbL3OBABLINCH
npubmakenveM (13.49) u ocrasnas Tonbko HaubombUIMH YjeH, MOJyYaem

J o (RE) ~ (kE)", (13.49)

ikR n
e 22—"[ (K" puPy (cosB)dv’.  (13.50)

B TakoM Buie NOJE u3NyueHus mnpeAactaBaseT coOOH MOMeHT BeKTOpa
nonspusaunu. Ecan pacnpefefiedue 3apsioB B MCTOYUHMKE JmMHeHHO,
to ¢yHknuo Jlexdnapa MOXHO BHHECTH 3a 3HAaK WHTErpasna, B 9TOM
cJlydae OHa aBTOMATHYECKH ONpelesiieT YIJOBOE pacnpelesieHye COOT-
BeTCTBYIOIUMX nosefl. B npoTusHOM ciiyuae HeoOXOAMMO NOMONHUTENbHOE
uccrenoBanue, 4ToOb MOKas3aTh, YTO VIIOBOe pacmpelenerue mnosefl us-
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nyyeHus onpepensercs ¢yHknuelt Jlexannpa, Haubosee snerxko 310 npo-
nmejath ans nepebiX uneHoB. Tak, B Hynesofi uneH, n=—0, Bxoaur

= f P, A0 — cyMmMapHbifi  IMNOJMLHEIE MOMEHT, KOTOPHIM paccMarpu-

Basica B ra. 1. UneHn Gojee BHICOKOTO MOpsAIKa CTAHOBATCH CYLIECTBEH-
HBIMM, €CaM AMNOJbHEI uYJleH OTCYTCTBYeT, T. €. €C/M pacnpefielieHne
3apANOB He 0DJafaeT CYMMAPHBIM OCHUWIIMPYIOIUUM IHNOJbHEIM MOMEHTOM.
3aMeTuM, OJHAKO, YTO €CJIU U3Ny4YeHue onpenensercs 6osee yeM ONHHUM MO-
MEHTOM, TO 5TO M3JyyeHue He/b3f MPENCTaBUTb B BMAE CYMMHE WICHOB
suna (13.50). Jeno B ToM, yro npubmmxenne (13.49) npuMeHHdMO auun
K HaubOMbIIEMY MOMEHTY; BKJaX YieHOB 60Jiee BHICOKOrO MOPSIKA B 3TOM
paznoxenuu OyneT TakoH ke, Kak u 4ieHOB ¢ Oonbiuum n l).
MynbTHNONBHOE PA3JIOKEHHE MOXKHO MOJYYHTb U YHCTO (POPMAJBHBIM
pa3jioeHueM MOJA uaayuenus B pan Tefinopa no creneHsM KOOPAMHAT
uctounnka £. Ecim §<€C1, T0 B 06AacTH, rie BEKTOP mnoaspH3auuu p
OTIMYEH OT HyJ A, Bhipaxehnue (13.43) MOXHO pasnoxuTs B pan

ikr
Amegllg (x,) = [ Ps(x.) eT dv' =

L gikr /’ , 0 otk P ,
=g Ped? —[Tx,(—r—)},z,?./ PV

170 o (et ] i
o [0 (E £ 5, AV ...
20 [0x1 6x5( 7 ),zR FePe

7

Ileperie ABa uJieHa JIETKO OTOXAECTBUTH C BoipawenusmMu (13.51) wu
(13.63), xoTOpHE HH¥e BHIBOASTCH M3 cooTHomeHus (13.50).

§ 18.6. HaayueHue SJEKTPHYECKOro IMAOJS

PaccmoTpuM noapobHee nose uaayuenus aunons. [Ipu n=—0 Bexrtop
Tepna paseH

o RR .

H,(x)=5—5 4 R fp (x)d'v 4meI (13.51)

Hanpasienue BeKTOpa p, NMpUMeM B KadyeCTBe NOJASpPHOH ocu. lnsa Tore
4ToObl HAUTH MOJIE M3NYYeHHs, BBIYHCAHM CHAu4ala C MOMOLIBI0 COOTHO-
wiennst (13.44) sexkrop C. Kak Buavo us puc, 13.3, komnonesrsl I,
B cepHyecKO#l CHCTeMe KOOpPAMHAT PaBHbBI

Py cos BelRR

IIR:IIOQCOSH_——-“"%TOR——,

Ty = — T, sinf = — Azm_ﬁg"_"’_, (13.52
© T

I =0. J

1) CMmbicA STOFO 32MedaHusi nosicusieTcs B 3anave 8.

P
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BripameHue s poropa B cepuyeckux koopauHaTtax (mpunoxesue )
MOKA3HLIBAET, YTO eaMHCTBeHHOU Komnosenrtofi C Oyner
. y 4 sin f 1 ) ikR
Cy= G (g — k) e*. (13.53)
Taxkum 06pa3oM, MB MOJyYaeM TOJbKO @-I0 COCTAaBJIAOILYI0 MArHUTHOr O
noJjd
ik
— i
H, = — 4 pysin 0 gz — ) e, (13.54)
u cormacio cootHoweHnio (13.46) KOMNOHEHTH 3NEKTPUYECKOrO NOJISA

paBHbI
1

_ 9 __ pycosb (1 \ L ine
Er= Rsinf -(—)F(SmOC(P) _ 2;:5(,[?2 (ﬁ—ik)elk ) (13.55)
1 o 671
EB::“ 7{ oR (RC )—%(ﬁz——————lﬂ) ”". (1356)

JlBa uneHa B BHIpaXeHUu IS H, npexncrasasior coboft nosne uxayk-
UMy ¥ nose usaydemus. 0- KOMNIOHeHTa 3JeKTPHYECKOTO TOJA HMeeT TpH

o A o=y 008 o

¥

Puc. 13.3. KoMnonenTsl BEKTOpa noJsipu3a-
IIMM, HanPaBJACHHOIO BJOJb NOJISPHOH OCH.

yjieHa: mepBH 4jieH — 5TO CTaTHYecKoe MNoJe Aunosa, obpartHo mponop-
uvoHansHoe KyOy pacctosHus 10 AMNOAA; BTOpPoH uieH obparHo mnpo-
NOpUMOHANEH KBaLpaTy PpacCTOfHUA OO IHNOJS W HA3biBAeTCA TepexOi-
HHIM ToJieM; TpeTu#l uieH — noge wuanayuehus. Ilepexonsoe nose we
JlaeT BKJAaja B SHEPrHI0 H3NYYeHMs, XOTA NPH pacyeTax OSHEPruM, 3a-
naceHHOH npu KoJebGaHuAx, ero ponb 3sHauuresbHa. [losa uanyyeHwun
OMWCHIBAKOTCA 4YJieHaM¥, MpoOnopuuoHaipHbiMu 1/R:

. wkp, sin fe'hR
H(P——- — “—‘ﬁm——: (13.57)
2 : ikR
Ey = — _k_ﬂf‘_"_gf__' (13.58)

4zegR
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Win B BEKTOPHBIX 0603HaueHuAX:
eikl?

E:m[(m X k)X R,
(13.59)

et g o e

kR
H= —(ﬁ—,‘)‘— (p1 X B),

Tine BekTop R HanpasieH BuoJs R.

C nomoupio Bektopa C OueHb MPOCTO MOJYYUTH YPABHEHUA CHJIOBHIX
AvHUfl SMEKTPHYECKOro mofs. dneMeHT dS cunoBol snHuu napanneneH E.
CnenoBatesibHO, YPABHEHHE CWJIOBOH JIMHUM MMeeT BHMI

ds X E=ds X (VX C)=0

"WIH

RC sin 6)dR + RC sin ) d6 =0, (13.609

0 0
R ( a5 ¢
M ero peuleHue

RC sin § = comnst,

Tloxcrapnss seiparetne s C (13.53), nosnydaem

V1 37%2R2 R™ " sin? 6 cos (kR — wt — arctg kR) = const, (1 3.61)

mpuueM Oblia yurena 3asucHUMocTs C M OT BpeMeHn. JTO— TOYHOE YpaB-
HeHMe, NMpHMeHHMOe KakK B Janbhell, Tak U B 6siu3kol 30He HHIYKUVH.
Jlaa nons MsnydeHus ypaBHeHue CHJIOBHIX JHHWH ynpouiaeTcs

sin? § sin (RR — of) == const,

OTKYJa BHAHO, YTO MOJE MEPHONMMHO MO paauycy, NpuYeM MepHox
paseH hpsmHe BosiHbl A. B Onnakofi 3oHe corsacHo coorsouwenuno (13.61)
(pa3oBag CKOPOCTL BOJIHOBOro ¢ponra Gosbllle c¢. [lepexom K CKOPOCTH,
paBHOlt ¢, moka3dan Ha puc. 13.4 smanu OT IMNOJA, PAcCTOSIHUE MeXIY
rPYNnaMi CHJOBHX JMHWH CTAHOBUTCA PAaBHBIM A. PHCYHOK HeCKOJIbKO
pckaxked, 4yrobm mnokasats Ha HeM o0a moma. B wuure . epnal)
MMeeTCs H3BeCTHas Cepus PHUCYHKOB, MOKa3blBalOLHMX, KAK CO BPEMEHeM
-00pasyloTcs CWJAOBHIE JIMHUM.

§ 18.7. Hanyuenue mynbTHnogefi

PaccMOTpHM Tenmepb H3nyyeHHe, COOTBETCTBYIOIEe MOMeHTaM Gonee
Boicokoro mnopsaka. Ilpy n=1 obwee supawenne (13.50) npunu-

MaeT BHA
tkp

I, = TR /ktpcosﬁdv (13.62)

1) G. Gertz, Gesammelte Werke, Bd. IL
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HAU, 4Hade,
th

1| P8 ,m 72 f pE-R)ydv'. (13.63)

KoMmnoHeHTH § paBHb X, @ KOMNOHEHTH R pasubl x,. MoawmTerpanbrHoe
shipaxeHue B cooTHowenun (13.63) MOXHO npencTaBuTh B BUAE TeH30pa,
KOMOOHEHTH KOTOPOro 3aBMCAT OT IBYX. BWIOB NMapaMeTpoB pacmpefe-
AeHusl: py M x.. 97107 TeH3op yno6HO pasOuTh Ha IBE YACTH: CHMMET-
PUUHYIO M aHTHCUMMETPHYHYIO MO ero napamerpam:

’ X P xr: pax' xl: 4 xclz_pax,
X, PgXe = (rtat B)j; (7s 0, (13.64)

Takum e npeobpa3oBaHueM Mbi noJb3osanucs B § 7.11. TonoGubie-
npeobpasoBaHns HAacTO MNPUMEHSIIOTCY B MeXaHuWKe CIUIOIIHBIX  Cpel,
Hanpumep, AAd TOro, 4ToOnl 0Oliee HaTAXKEHHE B TBEPAOM TeJsie Mpel-
€TaBUTH B BWIE CYMMB COOCTBEHHOTQ HATSMEHHS, ONPELETAEMOTO CHM-
METPHYHEIM TEH30pPOM, ¥ BpalleHus Tela KaK HeJoro, ONpefesiseMoro
SHTHCHMMETPHUYHBIM TeH30pOM. IlpeacTaBuM Tenepb AHTHCHMMETPHUHYIO-
wacTb Boipawedus (13.64) cHoBa B BekTOpHOM Bune. Toraa wuHTerpan
€13.63) npumer Takofi BuA:

1 17 r
2 [IRX X B+ %, (pxi4-px) ) d'.  (13.65)
PaccMOTpMM CHayasia aHTHCHMMeTpuuHHM unen. Tak kak Bektop R

M¢ 33aBUCHT OT KOOpAMHAT HCTOYHHKA, €ro MOXHO BHHECTH 34 3HAK
MHTerpasa M g NepBoro 4JjeHa NnONAYUYUM

%Rx_f(pxg)dv'. (13.66)

CMEIC 9TOTO HHTErpasa Jerko MNOHATb, BHIPA3WB BEKTOP MNOJSIPH3ANUH

wepe3 TOK. [Ipu CHHYCOMAANLHON 3aBHCHMOCTH OT BpEMeHH p = — tJ .
w
crenoBatenbHo, Buipaxenue (13.66) npunHuMaeT B

R .
_—QE)—X !/'_] X Ed‘v,. (13.67)?
HanomuuM, YTO MarHuTHH MOMEHT pacnpefelfieHHs TOKOB paBeH
Takum ofpasoMm, Buipawenue (13.67) nmpunuMaeT npocToft BuA

1
i—wRXm.
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Noaapuzaumonsnilt norewnman I, coorBercrByomMit anTHCHMMETPHYHON
4YaCTH MOALIETEIPANbHOrO BHIpAXEHUdA, paseH

I ke™™R (R X m) .

aHTHCHMM — dre, Rliw

(13.68)
3Has nosMpU3anMOHHLIT MOTEHNMAN, JIeFKO BHuUCAUTL note. Ecau npe-
HeOpeup useHaMu, COOTBETCTBYIOLUIMMM TOJIO WHIYKLUHMH, TO MOJYYHM

1 0C  ip k2[R X (m X R e'*F
- = o | 4(71’-R3 ) . (13.69)

-Onyckas (a3oBui MHOXuUTENb, I nods H nosyyuum
ok

R
H v = yrya [k X (m X R)]. (13.70)

MarnutHoe mnose B 9TOM Ciyyae HMEET TOYHO Takylo ke ¢Gopmy,
Kak snexkTpuyeckoe (13.59) B cayuae ssekrpuueckoro aunossd. Ero
Ha3HIBAIOT MOJIeM M3Jy4yeHus MarHuTHoro aunoJa. HMamyvenue MarnutHOro
JUNOJA COOTBETCTBYET TAKOMY pacnpelelIeHHI0 TOKOB, NPH KOTOPOM
XOTd ¥ HeT CYMMapHOTO OCHMJJIMPYIOIETO INHMNOJBHOIO MOMEHTa, HO
¥MEETCs TAPMOHHYECKH M3MEHSIOLIAncs nupKYJ[LMsl 3apsiioB.

BepHemcs K paccMOTpeHHMI0 GHM3HYECKOTO CMEICIA CHMMETPHYHOrO
wieHa B coordomenun (13.64). CoorseTcTBYIOLIHH €My  BEKTOP
Iepua pasen

g = s o | 5 (Pp¥e~+ p,x5) 02 (13.71)
feumm dne R o) 2 PeXy 1 P, B) . e

CuMMeTpMs 3TOrO BHIpAXeHWs CTaHOBUTCH Oosiee OuEeBMAHOM, ecau ero
BHIPA3UTh Yepe3 IUIOTHOCTb 3apsinoB p(X,) ¥ MX KkoopamHars. Pac-

CMOTPHUM BEJHYNHY

0,
Qupzfpx;xédv'=~f—(£—7, x;xéd'v’, (13.72)
¥

KOTOpas HAasblBAaeTCA 3JJEKTPHYECKMM KBAAPYNOJLHHIM MOMEHTOM pacnpe-

Jenexus 3apsnos. ITpoutrerpupyem (13.72) mo yactam, npeanosaras npu

STOM, YTO rpaHuiia o0nacTH WHTETPHPOBAHWA HAXOAMTCA BHE pacnpeje-

JeHuss 3apaaoB. ‘Torna NOBePXHOCTHH MHTErpan oOpaTHTC B HyJb, U

BekTOp T'epua (13.71) MOMHO BHIPA3UTh Yeped KBALPYNOJLHBEIH MOMEHT
ikR

In,— {;W x,Qua (13.73)

CuMMeTpHuHasd Matpuna KsanpynoJoHOro moMmedrta (13.72) moxer OuiTb
MpeACTaBlieHa Takke ceMeliCTBOM MOBEpPXHOCTER BTOPOro nopsaika,
-ONpelessieMbX KBanpaTudHol ¢opmMol

%, X5Qu = Cy = const. (13.79)
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Bekrop Il Buipamaercs depe3 mapamerp Cy
—WYCz. (13.75)

OTKylda BHIHO, YTO BEKTOP Il Bcerna NEPREHIUKYISIPEH K M[OBEPX--
wocru (13.74).

BoiupcauM B OOLEM Bule KOMMNOHEHTH NOJeH u3nydenus KBaupy-
nona. Cucremy ocefl x, y, Z BO3bMEM BIOJb T[JABHHX oOcCeli KBanpa-
TuuHOM TMoBepxHOCTH KBaapynona. Toraa komnosents! Bektopa Il papum

{10, I . J sin 6 cos 9Q,
{ I, [ ke | sin0singQ,, . (13.76).
TE
( 10, ° ( cosBQ,,
Buiuncass porop sextopa II, Haxommm komnouentn C:
ik2e'® 0 9
Cy = T6me R sm sin 2¢ (Q,., ny),
g (13.77)
Co="%mR R sin 20 lex—i- Qyy — 2Q,, — (Q,, — Q,,) cos 20].
3nag Bektop C, Nerk0 HaWTH KOMMOHEHTH 3JMEKTPHYECKOrO MOJs
ESeRR
Ey = ?‘Z’E_ sin 20 [Q,, + ny —2Q,, — (ny —Q,,)cos 2¢],
o  (13.78).
E,= ! Tome,R sm b sin 2¢ (Qy, — Q)
U MArHuTHOroO noJgd
. 52 ikp . .
By=—— wHi)G:R sin 6 sin 2¢ (Qyy — Q) l
wp.ok2eikR . 0 }
B, = sin 20 [Qp+ Qyy — 2Q,, — (Qyy — Qup) cos 291. |

(13.79)

He6eabiHTepecHO OTMETHTb, YTO TMOJA 3aBHCAT JMIUL OT pasHocTefi
COCTABJAIUNX KBAAPYNOJBHOTO MOMEHTA; CJEIOBATENHHO, MOMA WU3JY-
YeHMA ONpENeJHIOTCd MAThiO, 4 He IMeCThI0 MOMEHTAMM pacnpeleJieHus
BTOporo nopsamka. B coorHomenusx (13.78) u (13.79) npusenesb TOMLKO
nosda M3Jy4YeHus, ¥ MOITOMY DPaiHaJbHHE KOMIOHEHTH OTCYTCTBYIOT.

IMons wu3nyueHuss KBAJPYNOJs XapakTepusyloTcs JABYMH 4YepTaMu.
Bo-nmepBHIX, B CJAyyae paBeHCTBA JABYX COCTaBJSIOLUMX KBaIPynoOJib-
HOTO MOMeHTa, T. e. NpH C¢eponlalsHOM pacnpelesieHUH NOMAPU3aHIE
B KBanpynose, Bexktop C, a C/e/lOBATENILHO, W MArHWUTHOE NOJe, MMeeT
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TOJLKO OAHY KOMIOHEHTY
ik2e'RR

Co = Tomeyir S 20 (Qux — Q2. (13.80)
rie B KayeCcTBe OCH 2z B3ATa NoJsApHas ock cdepouna. Bo-prophx,
B obweM cayyae noas Gyayr oOpaiiaThcs B HyJb Ha OBYX KOHHYECKUX
MOBEPXHOCTAX, B OTJMYME OT OJHOH MOBEPXHOCTH B Clyyade AUMOJHHOrO
panyueHns. Pu3NYeCKH KBAAPYNOJbHEIM MOMEHT BO3HMKAeT MpH KoJeb-
JHOLLEMCS  pachpelelleHUM 3apaioB  Tako#l CUMMETPHM, NpH KOTOPOH
JunoJibHetd  MOMeHT BCe BpeMd pasedH Hymo. [lpocredinméi npumep
KBaIpynoJs NpPelCTaBJs0T ABA IWNOJA, CMELleHHble IPYT OTHOCHTEJbLHO
Jpyra u kosedbuaiomvecs B npotusodase.

Annapar, passuthifi B Hactosiel riaaee, oOnamaer GoJbuioi
obuHocTbo. OAHAKO B MPUMeHEHHM 3anasibBAIIMX MOTEHNMANOB JUIA
BHIYKCJIEHHA TNOJefl u3NyuyeHHs IJeMeHTAPHBIX 34pANOB BO3WHKAeT Pl
TpyaHocTefl. HacTh TpyAHOCTEH MPOCTO paspellaeTcs C MOMOLBbIO TeOPHH
oTHOcHTeJIbHOCTH. [TO3TOMY naJjbHefilllee MCC/eOBaHME W3TYYeHHs Tpe-
OyeT 3HAKOMCTBA ¢ 3TOH Teopuel.

3agaumu

1. ﬂoxamyTe, 4TO pajula’bHO ocyuaaupyomas cdepa, Hecymas cepnueckn
CUMMETPUYHBIH 3apsif, He H3JyuaeT.

2. ITokaxure, yTO nOJHAA sHeprus, usfydaemas koaebatomeiica cHcTeMol,
paBHa HYJIO, €CJU pEIIEeHUE BOJHOBOIO YPaBHEHHsl B3siTh B BuIE

Psanasa Ponepexnc
=g
Aaanasn + Aon_epem
. 2 :
3. Tok B KpYroBoM KOHType pamuyca d onpenensietcss gopMynof
iwt

A=

I==1I;sin (ny) e~

Tlokamure, 9TO ecan mpeneGpeub (asoBLIM MHOMKHTENEM, TO BEKTOPHBIH NOTEH-
AMak B BOJHOBOH 30HE OnpejessieTCs COOTHOLIEHHEM
A - poly @ I (RR—wt)
2 r

4. DneKkTpruecKp# AMNOJb, Jemaliui B Hayale KOOPAMHAT B IIOCKOCTH Xy,
Bpamaelcs BOKPYr ocH 2 € NOCTOsHHOH YrJioBoit ckopocthio, Hafipure komno-
HEHThl MarHUTHOTO NOJA B IHUJIMHADHYECKOH CuCTEME KOOpAMHAT Ha GOAbIINX
PaAcCTOSAHUAX OT JMIONSA.

5. PaccMoTpHTe pBa HMNOJAS, OPHEHTUPOBAHHBIE NOA NPAMBIM YrJaOM Ipyr
K 1pyry, koneGmomuecss ¢ pazHocTbio a3 90° u ¢ onuHaKOBOH YaCTOTOH:

a) Boluucaute 3Hepruio, u3iydaeMyio 3a Bpems df.

6) Paccmotpute cdeprueckoe noraouwlaKliee TEJNO, PacMoJOXeHHOE Ha
6ONbIIOM pacCTOfHMH R OT AMNonei. Kpyrsiumii Moment, NepeaaBaeMbiil stomy
Teny 3a Bpems df, paBeH

G= [/Mds}cdt,

c2

1, (ka sin ) sin nge
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rA€ NOBEPXHOCTHIO MHTErPHDOBAHMA CAYXMT NOBEpXHOCTb ceph. Buuncante G
¥ CPaBHMTE C pe3yJAbTaTOM MyHKTa a). BocroabsyfiTech MOJHBIMH BHpameHUSIMH
AR nodeH IunoJs.

6. JluHeiHHN KBaAPYNOJALHHH OCUMJVIATOP COCTOHT M3 TPeX 3apsiioB —e,.
-+ 2¢, —e. lonowvTeNbHHI 3apsA HAXOAMTCA NMOCTOSHHO B Hadale KOOpAMHAT,
a OTpHUATENbHBIE — B TOUKaX 2, - M 2,

1
z,::—zgzacos?mt.

BHuNCINTE CPEAHION MOINHOCTb M3AYYCHHH H MOAH Ha GOJIbINMX PacCTOSHYAX.
7. PaccmortpuTe cayuai, Korja oTpHIlaTeabHble 3apsifibl 3anauv 6 He Koae6-
RIOTCH, a BPAUAIOTCH BOKPYr HOJOXKHTEALHOrO 3apsiia € HOCTOSHHOH YriaoBoH
CKOPOCTbIO. PacCTOSIHME [0 MOJOXKHMTENbHOro 3apfila OCTaeTCi HOCTOSHHBIM o
paBHEIM a4, a CaMM 3apsiibl BCE€ BpEMA HaXOAATCA Ha onHo¥ Juuny. Hafigute
KOMIIOHEHTH KBaIPYNOALHOIO MOMEHTAa H CPEAHIOI MOLIHOCTh M3JydYeHHS.

8. ITycte autenna pavHo# L =7 THMTaCTCH B UEHTPE TOKOM
2nE A A
I=1TI;cos y — e <E< .
0 ) 8 -7 "8

BHIYHC/IHTE MOHIHOCTb AMAOJBLHONO M OKTYNOJbHOro Hanyuexmil. Ciuoxure ux o
pe3ysibTaT CPaBHHTE C TOYHOH (GopmyJIOi.
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FMTABA 14

3KCIEPUMEHTAJIbHBIE OCHOBbBI CINELMAJILHON TEOPUH
OTHOCHUTEJbHOCTH

§ 14.1. Npusuun otHocuTeabHocTy anunes
H SJEKTPONMHAMHKA

MBl HallJH, 4YTO 9SJeKTPOMalHHTHBHE BOJHH B BaKyyMe pacnpocTpa-
HAIIOTCS CO CKOPOCTBIO € == I/V—}:oeo- Sta BelMuHHa MpelcTaBisieT coGo#t
XapaKTepHCTHYeCKYI0 KOHCTaHTy TeopuH. HanHude taxo#l nocrosunob
KaueCTBeHHO OT/HM4YaeT TeopHI0 MakCBella OT KJAaCCUYeCKON MeXaHMKH.
KrnaccHueCkassh MeXaHMKa HHKAKHX KOHCTaHT He CONEPXMT M JoNyCKaeT
nono6Hoe npeobpa3oBatne NIOOHX BEJHYHMH, BXOASUIMX B Hee. BciaencTrue
3TOrO pa3/iutHs Teopust MaxcBenna ve obaanaeT BeCbMa BaXKHBHIM CBOHCTBOM
KJacCH4YeCKol MeXaHHKH, a HMEeHHO, HE3aBHCHMOCTBIO OT CUCTeMbl OTCYeTa.
JlBukeHHe € NoCTOSIHHON CKOPOCTbIO BOOOINE Henb3s OTJAHYHTL OT
COCTOSIHHSI TIOKOSi, @ 3aKOHblI JBHIKCHHSt B paBHON CTeneHH ChpaBelJHBbI
BO BCeX CHCTEMAX OTCYeTa, IBHXKYIUHXCH C NOCTOsiHHOH CKOpPOCTHIO
Ipyr’ oTHOCHTeNbHO Apyra (puc. 14.1). MarteMaTHueCkM 3TO O3HaYaeT, YTO
3aMeHa MepeMeHHbIX :

x’:va—'Ut,

y=y (14.1)

2=z
He H3MeHSIET ypaBHenWH nBuKewusi, Taxas 3ameHa nMepeMeHHBIX COOTBeT-
CTByeT NepeXoly OT CHCTEMbl KOOpIMHAaT X, Y, 2 K CHCTeMe Ko-
-opaunat x’, ¥y, 2/, nBHXyuUie#iCs OTHOCHTeJbHO MepBOH CO CKOPOCTHIO ¥
No HampaBJieHWI0 X. B HeH3MeHHOCTH ypaBHexMit nBHIKeHHst Jderko yOe-
IUTbCS mnpsiMo#i  noncTaHoBKo# npeoOpasoBaumst (14.1) B ypaBHenms
JBHKEHHSt 71 MaTepHAJbHBIX TOYeK, B3auMONeHCTBHE KOTOPBIX 3aBHCHT
JMIIb  OT B3aHMHBIX paccTOsikfi Mexny HuMH. HanMileM ypaBHenHe
ABHXKenHst i-# YaCTHIBI

S mpy=— 2 V,IV(jr;—r,]) (14.2)
j#1



§ 14.1] nPHHUMN OTHOCHTEJILHOCTH TAJHJESl ¥ SJIEKTPOJIHHAMHKA 253

CoBepLIeHHO OYEBHLHO, YTO OHO COXPAaHHT CBOH BHL U B LITPHXOBAH-
HOH cucteMe orcueta. Coorvoinennss (14.1) naswiBalorcst npeoGpaso-
BanMsiMmi [asnHiesi, M MO3TOMy OOLIYHO TOBOPST, 4TO 3aKOHBI KJjac-
CHYeCKOM  MeXaHHKH  HMHBapHaHTHB  OTHOCHTENLHO nNpeoOpa3oBaHui
Fannnes. CHcTeMa OTCueTa, B KOTOPOH TeNo, He HCHbITBIBaloLiee NeHCTBHS
CHI, IBHXeTcsi Oe3 YCKOPeHHsi, HaablBaeTcs «uHeplMaibHOH». Cnenoba-
Te/IbHO, HHBapHAHTHOCTb 3aKOHOB MEXaHHKH OTHOCHTeNbHO NpeoOpaso-
sannit (14.1) Bbipa)iaeTcst SKBHBANEHTHOCTbIO BCEX HHePHHAJbHBIX CHCTEM
OTCYeTa B KJaCCHYeCKOH Mexanuke. ITO yTBEPIKINEHHE Ha3biBalOT NPHH-
1IMNIOM OTHOCHTebHOCTH [anHnes.

Tak kak cuibl OOHapyMXHBalOTCSi MO BBI3bIBAEMBIM HMH YCKOPEHHSIM,
€CJIM, KOHEeYHO, HCTOYHHK CHJB He H3BECTeH 3apaHee, TO HHepLHalb-
Hble CHCTEMBl OTCYETa onpelefeHbl He CTPoOro. ONHAKO € YpPaBHEHHSIMH

¥ ¥

174 z
I/ v

Puc. 141. CucreMn oTcuera, JBHXYHIHECH JPYr OTHOCHTEIbHO
apyra.

Maxcrenna BOSHHKaeT Topasno Gollee CyLiecTBeHHas TPYIOHOCTb, TaK Kak
$opMa STHX ypaBHeHHH He COXpausiercs Npu npeoGpasopaumsix (14.1).
CrenoBatellbHo, MOXHO HpelNoNarath, YTO 3JeKTPOMarHHTHbie S(QeKThl
Oynyt mno-pasuoMy HPOSIBJIATLCS B Pa3NHYHbIX CHCTEMaX OTCYeTa, LBHIKY-
LIMXCS APYT OTHOCHTENbHO Ipyra C NOCTOSHHOM CKOPOCTBIO. B wact-
HOCTH, CKOPOCTb PaCHpocTpaHeHHs MIOCKHX BOJH B BaKyyMe He [0JkKHa

coxpausth cBoto Beauundy ¢ =1/} p.e,. EciM cuntaTh nNpaBHIBHLIMH
KaKk ypaBuenus MaKCBelna, TaK M 3aKOHBl KJacCHYeCKOH MeXaHWKH,
TO JOMKHAa CYWeCTBOBaTb HEKOTOpas NPeHMyLiecTseHHas —CHCTeMa
OTCYeTa, B KOTOPOH CBeT PACMPOCTPaHSETCs €O CKOPocTbio ¢. B kmac-
CHuecKoH (PM3KKe MoJarajM, 4To 9T4 CHCTEMa OTCYETa CBAI3aHA C «3PHPOMY.

To 06CTONTENBCTBO, YTO MNPHHUKI OTHOCHTENbHOCTH [amuies npH-
MEHHM K 3aKOHAM MEXaHHKH H He MPHMEHHM K SJEKTPOIHHaMHKe, Tpe-
OyeT caenath BHIOOP MeXAy CJELYIOUHMH BO3MOXHOCTAMH: .

a) NMPHHUKMN OTHOCHTENLHOCTH NPHMEHHM B MeXaHHMKE H He NPHMEHHM
B_ 9JEKTPOIMHAMHKE, M JIOKHA CYLUeCTBOBaTh MPeHMYylLeCTBEHHas CHCTEMA
oTCueTa, (CHCTeMa 3Qupa);
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6) npHHUMI OTHOCHTEJbHOCTH NPHMEHHM H B MEXaHHKe, H B SJEKTPO-
AHHAMHKE, NMPH 3TOM 3JEKTPOIHHAMHKA B (opMe ypabHeHu# Maxcpenna
HEBEPHA;

B) NPHHUKI OTHOCHTEJNLHOCTH MPHMEHHM H B MeXaHHKE, H B 3JIEKTPO-
JMHAMHMKE; 33KOHbl MEXAHHKH B HbIOTOHOBCKOH ¢opMe TpeOyioT H3MeHeHus:.

BrGop Mexiy STHMH BO3MOXHOCTAME MOXHO CHEJaTh Jullib HA
OCHOBe ONuiTa. B pnanbuefiiieM, ananusupys COOTBETCTBYIOLLHE 3KCIEPH-
MeHTH, Mbl yOenuMcsi, 4yTO (PaKTHYECKH OCYLIECTBIAETCA TPETbA BO3MONK-
HOCThb B BHAE CMEHNMAJLHOH TEOPHH OTHOCHTENLHOCTH. B KOHLe riaBhbl
yKa3aHbl OCHOBHLIE ONBITHI, MpHBENIlHEe K TAKOMYy BbIBOLY. JlOononHuTenb-
HblE CCHlIKH MOXHO HafiTH B Oojee nonubiX 0630pax MO TEOPHH OTHO-
CHTENIbHOCTH, TNpPHBENEHHBIX Janee. JKCMePHMEHTH PACNanaioTcs HA TpH
KJacca: a) MOMBITKH OOHAPYXHTb C MOMOUIbIO 33KOHOB. 3JIEKTPOLHHAMUKH
NperMyIeCTBEHHYI0 HHEPHMANbHYI0 CHCTEMy OTCyeTa: O) MOMbITKH HalTu
OTKJIOHEHHS OT 3aKOHOB KJACCHYECKOW SJEKTPOLHHAMHKH; B) NONBITKYK
HalTH OTKJOHEHH OT 338KOHOB KJACCHYECKOH MeXaHHKH.

§ 14.2. Noucku aGCOMOTHON CHCTEMB OTCUETA,
CBA3AHHOH € a¢dupom

Jlerko noxasaTh, uTO nIBa 3apala ¢ H — @, HAXONAILHKECS HA KOHHAX
OTpe3Kka, IBHXyLerocss €O CKOPOCTbI0 ¥, OylyT B3auMONeHCTBOBATHL
TaK e, KaK 1sa SMeMenTa Toka Benmyuuolt /dl — go. Cunabl, HeficTBylo-
IiKe HA 9TH 3JJeMeHTBl TOKa, OylLyT paBHbl H HaMpPaBJeHbl B MNPOTHBO-
NOJOXKHBE CTOPOHBI, H B 00IlieM Cllyude OHE HE KOJJuHeapHml (puc. 14.2).
Crepixenb, coenussoliuil 3apsaan, OyneT CTPeMHTbCH TNOBEPHYTHCH
MoL NpAMBIM YTJOM K HANpPaBIeHHIO CKOPOCTH. PaccuutaeM penmunuy
astoro sdexta. CornacHo 3akody Amnepa

F:——ﬂ’—qz 2 X (v X L) )

Lo e (14.3)

npuueM HanpaeieHuWe M JUIMHA BekTOpa L onpenensieTcs CTepikHeM.

Cuna

1 2 g2
g 6

= — ——— SN
F= i

(14.4)
HaNpaBJeHa MepPIeHIUKYNSpHO K ¥ B naockoctw pektopos L u 9. Coot-
wouwienre (14.4) nokasbiBaeT, 4YTO MarHMTHOE B33WMONtHCTBHE NBHKY-
LIMXCA 3aPsNOB ecTb 3¢exT nopanka (v/c)? NO CPaBHEHHIO € 3JMEKTPO-
CTaTHYECKWM B3auMonelCTBHeM TeX iKe 3apanoB. KpyTawum# MoMment
napw cua (puc. 14.2) cocrasnser

FLcosb =

1 q?v?sinf cos B 1 ¢% o2
41\760 ch —_ 8?\550 —L_C_z_ Siﬂ 26. (145’

Ecau  Owl CyuieCTBOBa a NnpenMyl1leCTBEHHAR CHCTeEM@ OTcuYeTa, TO
BpAA JM OHA TNoOKoOuaach Okl oTHOcHTenbHO 3emiu. IlostoMy nocryna-
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Telbhoe JBHXehHe 3eMJu JOMKHO CO3N8BaTb BpaLaTeNbHBIi MOMeEHT
8 cucteMe 3apsnoB. TpayToH W HoOn MOCTaBUJH OMBIT C MJAOCKHM KOH=~
HLEeHCATOPOM, MNOJBelleHHbIM Ha YIPpYyroMm rojasece, ¢ HEJbKO 06Hapy-
#ATb 5TOT 93ddext. OnHako KpyTsielrO0 MOMeHT2 OOHapyKeHo He

Puc. 14.2. Pasuble 3apsnpl pasHOro 3HaKa, NBHMY-
I[MECH CO CKOPOCThIO 0.

Cunrs F n F_ ue xoannueapHsl.

Obno. [locsenyiomue, Gofee TOYHBIE ONBITH TakXe JAMH OTPHHATENb-
Hblll pe3ynbTaT, XOTs NPW CKOPOCTH ¥, paBuol opOHTaabHOH CKOpOCTH
3eMan, sgpext mMor OBITb Jerko oGHApyIKeH.

.

T
p
]
IS
%II* 4z 4

S

Puc. 14.3. Cxema onmrta MaiikelbcoHa W MopiH.

HauGonee wu3BecTHo#i nONMbITKOH OOHAPYMXHTL CHCTEMY OTCYeTa,
CBA3aHHYI0 ¢ 3¢upoM, Ouna onbiT Mafikenbcona u Mopau (puc. 14.3).
CxeMa onbita coctosna B cienyoumeM. C NMoMoLibi0 NOJYNPO3PAYHOTO
sepxana P cBer oT ucrounuka L paspenancs wa mea ayua. Jlyun orpa-
HaJHCh OT 3epkan Sy M S, M BO3BPALUATHCH Yepe3 NOJAYNPO3PaYHOE



256 9KCHEPHMEHT. OCHOBHI CHIENHAJIbHOH TEOPHH OTHOCHTEAbHOCTH [ra. 14

3epxano B 3pHuteabuylo TpyOy F, c nmoMompio koTopoit MOxuo OblJO
Habmonath HHTepdePeHUHOHHYI0 KAPTHHY B 3THX Jayuax. PasHocTb ontu-
YeCKHX IUIWH Tueuell MHTepdepOMeTpPa KOMIEHCHPOBANACH TNacTuHkoH K.

IMycte wHTepdepOMeTp IBHKETCS OTHOCHTENbHO HEMOLBHKHOFO 3€HpA
CO CKOPOCThbI0 ¢ mMapanienbHo nineuy S,P. Torma ¢ TOukH 3penus Kiac-
cHueckOH (u3NKu BpeMs, HeoOXoauMOe LA TOro, 4ToOH CBeT TpoLLes
nyts PSP, pasHo

1 ! 2,
tl:ll(c_v+c+v)‘:c(l_62): (14.6)

v
rie ﬁ:—c. [Ipn aunanoruwunoM pacueTe IJas BTOPOrO Ijleya CrieayeT
yuecTb TO 0OCTOsiTeNbCTBO, 4TO MOKa cBeT Huer ot P mo S, sepxano P
nepenBuHeTCs Ha paccrosune O (puc. 14.4). DTo paccrosnue onpene-
JAETCsi CNeNyIOUMMH COOTHOILE-
HUSIMH:
d v
8 =

Vetg iz ¢
8=

g 24 CnenoBaTesbHO, BpeMsi MPOXO-
_L / ' nenus cetoM nytH PS,P paBro

v

(14 7)
Bly

2/ 2 2
Puc. 144. K pacuery onnta Maiikeabcona fo— — V lg + 0 = *—2——__2 .
v Mopin. Brunciense 3. c cV1--§

(14.8)

Taxum 0Gpa3oM, pasHOCTb A ONTHYECKHX JIMH COCTaBJsET
2 !
. A=c(t,— ty) = ( ] —1). (14.9y
( 1 2) Vl — [12 V-l —-ﬁz 2

Ecnu uutepdepomerp noBepuyTs Ha 90°, To I, u [, NOMeHSIOTCH MeCTaMi
H TOrna
21, 2,
’ ¢ , ¢

t = t _
! Vi—g 2 1—p2
a8 HOBast pa3HoOCTb ONTHYECKHX NJHH OKaMXeTCH paBHOﬂ
’ ’ ’ 2 l
A:Ct——-t :——’—,___.—(l—'—z—.‘)-
(=t == ("~ i

CnenoBaTenbho, npH ToBopote npubopa Ha 90° crenyeT OMunath cme-
flenndst HuTepQepenurOnHON KapTuHbl HAa 7 NOJIOC:
AM—A 241 1

A _AVTT—?( Vi@

e f\,_ll+l2 2 1410
n= )\ - B2 (14.10p
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Mpubanmenwe B nociellneM pPaBeHCTBe CBA3AHO C MaNOCTbIO CKOPOCTH @
MO CpaBHeHHIO C C.

OnHako HUKAaKOro CMellieHHs B onbiTe Mafikenbcona w Mopan oOua-
py®2no ne Obuto. Ilo CKOPOCTH TOYHOCTb WX Pe3yJbTATOB COCTAaBALA
10 kmjcer, T. e. ckOPOCTL 3eMIN OTHOCHTENbHO «3(HPa» NOMKHA OHTH
Mencie 10 wam/cex, xots opOutanbhas CKOPOCTh 3eMJH  pasua TNpH-
Mepro 30 wmjcex. DBonbllyio IuCKyccuio BBI3BANH ONBITH Musnepa,
Rasike CKOpocTh npuMepHo 10 wajcex, Hanpasnennyio B onpeneneHHylo
TOYKy npoctpaHcTsa. ONHAZKO NOCHKe YJAyulUEHHA METONMKH DTH ONBITH
TaKKe NOATBePIHIN OTCYTCTBUE CMelleHus HHTepdepeHIHORHOH KapTHHBL,
a Oojiee BHMMATe/bHbIH aHANN3 MPEKHUX AaHHBIX Muislepa nokasan, yto
H OHU He NMPOTUBOpeYaT OMHITAM IpPYrux uccienopaTenefi. B tabm. 14.1
A3aHa CBOIKA PA3JHMYHBIX BApMAaHTOR onbiTa MatikeiabcoHa — Mopawu b).

Ta6awua 14.1
OnbiThl MalikedbcoHa

Habmonatean Cox Mecto Lo cx | @M wicy? A xg:::;
Maiikeabcou 1881 lMotcnam 120 | 0,04 no- | 0.01 no- 2
J0CHI JIOCH
Maiikeabcon u 1887 .} Kuusneun 1100 | 0,40 0,005 40
Mopan
Mopmi u Mus- [1902—1904( Kumsaenn 3220 | 1,13 0,0073 80
aep
Munsep 1921 MayHr 3200 | 1,12 0,04 15
Buabcon
Muunep 1923—1924| Kausnenn 3200 | 1,12 0,015 40
Muanep 1924 Kausaeng 3200 | 1,12 0,007 80
(¢ couneyunM
CBeTOM)
Tomamex (co 1924 Iefigens- 860 | 0,3 0.01 15
CBETOM 3Be3f) Gepr
Muanep 1925—1926| MayuTt 3200 | 1,12 0,044 13
Buancon
Kennenu 1926 IMacanena 200 | 0,07 0,001 35
H Mayurt
BuancoH -
Hanuursopr 1927 [Tacazena 200 | 0,07 0,0002 175
Mukap wu Cra- 1927 Mayut Pun1f 280 | 0,13 0,003 20
Xalb
MaiikeabcoH 1929 Mayur 2500 | 09 0,005 90
ap. ., Buabcon
Hooc 1930 Vena 2100 | 0,75 0,001 375

Yy Ta6a. 14.1 sauMctBoBaHa u3 ctatbh «Hosblfl aHaiH3 vHTepdE PEHNHOHHBIX
nabmogennit i. Mujuiepa» ¢ mo6essoro paspeuienns ee astopor P. llaukiaanna,
C. Makkacky, P. Jleone n I'. Kypru. Ctatbs noMemiena B ypHaie Rev. Mod.
Phvs. 27, 167 1955.

17 Qav A% B TTounoewnd M M s rn
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Bo Bcex onbiTax mnieyn uwHTepdepoMerpa Obliv paBHbiMH. COFNacHO

Teopud 3¢QHpa oOXulaeMoe cMellleHHe UHTepdepPeHUHOHHOH KapTHHbI
2 (v
paBHSETCS: T(T) , Tne v— opOutanbuas ckopocTh 3eMau. Benuyuhbi
cMelendli, pealbHO . HAOMIONABINIMXCA  WCCHelOBATeNAMH, MApPUBEl]EHH
B crombue A, Jlas cpaBueHus TOYHOCTH PaslHYHBIX SKCHNepPHMEHTOB
B nocrefHeM CTON0HE A3HO OTHOLIEHHE OXHIAEMOTO CMelieHHst Kk 2A.
K3 sToft Tabnuun BuIHO, HACKOJMbKO HANEKHO YCTAHOBJEH OTPULATE]b-
HBIff pe3ynbTar.

§ 14.3. I'unoresa JlopeHna u PuTHKEpaAILAA
0 COKpAlieHUH AJHHBL ABYKYIIHXCA TeJ

Mbl BHIEAM, YTO C COXPaHeHHeM CTaphiX uWacH MeXaHUKM W IJeKTPO-
IHHAMHKH, MOUCKHK MPEHMYIeCTBeHHOH! CHCTEeMbl OTCYeTa OKasanHch Oeay-
cnewiHbiMu. Onsako Jlopenu © PuTwlKepadsl NpPeNNPHHAIN MOMBITKY
COXPaHHTbL MpeACTaBNeHUE O NMPEeHMyLeCTBeHHOH CHCTeMe OTCYeTa, Mpel-
MOJIOXKKB, YTO BCe TeJda MNpPH JBUIKEHHH OTHOCHTEJbHO HEMOILBUMHOIO

3¢upa WCNLITHBAIOT COKPAlleHuWe B Vi — {3% pas B HanpaBJeHuM ABHKe-
nusi. BrocnencTeuu 9TO COkpalliende NOJYYHJIO HasBaHHE JIOPEHUEBCKOTO
cokpawenusi. Cornacuo stofl runortese nieudo I, wa puc. 14.3 paBno
B neficrutenbuoctn & V1 — ﬁQ, rae I{ — nnuna sToro mueua, Korma oHO
MOKOUTCA OTHOCHTeNbHO 35¢Hpa, a ly—=1£ Torna BLHIpaxeHue (14.9)
NpUMeT BHI

1 — 1), (14.11)

.

u npn noBopore Ha 90° cMewieHHs uHTephepeHUHOHHOH KapTuHbl He
npousofiieT. CMeuieHusi KapTuuu He OyneT H NpH H3MeHEHWH CKOPOCTH,
ecmn [} =~1I5, xak 5TO ¥ ObLUIO B [MEPBOHAuAJbHBIX 9IKCIEPHMEHTAX.
OLHAKO eCIM Nieud He PaBHu I+ 1[5, TO Iaxe Npu NOPEHUEBCKOM
COKpallleHuH H3MeHEeHHe CKOPOCTH OTHOCHTeNbHO 3(Hpa MpumeleT K CMe-
LieHHI0 MOJOC HHTep¢epeHHud Ha

ir’g (8" — g2, (14.12)

n =

2
410 crenyeT u3 wamuuus Muoxurens (B — B2).

Kentenu NOCTPOMA uHTephepOMeTP €O CTOMb GOMbLIOH PasHOCTBIO
Iey, KAaKas TOMbKO JOMYCKANachb KOTEPEHTHOCTHIO HCTOYHUKA CBETA.
MoxHO mpennonaraTh, YTO KBaApPaT CKOPOCTH HuTepdepOMeTpa OTHOCH-
TeabHO 3(GUPA. ONPENeNSeTCA BLIPAKEHHEM

2= P2 = (vg+ Y+ T
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Fle Dp— CKOPOCTb 3eMin OTHOCHTeNbHO COJHUA, Vp— CKOPOCTh MO-
BepXHOCTH 3emiH, OOyCNOBJNEHHAA CYTOYHBIM BpalCHHEM, W T, — CKO-
pocts Cosnua. Kaxnbe 12 yac. 3ta Benwunna naMeHseTCR Ha

Av? =4 (0,~+ vg) - Uy
2 Kawxnbie 1ieCTb MeCAUEB — Ha
Av2 =4 (v, + ) - O,

OTH W3MeHeHHs JO/KHbI MPHBOAWTL K CMEIUEHHI0 HHTepdepeHHHOHHON
kapTuubl. OnHako Bompexu runotes: Jlopenwua cMeweHds He HaGmo-
Han0Ch.

§ 14.4. T'unotesa «ysJexaemoro sgupa»

Ewe onna BO3MOXHOCTL COrJacoBaTh MpeicTaBieHde 00 3dmpe
€ peayabTaToM onbiTa Mafikelbcona — Mopau 3akaioyaetcs B Npelno-
JIOXKEHHH, YTO 3QuUpP yBleKaeTcsi IBH- s 5
WyluMHca Tenamu. Torma BO Beex
OMNbITaX ¢ uHTepdepOMeTpaMu HOJKEH
aBTOMAaTHYECKH MOJyYaThCd OTpula-
Telbubifl pedyabTaT. OIHaKO Takoe
NpeanoOXeHHE NPOTHBOPEYHT IBYM
XOpOLIO H3BECTHLIM SABJEHHAM.

[lepBoe sBaeHHe — 370 abeppauus
CBETa «HeMOIBWMKHBIX» 3Bean. Bcnen-
cTBHe nBuXeHus 3eMau Bokpyr Connua
BHLMMble TMOJIOXEHHA 3Be€3JL HCIbITHI- .
BAIOT KaXylleecs yriopoe cMelleHHe ﬁ
npuMepuo Ha 41”7. PaccMorpum no- P
Jpobuee 3TO sBneHue. IlycTb 3Be3na
HaXOMWTCA B MOJIOCe 3KAunTHKY, Ilpu £’ F
HaluioleHWH TaKoH 3Be3an TenecKon Puc. 14.5. AGeppauus 3sesn:
Jomken OMTb HAKJOHEH B HAMNPABIC-  SE_ uermmsoe nmmpavsenue caera  of
HHH ﬂB“)KeHHﬂ 3eM."H Ha yron o 3B€31bl B 3€HHTE; iﬂgﬂﬂ—e.xam_vmeem HaNnpa-
(puc. 14.5). VI3 cxeMbl, mpHBeneH-

HOfl Ha pHCYHKe H NOCTPOeHHOH HA OCHOBE KJIACCHYECKHX MPeNCTaBie-
HHH, BUIHO. YTO

v
c

. (14.13)

tga—

Ilpu nosicraHoBke B 3TO COOTHOLleHHe ckopoctu 3eMmau 30 w.afcex

nonyuaem o =10"*=20"5 B cornacum ¢ naGmonennsmu. Ecau Om
s¢up yBaexancs 3emyelt, To abeppauus BooOuie He Habmonanach Obl.

Bropoe sBsnenne, npoTuBOpeuauiee NPeANONOXKeHuio 00 YBIeueHHH
3¢upa ABMKYILUMUCH TeJaMH, CBA3AHO C PacNPOCTPAHEHHEM SJEKTPO-
MarHuTHBIX BOJH B IBHxyiuefica cpene. Kak mpt Bunesn B § 11.4. nBu-
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WeHue Cpeibl OKa3blBA€T BIMAHHME JMIIb HA Ty 4aCThb CKOPOCTH JeKTpO-

opP

MarHUTHLX BOJH, KOTOPasi 3aBMCHT OT MOJMAPH3ALUHOHHBLIX TOKOB —or ,
oE

a YacTb, MPONOPUHOHANbHAS & —-, OCTAETCS HEHIMeHHOH. Ecmu 6n

3¢up nBUrajcs BMecTe CO cpenofi, TO CKOPOCTb 3JEKTPOMArHUTHBIX BOJH
onpenzasnack Ob He K03dduuneHToM Ppenensi— PH30, 2 NPOCTO PaBHA-
aack 6w ¢ = v. yTo mpoOTHBOpPeYHT onbity. CleNOBaTeJbHO, MPeNNOJO-
weHue 00 yBieueHwH 5¢Hpa INBWKYLIUMHCH TeJlaMu TPWBOLHT K pacxo-
KIEHUIO C ODKCNePHMEHTAJbHBIMH NAHHBIMH yiKe B TMEPBOM NOpAIKe
OTHOCUTENIBHO V/C.

Ir1u coobparkeHus 3aCTABJASIOT OTKa3aTbCA OT npelctasieHufl o npe-
HMYILeCTBEHHOH CHcTeMe OTcuyeTg. TeM caMbM MB! NpUXONNM K Heobxo-
IVM CTH PAaCMPOCTPAHHTL HA BSJEKTPOAWHAMHKY MPUHUWN OTHOCHTENb-
Ho(TH. CrenoBaTelbHO, HeOBXOAMMO W3MEHHTb JHOO 3MeKTPOLMHAMUKY,
aubo knaccuueckyio MexaHuky. CHauana Ml PacCMOTPUM MOMNBITKH nH3Me-
HUTb 9JeKTPONMHAMHKY TakuM 00pacoM, uTOObl u3CexaTh MapaioKCOB,
CBA3AHHBIX C 3¢upom.

§ 14.5. 3MucCHOHHBIE Te)IPHH

Monuduxaums SHCKTPONMHAMUKY B TaK Ha3bIRAEMBIX 3MHCCHOHHBIX
TEOPUAIX COCTOUT B MPEIAROJOXEHWH, YTO CKOPOCTb CBeTa CBA3alia C ABH-
WeHUEM HCTOYHHKA, a He ¢ To#f win uHOM cucTemol orcueta. Bo Bcex
9MHCCHOHHBIX TEOPHUHX CKOPOCTb CRETAa OTHOCHTENHHO HUCTOYNHKA CYH-
raeTcsi PaBHOM ¢ ¥ HC 3aBuCAWICH OT COCTOAHHS Mepelalolielt cpembl
€ MOKa3aTeseM MpeloMieHus #. Mexny cobo#t 3TH Teopuy Pas/inuaioTCa
N0 TOMY, KaK u3MeHSeTCsl CKOPOCTb CBeTa MPH OTPaX(HUM OT NBHIKY-
uerocs 3epkania. [Ipm 9TOM BO3MOXHH TPH CAYYas:

1. CkopocTb cBeta OTHOCHTENBHO MCTOYHWKA OCTaeTCs parHoOi cfn.

2. CropocTh CBeTa OTHOCHTENbHO 3€pKaja CTAHOBUTCA paBHOH c/n
(Tak HasbiBaemas OalUCTHYECKas Teopus).

3. CKOpOCTb CBeT2 CTaHOBUTCH pasHOl ¢/n OTHOCUTEJbHO M300pare-
HUA HMCTOYHUKA B 3epkale.

[leprasi Teopus, npennoxennas PuTieM. -—eIWHCTBEHHAA U3 TpeX,
B KOTOPO# He BO3HWKaeT TPYMHOCTefl C KOrepeHTHOCTLIO OTPaxeHHOr O
cBeta. JIBa ypasuenus Maxcenna PuTu OCTaBus NpeXHuMu

V.B=0,

VX E= — 0B

ot’
npuueM, kak v npexne, E u B cBA3aHb C NOTeHIHATaMH NOCPeLCTBOM
COOTHOLLEHHH
B=VXA,
0A

E=— Vg — .
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JiBa Apyrux ypaBHenus, B KOTOPHX (GUrypHpYIOT HCTOuHMKU noJs. Pury
3aMEHU/1 CAENYIOUIMMHU:

el - o)
9= o f . av', (14.14)
7 r
o j xa,t———)
A~%/ ( ) o, (14.15)

rie v, — KOMNOHEHTA CKOPOCTH HCTOYHMKA B HanpPaBJieHHH H3JTYUYEHUS.
ITH COOTHOLLIEHUS 3aMeHsI0T OObYHbIE 3ana3aniBaloliye notenuuass (13.24)
u (13.25) u onpelefsiOT NOJY ABHKYLIUXCH 3apsSROB.

B otauuve oT OOBYHOM 3/eKTpOMaruuTHO# TeOpHM, BCE TpM IMHUC-
CHOHHBIE TEOPUM TIPEACKA3BIBAIOT JJs ONBITOB MO WHTepdepeHuuu Jyyelt,
OTPaieHHbIX OT ABIKYLIUXCS 3epKals, paCXOxIeHHE R NePBOM MOPsAKe
othocutesbho vf¢. Tomcon, Matiopana u CTI0apT MNOCTABWIM TakKne
onuTh. VX pesyabTaTel pacxonsTcs ¢ pe3yibTaTaMd BTOPOH U TpeTkcH
SMHUCCHOHHHX TeOpHH, onnako B mpelesax OWMOOK 3IKCTepuUMeHTa COrja-
CYIOTCS ¢ npeickasanusmu Tteopuu Putna. 710 Kaxylueecs corjacue
o0yc/ioBNeHO TeM 0OCTOATENbCTBOM, 4TO Teopus Purtna, Oyayau npume-
HeHHoft K JOOH 3aMkHYTOH cucTeMe uHTepdepypyOLIMX ayuel, naer
pesyabTaTh, OTIHYAOLIMECs OT pe3yAbTaTOB TeOpuH, Mpeanojaramwlei
CKOPOCTb CBeTa TNOCTOAHHOH. Juilb ujenamu nepsgka (02/c2). Ecau
HUCTOYHUK CBETa ABUIKETCS CO CKOPOCTBLIO ¥ NO HaNpaB/IeHUIO K 3epKaiy,
TO corjacHo Tteopuu Purua epems, neoOxonumoe nJjs TOTO, YTOOH CReT

npoles pacctosHue [ 10 3epkana, PaBHO c—{l_v , Ba 06partHOM NyTH OH
npofiieT TO ke PAacCTOsHHE 3a BpeMs Cymmapuoe BpeMsi PaBHO
21
af—=—
=10

21
ITpn nocrosuHO#t CKOpocTH CBeTa t:T' W CjaeloBaTe/JbHO, 3TU BeJH-

YUHBI  PA3AMYANOTCd JIMIIb YJeHAMH BTOpOTO MOPSNKA MajoOCTH OTHOCH-
TeabHo ¥fc. Takum 00pa3oM, ONHT ¢ 3epPKAIOM U ABIXYLUUMCH HCTOY-
HUKOM, HaXONALIMMCA B TNpejiesax 3emsd, He [ACT pacxoxienud ¢ Teo-
pueit Putua.

Wmerorca, onwako, nra gBJieHUs KOCMHyeckoro Mmaciutaba, KOTOphie
NpOTHBOPEUYAT 3MUCCHOHHOH Teopuu B 1000 ee ¢opme. IlepBoe sBieHue,
Kacamioueecs JUHAMUKY NBOHHmX 3Be3d, ObO AeTalbHO MPOaHaJHU3UPO-
Bano ne Currepom. Ecim Om ckopocTh cBeTa JiuHeHHO 3aBHCesa OT CKO-
pPOCTH HCTOuUHHKA, TO cBeT nNpubmmxamolelics 3se3nbl nocTuran 3emian
CKOpee, HeweJ# CBeT yRadsowelcs 3sesnn. Kak nokasan pe Cutrep,
3TO mnpuBeso On K KaXyWeMmycs BBHITArUBaHUIO OPOHTHl IO CPaBHEHHIO
€ paccuMTaHHof no 3akonaM Mexauuku. B nefcTBUTEHLHOCTH TaKOro
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sddexta ve nabmonaetrcs. Jle CutTep npuiues K BHBOLY, YTO €CIAH CKO-
POCThb cBeTa Uy, = ¢ —+ ko, T0 B < 0,002. Bropem ¢aktom, npoTHBOpe-
Hau UM SMUCCHOHHON TeopuM, siBJSETCs onblT Mafikesbcona—Mopau ¢ npu-
MEHEHHEM COJIHEYHOTO CBeTa, BhINOJHeHHblfl Munnepom. Teopus Putua
MPEACKA3LIBAET HEKOTOPOe yC/OXHeHue HUHTEPHEPEHUHOHHON KapTUHB,
obyc/oBsienHoe, HanpuMmep, BpawmenueM COJHLUA, YTO B AeHCTBUTENbHOCTH
e nHaOawonaetcs.

§ 14.6. BuiBoam

Mut pacéMOTpenu pan ONbBITOB, INOKAa3aBIUUX HECOBMECTHUMOCTb 3JjI€K-
TPOANHAMUKH U MeXaHUKH Howorouna. Ceoika Takux SKCIEPUMEHTOB U UX

Ta6nuna 142

OnbiTH CO CBETOM Lpyrue oublTH
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MoK uiics
Teopus 63: " coxya
supa Pa- ||+ |—|—+|+|—|—| 0| +| 0 |—|—
meHus
<ofLHiCH, ¢

Adu { no , _ 0 0 _

dup coxpawenvem | T +1+ +i+|+|+ -+ -+
ey rec tonoml — | — [ F| |+ |+[+|—| 0|0 |0]|+]|0

EMECTE C TEJOM

Smuccuon- | orpocurenbuo

Hble meo- werounmka || HIFiH|H{—|[—]0]0[—(0[0]0;
puu :
Ckopoctb

nocac ot- 1 aepana |+ O |+|+|—|—|—{0]0]|—|0]0]|0
paxeHnns

ot sepxazl &1 otrHocHTeNbHO |
pasha — usobpaxenus |+| 0 [+]|+|—[¢ |+ 0[O0 |—{0|0]0

Cnequanvnass meopusi om- Y DS BN I (I DTG DU D) JUTS DTG DI D B

HOCumenpbHOCMU

O6o3nauenun

-} TeopHA COrJacyercs ¢ ONBITOM,
— TEOpusl HE COINIACyercst C ONBbITOM,
0 Teopus HENpuMEHHMa K ONBITY.
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Ta6aunya 143

DMHCCHOHHHE TEOPHH

Knaccuueckne 1eoprn
adupa

Crennanstas Teopus
OTHOCHTENILHOCTH

CucremMa oTcuera

BrinenenHas cu-
cTeMa OTCYETa
OTCYTCTBYET

lMokosawmiics
s¢up — BhLIE-
JeHHasi CUCTEMaQ
oTcueTa

Brineneunnass cu-
cTeMa o1cueTa
OTCYTCTBYET

CkopocTh

CkopoCTh  cBeTa
32BUCUT OT JIBU-
wxeunss UCTOY-
HMKa

Ckopoctb  cBeTa
HE 3aBHCHT OT
JBUXEHHA
HCTOYHUKA

Ckopocth  cBeTa
He 3aBHCHT OT
IBIKEHUS HC-
TOYHMKA

Cps3p NpOCTPAH-
CTBa U BpeMeHU

[TpocTpancTBO ™
BpeMsi He3aBH-

IlpocTpanctBo
BpeMsi HE3aBH-

[Tpoctpancteo wu
BpeMsl B3auMo-

uvem [Manunesn

CHMBI CHMBI CBSI3AHHI

Mpeo6pasopanue | HuepnuanbHbie Huepuuanbueie Huepunanphbie

ypaBHEHU#H cucTeMBl  OT- cucTeMH  OT- CHCTEMBI  OT-
cyeTa CBA3AHHI CYeTa CBA3AHHI CYEeTa CBA3aHBI
npeo6pa3oBa- npeo6pa3zoBa- npeo6pa3oBa-

Huem [anunes

HueM Jlopeuna

CBA3b C PAa3JUYHBIMH TeopuaMu Jaub B tabs. 14.2. B taba. 14.3 naun
OCHOBHBIE CJ/IEICTBUSL M3 TPeX BO3MOXHLIX MpelnoJomenuil, paccMoTpen-
ueix B § 14.1. V3 tabn. 14.2 BuAHO, YTO 3KCNEPUMEHTANLHYIO OCHOBY
TEOPUU OTHOCHUTE/]BHOCTH COCTABASIIOT T€ ONBITH, PE3y/JbTaTH KOTOPHIX
NpOTHBOpEuYaT BCEM HMHLIM TeOpusM. EJMHOrO NaHHOro onhuTa, KOTOpHIH
Noka3biBaa OBl CNPaBefJMBOCTb TEOPUU OTHOCUTENLHOCTH, HeT. 3HaueHUe
HEKOTOPHIX SKCINEPHUMEHTOB CTAHET TNOHATHLIM JUIlb IOC/JE paccMoTpe-
HUSI TEOPHM OTHOCHUTEJbHOCTH. BcCe sKcnepuMeHTH NOKAa3BIBAOT Clle-
aywouee: )

1. HeBo3MOXHO 06Hapy®uThb CyuiecTBOBauue 3(Upa. HENOLBHIKHOIO
MW YBJIEKAEMOro.

2. Moaudukauum 3aKOHOB 3/eKTPOAMHAMUKH, NMOAOGHHIE SMHCHOHHLIM
TEOPUSIM. OKa3HBAIOTCH HECOCTOSTE/bHEIMU.

Taxkum oOpasom, HeOoOXOAMMO cClielaThb BHIBOL, 4TO TpebyloTcs usme-
HEHHsi B OCHOBHBIX 32KOHAX MeXaHHKH.

B kauectBe peluenus 3anaun Dftuiutein B 1905 r. B cooTBeTCTBUM
C IKCNePHMEHTANbHEIME (PAKTAMH, H3BECTHBIMU B TO BPeMsi, MPelIONu
caenyouue nocTy/aThl:

1. 3akoHb 3/eKTPOAMHAMHKY (B TOM YMCJ/e BHBOA O pPacrnpocTpaHe-
HUM CBeTa B BaKyyMe €O CKOPOCTBIO €), TaK e KaK U 3aKOHH Mexa-
- HUKM, OMMHAKOBLI BO BCEX HMHEPLHUAJIbHBIX CHCTEMAaX OTCUeTa.

2. Humakum onbiToM HEBOBMOXHO OOHAPYXHTb COCTOsHHMA abco-
JIIOTHOrO  IBUKEHWA, U HHUKAKOe (U3NHECKOe sBJleHHe HEe B COCTOSHUM
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OnpefeaiTh NPeUMYLeCTBEHHYIO CHCTeMY OTcuera, 00/1anaiouyn ocodbimMu
croHcTBaMU.

Ecian 3aKkOHbl (PU3UKHM COracoBaTh € 3THMH NBYMS MOCTYJaTAMU. TO
Bce onbiThi T1a0i. 14.2 ctanossTcs oObscHUMBIMU. Clrelyiowmyo riasy
Mbl MOCBSITUM HU3YUYEHHWIO COMEPKAHMS ITUX JABYX MOJOXKSHHU. M3BECTHHIX
KaK MOCTyJaThl ClenUanbHON TeopHH OTHOCHTELHOCTH.

3anauwu

1. Kakoii BUI npunauMaer BOJBOBOE VpaBHehMe Mocie npeobpasoBaHus
Fanunes?
2. Bpamarteasupii  MoMeH1, onpejeasieMulii cootHouenvem (14.5), wmomxmo

2
v
3anMcais B BUjE: —2—U3,, 22 20, rne Uy, — snekTpocraTHuecKasi 3Heprus

cucTeMn! 3apsijioB. [lokawute, 4TO Adf MJOCKOrO KOHIeHcaTopa, (akTuuecku
ucnoan3oBasuierocs Tpayronom u Ho6aom, cooTBercTBywomuii BpalllaTesnhHbii
2
v? .
MOMEHT OMNpEEJAETCR BhpAMEHNEM Us,,?; sin 20, otauuaommmes ot (14.5) mio-
wuTeaeM 2.

3. Muocku# konnencatop ¢ naowanbio mnactuH 100 cwu? u paccrosiuem
mexay uumu 1 ¢, 3apsxeHsbii go 10 xs, nojBemwieH Ha ynpyrod HMTH HOJ
yrioM 45° K HamnpaBjleHHi0 OpOMTalbHOrO ABIKEHHs 3eMau (CKopoCTb 3eMiu
~ 30 x#/cex). Ouennte npeianoniaraeMbifi BPAaLIATENbHBIH MOMEHT.

JIMTEPATYPA NO 3KCHNEPUMEHTAJIbLHOMY OB0CHOBAHUIO
CMEUWMAIBHO% TEOPUM OTHOCUTEJBHOCTH

1. Trouton, Noble, Phil Trans. A202, 165, 1903; Proc. Roy. Soc (Lon-
don) 72, 132, 1903.

[TonbiTka OOHApYXnTb KpYyTAIUHA MOMEHT, JEHCTBYIOIIME Ha 3apshxeHHbiH
KOHAEHCATOp.

2. Lorentz, Versuch einer Theorie der elektrischen und optischen
Erscheinungen in- bewegten Korpern, Leiden, 1895.

Pasnen, rie wMajloXxeHa TMNOTE3a O COKpauleHud [BMKYIUMXCH TeJ, Bomed
B kunry The Principle of Relativity, ccuilika Ha xOTOpYI0 AaHa HuKe.

3. Kennedy and Thorndike, Phys. Rev. 42, 400, 1932.

Huteppepomerp ¢ nepaBupimy miegamu. HyJeBoH pesyJbTar ‘¢ TOYHOCTBIO
1o * 10 xkafcex.

4. Ritz, Ann. Chim. et Phys. 13, 145, 1908.

IMHCCHOHHAA TEOpHs. .

5. Tol man, Phys. Rev. 31, 26, 1910; Phys. Rev. 385, 136, 1912, J. J. Thom-
son, Phil. Mag. 19, 301, 1910; Stew art, Phys. Rev. 32, 418, 1911.

O6CyKAEHNE PA3NMUHLIX IMHMCCHOHHBIX TEOpHH.

6. Comstock, Phys. Rev. 30, 267, 1910; de Sitter, Proc. Amsterdam
Acad. 15, 1297, 1913; 16, 395, 1913. .

CnexkTpOCKONMYECK e HCCIIEenoBaHus JABOHHBIX 3BeE3l.

7. Majorana, Phil Mag. 35, 163, 1918; 37, 145, 1919.

JKCnepHMEHTH € ABMKYIUHMCH HCTOYHHKOM M 3epKajloM.

8. Kennedy, Phys. Rev. 47, 955, 1935. O6cyxieHne reoMeTpHYECKHX
s¢pdeKTOoB BHCOKOrO nopsaka B onbiTe MakkeabcoHa — Mopau.

9 Ives, Journ. Opt. Soc. Am. 215, 1938.

JlonuaepoBckoe cmereHne.
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HNononHuTENbHLIE CCHLUIKM MOMHO HaH1W B JMTEPATVPE NO FEOPUM OTHOCH-
TEeALHOCTH., CHMCOK KOTOPOH TMPHMBOAMTCH HHIKE.

JIMTEPATYPA

I. R. Becker, Theorie der Elektrizitit. (Pycckuit nepesox: P. Bexrxep,
Teopust anexTpuuectsa, 7. IL)

OueHb ACHO PACCMOTPEHH 3KCNEPHMEHTAJbHBIE OCHOBbI CNERHANLHOH Teopuu
OTHOCHTEJILHOCTH.

2. P. G. Bergman, An Introduction to the Theory ol Relativity. (Pyc-
ckuil mepepoxn: I. I'. Beprwman, Beenenve B TeopHio OTHOCHTEABHOCTH.)

[epBuie Tpu FAaBni 3TOH MpexpacHoli KHMrH yGenuTedbHO OGOCHOBLIBaloT
1Heo6XonMMOCTh CHERHANLHON TEOPHH OTHOCHTENLHOCTH.

3. A. Einstein, H. A. Lorentz, H. Minkowski and H. Weyl,
The Principle of Relativity.

C6opHHK OpUrMHaNbHBIX paboT No cnenuwanbHoil v obuie# TeopHH OTHOCH-
TEeAbHOCTH C NpuMedaHusamM 3oMMepdenbna. s naHHON riaBul HanGoJjee BaXHbl
passen «OnbiT MaiikeabcoHar, HanucanHeil JlopeHneum, n ero we ctatbsa «3Jnex-
TpOMAarHMTHBIE fIBJCHHS B CHCTEMax, JBHIKVIIHMXCH €O CKOpPOCTBIO, MEHbiile# cko-
pocTH CBeTa».

