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JNIEKTPOMATHETU3M

T'naBa 1. DJeKTPOCTATHKA.

§l DJekTpocTaTnyeckoe moJje B Bakyyme. OCHOBHEBIE (l)aKTBI.

CymiecTByIOT J1Ba BHJA 3apsfoB: TOJOXHUTEIbHbIE M OTpULaTeTbHbie. (OTHOMMEHHBIC
OTTAJIKUBAIOTCSI, PA3HOUMEHHBIC TPUTSATUBAIOTCS.
3apsaa Tena OIpeleseTcs 3apsjaMu JJIEMEHTApHBIX YacTUIl 3JIeKTpoH (] =—€, mpoToH

-19

g=e, meiitpon =0, rme osmementapusii sapsn € pasen 1,6-10 Kn.  OGpruno

MaKpOCKOIHMYECKUE TeJla SBIIAIOTCS KBa3UHEHTPAIbHBIMU.
CriocoObl 3apsIKu:
1) KOHTaKT C 3apsHKEHHBIM TEJIOM;
2) TpeHue;
3) wuHIyKIWs (BIUSHUE). % @
3aKOH COXpaHEHHUs OHIEKTPUYECKOTO 3apsiia: B 3aMKHYTOM CHCTEME€ CYMMAapHBIH 3apsij

OCTaCTCA NMOCTOSAHHBIM.

L E . F
3akon Kynona: F, =—-F,; =—kK ql? I, < “e—>
> q’ q

Ky.]'IOHOBCI(aH CHJIa — 5TO CHJIa BBaPIMO,Z[efICTBPIH JABYX TOYCUYHBIX 3apsAa0B.

Koadduument K B pasubix cicremax exuann pasaeiii. B CI'C (em, T, ¢) K =1, torna cua
U3MepsIeTCsl B IMHAX, CIUHHIIA 3apsiia - OCHOBHASL.

B CU enunumna 3apsiga — NOpou3BOjHAs, 3apsn usMepsiercss B kKyimoHax (Ki), kymon
OTpeNeNsIeTcsl 4Yepe3 OCHOBHYH eauHuily — ammep: 1 Ko — 310 3apsa, mportekaromuii depes

MOTMEePEYHOEe CeYEeHNE MPOBOAHMKA 3a 1 cexyHay, npu cuie Toka 1 A. Toraa

11 o
47k  47-9-10° m

AUIJICKTPUUICCKAasd IIPOHUIACMOCTb BaKyyMa, UJIH 3JICKTPUUICCKAsA ITOCTOSAHHA.

2
k=1/47&90=9-109[_§<ﬂ—ﬂ:(g), rie €

JIBa ToueunbIx 3apsanga mo 1 Kin kaxnaplil Ha paccTOsSTHUM | METp B3aMMOJEHCTBYIOT C CHIIOH,

pasHoit 9- 10° H.

82. jekTpocTarnueckoe noJje. HanpsikeHHOCTD moJIsl.

BOprr 3apAKCHHOTO TEJIa CYIICCTBYET 3JICKTPOCTATUYCCKOC ITIOJIC, KOTOPOC O6Hapy)KI/IBaeTCH
BHCCCHUCM B  HCTO Hp06HOF 0 3apdnaa. I[JISI XapaKTCpUCTUKHU TIOJII BBOAUTCA IIOHATHUC
HaIps’KCHHOCTH. HaHp}DKCHHOCTBK) IoJist B TOYKE HA3bBIBACTCA OTHOMICHHUE CHWJIbI, KOTOpas

JieficTBOBalIa ObI Ha HpO6HBII>i 3apsn, BHECCHHBIN B AAaHHYIO TOYKY, K BSJIMYUHC 3TOT'O 3apsaa.



-~ F H B
q Kn wm
_ 1 g
HarnpsiskeHHOCTB 10JI1 TOYEYHOTO 3apsi/ia paBHa: E ms. ;g r.
Are, v

—

3nas pacnpenenenne E B HekoTOpoii 06macTH, MOXeM HANWTH CHITy, IEHCTBYIONIYIO HA JTF060H

—

TOUEUHBIH 3apsAn, BHECEHHBIH B moOylo Touky stoii obmactm: F =(QE. E - cunosas

XapaKTEepUCTHUKA MOJIs (M03BOJISIET HAWTHU CHUITY).
[IpyHIMIO Cyneprno3uluu: €ciau TOJE CO3/1aHO HECKOJIBKUMH 3apsiaMH, TO HaNpsKEHHOCTh

0JIs B JIFOOOM TOYKE paBHA BEKTOPHON CyMMeE HaIPSKEHHOCTEH, CO3JJaHHBIX B 3TOM TOUKE KaK/IbIM

sapsiom B oTaensHocTn: E =) E; .
i

Ecmu Tteno, cozmatomiee mose, pa3OWTh HAa Majble YacTH M IPOMHTETPHPOBATH, TO MOYKHO
HaWTH HAMIPSHKEHHOCTH TOJISA, CO3JJaHHYIO TEJIOM JIFO00H (POPMEI.
JIiiss m300paskeHUsT AIEKTPOCTATHUSCKUAX TOJICH TOJB3YIOTCS CHIIOBBIMHU JIHHUSIMH. CHITOBas

JUHUS — BooOpaxkaemasl KpHBas, KacaTellbHas K KOTOPOM B KaXIOW TOYKE COBMAIaeT Io

HAIPAaBJICHHIO ¢ BEKTOPOM E B 3Toii Touke. CBOICTBA CHJIOBBIX JIHHMIA: 1) HempepbIBHBL, 2) He

nepecekaroTcsl, 3) HaUMHAIOTCA Ha IUTI0CaX, KOHYAIOTCS Ha MUHYcax, 4) rie JUHHUH TyIe, TaM HoJie

- >%< * 3@ 4)2%

83. IloreHmua..

PaCCMOTpI/IM IIOJIC TOYCYHOI'O 3apsaaa q: F = F(r)e - OTO IIOJC HOCHTpPAJIBbHOC, T.C.

chepuuecku cummerpuyHoe. B pazgene «Mexanuka» (B MPOLUIOM CEMECTPE) MBI MMOKAa3alld, YTO

TaKOC€ II0JIC ABJIACTCA KOHCCPBATUBHLIM, T.C. pa60Ta HC 3aBUCHUT OT CI)OpMBI TPACKTOPHH:

1

{3l

2 —
A, =[F(r)g-di
1

1
BbraucnuMm paboty mo mepemenieHuro npooOHoro 3apsga ( wu3
TOYKH | B TOUKy 2:

2 1 A
A +A =0+(F rdr:ﬂ ar_q.qf1 1 W _ —-W
A12 A13 A32 J () 4

2 pl p2!
ey 1T Ame \ 1T,



1
qq° 1 .
rjae Wp = 4—— - HoTeHUManbHas sHeprus 3apaga ( B none 3apsama (. Ho osrta smeprus
ey I
0

1
3aBHUCHUT OT BCIIMYHHBI 3apsia q . MBI K€ XOTHM XapaKTepru3oBaTb CaMO I0JIC, BHC 3aBUCUMOCTH OT

BHCCCHHOI'O B HCTO 3apsaa. HOBTOMY BBCACM IIOHATHC IIOTCHIHAJIA. HOTGHIII/IaJI TOYKH II0JIA

YHCJICHHO PaBCH HOTCHHH&HBHOfI SHEPrunu CAMHUYIHOIO IMOJIOKUTECIBHOIO 3apsaaa, NOMCIHICHHOTO B

1
9Ty TOYKY: :W / . Ilorenmuan — ckamnsap. IloTeHuan TOYKH OIS TOUYSYHOTO 3apsaa
p

1
D5 = —
Areg, ¥

[IycTs mosie co34aHO CHCTEMOM TOYEUYHBIX 3apsA0B. AHAIOIMYHO MPEABIIYIEMY TOTYYUM IS

1
paloThI 10 nepeMenieHnto mpooHoro 3apsaa (° u3 trouku 1 B TOUky 2:

Ng-qfl 1
A=T A=Y 2

N qq' 1 1 N q.

— | — 1

W=y 80 L L, L s

is14re, I, Amey izl

910 IMPUHIUITI CYICPIO3UIHUN: €CIIN II0JIE CO3JaHO HECKOJBKMMHU 3apsgaMH, TO IOTCHOHUAI B

000N TOYKE paBeH alreOpandeckol CymMMe IMOTEHIIMAJIOB, CO3/JaHHBIX B 3TOM TOYKE KaXKIbIM

3apsJIOM B OT/ICIIHOCTH.

3Has pacrpesieieHHe MOTEHIMANIOB, MOKHO HaifTu SHepruto 3apsjga (', momemeHHoro B
— 0 A
100yI0 TOUKY: Wp =Q'@. Torma A, =0 ((Dl —goz) :

1 o _ 1
Ecmu 3apsan  ( mnepemenaercs u3 JaHHOW TOYKHM B OECKOHEYHOCTb, TO Aloo =g @, e

NOTEHIMAl TOYKM TOJs UUCIEHHO paBeH paloTe I0Jii MO IEPEeMEUICHUI0 EIUHUYHOTO
MIOJIOKUTEIBHOTO 3aps/a U3 JaHHOM TOUKU B OECKOHEYHOCTb.

Pa3HOCTh MOTEHIMAJIOB JBYX TOYEK YMCIEHHO paBHa padoTe MOJs 10 IMEepPEeMELICHUI0
€IMHUYHOTO TMOJIOKUTENBLHOTO 3aps/ia U3 IepBOi TOUKHU BO BTOPYIO.

[@]=1 B (8onbT) — noTenmman Takoit ToUKH, 4TO HPU TEPEMEIIEHHH U3 HEe B GECKOHEUHOCTD
3apsaga 1 Kin nmone cosepmaer paboty 1 Jx. Hecucremnas eaumnuua sHepruu u pabotsl 1 3B

(3J'ICKTpOH'BOJ'ILT) - pa60Ta, KOTOPYIO IIOJIC COBEPIIACT IMPU MHEPEMCIICHHUU OJHOTO 3J3JICKTpOHA

-1
MCXKAY TOYKaMHU € pa3HOCTHIO NIOTCHINAJIOB 1 B. 13B = 1,6 : 10 S ﬂ.?fc



§4 DJeKTpuYecKasi JHEPIus CUCTEMBI 3apsi/I0B.

1. Dueprug B3anMOIEUCTBUS 3aPSHKEHHBIX TEI.

D i W — i qqu N .
HEprHs B3AHMOJICHCTBHS JIBYX TOUCUHBIX 3apsanoB: W, , = ,a st N 3apsiios:
10 18 1 qgq,
Wy==2Wy=-2 ——— cho., (*)
2ixx 2ix Anmey
i,k:]. k:
1 Jg : y
rne @ = Z— - TOTEHIMAJ B TOYKE HAXOXJIEHHs i-TO 3apsia, CO3JaHHBIA BCEMHU
471’(9 ok rik
k=i
NPYTHMU 3apsIaMHu.

PaccMoTpyM, Hampumep cucTeMy U3 4eThlpex 3apafoB (], HaxoIdImuXcs B BepHIMHAX

S

4re,

TeTpasapa co CTOpoHoi A . DHeprus B3amMmojeiicTeus Kaxoi mapei passa W =

Bceero Ttakux B3auMopeWcTByrommx mnap 6 (uucio coderaHud u3 4 mo 2), Tak YTO SHEPrus

y 6 q°
B3aMMOACHUCTBUA BCEX 3apsAd0B paBHA W = 6W
p pL =
Are, &

Tenepsr HaiieM 3Ty sHeEpruro, Ucnoias3ys Gopmymy (*). [loTeHnuan B MecTe HaXOXICHUS

3
OJJHOTO U3 3aps/ioB, OOYCIOBICHHBIH TpeMsl OCTalbHBIMH, pPaBEH (0=—q. [Tostomy
Are,a
6 q°
Zq Q, = —4qp = , KaKk U paHee.
dre, a

2. IlonHas SHEPIrus B3aMMOACHCTBH.

Ecnu 3apsapl  pacmpenenieHbl HEMpephIBHO, TO, pasjaras CHCTEMYy Ha COBOKYIHOCTh
dg = pdV *
anieMeHTapHbIX 3apanos (( ,Od U Tmepexods OT CyMMHpoBaHus B (*) K HMHTErpupOBaHMUIO,

IOJIYy4YuM

1
W, =§Ip¢dv, (**)

rac ¢ - IOTCHIIMAJ, CO3JIaBa€MBblil BCeMU 3apssaaMu CUCTEMBI B DJICMCHTC dV .

MosHo omuboYHO Aymarh, 4To (**) — 3TO TONBKO BHJIOM3MEHEHHOE BbIpakeHue (*),
COOTBETCTBYIOIIEE 3aMEHE TOUEYHBIX 3apsAJOB HAa HENPEPhIBHO  pacmpeieneHHbie. B
JNEHUCTBUTENLHOCTH 3TO HE TaK, 3T BBIPAKEHUS PA3NIMUYAIOTCS MO CBoeMy cojepkanuto! Jlemo B

Pa3sHOM CMBICIIC MMOTCHIMAJIA ¢ , BXOIAIICTO B 3TH BBIPAKCHUA. ITosicauM 3TO Ha npumepe. HYCTL

6



CHUCTEMA COCTOMT M3 JIBYX WIApUKOB ¢ 3apsnamu (; u (,. PaccrosHue Mexy HUMU MHOTO OOJIbLIe

HUX pagnuyCOB, TaK 4YTO MOKHO CYHUTATh UX TOYCUYHbLIMHU. Hap"meM SHEPTHUIO 3TO# CHUCTEMEI C IIOMOIIBIO

obeux popmyit.
1
Cornacno (*), Wp = E (ql(p1 + q2(02) =0, =Q,0,, rne @ - NOTeHUMAN, CO3IaHHbBIN

3apsioMm (], B Mecte pacnonoxenus (.

CornacHo ke (**), MbI JOJDKHBI pa3OUTh KaKIbIA MIAPUK Ha OCCKOHEYHO Mable 3JIEMEHTHI
AV ¥ kaxaelit M3 HEX YMHOKHTbH HA MOTEHIMA, CO3JAHHEIA HE TOIBKO 3apsIoM IPYrOro
[IapuKa, HO M 3JIEMEHTaMH 3apsijia ITOro Iapuka. SICHO, 9TO pe3yabTaT OyJeT COBEPIICHHO HHBIM, a

MMEHHO: Wp =W1 +W2 +W12. 3nech W1 - JHEPIHs B3aUMOJCUCTBUA APYT C APYTOM JJIEMEHTOB
MEepBOro IIapHKa, W2 - TO e, HO JJisi BTOpOro, a le - SHeprusi B3aMMOJEHUCTBUSI 3JIE€MEHTOB
nepsoro mapuka ¢ snemenramu Broporo. W, u W, naseBarorcst coGcrBenHbIMM SHEprHsME
3apanoB 1l m2,a W12 - SJHEpruel B3aMMOJICHCTBHS IIEPBOTO M BTOPOTO 3apsI0B.

Takum o6pazom, pacuer mo (*) maeT TOIBKO le, a no (**) — MOJHYIO SHEPruio

Bsanmozeiicteus: T.e. kpome W, eme u co6ersennsie smeprun W, u W,. Dto pasmuume

00s3aTeNbHO HY’)KHO UMETh B BUY!

§5 CBs3b MEKIY HANIPSIZKEHHOCThIO M MOTEHIIMAJIOM.

F = —VWp, T.C. QE =—(qVo.

Otcrona nomyyaem E= —Vp=- 8(pr— op T— awlz.
Eax oy Eaz
X Ey z

—

Ecmmn 3agatn HaIIpaBJICHUC I n BLI6paTI> €ro B Ka4CCTBC OCH X, TO TOJYYHUM MPOCKIHIO

op
HaHpH)KCHHOCTI/I I10JIs1 HAa 3TO HanpaBneHHe: E| = — E
HpOBepI/IM JJId TOYCYHOTI'O 3ap51,ua:
Are,r  Ane, \/xz +yi47°

EX:_a(DZ_ g (—1)'(X2+y2+22)‘3’2-2x: q X
ox  Adme, 2



qa y q ¢
E, =—"2 E=—""
Vg, 1 drg, r°
E= EXT + EyT + EZIZ = L:,,(Xlr + y] + ZIZ) = LS I, KaK ¥ JI0JKHO OBITh.
Are ¥ Arg,r

Taxum o6pazom, 3uas @(T'), o hopmye E = —V @ moxHo Haiith E(F)

Kaxk or E(I_") nepeiitu xk @(17)?

- — 2 - — 2 -~
Fdl :IquI =, —9»,) = o -0, :_[Edl
1

1

A, =

= — N

HNuterpan moxHO Opath 1o Mt000# JIMHUM U3 TOYkH 1 B Touky 2. 13 Toro ¢axkra, uro padorta

10 3aMKHYTOMY KOHTYPY paBHa HYJIIO, MTOJTYyYUM § Edl =0 (kpyx04KOM 0003HAYAETCSI UHTETPal

110 3aMKHYTOMY KOHTYPY).
s M300paxeHust pacnpezeneHus MOTEHIINAJIOB

IMOJIB3YIOTCA  3KBUIIOTCHUOHWAJIBHBIMHU  IOBEPXHOCTAMU — OTO

reOMETPUICCKOC MCECTO TOYCK, HMMCHOIIHWX OJUWH W TOT XKC

MTOTCHIMAIL: (p(X, Y, Z) =CoNnst. Onm nepnen MKYIAPHBI

—

CHUJIOBBIM JIMHHAM, TaK KaK IIPOCKI A E Ha KacaTCJIbHYIO K Takoi

MOBEPXHOCTH paBHA HyJM0. OOBIYHO OHM MPOBOJATCS TaK, YTOObI TOTEHIUAIbl Ha pPa3HBIX

IMOBCPXHOCTAX OTIUYAIMUCh HAa OJHY UM Ty XKC BCIUYHHY. Tor/:[a, 4YeM TI'ylI€ S3KBUIIOTCHIHAIN

(MeHbIlIEe paccTOSTHUE MEXKIY HUMH), TEM CHIIbHEE MOJI€.

86. JIuno.Jm.

9J'IGKTpI/ILIeCKI/IM JUITOJIEM HA3bIBACTCA CUCTEMA M3 JABYX OJUHAKOBBIX q
- O—
10 BCJIMYMHEC, PA3HOMMCHHBIX TOYCYHBIX 3apsAa0B. Z

Haiinem moteHuan u HAIIPAXKCHHOCTDb IIOJIA AWUIIOJIA B TOYKE, PACCTOSHUC 110 KOTOpOﬁ MHOI'O

0o0JbIIIe pa3Mepa JUMOJs (PACCTOSHUE MEXTY 3apsIamMu).
[Tone mumnons oOnamaeT oceBOW CHMMeETpUEH, T.e. KapTHUHA

OlHa W Ta K€ BO BCCX INNIOCKOCTAX, MPOXOIAIIHUX HYEPE3 OCHh

AUIIOJIA, ITPUYCM BEKTOP E JIEXKUT B 3TOM INIOCKOCTH.

—

O6o3naunm | =28 (ot Munyca k mrocy).

—

(
I, =r—acos O=r— é:ér , €, - 9TO0 OpT, HanpaBJIEHHBIH

U3 LEHTpPA JUIIOJIA Ha TOUKY. -gd -d a +q

I =r+acosé=r+ae,



1 r—r I8 g
(r)_ gq) C1_+zqzr PE,

= : *)
drey X, 1 dme, rr,  Ame, v Ame,r’

e P= C]| - NIEKTPUYCCKHUI JIUIOJIBHBII MOMEHT (HAIPaBJICH OT - K ).

—

Ilone AUIIOJIA BAAJIW OT HCTO OMPCACIIACTCA SJICKTPUICCKUM MOMCHTOM JUIIOJIA p .

pcosé
Are,r?

o(r)=

Haiinem E . Ez—gradgo. B ocax X,Y,Z grad:V:§T+£T+gIZ, B IPYTHUX
oX oy 0z

KOOpAMHATAX BBIPaKEHUS IS I'PAIMEHTa IPYTUe, HAIIPUMEDP B MOJISAPHBIX KOOPAUHATAX

Er:_a_go: 1 2pcose; '{/r'\*},
or 4rs, r’ \ /
Egz_lé_go: 1 psTe; 9_013' o= \ =<
rood A4re, r ~ _1\"
WQD_O \\
E=JE?+E =—— P \1:3c05°0 \
4re, r
mpu =0 E = L 20 0 um O=x
4re, r
E =E =- 1 2p<0 T.e. B TOUKAX HA OCH JUTIONS E= 1 Q
” 4rg, r e 1

0

[Ipu O=rl2 MOJTy4YUM —0 E Ee 1 £
Argy r°

Ha IIJIOCKOCTH, Hpoxomnueﬁ qgepe3 UCHTP AUIIOJII NEPIUCHAUKYIIAPHO K HEMY, (0 = 0 .

v

Mgl uccneaoBanu IoJIE, CO3JaHHOC OHMIIOJICM Ha 0O0IBIIOM

PacCTOAHUU OT HETO. Tenepb pacCMOTpUM IIOBCACHUC IHIIOJISA BO

= A
BHCIIIHEM SHCKTpI/ILICCKOM I10JI€C. HYCTB BHCIHIHEC I10JIC O)IHOpO,Z[HO P ®
(BCKTOp E BO BCEX TOYKAaxX OAUH U TOT )Ke). Ha JUIIOJIb ,Z[eI/ICTByeT 2 —
napa CUJI (I[Be paBHBIX 10 MOI[YJ'IIO, HapaHHeHBHLIX, — e

MPOTHBOIIOJIOKHO HAMNpaBICHHBIX CHUJIbI). Pe3ynbTupyromas cwia paBHa Hyimo. Haiigem

Bpamaloumﬁ MOMCHT Iapbl:

N = Flsina =qElsina = pEsine .

B BEKTOPHOM BHJIe 3TOT MOMeHT MoskHo 3amucath Tak: N =[P, E]= Px E



Takum 00pa3oM, B OJHOPOJHOM IIOJI€ AWUMNOJIL OyIEeT TOJIBKO IOBOPAYMBATHCS, IIOKa HE

BCTAHCT B IIOJIOKCHHUC PABHOBCCHA, KOT'Ja p napauiCiicH E , TOraa N = O Kak MbI YBU UM

nanbie, TT E - ycToitunBoe paBHOBecue, | TxL E - HEYCTOWYHUBOE.

HaiineM noreHmuanpHyr0 S3HEPTUIO TUIIOJSA BO BHEIIHEM II0JIE.

op op op
W= — =0A@ =Q(— AX+—Ay+—"—Az) =
o =d@, —q@_=0A@ CI(@X ; y P )

op op op —
= + + = . —_ — .E
x P, 5 P, e p,=p-Vo=-p

[ToTeHumanpHas sHEprus AOCTUraeT MUHUMYyMa, Korga [ ™E , 3HQYUT, 9TO yCTOMYUBOE

paBHOBECHE.

Ecnu mone He OJHOPOAHOE, TO, KPOME BpAIIAIOIIer0 MOMEHTa, JCHCTBYET elle M CHIa.

Haiinewm ee.

F= Q(E+ - E_) - eciu ToJie oHOpoHO, To E, = E uE=0.

OE oE oE
F =q(E.—E )=0AE. = XAX 4+ —XAY + —2X A7) =
. =0(E,, —E_) =0AE, q(ax & y = )

oE OE oE -
= | +=—=] +—=%1)=q-(I -V)E, =(p-V)E..
q(axxayyézz)q()x(p)x
= Cr bt oer s g O
I/IToro,|:=|:XI+|:yJ+FZk:(p.V)E:p.a

§87. IToJje cucTeMbl 3apsSA0B HA 00JbIINX PACCTOSTHUAX OT Hee.

Boszemem N 3apsanos: (,(,,...0y B 0o0beMe ¢ IMHEHHBIMM pasMepaMu MOPsIKa | u

HCCIICAYEM IIOJIC Ha PAaCCTOAHUA r>> I oT cucteMbl. IloTeHnman B JII000H TOUKe pPaBCH

~A7TTN 5 R 1 o}
fs T ok (0(r)=4 2
Iq _y_’t‘:—?—""% -~ ey T|F T
s .
N L Fr|=r-f-&=r(@-"-)

Bocnonb3yemcst popmyioil cyMMbl OECKOHEUHO yOBbIBarOIIEH reOMeTpUYeCKOi MPOrpeccuu

1
=l X+ XX+
1-x

Ipu X <<1 orpanmummcs apyms nepssivu unenamu: 1/(1—X) ~1+ X . Torna

10



1 . r-8 €, N -8
co(f‘)=—4 Zi(1+' _ 20, > = s PE
TE, i r

Azer 47zg = 472'8 rAdzg,r’

N
rac z i I[I/IHOJILHBII/I BHCKTpI/I‘ICCKI/II/I MOMCHT CUCTCMBI 3apsAa0B.
i=1

B ciywae punosns, rae Bcero ABa 3apsnaa, MOJIy4aeM ﬁ = Q| . B obmem ciydae Bektop [

3aBHCHT OT BhIGOpa Havaia koopaunat O , Ho ecrm Zqi =0, 1o He 3aBucwur.

1
JlokazarenscTBo. BossmeM pa Hauana koopaunat: O n O'. 0

=0 +b; p'=>07'=>q(%+b)=>qF +bY.q = p+bg ’
Ecrm Q#0,10 P'# P,roecrm q=0,10 p'=P. o

~

®opmyna (*) COOTBETCTBYeT pAa3lOKCHHI0 MoTeHmuana B psig mo cremesm 1/ . Ecin

gq# 0 , TO TJIABHBIA WICH — MEPBBIA, U MOJIE€ BJATH OT CUCTEMBI COOTBETCTBYET IMOJIIO TOYEYHOTO

sapsima (1/1). Ecmu Q=0,a P # 0, 1o rnapusiit unen — BTOpoii, 1 Mo onpeenseTcs Kak moie
mumnonst (1/ I’Z) (cM. dopmyny (*) B 86). Ecomu ke u =0, u P =0, 1o rmapuemm 6Gymer

. " o 3
CIIETYIOMIMI IICH B PA3JIOKEHNHN, COOTBETCTBYIOLIHIT «KBAAPYIIOIIO» U Iporopruonanshbii 1/ 1

4
Eciti 1 oH 0GpammaeTcs B HOJb, TO MOJIe COOTBETCTBYeT «okTymomoy» (L/ 7).

q
Pl /r

i q
IO, q -q KBazpymomh  .g&—y OKTymois

M=)

-
Deq p~l/r g g palir H-g 4 B=0 o~

TOYEYHBIH 3apan

I'1aBa 2. DjieMeHThI BEKTOPHOI0 AHAJIM3A.

81. IIpou3BOaHAA 110 HANPABJCHHUIO. [ pajilueHT.

Ecnm B ka0l Touke 3aJaHO 3HAUYCHHE KAKOM-TO (1)I/ISI/I‘IGCKOI71 BCJIMYHHBI, TO I'OBOPAT, 4YTO
33JaHO TI0JIE STOM BEJIMYMHBL. OHO MOXKeT OBITh CKAJIPHBIM HWJIM BCKTOPHBIM, HAIIPpHUMCED,
TEMIICpAaTypa UKW HAIIPSKCHHOCTD I11OJIA.

IIpousBogHas o0 HarpaBJICHHUIO - 9TO O606H.[CHI/IG IIOHATHA HpOI/I3BO,I[HOI71 Ha

cnyqaﬁ (I)YHKI_[I/II/I HECKOJIbKUX TICPEMCHHBIX. HpOI/I3BOI[Ha$I 0  HalpaBJICHUIO IIOKAa3bIBACT,
HaCKOJIBKO 6BICTp0 (I)YHKI_II/I}I HU3MCHSACTCA IPU ABUKCHUU BAOJIb 3aJaHHOI'O HAIIPABJICHU.
HpOPBBOI[HafI (l)yHKI_II/II/I OJIHOH nepeMeHHoﬁ IIOKa3bIBACT, KaK U3MCHIACTCA e€ 3HauYeHHEe npu
MaJIOM H3MCHCHUH apryMCHTA. Ecau MBI momeiTaeMcs MO aHAJIOTHU ONpCACIINTE MTPOU3BOJHYIO
(bYHKHHH MHOT'UX ICPEMCHHLBIX, TO CTOJIKHEMCS C TPYAHOCTBIO: B 3TOM CJIyda€ HU3MCHCHHC
ApTryMCHTAa (TO €CTb TOYKHU B HpOCTpaHCTBC) MOXKCT NNPOUCXOAUTH B PA3HBIX HAIIPABJICHUAX, U IIPU
9TOM 6y,[[yT MMOJIY4aTbCd pa3HbIC 3HAYCHUA HpOH3BO,[[HOﬁ. HMenHO 3TO COO6pa)KCHI/Ie " IpUBOIUT K

OMpCACIICHUIO HpOPI3BO,Z[HOfI IO HallpaBJICHUIO.
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https://ru.wikipedia.org/wiki/%D0%9F%D1%80%D0%BE%D0%B8%D0%B7%D0%B2%D0%BE%D0%B4%D0%BD%D0%B0%D1%8F_%D1%84%D1%83%D0%BD%D0%BA%D1%86%D0%B8%D0%B8
https://ru.wikipedia.org/wiki/%D0%A4%D1%83%D0%BD%D0%BA%D1%86%D0%B8%D1%8F_(%D0%BC%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D0%BA%D0%B0)
https://ru.wikipedia.org/wiki/%D0%90%D1%80%D0%B3%D1%83%D0%BC%D0%B5%D0%BD%D1%82_%D1%84%D1%83%D0%BD%D0%BA%D1%86%D0%B8%D0%B8

IlycTh 3a1aHO CKAJIIPHOE 1OJIE (p(X, Y, Z) . J11st 1060T0 eMHUYHOTO BeKTopa € onpenenim

npousonyto Gpynkumn f B Touke X, no manpasnenuio € ciemyrommm o6pazom:

a_¢ = im ¢(XO +h- é) _(0(7(0)
oe h—0 h

3HaueHUe 3TOr0 BBIPAXKEHHUS IOKA3bIBAET, KaK ObICTPO MEHSAETCS 3HaueHue (yHKUUU IpU

CABHUI'C TOYKH B HAIIPABJICHUH BCKTOPpa e.
Ecnu BekTop € COHampaBieH C KOOPJIMHATHOM OChIO, TO IMPOU3BOAHAS [0 HAIPABIICHUIO
COBITQJIAET C YACTHOM ITPOU3BOAHOM I10 3TOW KOOPIMHATE.

I'paouenmom CKanspHON BEITUYUHBI () HA3BIBACTCS BBIPAKEHHE!

op - 8¢7+8_(/)l2

radp=—"1 +——
M= "y
0~ O = 8 -
Baenem muddepeHnanbHbIi BEKTOPHSIH onepatop «Habma» V = 8_ I + 5 —Kk, rorma
X
gradp=V-¢.

Ipupamenne GyHKIMH (0 NPU CMELIEHUU TOYKH HA dl =dx-i + dy-j+dz- k=dl -8
op op o
do= dx+ Pdy+Ldz=2Ldl=grade-dl .
paBHo U@ = ox Yy P e g Q-

Otcrona cienyert, 4YTo MPOU3BOHAs (YHKIIMH 10 HAMPABICHUIO paBHA MPOEKLUU I'pagueHTa
GyHKIMM Ha 3TO HalpaBlICeHWE WM, WHA4Ye, CKaSIPHOMY MPOU3BEICHHUIO TIpaJleHTa

Ha OPT HaIIpaBJICHUSA:

op ~
- =Voep-@e
oe ¢

Ota IIpoOU3BOJHAA MAaKCHMaJlbHA, CCJIM HAIIPABJICHHUC COBIIAAACT C HAIIPABJICHHCM I'PAaIUCHTA

q)YHKI_II/II/I B JIAaHHOM TOYKE, T.C. BCKTOp I'paJUCHTA IMOKAa3bIBACT HAIIPABJICHHC HaH6BICTpeﬁMCFO

pocra ¢yHkIME. MakcuMansHOE 3HaU€HUE IPOU3BOJHON paBHO \grad (0‘ .

—

Usmenenue Bextopa F npu cmemennu toukn va dl = dx - i+ dy - I +dz -k =dl - € pasro
dF =dF,i +dF,j+dFk = (VF,-dI)i +(VF,-dl)j+(VF, -dl)k = (dI - V)F .
*hkkkkkhkkhkkhkkkhkkhkhkkhkhkhkkhkkkhkkhhkkhkhkhkkikhkkhkhkkhhkhkkikhkhkhhkkhkhhkhhkhkhhkkhkkhhkihkhkhhkkhkhkhkkihkhkhhkkhkhhkkihkhkihkkhkhhkiikihkikx

00 oneparopax, GyHKUUIAX U QYHKIHOHAIAX.

Omneparop — 3T0 JeiicTBUE, coMOCTaBistonee GyHKINU QYHKIHUIO, HarpuMep, ecinu onepatop SIN

MPUMEHUTH K (PyHKIHUU f (X) , TO TIOJTlyYUM HOBYIO (DYHKIIHIO sin( f (X)) .
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https://ru.wikipedia.org/wiki/%D0%95%D0%B4%D0%B8%D0%BD%D0%B8%D1%87%D0%BD%D1%8B%D0%B9_%D0%B2%D0%B5%D0%BA%D1%82%D0%BE%D1%80
https://ru.wikipedia.org/wiki/%D0%A7%D0%B0%D1%81%D1%82%D0%BD%D0%B0%D1%8F_%D0%BF%D1%80%D0%BE%D0%B8%D0%B7%D0%B2%D0%BE%D0%B4%D0%BD%D0%B0%D1%8F
https://ru.wikipedia.org/wiki/%D0%95%D0%B4%D0%B8%D0%BD%D0%B8%D1%87%D0%BD%D1%8B%D0%B9_%D0%B2%D0%B5%D0%BA%D1%82%D0%BE%D1%80
https://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D0%B4%D0%B8%D0%B5%D0%BD%D1%82

3
DyHKIMA CTAaBUT B COOTBETCTBHE 4uCay 4uciao: Y = X, uyncny X = 2 COOTBETCTBYET Y = 8.

CymectByer eme oAHO TOHsATHE - (GyHKIMOHAN. OH CTaBUT B COOTBETCTBUE (YHKIHUU YHCIIO,

5
nanpumep, A= _[ f (X)dX - KOKJI0H QYHKITUH f (X) cooTBeTcTBYyeT uncio A.
1

*hhkkhkkhkhkhkkhkhkhkkhkhkhkkhhkhkihhhkkhhhkhhhkhhhkhhhkhhhkhkhkhkhkhhkhkkihkhkkihhkhkihkhkkihhhkkihhkkihhhkkihhkkikhhkkiihkhihkiiikiik

82. IToTok BeKTOpA.

PaccmoTpuM TeueHHe KMIKOCTH. 33JaHO BEKTOPHOE IOJIE CKOPOCTEH
v(r). O0beM KUAKOCTH, TPOTEKAIOIIEH Yepe3 MOBEPXHOCTh 3a |1 CeKyHny,
HA3bIBACTCS TOTOKOM JKHMJKOCTM 4Yepe3 3Ty MOBEpXHOCTh. Hailimem ero.

