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Farasa 15

BEKTOPHbIH MOTEHLHUAN § L

§ 1. Cunvt, deiicTeyrouue na neraro

€ TOKOM; 3Hepeus OuUnoal § 2.
B npeambiayuwell rnaBe Mbl M3yyasad MarHHT-

HOe noJie, CO3aBaeMoe MaJIeHbKOH MpsiMOYroJb-

HOH meTJsiell, N0 KOTOpPOH TeueT TOK. Mbl HaLIMH, §3

4YTO 3TO MNoJie AHUNOJA C AHUNOJbHBIM MOMEHTOM,

PaBHbBIM
n=1IA4, (15.1)

rae [ —cuna toka, a A —naowmanae neran. Mo- § 4,
MEHT HanpaBJ/ieH Mo HOpMaJH K MJIOCKOCTH MeT-

qH, TaK 4TO MOXHO NHCATb ¥ TaK: § 5.
p.:lAl‘l,
rae n— eqUHUYHBIA BEKTOp HOpMaJH K MJIO-
wanu A.
[MeT/ M ¢ TOKOM, HJIH MarHUTHble OHIMOJH, HE § 6

TOJIBKO CO3[A0T MarHUTHBIE TNOJI, HO H CaMH
NnoJABepramTcsi AeACTBHIO CHJbI, NONAaB B MAarHHUT-
Hoe mnoJe Apyrux TokoB. Paccmorpum cnepBa
CHJIbI, NEHCTBYIOLIHE HA MNPSIMOYTOJIbHYIO MeTJI0
B OOHOpPOAHOM MarHuTHoM noJse. [lyctp ocb 2
HanpasJ/ieHa M0 MNOJI0, a OCh Y JIEXKHT B NJIOCKOCTH
netiu, ob6pasympllell ¢ NJOCKOCTbIO xy yroJa 0
(pur. 15.1). Torna MarHUTHBII MOMEHT MNETJH,
Oyayud HOpMa/bHBIM K ee IMJOCKOCTH, o6pa3yer
C MAarHUTHBIM NOJIEM TOXKe yroJ 6.

Pa3 TOKM Ha nNpOTHBOMOJIOXKHBIX CTOPOHAX
NeT/H TEKYT B NPOTHBONOJIOXKHBIE CTOPOHEI, TO
U CHJIbI, JE€HCTBYIOILHE Ha HUX, TOXE HaNpaBJieHbl
BpO3b, a CyMMapHasi CUJa paBHA HYJIO (B OAHO-
poaHoM nose). Ho 6maronaps cunam, neicTByio-
ILHM Ha CTOPOHBI, oGo3HaueHHble Ha ¢wur. 15.1
uudppamu I ¥ 2, BO3HHKAET BpallaTeNbHbIH MO-
MEHT, CTpeMslWic BpaulaTbh MNETJI0 BOKPYL
ocH y. Bennyuua stux cun Fy u F, TakoBa;

F‘=F2=]Bb‘

Cnabl,
neHcTByOMME
Ha neTai

C TOKOM;
3Heprus aunoas

Mexanuuyecxkas
W aJeKxTpuuecKas
3Hepruu

AHeprun
NOCTOAHHbIX
TOKOB

B uau A?

BekTopHbiii
noTeHunan

N KBaHTOBasn
MEeXaHHKa

Y10 HcTUHHO
B CTaTHKE, HO
JOXHO B
AHHAMHUKE?



bue. 151. Mpanoyzorsran ne=
TAA ¢ TOoKOM [ 8 00HOpOOHOM
nose B, nanpaeaennom no ocu z.

HelicTeyrowui Ha Hee 8pawyaTeAb bl
MOMEHT pagen v =pXB, 20e mMazHur-
Hotd momenr w=1Jab

Hx naeyo pasHo

asin®,
TaK YTO BpalllaTe/NbHbIi MOMEHT
t=1IabBsin0,
HJIH, NIOCKO/MbKY [ab — MarHUTHbLI MOMEHT meTJ,
T=udBsin0.
BpawarenbHbii MOMEHT MOXeT ObiTb 3anHCaH W BEKTOPHO:
T=p X B. (15.2)

To, uTo BpaulaTe/NbHbIi MOMEHT HAaeTcs ypaBHeHHeM (15.2), bl
NoKa3aJy noka TOJAbKO I/s1 OOBOJBHO yacTHoro cayyas. Ho pe-
3yJAbTaT, KAK Mbl YBUAHM, BepeH LI MaJeHbKUX neTedb J1060i
¢opmbl. [Tosle3HO HANOMHHUTDb, YTO M A/ BpalllaTeJbHOr0O MOMEH-
Ta, AEHCTBYIOUIEr0 Ha 3JeKTPHUECKHH AUMNOAb, Mbl MOJYYHIH CO-
OTHOLlIEeHHe NOAO0GHOro Xe poja:

T=p XE.
Ceiiuac Hac HHTepecyeT MexaHHuyecKasi SHEeprusi Haued ner,
Nno KOTOpO# TeyeT TOK. Pa3 ecTb MOMEHT BpalleHHsl, TO 3HEPTHA,
€CTEeCTBEHHO, 3aBHCHT OT OpHeHTauuu netau. [Ipununn BUpTyann-
HOH e paloThl YTBEpXKAAaeT, YTO MOMEHT BpallleHHs — 3TO CKO-
POCTb H3MEHEHHS] 3HEPTHH C YI/IOM, TaK 4TO MOXHO Hanucathb

dU = — 1 d6.
[Moacrasasas v = +4-pB sin O u uHTErpUpysi, Mbl BNpaBe NPHHATD
3a 5HeprHuio BbIpaXKeHHe
U = — pBcos 6 4 Hekotopasi nocTosiHHas. (15.3)
(3HaK MHHYC CTOMT NOTOMY, YTO MNeTJsl CTPEMHTCS Pa3BepPHYTb

CBOM MOMEHT NO NOJIIO; SHepPrusi MeHblue BCero Torjpa, Koraa p
1 B napaasenbHbl.)
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Tlo npuyrHaM, 0 KOTOpLIX Mbl MOTOBOPIIM MO3Ke, 3Ta JHEPrust
He eCcTb MOoJIHAasi 3Heprua meraH ¢ TOKoM. (Mebl, K mpuMepy, He
y4JH SHEpPrud, HAylled Ha noagepKaHue Toka B mnerse.) [lo-
3TOMY Mbl 6yaeM Ha3biBaTb €e Umex, 4TOOBI He 3a0bITh, YTO 3TO
JUWb YacTb 3Hepruu. M, KpoMe TOro, NMOCTOSIHHYIO HHTErpupo-
BaHusi B (15.3) Mbl BnpaBe NpHUHSITH PAaBHOH HYJ/10, BCE€ PaBHO
Bellb KaKkue-TO JpYyrue BHUIbl 3Heprud Mbl He yuad. Tak uto Mbl
nepenuiueM ypaBHeHHe TaK:

Uyex=—n-B. (15.4)
Onarb NOJMYYHJOCh COOTBETCTBII€ C 3JEKTpPHUECKHUM AuNoJaeM, rae
6b1J10 U=—p-E. (15.5)

Tonbko B (15.5) anekTpHuecKkast SHepPrus — M BNpPaBAy 3SHEpPrus,
a Uuex B (15.4) — He HacToswas sHeprus. Ho nce paBHO ee mO-
%HO TIPUMEHSITh AJs1 pacyera CHJ N0 NPHHUHNY BHUPTYaJbHOH pa-
6otbl. Hamo TosbkOo npepnosaraTh, YTO TOK B nerae (MM NoO
KpalHell Mepe MAarHUTHbIH MOMEHT 1) OCTaeTcsi HeH3MeHHbLIM NpH
nosopoTe.

[ns Hawell npsiMOYroJibHOI METNH MOXHO NOKa3aTb, YTO Uyex
COOTBeTCTBYeT TaKxe paboTe, 3aTpauHBaeMoil Ha TO, YTOOH BHe-
ctu netaio B nodae. [lonHas cuna, feficTBylowas Ha net/io, paBHA
HYJI0 JHIlb B OAHOPOAHOM MoOJe, 3 B HEOJHOPOJHOM BCe PaBHO
OCTAHYTCA KaKHe-TO CHJbl, NeHCTBYIOLIHE HA TOKOBYIO NeTJIO.
Brocst nersito B nose, Mbl BbIHYXZAeHbl 6yJleM NPOHECTH ee yepe3
mecTa, I'ie noje HeoQHOpOAHO, H TaM OymeT 3aTpayeHa paboia.
Bynem cunrtaTh OJs1 ynpolleHHs, YTO MET/II0 BHOCAT B moJe Tak,
4TO ee MOMEHT HanpasJ/eH BAOJb 1104s. (A B KOHILe, yXe B noJe,
€e MOXHO NOBEPHYTb KaK Hano.)

Boo6pasute, 4TO Mbl XOTHM ABHraTb NET/I0 B HanpaBJeHHH X,
T. €. B Ty 06/1acTh, rjle 1ose CliJibHee, U 4TO NEeT/IA OPHEHTHPO-
BaHa TaK, KaK noka3ako Ha ¢ur. 15.2, Mbl o1npaBuMcs oTTyna,

B

s

Pue 152. erao nponocar vepes nore B (nonepex
Heco) 6 Hanpaaaenull X.



rie noJie paBHO HYyJi0, H 6yleM HHTerpHpoBaTh CAMY MO paccTos-
HHIO MO Mepe TOTO, KaK MeT/f BXOAMT B noJje.

Paccuntaem csayana pa€oty nepeHoca Ka)aoH CTOPOHBI IO
OTAe/JbHOCTH, @ 3aTeM BCe CJAOXHM (BMECTO TOrO, YTOObl CK/Ialble
BaTb CH/Abl 10 HHTerpupoBaHus). Cuabl, meficTBylollue Ha CTO-
poHbl 3 W 4, HanpaB.eHbl nonepex ABHXKEHHS, TaK 4TO Ha 3TH
cTopoHbl pa6oTa He TpaTuTcs. Cusa, efcTBYIOIAs HA CTOPOHY 2,
HanpaBJeHa no x W paBHa [bB(x); uto6bl y3HaTb BClO paGoTy
NPCTUB LeiCTBHR MAarHUTHBIX CHJ, HYKHO NPOHHTErpHpOBaThb 3TO
BhipaXKeHHe NO X OT HeKOTOPOro 3HauyeHWs x, rae noJje paBHO

HYJI1I0, CKaXeM, OT X = — 00 10 TenepewHero noJioKeHua Xa:
X2 X2
Wy=— \Fodx=—1b | B(ydx. (15.6)
—o00 —00

TlonoGHo 3tOMy, M pa6oTa NpOTHB CHJ, REHCTBYIOLWIMX Ha CTO-
poHy 1, pasna
X Xy

W, = - g F,dx—=1Ib g B (x) dx. (15.7)

- 00 - 00

UTo6b BHIYMCAUTL KaX{Ablfi HHTerpaJ, Halo 3HaTb, Kak B(x)
saBucHT oT x Ho Bexb cTopoHa / npu ABHXKEHHH PaMKH pacro-
JIOX<KEeHa BCe BpPeMs NapaJ/lieqbHO CTOPOHe 2 Ha OLHOM H TOM Xe
paccTOSHHU OT Hee, TaK YTO B ee KHTerpa/J BXOAHT NOYTH BCA
pa6oTa, 3aTpaueHHas Ha nepeMelleHne ctoponbl 2, Cymma (15.6)
¥ (15.7) Ha camoM nene paBHa

W=—1Ib g B (x) dx. (15.8)

Ho, nonas 8 o6s1acTb, rae B Ha o6enx cropoHax / u 2 noytu onu-
HaKOBO, Mbl HMeeM TpaBO 3aMUCcaTb HHTerpaJ B BHAE

X

S B (x)dx=(x, — x;) B=aB,

Xy

rne B—nose B LeHTpe MNeTJH. Bca BioXeHHana Mexanuueckas
SHeprua OKaabiBaeTca paBHOﬁ

Uyex =W = — labB = — pB. (15.9)

3710 cornacyercs ¢ BbipaxkeHueM aas 3Hepruu (15.4), BbIGpaH.
HbIM HaMH Npexne.

KoHeuHo, TOT e BbIBOA nOyyHaca 6bl, ecin 6bl Mbl 10 HHTe-
TPUPOBAHNA CJOXHJIHM BCe CHJBI, HeficTBylomue Ha netaw. Ecau
6b! Mbl 0603HauuAn uepes B) nmoae y croponbl I, a yepes B, —
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noJie Y CTOPOHBI 2, TO BCSl CHJIa, AeHCTBYIOIIAs B HanpaBJ/eHHH X,
oKasasacb Obl paBHOH

F,=1b(B, — B)).
Ecaun nerns «yskasi», T. e. ecin B, 1 By He oueHb paanunualorcs
Mexnay co60i, TO MOXXHO 6bl/10 6bl HanucaTh
B

0B
B2=Bl+?3_x Ax=B|+a—xa.

Tak uto cuna Gbina Obl paBHA

B
Fo=1ab 3>, (15.10)

Bcsi paGoTa, npousBeieHHAs 8HeWHU MU CHJIAMU HaJ NeT/ed, pas-
HsiJ1ach Obl
X
0B
— { Feax=—1ab [ 22 dx=—1ab8,

- 00

a 310 onatb —puB. Ho Temepb HaM CTaHOBUTCS MNOHATHO, NMOYeMy
noJlyyaeTcsi, 4TO cuAa, AeHcTBylowmas kHa HeGO/MbIIYIO TOKOBYIO
neT/Mo, NMPONOPUHCGHANbHA NPOM3BOAHOH MAarHUTHOrO noJss, Kak
3TO CJIeOBa/NO OXKHAATh H3

FAx=— AUyex=—A(—n - B). (15.11)
Jlpyroii Haw pe3y/JbTaT COCTOUT B caefyouieM. XoTb U He HCKJIO-
4eHO, YTO He Bce BHIbI 3Hepru Boulid B popmyay Umex = —p+B

(Belb TO MPCCTO HEKOTOpAsi HMHUTALHSl SHEPTHH), €0 Bce XKe MO-
XHO NOJ/Ib30BaTbCs, NPHMEHA NPHHLUMN BHPTYaJbHOH PaGoOTHI,
4yT0o0bl Y3HATbh, KaKHe CHJAbl AEHCTBYIOT Ha NETJH C NOCTOSHHBIM
TOKOM.

§ 2. Mexaunuueckana u srekTpuveckas 3Hepzuu

Tenepb Mbl XOTHM NOSICHUTB, NoYeMy 3Heprusi Umex, 0 KOTOpPO#
roBOpPHJIOCh B NpeabiayuleM naparpade, He HacTosilas 3Heprus,
CEfi3aHHAasl ¢ NMOCTOSIHHBIMM TOKaMH, NouyeMy y Hee HeT NpsMOH
CBSI3H C NOJIHOH 3Heprueit Bcelt Becenennoit. [IpaBaa, Mbl noguepk-
HYJIH, YTO €0 MOXXHO MNOJIb30BaTbCSl KaK 3Hepruei, Koraa BbIYHC-
Jsellb CH/Abl U3 NMPUHUMNA BUPTYyaJbHOH paboOThl, Hpu ycaosuu,
YTO TOK B MmeTJie (M Bce npouue Tokn) He MeHsercs. [locMoTpum
Ternepb, MOYeMy XKe BCe TaK BBIXOIHT.

[MpencraBum, yto netas Ha ¢wur. 15.2 aBUXKeTcs B HanpasJe-
HUK X, a ocb 2 NnpUMeM 3a HanpaBJjeHHe B. D/eKTpoHbI NpoBo-
LMMOCTH Ha CTOpOHe 2 GyAyT MCMBITBIBaTb AEHCTBHE CHJbI, TOJ-
Kalollei UX BAOJb npoBoja, B Hanpas/ieHun y. Ho B pe3yabrate
HX [BHXKEHHs MO NpPOBOAY TeyeT 3/MeKTPHYeCKHH TOK M HMeercs

9



COCTaBJ/IAIOWAs CKOPOCTH Uy B TOM K€ HanpaB/JeHHH, B KOTOPOM
IeiictByeT cuaa. [TosToMy Haj KaXKAbIM 3Je€KTPOHOM KaXKaylo ce-
KyHay O6yner npou3Boautbcsi paGorta Fyv,, rie v, — KOMNOHEHTA
CKOPOCTH 3/1eKTPOHa, HanpaBJ/eHHas BIOJb npoBoaa. Aty pabory,
COBEepLIaeMyl0 HaJ 3JeKTPOHAMH, Mbl Ha30BeM 3/AeKTpu4ecKol.
OkaabiBaercs, YTo Korja netasi ABHXETCA B 00HOPOOHOM TOJIE, TO
nojHasi 3JeKTpHueckas paboTa paBHAa HYyJIO, NOTOMY YTO Ha
ONHOH wyacTH neriu paboTa NOJOXKHTeJNbHas, a Ha ApPYroi —
paBHas efl orpuuarenbHasi. Ho npu OBHXEHHH KOHTypa B HEOMHO-
pPOAHOM NoOJe 3TO He TaK — TOrAa OCTAeTcs KaKOW-TO YUCTHIH H3-
6niToX OXHOINl paboThl Ham Apyrofl. BooGue-To ata pabGora crpe-
MHTCS M3MEHHTb NOTOK 3JEKTPOHOB, HO €CJIH OH NoAAepKUBaeTcs
HeM3MEeHHbIM, TO 3HeprHs MOrJolaeTcs HJAH BbICBOOOXAaeTcs B
6artapeiike UM B JPYroM HCTOYHHKE, COXPAHSIOUIEM TOK MOCTOSH-
HbIM. Bor MMeHHO 3Ta 3Heprusi MU He YYHTBHIBAaJach, KOrAa Mbl
BbIUHCAANIH Unex B (159), noToMy uTo B HaluM pacyeTsbl BXOAHIH
TO/IbKO MeXaHHYecKHe CHJIbl, JeiicTBYIOLLHe Ha NPOBOA.

Bbl MOoXeTe noayMaTtb: HO cuJa, AeficTBYIOUIAS HA 3JIEKTPOHHI,
3aBUCHT OT TOro, HaCKOJMbKO OblCTPO ABHXKETCS NpPoBOJ; GbITH MO-
HeT, ecad Obl NPOBOA ABHraacs [OCTAaTOYHO MeJJIEHHO, 3TOH
3/1eKTpHYecKol 3Heprued MOXXHO Obl10 Obl BoOOUle npenebpeyb.
JelicTBUTENIbHO, CKOPOCTL, ¢ KaKOH BBICBOGOXKAAETCS 3JEKTpHYe-
CKasl 3Heprus, nponopuHoHaJbHa CKOPOCTH NPOBOJAA, HO BCe XKe
no/Has Bbife/NleHHasi SHepPrus NponopuHOHa/JbHA K TOMY Xe elle
H 8pemelu, B TeueHHe KOTOPOro nNpOsiBAA/NAcCh 3Ta CKOPOCTb.
B urore no/aHas Bbie/NeHHas 3JeKTpHYecKas SHePrHsi NponopuHo-
Ha/lbHa NpPOU3BeJeHHIO CKOPOCTH Ha BpeMs, a 3TO KaK pa3 M ecThb
npoiifeHHoe paccrosiine. Kaxaomy npoiineHHoMy B noJe pac-
CTOSIHHIO OTBeYaeT 3aJlaHHOe, U MPUTOM OJHO H TO XKe, KOJHYeCTBO
3J/lIeKTpHYeCKOH paboThl.

Bo3sbMeM Kycok mpoBojaa eAdHHYHOM AJMHHBI, 1O KOTOPOMY Te-
uyer Tok I. [IpoBoa HABHXKeTcs nepneHAHKY/AsIpHO caMoMy cebe H
MardHuTHOMy noJso B co cKOpoCTbIO Unposon. Bi1arongaps Hamuuuio
TOKa CaMH 3JIEKTPOHBl 00/1a4aI0T CKOPOCTbIO Apeida Ugpeiigp BAOMD
npoBoga. KomMnoHeHTa MarHuTHOH Cu/Ibl, JEHCTBYIOLLEH Ha Kax-
AbI 5/1eKTPOH B HampaB/eHUH Apeiida, paBHA GeUnposonB. 3HauwmT,
CKOpPOCTb, ¢ KaKOH NpOM3BOLMTCS 3JeKTpHueckass pabora, paBHa
Fuppeiss = (GeVnposonB) Unpenp. Eciv na emuHHue AMHHBI NpoBoja
HMeeTcst N NpoBOASILIMX 3/JEKTPOHOB, TO BCS BEJHYHHA 3JEKTpH-
YyecKoil paboThl, NPOH3BOAUMON B CEKYHAY, TaKoBa:

dUS}IeKTp
T quvnpoaonBUnpeM>~

Ho Ngevgpeiip paBHO TOKy I B npoBOAe, TaK 4TO

dU 3pexrp
a4t lvnposoAB°
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I nockonbKy TOK noafep:KUBaercsi HeH3MEHHBIM, TO CHJIBI,
JEACTBYIOUIHEe HA 3JIEKTPOHbl NPOBOAHMOCTH, He YCKOPSAIOT HX;
3/MIeKTpUYecKasi SHeprusi NepexoJUT He K 3JEKTPOHaM, a K TOMYy
HCTOYHUKY, KOTOPbIH COXpaHsieT CHJY TOKa NOCTOSHHOH.

Ho 3amerbTe, 4TO cusa, peicTBylolwas Ha nposod, pasHa IB;
3HauuT, [BUgposox — 3TO Mexanuueckas paboTa, BHINOJNHseMas
Hal npoBoaoM B eAuHHLy BpeMmeHH, dUyex/dt = IBUnposon.
OTclo4a Mbl 3aKJ/I0YaeM, 4TO MeXaHHuyeckasi pa6oTa nepeMelleHUs
NpoBOJa B TOYHOCTH paBHA 3JIeKTPHUECKON paboTe, npOU3BOAH-
MOH HaJl HMCTOYHMKOM TOKa, TaK YTO 3HEPTHs NeTNH OCTaerca no-
CTOAHHOU)

3ATo He cayyalHOCTb. DTO CJAEACTBHE 3aKOHA, ¢ KOTOPHIM Mbl
yxe 3Hakombl, [TonHas cuaa, geficTBywollash HA KaM bl U3 3aps-
0B B NMpOBOJe, paBHa

F=g(E+ v XB).
CKopocTh, ¢ KOTOpO# Npou3BOAUTCs pab6oTa, paBHa
v.-F=g[v-E4v-(vXB). (15.12)

Eciu sneKTpuuecKoro moJisi HeT, TO OCTaeTcsl TOJBKO BTOpOe cja-
raemMoe, a OHO Bcerfa paBHO HyJo. [To3Ke Mbl yBHAMM, YTO U3-
MeHenue MarHUTHBIX NOJIel cO3[aeT 3J1eKTpPHYeCKHe MoJisl, TakK uTo
Halllh DacCy»KIAeHHs NPHMEHHMBbl JIMIUb K NPOBOAAM B TOCTOSIH-
HbIX MarHUTHBIX MOJISIX.

Ho Ttorpa mouemy e npuHUMN BHPTyaJbHOH paGoThl AaeT
npaBuabHBIA oTBeT? [loTOMY, 4TO NOKQ MBI He YYUTBIBAJIH NOAHYHO
3Hepruio BceneHHoN. Mbl He BK/IIOYa/M B PacCMOTPeHHE 3HEPTHIO
TeX TOKOB, KOTOpble 030al0T MAarHUTHOEe MoJe, ¢ CaMOro HauaJja
NPHCYTCTBYIOLIEE B HALIUX PACCYXXOEHUSX.

Ho npeacraBuM ce6e mnoaHyio cHcTeMy, Hanogobue u3obpa-
XeHHOW Ha ¢ur. 15.3,a, rae neras ¢ Tokom / BABHraercs B Mar-
HUTHoe noJie By, co3nanHoe TokoM [, B kaTtyuike., Tok [y, TeKyLHi
no metse, ToXe OyleT co3faBaTb KaKoe-TO MarHutHoe noje B,
6113 katywku. Ecau neras pBuxercs, To noJse By uaMeHsertcs.
B cneaylomeit rnaBe Mbl YBHAUM, YTO H3MeHsilolleecsi MarHUTHOe
none cosnaetr noje E, u aTo nosme meficTBHTENbHO HauyHeT

L. L
B, B,
LD | 2 (=
{B: iB,
1; Memas 7_ I fl T
a 2 5 2

Due. 153 Bowwucaenite snepeuu maaeHskol NeTAU 8 MASHUTHOM 1104€.
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AeACTBOBaTb Ha 3apslbl B KaTywke. DTy 5HEPrHio Mbl 06si3aHbI
BKJ/IIOYHTb B Hall CBOAHBIH 6a/laHC 3HePruit.

MbI, KOHeYHO, MOTVIH Gbl NOMOXKAATh FOBOPHUTb 06 3TOM HOBOM
BKJaJle B HEPTHUI0 O CJelylOlled riaBbl, HO yXe ceiiyac MOXHO
OLUEHHTb €ro, €c/JH¥ NPHUMEHHTb CcOOOpa*KeHHs NMPHHIHKNA OTHOCH-
TenbHOCTH. [lpubamkaeM neT/ni0 K HENOABHXXHOM KaTylWiKe H
3HaeM, 4TO 3JIeKTpHYeCKass 3Heprus neTJu B TOYHOCTH paBHA H
NpOTHUBONOJIOXKHA NO 3HAKYy NpPOM3BEeNEeHHON MeXaHHYecKol pa-
6ore. Unaue rosops,

Usex + Uanexrp (neran) = 0.

Tenepb npeanosoXxuM, 4To Mbl CMOTPHM Ha NpoHcXoAsfllee ¢ Apy-
rofl TOYKM 3peHHsA: OyAeM CYHTATb, YTO NET/s MNOKOUTCA, a Ka-
Tywka npubamkaercs K Hefi. Toraa KaTywka ABHXKeTC B moJe,
cosnaHHOM netaedt. Te ke paccyxAeHHs NPUBEAYT K BblpaX<eHHIO

Uyex + Usnekrp (kaTywku) = 0.

MexaHuyeckas 3Heprusi B O6OMX C/AyyasiX OAHA M Ta ¥Ke — OHA
onpeensieTcss TONbKO CHJIOH, AefiCTBYIOLLeHd MeXAY ABYMSI KOHTY-
pamu.

CJi0XKeHHe IBYX ypaBHeHH# HaeT

2Un1ex + Usnexrp (l'leTJll/l) + Usnek-rp (katywkn) =0.

[TonHas asHeprusa BceHl cHCTeMBbl DaBHA, KOHEYHO, CyMMe IBYX
3/J1eKTPHYeCKHX SHeprufl W B3sATOH OOUH pa3 MeXxaHHuecKoll 3Hep-
ruu. B nrore BbIxOAHT

Unonuzusnenrp ("eT“”)+Usnexrp (KaTymK”)‘FUMex:— Uyex. (15.13)

[Toanas SHeprusa Bcell cHcTeMbl — 3TO Ha camoM Jene Uwex
CO 3HAKOM MUHYC. Ecau Ham HYXHa, CKa)eM, rnoJiHass 3Heprus
MAaruMuTIIoro AunoJis, To cjeAyer NHcCaTb

Uwosv=+1-B.

M toabko Toraa, xoraa Mol notpebyem, uTo6bl BCce TOKH OCTaBa-
JIUCh TIOCTOSIHHBIMH, MOXXHO HCNOJIb30BATbH JIHUWb OAHY H3 yacTeH
aHepruH Uyex (BCErAa paBHYIO HCTHHHOH SHEPrHH CO 3HAKOM MH-
HyC) AJ51 BBIYUC/IEHUsS MeXaHHueCKHUX cua. B Gosee o6wux 3axa-
yax Hago co6/104aTb OCTOPOXKHOCTb, YTOObI He 3a0bITb HH OJIHOH
M3 3HepruM.

CxonHoe moJioxKeHHe HabJ04at0Cch H B 3JMeKTPocTaTHKe. Mbl
nokasaJjHu TaM, Y4TO 3Heprus KoHieHcatopa paBHa Q%/2C. Koraa
Mbl NpHMeHsieM NpPHHUHN BHPTyanbHOH paboThl, 4TOOL HalTH
CHJy, AeHCTBYIOUIYIO MeXAY OOKJaAKaMH KOHOEHcaTopa, TO H3-
MeHeHHe 3Hepruu paBHo Q2/2, yMHOXeHHOMY Ha u3MeHeHue B 1/C,
T. e.

Q? AC

w=%a(5)=—%%. (15.14)
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A Tenepb npeanoJsioXuM, YTO HaM Haao Geiio Gbl MOACYMTATD
pa6oTy, 3aTpauyxnBaeMyio Ha cOJH2KeHHe ABYX NpPOBOJHHKOB, HO
npH APYroM YCJOBHH — UTO HamnpsiXKeHHe MexAy HHMH ocTaeTcs
nocTosAHHLIM. Torfla npaBHJbHYIO BEJHYHHY CHJABI Mbl MOTJH OBl
NOJYYUTb W3 NpPUHUMNA BHUPTYyaJbHOH paboThl, ecad Obl nocrty-
NUJIH HEMHOTO HCKYcCTBeHHbIM o6pa3oM. Pa3 Q = CV, 1o nonnas
aneprus pasaa '/;CV?2 Ho ecan Gbl Mbl BBeJIH YCJOBHYIO SHEPTHIO,
paBHyio —!/oCV?, To npuHLKN BUPTYanbHOH PaGOThl MOXHO GbLIO
6bl NMpPUMEHHTb AJS NOJYYeHHs CHJ, noJaras H3MeHeHHe 3TOH
yCJICBHOM 3HEPTHH paBHBIM MeXaHHuecKoil pa6oTe (3To mpH ycJo-
BUM, 4TO HanpsiKenne V cuurtaercst nocrosiHHbiM). Toraa

2 2
Aum=A(—C2—V)=—VTAc, (15.15)
a 3TO TO Xe caMoe, YTO HanucaHo B ypaBHeHuu (15.14). Mu mno-
JyyaeM NpaBW/IbHBIH OTBeT, XOTSl npeHebGperaeM paboTo#, Koro-
pylO 3JleKTpHuecKas CHCTeMa TPaTHT Ha NOCTOSHHOE NOAJepXKa-
HHe HanpsiKeHusi. M 31ech onsith 3JeKTpHuecKasi S3HEPTHs POBHO
BAROe Gosblle MeXaHHUeCKOH M MMeeT 06paTHBIN 3HaK.

Irak, ecaiu Mbl BelleM pacyeT HCKYCcCTBeHHO, mpeHebperas
TeM ¢aKTOM, YTO HCTOUHMK NMOTEHLHa/ja NOJKEH TPaTUTb paboTy
Ha TO, yTOObl HanpsXKeHHe OCTABa/NOCh HEH3MEHHBIM, TO Bce paB-
HO Mbl NMPUXOAMM K MPaBHJIbHOMY pe3y/abTaTy. DTO B TOYHOCTH
COOTBETCTBYET MOJOKEHHUIO Jle]1 B MarHUTOCTaTHKe.

§ 3. 3nepeua nocroannox TOKGS

3uas, 40 Unosn = —Umex, HCHONIb3YeM 3TOT ¢akT, uTOOBI
HaliTH UCTHHHYIO 3HEPrHI0 NOCTOSSHHBIX TOKOB B MAarHHUTHBIX MO-
asax. Hauatb MoXHO ¢ CTHHHOI 3Hepruu He6GOMbLIOH TOKOBOH me-
TeabKU. O603Hauas Ugons npocto uepes U, Hanuwem

U=npn-B. (15.16)

XOTA 3Ty 9HEpruio Mbl MOJACYHTAJNH TOJNBKO AJS NMJIOCKOH NMPSMO-
Yro/qbHOM NeTJid, BCe 3TO BEPHO W /A NJIOCKOH MneTe/IbKH MpPOH3-
BOJIBHOH OpMBI.

DHepruo KOHTypa Npou3BOJIbHOH HOPMBbI MOXHO HaiTH, npen-
cTaBuB cebe, UTO OH COCTOUT M3 HeGO/bILKX TOKOBHIX meTesb. CKa-
MeM, uMeetcsl npoBol B ¢opme netau I' (¢ur. 15.4). Harsanem Ha
3Ty METJI0 MOBEPXHOCTb S, a Ha Hell HAMETHM MHOXECTBO mneTe-
JeK, KaXKAYI0O U3 KOTOPBbIX MOXKHO cuHTaTh naocko#. Eciu 3acra-
BHUTb TOK / UMPKY/JHPOBATh N0 Kax OO nerejbKe, TO B UTOre Bhili-
JeT TO Xe caMoe, Kak ecaH Obl ToK uiesa Toabko mo netae I', n6o
TOKH Ha BCeX BHYTPEHHHX JIHHHUAX B3aUMHO YHHuTOXaTcs. CHCTe-
Ma HeGO/MBbIIKUX TOKOB (M3HYECKH He OydeT OTJHYHMA OT MCXOA-
HOTO KOHTYpa, H 3Heprus NO/KHa ObITb TOH XKe, T. e. ROKHA
6biTh paBHa cyMMe JHEPTHil Bcex neTesiekK.
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Dy 154. Fnepeuto 60ablOL NeTAL 8 MACHUTHOM
nose MOJMCHO CHUTATO CYMMOU 3Hepeull MareHbKux ne-
Tenex.

Ecsan niowmwanb kKaxjaoi nereiabkd Aa, TO ee 3Heprus paBHa
IAaB,, rne Bn,—komnoneuta B, Hopmaabuasa K Aa. IlonHas
3Heprus paBHa

U=)IB,Aa.

B npenene, koraa net/iu cTaHOBsITCS GECKOHEYHO MaJlbIMH, CyMMa
npeBpallaerca B HHTerpaJ, H

U=1SBnda=ISB-nda, (15.17)

rie n — eIWHHYHAss HOpMaJb K da.
Ecau bl nonoxum B = VXA, to noBepXHOCTHBIH MHTerpais
MOX(HO OyJeT cBs3aTb ¢ KOHTYpHBIM (mo Teopeme Crokca):

1§(VXA)-nda=1§A -ds, (15.18)
S r

rae ds — nuHelHbI 3neMeHT Boab I. MTak, Mbl mosyun/u sHep-
THIO KOHTYpa NPOU3BONBbHOH QOPMBI:

U=1 @ A-ds. (15.19)

Kontyp

B stom Bbipaxkenun A 0603HayaeT, KOHEYHO, BEKTOPHbIH MOTEH-
1lMa/J, BO3HHUKAIOUWMH HM3-32 TOKOB (OTJIHYHBIX OT TokKa / B mpo-
BOZe), KoTophle co3AaloT nonae B 6,113 nposoaa.

Hanee, no6oe pacnpene/seHHe NOCTOSTHHBIX TOKOB MOXHO CHH-
TaTb COCTOALIWM H3 HUTeH, HAYLIMX BAOJb TeX JHHHHA, MO KOTO-
pbiM TedeT ToK. 151 110601 napbl TaKUX KOHTYPOB 9Heprus Aaetcs
BbipaxkeHneMm (15.19), rae uHTerpas B3sT BOKPYr OAHOrO M3 KOH-
TYPOB, a BEKTOPHbIH noTeH1Haa A co3gaH apyruM KoHTypow. [los-
Has 3Heprus noJsyyaercs c/JOXeHHeM Bcex Takux nap. Eciu sme-

14



CTO TOro, 4To6bl CJeAuTb 3a NapaMu, Mbl MOJHOCTBIO MPOCYMMH-
pyeM mno BceM HHTSIM, TO KaXKAYIO SHEPrHi0 Mbl 3aCUHTaeM ABaX-
Obl (Takoil Ke 3¢d¢eKT Mbl HabGawgalHM B 3MEKTPOCTATHKe), H
MOJIHYIO SHEPrhio MOXHO OyaeT NpeicTaBHTb B BHAQ

U=%S]-Adv. (15.20)

3to COOTBETCTBYET MOJIydyeHHOMY uJis SJIEKTPOCTaTH‘-IeCKOﬁ 3Hep-
FUH BbIpaXXeHHIO

=% S oqdV. (15.21)

3HayHUT, Mbl MOXeM cYuTaTb A, eC/¥ YroQHO, CBOEro poja noTeH-
IlMaJbHON 3Hepruedl TOKOB B MarHutocratHke. K coxkaseHnwuto, aTo
npeicTaB/eHHe He OYEeHb [0JIe3HO, NOTOMY YTO OHO TOJAHTCS
TOJIBKO JJ/1l CTAaTHYeCKHX mnogeil. B meficTBUTe/NbHOCTH, ecau noJs
CO BpeMeHeM MeHsIOTcSl, HM BulpaxeHnue (15.20), Hu BbIpaXkeHue
(15.21) He nalOT NPaBH/ALHON BeJHYHHbI SHEPTHH.

§4. B um A?

B stom naparpade HaMm xotesnoch 66l 06CYAHTb TaKOH BOMpOC:
4YTO TaKoe BEKTOPHBIH NOTeHLHaJ — NpocTo NoJie3Hoe AJ/s1 pacuc-
TOB npucnocob/jeHre (Tak B 3/J1eKTPOJHHAMHKE NOJe3eH cKaJjsp-
HbIH MOTEHLMA/) MU XKe OH KakK MoJie BHoJiHe «peaneH»? Mau xe
«peasbHO» JHlIb MarHUTHOE MoJie, TaK KaK TOJbKO OHO OTBeT-
CTBEHHO 32 CHJYy, OEACTBYIOLUIYIO HA ABHXYILYIOCH YacTHIY?

[nsi Hayaja HYXHO CKas3aThb, 4YTO BBHIPa)XeHHe «peasibHoe
noJie» peajbHOro cMbic/a He UMeeT. Bo-mepBhIX, BBl Bpsil JIH BO-
oblle mosaraete, YTO MArHUTHOE NoOJie XOTb B KAaKOH-TO cTeneHH
«peaJ/IbHO», MOTOMY YTO H caMa HAes NoJs — Belllb AOBOJBbHO OT-
BJeueHHas. Bbl He MoXeTe NpOTSHYTb PYKy W NOWIYNAaThb 3TO Mar-
HUTHOe nose. KpoMe Toro, BeMuHHA MarHUTHOTrO MOJs TOXe He
OueHb omnpejieJleHHa; BbIGOPOM MNOAXOASIULEH NMOABHXKHOIT CHCTFEMBI
KOOPAMHAT MOXHO, K npumepy, A06HTbcs, 4TOGBI MarHUTHOe
noJie B JaHHOH TOuKe BooOlle mponaso.

[Ton «pea/nbHBIM®» MOJEM Mbl MOHMMaeM 34ecb BOT YTO: peaJb-
HOe noJle — 3TO MaTeMaTHyecKas QyHKUHS, KOTOpPas HCNOAb3yeTcs
Hamu, 4To6bl M36exaTb npeacTaBjeHUs o AanbHopelcTBuH. Ecan
B TOuKe P HMeercs 3apsixKeHHasi 4acTHIA, TO Ha Hee OKA3bIBAIOT
B/JIHsIHHE JpYyrue 3apsfibl, pacno/oxeHHble HA KaKOM-TO yaaJieHHH
ot P. OauH npueM, KOTOPHIM MOXHO OnucaTb B3auMoJeicTBHe, —
3TO FOBOPHTb, YTO NpouHe 3apsfbl CO3AAOT KaKHE-TO «YCJOBHS»
(xaKkue — He UMeeT 3HaueHUs) B okpecTHOcTH P. Eciiu Mbl 3HaeMm
3TH yc/J0BHSl (Mbl HX ONHMCBIBaeM, 3aflaBasi 3/JeKTPHYECKOe H Mar-
HUTHOE NOJIsl), TO MOXEeM NOJIHOCTBIO ONpefequTh NoBeleHHe ua-
CTHLBI, HUMAJO He 3a60TACh Noc/ae 0 TOM, YTO HMEHHO CO3AaJo
5TH yCJ0BHS,
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HHeimu cioBaMH, ecan Gbl 3TH Npoune 3apsiabl KAKUM-TO 06pa-
30M H3MEHHJ/HCb, a YCI0BHS B P, onucbiBaeMbie 3JEKTPHUECKHM
M MarHHTHBIM noJieM B TOouke P, ocTajucb Gbl NpeXXHUMH, TO JBH-
JKeHHue 3apsfia TOXe He H3MeHHJOCb Obl. «PeasibHoe» nose Toraa
€CTb COBOKYNHOCTb YHcCeJ, 3aJaHHbIX TaK, YyTO TO, YTO NPOHCXO-
IUT B HEKOTOPOU TO4Ke, 3aBUCHT TOJNBKO OT YMCeN 8 3TOU TOYKe H
HaM 6oJibllle He HYXKHO 3HATb, YTO NMPOMCXOAMT B APYTHX MecCTax.
HIMeHHO C TaKHX MO2MUHMA MBI U XOTHM BBISICHHTB, fIBJASieTCs JH
BEKTOPHbIH NOTEHIHAJ «peaJbHBIM» M0JIeM,

Bac MoxeT yauMBHTB TOT (akT, YTO BEKTOPHBIH MNOTeHLHAJ
onpefesnseTcss He eJHHCTBEHHbBIM 06DPa3OM, YTO €ro MOXHO H3Me-
HHUTb, 106aBHB K HeMY rpajHeHT Ji060ro ckajaspa, a CHJbl, AeH-
CTBYIOLLHE HAa 4acTUUbl, He H3MeHATcH. OJHAKO 3TO He MMeeT HH-
yero o6llero ¢ BONPOCOM peajibHOCTH B TOM CMBIC/e, O KOTOPOM
Mbl roBopuau. K npuMepy, MarHHuTHOe noJse Kak-TO MeHseTcs NMpH
H3MeHeHUH OTHOCHTEJNbHOro ABHKeHHs (paBHO Kak H E uan A).
Ho Hac HHcKo/bKO He 6yaeT 3a6OTHTb, YTO NOJIE MOXCHO H3MEHATb
TakuM ob6pasoM. Ham 3T0 6e3pasinuHO; 3TO HUKAK He CBA3aHO
C BONPOCOM O TOM, JEHCTBHTEJbHO JH BEKTOPHBIH MOTeHUHaJ —
«peasibHOe» MOJe, NPUrOJHOe A/51 ONMCAHHUS MarHUTHBIX 3p¢ek-
TOB, HJIM XKe 3TO NPOCTO YAOOHbI MaTeMaTHYeCKHH npHeM.

MBI 0O/KHBI ellle cAeNaTh Koe-KaKHe 3aMeUYaHUus O NOoJe3HOCTH
BEKTOPHOro moTeHuHa/ja A. Mbl BHIe/NH, YTO UM MOXKHO NOJIb30-
BaTbcA B (popMasbHOH npouefype pacueTa MarHUTHBIX noJeii 3a-
AAaHHbIX TOKOB, B TOYHOCTH KaK ¢ MOXET NPpHUMEHATbCA IJs OTbl-
CKaHMs 3/eKTpHYecKuX mnosed. B anekTpocTaTHKe Mbl BHAE/H, 4TO
¢ LaBaJOCh CKAJIAPHBIM MHTErpajiom

o ()= | £2av, (15.22)

41’!8(\ rya

U3 3toro ¢ MBl noayuyaau Tpu cocraBaswowux E npun nomomu
Tpex audoepeHunpopaHuil. O6bIYHO 3TO GBINO Jerye, 4eM BBIYHCe
JATb TPH HHTErpaJjia B BeKTOPHOH ¢opmy.Je

E(l)=4l—Sp(2—le”dV2. (15.23)

ey Mo

Bo-nepBbiX, UX TpH, a BO-BTOPBIX, Kad{[blii M3 HHUX BOOOLLE-TO
HEMHOTO Moc/0XHee, yeM (15.22),

B MmarHutocTaTHKe npeumyulecTBa He TakK sicHbl. HMHTterpaa
o A yxe cam no ce6e BeKTODHBbII:

A(l)= 1 S”Q"”’*. (15.24)

4ﬂ8002 r

T. €. 31eCb HanucaHbl TpH uHTerpasa. Kpome Toro, BeluncasAs po-
TOp A A/1s nonyuyeHus B Hamo B3ATb wecTb NPOM3BOJAHLIX W pace
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CTaBHTb HX NoOnapHo. Cpaay He ACHO, npolule JM 3TO, 4€M npsaAMoe
BbIYHCJIEHHE

B()=—1 (18 Xeuqy, (15.25)

2 ¥4
4ne,c riy

B npocThix 3asauax BEKTOPHBIM NOTEHIIHAJOM 9acTo ObiBaer
110/1b30BaTbCA TPYHAHEE, H BOT Mo Kakoi npuuuHe. [Ipeanosnoxum,
Hac MHTepecyeT MarHuTHoe noJje B B oaHO# TO/MIBKO TOuKe, a 3a-
naya o6/nafaeT Kakoi-To KpacuBoi cuMmMerpueil. CkaxeMm, HaM
HYXKHO 3HaTb MnoJle B TOYKe Ha OCH KOJIblleBOro Toka. BeaencrBue
cuMMeTpuu uHTerpas B (15.25) serko Bo3bMeTcsl H Bbl Cpasy no-
ayuute B. Ecau 6bl, ogHako, Mbl Hauya/ju ¢ A, TO NMPHIJIOCH Obl
BbIUMCASATH B M3 npoussodueix A, a maa storo Hamo Gbuio Gbl
3HaTb A BO BCeX TOYKAX MO cOoce0cT8Y C TOM, KOTOpas HAaC HHTe-
pecyer. BoJblias xKe yacTb HX He JIEXKHT HAa OCH CUMMETPHH, HH-
tTerpai aasi A ycaoxHsiercsi. B 3amaue ¢ Kosbuom, Hanpumep,
npuusioch 6bl HMeTb JeJO ¢ 3JJIUNTHYECKUMH HHTerpajaM.
B nomo6Hbix 3amauyax A, pasyMeercsi, He NPHHOCHT OOJIbLIOH
no/b3sl. Bo MHOrHX c/l0XHBIX 3amauax, GeccnopHo, Jerue pa6o-
TaTh ¢ A, HO B ofuweM TpyaHO Oblo 6bl AOKAa3biBaTb, YTO 3TH
TeXHHYecKHe 06JleryeHHs1 CTOAT TOro, yro6bl HaYaTh M3y4aThb elle
OIHO BEKTOpHOE noJie

Ml BBeJIH A MOTOMY, YTO OHO OelicTéuTeavHO UMeeT GoJblloe
¢u3snueckoe 3HaueHHe. OHO He MPOCTO CBSI3aHO C 3HEPTHAMH TO-
KoB (B ueM Mbl y6eAH/HChb B nocsaeqHeM naparpade), OHO — «pe-
anbHOe» (PU3HYECKOe NoJie B TOM CMBICJE, O KOTOPOM Mbl TOBOPHJIH
Bhime. B knaccuueckoit MexaHuKe cHJY, JeHCTBYIOLUIYIO Ha YacTH-
iy, OYeBHIHO, MOXXHO 3anucarth B BHIE

F=g(E+v X B), (15.26)

TaK 4TO, KaK TOJIbKO 3ajaHbl CHJIbI, JBHXXEeHHe OKa3biBaeTcs MoJ-
HOCTbIO onpefaeneHHbIM. B mo6oi obnacty, rae B = 0, xots 661 A
¥ He ObIJIO PaBHO HYJ/IO (HanpuMep, BHe coJieHOMAA), BaHusHHe A
HH B yeM He cKasblBaercs. [103ToMy H0/roe BpeMsi CYUHTAJOCh, YTO
A — He «peanbHoe» nose. OkasblBaeTcsi, OAHAKO, UYTO B KBAaHTO-
BOH MeXaHHKe CYUIECTBYIOT SIBJIEHHs, CBHAETENbCTBYIOUIHE O TOM,
yTo noJse A Ha caMOoM Je/ie BMOJIHE «peaJsibHOe» noJie, B TOM
CMbIc/e, B KAKOM Mbl Onpefenusd 3TO cJoBo. B caepylouwem na-
parpade Mbl NOKaXeM, YTO BCe 3TO 3HAYHT,

§ 5. BexTophoii noTenyuas u K8aHTO8aA MexaHurKa

Korga mbl OT K/1accHuecKkOd MeXaHHKH NMepeXoouM K KBaHTO-
BOM, TO HAllKW NpeAcCTaBJAeHHUs O BaXKHOCTH TeX H/IHM HHbIX MOHATHH
BO MHoroM MeHstorcsi. (Koe-Kakne M3 3THX NMOHSITHI MBI yXe pac-
cMaTpuBa/au paHbliue.) B 4yacTHOCTH, MOCTENEHHO CXOAHUT HAa HeT
NOHAATHE CHJIBl, @ MOHATHA 3HEPrHM W HMNYJabca npHobpeTaroT
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DPue 155. Hureppepenyuonnbul onbtT ¢ 31eKTPpoHamu.

NepBOCTeNeHHYI0 BaXKHOCTb. BMecTo ABHXeHHS 4acTHL, KaK Bbl
TIOMHHTE, peub Tenepb HJeT yxe 00 aMNJHTyAax BepOSITHOCTEH,
KOTOpble MEHSIOTCS B NPOCTPAHCTBE M BpeMeHH. B 3TH amMnautyasl
BXOJAT IJIMHbI BOJIH, CBSI3aHHble C MMNYJAbCAMH, U YaCTOTHI, CBfl-
3biBaeMble ¢ 9HeprusiMu. MiMny/bchl W 3Hepruu onpenensior co6oi
¢ a3bl BOHOBBIX QYHKIHKHA U MO 3TOH-TO NPUUHHE OHM BAXKHbI AJSA
KBaHTOBOH MexaHHKH. BMecTo cusbl peub Temepb HAET O TOM, Ka-
KUM o6pa3om B3auMoOJelCTBHe MeHseT AJUHY BoJHBl. [lpexacras-
JleHHe O CHJle CTAaHOBHUTCSl Y>Ke BTODOCTENEeHHBIM, ecJH BooOLLe
0 HeM eule CTOMT roBoputh. [laxke korga, K npuMepy, ynomu-
HaIOT O sIePHbIX CHJIAX, TO Ha caMOM JeJle, KaK npaBuJo, pabo-
TalOT BCE XKe C SHeprusiMH B3aUMOJAEHCTBHUS IABYX HYKJ/IOHOB, a He
¢ cuJI0d ux B3auMopeiicTBus. HuKOoMy He npuXoAuT B rosnoBy aud-
¢epeHuHpoBaTh 3Heprulo, uyTo6bl NOCMOTPETb, KaKOBa CHJA.
B stoM naparpajde Mbl XOTHM paccKasaTb, KaK BO3HHKAalOT B
KBAHTOBOM MeXaHHKe BEKTODHbIH U cKa/aspHbIA noteHuuansl. Oka-
3bIBaeTCsA, 4TO MMEHHO H3-3a TOro, YTO B KBAHTOBOH MeXaHHKe
T1aBHYIO pPOJib HTpalOT UMNYJbC H SHepPrus, caMblil NpsAMOH NyTb
BBeJleHHs1 B KBAHTOBOE ONHMCAHHE 3/JeKTPOMarHUTHbIX 3¢pdeKkToB —
caenaTthb 3TO ¢ NOMOILbIO A U @.

Hano cnepBa cierka HanmoMHHTb, Kak AeHdcTByeT KBaHTOBas
MexaHHKa. Mbl cHOBa BepHeMcCs K ONMHCaHHOMY B Bbin. 3, ra. 37,
BooOpa)kaeMOMY OMNBITY, B KOTOPOM 3/eKTPOHbl HCNBITHIBAIH OH-
¢ppakuuio Ha AByx wenasx. Ha ¢ur. 15.5 nokazano 1o xe yct-
poiicTBO. DJIEeKTPOHbl (Bce OHM 06/1afal0T NPHUMEPHO OAHHAaKOBOH
SHeprueil) NOKUAAOT MCTOYHMK M ABHXYTCH K CTEHKe ¢ ABYMs
Y3KHMH miesiMm 32 CTeHKOH HaXOMHTCA «3allUTHBIA» BaJ — MO-
FJIOTHTENb C NOJBHXXHBIM [€TEKTOPOM. DTOT AeTeKTOp NpeaHasHa-
YyeH A/ H3MepeHHs 4acToThl [, ¢ KOTOpPOH 3/1EeKTPOHbl MomajaroT
B He6O0JIbIIOH yYacCTOK NOrJIOTHTE/S1 HAa PAacCTOSIHHH X OT OCH CHM-
MeTpud. YacTtoTa 3Ta NponopuHoHaNbHa BEPOSATHOCTH TOro, 4TO
OTJeJbHbIl 3J/IEKTPOH, BBIJIETEBIUHH M3 HCTOYHHKA, JOCTHTHET
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3TOr0 y4acTKa «Banay. BeposTHocTb o6sajaer pacnpefesneHHeM
C/J0XHOro BHAA (OHO NOKa3aHO HAa PHCYHKe), KoTopoe o6bsc-
HfleTCs HHTepgepeHUHeHd ABYX aMIIMTYH, NO OAHOHl OT KaXAoM
uend. MHTepdepeHuus ABYX aMNIHUTYX 3aBUCHUT OT MX Pa3HOCTH
¢da3. UnbiMu caoBamu, Koraa amnautyas paBubl Cef® u Copel®:,
pasHoctb ¢pas §=®@,— @, onpefensier HHTepPEPEHUHOHHYIO Kap-
THHY [cM. Bbim. 3, ra1. 29, ypaBHeHue (29.12)]. Ecau paccrosinue
OT luesedl 00 3KpaHa paBHO L, a pa3HOCTb MIMH NMyTel 3J1EKTPo-
HOB, NMPOXOAfALIMX uepe3 [Be LIeaH, paBHa a (KAaK MoKa3aHO Ha
¢urype), To pasHocTb a3 ABYX BOJIH AAeTCsl OTHOLIEHHEM

o= %. (15.27)

Kak o6blyHO, MBI nosaraeM X=A/2m, rae A — AJHHA BOJIHBI, OT-
Beyallass NPOCTPAHCTBEHHOMY H3MEHEHHI0 aMIVIUTYIbl BEPOSIT-
HOCTH. [/si mpocToThl paccMOTpPUM JIMILb T€ 3HAuyeHHs X, KOTO-
pble MHOro MeHbile L; Torga MoXHo GyleT NpUHSTH

a=%d
(15.28)

Korma x paBHO HyJlO, TO M § paBHO HYJ/IO; BOJIHBI HaXoJATCS
B (a3e, a BeposITHOCTb HMeeT MakcuMyM. Korga 6 paBHO 7, BOJIHBI
OKa3blBaloTcsd B npoTHBo(dasze, HHTeppepHpys AeCTPYKTHBHO, H
BEPOATHOCTb JOCTHUraeT MHHUMyMa. Tak 3/eKTpPOHHAsi MHTEHCHB-
HOCTb NOJyyaeT BOTHOOGpa3HbIi BHA.

Tenepb Mbl XO0THUM cOpPMYJHPOBATL TOT 3aKOH, KOTOPbIM B
KBAHTOBOM MeXaHMKe 3aMeHsieTcsi 3aKoH cHabl F = gvXB. 3tor
3akoH OyneTr onpeaensTbh co60i noBeleHHWe KBAaHTOBOMeXaHHYe-
CKHX 4YacTHl B 3Je€KTpOMarHuTHoM noJe. Pa3 Bce npoucxomsiee
onpefeasieTcss aMNJUTYJaMHu, TO 3aKOH J0/KeH 6yaeT 0O bACHUTD,
KaK CKa3blBaeTcsi Ha aMMNJHUTyJlaX BJMsSIHWE MarHHTHOrO MNOJS;
C YCKOPEHHsIMH Xe YacTHL MH 6oJ/bllle HUKAKOro JeJa HMMeTb He
6yneM. 3aKOH 3TOT COCTOUT B caedyloileM: ¢asy, ¢ KaKoi aMnau-
TyAa [NOCTHraeT AeTeKTopa, ABHMrasichb MO KaKOH-TO TPaeKTOpHH,
NpPHCYTCTBHE MAarHUTHOrO MOJS MeHSeT Ha BeNHYHMHY, PABHYIO HH-
Terpajy OT BEKTODHOrO NOTeHUHana BIOJb 3TOH TPaeKTOPHH,
YMHOXEHHOMY Ha OTHOILEeHHe 3apsila yacTUUbl K MOCTOAHHOH
INnaunka. To ectb

Hsmenenne ¢asu noa BJIMSIHHEM __
MArHUTHOro noJas

4 | A.as. (1529
Tpaekropus

Ecan 661 MaruutTHoro noJis He Gbijo, TO Ha6G0Aaaach 66l KAKafa-To

onpenenenHas ¢asa npubeitusa. Eciu ke rae-tTo nosiBjisieTcss Mmars

HHUTHOe moJe, To ¢a3a npuObITHSI BO3pacTaeT Ha BEeJHYHHY HHTE«
rpana B (15.29).
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XoTa ANf HAIIMX TenepeliHHX pacCyXAeHHH B 9TOM HeT Heol-
XOLHMOCTH, 3aMeTHM BCE XKe, YTO BJIMsHHe 3JeKTPOCTATHYEeCKOro
noJisi TOXe BbipaXkaeTcsl B H3MeHeHHH (a3bl, paBHOM HHTerpasy
no épemenu OT CKaJ/sAPHOrO MOTEHUHaNa @ CO 3HAKOM MUHYC:

Hsmenenne ¢asbl noa BausiHHeM ¢ dt
anexTpuyeckoro noas . & J P4

STH OBa BHIpaXeHHs COpPaBeMJHBBI JIHIUL [/ CTAaTHYECKHX
noJiefl, Ho, 06 beIUHHB HX, Mbl MOJY4YHM NpPaBHAbHbI pe3yJbTaT
o mo6oro, CTaTHYECKOrO HJAM QHHAMHUYeCKOro, sJeKTpomar-
HUTHOTO noJisi. MIMeHHO 3TOT 3aKOH # 3aMmeHsieT coboi Gopmyay

= g(E+ v X B). Mul cefiuac, oanako, 6y1eM roBOPHTb TOJBLKO
O CTaTHYeCKOM MarHHTHOM mnoJe.

[Tonoxum, 4yTo ONBIT ¢ ABYMS LIENSIMH NPOBOAUTCH B MAarHUT-
HOM noJie. Mbl XOTHM Y3HaTbh, C KakKoi ¢a30i QOCTHralT 3KpaHa
IBe BOJIHBI, MyTH KOTOPbIX MPOJeEralT uyepe3 LBe pa3Hble LIEJH.
Hx uHTepdepeHuus onpenesnsieT TO MeCTO, rje OKaxeTcss MaKcH-
MyM BeposiTHOcTH. @a3y BoJsHbl, Geryuieit no Tpaekropuu (1), mMbl
Ha3oBeM @), a yepe3 @, (B = 0) o6o3Hayum ¢asy, Korga MarHuT-
Horo moJs HeT. Torga mocie BK/AlOYeHHs noJasi (asa gocTuraet
BeJHYHHBI

O, =0,(B=0)+1 SA.ds. (15.30)
)
AmnasoruyHo, asa ans TpaekTopuH (2) paBHa

0, =0, (B=0)+ L [A.us. (15.31)
(2)
HutepdepeHuns BOJH B JETEKTOpPe 3aBUCHT OT Pa3HOCTH (a3

6=0,(B=0)—®,(B=0)+ % (A-as—% [A-as. (15.32)
(n )

PasHocTb ¢a3 B oTcyTcTBHe nosisi Mbl 0603HayuM 6(B = 0); arto
Ta caMasi pa3HOCTb, KOTOPYIO Mbl OACYHTANN B ypaBHeHuH (15.28).
Kpome Toro, Mbl 3aMeyaeM, 4TO H3 [BYX HHTErpasioB MOXHO cle-
JaTh OJMH, HAYWHE Brnepea no nyTu (1), a Hazax —no nytu (2);
STOT 3aMKHYTHI nyTb Gyner o6o3Hauyatbes (1— 2). Tak uyTo no-
Jyyaercs

0=0(B=0)+F ®A~ds. (15.33)
(1-2)

DTto ypaBHeHHe coobUlaeT HaMm, Kak Moj JAeifcTBHEM MAarHHUTHOrO
noJisi U3MeHsieTcsl JBHXKEeHHe 3JIeKTPOHAa, C €ro NMOMOLIbI0 Mbl MO-
»KeM HaiTH HOBble MOJIOXKEHHSI MAaKCHMYMOB U MHHHMYMOB HHTeH-
CHBHOCTH,
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Tpexnae yeM caenaTb 3TO, Mbl XOTHM, OJHAKO, NOCTABUTb OJHH
HHTepecHbIll U BaXHbI Bonpoc. Bel noMHUTe, YTO B BEKTOP-NOTEH-
LKA/ bHOH (YHKUHH eCcTb HeKOTOphlit npousBoa. [IBe pasHble Bek-
TOp-NoTeHU HaAbHble PYHKUMH A u A’, oT/anyaloulHecs Ha rpa-
aueHT Vi HeKkoTOpo#l cKa/nspHOH (YHKUHH, NPeACTaBASIOT OJHO
M TO XXe MarHuTHoe mnoJie (MOTOMY 4TO POTOp FpajHeHTa paBeH
Hy/a10). OHU NO3TOMY NPUBOASAT K OJQHOH U TOH XKe KjaacCHYecKoH
cune gv )X B Ecan B KBaHTOBOH MexaHHKe Bce 3(D(eKTh 3aBHCAT
OT BEKTOPHOrO MOTEHLHAasJa, TO KAKAA W3 MHOTHX BO3MOXHbIX
A-pyHKuuit npaBuabHA?

OTBeT COCTOHT B TOM, YTO B KBAHTOBOH MeXaHHKe NpoJdoJKaeT
cyuiecTBoBaTb TOT e npoussoa B A. Ecan B ypaBHenun (15.33)
mMbl 3aMeduM A Ha A’ = A4 Vi, To uuterpan or A npe-
BpPaTHUTCS B

@ A’ - ds = @ A-ds+ @ Vy - ds.

(1-2) (1-2) (1-2)

HNurerpan ot Vi BbluucasieTcs no 3amxkHyromy nytu (1—2); Ho
MHTErpas OT KacaTe/JbHOH cOCTaB/sIOlleld rpajiieHTa No 3aMKHY-
TOMY NyTH Bceraa paBeH HyJio (no teopeme Crokca). [Tostomy
Kak A, Tak # A’ NpHBOASAT K ONHHM H TeM Xe pasHocTaM (a3 H
K ONHHUM H TeM e KBAaHTOBOMeXaHH4YeckKHM 3¢¢eKTaMm HHTepde-
peduuu. M1 B knaccuyeckoi, 4 B KBAHTOBOH TEOPHH BaXXeH TOJIBKO
potop A; mo6asi ¢yHKuus A, y KOTOPOH pOTOp TaKoH, KakK Halo,
NPUBOJHUT K NPaBU/JIbHON TEOPHH.

ToT e BBIBOL CTAHOBHUTCS OUYEBHAHBIM, €CAH MBI HCNOJAB3YeM
pesynbTaThl, npuBefieHHble B . 14, § 1. Tam mbl nokasa.nu, uto
KOHTYPHBI HHTerpaJ A no 3aMKHYTOMYy nyTH paBeH noToky B
uepe3 KOHTYp, B JaHHOM cJyuyae NnoTOKYy Mexnay nyTamu (1) u (2).
YpaBHenue (15.33) MOXKHO, ec/ld Mbl XOTHUM, 3anHcaTb B BHJE

d=06(B=0) +%[no1'ox B wmexay (1) n (2)], (15.34)

rae nola notokom B, Kak o6bl4HO, moApasyMeBaeTcs NMOBEPXHOCT-
Hblll HHTErpa/j OT HOpMaJbHOH cocTaBasioweit B. Pesyaprar 3a-
BUCHUT TONMBKO OT B, T. ¢ ToJBKO OT potopa A.

Ho pa3 pesyabTaT MOXHO BbipaxaTtb M uepe3 B u uepes A, to
MOXeT CO3/1aTbCsl BrneyaT/aeHHe, uTo B ynepxuBaer cBou nosuuuu
«peasbHOro» noJss, a A Bce elle BHINISIAHT HCKYCCTBEHHBIM o6pa-
3oBanueM Ho onpeneneHue «peasibHOrO» moJis, KOTOpoe MBI BHa-
yaje npenJsoXKHUJAH, OCHOBBIBAJIOCH Ha HAee O TOM,4TO «peasbHOe»
noJie He cMor/o Gbl elicTBOBAaTb HAa YacTHUY HA pAacCTOSAHUH. MBI
e GepeMca npuBecTH npumep, B Kotopom B paBHO Hyao (uau
no KpaiHeil Mepe CKOJIb yrOJHO MaJjioMy 4HcJay) B Ja1060M MecTe,
rie 4acTHUbl MOTYT OKa3aThCs, TaK 4TO HEBO3MOXHO NPeACTaBHTh
cebe, uto B nenocpedcT8eHHO necTBYeT HA HHX.
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Pue 156. Macnurnoe nore u
gexkToproltd  norenyuas JIAUHHOZ0
coaerouoa,

Bbl NOMHHTe, 4TO €C/H HMeeTcsl JJUHHBIA COJNIEHOUA, MO KOTO-
poOMYy TeueT 3JeKTpPHUeCKUH TOK, To moJje B cyuiecTByer BHYTpH
HEro, a CHapyXH NOJMA HeT, TOrda KaK MHOXEeCTBO BEKTOpPOB A
UHPKYJIUPYET cHapyXu coJjieHouaa (¢wur. 15.6). Ecan mbl co3na-
UM TaKue YCJIOBHS, YTO 3J1eKTPOHbl OYAYT NPOXOAUTb TOJBKO 8HE
cojleHouaa (TOJIBKO TaM, rae ectb A), TO, COTJIacHO ypaBHEHHIO
(1533), coneHonn GyneT Bce ke BJHATH Ha uX ABHKeHue. [lo
K/acCHYeCKHM e BO33peHHAM 3To HeBo3MoxHoO. Ilo kmaccuue-
CKHM NpeACTaBJ/eHUSAM CHJIa 3aBHCHT TOoNbKO OT B.YTOGHI y3HATH,
TeYeT JIH MO COJIEHOMAY TOK, YacTHLUA AOKHA NPOHTH CKBO3b HEro.
A KBaHTOBas MexaHHKa YTBepXKJaeT, YTO HaJIM4He MATHHTHOrO
noJia B COJIEHOHJE MOXHO YCTAaHOBHTb, NPOCTO 060i0A ero, gaxe
He npubauxKaach K HeMy BIJIOTHYIO!

[IpencraBbTe, 4TO MBI NOMECTHAH OYeHb IJMHHHBIN COMEHOU]
MaJoro AuaMeTpa mpsAMO TYT Xe 332 CTeHKOH MeXAy AByMsa Lie-
asamu (ur. 157). duamerp cosenonaa nojxeH ObiTb HAMHOrO

Nzzerrrvrrrrrers.

Hemouwwk o _ T
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Coneroud
Junuu nons B

L
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Due 157. Macrurnoe noae cnocobro 6auAT6 HA OBUNCEHUE INEKTPOHCE,
Cawe Ko20a oHo cyujecTeyer Toabko 8 06.4acTU, ede 8epOATHOCTE OOHAPYHUTS6
94eKTPON npeHebpexct o MaAQ,
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MeHblile paccTOAHHA d MeXAy wWeasiMu. B aTux obcTositenbeTBaX
AHOpPAKUHs 3MeKTPOHOB HA Le/M He NpHBeleT K 3aMeTHbIM Be-
POAAITHOCTSIM TOTO, YTO 3JEKTPOHBI NMPOCKOJb3HYT rae-T0 6113 co-
JeHouna. Kak xe Bce 3To noB/iusieT Ha Hall WHTepdepeHLHOHHbIH
3KCNEPUMEHT?

CpaBHHM ABa c/ayyasi: KOrla TOK NO COJIEHOMAY HIOET U Koraa
Toxa HeT. Ecau Toka HeT, To HeT HM B Hu A, u nosayyaetcs nep-
BOHAYaJ/IbHAasl KapTHHA 3JEKTPOHHBIX HMHTEHCHBHOCTell BAOJb MO-
rnotutens. Ecin Mbl BKIIOYHM TOK M CO3AaAHWM BHYTDPH COJIEHOH-
Ja MarHuTHoe noJe B, To cHapyxu nosiButcs nose A. BosHuxHer
CABHI B Pa3HOCTH (a3, MponopuUHOHAJbHBIA UHMPKY/AsUHH A BHe
COJleHOMZA, a 3TO O3HayaeT, YTO KapTHHA MAKCHMYMOB H MHHH-
MYMOB cABHHeTcsl Ha Apyroe Mecro. [leficTBHTenbHO, pa3 noToK B
MexXay JI0ObIMH JBYMSI NyTSMU NOCTOSIHEH, TO TOYHO TakK e mo-
cTosiHHa W uupkyasuus A. Oas mo6oil Toukn npubbitTus dasa me-
HAeTCl OAMHaKOBO; 3TO COOTBETCTBYeT TOMY, YTO BCSl KapTHHa
CABHMTraeTcs MO X Ha MOCTOSIHHYIO BeJHUYMHY, CKaXeM, Ha Xo. DTy
BEJHYHHY Xo JIETKO MOJACYMTAaTb. MaxcumanbHasi HMHTEHCHBHOCTb
BO3HHKaeT TaM, rie pasHocTb (a3 AByXx BOJH paBHa Hyao. [loa-
cTaBasAsi BMecTo O Bblpaxenue (15.32) mam (15.33), a BMmecTo
6 (B = 0) BeipaxeHnue (15.28), nonyuaem

n=—=i32 & A-as, (15.35)
(1-2)
HJIH

xo=—%7\%[nomx B mexay (1) u (2)]. (15.35)

KapTuHa npu Hanuyuu conenonna 6yfeT BBINISACTb TakK *, Kak
noka3aHo Ha ¢ur. 15.7. [lo KpaiiHeli Mepe Tak npelnckasbiBaer
KBaHTOBAsl MeXaHHKa.

HenaBHo 6Ll mpoaesaH TOYHO TAKOH e ONbIT. ITO Ype3Bbls
YyalHO CJOXHBIH onbIT. [lJIMHA BOJIHbI 3/eKTPOHOB KpailHe Mauaa,
nosToMy npH6op HO/MKeH ObITb MHHHATIOPHLIM, HHauye HHTepde-
peHuHH He 3ameTHiub. lllean AOAXKHBI J1€XaTb BNJIOTHYIO Apyr
K IpYry, a 3TO 03HauaeT, YTO HYyXXeH HeoObluaHHO TOHKHH coJle-
HouA. OKa3blBaeTcsi, YTO NPH HEKOTOPbIX OOCTOATENbCTBAX KpH-
CTaJJIbl 2KeJle3a BblpacTaloT B BHAE OueHb AJHHHBIX H MHKDOCKO-
NHYeCKH TOHKHX HHTeld. Ecsm 3TH Kese3Hble HHTH HaMarHHTHTD,
OHH 00pa3yloT MaJICHbKHI COJIEHOHH, Y KOTOPOro HET CHapyXHu
MarHUTHOrO nosst (OHO NposiBAseTcs TOJbKO Ha KoHuax). Tak
BOT, Obl/L MpoJe/aaH ONbLIT N0 HHTep(pepeHUHH 3MEeKTPOHOB C Xe-
JIe3HOH HHTbIO, NMOMEILEeHHOH MeXAy ABYMs UleNsIMH, H mpejcKas
3aHHOe CMelleHHe 3JIeKTPOHHOH KapTHHBI MOATBEpPAHJOCH.

* Ecau nose B BbLIXOAHT H3 NJIOCKOCTH pPHCYHKA, TO MOTOK, B COOTBeT-
(TBHY C ero onpeaeneuiieM, 6yaer OTPHLATENLHbLIM, 3 Xo— MOJOXXHTEAbHBIM,
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A Toraa nosie A B HalleM cMbic/ie yxe «peasibHO». Bl MoXxere
Bo3pa3utb: «Ho Beap Tam ectb MaruuTHoe moJes. [a, ecTb, HO
BCNIOMHUTE HaWly HCXOAHYIO HJIEl0 — «peasbHO» TOJIbKO TaKoe
noJje, Kotopoe, 4ToObl onpeleuTb c06OH ABHXKEeHHe 4YACTHILHI,
JOJIXKHO ObITb 3aJaHO 8 TOM MmecTe, rae oHa Haxoautcs. [Tose B
B HUTH AefcTBYyeT Ha paccTosiHHH. Ecau MBI He XOTHM, UTOGB! €ro
BJHSHHE BBIIIALEN0 KaKk JeHCTBHE HA PACCTOSIHUH, Mbl JOJIKHLI
N0J/1b30BaTbC BEKTOPHBIM NOTEHIHAJIOM.

dta npobaeMa UMeeT HHTepecHYI HcTopulo. Teopus, KOTopyio
Mbl H3J10XKHJIH, OblJ1a H3BECTHA C CaMOro BO3HHKHOBEHHSI KBAaHTO-
BOil MexaHUKH, ¢ 1926 r. Cam ¢aKxT, yTo BEeKTOpPHBIH NOTEHUHA]
NnosIB/sIeTC B BOJIHOBOM YPaBHEHHH KBAHTOBOH MeXaHHKH (Tax
Ha3biBaeMoM ypaBHeHuH lllpenunrepa), Obla oueBHIEH C TOro MO-
MEeHTa, KaK OHO OblJI0 HanHcaHo. B ToM, uTo OH He MoOXKeT OBbITb
3aMeHeH MarHHUTHbBIM noJseM, y6exJaaucb Bce, KTO MblTajcs 3TO
npojenatb; APYr 3a ApPYyrom Bce y6exAa/HCb, YTO NPOCTOr0 MyTH
LISl 3TOrO He CyllecTByeT. TO SICHO M W3 Hallero npumepa, Ko-
ria 3/]eKTPOH IBHXeTcsi mo o6/acT, rie HeT HHUKAKOro moJs, H
TeM He MeHee nojasepraetcsi Bo3aeicteuio. Ho, mockoabKy B kaac-
cHYyecKod MexaHHKe A, No-BHAMMOMY, He HMeEJIO HemnocpelcTBeH-
HOro, Ba)XHOr0 3HaueHWs H, AaJjiee, H3-3a TOrO, YTO €ro MOXKHO
6110 MeHATb Ho6aBjieHHeM TpajHeHTa, JIIOAU elle U ellle pa3
MOBTOPSAJIM, YTO BEKTOPHBIH MOTeHUUasa He obsajgaeT npsiMbiM ¢u-
3UYeCKHUM CMBIC/JOM, YTO [a)Xe B KBAHTOBOIl MeXaHHUKe «[paBaMH»
06/1a1a10T TOJMBKO 3JeKTpHUYeckHue M MarHuTHele mnoJsa. Koraa
OrjsiblBaellbcst Ha3al, KaXKeTcsi CTPaHHbIM, YTO HHKTO He NOAY-
MaJs 06CYAHTb 3TOT OnbIT BJoTh A0 1956 r., koraa Bom u Apounos
BNepBble NPENJOXHIH ero H cAelajH Becb BONPOC KPHUCTaJbHO
sicHbIM. Bce 310 Beab Bcerpa mojapasymeBaJsioch, HO HUKTO He ofipa-
aJj Ha 3To BHUMaHus. M MHorue OblLIM NMPOCTO MOTPSICEHBl, KO-
rla BCOJBLA 3TOT Bonpoc. BoT no 3Toii-To npHuMHe Koe-KTO U cueJ
HYXHBIM MOCTaBUTb ONMBIT U YOEeAUTbCSA, YTO BCE 3TO AeHCTBHTEJIbHO
TaK, XOTS KBAaHTOBas MeXaHHKa, B KOTOPYIO BCe Mbl BepUM BOT
y¥e CKOJMBbKO JieT, JlaBaJjla BMOJIHE HeABYCMBICJEHHbI OTBeT. 3a-
HSITHO, YTO noAoGHble BellHM MOTYT TPHUALATHb JeT ObiTb Ha BHAY

BCeX, HO H3-3a onpele/eHHbIX NpeapacCyAKOB OTHOCHTEJNbHO
TOTO, YTO CYLIECTBEHHO, @ YTO HET, MOT'YT BCEMH HTHOPHPOBAThCS.

Ceilyuac Mbl XOTHM HEMHOTO NPOJO/IXKHTb Hall aHaJau3. Mbl
NPOLEMOHCTPUPYEM CBSI3b MeX]Jy KBAaHTOBOMEXaHHYeCcKO# M KJaac-
cuueckoit GpopMy/naMH, yToObl NOKAa3aTh, NOYEMY OKa3bIBaeTcCs, 4To
npy MaKpOCKONHYeCKOM B3rJsifle Ha Belll BCe BBIMVIAAHUT TakK, Kak
6YATO 4AaCTHUbI YNpaBJAAIOTCH CHJIOH, PaBHOH NpPOH3BENEHHIO GV
Ha porop A. UToGbl mOJNYYHTb K/I3aCCHYECKYI0O MEXaHHKY M3 KBaH-
TOBOMH, HaM HYXXHO paccMOTpeTb cJaydyaH, KOrfia Bce AJMHUHLI BOJH
MaJibl N0 CPaBHEHHIO C PACCTOSHHSAMH, Ha KOTOPLIX 3aMeTHO Me-
HSIIOTCA BHEIIHHe YCJAOBMsl (HanpuMep, noas). Mbl He Oyaem
rHaTtbcsl 3a OOLIHOCTBIO JOKa3aTeJbCTBA, a TOJNbKO MOKaXeM Bce
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Due 158. Cosue unrephepenytiOnnol KapTuHb
U3-3a HAAUMUA NOACCKU MAZHUTRO20 1OAA.

Ha OuyeHb MpOCTOM npriMepe. G6paTUMcs CHOBA K TOMY XK€ ONBbITY
co wenasmu. Ho tenepb BMecTo TOro, yto6bl BTHCKHBATh Bce Mar-
HUTHOE MoJie B y3KHH NMPOMEXYTOK MeKAYy Lle/sIMH, NpeAcTaBHM
cebe Takoe MarHUTHOe MoJie, KOTOPCE PacCKHUHYJOCh MO3ajH Lue-
Jell wHpokoi noJsocoit (¢pur. 15.8). Bo3bmeM naeannsnposaHHLIil
c/ayuyai, Koraa B Y3KOH nosoce WIHPHHOM @, MHOrO MeHblueil L,
MarHHUTHOE Mo0JIe OJHODPOAHO. (DTO JIETKO yCTPOMTh, HAJO TOJbKO
nojaJjbliie OTHECTH MOTJMOTHTeab.) UTOObI NOACYHTATL CABMT MO
¢dase, Mbl JO/KHBI B3ATh JIBA HHTerpaJja oT A BIOJb ABYX Tpaek-
topuit (1) u (2). Kak Mbl BuAe/nH, OHH pa3/aHyalOTCsi NPOCTO Ha
notok B mexay stumu nytsamu. B Halem npuOAHMKEHHH NOTOK
paseH Bwd. Pasroctb ¢a3 asns AByX nyTeH nosTomMy pasHa

=6(B=0)+ 1 Bwd. (15.37)

Mebl 3aMeyaeM, YTO B NMPUHATOM NpPUOJIUKEHHH cABHr ¢a3 He 3a-
BUCHT OT yrsaa. Tak yrto onsitb-Taku 3deKT CBOAUTCS 1K CABUTY
BCcel KapTHHb BBepX Ha Beauuury Ax. M3 dopmyan (15.28)

pr=2R ps=Lh (s _5(B=0)].
[TopcraBass § — 6 (B = 0) u3 (15.37), noayyaem
Ax= L Bu. (15.38)

Takoii cABHr paBHOLEHEeH TOMY, YTO BCe TPaeKTOPHH OTK/OHSIOT-

csi Ha HeGoJbwoi yroa o (cM. dur. 15.8), pasHbIi
A X
a==+ qBuw. (15.39)

Ilo kaaccuyeckum BO33pe€HHSIM Mbl TOXe HOOJIXHbI 6blJin
OXHIOaTb, 4YTO Y3Kaa MNOJOCKA MArHUTHOro nmnoJsi OTKJOHHT BCe
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Due 159. Orkaronenue wacruiot
u3-3a NPoxowOdeHuUn ee wepe3d Mmaaz-
RUTHOE noae.

A~ St nosa B TPaeKTOPHH Ha KaKOK-TO Ma-
: JIEHbKHH yroJs, cKaxem o
(dur. 15.9,a). Korana anekrt-
POHBI MPOXOAST Yyepe3 MarHHT-
2 —d HOe roJle, OHH MOABEPralTCs
NeACTBHIO MOMepeyHodl CHJIbl
gv X B B TeueHHe BpeMeHH
w/v. MiaMeneHne Hx nonepey-
HOTO WMNYJbCa NPOCTO PaBHO
eMy camomy, TaK 4ro

dl
/ij Pronepea Ap, =quwB. (15.40)

5 Yrnosoe OTKNOHEeHHe

(dur. 15.9,6) paBHO OTHOUIE-

HHUIO 3TOrO MOMEPEeyHOro UMNyJabca K MOJHOMY HMOyJabcy p. Mu
nojy4aemM

o = DPx _ q@B (15.41)
p p

ITOT pe3yabTaT MOXHO CPaBHHUTb ¢ ypaBHeHHeM (15.39), B ko-
TOPOM Ta XK€ BeJHYHHA BBHIYHC/AsJACh KBaHTOBOMexaHuyeckH. Ho
CBSI3b MeXAY KJ/J1acCHYeCKOH W KBAaHTOBOH MeXaHHKOH B TOM H
COCTOHUT, YTO YaCTHIle ¢ HMNYJbCOM p CTaBHUTCA B COOTBETCTBHE
KBaHTOBasi aMIJIUTYAa, H3MeHAOIAaAcad KaK BOJHA JJHHOH
K= h/p. B cooTBeTcTBHH C 3THM YypaBHeHHeM o H o’ OKa3bl-
BalOTCA HMIAEHTHYHBIMH; M KJaCCHYeCKHe H KBAHTOBbIe BLIKJIAJKH
NPUBOAST K OJJHOMY H TOMY Xe.

M3 3Toro aHanusa Mbl BHAMM, KaK NOJYy4aercs, 9TO BEKTOp-
HbI MOTEHLHAJ, KOTOPbIi B KBAaHTOBOH MeXaHHKe MOABJsETCA B
AABHOM BHJe, BbI3bIBaeT KJaCCHYECKYI0 CHJAY, 3aBHCSALLIYI0 TOJbKO
OT €ero npou3BOAHbIX. B KBaHTOBOM MexXaHHKe CyllecTBeHHA
TOJ/IbKO HHTepdepeHUns MeXAYy COCeIHHMH NYTSAMH; B Hell Bceraa
OKasblBaeTcsl, 4TO 3(¢deKT 3aBHUCHT TOJbKO OT TOro, Kak CH/bHO
nosne A MeHaeTCa OT TOUKM K TOYKe, a 3HAUYHUT, TONBLKO OT NPOH3-
BoAHBIX A, a He OT Hero camoro. HecmoTps Ha 3T0, BeKTOpHBI# no-
TeHuuaa A (Hapsay ¢ CONpPOBOKAAIOLIMM €r0 CKaJsipHbIM MOTEH-
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1lHa/IOM @), MO-BHAUMOMY, NPHBOAUT K GoJiee NPSIMOMY OTIHCAHHIO
¢u3uyeckux npoueccoB. UeMm riy6xke Mbl NpOHHKaeM B KBaHTO-
BYIO TeOpHIO, TeM SsiCHee M MNpo3payHell HaM 3TO CTAHOBHTCS.
B o6uieit TeopuH — KBaHTOBOH 3/1eKTPOAMHAMHKE — B CHCTEMe
ypaBHeHHH, 3aMeHsIOLUX coGoil ypaBHeHHss MaKcBesJ/a, BeKTOp-
Hble M CKaJspHble NOTeHLHAJbl YXKe CYHUTAITCA QyHAaMeHTalb-
HbIMH BennurHaMu. Bektopsl E u B nocteneHHo Hcue3aloT U3 COB-
peMeHHO! 3anucH GU3UYeCKHX 3aKOHOB: MX BHITECHSIOT A H Q.

§ 6. Uro ucrunno 8 craruxe, Ho nroxHO 8 Junamuxe?

Hawe uccnenoBaHue cratuuecKuX noJeit GAH3UTCA K KOHLY.
B stofi rnaBe Mbl omacHO 6/AHM3KO NOAOLIIM K TaKOMY NYHKTY,
KOrja yxe cjiefyeT NOAYMBIBATb O TOM, UTO CJYYHTCSH, €CJU NOJs
HaYHYT MeHATbCA cO BpeMeHeM. To/NKys O MarHMTHOH 3Hepruuy,
HaM efBa ynaJjocb H36exaTb 3TOro, Aa H TO NOTOMY, YTO MBI
NPUKPBIIHCh PeNSITUBHCTCKUMH coobpakeHusiMu. [Jaxe npn stoMm
Halla TpaKTOBKAa npo6JieMbl 3HEPrHH BbIT/sAe]a HeCKOJBbKO
HUCKYCCTBEHHO M, NOXaJayH, Ja)e TAaHHCTBEHHO, NMOTOMY HTO MBI
HTHOPHPOBAJH TOT (GAKT, YTO ABHXKYULHeC KAaTyIWKH JOJXKIIbl Ha
caMoM JeJle CO34aBaTh MeHslWHecs noasi. Tenepb camoe Bpems
nepeHTH K HM3Y4YeHHIO NoJjel, MeHSIOIHUXCA BO BpEeMeHH, K TOMY,
4YTO COCTaBJsieT NMpeiMeT 3JeKTPoAHHAMUKH. MBI mpoaenaem 3To
B caenytoueli rnaBe. OQHaKo mpexAae cJaefyeT NOAYEPKHYTb He-
KOTOpble MOMEHTHI.

XoTs1 MBI H HayaJH 3TOT KYpC C TOrO, YTO NPEACTABHUAH MOJ-
Hble U TOYHble YpPaBHEHHS1 3/MeKTPOMarHeTu3Ma, Mbl cpa3y Xe NpH-
HAJMUCb HM3yYaTb KaKHe-TO Bbipe3aHHble KYCKH, MOTOMY 4YTO Tak
6b110 serye. BoJsbliMM npeuMyllecTBOM sBJISE€TCS BO3MOXHOCTb
Ha4aTb C NPOCTOH TEOPHUH CTATHYECKHUX NOJeH U JHIIb MOTOM Me-
pedTH K G6oJsiee CJOXKHOH TeOpHH, BKJIOYAIOUlEH OHHAMHYECKHe
noas. [lpy 3TOM NpPUXOAMTCA ¢ caMOro HayaJ/Ja Y4YUTb MeHblUe
HOBOrO MaTepHa/aa H OCTaeTcs BpeMs NOTPeHUPOBATb MO3rH, MNo-
pa3MsaTb CBOM YMCTBEHHble MYCKYJbl, Npexie 4eM NPHUCTYIHThb
K 3aJlayaM noTpynHee.

Ho B TakoMm npouecce KpoeTcsi 0OHa ONAacHOCTb — MOKAa Mbl He
ycJ/bllIaNd BeCb paccka3 LeJHKOM, B Hac MOXeT YKOPEHHTbCS H
BbIAATh ceOsi 32 MOJIHYIO Ta HENoOJNHas HCTHHA, KOTOPYIO Mbl
ycneJd YCBOHTb; B TOJIOBE BCe MNepenyTaeTcsi: TO, UTO BEpPHO
BCeraa, U TO, Y4TO CNpaBeANHBO TOJbKO BpeMeHamu. [loatomy B
Ta6a. 15.1 MbB naeM CBOAKY BaXHeHIIHX (opMyJs, KOTOPbIX Mbl
KacaJlucb, OTAe/sis1 B Hell Te, UTO BepHbl B 00llleM cJyyae, OT TeX,
KOTopble co6/II0al0TCsl TOLKO B CTATHKE, HO JIOXKHBI B JUHAMHKe.
STta cBOOKA CONEPXUT HaMeKM Ha TO, Kyaa Mbl COGCTBEHHO
C BaMHU NyTb J€pXKHM; H3yyass JHHAMHKY, MBI JOJKHBI Oylem [e-
Ta/JbHO pa3BHTb TO, YTO NOKa NPHUXOAHIOCH ONHCHIBaThb 6e3 n0-
Ka3aTe/lbCTBA,



(1,¢)
n

/IZ/.
DPue 1510 [Morenyuarst 8 TOY=

ke (I) 8 moment t noayuarorca cym-
< muposaruem 6x1a008 OT Kawdozo
Lx 5AEMENTA UCTOYHUKA NOAR 8 TeKYy-
weil Ttouke (2) npu ycaosuu, 4TO
TOKu 1 3apadet 8 3TOol TOo4Ke be-
pyrca 8 Goaee parHee 8pemA
t — /e

IMoxany#, 3pecy CTOUT choesaTh HeCKONBKO 3aMeyaHHi no mo-
BoAy camoi Tabsauubl. [Ipexxpe Bcero Bbl JOJIXKHE 06paTHTh BHH-
MaHHe, YTO YDaBHEeHHs, C KOTOPbLIX Mbl HauaJjld, 3TO NpPABUAbHbLZ
ypaBHeHHsl, B 3TOM MecTe Mbl Bac He BBOAHM B 3a0./yXIeHHe.
®opmyna Ans 371eKTPOMATHUTHOM CHJBl (4acTO MMeHyeMoil Cil-
a0t Jlopenya) F = q(E 4 v X B) takxe npasusvra. Ouin6ouen
TOJIbKO 3aKOH Ky/l0Ha; OH roguTcsi TOJAbKO A/1s1 cTaTHKH. YeTbipe
‘ypaBHenuss Makceeana o151 E n B Toxe npaBu/ibHBL YpaBHeHHUS,
NpUHATHE HaMH B CTaTHKe, OWIMGOYHBI, MOTOMY UYTO Mbl BHIGPO-
CHJ/IM H3 HHUX BCe YJleHbl C NPOM3BOAHLIMH N0 BpPEMEHH.

3akon Taycca V-E = p/ge; ocraercs, Ho porop E B obuiem
cayyae He pagex HyJa10. 3HauuT, E 1enb3s Bcerga npHpaBHHUBATDH
K TpaaMeHTy CKa/lspa — 3/MeKTPOCTaTHYeCKOro norteHuuana. Mol
YBHIHMM, YTO CKaJ/sipHbI MOTEHUHan BCe Xe OCTaeTCs, HO 3TO
yXKe BeJHYHHA, KOTOpas MeHSeTCA BO BPeMeHH M JO/KHa YNoT-
pe6asiTbCcs AJISl MOMHOTO ONHCAHHUSI 3JeKTPHYECKOro noJs TO/AbKO
BMecTe C BEKTOPHBIM noTeHuHa/ oM. KoHeuHo, ypaBHeHHs, ynpas-
JSIOLUHe 3THM HOBbIM CKaJ/IipHBIM NOTEHLHAJIOM, TaKXe OKa3bl-
BAlOTCS HOBBIMH.

Mbl BBIHYXK/EHBI TaKXe pacnpoCcTHTbCS C NMpeAcCTaBJieHHeM O
ToM, yTo E B npoBoannkax paBHO Hy/0. Korpa noss meHsioTcs,
3apsb B NPOBOAHHKAX, BooOlle roBops, He ycneBaloT nepe-
CTpauBaTbcsl Tak, uTOOb moJie Bce BpeMs o6pallla/joch B HYJb.
OHHM npuXodAT B JBHXeHHe, HO HHKOrja He JOCTHralOT paBHOBe-
cus. EnuHcTBeHHOe obllee yTBepXKJeHHe TAaKOBO: 3JleKTpHUeCKHe
noJisi CO3AAIT TOKH B NPOBOAHHKax. MTak, B nepeMeHHBIX NOJAX
NPOBOJHNKH He ABAAIOTCA SKBUNOTEHUHANBHBIMHY NMOBEPXHOCTAMH.
Orciopa Takke cjaefyeT, YTO NpeACTaBJeHHe O €MKOCTH HeJb3A
CAeNaTb YHHBEpPCAJbHBIM.

Pa3 MarHuTHbBIX 3apsafoB He GbiBaeT, AuBepreHius B scezda
paBHa Hymo. Tak uto B MoxHo Bcerpa mpupaBHuBaTh V X A.
(Buixoaut, yto mensieTcs He Bce!) Ho B renepupyeTcs He TO/NBKO
tokamu; V X B nponopuHoHa/nbHO NMIOTHOCTH TOKa N.t0C HOBOE
cnaraemoe OE/0f. 310 o3HayaeT, uTO A CB5I3aHO C TOKAMH HOBBIM
ypaBHeHHeM. OHo cBsizawo u ¢ ¢, Ecan mp 443 cobcTBeHHOro

28



Ta6auya 15.1

® CBOIKA BAXHEMIIMX ®OPMVYJI

He pcerna sepHo (a TOMLKO B CTaTiKe)

BepHo pcerfna

F = g(E+vXB) (cnna Jlopeuna)

1 qq
= ne, r12 % (saxon Kyaona) - V.E= —— (sakou Taycca)
v JB
XE=0 > V X E= — — (saxon Papa-
nes)
E(l) =— S 9(2)2«:-,2 av,
4ne ris

Jas nposoanuxos E =0,
@ nocrosnHo, Q =CV

B nposoauuke E cospaer Toku

->V.B=0 (HeT MarHuTHHIX
3apsa0B)
B=VXA
2V X B= J (sakon Awmnepa) > c2VXB = 4 + 9E
€ ’ € t
B(l)= | 5 S (Q)Xel? dV2
4ngoc r,2
20 — — P ) o 1 0% p
Vip ” (ypaBnenne Ilyaccona) VZg P e
H j H
1 32A j
2A — 2A — 22—
ViA goc?’ VA ¢z 01 gcc?’
npH yCJAOBHH npH YCJOBHH
V.A=0 v A4+9%2
at
| p(2) ] p(2, 1)
)= — S £ av =1 (24
0 ()= | &2k av,, ol = | £2 8 gy
H | 1@ H
—_ (i _ 1 i2,t)
All)y= 4mec? S I v, ALY = 4megc? S riz W
rae
y=t—"D2
c
1 [ \
U=‘§SP(P¢1V+'§J'A¢1V U=%S(60E-E+eoczB-B)dV

Ctpenkofl (>} OTMeYeCHW ypaBHeHns MaKcBeana AJA NYCTOrO NPOCTPAHCTBA.



yao6¢cTBa Bocnosb3yemcsi cBo6onoit BuiGopa VeA, TO ypasHeHHuA
s A v @ MoXHO OymeT 3anucaTbh TakK, YTO OHM NPHOGpPeTyT
npoctoft ¥ u3fAwHb# BuA. [losToMy MBI BoIABHraem Tpe6o-
BaHHe, YTOGH ¢2V-A Obl10 paBHO —O@/0f, u Toraa AuddepeH-
LHaJbHble YpaBHeHHs MaA A H/IN MU @ OKa3bIBAalOTCS TaKHMH,
Kak B Tab.Hle.

[ToTenunans A U ¢ Bce ellle MOXHO BbIDA3UTh B BHJe HHTer-
pajoB OT TOKOB H 3apsiioB, HO 3TO yXe He Te e camole HHTer-
panbl, uTo OB B CTaTHKe. YAHBHTE/IbHE® BCEro, OMHAKO, TO, 4TO
NpaBH/bHBIA BHJ HHTErpajioB MOXO:XK HAa NMpPeXHHH, CTaTHYECKHH,
HO C ONHHUM He6GOJbUIMM BUAOU3MEHEHHEM, HMEeIOW UM SCHBIH (u-
3iyeckHit cmblca. Korma mbl Gepem HHTerpaJbl, yToObl NOJYYHTH
NnoTeHUHabl B HEKOTOPOH TOYKe, cKaxeM B Touke (/) Ha
¢ur. 15.10, To Mbl 06513aHBI HCNOJ/Ib30BATh 3HAUEHHUS j U P B TOU-
Ke (2) 8 6oaee panHee spema t' =1t —ry/c. Kak u cienoBasno
OXHIaTb, BJIMSIHHEe TOUKH (2) Ha Touky (/) pacnpocTpaHsiercs
CO CKOpPOCTbIO . DTO He6OoMblIOe BHAOH3MEHEHHE MO3BOJISAET OTHI-
CKHBaTb MOJISl M3MEHSIOUIHXCS TOKOB M 3apsjoB, NMOTOMY W4TO,
KakK TOMbKO Mbl y3HaeM A u ¢, To B nosyuaercs, Kak W paHblue,
kak VX A, a E= —Vg¢p— 0A/ot.

Haxkonen, Bbl BuAuTe M3 Ta6J/Hlbl, YTO HEKOTOpble BBLIBOABI,
noJyyeHHble B CTaTHKe (Hanpumep, BLIBOA O TOM, YTO MJIOTHOCTb
SHEepruH B 3JIEKTPHUECKOM noJe paBHa &,E%/2), octalTcs cnpa-
Be[JIMBLIMH H B 3JeKTpoauHaMmuke. He Halo o6maHbIBaTh cebs
M AyMaTb, YTO Bce 3TO ecTecTBeHHO. [IpaBu/bHOCTL M0GOMH Gop-
MYJibl, BbIBEJeHHOH B CTaTHYEeCKOM cJjyuae, NOMXKHA B JHHaMHKe
J0Ka3biBaTbCsl cbi3HOBA. Hanpumep, mbl 3HaeMm, 4To 06beMHBIH
HHTerpa/j OT p@ TOXe JaeT 3J/eKTPOCTaTHYeckyio 3Hepruio. Ho
3TO BEPHO TOAbKO B CTATHKE.

B cBoe Bpems MBI feTa/bHO pa3bepeM BCe 3TH BONPOCH!; NOKa
e MOoJIe3HO AepXKaTb B yMe 3Ty CBOAKY, 4TOObl 3HaTb, YTO HE
rpex u no3abbiTh, a YT c/elyeT CUMTaThb CnpaBeJHBBIM BCErja.



Frasa 16

MHOYLHWPOBAHHBIE TOKH §t
§ 2.
§ 1. Moropor u zeneparopot
OTKpbITHE TECHOH CBSA3H MeXAY 3JeKTpuue- §8
CTBOM H MarHeTu3mowm, npoucuiefumee B 1820 r.,
6blJI0 NOHUCTHHE BOJIHYIOWHKM CcOObITHEM — Belb

IO TOrO OHH CYHTAJNHCb COBEpLIEHHO He3aBHCH-
MbiMH. CHayasa OTKPBIJIH, 4TO TOKH B NpOBOAAaX 4
CO3/1al0T MarHUTHble NOJs, a 3aTeM B TOM XKe §4
roay o6Hapy»XHJH, YTO HAa NPOBOAA B MAarHHUTHOM
noJe AedCTBYIOT CHJIBL.

BoJ/iHeHHe 6blj10 BHI3BAHO TEM, UTO BO3HHKal0-
L1YI0 MeXaHHYeCKYl0 CHJIY MOXXHO HCNOJIb30BaThb
B MauiHHe [Js BbINOJHEHHS KaKOH-TO PaGoTHI
Cpa3sy xe nocsae 3TOro 3aMeyaTe/IbHOrO OTKphI-
THs JIIOAH Haya/d KOHCTPYHPOBATb 3/1€KTPOMOTO-
pbl, 3acTaBUB paboTaTb Ha ce6s CHJbI, NeHCTBYIO-
e Ha npoBofa ¢ TokoM. IlpuHuMn ycrpoiicTBa
3/eKTPOMOTOpPa CXeMaTHYeCKH TMOKa3aH Ha
¢ur. 16.1. TMocTosiHHBIH MarHut (0GBIYHO B HeM
MMeeTCsl HECKOJIbKO uacTeil M3 MSATKOro eJje3a)
co3JaeT MAarHMUTHOe noJie BHYTPH ABYX LueJsed.
Konen kaxuoit wenu npeictas/serT coboi ce-
BEePHBIH HJIH I0XKHBIA MOJIOCH, KaK NoKa3aHo Ha
cxeme. [IpsamoyrosbHasi pamka M3 MeAHOH npo-
BOJIOKH NOMelllaeTcsl TakK, 4TO OAHOH M3 CBOMX
CTOPOH OHa monajaetr B Kaxaywo uenab. Koraa
No paMKe NPOXOAHT TOK, TO B 06eux WX OH
HleT B NPOTHBOMOJIOXHBIX HanpasJieHUAX, TakK
Y4TO CHJIbl OKa3blBAIOTCS HanpaBJeHHbBIMH NMPOTH-
BONOJIOXKHO H CO3[al0T B paMKe BpallaTeJbHbIH
MOMEHT BOKPYr H300paeHHOH Ha cXeMe OCH.
Ecan pamka 3akpenseHa Ha oCH Tak, yTO OHa
MOXeT BpawaThbCs, TO ee MOXHO MNOACOeJHHHTb
K LIKHBAaM WJIH lleCTepeHKaM H 3aCTaBHTb NpPQH3-
BOJIMTb MOJIE3HYI0 paborTy.

Ty xe npelo MOXHO HCNO/B30BaTh M NpH
KOHCTPYHDPOBAHHH 4YBCTBHTEJNbHBIX npHGOpOB
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Pue 16.1. Cxemaruyeckoe
ugobpadcerue npocTozo ek
TPOMAZHUTHOSO MOTOpA.

S

[ Mazioe ,’.,V,’;f,ZZa

Mene3o

IO/l 9/1eKTpHYeCKHX H3MmepeHHH. Tak uTo HeMelJieHHO NOCJ/e OT-
KPHITHSI 3aKOHAa CHJ TOYHOCTb 3/1eKTPHUECKHX H3MepeHHH Ha-
mHoro BospocJsa. Ilpexnae Bcero BpalaTeJbHbIi MOMEHT TaKOro
MoTopa MOXeT ObITb 3HAYHTEJbHO yBeJuueH IJs1 JNAHHOrO TOKa,
€CJIM 3aCTaBHTb €ro NPOXOJAHTb NO HECKOJIbKHM BHTKaM, a He no
oflHOMY. Kpome Toro, paMKy MOXHO YCTaHOBHTb Tak, YyTOObI OHa
Bpalllasiacb NMoJA AeHCTBHEM OueHb MaJIOr0O MOMEHTa, YKpPenuB ee
OCb B TINATe/JbHO CAeNaHHbLIX NOAIIMNHHKaX, JHGO MOABelLHBas
ee Ha TOHYaHleH NpoBOJOKe MAHM KBapueBoil HUTH. Toraa maxe
ype3BblYaHHO Cabblil TOK 3aCTABHT KaTYLIKY NOBEPHYTLCS, U AJS
MaJblX YrJoB BeJIHYHHA noBopoTa GyleT NPonoOpLHOHANbHA TOKY.
Yron poBopoTa MOXHO HM3MepHTb, NMPHK/JAEHB K DaMKe CTpeJKY
HIH (A5 OYeHb TOHKMX MPHOOPOB) MpPHKpEeNHB MaJjleHbKoe 3ep-
Kajblle K PaMKe H OTMeyas CABHI ero M306pak€HHs Ha lUKaJe.
Takue npuGopbl Ha3bBAOT rajbBaHoMeTpaMH. Bo/bTMeTpb H
aMnepMeTpbl pa6oTalOT NO TOMY K€ NPHHUHUNY.

Te xe nmen mMoryt GbITb NpuMeHeHbl B 6OJbIIOM MacuuTabe
IJIs CO3JaHHSl MOUIHBIX MOTOPOB, [IPOH3BOMSILLHX MeXaHHYeCKYyIo
pa6ory. PamKy MOXHO 3acTaBHTb BpallaTbCsi MHOrO, MHOTO pas,
€CJ/IH C MOMOILbIO YKPenJeHHbIX Ha OCH KOHTaKTOB KaX/ble NoJ-
060pOTa MeHATb HaNpaBJieHHe TOKAa B HeHl Ha NMPOTHBOMOJIOXKHOE,
Torma mMomeHT cuabl GyfeT Bcerja HampabjleH B OJHY H Ty XKe
CTOpPOHY. MaJ/leHbKHe MOTOPYHKH NMOCTOSIHHOrO TOKa HMMEHHO TakK
# ycTpoeHbl. B moTopax 6o/ibliMX pa3MepoB NOCTOSIHHOTO HAH
nepeMeHHOro TOKa NMOCTOSIHHbIE MarHWTbl 4aCTO 3aMEHSIOT 3J/eKT-
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pOMarHuTaMi, M THTAOTC] OHH OT HCTOYHHKA 3JEKTPHUYECKOi
JHepruu.

Oco3HaB, YTO 3JIeKTPHUYECKHH TOK pOXJaeT MArHUTHOe noJe,
MHOTHe cpa3y Xe Npelno/NoXKH/IH, YTO TaK H/JIH HHAye MarHHThI
JOJIXKHBI TOXe CO3[aBaTb 3JeKTpHueckue noJs. [as npoBepkH
3TOr0 MNpeAnoJoXXeHHs: ObLIK NOCTaBJeHbl pa3/HYHbIE 3KCMEpH-
MeHThl. Hanpumep, pacnonaranu gBa npoBona napadjesbHO Apyr
APYry ¥ mo OJHOMY M3 HHX Nponycka/ld TOK, mbiTascb OOHapy-
XHTb TOK B ApYroM npoBofe. Mbic/ib 3ak/l0yanacb B TOM, 4YTO
MAarHuTHOE NoJie CMOXeT KaK-TO NPOTAalHTb 3JeKTPOHbl BHO0Jb
BTOPOrO NpoBoJa NO 3aKOHY, KOTOPbIH AO/MKeH (GOpMYJIHPOBATH-
Cfl KaK-TO TaK: «OJHHAKOBOe CTPEMHTCS ABHraThbCsi OJHHAKOBLIM
o6pasom». Ho, nponyckasi no ogHomy npoBoay camblit 60JbLIOK
TOK M HCNOJIb3ysl CaMblii YyyBCTBHUTEJbHbIH rajbBaHOMeTp, oOHa-
PYXHTb TOK BO BTOPOM npoBOJAe He yhanocb. BoJbline MarHuThH
TOXe He NlaBaJ/sili HHKAKoro s¢dekTa B pacno/oXKeHHbIX No6JH30-
ctv npoofiaXx. Hakouen, B 1840 r. ®apaneit OTKpbII CYLIeCTBEH-
HYI0O 0COGEHHOCTb, KOTOPYIO paHblie ynycKanH M3 BHIY, — 3JIeKT-
puyeckHe 3¢ (eKThl BO3HHKAIOT TOJNBKO TOrAa, Korja 4To-HHOYIb
usmenserca. Ecau B ORHOH M3 IBYX NPOBOJIOK TOK MEHAETCS, TO
B JIPYroil TOXXe HAaBOAMTCH TOK, HJIM zKe €CJNH MarHHT 08uxcerca
BO/IM34 3/IeKTPHYECKOrO KOHTYypa, TO TaM BO3HHKaeT TOK. Mbl
rOBOPHM Tenepb, YTO TOKH B 3THX Cayyasx uxOyyupyrorca. B atom
H COCTOSJIO fBJeHHe HHAYKUHH, OTKphiToe PapageeM. OHO mpe-
06pasu/o AOBOJNBHO CKYYHYIO 06/1aCTb CTaTHYECKHX MNoJiell B YB-
JeKaTe/IbHYI0 OHHAMHYecKylo 06J1acTb, B KOTOPOH NPOHCXOAHT
OrPOMHO€ YHCJ/0 YAUBHTENbHBEIX sIBAeNHH. DTa ri1aBa NOCBSALIEHA
KayeCTBEHHOMY OMNHCAHHIO HEKOTOPbIX M3 HUX. KakK Mbl YBHIHM,
MOXHO [0BOJIbHO OBLICTPO MOMacTb B OYe€Hb CJAOXHbIe CHTYAllHH,
TpyAHO noajaiouirecss noApoGHOMY KOJHYECTBEHHOMY aHaJ/H3y.
Ho sto neBaxno. Hawa rnaBhas 3agaua B 3TOil riaBe — CHa-
ya/ja no3HaKOMHTb BacC C KPYroM OTHOCSILIUXCS CIOAA SIBJEHHH.
TwaTenbHbIl aHA/MM3 MBI NpOAesaeM HEMHOrO MO3XKe.

W3 toro, uto Mbl yxe 3HaeM, HaM JIeTKO MNOHATb KOe-4yTO O
MarHuTHOM HHAYKUHH, TO, 4YTO He ObLIO HM3BeCTHO BO BpeMeHa
dapages. Mbl 3HaeM O CYyLIeCTBOBAHHM [JeHCTBYIOLLEeH Ha OBH-
XKywuiica 3apald cuiabl v X B, Kotopasi nponopuHoHajbHa ero
CKOpOCTH B MAarHuTHoM noJe. IlycTe y Hac ecTb NpOBOJIOKA, KO-
Topasi ABHXKeTcsi B6/u3nW MarHuta (¢ur. 16.2), u nyctb Mbl nol-
COeJIMHH/IM KOHUbI NPOBOJNIOKM K rajbBaHoMmeTpy. Koraa npoBo-
JIOKa NPOXOAHMT Hal NOJNIOCOM MarHHTa, CTpe/dKa rajbBaHoMeTpa
CABHraercs.

Marnut cosnaer BepTHKanbHOE MarHUTHOE noJe, W, KOrja Mbl
JBHraeM NpoBOJIOKY Mnonepek noJs, 374eKTPOHb B NPOBOJIOKE YYB-
CTBYIOT CHJY, Hanpasaenuyro 660K, T. €. NeprneHAHKYAsIpHO
noJo M HanpaBieHHIO ABH:xeHHUs. Cuiaa TO/NKaeT 3JEKTPOHH
BJ0JIb NpoBO/NOKH. Ho mouemy e mpu 3TOM NpHXOAHT B ABHXKe-
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7 Dua 16.2. Jsuxenue
npceoda 8 MAZHUTHOM
noae coadaer roKk (3TO
pecucTpupyer eaas8aHo-
aerp).

S| rum daromenp

HHe CTpe/Ka rajbBaHOMeTpa, KOTOPBI PaclmofioXeH TaK AaJeKo
OT 3TOo# cuabl? Jla noTOMy, YTO 3JIEKTPOHbI, HCNBITHIBAIOILHE Mar-
HUTHYIO CHJ/ly, HAYHHAIOT ABHTaTbCA M TOJKAIOT (32 CYET JEKTPH-
YEeCKOro OTTa/JIKHBAHHS) [Apyrue 3JeKTPOHBbI, HaXOAsllHecs 4yTh
JaJblle No NpoBOJIOKe, a Te B CBOIO Ouepelb OTTAJKHBAIOT elle
Goslee ynaJieHHble 3J1EKTPOHBI W TaK AaJjee Ha GoJbLloe paccTos-
HHe. Jlio6onbiTHAs LWITYKa.

910 TaK yauBuao Iaycca u BeGepa, nocTpouBLiero Bnepsbie
rajbBaHOMETp, YTO OHH MOMbITAJIHMCh ONpelde/uTh, KaK JaJjeKko pac-
NPOCTPAHAIOTCSA CHIBI No npoBoJioke. OHH MPOTAHYJH NPOBOJOKY
nonepeK BCero ropofia, ¥ oAuH ee KoHell ['aycc NpHCOENHHHJI K
6atapee (GaTapeu GblMM H3BECTHBl paHblle reHepatopoB), a Be-
Gep Habmonasn, Kak cABUraercsi cTpesnka rajbBaHoMerpa. M onn
0o6HapyxuJu cnoco6 nepeaaBaTb CHrHaJjbl Ha 6GOJbIIOE paccTosi-
HUe —3TO OblJI0 poxaeHHe Tenerpada! Pasymeercs, 3llecb HeT
NpsIMOr0 OTHOIUEHHS K HHAYKUHH, 3[eCb peyb lLIa 0 cnocobe ne-
pelayu TOKa IO MPOBOJIOKe, O TOM, JEHCTBHTEJNbHO JIH TOK Mpo-
JBHraercs 3a cyeT HHAYKUHH HJH HeT.

[IpeanonoxuM Tenepb, YTO B yCTaHOBKe, H300paKGHHOH Ha
¢ur. 16.2, Mbl NPOBOJIOKY OCTaBJ/sieM B NMOKOe, a JBUraeM MarHur.
U cHoBa na6aonaem sddekt Ha raabBaHoMerpe. Papaneit ere
OOHApYXHJ, YTO JBHXKEHHEe MAarHUTa NOA NpoBoJNOKOH (OJHH crno-
co6) BbI3BIBAET TaKOH ke 3¢¢eKT, KaK H JBHXKeHHe NPOBOJIOKH
Haj marHutoMm (Apyro# cnoco6). Ho koraa aBuxkeTrcsi MarHur, 1o
Ha 3/IeKTPOHBI NPOBOJIOKH yXKe Gosiblie He AeficTByeT cuaa v )X B.
ST0 U ecTb TO HOBOe siBJeHHe, KoTopoe OTKphi1 ®apanmeit. Ce-
TOJHS Mbl MOXeM MONBbITATbCS NOHATb €ro ¢ NOMOLLBIO NPHHUHKNA
OTHOCHTEJIbHOCTH,

Mbl yXKe NOHAJIH, YTO MarHHTHOE NoJie MarHuTa BO3HHKaeT 3a
CYeT ero BHYTPEHHHX TOKOB. [To3ToMy MBI OXHOaeMm NOfABIEHHS
Takoro xe s¢dekra, ecid BMeCTO MarHuta Ha ¢ur. 16.2 B3sTh
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KaTYUIKy U3 NPOBOJIOKH, N0 KOTOpCi Teuer Tok. Ecam ABHrath npo-
noa MHMO KaTyUKH, TO ra/jbBaHOMeTp OOGHApYXHT TOK, PaBHO,
KaK 4 B TOM cJjyyae, KOrfia KaTyllka ABHX(eTC MHMO NpOBOJAA.
Ho cyuiectByeT u elue Gosee ynHBHTeJbHAsl Bellb: €CJH MEHATb
MarHuTHOe noJie KaTyUKH He 3a C4eT ee [BH)KEHHA, a 3a cyer
usmeHeHus 8 Hell TOK@, TO raJbBaHOMETp CHOBAa NOKa)KeT Ha/H-
4yue s¢dekra. Hanpumep, eciin pacnoJsioKHTb NPOBOJOYHYIO NETIIO
psaom c Katyuikoit (¢ur. 16.3), npuyemM o6e OHH HENOABHXKHEI, H
BLIK/IIOYHTb TOK, TO yepe3 rajbBaHOMeTp NMpOHJET HMNYJ/bC TOKA.
Ecan e cHOBa BKJIIOYHTb TOK B KaTyllKe, TO CTpe/NKa rajbBaHo-
MeTpa KayHeTCs B NPOTHBONOJIOXHYIO CTOPOHY.

Beakuii pas, Korfla yepe3 rajbBaHOMeTpP B YCTaHOBKe, NOKa-
3aHHo# Ha ¢ur. 16.2 uau 16.3, npoxoduT TOK, B NpoBOde B Ka-
KOM-TO OJHOM HanpaBJ/JeHHUH BO3HHKaeT pe3y/bTaTHBHOE llaBJleHHe
Ha 3/1eKTPOHLl. B pa3HbIX MecTax 3/1eKTPOHB MOTYT TOJIKHYTbLCS
B pasHble CTOPOHBI, HO B OJJHOM HanpaBJIeHHH Hanop oka3biBaercs
Gosblue, yeM B APYroM. YUYHThIBaTb HYXHO TOJIbKO [aBJeHHe
9JIeKTPOHOB, NPOCYyMMHUPOBaHHOe BAOJb Bcell uenu. Mbl Ha3sbl-
BaeM 3TOT pe3yJbTHPYIOWHHA HAnop 3JeKTPOHOB 3AEKTPOOBUN Y-
wiell cusol (COKpallleHHO 3. A. c.) uenu. Bosee ToyHO 3. X. . onpe-
lleJisieTCss KaK TaHreHUMaJbHasi CHJa, NPHXOAAUlaAcad Ha OAMH
3apsill, NPOHHTErpHpOBaHHas MO JJHMHe NpoBoJa, BIOJb BCeH
uend. OtkpoiTue Papales LeIHKOM COCTOSIJIO B TOM, YTO 3. A.C.
B NpPOBOAE MOXHO CO3AaThb TpeMs cnoco6amH: ABHras mnpoBOJ,
IBHrasi MarHUT BOGJAM3H NpPoBOJAA HJM MeHAsA TOK B COCelHEeM
npoBofe.

O6paTtumMcs cHoBa K npoctomy npu6opy, M306pa’kKeHHOMY Ha
¢ur. 16.1, TonbKo Tenepb He GydeM nponyckaTb TOK yepe3 NpoBoO-
JIOKY, 4yTOObl MpHAATb eH BpalleHHe, a GyldeM KPYTHTb PaMKy C
NOMOUIbIO BHEWIHEeH CHJbl, HanpuMep pYKOH HJAH C NOMOUIBLIO

®ue 163 Karywka c To- bamapes
Kom 8036yxdaer ToK 8 Opy-
204 Karywke, ecau nepsaA
Katywka nepemewjaerca uau
ecal ToK 8 MHeld meHAeTCA.

lanseanomemp
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BOJAsIHOro Koseca. Ilpn BpallleHHMH paMKy ee NMpPOBOAA IBHXKYTCH
B MAarHMTHOM noJje, H Mbl OOHapyXHBaeM B LeNH paMKH 3. 1. C.
MoTop npeBpaTHJ/c B reHepaTop.

MuayuupoBaHHas 3. 4. C. BO3HHKaeT B KaTyllKe reHeparopa 3a
CyeT ee NBHXeHHs. BenuuuHa 3.M.c. llaeTcs NpPOCTbIM NpPaBHJ/IOM,
oTkpbiTbiM Papageem. (Ceftyuac Mbl mpocTo cHopMynupyeM 3TO
NpaBHJ/IO, a HeCKOJbKO nosjHee pasbepeM ero noapo6uo.) Ilpa-
BUJIO TAKOe: eC/IH MarHUTHBIH NOTOK, MPOXOAsULHil yepe3 METJIO
(sTOT NOTOK ecTb HOpMaJbHas coctaBasiouas B, npounTerpupo-
BaHHas No NJoOWAaAY NneT/aH), MeHsieTcs cO BpeMeHeM, To 3. H. C.
paBHAa CKOpPOCTH HM3MeHeHHs notroka. Mbl 6ylem B AaJjbHedlieM
HasbiBaTh 3TO «NPABHJIOM NOTOKa». Bbl BHAHMTE, uTO, Korja Ka-
Tywka Ha ¢Hur. 16.1 Bpaulaercsi, noTOK yepe3 Hee H3MeHsETCS.
Buauase, ckaxeM, NOTOK HAET B OAHY CTOPOHY, a KOraa Ka-
Tyumka nosepHercsi Ha 180° TOT )Ke NOTOK MIEeT CKBO3b KaTyLIKY
no-apyromy. Ec/u HenpepblBHO BpalllaTh KaTYIIKY, IOTOK CHayana
OyZleT MOMOXHTEIbHBIM, 3aT€M OTPHLATEIbHBIM, IOTOM ONSATH NO-
JIOXKHTeNbHBIM H T. A. CKOPOCTb H3MEHEeHHsT MOTOKa JOJIXKHA TOXe
meHsATbcsA. CijlefloBaTesbHO, B KaTYlIKe BO3HHKa2eT NepeMeHHas
3.4.c. Ecan npucoeanHuTh ABa KOHLA KaTYWKH K BHELIHHM Npo-
BOJlaM Yepe3 CKOJIb3silllHe KQHTAKThl, KOTOpbie Ha3bIBAOTCA KOH-
TAKTHBIMH KOJIbLlAMH (MpOCTO, 4TOGH MPOBOAA He NEPEKpPyuHBa-
JIUCb), Mbl MOJy4aeM reHepaTop NnepeMeHHOro TOoKa.

A MOXHO ¢ NOMOLUBIO CKO/b3SILIHX KOHTAKTOB YCTPOHTDb H TaK,
yTOOBl Yepe3 KaxkJble no/-060poTa COelHHEHHe MeXAy KOHLaMH
KaTyIWIKH H BHEWIHHMH NpPOBOAAMH CTAHOBHJOCH NPOTHBONOJIOX-
HBIM, TaK 4YTO KOrja 3. . C. H3MEeHHT CBOH 3HaK, TO H COeJHHEHHe
CTaHeT NpPOoTHBONOJOXHBEIM. Toraa umMnyJbch 3. A. c. 6GyAyT Bceraa
TOJKAaTh TOK B OJHOM HanpaB/eHHH BACJb BHellHeH Lend. Mbl
nojyyaeM TaK HasblBaeMblfl reHepaTop NMOCTOSHHOTrO TOKa.

[Tpu6op, uso6paxennetit Ha ¢ur. 16 1, Moxer 6bITb 16O MO-
TOopoM, JH60 reHepatopoM. CBs3b MeXAy MOTOpaMH H reHeparto-
paMH XOpouIO JeMOHCTPHPYeTCs C NOMOINbIO ABYX OJHHAKOBHIX
«MOTOPOB» MNOCTOSIHHOTO TOKa C NMOCTOSHHBIMH MarHHTaMmH, Ka-
TYIUKH KOTOPBIX COelHMHeHbl ABYMs MeAHbIMH npoBodamH. Ecau
PYYKY OJHOrO H3 «MOTOPOB» NOBOPayHBAaTb MeXaHHYECKH, OH CTa-
HOBHTCSl FeHepaToOpoM H NMPHBOJAMT B [BHXKEeHHe BTOPOH Kak Mo-
Top. Ecan Xe noBopauuBaTh pyuKy BTOPOro, TO resepaTopom yxe
CTAHOBHTCS OH, a nepBbii pa6ortaeT kak MoTop. MTak, 3fech Mbl
BCTpeyaeMcsi ¢ HHTePeCHbBIM NMPHMEPOM HOBOrO poJa 3KBHBAJIEHT-
HOCTH B NpHPOJE: MOTOD H reHepaTop 3KBHBaJ/eHTHb. Kouuue-
CTBeHHAasl 3KBHBAJIEHTHOCTb Ha CaMOM JeJle He COBCeM cJ/yuyalHa,
OHa cBsi3aHa C 3aKOHOM COXpaHEHHsl SHepruu.

Hpyroit npuMep ycTpoiicTBa, KOTopoe MoxeT paboTaTbh JHOO
A5 Cco3laHHsl 3.A.C., JAu60 BOCNpHHHMATb MAeiACTBHe 3. 1.C.,
npeactasJsier co60i npueMHash yacTb OGbIYHOro TeJedoHa, T.e.
«cayxotoH». [TepBonauanbHbiil Tesepon benna coctoan u3 aByx
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TaKHX «CJyXOPOHOB», COeJHHEHHbIX ABYMS IJHHHBIMH TpPOBO-
Namu, OCHOBHOM NPHHLMUN 3TOr0O YCTPOICTBA noKa3aH Ha ¢ur. 16.4.
ITocTOsIHHBI MarHUT co34aeT MarHUTHOE MoJe B JBYX CepleyHH-
Kax M3 MACKOro Keje3a U B TOHKOM XeJle3HOM Jucke — MeM6-
paHe, KOTOpash NMPUBOAUTCA B [BHXXeHHE 3BYKOBBIM [aBJ/eHHEM.
IMpu nBHXKeHHH MeM6paHa H3MeHsieT BelHYMHY MArHUTHOTO MoJs
B cepaeuHHkax. CieoBaTe/IbHO, NMOTOK yepe3 KaTyLIKy NpoOBO-
JIOKH, HaMOTaHHOH BOKPYr OJHOr0o M3 CepJeyHHKOB, H3MeHseTcs,
Korja 3ByKOBasi BOJIHA nonajaetr Ha MeMm6pany. Torzaa B KaTyllKe
BO3HHMKaeT 3 A. C. Ecau KOHUBI KaTyWIKH NPHUCOEAHHEHB K LlenH,
B Hell yCTaHaBJ/JMBaeTCsl TOK, KOTOPbIA npeacTaBiaseT co6oi 3JeKT-
puuecKoe u3obpakeHue 3BYKa.

Ecnu kouuel katymku Ha ¢ur. 16.4 npucoeauHUTb IBYMs Npo-
BOJaMH K ADYroMYy TaKoOMYy e YCTPOHCTBY, TO MO BTOpPOH Ka-
TYIIKe MNOTeYeT MEHAIIWHUACA TOK. DTOT TOK CO3J4AaCT MeHsIo-
lieecsl MarHWTHOe MoJle W 3aCTaBHT MEHATbCH M CHJIY NPHTSKe-
HHsl Kesle3HOH MemOpaHbl. OHa HauyHeT APOXKaTb W MOPOJAMT 3BY-
KOBble BOJIHbI, MOJOOHbBIE TeM, KOTOphle Kose6Gaau nepByto MeMm6-
pany. C noMouibto MaJleHbKHX KYCOYKOB )KeJie3a ¥ MeldH yesoBe-
YeCKHH roJioc nepefaercs no nposojaam!

(ITpueMHHKH B COBpPeMEHHBIX AOMalHUX TejedOHaX MOXOXKH
Ha TOJIbKO YTO ONHCAHHBIN, a BOT NepefaTYHKU HCNOJb3YIOTCA yxe
yaydluleHHble, YTOOBI MOAYYHUTb GOJIbILYI0 MOWHOCTb. DTO KMHKPO-
¢oHbl ¢ yroabHOH MeMOpaHOil», B KOTOPBIX 3BYKOBOe [aBJ/ieHHe
M3MeHseT 3JIeKTpUuecKHii Tok ot 6aTapeil.)

§ 2. Tpancopmaropst u undyKTUEHOCTL

Onna u3 HanGosiee WHTEPeCHBIX CTOPOH OTKphiTHii Papanes
34KJ/I0YaeTcs COBCEM He B TOM, YTO 3. [.C. BO3HHKaeT B ABHXKY-
mefica KaTyllKe, 3TO Mbl MOXeM MOHATb C NMOMOILbIO MarHUTHOH
cuabl gv X B. I'maBHoe — B TOM, 4TO M3MeHeHHe TOKa B OJHOM
KaTyuike co3jaeT 3. 1. C. BO BTOpoil Karyumxe. M yx coBceM yau-
BHUTEJIbHO, YTO BeJHYHHA 3. [. C., HaBeJleHHOH BO BTOPOH KaryIlKe,
JlaeTCsl TEeM JKe CaMblM «NPaBHJAOM INOTOKa»: 3.[.C. paBHA CKO-
pOCTH M3MEHEHHS M&TrHMTHOrO MOTOKA CKBO3b KaTywkKy. Bo3sbMewm,
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Due 165 [ee karyweu, uwamo-
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Hanpumep, ABe Katywku (¢ur. 16.5), Kaxaas U3 KOTOpbIX HaMo-
TaHa Ha OT[eJbHYIO CTOMNKY XeJe3HbIX MIACTHHOK (C HX NOMOUIbIO
MOXHO c03laTb 6oJiee cU/IbHble MarHuTHble noJas). [IpucoeauHum
Tenepb OJHY U3 KaTylleK — KATyWKYy a — K FreHepaTopy nepemMeH-
Horo Toka. HenpepulBHO MeHsIOLIMIICS TOK CO3[aeT HeNpepbiBHO
MeHsiollleecss MarHUTHOe noJse. Takoe H3MeHsilolleecss MarHUTHOE
noJie reHepupyeT NnepeMeHHYI 3.J.C. BO BTOPOH KaTyllke — Ka-
Tywke b. 3ta 3. 4. c, HanpuMep, cnoco6HAa 3aCTaBUTb TopeTb
3JIeKTPHUYECKYIO 1aMMOYKY.

B katyuwke b 3.4.c. MeHsileTCH C YacTOTOH, KOHEYHO, PaBHOH
yacToTe nepsoro reHepatopa. Ho Tok B katyuke b mMoxeT GbITD
Gosblle WM MeHblle TOKa B KaTyuwke a. Tok B KaTyllke b 3aBH-
CHT OT HHAYUHMPOBAHHOH B HeN 3. 1. C. H OT CONPOTHBJEHHS I
HHAYKTHBHOCTH OCTa/JbHOH uYacTH ee Uend. ITa 3.[1.C. MOXKeT
6biTh MeHblle 3.J1.C. reHepatopa, ecJd, CKax<eMm, H3MeHeHHe NOo-
TOoKa Mano. My xe 3. 1. €. B KaTyllKe b MOXeT 0Ka3aTbCs MHOro
Gosbwe 3. A4.c. TeHepaTopa, ec/JH Ha KaTyWwkKy b HaBUTb MHOro
BHTKOB, H60O B 3TOM cJyyae B JaHHOM MAarHUTHOM MoJie NOTOK ve-
pe3 kKaTywKky 6yner 6onbiie. (MoXHO, ecld XOTHTe, cKa3aTb 00
3TOM HHaye — B KaXKJOM BHTKe 3. ]I, C. OflHA H Ta Xe, H MOCKOJbKY
no/jHas 3.[.C. paBHa CyMMe 3.J[.C. OTJe/JbHbIX BHTKOB, TO 60JIb-
II0€ YHCJIO BHTKOB B COBOKYNMHOCTH cO3aeT 6OJbIIYIO 3. 1. C.)

Takas kom6GuHauusi ABYX KaTyuweK (oGblyHO ¢ HaGOpOM Xe-
JIe3HbIX MJIACTHHOK, NOBLIIAIOUIHX MarHUTHOE MoJe) Ha3blBaeTcs
Tpancopmaropom. OH MOXKeT «TpaHCHOPMHPOBATLY OAHY 3 1. C.
(HasbiBaeMyIo ellle <HANpsDKEHHeM») B APYryio

S¢ddekTbl MHAYKUHH BO3HMKAIOT M B OQHON OTAENbHON Ka-
tywKe. Hanpumep, B ycraHoBKke, n3obpaxeHHoil Ha ¢ur. 16.5,
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MeHAWHIACA NOTOK NMPOXOAUT He TOJNLKO Yepe3 KaTywky b, koro-
pasi 3a)KuraeT NaMNoyKky, HO W yYepe3 KaTywky a. MeHsiowmumca
TOK B KaTyllKe @ cO3[aeT MEHSAIOWeecsl MarHUTHOe noJe BHYTDH
Hee caMOH, W NOTOK 3TOr0 NOJs1 HeNpepblBHO H3MeHseTcs, Tak
YTO B KaTYIIKe a NOJIyyaeTcs CAMOUHOYYUposanHas 3. A.cC.

.4.c., nelicTBylollas Ha TOK, BO3HHKaeT TOrAa, KOraa ero
co06cTBeHHOe MarHHTHOE noJe pacTeT, WIM B cOllleM cayyae, ecau
ero co6cTBeHIOE MOJe U3MEHAETCs KaKUM YroAHo o6pa3oM. TOT
a(eKT Ha3bIBaeTCA camMouHOyKyuedl.

Korpa Mbl BBesR «NpaBu/O0 NMOTOKa», YTBepXKAalolllee, YTO
3. . . paBHa CKOPOCTH H3MEHEHHs MOTOKAa, Mbl He OmnpelensjH
HanpasJiieHve 3. 1. c. CyllecTByeT npocToe npaBu/ao (HasbiBaeMoe
npabxuaom JleHua) Aas onpefesieHUs HanmpaBieHHs 3. 4. C.. 3. [. C.
CTPeMUTCA NPenaTcT808aTs BCAKOMY H3MeHeHHI0 noToka. MHaue
roBOpA, HanpasJ/JeHHe HaBelleHHOM 3. . C. BCerla TaKoe, 4TO, eC/H
Obl TOK mouwleJ B HanpaBleHWW 3. A C., OH co3fan Obl NOTOK
nojas B, npenaTcTBylowui u3MeHeHHlo noJds B, cosmaioulero sty
3. A.c¢. IlpaBunom Jlenua Mox<HO mnoJb30BaTbCs, YTOOB HANTH
HanpaBsJ/ieHHe 3 [1.C. B reHepaTope, nokazaHHoM Ha ¢ur. 16.1, uin
B 00moTke TpaHchopmaropa (dur. 16.3).

B uyacTHOCTH, ec/iM TOK B OTHAe/NbHOH KaTyulKe (HJIH B M06OM
nposoae) MeHseTcs, BO3HHKAaeT «oGpaTHas» 3.4 c. B Lend. JTa
3.1 Cc. NefCTBYeT Ha 3apsAbl, TekyllHe B KaTywKe a Ha ¢Hur. 16 5,
IPeNATCTBYS H3MEHEHHI0 MArHMTHOrO noJjsd, W NO3TOMY Hanpas-
JeHa Tak, 4ToObl npensTcTBOBaTb M3MeHeHHio Toka. OHa cTpe-
MHTCA COXpallMTh TOK MOCTOSIHHLIM; 3. A C. MPOTHBOMOJOMXHA
TOKY, KOrla TOK YBeJHYMBaeTcd, H HanpaB/jeHa MO TOKYy, Koria
oH ymenbluaercs. [lpu caMmounaykuuu Tok obnajgaer «MHeplUHeEN»,
NOTOMY 4YTO 3G®EKTbl HHAYKUHH CTPEMATCS COXPAHHTH NMOTOK Nno-
CTOSIHHBIM TOYHO TaK XK€, KaK MeXaHHYeCKas HHepLHA CTPeMHTCH
COXPaHHUTb CKOPOCTb TeJla HeH3MeHHOMN

JIo6oli Gonbloi anekTpoMarHuT o6saanaer GOJbLIOA CaMOUH-
aykuuedt. Ilyctp, Hanpumep, K KaTyluke 60/bIIOrO 3JeKTpoMar-
HUTa npucoeinHeHa 6arapesa (¢dur. 16.6) u nycTb ycTaHOBHJOCH
Gosblwoe MarHuTHoe nose. (TOK JOCTHraeT NOCTOSTHHON BeJIMUHNBI,

Boikmoyamens

-
P ue 16.6. Braouenue saek- [ JNlamnouxa
TPOMAZHUTA G Yens. ¥
Jlastnouka orkpoieaer npoxod rto-
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onpeje/feMOd HanpsxeHdeM OaTaped M CONPOTHBJEHHEM Mpo-
Boja KaTywkH.) Ho Tenepb npeanoJioxus, 4To Mbl NbiTaemMcs OT-
coeaHHHTb GaTapelo, pa3oMKHYB BbIK/IOYaTeb. Ecau 6bl Mbl Ha
CaMOM jieJie pa3opBajH Lenb, TOK ObicTPO yMeHbuiuscsi Obl 110
lyas ¥ B npoluecce yMmeHblleHHs co3fan Obl OrpoMHyIO 3. A.C.
B GonbwuHcTBe ciyuaeB Takoi 3. 4.c. OKasbiBaeTcsi BNOJHE J0-
CTaToO4HO, 4TOOH 06pa3oBajach BOJIbTOBA Ayra Mexay Pa3oMK-
HYTHIMH KOHTAaKTaMH BhIKJlOuaTess. Bo3HuKaiolee Go/blioe Ha-
npsixkeHHe Mor/o Obl HAaHEeCTH Bpel KaTylIKe, Aa M BaM, ecju Obl
¥MEHHO Bbl pa3MbIKaJ/H BbiKJouaTe b! [1o 3THM OpHYHHAM 2J€KT-
POMAarHUTH OOLIYHO BKJ/IOYAIOT B LENb NPUMEPHO TaK, Kak Mo-
Ka3aHo Ha ¢ur. 16.6. Korga nepekJiouarteilb pa3oMKHYT, TOK He
MeHsieTcA GBICTPO, a NMPOAOJIAKAeT Teub yepe3 Jammy, OCTaBascChb
NOCTOAKHBIM 3a CHET 3. A.C. OT CAMOMHAYKUHH KaTylKH.

§ 3. Cunvl, deiicTeyromyue na undyyupyemoie TOKU

Bel, BeposiTHO, Ha6/iona/lu BeJSHKOJENHYIO AEMOHCTPAUHIO
npasusia JleHua ¢ nomotblo npucnocofaeHusi, M306pax<eHHOro
Ka ¢wur. 16.7. ATo 2/eKTPOMArHHT TOUHO TaKOH XKe, KaK Karyul-
Ka a Ha ¢ur. 16.5. Ha ofHOM KOHLe 3/1eKTpPOM arHuTa noMeraercs
aMoMuHHeBoe KoJablo. Ecau ¢ nomolubio nepek/ioyarenas noAaco-
€MHUTb KaTyWKYy K reHepaTopy NepeMeHHOro ToOKa, TO KOJblO
B3J/1eTaeT B Bo3Ayx. Cusy, KOHEUHO, MOPOXKAAIOT TOKH, HHAYUHpYe-
Mble B Koablue. ToT ¢akr, 4To KOJbUO OT/AeTaeT Npoyb, NOKa3b-
BaeT, YTO TOKH B HeM MNpensTCTBYIOT H3MEHEeHHIO MNoJjs, Mpoxo-
asauero yepe3 koabuo. Korga y marHuta ceBepHblii noJoc Haxo-
OHTCA cBepXy, HHAYUHPOBAHHbIA TOK B KOJbLE CO31de€T BHH3Y
CeBepHbIil noJoc. KoJbLo M KaTyulka oTTaJKUBAIOTCA TOYHO TakK
e, KaK [OBa MAarHuTa, NpU/OXKEeHHble OAMHAKOBBIMH MOJIIOCAMH.
Ecan B xosbue clenaTb TOHKHI pa3pe3 no paauycy, CHIa HCye-

F
-~ lposadauec roavyo
Menesnuni
cepdetnic
: SN—
|
Kamynnea <, I Keenepainopy
| nepcmcuuncé/ Pue. 16.7. np oeodﬂu{ee
| mora” KOAbYO CUALHO OTTANKUBAETCA
h— ~— 91eKTpomMasHUuToOM, Koeda 8
Nepeicanamens HeM MCeHAETCR TOK,
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“Hdeansto npocodsigan naociocins

Pue. 168. IrexTpomazHur 654u3u udeassno nposods-
e naockocru.

3aeT — yOenuTeNpHOe [NOKa3aTeNbCTBO TOTFO, YTO OHAa MAEHCTBH-
T€JbHO 00YyCJ/IOB/IeHA TOKAMHU B KOJIbLIE.

Ecau BMecTo KoJbua y Kpasi 3JeKTPOMarHuTa nOMECTUTD aJto-
MHHHEBbI/l UM MeIHbIl AUCK, TO U OH OTTaJKHBaeTcsi; HHAYUHPO-
BaHHbIE TOKM LMPKYJUPYIOT B MaTepHalje JHCKA MU CHOBA BHI3bl-
BaIOT OTTaJKHUBaHHE.

HurepecHbiit 3¢dekT, B oCHOBe MOXOXHH Ha NpeAbIAYLLHI,
BO3HHKaeT C JIHCTOM HJea/JbHOro NpoBOAHHMKA. B «uaeasnbHoM
NPOBOAHHKE» TOK COBCeM He BcTpeuyaer conpoTusJjeHus. [lostomy
BO3HHMKUIME B HEM TOKHM MOTYT Teub He nepecrabas. PakTHuecKH
manedwas 3. A.c. co3nana 6bl cKoab yrogHo GoabLIOH TOK, a 3TO
Ha caMOM Jle/le 03HayaeT, YTO B HeM Boo6lle He MOXeT ObITb
3.1.c. Jllo6as nonbiTKa cO34aTh MArHUTHBIH MOTOK, NPOXOASLIKH
CKBO3b TaKOM JIHCT, BbI30BET TOKH, 06pa3yloliie NPOTHBONOJOXKHO
HanpaBJieHHble noas B —Bce co cko/ab yrogHo ManabIMH 3. . C.,
TaK YTO HHKAKOro NMOTOKa He Oy[erT.

Eciau K qHcTy uieanbHOro npoBOAHHKA Mbl NMOJHECEM 3JekK-
TPOMAarHHT, TO NPH BKJOYEHUH TOKAa B MarHHTe B JIHCTe BO3HHU-
KaloT TOKH (Ha3biBaeMble BUXPEBbBIMH TOKaMH), U HHKAKOH mar-
HUTHBI NMOTOK He npoifer. JIuHuu noas OyAyT HMeTb BHA, IO-
KasaHHbllt Ha ¢ur. 16.8. To xe camoe Nnpou30HIeET, eC/H K A eab-
HOMY nNPOBOJAHHKY MNOJAHECTH nocTosiHHbIE MarHut. IlocKoabky
BHXDEBble TOKH CO3[al0T NPOTHBOMNOJIOXKHbIE NOJs, MarHUThl OT
NpoBOAHHKA OTTankuBaloTcs. [103TOMy 0Ka3biBaeTcsi BO3MOXHBIM
NOJABECUTb MOCTOSHHBIH MarHUT B BO3AyXe Hal JHUCTOM HOeaJb-
HOTO MPOBOAHHKA, H3TOTOBJAEHHOro B ¢popme tapeaku (¢ur. 16.9).
MarHut GyaeT moalep)KHBaThCcs B BO3AyXe 3a CyeT OTTAJIKHBa-
HHSl HHAYUMPOBAHHBIX BUXPEBLIX TOKOB B Haea/lbHOM NMPOBOAHHKE.
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bduez 169. Maznurnasa nasouxa
OTTAAKUBALTCA BUXPEBLIMU TOKAMU
u nceucaer Had Hawed u3 ceepx-
nposooHuKa.

IIpu o6BIYHBIX TeMmnepaTypax HOeaJbHbIX MOPOBOAHMKOB He CY-
IeCTBYeT, HO HEKOTOpble MaTepHaabl MpH AOCTATOYHO HHU3KHX
TeMnepaTypax CTaHOBATCH HIAea/JbHbIMH NpOBOAHUKaMH. Tak, npH
tTemnepatype Huxe 3,8 K 0/10BO cTaHOBUTCS HAeaLHBIM NMPOBOA-
HUKOM; TOrJa OHO Ha3blBAETCA CBEPXNPOBOJHHKOM.

Ecau npoBoanuk, nokasanublii Ha ¢ur. 16.8, ne BnosaHe nie-
aNbHBbIA, TO BO3HHKHET HEKOTOPOE CONpOTHBJIEHHE TeYyeHHIO BHX-
peBbix TOKOB. Toku GyAyT nocTeneHilo 3aMHpaTb, © MarHUT Mel-
JIEHHO onycTuTcA. B HeuieanbHOM npoBOAHHKe, 4TOObI Teub
llajblle, BUXpeBbIM TOKaM Heob6xoauMa Hekotopas 3.4.c, a s
BO3HUKHOBEHHS 3. [ C. NOTOK MNOJXEH HenpepblBHO MeHATbCH.
[ToToK MarHUTHOrO MOJIs MOCTENEHHO MPOHHKAET B MPOBOIHHK.

B 06bIYyHOM NpPOBOJHHKE HMEIOTCS HE TOMbLKO CHJBI OTTaJIKH-
BaHHs 32 CYET BUXPEBLIX TOKOB, HO MOT'YT OEITb H GOKOBble CHJIBI.
Hanpumep, ecau MBl nepeaBuraeM MarHuT HaA MpPOBOAALILEH
NOBEPXHOCTbIO, BUXPEBble TOKH CO3JalOT TOPMO3ALLYI0 CHAY, 00-
TOMY 4YTO MHAYLHPOBAHHble TOKH NPeNsiTCTBYIOT M3MEHEeHHIO Mo-
tToka. Taxkue cH/Ibl NpPONOPLHOHANBHEI CKOPOCTH M NOXOXH HA
CHJ/Ibl BSA3KOCTH.

Atu 3ddekTH xopowo HabaopawTcs Ha npubope, H3o6pa-
xeHHoM Ha ¢ur. 16.10. KBagpaTtHas menHas nJjlacTHHKa yKpen-
JleHa Ha KOHUe cTepxHs, o6pa3ys MaaTHUK. [lnacTuHKa Kauaercs
B3aj W BOepel MeXAy NoJiocaMy sjaekTpomarHuta. Koraa maruut
BKJIIOYaeTcs, ABHUXKEHHe MasATHHKA HEeOXXHIAaHHO npekpallaercs.
Kak To/sbKO MeTas/Mueckas NJacTHHKa nmomajaeT B 3a30p Mar-
HUTa, B HEH HHAYUHpPYeTCcsd TOK, KOTODbI CTPEMHTCS NOMelaTb
HM3MEeHEeHHI0 NOTOKa yepe3 maacTuHKy. Ecau 6b niacTuHka Oblaa
HeaNbHbIM NPOBOJHHUKOM, TOKH OblH Gbl CTOJNb BEJHKH, YTO OHH
CHOBA BBITOJKHYJMH Obl MJACTHHKY M OHa OTcKouusaa 6bl Hasal.
B MepmHOA e nuacTHHKe HMeeTCsl HEKOTOpPOe CONPOTHBJIEHHE,
No3TOMY TOKH CHauaJ/a 3acTaBJ/AOT NJAaCTHHKY NMOYTH HaMepTBO
3aCThHITh, KOrla OHa HayHHAeT BXOAHMTb B noJe. 3aTeM, No Mepe
TOr0 Kak TOKH 3aMHpAIOT, NJACTHHKAa NPOAOJIKAET MeAJaeHHO
JNBHTaTbCsl B MAarHUTHOM NoOJle M OCTAaHaBJIMBAeTCA COBCEM.

CxeMa BHXDeBBIX TOKOB B MeJHOM MasTHHKe MNOsACHseTCs
¢ur. 16.11. Cuna u pacnoJsoxxeHHe TOKOB BeCbMa YYBCTBHUTEJIbHbI
K ¢opMe nuactuHkd. Ecam, ckaxem, BMecTo MeJHOH NJIAaCTHHKU
B3STb JPYrylo, B KOTOPOH HMeeTca pal y3Kux wenei (¢pur.16.12),
TO 3QeKTbl BHXPEBbLIX TOKOB CHJAbHO yMeHblIaTcA. MaaTHHK npo-
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due. 16.10. Topmescenue maar-
HILKA YKa3blBaeT HA CUAbL, BO3HU-
Kajowue 6arazodaps euxpesvim To-
Kam.

XOAUT CKBO3b MAarHUTHOE Mo-
Jie 1ulb ¢ HebOoJbIIo#A TOPMO-
3swein cuiaoi. [lpuynnHa B ToM,
4YTO TOKHM B KaXJOH YacTH
NJAaCcTHHKH B036yXKaaloTCs
MEHBbIIXUMH MO BeJHYHHE MOTO-
KaMH H, cJeJoBaTeJbHO, 3(¢-
(eKThl CONPOTHBJIEHHS KaX-
JOH  nNeTJH  OKa3blBaloTcs
6oabliHMH. YeM MeHblle To-
KH, TeM MeHblle H TOpMOJXKe-
HHe. BsA3Kuit xapakrtep CHaBI
nposiBUTCsl ewe OoJsee Ha-
rAsOHO, ecau MeHylo nJac-

Mednas
nsaacmuHKka ~

-]
__—
1
1

U sB\,/

—+

Buvisnronamens

bamapea

THHKY NOMECTHTb MEXAY NOJocaMHu MariuTa M 3aTeM OTNYCTHTDb
ee. [lnacTuHxka He majgaer, oHa MPOCTO MeNJIEHHO OMYCKaeTcs.
BuxpeBbie TOKH OKa3biBaloT CHJbHOE CONpPOTHBJIEHHE ABUXKEHHIO,
TOYb-B-TOYb KaK BSI3KOE CONMPOTHBJEHHE Mela.

Ecan Mbl He GyneM npoTackuBaTh NPOBOAHHK MHMO MarHHTA,
a nonpofyeM BpallaTh €ro B MarHUTHOM [0JIe, TO B HeM B pe3y/lb-
Tate TeX XKe 3pHEKTOB BO3HMKHeT TopmosaAllui MomeHT. U Ha-

ofopor, ecAH BpallaTh Mar-
HHT, MEHssi MeCcTamu ero no-
aioca, BOAM3H  nNpoBoAsLLeit
NJOCKOCTH HJAM KoJsbUa, TO
KOJIbIO MOBepHeTCcss 3a Mar-
HHTOM, TOKH B KOJble cO37a-
AyT MOMEHT, CTpeMsuuics
MOBEPHYTb KOJbUO BMecTe ¢
MAarHHUTOM,

Pue. 16.11. Buxpeaoie TokU 8 med-
HOM MAATHUKE,




Puea 16.12. Ipgpexrst or
8UXpeBbIX TOKOB CUABHO
CHUNAIOTCA, ecau 8 nAds
CTUHKe npope3aTst Weal.

[Nlone, BecbMa noxoXkee Ha nose BpaUlaOULErOCA MarHMTa.
MOKHO CO3[1aTb ¢ MOMOLUbIO yCTpoiicTBa U3 KaTywek (¢ur. 16.13).
Mubl Gepem xene3Hbii Top (T. e. XKeJe3Hoe KOJbLO B BHle OyOb-
JlUKa) ¥ HaMaTblBaeM Ha Hero iiecTb KaTyuwek. Hanpasus Tok
TaK, KakK noka3aHo Ha ¢ur. 16.13,a, yepes 06MoTKH I u 4, Mbl no-
JIyYUM MAarHHTHOe IIoJie B HampaBJleHUH, YKa3aHHOM CTpeJIKamH.
Ecau mbl Tenepb nepek/tOYHUM TOK Ha 0OMOTKH 2 M 5, TO MarHuT-
Hoe nose GyneT HanpaejaeHO yxe no-apyromy (¢ur. 16.13,6).
ITpomonxkas Tak AeiicTBOBaThb, Mbl MOJy4YaeM NOC/e€40BaTENbHOCTD
noJeit, H300pa’KeHHbIX Ha OCTa/NbHBIX 4YacTsIX Hallero pPHCYHKa,
Ecau npouecc npoBoAHTb N/aBHO, TO MOJNYYHTCA «BpallatolLeecs»
MarHuTHoe noJe. IloAcoeAMHHB KAaTYWKH K ceTH TpexdasHoro
TOKa (a OHa LaeT UMEHHO TaKylo NoC/Jaef0BaTelbHOCTb TOKOB), MbI
JIerko noJyauM TpeGyeMylo nocjaef0BaTeNbHOCTb TOKOB. «Tpex-
($a3Hbll TOK» CO3LaeTCA TeHepaTOpPOM, HCMOJAb3YIOUIHM NPHHLHN
¢ur. 16.1, 3a TeM HCKAIOYEHHEM, 4TO Ha OCH CHMMETPHYHO yKpen-
JSI0TCA Tpu paMKH, T. €. kaxaas nold yraom 120° k coceaHef.
Korpa pamxu BpallaoTcs Kak elHHOe ueJsoe, 3. I.C. MAKCHMAaJb-
Ha B OIHOW paMKe, 3aTeM B ApPYroi M T. A. B NpaBH/IbHOH nocJe-
poBaTebHOCTH. TpexdasHbli TOK HMeeT MHOrO NPaKTHYECKHX
npeumylllectB. ONHO M3 HHX 3aKJjloyaeTcsl B BO3MOXCHOCTH IIo-
JYYHTh Bpalllaolleeca MarHuTHoe noJje. MomeHT, nedcTByroWIM#
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Pue 16.13. Cozdanue spaujoroujeenca MAZHUTHOZO NOASL

Ha TPOBOJAHHK CO CTOPOHbI TAKOTrO BpaLLAIOULErocs NoJs, Jerko
06HapYyXXHBaeTCs Ha MeTaJJH4eCKOM KOJblle, NMOCTAaBJIE€HHOM Ha
H30JHpYIOllel MOAcTaBKe mpsamMo Haj Topom (¢ur. 16.14). Bpa-
Lalolleecs MoJIe BbI3bIBaeT BpallleHHe KOoJblla BOKPYT BepTHKa/b-
HOH ocH. 3mecb BHIHBl Te e OCHOBIIble 3J€MEeHThl, KOTOpbie
MMeIOTcss B GOJBIIMX NPOMBIIIJIEHHBIX TpeX(a3HbIX HHAYKLHOH-
HBIX MOTOpax.

Ipyro# THn HHAYKLHOHHOrO MOTOpa nokasaH Ha ¢ur. 16.15.
9To yCTpOMCTBO HENMPHUrOAHO AJA NPaKTHYeCKHX BHICOKOI(dex-
THBHBIX MOTOPOB, HO HJ/IJIIOCTPHPYeT OCHOBHOM NpPHHUHI. 3JIEKT-
poMarHuT M, cocToswlMH ¥3 NaukH NPOKATAHHBIX JKeJe3HbIX
JIUCTOB, Ha KOTOPYIO HaBHUTA CNHpajbHasi 06MOTKa, MHT aeTCA OT

@ ue. 16.14. C nomowsto apawaro-
wezoca noaa (gue. 16.13) moxcro

npudars KoabYYy u3 NpOBOGHUKA
epaujarouui MOMeEHT, @
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Que 16.15. Ilpocroii npusep UHOYKYUOHHO20 AOTOPA
230TeHeHHOI N 110210COM.

reHepatopa nepeMeHHOro TokKa. MarHut cozjaer nepeMeHHbI# no-
TOK nojasa B ckBosb amomMuHHeBbIH AucK. Ecay HmeloTca TOMbKO
3TH JBeé KOMNOHeHThbl (cM. ¢ur. 16.15,a), y Hac elle HeT MoTOpa.
B nucke uMeloTCS BHXpeBble TOKH, HO OHH CHMMETPHYHbBI H MO-
MeHTa He BO3HHKaeT. ([Iuck GymeT HeMHOro HarpeBaThcfl 3a cueT
TOKOB HHAYKUHMH.) Ecau Tenmepb Mhl 3aKpoem TOJIbKO OAQHY MO-
JIOBUHY  MarHMUTHOrO  MOJIOCAa  aJIOMHHHEBOH  MNJacTHHKOH
(¢ur. 16.15,6), TO OHUCK HAyHeT BpawlaThbC U Mbl NOJYYHM MO-
Top. JleficTBUe ero cBA3aHo ¢ 08yma 3¢¢eKTaMH BHXPEBLIX TO-
KoB. Bo-nepBbIX, BUXpeBble TOKH B a/JIIOMHHHEBOH NIacTHHKe npe-
NATCTBYIOT U3MEHEHHIO MOTOKA CKBO3b Hee, NO3TOMY MarHHTHoOe
noJie HaA NJACTHHKOIl BCerga OTCTaeT OT MOJA Hajl HenoOKpbITOH
yacTblo noJioca. ITOT TaK Ha3biBaeMblil 3pdeKT «3aTeHeHHOro
noJjioca» co3gaer noJe, KOTOpoe B «3aTeHeHHOH» o006/acTu Me-
HfieTCS COBCEM TaK e, Kak H B «He3aTEeHEHHOH», 3a HCKJloye-
HHEM TNOCTOSIHHOTO 3ana3jbiBaHus BO BpeMeHH. JddekT B uejJ0M
Taxo#, kak O6yNTO HUMeeTCs BABOe 6oJsiee Y3KHH MAarHUT, NOCTOSH-
HO MNepejBHUTalOUUACA M3 He3aTeHeHHOH 006/1acTH B 3aTeHEHHYIO.
Bo-BTOpbIX, MeHfIOUIHECH MO/ B3aUMOAENCTBYIOT C BHXPEBbIMII
TOKaMH JHCKa, CO31aBasi B HEM MOMEHT CHJIBI.

§ 4. Faexrporexnuxa

Korpa ®apapneit BnepBbie ony6JHKOBa/J CBOe 3aMeyaTesbHOE
OTKpbITHE O TOM, YTO H3MEHEHWe MArHUTHOro0 NOoTOKa Cco3Jaer
5. 1. C, €ro cnpocuad (KakK cnpauuBaloT, BNpoueM, BCAKOro, KTO
OTKpbIBaeT KaKHe-TO HOBble fiBJeHHsA): «KaKas oT sToro nosw3a?s
Benb Bce, uTo OH 06GHapyXuJa, ObIJIO OYeHb CTPAHHBIM — B NpPO-
BOJle BO3HHKaJ KpOLUEYHBbIH TOK, KOrJa OH ABHraJ NpoBOA BO3Jje
maruuta. Kakasi xe moxer GbiTb OT 3TOro «noJsb3a»? Papapeit
orBeTus: «Kakasa MoxeT GbITb NoJib3a OT HOBOPOXKJAEHHOT0?»

A Tenepb BCNOMHHTE O TeX TPOMAAHbIX NpPAKTHYECKHX NpHMe-
HeHHSX, K KOTOPbIM NpPHBEJO €ro OTKphITHe. Bce, 4TO Mbl OMHCHI-
BaJIM, — OTHIOLb HE MTPYLIKH, 3TO NpHMepbl, Boi6paHHble NO 60/b-
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WeH YyacTu TakK, yToObl NpeACTaBUTh NPUHUMN TOH WM HHOH npak-
THYeCKOH mawmuHbl. Hanpumep, Bpaulaioueecss Koabuo BO Bpa-
aiouemcs noJie — HHAYKUHOHHBIA MoTop. CylllecTByeT, KOHEUHO,
K3BeCTHAf pa3Hulla MeXAY KOJNbLOM H NMpPaKTHYECKH HCMOJb3ye-
MbIM HHAYKUHOIUHBIM MOTOpPOM. ¥ KOJbLAa MOMEHT OYeHb Mad,
NpPOTAHUTE PYKY M Bbl MOXeTe OCTaHOBHTb ero. B xopouwem Mo-
TOpe JAeTaju AO/XKHBI ObITb Jyyllle NMPUTHAHBl: MATHHTHOE MoJe
He JIO/DKHO TakK IleJpO «pacTpaynuBaThcs» B Bo3nyXe. Bo-nepBhix,
C NOMOUIbI0 KeJe3a noJe KOHlUeHTpHpyeTcsd. MBI He roBOpHJIH
0 TOM, KaK 3TO JeJ/aeT XeJe30, HO OHO cnocOGHO YBEJHYHTb Mar-
HUTHOe NoJie B JecATKH M TBHICAYH pa3 Mo CPAaBHEHHIO C NOJEeM
OHON Me#HOH KaTyWKH. Bo-BTOpBEIX, 3a30pbHl MeXAay YacTAMH
XKese3a fAenaloTcs HeOO/bIIMMH; C 3TOH LeJbl0 Kesle30 Aaxe
BCTpanBaeTcd BHYTPb Bpaluawouierocs Koabua. CiaoBoM, Bce Ha-
npaBjieHO Ha TO, 4TOOBl MOJNYYUTb HauGO/AbLIME CHJIB H MaKCH-
MaJbHYIO 3(p(PEeKTHBHOCTD, T. €. MPEBPATUTb 3JeKTPHYECKYI0 MOUI-
HOCTb B MEeXaHHYeCKylo, U TaKoe <«KOJIbLIO» yXe HENb3a OyaeT
yaepxkaTb pyKOMH.

3ajnaya yMeHbLIEHHS 3a30pPOB M YCTAHOBJIEHHe CaMOrO Npak-
THYHOrO pexkyMa paboThl ecTb AeN0 uxxiexepHol Hayku. OHa Tpe-
OyeT cepbe3HOro u3yuelinss npo6/aeM KOHCTPyHPOBAHHA, XOTA HH-
KaKHX HOBBIX MPIHIMNOB NOJYYeHHS CHJbI He cyllecTByeT. Ho ot
OCHOBHBIX MPHHUKIOB A0 NPaxKTHYECKOro H 3KOHOMHYHOrO NpoeK-
THPOBAHHA — JOATHH nyTe W HMeHHO TIMaTeNbHaAA HHXXeHepHO-
KOHCTpYKTOpCKas pabora caenasia BO3MOXHBIM TaKylo rpaHaHO3-
HYI0 Belllb, Kak rugpoctaHuua boyamep [Iam u Bce, 4To ¢ Heil
CBfA3aHO.

Yro takoe Boyamep Hsm? OrpomHas peka, neperopoxeHHas
6eToHHON cTeHON. Ho uto 3T0 3a crena! UsorHyras B Buae
H/Jlea/ibHO NJIaBHOH KPHBOH, TLIATENbHO PacCYHTAHHAA TakK, YyTOGH
KaK MOXHO MeHblle GeToHa caepxuBano Hanop peku. Crena
yTo/uiaeTca KHH3y, o6pa3ya dyaecHylo ¢&OpMy, KOTOpOH JIIO-
OyloTcsl XyNOXHHKH, HO KOTOPYIO cnocOOHBI OLleHHTb TOJIbKO HH-
X(eHepbl, MOTOMY YTO OHH MOHMMAIOT, HACKO/MbKO 3TO Xopowo. Onu
3HAIOT, YTO YTOJIlEHHe ONpeaensieTca TeM, Kak pacTeT JaBJjeHue
BOAbl Ha ray6uHe Ho MBI OTB/IEK/IHCH OT 3/M€KTpHYECTBA.