4. R. Tolman, Relativity, Thermodynamics and Cosmology.

B ra. Il naHa cBoaka BaXXHeHIIMX SKCNEPHMEHTOB M CCHLIIKH H3 OPHIHHAJAb-
Huie pa6otu. [Moapo6HO SKCNEpHMEHTH He O6CYXAAITCA.

5. C. Maller, The Theory of Relativity.

* WN. E. Tamum, OcHOBH TeopuH 3JEKTPHYECTBA.
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KUHEMATUKA TEOPUM OTHOCHUTEJLHOCTH
U NMPEOBPA30OBAHUS JIOPEHLIA

KpoMe dopmanbhbix noctyaatoB SiuwTefiHa, B TEOPUH OTHOCUTEb-
HOCTH HeABHO MCNOJbL3YIOTCA JiBA [OMNOJHUTENLHBIX NPELNONOKEHUS,
KOTOpble HEOOXOAUMBI NpH MepecMOTPe HAWMUX (U3HUECKHX MpPefCTaBe-
uuli. TlepBoe U3 HUX 3AKJIOUAETCA B «UHBAPUAHTHOCTU CMLIC/A BpPEMEHH».

AcuMmeTpust BpeMenu Oblia mpeiMeToM Muorux auckyccuf. C Touku
3peunss ¢opmasbHoll (PU3UKK UMeeTCs JIUIUbL OLHO TOHATHE, HECUMMET-
pUYHOE OTHOCUTENLHO BpeMeHH, a UMeHHO 3HTponus. EcrecTBenuo mpel- -
NOJIOXHUTHL, YTO BTOPOH 3aKOH TepMOAMHAMUKU MOXeT OblTbh HCNOJNbL3OBaH
I/If OTpeliesleHHst HanpaB/leHus BpeMeHUM HE3ABHCHUMO OT CHCTEMBl OTCYETA.
[lpy sTOM B KayecTBE NONOKUTENLHOrO HANpaB/eHHs BPEMEHH Mbi Bbi-
OepeM Takoe HanpaB/ieHUE, PU KOTOPOM cCTeneHn Oecnopsika CTaTHCTH-
YeCKN yBe/UYUBAETCH, T. €. YBE/IUYUBAETCA SHTPOMHA.

Bropoe npennosioxenne MOxHO Oblo OBl Ha3BaTh «MHBAPUAHTHOCTHIO
COOCTBeHHBIX BEJHUYUH» WM <3aKOHOM BOCIPOU3BOAMMOCTH COOCTBEHHBIX
Besuyub». [lof 3THUM MBI MOHUMAaeM TO, YTO NpU NPOBEHEHUU UBMepe-
HUA [OJMHA HEKOTOpPOro 3sTajoHa (HanpuMmep, [AJAMHA BOJHBL HaHHON
CNIeKTpa/ibHON JIMHUM WM MOCTOSHHAR KPUCTAN/IHYECKON pelueTKu) U CKO-
pocTh XOHa OCHOBHBIX YacOB (HampuMep, Mepuol TNoJypacnafa pajpuo-
aKTHBHOTO 3JjleMeHTa) OCTAIOTCA MOCTOAHHEIMU, eC/IH TOJbKO HabionaTtens
NOKOMTCA OTHOCHTE/LHO 3TUX 3TajOHOB. Ilpu paccMoTpenun creicTBuii
M3 TOCTY/JaTOB CreuualsHOH TEOpHU OTHOCUTENLHOCTH ITH HONOJHU-
Te/IbHbIE MNPEANOJOKEHU NO3BOJAIOT COXPaHUTb 32 TNOHATHAMHU JJIMHBI
¥ BpeMeHu TOYHBIH CMBICA # BOCNPOU3BOAUMOCTD.

y § 15.1. CKopocTh cBeTa U OLHOBPEMEHHOCTb

B ra. 14 ™Mbl paccMoTpenu psifi SKCNepUMEHTOB, YCTaHABIMBAIOLIKX,
YTO TPUHLMUN OTHOCUTENLHOCTUH CYLUECTBYET BO BCeX 00nacTAX (PU3MKH.
BKJ/IIOYas 3JEKTpOAUHaMUKYy. B uucie mpouux caenctsufl 0Kasanoch, uTO
CKOPOCTh PacnpoCTpaHeHus 3/eKTPOMarHUTHLIX BOJH B CBOOGOZHOM NpoO-
CTpPaHCTBE He 3aBUCUT OT HHeplLuaibHOH cucteMbl nalmopatens. 310
3aKJIIOYEHUE, XOTA M HE KAWETCH HEBEPOATHLIM, HAXOIUTCA B OUEBUIHOM
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npoTHBOpeunn € Hameft untyunueil. PaccMotpuM caenyowmuil npumep.
Mycte u3 Touku O udnyyaerca cetoBolt umnynsc. Kak 310 cobmitie
OyneT 3aperuCTpUpOBaHO [ByMs nalnl0naTensMy, HaXOASLIUMUCA B pas-
HBIX cucTemMax otcueta? [lycTs Hauaao OLHOM CUCTEMBI OTCYETA HAXO-
autcst B touke O, a Hayano HApyro#l — ABHKeTCS OTHOCUTENLHO TOuku O
€O cKopocTei0 . Ilpenno/omuM Takxe, uTO B MOMEHT H3JyueHus
MMIY/bCa Hauyajna koopiuHat obGeux cucreM copnapaior. CorjiacHo npus-
LMNy OTHOCHTEAbHOCTH 00a Habalojatens HOMKHBL YBUIETH CepUyecKylo
CBETOBYIO BOJIHY, NpUuYeM ILeHTP 3TOH BOJHBL JJs Kawporo Habnwonates
JA€KHUT B ero coOcTBeHHOM Hauaje KOOpAuHaT!

Ecan Mel cuurtaeM, uTO OnUcaHHe TMOJONKEHUS BOJHOBOrO (poHTA
BO3MOXHO HE3aBMCMMO B TNPOCTPAHCTBE M BO BpPEMEHM, TO BOJHA HE
MoxeT OwiTh cepuueckoft B ofeux cucteMax orcyera. Takum o6pasom,
HE3ABUCUMOCTL CKOPOCTH CBeTa OT CHCTeMBl orcueTta TpebyeT mepecMoTpa
oObyHOTO cnocoba onpesenenusi NPOCTPAHCTBEHHBIX KOOPAMHAT COGHITUSA
OTHOCHTENbHO JAHHOM cuCTeMbl OTCYeTa, NP KOTOPOM BpeMst coObITMs
CYHTANOCh «yHUBepcalbHbiM». [lapagokc € 9TUMH BOJHOBHIMH (PpOHTAMU
OCHOBAaH HA MNPeANoJIOKEHUH, HYTO OLHOBPEMEHHOCTb COOLITUH HEe 3aBUCUT
OT cucTeMbl oTcueta nabaipoparesns. Ecau nomycTuth BO3MOXHOCTL pas-
AuuMil B MHEHUAX OTHOCHTE/NLHO OLHOBPEeMEHHOCTH MPOXONKAEHUS BOJIHO-
BOro (ppoHTa uepe3 paAl TOUEK, TO Mapafokc paspbaAchsercs. Opnako nns
obbsichenust cpepUtecKUx BOJHOBHIX (pOHTOB B 0OeHx cUCTEMax orTcueTa,
OuYeBHAHO, HEOOXOHMMO MOCTPOUTH CHELMAIBHYI) KHHEMATHKY.

TakuM o0pasoM, Mbl MpuLIM K HeOOXOAUMOCTH MepecMOTPeTs Halle
npencraBilende 00 opHOBpeMenHocTH. Eciu Mpl OTKasblBaeMcsi OT yHM-
BEPCA/LHOIO BpEMeHH, KaK He COOTBETCTBYIOILErO HeHCTBUTENLHOCTH, TO
cllellyeT HAHTH Mexanusm IJA ONpelesieHUst OJHOBPEMEHHOCTH B naHHOM
cucTeMe OTCHeTa. DTOT MexaHusM HO/ukeH OblTb TakuM, ytoObl u3Mepe-
HUE CKOPOCTU CBeTa B JaHHOM cuCTeMe KOOpLUHAT CO CBOUMH MacluTa-
6aMu [QJMHBL ¥ BPEMEHU NABANIO B pe3dy.bTaTe Beauuuny ¢. EctectBenno
NO3TOMY ONpele/uTh ORHOBPEMEHHOCTb HMEHHO C MNOMOLUBLIO CKOPOCTH
cseta. 310 nNpunaer BeauunHe ¢ (QYHAAMEHTaAbHOE 3HAUEHUE, U TeEM
CaMbiM BEJMYMHA € NPOHUKAET BO BCE COOTHOWweHus ¢uauku. Tak, nanpu-
Mep, WCTNOJb30BAHUE ¢ HJAi ONpeleseHuss OLHOBPEMEHHOCTH HCKJIIOYAET
BO3MOXHOCTb CYLIECTBOBAHHS «aOCOJIOTHO TBEPHAEIX TeN» B MEXaHUKE;
eciu Ol TaKoe TEJNO CYLIECTBOBANO, €r0 KOHLbL ABUrajucy Obl CHHXPOHHO
B JobGofl cucteMe oTcueTa, Yro nano Obl BOSMOXHOCTL ONpene/UTh
«yHUBepCa/bHOE BpEMS» BOMPEKU NPHBELEHHbLIM BLILUE BLIBOLAM.

B panenefilieM nBa coOblTHA, TNPOMCIUEALINE B TOYKAX X; H. X,
B MOMeHTH BpeMenu £, U f,, OYAyT CuMTaTbC ONHOBpPEMEHHbIMU B LaH-
HOMl cucrTeMe OTcyeTa, €C/JM CBETOBas BOJHA, HUCOYLUEHHAas M3 TOYKH,
pacnosoxeHHON NocepesnHe MeXIy TOUKAMH X, U Xy NPUXOLMT B ITH
TOYKH K4K pa3 B MOMeHTH BpeMenu f; u [,

W3 storo onpenesnenust cefiyac ke cjefyer, HYTO CBETOBOH UMNYJnC,
HCnylueHHbifl U3 HauaAa KOOpAHHAT, OLHOBPEMEHHO NOCTUTHET BCEX PaBHO-
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VIAJeHHHX TOYEK, U CAelOBaTeaLHO, BOJHOBOH (pOH) B HaHHOH cHCTeMe
oTcuera npenctasasier coboit cdepy. Takum oOpasom, BHe HauHoH
LHCTEMBL OTCYETa OINHOBPEMEHHOCTb ABYX COObTHH, MpOMCIIEALINX B pas-
HBIX TOYKax TMPOCTPAHCTBA, He uMeeT CMbICAa. CooTHOLIeHUE Mexay
MHTepBA/NaMy BpeMenH, HabJIOLaeMbIMU B Pa3/MYHLIX CHUCTEMAX OTCYeTa,
3aBUCUT OT FEOMETPUHECKOrO PacCTOSAHUR MEWLY TOUKaMH, rje MPOou3OLLIY
cobnitus. Ilostomy mnpeoGpasosanust [amunes (14.1), corsacHo KOTOphiM
MHTepBajbl BpeMeHd, HAO/IOJaeMbie B Pa3jMuHBIX CHCTEMaX KOOpIMHAT,
He 3aBUCAT OT KOOPNHHAT, NPGTHBOPEYAT ONPENENEHHI0 ONHOBPEMEHHOCTH
uepes ckopocth ¢. CrefoBaTe/bHO, HEOOXOAUMBI HOBHIE NpeoOpasoBaHus
OT cucTeMbt KoopauHar (x, ¥, 2; f) K cucteme (x’, v', 2'; t'), Koro-
phie 3amensT npeoOpasopanua [anunes. I npeobpasoBaHus AOJHHbI
octateCcs  JidHefibiMM, TOCKOJ/LKY MaTeMaTUYeCKH 3TO COOTBETCTBYET
3KBUBAJIEHTHOCTH pa3/UUYHBIX TOYEK npOCTpaHcTBa u BpeMenu. OnHako
Teneps TPOCTPAHCTBEHHbIE U BPEMEHHsie KOOPAMHATH He HOMKHB Tpe-
00pa30oBLIBATLCA HE3ABUCHMO.

§ 16.2. Kunemaruueckne CODTHOMEHHS CHELHANbHOM
TEOPUH OTHOCHTENLHOCTH .

TpeoBpa3oBanus, KOTOPbie Mbl XOTHM MOJYYUTb, HO/MKHE CBA3aTh
NPOCTPAHCTBEHHO-BpEMEHHEIE KOOPAMHATH (X, y. 2; f) NpPOU3BOJLHOIO
coGLiTUS B CHCTEME OTCueTa, KOTOPyl Mbi 06Go3HauuMm X, ¢ KoopiuHa-
Tamu (x’. v, 27; t') TOro we coObITHR B CUCTeMe OTcYeTa X/, nBuwy-
ujefics ¢ nocToAHHOH CKOPOCTBHIO
OTHOCHTeMbHO Y. JTH mpeobpa-
T 30BaHus TNpH CcOObLITUAX NOEOro

v BHUAA JIOJKHEI TONYHHATHCS TO-

cTyJjiataM  crheuuassHolt  Teopun
OTHOCUTE/IbHOCTH,  U3/10KEHHbIM
B § 14.6. Jiag Toro urobn mno-
HATb, KakuM OOpasoM OCHOBHblE
z z NOCTY/IaTH TEOPUH OTHOCHTEJIb-
n’ 0 HOCTHU OTIPE eS0T XapaKTep npe-
oOpa3opanuii, Mb npoBefeM pAL
Puc. 15.1. Cpannenne nByX napajieibHbix  «MbICJAeHHBIX ONLITOBY (Gedanken
H3MEpUTECIbHBIX JIHHEEK, OpUEeHNTHPOBaH- Experiment). Ka)Kﬂ.blﬂ Takoft
HbIX MEPNEHAUKYASIPHO K OTHOCUTECIbHOMY

BIKEHUIO: ONBIT MOSICHUT HAM KakKylo- 6o

yepTy 3TUX npeoOpasosaHuii.

Mepewit onbit. Cpasre-
HUuE OauH OBYX NAPQANERBHLLX
U3MEPUMEAbRBLX NUHECK, OPUEHMUPOBAHHBX NEPNEHOUKYASIPHO K HA-
npasrenuio ux omuocumessiozo osusicenus (puc. 15.1). Mm Oynem
npeAnosaraTs, yTo ¢BOHCTBA NAHHOrO Teja C ONpeneseHHON CTPYyK1ypO#h
HE 3aBUCAT OT €ro HBHMXeHUH B INIPOLIJIOM, €C/AU TOJEBEKO M3MepeHus npo-

P’ P
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I
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e A
U CKOpOCTH CHCTeMbl OTCYye€Ta )_‘ B CHCTEME L.



§ 15.2] KUHEMATHYECKME COOTHOLIEHMS TEOPHH OTHOCUTEJBHOCTU 269

M3BOAATCA B CHCTEME OTCYETa, THe 3TO TeJO0 MNOKOUTCH. ITa CuCTeMa
OTCUETa Ha3biBAETCA «COOCTBEHHOM» 1A HaHHOro Tena. [Jlnuua JauHekw,
uaMepeHHas B TaKOH cHCTeMe, Ha3bIBAeTC ee «COOCTBeHHOM asuHOM>.
TlosToMy MOXHO CuuTaTh, 4YTO COOCTBEHHLIE HJHHBL ABYX Jjiuveex OP
u O’P’, usobpawennblx Ha puc. 15.1, ONUHAKOBE HE3ABHCUMO OT TOrO,
MOKOATCA /iy JuneKH OfHA OTHOCUTENALHO Npyro#ft uau ABMmYTCA. Moxno,
HalpUMep, CuUuTaTh, HTO JJIMHA KawnoW /UHeHKU paBHa HAHHOMY uyuCIly
LJUH BOJH HEKOTOPOH CNEKTPa/LHOM JIMHMU B COOTBETCTBYIOLIEH cucteme
orcyeta. O6e JmneliKU Pacnoyoxensl NOL NPSAMBIM YIJIOM K CKOPOCTH @
(noc/eHAls HATpaBjeHa BAOAL OCH X) CHCTeMBl X', u3Mepeunolt B cu-
creme X. (Jlna wabGmonatens; Haxo#slerocs B cucreme X/, cuctema X
uMeeT CKOPOCTs — v.)

Iycts o6e auneitku cOMuxaKOTCA TaKuM oGPazoM, YTO TPU MPOXOH-
Jlenust ux Jpyr MuMO Ipyra cpeiuue Touku M u M’ cosnamawt. Bynem
CYUTATb, YTO CHCTeMa Y/ nBUweTCs, a ¥ nokourca. [lpennosomum, uTo
korpa Touky O’ u P nmpoXoJAT uepe3 OCb ¥, U3 STHX TOYEK HCNYCKAOTCH
cseToBble curvasel. Tak kak Bo Bpemsi nemwenus O'M’ ocraerca pas-
HeiM P'M’, 10 O’ u P’ OpHOBpeMeHHO B OGEHX CHCTEMAX INEePeCceKyT
ock y'. Ananoruuno Touku O u P OHHOBpeMeHHO B 00€UX cucTeMax
nepecekyT ocws y’. Tak kak speMs naOmionenus oOOHX KOHIOB Oflpefe-
JIeHO OLMHAKOBO B O0eux CUCTEMax, TO HabjonaTe/u CMOFYT CPABHUTDL
MOJIOXEHUA KOHIOB JIMHEEK B MOMEHT WX COBMajieHuss ¥ TOJy4aT OAu-
HaKoBhle pe3yssTaThl. Takum oOpasom, 00a HaOMORaTeNs IPULYT K BLIBOLY,
uro Jubo OP < O'P’, mi6o OP > O'P’. O6e cucteMbl MNOAHOCTBLIO
SKBMBAJEHTHbl Hpyr IpPyry, NO3TOMy HECHMMETPUYHOE COOTHOLICHUE
Mexny NJuHaMM Jajo O BO3MOXHOCTL OnNpelenuts alco/THOe ABU-
XeHUe, YTO HCKJIUaeTcs TNOCTYJAaTaMU Teopuu oTHocutedvnoctd. Ciie-
AOBATENLHO, Mbl MPUXONMM K BHBOLY, HTO [JIMHA B HANpPaB/eHUM, Tiep-
NEeHMAUKY/ASPHOM K OTHOCUTE/JbHOMY JBHXEHMIO, OHMHAKOBAa B 00enx
CHCTEMAX OTCYeTa, T. €. AJIS 3TUX ILJAMH OCTAIOTCS CNpaBelUBbIMH Tpe-
oGpazoranus [anunes

yV=y, 2=z (15.1)

Bropo#t onurt. CpasHenue xoda %acos. Tlpu cpaBHenuu xola
YacoB, CBA3AHHBLIX- C CHCTEMaMHN OTCYeTa, [ABUXKYLIUMUCA LpPYT OTHOCH-
TEAbHO NpYra, HeOGXOLMMO MOMHMTL, YTO He/b3s ONHM Hachl B CUCTeMe X
CPA4BHHBATL ¢ ONHHMM HacaM¥ B CHCTEMe X/, TaK KAaK 4ach TpocTpau-
CTBEHHO COBMANAIOT AMWIL B OnMH MoMeHT BpeMenu. CiiefyeT mapy 4acos
B CUCTeMe Y CDABHUBATL C OAHKMU 4ACAMM B CHCTEMe X', TpUueM Hachl
B cucreme X JO/MKHbB OBITh CHHXpOHU3OBAHB TOCPENCTBOM CBETOBEHIX
curnanos. [lycts B TOM TOHKe, rjle pACTOJNOXeHb Yach, B cucreme Y’
HAXONUTCH UCTOYHMK ceeTa (puc. 15.2). CeetoBo#t cursan, ucnylueHHbIH
NepPNeHAUKYAAPHO K ©, OTPA3UTCA 3epPKaJIOM, PACMOJIOKEHHBIM HOPMAJILHO
ocu 2’ Ha paccTosHuM 2, OT HMCTOYHMKA, M Bepherca oOpatno. Jlas

Habsonarens, NOKoOALRTOCA B cucTeMe X/, BpeMsi, HeOOXOAUMOE /18 ITOrO,
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paBHO
2z,
AY = - (15.2)
Hab6sonarenb e, nokoswuicss B cHCTeMe Y, uaMepuT BpeMmsa. Af mewxny
TEMH € COObITUAMU TOCPEICTBOM TNApbl 4acOB, OTHECEHHBIX Pyl OT
lIpyra Ha paccrosuue ©Af BHoas HanmpaBnenuss ABmweHus. Tak kak

Yace Yaco

Yace u
UCITIOVHUK CEEME vat
Puc. 15.2. Cpapuenye xona 4acos

CKOpOCTL CBETA HE 3aBUCUT OT CUCTEMbI OTCHETA, 3TOT OTPE3OK BpPEMEHH
onpeieauTcs COOTHOILEHUEM

cAt=2 ]/ @)+ (%lt)’.

Hau
22 1
A =20 — 3 15.3
e (15.3)
TaK KaAK 2, == 2, TO, CJeNOBaTe/bHO,
At
T (15.4)

rne Af — untepBanl COOCTBEHHOrO BPEMEHM, T. €. HMHTEPBaJ BpeMenM
MeXay JHByMs CcOOBITUAMM, TIPOUCIIENIUMMU B OLHOM U TOM e MecTte
B cucteMe X'. Bpems Af ue siBiseTcss cOOCTBEHHBIM BpEMeHeM, TaK Kak
OHO U3MepseTCA PaaMUHBIMM YacaMM B PasHbHIX TOUKAX B CHCTeMe Y.
Kak u B ciyuae coOcTBeHHOt IJiMHBEL, pacCMOTpeHHOH BuiLle, CoOcTBEH-
HOe BpeMs onpeliensieTcd (uanuecKofl NpUpPONOA HaCOB; HAnpuMep, NEPUOL
nojaypacnana Kakoro-Au00 BeLIECTBA WJH eCTeCTBeHHAas HacTOTa Kpu-
CTania, onpenelisieMas ero pasmepaMu, NpejCcTaBafiOT cOOOH KOHCTaHTbI
B TOH cHucTeMe oOTCueTa, TAe 9STH <«uachl» MOXKHO uabmonath B onso#
TOUKE, T. €. [€ OHU MOKOATCH.

MutepecHo oTMeTuTh, uTO AAs HabaiopaTens, nOKOSIIErocs B Cu-
cteMe X, Bpems Af GoJblue, Hexenu COGCTBEHHOE BpeMs. ITO sBJEHHE
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Ha3biBaeTCH «yJUIMHEHHEM BpeMeHH». Hanpumep, BpeMsl XH3HM GulcTPbIX
Me30HOB, PaCMajalolIuXcs Ha JeTy, OKas3blBaeTCsi YBEJHYEHHbIM JlJIS 3€M-
HO 0 Habji0naTeNis, NPHUEM 3TO YBEJMYEHHe 3aBHCHUT OT CKOPOCTH ME3OHa.
C apyrofi cTOpPOHBI, BpeMst MH3HM Me30Ha B COGCTBEHHOH CHCTeMe
OTCUeTa HHBAPUAHTHO.

Tpetnti onbit. Cpasnenue 0AUH, NAPAALEABHEX HANDABAEHUID
O8uswernusi. PaccMOTpuM  CTepieHb, COOCTBeHHas MJIMHA KOTOPO! O
paBHa x,. Ero nnmsa B cucTeMe X eCTb DAacCTOfHHE X, MeXIy €ro
KOHIaMH, HabJIONEHHBIMH «OJHOBPEMEHHO» B TOM CMbIC/IE, KaK 3TO Ollpe-
nejsyioch Boie. YroOb H30aBHTHCH OT PacyeToB, CBSBAHHBIX C OLHO-
BPEMEHHOCTHIO, paCCMOIPHM  Ciieflytoniee CoOObITHE: MYCTb HCTOYHHK
cBeta S’, pacnosoxeHHb#l HA ONHOM KOHLE CTEPXHS, MOCHJIAeT CBETO-
FOH uMMOyJbC K JPYroMy KOHLY, Tle pacrnojioxeno 3epkaio M’; orpa-
BUBLUIMCL OT 3€PKaja, CBETOBOH HMIyJbC BO3BPAILAETCH K HCTOYHUKY.
Bpewmsi, nHeoOxoIuMoe 1/ NPOXOXICHHS CBETOBOTO HMMYJbCa B CH-
creme Y/, pasio Af’. Tak kak ono HaGmonaeTCsi C MOMOLLLIO QJIHHX
4acoB M B OHOH TOUKe, TO 3TO coGcTBeHHoe Bpems. OueBHnHO,

.
2x,
c

A = (15.5)

Tlns wabaionartelis, NOKOSLIEroCs B CHCTeMe X, Te e COGbiTus GynyT
Boirgneth Godiee ciaoxHo. Kak nokasano Ha puc. 15.3, B MOMeHT ucmy-
CKaHHs CBeTOBOTO CHTHAJa HCTOYHMK S’ Haxommics B Touke S,

'Z'g'
E’
/R d
Sl
% -
z
IP’//'
%%
¥— * 12
& S; &, |7
7 g ? Molis M
| Ty !

Puc. 153. CpaBHenve JiMHeek, napa/jjiefibHBIX HanpabBJEHHIO
JIBHIKEHMSI.

a sepxano M’ — B Touke M,. B MomeHT oTpaisenus sepkaio M’ Gyner
HaxoouThcs B Touke M. Korma e CHruan BO3BPAaTHTCS K MCTOUHMKY 87,
nocienHuii Oynet B Touke S, Kak M BO BTOpPOM OllbiTe, M3MEpeHu®
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HHTEPBAJa BpeMEHHM Af NPOM3BOAMTCH ¢ MOMOLUBIO Mapbl YACOB, Pacro-
AOMEHHBIX B TOYKaX Sy M S,. Af-— necoOcTBenHOe BpeMs H €ro MOMXHO
onpenesuTh M3 cooTHoweHus (15.4),

ITo onpenenennio, paccTosHHE X, OCTAETCS HEM3MEHHBIM, ClieJioBa-
teabho, S M,=S8 M. Touka M, neukercs ¥k M co ckopocTblo o,
a ceet OT S; 10 M — CO CKOPOCTbIO €. MO3TOMY

SﬁM = xﬂ T ';l S()M,

X,
S()M:'l—__g"%'

T

AnanoruytHo s 0OpaTHOro NyTH HMeeM

MS, = x — =~ MS,,

X,
MS, = i L"@ .
CnenosatesbHoO,
Ap_ SoM ' MS, 2x,
At_— c _ C(l_gg)‘ (15'6)
CoBMecTHO ¢ cooTholleHusiMu (15.5) u (15.4) 310 naer
x,=x; V1T —8. (15.7)

3710 v3MeHeHHe IJAUHb HOCHT Ha3BaHHE JIOPEHUEBCKOI0 COKpaleHus.

CooTtromenne (15.7) HeCUMMeTPUUYHO OTHOCHUTENBHO X, H x(’), TaK Kak

OHO CBsI3bIRACT COOCTBEHHYIO ILJIMHY x(’) B cucTeMe X’ ¢ HeCoOCTBeH-
HOM nanHOM X, B cucTeMe Y. OnpeliesuTh LJIUHY x, B CUCTEMe X MOXHO,
TONMBKO TOJb3YACh MpPefNoJOKEeHHeM O MOCTOAHCTRE CKOPOCTH CBeTa,
Coorrourenne (15.7) skBuBaneHTHO runotese Jlopenua v dGuTLDKepanbaa
B § 14.3, onHako Temepb WMeeTC TaKe YAJMHeHUE BpeMEeHH, BHOCS-
1ee CYLIECTBEHHOE OT/IMYMeE.

Yerpeptuii onbT. Cunxponusayun uwacos. TlposeneHHble Mbl-
clleHHble BTOpOH M TpeTHHl OMBIThI [AlOT BO3MOXHOCTb U3 MOCTY.JI4aTOB
TeOPHH OTHOCUTEJbHOCTH BbIBECTH (POpMy.bl AJs npeoOpa3oBanus npo-
CTPAaHCTBEHHbIX M BpPEMEHHLIX WHTEpBaJOB OT cOOCTBEHHOH CHCTEMBI
oTcueta K HecoOcTBeHHO#l. OnHako ocraeTcs enle BONPOC O TOM, Kakoe
BpeMsi niis Habnwonateds B X OyLyT MOKa3blBaTb JIBOE YacCOB, CHUHXPO-
HH30BAHHBIX B X/, HO pa3neneHHHX paccTosHueM x; (puc. 15.4). IlycTb

B cuCTemMe X MMEIOTCS ONHM Yachl, KOTOpbie B MOMEHTH IPOXOM :Husl
KOHILOB OTpesKa X, TMOKaXyT BpeMs f, M f. Bpems, mokxasnisacmoe

B Te XX MOMeHTh uacamu B X/, obosmaumM £ um £, Tak xak t;, — &,
ecTh COOCTBEHHOE BpeMsi B CHCTEME X, MOMKHO NPHMEHHTL COOTHOLICHHE,



§ 15.2] KHHEMATHYECKUE COOTHOIUEHHS TEOPHM OTHOCHTEJILHOCTH 273

o6patHoe COOTHOWEHHKD (15.4:
t, —1

t, — :l——z-- 158

1 tO Vl — Bz ( )
Ilns Habmonatels B CHCTEME Y WHTEPBaibl BPEMEHH, OTMeueHHbie napoh
4acoB B cucreme X/, GyAyT YIJHHEHB B OLHO M TO K€ 4HCAIO Pas,
OIHAKO 1718 Hero 3TH yach He OynyT cUHXpoHHbl. On 6yaeT HaGalonaTe
pasHUIly B MOKA3aHMSIX STHMX 4acoOB, paBHyiwo 8:

t,—ty+d

— 15.9
lfl _52 ( )

tl - tO:

Jlas onpelnesieHus & 3aMETHM, 4YTO OTHOCHTENIbHBIE CKOPOCTH 0ofeux CH-
CTEM ONUMHAKOBH, TAK KaK CUCTEMbl 9KBUBaJeHTHbi. Clle1OBaTeNbHO.

t —ty=—>,
(15.10)
t—tg==2 )
‘Tak xax x; — cobcTeennas nauHa B X', 10
o= X V132, (15.7)
¥ 13 cooTHowerunl (15.9), (15.10) u (15.7) nonyuyuwm
- X"fz. (15.11)

3Hak MHHYC B 3ToH ¢opmyne o3Hadaer, uTO IAs HabalonaTenst B M-
cTeme Y BTOphie 4ach B cucteme X' GyNyT nokasbsaTh Oojdee NO3NHee

.
— @
(¢,.2)
z L4

Puc. 15.4. Cunxpouusauusi 4acos.

BpeMs, ueM mepBbie. Hachl, paciionomeHHbie B PAA Ha PABHBIX paccTOf-
HMAX H CUHXPOHU30BaHHHe B CucteMe X/, B cucteme Y OYIyT cCidellinTob
IpYr OTHOCHTEJbLHO JpYra, €CJH OHM JABMXKYTCA MHUMO HETo CO CKO-
pOCTBIO U.

DR



274 KHHEMATHKA TEOPHH OTHOCHTEJLHOCTH [ra. 15

[TocpenCTBOM 3THX UEThIPEX MBICJAEHHBIX OMbITOB Mbl MOKA3aJH, 4TO
NOCTYJaThl CHelUaJbHOH TEOPHH OTHOCHTENbHOCTH MPHUBOLAT K CJelylo-
LINM 4eThipeM KHHEMATHUeCKHM COOTHOILEHUSIM:

I. Otpesku, nepreHAUKYAsipHble K HaNpaBJieHNX) OTHOCHTENLHOTO IIBH-
WEHHA, HE H3MEHAIOTCH NPU Nlepexojie OT ONHOM CHCTEMb! OTCUETA K APYroM.

II. VintepBan Bpemeun Af Mexay JHBYMA COOBLITHSIMH, H3MEpeHHbIH
B CHCTEME, IBIKYLUEHCHA €O CKopocTbio T © OTHOCHTENBbHO cOOBCTBEHHOM
CHCTeMbl OTCYeTa IJf HaHHbIX cobbiTHii (1. €. 00a coObiTus B He# co-
BEpINAIOTCS B OLHOH TOUKE), paBeH

A=A (15.12)
]/' T—p
rie At— cOOCTBeHHOe BPEMS MEXIy IBYMS COOLITHSIMH.
IIl. launa cTepxHS, napanjefibHOIO OCU X, H3MEPEHHas B CHCTEMe
oTcueta. IBINKYyLlefics CO CKOPOCTbIO ¥, = Tt ¥ OTHOCHTE/ILHO CHCTEMHI,
B KOTOpO#l CTeépieHb NMOKOHTCR M MMeeT COOCTBeHHYI0 HjMHy AL. paBHa

Ax=ALY1—F2. (15.13)

1V. Hacel, CHHXpOHH30BaHHbIE B cOGCTBEHHON CHCTEMEe OTCUeTa M pas-
IejiHHbie paccTosHueM AL, OKasbiBaOTCH HECUHXPOHHbIMW B CHCTEMe, .
JABHMYLIEACS OTHOCHTEJIbHO' HUX CO CKOPOCTbIO ¥, M BEJHUMHA paccorna-

COBAHUS PAaBHA
ALy

c2

d—= —

(15.14)

§ 15.3. MpeoGpasosauns JlopeHna

Ha ocHose KuHeMaTH4eCKMX COOTHOIUEHHH, BbiBEJlEHHbIX B Tpelbily-
meM naparpage U3 MOCTYA4TOB TeOPHMHM OTHOCHTENBLHOCTH, MOXHO IOJy-
YUTb COOTHOLICHES MEXJY BPeMcHeM H NPOCTPaHCTBEHHBIMH KOOPLMHATAMH

3

y y, U ——
Plzy,z ) vy
’ 2
ao0=vt p,‘z"l ,’Z,’t’)
y’
A - z’
g 0 /
[-4
- ’
Z z.’ Zr ral X

Puc. 15.5. K BoiBofly npeo6pasoBaunvii Jlopenua.

JIAHHOTI O cOOLITHS. HaGJII0ONdEMBIMH B HHEPHHAJIbHBIX CUCTEMAX OTCueTa,
JBHXKYIIMXCH JAPYr OTHOCHTEJNbHO LPYTA.

Tlycte B touke P ¢ xoopnuHatamu x’', y, 2’ (puc. 15.5), mnoxos-
mefick B CHCTeMe 3/, B MOMEHT f’ NpOM3OULIO HEKOTOPOE cOGbITHE.
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PaccMOTpPHM 3TO COObITHE € TOUKH 3PEHHs CHCTEMbl X, JBHXKYylueHcs
OTHOCHTEJbHO CHCTEMbt Y/, Jlisi WPOCTOTH [PEIIONONKHM, uTO OCH X
# X’ HanpaBjieHbl BAOJb OTHOCHTENbHOH CKOPOCTH, a Hauaja KOOpPLHHAT
8biGpaHbl TakK, uTO OHM coBmajawor npu ¢t =1¢ = 0. Taxkum oGpasom, ¢
M f NOKasbiBAIOT BPeMS, MPOTEKIUEEe COOTBETCTBEHHO B CHCTEMax X u X’
C MOMEHTa COBNaleHHs Hauajn koopuuHat. CkopocTb ¥ OyneM cuuTaThb
MOJNOKHUTEAbHOM, €CJIH HAauallo CHCTEMbi KOOPAMHAT X’ NBHXKETCH B MOJO-
WHTEJbHOM HaMPaBJIEHHH OCH X CHCTEMbI X.

Ilns wabmoparens 8 cucreme % 00’ = of, a x’ — cobcTBeHHan
LAHHA B CHCTeMe X/, 'KOTOpas NOLBEPTaeTcs JOPEHLEBCKOMY COKpalle-
Huo. CrenoBaTesIbHO.

.

x=vt+ x' Y1 —p2, (15.15)
Wi
x—ut
! = 5.16
X Vi—p (15.16)

Yach, pacnojioxeHHbie 8 Toukax P u O’ (CHHXpOHM30BaHHbiE B CH-
cTeMe Y’), ¢ TOWKH 3pEHMSt CHCTEMbl % HMEIOT PasHOCTb XOJa
x'v

At = e

(15.17)

B MoMent BpeMenn t=1¢' —0 nokasanmus yacos 8 O u O’ Guum
onuHaKoBL. [loclie 3TOro, ¢ TOukM 3peHus HabmomaTtens B cUCTeMe X,
yackl B Y/ nuin MelljieHHee, T. €. CKOPOCTb HMX XOJa JIOJKHA ObiThb IIO-

MHowena Ha 1/}/1 —B2 uroOb nOJMyuMTh CKOPOCTb XOLA 4acOB B I.
CoeMecto ¢ (15.17) 3T0 naer

t 4+ x'v/c?
t _ 15. 18
e (15.18)
IToncrasnss ciona x’ u3 coortHowenus (15.16), noayuaem
t — xufc?
tl _ - . °
Ve (15.19)

Coornowenns (15.18) u (15.19) mnokasbBawT, uyTO CHCTEMb X H L/
8 COOTBETCTBHM CO BTOPbLIM NOCTY/NaTOM TEOPHH OTHOCHTEJBHOCTH pa3-
AMYAOTCA JMIIb 3HaKoM ¥. Takum ke oOpasom u3 cooTHoweruH (15.18)
u (15.16) caenyer

, .

=Y (15.20)

1 —p?
KOTOpOE TOJbKO 3HAKOM NpH ¥ oTauvaercst ot (15.16).

Kak cnenyer w3 mepeoro onbita § 15.2, paunbl, mepreHmIKysp-
Hble K HanpaBJIEHHIO NBHXKEHHs, He H3MEHSIOTCH; 3TO CJeACTBHE H COOT-
gourenuss (15.16), (15.20), (15.18) u (15.19) coctaBasor Te o061LMe
npeobpasoBaHus, KOTOphie MHB HCKaJH.  Cienyer, O4HAaKO, IOMHHTb 00
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Or paHWYEHMAX, HaK/albiBaeMbIX H4 BbIOOp Haya/ia KOOPIMHAT M OpHEHTA-
uuio ocelt. Jlas yno6GcTBa Mbi BBHIIHIlEM STH NpeoOpa3oBaHMs:

PO el L
Vi—g
y =1y
2 =z, y (15.21)
V= t—%
Vi—g

3tn npeoOpa3oBaHHsl HA3LIBAIOTCR MpeoOpasoBaHusMU JIOpeHIa.
Jlerko nokaszaTh. yYTO NpH MpeoGpas3oBaHuH JlopeHa HMeeT MeCTo
PaBeHCTBO

Xty 42— = x4y 2 (15.22)

Takus 00pa3oM, ecJu CBeTOBOH CHIHAN MCNyLEH H3 TOYKH O B MOMEHT
£==0 B cucteMe Y M paclpOCTPAHSETCH O BCEM HANPABJEHUAM CO CKO-
poCTbIO €, TO TOT K€ CHrHAJ. HCmyuieHHbd u3 Toukn O’ B cucTeMe X/
B moMeHT /=0, Oyler TakXe pacnpoOCTPaHATLCA MO BCEM HAaNpaBJEHHAM
€O CKOPOCTbIO ¢. TeM caMbiM 3TH MpeoGpa3oBaHMs COrnacyiorCs ¢ fep-
BHM TOCTYJaTOM M pa3pelllajoT NapaloKC, pacCMOTPEHHbIH B Hayafle rJaBbl.

ITpeoGpasoBanus [annnes (14.1) He yIOBNETBOPSOT COOTHOUIEHHIO
(15.22) v npHBOLST K NBYM PaBEHCTBAM:

’ o ’ 2 1 . ’ 2 4 _ s’ 2_
(%1 %) (YY)t (% 22) =
= (X, — X2+ (¥, — W)’ + (21 — )%
I 7
(L —f)=(f{ — h)
KoTophe TNMOKI3-IBAIOT, YTO B JOPESTUBHCTCKOH (PM3MKe MPOCTPaHCTBEH-
HHe U BpeMeHH .. HHTepBasbl OblIH HHBapMAHTHB HE3aBUCHMO IpYT OT
npyla. B Teopun OTHOCHTE/LHOCTH WHBapMAHTEH KOMOMHWUDOBAaHHLIN Mpo-
CTP2NCTBCHHO-BPEMEHHOH HMHTEpBa
2 p
(3 — Xo)” + (W — ¥o)* + (2, — 29 — 2 (8, — )™

lMpn npeoGpasoBanusX JlOpeHua HMHBADHAHTEH TaKi: AH(QepeHIHATbHbIH
MHTEPBA]1 MeXJy IBYMA COOLITHAMH
ds? = c2df? —dx? —dy* —dz22. (15.23)
[lpocTpancTBO W BpeMsi BXOAAT B IM(PQepeHIHalbHbill HHTEPBAd HECHM-
meTpHuHo. Eciau B npou3BosbHOH cHCTeMe OTCyeTa
dx? + dy? -+ dz? < 2de, (15.24)

TO MOXHO HaHTH T4Ky10 WHEPUMWAJALHYI0 CHCTEMY OTCYETd, B KOTOpOH
NpOCTPAHCTBEHHAs! YacTh dS pabHd HyMo, 1. €. 1Ba CoObiTHa OynyT npo-
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HCXOIHTb B OIHOM M TOM Xe Mecre. B Takoft cucreme nuddepenunani-
Hbift vHTepBan ds paeeH cdf, T. €. cOGCTBEHHOMY BpEMEHH, YMHOMeH-
HOMY Ha ¢. ECaM npoCcTpaHCTBEHHO-BpeMEHHON HHTEpBAJ yIOBJIETBODAET
HepaBeHCTBY (15.24), TO OH Ha3biBaeTCH «BpeMEHHEIM». d BEJIHYMHA dS[c
paBHa HHTepBajy COOCTBEHHOTO BpeMEeHH MeXiy IBYMs COOCHITHSIMM.
C npyrofi croponbl, ecim B mo0oif cucreme otcyeTa

dx? ¢ dy? + dz2 > 2de, (15 25)

TO Cpelld HHX MOMXHO HaflT TaKylo CHCTeMy. B Kortopod df = 0. B 2Toilt
cucteme 002 COOLITHS MPOUCXONAT ONHOBPEMEHHO, W BeqMYHHa ids paBHa
pacCTOHUIO MeXNy TOYKAMH, B KOTOPHIX MpOH3OLLTH CoObitus. Cieno-
BATE/JbHO, €CJM dS YIOBIeTBOpsieT HepaBeHCTBY (15.25), TO MHTepBaJ
HA361BAETCS [POCTPAHCTBEHHbIM, @ BEJAMYMHA idS eCTb COOCTBEHHAR NJHMHA.
Hu onHo npeoGpazoBanue JlopeHua ¢ neficTBuTe/IbHbIM I He MOMET Ha-
pyuth nepaseHcTs (15.24) w (15.25). CunenoBaTenbHO, BpeMeHHOH WJH
NpOCTPAHCTBEHHLI XdpaKTep HHTEpBAaJa dS OCTAeTCH WHBAPHAHTHBLIM.

Jlerko moka3atk anrebpavyecks, YTO JBA MOCJENOBaTe]bHbE Mpe-
o0OpasoBanust Jlopenua € napamerpaMu {3, W [, 3KBHMBAJACHTHH OJHOMY
npeobpasopannio JlopeHna € napaMeTpoM

B —_ Bl + ?2 N

1+ B8,
Takum oOpazoMm. npeobpasosanusi Jlopenua oOpasywT rpynny, obaanaio-
HIYI0 KOMMYTATHBHBIMH®» CBOHCTBAMH.

[1peobpasoBanusg JlopeHna MOXHO BbIBECTH HECKOJbKHMK chocobamu
U3 mpennoaoxenul, uro wntepsan ds (15.23) uHBapuaHTeH, a camM npe-
o6pasoBanus — avHelinbi. YCiOBHe JHHeMHOCTH ClenyeT W3 TOXKIeCTBEH-
HOCTH Pa3HbIX TOUYEK HPOCTPAHCTBA M BPEMEHH B HHEDIMA/bHbIX CHCTEMAX
orcyeTta. B cornacMM ¢ npuHUHMIIOM OTHOCHTENBbHOCTH Mbi NOJKHbBI TAKKe
notpeGoBath, 4TO eCal X == f(x', ¥/, v), 70 x = f(x. t, - v). Kak
npuMep TaKOro BHIBOJA PacCMOTPHM MNpeo0pasoBaHHe

kEx =x" —ot’, }
kx' = x + vt,

roe R— yethas (YHKuMS CKOpoCcTH. B peayabrate npocThix Npeobpaso-
BaHul "MoayvaeM

(15.26)

(15.27)

2
2 o v —7?)
R =

Hnsg Toro yroObt 3TO paBeHCTBO HE NMPOTHBOPEUHIO WHBAPHAHTHOCTH HHTEp-
Bana (15.22), HYXHO MOJOXHUTD

2(1 — R)=12,

(15.28)

Hau
k=) T —82 (15.29)
YTO ¢pasy MNpHBOAUT K INpeoOpasobanuaM Jlopenua,
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§ 15.4. TeoMeTpuueckoe UCTOJKOBaHHe mpeoGpa3osauuii Jlbpenua

B npeofpasopannst JlopeHua nepeMeHebie X W { BXOLAT PaBHOIPABHO.
MuHKOBCKUI MNpensiomusn BeJMYHHY ¢f NPHHSTb B KayecTBE ueTBepTOf
koopauHaThl. Takum 06pa3oM, NPOCTPAHCTBO CTAHOBHTCS YEThipEXMEPHBIM

- € KOOPIMHATaMH

xl=x, x?=y, x3=2z, x'=ct (15.30)

(B NOCNEAYIOLUIMX T/IaBaX CTaHeT IMOHATHO YNoTpebleHHEe BEPXHHX HHOEK-
coB). [lpocTpaHcTBeHHO-BpeMeHHOH uHTepBan ds oONpeneNsieTcs COOT-
HOIUEHHEM

ds? = — (dx1)2 — (dx?)? — (dx32 4 (dxI)P. (15.31)

Cuaenosartesibio, npeoGpazoBanns JlopeHna npelcTaBasior coGof auneli-
Hble NpeoOpasoBaHMf YETHIPEXMEPHOFO NMPOCTPAHCTBA, NIpH KOTOPHIX MHBA-
pUaHTEH 3JEMEHT JUIMHbI ds2.

Wurepsan ds? MOMHO npencTaButTb B Gojlee CHMMETPHYHOM BHJE,
XOT M MeHee Ipo3payHoM ¢ ¢H3NyeCKoM Toukm 3penus. Jlns s1oro
BBenieM 0003Ha4YEHUs

X4 =ix4, ]
05—, | 1532
Torna cootnoulenne (15.23) npuHuMmaeT clenyiommit BAL:
dS? = (dx')? + (dx?p -+ (dx3)? 4 (d X% (15.33)

Tak Kak 1IpM COOTBETCTBYIOIEM BbhiGOpe KOOpIMHAT npeobpaszoBatus Jlo-
peHua He BaMSIOT Ha dx? M dx®, TO NOCTAaTOYHO PACCMOTpETb HHBa-
PHEHTHOCTb JBYMEpHOTO HHTEDBAJA '

dS? = (dx'Y2 + (d X1 (15.34)

STOT HHTepBaN MHBADUAHTEH OTHOCHUTE]LHO IEPEHOCA- Hayasa KOOpIHHAT,
4 TAKXKE€ OTHOCHTENbHO [OBOPOTA KOODRHHATHBIX OCefl B [JOCKOCTH
x1 — X% IlycTb KOOpIMHATHbie OCH MOBEPHYTH Ha yroJ 0, Kak nokasano
Ha puc. 15.6. Torna

x" == xlcos 0} X%sinb,

) (15.35)
X¥ = - xtsin 04 X%cosO.

Monctapmsin 6=1Ip M mepexons C nomouwbio coorHouenuit (15.30) n
(15.32) oOpaTHo K OObiYHbIM [POCTPAHCTBEHHBIM M BPEMEHHEIM KOOP-
EWHATAM, NOIYYHM

x'=xcho—ctshep, } (15.36)

¢t/ =— xshe¢- ctchg.
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Coornowenns (15.36) coenapaor ¢ npeobpasopanusiMu JlopeHua, ecan
NOJIOXKHTD

1
Sh?2713~—32' chy—r— tho=f.  (153D)

Takum obpasoM, npeobpasoBande JlOopeHua eCTb INpOCTO BpALIEHHE
B yeTHIpeXMEpHOM [poctpaHcTBe x1, x2, x3, X% B KOTOpOM cOOLITHE
OIUCHIBAETCH YETHIPEXMEPHBIMH KO-
OpIMHATAMU. [IPHYEM BpPEMEHHBIE H x4
NPOCTPAHCTBEHHbIE KOOPIHHATHI CO-
BEPIIEHHO 3KBHBaneHTHbi. CooTHO-
wenne (15.26), onpenensiomee na-
paMetp [ npeoGpasoBaHus, Co- e
CTOSILETO W3 IBYX [0C/AENOBaTeNb- /17'
HbIX npeoGpasoBanuil Jiopenua, co- = Yt
OTBETCTBYeT npocro dopmyJse 174
runep6oMMyecKoro TaAHreHCa CyMMbl

. th‘?l+th?2
th (<P1+<f’2)——m-

(15.38)

Ipencrasnenne npeoCpasoBanns
Jicvenna B Bune BpalleHust B yeThi-  Puc. 15.6. [ToBOPOT KOMIAEKCHBIX KO-
pe:’*epHOM MpOCTPaHCTBE X, Y, opauHaTHBX Oceii Ha yroa 6.
2, ict BecbMa ynoOHO, XOTHi M He-
CKOJIbKO HWCKYCCTBEHHO C (H3HyeCKOH TOYKH
x4 x¥ g7=ge  3penus. Mccrenyem reomeTpuueckufi  CMbICH
’ npeoGpasoBanuit JlopeHua B peasbHOM YEThi-
P peXMepHOM TPOCTpaHCTBe X, y, 2, cf. Has
TOro 4ToObi BCE HCC/IEJI0BaHMS IIPOBECTH B I1710-
4 CKOCTH, Mbi OyleM HMMeTb IeJO JHLIb C JBYMS
’ KoopiuHaTamH x'=x n x%= cf. Tpaextopns
7 it cobbiTus, H300paxeHHas Ha 3TOH ILIOCKOCTH
KaK (YHKUHs NPOCTPAaHCTBEHHBIX KOOPAMHAT H
0 P &7  BpeMeHH, H43bIBAETCH MHUPOBOH s/mHMeH, a cama
puc. 15.7. Peasitusuctckoe  RHATPAMMA — JMar pammodt MunrkoBckoro. Mu-
npeo6pasosatue oceii wa POBA% JMHHS CBETOBOrO Jyya B BaKyyMe Mpei-
nuarpaMMe MuHkoBckoro. CTaBiser cobGol mnpamyw x!= x4, pacnono-
Otpesox PP’ nokassiBaer oT- WEHHYY) 104 YT JOM 45° k KaxnoH u3 oceh
HOCHTENBHOCTL TIOHATHA OJHO-
BpeMEHHOCTH. (puc. 15.7). Ilpn npeoGpasoBanun JlopeHua
(15.36) 3™ ocn mnpeobpasdyloTCss K HOBbIM
ocsM x!' n x%, onHAKO MHMpOB4s JIMHHS CBETOBOTO /Jyya He M3MEHseTCH.
Puc. 15.7 namocTpupyeT TaKiKe OTHOCHUTEJbHOCTb MOHSITHS OLHOBpE-
MEHHOCTH: BC€ COOBLITHS, pAClONOXeHHbie Ha OCH X!, OJHOBpEMEHHb:
B CHCTeMe X', M He ONHOBpeMeHHbl B cucteMe Y. Tak, cobbitne P’ nns

P
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HaOMmoOzaTeNs, MOKORLLErocs B CHCTeme X/, MPOUCXOIMT ONHOBPEMEHHO
¢ cobuitnem O, a nias naGmoznarens, mokoswerocss B cucreme X, oHo
NPOMCXONUT No3xe Ha BpeMs = xi/c = PP'|c.

Onnako npH MHTephpeTapuM IHAarpaMMbi MHHKOBCKOTO chaenyer Obith
BECbMA OCTOPOMHbIM. B oTiinume ot pmarpaMmbl Ha puc. 15.6, rne no-
CPELCTBOM MHHMOTO MpeobpasoBanust (15.32) MCKYCCTBEHHO BBelleHa
«3BKJ/MJIOBa» T€OMETpHS, Ha IHarpaMMe MHHKOBCKOrO KBAaZLpaT HHTepBaja
He paBeH CyMMe KBajpaTOB KOODJHMHATHbHIX MHTEPBaJsoB. BMmecTo 00biyHOrO
M3MepeHHs PAcCTOSHHUH B peanbHOM IMPOCTPaHCTBE [0 CyMME KBaipaToB
KOOpJMHAT MOXHO BBECTH CeMeHCTBO THIepGOJ

(x1)2 — (xH? = (x!")2 — (x*')? = coust, (15.39)

KoTopble 00pasyloT ceTky (puc. 15.8), ynoOnyo nasi cpaBHEHHsi Pasjiny-
HBIX BeJIHYHH. .

PaccMOTpHM, KaK pEASTUBHCTCKA# KHHEMATHKA ONHMChiBAeTCH 3TOH
JuarpaMMoli. JlopeHueBckoe cokpauerne (15.7) nokasbiBaeT, Kak co6-
crBeHHas nauna x! B cucteme Y’ mnpeoGpasyercs K cucteMe X. [lycrsb

otpe3ok OP’ nokouTcs B cucTeMe ¥/,

T4 Muposasi uuns koHua P’ napan-

nenbHa ocM  x* (ct’), Tak Kak OH
nokoutcs B cucteme Y'. Touka O
- TaKke IBHXKeTCA BAOAb OCH x¥'.
5 y; B cucteme X uamepeHHe NpOHM3BO-
2 ¢ IWTCS OJIHOBPEMEHHO Ha OGOHMX KOH-
flaX OTpe3Ka B TOT MOMEHT, KOTla
/ HAYaNA OTCYeTd COBNALAIOT, T. €.
/ H3MepeHHe  IPOM3BOLHTCH BLOJb
ocu x!. CiienoBarenbHo, B ¥ I/HHA
orpeaka pasHa OP. CpaBHeHHe OT-
z# peskos OP u OP’ crenyer ne-
JaTh € MOMOLUBIO THIIepGOoaHYeECKON
ceTkH. Jlerko BHIETb, YTO THIEP-
7 g 7 Gona
Puc. 15.8. Iuarpamma MuHKOBCKOroO, (x')2—~(x4)2:0P2:(x")2 ~(x¥)?
NOKa3biBalmas JAOPEHIIEBCKOE COKpa-
(NEHHWE W YLIUHEHHE BPEMEHH. nepecekaer Ox!" wmexny O un P;
cnepopateabno, OP < OP’ B coot-
BeTCTBHYM C JOPEHIEBCKMM COKpalleHHeM COGCTBeHHON IWKbI NpH Habmo-
IeHHH ee M3 JIBHXYLICHCS CHUCTEMbI KOOPIWHAT.

PaccvoTpuM Tellepb yajluHeHHe BpeMeHH. JIng 3TOIO NPENINOJIONKHM,
HTO B CHCTeMe X’ uyacCbl IIOKOATCH, npuyem x’ =1t'—= x =1 =0. Bpems,.
MOKa3LiBaeMOe STHMH uwacami, OyaeT MpPEeACTZBIEHO MUDPOBOH JiHHWel,
npoxonsiueti poons ocu x?. Takum o6pasoM, Bpems, NpOTEKIlee B CH-
creme ¥ 1o momenta ¢, paBuo Of'. C Touxv 3penus Ha0.aonatens B cH-
creme Y f u ' e OyLyT pacliojiodeHbi B OJHOH TOYKe [POCTPAHCTBA.
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B 10l cucteMe cOOBITUS, OMHOBPeMEHHEIE € £, MPOM3OHLYT B MOMEHT f,
Tak 4TO npsMas tf’ napannenbha ocu x!. Cornacwo runep6Gosuvieckoht
cetke O = 0S8, v cnenosarensno, Of > OF. Taxum oO0pa3om, Bpems,
uamepennoe HablonaTesleM, MOKOFILUMCH B cucTeMe X, Gyler Gonblue,
ueM coOcTReHHOe BpeMs B cucTeMe X/, ITO COOTBETCTBYET YIJUHEHHIO
BpEMEHH, OMICHIBAeMOMY cooTtHoweHHeM (15.4).

M3 nuarpammbl MHHKOBCKOTO ClellyeT cuMMeTpHs cHCTeM X u Y/,
HECMOTPA Ha KaXYLIYIOCS acCUMMeTPHIO YIJIHHCHHA BpEMEHH H JOpeH-
1eBCKOTO cOKpaulenusi. B uammx npumepax cucremy Y/ Mbl cuuTtasiu
cOOCTBEHHOH Kak JJIS MPOCTPaHCTBEHHOTO, TAK M BPEMEHHOT O HHTEPBAJIOB.
Ecau ke B KkauecTBe cOCGCTBEHHOH B3ATL cHCTEMy X, TO npsMas PP’
6yner napanneabHa Of, a npsamas {f’ napaigemsna OP. 3T0 W npusescT
K 0Opallennio COOTBeTCTBYIOIMX 3(eKTOB.

Tlpn B> | npeoCpazopanve JlopeHua CTaHOBHTCS KOMIICKCHBIM H
¢u3yuecK! HEBO3MOXKHBEIM (B Na/MbHEHIIEM MBI €lile Pa3 paccMOTPHM 3Ha-
yeHue 3TOTO yTBepxienus). Ha nmarpamme MHHKOBCKOTO 3TO O3Hauaer,
4TO HH ONHA U3 LITPMXOBAHHBIX OCeH He MOXeT MepelTH yepe3 JNUHHUIO

x!'=-- x% B uernipexmMepHOM

MpOCTPAHCTBE 9T JMHMA COOT- ., ., zé it
BETCTBYET KOHYCY; €T0 MasbBalT = < .
¢reToBbiM  KoHycoM. Cienopa- \ yd
TeJbHO, BpeMeHHOH  HHTepBal N bydyuee ,
ds?=(dx*? — (dx'2 > 1 He N N

MOXeT CTATb TPOCTPAHCTBEHHHIM N N R

HH B KAaKOH CHCTeMe OTCYETa, HO R N e $

MOXeT CTaTb YHCTO BPEMEHHLIM § N7 N z?
B cOGCTBEHHOH cucTeMe OTCueTa. S OIN g,

Ilo TeM e NPUYHHAM TPOCTPaH- N // N _
CTBeHHBIR unTepBan ds? <1 ne & s N
MOXeT CTaTb BpEMEHHFIM HH 7 powmer N

B ONHOM CHCTEME OTCUETa, XOTH y N

B cOOCTBEHHON CHUCTEMC MO- i N
KeT CTaTh YMCTO MPOCTPaH- ‘

CTBEHHEIM.

Takum 06pasoM, CBeTOBOH Puc. 15.9. HAas nabaonatens, pacnoso-
1+ o4 " JEHHOI'G B HayaJle KOOPIMHAT, Mup
KOHYC X' = T X® NeJUT fIPO-  MuuvoBCKOro pa3nensieTcsl CBETOBHIM KO-
CTPancTBO MHHKOBCKOTO Ha TPH  HycoM HA TPHM YACTH: <IPOMIAOE», «Oyny-
obnactn (puc. 15.9) Ilns mna- mwee» 1 «B APYLOM MECTe».
Onmonatens B Hayale KOOPAMHAT.
T. €. B 1aHHOM TOYKE MPOCTPAHCTBA W BpPEeMeHH. ITH OONACTH UMEIOT WH-
BapuanTHBHH cMBiCcI. B o6aacti. 0603HaueHHOH <«MPOLIIOE», HAXORATCH
€oObITHA, KOTOPBIE OTREJNEHH OF Hayana KOOPAMHAT OTPULUATENBHHIM HH-
TE€PBaJOM BpeMenH B MoOol wHEepuManbHOM cucTeMe OTcRera. AHANOrUYHO
B 0o6nacty «Oynylluee» .eKaT cOObITHS. OTReJieHHbie OT Hauya/la KOOpAHM-
HAT NONIOXKYTENbHEHIM BPEMEHHLIM WMHTEDPBAJOM B JIOOOH cHCTeMe OTCHeTa.
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O6aactd «B JIPYroM MecTte» NpUHANJEKAT COObITHA, MPOCTPAHCTBEHHO OfF-
" penennble OT HabJonartedsi; onHako Mexny coOoft owu Moryt Obith
COBMELIEHbl MOCPeNCTBOM BpalleHHHl U TepPEeHOCOB,

§ 15.5. Popmyasl npeoGpasoBaHMs [l CKOPOCTH

bopmy bl npeo0pasoBanusa 1Jisi CKOPOCTH IBMKYILERCA TOYKH MOMHO
AOMYuUTh, BHIUHMCHSS MPOM3BOAHbIE fipeoCpasosanust Jlopenna mo £ u ¢,
Kak u npexne, Mb OyneM noJb30parhCs o0osnauennsmMu == 9fc, rme
O~ CKOPOCTb CHCTEMbl %’/ OTHOCUTENbHO X, H3MEPEHHas B CHCTeMe y.
KpPOMe TOro, BBelleM ODO3HAUEHUs uxz%;-, ufv:%’;— M T. 0. s
ckopocTel B COOTBETCTBYIOIIMX CHCTeMax oTcdeTa. [IpeobGpasosanus Jlo-
peHua or cucreMul X k chcteMe Y/ MMelOT BHI

o =X vt
CVIi=p’
y =y,
2 =z ( (15.40).
t, I t— ﬁxlc
Vi—p '
JNuddepeHunpys 3T coOTHOWEHUs no ', noay4uM
L e
a u, Vi ar’ (15.41)

dy’ dy dt )

at’” — at dar’’ _

dz _ dz dt (15.42)

ar- — dt dar’ |
a raKxe _

dt’ 1 —fu,fc )

——— T ——————— vanaliy 15.43

dt Vi—@ ( )
[locnennee cooTHollenne pRaeT BO3MOXHOCTb MEPEMUCATH COOTHOILLEHUS
(15.41) n (15.42) Ge3 WTPUXOBAHHBIX KOOPLMHAT

. Ug—v

U= (15.44)
A
by = T—uwic® U l 15.45
. Vi=g (15:45)
U= T a4 I
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dopMmyna cJioweHHs TapanjelbHbiX ckopoctel (15.44) coraacyercs
c coorrouenneM (15.26) nnas mnocneldoBatenbHbiX npeoOpasoranuit Jlo-
peHna, u60 ONHY M3 3THX CKOPOCTEH MOXHO CUHTATH CKOPOCTbIO NBHMKE-
HUSi HEKOTOPOH LPYTOM CHCTEMbl OTCUETA OTHOCHUTENBHO CHCTEMbI X.

M3 cooTnoluenns Mexly HHTEpBaniaMu BpeMmenn df u dt’ (15.43)
BBITEKAIOT HHTEpeCHHe caefcThus. Ecan Obl COOTBETCTBYIOLUMM BHIGOPOM
MOXHO ObiIo cnenath (dt’[dt) << 0, TO nocnenoBaresbHOCTL COOLITHH
BO BpeMEHM H3MeHHJach Obl NpH Nepexone OT ORHOH CHCTeMbl K RpYroi.
310 nporuBopeunsio Obl snoruke, ecan Obl 3TN cOOBITHS MPeNCTARSAN
cobolt mnpHuMHY M CclepcTBME M ec/iH Obl HanpapJeHHe BpeMeHH Obllo
MHBapHAHTHHIM. MIHBapPHAHTHOCTL HAampaB/ieHHs BPEMEHRH Mbl YK€ OTMeuaiu
B Hauane TJapbl. Tenepb, 1Js TOro YTOOBI NOCNENOBATENbHOCTb PUYHHBL
N CNelCTBUA COXpaHsnach B no0OH CHCTEME OTCYETa, Mbl LOJIKHBL CRENATH
BLIBOL, 4TO

u <L . (15.46)

rje o — CKOPOCTb PacnpoCTpaHenus JioOOTO CUTHala, CBA3bIBAIOILErO
npuuuHy M caencrsue. OQueBnilHO, (a30BHE CKOPOCTH H CKOPOCTH, MMEIO-
HIME JIMIb TeoMeTPHUeCKHH CMBIC/, He MONYMHSITCA STOMY OrPaHMYEeHHIo.
ITHM OrpaHMYenHeM CBSI3aHbI TAKXKE OTHOCHTEJbHbIE CKOPOCTH Pas3/IMYHbIX
MHEPHMANbHBIX CHCTEM OTCHET4, TAaK UYTO HET CMHICAZ paccMaTpHBaTh

npeoOps30Banus JlopeHna npu KOMMUIEKCHBIX 3HAYEHHAX ]/l — B2
dopMynbl npeoOpa3soBaHus 1JS CKOPOCTH JIerKO NMPHMeHWTb K pac-
NpPOCTPaHeHHIO CcBeTa B ABMKYLUleHcs cpene, a Takxke 1ns OOBACHeHHs
aGeppauuit 3pe3n. [lycTb ONHOPORHasg HBOTPOMHAsA Cpela ¢ NOKA3aTeJeM
NpesiOMNeHHs 71 NBUIETCH CO CKOPOCTHIO ¥ B MOJOXHTEJLHOM Hanpasje-
HUM OCH X OTHOCHTENbHO Habmonartens, NOKOSLIETOCS B cuCTeMe 3.
Ckopocth CBeTa B CHCTEMe OTCuYeTa, I'le 9Ta Cpelld MNOKOMTCH, paBHa
4’ = c[n. CrkopocTb ¥ OTHOCHTENbHO HabmoldaTens, MOKOAILErocs B X,
JIErKO MOJyuYuTb u3 cooTHowwenus (15.44), ecnn nepeMeHMTb 3Hak o:
c
771_0 ¢ 1
p= e = 01— ) (15.47)
l—!— l n n
nec

C TOYHOCTbHIO 1O HUJIEHOB MEPBOro MOPARKAa OTHOCHTENbHO T[c. DTO COOT-
HOLUEHME COIJIACYETC C 9IKCMEPUMEHTAAbHbIMH Ppe3yNbTaTaMH, a TaKm:
C pe3ysbTaTOM, MOJYYEHHbIM B KJaccHuecKoH snexktponunaMmuke (§ 11.4).
OnHako np# KNACCHYECKOM BHIBOLE STOTO COOTHOLUEHHS] MPUMEHSJICH KO-
BOJILHO CJIOXHBIF annapat: 3¢QeKT NPUNUCHIBAJICS BJMSHUIO BTOPUUYHLIX
uanyvareseft, ABHKYLIMXCH BMeECTe ¢ XHMAKOCTHIO. Temepb cooTHOLicHuE
(15.47) nonyueno Ge3 neTaNbHOrO BBENEHHS TAKOrO MexaHuaMa. B npans-
HelllleM MH ellle 4acto OYIEM BCTpeuaTbCs C TAKUM MOJICKEHHMEM, KOrjaa
KOHeuHBIH pesy.bTaT Onpenensercs TeOpHeH OTHOCUTe/IbHOCTH. ONHAKO
MEeXaHu3M, NPHBOLSIUMHA K ITOMY pe3yabTaTy, HAJEKO He OueBHIeH.
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A6eppaliio yNAaNeHHBIX 3BE3JL TAKKE MOXKHO OOGBSCHHTH, UCNOJL3YRH
dopMysy ans npeoOpasopanms cxopocTu. Ilycrb ayu ceeTa or 3peanu
pacnpOCTPAHAETCH TNePNEHRMKYASPHO K ckopocTH 3emuau (puc. 15.10)

4 Yy
z’
5 [
3se3dn l Semnn
U
4 w0 .
= Up=—U
Uy , >
\ Uy=—C uy=—cvi-f
’
x { 7 £

Puc. 15.10. A6eppanusa cBera 3Beal € TOYKM 3PEHHA TEOPHH OTHOCH-
TENLHOCTH.

B cucreMme otcueTa, cBsizaHHOW CO 3Be3ROM, UCMYCKAETCH CBET C KOMIO-
HEHTaMH CKOpPOCTH uy, = - ¢, #,=0. B cucreme orcuera, CBsizaHHOM
¢ 3emJelt, KOMIOHWEHTbI CKOPOCTM cOrnacHo cooTHouenusM (15.44) n

(15.45) paBubl
u,==—¢ 1 —
= .

u
x

CrnenosaterbHo, yros naneHus onpenenseTcs COOTHOLIEHHUAMU

”:v o B
u; Ty 1—p2 '

sin 07 = B

tge’:

(15.48)

e s o o

B ra. 14 Mb Bunenn. 4TO Mexawmueckas kapTuwa wu3JyuyeHudl u npen-
MOJIOKEHHe O HeMOABMMHOCTH 3upa npusoasT ¥ peaymbraty tg8 =@,
KOTOpHIH Ha oOnbiTe HEOTIHYUM OT COOTHOMIeHMH (15.48).

3agadmn

I. CymecTBeHH N1 OrpaHuyeHus, HakJaiHBaeMble Ha rpecbpasoBanus Jlo-
penna (15.21) npennosoxeHusiMu, yTO OTHOCHTENbHAS CKOPOCTb HAampaBiena
BAOJAb OCH X, a Hayala KOOpAMHAT COBHajnaoT npH f=t' = 0? O6GbacHuTE NO-
1po6HO, KaK MoJb30BaThcs Npeobpasopanusml JlopeHna, eciy Hayada KOOPAHHAT
OB, X CUCTEM M HX OTHOCHTEJbHBIE .CKOPOCTH NPOM3BOJBHEL.

2. Mcnoaways puarpamMy Munkosckoro (puc. 15.8), o6bsicHHTE, KaK ¢ TOUKH
3peHldﬂ2$HC'l‘6Ml>l I BuIrAAaAT co6CTBEHHAs JJKWHZ W COGCTBEHHOE Bpems CH-
crembl Z’.
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3. MNokaxute, yT0 Npu nepexope 0T cOGCTBEHHOH CHCTEMBI OTCHeTa K He-
CO6CTBEHHOH BeJuYMHa ©? NOAYMHSETCH! COOTHOUIEHHIO

v u? > [u2 — (u X B} 75,
e y=1/V I —§82
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FTTABA 16
KOBAPHAHTHOCTb W PEJSITUBUCTCKASI MEXAHHKA

B rn. 15 Mbl paccMoTpesnn CBA3b MEXRY NpPHHLMNAMHM CRleluan,HOH
TEOPUH OTHOCHTENBHOCTH W KMHeMaTHKOH. Eciu 9Tu NPUHLUNL BEPHDI.
TO OHU Jo/MKHH ObiTh NpUMEHHMH BO BCeX ofnacTaX ¢usnku, ubO Huka-
KOH 9SKCMEPHMEHT He B COCTOSIHMH BbUIEJIMTb TIPEHMYILECTBEHHYIO WHEp-
LMaJNbHYI0 CUCTeMy Ofcyera. PacnpocTpaHeHue MPHHLMNOB TEOPUM OTHO-
CATENLHOCTH Ha Ipyrue oOnacTn (uU3KHKKU, KaK U B KMHEMATHKE, BO3MOXHO
OCYILLECTBHTb TNOCPEACTBOM COOTBETCTBYIOIUMX MbICJIEHHBIX OMBITOB —
Gedanken Experimente. JIpyro#l myTh 3akjo4aeTcsi B NPUMEHEHHH mpe-
oOpa3opanus JlopeHua IS NPOCTPAHCTBA U BPEMEHH K HEPEJATUBUCTCKUM
YPaBHEHHSIM, COMePXalKM JaHHylo peanuuny. Cuntasi, 4TO BHI ypaBHe-
Hpit NoJNeH OocCTaThCd HEU3MEHHLIM, MOXHO HaiTh npeoCpasoBanus RIS
nanHo#t Benuumubl. Ilonesuni o0a monxona. MbiCjieHHBIE IKCMEPUMEHTHI
B HauboJbliell CTeneHW BHIACHSIOT (U3HUECKHH CMBICH paccyxaeHud,
MOYTOMY Mbl BOCMOJIb3YEMCsi UMM MPH PacCMOTpeHMM coylapeHuil. Bro-
poHt cnocob, OCHOBaHHBLIK HA HEMOCpPeNCTBEHHOM HCMOJL30BaHUK Npeobpa-
30Banuit JlopeHua, OObYHO BeCbMa IpOMO3NOK. XOtA DHHUWITEHH B CBOCH
ocHOBONOJIarawlleli pabore BbBeJ (OpMyJibl NpeoCpasoBaHus LN 3JeK-
TPOMAarHUTHHX ToOJell HMEHHO 3ITHUM METONOM, TNOKa3aB TEM CaMblM, HTO
ypaBHeHus MakcBenia YJIOBJCTBOPAIOT NPUHUHUNEM TEOPHH OTHOCHTENb-
HOCTH.