Pa3oGhem moBepxHOCT, S Ha yuactku AS . 3a Bpems Al uwepes AS

npoiiner 06sem AV | paBusiit 06semy npm3mer: AV =AS -V-At-COS¢er .
%,—/

eblcoma npu3mal

Hotox AD =AV /At =AS-V-COScx. Cunras AS pasueM Geckoneuno mamomy 0S|
nomyanm 0@ =dS -v-cosa =V - d§ . MBI BBENM BEKTOP d§ , HaIllpaBJIEHHBIN 10 HOPMaJIU K

MOBEPXHOCTH B JaHHOM Touke. Toraa CDV = IV -ds.
(S)

—

AHaJOTHYHO MOKHO BBECTH IOTOK JIOOOTO BEKTOpa d Yepe3 MOBEPXHOCTh S:
@, = [a-dS = [a,dS
(S) (S)

[ToTox — BenuuuHa ckansipHas (anredpandeckasi). Ero 3Hak 3aBUCHT OT BbIOOpA HaImpaBlieHUS

=

HopManu N k moBepxHocTH. B ciyyae 3aMKHYTBIX TOBepxHOCTeH 1 Bceraa HampaBiieH HapyxKy.

[ToTOKYy MOXHO JaTb TI€OMETPUYECKYI) HHTEPIIPETALHUIO. -
a \/

I/I306paSI/IM BCKTOPHOC II0JIC CHCTEMOH HHHHfI, IIOCTPOCHHLBIX TAK, YTO >

AScosa //AS
o QG
i
-

B K&XJIOM TOYKE T'ycTOTa JIMHUI paBHA \a\ B ATOH TOuKe (Hampumep,

CHUJIOBBIC JIMHHUH JJICKTPUYCCKOI'O HOJ'ISI). Yucno HCpCCC‘ICHI/Iﬁ OTHUMH

mrausvu wiomamt AS | pasmoe AN =a-AS-COSa = anAS :

ecTh MOTOK BeKTOpa @ uepes miomanky AS .

Jlns ydera 3Haka OyZieM IpU OCTPOM yrjle (X CUUTATh YUCIO MEPEeCceueHUil ¢ II0CoM, a IpU
tymom — ¢ munycoM. B mamem mpumepe AN =3. Ecium Bei6pars 1 manpasnemmbM B
npoTtuBononoxHyio cropony, 7o AN = —3.

PaCCManI/IBaﬂ LEJIYIO MOBECPXHOCTD, IIOJTYUYUM @ = ZANI == N+ - N_.
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Jlnist 3aMKHYTOW TIOBEPXHOCTH IMEPECeUeHUs] M3HYTPU HAPY)Ky UMEIOT 3HaK ILTIOC, HA00OPOT —
MUHYC.
Ecnu nuHUM HENpepbIBHBL, TO B 3aMKHYTYIO IOBEPXHOCTb

OHHM BXOJAT CTOJIBKO K€ pa3, CKOJIBKO KW BBIXOIAT H3 HEC. %

Hostomy @ =0. Ecnu ke OHM MOTYT OKAHUMBATHCS HIIH d=0 OO0 D=-1

HauuHatbest BHypu, 0 @ =N —N 3nak @ 3aBUCHT OT TOr0, KAKMX GOIIBIIE.

OKOHY "

83. IuBeprequms.

ITycTh 3a/aHO BEKTOPHOE TIoNe cKopocTel xkuakoctn V. Bossmem B
OKPECTHOCTH TOYKH P 3aMKHYTYIO IIOBEpPXHOCTb IUIOIAAbI0 S . Ecim B 00beme
BHYTPU 9TOif TIOBEPXHOCTH HeT HH CTOKOB, HHM mctokoB, To @ =0. Ecmu
@ # 0, 3naunr, ectb cTokn Wi ucrokn. @ onpenenser COOTHONICHHE CTOKOB U 7
ucrokoB. @[V  naer cpenHioo ynenbHylo (Ha 1 M%) MomHOCTH McTOUHHMKOB B 00beme V .

Verpemnsis Vo k Hymo, T.e. cTarmBas o6beM B TOUKy P, MonydaeM yIeNbHYK MOIIHOCTB

MCcTOYHUKOB B Touke P. HazoBem ee nuBeprenimeit (Mim pacxokIEHUEM).

. . D
divv =lim—
V-0
@, 1
AHaJOTHYHO ISl JTIOOOTO BEKTOPHOTO ITOJIS: diva=Ilim—2 =lim— j; ads . Nurerpan

V-0 \/ V-o\/
(S)
Oepercs 1o 0001 3aMKHYTOM TTOBEPXHOCTH, OKpYKarolei Touky P.

diva - ckamspuas dyskius xoopaunar. OHA 9HCICHHO PaBHA IUIOTHOCTH (KOHIIGHTDALWH)

TOYEK, B KOTOPBIX HAauyWHAIOTCSA (+) WM oOKaHuMBaroTcs (-) JuHUM Bekropa d . Haiinem ee

BBIPpAKCHUC B ,HCKapTOBOﬁ CUCTEME KOOpAMHAT.

-
= n
BbrunciuM notok BekTopa d uepe3 rpaHu 1 u 2 (3a1HIO U 2 £
Az
HepeaHIon) napauienenunena. Hopmans B 3aMKHYTOH MOBEPXHOCTH >
_ _ 4y
BCeryla HanpasjeHa Hapyxy. [lostomy M, TT Ox, n, T»L Ox. 1, :
N 5 o E _a - _ >y
Haiinem npoexunn d Ha Ny u N, : an2 = ax2 : anl = —axl.
D, =a, AYAz; &, =-a, AyAz X
— —
AS AS
oa oa
D, +D,=(a, —a, )AYAZ =—*AXAyAz =—> AV
20 X OX

AHaIOTUYHO HaliieM IIOTOKH qepe3 JICBYIO U IPAaBYIO, 4 TAKIKC YCPC3 BCPXHIOIO W HUKXHIOIO

I'paHu HapaJuIeJICuIcaa. B utore MOJIy4YHuM:
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oa

! 8aX+ y+8aZ AV
oXx oy oz

da, 0a, oQa

diva = lim Lo - 9, %, &
AV-0AV  OX oy oz

Hcnons3yst BektopHsiit omepatop V , monyuum diva =V -8 (ckansproe npoussenenne).

§4.Teopema OcTporpaackoro-I'aycca.

3Hasi UBEPreHIMI0O B KaXKJIOW TOYKE, MOXKHO HAWTH TOTOK BeKTOopa d dYepe3 Jo0yro

3aJaHHYI0 TIOBEPXHOCTB. PaccMOTpHM BEKTOp ckopocTH kuakoctn V. Torma diva-dv -

MOIIHOCTH HcTounnKOB B o6veme AV, a IdIVV -dVvV - CyMMapHasi MOIIHOCTb UCTOYHUKOB B
V)

o6wseme V . Ona nomkHa PaBHATHCS MOTOKY, BBITEKAIOIIEMY U3 00beMa uepe3 IOBEPXHOCTh S:
fv-dS = [divv-dv
(S) V)

DT0 e BEpHO 1S 1I000T0 a :

j: a-dsS = IdiV a-dV - 1o reopema Ocrporpanckoro-Taycca.
(S) V)

JIeBbIit HHTErpal GepeTcs Mo 3aMKHYTOH MOBEPXHOCTH O , a IPABBIH — 110 00bEMy BHYTPH O .

85.1MpKYJISIMSA M POTOP. e

Hazosem mupkynsanueit Bekropa d 1o 3aMKHyToMYy KOHTYpY I” (ramMmma) b,

BEJINYMHY j: a-dl = j: a, dl. {ns normmanus cMbIca TOrO HOHATHS TIOJIE3HO
() ()

IIOMHUTB, YTO MCXaHHUYCCKas pa60Ta — 9TO HUPKYJIAOUA BEKTOPA CUJIBI.

]_II/IpKyJ'IHI_[I/IH O6J'IB.I[8.€T AJIUTUBHOCTBIO, T.C. C = Cl + C2 .

Brimonnenue 3Toro PpaBCHCTBA JICTKO YBUACTH U3 PUCYHKA, TaK KaK IIO

(¢} 6H_I €My VY4YaCTKy B HUPKYJEIOUAX Cl n C2 npoxoaum B

S,

MMPOTUBOIIOJIOXKHBIX HAITPABJICHUAX, T.C. 3HAKU 6y,[[yT Pa3HBIMH.
A,Z[,Z[I/ITI/IBHOCTB OUPKYJAOUA  TIO3BOJIICT BBECTU TIOHATHUC yHeHbHOﬁ OUPKYJIOWH, T.C.
PACCMOTPETh OTHOIICHUE HUPKYIINNUU K IJIOIMIAAN o0TekaemMoit IMOBEPXHOCTH.
1 a
PaCCMOTpI/IM Ilm_ OTa BEIWYMHA 3aBHUCHUT HE TOJBKO OT TOYKHU, HO U OT OpUCHTALlUU

S—0 S

IUIOIAaAKA. MOKHO MOKa3aTb, 4YTO CYHIECTBYCT Takoi BCKTOD (HaBOBCM €ro pOTOpOM), qTo

15



—

_ . C
(I’Ot a)n = gll’)fg)?a, rae Bektop N - HopMane K miomanke O . (B 3apyGexHoii iuTepaType

BMecCTO 0003HaueHHs “TOt” ucmonb3yercs “curl”).

Haiinem npoexnuro potopa Ha och X. L{upkyinsanus paBHa

C=C,+CG+(C,+C =a Ay +a,Az—a, Ay —a, Az

oa oa
=(a, —a,)Az—(a, —a, )Ay = o8, AYyAz ——L AzAY = 9, %y AyAz
3 1 4 2 az 8y 62 \_‘Ar_js
oa
(rota)xzzaaz————l- =
oy oz ' A a

4
AHAJIOTMYHO MOITY4HM: Az 1[%'

1 2 ]

. _Oa oOa . 0a, oQa P Y
(rotd), =—*-—% u (rotd),=—"-—*. "y
oz ox ox oy / :

DT0 (hOopPMYITBI IS HAXOXKIECHHS poeKimii Bektopa IOt a X

Ha JC€KapTOBBEI OCU KOOpAWHAT.

i J k

_ |0 0 0 .

Wcnons3ys omepaTop Habnma, MoxkHO Harmcate Iotd =— — —|=V xa
OX 0y 01
a, a, a,

OGo6umm pesynstater:  gfad ¢ =V ; diva=V-a; rota=Vxa.
OTMETUM, YTO B JPYTMX CHCTEMAX KOOPIMHAT (CEepUYEeCcKOii, UIMHAPUYECKOH U T.II.) BCE

51U HOPMYJIBI UMEIOT JPYroil Buj, 1 onepatop V He HCIONb3yeTCs.

86.Teopema CToKkca.

:

Buas Fota B kaxkmoit Touke MOBEPXHOCTH, MOXHO HaWTH )
T
HUPKYISIUI0 d TI0 KOHTYPY I, OTPaHUYUBAIOIIEMY Ty TTOBEPXHOCTb. / 212 2
Jl51s 3TOTO pa3o0beM MOBEPXHOCTH HA Mallble AS . BBuay manocru, ux g S—

MoxHO cuntaTh mockumu. Iostomy AC = (rot a)nAS —rotd-AS.
Torma C = Z AC, = Z rot a; -A§i , @ IIPU CTPEMIICHHH ASi K HYJIIO, OJIy4YUM

§a dl = I rota-ds - Teopema CToKca.
() (S)

3,[[601: S - OTO NOBCPXHOCTb, OTPaHUYUCHHAsI KOHTYPOM F .
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87.0mneparop Had.IA.
grad p=Vg; diva=V-a; rota=Vxa.

V - onepatop, neifcTByromuii Ha Bce BEIUYMHBI, CTOSNIME CIOpaBa OT Hero. llogyuum
HEKOTOpbIe (HOPMYIBI, NIEHCTBYS C OIIEpaTOpoM (GOPMAaIIBHO.

grad (¢-y) = V(py) =yVo+¢Vy =y -gradp + ¢- grady

div(pd) =V(pd)=Ve-a+¢@p-Va=grade-a+¢-diva

: o o° 07
divgradp=V-(V-9)=V-V.-9p=V’p= + 2 4
gradp=V-(V-9) 0=Vp=| Tt 7t

'
A—onepamop Jlannaca

p=Ag

rotgradp=VxVep=(VxV)p=0
divrota=V-(Vxd) =0, tax xax cMemanHOoe MpOM3BEICHHE PaBHO OOBEMY MPH3MEI,

KOTOpI)II\/’I o6pan1aeTcsI B HOJIb, €CJIK JBa BCKTOpa U3 TPEX COBIAJAAIOT.

rot rotd=Vx(Vxd)=V-(V-d)-V?-d=grad divd—Aa

311ech MBI HCTIONB30BaIH GOPMyYITy: @ X (6 X (_f) = 6(9: . 6) —C (a . 6) :

OtmeTuM, 4TO BBIBOJ 3TUX (GopMyn He siBhsieTcss cTporuM. OH TOJIBKO JaeT BO3MOXKHOCTb
MIPENIOJIOKUTD PE3ybTaT, Uil YBEPEHHOCTH UX HYXKHO MPOBEPATH CTPOTON MaTeMaTUKOM.

N3 bopmymsr divrota=0 cnenyer, uro FOt 8 me nMeer ncrounnkoB. MiMeHHO 103TOMY B
teopeme CTOKCa MHTETrpal OT pOTOpa MO MOBEPXHOCTH OMPEEIISAETCS TOIBKO OTPAaHUYUBAIOLIUM €€

KOHTYpOM F .

§8 uI/IQK!JIﬂ!!Plﬂ H POTOP IJECKTPOCTATHYICCKOI'O I10JIH.

9J'IeKTpOCTaTI/ILIeCKI/IC CWJIbl KOHCCPBATHUBHELI, T.C. UX pa60Ta II0 3aMKHYTOMY KOHTYPY paBHa

nymto. OTcrofa cneayer:

if E . dr = jrot E . d§ =0 o mo6oit TMOBEPXHOCTH S, OIPAaHUYEHHOM KOHTYPOM I s
() (S)

9TOI'0 CJIEAYCT: I’Ot E = 0 - MICPBOC YPABHCHUEC IJICKTPOCTATUYCCKOTO T10JIA.

™

89.Teopema I'aycca U TUBepPreHUMs JIEKTPOCTATHYCCKOrO MOJIS.

—

Paccunraem notox E uepes cepy pamuyca I' s mons Toueunoro

3apsina (:

2
fEdS = q §d_S: g 4”! _a
r- 4z, r &

=
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D10 KOMMUecTBO MuHKH, HaunHatommxcs (umu npu ( < 0 3akamumBarommxcs) Ha 3apsje qg.

—

3naunT, MOTOK E uepes mobyio 3aMKHYTYIO MOBEPXHOCTH, BHYTPH KOTOPOil B JIH06OH TOUKe
HAXOJUTCS TOYCUHBIH 3apsan ( , pasen ( / &oy-

IIycTs BHYTpPH 3aMKHYTO# moBepxHOCTH Haxomutcss N Toueunsix 3apsmoB. Torma moTox

N
_ o N N N q Z qi
Bektopa E Gyner pasen: D = § EdS = §(Z E; )dS = Z_' —i=l
i=1 i=1 &y &y

—

D10 Teopema Iaycca: motok E uepes 3aMKHYTYIO TOBEpXHOCTh paBeH aireOGpaHuecKoi

CYMME 3apsJI0B, 3aKJIFOYECHHBIX BHYTPH 3TOU MOBEPXHOCTH, JEICHHON Ha & .

Ecnu 3apsn pacnpenienieH HEMpephIBHO, T.€. 3aJjaHa MJIOTHOCTH 3aps/ia p(f) = dq /dV :

L1
§ EdS :—j odV
&y
C npyroit ctopoHbl, U3 TeopeMbl OcTtporpaackoro-I'aycca cieayer, 4To MNOTOK qupes
MOBEPXHOCTh PaBEH
fEdS = [divE-dV
(S) V)
ITO CrIpaBeVINBO IS TI060iT oBepxHOCTH, mostomy IV E = v
€y
Oto muddepennmanbaas dopma TeopeMbl [aycca (2-e¢ ypaBHeHme MakcBemia I

AIIEKTPOCTATUKH).

810. BpluncJieHHe 10J1eH ¢ MOMOIILI0 TeopeMbl ['aycea.

1. Beckoneunas 3apsLKCHHAA IIJIOCKOCTD.

HYCTB IMOBCPXHOCTHAA IINIOTHOCTL 3apsZia Ha INNIOCKOCTH paBHaA

O = dCI/ dS. Mocrpoum mapammenenmmen, Tak dYTO ILUIOCKOCTH /

pacCcCKacT €ro IoIIoJIaM. 3 C006pa)KeHI/II71 CUMMCTpUHN CJICAYCT, YTO

—

BCKTOP E B 1000 TOYKE HaIlpaBJICH MNCPHCHAUKYIISIPHO IINIOCKOCTHU

(ot mee, ecmu 0 > 0). Torga motok uepes GOKOBBIE TPAHU PaBEH HYIIO.
O

(DE = Q/EO = 0+2ES =065 /80 = E= 2— (TIo7Ie OTHOPOJTHO)
€o
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2. BeckoHEeUHBIN 3apsyKEHHBIN LIWIUHID.

[Iyctp nuHElHas IUIOTHOCTH 3apsiia  paBHA A= d(]/ dl.

IloctpouM  LMIMHAPHUYECKYIO  IIOBEPXHOCTb  TakOro  BHUAA,

IPOXOJAILYI0 Yepe3 ucciaenyemMyro Touky. M3 cummerpum criemyer,

—

yro E wanpanen mo I B miockocTH, HeprneHIHKYIAPHOH OCH

—

muinHAapa, mpuicm ‘E‘ 3aBHUCHUT TOJIBKO OT paCCTOAHUA OO OCHU r.

3anumem Teopemy [laycca: (DE = Q/ &y TloToK vepe3 BepXHUI M HWKHUM KPYTH PaBEH HYIIIO

—

(r.x. muamn E ux we «apoteikaror»). Ha Gokosoit mosepxuoctn E mapamnenen dS .

ﬂ:§|§d§:E§dS:E.2m—h, E-2zth=ihlg, = e A1
&y na0wads 27[80 r
60K0601

3. OOBEMHO 3apsKEHHBIN 11ap.

—

N3 cummeTpun cienyer, 4To E B mo6oii Touke HANpaBJIEH MO0 PaaANyCy W

—

Moxyds E 3aBucur Tonmeko ot I'. MbiciaenHo mposexeMm cdepy pamuycom I ¢

eHTpoM B Touke O.

Hr<Rk
ﬂ=§Ed§=E§dS=E- Amr? = E-dar® :pfﬂﬁ/go —~E=F" ¢
80 naowaos 3 380
chepr

Hocxoanyp=%,To E:4i7z'80¥ (mpu I £ R). -
’ .
!

r>R, E-4m*=Qlg, = E= Q iz ! ",

Arg, r \ ;

v P\ 7

Ipu I' = R 06e popMyisl 1aroT 0/1MH U TOT %e pe3yibTaT. ——

Ey

A

19



i1aBa 3. DJeKTpUYecKoe 1MoJie B ANIJIeKTPUKAX.

§l IloasipHBIE U HEMOJISIPHbIE MOJIEKYJIbI.

JIMPJIEKTPUKA — BEIECTBA, HE CIIOCOOHBIC MPOBOAMTH AIIEKTPUUYECKHH TOK. MeanbHBIX

JUDJIEKTPUKOB HE CYIIECTBYET, HO PEAJIBHBIC AUDJIEKTPUKU IIPOBOJAT TOK B 10% pa3 xyxe, 4yem
IIPOBOTHUKH.

Ecnu oudnexkTpuk BHECTH B DJICKTPUYECKOE IIOJIE, TO 3TO IIOJE€ M CaM JUDIEKTPHK
MIPETEPIEBAIOT U3MEHEHHUS. JTO MPOUCXOIUT MMOTOMY, YTO B COCTaB aTOMa BXOJSAT OTpHULATENbHbIE
AJIEKTPOHBI U MOJIOKUTEIBHOE A1p0. Beskas MosieKyna UMeeT CyMMapHBIi 3aps/l, paBHbIN Hyr0. Ee
pa3Mepsl Masbl, IO3TOMY Ha MaKpPOCKOIMYECKUX PACCTOSHUAX €€ IO0JIe SBISAETCSA IOJIEM IO,
«IIIIOC» KOTOPOTO HAXOIUTCS B «UEHTPE TSHKECTH» IOJOKUTEIBHOIO 3apsAjna, a «MHUHYC» - B

«UEHTPE THKECTH» OTPULATEIIBHOTO.

VY cummerpuunbix mMoneky (H 0 02 : C02 U T.I.) LIEHTPHI IUTFOCOB M MUHYCOB COBIAJAIOT, U
JUIOJIBHBIA  MOMEHT paBeH HyM0. Takue MOJEKyJdbl Ha3bIBAlOTCS  HEMOJSAPHBIMH. Y
HECHMMETPHYHBIX MOJEKYJ (HZO,SOZ, NH , W T.IL) LUEHTPBI IUIKOCOB U MHUHYCOB CIBUHYTBI

OTHOCHTENLHO ApPYr apyra. Takue MOJeKymnbl 00J1alaloT COOCTBEHHBIM TUTIOJHHBIM MOMEHTOM M
Ha3bIBAIOTCA MOJSPHBIMU. B a5ekTprueckoM mosie moJisipHble U HEMOJISPHbIE MOJIEKYIIbI BEyT ceOs

no-pa3HomMy. B HemonsipHbIX MOJ JeHCTBHEM MO IUIIOCHI U MUHYCHI pa3/IBUTAIOTCS, U MOJIEKyJa

pHOGpEeTaeT MUIMOJBHBIA MOMEHT, BeJMYMHA KOTOPOro mporopuuoHanisHa F: P = ﬂEOE (p

—

Ha3bIBaeTCs IOJISIPU3YEeMOCThEO MOJIeKynbl). [lpu cHsatuu mnons [) wucuesaer. [oBopsr, d4TO

HEMnoJIApHasi MOJIEKyJIa BeIeT ceOs B MoJie, KaK YIPYTHil TUOJIb.

—

HOJ'I}IpHBIe MOJIEKYJIBI B I10JIC E IMOBOPAYUBAIOTCs, CTPEMACH BCTATH I10 ITOJITO. Hx I[I/IHOJ'IBHHﬁ

MOMCHT HC€ 3aBHCHT OT E, IIO3TOMY TI'OBOPAT, UYTO IOJIApHAsA MOJICKYJIa BCACT cebsg B I10JIE, KaK
JKECTKUM JUTIONb. CTpOFO roBops, pasaABUKCHHUC IIJIIFOCOB U MUHYCOB IIOJ HeﬁCTBHeM II0JIAA TAaKOKC
IIpOUCXOOUT, HO 3TOT 3(1)(1)6KT HpeHe6pe)KI/IMO MaJl B CPAaBHCHUH C BJIMAHUCM ITOBOPOTA MOJICKYIIL.

§2. Moasipu3anus IHIJIEKTPUKA.

B OTCYTCTBHC BHCIIHCIO II0JIA ,HHHOHBHLIﬁ MOMCHT JUOJICKTPHKA PpaBCH HYIIHO. Ilon

JIeiCTBUEM E AUBJICKTPUK TOJIAPUIYETCA, T.C. €0 JUIIOJIBHBIM MOMEHT CTAaHOBUTCS OTJIMYHBIM OT
HYJIA. B kauectBe XapaKTCPpUCTUKU CTCIICHU MOJApU3allUd OUIJICKTpUKAa CCTCCTBCHHO B3ATb

JUIIOJBHBIM MOMEHT €IMHMIIBI oobema. Ecnm mone wim AUBJICKTPUK HCOOHOPOAHBI, T.C. CTCIICHb

1

MOoJIAprU3allv B PA3HBIX TOYKAX pa3Hasi, TO Ha30BEM nonﬂpmauneﬁ BCIIMYHUHY P = — Z rj , TAC

AV v
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CyMMHpOBaHHE BeleTcs Mo (usmuecku OeckoHeuno manomy obbemy AV . P masesaercs
MOJISIPU3ALIACH.

Y msotpommsIx musnextpukos moboro tuna P = kg E, tne kx # f(E) - 6espasmepnas

BCJIIMYMHA, Ha3bIBacMasi I[PISJICKTpH‘-IGCKOﬁ BOCIIPUUMYUBOCTBIO JUBJICKTPUKA.

Kn
Tposepum pasmeproctu: [ P] = K- m, [P]=— =[g,E], xax n nomxuo Gprre.
M

§3 IloJ1e BHYTPH AM3JEKTPHKA.

3apsapl, BXOJAIIME B COCTaB MOJIEKYJ, Ha3bIBalOTCS CBs3aHHbIMH. [lox neiicTBuem E OHHU
MOT'YT TOJIBKO HEMHOI'O CMEIIAThCA OT IOJIOXKEHUSI PAaBHOBECHUS, HO HE MOTYT IOKHHYTb MOJIEKYITY.
3aps/pl, HE BXOJSIINE B COCTAaB MOJIEKYJI, Ha3bIBAIOTCSl CTOPOHHUMHU. [loJie B TudneKTpuKe sSBIsSETCS
CyIIEpIIO3HUINEN TIOJIEH, CO3JJaHHBIX CBSI3aHHBIMH u CTOPOHHUMU 3apsiaMHu:
Emukpo = Ecmop + Ece}w'

MUKpOCKOIMYECKOE MOJIE CUIBHO MEHSETCA B Ipelerax MEXMOJIEKYISPHBIX PacCTOSHUM.
[TockompKy CBs3aHHBIE 3apsfbl €1I€ W JBHXKYTCS, TO OHO MEHSETCS M CO BpeMeHeM. B kauecTBe

XapaKTEPUCTUKH TOJIsI BO3bMEM I0JI€, YCPEIHEHHOE MO (U3MYECKd OECKOHEYHO MalloMy O0beMy:

—

E = <E > = <E >+ <E > = Eo + E'. 3nech E - MakpOCKOIHUYECKOE TMOJIE, Eo -

MUKPO cmop C653
—

_>l
BHEIIIHEE, TOJIe CBA3aHHBIX 3apsAloB 37ech M janee OydaeM o6osHayaTe F . TMonspusanus P-

MaKpOCKOIIMYECKasi BEIMUHMHA, M03ToMy B opmyny P = K&‘OE BxoauT umenHo FE . B Bakyyme

E-E,-(E

cmop > )

84. O0beMHBbIC U IOBEPXHOCTHBIE CBA3AHHbIC 3aPSI/IbL.

KOF,Z[a AUDJICKTPHUK HE IIOJIIPHU30BaH, TO p': O n @ @ @

T QI
QT
OTINYAIOTCA OT Hyns. VI3 puUCYyHKOB BHZIHO, 4TO Ha @ @ @ 6 &@'

IrpaHunax AJUBJICKTPHKAa BO3HHKACT M30BITOK 3apsaa0B Po—— P p——
oudIeKmpux ousneKmpur

o'=0. Ilpu nonspuzanuun O " m HHOrga ,0I @ @ @

R | =

:;1 l .

1
OJIHOTO 3HaKa, T.e. O #* 0.

]
Mo>xHO nokKasarb, 410 O = Pn =K80En’ rac Pn u En - HPOCKOHWU HA HOPMAJlb K

—

IOBEPXHOCTU BEKTOPOB P n E BHYTPH AUIJICKTPUKA. HOBTOMy TaM, Tac En > O, T.C. CUJIOBBIC

1
JIMHUU BBIXOJAT U3 NUBJICKTPUKA, o > O nu HaO60pOT.

OObeMHass TIOTHOCTh CBA3AHHBIX 3apAM0B U1l OOOMX THIIOB JIMDIEKTPMKOB OKa3bIBACTCS
} . . L=
PaBHOIA: p'=-VP=—divP
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E_LPTP
)

1
U3 teopemsl 'aycca V ,Te O - CTOPOHHSS IUIOTHOCTb 3apsiioB, O - CBSI3aHHAs.

Torma p'=-VP =-V(kg,E)=—¢,(EVk+xVE) =
p'=—6,EVK—kp—Kp = ﬂ:——l—QJ?VK+m»
1+x

3naunt, P'#0, ecnm a) mmonextpux meommoponmen, T.e. VK #0; 6) ects croponnue
sapsnel, T.e. P # 0.

§5 BekTop 3j1eKTPUYECKOro cMelleHHus .

E_LPTP
&g

(*).

HcToyHnKOM 1OJIA CITy’KaT U CTOPOHHHUE, U CBA3AHHBIE 3apsbl: div

_ ' _
Dra popmyna Heyl00Ha I HaX0XKIeHUs BekTopa [ , Tak kak O’ 3aBucur ot F .

BBesem BcrioMoraTenbHYIO BETHYUHY, UCTOUHHKAMH KOTOPOM SIBJISIOTCSI TOJBKO CTOPOHHHE
. _ . o
sapamel. Hoacrasue B dopmyny (*) p'=—VP . nomxyaum le(&‘OE +P) = p. 3uaunr,

MCTOYHMKAMH 3TOM BEIMYMHBI SABIIAIOTCS TOJBKO CTOPOHHHME 3apsaasl. O603HaUMM & E+P=Dun

OyJZieM Ha3bIBaTh €€ JECKTPUUCCKUM CMEIICHHEM (MU DJICKTPUUECKOM WHTyKITHEeH ):
D=¢,(1+x)E

Hazosem BermmunHy € =1+ K 0THOCHTENIBHOI IMANEKTPHUECKO# POHUIIAEMOCTBIO CPEJIbI:

— —

D=¢-¢,-E

Msbl paccMaTrpuBaeM H3OTPOMHbBIE JUAIEKTPUKH  (CBOMCTBA KOTOPHIX HE 3aBUCAT OT

— —

HaHpaBJ’IeHI/IH). B Hux D napauiiciicH E . B aHM3OTPOIHBIX 3TO HE TaK: B HUX & SABISIETCA

TCH30POM.

Mpl MMOJIYYHJIN (1)OpMy.]'Iy le D = IO , TOr’Ia TCOpcMa Faycca B MHTCTPAJIbHOM BHUAC BBITJTIAJIUT

TaK: §I3-d§=qcmop=jp-dv

IToTok QJICKTPUYICCKOTO CMCIICHUA 4YCEpe3 3aMKHYTYHO IIOBCPXHOCTb PpPaBCH CYMMC

3aKIIIOYCHHBIX BHYTPU 3TOH MOBEPXHOCTHU CTOPOHHUX 3apA0B.

Mo>KHO BBECTH JIMHUHU SJICKTPUUCCKOTO CMCHICHUA. JInanm E HAYMWHAIOTCA U 3aKaHYHUBArOTCA

—

1 Ha CTOPOHHUX 3apsaax, U Ha CBA3aHHBIX, 4 JINHUN D - TOJIbKO Ha CTOPOHHHUX, a YCPEC3 CBA3AHHBIC

OHHU IMPOXOJAT, HC ITPCPBIBASICH.
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86. IToJie BHYTPH ILI0CKO# AUIJIEKTPHYECKOMH IJIACTHHBI. +45 -0 +&G° -4
o w‘-—'-\-‘\-r"-l
ITom  neiicTBHeM — MOJIS  JMOJICKTPUK — MOISIPU3YCTCS, 4 [bp ,__+“ -
BOSHMKAIOT CBS3aHHBIC 3apsasl O . BHyrpu mwsnmextpuka ¥ |1~ o B |
E = EO + E'; IIPOEKTUPYS, ITOIYIUM + |- o | -
+ |- 3 i -
c o o 1

E=E,-E'=E,-—="-Z="(c-0") d nam +—f -
go go 80 go + - - \ o -
. + |- S -
Msb1  BOCMONB30BATUCh  (DOPMYJION  HANPsHKEHHOCTH TOJS B P | I . _
II0cKoM KoHxercarope E = o/ &y + “"‘ - e | B

Hapucyem nueun FE, HauMHaommecs Ha ILTIOCAX,

KOHYAroImuecd Ha MUHYCax. Bre JAUBJICKTPUKA E = EO .

. o)
Yurgs 0 = K&, En = K}E‘OE , IOJIy4YUM E= EO - = EO —kE, OTKyZa

&
E: EO :E
l+x &

T.€. TIOJIE B TUDJICKTPUKE OcabeBaeT B € pas.

Paccanraem D: D =gg,E = g,E; = D,, 1.e. D nenpepoisen.

(o)

&
HaﬁHeM HOBerHOCTHYIO ITIJIOTHOCTBH CBA3AaHHBIX 3ap${z[0B:

@EO :(8—1)80£:g—1

o'=k&E = o

g g & &

MoskHO C€JIaTb BA>XHOC 0611[66 YTBCPIKACHHUC: CCIIN O,HHOpO,I[HBIfI n HSOTpOHHBIfI JUDJICKTPHUK
HOJHOCTBIO 3aHUMACT IHNPOCTPAHCTBO MCXKAY ABYM:A 3SKBUIIOTCHHHUAJIBHBIMH IIOBEPXHOCTSAMU, TO

HAIIpsSDKCHHOCTL IMOJIA B JUIJICKTPUKE II0 MOAYJIHO B € pa3 MeHblIE€ HaNPsHKEHHOCTH II0JIA

CTOPOHHHX 3apsioB E, B 9T0ii Touke (T.€. TOi, 4T0 ObLIa O3 AMIIEKTPHKA), U COBIANACT C HeH M0

—

Hanpasnenuio, a D = &,E, (1.e. octaercs Tem ke, 4T0 ObLI).

Ecnu st YCJIOBUA HAPYUICHBI, TO D * 80 EO N MOXKET OTJIIMYATbCA

<+ L
OT Hee ke TI0 HalpaBJIeHHo (PUMEpP Ha PUCYHKE CIICBA).
+G = =, R
OTMeTHM, YTO IOJIE E' moxer ommmuarscs /“'!-k
OT HYIs JaXe BHE JMIJICKTpUKA, T.e. U TaM “diel E
= = \.\_e.zdz =3
E # E, (cm. pucynox cnpasa). E
o (cM. pucyH pasa) :



§7 YcaoBHSI HA TPaHHUIIE ABYX AMAJEKTPHKOB.

BriBesieM ux u3 ypapHenuii IOt E= 0, div D= p0.