3arem Bona pekH 3aGupaercsi B orpomHyto TpyOy. ¥Yxke camo
no ce6e 3TO 3aMeuaTeJbHOe HHXeHepHOoe coopyxeHHe. Ilo TpyGe
BOMla nepejaeTci K «BOIASHOMY KOJecy» — OrpOMHOM TypOuHe —
H 3acTtaBjfeT KoJeco Bpauartbed. (Ewe oaHo MOCTHXKeHHe Tex-
Huku.) Ho 3auem xpyrat kKoneca? OHHM NpHCOeJHHEHBl K HeBC-
pPOATHO 3anyTaHHOH MellaHHHe M3 XKe/je3a W MedH (TaMm BCe ne-
peKpyueHO W nepenJeTeHo). Bce coopyXeHHe COCTOMT H3 HABYX
yacTell — OQHA KPYTHTCA, a Apyras — CTOHT. Bce 3TO ci/loXHOe
COoOpyXeHHe CHeJaHO H3 HEMHOTHX MaTepHajoB, NJaBHbIM 06pa-
30M M3 XeJle3a M Me[H, a TaKxe H3 GyMmaru u lWeJsaka, cjayxa-
wux usoaauueil. Bpawatoueeca uygosuie. eneparop. OTKyna-to
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U3 3TOr0 MecCHBa XeJe3a W MelH Bbl1e3aeT HECKOJbKO MeaHbIX
KoHUOB. [lnoTHHa, Typ6uHa, Xene30, Melb — Bce COOPaHO BMecCTe
A8 TOro, uToObl Ha 3THX MeOHbIX MOJOCKax MNOSABHJIOCH HEYyro
0co6eHHOe — 3. 1. ¢. 3aTeM MefiHbie MOJOCH NPOoXoAAT He6Oo/IbILOH
NyTb W 3aKPYYHBAIOTCA HECKOJAbKO pa3 BOKPYr APYroro Kycka xe-
Je3a, o6pasya TpaHcpopmaTop; Ha 3TOM HX paGora KOHHaeTcs.

Ho Bokpyr storo e kycka »eje3a 06GBHBAaeTCs elle OIHH
Me[Hblil KabeJ/ib, KOTOPLIH He COeJHHsETCs HemocpeacTBeHHO C Mo-
JlocaMH, NPOWEIIHMH OT TeHepaTopa; OH NMPOXOAMUT NOGJH3OCTH
OT noJoc H 3abupaer HX 3.A.c. TpaHchopmartop npespallaer
JHEPrHI0, KOTOpas HMeJa CPaBHHTeJNbHO HH3KOe HanpsKeHHe,
HeoOxoaumoe A8 3¢deKTHBHOH paboOTbl reHepatopa, B OUeHb
BbICOKOe HanpsxkeHHe, KOTOpPOE Jyuyllle BCero NOAXOAHT AJS 3KO-
HOMHYHOH nepefayy 3JeKTPOSHEPruH NO MJHHHBIM KabeaaM.

M Bce m0MXKHO GbITb HCKMIOUYHTEJNbHO 3PDEKTHBHBIM — He MO-
xeT GbITb HHYEro JHWHEro, HUKakux notepb. [Touemy? Yepes Bce
3TH YCTPOHCTBA MpoOTeKaeT BCA 3JeKTpHuecKas 3Heprus, Koropas
HcnoJb3yeTcs B ctpaHe. Ecain nponaget Bcero oauH Hau ABa npo-
LleHTa 3Hepruu — NoAyMaiTe, Kak MHoOro 3To cocTtaBuT. Ecau
B TpaHchOpMaTope OCTaeTcs TOJNbKO OJMH NpPOLEHT 3HEpruu, TO
OHa JN0/KHA KyAa-To AeBaTbcs. Ecau 6bl, Hanpumep, oHa Bbllle-
JsJacb B BHAe TenJsa — Bce YCTPORCTBO pacnJ/aBu/ioch Obl.

V3 Boyamep 5™ BHIXOAHT BO BCeX HanpaBJeHHSX HECKOJNbKO
IIOXHH MeJHBIX CTepXHeH — J/NIMHHBIX, OYeHb MJIHHHbIX CTEpXK-
He#l TO/NMHOH, NoXanayH, ¢ BaWy pPyKy M AJHHOH B COTHH MHJb.
Y3Kue MeaHble NOPOTH, HeCyllHe SHEPrHi0 THraHTCKOH peku. 3a-
TeM 3TH JOPOTH pa3BeTBJAIOTCA... TPaHCPOPMATOPOB CTAHOBHTCH
eme GoJiblie.. HHOTAA OHM NOAXOAAT K GOJbLIMM reHepaTopam,
nepeBOAALIUM TOK B [ApyrHe (GOpMbl... HHOrJa K MAallHHaM, Bbl-
NOJIHAIOUIUM BaXXHble NMpPOMBIUIeHHble Pa6OThl... K HOBbIM TPaHC-
¢dopmaropaM... 3aTeM Bce HOBble U HOBble pa3BeTBJEHHUs U OTBET-
BJIeHHs... TOKAa, HaKOHell, peKa He pacnpefesNHTCss MO BCeMY ro-
poay; OHa KpDYTHT MOTOpWI, CO3[aeT TemJo, CBeT, H3roTOBJ/AET
npubopsl. Hyno poxaeHHs ropsiyero orHs M3 XOJIOAHON BOJAB Ha
paccrosauuu 6osee 600 mMuab —wu Bce 3T0 6sarogaps ocoObiM
o6pa3oM co6paHHBIM KycOuKaM XeJje3a M Meau. Boablune Mo-
TOpPBHl A/ NMpoKaTa CTaJu M KpOolleyHble MOTOPYHKH A/1s Gopma-
wHHbl, ThicAYyM MasleHbKHX KOJIECHMKOB, KPYTALIUXcS Nopx nef-
cTBHEM GoJslioro kojeca B Boyanep Jdam. OcrtaHoBuTe Godbluoe
K0JIeCco, U BCe OCTaJ/ibHble KOJIeCHKH 3aMpYT; OFHH MOTACHYT.

Ho storo mano. Te e sB/MeHHSi, KOTOpble MOMOralOT B3fTb
rPaHAMO3HYI0O MOIlb PeKH H pacnpelequTb ee No BceH OKpyre,
NOKa B KOHIle KOHLOB HeCKOJIbKO Kamesb pekH 3aKpyTaT 6opma-
LIMHY, CHOBA MPHXOAAT HA MOMOLIb NPH CO3JAaHMH HCKJ/IOYHTE/b-
HO TOHKHMX NpHOOPOB .. AJA onpeje/eHH HeYJOBHMO cJ/1abLIX TO-
KOB... V11 nepeflayd rojsocoB, My3blKH U n300pakeHull... 419 Bbl-

48



YUCAHTENbHBIX MallKH... A aBTOMAaTHYECKHX MalIHH QaHTacTH-
4eCKOi TOYHOCTH.

Bce 370 BO3MOXHO NOTOMY, YTO TLIATEIBHO NPOAYMAHO YCTPOH-
CTBO H3 MelH M XKese3a —3(p(PeKTHBHO CO3[AaHbl MarHUTHbIE
noJisi... xeJesHble GJIOKH JuaMeTPOM B 2 MeTpa, BpallarouiHecs.
C 3a30pOM B 2 MHJ/IJIMMETPA... PACCYMTAHbl NPABH/IbHO NPONOPUHH
MelH, 4TOObl MOJYYHTb ONTHMAJbHYIO 3(P(PEeKTHBHOCTb... BHIAY-
MaHbl CTpaHHble OPMBI, KOTOPble BCe C/yXKaT CBOMM LeJsiM, Tak
Xe KaK ¢opMa NJOTHHBI.

Ecau apxeosior 6ynywero korpa-uu6yap packonaer boysaaep
IsM, OH, BepOsSITHO, BOCXHTHTC KPacoOTOM ee JHIIMA. A HCCleo-
BaTe/b — rpaXXJaHHH KaKol-TO BeJMKOH wLuBuAM3auuu bByay-
Iero, nocMOTpeB Ha reHepaTOpPbl M TPAaHCHOPMATOPHI, CKaXKeT:
«3ameTbTe, KaK KpacHsbl HOpPMbI Kaxaoil xeae3Hoi AetaJu. [lo-
AyMainTe, CKOJbKO MbIC/AH BJIOXKEHO B KaXX[Abl KycOueK MeIu».

3lecb nposiBAseTCs cOYeTaHHe MOTyLLeCTBAa TeXHHKH M TiLa-
TeJIbHOro pacueta. B renepartope ocyulecTB./sieTcsl TO, YTO HUrA€
Gosiee B npupole He BcTpeuaercs. [IpaBaa, cuibl MHAYKUHH 1O-
SIBJAIOTC M B ApPYruX caydasx. HecomHeHHo, Tle-TO BOKpYr
ConHua ¥ 3Be3f AeACTBYIOT 3pdeKThl 3/MeKTPOMArHUTHOH HHIYK-
uud. Bo3MOXHO (XOTA M He HaBepHOe), YTO MAarHUTHOE moJe
3eMaH NoOALepKHBaeTcss KaKHM-TO THTAHTCKUM aHaJoroM 3Jek-
TPHYeCKOro reHepaTtopa, Kotopbiii paboTaeT Ha TOKax, LUHPKYyJH-
pylomwux B Heapax 3eman. Ho Hurae HeT TakKoro coveTaHus ABH-
XYIIHXCA 4YacTell, KOoTopble MOraW Obl NOpPOXAaTb 3JeKTpHye-
CKYI0 SHEpPrHIO, KaK 3TO Je/laeTCcsl B reHepaTope, — HENPEPLIBHO H
OYeHb 3KOHOMHYHO.

Bbl, BO3MOXHO, QymaeTe, 4TO KOHCTPYHpPOBaHHE 3JIEKTpHYe-
CKHX TeHepaTOpPOB Yy:ke He MpeAcCTaBJIseT HHTepeca, YyTo 3TO YXkKe
MepTBas HayKa, Bellb Bce OHM [JaBHO co3faHbl. [TouTn coBeplueH-
Hble reHepaTopbl UJIM MOTODHl MOXHO B3sTb npocTo ¢ noJxu. Ho
naxe ecad Gbl 3TO Gulf0 M TaK, HYXXHO BOCXHLIATbCS YydecHOH
3aKOHYEHHOCTbIO pelneHHsi npoGaembl. OAHAKO OCTANOCh HeMaJo
H HepelleHHbIX 3ajau. M1 naxke reHepaTopbl H MOTOPbI CTAHOBSITCSH
cHoBa npo6J/ieMoii. Bo3M0XKHO, 4TO CKOpO ANA pelleHHst NpoGJemMbl
pacnpejeneHHsl 3/MeKTPAYECKOH 3HePrHH NOHAJOGHTCS HCNONb30-
BaTb BCIO 06/1aCTh HMU3KHX TemmepaTyp M CBepPXNpoBOAHHKOB. By-
LYT co3JaHbl HOBble ONTHMAaJIbHble YCTAHOBKH C y4YyeTOM pajH-
Ka/JIbHO HOBHIX (pakTopos. Bo3moxkHo, sHepreTHueckne ceTH Oy-
ayuero 6yayT MaJso NOXOXH Ha CeroAHslIHHe.

Htak, BB BHaUTE, YTO NPH H3YUEeHHH 3aKOHOB HHAYKUHH MO-
XKHO 32HATbCS GeCYHCAEHHBIM MHOXECTBOM NPHAOXEHHH H npo6-
jaeM. KoHcTpyupoBaHue 3/eKTpHYeCKMX MaluMH camo mno ceGe
MOXeT CTaThb 3ajayed Bcel XH3HH. Mbl He Oynem CJAHWKOM
yray6asaTbcsl B 3TOT BOMPOC, HO Mbl JOJ/KHBI OCO3HaTb TO, 4TO
OTKpHITHE 3aKOHA HHAYKUHH HEOXKHJAHHO CBS3a/J0 TEeOpHIo C
OrPOMHBIM YHCJ/IOM NpaKTuueckux npuMeHenni. Ob6aacTb 312 NpH-
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aAJIeXKHT HINKeHepaM H TeM y4yeHbIM NPHKJAAHOH HayKH, KOTO+
pble 3aHMUMAIOTCA AeTaJbHON pa3paboTKO pasHYHBIX NMpHIOXKeE-
Huil. Pu3HKa gaeT UM JHUIb OCHOBY — OCHOBHEIE 33KOHEI, He 3a-
BHCsUIHE OT TOro, K uyeMy oHM npuMeHsioTcs. (CosnaHue 3ToH
OCHOBbI elle NaJeKO He 3aKOHYEHO, MOTOMY YTO NMPEACTOMT elle
noapo6HO paccMOTpPeTb cBoHcTBa Kesae3a W Mead. Hemuoro
no3xe Mbl YBHAHM, 4TO (PM3HKA MOXKeT KOe-4yTO cKa3aTb M O HHX.)

CoBpeMeHHas 3/1eKTPOTeXHHKa GepeT cBOe HAYaJjo ¢ OTKPLITHI
®apanes. Becnosiesnblii HOBOPOXAEHHBII NMpeBpPaTH/ICH B uyJo-
6oraTblpsi # H3MeHHJ 06/IMK 3eMJIM TaK, KakK ero ropAblii oTel He
Mor ce6e W npeacTaBHUTh,



raaea 17

3AKOHbI MHAYKUUHU

§ 1. Pusuxa undyxyuu

B npenbiayuueii rinaBe Mbl ONHCAJTH MHOXKECTBO
AIBJIEHHH, KOTOpble MoKa3aJH, 4TO 3(p¢heKTH
HHOYKLUHH BecbMa CJOXHBI U HHTepecHbl. Ceftuac
Mbl XOTHM OOGCYAHTb OCHOBHble 33KOHbI, YNpaB-
Jalolre 3TUMH 3dPeKTaMu. Mbl yxKe onpenensi
3. 4.C. B NpoBojslled lend KakK MNOJHYIO CHJY,
NeNCTBYIOILYI0 HA 3apsfibl, NPOCYMMHPOBAHHYIO
no Bcell AJHHe Len#. BoJiee TOuHO, 3TO TaHre-
1lHa/bHAsl KOMIIOHEHTA CHJB Ha eJIMHUYHBIA 3a-
pAl, NPOHUHTErpUpPOBaHHAA NO BCeMYy NpPOBOAY
Baosb uenyu. CienoBaTenbHO, 3Ta BeJHUHHA paB-
Ha noJiHO# pa6oTe, coBepulaeMON Haja eJWHHY-
HbIM 3apsiiOM, KOrja OH OGXOOWT ONWH pa3 BoO-
KpYT LCNH.

Mbl nanu TakxKe «NpaBHIO NOTOKAa», KOTOpoe
yTBepKAaeT, YTO 3. A. C. PaBHA CKOPOCTH H3Me-
HeHHs1 MArHUTHOrO MNOTOKA CKBO3b TaKylo Lelb
npoBoaHHKOB. [laBaliTe NOCMOTpPUM, MOXeM /i
Mbl TMOHATb, moueMy 3To TakK. [lpexae Bcero
paccMOTpHM cJyuai, KOria NOTOK MeHseTCsl U3-3a
TOro, YTO lenb [ABHXETCS B MNOCTOSHHOM moJle.

Ha ¢ur. 17.1 nokasana npoctas npoBo/so4Hast
net/s, pasaMepbl KOTopo#i MOryT MeHsithesl. [letaa
COCTOHT M3 HABYX uacTeli — HenoAaBHXHo# U-06-
pasHo# yactu (@) W noABHXKHOM nepembiuku (b),
KOTOpasi MOXeT CKOJIb3HTb BAOJb ABYX nJjeu U.
Ilenp Bcermza 3aMKHyTa, HO MJoLlagb €€ MOXeT
MeHATbCA. [lpeanosoxuM, yTO MBI noMmellaeM
3Ty NeT/i0O B ONHOPOJHOe MarHUTHOe MnoJe Tak,
yTo nsaockoctb U okasbiBaeTcsi neprneHHKYJIsip-
Ho# nouato. CorsmacHo npaBuay, NPH IBHXKEHHH
nepeMblYkH B MneT/e OOJJKHAa BO3HHKaTb 3. J.C.,
NpONOpPUHOHANAbHAS CKOPOCTH H3MeHEeHHs NOTOKa
CKBO3b MNeT 0. JTa 3.4.c. OyaeT NOpPOXKAaTh
B ner/le TOK. Mbl NpeAMoJIOKUM, YTO CONpPOTHB-
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bue. 17.1. B pamxe nagodurca 3 0. c., ecau no-
TOK MEHAETCA 3a C4eT U3MeHeHUA NA0uQalU Pamru
npu nepemewenuu nepemoiixu b,

JleHHe MPOBOJIOKH JOCTaTOYHO BEJHKO, TaK uTO TOKH MaJbl. Toraa
MarHUTHBHIM 10JIEM OT 3TOr0 TOKA MOXHO npeHeOpeub.

[ToTok uepe3 netso paseH wLB, mo3TOMy «NpaBH/IO NOTOKa»

nano 6bl 0Js 3. 4.c. (ee 0603HauuM uepes &)
&=—wBL — _ uwBo
dt ’

rfle v — CKOPOCTb CMellleHUs1 NepeMbIUKH.

Hawm cneposanio 651 noHuMaTb 3TOT pe3yabTaT H C JApyroi
TOYKH 3peHHd, OTNPaBJfAACh OT MarHuTHoO# cuanl vXB, neiicTyto-
el Ha 3apsiAbl B IBHXKYluelics nepeknaauHe. STH 3apsaabl 6yayT
YYBCTBOBATb CHJIY, KacaTe/JbHyl0 K NPOBOJIOKe H paBHyl0 vB nad
eauHUYHOro 3apsaaa. OHa MocTOsIHHA BAOJb J/IHHBl W NepeMbluKU
H paBHa HYJIO B OCTa/JbHBIX MecTax, NMO3TOMY HHTerpaJj paseH

& = — wuB,

4YTO B TOYHOCTH COBNajaeT ¢ pe3y/bTaTtoOM, NOJYYEHHBIM M3 CKO-
pPOCTH H3MeHeHHsl NMOTOKA.

IMpuBeneHHOE N0Ka3aTeNbCTBO MOXKHO PACNPOCTPAHHTD Ha JI0-
6oit cayuali, KOrla MarHUTHOe MnoJe MOCTOSIHHO W npoBoja HABH-
XKyTtca. MoxHo B obuieM BHAe A0Ka3aTb, uTo A J106o# Ienw,
4acTH KOTOpOH ABHXYTCS B NOCTOSIHHOM MarHHUTHOM moJe, 3. 1. C.
paBHa NpPOM3BCJHOI NOTOKA MO BPeMEHH He3aBHCHUMO OT (popMbl
uenu.

Hy a uto npousoiiner, ecnn netsis G6yneT HeNoABHXKHA, a Mar-
HHTHOe noJie u3meHuTca? Ha 3ToT Bonpoc MBI He MOXEeM OTBETHTb
¢ nomouibio Tex xe aprymeHtoB. Papamell oTkpbla (NOCTaBHB
CNBIT), YTO «IIPABH/IO NOTOKAa» OCTAeTCs CnpaBelJHBLIM He3aBH-
CHiMO OT TOro, NOoYyeMy MeHseTCs NOTOK.

Cuna, peificTBylolmas Ha 3JeKTpHYECKHe 3apaabl, B oblieMm
cayuae paetcsi dpopmyaoit F = g(E 4 v)XB); HOBBIX 0COOBIX «CHJI
3a CuYeT HM3MeHeHHs MAarHUTHOTO MoJsfi» He cyulecTByeT, JI0Gble
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CHABl, NeACTBYIOIHE Ha MOKOALHecs 3apAAbl B HENMOABHXHOH
npoBoJioke, Bo3HHKaloT 3a cuetr E. HaGnwonenuss ®apapes npu-
BeJH K OTKDHITHIO HOBOTO 3aKOHa O CBfI3M 3JEKTPHYECKQro H
MarHHTHOrO NoJieii: B 06J1acTH, Ileé MAarHHTHOe MOJie MeHAEeTCs COo
BpeMeHeM, reHepHPVIOTCs 3JeKTpuyeckue nojs. IMeHHO 3To 3J1€eK-
TPHYECKOe NnoJjie H TOHUT 3JIeKTPOHbl 1O NMPOBOJIOKe, U, TAKHUM 06-
pasoM, OHO-TO M OTBETCTBEHHO 33 NOSIBJEeHHe 3. 1. C. B HEeNOABHX-
HO# LlenH, Korja MarHUTHbIH NOTOK H3MEeHseTCs.

OOCuwuit 3aKOH AN 3/EKTPHYECKOTrO NoJs, CB3aHHOTO ¢ H3Me-
HAIOIHUMCS MarHUTHBIM MoJieM, TaKoi:

VXE=—2. (17.1)

Mp HasoBem ero 3akonom ®apanes. On 6ol OTKpHT Papaneem,
HO BrnepBhle B Auddepenunansuoi popme 3anucan Makcsesiom
B KayecTBe OJHOrO H3 ero ypaBHeHHiH. [laBaiiTe MOCMOTPHM, Kak
M3 3TOr0 ypaBHEHHsl NOJAYYaeTcsl «NpaBH/IO NMOTOKa» AJsl Lenei.

Hcnoabsys teopemy CToKca, 3TOT 3aKOH MOXHO 3anucatb B
HHTerpaJ/bHOH (opme

@E-ds=8(vxs)-nda=—S"a—':-nda, (17.2)
r S N

rae, kKak o6biuHo, I' — nponssosnbHasi 3aMKHyTast KpuBas, a S —
JM106asi NOBEPXHOCTb, OrPaHHYeHHast 3TOH KpuBOH. BcnoMHuM, uTO
3necb I'—3to maremaTHyeckas KpuBas, 3adHKCHpPOBaHHas B Npo-
CTpaHcTBe, a S — puKCHPOBaHHAaA NOBepXHOCTb. Toraa mnpous-
BOJHYIO MO BPEMEHH MOXHO BbIHECTH 33 3HaK HHTerpaJa:

@E-ds=—a—6,SB-nda
T $

=—0_0t (notok uepes S). (17.3)
[lpumensas 370 cooTHowedHe K KpuBoi I, KoTopas HAaeT Bro/b
HenodeuMHOU uenu NPOBOAHHUKOB, Mbl MOJyyaeM CHOBA «NPaBHJO
noroka». MHterpan cneBa —3To 3. A.C., @ B NpaBOH 4acTH C 06-
paTHbIM 3HAaKOM CTOHUT CKOPOCTb M3MEHEeHHs MOTOKa, NPOXOASALLEro
BHYTPH KoHTypa. Mtak, cootHouwenne (17.1), npuMeHeHHOE K He-
NOABHXXHOMY KOHTYPY, 3KBHBAJIEHTHO «NPaBU/IYy NOTOKa».

Takum o06pasom, «<npaBHJIO NOTOKA», COTIaCHO KOTOPOMY 3. A. C.
B KOHType PaBHa B3fTOH ¢ 0O6paTHbLIM 3HAKOM CKODOCTH, C KOTO-
poil MeHsileTCsi MarHMTHBIH NMOTOK 4Yepe3 KOHTYp, MPHMEHHMO, KO-
ria NoTOK MeHseTC 3a CueT M3MeHeHHA MOoJs HJM Koraa JBu-
XKeTcsl KOHTYp (MM Korja MpOMCXOAMT H TO, M Apyroe). [se
BO3MOXKHOCTH — «KOHTYP [BHXETCH» HJH <«IOJle MeHAeTcs» —
HepasauunMb B (opmy/auposke npasuna. Tem He MeHee Ans
O00bSICHEHHs1 MpaBW/aa B 3THX ABYX CAyuyasx Mbl NOJb30BaJHCh
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JIByMfl COBEplIEHHO pasHbiMu 3akonaMu: v X B mns «aBuxylle-
roca KoHtypa» u VX E = —0B/0t maa «MeHswowWerocs nojs».

Mbl He 3HaeM B ¢H3UKe HH OJHOrO APYrOro Takoro npuMepa,
Koraa Obl MPOCTOH M TOYHbIH OOLLMHA 3aKOH Tpe6oBas IJs1 CBOEro
HacTofLlero MOHHMAaHHUA aHa/M3a B TePMHHAX 08YX pasHolXx A3-
s2enuti. OGBIYHO CTObL KpacHBoe 06o6lLeHHe OKa3bipaeTcs HCXO-
JSAUMM M3 eQHHOro ray6oKoro OCHOBOMOJAraloulero MpHHUKNA,
Ho B 3ToM cayyae kakoro-nu60 0co60 ray6OKOro npuHUHNa He
BHAHO. Mpl JO/KHB BOCNPHHHMATb «NPaBHAO» KaK COBMECTHbIH
3¢ ¢eKT ABYX COBepLIEHHO Pa3/IHYHbIX SBJEHHH.

Ha «npaBusio motoka» Mbl HOJMKHBI NOCMOTPETb CJACAYIOUIHM
o6pasom. Boo6ue roBopsi, cuila Ha eXMHHYHBIH 3apsil paBHA
F/g = E + v X B. B gBHXyluxcs npoBOAHMKAX CHla BO3HHKaeT
3a cuet v. Kpome rtoro, Bosuukaer nose E, ecau rape-nu6o Me-
HseTc MarHuTHoe noJje. dTH 3¢deKThl He3aBHCHMbI, HO 3. A.C.
BOKPYF NMpPOBOJIOYHOH MeT/JH BCerja pasHa CKOPOCTH H3MeHEHHs
MAarHHTHOTO NMOTOKAa CKBO3b METJIO.

§ 2. Hckaovernuna us «npasuasa noroxa»

3aecb Mbl MpUBeeM HECKOJbKO MPUMEPOB, YAaCTHYHO H3BeCT-
HbIX Papapelo, KOTOpble NOKA3bIBAIOT, KAK BaXKHO SICHO MOHHMATb
pasHuuy Mexay OByMsi 3ddeKTaMu, OTBETCTBEHHbIMH 32 BO3HHK-
HOBeHHe HaBeJeHHOH 3.p4.c. Hawm npumepsl BK/IIOYAOT Te Cay-
YyaH, KOrla «NpaBU/IO NMOTOKa» HENpPUMEHHUMO aubO MOTOMY, YTO
Boo6lUle HUKAaKHX NPOBOJOB HeT, JIHGO MOTOMY, 4TO nyTs, H36H-
paemblii HHAYUHUPOBAHHbBIMH TOKaMH, NPOXOAMT BHYTpPH oObeMma
NpOBOJHHKA.

BHauaJse cienaem BaxHOe 3aMeyaHHe: Ta 4acTb 3. A.C., KOTO-
pasi Bo3HMKaeT 3a cueT nona E, He cBsi3aHa C cylLleCcTBOBaHHEM
¢ u3uyeckoil npoBosiokH (B oTaHuMe oT yactH v X B). [lone E
MOXeT CYLIeCTBOBAaTb B NMYCTOM MPOCTPAHCTBE, U KOHTYDHbIH HH-

Maenum

Medusiii duck 0

Tansearomemp

Due 17.2. Npu epawyenun Aducka carazaemoe vXB nopo«
acdaer 3. 3. ¢., HO NOTOK CKBO36 4enb He MEHASTCA.
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MedHble naacmuHKL,

bue 17.3. Mpu nogopore fnaa-
CTUHOK 8 OGHODOOHOM MC2HUT-
HOM NO0Ae NOTOK MOJCEeT CUAbHO
MEHATHCA, HO 3, 0. C. He 80sHLL~
Kaer.

[anvaarnomemp

TerpaJ oT Hero no /060l BooGparkaeMOH JIHHHH B NPOCTPAHCTBE
eCcTb CKOPOCTb H3MeHeHHs noroka B uepe3 aTy sunuo. (3aMeTb-
Te, YTO ITO cOBCeM Hefoxo)Ke Ha mose E, co3fllaBaemoe cTaTHye-
CKMMH 3apsaflaMH, TaK KaK B 3JeKTPOCTaTHKe KOHTYPHbIH HHTe-
rpan ot E no 3aMkHyToll NeTJse Bceria paBeH HYJI0.)

Tenepb onuweM caydaii, Korga NOTOK 4Yepe3 KOHTYD He
MeHsieTcs, a 3.1.C. TeM He MeHee cywectByeT. Ha dur. 17.2 no-
Ka3aH NpOBOAAILMI JHCK, MOMEILEeHHbIH B MArHHUTHOe NOJie H KO-
TOPBIA MOXeT BpallaTbCs HAa HeNOABMXKHOH ocH. ONHH KOHTakKT
npuAeaaH K OCH, a ApYyroil Tpetcs o BHeuUlHHH kpai Aucka llenb
3aMblKaercsi yepe3 rajbBaHoMerp. Koraa auck Bpainaercs, «KOH-
TYyp» (B CMbIC/Ie MecTa B NPOCTPaHCTBe, e TEKYT TOKH) BCerfa
ocTaeTcs TeM XKe cambiM. Ho yacTb «KOHTypa» npoxoaHT B IHCKE,
B JBHXYUleMCsl MaTepHaJje. XOTA NMOTOK MO KOHTYPy NOCTOSIHEH,
3.l.C. BCe Xe eCTb, B 3TOM MOXHO YO6eIHTbCA MO OTKJOHEeHHIO
ranbBaHoMeTpa. $IcHO, YTO 3Jechb nepen HaMM cayuail, Korja 3a
cueT cuabl v X B B ABHXylleMcs AHCKe BO3HHKaeT 3. A.C., KOTO-
pasi He MOXeT OblTb paBHa H3MEHEHHIO NMOTOKaA.

B kauectBe oGpaTHOro mpumepa Mbl cefiyac paccCMOTPHM He-
CKOJIbKO HeOOBIYHBIH cayuail, KOrfla MOTOK Yepe3 «KOHTYp» (CHOBa
B CMblc/le TOTO MecTa, re TeKyT TOKH) H3MeHseTcs, a 3. 1.C.
orcyrcreyer. IlpelctaBum cebe ABe MeTaJJHYecKHe MNJIACTHHBI
€O CJIerKa M30THYTBIMH KpasiMH (¢ur. 17.3), noMellleHHbIe B OJHO-
pOMHOe MarHUTHOE MoJle, neprneHAHKyAspHOe HX MaockocTH. Kax-
Jlafg nJacTHHa NpPHCOeJHMHEHa K OJHOMY H3 MOJIOCOB TaJjlbBaHO-
MeTpa, KaK nokasaHo Ha ¢urype. [lnacTHHbl .06pa3yioT KOHTAKT
B ONHOH Touke P, Tak uro uenb 3amkHyTa. Eciu Tenepb nosep-
HYTb NJIaCTHHbLI HA HeOOJbIIOR yroJ, TOYKa KOHTAaKTa CABHHETCH
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B P’. Ecau Mbl BOOGPA3uM, YTO «llemb» 3aMKHyTa BHYTPH NJIACTHH
No NYHKTHPHOM JIMHHH, TO NO Mepe NMOBOPOTa NANACTHHBI B3al U
Brepell MarHUTHHIH NOTOK Yepe3 3TOT KOHTYp H3MeHseTcs Ha
GoJibuiyto BesinuuHy. Ho noBopoT MoXKeT npoM30ATH OT He3HauH-
TeJbHOro ABHXeHHs, Toraa v X B oueHb Mano u 3 A. C. NpPaKTH-
4eCKH oTCyTCTBYeT. B 3TOM ciiyuae «npaBuso noToka» 6ecCH/IbHO.
Ouno cnpaBemiuBO JMWb A4S KOHTYPOB, MATepuas KOTOPHIX
ocTaercs HeuaMeHHbIM. Korga Matepuasn KOHTypa MeHsieTCs, NpH-
XoAuTCcA o6pallaTbcss CHOBA K OCHOBHBIM 3aKoHaM. [Ipaeuavhoz
¢Hu3nyeckoe colepxaHHe Bcerha NaeTcsd IBYyMS OCHOBHbBIMH 3a-
KOHaMH:

V><E=—%.

§ 3. Yckopenue wacruyor e undyyuposarron
a.aeKTpuseckom noae; GeTarpou

Mbl yXe roBOpuJH, 4TO 3.A.C., CO3[aHHAs H3MEHSIOLHUMCS
MAarHUTHBIM 1OJIEM, MOXET CYIIeCTBOBaTb Aaxe B OTCYTCTBHE
NPOBOAHHMKOB; T. €. MarHHTHas HHAYKUHUS BO3MOXXHa 6e3 npoBo-
10B. Mbl MoxeM npeAacTaBUTh ce6e 3. 4. C. BAOJb NPOHU3BOJBHOM
MareMaTHYecKo#l KpuBoi B npoctpaHctBe. OHa onpefensieTcs Kak
TaHreHuuansbHasi KomnoHeHta E, npouHtrerpupoBaHHas BJIOJb
KpuBoii. 3akoH Papanes rjaacuT, YTo 3TOT KOHTYPHBIH HHTerpal
paBeH CKOPOCTH H3MeHeHHs MAarHHTHOro NOTOKa uepe3 3aMKHY-
TYI0 KpUBYIO [cooTHowenue (17.3)].

KayecTBe mNpHMepa OeHCTBHS TaKOro HHAYLHPOBAHHOrO
3JIeKTPHYECKOro noJiss Mbl ceHyac pacCMOTPHM J[BHIKEHHe 3JeK-
TPOHA B H3MeHsloUleMCsi MarHuTHoM nose. IlpeacraBum ceGe
MarHuTHOe noJsie, KOTOPOe BCIOAY Ha NJOCKOCTH HamnpaBjeHO 1o
BepTHKaau (¢ur. 17.4). MaruutHoe noJie Co3faeTcsi 3JeKTpomar-
HHTOM, HO JeTaJ/li Hac 3JeCb MHTepecoBaTb He 6GyayT. B Hawem

VR
TITTT

Bud choxy

Bud ceepxy

DPue, 174 I1eKTpon YckopAeTca 8 AKCUANbHO-CUMMET PULHOM
MA2HUTHOM NOAe, 308UCANEM OT 8peMEHL.
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npuMepe Mbl NMpeAanoJioXHM, YTO MArHUTHOe moJse CHMMEeTPHYHO
OTHOCHTE/NIbHO HEKOH OCH, T. €. HanpsXKeHHOCTb MATHHTHOrO NoJs
3aBHCHT TOJIbKO OT pacCTOSAHHUA 0O OcH. MarHutHoe mnoJje Me-
HseTcs TakXe co BpeMmeHeM. [IpelcTaBuM Temepb, YTO 3JMEKTPOH
B 3TOM noJie ABHXeTCA MO KPYroBOH TPaeKTOPHUH MOCTOSHHOILO
paaHyca ¢ ueHTpoM Ha ocu noas. ([losxe mMbl YBHAHM, KaK MoO-
HHO CO31aTb TaKoe JBH)KeHHe.) MeHslollleecs MarHuTHoe moJie
cosjlaet anekTpuuecKoe noJe E, kacartenbHoe kK OpOHTE 3/1€KTPO-
Ha, KoTopoe GyleT ABHraTh ero no OKpyXHocTH. Beaencrsue cum-
METDHH 3TO 3JEeKTPHUecKOoe noJe BCOAY Ha OXPYXHOCTH NpPHHH-
MaeT OJHY M Ty e BeauuuHy. Ecau op6ura 3/1eKTpoHa HMeeT
paanyc r, To KOHTYDHHIH uHTerpan or E no opbure paBeH cko-
POCTH H3MeHEeHH MAarHMTHOrO NOTOKa yepe3 OKPYXXHOCTb. Kow-
TypHbIlt uHTerpan ot E paBen mpocto Benuunne E, yMHOXeHHOH
Ha JUIMHY OKPYXHOCTH 2mr, MarHuTHbl NOTOK, BooOlle roBops,
naetcs1 HHTerpaaoM. O603HauuM yepe3 B¢, — cpellHee MarHUTHOE
nojie BHYTPH OKPYXKHOCTH; TOrla NOTOK paBeH 3TOMY CpelHeMYy
MarHMTHOMY NOJIIO, YMHOXEHHOMY Ha mJowaip kpyra. Msl no-
JyuHM (OTBJIeKasicb OT 3HaKa)

d
2nrE=— (Bepmr?).

[Tocko/abKY MBI Npeano/IoKHU/IH, YTO r— BeJHYHHA MNOCTOAH-
Has, To E nponopuuoHaabHO nNpoM3BOAHOH No BpeMeHH OT cpea-
Hero noss:

r dBep
= — 17.4
T~ (17.4)
DnekTpoH Gyner yyBCTBOBaTb 3jeKTpuueckylo cuay gE u Oyner
el yckopaTbcsi. [TOMHSI, 4TO Ha OCHOBaHHH TOYHOrO PeJsiTHBH-
CTCKOrO YpaBHeHHs [BHXEHHSI CKOPOCTb H3MeHEeHHs HMNYJbCa
NpONOplHOHA/NbHA CHJE, HMEEM

_dp
gE="2P (17.5)

Ilns npuHsiTON HaMH KPyrosoil OPGHTHI 3/MeKTpHuecKas cuaa,
NelcTBYIOAs Ha 3/JeKTPOH, Bcerja HampasJ/eHa NO JIBHXEHKIO,
NO3TOMY NOJIHBIH UMNyJbc GYAET PacTH CO CKOPOCTbIO, JaBaeMOH
paserctBoM (17.5). KomGuuupysa (17.5) u (17.4), MOXHO cBsi-
3aTb CKOPOCTb H3MEHEHHsl HMNy/abca C H3MeHeHHeM CpeJHero

MArHUTHOrO noJis:
dp gr dB¢p

4 =77 —ar - (17.6)

Huterpupys no {, nosyuaeMm cjielylouiee BbipaXXeHHe /s HM-
nyJbca 3/eKTPOoHa:

p=Po+ S-0B.,, (17.7)
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TA€ po— KMNYJbC, € KOTOPBLIM 3J1eKTPOH HauyHHaeT [BHrarbcs,
a ABc¢p — nocaenywouee wnaMmeHeHne Bcp. PaGora 6erarpona —
MalHMHbl, ycKopswoulel 3/7eKTPOHbl A0 OO/bIUMX 3HEepPruf, OCHO<
BaHa HMEHHO 11a 3TOH uiee.

Yro6bl noHsTb, Kak paboTaeT 6eTaTpoH, HeOOGXOAMMO npend-
CTaB/ATb ce6e NPUHUKUN ABHXKEHUS 3/€KTPOHA NO OKPYKHOCTH.
B ra. 11 (Bbin. 1) mbl yke o6cyxaaan 3ToT npuuuun. Ecan Ha
op6uTe 3JeKTpoHa CO3AaTb MarHUTHOe noJie B, BO3AMKHeT none-
peuHas cuia gv X B, xoTopas npu coorseTcTByoueM BbiGope B
MOXKeT 3aCTaBUTb 3JeKTPOH [ABUraTbCsi MO NPeAnoJoXKeHHOH
op6ute B GeraTpoHe 3Ta nonepeuHasi CWJia Bbi3blBaeT [ABUXKEHHe
3JIeKTPOHA N0 KPyrosoil op6uTe NOCTOSHHOrO paauyca. Mpr Mo-
K€M onpeaeauTb, KakHM AOMKHO GbITb MarHUTHOE NoJle Ha opbure,
ONATb C NOMOLLBIO PeJIITHBUCTCKOrO YpaBHeHHs ABHXKeHHs, HO Ha
3TOT pa3 A/s nonepeyHoll KOMMNOHeHTbl cuabl B Gertatpone (cM.
¢ur. 17.4) none B nepneHauky/nsipHO Vv, NO3TOMYy mnonepeyHas
cuna pasHa quB. Takum oGpasom, cuja paBHa CKOpPOCTH H3Me-
HEeHHs] NONepeyHON KOMMNOHEHTb MMNYyJbca pi:

dp,

Korma wactuua OBHKETCS NO OKPYXHOCTU, CKOPOCTb H3MEHEHHs
NonepeyHoro MWMNyJ/bca pPaBHA BeJUYMHE TMOJIHOTO HMIyJbca,
YMHOXEHHOH Ha @ — YIVIOBYIO CKOPOCTb BpalleHus (coraacHo
aprymeHTaM, npusefeHHbiM B i, 11, Buin. 1):

dp,

T = (Op’ (17.9)
rjie, NOCKO/AbKY ABHXElIne KPYrosoe,
0=, (17.10)

r

IMosarasn MarHuTHy1 CcuJly paBHOH nonepeyHoMY YCKOPEHHIO,
MMeeM

quBops=p —» (17.11)

rae Bops — noJsie npu paanyce, paBHOM r.

B npuBenedHom B gefictBue GeTaTpoHe MMNy/abC 3JEKTPOHA,
cornacHO BeipaxkeHuio (17.7), pacrter nponopuuoHaabHo Bep, H,
4yToObl 3/IEKTPOH NPOMAOJINKAJM LBHTraTbCs No COOCTBEHHON OKpYyX-
HocTH, paBeHcTBO (17.11) HOMXKHO no-npeXxHeMY BBINOJMHATbCSA
BMeCTe C DOCTOM HMNyJabca 3JeKTpoHa. BeanunHa Bops DOMXKHA
pacTu nponopuHoHaJbHO uMnyiabcy p. CpaBHuBasa (17.11) c
(17.7), onpenensiiowiuM p, Mbl BMAHM, YTO NAOJIKHO BbINOJHATHCS
cleflylollee COOTHOLIeHHe Mexay Bep— CpeaiHHM MarHMTHLIM no-
JeM 8HYTpu OpPOHTbI paguyca r ¥ MarHuTHbiM noJeM Bops Ha

opoure: ABop = 20Boys (17.12)
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[na npaBuabroil paGoThl GeTaTpoHa HyXHO, 4TOObI CpenHee
MarHUTHOE noJie BHYTPH OpOUTH pPoc/o B JBa pa3a ObicTpee Mar-
HHTHOrO noJiss Ha camoil opbute. [Ipy 3THX yC/IOBHSX C POCTOM
3HepruH YacCTHLBI, yBeJHYHBaIOlLle#icsa-3a cueT MHAYUHPOBAHHOTO
3JIEKTPHYECKOrO noJisi, MarHuTHoe noJie Ha opbuTe pacTeT Kak
pa3s co CKOPOCTbIO, HYXHOH N/15 yAepXKaHHUs YacTHIBI HAa OKPYX-
HOCTH.

Beratpon ncnosb3yetcs /st pa3roHa 3/JeKTPOHOB [0 3HEPTHH
B IeCATKH WJIH [axKe B COTHH MHJJIHOHOB 3/1eKTPOHBOJbT. OnHaKo
no psALy NPHYMH A/ YCKOPEHHs 3JEKTPOHOB 10 3HEPrHH, MHOro
6O/MbLINX HECKOMbKHX COT MHJIJIHOHOB 3JIEKTPOHBOJBLT, 3Ta Ma-
IIHHA CTAHOBUTCA HeBHIrogHOH. OpHa W3 3TuX NPHYHH — TPYI-
HOCTb JOCTHXEHHSl HAa npakKTHKe TpebGyeMoOii BBLICOKOH BeJHYHHLI
CpeliHero MAarHWTHOTrO NoJist BHYTpU opOuTLI, a BTOpasi — Hecnpa-
BeAJHBOCTb Gopmyabl (17.6) ans oueHb GOJbIIHX 3HEpPruH, Tak
KaK B HeHl He yuyuTbiBaeTCsl NOTepA 3HEPrHM dYacTHleH 3a cuer
H3Jy4eHH sl 3/JIeXTPOMAarHUTHOM SHEepPrun (TaKk Ha3blBaeMoe CHIXPO-
TPOHHOe u3JayyeHue, cM. ra. 34, Buin. 3). Ilo 3TuM npuunHam
YCKOpeHHe 3/1eKTPOHOB 10 CaMbiX GOJbLIMX 3HEPruil — A0 MHOTHX
MHJJIMAPAOB  3JIeKTPOHBOJBT — COBEpILAEeTCs MNOCPEACTBOM Ma-
IIWHBI APYrOro poaa, Ha3blBAEMON CUHXPOTPOHOM.

§ 4. Hapadoxc

Tenepb mbl xoTenn 6bl npeAIOXKHTb BaM HeKHH KaXyILIHHCA
napagokc. [lapagokc Bo3HHKaeT Torja, Korga npu OAHOM Cno-
cobe paccyAfeHHH MOoJydaeTcss OAMH OTBET, a NPH APYroM Ccno-
cobe — cOBCEM [pYroi, TaKk YTO Mbl OCTaeMcCsl B HEBELEHHH, YTO
’ke cOOCTBEHHO JO/IXKHO ObIThb HAa caMoM jene. Pasymeercs, B du-
3UKe HHUKOrga He ObIBaeT HACTOSIUIMX NapafoOKCOB, MOTOMY YTO
CyllecTBYeT TOJbKO OJMH NPaBHJbHBIH OTBET, nO KpalHH H Mmepe
Mbl BEDHM, 4TO NPHPOAA NOCTYyNnaeT TOJbKO €IHHCTBEHHBIM CNOCO-
60M (M HMEHHO 3TOT cnocob, KOHeuHo, npasusvHould). [loaToMy
B (H3HKe mapajgoKc — BCero JIMIIb NyTaHHUA B HalleM COOCTBEH -
HOM noHuMaHuH. MTak, BOT Haw napamnokc.

[MpeacraBuMm, uTOo MBI KOHCTpyHpyeM npubop (dur. 17.5),
B KOTODOM HMeeTcsl TOHKHMH KPYIJIbIH NJacTMacCOBbIH AHCK, YK-
penJieHHbI KOHLEHTPUUECKH Ha OCH C XOPOLUHMMH MOJAIIMNHUKAMH,
Tak YyTO OH COBeplLIeHHO cBo6OAHO Bpaulaetca. Ha aucke umeercs
KaTylka M3 NPOBOJNOKH — KOPOTKHH COJIEHOWA, KOHUEHTPHUYHBIN
NO OTHOWIEHHIO K OCH BpallleHHus. Uepe3 3TOT co/MeHOHA NPOXOIHT
nocTOosiHHbIH TOK / OT MaseHbKOH OaTapeH, Takxe YKpenJeHHOH
Ha aucke. BO6/aH3M Kpasi AHMCKA NO OKPYXKHOCTH Ha paBliOM pac-
CTOSIHUH pa3MelleHbl MaJieHbKHe MeTaJlJiMyecKHe LIapHKH, H30JIH-
poBaHHbBIe IPYr OT ApPYyra M OT COJICHOMAAa NJacTMaccOBbLIM Ma-
Tepua/joM AuckKa. KaxXaulii u3 3THX NpOBOASILIMX LIAPHKOB 3aps-
JKeH ONMHAKOBBIM 3apsinoM Q. Bcs KapTHHa CTauHOHapHa, H

69



3apantenHvie
memannudecicue
wapuicu

Kamywira Duea 17.5. Hosepnerca au duck,
u3 nposornoxi ecau tok I npexparurca?

lnacmmaccossid
ucK

AHCK HenojasMkeH. [1pefnosioxuM, 9To CAy4yalHHO, a MOXET U Ha-
MepeHHO, TOK B COJIeHOHMJe NpeKpaTuJcsi, HO, pasymeercs, 6e3
Kakoro-nmu6o BMellaTesnbcTBa H3BHe. [loka uepe3 cosieHoua Lie
TOK, 6o/iee MM MeHee NapaJJes]bHO OCH AHMCKAa NMPOXOAMJ Mar-
HUTHBIA noTok. [loc/ie Toro Kak TOK npepBaJcsi, IOTOK 3TOT AOJ-
)KeH YMeHbWHTbCA A0 Hyas. [To3ToMy DO/MXKHO BO3HMKATb HHOY-
LHpOBAaHHOE 3/JeKTpUYecKoe mnoJse, KoTopoe OyaeT LHUPKYJUPOBATH
N0 OKPYXXHOCTSIM C LEHTPOM Ha OCH AHcka. 3apsiKeHHble WapH-
KH Ha nepudepHu aucka 6yayT BCe UCNbITbIBATb [eHCTBHE 3JIEKT-
pHYeCKoro noJisi, KacaTeJbHOTO K BHELIHEH OKPYXKHOCTH AHCKA.
ATa 3jIeKTpUYecKasi CuJa HanpasJ/ieHa MJsi BCeX 3apsifioB OOH-
HaKOBO H, cJefoBaTe/bHO, Bbi30BET y NHCKA BpPaLlaOLIWK MO-
MeHT. U3 3TuXx coob6pakeHHii MOXHO OXKHAAaTb, 4YTO, KOrga TOK
B COJIEHOMJE HCYe3HeT, NMCK HauHeT Bpawatbcs. Ecian Ham u3-
BeCTHbl MOMEHT HHEepLHH AHCKa, TOK B COJIeHOHWJe M 3apsan la-
PHKOB, TO MOXXHO BbIYHCJ/IMTb Pe3yJbTHPYIOILYIO YT JIOBYIO CKOPOCTb.

Ho MoxHO paccyxnaTb u no-apyromy. Mcnosnb3ys 3akoH co-
XpaHeHHs] MOMEHTa KOJIMYeCcTBa [BHXKeHHsl, Mbl MOrJaM Obl CKa-
3aTb, YTO MOMEHT [HCKa CO BCE€MH ero npuUcTpoHKaMH BHauaJe
paBeH HYJ/I0, NO3TOMY MOMEHT BCeH CHCTeMbl JOJIXKEH OCTaBaTbCs
HyJeBblM. Hukaxoro BpalleHWsi mpH OCTaHOBKe TOKa ObiTb He
nosmxHo. Kakoe u3 pgokasatenbcTs npasuabHo? [loBepHeTca Ju
IUCK wad HeT? Mbl npeanaraeM BaM MoAymaTb Hang 3THM Bol-
pocom.

XoTtesoch Gbl mpefoOCTepeyb BAC, YTO NPABUIbLHBIN OTBET He 3a-
BHCHT OT BCAKHMX HECYLIeCTBEHHbIX (aKTOPOB, TaKHX, KaK HeCHM-
MEeTpPHYHOe NoJioXKeHHe OaTapeH, Hanpumep. B camom pnene, Bbl
MOXKeTe NpeACTaBUTb cebe, CKa)eM, TAaKOH HIeanbHbIH clyyai:
COJIEHOHA CHeNaH H3 CBEpPXNpoBoAslled MPOBOJIOKH, Yepe3 KOTo-
pylo npoxoaut ToK. Iloc/ie Toro Kak AMCK TILATEJNbHO YCTaHOBJIEH
HENnoOABHXXHbIM, TeMNepaTypy COJIEHOHMAA MeAJeHHO HAaYHHAIoT
nosblwath, Korga reMnepaTypa nposoaOKM HOCTHTHET nepexop-
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HOTO 3HayeHHsl MeXJy CBEpPXINPOBOAHMOCTBIO M HOPMaJbHOH npo-
BOJAMMOCTbIO, TOK B COJIeHOHAe OOGpaTHUTCA B HYyJb BC/eLCTBHE
CONpOTHBJIEHHS NPOBOJIOKU. [IOTOK, Kak M paHblue, ynager Ao
HYJlsl U BOKPYr OCH BO3HHKHET 3JIeKTpHyeckoe noJe. Mbl XoTeau
6bl Takxe NpenocTepeyb Bac, YTO pelleHHe He NPOCTOE, HO 3TO H
He o6MaH. Korna Bbl pasGeperech B 3TOM, Bbl OGHapy>KHUTe Bax-
HbIH 3aKOH 3/IeKTPOMarHeTH3Ma.

§ 5. I'eneparop nepemenitczo torca

B ocraBuwefica yacTH 3TO raaBbl Mbl NMPUMEHUM NPHHUHIBL,
H3JloXKeHHble B § 1 1/151 aHanu3a pana siB/eHHi, 06CyX AaBilUXCA
B ria. 16. CHayasa MbBl paccMOTpUM noApoOGHO reHepatop nepe-
MeHHoOro Toka. Takoil reHepatrop B OCHOBHOM COCTOHMT M3 NpOBO-
JIOYHOH KaTYWKH, Bpallawmouleiics B 01HOPOAHOM MaTrHHUTHOM noJe.
Tor ke cambiit pe3yabTaT MOXeT GbITb NOCTHFHYT C MOMOLLbIO
HEMOABHXHOH KaTyWKH B MarHUTHOM noJe, HanpaBbJeHHe KOTO-
poro BpaillaeTcsi o cnocoby, onucaHHOMY B NpeAbIAYLleH raabe.
Mol paccMoTpuM auwb nepBblil caywail. Ilycte uMeercs Kpyraas
KaTyllKa M3 NPOBOJIOKH, KOTOPasi MOXeT BpallaThCs BOKPYT OCH,
npoxoAsulei BAOJb ORHOrO M3 ee auameTpoB. M nycth 3Ta Ka-
TyllKa MNOMellleHa B MAarHUTHOe noJie, nepneHAHMKY/AsipHOE OCH
BpaueHus (¢ur. 17.6). [IpencraBum cebe, uto 06a KoHua KaTyll-
KH BblBelleHbl Ha BHEIIHIOW Lenb C MOMOWbIO KaKuX-HHOYIb
CKO/Ib3SILHX KOHTaKTOB.

Bnaronaps BpallleHHIO KaTYWKH MarHUTHbIH NMOTOK yepe3 Hee
Oyner MeHsatbcs. [TosaToMy B uend KaTyWKH nOsSIBATCA 3. [.C.
[Tyctb S —naomwane KaTyuwiku, a 6 — yroa Mexay MarHHTHBIM
noJieM W HOpPMaJblo K NJOoCKOCTH KaTyuwkH *, Toraa notok yepes

KaTyIUKy paBeH
BS cos 6, (17.13)

Ecan kaTywka Bpauiaercs ¢ nOCTOAHHOH YIJIOBOH CKOPOCTBIO
©, TO O MeHsieTcsi co BpeMeHeM Kak wf. Torpa 3.n1.c. & B Ka-
TYllKe paBHa

E=— dit (notox) = —7;17(33 cos o),

HJIH
& = BSw sin of. (17.14)

Ecau mbl BbiBeZieM npoBoja M3 reHepaTopa Ha HeKOTOpoOe pac-
CTOsiHMe OT Bpallaloulefics KaTyWwKH, B MeCTO, rie MarHHTHOe
noJie paBHO HYJIIO HJIH XOTs Obl He MeHseTCs CO BpeMeHeM, TO po-
top or E B 3TOi o6sacTH OyneT paBeH HYJMIO, H Mbl CMOXEM
onpeleNuTb 3JMeKTpUIecKHil noteHunans. B camom nene, eciu ToK
HE YXOMMT M3 reHepaTopa, TO Pa3HOCTb NOTeHUHaJOB V Mexny

* Mbl noae3yeMmcsa cefiuac 6ykBoi A ans 0603HaueHHs] BEKTOPHOTO MO-
TeHUHana, MO3TOMY MJOILaAb Mbl OpeAmouuTaeM 0603HauaTh Yepe3 S
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C‘ QDue 176. Karywrxa u3 nposo-
A0KU, BDALAIOUAACE 8 OOHOPOOHOM
—— MA2HUTHOM NOAe, — OCHOBHAA UleR
2eHeparopa nepemenro20 ToKa.

Il Hazpysia

LABYMsi npoBOAaMH OyAeT paBHA 3. 4. C. Bpallalollencs KaTyLIKH,
T. e.

V =BSoesinet=V,sinot.

Pa3HocTb noTeHuuanoB B npoBoaax MeHsieTcst Kak sin wf. Takas
MeHsIOWAasAcs Pa3sHOCTb MNOTEHUHAJIOB HA3bIBAETC NepeMEeHHbIM
HanpasceHuem.

[TocKo/abKY MexXay NpoBOJaMH HMeeTCsl 3JMeKTPHYecKoe INoJe,
OHH [OJIXKHBl OBITH 3JEKTPHUECKH 3apsiKeHbl. JICHO, uTO 3. 1.C.
reHepaTtopa BblTaJKHBaeT JIHIIHHE 3apsiAbl B NMPOBOAA, NOKa HX
3/IeKTPHYECKOe NoJle He CTAHOBHTCS AOCTAaTOYHO CHJbHBIM, YTOGHI
B TOYHOCTH ypaBHOBeCHTb CHAY MHAYKuuH. Ecau nocMmoTperp Ha
reHepaTop CO CTOPCHbBI, TO MOKaxeTcsi, 6yATO ABa NpOBOAA 3JIEKT-
pOCTaTHYeCKH 3apsiXKeHbl 1O Pa3HOCTH NOTeHUMHaJ/ 0B V, a 3apsibl
KaK Obl MeHSIOTCS CO BpeMeHeM, CO31aBasi mepeMeHHYI0 PasHOCTb
noteHuuanoB. EcTb H elle onHO OT/HYMe OT TOro, uto HabJro-
JaeTcsi B cJjydae 3/eKTpocTaTHKH. Eciu npucoenuHutb resepa-
TOp K BHelIHeH LeNH, No KOTOPOH MOXEeT NPOXOLHTb TOK, MbI
oOHapy>XHuM, 4TO 3.[.C. He MO3BOJsIeT NPOBOAAM pPa3psiKaTbCs,
a NpoAo/KaeT MOANUTHIBATL MX 3apsilaMH, KOr1a M3 HHX YXOLHT
TOK, CTPeMfCb COXPaHHUTb Ha NMpPOBOAAX OLHY M Ty e Pa3HOCTb
noteHuunanos. Eciu reHepatop nonak/ioueH K lenH, NMOJHOe CO-
NpOTHBJIEHHE KOTOPOH paBHO R, TOK B uend OyneT nmponopuHo-
HaJeH 3. I.C. reHepatopa u obGpartHo nponopunonanes R. Ilo-
CKOJIBKY 3. I. C. CHHYCOH[a/bHO H3MEHsSIeTCsl CO BpeMeHeM, TO U
TOK nenaeT TO e camoe. Bo3HHKaeT nepeMeHHBIN TOK

I =%=—2—°sin of.
Cxema Takoil Lend npuBeneHa Ha ¢ur. 17.7,

Mbl MOXeM TaKXe 3aMeTHTb, YTO 3. [. C. ompene/sieT KOJH-
YeCTBO 3HEpruH, MocTaB/sieMoe reHepaTopoM. Kaxabiii 3apsan
B NMpPOBOJE MOJAyyaeT B eIHHHLY BpeMeHH 3Hepruio, pasHyio F-v,
rie F—cuna, pefictByomias Ha 3apsif, a VvV —ero CKOpoCTb.
[TycTh Tenepb KOJHYECTBO ABHKYIUHMXCA 3aps/0B Ha eAHHHLe
IJIMHBl NpPOBOJA PaBHO n; TOrga MOLULIOCTb, BbIAEJAIOILAACA B
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Que 177. Hens ¢ eceneparoposm
nepemennozo ToKa u conporueae~

Tenepamop / Huen.
nepemenHozo | N~ R
moxa
€ Vo ..
I= 2 = 2= sinw
R ~R f

snemMeHTe dS MPOBOAA, paBHa
F.vnds.

B npoeone CKOPOCTb V BCeraa HamnpasJeHa BAOJb ds, TakK 4To
MOIILHOCTb MOXKHO mnepenncaTtb B BHIE

noF - ds.

[Tonnas MOUIHOCTb, BblAeJsieMasi BO BCed Llenu, ecTb HHTerpais
OT 3TOroO BbIpa)XXeHns no BCell netJe:

Mounocts = @ nuF - ds. (17.15)

BcnomMHuMm Tenepb, uTOo gnu— 310 TOK I M uTO 3. A. C. Onpeje-
JasieTCsl KaK HHTerpaa ot F/q no Bceh uenn. Mel moJayuyaem

MouHocTb, naBaemasi reHepatopoM =& 1. (17.16)

Koraa B KaTylike reHepaTopa MMeeTcsi TOK, Ha Hee Henpe-
MEHHO MOeHCTBYIOT MeXaHWueCKHWe cuJabl. B camom Jene, Mb
3HaeM, 4YTO BpalllalOUIHAi MOMEHT, NeHCTBYIOUIMA Ha KaTylky,
NponopIHOHA/NEH ee MAarHUTHOMY MOMEHTY, Hanpsi:KeHHOCTH Mar-
HUTHOro moJs B u cuHycy yria Mexay HMMH. MarHuTHblfi Mo-
MEHT eCTb TOK KaTylIKH, YMHOXEHHBI na ee njowanb. [Tostomy
BpallaloUliii MOMEHT paBeH

t=1SBsin0. (17.17)

CKOpOoCTb, C KOTOpPOH MAOJIXKHA COBEplIaTbCsi MeXaHHyeckas pa-
60oTa, 4ToObl MOAAEPKHBATHL BpallleHne KaTyIIKH, €CTb YrioBas
CKOpOCTE ®, YMHOXeEHHAs Ha BpPAlLAOIIHMA MOMEHT CHJIbL:

2¥ — ot =0lISBsine. (17.18)
CpaBHuuBas 370 BbipaxkeHue ¢ (17.14), Mbl BHAMM, 4TO 3aTpaThl
MexaHHYecKo# paboThl B eMHHLY BpeMeHH, TpeOyeMble aJi Bpa-
IleHHs1 KaTYLIKH NPOTHB MArHUTHBIX CHJ, B TOYHOCTH PaBHHI
&I — 3MeKTpHYECKOH 3HEpPruH, NOCTaBAseMO# 3, A. . reHepaTopa
B eNMHHLY BpeMeHH. Bcs MexaHwueckasi sHeprus, pacxoayemas
B I'eHepaTtope, NosiBJsAETCA B BUAE 3JeKTPHUECKOH 3HEpruy B LENH.
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B kauyecTBe Apyroro mpuMepa TOKOB H CHJ, 06YC/IOBJEHHBIX
HHAYUHPOBAHHOK 3 1 C, MpPOAHa/JH3HPYyeM, YTO e NPOHCXOAHT
B YCTaHOBKe, MOKa3aHHOH Ha ¢ur. 17.1. Umetorcsi U-o6pasnas
NPOBOJNIOKA W CKOJb3sllllasi NepeMbluka, pacnoJioXKeHHble B OJHO-
pPOLHOM MarHMTHOM moJe, NepneHAHKY/AsPHOM NJIOCKOCTH mapaJ-
JieIbHBIX mpoBoJIoK. Tenepb mpeanoJoxuM, yto «aHo» U (/eBas
yactb ¢ur. 17.1) caenaHo M3 upOBOJOKH C GOJbUIMM CORPOTHB-
JIeHHeM, TOrfa Kak fBe OOKOBble NMPOBOJIOKH CAeJaHbl H3 XOpO-
Lero npoBOJAHHMKa BpOLe MeIH — B 3TOM cJyyae HaM He Hano
6eCcrnoKouTbcsi 06 H3MEHEHHH CONPOTUBJIEHHS Lend npu [ABHXKe-
HHHM nepekJanuHbl. Kak u paublue, 3 4. C. Uenu paBHa

& = — vBuw. (17.19)

Tok B wenu nponopuunoHaseH 3TOH 3. A1 C. U 06paTHO NPONOPLHO-
HaJleH CONpPOTHBJEHHIO Lenu:

[__f_ __vBw

R R

Bnaropaps sTomy TOKy Ha nepembluky OyZleT nefcTBOBATb
MarHuTHasi CHJa, NPONOPUHOHAJIbHAS [JHHE NepeMblikH, TOKY

B Hell © MarHUTHOMY NOJIO:

(17.20)

F=Blw. (17.21)
[Toacrasass I w3z (17.20), nonyyaeM aast CHJbI

=B 17.22

=—-x 0 (17.22)

Mpbl BHAMM, 4TO CHJa NMPONOPLHOHAJIBHA CKOPOCTH NepeMelleHHs
nepemblykH. Hanpapsienne cHJbl, Kak Jerko MNOHATb, NPOTHBO-
noJIoXHO ckopocTH. Takas «nponopiHoHa/bHAsi CKOPOCTH» CHJA,
NnoxXoxkas Ha CHJY BA3KOCTH, NOJydaeTcsi BCAKMH pas, Korga ABH-
XYILHeCs NpPOBOAHHKH CO31al0T WHAYLHPOBaHHblE TOKH B Mar-
HUTHOM noJie. BuxpeBble TOKH, O KOTOpbIX Mbl TOBOpHJH B mpe-
ObIAYILEH r/iaBe, NMPUBOAAT TaKXe K cuJjaM, AeHCTBYIOLIHM Ha
NPOBOAHHKH H NPONOPUHOHAJIbHBIM CKOPOCTH NPOBOJHHKA, XOTA
TakKHe cJyuad B obulem J[al0T GoJsiee CJIOXHble pacnpenesneHus
TOKOB, KOTOpble TPYJHO aHAJH3HPOBATh.

[Ipn KoHCTPYHPOBAaHHHM MeXaHHYeCKHX CHCTeM 4acTo OblBaeT
yao6HO pacnosaraTb TOPMO3SILIMMH CHJIaMH, NPONOPLHOHANb-
HBIMH CKOPOCTH. Buxpesble TOKHM faioT oanH u3 HaunGoJee yao06-
HbIX CnocO6GOB NOJIy4YeHHs: TaKMX 3aBHCAUIHX OT CKOPOCTH CHJL

INpumep npuMeHeHHs NOROOHBIX CHJ1 MOXHO HAaNTH B OGBLIYHOM
JoMallHeM CyeTyHKe — BaTTMeTpe. TaM HMeeTCss TOHKHH aJjllOMH-
HHeBbIH [HCK, BpallalOUIHACA MEXAY MnoJiocaMH MNOCTOAHHOIO
MariuTa. STOT AMCK NPUBOAHMTCS B [BHXKEHHE MaJIeHbKHM 3JIEKT-
pOMOTOpOM, BpallAOUINA MOMEHT KOTOPOro nponopuHOHa/leH
MOLLHOCTH, MOTPe6/AseMOH B 3/eKTpoceTH KBapTHpHl. BHXpeBble
TOKH B AHCKE BBI3bIBAIOT CHJY CONPOTHBJ/IEHHS, NMPONOpPUHOHAJb-
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Hylo ckopoctu. CJenoBaTe/sbHO, CKOPOCTb JHCKA YCTaHaBJH-
BaeTCsl NPONOPLUHOHA/IbHON CKOPOCTH moTpebeHUsi 3JeKTposHep-
rud. C noMollblo CyeTYHKa, NPUCOENHHEHHOTO K BpalllaloleMycs
IUCKY, NMOACYHUTBHIBAETCS 4HMCJI0 06opoToB aucka. Tak ompeje-
JsieTcsl nosaHas noTtpebG/eHHAst 3HEPrusi, T. € YUCJAO HCNOJb30-
BaHHBIX BaTT-4acoB.

CornacHo ¢opmyae (17.22), cuia oT HHAYLUHPOBAHHBIX TOKOB,
T. €. BCIKas CU/a OT BUXPEBLIX TOKOB, 06paTHO NPONOPLHOHAJBHA
conpoTHB/aeHuo. Cuia TeM GoJblie, 4eM Jyylle 3JEKTPONpPOBOL-
HocTb Marepuana. [IpuuuHa, pasymeercs, 3ak/aouyaeTcs B TOM,
4YTO NPH MajJOM CONPOTHBJEHHH 3. A. C. CO3AaeT GOJBLIMIA TOK,
a 60JblLIHe TOKH fal0T 60JbllIMe MeXaHHYeCKHe CHJIBL.

W3 nawux ¢gopMys Mbl MOXeM YBHAETb, KaK MeXaHHyecKas
SHEprus npesBpallaeTcs B 3JeKTpHUecKylo sHepruto. Kak u paHb-
e, 3JeKTpHuecKas SHeprus, BbliensieMass B CONPOTHBJIEHHH
uenH, ecTb npousBeneHHe &I. Paborta B enHHHLY BpeMeHH, CO-
BeplllaemMasi NpH [OBHXKEHHH NepeKJaAHHBI, ecTb MPOH3BeJeHHE
CHJIBI, NeHCTBYIOUleH Ha nepek/aanuHy, Ha ee cKopocTb. Hcnosb-
3ysi 1Jsi CHJbl BelpaxkeHHe (17.21), noayyaem pa6oTy B €AHHHLY
BPEMEHH:

dWV _ v’B'w?

=%
Mbl BHAMM, 4TO OHa OeHCTBHUTENbHO paBHa mnpousrefeHHo &I,
KoTopoe MBI nosyyaem u3 (17.19) u ?17.20). CHoBa MexaHHye-
CKas pa6oTa nosiBJAseTCsl B BHAE 3JEKTPHYeCKOH SHepruH.

§ 6. Bsaumnas undyKkyus

Tenepb HaM HYXXHO paccMOTpeTb cayyai, Koraa npoBoJOYHbIE
KaTYIIKH HeMOABHXKHBI, a2 MEHsIIOTCSl MarHuTHble noas. OnucbiBas
o6pasoBaHHe MAarHMHTHOTO MnoOJs TOKaMH, Mbl paccMaTpHBa/IH
TOJIbKO CJ1yyal nocTosiHubIX TOKOB. Ho ecaiv TOKH MeHAOTCA Mel-
JIeHHO, MarHHTHOe noJie B KaXX/Abll MOMeHT OyneT npHMepHo Ta-
KO€ XKe, KaK MarHUTHOe NnoJe NOoCTOSIHHOro ToKa. Mbl 6yneM cuu-
TaTh B 3TOM naparpadge, yTo TOKH BCerja MeHsIOTCs AOCTATOYHO
MeJ[JIeHHO, M MOXHO CKa3aTb, 4TO 3TO YyTBEpPXJAEHHe ClpaBel-
JIMBO.

Ha ¢wur. 17.8 nokasako ycTpoHcTBO M3 ABYX KaTyllek, C Mno-
MOILBIO KOTOPOr0 MOXKHO NpPOLEMOHCTPHPOBATb OCHOBHble 3ddeK-
Thl, OTBeTCTBEHHble 32 paGoTy TpaHcdpopmaropa. Karymka I co-
CTOUT U3 NPOBOAsLLE} NPOBOJIOKH, CBUTON B BHAe AJHHHOrO coJle-
Houna. Bokpyr 3TOH KaTyWlKW M HM30/1MPOBAaHHO OT Hee HaBHTa
KaTylka 2, cocTosilllas U3 HeCKOJbKHX BHTKOB npoBosiokd. Ecan
Tenepb Nno KaTyllike / nponycTHTb TOK, TO, KaK Mbl 3HaeM, BHYTPH
Hee MOSIBUTCS MAarHuTHOe noJie. 9TO MarHUTHOE noJe MPOXOAHT
TaK)Xe CKBO3b KaTywKky 2. Korga Tok B KaTyuwke [ MeHseTcCs.
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I Pue 178. Tox 8 karywke 1 co-
——  3daer MazHuTHOE noae, nPoxodawee
4epe3 KarywKy 2.

/ Keumywira 1

=

(

Kamywrea 2

(&

—_—

\\

} \\
MarHUTHBIA NOTOK TOXe OyJleT MeHAThCs, M B Karyuike 2 NOsSBHT-
€ HHAyUHPOBAHHAS 3. A. C. DTY HHAYUHPOBAHHYI0 3. A. C. MBI
ceuac M BBIYHCIHM.

B ra. 13, § 5 (Bbin. 5) Mbl BHAeaH, 4TO MarHUTHOe noJie
BHYTPH QJIHHHOrO COJIEHOMAa OJHOPOJHO H paBHO
1ML (17.23)

— 8002 !’

rae Ny — uncjo BHUTKOB B KaTywke I, [y —Tok B Hefll, a |—ee
anuHa. IlycTe nonepeuHoe ceueHWe KaTywku I paBHO S, Toraa
notok nosss B paBeH ero BeiunuuHe, ymHOXeHHOH Ha S. Ecau
B KaTyllKe 2 UMeeTcs N, BUTKOB, TO MOTOK NPOXOHUT MO KaTyllKe
N, pas. [TostoMy 3. 4. C. B KaTyllKe 2 naeTcs BblpakeHHEM

E,=—NS 2. (17.24)

EnuHcTBeHHasi MeHsioulasicss co BpeMeHeM BeauuuHa B (17.23)
ectb /y. [TosToMy 3. 4. c. naeTcsi BHIpaXkeHHeM
N\N,S dI,
&,= e?l Al (17.25)
Msbl BUaHMM, 4TO 3. 4. C. B KaTyllKe 2 NPONOPLHOHANBHA CKOPOCTH
u3MeHeHHss ToKa B KaTymke I. KoncranTta npomopuuoHajbHO-
CTH — MO CyLIeCTBY F€OMeTPHYecKHil ¢aKTop ABYX KaTyllek, Ha-
3bIBaeTCs KO3 QHUHeHTOM 83aumHoli undykyuu u o603Hayaercs
06bIYHO My,
Torna (17.25) 3anucriBaetcsi yxe B BuJe

&=, L, (17.26)
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Due. 179 Jloboe 0se ka-
TYwKy 064a0a0T 83aUMHOL UH-
dyryued M, nponopyuonassHoli
uxteepary or dsy-dsye (1/r12).

[lpenno/sioxum Tenepb, YTO HaM HYXKHO OblJI0O Gbl MPONYCTHTh
TOK yYepe3 KaTylwlKy 2 M Hac HHTepecyeT, ueMy paBHa 3. 1. C.
B KaTywKe /. Mbl BbIuHCAWAM Gbl MarHWTHOe ImoJe, KOTOpPOe Mo-
BCIOAY mponopuHoHanbHo Toky /. IToTok ckBO3b KaTywky / 3a-
BHcesl Obl OT reoMeTpuH, HO Obll1 Gbl NPONOpPLHOHAMEH TOKYy [a.
[Tostomy 3. A. c. B KaTyuKe / cHoBa 6bl/1a Gbl NPONOPIHOHA/IbHA
dly/dt. Mbl MoXeM 3amucathb

&=m, 22 (17.27)

Boiyncaenne My, 6b110 Gl TpyAHee, 4eM Te BbIUHMC/IEHHs, KO-
TOopble Mbl mpojenafH AJas My, Mbl He Oyaem ceiluac UM 3aHH-
MaTbCsl, NOTOMY yTO AaJblie B 3TOH r/aBe Mbl MOKaxeM, uTo Mz
006s13aTe/IbHO paBHO My).

[Tockonbky mosie 40606 KaTyuKH NPONOPUHOHANBHO TeKyllle-
MY B Hell TOKY, TAKOH e pe3yJibTaT NOJyuYuJca Obl H AaA JAI06bIX
IABYX KaTylleK M3 NMpPOBOJIOKH. BripaxeHus (17.26) u (17.27) npu-
obpeay Gbl OAHHAKOBYIO GOpMY, H TONBKO mocTosiHHble M1z ¥ My
6bliy 661 Apyrue. VX 3HaueHus GyayT 3aBuceTb OT ¢GOpMbI Ka-
TylleK U HX OTHOCHTEJbHOrO MNOJIOXKEeHHs.

[Tpenno/sokHM, HaM HYXHO HaHTH KO3(QQHUHEHT B3aHMHOM
HHIYKUHH MeXAy ABYMS NMPOH3BOJNbHBIMH KaTyLIKaMH, HanmpHMep
NnoKa3aHHBIMH Ha ¢ur. 17.9. Mbl 3HaeM, yTo o6lilee BhIpaKeHue
s 3. 1. ¢. B KaTylKe | MOXHO 3anmicaTbh Tak:

d
8|=—E(SB'ndQ,
1)

raie B — marunTtHOe mose, a uHTerpas GeperTcsi Mo MOBEPXHOCTH,
orpaHuueHHoi KoHtypom I. B ra. 14, § | (Beim. 5) mbl BHIEH,
4TO NMOBEPXHOCTHHIN HHTerpaj oT B MOXHO CBeCTH K KOHTYpHOMY
HHTerpaJjy oT BeKTOPHOro moTeHlHaJaa. B Hamewm cayuae

{B-nda=§a.as,
(1) (1)

rae A — BeKTOPHBI moTeHuHasd, a ds; — saemeHT uend I. Kon-
TYpHbBIH HHTerpas Gepercsi BAOJb KOHTypa I, mostoMy 3. A. C.
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B 3TOH KaTyllKe MOXeT ObITb 3alMHcaHa B BHAe

&=—" ((.S? A ds,. (17.28)

Tenepb npeano/0XuM, 4TO BEKTOPHBIA MOTeHIHAN LenH | BO3-
HHKaeT 3a cuyeT TOokoB B uend 2. Torma ero MOXHO 3amMcaThb
KaK KOHTYpHBIi HHTErpaj Mo KOHTYpY uenu 2:

A —'—@’—“’ﬂ, (17.29)

= 431:806’2 r
2)

rge I;— TOK B Uenu 2, a rj— pacCTosiHue OT 3JeMeHTa Lenu
ds; 10 TOUKH Ha KOHType I, B KOTOPOH Mbl BbIYHUC/sieM BEKTOPHBIH
noteHuuan (cm. ¢ur. 17.9). KomGuuupys (17.28) u (17.29),
MOXHO BBIPAa3uTb 3. 1. C. B lenu | Kak ABOHHOH KOHTYPHBIH HH-

Terpad:
. ] d 12d$2
& = 4ne,c? dt @ @ 2 ds,.
1 2

B sTom BblpaxeHHH Bce HHTerpaJjibl GepyTcsi mo HeloABHKHBIM
KOHTYpaM. EAHHCTBeHHO! nmepeMeHHOH BeJHYHHON ABJAsAETCS TOK
I, KOTOpHII He 3aBHCHT OT NepeMeHHbIX HHTerpHpoBaHus. Ilo-
3TOMY €ro MOXHO BBIHECTH 3a 3HaK HHTerpaja. loraa 3. X. C.
MOXHO 3amucaTh Kak

dl
gl:gﬁ”Ti’

roe KosdpouuueHt My, paBeH

_ ] dSz . dS]
ﬂRlZ_ - 431.806'2 @ @ rna : (17.30)
1 @

U3 storo uHTerpana oueBHAHO, 4TO M, 3aBHCHT TOJDBKO OT Feo-
MeTpDHH lLlienel; OH 3aBHCHT OT HEKOTOpOro CpejHero paccTOsIHHSA
MeX1y ABYMS LlensiMH, NpHYeM B cpeJHee ¢ HAHOGOJbIIHM BECOM
BXOAAT MNapaJijefbHble OTPe3KH NPOBOAHHUKOB JABYX KaTyllek.
Hamy ¢opmyny MOXHO HCOJb30BaTh AJs BbIUMC/IEHHS KO3 du-
LlHeHTa B3aHMHOH HMHAYKUHHM JMIOGBIX JNBYX llerneil NpOH3BOJIbHOH
t¢opmbl. Kpome Toro, oHa nokaseiBaer, uTo HHTerpaa ansa M
TOXIeCTBeH ¢ HHTerpasom aas My. Takum o6pa3oM, Mbl NOKa-
3aJy, yTo 06a Kos(p¢uuHeHTa OAUHAKOBHL. [lJa cHcTeMbl TOJbBKO
¢ IByMs KaTymKamu Kospoduuuentor My, u My, uacto ob6o3Ha-
4aloT cMMBo/oM M Ge3 3HAYKOB M KA3bIBAOT MNPOCTO KOIPil-
YUEHTOM 83aUMHOL UHOYKYUU:

M= My, = M,
€8



§ 7. Camourndyxyun

ITpn o6cykaeHMH MHAYUHPOBAHHBIX 3. J. C. B ABYX KaTyIIKax
Ha ¢ur. 17.8 u 17.9 mMbl paccMoTpesu JaHWb CAyyal, Koria TOK
NpoXoAuT JH60 B OJHOH Karywke, Ju60o B apyroit. Ecaum Toku
HMeIOTCsl OJIHOBPeMeHHO B 00eHX KaTyuwkaX, TO MarHuTHbIA TO-
TOK, NMPOHH3LIBAMOILKA KaXAyl0 KaTyuky, OyaeT NpeaCTaBJsTh
CyMMY ABYX NOTOKOB, CYILECTBYIOUWHX H NO OTAEJBHOCTH, MO-
CKOJIBKY K MArHUTHbIM MOJISIM NPHMEHHM NP HHLHI CYNePNO3HILHH.
ITosTomy 3. n. c. B Kaxzao# KaTyiike GyqeT MPOMOPLUHOHANbHA He
TOJIbKO H3MeHeHHI0 TOKa B JpYroil KaTyllke, HO H H3MeHEHHIO
TOKa B He# camoii. Takum o6pa3oM, MOJHYIO 3. A. C. B KaTyuike 2
c/JefyeT 3amnucaTb B Buie *

g2=§D22| dd_[tl'i’m”

4h, (17.31)

AnxanoruuHo, 3. A. ¢. B KaTyuke / 6yfieT 3aBUcCeTb He TOJNBKO
OT M3MEHSIOUIerocsi ToKa B KaTyuike 2, HO U OT H3MEHAOUErocs
TOKa B Hell caMOH:

=M, S 4, 2L (17.32)

Kosppuunentol My, 1 My; Bceraa orpunarenpHul. OObiYHO NH-
wyT

§m“=—3’1, w?22=—£22, (1733)

rie &, u %, Ha3bBalOT KOo3pdHUHEHTAMH CAMOUHOYKyuu NBYX
KaTywek (M1H HHAYKTHBHOCTSAMH).

KoHneuHo, 3. 4. c. caMOMHAYKUMH GyleT CYyLIeCTBOBaTh Aaxe
IJsi ONHOH KaTywKH. Jllo6as KaTywka cama no cebe obGaajnaer
K03()(HUHEHTOM CaMOHMHAYKUMH &£, H ee 3. A. c¢. Oyaer mpomop-
LLMOHa/MbHA CKOPOCTH M3MeHeHHsi ToKa B Karyuuke. OObI4HO CyH-
TawT, YTO 3. A. C. U TOK OMHOH KATYLIKH MOJOXHTeNbHbI, €C/lH
-OHH HanpasJeHbl ofMHakKoBO. [Ipu 3TOM YC/I0BHH ANSA OTAE/IbHOMH
KaTyIIKH MOXHO HamnHcaTb
g=—g4, (17.34)

dt

3HaK MHHYC yKasblBaeT Ha TO, 4TO 3. [. C. IPOTHBONEHCTBYeT
H3MEHEHHIO TOKa, €€ YacTo Ha3blBalOT «OOPaTHOH 3. . C.».

[TockonbKy n106Gast Karyuika o6/agaer caMOMHAyKLHEH, npo-
THBOAEHCTBYIOUIEH HM3MeHeHMI0 TOKa, TOK B Kartylike obaapnaet
CBOEro pojia uHepuHe#. [1efCTBUTENBbHO, eCAH Mbl XOTHM H3MEHHTb
TOK B KaTyllke, Mbl AO/XKHBI Mpeofo/NeTb 3Ty HHEpUHIO, NpH-
COeHHA KaTylWKYy K KaKOMY-TO BHEWIHEMY HCTOYHHKY, HampH-

* 3uak My 1 My B (1731) u (17 32) 3aBucHT OT nmpoussona B BhGope
NOJIOKHTEbHOTO HAMp2BJeHHs TOKOB B 00eHX KaTyUIKax.
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Due. 17.10. LHens ¢ ucrounuxkom
HanpaxceHus u uHOYKTUBHOCTSI0 (a)
U anaac2u4HaA eli MexaHuvecKan cl=
crema (6).

QOQ0
P

v

— -

_— m

0
mep GaTtapee uau reHeparopy (¢ur. 17.10,a). B takoit menu ToK
I cBsizaH ¢ HanmpsiXKeHHeM 7° COOTHOLIEHHEM

r=gz4

o (17.35)

D10 cooTHowWweHHe UMeeT ¢HopMy ypaBHeHHs ABHXKeHus Hbio-
TOHa AJI51 YacCTHUbI B OQHOM H3MepeHHH. [ToaToMy MBI MOXeEM HC-
cjeoBaTb €ro N0 MNPHHUMNY <«OQMHAKOBble YpPaBHEHHsS HMEIOT
OOHHAKOBble pelleHHs». TakuM o6GpasoM, ecaHd NOCTaBHTb B CO-
OTBETCTBHE HanpsiKeHHe 7° OT BHEIIHero MCTOYHHKA MNpPHJIOXKEH-
HOl BHellHe# cuje F, a Tok / B KaTyllKe CKOPOCTH ¥ 4acCTHlBbI,
TO KO3(pGHUMEHT HHAYKUHMH KaTywkH & OyaeT COOTBETCTBOBaThb
Macce m yactuubl * (¢ur. 17.10,6).

Ta6auya 17.1 @ COIIOCTABJ/ISIEMBIE BEJIMUHHBI

YacTtuua Kartymka

F (cnaa) 7’ (pa3HOCTb NOTEHIHAJIOB)
v (ckopocTb) I (tok)
x (cmeu:.ieﬂne) q (sapan)

v dl
F=mr r=27
mv (HMnyJbc) Z1
?mv"’ (KHHeTHYeCKasi SHeprHs) -;—912 (MarHuTHas SHeprus)

* Kcratn, 370 He eOuncTseHHbul cnoco6 YCTAHOBJEeHHS COOTBETCTBHS
MeXAY MeXaHHYeCKHMH H 3JIeKTPHYEeCKHMH BeJIMUHHAMH,
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§ 8. HnoyxTuBHOCTG U MA2HUTHOA 3Hepzusn

[Tponosxkast aHajoruio npeabiayulero maparpada, Mbl OTMe-
THAY B Ta6JHle, YTO B COOTBETCTBHHM C MEeXaHHYECKHM HMMY.Jb-
COM p = mv (CKOPOCTb M3MEHEHHS KOTOPOro paBHA MNpPUJOXKEH-
110#i CHJ/le) HO/IXKHA CYLIeCTBOBAThb aHAJIOTHYHAasl BeJMYHHA, paB-
Has ZI, ckopocTb u3MeHeHHss KoTopod 7°. Pasymeercsi, Mbl He
HMeeM npaBa rOBOPHUTH, YTO £/ — 3TO HACTOALUA HMNYJbC LeNH;
Ha caMOM JeJle 3TO BOBCe He TaK. Bcs uenb MoxeT GbITh Henoa-
BHXHa ¥ BooOlle He MMeTb MMnyJbca. [Ipocto &I ananoruuso
HUMNYJbCy MU B CMbIC/Ie YIOBJIETBOPEHHS] aHAJOTHYHBLIM ypaBHe-
uusaiM. TouyHO Tak e KHHeTHYeCKOoi 3Hepruu !/;mv? 3mecb coOT-
BETCTBYeT aHaJoruyHasi BenuuuHa /o 12 Ho agech Hac xaer
ciopnpu3. Benuunna !/, &% — neiicTBUTENIBHO eCTb SHeprus H
B 3JIeKTpHyeckoM cayyae. Tak mosyuaercss notomy, uto pabora,
coBepliaeMasi B eHHHLY BpeMeHH HaJ MHAYKTHBHOCTbIO, paBHa
7’I, a B MeXxaHHYecKoil CUCTeMe OHAa paBHAa Fu— COOTBETCTBYIO-
el BeanuuHe. [ToaToMy B cayuae 3Hepruu BeNHYHHBl He TOJBKO
COOTBETCTBYIOT [ApPYr APYyry B MaTeMaTH4YeCKOM CMbIC/Ie, HO
HUMEIOT ellle U OJMHAaKOBoe (H3HYeckoe 3HAUEHHe.

Mbl moxeM npocaenutb 3To Gosee nogpo6uo. B (17.16) mbl
HallJIK, YTO 3JeKTpHuyeckass paGoTa B eIMHHLY BpeMeHH 3a cyeT
CHJ1 HHAYKUHMH eCTb NPOM3BENEeHHE 3. A. C. M TOKa:

dw
7=g1.

[ToactaBass BMecTo & ee BbipakeHue uepe3 Toku u3 (17.34),
HMeeM
dw

L 714 (17.36)

dt*

HHrterpupys 3T0 ypaBHeHHe, HAaXOAHM, YTO 3IHeprus, KoTtopas
TpebyeTcsi OT BHeIUHEro MCTOYHHKA, YTOOBI NpeojoseTb 3. 1. C.
CaMOMHAYKUHHM M CO34aTh TOK™ (YTO MOJIXKHO paBHATbCA HaKon-
JleHHo# 3Hepruu U), paBHa

—W=U=52P (17.37)

[To3ToMy 3Heprusi, HakonJeHHas B MHAYKTHBHOCTH, paBHa
1,21,

[TpuMeHnsis Te Ke paccyXneHuss K nape KaTyllek, u3o6pa-
XeHHbIX Ha ¢ur. 17.8 uau 17.9, Mbl MOXKeM noKa3aTb, YTO NOJ-
Hasl 3JIeKTpHYecKas SHeprusi CHCTEMbl JaeTcsl BbipaxkeHHeM

U=1 24 + Ll — MU, (17.38)

* Mbl npeneGperaeM BCeMH TENJOBLIMH MOTEPSIMH SHEPrHH B COMpPOTHBJe-
HHH KaTywkd OTH NOTepH# TPeGYIOT AOMOJNHHTE/bHBIX 3aTPaT SHEPrHH HCTOY-
HUKa, HO He MEHSIOT 3HepruM, KOTopas TPATHUTCA Ha HHAYKTHBHOCTb.
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B camom pnene, HaunHas ¢ ToKa ] = 0 B 0Genx KaTyukax, MOXHO
BHauaJe BKJIOYHTb TOK I B Katyuke I, octasassi /o, = 0. CoBep-
WeHHas pa6oTa Kak pa3 paBHa '[bZ1I5. Ho Teneps, BKJouas [a,
Mbl COBeplliaeM He TOJLKO paboTy '[,P.ls npoTus 3. ;. C. B UenH
2, Ho elle U no6aBOYHOE KO/HueCTBO paboThl — Ml lp, KOTOpas
ecTb MHTerpan ot 3. A. ¢. M(dl,/dt) B uenn I, yMHOXKEHHbIH Ha
Tenepb yxe nocToAxHHbl TOK I B 3TOi uenu.

[TycTb Tenepb HAaM HYXKHO HAHTH CHJY MeXAY JIOObIMH ABYMs
KaTylWKaMH, NO KOTOpPbIM HAYT TOKH I} u [,. [lpexxnae Bcero Mbl
MOrJu 6bl HCNOJ/b30BATh NPHHUHKN BUPTyaJ/bHOH paboThl, B3sB Ba-
puaurio ot 3sHepruu (17.38). Mbl fO/MKHB NMOMHHTb, KOHEYHO,
YTO NPH H3MEHEHHH OTHOCHTEJbHOrO NOJIOXKEHHs KaTyllek eQHH-
CTBEHHOI MeHsIollefics BeJHYHHON sBJsieTC KO3(p(HLHEHT B3a-
HMHo# uHaykuun P. Torma mbl Mornu Gbl 3anucaTh ypaBHeHHe
BHpTyaJbHOH paGoThl B BHIeE

— FAx=AU=—1,1,AM (HenpaBHJbHO).

3T0 ypaBHeHHe OWIHOOYHO, MOTOMY YTO, KaK Mbl BHAE/IH PaHblIe,
B Hero BK/IOYEHO TOJIbKO H3MEHeHHe SHEepPruH JBYX KaTylleK U He
BKJIIOYE€Ha 3Heprusi HCTOYHHKOB, KOTOpble MOAJepXKHBAIOT MO-
CTOSIHHBIMHM 3HaueHus TokoB I, u I,. Mbl nonuMaeM Tenepp, 4TO
3TH HCTOYHHKH JOJIKHBI NMOCTABJ/ATH 3HEPrHI0 A1 KOMIEHCAUHH
MHIyUHPOBAHHBIX 3. A. C. B KaTyllKax BO BpeMs HX ABHXKEHHS.
Ecan MBI XOTHM npaBH/IbHO NPHMEHHTb NPHHUHMN BHPTYaslbHOH
pa6oTbl, TO OOJKHBI BK/IOYHTH H 3TH 3Hepruu. Ho Mbl BHAENH,
YTO MOXHO CHAeJaTh H KOpOYe — HCMO/Mb30BATh MPHHIHUN BHP-
TyaJbHO# paboTbl, NOMHS, YTO NOJIHAs 3HEPrus — 3TO B3ATas
¢ o6paTHbIM 3HaKOM 3Heprus Uyex (TO YTO MbI Ha3blBaeM «Mexa-
HHYeCKoH 3Heprueii»). IlostoMy cuay MOXKHO 3anHcaTh B BHAE

— FAx = AUpex = — AU. (17.39)
Torna cuJa Memny KaTyLUKaMH naeTcsd BbIpaXKE€HHEM
FAx=— I1,1,AM.

Bocnosb3yemcss BoipaxeHuem (17.38) n/s sHepruu CHCTEMBI
M3 JBYX KaTylleK, yToObl MoKa3aTb, KaKoe HHTepecHOe HepaBeH-
CTBO CYLIECTBYeT MeXAy B3auMHO# HHAyKuHel M n Kosduureu-
TaMH CaMOMHAYKUHH £\ ¥ £ ABYX KaTyuieK. SICHO, 4TO SHeprus
ABYX KaTylleK A0JKHa ObITb No/0XKHTeNbHON. Ecain Mbl HaunHaem
C HyJeBbIX TOKOB B 00eHX KaTylIKax H yBeJHYHBAaeM 3TH TOKH
[0 HEKOTOpbIX 3HAUYEHMH, TO TeM CaMbIM Mbl yBeJHYHBaeM 3Hep-
rHIO BCeH CHCTeMbl. B npoTHBHOM c/yyae TOKH CaMONpPOH3BOJBHO
BO3pacTyT H 6YAYT OTAABaTb SHEPrUI0 OCTaJbHOMY MHUPY — Belllb
neBepositHasi! [asiee, Halle BblpaxkeHue AJas dHepruu (17.38)
MOXXHO C T2KHM Ke yCcneXoM 3anHucaTtb B cjaelymoulei ¢popme:

V=52 (h—g ) +3(Z—5)5 (7.4
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310 mnpocto aare6pauueckoe mnpeobpa3oBaHHe. IDTa BeJHYHHA
HOJ/XXHA ObITb BCEeraa NoJOXHTeJAbHAa NpH J0GbX 3ilauenuax /)
u ;. B yacTHOCTH, oHa HO/IKHA ObITb NOJIOXKHTENbHA, Korga [
BJAPYT npHMeT ocob6oe 3HaueHHe:

L=%2u1, (17.41)

Ho npu Takom 3Hauenuu [, nepBoe cmaaraemoe B (17.40) paBHO
HyJo. Ecan sHeprus noJsoxuTenbHa, TO Noc/efHee cJjaaraemoe
B (17.40) momxHOo 6bITb Gosblie Hy/s. Mbl mosnyuyaem TpeSopa-
HHe, 4TO

L.Z, > M,

Takum o6pasom, Mbl goKasa/u ofluiee COOTHOIIEHHE, YTO BeJH-
YHHA B3aMMHOH MHAYKUHH M mMoGBIX ABYX KaTylleK 0053aTe/JbHO
MeHbllle HJiH paBHa reoMeTPHYECKOMY CpefHeMy ABYX Ko3(d¢H-
UHEHTOB CaAMOMHAYKUMH (camMa M MoxKeT ObITb MOJIOXKHUTENbHOH
l;ml (;T)pnuarenbuoﬁ B 3aBHCHMOCTH OT Bbi6Opa 3HAKOB /sl TOKOB
1 " o)

M| < V2, Z,. (17.42)

CoorHowenne Mexay M U KospPUUHEHTAMH CaMOMHAYKUUH
OOLIYHO 3aNHCHIBAIOT B BHIE

M=k 2 ,2,. (17.43)

[MocTosiHnylo k Ha3biBalOT K03gduyuentom ceasu. Ecau 6oabluas
YaCTb NOTOKa OT OJHOH KaTYWKH NPOXOAMT uyepe3 APYrylo Ka-
TYWKY, TO KO3 PHLUHEeHT cBsI3H OMM30K K eJHHHLE; Mbl FTOBODHM,
4TO KaTyIWIKH «CH/IbHO CBfI3aHbl». EcJAM KaTyWIKH 3HA4YHTEJBHO
yaajeHsl APYT OT Apyra HJH XKe BCe YCTPOEHO TakK, yTO B3aHMHOeE
NPOHHKHOBEHHE HX NOTOKOB OYyeHb MaJjo, KO3G(QHUHEHT CBA3H
CTaHOBHUTCA 6/IM30K K HYJIIO, a2 KO3 dHUHEHT B3aUMHOH HHAYKUHH
oyeHb MaJl.

Ina BbluMc/eHHs B3aHMHOH HMHAYKLUHH ABYX KaTylleK Mbl
nanu ¢opmyay (17.30), kotopasi npeacTtaBasierT coGoil ABOHHOM
KOHTYDHBI#1 HHTerpaJ no o6eum lensiM. Mbl MOr/H Obl NOAYMaTh,
YTO Ta Ke (opMy/sa NpUMEHHMa H IJs1 BbiBoga Ko3ddHUHeHTa
CaMOHHAYKUHH ONHOH KaTyWIKH, €cJH 00a KOHTYPHBIX HHTerpH-
pOBaHHS MPOBOAHTb MO OAHOH M TOH ke Karywke. OaHako 3TO
He TaK, MOTOMY YTO NPH HHTErpHMpOBAaHHH NO ABYM KaTyllKaM 3Ha-
MeHaTeJb 712 NOJd 3HAKOM HHTerpajsa CTPeMHTCS K HyJ10, Koraa
IBa 3JeMeHTa IJHUHbl HaxoAsitTcsa B oAHOi TouKe. KosadduuueHr
CAMOHHAYKUHH, MOJYyYyaeMblii M3 3TOi (OpMYJbl, OKasblBaeTcs
6eckoreynblM. [lpoucxomuT 3TO0 moToMmy, uto ¢opmyJna Hawa —
npub/HXKeHHasi, H CnpaBel/lMBa OHa TOJNbKO /s MNONEepeyHbIX
CeyeHHH npoBoJOB B 06eHX lensix, MaJjblX NO CPaBHEHHIO C pac-
CTOSIHMEM OT OJHOH Llenu A0 APYro#. SIcHo, uTo 310 NpHOJIHXKeHHe
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ANl OTAe/IbHOHM KaTyWKH He roautca. Ha camom pene OKasbl-
BaeTcsl, YTO MHAYKTHBHOCTb OTAE/IbHOH KaTyIUKH CTPEMHTCS JIO-
rapupMuueckl K GeCKOHEYHOCTH, KOrja AMaMeTp ee NPOBOJIOKH
CTAaHOBHUTCSl BCe MeHbllle U MeHblle,

3HayuT, MBI NOJ/IKHBI MOHCKATh APYroii Crnoco6 BbIYHCJEHHs
Kos(pHUHeHTa CAMOMHAYKUHH oaHON KaTywku. [lpu aTom Hano
yuecTb pacnpefiefieHHe TOXOB BHYTPH NpPOBOJHHKA, MOTOMY 4YTOQ
€0 pasMepbl — BaXHblii napamerp. Ho Mbl He Oyaem CUHTaTh
NOJIHYI0 HHAYKTHBHOCTD, 2 COCYHTAeM JIHlIb Ty €€ YacThb, KOTOpast
CBfi3aHa C pacnoaoxceruem NPOBOAHUKOB, U He GyneM YUHTBIBATH
YacTb, CBS3aHHYIO C pacnpejeneHHeM ToKoB. [lToxaayii, camblil
npocToll cnoco6 HANTH TaKyl0 HHAYKTHBHOCTb — 3TO HCIOJIb30-
BaTb MarHUTHylo sHepruto. Panee, B ra. 15, § 3, Mbl Hawu BbIpa-
JeHHe AJ1 MarHUTHOH 3HepPruM pacnpeleneHHss CTAaLHOHAPHBIX
TOKOB:

v=5{i-aav. (17.44)

Ecau n3BecTHO pacnpese/ieHHe NMJIOTHOCTH TOKA j, TO MOXHO Bbl-
YHCJHUTb BEKTOPHBIH NOTEeHLUHasn A, a 3aTeM, OLIEHHB HHTerpal
(17.44), nonyyntb sHepruio. Ata s1ueprusi paBHa MarHUTHOH 3Hep-
THH CaMOHHAYKUHH, '[2LI% TlpupaBHuBas HX, moayyaem GopMyay
ANl MHAYKTHBHOCTH:

2z = ,28 CAdV. (17.45)

Mbl, KOHe4HO, OXKHAaeM, YTO HHAYKTHBHOCTb €CTb YHCJIO, 3aBH-
csililee TOJILKO OT FeOMeTPHH LenH, a He oT Toka I B uenu. Pop-
myna (17.45) neicTBHTebHO NPHUBOAMT K TaKOMYy pe3yJbTary,
NOTOMY YTO HHTerpaJj B Hel NMpomnopliHOHaJeH KBaapaTy TokKa —
TOK BXOJAHUT OIHH pa3 OT j M ellle pa3 OT BEKTOPHOrO NMOTeHUHa-
aa A. UHterpan, nesneHHblit Ha [?, 3aBUCHT OT reoMeTpHUH LenNH,
HO He OT ToKa .

Beipaxenuio (17.44) nna sHepruu pacnpefieleHHss TOKOB
MOXKHO MpHAATh COBCeM ApYryo ¢opmy, nHoraa Gosee yAOGCHYIO
I/ BbluMc/AeHHi. KpoMe Toro, Kak Mbl YBHIHM no3xe, HMeHHO
3Ta popMa BaxKHa, NMOTOMY YTO OHa CnpaBelnuWBa B GoJee 00-
iem cayyae. B ¢opmyae (17.44) u A u j MoXHO cBsizaThb c B,
NO3TOMY MOXHO HaJesiTbCsl, YTO 3HEprusi BHIPA3UTCSl uepe3 Mar-
HHUTHOE TI0Jle — TOYHO TaK XKe, KaK HaMm yHnaJoch CBS3aTh 3JeKT-
POCTATHYECKYIO S3HEPTHIO C 3/eKTpUUeCKUM nosneM. HauHem ¢ mona-
CTaHOBKH goc?V )X B BMecTo j. 3aMeHHTb A Mbl He MOXEM C TO#H
e J1erKOCTblO, IOTOMY 4TO Hesb3si 06paTtuTh B = V XX A, uTo6bl
BbIpa3HTh A uepe3 B. M0OXHO TO/IbKO 3anucaTh

U=—-2—S(V><B) Adv. (17.46)
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JII060NBITHO, YTO TpPH HEKOTOPbIX OTpaHHUYeHHsX STOT HHTerpaJ
MOXXHO TNpeBpaTHThb B

U= S B.(VXA)adV. (17.47)

YT0o6bl YBHAETb 3TO, BBINHLIEM MOAPOGHO THNHYHBIH MHOXHTEJb.
[Tpeanonoxum, yto Mbl B3siain MHoxuTeab (V X B), A, Bxoas-
it B uHTerpaa (17.46). BrimuchiBasi MOJHOCTBIO KOMMOHEHTHI,
nosayyaem

((GB” — aB")A dx dy dz

(MMel0TCs, KOHEYHO, ellle ABa HHTerpaja Toro ke copta). [Ipo-
HHTErpupyeM Tenepb nepBbli MHOXHTENb NO X, HHTErpHpPYs NO
yacTsm, T. €.
0B, 0A;
| S A.dx=8,4.— (B, 52 ax.
X
Tenepb npeanosoxum, 4yTo Hawa cuctemMa (MMesi B BHAY HCTOY-
HUKHW U N0JIs) — KOHeyHas, TaK 4TO, KOrjla Mbl yXOAHUM Ha 6OJb-
IIHe paccTOsHHS, BCce MOJs CTpeMsaTcss K Hyqawo. Toraa mpu HH-
TerpupoBaHUH 1O BCEMY NPOCTPAHCTBY noacTaHoBKa ByA, Ha
npefe/iax HHTerpaja JaeT HyJdb. Y Hac OCTaeTcs TOJAbKO
By (0A,/0x); ato, oueBuaHo, ecTb yactb oT By(V X A), u, 3Ha-
uyuT, oT B+ (V X A). Ecan Bbl BHNHUIHTE OCTaJbHbIE NMSATh MHO-
XHTeJsell, TO yBUAHTE, YTO (17.47) Ha camoM [Jesie 3KBHBAJIEHTHO
(17.46).
A tenepb Mbl MoXeM 3aMeHuTb (V )X A) Ha B u moayuuts

U_"°” SB .BdV. (17.48)

Mbl  BbIpasu/iH 3Hepruil0 B  MarHHTOCTAaTHYeCKOM  Clyyae
TObKO yYepe3 MarHUTHOe moJie. BripakeHHe TeCHO CBs3aHO C
¢dopmysoil, KOTOPYIO Mbl Hall/M AJs 3JEKTPOCTaTHYeCKOH 3Hep-
TUH:

U=%§E.Edv. (17.49)

OTH ABe 3HepreTHyecKHe ¢GoOpMyJ bl BbiAeAeHb TOTOMY, 4TO
HHOTa MMH yJno6Hee moJsb3oBaThcsi. O6GLIYHO ecTh H GoJlee BaXx-
Has TIpUYMHA: OKa3blBaeTcsi, uTO JJs AMHAMHYECKHX TOJeH
(xorna E n B mensiiotcs co BpeMeHeM) o6Ga Bblpaxkenus (17.48)
u (17.49) ocraloTcs cnpaBeANMBBLIMH, TOrga Kak Apyrde AaHHble
Hamu ¢GopMyJbl 1/151 3JeKTPHYeCKOH W MarHHTHOM SHepruii nepe-
CTalOT ObITb BEPHBIMH — OHH TOASITCA JHWb AJAs CTaTHYECKHX
noJsed.
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Ecau nHaM M3BeCTHO MaruuTHoe noJse B omHO# KaTyuwku, MBI
MOXeM HalTH KO3(pOPHUUMEHT CAaMOUHAYKUHH, NpUpaBHUBAA Bbipa-
xeHue Aasi Hepruu (17.48) u '/.ZI% TlocMoTpum, uTo moay-
9UTCA B pe3y/bTaTe A1 UHAYKTHBHOCTH AJHHHOTO COJIEHOH[A.
Panplie Mbl BHAEIM, 4TO MarHuTHOE I10JIe B COJIEHOHIe OIHO-
poxuo u B cHapyxu paBHO Hy/0. BequuuHa noss BHYTPH paBHa
B = nl/eoc?, rae n— YUCA0 BUTKOB HAa €NMHHLY AJHHBI HAMOTKH,
a I — tok. Eciu panuyc kaTywku r, a anuHa ee L (Mbl cuuTaew,
uro L oueHb Be/sHMKa, YTOObH MOXHO Obl10 npeHeGpeyb KpaeBbIMH
abdekramu, T. e. L>>r), To BHyTpeHHHH 06beM paBeH mriL.
CnenoBare/lbHO, MaTHUTHAs 3Heprus paBHA

— 8002 2 — nzlz 2
U——2 B?. (06bemM) = e V' L,

yTo paBHO !/,ZI% Wau
__ ar'n?
- 80(.‘2

L. (17.50)



ITarasa 18

YPABHEHHA MAKCBEJIJIA

§ 1. Ypasnenus Maxcseanra

B 3To#l rmaBe Mbl BepHEMCs K MOJMHOH CHCTeMe
W3 yeThIpex ypaBHeHHi MakcBesna, KOTOpble Mbl
NPHHSANM KaK OTNPaBHOM MyHKT B ra. 1 (Bbim. 5).
o cux nop Mbl U3yuyanu ypaBHeHHss MakcBeana
HeGOJIbIIUMH YacTsIMH, KyCOUKaMH; Tenepb mopa
yKe npuOaBUTb NOCJAEJHION 4acTb U COeAHHHTD
ux Bce Boeauno. Toraa mbl Gynem HMeThb nojioe
M TOYHOE OMNHCAHHE 3JEKTPOMArHUTHBLIX moJeil,
KOTOpble MOTYT H3MEHSITbCS CO BpeMeHeM TNpoH3-
BO/MIbHBIM O6pa3oM. Bce ckasaHHOe B 3Toii TiiaBe,
€CJIM JlaxKe OHO M 6GyJdeT MpPOTHBOPEUHTb YEMY-TO
CKa3aHHOMY paHee, MpaBHJ/bHO, a TO, YTO T'OBO-
pHJIOCh paHee B 3THX CJydasiX, HEBEPHO, NMOTOMY
YTO BCe BBICKa3aHHOE paHee NMPHMEHsJOCh K Ta-
KUM YacTHBIM cJyyasiM, KakK, CKaxkeM, CJayyaH
NOCTOSIHHOTO TOKAa HJIH (PUKCHPOBAHHBIX 3apsiJOB.
XoTs Bcsikuit pas, KOrja Mbl 3anichbiBadd ypaBHe-
HHe, Mbl BeCbMa CTapaTe/]bHO YKa3blBa/lH OrpaHu-
YyeHHsi, JIeTKO n03a6bTb BCe 3TH OFOBOPKH H
C/IMIIKOM XOpOLIO 3ay4yuTb OWHGOYHBIE ypaBHe-
nusa. Tenepb Mbl MOXeM H3JI0XKHTb BCIO HCTHHY,
6e3 BCAKHUX OrpaHHYeHHH (HAH noyTH Ge3 HHX).
Bce ypaBHeHus MakcBensaa 3anucaHbl B
ta6a. 18.1 kak c/0BecHO, TaK M B MaTeMaTHuye-
CKHX cuMBoJax. ToT ¢akT, yTo cJoBa 3KBHBa-
JIEHTHbl YpaBHEHHSM, JOJXKeH ObITb celyac BaM
yXKe 3HaKOM — Bbl JOJIKHBl yMeThb TepeBOAUTb
onﬂlyl tdopMy B apyryio U o6paTHO.
epBoe ypaBHeHune — auBepreHuusi E pasna
TJIOTHOCTH 3apsja, Ae/NeHHON Ha gy, — NpPaBHJb-
HO Bcerfa. 3akoH 'aycca cnpaBeasiuB Bcerfa Kak
B OHHaMHYeCKHX, TaK H B CTATHYECKHUX TOJIAX.
[Torox E uepe3 /n106ytlo 3aMKHYTYIO NOBEPXHOCTb
IIPONOPLHOHAJIEH 3aK/NI0YeHHOMY BHYTPH 3apsiay.
TpeTbe ypaBHeHHe — COOTBETCTBYIOIHE 0O6LIHH
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Tabauya 181 @ KJIIACCUUYECKAS OHU3UKA

¥Ypasuenun Makceeana

Lv.E=£ (Motok E uepea 3amkHyTyo mo-
€ BepXHoCTb) = (3apsil  BHYTpH

OB Hee)/gg
I VXE= —ar (Muterpan or E no 3aaMKHyTOMY
KOHTYDY) = —ar (ITotox B

CKBO3b KOHTYP)
III. V-B=0 (TTorok B uepe3a 3aMKHYTYIO
nosepxHoctb) =0
i oE ¢? (Unm B o KoHTYpy)=
2 == J erpaJ oT B no KoHTYDY
IV. 5V X B & +or = (Tok B KoHType)/€o+
-+ g—t(ﬂorox E cKBO3b KOHTYP)

Coxpanenne 3apsana

(caeayer u3 I u 1V)

v === (ﬂoToK 3apana yepe3 3aMKHY-
TYIO  NOBEPXHOCTb) =

= — ait (3apan BHYTpH Hee)
3akoH cHabI

F=¢g(E+vXB)

3aKkoH NBUKEHHS

i(p)= F, rae p___m—v— (3akoH HbloToHa, ucnpaBJieHHbIH
dt A T=20%c? ditnmrTeliHoM)
I'pasutauns

nyms;

F=—GTC'-

3aKOH [JIi MarHUTHbIX moJeit. [TocKo/sibKy MarHHTHBIX 3apslOB
HeT, MOTOK B uepe3 /06yl 3aMKHYTYI0 MOBEpPXHOCTb BCeraa pa-
BeH Hymo. Bropoe ypaBHenne V)X E = —dB/dt— 310 3akoH
®apapes, 4 06CyXAajaCs OH B NMOCJAeAHHX ABYX riaBax. OH TOXe
BepeH B obuieM cayyae. Ho mocienHee ypaBHeHHe COMEDPXKHT
HeuTo HoBoe. PaHblle MBI BCTpeya/sHCh TO/NBLKO C 4ACTbIO €ro, Ko-
TOpasi TOAMTCS JJIsi NMOCTOSIHHBIX TOKOB. B 3ToM cayyae MH ro-
BOpHJ/IH, 4TO poTop B paBeH j/eoc?, HO npaBu/ibHOe ofllee ypaB-
HeHHe HMeeT HOBBIH YJ/ieH, KOTOpPHIK Gbll OTKpHIT Makcsesasom.

Ho nosiBnenuss pa6oThl MakcBeJ1a H3BeCTHble 3aKOHBI 3JI€K-
TpHYeCcTBa M MarHeTH3Ma OblJIM TaKUMH XKe, KaK Te, YTO Mbl H3y-
yaad B 1. 3—14 (Bwin. 5) u ra. 15—17. B uacTtHocTH, ypas-
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HeHHe 1J15 MArHUTHOTO M0Js MOCTOSIHHBIX TOKOB GBIJIO M3BECTHO
TOJIBKO B BHJIE ]

VXB_W. (18.1)
MakcBens Hauasl C pacCMOTPEHHS 3THX HM3BECTHBIX 3aKOHOB H
BbIpa3us MX B BuAe NHU(GepeHIHAaNbHBIX YPAaBHEHUH, TaK Xe KakK
MBI MOCTynuJHu 3aechb. (XoTsi cuMBOa V ellle He OblJ MPHAYMaH,
BIepBble, B OCHOBHOM G6.1arofapsi MakcBeJaly, cTaja OYeBHAHOH
BAaXHOCTb TaKHX KOMOGHHAUMH TNPOH3BOAHBIX, KOTOpble Mbl Cce-
rOlHA Ha3blBaeM pOTOPOM M AHBepreHuuei.) Makcseasn Toraa
3aMeTuJ, yTo B ypaBHeHHH (18.1) ectb HeuTo cTpaHHoe. Ecan
B3ATb JUBEPreHIHIO OT 3TOr0 YpPaBHEHHs, TO JeBas CTOpoHa 00-
paTuTcs B HyJb, NOTOMY YTO NHBEpreHUHMs poTopa Bcerija paBHA
Hymo. Takum o6pasom, 3To ypaBHeHHe TpebyeT, yTOGHl AHBEp-
FeHIUs j Takxe Oblsia paBHa HyJawo. Ho ecnin auBepreHuus j
paBHa HYJIO, TO MOJHBIH TOK uepe3 MOGYI0 3aMKHYTYIO NOBepX-
HOCTb TOXeE PaBeH HYJIO.

[ToaHbll TOK Yyepe3 3aMKHYTYIO MOBEPXHOCTb PaBeH yMeHblie-
HHIO 3apsifia BHYTPH 3Toi noBepxHOCTH. OH HaBepHsKa He MOXeT
6bITb BCerfia paBeH HYJIO, TaK KaK Mbl 3HaeM, YTO 3apsiibl MOTYT
NepeMellaThcsl U3 OJHOrO MecTa B Jpyroe. YpaBHeHHe

. Jap

V~J—-—-W (18.2)
(aKTHYeCKH eCcTb Hallle onpefeleHHe j. DTO ypaBHeHHe BhIpa-
XKaeT caMmbli QyHAaMeHTaJbHBIA 3aKOH — COXpaHeHHe 3JeKTpH-
YeCKOro 3apsja: Jo6oi NOTOK 3apsna AOJKeH NMOCTynaTh U3 Ka-
KOro-To 3anaca. MakcBeJJ 3aMeTHJ 3Ty TPYOHOCTb M, 4TOCH H3-
6exatb ee, npeanoxua no6asutb OE/0f B mpaByio yacTb ypas-
Henust (18.1); tTorma on u moayyua ypaBHenue IV B Tabu. 18.1:

- 4 oE
CQVXB——BT+ 9t *

Bo BpemeHa MakcBenJja elle He NPHBLIKJAW MBICAHUTb B Tep-
MHHax aOCTpPaKTHbBIX noJjed. MakcBeas o06CyXAan CBOH HAeH
C NOMOILbIO MOJeJH, B KOTOPOH BaKyyM Obl MogoGeH ynpyromy
Tesy. OH mbITa/acs TakxkKe OGBbACHUTb CMBICJ CBOEro HOBOrO ypas-
HeHHs C MOMOWbIO MexaHHyeckoll Mognenu. Teopusi Makcsesna
NpHHHMaJach OYeHb HEOXOTHO, BO-NMEPBBHIX, H3-3a MOAeNaH, a, BO-
BTOpPHIX, NOTOMY, YTO BHaua/je He OblJ0 3KCNEPHMEHTaJNbHOrO
noAtBepx aeHusa. Cefiluac Mbl Jayuuie NOHHMaeM, 4TO JeJ0 B ca-
MHX YPaBHeHHSIX, 2 He B MOJe/NH, C TIOMOULbI0 KOTOPOH OHH ObLIH
nojayuyeHbl. Mbl MOXeM TOJ/ILKO 3aAaTb BONPOC, MPABUJbHBI JH
5TH ypaBHeHHs MJHM OHH owHGOouHbl. OTBeT OaeT 3KCHNEPHMEHT.
W ypaBHeHnss MakcBensja Obl1M NOATBEPXKIEHb B 6eCCUETHBIX
sKcnepuMmeHTax. Ecaun MBI oT6pocHM Bce CTpOMTeNbHble Jeca,
KOTOPBIMHU NOJb30BaJicsi MakcBes, 4TaObl MOCTPOUTL YPABHEHHUS,
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Mbl TpPHAEM K 3aKJ/IOYeHHIO, YTO NpeKpacHOe 3JaHue, CO3JlaHHOe
MakcseasioM, mepxutrcs camo mno ce6e. OH cBeal BOeIMHO BCE
3aKOHBI 3JIEKTPHYECTBA M MarHeTH3Ma H €03[aJ 3aKOHYEHHYI0 H
NpPeKpacHyl0 TeOpHIO.

HasaiiTe nokaxeM, yTo J06GaBOUYHBIH yJeH HMeeT TOT CaMblii
BHJ, KoTopbii TpebyeTcs, uTOOb NpeonoJeTb OGHapYMKEHHYIO
Makcseasiom TpyaHocTb. B3siB quBepresuuio ero ypasHenus (IV
B Taba. 18.1), MBI MO/KHBI MOJYYHTb, YTO AHBEPreHUHsi NPaBOM
4yacCTH paBHa HYJIO:

i 9E _
Voot V-5p=0. (18.3)

Bo BTOpOM c/laraeMoM MOXHO mepecTaBHTb nopsinok Auddepen-
LLHPOBAHHSA MO KOOpAHHAaTaM M BpPeMeHH, TAK YTO ypaBHEHHe MO-
XKeT GbITb MepenucaHo B BHIE

V.ji+e2V-E=0. (18.4)

Ho, cornacHo mepBomy u3 ypasHenuit MakcBessa, AHBEPreHUHs
E paBna p/eo. [Toacrasasis ato paBencTBo B (18.4), Mbl npHiem
K ypaBHeHHl0 (18.2), KoTOpoe, Kak Mbl 3HaeM, npaBuabHo. M Ha-
060pOT, ec1 Mbl IPUHHUMaeM ypaBHeHHs MakcBeana (a Mbl npH-
HHMaeM HX NOTOMY, YTO HHMKTO HHUKOrja He OOGHapyXHJ 3KcIe-
PHMeHTa, KOTOpHIil onpoBepr Gbl HX), Mbl NOJKHBI NPHATH K BHI-
BOMY, 4TO 3apsfl BCerga COXpaHsercs.

3akoHbl QHU3MKH He HAlOT OTBeTa Ha Bompoc: «Uto cayuurcs,
€CJIM 3apsiJl BHe3aNHO BO3HUKHET B 3TOH TOuKe, Kakue GyayT NpH
3TOM 3J/IeKTPOMarHuTHole 3>¢¢eKThi?» OTBET [JaTh He/b3s, I0-
TOMY 4TO HallH YPaBHEHHS YTBEpPXKJAAlOT, YTO TAKOro He IPOHC-
xonut. Ecam 6b1 310 cay4usocs, HaM NOHagoGuAMCh Obl HOBHIE
33KOHbI, HO Mbl He MOXEeM CKa3aTb, KakuMH 6bl oHH 6blin. Ham
He NMPHUXOAUIOCL HabawnaTh, Kak BefeT ceb6s Mup 6e3 coxpaHe-
HUA 3apsina. CornacHo HAallUM YpPaBHEHHSIM, e€C/M Bbl BHE3aIHO
NIOMEeCTHTe 3aps] B HEKOTOPOH TOuKe, Bbl JOJKHbBI NIPHHECTH ero
Tyla OTKyAa-To eule. B TakoM ciayyae MBI MOXeM TOBOPHTb O
TOM, 4TO NMPOHU3OLLIO.

Koraa Mbl no6aBu/u HOBHI uJ/ieH B ypaBHeHHe AJs poropa E,
Mbl OGHAapYXHJIH, YTO UM ONHCHLIBAETCs LeJblil HOBBIM KJaacc fB-
JeHuH. Mbl yBHAHM TakXe, uTo HeGosbuias no6aBKka MakcBeaa
K ypaBHeHHI0 aas V )X B HMeeT npajeko uayuide NOcC/JeACTBHS.
Mpbl 3aTpoHeM JIHILb HEKOTOpble M3 HHUX B 3TOH rJaase.

§ 2. Yro daer dobaska

B kauecTBe Haulero nepeoro nprMepa paccMOTpHM, 4TS npo-
HCXOIHT €O ChepHYeCKH CHMMETPHYHBIM paJuajbHbIM pacnpelie-
JenreM Toka. IlpeacraBum cebGe ManeHbKylo cdepy ¢ HaHeceH-
HBIM Ha Hell PaJMOAKTHBHBIM BelleCTBOM. DTO PaAHOAaKTHBHOe
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Due 18.1. Kakogo mazuur-
Hoe nose cepunecku cum-
MeTPpu4n020 ToKa?

BeLLeCTBO HCIYCKaeT HapyXy 3apsiKeHHble yacTHubl. (Mbl Mo-
XeM MNpelCTaBHTb TakxXe GOJbILION KYCOK Xeje ¢ MajleHbKHM
OTBEPCTHEM B IleHTPe, B KOTOPOe C MOMOLLbIO IUMNpHUIla BOPLICKH-
BAlOTCA KaKHe-TO 3apsiilbl U U3 KOTOPOro 3apsiibl MeNJeHHO Npo-
cauyuBaioTca.) B 06om cayyae mbl uMeau Gbl TOK, KOTODHIH
NOBCIOAY HanpasJ/ieH N0 paauycy Hapyxy. Byaem cuutaTh, 4TO
BEJHYHHA €ro OJHHAKOBa BO BCEX HaNpaBJ/eHHsX.

[TycTb nosubIil 3apsin BHYTPH Cepbl NPOM3BOJBHOTO pPaaHyca
r ectb Q(r). Ecau nioTHOCTh pafna/nbHOrO TOKA MPH TAaKOM Xe
panuyce paBHa j(r), To ypaBHeHue (18.2) TpebyeT, uToGH Q
YMeHbIIAN0Ch CO CKOPOCTBIO

2Q0) —  4r?j (r). (18.5)

CrnpocuM Tenepb O MarHUTHOM IOJie, CO34aBaeMOM TOKaMH
B 3TOM cayyvae. [IpeanosoxkuM, Mbl HayepTU/IH KaKylo-To netaio I'
Ha ctepe pamuyca r (¢ur. 18.1). CKBO3b NeT/N0 NPOXOAHT Ka-
KOH-TO TOK, MO3TOMY MOXXHO OXHJAaTb, YTO MarHHUTHOe MoJie UHP-
KYJHPYeT B HanpaBJ/eHHH, YKa3aHHOM Ha ¢Qurype.

W cpasy BosHukaet 3aTpyaHenne. Kak moxer mose B umers
KaKoe-To oco6oe Hanpas/eHue Ha cdepe? Ilpu Apyrom BeiGope
netad I' Mbl 6bl 3aK/MIOUHAH, YTO ee HanpaB/eHHe NPsIMO NPOTH-
BOMOJIOXKHO YykasaHHOMy. [loatomy 603moscna au Kakas-nu60
uupkyasuus B BoKpyr Tokos?

Hac cnacaior ypaBuenuss Maxkcsenna. Lupkyasiuus B 3asu-
CHT He TOJILKO OT NOJIHOrO TOKQ@, MPOXOAsUero ckBo3b metiio T,
HO M OT CKOPOCTH H3MEHEHHS CO BPeMEHEM 3IAeKTPUHecKozo no-
Toxka yepe3 Hee. J{o/2KHO ObITb Tak, yToOBl 3TH JBe HacCTH Kak
pa3 norawanaucb. [locmoTpuM, mosyyaercs Jd 3TO.
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d/eKTpUUECKOe MoJie Ha PACCTOSHHH r JOMXKHO ObITh PaBHO
Q(r)/Ameor?, moKa, KaK Mbl NPEANOJOXKH/IM, 3apPsill pacnpefeneH
cumMeTpuuHo. [Tose pagnanbHO, H CKOPOCTb €ro U3MEHEHHS TOrAa
paBHa
0E 1 4]
Q (18.6)

ot 4mecr? ot *

CpasuuBasi 310 ¢ (18.5), Mbl BHAHUM, 4TO AJs M0GOr0 PacCTOSIHHUA

J0E i
s e (18.7)
B ypaBHenuu IV (ta6sa. 18.1) o6a umeHa OT WCTOYHHMKA INOra-
waiorcsd u porop B paBeH Bceraa HyJo. MarHuTHoro mnoas B Ha-
LleM NpHMepe HeT.

B kauecTBe BTOpOro Haliero npuMepa pacCMOTPUM MarHHUTHOE
noJie NpPoBOAAa, HCHO/Mb3YyeMOro AJs1 3apsiKH IJOCKOro KOHHAEeH-
catopa (¢ur. 18.2). Ecau 3apsan Q Ha maacTHHAaxX co BpeMeHeM
H3MeHsieTcsl (HO He C/JMLIKOM OBICTPO), TOK B NPOBOLAX paBeH
dQ/dt. Mbl oxuaaeM, yTO 3TOT TOK co3gacT MarHUTHOe MoJie, KO-
TOpoe oKpy»xaetT npoBojJ. KoHeuHo, TOK B6J/IM3H NpoBoAa AOJXKeH
co3aaBaTh OOGbIYUHOE MAarHUTHOE IoJle, OHO He MOXeT 3aBHCeThb
OT TOro, I'le UAET TOK.

[Mpepnonoxum, mbl Bei6panu merao I’y B BHAe OKpYyXKHOCTH
¢ papuycoM r (¢ur. 18.2,a). KoHTypHbII HHTerpas OT MarHuT-
Horo noss 6yaeT paBeH TOKY I, neJeHHOMY Ha goc2. Mbl HMeeM

I
QJTJ'B=W. (188)

Bce 310 MBI nmosmyuynau 6bl A1 MOCTOSHHOTO TOKa, HO pe3yJb-
TaT He HM3MeHHTCH, ecJH YydyecTb J06aBKYy MakcBeaJa, nmoTomy
YTO AN NJIOCKOM NMOBEPXHOCTH S BHYTPH OKPYXKHOCTH 3J/IEKTPH-
YeCKOro noJis HeT (CYMTasi, 4TO NMPOBOJ OYeHb XOPOILHH MPOBOA-
HuK). [ToBepxHOoCTHBIA HHTerpan or OE/J0f paBeH Hyo.

[TpennosiokuM, oaHako, YTO Temepb Mbl MelJeHHO NPOABH-
raem kpuByio '} BHH3. Mbl GyieM noJy4yaTb BCerja TOT Xe CaMbli

Kowmyp I Konmyp I $i
e
< i \ Ty
N si /7
B
ormgp T ¥
onmyp I S G=raS= a0 2
T
B === == E B
Iy
a * 0

Due 182, Maznurnoe nose 804u3u 3apRicaemozo Kondewncaropa.
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pe3y/abTaT 10 TeX NOp, NOKa He HapHUCYeM KPHBYIO BPOBEHb C MJa«
cTHHaMHu KoHgaeHcatopa. Torpa Tok [ GymeT CTPeMHTbCSl K HYJIIO,
UcuyesHer /1 npu 3TOM MarHuTHoe mnoJe? ATo 6bl10 6bl OYeHb
cTpaHHo. [laBaiiTe NOr/siAUM, YTO FTOBOPUT ypaBHeHHe MakcseJa
nas kpuoil T', Kotopas npeacraB/isieT co60it OKpPYXHOCTb pa-
auyca r, IJIOCKOCTb KOTOPOH NPOXOAHT MeXJAy NaacTHHAMH KOH-
neHcatopa (¢ur. 18.2,6). Koutypunlit uurerpan or B Bokpyr T
ectb 2nrB. OH pmo/KeH ObITb paBeH NPOHW3BOAHOH MO BPEMeHH
notoka E, npoxoasiuiero ckBo3b MJI0CKyl0 NMOBEPXHOCTb Kpyra Sa.
Atot motok E, kak Mbl 3HaeM W3 3akoHa laycca, Ho/kKeH OHITb
paBeH npousBeneHH0 l/g, Ha 3apaa Q Ha ORHOH H3 NJACTHH
KoHeHcaTopa. Mb uMeeM

c2nrB =% (820) (18.9)

910 oueHb xopowo. Pe3yabTaT TOT Ke, YTO MBI HaULIH
B (18.8). MHTerpupoBaHue MO MeHsSIOWIEMYCS 3JEKTPUYECKOMY
NoJII0 JlaeT TO Ke MarHUTHOe I0Jie, 4YTO M HHTerpHpoBaHHe IO
TOKY B npoBoje. KoHeuHO, Kak pa3 06 3TOM H rOBOPHT ypaBHEeHHe
Makcsenna. Jlerko BujeTb, 4TO TaK AOJXKHO ObITb BCerga, eciu
NPUMEHUTb HALIM PacCyXIeHHuss K ABYM NOBepXHocTsM Sy u Si,
OrpaHHYeHHbIM OJHOM M TOH e OKpyXHOCTbio I'y Ha ¢ur. 18.2,6.
CkBO3b S| npoXoauT TOK [, HO HET 3JeKTPHYECKOro MOTOKa.
CKkBo3b S| HeT TOKa, HO eCTb 3JIeKTPHUYECKHUl TNOTOK, MeHsIo-
wuics co ckopocTbio I/eg. To xe noJse B moayuutcsi, ecau Mbl
npuMeHuM ypaBHenue IV (ta6a. 18.1) K KaxJaoil NOBEPXHOCTH

W3 nawero o6cyxaennsi no6aBky, BBeAeHHO# MakceeaaoM, y
BAC MOIJIO C/IOXHTbCS BIeyaT/JeHHe, 4TO OHa JoOaB/sieT He-
MHOT0 — NPOCTO NMOANPABJ/IseT YPaBHEHHS B COIVIaCHH C TeM, YTO
MBI yXKe OXHAa/JH. DTO BepHO, MOKa Mbl paccMaTpHBaeM ypas-
HeHue IV camo no cebe, Hnuero oco6eHHO HOBOrO He MOSBJSAETCS.
CiioBa camo no cebe, onHako, BecbMa BaxkHbl. HeGosblioe u3me-
HeHHe, BBelleHHOoe Makcse/sioMm B ypaBHenue IV 8 coueranuu
¢ Opyeumu ypaBHEHHSIMH, Ha CaMOM JeJle JaeT MHOrO HOBOTO H
BaxHoro. Ho mpexnae ueM 3aHATbCS 3TUM BONPOCOM, MOrOBOPHM
noapoGuee o ta6a. 18.1.

§ 3. Bce o kaaccuueckoi (usuke

B rta6a. 18.1 cBemeno Bce, yTo 3Hasa (yHAaMeHTaJbHas
Kaaccudeckas ¢u3uka, T. e. Ta PU3MUKa, KoTopas Obl/J1a H3BECTHA
no 1905 r. B onro# stoit ta6auue ectb Bce. C momMouibio 3THX
YpPaBHeHHl MOXHO IOHSATb BCe AOCTHXXEHHS KJaccuuyeckoir ¢u-
3HKH.

[Tpexxae Bcero Mbl MMeeM ypaBHeHuss MakcBenna, 3amucaH-
Hble KaK B pacUIMPeHHOM BHJe, TaK U B KOPOTKOH MaTeMaTHue-
CKOH ¢opme. 3aTeM ecTb COXpaHeHHe 3apsjga, KOTOpoe JHaxe
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3amMcaHo B CKOOKax, NOTOMY YTO COXpaHeHHe 3apsiia MOXKHO BhI-
BECTH M2 HMeIOUIMXCHA MOJHBIX ypaBHeHHH Makcseana. Tak uro
B Tab/uue HMelOTCS Aa)e HeboJbluHe H3MHIIKH. Janbuie Mbl
3anHuca/ju 3aKOH AJfl CHJbI, NMOCKOJbKY BCe HMeEIOIHecs 3J/EKT-
pHYecKHe U MarHMTHble NOJIs HUYero He roBOPAT HaM 10 Tex Mop,
NMoKa Mbl He 3HaeM, KaK OHM HAeHCTBYIOT Ha 3apsasl. OJHaKo,
snaa E u B, Mbl MOXeM HaHTH cuay, QeACTBYIOULYI0 HAa O0BEKT
C 3apsaoM g, KOTOpbll JABHXKeTcsi co ckopocthio v. Haxkonen,
HMelollascsl CHJIA HHYero He rOBOPUT HaM, NOKA Mbl He 3HaeM,
4TO NMPOHCXOJAHUT, KOTa CHJMA YCKOPSIET 4TO-TO; HaM HeOO6XOAHMO
3HaTb 3aKOH JBHXXEHHS, KOTOPbIH FOBOPHT, YTO CHJA paBHa CKO-
poctH u3MeHeHus umnyabca. (ITomHute? O6 3TOM TOBOPHJOCH
B Haya/le Kypca.) Mbl aaxe BKIIOUHAH 3Q(eKTbl TEOPHH OTHO-
CHTE/JIbHOCTH, 3alHCaB UMNYJ/bC B BHAE P =m0v/1/l — v¥c2.

Ho ecnu Mbl mefiCTBHTENbHO XOTHM 3aKOHYEHHOCTH, HaM CiJle-
ayeT No06aBHTb ellle OJHH 3aKOH — 3aKoH TaroTeduss HbloToHa,
H Mbl TIOCTABHJ/H €ro B KOHILe.

Htak, B onHo# HeGoablioil Tabiauue Mbl co6pajiu Bce QyHAa-
MeHTaJ/IbHble 3aKOHbl KJacCHYeCKOH (H3HKH, NaXe XBATHJIO Me-
CTa BBIMHCATb HX CJAOBAMH M elle C HEKOTOPbIM H3JMHLIKOM. DTO
BeJUKHH MOMeHT. Mbl moKopuau 60./blIYI0 BbICOTY. MBI Ha Bep-
wrHe K-2*, MBI OYTH NMOArOTOBJEHBl MOKOPHTL Tenepb DBepecT,
T. €. KBAaHTOBYIO MeXaHHKY.

B oCHOBHOM MBI NbITa/MMCh HayYHTbCS NMOHMMATb 3TH YPaBHe-
HUA. A Tenepb, Korja Mbl co6pajiu HX BOeAHHO, Mbl COGHpaeMcs
pa3obparbcs, YTO O3HAYAIOT 3TH YPaBHEHHs, YTO HOBOTO CKaxXyT
OHHM O TOM, Yero Mbl ellle He MOHAJIH. Mbl MHOro NOTPYIHJHCH,
4yTo6bl BCcKapabKaTbCsl K 3TOH Touke. DTo noTpe6oBajo 60JbLIHX
YCHJIMH, a Tenepb Mbl co6upaeMcs HauyaTb NpPHATHOE nyTelllecT-
BHe — CNYCK C ropbl B A0JHHY, TaM Mbl YBHAHM BCe, Yero Mbl J0-
CTHIIH.

§ 4. Ilepedsuzaroueeca noae

A Tenepb 0 HOBBIX caeAcTBUAX. OHM BO3HHKAIOT H3 COMNOCTaB-
JeHHs1 BceX ypaBHeHu#l MakcBeasa. CHaya/sa JaBaiiTe mocMort-
puM, 4TO npousouso Gbl B oco6eHHO npoctom caydae. [Ipeano-
JIOXKHM, YTO H3MEHsleTCsl TOJIbKO OJHa KOOpJAHHATa Yy BCeX BeJH-
YHH, T. € PacCMOTPHUM 3ajauy OQHOrO H3MepeHHs.

Cayuait 3ToT nokasan Ha ¢ur. 18.3. [lepen HamMu 3apsiKeHHbIH
JIUCT, NOMelleHHbIi Ha naocKocTH yz. CHauajla OH HeNnoABHXKEH,
a 3aTeM MrHOBEHHO npHobperaeT CKOpPOCTb 4 B HanpaBJleHHH Y
M JBHXKETCA C 3TOM NOCTOSAHHOH ckopocThio. Bac moxer Gecno-
KOHUTb NMPHCYTCTBHE TaKOro «GECKOHEYHOro» YCKOpeHHs, Ho (ak-

* K-2— BTOpas no BHICOTe BepllMEa MHpa B CeBepo-3aNajHbIX OTpPOrax
I'nmanaes, nasbieaemblx Kapakopym. — [Tpum. ped,
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Pue 183. Beckoneunaa 3apaxenHHas NAOCKOCTb HEON U=
Oanno npusodurca 8 nccrynateasbroe Osuicerue.

BO3HUKAIOT MA2HUTHOE W 9AeKTPUYECKOe NOAR, PAcnpoCTPAHAL0-
wuecs OT NAOCKOCTU C NOCTOAHKOG CKOPOCTSLIO.

THYECKH 3TO He MMeeT 3HaueHHs; NpocTo NpeiacTaBbTe cebe, 4yTO
CKOPOCTb NOCTHraeT 3HauyeHHs 4 oveHb ObIcTpO. MTak, mbl BHe-
3anHO MoJiyyaeM NoBepPXHOCTHHIH TOK J (J — TOK Ha eHHHly LIH-
pHHBI B 2-HanpaBJgeHuH). Yro6bl ynpoctuth npobsemy, mpeano-
JIOXKHM, YTO HMeETCs ellle HenoIABHKHbIA JIUCT, 3apsKeHHbIA npo-
THBONOJIOXKHO H HaJIOXKEeHHBbIH Ha NJOCKOCTb Y2, TaK YTO 3JEKTPO-
cTaTH4YecKHe 3(deKThl orcyTcTByloT. IlpeacraBum cebe Takxke
(XoTa Ha ¢urype Mbl mokKasasau JHLIb TO, YTO NMPOUCXOIHT B KO-
He4yHOH 06/1aCTH), 4TO JIUCT NpoCcTHpaeTcss OO0 OeCKOHeYHOCTH B
HanpaB/leHusaX =4y v 2. [pyrumu ci0BaMH, 3leCb Mbl HMeeM
c/yyai, Koraa Toka HeT, a 3aTeM BHe3anHO NOsBJseTCs OJHO-
POLHBIN JMUCT ¢ ToKOM. UTo ke mpousoiiner?

Mbl 3HaeM, 4TO, KOra UMeeTCs JIUCT C TOKOM B MOJIOXHTe/Mb-
HOM y-HanpaBJ/IeHHH, BO3HHUKHET MarHuTHoOe noJie, HanpaBJ/ieHHOE
B OTpHIAaTeJbHOM Z-HanpaB/jeHHH npu x > 0 MU B NOJIOXKHTE/b-
HOM 2z-HanpasJieHHH npH x << 0. Mbl mMorau Obl HaWTH BeJHYH-
Hy B, ucnosb3ys ToT (aKT, YTO KOHTYPHbIH MHTErpaj] OT MArHHT-
HOro mosss GyneT paBeH TOKY Ha gc?. Mbl noayuuau Obl, uTO
B = J/2eoc® (nockosmbky Tok / B noJoce wupuHOW @ paBeH Jw,
a KOHTYpHbIH uHTerpas ot B ectb 2Bw).

Taxk Mbl onpenensieM noJse BG/M3H JHCTA AJs1 MAJBIX 3HaYeHHH
X, HO, MOCKO/IbKY MBI CUMTaeM JHCT GeCKOHEeUYHbIM, XOTeaoch Obl
IIOJyYHTb C TNOMOILLBIO TeX e pacCyXAeHHMH MarHuTHoe noJe
noganpuie (Aas Goabwux 3HaueHuit x). OAHAKO 3TO 03HayaJ/o
Obl, 4yTO B MOMEHT, KOorja Mbl BK/l0O4aeM TOK, MardHHTHOe MnoJe
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BHE3aNHO H3MEHSIeTCS MOBCIOAY OT HYJ/Sl A0 KOHEYHOH BeNHYHHBL
Ho noroaure! IIpn BHe3anHOM H3MeHEHHH MArHUTHOrO MoJjs BO3-
HHKalOT OrpoMHble 3J/eKTpuueckue s¢pdekthl. (Kax 661 oHO Hu
MEHAAOCH, 3JIeKTpHYecKHe 3¢ deKTbl BO3HHKHYT.) Tak uto B pe-
3yJbTaTe ABHXKEHHs 3apsKEHHOro JMCTa CO3/[aeTcsl MeHsolleecd
MarHuTHOe noJje H, C/aeJ0BaTeNbHO, AOJMHbI BO3HHKHYTb 3J/IEKT-
puueckue 3ddektol. Ecau snektpuueckue nosas o6pa3oBaJuch,
OHH JO/KHbl HaYMHATbCA C HYJ/I H MeHATbCA K KaKOMy-TO 3Ha-
uyeHulo. BosHukHeT Hekasn npousBoaHasi OE/df, kortopas Oyaer
BHOCHTb BKJaJl BMeCTe C TOKOM J B CO3[aHHe MarHUTHOro NoJs.
Tak pasHble ypaBHeHHs! 3aUenJsiloTCs ApYr 3a Apyra, ¥ Mbl 10J-
JKHBl MOMbITaThCA HAaHTH pellleHHs AJs BceX noJei cpasy.
PaccmartpuBas ypaBHeHHs1 MakcBesasna NOPO3Hb, HeJerko
cpa3y noayuutb peuieHne. [TosTomy cHaua/ja Mbl COOGLIHM BaM
OTBET, a 3aTeM YXe NpOBepHM, AEHCTBHTEJNbHO JH OHO YJOBJeET-
BopsieT ypaBHeHusiM. OTger: [Tone B, KoTOpOe MBI BLIYHC/JHIH, Ha
caMOM JeJie CO3haeTcsi nNpsMo BOJIM3M JUCTA C TOKOM (AJas Ma-
JpiX x). Tak M H0OMXKHO OblTb, NOTOMY UYTO €CJAH MBI NpoBeleM
KpOLIeYHYI0 NeTJI0 BOKPYr JIMCTa, TO B Hell He Gyder MecTa s
NPOXOXKJeHHs 3JeKTpHueckoro notoka. Ho nose B nopaaeme
(a5 60/BIIMX X) CHayasaa paBHO Hyaw. OHO B TeyeHHe HeKOTO-
poro BpeMeHH OCTaeTCsl HYJ/eBbIM, a 3aTeM BHe3anHO BK/lOYaeTcs.
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Due. 18.5. To ae, uro Ha ¢ue. 18.3 (8ud csepxy).

Kopoue roBopsi, Mbl BK/IOYaeM TOK W HeMeNJNeHHO BGJHM3H Hero
BK/I0YaeTCsl MarHUTHOE noJie ¢ NOCTOSIHHBIM 3HaueHHeM B; 3atem
BK/lO4YeHHOe noJie B pacnpoctpansieTcs oT 06.1aCTH HCTOYHHKA.
Yepes HekoTOpoe BpeMs MOsIBJAsSETCS ONHOPOAHOE MAarHHTHOE
noJie BCIOAY, BILVIOTb 1O HEKOTOPOrO 3HAaueHHs X, a 3a HUM OHO
paBHO Hy/lo. BeoencTBHe CHMMETpHH OHO pacmpocTpaHsieTcs Kak
B TNOJIOXKHUTEJNBHOM, TaK H B OTPHLATEJbHOM X-HaNpaBJIeHHH.

[Tone E pmenaer to ke camoe. [do momeHnTa { = 0 (Korga Mbl
BK/I0OYaeM TOK) IoJle MOBCIOAY PaBHO HYMO. 3aTeM, CyCTsl Bpe-
Ma ¢, kak E, Tak n B nocTosiHHBI BNJOTb 10 paccTosiHus x = vt,
a 3a HMUM paBHbl Hy/o. [losnsi nmpoaBuraloTcs Bnepel, nMogoGHO
NPHIHBHOH BOJIHE, mMpuH4YeM (POHT HX JBHXKETCA C TNOCTOSIHHOM
CKOPOCTbIO, KOTOpasi OKa3blBaeTCsi PaBHO# ¢, HO mMoKa Mbl 6yleM
HasbiBaThb ee v. M306paxeHne 3aBucuMocTH BenuuuHsl E nan B
OT x (KaK OHHM KaXyTcsd B MOMEHT !) moKa3aHo Ha ¢ur. 18.4,a.
Ecnu cHoBa mocmotpeth Ha ¢ur. 18.3 B MOMEHT £, TO Mbl yBHIHUM,
4yTO 06J1aCTb MEXAY X = =4-Uf «3aHATa» MOASIMH, HO OHH elle He
nocturau obnactu 3a Hefl. Mbpl cHOBa mojyepkHBaeM — Mbl Npel-
noJ/iaraeM, YTo JIMCT 3apsiKeH, a cjaeloBaTeqabHo, noas E u B npo-
cTHpaloTcsi GeCKOHeYHO JaJ/leKo B y- M Z-HampaBJjeHusx. (Mbl He
MOXeM H300pa3uTb GeCKOHEeYHbIH JIHCT, TOITOMY Mbl NOKa3biBaeM
JIMLIBb TO, YTO NMPOUCXOAUT B KOHEYHOH 06J1acTH.)

Tenepb MBI XOTHM NMpOaHaJH3HPOBATb KOJNHYECTBEHHO TO, YTO
npoucxoaut. Yrobbl caenath 370, pacCMOTPHM [Ba MNOMEPEYHbIX
pa3pesa: BUI CBepXy, ec/lH CMOTPeTb BHH3 BAOJbOCH ¥ (¢pur. 18.5),
1 Bul c6OKY, eC/TH CMOTpPeTb Ha3aj BAOJAb ocH 2 (¢pur. 18 6). Hay-
HeM ¢ Buga cOoKy. Mbl BHOUM 3apsiXKeHHBIHl JIMCT, OBHXKYUIHiics
BBepX; MarHUTHOE NoJle HanpaBJ/IeHO BHYTPb CTPAaHHUUBI AJS <X H
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Due 186. To xe, uro na due. 18.3 (8ud cbory).

OT CTPaHuUBl QI8 —X, a 3JeKTPUUECKOoe IoJie HanpaBJeHO BHH3
BCIOAY, BIJIOTb 10 X = v,

[TocmoTpuM, corsnacyloTcs JH TakHe NOJs C ypaBHEHHAMH
Makcsenna. CHayasna HapucyeM OJHY H3 TeX MNeTeJb, KOTOPbIMH
Mbl T0/Ib30BAJUCh [JIS BbIYHCJAEHHS KOHTYPHOrO WHTerpaJa,cka-
XeM npsmoyroabHuk I'; Ha ¢ur. 18.6. 3amerbTe, uTO OAHA CTO-
pOHa mpsAMOYroJbHHKA NPOXOAHT B 006/aCTH, TAe ecTb IoJs, a
apyrass — B 06JacTH, 00 KOTopoil moJss eule He powau. Yepes
3Ty NeTJ/IO0 MPOXOAHT KaKoi-TO MarHuTHHI noToK. Ecin on n3me-
nseTcs, AO/MKHA MOSBHTbCA 3. 1. C. BAOJb metad. Ecau BonHOBOM
(poHT aBUKETCA, Mbl OyJeM UMeTb MEeHSIOUWHHCA MarHUTHBIH Mo-
TOK, NOCKO/IbKY NOBEPXHOCTb, BHYTPH KOTOPOIi CylllecTBYeT noJe B,
HenpepbIBHO yBe/JuyuBaercs co cKopocTblo u. [ToTok BHyTpHu T'p
paBeH mpou3BefeHulo B Ha Ty wacTb noBepxHocTH BHYTpH I'g, rle
eCTb MarHuTHoe noJje. CKOpPOCTb H3MeHEeHHs NOTOKa (MOCKOIbKY
BequuuHa B moctosiHHa) paBHa BeqMuUMHE MOJS, YMHOXEHHOH Ha
CKOpOCTb H3MeHeHHs1 noBepXHOCTH. CKOPOCTb H3MeHeHHs! MOBepX-
HOCTH HaiTu Jerko. Ecin wupuna npsimoyroabuuka I'; paBHa L,
TO MOBEPXHOCTb, B KoTopoii B cyuwectByer, MeHsiercss Kak LuAt
3a oTpe3oK BpemeHH Af (cm. ¢ur. 18.6). CKOpocTb H3MeHEHHs
notroka toraa paBHa BLu, Ilo 3akony ®Papanes oHa aoJkKHA
O6bITb paBHa KOHTYpHOMY HHTerpaay ot E Bokpyr I, KoTopbiil
ectb npocto EL. MbI mosiyyaeM paBeHCTBO

E=uB. (18.10)

Takum o6Gpa3oM, ecau oTHouieHne E K B paBHO v, TO paccMaTpu-
BaeMble HaMH 1oJjs GynyT yAOB/IeTBOPATb ypasHeHHlo Papapes.

Ho 310 He ennHcTBEHHOE ypaBHeHHe; y Hac eCcTb ellle OJHO,
cesaspiBaoulee E u B:

¢V xB=1 42 (18.11)
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YTo6bl MPUMEHHTb 3TO YpaBHeHHE, MTOCMOTPUM Ha BH[ CBEpXY,
n3o6pakeHHblit Ha ¢ur. 18.5, Mbl yXe BHIe/H, YTO 3TO ypaBHe-
HHe JlaeT HaM 3HaueHue B BO6JM3M 3apsiKeHHoro saucra. Kpome
TOro, aJs Jo6oH neTyd, HapUCOBAHHOH BHe JIUCTa, HO MO3aau
BOJIHOBOTO (poHTa, HET HM poTopa B, Hu j uan mMeHsoulerocs
noas E, tTak uTo ypaBHeHHe TaM cnpaBeasuBo. A Tenepb NOCMOT-
pPHM, 4TO NpPOHCXOAHT B metJe I'), KoTopas mepecekaeT BOJIHOBOMH
$poHT, KaK mnoka3aHo Ha ¢wur. 18.5. 3mech HeT TOKOB, NMOITOMY
ypaBHeHue (18.11) MOXHO 3anucaTh B HHTErpaJjibHOM oOpMe TakK:

cﬁ@B-ds=% S E.nda. (18.12)
T, Buyrpu Iy

KonTypHblil uuterpaa or B ecTb mpocto mpousselenne B nHa L,
CkopocTb u3meHnenusi notoka E BosHukaer ToibKo Osaromaps
NpOABUTAIOILEMYCS BOHOBOMY ¢pouTy. O6aactb BHyTpu I'1, rae
E we paBHO Hy.10, yBenuuuBaercs co ckopoctoio vL. IlpaBas cTo-
pona (18.12) torpa paBHa vLE. YpaBHeHHe 3TO NpHOGpeTaeT BHA

¢?B= Ev. (18.13)

Msbl uMeeM peluenue, koraa noasi B u E nocrosinubl 3a ¢gpon-
TOM, npuyeM o6a HampaBJ/ieHbl NMOJA MPSIMBIMH Yr/aMH K Hanpas-
JIeHHI0, B KOTOpPOM JBHXeTCid ()POHT, U NOA NPAMBIMH YTIJaMH
Apyr K 1pyry. YpaBHeHHs MakcBessa OnpefeisioT OTHOLIEHHE
E x B. U3 (18.10) u (18.13) mosayuaem

E=wBnE=<B

Ho oany MuuyTKy! Mbl Hauwiu déa pasubix Bblpa’KeHHs AJs OT-
Howenuss E/B. MoxeT nn Takoe noJie, KaKk Mbl ONHCbIBaeM, Hei-
CTBHTEJIBHO CyLlecTBOBaTh? MMeeTcs JHIIB OAHA CKOPOCTb U, AJS
KoTopoit 06a ypaBHeHHs MOryT ObITb CHpaBeAJ/HBbl, @ HMEHHO
v = ¢. BosHOBOI (PPOHT NO/IKeH NMepeABHTraTbCA CO CKOPOCTHIO C.
Bot nmpumep, Koraga ajekTpuueckoe BO3MylLleHHe OT TOKAa pacnpo-
CTpaHsieTCs C OnpefieJeHHONH KOHEYHOH CKOPOCTBbIO C.

A Tenepb CrpocHM, YTO NPOH30MJET, €CJH Mbl BHE3aNHO 0CTa-
HOBHM 3apsi)KeHHBIH JIUCT, NOC/e TOrO KaK OH [BHraJ/icsl B TeueHHe
KOpPOTKOro BpeMeHH T? YBuOeTb, YTO CJAyYUTCSl, MOXKHO C MO-
MOLIbIO MPHHUHNA Cyneprno3uilud. ¥ HAc GblJ TOK, PABHBIH HYJIO,
a 3aTeM ero BHe3amHO BKJ/IOYa/aH.. Mbl 3HaeM pelleHHe A/ 3TOTO
cayyasi. Teneps Mbl cobupaemcst n06aBuTh Apyroil psaa nosei. Mol
6epeM NpPYroH 3apsiKeHHbIH JIUCT M BHE3aNHO HayMHAeM €ro ABH-
ratb B NPOTHBONOJIOXKHOM HAamNpaBJeHHH C TOH Ke CKOPOCTbIO,
TOJIBKO crycTsl BpeMsi T mocJle Hayasa ABHXKEHHUs MepBOro JUCTa.
[TosHBIA TOK OT ABYX JIMCTOB BMECTe CHauasa paBeH HYJlio, MO-
TOM OH BK/AIOYaeTcsl B TeyeHUe BpeMeHH T, 3aTeM BBIKJIOYAETCS
CHOBa, NOTOMy uTO o6a ToKa mnoramairTcs. Tak Mbl noJayyaem
NpPAMOYTOJNbHBI «HMIYJbC» TOKA,

89



HoBbl#1 oTpuuaTe/bHBII TOK CO3AaeT TaKHe Xe M0Jsf, KaK H
MOJIOXKHTENbHbIA, HO ¢ 06paTHBIMH 3HAKaMH H, pasyMeercs, ¢ 3a-
nasjabiBaHKCM BO BpeMeHH 7. Bo/HOBON ¢POHT mo-mpexHeMy
IBHXKETCSl CO CKOpPOCTblO ¢. B MOMeHT BpeMeHH ! OH nocTuraer
paccrosiiust x = +c(t—T) (cM. ¢ur. 18.4,6). Utak, Mbl uMeeM
IBa «KYyCKa» 10/, IepeMellalolHXcd CO CKOPOCTbIO € (CM.
¢ur. 18.4,a u 6). CoenuHeHnHole noas GyayT TaKUMH, KaK NMOKa-
3aHO Ha ¢ur. 18.4,8. 11 x > ct mo/1si paBHbl HYMIO, MEXAY X =
=¢({—T) u x = ct OHH NOCTOSIHHBI (CO 3HAYeHHUSIMH, KOTOpbIE
Mbl HalJIW Bhile), U A8 x << ¢({— T) OHM CHOBa paBHbI HYJIO.

Kopoue roBopsi, Mbl mo/siyyaeM MaJjieHbKHil KYCOYeK I0Jisi TOJI-
muHoi ¢T, KOTOpPBIA NOKHHYJ 3apsiXKEHHbIH JHCT W TepelBH-
raercs yepe3 Bce npocTpaHcTBO caM no cebe. Iloas «otoppa-
JIUCb»; OHH PaCIpPOCTPAHSAIOTCS CBOGOAHO B NMPOCTPAHCTBE M 60Jb-
uIe He CBSI3aHBl KAKUM-TO 06pa3oM ¢ ucTouHuKoM. Kykosika npes-
patuaacb B 6a60uKy!

Kak e 3TH COBOKYNHOCTH 3/IeKTPHYECKOrO M MarHUTHOrO no-
Jei MoryT coxpaHsith camu ce6s? Orger: 3a cueT couyeTaHud
adpdektoB u3 3akoHa Papages VX E = —3B/d¢f u HOBoro uJje-
Ha, no6aBneHHoro MakcBeanom ¢2V X B = 0E/0f. Ouu He Moryr
He coxpaHsaTb cebs. [Ipeanonokum, 4TO MarHUTHOE MoJie HCYe3Jo
6b1. Torna nosiBu/IOCH Obl MeHsiIOLEecs MAarHUTHOE ToJie, KOTopoe
cosnaBano Obl anekTpuyeckoe nose Ecuam 6bl 3TO 3/7eKTpHYecKoe
foJie MONbITA/NOCh HCYE3HYTb, TO H3MeHsIOlleecs 3JMeKTpHYeCcKoe
noje co3mano Obl MarHuTHoe mnoJe cHoBa. CienoBaTesbHO, 3a
CyeT HeNpPepbIBHOrO B3aHMOAEHCTBHS — NepPeKaynBaHUs TyHAa H
06paTHO OT OJHOrO MoOJs K APYrOMY — OHH JOJIXKHbI COXPaHATbCSA
peyHo. OHU He MoryT ucuesHyTb *. OHH COXpaHsSIOTCS, BOBJEYeH-
Hble B OGLIMI TaHell — OJHO IoOJie CO3[aeT ApYyroe, a BTOpoe CO3-
JaeT mepBoe, — pPacNpocTPaHssicb BCe AaJjblle M Jajblie B Npo-
CTPAHCTBE.

§ 5. Cropocre csera

Y Hac ecTb BOJIHA, KOTOpAs YXOAMT OT MaTepHaJbHOro HCTOY-
HUKa M JBHXKETCS CO CKOPOCTbIO ¢ (3TO cKopocTb cBeTa). Bep-
HeMcs HeMHoro Hasafl. Mctopuuyecku He GblIO H3BECTHO, UTO KO-
3dduuneHT ¢ B ypaBHeHUsaX MakcBe/aJa TOT XKe, 4YTO H CKOPOCTb
pacnpocTpaHeHHus cBeTa. JTO Gbl1a MPOCTO KOHCTaHTa B ypaBHe-
Husix. Mbl Has3Ba/u ee € ¢ CaMOro Hauyaja, Tak Kak 3HaJjH, 4Tl
B KOHIe KOHILOB JO/XKHO MOJY4uTbcs. MBI He pymaem, 4To Gbl10
6bl pa3yMHee CHayaJa 3acTaBHTb Bac BbIYYHUTb QOpMYyJBl ¢ pas-
HbIMH KOHCTAaHTaMH, a 3aTeM BepHYTbcs OOpPaTHO M MOACTABUTH €

* 910 He coscem Tak. [Tosm MOryT 6bITb «INOrJIOLIEHbI», €CJAH MOMAalyT
B 06GJjacTb, B KOTOPOH ecTb 3apsflbl. DTO 3HAYUT, YTO rJAe-TO MOTYT GbiTh
Co3JaHbl JApYrHe MO/fA, KOTOPble HANOXATCA HA 3TH MOAA M <«NOracaT» HX
B pe3yabTate AeCTPYKTHBHOH HHTepdepenuun (cm. ra. 31, Boim 3),
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noscroay, rae OHO AOJIXKHO c1oaThb. C TOuKH 3peHHA dJIEKTPHUECTBA
H MarHeTu3ma, ogHakKo, Mbl NMpPsAMO HAYHWHAeM C ABYX KOHCTAHT €o
H 02, KOTOpbl€ NMOABJAITCA B YypaBHEHHUAX 3JI€EKTPDOCTATHKH U Mar-
HHUTOCTATHKH:

V.E=E% (18.14)
€
H
_ i
VXB=—7. (18.15)

Ecnu B3siTh /11060e npous3soasHoe onpeieseHue eJUHULB! 3apsaa,
MOXHO 3KCNIEPHMEHTAJ/bHO OMNpeNeNHTb MNOCTOSHHYIO Eo, BXOIs-
myio B ypaBHeHHe (18.14), ckaxeM, naMmepssi CHAy MeX1y ABYMs
HENOJABUXKHBIMH €MHUYHbLIMH 3apsinamu 1o 3akony Kynaona. Mul
JO/IKHBI TaKXKe ONpele/HTb SKCIIEPUMEHTAbHO NOCTOSIHHYIO €oC2,
KoTopasi nosiBasieTcsi B ypaBHeHun (18.15), uTo MOXHO che/nats,
CKa)keM, H3MepuB CUJYy MeXAY ABYMs eAuHHuHbIMH TOKaMHu. (Exu-
HUYHBIA TOK O3HauaeT eAHHHUYHBIN 3apsh B ceKyHay.) OTHoleHune
STHX OABYX SKCNEPHMEHTA/NbHbIX NMOCTOSHHBIX €CTb ¢ — KaK pas
Ipyrasi «3JeKTpOMarHuTHas MOCTOSIHHASY.