Onnako uanbonee MOLIHLIM sBNAETCA TpeTuH MeTON. DTOT METOR
COCTOMT B TOM, YTO YpaBHEHUS 3aNUCHIBalOTCA B Takoi ¢opMme, koropas
llenaeT OYEBUIHBLIM TNpeoOpasOBaHuA BeJIMUHH MNPU [EpPeMeHe CUCTEMBI
orcueta. Ecim ¢opma ypaBHeHHS WHBapHaHTHa OTHOCHTENILHO TepeMeHbl
CUCTEMBl OTCYETA, TO OMBIT, OCHOBAHHBIH HA 3TOM YPaBHEHWH, He MOXKeT
laTh pesysbrara, 3aBUCAILETO OT CHCTeMbl oOTcyeta. B 2ToM cayuae
AIBNIEHUE, OMHMCLIBaEMOE NAHHHM YPaBHEHHEM, COrJIaCYeTcsl ¢ MPUHLUNAMH
TEOPUHM OTHOCKHTEJILHOCTH. YpaBHeHMWe, 3anucaHHoe B (OpMe, He 3aBuUCH-
el or BLIOOpa cHCTeMB OTCYETa, Ha3biBAaeTCs PeASTHBHCTCKH KOBapH-
aHTHBIM.

Mol #3n0MuUM 3TOT MeTOl B TOH Mepe, koropas HeoOXomuma nns
BHBONA OCHOBHHX peNSTUBUCTCKUX COOTHOLIEHHH MEXAHUKH B 3JIeKTpO-
JMHAMHKH.
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§ 16.1. Ilpeo6pasopanue JI penua IJIA HEeTHIPEXMEPHOro BeKTOpA

[IpeoCpasopanne JlopeHua MOxeT ObiTb 3aMMCAHO B BHIE JHHEHHOrO
npeoOpasopaHysi KOMNOHEHT OTPE3Ka, COERMHSIOLLETO HAYaNO KOOPAMHAT
¢ toukoi x/(x!, x2, x%, x%*==¢l) B ueTHpeXMEpHOM TNpPOCTPAHCTRE.
[Tonbsysick yCNOBMEM OTHOCHTEIbHO MOBTODPSAIOILMXCSH WHAEKCOB MpPH CyM-
MUPOBaHHK, MOXHO HamucaTh

x = Qjx’, (16.1)
rne Q}»—Marpuua BMIA
T 0 0 —By
_ 0 1 0 0 ”
P
9=l 0o o1 o | (16.2)
—fr 00 v
B KOTOpOH nnsa ynoOCTBa 3anucu BeefeHb 0003HaueHHus
[ 1—32 |
| (16.3)
B= 2 '
[ ¢ " J

Kak Mbl ye OTMeualu, eCliu KOMNOHeHTH BekTOpa X’/ mpeobpasyiotes
cornacHo paserctsy (16.1), T0 HHKAKOH 2KCIepHMEHT Ha OCHOBE Mepe-

MeHHBLIX X/ He MOXeT YKasaTh NpeuMyUle. FBEHHOH CHCTEMbl OTCYETa.
[Tosromy, ecnn  kakoe-nubo ¢Qusnueckoe ypaBHeHHWe 3anucaTb B BHIE
BEKTOPHOrO YDABHEHWS B YETHIPEXMEPHOM NPOCTPAHCTBE, NMpUYEM TaK,
uyToOH KOMMNOHEHTH BEKTOPOB Npeobpa3oBuiBannch cornacuo (16.1), To
B [aKOM CcJIyyae roBOpAT. 4TO YpaBHEHWE HAMUCAHO B PEJSTUBHCTCKA
KOBapuaHTHOM BHIE.

Ecnn coornoutenne (16.1) paspemnts otHOCHTENbHO X7, TO monyunm

= (@) 'x", (16.4)
l\llc
Y 0 0 4By
- 0 10 0
@ = 6 o1 o (16.5)
+8r 0 0 v

— MaTpuua, oOpaTHas wmatpuue (16.2), T. e. MaTpuua npeoOpa3oBadus,
COOTBETCTBYIOLLEFO OTHOCHTENbHOMY JIBUMEHHMIO CHCTEM OTCYeTa ¢ Mpo-
THBOTIOJIOHO HaNpaBjieHHOH cxopocThio. Ecau BenvyuHa C  HeTHPHMA
KoMnoneHiamu A, npeobpasycercs t1ak ke, kak X/ npn  0OpatHOM
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npeoGpasobanuu Jlopenna, T. e. -
’ iN—1
A;=(Q)) A, (16.6)

TO COOTHOLUEHME, MPUPABHUBAIOLIEC BENMYUHB THMA A;, TaKKe pensTH-
BUCTCKH KOBapuaHTHo Eme pas nojuepkueM 3TH jBa CJIy'-IaH BE JINUKHBL
A; unm B’ pensTuBHCTCKM KOBapMaHTHEI, €CNM TpH NpeoOPasoBaHuk
KOOpAVHaT OHK MpeoOpasyioTca cooTBeTCTBEHHO Kak (16.6) mnm kak

B —=Q\BJ. (16.7)

A; Ha3bIBACTCH KOBAPUAHTHbIM yeTLIPEXMepPHLIM BeKTOpoM, a B’ kowrpa-
Bapl/laHTHblM qe'rblpexmeprlM B‘EKTOpOM (K COXaJleHUK), CJIOBO «KOBa-
pHaHTHLI» ynoTpebnseTcss B ABYX CMbic/aX., ONHAKO 3Ta YCACBHOCTD
fiBAsieTcs OOLEenpuHATOM).

12
Marpuna Qj cesisaHa ¢ MaTpuueli 06patHOr0 MpeoBpa30BaHMs NOCPel-
CTBOM ypaBHeHus :

(@) '@ =3, (16.8)
rie
1 0 0 0
., {01 00
%=ly 0 1 o (1.9
0 0 0 1

— eUHUYHAs MaTpuua.

Mbt He OynmeM 3aTparmpaTb HH OOLLEr0 TeH3OPHOrO AHAJN3A, HU Tpe-
o6pasosaHus koopluHaT oOiero Buna. B npeoGpasosanusx Jlopenna
B CHenualibHOH TEOPHH OTHOCHTENBHOCTH KOI(HUIMEHTHI Q; NOCTOSHHH

¥ HE3aBUCHMBl OT KOOPHAMHAT. BONbLIMHCTBO aBTOPOB BHBOLAT STH Mpe-

o6pa3oBaHus KaK HacTHH chyuait Gosee oOwmx npeoOpasosanuit, xo3g-

dHLMeHTs KOTOPLIX 3aBUCAT OT KoopAmnar. B ofumem caydae Bmecto

cootHoutenns (16.1) cnenyer nonbaoBaTbes npeoOpasopanneM Ana nug-
(epeHUNaNbHOTO 3NEMEHTa dX

dx’ — ("" )d . (16.10)

ox’ ’

CoOTBETCTBEHHO KOMNOHEHTH KOBAPUAHTHONO M KOHTPABAPHAHTHOrO BEK-
TOpOB NpeoOpasyloTCsa COrjacHO paBeHCTBAM

7
A=(2)a,

ox'

.’ oxt’
B = _ B,

ox’

=

(16.11)
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STH COOTHOWIEHM MCNOJB3YIOT B OOLIEH TEOpWM OTHOCHTEJLHOCTH, TAE
Ko3pduuuenTs npeoOCpa3osaHus MOryr ObiTb (GYHKIUAMH KOODAMHAT.
Iipu sToM pasnuuue Mexny KOBAPUAHTHHIMM M KOHTPABAPUAHTHHIMU
BequuuHaMa npuobperaer Oosee 3naunTenbumil cmbicn. B cneuwmansHoB
TEOPUN OTHOCHTENHHOCTH, KAK BUAHO u3 MaTpuusl (16.5), koBapuauTHbliH
BEKTOP A; ~— 3TO BEKTOP, KOMNOHEHTbl KOTOPOro npeobpasyloTcs TaK ke,
Kak - X, —y, — 2, ¢t. OnHako u B cjyuae noCTosHcTBa Koshduuu-
eHTOB mnpeoOpa3oBanusi annapat TEH30PHOrO MCUYUCJEHHS OKa3HlBaeTCa
HCKJIIOUNTebHO Y100HLIM.

§ 16.2. Hexkoropsle TeH30pHbIE COOTHOMEHUS

TenzopamMn Mbl Oy/€M Ha3HBaThb BCE BEJNUYMHBL, KOTOpbiE MpH mpe-
o6pa3oBaHusix JlopeHna camy HCHBITHBAIOT OnpejpeNieHHble MpeoOpasopa-
Husi, TlpocrefitiuM TeH30pOM sIBJIstETCS MHBAPMAHT, WX CKAJAP, KOTOPHIH
MOKHO NpeACTaBUTh B BHOE OAHOTO 4ucsid. TakUM HMHBADHAHTOM OKA3bIi-
BaeTCA, HanpuMep, BeNHYNHA

ds? = c2d1? — dx?— dy? — d22.

3ru TeH30pH HA3bIBAIOTCA TEH30PAMM HYJIEBOrO PAaHra.

Paccmorpenupe B § 16.1 konTpaBapManTHHIH W KOBAPHAHTHBIH UeTh-
pexMepHbie BEKTOPH NpefcTaBsioT COOOH TeH3oph nepsoro paura. CucreMa
u3 16 penuuus, npeoOpasyioLiuXcs B COOTBETCTBUM C PABEHCTBOM

T = (Q1)QLTY. (16.12)

Ha3blBAETCS KOHTPABAPWAHTHBIM TEH30POM BTOpOro pawra. Kak BunHo u3
pasedctea (16.12), koMnouenth Ten3opa NpeoOpasyloTcs NOROOHO Npo-
M3BENEHUIO IBYX KOHTPABAPWAHTHBIX BEKTOPOB. AHaNlOrHYHO KOBapuaHT-
HBIM TEH30pOM BTOPOTO PpAHra HasbiBaercs cucreMa u3 16 BeamumH, npe-
06pasyoluXcs COrjlaCHO PaBEHCTBY

To=(Q@) '(@)'T, (16.13)

T. €. TAK IKe, KaK TPOMU3BeNleHHe JBYX KOBAPUAHTHBIX BekTOpOB. CMe-
LIaHHBI TEH30p BTOpPOro paura npeoOpasyeTcs NOROOHO NPOH3BENEHHIO
KOHTPABAPMAHTHOTO M KOBAPUAHTHOIO BEKTOPOB

T, = QL(QY'Ty. (16.14)

Takum o0Opa3oM. O4EBMIHO, YTO BeJMYMHA, NpeoOpasyiolascs COTNACHO
PaBeHCTBY
- '
Iy,.. I, N’
T‘ 2 01 _n( _l) ( ( ™m 'n
k Ql Q Q'n .Q’| Q’ Q’m) ’l’z I’

(16.15)
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T. €. MONOOHO NPOH3BELEHUAM KOMNOHEHT KOBAPHAHTHHIX M KOHTpaBapH-
aHTHBIX BEKTOPOB, Ha3bIBAETCH TeH30pOM pawura (m—-n). Takum oGpasom,
NIPOM3BENIEHNE IBYX TEH30DOB PpaHra m W 7L PaBHO TeH30pPY paHra
(m—~-n). B nanbuefiuleM B (GusHueCKAX NPUIOKEHUAX HAM PENKO NPH-
ReTcsl BCTPEYaThCs C TEH3OPaMU BHILE BTOPOTO paHra.

Tak Kak paccMaTpupaeMble HamMu NpeoOpasoBaHns JuHeHHbl, TO cyMMa
WM pPasHOCTb JIBYX TEH30POB ONMHAaKOBOIO DAHra €CTb TEH30D TOro e
panra. [lo To# e npuiuHe MPUPABHMBATLCA MOTYT JIMIL TEH30PH ORHOTO
pawra. Takue TeH3opuble ypapHeups OyIYT PeNSTUBUCTCKH KOBAPUAHT-
HEIMU.

Jias toro urobbl pa3nuuHble (U3NUECKHE B3aKOHBL 3aMUcaTh B BULE
TEH30PHLIX COOTHOLIEHMH W TeM CaMblM PacipOCTPAHHTb Ha HUX NpHH-
uunbB  TEOPHM  OTHOCHTENLHOCTH, MpHBEREM CleLylollpe TMpapu/ia onepu-
pOBaHUs C TEHIOpaMM:

Ecnu xoHTpaBapuaHTHBIl MHOEKC CMELIaHHONO TEH30Pa COBMANaeT
C KOBapUAaHTHBLIM, TO TNPEANONaraecMoe NpU ITOM CYMMUPOBaHHE yMeHb-
LIa€T paHr Teu3opa 1.a ABa. Takoe npeoCpa3oBaHue Ha3LIBACTCH CBEPTKOM.
CrepTKa TeH3Opa T/ 1. e. Ti. ecrb mwpapuant. Huxe Mbl yBuaum, uro

€C/in Mbl TMOLBEPrHEM CBEPTKE BeKTOPHbIH TpanueHT (TE€H30pP BTOPOTO
paHra), TO MOAyunTCA AUBEPreHluns (TEH30P HYJNEBOTO panra).
2. B creuuan:Ho# TeOpun OTHOCHTENbHOCTA HHTepBaN ds? = — dx? —

— dy?—dz?+- ¢%d.? spnsercs WHBApMaHTOM, M BeluuuHy ds? MOmHO
3anucath B TakOM BHIE:

ds?=g,; dx" fdx, (16.16)
rie

—1 0 0 0

0 —1 0 0
&= o o —1 ol (16.17)

0 0 0 -1

Matpuua g;; HasbiBaeTCss «METPUYECKUM TEH30POM» JIMHEHHOTO 3/ie-
MeHTa (B oémeM TEH30PHOM aHANU3€ 3JIEMEHTH £;; NPEACTaRAAT COOOH
¢yukuun koopauuar). IlpsmbiM npeoOpa3oBanneM C MOMOLUbI0 MATPHIibl
(16.5) nerxo ybenurbcs, 4TO £ij NeACTBATENILHO NpeAcrapnser coGoi
TEH30P.

3. TlocpencTBOM COOTHOLIEHHS

B;=g,;B (16.18)

U3 KOHTPABAPMAaHTHOTO TEH30pa MOxeT OHTb 00pa3oBaH KOBApMAHTHLI B;.
Ecnv g;; umeer pun (16.17), 10 370 npeoOpasopanue SKBUBANEHTHO
nepeMeHE 3HAKA Y NepBbix Tpex koMnouenT. [lonyuewnnit takum o€pa-
30M M3 KOHTPABAPHAaHTHOTO BekTopa dx’ KOBApMaHTHBIA BekTop dx;
YIOBNETBOPSET PABEHCTBY .

dx'dx;=ds% (16.19)
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o

4. llpoussonHas i DeficTBYIOIlAaS HA TEeH30p, NPUBOAMT K MORBJIE- .
X

HUIO B ¢opmyJsie npeoGpasoBaHusi TeH30pa LOMOJHUTENLHONO KOBAPHAHT-

HOTO TEH30pHOTO MHOXWTENs, YTO BMUAHO U3 cooTHomenudt (16.11) u

¢opMybl )
90 _ (o o
axt’ 0xil) ox/

(3TO HEBepHO, ecau g;; 3aBucaT OT KoopauHat). Takum obGpasom, one-
paTop rpainHeHTa MOBLILAET paHr TeH30pa (KOBapMaHTHbIFl MHEKC) Ha
erununy: ecim TV -— ckaasp, To ero rpanueHt 07°/dx! 6yner KoBapH-
aHTHBIM BekTOpOM. [lpupallteHne ckanapa MoxeT ObITb 3aNMCAHO B TEH-
S0pPHOM BMIe
a0 =27 4. (16.20)
Ox?

" oT*
Ecan we T -— KOHTpaBapHaHTHbIl BEKTOP, TO Fy i CMellaHHbIH T H30p
X
i
BTOPOTO paHra, u i yeTblpexmepHas IuBepreHums T — 6yneT cKa-
X
JN9PHBIM UHBAPHAHTOM.

5. Ecin KOMIOHEHTB! YeTBPEXMEePHOr o
pekTopa (4-sekropa) T' ormauuHel OT o' Sy
HyJi1 B KOHeuHOH o0061acTH TpexMepHOro
APOCTPAHCTBA U NpPU STOM

f and T4

or" _ o, (16.21) A

ox! A
TO MHTErpan

1= [ Tav (16.22)

d Sy

N0 TpexXMepHOMy mpocTpaHcTBy Oyner z”
MHBApHAHTOM. J1.1f OKa3aTesbCTBA TOr0 .
YTBEPKAEHUS BOCTIONL3YCMCH TeOPEMOH, x?
ananoruyHoit rteopeme laycca,

Puc. 16.1. O6aacte uHTErpuUpO-

T dS.. 93) BaHUS LA TEOPEMbI, BHpaxKas-
/ Si (16.23) Mo cootHowenueM (16.22).

a7t
dxt
rhe dix =dx'dx?dx3dxt=dvdx?, u
dS; — 3NeMEHT TPeXMEPHOH <«NOBEPXHOCTH», HOpMaidbHbli 7, B ueTHi-

pexmepHoM npocrpatctse. O6macte unterpupopanus (16. 23) BbIOepeM,
KaK nokasaHo a puc. 16.1. Tlopepxtoctu A u C nonobpawb Tak, 4To6H

NPOCTPAHCTBEHHEIE KOMNOHEHTHI T o6pamanmucy Ha HUX B HYJb. 3TO MOXKHO

nenaTb TaK KaK KOMNOHeHTH T’ OT/IMYHBI OT HyJ§ AMWbL B KOHEY-
Ho# obnactu npoctpancTsa. IlosepxHocts B BHOepeM HOpMaJpHOM
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ocu x* m D — Hopmanmbuolt ocu x¥. Torma ms cootHowenutt (16.21) u
(16.23) cnenyer

[Tasi= [ 1" as;
Tak kak dS;=dv, a dSy4=dv, 1. e. paBHEl OOBLIYHBIM TPEXMEPHEIM
aseMeHTaM o06beMa, TO HHTerpan
l:fT‘d«o (16.22)

HHBAPHAHTEH OTHOCHTENbHO npeobpasosannit JlopeHua. AHAJIOrMYHO MOKHO
JIOKAsaTb, YTO €CJIM TEH30P BTOPOTrO PaHra yIOBJETBOPSET COOTHOLIEHHUIO

T
_—0, 16.24
on ( )
TO BE€JUYUHA
Bizfrv' dv (16.25)

6yner 4-sektopoM. B panbheitiueM b oroxnecrsum (16.21) u (16.24)
C «33aKOHAMH COXPaHEHUSI».

6. Tensop cummeTpHueH OTHOCHMTENHLHO KOHTPABAPMAHTHBIX MHIEKCOB {
W j uam KOBAPHAHTHHIX WHAEKCOB { M jf, eciu nepemena Mectamm [ u j
OCTaB/A€T HEUSMEHHBIMM BCE KOMIOHEHTH TeH3opa. TeH3op HasbiBaeTcs
AHTHCUMMETPUYHBIM, €C/IM IMepeMeHa MecTaMu [ M j NpUBOLUT K nepe-
MeHe 3HaKa y Bcex KomnoHeHT. Bce cmoficTBa cUMMeTpHM MHBAPUAHTHH
OTHOCMTENBbHO npeobpasopanuit Jlopenua.

Pa ccMoTpenHble  COOTHOMIEHUSE NOCTATOYHH I/ KOBAPUAHTHOrO OMH-
CaHUA MeXaHWKHM ToueyHOH MACCH; PACCMOTPEHUE BJEKTPOLUHAMUKH MBbl
noka otyoxum. Ilpexie ueM nepeliTh K PacCMOTPEHMIO MEXAHMKHM, yKa-
HeM Tpu cnocoba, MocpeAcTBOM KOTOPHIX B (pH3uKe MOSBJSIOTCS KoBa-
PUAHTHbLIE COOTHOWIEHUS.

a) ITycts HeKOTOpOE COOTHOLIEHUE YCTAHOBJIEHO B KAKOM-1MGO’ OnHOM
UHepuuanbHOR CcUCTeME OTCueTa, Hanpumep B8 COOCTBEHHOH, rme COOTBET-
cTeylolte npubopbl mokosTCs. EcAM 3TO COOTHOlleHHME MOXHO fnpen-
CTaBuTL B BUAE TEH30PHOro YypasHeHus, CHOPABENJIUBOro IJs nanHoi
CUCTEMBI OTCYETA, TO 3TO ypasHeHne KOBAPUAHTHO.

6) Vi3 13BeCTHOro TEH3OPHOrO COOTHOILEHHMS MOXHO IONYYUTH HOBOE
TEH30pPHOE COOTHOWIEHHE TMNyTEM KOBAPHAHTHOR TEH3OPHOI onepaium.
[pocreffiiuuM npuMepoM TaKOBOH SBJAETCA YMHOMEHHE HAa MHBAPUAHT.
Kpoume Toro, TakuMu onepauusMHu SBASIOTCH TEH30PHOE YMHOMXEHHE, CBEPTKa,
U KosapuantHoe nMddepeHLupoBanye.

8) Ecau cooTHolleHne YCTaHOB/IEHO B HEKOTOPOH CrieLMaNbLHOR CHCTeMe
OTCY€TAa, TO B HEM MOXHO npeoOpazopaTh T€ BEJMUMHBI, (GOPMYJb npe-
oOpasopanuii 1ad KOTOpbIX H3BeCTHH. [locsie STOr0 MOMXHO BHIBECTH
NpaBuJbHBE NMPeo6pa3oBaHus M NJ OCTAJNbHBIX BEJUYMH. 3TH BeJHUHHB
B TAKOM CJyyde MOXKHO NpPeACTaBMTb B TeH30pPHOM BHMzae. B Havase raasw
MB OX3paKTEPM3OBAJM STOT COCO0, KAK BeCbMA TPYNOEMKHH.
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§ 16.3. 3akoH coxpaHeHusi MMOyJibca

Bocnonb3ayeMcsi ONHUM M3 TlepeyucieHHBNX Bhllle METONOB AJs TOro,
4ToOb CQOPMYJIMPOBATD 3aKOH COXPAHEHHS MMNYJbCA TOYEYHBIX MACC,
[Moayuennbie TaknM 00pa3oM (opManbHble COOTHOLIEHHS MBI B JafibHel-
IIEM CPAaBHUM C PE3Y/LTATAMU KMBICJIEHHOFO SKCIEPUMEHTa» MO Heynpy-
roMy CTOJKHOBEHHIO, HAOJIONAEMOMY M3 PA3HBIX CHCTEM OTCYeTa.

J1o nosiBIEHUS TEOPUM OTHOCHTENBHOCTH CHMTANM, YTO YACTHIA C Mac-
Coit m, NBUXYIAsCsd CO CKOPOCTbIO #, 00aanaeT WMNYJbCOM P, PaBHbIM

P =mu. (16.26)

KomnoHeHTH BEKTOPAa # HE COCTABJIAIOT MNEPBBHIX TPeX KOMIIOHEHT YEThi~

dr
PEXMEpPHOro BEKTOpa, TaK Kak uzd_t

CTaBJIﬂlOT Coboft mnepsBbie TPH KOMIOHEHTH YETHIPEXMEPHOrO BEKTOpPA
dx' = (dr, cdt), onnako Benuuuna df we uusapuantha. (Ecs npocipau-
CTBEHHBIE KOMIIOHEHTBl 4YeTHPEXMepHOr0 BEKTOPa COBNANAIOT C OOHLIYHBIM
TPeXMEPHLIM BEKTOPOM, TO ITIPH NEPEYNCJeHHH KOMIIOHEHT 4eThipexMep-
HOrO BEKTOPA Mbl 6yneu NOJAL30BATHCA OOBIYHBIMU BEKTOPHBHIMU 0603Ha-
qenmmu nanpumep, x’=(r, ct).) Ecan xe koHTpaBapuaHTHbIH BEKTOP
dx' pasmenuTb Ha VHBADMAHTHBIA JMHEHHBLIA S7MeMeHT ds, TO MOJAYYHTCS
YeTblpEXMEPHBIK BEKTOP

, M XOTA KOMIIOHEHTH dr npen-

i dxi
u=—g=, (16.27)

KOTOpBIfi HA3LIBAETCH HETHPEXMEPHOH CKOPOCTbIO. IDieMeHT ds paseH
OTpE3KY COOCTBEHHOrO BpeMEHM df, YMHOXEHHOMY Ha ¢, T. €.

2
dszcdtlfl ,%_ (16.28)
Takum o6pasoM, KOMIIOHEHTHI ut pasHbl

u 1
e ; . 16.2
“ (ch——u2/c2 Vl——u’/cz) (16.29)

3aMeTHM, UTO oONpenefeHHbli TakuM 00pasoM BekTop ' OKasmHBaeTCs
GeapaamepHuIM 1).

) IMpu 06pasoBdunn 4-BEKTOPOB K TEH3OPOB MH JAOJMKKH 3a60TUTLCA O TOM,
9TO6K KX KOMMOWEHTH OO6JANAJH OJMHAKOBOK Pa3sMEPHOCTBIO; 3TO NOCTUraeTcs
BBENEHHEM MHOXMUTENS ¢ B ompenesevHofl ctenenn. Bonpoc o Tom, kakylo pas-
MEPHOCTb MpHIaTh TOH HAM WHOH BEJMYMHE, 3aBUCHT OT yAOGCTBa, U B PA3HHX
KHHTaX HEKOTOphie BEJAUYHHD Pa3nMyaloTcsl CTENEHAMH npH ¢. Tak, Hanmpumep,

Bextop u! MownO onpenesutb B Bune ul = (u/V 1—u?/c% ¢/V 1—u?c?), npu
3TOM OH OyAeT HMeTb pasMepHOCTb o6bYHOH ckopocTd. MHorna nenosbayior
CHCTEMY EAMHHI, B KOTOpO#H € ==1; COOTBETCTBEHHO MHOrue (OpMYJsH yNpo-
HAoTCA.
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KoBapnaHTHO2 BHIDAXKEHH2, COOTBETCTBYIOLLEE HMAY/bLY, MOXHO 06-
pasoBatb, yMHOXUB 4-ckopocts (16.27) Ha MHBapuaHTHYIO BeJu-
UMHY Mi;c2, XapakTepu3yomyo 4acTHiy, Tae My — Macca ROKOS YACTHILH,
T. €. Macca, usMepeHHas B coOctreHHON cucteMe orcueta. Takum o06-
pasoM, 4-uMnVinC .
dxt
ds

pi=my c? (16.30)
KOBapuaHTeH OTHOCKHTeNbHO npeobpasosanuii JlopeHua u umeet pasmep-
HocTe 3sHeprud. CoxpaHeHHe UMNYJbCA NpH CTOJKHOBEHMH ABYX 4acTull
B PENATUBUCTCKH KOBAPHAHTHOM (OpME NPUBOAMT K COOTHOLHEHHIO

pi -+ pi=const, (16.31)

KOTOpO€ 3ameHseT KaaccuyecKuit 3akoH

mu; —+ Moty == const, (16.32)

rie npennoJaranoch, YTO MacCul #M; W M, NOCTOSHHGL..

" OTh paccyXieHMs CnpaBel/IMBL JIMIIL MPH HeNnOCPeACTBEHHOM B3ad-
MOAERCTBMM ABYX YACTHL, HO HE NPU «B3aUMOJEHCTBHM HAa paCCTOSHUM».
B TeopuM OTHOCHTENLHOCTH CyMMapHb MMNYJbC ABYX 4acTuil, paspe-
JEHHBIX pacCTOSIHHEM, B «NaHHH» MOMeHT BpeMeHM BOOOWIe He HMeeT
CMBICTAa, a B3aMMOAEHCTBHS pAaCHPOCTPAHAIOTCH ¢ KOHeYHOH cKopo-
cTelo. B cuny storo oOMeH HMOyJabCcaMH MexIy 4YacTHLAMH MMeeT
CMBICJI, €CJIH TOJIbKO Kawnas 4actulia coxpaHser uMhynbc BMecCTe
C nojem, AeRCTBYIOIUWM HAa Hee, WU €CaAM B3aUMOLEWCTBHE NPOUCXONUT
yepes NOCPenCTBO TpeTbel YacTUUB, MOCJENOBATENLHO B3aUMOACHCTBY10-
we#t ¢ nepoiMu IByMs. [Tlpu sToM, uTOOBI HaWM pacCyxaeHus OblJK
CTPOTUMM, TIPOTSIKEHHOCTb B3aUMOJECHCTBYIOIMMX MacC no/kHa OblTh
pasHa HyJI0.

Komnonentsl 4-umnysnca (16.30) pasusl

i molic mgc?
= 3 'y 1 -
P (Vl —u?jc? V1i— uzlcz) (16.33)

rae # — o6bluHas ckopocTth B naHHofl cmcTeMe otcueta. IlepBble rpu
KOMNOHEHTH HMEIT BUI

cp=cmu, (16.34)
rone
me=—tt (16.35)
V1 —-u?/c?
Takum oOpasoM, u3 tpebosanusi, 4TOOB 3aKOH COXPAHEHUS UMINYJbCA
B cBoell knaccuueckoli ¢opme (16.32) Obln pensITUBMCTCKM KOBApUAHTEH,
cllefyeT, 4YTO MacCa 9YacTMUBl HE MHBADMAHTHA W 3aBMCUT OT CKOPOCTH
yacrulibl B AaHHOH cucteMe otcuera. CuaenoBaTesbHO, 3aBUCHMOCTL MacChl
OT CKOPOCTH, €CTb NpfAMOE CJEACTBME B8dKOHA COXPAHEHHsl HMINYJbCa
B KopapuaHTHOH ¢opwme,



§ 16.4] CBfi3b SHEPTHU C MMIVJBCOM ¥ MACCOH 295

§ 16.4. CBa3b 9Hepruu € MMIOYJABLCOM M MACCOl

3aKOH COXpaHEHHMSt UMAyJbca B PensTUBUCTCKOR ¢opMe npennona-
raeT He TOJbKO COXpaHeHHe TpeX NPOCTPAHCTBEHHHX KOMIOHent p, HO
M YeTBEPTOH KOMMNOHEHTLI

4 moc? — me?
pt= Vi == mc?, (16.36)

Hccnenyem ¢usudeckuti cMbicn stoit Beauuuusl. CKOpOCTb H3MeHeHus p?
B IaHHOHl CHCTeMe OTCYeTa paBHa

dp‘*:d( moc? )=u.i( Molt ) (16.37)

dat  at \VT—uzje a \Vi—aje
Uuiau
dp d
7’}:;;--‘1%. (16.38)

Ecnu Mul COXpaHUM KJACCUYECKoe onpenesieHue CHIbl KaK CKODOCTH U3~
MeHEeHUs HMNyJbCa

__4dp
F“_dt—' (16.39)
TO BeJuuUHa
. dp
F-u——u-Tﬁ- (16.40)

npencTaBaser cobGoR CcKOpPOCTb, € KOTOPOR Hal RaHHOH cHUCTeMOH CO-
Bepluaercss pabGora. Takum o0pasoM, ecan B NAHHOH cUCTeME OTCYETA
BLINOJIHAETCA 33aKOH COXDAHEHUS SHEpPrud, TO

dp* __ dE
dt — dt’
p* = E —+ const,

(16.41)

rae E — sHeprus s nanuoli cucteme orcuetra, Tak kak SHeprus npo-
fIBJSIETCA TOJbKO MNpH ee W3MEHEHHM, To Mbl 6e3 yuepba nis ¢usuye-
CKOro CMBIC/IA MOXEM MNOJIOKUTH
F — me? = M€ (16.42)
V1—u?c "

Takum 0o0pasoM, Mbl APUXOIOUM K 3aKJIOUEHWIO, YTO SHeprus, uaMe-
psaeMas KOJM4eCTBOM «paCoTe, KOTOpYI0 Teslo CnocOOHO COBEpLUUTHY,
M Macca, onpepeffeMds MMOYJbLCOM npH AaHHON CKOpOCTH, — NOHATUSA
B3aHMOCBA3aHHbIE; €CJM eCTb OOHO, TO ecTb u Apyroe. Hum wmacca, Hu
HoLTHS HE WHBADMAHTHH, Kaxnag BeauunHa corsacHo (16.42) sasucur
OT CUCTeMbl oTcueTa Habjawparens.

Mel nokasanu, uto u3MeHeHue BenuuumHbl mc? pasHo pabore Mexa-
Huueckux cut. [IpennosioxeHue, YTO 3TO OCTAETCH BepHBHIM NpU JHOOBIX
cunax, Ttpebyer SKcnepuMeHTanbHOM nposepku. OnbiT, HaKONJEHHBIA
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B pasauyHbix 00aacTax ¢usuxku, ocoGeHHO B ANEPHOH, rjie OTHOCHTE/b-
Hble M3MEHeHUS MacC OOBIYHO BeCbMa BeJIMKH, BHE BCAKMX COMHEHMR 10-
KasbigaeT, 4To cooTHowewue (16.42) cnpasenauBo u B obluem cayuae.

[Npu manbix ckopocTax 3Heprus E cTaHOBMTCS paBHOM cyMMe kJjaccu-
YeCKOR KHMHETMYECKOR 3HepruM YacTuubl M SHeprun nokos myc2. Paana-
ras (16.42) B psan npu MaJblX ufc, noayyuM

—me 4 (2 HE

© c
. ° 1 9 3 ul
= myC +7m0u +'§‘m0?2‘+—. - (16.43)

410 M AOJKHO OblTb, NOCKOJbKY PEJATHBUCTCKAS MEXaHUKA nNPU MajbiX
CKOPOCTHAX CBOAUTCH K HbIOTOHOBCKOR.

C TOYKM 3pEHHA TEOPUU OTHOCHTEILHOCTH COXpPAHEHHE MMNyabCa M
COXpaHeHUE 3IHEPrUM HE SABJAIOTCH HE3aBHCUMBIMH 3aKOHaMM — MpU KO-

BapuanTHOR QopMynupoOBKe onux AononuseT npyroft. Kax sextTopy dx’
COOTBETCTBYET WHBAPHAHT dS, TaK KW 4-BEKTOPY SHEPrUU-MMAYJbCa COOT-
BETCTBYET HEKMH WHBAPUAHT

p'p, = E2— ¢2p? = (myc??. (16.44)

DT0 COOTHOLIEHME CHPABENJMBO B J10O0H cucTeMe OTCYETa; B YACTHO-
ctH, B cobGcTBeHHOM cucteMe oTcueta, rae p=0, E=my2 Takum
o6pazoM, npennonoXxeHne, YTO Macca m, npelcTapaser coOOR HHBa-
PUAHTHYI0 XapaKTEPUCTHKY 4acTHUB, NOATBEPMKLAETCH emle pas.

Mrak, naMm ynanoch CQopMynUpOBATL 3aKOHB COXPAHEHUS B PEsi-
TUBUCTCKU KOBAPHAHTHOM BHIE. 4-BEKTOP SHEPruu-uMnyabca p' npeob-
paaye~cst nono6HO npyruM KOHTpPapapuauTHeIM BekTopaM. Coraacko (16.2)

’ ‘—!E
cp, = sll;“‘l‘T___‘;—z (16.45)
Py="P, P,=P, (16.46)

v E—Bcpy
Vi@ ( )

rne E=p% W3 stux npeoOGpasoBanuii suiHO, uTO BCAKME nepeHoC
SHepPruH CONPOBOMAAETCH NEPEHOCOM MAaCChl, M CJENOBATEJbHO UMNYJbCA.
Eciu B cobcTBeHHOR cuCTeMe OTCYeTa (MMNYJbC paBeH HYJI0) SHEpPrus
pagHa E, 1O B INTPUXOBAHHOM CHUCTEME OTCYETA MBI NOJYYUM UMMNYJBC

+r  —BE = —vu 5
px__ m———CTE . (16.48)

CnepnoBate/bHO, KakoB Obl HH OB BUI SHEPrHH., HMAYJAbC Mbl AOJIKHBI
NpUNUCHIBATD TOMY areHTy, KOTOpbi# nepeHocuT snepruio. Paccmorpum
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motop M, Bpawawomufi narpysky L Ha paccrosuum x (puc. 16.2). Ecau
MOTOp nepenaeT Harpyske sHEpPruio co ckopocthio dE[dt, macca L coot-
BETCTBEHHO yBenuunBaetrcs. Ha paccrosume X Macca nepeHocuTcs €O

ckopoctbio (1/c2) %, W Cie- I

DOBATENbHO, HMMAYJLC CHCTEMbI
paBeH

_ x dE "

T dr

Puc. 16.2. Morop M u Harpyska L, pac-
B ofwewm ciayuae, ecnu TeNO  nonomeHHbie Ha pAcCTOAHHE x ApYyr OT
NOTJIOIAET NOTOK SHEPruu, ero Ipyra.
MMNyJNbC  yBenuuusaerca.  Jlas
TOrQ 4TOOBI COXPAHSIICA CyMMapHbl WMRYJIbC, HEOGXONUMO areHty, nepe-
IAIOIEMY 3HEPIrUK Yepe3 €AMHHLY MJIowany co ckopoctblo N B nanHOM
HanpapJeHHU, NPUNHCATL UMOYJbC &, npuyeM

N

D710 COOTHOUIEHNE COTACYyeTCs € pPACCMOTPeHHHIM Hamu B ra. 11 nas-
JeHUeM W3yueHns, a Takmke ¢ uslokenubiMu B § 10.6 coobpaxenusMu
O coxpaHenuy uMnyJinca. Ilpn paccMOTpeHuH 9/MeKTPOMarHWTHOIO M3Jy-
YeHWS] M CBASAHHOIO C HUM HOTOKa 3sHepruv N, nanaiomero Ha xabmo-
nartensi, Mbl GbUIM BBIHYXKAEHL NPUNMCATH €MY HIOTHOCTb MMIYJbca (16.49).
31O NpUMILIOCH CAENaTh, TAK KAK Mbl OTKasaJucb OT 3dupa kak HOCU-
Tens obbemuofl cuabl. Heynaum B monbitkax nabmonate 3¢up skcnepu-
MEHTaJNbHO, PacCMOTPeHHBlE B . 14, yKpenwin yBepeHHOCTb B TOM, UTO
cUCTEMA, COCTOALNAS M3 W3AyYeHUs W MOrJOIAKLiero Tead, NPeACTABARET
coOoft 3aMkHyTYy10 cucTemy. B pesyabraie 3TOIO0 3aKOH COXpPAHEr™.A UM~
nyJbCca NPHUBOIMT K COoTHOEeHUIO (16.49). BepHo m obpatHoe: npenno-
JOWEHNEe O COXPAHEHUH HUMNYJbCa M OTCYTCTBUM 3dupa MOXeT OulTh
HCROJb30BAHO 1JI1 BLIBOLA COOTHOIUEHMS] MEXKAY Maccoll u suepruei.
Takum 06pasoM, cOOTHolweHHe E == m¢? MOXHO MOJYYHTb, HE NOJB3YACh
BCeH pensITUBUCTCKOM KuHeMaTHKOHN.

§ 16.5. Cusa MHHKOBCKOFO

d
Cuna F:]{L He npencTapiset coOOM npPOCTPAaHCTBEHHOR  4acTH

4-pextopa. C Npyro#l CTOpOHBI, BeJMYUHA, HA3bBacMasa CHIOR MuHKOB-
CKOro:

v dpt __ 4 oy [t  dp ! d (mc)
F= ds ~ ds (ep. me?) [Vl———u’/c’ dat ' Vi—a¥c dt J
(16.50)
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npencrapaser co6oft KoHTpaBapuaHTHb 4-BekTop. Komnowents F* wmo-
ryt ObiThb 3anucaHbl B BHUIE

u
F F-=
Vi—=wiez’' Vi—u¥erl’

rne F v u-— oObiuHbHe TpeXMepHble CUia ¥ CKOPOCTb (3dMETUM, HYTO

pasmMepHOCTb F' Takas wxe, Kak y oObiuHOl cuabil). 3akoH npeobpaso-
Bauus cuibl onpenenseTcs cpoictBaMu 4-sekropa F'. Mbl orpanuyumcs
ciyyaem mnepexona Ot coGcTBeHHOM cuctembl (Gynem ee HasbiBaTh Cu-
crema X), rne #=0, F'=(F, 0), x cucreme ¥/, rae u4,=7v. B pe-
3yJbTaTe NOJYYHM

4

N Fx= X (16.52)
Fy=F, V1—, (16.53)
F,=F,J1—p (16.54)

dopmyasl npeobpasoBanusi cHIb F HAXOMAT MHTEpPECHOE NPUIOKE-
HHE NpH PacCMOTPEHUM PaBHOBECHS NMPAMOYTOMBHOrO puiuara (puc. 16.3).

F'=

(16.51)

le—- [,‘z.—>’ —a L‘z.]//——?r—

Y7 -;- | —e /7 +
1 T A
i I

by fy Ly Fy=Vi-p*fy
+<—Fp J-~ +-Fr=Fr
2 ’
—- 1) z

Puc. 16.3. IlpsAmoyroabrelli peluar B nokosiuelics M NBMXKYIREHcs
CHCTEMax OTcyera.

JIlna nabmoparens, MOKOSILErocs B CUCTEME X, pbluar HAXOAMTCA B CTa-
THYECKOM paBHOBecuM nox neitcteuem cua F, u Fy, tak uto

FoL,=F,L,. (16.55)

Moxuo oxunath, uyto M aas Habaonatens, NOKOAIIErocs B CHCTeMe XY/,
puiuar yneT HaXOAMTLCS B PaBHOBecHM, MO0 B NPOTHBONOJOKHOM Clyyae
5TH WHEpPUHUANIbHBIE CHUCTeMBl OTCYeTa Oblid OBl pasnuuumbl. Bocnosbso-
BaBIINCh (POPMyaaMu -npeoOpasoBanus NJs CHJA U AJIMH, JETKO BUIAETD.
yro Habmwharenb, nNokoswuics B cucteMe L/, OOHAPYXNUT CyMMapHBIf
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KpyTaiud MoMenT 7', neficTRylomtuil HA pHIYAr NMPOTUB YACOBOH CTPENKH,
1. €.

, Fylyv?
T=F,L,— (VI—BF)VI—PL)=—7—. (16.56)

OnHako 3TOT MOMEHT He nNpUuBeneT K BpalleHuio, TaK KaK Cu/Jia COoBEp-

mwaeT Han pulvaroM paboTy, MOLIHOCTL KOTOPOR paBHa F;fv:Fxfo.
U NOSTOMY MOMEHT WMAYJbCa phluara YBEJUYUBAETCA CO CKOPOCTHIO
am (Fyv)uly FyLv? 57
at c? e (16.57)
Takum obpasom, ajs Habmonatens B X' Kak cymmapusifi KpyTsimi mo-
MCHT, TaK U USMEHEHHE MOMEHTA UMMYJbCA OTAMYHBL OT HYJd. TeM He MeHee
YCIAOBUS PABHOBECHS COXPAHAIOTCH, OCTABAsACb WUHBAPUAHTHLIM CBOMCTBOM,
TAK KAaK HalnyWe KPyTAUlero MOMeHTa TOYHO KOMNEHCHPYETCs H3MeHe-
HUEM MOMeHTa uMAyabca. (B wnamem paccMOTpeHun Mbi OMyCTHIM BCe,
YTO KACAETCsi MEXaHWsMa, yepe3 KOTOPHI Culbl nepenalTcs BAOJbL Phl-
yara. 3aKOHH YNPYroCTH BeCbMa KAPNHMHAMLHO MEHAIOTCS B TEOPUH OT-
HOCUTEJNbHOCTH; pHYal yXKe HeMb3s pacCMaTpPuBaTh Kak a0COMIOTHO KECT-
KOE TeNO, NOCKOJLKY CKOPOCTb PACNPOCTPAHEHMS BOIMYIUEHUS AOJKHA
6biTb orpannuexa. Onxako 6osee nonpobHoe PacCMOTPeHWE, YUHTHIBAIO-
uiee 3FM OOCTOATENBLCTBA, HE W3MEHSiET NPUBENEHHBIX BHIE BbIBOIOB.)
KpaTko paccMOTpuM ABMMKEHHE 4YaCTHULBl NOA AeHCTBHEM BHEUIHMX
cun. Y3 pasencTBa

F=% _2 ——'ﬂ’_—‘.‘_;— (16.39)
1/1_7'7
caenyer
Fee— M 48,  muw  du (16.58)
1 u? dt 2(1 u?\" dt
e “\'Te

3TO COOTHOIIEHME TNOKA3HIBAET, YTO NPU YCKOPEHMM 4YacTULBl CHJIA
NO/MKHA MMETb KOMNOHEHTH KAK MapajJeNibHble YCKOPEHWIO, TAK W na-
paanenpuble CKopoctu. Ilpn ManmblXx CKopocTsX BTOpOH uJeH npapo

u
YaCTH CTAHOBUTCS MHOTO MEHWbIUE MEPBOrO, M CIENOBATENBLHO, NPH ?<<l

cootHomienne (16.58) moxer ObiTb anNMPOKCUMHPOBAHO PABEHCTBOM

du
F= mUd_t‘ T. €. KJaCCUYECKHM BTOPBIM 3akoHOM HbloTOHA.

§ 16.6. Coynapenue nBYX OAMHAKOBBLIX YACTHIL

He oOpamasick k TeH30pHBIM MeTOHAM, 3aBHCUMOCTb MAacChl OT CKO-
POCTH MONKHO YCTaHOBUTb, onupasch Ha npeoOpasosanus Jlopexua v 3a-
KOH COXPaHeHHs MMNyJbCa NPH CTOJKHOBEHMM NBYX 4Yactuiu. Tako#l BbI-
BON MONET CHYXUTb HNPUMEPOM NpPUMEHeHHs YNOMMHABLIMXCS Bbllle
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MBICJIEHHBIX OMBITOB K pACIpPOCTPAHEHWIO NPUHUUNOB TEOpHH OTHOCH-
TeJbHOCTH HA paa/iMuHbiE OOJACTH pU3UKU.

PaccMoTpuM CTONMKHOBEHME HBYX YACTUIL C ONHHAKOBbIMU CBOHCTBaMM,
IBMXYIMXCS no onHo#t npsmoft. CucTeMy OTcuera, CB3aHHYIO C LEHT-
poM macc, obosnauum L’. B srtoit cucteme cTONKHOBEHME CHMMETPHUHO,
T. €. uacTulbl COMMKAIOTCS € paBHBIMM cKopocTsmu (puc. 16.4). Ha

vl o’ -u’ .
4 n, L m
v
° PN O
(Cropocme yernmpa mace)
_ — 74 T4 - 4
u iz u, § 723
’ z’ >
z' v
firi— T

Puc. 16.4. CronkHOBeHWE ABYX OJINHAKOBBIX HacTHIL.

#— CKOPOCTL AO CTOJKHOBEHHSH, & - NOCjhe CTOJKHOBEHHS.

HEKOTOpOE BpeMs HACTHLBl CAMBAIOTCA M 3aTeM PAa3NeTalnTCs B NPOTH-
BOMOJIOXKHBIE CTOPOHBI C PABHBIMH CKOPOCTSMM.

Mbl nOCTy/nMpyeM, YTO 3aKOHH COXPAHEHMSI UMAYJAbCA M MacChl Cnpa-
BEAJMBH B JI000H cucteMe Orcyera. Torpa B cucteMe X umeem

m—+ my=M, (16.59)
myu, - motty = Mo, (16.60)

rne M — nosHas Macca B MOMEHT CTOJKHOBeHusi. Cornacuo ¢opMmyaam
CIOWEHUs CKOpPOCTER nMeeM

u +v
S
T2
w4 (16.61)
uzz——ﬁ*.
1— P

Viexmouas M m3 cootHowmeHut (16.59) u (16.60) m noneaysce ¢opmy-
aamy (16.61), MOxHO monyunTh

u'v
14 %Y
m; + c?

my uc';; l/l‘-;
a

. (16.62)




BANAUM 301

Taxum 06p330M, AAf TOro yTOOLI NOCTYJ/HPOBAHHBIE 3AKOHB! COXpaHEHWA
BLIMTOJIHAJIKCE BO BCEX CHUCTEMax OTCYeTa, CJeNyeT NOJOXHTb

m = ——L—z »
=
riae mgy— Macca 4dacTullbl B cobcTBeHHOR CcHCTeMe OTcueTa. ITO PaBeH~
CTBO COrnacyercs ¢ COOTHOUIECHHEM (1635) U CO BCEMM BLITEKAIOIUKBMH
B3 HEro CAcACTBUAMM,

Tako#t sbiBOA NpeacTaBaseT OcCOOBI MHTEpeC, Tak KaK M3 COOTHO-
wenns (16.61) ciaenyer, uro Macca M B MOMEHT CTOJKHOBEHHs paBHA

(16.63)

M= m, LI S, - 2my
u? u% l/—l~£2—‘/l~u,2
== s 2 c?
(16.64)
¥ GoJiblue, YeM 72”'":2: T. e. OoJblue, uYeM CyMMa Macc IABYX ud-
12
2

CTHIL C MAacCO# NOKOS m, ABWKYLIMXCA CO CKOPOCTbIO U. 3TO yBeJn-
YEHHE MacCChl BLI3BAHO YBEJMYEHHMEM SHEPTHH IBYX 4YaCTHIL BO BPEMH
CTOJIKHOBEHMSl, TadK KaK 4YacTb KHHETHYECKOH SHeprum nepexoiut B yn-
pyryio win kKakoh-smb60 wunoft BuUL 3SHepruu, He nepexolsiiuft o6paTHO
B KMHETH4YECKYI0. B 3TOM cMbiciie pasjvume MexIly YNpyruMH M HEynpy-
MMM CTOJIKHOBEHMSIMM HMCue3aeT Mo kpaliHe#i mMepe B OTHOLueHMM NepBOH
¢asb cronkHoBenus. Ecin mocne CTOJKHOBEHMS 4acTHUBl PasneTalTcs,
TO IJs onpejeseHusi X ckopocte#t B Jobolt cucTeMe oTcueTa HYXHO
3HaTh M3MEHCHHE 3JHEPrUH B MOMEHT CTOJIKHOBEHHS.

3apaum

1. Ilyctb yacTyna ¢ noanoit sHepruelt W n sHeprueit nokos W, coynapsercs
¢ TakOH we nekosdineiica vactunedl. IlokaxuTe, YTO B CHCTEME OTCYETA, Tiae
CyMMapHBIi MMIOYJbC paBEH HYJI0, TONHAA BSHEPrusl NpUOGNMXEHHO paBHa
VaeWW,, ecan WS> W,

2, m,-Me3oH ¢ sueprueli mokos W, nBuaymuiics cO ckopocTbio u B Ja6o-
paTOpHOK cucTeMe oTcueTa, pacnajaerTcs Ha JBa y-KBaHTa. OnpelenuTe 3Hep-
THIO U yroJl pasjieTa J-KBaHTOB B a6OpaTOpHOH CHCTEME OTCYETd.

3. YJacTHna ¢ kHHeTHueckoil sHepruedl 7 u sueprueli mnokos W, cranxu-
BaeTCl C Takob ke Nokosulelica yactuuel. okaxuTe, YTO KHHETHYECKas SHEp-
rust T gacTHibl, paccesHHOK Ha yroa 6. paBHa

T, cos2b
Ty sin26
120> =

3w,

T =

4 Jina cospanus «NPOTOHHOH Mapbl» B CHCTEME IEHTPa MACC HEOGXOAUMA
sneprua  2Moc?2 = 1862 Mse. KakOBbl JAOMKHB OBITH SHEpPrMH MNPOTOHA W
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SJEKTPOHA. YTOOB NPH UX CTOJKHOBEHHHM € NOKOANIMMCA NPOTOHOM OLLAOC BO3-
MOXHO TaKOe $iBJEHHME.

5. B onnitax no paccesHH0 nNPOTOHOB Ha HeHTPOHAX NpH HepeaATHBUCT-
CKHX CKOpPOCTAIX YacTHIB NOCJE CTOJKHOBEHHA pasneTanTcs mnon yraom 90°
Apyr k apyry. Briumcinte nonpaski nepporo nopsika K atomy yray (cuutas
HX MalblMH) Jaf CKOpPOCTeH NOCTAaTOYHO GOJIbIIMX. KOrna 3TH NONpPaBKH CTaHO-
BATCA HEO6XOAHWMbIMH.
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FMTABA 17

KOBAPHAHTHASl $OPMYJHUPOBKA BAKYYMHO#H
SJEKTPOIUHAMHUKHU

[lpeoGpazoBanus Jlopenua Obuin NOJyuYeHbH M3 PacCMOTPEeHMS SJIeK-
_TpomarHuTHBX BOJH. OnHOpONHOE BOJHOBOE YpaBHeHMe, OMNpelessioulee
XapakTep PacnpoCTpaHeHus 3JEKTPOMarHUTHOM BOJIHBI, Y)Ke MMeeT KOBa-
pHanTHyio ¢opmy, uGo onepatop II’Anambepa
e 0
0= — (17.1)

o ()xi Oxi

unBapuanTen. BooCule, kak ypasneHus MakcBesia, Tak M MX CJEACTBUSA
JIErKO TMONAAAIOTCH KOBAPUAHTHOMY OIMCAHMIO BCJENCTBHE TOrO, 4TO B 3a-
KOHbl 9JIEKTPOAMHAMMKM HE HYXHO BHOCHTb HMKAaKMX usMeHenult, 4tobbl
ynosjetsoputb TpeGoBanusM Teopur oOtHOCHTEabHOCTH. [lpocras mox-
CT4HOBKA B YPaBHEHMSl MPOCTPAHCTBEHHO-BPEMEHHLIX KOODIMHAT B KoBA-
PUAHTHOM BMJie aBTOMATHYECKM NMPHUBOIMT 9TH YPABHEHMS K KOBAPHAHTHOM

dopwme.
§ 17.1. YeTthipexmepnbiii BEKTOpHbI NOTEHIIHAN

CoBepIEHHO $ICHO, YTO C TOYKM B3PEHMSl TEOPMM OTHOCHTEJLHOCTH
3apsnabl M TOKM NPeNCTaBJsioT CoCOf pas/iMuMble CTOPOHB ONH(r O W
TOro e spjenus. Ecim «cobcTBeHHas» MJIOTHOCTL 3apsinoB (1. €. MIOT-
HOCTb, M3MEPeHHas B CHCTEME OTCYETA, [JIe 9TH 3aPSAb MTOKOATCS) PaBHa py,
TO MOXKHO COCTaBUTb KOHTPaBapMaHTHbLIM BEKTOp

" dxi
J=r0z5 (17.2)
€C KOMITOHEHTAMU
. u
J'=(97. p), (17.3)
rae
Po . (17.4)

p= i
V&
C
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TakuM obpasoM, popMysl npeoOpasosanua 3aPai0B U TOKOB NOJY4aIOTCA
aBTOMaTHyeCKM. Tak Kak NJOTHOCTH 3apgAOB M TOKOB NPENCTABJAIOT
coGolt KOMMOHEHTbl ONHOrO 4-BEKTOpPa, TG AHAJNOTMYHLIM OOPa3sOM MOKHO
0o6be IMHATL HEONHOPOLHLIE BOJHOBhE ypashenus (13.7) u (13.8)

D(p::—-:—o, (17.5)
(cA= — “:’:Z . (17.6)

OHN SKBUBAJEHTHB COOTHOILEHMIO

O¢ =— L, 17.7)
rmae i
@' == (cA, ¢). (17.8)

TakuMm 06pasoM, CKaJAPHHIK 1 BEKTOPHEIH NOTeHUMANEl He siBJsloTca Gosee
HE3aBUCUMBIMM; OHM TaKXKe NPENCTaBJsIOT COOOH pasynyHbie CTOPOHLI
OIHOTO M TOrO e MousiThs. TO e MOXKHO ckazaTb M OO 9JEKTPHYECKOM
H MarHMTHOM NOJIAX; B HEKOTOPOM CMLICJIE ¥ OHM — PA3JIM4YHbIE CTOPOHHI
ONHOTO W TOTO XK€ SBJEHUS,

YpaBHeHHe HENPEPHBHOCTH B KOBapUaHTHOR ¢opMe MMeeT OueHb
npocToft BUA

U o (17.9)
ox'

Ananornuyno sanucniBaetcs yciosue Jlopenua (13.3):
% _o. (17.10)

oxi

[peo6pasosanus (13.9) u (13.10), Gynyun BoipaxeHsl 4Yepe3 KOBAPMAHT-
HElE KOMIOHEHTH ¢, OMUCHLIBAIOTCH OAHUM YPABHEHHEM

' 7]
°P,-=CP,-+EC,T(C‘P)- . (7.11)

TIpy 9TOM COXpaHSIlOTCH M CMBICJ, ¥ 3Hak npeoOpasosanus. [lons, onu-
cuBaeMpie ¢f, ¥ (PU3NYECKHE 3AKOHBI, BHIPAMEHHbIE Yepes IMOTEHLMAlIH,
HE JIOJDKHBI 3aBHCETb OT BEIOOpa ckajspHoR ¢ynkumn ¢.

I1peobpasoBanue MJIOTHOCTH 3apANOB OT COOCTBEHHON CUCTEMBI OTCYETA
k HecoGctBenHolt ompenessercs ¢opwmysoft (17.4). Sra ¢opmyna Takosa,
YTO NOJIHBIR 3apsiA OCTaE€TCH MHBAPMAHTHBLIM NMpu nNpeobpasoBanum. Jlefi-
CTBUTEJILHO, O0beMHHE 3JieMeHTH dU M dUy B COOTBETCTBYIOLIMX CHCTE~
Max oTcuetTa CBfizaHbl COOTHOILEHMEM

dv:dvolfl-'c‘—:. (17.12)
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Tak Kak npu npeobpasosanuu JlopeHia uameHsieTCsl TOJbKO ONMH pasmep.
CJienoBateJibHO,

pdv = pydv,, (17.13)

¥ 3apan BHYTPH [aHHOH MOBEPXHOCTH OCTaeTCsl HeuameHHbiM. TakuM obpa-
30M, B TEOPMM OTHOCUTEJILHOCTH 3apsn 3JeKTPOHA MO-NpexHeMy ABJIAETCS
yHuBepcaisroft nocrosunoii. Tak kak B npupone He oOHapyXeHO 3aps-
noB, KOTOphe He Obuin Obl LEJBIMM KPaTHbBIMM €, TO TNOJHEH 3apsn
MOXHO ONpeneJuTs NPOCThiM nepecyetom. QueBUNHO, 5Ta ONEPallMs TaKkKe
noJoKkHA ObITe MHBApMAHTHA. ITH BLIBOABI TEOPHM COTNACYIOTCH C ONbIT-
HBIMI ¢akTaMu. KMHBapMaHTHOCTH NMONHOTO 3apAnd ABJSETCA, KPOMe TOrO,
NpAMBIM  CJENCTBMEM TeOPeMbI, BblpaxaeMol
cooTHowennem (16.22) coBmecTHo ¢ ypaBhe- / .
nuem (17.9). ()2
OnpenesiMM  Tenepn MHTErpajll HEONHOPON- '

HOFO BOJIHOBOFO ypaphenusi (17.7), cootBeT- )
crByOlIMf  (MMBApMAHTHOMY) TOYEYHOMY 3a-
paLy e, naxolsulemycsi B Touke (x/),. B co6-

; e é)
CTBEHHOM cucTeMe orcyera (puc. 17.1) unterpan S
ypaBhennss (17.7) ecTs NpOCTO KYJIOHOBCKHH
NOTEHLHAN Puc. 17.1. Touku noas u
; (0 e 1 ) (A7.14 HCTOYHHKA B COGCTBEHHOM
=\, o) .14) CHUCTEME OTCUETA.
o 4ne, 1y

rne ry— BEKTOP. NpoBeleHHbl OT MCTOYHMKA K TOYKe nods B coOCcTBeH-
HOM cucteMe orcyera. [lorenuman B Touke (x/), crnenyer u3amepsaTh
B MOMEHT BPEMEHH, COOTBETCTBYIOUIMA YCJOBHIO 3amnasfibiBaHMsl
RIRj=0=- r’+ ¢, (17.15)
rae ) ) )
R/ = (xN)y— (M) =(r, ct)y=(r. r). (17.16)

IOas toro utobel cootHomenne (17.14) cnexats npuronhsiM B ni0Go#
cucTeMe OTCYETa, NMONLITAEMCH 3aMUCaTh MOTEHUMA] B TEH30PHOM BHie TaK,
utoOsl MpK u==0 nojyuajcs KyJOHOBCKMit moTtenuman. B cobcTBeHHof

{

i dx
CHCTeMe oOTcyeTa 4-CKOpoCTb u‘=~ziT UMEET KOMIOHEHTDI

uf=(0, 1). (17.17)

B cob6cTtBenno#t cucreMe orcuyera, riae R(’):(ro, rp), MHBEpUAHT u'R,
HMEET BHA

i

R, =r,. (17.18)
Cieposatesibio, cootsowenve (17.14) B tensoprolt ¢opMe MoxkeT OHTb
sanucaHo cienyouumM obpasoM:

i e u

of — -, 17.19
? 4ney u/Rj ( )
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NpH yCJIOBHM, 4YTO RjRj=0. Tenepp 3710 cooTHOMEHHE clpaBefiuBo
B mobolt cucteMe OTCHeTd Kak B COGCTBEHHOM, Tak M HeCoOCTBEHHOH.
Ins toro utobel cootnoiuenve (17.19) BLipasuThb yepes TpexmepHbie
BEKTOpHI, HAMOMHMM COOTHOLUEHHE
u 1

;o
v = ]/ = = |’ (16.29)
c I_F l—-—c—,‘7
M3 KOTOpOro cjienyer
i —r-u r
uwR;= —— + == (17.20)
V-5 Vi-%
TakuM oGpasoM, notenunan (17.19) umeeT KOMIMOHEHTH
i e a 1
?t:m(g- ‘;), 17.21)
rie
s=r T2, © o (17.22)

c

Mortenunansl (17.21) waswBaroTcs notenumanamu  Jluewapa — Buxepra.
Brociencteu Mbl BHIBEIEM MX M3 3aNa3bIBAIOLIMX ITOTEHLMANOB, pac-
cMotpernbix B . 13. Ckopocte #, BXxodsmias B moTenuman (17.21),
€CTb CKOpPOCTb HabJionaresis OTHOCHTENBLHO TOH CHCTEMB, B KOTOpPOH
3apsl MOKOWJICS B MOMEHT «MBJYYEHMS» CHTHAJIA.

§ 17.2. Tensop 9AeKTPOMATHHTHOrO NOJHA

INpy KOBapHAHTHOM BHIPAXEHMM NOJieH yepea NOTEHUMAJ bl BO3HHKAEeT
npobieMa, KoTOpas CBf3aHa € OOBIYHBIM TpPEXMEpPHBLIM BEKTOPHBLIM aHaji-
30M: OKaswiBaetcsi, BekToph E u B pasnoro Buna. OObynbli BeKTOp
umeeT csouM oOpasoM cMelieHHe TOYKM B mpocTpanctBe. Takue BeKTOpPHI
Ha3bBAIOTC NonspubiMu, Bekrtopwl #, F, E, D kak pa3 Takoro runa.
CkalisspHOe TNpOH3BefcHHE 3TUX BEKTOPOB HE U3MEHsieTCs NpH JIIOOHIX
OpTO OHAJNBHEIX NPecOpa3oBaHMsX KOOPAUHAT — MEPeHoCax, BPaUIeHHSX,
OTPAMEHUNAX, — XOTH €CJAM ONHA WIM BCE KOOPIHMHATHBIE OCH M3MEHAKT
3HaK, TO COOTBETCTBYIOIIHNE KOMITOHEHTHI BEKTOPOB TAKXe H3MEHAT 3hak.
IJTOrO HeJsb3s CKA3aTh O «BEKTOPHOM IIPOM3BENEHMM» NIBYX MOJSIPHBIX
BEKTOPOB: CaMO ONpefieieHie BEKTOPHOIO NMPOM3BENCHHS 3dBHCHT OT TO! O,
MCII0JIb3YETCs MPABOE MJIM JIEBOE BpALUEHUE NMPM €ro BhiyUCJeHuH (OObIYHO
BEKTOPHOE IIPOM3BENECHUE NPEACTaBASIETCH MJIOWANLIO TNapajeliorpamma,
nocTpoeHHoro Ha BekTOopax A u B, onnako nanpasienue ero MOXHO
cnenars MPOu3BOJbHEIM). OQueBHIHO, YTO €CJiM BCE TPH KOMMOHEHTH BeK-
TopoB A u B wuaMenst 3HaK, To mnpousBenenne A X B He uamenutcs.
BeasunHsl, npeobpasyonivecs M01o006HO BeKTOPHLIM IIPOU3BENCHUAM, Ha-
31iB I0TCA aKcManbHbiMM BekTOpamu. IlpumepaMu MX MOTyT ClyXKUTbh Bpd=-
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waui MOMEHT, yijosod moment, B, H u M. [lpu nepenocax u Bpa-
1leHUAX KOOPNMHATHOH CHUCTEeMBl 9TH BeKTOPH IpeobpasyloTcs Kak u
©OObIYHEIE, ONHAKO NPH OTPAXeHUM OTHOCHUTEJBbHEE B3HAKH AKCHAMbHBIX
M TMOJSPHBHIX BEKTOPOB MaMensiiorcs. CKajsipHOE NMPOM3BEneHHe NOJISIPHOrO
# aKCHAJIbHOTO BEKTOPOB HE €CTb MCTMHHHIfF CKasAp, 9TO — NCCBLOCKANAP:
OHO MEHsieT 3HAaK NPM MHBEPCHUM KOOPNMHATHBIX ocelt. B cooTHomenmsx
LIS (MBHUCCKIX BEJHYMH MOTYT NMPUPABHMBATHCH, KOHEYHO, TOJLKO BEK-
TOpbl OLHOTO ¥ TOTO € BHAA.

AkcuaibHplf BEKTOP He MOMXeT GbITb NMPOCTPAHCTBEHHOH COCTaBJSIO-
wei 4-Bexktopa. Kommowentn Bektopa C==A X B uMeloT nBa unpexca,
COOTBETCTBYIOLIME BeKTOpaM A u B:

Cop=A,By— AB, =~ Cg, (17.23)
rne
Ci9=C,. Cy3=C,, C3,=C, (17.24)
B cayuae mpasoft nexaptoBol cucteMb KOOpAHHAT. B sTmx 0603Haqénl;1nx
ypastienne VX E=— - B uMeer cienyiomufi sun:
R B 17.25
ox*  oxb (17.25)

CootHowennte VX A== B Takxe M3MeHMWT CBO# BMI

04, 0A,
—_ = B,,, (17.26)
ox* 0x® ’

rie a ¥ B mpuuuMaloT 3Havenus 1, 2, 3 B cayuae OOBLIYHBIX TPEXMEPHBIX
Bektopos. C npyroit cToponsl, E — BeKTOp NMOJISIPHBIR; uepea MOTeHUUAJIbl
OH BHIpaXaeTcs cjenyioumm o06pasowm:

¢ 04,

[ @=1, 2, 3). (17.27)

Uccnenosanne cootnotennit (17.26) u (17.27) ¢ teusopHoft Toukm 3pe-
HUS IPHBOIMT K NMPENCTABJICHNIO 00 aHTUCUMMETPHYHOM 4-Tensope nous Fy;,
KOTOpBI# ABJIAETCH YHKIe# KOBAPMAHTHOrO YETHIPEXMEPHOTO BEKTOPHOrO
noTeHUMasa

¢ =1(— c4, 9 (17.28)
u OﬂpeﬂeﬂﬂeTCﬂ COOTHOLUEHUEM
= ji’ — Zij_. (17.29)
CoOTBeTCTBYIOIMH KOHTpaBapHanTHLI! TeH30p paBeH
pii %% % (17.30)

0x;  0x;°
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Cornacno coornowenusM (17.26) u (17.27) komnouents F;; pasHb

j—
0 —¢B, +¢eB, —E,
. i [-+¢B, 0 —¢B, -E (17.31)
& — ¢B, +-¢B, 0 —E, | )

+E, +E, +E, 0

A KOMNOWEHTH KOHTPaBapHanTHOTO Tensopa F'/ papum

ji—
0 -¢B, +¢B, +E,
. i | +cB 0 — ¢B E .
FU:‘l z X + y =gmg]anm- (17_32)
- ¢B, +¢B, 0 +E,
- E, —E, E, 0

Takum 00pasom, ypasHeHHst MakcBe/lsla MOXKHO BHPA3UTh B KOBAPHAHT-
Hoft ¢opMe, TaKk KaK CaMB NOJIA BHIpAXAIOTCH KOBAPMAHTHO 4Yepe3 No- -
TeHuHManbl. Jlerko npoBepuTh, uTO B8 ypaBHeHus MakceeJuia

ve-t )
[¢]
} (17.33)
O
VX B=I%(Pu+507) ]
COOTBETCTBYIOT COOTHOILIEHUAM
oF _ 1, (17.34)

oxJ €0

B JieBOH 4acT¥ KOTOPHIX CTOMT KOBAPMAHTHAS JUBEPreHIMs TEH30pa MOJsI.
OueBHIHO, YTO 9TH COOTHOLICHHsl COTJIACYIOTCH C YPABHEHMEM HENpepHIB-
Hoch (17.9) B Cwy aHTHCMMMETPMYHOIO X4pDAKTEPA TEH30pa NOJA.
OcrainHbie nBa ypaBHeHuss Makcsenna

V.B=0, |

17.35

Menee ynoOHBl IJ1S KOBapHaHTHOro mnpenactasienus. OHM  COOTBET-
CTBYIOT COOTHOLIEHUAM
OF,-, + Oij + OFM
oxk oxt ox/

=0, (17.36)

JieBasi 4YacTb KOTOPHIX DaBHa TOMIECTBEHHO HyJI0, ecnn [+ j =+ k.
INepecTanoBka MHIEKCOB He M3MEHSET CMbicia cooTHolueHus. Crneposa-
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TesbHO, W3 64 cooTHOwenuit, onpenenseMbix pasenctsoM (17.36), Tommko
YETHPE HETPUBHAJbHEL.