1) TlocTtpouM  KOHTYp  HHTETpUpOBaHUS.  Berauciaum

X

LM
S

LUAPKYJSIUIO 110 3TOMY KOHTYpY IIO 4acOBOW  CTpEJIKE:

fEdI =E,a-E,a+(E,,,)20—(E,,,)2b

1,6epm 2,6epm

VYurs, 4To j: E|d| = I rot E. d§ =0, u, ycrpemus D x Hymo (arobr moTydHTH yCIOBHS Ha

D D
IpaHuULE), TOJIyYUM Elx = E2X = X T2
& &

—

Ha rpaHuIC ABYX JUIJICKTPUKOB KaCaTCJIbHAA IIPOCKIHUA BEKTOPA E HCIIPECpPhIBHA.

2) Bynem cuMTath, YTO MOBEPXHOCTHAS IUIOTHOCTH CTOPOHHUX 3aps0B HA TpaHUIE pPaBHA

Hymto0. [TocTpouM HUIMHAPUYECKYIO TOBEPXHOCTD. iy
n,
divD=p, &,=Q=0=
Dln]_S + D2n2 S + < D60K06>S60K = O 8/ h -DT TpaHHIa

Verpemus Nk mHymo, momyuum: D1nl + D2n2 =0. Ecm

= = -
paccMaTpuBaTh NPOEKIMH Ha OJaHy W Ty ke ock (M wm N,), D

—

nomyunm: Dy, =D, (mwm gE =¢&,E, ), Te nopmamsnas npoexums  Bexropa D

HeIpepbIBHA.

BBIBOZ!Z Ha I'paHUIEC ABYX OUDJICKTPHUKOB HCIIPCPBIBHBIMU SABJIAIOTCA KaCcaTCJIbHAsA KOMIIOHCHTA

—

E 1 HOpMaJibHass KOMIIOHCHTa D .

88. CerHerolIeKTPUKH.

CerHeTosneKTpUKH - 3TO BEIIECTBAa CO CIIOHTAHHOHW (CaMONPOU3BOJILHOM) MOJSpU3alueld B
OTCYTCTBHE BHEIIIHErO MOJISI.

OTnuuus OT OCTAJIBHBIX AUAIEKTPUKOB:

1) oueHnp OoJjbluas AUANEKTPUYECKas MPOHHIACMOCTh & (TOpsIKa THICSY, a Y OOBIYHBIX
nopsiKa eJMHUL);

2) 3aBHCHMOCTb TONSPH3aNMH P OT HANPSHKEHHOCTH BHEIIHErO
nons F wenuneiinas, T.e. £ 3aBucur ot E ;

3) cymecTByer rucrepesuc, T.e. P 3aBucut He TonbKO OT F B

JIaHHBIH MOMCHT, HO U OT NPCABICTOPUH. B YaCTHOCTH, IPU U3MCHCHUU

E B Pa3HbIC CTOPOHBI ABUKCHUC TPOUCXOIUT 1O PAa3HBIM KPUBBIM. ""f‘v =
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4) TIpu E =0 coxpansercs Tak Ha3piBaeMas 0CTATOYHAS MONAPH3AIMS; C APYTOHl CTOPOHEL,
nossipu3anys obpaiaercst B HOJIb pu HekotopoM 3Hadenun E. # 0. D1o 3HaueHue HasblBacTCs

KOSPLUTHUBHOM cUJION (MMelTe B BUAY: 3T0 He cuia!l IIpocTo ncnonb30BaHo Takoe CI0BO).

5) CerHeTosNeKTpUKH MO TOBEACHHIO TOXO0XKM Ha (eppoMarHeTHkd. B HUX Toxe ecTbh
JOMEHBI, T.€. 00JIaCTH CO CHOHTaHHOH nossipu3anuen. s Kaxka0ro CErHETOIEKTPUKA CYLECTBYET
TEeMIlepaTypa, BbIIIE KOTOPOM BCE OTH CBOICTBA HCYE3alOT M OH CTAaHOBUTCA OOBIYHBIM
JTURJIEKTPUKOM. JTa TeMIieparypa Ha3biBaeTcs Toukoil Kropu.

T'1aBa 4. IIpOBOAHUKH B YJIEKTPHUYECKOM I10J1€

81. DyeKTpHYeCcKoe [MoJe B IPOBOAHUKAX.

B npoBonHuKax MHOro cCBOOOJHBIX 3apsiioB (IEKTPOHOB). Eciy KaxkIplif aTOM OTHAeT XOTs
Obl IO OJTHOMY JIEKTPOHY, TO KOJIMYECTBO 3TUX 3JIEKTPOHOB B OJHOM MoJie Oy/AeT UMETh MOPSIA0K
yrcna ABorajpo. CBoOOHbBIE IEKTPOHBI CIOCOOHBI NIEpEMEIIaThCs Mo JeMCTBUEM CKOJIb YTOJHO
MaJjoOi CHJIBL, TOATOMY JJsi PaBHOBECHUS 3apsAJOB B IPOBOJHHUKE JOJDKHBI OBITh BBIIOJHEHBI

CIIEyIOIIHE YCIOBUS:

1) Bcromy BHyrpu mposogamka E =0; ecim 651 3T0 ObUIO He Tak, TO OIEKTPOHBHI

—

nepeMenaiuch Obl IOT JEHCTBUEM E , 1 paBHOBECHS 3apsiI0B HE ObLIO OB,

—

2) Ha IOBEPXHOCTH BekTOp E mapaiienen Hopmaim (Ta %e MPUUMHA);
3) Bce n30BITOYHBIE 3aPS/Ibl HAXOIATCS Ha TIOBEPXHOCTH MTPOBOTHUKA;

4) Bce TOUYKH MPOBOJTHUKA UMEIOT OJJMHAKOBBIN NMOTEHIINA, T.K. JJIs JIIOOBIX TOYeK | u 2
4, 2. o
pi—g, =22 - [E-dT =0
q 1

Ecou BBIPE3aTh BHYTPCHHOCTH IIPOBOAHHMKA, 3TO HE OTPA3UTCA HA PacCIlOJIOXCHHHU 3apsaa0B

(OHI/I BCC Ha HOBerHOCTI/I), a E = O . Ha sToM ocHOBaHa QJICKTPO3alruTa OT BHCHIHUX HOJ'IGfI,

eHympu
T.€. BHYTPH 3aMKHYTOH NpOBOJIIEH MOBEPXHOCTH IOJIE BCErja paBHO HyI0. BHemHee moie
KOMIICHCUPYETCS BO3HMKIIMMH Ha IOBEPXHOCTH 3apsjamMH, T.€. 3apsipl Ha IOBEPXHOCTH
IIPOBOJIHUKA IMEepepaclpesieisiioTcs TaK, YTOObl CBOMM I10JIEM KOMIIEHCHPOBATh BHEIIHEE BO BCEX
TOYKaX BHYTPH IPOBOJHMKA. =9

OKpaH MOJKHO JIeNaTh U U3 JJOCTaTOYHO I'yCTOM CETKH.

82. HanpsizkeHHOCTD 110JIS1 YV IOBEPXHOCTH IMPOBOAHMKA.

Hapucyem nosepxHocTs ais Teopemsl ['aycca. - —O

§5d§:q = 8-80'E-AS=(7-AS, OTKyZa

CJICAYCT, UTO HAIIPS)KCHHOCTD IIOJIA Y IOBCPXHOCTH ITPOBOJHUKA 8 POBOHAK
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(o)
pasna E =——, rjie € - nmonexTpuueckas NPOHUIIAEMOCTb OKPYKAKOLIEH CPEIBI.

&,

Haiinem cuity, NOEHCTBYIOLIYI0 Ha 9JIEMEHT IIOBEPXHOCTUM IIpoBoAHMKA. OHa He paBHa

—

IMPOU3BCACHUTIO (O AS : E , KaK MOXKCECT IIOKa3aTbCA Ha HepBLIfI B3I 1. BGI[I) E CO31acTCA BCEMU

3apsJaMM Tella, B YaCTHOCTH M 3apsazamu miomankd AS | a omu camu Ha ceGs neiicTBOBaTH He

MOTYT.

JIns HaxoXeHWs cuibl Hajgo Haiitm E, cosmaBaemyro Bcemm 3apsimamm, kpoMe 3apsijioB

—

mnomanku AS . Tlone B moGoif TOUKe €cTh CYNEpHO3HIHS OIS El, CO3/IaHHOTO TUIOMIAJKON U

—

EZ’ CO3JaHHOI0 BCEMU OCTAJIBHBIMH 3apsiaaMu. B Toukax A u B Y HNOBEPXHOCTHU ITPOBOJHHKA

— — — —

BEKTOP E2 OMH W TOT Xe€, a El':—El. B Touke B EB = E1+ E2 =0 (rak xak BHYTpH

—

nposoauuka), T.e. E, =—E;, Torma E, =2E,, re. E,=E,/2, a ucxomas cuna pasna

= 2
Eioos 7 q=2%5
2 2&¢

0

F=0-AS-E,=0-AS-

2¢¢,

K sToMy ke pe3ynbTaTy MOXKHO IPHUITH, BOCIOJIB30BAaBIINCH (GOPMYION Al HAPSHKEHHOCTU

O — —
u yenosuem E, =—E, .

1oJ1s1 0ECKOHEYHOM 3apsHKEHHOM TUIOCKOCTH E1 = 5
EE,

§3 HOTEH!!I/IaJI YEAUHECHHOI'0 IIPOBOAAIIICTO IIapa.

PaccmorpuM mpoBomsmuii  map paauyca d, 3apsyKEHHBIN
sapsmoM Q. W3 Teopemsl I'aycca MOXKHO JIETKO IIONYyYHTb, 4TO

HAIps>KECHHOCTH IIOJIA BHE HIapa TaKas K€, KaK B ClIyda€ TOYCYHOI'O

3apsaa. HOSTOMy " pacClipCaCICHUC MMOTCHIHAIA CHAPYXXU TAKOC KE:

(¢ = ———, npudeM 3T1a GopMyIia CpaBe/UIMBa U Ha CaMOM IIOBEPXHOCTH LIapa.
Are ¥

Kak TFOBOpUJIOCH PaAHEC, BCC TOYKH BHYTPHU IIPOBOAHUKA HMCIOT OIII/IHaKOBHﬁ IIOTCHL A,

Q

paBHLIfI NOTCHI ANy IMOBCPXHOCTHU IIapa @m = 4— HNmenHoO INO3TOMY MbI HMEEM IIPpaBO
TIE Ha

TOBOPUTb HC O KMOTCHOHUAJIC TOYKH», a O «KIIOTCHIHUAJIC HIapa» (B O6H.[CM

cJIydyac «HpOBO,Z[HI/IKa») — BCJIb OH BO BCCX TOYKAX IIapa OAWH U TOT XKC.

BHyTpu 1mapa HanpsyKeHHOCTh TOJsL paBHa Hymio. [paduk

4

3aBUCUMOCTHU HANIPSZKECHHOCTH OT KOOPAWHATBI 1/1306pa>1<eH Ha PUCYHKC. 0 Y >
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§4 MeT01 3epKAJIBLHOI0 0TPAXKEHMSI.

CripaBeisIuBOCTh 3TOTO METOJA JOKa3bIBACTCSI C IOMOIIBIO TEOPEMBI O E€AUHCTBEHHOCTH
pelleHns. IpU OINpeAeiaEHHbIX TPAaHUUYHBIX ycioBusAX. [lpu 3amaHHOM pacrpeneneHuu 3apsiioB
BHYTpUM O0OJACTM M TNOTEHLMAJIOB Ha €€ TIPaHULE CYHIECTBYET TOJIbKO OJHO pelIeHHue ISl
AJIEKTPOCTATUYECKOTO MOJISl. DTO 3HAYMT, YTO, €CJIM Mbl HAlJIEM KakOe-TO pacHpelesieHue IMOoJei,
o0ecrieynBaromiee 3adaHHOE paclpelelieHHe IOTeHIMala Ha TpaHule, TO OHO U Oyaer
€IMHCTBEHHBIM PELICHUEM.

Meto1 npuMeHNM, HarpuMmep, KOrja B 3ajaue UMeeTcsl OeCKOHEeUHasi MPOBOIAIIAs TNIOCKOCTb.
Ecnu mone co3nmaercs TONMBKO 3apsjiaMu, HaxOISAIIMMMCS NOOIM30CTH, TO TMOTEHIHUAN TOYEK,
OECKOHEYHO yZaJeHHBIX OT HaIIMX 3apsiioB, paBeH HyI0. [I0CKOIbKY MIOCKOCTh MPOBOASIIAS, TO
BCE €€ TOYKM MMEIOT OJMH U TOT K€ IMOTEHIMajl, TakKe paBHbI Hymto. ['paHunamum oOmactu
SBIISAIOTCA OECKOHEUHOCTh U caMa IUIOCKOCTh. Be3e Ha rpanuiax moTeHIuan papeH Hyio. Ecin Mbt
HalijieM 1moJje, obecreynBarouiee 3T0 YCJIOBHE MPH 3aJaHHOM DPACIOJIOKEHUH 3aps0B, TO OHO U

OyIeT pemeHneM.

qf‘
Pacmonoxxum cHMMETPUYHO 3a TUIOCKOCTHIO (Kak M300pakeHHe B & //I ’
P~
i T
TUIOCKOM 3€pKajie) 3apsiibl, paBHbIE HWCXOTHBIM MO BEIUYMHE, HO ;
pkaie) 3apsibl, p 1 ) T IFPRTTV77T
MIPOTHBOIIOJIOKHBIC TI0 3HAKy. JIeTKO BUIETh, YTO MOTEHIMAT B TOYKAX _q" \\;
; ¥g.

IJIOCKOCTH, OMpeesieMblid IO MPUHIUITY CYNEPIO3UINH, OyIeT paBeH
Hyn0. B OeCKOHEYHOCTM OH TOXKE paBeH HYJI0. 3HAYUT, TpeOyemble T'paHUYHbIE YCIOBUS
yIIOBJETBOPEHBI, 1 HUCKOMOE TOJIe B HCCIeAyeMO 00yiacTu (HaJ MIOCKOCTHbIO) WACHTHYHO IOJIO
JAHHOU CHUCTEMBI 3apsi/I0B, KOTOPOE MOXKET OBITh JIETKO PACCUUTAHO.

OTOT METOJ MOXKET ObITh INPUMEHEH M B HEKOTOPBIX APYrux curyanusx. HykHO TOIbKO
mo00paTh BEIMYMHBI U KOOPAMHATHI JTOTIOJTHUTEIBHBIX 3apsiioB, 0OECIEUNBAIONINX BBIIOJHEHUE
IPaHUYHBIX YCIOBUH.

§5 MeT01 3¢pKAJIBLHOI0 OTPAKEHMS B cy4dae mapa.

PaCCMOTpI/IM moJie, co3aaBacMoO€ TOYCUYHBLIM 3apsaa10M q , PacCIlOJIO’KCHHBIM B TOYKC A Ha

pacCcTosgHUM d OT IIOBECPXHOCTH HE3apsDKCHHOIO IPOBOIALICIO IIapa pajgdyca R . B nmannom
CJIydac IOTCHIUAJIbI OECKOHEUHO YAQAJIICHHBIX TOYCK pAaBHbI HYJIIO, a NOTCHIHUAII IIapa HAM ITIOKa HE

n3BecTeH. MBI HaliIeM €0 MO3XKE.

Agq

o 1
ITomecTuM J1ONOTHUTEIBHBIN 3apsan q B TOYKC B BHYTpU
mrapa Ha HpHMOﬁ, COCIUHSIONIECH 3apsna q C OCHTpOM Ilapa, Ha

pacCToOsTHUN X ot TOBCPXHOCTH HIapa.

Torpma nmoreHuuan Touku M IMOBCPXHOCTH 1Iapa, C03J1aBaeMBbIii

sapsnavu (] u (' pasen
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1 (q q)_
dre, AM  BM

»=

1 : N q
4mey | \JR? +(R+a)° —2R(R+a)cosa  /R?+(R—x)? - 2R(R — X)cosa

1
HoxameM, YTO CYHICCTBYIOT TAKHMC 3HAUCHUA q u X , IIPU KOTOPBIX MMOTCHIMAI BO BCEX

TOUKaxX NOBEPXHOCTH I11apa, T.€. IIPH JIIOObIX (X , paBEH HYJIIO:

g _ g
JRZ+(R+a)?—2R(R+a)cosa  ~/R%+(R—x)?—2R(R—X)cosa

3amerum, uto ( u (' uMeroT pasHbIe 3HAKM.

Baenem 0603HaueHne K = Q'/ (., Bo3BeneM 00e yacTu B KBAJIpaT U MOTYUUM:
*+(R-x%)*-2R(R—x)cosa =k*(R*+(R+a)* —2R(R +a)cosa)

DTO paBEHCTBO YJOBJIETBOPEHO MPH BCEX (X , €CJIN BHITIOJIHEHBI /IBA YCIOBUS:

1) R—x=k*(R+a)

2) R* + (R-x)* =k*(R* + (R+a)?).

IMoxcrasnss (R —X) w3 mepeoro ycnoeus Bo BTOpoe, MOJNyunM GHKBAAPATHOE YpaBHEHHE

OTHOCHUTCIIBHO k .

KRR )RR +a) =
(R+a)?

[To teopeme Buera mojaydyum KOpHHU k?=1wu k?=R?/ (R + a)z. IlepBblii KOpEeHb HE

1
noAXOoOUT, MOCKOJIBKY COOTBCTCTBYCT X:_a, T.C. 3apsian q = _q JOJDKCH PacCIOJIOKHUTBCA B

TOYKE A ¥ TIOJTHOCTHIO KOMIICHCHUPOBATb HCXO,Z[HLIﬁ 3apsd. Mgl ke He BIIpaBC paciojararb

JOIIOJIHUTCIIBHBIC 3apsa/bl B camMou 06J'IaCTI/I, TOJIKO BHE ee! HOBTOMy OCTAaCTCs TOJIBKO BTOPOC

pewenue. ITockonbKy 3HaKU C]' u ( npoTUBOIOJIOXKHBL, TO k=—R/ (R + a) . IIpu sTOM
R? aR
x=R-k?*(R+a)=R- = <R
R+a R+a

O603HauNM (R + a)/ R= f, Torna K =—1/§; Q'Z—C]/f; X= R(ﬁ—l)/é:; a= R(f—l).
Teneps yurem, yro map OblT HE 3apspkeH. Pacnonoxum 3apsi C]"= — C]'= C]/ f B LIEHTPE

mapa, TOTJAAa CyMMAapHbIM 3apsj 1iapa paBeH Hymo. [Ipy 3TOM moTeHHMan BO BCEX TOYKAxX

MOBCPXHOCTU IIapa  YBCIUYHUTCA Ha OJHY H Ty IKC BCJIMYHNHY U 6yIICT paBCH
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-9 _ 9 '
dre,R  Ams,R &

HE3apsAKCHHOIO 1Iapa.

DTO U €CTh OTBET HA MOCTABJICHHBIM paHee BOIPOC O MOTEHIHAJIE

Pu =

Hanpumep, ecnni  TOYEUHBIN 3aps HAXOOUTCS OT IIOBEPXHOCTH IIAapa HAa PACCTOSHUU, PABHOM
pamaycy, 10 £ =2, X=R/2, '=-q/2.
n 1 1
ITockoseky 3apsael ° m ( paBHBI IO MOym0, HO (' Gumke k 3apsany (, To pesyabraToMm

Bceraa OyJeT NpuTsSKEHHE.

Harmre pe€IICHUE TOAUTCA W I Cliydas 3apsKCHHOIO miapa, MpoCTO B LHCHTP MNPUACTCA

TIOMECTUTB 3apsJ| APYroi BemwumHbl I1ycTh m3HauaneHo map umen 3apan Q. Torma B ero meHTp

nomectum 3apsan '=Q —Q'=Q + 4 .

S

Haitnem cuny B3auMo el CcTBUA.

_ a0 q _ as
_47rgoR2(§2+(x/R+§—1)2) Ars R(fz(Q 5 (X/R+¢&— 1)2)

Ota cusa OyJeT MOJIOKUTEIBHOU, eCITr Q > QO, rae
2 4 2 _
_q ( 3 SO | S ) P )

Sy “el@y ) ey

13 BBHIIECKA3aHHOTO CJEAYeT, 9YTO NpH MalblX BenMuMHAxX 3apsga mapa Q  Gymer
NIPUTSKEHHE, KOTOPOE CMEHHTCS OTTAIKMBAHMEM TOJBKO NpH HpeBblmeHud 3apsgom  Q
HEKOTOpPOTO 3HAYECHUS Qo (manpumep, mpu a =R, 1e. £=2, Qo =7Q/ 18). Nnaue rosops,

moxa Q < QO, JIBa OJTHOMMEHHBIX 3apsiia OynyT nputsaruBarbes! Heoxxunanuerit pesynbrar!

§6 3J1€KT[20€MKOCTI> YCAVMHEHHOI'O IIPOBOJHUKA.

MoxHO [MOKa3aTb, 4YTO 3apsa[ YCAWHCHHOI'O IIPOBOAHHMKA BCCrJa IMPONOPHUOHATICH €TI0

MOTEHIMay BHE 3aBUCUMOCTH OT (opMbl. KoappHUIMEeHT MponopIHOHaIbHOCTH MEXAY 3aps/ioM U

ITOTEHIIMAJIOM [TPOBOJHHMKA HA3BIBAETCS AIEKTPOEMKOCThIO: (] = C(D, C= q / Q.

Jlid 1apa noJrydum: Cm = 47225‘80 Rm

PasmepHOCTB [C] =1@ (dapama) — 10 emkocTs mapa pammycom 9 .10° M, T.e. 1500
panuycoB 3emin. 1 @ — o4yeHb KpyIHas €AMHUIA, T0ATOMY MOJIb3YIOTCS €€ A0IsIMU: MUuKpodapana 1

Mk®=10"° @, HaHO(apaa 1 nd=10" o, nukodapasa 1 nd=10""
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87. KoHaeHcaToOphbl.

VYennHeHHbIE IPOBOIHUKU UMEIOT MAIYI0 EMKOCTb, HallpuMep, eMKocTh 3emin — 700 mx®. Ha
TIpaKTUKe TpeOyroTCs ycTpoiicTBa, HakammuBaromme 3apsa. Iockonsky = C@, 1o yem Gombime

€MKOCTb, TEM OOJIBbIINI 3apsi]] HAKOIIUTCS.

Konpnencarop — aBa npoBoAHMKA, TOMELIEHHBIX OJIM3KO APYr K Apyry. @opMa UX TakoBa, YTO
BCE IMOJIE COCPENOTOYEHO BHYTPH: IUIOCKHE, MIIMHIApUYeckue, chepudeckne. CHIOBBIE JIMHUU
HAYMHAIOTCS HA IUTIOCaX M KOHYAIOTCS Ha MUHYCaX, 3HAYUT, 3apsAbl OOKIAIO0K PaBHBI IO MOJIYJIIO.
EMKocThIO KOHJEHcaTopa Ha3blBaeTcd KO3(D(PUIMEHT NPONMOPHHOHAIBHOCTH MEXIYy MOJIYyJIeM

3aps/ia OQHON OOKJIAJKU M Pa3HOCTHIO TIOTEHIUAIOB MEKITY OOKIIAIKAMU:
-9, U
C ompenmensercs GopMoil M pasMepaMH KOHJIEHCATOpa, a TAKKE IUIIEKTPUYECKUMHU

CBOWCTBAMM CpEJBI.

o)
1) Tnockuit koHencatop: E = ——=—— - xax mome y + 40 4 +
EEy EEYS
d
MTOBEPXHOCTHU IIPOBO/IHUKA. B OJHOPOJIHOM oJie v ! \
d £, - 67 T
U=Ed= R ,OTKy,I[aC:&: 0=
EEYS U d

2) HwHIpu4ecKuil KOHIEHCATOP. @
A

ITo teopeme I'aycca mist BekTopa 5 ws b<r<a: D-2arh= Ah,

D a_ _ a
E_ D _ A U= —p,=[Ed =] Adr 4 na. h
&gy 2meg,l b b 27meg,N  2meg, b

q 27egl @

=— roe | - nuna TUIUHAPA.

U Ina/b
Aree,RR,
3) AHanoruyHo s chepUUECKOro KOHACHCATOPA MOTYIHM: C = o o o ae R2 u
Rz -
R1 - paaurychsl OOMbIIeH U MeHbIIeH chep.
#r
Konnencaropst MOT'YT COCIUHSITHCS i T 1 A — |
il s Us v Ly i

MapajulelbHO WM TOocienoBarenbHo.  Ipu Y Y —-‘j“""“
napauIeJIbHOM COCJIMHECHUU pa3HOCTHU “ ]

OOTCHIHAJIIOB MCXIY 06KJ'IaI[KaMI/I Y BCEX KOHACHCATOPOB O AMHAKOBBI. O6H.IHI>1 3apsa paBCH

=249, =2C (o, —9,) =(p, — 9,)2C,

30



Emkocts Garapeu pasna C = q/(¢, —¢,) =>.C, , T.e. npu napauieabHoM COeIMHEHUH

KOHACHCATOPOB €MKOCTH CKJIQJbIBAIOTCS.

Ha pucyHnke cnpaBa noka3aHo HOCJI€I0BaTEIILHOE COEIMHEHUE KOHAEHCATOPOB. @,
[Tpu momemennu 3apsina + ( Ha BEpXHIOW OOKIIAAKY MEPBOr0 KOHAEHCATOPA HA €T0 g
R———
. 6" [} v 'Idi '
HIDKHEH OOKJaJke MHAYKIMOHHO MOsiBUTCA 3apsan — (] (mpuuer cHu3y), TOraa Ha g
] *q
BepxHel oOKiagke BTOporo ocraHercs 3apsn +( u 1.0, CrienoBaTenbHO, OpU (,}."""""""""'
-7
o ]
IIOCJIE/IOBATEIbHOM COE/IMHEHUU BCE KOHJIEHCATOPbl MMEIOT OJMHAKOBBIM 3apsl. .
L]
Hanpsoxerne na kaxgom u3 Hux U, =Q/C, . Cymma Bcex >Tux HampsokeHwHit |
k k g
6’” i LR
% . —_ e U e _— "¢
paBHa MPUIOKEHHOU PAa3HOCTH NMOTEHIUAIIOB: (D) — P, K q , OTKyJa
k %
MoJlyyaeM — = ZC—, T.e. TIPU TIOCJIEIOBATEILHOM COCIMHECHUH CKJIAJIBIBAIOTCS] BEIMYMHEI,
k

00paTHBIE EMKOCTSIM.

88. DHeprus JIeKTPUUYECKOr0 MOJIsl.

1) DuHeprus 3apsHKEHHOTO MTPOBOIHUKA.

5 1
Panee ™Mbl BbIBenn (QOpMyNNy MOJHOW SHEPTrUU CHUCTEMBI 3apsIOB Wp =— J ,OngV

2

(popmyna(**) § 4 I'm.1). [oTeHmamsl BceX TOYCK MPOBOIHUKA PABHBI, TIO3TOMY

2

1 qe C¢® ¢
W ==pfdg=92 -2 _
p=50lda=" =" =g

1
2) DHeprus 3apspKCHHOTO KOHJeHcaTopa. Pa3oObem uHTErpan Wp ZEI ppdV  ma gge

):qU _Cu* ¢’
2 2 2C

. . 1
YacTH — JJIs1 OJJHOM U Jpyroi oOKJIaI0K: Wp = E (q o+ (—C|)¢2

3) DHeprus 3ACKTPHUYECKOTO MOJIS.

PaccmoTpuM mtockuil KOHAEHCATOD:

_CUZ_EgOSUZ_ﬁ u ZSd_ggoE2

WP
2 2d 2 \d 2

Vv

2
Ho ects u ¢opmyna Wp =q / 2C . I'me xe cocpeOTOYEHA PHEPIUs: B 3apsajgax WIH B

HpOCTpaHCTBC? B paMKax 3JICKTPOCTATHKU HA 3TOT BOIIPOC OTBCTUTH HC YHAACTCA, HO IICPEMCHHOC
IOoJIC MOXCET CYHICCTBOBATHL OTACIBHO OT 3apsia0B (BJ'IGKTpOMaFHI/ITHBIC BOJ'IHBI). 3Ha‘-II/IT, OHEPTHUid

COCpCAOTOUCHA B CaMOM II0JIC. OO0ObeMHas IMJI0THOCTh OHCPTHUU — SHCPIUA CAUHHUIBI oObeMa:
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W, &gE* ED D?
\Y 2 2 2eeg,

Haiiyiem sHepruro moJis 3apsKeHHOro MpoBOIAIero mapa paanyca R ¢ sapsagom ( :

[e 0] 2 o0
W = [wav =20 [E2dy =0 [ 1 yeqmzgr= 4 frozgr -
2 2 R 4regy v 8rgeg, R

2
8msey R 24mss,R 2
H_J
P
[Monyunmnu mpexHiow GopmMyay i DHEPrUU, UYTO TMOATBEPXKIAeT (akT pacrpeesieHust

SHEpPruM B MPOCTPAHCTBE (B MOJIE).

T'j1aBa 5. IHHocTOSHHBIN YJIEKTPHYECKUH TOK.

81. DyleKTPpUYEeCKHUN TOK,

DNEKTPUYECKUN TOK — 3TO YIOPSIOYCHHOE IBMIKEHUE IJICKTPUUECKUX 3apsaaoB. Cuiia Toka —

MOTOK AJICKTPUYECKOTO 3apsia, T.€. 3apsil, MPOXO I Yepe3 MOBEPXHOCTh 3a 1 CeKyH Y.

TOK MOXET HepeHOCI/ITBCSI ITIOJIOKUTCIIbHBIMU %1 OTpI/II_[aTeJ'II)HBIMI/I qacTUuLaMmn:
_dg, dg
— E + I 33. HaHpaBJ'IeHI/Ie TOKa HpI/IHHTO HanpaBneHHe OB CHUSA TITIOJOXHUTCIBHBIX

3apsAa0B, XOTd 4Yall€ BCETO HOCUTCIIAMHU TOKa SABJIAIOTCA JJICKTPOHBI, 3apsXCHHBIC OTPHIATCIBHO.
O,Z[Ha H Ta X€ ChJIa TOKa COOTBETCTBYET ABUKCHHUIO IMOJIOXKUTEIIBHBIX 3apsAa0B B OJHY CTOPOHY HJIN

OTPULATCIIBHBIX — B IIPOTUBOIIOJIOKHYIO.
IImoTHOCTE TOKA J - BCKTOp, MOAYJIb KOTOPOro paBC€H OTHOUICHHIKO TOKa YCpPE3
PACIIOJIOKCHHYIO TICPIICHAUKYIIAPHO K HAIMIPABJICHUIO JIBUKCHUSA HOCHTEIeH IJI0MaaKy K €€

- i d
IJ1omaamu: J = dl /dS . J HaIIpaBJICH 110 ABHIKCHUIO ITOJIOKUTCIIbHBIX 3apsAa0B.

FCOMeTpI/I‘{CCKI/I pacnpeaciicHuC TOKOB MOKHO I/1306paBI/ITL C MOMOIIBIO JIMHUM TOKa,

AHAJIOTHMYHBIX CHUJIOBBIM JINHUAM.

I = _[ JdS , T.€. CHJIa TOKA — 9TO MMOTOK BEKTOPA INIOTHOCTU TOKA J qgepe3 NMOBCPXHOCTE.

IycTs B enuumie 06bema conepxurcs N wactui ¢ 3apsaom € u N~ wactun ¢ 3apsiom € .
Ecym ux cpemaue ckopoctu paust U n U ,10 J =€'NU +e Nl =pU0 +p U .

Ecau I HC 3aBUCUT OT BPEMCHH, TO OH Ha3bIBACTCS INOCTOAHHBIM TOKOM: I = q /t .
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Cuma toka m3mepsiercs B Awmmepax: [I]=1 A. DTo ocHOBHas eAMHHUIIA, €€ ATAJOH MbI
OTIPEJICIIUM B TJIaBe, MOCBAIICHHOW MAarHUTHOMY TIOJIFO.

§2. YpaBHeHHE HENPEPLIBHOCTH.

= 1~ d
§jds = ——q - MHTETpajbHas 3alluCh YPaBHEHUS HENpPepbIBHOCTH. 3xech (- 3apsaz,

dt

HaxoJs1uiics BHyTpu o0bema V.

= i~ d ap
dS =——[ pdV = —-[LdV
] dthd Iat

g 0
[Tpumenum teopemy Octporpazackoro-I'aycca: j dIVj dv =— _f Epdv , OTKyJIa
V) V)

div ] -9 YPaBHEHHE HEMPEPLIBHOCTH.

ITo cytu, 5TO 3aKOH COXpaHEHHMsI 3apsjia: CKOJIKO 3apsja BBITEKIO 4epe3 MOBEPXHOCTh, Ha

CTOJIBKO YMEHBIINJICS 3aps]l BHYTPH.

Ecnu minotHOCTH 3apana O HE 3aBUCUT OT BPEMEHH, TO div ] = 0. D10 3Hauut, uTo BEKTOP

J HE HMMECT HMCTOYHHUKOB, T.C. JIUHHMHM TOKa HHUIJC HEC HAYHHAIOTCA M HE 3aKaH4YHBarOTCs, OHHU

3aMKHYTBI CaMH Ha ceOsl.

8§83, DaekrpoaBmxkymas cuiaa (I10).

Bo-nepBbix, 310 He cuna! Tak ke, Kak cuiia TOKa, CHJIa CBEeTa, Cujia 3Byka U T.n. Hukakoro
OTHOIIEHUSI K HbIOTOHaM !

Jlia mojzep)kaHusl TOKa Haao pas3lessTh 3apsiabl. Hampumep, neTH CKaThIBAIOTCS C TOPKH.
UYepes kakoe-TO BpeMsi UX Ha Topke He ocraHerca. YToObl MpOAOIIKaTh 3TO YAOBOJBCTBUE, UM
MIPHUIETCS IOTHUMATHCS HaBEPX, MPUYEM 3TOT MOABEM OYAET OCYHIECTBIATHCS MPOTUB CUIT TSKECTH.
JInbo HAZO MATH MEUIKOM, TOrAa paboTalOT MYCKYJbI, MO0 (HAa JOPOTUX 3UMHHUX KypOpTax) €CTb
mudT, Torma paboTaeT DdJeKTpuueckas TAra. Tak W B Cllydae OdJIEKTPUYECKOTO TOKa,
AIIEKTPOCTATUYECKUMU CHUIIAMHU Pa3leNuTh 3apsaabl He yaacTesa. Heobxonum yyacTok, Ha KOTOpOM Ha
3apsAabl JEUCTBYIOT CHIIBI APYTOM MPUPOBI — MEXAHUYECKUE, XUMUYECKHE, JaKE NIEKTPUIECKHUE, HO
He snekTpocTtatnyeckue (!), a BuxpeBble (0 HUX OyJeM FOBOPHUTH MOTOM). DTHU CHJIbI HAa3bIBAIOTCS
CTOpOHHMMHU. VX MOKHO OoXapakTepu3oBaTh paboToH, coBepiraeMoil umu B nenu. 9JIC — pabora,

coBepuiacMad CTOPOHHUMU CUJIaMU HaJl CAUHHUYHBIM ITOJIOKUTCIIbHBIM 3apsaI0OM B 3aMKHYTOI7I OCIH
HJIM Ha YYaCTKE: &= Acm /q . HOHHTHO, qTo 3[[(:, KaK U pa3HOCTb NOTCHOUAIIOB, H3MCPACTCA B

BonbTax.