3aMeTHM Tenepb, 4TO MOCTOsIHHAsSI €2 MOJyYaeTcs OJHA H Ta Xe
He3aBUCHUMO OT TOro, KakoBa BbiOpaHHasi Halla eJMHHULA 3apsja.
Ecau Mbl BoiGepeM «3apsa» B ABa pa3a GoJblie (CKa)KeM, YIABO-
€HHBIH 3apsi] NPOTOHA), TO B Hallel «eAMHHLE» 3apsia &y JOMXKHA
YMeHbIIUTbCA B 4eThipe pa3a. Korna Mbl nponyckaem nBa TaKux
«e[JHHHYHBIX» TOKa MO ABYM NPOBOAAM, B KaxKA0M nposoje Oyner
B [Ba pa3a GoJjbllie «3apsioB» B CEKYHAY, TaK UTO CHJbI MEXAY
IByMsi mpoBoaaMu OyayT B yeTbipe pa3a OGoubuie. [locTosnnas
€0C% HOJIXKHA YMEHbUINTbCs B yeTbipe pa3a. Ho oTHouleHune &oc?/eo
He MeHseTcs.

CienoBaTte/ibHO, HEMOCPEACTBEHHO M3 3KCIIEPHMEHTOB C 3aps-
JaMH M TOKaMH Mbl HaXOAHM YHCJIO %, KOTOpPOE OKa3biBaeTcsi
paBHBIM KBaJpaTy CKOPOCTH pacHpOCTPaHEHHs! 3JeKTPOMarHuT-
HbIX BO36yxXAeHu#. VI3 cTaTuyecKHX H3MepeHHil (u3Mepssi CHJbI
MeX1y ABYMs eAUHHYHBIMH 3apslaMH H MeXAy ABYMS eJHHHY-
HbIMM TOKaMH) Mbl HaxoauMm, uyto ¢ = 3,00-10® m/cex. Korna
MakcBens BnepBble NMpoAenas 3TO BbIYHUCJ/IEHHE CO CBOUMH ypaB-
HEHUSMH, OH CKa3aJ/l, YTO COBOKYIHOCTb 3/IeKTPHYECKOTO H Mar-
HUTHOrO noJiefi GYfeT pacnpoCTpaHATbCH € 3TOH cKopocThio. OH
OTMEeTHJl TaKXe TauHCTBEHHOe COBNAaJeHHe — 3Ta CKOpocTb Ohbljla
paBHa CKOpOCTH cBeTa. «Mbl elBa N MOXeM H30eXaTb 3aK/io«
YeHHs, — cKa3a/J MakcBe//, —UYTo CBeT — 3TO NONepeyHoe BOJIHO-
o6pasHoe ABHXXEHHE TOH e CaMOH Cpeabl, KoTopas Bbi3biBaeT
3/IeKTPHYECKHe W MarHUTHble SIBJEHHS».

Tak MakcBens coBeplW/ OOHO M3 BeJHKHX 06oGuieHunit ¢u-
3uku! o Hero Gbla cBeT, GbIIO 3/1€KTPUYECTBO H GblJ1 MarHeTH3M.
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IMpuuem nBa mocjefHUX siBNeHHS OblJIH 0OBeAHHEHbl SKCIEpHUMEH-
TaabHbBIMH pabotamu Papanesi, Apcrena u Amnepa. ITotom BHe-
3aMHO CBET He CTaJg yKe 6oJiblle «4eM-TO elle», a Obla 3/eKTpH-
9eCTBOM M MAarHeTH3MOM B HOBOH (popMe, HeGOJBLIMMH KyCKaMHu
3/IeKTPHYECKOr0 M MAarHUTHOro TMoOJeH, KOTOpble pacmpocTpa-
HAIOTCS B MPOCTPAHCTBE CAMOCTOSITENbHO.

Mpl o6pawanyu Balle BHHMaHHE HAa HEKOTOpble YepThl 3TOrO
0co6oro peuleHHs, KOTOpble, OJHAKO, CNpaBeMJIMBbI sl A4t0601
3JIEKTPOMarHUTHOH BOJIHBI: MAarHHTHOE IOJle MNepHneHAHKYASPHO
HamnpaB/leHHI0 JBHXeHHs (POHTA BOJHBI, 3JeKTpHueckoe MoJe
TaKXe MNeprneHAUKYAIPHO HanpaBJeHHIO ABHXKeHHs PpOHTa BOJ-
Hbl; H ABa BeKtopa E u B nepnenaukysasipuel apyr apyry. HaJee,
Be/IHYMHA 3JeKTpuyeckoro moass E paBHa NpoOH3BeNeHHIO € Ha
BeJIMYHHY MarHUTHOro moJs B. DTH Tpu ¢dakta —uto o6a noJas
nonepeyHbl HaNpaB/leHHIO pacnpocTpaHeHus, YTo B mepnenanky-
asipio E u uto E = ¢B — BepHbl BooGwWe a5 M0GOH 3/1eKTpo-
MarHuTHOH BoJIHbL. Hau yacTHblil ciyuai — Xopoliui npuMep, oH
NoKa3biBaeT BCe OCHOBHble CBOMCTBA 3JE€KTPOMArHUTHBIX BOJIH.

§ 6. Pewenue ypasnenuii Marxcseara;
noTeHyUANDl UL BONHOBOE YpaBHeHue

Tenepb cToun0 Gbl 3aHATHC HEMHOrO MaTeMAaTHKOH; Mbl 3a-
nvileM ypaBHeHusl MakcBeana B Gosee npoctoil ¢popme. Brl, no-
’Kagny#, coyTeTe, YTO Mbl YCJAOXHSEM HX, HO ecaH Bbl HabepeTeCh
TeprneHHs, TO BHe3aMHO OGHAPYXKHTe HX GOJ/bLIYI0 MPOCTOTY. XOTH
Bbl YK€ BIIOJIHE NMPHUBLIKJIH K KaXXA0MY H3 ypaBHeHHH MakcBedaJa,
HMeeTcsl BCe Xe MHOro yacTeil, KOTOpble CTOMT COEAHHHTb BOEdH-
Ho. BoT Kak pa3 3TuM MBI H 3aiiMeMcs.

Haunem ¢ V e+ B = 0—npocreiimlero u3 ypaBHeHuid. Mnl
3HaeM, OHO noapasyMeBaeT, uto B — ectb porop uero-to. Ilo-
9TOMY, €CJ/IH Bbl 3amucaju

B=VXA, (18.16)

TO CYMTaMTe, YTO YXKe pelHJ]H OJHO M3 ypaBHeHHH MakcBeaa.
(Mexny NPOYHM, 3aMeThbTe, UTO OHO OCTaeTCs BepHO M NpYroro
BekTopa A’, ecin A’ = A 4 Vv, rae p — /moGoe ckajsipHOe TOJIe,
notomy uto porop V¢ — Hy.b 1 B — no-npexxHemy To ke camoe.
Mbl roBopHJIH 06 3TOM paHbllle.)

Tenepb pasbepem 3akon @apamesa V X E = —0JB/dt, notomy
4TO OH He COJEpXHT HUKAKUX TOKOB M/H 3apsanoB. Eciu MH 3a-
nuweM B kak VX A u npoaudodepeHuupyem no £, To CMOXeM
nepenucatb 3akoH ®apanes B popme
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TTockonbKy MBI MOXeM AuddepeHUHpPOBAaTh CHaYasa JHG0 Mo Bpe-
MeHH, JH60 MO KOOpAMHATaM, TO MOXHO HamMcaTb 3TO ypaBHe-
HHe TaKXe B BHJe

V><(E+%% —0. (18.17)

Msbl Buaum, yto E + 0A/0f — 310 BeKkTOp, POTOP KOTOPOro paBeH
Hymo. ITosToMy TaKoi BeKTOp ecTb rpagueHt yero-to. Korma mbt
3aHHMaJUCh 3JIEKTpOoCTaTHKOH, y Hac Obio VX E=0, n mu
Toraa pewusd, uto E — camo rpamuent yero-to. Ilycts 3710 rpa-
AHeHT OT —¢ (MHHYC AJs TexHHYeckuXx yao6¢TB). To ke camoe
cnenaeM u aas E 4 0A/0t; mbl nosaraem

E+%_'t‘=_vq,, (18.18)

Mbl ucnosbsyeM 10 ke 0603HaueHHe @, TAK YTO B 3JEKTPOCTATH-
YECKOM C/yuyae, KOrja HHUYTO He MeHsieTCsl co BpeMeHeM u OA/Ot
ucuesaer, E 6yner namnm crapboim — Vo. Mrak, 3akon Papanes
MOX>XHO NpeiacTaBuTb B fopme

_9A
o1

Mbl yxe pelwiusin JBa u3 ypaBHeHHH MakcBe//na U HallIH, YTO
IJIs OMHCaHHsA 3JeKTpoMarHUTHEIX moseit E u B HyxHBI YeTbipe
NnoTeHUHa/bHble PYHKUMH: CKAASAPHBIA NOTEHIHAN @ H BEKTOPHBIH
noteHuuan A, KOTOpHIi, pa3ymeeTcs, NpeACTaB/aseT TPH (yHK-
LU,

Hrak, A onpeneasiet uacts E, Tak ke kak u B. Uro xe mpo-
u30iaeT, Korga mMbl 3amenuM A Ha A’ = A 4 Vy? B oGuwem, E
AOJXKHO GbINO Gbl M3MEHHTBCSl, €C/IH He NMPHHATb 0COObIX Mep. Mbl
MOXeM, ONHAKO, NOMyCTHUTb, 4TO A H3MeHsieTcsl Tak, 4TOObl He
BauATL Ha noaa E u B (1. e. He MeHsis (pu3uKu), ecan Oylem
Bcerja U3MeHsATb A H ¢ 8MecTe 1o NpaBUIaM

AN=A+Vy, o=¢—2, (18.20)
Torna vu B, uu E, nonyuennele us ypasrenus (18.19), ne me-
HAOTCS.

Paubuwe ™Mbl BbiGHpanun V:-A = 0, u4To6bl KaK-TO ynpOCTHTb
ypaBHeHHsl cTaTHKU. Temepb Mbl He coGupaeMcsi TaK IOCTYNaTh,
Mbl XOTHM cllefaTb Apyro#l Bbi6op. Ho momoxcaute HeMHOro, mpe-
XKIe YeM Mbl CKaxeM, KakKoi 3TO BbI6Op, MOTOMY YTO IIO31Hee
CTaHeT SICHO, no4emy BooGlle AenaeTcs BbIGOP.

Celtyac Mbl BepHeMCsl K IBYM OCTaBIUMMCS yPaBHeHHsIM MakKc-
Be/J1a, KOTOpble CBSXKYT NMOTEHLHANbl H HCTOYHHKH p H j. Pa3 mbl
MOXK€eM onpedequTb A U ¢ U3 TOKOB M 3apsJl0B, TO MOXKHO Bceraa
nonyuntb E u B u3 ypaBuenuinn (18.16) u (18.19) u mbl Gynem
HMeTb ApYrylo ¢opMy ypaBHeHH MakcBedaJa.

—— Vg (18.19)
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Haunem c nonctanoBku ypasHenus (18.19) B V+E = p/eg;
nonyyaem

JAY __p .
V(—V(P—‘W _So'

3TO MOX>XHO 3amnucaThb €eulle B BHE
Vo — V. A="L
Vo—2V.A (18.21)

€o ‘
TakoBO nepBoe ypaBHeHHE, CBsi3blBalollee ¢ H A ¢ HCTOYHHKAMH.
Hauwe nocnennee ypaBHenue 6yaer caMbiM TPyAHbIM. Mbl Hau-
HeM C TOro, YTO MepenulleM yeTBepToe ypaBHeHHe MakcBeJia:
wWyB—9E 1
¢ >< B at €9 ’
a 3ateM Bbipa3uM B u E uyepes morenuuasel, ucrnosbsys ypas-
Henus (18.16) u (18.19):
2V X (V _i( oA _
c —Vo —-22)=1
XOXA) =5 (Vo - e’
ITepBbIii 4/MleH MOXHO NepemnucaTth, HCNOJAb3ysl ajareGpauueckoe
toxaectBo VX (VXA) = V(V+A) — V2A; Mbl mosyyaem
0 0’A
— VAV A+ SV + A =L (1829
0
He oueHb-TO 0HO npocroe!
K cuacTblo, Tenepb Mbl MOXEeM HCNO/Nb30BATb Hally CBOGOAY
B npousBo/ibHOM BbiGope auBeprenuun A. Ceituac Mbl coGupaemcs
chenatb Takoi BbIGOp, uTOOB ypaBHeHHs AJs A W AJs ¢ pasfe-
JUIUCh, HO MMEJH ONHY H TY xe ¢opMy. Mb MoXeM clenaTb
3To, BhIOupas *
1 %9
¢ at”’
Koraa Mbl nocrynaem Tak, TO BTOpoe M TpeTbe cjaraemble B
ypaBHeHuH (18.22) B3aMMHO YHHMYTOXKAIOTCA, H OHO CTAHOBHTCS
MHOrO mpotie:

V-A=— (18.23)

1 9%A
vA— o= (18.24)
W nawe ypasuenne (18.21) nas ¢ npuHuMaer Takyio ke GpopMmy:
? 1 0% __ _p
V(P—?W——'ST. (18.25)

Kakue KpacHuBbie ypaBHeHym! OHH Be/NHKOJIENHbI npexjuae Bcero
NMOoTOMY, 4YTO XOpOLUO pa3AeNHJAUCH — C MJOTHOCTBIO 3apsana CTOHUT

* BuiGop 3sHauenns V - A Haswisaercs «BoiGopoM kamu6posku». Hsmene-
Hue A 3a cuer po6asuening Vi HaswiBaercs «kanu6poBOUHBEIM lipeoBpa3opa-
huem». Bribop (18.23) HasuBaoT «kaau6poskoil Jlopenua»,
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@, a ¢ Tokom ctout A. Jlajee, XoTs /eBast CTOPOHA BHITIAUT He-
MHOTO HeJ/leno — JlansacHad BMecTe ¢ (0/0¢)2, Korja Mbl packpoeM
ee, TO OOHAPYXHM

O , 0% , d’¢ _ 1 d%¢ P

'd?‘"'o_yz"'ﬁ__—:—_o' (18.26)
9T0 ypaBHeHHe UMeeT NPHATHYIO CUMMETpHIO Mo X, Y, 2, {; 34ech
(—1/c?) nHyxHO, KOHEYHO, MOTOMY, YTO BpeMsl U KOOpAHHATHI pas-
JIMYAIOTCA; Y HUX pa3Hble eAHHUILBIL.

YpaBHeHuss MakcBensa mpHBesJd HAac K HOBOro THIA ypaBHe-
HHIO JUISl MOTEHUHaNOoB ¢ U A, HO C ONHON U TOH XXe MaTeMaTHye-
CKoil opMoil /st Bcex ueTbipex GpyHKuui ¢, Ay, Ay u A;. Pas Mbl
HayuyMJIHCb pellaTb 3TH ypaBHeHHs, TO MoxeM nojyuute B u E
3 VXA u — Vo — 0A/df. Mbl npuxoAUM K ApYroii popMe 3/MeKT-
POMarHHUTHbIX 3aKOHOB, B TOYHOCTH 3KBHUBAJIEHTHOH YPaBHEHHAM
MakcBesia; ¢ HUMH BO MHOTHX cjayuyasix o6palatbcs ropasio
npoiue.

dakTHYeCKH Mbl yXKe pelliajd ypaBHEHHe, BeCbMa MOXOXee Ha
(18.26). Korna ™Mbl u3yuanu 3ByK B ra. 47 (Bbim. 4), Mbl HMeJH
ypaBHeHHe B popme

dp 1 d%

Gxz T 2 ot
M BHJEJH, YTO OHO ONMHCBIBAET PAacNpoOCTpaHeHHe BOJH B X-Hanpas-
JIEHHH €O CKOpOCTbIO ¢. YpaBHeHHe (18.26) 3To cooTBeTCTBYMOlLEE
BOJIHOBO€ ypaBHeHHe AMs Tpex H3Mepenud. [lostomy B oGJacty,
rie GoJblie HeT 3apsilOB M TOKOB, pelleHHe 3THX YpaBHeHHH He
O3HayaeT, 4TO0 ¢ U A — Hyau. (XoTa Ha camMoM Jeje HyJeBoe pe-
weHHe eCTb OJHO M3 BO3MOXHBIX peulenuit.) Mwmelorcs peluenwus,
NpeacTaB/sIoUIHe HEKOTOPYIO COBOKYNHOCTb @ H A, KOTOpble Me-
HAIOTCS CO BpeMeHeM, HO BCerja ABHXYTCS Co cKopocTbio ¢.Iloas
nepefBHraloTcsl Brepel yepe3 CBOGOAHOE NpPOCTPAHCTBO, Kak B
HallleM NpHMepe B HayaJle IJaBbl.

C HOBBIM uJieHOM, [0GaB/eHHEIM MakcBeanoM BypaBHeHue IV,
MBI CMOTJIM 3anHcaTb MNoOJIeBble ypaBHeHHs B TepMHHaX A H @
B dopme, KOTOpas NpocTa W Cpasy ke NO3BOJISIET BLIIBHUTDb Cyllle-
CTBOBAHHe 3JIEKTPOMArHUTHBIX BOJIH. [/ MHOTHX NPaKTHYECKHX
uesed euwle 6yaer yAoOGHO HCHO/Nb30BaTh NepBOHauYa/bHble YpaB-
HeHus B TepmuHax E u B. Ho onn —mo Ty cTopoHy ropel, Ha Ko-
TOPYIO Mbl yXe BcKapabKa/Hucb. Tenepb Mbl MOXXeM IIOCMOTpeTb
BOKpYr. Bce O6yneT BbIrIsifeTb HHaye — HacC OXHIAIOT HOBBHIE,
NpeKpacHble nef3axHu.



Fzasa 1.9

NMPUHUHUN HAWMEHDLIIEIO
AENCTBUA*

Koraa s yuuics B wikoJse, Hall yuuTedb (u-
3WKH, No pamuauu Bajaep, oqHaXKAbl 3a3BaJ MeHs
K cebe nocJje ypoka u ckasam «Y Tte6s BuUA Ta-
KOH, Kak OGyATO TeGe BCe CTPALIHO HaJoen0; MO-
caylai-ka o6 oaHoil HHTepecHoH Bewu». KM oH
pacckasas MHe HeuTO, YTO MHe NOKa3aJoch Io-
HCTHHe 3axBaTtbiBalowuM. Jaxe cefyac, XoTa ¢
TeX NOp MpollJa yxe yiAMa BpeMeHH, 3TO NpoJ0J-
’)KaeT MeHs yBJekaTb. M Bcskuil pas, Koraa s
BCIIOMHHAI0 O CKa3aHHOM, 1 BHOBb NPHHHMAIOCh
3a padoty. M Ha 3TOT pas, roToBsicb K JeKLHH,
A noiMaJa ce6sl Ha TOM, YTO BHOBb aHaJ/H3UDPYIO
Bce TO xe camoe. M, Bmecto TOro 4tobml rorto-
BHUTbCA K JIEKIHH, 51 B35/CS 3a pelleHHe HOBOH
3afnayu. Ilpenmer, 0 KOTOpOoM s TOBOpIO, — 3TO
npungun Hausenouieeo OelicTeUA.

—

* DTa JeKLHs HHKAaK He CBA3aHA CO BCEM OCTAMbHbLIM.
OHa npovHTaHa JUWbL AAR TOro, YT0Gbl OTBAEYLCH OT OC-
HOBHOHl TeMbl H HeMHoro nepenoxuyts (IlepeBoa Hammu-
celf, CAeNAHHLIX Ha MOcKe, MPHEEJEH GKONO PHCYHRKA, moA
crpenkamu, — [1pum ped)
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Bot uyro ckaszan MHe Torga Mmoii yuuteabr Bamep: «Ilycts,
K npuMepy, y TeGsl MMeeTcsl yacTHla B moJie TAXeCTH; 3Ta 4a-
CTHUA, BBIHAS OTKYAAa-TO, CBOOOLHO IBHMXKETCS Kyda-TO B APYTYIO
touky. Tel nopbpocus ee, cKaxem,
KBepXy, a OHa B3JeTeJa, a NOTOM
ynasaa.

asss———>

UCTUHHOE

sdeco o dsuscenue

e Tam

OT ucxooHoro Mecra K Koweu-
HOMY OHa npolaa 3a KaKoe-TO
Bpems. [lonpo6y#t Tenepp Kkakoe-To
apyroe asuxeHue. [1ycTb a4 Toro,
yToObl MEepedTH «OTCloga Cloaa,
OHa JABMrasach yXe He Tak, Kak
paHblile, BOT Tak:

aesss——)>

8oobpancaemoe

[ ]
adeco dsuscenue

® Tam

HO BCE DPABHO OYYTHJ/1aCh Ha HYXKHOM
MecTe B TOT Xe CaMblii MOMEHT Bpe-
MEHH, YTO M paHblUes.

«M BOT, — npopo/Kan yunTels, — €CAH Thl NOACYHTAEllb KH-
HETHYECKYI0 SHEeprui0 B KaXXIbli MOMEHT BpeMEHH Ha NyTH Ya-
CTHUBI, BblYTEllb U3 Hee NOTeHUHAJIbHYIO 3HEPrHI0 U NpPOHHTErpH-
pyeulb pasHoOCTb NO BCeMY TOMY BpeMeHH, KOrja MNpPOHCXOIH/IO
INBHXEHHE, TO YBHIHILb, YTO YHCJO, KOTOpoe NoJyyutcs, Gyaer
601bwe, yeM NpU HCTHHHOM JBHXKEHHH 4aCTHILHI.

HnbiMyu cnoBamu, 3akonel HeloToHa MOXHO chopMmysnpoBath
He B Buge F = ma, a BOT Kak: cpelHss KHHeTIYecKasi 3Heprus
MHHYC CpelHfii NOTeHUHa/JbHash 3HEpPrus AOCTHraeT CBOEro ca-
MOrO HaHWMeHbllero 3HayeHHsl Ha TOH TPAEKTOPHUH, NO KOTOpO#H
npeaMeT JBUraeTcsi B AeHCTBUTENbHOCTH OT OJHOrO MecTa K Apy-
romy.

[Tonpo6yio nosicunte TeGe 3TO YyThb MOHSTHee.

Ecan B3daTh moJsie TAroteHuss n 0603HAYMTb TPAEKTOPHIO ya-
cTHubl x (f), rae x — BLICOTA Haj 3eMJeil (o6ofiaeMcs NMOKa OAHHM
H3MepeHHeM; MYCTb TPAeKTOPHS MpoJeraer TOJAbKO BBepX U BHHS3,
a He B CTOPOHbI), TO KHHeTHuecKasi sHeprus Gynetr '/om(dx/dt)?
a noTeHUHa/NbHasl SHEpPrusi B NPOU3BOJIbHLIH MOMEHT BpeMeHU OY-
IeT paBHA mgx.

Tenepp aa1 Kakoro-To MOMEHTa ABHXKEHHS MO TPAaeKTOPHH s
6epy pasHOCTb KHHETHYECKON M NOTEHUHAJbHON SHEPrHil W MHTe-
TPHPYIO MO BCEMY BpeMeHH OT Hayaga Ao KoHua. [lyctb B Haya/b-
Hbli MOMEHT BpeMeHH f; ABHXKeHHe HauaJocb Ha KaKOH-TO Bbl-
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COT€, a KOHYHJIOCH B MOMEHT
{3 Ha Jpyroii onpeleneHHOM
BbiCOTe.

4EEE——

Torna uHterpan pabeH
[ 2)

[ (8 —mecas

t

UcTtuHHOE [nBHXKeHHe coBep-
1laeTcsl MO HeKOTOPOH KPHUBOH
(xak GyHKUHUS BpeMeHH OHa
ABJseTcs napa6oJiof) U npH-
BOOUT K KaKOMY-TO onpeje-
JIeHHOMY 3HaYeHHI0 HHTerpa-
aa. Ho ™oxno npedcrasure
cebe KaKoe-TO ApPYroe ABHXKe-
HHe: crnepBa pe3KHH MNOABEM,
a NoTOM KaKue-TO NpUYYIJIH-
Bble KoJleGaHusl.

4EE——

MoXHO nojcyuTaTh pa3HOCTb
OOTeHUHaNbHOH H KHHETHYeCKOH SHepruii Ha TaKOM NYyTH.. HIH
Ha so06om apyrom. M camoe nopasuresbHOe — YTO HaCTOSILLHH
NyTb 3TO TOT, MO KOTOPOMY 3TOT HHTerpa/j HauMeHbIIHH.
HaBaii nposepum 3T10. a1 Hauana pasbepeM Takod cayuai:
y cBOGOJHO! YacTHLBl BOBCe HeT MOTeHlLHaJbHOH sHepruu. Toraa
NpaBUJIO TOBOPHT, YTO NPH Nepexofe OT OAHOH TOUKH K JApYyro#
32 3aJlaHHOe BpeMsl HHTerpaJ/l oT KHHETHYeCKOH SHepruu NOJIKeH
OKa3aTbCi HaMMeHbIUMM. A 3TO 3HauuT, 4TO yacTuua oGs3aHa
IBHratbcs paBHomepHo. (M 310 npaBHABHO, MBI XKe ¢ TOOOI 3HaeM,
YTO CKOpPOCTb B TAKOM ABHMXKEHHH NMOCTOSIHHA.) A nouemy paBHO-
mepHo? Pas6epemcs B 3toM. Ecau 6bl GblI0 MHaue, TO BpeMe-
HaMH CKODOCTb YaCTHUBI MpeBbicHaa Obl CPelHIO, a BpeMeHaMH
6bi1a Gbl HHXKE ee, a CpelHSsl CKOpPOCTb Gbla 6bl OQHHAKOBOH,
NOTOMY YTO yYacTuue HajAo 6blo Obl OOHTH «OTCIOAA CIOAA» 3a
ycaoBJieHHoe BpeMs. Hanpumep, ecan Tebe Hy»XKHO mnonacTb H3
JoMa B ILIKOJY Ha CBOeldl MallMHe 3a oOnpele/eHHOe BpeMs, TO
caenaTb 3TO MOXHO NO-pa3HOMY: Thl MOXellb CnepBa rHaThb, Kak
cymacule[JIIni, a B KOHLE NPUTOPMO3HTb, UM €XaThb C OLMHAKO-
BOH CKOPOCTbIO, MJM CHaya/ja MOXellb Ja)e OTNPaBHThCA B 06-
paTHYIO CTOPOHY, a Y NOTOM NOBEPHYTb K lIKoJe, U T. A. Bo
BCeX CJyyasX CPelHsAsl CKOPOCTb, KOHEYHO, HNOJKHA ObITb ONHOM
M TOH Xe — yaCTHOe OT MAe/leHHs] PacCTOSIHMA OT JOMa [0 IUKOJbI
Ha Bpems. Ho u npu naHHO# cpelnHell cKOpocTH Thl MHOrAa ABH-
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rajacs C/JMIIKOM OBICTPO, a MHOrjJa yepecuyp MeljeHHo. A cpen-
HUH K8adpar 4ero-tTo, YTO OTKJ/OHsIeTCA OT CpellHero, Kak us-
BeCTHO, Bcerfa OGoJbllle KBaapaTa CpelHero; 3HAYHUT, HHTerpal
OT KHHETHYeCKOH SHeprud npH KoJeOaHHUsAX CKOPOCTH ABHXKEHHA
Bcerfa 6yner 6oJblie, HeXeJH NPH JABHXEHHH C NMOCTOSHHOMH CKO-
poctbio. Thl BHAMILIL, 4TO MHTerpas JOCTHTHET MHHHMYMa, Korjaa
cKopocTb OyJeT MOCTOAHHON (NpH OTCYTCTBHH cHa). IIpaBUABHBIA
nyTb TaKoB.

asss———>

30ect ® cuar HeT ® TaM

[Ipeamer xe, nopbpoiueH-
HBIl B I0JIe TSXKECTH BBepX,
criepBa noAHHMaeTcst ObICTpO,
a noToM Bce MelJseHHee. [Ipo-
HCXOJHUT 35TO NMOTOMY, YTO OH
cbnajaeT W noTeHUHAJNbHOH
S5Hepruefl, a HaHMeHbLUEro
3HayeHHs HAOMXKHA NOCTHUraTb
pasHocTe MeXIAy KHHeTHye-
CKOH M NMOTeHUHAaJbHOH 3Hep-
rusiMmi. Pas mnorenumnaabHas
3Heprus BO3pacTaeT No Mepe
noagbeMa, TO MeHbluasi pas-
HOCTb TOJNYYUTCH, €CJAH Kak
MOXHO ObICTpee AOCTHYb TexX
BBICOT, TAe TNOTeHUHaJJbHasd
SHeprusi Bequka. Toraa, Bblu-
Tsi M3 KHHETHYeCKOH SHepruu
3TOT BbICOKHH NMOTEHUHAJ, MBI

——

6oavwe + k. 3. @ borvuwe—n. 3.

hwra

[ 2 S WSS

Ro6beMCsl YMeHblUeHHs1 cpedHero. Tak yTo BHIFOJHEE TaKOi NyTh,
KOTOPBI# MIeT BBEPX M NOCTaBJsIeT AOOPBI OTpHUATENbHbIH Ky-
COK 32 CYeT MOTEHUHANbHOH SHeprHH.

Ho, ¢ apyro#t cropobl, Heqb3si HH ABUraTbCS CAHIIKOM GHICTPO,
HY NOAHATLCA CAHIUKOM BBICOKO, NOTOMY 4TO Ha 3TO notpebyercs
Hepecyyp MHOroO KHHeTH4eCcKOH 3Heprud. Hapmo mBuratbcs mocra-
TOYHO GBICTPO, YTOGBI MOAHSATLCS H CNYCTHTHCS 33 ONpefle/leHHOoe
BpeMsl, uMeiolleecsi B TBoeM pacnopsiXeHuH. Tak 4To He caemyer
CTaparbCsl B3JIeTeTb CAHUIKOM BbICOKO, @ MPOCTO HAAO AOCTHYb
KaKoOro-To pasyMHoro ypoBHsi. B utore okasbiBaercsi, 4To pelle-
HHE eCTb CBOEro polla paBHOBeCHe MeXAY XKeJaHueM pPa3fo0bIThb
KaK MOXHO GO/Ible NOTeHUHANbHON 3HEPrHH M JKeJaHHeM Kak
MOXHO CHJ/IbHEHl yMeHbLIMTb KOJHYECTBO KHHETHHYeCKOH 3Hep-
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THH — 3TO CTpeMJieHHe ROOHUTbCS MaKCHMaJ/bHOTLO yMeHbIUEHHUs
Pa3HOCTH KUHETHYECKOH W MOTEHUHAJbHOH SHEepPrUi».

Bot u Bce, 4TO cKa3ajq MHe MO#l YuHTeJb, NOTOMY 4TO OH GblJ
OYeHb XOPOUIHH yuHTe/ab W 3HaJ, KOorja nopa ocraHoBuTbcs. Cam
s, YBbl, He TakoB. MHe TpydHO OCTaHOBUTbcA BoBpeMs. M no-
3TOMY BMECTO TOro, YToGbl MPOCTO pa3Keub B BAC HHTEpEC CBOUM
pacckasom, s Xo4y 3anyraTb Bac, X0ouy, 4To6bl BaM CTaJ/0 TOIUHO
OT CJIOXHOCTH XH3HH, — nonpo6ylo AOKa3aTb TO, O 4eM s pac-
ckaszan. MaremaTtuueckasi 3ajaya, KOTOpyl Mbl 6yleM peluarsh,
OyeHb TpyAHa M cBoeoGpa3Ha. MMeeTcs HekoTopasi BequuuHa S,
Ha3biBaeMasi Oetictéuem. OHa paBHa KHHETHYeCKOH 3HEPrHH MH=
HyC NOTeHllHa/abHasl, NPOMHTErpUPOBaHHAs NO BpeMeHH:

ty
HeictBe = S= S (k. 3. —n. 3.)dt.
f

He 3a6yabTe, uTo ¥ 0.3, U K.3. — 06e ¢yHKuun Bpemenu. s
J1060r0 HOBOrO MBICJMMOrO MYTH 3TO [AeHCTBHe NpPHHHMAaeT CBOe
onpejieleHHOe 3HayeHHe. MaTeMaTHYecKas 3aJaya COCTOHT B TOM,
yToObl ONpefe/]HTb, A5 KaKoll KPHBOHM 3TO YHCJO MeHblle, yeM
N ApYrHx.

Bol ckaxere: «O, 310 npocTo OGBIYHBIH NpUMep HA MaKCHMYM
1 MuHuMyM. Hano nomcuutath nefictBue, npoauddepeHuHpoBaTh
€ro 1 HauTH MHUHUMYM».

Ho noroaute. O6biyHO y Hac GbiBaeT (YHKUUS KaKOH-TO mne-
pPeMeHHOH M HYXXHO HANTH 3HauyeHHe nepemenHol, NMpH KOTOpPOM
GyHKUHA CTaHOBUTCA HauMeHblled HAM HauboJbluel. Ckaxew,
MMeeTCs CTepXKeHb, Harpethlii nocpeauHe. [To Hemy pacTeKkaercs
TEMJO M B KaXJIOH TOYKE CTEpXKHS YCTAaHAaBJIHBAETCS CBOSl TeM-
nepatypa. HyxHo HaliTH Touky, riie oHa Bblle Bcero. Ho y Hac
peub HAET COBCeM 00 HHOM — KaxOOMYy NYTU 8 npocTpPaHcTee oT-
BeyaeT CBOE YMCJO0, H NpeinoJjaraercs ialTH TOT nYTe, LJIs Ko-
TOPOro 3TO YHCJ/JIO MHHEMaJbHO. DTO COBCeM Apyras o6JacTb Ma-
TeMaTHKH. DTO He OObIYHOE HCUHCJ/IEHHe, a 8apuayuoHHoe (TakK
ero Ha3blBaloT).

B sToif o6GsacTH MaTeMaTHKH HMMeeTCsi MHOTO CBOMX 3ajadu.
CkaMteM, OKPYXKHOCTb OOLIYHO ONMpefensloT KaK reoMeTpHuecKoe
MeCTO TOYeK, PacCTOSIHUS KOTOpPbIX OT AAHHOH TOYKH ORAMHAKOBHI,
HO OKDY>XHOCTb MOXHO ONpele/IUTb W HHaue: 3TO Ta U3 KPHBBIX
OaHHOU OAuHbL, KOTOpPas OrpaHHYHBaeT o600 HaHGOJbILYIO MJIO-
waap. Jliobas apyras KpHBas TaKOro e nepuMmeTpa OrpaHHYH-
BaeT MJOLIaJb MeHbIUYIO, 4eM OKPYyXHOCTb. Tak uTo ecau mocra-
BUTb 3ajlayy: HaWTH KPHUBYIO JAHHOrO nepuMeTpa, OrpaHHYUBaIO-
mylo Hau6Go/bLIYIO NJollafb, TO Nepel HaMH OydeT 3ajaya u3
BapHalHOHHOTO HCYUHMCJ/IEHHS, a He M3 TOro HCYHCJIEHHs, K KOTO-
poMy BBl NPHBBIKJH.
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Mtak, Mbl XOTHM B3ATb MHTerpaj no nyTH, NpoieHHOMY Te-
aom. Cnenaem sto Tak. Bce meno B ToM, 4TOGH BOOGPa3uThb cebe,
YTO CyUleCTBYeT HCTHHHBIH MyTb M 4TO JioGas Apyrasi KpuBas,
KOTOpPYIO MBI NPOBeieM, — He HaCTOAWMHA NyTb, TaK YTO eC/H NOA-
CYHMTaThb AJfA Hee AeficTBHE, TO MOJYYHTCS YHMCJI0, NpeBbllIAOLLee

s———>

8ePHHLU ® HZACDHLLUE
nyro nyro

TO, KOTOpPO€ Mbl MOJYYUM A5
IeHCTBHS, COOTBETCTBYIOLLErO
HacTodAlleMy NyTH.

Hrak, 3amaya: HaiiTH HcC-
THHHBIA nyTb. [1e OoH npose-
raet? OnuH U3 cnoco6GoB, KO-
HeuyHo, Mor Obl COCTOSITb B
TOM, 4TOOBl NMOJACYMTATbL Aek-
CTBHE I/ MHJIJIUOHOB H MHJIJIHOHOB NyTel H [OTOM NOCMOTPETD,
npy KakoM NYTH 3TO JAeHCTBMe HauMeHbllee. BOoT TOT myTb, mpu
KOTOpOM JAeHCTBHe MHUHHMAJABHO, U OyaeT HaCTOSALIHM.

Takoit cnoco6 BnoJ/iHe Bo3MoXeH. ONHAaKO MOXHO CAEaATb
npowe. Ecau umeerca BeauuuHa, o6Gaapaioumias MHHHMYMOM
(u3 oOblUHBIX (YHKUHH, CKaXeM, TeMmnepaTtypa), TO OOHO H3
CBOHCTB MHHHUMYMa COCTOUT B TOM, 4TO NMpPH yJAaJeHHH OT Hero Ha
paccTosiHue nepsoeo Mopsiika
MaJIOCTH (PYHKLHS OTKJOHSET-
¢ OT MHUHHMAJbLHOrO CBOEro
3HaYeHHUs TOJbKO He BeJHUYHHY

E———>

TeMNneparypa ® MuHUMYM ©
paccroanue

8TOpO20O nopsiika. A B /06GOM
JPyroM MecTe KpHBOH CABHT
Ha MaJ/loe pacCTosiHHe H3Me-
HfleT 3HauyeHHe PYHKUMH TOXe
Ha BeJIUYHHY iepBOro nopsigika masoctd. Ho B MHHUMYyMe JlerKHe
YXOAbl B CTOPDOHY B MepBOM NPUO/IMMKEHHH He NMPHUBOAST K H3Me-
HEHHI0 QYHKLHH,

DTO0-TO CBOMCTBO Mbl H COGKHpaeMcsi MCNOJAb30BaTb AJs pa-
cyeTa Hacrosauwlero nyTtd. Ecau nyTb npaBuJbHBIH, TO KpHBaf,
YyTb-yyTb OTJIHYHASl OT Hero, He NpHBejeT B NepBoM npHOJHKe-
HHH K M3MEHEHHIO B BeqHuYMHe NelcTBUA. Bce H3MeHeHHs, eCJH

5TO Obl/ J€ACTBHTEJILHO MHHHMYM, BO3HHKHYT TOJbKO BO BTOPOM
npu6JIHKEeHHH.
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S10 Jerko nokasatb. Ecau npu KaKoOM-TO OTK/IOHEHHH OT KPH-
BOIl BO3HHKAIOT H3MeHeHHUs1 B NepBOM NOpsiiKe, TO 3TH H3MEHEHHUs
B JeHCTBHU NpONOpyuUOHaabrsl OTK/AOHeHHI. OHHM, MO BCel Be-
POATHOCTH, yBeJHYaT AeHCTBHE; HHAYe 3TO He Obla Gbl MHHUMYM,
Ho pa3 nameHeHus nponopyuonasbHel OTKIOHEHHIO, TO NepeMeHa
3HAaKa OTKJOHEHHS YMeHbIUHT JeficTBue. Brixoautr, uto npu or-
KJIOHEHHH B OJIHY CTOPOHY JeHCTBHe BO3pacTaeT, a NpH OTKJOs
HeHHH B OOpPaTHYIO CTOPOHY — yObiBaeT. EQHHCTBeHHAass BO3MOX-
HOCTb TOro, 4toObl 3TO JEHCTBHTE/NbHO OBl MHHHUMYM, — 3TO
4yToObl B NMepBOM NPHOMHXKEHHH HHKAKUX H3MEHEeHHH He npomuc-
XOAH/JIO H H3MeHeHHsi OblM O6bl NPONOPLUHOHAJNbHBI KBagpaTy
OTKJIOHEHHS OT HACTOsILIEero NyTH.

Hrak, Mbl noitaeM no cjaenymouwemMy nyTtH: o603HayuM uepes
x(t) (c 4epTO#l BHH3Y) HCTHHHBIA NYTb — TOT, KOTOPBIH MBI XOTHM
Haiitd. Bo3bMem  HekoTOpBIHi
npoGHbIA nyTb x(f), OT/IHYaAIO-
IMACA OT HCKOMOro Ha He60.ib-
LWIYI0 BeJHYHHY, KOTOPYIO MBI
0603HayuM 1 (f).

4Emssssm——

Wpesa cocrout B TOM, 4TO ec-
JU Mbl MOACYHTAEM HAeHCTBHE S
Ha nyTH x(¢), TO pa3HOCTb MeX-
Iy 3TUM S U TeM JAeHCTBHeM, KO-
TOpOe Mbl BBIYHCJHAM ILJS NYTH
x(t) (mns npoctoThl OHO Oyner

0603HayeHo S), WM pa3HOCTb MexAay S H S, moaxHa ObITb B

nepBoM npub/aHXKeHHUH no m HyJdeM. OHM MOryT OT/IHYATbCS BO
BTOpPOM TMOpsiiKe, HO B NepPBOM Pa3HOCTb 065i3aHa ObITb HYyJIEM.

U 310 momxkHO cobaogatbes s awo6oi n. Bnpouewm, He co-
BceM AJsa mao60#. Meron TpebyeT npHHHUMATb BO BHUMaHHE TOJbKO
Te MyTH, KOTOpPble BCe HAUHHAIOTCA W KOHYAIOTCSl B OJHOH M TOH
JKe nmape TOYeK, T. €. BCAKHH NyTb NOJKEH HAauMHaTbCS B onpefe-
JIEHHOH TOYKe B MOMEHT ! M KOHYaTbCs B JAPYroi onpeaejeHHOH
TOUKe B MOMEHT f3. OTH TOUYKH M MOMeHTbl ¢HKcupyloTcsa. Tak
4yTO Hama (yHKUHS M (OTK/AOHeHHe) OOJKHA ObITb paBHa HYJIO
Ha o6oux KoHuax: m(f;))=0 u n(f;)=0. [Ipu sToM ycaoBHH
Hallla MaTeMaTHueckas 3ajauya CTAHOBHUTCS NOJHOCTbIO onpepe-
"JIEHHOH.

Ecnu 6bl BBl He 3Hanu AUGPepeHUHANbHOrO HCYHC/EHHS, BbI
MoOr/au Obl mpoje/aaTh TaKylo e Belllb [/151 OTHICKAHHA MHHHMYyMa
o6blyHOi dyHKuuu f(x). Bel 66 3agymanuce Hapg Tem, 4TO Cay-
YUTCSl, €caH B3iTb f(X) U npuGaBUTb K X Ma/yl0 BeIHYHHY A, U
JOKa3biBa/M Gbl, YyTO monpaBka K f(x) B mepBoM nopsiike mo h
NO/MKHAa B MHHHMyMe ObITb paBHa Hymo, Bbl 6bl nmoicTaBH/n
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X+ h BMecTo x u pasoxuau 6bl f(x 4 /) ¢ TOYHOCTbIO 10 mep-
BOH CTeneHH A..., C/JIOBOM, NOBTOPHAH Gbl BCE TO, YTO Mbl HaMe-
peHHbl clesath ¢ 1.

HMrak, unes Hama sak/aoyaercss B TOM, YTO Mbl NOACTaBJseM
x(t) = )f(_t) +n(f) B hopMyay ansa meiicTBHSA

s={[2(%) —vw]a,

rae yepes V(x) o6o3HaueHa noTeHuuasbHasi 3Heprus. I[lpous-
BoaHas dx/df— 3to, ecTecTBeHHO, npoM3BoAHas OT x({) nJwc
npousBoAHas or m({), Tak 4To AAd AEHCTBHA S MOJYYal0 TaKoe
BbIpaX(eHHe:

)
m (dx dn\?
s={[F(F+a) —vat+n]a
Tenepb 3T0 HYXXHO pacnucaTh noaetajbHeil. /i KBagpaTUy=
HOro cJjiaraeMoro ¢ l'lOJTy'-ly

dx \2 dx d dn\2

() +2 52 +(5).
Ho nocroiite-ka! Begp MHe He Hy»XHO 3a60THTbCA O NOPAAKAaX
BhILIe nepBoro. 1 Mory y6patb BCe c/araeMeble, B KOTOPBIX €CThb 12
H BbICLLIHE CTeneHH, U CcChinaTtb UX B ALUMK nojJ HAa3BaHHEM «BTO-
poil H BhICUIHE MOPSAKH». M3 3TOro BhIpaXcenHsi TyHa nonaget
TOJILKO OJJHA BTOpaﬂ CTeneHb, HO H3 4ero-to lIPyl‘Ol‘O MoryT BOHTH

¥ BbicwHke. Mrak, yacTb, cBfi3aHHas C KHHETHYeCKOH sHepruef,
TaKoBa:

m (dx\2 dx dn .
7(72) + m — 47 + (Bropoit u BbIClIME MOpsAKH).

Hanpuwe Ham Hyxed notesunan V B toukax x+4mn. S cum-

Talo M Majnod u Mory pasnoxutb V(x) B psaa Teinopa. Ilpu-
6/1mxeHHO 3TO Gyner V(x); B caemyolleM npu6amxeHun (u3-3a

TOro, YTO 3/1eCb CTOAT OOblyHble MPOHM3BOAHLIE) MONpaBKa paB-
Ha 1, YMHOXEHHOH Ha CKOPOCTb H3MeHeHHs V no OTHOWEHHIO
KXHT I.:

Va+tn=Ve+1' @+ v+ ...

J.1s skoHOMHH MecTa 51 0603Hauua yepe3 V/ npoussoauyio V no k.
Cnaraemoe ¢ n? u Bce, CTOslIlMe 3@ HUM, MONAAAKT B KaTeropuio
«BTOPO#l W BbICIIMe mopsiaKu». M o Hux Gosbuie Heyero Gecno-
Koutbesi. O6beAMHUM Bce, 4TO OCTAJIOCh:

t;
m (dx\? X dx dn
S=§ 15(5) —vw+miE T —
—nV’ (x) + (Bropoit u Bhiciine nopﬂ}um)] dt.
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Ecan Mbl Tenepb BHHMAaTeNbHO B3rJIsIHEM Ha 3TO, TO YBHAMM, YTO
JBa nepBbIX HaNMCaHHBIX 3JeCb YJeHa OTBevalT TOMy JAefi-
ctBuio S, KoTopoe s Hamucad Obl 1S HMCKOMOTO HCTHHHOrO

nyTH x. $1 Xo4y cOCpeNOTOYHTb Ballle BHHMAaHHEe HAa M3MeHeHHH S,
T. €. Ha pa3sHoOCTH Mexay S H TeM S, KOTOpoe MOMYYHJIOCH Obl

I/ MCTHHHOrO myTH. DTy pasHocTb Mbl GyleM 3anMchbiBaTh Kak
6S u HasoBeMm ee Bapuauuelt S. OTGpachiBasi «BTOPOil H BHICIIHE
NOpPSIAKH», noayyaem anas 6S

0= | e e

4

Tenepr 3apaua BHINIAAHT Tak. BoT nepempo MHO# HekoTOpBIH
uHTerpaJ. 1 He 3HaIO elle, KAKOBO 3TO X, HO 51 TBEPAO 3HAlO, UTO,

KaKylo 1 i HY BO3bMY, 5TOT HHTerpaJs J0J/2KeH ObITb paBeH HyJIo.
«Hy uto X, — noayMaete Bbl, — eAMHCTBEHHAasi BO3MOXHOCTb AJIS
3TOr0 — 3T0 4TOGBl MHOXHTEJ b NpH 1 Gbl paBeH HyJ10». Ho kak
ObITb C NepBbIM cJaraeMblM, rie ectb dn/df? Bel ckaxere: «Ecan
1 obpallaercss B HUYTO, TO U ee NPOU3BOAHAS TaKoe K€ HHUTO;
3HauuT, Ko3(pduuueHT npu dn/dt nojxeH Toxe OLITH HyJEM>,
Hy 310 He coBceM BepHO. 3TO He COBCeM BepHO MOTOMY, YTO Me-
XY OTKJOHEHHEM 1 M ero npoOU3BOAHOH HMeeTCs CBfI3b; OHH He
NOJIHOCTbIO HE3aBHCHMBI, NOTOMY 4TO 7 (f) MOMKHO OBITb HyJ/eM
W npu f 4 npu fo.

ITpu peweHun Bcex 3agauy BapHalMOHHOrO HCUHCJ/IEHHS Bcerjna
NOJIb3YIOTCA ONHMM H TeM Ke OOLIMM NpHHUHMNOM. Bl uyTh caBu-
raete TO, YTO XOTHTe BapbHpoBaTh (NOJOGHO TOMY, KaK STO cle-
nanu Mbl, go6aBass m), 6pocaete B3r/sA Ha YJjeHbl NEpPBOro Mo-
pfillka, 3aTem paccTaBJ/isieTe Bce TaK, YTOObl MOJYYHJICSH HHTErpal
B TAKOM BHJe: «CABHT (7M), YMHOXEHHBIH Ha YTO NOJYUYUTCA», HO
yTo6bl B HeM He OblI0 HHKAKHX NPOM3BOAHBIX OT 17 (HHKaKHX
dw/dt). HenpemeHHO HyXHO TaK Bce npeo6pa3oBaTh, YTOObI OcTa-
JIOCh «HEuTO», YMHOXXeHHoe Ha 1. Ceiiuac Bbl mofimMeTe, OTYEro 310
Tak BaxHO. (CywecTBYylOT (HOpMYJbl, KOTOpPble NOACKAXYyT BaM,
KaK B HEKOTOPBIX C/y4yasiX MOXHO 3TO npofienath 6e3 Kakux-Jau60
BbIK/JIAJlOK; HO OHH He TaK YyX oOOuH, 4yTOGBl CTOMJIO 3ayuHBaTh
HX; Jyullle BCero npofAe/blBaTb BHIKIGAKH TaK, KaK 3TO AejaeM
MBI )

Kak xe s mory nepepenatb uJjeH dn/df, yToObl B HEM NOSABH-
Jgocb n? J1 Mory mo6utbcsi 3TOrO, HHTErpUpys no yactsaM. OKasbl-
BaeTcs, 4TO B BapHALlHOHHOM HCHYHCJEHHH Becb (OKyc B TOM H
COCTOHT, YyTOObI pacnucaTh BapHauHMio S W 3aTeM NPOHHTErpHpo-
BaTb NO 4YacTsIM TakK, 4yToObl MPOH3BOAIBIE OT 7 HCye3/1H. Bo Bcex
3ajlayax, B KOTOPBIX MOSIBJASIOTCA NpPOH3BOAHLIE, NPOJe/nblBaeTcs
TAaKoH xe QoKyc.
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IMpunomuuTe OGWHMA NPUHUAN HHTETPUPOBAHHMA MO YaCTAM.
Ecan y Bac ecTb npousBosbHas QYHKUMA [, YMHOXEHHas Ha
dvw/dt u npounTerpupoBaHras no f, TO Bbl pacnucChiBaeTe NpPOHU3<
BOJHYIO OT nf:

S =n i

B HHTEpECYIOLEM BaC HHTEerpasie CTOMT KaK pa3 nocJjeaHee caa-
raemoe, Tak 4To

(bt =ni—(nilar.

B naweit ¢opmysne aas 6S 3a ¢yHkuuio f npuHHMaerca npo-
usselleHre m Ha dx/dt; nosTomy s noayuaio Ans 8S BeIpaxKeHHe
dx t & d dx 2
ss=mant)) — | (n)nwa—{vmnou
t =
t, t
B nepBblil useH HO/MXKHB OBIThb NOACTaBJIEeHbl Npelesbl HHTErpH-
poBaHua t H fp. Toraa s nosydy noj HHTerpasom 4JeH OT HHTe-
rpUpPGBaHHs NO YACTAM H MOCJEIHHI u/leH, OCTABIUMACA NPH mpe-
06pa3oBaHUH HeHM3MEeHHbIM.

A Tenepb MpoHCXOAMT TO, YTO OblBaeT Bcerfa, — NPOHHTErPH-
poBaHHasl yacTb Hcue3aeT. (A ecau He HMcue3aeT, TO HYXKHO nepe-
¢opmyHpoBaTh NpHHUMN, A06aBHB YCJOBHsA, obecneydBalollHe
TaKoe HCue3HOBeHHe!) Mbl yKe rOBOpHJIH, UTO 7| Ha KOHLAX NyTH
JOo/KHa ObiTh paBH2 HyJ/0. Belb B ueM COCTOMT Hall NpHHUMO?
B Tom, 4TO HeficTBHe MHHHMAJbHO NMpPH YCJAOBHH, YTO BapbHpye-
Masl KpHBas HAauWHAeTCd H KOHYaeTCs B M30paHHBIX TOYKax. TO
3HayuT, yto (1)) = 0 u n(f) = 0. [TosTOMy NpoMHTErprpoBaH-
HBl YJleH noJiyyaeTcss paBHbIM HYy/I10. Mbl cob6HpaeM BOEAHHO
OCTaJ/IbHble YJeHbl H NHIIeM

t,

ss={ [—m-ﬁ—f—w @]n o a.

Bapuauust S tenepb nprHoGpena Takoil BHA, KaKOH Mbl XOTeJH el
NpUAATb: YTO-TO CTOUT B cKOOKax (o6o3nauum ero F), u Bce 3TO
YMHOX€HO Ha M(!) U NpOHHTErpUpOBaHO OT £ 10 fo.

Y Hac BBIIIO, YTO HHTErpaJj OT KaKOro-To BEHIpAXKeHHs, YMHO-
XeHHOro Ha n(f), Bcerja paBeH HyJIO:

SF(t)n(t)dt=0.

CrouT Kakasi-To GyHKUnsA Ot f; yMHOXKalo ee Ha v ({) ¥ HHTerpH-
pylo ee OT Hauasaa A0 KoHua. M kakosa 6bl HH Obl1a M, A noJy-
yal HyJab. ITO oO3HauaeT, yTo ¢yHKkuua F(f) paBHa HyJIO.
B o6uem-To 370 0ueBHAHO, HO 71 Ha BCsAKMIl cJayuyail NOKaxy BaMm
OJIMH M3 cnoco6oB N0Ka3aTeabCTBA.
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ITycte B KauectBe m(f) 51 BbiGepy HEYTO, YTO PaBHO HYJIO
BCIOAY, NpH Bcex [, KpOME ONHOro, sapaHee BbLIOpaHHOro 3Haye-
Hust . OHO ocTaeTcsi HyJeM,
noka s He AoOHAy OO 3TOro ¢,

<{memmm——

3aTeM OHO NOJACKaKHBAae€T Ha
MIHOBEHHe H Cpasy Xe oca-
»xuBaeT Ha3zal. Ecan BH Gepe-
Te MHTerpa/ OoT 3TOH m, yMHO-
KeHHOH Ha KaKylo-TO (QYHK-
uuio F, To eAHHCTBEeHHOe Me-
CTO, B KOTOPOM Bbl NOJIYyUHTE
uTO-TO HEHYJ/IeBOe, — 3TO TaM,
rie mn(f) MO0ACKaKHBAJO;
H Yy Bac MOJMYYHTCs 3HaueHHe F B 3TOM MecTe Ha HMHTerpas ilo
ckauky. CaM no ceGe HHTerpa. no CKayKy He paBeH HYJIO, HO
nocjie yMHOXeHHs1 Ha F OH JO/KeH AaTh Hy/b. 3HAUHT, QyHKUHA
B TOM MecTe, rae Obll CKauyoK, NOJIXKHA OKa3sartbesi HyJdeMm. Ho
Belb CKauyoK MOXHO GBIJIO caenatb B J060M MecTe; 3HauuT, F
JOJI2KHA OBITh HYyJIeM BCIOAY.

Mpl BUAMM, 9TO €C/IM Halll MHTerpaj paBeH HYJIO NpH KaKoH
YrOAHO v, TO KO3)(HUHEHT NpH n AOJKeH OODATHTbCA B HYJb.
HHTerpan AelcTBHA AOCTHraeT MHHHMyMa Ha TOM NYTH, KOTOPbIH
O6yldeT yHnO3/]1eTBOPATb TaKOMy CJOXHOMY AHddepeHLHAIbHOMY
ypaBHEHHIO:

[-m %5 —v @] =0

Ha camom gene 0HO He Tak yX CJIOXKHO; Bbl €ro yXe BCTpeyaJiH
npexje. 1o npocro F = ma. IlepBbiil uneH — 310 Macca, yMmHoO-
J)KeHHas Ha YCKOpeHHe; BTOPOH — 3TO NPOH3BOAHAs OT MNOTEH-
LHa/JbHOH 3HEPruH, T. e. CHJIA.

Hrtak, Mbl nokasanu (no KpaiHell Mepe A/l KOHCEPBAaTHBHOMH
CHCTEMBI), 4TO NPHHIUN HaHMeHbIIEro AeHCTBHSA NPHUBOAMT Knpa-
BH/ILHOMY OTBETYy; OH YTBepX/JaeT, YTO NyTb, 06/1aaI0WHH MHHH-
MyMOM  JeHCTBHS, — 3TO nNYyTb, YAOBJETBOPAIOUHA 3aKOHY
HeloTtona.

HyXHo caenatb ellle 0qHO 3ameuaHHe. §1 He JoKasaJ, yTo 3TO
munustym. Moxet ObiTb, 310 MakcumyMm. Ha camMom pene, 310 H
He 00d3aTe/IbHO OO/KeH ObITh MHHHMYM. 3JecCb Bce TaK XKe, Kak
B «NpHHUMNE KpaTyailllero BpeMeHH», KOTOPbIH Mbl OGCYXAaJH,
u3yuas onTuky. Tam Toxe Mbl cnepBa FOBOPHJIM O «KpaTyaileM»
BpeMeHH. OIHAaKO BBISICHH/IOCH, YTO GBLIBAIOT MOJIOXKEHHUS, B KOTO-
pHIX 3TO BpeMsi He 06s3aTe/NbHO «KpaTuaiilee». PyHAaMeHTa/b-
HbIH NPUHUHMN 3aKk/JloyaeTcs B TOM, 4TOObl A/151 JIIOOBIX OTKAOHE-
MUl nepsozo nopadka OT ONTHYECKOrO NyTH U3SMEHEHUA BO Bpe-
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MeHH OBLIM paBHBl HYJI0; 34ecb Ta e camas ucropus. [log
«MHHHMYMOM» MBbl Ha CaMOM JeJ/ie NOApPa3yMeBaeM, 4TO B IePBOM
nopsiike MaJIOCTH H3MeHEeHHsl BeJHYHHbl S NpPH OTK/IOHEHHAX OT
NyTH JOJKHBl ObITb paBHBl HY/J10. M 3TO He 0653aTe/IbHO «MH-
HUMYM>.

Tenepp s xouy mepeliTH K HeKOTOpbIM 0606uleHusM. B nep-
BYI0O Odepellb BCIO 3Ty HCTOPHIO MOXHO OblJO Obl mpoaenatbh H
B Tpex H3MepeHHUsix. BmecTo npocroro x s torna umen Ol X, y U 2
Kak QyHKUHMH {, 0 AeficTBHe BhIrAsigeno 6bl nocnoxHee. [1pu tpex-
MepPHOM [BHXKEHHH Bbl NOJIXKHBl HCNOJb30BAThb MOJHYIO KHHETH:
YeCKyl 3Hepruio: (m/2), yMHOXeHHOe Ha KBaapaT BCeH CKo-
poctu. MHaye rosops,

_ m[(dx)? dy \? dz \?
o= 2[4 + (%) + (4]

Kpome Toro, noteHuuanbHas 3HepPrus Tenepb SBASETCH (YHK-
uueit x, y U 2. A 4To MOXHO cKa3aTb 0 nytu? [lyTb ecTb HeKkoOTO-
pasi KpuBasi obUlero BUJa B NPOCTPAHCTBE; ee He TaK JIerko Ha-
4epTHTb, HO HAesl OCTaeTcs NpexHei. A Kak oGCTOMT neJo C v?
Urto X, U m HMeeT TPH KOMMNOHeHTH. IlyTb MOXHO CABHMraTb H
no X, H N0 Y, U MO 2, UK BO BCEX TPEX HanpaB/JeHUAX OJHOBpe-
MeHHO. Tak uto m Tenepb BeKTOp. OT 3TOro CHJBHBIX YCJOXHe-
HUil He nosnyyaetcs. Pas Hy/10 [0/MKHBI ObITh paBHBI JHLIb BapUa-
LHH nepsoeo nopadka, TO MOXHO NPOBECTH pacyeT MNocJeloBa-
TeJqbHO C TpeMs ciaBuraMu. CnepBa MOXHO CABHHYTb 7 TOJIbKO
B HanpaBJ/JIeHHH X M CKa3aTb, YTO KO3(P(HUUHEHT HoJKeH obpa-
TUTbCA B HyJb. [loayuntcsi omHo ypaBHeHue. IlotoM MBI caBH-
HeM 7 B HanpaBJ/JieHHH y W NOJYYHM BTOpoe. 3aTeM CABHHEM B
HanpaBJ/JleHHH 2 M NOJyYyuM TpeTbe. MOXKHO Bce, €C/lH YroaHo,
npopenatb B gpyroM nopsiake. Kak 6bl To HM Obl10, BO3HHKAeT
Tpoiika ypaBHeHuH. Ho Benb 3akoH HbioToHa — 3TO TOXKE TpH
ypaBHeHHs B TpeX H3MepeHHsX, N0 OAHOMY AJS KaxXJAoH KoMmo-
HeHTh. Bam npepmocraBiasieTcsi camuM yGeauTbCs, UTO 3TO BCe
NedCTBYeT W B Tpex M3MepeHHsX (paboThl 3[eCb He TaK MHOro).
Mexay npounM, MOXHO B3fiTb KaKYyl0 YroaHO CHCTEMY KOOpIH-
HaT, no/asipHylo, Mob6ylo, W cpa3y MNOJAyYHTb 3aKOHB HbloTOHa
NPUMEHHTEJbHO K 3TOM CHCTeMe, paccMaTpHBasi, YTO MOJYyUHTCH,
Korja npou3oaer CABUT 1M BAOJAb pajuyca HJAW NO Yray, H T. O

Meton MoxeT 6bITb 0600L1eH W HAa NPOH3BOJbHOE YHCJIO Ya-
ctuu. Ecau, ckaxeM, y Bac e€CTb AB€ YaCTHUBl H MEXAY HHUMH
NeACTBYIOT KaKHe-TO CHJ/bl MU HMeeTCsl B3aMMHasi MOTeHUHaJbHas
SHEprus, TO Bbl NPOCTO CK/AajbiBaeTe HX KHHeTHUYeCKHE 3HEpPruu
M BblYHTaeTe M3 CYMMbl NOTEHUHAJbHYIO 3Heprul0 B3auWMojei-
ctBusi. A uto Bbl Bapbupyere? [lyTu obeux uactuu. Torpa mas
IBYX YaCTHI, ABHXYUIMXCS B TpPeX H3MepPEHHsX, BO3HUKAET IUeCTb
vpaBHeHUH. Bbl MOXeTe BapbHpOBaTb MOJIOXKEHHE YacTHubl 1 B
HanpaBJ/IeHWH X, B HanpaB/JeHHH Yy U B HAanNpaBJEeHHH Z, H TO Xe

107



caMoe npopmenaTbh C yYacTHUeR 2, TaK YyTO CYLIEeCTBYeT LIecCTh
ypaBHeHuil. U tak u pomxkHo 6bTh. Tpu ypaBHeHHs onpenensioT
yckopeHHe yacTHUbl | yepe3 cuJay, AeACTBYIOLLYIO Ha Hee, a TPH
INpYrux — yCKOpeHHe 4acTHubl 2 H3-32 CHJBl, AeACTBYIOLLEH Ha
Hee. CnenyiiTe Bcerja TeM e NpaBHJ/aM Hrpbl, U Bbl MoJyuuTe
3axkoH HbloTOHA 1/151 NpOH3BOJILHOIO YHC/A YaCTHIL.

S1 ckasaj, yto Mbl nosayyuM 3akoH HbioTona. ITo He coBceM
BePHO, NOTOMY YTO B 3aKOH HblOTOHa BXOAAT U HEKOHCEPBATHB-
Hble CHJbI, HanpuMep TpeHHe. HoloTOH yTBepxKaaJ, 4TO /Mma paBHO
Bcsiko# F. TlpuHuMn ke HaumeHbllero AeHCTBHS CnpaBel/HB
TO/BbKO AJSl KOHCePB8AaTUBHLLX CHCTEM, TAKHX, 1€ BCe CHJIBl MOTyT
ObITb MOJydeHbl M3 NMoTeHUHaJbHOH GyHKkuHH. Ho Benb BH 3HaeTe,
4YTO Ha MHKPOCKONHYECKOM YpDOBHe, T. €. Ha CaMOM IJyGHHHOW
(H3HYeCKOM YpOBHe, HEKOHCEPBATHBHBIX CHJ He cyulecTByeT. He-
KOHCEepBaTHBHble CHJ/IbI (TaKue, KaK TpeHHe) MNOSABJSIOTCH TOJbKO
OT TOrO, YTO Mbl NnpeHe6peraeM MHKPOCKONHYECKHMMH CJOXHBIMH
3¢ ¢peKTaMH: NPOCTO CJAHIUKOM MHOIO YacCTHL NPHXOAHTCA aHaJ/H-
3UpOBaTb. PYHOAMEHTANbHEIE XKe 3AKOHBI MO2YT GbITb BbIPaXKeHBI
B BHJ€ NPHHUHNA HaHMEeHbIEero AeACTBHs.

ITosBosbTe nepefiTu K nanapHeiiiuM o606uwenusaM. [Tonoxum,
HacC HMHTepecyeT, 4TO OyneT, Korga yacTHUA IBHXKETCH peJsiTH-
BUCTCKH. [Toka Mbl He MOJMyYyH/aH NPaBHIBHOrO PeSTHBHCTCKOIO
ypaBHeHHs1 [ABHXeHHd; F = ma BepHo ToAbKO B HepeasTH-
BHCTCKHUX ABHXXeHHsX. BcraeT Bompoc: cyulecTByeT /M B peJisiTH-
BHUCTCKOM CJy4Yae COOTBETCTBYIOLIHH NMPHHUHN HauMeHblUero new-
crBus? [la, cymectByer. Popmyna B peasiTUBUCTCKOM cJjyuae
TakoBa:

S=— m002 z\/l —— dt S [p(x,y,2,) —v-A(x,y,2,1)] dt.

[TepBasi yacTb HHTerpasa HAeHCTBHSI — 3TO NPOU3BEJAeHHE Macch
NOKOS! Mo Ha ¢ W HAa MHTerpan oT GyHKUuH cKopocti4/1 — v?/c’
3ateM BMeCTO TOro, uToGbl BBIYMTATH NOTEHLHAJIbHYIO 3HEPTHIO,
Mbl UMeeM HHTerpajibl OT CKaJsipHOro noTeHuHa a ¢ U OT BEKTOp-
HOro noTeHuuasja A, yMHoXeHHoro Ha v. KoHeuHo, 3mecb npu-
HATHl BO BHMUMaHHE TOJIbKO 3JIeKTPOMarHuTHele cuabl. Bce asek-
TpUYeCKHe M MarHUTHble MNOJS Bbipa)KeHbl B TepMHHAX ¢ H A.
Takasi ¢yHKUHs OeHCTBUS NaeT MOJHYIO TEOPHIO PeasTHBUCTCKOrd
NBHXKEHHsI OTIEJbHOH 4aCTHUBl B 3/JeKTPOMArHUTHOM MoOJIe.
KoneuHo, Bbl MO/MKHBI NOHMMAaThb, UTO BCIOAY,T[€ sl HANUcaaVv.
npex/nie ueM AeaaTb BBIKMAAKH, CleAyeT NOAcCTaBuTh dx/dt BmMecTO
vx ¥ T. 1. KpoMme Toro, Tam, rae s nucaja npocro x, Y, 2, Bbl A0J-
XHBI NpeAcTaBUTb ceGe TOUKH B MoMeHT f: x (&), y(f), 2(t). Cob-
CTBEHHO, TOJIBKO MNOCJe TaKHX NOACTAaHOBOK W 3aMeH V y Bac no-
AyquTcsi popMmyaa Ans AeHCTBUS pelATHBUCTCKOM wactuusl. [Tyctn
caMble yMeJsble H3 Bac MONBLITAIOTCA J0Ka3aTb, YTO 3Ta (opmy.a
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A5 0eACTBUA JefCTBHTE/bHO AaeT NpaBH/bHble YpaBHEHHUS IBH-
XKEeHHsl TeopuH OTHocHTeabHOcTH. Ilo3BosbTe /MHLIL MOCOBETOBATH
15 Hayaja ot6pocuTb A, T. e. 06OHTHCh NMokKa 6e3 MarHHTHHIX
noseii. Toraa Bbl HO/MXKHBI GyfeTe MOMYYHTb KOMIOHEHTH! ypaB-
HeHus NBHUKeHUs dp/dt = —qVe, roe, Kak Bbl, BEpOSITHO, NOM-
uute, p=mv/ /1 — v¥ci.

BxkJ/lounth B paccMoTpeHHe BEKTOPHBIA MoTeHUHan A HaMHOro
TpyAHee. Bapnauuu Toraa cTaHOBATCS HeCcpaBHEHHO 6oJiee C/0XK-
neiMi. Ho B KoHLe cH/a OKa3biBaeTcsl paBHOH TOMY, ueMy ciJle-
ayet: ¢(E 4 v X B). Ho nosa6aBbTechb ¢ 3TUM caMH.

MHe xoTesnoch Obl NOAYEPKHYTh, YTO B O6UlEeM cayuae (K NpH-
Mepy, B peJATUBHCTCKOM GopMyJie) MOO HHTErpasoM B AeHCTBHH
yXe He CTOHT pa3HOCTb KHHETHYeCKOH M MNOTeHUHaJbHOH 3SHep-
reft. T0 roJMJI0Ch TOJBKO B HepeNsTHBHCTCKOM NPHGJIHXKEHHH.
Hanpumep, unen myc?4/1 — v?/c® — 5T0 He TO, YTO HA3BIBAIOT
KHHeTHYecKoH sHepruefl. Bonpoc o ToM, KakuM JOJXKHO OBITb
ZleficTBHe AJSl MPOH3BOJILHOrO YaCTHOrO CJyyasi, MOXeT ObITb pe-
IeH MocJje HeKOTOporo uucja npo6 u omu6oK. ATO 3ajaya TOro
e THna, YyTo W onpejeseHHe, KaKOBbl HOMKHbBl ObITb ypaBHeHHS
INBHXeHHsi. Bbl mpocTo HOMKHBI nmourpaTh € HM3BECTHHIMH BaM
ypaBHEHHSIMH WU NOCMOTPeTb, MOXHO JH HX HanucaTb B BHIE
NPHHUMNA HaUMEHbILIEro AeHCTBHSI.

Euwe onHo 3amMeuanue no nosony tepmunodoruu. Ty dyHkuuio,
KOTOPYIO MHTETpHPYIOT MO BPEeMeHH, YTOOb NONy4YuTh AeHCTBHE S,
Ha3bIBAIOT aAaepanscuarnon ¥. 7o GyHKUMs, 3aBUCALLAS TOJBKO
OT CKOpOCTel M MOJIOXKeHHH yacTuu. Tak YyTo NpHHUMN HaHUMeHb-
IIero JeHCTBHS 3aNHCHLIBAeTCs TaKXe B BHJIe

t

S= S g(xi: vl)dt,

t

re NojJ X; U v; NOAPa3yMeBaIOTCA BCe KOMMOHEHThl KOOPAHHAT H
ckopocteil. Eciu B Korga-HHuGYyAb YC/bILIKTE, YTO KTO-TO FOBO-
PHUT O «JarpaHxHaHe», 3HalTe, YTO peyb HAeT O QYHKUHH, NpH-
MeHsieMoil aas noayuyeHusi S. [lnsi peNITUBHCTCKOrO IBHXKEHUS B
3JIEKTPOMArHUTHOM MoJie

Q:—moczv1 —Z—: —qg(p+ v-A)

Kpome Toro, s 1o/:KeH OTMETHTb, YTO caMble JOTOIUHbIE H Ne-
JNaHTHYHbIC JIIOJH He Ha3blBaloT S AeiicTBHeM. Ero uMenyloT «nep-
BOH TrJaBHOH ¢yHKuMell [amuibTona». Ho wuurtath sekuuio
O «NpUHIMNe HauWMeHblled nepBOH rJaaBHON (QyHKUHH [ amuis-
TOHa» ObLJIO CBHILIE MOMX cua §1 HasBan 3To «aeiicTBuem». [la
K TOMy e Bce GoJjblle W 6o/bliue JioJeH HAa3blBAlOT 3TO «HAeH-
cTBHeM». Buaute s, ucropuyecku AeificTBHeM ObIIO Ha3BaHO
HeuyTo Jpyroe, He CTO/b MoJe3HOe AJs HayKH, HO A AyMaio, 4TO
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pasyMHee H3MeHHTb onpejeseHHe. Tenepb ¥ Bbl HayHeTe HMeEHO-
BaTb HOBYIO (QYHKILIMIO J€HCTBHEM, a BCKOpe H BCe BooOlle CTaHYT
Ha3blBaTb ee 3THM NpPOCTbIM HUMEHEM.

Tenepb s xouy cooOWHTL BaM N0 NOBOAY Hallell TeMbl KOe-uTo,
noxoxee Ha Te paccyXJAeHHs, KOTopble s BeJ MO MOBOAY MNpHH-
uuna kpartyaiiiero BpemeHd. CyllecTByeT pasHula B CaMOM CY-
LlecTBe 3aKOHA, YTBEePIKAAIOLLEro, 4TO HEKOTOPBIH HHTerpas, B3sl-
THIi OT OJlHOH TOYKH A0 ApYroH, HMeeT MUHHMYM, — 3aKOHa, KO-
TOpblii coobuiaeT HaM yTo-TO 060 BCeM NYTH cpa3y, H 3aKOHA, KO-
TOPbI#l TOBOPHT, YTO KOrAa Bbl JBHraeTech, TO, 3HAUHT, €CThb CHJA,
npHBOAsllas K ycCKopeHHI0. BTopoii nmoaxoa noknaabiBaeT BaM
0 KaXXIOM BallleM Ilare, OH NpoC/eXHBaeT Ball NyTb NAdb 34
NsAblo, a NepBHIH BbIJAeT cpasy Kakoe-To ofllee yTBepXAEHHE
060 BceM npoiifieHHOM nyTH. ToJaKys o cBeTe, Mbl FOBOPHJH
O CBSI3H 3THX ABYX noaxonoB. Tenepb si Xouy OOGBACHHTb BaM,
OTYero AOJIXKHBbI CYlIeCTBOBaTb AH(depeHIHaJbHble 3aKOHbI, €C/TH
HMeeTCsl TaxkOH MNPHHUMN — NPHHUHMN HaHMeHblUero AefCTBHA,
[IpHuHHa BOT B yeM: pacCMOTPHUM JNEHCTBHTEJNbHO NMpPOMAEHHLIA B
npocTpaHcTBe H BpeMeHu nyTb. Kak u npexne, o6oiineMcsi ogHUM
K3MepeHHeM, TaK 4TO MOXHO OydeT HayepTUTb rpaduK 3aBHCH-
MOCTH X OT f. Bposb HCTHHHOrO
nyTd S pocTuraeT MHHHMYyMa.
[los10KHM, uTO y Hac eCTb 3TOT
NyTb ¥ YTO OH NPOXOAHT yepes3
HEKOTOpYI0O TOYKY a NpoCTpaH-
CTBa M BpeMeHH H yepe3 APYryko
COCEJIHIOI TOUKY b.

(S

Tenepb, ec/in Becb HHTerpas oT
t, 0o o NOCTUI MHHUMYMa, Heob-
XOAMMO, 4TOGH! IIHTErpaJs BAOJb MaJeHbKOTrO y4acTOyKa OT @ 0 &
ToXe OblJ MHHHMaJbHbIM. He MoXeT 6bITh, 4TOGB YyacTb OT a 10 b
XOTb YYTOUKY npeBocxoaua MHUHHMyM. MlHaye Bbl Mor/u Obl mo-
JBUraTh TyAa-Cloa KPHBYIO Ha 3TOM ydyacTOuyke H CHHU3HTb He-
MHOro 3HayeHHe BCEro HHTerpaJga.

3Hayut, J06as yacTb NMyTH TOXKe [OJKHA AaBaTb MHHHUMYM.
U 3To cnpaBeAsiMBo 115 KaKUX YroJHO MajleHbKHX AOJeK NyTH.
[TosToMy TOT NpHHUMMN, YTO BeChb MyTb AOJXKEH JaBaTb MHHHMYM,
MOXHO chOpMYJHPOBaTh, CKa3aB, YTO 6E€CKOHEYHO MaJjas N0/bKa
NyTH — 3TO TOXE€ TaKas KpHBas, Ha KOTOPOi#l NeHCTBHE MHHH-
Ma/abHo. M eciau MBI BO3bMeM J0CTaTOYHO KOPOTKHH OTpe3oX
NyTH — MeXAY O4YeHb GIM3KUMH APYT K APYry TOYKaMH a@ u b, —
TO YXKe HEeBaXHO, KaK MeHsIeTCs NOTEHLHasJ OT TOYKH K TOUKe
BJaJ/I1 OT 3TOr0 MecCTa, MOTOMY YTO, NPOXOJs BeCb Ball KOPOTEHb-
KHil OTpe3oueK, Bbl NOYTH He cxoauTe ¢ Mecta. EAMHCTBEHHOE, 4TO
BaM HYXHO YUYHTBHIBATb, — 3TO H3MeHeHHE NePROro nopsjaka Ma-
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JOCTH B moTeHuuase. OTBET MOMKET 3aBHCETb TOJbKO OT MpPOHU3+
BOAHOIl MOTEHLHAaJJa, a He OT MOoTeHUHasa B APYrux Mmectax. Tak,
yTBepXKJeHHe O CBOHCTBE BCEro NyTH B LEJOM CTAHOBHUTCS YTBep-
XJIeHHeM O TOM, YTO MPOUCXOAUT Ha KOPOTKOM yyacTKe MYTH, T.e.
nuddepeHurasbHBIM yTBepKAeHHeM. M 3ta auddepeHunanbuas
¢opMy/nHpoBKa BKJKOYaeT NPOH3BOJAHBIE OT NOTeHUMAJa, T. e.
CU1y B JaHHOH Touke. TakoBO KauecTBeHHOe OOBSCHEHIIEe CBSI3H
MeXIy 3aKOHOM B LieJIOM M AH((pepeHUHAJbHBIM 3aKOHOM.

Korna Mbl roBopusau o cBeTe, TO 06CYKIa/lH TaKkXe BONPOC:
KaK BCe-TaKH YacCTHLUA HaXOAHT npaBu/bHbIA nyTh? C auddepen-
LIHAJIbHON TOYKH 3peHHsl 3TO MOHSATb Jerko. B Kaablii MOMEHT
YaCcTHUA HCNBITHIBAeT YCKOpPEHHe M 3HaeT TOJbKO TO, YTO eil mo-
JIOXKEHO Je71aThb B 3TO MrHoBeHHe. Ho Bce Ballly MHCTHHKTHI MpH-
YHH M CJEJACTBHI BCTAlOT Ha AbIObl, KOrjga Bbl CJ/BIILIHTE, YTO Ya-
CTHUA «pellaeTy, Kako# el BLIOpaTh NyTb, CTPEMACb K MUHUMYMY
nefcTBUA. YK He «0GHIOXMBAaeT» /M OHa COCeHHE NYTH, MPHKU-
IblBasi, K 4eMy OHHU NpPHBEAYT — K (GOJ/blIeMYy HJIH K MeHblLUeMY
neficteuio? Korfa Mbl Ha NyTH cBeTa CTaBHJAH 3KpaH Tak, YToGH!
($OTOHBI He MorJau nepenpo6oBaTb BCe NMyTH, Mbl BBISICHHJH, YTO
OHHM He MOTYT pelIUTb, KAKUM NyTeM HATH, U NMOJYYH/IH SIBJEHHE
nuppakuHu.

Ho BepHo sin 3T0 ¥ ansi MexaHuku? [IpaBpa sid, YyTo uacTHua
He MpOCTO «HAeT BEPHbIM NMYyTeM», a NepecMaTpHBaeT BCce Jpyrue
MbICJHMble TpaeKTopuH? W uTo ecau, cTaBs nperpaabl Ha ee
NyTH, Mbl He JAaAuUM e 3arJsablBaTh Bhepel, TO Mbl NOJYYUM
HeKHil aHaJjor sBJeHus auppakuuu? Camoe uynecHoe BO BCeM
5TOM — TO, YTO BCE€ MAEHCTBHTEJbHO OOCTOHT Tak. MMeHHO 3TO
YTBepPXKAAIOT 3aKOHBl KBAHTOBOH MeXxaHUKH. Tak 4TO Halwl npHH-
MM HauMeHbllUero AeHCTBHA cPopMynHpoBaH He mogHocTbio. OH
COCTOMT He B TOM, YTO uYacTHla H36HpaeT NyTb HaHMEHbLIETO
NeHCTBHS, a B TOM, UTO OHa «4yeT» BCe COCCAHHE NMYTH U BHIGHU-
paeTt TOT, BAOJb KOTOPOro AeHCTBHE MHHHMAaJbHO, H €10c06 3TOro
BbI6OOpa CXOMEH C TeM, KaKUM CBeT OTOHMpaeT KpaTuaiilllee BpeMs.
Bbl nomHute, uto cnoco6, KaKMM cBeT OTOGMpaeT KpaTuailllee
BpEMsi, TAKOB: €C/IM CBeT NoijeT no nyTH, TpebylouleMy Apyroro
BpPEeMeHH, TO NMpHAET OH ¢ Apyroil ¢as3oi. A moaHas aMn/auTyaa
B HEKOTOpPO#l TOYKe eCTb CYMMa BKJAaJOB aMIJIHTYI AJi BCeX My-
Teil, 10 KOTOPbIM CBET MOXET ee AOCTHYb. Bce Te NyTH, y KOTO-
pbIX da3bl pe3Ko pa3/HyaloTCs, HUYEro nocJje CA0KeHHs He AT,
Ho ecau BaM ymasochb HaiTH BCIO MOCJeQ0BaTeIbHOCTb MNyTed,
(asbl KOTOPBLIX MOYTH OJHHAKOBH, TO MeJKHe BKJAAbl CJA0XKaTCH,
H B TOYKe NPUOLITHA NMOJMHAs aMIVIUTYAA NMOJYYHT 3aMeTHOe 3Ha-
yeHue. BaxHeluuM nyTeM CTaHOBMTCH TOT, BO3J/ie KOTOPOro
MMeeTcsl MHOXEeCTBO GJH3KHX NyTel, Aalouux Ty Xe ¢asy.

B TOYHOCTH TO e NpPOMCXOAMT H B KBAHTOBOI MeXaHHKe.3a-
KOHYeHHAasi KBAaHTOBAasi MeXaHHKa (Hepe/JsiTHBUCTCKAss H TMpeHe-
Operailouiasi CNHHOM 3JIEKTPOHa) paboTaeT TaK: BepOSTHOCTb TOTO,
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YTO YacTUlA, BBIHASA M3 TOYKY | B MOMEHT f|, AOCTHTHET TOYKH 2
B MOMEHT f3, paBHa KBaapaTty aMmMniautyasl BepostHocTH. [losnas
aMIJINTYa MOXeT ObITb 3anHCaHa B BHAE CYyMMbl aMIIHTYA I/
BCeX BO3MOXHBIX nyTeil — ajs Jaio6oro nyTH npubuitus. as maiwo-
6oro x(f), Kotopoe MorJ0o G5l BOSHUKHYTb AJs J1060# MBICAHMOH
BOOOpaXaeMOH TPAGKTOPHH, HYXXHO TNOACUHUTATb AaMIVIHTYAY.
3aTeM HX BCe HY:KHO CJOXHTb. UTO Xe Mbl npuMeM 3a aMNJu-
TyAy BepOSITHOCTH HekoToporo nyTu? Ham uHTerpan peficTBuA
rOBOpPHUT HaM, KaKoi 06s13aHa 6bITb aMIJIMTYAA OTAENbHOrO MyTH.
AMnauTtyna nponopuuoHasnbHa eiS/% rpe S — meificTBHe Ha 3TOM
nyTH. 3TO 3HAYMT, YTO €CJH Mbl NpeAcTaBUM (a3y aMnauTynbl
B BHJle KOMIJIEKCHOTO 4ucaa, To da3oBblit yroa 6yaer paBeH S/h.
IefictBue S HMeeT pa3aMepHOCTb SHEPrHH Ha BpeMsl, H y NMOCTOSH-
Ho#t [lnanka pasmepHOCTb Takasi Ke. DTO NOCTOSIHHAs, KOTOpas
onpefiensieT, KOrja Hy:xHa KBaHTOBas MeXaHHKa.

U BoT Kkak Bce 310 cpabatniBaeT. IlycTh nas Bcex nyTei neii-
cTBHe S OyneT BecbMa O6O/NLLWIMM NO CpPaBHEHHIO C 4YHcaoM .
[TycTb Kakoi-TO NyTh NpHBEJ K HEKOTOPOH BeJHUYHHE aMIIHUTYIbI.
®asza pALOM NPOJOKEHHOTO NyTH OKaXKeTCs COBEpIUEHHO APYroi,
NOTOMY YTO NPH OrpoMHOM S faxke He3HauHTe/lbHble H3MeHe-
HUS1 S pe3ko MeHsIOT ¢a3y (Beldb h upe3BbluailHO MaJso). 3HAUHT,
pPALOM JeXallHe NYTH NPH CJAOXKEHHH OOBIYHO racsT CBOH BKJ/a/HI.
U TonbKo B ofHOH 06/1aCTH 3TO He TaK — B TOH, I'le H NyTb H €ro
coceq — o06a B nepBoM npub/anKeHIH 00/1a0aI0T OLHON M TOH XKe
¢dasoit (MM, TOyHee, NOYTH OAHHM M TeM XKe HeHCTBHUEM, MEHsIO-
wuMca B npefenax h). Tonbko TakHe NyTH W NPHHUMAIOTCA B
pacuer. A B npeienbHOM cjydyae, Koraa nocrosinHas [lnanka h
CTPeMHUTCSl K HYJIO, NpaBH/LHble KBAHTOBOMeXaHHYeCKHe 3aKOHBI
MOXKHO MOABITOXHTB, cKa3aB: «3abyabTe 060 BCeX 3THX aMIIH-
Tynax BeposTHocTedl. HacTuua H BnpsiMb ABHXETCH MO 0COGOMY
NyTH — HMEHHO N0 TOMY, N0 KOTOPOMY S B NnepBOM NpPHUONHMKEHHH
He MeHsieTcsi». TakoBa cBfi3b MeXJy NPHHUHUNOM HaHMEHbILEro
IeHCTBHS U KBAaHTOBOH MexaHuKoH. To 06CTOATe/NBCTBO, YTO Ta-
KHMM cnoco60M MOXHO cPOpPMYJHPOBATb KBAHTOBYIO MeXaHHKY,
6bl10 OTKPHITO B 1942 r. yyeHHUKOM TOro Xe CaMOro yuHTens,
Muctepa bBanmepa, o Koropom s Bam pacckaswiBaJa. [[lepBoHa-
4a/JbHO KBAaHTOBas MeXaHHKa Obl1a cdopMy/1HpOBaHa NpH Io-
Mol K AuddepeHUnanbHoro ypaBHeHus ajas amnautyis (Lpe-
IHHrep), a TaKxXe NpPH NOMOIIH HEKOTOPOH MaTpPHYHOH MaTeMa-
TukH ([efizenGepr).]

Tenepp s xouy noTo/NKOBaThb O APYrHX NPHHUHNAX MHHHUMyMa
B (usuke. EcTb oyeHb MIIOrO HHTEPECHBIX NPHHUHIOB TAKOTO
pona. §I He 6yny HX BCe NepeyHC/sATb, a HA30BY ewle TOJBKO
onud. [Tosxe, Korma Mbl noGepemcsi O OJHOro (PH3HYECKOro siB-
JIeHHf, AJs KOTOPOro CYLIECTBYeT 11PeBOCXOAHBI MPHHUHI MH-
HHMyMa, 51 paccKaxKy BaM o HeM. A ceffuac si Xo4y MoKasaTb, YTO
Heo0s13aTeJbHO ONUCHIBATh 3/E€KTPOCTATHKY NPH NMOMOWH AHPde-
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peHlHaJbHOr0 YpPaBHEHHUS (/I NOJs; MOXKHO BMECTO 3TOro notpe-
60BaTb, 4YTOOLI HEKOTOp&Iil MHTerpaJ o6Jana/l MaKCHMYyMOM HJIH
MuHuMyMoM. [/ Hadana Bo3bMeM cJaydad, Koraa MJIOTHOCTb
3apsl0oB M3BECTHA NOBCIOJY, @ HYXKHO HAaWTH NOTEeHUHAJ ¢ B JIO-
6o#1 Touke npocTpaHCTBa. Bbl yxXe 3HaeTe, YTO OTBeT HOJIXKEH
ObITb TAKOH:

20— — £
Vip e’
Jpyro#t cnoco6 yTBepXAath TO JKe& CaMoe 3aK/IOyaeTcss B CJe-
AyolleM: Haflo BbIYHCAUTL WHTerpana U *

U= S(an)2 dv — Spq)dV;

3T0 o6beMHbI1 HHTerpaa. OH GepeTcs no BCeMY NPOCTPAHCTBY.
IIpu npaBuabHOM pacnpefieieHHH NoTeHuHan a @ (X, Y, 2) 3TO BbIl-
pa)keHHe NOCTHraeT MUHHUMyMa.

Mbl MoxeM nokasaTb, 4To 06a 3TH YTBEPKAEHHS OTHOCHTE/b=
HO 3J/IEKTPOCTATHKH 3KBHBaJeHTHbL. [Ipeqno/soXuM, UTO Mbl Bbl-
6pa/iy NpPOU3BOJNBHYIO (PYHKUHIO @. Mbl XOTHM noKa3aTb, YTO KO-
ria B KayecTBe (¢ Mbl BO3bMeM NpaBHJIbHOE 3HaueHHe NOTeHlHa-
Ja @ MJI0C MaJjoe OTKJOIieHHe f, TO B MepBOM MNOpSiIKE MaJoCTH

n3MeHeHne B U* Gyner paBHO Hy/mo. Tak uto Mbl nuiem
=09+ f;

3/1eCb @ — 3TO TO, YTO Mbl HLIEM; HO Mbl NPOBapbHpPyeM @, 4TOGHI

YBUAETb, KAKMM OH JOJIXKeH GObiTb AJ/s TOro, 4to6bl Baprauus U*
OKasanacb NepBOro nopsiika Majoctd. B mepsom usnede U* nam
HYXKHO Hanucartb

(Vo)* = (Vg)* + 2V - Vf + (V/)*.

EnvHCTBEHHBI 4/leH NnepBOro Nopsiika, KOTOPBIH GyAeT MeHAThCs,
TaKOB:

2Vg - Vf.
Bo BTOpoM usieHe U* nojblHTerpaJ/ibHOEe BbIpaXKeHHe NPHUMET BHJ
PP =09 + of;

H3MeHsAuasacsa 4acTb 34eCb paBHa pf OcraB/sis TOJIbKO MeHsi0-
muyecss 4/J€Hbl, NOJYYHUM HHTerpaJ

AU* = S (eVg - VI — of)dV.

Ilanbme, PYKOBOACTBYSICb HAlIHM CTapbIM o6uIuM npaBuJ/IOM,
Mbl OO0J/I2KHbI OYHCTHTb HHTErpaJ OT BCe€X NPOU3BOAHLIX IO f [To-
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CMOTPHM, UYTO 3TO 3a npousBoaHble. CKaasipHOe Npou3BeleHHe
paBHO

dp of 09 of  O¢ df
Ox 0x " 8y oy ' 9z 9z °

STo HYXHO NMpPOWHTErpupoBaTh No X, y U no 2. U 3mecp Hanpa-
IIKBAeTCsA TOT e (HOKYC: 4To6bl H36aBUTLCS OT Of/0X, MBI NpPOHH-
TerpupyeM Mo X no-yactaMm. JTO npuBefieT K n06aBOYHOMY AU(D-
¢epeHUHPOBAHHIO @ MO X. ITO Ta XKe OCHOBHAs WAes, C NOMOLIbIO
KOTOpPOil Mbl U30aBHUAUCH OT NMPOU3BOAHBIX No f. Mbl mosab3yemcs
paBeHCTBOM
2
(o2 gemf 2 (o2 ax

x Ox dx 0x
[MpouHTerpupoBaHHbIi Y/eH paBeH HYJIO, TaK KaK Mbl cyuTaem [
pPaBHBIM HY/I0 Ha GeCKOHeyHOCTH. (JTo oTBeyaeT oGpallleHHIo M
B HyJb npH £ U f. Tak uto Haw npuHuun 6osee TOYHO (PopMmy-
Jupyetcs cjaelyouwumM o6pasom: U* pisi npaBHABHOTO ¢ MeHbILe,
yeM AJs Jo6oro apyroro ¢(x, y, z), ob6nagaiolero TeMu Xxe 3Ha-
YeHHSIMH Ha GeCKOHeyHOCTH.) 3aTeM MBI npojesnaeM TO Xe C Y
u ¢ 2. Hamw unterpan AU* oGpatutcs B

AU = S (— eV’ —p) [ dV.

Yro6bl 3Ta Bapuauus 6bl1a paBHA HYJIO NPH JIOGOM NPOH3BOJE-
HoM f, KoadduuueHT npu f HOMKeH ObiTb paBeH HyJ10. 3HAYHT,

Vg =—L
h e e’

Mbl BepHYJHCb K HalleMy CTapoMy ypaBHeHHI0. 3HauyuT, Haue
«MHHHMaJ/IbHOe» npejJioXkeHne BepHo. Ero MoxHO 0606 KT, €1
cJerka U3MeHHTb BbIK/AaAKu. BepHeMcs Hasall M NPOMHTErpUpyeM
N0 4acTAM, He pacnucblBasi BCe NMOKOMNOHeHTHO. HauHem c Toro,
YyTO HanuuieM cCJAeayiollee PaBEeHCTBO:

V. (fVg) =V} Vo + V.

IMpoauddepeHunposas JeBylo yacTb, s MOTy NOKa3aTb, YTO OHA
B TOYHOCTH paBHA NpaBoH. DTO ypaBHEHHe NOAXOAHMT AJs TOrO,
yTO6LI TIPOBECTH HHTErPUPOBaHHe MO YacTsaM. B Hawem uHTerpase
AU* mbl 3amensiem Vo « Vfna —fvV2@ + V-« (fVq) u sarem uure-
rpupyeM 3To no o6bemy. UseH ¢ auBepreHuueil nocje HHTErpH-
pOBaHHsl N0 06beMy 3aMEHSIeTCsl MHTErpajoM N0 MNOBEPXHOCTH:

SV-(fV@dV:S fVg - nda.
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A TOCKOJIbBKY Mbl MHTEFpHpPYeM NO BCEMY MpPOCTPAHCTBY, TO MO-
BEPXHOCTb B 3TOM HHTEerpaje JIEXHT Ha GeCKOHeYHOCTH. 3HAUHT,
f =0, u Mbl NOJIyyaeM npexxHU# pe3yJbTaT.

TosibKO Tenepb Mbl HaYMHAaeM NOHMMaTb, KaK pellaTh 3ajauH,
B KOTOPbIX Mbl He 3HaeM, rle pacnosoxeHol Bce 3apsanbl. [TycTb
Mbl MMeeM NpPOBOJHHUKH, Ha KOTOPBIX KaK-TO pacnpeneseHbl 3a-
panbl. Ecay noteHuuanb Ha BceX NPOBOJHHKAX 3aHKCHPOBAHHBI,
TO Hall NPUHUKN MHHHMyMa BCe ellle pa3pellaeTcsi NPUMEHSATh.
Huterpuposanue B U* Mbl npoBeleM TOJBKO Nno 006/1aCTH, JexXa-
el cCHapyXH BCeX NpoBoAHHKOB. Ho pa3 Mbl He MOXeM Ha mpo-
BOXHMKAaX MeHATb @, TO Ha WX noBepxHocTu f = 0, U NOBEpXHOCT-

HBIA HHTerpaJ
S fVg-nda

TOX>Xe paB€H HYJIIO. OCTalO[I.lEGCﬂ o6’beMHOE HHTErpupoBaHHE
AU = S (— eV’ —p) f dV

HYXKHO NpOAeNbIBATL TOJILKO B NPOMEXYTKAX MeXAy NPOBOAHH-
KaMHi. VI Mbl, KOHe4YHO, CHOBa nojyyaeM ypaBHeHHe I'lyaccoua

Mpl, cTano 6bITh, NOKa3aJHu, YTO Hall NepBOHayaJ/bHBI# HHTerpaJ
U* mocTHraeT MHHMMYMa M TOrJa, KOTa OH BbIYHC/ISETCS B NPO-
CTPAaHCTBe MeXAY NpPOBOAHMKAMH, KaXK[Abli H3 KOTOPBIX Haxo-
AUTCA NpH PUKCHPOBAHHOM NOTEHLHAJe [3TO 3HAYHT, YTO Kaxaas
npoGHasi QyHKUMS @ (X, Y, 2) MOJKHA PaBHATbCA 3aJaHHOMY Mo-
TeHUHuaJy NpOBOXHHKA, KOrAa (X, Y, 2) — TOYKH MOBEPXHOCTH Npo-
BOJHHKAJ.

CyliecTByeT HHTepecHbIH 4aCTHBI cJayyal, Korja 3apsijbl pac-
NoJIOXKEeHbl TOIbKO Ha npoBoAaHHkax. Torga

=% S (Vo) dV

MW Hall NPHHUMN MHHHMYyMa TrOBODHUT HaM, 4YTO B cJydae, Korja
y KaxxJoro npoBOJHHKA eCTb CBOH 3apaHee 3afaHHbI{ NOTeHIHA,
NOTEHUHAJbl B TNPOMEXYTKAaX MeXAY HUMH NPHUTOHAIOTCH TakK,
yto uHTerpaa U* okasbiBaeTcsi Kak MOXHO MeHblie. A uTO 3TO
3a uHrterpan? UYUnen Ve—3To0 3/ekTpuyeckoe mnoJse. 3HAUHT,
HHTEerpaJsj — 3TO 3JeKTpocTaTHueckas 3Heprus. [IpaBuabHOe noJe
H eCcTb TO eIMHCTBEHHOe, KOTOpoe M3 BceX NoJieH, noJyyaeMblX
KaK rpajuHeHT NoTeHLHasna, OT/IMYAeTCs HaHWMeHblLleH MNOJHOH
SHeprue,
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S xoTen Gbl BOCMO/Mb30BAaTbCS 3THM Pe3yJbTaTOM, 4TOOHI pe-
IWHTb KaKylo-HHOYNb YacCTHyl0 3ajlayy M NOKas3aTb BaM, 4YTO BCe
3TH BellH HMEIOT peaJibHoe NpakTHYecKoe 3HayeHue. [Ipeanosio-
XKHM, YTO Sl B35/ JBa NPOBOJHHKA
B ¢GopMe UMIMHAPHYECKOrO KOH-
JeHcartopa.

<4{msssss——

Y BHYTpeHHero npoBOJHHKA NOTEH-
uMasa paBeH, ckaxem, V, a y BHell-
Hero — HyJ10. IlycTth paauyc BHYT-
peHHero npoBojaHHKa OyneTr paBeH
a, a BKewHero — b. Tenepb Mbl Mo-
XKeM NpeanosioKuTh, UTO pacnpese-
JieHHe NOTEeHLHAN0B MeXAY HUMH —
atobce. Ho eciin Mbl BO3sbMeM npasuivHOe 3HaUYeHHE ¢ W BbIYHC-

JIUM (g0/2) S(Vg)"’ dV, 10 DO/MXKHA MOJYYHTbCST SHEPrUsi CHCTEMbI

1/CV2 Tak 4TO C NOMOULI0 HALIEro NMPHHLHMNA MOXHO NOACYH-
taTh u eMKkoctb C. Ecau e Mbl Bo3bMeM HenpaBu/bHOe pacnpe-
JeJleHHe MOTeHLlHaJa M NONbITaeMCd 3THM METOAOM NPUKUHYTb
€MKOCTb KOHJeHCaTopa, TO NpujeM K yepecyyp 6o/blIOMY 3Haue-
HHI0O eMKOCTH npu ¢ukcupoBanHom V. Jlio6oji npeanosaraemblit
noTeHUHaa @, He TOYHO COBMAAAMOLIHH C HCTHHHBIM €ro 3Hauyes
HHeM, npuBeleT U K HeBepHOH BesauuynHe C, GoJiblieil, yeM HYX-
Ho. Ho ecnu HeBepHO BbIGpaHHBIN MOTEHUHAN @ SIBJASETCH elle
rpy6biM npubauxeHueM, To eMKocTb C GOJYYHTCA YXKe C XOpo-
el TOUHOCTbIO, NOTOMY 4YTO MorpewHocTsb B C — BeJIHUHHA BTO-
poro Mmopsiika no CpaBHEHHIO C MOrPeLIHOCTbIO B .
[Tpeanosoxum, YyTO MHe HeHU3BECTHAa €MKOCTb LHMJIHHIpHYe-
cKoro KonpeHcatopa. Torpa, uto6bl y3HaTb ee, 1 MOTY BOCHOJb-
30BaTbCsl 3THM NpHHUMUNOM. §1 npocto 6yay HCNBITHIBATH B Ka-
yecTBe MOTEeHIHasNa pa3Hble QYHKUWH ¢ LO TeX MNOp, MOKa He
no6bloch Haunuswero 3HaueHus C. [onmycTum, K npumepy, uTo
s BbIOpaJ MOTEHLHaJ, OTBevaloUHil NOCTOssHHOMY nouio. (Bbl
KOHEYHO, 3HaeTe, YTO Ha CaMOM JeJ/e NnoJie 3hecb He MOCTOSHHO;
OHO MeHsietcsl Kak 1/r) Ecuu noJie nocTosHHO, TO 3TO O3Hauaert,
YTO MNOTEHIHaJ/ JHHeHHO 3aBHCHT OT paccTtosiHus. Uro6bl Hanps-
JKeHHe Ha NPOBROAHHKAX ObLIO KAKHM HYXHO, QYHKIHA ¢ AOKHA

HMETb BH]
o=V (1 -5=%).

dta ¢yHKuns pasHa V npu r = a, Hymo npu r = b, a Mexnay
HHMHM HMMEeeTCsl MOCTOSIHHbIH HakJ/oH, paBublii —V/(b — a). 3Ha-
4yuT, yToObl OonpeaeauTb MHTerpaa U*, nago ToJbKO NMOMHOXHTb
KBaZipaT 3TOro rpajMeHTa Ha €/2 W NPOMHTErpHpPOBaTb MO BCEMY
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o6bemy. IlpoBemeM aTOT pacueT AAA UMAMHAPAE €AHHHUYHOH
ANHHBL. DJIeMeHT otbeMa npu paauyce r paBeH 2nrdr. IlpoBons
HHTErpHpOBaHHe, 1 HAXO0XY, 4TO MOsi nepBas npoGa naeT TaKyio
€MKOCTb:
b
1 2 __ & S V2
5 CV? (nepBas nipo6a) = - G —ar 2nrdr.

a
I/IHTEl‘paJI 3AeCb nNpOCTO paBeH

nV? Zig)

Taxk g noayuaio ¢opMmysy ansi eMKOCTH, KOTOpas XOTs M Henpa-
BU/IbHA, HO AIBASETCH KAKHM-TO NpHOIHKEHHEM:

C b+ a

2ne, 2(0—a)"

KoHeuHo, oOHa otauyaerTcsi oOT npasuiabHoro otBeta C =
= 2neo/In(b/a), Ho B o6leM-To OHA He TaK yX nJjoxa. JlaBaiiTe
nonpoGyeM CpaBHHTb €e C NPaBHJIbHbIM OTBETOM AJ/Sl HECKOJbKHX
3HaueHu# b/a. Bblukc/eHHble MHOIO YHMCJa NpUBEJEHbl B CJedykos
uteit Tabauule.

L Cucrunnoe Cnepn. npuGa
a 2, —om,

2 1,4423 1,500

4 0,721 0,833

10 0,434 0,612

100 0,267 0,51

1,5 2,4662 2,50

1,1 10,492070 10,500000

Haxe Koraa b/a = 2 (a 3To NpUBOAMT yXKe K JOBOJBHO 60/b-
IIKAM OT/JIHYHSAM MEeXAY NMOCTOSAHHBIM H JIHHEHHBIM NOJIeM), si BCe
ele noJy4yalo NOBOJIBHO CHOCHOe npubanxeHue. OTBeT, KOHEYHO,
KaK M 0XMJaJaoch, 4yTb 3aBbllleH. HO ec/M TOHKYIO NpOBOJOYKY
NOMeCTHTb BHYTPH OOJIbIIOrO UMJIHHApPA, TO BCe BHIIALHT yXe
ropasgo xy:xe. Torpa noJie u3MeHsieTcsl OYeHb CHJIbHO M 3aMeHa
€ro NnocTOSIHHbIM NoJIeM HH K 4eMy XopolueMy He npuBoaurt. Ilpu
b/a = 100 Mbl 3aBbllIaeM OTBeT NOYTH BABoe. [ljas MaJgabix b/a
NOJI0OXKEeHHe BHIVIAAUT HaMHoro Jyuywe. B npoTuBonosoxHoM
npejese, KOrja NpoMeXYTOK MeXJAy NpPOBOAHHKAMH He ouedb
IWHPOK (CKaxewm, npu b/a = 1,1), nocTosiHHOe noJsie OKa3blBaeTcst
BecbMa XOpOLIMM NpHG/HKeHHeM, OHO naeT 3HayeHHe C ¢ Tou-
HOCTBIO IO AecsAThIX NMPOLEHTa.

A Ttenepb 5 pacckaxy BaM, KaK yCOBepIIEHCTBOBATh 3TOT pac-
yer. (OTBeT AN UHJIHHADA BaM, pa3yMmeeTcs, u38ecTeH, HO TOT
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JXe cnoco6 rofuTcs U A5 HeKOTOPbIX APYrHX HeoObIYHBIX (PopM
KOHJIEHCAaTOpOB, AJ/5 KOTOPbIX MpPaBHJbHBIH OTBET BaM MOXeT
O6bITb M He u3BecteH.) Cuenylowum waroM OyneT noablCKaHHe
Jy4qliero npu6/aHKeHUs1 1/ HeH3BeCTHOrO HaM HCTHHHOrO NOTeH-
uuana ¢. CkaxxeM, MOXHO HCNBITATb KOHCTAHTY MJIOC 3KCNOHEH-
Ty ¢ 4 T. 4. Ho Kak Bbl y3HaeTe, 4TO y Bac NOJYy4YHJIOCH Jyyllee
npubJnxKeHHe, ecau Bbl He 3HaeTe HCTHHHoro ¢? Ortger: Iloa-
cuutaiite C; ueM OHO HMXe, TeM K HcTHHe O.uxe. [laBaiite npo-
BepuM 3Ty upaeio. IlycTp noteHuuan 6yaer He JHHEHHbIM, a, CKa-
JKeM, KBaJpaTHYHBIM MO 7, a 3JeKTpHYecKoe MoJe He NOCTOsH-
HbIM, a JuHellHbIM. Camas o6ujas KBagpaTHuHas ¢opma, KoTopas
ob6pawaercs B ¢ =0 npu r=2>5 u B ¢ = V npu r = a, Takosa:

(p=v[1+a(,',:Z) —(1+“)(;:Z)]

Tae o — NOCTOsIHHOe uucJ/0. dTa (HOpMyJa YYTb CJOXKHee Mpex-
Heil. B Hee BXOOWT M KBaJgpaTHUYHBIH u/eH, W JHHelHbIH. U3 Hee
O4eHD JIerKo MOJNYYUTD MoJle. OHO pPaBHO NpPOCTO

—a)V
(1 +a) G0

Tenepb 3TO HYXXHO BO3BECTH B KBaApaT M NpPOHUHTErPHPOBATDL MO
o6bemy. Ho norogure MunyTky. UTto Ke MHe npuHATb 32 o? 32 ¢
s MOry NpUHATb mapaboJy, HO KaKyw? BoT uto s caenaw: non-
CYUTAIO eMKOCTb NPH NPou3sosbHoM o. 51 moayuy
c _ a b a? 2a 1 2 1
T = e (T 5+ 1) +5e+g]:
STo BBINMIAAHT HECKOJBbKO 3aMyTaHHO, HO TaK yX BBIXOAMT nocJe
HHTerpupoBaHusi kBaapata noJas. Tenepb s Mory Bei6upath cebe .
$1 3Hal0, 4TO MCTHHA JIEXKHUT HHXKe, YeM BCe, 4TO 51 cOOGUpalOCh BHI-
yucauTb. Uto 6Bl & HH NMOCTaBHJ BMECTO o, OTBET BCe PaBHO NO-
Jyuutes cavukom GoabuinM. Ho ecau s npomo/ky CBOK Hrpy
C o W mnocrtapaloch AOOHMTbCS HAaHHH3IIEr0 BO3MOXHOrO 3Haye-
Hus C, To 3TO HauHHU3Ilee 3HaueHUe Oyner GJHXKe K npaBje, 4eM
moGoe apyroe 3HaueHue. CJyiefoBaTeNbHO, MHe Tenepb Hajlo no-
no6path o Tak, YyToGbl 3HaueHHe C AOCTHrJIO CBOEro MHHHMYMa.
O6pawascbe K o6bluHOMY AHbdepeHUHANbHOMY HCYHCIEHHIO, $
y6expaaioch, uto MUHUMYM C 6yner Toraa, Korjaa oc—-—2b/(b+a)
IToncraBasia aTo 3HaueHue B Gopmyay, s noayyal aJsi HaHMeHbs
el eMKOCTH
C _ b*+4dab+a®
2ne, 3 (F —a?) °

S1 npukuHya, 9té paetr ata ¢popmyna aas C npu pasaHYHBIX
3HaueHusix b/a. dtu uucna s HasBaa C (kBagpaTuunble). Ipu-
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BOXKy TabJHuuy, B KOTOpOi#l cpaBHuBaiorcsi C (KBaapaTHuHble) C
C (MCTHHHBIMII).

L M CKBaﬂpal‘HqHOe
a 211€, — ome,
2 1,4423 1,444
4 0,721 0,733
10 0,434 0,475
100 0,267 0,346
1,5 2,4662 2,4667
1,1 10,492070 10,492065

Hanpumep, Koraa oTHolleHHe paaHycoB paBHO 2:1, a1 moay-
yato 1,444. 1o oueHb xopoulee NpubIHXKEHHE K NPaBHIAbHOMY
otBery, 1,4423. Jaxe npu Goabwux b/a npubaukeHHe ocTaercs
JIOBOJILHO XOPOLIMM — OHO HaMHOrO Jiyylle nepBoro npub.juxe-
Hus. OHO ocTaeTcsi CHOCHHIM (3aBbllieHHe TosbKO Ha 10% ) paxe
npu b/a=10:1. Bosbuwoe pacxoxaeHHe HACTynaer TOJbKO MpH
otHoweHuu 100:1. I nonyuyaio C paBHbiM 0,346 BMmectOo 0,267.
C apyroil cTOpOHBI, A5l OTHOUIeHHs paauycoB 1,5 coBmageHue
npeBocxoaHoe, a npu b/a=1,1 orteer moayuaercs 10,492065
BMecTO noJoxenHoro 10,492070. Tam, rae caenyer oxuaaTb XoO-
poLIero OTBeTa, OH OKa3blBaeTcsi OYeHb H OYeHb XOPOLIHM.

S1 npuBen Bce 3TH NpHMepHl, BO-NepBbIX, YTOGHI MpPOXEMOH-
CTPHUPOBATb TEOPETHYECKYK LEeHHOCTb NMPHHUUNA MHHHUMAJbHOrO
NEeHCTBHA U BooOLle BCAKHX NMPHUHLUMNOB MHHHMYMA, H, BO-BTODBIX,
uyTOObl MOKa3aTh BaM HMX NPaKTHYECKYIO MOJIE3HOCTb, 2 BOBCE He
A5l TOro, 4ToObl MOACYHTATb €MKOCTb, KOTOPYIO Mbl H TaK BesH-
KosnenHo 3HaeM. [as mo6Goit apyroil ¢opMbl Bbl MOXeTe HCNpO-
60BaTb NpuGJIHKEHHOE NOJe C HeCKOJbKHMH Heu3BEeCTHBIMH ma-
paMerpaMu (Hanogo6He o) M NOAOTHATb HX NOJA MHHHMYM. Bl
NnoJIyunTe NpeBOCXOAHbIE YHC/AEHHble pe3yJ/bTaThl B 3ajauyax, Ko-
TOpBble APYrHM cnoco6OM He pellaloTcs.

Hob6asaenue, clenanuoe nocae rexyuu

MHe He XBaTH/I0 BpeMeHH Ha JeKUHH, YTOOB CKa3aTb elle 06
ONHOH BellH (Bcerja Belb IOTOBHLIbCS pacckasaTb 60Jblle, yem
ycneBaewsb). M s xouy caenath 3To ceityac. 1 yxke ynoMuHan
0 TOM, YTO, FOTOBSICb K 3TOH JIeKLUH, 3aUHTEPeCOBaJCA OQHOH 3a-
naueit, MHe xouercsi BaM pacckasaTb, 4TO 3TO 3a 3ajgaya. §I 3a-
MeTHJ, 4YTO Gosbliasi 4acTb NPHHUHMNOB MHHHUMYMa, O KOTOPBIX
sa peyb, B TOH MM HHOH (popMe BbITEKaeT U3 NpPHHLHUNA HaHU-
MeHblIero AeACTBUS MeXaHUKM H 3JeKTpoauHamuku. Ho cyute-
CTBYeT ellle KJ1acC NMPUHLUUNOB, OTTyAa He BbITeKalolWHX. Bor npu-
mep. Ecan cpenath Tak, uto6bl TOKH mpoTeKaau yepe3 Maccy Be-
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IecTBa, YAOBJeTBopsioulero 3akoHy OMa, TO TOKH pacnpele-
JATCS B 3TOR Macce Tak, 4ToObl CKOPOCTb, C KaKOH FeHepHpyeTcs
B Heil Tenso, Gbla HauMeRblleH. MOXHO TaKXe CKa3aTb HHaye
(ec11 TeMnepaTypa NOALEPXKHBAETCH MOCTOSIHHOM): YTO CKOPOCTh
Bblle/IeHHs1 3HEepPTUH MUHHUMaJIbHA. DTOT NPUHILLHN, COTJAcHO KJ1ac-
CHYeCKOH TeOpHH, BHIMOJHSETCS Aa)Ke B pacnpedeneHHH CKOpo-
CTell 3JIeKTPOHOB BHYTPH MeTaJlla, No KOTOpoMy TeueT ToK. Pac-
npefe/neHHe CKOpOCTel He COBCeM paBHOBeCHO [cM.ra. 40 (Bbin. 4),
ypaBHeHHe (40.6)], noToMy uTO OHHM MeAJeHHO ApelipylOT B CTO-
poHbl. HoBoe pacnpenesneHne MOXHO HAaMTH W3 TOrO NpHHIHKNA,
YTO OHO NpH AAHHOM TOKe AOJXKHO ObITb TaKOBO, YTO pa3BHBalo-
ascs B CEKYHAYy 32 CYeT CTOJKHOBEHHH SHTPONYUA YMEHbIUUTCS
HAaCTOJ/IbKO, HACKOJBbKO 3TO BO3MOXHO. Bnpouem, npaBuabpHOe
ONHCaHHe MOBeAeHHs 3J/eKTPOHOB NOJXKHO ObITb KBAHTOBOMEXa-
Hu4yeckuM. Tak BOT B YyeM COCTOMT BONpOC: AOJIKEH JIH 3TOT ca-
MBIl NPHHUHMN MHHHMYMa pa3BHBAIOLLEACH SHTPONHH cob.1i0-
NaThbCcsl M TOrja, KOrja noJioXKeHue Bellell ONHCHIBaeTCsl KBAHTO-
BOH MexaHHKoOH? [Toka MHe He ynaJlOCh 3TO BBISICHHUTb.

Bonpoc 3ToT uHTepeceH, KoHeuHO, U caM no cebe. [TogoGHbIe
NpUHUMNBl BO30YXAalOT BooGpakeHHe, U Bcerga CTOHT nonpobo-
BaTb BBICHHUTb, HACKOJIbKO OHHM 00wH. Ho MHe Heobxodumo 3t1o
3HaTh M no 6oJlee npaKTHuYeCcKOH npuuuHe. BMecTe ¢ HecKOIbKUMH
KoJjleraMu 51 ony6JiuKoBaJs paboTy, B KOTOpOH C NMOMOLUbIO KBaH-
TOBOIi MeXaHHKHM Mbl NMPHUMEPHO pACCYMTAJHM 3JMeKTpHuecKkoe co-
NpoTHBJEHHe, HCNBITbIBAEMOE 3JIeKTPOHOM, npobxparouumMcs
CXBO3b HOHHBI Kpucta/aa, nomaobuuit NaCl. [Cratbs 06 3TOM
6b.1a HaneuataHa B Physical Review, 127, 1004 (1962) u nasb-
paercs «[IoABHXKHOCTb Mel/IeHHBIX 3/1eKTPOHOB B MOJSPHBIX KpH-
crajnax».] Ho ecan 6bl cymecTBoBa/l NpHHUHN MHHHUMyMa, Mbl
Morau 6bl BOCNOJ/Ib30BAaThCsi WM, 4uTOOBI cAenaTh pe3yJ/bTaT Ha-
MHOro 6o/iee TOYHBIM, aHAJOTHYHO TOMY KaK MpPHELHN MHHHUMYyMa
€MKOCTH KOHJeHcaTopa MOo3BOJNHJ HaM A0OGHTbCA CTOJMb BLICOKOH
TOYHOCTH AJs e€MKOCTH, XOTsl 06 3/JeKTpHYeCKOM LoJie Halld cBe-
NeHusi GBI BeCbMa HETOYHBIMH.



Traga 20

PEWIEHUSA YPABHEHUN MAKCBEJWIA § L
B NYCTOM NMPOCTPAHCTBE
§ 2
§ 1. Boanot 8 nycrom apocrpatcrae;
naockue 80./HbL

B ra. 18 Mbl gocturau TOro, 4To ypaBHEHHS § 3
MakcBensa nosiBUJAKCh B noJiHOM Buae. Bece, uro
€CTb B KJ/AaCCHYECKOH TEOPHM 3JEKTPHUECKHUX H 4
MarHMTHBIX MoJiel, BHITEKAaeT H3 YeThlpex ypaB- §4.

Helh#:

_0 ____ 08B
L V.-E=, IL VXE=—3F,
oo (200)
II.V.B=0, IV. cQVXB=;’;+E—.

Korga Mbl cBeslM Bce 3TH YpaBHeHHs BOEIHHO,
Mbl OGHapYXXHJ/IH HOBOe 3HaMeHaTesbHOe sBJe-
Hyle: NoJs, co3/laBaeMble ABHXYIIMMHUCA 3apsaa-
MH, MOTYT NOKHHYTb HCTOYHHK H OTNPaBHTbCHA
nyTelecTBOBaTh B NpocTpaHcTBe. MBI paccMort-
pesu 4YacTHBIA CJayyal, KOraa BHE3anKO BKJIO-
yaeTcsi UeJaas OeckoHeuHas nJockoctb. [locae
TOr0 KakK B TeyeHHe BpeMeHHU ! ules TOK, BO3HU-
KaloT OJAHOPOAHBble 3JEKTPHYEeCKHe M MarHuTHbIe
noJis, NpOCTHpaloUlHecs OT NJOCKOCTH Ha cl.
IIpeanoJioXkuM, 4TO MO NJOCKOCTH Y2 TeyeT TOK
B HanpaBJ/JeHHH -+y C TNOBEPXHOCTHOIl nJoT-
Hoctblo J. DuexTpuyeckoe noJe O6ynaer HMeThb
TONBKO {-KOMINOHEHTY, a MarHUTHOe — TOJIbKO
z-KoMnoHeHTY. BeianunHa KoMnoHeHT nossi Gyner
paBHa

J
2800

E,=cB,— — (20.2)

I/151 TIOJIOXKHTEJNbHBIX X, MeHbwnXx ct. Jdasa 60.b-
WHX X MoJs paBHB Hymo. PaBHble no BenuuHHE
nojs MNPOCTHPAIOTC HA TO XKe pacCTOsHHe OT
NJOCKOCTH B HanpaB/JeHHH OTPHLATEJbHBIX Y.
Ha ¢ur. 20.1 nokasan rpaduk 3aBICHMOCTH Be-
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Boanp B nycTom
npocTpaHcTBe;
NJOCKHe  BOJHbBI

TpexmepHbie
BOJIHBI

Hayuynoe
BOoOOpaxeHHe

Cdepuueckne
BOJIHBI

Hosropurs: ra. 47

(Bbin. 4) «3Byk.
Boanosoe
ypaBHeHHe»;

ra. 28 (Bbin. 3)
«JNEeKTPOMArHUT=~
HOe HM3JyuyeHue»
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Pue 20.1. 3ceucumocts InekTpu-
4ecKo20 U MA2HUTHO20 no.aed or X
uepe3 t cex nocae T020, Kaxk Ootaa
BKAIO4EHA 3APANEHHAR NAOCKOCTS.

-ct ct T

JIHYHHBI moJsiell oT x B MOMeHT {. C TeyeHHeM BpeMeHH «BOJIHOBOH
¢poHT» B ¢l pacnpocTpaHseTcs BAOJAb X C NOCTOSIHHOH CKO-
POCTbIO C.

Tenepp npencraBuM cebe TaKyl noc/ael0BaTeNbHOCTb COObI-
THH. Ha MrHoBeHHe Mbl BKJAIOYaeM TOK €QMHHYHOH CHJIBI, a 3a-
TeM BHE3anHO YBe/JHYHBAaeM ero CHJY BTpPOe H MNOALEPNKHBAEM
ero Ha 3ToM ypoBHe. Kak ke GyayT Tenepb BBIT/AsAeTb NoJsi?
ATOo MOXHO y3HaTh TakuM o6pas3om. Bo-nepBbiX, Hajo npeacra-
BHTb TOK C €AMHHYHOMH CHJIOH, BK/IOYeHHbH npu ¢ = 0 u Goabuie
He MeHsBluuiica. Toraa noss npu NoJoXKHUTEAbHLIX X OYAYT UMEThb
BUA, NpelAcTaBjaeHHBId Ha ¢wur. 20 2,a. 3ateM Hago 3agaThb cebe
BOMpPOC, YTO NPOH30iiJeT, eCii B MOMEHT f; BKJIOYHUTb NOCTOSH-
HBIH TOK CHJIOH B iBe €JHHHIbI?

B atom cayuae noas craHyT BaBoe GoJablie, ueM mpexnie, HO
OTOHAYT MO X TOJBKO Ha mnpoMexyTok c(f{—1t;) (dur. 20.2,6).
CkJjaabiBasi 3TH ABa pelueHUs (MO NPHHUHUIY CYNeprno3UlUHU), Mbl
noJy4aeM, 4TO CyMMa HCTOYHHKOB — 3TO TOK CHJIOH B OJHY edH-
HHIY C MOMEHTA HYJb 1O MOMEHTA f; U TOK B TPH eAHHHUBI B 60-
Jlee Mo3AHUe MUHYTH. B MOMeHT f moss MeHsitOTCA BHOJb X Tak,
KakK nokasaHo Ha ¢ur. 20.2, 6.

BosbmeM Tenepbn 6oJiee cJ0XHYVIO 3ajauy. PaccMOTpHM TOK,
MUMeBIIH# CHayaJa CUAy B OAHY eAMHHIY, a 3aTeM JOCTHrIUH{

E
2k
1
0 F
a ct T
E
2
1
o o(t-t,) T
E 0
3 Due 202. IrexTpuwecxkoe hose
2F RAOCKOCTU C TOKOM.
a—o00Ha eQUHULA TOKA BKAIO4EHA 8 MO-
1 MenT t =0; 6 —08e eOUHUYbL TOKA BKAIO-
0 4enbl 8 MOMEHT L =t,;, 6—cynepnosu-
olt-1,) ot @ yua a u 6.
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t, t, t clt—t,) —olt-t) ct
a s

Due 20.3. Ecau cura UCTOUHUKA TOKA MeEHAETCA Tak, Kax Ha pucyHke (a),
TO 8 MOMEHT t 3AeKTpudeckoe nose Kak Qyuxyusa or x npuobperaer Jpyzol
6ud (6).

CHJBI B TPH €QMHHUBl H BbIK/AOYeHHbIH. KakoBbl 6yayT noJas ot
Takoro Toka? PelieHne MOXHO NOJY4YUTb TOYHO TaK XKe, KaK H
paHbllle, T. e CKJ1ajbiBasi pelleHHs] TpeX pasHbix 3agay. Cnepsa
HajiieM noJisi MOCTOSHHOTO TOKa €QHWHHYHOH cHJbl (3Ty 3agauy
Mbl yxe pewasau). [lotom y3HaeM noss oT ToKa ABOHHOH CHJbl.
U, HakoHel, Bo3bMeM peulleHHe AJIs NMOJEH TOKOB C CHJIOH B Mi-
Hyc Tpu eauHuubl. CJOXHB BCe TPHU pelleHHs, Mbl NOJYYHM TOK
cujoit B ogHy eguHuny ot { = 0 go Kakoro-to 6oJsiee No3gHero
MOMEHTAa, CKaxem, 00 i, 3aTeM TOK CHJOH B TpPH e€AHHHLBl KO
MOMeHTa I3, a NMOTOM TOK, PaBHBbIl HYJIO, T. € BbIK/IOYEHHbIH.
I'paduk 3aBHCHMOCTH TOKa OT BpeMeHH nokasaH Ha ¢wur. 20.3, a.
CkJagblBasi TPH pellleHHs1 AJs 3JIeKTPHUECKOro noJs, Mbl BHIUM,
4YTO €ro M3MeHeHHsl C pPacCTOSIHHEM X B AAHHBbIH MOMeHT ¢ nogo6-
Hbl u306pakeHHbIM Ha ¢ur. 20.3,b. [lose B TouHOCTH OTOOpa-«
xaet coboil Tok. PacnpeneseHue noJisi B npocTpaHCTBE eCcThb TOU-
HOe OTpa)KeHHe U3MeHEeHHH TOKa CO BpeMeHeM, HO TOJbKO Hapu-
coBaHHoe 3ajoM Hanepel. Ilo Mepe Toro Kak npoxoauT BpeMs,
BCSl KAPTHHA nepeMelllaeTcsl HapyXKy €O CKOPOCTbIO ¢, TaK 4TO Mo-
Jy4yaeTcs JIOMTHK MoJie#, KOTOPbli JBHXETCH K MNOJIOXHTe b~
HBIM X U XpaHHUT B cebe BClo uCTOpHIO mepeMmeH ToKa. Ecau Obl
Mbl HaXOAMJHCh TJe-TO HAa PACCTOSHHH MHOTHX KHUJOMETDPOB, Mbl
Mor/u 6bl JIMlIb MO U3MEHEHHIO 3/1eKTPUYECKOrO HJM MAarHUTHOrO
noss Ge3oun60YHO pacckasaTb, KaK MEHSJIC TOK B HCTOYHHKe.
3aMeTbTe TaKXe, YTO JaXKe NocJe TOro, Kak BCsi J€ATEeNbHOCTh
B HCTOYHHMKEe NpeKpaTH/Jacb M Bce 3apsijbl HCYe3JH, a TOKH CO-
LM Ha HeT, Haul JIOMTHK noJell npoaoJiKaeT CBOe NyTelleCTBHe
uyepe3 npoctpaHcTBo. [loayuaercs pacnpeneneHHe 3/1eKTpHYECKUX
H MAarHWTHBIX MoJiel, KOTOpOe CYLIeCTBYeT He3aBHCHMO OT TOKOB
M 3apajoB. ITO U eCTb TOT HOBHI 3(deKT, KOTOPHIH C/IeNyeT 3
NOJIHOM CHCTeMbl ypaBHeHHI MakcBeana, Mbl MoxeM, ecau Hy-
XHO, NPEACTAaBHTb TOJbLKO 4YTO npoAeJaHHBbI aHaJH3 B CTPOro
MaTeMaTHuyecKoi ()opMe, Hamucas, YTO 3JeKTPUYECKOe noJie B
NIaHHOM MeCTe H B JlaHHO€ BPeMsl NPONOPLHOHANbHO TOKY B HCTOU-
HHKe, HO He B TO Je BpeMs, a B 6osiee paxHul nepuon [t — (x/c)].
MoxHo Hanucarb
E,()=—1t=x0) (20.3)
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Bac ynuBuT, eclu s CKaXy, YTO Mbl yXKe BBIBOJHJ/H 3TO YpaB-
HeHHe paHblle (C APYrof TOYKH 3peHHusi), KOrAa roBOPHJH O TEO-
pUM nokasaTeas npejoMJeHus. Torga HaM HYXHO G6blJIO npen-
cTaBUTb cebe, KakHe noJisl CO3JacCT CJIOH KOJeO6J/IIOUUXCA OHNO-
Jedl B TOHKOM NJOCKOM [H3JeKTpPHKe, €CAU AHNOJNH NPUBOAATCH
B JABHXXEHHE 3JeKTPUUECKUM noJieM najalolleil 3JeKTPOMAarHur-
HOH BosHbl. 3ajaua Haula COCTOslJla B pacyeTe KOMOHHHPOBaH-
HOro moJisi HayaJbHOH BOJIHBI H BOJIH, H3JyuyaeMbIX KoJeO6JIoLLH-
Mucs aunoasiMu. Kak e Mbl CMOrJu Torja paccyuTaTth mno.Js,
co3JaBaeMble [BHXYIIHUMHCS 3apsilaMu, He 3Has YpaBHEHHH
MaxkcBenna? Mbl Torga npuHsAAM B KauyecTBe MCXoAHOiH (6Ge3 BHI-
BoAa) ¢opmyJay AJs noJel U3JyyeHHs, CO3laBaeMbiX Ha OO/bIINX
paccTOsIHUAX OT YCKOpsieMOro ToueyHoro 3apsiaa. Ecau Bbl 3a-
rasivete B 1. 31 (Bein. 3), TO yBHUAMTE, uTO BRipaxeHue (31.10) —
3TO Kak pa3 Haule BbipaxeHnue (20.3), KkoTopoe MBI TOJBKO 4YTO
Hanucaaud. XoTs NpeXHHH Hall BHIBOA OTHOCHJCS TOJbKO K 60Jb-
IIHM pacCTOSIHHUSIM OT HCTOYHHKA, Tenepb Mbl BUAHM, YTO TOT XKe
pe3yJbTaT BepeH U BOJIM3H HCTOYHHKA.

Cefiluac Mbl XOTHM B3IJISHYTb B 0OLIeM BHIe Ha MNOBeJeHHe
3/IeKTPUYECKHX W MArHUTHBIX MNoJedl B NYCTOM MNPOCTPaHCTBe
Ba/leKe OT UCTOYHHKOB, T. €. OT TOKOB H 3apsanoB. OueHb 6/U3KO
OT HUX (Tak 6/IM3KO, 4TO HCTOYHHUKH 32 BpeMs 3ana3fbIBAHUA ne-
pelayd He YCNeBAOT CHUJIbHO HU3MEHHUTBHCS) MOJSI OYEHb MNOXOMKHU
Ha Te, KOTOpble NOJYUYH/IUCh Y HAC B 3JeKTPOCTaTHKE HJH MarHu-
TocTaTHKe. Ho ecnu nepeliTH K TakuM OOJbLUIMM PacCTOSHUAM,
YTO 3ana3jibiBaHHe CTaHET 3aMeTHbIM, TO NPHUPOAA NOJIel MOXeT
paauKalbHO OTJHYATbCS OT TeX pelleHHH, KOTOpble Mbl HallJIH.
Korna noss 3HauuTe/bHO y[ajsiOTCS OTO BCeX UCTOYHUKOB, OHHU
HAYHHAIOT B HEKOTOPOM CMbiC/le NpHoOpeTaTh CBOH COOCTBEHHBIH
xapakTep. Tak 4To Mbl BpaBe NPUCTYNHTb K 06CYXOEHHIO NOBe-
NeHHus noJeit B 06/1aCTH, rie HET HH TOKOB, HU 3apsiOB.

[TpennonoikuM, 4TO HAC HHTepecyeT PoA MoJieH, KOTopble MO
rYT CYLLeCTBOBaTb B 006J1aCTsiX, I'le U p, U j paBHbl Hymo. B ra. 18
Mbl BHIeJH, 4TO PHU3HKY YypaBHeHUI MakcBesJa MOXHO TaKxe
BLIPa3UTbh Ha A3blKe AHG(epeHIHaNbHbIX YPABHEHHE A/ CKaJsp-
HOTO M BEKTOPHOIO NMOTEHLHAJOB:

V%p——l;%:—s%, (20.4)
vA— S =—L. (20.5)
Ecau p u j paBHBI HYJ/IO, TO 3TH YPaBHEHHsl yNpOLIAOTCSA:
vig — 22 —q, (20.6)
viA—— ZA —o. (20.7)
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Crano GbiTh, B MyCTOM NPOCTPAHCTBE M CKAJISAPHBIH NOTeHUHaJ ¢,
M Kaxzaas KOMIOHEHTa BeKTOPHOro mnoTeHUHana A yIOBJAETBO-
pPAIOT OJAHOMY M TOMY XXe MaTeMaTHyeckoMy ypaBHeHuio. IlycTb
6ykBoil Y (nmcu) Mbl 0603HauuaM MOOYI0 H3 uyeTbipeX BeJHYHH
@, Ax, Ay, Az TOra HaAM HYXHO H3YUYHTb OOlIMe pelleHHs YpaB-
HeHus
1 9%
V& 75z =0. (20.8)

Ero HasbiBalOT TpeXMepHbIM BOJHOBLIM YpaBHEHHEM — Tpexmep-
HbIM NOTOMY, YTO QYHKUHSA { MOXeT B oOlIeM c/yyae 3aBHCETb
OT X, Y U 2 M CJeyeT YYUTHIBATb M3MEHEHHS MO KaXXIOM U3 3THX
KOOpAHHAT. DTO CTAHOBHUTCS $SICHBIM, €CJH Mbl BHINHILIEM SIBHO
TpH uJieHa onepartopa Jlanaaca:
) [P k) 1 3%

+ + (20.9)

927 ~ ¢ 9z ¢

B nycToM mpocTpaHCTBe 3/eKTpHuecKHe W MarHutHbie noJs E
u B ToXe yHOBIETBOPAIOT BOJNHOBOMY YpaBHeHuwo. Tak, no-
ckonbky B = V X A, nuddepenuunanbHoe ypaBHeHue aas B wmo-
XHO TOJIY4YHTb, B3sB poTop OT ypaBHenus (20.7). Pas saanaa-
CHaH — 3TO CKaJspHBIA OnepaTop, TO NOPSIAOK onepauuil BbIYHC-
JIeHHs Jlan/jacuaHa H pOTOpa MOXHO NepecTaBJsiThb:

V X (VZA) = V2(V X A) = VB,

TouHO TaK e MOXHO NepecTaB/sATh W BuuMcJeHHe rot u 9/0¢:

1 92A 1 9?2 1 4B
VXZor =z VXA=z"5-

U3 storo Mbl noayuaem caeapymwoulee AuUP@epeHlHaIbHOE YpaB-
HeHue s B:
1 ?B
2 .
VB—?W—O. (20.10)
TeM caMmbiM BBISICHSIeTCS, YTO KOMMOHEHTa MAarHUTHoro noJs B
yAOBJIETBOPSi€T TPEXMEpPHOMY BOJHOBOMY YypaBHeHHIo. [TomoGHO
atomy, u3 Ttoro ¢akra, uro E= —V¢ — dA/dl, caenyer, uro
asieK1puueckoe mose E B nyctoM npocTpaHcTBe yaoBJETBOpSiET
TPeXMepPHOMY BOJIHOBOMY YpPaBHEHHIO
1 9%E
VE —=— "+~ = 20.
E——2r=0. (20.11)
Bce Hawmu 3geKTpOMarHUTHble MOJsi NMOAYHHSIIOTCS ONHOMY H
ToMy e ypaBHeHHio (20.8). MoOXHO elle CNPOCHTb: KaXOBO ca-
Moe ofllee pelleHHe 3TOro ypaBHeHHA? OHaKo npexne, yeM
peulaTb 3TOT TPYAHBIX BOMpPOC, CHAayasJa MOCMOTPHUM, YTO MOXKHO
cKa3aTb B o6lIeM c/ayyae O TeX pelleHHsX, B KOTOPbIX N0 y H N0 Z
Huuero He MeHsietcsi. (Bcerma cHauasa Geputech 3a mnpocTbie
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cayyad, 4to6bl OblJIO BHUAHO, Yero cjelyeT OXHAATb, @ YX NOTOM
MOXeTe MepexodHTb K c/ayyasM nocJoxHel.) [lpeanoJoxum,
4YTO BeJHYHHA NoJiell 3aBHCHT TOJBKO OT X, TaK YTO O § H NO 2
Mo/l He MeHAtTcA. Mel, cl1efoBaTe/IbHO, ONATH paccMaTpuUBaeM
NJIOCKHe BOJIHB M AOJKHBI OXHJATb, YTO NOJYYATCA Te XKe pe-
3y/AbTaThl, YTO U B npenbiaylleil raase. ¥ Mbl JeHCTBHUTE/IbHO NO-
JY4YdM B TOYHOCTH Te JXKe CaMble OTBeThbl. Bbl MOXeT cnpocHTb:
«Ho 3aueM cHOBa gesnaTh TO ke camoe?» DTO BaXHO, BO-NEPBLIX,
NnoTOMY, YTO Mbl He A0Ka3aJH, YTO HalHJeHHble HAMH BOJIHBI Npea-
CTaBJAIOT co60i camoe ofllee pelleHHe AJs NJAOCKHX BOJH, H,
BO-BTOpPbIX, MOTOMY YTO HAalIX NOJS MNPOU3OIIIH OT HCTOYHHKA
ToKa oco6oro Buaa. Cefiyac Mbl Xoresn Obl BBISICHHTb TaKoH
BOMpOC: KAaKOB CaMblii OOIIMHA BHA OLHOMEDHOH BOJIHBI B NYCTOM
npocTpaHcTBe? Mbl He y3HaeM 3Toro, ecaiu OyaeM paccMaTtp-
BaTb TOT WJIM MHOH MCTOYHHK 0coGOro BHAA, HaM HyXXHa GOJbluan
obuiHocTb. Kpome Ttoro, Ha 3Tor pa3 Mbl 6ymemM pa6Gorath He
C HHTerpa/jbHOi (opMOi ypaBHeHHH, a ¢ AHPepeHLHAIbHOH.
XOoTA HTOr OJHHAKOB, 3TO NMpPEKPACHbIM CJAyyYail NOYNpaXKHATbCSH
B BbIK/J1aJKax U yOeqUTbCSl B TOM, YTO He HMeeT 3Ha4YeHHUs, KaKUM
nyTeM HATH. Bl IO/KHBI yMeTb NeHCTBOBATH MOGHIM MyTeM, mo-
TOMY 4YTO, HATKHYBLIKCb Ha TPYAHYIO 3ajauy, Bbl yacTto o6Hapy-
JKHUBaeTe, 4TO FOAUTCA JHIIb OAMH H3 MHOrHX cnoco6oB pacuera.

MoxHo Obl10 Obl NpPSMO paccMOTpeTb pellleHHe BOJHOBOrO
ypaBHeHHs AJA KaKOH-HHOYOb U3 3/1eKTPOMArHUTHBIX BeJNHYHH.
BMecTo aToro Mbl HauHeM NpsMO C HayaJa, ¢ ypaBHeHHi Makc-
Be/J1a AJsl NYCTOrO NPOCTPAHCTBA, M Bbl ybeautecb B HX TeCHOH
CBSI3W C 3/IeKTPOMArHUTHBIMH BO/JHaMH. Tak 4YTO MBI OTnpas-
asiemcs ot ypaBHeHu#t (20.1), nosarasi, yT0 B HUX TOKH H 3apsifibl
paBHbl Hy/a10. OHH o6palaiTcs B

I V.E=0,

I VXE=—2,

1L V.B=0, (20.12)
IV. VX B=2,

Pacnuumem nepBoe ypaBHEHHE NMOKOMIIOHEHTHO:
0Ey = OE,  OE,
V-E=—-+5 + =0 (20.13)

Mbl NpeanoJIoKHU/IM, YTO NO Y U Z NoJie He MeHsieTCsl, TaK 4TO ABa
nocJeAHUX ujeHa paBHbl Hymo. Torma, cornacio (20.13),

0E
=5 —0. (20.14)

PeulenneM ero siB/isieTcsi nocTosiHHoe B npoctpaHcTBe Ex (kommo-
HEHTa 3JIeKTPHYeCKOro mnoJs B HanpaBJeHHH x). Barasnys Ha

126




ypaBHenue IV B (20.12) u nosaras, yto B Toxe He n3MeHsercs
BAOJb Y H 2, Bl y6enurecb, yto E; mOCTOSIHHO M BO BpeMeHH.
Taxkum noseM MoXeT 0Ka3aTbCs NOCTOSIHHOE NOJie OT KaKOro-To
3apsiKeHHOro KOHJeHcaTopa BAajH OT 3Toro KoHjaeHcaropa. Hac
cefiyac He 3aHUMAIOT TaKHe HeHHTepeCHble CTaTHYECKHE MoJsi; Mbl
HHTepecyeMcs JHIUb [JHHAMHYECKH WU3MEHYHBBIMH noJsMu. A ms
Ounamuseckux noneit E, = 0.

Hrtak, Mbl npHIJIH K Ba)KHOMY pe3yJbTaTy O TOM, 4TO MNpH
pacnpocTpaHeHHH NJOCKHX BOJH B NPOH3BOJLHOM HamnpaBJ/leHHH
34eKTpudecKoe nose GOANHO pacnoaaearscs nonepex Hanpasie-
HUA c80eeo pacnpocTparenus. KoHeuHo, y Hero eue ocTaeTtcs
BO3MOXHOCTb KaKHM-TO CJIOXKHbIM 00pa3soM H3MEHSATbCS N0 KOOp-
IHHaTe X.

[Tonepeunoe nose E MoxHO Bcerga pas3butb Ha aBe KOMIO-
HeHTBl, CKaxeM Ha y u 2 Tak yrto cHauana pasbepeMm cayuyai
HaJIMYUsl y 3/1eKTPHYECKOro noJs TOJNbKO OJHOH monepeuyHoi KOM-
noHeHTol. [l Hauaja BO3bMeM 3JeKTpHYeckoe noJe, Hanpas-
JIeHHOe NO Y, T. €. C HyJIeBOl 2-KOMNOHeHTOH. fIcHo, uTo, peliuB
3Ty 3ajauy, Mbl Bcerjga cMoxeM pas3o6paTb M TOT cJjyuail, Koraa
3/eKTpHYecKoe noJse Bclogy HanpaeJjeHo no 2. Ob6uiee pelueHue
MOJXKHO BCerfla nmpeACTaBUTb B BHIe CYNepno3ullHH ABYX TaKHX
noJse#.

KakuMu npocThiMH cTanu Tenepb Hawu ypaBueHus! Tenepp
eIMHCTBEHHAsi HeHyJieBasi KOMIOHEHTa 3JIEKTPHYECKOro noJs —
a3To Ey, W Bce npou3BoAHble (KpoMe NpPOM3BOAHBIX MO X) TOXe
paBHbl HyJio. OCTaTKH ypaBHeHHil MakcBensa BHIIAAAT upes-
BbIYafiHO NpoCTO.

PaccMoTpuM Tenepb BTOpoe U3 ypaBHeHuit Makcsesda [T. e. I]
u3 (20.12)]. PacnucaB xomnoHeHTs rot E, nonyuaem

0E,  OE,
(VXE)x=5—y—W=0,
oE 0E
¥ By, =2 _ %z,
_ 0B, O0Ex _ 0E,
(VXE),= ax ~ dy  ox

3gecb x-komnoHeHTa V )X E paBHa HyJ/10, MOTOMY YTO paBHbI
HYJIIO NPOH3BOJHbIE MO Y U 2; Y-KOMIOHEHTA TOXe paBHA HYJIO:
nepBLIA YyJieH NOTOMY, YTO BCE MPOM3BOJAHbIE MO 2 PaBHHl HY.JIIO,
a Btopoit notomy, uto E; = 0. ExquHcTBeHHas He paBHas HYJIO
KomnoHeHTa rot E— 310 2-koMnouenrta, oua paBua O0E,/dx. Ilo-
naarasi, 4to TpH KomnoHeHThl V )X E paBHB COOTBETCTBYIOUIUM
KoMnoHeHTaM — 0B/d¢, Mbl 3aK/04yaeM, 4TO

0By _ o 0By
Tr=0, Zt_q, (20.15)
aB, 0E,
oF T~ ox (20.16)
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ITocko/IbKY BpeMeHHble NPOHU3BOJHbIE KaK X-KOMNOHEHTH Mar-
HHTHOTO noJsf, TaK H Y-KOMINOHSHTH MAarHUTHOrO NOJIsi PaBHbI
HYJI0, TO 06e 3TH KOMMOHEHTbI CyTb MONPOCTY MOCTOSIHHbIE NOJS
M OTBEYAIOT HalJeHHBbIM paHbllle MATHUTOCTATHYECKHM PeLeHHUsIM.
Beap KTO-TO MOr OCTaBHUTb NOCTOSIHHLIA MArHUT BO3J/e TOrO MecCTa,
rie pacnpocTpaHsOTCA BOJHB. Mbl OyleM HrHOPHPOBATb 3TH
NOCTOsIHHBIE MOJISl M N0JIOXKHUM By v By paBHbIMH HY.JIIO.

Kcratn, o paBeHcTBe HYJIO x-KOMNOHEHT mnoss B Mbl 1o/KHBI
6bliu Obl 3aKJIOYHTL M mo Apyroil npuuuHe. [TocKo/bKy muBep-
reHuuss B paBHa Hya10 (no TpeThbemy ypaBHeHHI0o MaKcBeaaa), To
Mbl, npuberasi npu pacCMOTPEHHH 3JIEKTPHUECKOrO NoJs K TeM XKe
JOBOAAM, YTO M Bbillle, JO/KHbBl OblJH Obl MPUATH K BHIBOAY, YTO
npojo/ibHasi KOMNOHEHTAa MarHHTHOrO MOJSi He MOXeT H3MeHATbCs
BIOJIb X. A pa3 Mbl TaKHMH OJHOPOAHBIMH MOJISIMH B HAlUKX BOJI-
HOBBIX pellleHHAX npeHeOperaeM, TO HaM cJjeloBaJjo Obl MoJO-
XHUTb By paBHBIM HYJI0. B N/IOCKHX 5/1€eKTPOMarHHTHBIX BOJIHAX
nose B, paBHO Kak u noJse E, no/kHO GbITh HanpasJ/eHO nonepek
HanpaBJ/IeHHsl pPacCpOCTPAHEHHs] CAMHX BOJH.

PasenctBo (20.16) maet Ham po6aBouHOe YTBEPXKAEHHE O TOM,
YTO eCJIM 3JeKTpPUYeCKOoe noJie HMeeT TOJbKO Y-KOMIOHEHTY, TO
MarHUTHOE MoJieé HMeeT TOJIbKO Z-KoMnoHeHty. 3HauyuT, E u B
nepneHoukyasapuet Apyr npyry. HMiMeHHo 3to M Hab6.i01a/0ch
B TOH BOJIHe 0c060ro THna, KOTOPYI0 Mbl YK€ pPacCMOTpeJiH.

Tenepb MBI TrOTOBBI HCNO/B30BAThb NOC/EAHEe M3 YypaBHeHHH
MakcBenaa /s nyctoro npoctpancrtsa [t. e. IV u3 (20.12)]. Pac-
NHUchiBasi NOKOMNOHEHTHO, HMeeM

): 0By  OEy
2 — p2 2 —_—
c (VX B)x c ay c 62 = 02 »

0By B,  OE,

2 — 2 2 — 20.17
ct(VXB), ="~ —c' - ot ( )
aB B 0E
2 — 27y 2 x__ "2
(VXB),=c"5-—c 5 -=—"5"

U3 wecTn npousBoAHbIX OT KomnoHeHT B Tonbko 0B,/0x H2
paBHa Hyo. Tak 4To TpU ypaBHEeHHUs NPOCTO AAIOT

, 9B: _ 0Ey
Ox at °

—c (20.18)

Htor Bceit Haulelt 1esiTeJbHOCTH COCTOMT B TOM, YTO OT/HYHBI
OT HY/s TOJbLKO MO OJHOH KOMMOHEHTe 3JeKTPHYecKoro H Mar-
HUTHOTO MoJie# ¥ 3TH KOMNOHEHTHl 0653aHbl YA0BJETBOPSTh ypaB-
Henuam (20.16) n (20 18). 3tu nBa ypaBHeHHs MOXHO OObemH-
HHTb B OJIHO, €C/IH mepBoe H3 HHUX NpoAHddepeHUHpOBaATb MO X,
a BTOpoe —no [, TOrAa JeBble CTOPOHBI YpaBHeHHH CcOBnagyT
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(c TouHOCTbIO 10 MHOXHTeas ¢2). M Mbi o6HapyxusaeM, uto E,
NOAYUHSETCSl yPaBHEHHIO

CE, | PEy _
ox? ¢z 912~

(20.19)

Mol yxKe BcTpeuasu 3To AuddepeHUHaNbHOe ypaBHeHHe, KOraa
u3yyaJ/ii pacnpocTpaHeHHe 3ByKa. JTO BOJHOBOE ypaBHeHHe s
OJTHOMEDHbIX BOJIH.

3amMeTbTe, YTO B Npollecce BHIBOJA Mbl NOJYYHIH 60abiie,
yeM comepxutca B (20.11). ¥YpaBHeHuss MaKcBe//1a fanu HaM HH-
($OpMaLHIO H O TOM, YTO y 3/JIEKTPOMATHHUTHBIX BOJIH €CTb TOJIbKO
KOMNOHEHTHl NOJIsl, PACMNOJIOXKeHHble NMOJd NpsIMbIM YIJIOM K Ha-
NnpaBJeHHIO pacnpoCTpaHeHst BOJIH.

BcnoMHHM Bce, 4TO HaM HM3BeCTHO O pelLIEeHHsIX OLHOMEPHOro
BOJIHOBOrO ypaBHeHHsi. Eciu kakas-To BeJHYHHA ) YHOB/IETBO-
psieT OlHOMEPHOMY BOJIHOBOMY ypaBHEHHIO

oy _ 1y
o — o =0, (20.20)

TO ONHMM H3 BO3MOXHbIX pelleHHi sBaAsieTcs GyHKuusa P(x, (),
HMerulas BHI

P(x, )=Ff(x—ct), (20.21)

T. €. QYHKUHA 00HOL-eQUHCTB8EHHOLU nepeMeHHOH (x — ct). PyHk-
uua f(x — ct) npeacras/iser coSoit «KecTkoe» 06pa3oBaHue BAO/bL
OCH X, KOTOpPOe ABHXKETCS MO HanpaBJ/IeHUIO K MOJOXKHUTeNbHbIM X
co ckopoctblo ¢ (¢ur. 20.4). Tax, ecin makcumym QyHKiuu f
NPHXOJAHUTCS Ha HYyJieBOe 3HaueHHe apryMeHTa, To npu ¢ = 0 MakK-
CHUMYM ¢ okasbiBaetca npu x = 0. B Gosee no3gHufi MoMeHT,
ckaxem npu ¢t = 10, makcumym P okaxercsi B Touke x = 10¢,
Korga BpeMsi ABHXKeTCs, MAKCHMYM TOXe OBHXETCS B CTOPOHY
BO3DacTaHUs X CO CKOPOCTHIO C.

[Topoit yno6GHee cuuTaThb, YTO pellleHHE OAHOMEPHOrO BO/IHO-
BOrO YypaBHeHMs sBJasietcsi ¢yHKuueir ot (f — x/c). OdHako B
CYUIHOCTH 3TO OJHO M TO XXe, MOTOMY uTo Jawo6asi QyHKUHA O
(t — x/c) — ato Takxe pyHKuUHA OT (x — cf):

P = 2) = (= 250) =1 en

Puz 204. Pyuxyusa f(x— ct)
npedcraG.afeT Heu3MeHnbill «KOiL-
TYp», OBUNYUWIICA 8 HAnPABAEHIU
8o3pacranus X €O CKOPOCTbIO C.

5 3ak. 197 12)



[MTokaxem, uro f(x — ¢f) NEACTBHTENbHO €CTb peLIeHHe BO.I*
HOBOro ypaBHeHHs. [lockonbKy f 3aBHCHT JHWb OT ORHOH mepe-
MEHHO# — nepeMeHHOH (x — cf), To Mbl Gynem uepe3 f’ 06o3Ha-
YyaTb NpPOM3BOAHYIO f MO 3TOH nepeMeHHoi, a uepe3 [’ — BTOpYIO
npoussBoanyw. Hduddepenuupys (20.21) no x, nonyyaem

P = (x—an),

NOTOMY YTO NMpPOHM3BOAHASA OT (¥ — cf) mo x paBHa eauHuue. Bro-
pas npousBogHas Y Nno x paBHa

Y — 7 (x —cl). (20.22)

A npowusBoaHbie ¢ no ¢ gawoT

P —F (w—c(—o),
. (20.23)
I8 =t (x—ct).

Mbl y6exxmaemcsi, yTo ¢ OeHCTBUTENbHO YNOBJETBOPSET OMHO-
MEePHOMY BOJIHOBOMY ypaBHEHHIO.

Bbl HenoymeBaete: «OTKyna ke Bbl B35/H, UTO pellleHHEM
BOJIHOBOTO ypaBHeHHs1 sBasieTcss f(x — ct)? MHe 3Ta npoBepKa
3a/lHUM 4YHCJ/IOM COBCeM He HpaBHTcA. HeT /in npamoeo nytu otbl-
cKaTh pelieHue?» Xopoluo, BOT BaM NpsiMOH MyTb: 3HaTh pelle-
HHe. MOXKHO, KOHEYHO, «HMCNeyby» N0 BCeil HayKe NpsiMbie MaTeMa-
THYeCKHe aprymeHThbl, Tem 6oJee, 4TO Mbl 3HaeM, KAKHM HOJIXKHO
ObITb pellleHHe, HO C TaKUM NPOCTHIM, KaK y Hac, ypaBHeHHEM
xrpa se crout cBeu. Co BpeMeHeM Bbl camu joiigere 40 TOro, YTo,
Kak ToMbKO yBuauTe ypaBHeHue (20.20), Tyt e Oyanerte npel-
craBasaTh cebe f(x — ct) = ¢ B KauectBe peuieHus. ([TomoGHo
TOMY, KaK cefluac npu BHOe HHTerpana or x2dx y Bac cpasy
BCnJ/biBaeT oTBet x3/3.)

Ha camom pesne Bbl HOJIXKHBI NpeacTaB/siTb ce6e HEMHOXKO
6osbue. PemeHuem siBAsieTcss He TOJbKO Jio6as (yHKUHS OT
(x — ct), HO u pyHKuus ot (x 4 ct). MI3-3a TOro uTO B BOJHOBOM
ypaBHEHHH C BCTpeyaeTcsl TOJIBKO B BHAE €%, H3MEHEHHEe 3HAKA C
HHyero He MeHsieT. Ml neficTBUTeNbHO, camoe oGujee pellleHHe OJ-
HOMEDHOro BOJIHOBOTO YpaBHEHHSl — 3TO CyMMa ABYX NPOH3BOJIb-
HbIX (YHKUHH, ONHOH OT apryMmeHta (x—ct), a apyro#t or

(x4 ct):
Y=f(x—ct)+ g (x4 ct). (20.24)

[TepBoe ciaraemoe maeT BOJIHY, ABHXKYWYIOCS N0 HanpabJ/eHHIO
K NOJIOXKHTENbHbIM X, BTOPO€ — NPOU3BOJIbHYIO BOJIHY, Geryuyio
K oTpuuaTeabHbiM x. Oflllee pelleHHe MOJy4yaeTcsi HaJOXeHHEM
JABYX TaKHX BOJIH, CYLIeCTBYIOLUIMX OJHOBpPEMEHHO.
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Caenyowmnit 3a6aBHblii Bonpoc pewdte caMi. Bosbmem QyHK-
LU0 ¢ B BHIEC
Y = cos kx cos kct.

drta ¢yHKuus He umeeT Buaa f(x — ct) uau g(x 4 ct). Ho nps-
mo#i moactaHoBKoit B (20.20) snerko y6eauTbCcs, UTO OHA YHAOB-
JIeTBOpSieT BOJIHOBOMY ypaBHeHHI0. Ho Kak ke Mbl Torga cmeem
rOBOPHTb, 4TO obulee pelleHHe umeeT Bua (20.24)?

[IpuMensis 3TH BBIBOABl O pELIEHHH BOJIHOBOTO YDaBHEHHs K
Y-KOMNOHEHTe 3jleKTpHyeckoro noas Ey, Mbl 3akaouaem, yto E,
MOXeT MeHSITbCSl NO X NpOU3BOJAbHBIM 06pasom. Bcskoe nouae,
KOTOpO€ cylleCcTBYeT B CaMOM J[eJie, MOXHO Bcerja paccMaTpH-
BaTb KaK CyMMY ABYX KapTuH. OHa BOJIHA NABbIBET uepe3 npo-
CTPAHCTBO B KaKOM-TO HanpaBJieHHH CO CKOPOCTbIO ¢, NnpHYeM
CBsI3aHHOE C HE0 MarHUTHOE NoJie neprneHAUKY/ASPHO K 3/eKTpH-
4eCKOMY; Apyrasi BoJiHa Oe)XHT B NPOTHBONOJIOXHOM HampasJje-
HHH C TOM XKe cKopocTbio. Takue BOJIHBI OTBEYalOT XOpOWIO HaM
M3BECTHbIM 3/IEKTPOMATHHTHBIM BOJIHAM — CBETY, PaXHOBOJIHAM,
HHOPaKpaCHOMY H3/MYUYeHHIO, yAbTpagHO/eTy, PEHTTeHOBCKHM /Y-
4aM ¥ T. 4. Mbl yXe H3yuaau ouedb NoApOGHO HM3JyueHHE CBeTa.
Tak kak Bce, yeMy MBIl TOra Hayuyu/JHCb, NPUMEHHMO K J06bIM
9/IeKTPOMArHUTHbIM BOJHAM, TO Tenepb HeT HYXAbl paccMaTpH-
BaTb NOAPOGHO NoBeJeHHe ITHX BOJIH.

[Moxkanyii, cTouT Mnwb caenatb HECKONbKO 3aMeyaHHil o no-
JApU3alUK 3/MeKTPOMarHHTHBIX BOJIH. PaHbuie Mbl peluau pac-
CMOTPETb YACTHHIl cayyail 3/MIeKTPHYEeCKOro noJs ¢ ofHOH TOJBKO
y-KomnoHeHTOH. VimeeTcs, KOHeUHO, H ApYyroe pelleHue JJs BOJIH,
Gerymwux B HanpaBJeHHH —+-X MJH —X, T. € pelleHHe, NPH KOTO-
poM 3JeKTpHuecKoe noJje o6aafaer OQHOM JHLWb 2-KOMIOOHEHTOH.
Tak kak ypasHeHHs MakcBessa JuHeliHbl, ofllee pelleHHe A/
OIHOMEPHBbIX BOJIH, PacnpOCTPaHSAIOUIUXCS B HANpaBJEHUH X, eCTb
cymma BoaH Ey n Boan E, OOCliee peuleHne cymMmupyeTcsi Cile-
Ay UMHE QopMynaMH:

E=(0, E,, E,),
E,=f{x—ct)+ g(x+ct),
E,=F(x—ct)+ G (x + cf),
B=(0, B,, B,),
cB,=f(x—ct)—g(x+ct),
¢B,=—F(x —ct) 4+ G (x + ct).