CootHowenue (17.36) Moxno 3anucath B Bule, nono6HoM (17.34),
ofe 4yacTu KOTOpOro mnpencTaBnsioT c060H 4-sextop. Ilis 3Toro BOC-
nospayeMcs TeM o6CcToATENILCTBOM, YTO JieBas 4acTb cooTHowexus (17.36)
npeictasnseT cobol abCoJNIOTHO AHTHCUMMETPHUHLIE TEHIOP TPETHEro
panra. AGCOJIOTHO aHTHCHMMETpUUMLI TeH3Op ueTepToro pawra PU#
onpenesseTcs caenyouuM o0pasoM: ero KOMINOHEHTH PaBHB HYJIO, €C/H
CNpaBesiuBO XOTs Obl OHO u3 paseHcTB i+ j+ k=1, n pasHn -1
wim —1 B 3aBUCUMOCTH OT TOro, moJyuaercs Ju Habop wnnekcos ijkl
u3 1234 ¢ NOMOWPBI0 YeTHOTO WJM HEYEeTHOrO YKCJA MNepecTaHOBOK.
Tlpu nepesocax wim BpaweHusix cucTeMb koopnunar PY*! npeobpasyercs
nono6Ho Tensopy. OnHako, B NPOTHBONOJOKHOCTh MOCJENHEMY, NpH
OTpAXEHUSAX WJM MHBEPCHSIX M3MEHEHME 3HaKa HEYeTHOrO YMCJa KOOpiu-

HATHBEIX OCel We Mensier komnowrent PY/®'. Takum ob6pasoM, crporo rosops,
3TO HE TeH3op, a ncesLoTensop. Ilcesmotensop, noayuaiomuiics B pe-

3yJIETATe YMHONKEHUS AHTUCHMMETPMUYHOrO Tewsopa mons Ha PY* npagy-
BAETCA NyalbHbLIM ) Ny
GY = pUMF,, (17.37)

Jlerko Bupets, uto Tewsop G nonoben Tewsopy FY, 3a mckioue-
HueM Toro, 4to E n ¢B nomensumce MectaMM. BylLyuM BHpaXeHHBIM

yepea Tensop G/, cootnowenne (17.36) npuuumaer sun
oGy
0xt

=0, (17.38)

KOTOPHI TMO3BOJISET JIETKO BBECTH MArHMUTHEIE 3apsiibl ¥ TOKM MarHMTHBIX
34pANOB, €CJM OHH CyllecTBylOT. [unotetnueckuip 4-sekTOp, KOTOpHIH
ONMUCHIBAET 3TH 3apsAbl ¥ KOTOpHH cieayeT AOGaBUTL B COOTHOLIEHHE
(17.38), sBiseTCs NMCeBLOBEKTOPOM, TaK Kak G — ncesporensop.

Tensopuble BLIpaXeHus 1Js moJiel NO3BOJISIOT JIETKO HallTH IJIs HUX
¢opmyer npeobpasosanus. U3 coornomenus (16.12) umeem

(FY = Qi F¥, (17.39)
4YTO B CBOKO oqepenb naet
Ey=Ej, (17.40)
By =By, (17.41)
E\ =1(E;+vX B)), (17.42)

B) =1 (B_L—M—E'L)' (17.43)

c2
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rne y=1/Y1—p% a E;, By w E,, B, —xomnorents E u B,
COOTBETCTBEHHO TNapa/iesibHEE ¥ NepHEeHANKYJISpHEE D.

dusnuecknit cMbica coortroltenuit (17.42) u (17.43) nososbHO mpoct.
Ysienbl, JMHeHHEIE OTHOCHTEJILHO ¥ (33 HMCKJIOUEHMEM MHOXHUTENS T),
ONMUCHIBAIOTCH B OCHOBHOM  KJIACCMYECKMMM  COOTHOLUEHMSIMM, T. €.
ypaBHenusimu  Makcpessia Ge3 ABHOrO MCHOJb3OBAHMS TEOPHM OTHOCH-
TeJILHOCTH.

Coornouienne (17.42) nokaseiBaeT, uTO YacTHLA, ABMKYLIAACH B Ma-
THUTHOM TOJIe, MCTBITHIBAET AeHCTBHE 3JeKTPUYECKOro MOJisi C TOYHOCTHIO
1o yn:HoB nopsaka B2 pasvoro E+ o X B. Tlonpobro sto 6wiio pac-
cMorpero B Ta. 9.

Ias untepnperauuu coortHoluenus (17.43) paccMOTpMM MOTOK, Npo-
HU3L BRICHMHE  NPAMOYrOJILHYI0 PAaMKY. ABIXYLWYIOCS B  SJEKTPHYECKOM
nose puc. 17.2). Yactp pamMku pacnoJioxeHa BHe INOJS. AHanoruuHo

C amoll cmopors: I

1
Folie

Puc. 17.2. [psiMoyroabHblii KOHTYPp, ABHXKYILHUiCA uepe3 He-
ONHOPOZHOC 3NEKTPUYECKOE MOoJe.

CAyYal0 € MarHUTHEIM NOJIEM, paccMOTpeHHoMy B § 9.3, uHMpKyJsums
MarHUTHOTO TOJs, onpexaejerHas HabuaonaTeseM, ABIKYLIMMCH BMECTeE
¢ pamkoHi, OyneT 3aBHceTb OT CKOPOCTM M3MEHEHHsi MOTOKA 3JeKTphue-
ckoro noys u Toka [/, Tekyuero B pamke. CKOpOCThb HM3MEHEHHs MO-
TOKA JIEeKTPHYECKOrO TOJIS ONPENeJISeTCs COOTHOLUEHHEM

—$E-@xd)= - $@XE)-dL. (17.44)
Cienosarenbno, UupKyasuus B’ pasua

, 1
§B =y /E dS—l—pOI———fF(ﬁ(wXEydl—FP()l. (17.45)

T. €. OBWKywuics Habmonaress Gyner ucnbiThiBaTh nelictene sddekTus-
HOMO MArHHTHOTO NOJIs

. B =B

: (17.46)

YTO COOTBETCTBYET cooTHOWeHnIO (17.43) npu Majbix 3nauenusx f.
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dopMynb npeolpasosanus Ans nojeft nmeroT OOJbIOe 3HAUEHHWE MpH
pellcHHH KOHKPETHBIX 3371a4Y O IBHIKEHHH 3JE€KTPOHOB MW HOHOB B 3JeK-
TPOMArHUTHHIX nonax. Yacto nonlopoM CHCTeMbl KOOPAMHAT YAaeTcs
U30aBATBCS OT INEKTPUUECKOrO WJM MarHATHOTO MOJA, BCHEACTBHE YETO
pelleHHE CHJBHO YIpOLLAeTCs.

§ 17.8. Cuaa Jlopenna

Cuna JlopeHua, npaxonsasca ua exuHuly o6pvema, f=p(E- u XX B)
npencrasnser coOOf NMPOCTPAHCTBEHHYIO uacTh 4-BekTOpa
i ik ; u-f
fi=F! jk:(f, —c—) (17.47)
YetpepTas KOMMOHEHTa f' eCTb MOLIHOCTb, PACXOLyeMas SJEKTPHUECKHM

noneM B enuHune o0beMa, yMmHOMeHHas Ha l/c. Onnako nonnas cuna,
nefcTeyiomas Ha 3apan 8¢ = pov, sanuMalowui obveM Ov, pasHas

F=f3 =238 [E-+u X B], (17.48)

He MoxeT OBITb MNpeLCTaBJeHa NPOCTPAHCTBEHHOM uacTei0 4-BeKTOpa.
Bnaronaps wHBapHaHTHOCTH ©¢ B COOCTBEeHHOM CHCTeMe OTCyeTa

F,=2%qE,. (17.49)

Takum oOpasoM, B cuny oOmwmx cootHomenudt (17.40) u (17.42)
Fy==Foy, (17.50)
F_L:T—IFO_L' (1751)

Cootnourennss (17.50) u (17.51) nonoGHbl ¢opMynaM npeoOpasopatus
MexaHudeckux cun (16.52), (16.53), (16.54). CnenoBartenbHO, paBHOBeCHe
MEXaHMYECKHX M 3JeKTPHUYECKHX CHJ HMHBAPHAHTHO OTHOCHTEILHO Mmpe-
oOpasosannit JlopeHua, T. €. NPUPOLA CHJIB He BJMAeT Ha 3AKOH Mpe-
o6pasoBaHusa. bonee Toro, ompelensis CHIY C NOMOLIBIO COCTHOLICHHS .
F:—Lf—g— , tne F— cuna JlopeHua, Mol yOexnaeMcsi, 4TO COOTHOLIeHHe
(17.48), a cnenosaresnbHo u cootHoulenue (16.50), npencrasasioT coboi
KOPPEKTHbIE € TOUKH 3peHH$ TeOPHH OTHOCHTENbHOCTH YpaBHEHMS IBHIKe-
HUsl 3apsIKeHHOM yacTHubl B 3JEKTPOMAarHMTHOM mose. Mbl ellle BepHeMcs
K 3TOMy BOHmpocy B ri. 23. rae Oyner paccMoTpeHa KOBaphaHTHas ¢dopma
ypaBHeHM#t KAK [N8 4aCTHL, Tak M AJs NoJeft, BpaxeHHbIX uepesd ¢GyHK-
umio [aMunbToHa.
3agauwu

JlokaxuTe:

1. Eciu E v B nepneHiykyAspHbl B OJHOH cHcTeMe OTCY€Ta, TO OHM mep-
l'leHlIHKy-'Iﬂprl U BO BCEX npyrux HHepHI/Ia.'IbeIX cucTemMax Orcuera.

2. Ecain B kako#-nin6o uHepumanbHOil cucteme otcueta | E| > |c¢B|, 10 H

B JPYrMX MHEPLMAIBHEIX CHCTeMaX OTCYeTa CHPABENJIMBO 970 HepaBeHCTBO. TO we
BEpHO B OTHOWIEHHM OGPaTHOrO HEpaBeHCTBa.
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3. Ecay B kakoi-m6o MHepilnanbHOH cHcTeMe orcuera yroa mexiy £ w B
ocTpblil (MM TYmo#H), TO B JIPYrHX WHEPHMAJbHBIX CHCTEMaX OTCYETa OH OCTaercst
TAKUM HKe.

4. Ecin E n B neprnenpukynspusl, HO | E| 54 | ¢B|, TO uMeercsl Takas cu-
cTeMa OTCYeTd, B KOTOpOH mnose /160 4YHMCTO 3sjaeKTpHueckoe, JAH6O YHCTO
MAarHMTHOe.
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2. A. Einstein, Opurunanbnas paGora no 9jieKTPOIAMHAMUKE ABHIKYLIHXCH
cpen B kuure The Principle of Relativity.

3. W. Paull, Relativititstheorie. (Pycckuii nepeso: B. [Tay an, Teopus
OTHOCUTEJIbHOCTH.)
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FrNTABA 18

NOTEHIMAJBI JIMEHAPA — BUXEPTA H NOJII PABHOMEPHO
JBUXYILIEroCsl 3JIEKTPOHA

Mbl y6enuiaHch, YTO MaTeMaTHUeCKHMH aNnapaTt, OCHOBaHHLIA Ha KO-
BApHAHTHHIX CBOHCTBaX (pM3HUECKHX COOTHOILIEHHH, npencTaBiser coboht
MOLIHBIA MeTOA pelleHus 3anay 3JjektpolmHaMuku., ONHAKO IS TOrO
4TOoOGbl PesybTatThl, MOAYUYeHHble € eFrO MOMOLUBIO, CPABHUBATL C ONbITOM,
uX HeoOXOIMMO npeoOpas3osath K OOCBIUHBLIM NPOCTPAHCTBEHHO-BPEMEHH 1M
KOOpAMHATaM, CBA3aHHbIM € HaOmonatenem. Bonbiias yacTb pesy/NbTaTOB
KJlaccu4yeCKol TeopHM M3yueHHs Obula NOJyYeHa 1O CO3AaHUS TeOpHH
oTHOCHTe bHOCTH. [lpM 3TOM Npenmonaralocb, YTO B CHCTEMe OTCUeTa,
cBA3aHHOM ¢ HaOnmonatenieM, ypasHedus MakcBenna cnpasennuBh. Jlns
¢u3uyecKol uHTepnpeTallud COOTBETCTBYIOINX ¢OPMYS BECbMa (OYuH~-
TeNbHO MOBTOPHUTb HEKOTOpbe M3 3THX pacueToB. Ce#uac 370 0COGEHHO
NONe3HO cnenaTb, TaK KaK M3 TEOpPHH OTHOCHTENBLHOCTH Mbl 3HaeM, HYTO
NPaBOMOYHOCTL 3THX BLIBONOB HOCHT ropasno Oonee obwHMfi xapakrep,
HEXeM MOXHO ObJIO NPEeanonaraTh IepBOHAYANbHO.

§ 18.1. Norenuuaaw JineHapa — Buxepra

INpumenum 3anasabisaiowive noteHumans (13.24) u (13.25) nns pac-
YeTa moJIA M3JAyueHMs aneKTpoHa. B knaccnmueckofl snekTponmHamuKe oG
3JMeKTpOHe H3BECTHO JHilb, YTO OH HMeeT ONpenejeHHb CyMMapHbifi
sapan. IlosToMy nioGbie pacuyeThl NOJAA UBJNYYEHHR HEe MOTYT OCHOBBLIBATLCS
Hd KaKOM-TO KOHKDETHOM pacrpenesieHud 3apsana BHYTPH 3JIeKTPOH4.
C ¢usnyeckof TOUKM 3peHNs HEBO3MONKHO CUNTATH INEKTPOH HE HMEOILUM
pasMepa, TaK KaK 370 npuBesio Obl K MOABNEHHIO B TeOpHM GECKOHEUHO-
crefl. OnHakO HeKOTOpble YepTbl NOJA H3NyueHus NeHCTBHTE/BHO He
BaBHCAT OT palMyCa 3JeKTpoHa Mo KpaHHeh Mepe, ecn paavyc Man Mo
CPAaBHEHHIO C XapaKTepHUCTHYeCKHM pasMepoM nosas. Mb OyneM npenno-
naratb, 4YTO SJIEKTPOH HMeeT KOHeuHbl panmyC, OINHaKO (¢H3uMueCKoe
3HaueHWe Mbl OyneM NpUNHCHLIBATL JHUIIL TEeM CBONCTBAM, KOTOpbLIE He
34BHCAT OT BEJMUMHBI 3TOro pamuyca. Panuyc smeKTpona eCTb BeJHUHMHA
He HabmonaeMasi, NOCKOJbKY H3 KBaHTOBOMEXaHMYECKHMX COOOpameHuH
clenyeT, 9TO HUKaKMMu H3MEPEHHsMH IJIMHbl Helib3s ONpENe/NMTb panuyc
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snekTpoHa. Bosiee TOro, Mbl yiKe OTMeYanH, YTO NPHAHCHIBATL KaKOMY-
b0 00beKTy «KeCTKHi» pasMep BHYTpPeHHE NPOTHBOPEUHBO C TOUYKH
3peHHst TEOpHH OTHOCHTEJLHOCTH.

B nopz/iSTHBHCTCKHX TeopHSX M pacyetax cjenoBato ¢ Goabiioit
OCTOPOXHOCTLIO TNpPHMEHATb 3anaslblBalollie MNOTeHLMAJ b K CHCTEMaMm,
y KOTOpPHX H3BeCTeH Juilb nonHbfl 3apsn. Ecinm ans BubuMclieHus HO-
Tenunana ¢(x, f) B Boipaxenue (13.25) noacrasuth naoTHOCTL [pl.

B3STYI0 B COOTBETCTBYIOUIMH MOMEHT, TO HHTErpaf f [e] dv we Oyner

paBeH MONHOMY 3apany cHucteMbl. [lpHuMHa 3TOro 3ak/I04aeTCsd B TOM,
YfO pasiuuHble CJiaraeMble B MOALIHTErPaNbHOM BLIPaX:Huu [p] dv Gepyrca
B pasiauuHbie MoMeHThl BpeveHn. Iloka cdzpa pammyca r=c (f —1t')
{puc. 18.1) npoxoauT No pacnpepeficHHI0 3apiaoB, MNOCJefHHE MOTYT
CABHHYTbC TaK, uro OyayT GoJjee nJiot-
HHIMM HJIM MeHee MAOTHbLIMH, YeM Te€, KO-
TOpHie Janu Obl npasunbHbLIM nOAHLIM 3a-
pan. PaccMorpum 3TOoT mnpouecc Conee
noapobHo. [lyctb cdzpa, usoOpaxenHas
Ha puc. 18.1, cxonuTcad CO CKOPOCTLIO ¢
K TOuYKe nabmonenus x, w coobulaeTt cpe-
I€HHS O NJOTHOCTH 3apAnoB B HEKOTO-
po#t cucrteme. EchM cpenHsini cKoOpoCTb
CHCTEMBI 33PSNOB UMEET KOMIOHEHTY TOTO
e HAnpaBleHHd, uTO U IBHXKeHHe cdepbl,
TO HHTErpaj OT NJIOTHOCTH 33PN’ B3f- |
lc’(';)c- 18.1. BClLOI‘éOFaTeJleHH TOH B TOT MOMEHT BpeMeHW, KOrjla ve-
epa i H- .
una.v‘r)a 3l;g:ng?€1%l}4£y*{m"erolgmco pes NauHylo TOUKY HPOXOAHT Chepa.
CKOPOCTHIO . AACT BeJHuMHY, OOJbLIYI0 NOJMHOro 3a-
pana cucteMbl. Ecnm ke cpenlas CKo-
pOCTb pacnpenesieHuss 3apsinoB WMeeT KOMIOHEHTY MpOTHBOMNOJIOKHOIO
HanpaBleHusi, TO MHTerpasj NACT MEHLIIYI0 BeJWYMHY, HexesJH MOJHbIHA
3apaN CUCTEMBI.
AHagoruuHas CUTYyauWs CKJaAHBaeTCd MPH MepenucH  HaceieHus
B cTpaHe. [IpennonoxuM, rpynna nependCcUMKOB € OnpenesieHHOH CKo-
POCTBI0 CXONUTCH K HEKOTOPOMY «HH(GOPMALHOHHOMY LEHTPY» WM MO Mepe
NPONBHIKSHHA u3MepsieT MNOTHOCTH Haceienus. [loJHAas YHCJIEHHOCTb Ha-
cenenust OyneT OTNMUATLCA OT YMCNEHHOCTH, ONpeneNeHHOR mnepenucyM-
kaMu. Oranume OyneT B TY WM UHYI0 CTOPOHY B 3aBHCHMOCTH OT TOIO,
NPOUCXOAMT NI MUrpaliys HaceneHns K «HH(OPMALHMOHHOMY LEeHTPY» HJH
OT Hero (B MNepBOM CJiyuyae HCTHHHAs UHCJCHHOCTb HAcelsieHHs MeHblle,
yeM omnpeleseqHas nepenucuuKaMs, BO BTOPOM — Oonblie). [1opoOHBIM
o0pasoM mfpH papHbHIX paccTosHuAX n0 Habmonatens 3anasiblsaroLiui
noteHuuan npuGnMKaOLerocs sapsna Oyner OGodibilie, 4eM MOTEHLHMAN
YAanAOWErocsd, TaKk Kak npubamkanowmuiica 3apa noJbile OCTaeTCA BHYTPH
cxondiieics coepbl.
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| aCCMOTPHM MOJlc U3JyYEHHs 3JEKTPOHA, CKOPOCTb KOTOPOro Cpa-
uuMa C¢ ¢. OTHOCHTENbHO 3/eKTpoHa OyLeM MpelnosiaraTh W3BECTHLIMY
clienyollie aaHHbe: a) ero noJHbi 3apan pased e M 0) Bce uactu
3JIEKTPOHA PACMONIOKEHH BHYTPM HEKOTOPOro He(GosbIioro obbema u
IBHMYTCS €O CKOpOCTbio #. [lyCcTb # — panmycC-BeKTOp. COenMHAOLUH
MEeCTO pacrmoNoXenns 3apsna C TOUKOM HaOuionenwsi. K 3TOH TOuUKe CXO-
nutcs cepa, usobpaxetHas wa puc. 18.1. Panuyc-sexTop # usMepsietcs
B TOT MOMEHT, KOrja uepe3 IaHHbii 3apsn npoxoauT cdepa. Ecmm
3JeKTPOH MOKOMTCA, TO 3apsal, nepeCeKaeMul cdepoil 3a Bpems df,
pased [p]dSdr, rne dr — paccrosiune, npoxonuMoe cdepoi 3a BpeMs dt.
Ecnu ke CKOpPOCTb # OTNMYHZ OT Hyns, TO BeJHYMHa 3apsna, nepece-
Kaemoro c¢epoll, 6yneT mehbine yeM [p] dS dr na penuunHy

[e1dS (u : ;) dt.

Takum ob6pasoM, cdepa cobeper nHPOpPMALHIO O 3apane

de = [p]dv/ — [p] -~ dSdt. (18.1)
Tak kak dt =drfc v dSdr=dv’, 10
de=1lpldv/ — [p] “ dv. (18.9)

Onpenenss OTCOfa HIOTHOCT> B COOTBETCTBYIOWIMA MOMEHT BpeMeHw,
HOAY KM

de
[p] d‘U, = ] ua-r
T er
nIu
[pJdv’ de
r u-r ° (18.3)

[

B pesyabTaTe sanasnbiaoliine notedumans (13.25) v (13.24) npumyr
clenyomni Bua:

1 de
= [ r-o (18.4)

dneg L,
c

4 r-u

A= :‘*if e (18.5)
7 —
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B npenene 4nf TOYEUHOrO 3apsiia BeJHYHHOH J de == e NOTEHUMANL CTa-
HyT DaBHbIMH
1 e
4xne r-u
0 r—
c

C.D::

, (18.6)

_ﬁ eu
A=t — | (18.7)

STH BbIpa¥eHWs HA3LIBAIOTCA noreHuManamu Jlnewapa — BuxepTa on-
Horo 3JekTpoHa. OHM He 3aBHCAT OT NMPOTHKEHHOCTH 3JEKTpPOHA, a Cle-
ZIoBaTesibHO, M OT €ro BHyTpehHe# cTpyKtypwi. Ilo dopMe OHM COBmanaioT
c suipaxcenueM (17.21), onHako 3HaveHust ckopoctel B 3THX (OpPMYynax
pasnnunbl. B naHHOM Chyuae — 3TO CKOPOCTb 3apsilld OTHOCHTENbHO HeKOH
crielHaNIbHON CHCTEMbI OTCYeTd, B KOTOpPOH CNpaBeinsiiBbi ypaBHeHHs
MaxcBenna. OHa usMepsieTCsi B TOT MOMEHT, KOrna uepes 3apsil IPOXOLUT
uaMeputesbHas chepa. B rn. 17 ckopocTs # — 3TO ckopocTb Habmona-
Telis OTHOCHTENLHO CHCTEMB OTCYeTa, Tille 3apal JOKOWTCA B MOMEHT
ualyuedns curiana. Torza Bce KOHKpeTHbie pacueTh NoJel IBHKYLLMXCH
8apano0B, CLENaHHbHE Ha OCHOBe MpenrnoNOoXKeHHs O CYLEeCTBOBAHMH OLHOM
CHUCTEMBI OTCY€Td, Tle COPaBELNHBbH BOJHOBbIE ypaBHEHHS, CTAHYT 3KBH-
BaNeHTHb C/ICeNCTBUAM KOBAPHAHTHON 3JMEKTPONMHAMHKH.

§ 18.2. Mose paBHOMEpHO NBHKYIIErOCH 3apaaa

Tak Kak CBfA3b MEXILY MOJOKeHHeM 3apsna B MOMEHT H3JyuYeHus M
€r0 HACTOfILMM MoJIoXKeHHeM B oOweM chyuae HeM3BECTHA, MOTEHLUUANB
Jlnenapa — Buxepra BbLIpaXaloT NOJA TOJLKO Yepe3 CKOPOCTH H MOJONKe-
HUS 3apsloB B MOMeHT Hanyuenuss, ONHAaKO ecid NBHIKeHHe JHHeHHO H
pPaBHOMEPHO, TO MOTEHLHAJB W MOJA MOXHO BLIPa3HTL Yepes MOJIOKeHHe
3apsAna B NaHHLIA MOMeHT, T. €. B TOT MOMEHT BpeMeHH f, KOrla usme-
putenbHas cdepa (cM. puc. 18.1) cxomurca B TOuKe HabmoneHus.

Paccvorpum anextpon (puc. 18.2), npwkywuiicd € nocTosHHOH CKO-
pPOCTbI0 BLOJMbL OCH X. DBhipasim 3naMenatens noteduuanos Jlnenapa
Buxepta §=r — ( - #)/{¢ 4yepe3 KOOPILMHATH 3JNEKTPOHA B NaHHBIA MO-
Medr. Ecam yuects, ut0 7(- @ =1 - %, TO MCIONL3YA reoMeTpUYECKHE
coo0paxeHus, NErKo HOJNYYHTb, YTO

=2 (XL (18.8)

Tenepp HeTPyIHO 3HaAMEHATeNb § BHPA3UTh ABHO 4Yepe3 KOOPIAMHATH ua-
CTHILHL X, Yg. 2g WIH 7y B MOMEHT HaOJoneHMsi ¥ yroa ¢ (Mexiy CKO-
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pOCTbIO & W Ty

9 4 ) u? : u?\,
s=V B+ pra—H0i+D) =V a+( —5) 0+ D—
—_—
=f0 ‘/‘1 —'_—cz_s“]?q) . (18.9)
Ecin 3TO BbipaXehue NOACTaBHTL B cootHolienus (18.6) u (18.7), To

noteHunany Jlmenapa — BuxepTa OKamyTCs BHPANKEHHHIMHM Yepes3 Koop-
BMHATH 3JEKTPOHA2 B MOMEHT HBJyueHws.

7 ur 2
) 4 7]
T b
r ¢4
I e

Puc. 182. K ompenenenyio noTEHHMaNa paBHO-
MEPHO JIBMKYIIErocs 3JEeKTpOoHA:

1—nonceHWe NpH M3AYYeHUH, 2 — NOBCHEHHE B MOMEHT
npueMa HSAydeHHA, 8 —TouKa Noas.

Moas Takke HETPYIHO BHYHCIMTL B ABHOM Bule. JdneKTpHyecKoe

noJie paBHO
0A

E——‘V?*—'Wo (13.1)
{IpoussonHy0 mo BpeMeHH MOXHO BHIDa3HTL uyepe3 NMPOW3BOLHYIO MO KO-
OpIMHATaM, €C/M YueCTb, YTO MOJe BMeCTe C 3apaloM IBHKETC NpaMo-
nAukelHo W paBHoMepHOo. Henonpuiub# HaOmonatens 3a BpeMs df yBUAKT
TAKOe Ke W3MeHeHwe, KaK HaGmonatenb, nepeMecTHBIUMACH HAa paccTosi-
Hue — @ dt Ge3 wu3MeHeHHsi BpeMmeHu. ClelLoBaTesNbHO, MPOHWIBONHAA MO
BpeMeHH paBHa

0 0

o—t:— ua- (18.10)
IloncTtasnas 3T0 cCooTHouieHue B paBeHCTBO (13.1), HAXOAMM KOMMOHEHTHI
/ 9NMEKTPHYECKOrO 1OJif

__ ex, - u?
Ex=Yne,s3 (1 = ) (18.11)
eyo _u?
Ey = gonds (1 . ) (18.12)
ez u?
Ez_m(l —F)' (18.13)
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Xota A uMeeT JMLIb X-KOMIOHEHTY, 3JEKTPHUECKOe MOJie CHMMETPHUYHO
(32 HCKNOueHNeM 3HAMEeHaTesil) OTHOCHTENHHO BCEX TPEX KOMIIOHEHT.
Jllo6ONMBLITHO  OTMETHTb, UYTO MOJe HANpaBieHO K MOJOWKEHHIO 3apana
B MoMeHT HaOuoneHus (LJis OTPHLATENLHOrO 3MEKTPOH4), & He K MOJO-
KEHHI0 B MOMEHT ManyueHusi. DTO HanpaBleHHe Jerko OfpenefiuTh, eCiau
3JIeKTPHYECKOe MOJe NPeNcTaBUTb B BeKTOpHOH (opue

Empt]r— ] (,_u’)zﬂ:@:
t—ric

T 4megs® ! 4me,s®

u?
e (1)

= 2 N 3/2 .
dmegr (l — %2— sin? q/)

(18.14)

MarHuTHOe MoJie PABHOMEPHO JBHIKYLIErOCs 33apsila BHUHCJAAETCH
¢ nomMOWbo ypasheHnss B—=VX A u oKasuiBaeTcs paBHBIM

. 2 :
B P B AT (l—u)z?lguXE- (18.15)

4z s3 c?

Ilpu manux ckopoctaXx u#—>0, s->r, u Bupawenus (18.14) u (18.15)
ceonsaTcs K 3akodam Kynoua u Buo u Capapa. Ilpu Gounbiumx ckopocTsx,
4 —>¢, BelMuMHbH OOOMX moOJEH 3aBUCAT OT yraa MeXLy HanpasieHneM
IBWMEHHS JNeKTPOHA U PanMyCcOM-BeKTOpoM r. M3 coorHomenus (18.14)
BULHO, YTO MOA MPAMHLIM YIJOM K HAMNPABIeHHI0 INBHIKEHHS NoOJEe BO3pa-

ctaet nponopunonansho 1/} 1 — u?/c?, B 10 BpeMa KaK B HanpasneHHM
IBHIKEHUS] OHO YyMeHbliaeTcs npomnopuuoHanbio (1 — u?/c?). Takum 06-
pa3oM. MNpH oOueHb OOJBIIMX CKOPOCTAX mnoje Bce Oonabiue U Gonblie
HANOMUHAET (I0JIe MNOCKOH BOJHBL. B TeueHuwe KOPOTKOrO BpemeHu, Koria
ObicTpuil  SNEKTPOH nNpoJseraeT MHMO HaOmonartens, MNOCHENHHN BUINT
YHCTO TMONEpeuHble NEeKTPUUECKOe W MArHUTHOE TOJsA. 3aMeTHM, OLHAKO,
YTQ paBHOMEPHO NBHIKYWIMACS SJIEKTPOH He H3/Ny4YaeT B TOM CMHCJE,
YTO B €ro MfoJe HeT W3NYyueHHs SHepruu. ITO MOKHO MOKa3aTb, BHUH-
cmus Bektop Ilofintunra, coorserctByowuft nonsm (18.14) u (18.15,)

ITH NOJMA TOMIECTBEHHO COBMANAIOT C NOJEM CTaTHUECKOIO 3apsna,
noaseprHyToiM npeoOpasosatuamM Jlopenua Oe3 kakux-nubo orpaHdueHuid
Ha CKOpOCTbL (1OKa3aTe/]bCTBO 3TOr0 yTBepXIeHus NpelnaraeTcs B Kave-
ctBe 3anaun). ONHAKO A0 COB3LAHWS TEOPHH OTHOCHTeJBHOCTH NpPHUMEHEHUE
HONyuYeHHBIX Pe3yJibTaTOB BLI3bIBAJIO COMHEHME, B YACTHOCTH. NONBEPrajioch
COMHCHHIO TpennoJoxeHue, 4TO Habmonaresnb NOKOWTCA OTHOCHTCJBLHO
CHCTEMbl OTCYeTa, rile NpuMeHHME ypaBHeHus Maxcpenna Teopus otHo-
CHTENbHOCTH CHAJIa 3TH TPYIAHOCTH. MPHNAB # CMBICH OTHOCHTE/ibHON
CKOpOCTH 3JIeKTpoHa M Habaonareds.
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§ 18.3. Mpamoe peumenue BOJHOBOTO ypaBHEHHS

HMuTtepecto npochienutb, KakKuM o00pasoM MoJie paBHOMESPHO IBHKY-
IErocs 3apana MOXeT OLITb NOJYYeHO W3 HEOLHOPOAHLIX BOJHOBHIX
ypasHenufl. [lns 9TOro Hy)HO pewmints ypasvedus (13.7) u (13.8) c yue-
ToM ycnosus Jlopenua (13.3). Tlone paBHOMepHO NBHKYILErOCH NEKTPOHA
NOJDKHO NBUTaThCs BMecTe € 3JMeKTpoHoM. CrenoBaTenbHO, MAPOH3BONHAfA
10 BpeMeHW W NPOM3BOLHBIE 110 KOOpAMH4aTaM He OynyT HesaBHCHMWL.
CooTHOlLIeHHe Mex Iy HMMH MOXHO HamucaTtb, 0606wuB pas2HcTBO (18.10):

= u.V. (18.16)

70 paBeHCTBO O3HauaeT, 4TO JMOOOH mapameTp noas 3a Bpema f u3-

MEHSIETCS Ha TY e BeJHUMHy, 4YTO M NpPH CMEuIEHHWM Ha pacCTosiHue —u di
BAOJb HANpaBJieHHUs NBHIKEHWs 3JeKTpoHa.

PaccMoTpuyM 0OfHOKOMNOHEHTHOE HEONHOPOAHOE BOJHOBOE YpaBHeHHe

Dq)(xu.‘ t):—* g(xa)’ (13'11)
ApeAnosarad, uTo 3apan IBHKETCA C NOCTOAHHON CKOPOCTLIO BILOJL OCH X.
Cornacio paseHcTBY (18.16) ero mowxuo npeoOpasoBatb

(1 ___) 33; —+ g;q; —+ 324; =—g(Xx, ¥, 2). (18.17)

IlocpencTBoM 3aMeHbl MepeMeHHHX

(18.18)
=y
2, =2, J

ypasteHue (18.17) MOXHO CBeCTH K OOHIUHOMY 3JEKTPOCTATHYECKOMY

ypaBtenuio TlyaccoHa

u2
v?;,:_g(lfl )] (18.19)
pemeHl/leM KOTOpOl‘O ABJIHECTCA Ky.nOHOBCKl/Iﬂ noTeHMan
g(Jncm)dv1
w) = * 18.20
Vo) =7z fr(x o Xa) ( )
Iepexonss 06paTHo K NMEPBOHAYAJILHEIM MEepeMEHHBIM, TOJYUHM
Y= / 805 oy, (18.21)

rae

szl/(x‘x')2+(1 —S)lo—yr+e—zm . 182
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llllﬂ 3apana €, ABHXyLIErocd €O CKOPOCTbIO #, NOJYYUM
e

= s > (18.23)
eu

STH BbipaeHns MOJHOCTHLIO SKBHBaJeHTHb! MOTeHuuakaM JlneHapa —
Buxepra. OnHaKo npH TaKOM BHIBOLE BOMPOCH, KAacamowHecs CKOPOCTH
pacnpocTpaHeHusi BOJHBI, a@ TaKKe CBA3H MEXNY NOJOXeHWAMH 3apsana
B MOMEHT H3JyYeHHsi W MOMEHT NpHeMa, OTnanu. JTO NMPOU3OLLNO BCJel-
CTBHe TOro NMpeoOpasoBaHWs, NOCPENCTBOM KoToporo ypasuenue (13.11)
610 ceeneHo K cratuueckoMy (18.19). OueunHo, uT0 MaTeMaTHuecKas
onepauus 3aMeHbl nepeMeHHniX (18.18) ectv Ha camoMm nene npeobpaso-
Bahue JlopeHua, mpu KoTOpoM mnojoxenue HaOmonatens npeobpasyetca
K CHCTEMe OTCYeTa, B KOTOpPOH pacCMaTpuBaeMbifl 3MEeKTPOH HOKOMTCS.

§ 18.4. «KonBeKkTHBHBII TOTEHIHALY

JlBa 3JIEKTPOHE, ABHKYIUMXCH MNapaliie/ibHO NPYr APYry C ONMHAKOBOM
CKOpOCTbIO #, B3auMOLeHCTBYIOT Mexny coOoH. Cuna BsaumoneHcTpus
onpenesiseTCs BblpaXKEHHEM NJi CHJIb J]opeHua

F=e(E+4u X B).

Bxonfupe B 37O BHipameHHe MOJA MOKHO BHIUHCIHTbL M3 MOTEHLHMANOB
(18.23) u (18.24). B pesynbTaTe CuJa NpUMeT TaKOH BHL:

P V(D@ vE+ix (Vx| s

4rey !

a nocne npeoOpa3oBaHus BEKTOPHOTO MNPOHM3BENEHHA —

02
e? 2
F==— e \Y p . (18.26)
3TO Bbipa’eHHEe MOXHO 3aNHCaTb B BHIE TIPaLHEHTa
F= — V. (18.27)
dyuxuud
2
e? (l - —z—z)
=/ (18.28)

Ha3biBaeTCsd KOHBEKTHBHBLIM MNOTEHLHUAJIOM. Takum 06pa30M, CHJIa B33aUMO-
nefCTBHS NBYX 9JEKTPOHOB BBLIBOIMTCA M3 CKAaJNSAPHOrO MNOTeHUMana §,
OIHAKO 3TOT MOoTeHuMal He obnanaeT CPepHUeCKOH CHMMeTpueHl OTHOCH-
TeNLHO MOJMOMeEHHs 3MeKTPoHa, cosnatowero none. Cuna F,, ¢ KoTopo#
SNEKTPOH e, HAXOMAWHUNCE B TOUKE (Xy, ¥y, 2,), NeHCTByeT Ha 3JeKTPOH &y,
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HaXOASUIHICA B TOUKe (Xo. Yy, 25), LOMKHA OHiTh NEpNEHAMKYJsipHA no-
BEPXHOCTH SJUIMIICOUAA

§= ‘/ (61— %90+ (1 - _‘) [(y) — 92+ (2, — 2))] = const,
(18.29)

w00 MOC/EeNHss ABJASETC SKBHNOTEHUHMANbHONH noBepxHocTbio (puc. 18.3).
C npyro#i cropoHb, obpatHas cuja F, Ha 3JeKTPOH e, NEPrEeHIHKY-
JpHA K SJUIMNCOUAY, ONMCAHHOMY BOKDYT 3JIEKTPOHA €, (IIOKasaH Ha
pHCYHKe nyHKTUpHOH Junued). Takum
00pa3oM, 3a UCKJIOYeHHEM CJiyyaeB, KOTJa 7
JMHUS, COeNMHAIONIas 3JIEKTPOHL!, napal-
JesibHa WM TIEpNeHAdKYJ[IpHA K Hanpa-  ~~o
BJICHHIO IBHXE€HHSA, CHJIbl AeHCTBHA M TIPO- =
THBOJCHCTBHA He KoJumHeapubl. Creno-
BATeJLHO, eCin Obl  3JeKTpOoHE  Obljin A,
coeMHeHb HECTKHM CTepixkHeM, To ofpa- T~
3033{13% O6bl napa, oCb KOTOPOH meprneH- Puc. 183, Cuay weway pyms
IMKYJSpHA K IUIOCKOCTH, ONpensisieMod  qoyeunpvu sapspamu, onpene-
HAMpaBJi :HHEM JBHXK2HUSL M TPEMOH, CO-  nsieMble KOHBEKTMBHBIM MOTEH-
enuHson2f saekTpoub. Takol we Kpy- HHaJoM.
TALUA MOMEHT NpeaCKashiBaeTCs 33KOHOM
AMnepa, Korma BMECTO 3JIEKTPOHOB BO B3aWMOJAeHCTBHMEH Y4YacTr,IOT 3.Je-
MeHTH TOKOB. Tpayrod u Hobn nuitanuce Habonath 5TOT MOMEHT Ha
onuite. Ilapanokc, Bbi3BaHHBI OTPUIATEJIBHBIM PESYJbTATOM OMNBITA, NO-
KasaJl TPYIHOCTH B HHTEPNpPETAlUH CKOPOCTH JABHIKYUIMXCS 3apsaioB,
CYLU2CTBOBABLIME B JNOPEJATHBHCTCKON 3JIEKTPOAMHAMHKe.

Bpamareabhbifi MOMeHT, npenckaspiBaeMbifi TeopueH, peasibHO cyuie-
cTByeT Iaa Habmojartesis, ABHXKYUIErOC OTHOCHTEJLHO 3apsAlOB CO CKO-
poctbio #. O mor Obl ObiTh H3MepeH, ecsiu Onl He HYXHO OBIJIO YYHTHLIBATH
Mexannueckue CcooOpameHus. Mbl yKe YKasbiBajH, YTO NpENCTaBJIEHHE
O «IECTKOM» CTepHe HEeCOBMECTHMMO C TeOpHel OTHOCHTEJIbHOCTH.
Teopus OTHOCHTEJILHOCTH TOBODHT, YTO HE3aBHCHMO OT MNPOHCXOMJEHHH,
MEXaHM4YeCKOro WJM 3/1eKTPHYECKOrOo, MEXaHWyeCKHe BeJMuMHE npeobpa-
3Y10TC OnMHAKOBLHIM 00pasoM. ClenoBaTenbHO, CHibl, OOYCJOBJeHIbIE
YNPYruMu HanpsokenusiMd, OyAyT TakKke 3aBuceThb OT CKOPOCTH, KaK H
cuna Jlopenua. Tlonomenue NOJHOCTHLIO aHANOTHYHO TOMY, KOTOPOE OblO
IPH PACCMOTPEHHH PABHOBECHSI pbiuara — BpallaTeldbHbH MOMEHT KOM-
NeHCHPOBaACA NPHPOCTOM MOMEHTa HMNYJbca. BO BCAKOM ciyuae paBHO-
BeCcHe eCcTb CBOHCTBO, HMHBAPDHAHTHOE OTHOCHTEJNLHO npeobpasoBanuit
JlopeHnua.

Jan nabmonarens, NBHXYuwerocs C 3apsinaMu, 3apsiibi He NpencTa-
BJAIOT coGol saeMenToB TOKAa. Il03TOMY B3aMMOneHCTBHE MeXLY HUMK
OyneT YHCTO KY/IOHOBCKHM.

fobeprocme
~_ S=const

~
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§ 18.5. Bupryaanuse ¢Qoromusl

Kak 6bi10 NOKasaHo, NoJjie IBHXKYUErocs 3apsina CTAHOBMTCH BCe
60/LUIE MOXOXKHM HA NOJie IUVIOCKOH BOJIHBI MO Mepe TOro, Kak CKOPOCTh
sapsima npuOJAMKaAETCH K CKOpocTH ceeTa ¢. MHrepecHo 370 cBOHCTBO
OLEHUTL KOJIHYECTBEHHO.

DAeKTPOMArHUTHOE NOJIE MPOJIETAOLErO 3apsafa npencrasjser cobGoi
MMITYIkC, KOTOPOMY COOTBETCTBYET ONpEJe/IeHHOE pacnpeieielue SHepruu
no vactore. OQYeBHIHO, HHTerpaj NO TOMY CMEKTPY YACTOT HACT NOJHYIO
SHEPTrHI0 NOJA ABHXKyuUlerocs sapsana. Vinrerpan OyaeT pacXoLuthbes, ecau
ero He «oOpe3aTb» Ha MajblX PAcCTOAHHMAX.

Cuayana nojeeprHeM pasfoxeHuio Pypbe nonepeyHoe 3neKTPUYECKOE
none. Cornacuo (18.13) umeem

4me, 12
Ei)y=————————, .
e O Yty (1830

< —1,
roe 7 ={1—u¥c? /-, a b— paccrosnne ot Habawonarteds IO TPAaeKTO-
PHH YacTHLB 1O neprneHAuKyaspy (puc. 18.4). Komnonentn dypbe 3T0ro
NoJSl PaBHbI

&
e
I

+00
1 .
o f E| (t)eivt dt =

-0
+oo

_ eby—? /‘ eivt dt
8m2e, A [(uty? +y-202">
o0 wb

=_2 f e I d €13.31)
Br%egb £ oh “o oL
n2eg u_)O (24 1)

rae £==yutfb. D10 BHpaMeHHe MONKHO 5aru-
caTb B BHIe

» . e b wb .
Puc. 184. K Bbiumcae- Eoy= 4n2eobu [(-yu_) K ('x—u)] (18.32)
HHIO IONEPEYHOro noas
IBUIYINETOCS  3JeK- rne Ky— dynkuun Beccenss Broporo pena or

TpOHa. MHHUMOro aprymenra. Boausu x =0 ¢yuxuus

K, (x) nponopunoHainia l/x, a na Gecko-
HEYHOCTH acuMITOTHYeckM npubamikaercs K Hyao kKak e—*. Caeno-
BaTeNAbHO, Bhipawende (18.31) MOXHO anNOPOKCHMHPOBATL CJERYIONIMM
©O0pasoM:
e u
Eo) = gargar ©<g
(18.33)
E, =0, 0>
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Takoe npub/inK:HHe COBEPLICHHO CCTECTBEHHO, €C]H YuYecTb, YTO H3-3a
nornepeyHOro Cokpatllenus nojsi «3(QeKTHBHOe BpPeMs MOJETa» KaK pas
nopsanka bfyu.

B sgextpoMarduTHOH BoOJHE MOJNOBHHA DHEPrHM NEPEHOCHUTCH JIEKTPH-
4ecKHM, 4 MOJMOBHHA — MarHUTHBIM MoJAMH. CneloBaTesbHO, NOJHAs 3HEP-

rus paBHa
U_—_.eofﬁidv:eof(f Eﬁudt)gnbdb. (18.34)

Honbaysick coorwolienneM (13.36), 3Ty SHEPrH MOMXKHO MPENCTABUTH
B BHAe pasznoxecHus Pypne

U:[Umdm:‘lneou[ /"Ewilzd‘” 27b db—
0 0

<«  yofo

2 e db X
2 e f f 4 o, (18.35)
0 b

min

rae b, — HeKoTOpHH NPOM3BONbHLI NMapameTp oOpe3aHusi AJMS KYJIOHORs
ckoro mnoJs. Takum oOpa3oM. BenHYHHA
2 e2 u
U — in—% (18.36)

o =—
n 4regu ob o

ONMCHLIBAST pacnpeneicHUe 3HePrHH MO YaCTOTE SKBHBAJEHTHHIX IUIOCKHMX
BosiH. OueBMAHO, YTO B PaMKax KJacCHYeCKOM TeOpMH BelHuYMHA by,
ocTaeTCsl HeomnpeneneHHOH.

Papencreo (18.36) ¢ nomowwto cootHowenus U, dw = heN  de
NO3BOMSIET BHIYHCANHTL UHCIO «3KBHBaneHTHHX (oToHoB» N . [lycth u ~¢.
Torna

N, dw - (2 %) In (ye/wbyn) (%3) (18.37)

2 1
dzeghe — 137
MexaHHyecKoll TOUKHM 3pEeHHsl NOMNOXK :HHe INEKTPOHA HeonpenesIeHHO B Ipe-
aenax AnuHe Bfmc. Tlo9TOMy MH MOXEM NOMOKHTH b, ~ Ahfmyc, rie
A —uucneHHb#  MHOXMTedb. Tak Kak mnoasas sueprus £ wacriuel
paBHa Ymc2, MOXHO HamucaTth

N, do— (QT“)m (74%) (%) (18.38)

rie a2 = -— nocrosiHHasg ToHkoft cTpykrypbn. C KBantono-

Tax M 00pasoM. CNEKTP «3KBUBAMEHTHLIX (POTOHOB» NPHUMEPHO NPONOPLMHO-
Hainen lfw. Yncio 3KBHBANEHTHHIX (OTOHOB Ha 3JEKTPOH HEBEJHKO,
nopsiaka 1/137.
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Cootnowmeénne (18.38) okaasmBaercsi BecbMa MOJNE3HLIM IPU CPABHCHUH
BePOATHOCTH NPOLECCOB, BHLI3LIBAEMBIX 3/IEKTPOHOM WM APYrol uacTHief,
AefhicTByouiefl B OCHOBHOM 4Yepe3 CBOE€ 3JIeKTPOMArHHTHOE IoJie, ¢ BeposT-
HOCTbIO TPOLECCOB, OOYCAOBJNEHHBIX 3SJEKTPOMArHUTHHIM — M3MYYeHHEM.

3anaum

1. MocpencTBOM pPENSTHBHCTCKOTO NPEOOPa3OBanHsl CTATHUECKOTO KYJOHOB-
CKOTO 10JH fIOJlyynTe OO6LHEe BBLIPAWEHHH [J# NOAS PABHOMEPHO IBHXKYHIEHCH
yactnubl. Kak corsacoBatb yTBEpMIEHHE, 4TO MOJe€ HA JMHHH JBHIKEHMS] YMEHb-

maetrca. ¢ paeeHcrsom (17.40), coraacHo KOTOpOMYy EIII =E?

2. Mcxoxs M3 KOHBEKTHBHOrO IOTEHfiHaja, BBIUMCAWTE KPYTHIMH MOMEHT,
RefcTBYouMi Ha 3apsibl, M300paxeHHble Ha puc. 18.3. CpaBuHTe OTBET C pesylipe
TATOM. fIOJy4YEeHHBIM B ra. 14

JIUTEPATYPA

. R. Becker, Theorle der Elektrizitit. (Pycckuii neperos: P. Bexkep,
Teopus sjiekTpHuectsa, 1. IL)

Haume usnomeHue aHajiornyHo pasgeay 11 sto#t pa6otsl.

2. 4. lawgay v EE M. Tudmuu, Teopus noas.

MoteHunanut Jlvenapa — Buxepra BBIBOASTCA M3 ueThIPEXMEPHOH TeH3op-
HOH GOpMbl ypaBHEHMI 3JEKTPORHHAMMKH.

Sommerfeld, Electrodynamics. (Pycckuii nepepon: A. 3oMme p-
$eabn JneKTporUHaMHKA.)

IuddepeHimanbroe yparHeHHe 1/ YETHIPEXMEPHOTO MOTEHNHala pemaercs
NOCPeICTBOM HHTErPHPOBAHMSI B KOMNJEKCHOH NJOCKOCTH.

4. 5. A. Stratton, Electromagnetic Theory. (Pycckuii nepeBox:
Juk. A. Ctpsrrton, Teopus 3JeKTpOMarHeTH3Ma.)

Jipyro#t nopxon k KOMIVIEKCHOMY HHTErpDHPOBAaHHIO BOJHOBOrO ypaBHEHus.
Kax yxasan 3ommepdenna. Takoli meton 6bin npennoxen epraotuem s 1904 r.
A0 CO3MaHHS TEOPHUH OTHOCHTEJbLHOCTH. HCKJIOYMTEIbHO M3 MATEMAaTHYECKHX
coolpaxennii.



FITABA 19
U3JYYEHUE ABMXYLIETOCSl 3APSJA

PaccMorpum tenepb B oOlLieM BHJE NOJiSl, CO3JaBaeMble 3apaioM @
CYHTas, YTO €ro MNoJioXeHue 3afaHO Kak (YHKLUMsA BpeMeHH. J[pyrumu
C/I0BAMM, CYMTAeTCs u3BecTHOH ¢yHkums x.(¢’), rne ¢ -— ppemsi, Koria

M3 TOYKH X WCIyLleH CHrHaji, pacnpocTpaHslumics cO CKOPOCTHIO ¢ U

npuxonsuMé B TOYUKY X, B MOMeHT BpeMeHu . IIpH sTOM nonpasyme-
BAaeTCA. YTO €CThb NyTb, N0 KOTOPOMY MOXXHO ONpEeNHTh COOTHOLIeHHE
MeXILy BpemeHeM HCNYCKaHWA CWruana f M BpeMmeHeM ero npueMma f
B Touke noas. J[O BO3HUKHOBEHHS TEOPHUM OTHOCHTeJbHOCTH npelnoJia-
rajioch, 4Yro e€CThb TaKasg CHCTeMa OTCYeTa, B KOTOPOH ChpaBelJHBO
BOJIHOBOE YypaBHeHHE C MapaMeTpoM ¢, H CJeJ0BaTeNIbHO, MOMEHTH
ppemed ¢ W # Moraum ObiTh CBf3aHbl MOCPeACTBOM 3TOH CKOPOCTH C.
TeopHsi OTHOCHTEJNBHOCTH PAacnpoCTpaHseT 3TO IOJOXeHHe HA BCe HHep-
ManbHble CHCTEMbl OTCYeTa. JIpyroe OT/AHYHE KJACCHYECKOrO NOAXO0ia
07T peJATHBHCTCKOrO 3aK/I0YaeTcs B MCXOAHMIX Npelrnochlikax. B kiaccu-
yeCKoH (pM3HKe NpennoJsarajnocb, YT0 CyUleCTByeT yHHBepcalibHOe Bpems,
Taik YTO CBfI3b MeXAy £ M ¢ Morja OwTh npoBepeHa uesasncuMo. Cieno-
BaTe/ibHO, CNpaBeJUIMBOCTb BOJIHOBOTO ypaBHeHHSi B JaHHOH cCHcTeMe
oTcyeta TaKke Morja ObTb npoBepeHa HesaBMCHMO. Teopusi OTHOCHTEJIb-
HoctH oTpuuaer 9ty runoredy. CooTBETCTBEHHO CKOPOCTh # MMeeT HBa
cMbicia. B kijaccHyecKoH TeOpHM — 3TO CKOPOCTb WCTOYHHKA noJjs B TOH
CHCTeMe OTCYETd, B KOTOPOH cCnpaBejIMBO BOJIHOBOE ypaBHEHHE; B TeOpUH
OTHOCHTEIbHOCTU —3TO CKOPOCTh B JII0OOH HHepuHaibHOH cHCcTeMe OTcueTa

§ 19.1. Moas aBwxymeroca sapana

[lpeanonoxuM, 4TO H3BeCTHA ¢QyHKUMA x;(t’), onpenesoLIas nABH-
WweHHe 3apsija e. BoiuMC/IMM rosiHble 3JeKTpHYeCKOe H MarHHTHOE I0Jifl
aroro 3apsana. OuYeBHIHO, 4YTO CKOPOCTh M YCKOPEHHe 3apsiia B MOMEHT
H3/yueHHs 9JIEKTPOMATHUTHOTO CHIHajla PaBHLI

’

O0x,
"= o

2 (19.1)
l.l a

= o
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HAH B BEKTOPHOM BHIe

dt’ - “‘ 19.2
dazr —a i (19.2)
art |

[Morenunann Jluenapa — Buxepra, Kak 06bIYHO. onpelieniAoTcs GOPMYJaMH

1
go(x,,. t)2-4—:£?§ s (186)
e u
A(xu‘ t):—zl;tz—(—)—é—f—s-, (187)

rne s=r —(ur){c. Benmunna s npencrasiser co60H ¢yHKUMIO KaK
KOOpAMHAT TOUKM NOJA, TaK U KOOPAHHAT MCTOYHHKA, B3ATHiX B COOTBET-
CTBYIOUMH MOMEHT BpeMeHH. DTH KOOPAHHATH CBf3aHbBI Mexay cobol
yCJOBHEM 3ana3fibiBaHus

r(xu. x;) = [}_“ (xa — x;f]i/: =c(t—t). (19.3)

Mpu ebvuciednn nojet E u B u3 noredumanos (18.6) u (18.7)
NOCPEJCTBOM COOTHOLIeHHH

B—VX A,
E—— Vg2

ciefyeT IOMHHTb, YTO KOMIOHEHTb BEKTOPHOrQ Ol2paTopa-— 4actHble
fIPOM3BOAHKIE — BLIUHCJSIOTCA TIPH NMOCTOSHHOM £, a He ¢'. Tlpu yacTHOM
IuddepenipoBaBii Mo X, CPaBHUBAIOTCH NOTEHIMANBI B COCENHHX TO4-
Kax B OIHO W TO K¢ BpeMsi, OJANAaKO 3apsaoM 9TH NOTEHLMaJbl CO3LAI0TCH
B pa3Hbie MOMEHTL BPCMEHM. AHAJIOTMYHO NpH YacTHOM aMddepeHunpopa-
HUH NO £ NepeMerHble X, NPeIoJaralnTcs NOCTOAHHLIMU, T. €. pACCMATpH-
BaeTC M3MeHeHWe MOTEHIHAJIOB B JAHHOH TOUKe 3a HEKOTOPbIA MHTCPBAJ
BPEMEHH, B TeYeHHE KOTOPOro KOOPAMHATHI UCTOYHHKA OYAyT H3MEHATHCH.
Tak KaK M0 ycJ0BUAM 3a/layM M3BECTHA 3aBUCHMOCTD JMlb OT £/, TO AJs onpe-

0
JeneHuss noJiet HeoOXOLHMMO oOMepaTopbi v V|, BuipazuTh uepes

0
oneparop i . Bea Takoro npeoGpazoBaHus OGOATHCL HEBO3MOMHO,
xﬂ

100 OpH JipOM3BO/ILHOM NBHKEHHH 33apfja MOTEHUHAH HEJib3fl BbIPA3HThH
10/1bKO Hepe3 «HACTOALUME KOOPAHHATHI® 3TOr0 3apsala, Kak 370 OblIO
BO3MOXXHO MPH PAaBHOMEPHOM MABMXCHUM 3apsfa.

Jlis OTHICKAHMS 3THX BBIPAXcHUH 3aMeTHM, 4TO TaK KaK X, npei-
nojaraetes sanaHuolt ¢yukumeR ¢, paszncrpo (19.3) daer caeaywulee
(YHKLHOHAILHOE COOTHOLIEHHE MeXAYy Xx,. £ w £

rix. x )= f(x, t)y=c(t =) (19.4)
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. 0 0
Has toro yroObl CBf3aTh NPpOH3BOIHEE 5 H o HYXHO X, CYHTATD

(bl’[KCl’lpOBHHHOﬁ B 9TOM COOT {OLICHHH, a TAKXKE BOCIOJIL30BAThLCA paBeH-

CTBOM
or r-u
(0_t,—)xa - T . ([95)
Torza nonyuum
or o'y or o _  r-wpdt
G= (%)= a= % (19.6)
W
at’ 1 r
o T rw s (19.7)
T Tre

B peayabraTte nosyuaercs TpeCyemMoe COOTHOLIEHHE MEXIY MPOUIBOLHBIMH

0 r 0
oF T e (19.8)
AnajorMuHo [l BeKTOpHOro oneparopa V noJiyyaercss COOTHOLIEHHe
or r r-u
— f 7 ____ - '
Vr=— ¢Vt _V|r~}———0t, Vt' = — = v, (19.9)

.rie cumBosioM V, o6o3naueHo nu¢¢epeHuMpOBaHNe MO NEPBOMY apry-
MeHTy ¢QyHkumu f B coorHollenun (19.4), T. e. npH nNOCTOAHHOM Bpe-
menn £, M3 coornowenus (19.9) crenyer

V= - (19.10)

u B o0mem ciayvae
r o

V=Vi—o-

(19.11)
CooTtHouenusi (19.8) u (19.11) npencrapasior cobolt Hckombie npeobpaso-
Batus nuddepeHnranbHEX ONEPaTOPOB OT KOOPIMHAT TOYKH MOJs K KOOP-
JAMHATaM HMCTOYHHUKA.

Takum o06pa3oM, BHYHCJEHHE 3JEKTPUYECKOrO NOJIs U3 MOTEHUHANIOB
Jlucnapa — Buxepra cBOmHTCHA K clenyoueMy:

4RE°E:%VS~ 0 u 1 r 0s r - ru 0s (19.12)

e Of st s? cs3 ot 2z U T as or
Bocuosbayemcs cootHolenneM Vs = rfr—u/fc, a Takke papeHcTtsoM (19.5)

M 3aTeM mipuBeleM noaoOHbie ujeHbl. HeTpyaHo samertuth, YTO IBA HieHa,
CollepXallue ¥, B CyMMe 1aloT TPOHHOE BeKTOPHOE NPOM2BEAEHH2, TaK 4TO

4,

e b= 2)0-5) defrx (-2 xil) v
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AHanoruyHO M MarHUTHOrO NOJS nojayuaem

s2 s

e

471:2062 u
e X s cs?
_ rXa | wXr

- cs?

+-- 3 (1'—_?+ )

=X (1)t [l  aoae

CpastuBasi 370 €OOT

C2
Hollenne c¢ (19.3), Haxoaum

rXE
rc '

B= (19.15)

TakuM oO0pasoM, MardMTHOE NOJIE BCeraa nepnedaukyJsapio k E u

palHyC-BEKTOPY I,

YEeHHIO CHUTHasa.
ANeKTpUYECKOS

B COOTHoUIeHuH (I9.

NpoBeJeHHOMY M3 TOYKH, COOTBETCTBYMHOILEH H3ny-

noje pacnanaercs Ha nase vactH. IlepBuift unen
13) npu GosbluMx paccTofHUAX HM3MeHsieTcs nponop-

unoHamsuo 1/r3. Tlosie, onmMCHBaeMOe MM, @HAJOTHYHO CKOHBEKTHBHOMYY
NOJII0 PAaBHOMepHO HABHXKYyLerocs 3apsia. Bekrop r,==r — rufc MOXHO
Onino Obl Ha3BaTh CBUPTYaNbHLIM PagHyCOM-BEKTOPOM IOJIOXKEHHA 3apsna

Zee, L (m09K0 17079)

r—ru/fc=nry
r
BOSMOIHOE
OO ERUE
8 monierr ”
rpLeMa, ECA
u=const ur/c Y
/ﬂafmﬁmﬂue
8 MOMEHITI
T (uemunHoe  USTYYENUA)
HOROHEHUE
8 MOMEHTT
npueme)

Puc. 19.1. K BoiuMcaeHHI0 N0/a NPOU3EOJBHO JABHKY LIETOCH

B JAAHHBLIA MOMeEHT»,

TaeTcsl TO IOJIOXKEHUS,

3apsiia.

npHYeM NOJIOXKEeHHEM 3apfAia B JaHHbii MOMEHT cuM-
KOTOpOe OH 3aHWman Obl, ecan Obl M3 TOYKH X

JBUrajcs € NOCTOSHHOM ckopocthio (puc. 19.1). Ecam Bekrop ry
NOACTaBUTh B NepBull  unen coorHollennss (19.3), 710 oH npumer
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cnefyonuh BUA: .
er u
Eunnym:z,;:‘?(l _—cz_) (19.16)

B rtakom pupme o OyKBajibHO coBnasaeT C ehipaxiennem (18.14) mas noas
paBHOMepHO JABHIKYLUErocs 3apsifa. ITO NOJIE AHAJIOTMYHO KBa3MCTATH-
YeCKOMy NOJIO MM TNOJI0 MHAYKIMH, PacCMOTPEHHOMY HaMH B Tiaee 13,
B CBSI3N C M3JyueHHeM CHCTeMbl TOKOB M 3apsfoB. OHO he sBJsieTCs nojem
M3NyyeHHs B TOM CMbIC/ie, YTO BKJIaZl €ro B IOTOK 3HeprHu yeped OECKOHEeYHO
YILaleHHy10 NOBePXHOCTh paBeH HyJ10. OHaKko cyMMapHbie NOTepd SHePTHH
9JIeKTPOHA MOTYT oOnpenensitbc W 9TUM wieHoM. Ecau 3apsn nBuxercs
C yCKOopeHHeM, TO noJjie He OyIeT HH CTATHYECKHM, HH KOHBEKTHBHbLIM.
OHeprus nojisi B Heaom Oyner W3MEHATLCS, U DTH U3MEHEHHS NOJDKHE ObiTh
KOMIEHCHPOBaHbl., IDTH MNOTePH 3HEPrHM CO3LALYT CHIY peaKlHW Ha TOT
06beKT, KOTOPHN BbI3bIBaeT NBHXeHHe 3JjeKTpoHa. B cne,uylomeﬂ raaee
Mul Oojiee MOAPOGHO H3YuHM 3TO sBJEHHe.

Bropoli unen B coorHouenun (19.13)

Eus.nyq mz rx @, Xu) (19.17)
onuchHiBaeT MOJie M3Ny4YeHHs, TAK Kak OH Mopsika [/r W, ciefoBaTesibHoO,
1aeT KOHEYHbll BKJan B TOTOK 3HepruM vepe3 cdepy ovedb 00JbLIOrO
panuyca. AualorMuHblE PacCymIeHHs cnpa-
BEeJUIMBLL M B OTHOLICHHM JABYX YJIEHOB COOT-
Hoienns (19.14). Paccmorpum HekoTOpBIE
BAXKHbIE YACTHLIE CJAYYaH H3JNYYEHHS.

Surus
TOCITIORHKOG
BETUYLUHES
7ons
§ 19.2. Hanyyenne npu manoii cxopocTH
a
Ecan ckopocTb CTOMbL Majid, 4TO OTHO-
lIeHHeM u/c MOXKHO TipeHeOpeub MO cpaBHe-
HHUIO C eMHULEH, TO r,~~7r U S=r. B srom

cayJyae
Eyny = W r X (r X u), (19.18a)

e

B, = s @ XTI (19.186) .
HSIVN T AmeocOr® Puc. 192. ¥YraoBoe pacnpe-
DEJAeHUE MOJH M3NY4YEHMS NPH

) B JKEHHA COBNMAAddT C BbipaAXKECHUAMH
S bpd A p MAJabLIX CKOPOCTAX 3EKTPOHA.

AJi 00Jis H3JyueHHs 3SJEeKTPHUYecKoro nu-
KapTuHa  cHMMeTpHuyH2  OTHOCH-

NnoJisl ¢ MOMeHTOM, paBHuM Hejw?. Creno- TEJLHO TIOJSPHON OCH.
BaTe/IbHO, YTJIOBOE pacmpelieieHue Hajy-
yaeMoM osHeprum, kKak H B § 13.6, onucmBaercs ¢yukimed sin?6
(puc. 19.2).

Jias TOro yTo6bt BHIUHCJINTH MOIHOCTD, H3JIy4aeMyI0 ABHIKYLIIMMCA 3aps-
AOM, HYXu0 BekTop IlofHTHHra, ompeneaseMpift coorHouennamu (19.18),
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npouHTerpupoBatb M0 cepe. B peadysibrate nosyuaercsi cootHolledue !)
aw e2u?
¥ =rvt (19.19)
§ 19.3. Uaayuenne B cayuae, KOraa ycKopenue u
napasnedbHo CKOpPICTH I

Ecom #w v u napanniesibibi, TO HE3aBUCHMO OT BEJHYHHbLI o IoJie
H3JyueHHs1 onpelenseTcsd BbIPaXXEHHAMH

E=—°__r(@xn), (19.20a)

4me c28°

B = 4m c3s3 uxr. (19.2006)
Ot Bepaxennit (19.18), cOOTBETCTBYOIMX MEMJIEHHO ABIKYLIEMYCH
3JeKTPOHY (DMOOJNLHOMY chy4aw), Beipawedus (19.20) ornmvarrca

-3
r3
JHLUIb MHOXHTCJIAEM ——53 (l ——COS 6) . KauectBeHHO BJAHMSHHE 3TOro

MHOXHTENS CBOOMTCS K yBe-

JIMUEHHIO MOWHOCTH, H3Jyyae-
Mol Bnepen (puc. 19.3).

Has KOJINYEeCTBEHHO: O

pacueTa YIJOBOIO pacnpefe-

JeHHst  HMaiyyaeMoHl 3Hepruu

BESUYUHE cJieyeT ellle pa3 BHHMaTebHO

7008 pa3o0paTbCsl, 4TO 03HAYalOT

C/10Ba «MOLIHOCTb H3JYUYEHHs»

Puc. 19.3. Kapruna nosnsi uanyuenus npu Top-  3apsja. OvyeBUIHO, MOILHOCTb

MOWEHHMH 3JIEKTPOHA. H3/yueHHs ONpe e e TCs IHeP-

CKOPOCTH U CPABHNME C (. rueit, TepseMOi 23JeKTPOHOM

3a Bpems dtf’ B Opouecce

H3/IyYeHHsl, T. €. CKOPOCTbIO, € KOTOPOH 3JIEKTPOH TEPACT 3HEPTHIO.

Bektop [lo#tuturra N onpepesisetT MNOTOK 3SHEpPTHH 33 e¢JMHMIY Bpe-

menn f B naHHOB Touke mouss. CrefoBate/ibHO, MOIMHOCTb, H3jyyaeMas

" B rayccoroil cicreme ciuuai (cM. Tlpunoxenne 1)

dW  2¢%u?2

dt’ T 3¢?

Bce Bbipawenus s MONIHOCTH W3JyuyeHHs B 3TOH H IOCAEZyIOUMX §JaBax
HanMCaHW B TakOM Buie, 4TO IS MEPEXOfa K TayCCOBOH CHCTEME EXMHMIL HYXHO

e2
a 2
Creflath MOJNCTAHOBKY (4::50 )“Kﬁ (¢®)rayccona-
MKS
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4CKTPOHOM B JlaHHbI TedecHbilt yron dQ, paBHa
ot ot
ot’ o’
dQ =ecE? > r2dQ. (19.21,

— VD 40 — N

s r2dQ = [EX H|

ot
at’

!
5;7 Ml BOCHOJIL30BAINCH BHPaXEHHEM (19.7).

r2d9 =

=e,cE%r?

Fae Aad  IMPOUSBOILHOH

Takum 06pasoM, MOLLHOCTb, u3Jyuaemas 3JeKTPOHOM B JAHHOM HAMpa-
BJIEHUH, ornpenensiercds COOTHOLIEHUEM
dw (0 u? e sin? '
B A ) _. (19.22)
dr 3 \ 16n2¢, /(l u )a

— —cos b
¢

Gduauueckult CMBICA OOMNPABKH §fr 3aKJIOWaeTcss B cleayiouiem: TMOJe,
M3My4YeHHOe 9JCKTPOHOM 3a BpeMsi dt’, paclONOWKeHO meway AByms cde-
pamMu — ONHOH panuycoM 7 € LEHTPOM B TOqu_(x;)2 M npyroi — pa-

omycoM r + ¢dt’ ¢ ueHTpoM B TOUKe (x;)l. Paccrosinne Mexay TOYKaMM
-

Puc. 19.4 PacopeieneHue sHepruu, Uany4eHHOH aJjek-

f ,

Tponom mpu asmkennn o1 (x.), K (x,),

(%), m (%)), pasHo — udl’, xak rnokasano Ha puc. 19.4 Paccmorpum

anement covema dv, 3aKa0ueHHHH B TenecHom yray dQ = dS/r? ¢ sep-
HIMHOH B TOuYKe (x;)2. Tak Kak

dr =c¢ dt' — —(IT"Q dat’,
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TO
d'u:_-der_—_dS(c——u)dt’ =4S ar. (19.23)
r r

CuegoBateJbHO, 3SHEPrus, Ccomepwawascs B 3Tom 3aemeHTe 00beMa,
paBsa

goE2? —l-poH cs

dw dQ = L asar =ef2SaSar. (19.24)

D10 cOOTHONIEHWE TOXKIECTBEHHO cOOTHolleHuio (19.21).

OcHoBHoe rnpumeHenne cooTHowenuk (19.20) n (19.21) cocrour
B BHIYHUCJEHUM M3JyUYeHust 3JEKTPOHA IIPM TOPMOKEHWM, IMpudeM B JaH-
HoM MpuGIMIKEHUH HampaBJjeHWe NBWKEHHS CYUTaeTCs HeuaMeHHbIM. JTO
usjyueHue Ha3LIBAETCH TOPMO3HbIM usJydenueM (Bremsstrahlung). [lpu
TOUHBIX pAcYeTax, B PAMKAX KJ4CCHUYECKOH TEOPuM, B 3TH COOTHOLIEHWs
HY)XHO TMOACTABUTH TOUHYIO 3aBUCMMOCTb YCKODeHHst OT BpemeHH, yuTs
npu STOM TOPMO3HYI0 CHOCOGHOCTb BEUecTBA, € KOTOPHIM B3auMOlefi-
CTBYeT 3JeKTPOH.