O6mas padoTta no nepemerenuto 3apsaa ( u3 Touku 1 B Touky 2 paBHa
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Aoﬁu; - Acm + qJ. Edl = Acm + q(¢1 _¢2) = qng + q(¢l _¢2)
BeJII/I‘H/IHa, YHCJICHHO paBHad pa6OTe, COBeleeHHOfI CTOPOHHHUMHU U SJICKTPUYCCKHUMU CHJIaMU IIPU

[IEPEMEIICHUN €AUHUYHOIO IIOJIOKUTEIIBHOIO 3apsiia, Ha3bIBA€TCs IAJCHUEM HAIPSOHKECHUS, WU
HanpsxenneM Ha ydacTke: U L=Q —@Q,+&,.

Y4acTok, rae He [JeHCTBYIOT CTOPOHHME CWIbI, Ha3bpIBacTCs OJHOpOAHBIM. Ha Hem
HanpsKeHHe PaBHO pasHocTu notennuanos: U =0 —Q,.

84. 3akon Oma. ConpoTuBJICHHUE,

3akon Oma: cuja ToKa IpsiMO IPONOPIUOHAIbHA MAJICHUI0 HAMPSKEHUS:

I=2.U=U/R.
| _¢1_¢2+81

2
B neonHopoiHOM yuyacTke 3akoH OMa UMeeT BU/I: R . Ecnu nens 3aMkHyTas,

&
0@, =@, ul = R’ rae & - cymmapHas DJIC B nenm.

Ha omnopomnom yuactke u3 (*) cimemyer, 4To cWjia TOKa MPOIMOPIIMOHAIbHA Pa3HOCTH
MOTEHINAJIOB MEXK]y €r0 KOHIIAMH.
Ko3(h(GUIMEHT NpONOpIHOHATEHOCTH 2 Ha3bIBAETCS MPOBOIMMOCTBIO, a R - amexTpideckum

CONpPOTHBIICHHEM. X m3Mepsiercs B cumencax (Cum, S ), a R - B omax (Om, Q).

|
= ﬂ, rae | - pina MPOBO/IA, S - mromane ceuenms,

npos S

p - YACIBHOEC COIIPOTHUBJICHUEC MaTCpHraa.

ConpoTHBJIeHHE NPOBOAa paBHO R

Haiinem cBsa3p Mexay | wu E = HU30TPOITHOM

) 2!
IPOBOJHUKE (B HEM | TapajulelnbHa E, B o6mem cnyuae as
\

5To He Tak). PaccMOTpHM y4acTOK TOKOBOM TPYOKM IJIMHOM \(L' S P |
dl U IJI0IMaAbK0 CCUCHUA dS . E
1Y g2 d s Bl o jitenjotE—seE
R ds odl yo, yo,

e o =1/ L - yIelbHas IPOBOJUMOCTb.

310 3akoH OMa 1711 OTHOPOJAHOTO ydacTka B U epeHIaabHoi popme.
Pe3ucropsl TOXe MOTYT COEIMHATHCS MAPAJUIENBbHO, KOTZIa BCE OHM HMMEIOT OJHO U TO XKe

HAaIIpsPKCHUC, U TTOCIICAOBATCIIBHO, KOTd BO BCEX TCKYT OAWHAKOBBIC TOKH. Jlerko YGCI[I/ITLCH, 4qTo
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Inpru nocjaeaoBaTCJIbHOM COCAWMHCHUHN CKIIAABIBAIOTCA COIIPOTHUBIICHUA, a IMpU MHapalJICIbHOM —
IIPpOBOANMOCTH.

85. Pa3BerBieHHble nenu. [Ipasuaa Kupxroda.

Pacuer pa3BeTBICHHBIX IIENIEH TPOMU3BOAUTCS C MOMOIIBIO ABYX IpaBui Kupxroda.

1)Anrebpanyeckasi CcyMMa TOKOB, CXOJISIIUXCS B y3JI€, paBHA HYIIO.

VY3en — Touka, B KOTOPOM cxoautcs 0oiee IByX MPOBOTHUKOB. TOK, BXOISIIUN B y3€II,
OepeTcs C IUTI0COM, @ BBIXOISAIINNA — C MUHYCOM.

DTO paBUJIO BHITEKAET U3 3aKOHA COXPAaHEHUS 3apsia.

Ero moxxHo 3anucats mis Bcex N y3710B 11€1u, HO He3aBUCUMBIMU U3 HUX Oyzaet Toiabko N-1, a
B OJTHOM OHO BBITIOJTHSIETCS aBTOMATUUECKH.

2) Bropoe mpaBuIio cripaBeyTMBO JIJIsl TF0O0TO 3aMKHYTOTO KOHTYpa. Eciu mpoidTu 1o KOHTYpy

Y Ha KaXJIOM HEPA3BETBICHHOM y4acCTKe 3amucath 3akoH OMa, TO MOIyIrM

2L R =2¢&

k k

PaccmorpuM  3aMKHYTBIE  KOHTYD,
SIBJISTIOIMIACST 4YacTbI0 KaKOH-TO OOJIBIION
cXeMmbl, ® 3amumeM 3akoH Owma g
YEThIPEX YYACTKOB:

|1R1 =0 =@, &

I,R, =9, —p, — &,

- |3R3 =Q;—@Q, T &,

FLZAN
|4R4:¢4_¢1+84 84' . g‘,

[IpocymmupoBas oti ypasenus, nonyaum > |, R, =3 &, . Mbl nokasanu BTropoe npasmio
k k

Kupxroda.

I[Ipu srom Tokam u OJOJIC Hajgo mNPUNKCHIBATH 3HAKHM B COOTBETCTBUM C BBIOPAHHBIM
HarpasjieHueM o0xoja. Eciu TOk HampaBieH MO HampaBJICHUIO 00X0/1a, TO OH OepeTcs C IUIFCOM,
ecnu nmpoTuB - ¢ muHycoMm. DJIC Oepercs C IUIFOCOM, €CIM OHA «CTPEMHTCS» THAThb TOK IIO
HarpaBJIeHUI0 00X0/1a, T.€. B ciIydae, H300paKCHHOM Ha PUCYHKE,

& Oepercsi C MUHYCOM.

B paccMOTpPEHHOM HaMH KOHTYpe ¢ MuHycoM Gepytes |, €, &, . + |

HaHpaBHeHI/IC TOKa B KaXJIOM HCPA3BCTBJICHHOM YY4CTKE, a TaKikKe |=

HaIlpaBJICHUC 06XOI[8. 3aMKHYTOI'0O KOHTYpa MOXKHO BLI6paTB IMPOU3BOJIBHO. 2

. HanpasiacHue o0xona
KOHTprI .]1106]:16, HO 00s13aTEIIbHO 3aMKHYTBIC. Yucao He3aBUCHMBIX YpaBHCHUU
u3 2-10 IpaBHJia Kprroq)a paBHO Pa3sHOCTH MCKAY YHUCJIOM HCU3BCCTHLIX TOKOB U KOJMYCCTBOM

ypaBHeHUH U3 niepBoro npasuia Kupxroda (4ucio y3moB MUHYC OJUH).
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§6 MeTo1 KOHTYPHBIX TOKOB.

BBII[GJIHCM B OCIH OTACJIBHBIC 3aMKHYTLIC KOHTYPBI,
IIPUNKCHIBAs KAKIOMY M3 HUX OIPEJEICHHOE 3HAa4YCHHE
«KOHTypHOTO» TOKa. Ilocie »TOro 3amuchiBaeM BTOpOE
npasuiio Kupxroda st kaxa0ro u3 KOHTYpOB, CUHTasl CUITY
TOKa B 3JIEMEHTAaX PABHOW aiareOpanyeckoil cymMMe TOKOB
KOHTYPOB, YaCTAMUH KOTOPBIX SABJIACTCSA I[aHHBIﬁ 3JIeMeHT. B
3TOM TMOJAXOJE OTHaJaeT HEeoO0XOAUMOCTh 3alHMCBhIBAHUS

nepBoro nmnpaBuwia Kupxroga, uYTO 3aMETHO YyMEHbIIAET

YUCJIO HEU3BECTHBIX M ypaBHEHMU. VX KOJIMYECTBO pPaBHO
YUCITYy KOHTYpOB.

PaccmoTpuMm ans nmpumepa cienyrouryto cxemy. Ilpu pemenuu 3anaun nmo Mmerony Kupxroga
MBI JOJDKHBI BBECTH 8 HEM3BECTHBIX TOKOB B Ka)XKIOM KOJIEHE M 3alUCaTh CTOJIBKO )K€ YPABHEHUH,
13 KOTOPBIX 4eTbipe (5 y310B MuHyc 1) sBisioTcst nepBbIM mpasuiioMm Kupxroda, a ocraBmuecs
YETBIPE — BTOPBIM.

[Ipu penIeHn: METOIOM KOHTYPHBIX TOKOB BBOJISTCS YETHIPE KOHTYPHBIX ToKa J, +J,,

KOTOpbIe U OyAyT HEM3BECTHBIMHU. JIJI1 HUX 3aHMCHIBAIOTCS YEThIPE YPaBHEHUS, UTO CYILIECTBEHHO

MEHBIIIE BOCBMHU:
RJ,+R,(J;—-J,)+R,(J; - ;) =&, - &,
RJ, +R,(J, - J)+R,(J, - J)=¢, +&,—¢
Reds + R, (I = 3) + R, (I J,) =&
ReJ, + R, (U, —J5) +Ri(J, - ) =6 — ¢
BeipaxkeHus Ui pe3ylbTHPYIOLIMX TOKOB B KaXJOM DJIEMEHTE MOHATHBI M3 HAIMCAHHBIX
ypaBHeHuil. 3Haku DJIC onpenesnstoTcs Tak ke, Kak U Bcerza Bo BTopoM mpasuie Kupxroda, T.e.
IUTIOC, €CJIM XOYeT F'HaTh TOK B HaIlpaBJIeHUU 00X01a.
Yem ciokHee cxema, T.e. yeM OoJibllie B HEl y3710B, TeM Oouibllie OyAeT BBHIMIPBHILI B YHUCIE

YpaBHEHUM.

87. Momnocth ToOKA. 3akoH JIxkoyasa-Jlenna.

PaccMOTpUM MPOU3BOJIBHBIN y4aCTOK IIEMH, K KOHIIAM KOTOPOTO MpuiosxkeHo Hanpsikenne U .
3a Bpemsa ! uepes nmomepeunoe ceuenne mposojHuka npoiaer 3apan ( = | -t. Dro 3mauur, uro

Takoi 3apsaa nNepemei ¢ OJJHOTO KOHIIAa y4aCTKa Ha ,Z[perfI, T.C. IOJIC U CTOPOHHUEC CHUJIbI COBCPIINIIN

pa6ory A=qU = IUt. 3nauur, mommnocTs pasna

P=A/t=1U=(p,—p,)l +&,l
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Eciu B cucteMe HET MEXaHHMYECKOTO JABMOKCHHUA U KaKuX-1100 XUMHYCCKUX npoueccoB, TO

paboTa MJIET TOJILKO Ha HarpeBaHue:
2
Q=U-1-t=1°Rt - s3akon dxoyas-Jlenua.

Q - KOJIMYCCTBO TCIJIOTHI, BBIACIIICMOC B IIPOBOAHHUKE COIMMPOTHUBIICHUCM R.

[lepeiinem k quddepenunansHoit popme: paccMOTpUM —
Tpy6Ky ¢ Tokom mmuHoit Ol 1 cegenmem dS. as -
Al ) ==J
dQ=RIdt = e jdS)2dt = pj?dIdSdt= pj2dVdt E
_dQ _ o 3
0,0 =55, = P - zaxon [Ixoyns-Jlenna B maddepennuansaoin  gopme. 3aeck (-

dvdt
yaelbHas (Ha eIUHUIY 00beMa) TEII0Basi MOIIHOCTD.

§8 HanpsizkeHue Ha 3a:KHMAaX HCTOYHHMKA TOKA

OHBIT IIOKa3bIBA€T, 4YTO HpI/I HpOTCKaHI/II/I TOKA HNCTOYHHK TOXEC Hal"peBaeTCﬂ, T.C. B HEM
BBIJIENIACTCS. HEKOTOPOE KOJMYECTBO TEIoThl. Torga w3 3akoHa Jxoyns-Jlenua crmemyer, 4to
HCTOYHHK HWMEET HEKOTOpoe (Tak Ha3bIBaeMOE «BHYTPEHHEe») compoTuBieHue I, u paborta

CTOPOHHHUX CHWJI IIO MEPEMCIICHUIO 3apaaa q HACT Ha HAIrpeB KakK BHEIITHEH Oe1ur, TaKk 1 KICTOYHHUKA,

re &) = | *Rt + 12rt. Hockomeky g = It, 10 = 1(R+T).

N3 cxembr BHUAHO, YTO HAIIPSKCHHUC Ha 3aKUMax (TO CCTb MCXKIY

toukamu @ u D) pasro U =1IR WIn u,.=&¢-1r.

3anxnc 3a

U3 mocnenneil GopMysbl cileayeT, 4TO IIPH 3aMKHYTOH LENM HANpsKeHHe Ha 3aKHUMax
MCTOYHHMKA TOKa Beerna Menbine DJIC. OHO 3aBHCHUT OT CHIIbI TOKA U TOJIBLKO B IIPEeILHOM Cydae
pasoMkHyTO# nenu, koraa cuna toka | =0, nanpsokenue na 3axumax pasno DJIC.

MHorue AIyMaloT, 4To oGo3HayeHHe Ha Oarapeiike «1,5 B» o3Hauaer, 4To Ha ee 3aKUMAaX
nomxHO ObITH Bcerma 1,5 B. Kak Mbl Bumum, 5To 3a6nyxaenue! Hanpsbkenue ompezensercs
nonydeHHoi Qopmysoi. Takum o6pasom, DJIC & u BHyTpeHHee compotuienue I - 510 1Ba
napamerpa, Kotopsie, Oyayun mogcrasiensl B gopmynsl | =/(R+r) u U =& —Ir (wm

3asic

U ... = IR), no3somnsior naiitu cuiy Toka u HanpspKeHHE Ha 3aKUMaX.

Kak xe nsmeputs 3JIC Oatapeiiku? IlockonbKy Xopouuii BOIBTMETP UMEET OYEeHb OO0JIbIIOE
CONPOTHUBJIEHUE (YTOOBI HE BIMATH HA paclpelesieHHe TOKOB IpU M3MEpPeHHMH), TO MpU
MOJIKJIIOYEHUN €ro K pa3oMKHYTOW Oarapeiike cmia Toka OyaeT O4YeHb Maja, T.€. MOKa3aHHOe

BOJIbTMETPOM HaNpsDKEHUE Ha 3aXuMax Oyaet odeHb Ommsko k D/1C.
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I'1aBa 6. MaruutrHoe moJie B BAaKvyMe.

81. MarnutHoe noJje. OcHOBHbIE (haAKThI.

OmnpiT IIOKa3bIBAET, 4TOo 9JIEKTPUYCCKUE Toku | | I I
B3aUMO/JICHCTBYIOT MeX a1y co00il. B yacTHOCTH, NapanienbHble TOKU TFl >
i 1 2

IMPUTATUBAIOTCA, aHTUIIAPAJIJICIIBHBIC OTTAJIKUBAKOTCH.

W3 cuisl B3auUMOJEICTBHS HA €IUHUIYY JUIMHBI JBYX OECKOHEYHBIX IPSAMOIMHENHBIX
21,1,
I
7 7
Ecmm toxu pasuet |, =1, =1A al=1m,10 F=2-10"H, 1.e. K =10""Tnu/m. Yo6uee

21,1
3aMMChIBaTh Tak: F = &;2,

A |

1 Ammiep (A) — cuja Takoro Toka, 4To JBa OECKOHEYHBIX TPOBOJHHUKA, 10 KOTOPHIM MPOTEKAET

IMPOBOAHMKOB C TOKaMU BBCIACHO IMOHATUC 1 AMHepZ F = k

Ho =4m-107 Tl

TaKOM TOK, PACIIOJIOKEHHBIX MapaJLIEIbHO APYT APYr'y Ha PACCTOSAHUM 1 MeTp, B3aMMOJEHCTBYIOT C

cumoit 2-107" H na xaxmpit METp JUTUHBIL.

1 Kynon (Ku) — 3apsan, npoxoasmuii 3a 1 cekyHAy depe3 MOMepeuHoe CeueHue MPOBOIHHMKA
npu cuiie Toka 1 Ammep.

Mo3kHO cKa3aTh, YTO DJIEKTPUUECKUN TOK CO3JAaeT BOKPYT ceOs MoJie, KOTOPOE MPOSIBISETCS B
TOM, YTO Ha JAPYroll SJIEKTPUYECKUA TOK, BHECEHHBIM B Hero, aeuctByer cuia. [lockonbky
ANEKTPUYECKHI TOK — 3TO MOTOK ANEKTPUUYECKUX 3aps/I0B B HEUTPAJIbHOM cpefie, TO MOKHO CKazaTh,
YTO ABMXKYIIMICA 3aps]l CO3/1aeT MOJie, B KOTOPOM Ha JPYrod ABMXKYIIMNCS 3aps]l AeUCTBYIOT CHUIIBI.

§2. BeKTOp MATHUTHO# MHIYKIHH.

Kak oxapakrepu3oBaTh MarHUTHOE moje B Touke? Hamo BBecTH BeTMYMHY, aHAIOTHUYHYIO
HaMPSKEHHOCTH AJIEKTPUYECKOro 1oJisd. byeM BHOCUTH He MPOOHBIN TOUEUHBINH 3apsii, a IPOOHBII

KOHTYp € TOKOM MaJioro pasmepa. O,I[HaKO, OKa3bIBACTCA, Ha TaKkoM KOHTYD HeﬁCTByeT HE CuJia

—

(paBHOZEHCTBYIOIAs paBHAa HyI0), a Bpamaromuii MomenT N, IpHYeM OH 3aBUCHT OT YIIIOB
noBopoTa KOHTypa. [lo3ToMy METOJ, MCIOJIb30BaHHBIM MPU BBEICHUU BEKTOpPA HAMPSKEHHOCTH

QJICKTPHUYCCKOI'O I10JIs, HC ITOAXOUT.
BBeaem mo oTaenpHOCTH HaIlpaBJICHHUEC U MOYJIb BEKTOpa MarHuTHoOM HHAYKOHUU B.
BeKTOp B NEpHNCHAUKYIIAPCH IMJIIOCKOCTH HpO6HOFO KOHTypa B €ro YCTAaHOBHBIICMCA

COCTOSAAHUH, NPHUYCM Tak, tITO6I>I, TAada ¢ KOHIIa B, BUACTb TOK B KOHTYpPC TCKYHIUM IIPOTHUB

4acoBOi1 CTPCIIKU.

3a BeNIUYHHY ‘B‘ npumem B=N__ /IS - orHomenne maxcumannhoro Bspamaromero

MOMCHTA K MPOU3BCACHUIO CUJIBI TOKA B KOHTYPC Ha €TI0 IJIOoMaab. [B]:1 Tecna (TJ'I)
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83. 3axkon Buo-Casapa-Jlanjaca.

- d R
At0 ananor ¢popmyisl B anexrpocratuke dE = —q3 r.
Arg,r

B 1820 rony buo m CaBap mpoBenu OmIbITHI C NMPOBOJHUKAMHU pa3HOM (opmbl, a Jlammac

Lo 1(dl xT) y
IMpoaHaJIM3UPOBAJI 3THU PE3YJIbTATBI W IOJIYYHIIL: dB :4_—3 - BCKTOp MAarHuTHOH
T r

MHIYKIINH, co3naBaeMoii anemenTom nposoauuka 0l ¢ toxom | B Touke ¢ pammyc-Bexropom T .

84. MoJye 6eCKOHEYHOr0 NPSIMOJIUHCITHOT0 TOKA.,

—

Bocnons3yemes st Haxoxaerus B 3akonom bro-Capapa-Jlamaca:

~

dézﬂl(dlsxr).
Az r

B = [dB, Tax kax Bce 0B mampaBnens! oHaKoBo.

B ﬂo j\dl\ r-sina yo jb da-sina-sin“a il ot 21
r o sina-b’ CAr-b Ar b

3nech caenanbl 3amens: F=b/sina, | =b-ctge, dl =-b-da/sin’«.

IIpumeuanue.

W3meHuB npeaensl HHTErPUPOBAHUS, MOYKHO MOJIYYUTh MOJIE3HYIO (OPMYITY JUIS MOJIS B

MIPOM3BOJILHOM TOUke M, cOo31aBaeMOT0 MPSMOJMHEHHBIM TOKOM JTIF000# niuHb! (AB):

,uOITb-da-Sina-sinza: | M

B = -(Cosa, —cosc.,).
Arr 5 sin® a -b? Arr-b ( ' 2

=)
31ech @, U (L, - yIIbl MEKIY HAlPaBICHUEM TOKA U BEKTOpaMU A\
n3 KpaﬁHHX TOYCK IPOBOJHHWKA B TOYKY Ha6.]-HOI[eHI/IH, b' pacCToOAHUC

OT HEe 10 JTUHUM TOKA. YTJbI MOT'YT OKa3aTbCA U TYIIBIMU: JUIA TOYKH M’

cosa, <0.
85. JINHMM MATHUTHOW WHAYKIMH U UX CBOHCTBA.

—

JInHanu B - OTO B006pa)KaeMLIe KPpHUBBIC, KACATCJIBbHBIC K KOTOPBIM B KaXXJI0M TOYKE

—

COBMA/IAIOT 110 HAMPABJIEHUIO C BEKTOpoM B B 310ii TouKe.
CBoiicTBa IMHUI MAarHUTHOW UHIYKIIMH:
1) HempepbIBHEI;
2) He IepeceKarTcs;

3) OXBaTBIBAIOT CO3JAIOIINH I10JIE TOK U 3aMKHYTbBI CaMU Ha ceos.
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—

Hanpasnenue B maxonsar nmo npasuiny 6ypasuuxa. a) ff\ﬁ b) Al

[IpaBuino OypaByrKa MOKHO MCIIOJIB30BATh B OJTHOM U3 P ~ e %
I

IBYX (POPMYIHUPOBOK: w k %

a) €CJIM TOK KpyroBOM, TO py4uKy OypaBuMKa KpyTUM I10 ! I

—

TOKY, HalpaBJICHHE JIBIKEHHS CaMOT0 OypaBuMKa JacT Harpapienue B

b) eciiu TOK MPsIMOJIMHEHHBIH, KPYyTUM OypaBUYKK TaK, YTOObI OH JABHUIAJICS MO TOKY, TOT/a

—

HaITpaBJICHUEC BpalllICHUA JaCT HAIIPpaBJICHUC B .

§6 IIpyHIMO CYNepNO3ULIMN.

—

Ecu mone co31aH0 HECKOJIBKMMHU TOKaMH, T0 B B m060ii Touke paBHa BEKTOPHOM CymMMe

WHAYKIMH, CO3IaHHBIX B 3TOM TOYKE KaKJIbIM TOKOM B OT/AEJIbHOCTH: B=> Bk .
k

[Ipocreiimme BUABI TIOJICH: 1MOJIe OECKOHEYHOTO MPSIMOJIMHEHOTO TOKA U T0JIE KPYTOBOTO TOKA.

—
e LTS A AB

HHIL CHEPXY

OdeHp NoJIe3Ha aHAJIOTHUS BUTKOB C TOKOM M MarHUTOB. N —

Butok ¢ TOKOM »JKBHBaJICHTCH IMOCTOSAHHOMY MArHury, S

npudem ceBep (N) HaXOAUTCS C TOW CTOPOHBI BUTKA, C KOTOPOW TOK BHJICH

\
\

5+

TEKYLIUM IIPOTHUB 4acoBOU CTPCJIKH. OTa aHaAJIOTHS MOET HCIIOJb30BaThCS npu

HaXO0XKXJIACHHUHN XapaKTCpa BSaHMOHeﬁCTBHH TOKOB ApYyr € ApYroM U ¢ MarouTamMmu.

e —

NusS IIPUTATUBAOTCA. OTOT CI)&KT clIeayer u U3 TOro, 4To COHAIIPAaBJICHHBIC
mapaJiuICJIbHBIC TOKU IIPUTATUBAKOTCS.

87. IoJse ABUKYIIEr0CH 3apsiia.

MarauTHo€ 1oJjie CO34aeTCs BCeMU ABWXKXYIIUMUCA 3apsAlaMU B 3JICMCHTC TOKa dl . CI/IJ'Iy TOKa

-

MoskHO 3amucath B Buae | = JS =€envS. Bekrop nnotHoctn Toka | =€NV u sekrop dl umeror

OJMHAKOBOE  HANpaBICHHE,  IO3TOMY  MOXHO  Hamucarb Idl =Sjdl =enS -dl -v .

Bocnonb3oBaBumich 3tuM, peodpasyem 3akoH buo-Capapa-Jlannaca:
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dN

1(dl' xF) _ 4, e(dl-S-n)(VxF)

3

dB = Lo 225
dr r dr r

3H21‘-II/IT, MaravuTHas MHAYKIUA, CO3aaBacMan ABMXKYIIUMCA 3apa10M, paBHA

= Vxr
B=220"5 *)

rac f - BCKTOD, HpOBGIIGHHbeI B TOYKY Ha6JIIOI[€HI/I$I U3 TOYKH, B KOTOpOfI HaxXoAUuTCsA 4aCTHUIIa.

CJI@I[yGT HMCETb B BHAY, UYTO OJCKTPOMArHUTHBIC BO3MYIICHHA PaACHPOCTPAHAIOTCA C
KOHEYHOH CKOpOCThIO, paBHOI ckOpocTH cBeTa ¢ . llosTomy mosie B JaHHOM Touke Oyzer
COOTBETCTBOBATH TEM MOJIOKEHHIO M CKOPOCTH 3apsijia, KOTOpble cCyliecTBoBanu Ha 7 =1/C

CeKyHJl panblie (I - paccTosHuE OT TOYKH, i€ 3aps] Obul HA 7 CEKyHJ paHbllle, 10 TOYKH, B

KOTOpOil uiercs B ). Takum 06pazom, UMEET MECTO 3ara3/bIBaHNe 3HaYCHU 1oJIsl, TeM Oosbliee,
4YeM Jaliblile OTCTOUT JaHHasl TouKa OT co3jarollero nojie 3apsaa. ®opmyna (*) maet nmpaBUIbHbBIN
pe3yibTaT JMIIb B TOM CiIydae, €Clid MepeMEelICHUEeM 3apsiaa 3a BpeMsi 7, PaBHBIM V7, MOXHO
npeHeOpeyb Mo CPaBHEHHUIO C paccTosiHueM I 10 JaHHOM TOuKu moJis, T.e. ecinu V7 << I'. Otcroga
ClIeIyeT yCIOBHUE CIpaBeIUBOCTH Gopmyisl (*): V << C.

88. 3akoH Ammnepa.

Uto xe HaM JaeT 3HAaHWE€ MArHUTHOW MHIAYKUUH? B siekTpocratuke, 3Has HANpPSKEHHOCTb
o151, Mel Morsii 1o popmyne F = (E maiitu BexTOp cuitbl, neficTByrOIIEH Ha 3apsi1, BHECEHHBIN B

JaHHYIO TOYKY. YT0-TO aHAJOTMYHOE XOTEJIOCH Obl IMETh U B MArHUTHOM IIOJIE. HpaBz[a, 37IeCh BCE
HEMHOI'O CJIOKHEC: MPHUXOAUTCS BBOAUTHE BEKTOPHOC ITPOU3BEACHUC. AHaJ'II/ISI/Ip}IH OIIBITHBIC JAHHBIC,

AMnep caciall BbIBOJZ, YTO Ha Y4YaCTOK IIPOBOJHHKA HHHHOﬁ dl C TOKOM I, HOMGH.ICHHBIﬁ B

—

marautHoe none B, neitcteyer cuna dF = 1(dl x B).

Moayns cunsl Ammepa pasen OF = IBdISin ¢, a ee manpasnenne maxonsr mo mpasumy

—

neBoii pyku: nunud B BXomar B namoHs, 4 maneua - 10 TOKY, OTCTABIECHHBINA GOJBIION MOKAXKET

HaIIpaBJICHUC CUJIBI.

5 CECPRY -
Jnga  mpumepa  pacCMOTPUM — B3aUMOJEHUCTBHE  JIBYX e LB
napamutebHpx nposoanukos ¢ Tokamu: F, = 1,Bl. Torya cuna
I \ \I I
B3aUMOJICICTBUS HAa €UHUILY JUIMHBI paBHA ' : 2
E =t 21,1,
A7 b

OTo0ii (hopMynoit MBI OIB30BATIKMCH PaHbIIIe, KOT/1a BBOAMIN MOHATHE 1 Ammep.
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89. Cuia JlopeHna.
OT0 cuia, IeHCTBYIONIAs Ha 3apsDKEHHYIO YAaCTHILY, JBMXKYILYIOCS B MarHUTHOM IOJIE.

3anuiieM BbIpaKEHUE JUIsl CHIIbI AMIiepa B BUJIE

—

dF, =I1dl xB=S-dl-jxB=S-dl-n-q-VxB
dv

—_—
dN

- dF,

3HAYMT, HA KOKAYIO YaCTHUILy JEHCTBYET Cuila FJ7 » = 4N

=q-(VxB).

Ecnn yaects u anextpoctarudeckoe nore, 1o F, =0qE +(Vx B).
PaCCMOTpI/IM B3aHMOHeﬁCTBHe ABYX TOUYCYHBIX 3apiaa0B, JABUTaOIIUXCA IMapalICIIbHO C

OJMHAKOBOM CKOpPOCThIO V << C Ha pacCTOSIHUU | JpyT OT apyra:

q° 1V’ 1 g F . , V
TR F,= -, Mach — g N =— <<1.
wasn = " 442 " a2 Fo ot T
1 1 1

-7
Met yunu, uto &, =47-107" - = = :
00 9 16 2
47-9-10° 9-10™ cC
OTMeTuM 3TOT BaXXHBIH (DaKT: CKOPOCTh CBETA ONPENENAETCS BCEMUPHBIMU KOHCTAHTAMHU.

810. KoHTYp ¢ TOKOM B MATHUTHOM II0JI€.

ITycts moste ogropoano ( B = CONSt). Ha kaxplii aeMeHT KOHTypa JAeHCTBYET cHila AMIepa:

dF = Idl x B. INoanas CuJa, JEHUCTBYIOIIAs Ha BECh KOHTYp paBHA
F=§1dl xB=1§dl xB=0
Takum oOpazoM, pe3ynbTHpYIOUIAs CHJIa, JCWCTBYIOIIAs Ha KOHTYp J000H QopMbl B

OJJHOPOJHOM II0JIC, paBHA HYJIIO. 39T10 BCpHO IJIs JI000TO KOHTYpa, JaX€ HEC ITJIOCKOTO.

Z[anee OTpaHUYUMCA IINIOCKUMH KOHTYpaMH. Haiigem CYMMapHBIﬁ Bpama}oumﬁ MOMCHT.
HOKa)KeM, YTO 5TOT MOMCHT 6yz[eT OJHUM H TEM KE€ OTHOCUTCIIBHO JIF000H OCH.
HYCTB OChb IICPIICHAUKYIISIPHA INIOCKOCTU KOHTYPA U NPOXOIUT YE€PE3 TOUKY 0.

N:iffxdlf T

St

PaccuutaeM MOMEHT OTHOCHUTEIHLHO TOYKH OI , CHBHHYTOﬁ oT O

O ma b: N'={rxdF =§(r-b)xdF =N -bx{dF =N,

=0

o’

qTo U Tpe6OBaJIOCB J0Ka3aThb.
PaCCMOTpI/IM ILTIOCKUH KOHTYpP B OJHOPOAHOM IIOJIC, MAPAJICIIbHOM IINIOCKOCTH KOHTYpa (CM.

pucyHok). Ciryuail mpou3BOJIBHOTO HAINpaBiIeHHs OJIs OyeT pacCMOTPEH J1aee.
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Hopmans N K KOHTYpY HampaBuM Tak,

I-ITOGI:I, rasa ¢ €€ KoOHIa, BUACTh TOK B KOHTYPC

TEKYIIUM IIPOTUB YaCOBOM CTPEJIKH.
dF, = IBdl, sin &, = IBdy
dF, = IBdl, sin «, = IBdy

Ha pucyHke noka3zansl HanpaBJICHHS CUIT

|

dF1 u sz , HaliICHHBIE TI0 MTPaBWTy JeBoi pyku. Ilpu stoM BekTop B packnansisaem na

—

napaiensHyo u neprnenmukynspayto dl cocrasmsromme B, u B .
dF =1dl xB=1dl x(B, +B,)=1dl xB,
dF, manpasnena ot nac, dF, - k Ham, a 0 MOJTYTI0 OHHM PaBHBL. 3HAYMT, OHH COCTABISIOT

mapy cuii ¢ BpamarimyuM MOMEHTOM, PAaBHBIM IIPOU3SBEACHHUIO MOAYJIA CHUJIBI HA PACCTOAHUC MCKIY

muvu: AN = IBdy - X = IBdS . Unterpupys no scemy konTypy, nonydum

—
ds

Mowment ON naper cun dF, u dF, nanpasnen Buuz. B stom mosxHO
yOeIuThCA, BBHIOPAB OCh, MPOXOJSNIYI0 Yepe3 Touky mpunoxenns cumsl dF .
OtnocutensHo s1oit ocu N paBen mMomenty cubl dFZ. OH HampaBlIeH Tak,

YTOOBI, TJIS/IA C €ro KOHIA, BUJIETh CHITY sz BpaIlaroieil MpOTHB YaCOBOM

crpenku. [lonuslii Bpamaromuii Moment N = §dN TaK)Ke HaIpaBJICH BHU3.