Y nonoGHbIX 3/M€KTPOMArHMTHEIX BOMH Hanpabiaelne Bektopa E
He HeH3MEHHO: OHO KakK-TO NPOH3BOJbHO CMellaeTcss Nno CnHpasu

5* 131

(20.25)



B nJaockocty yz. Ho B Kaxmo# Touke MarHuTHOe mnoJe Bceraa
NepneHAHKy/ApHO K 3JeKTPHYeCKOMY M K HanpaBJIEHHIO pacnpo-
CTpaHeHHsl.

Ecau npucyTcTBYyIOT TOMBKO BOJIHBI, Geryuiye B OQAHOM Hanpas-
JIeHHH (CKaxKeM, B MOJIOXKUTEJbHOM HanpaBJeHHH X), TO UMeeTCs
npocToe NpaBuJjo, ropopsiuiee 06 OTHOCHTEJNbHOH OpPHEHTAUHH
3JeKTPUUYECKOrOo M MarHuTHoro noJgefl. [Ipasuno cocrour B TOM,
uyTo BeKTOpHOe npoussenenne E X B (koTopoe, KaK u3BecTHO, fB-
Jsercsi BeKTopom, nonepeyHbiM M K E, W k B) ykasbiBaer Ha-
npaeJjeHue, kyaa 6exut BosaHa. Ecau E coBmewarts ¢ B npaenim
NOBOPOTOM, TO BEKTOpP NOBOPOTA MOKa3biBaeT HanpaB/eHHE BeK-
Topa ckopocTH BoJHbl. ([lo3xe Mbl yBugum, uto BekTop E X B
uMeeT 0coObll (PU3HYECKHH CMBIC/J: 3TO BEKTOP, ONHCBIBAIOIIHH
TeyeHHe 3HEPrud B 3JeKTPOMArHUTHOM moJie.)

§ 2. Tpexmepnste soanst

A tenepb 06paTUMCA K TPeXMepHbIM BOIHaM. Mbl yxe 3HaeMm,
yto BekTop E yaoBserBopsieT BOIHOBOMY ypaBHe:uio. K Tomy xe
BLIBOAY JIETKO MPUATH, OTNpPaBAsisiCb NpsMo OT ypaBHeHui Mak-
cBeaa. Ilpeanosoxum, 4To Mbl HCXOAHMM H3 ypaBHeHHs

B
VXE=—%F
u 6epeM poTtop OT 06eHx yacTei:
VX (VXE)=— %(vxn). (20.26)

Bbl nomMHHuTe, 4TO pOTOpP OT poTOpa /MIOGOro BeKTOpa MOXKET ObITh
3anyucaH B BHAe CYMMbl ABYX YJ/IEHOB, OJHH H3 KOTOPBIX COAEPKHT
JAMBEPreHIHuIo, a APYroi — Janaacuan:

V X (VX E)=V(V.E) —VE,

Ho B nyctom npoctpaHcTBe axBepreHuus E paBHa Hy/10, Tak 4TO
ocTaeTcsl TOJbKO 4JeH C JanJjacuaHom. [lajee, W3 uyeTBepTOro
ypaBHeHHss MakcBe/asa B nyctom npoctpadctse [cM. (20.12)]npo-
u3BoaHass no BpemeHu ot ¢2(V X B) paBna BTOpoil mpoussoi-
Hoit E no #:

a 1 &E
3t VXB) =7 5 -
Torpa (20.26) o6pataercs B
op __ | O’E
VE=Z7%r-

3To U ecTb TpeXMepHOe BOJIHOBO€ ypaBHEHHE. PacnucanHoe BO
BCeH Kpace, OHO BbITJIAAHT Tak:

6°E 9’E 0?E 1 0%E
gx‘ + dy? + 027~ ¢ o =0 (20.27)
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Kak e Ham HaiiTh obluee peleHHe 3Toro ypaBHenus? Otser
TAaKOB: BCe pelleHHs] TPeXMePHOro BOJHOBOrO ypaBHEHHUS MOryT
ObiTb NpeACTaBJeHbl B BUAe CYNepno3ULHH yxKe HaHAeHHbIX HaMH
ONHOMEpPHBIX pelleHuil. Mbl noJyuu/ad ypaBHeHHe A/s BOJIH, Ge-
TYLIHX B HanpaBJeHHH X, NPENTNOJOXKHB, UTO MOJe He 3aBHCHT OT
y u z. KoHeuHo, HMeIOTCA U Apyrue pelleHHs, B KOTOPLIX NoJs He
3aBHCAT OT X M 2, — 3TO BOJIHBI, HAYLIHEe B HanpaBJ/eHHHU Y. 3aTem
CYUIeCTBYIOT pelLleHHs, He 3aBHCSAILHe OT X H Y; OHH NpeacTas-
JISIOT BOJIHBI, ABHXYLIHecs B HanpaBJjeHud 2. Mau B obuwem cay-
yae, MOCKOJbKY MblI 3anuca/jy Halll YpaBHEHHS B BEKTOPHOH
¢opme, TpexMepHOe BOJIHOBOE YpaBHEHHE MOXET HMeTb pelleHHus,
KOTOpble SIBAAIOTCH NJAOCKHMH BOJMHaMH, Oeryuiumu, BooGle ro-
Bops, B J060M HanpaBieHHH. Kpome Toro, pas ypaBHeHHs JIH-
HeHfHbl, TO OJNHCBPEMEHHO MOXET pacnpoCTPaHATbCA CKOJBKO
YrOQHO NJIOCKHX BOJIH, Gery:nx B KakHX-yroJHO HanpasJ/eHUsX.
Takum o6pasom, camoe obuiee pelleHHe TPEXMEPHOTO BOJIHOBOTO
ypaBHeHHs fB/AETCA Cynepno3uuued BceX BHAOB MJOCKHX BOJH,
Geryiux Bo BC€X BO3MO:KHBbIX HanpaBJleHHsX.

[lonbiTafiTech npencTaBuTb cebe, KaK BHINISAAAT cefyac aJeKT-
pHUeCKHe W MArHUTHble noJs B Hauwedl ayauropuu. [1pexnae Bcero
3l1eCb HMeeTCsl MOCTOSTHHOe MArHUTHOE MoJle; OHO BO3HHKJO OT TO-
KOB BHYTpH Hallell 3eMJH, OT MOCTOSHHOrO 3€MHOTO MarHeTH3Ma.
3aTeM 31eCb MMEIOTC KaKHe-TO HeperyJ/sipHble, MOYTH CTaTHYe-
CKHe 3jeKTpHueckHe nojs. OHH CKopeil BCero co3faHbl 3JeKTpH-
4eCKHMH 3apsifiaMH, NOSABASIOUWIMMHCA H3-3a TOro, 4YTO KTO-TO
ep3aeT Ha CBOEM CTyJle HJH TPeTCs pyKaBaMH O CTOJ (CJOBOM,
B pesysbrate TpeHus). Kpome Toro, 3mecb ecTb elle H Apyrue
MarHUTHble NOJisl, BbI3BaHHblE NEepPeMEeHHbIMH TOKaMU B 3JIEKTPO-
NpoBOJKe, — N0JIfl, KOTOpble MeHsI0TCs ¢ yacToToil B 50 ey B TakKT
¢ pa6orto#t renepaTopa Ha rOpoAcKo# 3JjeKTpocTaHuud. Ho ewe
GoJIbIINHA HHTepeC NpPeICTaB/SIOT 3JeKTpHYeCKHe W MarHHUTHbIE
noss, Menswouuecs 6pictpee. K npumepy, tam, rae cset nanaer
M3 OKHa, OCBelllasi CTEHbI M MOJ, HMeloTcs HeboJbluHe KonebaHus
3/71eKTPHYECKOr0 M MAarHHTHOrO noJied, nepeMellaioltecss 3a ce-
kynay Ha 300 000 xm. [To kKoMHaTe ellle pacnpocTpaHsOTCs HHpa-
KpacHble BOJIHBI, HAYILHE OT BALIMX TOPSIYHX TOJIOB K XOJOMHOH
nocke ¢ dopmynamu. Ja! Mbl ewe no3aboiin o6 yabtpaduode-
TOBOM CBeTe, O PEHTTeHOBCKHX JyyaX M O PafAHOBONHAX, KOTOpbIE
NPOHOCATCA MO KOMHaTe.

Yepe3 KOMHATY CKOJ/Ib3SIT 3JEKTPOMATHUTHBIE BOJIHBI, KOTOpbIE
HecyT B cebe mKa3oBy0 My3biky. [IpoHOcsiITCS H BOJIHBI, MOIYJIH-
poBaHHble cepHel HMNYJ/bCOB, NpPeACTABJSIOUIUX KAPTHHBI COGbI-
THH, KOTOpble NPOMCXOASIT Cefyac B JPYrHX MeCTax CBeTa, HJH
KapTHHbI BOOOpaxKaeMblX siBJIEHHH, NPOHCXOASIIHX NPH pacTBOpe:
MM BooOpaxaemMoro acnupuHa B BooOpa)caeMblX KeqdyaKax.
Yr06bl y6enuTbcst B peajsbHOCTH 3THX BOJIH, JOCTaTOYHO NPOCTO
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BKJ/IOYHTb 3JIEKTPOHHYIO annapatypy, KoTopas npeBpaulaet 3TH
BOJIHBI B U306pa*KeHHsl M 3BYKH.

Ecnu mMbl 3afiMeMcsl fanbHEHIIMM aHAAU30M ellle 6oJee ca1abbix
Kose6aHuil, TO 3aMeTHM MeJbyaiillle 3JeKTPOMarHUTHble BOJIHBI,
NpHILeJIINe B Hally KOMHATy C OTPOMHBIX paccTosHui. B Helt
CyLIeCTBYIOT MeJbyailine KoJieOaHHA 3JeKTpPHYeCKoro noJs,
rpe6HH KOTOpPBIX OTCTOAT JOPYr OT Jpyra npuMepHo Ha ¢y,
a HCTOYHHMK HMX yla/eH OTCIOfla Ha MHJJIHOHBI MHJAb. DTH BOJIHBI
nepefaloTcs Ha 3eMJi0 ¢ MexnJaaHeTHo#l ctaHuuu Mapunep II,
KOTopasi Kak pa3 NnpoxOomuT ceifuac rae-to Mumo BeHnepn. Ee cu-
rHaJbl HeCYT CBOAKY BCedl TOH HH(OpMalHH, KOTOPYIO el yaaJsoch
YXBaTHTb y NJaHeThl (MHHGOpMaUUH, NOJYyUYEeHHOH OT 3jMeKTpomMar-
HHUTHBIX BOJIH, JOLIEAIWNX OT BeHephl K cTaHUUH).

UM ecTb 3mech elle enBa 3aMeTHble KoJe6aHHS d/MeKTPUUECKHX
M MArHHTHBIX MOJe#l OT BOJIH, BO3HHUKIUHX B MHJJHApPAAX CBETO-
BbIX JIeT OTCIOAa, B rajJaKTHKaX, HaXoAAUIUXCs B YAaJeHHeHIHX
yronkax Bcenernoil. B Tom, uto 3TO0 neiicTBHUTesNbHO TakK, ybenu-
JIUCh, «3aMOJIHUB KOMHATy NPOBOJIOKOH», T. €. COOPYAHMB aHTEHHBI
Be/JHYHHGH ¢ 3Ty KOMHATy. Tak 6bljH 3aMeueHbl paJHOBOJHbI, 10+
WleAliMe 00 HAC U3 MeCT, HaXOJsLMXCS 3a npelenaMH JAocsirae-
MOCTH KpYNHeHIUHX ONTHYeCKHX TeJieckonoB. KcraTu, naxe 3TH
ONTHYECKHE TeJseCKOMbl BCEro JHIIb MPOCThie cobupaTesu 3JeK-
TPOMArHMUTHBIX BOJIH. A TO, UTO Mbl Ha3blBae€M 3Be3[laMH, JMlb
3aK/MI0YEHHUs1 — 3aK/AIOYEHHs, BbiBelleHHble H3 eJHHCTBEHHOH ¢H-
3H4eCKO# peasbHOCTH, KOTOPYIO Mbl O CHX MOP OT HHUX NOJYYaJH,
H3 TWATEJbHOro H3yueHHs:i 6€CKOHEeYHO CJIO:KHbIX BOJIHOBBIX MABH-
KEHUH 3JeKTPHYECKUX U MAaTHHUTHBIX NOJell, JOCTHr AW KX 3eMJ/IH,

B aynuropuu uMeloTcs, KOHEYHO, elle JApPYyrHe noas — oOT
MOJIHHH, BCNbIXHWBAIOWHUX TAe-TO BAaJeKe OTCIOAA, OT 3apsiKeH-
HbIX YaCTHIL B KOCMHYECKHX J1y4yaX, KOrla OHH NPOHOCATCSA CKBO3b
KOMHAty, H eule noasi 4 ewe.. IlpeacraBasiere, Kkakas c/a0XHas
IITYKa 3TH 3JeKTpPHYeCKHe NoJisi B NpPOCTPaHCTBe BOKPYr Hac!
M Bce oM momuuHSAIOTCA TpeXMepHOMY BOJIHOBOMY YpaBHEHHIO.

§ 3. Hayunoe soobpadcenue

51 npocun Bac npeacraBuThb cebe 3/71eKTPHUECKHE H MarHHUTHble
noJas. Urto Bbl ans atoro caenanu? 3HaeTe JM Bbl, KaK 3TO HYXKHO
caenatb? M Kak a cam npeacrasasio cebe 3JeKTPHUECKOe H Mar-
HuTHOe noas? Uto 2 Ha camom Oene npu 3TOoM BHXKY? Urto Tpe-
6yetcsa or HayyHoro BooGpakeHus? OT/H4aeTcss JH OHO YeM-TO
OT TNONBITKH MNpeACTaBUTb ceGe KOMHATy, NOJHYIO HEeBUIHUMBIX
aHreqoB? HeT, 3T0 He noxoxe Ha TaKylo NONbITKY.

Uro6bl nosyyuTh npeacraBjeHHe 00 3/€KTPOMarHUTHOM NOJE,
Tpebyercs Gosiee BbicOoKasi creneHb BooGpaxkeHus. [Touemy? [la
NOTOMY YTO AJsi TOro, 4ToObl HeBHAHMMble aHTeJIbl CTAMH JOCTYMHb
NMOHUMAHHIO, MHE HYXHO TOJNBKO 4YTb-4yTb H3MEHHUTb WX CBOMH-

134



CTBa — A [1eN1a10 MX CJerka BUAMMBIMH, H TOrJa fl yXKe MOTy yBH-
neTb U GOpPMY HMX KpbLIbeB, H HX Tesa, H UX HUMObI Kak ToJsbKO
MHe yJaajocb NpeAcTaBHUTb cebe BHAMMOrO aHrena, To Heo6XoIH-
Masi aasi panbHeiduiero abcTpakuus (coctosiuiasi B TOM, 4TOObI
NOYTH HEBHAHMbIX AHTEJNOB MpPEeACTAaBUTb cebe COBEpLIEHHO HEBH-
JHUMbIMH) OKa3bIBAETCs CPABHHTENbHO JIETKHM JEJIOM.

Bbi moxere Toxe ckasatb: «[Ipodeccop, maiite MHe, moxa-
Jy#cTa, npubaHXKeHHOe ONnUCcaHHe 3JeKTPOMArHUTHbIX BOJIH, NYCTh
JlaXke cJlerKa HeTOYHOe, HO Takoe, 4YTo6Gbl s CMOr YBHAETb HX Tak,
KaK f MOTYy YBHAETb NOYTH HEBHAMMBbIX aHresoB. M s BHOOHU3-
MEHIO 3Ty KapTHHY [0 HYXHOH abCcTpakuuu».

YBbl, 1 He MoOry 3TOro caenatb AJs Bac. §I mpocTo He 3Halo
KaK. ¥ MeHsl HeT KapTHHbl 3TOr0 3J1eKTPOMATHHUTHOTrO NnoJjs, KOTo-
pasi Gbia Gbl XOTb B KaKOH-TO cTenedd TouHoil. §I y3Han o0
3JIEKTPOMArHUTHOM TMoJie JaBHbIM-AaBHO, 25 JeT TOMY Hasal,
Korjfla s1 OblJ Ha BallleM MecTe, U y MeHsl Ha 25 jeT 60Jblie ONbITa
pasMblulieHHit 06 3THX Kosebaowuxcsa BosaHax. Korpa s Haum-
Hal0 ONHCbLIBATL MAarHUTHOE TMoJe, ABHXKYlleecs uepe3 Mnpo-
CTPAHCTBO, To rosopio o noJasax E u B, penaio pykamu BOJIHHCTBIE
OBHXeHHS1 U Bbl MOXeTe NMoAyMarb, 4TO 51 cnocobeH HX BHIETH.
A Ha camoM gmene, uTo s npu 3TOM BHXKY? BuXy Kakue-TO CMYyT-
Hble, TYMaHHble, BOJIHMCTble JIHHMM, Ha HHMX TaM H CSIM HaOMH-
cano E u B, a y ipyrux JuMHUA HMelOTCSA CJIOBHO KaKHe-TO CTpeJ-
KM, TO 3leCb, TO TaM Ha HHUX eCTb CTpe/JKH, KOTOpble HCUe3aloT,
elBa B HHX Brasauuwbes. Korga s pacckasbiBaioo o MnoJisix, NpoHO-
CSILHUXCS CKBO3b MPOCTPAHCTBO, B MOEH roJioBe KaTacTpodHyeckH
nepenyThIBAlOTCS CHMBOJIbI, HYXHble AJ51 ONHCaHHS OODBEKTOB, H
camu 006beKThl. S He B COCTOSIHHM OaThb KapTHHY, XOTA Obl mpu-
6/IH3UTe/NbHO MOXOXKYI0 HAa HACTOsILHE BOJHBI, Tak 4TO, €CJAH BHI
CTaJKHBaeTeCb C TaKHMH JXe 3aTpPyAHEHHsIMH NPH NONbITKaX
npeiCTaBUTb NoJe, He Tep3aiiTech, AeJ0 0ObIUHOE,

Hawa nayka npeabsiBiisieT BooGpa<eHHI0 HeMbICAHMblE Tpe-
6oBanus. CreneHb BoOoOpaKeHHsi, KOoTopass Tenepb Tpebyercs B
HayKe, HeCpaBHEHHO NpPeBOCXOAHUT TO, 4TO TPe6OBaJOCh AJ5 HEKO-
TOpbIX NpexXHHil uaell. HblHeuinne uaen HaMHOro TpyAHee BOOO-
pa3utb cebe, [lpaBma, Mbl HCnoJab3yeM OJs 3TOrO MHOXECTBO
cpenctB. B xon nyckawoTcs MatemaTuueckKHe YPaBHEHHs H npa-
BH/A, PUCYIOTCS pa3/iuuHble KapTHHKH. BoT ceflyac s ficHO oco-
3Halo, 4YTO Bcerja, Korja si 3aBOXY peub 06 3JIeKTPOMArHHTHOM
noJjie B npocTpaHcTBe, (paKTHYeCKH nepel MOUM B30pPOM BCTaeT
CBOEro pojia cynepno3ullus BCeX TeX AHarpaMM Ha 3Ty TeMy, KO-
TOpble A KOrAa-1u60 BuabiBag. §1 He BooGpaxalo cebe MajleHbKHX
Ny4YkoB JIMHMH NOJIA, CHYIOUIMX TyAa H ClOJa; OHH He HpaBsATCa
MHE NOTOMY, 4TO ec/H Obl 51 JBHraJjcs ¢ MHOH CKOPOCTbIO, TO OHH
Obl Hcuesnu. 51 He Bcerga BHXKY M 3J1eKTpHYeCKHe, H MarHHTHbIE
noJisi, NOTOMy YTO BpeMeHaMH MHe KaXXeTcfl, 4To ropasio npa-
Bu/JbHee Obina Gbl KapTHHA, BKJIOYalollasi BEKTOPHBIH H cKaasp-
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MBI MOTeHIHaAbl, H6O NMOCJAeAHHe, NOXKaAYH, HMelOT 60JbLIHE PH-
3HYECKHH CMBICJ, yeM KoJseOaHHs noJie.

BbiTb MOXKeT, Bbl CuHTaeTe, YTO OCTaeTCsl eNUHCTBEHHAs Ha-
IexJ1a Ha MaTeMaTHuYecKylo TOuky 3peHus. Ho uto Takoe mare-
MaTHyeckasi ToyKa 3peHuss? C MaTeMaTHYeCKOH TOYKH 3peHHs B
KaXIoM MecCTe NMPOCTPAHCTBA CYLIECTBYeT BEKTOp 3JIeKTPpHYECKOro
[OJIT ¥ BEKTOpP MArHUTHOTO MOJs, T. €. C KaXJ0H TOYKOH CBA3albl
utectb yuces. CnocoGHbl JU Bbl BOOOpPa3HTb LIECTb 4HCeJ, CBS-
3aHHBIX C KaXJoi TOYKOH MpocTpancTsa? ITO CJAHIIKOM TPYAHO.
A Moxerte Bb BOO6Gpa3uTh X0Ts Gbl OFHO YHCJ/IC, CBSI3aHHOE C KAXK-
no# Toukoit npoctpaHcTBa? S aruxHo He Mory! I cnocoben cebe
NpeAcTaBUTb TAaKyl0 Belllb, KaK TeMmMnepaTypa B KaXJo# Touke
npoctpaictBa. Ho 3to, no-suaumomy, BooGlle Belllb NpeacTaBH-
Masf: UMeeTCsl TenJoTa M XOJIOA, MEeHSIoUlHecs OT MecTa K MecTy.
Ho, uyecTtHoe cmoBo, s He cnocobGeH npeAcTaBHETb cebe 4uca0 B
KaXJao# TOuYKe.

Moxer GbITb, MO3TOMY CTOMT NOCTAaBMTh BOMpPOC TaK: HeJ/b3s
JU NpeNCTaBUThb 3JEKTpHUYeCcKoe Mo.se B BHAE Yero-To CXOZHOro
C TeMnepaTypoH, CKaxeM, OX0Xero Ha cMelleHHs KycKa CTyAHA?
Cnayana Boo6pa3um ceGe, UTO NHP HANOJHEH TOHKOH CTYNEHH-
CTON Maccoi, a moJs NpeACTaBJ/AICT COGOH KaKhe-TO HCKpHBJL-
HUsl (CKaXKeM, pacTsiXKeHHSl HJH NOBOPOTHI) 3Toi Macchl. Bor
TOrf1a MOXHO Gbi0 6Bl ceGe MbICIEHIIO BOOOpa3uTh noJe. A nocJje
TOro, Kak Mbl «YBHIeJH», HA YTO OHO IIOXOXe, Mbl MOXeM OT-
Bleubcsi OT cTyAHs. IMeHHO 3TO MHOrHe W NbITa/lHUCh AesaTh H0-
BO/MIbHO Jo0Jaroe BpeMs. Makcseasn, Amnep, @apaneit u apyrue
npo6oBaMu TaKUM crnoco6oM noHsaTb aaektpomarsetusm. (Ilopoit
OHH Ha3blBaJ/JH abCTpaKTHBIA cTyleHb «2¢pupom».) Ho okasanocs,
YTO MNONBITKH BOOOPAsHTb 3JEKTPOMATHHTHOE mnoJe NogoGHLIM
o6pa3oM Ha caMoM Aese npenartcTeyoT nporpeccy. K coxade-
HUIO, HalWH cnccoGHOCTH K a6CTpaKUKAM, K NpUMeHeHHI0 npHOo-
POB 1Ja o6llapyKeHHsi NoJs, K HCNOJb30BaHHIO MaTeMaTHYeCKHX
CHMBOJIOB /Sl €ro ONMUCAHUsl U T. O orpaHuuerHbl. OnHaKo noas
B H3BeCTHOM CMbiC/Je — Belllb BIIOJIHe peaJbHas, HOO, 3aKOHYHB
BO3HIO C MaTeMaTHYeCKMMHU ypaBHEHUSMH (BCe P&aBHO, € HJJIO-
CTpauusiMu WM 6e3, ¢ yepTexaMH WM 6e3 HHX, NbITasAChb npel-
C(TaBUTb MoJle BbSIBe HJH He Oesasl TAKHX NONLITOK), Mbl BCe XKe
MOXeM co34aTb npH6Oopbl, KOTOpEIE NGHMAIOT CHTHAJMbl ¢ KOCMH-
YeCKOH pakeTbl MM OOHApYXKaT B MHJJKapAe CBETOBBIX JEeT OT
Hac ranakTHKY, 1 TOMY nono6Hoe.

Bonpoc o BoofGpaxenun B Hayke HaTaJKHBaeTcs 3a4acTylo Ha
HeNoOHHUMaHHe Yy JoAell [pyrux cnepuanbHoctell. OHH NpPHHH-
MalOTCSl MCNBITHIBATh Hallle BOOOpa:KeHHe CJAeAYIOUHM crnocoboM.
Onu rosopsiT: «Bot nepen BamMu n3o6parkeHbl HECKOJIbKO JOJeH
B HeKoTOpo# cHTyauun. Kak Busi npeacrapasiere, 4To ¢ HUMH cefi-
yac cayuutca?» Ecau Bbl oTBeTHTe: «He Mory ce6e npeacrasutbs,
OHH MOTYT CYyecTb Bac 3a yesJoBeKa co cJabbiM BooGpaKeHHEM.
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OHHU nporasfsar npu 3TOM TOT (GakKT, 4To Bce, YTO OOnYycKaerci
BOOOpaXaTb B HayKe, NOKHO CO2AACO8bIBATHCA CO BCEM NPOHUM,
4T0 HAM U36ECTHO: YTO 3JIEKTPHYECKHE MNOJs M BOJNHbI, 0 KOTOPHIX
MBI TOBOPHM, 3TO He NpPOCTO YJauyHbie MBICAH, KOTOpPble Mbl Bbl:
3biBaeM B cebe, ecid HaM 3TOr0 XOueTcs,, a HIAeH, KOTOpble 0061-
3aHbl COTJIACOBBIBATbCA CO BCEMH H3BECTHBIMM 3aKOHAMH (H3HKH.
Henmonyctumo Bcepbes BooGpaxaTh cebGe TO, YTO OYEBHAHLIM
06pa3oM NpoOTHBOPEYHT H3BECTHbIM 32KOHAM npupoabl. Tak uyTo
Haw pox BoobGpaxkeHHs — BecbMa TpyaHas urpa. Hapmo umerb
HOCTaTOYHO BOOOpaKeHHs, 4TOObl AyMaTb O YeM-TO HHKOrja
npexiue He BUAEHHOM, HUKOrRa Npexje He cabiliaHHOM. B To xe
BpeMs NPHUXOAMTCSH, TaK CKal3aThb, HaleBaTb Ha MbICAH CMHpH-
TeJIbHYI0 py0OallKy, OrpaHHYHBATh HX YCJAOBHSIMH, BbITEKAOUIHMH
M3 HalIMX 3HAHMH O TOM, KAKOMYy NMyTH HAa CaMOM jeje cCJeayeT
npupoaa. Ilpo6nema co3maHusi 4yero-To, 4TO SIBJASETCH COBep-
LIEHHO HOBBIM M B TO € BpeMsi COrJacyeTcss cO BCeM, YTO Mbl
BHJleJIH paHblile, — npobJaeMa uype3BblYaliHO TpyaAHas.

Ho pas yx 3amua o6 3ToM peub, s XOUY OCTalIOBHTbCSl Ha TOM,
B COCTOSIHMH JIM Mbl ce6e NMpeACTaBHTb KpacoTy, KOTOPYIO Mbl He
MoxkeM 8udeTb. ITo uHTepecHHil Bonpoc. Korga mbl risaum Ha
paayry, oHa HaM Kaxercs npekpacHod. Kaxkabili, yBuaas ee,
BockaukHeT: «O papgyral» (CMoTpuTe, KaKk Hay4yHO si MOAXOXY
K Bonpocy. §I ocTeperalocb HMEHOBaTb YTO-TO BOCXHUTHTENbHBIM,
NoKa HeT 3KCmepHMeHTaJbHOro cnocob6a onpemenautb 370.) Hy,
a Kak Mbl onucbiBaaud Obl paayry, ecad Gbl OblIH CJeNnbiMH?
A Bemb MBI csenet, Koria u3MeHseM KO3Q(HUHMEHT OTpaxkeHHs
MHQPAKpPACHBIX Jyyel OT XJIOPHCTOrO HaTpHs HJIM Korjga roBo-
PHM O 4acTOTe BOJIH, MPHULIEJUIHX OT HEKOTOPOi HeBULAHMOM rnasy
ranaktHukd. Torga ™Mbl uepTUM rpaguk, pHcyeM JAHarpaMmmy.
K npumepy, nasi paayru nogoGhbiM rpadukoM Gbiia Gbl 3aBHCH-
MOCTb MHTEHCHBHOCTH HM3J/Iy4eHHs OT IJIMHbI BOJIHbI, H3MeDeHHas
CneKTpooTOMETPOM MOJ BCEBO3MOMHBIMH Yr/aMH K FOPH3OHTY.
Boo6ie roBopsi, nofoGHble H3MepeHHsl JOJKEBI OblIK Obl NPHBO-
IHMTb K NOBOJNbHO MOJIOTMM KpHBBIM. V1 BOT B OOMH NpeKpacHbIi
NleHb KTO-TO O6GHapyxXua O6bl, YTO NMPH KaKOH-TO ONpeleNeHHOH
norofe, NOA HeKOTOPbIMH Yr/J1laMH K FOPH3OHTY CMeKTP HHTEHCHB-
HOCTH KaK (QYHKUHA AJIHHBI BOJNHBbI HauaJs cebsl BeCTH CTPaHHO —=
y Hero nosiBuJ/csl nHK, Ecau 6bl yros Hakjaoua npu6opa 4yTh-4yThb
H3MeHH/Cs, MAKCUMYM NHKa nepeuie Obl OT OJHOH AJHHBI BOJI-
Hbl K apyroi. M1 BOoT yepe3 HeKkoropoe BpeMd B §)H3HUECKOM XKYp-
HaJje AJA cJenbiX NosiBUJach 6bl TeXHHUYeCKash CTaTbs NOJ Ha3pa-
HueM «VIHTeHCHBHOCTb H3/yueHHs Kak QYHKuUHs yrja npH Heko-
TOpBIX MeTeoycJoBUsiX». B aTolt cratbe Gbl1 6bl rpaduk THDa,
nokasaHHoro Ha ¢wur. 20.5. «ABTOp 3aMeTHJ, — rOBOpHJIOCH Obl,
ObITb MOXeT, B CTaTbe, — 4YTO NOA O6GJIbUIMMH yrjaaMH OCHOBHas
4acTb pafiMalMM NPHUXOAMTCA Ha AJNHHHBIE BOJHBI, a MOA MEHb-
WHYMH MaKCHMYM H3/YyuYeHHs CMellaeTcsd K KODOTKHM BOJIHAM».
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< - Pue 205 3asucumecrs un-
. %,,& & TEHCUBHOCTU INEKT POMACHUTHOLX
0 8041 OT OAUHbL BOAHBL NOO TpeMA

'Y yeramu (OTCYUTOHIBAEMBIML  OT
Hanpasaenus,  NPOTUBGNOAOKC-
HO20 nanpasaeruto nHa Coanye).

HocTynno Habatodenuto auwe 8 onpe
Anura gontu OeNeHHbLX METEOPONORUYECKUX YCAO-
8uURX

VumencusHocme

(Hy, a Mbl 6Bl ckasaau, 4To noa yraom 40° cBeT mpeumylle-
CTBEHHO 3eJIeHbIH, a NOA yraoM 42° — KpacHblit.)

Ho naxoaute su Bbl rpaduk, npuBefeHHbl Ha ¢ur. 20.5, Boc-
XUTHTeNbHbIM? B HeM Belb comepXHTCS cyulecTBeHHO G6oJblue
pas/MyHbBIX fAeTaJielf, 9eM Mbl B COCTOSSHHH NOCTHYb, KOrfa BH-
AMM pajyry: Hauld rJa3a He MOryT CXBaTHTb JAONOAJHHHYIO
¢dopMy cmekTpa. A BOT rJjasaM pajayra Bce XKe KaXXeTcsi BOCXH-
THTeJNbHOH. XBaTaeT Ju y Bac BoobGpa:keHHs, YTOObBl B CHEKT-
pa/bHbIX KPUBBIX YBHAETb BCIO TY KPacoTy, KOTOPYI Mbl BHIHM,
CMOTpS Ha palyry? ¥ MeHs — HerT.

Ho npeactaBum ce6e, 4To y MeHA HMeeTcsl T'PAaQUK 3aBUCH-
MOCTH KO3G(HUHEHTa OTpPaXKeHHUs KPHCTAJJ/IOB XJOPHCTOrO HarT-
pusi OT AJNHHBI BOJIHBI B HH(QPAaKpPacHOM YydyacTKe cnekTpa U OT
yraa. §I mory Boo6pa3uTh ce6e, KaK 3TO MPeACTAaBUJIOCH Obl MOHM
riasam, o6Jajai OHHM CnocOGHOCTbIO BHIAETb B HHPPAKpacHOM
cBaTe. [Jo/kKHO O6bITh, 3TO Obl1 Obl KaKOH-TO SIPKHi, HaCHILEH-
HBIH «3e/leHblil 1BeT», Ha KOTOPHIl HaKAaAbBa/aHch Obl OTpaXe-
HHSl OT MOBEPXHOCTEH «MeTaJ/JIHYyeCKH-KPacHbIX» TOHOB. STO BbI-
rasigeno 6bl MOMCTHHE BeJIMKOJIEMHO, HO sl He 3Halo, cnocofeH JiH
s, B3r/IsiHYB Ha rpaguk koad¢uuueHta orpaxkenus NaCl, cHATbIH
Ha KaKoM-To npubope, CKa3aTb, YTO OH CTOJb XKe NpeJecTeH.

Ho, ¢ npyro#t cTopoHEl, XOTb MBI U He MOXeM BHIETb KPacoTy
TeX WM HHDLIX YaCTHBIX M3MEepeHHH, Mbl MOXCeM YTBEPHIaTb, UTO
nocturaeM cBoeoGpasHYyl0 KpacoTy YypaBHeHHiH, ONHCHLIBAIOLWIHX
BceoOuIHe ¢u3ndueckHe 3aKoHbl. Hanpumep, B BOJIHOBOM ypaBHe-
HuH (20.9) oueHb KpacuBa Ta NMPaBH/ABHOCTb, C KaKoil B HeM pac-
NOJIOXKEHB! X, Y, 2 U . Y 3Ta npusAiTHas CHMMETPHA NOSIBJCHHSA
X, Y, 2, | HaMeKaeT Ha Ty BeJIHYeCTBEHHYIO Kpacory, KoTtopas
TAHUTCA B YeThbIpeX PAaBHO3HAYHLIX KOOPAHHATaxX, B BO3MOXHOCTS
TOrO, YTO Y NPOCTPAHCTBA €CTb YeThIpeXMepHasi CHMMeTpHS, B BO3-
MOXXHOCTH NPOaHa/NH3UPOBATh €€ M Pa3BUTb ClEL HAJbHYIO TEOPHIO
OTHOCHTeJbHOCTH. Tak d9TO cylllecTByeT elle HHTe/NJeKTyajbHas
KpacoTa, accouuupyemasi ¢ ypaBHeHHSIMH.

§ 4. Cpepuueckue soanol

Mui BUJEJH, YTO CYUIECTBYIOT pelleHHsA BOJHOBOro YypaBHE-
HHs, OTBedalolulye NJOCKHM BOJIHAM, H 4YTO abas 3JIeKTpomar-
HHTHAasi BOJIHA MOXeT ObITb OMHCaHA Kak cynepno3uuiuss MHOTrHX
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NJIOCKHX BOJIH. B onpeneneHHbIXx cayuyasix, oAHaKo, yaoGHee onu-
CblBaTb BOJIHOBOE NoJie B Apyroi mMatemartuueckoi ¢opme. S xo-
Tes Obl cefiuac paso6paTh TeOpHIO c(epHyeCKHX BOJIH — BOJH,
KOTOpble COOTBETCTBYIOT C(epHuYeCKHM MOBEPXHOCTAM, pacxoas-
IUMCS M3 HeKoToporo LeHTpa. Korma Bbl 6pocaeTe KaMeHb B
npya, TO N0 BOAHCOH raajgu no6eXuT psibb B BHAE KPYroBbIX
BOJIH — 3TO ABYMepHble Bo/Hbl. CdeprueckrHe BOJTHBI NMOXOXKH HA
HHX, TOJIbKO pacnpoCTPaHSAIOTCA OHH BO BCeX TpeX H3MepeHHsX.

[Ipexxne yeM HauyaTb onucaHue cpepHyeCKUX BOJH, HEMHOTO
3ailmemcs1 matematukoi. [lycte umeercs QyHKUHA, 3aBucaAllasn
TOJIbKO OT PafiHa/JbHOrO PAacCTOSIHUSL I TOYKH OT Hayasna KOOpAH-
HaT, HMHBHIMH CJOBaMH, c¢epuyecKH CHMMeTpHYHAasi (QYHKUHs.
O603HauuM ee P (r), rae Nox r nogpasymeBaercs

r=AZ+y +2,
T. €. pacCTOsiHMe OT Hauyanaa KoopAuHaT. UTo6bl y3HaTb, Kakue
¢GyHKUMK P (r) yNOBNETBOPSIOT BOJHOBOMY YPaBHEHHIO, HAM TNO-
HagoGUTCsl BbIpaXKeHHe AJs JamiacuaHa . 3HAUUT, HaM HYXHO
HafTH CyMMy BTOPbIX MPOM3BOAHBIX Y MO X, Mo y u no 2. Yepes
Y (r) ™Mb 0603HaYMM NepBYIO NPOM3BOAHYIO P MO r, a uepe3
V" (r) — Bropyto.
CHauasa HaitieM npousBoAHble no x, Ileppas npou3BoaHas
paBiia
oV (r) _ sy OF
dx =¥ () ax "’
Bropas npousBomHas no x paBHa
0 n ( Or )2 , ( 62r)
o =V (o) TV 5z )
YacTHble NPOU3BOAIIBIE 7 MO X MOXKHO NOJMYYHTb U3

o _x o 1y x2)
ax  r’ dxz—-r_( )

TaK 4TO BTOpasi NpCH3BOAHAs Y NO X NPHHHMAET BHA

02 z 1 2 ,
v+ (1-5) . (20.28)
TouHo Tak xe H
02 2 ” l 2 ,
=+ (1—%) v, (20.29)
62 2 ” l 2 ,
H=Tvt+r(1—F)v (20.30)

JlannacuaH paBeH CyMMe 3THX TpeX NpoM3BOAHBIX. Bcnommu-
Hasi, yTo X% 4 y? 4 22 = r?, nonyuyaem

Vi) =" (1) + 29 (). (20.31)
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Yacto 6niBaer ynoGHee 3anucblBaTb ypaBHEHHE B CJjedylollei
¢dopme:

Vip=—1 L d,, (r). (20.32)
IMponenap nuddepenunposanue, ykazanuoe B (20.32), Bbl yGenu-
Tecb, YTO NpaBas YacTb 3Jecb Ta Xe, 4to H B (20.31).

Ecau Mbl XOoTHM paccMaTpuBaTh cepHyecKH CHMMETPHUHbIE
noJis, KOTOpPbIe MOT'YT PacCHpOCTPaHATbCS KaK chepHyecKHe BOI-
Hbl, TO B€JHYMHBI, ONMUCHIBAIOUIHE MOJS, AOMXKHbBI ObITh QYyHKLHEH
Kak r, Tak u f{. [IpeanonoxuM, 4yTo HaM HYXKHO 3HATb, KakKue
GyHRUMK P(r,¢) SABASIOTCA PELIEHHSMH TPEXMEPHOro BOJHOBOrO
ypaBHeHHUs

VR (r, 1) = 29 (r, §)=0. (20.33)

[TockonbKy (7, {) 3aBHCHT OT NPOCTPAHCTBEHHBIX KOOpAHHAT
TOJIbKO uepe3 r, TO B KaueCTBe JlaN/JacHaHa MOXXHO HCNO/b30BaTb
BhipaxenHe (20.32). Ho mns TouHOCTH, MOCKOJBKY Y 3aBHCHT
TakXe H OT f, HYXHO AU(GepeHUHUPOBAHHE NO r 3aMUCHIBATh
B BHJE YaCTHOH npoussom—xoﬁ Bom-xosoe ypaBHeHHe o6paliaercs B

’- 5,2 ( \l)) 02 612 ‘\p

Ero u npeacrout HaM pewatb. OHO BHIMVISIAHT CJOXHee, 4eM
B cJayyae MJOCKHX BOJIH. Ho 3ameTbTe, 4TO €C/IH YMHOXHTb 3TO
ypaBHeHHe Ha r, TO nonquca

L) — -2 ()= (20.34)

9To ypaBHeHHe T'OBOPHT HaM, YTO GYHKUHS 7) YyNOBJETBOpPSET
OZHOMEPHOMY BOJIHOBOMY YpaBHEHHIO MO NepeMeHHO# r. Mcnosb-
3ys 4acTo NOAYEePKHUBABIUMHACH HaMH OOIMH NpPHHLHO, YTO Y
ONHHUX U TeX XXe ypaBHeHHH W pelleHHs OAHH M Te Xe, Mbl NPH-
XOMHM K BBIBOAY, UTO €C/AH r\p OKaxKeTcsi QYHKIHEH ONHOrO TONbKO
(r —ct), T0 oHO ABUTCA pelleHHeM ypaBHeHus (20.34). Hrak,
Mbl 06HapyKHuBaeM, YTo cdepuueckre BOJIHbI 06583aHbl HMETb BUA

rp(r, )y=F(r —ct).
Unu, kak Mbl BHJe/U paHbllle, MOXHO B PaBHON CTeNeHH CYHTATh
r umeroum popmy
r
rp = f(t — -z-) .

[lenss Ha r, HAXOAMM, YTO XapaKTepH3yiollas MNoJe BeJHYHHA P
(uem 6Bl OHA HHU 6Obl1Aa) HMeeT BHA

p=tu=ria (20.35)

r

02
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Due 206. Cohepuueckan soana = f({t — r/c)/r.

a—3a8ucumocTe ) OT r npu t ==, u Ta He 80AHa 8 60ace No30HUIl MOMENHT BpemMeHY t;)
6 —3asucuznocte P OT ¢ npU r==r, u Ta J%e camasa GOAHA HA PACCTORHUU T.

Takas ¢yHkuus npencraBasieT cepHuecKylo BOJNHY OO6LIeroBuaa,
pacrnpoCcTpaHsIOULYIOCS OT HayaJja KOODAHHAT CO CKOPOCTbIO C.
Ecan sa muHyty 3a6biTh 06 r B 3HaMeHaTese, TO aMIJHTyIa
BOJIHbl KaK (QYHKIHS pacCTOSHUA OT Hauyaja KOOPAHHAT B KaX-
Iblii NaHHBIH MOMeHT o6/1afaeT ompelaieHHON dopMoii, KoTopas
pacnpoctpaHsieTcs co ckopoctblo ¢. OnHako r B 3HaMeHaTeJse
TOBOPHT HaM, 4TO MO Mepe TOro, KaK BOJIHA pacnpocTpaHsercs,
€e aMIVIHTYJa y6biBaeT nponopuuoHanbho 1/r. ubiMu c/i0BaMHu,
B OT/IH4YHe OT MJIOCKOH BOJIHBI aMIJIMTylda KOTODOH OCTaeTcsl NpH
LBHXXEHHH BCe BpeMsi ONHOH M TOH XKe, aMnauTyaa cdepHyeckod
BOJIHBI GecnpepbiBHO cnagaet (¢ur. 20.6). AtoT ¢akT aerko mno-
HSITb M3 MPOCTBIX (PH3HYECKUX COOOpPaXKEHHH.

Mbl 3HaeM, 4TO NJAOTHOCTb 3HEPrUH B BOJIHE 3aBHCHT OT KBaJ-
pata amnauTyasl BoJHbl. [lo Mepe Toro kak BonHa pasberaetcs,
€e 3Heprus pacnJbiBaetcs Ha Bce 6oJbuIyIo H 60/1bLIYIO MJIOLAND,
NponopluMoHabHYyl0 KBaApaTy pajauyca BoJHbB. Ecau nosanas
SHEPrHsl coXpaHseTcs, MJOTHOCTb SHEPrHH JOJKHA yObIBaTb Kak
1/r%, a ammnautyga —kak 1/r. [Tostomy ¢opmyna (20.35) nas
cdepuuecKoH BOJIHBI BIIOJIHE «Pa3yMHa»,

Mbl HTHOpHpPOBa/H Jpyroe BO3MOXKIIOe pelleHKe OJHOMEpPHOro
BOJIHOBOTO ypaBHeHHs

ro=g(t+7)
HJIH

b= g(t—’Fr/c)'

3rto ToxXe chepuyeckas BoJHA, HO Oeryuias 8HYTPb, OT 60Jb-
IIMX r K HayaJ/Jy KOOpJHHaT.

Tem camblM MBI JeslaeM HEKOTOpOe CnellHaJbHOE NPEAINoJo-
KeHne. Mbl yTBepx1aeM (6e3 Kakoro-JH60 NOKa3aTe/IbCTBA), YTO
BOJIHBI, CO3[aBaeMble HCTOYHBHUKOM, Bcerja Oeryt TOJbKO OT Hero.
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ITockosbKy MBI 3HaeM, YTO BOJIHLI BEHI3LIBAIOTCSl NBHXKEHHEM 3a-
psAO0B, Mbl HacTpauBaeMCs Ha TO, YTO BOJIHBI 6eryT OoT 3apsijoB.
Bb1j10 Gbl AOBOJIBHO CTPAHHO NpPEACTaBASATb, YTO NMpexae YeM 3a-
psfbl OblIM NpHBeleHbl B JABHXeHHe, cepHyecKas BOJNHA YXKe
BbILIIA U3 GeCKOHEYHOCTH M mpuObLIa K 3apsigaM Kak pa3 B TOT
MOMEHT, KOrla OHH HayaJH IleBeJHTbCcS. Takoe peuleHHe BO3-
MOXHO, HO ONBIT NMOKa3blBaeT, YTO, KOraa 3apsfbl YCKODPSAIOTCS,
BOJIHBI PacCnpoCTpaHAIOTCA OT 3apsioB, a He K HUM. XOTb Yypas-
HeHusi MakcBeasa npegoctaBJ/siloT 06eHM BOMIHAM paBHble BO3+
MOXKHOCTH, Mbl NpHBJeKaeM 006asounbili (akrT, oCHOBaHHbIH Ha
OmbITe, YTO «PH3UYECKHMM CMbICJAOM» 06/MagaeT TOABKO PAaCXOnsi-
I ascs BOJHA.

Hy»Ho, ofHaKo, 3aMeTHTb, YTO H3 3TOro J06aBOYHOrO Npen-
MO/I0XKEHHS1 BbITEKAaeT HHTEpecHOe CJeACTBHe: Mbl TepsieM TMpH
35TOM CHMMETPHIO OTHOCHTEe/JbHO BpeMeHH, KOTopasi ecTb y ypas-
HeHu#l MakcBenna. Kak ucxoanble ypaBHeHus aasi E u B, taku
BbiTEKaloulye M3 HHUX BOJIHOBble YpaBHEHHS TIIpH H3MEHEHHH
3HaKa { He MeHsIOTCcA. TH ypaBHEHUSl YTBEPXKAAIOT, YTO JOGOMY
pelleHHlo, KOTOpoe OTBeuaeT BoJHe, Oeryuled B OILHY CTOpOHY,
OTBeYaeT CTO/b Ke NMpaBH/AbHOe pelleHHe AJs BOJHBI, Geryuiei
B o6paTHyl0 cTtopoHy. U yTBepxpaasi, uto Mbl HamepeHL OpaTb
B pacyeT TOJIbKO pacxojsiinecs chepHyecKkHe BOJHBI, Mbl 1€/1aEM
TeM CaMblM Ba)KHOe JOMOJHHTe/JbHOe npeanooxeHue. (OyeHb
TUfAaTe/JbHO M3ydyaJacb Taxas 3/]eKTPOAHHAMHKA, B KOTOPOH 06X0-
natcs 6Ge3 3TOro JOMOJIHMTEJbHOro npeanosoxenns. Kax sto uu
YAHBHTE/NbHO, HO BO MHOTHX 0OCTOATE/NbCTBAX OHA He Npusoour
K Gusuueckun abcypaHbiM pesyabTataMm. OnHako obcyxaeHue
3THUX UAel Temepb YBJEKJO Obl HAC yepecuyp B CTOPOHY. Mbl mo-
rosopuM 06 3TOM noapoGHee B ra. 28.)

HyHo ynoMsHyTb ewe 06 oaHoM BaxKHOM ¢akrte. B Hauem
pewieHnn Aas pacxopsiweiics Boanbl (20.35) ¢yHkuus ¢$ B Ha-
gaje KoopauHaT OGecKoHeyHa, IDTO KaK-TO HeoOblyHO. Mbl 6bl
NpeAnoyJyd HMeTb TaKHe BOJIHOBbLIE pellleHHs, KOTOpble TrJaigKH
nosciony. Hauwe pemenue ¢H3uyeckKH OTHOCHTCS K TaKOH CHTya-
LMK, KOrla B Hayajle KOOpPAMHAT pacnoJiaraercs HCTOYHHK. 3Ha-
YHT, Mbl HeuasHHO CHAeJaJH OAHY OWHOKY: Hawa ¢opmysa
(20.35) He sABJseTCs pelleHHEeM CBOGOJHOrO BOJIHOBOIO ypaBHe-
uua  (20.33) noscrody; ypaBHenue (20.33) ¢ HyJeM B npaBo#H
YaCcTH pelleHO TNOBClOAY, KpoMe Hauajaa koopauHat. Ouin6ka
BKpaJiach OTTOTO, YTO HEKOTOpble NeHCTBHS NPH BbIBOAE ypaBHE-
Kust npH r = 0 «He3aKOHHBI».

[TokaxeM, uTo Ty »Xe caMmylo OWHOKY Jierko caenaTh H B
3JeKTpocTaTHKe. [lonycTHM, 4TO HaM HYXHO pellHTb yYpaBHeHHe
3/IeKTPOCTATHYECKOrO MOTEHIHa/Ja B MNYCTOM TNPOCTPAHCTBE
V%p = 0. JlannacuaH paBeH HyJI0, NOTOMY YTO MBI IpPeAnoJo-
KHJAH, YTO HUKAKHX 3apsaoB Hurie HeT. Ho Kak oGcToMT neso
€O c¢epHUYECKH CHMMETDHYHBIM pelleHHeM YypaBHeHHs, T. €. C
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¢yHkuuen @, 3aBucsied Toabko ot r? Hcmosab3ys aas snanga-
cuaHa ¢opmyay (20.32), noayyaem

1 d?
-7 (re)=0.

T dr

YMHOXHB 3TO BbIpaXKeHHe Ha 7, NIPUXOAUM K yXKe HHTerpHpOBaB-
leMycsl ypaBHEeHHIO

d?
=7 (re) =0.

[TpounTterpupoBaB ofMH pa3 mo r, Mbl YBHAUM, YTO NepBasi Mpo-
M3BOMHAsl r¢ paBHA INOCTOSIHHOH, KOTOpYIO Mbl 0GO3HauYuM ue-

pes a:
d
= re)=a.

Ewe pa3s mpouHTerpuposas, Mbl NMOJAYYHM AJs r¢ Gopmyay

ro=ar +b,
rie b— npyras nocrosiHHass uHTerpupoBaHus. Mrtak, Mbl oGHa-
PYXKHJIM, UTO pelleHHe /st 3JIeKTPOCTAaTHYeCKOro NMOTeHIHaaa B
MyCTOM NMPOCTPAHCTBC HMeeT BUJ

b
P=a+—.

UTo-TO 3a€Ch ABHO He TaK. Mbl e 3HaeM pelleHHe A5 3JeKT-
pOCTAaTHYECKOr0 MOTeHIHaJsa B 06/1aCTH, rle HeT 3JeKTpHYeCKHX
3apsAN0B: NOTEHUHAJ BCIOAY NOCTOsiIHEH. DTO COOTBETCTBYeT nep-
BOMY cJlaraeMoMmy B peuieHud. Ho uMeeTcs elue ¥ BTOPOH uJjeH,
NOACKAa3blBAOUWIMIA HaM, YTO B NMOTEHIlHAJ JaeT BKJajJ He4yTo, Me-
HAKCWeecss Kak l/r. Mbl 3HaeM, OZHAKO, 4TO NOAOGHBIH NOTEH-
IlHaJ COOTBETCTByeT TOYEYHOMY =2apsily B HayaJje KOOpAHHAT.
Crtano GbiTb, XOTb Mbl M JAyMaJH, YTO HAULIH pellleHHe Js NO-
TeHUHaJ/Ja B NyCTOM NpPCCTPaHCTBe, HAale pelleHHe (aKTHYECKH
JaeT HaM TakKXXe MoJie TOYEYHOro HCTOYHHKA B Hayaje KOOpAH-
HaT. Bbl 3ameuaere CXOACTBO MexJay TeM, UTO ceHuyac MpPOHM30-
IIJO, H TeM, YTO NMpPOM3OLIJIO TOrAa, Korga Mbl HCKaau cdepH-
YeCKH CHMMETPHYHOE pelleHHe BOJIHOBOro ypaBHeHHsA? Ecuau 6bl
B Haya/Je KOOpAHMHAT OEHCTBHUTEIbHO He ObLIO HHU 3apsfoB, HH
TOKOB, TO He BO3HHK/AH Gbl U cepHUYeCKH pacxoisliHecs BOJIHBI,
CdepHyeckre BOJIHBI JOJIXKHBI BbI3bIBATbCSI HCTOYHHKAMH B Ha-
yaJje KoopAMHaT. B crnenyiouteft rmaBe Mbl HCC/lefyeM CBs3b Me-
MY H3/JyyaeMbIMH 3JeKTPOMAarHUTHBIMH BOJHAMH U BHI3bIBAlO-
LIHMH HUX TOKaMH H HanpsKeHHIMH.



raaoa 21

PEWEHUA YPABHEHUM MAKCBEJIJIA
C TOKAMHU H 3APAJAMH

§ 1. Cser u anrexTpomazrurHsle 80AHbL

B npenbinyluet rinase Mbl BHAEIH, YTO CpelH
peureHHH ypaBHeHHit MakcBessla ecTb 3JieKTpo-
MarsuTHele BoJIHbl. CBeTy, paaino, PEHTTeHOBCKHM
JyyaM M T. A. OTBeYaloT 3JeKTPOMarHUTHbIE BOJI-
Hbl, OT/IHYAIOI{HeCs TONbKO AJNHHOH BOJHbL. Mbl
yXKe MNOAPOGHO H3yuaad pasJiyHble sIBJEHHS,
cBsI3aHHBIE €O CBeTOM. B 3To/ rsiaBe MBI XOTHM
cnA3aTh 06a Bompoca W noKasaTb, YTO YypaBHe-
Hua MakcBesa NeHCTBHTENbHO MOTJIH CJYXHThb
OCHOBO/ A/l H3y4YeHHUs CBOHMCTB CBeTa.

Hawe u3yyeHue cBeTa Mbl HayaJH ¢ TOro, 4TO
BHINHCAJ/IH ypaBHeHHe /IS 3/MeKTPHYECKOro moJs,
€03J1aBaeMoro 3apsjoM, KOTOpbIH MOT Kak-TO
NpOH3BOJIbHO JABHraThCsl. YpaBHeHHe HMENO BHJ

E=4:eo[r2+c dt(er')+ )

d
+ 02 rr er]’ (2L.1)
cB=-¢e¢- XE

[cM. ra. 28 (Bbin. 3), BoipaxeHue (28.3)]*.
Ecnu 3apaa ABMXKeTCH NPOHM3BOJIbHBIM 06pa-
30M, TO 3JieKTpHUeCcKoe MNoJe, KOTOpOe cylle-
CTByeT B HEKOTOPOH TOYKe, B HACTOAWUL MOMERT
3aBHCHUT TOJIbKO OT MONOXKEHHA M JBHXeHHs 3a-
psna B 60.4ee panHuli MOMEHT BpeMeHH, OTCTalo-
LKA Ha HHTEepBaj, HeoOXOAWUMBIA AJS TOrO,
4TOOLl CBeT, ABHrasiCb CO CKOPOCTbIO ¢, Mpouien
pacctosinue r’ oT 3apsaaa A0 TOYKH noas. Mueimu
C/IOBAMH, €CJIM BaM HYXKHO 3HaTb 3JeKTpHueckoe
nose B Touke (/) B MOMEHT {, Bbl JOJ/IKHbI MOJ-
CYHTaTb TOJNOXKeHHe (2°) 3apsila W ero ABHXKe-
Hue B MOMeHT (¢ —r’/c) [rae r’ — paccTosiHUe 10
Touku (/)] u3 nonoxkenus zapsga (2’) B MOMEHT

* C oGparrbiM 3nakoM CM. pasabuie. — [Tpum. ped.
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CseTr u 3JeKT-
pPOMarHUTHbIE
BOJIHbI

Cdepuvecksue
BOMHbLI  OT TO-
YyeyHoro
MCTOYHUKA

Odmee pewerne
ypasHeHxi
Makcseana

Moas xoneGato-
werocst aunoas

MoTteHunansi
JABUXKYHIErocs
sapaaa; oouwee
pewenue  Jlpe-
Hapa u

Buxepra

NoTtexHunannbl
3apsaja, ABHKY-
merccst € nOCTo-
AHHOK cKopo-
cThio; (opmyna
JlopeHua

Ilosropurs: ra. 28

(Bbin. 3) «3dae-
KTPOMarHuTHoOe
H3JyYeHue»;

ra. 31 (Bbin. 3)
«Kak Bo3Hnkaet
nokasareap
npeaoMaeHus»;
ra. 34 (sbin. 3)
«Penstnenct-
CKHEe sBaeHus B
U3nyueHuun»



duz 21.1. Moan 8 roure (I) M

8 MOMeHT t 3a8ucAT OT T020 no-
aoxcenun (2°), koropoe 3apad g N
sanuman 8 moment (¢ —r’fc).

Nonoxerive

6 MOMeHm
t-ric

(2)X

lMonoscenue
8 momenm t

(t—r’/c). LlTpuxu 3mecb HanoMHHAlOT BaM, 4TO r’'—3TO TakK
HasblBaeMoOe «3anasjblBalolllee paccTosHHe» OT TO4KH (27) K
Touke (/), a BOBCe He TeMepellHee pacCTOSIHHEe MeXAy TOY-
KO (2) — noJsioxeHHeM 3apsila B MOMeHT ! — i Toukoil noas (/)
(¢ur. 21.1). 3ameTbTe, u4TO cefilyac Mo-HHOMY OMNpejensieTcs Ha-
npceneHue eAMEMYHOro BekTopa e, B ra. 28 u 34 (Bbin. 3) Mbl
yc/a1aBJIMBAJIMCh, YTO (M, cTaNo ObiTb, €;) OydeT MOKa3biBaTh Ha
HCcTO4HHK. Tenepb ke Mbl cjeayeM onpeeneHHIO, HCNIOAb3YyeMOMY
B ¢opmyaupoBKe 3akoHa KysoHa, no KOTOpOMY r HanpasJ/ieHO
or 3apsana [B touxe (2)] x Touke (I) noas. EauHcTBeHHOe OT-
JHYHe B TOM, YTO HOBOe I (H €;) NMPOTHBOMOJIOXHO CTapoOMY.
Mbl Buged TaKXKe, 4TO eCJH CKOPCCTb 3apsjla U Bceraa
MHOrO MeHblle ¢ U €C/JIM PacCMaTpPHBAIOTCA TOJIbLKO TOYKH, CHJBHO
yaaneHHble OT 3apsajga, Tak 4to B (21.1) cymecTBeHHO Jullb
noc/aeqHee cjaraeMoe, TO NOJSI MOXKHO TaKKe 3anucaTh B BUJE

E_ g | MpoeKuUHsi yCKOpeHUs 3apsiia B MOMEHT 21.1')
=—_1 p .
4neoc™r | ¢ — — wa Hanpassienwe, nomepeunoe K r’

U
cB=e~ XE.

Paccmorpum GoJsiee neTaslbHO, 4TO gaeT NOJHOe YpaBHEHHe
(21.1). BekTop €, — 3TO eQMHHYHLIIl BEKTOp, HANpaBJ/IEHHBIA OT
«3anasapiBatouleit» toukd (2’) k touke (/). Torpa mepsoe cua-
raemMoe JaeTr TO, Yero cJaefoBaJjo Gbl OXHAATb, €CAH Obl 3apsil
B CBOEM «3ama3ibiBaiollleM» [OJIOXKEHHH CO3[aBaj KYJOHOBO
noJle, — 3TO MOXHO Ha3BaTb «3aMa3fAblBAlOLIHM KYJOHOBbIM MO~
JneM». DJleKTpHYecKoe moJje O06GpaTHO MNpONOPUHOHAJIBHO KBal:
paTty paccTosiHMA M HanpaBJ/IeHO OT «3ana3dblBaloOLIEro» MNOJoXe-
HHs 3apafa (T. e. MO BEKTOPY e,).

Ho 310 Tosbko nepsoe craraemoe. OcTaJsibHble HANIOMHHAIOT
HaM, YTO 3aKOHbI 3JIeKTPHYECTBA K€ YTBEPXKMAAIOT, 4TO BCE IOJHA,
ocTaBasich, KaK M OblIM, CTaTHYECKMMH, HAYHHAIOT NPOCTO 3a-
na3jbiBaTh (@ Takoe yTBEPXKAEHHS MOPOi MPHUXOAUTCS CJBIILATH).
K «3anasibiBatouieMy KyJOHOBY MoJio» Hafo A06aBHTb ABA ApY-
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TUX c/aaraeMblX. Bropoe roBopHT, YTO K 3anasjbliBaiolleMy KyJo-
HOBY MOJIIO HAaflo CAenaTbh «NONpaBKy», PaBHYIO 6bicTpoTe usdme-
HeHus 3amna3[blBaloLIero KyJOHOBa MOJs, YMHOXEHHOH Ha r’/c,
T. e Ha caMo 3anasfbiBaline. TOT MHOXHTEJb KakK Obl CTpEMHTCS
CKOMNEHCHPOBATh 3amna3fibiBaHue B mepBoM. [Jga nepBHIX cJarae-
MBbIX COOTBETCTBYIOT BBIYHCJEHHIO «3ama3iblBalollero KyJOHOBA
noJisi» U 3aTeM 3KCTpanoJsiudd ero B Gyayiuee, Ha Bpems r’'/c,
T. €. KaK pa3 Kk momenTy f! DKCTpano/asuusi JuHeliHa, KaK eC/lH
6bl Mbl MPEeANOJIOXKHJH, YTO «3ana3jblBaiolllee KYJOHOBO MoJie»
6yleT no-npeXHeMy H3MEHATbCA €O CKOPOCTbIO, pacCYUTaHHOH
s 3apsana B touke (2’). Ecau nose MeHsieTcst MelIeHHO, 9 deKT
3ana3AblBaHUs NMOYTH MOJHOCTBIO CBOAMTCS HA HET MONPaBOYHLIM
cjaraeMblM, M 06a c/aaraeMblX BMecCTe NPHBOAAT K BeJHYHHE
3JIeKTPHYECKOr0 NoJisl, OYeHb G/H3KOH K «MTHOBEHHOMY KYJIOHOBY
noJo» 3apsja, Haxoasuierocsi B Touke (2).

Haxoneu, B ¢opmyse (21.1) umeercss eule TpeTbe cJjarae-
Moe — BTOpast NpOH3BOJHAs e€AUHHYHOro Bextopa e/, M3yuas sB-
JieHHe CBeTa, Mbl MO CYLECTBY HCNOMb30BaJH TOT (akT, 4TO
BAAJH OT 3apsifia ABa NepBbIX cJaraeMblX yOGbIBalOT Kak o6par-
HbIH KBaZpaT pacCTOAHMA U Ha OO/bIIHX DACCTOSHHSAX OKa3bl-
BAlOTCSl C/JAHIUKOM C/aa6bIMH MO CPAaBHEHHIO C TPETbHUM, KOTOpoOe
y6eiBaeT Kak 1/r. [loaToMy MBI cOCpefOTOYH/IM Halle BHUMaHHe
Ha noc/jejHeM CJaraeMoM H NoKasaJid, 4TO OHO (OMsATb-TaKHW Ha
GOJIbIINX PACCTOSIHUAX) NpPONOPLHOHA/IBHO KOMIOHEHTE YCKOope-
HHUAl 3apsila, nomnepe4yHoil K JMHUH 3peHusa. (Kpome Toro, nourtu
BCIOZly paHee Mbl pacCMaTpHBAaJ/M TOJbKO CayyaH, Koraa 3apsibl
ABHMa/MHCh Hepe/siTHBHCTCKH. PelsiTHBHCTCKHe 3P deKTh paccMar-
pHBafLHCh TOJbKO B I, 34, BhiN. 3.)

Terepb HyXHO nonpo6oBaTb CBSi3aTh 3TH JABe Belld. ¥ Hac
ecTb ypaeHeHus MakcBensna u ectb ¢opmyaa (21.1) aas noas
TOueyHoro 3apsma. EcTecTBEHHO CNPOCHTb, 3KBHUBAJEHTHH JIH
oun? Ecau mbl cMoxkem BhiBectn (21.1) u3 ypaBHeHumil Makc-
BesJa, TO AeHCTBHUTe/IbHO NMOHMeM CBfi3b CBeTa C 3/JeXTpOMarHe-
TH3MOM. BrIBox ee u ecTb raBHas LeJb 3TOH JaBhl.

BrisicHsieTcsl, 4TO NMOJMHOrO BBIBOAA MBI CHe/NaTbh HE MOXeM —
yepecyyp CJO0XHble MaTeMaTHYeCKHe AeTa/jd He NO3BOJAAT HaM
BLIHTH ¢ noJs 60 6e3 notepb. Ho Bce e Mbl nojgoiaeM K Hemiu
JNOCTAaTOYHO OJ/IM3KO, TaK YTO Bbl JIEFKO NoHMeTe, KaK MOXKeT ObIThb
YCTaHOB/JEeHa HHTepecyloulass Hac CBsI3b. Mbl ONycTHM JHLIb He-
KOTOpBle MaTeMaTHueckHe AeTatd. MaTeMaTHKa 3TOH rJaBbl MO-
JKeT MOKa3aTbCsd HEKOTOPbIM M3 Bac JOBOJIbHO CJOXHOH, H, BO3-
MOXHO, BaM JaXe CTaHeT CKYYHO CJ/JedHTb BHHMAaTe/JbHO 3a Bbl-
BofoM. Ho Mbl Bce e cyHTaeM, 4TO OuYeHb BaXKHO CBf3aThb TO,
YTO Bbl Y4YW/JH paHbllle, C TE€M, YTO Bbl H3yuyaeTe ceHyac, HJIH MO
KpaiHeil Mepe NpPOAEMOHCTPHPOBATD, KaK 3Ta CBA3b MOXeT OHITD
yctaHoB/aeHa. Ecau Bbl He 3aGblMM npexHHe rmaBbl, TO obpaTure
BHHUMaHHe Ha TO, 4YTO BCAKHH pas3, Kak Mbl NPUHHUMAJIl HEKOTO-
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poe BbICKa3blBaHHE 33 HCXOAHYIO TOYKY 0OCyXAeHHs, MLl 3a60T-
JIUBO OOBACHAJ/H, fIBJSETCA JH 3TO BbICKa3blBaHHE HOBBIM «I0-
nyllleHHeM», T. €. OTpa)kaeT JH OHO OCHOBHOH 3aKOH NpPHPOAbLI
HJIM e ero MOXXHO B KOHEYHOM cyeTe BbIBECTH H3 KaKHX-TO ApY-
rHX 3aKoHOB. Jlyx 3THX Jexkuu#t o6s3biBaeT Hac oO6CYAHTb CBS3b
MexX1y CBeTOM M ypaBHeHMAMH MakcBensa. Moxer ObiTb, Bam
Oynet Koe-rie M TPYAHO—C 3THM YXX HHYero He mnojesaellb:
JpYroro NyTH He CYLIECTBYET.

§ 2. Cpepuuecxue goanot or ToOweuno20 ucToUHUKA

B ra. 18 Mbl ycTaHOBHJIM, 4TO ypaBHeHUs1 MaKcBen/1a MOXHO
pewartb NoACTaHOBKO#

oA
E="V‘p_a_t (21.2)
H
B=V XA, (21.3)
rie @ H A 06s3aHbl YIOBJETBOPSITb Y PABHEHHSAM
o — L9 __ o -
Vo — G =" (21.4)
H
0 1 92A i
VA T o2 T T g2 (21.9)
H, KpOMe TOro, yCJOBHIO
—_ 1 9
Via=— 22 (21.6)

Haiinem tenepb pewenue ypaBrenuit (21.4) u (21.5). Haa
3TOrO Haf0 YMeTb pellaTh ypaBHeHHe

2

Vip— St — (21.7)
rie BeJHYHHA S (KOTOpasi Ha3blBaeTcs HCTOYHHKOM) H3BecTIIa.
fcno, uto ans ypaBHenusi (21.4) s cooTBeTcTByeT p/eo, a P —
3TO0 @, a Aas ypaBHeHus (21.5) s cOOTBETCTBYeT Jx/eoc?, ecau
Y —310 Ax, 1 T. . Ho Hac uHTepecyeT 4HCTO MaTeMaTHyecKas
3ajauya peuieHus (21.7) Ge30THOCHTE/NBHO K TOMY, KaKOB (H3U-
YeCKHH CMBICJ § H S.

TaM, rae p v j paBHBI HY/IO (3TO MeCTO Ha3blBaeTcsl «NyCToO-
TOH»), TaMm noteHuHaasl @ 4 A u nois E u B ynosnerBopsioT
TPeXMepHOMY BOJIHOBOMY YypaBHEHHIO 6e3 HCTOYHHUKOB; MaTeMa-
THYecKasi popMa 3TOro ypaBHeHHS TAKOBa:

2 1 0% __
Vi — — S =0. (21.8)

147



B ra. 20 MBI BHASMH, UTO pelIeHHs] 3TOrO ypaBHeHMsl MOTYT npel-
CTaB/ATb BOJIHbI pa3HbIX COPTOB: MJOCKHE BOJHDLI, Oeryuiue B
x-Hanpasjeduu P = f(f — x/c); naockue Bo/MHBI, Geryuiue BAOIb Y
HWJH BAOJb Z HJAH B J1I06G0OM APYroM HanpaBJ/eHHH; cepHUCCKHE
BOJIHBI BHJa

Y(x, y, 2, )= mr—'@ (21.9)
(Pewenns MoxHO 3anucaTh MHaye — HanmpuMmep, B BHAe LMJIHHI-
PHYECKHX BOJIH, pa36eraroiuxcs OT OCH.)

Mbl Toraa 3ameTiiu, yto ¢usuyecku ¢opmyna (21.9) ortHo-
CHTCS He COBCEM K NMYyCTOTe: B Hauyaje KOOPAMHAT AO/KHbI ObiTb
KaKHe-To 3apsifibl, HHaye pacXOAsl[ascs BOJHA He NOJYYHJach
Obl. MnbiMu caoBamH, ¢opmynaa (21.9) ecTb pelueHHe ypaBHeHHS
(21.8) Bclomy, KpoMe HenocpeACTBEHHOH OKPECTHOCTH TOYKH
r=20, rge (21.9) npeacraBaser co6oil peuieHHe NOJHOrO ypas-
HeHus (21.7), B npaBOil yacTH KOTOPOrO CTOSAT HUCTOYHHKH. [la-
BaiiTe Tenepb NMOCMOTPHM, YTO 3TO 32 ypaBHeHHe, T. e. KaKoro
pola HCTOYHHMK § B ypaBHeHnu (21.7) nonxeH BbI2BaTb BOJIHY
tuna (21.9).

[Tpennonoxum, uto nMeercss chepuueckas BoJaHa (21.9), u no-
FASAKM, BO YTO OHa MNpeBpallaercs Npu oueHb Maablx r. Toraa
2ana3fibiBaHHeM —r/c B [(f —r/c) MOXHO npeHe6Gpeub, H TO-
Cko/bKY GyHKLHA f niaBHas, ¢ npeBpalnaertcs B

p=1% (- >0). (21.10)

HTtak, j B TOYHOCTH NOXOXKe Ha KyJOHOBO noJe 3apsaa, pacnoso-
JXEeHHOro B HayaJjle KoopAauHaT. Mbl 3HaeM, 4To AJs He6OJbLIOrO
CrycTKa 3apsifia, OrpaHHYEHHOro OYeHb MaJsoi 06./acTbio 6/1H3 Ha-
ya/sa KOOPAHMHAT M HMEIOLIEro MJIOTHOCTb P,

Q/4ne
==
rie Q= S odV. Takoil noteHuHa/l @ yKOBJETBCPsAET YpaBHEHHIO

Vop=—-"-.

€

Cioenys TeM e pacyeTaM, MH AOJXKHbI GblaM Obl CKa3aTh, YTO
Y u3 Boipaxkenus (21.10) ynos/ieTBOpsieT ypaBHEHHIO

Vpy=—s (r—0), (21.11)

rie s cBsi3aHo ¢ f dopmyJoi
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npu
S= Sst.

EnuHcTBeHHast pasHkuLa B TOM, 4TO B o0lleM cJayyae S, a, CTaJjo
ObITb, © S MOXeT 0Ka3aTbCsl QYHKIHEH BPEMEHH.

[anee oyeHb BaXXHO TO, 4TO ecau P ynoBaetrBopsier (21.11)
NpH MajblX r, T0O OHO yaoB/aerBopsieT Takxke u (21.7). Ilo mepe
npubJUKEHUsT K HayaJy KOOPAMHAT 3aBHUCHMOCTb W OT r THNA
1/r npuBOAMUT K TOMY, YTO NPOCTPAHCTBEHHbIE NPOU3BOAHBIE CTa-
HOBSITCSl OYeHb GOJbLIMMH. A NPOH3BOOHLIE MO BPEMEHH OCTAOTCS
TeMHu xe. [ITo npocto npoussoaubie f(¢) no Bpemenn.] Tak yTo,
KOrja r CTPeMHTCsl K HYJ/IO, MHOXXHTesneM O0*p/0f? B ypaBHeHHH
(21.7) no cpaBHeHul0 ¢ V%) MoxHO npeHeGpeub, u (21.7) craHo-
BHUTCS 5KBHBAJ/IEHTHBIM ypaBHeHuo (21.11).

[ToppiTOXKMBAs, MOXKHO CKa3aTh, YTO €CJAH (HPYHKI U UCTOUHHUKA
s(f) u3 ypaBHenus (21.7) cocpeaoToueHa B HazaJje KOOPIAHHAT H
ee o61asi BeJHYMHA paBHA

S(t)=Ss(t)dV, 21.12)
TO pelleHHe ypaBHeHus (21.7) uMeet Bup
P, g 2, == (21.13)

Bnausnue cnaraemoro ¢ 0%p/0f2 B (21.7) ckasbiBaercs JHlIb Ha
NOsIBJIEHNH 3ana3fblBaHus ({ — r/c) B mnoTeHuHa/e KYJIOHOBa
THIA.

§ 3. O6wee pewenue ypasnenui Maxcaeara

Mb Hawnu pewenue ypaBHeHus (21.7) anAa «ToyeyHoro»
uctoyHuka. Tenepb BcTaeT HOBHIA Bompoc: KakoB Buj pelleHus
IJ151 paccpefoTOoYeHHOro ucToyHuka? Hy, 3To pewuthb Jerko; Bcs-
KHH HCTOYHHK S(X, Y, 2, {) MOXKHO CUHTATb COCTOSILUUM M3 CYMMBI
MHOTHX «TOYEYHbIX» MCTOYHHKOB, PaCHOJIOXKEHHBIX MOOJHHOYKE
B Ka)XJIoOM 3JieMeHTe o6bema dV u uMelouux cuay s(x, y, 2, t)dV.
IMockoabKy (21.7) nuHefiHO, cyMMapHoe noJie NpeicTaBJ/sieT CO-
6ol cymepno3uuUIO MoJieft OT BCeX TAKHUX 3/JeMEeHTOB HCTOYHHKA.

HUcnosb3ys pesyabTathl npeabifyuiero naparpadajem. (21.13)],
MBI TIOJIYYHM, 4YTO B MOMEHT { noJje diy B Touke (X1, Y1, 21) [HaH,
Kopoue, B Touke (/)], cosmaBaemoe sseMeHTOM HCTOYHHKA sdV B
TOuKe (X2, Yo, 22) [MaH, Kopoue, B Touke (2)], BeIpaxkaercsa ¢op-
MyJ10H
3(2, t—flz/c) dV;

4mr,

dy (1, )=

riae riz— paccrosiiue ot (2) o (/). CnoxeHHe BKJIaLOB OT BCex
YaCTEA HCTOYHHKA O3HAYaeT, KOHeYyHO, MHTErpHpoBaHHe NO Bcel
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o6aacTy, riae s 5= 0, Tak 4TO Mbl HMeeM

2, t —
(1, = (L0l gy, @21.14)

Huavye rosops, none B Touke (/) B MOMEHT BpeMeHH ! NpeacTaB-
JaseT co6oit cymMMy Bcex chepHUeCKHX BOJH, HCIYCKAaeMblX B MO-
MEHT [ — rip/c BCeMH 3/J1eMeHTaMU HCTOYHHMKA, PacroJ/I0XEeHHOro
B Touke (2). Boipaxenue (21.14) sBJasieTCsl peleHHeM Halero
BOJIHOBOTO YpaBHeHHs [Js JIOOOH CHCTEMBl HCTOYHHKOB.

Tenepb Mbl BUAMM, KaK NoJy4yaTh oOlLlee pelleHHe YPaBHeHHH
Makcpenna. Ecin nogpasymeBaTb noA W CKaJ/sipHbIA MOTeH-
uMan ¢, To QyHKUHMs HCTOUHMKA § mpeBpallaercs B p/e. A Mo-
XKHO CYHTATb, YTO P NpeACTaB/sET OJHY U3 TpeX KOMMNOHEHT BeK-
TOpPHOrO MnoTeHuasa A; Torga § O3HayaeT COOTBETCTBYHOLLYIO
KOMNOHEHTY j/eoc?. CTano GbiThb, €C/H BO BCeX TOYKax H3BECTHA
NJOTHOCTb 3apsiiioB p(X, Y, 2, {) ¥ NJOTHOCTb TOKa j(X, Y, 2, {),
TO pelleHHst ypaBHeHuH (21.4) u (21.5) MoOXHO BHINHCATb He-
MelJIeHHO:

o, = L&i=nddd gy, (21.15)
A, = {182l gy, 21.16)

Ilons E u B noayuarcs auddepeHuHpOBaHHEM NOTEHLUANOB
[ucnonb3yloTes Bhipaxenna (21.2) u (21.3)]. KeraTth, MoXxHO npo-
BEPHUTb ABHO, 4TO ¢ U A, noJyuerHble u3 (21.15) u (21.16), nei-
CTBHTEJIbHO yJ0B/IeTBOPSIIOT paBeHCTBY (21.6).

Mbl pemnsin ypaBHeHHs1 MaxkcBesasaa. B mo6bix o6cTosiTesb-
CTBax, €C/JH TOJNbKO 3aflaHbl TOKH H 3apsifibl, H3 3THX HHTErpaJjoB
MOXHO ONpeleJHuTb NOTEeHUHAAbl, a 3aTeM, npoauddhepeHUHPOBAB
HX, noJyyutb noas. Tem cambiM ¢ Teopueil MakcBes/a NOKOH-
uyeHo. M 3To nosBossieT HaM TakKXe 3aMKHYTb KPYr M BEPHYTbCS
K Hallled TeOpHH CBeTa, MOTOMY YTO AOCTATOYHO TOJBKO NOACHH-
TaTb 3JeKTPHYeCKoe MoJlie JBHXKYLUerocs 3apsijia, 4Tobbl CBA3aTh
BCe 3TO C Hallefi npexHeil Teopueit cBeta. Bce, uto Ham ocraercs
caesnath, — 3TO B3§iTb ABHMKYUIMACA 3apsill, BBIYKCJAHTb M3 3THX
MHTErpasoB €ro noteHuuan u 3arem u3 — Ve — 0A/0t, nudoe-
penuupys, Haiitu E. Msr nomxkuer nonyunts dopmyay (21.1). Pa-
60Tbl NPUAETCS NPOLRTaTh MHOTO, HO MPHHLHKN SICEH.

Htak, Mbl OOWJIH A0 LEHTPA 3JEKTPOMArHUTHON BCeNeHHOH.
Y Hac B pykax mnoJsiHasi TeOpusi 3/JeKTpHYeCTBa, MarHeTHsMa H
CBE€Ta, NOJIHOE ONHCaHHe NoJeH, co3laBaeMbIX IBHXYUIHMHCA 3a-
psdaMu, H MHOroe, MHoroe apyroe. Bce coopyeHune, BO3ABHIHY-
Toe MakcBesnsoM, Bo Bceil ero noJIHOTe, Kpace M Mollu ceiyac
nepel HaMd. DTo, MOXaJayi#, OAHO H3 BeJHYaHUIMX CBeplUEHHH
¢u3ukn. M uto6bl HanNOMHUTb O €ro BaXXHOCTH, Mbl NEpenucH-
BaeM Bce (OpMYJbl BMecTe H OGBOAHMM HMX KpacHBOH paMKoil.
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Ypasnenuss Maxceeara:
v.:-:=e£0, V.-B=0,
v><5=—%—'t‘, VX |3=el0 aa—':‘.
H ux pewenus:

E=—Vq>—%\.

B=V XA,

(8 t)=8%;;'?/c)dvz,

aQ, o= {E Il 4y,

§ 4. Noas korebarowezoca dunorn

Mpl noka eile He npoBeJid 0GelaHHOro BBIBoAA popmy el (21.1)
I/1s1 3JIeKTPHYECKOro MNOJIsi ABHXKYLIErocsi ToyeyHoro 3apsaa. axe
3Hasg TO, YTO MBI yXe 3HaeM, 3TOT BHIBOJ BCe paBHO Npofenarb
Henerko. Ham He ynmanoch o6Hapyxutb ¢opmyan (21.1) Hurne,
HH B KaKHX KHHXKKAX M CTAaTbfIX (KpOMe INepBbIX BBIMYCKOB 3THX
JIeKUHi1) *. DTO CBHJETEJbCTBYET O TOM, YTO BHIBOJ €€ He MpOCT.
(ITons pBuKylerocs 3apsiga 3anHChIBaJHCh HEOQHOKPAaTHO M B
JpYrux BHIax, KOTOpble BCe, KOHEYHO, S5KBHBaJ/JeHTHb.) Mel orpa-
HHYHMCA NO3TOMY 3Jechb T€M, Y4TO NMpPOCTO NMOKaXXeM Ha HeCKO/lbe
KHX npumepax, yto (21.15) u (21.16) mpuBOAAT K TeM XKe pe-
syabTataM, yto 1 (21.1). [lepBoIM menmoM Mbl NOKa)keM, 4YTO NpPH
TOM eJHHCTBEHHOM YCJOBHH, UTO ABHXKEHHE 3aPsKEHHOH YaCTHIbI
AIBJSIeTCA HepeJsTUBUCTCKUM, (21.1) npuBoAuT K NpaBH/IbHOH
BesMyuHe noJeil. (YKe 3TOT yacTHbii cayyait nokpeiBaetr 90%
BCEro Toro, yto GbIJIO CKa3aHO O fIBJEHHU CBeTa.)

Paccmorpum Takylo cuTyauuio, Korga UMeeTcsi CIyCTOK 3apf-
0B, KaKHM-TO o6pa3oM nepemelwlatouiuiics B Hebosblioi o6Ja-
cTH; TpebyeTcsl HAHTH co3[aBaeMble UM Te-TO BAaJjeKe OT 3TOro

* Qopmyna Guina BbiBegeHa P. ®eiiumanom B 1950 r. U nmpuBOAMTCSA
HHOr/a B NIeKUMAX KaK YAOGHbIA cmoco6 pacyeTa CHHXPOTPOHHOIO H3JYUYeHHS.
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MecTa nosasi. MOXHO NocTaBUTb BONPOC M Hilaue: Mbl HaiileM noJse
Ha TPOM3BO/ILHOM pPacCTOSIHUH OT TOYEYHOro 3apsiia, KOTOpbIH
Nno4yTH He3aMeTHO KoJebseTcsa BBepX M BHH3. [locko/bKy cBer
OObIYHO HCNYCKAIOT TaKHe HEHTpaJ/bHble Tesaa, KaK aTOMbl, TO MbI
6yneM cuyuTaTh, UTO Hall KoseGaIOLIMiCcS 3apsfi g pacrnosoxeH
BOJIM3H HENOABHKHOTO, PABHOrO MO BeJIHYHHE, HO NPOTHBONOJOXK-
HOro mno 3HaKy 3apsaa. Ecau paccrosinme Mex<ay ueHtpamu 3a-
psnos paBHO d, TO y 3apsiiOB NOSIBUTCS AUMNOJbHBIE MOMEHT
p = qd, xotophiit Mbl GyjaeM cuutatbh ¢yHKuueit Bpemenu. Cie-
AyeT 0XKHAATb, YTO NOGIH30CTH OT 3apsALOB 3ana3jiblBaHUEM NOJIs
MOXHO OyneT npeHebpeub; 3JeKTpUyecKoe noJje 6yaeT B TOYHOCTH
TaKHM JKe, KaK H TO, KOTOpOe MoJyuasoch pagblie AJs 3JeKTpo-
CTaTHYECKOro AMNoJs [HO, KOHEYHO, C MTFHOBEHHBIM [AHMOJIbHLIM
MomeHToM P(¢)]. OmHako npu GoablIOM ynasneHuHn B ¢opmyse
IJIs noJs AOJMKHO NOSABHUTbCS A06aBOYHOE caaraemMoe, KOTOPOe€
MeHsieTcsl KaK 1/r ¥ 3aBHCHT OT TOro, KakoBo yCKOpeHHe 3apsjia
B HanpaBJIeHHH, NONepeyHoM K Jyuy 3peHus. [locMoTpum, nosay-
YUTCA JIM Yy HAC 3TOT pe3yJbTar.

HayneM ¢ BbluMc/eHHS BEKTOPHOrO MNoTeHuHasaa A npu no-
mowH (21.16). IlycTb naoTHOCTb 3apsia08 B crycTke ecThb (X, Y, 2)
H Becb OH JBHXeTCs BCe BpeMs cO CKopocTbio v, Toraa nioTHOCTb
ToKa j(x,y,2) paBHa vp(x, y, 2). YN0GHO CHCTeMY KOOpAHHAT
pacnoJoXUTb Tak, utTo6bl ocb 2 GhlMa HanpasJeHa no Vv; TOTAa
reoMeTpHs Halllell 3ajayd H3006pa3uTCs TaK, KaKk MOKa3aHO Ha
¢ur. 21.2. Hac uHTepecyer unterpan

S §(2, t—ryy/c) de. (21.17)

r

Ecan pasMepbl 3apsana-cryctTka Ha CcamMoM Jejieé HAaMHOro
MeHblue, YeM rjg, TO rj3 B 3HAMeHATele MOXHO MNOJIOXKUTb paB-
HBIM 1 (paCCTOHHHlO OT LEHTpa crycrxa) U BBIHECTH r 3a 3HAK
HHTerpaJa. Kpome TOro, Mbl coéupaemca NIOJIOXKHUTb U B YHUCJH-
TeJie rya = r, XOTA 3TO M HE€ COBCEM BepHO. A HEBEPHO 3TO NoO-
TCMY, YTO Ha CaMOM Jene, CKaxeM, noJjaraetrcs 6paTb j B BepX-

)

Pue. 21.2. llorenyuaast 8 rotike (I)
Garrca uHTezparamu oT NAOT HOCTU
sapada p.
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Hell yacTH CrycTKa COBCEM He B TOT MOMEHT, KOria B HHXHeH, a
HemMHoro B aApyroe Bpems. [losmaras rip,=r B j({ — ri2/c), MH
BbIUMC/JEM NJOTHOCTb TOKAa A/l BCEro CrycTKka B OJHO H TO Xe
epeMs (¢! — r/c). D10 npubIHKeHKe TOAUTCA JHUIb TOrjAa, KOrja
CKOpPOCTb U 3apsila MHOro MeHbuie ¢. Mbl, cta/no OEHTb, BeleM
pacyeT B HepeJqATHBHCTCKOM cJayuae. [Tocie 3amenbl j Ha pv
uHterpaa (21.17) npespaiaercs B

- S vo (2, t—L)av,

Pa3 ckopocTb Bcex 3aps[ioB B CTYCTKe OJHA M Ta e, 3TOT HHTe-
rpaja npocto paBeH V/r, YMHOXERHOMY Ha o6wwui 3apaa ¢. Ho
gv — 310 Kak pa3 dp/0f (cKOpoCTb H3MEHEeHHs! AHMNOJbHOTO MO-
MEeHTa), TOJIbKO Haflo ee, KOHeYHo, onpeleisTb B Oosiee paHHee
Bpemsi ({—r/c). 3anuwem 3Ty BenuuuHy Tak: p(¢t—r/c). HUrak,
Mbl OJy4YaeM /s BEKTOPHOTO NOTeHUHana
L p{=ri) 21.18
Al )= 4regc? r ) (21.18)
Mbl y3HaaH, yTo TOK B MeHsIOLIEMCS JHMOJIe CO3/1aeT BEKTOP-
HbIH noTeHuHan B Gopme chepHYeCKHX BOJIH, HCTOYHHK KOTOPBIX
o6nagaetr cuiof p/dmeoc?.
Tenepp u3 B = V X A M0XHO noJiyuutb MariutHoe noJe. [To-
CKOJIbKY P HampaBJ/leH N0 OCH 2, Y A ecTb TOJIbKO 2-KOMIIOHEHTa;

B POTOpE OCTalOTCSl TOJAbKO ABE HeHy/aeBble NMPOH3BOAHBblE. 3Ha-
yuT, By = 0A,/0y u By = —03A,/0x. lornsagum cnepBa Ha By:

_ oA, 1 d p(t—rlc)
B,= 3y = Tmen® 3y — . (21.19)
UTto6bl npoauddepeHHPOBATh, BCNIOMHUM, UTO 7 = AVEF P+ 2,
TaK yTo

b e (= £) () 4 ke = 2). 10

Ho Mbl nomuum, uto Qdr/0y = y/r; 3Ha4yuT, nepBoe caaraemoe 1acTt
1 yp (¢t —rlc) (21.21)

4meoc? r !
yTo y6bIBaeT Kak 1/r?, T. e. Kak noje cratuyeckoro AumoJs (no-
TOMY 4YTO B aHHOM HamnpaBJ/IeHHH y/r NOCTOSIHHO).
Btopoe cnaraemoe B (21.20) npupoauT K HOBOMY 3 (ekTy.
Ecau nposectH B HeM auddepeHUHPOBAHHE, TO MOJYYHTCS
1 Y . r
—_ =t —— 21.22
dnegc? cr? p(t c)' (21.22)
rae p—mnpocto BTOpas npoussoanas p no f. Bor 3to-To noay-
yaromeecsd OT AuddepeHLHPOBAHHS UYHCJAUTENs cJlaraeMoe H OT-
BETCTBEHHO 3a H3JydeHHe. Bo-nepsbiX, OHO onuchiBaeT noJje, y6bl-
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Balollee HAa PacCTOSIHUM Kak 1/r, BO-BTOPLIX, 3aBUCHT OT YCKOpe-
Hus 3apsga. Tenepb BaM JO/MKHO OBITb SICHO, KaK Mbl coOHpaeMcsl
nonyuyuTb ¢opmyay tuna (21.1°), onuceiBaloUlyld CBETOBOE H3-
JIyueHHe.

SIBneHHe 3TO HaCTOILKO HHTEPECHO W BaXHO, UTO CTOMT He-
MHOro noapo6Hee pas3obpaThcsi B TOM, OTKyna GepeTcsi 3To «pa-
JNHallMOHHOe» cjaraemMoe. Mbl HauMHaau ¢ Bbipaxenus (21.18),
3aBHCsIUIEro OT r KakK l/r U TeM caMbIM NOXOXero Ha KYJIOHOB
noteHuHaa (ecau He o6paulaTb BHMUMaHHs Ha 3anasjblBaloUlWil
MHOXHTeJb B yucautese). [Touemy ke xorga Mbl, XKejas noJay-
4YuTb noJe, AMddepeHuUHpyeM MO NPOCTPAHCTBEHHHIM KOOpPAHHA-
TaM, TO He noJiyuaeM npocTo noas Buaa 1/r2 (KOHeyHO, C COOTBET-
CTBYIOLLEH BPeMeHHO!N 3afepxKKoil)?

A Bot nouemy. IlpeacrasbTe, uTo AMNOJbL NpHBeleH B Koseba-
TeJIbHOe ABHXXeHHe BBepX W BHH3. Toraa

p=p,= pysin of.
"

1 ®po cos @ (¢ —r/c)
A= 1 Z
TEYC r
Ecan HauepTuTh rpaduk 3aBucumMoctd A, OT r B KaX bl JaHHbIH
MOMEHT, TO NOJYYHTCsl KpHUBasi, NoKa3aHHas Ha ¢ur.21.3. AMnu-
Tylla B NHKax y6biBaeT Kak l/r, HO, KpoMe Toro, elle HMeIOTCA
NpPOCTpaHCTBEHHbIE KoJeGaHusl, KOTopble OrpaHuyeHbl orubaoulei
Bujla 1/r. TIpocTpaHcTBeHHbIe NpoH3BOAHLIE B ¢opMyJie mponop-
IHOHaJIbHBl HAK/AOHY KpuBo#i. M3 ¢wur. 21.3 BuaHO, uTO BCTpE-
qaloTcs HaMHOro 6oJiee KpyTble HAKJOHbBI, YyeM HaKJ/JOH CaMo#
KpuBoft 1/r. OueBHAHO, 4TO NpH NaHHOH YacTOTe HAK/AOHB B MH-
Kax NponopuHOHa/JbHbl aMIVIMTYyJe BOJIHB, MeHslowelics Kak 1/r.
Tem caMbiM OOGBsACHseTCA CTeneHb CnagaHHs paAHalLHOHHOrO
C/J1araeMoro ¢ paccTosiHHeM.
Bce 3To mosyuyaeTcs OTTOro, 4TO BpesenHsie BapHALHH B
HCTOYHHKE NpeBpallaloTcsl B nPOCTPAHCTBEHHble BapHALMH, KOrAa

4

\ 1/r
\
\

">~
~
~

iy AN Nt
v \L Nl
///
/
/

b ue 21.3. 3asucumocrs se-
Audunsl A OT 1 8 MOMEHT t
048 cepuqeckoll 80aHbL OT
Konebarowezoca Ounoas.

/
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BOJIHBl HaUHHAIOT pa3beratbCs B CTOPOHbl, MAarHUTHbIE Xe IOJSA
3aBUCSAT OT NPOCTPAHCTEEHHbIX TPOM3BOIHBIX MOTEHLHAJA.
Tenepb Bo3BpaTHMCH Ha3al M 3aKOHYMUM HallH pacyeThl Mar-
HUTHOro noJas. Jas Bx mbl noayunau (21.21) u (21.22). [Tostomy
1 b (t —r/c j (¢t —
Bx [_ yp(t r/c) _yP( zr/C)]- (21.11)

T 4megc? r3 cr

C NOMOLIbIO TOYHO TAKHUX K€ BbIK/JAJ0OK Mbl npuaeMm K
1 xp (t —r/c) xp (t —rfc)
By= [ + er? ]

T 4meyc? r3

M Bce 3T0 MOXHO 06beAHHHTb B OJHY KPaCHBYIO BEKTOPHYIO op-
MyJay:

1 P+ le)ply_,ye Xr
4me,c? r

A tenepb B3risHHTe Ha Hee. [Tpexxae Bcero Ha GoJbliMX YA2-
JIeHHsIX (Korja r BeJHKO) CJjelyeT NPHHHMATb B PacyeT TOJbKO Pp.
Hanpapsienue B naercs Bektopom p X T, neprneHAHKY/AsipHBIM H
K paavycy r, u K yckopeHuio (¢ur. 21.4). Bce cxomurcs ¢ Tem,
4TO MOJYYHJIO0CL Obl H3 popmyan (21.17).

Tenepb nocMoTpHTe (K 3TOMy Mbl He NpPHBBIK/AH) Ha TO, YTO
NPOHUCXOAUT NOGJU30CTH OT 3apsaga. B ra. 14, § 7 (Bbin. 5) MBI
BbiBeJH 3aKOH Buo u CaBapa ansi MarHUTHOro noJs 3JeMeHTa
ToKa. Mbl HalI/IH, YTO 3/eMeHT ToKa jdV NpUBHOCHT B MarHuT-
Hoe noJie c/JeayIolHi BKAAM:

_ | iXr

dB= oy T dV. (21.24)
Bbi Buaute, uTo 3Ta (opmyna ¢ BuAy OYeHb NOXOXKa Ha nepBoe
cnaraemoe B (21.23), ecan TOJMBKO BCNOMHHTB, YTO P — 3TO TOK.
Ho pasuuua Bce ke ectb. B (21.23) Tok Hago NoAcuYHTHIBATH B
MoMeHT (f—r/c), a B (21.24) storo Her. Ha camom nede,
olHako, (21.24) pns manabix r Bce ellle TOAUTCSA, NCTOMY 4TO 8TO-
poc cnaraemoe B (21.23) cTpeMHTCS YHHUTOXHTb 3(P¢ekT 3a-
nasiblBaHUs H3 NepBOro cJjaraemoro. Bmecre 06a OHM NPUBOAAT

NpH MaJblX 7 K pe3yabTaTy, oueHb Gau3KoMy K (21.24).
3TOM MOXHO Yy6eauTbcs cJjepyioowum o6pasom. Koraa r
Mand, (t —r/c) He oueHb orauyaercs or f, U B (21.23) cko6ku

B

B— i (21.23)

(1)
E

Pue 21.4 Hoarn usrysenuns B u E

Koae6arouje2och OUnoAR. - [
P (2)
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MOXHO pasfoXuTb B psn Ta#inopa. IlepBHlil usmeH pa3soxKeHHus
naet

p(t=F)=pO—ZpO)+nur 1.

H B TOM XKe nopsiike no r/c

p(t—<)=p0.
Ecau ux c/0XHTD, u/eHbl C P YHHYTOXKATC M CJeBa OCTaHeTCs
He3ana3doiéarouyud TOK p, T. €. p(f) naioc yneHbl NOpsiAKa (r/c)?
W Bbiule [Hanpumep, '/z(r/c)?p]. DTH uneHbl NpH AOCTaTOYHO Ma-
JBbIX r (MaJbIX HacTOJbKO, YTO 3a BpeMs r/C TOK p 3aMeTHO He
MeHsgeTcs) 6yayT OYeHb MaJibl.

Crano 6biTh, (21.23) nNpUBOAMT K NOJSIM, OYeHb NMOXOXHM Ha
Te, KOTOpble JaeT TeopHsi ¢ MCHOBEHHbIM AefcTBHeM, ropasno 6o-
Jlee NOXOXHMM Ha HHUX, 4eM Ha MoJisl TeOPHH C MTHOBEHHLIM [ei-
CTBHEM H C 3alepXKoil; 3¢p¢deKTh 3aJepXKH nepBoro nopsiika
KOMIIEHCHPYIOTCSl BTOpbIM useHOM. CTaTHuecKHe ¢opMysbl OUeHb
TOYHBI, HAMHOrO 0OJiee TOYHBbI, YeM BaM MOrJO Obl NOKa3aTbCH.
KoHeuHo, KOMnNeHcalllsi YyBCTBYeTCs TOJbKO BOJM3H OT 3apsija.
J.s panekux Touexk 3TH NONPaBKH YXKe HHUYEro He cnacalor, no-
TOMY YTO BpeMeHHOe 3ana3jblBaHHe NPHUBOAMT K OYeHb GOJIbLINM
3dpdeKkTaM H B KOHEUHOM CYeTe K BaXKHOMY ujeHy 1/r — K sddek-
Ty H3JIyuYeHHs.

ITepen Hamu Bce ellle CTOMT 3ajaya pacyeTa 3JEKTPHUECKOTO
noJisi M JAOKa3aTelbCTBa TOro, 4To OHO coBnagaer c¢ (21.17).
IlpaBaa, yxe uyBCTByeTCs, 4TO Ha GOJILIIMX PACCTOSIHHUSIX OTBET
NOJNYYUTCS TaKoH, KaKk Hajgo. Mbl 3HaeM, YTO BJAaJH OT HCTOYHH-
KOB, Tle BO3HHKaeT pacnpocTpaHsiowascs BoJHa, E nepneHau-
KyaspHo K B (u k r), kak Ha ¢ur. 21.4, u yro ¢B = E. 3uaunur,
E nponopuxoHa/bHO yCKOpeHHIO p, KaK H npelcKa3blBagaoch ¢op-
myJao# (21.17).

UTo6bl NOMYYHTb 3JeKTPHYECKOE M0Jie Ha BCEX BO3MOXHBIX
pacCTOsiHUSIX, HYXKHO HaHTH 3JIeKTPOCTATHYECKHUN MNOTEHLHaJl.
Korga Mbl nonacuuThiBanM HHTErpas TOKOB AJs A, Kejas mnoay-
uyuth (21.18), To cmenanu npuOAHKEHHe: Mbl mpeHeGperan MaJo-
3aMeTHBIM H3MeHEeHHEeM r B 4J/ieHe ¢ 3ana3fibiBaHueM. /1 3/1eKT-
pOCTaTHYEeCKOro MNOTEHlHaja 3TOro JejaTb Heab3s, NOTOMY UTO
TOrfla y Hac noJyuujaocb Obl l/r, yMHOXeHHOe Ha HMHTerpasj oT
NJIOTHOCTH 3apsia, T. €. Ha KOHCTAaHTy. Takoe npub/imkeHue ue-
pecuyp rpy6o. Hano o6patutbesi k BhicliuM nopsiakaM. M BmecTo
TOro, 4TOOBI NyTaThCsl B 3THX NPAMBIX pacueTax BBICIIHX npHOIH-
JEeHHH, MOXHO MOCTYNHTb HHaye — ONMpede/UTb CKaJspHBIA no-
TeHUHaJ M3 paBeHcTBa (21.6), Hcnosib3ysi yKe HaiieHHOe 3Haye-
HHe BEKTOPHOro noteHuuasa. [uBepreHuus A B 3TOM cJjyyae
npocto paBHa 0A;/0z, nockonbKy Ax M Ay TOXIECTBEHHO paBHBI
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Hymo. HdnddepeHunpys TOYHO TaK Ke, KaK 3TO AeNasoch Bblllle
npH BLIYHCAeHHH B, monyyaem

N
1 2p (t —rlc) 2p (¢ — rfc)
T dmegc? [_ r - cr? ]

Wiy B BeKTOPHBIX 0603HAYEHHAX

1 [P+ (r/c) B}t_,/c'f
4meyc? rs '

V . A T —
M3 pasenctBa (21.6) nosyuaercs ypaBHeHHe A/ @:

09 1 [P (/o) ply_yr
0t~ 4ne, r3 :

HuTterpupoBanue no ¢ npocto y6upaer Hao BCeMH P MO OJHOH
TOuKe:

(21.25)

1 [p+(r/c)ply_,jo-T
(p(r’ t)=l4ﬂ80 r3 ! /C .

(IocTosinHas WHTerpupoBaHHsi OTBeyasa Gbl HEKOMY HaJIOXKeH-
HOMY CTaTHYeCKOMY MOJII0, KOTOPO€, KOHEUHO, MOXEeT CYILeCTBO-
BaTb, HO Mbl CYHTaE€M, YTO Y BbLIGPAHHOTrO HaMH KOJe6/olerocs
AMMNOJS CTaTHYECKOTO NOJIsl HeT.)
Tenepp Mbl MoXeM H3

Hailth 3nektpuueckoe noJte E. Ilocsie yToMHTenbHBIX (XOTb H
NpsIMBIX) BLIKJAMOK [MPH 3TOM HYXXHO NMOMHHTb, uTO P({ —r/c) H
€ro NpoH3BOAHBbIE N0 BPEMEHH 3aBHUCSAT OT X, Y U 2 yepe3 3anas-
IblBaHke r/c] Mbl nosyyaem

1 * '
E(r, )= [p* —3 200 ¢

Tdnegr®
(=i (=) xrxr] @
rae
p*=p(t_%)+%[‘,(t_%). (21.27)

3T0 BHIMMAAHMT AOBOJbBHO CJAOXKHO, HO HHTEpNpeTHpyeTcs npo-
cto. Bektop p*—3To AMNOJbHBIE MOMEHT C 3anasjibiBaHHEM H
C «NMONMpaBKOH» Ha 3anasjblBaHHe, TaK 4TO ABAa uJeHa ¢ p* B
(21.26) npu MaablX r QAT NpPOCTO CTaTHYecKoe moJe AHUMNoJs
[cm. ra. 6 (BBIn. 5), BeIpaxeHue (6.14)]. Koraa r Benuko, To ujeH

C p npeo6iafaeT Hal OCTa/NbHBIMH, W 3JIEKTpPUYECKOE INoJe Ipo-
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NOPLUHOHANBHO YCKODEHHIO 3apsiloB B HAaNpaB/jeHHH nomnepek T H
CaMO HanpasJ/eHO BAOJAb NMPOEKUHH P Ha NJIOCKOCTb, NEPNeHIHKY-
JSAPHYIO K T.

ITOT pe3y/abTaT COrJacyercs C TeM, YTO Mbl NoJayuyuau Obl,
npumensas ¢opmyay (21.1). Koneuno, ata ¢popmyna — Gosiee 05-
lilast; OHAa TOAMTCA AJs MIO60ro ABHXEHHUs, a He TOJbKO s Ma-
JI0O3aMeTHBIX [ABHXKEHHI1, A/ KOTOPBIX 3ana3jbiBaHHe r/c B mpe-
Aesax BCEro HCTOYHHKA MOXKHO CUMTATh NOCTOSIHHBIM [KaK (21.26)].
Bo BcsikoM ciyuae, Tenepb MBI yKpenud CToN6aMH BCe Halle
npeXHee HM3J0XEHHe CBOHCTB CBeTa, 33 MCKJlOueHHeM JHUIb He-
KOTOpBIX BonpocoB u3 ri. 34 (Bbim. 3), KOoTOpble CBA3aHbl C NO-
c/leflHel 4yacTblo BblpaxceHus (21.26). Mbl MoxeMm Tenepnb ne-
PEATH K NOJYYEHHI0 nojs ObICTPOABHXKYUIHUXCA 3apsifioB. ITO
NpUBeleT HaC K pPeJATHBHUCTCKHM 3ddekrtam [ri1. 34 (Bbin. 3)].

§ 5. Horenyuanror dsuxcyujezoca sapada;
ob6ujee pewenue Jvenapa u Buxepra

B npensiayuiem naparpade Mbl nousd Ha ynpolueHue npH Bbl-
4yuC/JAEHHUM HHTerpana Aaas A, paccMaTpuBasi TOJNbKO HeGoJbluHe
ckopocTH. Ho npu 3TOM MBI IIJK TaKHUM NyTeM, KOTOPbIM JIerko
MOXXHO NpMHATH MU K HOBbIM BblEogaM. IlosTomy ceftmac Mbl 3a-
HOBO npeanpHMeM pacyeT NOTEHLHAJOB TOYEYHOro 3apsha, ABH-
XKyllerocs yxxe, KaK eMy 3axoueTcs (Zaxe ¢ peJqsiTHBHCTCKOH CKO-
pocTblo). Kak ToJIbKO MBI MOJyYHM 3TOT pe3yabTaT, Y Hac B Py-
Kax OKaXyTcsl 3/IeKTPOMarHUTHble CBOMCTBA 3JIeKTpUUeCKHX 3a-
psamoB Bo Bcel MX noJHore. daxe ¢opmyay (21.1°) MoxHo Oy-
LeT TOrfa JIerko MoJIy4uTb, B3sB TOJNbKO HYXHble NpPOH3BOJHBIE.
H Haw pacckas ynacrcsi, HaKoHell, 10BeCTH A0 KoHua. HMrak, 3a-
nacutecb TepneHuem!

[Tonpobyem noacuutath B TOuKe (X1, Yy, 2|) CKaAsipPHBIA no-
TeHuran (1), cozmaBaeMblii ToueuHvim 3apsaioM (BpOHe 3JEKT-
poHa), NBHXYILUMCS JOGBIM, KaKUM yroaHo ob6pasom. [loa «To-
YeyHbLIM» 3apsiloM MNOJApa3yMeBaeTcsi OYeHb MaJeHbKHH 3aps-
JKeHIIBIH 1IapHK, Takofl MaJsleHbKHH, KaK TOJbKO MOXHO cebe
npeacTaBUTh, ¢ MJAOTHOCTbIO 3apsafa p(x,y, 2). [NloteHuuan ¢ mo-
J)KHO Haiitu u3 (21.15):

o1, )= | 2L gy, (21.28)

4meg ra

Ha nepsblil B3r/1sia Kaxercss (M NOYTH BCe TaK M MOAYMAIOT), YTO
OTBET COCTOHT B TOM, YTO HHTErpaJ OT P MO TaKOMY «TOYEUHOMY»
3apsiay paBeH npocTo obueMy 3apsay ¢, T. €. UTo
1 ¢
¢(l, ) =———- (HeBepHO).
4ney riy
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o

/«Evequb/ﬁ»aapna
Pue 215 «Toueunsii» 3apad )
(paccmarpusaemotii kak He6016- Tiz
wioe  pacnpedenenue 3apadce
8 Yopme kyba), deuncyuyutica co

ckopocrsto v k Touke (I). -

IRY
AN

==

Yepes ri; 3necb 0602HauYeH paauyc-BeKTOp OT 3apsaa B Touke (2)
K Touke (/), u3aMepeHHblil B GoJlee paHHee BpeMs ({—rjg/c). dTa
¢dopmysa omnbouHa.

[TpaBu/abHBEIN OTBET TaKOI:

1 q |
1, f)y= — ) 21.29
o(l. 1) dney riy L—v,.[c ( )

rjle Up — KOMNOHEHTAa CKOPOCTH 3apsila, napaJjJenbHas rig,
T. e. HanpasJeHHasi K Touke (). Ceiiyac s 00GbsCHIO, TOYEMy 3TO
tak. Urobbl Jerue Gbl0 CJAEAHTb 32 MOMMH JOBOAAMH, i Cnepsa
npoBeay pacyeT AJs «TOYeYHOro» 3apsjaa B ¢opMe He6OMBLIOTO
3apsKeHHOro KyOuKa, KOTOpblil ABHXKeTcsi K Touke (/) co cKo-
poctblo v (¢ur. 21.5). CtopoHa Ky6a GymeT a, 5TO YHCJO NMYyCTb
6yleT MHOro MeHbllle 7jp [PaCCTOSIHUS OT LeHTpa 3apsaa A0 To4-
ku (/)]

Yro6bl oueHuTh BelUuHMHY uHTerpaJa (21.28), Mbl BepHeMCs
K OCHOBHOMY OMNpefle/IeHUIO: 3anHlleM ero B BuJe CyMMbl

pIpady (21.30)
; i

rle r; — paccrosiHue oT ToukHu (I) 1o i-ro snemeHnta o6bemy AV,
a p; — MJOTHOCTb 3apsaga B AV; B momeHnt t; = (f{ — ri/c). Ilo-
CKOJIbKY Bce r; > a, yno6Ho Gyaet BbiGpaTb Bce AV; B BHAe TOH-
KHX TpPSAMOYrOJIbHBIX JIOMTHKOB, TNE€PNeHAHKYJASIPHBIX K rj2
(¢dur.21.6).

[TpeanonoxuM, yTo Mbl Hayasall € TOTO, YTO B3SJH 3JEMECHTHI
o6bema AV; HeKOTOpPOH TOMUIHHBI W, MHOTO MeHblueH a.

OtpenbHble 371eMeHThl 06beMa OYAYT BHITJAAETb TaK, KakK No<
Kas3aHo Ha ¢ur. 21.7,a. Hx HapucoBaHo ropasgo G6oJiblle, ueMm
HYXKHO, 4TOObl 3aKpHITh BeCb 3apsill. A caM 3apsil He nNOKA3aH, u
no BeCbMa cyluecTBEHHOH npuyuHe. [ le ero HYXXHO HapHCOBaTb?
Benb nasi kaxporo snemeHta o6bema AV; Hago 6paTh p B CBO#

Avl-\
Pue 216. Iremenr obvema AV, N I o
ucnoab3yemolid 048 8bL4UCACHUR NO- o
TeHyuanos. /
> ew
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Pue 217. Hureepupceanue p (t —r’/c) dV Oan
dsumyweeocs sapada.

MOMeHT £; = (¢! — ri/c). Ho pas 3apsan dsuscerca, To 048 Kaxc-
0020 anementa ob6vema AV; on okaserca & dpyeom mecre!

HauneMm, ckaxeMm, ¢ 3neMeHta o6bema I Ha ¢ur. 21.7,q,
BbIOpAHHOrO TakK, 4TOoObl B MOMEHT £ = (f — r)/C) «3alHss»
rpaHb 3apsifla npumJaack Ha AV, (¢ur. 21.7,6). Torna, BoIYHCAAA
02AV,, HYXHO B3ATb NOJIOXKEHHE 3apsia B HeECKoJbKO GoJsee
nosaHee BpeMmsl fp = ({ —ry/c) W 3apsd K 3TOMy BpeMeHH CMe-
CTHTCHl B MOJIOXKEHHe, MOKa3aHHoe Ha ¢ur. 21.7,8. Tak xke 6yner
¢ AVs, AV4 n 1. . BoT Tenepb MOXHO MOACYHTBHIBATD CYyMMY.
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Tonwuna kaxnporo AV; paBua w, a o6bem wua? [lostomy
KaXblil 3/leMeHT 06beMa, HaK/1aAblBAIOWKHACA HA pacnpeaesneHue
3apsna, conepxKut B cebe 3apsif wa’p, rae p — NJIOTHOCTb 3apsiaa
BHYTpH Ky6Ga (Mbl cuuTaeM ee oaHoponHo#). Korjpa paccrosiHue
OT 3apsifia N0 TOYKH (/) BeJHKO, TO MOXHO BCe r; B 3HaMeHaTe-
JX MOJIOXKHTb PAaBHbIMM HEKOTOPOMY CpelHeMy 3HayeHHIO, CKa-
XeM, B3ITOMY C YYeTOM 3ana3biBaHHs MNOJOXEHHIO r’ ILeHTpa
Ky6a. Cymma (21.30) npeBpauiaercs B

N
pwa?
Z rr?
i=1
raie AVy —T0oT nocnennuit snement AV;, KoTopblfi elle HakJja-
IblBaeTcst Ha pacnpenenelue zapsigos (cm. ¢ur. 21.7,0). Cymma

T€M CaMbiM paBHa

= -

pwa? oa’ Nw)
N r r a )’

Ho pa® — npocro o6uinit 3apsig ¢, a Nw — nauHa b, nokasaHHas
Ha ¢ur. 21.7, 0. Tonyyaercs

o=gr (2). (21.31)

4meor’

A uemy Xe paBHo b? Ito AaMHA Ky6a 3apsloB, YBeJHUEHHAs
Ha paccTodAHMe, NPOiieHHOe 3apsAOM 3a BpeMs OT & = ({ — r/c)
no tv = (t —rn/c). Dto paccrosinde, NpoiJeHHOE 3apsiioM 3a
BpeMs

r,—r b
— "'~ _
At—tN—tl—T—?.

A nocko/abKy CKOpOCTb 3apsna paBHa v, TO MNpOiJeHHOe pac-
cTosiHHe paBHO UA! = vb/c. Ho nnuHa b — camo 3T0 paccrosnue
nJawoc a:

b=a+ % b.
OTtcrona
b

_ a

T 1l=(v/c)’

3aech, KOHEYHO, MOA U NOAPa3yMeBaeTCs CKOPOCTb B «3aNa3fibl-
Balol Ky MOMeHT t' = (f — r’/c); 3TO MOXHO yKasaTb, 3amHcaB
[1 — v/ckan; TOrma ypaBHeHue (21.23) ans noTeHLHMas a NpPUHH-
MaeT BHA

__4 ‘
(1) (1) t)_ 411'.80’, [l —(0/0)13311‘

1o corsacyetcs ¢ TeM, 4To Gblso mpeanosaoxeno B (21.29). ITo-
SIBUJICA NMONPAaBOYHbIA MHOXHUTeAb. OH NMOSIBHJCA MOTOMY, YTO B TO
BpeMsi, KaK Hall HHTerpaJ/ «NpPOHOCHTCS HajJ 3apsJoM», caM 3a-
psan aBuxercs. Korna 3apsn aBuxercs K Touke (1), ero BKjaaj
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B HHTCIpaJ yBeauuuBaercs B b/a pas. [Tostomy npaBusbHOe 3Ha-
yeHHe HHTerpasa paBHO ¢/r/, yMHOXeHHOMY Ha b/a, T. e. Ha
l/[l — 0/chan.

Ecau ckopocTh 3apsna HanpaB/ieHa He K ToukKe Habaione-
Husl (1), TO Nerko BHAETb, UTO BaXKHA TOJILKO COCTABARIOULAS €TO
CKODOCTH B HanpaBJ/ieHHH K Touke (/). Ecau o6o3Hauuth 3Ty Co-
CTaBJISIOULYI0O CKOPOCTH uepe3 Ur, TO MONMPABOYHBIA MHOXHTENb
sanuuwercs B BuAe 1/[1 — vr/Clsan. Kpome ToOro, npomenaHubiit
HaM{ aHaJu3 B DAaBHOHM CTeneHH NPOXOAMT IJs pacnpefeseHHs
3apsina a060u ¢dopMbl (3TO He 06513aTeNbHO AO/MKeH ObITh KyO0).
HakoHell, NocKoJbKy «pa3mep» a 3apsja He BouUleJ B OKOHua-
TeJIbHBI HTOT, TO TOT <€ pe3yJbTaT MOJYYHUTCS, €ClH 3apsil CTs-
HeTcs 10 JoGbIX pasMepoB, BIJOTh A0 Touku. O6Guwuil pesysbrart
COCTOMT B TOM, YTO CKaJ/ISIpHbIHl MOTEHIHaJ TOYEYHOro 3apsaa,
JBHXKYULErocsi C NpOU3BOJBHON CKOPOCTbIO, paBeH

()= g (21.32)

Aner’ {1 — (vr/c)]san”
3To ypaBHeHHe YacTo MUIUYT B 5KBHBAJIEHTHOM BHJE:
t)y= 1 :
(L )=t = v o (21.33)
rie T — BEKTOp, COeNUHSIOUWIMA 3apsif ¢ TOH Toukoil (), B KOTO-
poil BHIUHC/ASETCS MOTEHLHAA @, a BCe BeJHYHHBI B CKOOKax Halo
BBIYUC/IATb B «3aNa3[biBalolLKi» MOMEHT BpeMeHu t'= (f — r’/c).
To ke camoe mosyuyaercs u Toria, korga no (21.16) Bbiumc-
JsioT A pasi ToyewHoro 3apspa. IljgoTHocTh Toka paBHa pv,
a vHTerpasJ oT p— TOT e, 94T0 U B ¢. BekTopHBI/i nmoTenuuan
paBeH

— qv
Al )= e = ok (21.34)

[ToTeHuuansl ToyeuHoro 3apsifa B 3Toi ¢opme OblH BrepBbie
noayuens JlbeHapom u Buxeptom. Mx Tak M Ha3blBalOT: noTex-
yuaael JIvenapa — Buxepra.

YTo6bl 3aMKHYTb KpPYr W BepHYTbcs K ¢opmynae (21.1), Te-
Nepb HYXHO ToJabko noacuutath E u B u3 aTux noreHumnanos (npu
nomown B=V XA u E= —Vo—0A/dt). Tenepp ocraercs
oaHa apubmeruka. Bnpouem, apudmernka sta J0BOJIBHO 3any-
TaHHa, TaK 4TO Mbl He OyleM NPHUBOIAMTb 31ecChb JeTaJjiM cuyeTa.
IMpupercs noBepuTb MHE Ha CJIOBO, yTO opmyna (21.1) skBuBa-
JleHTHa BbiBe[leHHBIM HaMH NoTeHuHasaaM JIbeHapa — Buxepra *.

* Ecnn y Bac MoCTaToYHO BpeMeHH M BAM He »Kaab GyMmaru, To momuiTa-
Tecb MpofenaTb 3TO caMocTosTeabHo. BoT Bam mapouka coBeTOB BO-NepBbiX,
He 3a0blBaiiTe, 4To NPOH3BOAHLIE r’ JOBOJNIbHO 3aMYTaHHbI, Bellb OHIl CYTb (QYHK-
i ot ¢! Bo-BTopuix, He mbiTaliTech suigecTu Gopmyay (21.1); nyuwe npo-
nenaiite B Hell Bce nudepeHUHpPOBaHIIA M 3aTeM COMOCTaBbTe To, YTO Y Bac
nongqmca, ¢ BbipaxehneM A E, nosyuennsim 103 noteHunanoB (21 33) u
(21.34).
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§ 6. Norenyuanret 3apada, deuxcywezocs
¢ nocroannoii ckopocrero; popmyara Jopenya

IMpuMenuM Tenmepb noteHuuansl JIbeHapa — Buxepra k cay-
yal 3apsifia, ABHXKYLIErocst No NpsiMoil ¢ MOCTOSIHHOH CKOPOCTBIO,
H BBIYHCJHUM moJie 3Toro 3apsaa. IToske Mbl NOBTOPHUM 3TOT Bbi-
BOJ, HMCMOJb3Yysl yXe NDHHUUN OTHOCHTE/JbHOCTH. Mbl 3HaeM Be-
JIMYHUHY TNOTEHLHAJOB B TOH CHCTeMe, B KOTOPOH 3apsill NOKOHUTCH.
Korna 3apsn nBuxeTcs, TO Bce MOJydYaeTcss MPOCTHIM pessiTHBH-
CTCKHM npeo6pa3oBaHHeM OT OJHOH cHCTeMbl K Apyro#i. Ho Teo-
pHsl OTHOCHTENbHOCTH BeleT CBOe Hayajo OT TEOPHH 3JeKTpHye-
ctBa M MarHetuama. Popmyabl npeo6pasoBanuil Jlopenua [cm.
ra. 15 (Bbim. 2)] — 3TO0 OTKpBITHS, chejaHHbie JlopeHleM npH
HCC/IeJOBAHUH YPaBHEHHH 3JIeKTpHyecTBa M MarHetusma. M aas
TOro 4toObl Bbl MOHHUMAaJIK, OTKyAa BCe MOLLIO, i XOUy NMOKa3aTh
BaM, YTO ypaBHeHHs1 MakcBenna AefCTBHTEJbHO NPHBOAAT K Npe-
o6pa3oBaHuaM JlopeHna. S HauHy ¢ BblYHMCJ/IEHHS NOTeHUHUaJa
pPaBHOMEPHO ABHXYLLerocsi 3apsija NpsiMO M3 3JIEKTPOAUHAMHKH,
13 ypaBHeHHil MakcBensna. Mbl yXXe nokasaju, YTO ypaBHeHHs
MakcBen1a NpUBOAAT K MOTEHLHAJY, NMOJYYEeHHOMY B Npelblay-
wem naparpacge. Crano ObiTb, NOJb3YACh 3THMH NMOTEHIHANAMH,
Mbl HCNOJIb3yeM TeM caMblM Teopuido MakcBessa.

ITyctp uMeeTcs 3apsij, ABHXKYIIHMHACH BAOJb OCH X CO CKO-
pocteio v (¢pur. 21.8). Hac uHTepecyloT moTeHuHanbl B TOUKe
P(x,y,2). Ecau t = 0— MOoMeHT, B KOTOpbIHi 3apsil NPOXOAUT
yepe3 Haya/Jo KOOPAMHAT, TO B MOMeHT [ 3apsill OKa)keTcs B
Toyke x = vf, y =2 = 0. A HaM HYXHO 3HaTb €ro NOJIOXeHUe
C yueTOM 3anasfibiBaHus, T. €. N0JIOXKEHHe B MOMEHT

tr=t—L1, (21.35)

rae r’ — paccrosiine oT 3apsiia Ao Touku P B 3TOT 3anasdei8aro-
wuii moment. B 310 Gosiee paHHee BpeMs ! 3apsa Gein B x=uvt’,
TakK 4TO

"=aAf(x —ot)2 4 y2 4 2% (21.36)

Uro6el Hafitu r’ uau t/, 3T0O ypaBHeHHe HAJ0 COMOCTaBHTb C
(21.35). Hckmouum cnepsa r’/, pewns (21.35) oTHocuTenbHo 7’
u noacraBuB B (21.36). Bo3Bems 3atem oGe uacTH B KBajpar,
NOJIyYHM

t—tY=(x—uvt'P+y+2
T. e KBaApaTHOe ypaBHeHHe OTHOCHTeJbHO !’. PackpbiB CKOGKHU
H PACMoJIONKHB YJ/IeHbl MO CTeneHsM ¢, NoJayunM
(=)t —2(xv— )t + 22+ y?+ 22 —(ct)’ =0.
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P(x,y,2)
<«3anaadviaaroujees

N0ACH(EHUE |
(a MomeHm |
t= t‘\r/ c) . I
[
<—vt'—>|
|
[2] ! ! , 4
——ot—1" i/
«Tenepeiutee > nonomexue | //
(8 momenm t) v

»

Due 21.8. Onpedesenue norenyuara 8 rouke P 3apsda,
dsuncyujeeoca pasHomepro 80046 Ocl X.

OTcloga nangem
v? ux
(1—&)r=t—%-

—Lafe—wr+ (1) 2 +2). @)

Yro6bl noAyyuTh 7/, Hago 310 ¢’ NOACTaBHTL B
rr=c(t—1).

Tenepp MBI yxe MOXeM HaHTH ¢ Hu3 BblpaxkeHus (21.33),
HMeIoLLEero Buj

=1 !
oW Y, 2 )= =TT (21.38)

(BBHAY TOTO, YTO U MOCTOSIHHO).

CocrasJsiiouias v B KanpasJeHud r’ paBHa v(x — vt’)/r’, Tar
yto ver’ npocto paBHa v(x —vt’), a Becb 3HaMeHaTeJb paBeH

c(t—t')—-i—(x—vt')=c[t ——'ﬁ—(l —%:- t'].

c?

Ioacrasass (1 —v?/c?)t’ us (21.37), noayuaem

q)(x’ y’ z’ t)=4:e 1 2 .
*Afe—up (1 - %) @+ )
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STO ypaBHeHHe CTAaHOBHTCA 6oJiee NOHATHBIM, €CJAH Nepend-
caTb ero B BHJE

?lx, y, 2, )= '

4ne — ot "’
R =

BeKTOprll’l noTenuuan A—BTO TaKoe XKe Bblpa)KeHue, HO C 10-
0aBOYHBIM MHOXHTE/NEM V/CZI

(21.39)

.

B Boipaxenuu (21 39) co Bceir SICHOCTbIO NpeACTaeT nepen
BaMH HaudaJjo npeo6pa3oBaHuit Jlopenua. Ecau 6b1 3apsan Haxo-
IMJICS B Hayasle KOOPAHHAT B CBOeH COOCTBEHHOMH CHCTeMe MOKOs,
TO €ro noTeHUHaJ HMeJ Obl BHA

1
4ne.) [x% + 42 +z’]'/‘

A Mbl CMOTPHM Ha Hero M3 JABHXKYILEHCS CHCTEMbl KOOpAHMHAT, H
HaM KaxeTcs, 4TO KOOpAHMHATHl cJjenyeT npeobpa3oBaTb C TNO-
MOULbIO (popMYy.I

Px, y, 2)=

X —> x —ut
Vi—vyet’

y—=>1u

Z2—>2Z2,

910 06bIYHOE npeobpasoBaHue JlopeHua. JIopeHL BbIBEJa €ro TeM
e CaMbIM cnoco6oM, KaKHM MOJb30BAJIUCh H Mbl.

Ho uto MoxHO cKa3aTh 0 106aBOYHOM MHOXHTee | /«\/l —v?/c?,
KOTOpbIi nosiBu/cA nepea apo6eio B (21.39)? U kpome Toro, Kak
NOABJASETCA BEKTOPHHIH moTeHUHasa A, eC/H OH B CHCTeMe NOKOos
YaCTHUbI NOBCIOAY paBeH Hy/M0? Mbl BCKOpe noKaxeM, uto A H @
émecTe COCTaBJIIIOT YeTbIPEXBEKTOp, NOJOOGHO HMNYyJbCY P H
nonHoit sueprun U wactuuel. Jlo6aska 1/4/1 — v¥/c? B (21.39) —
3TO TOT CaMbll MHOXHTeJb, KOTOPHIH MOMBJ/sETCA BCerja, Koraa
npeo6pa3yioT KOMNOHEHTbl YeThIpeXBEKTOpA, TAaK e KaK NJOT-

HOCTb 3apsfa p npeo6pasyercs B p/4/1 — v’/c2. Co6CTBeHHO U3
¢dopmyn (21.4) u (21.5) noutu oueBHUAHO, YTO A H @ CYTb KOM-
NOHEHThl OJHOTO yeTblpeXBEKTOpa, NOTOMy 4TO B . 13 (BBIN. )
yxe OblJ0 NMOKAa3aHO, YTO j H P — KOMMOHEHTbl YETbIPeXBEKTOpa.

[Tosnnee Mbl GoJsiee nogpoGHO pa3GepeM OTHOCHTEJNbHOCTb B
3/JIeKTPOIMHAMHKE; 3[eCb Mbl XOTeJH TO/bKO NMOKa3aTb, KaK ecTe-
CTBEHHO ypaBHeHHsA MakcBesasa NPHBOAAT K npeoépasoBaHuﬂM
Jlopenua. TlosTomMy He Hajo YAMBJAATHCS, Y3HAB, YTO 3aKOHBI
3JIEKTPHYECTBA H MarHeTH3Ma Y>Ke BNOJIHE NMPHrOAHBl M AJs Teo-
pHH OTHOCHTeJNbHOCTH JiiiwTedHa. VX He HYXHO HaXe Kak-TO
0c060 MOAroHATb, Kak 3TO NMPHXOAHJIOCH [eNaTh C HbIOTOHOBOH
MeXaHHKOH.
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TF'aasa 22

LENMH NEPEMEHHOIO TOKA

§ 1. Hmnedancot

B OcHOBHOM HaulM YCH.IHA OPH YTE€HHH 3THX
JeKuui OblIM HanpabJ/JeHbl Ha TO, 4TOObI noO-
JYYUTb NMOJIHble VpaBHeHUs MakcaeJsa. B npensbi-
AyWHUX ABYX r/aaBaXx Mbl OOGCYAUJIH CJAeACTBHSA
3TUX ypaBHeHuil. BriacHusioch, uto oHH comep-
XKaT 00bsiCHEHHe BCeX CTAaTHYECKHX sIBJEeHHH, KO-
TOpble Mbl H3yya/u paHblile, U SIBJEHHH 3JeKTpo-
MarHUTHBIX BOJH H CBeTa — BOMNpoca, NoApo6GHO
M3yuaBlllerocss B CaMOM HauyaJle Halllero Kypca.
YpaBHeHuss MakcBeasa JalwT H TO M JIPYroe,
CMOTpS MO TOMY, TI€ 3TH MNOJS BBIYHC/SIOTCS:
no6JIM30CTH OT TOKOB M 3apsfiOB WUJIH XKe BAAJH
ot HuX. EcTb M npomexyrtoyHas o6sacTb, HO O
Hell HHMYEro HHTEPECHOro CKA3aTb He/b3sd; TaM
HUKAKHX OCOOBbIX sIBJIEKHH He NpPOHCXOIHT.

Ho B snexTpomarHeTuaMe ocTaeTcs elle He-
CKOJMIbKO BONPOCOB, KOTOpPble CTOMT OCBETHTD.
Hapo 6ymer o6cyautb Bonpoc CBSI3H OTHOCHTEJb-
HOCTH M ypaBHeHHil MaKcBe/sa, T. €. BLIACHHUTD,
yTé NpOHU30MAET, ec/M Ha ypaBHeHUs Maxcaesna
NOCMOTPETh U3 JBHXKYLIEHCS CHCTEMbI KOOPAHHAT.
BaxeH eule U BOnNpoc O COXpaHEHUH 3HepPrHu
B 3JIEKTPOMAarHUTHBIX cuctemax. Kpome Ttoro,
cyulecTByer o6uwupHas 06/1acTb 3/J€KTpPOMarHur-
HbIX CBOHCTB MaTepHaJ/lOB; A0 CHX MOpP Mbl pac-
CMaTpHBaJH TOJNbKO 3JEKTPCMAarHUTHblE MOJs B
NYCTOM NMpPOCTPAHCTBE, €CJH HECYUUTATh U3YUeHHs
CBOHCTB AHM3JEKTPUKOB. [la W npu H3yueHHH CBeTa
BC€ ellle OCTAaBaJOCh HECKOJbKO BONPOCOB, KOTO-
pble X0Tes10Cb 6bl pacCMOTpeThb ellle pa3 ¢ TOYKH
3peHUs YpaBHEHHUH noJs.

B uactHocTH, Hano 6Bl ewle pa3 BepHYTbCH K
BOMpPOCY O noKa3aTeJse npenomjeHHs (0CO6GeHHO
y nJaoTHbIX BeulecTB). HakoHeu, HHTepecHb! fiB-
JIeHHs], CBSI3aHHbIE C BOJIHAMH, 3aKJIOYEHHBIMHU
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§ 1.
§ 2
§ 3.

§ 4.

§ 5.
§ 6.

§ 7.
§ 8.

UmMnenanco
FenepaTopni
Certn naeanb-
HbIX 39/IEMEHTOB;
apasuna Kupx-
rea

AKBUBANEHTHBIE
KOHTYpbI

dHeprug

JlecTHuynas
ceThb

PuabTphl

HApyrne saemeH-
Thbl LENH

Hosropurs: ra. 22

(BbIN.
reépa»;
ra. 23 (Bbin. 2)
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BHYTDH OrpaHHueHHOMH 06/1acTH NpocTpaHCTBAa. MBI KpaTKO KOCHY-
JIMCb 3TOH npo6/eMbl, KOrga H3yyaju 3ByKoBble BoJIHbI. Hoypas-
HeHusi MakcBessa Toxe NMPUBOASIT K pelleHHsM, KOTOpble npej-
CTaBJSIOT BOJIHBl 3/1eKTPHYECKHUX M MArHUTHBIX NoJiel, 3aMKHYThIe
B HekoTOpoM o6beme. B omHON M3 mocienyoouux raae Mbl pac-
CMOTDHM 3TOT BONPOC, HMEIOLHl BaXKHble TeXHHYECKHe NPHMeHe:
Hus. M uTo6bl nogoiiTH K HeMY, Mbl HauHeM C TOTO, YTO H3J/I0OXKHM
CBOMCTBA 3/IEKTPHYECKHX Ueneii NpH Hu3kux 4Hactorax. [locsae
39TOrO0 Mbl CMOXeM CpPaBHUTb TaKHe CHCTeMbl, KOrflla K ypaBHe-
HUAM MakcBesJja NpUMEHUMO NMOYTH CTaTHYeCKoe MpHOMHKeHHe,
H CHCTEMBI, B KOTOPBIX Npeo6/ajaloT BLICOKOYACTOTHBIE 3 (eKThI.

Utak, cHH30/ileM C BeJHYECTBEHHBIX M TPYAHOLOCTYMHBIX Bbl-
COT MOCJIeHUX HEeCKOJbKHX IJaB H o6paTHM CBOH B30p Ha cpas-
HUTE/bHO HH3MEHHYIO 3ajjauy — 3ajiauy 06 3/eKTpHUeCKHX Lensx.
Bnpouem, Mpl y6eaumcss B TCM, YTO Jaxe CTOJb MHpPCKHe Jena
0Ka3blBAlOTC BeCbMa 3anyTaHHBIMH, €C/M B HUX BHHKHYTb JOCTa-
TOYHO IJ1y60KO.

B ra. 23 u 25 (Bbim. 2) MBI yxXe OGCYXAAJH HEKOTOpbIE
CBOHCTBA 3JeKTpHYeCKHX uenell (KoHTypoB). Temepb Mbl moBTo-
PHUM YacTb H3JI0XKEHHOTO TaM MaTepHaJsa, Ho GoJsiee NoApOOGHO.
Mbpbr no-npexxHemy OyneM HMeTb Oe/10 C JHHeHHBIMH CHCTeMaMH
H C HanpsKeHUAMH W TOKaMH, KOTOpble MeHSIOTCS CHHYCOHAA/b-
HO, NMO3TOMY Mbl MOX<e€M NpeACTaBHTb BCe HANpPSXKeHHA MU TOKH
B BHJle KOMINJIEKCHBIX YHCeJl, MOJ/b3YsICh 3KCMOHEHUHAJbHBIMH 060-
3HaueHUSMH, BBeleHHbIMU B rJ. 22 (Bbin. 2). Tak, MeHsiiouleecs
BO BPeMeHH Hanpsixkenue V(f) OyleT 3anucbiBaThCs B BHIE

V(t)=Veo, (22.1)

rie V— KoMnaekcHoe yucio, He 3aBucauee ot ¢ [Ipu 3TOM, KO-
HEYHO, MoJApa3yMeBaeTCsi, YTO HACTOsllee NepeMeHHOe MO Bpe-
MeHu HanpsixKeHue V(f) npeacraBasiercsi 0elcT8UTEAbHOU 4ACTbO
KOMIIJIEKCHOH (QYHKLUHH B NMPABOH YaCTH ypaBHEHHS.

[Tonpo6HbIM e 06pa3oM H Bce ApyrHe MeHsiloUlHecs BO Bpe-
MeHH BeJHYHHBl OYAYT CUHTATbCA H3MEHSIOUIUMHCSH CHHYCOH-
JlaJbHO C TOH Xe yacToTolt w. Mbl 6ylaem nucathb

I =le'* (Tox),
&=&eiot (5. 1. c), (22.2)

E = Ee'®! (sneKTpHUYecKoe MmoJie)
T O
Bosabuie#t yactbio Mbl 6yaeM nucath yPaBHEHHs, MOJb3yACh
o6o3nauenusimu V, I, &, ... (smecto V, 1, &, ...), nomus npu
3TOM, YTO OHH H3MEHSIIOTCS CO BPeMeHeM Bcerja Tak, KakB (22.2).
B npexHux Hammux paccyXaeHusix o6 3/€KTPHYECKHX Lensx
Mbl MOJIarajH, YTO TaKue BellH, KaK HHAYKTHBHOCTb, €MKOCTb H
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conpoTuB/eHHe, BaM 3HaKoMmbl. Ceiluac Mbl HeMuoro noapoGuee
00BbACHUM, YTO MOHHMAIOT NMOA 3THMH HAEaNHHPOBAHHBIMHU 3Je-
MeHTaMu cxeM. HauHeM ¢ HHAYKTHBHOCTH.

WHAYKTUBHOCTE — 3TO HaBUTash B HeCKOJIbKO psSOB NPOBO-
JoKa B opMe KaTYyIUKH, JBA KOHIA KOTOpPOH BBIBEJEHBI K 3aMH-
MaM Ha HEKOTOpPOM paccTOsHHHM oT Katywku (¢pur. 22.1). Ilpen-
NOJIOXKHUM, 4YTO MAarHUTHOe MNoJie, CO3laBaeMOe TOKaMH B KaTylliKe,
He OYeHb pacnpocTpaHseTcsl Ha BCe NPOCTPAHCTBO M He BO3Jel-
cTByeT Ha Aapyrue yactu uenu. O6bYHO 3TOrO A06GWBAOTCA, MpH-
JaB KaTyliKe ¢opMy JenewKkH HIH HAMOTAB €e Ha MOAXOMsLIHH
Xe/Me3Hbll cepleyHHK (3TO CXXHMaeT MarHUTHOe MNoJie); MOXHO
elule MNOMECTHTb KAaTYyLIKy BHYTPb MeTa//aH4eCKoH KopoOouKu:
CcXeMaTHYeCKH 3TO MoKasaHo Ha ¢ur. 22.1. B no6om cayuae npea-
noJlaraeTcsi, 4To BO BHellIHell 06/1aCTH Y 32)XXKHMOB @ U b Maruur-
HBIM noJieM MOXHO mpeHe6peub. KpoMe Toro, Mbl 6yaem cuuTarh,
YTO 3/IeKTPHYECKOEe CONPOTHBJEHHE NPOBOJOB B KaTYIIKe MOXHO
He yuHTBIBaTb. M HaKoHel, mosaralor, 4To MOXHO npeHe6peub M
3JeKTPHYECKHM 3apsi[loM, BO3HMKAIOUIUM Ha MNOBEPXHOCTH MNpo-
BOZA, KOTla CO3AAIOTCS 3JEeKTpHUECKHe NoJs.

C yueToM BcexX 3THX NpHOJIMKEHHUH U BO3HHKAET TO, YTO Ha3bl-
BAlOT «HJeaJbHOM» HHAYKTHBHOCTbIO. ([lo3xke ™Mbl BepHeMmcs
K 3TOMY NYHKTY H TNOrOBCPUM O TOM, 4TO ObIBaeT B peaJsibHbIX
HHAYKTHBHOCTAX.) Tlpo uaeanbHyl0 HIAYKTHBIOCTb TFOBOPAT, 4TO
HanpsiKeHHe Ha ee 3axumax paBHo L(d//dt). Tlouemy? Korna
yepe3 MHAYKTHBHOCTb HJET TOK, TO BHYTPH KaTYyIUKH CO3AaeTcs
MarHuTHOe mnoJie, NMPONMOpIHOHA/NbHOe cuje Toka. Ecaum Tok BO
BpEMEHH MEHseTCsl, TO MeHseTcsl U MarHutHoe noJje. Boobute ro-
Bopsi, potrop E paBen —dB/df; MOXHO cKkasaTb M NO-APYromy:
KOHTYpHBI# uHTerpas ot E mo n060My 3aMKHyTOMY NMyTH paBeH
(c MuHycoM) OblcTpoTe H3MeHeHHs nNoToka B uepe3 KOHTyp.
IlpenctaBbre Temepb ceGe chaeAylolIuii MyTb: HaudHAeTcsl OH Ha
3aXKHMe @ M TSIHEeTCS BAOJIb KATYWIKH (OCTaBasichb BCe BpeMsi BHY-
TPU NpPOBOJA) K 3axXKMUMy b; 3aTeM Bo3BpaulaeTcsl OT 3axuma b
K a no BO3AYyXy B NpPOCTpaHCTBe BHe KaTylKH. KOHTypHBI!I HHTe-
rpaa ot E no s3toMy 3aMKHYTOMY myTH MOXXHO 3anHucaTh B BHIe
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CyMMBbl JBYX yacTei:

b a
§E-ds = S E-ds+ S E.ds. (22.3)
ITo ngosony Cnagymu

Kak MBI yXe BbISICHW/IM paHbliue, BHYTPH HEEaJbHOFO MPOBOA-
HHKa 3/eKTPHYECKHX MoJiell CyliecTBOBAThb He MOXeT. (MaJefimne
nossi BbI3BaJH Gbl GecKoHeuHO GoJbiuue TOxH.) IlosToMy HHTe-
rpaJ oT 3axuma a 10 b yepe3 kaTywky paBeH HyJaw. Becb Bknan
B KOHTYPHHI uHTerpas ot E mpuxoaurcss Ka nyTb CHapyXH HH-
NYKTUBHOCTH, OT 3aXHMa b k 3axumy a. A tak kak Oblio npel-
NOJIOXKEHO, YTO B NPOCTPAHCTBE BHE «KOPOOKH» HeT HHKaKHX
MarHMTHBIX NOJieH, TO 3Ta 4YacTb MHTerpaja He 3aBHUCHT OT BbHI-
6opa nyTH. 3HauyuT, MOXHO ONpeNe/UThb MNOHATHe MNOTEHIHaJa
o6oux 3axnMoB. PasHOCTb 3THX OBYyX MOTEHLHAJ/IOB H €CTb TO, YTO
Ha3bIBAIOT HanpsixKeHuweM V, Tak uTo
a

=—§Eods=—@E-ds.

[Tonublit HHTErpas Mo KOHTYpPy — 3TO TO, YTO Mbl paHblle Ha-
3biBajK 3. A.¢. & OH, ecTecTBEHHO, paBeH CKOPOCTH H3MeHeHHs
MarHMUTHOrO mnoss B KaTywke. Mbl yXe 3HaeMm, 4To 3. 1. C.
paBHa (CO 3HAaKOM MHHYC) ObICTPOTE H3MEHEHHs TOKa, TaK YTO

dil
- g - L 7:
rae L — uHAYKTHBHOCTb KaTywkH. [Tockoabky dl/dt=iwl, To Mbl
HMeeM

V =ioll. (22.4)

Tor cnoco6, KOTOpPHIM MBI OMHCANH HAeaNbHYIO HHAYKTHB-
HOCTb, H/JIIOCTPUPYeT OOUIMA NOAXOA K APYFrHM HAeaNbHBIM 3Je-
MEHTaM LenH — oObIYHO HX Ha3LIBAIOT «COCPENOTOYEHHBIMH» 3Jle-
MeHTaMHu. CBOHCTBA 3/€MeHTa MOJIHCCTbIO ONHUCHIBAIOTCS HA I3bIKE
TOKOB M HanpsiKeHul, BO3HMKAOIWHKX Ha ero 3axumax. Ilpu-
6erHyB K NOAXOASLHM MNpPHUO/NHXKEHHAM, MOXHO HFHOPHPOBAaTh
OTPOMKEYIO CJIOXKHOCTb TeX mnoJell, KOTopble BO3HHKAIOT BHyTpH
o6bekra. To, YTO NMPOUCXOAMUT BHYTPH, OTHENSIETCH OT TOro, 4TO
NPOUCXOAHT CHAPYXH.

Hns BceXx a/1eMeHTOB Lend Mbl HaMepeHbl ceifyac HalTH COOT-
HolweHHusA, nofobHble ¢opmyne (22.4). B Heit manpsixKeHue npo-
MOPUHOHAJbHO CHJIe TOKa C KOHCTAHTOM NpPONOPLHOHANBHOCTH,
KoTopas, BooOlle roBopsl, eCTb KOMIJIEKCHOe YHC/I0. DTOT KOMM-
JIeKCHbI!I KO3()(QHULHEHT NPONOPLUHOHANBHOCTH Ha3blBaeTCs umnes
daHcom, u ero NpHUBLIKIM 0603HayaTh yepe3 2 (He cjefyeT myTaTh
¢ KoopauHaton 2). B obuiem cayuyae 3to QyHKUHS 4acTOTH @.
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Crano 6biTh, AJ51 KaXKJOTO COCPEAOTOYEHHOro 3/eMeHTa Mbl Ha-
nuuieMm

v _ ¥V
A 22.5
=7 =2 (22.5)

Jns HHOYKTHBHOCTH Mbl HMeeM
2 (MHAYKTHBHOCTH) = 2z; = iwL. (22.6)

PaccmotpuM ¢ 3To# TOYKH 3peHus eMKoOcTb *. OHa COCTOHT u3
ABYX NPOBOASILMX NJACTHH (0OKJAAOK), OT KOTOPBHIX K HYXXHBIM
33aXHMaM OTXOAAT ABa npoBofa. [lmacTuHbl MoryTt 6bITb JIOGOH
¢OopMBl M 4acCTO OTAeNAIOTCS APYr OT Apyra KakuM-HHOydb IH-
3JIEKTPHKOM. DTO CXeMaTHueCKH H3o6paxeHo Ha o¢ur. 22.2. Ml
CHCBAa [lelaeM HECKOJbKO YNPOLIAOWHUX NpeanoJoxenuis. Mol
CYHUTaeM, YTO MJACTHHbI W MNpPOBOJA — HAeajibHble NPOBOAHHUKH,
a H30/IAIHS MEXJY NIaCTHHAMH TOXe HjeasibHa, TaK YTO yepe3
Hee HHKaKHe 3apsifibl C NJIAaCTHHBl HA NJACTHHY NepedTH He Mo-
ryt. 3aTeM Mbl NpeinoJjaraem, YTo NPOBOJHHKH HaXoAsATCs 6J1U3KO
Ipyr OT Apyra, HO 3aTO 3HaYHTeJNbHO yjJa/jeHbl OTO BCEX OCTallb-
HbIX NPOBOAHHMKOB, TaK 4TO BCe JHHHK MOJA, BHIUAA H3 ONHOH
N/71aCTHHBI, HENPEMEHHO OKaHuMBalTca Ha apyrod. M Torma 3a-
psAAbl Ha NaAaCTHHAaX BcCerja paBHbl M NPOTHBOMOJIOXKHBI ApPYT
Apyry, npyyeM MO Be/JHYHHe HAMHOTO NPeBOCXOIAT BeJHYHHY 3a-
psAlla Ha moBepXHOCTH npoBodoB. M makoHel, MBI cuuTaeM, 4TO
no6GJ/MH30CTH OT KOHAEHCAaTOpa MarHUTHBIX NoJIeH HeT.

PaccmorpuM Tenepp KOHTYpHBIA MHTerpaa ot E Bpoab 3amk-
HYTOll MeTJIH, KOTopas HauyhHaeTcs Ha KjleMMe 4, NPpOXOJHUT BHY-
TPH MpoOBOJa A0 BepxHell OOKJafKH KOHAeHCATOpa, nepecKakH-

* Koe-KTo TOBOpHT, 4TO npeOmeTsr Mbl 06si3aHbl HA3bIBaThb CJOBAMH «Ka-
TYWKa» H KKOHAEHCATOpP», a HX C60UCTGA — COOTBETCTBEHHO «HIAYKTHBHOCTb»
u «eMKkoCTb». Ho s mpeinounTaio no/ib3oBaTbesl C/OBAMH, KaKde CJbllly B na-
6opaTopHH, TAe MOYTH BCerAa H Npo (H3MYECKYI0 KAaTYWKy H Npo ee camo-
HHAYKUHIO L roBOpAT «HMHAYKTHBHOCTb», TOUHO TaK e MNPeANnodYHTAIOT roBo-
PHTb «eMKOCTb», «COMDOTHBJEHHE», AOTH 4YacTO MOXHO YC/BHILATE U CJAOBO
KOHJleHCaTop».

170



BaeT INPOMEXKYTOK MeXAY MNJacTHHaMH, TNPOXOAHUT C HUXHeH
OOK/MaflkKH Ha KJeMMy b u BosBpawiaercss K KJieMMe a IO Ipo-
CTPAHCTBY CHapyXH KOHAeHcaTopa. Pa3 MarHuUTHoOro mnoJ/s Her,
KOHTYPHBI# HHTerpajd ot E no 3ToMy 3aMKHyTOMYy NYTH paBeH
HyJ0. MIHTerpas MoXHo pa36HuTb Ha TPH YACTH:
a
§E-ds= | E-as+ { Eas+ | E-as.227)
Broas Mexny
TNPOBOLOB nAacTHHAMH CHapyxn

Wnrerpan Boosbp NpoBoJ0B paBeH HYJIO, IOTOMY YTO BHYTPH HIe-
a/JbHBIX NpPOBOAHHKOB 3JeKTpHuYecKoro noJsi He ObiBaeT. HHre-
rpaJ or 3axuma b 10 a CHapy»XH KOoHJeHcaTopa paBeH pa3HOCTH
MOTEHUHA/IOB MeXAY KJAeMMaMHU CO 3HaKOM MHHYC. A MOCKOJIbKY
Mbl CYHTaeM, 4YTO OOKJAAKH KaK-TO H30JHPOBAHEH OT IpOuero
MHpa, TO OOWHA 3apsAf ABYX OOK/IamOK [O/XKeH ObiTb paBeH
HYJIIO; U eC/JM Ha BepxHell oOkJiagKe ecTb 3apsi Q, TO Ha HHX-
Hell umeetcs 3apsan —Q. Panbuie Mbl yXe BHAENH, YTO eC/H 3a+
psbl ABYX NMPOBOAHHKOB PaBHbI H MPOTHBOMOMOXHL,, +Q n —Q,
TO pa3HOCTb MOTeHUHaNoB Mexay HuMH ectb Q/C, rae C— em-
KOCTb 3THX NpoBoAHUKOB. M3 (22.7) cJaenyer, YTO pa3HOCTb Io-
TEHIHAJOB MeXAY 3aXHMaMH a U b paBHa pa3HOCTH MOTeHLHa-
JIOB MeXay ob6knaakamu. [Toatomy

_2Q
v=-=2.

dneKTpUYecKHH TOXK /, BTeKalOWHil B KOHAEHCATOpP Yepe3 KJAeMMY
a (¥ nokuAamuiuil ero uepe3 kaemMmy b), paBed dQ/dt — GbicT-
poTe H3MeHellHsl 3JIeKTpUYeCKoro 3apsja Ha oOK/aaakax. 3anu-
coiBasgs dV/dt B Bume iwV, cBsi3b MeKIy TOKOM M HamnpsKeHHeM
I/ KOHIleHCaTopa MOXHO AaThb B CJelyiolleM BHAe:

. I

iV = ? s
HJTH

I

V=-1F" (22.8)

Torma uMnenanc 2 KoueHcatopa paeeH
1
z (KonpeHcaTopa) =2¢ = o+ (22.9)

TpeTuit snemMeHT, KOTOPLI HYXXHO PaccMOTpeTb, — 3TO COMPO-~
TuBJeHHe. Ho, MOCKOJIbKY Mbl MOKa ellle He paccMaTpHUBaMH 3JeK-
TPHYECKHX CBOMCTB peasbHbIX BelLeCTB, Mbl He TFOTOEBl 06CYXK-
JaTh TO, YTO TBOPHTCA BHYTPH peasibHoro npoeoaHuka. Ilpuaercs
NPOCTO NPUHATb KaK (aKT, YTO BHYTPH peasbHBbIX BelleCTB MOTYT
CYLLECTBOBATb 3JEeKTPHYECKHEe IOJs, YTO 3TH MOJS MNOPCXKAAT
NOTOK 3JIeKTPHYECKOro 3apsiia (T. €. TOK) M 4TO 3TOT TOK MPO-
NOpPUHOHA/NIEH MHTErpajy 3/MeKTPUYeCKOro MnoJ/s OT OAHOrO KOHUA
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NpPOBOAHUKA A0 Apyroro. 3aTeM Hajo NpelCTaBUTb cebe HIealb-
HOe COMpOTHBJIEHHe, cle/aHHOe TaK, KaK NMoKa3aHo Ha ¢ur. 22.3.
JBa npoBoja, KOTopble Mbl CYHTaeM HAeaNbHbIMH IpPOBOJHH-
KaMH, TAHYTCS OT KJAeMM a ¥ b K AByM KoHuaMm 6pycKka, caesaH-
HOrO M3 MarepuaJ/a, OKa3blBaloulero conpotubaelne TokKy. Cie-
Aysi Hauleil oObIYHOM JIMHHH pacCyXJeHUH, NPUXOAHUM K BbIBOLY,
YTO Pa3HOCTb MOTEHLUHAJIOB MeXAY 3a)XKMMaMU a U b paBHa KOH-
TYPHOMY HHTErpagy OT BHeIUHero 3/JeKTPHYeCKOro mnoJs, paBHOMY
TaKxe KOHTYDHOMY HHTerpasy oT 3JIeKTPHYecKoro rnoJjs no myTH,
npoxoasuemy uepe3 6pycok. Otciofa caenyet, yto ToK [ yepes
CONMpOTHBJ/IEHHEe INPOMNOPUHOHANEH HanpsKeHuio V Ha 3axumax:

I= %,
rie R HasbiBaeTcs compoTuBiaeHHeM. [To3xe Mbl yGeaumcs, uTo
CBA3b MeXJAYy CH/IOK ToKa / W HanpsikeHueM V 145 peasibHBIX
NpPOBOJAILIHNX MaTepHanoB TOJbKO NMPHOJHXKEHHO MOXHO CYHTAThb
AuHeliHOH. Mbl y6enuMmcsi TakXke, 4TO CYMTaThb 3Ty NPUO/IHKEH-
HYI0 NPOMOPLHOHAJIBHOCTD He 3aBHCsllel Or 4acTOThl H3MeHEHHH
TOKa M HamnpsueHHs MOXKHO JHllb TOrjAa, Korjga 4acTtota He
CMLIKOM BbICOKa. M Torma n/s nmepeMeHHBIX TOKOB HampsiKeHHe
Ha 3a)XHMaX OKa3blBaeTcss B (pase C TOKOM, a 5TO 3HAUYHT, HTO
CONpPOTUBJEHHE — YHCJIO AeHCTBUTEJbHOE:

z=zp=R. (22.10)

PesynbraThl HallMX paccyX[eHH# O Tpex COCpelOTOYEHHbIX
3/leMeHTax lend — HHAYKTHBHOCTH, €MKOCTH, CONPOTHBJEHHH —
noabiToxensl ¢ur. 22.4. Ha 3ToM pHcyHKe, KaK ¥ Ha Npeablay-
LIHX, HANpsiXKeHHe OTMeYeHO CTPesKOH, HanpaBJieHHOH OT OAHOH
KAeMMbl K apyrofl. Ec/au HanpsixKeHue <«MOMOXKHUTEJNBHO», T. €.
€C/IM Ha KJeMMe a MOTeHIlHaJ gbuue, yeM Ha KaeMMe b, To cTpes-
Ka YKa3biBaeT HanpaBJ/ieHHe «MaJeHHs HanpsiKeHUs».

XoTsi MBI cefluac roBOpHM O MepeMEeHHBIX TOKaX, KOHEYHO,
MOXHO BKJIOYHTb ClOfla H OCOOblfi c/ayuaii uemneii NMOCTOSIHHOTrO
TOKa, ec/JH MNepedTH K mNpefleny, KOrja 4acroTa @ CTPpeMHTCH
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K Hymo. Ilpn HyneBo# yacToTe, T. € MNpH NMOCTOSIHHOM TOKe, HM-«
neflaHCc HHAYKTHBHOCTH CTPEMHTCS K HYJ/I0; MeXAy KjaeMMaMH
HacTynaeT KOpPOTKOe 3aMblKakHe. FiMnefaHC e eMKOCTH NpH no-
CTOSIHHOM TOKe CTpeMHTC K 6eCKOHEYHOCTH; Lenb MeXOy KJ/eMs
MaMH pa3MmblkaeTcsl. [IpuHUMAaTb B pacuyeT NpU NOCTOSIHHBIX TO-
Kax HYXXHO TOJIbKO OOGBIYHBI€ COfpOTHB/EHHS: OHH He 3aBHCAT OT
4aCTOTHI.

B onncaHHBIX A0 CHX NMOp 3/JleMeHTax LeNH TOK U HanpsKeHHe
6bLl1¥ MpONMOpUHOHaAbHbI APYT Apyry. Ecan onHo paBHO HyJ10, TO
¥ Japyroe paBHO HyJio. OObIYHO Mbl MBICJIHM Ha TaKoM s3blKe:
NDHUJIOXKEHHOE HaNpsiXKeHHe «OTBETCTBEHHO» 3a TOK HJIM TOK «CO3-
LaeT» HampsKeHHe Ha KjJeMMax. DJeMeHT CI0BHO B HEKOTOPOM
CMBIC/IE «OTBeYaeT» Ha «IPH/IOKeHHble» BHewlHHe ycaoBus. [lo
STOH NpHYHMHE TAaKHe 3JeMeHTbl Ha3blBalTCA naccusHoimu. TeMm
CaMbIM HX MOXHO NPOTHBONMOCTAaBHTb AaKTHBHBIM 3J/eMeHTaM, Ta-
KHM, KaK reHepaTopbl, KOTOpble Mbl PacCMOTpHM B cJaeAylolleM
naparpadge U KOTopble MpPEACTABMAAIT COO0H UCTOYHUKU Konaeba-
HHH TOKOB WJ/IM HaNpsi)KEHHH B LENH.