Jlis yupolieHHOTO paccMOTPeHust MNPEeANOJOXMM, YTO YCKOPeHue «
MIOCTOSIHHO, B TO BpeMSl KaK CKOPOCTb ymeHbuiaercss Of 4, no 0. Duep-
rus, uajiyuaeMmast IpU 3TOM, PaBHA

0 wdt

e? sin? b _— - d9,
aw = — (4n)? eoc? ./ (1 — 2 cos 0)0
tio f (19.25)
. 2 sin? bu 1
—aW = 64n2e,c2 cos 0 (1 _ % cos 9)4 a2, l

Takum o00pasom, ¥ YIJiOBOe paclpeleseHue NOJHOTO UMIYJbca u3Jyde-
HMsl TaK)Xe BHITSHYTO Briepel B HamnpaBjJeHHW ABuweHus. Manyuenue no-
ASPU3OBAHO. MpUYeM 3JEeKTPUUECKWUH BEKTOP JIeWHT B IIOCKOCTH, OIlpe-
IHeasieMOl  panuyCcOM-BeKTOPOM M HanpasjeHuem IswikeHus. C nomouibio
¢dopmyanl (19.25) MoxHO oueHUTb 3QPEKTUBHOCTL PEHTreHOBCKOR TPyOKH.
PaccesiHHe 3/eKTPOHOB BeleCTBOM MUIIEHM CYLIECTBEHHO W3MEHMT Yriio-
BOE pacnpejesieHue W MOJSPU3ALUIO U3JNYYEHHst 9THX TPYOOK.

Eciv nose wusaydeHust pasnonuTh B MHTerpan <dypse, TO noJydum
4acTOTHHIM cnekTp uanydeHus. Il NpOCTOTH WPEANONOKUM, YTO H3ME-
HeHue CKOPOCTHM Ha BeJuuuHy Au TPOWUCXOAWT 32 OueHb majwift npo-
MEXYTOK BpemeHu Af, a takme, 4TO ckOpocTb u <& c. Tlose wusnyde-
Huf, IPOUCXONSIErO 32 OYeHb KOPOTKUH NPOMENYTOK BPeMEHU B MO-
MeHT £, MOXHO BHIPa3uTb cjelyiouwumM 00pasom:

esinbd Au esin b
Gmegc?r AP Ame,Cr

E®= LA Aud(t—1t).  (19.26)
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Y(KOpeHne # B STOM BHIPAXKEHUH OMUCHIBASTCSH O-(yhKLueh

u=23(t— ty)Au,
[=e]
f.ldt:Au.

—0

Ecav none pasnowutb B uHTerpan Qypbe

E@) = wae“""’dm, ‘
—ov
TO OJsi aMIUIUTY bl Em noJqydaercsa cJjelyiollee BbipaXeHHe:

esint Au
8neqc2r

En= f E@eidt = giot, (19.27)

KOTOpOe, ec/H He cuutaTb (asbl, He 3aBMCHT OT yactothl w. [Moanyiwo
aﬂepl‘mo. TepﬂeMle SJIeKTpOHOM npu usnyqeﬂuu, MOXHO OLE€HUTH, €CJIH
BBIUMCAUTL MHTErpas or Bexktopa [lofiHTuHra no noBepxHoCTH HeKOTOpPOH
cdepbl, a TaKke MO BPemeHM, B TeueHHe KOTOPOro NPOMCXOIWT H3jyde-
Hue. B cayuae, korpa u << ¢, modyuyaeMm

__sz——%‘tx,/—dt’.:.eoc [fE?dtdS. (19.28)

Pacnipenesienyie 10 4acTOTe 3Hepruu NOJs, (Pypbe-KOMIOHEHTH KOTOPOro
pasib E,, paccmorpeno B § 13.3. CooTHolieHue

fE?dt:sz |E, |2 do (19.29)
4]

-0

anasiornuHo cootHowenuio (13.36). CrenosarenbHO, SHEPrus uaNyueHus,
| 3aKJIO4eHHas B WHTepBaJe 4acToT do, paBHa

— W, do = 4re,c f |E,|2dS do. (19.30)
s

IOaa cnextpa (19.27) sTa 3Heprus pasHa

2n n
e (duy do cop g € [Au)2 do
—_— Wm dw = 41:500 (—c—') (27!)2 !/‘ d(F!/‘Sln lenede———m(—-c—') -%-
0 0

(19.31)

DTO COOTHOILEHHE TOKA3LIBAeT, YTO SHepreTHueckuil Cnextp HUsayde-
HWSl TaKXe He 3aBUCUT OT 4acToThl. Jlaxe ¢ KnaccuuecKoft TOUKY 3peHus
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OeCKOHeuras NPOTHXCHHOCTL CHNEKTPa B C10polly OOMbIIMX « fABJSETCS
CNeACTBUML M MPeNoAOKeHUs, YTO BpPeMsl CTOJKHOBEHWS PAaBHO HYJIO.
Ecav npoeectu aHanuz &ypwe B Ciyyde KOHEYHOTO BPEMEHM CTOJKHO-
BEHMH, YO KOMIIOHEHTBI, COOTBETCTBYIOIIM¢ CONMbIHUM YACTOTAM, aBTOMA-
TMYeCKY Hcye3HyT. dPaktudecku cnektp Oyler obpesaH B TOuKe, rle Ku-
HeTHYECKAs 3SHeprust 3JeKTPoua CTAHOBUTCH paBHOM 3HepruM oIHOro
KIanta MaaydeHus:

hvmnx:%muz. (19.32)
Takolt cnektp ¢ orpaHuueHHem IO 4YacTOTe M JAJAWHE BOJAHBI IOKa3aH
Ha puc. 19.5. Ecau BocnonssoBarsca runoresol [1aHka v sBectu npeld-
CTaBJIcHUE O KBAHTAX M3nydeHus, TO coortHouwenue (19.31) onpeneaser

", Wy

Ymar Amin
- L 2

Puc. 19.5. MgeanbHbiii cnexTp T1OPMO3HOrO H3Ny4YeHUsi KaKk (YHK-
U YacToThl U JJHHBI BOJHBL

UHMCNO KBAaHTOB AaHHOH uactorhl dN = —-W, dwfhe, «ucnymeHHux» npu
M3MeHEHUH CKOPOCTH
e 2 (Au )2 dw 1 2 (

¢ =

dN“’_ w 137 " 3=

T dmeohc 3n

c

Au\? do
—) SEY (19.33)
D710 BHPaMCHUE TOKA3BIBAET, YTO KBAHTOB HYJNEBOH SHEPruMM UCIyCKaeTcs
BeCKOHeYHOe KOJHYECTBO, XOTS HOJHAS SHEPIUs KOHeuHa. JTOT pesyJb-
TaT, HOCHLIMHM HasBanue «uHOppaKpacHoH KaracTpodei», OCTaeTcs W NPH
0onee TOUHOM MCCNEAOBANMY.

§ 19.4. MaiyueHve npm yCKOpeHuu, NEPNEHLHKYAAPHOM
CKOpPOCTH

C NpaKTHYECKOH TOYKM 3PEHMS HHTCPECHO H3JIYYeHWE 1IPH ABHXKEHUM
3apana MO KPYyry paauyca @ ¢ yriaoBo# cKkopoctbio o (puc. 19.6). Tlycts
u==aw, U=0w?, r,=r-—uarfc, ur=u-rcosf, ur =ursinbcosey,
roe @ - asumyrathHu# yroa. Toria

X Xl = ot (1= £ cos0) ~ (1~ 45 )sin2bcost,
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U CleoBarelibHO,

(1———”—c0s92—~(1——£— sin? 6 cos?
_dW(ﬁ,cp)dQ: eu? c ) c”)b" ¥

dg
4 2 5 .
dt 16 EOCS (l u 08 e)

(19.34)

[Monyuarowancs B pesyJbrate 3THX BHYKCIEHHH JuarpaMma Harpa-
BJACHHOCTH W3NydYeHusi obpailaetcs B HyJb B MIOCKOCTH OPOUTH IpH
6 = cos™1(ufc). Tpu Gosvlunx cKo-
pPOCTAX W3AydYeHHe, HarnpapJeHHOS
BIlepell, BO MHOrO pas Gonblue, yeM
B Apyrux HanpasneHusx (puc. 19.7).
ITo Mepe NpuUOAMKEHHS 4 K ¢ U3-
JydeHNe BHITATMBAETCS Brepen ys3-
KHM JTY4OM.

[MonHas MOWHOCTL H3NYUCHMUS
3apsana - B 1aHHOM cJydae oOIpe-
HesgeTcss COOTHOLISHU=M
dw _ e? 1 -
drf T 6mene® (1 —u?/c®)? Zot -

__ eate! (_EV_\4 ; 19.35) Puc. 19.6. Yckopenue sapsina neprien-

T TBrege? J #. (19.39) JMKYJSPHO CKOPOCTH.

[t
Wy

rie Wo=my? n W =WV 1—u?c®—nonuas sHeprusi dYac1uubi.
Hccnenopanus, aHanoruunwe npoBefeHROMY B 3TOM mnaparpade, uMewT

B

Puc. 19.7. KapTuna nons usnydueHHs B MAOCKOCTH [BH-
wenusi, M3o6paxkeHHoro Ha puc. 19.6, B cayuae, korna
CKOpPOCTb 4 cpaBHUMa ¢ C.

KapTHHa HeCHMMETPHUYHA OTHOCHTENLHO MOJSIPHON OCH.

Go.Jnluoe 3HaYeHH2 Ins Teopud OeTatpoHa M cuHxportpona. B Oeratpone,
HALDUMED, 3JEKTPOHLI YCKODHIOTCH [0 o4eHn OO0ALINMX 3HEpiul npu
ABIKEHHH 0O KPYry MNOCTOAHHOrO paauyca. B 3amauax OyayT paccMor-
peHbl HEKOTODble HYHCICHiibIE MNPUMePH OTHOCHTEJALHO ieprud, HeoOXo-
AMMOH AJ15 KOMUIZIICAUMH NOTePb HA M3Ny4YeHHe NPU YCKOPEHHMM YacTHUM.
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§ 19.5. ManyueHne npH NPOM3BOJBHBLIX YCKOpPeHHM
H CKOpPOCTH

B o6iwweM cayyae noJe uaaydesus onpenessercs coorHomennem (19.17).
Iag pbiukcieHHs MOILHOCTH H3JyuyeHHs B NAHHOM HampaBJeHHH HYKHO
NIPOBECTH BLIKJAAKH, TOROOHbIE TeM, KOTOPbie 1eJaluce TpPH BhLIBOIE
dopmyani (19.21); B pesyJbTate NoJydnm

daw . e2r "
— dQ = 1672 558 [r X (r, X ®)?d<. (19.36)

Tose wuanyueuus ofpawaercst B HyJb, KOraa BEeKTOp F,=r — urfc ua-

panneneH u. Takum o6pazom, ¥ B oOieM cilyude MUMEIOTCA JBe JHHUM,
.BJIOJb KOTOPHLIX M3JydeHue paBHO HyJ 0. TlosoM2HHE 3THX JMHMA MOWKHO
onpeneJuTb rpaduyeckH, Kak rnokasano Ha puc. 19.8. Jlaa storo Bokpyr
toukd O, rie pacrnosiow:=H 3aps,
OIHIIEM OKPYXHOCTb pajuyca r; 3a-
teM noctpouM Bektop OQ =ur/c.
[lpoBens 4epes Touky Q npsamyo, na-
panenbHy o i, naligeM ee nepecede-
HUA C OKPYXHOCTbIO. ITH TOUKH,
A u B, onpenensT 1Ba 3Ha4YeHHsl BEK-
TOpa r,, IJA KOTOPLIX mnoje oOpa-
waercd B Hyab. JIMHMM, BROJB KOTO-
pHIX H3JyuyeHHe PABHO HyJIO, oOflpe-
peasiiorcst nanpasnaenuamu OA u OB,
KOTOpbIE BCeraa Jexar B IJIOCKOCTH

BEKTOPOB ¥ U U.

HHTerpupoBanue COOTHOILIEHHUS
(19.36) no TeJecHOMy yrny HeCJAOKHO,
Puc. 19.8. Fpapuueckoe onpesene- HO HECKOJbKO rpomosaxo. Ilo-suiu-
uMe HampasieHuil, BIOJb KOTOPBIX MOMY, mNpocTefuit crnocol coCTOMT

OTCYTCTBYET H3JYy4Y€HHUE. B TOM, uToGbl HanpaBJeHHe K Bbl-

6pate B KaueCTBe TIOJApHOH OCH U

CHAYana TMPOBECTH MHTErpupOBaHME MO a3MMyTanbHOMY yray. B koHeuHom
CueTe MOJHA® MOLIHOCTL HM3JydYeHust OKasbiBaeTcst PaBHOM

l}«z— (ll>< l.l)2
aw e c?

TTTdET T Brege® (1— 12y - (19.37)

HerpynHo nokasate, 4TO MOUWHOCTH HM3JAYyYeHHs, BbIBEJeHHbiE B Mpelbl-
Aywux naparpagax nds cnenualdbHbIX CAY4YaeB, SIBASIOTCS YaCTHBIMH C/V-
yaamu (19.36). B onnoit u3 3amau OyieT MOKA3aHO, 4TO MOCPENCTROM
npeobpasosauus Jlopcuua cootHowenne (19.37) Moxuo BHIBECTH H3
cootHoueHus (19.19).
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§ 19.6. CeueHne TOPMOSHOTO W3JiyueHHS B KYJOHOBCKOM NoOJie

B cnyyae 3JeKTpPOHOB MaJIOH 3HePruM BLIXOI «MAFKOrO» PEHTTeHOB-
cKkoro wuanydesus npubJmKeHHO onpeneasercs CooTHoueunem (19.25),

eCJH T0Jb30BATLCA SKCIePUMEHTAaNbHLIM 3HA4YeHueM 4. B sTOM cay-
4ae CTOJKHOBEHHS MepPBUYHLIX 3JEKTPOHOB € fPaMU peAKH; B OCHOB-
HOV TOTEPU SHEPTHH U HMIYJbCA OMNpenesioTc CTOJKHOBEHUAMH C 3NeK-
TpoHaMd. OIHAKO IpH CTOJKHOBEHHWH IBYX 4YaCTHL C PaBHHIMU efm He
BO3HUKAeT HHU 3NEKTPUYECKOrO, HH MATHUTHOFO AMIONLHOrO M3Ny4YeHHus,
T4K Kak CMelleHHe M BpaiieHHe LeHTpa 3apAAoB MPOTUBOpedYaT 3aKollaMm
COXpaHeHHs MMIlyJbCa W MOMEHTa HMmynbca (CM., Hanpumep, sanavy 4
B koHue rnasbi). CienoBaTenbHO, B OOJACTH MaNbiX SHepruM, rie OCHOB-
HYI0 DPOJb HrpailoT 3MeKTPOH-3JEKTPOIIHbIE B3aUMONEHCTBHS, H3NMyYeHue
NpH TOPMOXEHHUH TMaNAIOWUX YaCTHL ONpeaessercs KOJJeKTHBHbIM B3au-
MoaeHcTBUEM 3JeKTpOHOB. [IpH OoJbIIMX 9HeprUAX M ocoOeHHO AJis Te-
We/blX MHUIIEHeH BLIXOJL PEHTreHOBCKOrO H3JyueHHs, Mo-BuauMoMmy, obyc-
JIOBJIZH OTKJIOHENNZM SJEKTPOHOB B KYJOHOBCKOM roJe sapa. IIpH CToJsK-
HOBEHHH 3JIEKTPOHA € AAPOM AMIOJHHOE H3JyUeHHe BO3SMOKHO, U TI09TOMY
ponb 3THX CTONKHOBEHUH OyneT noMuHMpYIote#. Mb NpopenaeM npoctol
HEePEJSTUBUCTCKUH PacyeT, YUUTHBAIOWHUHA TONBKO MonepeyHoe yCKOp2HHUe,
KOTODhHili Iepenaer, OIHAKO, Cyl{ecTBeHHbie (USHYECKHe YEPThl 3ITOrO
npouecca.

PaccMotpuMm anexTpoH, mnpoJsertalowmii €O CKOPOCTHIO # MHUMO fipa
¢ 3apsanoM Ze Ha paccrosHuu b or wero. Cuna, neMcTsylowas Ha 3apaa,
Kak (QyHKuMS BPeMeHH oINpelefsercsl COOTHOUIEHMEM

- Z2
F=mu €

. :my (19.38)

ecan Hauboabliee COJMMKeHHe NpoucxXoiuT B moMent f==0. Cnenosa-
TeJbHO, MofepedHas KOMIIOHEHTa YCKOpeHusl, eCJH TocCielHee HEBEJHKO,
pasHa
o Ze b .
, 4ne,m (b"’—}—u”t”)%
Jlns BHYKMCJEHMS SHEPTUM H3Jy4YeHWs U ee CIeKTPaJbHOTO pacrpene-
REHUS HYIKHO 4 PasNOKHTHL B uHTerpan <oypoe

(19.39

o0 [o0]
1 . ; 1 2Ze% cos ot dt
—__ —dotgp
w9 f u()e-totdt = 2n 4negm ,/ (62 4 uze2y’ - (19.40)
0

HMasectHo, oanako, uro ¢yukumio Beccenst K (wbjv) Moxuo npeacrasutsb
B BHIe HHTErpana

=

— 00

Kl(mb :___b_[ C(‘Swtdt (19.41)

uw o t2 r/z
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M TakuM oOpasowm,
0 - 1 Ze? 2w (mb)

© T 0x dmegm w1\ u

(19.42)

pu obfu < 1 dyukuna K, (wbfu) nopunuserca npubrMIKEHHOMY COOT-
nowetnio K {wbfu)~ ujob, a npu O60JbIMX 3HAYEHHSX aPryMeHTa OHa
JKCNIOHEHIMANHHO yMedblaerca. CrenoBatelbHO, MOXHO TOJOKHTD

1 Ze?2 1
2T G w0 (19.43)
t, =0, © > ufb.

Torna cornacuo cootHom>Huo (19.30) sHeprus;, obycnopiacHHast ycKkope-
HUEM I, u M3aydacMas B TeJecHubl yron d€, papHa

Wodod@ — 2000 L Guag 19.44
— = — e ————
Hadw dre, 72 ape SO dode, (19.44)
rle ryo= e¥/4reymc® — knaccudeckuBt paauyc anextpoHa. [lonuHas Mow-
HOCTh H3JVUCHHS B HHTepBaje uyactor do pasHa

22272 ¢

3k, b2

—W,do = de. (19.45)
Ecan yuects BO3MOWHHE pacctosHus b, To cooTHolueHue (19.45) onpe-
NeJUT CedeHHe W3Jyuyenus KBAHTA SHepPruM hw:
b .
r Wyde 422r3 e (2 ba \ dw
——— 2nbdb = -— —1n
i ho 3ne, he u? b

do —=
min @

162 Z%2 b d
_j ()l ( max)__i’_ l|9.46)

3 wu?/c? bon
Ilpy 3TOM Chlelyer NOMHUTh. 49T0 o < 4fbyy,. MaKcUMaibloe 3HaYcHUE
Dimax  ONpeiensieTcs TeM pPaccTOsHHEM, HAa KOTOPOM KYJAOHOBCKOE IMoJe
nepectaeT ObITb 3(MOPEKTURHEIM U3-32 «IKPANMPYIOUL FO» ACHCTBUA aTOM-
HBIX 3JeKTpoHOB. Haanuue npenena by, KBHRaNeHUTIO OOpE3aHUIO CIEK-
Tpa, Korna fiw Gosblie KUIETHYECKOH 31ep: Mit 3JeKTPOHOB. COOTIONE-
nie (19.46) npuGnmxeHHOe. OIHAKO 3ABUCUMOCTL OT Z, ry U o == e{4xe hc
oCTaeTCad TAaKOH e M MPY KBAHTOBOMcXallHUeCKOM pacueTe.

§ 19.7. dddpext HYepeHkosa

B ra 18, a rvakke B § 19.1 ™Mbl Bulesu, YTO 3apsif. PABHOMEPHO
ABMKyuMiics B Bakyywme, He usnyvaeT. Bektop [lolintuura. ofycnopsen-
uofi nojem uHaykuuu (19.16) U COOTBeTCTBYIOIIMM MarlINTHLIM 0OJeM
(19.158). npu yBenumyeHuu I YMeHbILueTCH CJAMIIKOM ObICTPO, 4TOOH Bath
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KOHeuHblHl BKJal B MOBEPXHOCTHBIA MHTErpaJ NP GOJbIINX PACCTOSHUAX:
OnHaKo NPy HAJIHYHK 1UJeKTPUUECKOH Cpebi € € > ¢y, k& > 1 nonowenue
MOXWeT HU3MEHUTHCH. PaCCMOTpMM nnoJe 3apﬂlla, JlBll)I(ymel‘OCﬂ B Henp0~
BoAsiel Cpele, npudeM LIS NPOCTOTH TPEANOJOXHM, UTO == .
HeO}lHOpOﬂHOe BOJIHOBOE ypaBHeHMe s BeKTopHOI‘o noreHuyuajgsa umeer
BUIL
2 2
DA=vA— B 08— (13.7)

Pemienust 3Toro ypaBHeHMSl Takde e, KaKk H B CJyyae BaKyyMa, 3a

UCKJIOYEHUEM TOFO, YTO BMECTO ¢ CTOMT c/n, rae n= | efe, = l/k —
niokasareJis npejoMiaenns cpenbi. Clle1oBaTeNbHO, CBS3b MEWAY BpeMereM
M3JlydMeHHs M BPEMEHeM TpHeMa 3TOTO M3Jy4YeHHs onpejensieTcsi COOTHO-
menneM ' =1t — rafc. CKOPOCTb 4acTHUB 4 OrpaHHYeHa CKOPOCTLIO
CBeTd B BAKyyMe ¢; TakuM oCpPasoM, ecJM 4acTHUa CO CKOPOCThbI0, Onu3-
KOH K CKOPOCTM CBeTa, BXONUT B JHMIJEKTPHK, TO €e CKOPOCTb MOXeT
OKa3aTecl OOnbLIE CKOPOCTH cBeta B cpene. [Ipw 3TOM 3HaMeHaTelb
B COOTBETCTBYICLIEM BHPAXEHUM [11 IOTeHUHANa MOXeT o6paTuThCs
B HyJb, a aMOJUTYAA TNOJS B HGNPABJCHHH, ONpPEEsiScMOM PABEHCTBOM
1 — unfc cos t == 0, Bospacraetr 10 GeckoHeunoctd. Tikum obOpasom, Ha
KOHyCE C OCbI0 BIONb H&NPABJAEHUA ALUXEHHUS M YIJIOM NpPH BEpUIHHE
b = arccos (c/nu} MOXKHO OXMIaTh udiydenne. YepeHKOB BIepPBLIE U3YYUJ
Takoe uajydyenue B 1934 r.1). Murepecho, uro npu a4 > ¢/n npezobpaso-
Banue ypasHeHus (13.7) K COOTBETCTBYIOIEMY CTATHYECKOMY CJyYao,
paccmoTpeHHoe B § 18.2, HeBO3MOXKHO.

Jlas KonudecTBeHHBIX OLEHOK H3jaydenus ‘lepeHkoBa ya00HO BOCIOb-
30BaThCA pasnoxenneM dypbe, NONYYEHHBIM B L. 13. TnoTHOCTL TOKA f,
COOTBeTCTBYIOILAA 34psaly e, ABHKYLEMyCH CO CKOPOCTbIO &, ¥MeeT BHI

J==eud (x’ — ut) s (y") (2. (19.47)
CoraacHo 9TOMYy COOTHOLIEHHIO 3apfl paclosioxkeH B Touke (x/, y',.27)

" fj\dy’ dz’ dt = ex, rie X — elMHUYHbIH BEKTOpP B HANpPaBJeHUH NBU-
weHps. Jlng Toro uToObl BOCNOJL30BaThCA cooTHolueHueM (13.33), Bui-
qUCAUM uHTerpaa Pypoe oT §

1 . N ~ eoxt Iy o
szﬁfjei""dtz—_z%o(y’)o(z’)e‘wx Iy, (19.48)

CrnenoBatenbHo, ecii x’/, y’, 2’ cuurath KoMIOHeHTamu § pannyca-Bex-
TOp2 WCTOYHHKA mnoJs B cootnomieHun (13.33), 10 ¢ypbe-KOMNOHEHTHI

1) Ha ocobbiit xapakTep 3TOrO H3.NyueHus BhepBble oGpaTHN BHUMaHue
C. U. BaBunos, B nabGoparopun xoroporo paboran I1. A. Uepeuxos, "
N03TOMY COPABEANKBO Ha3blBaTh 3TO sIBJIEHHE u3nyueHneM HepeHkoBa— Ba-
BuaoBa. (Ilpum. peo.)
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MArHUTHOrO NMOJsA OKasbiBAKTCA PaBIIbIMH

. ikR . WX — kx’ cos b
H, — 4; eR ek;tnﬂ [el( - X' cos )dx’_ (19.49)

B 3TOM BHIpaWeHHM HHTErpMpoBaHHe 10 ¥ u 2' yXKe BHIIOJHEHO.
CornacHo coorHoulenuio (11.19) k=on/xc, a § — yron mexny k v u.
Janee xon paccyxneHu#t Tako#t e, KaKk M IpU BBHIBOJE COOTHOILEHWS
(13.37), 3a uckaioueHueM TOro, UTO TellePb B ypaBHeHHe BXOIMT MOKa-
3aTeSb TpPeJOMIeHUs M.

B BoJadoso#t 3oHe ammiurtyasi E u H cBf3aHbi COOTHOLIEHHEM

L
. Bl =11/ By,

¥ ClenoBaTelbHO, MOLIHOCTb, M3Jiydaemast B JaHHOM rosoce wacror dw,
pasua

w— & [le|2R2d9dm=
gl
w 2
212,2 (XL _pxt cos 6
=Eic’;a%f fe'( e 998) 4o | in26 42 do, (19.50)
[
Wurerpan no x’ paseH d-yHKLMH, 8(1—"—"%@). TeM cambiM eille

pa3 mokasaHo, 4r0 B HanpaejeHun b= arccos(c/nu) amnmutyna noJs
GeckoHeuHo Bo3pacTaer. OJHaKo 9Ta TPYAHOCTb JeErkKo yCTpaHsercs,
MOCKOJBKY 9JeKTPOH He MoweT NPOHTH OecKOHeqHBIR IyTh, Clenopa-
TeJbHO, WHTerpas clegyer BHUMCAATL oT — X no X:

X 9si 1 nu 0 X
i (| ——'ﬂl—cosﬂ)x//u , Slﬂ[m( — —~ cos )7]
[e ‘ dx’ = — L 21 (19.51)
=X m(l—T cosﬂ)/u
Takum obpasom,
+1
sin2 lr(l——'—zicos 6)_0’1(_
c

2. 2
BW:»I ene sin2 6

5y ——5— - - = d (cos 0) dw.
2a%  eoc? w? (l — '% cos 0)2/u2 )

(19.52)

Muterpasl no yriy TaKie HMeeT HEKOTOpbie dYepThl O-QyHKuUMH. [lpu
cos = c/nu on umeer ocrpuii MakcumyMm. Ecau 370 3Hauenue § non-
CTaBUTb B MellleHHo Mensiouyiocss ¢yHkuMio sin0 U 3aTeM BOCHOJbL-
80BaTBCA TeM OOCTOATEJbCTBOM, 4YTO IMpelesibl He WIpalT POJH, MOKa
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MeX(Iy HUMHM 3aKJIOYEH NHIUb OAWH MaKCUMyM, To uuTerpan (19.52) upu-
MeT Tako#l BHI:

kY

sm"’ 1 —E:‘i cos 6) l]

1 — d (cos ) =
( n2u2 w? 1 — —— COS 6) /u"’
c? cX sin? x cX=n c2
::(1 —_— h-m—z)m— !/‘ x2 dx = on (1 ——W), (19.53)

T. €. SHeprus, u3nyvaeMasa B noJjioce 4aCToT do, paBHa

N 22X c?
bW:zn—er(‘ —zzu—z)‘”d“’- (19.54)
a Hé €NUHUIYY JJHNHbL ——
W e? c?
“sr=:ﬁ;022—( —nz_u"’_)wdw‘ (19.55)

. TaK Kak foJHas panvHa mpeanoJjaranack pasHoft 2X. Bynyun sbipaxeu-
HbIM uyepe3 uYucno KpautoB hw, cooTHouwenue (19.55) npuuuMaer cre-
Bywowuft sun:

g%_ZL(l _L)i“l:a(l _n_ﬁl})i‘i. (19.56)

4neghc nu? ) ¢ c
0

Orciona cjenyet, 4YTo 4UCNO0 HU3NYyYeHHLIX KBAHTOB 33BUCUT OT 4acTOThI
TOJMbKO 4Yepe3 noKazarenb MNpCROMJEHUA #. Tak kak CKOpoOCTb pacnpo-
CTpaHEHUs 3SJCKTPOMArHUTHHIX BOJIH TIpH OonbIIMX YyacToTax ﬂpﬂﬁ.ﬂ"-
KaeTcs K CBOeMy 3HA4YCHUIO B BaKyyMme, TO n(w) CTaHeT MeHbllle clu
H TIQJHOE YUCIO KBAHTOB OCTAHETCA KOHCYHLIM.

3agauu

1. CootHomenve (19.19) npumeHMMO Jullb B COOCTBEHHOH CHCTEME OTcueTa.
Jlokawure, 4TO ecay 06€ "9acTH 3TOr0 COOTHOLIEHMS NOABEPrHyTHL npeobpazosa-
nuio JlopeHiia, To noayuuM cooTHouieHue (19.37).

2. B GeTaTpone 3MEKTpOHBl YCKOPSWOTCH JO CKOPOCTEeH, CPaBHUMBIX CO CKO-
POCTBIO CBETa, NpW NBUIKEHMH NO KPYFYy MOCTOSHHOrO panvyca. Boluncaute
SHEPrHI0, HM3NyYaeMyio 3JIeKTPOHOM 3a OJvH 0GOpOT Ipn U ~ C.

3. IMoxaxuTe, 4TO OCHOBHAf 9YacTb M3JaydeHus OBICTPHIX 3JEKTPOHUB cOCpe-
ROTOYEHa B KOHyce ¢ yraoMm Oy == Wo/W, rie W — nosnas 3Heprus aJeKTpOHa,
a Wy = myc? — sHeprus nokos.

4. HNokaxuTe, YT0 YrjloBOe pacnpelielieHue Bceil 3Heprux, M3JNydYeHHOH npu
NPOXOXKIEHMY ONHOH HacTuubl C 3apaioOM €, U MaccoM m,; MMMO JpYyro# ¢ 3aps-
XOM €; ¥ MacCOH m, ¢ OTHOCHTENLHOI CKOPOCTHIO U <& ¢, MONYUHACTCA COOT-

HOUIEHKIO
daw const ( e 23 \2 9
—“Wz__b_a—(——__) (4 n ——-3n),
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FAE /1y H My — KOMIOHEHTH €JHHWYHOrO BeXTOPa ri 5104, HaNpaBJeH:s ABMKe-
uef, a b — NpuuenrHbBIH napaMeTp, KOTOpLiH CYHTAeTCs MOCTOSHHBIM NP NBH-
MEeHulL.

5. PaccmoTpuTe 3apsan e, mpoJeraloniuii MHMO TsuKeJOH 3apfi#eHHOU ya-
crTuibl Z€ Ha NPHLICALHOM PacCTOSIHWN b, cYyMTasi ero CKOpPOCTb NPOM3BOJALHOM.
{Ipeanosarad yrioBoe OTKJIOHEHHe HEOOJLIIWM. BHIUMCINTE UMIYJbC, NONYYEH-
HbII1 3apsi1OM B MOMEPEYMOM HanpaBJeHUM.

6. Ha oceoBe pememun 3amayn 5 suluMcauTe CcpepHuil KBajpart yraa jpsac-
CefiHMs NPH NPOXOWIEHHMH 3apAja yepes CNOH BelecTBa TOJIMHOM f, conepwma-
mero N, 3apsaoB Ze Ha epvHuiy oObema. [IpuneabHuili napameTp cumtaiTe
MeHaIouutMes oT b, 1o b,. )

7. Buiupcante ceyenve usnyyexus (Ha ENMHMYHbIH WHTEpBaJ YacTotr) mpw
cOyJapeHuY 3JeKTPOHa C KLeatbHO }ectkoH cdepoii pannyca a npu u <& c.

8, Ouennre BuIXOZ YEPEeHKOBCKOTO M3JyyeHus 1A HelTpoHa ¢ sHeprueii
350 Mss, aBMkylllerocs B cTekne ¢ NokasatedeMm Inpejomienus 19, {lpu apu-
WeHHy HeHTPOHA BO3HHKaeT TOK, OGYCNOBACHHbIH €ro AUMOJhHbIM MOMEHTOM.
CpaBHyTe 3TO H3AYYeHHE C H3NYYEHHEM I[POTOHA C TOH Ke sHeprued u NpH
TEX e yCIOBUUX.

Vkaszaunue CootHowenre j==V X M noacrasbTe B paBeHctBo (19.48)
¥ NpOUHTErpupyfiTe no 4acTaM.

JIMTEPATYPA

Vasyuenne NBHMKYIMXCA 3aPAAOB PACCMOTPEHO NPAKTHYECKM BO BCEX KHM-
Fax MO 3qeKTpoAMHaMiKe. JIyUliHe M3 HHX — CefyIoLlHe TpM:

I.R. Becker, Theorie der Elektrizitit. (Pycckuii nepeeon: P. Bexkep,
Teopusa siexrpuuecrsa, T1. II).

2.J1. O Jlawnay u E. M. JIud mun, Teopusa tons.

3. A. Sommerfeld, Electrodynamics. (Pycckuit mepeson: A. 3ommep-
denba, JASKTPONMHAMEKA.)

4 J. A. Siratton, Electromagnetic Theory. (Pycckwii mnepeBoa:
k. A. CtpsrroH, Teopus sjexkTpomarseTHsMa.)

OCHOBHOE BHMMaHHE YACJIEHO AHTEHHBIM YCTPOHCTBaM, ONHAKO NOAA ABIKY-
IMXCA 3aPANOB TaKike PACCMOTPEHBA.

5. W. R. Smythe, Static and Dynamic Electricity. (Pyccknii nepesox:
B. Cma#it, 35eKrpocTaTika W 3JEKTPOAHHAMHUKA.)

Manyuenie ABuxYIIMXCH 3apaios paccsoTpedo B ra. XIV BMecTe co cre-
HHaALIOH TeopHeH OTHOCHTeNbHOCTH.

2¢opexr Uepensoa pacemorper B xuire Wug ¢a (L. J. Schiff, Quan-
tum Mechanics). KBanToBas Mmexanuxa., a rvaxwe B xuare Jl. J. Jlannay
n E. M. Jludwwia, 3rekrponuHasMika CIICHHpIX CLCL

* A, A. CokonoB u I. l. Msanenxo, Knaccuyeckas Teopus noJs
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PEAKLUSA U3JYYEHUS

Kax Owo noxazano 8 ra. 10, 3akoH coxpaHeHMs HMIOyJabCZ MOXET
OLITL c€ornacoBaH C 3JEKTPOMATHHTHBHIM B3aUMOIEHCTBHEM B BUAE CHJHI
JlopeHua .
F=e(E+uxB), (20.1)

TOJMLKO €CAU NPEeAnoJdOXKHUTL, UYTO 3JleKTPOMAarWuTHOE MNoJe obsanaetT UM-
nyJs.coM ¢ NJIOTHOCTLIO

== (20.2)

Kpome Toro, utoOu BHINOJHAJNCA 3aKOH COXpaHeHHf IHePTUM B CHCTEME
BeLUECTBO — U3JlyueHHe, HeOOXOIMMO MpelNOJOXUTh, UYTO 3JeKTpoMar-
HATHOEe TIOJie MEepPeHOCHT IHePruio € mJIOTHOCTbIO

E-D-\-H-B

U,==23108 (20.3)

anMQHHM TenepL 3TH pe3yabTaThi K HNOJIO 3JEKTpOHa.

§ 20.1. JaexkTpImMaruaTHAA Macca

Ecmm Mpl paccmoTpuMm Oajtanc 3neprud U UMnyJibca IJIS nons 9JeK-
TpoHa. TO ceHuac e MPUIUEM K CJHAYIOLUMM KaueCTBEHHLIM BHIBOLAM:

1. Ilpu paBHOomMepHOM IBHXEHUM 3NeKTPOHA ero noJje JaeT BKAal
B HMAOYJbC, TaK Kak npu HeOONbIUMX BUPTYAJLHLIX M3MEHEHHHX CKO-
POCTH M3MEHAETCH KaK MMIYJAbC YaCTHUH, TaK M UMNYJbC NOJS.

2. Eciu  yckopexne u3ayuaiouiero 3JjekTpoHa oOyc/OBJleHO OeH-
CTBHeM BHellHel CHJBL, TO 3JHEPrus U UMAYALC i3MEHSIOLUUXCA MNOoJeH
TAKXKe OmpelleasioTca 3TOH Cuoit. D10 CAPABEINMBO TOJBKO, €CJH
uMeeTCA CHuaa, NeHcTBYIOINA# HA SACKTPOH CO CTOPOHL NOJA M3JAYHeHUS.
S1a cuna HaswBaeTcs peakllMelt M3nyueHus.

PaccMoTpuv 3TH BLIBOIH KOJHYeCTBeHHO. IIyCTb 2/JeKTPOH HABIMKETCS
parloMepHO €O ckopocThio & <€ ¢. Eciau cKopocTb HM3MeHHJach Ha du,
TO MArHUTHOE TOJle M3MEeHUTCH Ha
uy edu r
4z = r3 °

3B — (20.4)
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BoiuueauM MarnuTHeiff MOTOK, TepecekalOWMit Y3Kylo NOJNOCKY, MPOCTH-
paloLLyOCs OT 3JeKTPOHA N0 GeCKOHeyHOCTH, KaK nmoOKa3aHo Ha puc. 20.1.
Vlamenente notoka B COOTBeTCTBMM C ¢opMynoit (20.4) cospaer anex-
TPOLBHXKYLIYI0 CWJIYy HAa TrpaHunax mnoiocku. Ecam oce 2 HampaButb

JB
o BROMb O, TO ypasHeHne FE = — o
MOXHO TNpPHUBECTH K BHIY
*—Jz
. 0E, 0B
tr or ~ ot’
a4 CrefoBaTeslbHO, UMIYJAbC  MONYUYeHHLIH
3apsiioM NpPH M3MEHEHUH CKOpPOCTH Ha OIf,
TIPUMEPHO paBeH
++++
r r
4+ o N e du
0L == Ol BB = ————
++++ 8 ¢k, € / dr drege? 1y’
- + + 4+ R o
T o £\ {20.5)

du
rile ry— «panuyc sjektpoHa». M3 atoro
Puc. 20.1. Tlyrs uirerpuposatms Bblpa)(i)(eHHﬂp Bml}l;o, uTo l:nwny.rn,c Gu11 G
NpY Ka4eCTBEeHHOH OLlEHKe peak-
UMH HM3NyYeHHS, eclH cxopocTs PaBeH GECKOHEUHOCTH, eC/u Obi 9/IEKTPOH
3JEKTPOHA HeBeJIMKa. 6bi1 ToueuHsiM 3apstioM. C npyroit cro-
poHsl, ecyiu Obl 37eKTPOH HMeJ KOHe4HYIO
NPOTAKEHHOCTL C PANUYCOM F(, TO MAKCUMAJIbHY10 PEAKLIKI0 OKa3biBasIO Obl
MarHuTHOe NOJie Ha PACCTOSHMM r;, OT LlEHTPA 3JEKTPOHA;, B LeHTpe
peakums cnanana Oot 10 Hyns. Ipu sToM cornacHo cooTHolueHuio (20.5)
yCKOpsiolas cujla, NPUBONSINAS K W3MEHEHHIO CKOPOCTH Ha dm, CBf3aHa
C ycxopeHueM depe3 3QPQeKTHBHYIO «MacCy» nopsika

o2

m s ———s;
2 ’
4zeyr,C

(20.6)
WM B TFayCCOBHX €LMHULAX m == e2[ryc?.

3710 COOTHOILEHHE NONYYEHO M3 PacCMOTPeHHs peaklu, OKasplBaeMoM
nojeM Ha yckopsiollywo cuny. Cornacuo peaynawtaram ria. 10 mbt mo-
AyuuM NOJIHBIH HMIYJILC, eCcqM MPOWUHTErpupyeM MO BCeMY MPOCTPAHCTBY
g=E X Hfc?. Ecm npennonaratb 3apsil TOYeyHHIM, TO MHTErpan pac-
xonurca. [lo9TOMY HyXHO BBECTH HIDKHUH npelle/l HHTErpUPOBaHUA —
KOHeuHBIt panuyc 3JekTpoHa 7. Ilpu MalblX CKOPOCTAX HHTEr pHPOBaHuUe
JIerKO BLINOJNHUMO, eC/IM BOCMOJBb30BATLCA KBA3UCTATHUECKUMH MOJAMM,
4jg KOTOpPLIX

H=¢u X E. (20.7)

Ilpn cuMMeTpHYHOM pacnpelefieHuH 3apala UMIYJIbC

szﬂgg_@dy:eo / Elif_:%’zf_'_’i)id,v (20.8)
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Take o6nafaeT OCeBOH CHMMeTpHell OTHOCHUTE/NLHO HaNpasJeHHs CKO-
pocTd; ciefosaTeibHo, BekTOp @ HanpasJeH BHOJL CKOPOCTH K. ITO
nanpassiediie BoiOepeM B KaueCTBe OCH X. BTOpoH ujeH nolsiHTerpasn-

2
HOro BuipameHus pased #Ey. Tlpu MalbIX CKOPOCTAX 3JeKTPUUeCKOe
noje E cdepuueckn CUMMeTpPHUHO, CllellOBaTelbHO,

152 d 2 E%2qd U,
G— /‘eo + )u v 2 /' u:_%c—gu, (20.9)

Ty
rie

U():%/E-D(w (20.10)
— SHEPrus 3JEKTPOCTATHUEeCKOro noJig 3apaia e. Hanpumep, eC/in 3apan

€4NTaTh ONHOPOIHO pacnpelelleHHHM MO CepudecKol MOBepXHOCTH pa-
auyca ry, TO

2, 2 2
UO—Q‘/ eoe%4nr? dr e (20.11)

(4regr2)? Sneoro

u coortHolueHue (20.9) KaueCTBeHHO COrNACyeTcsi C BeJIMUMHOM 3JeKTpO-
MarHuTHOH Maccsl, ompenensemoit ¢opmynoi (20.6).

[Ipu Gosbiuux cxopocTaxX Ans pacyera G HeoOXOAMMO NOJL30BATHCH
NOJNAMH, BBIYUCISHHEIMM B TJ. 18 ¢ s == r. [lonyuaouieecs COOTHOILIeHHe
MeXKAy MMAYJbCOM M CKOPOCTbIO 3aBUCUT OT XapaKTepa H3MeHeHusl
¢dopmbi 37eKTPOHA TNpH asimkeHud. Ecau npeanonoxutb, uTo OH uCMLI-
TLIBAeT JIOPEHIZBCKOE COKpalleHWe BAOJb ABHXKeHust (Takoe mpzAnoJo-
weHuz 6pu10 BulIBuHYTO JlopeHuem u MO31Hee NOATBZPKIEHO PesATH-
BUCTCKUMHM COOOpaX2HUAMM), TO HHTerpUPOBAHHE OTHOCHTENBHO MPOCTO
W UMIYJbC OKa3biBAGTCSl PABHHLIM

4 U, u

3 ¢? V]__uz/cz ’

ne U, onpenensiercs cootHoiennem (20.10).
Eciu He cuutath MHOXMTeNs 43, 3TO BbpaXeHHe CO™JAcCyeTcs

€ MpPaBWJILHBIMU PEJATHBUCTCKUMU COOTHOIUEHHSMHM MeXALY MacCoil, sHep-
rueilt ¥ UMOYJbLCOM

G — (20.12)

G = nmu,
. B g
T Viogie (20.13)
Uy = myc.

OnHaKO MHOXMTelb 43 #ABJAeTCA BAXKHLIM; OH IOKa3biB3aeT, 4TO YHCTO
«3JIeKTPOMArHMTHAs Macca» He eCTb MCTWHHAs Macca, XOTS ee OTHOlue-
HHMe K NOJHOH SHepruM Nojas HE 8aBUCHT OT rg, 4 CJeJOBaTe/bHO, H OF
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CLe/IaHUBIX TpubikeHu#t B OTHOWweHuw nons. Jas Toro 4tobbi fiony -
yanacb HaG/osaevas Ha OMbITe BeJUYNHA, MOAUMHAIOLLAACS PeNSTHBMCTCKH
npaBuabHBIM CoOTHOIeHusM (20.13), HeobxoxuMa nonMoJHUTEbHA® Macca
— Ugf3c?, HeaeKTPOMArHUTHOIO MPOMCXOXKIeHUs.. MOKHO Mpeanoiarary,
YyTO 3Ta IONONHUTENLHAs Macca (MMM SHEeprus) onpelenseTcs TOR Hessex-
TPOMAarHUTHOR CBA3LIO, KOTOpas OOYCJOBJMBAET YCTOMUMBOCTL CHUCTEMDI
3apsanoB 3JeKTPOHa.

§ 20.2. Peakuus u3jayuenus, onpeaesisieMas 3aKOHOM
COXpaHeHHA SHEPruM

Kax mwt Buaenu, macca oOyciaoB/leHHass UMAYJAbCOM MNOJIS,, OKa3biBaeT
peakTHBHOe JllefictBHe HA OObeKT, CTPeMAlUiCA M3MEHHTL CKOpPOCThb
3JEKTPOHA TPH  YCTAHOBUBIUEMCSi [BHXeHUH. BoluuciuM Temepb cuay
peakuin, ec YCKOPeHHHH 3JeKTPOH M3/yuaeT SHepPrHi0 CO CKOPOCTHIO

dw __ eu?
—_— = (19.19)

dl — Bmegc
HukakuX CyulecTBEHHHX OrpaHHueHWH 3TO COOTHOIleHHE He HMeeT,
Tak KaK COOTBeTCTBYIOLLUM npeoOpa3osaHueM JIopeHLa OHO MOXeT ObITb
000611eH0 Ha BCe BO3MOXHbIE CKOpOCTH. Jlns TOro 4toObi SHeprus co-
Xpaussacb, 10/DKHA CYLIECTBOBATL CWIA  pPeakUUl, YLOBAETBOPAIOLANA
yCJ0BUIO

F e_w 20
-u—{—ﬁn—%———-— . (20.14)

c3

OueBHIHO, 9TO ypaBHeHMe He MMeeT TaKOrO pelleHisi OTHOCHTeNbHO F,
xoTopoe Obl10 Obl BepHO B JIOOOH 3alaHHbLIE MOMEHT BPEMEHM. TaK KaK I

M 0 He cBficaHpl Mexay coOoff. Mbl LOMKHBI YAOBJeTBOPUTLCH peiltie-
HdeM, BePHBIM B CpellHeM 33 3HAUMTeNIbHBIH Mepuol BpeMeHH. JTO O3Ha-
yaeT, 4TO OaNaHC 3HEPrHM MexIy MOJieM H3JyYeHUR U CWIOH peakluu
OCYLUECTBASETCSL B CpellHeM. 3HauMTeslbHble OTKJIOHeHUS OT Hero MOFYT
MPOUCXOINTb 32 CYeT IHepruM, 3anaceHHoR B moJe wHaykuuu. [Ipm 3THx
ycaosusx ypasHenne (20.14) moxHo npeoOpasoBath cielyioumm oOpa-

30M:
I,

f(F u)dt + /6 2 dt=0. (20.15)

4L

HMuTerpupys NO yacTaM, MOAYUUM

&

[ (P—gots) - war+ [ —o. (20.16)

&
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TlpounrerpuposanHas 4actT OMUCHIBAGT KAaK pa3 Te OTKJAOHeHus OT 3a-

KOHA COXpaHeHHsi SHEPruu, O KOTOPHIX FOBOPWIOCH BbIIle; MPH TN PHOLH-

9CCKOM  JIBMXKEHMHM WIH MPH  YCKOPEHUM B TeueHHe OFPAHUYEeHHOrO npo-

M2XKYTKa BpeMeHH 3TOT 4JieH He TMOBAUSeT HA CYyMMapHHil GanaHc 3IHep-

run. B cpenHem 3Heprus OyleT COXPaHATLCH, eCJIM PeaKLMIO M3JYYeHus

MOJOXHTL PaBHOH

etn

F = 20.17

Hsn 675€003 ( 0 1 )

D10 — AOMOJNHUTEIbHAS CHNA peaKuMu, MOMHMO TOH, KOTOpas clelyer
W3 CoXpaHeHus uMmny.jbca. Iloswas cuna peakium Ha 3SJCKTPOH paBHA

-

e .
:W—maﬂ_ marlds (20.18)

rAe Mg, .. — SJMEKTPOMAFHUTHAS Macca 3JeKTPOHa

4 U
3 ¢’

(20.19)

mS]l. Mar

§ 20.3. Pacuer peakiuu M3JyyeHus uepe3 MNoJe YACTHIL

Becbma nosie3ano nonyunth Bupaxztue (20.18) nocpencTBOM mpaMOro
BBIYMCJICHHUS B3aUMOJEHCTBUS OIHOH * 4aCTH 3JeKTPOHAa ¢ MOJeM U3Ny-
YeHHf JApyro#t ero uwactH. 3TOT pacder, ApenaoxeHHul JlopeHuem,
XOpOIIO BHIABASET OrPAHUYEHHbII XapaKTep TEOPHH.

Ilna pacyeta BOCMOJL3yeMCs CJACNYIOLMMH NPENNOJ0KeHUAMN:

1. Tlpu paccMoTpenun BO3neHCTBUA, KOTOPO® OKA3BLIBAKOT HA 3je-
MeHT de 3JeKTpoHa Lpyrue ero sJeMeHTH de’, CUCTeMy OTCuYeTa BbiDOe-
peM Tak, utoOLi /eMeHT de B Helt MOKOW.JICSH:

u(t);,, =0.

2. ViameueHus Beanuuu #, @, # M T. L. He CJHMIIKOM BEJMKMH 33
BPEM#i PACTPOCTPAHCHUS 3eKTPOMarHUTHOIO CHrHAJA 1O 3JIeKTPOHY. DT0

paBHOCMILHO ychiosuam u << c, u<<c2/r0, u<<uc/r0 n T. n. Pentenue
B 9TOM CJiydae MOXHO Mpe[CTAaBUTbL B Bule palla Mo CTeNeHAM BpeMeHH

Ty == rofc == e2[/4weymc?. yMHOXKEHHOTO Ha OMeparto 2
0 == rgfc == e%[4ne, . YMHOX a omepatop --.

3. TMons OyneM BBIYUCAATL M3 NoTeHuuanop Jluenapa — Buxepra,
XOTS MX NPUMEHUMOCTb COMHUTE/bHA NMPH PaccTOSHUAX mopsauka ry. Pusu-
Yeckoe 3HaueHHe MBI OyleM NpUAABaTh TOJLKO TeM uJIeHAM, KOTODble
He 3aBHCAT $BHO OT 7.

4. PacnpeneneHde 3apanoB 3JeKTpoHa OyneM CuMTaTb C(PepHUeCKH
CHMMeTPUUHEBIM.
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PaccMoTpum AeficTBHe, KOTOpOe 3JleMeHT de C KOOPIMHATAMH X, HC-
MLITHIBAET CO CTOPOHH dJeMeuta de’ ¢ koopamHatamu X, (puc. 20.2).

CornacHo ¢opumyde (19.3) snextpuueckoe noae. cosnasaemoe 3apanom de’
8 TOUKE X, PaBHO
1

Are, dE (f) = —di { =

rx[(r— 225 X a @]+
HI— (0229} o

Tax kax noJjis 3aBUCAT OT YCJOBHH B 3JleKTPOHe B MOMEHT f#’, 3amaua
Obina Obl Hepaspeiuuma Oe3 3HaHus Bcelt mpeablaylielt HCTOPHM 3JleKTPOHA
npu Npou3soNbHOM nBikenud. OJHAKO eCAM BOCMOJb3OBATLCA OrpaHu-
YeHUSMM nyHKTa 2, TO 3ajaua OKaweTcsl paspeiiumofi. B aTom caydae
BCe CKOPOCTH M YCKOPeHUfi MOXHO OTHeCTH K MOMEHTY NPUOBLITUR CHr-
Hala B TOUKY X, 3TOT MOMEHT, KOHEeuHO, OAMHAKOB ILJSi BCeX 3JeMeH-
ToB de’. Toabko TakuM 006pa3oM MOXHO NPOBeCTH WHTErpHpOBaHUE MO
BceMy sJekTpoHy. Ilepexos ot ¢ k¢
OCYLICCTBASIETCA NOCPEJCTBOM Pas/oie-
HUS QYHKUMK ¢’ ==¢ — r[c B pRA NO cTe-
neusM rfc. [lpn 3TOM CllenyeT MOMHUTH,
4TO COrJIACHO MyHKTY |

wity=un (t)———cr—ii(t)—i- ..., (20.21)

a()re
+ 5 e

(20.22)

t't(t) r

u(t)y= — p

Toyna
7oA

Puc. 20.2. K ppiuncieHuio B3aumMo-  ¢=3 — r 3 [l- 3u(t2) ! } 3 (u(ta)-r) . .- ]
AeHCTBYSA MEWKILY YacTAMH OIHOTO ¢ 2\ ¢
W TOFO Xe 3JeKTPOHA. (20.23)

B nanvHeflizem Oyliem OCTaBJATL JUIOb ddeHb mnopsaka (rfc). Torna
senuunHolt fu (#)/c]? MokHO npeHebOpeub u Boipawenue (20.20) cyuwe-
CTBEHHO yNpOaeTCH

4neOdE=dg/["("'") __u _r(r-u)+ +

r3c2 rc2 T 23
3 (u r) li —_
T3z + ,.203 (u r) + T8 J—

o (u-r r@-r r u
— e[~ ;302 )4 L (rzca) + 5 tas] (20.20

Ilasa Toro 4ytobbl JMerde Opl/I0O BOCMOJNL30BATLCH MpeAnosoOXKeHuem O coe-
PHUECKOH CHUMMeTpuHd 3JIeKTPOHA, 3amulieM 3TO BbIpdXeHHe B TEH30pHO#
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¢opwme
dE, =

de’ 2r, (Uqrs) 1 7o (tgry)
[‘ 732 ‘ +7 ,.2(?3 ‘ + r3 + 53 53 ] (20.25)

4ae,

Cpelivee 3HaveHMe r, B c(epuueCKH CHMMeTPHUHOH oOnacTu paBHO

HY/MO, a CpellHee 3HAUeHUe I [fy= -z r®8,,. CrenoBateNbHO, TPeTHi ulleH

B BoipaXennd (20.25) He naeT HMKAKOrO BKJAgd B KOHeUHHI uHTerpas,
¥ MBI, TaKkuM o0Opa3om, moJyuaem
— de’ 2 u, 2 u,
e b (20.26)

Huterpupya Zanee no de’ u de, nonyun NOJIHYI0 CUJly peaKuuu

F= [ [de dE = m — My, Mal‘l“’ (20.27)
rne
4 [ dede’ __ 4
Mon. mar = /l 87:50,. = 3z Uo. (20.28)

npuueM, KaKk M paHblte, U0 ﬂpeﬂCTaB.’]ﬂeT coGolt 3MeKTPOCTATHYECKYIO
SHepTHIO MOJS 3JEKTPOHA. JTO COOTHOIUIEHHE MOJHOCTLIO COrJacyeTcs
¢ coordoiueHdeM (20.18), koTopoe BHITeKaeT M3 3aKOHOB COXPAHEHHS.

Yned, nponopumoHaibHuil #, B Beipawenum (20.27) He 3asucut oT
pa3mepa 9/IeKTPOHAa, a TaKXKe, MO-BUIMMOMY, M OT er0 BHYTpPeHHero
cTpoenusi. UneH, NpPONOPUMOHANLHLIN MacCe, 3aBUCHT OT CTPYKTYpH
SMEKTPOHA, @ ero OTHOILUeHHe K 3JIEKTPOCTATHUUECKOH SHeprud He 3aBH-
cutT 0T CTPYKTypsl. Ecnu 6b Mbl MPONOMKHIM NalbIUe HAIUM pacyeTsl
A0 Oosiee BLICOKMX CTeneHell r/c, TO BO3HUKAU Obl IONOJHUTENbLHBIE
YjeHbl € BO3PACTAKOIMMH CTemeHsiMH ry. ONHAaKO COrJIacHO MYHKTY 3
HALIMX MpPelNOJiOXeHUH UM Helb3s NPUNUCHIBATL (PUBNUECKHH CMBICI.

§ 20.4. TpyaHoCTH KJAACCHIECKOH TeopuM SJEKTPOHA

[TpsiMoft pacueT CuJinl peakUHM MOKa3biBaeT, YTO B Kjaaccudeckoh
TeOpUu 3JIeKTPOHA PAl 3anauy OCTAIOTCS HepelleHHbIMU:

1. Teopus maeT COOTHOLIEHHe MeXJYy 3Heprueit 3JeKTpOCTATHYECKOrO
foJsi ¥ Maccofl, ofHAKO HM Ta, HU JpPYrag He OCTAIOTCS KOHEUHBIMH NpH
TOUEYHOM HCTOYHHKE MOJS.

2. He Bca Macca 37eKTPOHA 3/J1eKTPOMarHUTHOIO MPOUCXOKIEHUS;
9JIeKTPOH JHOJIKeH HUMeTb He3JIeKTPOMArHUTHYI0O MAacCy, OTBeTCTBeHHYIO
33 €ro yCTOHYMBOCTDL.

3. Orpanuuenne z?<<u.c/r0, BBelleHHOe HaMH IJIS BbIBOLAA COOTHO-
utetus (20.27), sxkBuUBATEHTHO HepaBeHCTBy

|mu| > m T = [ Fyaal. (20.29)
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3710 O3HAavaeT. 4TO AAA TOrO, 4TOObl Teopus Gpula COpasenIMBa, BHel-
1198 cu1a fo/nki:a ObiTb MHOro Gosbille cuibl peakuud uanyuedns. Cile-
ROBATe/IbHO, BLIPAXKEHUS JJIf CHJBI Peakuuu HU3JYyuYeHus, BblBeleHHble
BoIIE, TPUMEHNMB! JMIUb K 3/]eKTPOHAM, JBIXKEHHEe KOTOPHLIX Onpele-
JAE€TCA raBHbIM 00pasoM BHelfHuMu cuiamu. Ecim xe monbitathes cuay
peakuuu H3NYyyeHUS MPUMEHHUTb K JABIDKCHUIO CBOOOIHOH dYacTHLH, TO
TIOJIYUUM ¥ paBHEHUE

ki —u =0, (20.30)
rie
2
k}':F‘O:'Zh:—e—T'
) ggmc
Ero peutennem 6yner
u = uyet’ + const X t. (20.31)
Tak xak ans 3MeKTPOHA <, pPaBHO TNpPHMEPHO 10" cex, 70 vacTuua
MIHOBEHHO yuiia Obl B GECKOHEUHOCTD.
KpanTcBas MexaHuka ue paspeluaer 3TMX TpyinocTel. daktudeckn
B Hell MONBAAIOTCHA IONOJHUTENbHblE TPYILHOCTH C 3aPSAOM, aHalOrMdYHble
TPYRHOCTAM € 3JeKTPOHHOH wMaccoft B Kaaccudeckoit teopun. Onnako
LA ONMUCAHUA TOB2JIeHUT 3MeKTPOHA mnoJ JeHCTBHEM BHEINHUX CMJ
MOXHO MO/Ab30BATbCA IKCMEPUMeHTANbHBIMM 3HaueHusMH e U m. Hepe-
MEeHHbIMK OCTAI0TCA BONPOCH!, CBA3aHHEIE C JeTalAMU CTPOEHUS SJeKTPOHA.

3apgauvu

1. Onpenesure cHJy peaxkiM¥ Ha 3JEKTPOH MpPU NBHXEHMM ero B GeTaTpome
(1. e. mo xpyry uKcipoBaHHOTO palinyca). Kak cunia peaxkuymu 3aBHCHT OT
SHEPIrMH YaCTHLH?

2. [lycts aJexTpOH BpaiaeTcs BOKPYF NPOTOHA MO Kpyry pamuyca a. Yto
Npou30HIeT, €Cliv EF0 IHEPFUA TepAeTCA NOCPenCTBOM M3JyYeHus COTJAcCHO KAac-
cuueckoMy 3axkoHy? OmnpenemiTe NPOROIKHMTEJHLHOCTD XKU3HH CHCTEMBL.

3. Ilbe napaiaenbHbie JAuNOJbHBE AHTEHHH BO36YMIAIOTCH CHHYCOWIaJb-
HLIMM TOKaMM, CIBMHYTHMH no ¢ase Ha 90°. Onpeneinte CyMMapHywo cuiy,
NEeHCTBYIOIYI0 Ha AHTEHHb. €CJM pPacCTOfHWE MEwJIy HUMH COCTaBASET YeTBePTh
JJIMHLE BOJIHbL,

JUTEPATYPA

. H. A. Lorentz, The Theory of Electrons. (Pycckuit nepesox:
I A JlopeHTu, Teopus sanextpona.)

Peaxums nanyuyeHusi pacCMOTpeHa B NPHMEYAHMSAX B KOHUE KHHFH.

2. JL IO Jiannay u E. M. lupmnu, Teopus nons.

Peaxuua uanyuerus paccMoTpena B ri. 9.

3. A. Sommerfeld, Electrodynamics. (Pycckuii nepesom: A. 3o0wu-
Mepdeanba, IeKTPOIMHAMHUKA.)

MpexpacHoe M3NOXKeHnWe BOmMpoca O PpeaxiM# M3lyuyeHus uMeercs B § 36.

OG6cyxnenrie ponpoca 06 3JeKTPOMarHWUTHOH Macce MOXHO HaWTH B Chenyio-
HMIMX KHHMrax.

4. R. Becker, Theorie der Elektrizitdt. (Pyccxuii nepeBon: P. Bexxep,
Teopus snexTpuuecTsa. 1. IL.)

1. H. Jeans, The Mathematical Theory of Electricity and Magnetism.
6. M. Mason, W. Weaver, The Electromagnetic Field.




TJTABA 21
U3JIYYEHHE, PACCESSHUE W NAHUCINEPCHUHA

§ 21.1. PaananyoHHoe 3aTyXxaHue KoJaeGaHuii

Coo0pa)zHus, W3/0XKeHHHe B Mpelbinylield raase O peakluu u3Jy-
Yeuusi, MOTYT ObIThb MPUMEHEHB K CBS33HHBLIM 3JEKTPOHAM, €C/H BHIOJ-
HeHn Bce yeaopus § 20.3. PaccMoTpuM 37eKTpoH, Ha KoTophft fefi-
creyer ynpyras cula F= - kx. UYacrora ero koseGaiuft paBHa
w, = l/k/m. YpagHenue [ABIXKEHMS C Y4YeTOM pPeakuuy U3JydeHusi
HMeeT BHMI

- e2x 2 .

x—*—(ﬁgxr:m:-g'tox, (21.1)
peaKius JIeKTPOHa Ha caMoro cefs, 1al0lLas BKIAN B MacCy. ywe yuTeHa
B 9TOM ypaBHeHHM. TaK KaK m — Ha0/aonaeMas Ha ONbITe Macca 3jek-
TPOHA, T. €. BKJIOYAIOLlas M JEeKTPOMarHuTHyio Maccy . W3 cooTHOlenuns
(20.29) punHo, 4TO mMpasas 4acTe ypasHenus (21.1) nomxHa ObiTh Mano#t
NO CPaBHEHHIO CO CBS3bI0 JEKTPoHa. B 3TOM ciyuae MOXHO BOCHOJB-
30BATLCS CJEAYIOLUM NPUO/IMKEHHEM COOTHOIIEHHEM:

X — wlx. 21.2)

Beepem nas ynobctea oGosHaueHue

2 9 ezmg -
T:‘g‘fomo———m. (213)

Toraa ypasHenue (21.1) mpumer Bun

35—1—1)5—}—m(2)x:0. 1.4
¥ NPU MaJbiX 3HAYEHHsIX | pelleHue pPaBHO

X = Ae—ivde—1t12, ’ (21.5)

Takum 00pasoM, 3Heprus OCUMJUISITOPE YMEHbIUAETCA OpONOPLUO-
HajbHO e~ 1t
2 2
mA (05
Wz—fAe‘T‘ (21.6)



352 M3JIVIEHHE. PACCESIHUE ¥ IUCTEPCHSA fra. 21

aw doght
=W = e (21.7)

IlpaBas 4acTb MOCJENHEr0 COOTHOUIEHHS! €CThb MOLUHOCTL H3JyYeHus,
ycpeasennas 3a nepuon. CrenopatelbHO, SHEPTHS COXPAHAETCH B COOT3eT-
CTBHM C MPEANONOKEHHEM, KOTOpOe Mbl MCMOJIb30BaIH MpH BHIBOLE Fqyyyy.
CootHoweHue (21.7) cOOTBETCTByeT 3aTYXalOLIEMy LYFY BOJH, U3JyYeH-
HOMY OCUM/JIATOPOM KOC/Je TOro, Kak OH Obil BO30yXaeH BHEIUHAM
uMOyJabcoM 10 ammutyin A. Ma coornowenus (21.7) BuAHO, 4TO Beu-
yuHa 1/Y paBHa cpelfHefi NPOAOKHTEJLHOCTH H3JIY4EHHOTO HUMMYJ Ca,
YCPENHEHHOrO TO 3Hepruu. ITa K/NACCHYECKass BEJMYUHA COOTBETCTBYET
KBAHTOBOMEXaHUYECKOMY «BpEMEHH MXHM3HH» BO30YXKAEHHOrO COCTOSHMSA,
BO3HMKILET0 B pe3yJbTaTe BHEIUHEro BO3AeHCTBuS.

OrpannueHne Ha 4YaCTOTY BC/IEACTBME HepaBeHcTBa 7 <€ w, abCo-
JIOTHO HECYLECTBEHHO BO BCEX CJyuasX, KpoMe y-lyuyeld OueHb BbiCOKHUX
sHepruf, W € KBaHTOBOH TOYKH 3peHHs 3ITO HepaBeHCTBO BLIMOJ-
HAETCS TIpH

hwy < 4—“;,3510- me?2 = 137Tme2 =~ 70 Mas. (21.8)

W3-32 palMaunOHHOrO 3aTyXaHusi M3JydeHUE OCUMIIATOPA HEMOHO-
xpomatuuHo. Ulupuny crekTpanbHOR NMHHUM MOXHO MOJYUYMTL U3 CHeEK-
TpaJbHOro pasnoxenus Pypre. OueBUAHO, NOJE H3NydeHus MPONOPLHO-
HaJbHO BHIpaxeHuo (21.5), clenosatebHO,

+20
E= f E e~ it do = E e~ iwte=1R, (21.9)
—00
rae
E, =1L / T PP T R R— (21.10)
@ 2n . 2n 1
0 i (0 —wp) —%

WnredcuBrocTs  uanyuenus (puc. 21.1), COOTBeTCTBYIOLUAA aMIVIMTYRE
(21.10), pasna
[ S — @1.11)
P2 7
("’—""n)2+T
npuyeM HOPMUPOBaHd TaK, 4TO
4o

. flmdmzlo. (21.12)

-0
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Takum 06pasoM, NOJHas WHPUHA CHEKTPaJbHON JUHMH NO YACTOTE, COOT-
BETCTBYIOLILAA YMEHbIUEHHI0 MHTEHCUBHOCTH BIBOE, paBHa

Am%'{:%rowg. (21.13)
B anmuax ponu LIMpyYHa JIMHUM OlpeaeseTcss COOTHOWEHHEM
M= 2o An =2 1072 e (21.14)
o5 3 3

970 — NoCTOsHHAS BEJUYNHA, HE 3aBUCALLAA OT 4acTOTH OCUHJIIATOPA.
Onnako pazuauMoHHOE 3aTYXaHue — He eNMHCTBEHHBIH MCTOUHMK yuupe-
HUA CNEeKTPaJdbHHIX JUHMH: B rase MNpepHBaHHe BOJHOBOTO HYyra npH

J
(/271 w

Puc. 21.1. UHTeHCHBHOCTL M3Ayuenus, onpeneasieMas co-
otHomeHvem (21.11), B 3aBUCHMOCTH OT UYACTOTHL

aTOMHHIX CTOAKHOBeHHAX # 3¢dexT Jlonmaepa takxke NPUBOAAT K YWH-
penuio auHui,

Cesisb Mexny IWMPHHOH JMHMM # CpelHefl NPOXOMKUTEAbHOCTHIO
KusHu, onpeaensiemass cootHouwenueM (21.13), T. e. Awy~!=1, sksu-

BaNEeHTHA COOTHOLICHHIO
AE - At ~n, (21.15)

rie AE —=hAw. PasenctBo (21.15) npencraenser coGof. KBaHTOBOMEXa-
HUYECKOE COOTHOIU2HHE HEONpPeASNeHHOCTH MeXJy BpeMeHeM IKU3HH
HEKOTOPOro COCTOSIHHSI H LUMPHHOH YpOBHSA.

§ 21.2. Bunyxiaennsie xoJe6aHus

Mu paccMOTpesu nBHIKEHHE M CONMYTCTBYIOLIEee €My u3JydeHue CBSi-
3aHHOTO 9JEKTPOHA MOCJe TOr0, KaK Ha Hero nopneficTsOBajg BO3MYILAlO-
Wu# MMNOysIbC; B STOM M COCTOMT KJAcCHuecKas TeOpust H3JyYeHus.
PaccmoTpuM Tenepb yCTaHOBMBILEECH TapMOHUYECKOE ABMIEHME CBSI3aH-
HOrO 9JIEKTPOHA, OOYCJOBA2HHOZ BHEIUHHM 3JEKTPOMArHWTHHIM MONEM.
ViMen#o Ha 3TOM pacCMOTpeHHH OCHOBaHa KJacCHueckas Teopus pac-
CesiMsA, TMOTJIOLLEHNS M AMCTIepCHH CBeTa.
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[Tpu uccaenosanvn B8 OCGJIACTH ONTHYECKOrO CMEKTpad M MaXe MIrKvX
PEHITEHOBCKUX JIyde#l MOXKHO CYMTATh, YTO CKOPOCTb 3IJEKTPOHA MHOTO
MeHbllle CKOpPOCTH CBETa, CJei0BaTe/bHO, felCTBHEM MAarHUTHOrO MOJSA
Nafalolero u3jy4eHuss MOXHO 1npeHeGpeus. B 3TOM ciayuae ypaBHeHue
HBUIKEHMS] CBSI3AHHOYO 9JIEKTPOHAa B MOJAPUSOBAHHOH MJOCKOH BOJIHE
uMeeT BHA

X~ 5%+ olx = Ee=iet, (21.16)
rie 1, onpegeiserca cooTHowenuem (21.1). Hac wunTepecyer T0ABKO
yCTaHOBUBLUMMCS MpOLecC; COOTBETCTBYIOIEE  pelieHHe MpOnopuuo-
HaJLHO e~ i®f TaK 4TO MONKHO CUMTATb

X = — wlX. (21.17)
Beenem 0060sHauetne

'{:—23—10(1)2. (21.18)

OHo HecymectBeHto Otivyaercs OT oOosdaueHus (21.3), ubo Besu-
YHiia Ty M2 U COOTBETCTBYIOLMI UileH CYLIECTBEHEH TOMLKO, €C/H 0~ w,,
T. e. Hpu pe3oHaHce. TakuM o00pa3om, pelledne ypaBHeHus (21.16),
COOTBETCTBYIOLLEE BBIHYMIEHHHM KOJeOaHHAM, MMEET BUL

x=E, "~ (2—‘——)e—iwt. 21.19)

m U—mz—[m'{
VckopeHHe 3apsiia BO BHeWHEM MOJe paBHO

- e w?
x:—(~-—«-—) E. (21.20)

2 2 ;
m \ wy— ©° — {wy

Eciu X noacrasuTe B BbipaXeHue IS ANNOJBHOrO uaiyuenus (19.20),

TO TMOJy4UM paccesHHOe usfaydenne. HexkoTopee npuiokenus (pop-
Myabt (21.20) Mbet paccmoTpum noapoGuee.