I[Ipu pou3BOJILHON opueHTanuu ol B (He B MIOCKOCTH KOHTYpa) €ro MOKHO Pa3loKHTh

— —

Ha COCTaBJIAIOIIMC: BL’ NEPICHAUKYISIPHYIO IJIOCKOCTHU KOHTYpa, U B napajiCJIbHYIO eﬁ, n

(11

—

paccMaTpuBaTh JeiCTBME KaxIoil cocraBisromedl B ormensHoctd. CocraBnsiomas B, Gyxer

L

—

O6YCJ'IOBJ'II/IBaTB CHJIbI, PACTATHUBAIONINC HUJIM CKUMAIOMINUE KOHTYP. COCTaBJ'ISIIOH_IaH B BCJINYHHAa

(1IN

—

xoTopoii pasaa BSIN & (& - yron mesxny B u Hopmansio x miockoctu koHTypa), 6yaeT co3aBath

BpAILAIOIIMil MOMEHT, PaBHBIi, KaK cleayeT u3 panee usnoxennoro, N = ISBSin« .

—

Vurst, uto N nanpasnen puus, samumem: N =IS(ixB)=p_xB.

Bekrop ISA=P_, rne N - opT HOpManK K KOHTYpPY, HA3bIBAETCS JUIONBHBIM MATHUTHBIM

MOMCHTOM KOHTYpa. Eme pa3 HAIIOMHUM, YTO HOpMaJIb BBI6I/IpaCTC}I Tak, ‘-ITO6I>I, Traada ¢ €€ KOHIIa,

BHUJCTH TOK B KOHTYPC TCKYLIHUM IIPOTHUB YacoBOM CTPCIIKU.
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—

W3 BbIBeNCHHOMW (OpPMYJIBI CIEAyeT MPaBWILHOCTh BBeaeHus B 82 wmoayns B

‘B‘ =N, /IS . Tonoxennto pasrnosecus, t.e. N =0, coorsercrayer yron @ =0, T.€. BekTOp

B HaIpaBJICH II0 HOpMaJMd K KOHTYypY B C€ro YCTaHOBHUBHICMCSA IIOJIOKCHUHM, YCM MbI U

BOCIIOJIB30BAJIUCH B §2, Ompeiesisis HanpaBiieHne Bekropa B.

BrIiBOI: HAa MIOCKKIA KOHTYP B OJJHOPOJHOM MAarHWTHOM IOJIE IEMCTBYET BpalllalOIIUi MOMEHT
N = f)m X |§ Mo>kHO MoKa3aTh, 4TO 3Ta GOopMyJia BEpHA U ISl HETUIOCKOTO KOHTYpA.

HaGmrogaem aHamoruio ¢ 3JIEKTPOCTATUKOW, T€ Bpallalonidié MOMEHT, JEWCTBYIONIMNA Ha
JIMIOJIb, paBEH N = p x E.

§1 1. DHeprusi KOHTYPA ¢ TOKOM B MATHUTHOM I0JI€.

YroObl yBeNMuMTL yron Mmexay P, u B mwa da, mamo cosepmmts paboTy npoTHs
maruutabix cun JA =N -da = p,Bsin « - do . Bospamascs k nepponayatsHOMy MOJNOKEHHIO,

KOHTYp MO’KET BO3BPATHTh 3Ty paboTy, COBEPIIMB ee HaJ KaKuM-HHOymb Tenom. 3uaunt, AA nuer

Ha YBCIIMUCHUC MEXaHN4YeCKOM OHCPIYU KOHTYpPAa B MArHUTHOM IIOJIC!

dw, =p,Bsina-da = W, =—-p, Bcosa +const

—

Ecnu monoxuts koHcranty paHod Hymo, To W _=—P B (8 snekrpocratike Gbiio

mex

W .. munmmanbha, korna P, ™' B . 3uaun, 510 cocrosmue YCTOHYMBOIO PABHOBECHSI.

§12. MarHuTHOE 10J¢ KPYTOBOr0 KOHTYPA € TOKOM.

Jlerko nokasath, ucnosb3ys 3akoH bruo-Casapa-Jlannaca, yto Ha

é:& me
Ar (R? +r%)%°

I' - paccrosiHue OT IEHTpa.

ocH B JII0001 TOUKe rae R - paguyc Butka,

Ecnu e He Ha ocy, To ipu I >> R moxHO momyunts

B= ﬂh’\/1+3cosz 6.

4 rd

1
(B sJeKTpoCTaTHKE HAMPSHKEHHOCTD MOJIS JUIIONS BAAIU OT Hero E = —— P \J1+3c0s’9).

Are, 1

Takum 06pa3oM, U3 MOCIENHUX TaparpadoB CIeayeT, uTo P, - BaKHEHIIas XapaKTEPUCTHUKA,

onpeAciraroas Kak co31aBacMO€ KOHTYPOM II0JIC, TaK U €ro MOBECACHHUEC BO BHCIIHEM I10JIC.
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§13. IpuMepbl AHAJIN32 MATHUTHBIX B3aUMOACHCTBUIA.

1) Ilo nBymM CBOOOIHBIM, CKpELIMBAIOIIMMCS I0J IpPSIMBIM YIJIOM,

MIPOBOJHUKAM TPOMYCKAIOTCs TOKU. UTO OyIeT mpoucxoauTh?

I~

B rtouke K Bekrop B, cosmanmbiii Tokom |, wHampasien

IIPOTUBOTIONOKHO TOKY |,, T.e. cuna Amnepa F, pasna mymo. B touke P

—

Bektop B nanpasnen nox yriom x toxy |,. Pasnoxum B ma B, u B, .
B, maer F, =0, B, mo npasuny nesoii pyku naer nampasnenue cuibi
Ammnepa: B Touke P or nac, B Touke Q — ma mac. 3Haunt, npoBogHuk Ne2

HAYHCT pa3BOpavuMuBaTLCA, TaK 9TOOBI |2 HNMEJI KOMIIOHCHTY, MapalJICJIbHYIO

|1. [TpoBomnuk Nel Gynet Bectu cebs anamormdno. Ho mapamiensHble TOKH

nputsrusatorcs. [loaromy onu OyayT pa3BoOpauyuBaTHCS M OJJTHOBPEMEHHO MPUTSITUBATHCS.

2) [IpssMosinHENHBINA TOK MPOXOJUT MO OCH KpyroBoro. HaliTu cuity ux B3anMoaelCTBUSL.

Jlunus B rtoka |, coBmamaer ¢ kpyroBsiM mpoBoaHMKOM (IO MpaBUITY
Oypasunka B ™M ,)- Tlosromy cuna Awmnepa, neiictyrouias Ha ToK |, J‘ﬂ

7

pasHa Hymo. Haiinem cuny, neiicryromyio va |,. Jluaus B kpyrosoro toka

|, coBmanaer ¢ tokom |,. Tlostomy cuna Amrepa paBHa HYJIIO, T.€. TPETHH

3aK0H HpIoTOHA BBINOJIHEH.

KIIr04?

Hp}I)KI/IHa npeaACTaBJIACT coOoi apajjyicJIbHbIC KpPYIOBBIC TOKH, rt

3) Msrkas crnupaiibHas IpyKrHa CBOOOJHO BHCHT, TaK UTO €€ HIKHUMN _|
KOHEIl MOTPY)KeH B YallKy cO PTYThlo. UTO MpOU30MIET, €cliu 3aMKHYTh

MPUTATUBAOIIUCCA OPYI K APYTY. HPY)KI/IHa COXMCECTCA, €€ KOHCL BBICKOYHNT

U3 PTYTHU, TOK HCYEC3HCT, IPYKHUHA PACTAHCTCA IO JIEICTBUEM CBOCH CHIIBI

A N4

TAKCCTH, CHOBA MNOI'PY3UTCSA B PTYTb, U BCC IMOBTOPUTCH. Hp}I)KI/IHa 6yz[eT
COBCPILIATH TAKHC KoJieOaTelIbHbIC JABHKCHUA (HpLIraTL).

4) Tlydok MOJOXKUTENBbHO 3apsDKEHHBIX YAaCTHIl BIETAET CO CKOPOCTHIO V B OZHOPOJIHOE
maruutHoe nosie B . Uto Oy/leT MPOUCXOTUTH?
a) V.1B. Ha KaXAyl 4actuly naeuctByer cuia Jlopenna X X X

F, =0BV, nanpasnenne koTopoii omnpenensercs NMpaBUIOM JIEBOM X X

pyku. Tak Kak oHa HampasJieHA BCErAA MEPIEHANKYISIPHO CKOPOCTH, TO 1 Td X X X
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ee paboTa paBHa HYNIO, T.e. KHHETUYECKAs SHEPrus OCTACTCS HEU3MEHHOW, a 3HAYUT, U MOIYIb
ckopoctu He Mensercsa. lloatomy u moxyns cuibl Jlopenna He Mensierca. [lon npeiictBuem

IIOCTOSIHHOM CHJIBbI, MEPIEHAUKYISIPHON CKOPOCTH, YacTHULA ABMXKETCSA IO OKPY)KHOCTU PAIUyCOM

2
R _mv (u3 mv =(BV) ¢ yrnogoii ckopocTsio a)zl :ﬂB_
gB R R m

—

0) BekTop CKOpOCTH HampasJieH o yriom k B.
Paznoxum V Ha COCTABJIAIONINE, NAPAIIENbHYIO M IIEPIEHIUKYISPHYI0 MATHUTHOMY HOJIO:

V=V, +V,. Ha V,, marnutaoe mone ue neiicteyer (F, =0), tak uro mswxenue Bmoss

—

MarHUTHOTO TIONsL Oy/ieT paBHOMEPHBIM. B miockoctu, meprnenmukyinspaoii B, V| o6Gecnieunt

myv
JIBYDKEHHE 110 OKPY)KHOCTH paauycom R = L~ . B uTOre, 4acTHIA JIBHMIKETCS 110 CIIMPAIH BOKPYT
JIMHUHN B .
5) Kosb1o ¢ TOKOM BHCHUT Ha IpoBoaax. K HeMy MOJHOCAT MarHUT )
N s
(cm. pucysoK). Uto Oyzmet ¢ Koabiom? N Y
1
[IpaBasi cropoHa KOJbIA SABISIETCA CEBEPHBIM MoJirocoM. [losTomy /

KOJBIO OTTOJKHETCA, ICPEBECPHETCA U HACKOYUT HA MarHuT.

6) Kompllo0 ¢ TOKOM  pacroJI0XKEHO M N
1 1
MoCpeIMHe MarHuta (CM. PpHUCYHOK). Yto Ip | v Ip |
> L]
> 1
MIPOU30MJIET MPU U3MEHEHUH HAIPaBJICHUS TOKa B N ] i
. 1 1
KOJbLE? : :' - !
L
Ecin xoJbI10 HAXOIUTCS TOYHO TOCPEIHHE, B

TO cujia AMIiepa, HaiiieHHas M0 MpPaBUIIY JIEBOM

PYKH, HalpaBJIeHa CTPOTO BEPTUKAIBHO, T.€. CKHUMAET KOJbLO. EcIu 0HO JOCTaTOYHO MPOYHOE, TO
3Ta CHJIa HUKAK He MPOSBUT ceOs, T.€. KOJIbLIO HAXOAUTCA B COCTOSIHMM paBHOBecus. [Ipenmnomnoxum,
YTO KOJIBLIO CJIETKa CABUHYJIOCH OT CEpEAMHBI BrpaBo. Toraa cuina Ammepa yxe He BepTUKAllbHA, a
€e TOPU3OHTANbHAS COCTABJIAIONIAS HANpaBlieHA BJIEBO, T.€. BO3BpAIlla€T KOJIBIO B CEPEAUHY.
3HAuUT, paBHOBECHE YCTONYMBOE, KOJIBIIO B HEM MOXKET OCTaBaThCsl OeckoHewHO aonro. Ecmu
MOMEHATh HampaBleHHEe TOKa, To cuia Ammepa moBepHeTcss Ha 180 rpamycoB. Kombiio Oymer
pactsruBatbes. [Ipm mamom caBure BmpaBo cuia Awmmepa OyIeT HMETh COCTaBIISIONIYIO,
HalpaBJIEHHYIO BIpaBo. PaBHOBecue cTano HeycTOMuMBBIM. KOJBIIO COCKOYMT C MarHura,

Pa3BCPHETCA U CHOBA HACKOYHUT HA HETO.
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7) Menuslii TUCK YKPEIJIEH HAa TOPU30HTAJIBHOM OCH U MOMEIIEH JAS T A AR ST

MEXAY MOJIocaMu MarHuta (cM. pucyHok). HuokHuii kpail nucka

IOTPYXKEH B pTyTh. YTO npousoiier?

—

Maruut naxomurca Huxke ocu. Jluamu B uayr or N k S. Tox

TE4eT Mo JUCKY cHu3y BBepX. I[lo mpaBuily jeBoii pyku cuiia Ammnepa
HaIIPABJICHA BIIEBO, T.C. JUCK HAYHET BPAIIATHCS 10 YaCOBOM CTPEIIKE.

§14 PaboTa, coBepiiaeMasi Ipy nepeMenieHiy TOKA B MATHUTHOM I10JI€.

Ha yuactox mmmnmsl | geiictByer cuma Ammepa |fA (mo mpaBuiy tl
JeBoi pyKH) F,=1BI. Oma COBEpIIaeT pabory e ®F
=1 yod
dA=F,dh=IBldh=1BdS = Id®. ;
—— —
ds A
. N L
oTox Bektopa B wepes mmomanky @ = [BdS nasmmaercs —

MargifmMuTHBIM IIOTOKOM. HaHOMHI/IM, YTO IIOTOK JIFOOOTO BCKTOpa — BCJIIMYMHA CKaJldpHas

—

(anreOpanueckas). Ero 3Hak 3aBUCHT OT BbIOOpa HampaBiieHuss HopMmanu [1 Kk moBepxHocTH. B

clydae 3aMKHYTBIX TOBepxHOcTed [1 Bcerna HampaBlieH Hapyxky. B ganHoM ke ciydae
MOBEPXHOCTh HE 3aMKHYTa M IMpeJCcTaBiseT coboi muomanaxky. HanpaBneHue HopMaau MOXKET ObITh

BBIOpAHO OJHUM U3 JIBYX crocoOoB. JIJis OmpeNeIeHHOCTH Mbl BBHIOpaiM HampaBieHHE HOpPMalu

BJIOJIb BEKTOPA MarHUTHOTO MOMEHTa KOHTYpa [, KOTOPBIi B PACCMOTPEHHOM CJIy4ae COBIAIacT

—

110 HAIIPaBJIEHHIO ¢ BekTopoM B.
Mo3kHO MOKa3aTh, 4TO U B OOIIEM cllyuyae HEIJIOCKOTO KOHTypa OCTaeTcs BepHOU (dopmyna

dA=1dD, rae dD - 510 npupaieHre MATHUTHOTO NIOTOKA YEPE3 KOHTYP.
A, =[dA=I(D, —D,) - pabota MarHUTHBIX CHJI MIPH MEPEMEIIEHHH JFO60TO KOHTYpA H3

nonoxkeHus 1 B 2. MoxHo nepeaABUraTtb 3TOT KOHTYp, IIOBOPAYNUBATE €T0 U JAK€ MCHATH €TO q)OpMy.

B YaCTHOCTHU, IPHU IMOBOPOTC IINIOCKOTO KOHTYpa B OAHOPOJHOM IIOJIC U3 IOJIOKCHUA ﬁm T\L B

(®=-BS) B nonoxenne P, ™B (®=BS) wmarnutHoe mone cosepmaer paboTy
A=1(BS-(-BS))=2IBS.

Tor xe pe3yJIbTaT MOXHO IIOJIYUYUTH U3 BBIPAXKCHUA A SHCPTHUU KOHTYpPpa BO BHCIIHEM

maruutHoM ote W, =—p B:
A: Mexl_Wmex2:me_(_me)zzmeZZIBS'
s D
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§15. JIuBepreHys 1 pOTOP MATHUTHOIO I0JIsL.

—

[MockonbKy nuHMKM B 3aMkHyTBI camm Ha ce0s, TO MarHUTHBIA IIOTOK 4Y€pe3 3aMKHYTYIO

—

I0BEPXHOCTH paBeH Hymo: O =4 BdS =0 - teopema 'aycea s B.

3AMKH

{ BdS = | divB-dV =0 - reopema Octporpazckoro-Iaycca. [ToCKOMBKY 3TO CTIPABEIUIHBO
(S) )

14 JII00BIX 00BEMOB, TO MOKHO cenath BeiBox, uro diVB =0, wm VB =0.

Teneps paccMOTpUM LUPKYJISLIHIO j(BC“ . IIpoiie Bcero BBIUMCINUTH €€ i OECKOHEYHOTO

npsimoro Toka. IlycTh (A1 IpOCTOTHI) KOHTYp JIEXKHUT B MJIOCKOCTH,

MEPIEHIUKYIIIPHON TOKY.

Bdl = Bdl, = #0 2 hgy = 4ol g,
4 b 27

N

{Bdl =" f{da
2 - B

SR g

Ecnn KOHTYpP OXBAaTEBIBA€T TOK, TO fda - 272' .

[lycTh Temeph TOK HE «IIpoKajbiBaeT» KOHTYp. Ilpu o6xone kKoHTypa
10 KPyry MO YacoBOil CTpenke mpH mepexone w3 1 B 2 Benmumunl Ao

MOJIOKUTENBHBI, a U3 2 B | — OTpUILIaTEbHBI, TAK YTO f da =0.

B pesymbrare npuxomum k dopmyne § Bdl = g1, rae | - 510 ok,

OXBaTHIBAEMBIHN KOHTYPOM.

—

Orcrona MOXHO BbIBeCTH (opMyny st B 6GecKOHEYHOro IIPAMOJIMHEHHOIO TOKA.

PaccMOTpUM KpYroBol KOHTYp pammyca I, coBmagarommii ¢ muaueit B: B - 271 = |, orkyna

B:&ZI

4 — - 3TOH (OPMYIOii MBI MTOJIH30BAIUCH B IPEIBIIYIIUX Maparpadax.
wr

Mpl paccMOTpEIin CUTYyallukO TOJIBKO C OAHUM OECKOHEYHBIM HpHMOHHHeﬁHLIM TOKOM. M0O>KHO

M0Ka3aTh, YTO HAIIW BBIBOJIBI CIIPABEUIUBBI ISl JTFOOOTO KOJIMYECTBA TOKOB M JJIs KOHTYpa JIF000it
(bopMBIL

~ - =
3anuueM TOJYy4eHHOE COOTHOLIEHUE B BHUJIE §Bd| = LU, jde. Bocnosnb3oBaBmuch
(L) (S)

Teopemoii CToKca, Mory4um jrotl§ .dS = M f]dg . IToCKONBKY 3TO PaBEHCTBO BBITIOJIHEHO
(s) (s)

g

JUIs TF000# MMOBEPXHOCTH S, OIMPAIOLIENCA HA KOHTYP L, o rotB = Hy ) -
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I/ITaK, MBI MOJIYUWJIM YCTBIPC YpaBHCHUA Makcpenna AJI1 CTallMOHAPHBIX (He 3aBHUCAIINX OT

BPEMEHH ) AIEKTPOCTATUUECKOTO U MAarHUTHOTO TOJIEH B BaKyyMme:

divE =~ rotE =0:
)
divB =0; rotB=y,].

W3 dopMys BUIHO, YTO 3NIEKTPOCTATUIECKOE ¥ MATHUTHOE IOJIS CYIIECTBEHHO PA3IMYaroTCs.
N3 Qopmynst Ot E=0 wmoxnO mpuars X BBIBOMY, 4YTO 3IEKTPOCTATHYECKOE IIOJIE

IIOTCHIIUAJIbHO, W BBECTHU CKaﬂﬂpHLIﬁ IIOTCHIIMAJI Q) MaFHI/ITHOMy MO0 TaKou NOTCHII A

IMpUIICaTb HEJIb3A.

IMockomeky AIVB =0, o B moxno npemcraBnts B BHme poTopa HEKOTOPOTO BEKTOpA

—_

B =rot A (mockomsky AIVIOt mo6oro BexTopa pasHa Hym0). Bektop A HasbIBaeTcs BEKTOPHEIM

IIOTECHIIMAJIOM MaroHuTHOI'O ITIOJIA.
HOJ'IC, AUBEPTCHOUSA KOTOPOTO paBHA HYJIIO, HC MMECT MCTOYHUKOB, a €ro JMHHUU 3aMKHYTbI
camu Ha ce0s1. [IoaToMy OHO Ha3bIBAETCS BUXPEBBIM (MJIM COJIEHOUIATBHBIM).

816. ITos1e BHYTPH COJICHOUIA.

CoJieHOHU T — 3TO MPOBOJI, IVIOTHO HAMOTAHHBIM HA HHJIMHAPUYECKU I

KapKac.
ITycTh cuna Toka B mpoBoje pasHa | , uncio Butkos Ha 1 meTp -N.

=nl.

Torz[a JIMHEHAas MIOTHOCTh TOKa, T.€C. TOK Ha 1 MCTp AJIMHBI, JflltH

Jlis mpocTOThl paccCMOTpPUM OECKOHEYHO JUIMHHBIN cojeHouia. Ero mone a) ogHOpoIHO,

6) IMOJIHOCTBIO COCPECAOTOUCHO BHYTPH €TO0. HOKa)KeM OTH ITIOJIOKCHUA.

—

PaCCMOTpI/IM JBa BHUTKaA. Haﬁz[eM B B IINIOCKOCTHU UX CUMMCTpPHUHU. Bce
BHUTKH COJICHOKM A MOXKHO p3.36I/ITB Ha Iapbl, CAMMCTPHUYHBIC OTHOCUTCIIBHO

TOYKH Ha6J'IIOI[eHI/I${. 13 PUCYHKA BUAHO, YTO B J000# TOYKE, BHYTPHU U BHC

—

COoJICHOnJa, IIOJIC B MOJKET OBIThH HaIIpaBJICHO TOJIBKO IIapaJlICIIbHO €TI0

ocu. U3 C006pa)KeHI/II\/'I CUMMCTPUHU MOKHO CKa3aTb, YTO BO BCCX TOUYKAX Ha

—

HpHMOfI, HapaHHeHbHOﬁ ocu OECKOHEUHOIO COJICHOMU 1A, BEKTOP B OIWH U

TOT €.
3>
Tenepp mokaxem, 4To ¥ BHYTPU, U BHE COJICHOMJA IOJIE A
. 7(—J
omHOPOHO. PaccMoTpuM mupkysisuun B mo mpsmoyrosisHeIM h
koHTYpaM | u 2 (cMm. pucyHok). Kontyp 1 mnosHOCTBIO A
LR

pacnoJsaracTcda BHYTpHU COJICHOUJA.




(§)I§dT= BI-Bl=0 = B,=B,.
1

3HauuT, BHYTPU II0J€ OJHOpPOJAHO. PaccmaTpuBas UIMpPKYISIIMIO IO  KOHTYpY 2,
PacrnoJIo)KEHHOMY IOJIHOCTBIO BHE COJICHOW/IA, aHAJIOTUYHO MPUXOIUM K BBIBOJY 00 OJHOPOJHOCTH
I10JIS1 CHAPYXKH.

Haitnem nousie cHapyxu. [{ns 3T70ro pacceyeM COJICHOUJ IJIOCKOCTBIO, MEPIEHANKYISIPHON €ro

ocu. Tak kak quHun B HempepbBHEI M 3aMKHYTBI caMu Ha ce0sl, TO MarHUTHBIH MOTOK BHYTPH

COJIEHOM/Ia PABEH TOTOKY CHapyXu, T.c. B -S=B -00. Otcroma cnefyer, 4To MoJje

BHYMpU CHapyaicu
CHapy»Xy paBHO HYIIIO.
Haiinem mone BHyTpu. st 3TOro 3amuiieM IUPKYJSIUAIO MO KOHTYPY 3, MepeceKaromeMy

TIOBEPXHOCTh  COJICHOMJIA: I+0=g4lnl. Orcrona B, pn = Nl . Wrak, mnone

cymm

BeHympu

OJHOPOJTHO Y MTOJTHOCTBIO COCPETOTOUEHO BHYTPU COJICHOMIA.
PaccmoTpuM TOpoHMmanbHBIN COJIEHOU, B KOTOPOM IIPOBOJT HAMOTAH

Ha TOp. M3 cooOpakeHWil CHUMMETpUHM $ICHO, YTO JIMHWUW WHIYKIIHH

MIPEJICTaBISIOT CcO0OM  OKpYXHOCTU. Bpruncianm LUPKYJSILUIO 110

okpyxHocts paquyca ' (R<r<R+a):
B(r) - 2ar = u,27Rnl = B(r) = y,nl R
r

Bue Topa nosie pasuo uymo. Ecnu R>>a, re. r=R, 10 B = ynl.

I'maBa 7. MarautTHoe 1moJie B BeliecTBe.

81. HaMarHM4YuBaHUe MATHETHKA.

HO CUX IIOPp MBI CUHUTAIHU, YTO IIPOBOJA C TOKOM HaXOAATCA B BAKYyMC. Ecmu 310 HE TakK, TO

II0JIC 6yI[CT APYyruM, TaK KaK BCC BCHICCTBA ABJIANOTCA MArH€TUKaMH, T.C. MOI'YT HpI/IO6peTaTB

() _>|
MarHuTHBIA MOMEHT — HaMarHuuuBaThcs. HaMarHmuyeHHoe BEIeCTBO CO3JaeT MarHUTHOE MOJIie B )

—

KOTOPOC HAKJIaJAbIBACTCA Ha I10JIC BO , CO3JaHHOC ITPOBOJJHUKAMM.

—

=B, +B'

MUKpO

—

HctuaHOE  mone BMquO CWJIBHO  MEHSETCS Ha  MHUKpPOPACCTOSHUAX  MOpsAaKa
MEXMOJIEKYJSIPHbIX. MaKpOCKONMYECKMM  Ha3blBAlOT —IMOJIE, YCPEIHEHHOE 10  (PU3MUECKH
OECKOHEYHO MaoMy 00beMy (Kak U B dIIeKTpocTatuke): B = <BMWP0>.

I[J'ISI OOBSICHEHUS HaMarHUYMBaHHS AMl'Iep NPCATIOJIOXKUI, YTO B MOJICKYJIaX BCIICCTBA

HUPKYIUPYIOT KPYTOBBIC TOKHM. Ka)KI[BIﬁ TOK 06J1a;[aeT MAaroHuTHbIM MOMCHTOM H CO34acCT
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MAarHuTHOE I0Jie. B OTCyTCTBHME BHEIIHErO IOJISI MATHUTHBIE MOMEHTBI MOJIEKYJ OPHUEHTHUPOBAHBI
Xa0TUYECKH, NIO3TOMY OOLIMI MAarHUTHBIA MOMEHT paBeH Hymo. Ilox nelicTBHEM BHELIHErO IOJIA

MOMEHTBI TMPHOOPETAIOT TNPEUMYIIECCTBEHHYI0 OpPUEHTALMI0, M MarHeTUK HaMarHUYWBaeTCS:

—

MarHI/ITHI)Iﬁ MOMCHT CTAHOBHUTCS OTJIIMYCH OT HYIIAL 1 BO3HUKACT B' .
HaMaFHHqHBaHHe BCIIECCTBA XapaKTepI/ISyIOT HaAMAarim4ceHHOCTBIO (aHaJIOF B BJIGKTPOCTaTI/IKe -
nossipu3anys). HaMarHu4eHHOCTh — MATHUTHBIM MOMEHT €IMHUIIBI 00beMa:
I_' — Z pm
AV

MaJsiblii 00BEM, 110 KOTOPOMY BEJIETCSI CYMMUPOBaHHUE.

,THe P,, - MarduTHBIA MOMEHT 01HOM Mosekyisl, AV - dusnuecku GeckoHEUHO

B' raxke ne umeer ncrounnkos, mostomy VB =VB, + VB'=0.

At0 nepBoe ypaBHeHne Maxkcsemna ms cpenst: divB =0.

82. Hanpsi;KeHHOCTHL MATHUTHOTO IOJIS.

rot B = rot B, + rot B' =

rotB=,(j+1] 7

MO/Z(ZK) = - . ~T\
(\ - F\\ . N
B H 1 \_= o L\
B 3aBUCHT OT MoJeK’ a JMO,?eK’ B CBOIO Oqepeﬂb’ I' N M \-) . \\j 1\7‘\
— ?_1 1T NP N N WA ﬁ

3aBucUT OoT B. M36exars 3TOro Mbl MOXEM, BBEIS

BEIIMYUHY, POTOP KOTOPOM OMPENEensieTcss TOJIBKO e di
CTOPOHHEH IUIOTHOCTBIO TOKa ] . UToObl HalTWM BUJ STOH BENWYMHBL, BBIpAasuM ] . uepes
HamMarHudeHHocTs | . JIosg 5TOro BHMUCIMM CyMMY MOJIEKYJISPHBIX TOKOB, OXBAaThIBAEMBIX

-

ds. [loBepxHOCTh S HaTaAHyTa Ha KoHTYp I . B 2Ty cymmy

HEKOTOPHIM KOHTYpoMm [ ': j oner

(S)
BOﬁHYT TOJIBKO T€ MOJICKYJIISAPHBIC TOKH, KOTOPBIC <«HAHHU3AHbD» Ha KOHTYDP. Bce ocranbHbIe
INEPCCCKArOT ITOBCPXHOCTD UJIU O, HIH 2 pa3a, IIo3TOMY UX BKJIA[ PABCH HYIIIO.

HYCTB BCC MOJICKYJIAPHBIC TOKH OPUCHTUPOBAHBI OJUHAKOBO U MMCIOT OAWHAKOBBIC IIJIOIIaAN

—

S u cwibl Toka | DneMeHT KOHTYypa dl, ob6pasyromuii ¢ Bexkropom | yron «,

MoaeK MoJeK”*

HaHU3BIBAaCT Ha cels Bce MOJICKYJIAPHBIC TOKH, LNEHTPHBI KOTOPBIX IMOIMAAAaOT BHYTPb KOCOI'O

LMIMHIPA C 00LEMOM S -cosa -dl. Ecmu N - gucno MOJIEKYNl B eIWHHUIle 00beMa, TO TOK,

MOJEeK

S -n-coSa -dl = T df. Bocmioap3oBaBmuch

MOJIeK MOJeK

=Pm

OXBaTHIBAIOIIUN SJIEMEHT dl, paBCH I

o1



— — —

teopemoit Crokca, noxyunm: | ] - dS =§Idl = [rot 1dS. Orciona moxuo crenars BbiBOZ,

(S) (S)

-

4TO I =rotl =vxI (B snexrpoctatuke 65110 p'=—divP).

—

j.

_ . . B -
Tozcrasus 510 Bepaxkenue, nomyunm: FOt B = g, (j+rotl)= rot(——1)
Hy

—
- B g

BBeneM NOHATHE HANPSHKEHHOCTH MarHutHOro moas H | . Ona ynosnersopser
Hy

cootnomenuto: IOt H = J. Dro 2-e ypaBHenme MakcBemna Juisl CTAIMOHAPHOTO MArHUTHOTO

T10JI4.

Ms1 paccMoTpenu MPOCTEMIIMM Cilydail, KOrja BCE MOJIEKYJSPHBIE TOKH OPUEHTHUPOBAHbI

OJWMHAKOBO W MMCIOT OJHMHAKOBBIC IJIOIIAIHN S N CHJIbI TOKa I O}IHaKO OOBIYHO 3TO HE

MoJeK MOJeK”
Tak. B O6III€M cnyqae HOJ'Iy'-IeHHBIe (bOpMy.]'H)I BBIBO/JIATCS MHAYC, HA 6336 60nee CJIOKHOTIO IToaxonaa.

§3. TeopeMa 0 NUPKYJIANNH HANPSAKEHHOCTH MATHUTHOI'O I0JIS.

Bo3bMeM MHTErpasl oT 00enX dacTeil 10 MOBEPXHOCTH O : II‘Ot HdS = f Id§ . Ucnonp3yem
(s) (s)

teopemy Crokca: §Hdl = | jdS. Ecim TokM Tekyr IO JMCKPETHBIM TPOBOJAM, TO
r 5)

fHA =31, .
r k

TGOQCMa: OUPKYJIALNAA HAMMPSAXKCHHOCTH MAIrHUTHOT'O ITOJIA 110 ITPOMU3BOJIBHOMY KOHTYPY paBHaA
anre6pa1/1quKoﬁ CYMM€ TOKOB, OXBaTbIBAEMBIX 3TUM KOHTYPOM.

— —

Hapr[}KGHHOCTB MardiuTHOTI'O IIOJIsA H - OTO aHajior 3JJICKTPUYCCKOI'O CMCIICHUSA D B

QJICKTPHUYCCKOM  IIOJIC. I/ICTOpI/I‘ICCKI/I CUUTaJIOCh, YTO OJJICKTPUUYCCKOEC MW MArHuTHOC II0JIA

— — —

a"ajmoruuynel. Torga u ObLIU BBCICHBI ITOHATHUA B n H . ITo3xe BBISICHHMJIOCH, YTO B AHAJIOTNYCH

— — —

E, a H - D, nvo mnassanus ocrammcs. Otmerum, uto D wmHorna HaseiBaloT BeKTOpOM

SHeKTqueCKOﬁ HHAYKIHUHU. Torpa ananorus 3aMeTHa €I1e CUJILHEE.

— — é —> -
B Bakyyme | =0, nosromy H = —, u mMbI cHoBa npuxoaum k ypasuennio ot B = 4, .
Hy
Tone mpsaMonuHeitHOro GeckoHeuHoro Toka | B Bakyyme Ha paccrostHMM D oT Hero pasHO:
B | .
H=—= 2—, torma mupkynsmms H - 270 = | | xax u cnenyer u3 noxasanHoit TeOpeMEI.
Hy

Pa3MCpHOCTB HAIMpsKCHHOCTU MAarHUTHOTO ITOJIA - [H ] = 1

A
o
Wnornaa nosw3yiores cuctemoit enuumi CI'C. B weit [H] =13pcemeo, [B]=11Taycc.
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HaMarnu4eHHOCTh NpMHATO CBsi3biBaTh HEC B,ac H:

I = Z . H , TAC Z - MarouTHas BOCIIPUUMYNBOCTb.

— — —

§=2 A = H=—2 B o g_uH
Hy oA+ x)  pou

— —

rae =1+ y - maraurHas nporunaeMocts. (B anekrpuueckom none Gsuto D = g5,E).

§4. BolunciieHue moJjisi B MarHeTHKe.

—

PaCCMOTpI/IM 6CCKOHeqHO I[HHHHI)Iﬁ CTCPIKCHD. HyCTB HaAMarin4cHHOCTbH I BO BCEX TOYKax
OJIHA W T2 )K€ M HAIPABJICHA BJIOIb OCH CTEPIKHSL.