§ 2. I'eneparopot

[ToroBopuM Tenepb 06 axTueilOM 3JleMEHTE LeNH, HCTOYHHKE
H TOKOB M HamnpsKCHHUI B Hell, T. e. 0 eeHeparope.

[TycTb y Hac uMeeTcsl KaTyllka, HamoJoOHe KaTYLIKH CaMo-
MHIAYKUHH, HO TOJbKO BHTKOB Yy Hee HEMHOrO M Ha MarHuTHoOe
noJie ee cOGCTBEHHOrO TOKA MOXHO BHUMaHUsA He ofpawarte. JTa
KaTyllKa, OAHAKO, HaXOAHMTCS B NepeMeHHOM MarHHUTHOM IOJe,
nofoGHOM TOMYy, KaKoe CO3[aeTcsi BpalLalOLWHMCA MarHuToOM
(¢dur. 22.5). (Mbl yXe BHJeNIH paHee, 410 TaKoe Bpallalollleecs
MarsiTHOe MoJie MOXKHO TaKXXe C03[aTbhb C MOMOLLbIO MOAXOAsILel
COBOKYNHOCTH KaTylleK ¢ nmepeMeHHbBIMH TokKaMmu.) CpenaeM cHo-
Ba HECKOJ/IbKO yNpouwlamlluxX AcnyuleHHi. ITO Bce Te XKe JOny-
LeHHs, KOTOpble Mbl JenaJju, roBopsi 06 MHAYKTHBHOCTH. B 9acT-
HOCTH, Mbl MpeAno/araeM, 4YTO MeHslOlleecs MarHuTHoe IoJe
OrpaHHYeHOo JIHLb HeGOoJbINOH 06/acThbi0 MOGJH30CTH OT KaTyIUKH
N 3a mpefielaMH TeHepaTopa, B NPOCTPAHCTBE MEXAy KJIeMMaMH,
OHO He YWYBCTBYyeTCH,
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[ToBTOpSAsl ONMATH B TOYHOCTH TOT XK€ aHaJW3, YTO WU AJs1 HH-
JYKTHBHOCTH, PacCMOTPHM KOHTYpHbI# uHTerpan ot E Baoas
3aMKHYTOl MeT/H, KOTopasi HAYWHAeTCs Ha 3a)XHMe @, NMPOXOAHT
no KaTylwke A0 3a)XXuMa b W Bo3BpaulaeTcs K Hayajy 1o NMpocCT-
paHCTBY Mexay 3axkuMmamu. CHOBa 3aKJ/lo4yaeM, 4TO Pa3HOCThb FO-

TEHUHAJOB MeXJy 3aXHMMaMH a W b paBHa BceMy HHTerpajy or
E Bpoab nerau:

| I
— a
D ue 22.5. Ieneparcp, cocroauui
u3 3akpenaeHHol Karywku U epa-
Warwe2oca MazHUTHO20 NOAR.
/V
(.
l b

-

V=—=§E.us.

STOT KOHTYpHBIH MHTerpaJ/ paBeH 3. 4. C. B LlellH, H MO3TOMY pas-
HOCTb MOTEHUHANOB V MeXAy BHIBOJAMH reHepaTopa TOXe paBHA
CKOpPOCTH HM3MEHEeHHS MarHUTHOrO NMOTOKA CKBO3b KaTYLIKY:

V=—&=2 (notoK). (22.11)

ITpennonaraercsi najee, 4To y HIea/bHOrO reHepaTtopa MarHHMT-
Hblll TIOTOK uepe3 KaTyulKy ofpefeseTcs BHEIUHUMH YCJAOBHSIMH
(TakMMH, Kak YrjoBas CKOPOCTb BpalLalOULErocsi MAarHUTHOrO
NoJIs) Y YTO Ha Hero HHKaK He BJHSAIOT TOKH, TeKylllHe yepe3 re-
Hepatop. Takim o6pasoM, resepatop (mo KpalHeii Mepe pac-
CMaTpUBaeMbli HaMU udeaabHblll)— 3TO He uMmnegaHc. PasHocTb
NMOTEHUHAJIOB Ha €ro 3a)KUMax ofpelessieTcsi NPOM3BOJbHO 3a]a-
BaeMo#l 3.4.c. & ({). Takol ugeanbHbIi TreHepaTop MNpPeNCTaB-
JSIIOT CXeMOW, MOKa3aHHOK Ha ¢ur. 22.6. Ma-
a JeHbKasli CTpe/lKa JaeT HanpaBJeHHe MOJOXH-
't TeJbHOH 3. A. ¢. [losoKuTenbHas 3. 4. C. B reHe
\ patope, H3obpaxenHoM Ha ¢ur. 22.6, cosmaet
HanpsixkeHue V =& c GoJ/iee BBICOKMM MOTeH-

y UHaloM Ha 3axuMme a.

—

Due 22.6. O60o3nauenue udearsnoeo eexeparopa.
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Pue. 227. Tleneparop,
cocToAwul U3 Karywku,
épawarouetica 8 Henoo- N
BUNIHOM MA2HUTHOM noae.

i
)

|

MoxHo cienaTb reHepatop M mo-apyromy. Buytpu on Gyner
YCTpOeH COBEpUIEHHO HHaye, HO CHApYXH, HAa 3a)KHMaX, OH HHYeM
He OymeT OT/IHYATLCS OT TOJbKO 4YTO omucaHHoro. IlpeactaBum
KaTyulKy, KoTopasi BpallaeTcsi B HenodgudicHom MATHHTHOM IoJe
(¢ur. 22.7). Mbl H306pa3u/Id MarHUTHYIO Ma/louKy, YTOGH MOKa-
3aTb Ha/lHYHe MArHHUTHOTO IOJsSl, HO €r0 MOXHO, KOHe4HO, 3aMe-
HUTb JIOObBIM JPYrMM HCTOYHMKOM TOCTOSSHHOFO MAarHHTHOrO
noJs, CKaxeMm A00aBOYHOH KaTyUIKOH, MO KOTOPOH TeyeT o=
CTOsiHHBIH TokK. Kak nmokasaHo Ha puCyHKe, Bpallaiouiascs Ka-
TyllKa CBs3aHa C BHEIUHHM MHPOM CKOJIb3SIIUHMH KOHTaKTamH,
HJIH «KosmblLamu». Hac onaTb HHTepecyeT pasHOCTb MOTEHLHAJOB,
KOTOpasl NOsABJSIETC MeXAy KJeMMaMHu a U b, T. e. HHTerpaJa ot
3JIeKTPHYECKOro NOJIi MeXAy @ M b 1o nyTH CHapyXH reHes
paropa.

Tenepb B 3TOi cHCTeMe yXKe HeT H3MEHAIOUIMXCSA MAarHHTHBIX
noJiefl H Ha NepBbIA B3rJAJ Ka)KeTcs yAMBHTe/NbHBIM, OTKyJa Ha
3aXHMax reHepaTtopa Oepercsi HanpsixeHue. [leHiCTBHTE/BHO,
Belb HUI'e XKe BHYTPH reHepaTopa HeT HMKAKHX 3JleKTPHYECKHX
noJjeit. Mbl, Kak 0oOblYHO, MpeanoJ/JaraeM s HallHX HAeaJbHBIX
3/IeMEHTOB, UTO BHYTPH HHX NpPOBOAA CAe/naHbl H3 HAea/JbHO Mpo-
BOJsLIEr0 MaTepHana; a, Kak yxe HeOJHOKPATHO MOBTOPAJOCH,
3JleKTpHYeCKOe I0Jie BHYTPH HJeaJlbHOrO NPOBOJHHKA pPaBHO
Hymo. Ho sto He Bceraa Bepro. 310 HeBepHO Torjaa, Koraa mnpo-
BOAHHK OBHXKETCS B MarHuTHoM mnoJe. IIpaBuibHOe yTBepxje-
HHe TaKoBO: ofuias cu.sa, NeHCTBYlOLlas Ha NPOHM3BOJbHBIA 3a-
pAl BHYTPH HIeaNbHOro IpPOBOJHHKA, MOOMXHA OLHITb paBHa
Hymo. VHaue B HeM BO3HMK Obl GeCKOHeuHbI TOK CBOGOJAHBIX
3apsgoB. Tak uto Hamo 6paThb cymmy aJjekTpHueckoro moas E
H BeXTOPHOro NMpoH3BeJeHHs CKOPOCTH NMPOBOJHHKA V Ha MAarHHuT-
Hoe moJsie B; 310 ecTb MosHas cusa, AeficTByIOWasn Ha eIMHHUHBIA
3apsaf, ¥ BOT OHA-TO BCeria paBHa HYJIO:

F=E 4 v XB=0 (B uzeanbiom nposoasuke). (22.12)

A nawe NnpexHee yTBepXKAeHHe O TOM, YTO BHYTPH HA€AJbHBIX
NPpOBOAHHKOB 3JIEKTPpHUYECKHX noJej He 6blBaeT, BE€pHO JHIb
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TOT[a, KOraa CKopocTb NMPOBOAHHKA V paBHa HYJIO; B NIPOTHBHOM
cJyvae cnpaBeJ/IHBO BhlpaxkeHue (22.12).

BepHeMcs K HalueMmy reHepaTtopy, NoKa3aHHOMY Ha ¢wur. 22.7.
Tenepb Mbl BHUAMM, YTO KOHTYPHBIH MHTerpa/ OT 3/eKTPHYeCKOro
noas E Mexnay 3axxuMaMu a u b no mpoBoAsILHM NMYTAM reHepa-
TOpa AO/MXKeH ObiTb paBeH KOHTYPHOMY HHTerpanay ot v X B mo
TOMY JKe NyTH:

b

| Eas—=— | (xB.as. (213
BH;'I*rpu Bngrpn
NMPOBOHHKA NMPOBOIHHKA

OnHako no-mpexHeMY OCTaeTcsi BEPHBIM, YTO KOHTYPHBIH HHTe-
rpan ot E no 3amKHyToil meTse, BK/OYas BO3BpalleHHWe OT 3a-
xKuMma b K a BHe reHepatopa, Jo/KeH ObITb paBeH HYJIO, NIOTOMY
4YTO MeHsIOlUHecad MarHuTHble MoJsA OTCYyTCTBYIOT. Tak uTo mep-
Bblii HHTerpaa B (22.13) mo-nmpexxHeMy paBeH V — HanpsiXKeHHIO
Ha 3axumax. OKasblBaeTcsi, YTO HHTerpasJ B NpaBOd YacTH
1(22.13) mpocto paBeH ObLICTPOTEe H3MeHEHHS MOTOKA uyepe3 Ka-
TYLIKY, @ 3Ha4HT, MO NpaBUJY NMOTOKA, paBeH 3. A. C. KAaTYLIKH.
W onsaTb nosaywaercs, yTo pa3HOCTb MOTEHLHAJOB MeXAY 3aXH-
MaMH paBHa 3. . C. LeNH B COrJacHu ¢ ypaBHeHueM (22.11). Tak
YTO BCe PaBHO, KaKOi y HAC reHepaTop: MeHseTCsl JIH B HeM Mar-
HHTHOe 1OoJle BO3J/le 3aKpeNJ/leHHOH KaTyLIKH, BEepTHTCA JH B 3a-
KpenJieHHOM MarHMTHOM IIoJle KaTyllKa, — BHeLIHHe CBOHCTBA
reHepatopoB ofiHH M Te xke. Ha kieMMax Bcerja cyllecTByeT Ha-
npsixxeHue V, KoTopoe He 3aBHCHT OT TOKa B LeNH, a omnpefe-
JIgeTCs TOJIbKO YCJOBHSIMH BHYTPH reHeparopa, ¢popMHpYeMBIMH
10 HalleMy IpPOH3BOJY.

ITocko/abKy MBI NblTaeMcsi MOHATb paboTy reHepaTopa, OCHO-
BLIBAsiCb HA ypaBHeHUAX MakcBe/J/a, MOXeT BO3HHKHYTb BONpOC
06 06bLIYHOM XHMHYECKOM 3JieMeHTe, o GaTapeiike AJas KapMaH-
Horo ¢oHapuka. ITo Toxe
reHepaTtop, T. €. HCTOYHHK
HamnpsiXkeHusl, XOTs H TpH-
MeHsleTCsl OH TOJIbKO B lle-
nsiX MOCTOSIHHOTO  TOKa.
[Tpome Bcero pasobpaTbcs
B 3JeMeHTe, H300paxeH-

Jb

Due 22.8. Xumuseckui arement.




HoMm Ha ¢ur. 22.8. [IpencrasbTe gBe MeTa/IMuecKHe NJIACTHHKH,
NorpyXKeHHble B KaKoi-To XMMHuYeckuil pactBop. IlycTtb pacTBOp
COJepKHUT B cebe MOJIOXKHTe/IbHble W OTpHIlATeJbHble HOHB.. MBI
NpeAnosoXnM ellle, YTO HOHBl OJHOrO COPTAa, CKaxeM OTPH-
LatenbHble, MHOIFO MAaCCHBHee HOHOB, HMEIOUIHX MNPOTHBONG-
JIOXHYIO MOJIAPHOCTb, TAK YTO HX ABHXKeHHe B pacTBope (aud-
(Gy3us1) NpOUCXONUT HaMHOro MelJeHHee. HakoHel, moJoXHM,
9TO TeM HJIH HHbIM croco6oM ynanoch HOOMTbCSA MU3MEHEHHsS KOH-
LeHTpaUHH pacTBOpa OT MecTa K MeCTy, TaK Yro 4YMCJO HOHOB
06enx MOJSIPHOCTEH, CKaXXeM Yy HHXXHel NJIacTHHKH, CTaHOBHTCSH
HaMHoOro 6oJ/bllle KOHLEHTpPalHH HOHOB Yy BepXHeiH MJIACTHHKH.
Baaromapsi 6o/bliueil MOABHXKHOCTH INOJIOXKHTE/NbHbBIE HOHBI Jerye
NPOHHKHYT B 06/1aCTb HU3KHX KOHLEHTpauuil, Tak uto OyaeT Ha-
6/101aTbcs JlerkHii H36BITOK TMOJIOXKHUTE/IbHBIX 3apsiioB, AOCTH-
raioumux BepxXHedl naacTHHKH. OHa 3apsOUTCA MOJIOXKHTENBHO,
a HUXHAA Oyner o6/aapaTb H3OBLITKOM OTPULATENbHOrO 3apsapa.
Ilo mepe Toro kak Bce GoJblue u GoJblie 3apsaaoB AUPPyHAH-
pyeT K BepXHeH NJAacTHHKe, NMOTeHUHa/] ee OyaeT pacTH, NOKa
BO3HHKalolllee MeXAy NAAaCTHHKaMH 3/eXTPHYeCcKoe ImoJe He co3-
NacT CHay, NEeHCTBYIOILYIO Ha HOHBI, KOTOpas KOMIIEHCHPYeT HX
H30bITOYHYIO MOABHXKHOCTb. [IBa 3jekTpoaa OLICTPO AOCTHraoT
Pa3HOCTH NOTEHLHAJIOB, XapaKTepHOH AJsi BHYTPEHHEro ycTpoH-
CTBa 3TOr0 3/MeMeHTa.

Paccyxnas Tak xe, Kak 9TO Mbl AeJaJd, Korja ropopuiu o6
HJeaJbHOM KOHJeHcaTope, Mbl y6elIuMcs, u4TO, eC/aH HeT H36bITKa
nubdy3un HOHOB Kakoro-1u6o 3HaKa, pasHOCTb IOTEeHLHaJoB
MeXAy 3aXHUMaMH a U b paBHa NMPOCTO KOHTYPHOMY HHTerpany
OT 3/IeKTPHUYECKOro moJsi Mexny saektpoaamu. KoHeuno, mexny
KOH/EHCAaTOPOM M TaKHM XHMHYECKHM 3/1eMeHTOM eCTb Cylle-
cTBeHHas pasHuna. Eciu Ha MrHOBeHHe 3aKOPOTHTb BbIBOAb!I KOH-
JNleHcaTopa, OH paspsilUTCs M PasHOCTH MOTEHLHAJOB MeXAY Bbl-
BOllaMH yxe He 6Gyjer. B ciayuae ke XHMHueckoro s/jeMeHTa TOK
C 32)KHMOB MOXHO CHHMATb HeNpepbiBHO, HUKAK He H3MeHss NpH
3TOM 3. O. C., OKa, KOHEYHO, PeaKTHBbl B 3JeMeHTe He H3pacxo-
aylorcsi. M3BecTHO, 4TO B peasbHOM 3JeMeHTe Pa3HOCTb NMOTEH-
I1HaJOB Ha 3a)XHMax yOniBaeT Mo Mepe BO3pacTaHHs CHHMaeMOro
¢ Hero Toka. Ho npu Hamell uaeannzauuu 3ajaud Jerko cebe
NpelCTaBUTh, YTO Y HAC eCTb HAea/]bHbIH 3/€MeHT, B KOTOPOM Ha-
npsiKeHHe Ha 3JEeKTPOAAaX He 3aBMCHT OT cHabl Toka. Torma pe-
a/NbHBIA 3/J1eMEHT MOXHO paccMaTpHBaThb KaK HAealbHbIH, CoelH-
HeHHbII Noc/el0BaTe/IbHO C CONPOTHUBJIEHHEM.

§ 3. Ceru udeanrvusix aremenros: npasura Kupxzopa

Kak Mbl Bumenu B npeabiayuieM naparpacde, odeHb NPOCTO
ONUCBHIBATb HJAeaJbHble 3JeMeHThbl CXeM, FOBOps JHUIbL O TOM, 4TO
NPOUCXOAHT BHe 3/MeMeHTa. ToK U HanpsixKeHHe CBSI3aHbl JHHEHHO.
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Puez 229. Cymma nadenudi HanpaxceHus
80046 2106020 3aMKHYTO20 NYTU PGEHA HY A0,

Ho oueHb cJ0XHO omucatb Bce TO,
4YTO Ha CaMOM JeJsle MPOUCXOAHUT BHY-
TPH 3/MeMeHTa, U BeCbMa TPYIAHO NpH
3TOM IHOJ/b30BaTbCA $I3LIKOM YpaBHe-
Hut Makcseana. IlpeacrasbTe, uto
BaM HYXHO TOYHO ONHCaTb 3JeKTpH-
yecKHe W MarHUTHble 10Js BHYTpH
panHoNpHEMHHKA, COCTOSILLETO M3 CO-
TeH CONMPOTHBJIEHHH, eMKOCTeH U camo-
HHAYKUH#A. DBblo 6Bl HEMOCH/IbHBIM
leJJoM NPOaHAJ/JIH3UPOBaTh TaKylo Me-
IIaHUHY,  TNOJb3YACb YypaBHEHHSMH
MakcBeana. Ho, penas MHoXecTBoO
npub/IHKEHHH, KOTOpble Mbl ONHCAJH
B § 2, u nepeBoas cyluecTBeHHble
yepThl peaJibHbIX 3JEeMEHTOB CXeM Ha $3blK HOeaJH3allil,
MOXHO NpPOaHA/TH3HPOBATb 3JEKTPHUYECKYIO Lenb CPaBHUTENbHO
npocto. Ceflyac Mbl NoKaxeM, KaK 3TO Ae1aeTCA.

[TycTb MMeeTcs uenb, KOTOpasi COCTOMT U3 reHepatopa H He-
CKOJIbKHX HUMNEJaHCOB, CBSI3aHHBIX Mexay co6oll TaK, Kak moka-
3aHo Ha ¢ur. 22.9. CornacHo HawuM npHGJIHKEHHSAM, B 00/1aCTAX
MeX1y OTJeJbHbIMH 3JeMeHTaMH Lens MarHUTHOro noJs Het. I1os
sToMy HHTerpas ot E BmoJsib /110608 KpuUBO#, KOTOpasi He Npoxo-
IUT HH Yepe3 OAHMH M3 3/1eMEHTOB, paBeH HYJ/10. PaccMoTpuMm Kpu-
Byto I, nokasaHHylo WITpUXOM Ha ¢ur. 22.9, KoTopas 06X0AHUT No
nenu kpyroM. Konrypusiit uuterpan ot E BoJb 3Toit KpuBoOii co-
CTOUT H3 HeCKOJbKHX uacTedl. Kaxkaad yacTe — 3TO HHTerpa’a oT
OJHOTrO 3a)XMMa 3JeMeHTa Lenu o cjedylouero. Mbl Ha3Baau
9TOT KOHTYPHBbI/ MHTerpas najeHHeM HaNpsiXKeHHsl Ha 3JeMeHTe
nend. Tormpa Becb KOHTYpPHBI HHTErpaJ paBeH NMPOCTO CyMMe na-
JNleHHI HanpsiXKeHUs1 Ha BCeX 3JeMeHTax lleny nopo3Hb:

@E.ds=2v,,.

A 1NO0CKO/IBKY KOHTYPHBIl HHTEerpaJ paBeH HYJIO, TO MoJyyaercs,
YTO CyMMa pasHOCTEHl MOTEHUHAJOB BAOJAb BCEro 3aMKHYTOro
KOHTYpa lenu paBHa HYJIO:

> Va=0. (22.14)

Broas
a6oro
KOHTYpa
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Pue 2210. Cymma rtokos, 8xo- / b, i i s
dawux 8 mobol ysea, pasna Hyo.

v 2y 2, 23

\ b, e i1 i
e f q h

STOoT pe3y.JbTaT cjelyeT W3 ONHOrO W3 ypaBHeHMH Makcesia,
YTBepIKAAIoUIero, 4To B 06/1aCTH, rle HeT MarHUTHBIX MoJieH, Kpu-
BO/MUHe#HbI HHTerpad or E no 3aMKHyTOMy KOHTYpy paBeH
HYJII0.

Tenepp paccMoTpuMm apyryio uenb (¢ur. 22.10). opuson-
TaJibHasi JIHHUS, COeJHHsIOWas BbIBOAK 4, b, ¢ U d, HapucoBaHa
D151 TOro, yTo6bl NOKa3aThb, YTO 3TH BLIBOJBI BCE CBA3aHbl MeXAY
co60il HIH YTO OHH COENUHSAIOTCS NMPOBOAAMH C HHUTOXKHBIM CO-
npotusBieHHeM. Bo BcAKoM ciyyae TakoH yepTeXX O3HAyaeT, 4To
BCE BBIBOAMI a, b, ¢, d HaXOAATCA NOJA OJHUM NOTEHIHAJLOM, a BHI-
BOAbl e, f, § U h— Toxe noa oauuM. Toraa najgeHue HanpsixKe-
HHA V Ha /11060M U3 yeThlpex 3/eMEeHTOB OJHHAKOBOe.

Ho oaHa M3 Hamux Maea/nu3auuii coctossna B TOM, YTO Ha BHI-
BOMAX HMMIEJAaHCOB COCPeJOTOYHBAIOTCS IlpeHeOpeXXHUMO MaJible
KOJIMYecTBa 3JeKkTpuuecTBa. Ilpeanosoxkum Tenepb, UTO H 3JeK-
TPUYECKHUM 3apsiloM, HAaKan/JuUBaeMblM Ha COeAUHHTE/]bHBIX MpO-
BOJAx, TOXe MOXHO npeHebpeub. Torma coxpaHeHue 3apsjaa Tpe-
6yer, uToObl JI060H 3apsil, NOKHHYBUIMH OAHH H3 3JE€MEHTOB
ueny, HeMeJJeHHO BXOQW/] B KAaKON-AHO60 ApYyrodl 3/J1eMeHT LenH.
Hax, yto To XKe camoe, uToObl ajrebpauyeckass CyMMa TOKOB,
BXOASAUHMX B J1106yI0 H3 TOYEK coelJuHeHHs, Oblia paBHa HYJIO.
[Tox Toukoll coemMHeHusi Mbl NOHUMaeM JOOYI0O COBOKYNHOCTBb
BBIBOJIOB, TaKHX, KakK a, b, ¢, d, KoTopble coelMHHEHb APYT C APY-
roMm. Takass COBOKYNHOCTb COeAMHEHHBIX MeXAYy co6oi BBLIBOLOB
OGLIYHO Ha3biBaeTcs «y3jaoM». CoxpaHeHHe 3apspma, cTajgo ObITh,
TpebyeT, uTOOBl B llenH, NoKa3aHHOH Ha ¢ur. 22,10, 6bia0

L—1I,—I,—1,=0. (22.15)

CyMMa TOKOB, BXOMSILIUX B y3€J/, COCTOSIIHH M3 YeThlpeX BbIBO-
IoB &, f, g, h, ToXe NO/MKHA GBITb paBHA HYJIO:

—11+12+13+14=0. (22.[6)

SlcHo, uTO 3TO TO Xe caMoe ypaBHeHHe, 4yTo H (22.15). O6a sTH

YPaBHEHHs1 HE He3aBHCHMBI. OG6llee NPaBHJO [JACHT, YTO CYMMQ

ToK08, 8TeKarouux 6 110604 yses, 06asana 66T PasHA HYALO:
I,=0. (22.17)

B nw6oit
y3ea
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Pue 2211, Araaus yenu
¢ nomowjero npasusr Kupx-
2oga.

Hamwe npexHee 3ak./1oyenue
0 TOM, 4TO CyMMa najeHHH Ha-
npsikeHHH BAOJAb 3aMKHYTOro
KOHTYpa paBHa HYJIO, NOJKHO
BBINMOMHATLCS A5 KaXKA0ro KOH-
Typa cjaoxHoil uenu. TouHo Tak
JKe Haul pe3yabTaT, YTO CyMMa
CI1 TOKOB, BTeKaloUMX B Yy3ed,
paBHa HYJIIO, TOXe JOJIKEH BHIMOJHATLCS A1 Joboro y3dna. 3Tu
JBa ypaBHeHHs M3BeCTHbl NojJ Ha3BaHueM rnpasusr Kupxzoga.
C UX NMOMOILbIO MOXHO HAaHTH CHJbl TOKOB M HanpsiKeHHsl B Ka-
KO YroaHo Lenu.

Paccmotpum, HanpuMep, uenb nocaoxHee (¢dur. 22.11). Kak
ONnpefeNuTb TOKH W HanpsixkeHus B Heil? [lpsamoit nyTp pelieHus
TakoB. PaccMOTpHM KaXXKABIH 113 yeTbipex BCNOMOraTe/abHbIX KOH-
TypoB uenH. (CKaxeM, OOHH KOHTYP NMPOXOJHT 4yepe3 KJeMMbl 4,
b, e, d n obpatHo Kk a.) [lna Kaxaoro 3aMKHyTOro KOHTypa Ha-
nylleM ypaBHeHHe nepBoro npasu/aa Kupxroda — cymma nage-
HUH HanpsXKeHHs BHOJb BCSIKOro KOHTypa paBHa Hymao. Hyxho
NOMHHTb, YTO NajJleHHe HaNpsSI)KeHHsl CYMTAETCs NOJIOXKHTENbHbIM,
ec/u HanpaBsJjeHHe o6Xoma ccenadaeT ¢ HanpaB/JleHHeM TOKa, H
OTpHLATEJNbHBIM, €CJH HanpabJjeHHe 006X0Aa NPOTUBONOAOICHO
HanpaBJ/IeHHIO TOKAa; M Hajo elle NMOMHHUTb, YTO MajeHHe Hanps-
JKeHHsl Ha reHepaTope DaBHO OTPUYATEAbHOMY 3HAYEHHIO 3. 1.C.
B 3TOM HanpaBsJ/eHHH. Tak uto ans KoHtypa abeda nonyvaercs

2l + 2505+ 24,— &, =0.

[Mpuraaras Te xe npaBu/aa K OCTa/JbHbIM KOHTypaM, NMOJYy4YHUM elle
TPH CXOIHBIX ypaBHEHHS.

[Tocnie 3TOro HyXHO HanucaTb ypaBHEHHs A/ TOKOB B KaX-
nom yajae uend. Hanpumep, cknaabiBasi Bce TOYKH B y3Jje b, no-
JyuyaeMm

1] -_ 13 —]2=0.
AnasoruyHo, B y3/e e ypaBHeHHe [/ TOKOB NMPHHHMaeT BHA
ILi—I1L+1g—1Is=0.

B n3o6paxXeHHOH cxeMe TAaKHX ypaBHEHHi /a9 TOKOB mATb. OKas
3biBaeTcs, OJAHAKO, uTO J060e H3 3THX YpaBHEHHH MOMKHO Bbl-
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Due 22.12. lens, KOTOPYIO MOKHO
nPOAHAAUIUPOBATL C NOMOUWBIO NO-
c1e0068aTeAbHbIX U NAPANNENbHBLY
Kombunayud. 2, z, Z, Zg

L
BECTH M3 OCTAJ/IbHBIX YeTbIpex, [
NO3TOMY HE3aBHCHMbIX YypaB- 6;1 Zg 27 l’fs
HeHUHl ToJbKo uyeTwlpe. HTtoro [
B HallleM pacnopsiXeHHH BO-
CeMb HE3aBHCHMBIX JIHMHEHHBIX |

ypaBHEeHHH: 4YeThipe AJs Ha-
npsiKeHui, yeTbipe A5 TOKOB.
U3 HHX MOXKHO NOJYYHTb BOCEMb HE3aBHCHMBIX TOKOB. A ecJH
CTaHYT H3BeCTHBl TOKH, TO ONpeleNuTcs M Bca uenb. [lamenne
HanpsiXXeHus Ha M060M 3/eMeHTe JaeTcss TOKOM uepe3 3TOT 3Jie-
MeHT, YMHOXEHHbIl Ha ero uMnejparc (a A5 HCTOYHHKOB Hanps-
XXEeHHs1 OHH BooOLle M3BECTHbHl 3apaHee).

Mbl BuJe/H, YTO OAHO M3 YpPaBHEHUN I/ TOKA 3aBHUCHT OT
ocTanbHbIX. BooG6uie-To ypaBHeHHH A/ HanpsXKeHUd Toxe
MOXHO HanucaTb GoJblie, ueM HyXHO. X0Tsl B cxeMme ¢ur. 22.11
M paccMaTpHBaJach TOJIbKO 4eTBepKa CaMBIX MaJleHbKHX KOH1Y-
pOB, HO HHYEro He CTOMJIO B3ATb APYyrHe KOHTYpPbl H BLINHCATh
U1 HUX ypaBHeHHUs MJs HanpsiKeHHH. MOXHO GblJIO B3fTb, CKa-
xeM, nyTb abcfeda. nu caenatb o6xon no nytu abcfehgda. Bui
BUJUTE, YTO KOHTYPOB — MHOXeCTBO. M, aHa/IU3Upys CJ0XKHEIE
CXeMbl, HHYEro He CTOHT NOJYYHUTb CJAHUIKOM MHOTO ypaBHEHHI.
Ho xoTb ecTb npaBu/a, KOTOpble MOACKAa3bIBalOT, Kak HaaAo0 Mo-
cTynaTb, YTOOGbl BBLIIIJO HaWMeHbllee KOJIHYECTBO YpaBHEHHH,
OoObIYHO W TaK OblBaeT cpa3y MNOHATHO, KaK BBLINHCATb HYXHOe
YMCJIO MPOCTEHIIHX ypaBHeHHil. Kpome Toro, ofHO-ABa JIHUIHHX
ypaBHeHUs Bpella He NpPHHOCAT. K HeBepHOMY OTBeTy OHH He
NpHBENYyT, pa3Be TOJbKO HEMHOrO 3anyTalOT BBIK/IAdKH.

B ra. 25 (Bbin. 2) MBI nokasaJu, uTo, €CJH ABAa HMNegaHca 2
H 25 COeNMHEHbl nocaedosareabHO, OHH SKBHBAJEHTHBI OJMHOY-
HOMY HMNENaHCy 25, PaBHOMY

2s=2; 1 2. (22.18)

Kpome Toro, 6bJ10 noKasaHo, 4To, KOrfla ABa MMNejlaHca COeAH-
HeHbl NApainreAbHO, OHH SKBHBAJIEHTHbl OJHHOYHOMY HMMelaHcy
Zp, paBHOMY

— | 2z
BT W)+ Uz — otz (22.19)
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a b c
] bue 22.13. Lens, ko-
TOPYIO HeAb3A NPOaAraAu-

auposars ¢ nomouysro no-
caedosaterbHblx U napai-
z V: 2, Vz 23 “3‘_(11"'12) AeAbHbLX KOMBURAyUI,
d € f

Ecnu Bbl Tenepb oOr/siHeTechb Has3al, TO YBHAMTE, YTO, BbIBOAS
5TH pe3y/abTaTbl, HA CaMOM Je/e Bbl MOJb30BAJHCb NMpaBHJIaMH
Kupxroga. Hacto MOXKII0O NpOaHaNH3HPOBATb CJOXHYIO CXEMY,
NOBTOPHO NpUMeHsAs (HOpPMYJ bl AJIS NMOCIef0BaTeJbHOrO U fapas-
JejqbHoro umnenaHcoB. CKaxeM, TakKHM Crnoco60M MOXHO Npo-
aHa/MU3HPOBATh CXeMy, MOKa3aHHyl Ha ¢ur. 22.12. ViMnenaHchl
24 M 25 MOXXHO 3aME€HUTb HX mapaJljie/lbHbIM 5KBHBAJEHTOM, TO Xe
MOXHO cleJaTh ¢ HMNEeNaHCaMH 2Z¢ M 27, 3aTeM HMMNEIaHC 22
MOXXHO CKOMOGHMHHPOBATb C NapaJJjieNbHblM 3KBHBAJIEHTOM Zg U 27
no npaBHJAy NOCJAe[OBATENbHOrO COeJHHEeHHs HMnelaHcoB. Tak
NOCTENeHHO MOXHO CBECTH BCIO CXeMY K reHepaTopy, mocJjenoBa-
TeJIbHO COeAMHEHHOMY ¢ OOHHM uMnenaHcoMm Z. M torma Tok ue-
pe3 reHepartop npocto paBeH &/Z. A peiicTBys B o6paTHOM no-
psillKe, MOXKHO HAaHTH TOKH B Ka)XKJOM HMNeJaHce.

OpaHako 6bIBAOT COBCEM NPOCTbie CXeMbI, KOTOpble 3TUM MeTo-
oM He npoaHanusupyewb. Hanpumep, cxema ¢ur. 22.13. UrtoGH
NpoaHaJH3MpOBATh 3Ty lLenb, HAfAO pacnucaTh ypaBHEHHS IJs
TOKOB M HanpsixkeHu#i no npaBuaam Kupxroda. [dasaiite npo-
nenaeM 31o. MMeercs Tonbko ofHO ypaBHeHHe A/ TOKOB:

]l+12+13=05

Iy=— (I, 4+ I,).

BbIk/1agKy MOXHO C3KOHOMHTb, €C/JH 3TOT pe3y/bTaT cpa3y e
NOACTAaBUTb B ypaBHEHHs JJ1s1 HanpspKeHHH. B 3Toil cxeMe Takux
ypaBHeHH} JABa:

—& + Iz —1z,=0 u & —(,+ 1)z —I2,=0.

Ha nBa ypaBHeHHsl NPHUXOAMTCA ABAa HEM3BECTHBIX TOKa, Peluas
ux, nojyuyaem [y 1 [g:

OTKyna

2287 — (22 + 23) &,

h= 2y (22 4 23) + 2223

(22.20)

— 2,82+ 238,
2Ty (22 + 23) + 2923 ° (22~21)

A TpeTHil TOK NOJyyaeTcss KaK CyMMa NepBbiX ABYX,

182



bue 22.14. Mocrukosas cxema.

Bort eute npumep ueny, Ko-
TOpPYW no npaBu/J1aM napaj-
JeJbHBIX M NOCJe0BaTeNb-
HbIX HMNEeJaHCOB pacCYUThI-
BaTb Heab3s (¢ur. 22.14). Ta-
KYI0 CXeMy Ha3blRalOT «MO-
ctuk». OHa BcTpeyaercss BO
MHOrux npubopax, H3Mmepslo-
IUX HMIeJaHCchl. B TakuXx cxemMax oObIYHO HHTEpecylOTC TaKHM
BONPOCOM: KaK JO/XXHbI COOTHOCHTbCS pa3J/iH4YHble HMNeNaHChl,
yTOo6bl TOK Yepe3 MMnNelaHC z3 Obli paBeH HyJ10? Bam npegocras-

JIA€TCA npaeo HalTH Te YCJ/AOBHA, NPH KOTOPBLIX 3TO NeNHCTBH-
TeJAbHO Tak.

§ 4. dxeusarentnoie Koutypot

[Tos0:kHUM, MBI MOJK/AIOYHJIHN TeHepaTop & K Llenu, B KOTOpO#
€CTb MHOXECTBO CJIOXHBIX MepenyieTeH’il UMNeJaHCOB (CXeMaTH-
YeCKH 3TO NokKasaHo Ha ¢ur. 22.15,a). Bce ypaBHeHusi, BbITeKalo-
wHe u3 npaBua Kupxroda, JNuHeiHbl, U NO3TOMY, BBIYHCJAUB H3
HHX TOK [ uepe3 reHepaTopbl, Mbl NOJyYuM BeauuuHy I, nponop-
LHOHA/BbHYI0 &. MOXHO HanucaTthb

&
250 '

rle Tenepb Z3pp — 3TO HEKOTOPOE KOMIJIEKCHOE YHCIO, aJlre6pan-
yeckas (pYHKLlPIﬂ BCe€X 3J/IEMEHTOB LENH.

(Ec/i1 B LlenH HeT HUKAKHX FeHepaTopoB, I a]
KpoMe YNOMSIHYyTOro, T0 B (opMmyne He
6yner n00aBOYHOH YAacTd, He 32BHUCH- Jadan

uteit or &.) Ho nonyuuslueecs ypaBHe- @ @ v yens

HHe — 3TO KaK pa3 TO, KOTOpoe HYXHO \‘ vz
O6blI0  Obl  HanmucaTb  AJA  CXeMbl
¢ur. 22.15,6. Y1 nokyna Hac HHTepecyer b |

I

Pue 2215 Jlobas cers naccusublx 31eMeH-
T08 ¢ O8yma 6b61800amMu 3KBUBANEHTHA 3IPPex-
TUBHOMY umnedancy.

dfzv/ Zagn)
\
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Pue 2216 Jlwbyw cers ¢ dsyma evteodamu
MONCHO 3AMEHUTb 2eHePATOPOM, NOCAE008ATENb HO
coeGUHEHRbIM ¢ UMNEOGHCOM.

a
TOJIBKO TO, YTO NPOHUCXOJAHT CAe8a OT 3a-
XHMOB a H b, 10 Tex mop oGe cxeMbl
¢dur. 22.15 asksusarentHor. 1 nostomy
MOXHO cJesaTb ofllee YTBepxKAeHHe,
s 4yTO 4/06Yt0 Llenb NacCUBHBIX JEeMEHTOB

C IBYMS BBIBOJAMH MOXHO 3aMEHHUTb O1-
HHM-€HHCTBEHHbIM HMINENaHCOM Zapg, HE
H3MEHHB B OCTA/JbHOH YaCTH LENH HH
TOKOB, HH HanpsKeHHH. YTBepxienue
3TO, eCTeCTBEHHO, BCero JHllb MeJKoe
3aMeyaHHe O TOM, 4TO CJeAyeT U3 npa-
BHJ Kupxroda, a B KOHEYHOM cueTe — M3 JIHHEHHOCTH YpaBHeHHUH
Makcseana.

Hneto aTy MOXKHO 06061 HTb Ha CXeMbl, B KOTOpble BXOAAT Kak
reHepaTopbl, Tak ¥ uMnefnaHchol. [IpeacraBbTe, UTO MBI IIAAHM Ha
STy CXeMY «C TOYKH 3peHHsI» OJHOr0 H3 HMNeNaHCOB, KOTODBIH
Mbl 0603HayuM 2, (¢ur. 22.16,a). Ecau 6n pewinTh ypaBHeHHe
IS TOKa, Mbl Obl yBHAENH, UTO HanpsxeHue V, Mexay 3axi-
MaMu a u b ectb nuHeliHast pyHKuus [, KOTOpPYIO MOXHO 3anucathb
B BHIe

Va=A—BI,. (22.22)
3pecb A ¥ B 3aBHCAT OT reHepaToOpoB M HMMMNENAHCOB B LEMNH
cneBa OT 3axumoB. Hanpumep, B cxeMe, NOKa3aHHOH Ha
¢ur. 22.13, mMb Haxomum V,=1,2;. ITO MOXHO nepenucarb
[ucnosnb3ysn (22.20)] B BHAE

Vi= [( 2 + 23 ) &r— ] - 222_2:32 1. (22.23)

Torna nonHoe peuieHHe MBI noJydyaeM, kOMOMHUPYS 3TO ypaBHe-
HHe C ypaBHeHHeM [/ uMnejaHca 2, T. e ¢ Vy=1,2;, uau B
o6GuieM cayuyae KomOuHupys (22.22) c

Vao=1,2,.

EcJii MBI paccMOTpHM Tenepb cJyuail, KOria z, noAK/aouaeTcs
K NPOCTOM LeNH U3 IoCc/aeJ0BaTeJbHO COeAHHEHHbIX reHepaTopa H
uMnenanca (cM. ¢wur. 22.15,6), To ypaBHeHHe, COOTBETCTBYIOILEE
(22.22), npumer BUA

Vo= gsd’t‘b - 111230‘1’)
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yTo coBnagaer ¢ (22.22), ecau npHHATb &app = A U 209 = B.
3HaYUT, eCM HAaCc HHTepecyeT JIUIb TO, YTO NPOHUCXOAHUT HANPAso
OT BbIBOAOB a U b, TO npou3Bo/bHYl cxeMy ¢ur. 22.16 MoxKHO
BCEraa 3aMEHMTb 3KBHBAJEHTHBIM COYeTaHHMEeM reHepaTopa, Mo-
C/1e10BaTe/NbHO COeMHEHHOTO C HMIMENaHCOM.

§ 5. Fnepeun

Mol BHIeaH, YTO A CO3[aHUs B MHAYKTHBHOCTH ToKa / hano
H3 BHellHe#l uenu JocTaBuUTh 3HeprHio U = 1/,LI2. Korma ToOkK
cnagaeT N0 HyJd, 3Ta 3HEPris YBOAMUTCA O6GpPaTHO BO BHELIHIOIO
uene.

B upeanbHOll HHAYKTHBHOCTH MeXaHH3Ma NOTepb 3HEprHH
HeT. Koraa uepe3 MHAYKTHBHOCTb TeueT NepeMEHHBI TOK, 3Hep=
rusi nepeTeKkaeT TO TyAa, TO CIOJa — OT HHAYKTHBHOCTH K OCTalb-
HOH 4acTH Lenu 1 o6paTHO, HO CpedHAA CKOPOCTb, C KaKOH 3Hep-
Fiis nmepejaercs B lenb, paBHAa Hymao. Mbl TOBOpPHM, YTO HHAYK-
THBHOCTb — HeOUCCUNATUGHbLE 3jeMenT, B HeH He p&CTpauH-
BaeTcsl (He «AUCCHMNHUPYET») 3/eKTpHuecKas SHeprusl.

TouHo Tak »Xe BO3BpalllaeTcsl BO BHEINHIOI Lenb M 3Heprus
koHaeHcaropa U = 1/,CV? koraa on paspsixkaercsi. Korma on
CTOHMT B LleNH NepeMeHHOro TOKa, TO SHeprusi TeyeT TO B Hero, TO
H3 Hero, HO MOJIHBIII NMOTOK 3HEepPruH 3a KaXJbll WUHMKJ paBeH
Hymo. MpeasbHbli KOHAEHCATOp — ToXe HeJQUCCHNATHBHBIA 3Je-
MEHT.

Mbl 3HaeM, 4YTO 3. 1. C. — 3TO HCTOYHHK 3Hepruu. Koraa tok /
TeyeT B HanpaBJIeHHH 3. A. C., TO SHEPrus NocTaB/seTcs BO BHell-
HIOIO Llenb co ckopocTblo dU/dt = &I. Eciu 31eKTpHYeCTBO TOHSAT
nporug 3. A. C. (C MOMOLLbI JIPYrHX reHepaTopoB), TO 3. H. C.
norJolaeT 3HEprul0 co cKopocTbhio &I; mnockonbky I orpuua-
TeabHO, TO M dU/dt oTpruarenbHo.

Ecan reHepaTop nojk/ioueH K COnpoTHBJeHHIO R, TO TOK de-
pe3 conpotuB/ienne paBeH [ = &/R. DHeprus, nocrabjseMas
reHepaTopoM cO CKopocTbio &I, norJouiaercsi COnpOTHBIEHHEM.
OTa 3HeprHus TPATHUTCS Ha HarpeB CONPOTHBJEHHS H A5l 3JIEKTPH-
YeCcKOi 3Heprud uend GaKkTHYeCKH YyXKe norepsiHa. Mbl roBopHM,
YTO 3JleKTpUYeCKasi 3HepPrusi pacceuBaercs, ouccunupyer B CO-
npotuBiaeHud. CKopoeTb, € KaKoOW OHa pacceHBaeTcd, paBHa
dU/dt = RI2.

B uenu nepeMeHHOro TOKa CpelHsis CKOpPOCTb NOTepb 3HeEp-
FHH B CONpPOTHBJEHHH — 3TO CpefiHee 3HayeHHe RI? 3a unka. [lo-
ckoabky [ = Tei®* (yro, co6CTBeHHO, O3HauaeT, uTo | MeHseTcs
KaKk cos of), TO cpeanee 3Hauenue I2 3a uuka pasuo |T|%/2, no-
TOMYy 4TO TOK B MakcHMyMe —3T0 |/|, a cpelHee 3HaueHHe
cos? @t paBHO 1/,.

A 49TO MOXHO CcKa3aTb O NOTepsiX 3HepruH, Korja reHepartop
NOAK/I04YeH K MNpOH3BONbHOMY HMnenaHcy z? (Ilom «notepsiMu»
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bue 22.17 Jlwobod umnedanc sk-
euUBanenTer nocnedoeare/zb HOMY cOoe-

R auueuufo {UCT020 conpoTusiexusn u
Qwucroeo peaKkraHca.

Mbl, KOHEeYHO, MOHMMaeM npeBpallleHHe 3JeKTPHYECKOH 3SHepruu
B TensoBylo.) Bcesakuit umnenanc z mMoxet OblThb pa3but Ha neit-
CTBUTE/bHYI0O M MHHUMYIO 4YacTH, T. e.

z=R+iX, (22.24)

rae R u X —uucna peiictButenbHble. C TOYKM 3peiist 3KBHBa-
JIEHTHBIX CXeM MOXKHO CKa3aTb, YTO BCSIKHH HMNeNaHC 3KBHBA-
JIEHTeH CONpOTHB./IEHHIO, NOC/NeJ0BaTENbHO COeJHHEHHOMY C YHCTO
MHHUMBIM HMMeJaHCOM, Ha3blBaeMblM peaxkraxcom (¢ur. 22.17).

Mbl yxe BHAeaH paHblle, yTo Jlo6Gas Lenb, coiepikaulas
ToJibKo L u C, o6nafaeT UMneJaHCcOM, BbIpa)KaeMblM YHCTO MHH-
MbIM uyHcJoM. A pa3 B JoGom u3 L u C B cpeiHeM HHKaKuX
notepb He OBIBaeT, TO M B YHCTOM peaKTaHCe, B KOTOpOM
umelotcss Toabko L u C, notepp suepruu He GbiBaeT. MoOXHO no-
Ka3aTb, YTO 3TO AO/IKHO ObITb BEpPHO /51 BCIKOrO peaKTaHca.

Ecau renwepatop ¢ 3. 4 ¢ & nogcoeAMHEH K HMNeNaHCy 2
(cM. ¢ur. 22.17), 10 ero 3. A. C. AO/MKHA ObITh CBSiI3aHa C TOKOM
I 3 reneparopa COOTHOLIEHHEM

&=1(R+iX). (22.25)

UrtoGbl HaliTH, C KAKOH cpelHel CKOPOCTbIO NMOJABOIUTCSA HEprus,
HYXKHO ycpemHHTb npousBeneHHe &I. Ho Tenepb caenyer ObiTb
ocTopoxHbIM. Onepupysi ¢ TaKMMH NPOHU3BEAEHUSAMH, Hal0 HMETb
JeJ0 TOJNbKO C AeHCTBUTebHBIMH BeJHYHHamu & (¢) w I(f).
(JeAcTBITebHBIE HACTH KOMNJEKCHBIX QYHKUMA H306pa)kawot
Hacrosilliie ¢GU3HyeCcKHe BeJHUHHBl TOJNBLKO TOTAa, Koraa ypaBHe-
HUSl AUHelHbl; ceiiyac XKe peub HIET O npoussedeHuu, a 3To, He-
COMHEHHO, Belllb HeJlHHelHas.)

[TycTb Mbl Hayalu OTCYMTHIBATH ¢ TaK, 4TO amnJjutyja I oka-
3a/7acb [OeHCTBUTEJNbHBIM 4NC.10M, CKaxeM Jo; TOraa HCTHHHOE
u3MeHenne / Bo BpeMeHH naeics dopmyJiol

1 =1I,cos wt,
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Bxoasiuias B ypaBHeHHe (22.25) 3. 4. c. — 3TO JAeHCTBHTeNbHas
YacTb OT .
Ie'®' (R + iX),

& = I,Rcosot — I,X sin ot. (22.26)

IBa cnaraemblx B (22.26) npeacraBasiloT najeHHe Hanpske-
nuit Ha R n X (cM. ¢wur. 22.17). Mbl BUOUM, 4TO NajgeHHe Hanps-
XKEeHHs Ha CONpPOTHBJEHHH HAXOAHUTCA 8 (a3e ¢ TOKOM, TOrAa Kak
najeHHe HanpsXKeHUs Ha YUCTO PEaKTHBHOH YacTH HAXOAMICA
¢ TOKOM 8 npoTusogase.

Cpednas ckopocte notepb sHeprun (P)cp, TeKyllell OT ree-
paTopa, eCTb HHTerpaj OT npousBeleHHs & 3a OMH LMK/, Je-
JIeHHbIH Ha nepuon T; HHBIMH CJOBaMH,

T T
SI%R cos’ ot dt —% Sl%X cos wf sin wt dt.
0 0

HITH

!

T
(P)ep = S &ldt =1
0

T T
Iepsuiii unTerpas pasen '/,IoR, a BTOpOIl paBen Hymo. CTano
ObITb, CPeIHAAl NOTeps SHepruH B uMnenance 2 = R + iX 3aBucHT
JUWbL OT JeHCTBMTEJBbHOH uacTH z W paBHa [oR/2. JT0 cora-
CyeTcsi C HalllUM NpPEXXHHM BBIBOJOM O MOTEpsiX SHEPruu B CONpO-
THBJEHHH. B peaKTHBHOH yacTH noTepb 3HEepPruH He ObIBAeT.

§ 6. Jecrruusan cero

A Tenepb MBI pacCMOTpHM HHTepecHeHINYIO Llenb, KOTOPYIO
MOXKHO BBIPa:KaTb yepe3 napaJije/ibHble H NocJeJoBaTe/lbHbIe CO-
yetanud. HauneM c uenu, usobpaxenHoi Ha ¢ur. 22.18, a. Cpasy
BHIHO, YTO HMMeJaHC MeXAYy 3axHMaMu a U b npocto paBeH
2; + 2. Bospmem Tenepp uenb notpyaHee (¢ur. 22.18,6). Ee
MOXKHO MNpOaHa/JH3HpOBaTh C nomolublo npaBua Kupxroda, HO
HeTpyAHO OO6OMTHCH M MNOC/AEJOBATEJbHBIMII H NapaJJelbHbIMH
KoMOHHauusamu. [IBa uMnenaHca Ha NpaBOM KOHLE MOXHO 3aMme-
HUTb ONHHUM 23 =2+ 2, (cM. ¢ur. 22.18,8). Torna nBa umne-
NlaHCa 2 M 23 MOXXHO 3aMEHMTb HX 5KBHBAJEHTHHIM napaJJelib-
HbIM HMnefaHcoM 24 (¢pur. 22.18,2). U HakoHel, 2| H 24 S5KBHBA-
JIEHTHbl OTHOMY MMnenaHcy zs (¢ur. 22.18,9).

A Tenepb MOXHO mOCTaBUTH 3a6GaBHLIA BOMpPOC: YTO MPOH30ii-
[leT, ecJH K Len, nokKa3aHHoil Ha ¢ur. 22.18, 6, 6eckorewrno nopa-
KJloyaTh BCe HOBble W HOBbIE 3B€Hbsl (LUTPUXOBAasi JHHHUS Ha
¢dur. 22.19,a)? MOXHO /M pelwUTb 3aJlayy O Taxol GeCKOHEeyHOH
uenu? IlpencraBbre, 3TO coBceM He Tpyauo. [Ipexne Bcero Mbl
3aMeyaeM, 4TO Takas OeCKOHeuHas llenb He MEMseTCs, ecaH HO-
BOe 3BEHO NMOIKJ/IOYHTb K «nepefHeMy» KoHuy. Beab ecau k Gec-
KOHeuyHO!1 lenu AoGaBageTcss OJHO 3BEHO, NHA OCTaeTcsl BCe TOH
Xe 6eckoHeyHoi Lenbto. [Tycth Mbl 0603HaunIN HMOeNaHC MEXAY
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1
2z, "z,

@ ye2 22.18. SPpPexrusnsii umnedanc aecTHuLbL

3axHUMaMHl a U b GecKOHeyHOH uenu uyepe3 2y, TOrAa HMMefaHc
BCEro TOro, YyTo CnpaBa OT 3aXHMOB ¢ U d, ToXe paBeH 2. [lo-
3TOMY eCJ/IH CMOTpeTb C nepefHero KOHUA, TO BCs Lenb Nnpeicras-
JsieTCsl B BHAe, NOKa3aHHOM Ha ¢ur. 22.19,6. 3amensis aBa na-
pa/seJbHbIX MMNENAaHCa 22 M 2o OJHUM H CKJaJbiBas ero ¢ 2,
Ccpasy ke noJayyaeM HMNeJaHC BCEro COYETaHHs

— ] _ 2229
2=t My amy MM 2=at
Ho 3toT nmnenaHc toxe paBeH 2zg. Iloayuaercsi ypaBHenue
2920
2p=2z -,
0 1 + 22+20
Hafinem u3 nero 2o:
2
2 2
2= "2— + VT_F 2129 » (2227)

Takum o6pa3oM, Mbl HAIUJAH pelleHHe A HMnenaHca GeckoHeu-
HO#1 JIECTHHIUbI MOBTOPSIOUIUXCS napaJle/bHbIX H NGCJACA0BaTe b=
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due. 22.19. dPPexrusnoui umnedanc 6ecKoneuHol AeCTHULYE.

HBEIX HMnefaHcoB. MiMnenaHc 2y HAa3bIBAETCSA XAPAKTEPUCTULECKUM
umnedarcom Takoi GecKOHeyHO# LenH.

PaccmoTpuM Tenepb yacTHbI mpUMep, KOrja nocJenoBaTenb-
HBIH 3/1€MeHT — BCerja HHAYKTHBHOCTb L, a LIYHTOBOI 3J€eMeHT —
emkoctb C (¢ur. 22.20,a). B stoM cayuyae umnenanc GeckoHey-
HO1 CeTH moJyuaeTcs, €CIH NONOXHTb 2, — inl U 2= l/ieC.
3amMeTbTe, UTO mepBOe cjaaraemoe 2,/2 B (22.27) paBHO mpocTo
NnoJIOBHHE HMNeJaHca nepBOro snaemeHTa. EcTecTBeHHee Obl0 Gbl
Nno3TOMy (HJM MO KpaiHel Mepe npollle) pHCOBATb Haly Gecko»
HEYHYI0 CeTb TaK, KaK nokasaHo Ha ¢ur. 22.20,6. I'nansa Ha Gec-
KOHEYHYIO CeTb H3 3aXHMa a’, Mbl Gbl yBHJaJH XapaKTepHCTHue-

CKHHA MMnemaHc
T
Zo= ,\/ =L, (22.28)

CMoTps no TOMY, KaKoBa yacroTa o, HabJaIAAITCsA JBa HHTepec-
HbIx cayyas. Ecanm o? menbwe 4/LC, To BTOpoe cJlaraeMoe noj
KOpDHEM MeHbllle NepBOro, H HMNeJaHC 2, CTaHeT AENCTBUTENbHBIM
yncaoM. Ecan ke o2 6onbiue 4/LC, To HMnegaHc 2p CTaHeT YUCTO
MHHMBIM YHCJIOM H €r0 MOXKHO 3anucaTb B BHIe
. w?2L? L
20=1 4 T C°

Panbuie MBI CcKasaJ/JiM, 4YTO lLe€nb, COCTaBJieHHAss H3 OMHHX
TOJIbKO MHHUMBIX HMIEOAaHCOB, TaKHX, KaK HHAYKTHBHGCTH H eM-
KOCTH, GyleT HMeTb YyuCTO MHHUMbIH UMnenaHc. Ho kak xe torna
BBIXOJHT, YTO B TOH llenH, KOTOPYI Mbl cefluac paccmaTpuBaeM

a L L L L
IO I —a

o—/TH DO
Lo Lc 2o uma

L/2 L/2 L/2 L/2
Pue. 2220. Jecrruya T N N o
L — C, usobpascennan 0eyna
8KBHBANEHTHUIMU CnOCOBamu, 0 ==C C ¢ umd




(a B Heft ecTb Tobko oaun L u C), uMnenaHc mpH yacToTax

HIKe »\/4/LC npeactaBaseT co60# yHcTOe conpoTuBjeHue? [lnd
BBHICOKHX YaCTOT HMMNENaHC YHCTO MHHUMBIA, B NOJHOM COIJacHH
C HaUIHM NpeXXHUM yTBepxKAeHHeM. [ HU3KHX Xe 4acTOT HM-
neJaHc — YHUCTOEe CONPOTUBJIEHHE U NMO3TOMY MOIJIOULaeT SHEPTHIO.
Ho kak Moxer unenb, noJo6HO CONPOTHBJIEHHIO, HEMPEPLIBHO MO-
rJ0UlaTh 3HEPruio, eclH OHAa COCTaBJeHa TOJNbKO M3 HHAYKTHBHO-
ctedl U eMkocteil? OTBeT COCTOMT B TOM, YTO 3THX €MKOCTeH H
CAMOHMHAYKUHH O6eCKOHeyHOe MHOXECTBO, H MoJyyaercsi, H|To,
KOrJla MCTOYHHK COelMHEH C lenblo, OH 06s13aH cnepBa CHaOAMUTb
3Heprueil nepBylO MHAYKTHBHOCTb H €MKOCTb, 3aTeM BTOPYIO, Tpe-
Thlo U T. . B uensax nono6Horo pona 3Heprus HempepblBHO H C
NOCTOSIHHOH CKOpOCTBIO OTCachiBaeTcsi M3 reHepartopa u Gesocta-
HOBOYHO TeueT B Lenb. DHeprus 3anacaercs B HHAYKTHBHOCTAX H
€MKOCTSIX BAOJb LeNny.

STa upaes noicKa3blBaeT HHTEPECHYIO MBIC/Ib O TOM, YTO ¢ak-
THYECKH NPOUCXOAUT BHYTpH lenH. CieayeT OXHAATb, YTO eCJ/H
K nepeiHeMy KOHLY Lend MOAK/JIIOYUTb HCTOYHHK, TO HeHCTBHE
3TOrO0 HCTOYHMKA HAYHET pacnpoCTpaHsiTbcd BAOJbL NO LenH K
GecKOHeuHOMY KOHUY. PacnpocTpaHeHue BOJIH BAOJb JHHHUH OUYEHb
NOX0Xe Ha H3JyuyeHHe OT aHTeHHbl, KOTopas OT6HpaeT 3HEpPrHio
OT MUTAIOLIEro ee MCTOUHHKA; TOUHEee, MOXHO OXHJaTb, YTO Ta-
KOe pacnpocTpaHeHHe NMPOMUCXOAMT, KOrja HUMnefaHc AeicTBUTe-

JieH, T. €. KOrjla @ MeHbllle '\/4/LC. Ho korma uMnemanc u4ucto

MHHMBI, T. €. IpH ©, 66abwux 4/ 4/LC, TO TaKoro pacnpocTpaHe-
HHA OXHJAaTb He Clefyer.

§ 7. Quasrpet

B npeabinyweM naparpage Mbl BHIeNH, 4TO OeCKOHeuHas
JeCTHUYHAsA ceTb (cM. ¢ur. 22.20) HenpepbIBHO NOTJ/OLLAET SHep-
THIO, €CJH 3Ta 3Heprus NOABOAHMTCA C YacTOTOH, KOTOpas HHXKe
HeKOTOpOro KpuTHueckoro 3uauenus 4/4/LC, HasbiRaeMoro epa-
HUYHOL 4acTOTOU ®p. Y HAC BO3HHKJA MbIC/b, YTO 3TOT 3ddeKT
MOXHO NOHSATb, OCHOBbIBASCb HA NpeACTaBJeHHH O HeNpepbIBHOM
nepeHoce 3Hepruu BAOJb JHHHH. C ApYroi CTOpPOHBbI, Ha BBICOKHX
yacToTax (NpH ® = (o) HENpPepbIBHOIO MOIJIOUIEHHS 3HEPTUH He
OblBaeT; TOoraa cjaelyeT OXHAaTb, YTO TOKH, BUAMMO, He CMOIYT
«MPOHHUKHYTb» JaJjieKo BAOJb JAuHMH. Tlorasiaum, BepHBl /M 3TH
npeacTaB/eHHH.

[TycTb nepenHuit KOHell JIeCTHHLbLI CO@JMHEH C KAKHM-TO reHe-
paTopoM MNepeMeHHOro TOKAa, H HaC HHTepecyeT, KaK BbITJsIHT
HanpsKeHHe, CKaxeM, B 754-M 3BeHe JieCTHHIBL. [1oCcKOMbKY CeTb
GecKOHeYHa, NpH nepexofe OT OJHOrO 3BeHa K APYromMy NpOHC-
XOJHUT BCErJa OJHO M TO Xe; TaK YTO MOXKHO NMPOCTO NOCMOTPETH,
yTO cJyyaeTcsi, KOrla Mbl IEPEXOJHM OT n-ro 3BeHa K (n 4 1)-my.
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Pue 2221. Haxoxclenne akropa pacnpoctTpanenus AecTHUybL.

Toku I, u Hanpsikenuss V, Mbl onpefleluM Tak, Kak NOKa3aHo Ha
¢dur. 2221, a.

Hanpsixenne Vnyy MOXHO nonyuutb u3 V,, eciu BCOMHHTD,
YTO OCTATOK JIECTHHIbI (32 fi-M 3BEHOM) BCErjJa MOXHO 3aMeHHTb
ee XapaKTepHCTHYeCKHM HMNENAHCOM Zo; ¥ TOra AOCTAaTOYHO Mpo-
aHa/U3UpoOBaTb TOJNbKO cxeMmy ¢ur. 22.21,6. Mbl npexje Bcero
3aMeuyaeM, 4YTO Kaxpaoe V., MOCKOJbKY 3TO HanpsKeHue Ha 3a-
XKHUMaX CONpOTHBJIEHHS 2, [HOJXKHO ObiTb paBHO I,z Kpome
TOro, pa3HocTb Mexay Vn u Vnyy paBua npocto [n2;:

— — 2
Vn - Vn+l—1n2\ - Vn;*
HOJIyllaeTCﬂ OTHOILIEeHHe
Vn+| =l _ﬂ — 20— 2
Vn 29 2o !

KOTOpO€ MOXXHO HasBaTb ¢aKTOp0M pacnpocrparerus nJjisa OQHOro
3BeHa JIeCTHHUbI; 0603HaUYUM ero o. /s BceX 3BeHbeB

a=22"2 (22.29)

2y
H HanpsikeHue 3a n-mM 3B€HOM paBHO
Vep=0a"&. (22.39)

Tenepb Huyero He CTOMT HalTH HanpsiKeHHe 3a 754-M 3BeHOM;
OHO NpPOCTO paBHO NPOHU3BEAEHHIO & Ha 754-10 CTeneHb a.

Kak Buirasigut o aas aecthuubl L—C Ha ¢ur. 22.20, a? B3sas
2y U3 ypaBHeHus (22.27) u 2, = iwL, noayuum

_ ALIC) —(0’L?[4) — i(aL[2)
VILIC) = (@?L7[4) +i(oLf2)
Ec/H yacToTa Ha BXOJe HHXKE€ FPaHHYHON yacToThl @y = 4/ 4/LC,
TO KOPEHb — YHCJ/IO JefiCTBUTEJNbHOE, U MOAYJIH KOMIJIEKCHBIX 4H-

CceJl B YHCJ/IMTE/JI€ H 3HaMeHaTeJie OQHUHAKOBHI. HOSTOM)’ 3HayeHue
o no MOAYJ/IIO paBHO eAHHHILe; MOXXHO Hanucartb

a=¢e',

(22.31)

a 3TO O3HA4aeT, YyTo BeJHUYUHHA (MOIly.I'lb) HanpsKeHHUs B KaXI0M
3BE€HE OlHA H Ta XKe, MeHseTCA TOJIbKO (pasa. OHa MeHsieTCcsl Ha
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4yucao 6; OHO Ha caMOM [eJle OTPHLATEJbHO H NPEeACTaBJseT
co00il «3afepXKKy» HanpsiKeHHs NO Mepe TOro, Kak mocJjeaHee
NpPOXOIHT MO CETH.

A nns yacToT Bblillle TPAHHYHOH YacTOTHl wgp Jy4llle BbLIHECTH
B YHC/AHTeNe M 3HaMeHaTeJe (22.31) MHOXHTeJb [ M NepenucaTb
3TO BblpaXKeHHe B BHIE

__ N4 —(L]C) — (aL/2)
V(w2L?/4) — (LIC) + (oL/f2)

Tenepr Gakrop pacnpocTpaHeHHs o — YHUCJAO OelicT8uTeAbHO?,
NPHTOM MeHbiuiee eQunuys IDTO 03HAYaeT, UTO HaNpsiKeHHe B He-
KOTOpPOM 3BeHe BCerja MeHblle HaNpsiXKeHHS B NMpefblayllueM 3Be-
He, MHOXHTe/b NPONOPUHOHANBHOCTH paBeH o. [Ipu uyacrorax
BbIllle @o HaNpsi)KeHHe ObICTPO cnajfaeT No Mepe ABHXKEHHs BHOJb
cetu. KpuBasa Moay/ns o Kak GyHKUHH YacTOTH NMOXOXKa Ha rpa-
& HK, NpuBelleHHBIH Ha ¢ur. 22.22,

Mbl BUAHM, YTO MOBeJeHHe o KaK Bbllle, TaK H HHXE @ CO-
riacyercs ¢ HallUM NpeiacTaB/ieldeM O TOM, YTO CeTb nepejaer
SHeprulo npu o << wp H 3aJep>XKHUBaeT ee NpH w = wo. [0BOPAT,
4TO CeTb «IIPONyCKaeT» HH3KHe YacTOThl H «OTOpacbiBaeT», H/H
«OTUILTPOBLIBAET» BbICOKHEe. Bcskas ceTb, ycTpoeHHas Tak,
YTOObl ee XapaKTepDHCTHKH MEHSJINCb YKa3aHHbIM 00pa3oM, Ha3bl-
BaeTcsd «(QUABTPOM». Mbl NpoaHa/H3HPOBANH «(PH/IBTP HH3KOTO
NponycKaHHUs», HIH «HH3KHX YacTOT».

Bac moxeT yauBuTb — K uyeMy Bce 3TO 06CyxKJIeHHe OecKo-
HeYHBIX ceTeil, ec/lH Ha caMOM Je/e OHM HeBo3MOxHb? Ho BcA
XUTPOCTb B TOM H 3aK/IOYaeTcs, YTO Te e XapaKTepUCTHKU BBl
0o6HapyXHTe H B KOHEYHOH CeTH, ecjlll 3aK/II04YHTe ee HMINENaHCOM,
COBNajallUM C XapaKTepHCTHUECKHM HMNenaHcoM 2o. [lpaxiu-
YyeCKH, KOHeYHO, HeBO3MOXXHO TOYHO BOCNPOM3BECTH XapaKTepH-
CTHYECKHH HMNeJaHC HeCKOJbKHMH NPOCTHIMH 3/1€MEeHTaMH, Ta-
kumy, Kak R, L uw C. Ho B HekoTopoil noJjoce 4acToT Hepeaxo
3TOr0 MOXHO JOOGHUTbCS B XOpolueM NpUOJHXKEeHHH. DTHUM Cnoco-
60M MOXHO cle/naTb KOHEYHYI (HJIbTPYIOILYIO CeTb CO CBOHCT-
BaMH, OueHb OJIM3KUMH K TeM, KOTOpble NpoOsBJSIOTCA B Gecko-
HeyHoM ¢uiabTpe. CraxeM, JectHuua L—C Gyner Bo MHOrom

(22.32)

[

Py 2222. dakrop pacnpocrpa-
HeHus 00HO20 38EHA AeCTHUYbL,

(=]
S~
g
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C C 0 c
Que. 22.23. BoicokouacrorHsil -
durerp (a) u eco daxrop pac-
npocTpasenus Kak @dyukyusa or L L 1, L
1/o (6).
a

BecTH cebs Tak, Kak OblJO ONHCAHO, €CJAH Ha KOHlle €€ NMOMELUEHO

yncToe conpoTusaenne R = 4/L/C.

A ecay B Haweil nectHuile L—C Mbl nomenseM Mectamu L
u C, uToGbl nosyyn/ach JecTHHUA, NOKa3aHHas Ha ¢ur. 22.23, a,
TO NOJMYYUTCS PUABTDP, KOTOPbIA NPONYCKAET BbiCOKUE HACTOTH H
oT6pacbiBaeT Hu3KHe. [lo/b3ysicb yXKe MOJNyYyeHHBIMH pe3yJ/bTa-
TaMH, JIerKo NMOHATb, YTO NMPOUCXOAMT B 3TOH ceTH. Bul yxe, Ha-
BEpHO, 3aMeTHJIH, 4TO Bceraa, korga L 3amensiercs na C u Hao6o-
pOT, TO M iw 3aMeHsieTcsi Ha l/iw W HaoGopoT. 3HAYHT, BCe, 4YTO
NPOMCXOAUNO paHblie C ®, Tenepb OGyaeT NPoHCXoAuTb ¢ l/w.
B yacTHOCTH, MOXKHO y3HaTb, KaK MeHsleTCsl o C YaCTOTOH, B3fB
¢ur. 22.22 u noeclofy BMecTo w Hanucas l/o (dur. 22.23,6).

Y onucaHHbIX QHALTPOB BBICOKHX M HU3KHX YacTOT €CTb MHO-
rOYHC/eHHble TeXHUueckue npuaoxeHus. duapbtp L—C HHU3KHX
YacTOT YaCTO HMCMOJb3YeTCsl KaK «Cra)XMBaloWHi» GUILTP B Ue-
nfiX MOCTOSIHHOrO ToKa. Ec/iM HaM HYXXHO NOJYYHTb NMOCTOSIHHBIH
TOK OT HCTOYHHKA MEepeMEHHOro TOKa, Mbl BKJ/IOYaeM BLINpSMH-
TeJib, KOTOPBIil MO3BOJISIET TeUb TOKY TOJBKO B OJHY CTOpoHy. M3
BLINPSAMHTE/S BBIXOAHT NYJLCUPYIOILUA TOK, padHK KOTOPOro
BHIMIAAUT Kax ¢yHkuus V (), nokasannas Ha ¢ur. 22.24. Ilo-
CTOSIHCTBO TAKOrO TOKa — HUKYIBIIIHOE: OH IIAaTaeTcs BBepX H
BHH3, 8 HAM HYXeH MNOCTOSHHbIA TOK, YHCTEHbKHH, TJafieHbKHH,

vit)

Dbue 22.24. Hanpamenue Ha 8bl-
x00e 0cegoaH08020 BbLNPAMUTEAS.

>
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Kak oT 6aTapen aKKyMyJsiTOPOB. JTOr0 MOXKHO AOOHThCS, BKJIIO-
uyB QUABTP HU3KHX YACTOT MEXAY BBHIMPSIMHUTE]EeM U Harpy3KOil.

M3 ra. 50 (Bbin. 4) Mbl yXKe 3HaeM, UTO BPeMeHHAS (QYHKLHSA
na ¢ur. 22.24 MoxeT ObITh NpeAcTaBJeHa B BHUAE HAJNOXEHHs NO-
CTOSIHHOTO HAanNpsi>KeHHWs1 Ha CHHYCHYIO BOJIHY NJIOC CHHYCHYIO
BOJMHY 60Jblilell yacTOThl NJIOC ellle 6oJiee BbICOKOYACTOTHYIO CH-
Hycouay M T. I., T. €. KaK paa Pypve. Ecin Haw ¢uabTp — Jau-
HeHHbIA (T. €. ec/4, KaK Mbl npeanonaranu, L u C npu usMeHeHUH
TOKOB WJ/IY Hanpsi)KeHUH He MEHSAIOTCA), TO TO, YTO BBIXOAUT H3
(GuabTpa, npeiacraB/seT cofioll TOXe HaMOXeHHe BBIXOJOB OT
Ka)X0M KOMNOHEeHThl Ha Bxode. Ecau ycTpouThb Tak, utobbl rpa-
HHYHAs 4acToTa wo Hawero (puaAbTpa Obl1a 3HAYMTEJBHO HHXKe
HauHu3uel u3 yactotT ¢yHkuuu V(f), To nocTossHHBIA TOK (y KO-
tToporo ® = () npeKpacHo npoiifeT uepe3 QUABTP, 3 aMNIUTYAA
nepBoi rapMoHHKH OyaeT KpemkKo cpe3aHa; HY, a aMIIHUTYIbl
BBICUIMX FapMOHUK — TeM 06oJiee. 3HAYUT, Ha BBIXOAE MOXHO TO-
JYYUTb KaKylo yrogHo rJafkocTb, CMOTPSl MO TOMY, Ha CKOJIbKO
3BeHbeB (UIbTpa y Bac XBATHT JEHeT.

BblcoKoyacTOTHBIH ¢GUALTD HYXKeH Torja, Korja Heo6XOAHMO
cpesaTb HeKOTophble HH3KHe yacToThl. Hanmpumep, B rpammodon-
HOM YCHJ/IHTe/e BBICOKOYACTOTHBIH (PHUABTP MOXXHO HCMNOJ/b30BATh,
4yTOObl My3bIKa He HMCKa)a/jacb: OH 3afiepXXHT HH3KOYacTOTHOE
TPOMBIXaHHe MOTOpPYHMKA H AMCKa.

MoxkHO elle genaTb H «NOJOCOBHIE» (PUJIBTPHI, OTOGpachiBalo-
IIHe YacTOThl HHXKe HEKOTOPOH YacTOThl w; M YaCTOTHl BbIlle He-
KOTOpO# APYroit 4acToTh wy (Gosbluell @), HO 3aTO NponycKalo-
LHe BCe YacCTOThl OT w; JO Wz. DTO MOXHO cAenaTb NMpoOCTO, COB-
MEeCTHB BBLICOKOYACTOTHBIH M HH3KOYACTOTHBIA (HUABTPHL, HO
OObIYHO JenaloT JIECTHHYHYIO CXeMy, B KOTOPOH HMNeNaHCH 2 H
Zy UMeloT 6oJiee CAOMHBIH BHI — OHH CaMH CYTb KOMOGHHAUMH
L n C. Y Takoro no/iocoBoro (puabTpa NOCTOSIHHAsI pacnpocTpa-
HEHHS1 MOXKeT BHINVIsLAETb TakK, Kak Ha ¢wur. 22.25 a. Ero MoxHO
MCNo/b30BaTh, CKaXkeM, YTOObI OTAENATb CHrHaJbl, KOTOopble 3a-

b
a | |
[
I
|
b w
b
| |
AN
o / 1\ Duye. 22.25. IToaocosoii
Lo ¢uaerp (a) u npocroi pesonanc-
: I : noul guasrp (6).
o, w, (7]

194



IIMMaIOT TOJbKO HEKOTOPBIH HHTEpBaJ YacTOT, HaNnpHUMe), KaX(abl i
U3 KaHaJ/0B TeNe(OHHOH CBA3H B BLICOKOYACTOTHOM Tese(OHHOM
Kabese WM MOAY/JIHDOBAHHYIO HECYILYIO YacTOTy NpH pajuone-
penaue.

B ra. 25 (Bein. 2) Mbl BUAEHM, YTO TaKoe (UABTPOBAHHE
MOXXHO TNpPOHM3BOAHMTH ellle, HCNOAb3yss H36HpaTeNbHOCTb OObIY-
HOH pe30HaHCHOH KpHBOH (/s CpaBHeHHs OHa NpHBeJeHa Ha
¢ur. 22.25,6). Ho pe3soHaHCHBII GUABTD A/s1 HEKOTOPBIX Ueded
NOAXOAHT XyXKe, ueM nosocoBod. Bel noMHuTE (3TO 6bLJIO B IJ1. 48,
BbiN. 4), Korjga Hecyllas 4yacToTa w, MOJY/IHPOBAHA «CHTHalb-
HO#» 4acTOTOH ws, TO OGLIHMA CHrHAJ COJAEPXKHT He TOJIbKO Hecy-
IyI0, HO U JBe GOKOBblE YacTOTh W, + ws H W, — ws. B pe3oHanc-
HOM ¢u/abTpe 3TH GOKOBBIE MOJIOCH BCErAa Kak-To 0CsiabasitoTcs,
H yeM BhIlUe CHIHAJbHAs 4acToTa, TeM, KaK BHOHO U3 PHCYHKA,
Gonbuie 3To ocnabaenne. [To3TOMy «OTK/AMK Ha 4acTOTy» 31ech
HeBaXKHbli. Bbiclune My3blKa/ibHble TOHBI M BOBCE HE NPOXOAAT.
Ho ecsu B34Tb nosocoBOit QHUABLTP, YCTPORHHBIH TaK, YTO LUH-
pHHA w2 — w; NO KpaiHel Mepe BABOe OOJ/ibllle HAHUBLICIIEH CHT-
HaJIbHOH YaCTOThl, TO OTKJHK Ha 4acTOTy OydeT [/isi HHTepecylo-
ILHX HAC CHTHAJ/OB NJIOCKHM.

Ewe omHo 3aMeuaHue 0 JIeCTHUYHOM (HJbTpe: JeCTHHUA
L—C na ¢ur. 22.20 — 310 TaxxKe npuGAMKEHHOE NpeACTaB/IeHUE
nepenaiwouleyt nuHun ($pupepa). Ecan umeercs MIHMHHBIN NPOBOA-
HUK, PacliOJIOXKEHHbI mnapaj/eqbHO APYroMy NpOBOAHHKY (CKa-
XXeM, NpoBoj, NOMeIleHHbI B KOAaKCHa/IbHOM KabeJje HAH MOABe-
IIeHHbIA HajJ 3eMJeil), TO MeX1y HUMH CYLLeCTByeT KaKas-TO eM-
KOCTb M HEKOTOpasi HHAYKTHBHOCTb (M3-32 MarHHTHOrO MnoJis
Mex(1y HuMH). Ecau npeacTaBHTb 3Ty JIHHHIO COCTaBJIEHHOH H3
He6OJIbIIMX Y4acTKOB Al, TO KaXIbli y4acTOK NOXOX Ha OJHO
3BeHO JiecTHHUB L—C ¢ nocJefoBaTenbHO# HHAYKTHBHOCTbIO AL
U wyHTHpylowe#i eMKocTbio AC. [ToaToMy Mbl BnpaBe NPUMEHSTb
3lleCb HallK pe3y/abTaThl AJs1 JeCTHHYHoro ¢uabtpa. [lepeins
K npefeny npu Al - 0, Mbl noay4uM Xopolllee OnKcaHHe Nepenarw-
el JMHHH. 3aMeTbTe, uTO, Korga Al CTaHOBHTCS BCe MeHblue
U MeHblue, yMeHbwatoTcss ¥ AL u AC, HO OHH YMEHbLIAIOTCS B
ONLHOM M TOH Xe NpONopUHH, TaK yTo oTHoueHHe AL/AC He na-
naet. [lostomy, nepeiinss B ypaBHeHHH (22.28) K npeaeay npu
AL u AC, ctpeMsllluXcsi K HyJO, Mbl YBHAHMM, YTO XapaKTepH-
CTHYECKHH MMNENaHC Zp— 5TO YHUCTOE CONMpPOTHBJ/EHHE, BEeNHYHHA
kotoporo paBHa 4/AL/AC. Otuomenne AL/AC MOXHO 3anucaTh
takxke B Bumge Lo/Coy, rme Ly u Cy— HHOYKTHBHOCTb M €MKOCTb
eMHHLbl AJUHbl JHHUH; TOTAa

z— ,\/ L, (22.33)

3amertbTe elle, 4To, Korga AL u AC cTpeMAaTcs K HYJIO,
rpanynas wactota wo=4/4/LC yXOOUT B G€CKOHEYHOCTb.
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D ue 22.26. IkeusarenTHAR

I, cxema 83aumHOll uRIYKYuU.
_I-'— ) —0
=
-1
C Y ujeanbHOl nepepato-

el JUHUM HeT IpaHHy-
HOH YacTOTHI.

§ 8. Apyzue arementot
yenu

Ho cux nmop Mbl on-
pefesHNH TOJBKO HJe-
a/lbHble HMNENaHChl le-
NH — HHAYKTHBHOCTD,
eMKOCTb M CONpPOTHUB-
JleHHe, a Takxe HAealb-
HBII TeHepaTop Hanps-
xeHusi. Tenepb MBI XO-
THM NOKa3aTb, YTO ApY-
rie 3JeMeHTbl, TakKHe,
KaK  B3aHMOHMHAYKUHA,
MY TPaH3UCTOPBl, HJH
panvonaMnel, MOXHO OMHCAaTb, NMO/b3YyACb TEMH e OCHOBHBIMH
aneMeHTamu. IlycTb uMeloTcs OBe KaTylUKH, H NycTb (3TO cpe-
JaHO HApOYHO WJH KaK-HUOYIdb HHaue) NMOTOK OT OJHOH M3 KaTy-
ek nepecekaet apyryio (¢ur. 22.26,a). Torna Bo3HHKaeT B3a-
HMHas HHAYKUMA M AByX KaTylleK, TaK YTo, KOrja TOK B OIHOH
KaTylllKe MeHsieTcsi, B APYroi reHepupyeTcs HanpsikeHue. MoXHO
JU B HallUX 3KBUBAJIEHTHBIX KOHTypax yuecTb Takoil 3¢p¢dekt?
MoxHo, nocTynuB caeayilouiuM o6pa3om. Mbl BuaeaH, UTO HaBe-
leHHasl B KaXXJOH M3 ABYX B3aHUMOJEHCTBYIOIHX KaTyuleK 3. 1. C.
MoxeT ObITh NpejcTaB/jeHa B BUAE CYMMbl ABYX yacTei:

dl dI
&\=— L‘ , dt2 ’

+=M

(22.34)

—— =+ M .

IMepBoe cnaraeMoe BO3HHKAaeT W3 CAaMOMHAYKLHHM KaTYLIKH, a
BTOpOe — M3 ee B3aUMOMHAYKUHH ¢ Apyroil Katywkoil. Ilepen
BTOPbIM C/araeMblM MOXeT CTOSITb MJIOC HJIH MHHYC, CMOTps MO
TOMY, KaK NOTOK OT OJHONM KaTyUIKH npoHu3biBaeT BTOpylo. [e-
Jasi Te Xe npubAHKeHHs, KaK H TOrAa, KOrAa Mbl ONUCHIBAJIH
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bue 2227. 3SkeusareHTHaA

cxXema B83aAUMHOU eMKOCTU. t £ 3 3 + E3 1 + 1
N N
o ( l D
Y p T T £ 3 ¥ J
WA
HeaNbHYIO HHIYKTHB- |
HOCTb, MBI MO>X€M CKas3arh, c D
4YTO Pa3HOCTb NOTEHLHAJOB
Ha 3aXHMax KaXJaoH Ka- A BY
TYUWKH paBHa 3. A. C Ka- T
tywku. U torpga o6a ypas-
HeHus (22.34) coBmamyt ¢ 1 1l
TEeMH, KOTOpble MOJYYHIHCh 5 T T
66 M3 uenu ¢ur. 22.26,6, é_u_ﬁ
ecad Obl 3. 1. C. B KaXJ0M L
c Do

M3 IBYX HauepyeHHbIX KOH-
TYpOB 3aBHCeJa OT ToOKa
B NPOTHBONOJIOXKHOM KOHTYpe C/leAyIoLHM 06pazoM:

& =+ ioMl, &,==ioMI,. (22.35)

3HayuT, MOXHO NpeACTaBHTb AeHCTBHe CAMOMHAYKUHH HOP-
MaabHbIM OoOpa3oM, a MAeHCTBHe B3aUMHOH HHAYKUHH 3aMEHHTb
BCMIOMOraTe/MbHLIM HAeanbHbIM TeHepaTopoM Hanpsxenus. Hano,
KOHEeYHO, UMeThb ellle YpaBHeHHe, CBA3bIBawoulee 3Ty 3. A. C. C TO-
KOM B KaKOH-TO APYroi 4acTH LenH; HO, NMOCKOJNbKY 3TO ypaBHe-
HHe JIHHEHHO, Mbl MPOCTO no6GaBJ/sieM K HallMM YpaBHEHHAM elle
OJHO JIMHEHHOE ypaBHEeHHe, H BCe HAIlH NpexHHe BbIBOJABI HacyeT
S5KBHBA/NIEHTHbIX CXeM H TOMY nOAOGHOro BCe PaBHO OCTAIOTCS
NpaBHAbHBIMH.

Kpome B3anMHO# MHAYKIUHH, MOXHO ellle TOBOPHTb H O B3aHUM-
Hoi eMKocTH. Jlo cux nop, roBopsi 0O KOHAeHCAaTOpax, Mbl BCeraa
NpeaCTaB/siii, YTO Y HHX TOJNBKO Mo JABa 3JeKTpOAa, HO BO MHO-
THX caydasx (CKaxeM, B pafuojamnax) MoryT ObITb W NO He-
CKOJIbKY 3JIEKTPOJOB, PacnoJIOXKEeHHbIX BMNJOTHYIO APYT K Apyry.
Ecan Ha onMH M3 HMX MOMECTHTb 3JIeKTpHYeCKuil 3apsil, TO ero
3JIeKTpHUYeCKoe noJse HaBedeT 3apsllbl HAa BCeX OCTAJIbHBIX 3J/IEKT-
pOZax W NOBJHMSIeT HAa MX noTeHuuaj. B kauecTBe npumepa pac-
CMOTPHM pacnoJsioXKeHHe uyeTbipex nJsactuH (¢ur. 22 27,a).
[TpenctaBumM, YTO 5TH YeThipe NJAACTHHBI COEAHHSIOTCS C BHELIHeH
uensto nposogamMu A, B, C u D. Tak BoT, nokKa Hac HHTepecyioT
TOJNILKO 3J/IeKTpOCTaTHuYeCKHe 3(QdeKTbl, 3KBHBANEHTHYIO CXeMy
TAaKOro pacnoJIOXKeHHsl 3/IeKTPOAOB MOXHO CYHTaTb TaKOH, Kak
Ha ¢ur. 22.27,6. daekTpocTaTHyeCKOe B3aHMOAEHCTBHE 3JIEKTPO-
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Due 2228 HuskonacrorHas
9KBUSBANEHTHASL CXxema 8aKyyM-
HO2O Tpuodu.

G
/

Vo
AN

c
Kamod &=-uY

IO0B (BCAKOrO CO BCSHKHM) 3KBHBa/JE€HTHO €MKOCTH MeXAay 3TOH
napos 3/]1eKTpOMAOB.

U, HaKoHel, NOCMOTPHM, KaK HYXXHO NpeiACTaBJATb B Lenax
nepeMeHHOro TOKAa TaKHe CJOXHble YCTPOHCTBA, KaK TpPaH3HUC-
TOpel MJKM paauodamnbl. Hano cHayama noayepkHyTb, 4TO 3TH
yCTpo#cTBa 4YacTo AEHCTBYIOT TaK, YTO CBS3b MEXAY TOKaMH H
HanpsiKeHUsIMH OTHIOAb He /MuHe#lHa. B aTux cayuasix yactb choe-
JIaHHbIX HaMH paHbllle YTBepXAEHHH, a UMEeHHO Te, KOTOpHle 3a-
BHUCAT OT JIMHEHHOCTH- yDaBHEHHIl, eCTeCTBEHHO, nepecTalioT ObIThb
npaBu/IbHBIMH. HO BO MHOrMX npuJjoXeHHAX pabouHe XapaKTe-
PHCTHKH B AOCTATOYHOH Mepe JIMHEHHBl — TaK YTO H TPAH3UCTOPHI
H JlaMnbl MOXHO CYMUTaThb JHHelHbIMH ycTpoiicTBamu. Ilon stum
noapasyMeBaeTcs, YTO NepeMeHHble TOKH, CKaXXeM B aHOMIHOH
uenu pajauosaMnbl, NPsMO MNPONOPUHOHAJbHBI Pa3HOCTH MNOTEH-
1lHaJI0OB Ha APYTHX 3/eKTpojJax, HanpHMep noTeHlUHaJja CeTKH H
aHOAHOro norteHuuana. Korma e Takue JMHeiHble COOTHOULIEHHS
CYLIEeCTBYIOT, TO K YCTPOHCTBAM MOXHO NMPHMEHATb npelcTaBJe-
HKe 00 3KBHBAJNEHTHBIX CXeMax.

Kak u B cnyyae B3aWMHOH MHAYKUHH, 3TO ONHCAHHE NO/XKHO
BKJ/11044Tb B cebs1 106aBOYHble reHepaTOPbl HANpsXKeHHUs,, KOTOpble
ONHUCHIBAIOT BJIHSHHE HaNpsKeHHH HJIH TOKOB B OJHOH 4acTH YCT-
poiicTBAa Ha TOKH MJIM HanpsKeHus B Apyroi ero vactu. K npu-
Mepy, aHOAHBIH KOHTYD TpPHOAA, KaK NMpaBu/JO, MOXHO NpeAacTa-
BHTb CONDOTHBJEHHEM, NOC/eJ0BaTe]bHO COEAHHEHHbIM C Hje-
a/JbHBIM FeHepaTOpOM Hanpsi)KeHHs, y KOTOPOro CH/1a HCTOYHHKA
NponopuHOHa/NbHA HanpsiXKeHHo Ha ceTKe. Iloayuutcsl 3KBHBa-
JIEHTHBI KOHTYp, M306paxceHHbl#l Ha ¢ur. 22.28 *. [TonoGHbIM xe
06pa3oM KOHTYp KoJl1eKTopa TpaH3HCTopa yAOGHO npeicTaBJ/sTbh
B BHJ€ CONPOTHBJ/EHHS, NOC/AeNOBATENbHO COeNHHEHHOro C He-
a/JbHbIM TeHepaTOPOM HAaNpsiXKEHHS, CHIA HCTOYHMKA KOTOPOro
NponopuHOHA/JbHA CHJIE TOKa, TEKYyLlero OT 3MHTTepa K 0ase
TpaH3UCcTOpa. DKBHBAJEHTHBI KOHTYp TOrJa MoxoX Ha H3o06pa-
XKeHHbI Ha ¢ur. 22.29. [Jo Tex nop noka ypaBHeHHs, ONHCbIBAIO-

* OTa 3KBUBANEHTHAS CXeMa TFOAMTCH TOJLKO AJ HHU3KHX YacToT. Ha BbI-
COKOH 4acToTe 3KBHBaJeiTHash cxema YCJIOXKHAETCS, B Heée HANO BKIJIIOYHTH
pa3Jjiunble, TAK HAa3blBa€Mble «MNdPa3HTHYECKHE», €MKOCTH M MHAYKTHBHOCTH.
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Imummep Konnexmop E ¢

basa B
8 =al,

Due 22.29. HuskouacTorHaa 3IKBUBANEHTHAA
cxema TPAH3NUCTOPA.

UlHe HX JAeilCTBHe, OCTAIOTCS JHHEHHbIMH, Mbl HMeeM MNOJIHOE
npaBoO nNOJIb30BaTbCsl TaKHM MNpeACTaBJeHHeM AJs JaMn HJH
TpaH3ucTopoB. M Torna, naxe ecqu OHH BXOIAT B CJOXKHYIO CeTb,
BCe paBHO Haule ofulee 3aKjaloyeHHe 06 3KBHBAaJeHTHOM Mpef-
CTaBJeHHH J1060ro MNPOU3BOJNBHOTO COeJMHEHHs  3JIEMEHTOB
OCTaeTcs BepHBIM.

KoHTyp TpaH3ucTopa M paguojsaMnbl HMeeT OAHY 3aMeyaTelb-
HYI0 ¢cnocoGHOCTb, KOTOPOH JIHILIIEHbl KOHTYPBI, BKJIOYalOlHe OAHH
UMNeJaHChl: JNeHCTBUTeJbHas uyacTb 3(Q¢eKTHBHOro HMNeaaHca
Z3pp MOXET CTaTh OTpHUATENbHOH. Mbl BHAEIH, 4TO MAEHCTBH-
Te/bHash 4acCTb 2 NpeACTaBJsieT NOoTepH sHepruu. Ho BaxkHas xa-
paKTepHCTHKA TPAH3UCTOPOB M pagHO/aMN COCTOHT B TOM, UTO
OHH CHa6XKaloT KOHTYp 3Hepruei. (KoHeuHo, oHu ee He «Bbipaba-
THIBAIOT»;, OHU 6epyT 3HEeprui0 y LenH NOCTOAHHOrO TOKa, y HC-
TOYHHMKA TOKa, ¥ NpeBpallaloT ee B 3HEPTUI0 NMEPEMEHHOrO TOKa.)
Ctano GbITb, NOSIBJASIETCS BO3MOXHOCTb MOJYYHTb KOHTYp C OT-
pHUATeNbHBIM conpoTHUBJeHHeM. TaKoi KOHTYp HMeeT HHTepec-
HO€ CBOHCTBO: €C/IH MOAK/IOYHTb €r0 K UMNeNaHCy ¢ NOJOXKHTe/Nb-
HON AelCTBUTE/NbHOH YacTblo, T. € K NOJIOXKHTEIbHOMY CONPOTHB-
JIEHHIO, H YCTPOHTb BCe TakK, yToObl CyMMa JABYX A€HCTBHTEJbHBIX
yacted obpaTuyaacb B HYJb, TO B 3TOM 06beJHHEHHOM KOHType
paccesHuss 3Hepruum He OyaeT. A pa3 HeT noTepb 3HEPTHH, TO
a060e nepeMeHHOe HanpsiKeHHe, CTOUT ero OJHAXIbl BKJIOYHTD,
Hukoraa OoJibllle He Hcuye3HeT. JTO OCHOBHas ujesi paboTh oc-
LHAAATOpPA WU IeHepaTopa CHUrHAJOB, KOTOPBHIE MOXHO HCMOJb-
30BaTb B KayeCTBe HCTOYHMKA NepeMeHHOro TOKa KaKoi YrolHo
YacTOThI.



riaoa 28

NOJbIE PESOHATOPDI

§ 1. PeaasHote 3nementor yenu

Ecaun nocMoTpers Ha mo6ylo llenb, COCTOS-
ILYI0 M3 HOea]bHbIX UMNEJAHCCB H TeHepaTOopoB,
CO CTOPOHbI KaKOH-HMOYAb napbl KJAeMM, TO NpH
NaHHOW uyacToTe OHa OyHeT 3KBHURAJEHTHA reHe-
paropy &, noc/e0BaTeqbHO COeIHHEHHOMY C HM-
nefpaHcoM 2. Ecau npuMOXKHUTbD K 3THM KjieMMaMm
ranpsixkeHue V U BBIUHC/AUTb-HU3 YpaBHEHHUIl CUIY
TOKa, TO MeXAY TOKOM H Hanpsi)KeHHeM AOMKHA
NOJYYHTbCS JIHHeHHas 3aBUCHMOCTb. I10CKO/IBKY
BCe YpaBHeHHs JHHellHbl, TO U [ QOMKHO 3aBH-
ceTb OT V JMHEHHO M TOJBKO JIMHeHHO. A camoe
oflilee JHHellHOe BbIpaX<eHHe MOXHO 3anHcaThb
B BHIE

I=1(V—&). (23.1)
BooGwe-to u 2z 1 & MOryT Kak-TO OYeHb
CJIOXKHO 3aBHCeTh OT yacToThl @. ONHaKo CcOOT-
HouleHHe (23.1) — aTo TO COOTHOlLIEHHE, KOTOpOe
rnojyuusnocb Gbl, ecad Gbl 32 KJeMMaMH Haxo-
IMJICSL NPOCTO reHepatop & (w), mocjenoBaTe/b-
HO COeHHEHHBbIH ¢ UMNeJaHCOM 2 (w).

MoXHO nocTaBUTb H O6paTHBIN BONpOC: HMe-
eTcsl KaKoe-TO 3JIeKTPOMarHHTHOe YCTpPOHCTBO C
NBYMsl noJocaMH (BbIBOJAMH) H HaM H3BeCTHa
cBsisb Mexay [ u V, T. e. u3BeCcTHbl & H 2 Kak
(OYHKIHH 4acTOTbl; MOXHO JIH Bcerja HaHTH Ta-
Kyl0 KOMOHHAUHIO HJea/NbHbIX 3JeMeHTOB, KOTO-
pasi AacT 3KBUBaJEHTHbIH BHYTPeHHHH HMNegaHC
2? OTBeT Ha 3TO TaKoB: A/ JIOGOH pa3yMHOH,
T. € (HU3HYEeCKH OCMBIC/JEHHOH ¢YHKUHH 2(0),
NeACTBUTE/bHO B03MOXHO RNOCTPOUTL C J1060H
CTeneHbl0 TOYHOCTH MOJe/Nb C NOMOLIbIO KOHTY-
pa, COCTAaB/NEHHOTO M3 KOHEYHOrO YHCJa HAEab-
HbBIX 3/eMeHTOB. Mbl He coGupaeMcss u3yuaTh
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§ 1.

§ 2

§ 3.

§ 4

§ 5.

Peanbnbie
MEHTBI Lenu

aje-

Konznencartop
Ha OoJablIUX ya-
CTOTax

Pesonancnas
noaoCThL

CoGcTBeHHbIe
Konedoanus
NOJOCTH

Monoctn wu pe-
30HaHCHbIE
KOHTYpbI

Hlosropurs: ra. 23

(Bbin, 2)
«Pe3oHanc»;

ra. 49 (swin. 4)
«Co06cTBeHHbIE
KoneOaHus»



Due 23.1. 3ksusarenTHAA Cxema
peanbHo20 conpoTUBAeHUR.

[}
11
L1

oflylo 3ajauy, a TOJbKO NOCMOTPHUM, OCHOBBIBasiCb Ha (H3HYe-
CKHX COO6pa)KeHHsIX, Yero MOXHO OXHJaTb B OTAEJbHBIX CJay-
yasx.

H3BecTHO, uTO TOK, NpOTeKalOLIKil yepe3 peanbHOe CONPOTHB-
JieHke, cO3[1aeT MarHuTHoe noJe. 3HA4YHMT, KaxJoe peajbHOEe CO-
NpOTHBJEHHe NOMKHO 00/1a7aTh H HEKOTOPOH HHIYKTHBHOCTBIO.
Hanee, ecin K CONPOTHBJIEHHIO NMPUIOKEHA HEKOTOpasi pa3HOCTb
NOTEHUHAJJOB, TO HAa €ro KOHLAX AOJ/KHbBI BO3HHKHYTb 3apsibl,
co3jaoliie HYXXHble 3JMeKTpHyecKHe noJjsi. [lpy H3MeHeHHH Ha-
NpsiXKeHHs1 NPONOpPLUHOHANBHO MeHseTcs M 3apsif, Tak YToO y co-
NpOTHBJIEHUS HMeeTCsd M Kakas-To eMKocTb. CaeayerT OXHAATh,
4YTO 3KBHBAJ/IeHTHasi CXeMa peasbHOrO CONPOTHBJEHHS [OJXKHa
HMeTb TakKoi# BuI, Kak Ha ¢ur. 23.1. Ecau conpoTtuBseHue xopo-
llee, TO ero TaK Ha3blBaeMble «Napa3UTHYECKHe 3JMeMeHThl» L H
C manel, Tak 4TO NpPH TeX YacToTax, A/ KOTOPHIX OHO NpegHas-
HaueHo, wL muHoro Menbuie R, a 1/wC — Muoro 6oabwe R. Ilo-
3TOMY <«Napa3WTHYECKHMH» 3JeMeHTaMH MOXHO npeHe6Gpeub.
Korna xe wacToTa noBblllaeTcsi, TO He HCKJIOYEHO, YTO 3Haue-
HHE 3THX 3/1eMEHTOB BO3pacTeT M CONpPOTHBJEHHE CTaHeT NOXO-
JKHM Ha pe30HAHCHBIH KOHTYP.

PeanbHash HHOYKTHBHOCTb TaKXe He COBNajaeT C HieaJbHOH,
UMNeJaHc KOTOpoH paBeH ioL. ¥ pea/bHOH NpOBOJIOYHOH Ka-

Kux wacrorax,

Pue 232. IkeusareHTHAAR Cxema
peanrbHoli UHOYKTUBHOCTU HA HU3-
)
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Pue 23.3. IksusasenTHan cCxema peanreliold
UHOYKTUBHOCTU HA B06ICOKUX 4ACTOTAX.

TYIIKH OblBaeT KakKoe-TO CONpOTiiBJe-
HHe, H NPH HH3KHX YacTOTax oHa (dak-
THYECKH SKBHBAJIECHTHA HHAYKTHBHO-
CTH, NOCJEeJ0BaTeNbHO COEJHHEHHON C
conpotuBjeHueM (¢pur. 23.2,a). Bwu
MOXeTe MNoayMaTh, UYTO B peaJsbHOH
KAaTyllKe CONpPOTHBJIEHHE M HHAYKTHB-
HOCTb 06%BeduHeHbl, YTO CONpPOTHBIeE-
f ] HHe pacnpejeneHO BIO/b BCEro Npo-
BOJa M nepeMeulaHO C ero HHAYKTHB-
HOCTb10. MoxeT ObITb, Ha0 NMO/b30BaThC KOHTYPOM, CMaxHBalo-
IUM cKopee Ha ¢ur. 23.2, 6, rae nocaenoBaTe/lbHO pPaccTaB/aeHO
HEeCKO/MbKO MaJjeHbkMX R u L? OpHako o6uluMii MMnenaHc 1a-
KOro KoOHTypa npocto paBeH XR 4 ZiwL, a 3T0 TO Xe ca-
Moe, 4TOo paer OoJiee npocTas AuarpaMma, H3obpaKeHHas Ha
¢dur. 23.2,a.

Korna e yactora noBblllaeTcsi, TO YyXKe HeJb3sl MNpeAcTaB-
JIATb peasibHYI0 KaTYIUKY B BHJe MHAYKTHBHOCTH MJIOC CONPOTHB-
neHne. HaunHatot urpath posib 3apsabl, KOTOpble BO3HHKAIOT Ha
npoBojax, 4To6bl co3aaTh HanpsKeHue. [leno BHIMIAOUT TaK, Kak
6ynTO MeX]y BUTKAMH NPOBOAA HaHH3aHbl MaJieHbKHe KOHJAeHca-
topuuku (¢ur. 23.3,a). MoxHo nonpo6oBaTb nNpHOGJIHKEHHO
NpeACTaBUTh peasnbHYlO KaTyIIKy B BHAe cxeMbl ¢ur. 23.3,6. Ha
HU3KHX YacTOTax 3Ty CXeMy O4YeHb XOpouo HMHTHpyeT GoJee
npocras (¢wur. 23.3,8); 3TO ONATb TOT e PE30HAHCHBIA KOHTYP,
KOTOpBbIA JaBa/j HaM BbICOKOYACTOTHYIO MOJeJb CONPOTHB/EHHS.
OaHako anas 6GoJiee BBICOKHX 4acTOT 0oJiee CJI0XKHBIH KOHTYP
¢ur. 23.3,6 nogxoaut syuule. Tak 4TO 4yeM TOYHee Bbl XOTHTE
NpeiCcTaBUTb MUCTHHHBIH HMNeNaHC peajbHOH (PH3HUECKOH HHAYK-
THBHOCTH, TeM OO0Jibllle HAal0 B3ATb HO€AJbHBIX 3JE€MEHTOB IJA
MOCTPOEHHs] HCKYCCTBEHHOH MOIEJIH.

[TocmMoTpuM Tenepp moBHHMaTe/nbHee HA TO, YTO NMPOHUCXOLHT
B pea/lbHOH KaTyuke. MiMnenaHc HHAYKTHBHOCTH H3MeHseTCs Kak
oL, 3Ha4YuT, OH Ha HH3KHUX yacToTax obpalllaeTcs B HYJb — «3a-
MblKaeTcsi HaKOpOTKO», H Mbl 3aMeyaeM TOJbKO CONPOTHBJAEHHE
npoBona. Eciu wactora HauumHaeT pacTtd, To wl BCKope cTaHo-
BUTCA Gosiblle R M KaTywKa BHITJSIAHT NMOYTH KaK HAeanbHas
HHAYKTHBHOCTb. A eCJH NOAHSATbCA MO YacTOTe ele Bbillle, TO
HAYHYT HUrpaTh poJib H eMKOCTH. IX MMnenaHc nponoplHOHa/eH
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1/oC; oH BeJqMK Ha HH3KHX dYacToTax. Ha [JOCTAaTOYHO HH3KHX
4acTOTax KOHAEHCATOp BBINIALHT KAaK «pa3pblB B lENH», H eC/H
ero ¢ yeM-HuOyab 3anapaJJenuTb, TO TOK uepe3 Hero He noiner.
Ho Ha BBICOKHMX yacTOTax TOK NpeanoyHTaeT Teyb yepe3 €MKOCTH
MeXJy BHTKaMH, a He yepe3 HHAYKTUBHOCTb. OTTOro-tTo TOK B
KaTyllKe NMpbpiraeT ¢ OAHOrO BUTKAa Ha JpYyroi, BoBce He NOMbILI-
Jsis1 KpYTHTb NET/I0 3a neT/jeil TaM, rae eMy NPHXOQUTCs Nnpeono-
neBaTtb 3. A. C. XOTb HaM, MOXeT ObiTb, H X0TeA0Cb Obl, YTOOB
TOK 1ue/ Mo BHTKaM KaTyLIKH, HO CaM-TO OH BbIGHpaeT nyTb no-
Jlerye, nepexojst Ha AOPOry HaNMeHblIero UMNeaaHca.

Ecan 310 6Gb10 GBI HYXHO, TO TaKo# 3¢deKT MOXKHO ObLIO
6bl Ha3BaTb «BBICOKOYACTOTHBIM 6apbepoM» HJH 4yeM-HHOydb B
stom pojne. Iloxoxue Belln NpoUCXOAAT M B APYrHX HaykKax.
B aspoanHamuKe, cKaxeM, eCld Bbl 3aXOTHTe 34CTaBHTb YTO-TO
IBHraTtbcsi GbICTpee 3BYKa, a JBHXKEHHe DacCYHTaHO Ha MaJble
CKOPOCTH, TO y Bac HHYero He BhIiAeT. DTO He 3HAUHUT, YTO BO3-
HHK KaKOH-TO HenpoXoAHMMbli «6apbep»; MpoCTO HAan0 H3MEHHTb
KoHCTpYKuHIo. TOYHO TaK Xe Haula KaTyuika, KOTOpYl nepBo-
HayaJbHO CKOHCTPYHPOBAJIH KaK «HHAYKTHBHOCTb», Ha OY€Hb BHI-
COKHMX 4acTOTax pa6GoTaeT He KaK HHAYKTHBHOCTb, 4 KaK YTO-TO
npyroe. Has 6oJbliMX 4acTOT Halo H306peTaTb YiKe HOBOe
YCTPOHCTBO.

§ 2. Kondencarop Ha 6oabumux wacrorax

A Ttenepb o6cyauM noapoGHee noBegeHHe KOHOEHCaTOpa —
reoMeTpHYeCKH HAeaJbHOro KOHJeHcaTopa, — Korjga yacrora cTa-
HOBHTCSl BCe BhIle H Bbllle. Mbl npoc/efuM 3a M3MEHEHHEM €ero
CBOHCTB. (Mbl npeanou/in paccMaTpHBaTh KOHAEHCATOP, a HE HH-
OYKTHBHOCTb, MOTOMY YTO reoMeTpHsi mapbl OOK/JIa40K MHOro
npolle reoMeTpuH KarywkH.) Hrak, BOT  KOHIEHCaTop
(dur. 23.4,a), COCTOHT OH M3 ABYX nNapa/jes]bHbIX KDYroBbIX
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P ue 234. IrekTpuveckoe u MA2HUTHOE NOAR MeXHDY
obkaadkamu Koudencaropa.
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06KJ/1a10K, COeHMHEHHbIX C BHEUIHHM TeHepaTopoM napoi mpoBo-
noB. Ecinm 3apsauTbh KOHAEHCATOp NOCTOSIHHBIM TOKOM, TO Ha
OfHOH H3 0OKJaloK NOSBHTCA NOJIOXKHTEeNbHBI 3apsn, Ha ApY-
roil — OTpHLATeNbHBIH, a Mexay oOk/a1aakamMHu OyneT 0JHOPOAHOE
9JIEKTPHYECKOe noJle.

[IpencraBuM Tenepb, YTO BMECTO NOCTOSIHHOrO TOKa K 06-
KJaJKaM NpPHI0XKEHO NepeMeHHOe HanpsixKeHHe HH3KOH yacToOTHI.
(Ilocne Mbl yBHAMM, KaKasi yacToTa «HH3Kag», a KakKas «BBICO-
Kas».) KoHpeHcartop, ckaxeM, coefiHHeH C HH3KOYaCTOTHbHIM re-
HepaTopoM. Korga HanpsixkeHue MeHsieTcs, TO ¢ BepxHell 06-
KJIadKH NOJIOXKHTENbHBIH 3apsifi yb6upaeTcd M MNpHK/JIaablBaeTcsi
oTpHUAaTeNbHBI. B MOMEHT, Korga 3TO NpPOHMCXOIHT, 3JeKTpHye-
CKOe noJle Hcue3aeT, a NOTOM BOCCTaHaBJIMBaeTcs, HO yxe B 00-
paTHYIO CTOPOHy. 3apfjJ MelJeHHO MJelleTcs Tyla-Cloja, H noJje
nocnesaeTr 3a HUM. B Kaxablii MOMEHT 3J/leKTpHYeckKoe roJie of-
HoponHo (¢ur. 23.4,6); ecTb, npaBaa, HeGoJbLIHE KpaeBble 3¢-
($eKTbl, HO Mbl HaMepeHH MMM npeHeGpeub. BeJHuYHHY 3JI€KTpH-
4eCKOro noJisi MOXHO 3anHucaTb B BHIe-

E = Egeit, (23.2)

rae Ey— nocTOsIHHO.

Ho ocranercs M 3To cnpaBenJ/IHBBIM, KOrja yacToTa Bo3pac-
ter? Her, nmoToMy u4TO npH ABHXKEHHH 3J/1EKTPHUYECKOro MoJs
BBEPX M BHH3 yepe3 NPOU3BOJbHYIO mneTaio Iy MpOXOAHT MOTOK
anekTpuyeckoro mnosas (¢ur. 23.4,a). A, Kak BaM H3BECTHO, H3-
MeHsilollleecsl 3JeKTpHYecKoe noJe co3paeT MarHutHoe. CorsacHo
OJHOMY M3 ypaBHeHHI MakcBensna, NpH HaJHYHH H3MeHslOLIe-
rocsi aJleKTpHYecKoro noJss (Kak B HalieM cJjydae) o6sizaH cy-
1eCTBOBATb M KPHBOJIMHEHHbIH HHTErpaj OT MAarHUTHOrO MoJs.
HHTerpas OT MarHMUTHOro noJsi no 3aMKHYTOMY Kpyry, yMHoO-
JKEHHBbII Ha (2, paBeH CKOPOCTH H3MEHEHHs N0 BpPEMEHH 3JeK-
TPHYECKOro MNOTOKAa uepe3 NOBEPXHOCTb BHYTPH Kpyra (ecaH
HeT HUKAKHX TOKOB):

c2§3-ds=% S E-nda (23.3)

r Buytpu T'

Mrak, CKOMBKO e 34ech 3TOrO MAarHHTHOro moas? 3TO y3HaTb
HeTpynHo. Bosemem B KauectBe nerin I'y Kpyr paauyca r. Us
CHMMETDHH $ICHO, YTO MarHHUTHOe NoJe HAeT TaK, KaK NOKa3aHo Ha
pucyHke. Torna uHterpas ot B paBeH 2nrB. A nocKoOJIbKY 3/1eKT-
pHuecKoe noJie OLHOPOAHO, TO NOTOK ero paseH mpocto E, yM-
HOXXEHHOMY Ha mr2, Ha nuowank Kpyra:

B+ 2nr = 2 E -, (23.4)
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[TpousBonHaa E no BpeMeHu B HalleM NepeMeHHOM NOJe paBHA
iwEgeiwt, 3HauuT, B HaluleM KOHAeHCcaTope MarHUTHOe noJe paBHO

ior
B=-2 (23.5)

VHbiMH cl0BaMM, MarHuTHOe noJse ToXe KoJebJjercs, a ero Be-
JIHUHHA NponopluHOHAJIbHA @ H 7.

K kakomy addekry ato npuBeaer? Korma cyulecTByeT Mmar-
HHMTHOE noJle, KOTOPOe MeHseTCs, TO BO3HUKHYT HaBeJeHHble 3/1eK-
TpHYeCKHe nojsi,  AeHCTBHE KOHAEHcaTopa CTaHeT cJierka mo-
X0Xe Ha HMHAYKTHBHOCTb. [lo Mepe pocTa uacTOTbl MAarHMTHOe
noJie yCH/JAHBAETCA: OHO NMPONOPLUHOHA/IbHO CKOPOCTH H3MEHEHHs
E, 1. e. o. MMnenanc KoupeHncaropa GoJbiie He OyaeT NpocTo
paBeH l/inC.

Bynem yBenuuuBaTh yacTOTy M NOCMOTPHUM MOBHHMaTe/bHEE,
4Té NpOMCXOAMT. Y HAc ecTb MarHHTHOe ToJie, KOTopoe mJe-
uetcst ro Tyaa, To ciona. Ho toraa u anektpuueckoe noJe He Mo-
XKeT, KaKk Mbl paHbllle Npeanosarand, ocTaTbCd OMHOPOAHbIM!
Ecin uMeeTcss H3MeHslOlleeci MarHUTHOe noJe, TO MO 3aKOHY
dapages L0/KeH CyulecTBOBATb H KOHTYPHbIY HHTerpaJs oT 3JekK-
TpHyeckoro noas. Tak uTo ecau cyllecTByeT 3aMeTHOe MArHUTHOE
noJje (a Tak M GbiBaeT Ha BBICOKHX YaCTOTax), TO 3JIEKTPHUECKOe
no/e He MOXeT ObITb Ha BCeX PAaCCTOSIHHUAX OT LleHTpa OJHHaKo-
BbiM. OHO MOJ/IXKHO TaK MeHAATbCA C 7, 4TOObl KPUBOJNHHEHHbIH HH-
Terpa/j OT Hero Mor GbITb paBeH H3MeHsIOUleMYCsl NMOTOKY Mar-
HHUTHOrO ToJS.

[TocmoTpum, cMoOXeM /M Mbl NpeacTaBHTb cebe NpPaBHJbHOE
3/1eKTpHYecKoe nose. ATO MOXKHO CHenaTh, NOACYHUTAB «MOMpaB-
Ky» K TOMY, 4TO OblJIO HAa HH3KHX 4acTOTax, — K OAHOPOJHOMY
noJio. O603HayuM noJse NpH HU3KHX yacroTax yepe3 Ej, v nycThb
OHO no-npexHeMy paBHO Eoe'®!, a npaBu/bHOe MNoJie 3anuiieMm
B BHIE

E=E1+E27

rae E; — nonpaBka u3-3a U3MeHeHHs1 MaruuTHoro noas. Ilpu Jio-
6bIX © Mbl 6yeM 3ajaBaTh NnoJie B LleHTpPe KOHJeHcaTopa B BUME
Egeiot (tem cambiM onpefensisi Eg), Tak uto B LleHTpPe NONpaBKH
He Gynet: Eg =0 npur =0.

Uro6wl HaiiTu E;, MOXKHO HCNOJb30BaTh HHTErpaJjbHylo Gopmy
3akoHa Papapes

@E ds——— (notok B).

Wnterpansl 6epyTcss npoCTo, €CAM BHIYHCAATH HMX BIOJb JHHHH
I';, nokasanHoi Ha ¢ur. 23.4,6 u uaylleit cnepBa no ocH, 3aTeM
no paauvycy BAOJb BepXHeld OOK/IaAKH 1O PacCTOSHHUA r, NOTOM
BEPTHKAJNbHO BHH3 Ha HHXHIOW OOK/AaAKy H06pPaTHO K OCH O pa-
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Due 235 Sarexrpuueckoe nose
T = Mewdy obkradkamu kowOeHca-
TOpa HA 85COoKUX 4ACTOTAxX.

Kpaesvimu specramu npenebpeeass.

r
|
|
|
1

0 c/w

nuycy. KontypHblii uHTerpan ot Ey BOO/Mb 3TO#H KPHBOf, KOHEUHO,
pPaBeH HYJ/I0; 3HAYUT, B MHTEerpas Jaer BKJaJ TONbKO Ej; M HH-
Terpan paseH mpocto —E;(r)h, rae h—3a3op mexnay obxaan-
KaMu. (Mbl cuutaeM E nosoxurtenbHbIM, KOrla OHO HanpasJ/ieHO
BBepX.) DTO PaBHO CKOPOCTH M3MeHeHHs moToka B, KoTopblii Mno-
JYYUTCS, €CAH BbIYHC/AHTb MHTErpas Mno 3alUTPHXOBAHHOH MJO-
maan S BHyTpH Iy (¢dur. 23.4,6). [loTok uyepe3 BepTHKAJbHYIO
noJiocy wWHpHHO#N dr paBeH B(r)hdr, a cymmMapHbIi NOTOK

h SB(r)dr.

[Tonarass —ad/df or noToka paBHBIM KOHTYPHOMY HHTerpajy oOT
E,, nonyuaem

E (=12 S B(r)dr. (23.6)

3aMeTbTe, YyTO h BbINAJMO: NOJsI He 3aBHUCAT OT BEJHYHHBI 3a30pa
Mexay obKnagkaMH.

Hcnoabsysa pasa B(r) dopmyay (23.5), nonyuaem
Egeiot.

é ior?

EZ(r)_W 4c?

DuddepennnpoBanve no BpeMeHH [OacT HAM NPOCTO ellle OIHH
MHOXXHTEJNb (®:

Ey(r)=— ST Egetor, (23.7)

Kak u oxupanoch, HaBeleHHOe NoOJie CTPEMHTCS CBECTH HA HeT
mepBOHAyaAbHOe 3JeKTpHyecKoe noJe. Kcnpasiennoe noJe
E = E, 4 E, Torna paBHo

E=E 4+ E=( — o ) Egelot (23.8)

dJleKTpHUecKoe noJie B KOHJeHcaTope GoJiblie yxe He OJHO-
POLHO; OHO HMeeT napa6oJuyeckyio ¢opMy (WTpHxOBass JHHHS
Ha ¢ur. 23.5). Bel BuAHMTe, YTO HAIl NpPOCTEHbKHI KOHIEHCAaTOp
yXe cJerka ycJ0XHseTcs,
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Hawu pesynbTaThl MOXHO HCNOJBL30BAThb M TOrO, YTOGHI
NOACYMTATb UMNENAHC KOHAEHCATOpa Ha GOMbIIMX yacToTaxX. 3Has
3/JI€KTpHYECKOe NoJie, MOXKHO NOACYMTATbL 3apsAld OO6KJAAOK H Y3-
HaTb, KaK TOK Yyepe3 KOHAEHCATOp 3aBHCHT OT yacToThl . Ho 3Ta
3ajlaya Hac ceiyac He HHTepecyeT. Hac GoJblue HHTepecyeT IApy-
roe: 4yTé cTaHelCsl, eC/aH yacTora OyAeT NpoOAO/MKaTh MOBLIIATLCA,
4yTd npousoiger Ha eule Gombuinx yactotax? Ho pasee Mbl yxe
He KOHYM/JHM Haw pacyeT? HeT, noToMy uTo pa3 Mbl HCNPaBHJH
3/leKTpHYecKoe noJe, TO, 3HAYHT, MAarHWTHoe noJe, KOTOpoe Mbl
paHbllle MOACYHTANH, Gosblie yxe He roautcs. [IpHGIHXKeHHO
MarHuTHoe noJje (23.5) npaBWJbHO, HO TOJIbKO B NEPBOM NpPHO-
anxenud. O6o3nauum ero By, a (23.5) nepenuumem B BHIE

B, = ;jj E,efot, (23.9)

BcnoMuHTe, yTo 3TO noJe nosiBUAOCH OT H3MeHenus E,. A npa-
BH/IbHOE MAarHUTHOe noJie GyaeT CO3/aBaTbCs H3MEHEHHEM CyM-
MapHoro aJekTpuyeckoro noas E, 4 E;. Ecau marHuTHoe noJe
npeactaButh B Buae B = B, 4 B,, To BTOpoe ciaaraemoe — 3TO
npocto Jo6aBOYHOe MoJe, co3faBaeMoe nojeM E;. UTo6b y3HaThb
B,, Hano noB10pUTL BCe Te K€ pacCyXAeHHs, KOTopbie NPHBOMH-
JINCb, KOrfla MOJCYHTbIBAAH By: KOHTYpHbIH HHTerpas oT Bj
BAOJb KpuBOH I'| paBeH ckopocTH M3MeHeHHs notoka E; uepes
I'). Onatb noayuutcs To e ypaBHeHue (23.4), HO B B HeM Hamo
3aMeNHuTb Ha By, a E—mna Ej:
c?B, - 2nr=% (notok E, uepes T)).

[Tockoabky E; ¢ pagnycoM MeHsieTcsl, TO AJs NOJY4eHHs ero mno-
TOKa HAaflo0 HHTErpUPOBATb MO KPYroBoil NOBepXHOCTH BHYTpH I'1.
Bepsi B kauecTBe ajneMeHTa njouwaau 2nrdr, HanuiieM STOT HH-
Terpas B BHAE

r

S E,(r) - 2nr dr.

0

3Hauut, By(r) Bhipasurcs Tak:
1 0
By (= re? ot
[Toncrasass ciona E;(r) us (23.7), nonyuaem HHTerpas OT ridr,
KOTOpBI# paBeH, oueBHAHO, r%/4. Hama nonpaBka kK MarHuTHoMy
NOJII0 OKaXKeTcsl paBHOH

By (r) = — L2 Eygiot, (23.11)

(B rar. (23.10)

Ho Mbl eue ne Konuuau! Pas MarHuTHOe noJse B BOBce He
Takoe, KaK Mbl CnepBa QyMaJH, TO Mbl, 3HayHT, HeBePHO MNOACYH-
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thiBanu E,;. Hano naiiTu ewe nonpaBky kK E, Bh3biBaemylo noba-
BOYHBIM MarHUTHBIM mnoJjeM B, OTy n06aBOYHYI0 NoOmMpaBKy K
3/JeKTpUueckoMy noJio Ha3oBeM Ej;. OHa cBf3aHa ¢ MarHHTHBIM
nojeM B, tak xe, kak E; Obisa cBA3aHa ¢ B;. MoxHo onsThb
npuberHyTb K TOMY € CaMOMY COOTHouleHHIO (23.6), H3MeHHB
B HEM TOJIbKO MHAEKCHI:

Ey()=-3 S B,(r)dr . (23.12)

[Moacrasass ciona Haw HoOBbil pedyabtat (23.11), nonyyaem Ho-
BYIO MONPAaBKy K 3/1eKTPHYECKOMY MOJIO:

Ey(r) =+ 20 Eeior, (23.13)

Ecau Tenepb Haule gBaxK bl MCNpaBJeHHOe MoJie 3ankcaTh B BHUAE
E=E 4+ E;+ E;, To MBl noJy4um

E=Eeol — o (L) + 5 ()] (@319

3MeHeHHe 3/eKTPHYECKOro MNoJs C pafHycoOM NPOHUCXOAHT YkKe
He no napa6oJse, Kak Gbijio Ha ¢ur. 23.5; Ha 6oabuiMx pagHycax
3HayeHHe noJsi JIeXHT uyTb Bbille Kpusoit (E, 4 Ej).

Mbl noka ewe He gomJH A0 KoHua. HoBoe 3/ieKTpHyeckoe
noJie BbI30BeT HOBYIO NMONpPaBKy K MarHMTHOMY MOJIO, a 3aHOBO
noAnpaB/ieHHOe MarHUTHOe noJse BbI30BeT HeOOXOAHMOCTb Aa/b-
Hefille#l NONpaBKH K 3/J1EKTPHYECKOMY U T. A. H T. A. Ho y Hac yxe
eCTb BCe HYyXHble Qopmyanl. as Bz MOXHO HCNOJb30BaTh
(23.10), usmenus ungekcol npu B u E ¢ 2 o 3.

OuepepHast monpaBKa K 3/1eKTPHYECKOMY MOJIO paBHa

| wor \6 .
E,=— W(T) Ee'et,
C 3TOii cTeneHbIO TOYHOCTH BCe 3JEKTPHYECKOe MoOJe JaeTcs,
cTa/0 ObITh, qupMynoﬁ

E=Epto[1 — m)Z )"'(2!)2((0')4—#(%)6"‘“']'
(23.15)

rge 4uc/JeHHble KO3G(@HUIHEeHTbl HanHcaHbl B TAaKOM BHIE, YTO
CTAHOBHTCH $ICHO, KaK NPOAO/XKHTb psiA.

OKOHuaTe/NbHO MOJMyYaeTcsi, YTO 3JeKTpHUYecKoe noJje Mexay
o0K/laflKaMH KOHJlIeHCAaTOpa Ha J060i yacTOTe N@eTCs NpOoU3Be-
neHueM E¢ei®® Ha 6GeCKOHeuHbIlt pPsMl, KOTOPbI COAEPKHUT TOJbKO
nepeMeHHy0 wr/c. MOXHO, ecld Mbl 3aXOTHM, ONpPENEIHUTb Cre-
UHaJbHYI0 QYHKNHIO, 0603HauuB ee yepe3 Jo(x), Kak OecKoHeu-
HBIl psaj B cKo6Kax ¢opmyanl (23.15):

Jol)=1— (|l)2( ) + (2!)2( ) (3')‘ (i)s‘l' - e (23.16)
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Torpa uckomoe peuleHue ecTb npousBefieHue Egei®t Ha 3Ty QYHK-
LHIO NPH X = or/c:

E=QW%(%) (23.17)

Mel 06o3Haunnu Hawy cneunadpHylo ¢yHkuuio yepes Jo no-
TOMY, YTO, eCTEeCTBEHHO, He Mbl MepBble ¢ BaMHM 3aHSJIHCb 3aja-
uelt KoseGanuit B unmauHape. PyHKNHUS 3Ta NOSBHAACH AaBHbIM-
IlaBHO, M ee YXe npuBbIKAH o603Hauath Jo. OHa Bcerga BO3HH-
KaeT, Korja Bbl pellaeTe 3ajayy O BOJIHAaX, 00JafalolluX LH-
JIMHAPHYECKON cuMMeTpHeil. ®yHKuHs Jo MO OTHOIUEHHIO K ILH-
JHUHAPHYECKHUM BOJHAM — 3TO TO XK€, YTO KOCHHYC MO OTHOLUEHHIO
K NpsiMOJIMHe#HbIM BoJHaM. KTak, 3T0 oueHb Ba)kHasi QyHKLHSA.
M nsobpeTena ona oyenb naBHO. 3aTeM ¢ Helo CBsSI3aJ CBOe MM
maremaTHk Beccesb Beccenb nzobpen uenylo Kyuy Takux QyHK-
UMA, ¥ MHOEKC Hy/b O3HAyaeT, YTO Haua — camasi nepBas H3
HHX.

Hpyrue ¢pynkuuu Beccenss —J,, Jo u T. A. — OTHOCATCA K LH-
JHHAPHYECKHM BOJIHAM, CHJa KOTOPBIX MEHSeTCs MNpH obxone
BOKPYr OCH UM/IHHApA.

[To/1HOCTBIO CKOppPEeKTHPOBAaHHOE 3JeKTpHYecKoe noJje MexAay
o0K/1anKaMH Haulero KpyroBoro KOHAeHcaTopa, JdaBaemoe ¢op-
myJqoi (23.17), nsobpaxkeno Ha ¢ur. 23.5 Cn/IOWHOM JHHHEH.
I ne oyeHb GOJbLIMX YACTOT HaLIEro BTOPOro NpHO/IHXKeHud
BnoJ/iHe XxBaTaeT. TpeTbe npuGamkeHHe 6bl10 Obl ellle Jyulle —
HACTOJIbKO XOpOLIO, YTO €C/AH ero HauepTHTb, TO Bbl Obl He 3aMe-
THIH pa3sHHLb MeXAY HUM M CNJOLIHOMK JuHHed. B caenylouiem
naparpage Bbl yBHAHTE, OQHAKO, YTO MOXeT MNOHAaAoOHTbcA H
BeCb psi, 4TOGbl MOJYYHJOCh aKKypaTHOe oOnucaHue noss Ha
GO/bIINX pafMycax UM HA BBICOKHX YaCTOTaXx.

§ 3. Pesonaticnaa noaocro

[TocMoTpuM Tenepb, 4TO JACT Halle pellleHHe /s 3JeKTpHue-
CKOro noJs Mexay oOKJaaKkaMH KOHIEeHCaTopa, ecJd MNpoaoJ-
XKaTb yBeJHYHBATb YacCTOTy BCe Bbille H Bbiule. [Ipu GOMbIIHX ©
napamMelp x — @r/c TOXe CTAaHOBHTCS OOJbIUKUM, M NepBble He-
CKOJIbKO cJ1araembiX psiga aast Jo ot x GbicTpo BO3pacTaior. ITO
O3HayaeT, 4yTo napa6oJa, KOTOPYK Mbl HauepTu/iu Ha ¢ur. 23.5,
Ha GOJIbLIMX 4yacTOTax H3ruGaeTcs KHH3Y Kpyue.

B camoMm nmene, ona BLINISIAUT Tak, Kak GyATO moJie Ha BbICO-
KOil yacToTe Bce BpeMsi cTapaeTcss o6paTHTbCS B HYJb Ie-To NpH
¢/w, npuMepHO paBHOM noJioBHHe a. JlaBailTe mocMoOTpuM, Heh-
CTBHTEJIbHO JIW QYHKUHA Jo NPOXOAHT Yepe3 HYJb M CTaHOBHTCH
orpuuarejbHoil. CnepBa HcnbiTaeM x = 2:

Io@=1—1+5—5=022
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Jy(x)
10 Pue. 236. Pyunxkyus becce-
4 a8 Iy (x).
a5
2405 /\
0 / N/
2 4 6 8 0 /2 =
\/\552 N
=05

910 elle He HY/Ib; HO mnonpoGyeM uuc/ao noGosblie, CKaxeM
x = 2,5. IloactanoBka gaer

Jo(2,5)=1—1,56 40,61 — 0,09 =— 0,04.

B Touke x = 2,5 pynkuus J, yKe nepewa yepe3s Hy/b. Pesyib-
TaTbl IPH X = 2 ¥ NpU X = 2,5 BHINIAAAT TaK, Kak 6yaro Jo npo-
uiza yepes HyJ/b Ha OAHOH NATOH NyTH ot 2,5 no 2. [lostomy Hamo
ApOBEpHUTb yHca0 2,4:

Jo(2,4)=1—1,444 0,52 — 0,08=0,00.

C TOYHOCTBIO 0O ABYX 3HAKOB MOCJe 3anATOH NOJYYH/CSH HYJIb.
Ecau paccuutbiBaThb TOuHee (HMJIH, MOCKOJbKY ¢yHKUHs Jo W3-
BeCTHA, €C/H pa3blCKaTb OTBET B KHHXKe), TO OOHApYXKHUTCS, YTO
Jo mpoxoaut uyepes HyJab npuH x — 2,405. Mel npoBesiu pacuer
coGCTBEHHOPYUYHO, YTOGB MOKa3aTh BaM, YTO Bbl TOXe CIOCOOHDI
OTKpbIBaTh NMoJ00Hble BellH, a He 3aUMCTBOBATb HX M3 KHHT.

A ecaun yx Bbl mocMoTpesnu npo Jo B KHHXKe, TO HHTEpPECHO
BbISICHHTb, KaK OHa HAeT npH 6oJibLIMX 3HAYEHHsIX X; OHA Hamo-
MuHaeT KpuBylo lla ¢ur. 23.6. Korna x Bospacraer, Jo (x) Kose6-
JIeTCSl OT MOJIOXKHTE/bHBIX 3HaueHHH K OTpHUATeJbHbIM M 00paT-
HO, NOCTeNeHHO yMeHblllas pa3Max KoJebOaHHUH.

Mbl nONYYHIH HHTEPECHbIH pe3y/bTaT: eClH AOCTATOYHO YBe-
JHYUTb YACTOTy, TO 3JEKTPHYECKHe MOJS B LeHTpe KOHIEeHca-
TOpa H 'y ero Kpast MOryT GbITb HampasJellbl B IPOTHBONOJOXHbIE
cropoHbl. Hanpumep, nmycTb @ Tak BeJHKO, 4YTO X = wr/c Ha
BHellHEM Kpaio KOHAeHcaTopa paBHO 4; Toraa Ha ¢ur. 23.6 Kpaiw
KOHeHcaTopa oTBeyaeT abcuucca x =— 4. ATo 03HayaeT, YTO Hall
KoHaeHcaTop paboraer mpu yacrote w = 4c/a. Y1 Ha Kpaiwo 06-
KJaJl0K 3/eKTpHueckoe noJje 6yaeT AOBOJILHO BeMKO, HO Hampas-
JIEHO He Tyla, KyJa MOXHO OblJIO 0XHAaTh, a B 06paTHylO CTO-
poHy. OTa yxacHas Belilb MOXeT NPOHM3OHTH C KOHIAEHCATOPOM
Ha BBICOKHX uactoTaxX. IIpum mepexome K oueHb BBLICOKHM 4acTo-
TaM 3J/eKTpHYecKoe noJse INo Mepe ynajeHHs OT LEeHTPa KOHIEH-
caTopa MHOro pa3 MeHseT cBoe HampaBsJjeHue. Kpome Toro,
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HMeeTCsl ellle CBs3aHHOE C 3THMH 3JEKTPHYECKHMH MOJISIMH Mar-
HHTHOe moJje. He yauBuTeNbHO, YTO HalWl KOHAeHCATOp NpH BbI-
COKHX 4aCTOTax y>Ke He HalOMHHaeT uieajbHOi eMKOCTH. MOXHO
lla)ke 3aJyMaTbCs HajJ TeM, HAa 4TO NOXOX OH CHJ/bHee: Ha €M-
KOCTb MJM Ha HHAYKTHBHOCTb. Hajgo K ToMmy e NOAYEpPKHYTh,
YTO Ha KpasiX KOHAEeHCATopa MPOUCXOAAT M GoJjiee CJOXKHbIE 30-
($ekThl, KOTOpHIMH Mbl peHebpernu. HanpuMep, TamM NMPOHCXOAHT
ellle H3/1y4YeHHe BOJIH 3a Kpas KOHJeHcaTopa, TaK 4TO HacCToslllHe
noJsi-Kya Cc/l0XHee TeX, KOTOpble Mbl paccuuTa/H. BnpoueM, Mbl
He OyjmeM ceifiyac 3aHMMATbCA 3TUMHU 3pPeKTaMH.

MoxHo 6bl10 6bl, KOHe4YHO, mompo6oBaTh NpPEeACTaBHUTb cebe
ANl KOHOAEHCATopa SKBUBANEHTHYIO IleNb, HO, BeposTHo, Oyner
Jyulle, eCJH Mbl NPOCTO NMPHMEM, YTO TOT KOHAEHCATop, KOTODhLIH
Mbl CKOHCTPYMPOBAJH [JisI HH3KOYACTOTHBIX TNoJsed, GoJblie He
FOJIMTCS, KOrjga 4acTOTbl CJAHIIKOM BeJHKH. M ecan Mbl XOTHM
H3yYHTb, KaK JAeliCTByeT TaKoh OOBEeKT Ha BbICOKMX 4acTOTaXx,
HaM HYXXHO OCTaBHTb Te NMPUG/IHMEeHHs K ypaBHeHusaM Makcses-
Jla, KOTOpble Mbl Oe/JajH, H3yuyas 1end, W BepHYTbCS K IOJIHOH
CHCTeMe YpaBHEeHHH, NOMHOCTbIO ONKChIBAIOLLEH N0/ B NPOCTpaH-
ctBe. BMecto Toro uto6bi MaHMUMy/aMpOBaTh C HAealW3HpOBaH-
HbBIMH 3/1eMEHTaMH LeNH, HaJ0 ONepHpOBATb C peaJjibHbIMH NpoO-
BOJHHKAMH, C TAKUMH, KaKue OHH eCTb Ha CaMoM JeJe, YUHTHI-
Bas BCe NOJs B NMpOCTpaHcTBe Mexay uumu. Hanpumep, ecau
HaM HyXeH pe30HAHCHBIH KOHTYp Ha BBICOKHe 4YacTOThHl, TO He
HYXKHO TNbITaTbCS €ro CKOHCTPYHPOBAaTh C NOMOILBIO OJHOH Ka-
TYLIKH H NJOCKOro KOHJeHcaTopa.

Mb1 yxxe ynoMmsiHyJH, 4TO NJIOCKHA KOHAEHCAaTOp, KOTOPLIA Mbl
paccMaTpHBaJiH, MOXO0X, C OJHOH CTOPOHBI, HA €MKOCTb, a C ApY-
rofi —Ha HHAYKTHUBHOCTb. OT 3JIeKTPHYECKOro mnoJsis BO3HHKAIOT
3apsibl Ha MOBEPXHOCTAX OOKAaJOK, a OT MarHuTHoro — o6par-
Hble 3. A. ¢. He MoxerT /in oka3aTbesl, UTO nepel HaMH yXKe roto-
Bbl pe30HaHCHBI KOHTYyp? OkasbiBaercs, aa. [IpeacrtaBbTe, uTO
Mbl BbI6paJiM TaKyl0 4acTOTYy, MPH KOTOPOH KapTHHA 3JeKTpHye-
CKOro moJisi nmajaer A0 HYJs HAa KAaKOM-TO pacCTOSIHHH OT Kpa#
IMCKa; MHaye TroBops, Mbl BhiGpann wa/c 6oabiium, yem 2,405.
Bclony Ha OKpYXXHOCTH, LEHTP KOTOPOH JeXHT Ha ocu OOKJja-
JOK, 3JeKTpHYecKoe moJsie o6paTutcsi B Hyab. BosbmeM Kycok
JKECTH M BbIpeXKeM MOJIOCKY TaKOH IIHPHHBI, 4YTOOGb OHA KakK pas
MOMEeCTU/ach MeXAy NMJIOCKUMH oGK/aajKaMH KonaeHcaTtopa. 3a-
TEM H30THeM ee B GopMe UHIHHIpA TAKOro pajguyca, Ha KOTOPOM
3/IeKTplYecKoe MmoJie paBHO HyJ0. Pa3 Tam HeT 3J/eKTpHUYECKOro
noJisi, TO MO BCTABJEHHOMY B KOHJEHCATOp UHJAHHAPY HHKaKHX
TOKOB He NOTeyeT, U HHU 3/71eKTPHYECKHe, HH MarHuTHble MOJs He
A3MeHATCA. Mbl, cTan0 GbITb, CMOFJIH 3aKOPOTHTH APYT HA Apyra
00K/1aJKH KOHOEeHCAaTOpa, HMYero He M3MeHHB B HeM. U mocmor-
pHTe, YTO MOJYYHJOCh: BbILILTA HAaCTOSLAS LUUAHHApHYecKas OaH-
Ka C 3/IeKTPHYECKHM H MarHUTHbIM NOJSIMH BHYTpH, npHYeM HH-
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KaK He CBfi3aHHas C BHEUIHHM MH-
E, pom. Ilons BHYTpM He wu3MeHsaTcH,
laxe ecjJiM OoTpe3aTb BBICTYNAIO-
IHe kKpas oO6K/JIaAoK H MNpoBOAa,
Belywire K KoHAeHcatopy. Ocra-
HeTCsl TOJIbKO 3aKphiTas GaHKka ¢
; 3/IEKTPHYECKHM H MAarHUTHBIM IIO-
2405/ JASIMH BHYTpH Hee (¢ur. 23.7,a).
2By D/IeKTPHYECKHe NOJs KoaAe6JIoTCs
TO Brepej, TO Ha3aA C YacTOTOH ,
KoTopasi, He 3a0biBaliTe, onpeaeu-
Ja co6oio auametp GaHKH. AMmiu-
Tyna koJsebawouwerocs mnoas E me-
HSIETCA C pacCTOSIHUEM OT ocH GaH-
KH Tak, KakK RnoKa3zaHo Ha our.
23.7,6. Kpusas 3ta — npocrto nepsas ayra ¢pyHKunn Becceus Hy~
JIEBOr0 nopsifika. B 6Ganke ecTb elle U Kpyrosoe MarHUTHOE mo.Je,
KOTOpoe KoJeGseTcsi BO BpeMeHH co cABHrOM mo ¢ase Ha 90°
OTHOCHTEJ/ILHO 3JIEKTPHUYECKOro MoJsl.

MarHuTHOe moJie MOXHO TOX€ PasJIOXUTb B psa M H300pa-
3UTb Ha rpadiike, KaK 3To cenaHo Ha ¢ur. 23.7, 8.

Ho kak ke 3To nmosayuyaercs, 4To BHYTPH 6aHKH MOryT cylle-
CTBOBAaTb 3JEKTPHYECKHe M MAarHUTHble NOJs, He COedMHEeHHble
¢ BHeWIHUM MupoM? OTTOro, YTO0 3/1€KTpHYECKOe U MarHUTHOE NoJs
camu cebs noaaepxuBaioT: u3MeHeHue E cosnaer B, a uamenenue
B cosmaer E,—Bce B cormacuu c ypaBHeHusaMH Maxcsenna.
MarHuTHoe mnoJie OTBETCTBEHHO 3a HHAYKTHBHOCTb, 3JIeKTpHue-
CKOe — 32 eMKOCTb; BMeCTe OHH CO3Jal0T HeyTo, NOXOXKee Ha pe-
30HaHCHBbII KOHTYp. 3aMeTbTe, YTO OMNHCAaHHble HaMH YCJAOBHS
BO3HHUKAIOT JIMIIb TOrga, Korga paguyc 6aHKH B TOUHOCTH paBeH
2,405 c/o. B Ganke 3apaHHOro paguyca KoseGJIOUIHECS 3JIEKT-
pHYecKkoe M MarHWTHOe noJs OynyT NOJNepXKHBaTb APYr Apyra
(onmMcaHHBIM CHOCOGOM) JHIIb NpPH 3TOH ONpefeseHHOH YacToTe.
Urak, uununapuueckas 6GaHKa pajauyca r pe3oHupyer TNpH ua-
cToTe

m

(=

=

r

©o=2,405=. (23.18)

Mui CKasaJii, 4y1o ecad 06aHKa COBEpLIEHHO 3aKpbiTa, TO IOJIsA
nponoJixarT Kone6aTbcsi Tax XKe, KaK H panblie, 3T0 He coBceM
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Tak. 10 6BIM0 OBl Tak, ecau Obl cTeHkH GaHKH OblIM HAealb-
HBIMH TIpoBOAHMKaMH. B peasbHoll 6aHKe, onHako, Ko./eb.0-
IHecs TOKH, TeKyllHe MO CTeHKaM, MOTyT H3-3a CONpPOTHBJIEHHS
MaTepuana TepsiTb 5Hepruio. Kosebanus mnoJieit noCTeneHHO 3aM-
pyT. U3 ¢ur. 23.7 sicHO, 4TO TaM JOJKHbBI CyUleCTBOBATb CHJ/IbHBIE
TOKH, CB3aHHble C 3JeKTPUYECKHUMH H MAarHUTHBIMH TOJSIMH
BHYTpH noJiocTH. M3-3a TOro, yto BepTHKaJbHOE 3JEKTpHUECKoe
noJie BHE3alHO MCYe3aeT HA BEPXHEM H HHXHeM Topuax OaHKH,
Yy Hero BO3HHKaeT TaM CHJ/bHAs [OUBepreHUUs; 3HAYUT, Ha BHYT-
peHHell noBepXHOCTH OGaHKH JO/XKHBI MOSBJAATbCA MOJOXKHTeNb-
Hble 3apsaabl (¢ur. 23.7,a). Korga snekTpHueckoe moJie MeHsieT
HanpaBJeHHe Ha oOpaTHOe, JOMKHBl MEHATb 3HAK M 3apsjlbl, Tak
4TO MeXJYy BepXHHM H HIKHUM TopuamMu OGaHKH AOJ/KEH Teub
nepemeHHbli TOK. OH Oygmer Teyb no GOKOBOH NMOBepXHOCTH
6aHKHM, KaK NOKa3aHo Ha pucyHke. To, uto no Gokam OaHKH
JO/MIKHBI Teub TOKH, MOXKHO NOHSTH ellle, paCCMOTPEB TO, YTO NPO-
MCXOQHUT B MarHuTHoM noJje. Kpumas Ha ¢ur. 23.7,8 coobuiaer
HaM, 4TO MarHHTHOe moJie Ha Kpaio GanKu BHe3amHo obpautaercs
B Hy/ab. Taxoe BHe3amHOe M3MeHEHHe MAarHUTHOrO MOJ MOXET
NPOU3OHTH JHLIb OT TOrO, YTO MO CTEHKe TeuyeT TOK. IDTOT TOK
KakK pa3 M co3/laeT NepeMeHHble 3/1eKTpUuYecKHe 3apslbl Ha BepX-
Hell M HHXHell oOK/1agKax GaHKH.

Bac moxeT ymuMBHTb Hallle OTKpbiTHe — oOHapyXeHUe TOKOB
Ha GOKOBBbIX CTOpOHAaX GaHKHU. A KaK e C HallUM MNpPeXHHM YT-
BEpXK/JEHHEM, UTO HMYEero He HM3MEHHTCs, ecJd B 00JacTH, rae
3J/IeKTpUYECKOe MOoJie PAaBHO HYJIIO, NMOCTABHTb 3TH OOKOBble CTEH-
Ku? BcnomHuTe, oaHaKo, 4TO, KOrjga Mbl BIepBble BCTABJAJH B
KOHeHCcaTop 3TH GOKOBble CTEHKH, BEDXHAS M HHXHAs 00K/IaadKH
BbICTYyNmaJ/J¥ 32 HHUX, TaK YTO MarHUTHble 10/ OKa3blBajHCb H
CHapyXH Haued 6aHku. M ToJIbKO Korja Mbl OTpe3aJjiH BBICTY-
nawiHe 3a Kpas GaHKH yacTH KOHAeHcaTopa, Ha BHYTpeHHeH
4acTH GOKOBBIX CTEHOK NMOSABHAHCh KaKHe-TO TOKH.

XOTb 3/71eKTpHYeCKHe W MarHUTHbIE MOoJisi B a6COIIOTHO 3aKphbl-
TOii 6aHKe HM3-32 MOTepb 3HEPrHH MOCTENEHHO MCYe3HYT, MOXKHO
caenatb Tak, uto6bl 3TOro He Gbisio. [Jasi 3TOro HalO NMPOBEPTETHb
B GaHKe cOOKy AbBIPOYKY H MOHEMHOXKY MoA0aBJ/sATb 3HEPTHIO,
4yTo6bl Bo3MellaTh notepd. Hamo B3sTL npoBOJIOYKY, MPOCYHYThb

Buixodwasg
nemas

Bxodwas

-
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Pue 238. [Modkawouenue
Pe3oHaKcHod noaocTu,
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CucHan-
ceHeparmop
paduo- @ Due 239. Ycrpoicreo 0an

yacmonmHozo
dnana3oxa

e Habar00eHus pe3oHanca 8 no-
meKmop
Yyeuaumesne A0CTH.

NMosocme

ee yepe3 AbIpOYKY B GaHKe M NMpHmNasATb ee K BHYTpeHHeH 4acTH
CTeHKH, 4TOObl moJyuuaach netas (¢ur. 23.8). Ecan moacoenu-
HUTb 3Ty NPOBOJIOYKY K HCTOYHHMKY BBICOKOYACTOTHOro IepeMeH-
HOrO TOKa, TO 3TOT TOK GyJeT CHa6XaTb 3Heprueil 3/71eKTpHUYeCcKoe
M MarHUTHOE MOJIsl NMOJIOCTH M TNOAAEPXKHBATb KosebaHHus. ITO
NpOU30HAET, KOHEYHO, JIUIIb B TOM CJyyae, €C/]H YacToTa HCTOY-
HUKa 3Heprud COBMajeT C pe30HaHCHOH yYactoToil GaHku. Ecuau
4acTOTa Y HMCTOYHHMKA He Ta, TO 3JeKTpHYeCKHe M MarHHTHble
noJ/isi pe3oHupoBaTh He OyAyT M nosas B 6aHKe OKaXyTcs cJja-
GeHbKHMH.

PesonancHoe noBesenue Jerko Ha6,/1101aTb, €C1H B GaHKe NMPO-
JesaTb JApPYryl0 AbIDKY M TpoAeTb B Hee [JPYrylo meT/io
(¢ur. 23.8). UsmeHstouleecs MarHUTHOe MoJe, NMPOXoAsilee ue-
pe3 3Ty BTOpYK neTaio, OyldeT reHepupoBaTh B Hell 3. A. C. HH-
aykuud. Ecau Tenepb 3Ty meTyio COeMHHUTb C BHELIHHM H3MepH-
TeJbHbIM KOHTYPOM, TO TOKH B HeM OyIyT NpPONOPLHOHAJbHBIMH
HanpsiXKeHHOCTH moJieit B moJsocTH. [lpeactaBbTe Tenepb, 4TO
BXOJHasl MeT/Isl Hauleil NOJOCTH COeJHHEHA C paaHOYaCTOTHBIM
curHag-reiepatopom (¢ur. 23.9). CurHas-reHepaTop COCTOHT H3
HCTOYHHKA IepeMEeHHOr0 TOKa, 4aCTOTy KOTOPOro MOXHO Me-
HATb, NOBOpayMBasi Pyyky Ha maHenau reHepatopa. CoeauHum 3a-
TEM BBIXOJHYIO NET/I0 MOJOCTH C «AETEKTOPOM» — npH6opoM, H3-
MepsIloUlHM TOK OT BbiXOAHOH merTad. OTcueThl Ha ero lIKaJe
NpPONOPUHOHAIbHBl 3TOMY TOKY. Ec/iM 3aTem H3MepuTb TOK Ha
BbIXOfle KaK (YHKIHIO YacTOTbl CHrHaJ-reHeparopa, TO IOJY-
YHUTCA KpHBasi, Moxoxas Ha u3oGpaxeHHylo Ha o¢wur. 23.10. Tok
Ha BbIXOJe HeBeJMK Ha BCeX YacToTax, KpoMe Tex, KOTOpble
6JIM3KH K @o— PEe30OHAaHCHOH uvactoTe mnoJsocTH. Pe3oHaHcHas
KpHBasi oYeHb MNOX0Xa Ha Ty, O KOTOpPO# roBOpH/IOCH B I 23
(Bbim. 2). OgHaKo WIHpHHA pe30HaHCA MeHbllle, HeXeaH OObIYHO
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S i dw=w, /Q due 2310. Kpusaa orkauka
' Ha 4acTory 0aR Pe3oHAHCHOU
) noaocru.
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no/yyaetrcs B Pe30HAHCHBLIX KOHTypax, COCTAaBJIEHHbIX M3 HHAYK-
THBHOCTEH M eMKOCTel; HHaye roBops, Q (HOGPOTHOCTb) MOJIOCTH
OueHb BbICOKA. 3ayacTylo BcTpeualoTcss naxe Q mopsaka 100000
H Bblllle, 0COOEHHO eC/IH BHYTPEHHHE CTEHKH MOJIOCTH Cle/1aHbl U3
O4YeHb XOpOIIO MpPOBOASLLIEr0 MaTepHaJa, Hanpumep u3 cepebpa.

§ 4. Cob6creentote xorebanus noaocru

[Tpeanonoxum, 4TO Mbl NbITaeMCsl NMPOBEPHTb CBOK TEOPHIO
M lleflaeM H3MepeHHs C HacTosilllel GaHKoi. Mbl Gepem OaHKy
B ¢opMe UMIHHAPA AMAMETPOM 7,5 cm M BHICOTOi OKOJO 6,3 CAt.
K He#t npupenpiBaloTcsi BXoAHas M BbIXOAHAS NeTaH (CM.
¢ur. 23.8). Ecan paccuutaTh oxuAaeMylo A4s 3Toi GaHKH pe-
30HaHCHYI0 yacToTy mo Qopmyae (23.18), To moayuutcsa fo =
= 0o/2n = 3010 Mey. Mbl GepeM CHrHa/-reHepaTop ¢ 4acTOTOH
okosio 3000 Mey u HaumHaeM cjerka ee BapbHpOBaThb, NOKa He
NOABJ/AETCA PE3OHAHC; Mbl 3aMeyaeM, u4TO HaHWOOJbUIMH TOK Ha
BLIXOJe BO3HMKaeT, CKaxeM, mpiu yacrote 3050 Mey. ITo OuyeHb
6/1M3KO K NpeAcKa3aHHON pe30HaHCHOH YacToTe, HO A0 KOHUA
He coBnafaer. MOXHO NPHUBECTH HECKOJbKO MbICAHMBIX MpHYUH
pacxoxpaeHus. Moxer ObITb, pe30HaHCHas yacTtoTa HEMHOro H3-
MeHHJ1aCb, MOTOMY YTO Mbl NpPOPE3aJ/H HeCKOJbKO AbIPOK, YTOOGbI
BCTAaBHTb COeJHHHTEJbHble mneTad. Ho 3To Bpsam Ju: IOBIPKH
JOJIXKHBI Obl1M Gbl cJerka NMOHH3HTb Pe30HAHCHYIO 4acToTy, Tak
YTO NpHuYMHa He B 3ToM. Toraa, MoxeT ObiTb, B KaJauOpoBKe
4aCTOTBl CHrHaJ/I-reHepaTopa jonyllleHa HeGoJbliasi OWIKHOKA HIH
H3MepeHHsl HaMeTpa NOJOCTH HeJOCTaTOYHO TOuHb. Bo BCsKOM
c/aydae, cOrjacue AOBOJIbHO XOpollee.

Ho ropasmo BaxHee To, yTé mpou3oijeT, KOraa yacrotTa Ha-
Ilero CHrHaj-reHepatopa Yy»xe 3HaYWTeNbHO YHAAJUTCA  OT
3000 Mey. Torma Mbl MOJY4YyHM TaKOH pe3yJbTaT, KakK Ha
¢ur.23.11. Eciu HauaTh cH/bHee MeHSITb 4aCTOTY, TO NMOJYYHTCH,
YTO, KpOMe OXHuAaBlierocsi pe3oHaHca 6au3 3000 Mey, umeert-
¢ elle Apyro#r pesoHaHc BosJje 3300 Mey u TpeTHit BO3Je

3300
3820

Tor Ha gvixode

Il P

3000 3500 4000
wf2m, Mzy

Pue 2311. Habmodaemote pesonancHole wacrorot
YUAURO puteckol noaocTu.
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Pue 23.12. Boaece goicoxouacToTHbL TUN

E Kosebanuil.
>
B

3820 Mey. Urto o3nayaloT 3TH Ao6a«
a BOYHble pe3oHaHcbhl? Pasraaky naer
¢ur. 23.6. Tam Mbl NpeAno/OXKHIH,
E 4YTO HAa Kpal OGaHKH NPHXOAHTCA MNep-
Eq Bbl#t Hyanb pyHkuuu Beccens. Ho Benp

He HCKJIOueHO, uTO Kpaio 6aHKH OT-
BeyaeT BTOpo# HyJb ¢yHKkuuu bBec-
cels, TaK uYTO B TNpPOMeXyTke OT
eHTpa 6aHKM N0 ee Kpas MpPOHCXO-
¥ JHUT OJHO MOJIHOe KoJieOaHHe 3J/IeKTpH-
yeckoro nosas (¢ur. 23.12,a). Takoh
THN KosebOaHHH noJiel BNoJHe J0Ny-
CTHM, H eCTeCTBEHHO OXHAATb, YTO
6aHKa HayHeT pe30OHHUPOBATb Ha Ta-
koit uyacrore. Ho 3amerbre: BTOpo#t HyJb ¢yHkuuun Beccens
Ha6awonaetcs npu x = 5,52 (¢ur. 23.12,6), 1. e. 6osee ueM
BJIBO€ JaJbllle, YeM NepBbIH HY/b. 3HAUUT, Pe30HAHCHAS YacToTa
KosneGaHui sToro Tuna npesbiwana 6e1 6000 Mey. Ee, Ge3 comHe-
HHSA, MOXHO 3aMeHHTb, HO 3TO He OOBSICHSET HaM pe30HaHcCa NpH
3300 Mey,.

Bce meno B ToM, uTO B CBOEM aHa/nH3e NOBeJeHUs Pe30HaHC-
HOH MOJIOCTH MBI PACCMOTPE/H JIHIb OJHO BO3MOXHO€e reOMeTpH-
YecKoe pacnosioXeHHe 3JeKTPHUYeCKHX M MarkHUTHBIX moJell. Mbl
CYHTA/NH, YTO 3JIeKTPHYeCKOe MnoJie BepPTHKAa/NbHO, a MarHHTHOE
p'acnoJsioXkeHo rOpH30HTa/IbHBIMH KpyramMH. Ho mbiciuMbl B ApYy-
rue nmoas. OT HuX Tpebyercs JHIIb, 4yTOGbl OHHM YAOBJIETBOPSAIH
ypaBHeHHAM MakcBeasa ¥ 4TOGBl 3JIeKTPHYECKOe IMoJe BXOAHJO
B CTEHKH NOJ NPSIMbIM YIJOM K HUM. Mbl B3s/n cayuaii, Koraa
BepX M HM3 OGaHKHM IJIOCKHE, HO BCe He OueHb Obl H3MEHHJIOCH,
ecaiu Obl Bepx M HHU3 OblIM H30rHYThHIMH. Jla H BooGlle, OTKyHa

ragSec/w

<

)

P uez. 23.13. Monepeunsiii Tun Ko-
- aebanut YUAUROPpULeCKOt NOAOCTiL,
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banuld YUAUROPpUYECKOU NOAOCTU.

Pue 23.14. Ewe odun Tun xose- _m

GaHKe «3HaATb», I'le y Hee BepX, rie Hu3, a rjae 6oka? M nei-
CTBHTE/NbHO, MOXHO N0Ka3aTh, YTO CYLIECTBYET TaKOH THI KoJe-
6aHuil moseit BHYTpU OaHKH, NIPH KOTOPOM 3JeKTpHYecKoe MoJe
uger 6ojee u1M MeHee BAO/Mb ee Auametpa (¢ur. 23.13).