§ 21.3. Paccesinue OTAENbHBIM CBOGOAHBIM 3JEKTPOHOM

Jas HecBA3aHHOYO ¥ He O4eHb OBICTPOrO JIeKTpOHa umeeM Y < 0,
0, = 0, Tak uTO

x=2F. (21.21)

m
Bcnencrsue VCKOpeHHUs BO3HUKACT moJe H3Jy4YeHusi, paBHOe

e sinax
Amegre? ’

E(r)= (21.22)

rae a— yroa mexny E u r (puc. 21.2). Tlotox paccesanoft 3suepruu
yepes eNMHUILY IJIOLLANM PaBeH

|N| =I/E{MJZ (21.23)

wo | dmegre?
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U
. /
IN| = r3sin?a( ), 21.24)
rie ry= e2[4reymc? — kaaccuyecKufl panuyc sJaeKTpoHa, a
L=V X E (21.25)
o
— MHTeHCHBHOCTb Najaioulero uajaydenms. Taxum oOpasom,
dw " AN do 8nl 2 |
-.—dt_z./ r d =—3——-- (2 .26)

Ecau noTox sHeprum npM paccesHus NONEJIUTb HA MHTEHCHBHOCTb Ma-
pawolero udnyueuus [, TO mnoayuuMm 3pQexTUBHOE Cevenue paccesHus
Ha ONUH 3NEKTPOH

=" T2 (21.27)

Coorrouenne (21.26) naspiBaetcs popMynoft paccesuus TomcoHa, a ¢op-
Myna (21.27) — TOMCOHOBCKHMM CedeHneM paccesiius; 002 COOTHOLUEHUS
JHE 3aBUCAT OT YaCTOTHI.

CpaBHeHue C SKCIepHMEHTOM 3HAYNTENLHO OOJerdaerTcs, eciu B COOT-
Holenne (21.24) BBectd yroa paccesuus § u yroa noaspusaumu @

lovwa norp
fladarwwon (/o)
700K 1ORSPUSOEHHER
sonHa
£p
Hanpoenemue
Coolodmon? radarouel
SITEHITIOH BOLSIHE!
7
Prc. 21.2. ¥Yran nOASpU3auMH M paccesHHs NMPH pacCesiHMM NAOCKOH BOJHB
3JIEKTPOHOM.

(puc. 21.2). Yran a, 6 u ¢ cBasanbl cOOTHOILEHHEM COSa == COS @ sin 6,
‘wiu
sin?e == 1 — cos? ¢ (1 — cos?6).

Ecim nanaomas BosHa HeMOJSPH30BAHA, T. €. MOAAPH30BAHA NpPO=
M3BOABLHO, HEOOXOAMMO yCpelHeHue M0 ¢; B PedyabTaTe NOJYYdM

sinZa = % (1 + cos?6),
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TaK KaK Cpelnee 3HaueHue cos?@==1/,. DBynyun sbipamenuo#h uepes
yroa 0, nonuas MOLIHOCTb PAaCCEsIHHOTO H3AYYEHHs MPUHUMAET BUI

dw (1 + cos? 0) 8nlyrk
L __=,0,3f__2___d9_—_-.3__. (21.28)

Iupdepenuyanbioe cedeHue paccesiHusi Ha eAMHULY TeJIeCHOTO yraa
paBHO
2

day, . rs(1 -+ cos? 0) 91.99

e = 2 : (21.29)
3710 ceuenne uaoOpaeHO rpaduuecku Ha puc. 21.3 B Bume ¢yHkuun
yriaa paccesiHus. KBauToBOMEXaHHUECKOE cCedeHue paccesHus HpH6JIH-
KaeTcsi K Kjaaccuueckomy (21.29) mo mepe TOro, Kak 4acToTa CTPEMHTCS

1 day Hnaceuyecrnas
71 Qopmyre
7

HBaHITIOBaR DOpMyne
ans bw=0,2me2

ra 4

ofy

Puc. 21.3. [uddepenymansioe ceyeHre paccesuusi kak GpyHkuusi yraa
paccesiHusl.

[IpH BLICOKHX 4acTOTAX HACTYNaeT OTKAOHeHHe OT ¢opmyabl TomcoHa.

K HYJI0, ONHAaKO pacCesiHue MpH 3TOM HeCuMMeTpuuHO. B o6wem ciayuae
paccesiHiOe HaJyueHHe CKOHUEHTPHUPOBAHO HeCKOJLKO Bnepel. [ToxasaHHas
Ha pUCYHKe KpuBasih u306paxaeT MHTEHCHBHOCTb PACCESHHOrO W3Jydenus
npu SHepruM MepBUYHOro udayueHus, pasHol 100 xas.

KBanToBas MexaHuka yKashiBaeT U ellle HA ORHY 4epTy paccesnus
#a cpOGOAHBIX 9JEKTpOHax. B oTiMune OT KJaccHyeckoro caydas, 4a-
CTOTa pACCeAHHOr0 M3JyYeHHs He COBNAaLZeT ¢ 4acTOoTOH nanawoLlero.
C kJaccuueckOH TOYKM 3peHHs KaueCTBEHHas KapTHHA TaKOBa: MMIYJbC,
nonoGHO 3Hepruil, OTCMpaeTCsi OT MAREIIIEIO0 HBNYYEHUs H, OYEBUAHO,
B CHJIYy CHMMETPUHM PacCesHHOIO M3JyueHHus Nepelaercsi NEKTPOHy. 3To
SKBUBANEHTHO HANMUYUI0 CpenHeH cuabl, neficTByloilef! B HanpaBaeHuH
nagaollero ayua u pasnofi ([y/cg)o,. B pesynbrate neficTBuA 3TOH cunw
3JEeKTPOH NpHOOPETaeT HEKOTOPYI CKOPOCTb. B neficTBUTENLHOCTH 3TOrO
ve Habmonaercs. BMecTo 370r0 Kawabi#l KBaHT M3nyueHus MependeT sfeK-
TPOHY 4acTb CBOell SHepruu # HMMIMYJbCa, a 4acTOTa PACCESHHOIO U3ny-
yeHus 3aBUCUT OT yria paccesiius. DTO ABjenne HasbiBaeTcd 3¢PdekTOM
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KomnitoHa. PaccMoTpeHue ero, a Takwe KBAHTOBOMEXaHUYeCKH# BbIBOA
¢opmynst Knefina — Hutupnpr moxHo Halitu B kuure W. Heitler,
The Quantum Theory of radiation, 1954. (Pycckutt nepesoa: B. Ta#r-
aep, Ksanropas Teopus usmydenusi, WJI, 1956.)

§ 21.4. PaccesHHe CBS3aHHBIMH 3JEKTPOHAMH

Has Toro 4ToOLl ONpeleuTb UHTEHCUBHOCTL PACCEAHHOrO H3JyYeHHs,
Najaollero Ha eAMHULY MJOLAAM B H3HHOM HampapieHud, caelyeT BOC-
nosbsoBaThes opmysoft (21.23); npuueM yckopedue B ciaydae ynpyroi
cpsisu GyneT onpenesaTecsi cooTHOwenueM (21.20). B pesymbrate atoro
pacueta MOJyuYuM NOJHOE ceyeHHe pacceaHus

(1)4

(03— o) 4 (qu)*’

G:GO

(21.30)

THE 6,— TOMCOHOBCKOE CeueHue, OnpefesseMoe cooTHolenuem (21.27).
Yraoeoe pacopefeneHue Takoe ke, Kak # B cayuae CBOOOLHOrO 3nex-
TPOHA.

Buipawenue (21.30) umeer MakcuMyM mpH o =< wg, T. €. MpH peso-
HaucHoM paccesuun. CedeHde paccesiHius B STOM CJyuae CHAbHO BO3-
pacraet

2
6 =10, (31"—) ~ 6 (21.31)

¥ CTAHOBUTCH 3HAUUTEJbHO GOJbIlUe, HeXeJH TOMCOHOBCKOE CeueHue,
Ipu cuabnof cssH

o Ly, 7L g
Boipaxcenue (21.30) npuHumaeT Tako# Bun:

o \*

s=o, (w_n) . (21.32)
TakuM 0OpasoM, B 3TOM cJyuae ceueHue paccesHus oOparso nponop-
UMOHANBHO dYeTBepTOH cTemenu [JAMHBI BOJHBE Maf2IOLIET0 UBMYYEHUS.
Popmysa, BhiBedeHHas B ra. 12 ajna paccesnus nposonsie#t cepolt,
NPHUBOJUT K TakOH )Ke 3aBMCHMOCTH CEyeHMs OT AJMHBI BOJIHBI NMPH yCNO-
BHM. 4TO ee pasMepbl MHOIO MeHblue IJMHBI BOJHb A. BHUIO Takxe no-
K43aHO, 4YTO ¥ JUIl INU3JIeKTpuyecKoH cdephbl YACTOTHAS 3aBHCHMOCTD
octaetcd Tako#t me. Brnepsme oOpaTHas MpPONOPIMOHANLHOCTb MEXAY
MUHTEHCHBHOCTHIO PACCESIHHOrO MU3JydeHdsl M 4eTBepTOH CrefeHbio AJIMHEI
BOJHB Obla nosydena PeseeM u npuMenexa pisi oGbsicHenusi rony6oro
upeta HeGa. B ocHose 00bsicHenusi Peslesi neuT npennockHIIKa, 410 B cpel-
HEM OTIHEeJbHBIE MOJIEKYJb pAacCceuBaloT HEe3aBUCHMO APYT OT Apyra, TaK
4yTO hasbl pacceuBatenefl NPOU3BOJILHH M HHTEHCHBHOCTH CKJAAHBAIOTCH.
CootHomennte (21.32) ne TOALKO KayeCTBeHHO OODBACHSET roJaysok
user HebOa. EciM BOCMONb30BAaTHCA IMNUPHUECKH HAHAECHHBIM CPelHHM
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3HauUeHUEM oy, TO T10Jy4aeTCs Xopoluee corjacue C HabmonaeMpIM
aTMOC(beprlM pacceaHueM KakK 10 UHTEHCUBHOCTH, TaK M IO NOJApU3aUMH.
CnpapeAIMBOCTL NPEANOJIONKeHUs O npoussoabHocTH a3 Oyner pac-
CMOTpPEHA HUKE.

§ 21.5. BausHue oGbeMHOro pacnpejelieHus HEHTPOB paccesHus

[lycts B eaunuue oObeMa uMmeercs N 3JEKTPOHHBIX HEHTpPOB pac-
cestusi. Kawapi#t 3 Hux pacceuBaeT Mafalollyi0 MJIOCKYI0 BOJHY B COOT-
BeTCTBUM C cooTHoweHueM (21.30). B ofwem cayuae paccesHHoe H3ny-
yenue OyleT KOrepeHTHO CKIaAbBATHCH C BHELIHUM MOJEM M TeM CaMbiM
u3MeHnTh 3G GeKTUBHYIO CKOPOCTb BOJHBL. Bimsuue Gouavlioro uucna pace
CEMBAIOLUMX UEHTPOB MOKHO YYE€CTb, CK/ANLBAaA OTIeJbHHIE PACCESHHBIE
BOJHbL. OQHAKO C MareMaTMYeCKOM TOUKM 3peHHS npH MCCHeNlOBaHWM Tpe-
JIOMJIEHUS NIPOLUE CUMTATh, YTO PACCesHHOE U3JydeHHe OGYCIOBIEHO 3JeK-
Tpuuecko#t nosaspusauvedl ueJHX OGDBEMHLIX /1€MEHTOB, 4 He COBOKYM-
HOCTHIO OTAEJbHBIX SJEKTPOHHHIX cMelleHul. Tloasipusaums csisaHa co
CMelLeHHSMH OTAENbLHOTO 3JIEKTPOHA COOTHOLIEHHEM

P=Nex. (21.33)
Bausinue 00beMHOHt MONspusauuu CBOAMTCA K TOMY, 4TO K TOKYy CMe-
oP
of °
B cooTBeTCTBHHM C 3THM ypaBHeHHe (4) cuctembl (9.6) npunumaer Bug

OE
HeHNUsS € ~57 npubaBuTcs NONOJHHTENbHBA MOJNSPH3ALMOHHBIH TOK

VX B= P'o(eo e ot) (21.34)
D10 ypastenne U ypabuenne V X E:—%—? oObIYHEIM  00pasoM npu-
BOIAT K OXHOPOAHBIM BOJHOBHIM YpaBHEHUSIM
n? 0E
VE— 5 5z =0,
21.35)
n? 9B (
V2B — 5 5 =0,
rine
P —
n__]/-l—l—enllli_l—]/k (21.36)

eCTb MOKaszaTeJib [peJOMJeHUs CPenbl.

B paspemeHHBHIX CHCTeMax, Fie pacCesHHOE H3JyuYeHHe MHOTO MeHblue
najamllero, MOMHO € XOpolue# TOUHOCTLIO TOJaraTh, YTO NMONE B MecTe
pacroNoKeHus NaHHOTO UEHTPa PACCessiHUs PABHO MOJIO0 MARAIoLIEero uany-
yenus. Torpa us coorwowewnus (21.19) caenyer

==l N L (21.37)

3 . ggm wy— © — iy
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910 COOTHOLIEHUE NpencTasnser coGol opmyny aucnepcun nas paspe-
KEHHOrO 3JIEKTPOHHOrO rasa npu oOAHOH dactoTe cBsisu. [lpu o < o,
MBI HMEEM TO, 4TO HasbiBacTCH «HOpMaJbHOH nucnepcuedi»; nokasarenp
MpenoMIeHHs NpH ITOM YMEHLIUAETCH C yBeJH4eHHEM MUIMHBEL BOJHBL [lpu
W= 0y MMEETCs IMO0JI0Ca NOMJIOWEHHS, BHYTPH KOTOpOH MHMMas 4acTh n
HrpaeT CyllecTBeHHYIO poJb. CO CTOPOHE BOJIH, KOPOYE PE30HAHCHLIX,
n <1, 4T0 NPUBOIMT K CKOPOCTH pacnpocrpaHenus, Somabiuet ¢. Onxaxo
3TO KacaeTcs Jullb PasoBOH CKOpPOCTH; TPYNNOBas CKOPOCThH %Dt' MEHblle ¢
no 00e CTOpPOHL OT pesoHaHca. B HemocpencTBenwo#t O6amM30CTH K w,
BOIPOC O CKOPOCTH pacmpocTpaHeHus BoOJH GoJee cnoxed. Ero paccmo-
TpeHue OyneT nponoykeHo B caenyioweM § 21.6.

Ecan cpeny Henbas cuutaTe paspemenHofi, TO MecTHOe mosie He Oyner
paBHO BHeluweMy. [1puGameHHO OHO ompenensieTcs cooTHOweHueM (2.36)

P
ES(]J(D: E+'3—€n—.

970 3naueHdHe NOJA ciaefyeT NOACTaBUTL B cooTHowewnue (21.9), urobu
B najJbHefilueM nocpeacTBOM (opMmydsl (21.33) BHUHCAHTL MOJASPU3ALMUIO.
Ecin uckI04MTL 1OJIS, TO MOJYUYMTCA COOTHOIUEHHE, NMOAOGHOE COOTHO-
wennio Knayauyca — Mocortu (2.39):

kE—1__n?—1 _ Ne 1
E+2  n’42  3gm  of— ol —iey

) (21.38)

Vix nonobGue cranoButcs ele Gonee GAu3KUM, ecau B cCoOTHOwenune (21.38)
BBECTH KJacCuueCKu#i pafuyc 3JeKTpOHA Iy, BOJHOBHE uHcaa Ry== wy/c,
kR=wlc, T'=1fc., a uucno moaekyn N BHpPasuT: yepe3 MJIOTHOCTb P,
MOJeKynsipHbifi Bec W uMcao  Aporagpo Ny— N =pN /M. Toraa

HONYYHM )
?ﬂ,(_—n;_l):Noa:————? Aol (21.39)
g n° 42 ki — k°— ikl .
[lpy sanaHHOM dyacTOTe Mpasas 4aCTb ITOTO COOTHOLIEHHA 3aBUCUT JIHIUb
OT 2TOMapHLIX CBOMCTB BellleCTBA U HEe 3aBMUCUT OT IJIOTHOCTH. Benuuuna,
crofwas chaepa, Oyayuu OTHeCeHHOH K OAHOH IpaMM-MOJeKyJle, Hasbi-
BaeTcss «MOJsipHOH pedpakumefi». Kak BuauM, OHa paBsa nosspusye-
MOCTH OJHOW rpaMM-MOJEKYJIH.

Coomiowenus (21.37), (21.38) u (21.39) moryr Omth 0600OLICHH Ha
TOT ciyua#t, KOrfa 3JeKTpOHbl UMEIOT pasiuuHbie dHepruu cpssu. Hanpu-
Mep. eCcau f; JEKTPOHOB HUMEIOT HaCTOTY (; M NapameTp 3aTyXauus ¥,
10 cootHoluenne (21.38) npumer Bun

n—1 _ Ne? fi . 21.40
42 3egm Zi wgi—-m2+im1‘ ( )
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. Ha mpaxkTtuke umeercs pan ciyuyaeB, KOria 3JeKTPOHB MOXHO CuH-
TaTb CBOOOLHBIMH, HAMpUMep, MpeJOMJIeHHe 3JeKTPOMArHUTHHIX BOMH
nouochepolt, OTpamenue M MNpeJOMJEHHE «IJIa3MOH» 3JIEKTPHUECKOTrO
paspsiia M NaXe MpenoMJeHHe PEHTTEHOBLIX Jyde#, GO MO OTHOILEHUIO
K 4acTOTe PEeHTTEHOBHIX Jyuel pe3OHAHCHBIE YaCTOTH JEKTPOHOB B JIEFKHUX
aToMax CTOJIb MaJbl, 4YTO 3JEKTPOHH MOXHO CYMTaTb CBOGOLHBLIMH.
B caydae paspexeHnoro rasa cBOOOJHBIX JEKTPOHOB COOTHOWenMe (21.37)
MPUHUMAET BHL
Ne?

n2: l -
€M

(21.41)
Eciu Tenmepb B 3TO BHpaMeHdHe MNONCTABUTL [JAMHY BOJHH A ==cjo u
KJacCHUYeCKMH pamuyc SJeKTpoHa ry— €%/4weymc2?, TO nomyuum

n2=1—4xNryi2. (21.42)

Iokasatens npenomiesuss ra3a CBOGOIHBIX JMeKTPOHOB BCETAa Meblle
eNMHMIbI, XOTSl TIpymmoBas CKOPOCTh Medbuie ¢, ONHAKO NpH IJIMHAX

BOMH, OONLIMX HeKOTOpOro sHauewnss X > V 4x/Nr,, n? cranosurcs
OTPHULIATENLHBLIM, a NOKa3aTelb NPeJOMIeHHs — qucTo MuuMbiM. [Ipu Takux
4acTOTaX [POMCXONMT MOJHOE OTPAKSHHE OT Cpenbl, Colepikalie# CBo-
fomupe 9JEKTPOHH, Npu JwOoM yrie nagenus. Cpofictsa 3ToH cpean
B TaKOM C/yyae HAaNOMMHAIOT CBOHCTBA BOJHOBOLA IMpPH HACTOTAX, MEHb-
xx npenebHON.

§ 21.6. CkopocTb pacnpocTpaHeHus

CkopocTb, BXOIfllas B pelueHue BOJHOBOrO ypasuenus f(x t of),
ecTh (pa3oBas CKOPOCTb BOJIHBI: COOTBETCTBEHHO MOKA3ATeJb MpeoMJIeHus
onpenejseTcs paBeHCTBOM n = c¢fv. Ecam cKopocTe pacnpocTpaterus
MpU BCEX YACTOTaX OAMHAKOBA, TO AMCHEPCHA OTCYTCTBYET, U CKOPOCTL c/n
0CTaeTCs eAMHCTBEHHOH CKOPOCTHIO, CYlecTBeHHOH MpU AaHHOM mpouecce.
Cornacuo cooTHowedusM (21.37) u (21.38) stor cayyall ocyuecTsiasercs
€ xopowel TOYHOCTBIO, €C/M ®, MHOrO 60Jblie YaCTOTHl NepEeMEHHOrO
noas. OgHako OOLIYHO MPOXOXIEHHE uepes Cpely BOJHH, B CHEKTpe
KOTOpO#H umeeTca Oojlee OAHOM YACTOTH, OCHOXHAETCH M3-32 PasHUIB
B (ha30BHIX CKOPOCTAX €€ KOMIIOHEHT.

B § 12.6 6mo naHo onpeneleHue IpynmnoBod CKOPOCTH NpUMeHH-
TeNbHO K CJYYal ABYX BOJH OJu3KOH 4acToThl, (pasOBBE CKOPOCTH KOTO-
puix  pasauunbl. [loHsTue TrpynmoBofi cKOpocTH MPUMEHUMO TaKKe
K CHCTEME BOJH, MJIU BOJHOBOMY NAKETy» C HeNpephiBHHIM CMEKTPOM,
3aKJI0YEHHbIM B yako#t monoce uactoT. Ilycte nons E u B, cooTseTCTBYIO-
mue TakoH ysko# mnoJoce vacToT, onuchiBaloTcs (QyHkuue#t ¢(x, £),
KOTOPYIO MOXMHO MpeACTaBHTb B BUAE uHTerpana dypve:

p= Jf a (k) el kx—w) gp (21.43)
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Ecan amriutyna a(k) He paBHa HyJAI0 JUILL BOJAW3M HAaHHOM uyacTOTH ®
¢ BOJHOBHIM UHCJIOM R;, TO MOXHO HamucaTh

$==A(x, ) el kx—ol) (21.44)
rue
A= f a (k) el ler) 2=@o) tl gp (21.45)

Ecnn A — MelsieHHO MeHsomascs (QYHKIHS, TO FPYNNYy MOXHO paccma-
TpUBaTh, KaK OIHy BOJHY C uactoTot w, u amnaurynoh A. Ckopoctb
pacnpocTpaHeHusl 3TOW aMINIMTYIbl OIpelensieTcd YCJOBHMEM, UTO JJs8
Habsonatensi, ABHXYLIErocs ¢ 370H CKOPOCTbIO, AMIUINTYNA OCTaeTcs
nocrosiHHOM. CnenoBartesibHO,

dA oA dx
R (*‘)=°-
oA

dx “of Aw do
() peeona = — 07 = 3 i), ., (21.46)
ox

OTKyZa ToJyuaem

B COTNIaCHM C MpeXHUM OnpeleseHWeM rPYNNoOBOH cKopocTH v, (12.35).
Buipaxenue 1 rpynnosodl CKOPOCTH U, MOXHO Halucate M B IPyToM
BHIE

do dou 1
gm0 gL 21.47)
do

Ecnu ¢asosas cKOpOCTh €nab0 3aBUCHT OT YacTOTHl, TO MPH IMpoO-
XOXJeHHH depe3 IMpeJOMJSIOLYI0 Cpely BOJHOBOH naker Oylet HCIHbi-
THiBaTh HeboJblIOE H3MeHeHMe. B 3toM ciyuae rpynmnoBas cKOpOCib,
ofpeneJieHHas Iisi CpeliHel 4acToThl, COOTBETCTBYIOLIEH MAKCUMYMY aMIuIH-
TYNH, paBHa CKOPOCTH pacnpoctpaHeHust sHeprun. OnHako B oOmactu

dv
aHOMAJILHOR  JMcriepcMM TIPOM3BOJHAs an oTpulaTeNbHa, M Tpynno.as

CKOpOCTb MOXeT ctath Oosbiie ¢. ITostomy Oosiee npaBHILHO CKOPOCTBb
riepeHOCa 2HEPruM MpH JAaHHOM uactote ONpelelMTb KaK OTHOLCHHE
cpenHero 3HaveHus BekTopa [TofiHTMHra K TMJIOTHOCTH 3HepruM. Dta CKO-
pOCTb MMEET MMHUMYM MpH .

ITpakTHuecku TpPyIHOCTL OMNMCaHUA nepella-m curHama B obnactu
€ aHOMaJbHOHR Nucnepcueil 00ycioBJeHa TeM OOCTOATENLCTBOM, UTO rpynna
BOJIH, WM BOJHOBOM TakeT, CHJILHO HMCKaXaetcs W MpelctaBjieHHe O rpyli-
noso#t CKOpPOCTH, Kak OHa Oblna onpeleJieHa BbiLie, CTAHOBUTCH Herpa-
BoMepHBEIM. [IpoGnembl, Kacawmuecss pacnpoCTpaHeHHs IUIOCKOH BOJHLI
B cpene, Oniim paccMorpeHbnl 3omMepdensnoM u Bpuaosiom. Ilonpob-
HocTH MX paCorel MoxHO Haittu B tpynax Congres International
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d’Electricite, 7. II, Ilapuxk, 1932 1), OxaswiBaercs, 4yTO CKOPOCThH pac-
NpOCTPaHEHHs CUIHAana 3aBUCHT KaKk Ot (OpMBI CHrHAJA, TaK M OT Xapak-

Tepa MPUEMHMKA U3JyHeHHS; OIHAKO [eTaJbHblii aHa/IU3 MOKA3bIBAET, HTO

LY
A}
1
[ ——_

A
1
A
A
1

Puc. 21.4. IoBenenne pasiudHbIX cKopocteit

pacnpocTpaHenusi  BOAM3H
Bpuaniosny):
v —dasoBafg  CKOPOCTb;

pe3onanca (o

Ug—FPYNIOBAs  CKOPOCTE;
v, —CKOPOCTL TIEPEHOCa IHEPrHH; U — CKOPOCTh pac-

TPOCTPAHEHUA CUIHAJA.

9Ta CKOpPOCTh HHMKOria He mpeBocxoiut ¢. Ha puc. 21.4 nokasano nope-
JleHHe BCeX 4YeThipeX cKopoctel BOJM3H MOJNOCH MOFJIOLUEHHS O,

§ 21.7. Paccesinne BoJIH OOBbEMHBIM pacrnpefelieHHEM OCIHJJIATOPOB.
PeJeeBckoe paccesiune

Yacth paccesiHHOrO W3JyueHusi, KOrepeHtTHas ¢ majawiielt BOJHOM H
pacnpoCTPaHAIOMAnCH B TOM e HanpaejeHud, Oblja paccMOTpeHa HaMM
yepes MOJAPHU3ALMIO CHCTEMBl ocumaastopos. Ilpu paccesHuu mon npy-

'Yy Metoa paccMOTpeHHst 3aKJHOYAJCH B CERYIONIEM: NaJal0mylo rpynny BOAH
OHW pa3narailnT B HuTerpal Pypbe; 3aTeM MOJAraloT, YTO KawIad KOMIOHEHTa

pacnpocTpansercs ¢ ¢a3oBoi ckopocTbio v (w). Ilocae storo BoAHOBOM HakeT
POCCTAHABJIMBANCH TIO CBOMM KOMIIOHEHTaM.
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FUME yrjamMM B OOLIEM cJyuae c/leAyeT CKJAaINblBaTh BOJIHEI, pPACCEHHbME
OTIEALHBLIMH OCLMATOpaMu, c yuweroM uxX ¢a3. Eciam pacnpeleneHue
3/EKTPOHOB COBEPLIEHHO MNPOM3BOJLHO, TO MOXHO NpPennojaaratb, 4TO
pasHoctH (a3 B cpemHeM paBHbHl HyJa10. TOrna NOJHAS MHTEHCHBHOCTD
pacCesiHHOFO u3jydeHus Oyler paBHA CYMMe MHTEHCHBHOCTeH OTHeJbHBIX
pacCesilHHLIX BoJH. Ecim e ueHTpPH PAacCesHHs PAEcNoJIOKeHH B Onpe-
LEJIEHHOM MOpsiIKe, KaK, HalpuMep, B KPHUCTaJJe, TO NpelblayliMe pac-
CYXIeHHs HeBepHbl. B 3TOoM cJayuae mnoayuaercs nudpakuus Ha Tpex-
mepHOM pewetke. MakcUMyMB HHTEHCHMBHOCTH MMEIOT MECTO TOJBKO B TeX
HANPaBJEHUAX, B KOTOPBHIX BOJHBI, pacCesiHHble COCEJHHMH LEeHTpaMH,
Haxoastcs B ase. Jlaa sayueit PeHrrena B OObIYHBIX KPUCTAAJaX HMeeTcs
MHOTO TAKMX HampaBjeHu$, M MOJYualOHmAscs B pesyJbrate nuQpakuus
HasbiBaercs nudpakumeR bparral). Ecam e 1AnHa BOJHBI BeluKa 10
CPaBHEHHIO C PaCCTOSHUEM MEXIY COCeIHNAMH LEeHTPaMH. TO YCJIOBUE MaKCH-
MyMa MOMXet ObITh BHIIOJHEHO JHLIL 1Sl ONJHOFO HanpaBJeHHs, 4 UMEHHO
Briepel. AHa/JOrM4YHO OJHOMepHas IM(QPaKUMOHHAS pellieTka He ndet IH-
(ppaKkiuMOHHO! KapTUHH, eCJM MapaMeTp pelleTKH MHOFO MeHblue JJHWHbI
BOJIHBI.

B cB#3u ¢ nocientuM 3amedaHdeM BO3HUKAaeT elie ONUH BOMpOC,
Kacawliniica paccesHusl NMPOU3BOJBHO PAacloONOXKEeHHbIMH LeHTpaMu. Pac-
CMOTpUM Ky6 ¢ pe6poM, paBHHM MOJNOBMHE IJMHBE BOJHbI, COAepaLiui
MHOTO 4TOMOB WJM MOJeKyd. Jlaxe ecid BHyTpH KyOa 3J/eKTpOHB! pac-
NOJIOXeHbl B MNOJHOM Oecnopsiike, UX H3JYydeHUE NpH HAOJIOAEHUM 1101
HpPAMBIM YIJIOM K MajaiouieMy Jayuy OynerT B nporuBodase c M3/yuyeHHEM
TaKOro e cocefiHero oObema. TakuM oOpa3oM, cyMMapHOe H3JlyueHHe
MHOXeCTBa Takux 00beMOB Oyner paBHO HYyJI0 Npu HabaloneHMA B JIO-
6oM HalpaBJeHMM, KpOMe, pasyMeeTcsl, HampasJenus Bnepen?). Omnako
paccMOTpeHHble YCJOBHA BIOJHE NPHMEHMMbl K DPaCCesHdI0 BUIMMOrO
ceera B atmocepe! TloweMy e Torma pesyabrtat Peses cornacyeics
¢ HabaloleHUsIMA ?

OtBer Ha 3toT Bompoc Obla nan ODiHuwredHoM M CMOJYXOBCKUM
Ha OCHOBe HCC/elNOBaHds (aykryaunit B atMocgepe. OxasbiBaeTcs, 4UC/IO
pacceMBaIOIIMX IlEHTPOB B ONHOM «suellke», MM 01IHOM KyGe ¢ peGpom A2,
NOCTOSHHO TOJLKO B cpenHeM. VIMEHHO OTKJIOHEHHE 3TOro YMCja OT cpel-

') B neHiCTBUTENbHOCTH BCAEACTBHE TPEXMEPHOCTH KPHCTAMIMUECKOH pelIeTKH
uHTepepenLts], ONUCAHHAA BbIIIE. IMEET MECTO TONBLKO NS OnpelesieHHOH AJHHE
BOJHBI M OIPENENEHHOTO YIid NajeHHs NO OTHOLIEHMI0O K CUCTEME MJIOCKOCTEH,
obpasyeMsIx LeHTpamu paccestus. [lostomMy s monyyenus THOnHOH nudpak-
1IMOHHON KapTHHLI OT MOHOKPHCTA/NIA ero Heo6XOAMMO BpAalaTh BO BPEMA 3KCHO-
sunuu. B ciyuae onHO- MM nBYMEpHOH pelIETOK BCerjid UMeeTcs yrosi, ApH
KOTOpOM TPOUCXOMT YCHJIEHHE PACCEAHHLIX BOJH, €CJAM TOJBKO JUIMHA BOJHBLI
AOCTATOYHO Mada. :

2) B TakoM Buie 3TH pAaCCyKAEHMA OBGOCHOBLIBAIOT CMOCOD paccMOTpeHHs
ApeOMAAIOMMX cpel, ucnonb3osanHs B § 21.5. Ecnn GaykTyauusiMu MOWHO
-ApeHefpeus, TO BAMAHKE OTNENbHBIX OCUMISTOPOB CKA3bIBACTCH JHIIL HA aMIJH-
.TyAe BOJHBL, PAaCMPOCTPAHRIOMENHCH B HAMpaBAeHMH NAAAIOMIEr0 H3NYyYeHHS.
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HEro 3HAYeHMs ¥ OTBETCTBEHHO 3a paccesme. [lycts N;—umcno pac-
CeMBAIOIIMX 3/IEKTPOHOB B OIHOH siueflke, a 8N, — pasHOCTL Mexny

CpeJHHUM YHCJOM TAaKUX 3JIGKTPOHOB W €ro UCTHUHHLIM 3HAaYyeHHeM, Torina
WHTEHCUBHOCTH PAaCCesiIHHONo H3JyueHHUsl NMpONopUHOHEJbHA

| 2}: e'*I3N; |2 = ; QN )24 ;k e CiRN AN, (21.48)

rie ¢,— (asa, cooTBeTCTBYyIOILLAs J-#t sueiike, JIist CPAaBHEHMS C ONBITOM

cooTHolieHne (21.48) HyxHO ycpemnutb. B paspexeHHbx rasax ¢ayx-
TyallMH B PA3JMYHBIX fyelKaX He3aBHCHMBI, M TaK KAaK IO ONpele/IeHHIO
cpenHee 3Hadesme SN PpaBHO HyJI0, TO BTOpoH WjeH MpaBoil 4YacTH
obpawaercs B Hyab. Ecanm Qaykryauuu HeBesMKHM, TO MX «IUCTEPCHS,
KBagpar KOTOPO#l B TeOpUM BEPOATHOCTH HAa3blBaeTCSl CPelHUM KBaipa-
THYHBIM OTKJ/IOHEHHEM, OIpelessieTCH COOTHOLIeHHEM

@N2=N,. (21.49)

Taxkum oO0pasoM, MONHAs MHTEHCUBHOCTb PACCEssHWS MPOCTO TPONopuHO-

HaJIbHa ENJ_—.- N — TioJIHOMY uYHCJ/ly PaCCeMBAIOUIMX LEHTPOB B COrJacHm
¢ npeanonoxcHueM Pejesi. Jlaf KOHIEHCUPOBAHHHX Cpell YCPelLHeHHe Bhl-
paxenus (21.49) Gosee caoxHo. BOauan Touek (Pa3oOBHIX MeEpPEXOIOB
¢Gbayktyaluy NPUBOLAT K SIBJEHMIO, KOTOPOE H&a3BIBAeTCs KpUTHueckoh
onaJjecueHuMek.

§ 21.8. MoraomeHue H3AYUEHHS OCHUJAATOPOM

Jlo cuX nop paccMartpuBaJMCh JMUIbL T€ CJeJCTBUS cOOTHOLWeHus (21.19),
KOTOpbiE OTHOCHJHCH K PACHPOCTPAHEHUIO W PACCeSHHIO SJeKTPOMarHuT-
HBIX BOJH. Jlpyroi#l mecbMa BaXHHH cayuall xacaeTcsl KOJMueCTBa 3Hep-
FUH, KOTOpas Mepelaercs CBA3aHHOMY 3JIEKTPOHY 3JIeKTPOMarHUTHOH
BOJIHOH.

PaccmorpuM  HeckoJbko GoJlee  CJOWHBIM cayuaH, Hexeiw IJjockast
MOHOXPOMaTHuecka? BoJHa. 3aBHcUMocTh E (f) ofimero BUNa npenctaBuM
uHTerpajoM Pypne

E= f E e~ do.

Mycts, KpoMe toro, x, — Qypbe-KoMnoHeHTa cMemieHns x (). OueBunmHo,
KaK ¥ B CJy4ae MOHOXPOMAaTHYECKHMX BOJH,
el 1
X, =—2 . (21.50)

2 2 ;
m 0)0—0) — oY

OnpegnesuM Tenepsh paGoty, COBEPILAEMYIC 3JEKTPHYECKHM MOJEM B ef-
HULy BpPEMEHM, a TOTOM BHIYMCJIMUM HHTerpal ot sToit pabot Nio Bpe-
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Menn. Jlas SToro HYXHO HeckoJsbKo 00001MTL TeopeMy, BbIPamaeMmylo
paBeHctBoM (13.36). B § 13.3 6nuio nmokasaHo, uto ecau A (f) — nefi-
CTBUTE/IbHAS BEJWUYMHA, TO WMEIOT MECTO CJelyIolHe paBeHCTBa:

40
A= f Aje—ivt da,

—C0

400 o (21.51)
fAQ(t)a't=4-nf|Am|2dm,
[e5] 0

rne A, — dpypre-komnonenta A(f). JlokasaTeJbCcTBO 3TOH TeOpPeMH JerKo
0606ILNTL HA Tipou3BelleHHe NBYX JeficTBHTe/bHBIX BeqnunH A(f) u B(f).
8aBuCALUMX OT BpemeHu. B stom cayuae OyneM umerhb

400

f At)B(t)dt = on f (AB. +ALB,)do. (21.52)
—-co 0

B cootBetcTBUM ¢ 3TOH TeopeMofi u3 coorHoweHus (21.50) cienyer,
410 sHeprus AU/, norjolleHHas 3JeKTPOHOM NPU NPOXOKIACHAKM 3jieK-
TPHYECKOro TNOJsi. paBHa

P

AU = ’/n eE (f) % (£) dt =222 [I

—x-

2(0 Y

55— do. (21.53)
o oy
DTOT HMHTErpal MOXHO BHIYHC/AHTL, €CJH NPeanoouTb, 4TO Pe3OHaHC-
HbHIl MHK ropasfno ye CHeKTpalbHOrO pacrnpelieleHHs BHelUHero TOJs.
Torna umeeM

d
AU=2"" | E,,, [F 2% f —(m;i—(ﬁ; (21.54)

—wy

rle £=w — @, Huxuuil npenen MOXHO 3aMeHHTb HA — CO. B peayin-
TaTe MOJYYMM OueHb MpocToH peayabtar

21te

AU =

| E., |2. (21.55)

Jlio6GonbiTHO, YTO B NpaByl 4Yactb 3Toit GoOpMyJHn T He BXOnMT. T. e.
IHEprusi, 3aUMCTBOBAHHAH SJEKTPOHOM Y BHEILHero NOJf, HE 3aBMCHT OF
WMPUHE JIMHMK, KakoBa Obl Hu Oblia (puanueckas mHpuUuMHa, ODYCJ/IOBIM-
BaioLlas ee.

CuMbic  cootHoweHdss (21.55) MOXHO BHPa3uTb HECKOJbKO HHaue.
Coraacio cooTsowenuio (13.36) uam (21.51) norok sHepruum S uepes
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/

eJHHULY IMJIollalu B MajalllueM Jy4de MOXHO NpeiacTaBUThL B BHIe p

+o0 - i
S=f e“cEth=41raocf|Edem. (21.56)
—C0 0

Ecnn teneps S, onpenesnth MOCPENCTBOM paBeHCTBA
S:medm, (21.57)
0

TO cooTHOLieHHe (21.55) npuHUMaeT MpoCTOdl BuI
AU ==2n%rcS.,. (21.58)

rae r, — Kaaccuueckmi panmyc snextpona. Tak kak AU npencrabaser
coGOH HOMI0 SHepruM, MOrJOIUEHHYI0 W3 TNANalollero Notoka S, To coort-
HouteHue (21.58) MOXHO mpeNcTaBuUTh B BHIE Miaterpala MO yacTore OT
CeyeHUs TOrJIOLEHNUA

f o (w)dw = 2n2rec. (21.59)

0

S10 paBeHCTBO BhipaxaeT cOOON KilaccHYecKoe «IPaBHJIO CYMMHPOBAHHMSA®,
HOCPENCTBOM KOTOPOTO TMOJHOE CeYeHdUe TIONJIOILEHHs  ONpenesiercs
MHTErpajoM MO 4YacroTe OT BceX cedenuil. Hanuume y zapsna Gosee ueMm
ONHOH 4acTOTHl CBSI3H HE M3MeHMT COOTHOLueHHs (21.59).

3neck yMectHO crenaTb HekKoropoe 3ameuanus. CooTHoluenne (21.59)
onpejie/iier CyMMAPHOE CedeHHe TOJILKC U «AMIOJLHOTO TOTJIOLEHHUS»,
6O amnauTyna x kosebaHuil 3apsia cunTajach Majoll NO CPaBHEHHIO
¢ nyuHo# BoaHu. Kpome TOro, cMelienHne X Tpennojaraloch napal-
neabHbiM E. 1A TpeXMepHOro OCUMISTOpa 3710 Bceraa BepHo. [lpum
ONHOMEpPHOM e 5TO BEepHO JMilb JJI HEKOTOPHIX YIJOB INaneHds U
noaspu3auud. Ecan ke uanyuyeHHe mnpOU3BOJLHOIO HAamNpaBJ/eHHs M MOJS-
pH3aLMM MafaetT Ha ONHOMEpPHBLIH OCLUMJJIATOP, TO TpaBble YaCTH COOTHO-
wenu#t (21.55), (21.58) u (21.59) caenyer moleautb HA TPU, TAK KaK
B 9TOM CJy4ae cooTHolienwe (21.53) Gyner comepxarh MHOXHtelb cos?l,
roe 0 —yron mexny x u E. CpenHee 3HaucHue 3TOFO MHOXHM7Te s Ha
cepe paBHO /.

CoorHolueHne (21.59) moxer Obithb 060011eHO Ha ciay4all npou3BOJIbL-
HOTO MEXaHU3Ma IMIOJLHOrO 3JeKTpHueckoro norJomieHus. OnHako ciae-
IyeT TOMHMTh, YTO €CJIM 33psKeHHble YaCTHLBI HeJb3si CUUTaTh JerkKuMu
N0 CPAaBHEHHIO C Maccoil BceH CHCTEMB, TO BMECTO 3apsina € B COOTHO-
eHnn (21.59) cnenyer BOCHO/NBL30OBATLCS BEJMUMHOH e44,4, ONpelenseMoit
COOTHOLIEHHEM

esq)(p . CMEHICHHE 3apsifa OTHOCHTEJILHO IEHTp2 Macc

e a6CONIOTHOE CMELEHUE 3apsind *
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a BMECTO m — «NpHBEIeHHOM» maccoll mnornowamwomedt cuctemb. Ecan
B chcTeMe uMeetcs OoJee ONHON 3apseHHOHM YacTHIlbl, TO NMPaBHJO CyM-
MUpOBaHMs 06o6Liaetcs caenyloluM 0OpasoM:

i
: >0

2
" & &
fc(m) dow = 212 2‘ mﬁb‘z{c‘f' (21.60)
0

§ 21.9. PaBHOoBecHe MeXAY OCHRJIATOPOM
¥ rnoJjieM H3JyueHus

B npenbinymeM naparpade Mbl BLIYMC/AMIM SHEPIHUIO, MOrJOLLACMYIO
yNpyro CBfI3daHHHIM 3JIeKTPOHOM W3 BHELUIHero MOJs,, B KOTOPOM MNOTOK
SHepruM paBeH S, a cnekTpaabHOE pacnpelefieHue onpelensercs (GyHK-
nueit S,. PaccvoTpuMm Tellepb JjimHefHBIl OCLMJIATOP, HaXonsuubics
B TNPOHU3BOJLHO HANPaBJeHHOM u TMOJAPU3OBZHHOM TNOJe  U3JyYeHus,
Y KOTOPOrO CHeKTpa/bHOE pacnpele/ieHHe NJoTHocTH sHepruu U ompe-
ReJIfieTCS COOTHOLIEHHEM

L8}

Uy=[U,do. (21.61)
4}

Tlycts AU — sHeprus, NOrJOLIEHHAs 3@ NAHHBLIM OTpe3oK BpeMeHn Af.
Ouesunto, U,,=S,/c Af. [lanee Bocnoab3yeMca cootHolueHueM (21.58).
Kax Obl10 MOKa3aHO Bbillie, JJIfl 9TOFO ero NMpaBylo yactbk caenyeT Nnoleluthb
Ha Tpu. B pesyabrare npeoOpa3oBanuit nonyyuM

AU 2n?

— 2

CoraacHo cooTHolwerno (19.19) sHeprus, MajyueHHass OCUMWISTOPOM 3a
ppemsi Af, pasHa

AUpsy 2 mi?

=g fo—(p - (21.63)

INocne ycpenHenuss MO MnNepyony OCUM/ISUMH STC COOTHOLIEHHE MNPHUHH-
Maet cjAelylolituit BUI:

AUysy
At

2 —
=27, (21.64)

TaK KaK md’:md?)/QzU, rae izo— AMIUINTYIHOE 3HAueHWe 4,
a U — sueprus ocumansropa. PaccMOTpUM Teneph OCLMJLIATOP, OKPYeH-
HBIl CTeHKaMM (TeMnepatypa KOTOPHIX Takas e, KaKk y OCLHIATOpa),
KOTOpLle MOTJOWAIT H3JydYeHHe W MPOU3BOJLHO CHOBA €ro MCHYCKAIOT.
B s10oM cayuae ocuuiastop OGylet HAXOANTHCR B PaBHOBECHH CO CBOHMM
OKpyeHHeM, H CjeloBatejbHO, Bhipaxesus (21.64) u (21.62) moxmo
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/
NpUpaBHATb IPYr Ipyry. B peayiaprare nonyunm /
7
2

U. (91.65)

[0
n2c?

Uypo =

DTUM COOTHOILEHHEM ONpene/faetcss YacTOTHOE pacrnpeleseHHe MJNOTHOCTH
SHeprul SJeKTPOMarHUTHOrO HU3Jy4eHHss B NoJjoctd ¢ abcoaioTHO «uep-
HBIMU» CTEHKaMH; 3TO paclpzA2JeHU2 HEenoCp2NCTBEHHO CBfi3aHO CO Cta-
THCTUYECKMMU CBOMCTBAMH OCLMJJISTOpa NpH AaHHoM temnepatype. Ecau
K Hali2My OCUMJJATOPY NPHM2HUTL KJIaCCHYSCKYIO CTATHCTHYECKYIO Mexa-

HUKY, T. e. cudtatb, 94r0 U =kT, to cootHowzunz (21.65) npusoaut
HAC K CHEeKTpajJbHOMy pacnpenedeHdio Peses — JIxMHCa His M3JTy4eHHSR
yepHoro TeJa. DTOT pedyibrat NapajokcaieH, n6o oueBHOHO, YTO MJOT-
HOCTL SHEPrHMH, COOTBETCTBYIOILAs HeKotopoft wacrore, He MoxeT Oecko-
HeYyHO BO3PaCTaTh C yBeJHYeHHEM 4YacTOTH! MpH JaHHOM TeMmeparype.

3akoH pacnpenederus (21.65) MoxHO BbIBeCTH HHBIM CcrnocoOoM.
B ra. 24 Oyner nokasaHo, 4TO ypaBHeHHMs NOJs H3JYUYeHHMss MOXHO Npe-
o0pa3oBarb TakUM 00pa3oM, 4TO OHM OYINYT SKBUBaJAZHTHH ypPaBHEHUSM
OOLIYHBIX FAPMOHUYECKUX OcuuasTopoB. [l :HcTBHTe/bHO, MMeeTCsl OLHO-
3HaYHOE COOTBETCTBHE MeXAy SKBMUBAJCHTHBIMH OCLMISTOPAMH U HOP-
MaJLHBIMH KoneGauusMu naHHo# nonocti. Koshduuuent w?fnc® B coot-
HolueHMH (21.65) onpenenseT YHCJI0 HOPMAAbHBIX KOJ20aHHUH B e JMHHYHOM
WHTCpBaje YrioBo# u4acToTH ® (CpaBHHMTe 3TOT (pakT C OTBETOM 3amaud 8
B KoHue ra. 12).

3apauy

1. MoxamuTe, 4TO ceveHHe paccesiHusl CBOGOAHLIM 3JEKTPOHOM JUIMATHYECKH
NONSPH3OBAHHON BOJHB! (3/eKTpHYECKOe Monie BoJHb paBHO E = A cos of 4-
4 Bsmof, rne A ¥ B-— B3aUMHO-NepHEHAMKYISPHbIE BEKTOpPb) OHpeleseTCR

COOTHOULIEHEM
do _ 57(A ><n)2+(8><n)2]
g = 'o [ AT L B? ’

rjle 1 — eNWHUYHBIH BEKTOP B HANPABJICHHH HU3NYYEHHS.

2. Kakosa MuHMMaNbHAs 4aCTOTd, C KOTOPOH BOJINA MOXET PaCAPOCTPAHATHCH
6e3 3atyxaHus, ecau B 1 c#® APOCTPAHCTBA HAXORAHTCA ONMH 3JEKTPOH? Boium-
caytTe rpynHOBYI0 CKOPOCTb HAPH Gosiee BLICOKHX 4acTOTdX.

3. Mokaxute, yToO NMpH HAIMYUM MArHHUTHOro Hoxs M, napanjeibHOro Hampa-
BAEHHIO PACAPOCTPAHEHHS BOJHbBL, B 3JEKTPOHHOM ra3e MMeIoTCH IBE CKOPOCTH,
COOTBETCTBYIOU{HE ABYM HOKa3aTensiM MNpeJOMJIEHHS

Ne? 4r N
2 megw? 0 g2
Ili =1 e 2] =1 .
1+ — 1+—=
mw

rAe w, — YacTora napmMoposoit mpeueccui. _

4. Briueptute ¢ 10:TITOYHOH TOYHOCTHIO 3aBHCHMOCTL BOJNHOBOM M rpymHno-
BOH cropocTeil, a Takke Ko3ddHRUCHTA HOrJOWEHHS OT 4aCTOTH BOGAN3M pe3o-
HaHca. Ykawure Haubosee XapakTepHbie YepThl STHX 3aBucumocteil. [lokawure,
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\

\
476 MAKCHMyM M MHHMMYM MOKa3aTesil TpPEJOMJEHHS COOTBETCTBYIOT TOUKAM,
me‘\xosg)qmuuem NOFAOIEHUS PABEH HOJOBMHE CBOEr0 MAKCHMaJbHOFO 3HAUEHMS.
i5. BblyHcanTe CKOPOCTH MEpeHoca SHEepPruM, T. €. CpelHee 3HAYEHHE BEKTOpa
Moiintunra, neneHHoe Ha cpejHee 3HAaYEHHE MJOTHOCTH SHEPrHH, MPH © = .

6. Kakyio mnoaspuzaunmio clenyer OX4naTh B M3JNYYEHHH, pACCESHHOM 4TMO-
chepoit non yraom 6? ConHeuHoe M3NydeHHEe MOXHO CUMTATh HEIOJAPH3OBAHHBIM
H NPHHUMATh BO BHMMAHME JMIIbL ORHOKPATHOE paccesiHHe.

7. Mpennonowum, 4ro B cooTHomenny (21.43) a (k) = e~ *~F7 82 rje b
1 b— nocrosinnsie. Onpenenure GOpMy BONIOBOrO HiKETa B HPOCTPAHCTBE U
npocneanTe 3a ero ApeoGpazosanveM ApH APOHUKHOBE 1MW B nManexkTpuk. Hah-
nuTe O6uIee BLIPAKEAME [JIF erO LWIMPHHLI B APOCTPAHCTBE, T. €. JJIA PACCTOSHUA
MMy TOYKAMM, e aMIMTyna B / pa3 MeHslle CBOEro MAaKCHMAJNbHOTO 3Haue-
Husg. YacToTy makera cudTalite He CAMIIKOM GaM3KOH K Pe3OHaHCHOH gactore
IUMBNEKTPHKA.

8. Hlokawute paseHcTBo (21.52).

9. PaccmoTpurte snpo, coctosmee ua N welitpoHos ¥ Z apotoHOB (A = N + Z).
fIpennonaras HOrAOWEHHE YUCTO AUHOJBHBLIM, HOKAWHUTE, YTO <UHTErpaibHoe
ceueHye» ONPERENAeTCS COOTHOUIEHHEM

NZ h \2 :
. 9n2 2
./‘ch_Qn i a(Mc) Mc?,

rie a — HOCTOSHHAA TOHKOH CTPYKTYpH = 1/137, a M — macca nmpoToHa, mpH-
MepHO paBHasi Mmacce HeiitpoHa. llaiite wMcieHHyI0 ONEHKY 5TOH BeJUYHUHLL
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KOBAPUAHTHASI ®OPMA YPABHEHMI MOJISI
IS MATEPUAJIBHBIX CPEJL U 3AKOHBI COXPAHEHUS

C ToukM 3peHHs 3JIeKTPOHHOH TeopuH OObIYHBIE MAKPOCKOIIUYECKHe
ypaBHeHns MakcBesa TOABIAIOTCE B Pe3yabTaTe YCPelHEHMs JEKTpuye-
CKHX BeJUyuH Mo 00DbeEMY, CONEPKalleMy AOCTATOYHO OOJLILIOE YUCJIO
a7oMOB. B ra. 17 Mb mokasaju, YTO 3JeKTPONMHAMUKA 3apslOB U TOKOB,
HAXOISILMXCA B BAKyyMe, JlerkO MoxeT OHTb NpelCTaBjeHa B NPOCTOH
koeapuanTHOR ¢dopume. CienoBaTelbHO, YPaBHEHHS MaKPOCKONMuYeCKOH
3/eKTPOIMHAMAKHA [ MaTepPHalbHBIX CPeNl TaKXe MOFYT ObiTh 3aIUCaHbLI
B KopapuaHtHOH (opme.

§ 22.1. KoBapuanTHoe onucaHme MCTOYHMKOB noJjeil

HoBeiM B 3sekTponMHaMuke cpens OyneT To. 4To U B TOH cHCTeMe
OTCYeTa, Tile Cpeld MOKOMTCH, BCE YeTbPe KOMIOHEHTHI YETHPEXMepHOro
toka j* Moryt OblTb OTJIMYHB! OT HyJd, T. €.

» J°
) :(T p"). (22.1)
ruie j°— oOnuyHas TpeXMepHas IJIOTHOCTb TOKa B COOCTBEHHOH cHcTeme
orcueta. PaccMOTpuM Teleph, KAaKOH BUI MMEIOT KOMNOHEHTH! j° B HecoG-
creHHoll cucteme otrcyeta. Jlas Toro ytobhl COXPaHAIOCh COOTBETCTBUE
CO ClyuaeM BaKyyMa, BeKTOp j' NOJXkeH cOIep»ath KOMIOHEHTHI

Gh=(L. ) 22.9)
B JI00OH cuWcTeMe OTCueTa, MOSTOMY B OOLIEM clyuae
Je=1(Jy— "), (22.3)
0
o
p:T(O—%), (22.4)

rie U— CKOPOCTb CUCTeMbI OTCyeTa (BLOJb OCH X), M3MepeHHas B COO-
CTBEHHOHN cucteMe OTCyeTa.
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dusruecKuit CMBICH cooTHOlEeHNs (22.3) coBeplueHHO siced. Brepo#t usen
B (22.3) npeacrapiseT coboit KOHBeKTUBHBIN TOK, 0OYCJIOBJIEHHHIH 11€PEHO-
COM 3apsjOB, W MHOXMUTesb 7, oOecneuMBaiOMi MHBAPHAHTHOCTb 33pRia.
CMbica cooTHOleHus (22.4) He CTOMbL OueBHIEeH: OHO TMOKA3bLIBAET, 4TO
3JEeKTPUYECKH HeNTpalbHb B COOCTBEHHOH CHCTeMe OTCYeTa NPOBOJHMK
¢ TOKOM He 00si3aH OblTh HelirpanbHEIM B APYrofl MHepLHaNbHCH CHUCTeMe
oTcueta. IJT0T 3QPeKT MOKHO NOHATb W3 KMHEMATUYECKHX COOOParKeHWH.
ITycte B coberBeHHOM cucteme oTcueTa (¥ == 0) MJIOTHOCTH NOJOXKMTEJL-
HBIX U OTPHLATEJLHBIX 3apaloB paBHul. JIJsi NMPOCTOTH! (XOTH 3TO W He
obs3arensHo) OGyleM CuMTaTh, YTO TNOJOWKUTCALHL.€ 3apsibl IOKOSITCH,
a oTpunatesbHuie — apkyTcs. Ha nua-pamMe Mumkoeckoro (puc. 22.1)

+

I ol Wi o S R
) § S,

Macuwmatrar
euUnEpbone

4

> 70

4

Puc. 22.1. InarpaMmMa MMHKOBCKOro, NMOKasLBawIas, Yto
AOTHOCTH 3apAROB Pa3fiNdHbl B PAa3HBIX CHCTEMaX OTCYETa.

fI0OKa3aHbi MHPOBbLIE JINMIIHY NOJOKUTEILHBIX (I‘lyHKTl/lp) 1 OTpHlaTeNILHBIX

0
(CTIJIOIIHBIE JIMHUM) 3apAA0B, a TAKME CHCTEMbI OTCYeTta: cOOCTEEHHas ~

50
4 [POU3BOJLHAS Y. B cucreMe P mIOTHOCTL 3apSAOB HM3MCpsIETCs
UHCJIOM MOJIOXKHTEIbHBIX U OTPHILATEIbHBIX 3aPSIAOB OXHOBPEMEHHO € TOUKH
BpeHHst 3TOH CHCTEMH OTCYETAa, HAXOLSILMXCS B eJUHHUHOM oObeMe, T. €.

na ocu x0. B chCTeMe Y, OIHOBDPEMEHHOCTh O3HAYAET, YTO MJIOTHOTTH
3apSNOB HYWHO BHUMCIUTL Ha OcM x. OUEBMIHO, YTO MJIOTHOCT: OTPH-
LaTeJbHBIX 3apAJOB HA OCH X MeHbllle, YeM HAa OCH X @ IUICT.IOCTb
MIOJIOKNTETBHLIX 33PSIOB M3MEHSIETC HEBHAYMTENHLHO. (3aMeTum, T NpU
fepexolie OT ONHOH CHCT<MB OTCYeTa K JApYroi maMeHsercs maciutab
BAOJbL COOTBETCTBYWOIUMX OCeH, nOSTOMy IIOTHOCTb 3apsiioB clelyeT
OTHOCUTB K eJMHHYHBIM OTpPe3KaM, KOTOpbie OTCEeKaITCst HA OCAX Tumep-
Gonoll, nokasaHHOM Ha pucyuke.) CaeloBaTesbHO, B COOTBETCTRBUM C CO-
oTHOWeHeM (22.4) BelECTBO OKAXKETCS MOJOMMUTENLHO 33PAKEHHBIM

0

B CHUCTEMe 2 XOT® B CHCTeMe 2 OHO ObLIO HEHTpaTbHBIM.
0
D10t 3¢deKT NPUBOIUT K TOMY, YTO NOKOSIUMHUCH B CUCTEMe 2

ﬂ
HelTpajbHbI KOHTYP € TOKOM B CHCTEME 24 npuodperasT 3JeKTPUUECKHH
moMeHT. PaccMoTpuM npsamoyroiibHbIM KOHTYD, 1O KOTOPOMY Teuer TOK [
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-
(puc. 22.2). B cucreMe ¥, Ha CTOpPOHaX, hDapajienbHHX X, Oynyr
HaxopuTbCcst 3apankl /av/c? (npu 5TOM Mbl npeHeGperaeM ujeHam,

Ayp Ay 9'='£.gz‘9

te—— g} —

fete Q¢ e

M e

Aoy ——a
g=—"pz v

T

z¢ Zg z
a) 6l

sy

Puc. 22.2. daektpuueckuii MOMEHT KOHTypa C TOKOM B JBHXYyIleHcs
cUcTeME OTCYera.

KBaJpaTUUHBIME  OTHOCHTesbHO v). Takum o06pasoM, Koutyp Gyner
061a1aTb 5JEKTPUYECKMM MOMEHTOM

pP— vabl=~lem|, (22.5)

c? c?

rie m =17, -8 — MarHuTHLIl} MOMeHT NeTJu, § — BeKTOp, NPeACTARIKIOILIA
niowans netau, | S| = ab.

§ 22.2. YpaBHeHus 10Js ANS MaTepUajJbHON cpeawl

Ecmn 4-BekTOp TOKOB-3apsiOB pasleiNTb HAa IBe 4YacTH, OIHA M3
KOTOPHIX COOTRETCTBYeT MCTUHHBIM» W CBOOOLHLIM 3apsiiaM U ToKaM ji,
a BTOpas — 3apsilaM M ToKaM, OOyCIOBJeHHHIM HaMarHMYeHUEM K MOJs-
pusauuelt j4, TO yparmenuss Makcsenna (17.34), onuchBaiolMe HCTOY-

HUKH [10JiF, NPpUMYT TaKoH BuUA:

oFt iy

Oxt €

. (22.6)

Vpasnenust (17.36) ocranyrcs nHewsmennuimu. Kak u npexne, tensop F/
Boipaxcaercs uepes B u E wmarpuuefi (17.32). Ypasuenus (22.6) wena-
TEJbHO 3alUcaTh Tak, YT00bl UCTOYHUKAMHU MOJs OblIM TOJBKO CBOOOCIHLIE
3apslbl M TOKM, a HaJMude <«UHAYIMPOBAHHBIX» 3apsJOB K TOKOB YuH-
ThiBaJOCh OBl B CaMuMX NOJsX MOHOOHO TOMY, Kak 370 ObUIO CHENaHO
B TpeX M3MepeHHsX. DTO MOMKHO CHeNaTh, CJH NMOCPEACTEOM COOTHOIIEHHS

oMil
oxt

= (22.7)
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BBecTH TeHsop M'. Ilns Toro uToGbl BEKTOp J4, coorBercTBOBAN HaBe-

JEeHHbIM HKHCTOUHHKEM T0Jis, paCCMOTPEHHBLIM B II. 7. OH JOJIKEH HMETb
KOMIIOHEHTHI

. IntJ VXM 10oP
Fu= (2T )= (T a5 —VP). @29
CnenoBateabHO, Marpulla Tensopa MY umeer Bun
i
0 —Mfe Mje —P,)
W Mg 0 —MJe —P
i — 2 X y
(M) — M,[c M, jc 0 — P, (22.9)
P, P, P, 0
o aHaNOrMM C TPEXMePHLIMH COOTHOWICHUSMH
H M
D P
'? = E+ —so* (22 1 1)
BRELEM Temepb HOBOE TOJe
ij . ij
Y P M7 (22.12)
€0 €0

Torna ypaswenus (22.6), onuchBalOMe MCTOYHUMKH MOJR, MPUMYT OpPO-
crolt BuA

oY __ j, (22.13)
oxt
Tae
j>

, 0 — H,Jc Hyje D,

W Hye o —He D,
(HY = . (22.14)

— Hje  Hjc 0 D,

\—D, -D, —D, 0

3uaKy B ypapHeHusX, ONpele/siOIMX JONOJHUTENbHbIE M0/, COOTBETCT-
BYIOT TOMY, K4K MarHuTHbHE W 3JEKTPUYECKHE MOMEHTH BBIPAXKAKTCS
Yyepe3 SKBHBAJEHTHbIE 3apsilbl M TOKH.

§ 22.8. Xapakrep npeofpazoBanus OTAEJBHBLIX HOJeil

®opmyab npeobpa3oBaHnst SJEKTPUYeCKOTO ¥ MarHUTHOTO MOMEHTOB
BHITEKAI0T HEMOCPelACTBEHHO H3 KOBapUanTHOH ¢(opMbl ypaBHenu#t nods,
paccMoTpenHo#t B oOmeM Buie B ria. 17. [lycTs IITPHXOBaHHAs CHCTeMa
OTCUeTa J[ABHXETCS OTHOCHTEJIbHO HEMTPUXOBAHHOH CO CKOpOCTHIO .
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Torna koMfioHeHTH MNOJApU3AIMM M HAMATHHYEHHOCTH OYAYT CBA3aHbl
COOTHOLLEHUSIMH

Py =Py, (22 15)

My=M,, (22.16)
; XM

P1=T(P¢—TJ). (22.17)

My =1M, +2XP)). (22.18)

Tleppoe cooTHOlEHHE COBepLIEHHO OYEBHIHO, TaK KAaK MNOJSpU32Lus
MNpeACTaBAseT cOGOH TNpousBeleHHe 3apsina (MHBApWAHT) HA PAcCTOsHME,
neneHHoe Ha oObeM, a nocjeiHue NpeobpasyloTcs NoJ00HBEIM 00pa3oM.
Anasoruutbie coo0paKeHust MOXHO BHC’a3aTh U OTHOCHUTEJILHO BTOPOro
cooTHOWeHUs. YseH, nponopumonanbiblii © X P, B coctHoluennu (22.18)
HEPENATUBUCTCKOTO TIPOMCXOXIEHUHl, 33 WCKJIOUeHMeM MHOXMUTENR 1,
KOTOPBIft BO3HUKaeT BCJEACTBHE TOTO, YTO NMepeMelleHKe MOJAPU3OBaHION
Cpelbl COOTBETCTBYeT LMPKYJISUMN 3aPRnoB. Mbl yie BCTPEUaJUCh € 3TUM
fiBJeHneM B . 9 npu  HepeJSITHBUCTCKOM pAacCMOTPEHMM  yPaBHe-
Al MakcBesasia B IBHXKYILMXCH cpelax. PaccMOTpuM TnOJspU3OBaHHBIH]
IW3JIEKTPUK, H3o0paxeHHufi Ha puc. 22.3. B nmsuxyutelics cucreme

R 8 % 7 1I06ELX 10~
v
7 // /4 L ", o
Gttt o A )

g z

Puc. 22.3. JIpmxymniics noasipu30BaHHBIH 6PYCOK 9KBHBaJNCHTEH
HaMarHHYeHHOH Cpefe.

OTCueTa O, MOJSPH3EIMOHHBIC 32Psiibl Ha TOBE PXHOCTAX IHIJIEKTPUKA obpa-
3yIOT TNPOTHBOMNOJOKHO HANPAaBJEeHHbHIE TOKM, KOTOpHE ¥ 0OecnmeuuBaioT
OLLODOAHYIO HaMarHU4EHHOCTh Cpenbl.

CcotHoluenue (22.17) ne uMeeT HepeJATHBUCTCKOrO anamora. Kak Mbl
yXe BUleJu, pesyJbTaTOM ero sBJAETCS BOSHMKHOBCHME 3apsina Ha HeH-
TPa/AbHOM NPOBOAHHKE C TOKOM IDU PACCMOTPCHHM eI B HCCOOCTBeHHOH
cucreMe oTcyerTa. JIONOJHUTENbHHM 3J€KTPUYECKUi MOMEHT, NpencKasbi-
BaeM . H coorHowenneM (22.5), BO3HHKAaeT BCJACACTBUE PEIATUBHCTCKOrO
onpejecHUs  OnHOBpeMeHHOCTH. ViMeHHO 3TOT 3¢Q¢eKkT oObscHaer
NapaloKc, 3aKJ/IOUEHHBIH B JNeHCTBMM YHUNOJSAPHOTO UHIYKIMOHHOIO
reHeparopa.

B § 9.5 Mm paccmaTpuBasu ABHXEHHC INPOBOJHUKA, HAXOASLIErocs
B KOHTaKTe ¢ BHelUHeH Lenblo, MeprneHAMKYJsSpHO K MarHUTHOMY NOJIO U
fpMlJIM K BHIBOZLY, YTO BO BHeliHel uenu noreueT TOK. [Ipu 3TOM, ecH
noje B BHeliHee, TO HMKAKMX TpyiHOCTeH He BO3HukaeT. Eciu we 3T10
rofe o6ycJOB/IEHO INOCTOSHHON HaMarHUYEHHOCTbIO CaMOTO NpPOBOXH HKa,
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KOTOpast MOxeT ObiTh ONUCAHA SKBUBAJEHTHLIMH TOKaMW AMIepa, TO BO3-
HHUKaeT BOMNPOC, KaKuM oO0pasOoM 3TH TOKM INPHEELYT K OOGPa3OBaHMIO
3NeKTPOCTATUYECKOTO TOJs B IBUXKYleHcs cucTeMe OTcueTa. Temepb Mbl
BUIUM, 4TO 5TO NOJe fBJSETCS CleACTBMEM OOLMX CBOMCTB PeJSTHBHCT-
CKOTO npeoOpasoeaHus MATHUTHOTO MoMeHTa M. Tak Kak BOBHMKHOBeHUE
3JI€KTPUYECKOro MOMeHTa OOYCJOBJEHO DeJSTHEUCTCKMM OmpeleneHHeM
OIHOBPeMEeHHOCTH, TO VHUIIOJApHAs MHAYKIMS NpelcrapiseT coGolt cyuie-
CTBEHHO PeNsTUBUCTCKUH 3(exT.

B npakrtuueckux ycrpoHctsax Lis HaOmMoNeHUs YHUNOJASPHOH MHIVK-
UMM OOBIYHO WCTOJb3YeTCs BpalleHHe, NMO3TOMY HeoOXOLMMO ClesaTs
HECKOJILKO 3aMeuaHu# OTHOCHTEe/BbHO BpallaTesbHOro, 4 B 0buieM ciyuae
YCKOpPEHHOTO ABuXeHus. JleTanmbHOe pacCMOTpeHHE CUCTEM OTCYeTa, LBH-
WYLIUXCR YCKOPEHHO, He BXOAMT B PaMKH STOH KHWIH. OIHAaKO HEKOTO-
pbie cooOpaxents Bce e HeoOXOmMMEl AJst TOro, 4TOOBI BBISCHUTD,
HACKOMbLKO TeOopUs, MinowcHunas 31ech W B § 9.5, mpuMcHuMa K peanb-
HBIM YCJOBHSIM ONbITA.