PaspexeM CTep:KeHb Ha NMEPIEHIMKYIAPHBIE €0 OCU CIOHM TOJIMIMHON
dl. Kaxnsii cmoit pazsobbeM Ha OECKOHEUHO Maible IMIHHIPHUECKHE

AJIEMEHTHI MPOU3BOJILHON (OpMBbl. MarHUTHBIM MOMEHT KaXKJIOTO 3JIeMEHTa

dp,, = 1dV = 1dSdl . Tione dB ma Gompmmix PACCTOSHUAX OT CTEPIKHS h dl

SKBHBAJIGHTHO TI0TI0, KoTopoe co3nan 661 Tok di = Id|, o6rexarommit stor ,

AJIEMEHT MO0 OOKOBOI MOBEPXHOCTH. JIeHCTBUTENBHO, MarHUTHBIA MOMEHT
takoro Toka Op, =di-dS =1dldS, a nome ma Gonbmmx paccrosHuUIX

OTIpEeIeNIIeTCS TOJBKO MArHUTHBIM MOMEHTOM.

Toxu, Tekymue no oOmKM Ui IBYX COCEAHMX 3JIEMEHTOB y4yacTKaM DPaBHBI [0 BEIMYUHE U
MPOTUBOMOJIOKHBI 1O  HampaBieHuto. HWx cymma paBHa Hymo. Takum — oOpazowm,
HECKOMIIEHCUPOBAHHBIMU OCTAIOTCSl TOJBKO TOKH, TEKYyILIUE MO BHEIIHEH (OOKOBOIl) MOBEPXHOCTH
BCEro CJos. 3HAYUT, CJIOW CO3/JaeT MoJie, SKBUBAICHTHOE TOMY, KOTOPOE CO3/1aBajloCh Obl TOKOM

di = Idl, Texymum nmo GoxoBoii moBepxHOCTH cTepkHs. JIMHelHAs MIOTHOCTH TOTO TOKa (CHia

ToKa Ha equHuIly juuHel) | = | . D10 none GecKOHEYHOro CONEHOUIA: BHYTPH OHO OJHOPOJIHO

JAUH

pasio B'= 1], =1, a cuapyxu paBuo Hymo. Takum 00pa3soM, IOJie BHYTPH CTEPIKHS

— —

B'= 14,1 , a cuapyxu B'=0.

—

HYCTB €CTb OJHOPOJHOC BHCIIHEC IIOJIC BO' B Hero BHOCAT OeCKOHEYHBIH CTCPIKCHD,

— —

l'[apaJ'IJ'IeJ'ILHLIfI BO' B CTCPIKHE CO3MACTCA HAMArHUYCHHOCTb I , HapaJuICjibHas BO’ a 3Ha4duT,

— — — — — —

posamkaer B'. Cymmapmas wmaykums B = B, +B', te Buyrpu B=B;+ . Torm

A=2_1-5 e A=A,

Hy Hy
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—

HanpspokeHHOCTH B CTEp:KHE  OKasajach  pPaBHOW — BHELIHEH HO, a  HUHIAYKOUA

(é :ﬂ%ﬁ :ﬂgo) B /4 pa3 Ooubllie, ueM OblIa B BakyyMmMe. BHe crepikHs é'zo, re. B

oCTajach TOHU Ke.

Ot BbIBOJIbI CIIPaBCIJIMBLBI, C€CJIM MArbH€TUK IIOJIHOCTBIO 3aHUMACT MPOCTPAHCTBO MCKIAY

— —

JIMHHUAMUA B , T.€. €ro rpaHribl COBNAAA0T C JTUHUAMU B .

85. VcJI0BMS HA TPAHUIIE IBYX MATHETHKOB.

3annmewm ypasuenus Maxcsemna: divB=0, rot H = J .

1) PaccMOTpUM Ha TpaHHMIC JBYX MAarHETHKOB 3aMKHYTYIO

IITHHIPUYECKYIO TTOBEPXHOCTh Mol TommuHel N ¢ miomansio

Z2parnya

ocHoBanust S. Ilotoxk B wepes sty mnosepxnocts mosmken

h

paBHATHCS Hy/IO (Tak kak IV B= 0), T.e. M
B,
®,=B,S+B,,S+(B)S,, =0. ~

(3
yCTpeMI/IM TOJIIUHY h K HYJIIO, TOraa IIOTOK 4Y€peE3 60KOBy1-0 IMOBEPXHOCTb CTPEMUTCA K

nymo, u B, +B,, =0. Iepeiins or N, u N,, nanpasnennsx B pasHble CTOPOHBI (W3HYTPH

Hapyxy), K ogqaomy [, mosayanm

Hy, #
— _ in __ 2
B., = B,, = o Hy = g, H o = H R

2n /u"l

2) Tenepb paccCMOTPHM KOHTYP OKOJIO T'PaHHMIbBI JUIMHBI d U M Heg T
1 1 h

- . -\

BBICOTHI D W BerumcanM mmpkymsimio H 1o wacomoii crpenke. LL, :; H—; a_Jp

Verpemum D k mymo. Toraa maTerpan mo BepTHKAanIbHBEIM ydacTKaM
oOpaturcs B HOJIb, T.€.

fHdI=H, a-H,a.

—

IIo TEOpEME O LUPKYIIIHUN H OHa JOJI’KHa OBITh paBHa CHJIC TOKa4, ITPOHHU3LIBAIOIICIO

KOHTYP. Eciu Tok Ha I'paHHUILIC PABCH HYIIO, TO IMOJTYYUM
—_ {2
le - HZT = -

Pesrome: npu nepexonec 4Yepe3 IpaHully ABYX MAIrHCTUKOB HE H3MCHAKOTCA HOPMaJIbHAA

— —

KOMIIOHCHTAa B M KacaTCJIbHas1 KOMIIOHCHTA H .
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§6. Buabl MArHETHKOB.

1) Jmamarwetnku: y <0= u=1+ y <1, ‘){‘ <<l
2) Mapamarueruku: ¥y >0=> pu=1+ y >1 y <<1.
3) ®eppomarnetuku: ¥ >0= y>>1= u>>1.

4) VneanbHble quamMarneTuky (cepxmpoBoaunku): 4 =0,

—

9710 3HA4YUT, YTO BCKTOP I MOJKCT KaK COBIIaJaTb II0 HAIIPABJICHHUIO, TaK H OBITH

IPOTUBOIIOJIOKHO HaNpaBJIeHHBIM 1o oTHomenuo k H . (B anexrpocraruxe Beerna P ™E ).

a)_J[luamarHeTuku. -

0

PaccmoTrpuM  KpyroBoi TOK, HOpMajdb K IUIOCKOCTH KOTOPOTO

—

COCTaBJIAICT yroll & C BO . TOF)Ia MardviTHBIC CUJIBI CTPEMATCA YCTAHOBUTH

s~o¢

—

BekTOp P,, 1m0 Hampasnenuto B,. Curyauus moxoxa Ha BOIYOK, KOTODBIIT

IIpyU  yriae MeXIy OCbK BpalleHWs M CWIOW TSKECTH HAYWHAET

MpereccupoBaTh BOKPYT BEPTUKAIIH.

—

Bekrop [, HauHEeT BpallaTbCsd BOKPYT Bo- DTO Tak Ha3bIBaeMas JlapMopoBa mnpeneccus. Ee

eB
qacToTa (@ =—20 OJIMHAKOBa IS BCEX DOIEKTpOHOB. JlapMopoBa mpelneccusi C€o31aeT

2m

e

—

JOTIOJIHUTEILHOE ~ BpaIleHUE BCEX DJIGKTPOHOB  BOKPYT B0 C OJWHAKOBOM 4acToTol @ ,
B pe3y/ibTaTe 4Yero BO3HUKAET MArHUTHBI MOMEHT, HANpPaBJICHHBIA MPOTHUB BHEIIHETO MOJIA.

I§‘ < ‘ﬁo‘.

Takum oOpa3zom,

0)_IlapaMarHeTukm.

HapMopOBa nmpeneccust BO3HHUKACT BCCrd, HO C€CJIM aTOM YiKC O6J'IaIlaCT MardiuMTHBIM
MOMCHTOM pm , TO MArcHuTHOC I10JIC HE TOJIbKO CO31acT IMPCUCCCHIO, HO U HeﬁCTByeT Ha MAarHMTHBIC

MOMCHTBI aTOMOB, CTPEMACH BBICTPOUTDL UX BJAOJIb IT1OJIA. OTOT NOJOKHUTESIBHBIA MArHUTHBIA MOMEHT
BCCraa MHOI'O 0oJIbIIIE OTpHUOATCIbHOI'O, BO3HHKAIOIICTO BCICACTBUC ITPCHCCCHUU.

Z[I/IaMaFHCTI/IKI/I — BCCTAa BCIICCTBA, aTOMBI KOTOPBIX HE€ HMMCKOT CYMMApPHOI'0O MArHuTHOI'O
MOMCHTaA (CyMMa MAarouMTHBIX MOMCHTOB BCEX 3JICKTPOHOB aTOMa paBHaA Hy.]'IIO)

B nmapaMari€Tukax TEIUIOBOC JBWKCHHUC CTPCMUTCA PA3OPUCHTUPOBATL MOMCHTBI, 4
MArouTHOC TIOJIC — BBICTPOUTH HX. B PE3YIbTATC YCTAHABJIIMBACTCA HCKOTOPOC IMPOMECKYTOUHOC

COCTOSAHHCE. KIOpI/I YCTAHOBUJI, YTO MArHuTHAasA BOCIHPUUMUYUBOCTL ITapaMarHCTUKa Z 06paTHO

IpornopuroHanbHa Temneparype T.
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B) WneanpHple TMAMArHeTUKH — CBCPXIIPOBOJHHUKH. MarauTHoO€ I0JIe BBITAJIKUBACTCI U3 HUX

IIOJIHOCTBIO, T.€. BHYTpH cBepxnpoBoxuuka £ = 0.

r) @eppomarneTuku (3kene30, HUKeIb, KOOAIBT U JIp.) — 3TO BEUIECTBA, CIOCOOHBIE 001a1aTh

HaMaron4€HHOCTBIO B OTCYTCTBHUEC BHCHIHETO I10JIA.

XapakTepHble cBOiicTBa (heppPOMATHETUKOB.

1) ®eppomarHeTuku — CUJIbHOMarHuTHbIE BenlecTBa. MIX HaMarHWYeHHOCTh B OTPOMHOE YHCIIO0

10
pa3 (mo 10™") npeBocxoauT HAMArHUYEHHOCTD AMa- U apamarueTukos. Muave roopst, 1 >>1.

2) HamarHW4YeHHOCTh HEJIMHEWHO 3aBHCHUT OT HANPSDKEHHOCTH BHEIIHEro

1moJis (B IMa- ¥ mapamMarHeTHUKax JIMHEWHO!).

3) T'ucrepe3suc — NpH yBENMYEHUH M yMEHbLIEHWH BHemHero mons H
kpusbie B(H) umeror pazmaunsiit Bu.

[Iyctp B HayaiabHBIA MOMEHT W BHEIIHEE MOJE, U
HAMarHM4eHHOCTh paBHbl Hymo. [lpum  yBennuenuu

BHEIIIHETO TIOJII MarHUTHas MHAYKIHS B 00pasIie pacTeT

B=g,(H+1). Tocre nocrwxkenns wacwuenus

BBIXO/IMM Ha HakioHHyto mpsmywo B = g, (H +const).

DJTa 4YacTh KPUBOW Ha3bIBAETCA OCHOBHOM KpPHBOM
HamarHuuuBanus. Ilpu  jganpHelimieM — yMEHBIICHUU

BHEIIIHEro MoJisg OyJeM JIBUTaThCs MO APYroil KpUBOW U B

Ha4YaJIbHYIO TOYKY HE BCPHCEMCH. HpI/I ITHUKINYCCKOM

HU3MEHCHUHN BHCIIHEIO IIOJIA IIOJYy4YacM IICTIHO TMCTEpE3Hnca. Br - OCTaTO4YHasA HMHAYKIUA, H C

KOSpOUTUBHAA CUJId (KOHG‘IHO, 9TO HE CHJia, IIPOCTO TaK HaSBIBaeTCH!).

—

Mu1 BuauMm, uto npuy H =0 marauTabii moment | HYJII0 HE PaBEH — 3TO NOCTOSHHBIN
MAarHur.

[Tetnst rucrepe3nca Ha3bIBACTCS MAKCUMAJIbHOM, €CJIM JOXOIWUT A0 HackimeHus. Ecnu He

JIOXOJIMT, TO Ha3bIBAaeTCsA YaCTHOM. ) l

4

JIerko BUAETH, 4TO B sBnsercs MmHOrOo3HAUHOI byHKIHEH H, /ot —

T.e. 3HaueHume B IIpU  JAHHOU H 3aBucur ot MPEABICTOPUH.

I'padux £(H) nns ocHOBHOM KpuBOI M306paskeH HA PUCYHKE.

OcHoOBBI Teopuu (eppomarseTusma 3ajuoxunu Skos Wnenu A e
J H

@penkenb, padoTaBmuii B JIEHMHrpagcKoM (U3UKO-TEXHUYECKOM
WHCTUTYTE, U BBIIAIOMIMNICA HEMEUKUNA (U3UK, OJJUH U3 OCHOBOIIOJIOXKHHUKOB KBAaHTOBON MEXaHHUKH

Bepuep TeitzenOepr. IlpuumHa deppomarHeTnsmMa — COOCTBEHHBIC (CIMHOBBIE) MAarHUTHbBIS
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MOMEHTBI aTOMOB. llepBOHAuUaNbHO CUMTANM, YTO CIIMH CBSI3aH C BPALEHUEM JJIEKTPOHA BOKPYT
cBoeid ocu. OpHako B JajdbHEHIIEM BBISICHUJIOCH, YTO TakKas TpPAaKTOBKAa MPUBOIUT K pPAIY
npotuBopeunid. [loaTroMy celdyac CUMTAIOT, YTO CIIMHOBBIA MEXAHWYECKHN W CBS3aHHBIM C HUM
MAarHUTHBI MOMEHTBI — TAKHE K€ CBOMCTBA AJIEKTPOHA, KaK Macca U 3apsi.

B ompeneneHHbIX yCIoBUAX MEXKTY CIIMHOBBIMA MAarHUTHBIMH MOMEHTAMH aTOMOB BO3HUKAIOT
TaK Ha3bIBAE€Mble OOMEHHBIC CHJIbI, 3aCTABIISIOIINE MX CIHMHBI BBHICTPAMBATHCS MMAapaUICIBLHO APYT
npyry. B pesynpTaTe BO3HHMKAIOT O0JIACTH CIIOHTAHHOTO HAMarHWUYMBaHUS — JOMEHBI. B kaxaom
JIOMEHE BCE€ CIUHBI BBICTPOEHBI TMapaUIeIbHO APYr JApYyry, T.€. (eppomMarHeTMK B JIOMEHE
HAMarHu4eH 10 HacellieHud. HampaBieHHs: MOMEHTOB pa3HbBIX JTOMEHOB XaOTHYHBI, TaK YTO MpHU
OTCYTCTBUM BHEIIHETO TOJII HAMAarHWYEHHOCTh paBHA HYI0. Pasmeps! nomeHoB 1-10 MKM.

Bo BHemHeMm moJjie MarHUTHbIE MOMEHTBI JTOMEHOB IOBOPAYMBAIOTCS, MPUYEM B Mpeaesiax
OJIHOTO JIOMEHa BCe OJIHOBPEMEHHO. B pe3ynbrare oOpasel npuoOpeTaeT MarHUTHBIIT MOMEHT. DTOT

mporecc HeoOpaTuM, MOFTOMY UMEET MECTO TMCTEPE3UC.
Kaxnplit  deppomarHeTnk nmMeer Ttemmeparypy [ ., NpPH HarpeBaHHM BBIIIC KOTOPOIl
deppomaruutHsie cBojicTBa mcuesator. OHa HaseBaercst Toukoil Kropu. Ilpm 7 >T. unmeem

OOBIUHBIM MapamMarHeTWK, MarHUTHAas BOCIHPUUMYHMBOCTb KOTOPOTO MOTUYMHsETcS 3akoHy Kropu-

Beiicca: y = ﬁ (B OOBIYHBIX NApaMarHeTHKax } = — ).

I'naBa 8. DJeKTpOMArHNTHAS MHAVKIIVS.

81. SIBJieHHE DJIEKTPOMATHUTHOM MHIAVKIMH.

B 1831 rogy ®dapaneil ycTaHOBWIJI 3aKOH AJIEKTPOMAarHMUTHOM WHIYKIMH: MPU H3MEHEHUU

MarHUTHOTO TIOTOKa 4Yepe3 KOHTYyp B KOHType Bo3HMKaeT JJIC MHIyKUMH, paBHash CKOPOCTH

HU3MCHCHHA MAarHuTHOI'O IIOTOKa

dd
5i—_a *)

311ech 3HAK «-» CTOMT Il HAXOXAEHUS MPABUIIBHOTO HAIPaBJICHUS.

[IpaBuno JleHna 1y HaxXOXAEHUS HANpPaBICHUS MHIYKIHMOHHOTO TOKA: MHAYKIIMOHHBIM TOK
HampaBjieH TakK, YTOObl BCEMH CBOMMH MPOSIBIECHUSMH HPENSTCTBOBAThH
IIPUYHMHE, €T0 BbI3BABIIEH.

Hanpumep, npu npubaukeHUu BTOPOro KOHTypa K IEPBOMY B IEPBOM
JOJDKEH BO3HMKHYTh TOK, OTTaJIKMBAIOLIMN BTOPOH KOHTYp, T.€. IPOTHB / /

4acoBOi1 CTPCIIKU.
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§2. IJIC MHIYKIIMH.

Hnst nosicHenus ¢Gopmynbsl (*) paccMOTpUM paMmKy, OJHA /—> EEE?“T’:"ILEL‘“‘
CTOpOHA  KOTOPO#i  JBWXKETCS €O  CKOpocThlo V., B 5 ?
NEPIEHANKYIIIPHOM paMKe MarHuTHOM TIOJe B. Ha xammiit OB - v
ANIEKTPOH yudacTka 1-2 neiictByet cuna JlopeHua % n - /
fal

[
F=q-(xB)=—e (xB) 1 s

i

Ee Z[GI\/JICTBI/IC MOKHO TPAaKTOBAaThb KakK BO3I[€I>'ICTBI/IG QJICKTPUYCCKOT'O IOJIA ¢ HAIIPAIKCHHOCTBIO

E =V x B. D10 none ne smansiercs snexrpocratmueckum, Tak kak & =§Edl =§(VxB)dl #0,a

B DJIEKTPOCTATHUKE j( Edf =0, tak kak rot E =0.

BriBenem 3akon ®apanes mareMaruuecku. [IpenBaputrensHO BhIOEpeM HaIpaBJICHHE HOPMAIU

—

K KoHTypy [, Hanpumep, B1oas B. DToT BEIOOP onpenenser nonokuTeIbHOE HAPaBIeHHE TOKA —
10 9acoBOM CTpeske: oHO oOpasyer ¢ N mpaBylo cucTeMy KoopauHar (¢ koHHa I 006Xox BHIEH

WIYIIAM IPOTUB YacOBOM cTpenku). Tormaa

£ = (UxB) = B xv) = BT x4y —g. =145 __d®

Ecnu 651 BeIOpamu N Ha060poT, To 3Hak noToka M GbUT OB OOPATHBEIM, HO M TOJIOKUTEIHHOE
HaIpaBJIeHWE TOKAa U3MEHUJIOCh ObI Ha 00OpAaTHOE, M MBI MOJTYYHIH ObI Ty e hOopMyIy.

[Tposepum pesynbrar. [Ipu HanpasieHnH HOpMaiH, Kak Ha pucyHke, @ pacrer co BpeMeHeM,

do

Te. —>0,a &; <0, 1.e. TOk HaNPaB/IEH IPOTHB YaCOBO¥ CTPEIKH.

Ecnu Gp1 HOpMans BeIOpaid B IPOTUBOTIOJIOKHYIO CTOPOHY, TO E ObLTO OBl MEHBIIIE HYJIS, a

gi > 0 HO, IOCKOJIbKY HaIPAaBJICHUC IIOJIOKUTCIIBHOTO TOKa H3MCHHUJIOCH Obl Ha O6paTHOC, TO

IIOJIOXKUTCIIbHAA 8i CHOBaA COo3JaBajia OBl TOK NPOTUB YACOBOM CTPEIIKH.

OTCI0/1a MOKHO BBIBECTH eMHHUITy MarauTHoro notoka [@]=1Bebep =1B-c. B CI'C on

u3Mepsiercss B Makcpemtax. 1 Bebep — 3T0 Takoii MarHUTHBIN NMOTOK, IPU PAaBHOMEPHOM yOBIBAaHUU

KOTOpPOro /10 HyJs 32 1 cekyHay B koHType Bo3HUKHET DJIC 1 BonbT.

—

Ma1 pacemoTpenu ciydaid, korna B = CONSt, a nsmensiercs reomerpus koutypa. Onnako @
MO>KET U3MEHATHCS IIPU TIOCTOSIHHOM T€OMETPUHN U MEHSIOLIEMCS BO BpEMEHH ToJie. B Takom cirydae
oObsicHeHue ¢ cuioil JIopeHIa He MOJIXOAUT, TaK KaK AJIEKTPOHBI He JABWXKYTCS U cuia JlopeHia He

BO3HHKaeT. Torma BO3HUKHOBEHHE 3]:[(: HUHAYKIIUHN 00BsICHIETCS nHadyc, a MMCHHO: U3MCHATOIICCCA

—

BO BpCMCHU B MOPOKAACT BUXPCBOC JJICKTPUICCKOC IOJIC, IO JeicTBHEM KOTOPOTI'0 3JICKTPOHBI
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NpuxoadaAT B JABWIKCHHC W BO3HHUKACT E)HGKTpI/I‘-IGCKI/Iﬁ TOK. Ecau KOHTYpP COCTOUT U3 N BUTKOB

do d¥

=———,rae ¥ = NO® nazpBaeTcs moJHBIM MarHUTHBIM OTOKOM,

dt dt

(conmenoun), To & =—

WM IIOTOKOCHCIIJICHUEM.

OTMeTI/IM, 4TO, €CJIM HC BECh KOHTYP COCTOUT M3 IIPOBOJHHUKA, TO CHJIa TOKA paBHA HYJIIO, HO
g #0.

H[)I/IMG‘-I&HI/IG. Ecmm IMPOBOAHUK IJIMHBI I ABWKETCA B MArHUTHOM IIOJIC CO CKOPOCTBRO \7,

npuuem  Bektopel  B,V,|  Bzaummo mepmemmuxynspmei, T0 & = Blv. Hanpasnenue

—

MH/IyKIIMOHHOTO TOKA OMpeseseTcss MPaBUIOM MpaBoil pyku: JUHUM B BXoJdT B IaJoHb,
OTOTHYTHIN OOJBIION MaJjiell HAMpaBJIEH BIOJb CKOPOCTH, TOrJa 4 Majblla YKaXXyT HAlpaBJICHHUE
WHIYKITMOHHOTO TOKa.

Tokn @yKO — 3TO MHIYKIMOHHBIE TOKHA B CIUIOIIHBIX MAaCCHUBHBIX
oo
npLEara

npoBogHUKaX. COMPOTHBICHUE MaJlo, TIOITOMY TOKH MOTYT OBITh O4Y€Hb
oompmumu (Hanmpumep B CBY-medax). Tak MOXHO IUIaBUTh METAT B
BaKyyMe.

Kpome Toro, 3T0 siBIeHUE HCIOJIB3YETCS JUIsl YCIIOKOEHUSI CTPENIOK

npubopoB. [lo mpaBwiry Jlenna, Toku Dyko HampaBiIeHBI TaK, UYTOOBI

CBOUM IIPOSIBJICHUEM MPEMATCTBOBATh NPUYMHE, UX BbI3BaBIIeh. [loaTomy
Ha TMOJBW)XHOM yacTH mpubopa (CTpenKe) ycTaHaBIMBAETCS MPOBOJMAIIAS IUIACTHHA, KOTOpas
BBOJUTCS B 3a30p IOCTOSHHOrO MarHuta. llpu ABMXKEHHMH IUTACTUHKM B IIOCTOSTHHOM TIOJIE
BO3ZHUKAIOT CHJIBI, IPEMATCTBYIOLINE KOJEOaHUsAM CTpesKH. BaxkHO, YTO MPH OCTAaHOBKE STH CHIIBI
MCYE3al0T U He BIUAIOT Ha MOKa3aHUs npudopa.

Yacto toxku Dyko Bpeanbl. Hampumep, 4ToObl MpeqoTBpaTUTh HAarpeBaHUE CEPIICYHUKOB B
TpaHcopMaTope, STH CEepPACYHUKM HAOWParOT U3 TOHKUX IUIACTUH, Pa3JIENICHHBIX H30JIATOPAMHU.

IImacTuHbI pacoJiararoT Tak, YTOOBI & i OblIa K HUM NECPpICHAUKYIISAPHA.

*hhhhkhkhkkkkhkhkhrrhhkhkhkhkkhhhhrrrhikhhkhhdhhrrrrirhhhhhhrrrhhhhhhrrrrrhhdhhhdriirriiithhhihiiix

CucremMaTu3upyeM IpaBuia.

—

1) TlpaBuno GypaBumKa — HampaBieHHe BekTopa B u nmuuumii MarauTHOM MHIyKIMY.
2) TlpaBuiio neBoii pyku — HampasieHue cuit Amrnepa u JlopeHiia.
3) IlpaBuio JleHa — HampaBJIeHHE HHAYKIIHOHHOTO TOKA.

4) TlpaBuio npaBoii pyku — HanpasieHre J/{C MHIYKIUY B IBIKYILEMCS IPOBOIHUKE.

B R R R e e e T R R R R R R R e S R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R S R R R R R R R R R R R R R R R
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§3 IlpuMepbl aHAINM3A SIBJEHHS 3J1eKTPOMATHUTHON MHAVKIIMH.

1) /IBa mpsIMOJTMHEMHBIX MapalIeIbHBIX TPOBOJHHUKA COMMKAIOTCS APYT ¢ apyrom. [lo ogHOMY
TedeT ToK. Kyna noreyer HHAYKIIMOHHBIA TOK BO BTOPOM IIPOBOJIHUKE?

[lo npaBuny JleHua Bo3HMKarollass cwia Ammepa JOJDKHA MPENsSTCTBOBATh CONMIKEHUIO.
OTTankuBaroTCsl IPOTUBOIIOJIOKHO HalpaBieHHbIE TOKU. [103TOMY MHAYKIIMOHHBINA TOK HamlpaBieH

B IIPOTUBOIIOJIOKHYIO CTOPOHY.

\
2) HOxHBIA MONIOC MarHuTa YAAISIOT OT IMPOBOJSIIETO
koJibla (CM. pHCYHOK). B kakoMm HampaBieHWU BO3HHKHET TOK B N| S N
KOJIbIIE? {
I: — 7

I[Io nmnpaBuny JleHma  [OJKHA  BO3HUKHYTH — CHJIA

NPUTSDKEHHS, T.. B KOJIBIE JOJDKEH BO3HMKHYTh ceBepHblid moiroc (N). Tox moreuer mpoTuB

YacOBOW CTPEIIKH. aN
3) Pamka mamaet Mexay moirocamMu Marauta. Kakume *17
TOKH OyIyT BO3HHKATh Ha Pa3HbIX dTarax majacHus ? ’ a ’
HaBepxy pamka Bxoaut B MarHuTHoe moje. [lo S "17 N
npaBwily JleHna cuina Ammepa 0OKHA MPEMSTCTBOBATH,
T.e. OTTaJKUBaTh. 3HAYMUT, CIOpaBa y paMKHU JIOJDKEH ?_.S
BO3HUKHYTH ceBep (N), T.¢. TOK MPOTHUB YaCOBOM CTPEIIKH. v
B cepenuHe MarHUTHBIA MOTOK Yepe3 pamMKy HE MeEHseTcs (IoJie OJHOPOJHO), MO3TOMY
MHIYKIHOHHBIM TOK paBeH HYJIIO.
Buusy pamka BbuietaeT w3 mois. Cuna Amiiepa OpensTCTBYeT, T.e. NMPUTATUBACT, 3HAUUT,
ClpaBa y paMKH JOJDKEH ObITh F0XKHBIH ToIToc (S). TOK UAET 1Mo 4acoBO# CTpeliKe.
4) MenHbI JUCK PACIOJIOKEH MEXIY IOJICAMU MAarHHWTa,
KaK [MOKa3aHO Ha pUCyHKe. B kakoMm HarpaBieHuu OyleT MpoTeKaTh

I/IHI[YKI_[I/IOHHHﬁ TOK IIPU BpallCHUH AKCKaA I10 4acoBOM CTpCJ’IKe?

ODIEMEHT NUCKAa HWKE €ro LEHTPa, HAXOIAIMHCA MEXIy

—

IIOoJIl0CaMM  MarbHuTa, IBHWIXKCTCA CIIpaBa HaJICBO. JInaun B

7 FZITIN

Hanpasiensl oT N x S. [lo npaBuity npaBoil pykH WHAYKIIMOHHBIN
TOK B 3TOM ydyacTke moiaer BHu3. Ilo mpaBuity neBoil pykn MOXKHO YOeQUThCs, 4TO cujia Ammepa
OyzeT HarpaBJieHa BIPABO, T.€. MPEMATCTBYET IBUKEHHIO, UTO COIJIacyeTcs ¢ mpaBuiioM JleHna.

OTOT BCI)CI)CKT HpeO6p3.30BaHI/I$I MEXaHUYeCKOM OHEPTUHU B DHEPTHUIO DBJIICKTPUYCCKOI'0 TOKa

MIPUMEHSETCS Ha 3JIEKTPOCTAHIUAX. D /:
/i
5) Ilo 6eckoHEUHOMY MIPSIMOJIMHEHHOMY MPOBOJHUKY TEUET TOK l. Tlo 7
Ih T
napajieJbHbIM €My IPOBOJSAIIUM HANpaBiSIOLUM (peibcaM) JBUTAeTCs 4 %
‘ —
®B
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npsimosnHeiHbIi npoBoaHuK AC. Kyzna Oyzaer HanpaBiieH MHIYKIMOHHBIN TOK B mpoBoaHuKe AC?

—

[To mpaBuny OypaBuWKa ompezelseM, yTo JuHUM B mons, cosmamnoro toxkom |, B Mecte
pacmioniokeHusi mpoBogHMka AC HampaBlieHBI OT Hac. PaccMOTpUM HECKOJBKO CIIOCOOOB
paccyXaeHHUs.

a) Cuoii, MpensATCTBYIONICH NBMKCHHIO 10 TpaBuiy Jlenna, Oyaer cmia Amrepa. [IpaBuiio
JIEBOW PYKHM MOKA3bIBAET, YTO, JJISl TOTO YTOOBI OHA OblLjIa HAampaBiieHa MPOTHB ABMXKEHHs, TOK B AC
noJokeH Tedb oT C K A.

0) Ilo mpaBuity JIeBOM pyKH HaifieM HampaBieHue cuiibl JlopeHia, 1eiCTBYIONIEH Ha HOCUTETN
TOKa B IIPOBOJIHUKE, KOTOpas U OyneT cTopoHHeH cuioif, ooecneunBatomieit 3/1C. Tok noiiger ot C
KA.

B) MpbICIeHHO 3aMKHEM KOHTYp, Hampumep, csepxy (/IE). BriOepem HampaBiieHue Hopmaiu

—

(114 pacyeTa MarHUTHOTO TOTOKA) BAoAb B. MaruutHslii notok uepes AJIEC npu nsmwkennn AC
yOBIBaeT (TaK KaK YMEHBIIIAETCS TUIONIAlb). 3HAYUT, WHIYKITMOHHBIN TOK JIOJDKEH T€UYb TaK, YTOOBI
CBOMM MAarHUTHBIM MOTOKOM CTPEMHUTHLCS KOMIIEHCHPOBATh yObIBAaHUE MOTOKA, T.€. €r0 MarHUTHOE
nosie Oyaet HampaBiieHO oT Hac. [lo mpaBuiy OypaBunka mist 3Toro Tok B AJIEC nomkeH Tedb 1o
4acOBOM CTpEJIKe, T.€. B MPOBOJAHUKE TOK TeueT oT C k A.

r) Ucnonb3yeM npaBuiio mpaBoi pyKU JIJIsl HAXO0XAECHUS HAlpaBiICHUs] MHAYKIIMOHHOTO TOKa B

—

JBYKYIIEMCS TIPOBOJHUKE: JTUHUM B BXOAAT B a0HB, OTOrHYTHIH OOJBINON Majel HalpaBlieH

BJIOJIb CKOPOCTH, TOTJa 4 Majiblla yKa)XXyT HallpaBJICHUE WHIYKIMOHHOTO Toka - oT C K A.

84. SIpjieHue CAMOMHIVKIIHH.

JIro00#1 9JEKTPUYECKUH TOK B KOHTYPE CO3JaeT MArHUTHOE II0Jie, KOTOpoe (HOpMHpYET
MAarHUTHBIN TIOTOK, MPOHU3BIBAIOIINNA caM KOHTYp. IIpu M3MeHeHHuH TOoKa M3MEHSETCS TIOTOK Yepes
KOHTYp, T.€. B HeM Bo3HHUKaeT D/{C unayKuu.

Camounaykius — siBneHue Bo3HUKHOBeHUs D/]C UHIYyKIIMK B KOHTYpe MpU U3MEHEHHH TOKA B
HEM.

Cornacro 3akony buo-Casapa-Jlannaca, uaaykuus B npsmo mponopuuonansha cuiie Toka
|, nosToMy ¥ HONHBIA MarHUTHBEIM MOTOK uyepe3 KOHTyp Toxke mponopuuonanen |: W =LlI.
Koa¢pdunuent nponopuuonansHoctd L HaspBaeTcst MBAYKTUBHOCTBIO. OH 3aBMCUT OT T€OMETPUH
¥ MAarHMTHBIX cBoMcTB cpembl. Jns ¢deppomarnetuxoB W menmueitno 3asucur or |, Te.
L= f(l), ana npyrux L =const.

[L]=1 Irenpu(ln).

Bbluncianm MHAYKTUBHOCTB COJICHOU/A.

B= ML, IN, roe N— umcI0 BUTKOB Ha eIUHMILY JUTHHBI ([n] =1/ m).
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® =BS, ¥ = NBS=n’lu)lS , rae N = nl - o6mee xomiuectBo BUTKOB.
b4 2
L= T 11pN?1S = 11240V , rie V - 06pem coneroma.

Orcroza MOXKHO Haiiti pasmeprocts [4, ] =111/ m (p, = 4m-107" T'n/m).

Ecimu L me 3aBucur or | (napamarneruku u nmamarsernku), to DJC caMOMHAYKLMH &

(self induction) pasra &g = —d—\P =— ﬂ
dt dt
Ecmu L= f(l) (peppomarnernx), To
L OL)_a o e
dt dt dt dl” dt

B otom cirydae L yxe He sBnsiercst kospdurmentom Mexny £ di / dt.