W He Tak yX TPyAHO MOHSITH, nMoyeMy COOCTBeHHash 4acTOTa
KoneGaHui 3TOro Tuma He GydeT CHJIbHO OTJHMYaTbcs OT COOCT-
BEHHOM YaCTOThl NIEPBOTO PaCCMOTPEHHOro HaMH THMa KoseGaHHi.
[TpenctaBbTe, 4TO BMECTO UM/IMHAPHYECKOH MOJOCTH Mbl B3fJH
6bl MoJIOCTb B BHAe Ky6a co cTtopoHo#t 7,5 cm. flcHo, uTo y Hee
6yaeTr TpH pa3HbIX THNa KosaebGaHHil, HO C OAHON U TOH XKe YacTo-
ToH. Tun Kone6aHuii, NIpH KOTOPOM 3JeKTpHYeCKoe MoJe Hampas-
JIeHO NMpPUMepPHO BepTHKaJ/bHO, OyleT MMeTb Ty Ke 4acTOTy, yTO
M TUN KoJie6aHHil, IpH KOTOPOM 3J/1eKTpHUYeCcKoe MoJie HampaBJ/ieHo
BNpaBo U BJeBo. Ecau Tenepp 3toT Ky6 nepefesnartb B LHJAHHAD,
TO YacTOThl KaK-TO H3MeHATCA. HO Bce Ke MOXKHO 0XHAATb, YTO
M3MeHeHHe He OyaeT OOJIbIIHMM, €C/AH pa3Mepbl MOJOCTH H3Me-
HSITCS OYyeHb Maso. 3HAyuT, 4ACTOTa TOrO0 THMA KosaebaHHi, 4TO
Ha ¢ur. 23.13, He MOMXKHA CHUJILHO OTJHYATBCA OT YAacCTOTHl Ha
¢ur. 23.8. MoxHO 6bl10 6bl MOAPOGHO PacCyUTaTb COOCTBEHHYIO
YacTOTy TOro TUna KoJsieGaHHil, KOTOpPbIi MoKa3aH Ha ¢ur. 23.13,
HO Mbl 3TOro ceiiuac genatb He 6yaeM. Ecau Obl BbIYHC/IEHMS
6bl/1M mpoAenaHbl, Mbl OOHApPYXHU/IH Obl, UTO MPH NpPeANoJOXKeH-
HBIX pa3Mepax pe3OHAaHCHas YyacCTOTa MoOJyyaeTcs coBceM O/1H3KO
ot HabmofienHoro pesonanca npu 3300 Mey. C nomouibio ncao6-
HbIX pPacyeTOB MOXHO NOKa3aTb, 4TO JOJ/IKEH CYLIeCTBOBaTb elle
Opyrof Tum KoJjeGaHUH NpU APYro# 3aMeyeHHOH HaMH pe3OHaHC-
Holi uactore — 3800 Mey. DneKTpuyecKHe i MarHHTHble moJA,
XapaKTepHble /11 3TOro THNa KoJeGaHuil, moka3aHel Ha ¢ur. 23.14.
dleKTpHUuecKoe moJie 31ecb GoJblile He MBITAETCS TAHYTbCS yepes
BCI0 nosoctb. OHO HampaBJ/ieHO OT GOKOB K TOpLaM.

Tenepb, HafleloChb, Bbl yXXe NOBEpHTE MHe, YTO NMpH JaJjbHei-
uIeM MOBBIUIEHHH YacTOTHI CJAeAYyeT OXHAaThb MOSIBJAEHHS BCe HO-
BbIX H HOBbIX pe30HaHCOB. CyllecTBYeT MHOXECTBO Da3JIHYHbIX
THNOB KoJieGaHUH; ¥ KaXKAOro U3 HUX CBOSl yacTOTa, OTBeyaloUlas
KaKOMY-TO YaCTHOMY pacIOJ/IOXKEHHIO 3JEeKTPHUECKUX W MAarHuT-
HbIX moJiell. Kaxxaoe Takoe pacnoJ/ioxkeHue roJieli Ha3blBalOT C06-
CTBeHHbIM Koaebanuem (UaM wMmopoil). PesoHaHCHylO 4acToTy
KaXaoro tuna KosebGaHH# MOXHO MOACYMTATb, HAaHAs M3 YypaB-
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Duez 2315 Heborswana npososouxa, esefennas 8 noAOCTS, ecAu OHA na-
paanreasna Kk E, cunbued ucka3ur pesowawc, 4em Ta, KOTOpAa pacnosoNeHa
nonepex E.

HeHHH MakcBesJa 3JleKTpHUeCKHe U MarHUTHblE MOJs B MOJIOCTH.

Kax MoXHO y3HaTb, Ha6/01as8 Pe30HAHC MPH HEKOTOPOH OIl-
peleNeHHOH yacToTe, YTO 3a TUN KoJeGaHHil MpH 3TOM BO36YXK-
nNaetcsi? OmuH crnoco6 Tako#: Hago B NMOJOCTb uepe3 OTBepCTHE
NpOCYHYTb NpoBO/OYKY. Ec/n ajexTpuyeckoe noJe HampabJ/ieHO
BJ0oJb npoBosioukH (¢ur. 23.15,a), B Heil BO3HHKHYT CpaBHH-
TebHO CHJAbHble TOKM. OHM HAayHYT CH/IBHO COCAaTb SHEPrUI0 M3
noJeit, U pesoHaHc Oyaer mopaBgeH. Ecin e s/neKTpHueckoe
nose 6yneT Takoe, Kak Ha ¢ur. 23.15,6, To nmpoBoJOYKA CO3AACT
ropasao MeHbllHit 3¢deKT. B Kakylo cTOpoHy B 3TOM MecTe Ha-
NpaBJ/eHO IoJie NMPH 3TOM THIe KoJeOGaHHH, MOXHO Yy3HATb, COr=
HYB NPOBOJIOYUKY TakK, KakK mnokasaHo Ha ¢ur. 23.15,8. [ToBopa-
yuBasih NpPOBOJIOYKY, Bbl YBHJHTE, UYTO OHAa CHJIBHO H3MeHserT
CHJy pe30HaHca, Korja ee KoHell napaJ/aened E, u mano Bauser
Ha pe30HaHC, ecqd OH noBepHYT monepek E.

§ 5. IMosrocTu u pesonatcHole KOHTYpPOL

XoTs onucaHHass HaMH pe30HAHCHas MOJOCTb C BHUAY OYeHb
HemnoxoXa Ha OObIYHbIH, COCTOAIMN U3 KAaTYUIKH H KOHAeHcaTopa
pe30HaHCHBI# KOHTYp, OJlHaKO 06e pe30HaHCHbIE CHCTeMbI TeCHO
MexXay coboit cBsizanbl. O6e OHU — YJ/IeHbl OJHOH CeMbH; 3TO BCEro
JUIIb [Ba KpaMHUX NpHMepa 3/MeKTPOMArHUTHBIX Pe30HaTOpOB,
H MeXIy HUMH MOXHO NOMECTHTb HEMaJ/o NPOMEXYTOYHBIX CTa-
nui. HauHeM, ckaxeMm, ¢ TOro, uTo NOJKJIIOYHM KOHIEHCATOP
B mnapaJljeNb ¢ UHAYKTHBHOCTbIO W o6pa3yeM pe30HAHCHBIH KOH-
Typ (Pur. 23.16,a). IToT KOHTYp OylNeT pe30HHpOBATb Ha uya-

CTOTY Wy = 1/4/LC. Ecu Mbl 3aXOTHM MOAHSATH 4acToTy B 3TOM
KOHTYype, TO 3TOr0 MOXHO JOCTHYb, NMOHH3HB HHAYKTHBHOCTb L,
HalpHMep yMeHbLIMB YHCJO BHTKOB B KaTywke. Ho majeko Ha
TaKOM NyTH Mbl He yifleM. Mbl JofileM n0 mnoc/ielHero BHTKa
H TOrja OCTAHeTCsl MPOCTO KYCOK NMpOBOJAA, COEAHHSAIOUIHA Bepx
M HH3 KOHAeHcaTOopa. MoXHO Obl10 Gbl NMPONOJKATH MOBBLILIATH
Pe30HAHCHYIO YacCTOTy, YMeHbluas €MKOCTb; ONHAKO MOXHO H
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Pue 23.16. Pesonaroper ¢ so3pacrTaroujeri pe3oHaHcHOU 4acToTol.

JaJjibuie yMeHblIaTh HHAYKTHBHOCTb, 3anapaJsijennBas psaaoOM He-
CKOJIBKO HHIOYKTHBHOCTeH. [IBe OJHOBHTKOBble HHAYKTHBHOCTH,
BK/IIOYEHHble B MmapaJJje/b APYr APYry, NPHBeAYT K IIOJIOBHHE
HHAYKTHBHOCTH OOHOro BHUTKAa. Tak uTo, Ma)ke AoBelsl KaTYUIKY
[0 OJHOrO BHTKA, MOXHO NPOJOJIKATh IOBBILATH PE3OHAHCHYIO
yacTtoTy, A06aB/ass OTHAe/bHble NETIH, COEJHHSIOLINE BEPXHIOI0
00KnaaKy KoHAeHcaTopa ¢ HukHei. Ha ¢ur. 23.16,6 mokasanbl
06K/1aIKH KOHAEHCAaTopa, COelMHeHHble LIECTbIO MOAOOHBIMH «Of-
HOBUTKOBBIMH HHAYKTHBHOCTAMH». Ilpomosnxkas nmpu6aBiATh HO-
Bble KyCKH NPOBOMAA, Mbl IIOCTENeHHO INepefieM K COBepLIEHHO
3aMKHYTOH pe30HaHCHOH cHcTeMme. Takas cucTema (BepHee, ee
oceBOe ceyeHHe) mnokasaHa Ha ¢wur. 23.16,8. Tenepp HHIAYKTHB-
HOCTb — 3TO NYCTOTEJbIA UH/AHWHAD, MPUNASHHbIN K KpasM oO6KJja-
JNOK KOHIeHcatopa. JDJ/eKTpUyeCKHe W MarHuTHble noJs OyayT
HMeTb HanpaBJieHHe, MOKa3aHHoe Ha pucyHke. Takoi mpeamer —
3TO, B CYIIHOCTH, yXX€ pe30HaHCHas moaocTb. Ee Ha3bIBalOT «Ha-
rpyXeHHOH» mosocTblo. Ho MOXHO ee TaKe Bce elle paccmar-
puBath Kak L — C-KOHTYp, B KOTOpPOM €MKOCTHas 4acTb — 00-
J1acTb, TAe HaxoauTcs 60/blIasi 4acTb 3JeK-

TPHYECKOro 10/, a WHAYKTHBHAs — rie
nomeulaercss OO0ablias YyacTb MAarHUTHOIO //
MoJIsl.

Eciu MBI 3aXOTHM mNOBBICUTb YacTOTY
pe3oHatopa Ha ¢ur. 23.16,8 cuibHee, TO
HaJlo elle YyMEeHbIUHUTb HHAYKTHBHOCTb L.
Yro6bl 3TOro nOGHTbCS, CHedyeT YMeHb-
IWHTb reOMeTpHYeCKHe pasMepbl HHIYKTHB-
HOM CeKUHH, CKaXKeM, YMEHbUIUTb Ha yepTe-

Pue. 23.17. Eue odHa pe30HAHCHAR NOAOCTS. \_/
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xe BbicoTy h. Ilpu ymeHblieHMH h pe30HaHCHas yacToTa pacrter.
M B KoHle KOHLOB MOXHO, KOHEYHO, JOHTH A0 TAKOro moJoxe-
HHSA, TIPY KOTOPOM BBICOTA A CpaBHAETCA C NPOMEXYTKOM MeXIY
ob6knaakamu. [Tosyuutcs oGbluHash LU/IMHApHYecKass GaHKa; Hall
PE30HAHCHBIH KOHTYp NpeBpaTHTCA B MOJbI pe3oHATOp, IOKa-
3aHHBIA Ha ¢ur. 23.7.

3aMeTbTe Tenmepb, YTO B MNEePBOHAYAJbHOM pPE30HAHCHOM
L — C-koutype (¢ur. 23.16) 3/1eKTpHUCCKHE M MArHUTHbIE MOJS
6blIM coBeplUeHHO pa3feseHbl. Koraa Mbl mocTeneHHO BHAOH3Me-
HSJIY DE3OHAHCHYIO CHCTeMYy, BCe NOBbIIIASI e€e YacToTy, TO Mar-
HUTHOe 1I0Jle TeCHee M TecHee COJIMXKAMOCh C 3JEKTPHUYECKHM,
1oKa B TMOJIOM pe30HAaTOpPe OKOHYaTeJbHO He MepeMellasoch
C HUM.

XoTA Bce moJible pe30HATOpbl, O KOTOPBIX B 3TOi rjaBe roO-
BOPHJIOCh, GbIM LHAMHAPHYECKHMH, HHUYero BoJILeGHOro B ca-
MO# uuaMHApHyeckol ¢opme HeT. Banka so06oro Buga BCe paB-
Ho Gymer 06.1ajaTh pe30HAHCHBIMH YacTOTaMH, OTBeYalOUIUMH
pPas/NUYHbIM [JONMYCTHMBIM THNAM KojJeGaHUH 3/JeKTPHUECKHX H
MarHuTHbIX noJseil. K npumepy, y «mosoctu» Ha ¢ur. 23.17 Gyner
CBOsSI JIHYHAsl COBOKYIHOCTb PE30HAHCHBIX YacTOT, XOTS HX H
TPYIAHO pPaCCYUTATh.



TFrasa 24

BOJIHOBO bl

§ 1. lepedarowjan aunun

B npenbiayuieit riaBe Mbl BBIICHHJIH, YTO
C/IYYHTCSl C COCpPelAOTOYEHHBIMH 3JeMeHTaMu Le-
4, €CJH Ha HUX N0JaTb OYeHb BHICOKYIO YaCTOTY.
Mbl npuwaK K BBIBOAY, YTO Ppe30HAHCHBIH KOHTYP
MOHO 3aMeHHTb MOJIOCTbIO, BHYyTPH KOTOPO# IIO-
Jsl BCTYNawT ApYr ¢ Apyrom B pesonanc. Ho ects
H ApYroi HHTepeCHbIH TeXHHYEeCKHH BONPOC: Kak
cBsi3aTb Mexnay coOo#i JaBa npeamera, YToOObI
MOXHO OBbLI0O nepejaTh 3/JeKTPHYECKYIO SHEPTHIO
OT OLHOTO K Apyromy? B uensx HH3KOH 4acCTOTbI
3Ta CBf3b OCYUIECTBJAETCS MO NPOBOAAM, HO 3TOT
cnoco6 Ha BBLICOKHX 4YacTOTax He OyeHb Xopoll,
MOTOMY YTO 3Heprus pacceHBaeTCss BO BCe CTO-
POHBI U TPYAHO KOHTPOJHPOBATh, KyJia OHa MoTe-
yeT. OT NpoOBOLOB BO BCE CTOPOHBI pasberaroTcs
NoJisl; K TOMY e TOKH H HamnpsiXkeHHsi BBICOKOH
4aCTOTbl He OYeHb XOPOLUO «IPOBOAATCA» NPOBO-
naMu. B-3Toii rmaBe Mbl M XOTHM pas3obpaTbcs
B TOM, KaK MOXXHO COeJHHAATb MeXAay co6oi npen-
MeTbl Ha 6oJblIOK yacToTe. TakoB Mo Kpaiikei
Mepe OJHMH NMOAXOM K TeMe Hallel JeKLHH.

Ho MoXHO K Helt NMOJOHTH H MNO-ApPYyromy,
MOXHO CKa3aTb, YTO Mbl NOKa o6GCYXAaJH NoBe-
lleHHe BOJIH B INyCTOM MNpPOCTpaHCTBe, a TeMnepb
NpUILIO BpeMsl INOCMOTPETb, YTO CJAYUYHTCS, €CaH
KoJ/1e6JIoliecs: 1MoJisl OTPAHUYHTb B OJHOM HJIH
NBYX H3MepeHHsiIX. Mbl 0GHapy»XHM HOBOe HHTe-
pecHoe siBieHHe: eC/M MOJisl OTPAHHYHTbL B ABYX
M3MEepeHHsX W AaTb UM cBOGOAY B .TpeTbeM, OHH
pacnpocTpaHsoTca B BUAe BOJH. «BoaHbl B BoJ-
HOBOJe» M OYAYT NpeiMeTOM HalleH JeKIUHH.

Hauynem ¢ paspaGoTku o6uieil Teopuu AuxuU
nepedayu. OGblYHAs JIHHHSA 3JeKTpONepenayH,
KOTOpasi THIHETCA OT MauThl K MauyTe MO MOJSIM W
JlecaM, TPaTHUT 4acTb CBOeH MOIIHOCTH HA H3JY-
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Pue. 241 Koaxcuarsnan
nepedarowan aunun.

yeHHe, HO yacToTa 34ecb Tak Mana (50—60 ey), uto 3TH NOTEPH
HezaMeTHbl. OT H3/1yueHHs1 MOXKHO M36aBHTbCS, IOMECTHB NMPOBOL
B MeTa/NIMYecKylo Tpy6y, HO 3TO HenpaKTH4YHO, MOTOMY 4TO NPH
TaKUX TOKaxX W HamnpsKeHHSX B ceTH 6e3 OOJIbULIMX, TSXKeJAbIX H
noporux Tpy6 He o6GofiTHChb. Tak 4TO B XO4y OGBIYHO «OTKPBIThIE
JHHHUY,

Ha yacrotax uyTb noBbllle (MOpsiiKa HECKOJbKHX KHJOrepl)
u3JyyeHHe yxe BIHOJHe 3aMeTHo. Ho ero MOXHO YMEHbIUHTb,
HOJIb3YSICh «ABYXXHUJbHOH» JHHUEH NMepefaud, Kak 3TO AeJ3eTcs
npH TeneOHHO! CBSA3M HA MaJble paccTosaHud. OfHaKo NpH Aaljb-
HelillleM NOBbILIEHUH YaCTOThl H3/yueHHe BCKOpe CTAaHOBHUTCH He-
TEPNUMO CHJbHBIM JUOO 3a CYeT NMOTepb 3HEpPruu, JuOO H3-3a
TOrO, YTO 3HEPTUs NepeTeKaeT B APYrie KOHTYPHI, Tle OHA COBCEM
He Hy»XHa. Ha yacToTe OT HeCKO/IbKYUX KHJOTepu A0 HECKOMbKHX
ThICAY Merarepll 3/JeKTPOMAarHUTHble CHrHaJ/bl M 3J€KTPOMarHuT-
Hasi 5Heprus oObIYHO MepeaaloTcs MO0 KOAKCHAJbHBIM JHHHAM, T. €.
No npoBoAy, NOMeIeHHOMY BHYTpPb LH/IHHADPHYECKOTO «BHELIHEro
NPOBOAHUKA», WJH «3aUlUTbl». XOTS AajbHeHllHe paccyxXiaeHHs
FOAsITCA N/ JNUHUM Nepefauyd M3 ABYX NapaJjjenbHbIX NpOBOJ-
HHUKOB J/I060ro ceueHus, peubo OyneT HATH O KOAKCHaAbHOM Ka-
Geue.

Bo3bMeM mpocTeiinylo KOaKCHaJbHYIO JHHHIO, COCTOSILYIO H3
LIEHTPaJbHOrO NPOBOAHHKA (NMycTb 3TO 6YAEeT TOHKOCTEHHBIH No-
Jblil UMJIHMHAP) U BHELIHEro NpOBOJHHKA — TOXe TOHKOCTEHHOro
LHJIHHAPA, OCb KOTOPOro COBNAAaeT ¢ OCbI0 BHYTpeHHero NnpoBOJ-
HuKa (¢ur. 24.1). das Hauana npeacraBuM ceGe, KaK NPHUMEPHO
BeeT ce6s 3Ta JIMHHA NMPH OTHOCHTE/NBHO HH3KHX 4acToTax. Mol
y>e KOoe-YTO FOBOPHJ/H O MOBeJEeHHH NMPH HU3KHX YacToTax, Koraa
yTBEpKAAJH, 4TO y ABYX TAaKHX NPOBOAHHKOB HA KaXAYl €IH-
HULY JAJMHBl DPUXOAMUTCH CKOJNbKO-TO TaM HMHAYKTHBHOCTH H
CKOJIbKO-TO eMKocTH. M peficTBUTe/NbHO, nOBeieHHe 100601 Ime-
penatouleil THHUH NPH HU3KHUX 4aCTOTAX MOXKHO ONUCAThb, 3a/1aB ee
HHIYKTHBHOCTb Ha eIMHHLY MJHHBI Lo U ee eMKOCTb Ha eNMHHLY
anunbel Co. Torpa /nuHHIO MOXHO Obl10 Obl paccMaTpuBaTh Kak
npegenbHblil ciayuyait ¢puabtpa L —C (cMm. ra. 22, § 7). MoxHo
co3aaTh TakKoil (UABTP, KOTOpbIH OydeT HMHTHPOBATb JIHHHIO,
€CJ/IM TNOCJ/eJ0BaTe/NbHO COEJHHHTb MeX1y co00il MajieHbKHe 3Je-
MEHTbl MHIYKTHBHOCTH LoAx W 3allyHTHPOBaTb HX MaJleHbKHMH
emkoctamu CoAx (roe Ax — sneMeHT AauHbl AuHHH). [Tpumenss
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lposod T IEL) I (‘IELA"E)

due 242. Toku u Hanpsa- /l'
ocenun 8 nepedaroujets AUHUU.

N

V(z) : : Viz+ Ax)
lposad 11 \: J'/
Z T+Ax

K GeCKOHeYHOMY (HUJbTPY HAlIH NpEeXHHe pe3yabTaThbl, Mbl Obl
YBHAAJH, YTO BJOJb JHIHH LOJKHbBI PACPOCTPAHATLCS 3JEKTPH-
yeckne CHrHa/abl. Ho nocTynuM HHaue ¥ BMeCTO 3TOr0 H3y4HUM
CBOHCTBA JIMHHH, ONHpascb Ha AupdepeHLHabHbIe YPaBHEHHS.

[Mpepnosioxum, Mbl HabJaonaeM 3a NPOHCXOAALIHM B ABYX
COCe[IHHX TOYKaX nepepalolleil JHHHUH, CKaxKeM, Ha PaCCTOSAHHUAX
x ¥ x4 Ax or Hayasna auHuu. O603HAUYMM HampsixKeHHE MeXAY
NpOBOAHUKAMH uepe3 V(x), a TOK B BepxHeM NpoBoaHHKe [ (x)
(dur. 24.2). Ecnn TOK B JIMHUU MeHSIeTCS, TO MHAYKTHBHOCTb BbI-
30BeT mMajeHHe HanpskKeHus BIOJb HeGOJBLIOrO ydyacTKa JH-
HHW OT x 10 x + Ax

AV =V (x4 Ax) — V () = — Lo Ax 2L

Wan, 6eps npemen npu Ax— 0, noayuaem

v ol
sr=—Log- (24.1)

Vi3MeHeHHe TOKa NpUBOAMT K Nepenany HanpsKeHHs.

Tenepb ellle pa3 B3rasHHTe Ha PUCYHOK. Ecsm HampsixeHHe
B X MeHsleTCs, TO [OJIXKHbI NOSIBJASITbCS 3apsfbl, KOTOpble Ha
3TOM yyacTKe nepenaloTcs eMKocTd. Eciu B3sTh He6o.bwION yya-
CTOK JIHHUM OT X 10 X + Ax, To 3apsin Ha HeM paBed g = CoAxV.
CKopocTb M3MeHeHHsi aToro 3apsaa paBHa CoAxdV/dt, no 3apan
MeHsieTCsl TOJIbKO TOrjaa, Korga Tok [ (x), BXOASALWHEA B 3JeMEHT,
OT/IHYaeTcss OT BeIxogsulero Toka [(x 4 Ax). O6o3nayas pas-
HoCTb 4epe3 Al, umeem

dav
A1=—'COAx_d7.

Ecau nepeiitu Kk mpegeny npu Ax— 0, nmonyuaertcs

al av
= =—Coar. (24.2)
Tak uTO coxpaHeHHe 3apsila mpeanoJiaraer, YTO TFpafHeHT TOKa
NponopuUHOHa/NeH CKOPOCTH M3MEHeHHs! HanpsiKeHHs BO BPeMEHH.

YpaBnenusa (24.1) u (24.2) — 310 OCHOBHBle ypaBHeHHs JH-
HUM nepefayu. Ilpu »KemaHMHM MX MOXHO BHIOM3MEHHMTb Tak,
4yTOObl OHHM YYHTBHIBAJH CONPOTHBJIEHHE NPOBOAHHKOB HJH yTEUKY
3apsf0B Yepe3 H30JAUHIO MeXAy NPOBOJHMKAMH, HO NMOKAa HaM
JAOCTATOYHO CaMOro NpOCTOro NMpHMepa.
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O6a ypaBHeHHs nepepamolleil THHHH MOXHO 00beJHHHTD, NPO-
avpdepeHpoBaB nepBoe 1o f, a BTOpoe Mo x H Hckaouns V
uan [, [Tonyuurcsa aubo

v k2%
- = COLO_@:Z , (24.3)
n160
a2l ik

Mebl cHOBa y3HaeM BOJIHOBOe ypaBHeHHe no x. B ogHopoaHo#
Nepejamlleil JHHUH HanpsKeHHe (M TOK) pacmpocTpaHsercs
BAOJb JHHUM KaK BoJiHa. HanpsxeHue Bmosnb JHHHH OyleT cJe-
noBaTb 3akoHy V(x, f) =f(x—uvt) uan V(x, t) = g(x 4 vi)
HJIH HX cymMMe. A 4uTo Takoe 3mech v? Mbl 3HaeM, 4TO KO3hdH-
UHeHT npu 0%/0¢2 — sto npocto 1/v?, TaK uTo

|
V=,
VLoCo

[MokaxuTe CaMOCTOSITENbHO, YTO HamnpsiKeHue 041 Kaxndoll
60/HbL B IHHHHM NPONOPLHOHAIBHO TOKY 3TOH BOJIHBI M YTO KO3(-
(HUUMeHT NPONOPUHOHANBHOCTH — 3TO INPOCTO XapaKTepuCTHYe-
CKUH uMnefaHc 2o O603HauuB yepe3 V. W [, HanpsKeHHe H TOK
ANs BOJIHBI, Gerylieii B HanpaB/JeHHH X, Bbl AOMXKHb Oynere
MOy YHTb

(24.5)

Vi=2z,. (24.6)

PaBHbIM 06pa3oM, 1/151 BOJIHBL, Geryuleil B HanpaB/JeHHH —X, NO-
JyYuTCS

V-= —'20[—.

XapakTepHUCTHYECKHH HMIeNaHC, KaK Mbl yXXe BHOeJH M3 Ha-
WHUX ypaBHEHHWH misi GHIAbTPA, NaeTCs BblpaKeHHEM
2=/ F (24.7)
0
H MO3TOMY eCTb YHCTOE CONMpPOTHBJIEHIIE.

UToO6bl HallTH CKOPOCTb pPacnpoCTpaHeHUs] U U XapaKTepHUCTH-
YeCKHH HMIEeNAaHC 2o Nepefaoulell JHHUH, HYXXHO 3HATb HHAYK-
THBHOCTb H €MKOCTb €IHHHUIbl JJHHBI JUHHUH. [/ KOaKCHA/IbHOTO
Kkabens ux Jerko nogcudtath. [Norasiaum, Kak sto genaertcs. [1pu
pacyeTe MHAYKTHBHOCTH Mbl OyaeM CJeOBaThb HAeSM, H3J0XeH-
HbIM B 1. 17, § 8, n mosnoxum '/,L/2 paBHbIM MarHMUTHOH 3Hep-
THH, B CBOIO Ouepeab NOJyyaeMoil MHTerpHpoBaHHeM gc2B%/2 mo
o6beMy. ITycTb no BHYTpeHHeMY NMpPOBOAHHKY TeueT Tok /; Toraa
Mbl 3HaeM, uto B = [/2meoc?r, rpe r — paccTosiHue ot ocu. Beps
B KayecTBe 3/JeMeHTa o6beMa UH/JIHHAPHYECKHUH CJOH TOJLIHHBI
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dr u nnuubl I, monyyaem D.Jlﬂ MarHMTHOH SHepruu

U= e";? S (QM czr) R2surdr,

rie @ U b—pangnycel BHYTpeHHEro M BHelIHEero NPOBOIHHKOB,
WnTerpupys, nosyuaem

U=-"T"_1nt, (24.8)

4meoc? a
[MpupaBHUBaeM 3Ty 3Hepruio K !/oL/? u HaxoauM
L=-—1"mt, (24.9)

PET a
Kak u caenoBano oxwugatbh, L nponopuxHoHasbHo ajauHe [ JH-
HHH, MO3TOMY Ly (MHAYKTUBHOCTb Ha €JMHHHUY AJHHbI) PaBHA
__In(b/a)
Ly= ST (24.10)
Mbl yXe pacCuMTbiBaNH 3apsifi Ha UHJIHHAPHYECKOM KOHIeH-
carope [r1. 12, § 2 (Bbin. 5)]. Hens Tenmepb 3TOT 3apsij Ha pas-
HOCTb NMOTEHU HAJIOB, NMOJYyYaeM
_ 23‘(80[
C= (b/a) °

EMKocTb ke Ha eaunuuy aauebl Cyp— 310 C/l. ConoctaBass 3TOT
pe3yabtaT ¢ (24.10), mbl y6expaeMmcs, uto mpousBeaeHue LoCp

pasno mpocto 1/¢%, 1. e. v=1/4/L,C, pasHo ¢. Boana 6exur no
JIMHHK CO CKOPOCTbIO cBeTa. Hy»XHO nmoauepkHyTb, YyTO 3TOT pe-
3y/bTAT 3aBHCHT OT CHe/JaHHBIX NPeANoJIOXKeHHHA: a) yTo B MpoO-
MeXYTKe MeXIy NPOBOJHHKaMH HET HHM [JHU3JeKTPHUKOB, HH Mar-
HHUTHBIX MaTepHa/oB; 6) 4TO BCEe TOKH TEKYT TOJbKO MO IOBEPX«
HOCTH NMpPOBOAHUKOB (TaK 3TO OblBaeT B HJeaJbHbIX NPOBOAHH-
Kax). [Tosxe Mbl yBHAMM, YTO Ha BBICOKHX 4YacTOTaX BCe TOKH
pacnpenensioTCs Ha MOBEPXHOCTH XOPOUIMX MPOBOJIHHKOB, CJAOBHO
OHH HOeaJbHble NPOBOJHHKH, TaK YTO 3TO NPEANOJOXKeHHe Mpa-
BHJIBHO.

JI1060nbITHO, YTO B 3THX JABYX NpeAnoJoXeHHsX NPOU3BeLeH e
LyCy paBHO 1/c2 nan ar060i napaJjije/bHol napsl MPOBOAHHKOB,
Jaxe B TOM cJyyae, e€C/H, CKa)eM, BHYTPEHHHH LIeCTHrpaHHbIH
NPOBOAHHK TSAHETCS KaK-TO BJOJb 3JIJIMOTHYECKOTrO BHELIHero.
[Toka ceyenHe MOCTOSIHHO M MeXAYy NPOBOAHHKAMH HeT HHUYEro,
BOJIHbI PAcIpOCTPAHSAIOTCS CO CKOPOCTBIO CBeTa.

[Togo6GHbIX OGIIMX YTBEPXKAECHHI MO MOBOAY XapaKTepHCTHyYe-
CKOrO HMMejaHca cje/aTh Heab3sl. [l KoakcHa/NbHOH JIHHHH OH
paBeH

2y =2 /D) (24.11)

2”500
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MHoxHuTenb 1/eoc UMeeT pasMepHOCTb CONPOTHBJEHHS M paBeH
120n om. T'eomeTpuueckuil ¢aktop In(b/a) Tonbko snorapudpmMu-
YeCKH 3aBHUCHT OT pa3MepoOB, TaK YTO KOaKCHa/JbHas JAuHusi (H
6OJIbUIMHCTBO APYFHX JHHHUE), KaK npaBujo, o61afaeT Xapakre-
pUCTHYECKHM HMMefaHcOM nopsaka 50 oM HAH YTO-TO OKOJIO
3TOro, A0 HECKOJNbKHX COT OM.

§ 2. IpamoyeorvHolii 80410800

To, o uem MmbI ceifuac 6yneM roBopHTh, Ha NMEPBBIHA B3rasj] Ka-
XKeTCs nopa3uTeJbHbIM SBJEHHEM: ecld M3 KOaKCHaJ/JbHOrO Ka-
6ens1 y6paTb BHYTPEHHIOIO XMJY, OH Bce paBHO GyaeT NpOBOJHUTD
3JIeKTPOMArHHUTHYIO 3Hepruio. MHbBIMH c/l0BaMu, Ha [OCTaTOYHO
BBLICOKOH yacToTe nosas Tpy6a OedCTBYyeT HHYYTb He XYXKe, yeM
Tpy6a, BHYTpH KOoTOpOi#l umeercsi npoBod. CBS3aHO 3TO C APYruUM
TAUHCTBEHHBIM SIBJIEHHEM, O KOTOPOM MBI y>Ke 3HaeM, — Ha BbICO-
KHX 4aCTOTaX Pe30HAHCHBIN KOHTYp (KOHZEeHCaTop C KaTYLIKOIl)
MOXHO 3aMeHHUTb NpOCTOH GaHKOH.

3To BLINSAUT OYeHb CTPAHHO, €C/AH NOJb30BATbCA NMpEACTaB-
JIeHHeM O nepejalollell JHHHM, KaK O pacnpefejeHHbIX HHAYK-
THBHOCTH H eMKOCTH. Ho Beab Bce Mbl 3HaeM, YTO BHYTPU NYCTOM
MeTaJNH4yecKoH# TpyObl MOryT pacnpocTpaHATbCA 3/eKTPOMarHHT-
Hble BoJHbl. Ecau Tpy6a npsmas, uepe3 Hee 8ce 8udno! 31ayur,
3/JeKTPOMarHHTHole BOJHBI uyepe3 TpyOy, 6GeccriopHo, npoxoast. Ho
Mbl 3HaeM TaKXe, UYTO HeT BO3MOXHOCTH NepefaBaTb BOJIHbBI
HH3KOH 4acTOThl (MepeMeHHBbIH TOK HJH TeJe(dOHHble CHIHaJbl)
Yepe3 OANY-e[AHHCTBEHIYIO MeTagjaHuecKyio Tpy6y. Bouixoawur,
3JISKTPOMArHUTHblE BOJIHBI NPOXOAAT uyepe3 Hee TOJbKO TOrAa,
KOrJa uX AJMHHA BOJHBI AOCTaToyHo MaJja. [Toatomy Mbl paccmor-
pPHM mpefebHbI CJAy4Yall caMblX QJUHHBIX BOJII (HJIH CAMBIX HH3-
KMX 4acTOT), CnOCOGHBIX MPOXOAUTh yepe3 TpyOy AaHHOro pas-
Mepa. Aty TpyGy, CaAyKallylo A5 NPOXOXKAEHHS BOJH, Ha3bIBAIOT
80 AHOBOCOM.

HauHeM c¢ npsmMoyro.bHoit TpyObl, €e npolle BCero aHaJH3H-
poBaTb. CnepBa HM3/1I0KHM BCe MaTeMaTHYeCKH, a MOTOM elle pa3
BepHeMCsl Ha3aJ M paccMOTpuUM Bonpoc GoJiee snementapHo. Ho
3T0oT GoJlee 3JeMeHTapHbI MOAXOA JEerko NpHMEHHUTb JHUIb K
npsiMoyrojpHbiM Tpy6am. OcHOBHBIE ke siBJeHHs B /11060l TpyGe
OIIHH U Te XKe, TaK YTO MaTeMaTHYeCKHe NOBOAbI 3ByuaT GoJsee
OCHOBaTeJbHO.

[ToctaBuM nepen coGoil caenylow Ml BONpoc: KaKoro THMA
BOJIHBI MOTYT CYUIeCTBOBaTb B MpsiMOYroJibHoil Tpy6e? Brnibepem
cHayasa yno6GHble OCH KOOpAHHAT: OCb 2 HanpaBHUM BAOJb TPYObl,
a OCHM X U Yy — BAOJb CTeHOK (dur. 24.3).

HsBecTHO, uTO KOrpa BosiHbI cBeTa GeryTt no Tpybe, HX 3J/eKT-
pHUYeCKOe II0JIe nonepeyHo; MO3TOMY HayHeM C MOHCKa TaKHX pe-
uieHui, B KoTopelx E nepnenauky.aspuo 2z, CKaxeM pelleHHH
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Due 24.3. Beilbop oceil koopou-
Har 0AR NPAMOY20A6HOZO E0AHO-
acda.

C OLHOH TOJIbKO y-KomnoHeHToil Ey, (¢dur. 24.4,a). 310 3aeKTpH-
yecKoe noJie JOJ/KHO KaK-TO MEHSTbCSl nonepek BOJHOBOAA; A€H-
CTBHUTENBHO, Beb OHO JAO/MKHO OOpaTUTbCH B HY/Jb Ha CTOpOHAaX,
napaJJjeabHblX OCH Y: TOKM M 3apsibl B NpPOBOAHHKE YCTpaH-
BalOTCSl BCerja TaK, 4ToObl Ha ero MNOBEPXHOCTH He OCTaJoCh
HUKaKHX KacaTe/JbHbIX COCTaBJSIOWIMX 3JMeKTPHUYECKOro MoJs.
3HaunTt, rpaduk £y OT x JOKEH HaNOMHHATb HEKOTOPYIO Ayry
(¢ur. 24.4,6). MoxeT GbITb, 3TO HaljleHHAss HaMHU [AJs TOJOCTH
¢yukuua Becceas? Her, pyHkuuu Beccens mosBasioTCs TOMBKO
B 33/1ayax ¢ UMJIHHApHYeCKO# cuMMerpueil. [Ipy NpsiMOyro/bHbIX
CeyeHHsIX BOJIHBI — 3TO OObIuHBIE TapMOHHYECKHe (QYHKILHH, YTO-
HuOyab Bpoae sin kxx.

Pa3 Mbl uuem BoJHBI, KoTopble 6eryT BROJAb TpyG6el, TO cJe-
AyeT 0XHAATb, YTO MoJe KaK ¢yHkuus z 6ylaeT Kone6GaTbcs Me-

¥
a ]
!
i b
iy
a x
E.‘!
Due 24.4. SaekTpudeckoe noase
8 80aH0800€ npU HEKOTOPOM 3HA-
wenuu 2.
& a =
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| b ue 24.5. 3asucumoctd
| B noas 8 604no080de OT 2.
l le) fe) (o] [e]
E
l o o o o)
 —— a
Ey
—Upas
\/ z
)

KOy TONOXHTEJbHBIMH M  OTPHUATEJbHbIMH  3HAYEHHSIMH
(dur. 24.5) n yto 3TH KosebGaHusa Oynyt GexaTb BOOJb TPYObI
¢ Kakoi-to cKopocTbio v. Ecau umeroTcsa KoJjebGaHus c onpene-
JIEHHOH YacTOTOH ®, TO HAJ0 MCNLITATh, MOXET JIii BOJIHA MEHATh-
¢ no 2z Kak cos(wf— k,z) uau, B Gosee yno6HOH MaTeMaTHue-
ckoit popme, Kak & “*2?)| Takas 3aBHCHMMOCTb OT z mpeacTaB-
JsieT BOJHY, Gerymyrmo co CcKOpocTblo U = w/k; [cM. ra1. 29
(BbIn. 3)].

3HAayHUT, MOXKHO JONYCTHTb, UTO BOJHA B TpyGe UMeeT ciaenyo-
I1yl0 MaTeMaTHYecKylo Gopmy:

E,= Eysink,xe’ (7%, (24.12)

[ aBaiiTe-Ka NOrJASQHM, MOXHO JH NPH TAaKOM JONYLIEHHH
VAOB/JETBOPHUTb MNpPaBUJIbHBIM YypaBHeHHUsIM mnoJs. Bo-nepsbix,
3/IeKTpHYecKoe MoJe He JOMKHO HMETb COCTaBJAAIOUIMX, Kaca-
TeJbHBIX K NPOBOAHHUKY. [/ 3TOro Halle noJie NOAXOAHUT; BBepXY
M BHH3Y OHO HanpaBJ/IeHO Monepek CTEHOK, a ¢ 6OKOB paBHO HYJIIO.
Bnpouem, pna nociaenHero Heo6XoaHMO, uTOObI MOJIBOJIHBI
sin RxX KakK pa3 yK/J1aAblBaJoCh Ha BCell IIHPHHEe BOJHOBOAA, T. €.
yTo6bl OBIJIO

kya=m. (24.13)
3To ycaoBue onpenensieT ky. EcTb W HHble BO3MOXHOCTH, HaNpH-
Mep Kxa = 2m, 3m, ... WM B obUleM cayyae

k.a=nn, (24.14)

rie n — uesoe. Bce oHM NpeAcTaB/sOT pa3/iHyHble CI0XKHbBIE pac-
NOMOXKEeHHUs NoJiel, HO MbI AaJblile GyaeM roBOPUTb O CAMOM Mpoc-
TOM, Korja ky = m/a, a @ — BHYTPEHHsIs1 LIMpHHA TPYOHI.

Hanee, nuBeprenuns E B nycTomM npocTpancTBe BHYTPH TpyOHl
N0/KHAa GbITb paBHa HYJ/I0, MOTOMY 4TO B Tpy6e HeT 3apsijoB.
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Y naumero E ecTb TO/MBKO Y-KOMMOHEHTa, HO MO Y OHA He Me-
HseTcs, TaK yto AeHcTBUTenbHO V-E = 0.

HakoHel, Haule 3/eKTpHYecKoe MNoJie AOKHO COrJacoBbl-
BaTbCs C OCTaJbHbIMH YypaBHeHHMH MakcBesaja AJas NycToOro
NpOCTpaHCTBAa BHYTPH TPYOb. ITO BCe paBHO, YyTO mMOTpeGOBaTh,
4yTOObI OHO YJOBJIETBOPS/NO BOJTHOBOMY YpPaBHEHHIO

’Ey 0%F, 0%, -
0x? day? 3z2 ¢z o1? =0. (24.15)

Hawm Hamo npoBepuThb, nojoiieT Jiu ciofa BhIOpaHHash HaMH ¢op-

2
Ma (24.12). Bropas npoussoanas E, no x npocto paBHa — RxE .
Bropas npousBoaHasi no y paBHa HyJI0, NOTOMY YTO OT y HHYEro
2
He 3aBucHT. Bropas npousBoanas mo z ectb — kzE,, a BTOpas
npousBogHas no ¢ sto —w?E,. Toraa ypaBHeHue (24.15) ytsepx-
IaeT, YTo

RE, + KE, — % E —0.

Eciu Ey, He of6pawaercs BCOAY B HyJab (3TOT C/ayyaid Hac He
OYeHb HHTepecyeT), TO 3TO ypaBHeHHe BbIMOJIHSETCS BCEraa, ecau

B2 g O 24.16
Ttk — =0 (24.16)

Uncno kx Mbl yXXe 3aKpenu/H, TaK 4YTO 3TO ypaBHeHHe TOBOPHT
HaM, YTO BOJIHbl MPEANOJIOXKEHHOr0 HaMH THNA BO3MOXHBI J1llb
TOraa, Korga R, CBsi3aHO C 4acTOTOH w yc/aoBueM (24.16), 1. e.
Korpa

(02 JT.2
BoJHbl, KOTOpble Mbl Onuca/H, pacnpoCTPaHslOTCA B HamnpasJe-
HUH 2 C TaKUM 3HAUYeHHEM &,.

‘BosHoBOe unca0 k,, KOTOpoe Mbl noayuuau u3 (24.17), naer
HaM NpH NaHHOH 4YacToTe w CKOPOCTh, ¢ KoTopoil GeryT BOJb
TpyObl y3/bl Bo/IHb. Pa3oBasi CKOPOCTL paBHa

=2, (24.18)
k2

BcnomuuTe Tenepb, uTo AJiMHa A Geryuieit BosHbl naetcst ¢op-
MmyJsoil A = 2nv/w, Tak 4TO R, TakXe paBHsieTcs 21/Ag, TAe Ag —
OJHHA BOJIHBI OCUMJJIALMKA B HanpaB/JeHUH 2 — «IJHHA BOJIHbBI
B BOJIHOBOAe». [lniMHA BOJIHBI B BOJIHOBO/E, KOHEYHO, OT/IHYAETCSA
OT IJIMHBI 3JIEKTPOMArHHTHBIX BOJIH TOH JKe uacToThl, HO B NYCTOM
npoctpaHctBe. Ecain AMIMHY BOJIHBI B MyCTOM NPOCTPAHCTBE 060+
3Ha4YuTh Ay (4TO paBHO 2mc/w), TO (24.17) MOXKHO Nepenucatb B
TaKoM BHIE:

A
=—n_. 24~19
he = = Goer (2419

229



Due 24.6. Maenuruoe nose
8 goanosode.

Kpome  3jeKkTpHue-
CKHX T0JIeH, CyUIeCTBY-
I0T W MarHUTHblE MNOJIs,
KOTOpble TOXe IBHXYT-
csi  BOJIHOOOpasHo. Mbl
He OylneM ceiiuac 3aHH-
MaTbCsi BBIBOAOM BbIpa-
XeHHi aaa HuX. Benp
¢2V X B = 0E/d¢, n au-
HHH B uupkKy/aupyloT BoO-
Kpyr  obJacrtedt, rie
O0E/0t — wuauGosabluee,

z T. e. Ha NOJINYTH MeXAy

MaKCUMYMOM U MHHHMY-

moM E. IMetnu B nexaTt napansesbHO NJIOCKOCTH X2 M MeXAY
rpe6HsiMu u BnaauHamu E (dur. 24.6).

§ 3. I'panuxnan wacrora

YpaBHeHue (24.16) ans k, Ha caMoM Je/le HMeeT ABa KOpHS —

OJlMH C MJOCOM, ApYroii ¢ MHHycoM. OTBeT caelyeT NHCATb TaK:
2 2

ke=%tA) 2 — . (24.20)
CMBIC/T 3THX IBYX 3HAaKOB NPOCTO B TOM, YTO BOJIHBl B BOJIHOBOJE
MoryT GexaTb M C orpuuaTeJbHOH (a30BOH CKOpPOCTbO (B Ha-
npaB/deHHH 2), U C NOMOXHTeNLHOH. BoJiHbl, ecTecTBeHHO, A0/1X-
Hbl HMeTb BO3MOXHOCTb 6exaTb B J06ylo ctopoHy. M pa3 ogHo-
BpPeMEHHO MOTYT CyLleCTBOBaTb 06a THNA BOJIH, TO pelleHHe B
BHJle CTOSYUX BOJIH TOXKE BO3MOXKHO.

Haie ypaBHeHHe ass k, coobluaeT HaM Tak)e, YTO BhICLIHe
YacTOTHl MPUBOAAT K OOJbLIMM 3HAa4yeHHSIM k,, T. e. K GoJjiee KO-
pPOTKUM BOJIHAaM, NoKa B mnpefdene O6o/JbLIMX © EeJHYHNa k He
CTaHeT paBHOH w/c —TOMy 3HaYeHHIO, KoTopoe OblBaeT, Korpna
BoJiHa 6exut B nycrote. CBeT, KOTOPBbIH Mbl «BHAMM» CKBO3b
Tpy6y, Bce ellle GeXHUT cO ckopocThio ¢. Ho mocmoTtpure 3a1o,
KaKasi CTpaHHas Belllb NOJy4YaeTcsl, KOrja uyacrora YG6bIBaerT.
CnepBa BOJIHBI CTaHOBATCS BCe [IJMHHee W IjaHHHee. Ho ecan
4acTOTa @ CTAHET uYepecuyp MaJjoil, To nod KopHeM B (24 20)
BHe3aMHO NOABUTCA OTPHlATeJbHOE YHCJI0. DTO NPOH30MAET, KOr-
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Ja o NepeBa/MT yepe3 mc/a WM Korja iy cTaHeT GoJbuie 24.
HHaue roBopsi, Korga uacToTa CTAHOBHTCA MeHbllle HEKOTOPOMH
KPHUTHYECKOH YacTOThl w, = mc/a, BOJHOBOE YMCJO R, (@ Takke
Ag) CTAaHOBHUTCS MHHUMBIM M HHKAKOro pellleHHss y Hac He OCTa-
erca. Unu ocraerca? Krto, co6cTBeHHO, cKa3aJ, 4yTO kR, JOJIXKHO
6bIThb AeicTBUTENbHBIM? UTO cayuHTcsi, ec/ld OHO CTaHeT MHHU-
MbIM? YpaBHeHHA-TO NOJs NO-NpexHeMy BedAb OYAYT yHOBJETBO-
pATbcsi. MoxeT ObITb, H MHHMBble R, TOXe NpPeACTaBJsOT Ka-
KYI0-TO BOJIHY?

IMpenno/ioxuM, YTO @ AEACTBUTENbHO MEHblle . TOrAa MOX-
HO HanHcaTb

k,= =+ ik, (24.21)
rae kB — NeHCTBUTENbHOE MOJIONHTENbHOE YHCJIO:
2 ©2
k’= ? - ?. (24.22)

Ecnn Tenepb BepHyTbcs K Hawel ¢opmysae (24.12) ana Ey, TO
Hajgo 6ylneT HanucaTthb

E, = Egsink,x e 0t = it (24.23)
YTO MOXHO TaKXe NPeACTaBHUTb B BHME
E,= E;sin kyx e*¥2eiot, (24.24)

ST0 BbIpaxceHue npuBoAuT K nouo E, KoTopoe Bo BpeMeHH
KoJieOJieTcsl Kak e'®t a mo z MeHsieTcd Kak e*"'2. OvHo mnaaBHO
yObIBaeT HJM BO3pacTaeT ¢ 2, Kak BCAKAas AeHCTBHTeJbHAST 3KCNO-
HeHTa. B HaleM BbIBOJEe Mbl He AyMaad O TOM, OTKYJa B3fJHCb
BOJIHBI,  Tlé MX HMCTOYHHK, HO, KOHEYHO, I'Ae-TO B BOJHOBOJE OH
no/xeH ObITb. M 3HakK, KoTopblil CTOMT npu &/, No/iKeH OBITh
TaKoB, YTOObI MoJie yObiBa/o NMPH yAaJeHHH OT HCTOYHHKA BOJIH.

Htak, npu yactotax HHXe w. = 7c/a BOJHBI BLOJb TPYyObl He
pPacnpocTpanAoTCA; OCUMANHpYIONlee NoJe NPOHHKaeT B Tpyoy
JIMIIb Ha paccTosinue mopsiaka 1/k’. Tlo 3Toi NpHUYMHE yacToTy W
Ha3blBAlOT «TPaHHYHOMN YacTOTO» BoJMHOBoAA. ['saa Ha (24.22),
Mbl BHOHMM, YTO AJISl 4acCTOT 4YyTb MOHHXKE w, YHCJAO K MaJo, H
noJisi MOTYT NPOHHKaTh B Tpy6y MoBo/bHO gaajeko. Ho ecian o
HaMHOro MeHblle . K03bGHUHEHT k' K 3KCNOHEHTe paBHAETCH
®t/a, U noje OTMHpaeT upe3BbluaifiHo GbicTpo (dur. 24.7). Ilose
yOblBaeT B € pa3 Ha pacCTOSIHUM @/m, T. €. Ha TpPeTH UIHPHHBI
BO/MIHOBOAA. [To.1s mpoHHKAlOT B BOJIHOBOA Ha OYeHb MaJjoe pac-
CTOsIHHE OT HCTOYHHKA.

Mpbl XOTHM elle pa3 MOAYEPKHYTb 3Ty XapaKTepHYIO 4epTy
Hallero aHaJ/u3a NpoXoXJeHHs BOJH Mo TpyGe — NosiBA€HHe MHHU-
MOro BOJIHOBOTrO uHcaa k,. Korpa, pemasi ypaBHenue B (H3uKe,
Mbl MOJIyyaeM MHHMOE YHCJ0, TO 3TO OGBIYHO HUYero QH3HYECKOro
He o3HayaeT. [Insl 8044, OAHAKO, MHMMOE BOJIHOBOe YHCJO OelcT-
8UTEAbHO HeuyTO o3HayaeT. BosHOBoe ypaBHeHHe NO-MpeXHEMY
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Ey

Pue 247. Hamenenue Ey € po-
cTom 2 npu o <K O¢.

2a a z
T

3|at

yIOBJ/IETBOPSIETCS; OHO TO/NBKO O3HAYdEeT, YTO pellleHue NMPHUBOLHUT
K 3KCMOHEHIHAJ/bHO YObIBalOlUIEeMY M0J10 BMECTO PACNpOCTPaHsIO-
wuxca BosH. Mtak, ecau B J11060i 3amaue Ha BOJIHBI k2 NMpH Ka-
KOM-TO YacTOTe CTAaHOBHTCS MHHMBIM, 3TO O3HauyaeT, uTo (opma
BOJIHbI MeHsieTC — CHHYCOHAA NepeXOAlT B 3KCICHEHTY.

§ 4. Crxopocrs 8oan 8 804H0800e

Ta ckopocTb BOJIH, O KOTOPO# MBI MOKa FOBOpPHJH, — 3T0 ¢a-
30Basi CKOPOCTb, T. €. CKOPOCTb Y3JIOB BOJIHBI; OHA €CTb (YHKIHA
yactoThl. Ecau noacraButh (24.17) B (24.18), TO MOXHO Hanu-
CaTb

4

U‘p“a:ﬁ'
(5

Jlna sactoT Bblllle rpaHHYHOM (AJS KOTOpbIX 6erylias BO/MIHA CY-
ILECTBYET) (/00 MEHblle €IHHHIbI, Ugaz — AECUCTBHUTEJIbHOE YHCJIO,
60abuee CKOPOCTH cBeTa. Mbl yxe BUaeau B ra. 48 (Boin. 4), uTo
¢a3sosvie ckopocTH, 6OMbIINE CKOPOCTH CBETA, BO3MOXHbBI, MOTOMY
4TO 3TO NPOCTO ABHXKYTCS Y3/bl BOJIH, @ He 3HepPrus ¥ He HHOP-
Mauusi. Uto6bl y3HaTb, Kak ObICTPO MABHXKYTCSl cUeHaabl, HAOO
NOACYHTATh OBLICTPOTY BCNJECKOB HJH MOAYJSIHH, Bbl3bIBaeMbIX
HHTep(depeHLHeN BOJIH OLHOH YAaCTOThl C OJHOH H/JH HECKOJIbKHWMH
BOJIHAMH CJIerKa MHBIX yactoT [cM. ra. 48 (Buin. 4)]. CKopocTb
orubalouleii Takoi rpynnsl BOJH Mbl Ha3BaJH IpynnoBOoH CKOpO-
CTbIO; 3TO He w/k, a dw/dk:

(24.25)

O =42 (24.26)

Huddepenunpys (24.17) no o u nepeBopayuBasi, yToGbl noay-
yuth do/dk, monyuyaem

vm=cf1— (2)". (24.27)
STo MeHblle CKOPOCTH CBe€Ta.
232



CpeﬂHee reoMeTpH4YeCKoe MeXAY Ugaz U Urp B TOUHOCTH PABHO
¢ — CKOpOCTH CBeTa:

UgpasUrp = C . (24.28)

3To J106ONBITHO, Belb CXOAHOE COOTHOLUEHHE Mbl BCTpPeYaaH H
B KBAaHTOBOH MeXaHHKe. ¥ 4YacTHubl C /060 CKOPOCTbIO (maxe
y pe/SITHBHCTCKOH) MMNyJbc p M 3Hepruss U cBs3ahbl COOTHOWe-
HHeM

U? = p*c® 4+ m2ct. (24.29)

Ho B KBaHTOBOI MeXaHHKe 3Heprus — 370 fw, a MMNYJ/bC — 3TO
h/A, uau hk; 3Hauut, (24.29) MOXKHO 3anucaTth Tak:

N (24.30)
HJIH
w2 202
k=/\/%—”’ﬁ—f, (24.31)

a 3TO OueHb moxoxe Ha (24.17)... MHTepecHo, He npaBaa Ju?
I'pynnoBas ckopocTb BOJNH — 3TO TaKxKe CKOPOCTb, C KaKoH
3Heprusa nepepaercss no tpy6e. Ecau BaM HYXHO HaHTH NOTOK
SHepr¥H CKBO3b BOJIHCBOJ, HaJ0 YMHOXHTb MJIOTHOCTb 3HepPruu
Ha rpynnoBylo cKopocTb. Ecan cpelHee KBajapaTH4YHOe 3J/IEKTPH-
yeckoe mnose paBHO E,, TO cpelHfss MJOTHOCTb 3/eKTPHYECKOM
aHepruu pasHa g,E%[2. Kpome aToro, uacTb sHepruu cBsisaHa ¢

MarHuTHBIM noseM. Mbl He 6GyleM 3Jecb 3TO N0Ka3biBaTh, HO B
J0GOH MOJIOCTH MK Tpy6Ge MAarHHTHAs M 3/1eKTpHYecKas SHepTHH
paBHBI MeXAy cO60H, TaK YTO NOJIHASA NJIOTHOCTb 3J€KTPOMArHHT-
HO# 3Hepruu paBHa ¢gEZ A wmowmnocts dU/dt, nepenaBaemas
BOJIHOBOJIOM, N0O3TOMY paBHa

dU

dt
(ITo3xxe Mbl paccMOTpHM Apyro#, Gosee 06Kl cnoco6 BbIYHCIe-
HHSl MOTOKA 3HEprHH.)

= g Efabuv,_. (24.32)

§ 5. Kax na6arodare soanvl 6 oatoeode

OHepruio B BOJHOBOJ MOXHO BBECTH CBOErO pOfa «aHTEHHOH»,
BOCNO/Ib30BABLIHCh A5l 3TOr0, HanmpHMep, BepTHKaJbHOH NpPOBO-
JIOUKOH, HJH «WThIpeM». B Hanuuuu BOJH B BOJHOBOAE MOXHO
y6enuTtbcs, OTBellsl M3 HEro 4yacTb 3JeKTPOMAarHHTHOM 3HEPrHH C
NOMOLLBIO NPHEMHOH «aHTEHKH» — TOXe KaKoro-uubyiab NpoBO-
JIOYHOTO WITHIPS MAW meTesbkH. Ha ¢ur. 24.8 noxasan BOJIHOBOL,
4acTb CTEHOK Ha PHCYHKe BbIXBaueHa, yToObl OblJH BHIHBI BXO-
HOW WITHIPb M NPHEMHBIA «npo6HHK». BXoaHOH WITBIpb MOXHO
NOAKJIIOYHTb Yepe3 KOAKCHaJbHblll KaGeJb K reHepaTopy CHrHa-
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Om zernepamopa /K demexmopy
cueHanoe Z

Due. 24.8. Boanosod ¢ 8xo0HuM wTupeM U NPOBHUKOM,

JIOB, a NpHeMHbLI# NPOGHUK TaKHUM JKe KabesieM MOXHO COEQHHUTb
¢ petektopoM. O6GblyHO ynoGHee BBOAMTb NMPOOGHHK yepe3 [/MHH-
HYI0 npope3b B CTeHKe BOJHOBOZA. Torga MOXHO MM BOAHTH
BIO/Ib BOJTHOBOJA U 3aMepsiTb NnoJie B pPa3sHbIX MeCTax.

Ecsiv nogath ¢ cHurHaj-reHepaTopa 4acToTy o, GOJbUIYIO, YeM
rpaHHyHas 4acToTa @, TO NO BOJHOBOAY OT LIThIpA NaGEeryTt BoJ-
Hbl. Ec/in BoHOBOJ GecKOHeuHOH NJIMHBI, TO HUKAaKHX BOJH, Kpo-
Me 3THX, He Oyaer (uToObl caenaTb ero GeCKOHeYhbIM, HAJ0 Ha
KOHLle ero NOCTaBHUTb TLIATeNbHO CKOHCTPYHPOBAHHBIH MNOTJIOTH-
Te/b, KOTOPBIH He JONMYCTHUT OTpaxceHHs OoT 3Toro KoHua). Torxa
NOCKONbKY [JeTeKTOop H3MepsieT noJse O64au3 npo6GHHKA, ycpen-
HeHHOe No BpeMeHH, TO OH 6yneT BOCNPHHHUMATb CHTHAJ, He 3aBH-
CAIMHA OT NOJIOXKEHHS1 B BOJIHOBOJE; Ha BbIxoje OyneT perucTpH-
poBaTbCA BeJHUHMHA, NpPONOPLHOHAJNbHAs NepegaBaeMOil MOLU-
HOCTH.

Ecau xe cpenarth Tak, yToObl OT Aa/JbHEro KOHLA BOJHOBOIA
oTpaxasaacb BOJIHA (Npeae/bHbl CJAydYail: ecaH 3aKpbITb €ro
MeTa/JIHYeCKON NJacTHHKOM), TO BAOGABOK K nNepBOHAYa/bHOMH
BOJIHE NMOSABHUTCS OTPa)KeHHas. DT ABe BOJHbI OyAyT HHTepdepH-
poBaTb M CO34aAyT B BOJHOBOLE CTOSYYIO BOJIHY, NMOXOXKYIO Ha
CTOSIYMe BOJIHBI B CTPYHe, O KOTOpbIX TroBOpHJOCH B TIJ. 49
(Bbin. 4). B 3atom cayuyae, no Mepe Toro Kak npoGHHK nepeaBH-
raercs BAOJb TpPYObl, OTCueThl geTexTopa OyAyT NepUOAHYECKH
NOBBHIIIATLCA H NajaTh; MakCHMyM mnojasi 6yfeT OoTMeyaTb NOAb-
e€Mbl BOJIHBI, 2 MHHUMYM — y3Jbl. PaccTosiHue Mexnay AByMsi mno-
c/Jef0BaTeNbHBIMU y3JaMU (MU rpeGHIMH) paBHO Ag/2. To naer
HaM ynoOHBbIH cnoco6 H3MepsiTh QJIHHY BOJHBI B BOJMHOBO#e. Ecin
CIBHraTb 4acToTy OJIHXKe K w,, TO PAaCCTOSIHHEe MeX1y Yy3/aaMH
yBeJNHYHUTCS, MOKa3blBasi TeM CaMbIM, YTO AJHHA BOJAHBI B BOJIHO-
BOJle U3MeHsieTCs no 3akoHy (24.19).

[lycTp Tenepb Haul curHaj-reHepaTop BKJKOYEH Ha 4acToTy,
YyTb-4yTb MEHbIUYIO, 4YeM (.. Torjaa nokasaHus jgerektopa OyayT
NOCTeNeHHO NajaTh MO Mepe TOro, Kak npoOHHK yaanasiercss BAOJb
Bo/sIHOBOAa. Ec/ay ellle NOHM3UTL 4acTOTy, HaNpsXKEHHOCTb NOJA
HayHeT yOblBaThb ObICTpee, c/aenys KpHBOH ¢ur. 24.7 U nokasbl-
BAasi, YTO BOJIHBI HE PACMPOCTP aHAIOTCH,
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§ 6. Counenenue 041060008

Ba)kHoe npakTuyeckoe npUMeHeHHe BOJHOBOLOB COCTOUT B Ne-
pelaye BbBICOKOYACTOTHOH MoOIIHOCTH. MMM, HanpuMep, coenH-
HAIIOT BbICOKOYACTOTHBIH OCUHMJ/JIATOP HJAH BBIXOLHOH YCHJHTEJb
papuosiokatopa ¢ aHTeHHOH. Cama e aHTeHHa OOBIYHO COCTOUT
13 napa6oJiHueckoro pedJexktTopa, B (OKYyC KOTOpOro nojaercs
3Heprus OT BOJIHOBOJA, pacLIUpsAIOllerocss Ha KOHLEe B BHAE
«pora», KOTOpbI#l H3/JyuaeT BOJIHbI, NPHUXOJslLHEe NO BOJHOBOAY.
XoTs BBICOKYIO YacCTOTY MOXHO NepeanaBaTbh W MO KOaKCHAJIbHOMY
KabeJ10, BOJIHOBOJ, BCE XKe Jyullle — N0 HeMY MOXHO nepejaBaTh
60/bIIyI0  MOUIHOCTb. Bo-nepBblX, nepenaBaemMasi no kaGesio
MOUIHOCTb OrpaHHueHa ONacHOCTbIO Npo6Os H30JALHMH (TBepaoi
UM ra3oo6pa3Hoil) MeXAy npoBoaHMKaMH. HanpsixkeHHocTH mno-
JeH B BOJIHOBOJAE NpPH HAHHOH MOULHOCTH OGBIYHO He CTOJb Be-
JIMKH, KakK B KabeJ/e, TaKk 4TO MOXHKO mNepefaBaTb O6OJabllixe
MOUIHOCTH, He omnacascb npo6os. Bo-nepBbiX, noTepH MOLIHOCTH
B KOakcHaJbHOM Kabese oObluHO OoJibllle, YeM B BOJIHOBOE.
B ka6esb NpUXOAMUTCA CTABUTb M30JALUHOHHBIA MaTepHaJ, 4TOGHI
noanepxartb BHYTPeHHHH NpPOBOAHHMK, U B 3TOM MaTepHaJjie BO3-
HHUKAIOT NOTepH 3HepruH, OcoOeHHO TNpH BBICOKHX YacTOTax.
Kpome TOro, n/ioTHocTH TOKa BO BHYTPEHHEM NpPOBOAE BeCbMa
BBICOKH, a NOCKOJIbKY NMOTepH NponopuHOHaJdbHBEl Kgadpary nJor-
HOCTH TOKa, TO uyeM cJjabee TOK B CTeHKax BOJIHOBOAA, TeM
MeHblile noTepH 3Heprud. UToGbl CBECTH 3TH NOTEPH K MHUHHU-
MYMY, BHYTPEHHIOIO MOBEPXHOCTb BOJHOBOAA YacTO NOKPLIBAIOT
XOpoLIO IIPOBOASILIUM MaTepHaJoM, cKaxeM cepebpoMm.

[Ipo6nema coenrHeHHs] «KOHTYPOB» C BOJNIHOBOJAMH De3KO OT-
JHYaeTcsl OT aHAJOrMYHOH 3ajayd NpH HU3KUX yacToTax. Ee ua-
CTO Ha3bIBalOT MHKPOBOJIHOBBIM «cousieHeHHeM». /st 3TOH ue/u
6b1710 MpHAYMaHO MHoro npu6opoB. Hanpumep, aBe CeKUHH BOJ-
HOBOJa OOBIYHO CBS3BIBAIOTCA NpH noMouwH ¢aaHueB (pur. 24.9),
HO TaKoe COeJMHEHHe MOXeT MoBJieub 32 cO6OH cepbe3Hble MO-
TepH 3IHEpPruu, NOTOMY YTO yYepe3 COeAUHEHHe MOTEeKYT MNOBepX-
HOCTHbIE TOKH, & HX CONpPOTHBJIEHHE OOBOJIbHO BeJIHKO. OLUH M3
cnoco6oB u3bexaTb NOTepb— 3TO chAelaTh ¢JaaHuUbl Tak, Kak
nokasaHo Ha ¢ur. 24.10. Mexay COCeIHHMH CeKLHSIMH BOJIHO-
BOJA OCTaBJSIOT HeGOJbILOH 3a30p, a HAa ToplLe OAHOro K3 (QJaaH-
ueB nenaetcs xenoGok. [Toayuyaercs HeGoabwiasi nosocTh (Cp. €
¢ur. 23,16,8), pasmepbl KOTOpOIl BEIGHPAIOT TaK, YTOOLI ee pe3o-
HaHCHas yacToTa CcOBnajaJna ¢ yacTOTOH BOJIH B BOJIHOBOJe. ¥ Ta-
KOH pDe30HAHCHOI MOJIOCTH «HMMENaHC» OueHb BBICOK, MO3TOMY
yepe3 MeTAMJIHYeCKOe COefMHeHHe (Touka a Ha ¢ur. 24.10) namer
CpaBHHUTeJbHO ca1abblii TOK. CH/IbHBIE TOKH B BOJIHOBOJE MONPOCTY
3apsixKalT M paspsixKalT «eMKOCTb» Ilead (B Touke b), rae
SHeprusi pacceuBaercsi cjabo.
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Puez. 249. Cekyuu 6oanosoda, ccedunen-
Hole pranyamu.

Tenepb npencTaBbTe, 4TO BaM HYKHO 3aKpPbITh BOJNHOBOJ TaK,
yTOObl He BO3HHKJ/IO HHKAKHX OTPaXKEHHbIX BOJIH. 3HAYMT, HaZO
B KOHLle NMOCTABHTb YTO-HUOY[b TaKoe, YTO CMOXeT MMHTHPOBATb
6ecKOHeYHOCTb BOJIHOBO#A. HyXHO Takoe «KoHeuHoe» YCTpo#-
CTBO, KOTOpO€ [1eHCTBOBaJO Gbl Ha BOJNHOBOA TakK, KaK NeHCTByeT
Ha nepeialolyl0 JHHHIO ee XapaKTepHUCTHYECKHH HMNemgaHc —
YTO-TO, YTO TOJBKO MNoOr/jouwaer Haberawluiye BOMHbl, HO He OTpa-
xKaetT ux. Torpa BosaHOBOA Oyner AelcTBOBATb TakK, GYATO OH
OeckoHeyHblit. TakHe OKOHYaHHMS MOJYyYalOTCHA, €CAH MOCTABHTb
BHYTpPb TPyOBl TIIATe/NbHO H3rOTOBJIEHHble KAHHbS M3 NPOBOAS-
wero MaTtepua/aa. OHHM TOJNLKO MOrJIOWIAIOT SHEPTHIO H MOYTH He
reHepHpYIOT OTPaXKeHHBbIX BOJIH,

Ec/in BaM HYXXHO COeAHHHTb MeXAy co60il Tpu 3.1emenTa, cKa-
K€M OIMH HCTOYHHK W [Be AHTEHHbI, TO AJS 3TOrO FOAHMTCH YCT-
poiictBo B Buzse «T», Kak nokasano Ha ¢ur. 24.11. MolHOCTb,

v/
PesoruHcHan
Praney - nonocmo
Boarosod Boarosod
AN N\
\b
AN A NS Puea. 24.10. Courenenue

deyx cexyuid 6oanosola,
darowee maable norepu.
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Pdue 24.11. Boanosod «T».

Ha ¢aanybl HadeTbt naacrmaccodole
Koanauki, npedoxpanfrouwue BHY-
Tpenntoto 4actb «I'» oT 3azpasnenus i
8 HepaboTarouiem CoCTOARUU. .

NOABOAMMAsl LEHTPaJbHOH |
cekuuelt storo «T», pac- |
wenasieTcs M pacXopHTCs
no ABYM pyKaBaMm (3Mecb
elle MOXeT MNPOH30HTH H
oTpaxkeHHe BoJH). M3 cxembl, mpeacTaB/eHHON Ha ¢ur. 24.12,
MOXXHO KayeCTBEHHO yBHJETb, YTO MOJIS Ha KOHIle BXOJHOH CeK-
LLHH MOTYT pPa3oHTHCb H CO3[aTb 3JeKTpHYeCKHe NoJis, KOTopbie
JdafyT Hayano Bo/MHaM, pasberaiouiumcs no pykasaMm. Cmotps no
TOMY, MNEepneHAHKYJASpHbl Jh 3JeKTPpHUYECKHe MNoJs <«BepXyllKe»
Hauwero «T» waM nmapanasenbHbl efl, nonsd B MeCTe COYJIEHEHHS
MOTyT OKa3aTbCsi JTHOO TaKHWMH, KaK Ha ¢ur. 24.12,a, 1mb6o Kak
Ha ¢ur. 24.12,6.

Hakonen, xortenocb 6bl onucatb npubop, HMeHYeMbil «Ha-
npaB/ieHHbIM OTBETBHTeJNeM». IJTO OYeHb MoJie3Hoe YCTPOHCTBO,
KOrjla HYXHO Y3HaTb, YTO MOJIyYH/JIOCb MNOCJAe TOro, KakK Bbl
COY/IEHHJIH MeXAy cO060H KaKoe-TO C/J0XKHOe PacnoJioxkeHHe BOJ-
HoBoJOB. HanpuMep, HyXHO y3HaTb, B KaKylo CTOpOHY Oeryt
BOJIHbI B TOH H/IH HHOH CeKUHH TpyObl; CKaxXeM, HeoGXOAHWMO
npeAcTaBHTb ceGe, HaCKOMbKO CH/b-

Ha B Hell oTpaxeHHas Bo/aHa. Ha- E
npaBJ/ieHHbI!l OTBETBUTE/Nb OTOHpaeT
v

HEMHOXXKO MOLIHOCTH y BOJIHOBOJA,
ecly no HeMy GeXHT BOJIHA B Of-
Hy CTOpPOHY, U He OTGHpaeT HHUYEro, - 1
eciu oHa Oexut B apyryio. Iloa- v
KJIIOUMB BBIXOA COeJHHHTENs K Je-

TEKTOpY, MOXHO H3MepHUTb «omHo- 9
CTOPOHHIOIO» MOLIHOCTb B BOJIHO-

—

v

E
(<]
e o ©o o o © 9
v ©o v
Due.  24.12. Saekrpuseckue noaa o0 ?v
8 goanosole «T»> npu 0dsyx 603MOK-
HblX OpUEHTAaYUAX NOAR. 5 00
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Puea 24.13. Hanpasaennoui
oreersureas

Boge. HanpaBseHubifi oTBeTBHTenb (¢ur. 24.13) —3To Kycok
BoJIHOBOAAa AB, K 0aHO#l W3 CTOpPOH KOTOpOro npunasH Apyro#
Kycok BoaHoBoga CD. Tpy6a CD otorHyta B CTOPOHY TaK,
yTo6bl NOMECTH/ICH COeJHHHTeNbHbIt ¢uaaHeun. [lpexne uem
cnasitb TpyObl, yepe3 COCeJHHE HX CTEHKH HaCKBO3b MNpOCBep-
JUMH mnapy (WJIH HecKOoJbKO) OTBepCTHH, 4TOOBI uYepe3 HHX
yaCTb moJsieil B IJ1aBHOM BoJHOBoae AB wmorsia npoiTH BO BTO-
puunblit  BomHoBoa CD. Kaxnoe oTBepcTHe [efcTBYeT Kak
aHTeHHa — reHepUpyeT BOJIHBI BO BTOPDHYHOM BoJHOBOZe. Ecun
6bl OTBepcTHe OBIJIO OIHO, TO BOJIHBl pacxoausaucb 6bl B o06e
CTOPOHBl U GblMM Obl ONMHAKOBBl HE3aBHCHMO OT TOro, Kyaa Ha-
npasJieHbl BOJIHBI B nepBUYHOM BoJiHOBoge. Ho Korma oTBepcrhil
d6a ¥ KOria paccTosiHMe MeXJy HUMH PaBHO YeTBEPTH AJHHbI
BOJIHBI B BOJIHOBOJZE, TO OHH NPEJCTaBJSAIOT c060#l 1Ba HCTOYHHKA,
cABUHYTble no ¢ase Ha 90°. A BbHl NOMHHTE, MBI pacCMaTpHBaJ/H
B . 29 (Bbin. 3) vHTepdepeHLHIO BOMH OT ABYX aHTEHH, pa3iBH-
HYTBIX Ha A/4 u Bo36yxnaaembix co capurom 90° no ¢asze? Mul
YCTAaHOBW/IM TOTAa, YTO B OJHOM HanpaB/eHHH BOJHBl BbIUH-
TalTCA, @ B JpPYyroM ckaansiBailotcsi. To e camMoe NpOHUCXOLHT
¥ 3aecb. Bonna, reHepupyemasi B CD, Gymer GexaTb B Ty XKe
cTopoHy, uto u AB.

U ecau BoaHaA B nepBHYHOM BosHOBoAe GexHuT ot A K B, TO
Ha BbIxofe D BTOpHYHOrO BOJIHOBOAA Mbl TOXE 3aMEeTHM BOJIHY.
Ecau ke BosIHAa B nepBHYHOM BO/MHOBOAe Gexut ot B K A, To Bo
BTOPHYHOM BOJIHOBOAe BOJIHA noGeXHT K C. A Ha 3TOM KOHle
CTOHT TaKoe OKOHYaHHe, YTO 3Ta BOJHA B HeM MOIJOTHTCA H Ha
BbIXO/le OTBETBHTEJ/sI BOJIH BooOule He Oyper.

§ 7. Tunot 6oan 8 80aH0800e

Bri6pannas HaMH A5 aHaJaM3a BOJIHA — BCEro JIHIIb OfHO H3
peuwleHuil ypaBHenu#t nosas. MIx Ha camom pene kypma Goabuie,
Kaxnoe peueHne npeactasasieT co60il CBOH «THN BOJIHBI» B BOJ-
Hosone. CKaxeM, B Hallefi BOJIHe BJOJb HanpaBJeHHs X YyKJjas
IbIBA/IOCh TOJbKO moJcHHyconabl. HuuyTb He Xyxe peluetue,
B KOTOPOM BAOJIb X YKJajAblBaeTcsi BCs CHHycOMI2; U3MeHeHHe Ey
C x Toraa noka3aHo Ha ¢wur. 24.14. ¥ 3toro Tuna BOJH Rx BIBOE
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D yuez 24.14. Ewe odna 603mox-
naa 3asucumocto E, or x.

)

GoJblile W TpaHHYHAsl yacToTa MHOro Bbille. Kpome TOrO, U3yueH-
Hass HamMy BoJHAa E HMeeT /MUIb y-KOMNOHEHTY, HO OBLIBAIOT H
THOBI BOJIH ¢ 6GoJ/iee CJI0XKHBIMH 3JeKTpUueCKUMH noJismu. Ecau
y 3JIEKTPHYECKOrO MOoJIsi €CTh TOJbKO X- H Y-KOMINOHEHTHI, TaK 4TO
OHO BcCerja nepneHIHKYJAsIDHO OCH 2, TO TaKOH THN BOJIH Ha3bl-
BAeTCsl «NOMEepeyHbIM 3JEeKTPpHUYecKuM» (uau cokpalleHHo TE)
THNOM BOJIH. MarHuTHOe noJie B BOJIHE TaKoro Tuna Bcerpa o6.a-
naet z-koMnoHeHtoH. [lanee, oka3biBaercs, 4to Korga y E ecth
Z-KOMNOHEHTa (BAO/b HanpaBJ/leHHs1 pacnpocTpaHeHus), To y Mar-
HUTHOTO NOJISi €CTh TOJMIbKO NonepeyHble KOMNOHEHTHl. Takue noJs
Ha3bIBAIOTCS «NONEPEYHBIMH MATCHUTHBIMH» (CoKpalleHHo TM)
THNaMu BOJIH. B npsiMoyrosbHOM BOJIHOBOJE BCe THMbl 06/1anatoT
60J/1ee BBLICOKOH FpaHHYHOH 4AacTOTOH, YeM OMHCAHHBIH HAMH MNpo-
cro#t TE-tun. ITosToMy Bcerna Bo3MOxHO (H TakK OGBIYHO [A€/1aI0T)
HCM0JIb30BaTh TAKOH BOJIHOBOJ, B KOTOPOM 4acTOTa HEMHOIO mpe-
BbIllIaeT 'PAHHYHYIO YaCTOTY 3TOrO HaWHU3lIero Tuna kosnebanui,
HO HAaXOAMTCA HHXKe TPaHUYHBIX YacTOT BCeX JpPYrux THNOB.
B TakoM BoJIHOBOJe pacnpocTpaHsieTcs BOJIHA TOJNBKO OJHOTO
Tuna. B npoTHBHOM c/yuae noBeJeHHe BOJH YCJAOXHAETCA H ero
TPYyAHO KOHTPOJIHPOBATbD.

§ 8. lpyezoii cnoco6 paccmorperua 8oan 8 60aH0800€

Tenepb 71 xo4y no-apyromy o6bSCHHTbH BaM, noyeMy BOJHOBOA
TaK CHJIbHO OC/lab/seT NoJsi, 4YacTOTa KOTOPbIX ,HHXXe FPaHHYHOM
4acToThl @c. §l Xouy, 4TOOH Bbl MOJY4YH/IH GoJjiee «(DH3HYECKOE»
npejacTaBJ/ieHHe O TOM, NoYyeMy TaK pe3KO MeHseTcs NOoBeleHHe
BOJIHOBOAA NMpH HHU3KHX M NpH BLICOKMX uyactoTax. Has npsimo-
Yro/IbHOrO BOJIHOBOAA 3TO MOXKHO Cle/aTh, aHAJ/JAH3HPYs MO/ Ha
A3blKe oTpaxkeHWil (HJ/IM H300paxelnit) B CcTeHKax BOJHOBOAA.
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Sse-

Due. 24.15. Jluneinvid uctou-
Huk Sy Mewly nposodauumu

33"’\ naockumu crenkamu W, u Wo.
M3obpancenus: CTenKu MONMHO 3AMEHUTH GECKonet-
UCMOYHUIKOG Holl nocae@08arTeAbHOCTb10 U306 PaNce-
G- HUL UCTOHHUKOS.
Wi

Sunedinsii \
Sge+ ucmoyHul |a / Bonrosod

17
Sye—
A Naobpaserun
UCITIOYHUIS0G
S0+
Sge-

Tako#i noaxon roauTcs, OLHAKO, TOJNBKO AJAS NPSAMOYLOJbHBIX
BOJIHOBOAOB; BOT NOYeMy Mbl Haya/l¥ C MaTeMaTHYeCKOro aHa-
JIn3a, KOTOPbIH B MNpHHIHNE TOAHUTCH 1/ BOJHOBOAOB J1000M
dopmbl.

Ina onucanHoro HamMu THna KoJeGaHHH BepTHKaJbHble pas-
Mephl (MO y) He WMeH HHKAKOrO 3HaueHWs, NO3TOMY MOXHO He
obpallaTb BHHMaHHsl Ha BEPX M HU3 BOJHOBOJAA W TpPEACTABJSTH
cebe, YTO BOJIHOBOJ B BEpPTHKAJbHOM HanpaBJ/ieHHH NpPOCTHPAETCH
6eckoneuyHo. IlycTp OH NpOCTO COCTOHT M3 ABYX BepTHKAJbHBIX
NJ1acTHH, yIaJeHHbIX APYT OT Apyra Ha paccTosiHHe a.

JaBaiiTe BO3bMeM B KayecTBe HCTOYHHKA MoJjeil BepTHKAaJb-
HBll NPOBOA MeXAYy NJaCTHHAaMH; NO HeMY TedeT TOK, KOTOpbIH
MeHsieTCsl ¢ 4acToToil . Ec/au 6Gbl BOJIHOBOA He MMes CTEHOK, TO
OT TAKOro npoBOJa PacXOAUJHCh Obl UMIMHAPHYECKHE BOJIHBI.

IlpencraBuM, 4TO CTEHKH BOJHOBOJAA CAe/NaHbl U3 H/1€aJbHOTO
nposoaHuKa. Torna, B TOYHOCTH KaK B 3JEKTPOCTaTHKE, YC/OBHUS
Ha NOBEPXHOCTH OYAYT BBLINOJHEHB!, €C/IH K NOJIO NMPOBOAA Mbl
J06aBHUM noJsie OJHOrO HJM HeCKOJNbKHX NMPAaBH/IbHO NOA06paHHbLIX
ero uzo6paxenunit. IlpeacraBnenne 06 n3zobpaxeHusx paboraer
B 3/IeKTPOAHHAMHKE HHUYTb He XYXKe, YeM B 3JIeKTPOCTAaTHKe, NpPH
CJIOBHH, KOHEYHO, 4YTO Mbl YuYHUTbIBaeM 3ana3jbiBaHue. Mbl
3HaeM, YTO 3TO TakK, NOTOMY YTO Mbl MHOTO pa3 BHAENH B 3epKaJe
u306paKeHHe UCTOYHHKA CBeTa. A 3epKaJio — 3TO H eCTb «HJeallb-
HbIA» NPOBOAHUK /S 3JeKTPOMarHHUTHBIX BOJIH ONTHYeCKOH ua-
CTOTBHI.

PacceueM Haul BOJHOBOA TOPH3OHTAMbHO, KaK NOKa3aHO Ha
¢ur. 24.15, rae W, u Wy — cTeHKH BoJIHOBOMA, a Sp— HCTOYHHK
(npoBoa). O6o3HauuM HanpaB/eHHE TOKa B MNpPOBOJE 3HAKOM
nioc. Byab y BosHOBO#a JMIIb OAHA cTeHKa, ckaxem W, ee
MOXHO Obla10 6bl ybpaTb, noMecTHB H300pakeHHe HCTOYHHKA
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(c npoTuBonmo/oXHOH mosaspHocTho) B Touke S; Ho npu mpyx
CTeHKaXx NMOSIBUTCH TaKXe u3obpaxeHHe Sy B cteHke Wj; 0603Ha-
4yuM ero Sp. ITOT HCTOUHHMK Takxe Gyner o6magaTb CBOMM H30-
6paxenuem B W,; o603Hauum ero S;. lanbuue, camu Sy u S; u3o-
6passarcs B Wy touxamn S, u Sg v T. a. M pas Hawed napsl nJjo-
CKHX NPOBOAHHKOB C HUCTOYHHKOM MNOCpeIHHEe MoJe MexXny Mnpo-
BOJHMKAaMH COBMajaeT ¢ TnoJeM, reHepupyeMblM O6eCKOHeYHOMH
LLeNoYKOH HCTOYHHKOB Ha PAaCCTOSIHMH a APYT oT apyra. (1o Ha
CaMOM JeJ/le Kak pa3 To, YTO Bbl y8udure, NOCMOTPEB Ha NpPOBOJ,
pPacnoJ/IoXKeHHbIl NMOoCpefiHHe MeXAY ABYMS napaJjefbHbIMH 3ep-
KataMHu.) Uto6bl nossi obpauiaiuch B HYJb Ha CTEHKax, MoJasp-
HOCTH TOKOB B H300pa<€HHAX N0JIKHBI MEHATbCS OT OJHOro H30-
6paxeHusi K cjaenywoiemy. MHaue rosopsi, ux ¢asa MeHsieTcsl
Ha 180° [Ilose BOMIHOBO4A — 3TO MpPOCTO CYNEPNO3HLUHs MoJei
Bcell 310l 6eCKOHEUHOM COBOKYMHOCTH JIMHEHHBIX HCTOYHHUKOB.

H3BecTHO, uTO BGJHM3H OT HCTOYHHKOB MOJIe OYeHb HaNOMH-
HaeT craTthueckue noas. B ra. 7, § 5 (Bwn. 5) Mbl paccMartpu-
BaJ/IH CTaTHYecKoe MNoJie CeTKH JHHEeHHbIX HCTOYHMKOB M HallJH,
4YTO OHO NOXOXeE Ha noJie 3apsXKEHHOM NJIAaCTHHBI, €CJH He CuH-
TaTb 4Y/MeHOB pfAjda, yObIBAIOUIMX NO Mepe yAa/JeHHs OT CeTKH
9KCMOHEeHUHa/NbHO. ¥ HaC CPelHss CHJ/a HCTOYHHKOB pPaBHA HYJIIO,
NOTOMY YTO Y KaXXAO# napbl COCEAHHX HCTOYHHKOB 3HAKH MpPOTH-
BOMOJIOXHBL. JI106ble noJs, CyllecTBYIOUIHe 31eCh, AOMXKHBI C pac-
CTOSIHHeM YObIBaTb 3KCMOHEHUHaJbHO. BnJOTHYIO K HCTOYHHKY
MBI B OCHOBHOM BOCNPHHHMAaeM InoJie 3Toro GJHXKaMflliero HCToOY-
HUKa; Ha OO/bLIMX DacCCTOSHHUAX YyXKe BO3LEeHCTBYET HECKOJbKO
HCTOYHHKOB, W HX CYMMapHOe BJ/IMsHHe AaeT HyJb. Mbl Tenepb
IOHUMaeM, OTYero BOJIHOBOJ HHXKe TPaHHYHOH Yac10THl Jaer
9KCnoHeHUHanbHO yObiBaloulee noJe. Ilpy HHU3KHX wacToTax ro-
IUTCS CTaTHYecKoe NpUOMHKEHHE, U OHO NpeacKa3biBaeT GbICTpoe
oc/aabJ/eHHe noJiell ¢ pacCTOSTHHEM.

Tenepb 3aTo BO3HHKAET NPOTHBONO/OXKHbIH BONPOC: OTYEro xe
B TaKOM CJ/y4yae BOJIHBI BooOlle pacnpoctpaHsitorcsi? Tenepb yxe
3TO BBHIMJIIANT TAWHCTBEeHHO! A npuuMHA-TO B TOM, YTO NPH BbI-
COKHMX 4acTOTax 3ana3ibiBaHue noJieii MOXeT BHeCTH B a3y 1o-
6aBOYHbBIE H3MEHEHHsl, KOTOpble MOTYT NMPHBECTH K TOMY, YTO MOJSI
HCTOYHHKOB C NPOTHBOMNOJOXHOH ¢a3oif 6yayT yCH/JIHBATh, a lie
racutb Apyr apyra. B ra. 29 (Bein. 3) Mbl yKe H3yyanu Kak pas
I/ 9TO# 3ajauyd noJs, co3jaBaeMble CHCTEMOIN aHTEHH WJH on-
THYecKOH peweTkoil. Torga Mbl 06GHApYKH/H, YTC COOTBETCTBYIO-
llee pacnoJ/ioXKeHHe HeCKOJbKHX PaJHOAaHTEHH MOXeT NPHBECTH
K Takoi WHTepdepeHUHOHHOH KapTHHe, YTO B OAHCM Hampas.ie-
HHH CHTHaJ OyJeT OuyeHb CHJbHBIH, @ B APYrUX CHUrHaJ0B BoOOLLe
He Oyner.

BepHemcsi k ¢ur. 24.15 1 nocMoTpHM Ha moss Ha 060JbLIOM
pPaccTOsiHMM OT JNHHHM H3006paKeHH# wucrounukos. [loasa 6yayT
BEJHKH JIMIIb B HEKOTOPbIX HanpaBJ/eHHAX, 3aBHCALWHX OT
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bue 2416. Odna cosokynHocTs
KO2EPEeHTHbLX BOAH OT BEPeHULbL A=
HelHbLX UCTOUHUKOS.

4acTOThl, HMMEHHO B TeX Ha-
npaBJieHHsiX, B KaKHX noJs
BC€X MCTOYHHKOB MNONajaloT
B ¢a3y Apyr K Apyry H ckmaa-
neiBatoresi. Ha 3amMetHoM pac-
CTOSIHUM OT HCTOYHHUKOB MoJIe
B 3THX CnelHa/bHbIX Hanpas-
JIeHHUSIX pacnpocTpaHsieTcs
KaK NJ0CKHe BOJHBL. MBI H30-
6pasuan  TaKyl BOJIHY Ha
¢ur. 24.16, roe cnJOUIHBIMH
JIHHUAMH JaHbl rpeGHH BOJIH,
a wTpuXoM —BnaguHbl. Ha-
npaBJieHHe BOJIHBI  JOJIXKHO
ObITb TaKHM, YTOObI Pa3HOCTb
3ana3biBaHUI OT JBYX COCEJHHX HCTOYHHUKOB A0 rpeGHSI BOJIHBI
oTBeyaJa nosynepuHoay kose6GaHus. MIHBIMH C/J0BaMH, pas3HOCTb
MEXAY r2 U ro Ha PUCYHKe paBHa MOJIOBHHE [JIMHbI BOJIHBI B MNy-
CTOM NpPOCTPAaHCTBE:

Ao
r2—r0=7.

Torpa yron1 0 naetcs ycnoBueM

sin@ =22, (24.33)

HmeeTcs, KOHeyHO, W Jpyras COBOKYMHOCTb BOJIH, Oeryuiux
BHU3 NMOJ CHMMETPHYHBIM YIJIOM NO OTHOLIEHHI0 K JHHHH HCTOY-
HHUKOB. A moJ/lHOe noJie B BOJHOBOJE (He CJAHIIKOM GJH3KO K HC-
TOUHHKY) ABJISIETC CYNepno3uuHell 3THX OBYX COBOKYNHOCTeH
BOJIH (¢ur. 24.17). KoHeuHo, B NeACTBHUTEJNbHOCTH KAPTHHA UCTHH-
HBIX MOJIeH COBnajaeT ¢ H3006pa)KeHHOH JHWb B NPOCTPAHCTBe
MeXJIy CTeHKaMH BOJIHOBOAA.

B takux Toukax, kKak A u C, rpe6HH OBYX BOJIHOBBIX KapTHH
COBNMaAyT, U y noJs GymeT MakCHMyM; B TOYKax e HanojgoGue
B nukn o6eux BOJIH HanpaBJ/ieHbl B OTPHLATE/]bHYIO CTOPOHY, H
nojie o61afaeT MUHUMyMOM (HaWMeHbLIMM OTPHUATENbHbIM 3Ha-
yeHneM). C TeyeHHeM BpeMeHH mnoJje B BOJMHOBoAe OyneT ABH-
ratbcst BAO/b Hero. J[JiMHa BOJIHBI GyaeT paBHa Ay — PaCCTOSIHUIO
or A no C. Ona cBs3aHa ¢ 0 ¢opmyo#

cos =12 (24.34)
4
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buz. 24.17. Nose 8 80aH0800e
MONCHO PACCAMQTPUBATE KAK HA- S e- \
noKcenue 08y x BepeHiLy nAOCKUX w, \
80H.

8404

[Moacrasass (24.33) BMecto 0, nosnyuaem

Ay =22 M (24.35)
0s® 1= (Ag/2a)
4YTO B TOYHOCTH coBmajgaer ¢ (24.19).

Tenepp HaM CTaHOBHTCA NMOHATHO, MOYEMY BOJIHBI pacnpocTpa-
HSIIOTCSl TOJIBKO Bbllle TPAHHYHOH YacTOTHl wp. Ec/aH pJiMHA BOJIH
B NMyCTOM NPOCTPaHCTBe 6oJibllle 2a, TO He CYLIECTBYET yraa, nof
KOTOPBIM MOXKeT MNOsIBUTbCA BOJIHA, NOKa3aHHas Ha ¢wur. 24.16.
Heo6xoannmas a1s 3TOro KOHCTPYKTHBHAs HHTep@epeHLHs BO3-
HUKaeT BHe3anHo, eIBa Ao OKa3blBaeTcs MeHblle 2a, WJH, UYTO
TO Xe caMmoe, KOraa wy = mc/a.

A ecnn yacTOoTa LOCTAaTOYHO BBICOKA, TO MOXKET MNOSIBUTbCS JBA
HaH 60J/bllle BO3MOXHBIX HanpaBJ/jieHHs pacnpocTpaHeHHs BOJIH.

B nawewm ciyyae sTo npousoitzer npu Ag< 5 a. Ho BooGute-to 510

MOXKET NMPOHCXOAHTb H NpPH Ay << a. DTH A06aBOYHblE BOJHBI OT-
BeyaloT BBLICUIMM THNaM BOJH, O KOTOPbIX Mbl TOBOPHJIH.

[locse Hawlero aHanHM3a CTAaHOBHTCSl TaKXe SICHO, oTyero ¢a-
30Basi CKOpPOCTb BOJIH, Geryliux no tpyG6e, npeBbillaeT ¢ H 3aBH-
cuT or o. Koraa o mensiercsi, MeHsieTcss M yros Ha ¢ur. 24.16, nog
KOTOPBIM B MNYCTOM NPOCTPAHCTBE DacCnpoOCTPaHAIOTCS BOJHBI, a
BMeCTe C 3THM MeHseTCsl M CKOPOCTb BAOJb TPYOHI.

XoTs Mbl ONHCa/aM BOJHBI B BOJHOBOJE B BHJAe CYNEPNO3HUHH
nojseil 6eCKOHEYHOH COBOKYNHOCTH JHHEHHBIX MCTOYHHKOB, HO
MOXHO y6eIHTbCSl B TOM, YTO TOT e Pe3y/IbTaT MOXHO Obl/O Gbl
NnoJIyYuTh, NpeAcTaBHB cebe [Be COBOKYMHOCTH BOJH B NYCTOM
NpOCTPAHCTBE, MHOFOKPAaTHO OTpax{aeMblX OT ABYX HIea/bHbIX
3epKaJ Bnepeji M Ha3al, ¥ BCNOMHHAS, YTO NoA0OHOe OTpaKeHHe
O3HayaeT nepeMeHy 3HaKa ¢asbl. DTH COBOKYNHOCTH OTpaxae-
MbIX BOJIH racu/au Obl ApPYr Apyra noj BCeMH YIJIaMH, KpoMme
yraa 0 [cM. (24.33)]). OaHy u Ty Xe Belllb MOXXHO pacCMaTpPHBaTh
MHOTHMH cnoco6aMH.
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T'rasa 25

3JIEKTPOOAHHAMHUKA
B PEJIATUBUCTCKHX OBO3HAYEHHUAX-

§ 1. Yereipexsexropbt

B aroil rnaBe Mbl paccCMOTpUM NpHMeHeHHe
crneuuaJbHOH TEOPHH OTHOCHTENbHOCTH K 3JIeKT-
poAMHaMHKe. Mbl M3yya/aH TeOpHIO OTHOCHTEJb-
HOCTH JOBOJIbHO paBHO (ra. 15—17, Bein. 2),
no3TOMY $i 3[€Cb KOPOTKO HAaNOMHIO OCHOBHbIC
uaen.

JKCnepUMEHTAJIbHO YCTAHOBJIEHO, YTO 3aKOHbI
(GH3HKH NpH pDaBHOMEDHOM [ABHXEHHH He H3Me-
HsoTcsA. Ecau Bbl Haxoautecb BHYTPHU 3Be3[0-
JeTa, JeTdlulero ¢ NOCTOSSHHOH CKOPOCTbIO MO
NpsMO# JHHUH, TO HE MOXKETe YCTAHOBHTb CaMOro
¢daKTa ABHXKeHHs KopabJas: AJas 3TOro Hajao BHI-
TJASHYTb HapyXy HJAM No KpalHefi Mepe npose-
CTH KaKue-TO Hab/i0leHHs, CBSiI3aHHble C BHeLI-
HUM MHpoM. Jli06o#f HanHCaHHBII HaMH HCTHH-
Hbll 3aKOH (U3UKH [JO/KeH OblTb cHOpMYJIHPO-
BaH Tak, u4To6bl 3TOT (aKT npHpoAbl ObLI
«BCTPOEH» B HETO.

CooTHolLIeHHe MeXAYy NPOCTPAHCTBOM H Bpe-
MeHeM B JABYX CHCTeMax KOOpAHMHAT (0oQHa H3
KOTOpBbIX S’ paBHOMEPHO ABHXKETCS OTHOCHTENBHO
npyroit S B HanpaBJ/IeHHH OCH X CO CKOPOCTbIO U)
onpepensercs npeobpasosanusnu Jloperya:

t—oux

== VY
,  x—ot , (25.1)
X ——‘;frffjg, 2 =2z2.

3aKkoHbl (H3HKH LO/MKHBI OBITb TaKOBBI, YTO-
6b1 nocJie npeobpasoBaHui JlopeHUa OHHW B HO-
BoH (opMe BHIr/saesn abCOJIOTHO TakK e, Kak
U paHblle. DTO B TOYHOCTH HanoOMHHAeT NPHHLHN
He3aBHCHMOCTH 3aKOHOB (QH3HKH OT OpueHTayuu
Hauleit cucteMbl KoopAuHaT. B ra. 11 (Bein. 1) Mbl
BHJE/H, YTO cnoco6oM MaTeMaTHYeCKOro onuca-
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§ L

§ 2.

§ 3.

§ 4.

§ 5.

YeTbipexBeKTOPBI

CkaaspHoe
npousseneHune

YeTbipexmep-
Hblil rpagueHT

dnekTpoauHa-
MHKaAa B YeThbl-
pexmMepHbiX
0003HaYeHHAX

YeT1oipexmep-
Hplif noTeHuuan
JABHXKYLLErocs
3apsana

§ 6. UHBapnanTHOCTL

YpaBHeHHH
3JeKTPOAHHa-
MHKH

B aroit raase ¢ =1

Ilosropurs: ra. 15

(Bbin. 2) «Cne-
LHanbHas  Teo-
pHA OTHOCHTEJb-
HOCTHY»;

ra. 16 (sbin. 2)
«PensTnBuct-
CKas 2Heprus M
HMNYJAbC®;

ra. 17 (Bbin. 2)
«MpocTpancrso-
BpeMsA»;

ra. 13 (Bwin. 5)
«MarnuTtocTa-
THKa»



HHSl 3TOH HHBAPHAHTHOCTH OTHOCHTE/JbHO BpallleHUs SBJsETCA
3anUCh ypaBHEHHH B 8EKTOPHOM BHIE.
Tam Mbl 06HapyKuIH, YTO €C/IH, CKaXeM, B3ATb ABa BeKTOpa

A=(Ax, Ay, Az) u B=(B,, By: B,),
TO KOMOHHAUHSA
A-B=A,B,+ A,B,+ A.B,

npy NOBOPOTE CHCTEMbl KOOPAHHAT He MeHsieTcsl. Takum o6pasom,
ec/I1 ¢ 06enx CTOPOH YpaBHEHHS Mbl BHAMM CKaJ/sipHOe NPOH3Be-
neHue, nogo6Hoe A-B, To ypaBHeHHe Gyner HMeTb B TOYHOCTH
Ty e ¢opMy B /060ii NOBepHYTON cUcTeMe KoopauHart. Kpome
TOrO, Mbl OTKPELIH onepaTop (cM. . 2)
J a J
V— ('a_x—, W! 'E ’

KOTOpbI, 6YyAyYH NpUMeHeH K CKaJsipHOH (GYHKLHH, AaeT TpH Be-
JUYHHBL, peo6pa3ylolidecss B TOYHOCTH Kak BekTop. C MOMOUIbIO
3TOro oneparopa Obl1 omnpene/jeH rpajHeHT, a B KOMOHHAULHH
C ApPYrMMH BEeKTOpaMU — JHMBepreHuHus W Jannacual. Y, HakoHel,
Mbl OGHapYXXHJ/H, YTO, COCTAB/Asl CYMMbl HEKOTOPBIX NONapHbLIX
NpoU3BeeHU KOMNOHEHT ABYX BEKTOPOB, MOXHO IIOJYYHTb TPH
BeJHUYUHBI, KOTOpble BedyT ce6s mono61o HOBOMY BeKTopy. MBI
HA3BaJIM 3TO 8EKTOPHbIM npousdsedenuem NByX BeKTopos. Hcnossb-
3ysi 3aTeM BeKTOpDHOe NMpOM3BefeHHe ¢ onmepaTtopoM V, Mbl onpe-
IeJUIH pOTOp BeKTopa. B pa/ibHefllleM HaM yacTo NPHAETCA CChl-
JlaTbCsl HA TO, 4TO ObIIO HAMH CJe1aHO B BEKTOPHOM aHaJjlu3e,
NO3TOMY BCe Ba)HeHllMe BEKTOPHble oOnepallid B TPeXMepHOM
NPOCTPAHCTBE, KOTOpble HCNOJb30BAIUCh B MNPOLIIOM, MBI CO-
6panu B Tada. 25.1.

Tabauya 251 @ BAXHEVIIHWE BEJIMYWUHbBI U ONIEPATOPHI
TPEXMEPHOI'O BEKTOPHOI'O AHAJIM3A

OnpeneneHue BeKTOpa A=(4y Ay Ay
CkansipHoe npoH3BegeHHe A-B

BexTopHbiii auddepenunansubiii onepatop V

I'panuent Vo

JnBepreHuys V-A

Jlanaacuau V.V=yV?
BexTopHoe npousBegeHue AXB

Potop ¥ XA

[Tonbsysicb el0, MOXHO TaK 3anucatb J060e YypaBHeHHe u-
3HKH, Y10 06e ero yacTH npeo6GpasyloTcs NpH BpalleHUsX OAMHa-
KOoBbIM o6pa3zom. Eciu oaHa ero uacTb — BEeKTOp, TO BEKTOpOM
JO/IKHA ObITb H ApPYrasi 4yacTb, H 06e OHH NPU BpallleHHH CHCTEMBI
KOOpAMHAT HM3MEHSIOTCS B TOYHOCTH OJMHAaKOBO. AHAJIOrHYHO,
€C/IM OJlHAa YacTb CKaJjsAp, TO CKa/lapoM Jo/KHAa ObITh M Apyras
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5acTh, TaK YTO HH Ta, HU Jpyrasi He H3MeHsieTCs NpPH BpallleHHH
CHCTeMbl KOOpAMHAT H T. [.

B Teopuu OTHOCHTE/NLHOCTH NMPOCTPAHCTBO M BpeMs Hepasje-
JMMO CBSI3aHbl ADYr C APYroM, MO3TOMY TO XK€ caMoe NpHIeTcCs
npoaenaTtb M OJs yeTbipeXx H3MepeHHiH. Mbl XOTHM, YTOObI HallH
ypaBHEHHS OCTAaBa/JHUCb HEH3MEHHBIMH He TOJbKO NpH Bpalle-
HHSIX, KO ¥ NPH Nnepexoae B A/06yr0 UHEPLUHANbHYIO CHCTEMY. DTO
03HayaeT, YTO HallM YpaBHEHHS] NO/XKHbI ObITb MHBADHAHTHBIMH
OTHOCHTe/bHO npeobGpa3oBaHuil JlopeHua (25.1). Lleap Hacros-
el riaBbl — NOKa3aTh, KaK 3TOro MOXHo ao6utbhesi. Ho npexne
yeM HayaTb, IPHMEM COrJallleHHe, KOTOpPOe 3HauHTeabHO obJer-
YHUT Hawy paboTy (M K TOMY XKe NOMOXET H36exaTb NyTaHHLUDI).
3aknwouaeTcsi OHO B TaKOM BbIGOpe eIHHHLl H3MepeHHsl AJMHUHBI U
BpeMeHH, YyTOoObl CKOpPOCTb CBeTa ¢ OKa3ajacb paBHOH eqHHHLe.
Bbl MoxerTe cuuTaTh, HanpHMep, YTO B KayeCTBe eJHHHILBI Bpe-
MEHH B3fT UHTEpP8A., 34 KOTOPbLU C8eT NPOXOOUT OTPE30K 8 OOUH
meTp (310 coctaBasieT okosao 3-10—9 cex). MoOXHO maxe Tak H
Ha3BaTb 3Ty eQMHHIY BPeMEHHU: «CIAHH CBeTOBOH MeTp». HMcnosab-
20BaEHe 3TOH eqMHHLBI €llle ipye OTTEHseT CHMMETPHIO MPOCTpaH-
cTBa M BpeMeHH. Kpome Toro, U3 HawHxX peNsTHBUCTCKHX YpaB-
HeHUH Hcue3HyT Bce c¢. (Ecau 3To nouemy-au6o Bac cmyumaer, To
Bbl MOXeTe B /11060M ypaBHEHHH BOCCTIHOBHTb MX H/IH 3aMEHHTb
Kaxjoe ¢ Ha cl, a ellle Jyyile BCTAaBUTb € MOBCIOAY, 'le 3TO He-
06X0NMMO IJs1 NpaBHU/IBbHONH pa3MepHOCTH YypaBHeHus.) Temneps,
nocjie TakKod NOArGTOBKH, Mbl MOXeEM IBHHYTbCS JaJbllle.

Hamwa nporpamma cocTOHUT B TOM, YTOObl MOBTOPUTb B YeThl-
pexMepHOM NpPOCTpPaHCTBe-BpeMelld BCe TO, YTO Mbl Jeslajid C BeK-
TOpaMH B TpexX H3MepeHHsX. [le/l0 3TO HEXUTpPOe — MBI NPOCTO
GyaeM OeidcTBOBaTb aHasorHyHo. ENMHCTBeHHOe 3aTpylaHeHHe
BCTPETHTCS TOJNBKO NpH 00602HAuyeHHsIX (CHMBOJ BeKTopa y Hac
yXKe 3aHAT TPeXMepHbIMH BeKTOPaMH), H HeCKOJbKO H3MeHATCA
3HAaKH B CKaJspDHOM NpOU3BEAEHMH.

IIpexxne Bcero, no aHa/JOrHK ¢ BEKTOpaMH B TPEXMePHOM Npo-
CTPaAHCTBE, BBEEM «eTblpex8eKTOp KaK Habop uYeThipex BeJHUYHH
a;, Ax, Gy H G KOTOPEHIE NPH Nepexofe B ABHKYLIYIOCH CHCTEMY
KoopaHHAT npeobpasyioTcs nogobHo f, x, y u 2. Ana o6o3Haue-
HHSl YeTblpeXBEKTOpa HCMOJ/b3yeTCs] HECKOMbKO Pa3/IMYHEIX Cho-
co6oB. Mbl e OylaeM nucaTb NpocTo a,, MOHHMAas MNOJL 3THM
rpynny yeTbipex BeJHUYHH (a:, Qx, Ay, Q;); APYTHMH CJOBaMH, 3HA-
YOK |1 MPHHMMaeT KaKkoe-NH60 M3 ueThIpeX «3HAueHHi»: f, x, y
u 2. MHorpa Ham 6ypetr yno6HO 0603HayaTb TPU NPOCTPAHCTBEH-
Hble KOMNOHEHTbl B BHIEe TPEXMEpPHOro BeKTopa, T. e. NHCaTb
a, = (a;, a).

Mpl yXe CTalKHBaJUChb C OAHUM TAaKHM 4YeTHIPEXBEKTODOM,
COCTOSIUMUM M3 3SHEPrHH M HUMNyJabca yacTuuel (cM. ra. 17,
Bbin. 2). B Hauwux HOBBIX 0603HAYEHHAX OH 3amMUILETCS TaK:

pu=(E, p), (25.2)
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T. € YeTbIpeXBeKTOp p, COCTOHT W3 3Heprud E W Tpex KOMIOHEHT
TPeXMepHOro MMnyJ/bCa YacTHLBI P.

[loxoxe, yTo Hrpa AeHCTBHTe/NbHO OKAa3blBaeTcsi HEXHTPOI:
€[MHCTBEHHOE, YTO Mbl JOJ/IXKHBbl CAe/1aTb, — 3TO HAaHTH AJas Kax-
JIOr0 TpexXMepHOro EeKTOpa HeAOCTAIOLlyl0 KOMMOHEHTY H MoJy-
4HTb yeThlpexBeKTOp. OnHaKo BCe XKe 3Ta 3ajaya NOTPYIHee,
yeM KaxkeTcsli Ha mnepBblit B3rasA. BosabmeM, Hanpumep, BeKTOp
CKOPOCTH C KOMIOHEHTaMH

dx dy dz
Ux=—dT, Uy=w, UZ:T’
Uto 6yaerT ero BpeMeHHOH KOMMNOHEHTOH? K HCTHHKT moacCKasbl-
BaeT HaM, 4TO NMOCKOJ/IbKY yeTblpexBeKTop nopobeH f, X, Y, 2, TO
BpeMeHHOH KOMNOHeHTOH Kak GyATO NO/KHO ObITb
1.

Ut:?t__

Ho aro nesepro. [leno B TOM, 4TO BpeMs ! B KaXXJ0OM 3HaMeHa-
TesJle He MHBapHaHTHO npu npeo6pasoBaHusix Jlopenua. Yucnu-
TeJlb UMeeT NpaBH/bHOE NOBeleHHe, a di B 3HaMeHaTese NMOPTHT
BCE [Ie/10: OHO He OAMHAKOBO B [BYX pa3/IHYHbIX CHCTeMaXx.
Oxa3sblBaeTcsi, UTO YeTbipe KOMIOHEHTHI «CKOPOCTH», KOTOpbIe
HaM HYXXHO BbINHCATb, NPeBpPaTATCH B KOMMNOHEHTH yeTblpeXBeK-
TOpa, €C/AM Mbl MONPOCTY nojeduM ux Ha 4/1 —vZ B npaBuib-
HOCTH 3TOr0 MOXHO yGeAuTbCs, B3fB UeTbIpeXBEKTOp HMNYJbCa

_ — my magv
p.= (E, p) (W_vz,w_uz) (25.3)

H NOJEJNHB €ro Ha MaccCy NOKos, KOTOpPasa B HUETHLLPEXMEPHOM NPO=
CTpPAHCTBE SBJISETCA CKaJsdpoM. Mpl NoJqy4uM NpH 3TOM

pu 1 v
— = , , (25.4)
my VI —v2" 4/l —0?
YTO MO-NpeXHeMy JO/MKHO OblTh ueThlpexBekTopoM. ([eneHue Ha
CKaAsap He H3MeHsieT TpaHc(opMauHOHHBIX cBoiicTB.) Tak uto
HeTbLPEeXBEKTOP CKOPOCTU U, MOXHO onpedeiurs Tak:

1 vy

Uy=—

U, = ——
ANT=02" ¥ NT=02'

(25.5)

Uy Uz
Uy =—==— =
NT=u 4z VT —v?

OTO OueHb MoJie3Has BeJHYHHA; Mbl MOXEM Temepb HANMHCATb,
Hanpumep,

Pu= mgl,,. (25.6)

TakoB THNHYHBIH BHA, KOTOPBI NO/MKEH HMETb NpaBHAbHOE pesass
THBMCTCKOE YDaBHeHHe: KaXJAasi CTOPOHA ero AOJKHA OHITb Ye-
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ThIpexBeKTopoM. (B npaBoit uacTu cTOMT npousBefeHHe HHBa-
pHaHTa Ha 4eTblpeXBEKTOpP, KOTOPOe MOo-NpeKHeMy ecTb yeThlpex-
BEKTOp.)

§ 2. Cxaaapnoe npoussedenue

To, uTo paccTosiHMe OT HEKOTOPOii TOYKHM [0 HayaJja KOOpAH-
HaT He M3MeHsleTCsl NMpH TNOBOPOTE, €CJAH XOTHTE, — CYACT/IHBas
ciyyaiiHOCTb. MaTeMaTHyecKH 3TO O3HayaeT, 4To r?2 = x2 4 y? 4
+ 22 saBaseTcs HHBapuaHTOM. [IpyruMH CJ0BaMH, NCCJe NOBO-
pora r’? = r? uau

4yt =x+ P+ 2
Bo3Hnukaet Bonpoc: cyulecTByeT Jii nogo6Hasi BeJHYHHA, KOTOpas
IHBapHaHTHa npu npeo6pasoBaHusax JlopeHua? [a, cyuwecrtByer.

M3 (25.1) Bbl BHmeTe, 4TO
12— x?=1— x2

OHa 6bli1a 661 BCEM XOpolla, ecau 6bl TONLKO He 3aBHcesna OT Ha-
niero Bbi6opa ocu x. Ho 3TOT HemocTaTok Jierko HCnpaBHUTb BHI-
yutanuem y? u 22 Torga npeoGpasoBanue JlopeHua nawc Bpalle-
HHe OCTaBJSIOT ee HeH3MeHHOH. Takum o6pa3om, poJb BeJlH-
YUHLI, aHAJOTMYHOH TPEeXMepPHOMY r? B 4YeTHIpEXMEepHOM NpoCT-
PaHCTBe, UrpaeT KOMOHHALHSA

t2_x2_y2_z2.

OHa sB/sieTCd WHBApHAHTOM TaK Ha3blBaeMOM <«NOJHOHN Trpynmnel
JlopeHuay, KoTopasi BKJIOYaeT KaK nepeMelleHHs] ¢ MOCTOSHHOM
CKOpOCTbIO, TaK U NMOBOPOTHI.

[anee, HOCKOJIbKY 3Ta HHBAapHAaHTHOCTb NpejAcTaBJjaseT co60H
anare6panHyeckoe CBOHCTBO, 3aBHCslLEE TObKO OT NMPaBHJ Npeol-
pasoBanusa (25.1) nuaioc Bpalllelide, TO OHA CnipaBeAaUBa AJs JIO-
6oro uetbipexBekTopa. (Bce oHu, no onpenenenuio, npeo6pa-
3yloTcs ofMHaKoBbIM o6pasom.) Tak uto a.as sao6oro uyerbipex-
BEKTOpa a, o . ,2 ,

a —al—al—al=a,—al—a] —al.

STy BeNMYHHY MBI OyneM Ha3blBaTb KBAaApPaTOM <«AJHHBI® YeThl-
pexBektopa a,. (Bynbre BHHMaTenbHbl! MHorga Gepyt o6paTHble
3HaKH Yy BCeX c/JaraemblXx ¥ KBaApaToOM [JIHHBI Ha3BIBAIOT YHCJO
a4+ al+ a2 —al

Ecan tenepb y Hac ecTb d6a BekTopa @, H by, TO HX OmHO-
HMeHHble KOMIOHEeHTH npeo6pasyloTcs OAHMHAKOBO, TO3TOMY
KOMOHHaUHUs

ab; — ayby —a b, — azb,

Takxe OyJleT MHBapHaHTHOH (ckangpHoi) BeaununHoW. (PaxkTu-
YecKH MBI foKa3asu 3To yxe B rJ. 17, Buin. 2.) IMoayunnacek Be-
JIHYHHa, COBEPLIEHHO aHA/NOrHYHas CKaJsipHOMY MNpPOH3BeJeHHIO
BeKTOpOB. Mbl Tak M GyaeM Ha3blBaTh €€ CKAAAPHbIM npouseede~
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Huem ByX 4eTbIpEXBEKTOPOB. JIOrHYHO, Ka3a/joch Gbl, H 3aMHCHI-
BaTb ero a,-b,, 4ToObl OHO NaXe 6b12420€/40 NOXONUM HA CKa-
JsipHoe npousBeneHHe. Ho oO6blyHO, K coOXaJjleHHI0, TaK He Je-
JaloT ¥ nuuwyTt ero 6e3 Touku. M Mbl Toxe Gymem NpHIOEpXKH-
BaTbCs 3TOr0 MOpPsiAKa M 3anHChiBaThb CKaJsipHOe MNPOH3BeleHHe
npocto a,b,. Urak, no onpedesenuro

a,b,=aby — asb, —a,b, — ab,. (25.7)
[ToMuuTe, uTO NOBCIOAY, rae Bbl BUAMTE 1Ba OAHHAKOBbIX 3HauKa
(BMecTo W Mbl MHOrJa Gy1eM NOJb30BAThCS Vv HJH APYTHMU GyK-
BaMH), HEOGXONMMO B35iThb YeThlpe NPOM3BEJCHHA H CJAOXKHTb HX,
He 3a6b16a npu 9TOM O 3HAKE MUHYC Tepel TNPOU3BEACHHAMHU
NPOCTPAHCTBEHHBIX KOMNOHeHT. C Y4eTOM TaKoro COrJalleHHs

HHBAapHAHTHOCTb CKaJIIPHOrO MNpoHu3BeleHKsi NnpH npeobGpasosa-
unax JlopeHua MOXHO 3anucaTh Tak

ryr
aubu = aubu.

[Tocko/bKy mnoc/aenHue TpH cJjaaraembix B ¢opmyae (25.7)
NPeJCTaB/AIOT NPOCTO TPeXMepHOoe CKaJ/sipHoe npou3BeleHle, TO
4acTo yao6Hee NPHUHATb TAaKYl 3aNHCh:

a,b,=ab;—a-b.
OueBHIHO, YTO BBEJEHHYIO Bhillle YeTHIpEXMEPHYIO MJIHHY MOXHO
3anucathb Kak a,a,:
—?—? —? — g —g?—ag-
a,a,=aj—a}—a —al=af—a-a. (25.8)
Ho nHorna ynoGHo sTy BenuuuHy 3anucaTh Kak a2:

2 =
au auau.

[MponeMoHcTpupyem Tenepb NJIOAOTBOPHOCTbL YeTbIpeXMepPHOro
CKa/NSIPHOTO NpPOM3BENEHHA. AHTHNDOTOHBI (J) moJyvyaloTCsi Ha
60/IbIUMX YCKOPHTE/ISAX H3 peaKIlHu

p+p—>p+p+p+p.

WHaue roBops, BLICOKO3HepreTHUeCKHH NPOTOH CTaJKHBaeTcs C
NOKOSILIUMCS NPOTOHOM (HanpuMep, ¢ NOMELIEHHOH B NMYYOK BO-
NOpOJHO# MHILEHbIO), W eCaM NajalWuid npoToH obJajgaer no-
CTaTOYHOH 3Heprueit, To BA06ABOK K ABYM NepBOHayaJbHbIM Npo-
TOHAM MOXET POAHMTbCS Mapa NPOTOH — aHTHNPOTOH *.

* Bac MOXeT YIMBHTb, MOYeMYy e Mbl He MoJb3yemcsl peaKluei
WM faxe ptp>p+p+p

ptp>p+p
ANs KOTOpoOi, HecoMHeHHO, TpeGyeTcs MeHbllasi 3Heprus? Bce fesno B MNpHH-
uHne, HasbiBaEMOM COXpGHeNuexm OapuorH020 3apada, cOTJIacHO KoTopoMy Be-
JiMUMHA, paBHas YHCAY NMPOTOHOB MHHYC YMCJO AHTHNPOTOHOB, He MOMeET M3-
MeHUTbcsl. B neBoit cTopone Halueli peakuuu 3Ta BeanyuHa paBHa 2. Crego-
BaTe/bHO, €C/M Mbl XOTHM CNpaBa HMeTb aHTHNPOTOH, TO eMy AOJKHbI Co-
NYTCTBOBaTh ellle Tpu MPOTOHA (MAM ApYrux GapHoHa).
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Ao coydapenus locne coydapeHus

Cucmema
yeHmpa macc

a’ b c'

JlaBopamopran
cucmema
Igd
o
i .R'U

Que 251. Peakyus p+p—>3p+p 8 aabopartopHoi
cucTeme u cucrease tj. M.

Ilpednosrazaercs, 4TO 3Hepauf nadariyezo0 NPoTona Kak pas docra-
TO4YHA OAR NPOTPKAHUA peakyuu. TTPOTOHbLL 0603HAEHbL YEPHOLIMU KDY-
HOUKAMU, @ QHTUNPOTOHLL— benblmU.

Kakof#t sHeprue#t no/nkeH o6/1a4aTh nafaloWMil NpOTOH, 4TO6b
3Ta peaKkLHsi CTaja SHepreTHYecKH BO3MOXKHOMH?

OTBerT Jierye BCero noJy4yuTb, pacCCMOTPEB 3TY peaklHiO B CH-
creMe ueHTpa Macc (u. M.) (¢ur. 25.1). Hasosem naparowuit
NPOTOH NPOTOHOM @, a €ro 4eThipeXUMNyJ/bc 00603HAUUM uepe3
pl. AHa/0rMYHO, NPOTOH MHUlIeHH Ha3oBeM b, a ero ueThipexuM-

nyabc o6osHauum uepes pl. Ecsau sHepruu napawowero nporona

Kak pa3 [OCTAaTOYHO A/A peaKLUHH, TO B KOHEYHOM COCTOSIHHH
(T. e. B COCTOSIHHM TocJie COyjJapeHHsi) o6GpasyeTcs CHCTeMa, CO-
nepKalllasg TPH NMPOTOHA M AHTHNPOTOH, MOKOSLUIHECS B CHCTeMe
u. M. Ecain sHeprusi napamouero nporona 6yaer HeCKOJbKO Bhillle,
TO YaCTHUbI B KOHEYHOM COCTOSIHHHM BBHIJIETAT C HEKOTOPOH KHHe-
THYeCKOH 3Heprueit U OyayT pas/ieTaTbCsi B CTOPOHBI; €CJH Xe
OHa HEMHOro HHXe, TO ee OyneT HelOCTAaTOYHO A/151 06pa3oBaHUSA
yeThipex yacTHI.

[ycTs pf — nOJHBIA YeTBIpEXHMNY/bC BCed CHCTEMBI B KO-
HEYHOM COCTOSIHHH, TOTZa, COrJIaCHO 3aKOHY COXpAaHEeHUS SHEpPTrHHU
H HMNYyJbCa,

P’ +p"=p°
H
Ea+ Eb =Ec,
a KOM6HHprﬂ 3TH OBa BbIpAaX€HHUA, MOXKHO HAnHuCaThb
P+ ph=pg (25.9)
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Teneps ellle 01HO BaXKHOe 0GCTOATENbCTBO: NOCKONBKY Mbl M0-
JYYHJH ypaBHeHHe 17151 YeTblpeX BEKTOPOB, TO OHO JOJIXKHO Bbi-
NONMHATbCS B /06O HHepuHMaJbHOH cucTeMe. ITHM (akToM
MOXHO BOCNOJ/Ib30BATbCsl /ISl YNpoUleHHs BbluMcaeHui. Hanuuem
IJIMHBEl Ka)XKao# M3 uacreit (25 9), kotopble, pasymeercsi, TOXe
JOJIXKHBI OBITb paBHbI APYr APYry, T. €.

(P + 1) (P + P2)= PSP (25.10)

Taxk Kak pjp; — WHBapUAHT, TO MOXHO BbIYHC/HTL €ro B Ka-

KOM-TO OJHOM CHCTeMe Koopauuart. B cucteme u. M. BpeMeHHAs
KOMIOHEHTa pf, paBHA SHEPTHH NMOKOS YETbIPeX NPOTOHOB, T. €.

4M, a npocTpaHCTBeHHasi 4aCTb p PaBHA HYJIO, TaK YTO pi =

=(4M, 0). I1pu 3TOM MBI BOCNOJIb30BA/NHCh PaBEHCTBOM Macc npo-
TOHAa M AaHTHNPOTOHA, 0603HaYMB UX oAqHON GykBoi M.
Takum o6pasom, ypaBHeHue (25.10) npuHUMaeT BUA

paps+ 2pipt + pbpb = 16M°. (25.110)

[TponsBenenus PPy H pﬁpﬁ BBIYHCJ/IAIOTCA OYeHb OBICTPO: «IJIH-
Ha» yeTblpeXBeKTOpa HMMNyJ/bca JIOOOH 4acTHLbl paBHA NPOCTO
KBajapaTy ee Macchl:
— 2 __ A2
pupp=E*— p*= M>.

3To0 MOXHO [0Ka3aTb NpPSAMBIMH BBIYHCJIEHHSMH HJIH, HECKOJBKO
6osiee 3¢GheKTHO, MPOCTHIM 3aMeyaHHEM, YTO B CUCTEME NOKOA
yactuusl p, = (M, 0), a crenoBarenpHo, p,p, = M2 A Tak Kak
3TO WUHBApHaHT, TO OH paBeH M? B a1060i cucteme otcuerta. [oa-
CTaBJsig pe3y/abTaThl B ypaBHeHue (25.11), Mbl nonyuaem

2p5ph = 14M?

HJIHU
papt —TM= (25.12)

Tenepb MOXHO BBIYUCJ/UTH p;pg B /1a6OpaTOPHON cHCTeMe.

B 3Toit cucTeMe ueTbipeXBEKTOp p3=(Ea, p“), a pz=(M, 0), u6o
OH ONHChIBAaeT NOKOsiHKiics npoToH. MTak, p2p) NOMKHO GBITH
paBio ME® a Mbl 3HaeMm, 4TO CKaJ/sipHOe NpPOH3BeAEHHE — 3TO
MHBAapHAHT, MO3TOMY OHO AO/MKHO GBLITb PABHO 3HauyeHHIO, Hail-
neHHoMy Hamu B (25.12). B pesyabrarte noayuaercs

Ef=7M.

IToanas sHeprus najamoulero NpoToHa A0/XKHa GbITb N0 MeHb-
weit Mepe paBHa 7M (uto coctaBasieT okoJso 6,6 38, Tak Kak
M = 938 Msg) unau noc/e BbIYHTAHHS Macchl mokos M noay-
yaeM, 4TO KUHeTUHecKkas 3SHeprus AOMKHa GbiITb paBHA MO MeHb-
weil mepe 6M (okouo 5,6 I'98). UMeHHO ¢ TeM, 4yTOGbl HMeTb BO3-
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MOXHOCTb NPOHM3BOAHTb AHTHNPOTOHLI, 6eBaTpoH B bBepkan mpo-
€KTHPOBAJICS Ha KHHETHYEeCKYIO 3Heprui0 YCKOpeHHBIX NPOTOHOB
okoJ0 6,2 I38.

CkansipHoe npoW3BeseHHE — MHBAPHAHT, MO3TOMY MOJIE3HO
3HaTbh ero BeJMuuHy. UTO, HanpuMep, MOXKHO CKa3aTb O «IJMHHE»
YeTbIPEXBEKTOPA CKOPOCTH Uty ?

1 v?
Il—v?  1—=107

=1,

—_ =
wu, =uj —u
T. €. Uy — eOUHUYHOLL 4eTbLpexB8eKTop.

§ 3. Yeroipexmepnoii zpaduent

Curenymouleil BeJHYHHOH, KOTOPYIO HaM cjaelyeT O6CYyAUTb, SB-
JNseTCsl 4eTblpeXMepHbIi aHajsor rpaaueHta. HanmomHum (cwm.
ra. 14, Buin. 1), uto Tpu onepatopa AnuddepeHuupoBaHus 0/0x,
0/dy, 0/0z npeobpasyoTcad nogoGHO TPeXMEPHOMY BEKTOPY M Ha-
3bIBAlOTCA rpaaueHToM. Ta e cXema Ao/KHa paGoTaTh W B ue-
ThIpEX H3MepeHHsX; NO MNPOCTOTe BbI MOXeTe NOAyMaTh, YTO
yeTblpeXMepHbIM TpaJHeHTOM JOJKHBEI ObiTh (0/0t, d/0x, 0/0y,
0/02), HO 310 HesepHO.

UToGbl 06HApYXKHUTh OWINWOKY, pACCMOTPHUM CKaJIAPHYIO (YHK-
IlHI0, KOTOpasi 3aBHCHT To/lbKo oT x W I [lpupaueHue ¢ npu
Ma/JioM U3MeHeHHH ! Ha Al W NMOCTOSIHHOM X paBHO

Ap =22 At (25.13)

C npyroil CTOPOHBI, C TOYKH 3pEHHs ABHXKYlIerocs Habaonares
— 99 Ay 9P £y
Ap =25 Ax' + S5 ar.

Ucnonessys ypaBHeHue (25.1), Mbl MOXKeM BbIpasuTh Ax’ u At
yepe3 Af. BcnomuHasi Tenepp, 4YTO Be/JHYHHA X MOCTOSIHHA, TakK
uto Ax =0, Mbl nuluem

At

A1 —vg-.

Ay =— —Y Y=
X «/l—v?At’ A

Takum o6pasom,

o (-t )+ ()=
dx’( AT =22 +0t’ AT =2
09

_(2og0e)
- at, dx', l—vz

CpaBHuBasi 3TOT pe3yJbTat ¢ (25.13), Mbl y3HaeM, uTo

Ap=

G0 1 (99 _ 9% 95.14
at 41— \a¥ Yor ) (25.14)
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AHaJsloruyHble BblYHCJIEHHS narnT

o 1L (% _,%
ax  YVT—=1uv \ox vat')' (25.15)

Tenepb Bbl BUHUTE, YTO TPAAHEHT MOJYUYHJ/CS JOBOJBHO CTpaH-
nbiM. BelpaxkeHust ais x u ¢ uepe3 x” u ¢’ [mosyueHHble pelleHHEM
ypaBHeHu#l (25.1)] umeroT BUA

t_t’+vx’ = x' 4+ vt’
=o' i

HmeHHo Tak poJkeH mpeoGpa3oBhbiBaThbecsl yeThlpexBeKTop. Ho B
ypaBHeHHAX (25.14) u (25.15) 3HaKM MOJYYHAHCb HENpaBHJb-
HbIMH!
Beixox B TOM, YTO Haxo 3aMeHHTb HENpPaBHJ/bHOE ONpefe/leHHe
yeTblpeXMepHOro onepaTtopa rpaaueHta (0/0¢t, V) mpaBH/bHBIM:
5] %) %) J 5]
Vu—(?,—v)=(ﬁ, —W’ —W’—FZ‘ . (25.16)
Mbl ero o6o3nauum V. das takoro V, TPYAHOCTH HCYe3aloT, H
OH BeJeT cebsl TaK, Kak nono6aeT HACTOSIEMY UYeTblpeXBEKTOpY.
(YacHO HenmpHSITHO HaJlHyHMe MHUHYCOB, HO TaK YyX YCTPOEHO B
mupe.) Pasymeercs, roeops, uto V, «BeaeT ce0si KaK yeThipex-
BEKTOp», Mbl NOApPa3yMeBaeM, UYTO YeTlblpeXMepHbIl TpalueHT
CKaJsipHO#l (YHKUHH ecTb yeTblpexBeKTop. Ecin ¢ — HacTosuee
cKanspHoe (JIOpeHU-HHBapHaHTHoe) moJge, T0 V,p OyneTr uerhl-
PEXBEKTOPHLIM NOJIEM.
Urak, Bce ynaaunocs. Tenepb y Hac eCTb BEKTOPbl, IpaAHEHThH
M ckajspHoe npousBeneHue. Cijenyloliuii Ha ouepeln — HHBa-
pHAHT, aHAJIOTHYHBIA QUBepreHUHWH B TPeXMEepHOM BEeKTODHOM aHa-
Jau3e. SIcHO, UTO aHA/JOroM ero AOJ/NKHO ObITb BoipaxkeHue Vb,
rite b,—BeKTOpHOe noJie, KOMNOHEHTbl KOTOPOro fIBASAOTCA QyHK-
LMAMH NpPOCTPAHCTBA M BpeMeHH. Mbl onpedeaun Ousepzenyuro

yeTolpexBekTopa b, = (b;, b) kak ckajaspHoe npousBenexue V,
Ha by:

Wbt (= 3) = (=) b (- )b
=%b:+V-b, (25.17)

rae Veb—oG6biyHasi TpexmepHass auBepreHuuss Bektopa b. He
3a6bIBaiiTe BHUMATEJIbHO CJeJuTb 32 3HakaMu. OQHH 3HAK MHHYC
CBSi3aH C onpejaeleHHeM CKaJIsipHOro mnpousBeiekus [popmyaa
(25.7)], a mpyroit BO3HMKaeT OT NpPOCTPAHCTBEHHbIX KOMMOHEHT
V. [popmyna (25.16)]. duBepreHuus, onpenensiemass ¢GopmyJohn
(25.7), ecTb MHBApHAHT, H [J/151 BCEX CUCTEM KOOPAUHAT, OTIHYAIO-
Iuxcsa Apyr ot apyra npeo6pasoBaHdueM JlopeHua, NMpUMEHeHHe
ee TNPHUBOAHT K OJHHAKOBOH BeJHUHHe.
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OcTaHoBHUMCSl Tenmepb Ha (HU3HYECKOM mnpHMepe, B KOTOPOM
nosiB/sieTcsl yeThlpexMepHas auBepreHuus. Eio MoxkHO BocnoJb-
30BaTbCsl MNPH pellleHHH 3aJayd O NoJAX BOKPYr ABHXKYLLerocs
npoBoaHuka. Mbl yxe Bugean (ra. 13 § 7, Buin. 5), yto nuot-
HOCTb 3/1EKTPHYECKOrO 3apsifia P M NJAOTHOCTb TOKa j o6pasyior
ueTblpexBeKTop j, = (p,j). Ecam He3apsikeHHbllt npoBox nepe-
HOCHT TOK j., TO B CHCTEME OTCYeTa, ABHXKYLIEHCS OTHOCHTE/BbHO
HEro co CKOpPOCTbIO U (BROJIb OCH X), B NPOBOJAHHKE HApPsAdy C TO-
KOM NOSIBUTCA M 3apsA [KOTOpBI BO3HHKAaeT COrMaCHO 3aKOHY
npeo6Gpasosauuit Jloperua (25.1)]:

’ — Ujx g ix

p=1/m’ ]x_.'/m.

Ho sto Kak pas 1o, yto Mbl Hawau B ra. 13. Tenepb HYXHO
NOACTaBHTb 3TH HCTOYHHKH B ypaBHeHHe MakcBenna B. dguxcy-
wedca cucteme W HaANTH noJs.

3aKoH coxpaHeHHsl 3apsna B YeTbipexMepHbIX 0603HAYEHHAX
TOXe NpHHHMaeT oYyeHb mpocToi BuA. PaccMoTpuM ueTbipexmep-
HYIO AMBEPreHUHIO BEKTOPa jyu:

. a .
Viu=3r+V-i. (25.18)

3akoH COXpaHEHHA 3apsAna YTBEp2KAAET, YTO YTEKaHHE TOKa H3
eIUHHLIBl 06'beMa JOJIXKHO ObITb pPaBHO OTpHU.aTeJIbHOi"l CKOpOCTH
yBe€JHYEHHUs NJIOTHOCTH 3apsnaa. HUnbimMu CJ/IOBAMH,

. d
Vei=—35

[MoacraBass ato B (25.18), nosnyuaem oueHb npoctyio ¢popMmy 3a-
KOHa COXpaHeHHWs 3apsija:

Vi, =0. (25.19)

Bnarogapsi ToMy uto Vyj,— HHBapnaHT, PaBeHCTBO €ro HYJIt0
B OJHOH CHCTeMe OTCYeTa O3HauyaeT PaBEHCTBO HYJ/I0 M BO BCeX
npyrux. Takum oGpa3oM, eciH 3apsifi COXpaHsAeTCs B OAHOH CH-
cTeMe, OH GyleT COXpaHSTbCS M BO BCeX APYTHX CHCTeMax Koop-
JHHAT, NIBHXKYIIHXCA OTHOCHTEJbLHO Hee C MOCTOSIHHOI CKOPOCTBIO,
B kauecTBe nocienHero npHMepa pacCMOTPHM CKaJspHoe
nponsBeeHHe onepaTtopa rpaaHenta V, Ha ce6s. B TpexmepHoM
NpocTpaHCTBe TaKoe NMpOW3BeJeHHe AaeT JanjJacHaH

_y.y=9" 4 0 , &
VP=V.V= o T o7t a7

Uro moayyuTcsl A/ 4eTblpeX W3MepeHHil? BBIYHCINTBE 3TO OueHb
npocto. Cienys HauleMy npaBuJy CKaJsIpHOrO NpOHM3BeJeHHS,
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HaxoauMm
K f) F) f) F)
VuVu=17; W—(_a_x) (—W)—(‘W) (—G_y -
3 a\_ & .

(—E)(—E =z — V-
STOT onepaTop, NpeACTaBJAIOUMA aHAJOr TPeXMepHOro JjanJja-
CHaHa, Ha3blBaeTCAa da/laM6epTuaH0M H 0603Haqae1‘csl crneuunanb-
HbIM CHMBOJIOM

02

0* =V =157

-V (25.20)

[To nocTpoeHuio OH $sIB/AeTCA CKaJspHBIM ONEepaTopoM, T. €.
ec/M MNOAeHCTBOBATb MM, CKa)KeM, Ha YeTblpeXBeKTOpHOe mo.Je,
BO3HHKaeT HOBOe ueThipexBeKTopHOoe noJse. [MHoraa panambep-
THAH omnpeaensieTcssi € MNPOTHBONOJIOXHBIM 1O OTHOLIEHHIO K
(25.20) 3HaKoM,.TaK YTO NpPH YTEHHH JUTepaTypbl OyabTe BHHU-
MaTe bHbl']

Urak, nn1s GONbLIMHCTBA BEJHYHH, NepeuyHC/IEHHBIX HaMH B
ta6a. 25.1, Mbl HalI/IW HX YeTbIpeXMepHble 3KBUBaJeHTh. (Y Hac
ellle HeT 3KBHBAJIeHTa BEKTOPHOTO NpPOH3BeNEHHS, HO €ro HaXO0X-
JeHue Mbl OCTaBHUM [0 CJeaylolledl raaBbl.) A Ternepb cobepeM
B OJLHO MeCTO BCe BaXKHeHIllMe pe3yJbTaThl U OnpeleNeHHs H co-
CTaBUM elle OoaHY Tabauny (taba. 25.2); oHa nNOMOXeET BaM
Jyuylle 3anOMHHTb, YTO BO YTO MepPeXOAHT.

§ 4. SaexTpodunamuxa 6 weToipexmeprovlx 0603HAYEHUAX

B ra. 18, § 6, MBI yKe cTanKuBaJucbh ¢ onepatopoM [Janam-
Gepa, XOTA M He 3HAJ/H, YTO OH TaK Ha3biBaercsi. Mbl HalIM TaM
auddepeHunanbHoe ypaBHeHHe A/ NOTEHIHAJOB, KOTOPOe B HO-
BbIX 0003HAYEHHUSIX BBIMJISAIUT TaK:

p 2A — 1

chp:?o-, | A_e—o. (25.21)
C npaBoii CTOPOHb (25.21) CTOAT yeTblpe E@JAHYHHBI O, Jxu jy Jo
noje/NeHHble HAa gy — YHHBEPCAJNbHYIO MNOCTOSIHHYIO, OJMHAKOBYVIO
BO BCeX CHCTeMaX KOOpAHHAT, @CJAH BO BCEX CHCTeMax AaJ/s H3-
MepeHHsl 3apsla MCMoJb3yeTCsl OJHAa M Ta Xe eAuHHuUa. Takum
o6pa3oM, yYeThipe BEJHUUMHBI p/Eo, jx/€o, jyleo, j/€0 TOXe npec6-
pasyloTcs Kak yeThipexBeKTop. MIX MOXKHO 3anucaTh B BHIE ju/e€o.
Onepatop danamGepa He U3MeHsieTCs TPH nNepexode K ApPYrum
CHCTEMaM KOOpAMHAT, TaK uTO ueThipe BeqHuuHbl @, Ay, A, v A;
TOse 00AJIHbL npeobpa3osarscs Kak YeTbipeXBEKTOp, T. e. 00.4d-
Hot ObiTb KOMIOHEHTAMH ueThIpeXBekTopa. Kopoue roBops, Be-
JIMYHHA

Au = ((P, A)
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ecTb yeThbipexBeKTOp. To, yTO Mbl Ha3bIBa/JH CKaMsAPHLIM H Bek-
TOPHbIM NMOTEHLUHAa/JaMH, OKa3blBAeTCH TOJNbKO pa3HbLIMH YacTsMH
OT OOHON M TOH Xe ¢u3nueckol BeaHunHbl. OHM HeOTHeJHMBI
ApYr oT apyra. A eciy 3TO Tak, TO pe/siTHBUCTCKAasi MHBapHaHT-
HOCTb Mupa oueBHAHA. BeKTtop A, Mbl Ha3biBaeM 4eTblpexmep-
HbiM noTeHyuarom (4-noTeHUHAIOM).
B yerbipexMepHbIX 0603HaueHusixX (25.21) nmpuoGperaeT OyeHb
NpocTON BHA:
2g 1u
O Au_e—o, (25.22)
®u3nka 3TOro ypaBHeHHsS Ta Xe, YTO M ypaBHeHull Makcseaaa,
Ho ectb cBos npenecTb B TOM, YTO MOXKHO NepenuchiBaTb HX
B CTOJIb 3JieraHTHoi ¢opme. Bnpouem, s3Ta KpacuBasi ¢opma co-
OEepXKHUT M Koe-yTo O6oJiee 3HAYUTe/NbHOE — M3 Hee Henocpen-
CTBEHHO BH/JHA HHBAPHAHTHOCTb 3/1EKTPOJHHAMHKH OTHOCHTE/bHO
npeo6pasosanuil JlopeHua.
Hanomuum, uto ypaBHeHuwe (25.21) MOXHO NOJYYHUTH U3
ypaBHeHHil MaKcBe/sJa TOJBKO TOrja, KOrja Ha/JoXeHO AOMOJHH-
TeJbHOE YCJOBHE TpajJHeHTHON HHBAapHAHTHOCTH:

%_‘f +V.A=0, (25.23)

qr0 o3Hayaer npocto V,A4, =0, T. e. yci10BHe rpaUeHTHOH WH-
BAapHAHTHOCTH TFOBODHT, YTO [HBEpreHLHs] YeTblpeXMepHOro BeK-
Topa A, paBHa Hy/0. 3To TpeGOBaHUE HOCUT Ha3BaHHE YCAOBUA
Jlopenya. Takas ¢opma ero 3anucu oyeHb yao6Ha, H6O OHA HH-
BapHaHTHA, a NO3TOMY ypaBHeHHsi MaKcBe/asa BO BceX CHCTeMax
oTcyeTa coxpausiioT Bua (25.22).

§ 5. Yeroipexmepnoili norenyuan dsuxcyuyezoca 3apada

Tenepp BbhinHLIeM 3aKOHBI NpeoOpa3oBaHHs, BbIpaKawollue @
1 A B IBHXKYILeHCS cHCTeMe yepe3 ¢ H A B HEMOABHXKHOH, XOTH
HEeSIBHO MBI YXXe roBopuiun o Hux. [lockoabxy A, = (¢, A) sB-
JSIeTC 4eTblpeXBEKTOPOM, 3TO YypaBHeHHe [OO0JDKHO BBINALeThb
nogo6Ho (25.1), 32 MCK.IIOYEHHEM TOro, YTO ! HYXKHO 3aMEHHTb
Ha ¢, a x—Ha A. Takum oGpasom,

o= K=a,
, A—ve (25.24)
Ax:V—ITvZ’ A;=Az.

an 3TOM IMpeAnoJiaraetrcs, YTo LUTPHUXOBAHHAsA CHCTeMa KOOp-
AWHAT HOBHXETCA N0 OTHOLUCHHIO K HellITpHXOBaHHOi"l CO CKO-
POCTbIO v B HanpaBJE€HHH OCH X,
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Dy 252, Cucrema orcuera S’ dsuxcercsa co cko-
pocteto v (8 HanpasaeHuuw ocu X) NO OTHOWEHUIO
Kk cucreme S.

3aprd, nokoawuilica 6 Havanre cucTemol KoopouHar S’, Ha-
X00uTcA 6 cucteme S 8 Touke x =ut. IToTeHyuarot 6 Touke P
Mo2YyT 606iTb Hatidenol dar a060L cucTemsl oTcHeTa.

PaccmoTpuM oaHMH npuMep NJIOROTBOPHOCTH HAeH 4-MOTeH-
uuana. Uemy paBHbI BeKTOPHBIE H CKaJspHbIA NMOTEHUHAJbl 3a-
pPAla ¢, ABHXKYLIErocsi CO CKOPOCTbIO U B HampaBJjleHHH OCH X?
3anaya OoyeHb yNpoulaeTcs B CHCTEME KOOPAMHAT, ABHXYLUeHCS
BMecTe C 3apsaoM, u60 B 2ToH cHcTeMe 3apsan noxourcs. Ilyctb
3apsil HaXOAMTCA B Hauajie KOOpAMHAT cuCTeMbl S’, KaK 3TO M0-
Ka3aHo Ha ¢ur. 25.2. CkanspHbIii NOTEHUHAT B ABHXKYIIEHCS
CHCTeMe 3ajJaeTcs BblpaXKeHHeM

¢ =-—_, (25.25)

4meor’

npuueM r’— paccTosiHHe OT 3apsfa y OO TOYKH B JBHXYLlelcs
CHCTeMe, TIle MNPOH3BOAHMTCA H3MepeHHe moJsA. BekrTopHblii XKe
noteHuuan A’, pasymeercsi, paBeH HyJl.

Tenepp 6e3 ocoOblx XHTpPOCTeil MOXHO HAHTH NMOTEHUHAA @
1 A B HenoaBMXHO# cHcTeMe KoopauHaT. COOTHOLIEHHSIMH, 006+
paTHbIMH K ypaBHeHusim (25.24), 6ymyT

(p—w ] 4

—_— T — o2 ’ Y Yy
}‘l/,H”, (25.26)

x TUO A

Ax=m, Az—A.

Ucnonb3ys panee BbipaxceHue p1s ¢’ [cM. (25.25)] u paBeHcTBO
A’ = 0, mosnyuaem

q 1 . q 1
ane, r'Y1I—02  dne V1I—oviA/x2+y' 2+ 22

¢=
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Sta ¢opMyaa naeT HaM CKaJspHbIl MOTEHUHAaa @, KOTOPbIA Mbl
yBHaean Obl B cHcTeMe S, HO OH, K COXaJ/JeHHI0, 3alHCaH uyepe3
KOOpAHHATHI IUTPUXOBAHHOH cHcTeMbl. BrmpoueMm, 310 meno Jerko
nonpasumo; ¢ nomowbio (25.1) MoxHo Bbipasuts ¥, ¥/, y’, 2’
yepe3 [, X, Y, 2 U NMOJYUHTD

q 1 1

T ne VTi=2 Al(x —ot)VT= 02 +y2+ 22

IToBTOpsAs TY Xe mpoledypy I/1s BeKTopa A, BBl MOXKeTe MOKa<
3aThb, YTO

? . (25.27)

A=vqg. (25.28)

310 Te ke camble GOPMYJbl, KOTOpLie Mbl BblBelIH B TM. 21, HO
TaM OHM ObLIM IOJNYYEHbl APYrHM METOAOM.

§ 6. HnsapuantnocTe ypasnenutl aneKTpoduramuru

Urak, moreHuunanasl ¢ H A, okasbiBaeTcsi, o6pa3yioT B COBO-
KyNHOCTH YeTbIpeXBeKTOp, KOTOPHI Mbl 0603HAuu/ad uepe3 Ay,
a BOJIHOBOE YypaBHeHHe (NOJIHOE YpaBHeHHe, Bbipaxaiowee A,
yepe3 f,) MOXHO 3amucatb B BHAe (25.22). 3to ypaBHeHHe
BMecTe ¢ coxpaHeHHeM 3apsina (25.19) cocraBaswT QyHOaMeH-
Ta/JbHbIl 3aKOH 3JIEKTPOMArHUTHOIrO MNOJA:

1 .
O A= -iw Vufu=0. (25.29)

U Bot, noxanyiicra, Bce ypaBHeHHsi MakcBeasa mpocto M Kpa-
CHBO 3aNHCHIBAIOTCS BCEro B OJHOH CTpPoKe. JlOCTHUIJAH JH MBI
yero-HuOGyap, 3anucaB HX B TAaKOM BHIe, KpoMe, pasyMeeTcs,
KpacoTbl M mpoctoThl? Ilpexae Bcero, ecTb JiM 3fech KaKOe-HH-
6yab OTJAHYHE OT TOro, YTO GbIIO paHbllle, KOrJa Mbl BbIMHCBLIBAJH
HX BO BCeM pPa3sHoO6pa3uH KOMNOHeHT? MOXHO JIH M3 3THX ypas-
HeHHH# MOJYYHTb HEYTO, Yero HeJb3f MOJYYHTb H3 BOJIHOBBIX
ypaBHeHHH /51 TNOTEHLHAJ/OB, CONEepPXKALIMX 3apsAbl H TOKH?
OTBeT Bro/IHE onpeje/eHHbI — KOHEeUHo, HeJb3s. EQuHCTBeHHOe,
4TO Mbl Ce/1aJH, — 3TO M3MEeHHJ/H HAa3BaHHs, T. €. HCNOJb30BaJH
HoBble 0603HaueHHs. Mbl HapucOBaJ/M KBaApaTHK IJsi 0603Haue-
HHSl NPOHM3BOJHBIX, HO 3TO INO-NpexHeMy He 6ojlee U He MeHee
KaK BTOpasi MPOM3BOJAHAs MO ! MHHYC BTOpas NPOH3BOAHAA MO X,
MHHYC BTOpas NPOH3BOAHAs IO Yy, MHHYC BTOpas NPOH3BOAHAsA
no 2. A 3HaYOK M FOBOPHUT, YTO y HAC eCTb ueTblpe YpPaBHeHHs, N0
ONHOMY IJIsi KaXJOTO W3 3HaueHH# u = ¢, x, y uian z. Kakoit xe
TOrjla CMbICJ TOro, 4TO YPAaBHEHHsT MOXHO 3amnHcaTbh B CTOJb
npoctoii ¢opme? C TOUKHM 3peHHS MOJNYUEHHUs Yero-To HOBOIo —
HUKaKoro. XoTs, BO3MOXHO, NPOCTOTa ypaBHEHHH W BHIpaxaer
ONnpele/ieHHYI0 MNPOCTOTY MPHPOJBI,
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Cefilyac s MOKaXy BaM HeYTO HHTEpeCHOe, YeMy Mbl MOHe-
MHOT'y Hayuu/aucb. MOXKHO CKa3aTb, UTO 8Ce 3AKOHbL PuU3UKU Onu-
CbLBAIOTCA OOHUM YpasHeHuem:

U=o. (25.30)

He npaBma Jiu, yauButenabHo npoctoe ypaBHeHue! KoneuHo,
HYXXHO ellle 3HaTb, 4TO o6o3Hauyaer cumsoa U. 1o ¢du3uueckas
BeJHYHHA, KOTOpPYl Mbl OyleM Ha3blBaTb «HeCOOOGpPa3HOCTbIO» *
CHTYaluMHu. ¥ Hac gaxe ecTb OJs Hee (popmy.a. Bot kak Bbluuc-
JseTcs 3Ta HecooOpa3HoCTb: Bbl Oepere Bce (pU3HUECKHE 3aKOHBI
M 3amHcbiBaeTe UX B oco6oil ¢dopme. Hanpumep, Bbl B3/1H 3aKOH
mexaHukd F = ma u 3anucaau ero B Buie F — ma = 0. Tenepsb
Bbl MoxeTe BennuuHy (F — ma), koropas, pasymeeTcs, B HaleM
MHpe JNO/MKHA ObIThb HYyJeM, Ha3Balb «HecOOGpPa3HOCTbIO» MeXxa-
HUKH. 3aTeM Bbl Gepere xs8adpar 3Toi HecooOpa3HOCTH, 0603Ha-
yaete ero yepes U, u HasbiBaeTe ee «MeXaHHueckoil Heco00-
pasHoctblo». [pyrumu cjoBamu, Bbl Oepere

U,= (F —ma)?, (25.31)

NOTOM BBINHCHIBAeTe BTOPOH (HU3UUYECKHH 3aKOH, CKaxXeM
V-E = p/eq, u onpepaensiere
- e )?
U=(V-E-2),

KOTOPbI/i MOXKHO Ha3BaTb «rayCCOBOH 3/JeKTPHYeCKOH HecooOpas-
HocTtblo». Ilpononkasi aToT mpouecc, Bol Moxete BRecTH Us, Uy
U T. I A5 KaXI0ro 3 (pU3U4ecKUX 3aKOHOB.

HakoHel, noanoi HecooGpasHocTbio MHpa U Bbl Ha3blBaeTe
cymmy U; s Kax/0ro u3 pasiuuHbIX siBdenudt, 7. e. U= ) U,.

i

I Toraa «BeJMKHA 3aKOH NMPHPOAbI» FIACHT:

U=0o. (25.32)

3TOT «3aKOH», pa3yMeeTcs, YTBepKHaeT JHIUIb, YTO® CYyMMa
KBaJpaTOB BCeX OTHAeNbHbIX OTKJ/JOHEHHH paBHA HYJI0, OOHAKO
€IMHCTBEHHBI Crmoco6 crenatb CYMMY KB2JpaTOB MHOXECTBA
Y/IEHOB PaBHOH HY/IO — 3TO INPHPABHATb HYJI0 Ka)XJoe H3 ee
cJ/laraeMblX.

TakuM o6pa3oM, «yIMBHTE/JbHO MpPOCTOH 3akoH» (25.32) 3k-
BHUBaJIEHTEH le/oMy PSiAy ypaBHeHHi, KOTOpble Bbl NMHCAJH Nep-
BOoHauasbHO. [1o3TOMY coBeplLIEHHO OYEBHAHO, YTO MPOCThle 060-
3HaYeHHs, CKpbIBAlOLHe CJIOXKHOCTH 3a oOnpejejeHHeM CHMBO-
JIOB, — 3TO ellle He HCTHHHasi mpoctota. AT0 ToAbKO Tprok. Tak
M B BbipaxkeHHH (25.32) 3a KaxyuleHcss NPOCTOTOH CKPBIBAETCS

* B aursufickoM opurunaie «unworldliness». — ITpun. ped,
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HeCKOJIbKO ypaBHEHHIl; 3T0 CHOBa He GoJiee ueM TpioK. Pa3ssep-
HYB HX, Bbl CHOBA IO/yUHTe TO, 4TO GblJIO pamblie.

OnHaKo 3aKOH 3/MeKTPOAHHAMHKHM, HANHUCAHHBLIA B (QopMe
ypaBHeHHs (25.29), conepxHT HeuTo GoJbliee, YeM MPOCTYIO 3a-
NHUCb; B BeKTOPDHOM aHaJ/iu3e, KpoMe INPOCTOThl 3aMHCH, TaKxke
eCTb HeyTo Gosbluee. TOT ¢aKT, YTO ypaBHeHUs 3JEKTpPOMarHe-
TH3Ma MOXHO 3anucaTb B 0COObIXx 0603HaueHHsIX, KOTOpble cre-
yuanrbro npucnocob.aenb. AN 4YeTbIPEXMEPHOIl FeOMEeTpHH Ipe-
ob6pasoBanuil JlopeHua, HHaue roBopsi, KaK BEKTOPHble ypaBHe-
HUS B YeThHIPEXMEePHOM MHpe, O3HAuaeT, YTO OHH HHBAPHAHTHBI
OTHOCHTe/IbHO npeo6pas3oBanuit Jlopenua. MiMeHHO noTomy, 4TO
ypaBHeHHsi MakcBe//la MHBapDHAHTHBl OTHOCHTEJNBHO 3THX Npeo6-
pa3oBaHHi, HX MOXHO 3aNHCaTh B CTOJIb KPacHBOM BHJE.

B ToM, uTO 3aKOHBl 3/JeKTPOAHHAMHKH MOXHO 3amHucaTh
B (opMe sJseranrtnoro ypasHeHus (25.29), HeT HHuero c/ayuaii-
Horo. TeopHsi OTHOCHTE/NbHOCTE Oblja pa3BHTa HMEHHO NOTOMY,
4TO 3KCNEepUMENTaAbHO nOo0T8epOUAAch HEeM3MEHHOCTb NpeacKa-
3aHHbIX ypaBHeHHeM MakcBensa siBleHHH B JI060H HHepUHa/b«
HoW cucteme. lMeHHO npu u3yueHMH TpaHcHOPMALHUOHHBIX
CBOMACTB ypaBHeHHI MakcBesnna JlopeHll OTKpbIM cBOM npeo6pa-
30BaHHsl KaK npeo6pa3oBaHHsi, OCTaBJsIOUlHE HHBAPHAHTHBIMH
3TH YpaBHEHHS.

OnHako ecTb U Jpyrasi IpHYHHA 3aMHCHIBATh YPaBHEHHs B Ta-
KoM Buae. Bblio o6HapyxeHO, 4TO 8ce 3aKOHbI (U3UKH MOJMKHbI
ObITh MHBADHAHTHBIMH OTHOCHTE/bHO NpeobGpasoBaHuit Jlopexua
(nepBblit 06 3ToM porajancs dDiHwTeiliH). TakoBo coaepaHue
NpHHUHNA OTHOCHTeJbHOCTH. [loaToMy ecsau BBl H306peau 060-
3HauyeHHs, KOTOpble Cpa3y Ke MOKa3blBAalOT, HHBAPHAHTEH JIH Bbl«
MHCAHHBI HAMH 3aKOH, TO MOXHO TapaHTHPOBAaTh, YTO NPH MNO-
NbITKe CO3[aTb HOBYIO TeOpHIO Bbl OyaeTe NMHCAThb TOJNbKO YpaB-
HeHHs, corjacymolyecss ¢ NPHHUHIOM OTHOCHTE/NbHOCTH.

B npocrtote ypaBHeHHil MakcBeaJsa B 3THX 4acTIbIX 0603Ha-
YyeHHsAX HHKaKoro uyaa HeT. O603HaueHus crneuHasbHO OblIY MpH-
aymanbl HMeHHO ans Hux. Camasi uHTepecHass ¢ ¢u3HYecKOR
TOYKH 3PeHHs Belllb COCTOMT B TOM, 4TO 4060l ¢usuteckuli 3a-
xon (6yap TO pacnpocTpaHeHHe Me3OHHBIX BOJIH, HJH MOBEJeHHE
HEHTPHHO B P-pacnage, MJIH YTO-TO APYroe) [OJKEeH HMeTb Ty
’Ke caMyl0 HHBaPHAHTHOCTb OTHOCHTEJNbHO TeX e npeobpasosa-
nuii. Tak 4To ec/M Ball 3Be3J0JIeT ABHXKETCS C NOCTOAHHOH CKO-
poCTbIO, TO BCe 3aKOHBI NPHPOAbI BMecTe npeobpasyloTcs Tak,
4YTO HMUKAaKHX HOBBIX ABJEHHH He Bo3HHKaer. MmenHo O.aronaps
TOMY, YTO NPHUHUHMI OTHOCHTE/JbHOCTH SIBJSIETCA 3aKOHOM IMpH-
POZbl, YPaBHEHHS1 Hallero MHpa B YeTbipeXMepHbIX 0003HaYeHHAX
JOJIXKHBI BBITVISI/IETb TOPa3fo mpotiue.
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Fzasa 26

JIOPEHLLEBDI
NPEOBPA30OBAHHSA NOJIEHN

§ 1. Yeroipexmepnetii norenyunan
deuxcyuezoca 3apada

B npenbiayueil rnaBe Mbl BHJEJH, YTO MO-
tTeHunan Ay = (¢,A) sB/IsSETCA YeTHIPEXBEKTO-
pom. Ero BpeMeHHO!I KOMNOHEHTOH CJAYXHUT CKa-
JSPHBIA MOTEHUHaJ ¢, a TpeMsi TIPOCTPAHCTBEH-
HbIMH KOMMNOHEHTaMH — BEKTOPHBI MOTeHUHaN
A. Hcnonb3ys npeobGpasoBaHus JlopeHua, Mbl
HallJIM TaKXe NOTeHUHasa YacTHIbl, ABHXKYyLUleics
NpsIMOJIMHEIHO € MNOCTOSIHHON cKopocTthio. (B
ria. 21 To Xe camoe OblIO CHENAHO HECKOJBKO
HHBIM MeToAOM.) [.1s ToueuHoro 3apsifia, Koop-
JHHATBl KOToporo B MoMeHT { paBHbl (vt,0,0),
NOTeHUHaNbl B TOuKe (X,Y,2) HMEIT BHI

q

9= — T
4neo‘\/l—v2[%+y2+z2]/

A= A —, (26.1)

¥ 4nson—vz[(1:—z'Z)2+y2+22]/z

Ay=A,==0.