B OTJIMUKe OT HHepuVlaJIbelX cucteM OTcueta, KOTOphbit HEJIL3A pasin-
UUTH HUKAKUM ONBITOM, BO EPAILAIOLIMXCH (YCKOPEHHBIX) CHCTEMax TakKue
ONHITH BO3MOXHH. JIO0 CHX nOpP MB MMeJU neJO € NOPEHLEBHMH (HHEp-
LMATbHBIME) CUCTEMAMH OTCYETa, B KOTOPHIX MMEIOT MCCTO 3aKOHBI Cre-
1HadbHOR T€OpHUM OTHOCHTENbHOCTH. VIHEpHHMANLbHOCTL CHUCTEM OTCYeTa
onpelle/IMeTCs], NO-BUAMMOMY, Cuiamu rpasutaumu. I103TOMY mnpeumyiue-
CTBCHHAR CHCTEMA OTCcuYeTa Cpeld BpPAauaTeJbHHX OyIeT OnpejessThes
pacnonoxenueM Mmacc Bo BceseHHOH. CTpOro rosops, HET TaKOH CHCTCMBL
OTCYeTa, B KOTOPOH B3aKOHbB CNEIHAJbHOH TeOpHH OTHOCHTCJIHHOCTH
BHINOJHSAJIHUCH Obl TOYHO. ﬂeJIO B TOM, UuTO l‘paBHTauVlOHHble Uil «3KBHU-
BaJeHTHBICY (T. e. HeOTAHYKMMblE OT MOCJICAHUX) HHEePLHAAbHEE YCKOPEHus
uMeloTcst Bcerfa. OIHAKO JJIs BCEX 3JEKTPHYSCKUX SIBICHUH MOBEPXHOCTD
3eMau MpeACTaBIfeT BNOJHE YAOBJIETBOPHTENbHYIO HHEPLHAABHYIO CUCTEMY
orcueta. 3aMeTum, 4YTO BC€ OMNbITHI, MOCTAB/AcHHbIE JJiSi NPOBEPKH CHe-
LMAJILHOM TEeOpUH OTHOCHTEJbHOCTH, YUYMTHEBAIM BiaWsHME Jullb MOCTYNa-
TEeNbHOr0, @ He KPUBOJUHCHHOrO peuXenns 3cMiu. J109TOMy OHM W He
MOTJIM BHISIBUTH [PEMMYILECTBEHHON CHCTEMBl OTCUeTa.

B cucremax orcuera, BpamalOLHxcs OTHOCHTENLHO 3eMJIH. MOXHO
Ha0/10/1aTh PsiL 3MEeKTPOMArHUTHHIX fBJIeHUH, YKA3BBAIOIMX HA BpallleHUe
cuctemnl OTcuetd. CylleCTByeT MHOXeCTBO NApanOKCOB, OCHOBAHHBIX
Ha HEBEPHOM TNpEANOJOXKEHUM, UYTO fBJCHHUS B TAKMX CHCTeMaX NMPOUCXO-
AT TaK, KaK OyATO CHCTEMBI NMOKOSTCS, a4 BpallaeTcs BeCchb OCTajibHOMH MUp.

PaccMoTpim Tak HasbiBaembill «nuck  Papanesy (puc. 22.4). Jeh-
CTBME er0 OCHOBaHO Ha sBJEHHH, paccMotpeHHoM B § 9.5. Mruorue
ceolictea nucka <dapanes corJacyiorcs € BbBOLAMM 3TOrO mnaparpadga.
B uactHOoCcTH, BCe pesyibTarts, cBepeHHbie B Tabm. 9.1, kacawouivecs
BO3BMOMXHbBIX OTHOCUTEJbHBIX IBHXEHUM HCTOUHMKA NOJS W BHeWHell uend,
ocTaTcd BepHHMH. OCTaeTcs B CUIe TaKwe ¥ BaXcHOe 3aKJIOYEHHe. 4FO
ppalileHlie UCTOYHMKA MarHMTHOTO 1101 He BuMgeT HA (U3UYECKUE sBJIe-
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HU$I, €C/iu NOJe NPH 3TOM OCTaeTCH NOCTOSIHHLIM. Kak u npexie, SaeKTpo-
IBUXYLIYIO CUJIY MOXHO HaxoluTh u3 3akona Papales (9.2), onpenenss
M3MeHeHHe MarHUTHOTO TMOTOKAa uepe3 KOHTYp, 1O KOTOPOMY ABHXKYTCH
Hocute/Mu TOKa. IlpaBuibHHft OTBET NaeT Takxe paccMOTpeHme, OCHOBAH-
Hoe Ha «3(¢QeKTUBHOM cuse, NeHCTRYIOIH HA 37eKTPOH». QHHAKO HA 5TOM
OCHIHOCTL HHEPLMANLHOR M HeHH2pUMAN>HOM CucTeM OTCuyeTa KOHYAeTCH.
Bo Bpawawuelics cucreMe oTcueTa 3(Q¢QeKTHBHOE 3JEKTPUUYECKOE foJe
fipH MajblX CKOPOCTSX olipelensercsl cootHowenneM E,=— wBr. Jlupep-
TeHIUA 3TOTC BLIPAXEHHH He paBHA HYJIO, a CllellOBaTelLHO, TMOSBJAETCS
ob6beMHLIl 3apan. D710 NpOTHBOpEYUT QopmynaM npeoOpasoBaHus MNpH

>
+ Fl+ o,
+ +
+ *
()
\ + .
. M J \
+ f
+ *
+ -
+ +
+ +le *
Puc. 224. Jluck <apanes, npu Bpa- Puc. 22.5. Bpamenve pac-
I{EHHI KOTOPOro BO3HUKAET YHHMIOASp- npenesieHust 3apsioB, CyM-
Hasl UHIYKLHS. MapHbiii  3apsin  KOTOpOro
paBeH HydJlo.

upAMoJHHeHHOM IBMXeHMH (7. e. K MHEPUHOHANLHOM cHCTeMe OTCueTa);
rakiM 06pa3oM, «abco0THOES BPAIUeHUE B MpUHIUIE MOXeT ObiTh 0bHa-
PYXeHO.

Ha puc. 22.5 npusefeHa cxemMa APYToro onbitTa, OOHAPYXHBAIOLIETO
abcomoTHoe Bpaitende. IlycTs Toueunnfi oTpuuaTe/bHLIR 3apsi pacno-
JIOXeH B IeHTPe MOJOMUTENbHO 3apshkeHHOR cdepruecKofi NMOBEPXHOCTH.
Ecau cucteMa TfOKOMTCS, TO corhacHo Teopeme [aycca BHe cdepn
E~==B—0. Eciu xe oHa ppawaercs, T0 oJoxHuTeJbHble 3apsan obpa-
3yWT KOJbLeBblE TOKH M, TaKMM 00pa3oM, cucTeMa B uesioM o6ianaer
MaruuTHbiM MoMeHToM. CaenoBaTesbno, noje B kak BHe, Tak W BHYTpH
cepbl OTIMYHO OT Hyjd. TeM CambiM 3aKOHBI NMpPe0oOpa3oBaHus AJSI Hps-
MOJIMHEIHOTO JBHKeHMS BHOBb Hapyuaworcs. Henporupopeumpoe paccmo-
TpeHHe [OKOSILIAXCS M BPALIAIOILIMXCH CHCTEM OTCYETa BO3MOXHO AUl
Ha ocHoBe OOIEeR TeOpHH OTHOCHTENLHOCTH ).

1y Cm. L. L. Schifi, Proc. Nat. Acad. Sci. 25, 391 (1939).
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Caenyer, OnHaKO. YKasaTh, YTO B PAMKax crieiuajnHoff TeopuH OTHO-
CHTEJILHOCTH BCe cOOOpakeHusl, M3JIOMeHHLe B NPeNbIYIUMX pasieax,
OpUMeHHMEl K JIOOBIM TIOJIIM B JIOPEHUEBCKHUX (MHepLMaJbHLEIX) CHCTeMax
OTCHYeTAa HEe3aBHCHMO OT TOTrO, IBHXYTCS JH CO3NAIOIUME UX HCTOUHHKH
PaBHOMEDHO HWJIH YCKODPEHHO.

§ 22.4. KoapnantHas Qopva 3aKOHOB COXpaHeHHA
B BaKyyMHoH sjeKTpoauHaMuKe

3akOHbl COXpaHeHus!, pac.:oTpeHHble B ri1. 10, mMoryr ObTh 3anucanbl
B BHIE 'rpexmepﬂbxx TEHSOPHLIX COOTHOIIEHHH

E2 2R2
oo 5 [ S| =0, (22.19)
arfg 0
Ox, 0 (EX ¢B),=plE,~+ (2 X B),. (22.20)

rne nex'rop N=E X H npencrasiaser coGo#t pexiop [IlofiHTuHra.
a Tog=E,D o+ H,Byg—,0/E D, - H B2 — Tensop Hatsienn#t Max-
CBeJIa. Coomomemle (22.19) npnpaBHuBaeT H3MEHeHNe 3JeKTPOMarHut-
-HOfi SHEpruM MOLIHOCTH, € KOTOpOH SHeprusi 3/7eKTPOMAarHUTHOrO MOJS
TepseTcs Ha u3JyyeHHe W NMEPeXOAUT B MeXaHHUYECKYI0 M TeIJIOBYIO SHep-
ruo. Bropoe cooTHOWweHWe CBs3blBaeT OOBLEMHYIO CHJIY CO CKOPOCTHIO
yBeJIMueHyisl MEXaHH4YeCKOro M 3JEKTPOMarHUTHOro mMnynabco. Qfa coor-
HOLUEHXS MOXKHO CBECTH B OJHO C MOMOLIBIO TEH30pa SHEPrUM — UMITYJIbCa,
onpeflesiieMOr0 CHMMETPHUHOH MaTpHLel

LM 14 — 1M G )
—TH — Ty —To G

T/ = " " L P (22.21)
—Ti3 —Tyn — Tz G,
| ¢G, G, cG, W ]

rie G=N/c2— n70THOCT> UMNyJbCa 3JAeKTPOMarHUTHOrC  noas 1),
a W ==(g,F2+ p.H?)/2 — nnotnocts ero sHepruu. Ilpy 3TOM 3aKOHHI
coxpatenns (22.19) u (22.20) nprHUMAIOT MPOCTYIO KOBAPHAHTHYIO (QOpPMY

o’
L~ (22.22)
rape
rh=o( ) (22.23)

— yeThHipeXMepHLIl BekTOp, npencTaBisiomuit coboft cuay Jlopenua,

1) CoorHomenue G = N/c? MOXHO CINTaTh CJAEACTBUEM CHMMETPHH TEH30pa
Tf_f — 7‘]1.
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JdeHCTBYIOLLYI0 Ha € AMHILY 00bEeMA, U MOLLHOCTh, ¢ KOTOPOH] 3/1€KTpOMarHuT-
Hoe Tosie coBepluaeT paboTy HAal TOKaMM U 3apsilaMu B efuHulle oObema.

Jas toro utoGbl mokasath, uto T/ neficTBMTENLHO TeHaop, obpatum
BHUMaHWe HA TO OOCTOSTEJLCTBO, 4TO OH MOMXET OBITH NOJy4YeH U3 TeH-

aopa F¥ nocpenctsom TeHsopHOH omepaiiu
T —¢ (F"kF{; — F“Fk,), (22.24)

rne Fi=gp,F’"; 310 npeobpasopanne NO3BOJSET JETKO NIPOBEPUTH
NPaBUILHOCTL cooTHOLIeHHs (22.22). Bropo#l usen npasolt wactu coor-
Houlenns (22.24) npencrabister co0OM WHBApMAHTHHIN «Cel» TeH30pa

FMF, = 2(c2B*— E?). (22.25)

Wupapuantnocts ¢2B2-— E? cHOBa MOKa3blBaeT, YTO OTHOIUEHHS AMILIHM-
TYL 3JIEKTPUYECKOTO M MarHWTHOrO mnoJied B IWIOCKOW BOJHE MOCTOAHHO.

§ 22.5. Hekortopbie cnescTBHA KOBApHAHTHON (opMbi
3aKOHOB COXpAaHEHus

3akoHb cOXpaHeHusl, KaK H YypaBHeHMs! MO/, yIOBJNETBOPHIOT TEOPUM:
OTHOCUTEJbHOCTH 0e3 BCAKOrO U3MeHeHMs. Dosee TOro, pensiTMBUCTCKOE
npeoGpasobanne Tensopa (22.21) BHOBb MONTBEpXKAAET SKBHUBAJIEHTHOCTD
uMIyssca nepenocy sHepruu. Ms kosaprawtHO# ¢opMEl 33KOHOB coxpa-
HEHUsl ¥ BHla TeH30opa SHeprMM HUMIyJbca CJAeNyeT elle psill BaXHBIX H
WHTEPECHBIX 3aKJIO4YeHUH.

1. Ecmt «cocrosiHie paBHOBECHS» SIBJASIETCA UHBADHAHTHBIM CBOHCTBOM

CUCTEMbI, TO CIeflyeT BHIBOIL, YTO TEH3OPHOMY cooTHomenuio f/= 0T jox*
NOAYMHSIOTCS He TOJbKO 3JEKTPOMATHUTHBIE CHJIBI, SHEPrus W HMIYJbC,
HO TaKXKe U COOTBETCTBYIOLIMe MeXaHuuecKue BequunHbl. Hanpumep, cpena,
B KOTOPOH CYLISCTBYIOT YNPYTHE HATSOKEHUS, TAKMe NOJKHA MOLYUHSITHCS
5TOMY COOTHOLUEHWIO, TpUYeM B KauecTBe W clelyeT B3siTh IUIOTHOCTH
9HEPIMM BelliecTBA (BKJIOYAs M TJIOTHOCTL ynpyro# swepruu), G — mior-

HOCTb MEXaHMYECKOTO WMNyJbca, a Te3— yNpyrie Hatshkehus. Takoe
NpeACTaBJ2HIe JAeT BOSMOXHOCTL BBIBeCTM (OPMyJbl 1peobpasoBaHust
IJI19 BCeX BeJIMYMH, pacCMATPUBASMBIX B MeXaHHKe CIJIOLIHHIX Cpel. 3aMe-
THM, B 4YaCTHOCTH, YTO TIJIOTHOCThL EemsCTBa B HenpephiBHOH cpepe
He MOXeT PaccMaTpuBaTLCS KaK CKaJsp WM AaXe KaKk KOMIOHeHTa YeThbl-
PEXMepHOrO BEKTOpa; OHa TpelcTaBiser coOoff KOMIIOHEHTY TeH3opa

3HEePTHH — UMIyJbca ¢ uHIeKkcamu (4.4). Beanuvna m = f“’/a’fo npeobpa-

3yeTcsl TOUHO TaK e, KAK Macca ToueuHoR wactTuupl. DTH 0OCTOATENbLCTBAE
COOTBETCTBYIOT TOMY (GaKTy, UTO HMeeTcs! 3jeMeHTapHblH eluHHYHbIH
3apsn, a sJeMeHTapHas eAMHUYHas Macca OTCYTCTBYeT. TeH3OopHuft Xapak-
Tep IVIOTHOCTH OKAasbiBACTCAd BeChbMa BAXHBIM B OOwweH TeOpUH OTHOCH-
TEAbHOCTH TpU U3yueHUWH TPaBUTALMOHHLIX CBOHCTE MaTtepuM.
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2. PaccMotpuM 00beM v, aGCOMOTHO CBOGOIHBLIH OT 3apSIOB H TOKOB,
HO cojlepaluit HEKOTOpOe KOJNWYeCTBO udJydeHus. TeHsop sxepruu storo
nanyuenns (22.21) Oyner noauuHSTHLCS 3aKOHY COXpaHeHwus!
oTy
— =0, (16.24)
oxt

M, clefoBaTeJLHO, B cuny pasenctBa (16.25) penyuuna
G’:([cadv, [de)Z* [ v (22.26)

npencrasisier co00# KOHTpaBapuaHTHLIH 4eTeipexMepHult BekTOp. Takum

o0pa3omM, SHeprus W MUMIYJAbC WUIJMYYeHus, 3aKJIOYEHHOTO B KOHEYHOM

obbeMe, MONUMHAIOTCA TOYHO TeM e mpeoOpa3oBaHMsAM, KaK SHeprus M

HMIYJAbC TOueuHoft uwactTuusl. B oOTHolenunm mnosas Kakoro-jmGo 3apsna

STO yTBepieHHe HeBepHO, TAK Kak cooTHoleHue (16.24) B stom cayuae

He yIOBJETBOpSeTCH; B MOCAEAYIOIUEM MBI ellle BEPHeMCS K 3TOMY BONpOCY.
Jnst njaocko#t BOAHBL MHBApHAHT

G'G, = W2 — 2G? (22.27)

.paBeH HyJI0, a CJIeLOBATEHHO, YACTHIB, CBOHCTBA KOTOPHIX SKEUBAJEHTHDI
cBofictBaM 3ToM BoJHB, JOMKHB o0Onazath HyneBolt Macco#t mnokos.
C 1pyro#l CTOpOHHI, MBJyueHuHe, PACIPOCTPAHSAICLLEECH CO CKOPOCTHIO C,
NOAYMHAETCS TeM e NpecOpPa30BaHusIM, YTO U YACTHLIA; NPH 3TOM 3SHep-
TUsl 1 UMIYJIbC OCTAIOTCH KOHEUHBIMH, 4TC Oblio Obl HEBO3MOMKHO, ecyu Obl
Macca nokos He papHsiiach Hynwo. [losToMy npelnctaBlieHHe O «KBAHTAX
CBETa» BIIOJHE COrJacyercsl ¢ BLIBOAAZMU 3JIEKTPOAMHAMUKU.
3. «dazay sneKTPOMarHUTHOH BOJHBI ONpelesserTcss COOTHOLUEHUEM

E — Eei¢ = Ejeitke-r—ot), (22.28)

rie B — BONHOBOH BEKTOp, a w — yrjosas 4acToTa BOJHB. QOpaiueHie
noJst B HyJb B Kakoft-bo TOUKe NpPOCTPAaHCTBA B ONpelesieHHbll MOMEHT
BpeMeHu npelcTaBaser coOoH umBapuantHbfl ¢usuuecku#t ¢akr. Ilostomy
crienyet oxunatb, uto ¢asa ¢ rtakxe Oyaer unpapumantoM. B 3atom cay-
yae ee MOXHO TNPeACTaBUTL B BHIE

o= k;x*, (22.29)
o= (. _%) !

B (k 2).

Tax kak kk'=0, 70 BextOop k' npeobpasyercs Tak e, KaK BEKTOp
S1epTAN — HMIYJIbCA 4YaCTulbl € -HyJeBol «maccofts mnoxod. [lostomy
SHEepPrui0 ¥ UMIYJbC CBETOBHIX KBAHTOB MOXHO CUMTaTh MNPONOPLUOHA/b-
HHIMH COOTBETCTBEHHO R M @, 4TO U [eJaeTci B KBAaHTOBOH Tteopuu,

rane

(22.30)
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Coorroutenus (22.30), onpenensss xapaktep npeoOpasoBavust B u o,
AT BMeCTe C TeM NPocTOfl Crnoco® NoJayuuTh PesSITUBUCTCKH IPABUIIb-
Hble BbIPaXEeHuS 1Js1 NONMJIEPOBCKOro cMellieHusl 0 abeppauyun CBeTa 3pesf.

10
PaccMOTpUM WCTOYHKHK CBETa, TNOKosLMicS B CHCTeMe OTCcueTa 2 U usay-
0 0
yalowWKit B HanpaeJeHud X, Tak 410 Ry == jc¢. CoriacHo npeobpazopa-
Xl
HusM JlopeHoa B cuUCTeMe OTCYeTa 2 47 © ToJyuaeM BuipaeHue

® 0 (1 —§ 1—8
w=_cy (——--—ka)z—(——ﬁr- w? — v, (22.31)

¢ Vi—p 1+8
3710 peNsSTHBHCTCKOE COOTHOWEHHe IJ8 cMelleHus lonmaepa. Beipawenue
i abeppaunn nojyuutcd, ecau GopMy.sl MpecfpazoBaHus NPUMEHUTD
K TPOCTPAaHCTBEHHHIM KoMmouenTaM k'. Yrosn a6eppauun 0 Gymer onpe-

HeTSITHCS COOTHOWEHHEM

sin 6 =, (22.32)

4TO COrJacyeTcss € paHee MOJY4YeHHhIM BbipamenueM (15.48).

4. Mbl yxe oTMeuaji, 4TO TOJbKO TIPH OTCYTCTBHM 3apSNOB SHep! ksl
M UMIOYJbC NOJS NpeoOpasyloTes Tak e, KAK 3HePrus U UMIYJbC YacTHLbI
¢ Hyaesofi Maccoft nowos. PaccMOTpuM Terieph SJeKTPOMarHUTHOE [0/
TOUYEYHOTO 3apsijia. JBHIYLIETOCS! paBHOMEPIO €O CKOPOCTHI0 # B Hanpa-
BaeHun ocd Xx. B cobctennoff cucTeMe oOTCueTa TEH30p SHEPruu —

UMITYJIbCa HMEET BUA
g (—Té O
M= ¢ w ) (22.33)

rie W, — MJIOTHOCTb 3HEPTUK 3NEKTPOCTATUHECKOr'O N0 3apsaa. B npowus-
BOJbHOH CHCTEME OTCYeTAa KOMMOHCHTH TeH30pa 3HEpPIuk — UMIYJabca
cornacHo npeobpazopanuaM Jlopenua 6ynyT uWMeTh BHR

3( Wu - 7’?’ltn)
=g
W, — 2T

M= (22.35)

TH = . (22.34)

0

Tpeo6Gpasosanue Jlopenua Mbl BHOpanM TAKUM, YTO CHCTEMA E uMeeT

NOJIOKUTEbHYI0 CKOPOCTb B CHCTeMe . TOrIa MMOYJAbC U SHeprust
Y

nosst B CUCTeMe 2, OyayT paBHbI

0,= [ Thav= [ VI=F Masy =t [ 0Tl o0
(22.36)
— [ _ T @ _ 1 2. My
U—-j T'Md‘v—f ‘/1—927“4@:}0——‘—/1—_?/‘(‘170—[3 Tu)d‘vo,
(22.37)
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rae dvy— snemeHT 00LeMa B COOGCTBeHHOM cHcTeme OTcuera. Ecnu B sToft
cucreme 3sapsi obsanaer cdepuueckol cummeTpmelt, 10

f Wodu,= U, (22.38)

H
T dvy=¢, | (Ei—+ B)av,=— 22 [ Eav,—— L
11 4V =¢ x5 £0) AUy == — —¢~ 0dvy=— 5, (22.39)
rne U, — snekTpocTaTHueckas sHeprusi 3apana. [lpu BuixkjaakaX Mbl BOC-
NOJIb30BaJHCh COOTHOLIEHHEM
2 1
E -_.-515‘2,

KOTOPOMY yIOBJieTBOpseT cdepuueckd cHUMMeTpHuHOoe none. Crenopa-
TeJIbHO, UMMYJLC U SHEPTrHsl PaBHbI

4u U .
—_ U B2
U_m(1+ 3). (22.41)

CoBeplleHHO OYEBHAHO, 4YTO 3TH BbIpaXeHWs He npeoOpaaywTCs Kak
KOMIOHEHTH 4-BeKTOpa. 3710 0OCTOSTENLCTBO ABAAETCA AONOJNUTENbHBIM
yKasaHueM Ha TO, YTO JIEKTPOMarHWTHas Macca 4YacTUlLLl He COCTaBJiseT
ee foJHOH MaccChi.

§ 22.6. TeHsop 9HepruM — HMIYJbCAa [AJA MaTEpHAJbHBIX Cpen

Buie Obuia noxazawa IUIONOTBOPHOCTb NpeACTaBIEHUS 3aKOHOB CO-
XpaHeHUs 3JeKTPOJIMHAMHKI BAKyyMa B KOBapuaHTHOH ¢opume. B cayuae,
KOTla MPOCTPAHCTBO 3AMOJHEHO MaTE€pPHANBLHOM CpeloOf, KOBapUAHTHOe
npeincTaBjieHHe MaKPOCKONBUeCKMX TMOJeH BCTPCYaeTcss C HEKOTOPHIMH
TPYAHOCTAMH. Mul JHUIb BKpaTHe OCTaHOBUMCS Ha STOM BOIMpOCe.

3akoHB COXpaHeHWs B 9JieKTPOAWHAMHKe Bakyyma (22.22) wmoxKHO

3anucath B BHIe N
f’ _ o1V
oxi

rae j' — 4-Bextop nuoTHOCTH Toka. Ecim cuMTaTh, 4TO B MaTepuanb-
Ho#l cpeme cuaa f’ no-npexuemy onpenensercs Buipawenuem Jf FJ,
rie j' - nIOTHOCTb CBOOOLHHIX MAKDOCKONHYECKUX 3apSNOB W TOKOB,
NONUMHAIOILAACA COOTHOUWIeHNI0 §22.13), TO HeoOXOAMMO BBeCTH HOBHIHi

TEH30p SHepruM — uMnysabca. Torxa ypaBHeHHe, COOTBETCTBYIOLIEE YpaB-
HeHHIo (22.42), npumet BuL 3
oS

—f = Pk (22.43)

= j,F*, (22.42)
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rae
Sij: gik (Hilel__;_ aiHmlle). (2244)

Coornoutenue (22.43) koBapHaHTHO, TaK KaK BelnvuHa S¥, ofipenesisieMas
cooTHouenueM (22.44), npenctaBnsier coboit Tensop. ClrenoBarentHo,
¢ aireOpanyeCKON TOUYKM 3peHHA 3aKOHBl COXPAHEHMS OMNpeleseHbl BEPHO.
EnvHCTBEHHBIM BO3pa)(eHWEM TaKOMY BHIY TEH30pa SHeprud — HMMYJbLCa

sBAsieTcs ero HecuMMeTpuunocTh: S + 8™ B ciyuae nusnexTpukos u
MarHWUTHBIX Cpell. YpaBueHus MakcBenna nowBASIOTCS B pesyabTaTe
ycpeaneHHs MHKPOCKONUUECKMX ypaBHeHu#t ins BakyyMa. Kasanoch Owl,
YTO B pesysibTaTe TaKOH OfepalMd HUKAKUX AaCHMMEeTPUUYHBIX CBOMCTB
BO3HUKHYTb He MOXeT. [103TOMy OO/bIIMHCTBO (PMBUKOB B TeYeHHE MHOTUX
JeT MpH3HABAJN JIHIIbL KUCMIPABJEHHLIRY (T. €. CUMMETPH3OBaHHHIH) TeHsop
DHepruy — UMIYIbCa.

OnHako BrnocneACTBUM ObIO MOKasaHo, uTO TpeOoBaHue cuMMeT-
pYE B Ciyyae MNONSPUSALHOHHBLIX TMoJiel He (BARETCH HEOOXONUMbIM,
TaK KaK T0pu 3TOM U3 pACCMOTPEHUs BHINANAIOT BCE MeXaHUYECKHe
cBOficTBa CcUcTeMbi. EAuHCcTBEHHOe Tpe6OBaHKe, KOTOPOMY HOJIKEH MMOA-
unnsTee Tesop SY, cocTouT B TOM, uTOGbI W3 HEro MOJyuanoCh
npaBuibHOE BhipaxeHue NJasi 00bemMpoR cuabl Jlopenua. bBosee nonno
9TOT BONpOC pasoOpaH B MoHorpaduu Méeiepa, cCHIKa Ha KOTOpYIO
nana Huxe. OH nokasal, YyTO BepHO COOTHOWeHue (22.44), nepBoHa-
yajbHO BbiBelleHHO® MUHKOBCKUM. [lOJIHBIi TEH30p SHepruu — UMMYy/bCa
BAMKHYTOM CHCTeMbl, BK/IOYAIOIUMH ¥ MeXaHW4YeCKue W 3JIeKTPOMarHuTHbie
COCTAaB/AOILNE, OKA3LIBAETCA, KOHEYHO, CUMMeTpuyHuiM. OTciona MoXHO
cneiaTh BHBOJ, UYTO COOTHOWEMMI0 G=N/[c? [OMKHbL NOAYMHATLCA K
MeXaHUYyeCKHe CBOHCTBA CHCTEMBbI.

3anaun
1. TlokaxuTte, YTO ypaBHEHMS COCTOSIHHSI B pelsiTHBHCTCKOH ¢opMme mMmelor
o Hijut = eFyuf
uyFpy + upFyy 4y Fjp = pe® (uyHyy + upHyy + 1),

U

dx;
rae u; = —Esi INepenuinute HX B TpeXMEPHBIX O6O3HAYEHMSX.

2. TpoeepbTe MPaBHALHOCTbL 3aKOHOB COXPAHEHHS, MOJYYEHHBIX U3 TEH30pa
(22.24).

3. C nomoutblo cooTHomeHns (22.44) onpenenure KOMIOHEHTH TEH30pa S
K [OKaXWTe, 4TO MJOTHOCTh 3JEKTPOMAarHMTHOTO HMIyJbCa B BellecTBe fpo-
nopuuonanbHa D X B.

4. Jlokaxute, yto BeauunHa F*F) B cootnomenmn (22.24) cnmmerpnuna
©OTHOCUTENLHO HHAEKCOB U J.
5. Tlokawure, uto T; == 0,
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4. W. P auli, Relativitits Theorie. (Pycckuii nepesox: B. M1ay au, Teopus
OTHOCHTENBHOCTH.)

Knaccnueckoe usjoxeBue BONpOCA, BKMoYan o0CyxwaeHne npobaeM B toM
Buze, Kak OHH mpejcTaBasuice B 1921 1.



FrMABA 23

JABHKEHHE 3APSIKEHHBIX YACTHIL
B JJEKTPOMAIHUTHBIX NOJSX

Bce MaTepuajbHBle TeNla COCTOAT U3 3aPSKEHHBIX YACTHIL, ¥ NOSTOMY.
Kak ykasan DfHwTefH, OonMcaHue BelllecTBa NOCPE/CTBOM TeH30pa SHep-
ruM BecbMa ycnoBHO. OcHOBhas npobneMa SJeKTPOMarHeTH3Ma COCTOMT
B OTHICKAHWM [BUXEHHS 3apXeHHBIX 4YacTHL, B3auMOAeWCTBYIOIUMX RO-
CpelCTBOM SJEKTPOMAarHUTHBIX CWJI. YPaBHEHUS 9TOTO [BHKeHus He 0O6s-
3aTeNbHO BHIPaXaTh uepe3 TNOJE: UX MOXKHO CQOPMYJUPOBATbL PpeNATU-
BUCTCKH KOBapuaHTHbIM OOpasOM Ha OCHOBe HeUCTBHMS Ha paccTosEwul),
Pasnenenue 3agaud Ha «usjyyeHue» (T. e. CO3AaHWE MONS CUCTeMOM 3a-
PSAOB) M «HABMXEHHE 3apAIOB B NOJE» B HEKOTOPOM CMbiCNe HCKyC-
CTBEHHO W MHOTJa NPHBOLMT K TPYAHOCTIM. Takoe pasieneHue npel-
noJjaraeT, B YAaCTHOCTH, uTO H3JyyeHue MOMKeT ObiTh BLIYUCIEHO M3
IBUXKEHUS 3apsiia NOL He#CTBHEM BHelUHUX CUM. B Ae#CTBUTENbHOCTH.
OIIHAKO, MMEETCH ellle «PeakiVsl H3NyuyeHus», KOTOPYW ClefyeT NpPUHATL
BO BHUMaHHe MH4f TOro. uyroOwi YAOBJETBOPUTL 3aKOHAM COXpaHeHus.
Peakuuio uaiyueHusi MOMHO ONpelle/iMTb U3 CAMOTO U3JYueHHS U 3aTeM
yuecTb B KayeCTBe NONPaBKU K BHewHuM cunaM. Ecau aBuxenue no-
CTaTOYHO YCTOUYKBO, TO MPOLECC NOCMeAOBATENbHBIX MpHOAMMeHUR naeT
KOHeyHW#t pe3yabTat. Ecau peakuus usiyyeHus npeHeOpemyMo Mana, ToO
yINOMAHYTOE BHILIE pAa3fesieHHe uMeeT psll HOCTOMHCTB, TaK KaK npu
9TOM He HYXHO 3HaTb IPUPOLY HCTOYHUKOB, Co3naiomux none. Huxe
Mb OyneM pacCMaTpuBaTb TONbKO TaKMe CHAyYau, B KOTOpbIX peakuue#t
u3nyyeHUss MOXKHO NpeHebpeub.

§ 23.1. BapuanuoHHBIH TPHHIHT

Kak nokasano B rn. 16 u 17, kopapuantHas opma ypaBHeHuft JBUKe-

HUS 4YaCTUIlbl C 3apsiioM e, Maccoit mnokos m, ¢ qubxpexmepHon CKO-

poctbio ' Bo BHewnem none F/ wmeer Bui

—dﬂ-=equ”. (23.1)

2
myc
0" ds

1) J. AL, Wheeler and R. P. Feynman, Revs. Modern. Phys. 21, 425
(1949).
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B Tpex M3MepeHHSX STO COOTBeTCTBYeT ypaBHEHWIO

9P — ¢ (E+u X B). (23.2)
Kak w paunpue
. mold
p_V————l_u2/62. (23.3)

Tak kak ypaeHeHue (23.2) SKBMBaJEHTHO TpPeM KOMIIOHEHTaM YpaBHe-
Hust (23.1), TO mnocsienHee SABJAAETCA PEASTHBUCTCKUM NPOLDJIKEHUEM
ypaBpneHu#t ABMIKEHUS MpPH MaJbiX CKOPOCTAX, BbITEKAaOIMX W3 ONpese-
AEHUS MOJif. ’
OO0buno s TOro, YTOOB HAafTH KAHOHUYECKHMe YpaBHEHHUsS! NBMIKEHuS,
¢ynkuunio Jlarpanxa BmOupaor Tak, 4roOnl Cpasy MONYYMTh NpPaBuliib-
Hble ypasHenus. Tak HMeHHO MOCTYNUM M MH C TeM, 4TOOW 0co00 mnoa-
4YepkHyTb HHBApUAHTHHIE CBOMCTBA STHUX ypasHenul.
[TycTb MUpOBas nMHUA YacTHUIM 3aJAeTCH YypaBHEHUEM X L(9),
§ — «coOcTBennoe BpeMs» 3To# uacTuusl. Pynkumio Jlarpanka L, B uve-
THIPeXMEPHOM TMPOCTPAHCTBE HYMXHO BHIOpPAaTb TaK, yToOBl JABHXK :HHe uva-
CTHLIH YAOBJIETBOPAJIO BapUaLKOHHOMY NPHHLUMNY
i
1

afquﬂwmzm (23.4)

i
*p

x

roe Bapualus GepeTcsl MeXJy ABYMs (PUKCHPOBAHHLIMU TOUKAMM X} U x{,
KaK nokazano Ha puc. 23.1. VM3 ycioBusi WHBApUAHTHOCTHM CleLyeT, 4TO
$ynkuus Jlarpanxka L, nomxna OuTh CKa-
JI9poM, a AJ TOro 4TOOH ypaBHeHM§ IBU-
senusi Obiin  JiuHeRHbMM, &yskuus L, Zf
JomKHa OuiTb He Bbillle, YeM BTOPOTrO
nopsanka otHocuTedbho u'. Jlna csobou-

HOH YaCTULLl MOXHO NOJOXWUTb

It

_ome? x4
L, = o uu, (23.5)
fipUueM SIBHAsl 33BUCHMOCTb OT X' OTCYT- z?
CTBYET, TA4K KAK ANs CBOOOAHON 4aCTHUBL  pyuc 931 Bapuauws MHpOBOii
BCE MMpOBbiEe TOYKM SKBUBAJIEHTHBI. JUHUH YaCTHibl.

(Kosdpduument npu o'y, moxer OuTob
“pOM3BOJIbHLIM,) . BReneM ckansproe B3auMoneficTBUE C MOJieM, ONUCHi-

DAaEMBIM  UeThIpeXMepHuiM noTennmanoM ¢’ (x’). I[lpu stoM dynkuus
Jlarpanxa npumer Tako# BuA:

mgc?

L,="%

u'u, + engt (23.6)

25 3ax. 435. B, [Manoscknii, M ®Hannc
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(Koncrautel B cootHoweHnn (23.6) BuiOpann Tak, yTo6b B ypaBHeHUsX
ApmKeHus  GUrypupoBaiun  OOniyHBIM  06pasoM onpenefieHHHE MacChl
nokos Y 3apsa.) Jlasg Toro uToObi MOJYYUTb YpaBHeHHs DWiepa COOTBET-
CTByWOIEH BapHaUHOHHOK 344auM, BOCMOJb3yeMCS BAPUALHOHHBIM NpPHH-
uuiiom (23.4)

#
3 f Ly(x', uyds=
Xt

]
i
= f'[m0c2ui 3t e (cp, 3t %Bxfu’\)" ds. (23.7)
) x !
x5 ’

d (®x! do; 0
a6x) L8 T ) mowno mpouspects

i__
B cuay Toro, urto du' = s 4o Py

UHTEr ppupoOBaHue MO 4YacTiAM

i
*1

Opr Oy ;
6fL4(x'. u')ds = f[- I (mocu)+e(dxi, Té)u‘]'ﬁx’ds.

%) %
(23.8)

NpH 9TOM NPOHHTEr pUPOBaHHAf YACTb BHINANAeT, TAK Kak BapHallMu BCex
bynxuuit B TOukax x! u x! paBumt Hymo. B cuny Toro, uto Bapua-

uns Sx/ (S) npousBoJibHa BAOJIb MYTH HHTErpPUPOBAHUSA, BLIpaXKeHHe B KBaJ-
paTHbIX CKOOKaX, CTofllee MOAL 3HAKOM MHTErpana, NO0JKHO ObiTh paBHO
Hynio, T. €.

du;

m002—d—- -—eF (23.9)

ITO KOBapHaHTHLIll SKBUBANEHT KOHTPABAPU3HTHOMY BhipaxeHnuio (23.1)

§ 23.2. YpasHenus FamusabToHa W mepexon
K TpexMmepHoMmMy ¢opMaau3my

O6biunyw ¢yHkIMIO [aMUMLTOHA Henerko BBECTH B Hallle PaccMo-
TpeHne B KOBAPMAHTHOM BUIE, TaK Kak B OOnunbie ypaBHeHus [amunb-
TOHa BpeMs BXOAHT HeCUMMeTPUUHO

OH . dq, (’H dpa

T (23.10

C npyroft cropombl, Mo¥HO BBectH ¢yHkuuio [amuabTona H, ans
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YeThiPEXMEPHOr0o NpOCTPaHCTBA, NOAUYMUHAKOMYIOCH COOTHOLLIEHUSIM

OH, _dg; OH, _  dp
o—Pr—— s’ oq! = ds ° (23.11

Torna ¢yuxuvs H, (orauunas ot H) nomxna OwiTb CKanspom.

ITpexne BCero oOpaTuM BHUManue Ha TO OOCTOATENLCTBO, YTO ypaB-
veHu#t (23.11) Bocemb, B TO BpeMsl Kak ypasuenu#t (23.10) Bcero mecTb.
Cpf3b MeXy 9THMH YypaBHEHHSMM MHl YCTAHOBUM CJAELYIOUINM OOpPa3oM.

Mui nokaeM, uTO ecau Hafttu Tako#t ckansp H,(p’, g%, xoropmi#t npu
noacranoBke B ypasHeHus (23.11) gaBan Oni mpaBujibHbIE ypaBHEHUH
ABUIEHUS MHUPOBON TOUKM, TO BeJW4YKHA STOrO ckaadpa Obiia Ow yHH-
BEpCaJbHO# MOCTONHHON [JIS AaHHOP YaCTUibl. 3aTeM MOXKHO HOKAa3aTb,
uTO HaflleHHasl W3 STUX YPaBHEHUP UYETBEPTaN KOMMOHEHTd UMINYJbCa
pi(x,. p,, x% ynoeretsopseT ypasneHusM (23.10), Oyayuu noncTaBJjen-
no#l B vux Bmecto H. Tak kak xommonenta p* BhiBelleHa NOCPeNCTBOM
KOBAPHAHTHOTO MPOLECCa, TO MOMYyuYeHHhie B KOHIle KOHLOB YpaBHEHMs,
XOTSl «fIBHO®» M HE KOBAPHAHTHHI, TeM He MeHee peJITHBUCTCKH BEPHHI.
OkonuaTtesibHOY nipoBepko#t OyzieT NOJyyeHUe NPaBUJIbHBIX PeIATUBUCTCKUX
ypaBHeHU#t ABHIKeHUS.

. @®ynkuua [aMuUIbTORE B YeTHIPEXMEPHOM RPOCTPAHCTBE, MOAUMHAIO-
masics ypapueHusm (23.11), onpelienseTcs NOCPENCTBOM COOTHOLIEHWH

oL .
H4=Pi”i—L4. pt:d_u:_; (23.12)

nocJjeliHee PaBeHCTBO COTMacHO COOTHOLIeHUIO (23.6) MOXHO NpeACTaBUTHL
B TAKOM BHE:

pl = myc2u' 4 e¢. (23.13)

Crenoateihno, fiFHas QyHKUUHOHAJbHAA B3aBucumocts H, or pi noxt
uMeeT Cjeaywluuit BUA:

H,— —;' mocu'n; = o ([p* — e (x"1 [p, — e, (x1}. (23.14)

2myc?

OaHako, Kak AerKo ApOBepHTb NPOCTO# MOACTAHOBKOH KOMNOHEHT,

dypkuud lamunbToHa (23.14) coBmecTHO ¢ ypaBHenusmu (23.11)
ngeT NpaBuiibHbie ypaBHeHus ABwkeHus. [IpsambiM nudibepeHuMpoBaHHeM
gOexnaemcs

0, e Og; dp; duy 09;

— I ey — o o2 e hyd
gt mc? (p ecp)oxi ds = ™t ¢ “-

(23.15)
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CrenopaTelibHO,

. { O, oy, du,
eu’(—’.—— .):mocz———. (23.16)
oxt ox/ ds
YTO corJiacyercsl ¢ ypasnenuaMu (23.1).
Bepuemcss Temepb k 0ObiunO# TpexMepHof#t ¢yHkumn [aMuIbLTORA.
Iycts

H(pe @ O=1"(Por qor ¥, (23.17)
rae p*-— peilenue ypaBHeHuﬂ (23.14) npu H,= % myc2, 1. e.
H(p, g, h=ep+ cV(p— eAP+ (myc) (23.18)
Ecin npeAnoJoOXuTb, uToO
L=—H-+p-u, (23.19)
%}
p—eA= S L E——
u2
Vi-%
(4

TO NOJYYUM
L(u, q,, ) =—ep—+e(A-u)y— moc‘?‘/-l __1:72' (23.20)

7. e. 0oOnunyw0 TpexMepnyio ¢yskunio Jlarpamxka. 3ameruMm, uTO 3Ta
¢ynkuus Jlarpanxa ynoslieTBOpSieT PeJATUBUCTCKOMY YCJOBHIO, YTOOH
HHTerpan nedcTpus

det::—f(uicpi—f—mOc?)ds (23.21)

6uin Obi CKANSPHBIM MHBAPMAHTOM. Jlerko M0ka3aTk, YTO TPeXMepHbie
¢dynxumn amuabtona (23.18) u Jlarpanxa (23.20) npuBonst k ypasHe-
HusM NBUKeHus (23.2).

Ocraercss nokasaTh, 4To eciu p*=—H, To H ynoBlerBopser ypas-
nenusm (23.10). C rnomousbio ypasnenu#t (23.11) MOMKHO ycTanOBMTHL
cBfi3b MeXkAy X% U 8. T. . MeX/ly «BpeMeHeM» U «COOCTBEHHBIM BpeMeHeM»:

dx? Ofl,

ds — opt (23.22)
CaenosatenbHo, B o0IeM ciayuae
oH, oH,
dx, _ Opg dp, _ 0x, .
dxa - 0[_14 » dX4 —_— 0[_]4 . (23.23)
op, op,

(Cnenyer oOpaTuTh BHMMaHUe Ha MepeMeHy 3HAKa WU3-32 HaiNuus KOBa-
PMEHTHBIX KOMIOHent B ypasueHusx (23.11).) Ilpupasusiem Tenepn
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HymoO [ONHbe NpPOM3BOAHLIE WHBapuanTa (23.14); B pesyabTate noJyunM

OH, O0H, dp,
ox., op. ox, — 0, (23.24)

OH, 0H, opy,
op. ops Op. =0. (23.25)

CoBsecTHO ¢ coortHomeHusamu (23.23) sTo Raer

dx, op,
@ = op. " (23.26)
dp, op,

= dx (23.27)

Taxum oOpasom, p,(x,, p,) yLOBAeTBOPSeT OOLIUHBIM TPEXMepHHIM ypaBHe-
HusM [aMWibTORa, W CA€NOBaTeJbHO, MNOCTYJIMPOBAHHOZ HAMM paBeH-
€TBO (23.17) NnpuUBOAKT K PeNATUBHCTCKM NPaBUAbHLIM QYHKUMSIM [ aMHJib-
yoHa u Jlarpanxa.

§ 23.3. YpasHeHus tpaexkTopuit

B npeaniiyueM naparpage Mbi HAULiM pasfMuUHBE PEJATHBUCTCKH
APaBW/IbHLE BHIPAXEHUR, YAOOHLie A TOro, uTOObi HHTErpUpPOBATH
ypaBHenus ABHXeHusi 0 BpemeHu. OIHAKO YacTO BCTPEYAIOTCH C/yyam,
KOT[lda XelaTebHO MNOJYUuTb YypaBHeHHS IS TPa:KTOPMH  YacCTULLbI,
He paccmaTpuBas ee IBVeHue BO BpeMeHH. IDTH YPaBHEHUS MOXKHO
HaliTH, NpPOWHTETPUPOBEB YPABHERWSl [BHXMEHHS 1O BPEMEHUW M 3aTeM
wckaouuth BpeMs. Onpnako B o0meM Clyuae MeHee MPOMO3AKO Hero-
CpelNCTBEHHO NOJAYYMTb AuddepeniuaIbibie ypaBHeHUs IS TPaekTOPHH
B npoctpancTBe. Hawnbosiee mpocTo 3TO CA2/aTbhb € MOMOLUBIO KIPUHLIUIA
Ha "M Hbllero AeficTBUA».

HanoMHyM, YTO B KAACCHUECKOW MeXaHMKe uallle BCero UCMOJb3YHTCs

)
ABa Bapuauuonusix npupuuna: 1) npusuun TamuabroHa, Bf Ldt=0,
: 4

xu,

2) npuHUKN HauMeHblUiero Ae#HcTBHfA, O fp-dl:O. STH NPUHLUIEL BeCbMa
Xal

pa3nuuHbl N0 GHU3UYECKOMY CMBICAY. Mbl yiXKe NOJb30BAMNCh TPUHLKNOM
FaMuJibTOHa., MpH STOM BapbUpOBAJCH MNYTb MEXAY ABYMS HEU3MeHHbIMH
TOYKAMH B NPOCTPAHCTBE W BpeMEHM; HA BAPbUPOBAHHOM NYTH ypaBHeHHS
EBUXEHUS MUIM 33KOHbI COXpaHehHs He BHNOJBAITCA. B npusuune
HauMeHbIEro Ne#CTBUS KOHeuyHHe TOYKM 3a3KpelUleHbl B NPOCTPaHCTBE,
HO He BO BpEMEHM; MpPH 3TOM HA BApPbUPOBAHHOM NYTH BHINOJBSETCA
3aKOH COXpaleHusi DHEPIvu.
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COBMECTHO CO BTOpPbIM COOTHOLleHueM (23.19) mpuHUMI HaMMeHbIero
nenCTBuﬂ naer

/p di—?3 f(mu+eA) dz~sf u2/2+eA) dl—=0.
(23.28

IlycTs Temeps olnHa U3 TpeX KOOpPAMHAT, HampuMep x, GymeT He3aBu-
cuMmod nepemeHHo#l. Torna ypaenenue (23.28) npumer Tako# Bun:

8 f [maVity? 22+ ed,+ Ay + 42)]ax =0, (23.29)

’ Y dy dz
rie y' u 2z’ paBHbl COOTBETCTBYIOLIMM MPOUSBOIHBIM —= U ——. Coot-
BeTCTByIOMHKE ypapHeHus OJinepa u Oynyt awuddepennuansuuiMu ypap-
HEeHUsIMU TPaeKTOPMH, eCH BeJHYMHA CKOPOCTH U3BECTHA KakK QYHKUMSA Xx.
Tak kak B mpuHuuNe HauMeHbLIero Ie#iCTBUs HAa BapbHPOBAHHOM MNYTH
BHLINIONHAGTCH 33KOH COXPaHEHHs SHEPruM, TO X MOXHO BHPa3uTh uepe3

KHHeTHYECKYO 9Heprmo Twu 9Heprmo nokosl vacTuus Ey:
V 1+ 9TE,

‘/1___ ED |

Ecau BecTH napaMmeTp T'——E—o » TO B3apHalUOHHOE YpaBHEHUe CBemeTCs

K cnenylomemy'

ef[‘/ 2 (14 )(1+y’2+z’2)+ (A, + Ay J—Azz’)]dx—O

(23.30)

OcHOBHOE MNpUNOKEHHE OSTHX Pe3YNLTaTOB— STO PacueT TpaekTOpWi

B SNIeKTPHYECKUX U MarHUTHbLIX ONTHYECKUX YCTpOHCTBaX. 3TO LOBOJLHO

cnenuansHas oGJACTb; ¥ Mbl PACCMOTPUM TOJLKO pelleHus], NpeAcTaBJs0-

e oOuwai untepec. Bonee noapo6Hoe u3NoKeHUe MOXKHO HalTu B Tpy-
Aax Mo SJEKTpOHHON onTuke (CM. NUTEPAaTypy B KOHLE TJaBbl).

B snexTponHO# M uOHHO# ONTHKE OOBIYHO HUMEWT Jleno € TPaeKTo-

pusmi BOau3u kako#-nmbo ocu. PaccmoTpum nostoMy ciyualt oceo#

CHMMETpPUH, B KOTOpOH emuncTBeHHO# koMmnonenTo#t A Oynmer Ay, ne 3a-

Bucauias ot 6. BocnoJb3yeMcsl LMNMHAPUUECKUMH KOOpPAMHATaMK U OyieM

dr db
CYUTaTH 2 He3aBMCHMOM nepemennoil. Torna r’ — VI 6’ =g * @ ypas-

HeHue (23.30) npeoGpasyeTcss K TakOMy BHAY:

aj ,[‘/—m("z‘f‘ﬂe'a‘f U+ AveJaz==0. 2330)
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Vpapuenusi Ditnepa it r(2) u 6(2) nonyyaiorcs uz (23.307) oGLIYHBIM
o6GpasoM. [lepsuifi unrerpan ypapHenus Ans 0(z) saxomurtcs cpasy e
¥ MPUBOLMT K 3aKOHY «COXpAaHEeHUss KAHOHUYECKOrO YIJIOBOTO MOMEHTa»

20/ [ T
r20 1/21(1+2)+e_c
o )* K

Agr=C. (23.31)

MoxHO MOKas3aTb, YTO 3TO ypaBHEHUE 3KBUBAJIEHTHO CjelyloLleMy:

rp,+ edgr==C7, (23.32)

Py=—F—-
o

CrienoBaTe/ibHO, YaCTHLA, HAXONALIASICA B moJie, NMPU BHJIETE U3 HEro
NONYYUT MeXaHHyecKu#t YrioBoH MOMEHT. ¥YTJIOBOH MOMEHT 4YacTHLHI,
BJjieTalomel B MOJe, USMEHWTCS, ONHAKO MpH BhHAeTe U3 MO/ OH BOC-
CTAaHOBUTCS 1O MPEXHEro 3HaueHus,

- Coornowente (23.31) MoxHno noncrasuth B auddepenuuanbuoe ypas-
senue nnst r(2). TeM caMbim 3aBUCHUMOCTbL OT 6/ MOXeT GHITh UCKJIOYEHA.
IMonyuatolieecss B pesyabTaTe 3TOr0 ypaBHeHHe NOBOJBHO CNOXHO, OINHAKO
€ro MOXHO YNPOCTHTb cienywolleli 3aMeHOH MepeMeHHBbIX:

rae

E= 21(1 -+ )
"“““g%(%—% Ao), (23.33)
A=§(1—7),

rae C —Ta Ke KOHCTaHTa, 4TO W B cooTHowenuu (23.31). Toraa ypas-
Henue Dfinepa Ge3 kakux-iH60 npubnuienud CyLeT UMeTb BUI

= ‘+’ [(1+r'2) —gl]. (23.34)
r4

D10 ypaBHenue BecbMa o€llero Buaa. B npakTHYecKH HHTEPECHBIX CJay-

wasgx OHO ynpouiaercs. Tak, B 4YHCTO SJEKTPOCTAaTHYECKOH cucteMe

A — KMHETHYeCKad 3HEeprusi YacTHLE, T. €. MPOCTO SJeKTpOCTaTHYecKuh
noTeHuuan.

VpaBrenute (23.34) cywecTBeHHO Ynpoluaercs, ecid pacCMaTpPHBAThL

«NapaKcHalbHOE» IBHIKEHUe, T. €. TaKoe JIBHXeHue, APU KOTOPOM HaKJOH

AyYelt K OCH Bcerna HepesMK. B 3ToM cayyae BO3MOXHBI IBa Mpubau-

2 0
HKeHUus: MOXHO mpeHeOpeub r’” U, KpoMe TOro, APOH3BOMHbIE —— U ——
p or 0z

MOXHO CBf3aTb MOCPENCTBOM YpaBHeHufi mods. [las oOGnacTu BOAU3U OCH
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MBI UMeeM o o2
o_jx- %—; (23.35)
"
A= (23.36)

€ TOYHOCTLIO A0 4neHoB mopsiika r2. TakuMm oOpasom, 3nauenust ¢ H B
HYXHO 3HaTb TOJMbKO HAa ocH. Ilpu Takux npubmukenusx ypapHeHue
(23.34) npuBomchq K BULY

7 ’ L l+'€ r < 1—1' T
s (rp) i () +
r (eB/my)? c2
+§ t0+ 92y RAFy2)r

=0. (23.37)

Ecau BecTd 0603Havenus f=ufc u Y= 1/V 1— %2, o 3anuch ypas-
HeHust ynpomaeTcn
Be )’ Cc?

R Ly et

dusudeckull CMbicA 3TOro ypaBHeHMs oyeBuuieH. IlepBble TpH yiena
COOTBETCTBYIOT NEHCTBHIO 3JEKTPUUYECKMX JIMH3 [pPH OTCYTCTBHH yrno--
BOro MoMenTta. Ecam ke KaHOHuMueCKMIi YrioBoH MOMEHT OT/iuYeH
OT HyJsl, TO MOSBJAsieTCs MNOCHENHUH uNeH, ONMMCBHIBAIOMME <L EHTpOoDex-
Hbilt moTeHuuan» uiu heKTHBHOE KOTTaNKUBaHHE OT ocu». YetBeprhiid
4jeH OMUChiBaeT (pOoKycupymomee nefictBue MarHWTHOro MNoJis. MH pac-
CMOTPHM LeHCTBHE ITUX UJIEHOB OTHEJBHO.

==0. (23.38)

§ 23.4. llpocrefuine 3NeKTPOHHO-ONTHYECKHE YCTpoOHCTBA

1. Buekmpuneckasn AUH3Q U UCHMOYHUK AYuell HAxX00Amces HE
ocu, B=0=C. B 3toM cay4ae ypasuentie (23.38) npupoiurcs K Ta-
KOMy BUnY:

r 4 BJ + %2 =0 (23.39)

U
Gy + %— =0. (23.40)

KayecTBenno neficTBHe 3JieKTPOCTATHYECKOH JIMH3EI OCHOBAHO HA W3MeHe-
HUM CKOpPOCTH wacTHLH, Nposetatolet yepes mone. Ha puc. 23.2 nono-
WHTENbHO 3apsKeHHas YaCTHLA nepecekaeT cucTeMy cJjesa nHanpapo. Kak
B yCKopsiomel nunse, Tak W B 3aMejssioliel yactuua Gonbiue BpeMeHH
TIpOBOIMT B (POKYCHPYIOUIEM MOJie, HeXeau B Ne¢OKYCHPYIOILEM, NO3TOMY
cymMapHoe nelficteue B 00oux crayuasx Oynmer ¢okycupytowum. Ecau
OTPAHUYNTLCS HEPENNTUBUCTCKUM NpubmikeHueM, TO 3TOT 3QeKT JNerko
OLleHUTb KOJHYyecTBeHHO. JI/isi STOro BOCMOJbL3yeMCsi MpeoOpa3cBaHueM

R=rT". (23.41)
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Torma ypasnenne (23.39) npeo6pasyeTcsi K ypaBHEHHIO
3 ( T\
R'+ 15 (7) R=0. (23.42)
OTKYAa HeMOCPeACTBEHHO W CjenyloT (OKYCHpyolliie CBOHCTBA 3JieKTpPO-
ctatHuecko#t nunsbl. VlHTerpupys ypashenusi (23.42) no obnactu, 3aHu-
MaeMO#l moneM, MOXHO BBIYHCJAUTb (OKYCHBIE PAaCCTOSIHUSL TAKOM JIUHBBIL
CkopocTh yacTHIBI, WIM KBAEPATHEI KOPeHb U3 3/1eKTPOCTATHYECKOro
noresuyana (B HepelNSTUBHCTCKOM CJy4ae), aHaNOrHYRbl NMOKAzaTeslio mpe-
AOMJIEHHS! 1 B OATUKE. JTO JAErKO MOHSTb, eciu OOpaTHTb BHHMAHHE Ha
X3
CoOTBETCTBHE Mexay Mpunuunom PepMa B onrtuke, 3 f ndl=20, u
Xy

HPUHUMIOM HauMeHbilero AefcTBUSL JAJISl  HEPEJSTUBUCTCKOrO  CJyyas,.

Soxyou- Legoryou- Porycu- Aeporyci-
pym'%/aﬂ DYUaR DYas PUYIOLLOR
Yewopreowue FOMECTIRIIYUE
JTUHI STLUHIb!

Puc. 23.2. Ycxkopsiiouas 1 TOPMO3SILAS SJEKTPOCTATHUECKHE JKH3HL
O6e nuH3bLI B 1eNOM OKa3biBAKT (POKYyCHpPYoiliee NefiCTBHE.
Xy

 } f Vle == 0. JIo6ONHLITHO TaK®e OTMETUTL, YTO JIMH3A fBAsieTCd yCTpofi-
Xy

CTBOM «BTOPOrO NOPSILKA» B TOM CMBICAE, 4YTO €€ ¢GoKycupyiomee nel-
C€TBHE KBAaLPaTWYHO 3aBUCHT OT 1’, a CJeNOBATENbHO, ¥ OT BEJUYUHH
NPONOJbHOTO noJisl. PHU3NYECKH HTO CBA3AHO € TeM 0OCTOATENLCTBOM, YTO
AefcTBue JiMH3H OOYCJOBJEHO KakK W3MEHeHHEM CKOpPOCTH B moJjie, TaK.
M JelicTBHEM panualbHONH KOMMOHEHTH MOJS,

Pany mpoctoThl MBI paccmatpuBaeM HepensTuBHcTCKuH cayyaft. Onnako
Te Ke PpacCyxkieHuss NPUroAHsl U B oO0lieM cJayuae, 32 HCKJIIOUEHUEM
TOro, YT0 npeoGpa3oBanye, NpUBOAsiliee K ypaBHeHuo (23.42), HeCKOMLKO-
6onee cnoxno, yeM (23.41).

2. Maznumocmamuyeckan AUH3G, LCMOLHUK Ayuell nO-npexcHemy
ra ocu saun3b; C==0. Ecnu snekTpocTaTuyeckue noJjis OTCYTCTBYIOT,
TO SHeprus yactuubl OynerT nocrtosHHa. Ypasaenue (23.38) B TaKOM cay-
¥ae CBEMETCS K CNEAYIoLieMy:

4t (—gp—)ﬂ —o0, (23.43)

rne Bp = cmyfy/e — MarnuTHAs WeCTKOCTh YACTHLL, T. €. MPOU3BEAEHHR
MarHUTHOTO MOJSE Ha pajuyc KPUBH3HLI B HeM. Hukakux orpanuyenui
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Ha BeJHUHHY CKOPOCTH dYacTulbi HeT. OuYeBHIHO, YTO MarHHTHasl JuUH3a,
nonoGHo 3MeKTpocTaTHyeckol, Bcerma cobupaiowas. Ee ¢okycublie pac-
CTOSIHMS JIErKO ONpele/iyTh. NMPOHHTEr pHPOBaB ypaBxexue (23.43).

N B 3TOM ciaydae peficTBMe JIMH3bl KBalpaTHYHO 3aBHCHT OT MOJS.
[Toscuum 3710 QusMyeckn. PaccMOTpHM N5t MpuMepa MArHUTHYIO JIMH3Y
B Buje coJsieHouna (puc. 23.3). Yactuua, Bxonsias B COJIGHOWH, YrJio-
-BOr0 MoMeHTa He uMeer. [locie TOro kak yacTHUA APONeTHT O6JacTb

6’
2
g
F4
;fﬂ
~F
r4
r
\ zZ

Puc. 23.3. IleiicTBue MaruuTHod JHH3LL

CXOMSLIErOCcs MOJisi, OHA MOJIYYUT COrJacHo cooTHOweHuio (23.32) yrao-
BOH MOMEHT

— Pg = eAa e (23.44,

3TOT Yr/AoBOH MOMEHT MNOSIBASETCS B pesysibraTe HeHCTBHS HA YacTHLY
cunbl Jlopenua B stoft obnacty noss. B nanbnefimem BcaeacTBHe B3aHMO-
nefCTBHS MoMNepeyHoH CKOPOCTH YacTHLL C NPOACJbHOH KOMAOHEHTOR B
nosBasercss CHaa, HanpasnenHas K ocH. TakuM oOpasoM mose nefcTsyer
JABaxnbl, ¥ CYMMapuuifi 3¢gexT KBanpaTuued. YuTaTesp MOXET CAMOCTOS=
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TeAbHO YOenMTbCss B TOM. 4TO HANpaBleHMEe Pe3yabTUPYIOLIEH CHILI
BCeria MPOTHBOMOJIONKHO HAMPABJEHUIO PAaLHYCA-BEKTOpA.
3. O6wuii cayuaii. Ypasuenue (23.38) moxHo npeoGpa3oBathb

2 Gy + ,{_;%_F%(%)z%m%} =0.  (23.45)

B takom BuMpme. eciM OTBJeYLCS OT MOCJAENHEr0 4JeHa, OHO ApencTa-
BasieT COGOH ypaBHeHHE TapMOHHYECKOrO OCHHJISTOpPA C fepeMeHHLIMH
Maccoit M KeCTKOCTbIO. BiMsiHue HOC/TenHero 4YijeHa SKBHBAJICHTHO Hasu-
YMI0O OTTAJIKWBAIOILETO LEHTpPAa C HOTEHLHUAJIOM, MPOAOPLUOHANLHBIM r~2.
Hasnuve yriaoBOoro MOMEHTa, He pPAaBHOIO HYJIO, He MO3BOJISiET HacTHLe
fiepeceyb OCb CHCTEMHI.

B ofweM caydae nns pettenus ypasHenus (23.45) Tpebyercs uncies-
HOe MM rpaduyeCKOe UHTeIDHPOBAHMe, NPH 3TOM 3aBHCHMOCTh B M 7
©OT 2 yepe3 BeJMYUWHY 3JIeKTPOCTATHYECKOrO MOTEHLMANa HA OCH CYH-
Taercst uaBecTHo#. Ecan € =0 u napaMerpu cnabo 3aBucsaT OT pammyca,
0 YpaBHEHHE MOXHO NPOHHTErpUPOBATH C MOMOLIBIO TAK HA3bIBAEMLIX
annabaTHYeCKHX MHBAPHAHTOB B KBA3WKJIACCHYECKOM Npubamienud. B ko-
HEYHOM cyeTe MOJNyYaeTcs COOTHOLIEHHE

: (Fr'y + Gr =0, (23.46)

Ecm F u G kak GyHKUHH 2 YNOBNETBOPHIOT YCJIOBHAM
F’ G
L<vV &

<V &

70 pellleHusi ypasuenusi (23.46) umeror B

z
1 rifl’G_/ﬁdz

724———8
Vo

. (23.47)

Tlokasatenb B IKCNOHEHTE MOIKHO BHIYUC/ASTb AHANUTHYECKW U YHCJIEHHO
8 3aBUCHMMOCTH OT NPHUPONH MOJS.

4. Jlun3e nepsozo nopsioxa. HeTpynHo NOKas3aTb, YTO JMH3H Mep-
BOr0 TMOPsIKA, JeKTpHyeckas MIM MarauTHas, oOnanaiolime Kpyrosoh
cuMMeTpHelt — HeBO3MOXHH. [leJOo B TOM, 4To B cujy yciaosus div E=— 0
cpenne: snadenwe E, B 0GJacTW, rae HeT 3apsiioB, BCErlda PaBHO HYJIO.
AHaJ0TMYHO B MATHMTHOM MOJie CpelHee 3HadYeHHE A3MMYTanbHOM KOMNO-
#ietTbi By paBHO HY/II0, Tak Kak B o6nacTd., rie HeT TOKOB, MarHUTHOE
none — Ge3puxpepoe. -ClieaoBate/lbHO, B 1ol C KPYroBOoH CHMMeTpu H
YalTHLZ He MOXeT INOJYYHTb HMIYJbC, MPONOpPUHOHAJbLHLIK MEpPBOH Cre-
news E unu B.
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dokycupyolilee AeHCTBHE MEPBOrO MOPSRAKA BO3MOMKHO B aCHMMETpPHY-
HbiX JIHH33X. ﬂpHMepoM nonOOHLIX JINH3 SBJSIIOTCS JJeKTPUHUECKHE HIK
MarsuTHeie KBanpynoau, oGnamaiomme, NpaBna, MOJHEIM ACTUTMATH3MOM.
Kak unerxo Bunmet us puc. 23.4, nefictBe nonoGHoft TOHKOH AMH3H

+ — ¥4 S

- + 5 ”

Puc. 23.4. DnexTpHueckas W MarHuTHasl KBAAPYNOJbHbE
JHH3bI.

MPOTHBOMOJIOXKHO B NIBYX B3aHMHO-NEPHEHANKYASPHHX miaockocTsx. Cre-
JIOBaTeNIbHO, YTBEpMeHUe O TOM, YTO YCPeNHeHHLH Mo asuMyTy panu-
an wult UMOyabC, COOOMIEHHBIH YaCTHI2, PaBeH HY/MO — B JAHHOM CJyuae
HEBEPHO.

KomGunauust u3 cobupaiolied # pacceuBaiollelf JMH3 pa3Holl CHbl,
pasnesieHHHIX HEKOTOPHIM paccTOsHMeM, naeT cobupaiolumit sdgext. Cne-
IOBaTe/ibHO, KOMOMHANMS MOCNENOBAaTENbHLIX KBaApyNnonell, MOBEPHYTHIX
LpYr oTHOCHTeIbHO apyra Ha 90°, npuBeneT Kk GOKyCHpOBKe. DTH c006-
paxeHnss COCTABASIOT OCHOBY NPMHLMNA CHAbHOH (POKYCHPOBKM B 3nek-
TPOHHOH W HOHHOH ONTHKE.

5. Pewenusn, ynpouaoljuecss npu nepemene cuctmems Omcuema.
UnTarpuposanie ypasHeHHH IBHIKeHMS 4YACTO yNpOW@ETCS NMpH Hepexone
K CHCTeMe OTCYeTa, He CBsisamHoit ¢ HabmozareneM. HawGonee ynoGewu
cay4qali, Korja mnpH nepeMeHe CHCTEMB OTCYeTa BMECTO NBYX NoJjief —
3JeKTPUYECKOTO M MarHUTHOTO, MOSBJSETCH OAHO — YMCTO IEKTPHYECKOE
WY YUCTO MarnuTHOe. BO3MOMKHOCTL N0a00HbLIX Npeobpa3oBanuit BHTEKaeT
U3 HajMuust CKajgpHOro W MNCEBAOCKANAPHOrO HHBAPHAHTOB

E— 2B =], (23.48)
E-B=1, (23.49)

B rn. 17 wmu Bunenu, yto ecmu /=0 =1,, T0 uMeeTcs MIOCKas BOJHA,
BCe ceoficTea KOTOpo# uuBapuautHui. Ecam [,=0, a /; + 0, T0 MOxuO
u36aButhest 6o ot B, an6o ot E. Ecim E < ¢B, T0 MOXHO HalTi
TaKylo cucreMy oTcyera, B kotopoh E—=0O0. Ecau Marautaoe none B
OJHOPOAHO, TO TpaekTOpuH OYNyT NPEACTABAsiT> COOOH OKpPYXHOCTU
(wau cnipanm), a B naGopaTopHol cucTeMe oTcHeTa — uMkaounb. Ecan
swe ¢B < E, T0 MOXHO HaltTu Takyl0 CUCTEMY OTcyeTa, B Kotopokt B =0.
Ecow E npu s10M OyneT OLHOPOIHHIM, TO TPAaeKTOPUS NPELCTaBJjsieT
cobofi uennyo aunvio. B cayuae, korma /, == 0, T. e. WMeeTCH# KOMNO-
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Henta E, napannenbuas B, Hu OT 0aHOro u3 nosielt uzbaguTbCS Henb3sl.
Oanako, ecan E napanienbno B, To IBuxenue B HJIOCKOCTH, Ofpene-
ASieMOfl MOJEM M HAYaJdbHOH CKOPOCTHIO, 3aBHCUT TOJbKO 0T E U Jerko
vinterpupyetcs. I'locsie 3TOro HeTpydHO HaWTH ABHXKeHHWe W TEpPNEHAMKY-
JIIpHO K 3TOH NNOCKOCTH.

3apauu
1. Mokaxurte, uro dynkuus Jlarpanxa Buna

T2
L=—-moc2]/1—-c‘ff—e<p+e,4-a

JlaeT TIpaBHAbHBIE YPABHEHUS ABUKEHUS.
2. MoxaxuTte, 4TO TPAEKTOPHUS YACTHLE € 3apAAOM € U Maccoii noxos m,
B OIHOPOJHOM SJEKTpUYECKOM noje E, napaiienbHOM OCH X, ONMCHIBAETCA ypaB-

HEHUEM
Uo eEy
X=—ch—,
eE PoC

2 ey
rae Uy = V(mOCZ) +c2p(2,, a p,— HavalibHpiH MMOYJbC B HalUpaBAEHUM OCH Y.
ViMoysnbe B HampaBaeHuH oc x npu y = 0 NPENNoAaraeTcss paBHbIM HYJIO.
3. Paccmorpute 8A€KTpPOCTaTHYECKYI0 CHCTEMY ISl YCKOPEHUA 3ap:IKEHHBIX

YaCTHL, TOAOGHYIO TEM, KOTOPHiE OpPHMEHSIOTCS B BJAEKTPOCTATHYECKHX Fedepa-
‘FOpax. DHeprusi BHAETAIOMME uaCTULl PuBHa

. ga 2nz
e<p—k(2+2—nsin—7g——),

e<p’=k(l+acos 2272),

rie z— paccrosfve 10 OCH, a k — cpefiHee 3HauYeHHe ycKopsouero nos. Beau-
YUHA o, OMpejeaseMasi paBEHCTBOM

a2 E2
14—=—
+ 2 = o

eCcTh Mepa OTKJOHEH!IS TNOoJA HA OCH OT cpejHero sHauenus. [lpennonowum,.
EJAVHA BOJHBI STHX OTKJOHEHHH £ HEBEJHKA MO CPaBHEHHIO € (GOKYCHBIM pac-
CTOAHMEM KawAOH w3 JuH3 TOMMHOH g. Torna BMeCTO BEANUYHHB q:'2 MOXHO
MOACTaBUTL CPENHEE KPaJAPaTHYHOE 3H3YEHHE W COOTBETCTBEHHO B ¢ MOXHO Upe-
uebpeub YAEHOM, O6YC/AOBIEHHBIM OTKJACHEHHEM MOAs OT €ro CPEIHEro 3HaveHusl.
KakoBo MuHMManbuOe 3HAUEHHE @, MPH KOTOPOM TPAEKTOPHH €HE OCUMILIHPYIOT?