85. TOK IpH 3aMbIKAHHUHN M PA3MbIKAHUH KOHTYPA.

[To npaBuity JIeH11a TOKHA, BOSHUKAIONIHUE BCIEICTBUE CAMOUHIYKIINH,
MPENSATCTBYIOT U3MEHEHHIO TOKa B 1ienu. [lo3ToMy ycTaHOBICHHE TOKA MpH
3aMBIKAHUM IeMH M €ro YyObIBaHUE TpPU pa3MbIKAHUU TPOUCXOJIAT HE

MTHOBEHHO, a TMocTeneHHo. Hailizem xapakTep H3MEHEHHUS TOKa Tpu

pa3MBbIKaHUU 1enH (TIepeMblKaHue Kioda u3 1 B 2).

&
Jlo nepembikanns |, = —
dl
Hpu t = 0 nepembikaem ko u3 1 B 2. 3anmmem npasuino Kupxropa: IR =g, =—-L pre
I R R R
OI—:——dt = Inl=——t+InC = | =Cexp(——t)
I L L L

& &
U3 navansroro yenosus |(0) =1, = R naiinem: C = —

1 OKOHYAaTCJIbHO

I :fexp(—l), rne 7=L/R - xpusas 1.
R T

AHQIOTMYHO, TNPU  3aMBIKAHAM  [ENU  TIOJY4UM
dl
IR=¢c+¢4,=¢- La : Peast nuddepeHEanbHOE
g t
paBHeHue, onyanm | = R 1—exp(——) | - xpupas 2.
T
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§6. B3auMHasi MHAVKIIUSA.

Ectp aBa xonrypa ¢ Tokamu. [lycts uepe3

KOHTYp Ne2 mpoXOoauT MOJHBIA MarHUTHBIN

notoK, cosmanneii Tokom Nel, W, =L, .

Torna npu usmenenun |, BO BTopom KoHType

dl,
Bosunkuer DJIC &, =—-L,,—. B 10 xe

dt

dl
spems WV, =L,l, u &, :—Lizd—tz.

KOHTypBI 1 u 2 Ha3LIBAIOTCS CBA3aHHBIMHU, a ABJICHUC BOSHUKHOBCHUA MHAYKIIMOHHOT'O TOKAa B

OJHOM KOHTYPC IpPpU U3MCHCHUH TOKA B APYIrOM HA3bIBACTCA B3aMHOM HHHYKHHGfI. le u L21 -

B3aMMHBIE MHIYKTUBHOCTH KOHTYpOB. B orcyrcrBue deppomarnetnkos L, = L,,. Ux Bennuunb

3aBUCSAT OT FEOMETPHU KOHTYPOB ¥ MATHUTHBIX HPOHHIIAEMOCTEH CpeIbl. L
§7. DHeprusi MATHUTHOIO MOJIS. e
[Ipu xmove B monoxenun 1 uwepes L ycranosurcs tox |. Ilpu

MNEPEMBIKAHHUH KJII0Ya B IMOJIOKCHUEC 2 TOK IOCTEIICHHO Y6I)IBaeT 0 HYJIA.

Haiinem paboty DJIC caMOMHIyKITUY:

dA=z.dq =z, Idt = —Z—T Idt = —1dw

Ecmu L # f (1), 1.e. ner peppomarnerukos, to ¥ = Ldl. Torna dA=—LIdl u

0 2
A:—judl:i.
| 2

Ota OHEPTrUd yXOOUT Ha M3MCHCHHC BHy’TpeHHeﬁ OHCPIrur COIIPOTHUBJICHUA R H IIPpOBOOOB.

HpI/I 9TOM MAr"HvuTHOC IIOJIC UCYEC3ACT, APYIUX M3MEHEHHUU HET. 3Ha‘{I/IT, MAar"gmuTHOC IIOJIC O6.]'Ia£[aeT

LI?
sueprueit W = —— - maruurtHas sHeprus npoBoHuka ¢ MHIyKTHBHOCTEIO L mpu Toke | B HEM.
CU?
Dra sHeprus JoKanu3oBaHa B MarHuTHOM mnonie. (B anektpocratuke W = 5 )

Jlerko MMOoKa3aTb, 4YTO MpU CO3OAAHWUU MATHUTHOI'O IIOJIA, T.C. IPU BO3HUKHOBCHHU TOKA,
BHCITHUM UCTOYHHUKOM COBCPIIACTCA TAKad KC pa60Ta.

BLIpa3I/IM MAaraivuTHYIO SHECPIruro COJICHOU A UC€PEe3 €ro napaMeTphbl:

2 2
L—uun™, H=nl=>1=2 = W:L2| =““;H V.
n
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Tak kak moje coyieHOMJa OAHOPOJHO, TO MOKHO HaWTH OOBEMHYIO IUIOTHOCTh MAarHUTHOU

W H > BH ED
SHEPTUU W=—= = ( B anmekTpoctatuke W= ——)
\Y 2 2 2
Just npoussonbHoro o6bema nmeem W = [wdV .
V)
Y 1 L, 1,1
Jlnst nByX cBszaHHbIX KOHTYpoB W = Ll Ly 224 le 124 2121
2 2 2 2
1 N
Js N cesasanubix kortypos W = > > L LI
i k=L

T'1aBa 9. YpasHenus MakcBesLia.

81. BuxpeBoe 3JeKTPHYeCKOe IoJIe.

—

PaccMOoTpuM 3IEKTPOMArHUTHYIO WHAYKIHIO, KOTJa KOHTYp IOKOUTCA, a B wmensercs.
Bo3Hukaer HMHAYKIIMOHHBIA TOK, 3HAYWUT, CYIIECTBYIOT CTOPOHHHE CHJIbI, JEHCTBYIOIIME Ha
31eKTpOoHbl. OHM HE UMEIOT HU XUMUYECKOUW, HU TEIIOBOM Mpupobl. OHU HE MarHUTHBIE, TaK Kak

MarHuTHOE MoJie paboThl HEe coBepiuaeT. [IpruxoauM K BBIBOY, UTO BO3HUKAET 3JIEKTPUUECKOE TOJIe

—

(ue anekrpocrarnyeckoe!). Hasosem ero Buxpesbim - E, .

T dd
Tpeobpasyem seipaenne amst DJC nuaykmu & = § E dl = e
.o d .
{E.dl = it [BdS, rze S - nponssonbHas OBEPXHOCTH, HATAHYTAs HA KOHTYP.
(S)
. 0B -
{E.dl =—[ —dS
(5) Ot
- L oB -
[To Teopeme Crokca: {ES dl = II’Ot Eg -dS=-| —dS.
(s) (s) Ot

[Mockosbky S mpousBonbHast, To Ot Eg =——.

MakcBenn MNpCAIoJIOXKUI, 4YTO HOaXE 0e3 INpOBOAHUKA B TIMPOCTPAHCTBE BO3HHUKACT

QJICKTPUYCECKOC IIOJIC. Ono He QJICKTPOCTATHUYCCKOEC, TaK KaK A OSJICKTPOCTATUYICCKOTO

rotE_ =0.

ByneM paccmaTpuBath obmiee mone E = E +E

6 cmam'

ot E=—— - omHo u3 ypaBHeHU MakcBeruia.
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N3 3TOro ypaBHEHHS CIENYET, UTO HEJIb3s pacCMaTpUBATh AIEKTPUUECKOE U MAarHUTHOE IOJIS
pa3aenbHo. JefCTBUTENBHO, YCTh 3IEKTPUUECKOE MOJIE CO3/IaHO CHUCTEMON HEIOABUKHBIX 3apsiIOB.
Ho otHOCHTENnbHO Apyroi cucTeMbl OTCUETAa OHM JIBUXKYTCS, @ 3HAYUT, CO3JAIOT €IIe U MarHUTHOE
ToJIe.

C npyroit CTOpOHBI, HEMOJABWKHBIA MPOBOJ C MOCTOSHHBIM TOKOM CO3/1a€T MarHUTHOE TIOJIE.
Ho oTHOcHUTEnbHO ApYrux CUCTEM OTCYETA OH JBUIKETCS, T.€. MArHUTHOE I0JIE B KaXIOW TOYKE
SBJIIETCS IEPEMEHHBIM U, COTJIACHO (POPMYIIE, CO3AET BUXPEBOE ANEKTPUUYECKOE TOJIE.

Takum 00pa3oMm, FJIEKTPOCTATUYECKOE HJIM MarHUTOCTAaTUYECKOE T0JIe€ B JPYTrUX CHUCTEMax
oTcueTa MPEJCTABIIAIOT COO0H COBOKYMHOCTH 3JIEKTPUUYECKOTO0 M MAarHUTHOTO MOJIeH, 00pa3yronmx
€IMHOE AJIEKTPOMArHUTHOE TOJIE.

82. ToOK CMelIeHUS.

JI71s cTaliMOHapHOTO MAarHUTHOTO TIOJISE MBI BBIBEH (pOopMyITy
VxH=] (rotH=17) *)

op op

e - g
KpoMme Toro, BHITIONHEHO ypaBHEHHE HempepsiBHOcTH V- | = ——— (div ] =——).

[Tone MoskeT OBITH CTAllMOHAPHBIM, TOJBKO €CIM O M | HE 3aBHCAT OT BpeMeHH. Torza

- g
div ] =0, r.e. tuHMM TOKa HEe UMEIOT HCTOYHUKOB M 3AMKHYTHI CAMH Ha Ce0s.

PaccmorpuM  HecranuMoHapHBIA — Cioy4aill, — Hampumep, ) :_9'
3aps/iKy KOHZAEHcaTopa (cM. pHUCYHOK). Tok u3MeHsiercs co - l‘u_ \\ 5
BpeMEHEM U oOpamaercs B HOJb, KOIJa KOHJEHCATOp .'_L e ll {

l
IIOJIHOCTBIO 3apsbkeH. [Ipu nmpoTekaHuu Toka JIMHUHU ] UMEIOT l\ / I
~ o~

paspeiB. BoseMeMm 3aMKHYTHIM KOHTYp ', oxBaThiBaromiuii

IIpoBOA, U BBIYUCIIMM HHTCTPAJ IO IMMOBCPXHOCTHU S , onnpafomeﬁca Ha KOHTYp " nepeceKafomeﬁ

HPOBOJ: J.I‘Ot H-dS = deg
() ()

ITo Teopeme Ctokca jrot |:| ~d§ = IH df . Torma J.H .df = J.jd§ =1.
(S) (T) () (S)

o ' o
Ecau xe npoacjaTtbe TC K€ ACUCTBUA IO NMOBCPXHOCTHU S , TAKIKC OMNMUPAIOHICHUCA HAa KOHTYP

I', Ho He nepecekaromeit nposo, T0 j Hdl = I TdS =0.
() (s")

Ho oaun u TOT %€ I H dl HC MOXKCT PAaBHATHCA pa3HbIM yuciam!
™)

3Haunt, ypaBHeHue (*) He BepHOo. HampammBaercsi BBIBOJ, YTO JOJDKEH OBITH 4IIEH,

HpOHOpL[I/IOHaJIBHHﬁ HpOHSBOI{HOﬁ 10 BpCMCHHU.
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Ha nenpaBuibHOCTh ypaBHEHHS (*) yKa3bIBAeT U CIIEAYIOIIEE PACCyXKICHHE:

-

rotH = j = div(rot H) =div j
Jleas yacTh paBeHCTBa Beerya pasHa Hymo, Tak kak V- (V x H) =0. ITpasas xe uacts He
BCErJla paBHa HYJIIO, 4TO CIIEAYeT U3 ypaBHEHHs HEMPepPHIBHOCTH.

st ycTpaHeHuss 3TUX NpoTUBOpeunit MakcBemn m00aBmil K j TaK Ha3bIBAEMbId TOK

cmeuy” rOt H = J + JCWZW (**)

CYMMa TOKa IMPOBOJAUMOCTH U TOKAa CMCUICHUA HAa3bIBACTCSA ITOJIHBIM TOKOM!

g g d

J}’ZOJZH = J + cheu,;

CMCIICHUS j

Boruucius muBeprenuuio ot (**), momyanm  div(rot H) div( ] j + chem)
928
Ho neBast 4acTh paBHA HYIIO, 3HAUNT: div | jcmm —divj = o
UToObl BBIPA3UTH jmem yepe3 XapaKTepUCTUKU MoJisl, npoauddepeHuupyeM Mo BpeMeHHU
- . oD 0 oD .- . oD
ypauenne divD = p:  div—= LS divE =div Jowew = Jowew= "=
ot ot ot “ ' ot
-~ oD
[MoxcraBum B (¥*): rotH = + Y (***)

DTO OJHO U3 ypaBHeHUN MakcBea.

uMeeM j rot H -dS = _[ rot H - dS , t.e. BBenenue
(S) (S")

Mo3kHO MOKa3aTh, YTO IIPU y4YETe jmem

TOKa CMCIICHUS CHUMAECT BCEC HpO6J’IeMH.

oD

TepMuH “TOK cMelIEHUs SBIAETCS YCIOBHBIM, MPOCTO Pa3MEPHOCTh E COBIAJACT C

-
PasMCPHOCTBIO J . 3 Bcex (I)I/I?»I/I‘ICCKI/IX CBOUCTB, HNPUCYHIHUX TOKY, TOK CMCHICHUA 06nanaeT

TOJIKO OJJHUM: OH CO3J]aeT MarHUTHOE I0JIC.
N3 (***) cnemyer, 4Yro mepeMEHHOE OJIIEKTPUYECKOE ToJie co3/JaeT MarHuTHoe. U3
BBIBEJICHHOTO paHee ypaBHEeHWsi MakcBeluia cjeoBalio, YTO TIEPEMEHHOE MAarHHTHOE CO3/aeT
aNeKTpUYecKkoe. 3HAUUT, MATHUTHOE U DJIEKTPUIECKOE T0JIs yPaBHSIIMCH B CBOMCTBAX.
Toxk cmemieHus ectb Be3Jie, TJIe €CTh MePEMEHHOE AMEKTPpUIeckoe mojie. B uacTHOCTH, OH €CTh
U B MPOBOJAX, MO KOTOPHIM TEYET MEPEMEHHbIN 3JeKkTpuueckuit Tok. Ho B mpoBogax oOBIUHO
<< ]

Z[J'ISI TOKa CMCIICHHA TOXKC MOKHO CTPOUTH JIMHHUU TOKAa. Maz1 3HacM, 4YTO B

queu,; npoe-*

KOHACHCATOPC D =0 (HOBCpXHOCTHaH IIJIOTHOCTB 3ap;111a), MO3TOMY D = d, T.C. IINIOTHOCTHh TOKa
CMCHICHUSA pPaBHA IIJIOTHOCTU TOKa MPOBOAUMOCTH B IIPOBOJHUKC. Hx PaBCHCTBO O3HA4YaCT

HCTIPCPBIBHOCTDH JIMHUI TOKa Ha rpaHuIe, T.C. JUHUU ITOJITHOTO TOKAa HEIIPCPBIBHBI.
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83. YpaBHenust MakcBe/Lia.

ot E=-8
divD=p
rotH = T+@
ot
divB=0

VYpaBHeHHnss MakcBeia SBISIOTCS TAKOM K€ OCHOBOM Ui BCEW DJJIEKTPOJAMHAMHUKH, Kak

—

3akoHbl HptotoHa st mexanuku. VX Hajgo gononuuts cesssvmu D ¢ E w B ¢ H: D=¢g,E,

— — —

B=uuH, artacxke | ¢ E: | =0E - aupdepenumansubiii 3akon Oma, rae O - yaenbHas
MPOBOANMOCTb.
Beimie mbl 3anucanu ypaBHeHus: MakcBemia B nuddeperunansHoil hopme. MoxHO nepeitu k

UHTErpajibHON (QopMe, MHTETpUpysl MO MOBEPXHOCTH WJIM MO KOHTYPY M MOJIB3YSACh TeOpeMamH

Octporpazackoro-I'aycca u Crokca:
e _ _ d _
Edl =——[BdS
fET =]
§DdS =q
fHdI = | +ijf)ds“
dt

fBdS =0
L'aasa 12. QJIEKTPUYECKHWE KOJIEBAHUWSA.

81. CB00OAHBbIC HE3ATYXAKOIIME KOJC0AHUA B K0Je0ATeJbHOM KOHTYPE.

B uemu, comepxameii xongencatop C u karymky L, moryr Bosnukars /
anekTpuyeckre Kkojebanusa. [losTomy Takyroo 1enb Ha3bIBAIOT KoJeOATEeIbHBIM

KOHTYPOM.

[TycTh aKTHBHOE CONPOTHBIICHUE R orcyrcTByeT. Toraa xonebanus OyayT He3aTyXaroIluMHU.
Bri3Bath kosneGaHus MOKHO OO0 cOOOIIMB 3apsia 00KIaAKaM KOHAEHcaTopa, JM00 BO30yIUB TOK B

KaTYHIIKEC.
PaCCMOTpI/IM HepBHﬁ CI10Cc00. Iogxmrounm KOHACHCATOP C 0e3 KaTYIIKHN K UCTOYHHKY TOKa
g. On 3apAAnUTCA. Tenepb MNEPCKIOYUM KOHACHCATOP C UCTOYHHUKA HA KATYIIKY L OH HayHET

pa3pAaKaTbCA, MOMIET TOK. HpI/I OTOM 3apsd KOHACHCATOpa q 6y2lCT Y6BIBaTL, a ChJjia TOKa I B

LIENU — PacTU. DJIEKTpUUECKasi SHEPI U q2 / 2C mnpespamiaercs B MarauTHyto LI 212. ITockonbky

IMOTECPb OSHEPruv B LCIHU HCET, TO IIOJIHAA SHEPruUd OCTACTCA MMOCTOSSHHOM. MBI npeHereraeM
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U3IYYEHUEM 3JIEKTPOMAarHUTHBIX BOJIH, KOTOpPOe TeM OoJjblie, 4eM OOJbIIe YacToTa U YeM
“OTKpbITEE” KOHTYP.

W3 3akoHa COXpaHEHHMS OHEPrHHM CJEAyeT, YTO TOK MAaKCHUMaJleH, KOrja KOHJIEHCATOp
MOJHOCTBIO paspsokeH. Jlamee Tok yOwbiBaer, HO OJIC caMOMHAYKIIMU NPOJOJDKAET €ro
MOJIIEP>)KUBATh, TAK YTO OH YOBIBACT JI0 HYJIS 32 KOHEYHOE BPEMSI, B TEYCHHE KOTOPOTO KOHAECHCATOP
nepe3apsiiuTCesl 0 TOro e 10 MO0 3apsga, W T.J. TakuM o0pazoMm, KoJeOaHUs

COTNIPOBOXKIAIOTCS TMEPEX0JIOM SHEPTHH U3 JEKTPUUYECKONW B MarHUTHYIO U 00paTHO. 371eCh BUAUM

. 2

ABHYIO AHANOTHMIO C TOUKOH Ha NpPYKHHE, Ie MOTEHIHanbHas dHeprus KX / 2 nepexoiuT B
2 2 2

KMHETH4eCKyro MV / 2 v Hao6OPOT. DTO HABOJUT HA MBICIL 00 aHatoTHAX: (] / 2C — kx / 2 u

LI?/2—>mv?/2, temGoneeuro | =(, xaku V=X.

L

Haiinem ypaBHenue koneOanuil. [lycts B jaHHbII MOMEHT ( pacTer.

T C
P, ==& = ﬂ:_l—dl ﬂ+Lq=O 4}_
C 1=

U

C dt
1 2

. 2
BBonsa obGosnasenne —— = @, moayuum ( + @, = 0 - muddepennuansHOe ypaBHEHUE

TapMOHHYECKHX KOJIeOaHUH.
Iepuon xoneGanuii papen 1 = 277/ @, = 272/ LC - hopmyna Tomcona.

Pemenne nuddepennuanpHoro ypapueHus nmeer sua: ( =, COS(a)Ot + a) , OTKyZa

U :%:Uocos(coot+a)

| =4 =-0q,,0,sin(o,t + @) =0, @, COS(w,t + @ + %)

Tok omepexaer HanpsokeHue 1o ¢ase wa 77/2. Ou pasen nymo, xorma U =U_ .

L
AMIUIATY/IbI HAPSDKEHHs W Toka pasubl: U = q—m, I, =0,@,, te. U, =.[=I_. 31y cBszb
C C
2 2
. cu, LI
MOYKHO TIOJTY9UTh TaKXKE U3 PABEHCTBA MAKCHMMAIIBHBIX SHEPTHIA: =

82. CB0o0OAHDbIC 3aTYXAIOIIME KOJCOAHUS.

Bcesakuit peaanHﬁ KOHTYD O6J'I8.I[8.€T COIIPOTUBJICHUEM R, IMNO3TOMY JBHCPIrust IMOCTCIICHHO

NEepeXOaUT B TCIUIO U KOJIeOaHMS 3aTyXaroT.

o,-p+IR=¢, = %+Rq+Lq=0 = q+2ﬂq+a)§q=0,me ﬂzi

2L
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Oto0 nuddepeHranbHOe ypaBHEHNE 3aTyXaloMUX KojeOaHuil (B MexaHuke ObUIO TOYHO TaKoe

xe). Ero pemenue numeer BUA:
q=0,.,e " cos(@t +a), s
2 \j/\\/ﬂ\/\\/ ,

LC 41°

2
e @ =@, —

q(t)
q(t+T)

Jlorapupmuueckuii fexkpeMent 3aTyxanua A = In ————

_ﬂl'_

z_1 L
JIo6pOTHOCTE KOHTypa ompenensercs gopmynoi: Q = /1 = R E MoxHO MOKa3aTh, YTO

IPY MAJOM 3aTyXaHWH NOOPOTHOCTB, JENEHHas Ha 277, JAeT OTHOIIEHHE SHEPTMH CHCTEMBI B

JTAHHBIA MOMEHT K €€ MOTepE 3a MEPUOI.

2 2 1
Ecnu 3aryxanue mMano ( f° << @j), 10 O ®* @y = ——.
~LC
Ecmu 8 > @, TO KOneGaHU| HET - peXUM alepHoUYECKUH.

83. BuIHYKICHHbIE YJIeKTPHYCCKHE KoJieOanus. Pe3oHanc.

Paccmotrpum  1emb, wu3oOpaxkeHHyro Ha pucynke 1. JluddepeHnuanbHoe ypaBHEHHE

npuoOpeTaeT BU/I;

0+284+wlq= UTmcoswt

R ) A
Kak m B ciyuae MeXaHWYECKHX KOJIcOaHUH, : 1 ! H—
!

perieHue HEOJHOPOHOTO b depeHInaIbLHOro o/ --r-;-(—-- Y, -.-h'uq_%_;..:
YpaBHEHHSI TIPEICTABISIET COOOH CyMMY 3aTyXaroIlliero 0L o
cBOOOTHOTO KoJIeOaHUs u BBIHY)KJICHHOTO 4

) Puc.1
HE3aTyXalollero:

q=0,e " cos(yw — Bt +a) +q, cos(at —y),
U,/L 2w

rae , *) tgw = L

RN e Sy w; =

‘lepe3 KaKO€-TO HOCTATOYHO KOPOTKOEC BPEMA CBO6OI[HBI€ KOJIeOaHUs 3aTYXHYT OO0 HYIIA U

OCTAHYTCA TOJIbKO BBIHYXICHHBIC. BLIpa3I/IM TOK U HAIIPSAKCHUA HA PA3HBIX YUAaCTKaAX!:

l=q=1,cos(at -y +7/2),rne |, =q,;

Uc =%=UCm cos(wt —w), e U, O Lo

C oC’
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U, :L%:Umcos(a)t—y/wz),me U, =olLl

U, =IR.

m?

Taxum o6pazom, U . orcraer or tokana 77/2,a U, onepexaer erona 77/2.

OTu cBs3U yIOOHO WUIIOCTPUPOBATH C MOMOIIBIO
BEKTOpHOM auarpammbl (puc.2). ['apmonmueckoe
KOJICOAHHE MOXKHO IPEICTABUTH B BUIC BEKTOPA, ) L/
i
JUIMHA KOTOPOTrO paBHA aMIUIUTYJIE, a HalpaBleHUE
COCTaBJIIET C HEKOTOPOM OChbIO YroJj, PpPaBHBIN
HavayipHOU (ase. B kadecTBe 5T0H ocm (abcumec) 7
V1A I
y100HO BBIOpaTh BEKTOP TOKA (B paccMaTpuBaeMoOn

e OH OJIMHAKOB BO BCEX JJieMeHTax). Jlerko

(Y4

<
(oL~ 54,

OCh MOKOE

-

Puc.2

n300paszuth Bce “BexToph’ Hampsukenwmit. Cymma U, +U. +U_ nmomxHa paBHATBCS BEKTO
L c R

—

IMMPHUIIOKCHHOTO HAITPSXKCHUA U . OTCIO)Ia CJICAYECT, YTO aMIUIMTyAda IIOJIHOI'O HANPsXCHUA PaBHA

U =1_ \/ R? + (wL —1/ @C)? . D1y hopmyny Takske MOKHO JErKo HOTYIHTS 3 (*).

PasHocTh (a3 @ Mmexay cHIIONW TOKa B LENU M MOJABAaEMbIM HANpSHKEHHEM, KaK BHIHO M3

a)L—i

__aC
R

Ha pucynke 3 mpuBeneHbl pe30HAHCHBIE KPUBHIE, T.€.

puc.2, ynosuerBopsier yciosuto {g@ =

3aBUCHMOCTH  aMIUIATY bl U, OT  4YacToThl
(R, <R, <R;). Hns pasueix Bemuunn R makcumym

cootBercTByeT pasubiM wactotam. Jus  u U, (puc.3)

pE30HAHCHAsI  YacToTa  OMNpeleNsieTcs  MUHHMH3ALUCH
MOJAKOPEHHOTO BhIpaKEHUS B 3HaMeHaTene (*):

w,,, =i —28° =

qpes - a)O

AMIIIUTY1a TOKa

JR? + (0l -1/ aC)?

T.e. ) ,,, = Oy (puc.4).
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Ipu wmamom 3aryxanun (3 << @,) pe3oHAHCHbIC I

YacTOThI COBNAJAIOT ¢ COOCTBEHHON YaCTOTOH KOHTypa @, a

U
Cm pes _ 1 — i\/z = Q Taxum o0pazom,
U, oCR RVC

m

R,

R,

no6potHocth koHTypa () TOKashIBaeT, BO CKONBKO pas3

R,

AMINIMTYyAa HAIIPAKCHHUA Ha KOHACHCATOPEC MOKET IPCBLICUTH

npuioxensoe U .

B sTom n 3aKJII0YaJICs TJIAaBHBIA CMBICT BBCACHU

Qe Ry sl
el

NOHATHS “I0OpoTHOCTH”. KpoMe Toro, MOXHO MOKa3arh, YTO Puc.4

)106pOTHOCTB paBHa OTHOIICHHIO pGSOHaHCHOﬁ HJaCTOTHI C()O K / h
-

o ) \/_ Jmﬂ:ﬁ?
IIMPUHE PE30HAHCHOM KpuBoW A@ Ha BbICOTE, B 2 pas 7 e

MeHbIIel Makcumyma (puc.5).
F ===
SIBneHne pe3oHaHca UCHOIb3YETCs IS BBIICTICHUS 13 4

CJI05KHOTO CHUTHAJIa HY’)KHOM COCTaBIISIFOLLCH

U=U,_cos(ot+e,)+U,_,cos(w,t +a,)+... Hactpous

KOHJIEHCATOp (MJIM KaTyIIKy) Ha OAHY W3 4acToT (1mojo0paB

1
1
|
¢
|
|
1
|
1
|
i
1
1
!
[/

-ﬁ-————_-—.——
&..,.___..__..._-—

Y

Auwt<

Puc.

¥

ip &
L,C), MOXHO mosTyunTh Ha KOHIEHCATOPE HAMPSIKEHHE C
5
ammuTynoit, B Q pas npesbimaronieif aMIianTyay AaHHOM
cocrassionieli. Bee apyrue aMImuTy sl ocTanyTes Manbivu. Takoii mpoliece oCyIecTBiseTcs Ipu

HACTpOHKe paiMONPUEMHHUKA Ha HY)KHYIO YacTOTY.

84. TlepeMeHHBIH TOK.

[lepeMeHHBIM TOKOM HAa3bIBae€TCsl TOK, CHUJa KOTOPOIO M3MEHSETCS CO BpPEMEHEM [0
rapmonuueckomy 3akomny: | =1,C0S(274 + ). Vmenno Takoil TOk ucHONB3yeTCs B

anekTpuueckux cersx. B Poccum ero uwacrora paBHa 50 I'm, B CIHA — 60. Ilouemy xe
UCIOJIb3YeTCsl UMEHHO mepeMeHHbI Tok? Ka3zanock Obl JIorMYHEE UCHOJIb30BAaTh MOCTOSHHBIN, C
HUM BCE 3HAYUTENIBHO MOHATHEE, UMEHHO €r0 Mbl pacCMaTpHUBAJIM B TJiaBe 3.

MOXHO BBIJIEAUTH JBE OCHOBHBIE MPHUUYMHBI MPEANOYECTh UMEHHO INEPEMEHHBIM TOK: €ro
Jierye MpoU3BOANUTD U JIeTYe MPeoOpa3OBhIBATH, T.€. YCHIIUBATh UM OCIAOIATS.

I'eHepanysi mepeMEeHHOr0 TOKA OCHOBaHAa Ha 3aKOHE BHCKTPOMaFHHTHOﬁ WHAYKIHUH. Ecmn

IJIOCKAs paMKa IUIONIaJd O pPABHOMEPHO BpAIaeTcs B OJHOPOJHOM MArHHTHOM TIONE €
unnykuueir B ¢ gacroroit f oGopotoB B cexyHmy, To marEuTHBIA ToTok D, MpOHU3BIBAIONIMIL

paMKy, NCPpUOAUUCCKU U3MCHACTCSA BO BPCMCHU !
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d(t) = BS cos(2ft)
B cooTrBercTBUM C 3aKOHOM 3JIEKTPOMarHWTHOM uHAyKUuu @Dapajges Ha KOHLAX DPaMKH

nosisutcs nepementoe Hanpsuxenne U (1) = 27fBS sin(24ft) . Amniuryna ero nponopuuonansna

4acTOTE BpalleHUsi paMKu. Takas paMka, Bpallaroniasicss B MarHUTHOM TIOJIE, SIBJISIETCS MOJIEIBIO
reHeparopa IepeMeHHOro TOKa.

B peanbHbIX TreHepatopax BCE CIIOXKHEE: BMECTO PaMKH HCIOJIb3YeTCs TaK Ha3bIBAEMbIN
«CTaTOP» C HECKOJbKUMHU 0OMOTKaMu, IpUYeM, KaK BUHO M3 HA3BAHUs, OH MOKOUTCS, a BpaIlaeTcs
«POTOP», COCTOSIIIUA M3 HECKOJbKUX Map MarHuTOB. HO mpuHIMI AEHCTBUS OCTAETCS TEM IKeE.
Bpamenue potopa obecrneunBaeTCsi pa3HBIMA HMCTOYHUKAMH JHEPTUU: TMOTOKAMHU BOJBI — Ha
TUAPOIIEKTPOCTAHIIMIX, BOJASTHOTO TIapa — Ha TEIJIOBBIX M aTOMHBIX, BETPOM — Ha BETPSIHBIX U T.]I.

Ycujenue (um ociiabieHue) IEPEMEHHOTO TOKa OCYIIeCTBisieTcs: TpancdopmaTopamu. Ha

OJIHy M3 OOMOTOK, Ha3bIBAEMYIO MEPBUYHOM, MOJMAETCS NMEPEMEHHOE HANpPSIKEHHE OT BHEIIHEro
uctounuka. IIporekaromuii Mo mnepBUYHOM OOMOTKE NEPEMEHHBIM TOK cO37aéT IepeMEeHHbIN
MAarHWTHBIA NOTOK B MarHUTOIIPOBOJE. B pe3ynbTaTe 2JIeKTpPOMArHUTHONM MHAYKIMH 3TOT MOTOK
co374aéT B KaXJOM BHUTKE OOMOTOK, B TOM uuciie U B mnepBuuHoil, 3J[C MHIyKIMH, PaBHYIO

CKOPOCTU M3MCHCHHSA MAI'HUTHOT'O ITIOTOKA. 9}1C B BUTKaxX CYMMHUPYIOTCSA, U B UTOI'C B Ka)I()IOﬁ

o6moTke cymmaphbie DJIC nponopiuonansubl unciaam ButkoB N, u N,
[pasuno Kupxroda mis oomotok (B mpemmonoxkennn R =0) umeer sug U, + E, =0 u
U,+E,=0.Orciona U, /U, =E,/E, =N, /N_, te. Boixomnoe nanpsoxenne U, 5 N,/ N,

pa3 GoubLe Bxoxuoro U, .

P — o p— >
= @
.
®
U 1r Il
* t——
N ;',‘,(I) “\‘::_ -";‘I

U3 3aKOHA COXPAHEHMS SHEPTHH CIIEMYET, YTO MOIIHOCTL BO Bropuunoii oomotke (U, 1) ne

MOKCT NPEBOCXOAHUTH MOIIHOCTH B HCpBHqHOﬁ (Ulll)’ T.C., BbIMI'PbIBAsA B HAIIPS’KCHUUW, MBI BO

CTOJIBKO K€ pa3 NpOUrpsiBacM B TOKC.

PaCCMOTpI/IM OCHOBHBIE CBOMCTBA MEPEMCHHOT'O TOKA.
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https://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D0%B3%D0%BD%D0%B8%D1%82%D0%BD%D1%8B%D0%B9_%D0%BF%D0%BE%D1%82%D0%BE%D0%BA
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%BC%D0%B0%D0%B3%D0%BD%D0%B8%D1%82%D0%BD%D0%B0%D1%8F_%D0%B8%D0%BD%D0%B4%D1%83%D0%BA%D1%86%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%B4%D0%B2%D0%B8%D0%B6%D1%83%D1%89%D0%B0%D1%8F_%D1%81%D0%B8%D0%BB%D0%B0

[Ipoananu3upoBaHHbIE B MpeAbIIyIIeM naparpade KojaeOaHus MOKHO CUUTATh NEPEMEHHBIM
TOKOM B ILIEMM W3 IIOCIENOBATENLHO COEMMHEHHBIX KonaeHcaropa C, mmmykrusnoctn L wm

pesucropa R npu nopaue na nee nanpsokennst U =U _ COS ot . Tok usmensiercs no 3akony
| =1_cos(awt—¢@),
U U

I —_ m m

" Z :\/R2+(a)L—1/a)C)2 |

IIpHUYCM aMIUIMTy/Ja TOKa paBHa

Boipakenne 2 = \/ R? +(wL -1/ aC)* HA3bIBAETCS  MOJHBIM  OJIEKTPHYECKUM

COIPOTHBIICHHEM, UITH UMIIeancoM (110 ananoruu ¢ 3akonom Oma U = IR).