YpaBHeHus (26.1) galoT noTeHIlHAJbl B TOYKe
X, Y, 2 B MOMEHT {, BO3HHKAIOLIHE OT ABHXKYILIE-
rocs 3apsna, <UCTHHHOE» MOJIOXKeHHe KOTOpOro
(MMeeTcsi B BHAY NOJIOXKEHHE 8 MOMENT 8pemenu t)
x = vf. 3ameTbTe, 4TO B YypaBHEHHe BXOASAT
KOOpAHHATH (¥ — vf), y U 2, KOTOpble SABJSIOTCA
KOOPJHHATAMH OTHOCHTEJ/IbHO NepemenHHozo noao-
scenun P ppuxyueroca 3apsiga (¢ur. 26.1). Ho,
Kak Bbl 3HaeTe, HCTHHHOe BJIWSIHWE pacnpocTpa-
HsleTC HAa CaMOM Jiele CO CKOPOCTbIO ¢, TaK 4TO
noJie B TOYKe ONpelensieTcs Ha CaMOM Jese 3a-
nasabBaOUIMM NOJMOXKEHHeM 3apsaa P/, koopau-
HaTa x Kotoporo paBHa vt (rme t' =t—r'/c—
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HbIA moTeHuUHaN
ABAXKYLIEroCcs
3apsaga
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ro 3apsaa, ABH-
Kyuierecs ¢ no-
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«Pewenne ypas-
HeHuii MakcBeaaa
B NYCTOM npo-
CTPaHCTBE»



Pue 26.1. Onpedesenue noaet
8 touxe P or sapada q, deuicyue-
2oca 60046 OCUL X C ROCTOAHHOL
CKOPOCTHIO V.

v T, Y2
ITosre 8 To4ke (X, Y, 2) 8 KHACTORUUL MO- (=4, )
MEHT> MOJNCHO 8bLPA3UTL Kak 4epe3 !
«UCTUHHOE» noaovceHtz P, rtak u uwepe3 Janasdvearowjes :
«3ana3dviearoujee» nosomcenue P’ (1. e, nonoxexue r 1t
noaoxcenue 8 MOMEHT L' =t—r’/c) ]
r 1
HemunHoe I
p' P / nonomeHue
T H T
vt’ ' z-vt !
vt |

«3anasjeiBapoliee» BpeMs)*. HaM, oqHako, W3BeCTHO, 4TO 3apsn
JNBHraJjcsi ¢ MOCTOSIHHOH CKOPOCTBIO MO NPSIMOH JHHHH, NOITOMY
€CTeCTBEHHO, YTO MOBelleHHe B TOYKe P’ HenocpeicTBEHHO CBf-
33aHO C NepeMeHHbIM NOJIOXKeHUeM 3apsina. PakTuyeCKH, ecqH Mbl
no6aBUM npeanoJsioXKeHue, 4TO NOTEHUHaJdbl 3aBHCAT TOJIbKO OT
NOJIOXKEHHS W CKOPOCTH B 3anasfblBalollHil MOMEHT, TOrja ypas-
HeHue (26.1) Gynmer npeactaBJasTb co60il MOJHYIO GOpMyay mns
noTeHUHaN 0B 3apsaja, ABHXKyulerocs Jalo6biM o6pasoM. Bor kak
Bce 310 paGotaér. Ilycth y Bac uMeercs 3apsifi, ABHXYyLULHiics
KaKHUM-TO NpPOH3BOJNBHBIM 006pa3aM, CKaxeM, no TpaeKTOPHH, H30-
6paxkeHHolt Ha ¢ur. 26.2, U Bbl nbiTaeTeCb HAHTH NOTEHUHAJ
B Touke (x,y,2). [Ipexpme Bcero Bbl HaXoQuTe 3ana3jblBaiollee
nosnoxenue P’ u ckopocTb v’ B 3toit Touke. BooGpasure 3artem,
uTO 3apsiJi COXpaHseT CBOe [BHXEHHE C 3TOH CKOPOCTbIO Ha BeChb
nepuoj 3anasgsiBanust (" —t), Tak 4TO OM MOsiBUJCS Gbl 3aTeM
B BoOoOpaxKaeMOM MOJIOXKeHHH Ppp, KOTOpoe Mbl GyjleM Ha3blBaTh
«IpOEKHHOHHBIM», IPHYEM ABUTAsICb C TOM Ke ckopoctbio v’. (Ha
CaMOM Jie/ie OH, KOHEYHO, He Je/1aeT 3TOro; B MOMEHT { OH Haxo-
autca B Touke P.) Torga noreHuuanasl B Touke (x,y,2) Oymyr
KaK pa3 TakuMH, KoTopble ga/ju Obl ypaBHeHusi (26.1) masi BooG«
paxaeMmoro 3apsiia B NPOEKLUHOHHOM MOJNOXeHUH Ppp. Mbl Xo-
THM 3[0eCb CKa3aTb, YTO, NOCKOJbKY NOTEHIHAJ/bl 3aBHCAT OT
TOro, Yyté HeJaeT 3apsa B 3anasdoigarouyuli MOMEHT, OHH OyayT
ONIMHAKOBBI, HE3aBUCHMO OT TOro, NpOOO/MKaeT JH 3apsl CBOe
NBUXEHHE C NOCTOSHHON CKOPOCTbIO HJH H3MEHseT ero nocJje
MOoMeHTa ¢/, T. e. moc/ie TOro, Kak NOTEeHLHaJ/bl, KOTOpble BO3HHK-
HYyT B MOMEHT ! B TOuke (X, Y,2), yXe onpejeseHbl.

Bbl noHuMaeTe, KOHEYHO, YTO B TOT MOMEHT, KOrJla MOJy4eHbl
¢hopMyJIBl AJ1S1 MOTEHUHAN0B NPOU3BONbHO ABHIKYLLErocd 3apsana,

* Utpux wucnoab3yeTcss 3nech A/ 0G03HaueHHs 3anasdvlearoujezo MmoJo-
JKEHHR M BPeMeHHW, He MyTafiTe ero CO IWTPUXOM B MNpeAblAylleid riaase, 060-
5HauaBLIIM CHCTEMY OTCYeTa, MOABepIHYTYK mnpeoGpasoBaumsaM Jlopenua.
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(x} y’ z)

Pue 262. [Oeusxenue 3a-
pROAa no npou3soAb KO TPAEK-
Topuu.

ITorenyuaavk 8 Touke (X, Yy, 2)
8 MOMEHT t onpedeaRIOTCAR NOAO-
aenuem P’ u ckopocreto v’ @ sa-
naadvisaroujuii MOMeHT t'=t—r’lc,
Hx ydobrno BuipamaTv 4epe3

Janasdsisarowee K00pOUHATbL OTHOCUTEAbHO
nononeHue «NPOEKYUOHHOZ0 NOAONERUA Py,
»/POBKYUOHHOB”  (ucTunnoLM noAONeHUEM 8 MO-

no/soNieHue MeHT t aeanercs To4ka P).

D.— Hcmusnoe”

Tpaexmopus v nonoxerue

Mbl MMEEM [MOJIHYIO 3JIeKTPOAWHAMHKY; M3 MpHHIHNA Cynepnosu-
LMY MBI MOXKeM NOJIYYUTb NOTeHUHaAbl A5 JI060ro pacnpeaesne-
Hus 3apsgoB. CienoBaTe/bHO, BCe fIBJIEHHSl 3JeKTPOJAHHAMHKH
MOXHO BbIBeCTH JH60 M3 ypaBHeHuH MakcBenaja, J1H60 H3 cJe-
Jyloulero psijfa 3ameyaHuil. (3anoMHHTe WX Ha CJayuyal, eC/lH BH
BAPYTr OuyTHTecb Ha Heob6uTaemMoMm ocTpoBe. Mcxoms u3 Hux,
MOXHO BOCCTaHOBHTb Bce. [IpeoGpasoBanust JlopeHua Bbl, KO-
HeyHo, noMHHTe. He 3a0biBaiiTe HX HH HAa HeOOMTaeMOM OCTpOBE,
HH B KaKOM-IHGO 1pyroM Mecre.)

Bo-nepsoix, A, — uyetbipexBekTop. Bo-8T0opbLx, Ky/NOHOB NOTEH-
nuaa ao6oro mnokosierocs 3apsjga paseH gf/4meor. B-Tperoux,
NOTEHIHaJ, CO3[aHHbIN 3apsiioM, ABHXKYUIUMCSA NPOH3BOJNbHBIM
0o6pa3oM, 3aBHCHT TOJbKO OT MNOJIOXKEHHS B 3anasjblBalouluit
MOMeHT BpeMeHH. M3 3Tux Tpex ¢akToB Bbl MOXE€Te MNOJYUYHTb
Bce. U3 toro, uto A, — yeTHpexBeKTOp, Mbl npeo6Gpa3oBaHUEM
KYJ/JOHOBa NOTeHLHana, KOTOPbI W3BeCTeH, NMOJY4YHM MNOTeHLHa
3apsifia, ABHXYLLErocsi ¢ NMOCTOSHHOH CKOpOCTbIO. 3ateM H3 [jo-
CJe[IHEr0 yTBepXKAEeHHs, YTO NMOTeHUHaJ] 3aBUCHT TOJNBKO OT CKO-
pPOCTH B 3ana3fiblBaIOLIH MOMEHT, Mbl, HCOJIb3ysl NPOEKLUHOHHOE
noJloxKeHue, MoxeM HMx HaiTtH. I[lpaBna, 3To He oueHb-TO ymOG6-
HEI cnoco6 paccMOTpeHUsl, HO HHTepeCHO y6eauTbCs B TOM, YTO
3aKOHbl (GU3NKH MOXKHO CGHOPMYJHpPOBAaTh MHOXKECTBOM CaMbIX
pPa3JHYHBIX Cnoco6oB.

HEeorma Koe-KTo 6e30TBETCTBEHHO 3asIBJISIET, UTO BCS 3JIEKTPO+
JHHAMHKA MOXeT ObITb MoJydYeHa TOJBKO K3 npeo6pasoBaHHii
Jlopenua u 3akoHa Ky/soHa. 9To, KOHEYHO, COBEPLIEHHO HEBEPHO.
Mbl npexje BCero ANOMXKHBI NPeAnoJOXKHTb, UTO y HAaC HMeITCH
CKaJIAPHBbIH M BEKTOPHBIH MOTEHLHAJbl, KOTOPble B COBOKYNHOCTH
06pa3yloT 4eThIpeXBeKTOp. DTO FOBOPHT HAM, KaK npeobpasylorcs
noteHuuaabl. 3ateM, OTKYJa HaM U3BECTHO, YTO HEOOXOAHMO YUH-
THIBATb TO/MbKO 3(¢eKkT B 3anasibiBaiownii Moment? Ham, ewe
Jiydlie, NoyeMy NoOTEeHLUHaJ/] 3aBHCHT TOJbKO OT MOJIOXKEHHS H CKO-
POCTH M He 3aBUCHT, HanpuMep, OT yckopenua? Beab nosn E u B
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3Q8UCAT BCe-TAKH M OT ycKopeHHs. Ec/iu Bbl mOmeiTaeteCh NpUMe-
HUTb Te XK€ pacCcyXJeHHs K HHUM, TO Oyjnere BBLIHYXIEHbl TNpH-
3HaTb, YTO OHH 3aBHCAT TOJBKO OT NOJIOXKEHHS U CKOPOCTH B 3a-
nasapiBaloluit MoMeHT. Ho Torma noJe yckopsioulerocs 3apsiaa
6b110 Gbl TAKMM XKe, KAK U N0Je OT 3apsila B NPOEKIHOHHOM I0-
JIOXKeHHH, a 3TO HeBepHO. 1045 3aBHCAT HE TOJNBKO OT NOJOXe-
HHSl ¥ CKOPOCTH BAOJIb TPAEKTOPHH, HO U OT ycKopenusi. Tak urto
B «BEJIHKOM» YTBePXKAEHHH, YTO BCE MOXHO MNOJYYHUTb M3 Npeos-
pasoBanus JlopeHua, CONEpPXKHUTCS €lle HECKOJbKO HEsBHBIX J0-
NOJIHUTEAbHBIX npeanosoxenuil. (Bcerma, korma BH cablliure
nogo6Hoe 3ddekTHOEe YTBEepXKIAEHHE, UTO HEYTO GOJBbLIOE MOXK-
HO MOCTPOHTb HA OCHOBE MAaJOro Yuc/aa NpednoJoXKeHuH, —
HuHuTe OoWHOKY. O6bLIYHO HEesIBHO NMPHUHMMAETCs MOBOJBHO MHOTO
TAKOro, YTO OKa3blBaeTCs [a/NeKO He OYEBHAHBIM, €CJH MOCMOT=
peTb BHMMareqbHee.)

§ 2. Ioasa toueunozo 3apada, dsuxcywezoca
€ NOCTOAHHOLL CKOPOCTHIO

Mtak, Mbl HawIM NOTeHUHaJbl TOYEYHOro 3apsifa, ABHXKYLIe-
rocs C NOCTOAHHOH CKOpocTblo. [lasi mpakTHuecKUX Lesed HaM
HYXHO HaiTH noJjs. PaBHoMepHO ABMXKYyluMecs 3apsiibl nona-
nawTca 6YKBa/JbHO HAa KaXXAOM IlIAry, CKaxeM npoxojsuiue ye-
pe3 Kamepy Buabcona kocMuyeckHe Nyud WM AAXKe MeNJEHHO
NBHXKYLIHECS 3JIEKTPOHBI B npoBoaHuKe. Tak uto gaBaiTe XoTd
Obl NOCMOTPHM, KaK BHINISAAAT 3TH MoJs I/ J06bIX CKOpPOCTel
3apana, naxe Oas ckopocTe#, GJIM3KHX K CKOPOCTH CBeTa, HO
NpPeAnoNIOXHM NPH 3TOM, YTO YCKOpeHHe BOOOLIE OTCYTCTBYET.
9TO OuYeHb HMHTEpPECHBbI BOMpOC.

[Tosa Mbl 6yneM HaXOAHTb MO OGBIYHBIM NpPABH/IAM, HCXOASA U3
NOTEHUHA/OB:

=—Vo—2% 4 B=VXA
BosbMeMm cnayana E,:
____ 09 04,
E,= 0z at

Ho komnonenta A, paBHa Hymo, a auddepeHurpoBaHue Bbipa-
xeHuss (26.1) gns ¢ naet

E,= A z —. 26.2
4meo /1 — v [ (x]—_v,fZ)Z +y2 +zz]/’ (26.2)

Anasnoruynas npouenypa aas E, NpuBoauT K

—__q y |
Ey 4.‘":80’\/1——?2 [(x — vt)? + y2 N 22]% . (26 3)

| — o2
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Hewmuoro Gosbwe pa6oTel ¢ x-KomnoneHToil. [Ipoussoanas or @
GoJsee cioxHa, na H A He paBHa Hymo. [laBaiiTe CHayasna Bbl-
yucaumM —o@/ox:
99 q (x — vt)/(1 = v?) (
-2 = . 26.4)
dx  4meo/T— o? [(xl_vt)_,_yz_,_ze]/

A 3artem nponmeJepeHuupyeM A, 1o t:

0Axr — ¢ (x—v)/(l — )
. (26.5
at 4“80vl—02 [(x—Ut) y2+ ]/1 ( )
H, HAaKOHel, CKJajabiBasi HUX, noJiyyaem

E. — q x — vt )
x 4neo*\/l — 02 [(x——vt) +y2+z2] (26 6)

BpocuM Ha MHHYTY 3aHuMaTbest mosneM E, a cHavana naiinem B.
JIns ero 2-KOMNOHEHTH Mbl HMeeM

04,  0A,

dx ay °

Ho, nockonbky A, paBHa Hy/10, Y Hac ocCTaercsi TOJbKO OJHa

npoudBoaHas. 3aMeTbTe, OAHAKO, YyTo Ay npocTo paBHA Vg,
a npousBoaHas (0/0y)ve pasHa —vE,. Tak uto

B,=

B,=vE,. (26.7)
AnaJjioruuso,
.0 _ 04s _ 00
4 0z ax 62 '
HJH
B,= —vE,. (26.8)

Hakonelu, KkomnoneHTa By paBHa HYJ1I0, NOCKOJNbKY paBHbI HYJIO
u A, n A,. Takum o6pa3oM, MarHHUTHOE MoJie MOXKHO 3amHucaTh
B Bune

B=v XE. (26.9)

Tenepb NOCMOTPHM, KaK BHIMIAAAT HaWM noas. Msl nonbl-
TaeMcsi HapHUCOBAaTb KapTHHY MOJs BOKDPYr MNOJIOXEHHsl 3apsiaa
B HacTosillMii MoMeHT. KoHeuHO, B/IHsHHe 3apsila B KaKOM-TO
CMbIC/Ie TPOMCXONUT M3 3amna3[blBAlOLIEro MOJIOXKEHHsS, HO, No-
CKOJIbKY Mbl HMeeM J[eJO CO CTPOro 3afJaHHBIM [BHXXEHHeM, 3a-
nasjplBaioulee NOJOXKEHHe OJHO3HAYHO OonpenensieTcs NOJOXKe-
HueM B Hacrosawui MoMeHT. Ilpu mocTosiHHOI ckopocTH 3apsja
HoJisl Jyylle CBA3bIBAaTh C TEKYLUMH KOOpAMHAaTaMH, H6O KOMIoO-
HEHTHI NOJIsl B TOYKe X, Y, 2 3aBHUCAT TOAbKO oT (x —vl), y u 2,
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P ue. 26.3. daextTpiineckoe noae
aapada, Ceuxyweeoca ¢ no-
CTOAHHOL CKOPOCTbHIO, Hanpa-
8/eH0 no paduycy OT UCTUH-
HO2o noaoxeHnus 3apada.

> Yemunnoe
n0A0HEHUE

KOTOpble SBJISIIOTCS KOMINOHEHTaMH BEKTOpa nepeMelleHHs fp M3
MNOCTOSIHHOrO MOJIOXEHHsI 3apsifia B TOuKy (x,y,2) (¢wur. 26.3).

PaccMoTpuM cHauana ToukH, Hasi KoTopbix 2z = 0. [Tone E
B 3TUX TOYKaX MMeeT TO/NbKO X- U y-KOMNoueHTH. M3 ypaBHeHui
(26.3) 1 (26.6) BUAHO, 9TO OTHOLIEHHe 3TUX KOMIOHEHT KaK pas3
PaBHO OTHOLIEHHIO X- H Y-KOMIOHEHT BeKTOpa mNepeMelleHus.
Sto o3HauyaeT, uto HanpaBJeHne E coenadaer ¢ Hanpasienuem
rp, Kak 3TO nokas3aHo Ha ¢ur. 26 3. Tor ke pesy/jbTaTr ocTaercd
CnpaBeMJIMBEIM M I/ TpeX u3MepeHuit, nockoabky E, nponop-
uuoHa/abHo 2. Kopoue roBops, 3JeKTpHueckoe noJie 3apsija pa-
NUAJbHO H CHJIOBbIE JIMHUH PAacXOASITCS OT 3apsila TaK XXe, Kak
M B CTallUOHapHOM cayuae. KoHeuHo, Bc/lefcTBHe Ha/JHYUsA AQ-
noiHuTensHoro gpakropa (1 — v2) noJe He GyaeT TeM XKe CaMbIM,
YTO B CTallHOHApHOM cJayuae. Ho 31ech Mbl MOXeM YBHAETb HEUTO
oueHb HHTepecHoe. [leso o6cTOMT Tak, KaK OyATO Bbl MHUIIHTE
3akoH Kysona B oco6ofi cHCTeMe KOOpPAMHAT, «CXKAaTOH» BOJb

ocu x MHOXHUTesleM 4/1 — v?. Ecam BH clleniaeTe 3TO, TO CHJIOBBIE
JIMHHM Brnepeid M Mo3aau 3apsiaa pasoiayrcs, a no 6okam cry-
crarcs  (¢ur. 26.4).

Ecaun ™Mbl cBsi3biBaeM OGBIYHBIM 00pa3oM HanpsiXKeHHOCTh
noJs E ¢ mIoTHOCTBIO CHJIOBBIX JIMHUH, TO BHAMM, YTO MOJIe Bre-
pemd U nosaau 3apsjga ocaabGeBaeT, HO 3aTOo No 60OKaM CTaHO-
BUTCSl CHJIbHee, T. €. KaK pa3 TO, O ueM rOBOPHT HaM YypaBHEHHe.
Korma Bbl M3MepsieTe HaNpsi)KEHHOCTb MOJS NOJ NPSIMBIMH Yr-
JaMH K JIHHUM [JBHXEHHUs, T. e npu (x —vt)= 0, paccrosHue
oT 3apspa Oymer paBHO Y2+ 22, a nojHas HaNpsiXKEHHOCTb

A/EZ+ EZB sTHX TouKax paBHa

- 9 L 96.10
dneg AT — 02 y2 422 (26.10)

OHa, KaK H B CJjy4yae KYJIOHOBA noJsd, nponoplluoHa/JibHa KBafl-
paty pacCTOsiHHs, HO €lle YCHAHMBAETCAd NOCTOAHHBIM MHOXKHTE-
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aem 1/4/1 =%, KOTOpbI#t Bcerga Gosblue eAnHUUbl. TakuM o6Gpa«
30M, n0 60Kam ABUXKYLIErocs 3apsfia 3/JeKTpUUYeCcKOe noJie CHJb-
Hee, yeM 3TO cJjeayeT U3 3akoHa Kynona. dakTHYecKH yBesHue-
HHEe MO CPaBHEHHIO C KY/JOHOBBIM NMOTEHLHAJOM PaBHO OTHOLlIe-
HHIO SHEpPrHH YacTHUbl K ee Macce MOKOA.

Brnepeau 3apsima (uaM mo3aau Hero) y U 2 paBHbI HYJIO, a

H03TOMY

—_ 9 =99

CHoBa noJ/ie 06paTHO MPONOPUUOHAJIbHO PACCTOSIHHIO OT 3apsiia,
HO Temepb OHO 3apedaerca MHoxutesaem (1 —wv?), uto corna-
cyeTcsl ¢ KapTHHOH cuaoBbIX JuHuiA. Ecaum vf/e mamo, To v2/c?
eule Menbiue, ¥ AefictBue (1 — v%) NoOYTH He3aMeTHO, MO3TOMY
Mbl CHOBa BO3BpaulaeMc K 3akoHy Kynaona. Ho ecam wactuua
IBHKETC CO CKOPOCTbIO, 6JIM3KOH K CKOPOCTH CBeTa, TO moJe me-
pen yacTHUeH CHJIbBHO YMeHblIaeTcsi, a mnoJe COOKYy YyAOBHIUIHO
BO3pacTaer.

Haw pesyJabTar, oTHOcAwuUACA K 3JeKTPHUYECKOMY MOJIO 3a-
pAda, MOXHO MpeacTaBUTb W TakK. [lpeanosouM, uto Bbl Ha
K/N0YKe OyMarH HapHCOBaJIM CHJIOBble JIMHHH MNOKOsILErocs 3a-
pAna, a 3aTeM 3Ty KapTHHY
3anNyCcTHJIH CO CKOpPOCThiO U2

E
Torna 6.n1aromaps JoOpeHLeBY
COKpALIEHHI0O  PHCYHOK €O«
XKMeTcs, T. €. YacTHYKH rpa-
¢ura Ha Oymare OyayT Ka-
3aThCsl HAM PacnoJIoXXeHHbIMH
B Jpyrux Mectax. Ho wuyno
a v=0 COCTOMT B TOM, YTO B pe3yJb-
TaTe Ha mnpoJietalpuleM MHMO
JINCTOYKE Bbl YBHAHTE TOYHYIO
KapTHHY CHJIOBBIX JIMHHH TO-
YEeYHOro JBHXKYLIErocs 3aps-

aa. J]opeHueBo COKpaleHue

E c6u3uT uXx no 6okam, pas-
ABHHET nepejn 3apsjaoM M mo-
3aA4 Hero Kak pa3 HacCToJb-
KO, 4TOOBI MOJYYHTb HYXHYIO

v
6 v=09c
Pue 264. Saexrpuueckoe noae
/ sapada.

@—Henodsuxcnoeo, 6—aeTawezo € no-
CTOAHHOK CKopocTeo V=09 C.
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MJIOTHOCTb. Mbl yXKe OTMeua/d, YTO CIJIOBblE JHHHM — 3TO He
pea/ibHOCTb, a JIHIIbL cnoco6 NpeAcTaBHTb ceGe 3JEeKTpHuecKoe
none. OnHako 3Jecb OHH BedyT cebsi Kak caMble HaCTOALHE
peanbHble JNHHHM. B 3TOM uacTHOM cJayuae, ecau Bbl H cle-
Jlajqu owHOKy, pacCMaTpHBasi CHJIOBble JIMHHH KaK HEuYTO pealbe
HOe W npeo6pasys MX Kak peasibHble JIMHHH B NMPOCTPAHCTBE, NoJe
B pe3yJibTaTe BCe PABHO MOJAYYHA0Ch Gbl NpaBHAbHEIM. OQHAKO OT
3TOr0 CHJ/IOBble JIHHHHM He CTaHyT GoJiee peanbHbiMH. Bcnomuute
06 3/1eKTpHYeCKOM MoJle, CO3JaBaeMOM 3apsiioM BMecTe C Mar-
HHTOM; KOrZla MarHMT ABHXeTCS, OH CO3JaeT HOBOE 3JeKTpuye-
CKOe moJie M paspyuiaeT BCIO Hally mpeKpacHyio KapTuny. Tak
YTO NpocTas WAes CoKpaulawouleiics KapTHHKH, BooOlle roBops,
He roautcsa. Ho Bce e 3To oueHb ymoGHBIA cnoco6 3amOMHHUTH,
KaK BBITVIAAMT noJie GbICTPO ABHXKYLIErocsi 3apsija.

MaruutHoe nose [u3 ypaBuenusi (26.9)] pasuo v )X E. Koraa
Bbl BEKTODHO MOMHOXHTE CKOPOCTb Ha pajauajbHoe moJge E, To
noayuyute mnoje B, cuioBble JHHHM KOTOpPOro npeacTaBJsIOT
OKDYXKHOCTH BOKPYT JIMHHHM ABHKeHUsi (¢ur. 26.5). Ecau xe Te-
nepb Mbl MOACTaBHM 06GpaTHO BCe ¢, TO Bbl Y6eauTech, YTO pe-
3y/JbTaT MOJYYMJICS TOT XKe, YTO M 151 MeIJEeHHO OBHXKYLIHUXCSH
3apsaaoB. Xopowuii cnoco6 YCTaHOBHTb, KyAa MAOJ/KHBI BOHTH
¢,—3TO BCNOMHHTb (GOpPMyay AIsi CHJIBL:

F=¢(E 4 v XB).
Bbl BuauTe, YTO mpoM3BeleHHe CKOPOCTH HAa MarHHUTHOE MnoJie
HMeeT Ty XK€ pa3MepHOCTb, YTO H 3JeKTPHYeCKoe foJie, TaK 4TO
B npaBoil yactH (26.9) HOJ/KEH CTOATbL MHOXHTeJdb 1/c?, T. e.
E
B='XE (26.12)

c?

Hans menneHHo ABHXKYLIErocst 3apsaaa (U < C) noJe MOXHO CYH-
TaTb KYJOHOBbLIM, H TOraa

B=—-2 _YXr (26.13)

4necct 2

Sta ¢dopMysa B TOUHOCTH COOTBETCTBYET MAarHHTHOMY MOJIIO TOKa,
KoTopoe 6bl/10 HafiaeHo B rJ. 14 (Bbin. 5).

[TonyTHo MHe XoTesnochb OBl OTMETHTb KOe-4TO BeCcbMa HHTe-
pecHoe mpocTo A Toro, 4To6bl Bbl 06 3TOoM moaymanu. (K o6-

q
Due 265 Maenurnoe nose e6ausu >
deumyweeoca 3apada paswo VXE |
(cp. ¢ ue. 26.4). /
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Puec 266. Curst mexdy
a U, Jsyma deuacyuyumucs 3apa-
damu He eceeda pasubl U
nPOTUBONONOIKHYL.

«JelicTeue», oxa3vléaeTca, He
PAasHO «nPoTHBOelicT8UNY.

F, quxB
5 ! v, 9, E,=F,
ql E’ ®BI UZ

CYXIEHHIO 3TOro Mbl ellle BepHeMCs, HO HEeCKOJbKO TNo3xXe.)
IlpencraBbTe cebe aABa 3/1eKTPOHA, CKOPOCTH KOTOPBIX MeprneHAH-
KyJSIPHBI, TaK YTO MYTH HX NepeceKaloTcs, ONHAKO 3/JeKTPOHBI He
CTaJKHBAlOTCA; OAMH M3 HUX ycmeBaeT NPOCKOYUTb Nepel ApY-
ruM. B KaKoH-TO MOMEHT HX OTHOCHTEJNbHOE MNOoJIoXKEeHHe Oyner
TaKUM, Kak H3o6paxeHo Ha ¢ur. 26.6,a. Paccmotpum Tenepb
CHJIBI, ¢ KOTOPbIMH {2 AeHCTBYeT Ha ¢;, ¥ Hao6opoT. Ha ¢y co
CTOPOHBI g; AEHCTBYeT TOJNBKO 3JeKTpuueckKas cujaa, u6o g, Ha
JIMHUHM CBOEro ABHXKEHHs He CcO03[JaeT MarHutHoro mosas. OgHako
Ha ¢;, KpOMe 3JIeKTpHYeCKOro noJs, AeHCTBYeT ellle W MarHuT-
HOe, TaK YTO OH ABHMXXETCS MU B MAarHMTHOM MNoJe, CO3laBaeMOM
3apsoM ¢z. Bce 3TH cuabl nokasanel Ha ¢ur. 26.6,6. daektpu-
yeCKHe CHJBbl, OeACTByHOLIHE HA §; U ¢, PAaBHH MO BeJUYHHE
H NPOTHBOMNOJIOXKHB NO HanpaBJjeHnuto. OQHAaKo Ha ¢; elue Ael-
CTBYeT W OOKOBasi (MarHuTHasl) CHJa, KOTOPOU U 8 NOMUHE HeT
Yy qo. PaBHO qn 3p1ech pmefictBue nmpoTHBonedcTBHIO? [losomaiiTe
ro/IoBy Hal 3THM BOMNPOCOM.

§ 3. Peaarusucrckoe npeobpaszosanue noaeti

B npenbiaymwem naparpade Mbl BBIYHCASNH 3JeKTpHYecKoe
¥ MarHMTHOEe MoJisl, HCXOAA H3 TpaHC(HOPMaLHOHHBIX CBOWCTB MO-
TeHlHaJs0B. Ho, HecMOTps Ha npuBeleHHble palee apryMeHTb
B N0Jb3y (PH3HUECKOro CMbIC/Ia H Pea/lbHOCTH NMOTEHLHAJ/0B, NoJd
Bce e BaxkHee. OHU TOXe peasbHbl, H /5 MHOTHX 3ajay ObliIo
Obl yno6HO HMeTb CMOCOG BBLIYMCJ/IEHHS MOJeH B ABHXKYLUEHCS CH-
CTeMe, eCJIH MOoJIsi B HEKOTOPOH «NOKOseHCH» CHCTeMe yXe H3-
BecTHbl. Mbl MMeeM 3aKoHbl npeo6Gpa3oBaHus Al1si ¢ 4 A, no-
cKoabKy A, npexacraBasieT co6oil ueTblpexBeKTop. Tenmepb HaMm
XoTenocb Gbl HaiTH 3aKoHbl mpeo6GpasoBanuss E u B. IlycTe mMbl
3HaeM BekTopbl E n B B omHO# cucTeMe orcyeta. Kak e oHu
BHIMISIAAT B JPYroil cHcTeMe, ABHXYLIEHCS OTHOCHTENLHO mnep-
BOK? 34ecb-TO HAM M MoHamo6saATcs npeoGpasoBanus. Koneuno,
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Mbl BCEra MOXeM CHAeJaTb 3TO Yepe3 MNOTEHUHAJ, HO HHOrja
yno6Ho yMeTb npeo6pa3oBbiBaTh nojs HenocpeacteeHHo. Ceifuac
Mbl YBHIMM, KaK 3TO Je/1aeTcs.

Kak MoXHO HaiTH 3aKoH mpeoGpa3oBaHusi nosei? Ham us-
BeCTHbl 3aKOHHl NMpeo6pa3oBaHUs ¢ U A, U Mbl 3HaeM, Kak Bbl-
paxalotcsl noJs yepe3 ¢ U A, TaK uTO OTCIOAA HETPYOAHO HaHTH
npeo6pasoBanus ansa E u B. (Bbl Moxere nogymare, uTo y Kax-
JOr0 BEKTOpa ecTb HeuTo, JOMOJHsollee ero 10 YeThlpeXBeKTopa,
TaK 4To, Hanpumep, ¢ BeKTopoM E MoXHO cBsi3aTh HeKyio BeJiH-
4YHAY, KOTOpas cAefnaeT ero yeThipexBeKTopoM. To e camoe oOT-
Hocutcss U K B. ¥YBH, 3T0 He Tak. Bce okasbiBaeTcsi coBeplleHHO
HENOXO0XHM Ha TO, YTO MOXHO OblI0 6bl 0xHAAaTh.) a5 Hayana
BO3bMEM MarHuTHoe noJe B, kotopoe, koHeuHo paBHo V XA,
Tenepb MBI 3HaeM, 4TO X-, Y- U 2-KOMNOHEHTbl BEKTOPHOTrO MOTEH-
1Masa — 5TO TOJbKO OfHA YacTh, TOMHMO HHUX eCTb elle H {-KOM-
noHeHta. Kpome Toro, Mbl 3HaeM, uTo y aHajora oneparopa V
Hapsay ¢ NPOM3BOJAHBLIMH MO X, Y U 2 eCTb TaKxXe NPOHU3BOAHAfA
no {. [JaBaiiTe e monbiTaeMcsl HaifiTH, YTO NOJYYUTCS, €CJAH MBI
npoHu3BeleM 3aMeHY y Ha f, uiau 2 Ha f, WM elle yTo-HUOYAb
B 3TOM JyXe.

[Tpexxpe Bcero o6patuTe BHHMaHHe Ha ¢oOpMYy cJjaraeMblx,
o6pasyoluX KoMnoHeHTH B:

04, 04, oAy 04, 04,  0A.

Bi=y — & Bi= — o Be= 5y — gy - (2619

B cnaraemble, o6pa3syiolilHe x-KOMNOHEHTY B, BXOOAT TOJBKO
2- u y-komnoHeHThl A. Ilpeano/ioxkuM, Mbl Ha3Baau 3Ty KOMOH-
HalMI0 NPOM3BOAHBIX M KOMNOHEHT «2y-UITYKOH», HJH COKpas
weHHo F,,. Mbl npocto HMeeM B BHAY, YTO

0A; 04,
W= 5y ~ oz ¢
[Tono6HOM e «lITyKe» paBHa W KOMNOHeHTa B,, HO Ha cell pa3

310 6yneTr «xz-uiTyka», a B, pasyMeercs, paBHa «yX-LITYKe»,
Takum obpasom,

Bx=Fzy’ By=sz: Bz=Fyx' (26.16)

[TocMoTpuM Tenepb, YTO MOJYYHMTCS, €CAH Mbl MoNbITaeMcs
CMacTepuTb «WITYKU» THNAa «i», T. e F,, uau F,;, (Beap npupona
JNOJ/DKHA ObITb KpacHBa M CHMMETpPHYHA Mo x, y, 2 u t). Uro Ta-
Koe, HanpuMmep, F;,? Pa3zymeercs, oHa paBHa

0z at °

Ho BcnomHute, Bemb A; = ¢, NOCKO/bKY NpefbiAylilee BbIpaes
HHe paBHO

F (26.15)

aQ G6A,
a9z at °
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Takoe BbipaxceéHHe HaM YXe BCTPevajoch paHblle. DTO NOYTH
2-komnoHenta noas E. TlouTw, 3a Hck/I0uUeHHMEM HeBepHOro
3Haka. Bnpouem, Mbl 3a6blH, 4TO B ueTHIPEXMEPHOM TIpajHeHTe
MPOH3BOAHAS MO ¢ AT CO 3HAKOM, NPOTHBOMNOJOXKHBIM NPOH3BOA-
HbIM 1O X, ¥ ¥ 2. Taxk uTo Ha caMoM Jeje HaM cJaedyeT B3STb
Gosiee yMHOe 000OlIEHHE, T. €. CYUTAThb

Fo=—-+ FTak (26.17)
Tenepr ona B TouHocTH paBHa —E.. Tak e MOXHO NMOCTPOHTDH
Fix 1 Fyy v NOJYuUTb TPH BHIPAXKEHHS:

th=_Ex) Fty=—Ey, th=—Ez° (2618)

A uro, ecan oba uHAekca BHu3Y 6yayT #? Haum oba 6yayr x?
Torpa Mbl noJyunM BbIpaXkeHHsi THNA

__0A; 04
Fi= ot ot
H
9A A
Fexn= axx - 6xx’

T. €. NPOCTO HYJb.

Utak, y Hac ecTb wecTb Takux «F-uwtyk». Kpome HuX, ecTb
elle IIeCTb MNOJYYeHHHIX MNepecTAaHOBKON HHIEKCOB, HO OHH He
JNal0T HHYero HoBoro, H6o

ny=_Fyx

H T. n. Takum o6pa3om, U3 LIECTH BO3MOXHBIX NONapHbIX KOMGH-
Halluil YeTbipeX 3HAaueHUH HHAEKCOB Mbl MOJYUYH/IH IUECTb pas-
JHYHBIX (HU3HYECKHX OGBEKTOB, KOTOPble NPeOdCTABAAIOT KOMAO-
nentot B u E.

Uro6bl 3anucath ujedsl F B o6uieM Buje, Mbl BOCNOJb3YyeMCs
0606LIeHHBIMH HHOEKCAMH M H v, KaXIbli M3 KOTOPBIX MOXET
6T 0, 1, 2 u 3, 0603HAYAOIWHKUMH COOTBETCTBEHHO (KaK H B
OoGbIUHBIX YeTblpexBeKTopax) f, x, y uau z. Kpome Toro, Bce Gy-
JIeT NpPeKpPacHO COr/JacoBbIBATbCA € HAUIMMH YeTblpeXMepHbIMH
o603HayeHusAMH, ecaun Fyy onpeleautb Kak

Fu.v - Vp.Av - VvAp,, (2619)
NOMHS NIpH 3TOM, 4YTO
J J 3} 4
=0 - % %)

Au=(q), Ax, Ay: Az)

To, uTo MBI HaulIH, MOXKHO COPMYJIHPOBATH TAK: B NMPHpOAE
CYLLEeCTBYIOT IIECTb BEJHYHH, KOTOpble NMPeACTaBJSIOT pa3JHyHble
CTODOHBI Yero-To OAHOro. D/EeKTPHUEeCKOe W MarHUTHoe moJs, Ko-
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TOpble B HallleM OGBIYHOM MeAJIeHHO ABHXKYIleMcs Mupe (rae Hac
He GEeCNOKOMT KOHEYHOCTb CKODOCTH CBeTa) paccMaTpHBa/THCh
KaK COBEpUIE€HHO OTAe/JbHbl€ BEKTOpbl, B YETbIp€XMEPHOM NpOCT-
paHcTBe yxe He O6yayt uMu. OHM— 4acTb HEKOTOpPOH HOBOH
«uitykn». Hauwe ¢usuueckoe «mosie» Ha caMOM Jese IIECTHKOM-
NOHEeHTHHIH 06beKT Fyy. BOT Kak 06CTOHT 1e/10 B TeOPHH OTHOCH-
tenbHocTH. [lonyueHHble pe3yJabTaThl Ana  F,y co6paHbl B
Taba. 26.1.

Ta6auya 26.1 ® KOMIIOHEHTHI F,,

Fyv=—"Fy,

Fuu=0
ny=—Bz Fyt=Eyx
Fyz=—B; Fy=EFEy
Fz.\:=—By Fz=E;

Bul BuauTe, uTo Mbl clenald paKkTHueckH o606l eHHe BeKTop-
HOro npousBefieHusi. Mbl HauaJu ¢ poTopa H C TOro ¢akTta, yTo
ero CBOHCTBA npeo6pa3oBaHHsl B TOYHOCTH TaKue XKe, KakK CBOH-
cTBa npeo6Gpa3oBaHus 08YX BEKTOPOB — OOGBLIYHOTO TPeXMEpPHOro
BeKTOpa A H omepaTtopa rpaaueHTa, KOTOpbld, Kak HaM H3BECTHO,
BeneT ce6s nono6HO BekTopy. BosBpaTuMcA HAa MHHYTY K 06bly-
HOMY BEKTODHOMY MNpOH3BeleHHI0 B TpeXMepHOM NpOCTPaHCTBE,
HanpuMep K MOMEHTY Ko/JHuecTBa ABHXKeHHS uvacTuubl. [lpu
JBHXEHHH YacTHLBl B NJOCKOCTH BaXXHOH XapaKTepHCTHKOH OKa-
3pIBaeTCcl KoMOHHAUHMA (XUy— YUx), a NPH JIBHIXKEHHH B Tpex-
MEepHOM MNpOCTPaHCTBe MOMBJAIOTCA TpPH NOAOOHbIE BeJHUYHHBI,
KOTOpble Mbl Ha3BaJH MOMEHTOM KOJIMYeCTBa JIBHXKEHHs:

L., = m(xv, — yv,),
L,,=m(yv, —2v,),
L,,=m(zv, — xv,).

3ateM (XoTd ceifiyac Bbl, MOXeT ObiTb, 00 3TOM H 3a0bliH) MBI
coTBOpU/H B ra. 20 (BbiM. 2) uyyjno: 3TH TPH BeNHUYHHBI NpeBpaTH-
JUCb B KOMMOHEHTbI BeKTopa. UToObl clienaTh 3TO, Mbl NPHHSIH
HUCKYCCTBEHHOE corJalleHue: npaBuao npasoil pyku. Ham npocro
nosesJsio. M1 nosessio notoMy, uto MoMeHT L;; (i u j paBHHl X, ¥y
HJM 2) OKa3aJicl aHTHCHMMETPHYHBIM OGBEKTOM, T. €.

L”=—L”, L“=0.
Hs OeCATH BO3MOXHBIX €ro Be/JHYHH HE€3aBHCHMBI JHUDb TpH.
H Bot O0KasaJjaocCb, YTO NpH HU3MEHEHHH CHCTEMbl KOODAHMHAT 3TH

TpH onepaTopa npeo6GpasyloTcsi B TOYHOCTH, KaK KOMIOHEHTHI
BeKTOpa.
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To e cBOJCTBO NO3BONSIET 3anucaTh B BUAE BEKTOpa H SJe-
MEHT MOBEPXHOCTH. DJ/IEMEHT MOBEPXHOCTH UMeeT Be YaCTH, CKas
xkeM dx U dy, KOTOpble MOXKHO NpeACTaBUTb BeKTOpoM da, OpTo-
roHaJbHBIM K moBepxHocTH. Ho Mbl He MOXeM clenaTb 3TOro Xxe
0151 yeTbipex u3aMepeHuir. Urto OymeT HoOpMa/ibio K 3JeMEHTY
dxdy? Kyna ona HanpaB/jeHa — MO OCH zZ WJIH NO (?

Kopoue roBopsi, a4 Tpex M3MepeHHUil OKa3blBaeTcs, YTO KOMs=
O6UHAUMIO JOBYX BeKTOpPOB THUma L;j, K CYacTblo, CHOBa MOXHO
NpeACTaBUTb B BUAE BEKTOPa, MOCKOJNbKY BO3HHUKAIOT KaK pa3 TpH
u/JeHa, KOTOpble, BBIXOAHUT, Npeo6pa3yloTcsi NOA0GHO KOMMOHEH-
TaM BeKTopa. [.as uyeTbipeXx u3MepeHUH 3TO, OYEBHRHO, HEBO3-
MOXXHO, NMOCKOJIbKY He3aBHCHMbIX YJ/IEHOB IUEeCTb, a LIECTb BeJH-
YMH Bbl HHKAaK He NpeACTaBUTe B BHIE YeTbIpex.

OpnHako naxe B TpeXMEDHOM MPOCTPAHCTBE MOXKHO COCTABHTb
TaKyl0 KOMOMHALUHIO BEKTOPOB, KOTOPYIO HEBO3MOXHO MpejicTas
BUTb B BuAae Bekrtopa. Ilpeanosoxum, Mbl B3siJIM KaKue-TO JBA
BeKTOpa a = (ay, ay, a;) U b = (b, by, b;) u cocTaBuIM BCeBO3-
MOXHble pa3/juyHble KOMOHHAL UM KOMMOHEHT THna aib,, a.b,
M T. O. Bcero mnoanyuyaercsi neBATb BO3MOXHBIX BeJHYHH:

axbx’ axby’ abes

ayb,, a,b,, a,b,,

asz’ azby’ aZbZ'
DTy BeJHYHMHBI MOXKHO Ha3BaTb Ijij.

Ecan Tenepb mepelHTH B MNOBEPHYTYIO CHCTEMY KOOpPAHHAT
(CKaXXeM, OTHOCHTEJNbHO OCH 2), TO MPH 3TOM KOMMOHEHTH a # b
HU3MeHsAoTCA. B HOBOM cucTeMe a, NOMKHO ObITb 3aMEHEHO Ha

; .

J‘—a,‘cos(9+aysm(§),
ab,—mHa

r_ I

by—bycos(-) b,sin®.
AHasoruynble BellH NPOMCXOAAT W C JAPYTMMH KOMIOHEHTaMHU.
HeBATb KOMNOHEHT H300peTeHHON HaMH BeauuuHbl T;j, pasy-
Meercs, Toxe u3MmeHsitorcsd. Hanpumep, T,y = a.b, nepexoaur B

[ 20} — : . -
T, ,=a.b,(cos 0) —a,b, (cos Osin 9)—|—ayby (sin 0 cos 6).
—_ in2
aybx(sm 0),

HIH

r 2 — . . - : 9
TXy_Txy cos’0—T cosesme—l-TyysmOcose Tyxsm 0.
Kaxnas xomnonenta T{; — 3TO JiMHeilHasi KOMOHHALHUS KOM-=
novedt Tij.
UTtak, Mbl OGHapyXH/H, 4YTO M3 BEKTOPOB MOXHO CAeJaTb He
TOJILKO BeKTOpHOe npousBefgeHHe a X b, Tpu KOMIOHEHTH KOTO-
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poro npeo6pasyoT noao6Ho BekTopy. MckyccTenHo MBI M3 AByX
BEKTOpOB 7T;; MOXeM cJe]aTb «NpOuU3BeJeHHe» APYroro copTa.
llegaTb ero KOMNOHEHT MpeoGpasylOTcsl NMPU BPAIEHHH N0 CA0XK-
HBIM NpaBHJaM, KOTOpble MOXHO BbinucaTb. [Togo6HbI 0GBEKT,
TpeOyOmHui A1 CBOEro OMHCAHHS BMECTO OJHOrO HHAEKca MBa,
Ha3blBaeTCsl TeH30pOM. MBI NOCTPOU/IH TEH30p «BTOPOrO paHra,
HO TaK XXe MOXHO NOCTYNHTb M C TpeMs BEKTOPaMH H MOJYYHTb
TEH30p TPeTbero paHra, a Hu3 4YeTblpeX BEKTOPOB — TEH30p
YeTBEPTOro paHra M T. A. TeH3opoM nepBOro paHra siBJasieTcs
BEKTODP.

CyTb Bcero 3Toro pasroBopa B TOM, YTO Hallle 3JeKTpoMar-
HUTHOe moJie F, — ToXe TeH30p BTOPOro paHra, Tak Kak y Hero
nBa uHpekca. OQHAKO 3TO yXKe TEH30p B YeTbIpeXMEpPHOM NpPOCT-
paHctBe. OH npeo6pa3yercsi crneuuanbHbIM o6pa3oM, H uyepe3
MHHYTY Mbl HaiiileM ero. 3To NpoCTO NpoH3BeleHHe BEKTOPHBIX
npeo6pasoBanuit. Ecau y Tensopa F,, Bbl mepectaBuTe HHAEKCHI,
TO OH M3MEHHT CBOH 3HaK. dTo ocoOblfi BUA TEH30pa, U Ha3hl-
BAaeTcs OH aHTucummerpudHoim. VIHaue roBopsi, 3J/eKTpHUYECKOe
H MarHuTHOe NoJsi SIBJASIOTCH YacTbl0 AHTHCHMMETPHUYHOrO TeH-
30pa BTOPOr0 paHra B YeTblpeXMEpPHOM INPOCTPAaHCTBE.

Bot kako#t Mbl npoumJid AJHHHBIA NyTb. [IoMHUTE, MBI Hauaau
C onpefie/ieHHs, 4YTO TaKoe CKOpOCcTb? A Temepb Mbl yXKe pacCyx-
llaeM O «TeH30pe BTOPOro paHra B 4YeThHIpeXMEpPHOM NpOCTpaH-
CTBeY.

Tenepb HaM HYXXHO HaiTH 3aKOoH mpeoGpasoBaHus F,,. Cne-
JaTb 3TO HETPYAHO — MOPOKH TOJIbKO MHOrO, — LIEBEJUTb MO3-
ramMp 0ocoGeHHO He HYXKHO, a BOT MOTPYAHMTbCS BCe XKe MpHAeTcs.
EnuucTBeHHOE, 'UTO MBI JOJXKHBI HalTH, —3TO npeobpasoBaHue
Jlopenua Beanuunsl VyAy — VyA,. Tak kak V,—npocto cne-
LHaJbHBIA CcJay4yal BeKTopa, To Mbl OyaeM pa6oTaTb ¢ obuiei
AHTHCUMMETPHUYHOM KoMOHHALUell BEKTOPOB, KOTOPYIO MOXHO Ha-
3Bath Gyv:

G,v=a,by, —ayb,. (26.20)

(dns Hammux uenei @, caefyeT,B KOHIE KOHLOB, 3aMeHHTb Ha V,,,
a b, — na notenuuan A,.) Komnoneuts a, u b, npeobpasyiorcs
no ¢popmyaam Jlopenua:

a,=af—vax ,=bt vb,

t AT=02' t 1/1—0"”

’ ay—vay ’ bx_vbt

aQ, =—— B ————— 26.21
o ANT=2 £ AT=12 (26.21)
’ " ’r__

a,=a, b,=b,

r___ 7

a,=a, b,=0b,.
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Tenepb npeobpasyeM komnoHenThl G,y. HauneM ¢ Giut
b, — vb;
—ab I8 N —
o=y — b= 1/1-02)(1/1-4;2)

—va b, —ub
('\’/cl—v;)('\;l—vf)=atbx_axbb

Ho Beab 310 npocto Gix. Takum 06pa3om, Mbl MOJYYHAH NPOCTOMH
pesyJbTaT

4 c—
Gtx—Gtx‘
Bo3bMeMm ellle 0O1HY KOMIIOHEHTY:
, __a—va, b b, — vb, (atby —a,b)—v(a.b, —a,b,)
«/1 v Y Nie=rtha AT= 02
Hrak, nonyyaercs
G = th_vaxy
ty AT=102 °
H, KoHeyHO, TOYHO TaKHM e 06pa3oM
G = Gtz - Uze
2 =0

A Tenepp sicHO, KaK BefyT ceGs BCe OCTa/bHble KOMIOHEHTHI,
HaBaiite coctaBuM Tabauuy npeo6pa3oBaHHil BCceX IIECTH 4YJe-
HOB; TOJIbKO Temepb Mbl GyfeM Bce MUCaTh AAs1 BeMHYHH Fyy:

F,,— oF

) r __ " xy ty

Fie=F ny_ 1 — o2
F,y - vay

Py AR (26.22)
F1=th—0sz F’ _sz_szt

tz Vi—o ' T M=

Pasymeetcs, no-npexuemy y kac Fiy=—F3,, a Fj,=0.

Htak, Mbl HMeeM npeo6pa3oBaHHs 3MEKTPHYECKHX H MarHuT-
HbeiIX noJsieli. EQMHCTBeHHOe, 4TO HaM HYXHO cOenaTb, — 3TO 3as
rasHyTs B Taba. 26.1 u y3HaTh, yTo O3HayaeT Aas BekTopoB E
n B npeo6pa3oBanue, 3ankcanHoe gas Fy. Peub uaer o npocroit
noactanoske. UToO6bl MOXHO OblJIO BHAETh, KAK 3TO BCE€ BHII/f-
OUT B OOBIYHBIX CHMBOJIAX, NepenuulieM Halld npeo6pa3oBaHus
KOMIIOHEHT noJsi B BuAe Tabua. 26.2.

YpaBHenusa B 3Toit Tab/ulle roBopsiT HaM, KakK H3MeHsOTCA
E n B npu nepexoje oT onHON HHepLHAJbHON CHCTEMBI K ApY-
rof. Ecan usBectint E u B B oanoil cucteme, To Mbl MOXeM
HaHTH, yeMy OHH DaBHbl B APYroil, LBHKYLWeHCcs OTHOCHTENbHO
Hee CO CKOPOCTbIO U,
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Tabauya 26.2 @ JIOPEHUEBDBI MIPEOBPA30BAHUSA
SJIEKTPMYECKHUX U MATHHUTHbBIX

INOJIEN
4 ’
Ex=Ex Bx=Bx
E,= Ey—UBz B = By + vE,

voNT=? Y T=0
Ez+UBy , Bz—vEy
E’= — B =—
2 NT=0» 2 AT=0

(Momuure: ¢ =1)

MoxHo mepenucaTb 3TH ypaBHeHHs B ¢dopme, GoJee Jerkoi
I151 3anoMHHaHuA. a5l 3TOro 3aMeTbTe, YTO MOCKOJBKY CKOPOCTb
U HamnpasJieHa IO OCH X, TO BCe KOMIIOHEHTBl ¢ U NMpeNCTaBJ/sIOT
coGoi BekTopHble mpousBefenusa v X E u v X B. Tak urto npe-
0o6pa3oBaHUA MOXHO 3anucaTtb B Buiae Taba. 26.3.

Ta6auya 263 @ JPYTAS1 ®OPMA ITPEOBPA3OBAHHS
TOJIEH

E,=E, B, =B,

g ErvXBy o (B-vXE)
v AT=0? Y VT=v?
g (E+vXB): o (B—vXE),
z AT =0 ‘ VT=v%

(Momuute: c=1)

Tenepp Jerko 3amOMHHTb, KaKas KOMMOHeHTa Kyjaa HAeT,
dakTHYecKH 3TH npeoOpa3soBaHHs MOXHO 3amucaTb Jaxe emie
npoiue, ecay BBECTH KOMNOHEHTH! MOJs, HanpasJ/eHlible N0 OCH X,
T. €. «napaJJe/bHble» KOMNoHeHThl Ey u B (xoTopble mapasn-
Jle/IbHbl OTHOCHTEJbHOH cKopocTH cucteM S u S’) M nosHble mo-
nepeyHble, UM «NepNeHAHKyAspHble», KOMNOHeHTh E, v By, T. e.
BEKTOPHYIO CYMMY Y- H Z-KOMNOHEHT. B pesysabrate Mbl NOJNyyHM
ypaBHeHHs, cBeleHHble B Tab.1. 26.4. (/15 mosHOTBI MBI BOCCTa-
HOBMJIH BCe C.)

ITpeo6Gpa3oBaHusi noJ/is NO3BOJAIOT MO-APYrOMYy peLIHTh 3a-
NlauM, KOTOPLIMH Mbl 3aHHMAJIHCh MpeX/e, HanpuMep HalTH noJe
JNBHXYLIErocsi TOYeYyHOro 3apsja. PaHblie Mbl BBIYHCASAH MOJS,
nudpdepeHuupys noreHuuassl. Ho Tenepb To e caMoe MOXHO
caenatb, npeo6pasya KyJoHoBo nose. Ecau y Hac B cucreme S
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Puz 267. Cucrema roop-
E g dunar S’ Osumerca 6 craru-
v YECKOM INEKTPUECKOM noAe.

HaXxoJHUTCs MOKOSILLMiCA 3apsifi, TO OH CO3JaeT TOJbKO NpocToe
panuanbHoe moae E. B cucreme S’, pBmXyuleficss OTHOCHTENbHO
CHCTEMBI S CO CKOpOCTbIO ¥ = —u, TOYeyHb}i 3apsn OynmeT Ka-
3aThbCAl HaM JIeTAWUM cO cKopocThio u. [TokaxkuTe camu, yTo npe-
o6pa3zoBaHus Tab6a. 26.3 u 26.4 nalT Te XKe caMble 3JMEKTpHuUes
CKHe M MarHuTHble M0JIsl, KOTOpble Mbl NoJAy4uau B § 2.

Tabauya 264 ® EIIE OOHA ®OPMA JIOPEHUEBDBIX
TNMPEOBPA30BAHHUM TIOJIEN E u B

4 /
Ey=E B=B

g _EHvaB), ("‘vifﬁ)l

= '\/1 —v¥c? - AT =v?/c?

Ilpeo6pasoBanua Taba. 26.2 nalT HaM OueHb HHTEPeCHBIi
M TIPOCTOH OTBET Ha BONPOC: YTO Mbl BHOHMM, €CJH [IBHXKEMCS
MHMO 410606 cucTeMbl ¢pUKCHpOBaHHBIX 3apsanoB? Ilycte HaM Xxo-
yeTcsl y3HaTb noJsi B Hawet cucteMe S’, ecld MBI JIBHXKeMcCH
MeXIy NJacTHHAMH KOHJeHcaTopa BAOJb Hero, Kak II0Ka3aHo Ha
¢ur. 26.7. (Ho, pasymeercs, Bce paBHO, ecid Obl 3apsiXKeHHbIH
KOHJeHCaTop ABHMraJjacs MHUMo Hac.) Uto ke Mbl yBuaum? [Ipeobpa-
30BaHUA B 3TOM cJyuae 06J/1eryaloTcs TeM, YTO B NepBOHAva/b-
Hoit cucteMe noJe B orcyrcrByer. Ilpeamosnoxum cHauasa, yto
Hallle ABHXXeHHe MepHeHAUKY/spHO K HanpaBaeHuio E, mpu stom

mbl yBuanm node E'=E/+/T —v?c?, kortopoe ocraetcs mnoJ-
HOCTblo mnonepeyHbiM. Ho MBI yXe yBHAMM M MarHuTHOe noJe
B’ = —v X E’/c%. (He ynuBnasiiTech, 4TO B 3TOi (GopMyse HeT
A/1—71% Bemb Mbl 3anucanu ee uepes E’, a me uepes E; Tak
TOXe MOXHO Henatb.) HTak, korja Mbl ABHXeMCs B HampabJie-
HHUHW, TEepPNEeHAUKYASPHOM K CTaTHYECKOMY IOJIO, TO BUAHM H3-
MeHeHHoe E u Bno6GaBok eule monepeuHoe noJe B. Ecau nHawe
INBHXEHHe He NepHeHauKyJsipHO BekTopy E, To MBI pa3bGuBaem
E na Eju E.. IlapaanenbHasi yacTb OCTaeTcss HEU3MEHHOI,
Ej{=E), a 4TO MpPOHCXOAHT C MepneHaUKY/IsPHOH KOMIOHEHTO],
Mbl y)Xe ONHCaJH.
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[aBaiite pas6epeM NPOTHBOMOJIOXKHBIH CJAyyail U BooGpasum,
4YTO Mbl JBHXEMCS uYepe3 YHCTO CTaTHYECKOE MA2HUTHOe MnoJe,
Ha stot pa3 Mbl Gbl yBujenu szsexTpuueckoe monae E’, paBHoe

v X B’, 1 MarHuTHOe 1o0Je, YCHJIEHHOE MHOXHTEIeM l/«/l —v?/c?
(npennoJaarasi, yto OHO momnepeuHoe). Jlo Tex mop, MoKa v MHOro
MeHblle ¢, M3MeHeHHeM MAarHHUTHOTrO IOJIs MOXHO NpeHeOpeub,
H OCHOBHBIM 3¢ eKkToM OGyneT NosiBJeHHe 3JeKTPUUECKOro moJs.
B kauecTBe mpumepa 3TOoro 2¢)pekta pacCMOTPHUM HEKOrJa 3Ha-
MeHHTYI0 npo6seMy omnpeaeleHus cKopocTH camoJeta. Ceiluac
OHa yXe O6oJblle He 3HAMEHHTA, NOCKOJbBKY AJs1 ONpefeneHHs
CKOPOCTH MOXHO HCHOJIb30BaThb OTpa)KeHHe OT 3eMJH CHTHaJloB
paauosokaropa. Ho paHbuie B maoxyio norogy cKopocTb caMo-
JeTa ObLIO OYEHb TPYIAHO omNpefeauTb. Beab Bb He BuAUTE
3eMal0 U He MoOXeTe CKa3aTb, Kyla Bbl JeTHTe. A 3HaTb, Ha-
CKOJIbKO OBICTPO BBl OBHXHTECb OTHOCHTEJNbHO 3eMJH, OblJIo
BaxxHo. Kak e 3To MOXHO clenath, He Buas ee? Te, KoMy ObliH
3HAaKOMbl ypaBHeHHs npeo6Gpa3oBaHHs, CYUTANH, UTO HYXKHO HC-
N0/1b30BaTh TOT GAKT, YTO CaMOJIeT ABUXKETCS B MArHUTHOM HoJe
3emau. [Ipeanonoxum, uyTo caMoJ/eT JE€THT TaM, rJle MarHMTHOE
nose HaM OoJee WM MeHee H3BecTHO. Bo3bMeMm mnpocreiiiuii
cjaydai, Korjga MarHuTHoe moJie BepTHKaabHO. Ecau Mbl Jetum
yepe3 Hero ¢ rOPU3OHTAJbHOH CKOPOCTBIO U, TO B COOTBETCTBHH
c Hawe#l ¢opMysolt AOMKHBI Hab/a0AaTh 3/JeKTpHUecKoe moJie
v X B, T. e. nepneHAuKy/AsipHOe K HanpaBJIEHHIO [IBHXKEHHS.
Ecau nonepek camoJieTa moABeCHTb M30JHPOBAHHBIA NMPOBOJL, TO
3/IeKTPHUECKOe MoJie Ha ero KoHuax OyaeT HHAYUHPOBATb 3a-
psabl. Ho B 3ToM Huuero HoBoro Her. C TouKu 3peHHs Habuiona-
TeJs Ha 3eMJle, Mbl NPOCTO NMepelBHraeM NPOBOA B MarHUTHOM
nose, a cuna g(v X B) 3acraBasier 3apsii ABHraTbcsi K KOHLY
npoBoja. YpaBHeHHs1 npeo6pa3oBaHUsl FOBOPAT TO e CaMoOe, HO
apyrumu caoBamu. (To, uTo OAHY M Ty Xe Belllb MOXHO HOJy-
YHTb He OJHHUM, a HeCKOJbKHMH cnoco6amH, BOBCE He O3Hauaer,
4YTO OQMH cmoco6 Jyuuie Apyroro. Mbl OBJaje/d CTONbKHMH Me-
TONAMH Y NPHEMaMH, YTO OAHH U TOT e pe3y/abTaT MOXeM IoJy-
4aTh KaKUMH XOoTuTe crnocobamul)

Hrtak, enMHCTBEHHOE, UYTO Mbl JO/IXKHBI CAeJaTb AJs ompeje-
JIEHHs] CKOPOCTH U, — 3TO H3MEPHTb HampsiXKeHHe MeXIY KOH-
uaMy npoBojga. XOTs /sl 9TOH LeJH Mbl HE MOXEM BOCIOJ/b30-
BaTbCs BOJNILTMETPOM, MO0 TO e camoe noJe 6yaeT AeHCTBOBATb
M Ha TNpOBOJA BHYTPH BOJIbTMETPA, CMOCOObH H3MepEHHs TaKHX
noJieil Bce ke cyuecTByloT. O HEKOTOPbIX M3 HHX MBI YXKe roBO-
puau B ri1. 9 (Bbim. 5), Koraa pacckasbiBa/iu 06 aTMochepHOM
3JeKTpuuecTBe. Tak 4TO U3MePUTb CKOPOCTb caMmoJieTa, Ka3ancch
6bl, MOXHO.

Oanako 3Ta BaxHasi npoGsieMa He Oblja pelleHa TaKHM Me-
TogoM. [eso B TOM, YTO BeJMYHHA 3JI€KTPHYECKOro MoJs, KOTO-
poe Ipu 3TOM pa3BHUBAeTCs, — MOPAAKA HECKOJbKHX MHJ/JIHBOJBT
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Ha Merp. UamepuTh Takue nond, KOHEYHO, MOXKHO, HO Bcs Gena
B TOM, 4TO OHH HHMYEM He OT/IHMYAIOTCA OT JIOOBIX APYTHX 3JeK-
TpHuyeckux mnoJsed. [loasl, cosnaBaeMble ABHXEHHEM uyepe3 Mar-
HHUTHOE NoJe, Heslb3sl OT/JIUYHUTL OT 3JIeKTPUYECKHX INOJeH, BO3HH-
KaloWUX B BO3AyXe MO KaKHM-TO APYrUM NpUuYHHAM (CKaxeM, OT
3JIeKTPOCTATHYECKUX 3apsiioB B BO3AyXe WM Ha ob6sakax).
B ra. 9 Mbl roBopuau, 4TO OOGBIYHO HAJ MOBEPXHOCTbIO 3eMJH
CYIIECTBYIOT 3JIeKTPUYECKHe [NOJsi C HANPsSXKEHHOCTbIO O0KOJIO
100 g/m, HO OHM COBepLUIEHHO HeperyJsipHble. Tak yTo camoseT
BO BpeMs moseta Oyger Habaoaatbh GJAYKTYyaluHH aTMochepHBIX
3JIEKTPHYECKHX MoJIeH, KOTOpble OFPOMHBI 1O CPaBHEHHIO CO CJa-
6eHbKHMH MNOJASIMH, BO3HMKAIOWUMH H3-3a MHOxHUTeas: Vv X B.
BBuay 3THX 4YHCTO NMpaKTHYeCKMX NPHYHH H3MEPUTb CKOPOCTb
€aMoJ1eTa, MCIOJb3ys ero JBHXXeHHe B MarHHTHOM InoJse 3eMJy,
HEBO3MOXHO.

§ 4. Ypasnenusa deuicenun 8 peaarusucrckux o6ozHavenuax*

[TonyueHHble H3 ypaBHeHuil MakcBeana s/eKTpUYeCKue 1 Mar-
HUTHBIe 10/ caMHu no cebe He mMpeACTaBJsAIOT 0C060H LEHHOCTH,
€CJIM Mbl He 3HaeM, 4TS 3TH MOJS MOTYT JeJaTh, HA YTO OHHU CIO-
coGHbl. Bel, BeposATHO, NOMHHTE, 4TO MOJS HYXHBI ISl Haxoxnie-
HUS AeACTBYIOUIMX Ha 3apfAlbl CHJI M UYTO HMEHHO 3TH CHJB Ompe-
[eNsIOT HX JBHXKeHHe. Tak uTO CBfI3b MABHXKEHHS 3apsilloB C
CH/IaMH, pa3yMeeTcsl, TOXKe eCTb 4acTb HJMEKTPOAHHAMHUKH.

Ha ortpenbublil 3apsaa, Haxoaauwuiics B noasax E u B, neiicr-
ByeT cHJa

F=gq(E +vXB). (26.23)

[Mpu HeGOMBIUHX CKOPOCTAX 3Ta CHJAA paBHa INPOH3BENEHHIO
Maccol Ha YCKODEHHe, HO HMCTHHHBIN 3aKOH, CIpPaBeNJIMBBIH NpH
Mo6bIX CKOPOCTAX, TJaacuT: cuaa paBHa dp/dt. Tlopcrasass
p=mv/[A/1 — v¥c?, HaXoQMM peNATHBHCTCKOE ypaBHeHHe NBH-
XKenus 3apsaja:

d eV —_ P —
- (T:T ?) =F=g(E+vXB). (26.24)

Tenepp Mbl XOTUM OGCYAHTb 3TO YpaBHEeHHE C TOYKH 3peHHUs
Teopuu OoTHocutenbHocTH. [Tockonbky ypaBHennss MakcBeaia 3a-
MHCaHbl Yy HAC B PeNATUBHCTCKOM (popMe, HHTEPECHO MOCMOTPETh,
KaK B PENSTHBHCTCKOH XXe ¢opMe BHIIASAAT YPaBHEHHS NBHXKe-
Hus. TTocMOTpUM, MOXHO JIM Nepenucatb YpaBHEHHs IOBHXKEHHS
B 4eTbipeXMepHLEIX 0603HaYeHHsIX.

Mbl 3HaeM, 4TO HMIYJbC €CTb YacTh YeThipeXMEePHOro BEKTOpa

pu C 3Hepruei mo[4/1 — v%c® B KauecTBe BpeMeHHOH KOMIIO-

* B atom naparpade Mbl He GyleM NpPHHHMATb ¢ 3a eJIHEALY.
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HeHTH], TAK UTO MBI HajJleeMcs 3aMEHHTb JIeBYIO 4acTh YPABHEHHSA
(26.24) Ha dp,/dt. Tenepb HaM HYXXHO Ha#fiTH TOJbKO YETBEpTYIO
KoMmnoHeHTy cuibl F. 3Ta KoMnmoHeHTa A0/KHA GBITb paBHA CKO-
pOCTH HM3MEHEeHH 3HeprHH HJH CKOPOCTH CoBeplieHHs paboThl,
T. e. Fev. Tak uto npaBylo yactb ypaBHeHus (26.24) xenartenpHo
6b1J10 Gbl 3anucaTh B Buae yeThipexsektopa tuna (F-v, Fy, Fy, F2).
OnHako 3TH BeJHYMHBI He COCTABJSAIOT YeThIPeXBeKTOpa.
[TponsBogHas uetbipexBekTOpa no 8pemeru He 6yner GoJablie
yeTLIPeXBEKTOpPOM, TaK KaK d/dt tpebyer mjsi u3MepeHusi t He-
KOTOpO# crneuuanbHol cucteMbl otcyeta. C 3TOM TPYRHOCTBIO MBI
yXe CTaJKHBa/JHCh paHbllle, KOria NbITaJHCh CAeJaTh YeTbipeX-
BEKTOp M3 cKopocTH V. Toraa Mbl NONBITAIHCh CUHTATh, YTO POJIb
BpeMeHHON KOMIOHEeHTH CKOpoCcTH urpaer cdi/dt = c. Ho Ha
CaMOM Jesie BeJHUYHHBI
(e &5 24, Z) = v) (26.25)
He 00pa3yroT ueTbipexBekTopa. ITocsie 3TOro Mbl OGHapyXHJH,
YTO HX MOXXHO NpPEBPATHTh B KOMINOHEHTHl UETHIPEXBEKTOpa, €C/lH

NOMHOXHTb Kaxaylo Ha 1/4/T — v¥/c?. «UeThipexMepHOl CKOPO-
CTbIO» U, OKa3aJjicsl BEeKTOp

”“_(«/1—_02/&' «/ﬁc‘) (26.26)

Bor B uem ¢okyc! HyxHo ymHOXaTh mnpousBoasywo d/dt Ha
l/«/l — v%/c?, ecin MBIl XOTHM NPEBPATHTb €e KOMIIOHEHTY B yes
TBIPEXBEKTOP.

Hrak, BTOpas runoresa: yeThIpeXBeKTOpPOM J0J1KHa ObLITb Be-
JIMUHHA

1
'\/l — v?/c? dt (p") ( )

Ho uto Takoe v? 3To yxXe CKOPOCTb YaCTHUbI, a He CKOPOCTh
cucteMbl KoopauHat! Takum o6Gpa3om, o6obuieHHeM CHJbBI Ha
yeTblpexMepHoe l'lpOCTpaHCTBO Gyner BeJHYHHA f:

, F_) (26.28)
'\/l - v’/c2 A T=v¥c?

KOTOPYI0O Mbl Ha3oBeM «4-cumoil». OHa YyxXKe ueTbIPeXBEKTOp,

M ee NPOCTPAHCTBEHHbIMH KOMMOHeHTaMH Oynyt yxe He F, a

F/4/1—v¥c.

[Touemy xe f, uyetsipexsektop? Hensnoxo Gbl MOHSATH, YTO 3TO
3a TaUHCTBEHHBII MHOXHTENb l/)«\/l — v?/c%. TaK Kak Mbl BCTpe-
yaeMcsl C HUM YXKe BTOPOH pa3, TO caMoe BpeMs NOCMOTpPeTb, Mo-
yeMy npousBoAHas d/dt Bcerga QOMKHA BXOAUTH C ONHUM H TeM
xe MHOXHTeneM. OTBer 3ak/aloyaercs BOT B ueM. Korpa Mol Ge-
peM IPOH3BOAHYIO 1O BPEeMeHH HeKOTOpPOH (YHKUHMH X, TO NOA-
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CUHTHIBaeM mnpupallerne Ax 3a Manblii uHTepBa/a Al mepeMeH-
no#t . Ho B mpyro#i cucreme orcuera uHTepBan Af MOXeT COOT-
BETCTBOBATb M3MEHEHHMIC KaK {’, TakK M X', TaK YTO NpPH H3MEeHEeHUH
TOJMIbKO ¢’ H3MeHenue x Oynaer apyruM. Hast Hawux auddepelu-
pOBaHHi CJefoBaJo Gbl HAliTH TAaKyIO NepeMeHHYlo, KoTopas Oblaa
6Bl Mepoil «UHTepBaJa» B NPOCTPAHCTBe-8pemeHy W OCTaBaJjach
6Bl TOR XXe caMoi BO Bcex cucTeMax oTcyeta. Korjga B KauecTe
3TOrO HHTepBaJia Mbl NMPUHHUMAaeM npupauleHue Ax, To oHO 6yner
TeM Xe BO Bcex cucTeMmax orcyera. Korpa yactuua «aBuHXKeTcs»
B YeTblpeXMepHOM NPOCTPAHCTBE, TO BO3HHUKAIOT NMPHUpalLleHUs1 KakK
At, Tak u Ax, Ay, Az. MoxHO 11 U3 HUX cAenaTb uHTepBaa? [la,
OHM 006pasyldT KOMIOHEHThl INpHpAalleHHs] YeTHpeXBeKTopa
X, =(ct, x, Y, 2), TaK 4TO, €C/NH ONMpeJeSHTb BEJHYHHY AS yepe3

(B8)? = — B, Ax, = — (AR — Ax? — Ay? — AZ%),  (26.29)

4TO NpEeACTABJ/SET YeTbipeXMepHOe CKaJ/sipHOe NPOH3BeleHHe, TO
B Heil Mbl npHoGpeTaeM HACTOSILHIA CKaJsip MU MOMKEM IMO0Jb30-
BaThCs MM [Js M3MepeHHs yeTbipexMepHOro MHTepBaJa. Mcxoas
U3 BeJIMUUHBl AS HJM ee mpefesna ds, Mbl MOXeM ONpefeNUTb na-

pameTp § = S ds. XopowuM yeThIpeXMepHbIM OnepaTopoM Gylet

¥ NPOU3BOMAHASA MO S, T. €. d/ds, TaK KaK OHa HHBapHaHTHA OTHO-
CHTe/NbHO npeobpasoBanuit Jlopenua.

Hasi aBuxKylleics yacTUUkl dS Jerko cBsasbiBaetcs ¢ dt. [las
TOYEUYHOHN YaCTHILbI

dx=v,dt, dy=v,dt, dz=uv,dt, (26.30)

ds =A[(dP[c?) (* — V2 — v —v) =dt /T —v?/c?, (26.31)

Takum ob6pasoM, onepatop
1 d

AT =v¥c? 7

eCTb uHsapuanTHoli oneparop. Eciau moae#icTBOBaTH UM Ha JIO-
60i1 ueTbIpeXBEKTOp, TO MOJYYHM APYrok deThipexBeKTop. Hanpu-
Mep, ec/lu Mbl AeificTByeM MM Ha (cf, x, Yy, 2), TO MoJyyaeM ye-
THIPEXBEKTOP CKOPOCTH 4

X

s =

"
Temeps MBI BHOHM, NOYEMY A/ T—v?c2 nornpasJseT Aeo.
UnuBapuanTHasi nepeMeHHass § — OYeHb MoJIe3Hass (HU3HYecKas
BeNHuHHA. Ee Ha3bIBalOT «COGCTBEHHBIM BpeMeHeM» BIO/Mb TPaek-
TOPHH YacTHUB, H60 B cHCTeMe, B JMI060H MOMEHT ABHXKYyLIefics
BMeCTe C 4YacTHUeH, dS NpPOCTO paBHO HHTEpPBaly BpeMeHH.
(B stoht cucreme Ax=Ay=Az=0, a As=At) Ecau Bn
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npencraBute cebe 4ackl, CKOPOCTb XOJa KOTOPbIX He 3aBHCHT OT
YCKOpEHHs1, TO, ABHIafiCb BMeCTe C yacCTHLeH, TakHe wachl OyayT
NoKa2LBaTh BpeMs §.

Tenepp MOXHO BepHYTbCS Ha3ald M 3anucaTh 3akoH HbroToHa
(noanpaB/ieHHbllt DHHIITEHOM) B U3sLHOA dopMe:

dp
d—s" =y (26.32)
rae f, onpenensietcs dopmyaoit (26.28). UmMnyasc Xe p, Moxer
6bITb 3anucaH B BHJIE
dx
Py = Mgtty = My—, (26.33)

rae KOOpAHMHATH X, = (¢f, X,Y,2) ONHCHLIBAIOT Tenepb TPaeKTO-
puio yactuubl. Hakoneu, yerbipexMepHble 0603HAYEHHST NPHBOAAT
HacC K oyeHb APOCTOH GOpMe YypaBHEHHHl NBHKEHHA:
d?x
— 1]
fu=mo—z (26.34)

HanoMuHalouleil ypaBHeHus F = ma. BaxHo oTMeTHTB, uTO ypas-
HeHusi (26.34) u F = ma — Bewn pasuble, 16O yeTblpeXBEKTOp-
Has ¢opma ypaBHeHus (26.34) comepXHT B cebe peISATHBHUCT-
CKYI0 MeXaHHKY, KOTopas npu G6OJbLIMX CKOPOCTAX OT.JHYaercs
or MexaHuku HbloTona. 1o a6GCo/MIOTHO Hemoxoxe Ha Cayuah
ypaBHeHHuil MakcBeJJa, rie HaM HYXXHO OBbIJIO mepemnHcaTth YypaB-
HeHHs B DEJNATHBHCTCKOH GOpMe, co8epuleHHO He u3MeHAs ux
CMbICAQ, @ U3MEHAS JHLIb 0603HaYeHHsl.

BepHeMcs Tenepb K ypaBHeHuI0 (26.24) W mocMOTpHM, Kak B
YyeTbIpeXBEKTOPHbIX 0003HAaueHHSIX 3aNUCbIBAETCS NpaBas 4acTb.

Tpu komnonenTs F, nomenennsie Ha 4/1 — v?/c?, cocTaBasOT Npo-
CTpPAHCTBEHHbIE KOMMOHEHTH! fy, TaK 4TO

o aEtvxB,
T 4/1—02/02 o
_ E, vsz szy ]
~i| v ] e

Tenepb Mbl AOJXKHBI MOACTABUTb BCE BEJNHMYHHBl B HX PeJISTHBUCT-
ckux oGosnauennsix. [Ipexne Beero ¢f A/T—v¥c?, v, [4/T— v¥c

u 0,/A/1=1%c® npencTaBasiOT f-, Y- M 2-KOMNOHEHTHI
4-ckopoctH u,. Komnonentsr ke E n B BxoasT B s31eKTpOMaruur-
Hbll TeH3op BToporo paHra Fy,y. OtbickaB B Ta6a. 26.1 komno-
HeHTH F,y, cooTBercTBYIoUHe E,, B, 1 By, nonyuum

fx=q(utFxt_unyy—uzsz);

31€Cb YK€ HaYHHaeT BbIDHCOBBIBATLCSA YTO-TO HHTEPECHOE. B kax-
JOM cJlaraeMoM €CTb HHAEKC X, H 3TO pa3yMHO, H60 MBI HaXxOoAUM
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X-KOMMNOHEHTY cHJAH. Bce ke ocTa/jbHble WHOEKCH TMOSABASIOTCSH
B napax tf, yy, 2z — Bce, KpOMe C/1araeMoro ¢ xx, KoTopoe Kyna-
TO nesnock. JlaBaiiTe NpocTo BCTaBUM €ro H 3anulliem

fx=q@Fy —u,Fy, — unyy —u,F,,). (26.36)

OTHM Mbl HHYETO He H3MEHH/H, TaK KaK 6Jaroaapsi aHTHCHMMeT-
pun Fyy cnaraemoe Fy, paBHO Hyqwo. [TpHuMHOM e Halero xe-
JIaHHsl BOCCTAHOBHTb €ro $iBJsieTCi BO3MOXHOCTb COKpallleHHO#
3anucu ypaBHeHHs (26.36):

fu=quyF,. (26.37)

310 no-npexHeMy ypaBHeHue (26.36), ecnu npeABapUTENbHO MBI
NpHMeM co2aauienue: Koria Kakoi-To UHAeKC BCTpeyaeTcsi B Npo-
u3BelleHHH 08axObl (MOROGHO V), HYXKHO aBTOMATHYECKH CyMMH-
poBaTh BCe cjaraeMble ¢ OAMHAKOBBIMM 3HAaueHHSMH 3TOTO HH-
JleKca TOYHO TaK Xe, KaK W B CKaJspHOM NpOU3BeJeHHH, T. €.
NOAb3YACL TEM HE CAMbIM NPABUAOM 3HAKOS.

HetpynHo npoBeputsh, uto ypaBHeHue (26.37) Tak ke Xopolwo
pa6otaer H a1 p=y ¥ Aad p = 2. Ho kak o6ctout neno c
n = {? ITocmoTpuM aasa 3a6aBbl, yTo AaeT GopMmyaa

ft=q uFee — uyFe —uyFyy — u,Fyy).

Tenepb mbl cHOBa no/mxHbl nepeititn k E u B. [Mocsae atoro moay-
yaercs

v

— Uy y Uz
fe q(0+ A T—= v¥/c? E, + A T= 0¥t Ey+ A/ 1T= vyct Ez)’
(26.38)

HJH

f — qv - E

T NT=e
Ho B (26.28) f; 6Gpanoch paBHbEIM

F-v _ gv-(E4+vXB)
A1 — v¥c? Al — v?c?

A 5710 TO Xe, uTO U (26.38), u60 V- (v X B) paBHO Hymi0. Tak uto
BCe MAET KaK He/b3s Jyulle.

B pe3y/JbTaTe Halle YpaBHEHHME OBHXEHHA 3anHCbiBaeTcs B
3JIETAHTHOM BH€E:

dx
my d—sz“ = f,=quyFy. (26.39)

Kak HH MpHATHO BHAETb CTOJb KPAacHBO 3aMUCAHHOE YpaBHEeHHe,
¢dopma 3Ta He ocobeHHO nosesHa. IIpH HaXOXAeHHH NBHXKEHHS
yacTHIBl OGBIYHO YROOGHEe MoJIb30BAThCS NepBOHAYaJIbHBIM YpaB-
HeHueM (26.24), uTo Mbl M GyleM JenaTb B AajbHeHLIEM.

284



Farasa 27

QHEPIruf nojga M Ero UMmyiJibC

§ 1. Jloxaaorsie 3aKoHbl cOXparerus

To, uTO 3Heprus BellecTBa He Bcerja coxpa-
HseTcs, ICHO KaK AeHb. Ilpu u3jyyeHuH cBeTa
06beKT TepsieT 3SHepruio. OOHAKO NOTepsHHYIO
SHEpPrui0 MOXXHO NMpPEeACTABUTbL B KAKOH-TO ApYroH
¢dopme, ckaxeM, B ¢opMe 3Hepruu ceta. [lo-
3TOMY 3aKOH COXpPaHeHHs JHepruH He MOJIOH,
€C/4 He pacCMOTPETb 3HEPrHio, CBA3AHHYW €O
CBETOM B YaCTHOCTH H C 3JeKTPOMarHHUTHBIM
nojem Boo6ule. Cefiuac MBI nOANpaBHUM ero, a
3301HO M 3aKOH COXPaHeHHs MMNYJ/bCa C yYyeTOM
3/JIeKTPOMAarHuTHoro mnoJss. Mbl, pa3ymeercs, He
MoXeM O0O6CYXAaTb HX MOpO3Hb, HOO, coOrJacHo
TEOPHH OTHOCHTENBHOCTH, 3TO pas3jHuHBIE MNpO-
IBJIEHHs1 OJHOTO M TOrO Ke 4YeTbIpeXBEKTopa.

C coxpaHeHHeM 3HeprHH Mbl NO3HAKOMHJIHCH
ellle B HayaJle Haulero Kypca; Toria Mbl NpoOCTO
CKasa/H, 4TO NOJIHAasi SHeprus B MHpe OCTaeTcs
nocrossHHo#. Tenepp e MBI XOTHM cle/aTh
OuyeHb Ba)KHOe 0606LIeHHe HeH 3aKOHa COXpaHe-
HHSl SHEPrHH, KOTOpOe CKaXeT HaM HeuTo o0 Ode-
TAAAX TOro, KAk 310 nmpoucxoaut. HoBwil 3akoH
6yner TOBODHTb, YTO €C/JIH 3HEPrust YXOIAHT H3
KaKoi-To 06/1aCTH, TO 3TO MOXET NPOUCXOAUTb
TOJMILKO 3a CYeT ee BblTeKaHus yepe3 TPaHHULbI
paccMaTtpuBaeMoil o6sacTH. ITO yTBepxK/AeHHe
CH/IbHee, uyeM NpPOCTO COXpPaHeHHe 3HepruuH 6e3
noJOoGHBLIX OrpaHHYeHHi.

UroG6bl /lerue NOHSATb CMBIC/ 3TOrO YTBEpXKAe-
HUSl, TOCMOTPHM, KaK paboTaeT 3aKOH COXpaHe-
HHsl 3apsajga. ¥ Hac eCTb MNJOTHOCTb TOKAa j H
NJIOTHOCTb 3apsiia p, a COXpaHeHHe 3apsila ONH-
CHIBaeTCA TeM, UTO €CJH B KaKOM-TO MecTe 3apsif
yMeHblllaeTcs, TO OTTyAa MAO/XKEeH NPOHCXOIAHTb
OTTOK 3apsjoB. MBI Ha3blBaeM 3TO COXpaHEHHeM
3apsaja. MareMaTHYeCKH 3aKOH COXpaHeHHs 3a-
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nucoiBaeTcd B BHAE

Vij=—5r. (27.1)
Kak c/ejcTBHe 3TOro 3aKOHA MOJIHBIH 3apsiJi BCEro MHpa OCTaeTcsl
NOCTOSIHHBIM. 3apsfbl HHKOrAa He POXIAJIHCh M He YHHUYTOXaA-
JIUCb; B MHpPE KaK LleJJOM HeT HUKaKO# yucToi npubbIIM 3apsoB,
KaK HeT M HHKakux notepb. OJHAKO MOMHBI 3apSA MHpPa MOXKHO
clenaTthb NMOCTOAHHBIM M ApyruM cnoco6oM. Ilyctb B6MM3UM TOUKH
(1) naxomurcs 3apsan Q,, a B6/IM3H TOUKH (2), pacmoJoKeHHOH
OT Hee Ha HEKOTOPOM pacCTOSIHHM, HHKAKOro 3apsiia Her
(¢ur. 27.1). Ipeanosoxum Tenepb, 4TO ¢ TeueHHeM BpPEeMEHHU 3a-
psan Q, MOCTENeHHO MCYe3aeT, HO YTO OOHOBPEMEHHO C yMeHbllle-
HueM Q; B6au3M ToukM (2) nosiBasietrcs 3apsa Qg npuuem Taxk,
yTO B J1I060# MOMeHT cymma Q) u Q2 octaercst moctosiHHoN. [py-
FUMH CJOBaMH, B J/I06OA NMPOMEXYTOYHBII MOMEHT KOJIHYECTBO
3apsina, tepsiemoe Q,, mpubaBasiercs kK Q. Ilpu 3tom B Mupe
MOJIHOEe KOJNHUYECTBO 3apsfa coxpaHsieTcsd. XOTd 3TO TOXe <«BCe-
MHpHOe» COXpaHeHHe 3apsiia, Mbl He OyleM ero HasblBaTb «JoO-
KaJ/bHbIM» COXpaHeHHeM, 6O Ajasi Toro, uToObl 3apsan nepebpaJc
U3 Touku (/) B Touky (2), eMy He 00si3aTe/IbHO MOSIBJSATLCS TAe-
TO B INPOCTPAHCTBE MEXAY 3STHMH TOoukKaMH. JlokanbHO 3apsn
NPOCTO «TEPSETCS».

OnHako TaKoOH «BCEMHpHBIH» 3aKOH COXpaHeHUs BCTpeuaer
B TEODHH OTHOCHTE/IbHOCTH Gosbluue TpyaHocTH. [ToHsATHE «oaHO-
BPEMEHHO» I/ TOueK, pa3fde/leHHbIX pacCTOSIHHEM, He3KBHBa-
JEHTHO 1151 pa3HbIX cucteM. [[Ba coObITHS,, MPOUCXOAsALLHE OIHO-
BpeMeHHO B OJHOMH cHcTeMe, He OyAYT OJHOBPEMEHHBIMH B CHCTEME,
IBHXYLLEACS OTHOCHTeNbHO Hee. [I/i1 «BCEMHPHOro» COXpaHeHHSA
TOJBKO YTO ONHCAHHOro THma TpebyeTcss TOJbKO OJHO — YTOGHI
3apsj, TepsieMblit Q;, 00Ho8pemenno noaBasaca B Q. B nmpotus-
HOM cJyuae OyAyT TaKkHe MOMEHTHI, KOraa 3apsj He COXpaHsieTcs.
Ilo-BuauMomy, cnocoba clenaTh 3aKOH COXpaHeHHs1 3apsia pens-

Q, %

L T, Pue. 27.1. Hea cnocoba onu-
%/ - / /// Carus coxpawenus 3apada.
7 7z J 0 a: Q.+ Q: nocroanno.
Q[ \_-_/ 2 6: (id_?lsgi,nda=_LQL

dt

6
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THBHCTCKM MHBAapHAHTHBIM, He Jlefasi ero «JOKaJbHBIM», He Cyllle-
ctByer. CyTb B TOM, uTO TpeGOBaHHe JIODEHLUEBOH HHBapHAHTHO-
CTH, KaK OKa3blBaeTcCs, yAHUBHTe/bHeHIIHM 06pa3oM orpaHHYHBaeT
BO3MOXXHbIe 3aKOHBI NPUPOAbI. B coBpeMeHHON KBaHTOBOH TeOpHH
noJisi, HanpuUMep, TEOPeTHKH 4YacTO NBITAIOTCS H3MEHHUTb TEOpHIO,
JNOMYCTHB TO, YTO Mbl Ha3blBaeM <«HeJOKaJbHbIM» B3aHMOJEHCT-
BHEM, KOrJla HeuTo, Haxoaslueecs: 30ecb, HENOCPEACTBEHHO BJAHUSET
Ha HeYTo, HaxoAslleecs TaM, HO Mbl BCerja HaTa/JKUBaeMcs Ha
TPYAHOCTH, CBA3aHHbBIE C MPHHUUNAMH OTHOCHTENbHOCTH.
«JIoKa/IbHbIE» JKe 3aKOHBl COXpaHEHHs OCHOBaHBI Ha Apyro#
uaee. OHM yTBEpXKIAIOT, YTO 3aps] MOXET NepeiTH H3 OJHOro
MecTa B APYyroe TOJNbKO NMpPH TOM YCJOBHH, UTO HEuYTO TaKoe INpo-
HCXOOMT B TNpPOCTPAHCTBe MeXAYy HuUMH. UrToGbl omucath Takoi
3aKOH, HaM HYXXHa He TOJIbKO NJIOTHOCTb 3apsifia p, HO H BelHYHHA
Ipyroro copta, HMeHHO BEKTOp j, 3aJalolHii CKOPOCTb NOTOKA
3apsila yepe3 noBepXHocTb. IIpH 3TOM NOTOK CBS3aH CO CKOpO-
CTbIO H3MeHeHHs 3apsila ypaBHeHHeM (27.1). 9To GoJslee cH/bHAs
¢opmyanHpoBKa 3aKoHa coxpaHeHusa. OHa TrOBOPHT, 4YTO 3apsn
coxpaHsieTcss 0co6bIM 06pa3oM, COXPAHAETCS «JIOKaJbHO».
CoxpaHeHHe 3HepruH, OKa3blBaeTCs, TOXEe AO0KAAbHbLL TIPO=
necc. B Mupe cyuiecTByeT He TOJNBKO NJIOTHOCTb 3HEPrHH B JaH-
Hoit o6JacTH, HO M BeKTOp, NMpeACTaBJSIOIHE CKOPOCTb NOTOKA
SHepruM yepe3 noBepxHoCTb. Hampumep, Korja HCTOYHHK H3Jy-
yaeT CBeT, Mbl MOXeM HaHTH SHeprui0 CBeTa, H3/1y4aeMoro HM.
Ecnu Mbl BoOGpa3uM HeKylo MaTeMaTHYeCKylo NOBEPXHOCTb, OKpY-
XKAIOWY HCTOYHHK CBeTa, TO NMOTepsl SHEPrHH 3TOr0 HCTOYHHKA
paBHA NMOTOKY 3HEPrHH yepe3 OKPYXKaIlOWYIO ero MOBEPXHOCTD.

§ 2. Coxpanenue 3xepeuu u 3NEKTPOMAZHUTHOE noAe

Ham Hamo Tenepp omnucaTb COXpaHeHHe 3HepPrUH B 3JeKTpO-
MarHMTHOM moJe KoJuyecTBeHHO. [{/11 3TOro Hy>KHO BBISICHHTb,
CKOJ/IbKO 3HEepruM HaXxOAHUTC B elHHHlUe oOBbeMa, a TaKxke Ka-
KOBa CKOpPOCTb ee NoToka. PaccMoTpuM cHauasa 3Hepruio TOJbKO
sJeKTpoMaruutHoro noas. [lycte u o603Hauaer nAOTHOCTb 3Hep-
euu noJss, T. e. KOJUYECTBO SHEPTrHH B eHUIEe 06beMa MPOCTpaH+
CTBa, a BEeKTOp S — noToK axepzuu moJjs (T. e. KOJHYECTBO 3Hep~
THH, Npouleflllee B eAHHHLY BpPeMeHH yepe3 eAHHHYHYIO NOBepX-
HOCTb, NEepIeH AUKYAsIPHYIO K NMOTOKY). Toraa, aHa/JoruyHo coxpa-
HeHHMl0 3apsga (27.1), MOXHO HamucaTb <«JOKaJbHbli» 3aKOH
COXpaHeHHUsl HEePruH MmoJs B BUIE

ou
<7 =—V-S. (27.2)
KoneuHo, 3ToT 3akoH, BooOule roBOpsi, He BepeH; 3Heprus
noasi He coxpaHsietcs. IlpencraBbTe, 4TO BBl HAaXOAHMTEChb B TeM-
HOH KOMHaTe, a 3aTeM MOBOpayHBaeTe BHIKJIOYaTeJb. KoMHara
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BHE3aNHO HAMNOJIHAETCS CBETOM, T. € B HeH OKa3bIBaeTcsl 3Heprus
noJsi, KOTOpol paHblle He Obl10. YpaBHeHHe (27.2) He cocTas-
JseT NOJHOro 3aKOHa COXpaHeHHsi, 6O 3Heprusi 00H020 TOALKO
NOAs He COXpaHSeTCs, a CYLIeCTBYyeT ellle 3HEPrusl BelllecTBa;
COXpaHsieTCs JIHLIb NOJNHasi SHEpPrus BO BCeM MHpe. DHeprus noJs
6yJeT U3MeHsITbCS, €ClH OHO NMPOU3BOAUT paboTy HaA BellleCTBOM
HJ/IM BellecTBO NPOU3BOAHUT paboOTy Hajd MmoJeM.

Onnako ecu BHYTPH HHTepecylollero Hac o6beMa HAXOAUTCA
BEeleCTBO, TO Mbl 3HaeM, CKOJbKO 3HEPrHH OHO HeceT B cefe:

sHeprus Kaxaoh uactuubl paBua mc/+/T — v¥ct. Tloaunas xe
3ileprusl BellleCTBAa paBHA NpPOCTO CyMMe 3HepPruit Bcex yacTHl, a
NOTOK ee yepe3 NMOBEPXHOCTb paBeH NPOCTO CyMMe SHeprui, nepe-
HOCHMBIX KaXJoOH yacTHlelH, nmepecekamoueil 3Ty noBepxHoctb. Ho
cefiyac Mbl OyleM HMeTb [eJIO TOJbKO C 3Hepruei sjekTpomar-
HUTHOro moJs. Tak yTo Mbl JO/XKHBI HanucaTb ypaBHeHHe, KOTO-
poe rOBOpHUT, YTO NOJIHAS 3HEPrusi 1044 B NaHHOM 0O6'beMe yMeHb-
waercsi Aub0 B pe3ysabTaTe BbITeKaHHs ee H3 o6Gbema, Aub0
NOTOMY, YTO IOJIe NepellaeT CBOK 3HEPTHi0 BelleCTBY (HJH MpH-
obpeTaeT ee, YTO O0O3HayaeT INPOCTO OTPHLATENbHYIO IOTEpIO).
dueprus noas B o6beme V papHa

SudV,
4

a CKOPOCTb ee YMeHbILUeHHs paBHA NMPOU3BOJHON 3TOro HHTErpaJfa
Mo BpeMeHH co 3HakoM MuHyc. IToTok aHepruu mo.si U3 o6beMma
V paBeH HHTerpasy OT HOpMaJ/JbHOHl KOMIOHEHTH S MO MOBepX-
HocTH X, orpaHuuuBawpolleir o6vem V:

S(s .n)da.
z
Takum o6Gpasowm,
—-%— S udV = S (S - n)da 4 (Pa6ora, 3aTtpaueHHas
1 z

Ha BewecTBo B o6beme V). (27.3)

Panbuie Mbl BHAENH, YTO Hal KaXAOH eAuHHLell o6beMa Be-
ecTBA MoJie B eAMHHLY BpeMeHH npou3BoauT paboty E-j. [Cuiaa,
neicTByloulass Ha yactuuy, paBHa F=¢(E+4v X B), a wmouw-
HocTb paBHa Fev = gEs+v. Eciiu B eaunune o6bemMa comepkurcs
N uactui, To 3Ta MOWHOCTb B eAuHule o6bema paBHa NgE.v,
a Ngv = j] Takum o6pasoMm, BeanunHa E-j nomxkHa ObiThb paBHA
3HEpruH, TepsieMoil nosem B elUHHIE oObeMa 3a eIHHHIY Bpe-
MeHH. YpaBHeHHe (27.3) npu 3ToM npHoGpeTaeT BHA

—sluav= mda+{E-pav. (27.4)
|4 z 14
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BOT Kak BbINISIAMT Hall 3aKOH COXpaHEHHs SHEePTHH B MOJeE.
Ero moxHo 3anucatbh Kak auddepenuualbHoe ypaBHeHHe, 10400-
Hoe (27.2); mns 3TOro BTOpOe CJaraeMoe HYXXHO NPeBPaTHTb B
HHTerpas no o6beMy, YTO JIerKO MejlaeTcs C NMOMOUIbIO TeopeMbl
I'aycca. [ToBepXHOCTHBIH HHTErpas OT HOPMaJ/IbHOH KOMIOHEHTH
S paBeH uHTerpany oT QuBepreHuHH S no o6beMy, OrpaHHyeH-
HOMY 3TOH NOBEPXHOCTbIO, TaK YTO ypaBHeHHe (27.3) 3KBHBa-
JIEHTHO CJeayloleMy:

—{Fav={v-sav +{E pav,
14 14 14

rae npoW3BOAHYW IO BPEMEHH OT NEpPBOro cjaraemMoro Mbl BHe-
CJIM oA MHTerpa.J. nOCKOJley 3TO ypaBHEeHHE BEpHO AJIs a6oro
061>ema, TO HHTErpaJibl MOXXHO 0T6pOCHTb H NMONYYHTb YpaBHelHe
AJisi SHEPrHH 3JIEKTPOMATHHUTHOTO 10JIs:

_3_‘: =(V-S)+(E-j). (27.5)

OnHaxko 310 ypaBHeHHe He NACT HaM HHYEro Xopoluero, IOKa
Mbl He y3HaeM, YTo Takoe # H S. BbITb MOXeT, MHe CJ/e10BaJjIO
6bl IPOCTO CKa3aTb BaM, KaK OHH Bhipaxatotcsl uepe3 E u B, mo-
CKOJIBKY 3TO €[MHCTBEHHOe, YTO HaM, coGCTBeHHO, HyxHo. On-
HAaKO MHe OYeHb XOYeTCs H3JOXHTb BaM BCe Te PacCyXAeHHH,
KoTopbiMH B 1884 r. Bocnosib3oBaJsicsi [TOHHTHHT, 4TOGHI NMOJYYHTD
¢opMybl a1t S M 4, ¢ TeM 4TOOB Bbl MOHMMaJjH, OTKylda OHH
n3saauch. (1 panbHeiimeli pa6oThl, BnpoyeM, BaM 3TOT BHIBOJ
He nortpebyercs.)

§ 3. IlroTnecTy anepzuu u notok anepzuu
8 3eKTPOMAZHUTHOM Nose

Unesn 3aknoyaercss B TOM, YTO AOJIXKHBI CYLIECTBOBATh MJOT-
HOCTb 3HEpPrHH U U NOTOK S, KOTOpble 3aBHCAT TOJNBKO OT MOJeH
E u B. [B anekTpocraTHKe, HampuMep, MJIOTHOCTb HEPTHH, KakK
Mbl 3HaeM, MOXHO 3anucatb B Buae !/e(E+E).] Pasymeercs,
4 u S MOryT 3aBHCETb OT IOTEHLHAJ/JOB H 4Hero-to JAPYroro, HO
AaBafiTe Jydile NMOCMOTPHM, YTO Mbl MOXeM Hanucatb. [lonbl-
Taemcsi nepenucath BeauuumHy E-j B Takom Bine, uTo6bl OHA
cTaja CyMMOil ABYX cJjlaraeMblX, OJHO M3 KOTOPBIX Gbljio Obl Mpo-
H3BOJHOH MO BPEMEHH OT HEKOTOPOil BeJHYHHBbl, & BTOpPOe — IH-
BepreHuueii. Torga nepBylo BeqHYHHY Mbl Gbl Ha3BaJju 4, a BTO-
pylo — S (pasymeercs, ¢ HajgnexawuMu 3Hakamu). ObGe Besu-
YHHBl JOJMXKHBl OBITh Bblpax<eHbl TOJbLKO uepe3 McJas, T. €. Mbl
XOTHM 3allicaTb Halle PaBEHCTBO B BHIE

ou

E-j=— 37 —(V.5), (27.6)
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NpHYeM JeBast 4acTh YPaBHEHHs MOJXKHA BLIPAXKaTbCsd TOJBKO ge-
pe3 noJasa. Kak 3to chmenars? Pasymeercsi, HYXXHO BOCMOJIb30-
BaTbcs ypaBHeHUAMH MakcBessa. M3 ypaBHenua ans poropa B
MeeM

. oE

j=ec?(VX B)"Gow-
[TopcraBass ato B (27.6), nosydaeM BbIpaXKeHHe €ro TOJMLKO ye-
pes E u B:

E-j=ec?E- (VX B)— g - o= (27.7)

Pa6ora uyactuuno Hamu yxe 3akoHueHa [IlocsenHee ciaraemoe
OCTb NPOHM3BOAHAS 1O BpeMeHU — 310 (0/0¢) (!/2e0E-E).

Hrak, !/2e0E-E momxHO 6bITb MO KpailHeil Mepe 4aCTbio U.
Takoe e Bblpa)Kelue NOJYyuaJoChb Yy HaC M B 3JEKTPOCTaTHKe.
A Tenepb enlHCTBEHHOE, YTO HaM OCTaercs CAenaTh, — 3TO Mpe-
BPAaTHTb B JUBEPreHIHI0 Yero-To BTOpPOE CjaraemMoe.

3aMeTbTe, 4TO MepBOe cjaraemoe B npaBoil uactu (27.7) mes
penucLiBaeTcs B BHIE

(VX B)-E; (27.8)

Bbl 3HaeTe W3 BeKTOpHO# aarebpol, uto (a)Xb)-c paBHo a- (bXc),
M03TOMY NepBOe cjaaraeMoe NMPHHUMAaeT BHI

V. (B XE), (27.9)

T. ©. MOJyYHJach MHMBEpPreHUUs «4Yero-To», K KOTOPOH Mbl TakK
ctpemuauck. Iloayunnach, Ho TO/bKO Bce 3TO HeBepHo! §I mpeny-
npexjaaJj Bac, uto onepatop V TOJbKO «MOXO0XK» Ha BEKTOp, a Ha
CaMOM JeJie OH He «HacTosWHiA» BeKTop. Bcnomuure, uto B aud-
(epeHI HaJbHOM HCUHCJEHHH CYLUECTBYET NOMNOJIHHTEJbHOE C02Aa-
wenue: KOrjga onepaTop NpPOMU3BOAHOM CTOMT meped NpOU3BeJe-
HYUeM, Ol NefiCTBYeT Ha BCe cTosluee npaBee Hero. B ypaBHeHun
(27.7) oneparop V meiictByer Toabko Ha B u He 3arparuBaer E.
Ho ecau 6b1 Mbl 3anucagau ero B ¢opMe ypaBHeHus(27.9), To
oblenpiHsTOe cOrJalleHHe roopuyo 6bl, uto V pelicTByeT Kak
Ha B, Taxk u na E. Tak uto 3TO He 00HO u To se. B camom peJe,
ecau pacnucatb V- (B X E) mo kommoneHTaMm, TO MOXHO Yy0e-
nuTbcs, yTo oHo paBHo E: (V X B) naroc kakue-to apyrue caa-
raemble. 9T0 HaMOMHHAET B3sATHE NMPOU3BOAHOH OT NPOU3BelEHHS
B 0o6bluHOM aHaause. Hanpumep,

=2 g+ 2L

BMecTo Toro uto6nl BhimHcaTb Bce KommnoHeHTHl V- (B X E),
MHe Obl XOT€JOCb NOKa3aTb BaM OAMH TPIOK, OUEHb MOJE3HbIH
B 3aJayax Takoro poaa. OH no3BoJIHT BaM BCIOAY B BblpaxeHHAX,
comepxawux onepatop V, mosb3oBaTbCs NpaBHIaMH BEKTOPHOM
anre6pbl, He monajgas Bnpocak. TpIOK cOCTOMT B OTOpachIBAaHHH
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(no xpaitHeli Mepe Ha BpeMs) npaBua AHbGepeHUHaNbHOrO HC-
YHTAEHHS] OTHOCHTE/JbHO TOrO, Ha YTO JeHCTBYeT onepaTop Npou3-
BoMiIoi. Bbl 3HaeTe, 4TO MOPSIAOK COMHOMHTE/Nel BaXKeH B 08Yx
pasJjHuHbIX cayuyasix. Bo-nmepBhiX, B auddepernnanbLHOM HcuHcae-
Huu: f(d/dx)g He To Xe caMoe, uto g(d/dx)f; u, BO-BTOpHIX, B
BekTOpHOH asrebpe: a Xb orauuaerca ot b X a. Mo Moxew,
ec/l1 3aXOTHM, Ha MHHYTY OTKasaTbCsi OT npaBua AuddpepeHUH-
aJbHOro HcuuciaeHusi. Bmecto TOro uto6bl rOBOPUTH, YTO NPOHU3-
BOJHAas HeHCTBYeT Ha BCe CTosililee NpaBee OT Hee, Mbl NpUMeEM
HOB0e TpaBHJ/IO, H30aBJslollee HAC OT NopsiiKa, B KOTOpOM 3anu-
caHbl coMHoxuTeaHu. [locse 3TOro MBI MOXEM KpPYTHTb HMH, KakK
XOTHM, 6€3 BCAKHUX NMOMexX.

Bor Hawe HoBoe mpaBH/IO: C MOMOWIbIO HHIAEKCa Mbl OyneM
YKa3blBaTh, Ha 4TO e HMeHHO JeicTBYeT AH(p(epeHUHANBILIA
ONnepaTop; NpH 3TOM nopa00K COMHOXHUTeNel He HMeeT HUKaKoro
3HauyeHud. [lonycTum, uto onepatop J/0x Mbl 0603HAuH/H yepe3
D. Torpa cumBosa Dy roBopuT, yTo Gepercsi NpoM3BOAHAST TOMLKO
¢yHKuMH f, T. €.

af
Dsf = e

Ho ecan mbl umeem BhipaxeHue Dyfg, To oHO O3Hauaer
of
Dife=(3¢) e

3ameTuM Tenepb, 4YTO, COTJIACHO HauleMy HOBOMY npaBuay, fD;g@
03HayaeT To ke camoe. OHO M TO XKe BbIpaXK€HHe MOXHO 3anu-
caTb MOGBIM M3 CAEAYIOUWHX CIOCOGOB:

D;f g = gDsf = [D;g = [gD;-

Bbl Buaute, uto Dy MoxeT cTOATH maxe nocse Bcero. (CTpaHHO,
noyeMy Takomy yao6HOMY 00603HaueHHIO OGbIYHO He YuaT B KHH-
rax no MateMartHke H (pH3HKe.)

Bel, noxaJny#, yauBHTech: a 4YTo, eCJH 5 xXO4y HanHucaTb npo-
u3BOAHYI0 oOT fg? Ecaun MHe HyxHa npousBoaHas oT o06oux
ujeHoB? 1o oueHb Jjerko: Bel nuwerte Ds(fg)+ Dg([g), T. e.
g (0f/0x)+ f(0g/dx), uTo B cTapbix 0603HayeHUsiX KaK pa3 paBHO

(fg)/ox.

Bbl cefiyac yBHAHTE, K4K NPOCTO Tenepb MOJy4HTb HOBOE Bbl-
paxeune ansa V- (B XE). HaudeMm c nepexoma k HOBOMY 0G6o-
3HAUEHHIO M Hanuuiem

V.(BXE)=V;-(BXE)+V,-(BXE).  (27.10)

Kak To/nbKO MBI caenanu 3To, yxKe HeT GoJblie HYXABI NpHiaep-
XHUBATbCA CTpPOroro nopsinka. Mbl Bcerga 3Haem, yto Vg AedcT-
ByeT Tonbko Ha E, a Vg pefictByer Tosbko Ha B. Ilpu atux 06-
CTOATE/NbCTBAX onepaTopoM V MOXKHO MO/b30BaThCcsi KakK 0O6blu-
HbiM BeKkTopoM. (Pasymeercs, mnocne Ttoro Kkak Bce Oyner
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OKOHYEHO, HaM 3aXOuYeTCcsl BEPHYTbCS K «CTAaHAApPTHbIM» 00603Ha-
yeHUAM, KOTOopble OGBIYHO HcnoJb3yloTcs.) Takum o6pasom, Te-
nepb Mbl MOXeM JeJaTb pa3/HuHble NepecTaHOBKH COMHOXMUTe-
ned. Tak, cpenHee npousBefeHuHe B ypaBHeHuu (27.10) MoxHO
nepenucath kKak E.-(VpX B). [Haneloch, Bbl mnomHHTe, u4TO
a-(b Xc)=Db-(cXa).] A nocnennnit —kak B-(E X Vg). Xors
3TO BBIMJIIAHT HECKOJBKO CTPaHHO, HO TeM He MeHee 3[ieCb BCe
B nopsinke. Ec/iu e Mbl Tenepb nonbiTaeMcsl BEPHYTbCSA K CTapblM
0603HaYeHHsIM, TO HOMKHBI OyfeM pacnosoXutb onepatopbl V
TaK, 4TOOBl OHH AefiICTBOBA/JM Ha CBOM «COOCTBEHHEIe» MepeMeH-
Hble. B mepBoM M3 HHX Bce B nopsiike, Tak 4TO Mbl MOXeM Npo-
cTO onycTHTb HHOekc y V. Bropo#i xe TpeSyeT HeKOTOpPO#l peopra-
HHU3auuH, yto6bl onepatop V nocraButh nepex E. dtoro MoxxHO
NOOGKTbCS, NepecTaB/isisi COMHOMMHUTEJNH B BEKTOPHOM NpOH3Befe-
HHU U MeHsis 3HaK:

B'(EXV£)=—B'(VEXE)'

Tenepb Bce CTOMT Ha CBOEM MecTe H MOXKHO BepHYTbCA K OOblu-
Hbil 0603HaueHHsiM. Popmyna (27.10) sxBuBajseHTHa CJenRylo-
1ieMy paBeHCTBY:

V.(BXE)=E-(VXB)—B-(VXE). (27.11)

(B aTtoM cneuuanpHoMm cuayyae GbicTpee Gblji0 Obl 1CNOJNB30BATh
KOMMOHEHTBI, HO, MPaBO e, CTOMJIO NMOTPATHTh BpeMs paiH TOro,
utTo6Bl NOKa3aTb BaM MaTeMaTHUeCKHi TPIOK. MoxeT cayuuTbes,
70 Bbl 6OJbllle HUTJE €ro He BCTPETHTE, a OH OuYeHb YyAO6eH
TOrja, Koraa B BEKTOpPHOH aare6pe HYXHO OCBOGOAHMTbCA OT
npaBu/a Nnopsiika 4/eHOB NpH AKddepeHUHPOBAHHH.)

BepHeMcsi Tenepb K HalleMy 3aKOHY COXpaHEHHs SHEpruH,
npuyeM aas npeo6pasoBahus V X B B (27.7) mbl Hcnoab3yem
HOBBII pe3ysbTaT — paBeHCTBO (27.11). Bot uto oHo naer:

E-j=¢gu?V:(BXE)+exc?B-(VXE)—
— 2 (5eE-E). (2712

Tenepb Bbl BHAMTE, YTO MBI MOYTH y uead. ONHO U3 HAUIUX
c/laraeMblX — HaCToOsIAs NMPOU3BOJAHAA MO f, €e Mbl KCNOJb3yeM
npu o6pa3oBaHuM U, a Apyroe (NpeBOCXOAHAsl AUBEPreHUHs) BOii-
ner B S. K HecuacTblo, cnpaBa B cepellHe OCTaJOCh ellle OMAHO
c/araeMoe, KOTOpoe He SIBJISIeTCSl KM JUBepreHlHell, HH NpPOHU3BOJ-
Ho#l no . Tak uTo noka eule He Bce 3akoHueHO. [Tocsie HEKOTOPBIX
pas3MblulIeHHH MBI onsTh o6paulaeMcsi K ypaBHerusM Makcses-
Ja M, K cyacTblo, o6HapyxuBaeM, uto (V X E) paBHo —OB/dt.

ATo no3BoJseT NPEBPAaTHTb JONQJHUTENbHBIH UYleH B YHCTYIO
NpPOU3BOAHYIO YEro-TO Mo BPeMeHH:

B-VXB)=B(—5)=—3 (")
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Bot Temeps V WAac MONyuyHJOCH TO, YTO HYXKHO. YpaBHeHHe I/
3HEpPrUH lier ' "HCHIBAeTCsl B BHIE

E-j=V- (e?B XE)— > (25B-B+2E-E), (27.13)
A 510, eciiu Mbl onpedeaum u U S Kak
u=-=2(E-E)+2=B.B (27.14)
u
S =¢yc’E X B, (27.15)

B TOYHOCTH HanoMHHaeT ypaBHenue (27.6). (IlepectranoBKoii co-
MHOXHTe/JleH B BEKTOPHOM NpOHM3BelJeHHH Mbl JoOHBaeMcsi npa-
BHJ/IbHOT'O 3HAaKa.)

Htak, Hala nporpaMMa ycrnelHo BbelnoJiHeHa. M3 BeipaxeHus
JJI1 NJIOTHOCTH 3HEPrHH Mbl BUAUM, YTO OHA NpeACTaBJ/sieT CyMMY
«3JIEKTPHYECKOH» U «MarHUTHON» MJOTHOCTEHl 3HepruH, KOTOpbIe
B TOYHOCTH PaBHbI BbIDaX{eHHSIM, NOJYYEeHHBIM HaMH B CTaTHKe,
Koeda mbl HaxoOuAu 8vlpadcerue OAa 3Hepeuu epe3 noas. Kpome
TOro, Mbl NOJYYHW/IH BbIpaXKeHHe A/ BeKTOpa MNOTOKA 3HEPrHu
3.1eKTPOMArHUTHOrO noJjsi. AToT HoBbI BekTop S = c?E X B no
HMeHH CBOEro nepBOOTKpbIBaTe/s1 HasbiBaeTcsl «BeKTopoM [loiiH-
tuHra». OH roBOPHUT HaM O CKOPOCTH, C KOTOPOH 3Heprus ABH-
XeTcs B NPOCTpPaHCTBe. DHeprus, nporekalollas B ceKyHLy uyepe3
MaJ/ylo noBepxHocTb da, paBHa S-nda, rpe n— BeKTOp, neprneH-
JHKYAspHbI# K noBepxHocTH da. (Tenepb, korga y Hac ectb Qop-
MyJabl ISt 4 B S, MOXeTe, eCc/lM XOTHTe, 3a6biTh BCe BbIK/IAAKH.)

§ 4. Heonpedeaennocro anepzuu noas

[Tpexxne ueM 3aHATbCA HEKOTOPBLIMH NPUJIOXKEHHAMH GOPMYJ
[ToitnTuHra [r. e BbIpaxenuht (27.14) u (27.15)], 5 xorten G6bl
3aMeTHTh, YTO Ha CaMOM JeJie Mbl HX He «HOKasajHu». Bce, urto
Mbl Ce/aJ/IH, — 3TO HalJIH TOJNbKO 803MONCHOE U U 803MO%CHOE S.
Ho oTkyna e HaM H3BeCTHO, YTO, NOKPYTHB (opMyJaMH, Mbl
He MpHIEM K APYroMy BBIPAXKEHHIO AJS 1 U APYrOMY BhIpaXKeHHIO
ans S? Hoeoe S u HoBoe u OyAyT OT/IMYaTLCA OT CTAPHIX, HO
no-npexxHemy OyAyT ynos/aeTBOpsiTb ypaBHeHHio (27 6). Takoe
BOJIHE MOXeT CJAyuuTbcsi. OQHAKo B (OPMYJB, KOTOpble NnoJy-
4aloTCA NMpPH 3TOM, BCEra BXOASIT pas/HuHble npou3sodibie noJe
(npuyeM 3To Bcerjia 4jeHbl BTOPOro nopsiika THNa BTOPOH NpPOH3-
BOJHON HJ/IM KBajJpaTa mepBoil npousBoAHo#). [as u u S MoxHO
(akTHYecKH HanucaTh OGeCKOHEYHOe YHCJO Pa3/JHYHEIX Bblpaxe-
HHH, U [0 CHX NOP HHKTO He AyMa/] Hald 3KCNepHMEeHTa/bhbHOH
NpoBepKOH TOro, KOTOPOe XKe U3 HHX HCTHHHOe. JIIoAHW mosaraior,
YTO MpocTeiiliee BblpaKeHHe, NO-BHAMUMOMY, H AOJKHO OBITb Hc-
THHHBIM, HO HaJO CO3HATbCsl, YTO MHl TaK H He 3HaeM, KakK Xe Ha
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CaMOM fieJle pacnpejesieHa SHEpPrus B 3JeKTPOMAarHUTHOM IMOJIe.
[MolineM no ToMy »Ke JeryafilueMy nyTH U NOCTY/JHpPYyeM, 4TO
2Heprus noJs onpefpenasercs BbipakeHHeMm (27.14). Ilpu 3Tom
BEKTOp NMOTOKA S [O/IXKeH 3afaBaThCsl ypaBHeHHeM (27.15).

CaMoe HHTepecHOe TO, 4TO eAHHOro cnoco6a M36aBUTbCH OT
Heonpele/JeHHOCTH 3HepPrHH N0Js, NO-BUAHUMOMY, BooOlle HeT.
WHorna yTBepxkJaloT, 4TO 3Ty npob/ieMy MOXHO pa3peuiuTb, HC-
noJib3ysl TEOpHI0 FPaBHTAlMH; NMPH 3TOM NPHBOAATCA TaKue J0-
BOAbl.. B TeopHH rpaBHTALMM HCTOYHHKOM TpaBUTALHOHHOTO NpH-
TsDKEHHs sABJseTcsd Bcsl sHeprusa. [losToMy ecqiH HaM H3BeCTHO,
KakHe TpaBHTALHOHHble CHJbl NEHCTBYIOT Ha CBeT, TO MOXHO
NpaBUIbHO ONpelNe/NUTb MNJOTHOCTb 3HEepPruH 3JeKTpuuecTBa. [o
CHX NOp, OJHAKO, TaKUMH TOHKHMH 3KCNEepHUMEHTaMH, KOTOpble
No3BOJIM/AN Obl TOYHO ONpeje/uTh IPaBHTALlMOHHOE BJ/IMSIHHE Ha
3/IeKTPOMAarHUTHOe NoJle, HUKTO He 3aHHMaJjcs. Bnpouem, ycra-
HOBJIEHO, YTO CBeT NpPH NpoxoxAeHHH okoso CoJHUA OTKJO-
HSIeTCsl, NO3TOMY Mbl MOXeM TFoBOpUTb, uTo CoJIHlLe NPHUTATHBAET
K ceb6e cBeT. Bo BcsikoM cayuae, HaillleHHble HaMH BbIpaX<eHHs
IJ1S1 3/1eKTPOMarHUTHOR 3HEPrUH W NOTOKA BCerja BCeMH NpPH3Ha-
BaJuCb. M XOTs MHOra pe3y/abTaThl, MONYyUYEeHHbIE C KX HCMOJb30-
BaHHEM, Ka3a/JHCb CTPAHHBIMHM, HUKTO HHKOrJa He OOHapyXHJ
B HHMX 4Yero-TO HeBepOSTHOro, KaKOro-To PacXOXAEHHA ¢ 3IKcre-
pumentoMm. CornacuMca coO BCeMH M OyleM CuyMTaTth, 4TO, MO-
BHAMMOMY, 3[1eCb BCe B NOpsJKe.

MHe xortenoch Gbl caenaTh elle OJHO 3aMeuyaHHe o (opmyJe
nas sHepruit. Ilpexne Bcero ¢opmysa ans sHepruit noas B egu-
HUlle 06beMa OueHb NPOCTAa — 3TO CYyMMa 3JMeKTPHUECKoH u Mmar-
HUTHOI 3Hepruil, ecau 3JEeKTPHUUECKYI0 3HEPrui0 Mbl ONpeleuM
KakK E2, a MarHuTHYI0 — Kak B2 9Tu BhipaxeHus OblJIM HalJeHBI
HaMH KaK 803MOJXHble BHIpPAaXKEHHs I/l SHePrUH NMPU paccMoOTpe-
HUM cTaTHuecKHX 3agau. Kpome Hero, Mbl HalUJAH AJAS 3HEPrUH
3/IeKTPOCTATHYECKOrO MoJIS H HECKOJIbKO APYrUX BbIpaXKeHHil, Ha-
npHMep p@, KOTOpPOe B 3JMeKTPOCTAaTHYECKOM CJyyae pasHO HHTe-
rpaay ot E-E. OjiHako B 3/IeKTpOJHHAMHYECKOM cJ/yyae 3TO pa-
BEHCTBO HapylLlaeTcs, H HeT KPHTepHs, MO3BOJSIOLIEr0 YCTaHO-
BUTb, KOoTOpasi u3 ¢opmyJ npaBuabHa. Ho Tenepb Mbl 3TO 3Haem.
AHa/lOTHYHO MBI HAlUJIM BbIpaXXeHWe M/ MAarHUTHOH 3HEpruH,
KOTOpOe BEepHO B caMOM oflleM ciayuae.

§ 5. Ipunepot noroxos 3nepzuu

Hawa ¢opmyna aas BeKTOpa NoToKa 3Hepruu S npeacrasJsieT
Heutro HoBoe. Tenepb cjefyeT NOCMOTpeTb, HACKOJBKO OHa Tro-
AUTCS B HEKOTOPBIX CNeLHa/bHBIX C/yYasX, a TaKXe NpPOBEPHTb
ee Ha TOM, yTé Mbl 3HanM paHbule. IlepBbIM HAlIKUM NpHMepOM
6yner ceT. B cBeroBoit BonHe BekTopnl E v B HanpaBsensl noja
npsSIMBIM yrJOM APYT K APYTy WM HanpaBJ/IeHHIO PAcnpoCTpaHeHHs
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Pue 27.2. Bekropsr E, B u S
€GeT080li 80AHEL,

—_—
v

Hanpaa newue pacnpocmpa-
HEHUA GO/Hb!

B

BOJMIHBI (ur. 27.2). B ajeKTpoMarHuTHOH BOJIHe BeJHYHHA B
paBHa (l/c)E, a noCKoJibKy OHH HanpaBJ/leHbl NMOJA MNpPSAMBEIM yr-
JjoM, to BennurHa (E X B) paBna npocto E?/c. Takum o6pa3som,
IJISl CBeTa NOTOK SHEpPruu B CEKYHIy Yepe3 eIHHHUHYIO NOBEpX-
HOCTb paBeH

S— eycE? (27.16)

B cBetoBoil BosHe, rie E = Egcos @ (t — x/c), cpenHsis CKOpPOCTb
NOTOKA 3HEPTrHH Yepe3 elHHHYHYylO njowaip (S)cp, KOTOpas Ha-
3bIBaeTCsl «MHTEHCHBHOCTbIO» CBETa, pPaBHA CpeJHEMYy 3HayeHHIO
3/IEKTPHYECKOTO MOoJIsl, TOMHOXEHHOMY Ha goC:

W HTeHCcHBHOCTD = (S)cp = &4C (ED)cp- (27.17)

STOT pe3y.bTaT, KaK HU CTPAHHO, MBI yXe noayyanau B ra. 31,
§ 5 (Bbin. 3), Korga u3yuya/ju cBeT. MBI MOJYUYHJH €I0 COBCEM
ApYruM NyTeM H NO3TOMY MOXeM ceiyac B Hero noBepHTb. Koraa
y Hac ecTb Ny4OK CBeTa, TO MJOTHOCTb 3HEPrHH B NPOCTPAHCTBE
3anaercs ypaBHeHueM (27.14). Bocnosb3oBaBuiMChb Tenepb TeM,
4TO B CBETOBOj BosiHe cB = E, noayyaem

2/ F2
u=%E2+ 8;0 (%)=80E2-

OnHako BEKTOp E n3meHnsiercs B NMpOCTPAHCTBE, NO3TOMY CpeaHss
NJIOTHOCTb 3HEpPrHH paBHaA

<u>cp =& <Ez>cp- (27.18)
ﬂaﬂee, CBeT pacnpocTtpaHseTcsa Cco CKOPOCTblO ¢, MNO3TOMY MOX-
HO JyMaThb, YTO SHEPTHsl, NPOXOAAlIAs B CEeKYHAy Yepe3 KBaapaT-

Hbli MeTp, paBHa NpPOM3BEJEHHIO ¢ Ha KOJHYECTBO 3JHEPrHH B
KyOHuyeCcKoM MeTpe, T. e.

<S>cp = goC <EQ>cp-

Bce B nopsimke. Mbl cHOBa noJsiyyn/iu Bbipaxenue (27.17).

Bozbmem Tenepb Apyroil npuMep, Ha 3TOT pa3 O4YeHb J1060-
nuTHHIH. PaccMOTpHM NOTOK 3HepruM B MelJIeHHO 3apsixkalo-
meMmcsi KOHAeHcaTope. (Mbl He XOTHM ceiiyac HMeTb JeJO CO
CTOJIb BHICOKHMH 4acTOTaMH, NPH KOTOPbIX KOHAEHCATOp CTaHO-
BUTCSl MOXOXHM Ha pe30HAHCHYIO MOJOCTb, HO HaM He HyXeH H
NocTOsIHHBIHA TOK.) Bo3bMeM OOGBIYHBIE KOHOEHCATOP € KPYIJ/bIMH
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Due 27.3. Bb6ausu 3apaxcenrozo
KoxOencaropa sexrop [llodnTunza S
Hanpaeaen 8HYTPb He2o.

/ \

ko o2

-~

napaJjJejbHbIMh naacTHHamu (drur. 27.3). Mexnay HHMH co-
312aeTCsl MOYTH ONHOPOAHOE 3JeKTpHYeCcKoe moJe, KOTOpoe H3Me-
HsieTcsl ¢ TeyeHHeM BpeMeHH. [lonHas seKTpoMarHHTHas Heprus
BHYTPH KOHJeHcaTopa B JIIOGOH MOMEHT paBHa NPOH3BeJEHHIO
NJIOTHOCTH SHepruu u Ha o6beM. Ecaim pamuyc niaacTHH paBeH a,
a paccTosiHHe MeXJy HMMH A, TO NOJIHasi 3Heprus, 3ak/alOYeHHas
MeXJy naacTHHaMH, 6yaeT

U= (-';— E2) (na2h). (27.19)

C u3MeHeHHeM HanpsKeHHocTH E 3ta sHeprus Toxe MeHsercs.
Korna konpeHcatop 3apsixkaeTcsi, BHyTpeHHHH o6beM npHoGpe-
TaeT SHEPTHIO CO CKOPOCTBIO

& = ena’EE. (27.20)

Tak 4TO MO/MXKEH CyLIeCTBOBATb MOTOK 3HEPrHH, HanpaBJeHHbIH
OTKYZa-TO CO CTOpPOHb BHYTpb oO6beMa. Bhl, KoHeuHO, AyMmaere,
YTO OH MOET OT MpPOBOJOB, 3apsXKalOUIUX KOHJAEHCAaTOp,— a BOT
u "et! IloToK BHYTpb HHKOUM 06Gpa3soM He MOXeT HATH C 3TOH
cTOpoHBl, Tak Kak E nepnenankyaspHo K njacTuHam, a nostomy
E X B nonmxHO 6bITb napasseibHo HM.

Bbl, BepOSTHO, NOMHHTE, 4TO NPH 3apsi/ilke KOHAeHCATOpa BO3-
HUKaeT MarHMTHOE NoJie, KOTOpOe HanpaBJieHO MO OKPYXHOCTH
BOKpyr ocd. O6 3Tom roBopu/ock B ri. 23. Bocno/sb3oBaBUIKHCH
noc/MelHMM ypaBHeHHeM MakcBensa, Mbl TaM HallJH, 4TO Mar-
HUTHOE NoJle Ha Kpak KOHJeHcaTopa onpeje/sieTcs BblpaXKeHHEM

onac’B=E - na?,
HIH
B= 5 E.

2
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HanpaBnenue ero nokasano Ha ¢ur. 27.3. Takum o6pasom, Ha
KpasX KOHIEHCATopa, KaK BHOHO M3 DHUCYHKAa, BO3HHKaeT MNOTOK
3Hepryuu, nponopuronasbubit E X B. Tak yTo 3Heprus Ha camoMm
leJle BTeKaeT B KOHJeHcaTOp He CO CTOPOHB NpPOBOJAOB, a CO
CTOPOHBI OKPYXKAIOILEro ero NpocTpaHCTBa.

Hapaiite npoBepuM, corjacyeTcsi JH NOJHbIA NOTOK yepe3
BCIO MOBEPXHOCTb MeXIy KpasMH NJAAacTHH CO CKOPOCTbIO H3Me-
HEeHUs BHYTpeHHe#l sHepruu. /s sToro Jyuuie Bcero NOBTOPHTDb
Becb NYyTb, NPOAENAHHBIl HAMU NpPH BbIBOAe Bblpa)Kenus (27.15).
ITocmoTpuM, Kk uemy oH npuBefet. [Tiomans noBepxHocTH paBHa
2nah, a a6cosmoTHas BenuuuHa S = goc?(E X B) paBHa

2 a r
€oC E ( 9c? E),
TaK YTO MOJIHBIH NOTOK 3Hepruu Gyner
na’he,EE.

9T0 coBnajaeT ¢ ypaBHeHHeM (27.20). YauBHTe/NbHas Bellb!
Oka3sbiBaeTcsl NpU 3apsiKe KOHAeHcAaTopa 3Heprus HAeT Tyla He
yepe3 NpPOBOAA, a Yepe3 3a30p MeXAy KpasiMu njaacTHH. BoT uto
FTOBOPUT HaM 3Ta Teopus!

Kak 3to MoxeT GbiThb? Bonpoc He u3 Jerkux, HO BOT BaM
ONHH M3 cnocoboB paccyxaeHusi. [Ipeanosioxum, y Hac ecTb 3a-
psAABl, pacnoJ/loXKeHHble Hal U NoJ KOHAEHCATOPOM BAAJH OT Hero.
Korna takue 3apambl pacnoJioxeHbl BaajeKe, TO KOHIEHCATOP
OKpYy>XaeT XoTd U cjaaboe, HO HeoObIYAaHHO NpPOTSXKEHHOE MnoJe
(dur. 27.4). 3atem, Koraga 3apsiibl NOAXOAAT Bce Gauxe W 6JH-
Xe, noJie CTAaHOBHUTCS BCe CHJbHee H CHJbHee H BCe TeCHee
«06HMMaeT» KoHfeHcatop. Tak uTo 3Heprus mnoJss, Kotopas BHa-
yaje Oblla [a/neKo, JBUXKETCS «NO HanpaBJeHHIO» K KOHJeHCas
TOPY H B KOHIe KOHLOB BXOAMUT B NPOCTPAHCTBO MeXAy nJa-
CTHHAMH.

B kauyecTBe caenmywomero npuMepa AaBaiTe NOCMOTP UM, uTO
NPOUCXOJUT C KYCOYKOM NPOBOJA (C HEHYJ/eBbIM CONPOTHBAEHHEM),

Pue 274. Iloare 6He rowndewca-
TOpA, 3APAIKEHKO20 OBYMA O4eHb
yoarennbtmu 3apaoamu,
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Pue. 27.5. Bexrop Noiintunza S
864U3U npPoBoda ¢ TOKOM.

no KotopoMmy TeueT ToK. [lockosbky npoBom 06/1aflaeT KaKHM-TO
CONMpOTHBJ/EHHEM, TO BAOJb Hero AeHCTBYeT 3/71eKTpHYecKoe noJe,
KOTOpOe MNOopoXJaeT TOK, a B pe3y/bTaTe NajeHHs MNOTeHLHana
BJ0/b NpPOBOMA CyLIECTBYeT TaKXKe mapaJJejbHOe ero noBepXHO-
CTH 3JeKTpHYecKoe noJe BHe mposoaa (¢wur. 27.5). Kpome Toro,
HaJ/lMyKe TOKa NMOPOXOaeT TaKXe MarHUTHOe NoJle, HanpaBJeHHOe
No OKPYXKHOCTH BOKpYyr npoBoja. Bektopel E u B HanpaBseHbi
noa npsiMbIM yriaoM, a noatomy BeKTop [loliHTHHra HanpasJeH
palnHalbHO, KaK 3TO NOKa3aHO Ha pHUcyHKe. BHyTpb npoBoaHHKa
CO BCeX CTOpOH BTekaeT sHeprusi. OHa, pa3dymeeTcs, NO/KHA OHITL
pasHa 3HepruH, TepsieMOl NPOBOJHUKOM B BHje TenJa.

TakuM o6pa3om, Halla «CyMaclIeAlasi» TeOpUsl TOBOPUT, 4TO
3JIeKTPOHBl NOJIYYaloT CBOIO JHEpPrHio, pacTpauHBaeMylo MMH Ha
CO3JlaHHe TemJOThl H3BHE, OT NOTOKA 3HEPrHH BHEUIHEro noJs
BHYTpb npoBoga. MHTyuuus HaM nNoACKa3blBaeT, YTO 3JEKTPOH
MONOJIHSIET CBOIO 3HEPTHIO 33 CYET «JaBJeHHsA», KOTOpOe TOJKaeT
ero BIOJb NMpPOBOJA, TaK UYTO 3Heprusi Kak GYyATO NOMKHA Teub
BH13 (MM BBepX) No npoBoAy. A BOT TeOpHSl yTBEPXKAAET, yTO
Ha CaMOM Je/le Ha 3JeKTPOH [efCTByeT 3JeKTpHYecKoe mo.e,
co3laBaeMoe OYeHb Aa/JeKHMMH 3apsfaMH, ¥ 3JEeKTPOHbl TepsioT
CBOIO 3HEprul0, pacxoayeMylo Ha TemnJo HMEHHO M3 3THX moJefl.
OHeprus OTAAJIeHHBIX 3apsAfoB KaKHM-TO o6pa3oM pacTeKaeTcs
no 6osbuiofi 06J1laCTH NMPOCTPAHCTBA H 3aTeM BTeKaeT BHYTpb
nposoja.

Hakonel, yTo6bl OKOHYaTeJbHO yOeAHTb Bac B TOM, YTO 3TO
SIBHO HEHOpMaJlbHas TeOpHUs, BO3bMeM ellle ONMH NpHMep, Koraa
3JIEKTPUYECKHI 3apfi] MU MArHUT NOKOATCA — CUAAT cebe pAAbILL-
KOM H He meBeasitca. IlpeacraBbTe, 4TO Mbl B35/ TOYEYHBIH 3a-
psa, noKosimuiics B6/IM3N LleHTpa MarHuTHoro 6pycka (¢ur. 27.6).
Bce HaxomuTcs B NoOKoe, TaK YTO 3HEPrHsl TOXe He H3MeHseTcd
co BpeMeHeM; E u B noctosinnel. Ho BekTop [lofiHTHHra yTBepXK-
[laeT, 4YTO 3[eCb eCTb NMOTOK 3HepruH, Tak kKak E X B He paBHO
wymo. Ecau Bbl nonabaonaeTe 3a NoTOKOM 3HEpTHH, TO yOeAu-
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Pue 27.6. 3apad u maenur dawoT
gexkrop IlodnTunca, wyupkyaupyio-
wutd no 3amxknyrod nerae,

TeCb, YTO OH UHMPKYJHpYeT BOKpPYr 3To#l cucteMbl. Ho HuKakoro
H3MEeHeHHs 3HepruH He MPOHCXOMAHMT; BCe, YTO BTEKaeT B M0GOMH
06beM, CHOBa BbITeKaeT M3 Hero. 9TO HaNOMHHaeT KPYroBo# Mo-
TOK HecxHuMaeMo# BoAbl. MTak, B Takoi, Ka3ajsochb Obl, CTaTHUe-
CKOJl CHTyallHH eCTb NOTOK 3Hepruu. BuIrasauT, npsiMo cKaxem,
abcypano!

A, MoXeT GbITb, 3TO BCe-TaKH He TaK YX YAHUBHTE/NbHO, €C/H
BCNIOMHHUTb, YTO TaK la3blBaeMbll «CTAaTHYeCKHi» MarHuT npen-
CTaBJ/sileT Ha CaMOM JeJle HenpepblBHO UHDPKYJHPYIOIIHHA TOK.
BHYTpH NOCTOSIHHOrO MarHMTa 3J/IeKTPOHbl BCe BpeMsi KpyTsATCS.
Tak uyTo, MOXKeT ObITb, UMPKYJAALHA 3HEPIrHH He TaK yX YJAHBH-
TeJbHa.

Y Bac, 6e3 COMHeHHs, HauMHaeT CO31aBaTbCsl BreyaT/eHHE,
yto TeopHs [lofinTHHra, no KpafiHe#i Mepe uyacTHYHO, ONpoBep-
raeT Ballly HHTYHLHIO OTHOCHTEJNbHO TOro, rje HaXOAHTCs SHeprus
3/1eKTPOMArHUTHOro noJisi. BaM MoXeT noka3aTbcsi, UTO Heo6X0-«
IUMO 3aHATbCA «MOYHHKOH» CBOeil MHTYHUHH, OTpabOTKOH ee Ha
MHOXecTBe mpumMepoB. ONHAKO B 3TOM, MO-BHAHMOMY, HHKAaKOH
Heo6xoauMocTH HeT. He aymalo, uToGbl Bbl OKa3aJuch B 60J/1bILIOM
3arpyaHeHHH, 3a6biB Ha BpeMs, YTO 3Heprus BTeKaeT BHYTpb
npoBoAa H3BHe, a He TeyeT BJoJb Hero. He Tak yX BaxHo, uc-
noJib3ysl Hlel0 COXpaHeHHs 3HEeprHH, yKas3aTb BO BCeX JeTaJsXx,
Kako#l nyTb uabupaerT sHeprusi. LIMpKy/suus 3HepruH BOKpYT
MarHuta 4 3apsjaa B OGOJbLIMHCTBe CJy4aes, NO-BHAHMOMY, CO-
BEpLIEHHO HeCyIlecTBeHHa. XOTA 3TO M He TaK yX BaXHO, Of-
HAKO SICHO, YTO MNOBCeJHEBHasi HMHTYHLHA Hac OOGMaHBLIBAeT.

§ 6. Hmnyaoc noan

Tenepb MHe Obl XOTe/JOCh NOTOBOPHTb 00 uMnyabce mnojs.
[Mose o6aagaeT sHeprueil; TOYHO TakK e B ellWHHLE 06beMa OHO
o6.1aJaeT KaKUM-To uMnyabcoM. O603HayHUM NJIOTHOCTb UMMNY/IbCA
yepe3 g. MMnyabc, pasymeercs, MOXeT HMeTb pa3J/iMyHble HANpaB-
JIeHHs, NOITOMY g NOJIKHO ObiTb BeKTopoM. BpemeHnHo Mbl GyneM
roBOpUTb 00 OJHOH KOMMNOHeHTe H [/l Hayajla BO3bMEM X-KOM-«
nonenty. ITockoabKy J106asi KOMNOHEHTa UMMYyJbca COXpaHseTcs,
TO Mbl MOX{€M Cpa3y HanucaTb 3aKOH NpHMepHO TAaKOro BHAa:

) (I/IMnlebc) 08¢ +( IMoTok )
T 8t \BewecTtBa/, ~ ot uMnyJabca/y
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Jleeasi yacTb TpuBHaAbHA. CKOPOCTb H3MEHEHHs WMMNYJbCa Bellle-
CTBa paBHAa MnpoCTO AeHCTBYIOIleH Ha Hero cugae. [as yacTuu
F=¢g(E+ v XB), a qns pacnpee/eHHbIX 3apsiJoB HAa eUHHLY
o6bema geiictByer cuna F = (pE + j X B). Onnako caaraemoe
«MOTOK MMMNYJ/bCa» HEeCKOJbKO CTpaHHO. OHO He MOXeT ObiTb JIH-
BepreHlHell KaKoro-to BeKTopa, H6O 3TO He cKaJjsp, a cKopee
X-KOMNOHeHTa HeKoToporo Bektopa. Ho Kak 6bl To HH GblI0, OHO
HNO/XKHO UMeTb BHJ

da ab ac
o toy t oz

HOCKOJIbKY X-KOMIIOHEHTAa MMNyJ/bCa JO/MXKHa Teib B KaKOM-1H60
u3 Tpex HanpaBJjeHuil. Bo BcAkoM cayuae, KakoBbl Obl HH ObLIH
a, b u ¢, Takas KoMOGHHAUMA npelnosaraeTcs paBHON NOTOKY
X-KOMIOHEHTBl HMNYJ/bCa.

Hanbiie no npaBujaM Toi ke caMoii urpbl Hanuuem pE 4
4+ j X B tobko uyepe3 E u B, uck/0uMB nAOTHOCTb 3apsina p H
NJIOTHOCTb TOKA j H 3aTeM XOHIVIMPYs C/JaraeMbiMH W NPOH3BeAs
MOJCTAHOBKY, NoJyyaeM

agx ac
+ + W.

ConocraBJasis 3aTeM pasHble cjaraeMmble, Mbl JOJ/JXKHbl HaHTH BHI-
paxeHus aas gy, a, b u ¢. B obmewm, 3necb macca pa6oTbl, HO Mbl
He co6upaeMmcs 3aHUMaTbcs elo. BMecTo 3TOro Mbl HaiieM TOJ/bKO
BhIpaXKeHHe A/ NJAOTHOCTH HMNYJ/bCa g H NMPHTOM COBCEM Apy-
UM cnoco6omM.

B MexaHuKe ecTb OueHb BaXKHas TeopeMa, KOTOpas FOBOPHT:
KaKoB Obl HH ObI NOTOK 3HepPrud Ja1060ro BHAA (3Heprus noJs
MM KaKOH-TO Ipyro# COpPT 3Hepruu), npou3BelieHHe ee KOJHye-
CTBa, npolejuero yepes eAHHUIY NJOMIAAY B €JHHHLY BpPeMeHH,
Ha 1/c? paBHO UMNyJ/bCY B equHHLEe 06beMa npocTpaHcTBa. B ciy-
Yae 3/]1eKTPOAHMHAMHKH 3Ta TeopeMa TOBOPHT, YTO g PaBHO BeK-
topy IloitHTuHra, nogeneHHomy Ha ¢

g=-S. (27.21)

Tak urto Bektop [TofiHTHHra gaeT HaM He TOJbKO NOTOK SHEPrHH,
HO mocJie JeseHust Ha ¢2 U NJIOTHOCTb UMNYJbca. DTOT XKe pe3yib-
TaT noJjyuusacs Obl H3 aHaJH3a, KOTOPbIA Mbl TOJNBKO YTO Mpeano-
Jarajlu npoaenatb, OfHako 6GoJ/iee 3aMaHUYMBO BOCMOJIb30BAThCS
obuieit teopemoil. Cefluac Mbl pacCMOTPHM HECKOJbKO HHTepec-
HbIX MPHUMEPOB M pacCyXJeHuH, Npu3BaHHbLIX yOeAUTb Bac B cnpa-
BeJIMBOCTH 3TOH o6Luell TeOpeMBbl.

[TepBbili npriMep: BO3bMeM MHOXeCTBO 3aKJIOUEHHbIX B SIUIHK
yactull. Ilycth, cKaxeM, ux O6yaer N WITYK Ha KyOHUecKuit MeTp,
W NYCTb OHH ABMIKYTCA BAOJb SILIHKA CO CKOpOCTbio V. PaccMot-
pHM Tenepb BoobGpaKaeMylo NJOCKOCTb, NepNeHAHKYASPHYIO K V.
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[ToToK sHeprud yepe3 eAMHHUY NJOLIAAM STOH MJAOCKOCTH B Cce-
KyHAy paBeH Nv (T. e. 4HCIy 4acTHL, NepeceKaloluX NJI0CKOCTb
3a CeKYHIy), YMHOXKEHHOMY Ha SHEPrHIO KaX[A0H yacTHubl JHep-
THA e KaK1o# yacTHUBl 6yaeT moc?/4/1 — v¥/c?. Tak uTo noTok
SHEpPruH paBeH

myc?

Ny ————.
VI= e
Ho umnysabc kaxmoit wactuus pasen myv/+/1 — v%/c?, oTkyna
nAOTHOCTY uMnyJbca Oyner
mov

N A=

YTO B MOJIHOM COIJIaCHH C TeOPeMO# KakK pa3 paBHO 1/c? Ha noToK
sHepruu. Takum ob6pasom, A/1s NyyKa yacTHL TeopemMa OKa3bl-
BaeTCsl BEPHOH.

BepHa ona u ans cBeta. Ilpu u3yuenuu cBera (cM. Bbin. 3) Mbl
YCTAHOBHJIM, YTO, KOTAa NPOHCXOLHT NOrIOULeHIle CBeTa, NOLJO-
THTEJIO NepefaeTcss HEKOTOpoe KO/MHYecTBO MMnyJbca. JledcTBH-
TenbHO, B 1. 34 (Bbin. 3) MBI BHIE/IH, YTO MUMNYJAbC PaBeH MNoO-
TVIOUIEHHON 3HEPTHH, AeneHHOH Ha ¢ [ypaBuenune (34.24)] Ilycrts
Uo Gyner sHeprueil, najaiouleii B CEKyHAy Ha eIHHHYHYIO NJO-
Wajab, TOrja nepeflaHHbll TOH e NMOBEPXHOCTH 3a TO XKe BpeMms
umnyasc pased Up/c. Ho umnysabc pacnpocTpaHsieTcsi €O CKoO-
POCTBIO ¢, TAK 4TO €ro NJOTHOCTb Mepej MOrJOTHTe/JeM HOJIKHA
Gbitb paBHa Uy/c?. Teopema cHOBa crnpaBeaJliBa.

Hakoneu, s npuBeny paccyxaeHue DfiHlITeliHa, KOTOpOe ellle
pa3 npoaeMOHCTPHPYeT TO XKe caMoe yTBepxjeHue. [Ipemnoso-
XHM, Y Hac ecTb BaroH ¢ Kako#-To GosbLioit Maccoil M, KoTopblii
MoxKeT 6e3 TpeHHs KaTHTeCA no peabcaM. B onHOM ero KoHue
p4cno/oKeHo YCTPOHCTBO, CNOCOOHOe «BLICTPE/NHBATbL» KaKHe-TO
UacTHUBl HJIH CBETOBOH MMNYJ/bC (cOBeplleHHO Ge3pasiHyHO, yeM
OHO CTpeJisieT), KOTOpble yAapsSIOTC O NPOTHBONOJIOXKHbBIA KOHell
BaroHa. C/ie0BaTe/NbHO, HEKOTOPOE KOJNHUeCTBO 9HEPrHH, CKaxkeM
U, HaxonuBleecsi nepBOHAYaJ/ bHO HAa OJIHOM KoHue (¢ur. 27.7,a),
nepesjeTaeT Ha NPOTHBOMONOMHBINA KoHeu (¢ur. 27.7,8). Taknm
c6pa3om, sHeprus U nepeMellaeTcs Ha pacCTosiHHe, paBHOe
ajuHe BaroHa L. droi sHepruu U cootBetctByer Macca U/c?, tak
YTO ecJH BaroH BHauaJle CTORJ, TO €ro LEHTpP Macc AOJXKeH
nepeaBHHYTbCSA. DHHLITEAHY He NMOHPABHJOCH 3aKJIOYEHHE O TOM,
4TO LEHTP Macc npeiMeTa MOXHO NepeMecTHTb KaKHMH-TO Ma-
HUNY/ASUHUSAMH BHYTPH Hero. OH cuHMTaJ, 4TO HHKAaKHe BHYTPeHHHe
JlefiCTBHsl He MOTYT H3MeHHTb UeHTp Macc. Ho ecau 3To Tak, To
npu nepemelednn 3Heprun U ¢ omHOro KoHua Ha Apyroit cam
BaroH JOJXKeH OTKAaTHUTbC Ha paccrosiHHe x (dur. 27.7,8).
B camom mene, HeTpynHOo yGenuThbcsi, uTO 110/IHAasi Macca BaroHa,
YMHOXKEHHAsh Ha X, NOJIKHA OblITb papHa NpPOH3BeJEeHHIO mepeMe-
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Due. 277. Mopuyusa asnepeun U, deu-
U 2aAC6 €O CKOPOCTBIO €, HeceT UMNYAsc,
b pasnoui Ulfc.
© " ©
a

mweHHo# sHepruu U/c? Ha anuny L
(npu ycaosun, uto U[c?2 MHoro
Menble M), 1. e.

Me=S51.  (21.29)

Tenepp paccMOTPHM KOHKpeT-
HbI/l c/ayval, Korja 3Heprusi nepe-
HocuTCcs Benbllikoi cBeta. (Bce
paccyaeHHs1 MOXHO NOBTOPHTb H
IJIs 4acTvl, HO Mbl 6yneMm cJefo-
BaTb 3a JUHLITEeHHOM, KOTOpbIl HH-
TepecoBajcsi npoGJieMaMH CBeTa.)
Yro 3acraBasieT BaroH OBHraTbCs?
JhHWTEeAH paccyxian TakK: nNpH
HCNYCKAHHH CBeTa JO/MXKHaA ObITb
OTHAaya, KakKas-TO HeH3BeCTHas OT-
llauya ¢ uMnyJabcoM p. MIMeHHO OHa 3acTaBJ/sieT BaroH OTKATHTbCA
Ha3an. CKopocTb BaroHa v NMpH TaKoH oTjhauye JOJKHA ObITb PaB-
Ha MMNYJbCY OTAAuH, NoJeJeHHOMY Ha Maccy M:

p
v=—r

e

X
<

O

Q

©)
-
Lo

Baron nBrxeTcs ¢ 3TOH CKOPOCTBIO [0 TeX Mop, MoKa CBeT He
JIOCTHTHET NPOTHBOMNOJIOXKHOrO KOHUA. Ypapsisicb, CBeT OTAaeT
HMNyJbC BaroHy W octaHasiausaeT ero. Ecau x mano, To Bpems,
B TeyeHHe KOTOPOrO BAroH ABHXKeTCs, paBHO L/c, Tak 4TO MHl
nojyyaem

==y L P L
r=vt=0v_—= TR
INoncrabasis x B (27.22), Haxoxum
U
p=—.

Cuosa NOJMIY4YHJ/IOCb COOTHOLUIEHHE MexXXay aﬂeprueﬁ H UMNYJAbCOM
cBeta. Jless 3TOro Ha ¢, HaXOAUM MJIOTHOCTb HMnyJibca g = p/C,

B ondTthb U
g= . (27.23)
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Pue 278. JIr8 coxpaneHus mo- '\c —_—
MEHTQ KOAUYeCT8a G8UINCEHUS OTHO- U
cureasno TouKu P nopyus amep-

euu U foaxcna necru umnyasc Ulc.
A

Bac moxeT yauBHTb, TaK JH YX Ba)XHa TeopeMa O LEHTpe
Macc. Moxet ObITb, OHa HapyliaeTcsi? Bo3MoXHO, HO Torga BbhI
TepsieTe W 3aKOH COXpaHeHHs] MOMEHTa KOJHYeCTBa [BHXEHHS.
[Tpeanosoxum, 9TO Hall BATOHYHUK [BHKETCS NO pesibcaM C HeKO-
TOPOM CKOPOCTBIO U H Mbl «BBICTPEJNHBAaeM» KaKOe-TO KOJHYeCTBO
CBETOBOM 3HEPrHH OT NMOTOAKA K nOAy, HanpuMep W3 TOuku A B
Touky B (¢ur. 27.8). [TocMoTpuM Tenepb Ha MOMEHT KOJHYeCTBA
NBHXEHHS OTHOCHTENBHO TOuKH P. [lo TOro Kak nmopuusi sHepruu
U noxunyna touky A, y Hee 6bna Macca m = U?/c U CKOpoOCTb
U, TaK YTO ee MOMEHT KOJIHYeCTBa ABHXKEHHS Obl1 paBeH mur,.
Korpa xe oHa mpuserena B TOuky B, macca ee ocraercsl npex-
Hell, a eC/M UMNYAbC BCero BaroHa He H3MEHWJICS, TO OHa MO-
npexHeMy HO/XKHA HMeTb CKOpocTb v. OIHAKO MOMEHT KOJHye-
CTBA JBHXKEHHS OTHOCHTEJbHO TOYKH P 6yneT yxe murg. Takum
o6pa3oM, ec/H BaroHy NpH H3/JyueHHH CBeTa He NepefaeTcss HH-
KaKOro UMNyJbca, T. €. eC/IM CBeT He nepeHocHT umnyabca U/c, To
MOMEHT KOJIMYeCTBa [BHXKEHHS HO/KeH H3MeHHTbcs. OKasbl-
BAeTCsl, YTO B TEOPHH OTHOCHTEJbHOCTH COXpaHeHHe MOMEHTa Ko-
JIMYeCcTBA JBHUXKEHHS U TeOpeMa O LeHTpe MacC TecHO CBsi3aKbl
Mexay coboii. M ecin HeBepHa TeopeMa, TO HapyllaeTcsl U 3aKOH
COXpaHeHHs MOMEHTa KoJIMyecTBa JBHXKeHNs. Bo BcsikoM ciyuae,
OGLINH 3aKOH NO/KEH ObITb CNpaBeIMB U A5 3JeKTPOAHHAMHUKH,
TaK 4YTO MM MOXKHO BOCNOJ/Ib30BaTbCA JJ/Is NMOJNYYeHHs MMNyJibca
noJsi.

YnoMsiHeM eule 0 ABYX NpHMepax HMnyJabca B 3JjeKTpomar-
HUTHOM noJie. B ra. 26, § 2, Mbl roBopu/IM 0 HapylleHHH 3aKOHa
NefCTBHS M NpPOTHBOIEHCTBHA N/ [BYX 3apsXKeHHbIX 4YacTHL,
IBIXYLIMXCS NepneHAHKyaspHO ApYyr Apyry. Cuabl, AeACTBYIOlULIHE
Ha 5TH YacTHUbl, He YPaBHOBEUIMBAOT ApYr Apyra, TaK 4TO
JeACTBHE U NpPOTHBONEHCTBHE OKAa3blBAlOTCS HEPaBHbIMH, a NoJ-
HbIi HMNYJbC BelleCTBA MO3TOMY JO/MXKeH H3MeHATbcss. OH He
coxpansietca. Ho B Takoil cHTyauun u3MeHsieTcss H HMNYJbC NOJs,
Ecau Bbl paccMoTpuTe BeJMYHHY HMNYJbCa, 3aJaBaeMyl0 BeKTO-
pom IlofinTuHra, To OHa oKa3blBaeTcs HenocTosiHHoN. OnHaKo
M3MeHEeHHe WMNYJbCa YacTHUbl B TOYHOCTH KOMIEHCHpyeTCsi M-
NyJbCOM NOJsl, TAK YTO MOJHBbI UMNYJbC YACTHI, H NOJS BCe XKe
COXpaHsiercs.

303



Bropoit Ham npumep — cucTema 3apsila H MarHurta, Hsobpa-
XKeHHasi Ha ¢ur. 27.6. K cBoeMy oropueHuio, Mbl OGHApYXHJH,
4YTO B 3TOM NpHMepe 3Heprusi «6eraeT LO KpPYyry», HO, Kak HaM
Tenepb M3BECTHO, MOTOK SHEPrHH M MMMYJbCa NPONOPLHOHANbHBI
OpYyr Opyry, nNo3TOMY 3JeCb Mbl UMeeM [eJo C LUHDKYJAsluHed M-
nynbca. Ho yupkyasayus umnysabca o3HauaeT Ha/JHYHe MOMEHTA
koaudecrsa Osuxcenus. Ilone o6Gjanaer MOMEHTOM KOAU4ECTEA
dsuncenus. TloMHHTe nmapajoKC C COJIEHOMIOM M 3apAlaMH Ha
IucKe, onHcaHubill B ra. 17, § 4? Kasanoch, 4To npH BKJIOYEHHH
TOKa BeCb AMCK JO/XKEH HauaTb KPYTHTbCA.

Ocraerca 3arajka, OTKyJfa BO3KMKaeT 3TOT MOMEHT KoJHue-
cTBa ABMKeHHs? OTBET Ha 3TOT BONPOC TAKOH: eCc/aH y Bac ecTb
MarHUTHOe noJie M KaKHe-TO 3apsiibl, TO NoJie UMeeT H MOMEHT
KonuuecTBa ABHKeHHA. OH BO3HHK ellle NpH CO3NAHHH CaMOro
noas. Korpa »xe nose BblK/IIOYaeTcsi, MOMEHT KOJIMYeCTBa [BH-
XKeHus orjpaercsi o6paTHo. Tak uTo JQHCK B 3TOM mapajokce
Ha4HeT KpYTHUTbcA. TaHHCTBEHHBbIH LUHMPKY/JAHPYIOUIHH NOTOK 3Hep-
THH, KOTOpHI CHayajsa Ka)KeTCcs YeM-TO HENMOHATHBLIM, Ha CaMOM
nene a6coJoTHO Heo6xoauM. Benb cyuiecTByeT peaJsibHbI NOTOK
umnyabca. OH HeoOXOAHWM /151 BBINOJHEHHS 3aKOHa COXpPaHeHHs
MOMEHTa KO/JIHYeCTBa JBHXKEHHS B LIEJOM.