4. Kak npakTHueCKU B JHH3E C CHAbHON (OKYCHPOBKOH peanusoBatb snek-
TPOCTATHYECKOE NI0Je, KOMIIEKCHbIH NIOTEHLHAA KOTOPOro

E 22
2& ’
rne E,— 3nexTpHuecKoe mose Ha panuyce a. He mpennonaras roamuny auusnt L
MaJIOH, BHIUHCAUTE (POKYCHBIE PACCTOAHUS B MJAOCKOCTAX X U Y.

5. [ycTh nBa KOAKCHaABPHBIX MPOBOASIIHX WHJHHAPA PABHONO Panuyca 3aps-
WKeHbl Mo nmoteHuManoB — Vo2, 4 V/2. Briukcaure pacupenesesve noteHuuana

MEX/Jy UHJIMHIPaMH, PEANOAArasi pacCTOsIHHE MEMAY HHMH MaJjbiM MO CPuBHe-
HUIO C UX pajiuycoM a.

W =
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€. MNoaoxure B mpenpiayumed sajgaue Vo= A w» ol, rie w<€ c/a, T3k 410
OpUMEHHMO CcraTHueckoe pemenve. [lycTh yepes sTo Hoje mponeTaeT yacTuna
C 3apsjoOM e MO TPAaeKTOpHM, MapajjeabHOH OCH, Ha paccTosiHuM b OT Hee,
KakoB 6yner npHpPOCT €€ sHepruu?

7. PaccmorpuTe, Kak uacTHua ¢ sHeprueil u, _>>eV, npoxoaut uepes mose
sagayr 5. Onpenenute (QoKycHOe paccrosHue.

8. llokaxure, uro peuenne (23.47) ynoBaetrBopsieT ypaBHenuio (23.46).

JIMTEPATYPA

I. H. Goldstein, Classical Mechanics. (Pycckuii nepeson: . Foap-
creitn, Kaaccuueckas mexaHuka.)

Cpenu Apyrux Kuur, B KOTOPHIX H3Aaraercsi 0GOOLIEHHAs MEXaHUKa YacTHi,
3Ta COBpPEMeHHasl KHura Gyner nauboJee nojesHa nJsi YuTaTeas.

2.H. C. Corben. P. M. Stehle, Classical Mechanics.

Jlpyroe coBpeMeHHOE pyKOBOACTBO MO Kjaaccuueckoll mexanuke. Henocpen-
CTBEHHO pEeAATHBUCTCKOH MEXAaHHWKY B KHHIE€ OYEHb Majo, OJHAKO MPOBEJEHO
paanuuue Mexjy KOBAPHAHTHHIMH U KOHTP3BADHAHTHHIMU KOMIIOHEHTAMH BEKTO-
{OB ¥ TEH30POB, YTO BECbMa MNOJE3HO B PEAATHBUCTCKOR TEOpHH.

3 JL I Jilaupay u E. M. Jludmuy, Teopus noas.

[a. 3 nocBamena nBHKeHUI0 3apsaioB B noasx. PaccMotpeHo MHoro sonpo-
COB, H3JIOEHHBIX BBHILIE.

4 0. Klemperer, Electron Optics.

KpoMe o6Gcysknenuss OPHHUMIOB M MHOTHX MPHJAOMXEHUH, KHUTA COJEpP KUT
noapobryo 6ubauorpaduio,

5 V. K. Zworykin, G. A. Morton, E. G. Ramberg, L. Hillier,
A. W. Vance, Electron Optics and the Electron Microscope.

BecsMa noanbiii 0630p 1945 T.

6. NpencraBasioT HHTEpEC ABA 0630pa MO SAEKTPOHHOK MHKPOCKOMHMY, [O-
sBuBuecs B 1950 r.: o — Koccnera, npyroily— Mapruna u ap.



FTABA 24
FAMUWJILTOHOBA ©®OPMA YPABHEHMI MAKCBEJUJIA

B ra. 23 nyreM coorBetcTByloulero BoiGopa ¢yukumi Jlarpamka n
FaMunbToHa Mbl HONYYMIM BO3MOKHOCTb BHIBECTH KOBAPUAHTHBIE YpaBHe-
HHsl IBMXKeHMH TOdYeyHol yacTuuw. IlonbiTaeMcss tenepb HaliTn nonaxons-
mue ¢yHxuun Jlarpauxa u [aMuibtoHa, u3 KOTOpPHIX BhITEKanu Obi ypas-
HeHUsl JBHXXEHMSI NOJS, T. €. ypaBHeHuss MakcBenna. Hukakmx HOBHIX
Pe3ybTATOB KacCHYeCKOH SAeKTPOAMHAMUKY Mbi TaKuM 06pasoM He mony-
YuM, OIHAKO, KMEHHO' 4Yepe3 KaHOHHMYeCKyl0 «¢popMy ypassenudt mnoss
OCYINECTBASRTCS MepPexoa K KBaHTOBOM 3nektpoauHamuke. Kpome Toro,
TaKuM NYTEM MOXHO Ppas3BUTb METOAB MCCJEJ0BaHHs MOJEH HHOH npu-
ponbl, HEXEeNH 3IJeKTPOMATHHUTHLIE,

Ilpy othickauum kaHouuyecko#h ¢opMbl ypaBuenuii Makcpenna Mbl
CTANKNBAEMCH C HOBBHIM BAXHBIM OOCTOSITENIbCTBOM, a4 HMMEHHO C TEM
dakrtoM, ytO mnone o6nazaer OeCKOHeYHHIM YHCNOM cTeneHel cBOGOAHI.
ITo3TOMy MBI HauHeM C HCCAENOBaHUS Nepexoaa OT MEXAaHMYeckod cu-
creMul ¢ N crenedsmu cBoGonbl K cucteMe, y kotopoit N craHOBMTCS
6eCKOHEYHBIM.

§ 24.1. llepexon K ONHOMEPHOMY KOHTHHYYMY

PaccMoTpuM cuctemy u3 N TOUYEUYHHIX 4acTHL, OAMHAKOBOH MacCH m,
€oelVHEHHHIX TNPYXMHKaMM C OAMHAKOBOH Yynpyroctbio k2 u niuHo# a
(puc. 24.1). Ilyctb w; npenctasnsier cMewenne i-if Macchl U3 MOJNOMKEHHS

"., m m m
Ve LA RN v [ [

b—a—rh—t—fe—a—rfe—a—e— ]

Puc. 24.1. CucteMa MaTepHalbHbIX TOYEK, COEIHHEHHBIX
OpYKHHAMHEL.

pasHoBecus. Pelilende 3anauit ocHOBaHO Ha BHOOpe nouxonsue# GpyHKUHH
JHarpauxka L ¢ TeM, 4To6b nyTeM Bapualuu

3 f L 7 Hdt=0 (24.1).
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TIONYYNTh yPaBHEHHs aBmxeHus. M3 Mexauukm uspectHo, uto L—=T—V,
rae T u V COOTBETCTBEHHO KHHETHUECKass W MNOTEHLMANbHAS SHePrHu.
B Hawe#i sapade, ecsu npeHebperath BIUSIHUEM KOHLOB, HMeeM

N
— 5 Wy 72—k (g — . 24.2)

i=1

D1y ¢ynxkumio Jlarpanmka MOXKHO 3anHcaTh B TakOM BHIeE:

N
=X a9, (24.3)
i=1
The
1fm . T — %\
Z=5 52— ka (B Z)]. (24.4)

DTy BEJHYHHY MOXHO Ha3BaTh JuHeHHOM maoTHOCTbIO ¢ywkuun Jlar-
pauxa. Ypaeuenue (24.1) ¢ ¢ynkumeir Jlarpanxa (24.2) npusoauTt K o0uiy-
HbHIM YPaBHEHUSIM ABMIKEHUS CHCTEMB! CBSI3aHHBIX OCLMJISTOPOB; OPTOro-
Hanuzauus (24.2) naet HopmanbHble KosneGaHusi CUCTEMHI. ®
Ilycth Tenmepb 4YWCAO cTeneHel CBOOOAB CTPEMHTCH K OECKOHEYHOCTH.
Ilpu s10M
a—dx,

ka—Y, | (24.5)

TAE p —— JHHEHHAS IMJIOTHOCTb, a Y — monyas ynpyroctu. Ilpu Takom
nepexone AHCKPETHHIH uHAeKC { 3aMeHsieTCsl HENMPEPLIBHOH MepPEeMEHHOR X,

a ¢yukuus Jlarpawxa npuoOpetaer clrenylowmit Bun:

L=%f[p%ﬁ~y(%)2jdx=fydx, (24.6)
- .,2’(7:, hg—}. t):%[p”}f"— Y(g%)z]. (24.7)

Taxkum obpa3oM, mIoTHOCTL (yHKuuu Jlarpanma sBHO 3aBUCHT OT MNpO-
CTPAHCTBEHHBLIX MPOUBBOIAHLIX «KOOPAUHAT MOMS» 7.
M BapuaumoHHoro ypaBueHust (24.1), kortopoe Teﬂepb HMeeT BUA

Bdet—Bff,gﬂdxdt:O, (24.8)

MOXHO BHIBECTH COOTBETCTBYIOLLME ypaBxeuus Jitnepa. [list 3toro B (24.8)
NOACTAaBHM MJOTHOCTL (ynkuuu Jlarpawxa (24.7). Mnterpupyst no dacrsam
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M He VUMTHIBas SRHOH 3aBMCHMOCTM OT BPEMEHM, MOAy4HM

f e [ [ e o) () -

ox ot

_ [ 0.7 a 0. 1 o 0.2 7l ':
/j i on T x Ii:)—(g)-} o [_—d(g—;)]}ondxdf 0. (24.9)

ITponuTerpupoBasHas 4acTb o0palllaeTcs B HyJib B CHJY YCJOBHf, uTO
37 ==0 ua rpaxnuax o6nacTu uurerpuposanu1 no f. Tak kak &% — npo-
u3BOJbHAS (QYHKHHR X, TO M3 (24.9) chaefyeT YpaBHEHHE B YaCTHBIX
NPOU3BOAKLIX

0. d 0% 7 0 07 1
R el T e
L OX .

ot
310 ypaBHeHMe 4acTO MMIUYT B TAKOM Buie:

. o[ oz |_.
K] a( n)
. | \ox
rne Bhipaenue
by __ 0¥ 0 &
= = [a(g,])] (24.12)
X

Ha3bIBAETCH  «BAPUALMOHHOM», MM «PYHKHMOHANBHOH» APOM3BOAHOMH.
3aMeTHM, 4YTO TMpHM MpEIe/bHOM Mepexone K HenpephBHOR nepeMeHHOH
cucrema u3 N oO6blunsIX aubdeperumansHbX ypaskennit Jlarpanwa same-
HAETCA OIHUM YDAaBHEHMEM B YACTHBIX MPOU3BOIHBIX.
Honctapass B (24.11) nnotnocts ¢dyukuun Jlarpamka (24.7), nony-
UM BOJNHOBOE ypaBHeHHe
*n__y P 2.1
— = 13
v or Y 0x? 0, ( )
COOTBETCTBYIOLLEE YNPYrdM BOJIHAM, PpacCnpOCTPaHAIOLMMCA CO  CKO-
pOCTHIO VY/p.

§ 24.2. O606uienne Ha TpexMepHH KOHTHHYYM
Hanomennoe B mnpeaburyiiem naparpage Moxer ObTb 060611€HO
Ha CchAyuyall TpexMepHOrO TmoOJst 7, rpe v npeicTapiseT COOOH mpous-

BOJibHBIH KOBapuaHTHbIt napametrp. B otoM cayuae BapmanuonHoe ypas-
Henue, aHanoruyHoe (24.l), npusMer Bun

SIdefvdt:O, (24.14)
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p ki
affy(n. —"l.)d4x=0. (24.15)
e oxt )

Ouepunno, Takas $popMa ypaBHEHHS KOBAPHAHTHA, C/M MJOTHOCTb yHK-
uuy Jlarpawwa — cxansp. IlposapeupyeM onsTh (pyHKUHOHANLHYIO 3aBH-

cUMOCTh ¥ OT M H (;’_’7’ cuntas x' nocrosHHBIME. Wnrerpupopanue
]
MO 4acCTaM MPHBOOAT K YpaBHEHHIO
9
9F 0 [ 9L 1) gaxim =0, .24.16)
om oxi (,( 071) :
oxi

OTKYyLia NOAYvAlOTCA KOBapHaHTHble ypasHenus Jlarpauia

0.7 [ 07
o oxi (,(_Qn_ )
oxi

(24.17)

Jlast Toro u4ToObl 3aBHCHMOCTb OT BpeMeHM Caeiath siBHOM, 9TH ypas-
HeHMsl 3anuuieM B BUJe

3.¥ 0 (0.9
—_— == 4'
o ot ( o ) (24.18)
raoe
0P 0 [0 \
= | (24.19
0x°

npuveM 7= —(}%

, @ X° npenctapisior co6o# MpocTpaHCTBeHHbiE KOOP-
JIMHATBHI. )

Hama sapada coctoutr B TOM, uTOOb HaHTH Takylo ¢yHkuuw _&,
KOTOpas Npu MOACTaHOBKe B ypasuenus (24.17) npusommna Ob K ypas-
HeuuaM Makcpe/a. OueBMOHO, YTO BCe M3JjOXeHHble cOOGpaXkeHus npu-
MEHMMBl HE TOJIBKO K 9JeKTPOMarHUTHOMY TNOJIO, HO W K JI06GHM
JIPYTUM MOJAM.

[Tonyuennoe wamu ypapuende Jlarpamma B YacTHHIX MPOH3BOIHBIX,
4 TaKWe TMPUHIMI HAMMEeHbIIEro mneHCTBMA MMEIOT KOBapHaHTHHIM Bun.

IOass Toro yro6m BBectH ¢yHkumio [ammibrona, Heo6xomuMmo cpenu
nepeMeHHbIX X' BBHIIEJNTb BPeMsi, KaK 9TO CHEJAHO B COOTHOILEHH: X
(24.18) u (24.19). INocse 3TOrO MOMHO BBeCTH «HNAOTHOCTD MMAYJ/bCax,
CONPAXEHHYIO 7],

4]

xixe, t) =9L (24.20)

On

B ILIOTHOCTb (yHkumM# [aMunbTOHA

0 0 .
e%’(n, T T t)=w7)——,5?. (24.21)
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YpasueHus aMuibTOHA MOXKHO NONy4YHTb OObIYHHIM OGpasoM. PaccMo-
TpuM npupauenne 3G nonuokt ¢yuxumu Famunbrona H = f € dv.

m:f[,}an_ma;q_ﬁ;g’%_a ﬁ)—%%n]d‘u.

0 (___) \oxt
oxt

[onbaysicb ypapuenwsimu Jlarpama (24.17) W onpenenensteM =, unTe-
rpupyeM MO 4acTdM

3H — f (n8% — = 3) do. (24.22)
Tak kKak
H= / ¢ (. RS 7,"}"—) o, (24.23)

TO MOXHO Hanucathb
([ ose . o058 o ( om o080
o = J[ on O(an) 3 om)+ 5

oxv
(’oﬁg N 6‘7]
+a( o ) 0(0)6“)
oxe

o+

dv. (2429

Ecan 970 BbipaXceHHe NPOMHTErpHpPOBaTh NO YACTAM W pe3ynbTaThl Cpa-
BHUTb C BbipawenneM (24.22), to noayusm

- b
n 3n ' !

. 3
= 2 }

oy

rae npumeneno oGoanauenve (24.19). Dro ¥ ectb ypasuenus aMuabTOHa.
Vpasueunst [aMuAbTOHZ MO3BOJSAIOT BBIPA3UT> TIPOU3BONHYIO BO Bpe-
Mmenn uepes ckoOkM [lyaccona. Ecam A npencrtasasier co6o# nAOTHOCTb

(24.25)

¢usnuecko#t nepemennoft L, 1. e. L= f Adv, 10 ¢ noMowbo ypas-
vennt (24.25) MOXHO HanMUcaTh

dL SA - 3A -
?T—_.[('an—"+—8—“)dv=
3A d¥s¢ 3A 6@719
= [ (53— L3 a = [1a o100, 4.2

4YTO aHanoru4Ho OOHuHbiM CKOOkam Ilyaccona. Jtu Bhpaxenus Cayxar
yIOGHBIM HCXOMHBIM NMYHKTOM MpH KBaHTOBaHuM ypaeHexu# noas. Ecan
3ajlaHa nAOTHOCTL Qyukuuu Jlarpamwa _%, TO u3noweHHbie Bbile C006-
paXieHHst MPHUBOIAT K KOHKPETHHIM ypapHenusaM nouas. [is Toro utobu
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ypapHeHust nons Obiav anHeMHbIMH, (yHkuus Jlarpamka wHe monkHa
0

conepxatb v # a—T‘L B CTereH# Bhie BTOPOR. B kauecTBe npocrefuiero
X

npumepa paccmotpum dyukumio Jlarpauma ¢ MAOTHOCTBIO

L /dy oy 9 24
= =\ ) 27
2(0)6’ dx; panz) ( )

KoTopas npM nonctaHoBke B (24.11) npuBoaut k chepyomuM ypas-
HeHHsSIM TIOJS:

(O —p)n=0. (24.28)
COOTBETCTByIOUlaﬂ WIOTHOCTb UMIYJibCa pasHa
1 o .

B pe3yJsibTaTe Mbl [MPHXOOMM K [OJOKUTEJIbHO onpeneneHHOR QyHKuun
FamunbroHa

H = % [e2x% - (V)2 + pP?]. (24.30)

StaMu BRIPAKEHHAMH Onpenensercst CKaisphoe Mesonuoe nose HOxasbl.
B ciyuae TOueyHOro WCTOYHHKA MOTEHINAN ITOTO MOJS MMeEeT BUL

e ¥

7= ei«k-r—mtl_r_. (24.31)

§ 24.3. dnexkTpoMarHuTHOE nNOJE

B cnyyae SAeKTpOMATHWTHONO MOJS paccy¥aeHns Gojiee C/ONKHBI,
Tenepb Mbl MMeeM LeJiO C BeKTODHBIM MONEM, T. €.

1o (24.32)

MMonnas ¢ynxuus Jlarpawwka momaksHa umetb TpH unena: 1) dnien, onu-
CHIBAIOIINH [BVIKEHMe MaTepMaNbHBIX 4YacTWIl; 2) 4jeH, ONUCHIBAOIUi
psaumoneHcTRue vyacTHibl ¢ noJeM, 3) uJieH, COOTBeTCTBYIOMA ypas-
HeHMAM MOJis.

[leppble B2 ujeHa MOMHO HanucaTh HA OCHOBE YMe M3BECTHBIX
coobpaxcennit npenbinyiux raas. Tax, Mbl 3HaeM, 4TO NOJyyartcd npa-
BHJIbHBIE YPABHEHHs [BHMKEHMS TOUYEeYHOM uvaCTHIBI BO BHELIHEM foJie,
€CAn MONOKUTD

P = % gocud’, (24.33)

rfie g,-— MAOTHOCTh B COGCTBEHHOH CHCTeMe OTCYeTa, a

yi FLo=J'¢ (24.39)
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Jns wanucanns Ly BOCMOJb3yeMCs C/enyloMMH COOOpaXeHUsMH: BO-
nepBbIX, MAOTHOCT & NOMKHA ObITb WHBAPHAHTOM, W BO-BTOPHIX, (PyHK-
uns L, pomina ObITb aHanioruyHa Khaaccuueckod ¢yukuuu Jlarpamua
B MeXaHuKe, MpONOPHUOHANbHOH pasHOCTH MNOTeHIMAJbHOK M KHHeTH-
yecko#t suepruft. IIpu 9/neKTPOMArHUTHBIX KONEeGaHHAX IHEPrist MepexoauT
M3 3JEKTPUYECKOH B MarHMTHyI0 ¥ OOpaTHO, KaK ‘ nNpH MEeXaHUYeCKMX
U3 KHUHETHYeCKOH B noTeHnuanbHyo. EnuncTBenubi#t ckansp, Ksampa-
THYHbI OTHOCHTE/BHO TMEpBHIX MPON3BOLHBIX YEeThIPEXMEPHOTO TOTeH-

uuana, WMeeT BHI F”FL.].:2(C"‘B2——E2) (BesnuuHAa F""Gij, re
G,; — tensop, Lyanbubift Ten3opy F;, MCK/IOuaeTcs, HGO, KaK Mbl BHIE/M

8 § 17.2, ona npeobGpasyercs He Tak, Kak Apyrue usieHh (QyHKIUH
Jlarparka). Koweuno, niotHocts ¢yuxumu Jlarpanxa MOXeT COAepKaTh
TAKKE uJeHbl, KBaJPATHUHble OTHOCUTEJBHO CaMoOro YeTblpexMepHOro
noTeHuMana, nogobHbie TOMYy, KOTODHH umeercs B Bhipaxenun (24.27),
OLHAKO HMEHHO 3TOT WieH MPUBOAMT K 9KCNOHEHIMANLHOM 3aBHCMMOCTH
OT r B pEIIEHHM JJ8 TOYeyHoro uctoynuka (24.31). Taxum o06pasom,
XOTs MJIOTHOCTb (yHkuuM Jlarpamwka, ananoruusas (24.27), Oka3sbiBaeTcs
BO3MOXHOR MO CBOMM TPaHCHOPMALMOHHBIM KayecTBaM, OHAa He COOT-
BETCTBYET HAOJIONAEMBIM HA OMbITe CBOHCTBAM 3JIEKTPOMArHATHOIO MOJS.
B KBaHTOBOM MeXaHuxe TeOpMH, OCHOBaHHAS HA MUIOTHOCTH (PyHKIMH
Jlarpauia, KBanpaTHYHOR KaKk OTHOCHTEJIbHO MOTeHHWa a, TaK H  €ero
fIpOUSBOJAHBIX, MPUBCAMT K YacTHHAM C KOHeyHOM Maccol noxos, B TO
BpeMsl KaK B 3/JeKTPOMAarHUTHOM Teopuu (POTOHBI HMEIOT HYJEBYID MAacCy
NnoKos. ¥
Takum 06pa3oM, B CJyuae 3IJEKTPOMATHUTHOIO MOJist

g (E2 — ¢2B? € pijp
,?’320—2——-)‘:—- —4°—F”f‘”. (24.35)
SameTuM, 4TO YypaBHEHHs MOJs
V-B=0,
oB
VXE=—5
yHe CONepmarTcs B YpaBHEHHAX
s O’ Oot
ij__ 09 99
= roy vl (17.30)
COOTBETCTBYIOLIUX BbIpaXeHUAM
0A
E= Vo—
B=Vx A

Taxum o6pasom, nodnas mJAOTHOCTL (ynxuuy Jlarpamka papHa

e Sttt b, @450
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B noapsy takoro Bbi6opa ¢yukuun JlarpaHika cBUneTeNbCTBYeT TaKiKe
CBA3b MeMLy MAOTHOCTBIO (yukiuu Jlarpanxa u TEH30pPOM 3Hepruu —
umnyabca (22.24). Ecau 3a mnotHocts Qynkuun [amunbTona npuusatsb
MO-TIPeXHEMY TUIOTHOCTb 3IHEPTUH, TO MOMNHO HAMUCATH

9% 4 V.-N=0. (24.37)

Ilanee, Bcnenctsue pasenctpa (24.21) umeeMm

dc’ffkd(_;‘_g__ ) *"(‘3-’7)_7}ﬁ_

of ot o r o on
0. 0%y - 0 A
——;*dfn mdt———w % —()—67]—~ . (2438)
() (5)
Caenosate/bHO,
N°— cT*‘“:ﬂ—i’g;—. (24.39)
()
KopapuanTtHoe 0606uienve cootHoiieHuft (24.39) n (24.21) naer
Ti= 91 0L ot (24.40)

FY ( o )
oxi
Taknum 00pa3oMm, nan BHOGOp ¢dyHkuun Jlarpania yaoBieTBOPSET M COOT-

nowennio (24.39), u pasenctry Tq= .
Jlerxo nokasarb, 4TO MAOTHOCTL dyHkuun Jlarpamwa ¥+ &5 npu-
BOAMT K ypaBuernsM Makceenna. OnHako Takof BHIOOD & He eiuu-

Og!

cteener. Tak kak noas FY ne 3aBucsiT oT BeJMuHHbI Yl ™ K %
X
Ol
MOMHO npubasuTh mo6yl0 Qysxuuo 0T ;"D—l OOBIYHO  10.b3YI0TCH
X
0 i
ycnopuem Jlopenua d—"ai:0, XOTH 370 M He 00f3aTe/bHO.
X
0.
[Nonb3ysdch paBeHCTBAMH &P = Lo+ L3 # 3¢ =J’, u3 cooT-

J
noweHus (24.17) nosnyuum

00y
- oxt 0 ( 0‘101 )
oxt

=l (B ()] < O
4 ox'{ (d‘f’j) 0xp, ox; ) \ ox*k oxt j} O oxt

d
l oxt
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W, ClenoBaTesibHO, TOJNY4aEM ypaBueHMS MakcBeJuia, ONMUCBHIBAIOINE
HCTOYHMKH MoJid ]
Yl 7
axi e (17.34)
Te e BbUHC/IEHNS MOXHO MNponeJaTh M ANt TpexXMepHOH M/ioTHOCTH
¢ynkuun Jlarpanxa

F=— g e (B — ED)— A~ j+pp, (24.42)

u ypasuenust (24.19). B TpexmepHoM cayuae umeeM
7 =A" (24 23)
e = — g E", (24.44)

7. e. A n E-— KaHOHMYeCKH CONpshXeHHble BesuyuHH., Bynyuu sbipa-
MEHHOW uepe3 3TH INepeMeHHble, MUIOTHOCTb ¢GyHKUuMM [aMuiIbTOHA JUId
MOl B OTCYTCTBMA MCTOYHUKOB MMEET BUA

Gt = oo 24 oy (V- ) 4 XAR o (0AY:

21“0
2
) — 2 (Vo= E + ‘-"%}ﬂ- —(m-Vo).  (24.45)

_-Eo(V@'
CricuuajbHblM  BHOOPOM KaNNOPOBKM ROCAeAHUN ujieH MOXHO OGpaTHTh
B Hyab; BO BCAKOM Cayuae B cuay pasenctsa V. E—=0 obbemubili
uHTErpan OT NOCJEJHETO UjieHA paBeH Hy/I0, M TakuM 06pa3oM, Bxiaza
B SHEprHI0 OH HE IaeT.

§ 24.4. Nlepuonuueckue peuieHHusi nJA OrpaHH4YeHHOH 00JACTH.
lpencrasjieHde noJisi B BHLE CYNEPNO3HIHH NJOCKHX BOJH

Boamoxer u apyroft cnoco6 npejacrabnenus ypasHenuft Maxcmenna
B raMuabTOHOBOH ¢opme. Jss 3TOTO HYWKHO OrpaHHuUTb YHUCJIO CTene-
Heft cBOOGOABI, 3aKJIOYHB MOJE B MPAMOYIOJibHYIO TOJOCTh € JUHEHHBIMH
pa3mepamu L. [panuunnie ycnosus Beibepem Tax, utoObl nons Gbiau
nepuoauueckumMu ¢ nepuogom L BO Bcex Tpex uamepenusx. Hcropu-
YeCKH BO3HHUKHOBEHHMEe 3TOTO MeTONd CBfI3aHO C BHIBOJOM 3akoHa Peses —
Hwunca (§ 21.9). Okasanocb, uTo ¢opma ypaBHeHu#t MOJsl, NOJyueHHas
STUM METOIOM, JIerKkO MO/J4eTCA KBAHTOBAHUIO,

B xauectse ¢QyHkuuMH [amuiabTona BhIGEpeM BesHYHHY

Hzf(iffz_*;*ﬂﬂ_)dv:f[?% +(V2Z<OA)] o, (24.46)

Tak Kaxk pelieHus nepuONHYECKHe, MX MOXHO PpasiomuTbh B pal dypbe,
7. €. Mo0yl0 BeKTOPHYI0 (YHKUHMIO, YAOBJETBOPAIOILYIO YPaBHEHUSIM
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MO/, MOXHO NPEACTABHTb B BUAE CYMMbI (DyHKLuH

By — Il“ Bpeit T, (24.47)

nphyeM CyMMHpPOBaHUE MPOU3BOANTCH KaK MO R, TaK U NO eJUHAYHLIM BEK-
ropam &,,. F'paHuuHbE YCJIOBHS JOMYCKAIOT CrellylOlMe 3HAYeHUs! BEKTOpa:

k:(%’i) (% + my - n2),

roe [, m, n-— noJoMnTe/bHble M OTPHUATENbHbE IleJible YyuClia, a Bek-
Top &, Moxer mmetb TpH Hanpasienns (A =1, 2, 3), uT0 CoOTBET-
CTByeT TPEM BO3MOXHBIM nOJAspusauuam. Hanpumep, MOXHO Hamucath

Axe, =1V, g o (1) G (), (24.48)
= )= Ve Zap(r) pp@®. (24.49)

SametuM Taxwe, yto QyHxunn (24.47) yAOBACTBOPSIOT MOMOJHUTENbLHbBIN
COOTHOLIEHHAM .

V- —ik - up,
o =1 B } (24.50)

VX am =ik X up.

[pumennM Tenepb BCe MpUBEJeHHblE COOTHOLIEHMS K MOJIO M3nyye-
HHMS, T. €. K YHCTO TnonepewHoMy noJio. KanmGpoBouHoe- COOTHOLIEHNHE
posbMem B Buge ¢==0; toria V-A=0 u V- E=0. B 310M Ciyuae
k- &,=0, u crenoratenbnHo, CyMMHMDOBAHME MO BOSMOXHKbIM MOJSAPH-

saLMAM pacnpocTpansieTcsl avlub Ha aAse komnouenth &p u €, nepren-
nukyaspueie k k. Taxum oGpasoM,

V X up = iktips. (24.51)

Ilast nepporo unena dynkuuu [aMunbTOHAa MOJyyaeM BbIpaMeHHe

3

' O O \
/ 7t2d'v=%-/12‘ Zel(kﬂz ”pkpk'd'v:
-2 A

O O , O
= %}d Z S(k+R)ppp, = 2‘ gD P_,:  (24.52)
EoR k
TaK Fak T ecTb neHcTBUTeNbHAs BesiuuuHa, 170 Belpaxenue (24.49) pasuo
CBOENY KOMIUIEKCHO-COMpSIKEHHOMY, M BC/ICNCTBHC PABEHCTBA W, =W’ ,,
MB JIO/OKHBI NONOXKATE p, = p__,. Cnenosatesbro,

1 VWA N
- n'zdfu:)k‘z”pm?. (24.53)

2
A=1
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Kpome Toro, n3 COOTHOMEHHH 124.51) u (24.48) cnenyer

L[ \Y | O
;0—/ (VXAPdv= 2‘ | kg, |2 = 2‘ 2 | g 2. (24.54)

k, X E. 2
Takum 06pasoM, Bbipawenue A4s pyHxkuud [aMuAbTOHA TIPpUHHMaeT BHJ

1
H=- 2 (1P P+ B e 2. (24.55)

Ry M

Kawnbifi unen 91Ol CyMMbi mpenctabnaseT co6oft ¢ynkumio aMusib-
TOHA OTIE/NbHOTO TapMoHHyeckoro ocuusistopa. IlostoMy ypashenus
9JEeKTPOMATHUTHOTO MOJIS IKBHBAJEHTHH yPABHEHHSM ABMMEHHS CHCTeMbl
rapMoHuyecknx ocuuuistTopos. Ecnm pasMep awuka B3sTh OGoJsibIINM 1O
CPaBHEHHIO C JJMHOH BOJIHBI PacCMaTPUBAEMOTO H3JYuYeHHs, TO UYHCJIO
OCHUWJISTOPOB, APUXONSLUMXCH HA HMHT2PBAJ Yr/joBOW 4aCTOTH, PaBHO
(w¥w2c3ydo. Metonamn craTHcTHyecKoll (M3MKXH MOXKHO HAHTH CPemHION
9QHEPrAI0 OCHMIAATOPA, KOTAA W3JAYY2HNE HAXOANTCA B PABHOBECHHM CO
CTeHKaMM, HaxoAslUUMHUCA mnpu Temneparype 7. Kak Mbl BUpesnn, nosy-
yaloueecs B pe3yabTate pacnpepenenve (21.65) HaxonuTCs B MOJHOM
npotueopeunt ¢ omslToM. ITombitka IlnaHka MCApaBUTL 3TO pacxoxjeHue
fip¥Bejia K BO3HUKHOBEHHMI) KBAHTOBOH MeXxaHMKH.

3agaum

1. INokaxuTte, 4yTo npeobpa3oBaHue MIOTHOCTH QyHKiMM Jlarpamxka caegyn-
Hero BHAa:
0 . o
,2"=,2’+—.[C'( ——)]
ox! K oxt
rae C'— npousBonbHasi BEKTOPHast dyHKUMS OT 7 K Onf/0x’ He OKasbiBaeT BaUfi-

HHf Ha ypasHeHufi Jiinepa. Tem campiM Gyier mokasaHo, 4TO BHGOp MIOTHOCTH
¢yHxuuu Jlarpamxa ans ONACaHUS AHHOrO NOJAA HEOAHO3HAYeH.

JIUTEPATYPA

1. H. Goldstein, Classical Mechanics. (Pyccku#t nepesox: I'. T o an-
cteiin, Knaccuueckas mMexanuxa.)

Bsoanbie coobpaweHust 0 KaHoHHueckoil ¢opMe TEOpHMH NoJell HMMEITCH
B ra. 11. I[Mepexon OT AMCKpeTHOl CuCTeMbE K HenpepuiBHOH Mbl Npojlenany TOTHO
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TOCBSEHA KJACCUYECKUM MOJSM.
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KBaHroBas MexaHuka.)
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NPUITOXEHUE
EJIMHUIBI M PABMEPHOCTH B 3JIEKTPOMATHHUTHOHN TEOPUM

XapaxtepHo# uepTOM KAACCHYECKON MEXAHMKH SBASETCS OTCYTCTBHE
B He# (yHLAMEHTa/bHBIX KOHCTAHT, OPraHHYeCKH CBOMCTBEHHBIX TeOpHH.
ITosToMy 3akoHBI KiaccHyeckOM MeXaHMKHM MOLOOHO MEHSIOTCS MNpH JIOo-
60M HM3MeHeHHM BXOISILMX B HMX napaMeTpoB. B xiaccuyeckoft mMexanuke
BCE BeAMYMHbl MNPHHATO BHIpAXATb, XOTA 3TO BOBCE H He 00f3aTenbHO,
Yepes TpH OCHOBHbie Benauuymub:: Maccy (M), nmuny (L) u spems (T).
Ynucno takux BenmuHH MOeT OBITh yBeNHYEHO, eCAH, HarnpuMep, B COOT-
HOILEHMM, CBs3biBaloLieM o06GbeM ¢ Aauno#t [o6vem —= K (mamua)®], no- -
crosHnylo K cuutath pasmepHoft M oTiamyHo#M oT enmHuubl. OObidHO
00beMy MPHMHCHBAIOT pasMepHOCTh L3, onHako B o6ieM chayyae B 3TOM
net Heo6XoavMOICTH. Touno Tak ie YHMCAO OCHOBHBIX BEJAHYHH MOMNHO
yMenbmuth. Jing 3Toro mekotopble ¢yHAAMEHTa/bHbIE MOCTOSHHBIE CJle-
LyeT cuynTath Oe3pasMepHbIMH M paBHBIMH eluHuue. Tak, HanmpuMep,
B KBAHTOBOM MeXaHHKE 4YacTO MOAb3yIOTCH ychnoBHeM ¢—=hH=1. B ra-
KoM cucreme enmmmy L=T=M"".

Mpbl npuBesM 3TH MpUMepH /s TOrO, YTOObH NOKasaTh, YTO Jae
B KJ4CCHYeCKOH MeXaHMKe YHMCAO HE3aBHCHMBIX pasMepHocte#t npowus-
BOJIbHO, XOT# M3 TNpPaKTHYeCKHX coobOpareHu#t TO HJHM HHOE UX HHCIHO
oxasbipaetcs 0oJee ynoO6HbiM, dem apyrue. B o6mem cayyae, yem Gosbiie
YUCIO0 OCHOBHBIX pasMEpHBHIX Be/JMYHMH, TeM OoJiblle eaMHuL, YILOOGHBIX
IAf JAHHBIX 32134, MoxeT ObiTb BbhiGpano HedasucuMbiMu. Opnuako cie-
LyeT MOMHHMTb, 4YTO NPH NMPaBHALHOM PACCMOTPEHHH H3MEHEHHE eJLUHHL|
M JaXe YuCAa pasMepHbIX Be/MYMH HHKOMM o0pa3om He BAuseT Ha ¢u-
3HYeCKoe COLep)aHue ypaBHEeHHH.

B xaaccuyecko#t Mexanuke B OCHOBY CHCTEMbl €IHHHI, NPHHATH pas-
Meproctds MLT, v BO3MO¥HOCTH, 00CYy¥aaBlinecs BbILIE, He NMPeNCTaBASIOT
Goapmoro wuntepeca. B TeopuM 3/eKTpOMAarHeTM3Ma BBeeHHE €LHHMI|
HCTOPHYECKH T[POH3OHLIO HE TAK JABHO M NOTOMYy BHI3biBaeT OOJjbline
pasHoraacus.

B otamume 0T KnaccuueckOoM MeXaHHKH, TEOpMS 3JEKTPOMArHeTH3Ma
XapaxkTepusyercs (yHiaMeHTalbHOM MOCTOSHHOM ¢ — CKOpOCTbIO CBeTa
B BakyyMe. Bcaencteue 31Oro ¢pusuueckue 3aKOHB NOAOGHO npeobpa-
8yI0TCs, TOABKO eCAH OTHOMIeHHEe JAHHBL H BpPeMeHH IMOJAJepIKHBAeTCa
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TIOCTOSIHHHIM, }IMEHHO 3TO CBOKHCTBO 3JIEKTPOAHHAMUKH TEOPHSI OTHOCH-
TEJbHOCTH PACNPOCTpPAHHUNA HA BCe 33aKOHBI q)ldsl/ll(l/l.
Ecmu nas H3MEpPEHHH MEXaHHYECKHX BEJIHYHH 3JIEKTPOAHHAMHUKH HCIIOJIb~

30BaTh CHCTeMy pasMepHocTe#l MLT, To noctosHHas ¢ ¢ pasMeprocTbio LT
BO3HIKAeT B TeOpUU fIBHO. DBpefienHe RONMOJHUTE/NLHBIX PasMEPHHIX efu-
HUIL 3aBHCHUT LEJMKOM OT HasbHelmMx ycaosHoctefl. Hanpumep, kou-
cranta K B 3akone Kynona F ==Kgq q,/r? ycioBHo nosaraercs Gespaa-
mepuoll. Torna 3sapsan g 6yneT HMeTb PA3MEPHOCTb LM*T, u nano6-
HOCTb B IONOJHHUTEJbHHX enHHuuax ornanaerT. OCHOBaHHEM NJf TAKOTrO
YC/IOBHSl CJYKHT [pHUMep, NPHBOLMBHIMECA BBILE: MmoJjaras KOHCTaHTy K
B cootHouleHnH V = KL Geapasvephofi, noaydann nas o6beMma pasmep-
Hoctb L3

Eciu B onHOoM u3 COOTHOWIeHdH, CBA3HBAIOLIMX MEXaHUYECKHE u
DJEKTPOMArHUTHBIE BeJHYMHB, KOHCTAHTY He CudTaTh OespasmepHOH, TO
NOSABAAETCA BO3MOXKHOCTb BHIOpaTb ONHY M3 3JEKTPHYECKUX eNHHUL
fIpOU3BOJbHO M NPHUIHCATb efl pasMepHOCTb. VIMEHHO 3TO W clenaHo
8 Tak HasbiBaeMoM cucreme MKC.

B Hacrosiiell KHHMre MH IOJb30BANUCL KaK pa3 3TOH cucrtemofi,
TaK KaK OHa MOJYyYHJa B HaCTOsLlee BpeMs NOCTATOYHO oflllee npH3Ha-
Hue. [naBHoe ynoOGCTBO 3TOH CHCTEMH COCTOUT B TOM, YTO €€ OCHOBY
COCTaBJAIOT TEXHUYECKHE enuHULbl — BOJbT, aMmnep, KYyJOH H T, A.,—H
€enoBaTeNbHO, OHa HanboJsiee NMOLXOLMT IJA PaCCMOTPEHUs 3anay, B KO-
TOpble BXONAT KaK Lend € COCPeNOTOYEHHBIMH IOCTOSIHHBIMH, TaK H
noqn. Tak KaKk 3TH TeXHHYeCKHe eNMHHLB OCHOBAHbi HA CeKyHNe, Kak
ellUHHLle BPEMEHH, a enuHULeH MOLIHOCTH SIBJISIeTCA BAaTT, TO IS Mexa-
HUYECKUX BeJHYMH eCTeCTBEHHO BbiOpaTb eLWHHULB: MeTP, KWIOrpaMm M
cekyHna. [Ipu TakoM BHIOOpDEe MeXaHMYeCKHX H SJEKTPHYECKHX eNnHHHLl
B yPaBHEHHUAX

F-——— 1492 _"1_2_, 1

4meg r:li2 M

F:%ff le(.ﬁinlz) dv, dv, 9
12

TIOABJSIOTCS KOHCTAHTH &3 M P OmpeneseHHe MX YHCJEHHBIX 3HaueHHH
Mbl OTJOXUM IO O3HAKOMJCHHS €O Cnoco60M BHOOpa 3JEKTPHYECKHX
enuHuil. OnHAKO C€pasy e 3aMeTHM, YTO B YPaBHEHHSX HMEIOTCA NBe
KOHCTaHTH Py H €5, B TO BPeMf Kak NeHCTBUTENbHO HeOOXonMMa JHLib
OJlHa (QyHAaMeHTaJbHaA TMOCTOAHHAA C.

Hcropuuecku cucrema epuuul, CGSE onpepensnacs sakonom Ky-
sona (1), npuyeM nocTosiHHas 4me, cuMTajsachk paBHOH eiMHHLE, a AJf
MEeXaHUYEeCKUX enuHul npuuuManack cucrema CGS. TeM caMbIM 37eKTpo-
CTaTHYeCKas eNUHHMLA 34pAna ONpenessnnach yepe3 MeXaHHuYeCKHe eNHHHLLb,
ykasadHblie Bbliie. COOTBETCTBEHHO MOTYT ObITb ONpeflejieHbl €NH iHIIEI
NMOTEHUMANA, HANPSIKEHHOCTH SMEKTPUHECKOro nonsd H Ap. C npyrot
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CTOPOHBI, €CJ/IH B COOTHOLIEHUH (2) NOJNOKHTh Py=—4T, a 1 MEXaHUYECKHX
BEJIMYMH NO-NpexkHeMy ocTaBuTh enuuuubl CGS, 1O 370 ypaBHenue Onpe-

IEJUT efUHHULY TOKa (c pasMepHOCTbIO M'/’LI/’T"I), KOTOpasn Ha3HBaeTCH
3JeKTPOMarHuTHON enunuued (3. M. e.) HIM abcomoOTHHM amnepoM. Enu-
HHLB [/ OPYTHX SJIeKTPUYECKUX BEJIHYUH MOTYT OBITb BHIBENEHH U3
abcomiotHoro ammepa. [1JOTHOCTb 3apslOB U MJIOTHOCTb TOKOB, OmNpe-
nessieMbie COOTBETCTBEHHO COOTHOmIEeHUsMU (1) M (2), NOnuMHAIOTCA ypaB-
HEeHHUIO

. u
Jo.m.e. = Ps.c.e. <’ (3)

rie ¢ -—— npeinctaBaseT cOOOH B 1AHHOM cJyyae OTHOIUEHUE EeNUHHUIL,
Bnepebie 9T0 OTHOWEHHEe ObinC usMepeno BeGepom u Koabpayuiem 1o
TOKY paspsila KOHIEHCATOpa, 3SJAEKTPOCTaTHYeCKas eMKOCTb KOTOpOro
usBecTHa. HenmpoTHBOpeuMBas cuCTeMa enuHHL (rayccoBa) NOJYyYaeTcCs
B TOM Ciyuyae, eC]U IJA 3JeKTPUYECKHX BEJNYNH HNPUMEHATb 3NEKTpPO-
CTaTHYeCKHe eNUHMLbI, 3 JUIA MarlHUTHRIX — 3JeKTpoMaruuthbie. Ilpu 310M
B ypaBHeHHS BOHIET eIUHCTBEHHAS KOHCTAHTA C.

Kak punHo u3 coornowenu#t (1) u (2), cucrema MKS o06biuHo yno-
TpebisieTcs B pauuoHanusunposaHHoH dopme, a cucrema CGS B nepa-
1noHau3upopaHHod dopme. Paunwuonanusupopannass ¢opma OTIHYaeTCH
HAnMuneM MHOXHUTeas 4w B 3akoHax Kysnowa u Awmmepa; cOOTBETCTBEHHO
B VpaBHEHHSIX MakcBejna STOT MHOXuUTeNb ucdezaeT. OO6llye BeKTOpHbie
COOTHOLLEHHS] HE CONEPKAT TAKOrO MHOXKHUTeJs. TlosiBiieHHe reomertpuue-
CKOTO MHOXHUTeJAs C MaTeMaTHYeCKOH TOYKH 3peHus OOGYCJOBJAEHO BHIOM
¢yukuun Fpuna. Ecid MCTOUHHK oupenensieT cdepuyecku CHUMMeTpHYHOE
noje (HanpuMep, TOYEUHbIH HCTOYHHK), TO B PanMOHAAM3UPOBAHHOH Cu-
CTeMe eNMHHIL MHOXUTeJb 47 NOJy4YyaeTCsi B SBHOM BuIE B KOHEYHOM
peuienun, Ecam ke noje o6nanaer KpyrosoH cummetpueli (Hampumep,
OT JUHEHHOro HCTOYHMKA), TO MOfABASeTC MHOXHTeab 2w, Cucrtema enu-
HUIL, AHAJIOTMYHAH raycCOBOH, HO B paUMOHAJU3UPOBaHHOH (OpMe. HOCHT
HaspaHue cucTeMbl XeBucahina — Jlopenua.

Wcropuuecku amnep Obll NPUHAT paBHEM TOYHO 1/10 abcomotHOTO
amnepa, T. €. SJEKTPOMarHUTHOH eIMHHIB TOKa. DTO OOCTOATENLCT30
NO3BOJISIET ONpeReJUTh BeJHYHHY P B COOTHOHIEHHU (2), U0, KaK MHI
BUiesn, abCOMIOTHHIM aMmnep ONpeneNseTcs, ecJu NOJOXKHTb pofdn=1.
B kauecTBe HCXOMHOM 3JeKTPUYECKOH eNMHMUB OOGBIYHO MCNOJb3YeTCH
KyJOH, 8 He amnep. [103TOMy AJ8 HaXOxkIeHUS NOCTOSHHBIX ONpenenfiolle
YyPaBHeHHS B 3JIEKTPOMArHMTHOH CHCTeMe HYXHO nepeBecTd B cucTemy MKS.

B snexTpomaruutHO# cHcteMe CGS umeem

1 Juna =1 (abc. amnep)?

(Tak Kak BCe€ JUIHHB C nNpaBOH CTOPOHE COOTHOHIEHHS (2) COKpa-
waiorcs). Bripaxkas cooTBeTCTByIOWMHE eJHHHIM B CHCTeMe enuHHll MKS
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(1 abc. amnep = 10 xfcex), noaydum
Ke-M _ py 10242

-5 -5
=1 = .
107" usiomon 07— ir " o

»
T. €. RJf Py NOJyYaeM 3HaYe€HHE

. i -7 KZ-M . ~71,8H
pao—-—-47f 10 2 = 4= lO y

[TocTosiHHas €, MOJY4aeTCs U3 COOTHOLIEHHS ey = [/c2:

(W 1 (rc2-cex2 _

co_(4n¢:2 ™ 36= - 109 ) Ke - M3 —7)
Takum 00pasoM, MB NPOU3BONLHO BuOpanun BENMYMHY M PasMEpPHOCTb
37eKTPUYECKO! €NMHUIE, OUPENEJMB TeM CAMBbIM BeJMYMHY ., Besu-
ypHa €, ONpPENENAETCA W3 YCJAOBHSA, YTO CUCTEMA €NMHHULl NOJKHA OHTb
COr;jacoBaHa € MeXaHUWYeCKMMH €IMHULAMH, a TaKxe M3 9SKCIepuMeH-
TaJbHO M3BECTHOrO 3HAYeHUs (yHIAMeHTATbHOH NOCTOAHHOH c.

SJ'IEKTPM‘IQCKHC eNHNHUILLbL, KOTOpble CBA3BIBAKOTCHA € MEXaHUYECKUMH

3TajJ0HaMHIl NOCPENCTBOM ONpenefsiOlUX YypaBHeHU#, Ha3bBalOTCA abco-
JoTHEMN. TIpakTuueckn, OLHAKO, TOYHOCTb, ¢ KOTOPOH 3Ta CBA3b MOXKET
OLITb OCYLLECTBCHA, OKa3blBaeTCA HENOCTATOYHOH. IT03TOMy Ha Bpewms,
floKa TOYHOCTL NPOREPKH AOCOMIOTHHIX enMHUL OYAET HHXKe BOCHPOU3BO-
IMMOCTH 3TAJOHOB, YCJAOBHUJUCb OCHOBBIBATb NMPaKTHYECKHE €NMHMIB Ha
TAKWX CTAHIAPTAX, TaK MEXAYHApPOAHHH aMmep M MexayHaponHbifi oml).
VayuwieHus B TeXHUKe aOCOJMIOTHHIX SAEKTPUYECKHX u3MepeHul cBend
NpeXHUe MEXKNYHAPOIHbE CTAHAAPTH HAa POJib BTOPHUHHX CTAHAAPTOB.

TouHoe YMC/eHHOe 3HayeHue p, == 4% X 1077 oTocuTCA K a6COMOTHEIM
NPaKTUYEeCKUM €IMHHLAM, 4 He K MeXIYHAPONHHIM. VIHTepecHO OTMeTHTb,
yTO €, B cucteMe MKS 3dBUCHUT OT 3KCNEPUMEHTANLHOTO COOTHOLIEHHS
MeX1y CKOPOCTHIO 3JIEKTPOMArHHUTHOrO H3JyYeHUs M CTAHAAPTAMH JJIMHBI
M BpeMeHH (a | He 3aBHCHT); 3TO COOTBETCTBYET SIBHOMY NPHCYTCTBHIO
noctosiHHOfl ¢ B cHCTeMax enuuuMu laycca u  Xesucafina — Jlopenua.
B «ecTecTBeHHOM» cHCTeMe eNMHHMIL CKOPOCTb CBeTd CaMa NpeNcTaplseT
coboti crannapt. KOHeyno, TONbKO M3MepeHHe CKOPOCTH CBETa MOXeT
nate TpebyeMoe COOTHOLIeHHE MexXIy CKOPOCTBIO PACHPOCTPAHEHHUs 3JIeK-
TPOMArHUTHOTO HMBJIy4YeHMSi W CTaHAapTaMH IJHHE ¥ BpemenH. Creno-
BaresbHO, o aO0COMIOTHOM CMBIC/Ae TOJMYYalolleecs YHMCJIO He MMeeT
(yHnaMeHTaibHOTO 3HayenHs. [IpaKkTUYeCKOe e 3HayeHHe ero Oyner
BAXHO C TOYKH 3PEHMSl YCTAHOBJEHUS TOYHON CBA3U Mexny CTaniapTamy
IJIMHB M BpPEMEHH.

CoBeplleHHO fCHO, YTO (PU3HUeCKUH CMBIC] OCHOBHHX COOTHOIUeHHf
OyneT ONHHUM M TeM e BO BCeX CHCTEMAX eAMHHI. 33aKOHH 3JEeKTpO-
JIUHAMUKM JIEFKO TepeBeCTH H3 ONHOM CHCTeMBb eQHMHHIL B JpYrylo.

') Taxk, HampuMep, MEXIyHApOIULIH amMnep onpelensercs KaKk Takod mocTosH-
ubil TOK, KOTOpHH, mpoxois uepe3 BOAHHEK pACTBOp asorHoro cepebpa cTaH-
JapTHOrO COCTaBa, BuieasieT kaxuywlo cekyHay 0,001118 z cepeGpa.
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B nauHOH KHHMre BCe COOTHOIIGHHS LUl BaKyyMa NpH 3aMeHe
¢Bwgs — Brayccosa-

gy —> 41':)_1,
1
Bg—> 2

nepelinyt B rayccopy cucteMy emuuuu. Taba. I 1 comepxut kpaTkyio
CBONIKY OCHOBHHIX 3JE€KTPOMArHUTHBIX COOTHOINEHMH I BakyyMa B pas-
JUYHBIX cucTeMaX emunuil. B Tabn. 1.2 ans yno6GcTBa maH CHHCOK Bax-
HeHIUMX mepeXOnHbX Muoxurteneh. Tabn. 1.4 conepxut mpyrue YHCJeH-
HBEle MOCTOSIHHBIE M (DYHKIMOHAJbHBE COOTHOHIEHHS, MOJIE3HbIE NMpH pac-
yeTaX, CBA3AHHBIX C ATOMHBIMH YacTHILAMU.

Ilpu paccMOTpeHMM YpaBHeHH# B MaTepHalbHOM Cpene noJoxeHue
HECKONbKO CJIOKHEe, YEM 0pPH YCIOBUAX NyCTOTH, K YACTO MPUBOILMT
K ownbkam. Jias WIIIOCTpauud pacCMOTPUM NPOLECC, MOCPencTBOM KO-
TOporc ypapHeHusi Makcpeana pacnpocTpaHaioTcsl HA  MarepuaibHble
Cpensl.

B ofueM ciayyae ypaBHeHus AJSi BAKYyMa HMEIOT BMI

DF)=S§, C))

rie D — nunefinbifi nuddepenumanpHBi  onepatrop, IAeHcTByloluii Ha
nose F, a §— ucrounnk nons. B cpene S pacnanaercs Ha nBe wactu:

«CBOGOAHBIEY (MaKPOCKOMHYECKHE) MCTOYHUKH S U CBA3aHHBE — S, T. e,

D(F)=S8+S,,. )]

Wcrounuk S, cBfisaH € BCIOMOratenbHOM BeaHuuHOfl F, MOCPencTBOM
TOro e NH(¢epeHHaILHOTO OnepaTopa

*

S, =D (F)), (6)
H CJIeNOBATENbHO,
D(F —F,)=S. )
Taxkum 06pasoM, MOXHO BBECTH crewuanbHOe none F n=F—F,
D(Fp) =S, 8)

onpenenseMoe MCKJIOYHTENbHO CBOOONHBIMH HMCTOYHHMKamMu. B Taba. 1.3
370 oOLiee MOJOKEHHE HNJIOCTPUPYETCH Ha NeHCTBUTENbHHIX 3JeKTPOLH-
HAMUYECKHX BeJUYMHAX. ‘

HeonpeneseHHOCTL BO3HMKAeT B CHJIY TOTO, YTO B 3THX OOIIHX COOT-
HOWleHUsiX BeanuuHpl tuna F, (1. e. P u M) wurpaior nBofiHyio poJb.

C onHO#i CTOPOHH, B COOTHOLIEHHSX
' pp=—V-P, ©)
Juy=VXM (10)
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STH BeJMYMHBl CBfi3aHbl € HCTOYHHKAMU — OHH OMNKCHIBAIOT OMpenesieH-
HHe pacrnpenejienusi 3apifoB M TOkOB. C ADyrofl CTOpPOHE, HX MOMKHO
paccMaTpUBaTh KAK TOJSA, SJNEKTPUYECKOe M MATHUTHOE, HCTOYHHKAMM
KOTOPHIX CIIYXAT COOTBETCTBEHHO P, U f,. B cooTHowenusx

I3

gf=D—P, (n
L —Him, 12)
o

HaMUCAHHHX B OOhiynol cucreme MKS, P u E, a take B u M aauu
B pa3iuuHbX emunuuax: P—p xfu?, a E—B 8/, M —3 afn.
a B— B 86/#%. D10 ycaosue mnonyepkusaer poms M u P, kak Benu-
YMH, ONMUCHIBAIOLIUX pacnpenejeHHe TOKOB M 3apanoB. OIHAKO MOAXO.N
K 3TUM BEJMYMHAM KaK K OCOOHM NOJAM TaKke CHPABELJIHB, TOMbKO
HECKOJbKO 3aTEMHSETCH CNELUAJbHEIM BHOOPOM NOCTOSHHBIX B COOTHO-
menuaX (11) u (12). B cuctreme CGS 3TH COOTHOLICHUS MMEIOT BHI

E—=D-— 4=P,
B—H+ 4=M, l (cuctema laycca)
E=D—P,

B-=H+ M. } (cuctema Xesucatina — Jlopenna)

B 3TOM ciyuae enuHHUB BCeX BelMYMH ONHHAKOBH. TeM CaMbiM noaYepk-
HyTH cpolictea M u P kak 0cobhXx noJef.
Ilns onpenesnennss moJiel B oOLleM cy4Yae NPHUXOAMTCA npHOEraTh
K YpaBHEHUAM «COCTOsiHUsI» — P(E) u M(B). Eciau oM JHHeHHH, Ha-
npumep,
P=¢,(k—1)E, (13)

TO yacTO roBOPAT, YTO E —- «MHTEHCHBHaA» NepeMenHas, a P — «IKCTeH-
cupHas», T. €. E-—npuyuHa, a P — caencreve. Takas TOYKa 3peHHs
noiadepkupaercs ewe TeM o6GcrosTenbctBoM, uro E - 3P mpencrapiseT
cobofl 3ieMeHT npousseneHHoW paboThi. ITpM TakoM noaxone KCNO.JbL3O-
BaHue pazinuHblX enuuun Aas E w P npencrasiasercs Bnojne o6ycio-
piennsiM. [Ipu paccMOTpeHUM e MaTepuasOB C NOCTOSHHON MOJApu3a-
uueH (3J4eKTPeThl) MJM TNOCTOAHHBIX MAarHHTOB NPHYUHHO-CJENCTBEHHbIE
coob6paxkeHUus CTAHOBATCA rOpasne MeHee SICHHIMU. ClenyeT OTMETHTb,
yTO OCHOBHble cOOTHOmleHun (11) u (12) annuTHBHE; ¢ npyrofl CTOPOHH,
cooTHoulenuss THna (13) He SBJAIOTCA NOCTATOYHO OBLIUMH.

B 3akiloueHHe MOKHC CKasaTb, 4TO BONPOC, UMEKOT JU BeKTOPH E,
Py D (wim B, M u H) onvHaKOBbie e€NUHUNB, He SBAAETCS BOMPOCOM
npuHMnianpHbiM, ONHAKO 1A SICHOTO NMOHMMAHHMA KJacCUYeCKOH Teopuu
MaTepuaibHHIX Cpefl HeOOXOAMMO OTYETJIMBO NMPEACTABJATH ABOHHYIO PO/b
peqvuud P u M.
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NPUJOKEHHE Y

Ta6anuna 1.2

lepexonHble MHOMHMTENH

®akrTop, Ha KO-
TOPOE YMHO-
WaeTes YHCA0
ELHHHL CHCTe-

Eannuna u3amepeHHs Mo MKS naq Pusuueckas BEAHUUHA B raycCoBOl CHCTeMe
8 cucreMe MKS TIOy e HHS exnnun (CGS)
cO0TBETCTBYIO-
med seaHUHHBI
B rayccOBO#H
cucTeME
amnep 107" Tok, abc. ammep
aMnep/kB. Metp 107° InotHocts Toka, a6c. aMnep/Ks.
CAHTHUMETD
KYJOH 3% 10%* {-3apsn, s. . e.
Ky nOH/KY6. MeTp 3x10%* InoTHOCTL 3apsinoB B 9. C. e./kyé.
CaHTHMETp
dapana = kyqon/BonbT | 9% 10”'"'* | EMkoctb, caHTMETp
TEHpY == BOJAbT - CEKYH- 10° WHaykTuBHOCTD, 9. M. €.
Aa/aMnep
IKOY b 107 Jueprud, spr
HBIOTOH 103 Cuna, nuua
OM = BOJIbT/aMIep 1/30* Conporusnenue, 3. ¢. €. Noretmana
Ha a6c. ammep
1/9 « 1011 * | ConpoTuBaenue, 9. C. €.
BOJLT 1/300* [Notenuuan, 3. c. e.
BOJILT/METP 1/3 % 17" %= | HanpskeHHOCTb SJEKTPUUYECKOro no-
ns, 3. ¢ e
KYNOH/KB. METp 127 X 105 * | DaexTpuueckas HHAYKuH:, 9. C. €
rebep ~= BOJbT - CeKYHAA 108 MarHurHsil NOTOK, MaKCBEJA
BeOep/KB. METp 104 MaruutHas uHayKnus, raycc
aMnep-BUTOK/MeTp 45/103 HanpsaxenHocTb MarHMTHOTO TOJ,
apcTen
obpaTHblt oM/MeTp 3/10* IMposonumoctb, abc. aMnep/KB. caH-
TUMETp
aMnep-BUTKH 4=/10 MarHuTonBrKyINas CHAA, AAbLGEpT

Mpumeuanue. B nepexomHHX MHOKHTENsX, OTMEYECHHHX 3BE3NOUKOH,
MHOXMTENb 3 mpencraBiser coGod ¢/10'°, mpuueM CKOpOCTH ¢ U3MepeHa B CH-
creme CGS. Ecam tpeGyercss 66apmas TOYHOCTh, TO CAEAYET BOCNOJb30OBATHCH

6onee TOYHBIM 3HAYEHUEM C.

Jlio Moun un KoxeH RalOT 1 ¢ 3HaueHde

299792,9+0,8 x.mjcex (Revs. Modern. Phys. 25, 961 (1953)).
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NMPUJIOKEHHE 1

Ta6avupga 14
Mone3subie YHCIEHHbIE COOTHOLIECHHS!
A . HexkoTOpHE aTOMHBE NOCTOAHHBLE™)
Tayccosa Xesucaiina — Jlopenua MKS Moctosiuuan
e __ e L e __1 MNocTosunas Tol
h: 137,04 41::7c 137,04 41:21(:50 137,04 KOH CTPYKTYpB
—i— = 28178 X _e2 = 2,8178 X _e__2 = 2,8178X | Knaccuueckuit pa-
¢ '3 Anme 1 Amegme? IHYC 3NeKTPOHA
®K 107 X 10 X 1077 wm
h? 47:77 4neyh? .
= 52917 X o 52917 X et = 52917 | BopockHii panuyc
><10‘9M><10 X107 u

B. EcH SHeprHs 4acTHUb BHPaXKEHA B 3JEKTPOHOBOJLTAX, TO MONESHH Cle-
AyOIHE COOTHOUIEHUSA *):

Ey = mec?2 =0,51097 Mas (ans snextpoua),
E, = myc? = 938,210 Mag (ans mporoHa)

1. «MarHHTHas XecTKoCTb» YacTHub Bp ¢ kuHeTnueckoil sHeprueit 7 U aa~
PAIOM e.

Tayccosa MKS

V T2 +27TE,

_VT*¥2TE,
300

3108

— 2
Bp =LV T 2T, ~ Vr 218,

Bp =

2. HataxeHue t-nHpOBOJOKM C TOKOM /, PaCHONOKEHHOH B MarHUTHOM none
BIOJAb TPAEKTOPUM HacTHNHW ¢ KuHeTuueckoil sweprreil T u sapanom e.

Tayccosa MKS

IV T 2TE,

1 =1V TE¥2TE, x 1 360

w=1VT? £2TE,

YucneHHble BEeAMYHHB B3saThl M3 cTathl J. W. M. Du Mond u E. R. Co-

hen Revs. Modern. Phys. 25, 961 (1953)).
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IIpodonscerue

3. CxopocTb u, HMIYNbC p, KUHETHYeckas sueprus T W nosyHas sseprus £
CBfA3aHB CHEAYIOLIUMH COOTHOUIEHMSMH.

E T cp\2 . 1
—_—— == B:——— = r—ad _ —
E, ch Eo—'--1 (Eo) i ‘/_1 (u2
)
P _ _‘/ _T_)z I - (f_)2_ )
E, =shi= (Eo +_QEO - E, = VIi—(u?)
b _ oo V2IE T R
< =M= E, = E “Vipy B
T . i __E ATTAY
R e atiany - S v Rl
T
¢ ]




MPUNOXEHMHWE II

BEKTOPHBIE COOTHOIIEHHS B KPUBOJMHERHBIX
KOOPIUHATAX

Ilpu pemenun ¢usuueckux zanay MoJeseH CMHCOK BeKTOPHHIX olle-
PaTOPOB, BLIPAXKEHHEIX B MPOWSBOJbLHLIX OPTOrOHAMLHBLIX KPWBOJMHEHHBIX
xoopiunatax. Jlns BLIBOJA 9THX BHPaXeHMH MOXHO CJeXOBATH YHCTO
¢opManbHEIM TNIyTeM, HCXOAS K3 BHAA 3THUX ONePaTOPOB B NEeKapTOBOH
CHCTeMe KOOPJiMHAT M ¢GopMyn npeo6pasoBaHWs K APYTHM CHCTEMAM.
IToyuuTesbHO OAHAKO BLIBECTM MX, HCXO0Is M3 TeOMeTPHYeCKHX ofpe-
leqeHuH TpanMeHTa, IuMBepreHUwd M poTopa. MOXHO OCTaHOBHTLCSA
Ha onpejieJeHHOH cHCTEMEe KOOPAMHAT, M B Hel BLIBECTH HYXHble BHIpa-
X2Hus, OJHAKO Jyyllie TOJYYuTb BHIPAXKEHUS /S NPOU3BOJBLHOM CHCTEME
KPHBOJHHEHHEIX KOOPIWHAT, a 3aT€M YXe BEAENHTH Pas3aHUHBIC YACTHHE
CHCTEMBl KOOpHHHAT. Mpul cHauana naliem COOTBETCTBYMOLME audbdepen-
LHa/IbHEIE OMNepaTopnl B NPOH3BOJAbHOH KPHBOJIMHEHHOH npaBocTOpOHHeh
OPTOTOHANLHOR CHCTEMe KOOPAMHAT, 4 3aTeM HalHINeM BHIPaXeHus IAs
-ONepaTopoB B YACTHHIX CJyvasX AeKapTOBOH, uuauHapuueckoft w cdepu-
yeCKOH CHCTEM KOOpJHWHAT.

TpexmepHbl 37€MEHT nauHB Npenctaefiser co6ol GecKOHeYyHO MaJoe
€MelleHue B NpocTpancTee. Ecau mpu 3ToM H3MeHsleTCA TOABKO OJiHa
M3 TPeX OPTOTOHAaJbHHIX KOOPHHHAT §y, {5, {3, TO 3JIeMEHT JJIMHE PaBeH

ds, = h,dgq,, @
M Nofo6GHEle BBIPaXeHust 1N ¢y M §3. Jlas NPOM3BOJLHOTO CMelleHust
ds?=h2dg*+ K3 dg3+ h2dg2, 2)

Tpanuent ckansproft GyHKuHu § onpelleineTCs YCJIOBHEM
Vi - ds =dy, ®3)

rile dy— u3Menenne ¢ npu cMewienud Ha ds. Torna kommnonenta rpa-
auenta OylleT MMeTb BUIL

Y@ +dg)—d(q) __ 1 0p @

V), = lim .
(Vo ds, 5.0 ds, R, 0q,
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IOnst  onpenenenus JAnBePreHUdu paccMOTpum OeCKOHEUHO MaJjiblft
06'beM, OrpaHHYEHHLIH NOBEPXHOCTAMY ¢ = const, ¢, + dg, = constu 1. 1.,
kak nokasano Ha puc. II. 1. ITpumenum Tenepb k BekTOpPY A (g, ¢5. ¢3)
¢ kowmnowenwtamw A;, A, A; teopemy I'aycca— Octporpanckoro

fV -Adv :fA - dS, npuueM HHTeTrPHPOBAHUE PACIPOCTPAHMM Ha YKa-

as. %] ds’

714293 4 [
dSz
) -
2,93 sy
Puc. fl. 1 Jaement obbema nas Puc. [l. 2. DaemeHnt nno-
BBIYHCJIEHUS [HWBEPreHLUHH. 11a14 B IJOCKOCTH g3 g3 1A

onpeneieH:sl KOMIIOHEHTHI
poTOpa BIOAb OCH ;.

CTpenkn ykasbiBaOT HanpasJe-
HM€ MyTH WHTer PUPOBAKUS.

3aHHbI Bbilie OGeCkoHeuHO Madn#t o6beM. Muterpan or BHemneH HOp-
MaisHOM KOMMOHeHTH A 10 IBYM IOBEPXHOCTSM, MEePHeHANKY/ISPHLIM
K HanpaB/ieHMI0 BO3PaCTaHusi ¢, PaBeH

(i)
(A, dsydsy), 4, — (A dsydsy), = o (A dsydsy) dg, =
o (h, haAl) - | d (hyhsA))
=g, 99149544y = 5~ 4, 40

AHanoruunple BHIPAXEHHS UMEIOT MeCTO IJIA IBYX APYTWX CUCTeM MO-
Bepxuocted. Tak Kkak CyMMa 3TuX Tpex 4wieHOB no teopeme ['aycca —
Octporpanckoro pasHa V. Adv, To asis JvWBEePreHLUU MOAYYaeM SIBHOE
BhIpaXeHue

V-A— 0(h3hA

L (2Ushsd) i~

2)
hyhyhg 0q, + +

Tenepp MbI MOXEM HAaNUCATL BBHIpAaXEHMEe JJAISl JanjacMasa CKajaspHoft
¢$YHKLMM, TaK KaK 3TO HE YTO WHOe, KaK JuBepreHLMs TpajiueHta

| 0 ( hyhy 0y 0 [ hshy Y 0 ( hhy OV
V2'=———[—( 23_) _( 31_____) ( 12_)]_ 6
b hyhyhs LOg\ hy Og, +0112 hy 0g, + 0q; hs Oq, (©)
Jins toro utoOB! BHIBECTU BhIpaXkeHWe AJsi KaKok-u60 KOMIOHEHTH!
poropa, npuMeHuM TteopeMy CTokca k OeCkOHeuHO Ma..Off MIOLIAAH,

OpMEHTHPOBAHHOM TMepNEeHANKYAPHO K COOTBETCTBYIOUeH KOOpAWHATE.
Paccvotpum naomwane, onpenenseMyio sneMentamu ds, u dsy (puc. I1. 2).

0(hhA3))
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Ilo reopeme Crokca (3;A - ds = f (VX A).ds win B Hawem cayuae
(Ay dsy) o —+ (A, a'ss)qz+ dan (A, dSQ)qﬁ_ dae (4, a's3)q2 =(VX A), ds, ds;.

CnenosateJbHO,
o 1 0 (h34s) 0 (hy4,)
(VX A)y = g [ o — S5 . (7)

OcrajbHeie [Be KOMIOHEHTH! TOJAYYaioTCs ¢ MOMOLLLI0 LUK/JAWYECKOH mne-
pecTaHOBKH KOOPJMHATHEIX WHIEKCOB.

B ra6a. .1 npuseneHb! BHpaxeHUs Aas TpagueHTa, AWBEPreHLHH,
poropa u onepatopa Jlannaca B Tpex Hawbosee uacTO BCTPeualOLIUXCA
cucreMax KOopauHat. Onpelenenue JpyruX OPTOTOHAJbHHX CHCTEM KOOP-
IuHaT MOXHO HaHTH, HanpuMep, B KHure: Margemau, Murphy,
The Mathematics of Physics and Chemistry.
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