TFrasa 28

SJIEKTPOMATHHWUTHASI MACCA

§ 1. Fnepzua noan rtoueunoczo 3apsada

CHHTe3 TeOpHUH OTHOCHTENbHOCTH H ypaBHe-
HUA MakcBensa B OCHOBHOM 3aBepllaeT Halle
H3yueHHe TeopHH 3JeKTpoMarHetusma. Pasy-
MeeTcs, MO JOpPOre Mbl MepPecKOUYH/H yepe3 HeKo-
TOpble OeTald M OCTaBH/AM He3aTpPOHYyTOH Jo-
BOJIbHO 60JblIyI0 06/1acTh, K KOTOpPOH, OAHAKO,
Mbl ellle BepHeMcsi B Oyaylllem, Korja 3adMmemcs
B3aUMOJeHCTBHEM 3/eKTPOMArHUTHOrO NoJis ¢ Be-
mectBoM. M Bce Xe, ecsu ellle 3afepXaThesl Ha
MHHYTYy H NOCMOTDeTb Ha (pacajy 3TOro yIuBH-
TeJbHOT'0 COOpYXKEeHHS, HMeBILIero CToJb rpoMan-
HbI{ ycnex B OObSICHEHHH CTOJIb MHOTHX SIBJIEHHUH,
TO MOXHO OOGHApy»XHTb, UTO OHO BOT-BOT 3aBa-
JUTCS U pacchinjercs Ha Kycku. Ecaum Bbl mo-
ray6xe Brpbi3eTech NOYTH B JIOGYI0 H3 HaWuUX
(u3nuecKUX TeopHiH, TO O6HApY>KHUTe, YTO B KOH-
Ile KOHUOB mnonajaeTe B KaKylo-HUOYyAb HenpHsT-
Hylo uctoputo. Cefiyac HaM NpeacTOUT OOCYIUThb
Cepbe3HYI0 TPYAHOCTb—HECOCTOSATENBHOCTb KJac-
CHYECKOH 3/IEKTPOMAarHUTHOH Teopuu. MoxeT no-
Ka3aTbCsl, YTO 3TO HapylleHHe, eCTeCTBEHHO, CBfl-
33aHO C majeHHeM BceH K/J1acCHYECKOH TeOpHH Nojn
ynapaMd  KBaHTOBOMeXaHHYeCKHX  3(deKToB.
BosbMuTe Kaaccuueckylo MexaHHKY. Martemartu-
YeCKH 3TO BMOJIHE CaMOCOrJacOBaHHasi TeopHs,
XOTsl OHa u oTBepraercsa onbiToM. OfHaKO camoe
HHTepecHOe, YTO KJacCHyeCKaa TeopHsl 3JeKTpo-
MarHeTu3Ma HeyZAOBJIETBOpHTeJbHA caMa no cebe.
B Heit 10 cux nop ecTb TPYAHOCTH, KOTOpHIE CBA-
3aHbl ¢ caMHMH udeamu Teopud MakcBeana u
KOTOpble He HMMEIOT HenoCpPeJCTBEHHOrO OTHOLlIe-
HHA K KBaHTOBOM MexaHHke. Bbl Moxere nony-
MaTb: «A 3aueM HaM 3apaHee 6ecCnOKOUTbCS 06
3TUX TPYAHOCTSAX. Beab KBaHTOBasi MexaHHKa Bce
PaBHO M3MEHHT 3aKOHBl 3JeKTpoaHHaMuKu. He
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Jyulle JH MOAOXKAATb H MOCMOTPETb, BO YTO NpeBpaTATCH 3TH
TPYAHOCTH rniocjie H3MeHeHHH?» ONOHaKO TPYAHOCTH OCTAlOTCSA
M 1oc/e COeAMHEeHHsi 3JeKTPOAMHAMHUKH C KBAaHTOBOM MeXaHH-
KO#, Tak 4TO paccMOTpeHHe HX ceilyac He OydeT HanpacHo#
Tparoi BpeMeHH; BAOGABOK OHM OYeHb BAXKHBI ¢ HCTOPHYECKON
TOYKH 3peHHs. Kpome Toro, ecium Bbl B CHJaX CTOJb TAYGOKO
NPOHUKHYTb B TEOPHIO, YTOOGHl YBHAETb B Heil Bce, He HCKJ/ouas
H TPYyHAHOCTEH, TO 3TO AaeT BaM HM3BECTHOE YYBCTBO 3aBEplUeH-
HOCTH.

Tpynmnocts, o KoTopo# $i co6Hpaloch FOBOPHTb, CBfi3aHa C
NPHJIOXKEHHEM MNOHSITHH 3JIEKTPOMATHHTHOTO MMNYJ/bCa M HEPrHH
K 3/MeKTPOHY HJIHM JApYyroi 3apsixkeHHOH uactuue. IToHsTtus npo-
CThIX 3apSXKEHHBIX YACTHL H 3JIEKTPOMArHUTHOrO MoJisi Kak-To He
corsaacyloTess Apyr ¢ apyrom. OnucaHHe 3TOH TPYAHOCTH MBI
HayHeM C HEKOTOPbIX NMPHUMEPOB BHIYHCJ/IEHHS SHEPTHH H HMIY/bCA.
Haiinem cHauana sHepruio 3apsixkeHHOH gactuubl. IlpeacTasbre,
uYTO MBI B3/ mpoCTeHIIYI0 MOAe/b 3/JeKTpPOHa, KOrja Becb ero
3apsii g paBHOMEPHO pacnpejiejlieH Mo NOBepXHOCTH cdepbl pa-
avycoM a. B crneuuasibHOM ciyyae TOYeyHOro 3apsia Mbl MOXeM
NOJIOXKHUTb €r0 PaBHbIM HyJ0. Tenepb BBIYHC/AUM 3HEPTHIO 3JEK-
TpoMaruutHoro noJss. Eciau 3apsn HenoABHXeH, TO HHKAaKOro
MAardH4THOTO MOJIA BOKPYr HeT, H 3Heprus B eQuHHLEe o6beMma
OyZmeT nponopuHoHa/JbHAa KBaJapaTy HanpsiXK€HHOCTH 3JEKTpHue-
CKoro nosis. BennunHa Ke Hanpsi)KEHHOCTH 3JEKTPHUYECKOro NoJs
paBHa g/4meor?, N03TOMY NJAOTHOCTb 3HEprHH
q?

— 8oopo__
= E 32n2gqrt *

UTo6bl NOJAYYHTb NOJIHYIO 3HEpPruio, HYXKHO 3Ty NJOTHOCTb
NpOHHTErpHpPOBATb MO BCeMY NpocTpaHcTBY. Mcnosnb3ys sjneMeHT
o6beMa 4nr’dr, HaiileM NOJIHYIO 3HEpruio, KOTopylo Mbl 0603Ha-
uyuM uepe3 Uyy:

3T0 BbIpaXKeHHe MHTerpupyercs oyeHb npocto. Huxuuit npenen
HHTerpHpOBaHHA PaBeH @, a BEDXHHH — GECKOHEYHOCTH, NO3TOMY

Up=—+ ¢ 1 (28.1)

2 4ney a °

Ecan BMecTo ¢ noacTaBHTh 3apsji 3/MeKTpoHA g, H 06O3HAUHTH
CHMBOJIOM €2 KoMGuHaUuIo g2 [47e;, TO moayyHM

1 e?
Upp=12. (28.2)

Bce uaer xopouwo no Tex nop, noka Mbl He nMepexoiuM K Toyeys
HOMY 3apsjiy, T. € noka Mbl He mosoxuM a = 0. Ho kak ToJbka
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Mbl NepeXOAHM K TOYeYHOMY 3apsly, HauHHAIOTCs BCe HallH Gelbl.
M Bce notoMy, uTO 3Heprus noJs M3MeHsieTcss o6paTHO Mponop-
IHOHAJIbHO YETBEPTOH CTeNneHH pacCTOsIHMS, HHTerpaJj no obbemy
CTaHOBHTCS PacXOAALIHMCS, a KOJIHYECTBO SHEPrHH, OKpYKalollen
TOYEYHBI 3apsj, OKa3biBaeTcss GeCKOHEYHbIM.

Ho ueM, co6cTBenHO, nioxa GeckoHeuHasi sHeprus? EcTb am
Kakas-To peaJibHasi TPYAHOCTb B TOM, YTO 3Heprus HHKyna He
MOXeT YHTH OT 3apsfia U oO6peyeHa HaBCerfa OCTaBaTbCsl OKOJO
Hero? JlocasiHo, KOHEYHO, YTO BeJHYHHA OKa3a/jacb 6eCKOHEYHOH,
HO TJIaBHBbIHf BONpPOC B TOM — €CTb JIH 3[1eCb KaKoi-HHOY b Ha6 A410-
Oaemod dusnyeckuit 3¢pdext? Uto6bl OTBETHTH HA HEro, HYXKHO
0o6paTUTbC He K 3HepPruH, a K uyemy-to apyromy. Hac moxer,
CKaXXeM, 3aHHTepecoBaTb, KaK M3MeHseTCsl 3Heprusi, Korja 3apsn
dsuserca. Ecau npu 3TOM OKaxeTcsi GECKOHEUHBIM U3MeEHeHUe,
TO [eJI0 COBCEM IJIOXO.

§ 2. Hmnyaoc noaa dsuxcywezoca sapada

BosbMeM paBHOMEPHO ABHXVILMACA 3J€KTPOH M NPeanoJo-
XXMM Ha MHHYTY, YTO CKOpPOCTb €ro Maja no CpaBHEHHIO CO CKO-
pocTbio cBeTa. C TaKHM JBHXKYILUMCS 3JIEKTPOHOM BCeria CBfi3aH
KaKo#-TO HMNyJ/bC — JaXKe ecJH Yy 3JeKTpoHa A0 TOro, Kak OH
6bl71 3apsiKeH, He GBIJIO HUKAaKOH MacChl — 3TO HMNYJbC 3JIeKTpPO-
MAarHUTHOro noJjisi. Mbl noka)eM, YTO A/ MaJbiX CKOPOCTeH OH
nponopuyoHaJ/JeH CKOPOCTH V H COBNajaeT C Hel no HanpaBJIeHHIO.
B Touke P, Haxopslle#ics Ha pPacCTOSHHH r OT UeHTpa 3apsna, H
noa yraoM 6 K JHHHUH €ro aBvKeHHus (¢ur. 28.1) 3/jeKTpuuecKoe
noJie pafinajbHO, a MarHUTHOe, Kak Mbl Buaead, pasHo v X E/c2
[TnoTHOCTb Ke uMnyJbca, B COOTBETCTBHM ¢ dopmymoit (27.21),
6ynet

g=80E><B.

OHa o06si3aTeqbHO HanpaBJ/JieHa noO JIMHHH JOBHXEHHA, KaK 3TO
BHUAHO M3 DHUCYHKA, M NO BeJHYHHE paBHA

_ €o0 2 s
g—7E sin@.

[Tone cUMMETPHYHO OTHOCHTENBHO JIMHUH NBUXKEHHS 3apsla, no-
3TOMY nonepeyHble KOMMOHEHTbl JalyT B CyMMe HYJb, H NOJY-
YeHHBbI B pe3yJ/bTaTe HUMNyJabC GyHeT napaJjeseH CKOPOCTH V.
Besnuuny coctaBasiiollell BeKTOpa g B 3TOM HanpabJleHHH, paB-
Hyl0 g sin 6, HY>XHO MpPOUHTErpHpPOBaTh 1O BCEMYy NPOCTPAHCTBY.
B kauecTBe snemeHTa 06beMa BO3bMEM KOJIbLO, NJIOCKOCTb KO10-
poro nmnepneHaukyJasipua v (¢ur. 28.2). O6GbeM ero paBeH
2nr?sin 0d0dr. [Monublit uMnyabc 6yaeT nNpu 3ToM

p= S %"— E?sin?02nr2sin 0 dO dr.



Pue 28.1. MNoas E u B u
nAOTHOCTS UMnyabca g 0aR
NOAOHUTEAbHO20 3NEKTPOHA.

A28 0oTpuyaTeAbHO20 IAEKTPORA
rioasn E u B nosepHyre. 8 o6par-
HYIO CTOPOHY, HO g ocCTaercs
Tem ace.

Copepuyeciull
S/A1eKMPOH
(+

IMockoabky E He 3aBucuT oT yrsia 6 (ais v < ¢), TO 00 yriay
MOXHO HeMe[JleHHO NMPOHHTErpPHPOBATD:

Ssin3(-)d9=—S(l —c0s%0) d (cos 0) = — cos 0 + cos o

MHurerpupoBanue no 0 Bepercsa B npeflenax or 0 g0 m, Tak uTo
3TOT HHTErpaJs JaeT NPOCTO MHOXHTENb 43, T. e.

p="05 (B,

A taxo#l uHTerpan (ans v < ¢) Mbl TOJIBKO YTO BBHIYHC/ISAIH, YTO-
6bl HAiTH 3HepPrHIo; OH paBeH ¢*/16n%la, Tak uto
—2 q v
P=73 4ne, ac?’
HJH
2 e?

pP=5xV (28.3)

HWMnyabc noas, T. e. 3/1eKTPOMarHUTHBIA UMNYJbC, 0Ka3aJcsl npo-
NOpUHOHAJBHEIM V. B yacTHocTH, TO Xe camoe BbIpa)KeHde MoJy-
4yuaoch Obl A/ 4aCTHUBI C Maccoi, paBHOH KO3 HUUUEHTY Mpo-+
NOPUHOHAJBHOCTH NpH V. BoT nouemy atoT k03¢ ¢puuuedT nponop-

dr
j r rd6

dé
\/
=
v T rsind

D ue 28.2. Srement 05vema
2nr?sin 0 d0dr, ucnoasaye-
Mol ApuU  BblHUCAEHUU  UM-
nyasca noas.



LHHOHAMLHOCTH MDbI WMOXE€M Ha3BaTb 9/19/€Tp0MCl3HllTHOli maccoti
Miam, T. €. NIOJIOKHTDL
_ 2 e

Mon =3 a7

(28.4)

§ 3. Jaexrpomaenurnas macca

OTkyna e BooOlle BO3HHUKJIO NMOHATHE Macchl? B Hamux 3a-
KOHaxX MeXaHMKHM Mbl MpeanoJaraJy, yTo Jio6oMy npeaMeTy npH-
cylle Hekoe CBOHCTBO, HasbiBaeMoe Maccoil. OHO 03HauaeT Mipo-
NOPUHOHAJBHOCTb UMNYJ/bca mpeaMeTa ero cKopocTH. Tenepb ke
Mbl OGHAPYKHJIH, YTO 3TO CBOHCTBO BMOJIHE NMOHATHO — 3apsXKeH-
Has yacTHLA HeceT HMNYJbC, KOTOPBI MPONMOPLHOHAJEH ee CKO-
pocTH. [les0 MOXHO mpeAcCTaBUTb Tak, 6YATO Macca — 3TO NPOCTO
3J1eKTpoaHHaMHuecKHil 3¢¢dekt. Beap mo cux nop npuuuHa BO3-
HUKHOBEHHSl Macchbl oCTaBajsacbh HepackpbiToil. M BoT, HakoHel,
B 3JleKTpOJAHHAMHKe HaM nNpeACTaBH/IaCh NpeKpacHas BO3MOX-
HOCTb NOHATb TO, Yero Mbl HUKOTla He NOHUMaJu paHblue, [Ipamo
Kak ¢ HeGa (a TouHee, oT MaxcBeana u IloliHTHHra) cBaau/I0ChH
Ha Hac 0ObsCHEHHe NpPONOPLUHUOHAJILHOCTH HMNYJbca Ja1060H 3a-
PA’KEHHOHN YacTHIblI ee CKOPOCTH Yepe3 3/eKTPOMArHUTHbIE CBOM-
cTBa.

Ho naBaiiTe Bce-Taku BCTaHeM Ha GoJiee KOHCEpBATHBHYIO TOY-
Ky 3peHHs ¥ OyaeM rOBOPUTb, NO KpaiiHeli Mepe BpPEMEHHO, yTO
MMeeTcs JIBa COpPTa MAacC H YTO MOJHBIA HMMYJAbC nmpeaMeTa A0J-
XeH ObITb CyMMO! MeXaHHYeCKOro W 3/71eKTPOMarHUTHOTO UMNYJIb-
coB. [IpyueM MexaHHuecKHHi HMNYJ/bC paBeH NPOU3BENEHHIO «Me-
XaHHYECKOH» MacCChl Myex Ha CKOPOCTb V. B Tex skcnepuMenTax,
rae Macca 4acTHlbl H3MepsieTCsl, HanpuMep, onpeleneHHEeM HM-
nyJbca HJH «KpyueHHeM Ha BepeBOYKe», Mbl HAXOJHM €e MOJIHYIO
Maccy. MiMnysabc paBeH npoM3BeleHHIO HMEHHO MNOJHOH Macchl
(Muex + Mau) Ha ckopocTb. TakuM oGpasoM, HabaogaemMas mac-
Cca MOXeT COCTOSATb U3 ABYX (a MoXeT ObITb, U U3 GOJIbLIEro 4uc-
Jla, eCl¥ Mbl YuTeM ApYyrHe noJsi) yacTeil: MeXaHHUYeCKOHM U 3JeK-
TPOMarHWTHOH. Mbl 3HaeM, YTO HaBepHSIKa HUMeeTCsl 3JeKTpomar-
HUTHasl 4acTb;, AJs1 Hee y Hac ecTb jaxe ¢opmyna. A cefiyac
nosiBU/1ach yBJeKaTeJbHash BO3MOXHOCTb BbIOPOCHTb MeXaHH4Ye-
CKYI0 Maccy COBCEM M CYMTATb MacCy NOJHOCTbIO 3JEeKTpoMar-
HHTHOH.

[TocMoTpuM, KakKoB moJ/KeH OLITb pas3Mep 3JEKTPOHA, eC/H
«MexaHHyecKad» YyacTb MacChl NMOJHOCTBIO OTCYTCTBYeT. TO MOX-
HO BBISICHHTb, NpPHPAaBHUBAasl 3JEKTPOMArHuTHyro Maccy (28.4)
Ha6JlonaeMoil Macce 3/€KTPOHA, T. e m,. [lonyuaem

a=2__, (28.5)

T 3 mec?
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Beaunyuna
et
mec?

ro= (28.6)
Ha3blBaeTcs «KJaCCHYeCKUM paJHyCcOM 3JIeKTPOHa» M paBHa OHaA
2,82 X 10-13 ¢cpm, T. e. OQHOM CTOTBICSIMHOH OHaMeTpa aToMma.

[Toyemy paanycoM 3/1eKTpOHa Ha3BaHa Be/JHYHHA ry, A He a?
[ToTroMy 4TO MBI MOXEM NpOBECTH 1€ e caMble pacyeThbl ¢ ApY-
UM pacnpejieneHneM 3apsja. Mbl MoXeM B35iTb €ro paBHOMEpPHO
pa3Ma3aHHBIM N0 BceMy 06'beMy l1apa WIM HanoJo6Hue NYUIHCTOro
wapuxka. Hanpumep, ans 3apsna, paBHOMEpPHO pacnpeaeneHHOTo
no BceMy o6beMy cdepbl, KoapduuueHT 2/; 3amMeHseTcss Koapdu-
nueHTOM */s. BMecTo Toro utoGel cnopuTh, KaKoe pacnpejeineHue
NpaBHJIbHO, a KaKoe HeT, Gbl/I0 pellleHO B35iTb B KayeCTBE «HOMH-
HaJbHOTO» pajMyca BeJHUYHHY ro. A pasHble TEOPHH NPUNHCHIBAIOT
K Hell cBOI1 KO3()(HUIHEHT.

[apaiiTe Npomo/XKMUM Haule o6CYXAeHHe 3JeKTpOMarHHTHOH
TeOpUH Macchl. Mbl npoBe/u pacuyeT A5 v < ¢, @ UTO NPOM30Ii-
[IeT NpH nepexoe K 06abwuM ckopocTsiM? [lepBble NonbITKH Bbl-
YHC/IEHHS] MPHBENH K KaKOH-TO nyTaHuile, Ho no3gHee JlopeHu
NOHsJ, YTO NpH GO/BLIMX CKOPOCTSX 3apsxeHHas cdepa A0/1XKHA
CXHUMaTbCsl B 3/JIMNCOUI, @ NOJA JOJKHBI H3MEHATbCS COrJacHO
NOJIy4eHHBLIM HaMH [/ pPeJSITHBHCTCKOro cjyuas B ra. 26 ¢op-
MynaMm (26.6) u (26.7). Ecau Bl npoaenaetre Bce BbIUMCJIEHHS
I/ p B 3TOM cJyyae, TO NOJMYYHTe, YTO J/151 NPOU3BOJBHOH CKO-

pPOCTH V MMNYJbC YMHOXaeTcs ellle Ha 1/A/T=0Yc, 1. e

2 e v
== S S— 28.7
3 act A/T— v¥c? (28.7)

Jlpyrumu c/J10BaMH, 3JeKTPOMAarHMTHas Macca BO3pacTaeT C yBe-

JIHYEHHEM CKOPOCTH 06paTHO nponopunoHansho 4/ 1 — v?/c%. 3to
OTKpbITHE GbLIO CAENaHO ellle A0 CO3[AAHHS TEOPHH OTHOCHTE/b»
HOCTH.

Torpa nmpeanaranuch fa)e 3KCNEPUMEHTH MO ONpeJeseHHI0
3aBHCUMOCTH Ha6/oJaeMoll Macchl OT CKOPOCTH, YTOObI YCTaHO-
BUTb, KaKasi 4acTb €€ 3JEeKTpHUYecKasi o CBOEMY NpPOUCXOXK AEHHUIO,
a KaKas — MexaHH4yeckasi. B Te BpeMeHa cuuTaJH, YTO 3/1eKTpO-
MarHMTHasi 4acTb Macchl 0OAMCHA 3aBHCETb OT CKOPOCTH, a ee
MeXaHHYecKasi 4acTb — HerT.

Ho noka cTaRuaHCb 3KCNEPUMEHTHI, TEOPCTHKH TOXE He Jape-
manu. M Bckope Obl1a pa3BuUTa TeOPUS OTHOCHTEJNbHOCTH, KOTO-
pas moxasana, uto jao06Gas Macca, He3aBUCHMO OT CBOEro NpoOHC-
XOXIeHHs!, NOMKHA H3MeHATbea Kak my[ 4/1 — v?/c?. Takum 06-
pasom, ypaBHeHHe (28.7) 6bl10 HayaJIOM TEOPHH, COTACHO KOTO-
poit Macca 3aBHCHT OT CKOPOCTH.

A Tenepb BepHeMCs K HalIUM BBIYHC/IEHHSAM 3HEPTHH NOJf,
KOTOpble NpHBENH K BbIBOAY BbipaxeHus (28.2). ueprua U

310



B COOTBETCTBHH C TeOpHell OTHOCHTEe/JbHOCTH SKBHBaJIleHTHa Mac-
ce Ulc?, nostomy (28.2) roBOpHT, 4TO noJjie 3J€KTPOHA AOMKHO
o6JafgaTb Maccoit

m =l 1 et (28.8)

KOTOpasi He COBNajaeT C 3JeKTPOMArHHTHOM Maccoil May, Onpe-
nenenHoil dopmynoit (28.4). B camom pmene, ecan 6ol Mbl MPOCTO
CKOMOHMHHpOBaJK BblpaxkeHus (28.2) u (28.4), To moOXKHBI OLLIH
66l HanucaTb
4
Ua,,=§mwc"’.

dta popmyaa Gblna mosayyeHa ellle O TEOPHH OTHOCHUTEJbHOCTH,
P Korga DUHIITeAH W Apyrue GU3MKH Hauyal¥ noHumatb, yto U
BCerja J0/KHO ObITb PABHO MC2, TO 3aMeLlaTe/bCTBO OblI0 OYeHb
BeJHKO.

§ 4. C kakoii cunoii 3nexTpon delicreyer cam na ce6a?

Pasnuua Mexay ABYyMs ¢opMy/aMu 3/71eKTPOMarHuTHOH Mac-
cbl 0co6eHHO 06K HA, NOTOMY YTO COBCEM HENABHO Mbl JOKa3a/u
COrJIaCOBAHHOCTb 3JIEKTPOAMHAMHKH C MPHUHUUNAMH OTHOCHTEJb-
HocTd. KpoMe TOro, TeopHst OTHOCHTE/NbHOCTH HESIBHO U HeH30€XKHO
npeano/araet, yTo HMNyJ/bC AO/JKEeH ObITb paBeH NpPOH3BeIEHHIO
sHepruu Ha v/c%. HenpustHas uctopus! [To-BHANMOMY, MbI Tie-TO
ponyctuau owu6xy. KoHneuHo, He anrebpauueckyio OUIHOKY B
HallKWX pacyeTax, a rjae-To NpOrasjesy YTo-TO CyllleCTBEHHOE.

[1pu BbIBOJE HaLIMX ypaBHeHHH A/ SHEPrHMH H HMMYJ/bCa Mbl
npeanoJiaraqid CnpaBelJMBOCTb 3aKOHOB COXpaHeHHs. Mbl cuu-
TaJk, 4TO YuTeHbl 8Ce CHJIbl, yuTeHa n06as paboTa u 060N HM-
nyJbC, NMOPOXKAAeMbll JPYrHMH «He3/MeKTPHUYeCKHMH» MeXaHH3-
maMH. Ho ecaun Mbl uMMeeM gesno ¢ 3apsiKeHHOH c¢epod, TO,
NOCKOJILKY BCe 3/IeKTpHYeCKHe CHJbl — 3TO CHJ/bl OTTaJKHBaOLLHKE,
3JIEKTPOH CTPEMHTCA pa3opBaTbecsi. A pa3s B CHCTeMe He YUTEHbl
ypaBHOBELIHBAIOIHE CHJbI, TO B 3aKOHaX, CBA3BIBAIOLUIHX KMNYJIbC
¥ 3HEPrhio, BO3MOXHbBI Jio6ble own6kH. UTo6bl KapTHHa Oblaa
CamMoco2AaCO8aHHOL, HYXHO NpPEANoJIOXKHTb, YTO HEUTO YAepXKH-
BaeT 3JIEKTPOH OT paspbiBa. 3apsiibl AOMKHBI yO0eprusarvcs Ha
chepe UeM-TO BpOJe <«PE3HHOK», KOTOpble NPEensiTCTBYIOT HX
CTpEMJIEHHIO pa3sieTeTbCsl B CcTOpoHbl. [lyaHkape nepBblii 3ame-
THJI, 4TO NOAOGHbBIE «PE3WHKH» MJH HEUTO B 3TOM pojae, CBS3bl-
BalolllHe 3JEeKTPOH, HeOOXOQHMO YUHTbIBaTb MNPH BbIYHCJIEHHH
sHeprud u umnyabca. [lo 3Toii npuumHHe NONOJNHHTENbHbIE He-
3/IeKTpMYEeCKHe CHJIbI M3BECTHBl Noj HMeHeM «HanpsxkeHuid Ily-
aHKape». Ec/an BKJIOUNUTL MX B pacueT, TO 3TO CPa3y H3MEHHT
Macchl, moJy4eHHble B 06OHX C/ayyasXx (xapakKTep H3MeHeHHs
3aBHCHT OT JeTaJbHbIX NpeAno/oXKeHH#), M pesyabrat Oyner
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COrJ1acOBLIBATbCA C TeOpPHeH OTHOCHTEJNBbHOCTH, T. €. Macca, noJy-
YeHHash M3 BbIYHCJAEHHH HMNYJibCa, CTAHOBUTCS TOMH XKe CaMOH, YTO
M Macca, nojydyeHHasi H3 sHeprud. OjHako Tenepb Macchl 6ynyT
COCTOSITb M3 08Yyx yacTeil: 3/1eKTPOMArHHTHOH H NpoHcXoasLlei
oT «HanpsxeHult Ilyankape». M Tosbko koraa obe yacTu cKJaa-
ALIBAIOTCSl BMeCTe, Mbl NMOJyyaeM COIVIaCOBAaHHYIO TeOopHIO.

Hrak, Hamn HajeXAbl He OnpaBJaJiUCb, Mbl HE MOXEM BCIO
mMaccy caenaTb YHCTO 3JieKTpoMarHuTHoi. Teopus, conepikalias
TOJNIBKO 3/IeKTPOJMHAMHKY, He3akoHHa. K Heill Heo6Xxomumo npu-
6aBHTb yTO-TO ellle. Kak Gbl Mbl HH Ha3BalH 3TO «UTO-TO» — «pe-
3MHKaMu» HJAH «HanpskeHusiMu [lyHkape» uaum Kak-to no-apy-
romMy, — OHO BCe DaBHO [O/KHO NOPOXOAaTb HOBbIE CHJIBI, 06ec-
neyuBalolllHe COracoBaHHOCTb TEOPHH TAKOro poja.

Ho coBepuieHHO sicHO, uTO, KaK TOJbKO Mbl BBIHYXKAEHbI MO-
CafiuTb BHYTPb 3JeKTPOHA NOCTOPOHHHE CHJBI, KpacoTa Bcel
KapTHHBl TOTYac Hcye3aeT. Bce CTaHOBHTCS C/AHIUKOM CJIOXHBIM.
Cpasy e BO3HHMKaeT BOMpPOC: HAaCKOJBLKO CHJbHBl 3TH Hampsixke-
HuA? Yto nmpoucxoaut ¢ 3nekTpoHoMm? OcCUHAMHpYET M OH HJH
HeT? KaxoBbl Bce ero BHyTpeHHHe cBofictBa? M 1. o u T. n. Bos-
MOXKHO, YTO KaKHe-TO BHYTpPEHHHe CBOHCTBA 3JIeKTPOHA Bce-TakH
oueHb CJMOXHB. M ec/iM Mbl HauHeM CTPOHTb 3JEKTPOH, CJaeays
9TOMY pelenty, TO NpHAEM K KaKUM-HHOYIb CTPaHHBIM CBOMCT-
BaM Hanojobue cOGCTBEHHbIX FapMOHHK, KOTOpble, MO-BHAUMOMY,
ellle He Habaloaanucs. I cKkasana «no-BHAHUMOMY», H6O B MpHpoe
Mbl Hab/l0aeM MHOXECTBO CTPAHHBIX Belllell, KOTOPHIM ellle He
MOXEM NpUAATb HHUKAKOro cmbicia. Bo3MoxHO, YTO Korpa-HH-
6yab B OOMH NpeKpacHbIfi NeHb OKa)KeTcs, YyTo KaKoe-TO siBJe-
HHe, M3 TeX, YTO HEMOHATHBl HaM CerojHs (u-Me3OH, HanpuMep),
MOXKHO Ha CaMOM Jie/1e OGbSICHUTb KaK OCUHJJIALNY «HaNpsiXKeHHH
[Tyankape». Ceiiuac 3TO He Ka)KeTcsi npaBJONOAOOHBIM, HO KTO
MOKeT rapaHtupoBath? Bemb Mbl ellle CTOJLKOrO He MOHHMaeM
B MHpe 3JjeMeHTapHbx uwacTuu! Bo BcsikoM cayuae, c/0XHas
CTPYKTypa, npeanoJjaraeMass 3TOH TeOopHeH, BecbMa HexeJja-
Te/bHa, U NONbITKA OGBACHHTb BCe MacChl TOJbKO yepe3 3JeK-
TPOMarHeTH3M, no KpaHHeil Mepe OMHCaHHbIM HaMH cnocobom,
3aBeJa B TYIHK.

MHe eme xoresoch Gbl mopaccyXaaTb HEMHOrO O TOM, MO-
YeMy NpH NPONOPLUHOHAJIBHOCTH HMNYJbCa MNOJSA CKOPOCTH MBI
roBopuan o Macce. Ouenb npocro! Bemp Macca—3To u ecThb
KO3(DpHIHEHT MeXIy HMNYyJabCOM H cKopocTblo. OnHaKo BO3-
MOXHA M Apyras TOoyKa 3peHHA. MOXKHO roBOpPHUTb, YTO yaCTHLA
¥MeeT Maccy, ecau A/ YCKOPEHHs ee Mbl BBIHYXJEHbI NpHJIAraTh
KaKxyio-to cuay. [TocMOoTpHM mnoBHMMaTe/nbHe#l Ha ToO, OTKyla
GepyTcsi CHJIBI; 3TO MOXeET MoMoub Hallemy noHuManuw. OTkyna
Mbl y3HaeM, 4TO 3[eCb AOJKHO NpPOSBUTbCA AeficTBHe cua? [la
NPOCTO NOTOMY, YTO MEI J0KAa3aJ/H 33KOH COXpPaHeHHA HUMNYJ/bCa
s noJei. Ecain y Hac ecTb 3apsixkeHHas 4acTHlUa M Mbl HEKOTO-
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Pue 28.3. Cura OeiicTeus yckoparoujeeoca 3aeKTpona 6aazodapsn 3anas-
Jbleanuro He pasHa HYat.

ITod dF mol nodpasymesaem cury, 9elicTayromylo HA SaeMeHT nogepxwocru da, a nod
d*F —cuany, OGelicT8YIOWYO HA 3AEMENT NOBEPXHOCTU daa €O CTOPOHbL 3apAOU, PACNROAO

HEHHO20 HA 3NeMeHTe NOBepXHOCTU ddﬂ.

poe BpeMsZ «HaXMMaeM» Ha Hee, TO Y 3JeKTPOMATHHTHOrO MNoJis
nosiBuTcs uMnyJbc. Kakum-t1o 06pa3oM oH 6bl1 nepejiaH 3J€KTpPo-
MariuTHoMy noJio. CienoBaTe/bHO, YTOGLI PAa30rHATh 3JEKTPOH,
K HeMYy HYXHO NpPHJIOXHTb CHJY, NONOJHHTeJBHYIO K TOll, KOTO-
pas TpebyeTci MeXaHHYeCKOH HHepLHeH, CBI3aHHYIO C €ro 3JeK-
TPOMArHUTHBIM B3aUMOAcHCTBHeM. [IpH 3TOM H0/12KHAa BO3HHKHYTb
COOTBETCTBYIOIIAsl 06paTHAs peakLHsi CO CTOPOHbI «TOJNKaeMOIO3
Hamu sJjekTpoHa. Ho oTkyna Gepercsa sta cuna? KapTtuHa npu-
MepHO TakoBa. MOXHO CYHMTaThb 3JEKTPOH 3apsKeHHCH cdepoi.
Korpa on mnokouTcsi, TO KaXAbll ero 3apsKeHHbIH yuyacTak
OTTa/KHBaeT J10GOH ApyroH, HO Bce CHJbl ypaBHOBeLIEHbI NO-
napHo, TaK YTO pe3yabTupyrowas paBHa Hymto (¢ur. 28.3,a).
OnHako npH YCKOpEeHHH 3JIeKTpPOHA cHJsbl GoJblie He ypaBHOBe-
LIKBAIOTCH, TaK Kak, YTOObl 3/1eKTPOMarHHTHOe BJHsSHHE JOLLIO
OT OJHOrO MecTa [0 ApYroro, HyXHO HeKoTopoe Bpems. Ha-
npuMep, cuaa, AEHCTBYIOIAS HA yyacToK o (¢ur. 28.3,6) co cro-
pOHBl yuacTKa [, pacno/oXXeHHOro Ha NpPOTHBOMOJIOXKHOH CTO-
pOHe, 3aBHCHT OT NoJIOXKeHHs f B 3ana3abiBalolluii MoMeHT. M Be-
JHYMHA H HanpaBJ/leHHe CHJbI ONpeje/sioTcs JBHXKEHHeM 3apsija.
Eciu oH ycKopsieTcs, TO CuJBl, JIEHCTBYIOIUE HA pPasHble 4acTH
3JIeKTPOHA, MOryT OBITb TaKHMH, KaK 3TO TMOKa3aHO Ha
¢ur. 28.3,8. Tenepb NpH CJAOKEHHH BCEX 3THX CHJ OHH He COKpa-
matorcs. Jas nmocTOSSHHOH CKOpPOCTH 3TH CHJBI ypaBHOBelIHBa-
JACh Obl, XOTS Ha NepBbIH B3rAs] KaXeTcs, YTO JaxKe NPH PaBHO-
MEpHOM MABHXXEHHH 3ana3fblBaHHe NPUBeJeT K HeypaBHOBelIeH-
HbIM cunaM. TeM He MeHee OKa3blBaeTCs, 4TO B Tex CJyyasx,
KOT1a 3JIeKTPOH He YCKOpsieTCsl, paBHOAEACTByloMas CHJ/Ia PaBHA
nyJao. Ecan xke Mbl pacCMOTpHM CHJIBI MeXAY pa3/MuHBIMH yac-
TAMH YCKOpSIOILErocsi 3/MeKTPOHA, TO AeHCTBHE H NPOTHBOAEH-
CTBHE He KOMNEHCHPYIOT B TOYHOCTH APYr ApYyra H 3JexTpPOH
IeicTByeT cam Ha ce€a, cTapascb ymenbwitb yckopeHue. On
THeT caM cebsl «3a IHBOPOT» Ha3al.
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Mo2KHO, XOT M He JIerKo, BBIYHC/AUTDL 3Ty CHJAY CaMOAeHCTBHSA,
ONHAaKO 3leCb Mbl He OylneM 3aHHUMATbCl TAKHMH TPYAOEeMKHMH
pacuetaMu. §I npocTo cKaxy BaM, YTO NMOJy4yaeTcs B CrnelHaJb-
HOM CpaBHHTE/IbHO NPOCTOM CJlyyae ABHXKEHHsl B OAHOM H3Mepe-
HHH, CKa)xeM BI0/b ocH x. CaMOleliCTBHe B 3TOM CJyyae MOXHO
3anucaTb B BuAe psifa. Ilepsbit useH 3Toro psifa 3aBUCHT OT
YCKOpEH#il X, C/lelyIOUlHi — NPONOpUHOHadeH X U T. O.*

Tak uto B pesyabrarte

Fe=afri— 28504 y28% + .., (28.9)

3 ¢?

rle o U y— YUCJIOBble KO3hHUHEHTH nopAfKa eauHuubl. Kosdp-
(QHUHEHT a NpH c1araeMoM X 3aBHCHT OT NpeAnoJOXKeHHOro pac-
npejejieHus 3apsAfoB; €CaAH 3apsaAbl pPaBHOMepHO pacnpeje/eHbl
no coepe, To a = ?/;. Takum o6pa3om, ciaraemMoe, NponopuHUO-
HaJ/IbHOe YCKODEHHIO0, H3MeHsieTcs 06paTHO NPONOPLUHOHANBHO pa-
IHYCY 3/IeKTPOHA 4, YTO B TOYHOCTH COrJ1acyeTcsi C BeJHYHHOH,
NoJNyYeHHOH IJIsi Moy B (28.4). Ecam B3aTb Apyroe pacnpepnele-
HHe, TO o0 H3MEHHUTCS, HO B TOYHOCTH TaK XKe M3MEHHTCS M BeJlu-
yuHa 2/; B (28.4). ConaraeMoe ¢ x He 3a8uCUT HH OT pajHuyca da,
HH OT NpeAnoJIOXKeHHOro pacnpefieseHuss 3apsafia; Kodh¢uuHeHT
npu HeMm 6cezda paseH 2/3. Cienyolllee c/jaraeMoe nponopumuo-
HalbHO paalycy a M Ko3p@pHUHEHT y NpH HeM onpeaessercs
pacnpeneiseHdeM 3apsiga. O6paTyTe BHUMaHHE, YTO €CJH ycCTpe-
MHTb paJHyC 3/JeKTPOHA K HYJIO, TO MocJeiHee caaraeMoe (paBHO
KaK ¥ BCe BbICLIHe 4JeHbl) o6paTHTCA B HyJab, BTOpOe OCTaeTCs
NOCTOSIHHBIM, HO TNepBOe — 3JIeKTPOMAarHuTHasg Macca — CTaHo-
BUTCA OGecKoHeyHbIM. BuaHo, 4To 6eCKOHeYHOCTb BO3HIIKaeT H3-3a
JNeACTBUS ONHOH 4acTH 3/1eKTPOHA Ha APYrylo; MO-BHAHMOMY, Mbl
JOMYCTHUAH TJYNOCTb — BO3MOXKHOCTb «TOYEYHOrO» 3JIeKTPOHa
JeiicTBOBATb Ha caMoro cebs.

§ 5. Honoitku usmenenus reopuu Maxcseanra

Tenepp MHe Obl XoTesoCb OOGCYAHTb, KaK MOXXHO H3MEHHTb
3/JeKTPOAMHAMHKY MakcBe/asna, HO H3MEHHTb TaK, 4YTOOGH COXpa-
HHTb NOHsSTHE NMPOCTOrO TOYEYHOro 3apsaja. B 3Tom HanpaB/ieHHH
6blJI0 CAeJaHO HeMaJlo MOMNbITOK, a HeKOTOpble TEOPHH CYyMeJsH
l2a)ke TaK NpeiACcTaBUThb [eJo, 4TO BCA Macca 3JeKTpOoHa oka3a-
Jlach MOJIHOCTBIO 3JeKTPOMarHuTHOH. OHaKO HH ONHOM H3 3THX
TEOpHH He CYXAeHo Obl0 BbIXKHTb. K Bce e HHTepecHO 06cy-
IHTb HEKOTOpble M3 NpeAJoMeHHLIX BO3MOXNKHOCTeH XoTsi Obl AJs
TOro, 4yto6bl OleHUTb 60pbOy Ye/oBeyecKoro pasyma.

* Mbl moJe3yeMcsi TaKHUMH 0003HaueHMsMH X = dx/dt, X = d*x/df?,
x=d%[dt3 n T A
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Hawa Teopus 3jekTpoMarsHeTu3aMa Hayajsacb C pasroBopoB
0 B3aHMOJeHCTBHH OMHOro 3apsijla ¢ APYruM. 3aTeM Mbl NOCTPOH-
JU TEOPHIO 3THX B3aHMOAEHCTBYIOUIHX 3apsf0B M 3aKOHUHIH
Halle H3yuyeHHe TeopHel noJss. Mbl HacTo/LKO yBepoBaJH B Hee,
YTO NMBITAJTHCh C €e NMOMOUIbIO ONnpefeNHTb, KaK OJHAa 4acTb 3JIeK«
TPOHa NeACTBYeT Ha Apyryio. Bce Tpyanocts, Bo3MOXHO, NpOHC+
XONAT M3-3a TOrO, UTO 3JEKTPOH He HeiCTBYeT caM Ha cels; 3K-
CTpanoJisallus 3aKoHa B3aHMOAEACTBHSA MeXJy OTHAEJbHbIMH
3/IeKTPOHAMH Ha B3aHMOJEICTBHE 3JEKTPOHAa caMoro c Co6o#,
BO3MOXHO, HHUYEM He onpaBpaaHa. [1o3Tomy HekoTOpble M3 npen-
JIOXKEHHBIX TEOPHH COBCEM HCKJ/IOYAIOT BO3MOXHOCTb CaMoOJeil-
cTBUsi 3J1eKTpoHa. H3-3a 3TOro B HHMX yXXe He BO3HHKaeT Gecko-
HeyHocTe#t. Ml HHMKaAKO# 3/16KTPOMAarHUTHOH MacChl MPH 3TOM HeT,
a ee Macca CHOBa MNOJIHOCTbIO MexaHuueckas. OOHako B TaKo#
TEeOPHH BO3HUKAIOT HOBble TPYIHOCTH.

HyXHO cpasy e BaM cKasaTb, YTO Takue TeopHu TpeOyloT
M3MEHEeHHs W NOHATHH 3JeKTpoMarHuTHOro mnoJas. Kak Bbl no-
MHHTE, Mbl TOBOPHJIH, YTO CHJIA, NeCTBYIOILAsA HA 4aCTHLY B JIO-
6ol TouKe, ompejensieTcsi mpocto aBymsi BeauunHamu: E u B.
Ecan Mbl  OTKasbiBaemcss OT HAeH CaMONEHCTBHS, TO 3TO
yTBepKJeHHe CTAHOBHTCA yXKe HecnpaBeJHBbIM, HOO CHJIBI, OEH-
CTBYIOLIHe HA 3/J1€KTPOH B HeKOTOPOM MecTe, GoJibllie He onpeje-
asitorcss noadbiMd E v B, a TobKo TeMH HMX uacTsIMH, KOTOpHIe
cospaloTcsi Opyeumu 3apsagaMu. Tak uyTo Mbl Bcerfa QOJ/IKHBI
NOMHHUTb 0 TOM, Kakue noJs E u B cospaer tor 3apsan, AJas Koto-
poro BbIYHC/sETCA AeHCTBYIOWAs CHIa, a KaKHe — BCe OCTaJbHble
3apsajbl. DTO JesaeT TeopHio ropazno GoJsiee 3anyTaHKOH, XOTA H
no3soJisieT u36exaTbh TPYAHOCTEH ¢ 6@CKOHEYHOCTSIMH.

Urak, ecau nHam oveHnb x0uercsa, Mbl MOXeM BbHIOPOCHTb BECb
Habop cua B ypaBHeHun (28.9), npuroBapusas npu 3TOM, 4TO
Takoe siBJIeHHe, KaK JefiCTBHe 3JeKTpOHAa Ha cebs, OTCYTCTBYeT.
Ho BmecTte ¢ Bomoil Mbl BbinjeckuBaeM M peGenka! Beab BTO-
poe-To cjaraemoe B (28.9), csaraemoe c x, COBeplIEHHO HeoG-
X0AMMO. DTa cu/a NPUBOAMT K BNOJHE onpefeneHHOMY 3Q¢eKTy.
Ecau Bbl ee BbiGpocuTe — Genbl He MHHOBaTb. Korjaa Bbl pasro-
HsieTe 3apsill, OH H3/yyaeT 3/JeKTPOMarHUTHble BOJIHHI, T. € Te-
psiet sHepruio. [loaToMy yckopenue 3apsma TpebyeT GoJbiuei
CHJIBI, YeM YCKOpeHHe HeHTpaJbHOro o6beKTa TOH XK€ Macchl;
B NPOTHBHOM cjyuyae 3Heprus He Gyner coxpaHsatbcs. CKopocTb,
C KOTOpOi Mbl 3aTpauyuMBaeM pabOTy Ha YCKOpeHHe 3apfia,
NOJXKHA ObITb paBHAa CKOPOCTH NOTepPH 3HEPTHH Ha H3JyueHue.
Mpbl yxe rosopuan o6 3ToM 3¢¢exTe; oH Obl1 HasBaH paaua-
LIHOHHBIM conpoTHB/AeHHeM. CHOBa mepel HaMH BONMpoOC: OTKyAa
6epyTcsi Te NONOJHHTENbHble CHJIbI, HAa Npeofo/eHHe KOTOPBIX
3aTpaunBaeTcs 3Ta pabora? Koraa usnyuaer GoJbliasi aHTeHHa,
TO 3TH CHJ/Ibl BC3HHKAIOT NOJ BAUSAHHEM TOKOB OJHOH ee YaCTH Ha
TokH B Apyroi. Ho y oThenbHoro yckopsioulerocsi 3/1€KTpOHa, H3-
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Jyyalouero B NycToe NpoCTPaHCTBO, BO3MOXKEH TOJbKO ORMH HC-
TOYHHK TaKHX CHJ — AeHCTBHE ONHOH YacTH 3JeKTPOHA Ha
ApYyTYlo.

B ra. 32 (Bbin. 3) Mbl OGHAPYXHJH, YTO OCUMJJIHPYIOULHI
3apsi M3JyyaeT SHEPTHI0 CO CKOPOCTbIO

dW 2 e?(%)?

df = 3 ¢

JaBaiiTe nocMOTpUM, KaKas MOIIHOCTb HeOOXOAHMA IJs1 Mpeoao-
JleHHst cuabl camomeicTBHA (28.9). MowHocTb, KakK H3BECTHO,
paBHa cuJie, yMHOXEHHOH Ha cxopoc1‘b T. e. Fx:

daw 2 2
= ik — 5 Sxi4 . (28.11)

Mepsrrit unen nponopunoHaned dx?/dt u no3ToMy COOTBETCTBYeT
CKOPOCTH HM3MeHeHIisi KMHEeTHYeCKOH 3Hepruu !/;mv?, cBsi3aHHOM
C 3/IEKTPOMArHUTHOK Maccoil. A BTOpPO#l COOTBETCTBYeT H3J/Yyye-
Hulo MowHocTH (28.10). OaHako oH oTnnyaetcs oT (28.10). Pas-
HHLA COCTOMUT B TOM, uTo (28.11) cnpaBennuBo B obuieM cjayuae,
torna kKak (28.10) BepHo Aans ocyuasupyroujeeo 3apsiga. Mot
MOXeM J0Ka3aTb, YTO 3TH ABa BbIpaXKeHHs LIS NepHOAHYECKOro
JBHXEHHS 3apsiia 5KBHBaJeHTHb. [lepenuuieM anas 3TOro BTOPO#H
uJeH BblpaxeHus (28. ll) B BUJe

¢ R o]

yTo GyaeT mnpocTto aJare6panueckum npeobGpa3oBaHueM. Ecau
ABHXKEHHEe 3J/IEKTPOHA NepHOAHYEeCcKoe, TO BeJHYHHA XX nepHOAH-
YeCKH BO3BpalllaeTcs K OAHOMY M TOMY Xe 3HayeHHI0. Tak 4To
ec/IH Mbl BO3bMeM cpedHee 3HaueHHe ee NPOHU3BOJHOM MO Bpe-
MEeHH, TO NoJy4yuM Hy/ab. ONHaKo BTOpOil 4J/eH Bcerja MNOJIOXH-
TesleH (KaK KBaJpaT BeJHUYHHbI), TAK YTO ero NpOU3BOJHAs TOXe
nosnoxuteabHa. CoOoTBETCTBYIOILAs €My MOLIHOCTb KaK pa3 paBHa
BblpaxkeHuio (28.10).

Hrak, cnaraemMoe ¢ x B BhIpaXXeHHH A CHJbBI CaMOAEHCTBHSA
Heo6X0QMMO A/151 COXPaHeHUd 3HEeprud H3jayqaloulefi CHCTeMbl U
He MOXeT ObITb BbIGpoLIeHO. DTO ObIJIO OOHUM M3 TPUYMPOB Teo-
puu JlopeHua, noka3aBulero BO3HHKHOBEHHE TAKOro cJaraemoro
B pe3yJbTaTe BO3AeHCTBHA 3/MeKTpOHAa caMoro Ha ce6s. Mbl Bbl-
HYXJeHbl NOBEpUTb B HAE CaMOIEHCTBHS M HE06x00umocTo

cnaraemoro ¢ x. [Ipo6iemMa B TOM, Kak COXpaHHTb ero, u3ba-
BHBIUKCh NPH 3TOM OT NMEpPBOro cjaraeMoro B Belpaxkehuu (28.9),
KOTOpOe MOpTHT BCe Aeao. DToro Mbl He 3HaeM. Kak BuamuTe,
KJlaccuyeckasl TeOpHs 3/7eKTpOHa cama cebGs 3aBesa B TYNHK.
Belnn npeanpuHATH U ApPYrHe NONLITKH BbLINPAaBHTb MOJOXKe-
Hue. OnuH nyTb Gbl1 npeanoxeH BopHom u MHgpeabnoM. CocTout
OH B OYeHb CJOXXHOM HM3MEHeHHH ypaBHeHUII MaKcBeJJla, TaK 4TO
OHHU mepecTaloT ObITh JuHeAHbIMU. [IpH 3TOM MOXHO caesnaTh Tak,

(28.10)
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yToObl 3HEpPruUst M UMIOYJAbC OKasanucb KoxeunbiMH. Ho mpepso-
)KeHHble UMH 3aKOHBI NpeACKa3blBalOT IBJEHUs, KOTOpPble HHKOT1a
He Hab.ionanuch. X Teopus cTpajaer eule ¥ APYruM HeJgocTaT-
KOM, K KOTOPOMY Mbl NpHUJeM No3Hee H KOTOpBbIH MpHCYLL BCEM
nonbITkaM U36exaTb ONMCAHHYIO TPYNHOCTb.

Cnepylouiass HHTepecHass BO3MOXHOCTb Oblla NpelJoXxeHa
HupakoM. OH paccyXpmaj Tak: JaBaiiTe AONYCTHM, YTO AeiCTBHE
3JIeKTpOHA Ha ce0si ONMHCHIBAeTCs He MepBbIM cJaraeMblM Bblpa-
xeHus (28.9), a sropem. W Ttorma emy npuinia 3aMaHYHBasi
naess M36aBHUTbCA OT NMEPBOr0 CJAAraeMoro, COXpaHHB NpH 3TOM
BTOpoe. CMOTpHTe — CcKa3aJl OH, — Korja Mel 6paju ToJabKO 3a-
nasdeigarouyue pellieHHss ypaBHeHU# MakcBesJa, 3TO YC/JIOBHE Bbl-
CTynaJjo Kak AOMOJIHHTEe/bHOE NpeanoJioxeHue; ecau Obl BMECTO
3anasjbIBalOUIUX Mbl B3SIIU onepexcarouyue 80AHbL, TO OTBET IO-
ayuusacs 6bl HECKOJNBKO APYruM. BrelpaxkeHue mas cuabl caMonei-
¢TBUsA npuobpeso 66l BHA

2 . 2 2 w elg
F=a%x+§%x+v?‘q—x+ (28.12)

3To BbIpa)keHHe B TOYHOCTH TaKoe ke, Kak u (28.9), 3a uckato-
yeHUeM 3HaKa nepej BTOPbIM H HEKOTOPbIMH BLICLIMMH YJeHaMH
pana. [3amMeHa 3ana3ibiBalOLIHX BOJIH ONepexalolUldMu O3HauaeT
NPOCTO CMeHY 3HaKa 3ana3jblBaHHUs, 4TO, KaK HETPYAHO BHIAETb,
SKBHBAJEHTHO H3MeHeHHMI0 3HaKa { B Boipaxenuu (28.9) 3to
NPUBOAHUT TOJNBKO K M3MEHEHHIO 3HaKa BCeX HeUeTHbIX NMPOH3BOI-
Hbix.] Utak, [npak npeanoxun: naBafiTe npuMeM HoBoe mnpa-
BHJIO, YTO 3JEKTPOH AeHCTBYyeT Ha cebsl noaypasHocTbro CO3La-
BaeMblX MM 3anasibiBalOilUX H omepexawouux nonei. IToaypas-
HOCTb BbipaxkeHu#t (28.9) u (28.12) pnaer
2 e2 .
F=— 3T x 4+ Bobicuune usensl.

Bo Bcex BbICIIMX Y/leHaX pagHyC a BXOAMUT B UHMCJHTENb B MNOJO-
XKUTebHOH cTeneHu. [TosToMy, Korga Mbl nepexoAWM K npepneny
TOYEYHOro 3apsijia, OCTaeTcs TOJbKO OAMH uJeH — KakK pa3 ToT,
KOTOpblfi HaMm HyxeH. TakuM nyTem Jlupak coxpaHui1 palHa-
LLUOHHOE COMNpPOTHBJIEHHE W M36aBHJCSH OT CHJBl HHEpLUHH. DJekK-
TPOMarHWTHasi Macca Hcye3sa, KjacCHYecKas TeopHusi CNaceHa,
HO 6/1aronoJiyuse 3To JOCTHTHYTO LEHOH HacuJHus Haj camojei-
CTBHEM 3JIEKTpOHa.

[Mpon3BO/ [AONOJHUTENBHBIX TNpeanonoxkeHuit dupaka Obla
yCTpaHeH, no KpaiHed Mepe N0 HEKOTOPOH cTeneHW, YUJIEpOM H
deilHMaHOM, KOTOpble NpeaJoXu/u eule Gojee CTPAHHYIO Teo-
puto. OHH npeano/soXKHUAH, UYTO TOYEUHBIH 3apsiA B3aHMoOMeH-
CTBYeT TOAbKO C JPYTHMH 3apsilaMH, HO B3aHMOAEHCTBHE HAET
HanoJIOBMHY uepe3 3anasfblBalolllie, HANMOJOBHHY uepe3 onepe-
xawouwune Boanpl. CaMoe ynuBHTeJbHOe, KaK 0Ka3aJjCch, YTO
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B GOJIbLIHHCTBE CJyyaeB Bbl He BHAHTe 3(PdekTa omepexalolnx
BOJIH, HO OHH JAIOT KaK pa3 HYXHYIO CHJIy pafHalHOHHOro co-
npotuBaeHus. OfHaKo pajuallOHHOE CONpPOTHBJEHHe BO3HHKaeT
He KaK caMOOeHCTBHe 3/eKTpPOHa, a B pe3yabTaTe CJeAyloLlero
uHTepecHoro sddekta. Korga snekTpoH ycKopsieTcss B MOMEHT f,
TO OH BJIMSIET Ha BCe ApPYyrue 3apsifibl B MHpe B n030HUL MOMEHT
t"=1t4r/c (rne r— paccTosiide N0 APYTHX 3apsiloB) H3-3a 3a-
nasdeisarouyux BonH. Ho 3ateM atu Apyrue 3apsapl AeHCTBYIOT
CHOBa Ha NepBOHAYa/bHbIH 3/1€KTPOH C NOMOILBIO Onepexcaroujux
BOJIH, KOTOpble MPHUXOAAT K HeMy B MOMeHT #’/, paBHbIi t’ mMunyc
r/c, uTo Kak pa3 paBHO f. (OHHM, KOHEYHO, BO3AEHCTBYIOT H C MO-
MOILBIO 3ana3fbIBAIOIINX BOJMH, HO 3TO MNpPOCTO COOTBETCTBYyeT
OOBbIYHBIM «OTpaXKeHHbIM» BoJHaM.) KomOuHauuA onepexalo-
IHX W 3ana3jblBAlOUIMX BOJIH O3HayaeT, YTO B TOT MOMeEHT, Korja
3JIEKTPOH YCKOpsieTCs, OCUH/JIMPYIOUHUHA 3apsifi HCNBITbIBAET BO3-
JefiCTBHE CHJIBI CO CTOPOHBI BCeX 3apsl0B, KOTOpble «MPHrOTO-
BHJINCb» NOIJIOTHTb HM3/yueHHble MM BOJIHbL. BoOT B Kakoii nerie
3anyTa/lncb (QHU3HKH, NbITAAChb CNAcTH TEOPHIO 3JeKTpoHal

51 pacckaxy BaM elle 06 onQHO TeopuH, 4TOOBI NMOKa3aThb, 10
KaKuX Belledl AOAYMbIBAIOTCA JIOAHM, KOrJa OHH YBJeueHbl. IJTO
HEeCKOJ/IbKO Jpyrasi MoAH(pHKalHsl 3aKOHOB 3JIeKTPOANHAMHKH, KO-
Topylo npemjoxua bBonn.

Bbl nonnmaerte, yTo, pewMBIINCh H3MEHHTb ypaBHEHHs 3JeK-
TpOMAarHeTH3Ma, MOXHO Aeaatb 3TO B J1060M MecTe. Bbel Mo-
XKeTe H3MEHHTb 3aKOH CHJ, AeHCTBYIOILHX Ha 3JeKTpPOH, HJAH MO-
XeTe M3MeHHTb ypaBHeHHs: MakKcBesasa (Kak 370 OyneT CAeNaHo
B TEOPHH, KOTOPYIO 51 COOHpAlOCh OMHMCATh) HJ/IH elle YTO-HHOY Ib.
OpHa M3 BO3MOXHOCTe#l — U3MEHHUTb (GOpMYJbl, onpene/siollne
noTeHUHas] yepe3 3apsifibl MU TOKH. Bosbmem ¢opmyay, kotopad
BbIpaXKaeT NOTeHLHa/lbl B HEKOTOPOH TOUYKe yepe3 NJOTHOCTH TO-
KOB (MJIM 3apsiioB) B J06GOH ApPYyroi TOuKe B DaHHHH MOMEHT
BpeMeHH. C noOMOILBIO YeTbIpeXBEKTOPHbIX 0603HaueHHH AJA MO-
TeHLHaJOB Mbl MOXeM 3anucaTb ee B BUAE

Ju (2t —ripfc) dv,. (28.13)

A"’(l’ t)_ 4111606'78 r

YnuButeabHo npoctas uies Bonna zakiiouaercs B caeaylouieMm.
MoxeT GbITb, BCe 3/10 NPOMUCXOAHT OT MHOXHTe s l/r mox HHTe-
rpajoM. [lpeanosioxkuM ¢ caMoro Hayasa, 4TO NOTeHUHaJ B OJ-
HOH TOYKe 3aBHCHT OT NJOTHOCTH 3apsifioB B JI0GOH TOuKe Kak
HeKOTOpas QYHKUUA PacCTOSHHA MeXAY TOYKaMH, CKaxXeM Kak
f(r12). Torma noaublit noTeHuuasa B Touke 1 GyneT onpenensiTbest
MHTErpaJ/jioM no BCeMY MpPOCTPAHCTBY OT MPOHM3BeNeHHs ju Ha 3Ty
(yHKLHIO:

A0={i,@f¢wav,
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4F(sz)
Pue 284. Pynkyus F(s?), uc-
noab3yeMas 8 KeAOKAAbHOU Teopuu
Bonna.

Bort u Bce. Hukakux audde-
peHLHa/bHbIX ypaBHeHHH, HH-
yero GoJsbwe. EcTb Touabko
eule OAHO yc/ao0BHe. Mbl OJIXK- 5
Hbl noTpe6oBaTh, 4TOGBI pe- 0

3y/abTaT Obl peJIiTHBUCTCKH
MHBapHaHTHbIM. Tak uTO B Ka-

yecTBe «PacCCTOAHHA» Mbl A0J- -~
XKHbBl  B3ITb HHBApHaHTHce !
«paccTOsiHHE» MexX1y HBYMs ~
TOYKaMH B NPOCTpaHCTBC-Bpe-
meHHd. KBagpart aToro paccrosinus (C TOYHOCTbIO JO 3HAaKa, KOTO-
pblii HecyllleCTBeH) paBeH

sh=c2(t, — L) —rh=c(t, =t} — (x5, — %) —
— () —1)* — (2, — 2% (28.14)
Tak uyro onsi pefsiTUBUCTCKON HHBADUAHTHOCTH TeopHH (QYHKUHSA

NOJ)KHA 3aBHCETb OT Sz HJHM, YTO TO e camoe, oT s2,. Takum
obpa3om, B Teopun bonna

4, 0,0="i,( tyF(s%)av,dt, (28.15)

(WUuterpan, pasymeercsi, AoJ/KeH 6paTbCs NO yYeTbipeXMepHOMY
06bemy diadxsdysdz,.)

Tenepb ocTaeTcss To/MbKO BhHIGpaTh moaxoaswylo ¢yskuuio F.
OTHOCHTe/NBHO Hee MBI npeanoJjaraeM TOJbKO OJHO, YTO OHa
NoBCIOAY MaJsa, 3a HCKJ/IO4eHHeM oO6JacTH aprymeHTta BOGJ/H3H
HyJas, T. e. uTo rpaduk F BepmeT ce6s nomoGHO KpHuBOH, H306pa-
XeHHOH Ha ¢ur. 28.4. DTo y3KHil NUK B OKPeCTHOCTH s = 0, wu-
pHHO# KoToporo rpy6o MOXHO cyuTaTh BeauuyuHy a?. Ecau BbI-
YHCJ/ISeTCA NMOTeHLHaa B Toyke I, To NpUG/IMKEHHO MOXHO yTBep-
XKAaTb, YTO 3aMETHBIH BKJaJ JAalOT TOAbKO Teé TOYKH 2, AJsi KO-
Topbix 8%, = c?(t,—1t,)? — r}, oTinyaerca oT Hyas Ha =a? ITo
MOXKHO BBIpa3HTb, CKa3aB, YTO F BaXKHO TOJIbKO A5

2, = c? (tl —tyY—rh~+d (28.16)

Ecau nonamo6urcsi, MOXHO npoaesnaTb Bce MaTeMaTHYeCKH Go-
Jlee CTpPOro, HO HJest BaM yxe sCHa,

o
T2 f
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[Mpeano/ioxXuM Tenepb, YTO @ OueHb MaJjo MO CPABHEHHIO
C pa3MepaMH OGBIYHBIX OGBEKTOB THNA 3JE€KTPOMOTOPOB, reHepa-
TOPOB H TOMY nofoGHOe, MO3TOMY [/ OGBIYHBIX 3ajay ry > a.
Torna Bbipaxenue (28.16) roBoput, uto B HHTerpana (28.15)
JaloT BKJIaA TOJAbKO Te TOKH, A5 KOTOPLIX f; — f; OUeHb MaJo:

— a2z
et t)N’\/rm— =ry 1+’—m

Ho nockoapky a?r?, <1, T0 KBajpaTHbll KOpeHb NpHOIHKEHHO

pased 1= a%2r%, Tak uTo

tl—tg—rw _"12+ a?
2r,2 ¢ 2r o¢

B uem 3gecb cyrb? IlosiyyeHHBI!l pe3y/bTaT FOBOPHT, 4TO AN
A, B MOMEHT f; Ba)kHbl TOJIbKO Te 8pemeHa ty, KOTOpble OTJIH-
4al0TCA OT Hero Ha 3anasfblBaHHe rjo/c ¢ npeHeGpeXXHUMO MaJoi
nonpasko#, H60 rj; > a. [lpyrumu cjoBamu, Teopusi Bonna ne-
pexoauT B TeopHio MakcBensia NpH yjaajeHHH OT 3apsiloB B TOM
CMBbICJ/Ie, YTO OHA NPHBOAHT K 3(PdeKTy 3anasjblBaHHUs.

Mpl MoXxeM npHO/NHXEHHO YBHAETb, K uYeMy Hac npuBeleT
unterpaa (28.15). Ecan, 3aduxcupoas ra, ﬂpOBeCTH HHTEerpH-
poBanue mo f; B npefesax oT —oo g0 oo, To s?, Toxe Oyder
H3MeHATbCA 0T —o0 10 +-o0o. Ho ocHOBHO#H BKJaj macT y4acToK

no tp wupuHoit Aty = 2-a?%/2r;5c ¢ UEHTPOM B MOMEHT f — rya/c.
[Mycts dynkuus F(s?) npu s? = 0 npuHumaeT 3HayeHue K, troraa
MHTerpHpoBaHie mno f; naet npubausuteabHo Kj, Ats, uiu
a y
c re’

Pa3yMeercsi, BeIUYHHY ju CAeayeT B3Tb B MOMEHT fp = ¢ — ryy/C,
TaK yto (28.15) npuHHMaeT BUJ

A, ty=— Ka { @ h 70l gy

Iz

Ecnu Boi6pate K = ¢%c/4nepa?, To MBI NpHAEM NpsiMO K 3anasfbl-
BaloUleMy pelleHHK YpaBHeHHE MakcBesa 1/ NOTeHIHAJOB,
npHUYeM aBTOMATIIYECKII BO3HHKaeT 3aBucuMocTb 1/r! M Bce 3TO
NOJYYHJIOCh M3 NMPOCTOrO NpPEANoJOXKEHHs, YTO NOTEHUHAa B OJ-
HO#l TOYKe MpPOCTPAIICTBA-BPEMEHH 3aBHCHT OT NJIOTHOCTH TOKOB
BO BCEX JAPYTIX TOUKAX NPOCTPAHCTBA-BPEMEHH C BECOBbIM MHO-
XKHTe/NeM, B KauecTBe KOTOPOro B3SiTa HeKas (YHKUHS 4YeTbipexs
MEpPHOro paccTOosiHUsl MeXAy ABYMSl TOYKaMH. DTa TeopuUsl AaeT
KOHEYHYIO 3/IeKTPOMATHHTHYIO MACCy 35EKTPOHA, a COOTHOUIeNHe
MeX1y 3Heprueil W Maccoil Kak pa3 Takoe, Kakoe TpebyeTcs B
Teop!u oTHocuTeabHOCTH [1Muero apyroro He Morso M 6bITh, HGO
TeopHs DCNATHBUCTCKH MHBApHaHTHAa C CaMOro HayaJja.
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Onnako u 3TOit TEOPHH H BCeM APYrHM ONUCAHHBLIM HaMH Teo-
pPHSIM MOXHO NpedbsBUTL TAXKoe OGBHHeHHe. Bce wu3BecTHble
HaM yacTHUbl NOJYHHAIOTCA 3aKOHaM KBAHTOBOH MEXaHHKH, 10-
3TOMY Heo6XOAHMMa KBaHTOBOMeXanHyeckass ¢opMa 3/MeKTPCOH-
Hamuku. Cser BegmeT ce6s1 nomo6HO (oTtoHaM. 1o yxe He 100-
npoueHTHasi Teopusa Makcsensna CiefnoBaTe/bHO, 3JeKTpPOAHHA-
MHKa J0J12KHA OblTb M3MeHeHa. Mbl yXe rOBOpH/H, 4TO YNOpHOE
CTapaHHe HCNPaBUTb KJACCHYECKYI0 TEODHI0 MOXET OKa3aThCs
HanpacHoW TpaToi BpeMeHH, HOO B KBAHTOBOH 3JIEKTPOJHHAMHKE
TPYAHOCTH MOTYT HMCY€3HYTb MJH OYAYyT paspelieHbl APYruM oG-
pasoM. OnHako H B KBAaHTOBOH 3JIEKTPOAMHAMHKE TPYAHOCTH He
ucye3aloT. B 3TOM KpoeTcs ofHa M3 NMPUYHH, MOYEMY JIOAH MO-
TPaTH/H CTOJIBKO BpPeMeHH, MBbITafiCb NpPeojnoJieTb Kiaaccuueckue
TPYAHOCTH H HaJesiCcb, YTO €C/JAH OHH CMOTYT NpeojaoaeTb HX, TO
nocJie KBaHToBoro o6o6menus ypaBHeHHil MaKceeasna Bce Oyner
B nopsaxke. OQHako u nocje Takoro 0606LIeHHs TPYLHOCTH He
HCYe3aIoT.

KBaHToBble 3¢ deKThl, npaBaa, NpUBOAAT K HEKOTOPBHIM H3Me-
HeHusAM. M3meHsercs ¢opmyna aas macc, nosiBjasfeTcss NOCTOSIH-
Has Ilnanka f, HO OTBeT no-npeXXHeMy BLIXOAHT GeCKOHEUHbLIM,
eci¥ Bbl He o6pe3aeTe Kak-TO HHTerpHpoBaHue, noJo6HO TOMY
Kak Mbl o6pe3asd HHTerpaJj npu r = a B KJ4aCCKYECKOH TEOpHH.
OTBeT npu 3TOM 3aBHCHT OT Xapakrepa o6Gpe3anHsi. K coxaie-
HHIO, 51 He MOTY BaM MOKa3aTb, YTO TPYAHOCTH B OCHOBHOM Te Xe
camble, H60 BBl ellle CJAHIUKOM MaJjio 3HaeTe O KBAaHTOBOH MeXxa-
HUKe, 2 O KBAHTOBOIl 3/IeKTPOAMHaMHKe — U Toro Mesbuie. [Jo-
3TOMY BaM NpHAETCS NMOBEPHTb MHE Ha CJOBO, YTO M KBAHTOBAs
3/IeKTpoJHHAMHKa MakcBeasa npuBOAHT K OGeckOHeyHOH Macce
TOYEYHOro 3J/EeKTPOHa.

OkasblBaeTcsi, OJlHAKO, 4TO N0 CHX NOP HHKGMY He ynaJoch
naxe nNpHOMU3UTBCA K CAMOCO2AACOB8AHMOMY KBAHTOBOMY 0006-
IeHHI0 Ha OCHoBe 4r0601 U3 MoaHGHUUHPOBaHHBIX Teopwuil. Muee
Bopna u MHdenbna HuKoraa He cyxaeHo OblIO CTaTb KBAHTOBOH
Teopueil. He npuBesn Kk ynoB/aeTBOpHTe/NbHON KBAaHTOBOH TEOpHH
onepexawlllie W 3anasjplBaioliye BoJHb [IMpaka u Yuaepa —
deiinMana. He npuBesna K ynoB/neTBOPHTeJbHON KBAHTOBOH TEO-
puu u upes Bonna. Tak uTo m A0 cero AHSI HAM He H3BECTHO
peultenne 3Toit npo6Jjembl. Mbl He 3HaeM, Kak C yuyeTOM KBaHTO-
BOH MeXaHHKH MOCTPOMTb CAMOCOr/1aCOBAHHYIO TEOpHIO, KOTopasi
He naBaJjia 6bl 6eCKOHeuHO#l cOOCTBeHHOH SHEpPrHH 3JEKTPOHA HJH
KaKoro-To Jpyroro ToueyHoro 3apsaa. M B To xe BpeMmsi Her
yIOBJIETBOPHTE/IbHON TEOPHH, KOTOpas omHcbiBaja Obl HeTOuey-
Hblll 3apsaf. Tak 3Ta npo6JjeMa M oCTajach HepelleHHOH.

Ecau BBl B3ngymMaeTe nonelTaTh C4acTbsi U MOCTPOMTb TEOPHIO,
NOJAHOCTBIO YAAJNHMB MNeACTBHE 3JeKTPoHa Ha cebs, TaK uTOOHI
3/JeKTPOMATrHUTHAs Macca He HMesna CMbicaa, a 3aTem Oynere
le1aTh M3 Hee KBAHTOBYIO TEOPHIO, TO MOr'y Bac 3aBEepHUTb —
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TpyaHocTell Bbl He H36exuTe. JKCNEpUMEHTAaJbHO AOKA3aHO Cy-
IleCTBOBaHHe 3/1eKTPOMarHUTHOH MHepUHH H TOT (aKT, YTO 4acTb
Macchl 3apsiXKeHHDLIX YacTHL — 3JeKTpOMarHuTHas no cBoeMy npo-
HCXOX e HHIO.

B crapbix KHMrax yacTo yTBepXJaJocChb, YTO MOCKOJBKY MNpH-
pola He nojgapujia HaM ABYX OJMHAKOBBbIX YaCTHI, H3 KOTOpPBIX
OAlla HCHTpaJbHasi, a JApyras 3apsKeHHas, TO Mbl HHKOTAa He
CMOXEM CKas3aTb, KaKas A0Js1 MacChl SIBJSIETCS 3/Je€KTPOMarHur-
HOH, a Kakasi MexaHuueckoil. OnHaKo oKasaJ/jocb, 4TO NpPHPOAA
Bcc ke Obla NOCTAaTOYHO LeApa M n0o0apuia HaM HMEHHO [Ba
Taxux ob6bekTa, TaK uTO, CpaBHHBAsl HabJ/l0LaeMylo Maccy 3aps-
JKEeHHOMN 4CTHIbl C MAaccoi HeHTpaJ/JIbHOH, Mbl MOXeM CKa3aTb, CY-
IeCTBYeT /M 3JeKTpOMarHuTHad Macca. BosbmeM, Hanpumep,
HCiTPOH M npoToH. OHH B3aMMOJEHCTBYIOT ¢ OTPOMHOMH CHJIOH —
EPHON CHJIOH, HAeTaJH NPOHCXOXKAeHHS KOTOpPOH HaM HeHu3s-
pecTHL. OfHAaKo, KaK Mbl yXe TOBOpPHJ/IH, siiepHble CHJBl 06.1a-
NalT OOHUM 3aMeyaTeqbHLIM CBOHCTBOM. 10 OTHOWIEHHIO K 3THM
Cll1aM NeHTPOH U NPOTOH B TOYHOCTH OAMHAKOBH. HacKo.bko
MBbl ceiffuac MOXeM CYAMTb, ilepHble CHJbl MeXAY ABYMs He#Tpo-
HaMH, HefiTPOHOM H NMPOTOHOM H ABYMsSl NMPOTOHAMH COBeplLIEHHO
onuHakoBbl. OT/AHYAIOTCH 3TH YACTHUBI TOJBKO CPaBHHUTEJBHO
C/1a0bIMH 3JIEKTPOMATrHUTHBIMH CH/IaMH; MO OTHOLIEHHIO K HHM
NPOTOH U HEHTPOH OTJHYAIOTCA, KaK AeHb M Houb. BoT 3T0 Ham
Kak pa3 M HyXHo. Mrtak, Mbl HMeeM JBe 4acTHLbI, OLHHAKOBbIE
C TOYKH 3pEHHSl CHJBbHBIX B3aHMOAEHCTBHH M pa3/IMUHblEe C TOUKH
3peHHust 3JeKTpHyecKkHX. KM oHH HMeloT HeGoJ/bLIYIO pasHHUy B
Maccax. PasHuna Macc MeXAy NPOTOHOM M HEHTPOHOM, BbIpaXKeH-
Hasg B eJHMHHUAX 3HeprHH nokos mc?, cocraBaser 1,3 Mas, uto
cooTBeTcTBYeT 2,6 3jeKkTponHbIM MaccaM. Ksaccuueckas rteopus
NpeACKashBaeT Al pajdyca NpOTOHA BeJHYHHY Mexay Ys u /o
paauyca 3/eKTpoHa, uau okoso 10-13 cm. KoHeuno, Ha camoM
nejie cjenyeT noJab30BaThcs KBAaHTOBOH TeopHel, HO NO KaKOH-TO
CTPAHHOIl CJIyYaHHOCTH BCe KOHCTaHThHI, 2m, h M T. O., KOMOH-
HHUDPYIOTCSl TaK, YTO NPHUOJIH3HTE/BHO JAIOT TOT XKe CaMblil pe3y/b-
TaT, YTO W KJaccHueckas teopusi. OnHa Gefa: 3HAK OKa3blBaeTCs
HeBepHbiM! HefiTpon Ha caMoM JeJje TAxesee npoToHA.

Ilpupona nana HaMm elle HECKOJbKO APYTHX nap U TpPoeK ya-
CTHL, KOTOpHle, 32 HCK/IIOYEeHHEM 3JeKTPHUYeCKOro 3apsjpa, BO
BCEX OCTAJIbHBIX OTHOLIEHHSIX OKa3blBAIOTCS B TOYHOCTH OAHHAKO-
BbIMH. Onn B3aHMOJENCTBYIOT C NPOTOHAMH M HeHTPOHaMH mno-
CpPEACTBOM TaK Ha3LIBAEMOro «CH/bHOTO» B3auMoAeHlcTBUA. B Ta-
KHX B3aHMOMENICTBHAX BCe YAaCTHIBl [JAHHOrO COPTAa, CKaXeM
7t-Me30H, BeAyT ce6s1 BO BCeX OTHOIIEHHAX KaK OfHA M Ta Xe
YaCTHLA, 30 UCKAIOHEHUEM UX JEKTPHYECKOro 3apsjia.

B Tta6n. 28.1 Mbl NpHBOAHMM CNHCOK TaKHX YacTHL BMecTe
C HX MaccaMH. 3a0meeHHble n-Me30Hbl HmeloT Maccy 139,6 Mas,
a He#itpanoHbil n’-Me3on Ha 4,6 Mas nerue. ATy pasHocTb Mace
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Mbl cyuTaeM 3jeKkTpoMarHuTHoH. OHa cooTBeTcTBOBaJja Obl ua-
cTHlle ¢ paguycoM oT 3 mo 4-10~'* cxu. Bbl puaute u3 tabauubl,
YTO pa3HHUIlbl MacC APYTHX YacTHIl TOrO XKe Macuitaba.

Ta6auya 28.1 @ MACCA YACTUL

Yacruua 3apan (3/eKTPOHHEIA) M}?f;;' ,?,'3"‘,'
n (HeitTpon) 0 939,5
p (npoton) +1 938,2 -1,3
7 (7-Me30H) 0 135,0
+1 139,6 +4.,6
K (K-me3oH) 0 497,8
+1 493,8 * -39
2 (curma-rymepox) 0 1192,3 *
+1 1189,4 —2,9*
-1 1197,2 * +4,9*

Am = Macca 3apskeHHO# yacTuibl — Macca He#TpPa/IbHO# 4YACTHILI
(*Oauuble 1965 r. — [ITpum. ped.)

Onnako pasMepbl 3THX YaCTHIL MOXHO onpefeuTb H APYrUMH
MeTOJaMH, HanpliMep N0 KaXylWeMmMycsd QuaMeTpy NpPH BbICOKO-
3HepreTHYeCKHX coyjpapenusaXx. Takum o6pa3oM, 5/JeKTPOMAarHHUT-
Hasi Macca, No-BHAMMOMY, HaXOAKTCA B COMJIACHH C 3JeKTpoMar-
HUTHOH TeopHeil, ecid Mbl o6pe3aeM HHTerpaJ OT SHEpPIHH noJs
Ha pajaHyce, NoJyYeHHOM 3THMH OPYrHMH MeToaaMu. Bot nouemy
Mbl BepHUM, UTO pa3HHLA BCe e 06yCJ/OBJeHa 3/1eKTPOMAarHuTHOH
Macco#.

Bac, kKoneuHo, 6ecnokosT pasHble 3HaKH Pa3HOCTH MacC B
Tabauue. HeTpyaHO noHATh, noueMy 3apsKeHHas yacTHUA JOJK-
Ha ObITb TsXKeJiee HelTpaabHoi. HO uTO MOXHO cKasaTb O TaKkux
napax, Kak HefiTpOH M NPOTOH, rae HabJ/0faeMass pa3HCCTb Mace
OKa3blBaeTcs COBCeM Jpyrod? IOTH yacTHUBl OKa3blBAKTCH J0-
BOJIbHO CJ/IOXKHBIMH, M BbIYHCJ/IEHHe HX 3/JeKTPOMarHHTHOH Macchl
6osee xutpo. Hanpumep, xoTs 1ueldTPOH 8 yeaom HeHTpaneH, y
Hero Bce e ecTb BHYTPeHHee pacnpefejleHHe 3apsija W paBeH
HYJ/IIO TOJbKO cymmaproul 3apan. Mbl 1ymaeMm, 4yTo HEHTpPOH, noO
KpaiiHeil Mepe B HEKOTOpble MOMEHTHl BpeMeHH, BHITJSALAHT Kak
NpPOTOH, OKDYXeHHbIH «06/MaKOM» OTpHUATEJNbHOTO J-Me30Ha
(dur. 28.5). M1 HecMOTps Ha TO, YTO HEHTPOH «HEHTpaJIeH», T. €.
NOJIHBIH ero 3apsifi paBeH HYJIO, Y HEro BCe XXe eCTb KaKas-To
3JIeKTPOMATHUTHASl 3HepPrusi (HanpuMep, Y Hero ecTb MarHHUTHBIA
MOMEHT), TaK uTo 6e3 JeTa/lbHOH TEOPHH BHYTpPeHHel CTPYKTYpbI
CYAHTb O 3HaKe 3JIEKTPOMArHMUTHOH Pa3HOCTH Macc HeJserko.

MHe xotesocb Gbl MOAYEPKHYTb JHIIbL CJeaAyIOUIHe OCOGeH-
HOCTH:
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et S 26111
- Om’;é'zggziﬂb"“u Due 285. B HexoTOpbIE MOMEHTOL
’ HeUdTPOH MOXET npedcTasanrs co-
60l npoToH, OKpYIiCEHHbI 00LUKOM
OTPULATEALHO20 Ti-Me30HA.

Mpomon

1. DneKTpOMarHuTHasi TeOpHs MpeAcKa3blBaeT CYLIeCTBOBaHHE
371eKTPOMArHHTHOH Macchl, HO OHa TYT XKe TepnHT ¢uacko, u6o
0Ka3blBaeTCsl HeCaMOCOT/IacOBaHHOH. DTO B pPaBHOH Mepe OTHO-
CHMTCA M K KBAHTOBBIM MOAHGHUKALHSAM.

2. CyuwecTByeT 3KCnepHMeHTa/lbHOE NMOATBEPXKAEHHE 3JIEKTpO-
MArHUTHOH MAaccChl.

3. Bce pasHocTH Macc no mopsiaKy BeJMYMHBl TaKKe Xe, Kak
H Macca 3JeKTpOoHa.

Htak, Mbl CHOBa BO3BpallaeMcsi K nepBoHayaabHO# uaee Jlo-
peHla, YTo Macca 3/JeKTPOHA BHOJHE MOXeT ObITh LeJTHKOM 3JeK-
TPGMarHUTHOM, T. € Bce ero 0,511 Mas o6ycnoBneHbl 3/1eKTpoOaH-
namukoil. Tak 3T0 HJM HeT? Y Hac HeT TEOPUH H MO cell HeHb,
NC3TOMY Mbl HHUYEro HE MOXEM CKa3aTb C YBEPEHHOCTBHIO.

MHe xoueTcsi ynoMsiHyTb eule 06 OJHOM JOCaAHOM 06CTOA-
TeJbcTBe. B npHpone cyulecTByeT eule OfHa yacTHila, Ha3blBae-
Mas W-ME30HOM, WM MIOOHOM, KOTOpasi, HaCKOJbKO HaM H3BECTHO
CeroJHs, pellHTeqbHO HHYeM He OT/IHMYaeTcsl OT 3JeKTpOHa, 3a
HCKJIOueHHeM cBoeil Macchl (paBHoi 206,77 3/eKTPOHHLIX Macc).
CHa Bo BceM BefieT ce0sl TakK XKe, KaK 3JIeKTPOH: B3aUMOJEHCTBYeET
C HEATPHHO H 3/IeKTPOMArHUTHbIM [10JIeM, HO Ha Hee He JeHcT-
BYIOT siiepHble cusbl. C Hell He MPOHCXOAMT HHYEro TAKOro, 4ero
He NMPOMCXOJHT C 3JeKTPOHAMH, [0 KpailHel nepe HHUEro TaKoro,
yero HeJ ib3s Gbl10 6Gbl O6DLACHHTB, KaK NpocToe cJjaeAcTBHe 60Jib-
wei mMaccol. [ToaToMmy, eciy B KOHLeE KOHLOB KOMY-TO M yAaercs
0GLSICHUTD Maccy 3JeKTPOoHa, 1/s1 Hero OoCTaercsl 3arafaxoii, oT-
Kyna e OepeT cBolo Maccy p-me3oH. [lowemy? [la noromy, uto
BCe, YTO JesaeT 3/]eKTPOH, MOXeT JenaTb K p-Me30H, TaK 4T0
MacChl HX JOJXKHBI MOJNYYHTbCS OQHHAKOBLIMH. ECcTb Jloau, KOTO-
pble Henokoae6UMO BepsiT, YTO W-Me30H M 3JEeKTPOH — 3TO CHHA
M Ta XKe 4YacTHLa, YTO B OKOHYaTeJbHOli Oyaywled TeopuH Mmacc
¢opmysa, H3 KOTOpPO#l OHH [HOJIXKHbI onpejensitbcs, Oyner npen-
CTaBJsATb c0o60il KBajpaTHOe ypaBHeHHe C ABYMS KOPHSIMH, OJHH
M3 KOTOPBIX JacT Maccy p-Me30Ha, a Apyroii — ssnekTpoHa. EcTb
H TaKHe, KOTOpble NOJAraloT, 4To 3To OymeT TpaHCUEHAEHTHOE
ypaBHeHHe ¢ 6eCKOHEeYHbIM YHC/IOM KOpHeil; OHH 3aHHMAIOTCSl Tas
NaHHeM, KaKHMH MAOJKHBl ObITb Macchl APYTHX YacTHL 3TOro
psiia ¥ noyeMy OHH He OTKPBITHI 4O CHX NOp.
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§ 6. Honre adepnotx cua

MHue Obl XOTeJOCh caesaTh elie [[CCKONEKO 3aMeyaHHid o He-
3/eKTPOMArHUTHOH YacTH Macchl sifiepHbiX yacTHu. OTKyna Oe-
petcss 6Gosbliasg AoaAs UX Macchl? Ipome aneKkTpoaHHAMHYECKUX
CIlJ, CYLIeCTBYIOT elle CHJAbl APYroro poja— sifepHbie CHJbLI, Y
KOTOpbIX eCTb CBOSI COOCTBEHHasl TeOpHsl MOJs, XOTS HHKOMY He-
M3BECTHO, NpaBHJ/JIbHA OHA MJ/IH HeT. DTa TEeOPHs TaKxKe MpeiacKa-
3bIBaeT 3HEPrHiO NOJsi, KOTOpasi OJis siAePHbIX 4aCTHI AaeT Mac-
Cy, aHa/IOTHYHYIO 3/JeKTpoMarHuTHO#d. Ee MOXKHO Ha3biBaThb «7-
Me3onoJseBoH Maccoit». OHa, nO-BUAMMOMY, OYeHb BeJHKa, TakK
KakK siiepHble CHJIbl Ype3BbIYaHO MOLHBI, H BO3MOXHO, UTO HMEH-
HO OHH SBJSIOTCS NPHYMHOW Macchl TsxKeablx yacTHil. OpHako
TEOpPUH ME30HHLIX NOJiedl HAaXOAATCS B BeCbMa 3ayaTOYHOM CO-
crosinuy. Jlaxke B CPaBHHTE/IbHO XOPOLUO PAa3BHUTOH TEOPUH 3Jek-
TPOMarHeTH3Ma Mbl BHAEJH, YTO KPOMe NepBOHAYA/MbHBIX Hame-
KOB, HEBO3MOXKHO MOJYYHTb 0O'bsICHENHE MaccChl 3/eKTpoHa. B me-
30HHBIX e TEeOpHUsIX Mbl B 3TOM MeCTe TOXe TepnuM Heyjauy.

OnHako Me30HHAs TeOpHs OYeHb MHTEPECHO CBSI3aHA C 3MeK-
TPOAMHAMHUKOH, M TNO3TOMY CTOHUT BCe Xe YIeJUTb HeKOTOpoe
BpeMsi H3/I0XKeHHIO ee ocHOB. [losie B asmekTpoanHaMHKe MOXHO
ONHCcaTb 4YeTbIPEXBEKTOPOM  MOTeHUHaJaa, YAOBJAETBOPAIOLLHUM
ypaBHEHHIO

0% A, = UcTounukn.

Mbl Bufiend, 4TO MNoJie MOXeT ObITb H3JY4YeHO, MOCJe Yero OHo
CYIIEeCTBYeT He3aBUCHMO OT MCTOYHHKA. DTO (OTOHBI, H OHU ONH-
chiBaloTcsd AuddepeHUHaNbHbIM ypaBHeHHeM 06e3 HCTOYHHKA:

024, =0.

HekoTopble (H3MKH yTBepKAalOT, YTO NOJE SIAEPHBIX CHJ
TOXe JOJKHO HMETb CBOH COOCTBEHHbIE «(POTOHLI», DOJb KOTOPHIX,
110-BHAMMOMY, HIpaloT II-Me30HBl, M YTO OHH JMOJIKHBI OMNHCHI-
BaTbCsl aHAJOrHMYHbIM JIHpdepeHUHaNbHbIM YypaBHeHueM. ([o
yero e OeccHJ/ieH ueJloBeuecKuit pas3ym! Mbl He MOXeM NpHAY-
MaTh uYero-tTo JeldCTBUTEJIbHO HOBOro n OepeMmcsl paccyXAaTb
TOJILKO MO aHaJ/JIOTHH C TeM, yTo 3HaeM.) TakuMm o6pa3om, BO3-
MOXHbIM YpaBHeHHeM [/l Me30HOB Gyler

O%¢ =0,

Tie ¢ MOXeT GbITb KaKHM-TO APYTMM YeThIDEXBEKTOPOM HJH, BO3-
MOXHO, cKanspoM. [lanee BbIACHHIOCH, YTO Yy f-Me30Ha HHKaKOH
noJisipu3al i HeT, NO3TOMY ¢ AOMKHO ObITh cKaaspoM. CorsacHo
3TOMY NPOCTOMY YPaBHEHHIO, ME30OHHOE M0Jle A0JKHO H3MEeHsThCs
C pacCTOsiHHEM OT HCTOYHHKA KakK 1/r?, T. e. B TOYHOCTH KaK 3J€K-
Tpuueckoe. OfHAKO Mbl 3HaeM, YTO pajHyc NeHCTBHA siLepHBIX
CHJl TOPa3N0 MeHbllle, Yero He MoxeT obGecneyuTb HaM 3TO Mpo-
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CToe ypaBHeHne Ectb TOJIbKO ONHH cnoco6 H3MEHHUTb MOJIOXKEeHHEe
Bemeu He paspyuas peJIﬂTHBHCTCKOH HHBApPHAHTHOCTH, — noba-
BHTb HJIH BbIUECTb H3 nanaM6epTuaHa npousBeeHrue KOHCTAHTHI
Ha noJe ¢. I/ITaK, IOkaBa NnpeanoJioKuJa, 4To cB06OHbIEe KBAHTHI
SAAEPHBIX CHJI MOTYT NOAYHHATLCA ypaBHEHHIO

02 —n2p=0, (28.17)

rae p?— HeKoTopasi NOCTOsHHas, T. e Kakoil-To ckaasp. (ITo-
croabky [0? siBasieTcsi cKaJsipHbIM AHddepeHUHabHBIM onepa-
TOPpOM, TO HHBAPHAHTHOCTb He HApYLIUTCH, €CJH Mbl J0GaBUM
K HeMy ApYyro# cKaasp.)

[aBaiiTe nocmMoTpuM, uTOo fgaeT ypaBHeHue (28.17), koraa
siIepHble CHJIbBI He H3MEHSIOTCA C TeueHueM BpeMeHH. MBI XOTHM
HaWTH pellleHHe YpaBHeHHs

Vo — 2o =0,
KoTopoe Obl10 6Ll ChepHuYeCKH CHMMETPHYHO OTHOCHTEJbHO HEKO-

TOpOfl TOYKH, CKa>xeM OTHOCHTE/JbHC HayaJa KOOpAHHAT. Ecau (0]
3aBHUCHT TOJIBKO OT 7, TO Mbl 3HAaeM, 4YTO

\& ray ,z (rq).

Takum o6pasom, nosayuaercsi ypaBHeHHe

1 6?2
+ 57 (r9) — o =0,

HJH
02
5 (re) =p? (ro).

PaccmatpuBas Tenepb mpousBegeHHe (rg) KaK HOBYIO (PYHKIHIO,
Mbl HMeeM [J/51 Hee ypaBHeHHe, KOTOpOe BCTpeya/JoCb HaM yxe

¥
\
e-‘u!‘
T
S~< Pue. 28.6. Cpasnerue norenyuara
T ———— Oxasot e ™ [r ¢ xyaonosem no-
0 | Tenyuarom 1/r,
a Y 2/u S

326



MHoro pas. Pelenue ero nMeer B
ro = Ketw,

flcHo, uTo npu GOALIIKX 7 noJle @ He MOXET ObiTb GECKOHEYHbIM,
NO3TOMY HYXHO OTOPOCHTb 3HAK NJIOC B NoKasaTese 3KCMNOHeH-
Thl, NIOCJIE Yero pelleHHe NpHMeT BHA

e

=K . (28.18)

r

drta ¢yukuus HaswiBaercss noreHyuaiom IOxase.. dna cun npu-
TsKeHHus1 K JOMKHO ObiTb OTPHLATENbHBIM YHC/AOM, BEJHYHHA KO-
Toporo noabupaercsi Tak, 4TOObl YAOBJETBOPUTb 3KCNEpHMEH-
TaJbHO Hab/i0naeMOl BeJHUHHE SIAEPHBIX CHJL

[Motenuunan IOxaBpl Giarogapsi 9KCNOHEHLHAJIbHOMY MHOXKH-
TeJ10 yracaet OblcTpee, yeM l/r. Kak 3to BuaHO u3 ¢wur. 28.6, naa
pacCTOsIHUIA, npeBblIAWKUX 1/, NoTeHUHAA, a Cle0BATENbHO, H
silepHble CHJIbl MPHOJIHXKAIOTCA K HYJAI0 ropas3no ObicTpee, ueM
1/r. [ToaTomy «pamuyc AeHCTBHSA» SOEDHHIX CHJ TOpasfio MeHblle
«pajguyca [JefCTBHA® 3JeKTPOCTAaTHYECKHX. IJKCNEepPHMEHTA/IbHO
J0Ka3aHO, YTO sIAepHble CHJbl He NMpPOCTHPAIOTCA Ha PacCTOSAHHSA
cBoite 10~13 cm, mosToMy p &= 1015 -1,

U, HakoHel, naBaiiTe pacCMOTPHM BOJIHOBOE pelleHHe YpaB-
HeHus (28.17). Ecsin Mbl noacTaBUM B HEro

(p — cpoei (n)t-—kz),
TO NOJNYYHM

?

- —RP—n?=0.

P

CBsi3biBasi Ternepb 4acTOTy C 3Heprved, a BOJHOBOE YHCJO C HM«
NnyJabCOM, KakK 3TO AesaJioch B KoHUe . 34 (Bbin. 3), Mbl Hallgem
COOTHOLIIEHHE

2

% - p2= u?n2’

KOTOpOE TOBOPHT, 4yTO Macca «¢poToHa» FOxassl paBHa ph/c. Ecan
B KayecTBe M B3sTb BeqHuMHY ~ 10'5 4!, koTopylo naeT Hab.io-
naeMblil paauyc NeHCTBUS SIAepPHbIX CHJ, TO Macca OKasbiBaeTcs
paBuoit 3-10% 2, uau 170 Mse, uto npuGIU3UTE]IbHO PaBHO
HabmonaeMoit Macce sm-Me3oHa. Takum o06pa3oM, no aHaJjOrHH
C 3JEKTPOOMHAMHKOH MblI Obl CKa3ajW, YTO -Me30H — 3TO «(o-
TOH» noJs siaepHbiX cui. OAHAKO Tenepb Mbl pPacnpocTpaHHJH
Hled 3JeKTPOAMHAMUKHM B Takyl 06,acTb, Ie OHH Ha CaMOM
Jejie MOTYT OKa3aTbCsl H HeBepHbIMH. MBbl BBHILJAH AaJeKo 3a
pPaMKH 3/E€KTPOAMHAMIIKM H OUYYTHJHCh nepef npoGJeMoil sadep-
HbIX CHJL.



I‘./lasa2\9

ABW)KEHHWUE 3APA10B § 1
B 9JIEKTPHYECKOM
H MATHUTHOM NOJAX

§ 1. Heuwxenue 8 00HOpoOHOIX § 2
9NEKTPUYECKOM U MAZHUTHOM
noasx

Mbl Tenepp nepeieM K ONHCaHHIO B OOUIHX § 3.
yepTax MABHXKEHHS 3apsiloB B Pa3/jHYHBIX YCJO-
BusiXx. Haubosiee HHTepecHble siBJE€HHSI BOSHHKAIOT
TOraa, KOraa 3apsiioB ABHXETCA MHOro u Bce ohu § 4.
B3aUMOAeHCTBYIOT Apyr ¢ apyroM. Tak o6GcTouT
Jles10, KOrfla 3/1eKTPOMAarHHTHble BOJIHBI IPOXOIAT
yepe3 KYCOK BellecTBA MJH njasmy; Toraa Jje- § 5.
THoHbl 3apsioB B3auMOAelCTBYIOT APYr ¢ ApY-
rom. Ho 3710 ouenb cnoxHas xaprtiHa. Ilozmnee
Mbl MOrOBOPHM M O TaKMX npoGJemax; noKa Xxe § 6,
Mbl OGCYAHM HecpaBHeHHO 6GoJiee MpPOCTYIO 3aja-

Yy O JBH)XKEHHH OTIENbHOro 3apsila B 3a0aHHOM
noJe. Ilpu 3TOM MOXHO npeHeGpeub BCeMH IpY-
TUMH 3apANaMH, 32 HCKIIOUEHHEM, pasymeercs, ¢
TeX 3apsf0oB H TOKOB, KOTOpble CO3AAOT Npeano-
JlaraemMoe HaMH noJe.

HauaTtb, nmo-BHAHMOMY, HYXHO € JBHXEHHs

4acTUUbl B OJHOPOAHOM 3JEKTPUYECKOM noJe,
JBuxXeHue npu HeGOJbIIUX CKOPOCTSAX He MNpel- §8
cTaBasieT O0COGEHHOr0 HHTepeca— 3TO NPOCTO
paBHOMepHO YCKOpeHHOe IBHXXeHHe B Hanpabile-
HUH noJsi. A BOT Korja yactuua, Ha6paB JocTa-
TOYHO 3HepruH, npeBpalillaeTcss B peATHBUCT-
CKYl0, IBHXKE€HHe ee CTAHOBHTCA 6oJjiee CJOXHBIM.
Pewenne aas storo cayyas s OCTaBJ/sIl0O BaM —
NOTPYAUTECH H OTHILIUTE €ro CaMH.

Mbl ke paccMOTPUM [BHXKEHHE B OJHOPOJ-
HOM MarHHUTHOM NoOJIe, KOrJa 3JeKTPHYeCKOro mo-

Js HeT. DTy 3ajauy Mbl yxe pewand. OQHUM U3
pellleHHH ObLIO [OBHXEHHE YaCTHL NO OKPYXKHO-
cTH. MaruuTHas cuna gv X B Bcerpa peiicTByeTt
nojx npsiMbIM YrJOM K HanpaB/eHHIO NBHXKEHHS,
Taxk uTO Npou3BoAHas dp/dt nepneHAMKYAspHa P
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JIBuKeHue B
0JHOPOJHbBIX
3J1IEKTPHYECKOM
W MarHuTHOM
noasx

Anaausatop
HMNYJAbCOB

dnekTpocTaTn-
Yeckas JaHH3a

MaruutHas
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DNEKTPOHHDIN
MEKDOCKON
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oillke noas yc-
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JABuxeHue B
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M MArHuTHOM
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ITosropurs:
ra. 30 (Bbin. 3)
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Due 29.1. Hsusxenue wacTuyot
8 OOHODOOHOM MOASKUTHOM nose.

e

¥ paBHa mo BenuuuHe UP/R, rme R — paguyc OKpPYXHOCTH, T. e.

F=gquB="¢.
Takum o6pa3om, paauyc KpyroBoid opOUTHl pabeH
P
=25 (29.1)

3To olHO M3 BO3MOXEBIX ABHKeHHH. Ecau aBHXKyuiascs va-
CTHLA HMeeT TOJbKO OAHY COCTaBJSIOLULYIO B HallpaBJIeHHH MNoJs,
TO OHA He H3MeHsieTcsl, H60 Y MarHHUTHOIl CHJIBl OTCYTCTBYET KOM-
noHeHTa B HanpaBJjeHuu noas. OO6ilee Xe ABHXKEHHE YaCTHIBI
B ONHOPOJHOM MAarHMUTHOM MOJieé — 3TO ABHXXEHHe C MOCTOSIHHOM
CKOpOCTbIO B HanpaBJeHHH B u KpyroBoe AByKeHHe NOI NPsSIMbIM
yraoM K B, T. e. aBHXeHHe MO UHJAHHIPHYECKOH CnUpaJH
(dur. 29.1). Papuyc cnupaanu onpenensetrcsa paBeHCTBOM (29.1)
C 2aMeHOlt p Ha p1 — KOMINOHEHTY HMNYJ/bCa, NeprneHaHKYAsIPHYIO
K HanpaBJ/IeHHIO NoJs.

§ 2. Anaausarop umnyaocos

Oni#opoHOEe MarHMUTHOE NOJe YacTo NpHUMeHseTcss B «aHa-
J1i3aTOpe», HJIH <«CNEeKTPOMETpPe HMNYJbCCB» BLICOKO3HEpPreTH-
yeckux uactuu. [lpeanosoxum, uto B Touke A (¢ur. 29.2,q)
B OJHOPOJAHOE MAarHUTHOE MO0Jie BJETAIOT 3apsiKEHHLIE YacTILHI,
npuYyeM MarHUTHOe noJie NeprneHAHKYJsSPHO MNJOCKGCTH PHCYHKa.
ITpu stom kaxnpas yactuua Oyner JeTeTb NO KpPyroBod opOHTe,
paaMyc KOTOpOi nponoplHoHanseH ee umnyabcy. Ecau Bce uya-
CTHLBl BJETAOT B MOJe NeprneHAHKYJNsPHO €ro Kpaio, TO OHH
MOKHJAIOT €ro Ha PacCTOSIHUU X OT TOYKH A, 1IPONOPUHOHANBHOM
ux umnyabcy p. ITomeweHHbl#t B HekoTOpo# Touke C cueTyHk Oy-

329



03Hapuinoe MAEHUMHOE 1107€ Due 292 18)-2padycued cnek-

TPOMPTD UMNYA6CO8 ¢ OIHOPOOHULM
MAZHUTHUM ONEM.

a—TpGceKTopuu 4acTuy C pa3HbLIMU UM-
nyavcamu; 6—Tpaexropuu HYacruy, 6ae-
Tanwux nod paansimu yeaamu Maeuut-
HOe noae HanpasAeHo nepnenauﬁcylmpno
NAOCKOCTU pUCYHKA

IeT PerucTpupoBaTth TOJBKO
TaKHe YacTHUBl, UMNYJbC KO-
TOPBIX HAaXOJHUTCS Te-TO B HH-
TepBaje Ap BeJHUHH p =
e ‘A =B

Her neo6xopumocth, pa-
3ymeercs, uToGbl nepen peru-
cTpauueil yacTHla NOBOpayu-
Bajsacb Ha 180° HO Takoil
«180-rpanycHblii CneKTpo-
MeTp» o6sanaeT oco6EIM CBOHCTBOM: 1J/1s1 Hero coBceM Heobsi3a-
TeJbHO, 4TOGBl YacTHUUB BXOAW/AH MOA NPSAMBIM yrJOM K Kpalo
nosas. Ha ¢ur. 29.2, 6 noka3aHbl TpaeKTOpPHH TPeX YacTHL ¢ 00u-
HaKOB8bIM HMNYJAbCOM, HO BXOJSILIHX B MoJie NOA Pa3JHYHBIMU
yraaMi. Bel BHIUTe, UTO TPAEKTOPHHM Y HHX pa3Hble, HO BCEe OHHU
NOKHJAIOT noJsie oyeHb 6au3Ko K Touke C. B noaoGHbIX cayuasx
Mbl TOBOpPHM O «dokycupoBke». [IpenMyiecTBo Takoro cnocofa
(OKYCHDOBKH B TOM, 4YTO OHa NO03BOJsIeT AONYCKaTh B TOuUKy A
YACTHUBI, JeTAllHe nojJ O6OJbLIMMH YrJ1aMH, XOTs OGBIYHO, Kak
BUIHO M3 PHCYHK2, YrJbl 3TH B KaKOH-TO CTeneHHU OrpaHHYEHBI.
Boabuioe yrioBoe paspenlenne oOLIYHO 03HAYaeT PErHUCTPaLMIO
3a NaHHBIA NPOMEXYTOK BpeMeHH OO/bILEro 4YHC/Ja YacTHU H
COKpallleHHq, C1eloBaTebHO, BpeMEHH H3MEpeHHs.

H3Menssi marHutiioe noJjie, nepefiBuras CYeTYHx BIOJb OCH X
HJIH Ke MOKPbIBasi ¢ NOMOLBI0O MHOTHX CUETYHKOB LeJylo 06J1acTb
[0 OCH X, MOXKHO H3MEPHTb «CNEKTP» NaJalollero nyuka [«cnekTp»
HMNyJbCOB f(p) O3HAyaeT, YTO HYMCAO HACTHLU C HMNyJbCaMu
B HHTepBalte MexXxnay p u (p -+ dp) pasHo f(p)dp]. Takue usmepe-
HUS TNPOBOIATCSA, HanpuMep, NPH ONpefaeelnd pacnpeaeneHus
10 3HeprusM B f-pacnaje pasnuYHBIX flep.

UmeeTcsi ellle MHOrO APYrHX THIOB HMINYJbCHBIX CNEKTPOMET-
POB, HO 51 pacCKaXy BaM TOJIbKO 06 OJHOM H3 HHX, XapaKTepHOM
0c06eHHO GOJIbLINM paspelieHHEM N0 NPOCTPAHCTBEHHOMY YTay.
B ocHoBe ero /iexxaT BUHTOBEIE OPOHTHI B OHOPOAHOM MoJie, KaK
3T0 nokasaHo Ha ¢ur. 29.1, Ilpeacrasbre cefe UHIHHIAPHUECKYIO
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Pue 29.3. Cnexrpomerp
C QKCLAAbHOIM NOAEM. T
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CHCTEMY KOOpPAHHAT p, 0, 2, npHyeM ocb Z BbIGpaHa no HanpasJe-
HHIO MarHuTHoro noss. Eciu wactHma ucnyckaercs M3 Hayana
KOOpAHHAT MOJ Yr/OM o K HanpaBJ/eHHIO OCH 2, TO OHa Gynmer
IOBHraThCsl NO CNHpPaJIbHOH JIMHHH, ONHCBIBAEMOH BbIpaXKeHHEM

p=asinkz, 0=bz;

BXOJsillMe TyAa napaMeTpbl a, b u k HeTpyAHO BBIpa3uTb yepe3
p, oo ¥ MarHutHoe noJje B. Ecau mias maHHoro uMnysanca, Ho pas-
HBIX HayaJabHBIX YIr/OB OT/MOXHTb paccTosiHHe p OT OCH KaK (yHK-
LHIO 2, TO Mbl NOJYYHUM KpUBHe, MOAOOHBIE CNJOLIHBIM KPHBBIM
Ha ¢ur. 29.3. (Bl noMHuTe — Belib 3TO CBOEro poma NpoeKuHus
BHHTOBOH Tpaektropuu.) Koraa yroa mMexay OCbl0 H HayaJbHBIM
HanpasJ/ieHHeM Be/MK, MaKCHMMa/bHOe 3HaueHHe p Toxe OyneT
60/IbLLIMM, @ NPONOJNbHAS CKOPOCTb NMPH 3TOM yMeHKbluaeTcs, Tak
4TO BHIXOASLLHME NOJ Pa3/JHUYHBIMH YrJIaMH TPaeKTOPHIl CTPEMsATCS
cobpartbest B cBoero poja ¢okyc (touka A Ha pucyHke). Ecau Ha
pacctosiiud A nocTaBUTb y3KOe KOJblLieBOe OTBEPCTHE, TO YacCTH-
11bl, JeTsllHe B HEKOTOPOH 06/1aCTH YrjoB, MOT'YT NPOHTH Yepe3
OTBEPCTHE M JOCTHrHYTb OCH, I'le O/ MX PerucTpaluud Mbl MpH-
FrOTOBHM NpPOTAXKEHHBIX AeTekTOp D.

YacTrupl, BbleTaloLlHe M3 Hayasa KOOPAHHAT MOA TeM Xe
CaMbIM YIJOM, HO C GOJBLINM HMNYJbCOM, JIETAT MO NYTH, 060-
3HaYeHHOMY HAaMH LITPHUXOBOIl JIHHHEH, U He MOryT NPOHTH yepe3
orBepctue A. Urtax, npubop BbiGHpaeT HeGOMbIUIOH HHTEpBaJ
uMnyJ/abca. [IpeHmyllecTBO Takoro cneKTpoMeTpa MO CPaBHEHHIO
C ONHCAHHBIM paHee COCTOMT B TOM, 4To oTBepcTusi A U A’ MOXHO
clenatb KO/bLEBBIMH, TaK YTO MOryT ObITb 3apericTpHpOBaHbI
YacTHUBl B JOBOJbHO GOJIBIIOM TeJeCHOM yrae. DTO npeuMylle-
CTBO 0COGEHHO Ba)XHO JJ/151 ¢J1aOblX HCTOYHHUKOB H NPH OYeHb TOY-
HBIX HM3MepeHHsX, Korja HeoOXOAMMO HCMOJb30BaTb BO3MOXHO
GOMBLIYIO DOJII0 HCMYLIEHHBIX HCTOYHHKOM YacTHII.

Ho 3a 3To npeumylecTBO NpUXOAMTCA pacniayuBaTbes, H60
MeTol TpeGyeT GosblIoro o6bemMa OAHOPOAHOrO MarHUTHOroO NoJs,
M OH NPAaKTHYECKH NPHUrOJEH TOJNbKO AJs 4acTHL ¢ He6o/bLIOH
sHeprueft. Ecin Bbl noMHHTE, OlMH M3 cnoco6GOB NOJy4YeHHsA OJHO-
pOAHOro mnoJisi —3TO HaMOTaTh NpPOBOJA Ha cdepy Tak, uYToOHI
TIOBEPXHOCTHAsA MJIOTHOCTb TOKa Gblia NponopLUOHAAbHa CHHYCY
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Pue 294. Bryrpu aaraun-

coudansHoli KaTy WKy, TOK Ko+
CQQ W’Q% TOpoi na A060M umTepsaie
c{ ocu Ax oduHakos, 803HUKAET

B \3 0dnopodHoe noaze.

yrna. Bel MoikeTe moKa3aTh, YTO TO XKe CaMoe CNpaBel/IHBO H
AN saaMnconaa BpaileHHsi. TTostomy oueHb yacTo Tako# cnek-
TPOMETP H30roTOBJSIOT, NPOCTO HaMaThiBasg 3JJIHNCOHAAJbHBEIE
BHUTKH Ha JlepeBSHHBII HJH allOMHHHEBHIH KapKac. EquncTBeHHoOe,
4TO NpH 3TOM TpebyeTcsi, — 3TO YTOOBl TOK Ha /MO6GOM HHTepBase
ocH Ax (dur. 29.4) 6ol OLHHM H TEM XKe.

§ 3. Jaexrpocraruseckas aunsa

®oKycHpoBKa YaCTHLBI HMeeT MHOXecTBo npumeHeHuit. Ha-
npuMep, B TesJeBH3HOHHOH TpyOKe 3/I€KTPOHBI, BblJeTalllHe H3
Katoxa, pOKYyCHPYIOTCS Ha 3KpaHe B MaJjieHbKoe NMATHbILIKO. [le-
JlaeTcsl 3TO A/ TOro, 4toObl OTOGpaTh 3JIEKTPOHB OJHHAKOBOM
SHepPruM, HO JeTsllHe NMOA pa3/UYHBIMH yrjaMHu, H cobpaTh HX
B He6O/IbLIYIO TOYKY. ODTa 3ajaya HanoOMHUHaeT (GOKYCHPOBKY
CBeTa C NOMOUbIO JIHH3, NMO3TOMY YCTPOHCTBA, KOTOpble BHINOJ-
HSIIOT Takue QYHKUHH, TOXKE Ha3blBalOTCA JHH3aMHU.

B kauecTBe mpuMepa 3/eKTPOHHOH JIMH3bl 3[eCb NpUBeleHa
¢ur.29.5. 910 «3jneKkTpocTaTHYeCcKas» JIHH3a, JeiCcTBHe KOTOpOH 3a-
BHCUT OT 3JIEKTPUYECKOro Mo/ MeXIy ABYMS COCEAHHMH 3JeK-
TpopaMu. PaGoTy ee MOXHO NOHSITb, NPOC/]IENUB 32 TeM, YTO OHA
[eacT CO BXOMASALIMM CJieBa NapaJJ/eabHBIM NYYKOM HaCTHL.

5 b c_=3
- [a—I :(J/“{\ e
I = | ===/ I

D uez 295. Saexkrpocrarudeckas AuUH3A.
IToxaaanbL cuAosble AUKUU, T. €. AUKUU 6eKkTOpa qE.
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ITonaB B c6sacTb @, 3M1eKTPOHBI HMCNBITHIBAIOT AEHCTBHE CHJIBI
¢ 60KOBOH KOMMNOHEHTOH, KOTOpasi NpHXKMaeT UX K ocH. B ob6.a-
cTH b 3/1eKTpPOHBI, Ka3aJocb Obl, NOMKHBI MOJNYUYUTb PaBHBIH MO
BeJIHYHHE, HO MPOTHBONOJIOXKHBIHA MO 3HaKy MUMMYJbC, OAHAKO 3TO
He TaK. K ToMy BpeMeHH, KOorjla OHH AOCTHTHYT obsactu b, 3Hep-
TUsl X KeCKOJIbKO YBeJHYHTCS, U TOSTOMY Ha NpOXoxKAeHHe o6Ja-
cri b oHu s3arparar menowe spemeru. CHJIbI-TO Te XKe caMble, HO
BpeMsi HX NeHCTBHS MeHbllle, TO3TOMY H HMNY.1bC 6yaeT MeHblle.
A nosHBI MMNYJbC CHJB NpPH NPOXO:KAEHHH ob6JacTell a H
HanpasJ/eH K OCH, TaK YTO B pe3y/bTaTe 3/7eKTPOHBbI CTACHBAIOTCH
K omHoi obweil Touke. [Toknaas o6/macTb BLICOKOrO HanpsKeHHus,
YaCTHIBl MONYYalOT N06ABOYHBIA TOJNYOK NO HANpAaBJEHHIO K OCH.
B o6aactu ¢ cuna Hanpas/jeHa OT ocu, a B obsactu d — K OCH,
HO BO BTOpO# 06J1aCTH YacTHlla OCTaeTcd OOJblle, TAK YTO CHOBA
NOJIHbIH UMNYJbC HanpaeJjeH K ocH. 151 He6OJNbIWHX PacCTOAHUA
OT OCH NOJIHBIH UMNYJbC CHJBl Ha NPOTSIXKEHHH BCeH JIHH3BI Npo-
NOPUHOHA/NEH DACCTOSIHUIO OT OCH (NOHHUMaeTre nouyemy?), H 3TO
KaK pa3 OCHOBHOe YC/J0BHe, HeoOxoauMoe pasi obGecneueHHs ¢o-
KYCHPOBKH JIHH3 TaKOro THMa.

C noMolbI0 3THX Ke pacCyXKAeHHH Bbl MoxeTe YGeauThbCs,
4TO OKYCHpOBKa OyLeT NOCTHrHyTa BO BCeX CJyyasx, Koraa me-
TeHUWasJ B cepellHHe 3JEKTpPOAa MO OTHOWEHHIO K ABYM APYrUM
au6o nosoxutedeH, Jau6o oTpuuarteseH. DAeKTPOCTAaTHYECKHE
JIMH3bl TAKOTO THNA OOBLIYHO HCNOJB3YIOTCS B KAaTOMHO-J1YyYeBbIX
TpyOKax M HEKOTOPBIX 3JIEKTPOHHBIX MHKPOCKOMax.

§ 4. Maeenurnaa aunsa

EcTb eimle OJHH COPT JIMH3 — HX 4YacTO MOXHO BCTPETHTb B
3/JIeKTPOHHBIX MHKPOCKONAaX — 3TO MarHuTHHe JauH3b. CxeMaTH-
yeCKH OHH u306paxkeHbl Ha ¢ur. 29.6. LlusinHapnyecku cHMMer-
PHMUHBIA 3/IeKTPOMArHHT C OYeHb OCTPHIMII KOJELEBLIMH HaKOHeu-
HHKaMH TMOJIIOCOB CO3RaeT B MaJoi o06JacTH OuyeHb CHJbHOE
HEeONHOPOAHOe MarHHTHOe nose. OHO GOKycHPYeT 3JeKTPOHBI, Jie-
TslllHe BepTHKAJAbHO 4yepe3 3Ty o6sactb. MexaHu3M (pOKYCHPOBKH
HETPYIHO NOHSITb; MOCMOTpPUTE YBeJHYeHHOe H3oOpaxeHue obJa-
CTH BOJIM3M HAKOHEYHHKOB moJocoB Ha ¢ur. 29.7. Bel BuauTte ABa
3/IeKTPOHA a U b, KOTOpble NCKUAAIOT UCTOYHHK S NOJ HEKOTOPHIM

D ue 29.6. Maznurnaa aunsa. /
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Due. 297. [Heunmenue 34eKTpPOHA
8 MA2HUTHOU AuUH3e.

/ yrjoM no OTHOLIEHHIO K OCH. Kak
¥ TOJIbKO 3JIEKTPOH @ JOCTHTHET Ha-

( YyaJjaa noJis, ropusoltTasbHas KOMIo-

HeHTa noJsi OTK/JIOHHT €ero B Ha-

npaBnaeHun or sac. OH npuoGpeTteT

6 W/// GOKOBYIO CKOPOCTb M, NpoJeras ye-

/// pe3 CH/IbHOe BepTHKa/AbHOE TNoJe,

/ b a NOJNYYHT HMNYJbC B HanpaBJeHHH

Y K ocd. bokoBoe e nBHKeHHe YOH-

/’X // paeTcss MarHHMTHON CHJIOH, Korja

L__A__ 3/IeKTPOH NOKHAaeT MoJje, TAaK 4TO

OKOHuaTe/JbHBIM 3¢ddexTom Oyner

HMNY/JbC, HampaBJ/ieHHBIH K OCH,

S NAOC  «BpallleHHe» OTHOCHTENbHO

Hee. Ha uactuuy b meficTByloT Te

)K€ CHJbl, HO B NPOTHBONOJIOXKHOM HanpaBJeHHH, 1103TOMY OHa

TOXe OTKJ/OHSAEeTCS Mo HanpaBJ/eHHI0O K ocu. Ha pucyHke BuaHo,

KaK pacxoXsiliHecsl 3JeKXTPOHbl coOMpaloTCcsa B mapaJJe/bHblil ny-

yok. [efictBue Takoro yctpoiicTBa nodo6HO AeACTBUIO JIMH3BI Ha

Haxopsiuuiics B ee Gokyce o6bekT. Ecau 6B Tenepb BBepXy mo-

CTaBUTb ellle OJHY TaKylo e JIHH3Y, TO OHa Obl coKycHpoBa/a

3JIEKTPOHbl CHOBAa B OJHY TOYKY W NOJAYuMJ0OCh Obl M306pakeHue
HCTOYHHKA S,

§ 5. BaexTponnsiii muxkpockon

Bbl 3HaeTe, 4TO B 3/1eKTPOHHBIH MHKPOCKON MOXXHO «YBHIETb»
npeaMeThl, KOTOpble HEAOCTYNHO MaJibl A5 ONTIYeCKOro MHKpO-
ckona. B ra. 30 (Bein. 3) Mbl o6cyxaanu obliHe OrpaHHYeHHs
M060# ONTHYECKOH CHCTeMbl, Bbi3biBaeMble AH(ppakuueld Ha OT-
BepcTuH JNuH3b. Ecau oTBepcTHe 06beKTHBA BUAHO M3 MCTOYHHKA
noa yraom 20 (¢ur. 29.8), To nBe coceqHHE TOUKH, PaCNOJONKEH-
Hble OKOJIO HCTOYHHMKA, OyAYT HepasJUYHUMbl, €CJH pacCTOsiHHe
MeXAYy HHUMH IO NMOPSAAKY BeNHYHHBl MeHblle

A
o~ sin@’

rage A— QauHAa BOJIHBL cBeTa. /s Jy4IIMX ONTHYECKHX MHKpO-
ckonoB yroa O npubauxkaercs K TeopeTHueckomy npeneay 90°
Tak 4to § npHGJH3HTENbHO paBHO A, Mau okoJo 5000 A,
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Omeepcmue
JIUH3bI

Due 298. Paspewenue mukpc-
rKona  02paHNU4UBAETCA Y2A0BbLM
pa3mepom 06BeKTUBA OTHOCUTEALHO

¢hoxyca.

Nemoynur

Te ke camble orpaHHuYeHHUs] NPUMEHUMBl H K 3JEKTPOHHOMY
MHKPOCKONY, HO TO/IbKO [/IMHA BOJIH B HeM, T. €. IJIHHA BOJHH
3/IEKTPOHOB ¢ 3Heprueit 50 k8, coctaBasier 0,05A. Ecan 661 MOXk-
HO OBIJIO MCMOJb30BaTb OGBEKTHB C OTBepcTHeM oOKoso 30°, To
Mbl CroCOGHBI GbliM Gbl Pas3HuYHTL 00bEKTH BeauuuHOH B /s A.
AToMbBl B MoJieKy/aax OOBIYHO pacrnoJioXKeHbl Ha pacCTOSHHH
1—2 A, caenoBarebHO, TOra BNoJHe MOXHO Gbl10 Gbl NOJyYaTh
¢ororpadun mosekya. Buosorus crana 6b Kyma npouue; Mbl 6ol
cMorau coororpadpupoBath cTpyktypy A HK. Kak 3to 6bino 661
3aMeuaTtejbHo! Benb Bce ceronHsliHHe HCCJIeOBAHUS B MOJEKY-
JIpPHOA OHOJIOTHH — 3TO NONLITKH ONpeAeNuTb CTPYKTYpPY CJOXK-
HbIX OorpaHuyeckux MoJekya. Ecian 6bl Mbl OblaH CnOCOOHBI HX
BUAeTH!

Ho k HecuacTblo, camMas ayulnas paspeluampouias cnoco6HOCTb
3JIEKTPOHHBIX MHUKPOCKONOB npubanxkaercs toabko K 20 A. A Bce
NOTOMY, YTO AO CHX NMOP HHUKOMY He yAa/joCb MOCTPOMTb JHH3Y
¢ Gosabwoi cBetocunol. Bce auH3B cTpajgaloT «cdepHueckol
abeppauueily. ITo o3HayaeT BOT YTO: JyYH, HAyliHe nox 6o0Jib-
IUMM YrJIOM K OCH, M JyYH, HAYLIHe 6JHU3KO K Helt, POKYyCHpYIOTCS
B pa3HbiX Toukax (¢ur.29.9). C noMouiblo cneyuansbHoi TeXHOJO-
TMH H3rOTOBJISIIOTCS JHH3Bl A/
ONTHYECKHX MHKPOCKOMOB C mpe-
HeGpeXXuMO Masoi cdepHyYecKoi
abeppauueil, HO HUKOMY A0 CHX
nop He ynasnochb NOJYYHTb 3JeK-
TPOHHYIO JIMH3Y, JIHUIEHHYIO ce-
puueckoit abGeppauud. MoxHO
NnoKa3aThb, 4TO AJs1 JMI06GOH 3/eK-

Kpacro-curee
usgbpamesue

Qmeepcmue
Y36

Pue 29.9. Chepuseckan
abeppayun AuH3bL.

5§ Toveyrbid ucmouruK
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TpOCTaTH'-leCKOI:I WiM MArHHUTHOM JIMH3bl OMHCAHHBIX HAMH THNOB
cepuueckas abdeppauua Heuszbexkna. Hapspy ¢ pudpakunein
abeppauusi OrpaHUYUBaeT pa3penialollyo cnoco6HOCTb 3/MeKTPOH-
HBIX MHKPOCKONOB €€ COBDPeMEHHBbIM 3HaueHHEM.

OrpaHuyeHHs, O KOTOPBIX Mbl YNOMHHAJ/H, He OTHOCATCA K
3JIeKTPHYECKHM M MarHHUTHBIM MOJSIM, HE UMEIOULHM OCEBOH CHM-
METPHH W/IH He NOCTOAHHBLIM BO BPEMEHH. Bnoane BO3MOXXHO, 4TO
B OIHH NpeKpacHbl AeHb KTO-HHOYAb NpHAyMaeT HOBBIH THN
3/1eKTPOHHBIX JIMH3, CBOOOAHBIX OT aleppauuu, npucyuleit nmpo-
CThIM 3JieKTPOHHBIM JiHH3aM. Torma MoxHO 6yneT HenocpeaCTBeH-
HO ¢oTtorpacdupoBaTh aToMbl. Bo3MoXHO, 4TO Korga-uubyap XH-
MHYeCKHe coeluHeHHs: OyAYT aHa/NU3HPOBATbCA NMPOCTO BU3YaJb-
HbIM HabJ/l0JleRHeM 3a pacnoJsioXKeHHeM aTOMOB, a He MO LBETY
KakKoro-to ocaaka!

§ 6. Crabuausupyrowjue noas ycxopureaeil

MarHuTHble noJs  HMCOOJB3YIOTCA B BBLICOKO3HEpreTHYeCKHX
YCKOpHUTEAsIX ellle AJs TOro, 4ToObl 3aCTaBUTh 4aCTHUY ABHraThCs
No HYXHOH TpaekTopuu. Takue ycTpoHCTBa, KaK UHKJIOTPOH H
CHHXPOTPOH, YCKOPSIIOT 4aCTHUY [0 BBHICOKHX 3Hepruil, 3actaBasas
ee MHOTOKPaTHO NpPOXOAHMTb Yepe3 CH/IbHOE 3JEeKTPHUYECKOoe moJe.
A ua cBoeit op6uTe uacTHUY yAepKHBAaeT MarHUTHOE MoOJe.

Mbl BHAenH, YTO NMyTb YacTHUBl B OAHOPOAHOM MAarHUTHOM
noJie NpOXOAHUT Mo KpyroBoil opbure. Ho 3To cnpaBeA/snBO TO/bKO
A1 MJeJbHOr0 MarHWTHoro noJs. A npeacraebTe cebe, 4TO noJe
B B 6osbwoil 06/1aCTH TOJBKO NPUOJU3UTENBHO OAHOPOAHO: B
OJHOH YacTH OHO HEMHOro CHJbHee, ueM B apyroii. Ecau B Takoe
noJe Mbl 3anyCTHM YacTHLY C UMNYJbCOM p, TO OHA MOJETHUT MO
npuMepHo KpyroBoil opbute ¢ paauycoMm R = p/qB. OpHako B
obsnactu 6osee CHUABHOTO NOJS paAHyC KPHUBU3HBI OyleT HeCKOJb-
Ko meHblue. [Ipu 3ToM op6uTa yxe He OyaeT 3aMKHYTOIl OKpYX-
HOCTbIO, a BO3HHKHeT «Jpeiid», nomoOHbi H306pakKeHHOMY Ha
¢nr.29.10. Ecin yromHo, MOXHO CUHTAaThb, 4TO He6Gosbllas «ouIH6-

Pue 2910. [Heunenue wccruyot

8 ¢c2a60 HeoOHOPOOHOM noae,
3decsy nose

cusbHee

336



Ka» B noJie MPHUBOAHT K TO/MUYKY, KOTOPBIH CABMraeT yacTHUY Ha
HOBYIO TpaeKTOpHIO. B yckopHTesle e yacTHLa JejaeT MHJ-
JIMOHBI 060POTOB, NO3TOMY Heo6XOAHMMAa CBOEro poja «paadalb-
Hasi QOKYCHPOBKAa», KOTOpas yaepxuBaJja Obl TPaeKTOPHUH HACTHIL
Ha 6/MH3KO# K KesaeMoii op6ute.

Hpyras TpyaHOCTb, CBAA3aHHAS C OJHOPOJHBIM MOJEM, COCTOHT
B TOM, YTO YaCTHIlbl He OCTAlOTCS B OJHOM mjockocTH. Ecau onu
HauYMHAIOT [BHXXeHHe noJ He6OJbLIMM YrJoM HJIH He60J/biLoH
yroa co3faeTcsi HETOYHOCTBIO MOJS, TO YacCTHUBI HAYT NO CMH-
panbHOMY NYTH, KOTOPBHIH B KOHLE KOHLOB NnpHBedeT HX 160 Ha
NOJIIOC MarHuTa, MH60 Ha NOTOJOK MJH MOJM BaKYYMHOH Kamephl.
Yrobbl u36eXKaThb TAKOr0 BepTHKAJbHOro Apeida, HyXKHbI Kakue-
TO YCTPOHCTBA; MaruMTHOe noJie JONXKHO ofecneyuBaTb Kak pa-
NUaNbHYI0, TaK U «BEPTHKAJbHYI0» (OKYCHPOBKH.

Cpa3sy e MOXHO J0rajgartbCsi, UTO pajHa/ibHyI0 (OKYCHPOBKY
obecrieynBaeT CO3JlaHHOE MAarHUTHOe MnoJe, KOTOpPOe YBeJdHuu-
BAeTCsl C POCTOM pacCTOSHHSl OT LEeHTpPa NPOeKTHPYeMOro nyTH.
Torpna, ecsiu yactiua BufileT Ha GOMbIIUN pagHyc, OHA OKaXKeTcs
B 6oJslee CHUJBHOM MOJIe, KOTOpPOe BEpHET ee Ha3ajd Ha HYXHYIO
op6uty. Ecain ona nepefiner Ha MeHbwuil paguyc, To «3aru6aHue»
6yleT MeHbllle H OHa CHOBa BEepHETCS Ha3aJ Ha XKeJaeMblil pa-
auyc. Ecan wacTtuia BHe3anHo Hauasa ABHraTbCsl NMOJ YIJIOM K
HOea/bHOH opOHTe, OHAa HAayHeT OCLUHJIJIHPOBATb OTHOCHTE/IbHO
Hee (¢dur. 29.11,a) n paguasnbHas ¢GokycupoBka GynmeT ymepKu-
BaTb 4YacCTHLY BOJIM3H KPYroBOro nyTH.

(dakTHYecKH paaHajbHas (OKYCHPOBKA NPOHCXOAMT Jaxe
NpU NPOTUBONOAOHHOM <«HAKJIOHE». DTO MOXET NPOHCXOAMTH B
Tex cJaydasx, KOraa paauyc KpUBH3HbBI TPAEeKTOPHH yBeJHYUBaeTCsA
He ObICTpee, YeM paccTOsIHMe HaCTHLBl OT HeHTpa mojs. OpO6HTHI
yactuy OyayT nogoOHbl H306pa)keHHbIM Ha ¢wur.29.11,6. Ho ecnn
rpajHeHT NoJs CJAHIIKOM BeJIMK, TO HaCTHLbl He BEPHYTCS Ha XKe-
JlaeMbll paguyc, a GyAyT No CnHpaJ/Hu BBIXOAHTb M3 noJs au6o
BHYTpb, JHG0 Hapyxy (¢wur. 29.11,8).

«Hak/10H» no/s Mbl OGBIYHO XapaKTepH3yeM «OTHOCHTSJbHBIM
rpaueHTOM», UIH UHOEKCOM HOAA N

_ dB/B
T drjr ¢

(29.2)

Hanpasasiouee nose cosgaer paauanbHylo (GOKYCHPOBKY, €C/H
OTHOCHTE/IbHbIA rpafueHT 6yaet 6o/buie —1.

PannanbHblii rpajiMeHT nossi nNpuBeleT TaKXe K 8epTUKaAb-
HblM CHJIAM, AeHCTBYOWIMM Ha wuacTtuuy. Ilpeanonoxum, Mbl
UMeeM noJe, Kotopoe BOJIM3M leHTpa OpOHUTHl CHJbHee, a CHa-
pyxu ciabee. BepTuxanbHoe nonepeuHoe ceyeHHe MarHuTa MOJ
NpsAAMbIM YrJOM K opOHTe MOXET HMeTb TaKOH BHJH, KaK NOKa3aHo
Ha ¢ur. 29.12 ([IpnueM NpoTOHBI JETAT HA HAC M3 CTPAHHUBL)
Ecan Ham HyXHO, uTOGH moJse OblJIO CHAbHee cJeBa H chaabee
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Pue 29.12. Beprukaas-
HO (okycupyrowee noae.

Bud 8 nonepeunom cedenu,
nepneHouKyAapLoM K opbure

K yenmpy z
opOums!
- —_——
lenmpanorast
opouma

Cripapa, TO MArHUTHble CHJIOBble JIHHHH JOJXKHbl ObITb HCKPHB-
JieHb NoAo6HO H3006pakeHHbIM Ha pHcyHKke. To, UTO 3TO AOJIKHO
ObITb TaK, MOXHO YBHAETb M3 33aKOHa paBEHCTBA HYJ/IO LHDKY-
asuud B B nyctom npoctpaHctBe. Ecan BHIGpaTh cucTeMy Koop-
JIHHAT, NOKa3aHHYIO HA PHCYHKeE, TO

, __ 0By _ 0B, __
(v>\B)y— 0z ax —0:
HJIn
3B B
e __% 23 (29.3)

[MockosbKy Mbl npeanonaraem, uto dB,/0x oTpHuaTeNbHO, TO paB-
HbIM eMY U OTpHUATeNbHBIM AO/KHO ObiTh M dB,/02. Ecau «uo-
MHHAJ/IbHOK» NJOCKOCTbIO OpPOUTHI SIBJSETCS MJOCKOCTb CHMMeT-
puy, rae By =0, To pamnanpHas KomnouneHta B, Gyaer oTpuua-
TeJbHOH Hajd NJOCKOCTbIO H MOJMOXHTenbHO# noa HeH. Ipu aToM
JIUHHH JO/KHBI ObITb HCKPHBJEHBl TaK, KaK 3TO H306paXKeHOo Ha
pHCYHKe.

Takoe nose moMmKHO o06JagaTh BepTHKaJAbHO (OKycHpYIO-
wuMu cBoiictBamu. Ilpencrasbre ceGe NMpOTOH, JeTAW KA GoJee
HJM MeHee napaJue/bHO LEHTpaJbHO# OpOHTe, HO BhIlIE Hee.
lopusonranbHas KomnoHeHTa B Gyner nmeificTBoBaThb Ha NPOTOH
¢ cuJioil, HanpaBJeHHOH BHH3. Ec/u e npoTOH HaxonuTcAd HHUXKe
LeHTPaJbHOH OPOMTBHI, TO CH/JIa M3MEHHT CBOe HanpaBJjeHue. Ta-
KHM 006pa3oM, BO3HHKaeT 3(¢eKTHBHAsI <«BOCCTAHABJIHBAIOLIAS
CHJa», HanpaBJeHHas K UeHTpy op6uthl L3 Hawux paccyxpe-
HUIl nmoJlydyaeTcsi, YTO NPH YCJOBHH YMeHbIUEHHS 8€PTUKAN6HO20
noJs ¢ yBeJIMYeHHeM DaJuyca JO/KHA NPOUCXOAHUTb BEPTHKAJb-
Hasi ¢okycupoBKa. OJHAaKO ec/lH rpaJHeHT 05 NOJIOXKHTE/bHBIH,
TO NPOHCXOJNHT «BepTHKaJbHass JedokycupoBKa». Takum obpa-
30M, ANsi BePTHKAJbHOIl (OKYCHPOBKH HHIEKC MOJs 1 JO/KeH
ObiTb MeHblle HYJAs. Bplie Mbl nawau, yto A4 paaHanbHOH
(GOKYCHPOBKH 3HaueHHe n JOJ/KHO ObiTb Gouabuwie —1. Kom6uua-
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LM 3THX ABYX YCJOBHI TpeOyeT I/ yAep»aHUs YacTHIl HA cTa-
GnAbHBIX OpOUTax, YTOOHI

—l<n<O.

B uwuknoTpoHax 06bIYHO HCNOJb3yeTCst BeJHYHHA n, NpHOIH3H-
TeJbHO paBHas HyJ10, a B 6eTaTPOHaX K CHHXPOTPOHAX THUNHYHOM
BesinuHHON aBaseTca n = —0,6.

§ 7. DPokycuposra uepedyrouumca zpadueHTom

Crtosib MaJ/ible BeTHYHHB A NAIOT JOBOJIBHO «C/a1a6ylo» GoKycH-
poOBKYy. JlcHO, uTO ropasno 6o0J/blIYI0O pagHaJbHYI0 GOKYCHPOBKY
MOXHO OblJ10 6bl NOJYYHTb A/151 GOMBILOrO MOJOXHTENbHOTO rpa-
aueHta (n>> 1), HO npu 3TOM BepTHKaJbHbIE CHJbI OYAYT CHJBHO
ne¢okycupylomwumu. Ilogo6HeIM xe o6pasoM 6GoabIIOH OTpHLA-
TeJbHbIH Hak/I0H (n < —1) maBan Gbl Gosblune BepTHKaJbHbIE
CHJIbI, HO MPHU 3TOM Bbi3biBaJ Obl CHJABHYIO palHaNbHYIO AedOKy-
cupoBky. OnpHako npumepro 10 ner Hasza; OblJIO YCTaHOBJIEHO,
4TO yepeaylolleeca AeHCTBHe ob6sacteill ¢ CHJIbHOH (OKYCHPOBKOH
U 06J1aCTb C CHJ/bHOH Ne(pOKYyCHPOBKOH 8 yeaom npuBOAAT K ¢o-
Kycupywoluemy sbdekry.

Yrto6bl 06'BsICHUTD, KaK paboTaeT rakasa ¢okycuposka, pasbe-
peM cHaya/Ja AeHCTBHE KBAAPYNOJNbHOMN IHH3bl, KOTOPAs yCTPOEHA
no ToMy e npuHuuny. [Ipeacrasbre cebe, 4T0 K MAarHUTHOMY NOJIO,
n3o6paxeHHomy Ha ¢ur. 29.12, no6asseH0 OAHOPOAHOE OTpHLA-
TeJLHOE MarHHTHOE MoJie, CHJ1a KOTOporo ncaobpaHa Tak, uToObt
noJjie Ha op6uTe 6bLI0 paBHO Hyaw. PesyapTupylolllee noJe npu
ManblX CMeUleHHAX OT HefiTpaJbHOH TGUYKM OyJeT HaNOMHHATh
n3oGpaxeHHoe Ha ¢ur. 29.13. Takoii ueTbIPeXnOJIOCHBII MarHHT
Ha3blBaeTcs «KBaApynoJbHOH aHH30cH». [losoxXuTenbHas yacTuua,

////// S, \\

DAL

/

P ue 29.13. T'opusonrarsro-ory- Due 29.14. Beprukxaavro-$poxy-
cupyrouan Ke8aopynoabHaa AUH3A. cupyrouas KeadpynosbHas AuH3a.
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KOTOpasi BXOAWT (CO CTOPOHBI yMTaTensl) CnpaBa WM cJeBa OT
1leHTpa, CHOBa BTArHBaercs B UeHTp. Ecanm ke wacTtuua BXonauT
CBEpPXY HMJH CHH3Y OT LIEHTPa, TO OHA BbITAAKUBACTCA W3 HETrO.
3To ropusoHTaJsbHO-hOKycHpylouas sauu3a. Ecau tenepp obpa-
TUTb FOPH30HTAJbHBI{l TPaJHEHT, YTO MOXeT ObITb CAeNaHO mepe-
MeHOH BceX MOJIOCOB Ha NPOTHBOMNOJOXHBIE, TO 3HAK BCEX CHJI
H3MEHUTC Ha OOpaTHbIH M Mbl NMOJYYHUM BePTHKAJIbHO-POKYCH-
pylowyo auH3y (¢ur. 29.14). HanpsikeHHOCTb moss y TaKHX
JIMH3, a cJeloBaTeNbHO, M (POKycHpywllas CHJAA BO3pacTaloT
JHHEHHO C yJa/jieHHeM OT OCH JIMH3BI.

[TIpencraBbre cebe Tenepb, 4TO Mbl NMOCTABHJM NOAPAN ABE
Takue nuH3bl, Ecin yacTHua BXOAHT ¢ HEKOTOPHIM TOPH30HTAJIb-
HbIM CMelleHHeM OTHOCHTeabHO ocH (¢ur. 29.15,a), To oHa OT-
KJIOHUTCSl MO HanpasJleHHIO K ocH nepBoil JuH3bl. Korma e oHa
NOAXOAUT KO BTOPOH JIMH3e, TO OKa3biBaeTcsi OiHXKe K OCH, rie
BHITA/JIKMBAlOLlAs CHJa MeHblle, NOSTOMY MeHbIIHM 6yleT n OT-
KJOHeHHe OT ocH. B pe3ysnbTaTe noqyyutcs HAK/IOH K OCH, T. €.
8 cpedHem uX [eHCTBHE OKa)KeTcsi TFOPH30HTaJbHO-(GOKYCHpYIO-
mum. C apyroii CTOpPOHBI, eCJH Mbl BO3bMeM HacCTHLY, KoTopas
OTKJ/IOHSeTCS OT OCH B BepPTHKAa/JbHOM HanpaB/JeHHH, TO NYyTb ee
6yneT TakuM, Kak mnokasaHo Ha ¢ur. 29.15,6. YHactuua cHayasna
OTKJIOHSIETCS OT OCu, a 3aTeM BXOAHMT BO BTOPYIO JIMH3Y ¢ 60Jb-
LIMM CMelleHHeM, HCNBIThIBas gelcTBUHe GO/bluel CHJbL, B pe3yJb-
TaTe Yyero OTKJOHseTcs K ocH. B uenom sbdekr cHosa 6ymer
¢dokycupylomum. Takum o6pasoM, AeicTBHE mapbl KBaApynoJb-
HBIX JIMH3, NEACTBYIOLUX HE3aBHCHMO B FOPH30HTaJbHOM H Bep-
THKa/JbHOM HanpaBJ/leHUsAX, OueHb HaNOMHHAeT NeHCTBHe ONTHue-
cKoil MuH3sl. KBaapyno/bHble JIHH3Bl HCII0Ab3YIOTCH A58 GOpMHU-
pOBaHMA Ny4yKa YaCTHIl H KOHTPOJs Hal HHUM B TOYHOCTH TaK Xe,
KaK ONTHYECKHe JIMH3LI MCNOJb3YIOTCH [J5 CBETOBOIO MydKa.

HyXHO noauepkHyTb, 4TO NepeMeHHO-TpajJHeHTHas CHCTeMa
He Bcerja npuBOAUT K (okycupoBKe. Ecau rpagueHt c/auwKkom
BeNUK (MO CPaBHEHHIO C HMNYJbCOM YAaCTHIl HJIH C PacCTOSHHEM
MEXAY JHH3aMH), TO pe3y/bTHpYlollee AeiicTBue 6ymeT nedoky-
cupyowuM. Bel nofimMeTe, Kak 3T0 nosyyaercs, ec/iH BooGpasure,

lopusonmoeabroe Bepmurontroe
omKnoneHue omnoneHue
on ocu om ocu
0
0 k I Paccmonnue | t\ \{ |// A Paccmonsue
fopu. [opu. H Bey Ho Be
W’anycupymlqee Jeqorycupyrouiee Geqorycupyroujee Pokycupyrujee
Tone Tione noae none

P ue. 29.15. Iopusontasrdbrana u eepruxaibnas Gokycuposka napoi K8adpy-
NOAGHOIX AUH3.
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Due. 29.16. MaarHuk ¢ ocyuarupyroujed
0OCbI0 UMeeT YCTOUHUBOE NoAOKHEHIE C 2PY-
3UKOM, HAXOOAWUMCA HagepXY.

N

4YTO NPOCTPAHCTBO MEXAY ABYMSA
oﬁl JuH3aMu Ha ¢ur. 29.15 yBenuuu-
JIocb B TPH HJIH YeTbipe pasa.

A Tenepb BepHeMCsl K CHHXPO-
TPOHHOMY HampaBJIIOLEMY MarHu-
Ty. MOXHO CcyMTaTh, YTO OH COCTO=
HT M3 uepefywuleiics mnocaenoBa-
TEJbHOCTH  «NOJOXHTENbHbIX» H
«OTPUUATENBHBIX» JHH3 C HAJIOXKEHHBIM NOBEPX HUX OXHOPOAHBIM
nojeM. OnHOpoaHOE mnoJie CJAYXHT I/ YAEpPKAHHA 4YacTHL B
cpeaHeM Ha FOPH30HTAJbHOH OKPYXKHOCTH (Ha BepTHka/JbHOE JBH-
JKeHue OHO He BJIMseT), a nepeMeHHble JIHH3bl JeHCTBYIOT Ha Ji0-
6y10 yacTuLy, KOTOpas HOPOBHUT COUTbCA C NMyTH, NOATANKHBasA ee
BCe BpeMs K LleHTpaJsbHOM opbuTe (B cpelHeM).

CyutecTByeT oueHb XOpOLIMH MeXaHHYeCKHH aHa/lor, KOTOpbli
JNICMOHCTPHPYeET, KaK nepeMeHHass «¢oKycupylowmas U aepoKycH-
pyiolasy» CHIa MOXeT NPHBeCTH B pe3ynabTaTe K «(poxycHpyio-
wemy» 3poexty. IlpeacraBbre cebe MexaHUYeCKHH «MasiTHHK»,
COCTOSILIMH M3 TBEPHOro CTEPKHSA C IPY3UKOM, NOJBELIEHHBIM Ha
OCH, KOTOpasi C NOMOULILIO KDHBOLIMNA, CBR3AHHOIO C MOTOPOM,
MOXeT GbICTPO pacKayMBaThCsl BBEPX U BHU3. ¥ TAKOro MasiTHUKa
ecTb 08a noJloXKeHHs1 paBHOBecHsl. KpoMe HOpMaJbHOrO noJioxe-
HIS,, KOrga MasTHUK CBEIIWBAeTCs BIIM3, Y HEro ecThb ele noJo-
JKeHUe paBHOBECHS, KOrja oIl TOPYUT KBePXY, — FPY3HK NPH 3TOM
HaxoauTcsi Had Touko#t onopel (¢ur. 29.16).

[TpocThle paccyxaeHHs NOKa3bIBAIOT, YTO BePTHKaJbHOE IBH-
JKeHHe CTepXKHS 5KBHBA/NEHTHO NepeMeHHOH (QoKycHpylolleil cHne.
Korpa crepxeHb yckopaeTcss BHH3, rpy-
3MK CTPEMMTCSl JBMraThCfl MO HanpasJe-
HHUIO K BepTHKaJH, KaK 3TO NOKa3aHO Ha
¢ur. 29.17, a Korga rpysuk yckopsiercs

Due 29.17. Yckopenue ccu MAATHUKA BHU3
npugodur K GBUINEHUIO €20 NO KANPABAEHUIO
K sepTuKaAu.
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BBepX, — BC€ NPOHUCXOAUT B oOpaTHOM nopsaike. Ho HecmoTps Ha
TO, YTO CHJIAa BCe BPeMs H3MeHsieT CBOe Hanpas.jicHHe, B CPelHeM
OHa JeicTByeT K BepTHKa/au. Takum o6Gpasom, MaATHHK Oyner
KayaTbCs TYAa H CIOJA OKOJIO HEHTPasbHOrO MOJOXKEeHHs, KOTOpoe
NpsiMO NPOTHBOMOJIOXKHO HOPMaJIbHOMY.

CymecTByeT, KOHeyHo, GoJiee NPOCTOi cnoco yaepxaTb MasT-
HHK «BBEPX HOMaMH» — HanmpuMep cHANAHCUPOBATL €r0 Ha nalb-
ue. A BoT nonpo6yiiTe-Ka Tak yaepxaTb 08a HE3Q8UCUMbLX MAAAT-
HHKa Ha 00HOM naavye. Vnu Jaxe OAMH, HO C 3aKpbITBIMH
rnazamu. BanancupoBanne o3Hauaer BHeceHHe HeGOJbUIMX NO-
NnpaBoOK B TO, YTO HeBepHO. A ec/M ONHOBpEMEHHO HeBepHBI He-
CKOJIbKO napameTpoB, TO 6a/jaHCHpOBaHHe B O6O/bLIMHCTBE CJY-
yaeB HeBO3MOXHO. OJHaKO B CHHXPOTpOHe no opGHTe OXHOBpe-
MEeHHO JBHXYTCS MHJJNHApIbl 4aCTHL, KaXaash H3 KOTOPbIX HMeeT
CBOIO COOCTBEHHYIO «OWHOKY», H TeM He MeHee ONHCAaHHLI HaMH
cnoco6 GOKyCcHPOBKH AeilCTBYeT cpa3y Ha BCe 3TH YAaCTHIBI.

§ 8. Heumernue 8 cxpeujennoix 3INeKTPULECKOM
U MQ2ZHUTHOM NOAAX

o cux nop Mbl FOBOPHJH O YaCTHLAX, HAXOAALWHUXCA TOALKO
B 3JIEKTPUYECKOM HJH TOJLKO B MarHurHom noJge. Ho ectb uHTe-
pecHble 3¢QeKTbl, BO3HHKAIOWHE NPH OAHOBPEMEHHOM JeHCTBHH
o6oux noaed. [lyctb y Hac umeeTcss OJHOPOAHOE MarluTHOE noJie
B u nanpaB.jeHHOe K HeMY NOA NPSIMbIM YIJIOM 3/eKTpuHueckoe
nose E. Torga yacTuupl, BieTalliHe NepreHAHKYAsIpHO noaio B,
6ynyT nBHraTbcad NO KpHBOH, mnomo6HO#l H3006pa)KeHHOH Ha
¢ur. 29.18. (310 naockas Kpusasi, ake cnupaJjb.) KauecTBeHHO
3TO [JBHXKeHHe MNOHATb HeTpyaHo. Ecau yactuua (KOoTopyl Mbl
CUMTAeM I0JIOXKHTEIbHON) ABHMXKeTcs B HanaBJjeHud noas E, To
oHa HaGupaeT CKOpPOCTb, H MarHUTHOe moJe 3aru6aeT ee MeHbllle.
A xorma uactuua aBuxercss npotuB noass E, To ona Tepsier
CKOpPOCTb M mocTeneHko Bce GoJsblie W Goablie 3arubaercs Mar-
HUTHBIM noJieM. B pesyJbTate ke noJayuaercs «apeiid» B Hanpas-
aednn (E X B).

MB!I MOXeM NoKa3aTb, YTO TaKoe ABHXKEHHEe eCTb M0 CYLLeCTBY
CYnepno3Hiliss paBHOMEPHOrO JABHXEHUS1 CO CKOpocTbio vy = E/B
M KpyroBoro, T. e. Ha ¢ur. 29.18 uzobpaxkeHa npocTto LHUKJIOHAA.
IlpencraBbTe cebe HabaomaTenss, KOTOPLIA ABUXKETCS Hanpaso €

Y

——
‘00
D ue 29.18. ITyre wacruyst e ckpe- ,E
WeHHOLX INeKTDUYECKOM U MASHUT-
HOM noaRX. O]
B
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MOCTOSIHHON CKOPOCTbIO. B ero cucteMe orcyeTta Haile MarHUTHOe
nose npeo6Gpa3yeTcs B HOBOe MAarHHTHOZ NoJe NAOC 3JeKTpuue-
CKoe nouJse, HanpaB/aeHHOe BHHU3. Ec/iu ero ckopocTh nopobpana
Tak, YTO MOJHOE 3JeKTPHYeCKoe noJjle OKaxKeTsl paBHBIM HYJIO, TO
HabaonaTteab OyneT BHAETb 3JIEKTPOH, ABHXKYLIHUACA MO OKPyX-
HocTH. Takum oOpasom, ABHXKEHHE, KOTOpOe Mbl BHAUM, 6yneT
KpYroBbIM [BHXKEHHEM [JIIOC MepeHoc €O CKOpPOCTbIO Apeida
vy = E/B. JIBukKeHHe 3/71eKTPOHOB B CKPELIEHHbIX 3JeKTPHYeCKOM
M MarHUTHBIX NMOJSIX JIEXKHT B OCHOBE MarHeTPOHOB, T. €. OCLLHJ-
JITOPOB, NPHMeHseMblX NPH reHepallHH MHKDOBOJHOBOIO H3Jy-
YeHHUs.

EcTb euwle Hemano Apyrux HHTEpeCHbIX NPUMEPOB IBHXKEHHA
YacTHLl B 3/1eKTPUYECKOM H MarHUTHOM NOJAX, HanpuMep opOHUTHI
3/IeKTPOHOB HJ/IM NPOTOHOB, 3aXBaYeHHbIX B paHallMOHHBIX MOA-
cax B BEPXHHX CJO0fX cTpaTocdephl, HO, K COXAJ/CHHIO, Y HAcC He
XBaTaeT BpeMeHH, 4TOOBl 3aHHMaTbCA ceHyac elle H STHMH
BONpPOCAaMH.
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Buumanuio uutaTtenei!

Nspgarenscteo ,,Mup”

rOTOBUT K Ne4HaTu

WBapu K., Foasnadap6 T.
NOUCKH 3AKOHOMEPHOCTEHA B $U3HYECKOM MHWPE

[MepeBon ¢ aHrauiickoro, 1977, 22 a., 1 p. 80 k.

B 0CHOBY KHHTH MOJIOXKEH KypC JIeKIHH 1no (u3HKe, KOTOpPLIT Gbll NpPoyYH-
TaH CTYyfleHTaM CyMaHHTapHBIX ¢akysabTetoB KamidopHriickoro yHHBepcHTeTa,
Toas3ysicb MaTeMaTHKOH JHLIbL B OGBbeMe CpefHeil IUKOJbl, aBTOPH CYMeJH
JKHBO M HarjfgHO OOBACHHTL HauGOJee QyHAaMeHTaJbHble QH3HYeCKHe (AKTBHL.
dromy cnoco6cTBOBaNa METOAMKA H3JI0)KEHHS, KOraa orpoMHoe pasHoo6pasie
(pH3MUECKHX ABJNEHHIH CBOAWTCA K HeGOJBIIOMY WYHCJIY 3aKOHOB COXPaHEHHs.
VcBoeHHIO MaTepHajia cnocoG6CTBYeT TaKXKe YAAuHbI nog6op 3KCrnepUMeHTOB,
KOTOpble YHTaTeJIo npefnaraeTcsl npofesaTb CaMoMy.

Ku4ary c¢ HutepecoM npouTyT camble LIHPOKHE KPYTH YHTaTesel: CTYAEHTH
By30B W TEeXHHKYMOB, B KOTODbIX ()H3HKa He fBJAeTcs NPodHIHpYouell aHC-
UHNIHHOM, MpenofaBaTesNd M yuyallHecs CPe[HHX IUKOJ, a TaKXe Te, KTO caMo-
CTOATENBHO XKeJaeT yriyGHTb CBOM 3HaHHA B 06JiacTH coBpeMeRHOH GH3IKN,



B uspgarenscree ,,Mup’
FOTOBUTCA K NeYaTH

Pycco M., Marbe )K.I.
3AJ0AYHU NO ONTHKE

[lepeBon ¢ anrauiickoro, 1976, 22 1., 1 p. 79 k.

C6opHAK 3a4a4 Mo (H3HYECKOR ONTHKE COCTABJEH H3BECTHHIMH (paHuy 3-
CKHMH (QH3HKaMH-ONTHKaMH W NpefHa3HayeH A/ CTYJEeHTOB, CNelHaJH3UPYIO-
IWHxcss B 06jacTH ONTHKKH M cnekTpockonuH Oghaxko MHOTHe 3afayH MoJe3HbI
H CTyJdeHTaM APYrHX (H3HYEeCKHX CcrellHaJbHOCTeH MPH H3ydyeHHH Kypca ob6wei
¢u3ukn B kHury BkiOuYeHO GoJbLIOe UHCJIO Pa3HOOOPA3HbIX 3afay Mo BaxHei-
IUMM pa3feaM (H3HYeCKOH ONTHKH C YYeTOM MOCJeAHHX AOCTHXKEHHH B 3TOi
o6nacti (rosorpadus, Ja3epel, KBaHToBas onThka H T. 4.). Has Bcex 3amay
npuBefeHbl noApobHble pellieHHsi, B KOTopbix pa3bupaloTcs Kax Qu3nyeckas,
TaK M MaTeMaTHYyeckKas CTOPOHBI Bompoca.

Knura npeacrasasier 6osblIoi HHTepec AJS CTYIEHTOB YHHBEPCHTETOB, Me-
JlaroTHYeCKHX M MHOTHX TeXHHYecKHX (ONTHKO-MeXaHHYecKHX, npuGopocTpou-
TeJIbHbIX, (PH3HKO-TEXHHYECKHX H T. 1) HHCTHTYTOB, a TaKkxe AJs Npenopabas
Tenell (PU3HYECKHX AHCUHIJIIH.



Uspgarenscteo ,,Mup’

roToBUT K nNe4yatu

®paysndeannep I, Xenan 3.
CYBATOMHASA ®U3UKA

[lepesop c aHrauiickoro, 1977, 42 a., 3 p. 25 k.

HssecTHble amepnKaHckHe yuenbie I'. ®dpaysudenbnep u O Xenau npea-
NPHHANA MONBITKY Paccka3aTh O coBpemeHHoll (U3HKe aTOMHOro faApa M 3Jje-
MedTapHbIX YacTHL, MIHHMAaNblO HCMOJBb3Ys CJOXHLIA MaTeMaTHYeCKH# annapar
TeopeTHueckolt ¢u3uKkM MaTepHa1 H3jaraercsl JerkiuM, oCTPOYMHLIM SI3LIKOM,
60raTo WIOCTPUPOBAH OPHIHHAJNBHBIMH DUCYHKAMH

Iupoknit Kpyr yntateneii — oT GHU3HKOB-TEOPETHKOB A0 CTYJEHTOB ecTecT-
BEHHBIX M TexHHuYecK!X (akyJbTeToB, a TaK)Xe Bce Te, KTo XoTeJ Gbl B KOpOT-
KMi CPOK MpHOGPCCTH OPHEHTALMI0 B coBpPeMeHHoH TeopeTHueckod QHU3HKe, C
GOJIbIIMN HHTEDCCOM H YA0BOJbCTBHEM IIPOUTYT 3TY KHHTY.