PasHocTh (a3 (@ MexIy CHIION TOKa B LENU M MOJABAEMBIM HANPSHKEHUEM YIOBIIETBOPSET

oL-

yenosuio Q@ = R

PaccmoTpuM pasHbie cirydan.

a) Ecimu uens cocrout Tonmbko u3 pesucropa R, to U _cosot = IR, orkyna cnenyer

| =—".D10 3naunr, uro Z =R, T.e. «3aKopaunBaHue» KOHACHCATOPA COOTBETCTBYET EPEXOLY

Hek C=0,akx C =0.
tg@ =0, pasuocrs daz @ =0, 1.e. nanpsokennem U, coBnagaer mo dase ¢ Tokom.

U

6) Eciu umeem tomeko L, mo | =—"=—"_ Bemmuuna X = ol nasbiBacrcs

" oL X

L
HHAYKTUBHBIM COITPOTHUBJICHUCM.

tgp =, 1e. ¢ =7/ 2, nanpsxenue U onepexaer Tok na 7/ 2.

1

B) Ecouu R, u L pasust nymo, o | =@wCU,_ =—".Bennunna X _. = —— Ha3piBaeTcs

C
CMKOCTHBIM COITPOTHBJICHHUCM. HpI/I w = 0 CMKOCTHOC COIIPOTUBJICHHUC XC =00, T.€. MMOCTOSIHHBIN

TOK 4€pPC3 KOHACHCATOP HE ITPOXOOUT.

tgp =—00, re. ¢ =—r/2, nanpsxenue U orcraer or Toxana 77/2.

U

m

r) [pu orcyrereun akrusHoro conporusnerns (R =0) umeem | = . Benuunna

oL ———
wC

1
X =|loL-——|= ‘X L= XC‘ HA3BIBAETCS PEAKTUBHBIM CONPOTUBIICHUEM, UITH PEAKTAHCOM.

B oburem ciydae moxkHo 3amucath Z =~ R? + X?, tgp= X /R.

Bc€ 9T0 MOXKHO JIerKO YBUIETh Ha BEKTOPHOH nuarpamme (puc.2 B 83).
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Haitnem MrHOBEHHYIO MOIIHOCTD B LIEINU IEPEMEHHOTO TOKA

Pt)=U({)I(t)=U_cosat- | _cos(at—¢) :%Umlm cosgo+%umlm Cos(at — )

[IpakTHYeCKUI MHTEPEC MPEICTABISET CPEHsA MO BPEMEHH MOMmHOCTH P =—"—"C0S@.
2
ImR m
[TocKONIBbKY COS¢=E , 0 P= BN (Tak Kak =|_). Takyio *e MOIIHOCTb pa3BUBACT
nocrosHHb Tok | = Tmz (wm U = \/i). OTU 3HAYEHUs HA3bIBAIOTCS JIEHCTBYIOIIUMHU (MM

3(1)(1)GKTI/IBHBIMI/I) SHAUCHUAMU TNECPEMCHHOI'0 TOKa W HAIIPSKCHUA. NMeHHO 3TH BEJIMYWHBI MBI

UCIIONb3yeM, TOBOpA O IepeMeHHoM Toke. Hanpumep, npussiuneie 220 B - s10 aeiicTByromee
3HaueHne. Amrumryna Hanpsokenns pasaa U =220 - J2 ~311 B.

Ucnionb3ys peiicTByromue 3Havenus, sanmmem Momuocts B Buge P =Ul COS@.
COS@ HasbiBaeTCs KO3()OUIMEHTOM MOLITHOCTH.

Ecu @==47/2, re. R=0, to P=0 - noreps smeprun mer. Hosromy X , X, X

HA3BIBAIOTCS PEAKTUBHBIME CONPOTHBIECHUAMH (B OTIMYME OT aKTHBHOTO CONpoTHBiIeHus R).
Iaapa 13. YIIPYT'UE BOJIHBI.

81. PacupocTpaHeHue BOJH B YIIPVIOH cpeje.

Ecmn B kakoit-HumOyap ympyrod cpene (ra3ooOpa3HOH, JKHJIKOW, TBEpIO) BO3OYIHUTH
KojeOaHus YacTUl, TO 3TH KojeOaHus OyIyT pachpOCTPaHATHCS OT YACTHIBI K YacTULE C
HeKOoTOopoil ckopocThio V. Ilpoimecc pacmpocTpaHeHHs] KoJieOaHUN B NPOCTPAHCTBE HA3bIBAETCS
BOJIHO.

YacTuibl Ipu 3TOM He OeryT BMECTE C BOJIHOM — OHU TOJBKO COBEPIIAIOT KOJIEOAHHS OKOJIO
CBOUX IMOJIOKEHHUH paBHOBecHs. B 3aBUCHMOCTH OT HarpaBieHHs KOJIeOaHHI 4acTUIl OTHOCUTEIHHO
HaAMpaBJICHUs PACIPOCTPAHEHHS] BOJHBI Pa3lIMYalOT MPOJOJIbHBIE W TIOMEpPEYHble BOJHBL. B
MIPOJIOJILHBIX YACTUIIBI KOJIEOIIOTCS BOJIb HAMIPABIECHUS! PACIPOCTPAHEHUS BOJIHBI, B TIONIEPEUHBIX —
MEPIEeHIUKYIAPHO eMy. YIpYyrue TMOoIMepeuHble BOJHBI MOTYT CYIIECTBOBAaTh TOJIBKO B Cpee,
compoTuBIsomeics caBury. [1oaToMy B JKHIKOCTSIX M Ta3ax CYIIECTBYIOT TOJBKO IMPOJOJIbHBIE
BOJIHBI, a B TBEP/IbIX TEJaX — U MPOJOJIbHBIC U MOTNEPEYHbIC.

OcoOblif cnmy4aii — BOJHBI HA MOBEPXHOCTH KHUAKOCTU. OHU ONPEAENSIOTCS HE YIPYTUMHU
CHJIaMH, a CHJIaMU TTOBEPXHOCTHOTO HaTshkeHwus, [Ipu manoit ammiutyae (psiOb Ha BOJ/IE) STH BOJTHBI
SBJITIOTCSI TIOTIepeUHbIMU. [Ipu OONBIIMX aMIIUTYAaX CTPYKTypa BOJHBI MEHSETCS — YaCTHUIIBI

ABUTAIOTCA IO OKPYXKHOCTAM (BCHOMHI/IM OOJIbIIIHE BOJIHBI, Ha6era10ume Ha 6eper).

74



PaccmoTpuM 11t mpuMepa Oerymiyro NonepeyHyro BOJIHY .

q:i Vv
B CTpYHE. Ka)K,HaSI TOYKa COBEPHIACT KOHe6aHI/Iﬂ, ABUTAACH —
HEPICHANKYISIPHO CTPpyHE. AMIUIMTY/ABI KOJEOaHHH Yy BCex
X
JaCTull OJWMHAKOBBI, a (1)3.3131 Pa3JINYHBL. /

B cnydae npocTpaHcTBa KOJIEOMIOTCS TOYKA B HEKOTOPOM
ooweme. [Ipu pacrpocTpaHeHUH BOJIHBI OT HICTOYHHUKA B BOJIHOBOM ITPOIIECC BOBJICKAIOTCS BCE HOBBIC
TOYKH MPOCTPaHCTBA. ['€OMETPHUECKOE MECTO TOYEK, O KOTOPHIX JOXOJUT BOJHA K MOMeHTY I,
Ha3bIBaeTCsl PpOHTOM BOJIHBI. OH OTHENSET YacTh MPOCTPAHCTBA, B KOTOPOU Y€ HJIET BOJIHOBOMU
npoiiecc, OT 00JIacTH, r1e KoJeOaHuil elle HeT.

['eomeTpuueckoe MeCTO TOYEK, KOJEOMIOMIMXCA B OJMHAKOBOU (haze, Ha3bIBACTCS BOJHOBOU
MOBEPXHOCThIO. Ee MOXKHO mpoBecTH uepe3 Jo0yr TOYKY MPOCTPAHCTBA, OXBAYCHHYIO BOJHOBBIM
nporieccoM. BoTHOBBIX TOBEPXHOCTENW OSCKOHEYHO MHOTO, OHH OCTAIOTCS HEMOJABMKHBIMU. DpOHT
OJIMH U BCE BPEMSI JIBIXKETCSI.

BonHoBbIE OBEPXHOCTH MOTYT OBITH pa3zHoil ¢opMmel. [Ipocreiimne — mIockocTh (IUIOCKas
BoJiHA) U cdepa (chepudeckas BoiaHA). B MmiIockoi BoJIHE BOJIHOBBIE MOBEPXHOCTH — MHOYECTBO
napajuleNIbHBIX APYr APYry IJIOCKOCTEW, MEepHeHAUKYISIPHBIX HANpaBiIeHHUIO pacnpocTpaHeHus. B

chepuvecKoil — MHOYKECTBO KOHIIEHTPUUIECKUX Cep.

i

PaccmorpuM  miockyro BOJHY (CM. PHUCYHOK). DTO HeE

reOMETPUUECKOe M300pakeHUE BOJIHBI, TaK ObUIO OBl TOJBKO B

-
cllydae BOJHBI B cTpyHe. B o0miem ciydae 3TO 3aBUCUMOCTH OT 1 \_/

KOOPAUHATBI KOJ'IC6J'IIOH.[CI>1C$I (bH?)H‘ICCKOﬁ BCIIMYHUHBI (CMeI_I_[eHI/IH TOYKH OT IIOJIOKCHHA

paBHOBeCHs1). DTOT TPadUK COOTBETCTBYET KaK MOMEPEUHOM, TAK M MPOIOIBHOMN BoJHE. & - QyHKIMS
KoopauHaT u Bpemen, T.e. &(X,1), rae X - paBHOBecHast KOOPMHATA TOYKH.

Paccrosuue A, Ha KOTOpoe pacnpocTpaHseTCs BOJIHA 3a BPeMs, PaBHOE HEPHOy KojlebaHumii
T, maswiBaercs mmunoit Bonuel: A =V-T, rme V - ckopocts Bonmbl. Ilepexoms k wyacToTe

f =1/T, nonyuum V= A - f . Moxuo nosicauts 1 Tax: 3a 1 cekynay remepupyercsas | mamn Bosin

A . 3a 3T0 BpeMs HepBbIii rpebeHb IPOXOAUT JIUHY V , Ha KOTOPOM OHM M JOJKHBI YMECTUThCSL.

UtoObl HE OMUOUTHCS C BBIIICIPUBEICHHBIMU (OPMYTaMH, TOJE3HO aHAIU3HPOBATh
pasmepHoctu. Hampumep, ckopocth (M/c) paBHa UIMHE BOJHBI (METp), JCICHHOW Ha TMEpHO.
(cexynaa). OTcro/ia MOXKHO TOJIYYUTh U APYrUe POPMYIIbL.

82. YpaBHeHU IJIOCKOU M chepuyecKoi BOJIH.

YPaBHeHI/IC BOJIHBI — 3TO BBIPAXXCHUC, OMNPCACIAIOIICC CMCIICHUC KOHC6HIOH_ICI\/'IC$I YaCTHUIIBI

Kak GyHkimio koopaunar u spemenn: & =E(X, Y, Z,t), e X, Y,Z - KoopaMHATE PaBHOBECHOTO

ITOJIOXKCHHA 4YaCTHUIIbI.
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B ciyuae miockoit Bonmbl, Gerymeii ok ocu X, & =&(X,t). Dra pynkuus nomkHa ObITh

NEePHOINYECKON KaK M0 BPEMEHH, TaK H 10 KoopauHare. I[lepuoandHocts mo { BhITEKaeT u3 TOrO,

4yTo npu (pukcupoBaHHbIX X, Y,Z BeIMYMHA f OTIMCBHIBAET MEPHOANYECKOE KOJeOaHHE YaCTHIIBIL.

HepI/IO[[I/I‘IHOCTI) 10 KOOpIII/IHaTe cnez{yeT U3 TOI'0, 4YTO TOYKH, OTCTOAILME Ha paCCTOﬂHI/IC ﬂ,,
KOJIEOJIFOTCS OMHAKOBO.

bynem cuurtarte BoiaHy rapmonuueckoil. Ilyctb koisiebanue AI

X IB -

Touku A 3anaercs dopmynoii £(0,1) =acos(wt + ). Haiinem |0
E(X,1) - xonebanne Touku B. Uto6wl npoiity myts or O g0 X, Tpebyercss Bpems 7 = X/V.

3HauuT, KosebaHus yacTHll B Touke B (Jiexamux B miockoctu B) OyayT oTcTaBaTh OT KoJieOaHMM

YaCTHI] B TUIOCKOCTH A Ha BpeMs T :
X y y y
E(x,t)=acos(@(t ——)+ ) - ypasHeHue mnOCKOi BOJNHBI (MPOIONBHOM HITH MOMEPEYHO).
\'
Haiinem cBsizb Mexay t u Tem mecrom X, rae dasa uMeeT GUKCUPOBAHHOE 3HAUEHHE:
X
o(t ——) +a =const
Vv

Huddepenuupys mo BpeMeHH, MOTyIUM dX/ dt = V. Takum 06pa3oM, CKOPOCTh BOJHBI — 3TO
CKOpPOCTh TIepeMeIeHus] (a3bl, TOITOMY €€ Ha3bIBAIOT (ha30BOM CKOpPOCThIO. B Hamem ciydae

dX/ dt >0, T.e BomHa mBwkeTcs B CTOpOHy Bo3pacTaHms X. Jlud BOJNHBI, ABIKYyIIeiics B

X
IPOTHBOTIOJI0KHOM HANPABIECHUH, YPABHEHUE BOJIHBI UMEET BUIL: & (X, t) =a COS(a)(t + —) + 0() .

o 2r 2r
Beenem o6o3nauenue: K =27/ A - BonHoBoe uncno. Torja — = — = — =K, T.e.

v VvI A
E(x,t) =acos(at —kx+a) .
[Tpu BeIBOJIE 3TOM (POPMYIIBI MBI CUMTAJIH, YTO aMILTUTyJa & He 3aBUCUT OT X . Jlis miuockou

BOJIHBI 3TO TaK, €CJIM HCT IOITIOIICHHUS SHCPIrUur CpG)IOfI. Ecnm Takoe mornouieHue €CTb, TO a

IIOCTCIICHHO y6bIBaeT C poCTOM X , dalll€ BCCTO II0 OKCIIOHCHIMAJIBHOMY 3aKOHY:
E(x,t) =a,e ™ cos(at —kx+ ).
M1 MOJIYYUJIN YPaBHCHUC IJIOCKOM BOJIHHBI, 661"}’]]_[6171 BAOJIbB OCHU X. Ecnu miockast BoJiHa

pacnpocCTpaHiaACTCs BIOJIb n , TO BBCACM IOHATHUEC BOJHOBOI'O BCKTOpA k = k ‘A , IJIC k = 272'/2,

VpaBHeHue Taxoii muockoit Bomasl umeet sua &(F,t) = acos(ot — KF + a).
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a
Ypasuenue cQepuueckoil Bommbl umeer Bup (I, 1) =—coS(wt —Kr +a). Vowisanue
r

aMIIUTYIbl € pocTOM I CBA3aHO € TEM, YTO II0 MEpE yNaJICHUs OT UCTOYHHMKA IIOTOK DHEPIUH,
. o 2

OCTAIOLIUNICA TEM K€, PACIIPEAEIACTCS 10 IUIONIAAN, YBEIMYHUBAIOILEHCS IPOIIOPLIMOHAIBHO |7, T.€.

2

IUIOTHOCTh IOTOKA SHEPrUM, IMPONOPLMOHAIbHAS KBaJApaTy aMIUIMTYIbl, YObIBAaeT Kak l/ re.

3HauuT, aMIUIUTyAa YObIBaeT Kak 1/ . Eciu ecth mnoruomeHue cpenou, To aoOaBisercs

MHOXHUTEL € 7' .

83. BoJIHOBOEC YPABHECHHE.

VYpaBHeHue 000K BOJIHBI  SABJISIETCS  pEHIEHHEM AU QPepeHlnanbHOro  ypaBHEHHS,

Ha3bIBAEMOTO BOJIHOBBIM. YCTaHOBUM €ro Buj. JlJiss MPOCTOTHI PACCMOTPUM IIJIOCKYIO BOJIHY:

2
E(r,t) = acos(wt — KF + «) . Jlerko BuzeTs, uto Zt—f =—@*& (*) ,arake

825__k2§; &:_k2§; 82_§:_k2§,

ox° oy’ Y 0z° ’
2 2 2
o TETETE o
ox- oy oz
0*E  9*¢  o? 1 0° 10°
Hoxcraus & u3 (*), nomyunm 8X§ + 8;; + 8Z§ = V—ZaTé: , wm Aé= V—Zat—f, (**)

o0 9% o?
+——+
ox> oy* oz°

rne A = - oneparop Jlamnaca.

Ecnu mutockast BoJiHa pacpoCTpaHseTcs BIOJb OCH X, TO BOJHOBOE YpPaBHEHHE UMEET BUJI
2 2
0% 1 0%
2 T2 A2
oX® V- ot
VYpaBHenue (**) ObulO BBIBEIEHO HAMH JUIsl IJIOCKOM BOJHBI, HO MOAPOOHBIM pacder
MOKA3bIBAET, YTO OHO CIIPABEUINBO IS JTFOOBIX BOJIH.

84. CTosiune BOJIHbDI.

Ecou B cpeac paclupoCTpaHAOTCA HECKOJIBKO BOJIH, TO KoJIeOaHus JaCTHUll MPEACTABIISIIOT
coboit CyMMY KoJieOaHM OT Ka)k0¥ BOJIHBI — 3TO IIPUHIHUII CYTICPIIO3UITUH BOJIH. Ecmu KOHe6aHI/IH,
O6YCJ'IOBJ'ICHHI>IC BOJIHAMH, UMCIOT OJJTHY U TY K€ YaCTOTy U B Ka)KJI0M TOYKeE 06naz[a10T MMOCTOSIHHOM
BO BpPCMCHU PA3HOCTBHIO (1)8.3, TO TaKHWC BOJIHbI HA3bIBAOTCA KOTICPCHTHBIMMH. HpI/I CJIOKCHHU
KOTCPCHTHBIX BOJIH HMMCCT MCCTO SBJICHHUC I/IHTCp(I)CpCHI_II/II/I, Koraa B OJHHX TOYKax BOJIHBI

YCUWJIMBAIOT JPYT PYTa, a B IPYTUX OCIAOISAIOT.

77



Baxuplii ciaydail uHTepdepeHIIMM HMEET MECTO NpPHU HAJOXKEHHHM BCTPEUHBIX BOJH C

OJIMHAKOBOU aMIUTUTYIO0W 1 9acToTou. [Ipu 3TOM 00pa3yercst cTosidas BOJIHA.

o, —«&
&(x,t) =acos(at —kx + ;) + acos(wt + kx + ) =| 2acos(kx + %) cos(at +
MO[[yJII) BBIPAKCHHA B KBaAPAaTHBIX CKOOKax PaBCH aMIUIMTY/C KOJIEOAHUSI TOUKU.

o t+a,

BriOpaB Hadano oTcuera BpEMEHH TaK, 4YTO =0, a nmauano orcuera X TaK, 4TO

a, — 0y

5 =0, u zamenus K = 77[ , monyunm: £(X,1) =2a COSZTﬂX coSat .

B kaxmoii Touke uMeeM rapMOHHUYECKOE KOoJieOaHHe C KPYroBOM YacTOTOW () U aMIUIUTYIOU

2 7IX
2a cos—ﬂx. B Toukax, rme —— = +7mn, aMIUINTyJa MaKcuMajlbHa M paBHA 2a. DT TOUKH

(X=n E) Ha3BIBAIOTCA MyuHOCTAMHU. B y3max, rie X = (N+1/2) E , AMIUTATY/Ia paBHA HYIIIO.
[Ipumepom  crosiueil  BOJHBI  SIBISIOTCS

KoJieOaHUsl 3aKperyieHHOW CTpyHbl. Ha pucyHke /\ /\

M300paxKeHbl TOJIOKEHUS CTPYHbl B pa3HbIE

MOMEHTHI BpeMeHH. B otnumyme oT Oerymei L/ \_/ \/

BOJIHBI, T'1€ KOJIEOaHUs PA3HBIX TOYCK MMECIOT OAMHAKOBBIC aMINIMTYAbl U Pa3HbBIC (1)33131, B CTOSUCH

g

BOJIHE KOJIeOAHMSI TOYEK HMEIOT pa3Hble aMIUIMTYIbl M OJMHAKOBBIC (a3bl (BHYTPU KaxKIOi
MOJIYBOJIHBI, B COCEIHEH TOTyBOJIHE (pa3a OTiIMYaeTcs Ha 7T ).

Crosiyast BoJIHA CTOUT Ha MECTE, paclpoCTpaHEeHUE SHEpruu oTcyrcTByeT. [Ipocto B Kaxmon
TOYKE MPOUCXOIUT MEPEX0]] MOTEHIINAIBHOM SHEPTUU B KHHETHYECKYIO U 00paTHO.

85. KoJieGaHue CTPYHBI.

B 3akperuieHHOl ¢ 000X KOHIIOB CTpYHE, IPH BO30YXACHUU B HEH MOMEpEeyHbIX KojeOaHuM,

YCTAHABJIMBAKOTCA CTOSYHUC BOJIHBI. B mecrax 3aKPCINICHUA JOJDKHBI OBITh Y3JIBI. HOBTOMy MOTYT

YCTAHOBUTBCA TOJIBKO KoJIEOAHHUS C AJIMHaM#U BOJIH, OTBCHAIOMIMMHU YCJIOBUIO: I = n/1/2, T.C. Ha

MJIMHE CTPYHBI I YKIIAAbIBACTCA HECJI0C YHCIO MJIHWH IIO0JIYBOJIH. 3Ha‘II/IT, JUIMHBI BOJIH MOTYT

\'
paBuaTbes Tonmbko A, =21 /N . Um coorserctBytor wactotst f. =—=—n, rne V - ckopocts

A 2

n

BOJIHBI B CTpYHC, oOIpchacirsieMas CHJION HATSDKEHMS CTPYHBI H C¢C¢€ JIMHEHMHOM IIJIOTHOCTBIO.

\'
fn - COOCTBEHHBIE YaCTOTHI CTPYHBI — I'apMOHHUKH. OcHoBHas 4acToTa fl = E .B O6U.ICM cJrydac

KoJieOaHue CTPYHBI €CTh HAJIOXKCHUC M APMOHHK.
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86. 3BYK.

3BYyK — 3TO yIpyrue BOJHBI B pa3HbIX cpeaax. IIpenensl caplIuMOCTH YEI0BEKA: YaCTOThl OT

20 I'm mo 20 x['m. Hmxke 20 ' - uHpasByk, Beime 20 k11 — ynbrpa3zByk. CKOpPOCTh 3ByKa B ra3ax
_|»
ompenensiercs o Gopmyne V= _[“— , B Bo3ayxe oHa paBHa npuMepHo 330 m/C.

3BYK XapaKTepPU3yeTCs BBICOTOW, TPOMKOCTHIO, TeMOpoM. BricoTa ompenensieTcs 4acToTOH,
T'POMKOCTh — aMILTUTYI0H, TEMOp — HAJIMUMEM Pa3HBIX TAPMOHUK.

[Topor CHBIIAMOCTH — WHTEHCHBHOCTH 3BYKa, KOTOPYIO MOJET CIIBIIIATh YEJOBEK:
12 2
|, =107 Bm/ m". CymectByer Taxke mopor 60J1€BOTO ONIYIIEHHUS.
I |
VYposens rpomkocti L = 1g m Ben (5), L=10lg " nermben (1B).
0 0

87. DddexT Jlonjiepa jajisi 3BYKOBbIX BOJIH.

Ecimu ucrouynmnk 3BYKa W TIIPUCMHUK HAXOAATCI B IIOKOC, TO 4YaCTOTa, HCIIyCKacMas
HCTOYHHUKOM, paBHa HpHHHMaeMOﬁ IIPUEMHUKOM: f = fO' Ecnu xe OJUH WU o00a ABUXKYTCA, TO
f = f0 - apdext Jlommepa. BriBenem dopmyny a¢dekra. bynem cuntarh CKOpOCTH UCTOYHUKA U

IMPpHUEMHUKA ITOJOKUTCIbHBIMHA, €CJIH OHU COOTBETCTBYIOT YMCHBIICHUIO PACCTOAHUA MCXKIY HUMU.

3a OJHYy CEeKyHIy MCTOYHMK CO3/1aeT - Vv o

f, xomeGanmii. 3a 510 Bpems mnepBblit

¢ ﬂ_)__
rpebeHs  yijeT OT HMCTOYHHKA Ha
Y
paccrossune  (V—V,, ). Ha ostom b= Vg —> f, onuw eonn
paccTosHuM yKnaasiBaloress T, qmuua Boma: V-V = f A te A= V= Vuen
0 ucm 07" > f
0

PaccmoTrpum  npuemnuk. Ecim  oH

HCIIOABMIXKCH, TO MHMO HECIO 3a 1 CCKYHAY

npoiayt rpeObuun Ha anuHe V. Ecnum o

i

JBIDKETCS €O CKOpOCTBIO V,  HaBCTpedy f' Sk aa

BOJIHE, TO uepe3 1 CeKyHly OKOJIO HEro OKakeTcsl rpebeHb, HaXOAUBLIMICA OT HETO Ha PACCTOSHUM
V+V,

(V+V,), e V+V, = f1. Orcioma cuenyer spdexr lomnepa: = ——"f,.
V - Vucm
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ITIOJIOXKUTCIIBbHBI, TO f > f . IIpn A3HbIX 3HAKaxX CUTyallusd HEC OYCBHUIHA.
9 0 y

ucm

Ecnn Vnp uv

(V - Vucm) + (Vnp + Vucm) Vnp + Vucm
3anumem gopmyny B Buge: [ = fo=0+
V - Vucm V - Vucm

) o

3nece V,, +V,, - 9TO pe3yIbTUPYIOmMAs CKOPOCTh cOmmkeHus. Taknm 00pasoMm, eciu oHa
TOJIOKUTENBHA, T.€. PACCTOSHHE MEKITY HCTOYHMKOM M MPUEMHMKOM ymenbmaercs, o f > f, a

ecin paccrosiaue pacrer, o f < f.

I'aaBa 14. QJIEKTPOMATHUTHBIE BOJIHBI.

§1. BoiHoBoOE YpaBHeHME JIJIsSl 3JIEKTPOMATHUTHBLIX BOJIH.

3anuiieM ypaBHeHUs MakcBesa:

rotﬁz—ﬁ
ot
divD=p
rotI:I:]+8—D
ot
divB=0

[Tycts 00beMHas IUNIOTHOCTh CTOPOHHUX 3apsAA0B O U CTOPOHHSAS IUIOTHOCTh TOKAa | DPaBHBI

HYJIIO, T.€. CTOPOHHHE 3apsbl U TOKH OTCYTCTBYIOT.

— — — —

Beipasum D u B u3 coornowennii: D = g5,E, B = pyH n noxcrasum B ypasnenus:

_ oH
rot E = —uu, —
divE =0

rot H = £&, e
ot

divH =0

Borurcnum potop oT 0o6enx yacteii nepBoro ypaBHEHHUS:

rot rot E :—yyogrot H.

-
Tpeo6pasyem V x (V x E) = V( ZE) — AE =—AE unonyunm AE = py s, 68'[—2
divE=0
o° o* ©o°

Hamomuuwm, uto 31eck A = - onepatop Jlamnaca.

+——+
ox> oy* oz’
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1 47-9-10°

=9.10" = ¢? - kBagpar ckopocTH cBeTa.

VYurem, 9To

- -7
EMy Ar-10
- ued’E
OKoHYaTeILHO NpUXOauM K ypaBHenuio AE = — =
c” ot
-
- ueoH
IIpoBoas MOXO0kKHKE IPE0OPA30OBAHMS, MOKHO TOJTyIHTh ypaBHenne AH = =
c” ot

3TO BOJIHOBBIE YPAaBHEHHUS JJIS1 BOJIH CO CKOPOCTBIO C/ N EU . B Bakyyme € = 1 =1, nosromy

CKOPOCTBH JJICKTPOMAarHMTHBIX BOJIH paBHA CKOPOCTH CBETA C .

§2. ILnockas 3JIeKTPOMATHUTHAS BOJIHA.

Uccrnenyem mpocTeiimii ciydaii miockoit Bonubl B HelTpansHoi (0 =0), HenpoBoasmei

(] =0) cpene ¢ mocrosmubMu € wu g. HampaBum ock OX MNEPHEHIMKYIAPHO BOJHOBOM

— —

nosepxuoctu. Torna E u H me 3aBucar or y u z. U3 ypaBuennii Makcsenna
_ oH -
rotE:—y%E; divE =0;

rotH:ggOE; divH =0
ot

HNMEEM
oH oE oH oE oH oE
0=— X(1); ——f=-— Y(2); —L=- 2 (3); x=0(4
uﬂoat() e uﬂoat() P ,Uﬂoat() > (4)
oE oH ok oH OE oH
O=e5, 2 (B); — ~t=ge—L(6) —L=ge2(7); —*=0(8
ggoat() o ggoat() o 5508,[() o 8)

Uz (1) u (5) cuemyer, uro H, =const u E =const, r.e. sro nocrosmueie mos,

HaJIOKCHHBIC HA JJICKTPOMAriuTHOC 110JIC BOJIHBI. Camo 1oJie BOJIHBI HE UMEET KOMITOHEHTHI BIOJIb

HaIIpaBJICHUA paCIIPOCTPAHCHUA OX, T.C. BOJIHA IIOIICPCYHAA.

O6benuanM (3) ¢ (6)

ok, 0H,

x| Ty "

oM, OE,
=—gg,—

OX ot

DTa cucTeMa CBA3bIBAET TOJIBKO Ey u H,, acucrema (2) u (7)
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ox M
oH, O

=88y —
OX ot

- tonsko E, u Hy.

JHomyctuM, 4To OBUIO CO3aHO NEPEMEHHOE T0JIE Ey. Ono coznaer H,, a ono — cHosa Ey u
o Hu E,, sou H y HE BO3HHKAIOT. AHAJIOTHYHO, €CIIH 6euto E,, 10 BO3HEKHET H y- Hocrarouno
B3ATh TOJILKO OJIHY CHCTEMY, Halpumep repsyro, toraa £, = H y = 0.

IMpoauddepenimpyem repByro cucremy mo X u t:

(0°E, su0°E,
ox* ¢’ ot
0°H, eudH,
¢t

OTO 4aCTHBIN Cy4yall BOJHOBBIX YPaBHEHHM.

[Ipocreiiiiee penieHne UMEET BUL:
{Ey = E,, cos(wt —kx +a,)
H, = H,_ cos(wt—kx+a,)
W3 (*) nosydum
{kEm sin(at — kx + o) = pyoH  sin(ewt — kx + )
kH,_ sin(ot — kx + a,) = e, 0E,_ sin(wt — kx + a,)

OTKyHaa CJIICAYCT 0(1 = 0!2 .

KE = oH
Torz[a{ n =My

kH,, = gg,0E,,

2 2
1 1 c
IIepemHOXkas, OIy4YUM k? = u&‘%&‘oa)z = (—j = =— = V=

HoEo HE  HE Jue
2 2
Honenum ypasuenus (**) oxgno na apyroe: €&,E; = uppH .

Takum O6p8.30M, KoJIeOaHHS QJICKTPUYCCKOTO WU MArHUTHOTO noJiei MNpOUCXOIAT B (1)336, a

E | E
AMIUIMTYAbI CBA3aHbI COOTHOILICHUCM H_m = % .B BaKyyM¢e ,Ll =& :1, )41 Hm = 1207[ OM
&g,

m m
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B BekTopHOM BUIE IpH O = O, = O (BBiOpanu Tak
HayaJjio 0TCYETa) MOJIYyIUM
E =E,_ cos(wt —kx)
H =H_ cos(wt —kx)

N306paszum MomeHTanbHyro potorpapuo. E u H

OJIHOBPEMEHHO PACTYT U YOBIBAIOT. DTO MPOUCXOJUT BO
BCEX TOYKaX, HO C pa3HbIMU (ha3aMH.

§3. IKCIEePUMEHTAJILHOE HCCIEI0BAHNE DJIEKTPOMATHUTHLIX BOJIH.

[TepBbie OMBITHI ¢ HECBETOBBIMH 3JIEKTPOMArHUTHBIMU BOJIHAMH TipoBoui ['epir B 1888 romy.
OH wu300pen ans U3NY4YEHHUs BOJH BHOpaTOop — JBa CTEPXKHS, pa3JelCHHbIE HCKPOBBIM
npoMexyTkoM. [Tpu mogade Ha BHOPATOP BEICOKOTO HANIPSDKCHUS OT WHYKIIMOHHOM KATYIIKH B HEM
MIPOCKaKMBaja UCKpa. 3a BpeMs €€ MPOCKOKA YCIIeBaJIO MPOU30NTH OOJIBIIIOE KOJUYECTBO KOIeOaHUi
C YaCTOTOM, IIPU KOTOPOH JJIMHA BOJHBI A paBHAIACH JBYM JUIMHAM BHOpaToOpa.

[Tomemass BuOpaTtop B (oOKyce BOTHYTOro TmapaboiaMdeckoro 3epkana, l[epm momydan
HaIIpaBJIeHHbIE TIOCKKE BOJHEL ¢ A oT 0,6 M 10 10 M. OH HccIeoBal U3ay4aeMylo BOJIHY TaKUM
xe Buopatopom (A =A/2). B HeM Bo3HMKamM KoneGaHMs, WMEIOIMME WH3-32 DPE30HAHCA
3HAYUTENIbHYIO aMIUIMTYAY, YTO BBI3bIBAJIO NMPOCKAKMBAHUE HEOOIBIINX UCKDP, 3aMETHBIX B TEMHOTE.
C nomorisio 3epKai u 00JbIIoN achanbTOBOM Mpu3Mbl (uHA 60sbire 1 M, Macca 6ombire 1000 kr)
I'epu u3yuan otpaskeHue u npenomieHue BoiaH. Oka3anoch, YTO OHU MOAYUHSIOTCSA TEM )K€ 3aKOHAM,
YTO U CBET.

OTpa3uB BOJIHY 3epKajoM Ha3aj, OH MOJYYH CTOAYYIO BOJIHY. V3 paccTosiHUSA MEXIY y3IaMu
U IMYYHOCTSIMU Halles JJUHY BOJHBIL. YMHOXHB €€ Ha 4YacTOTY, BBIYMCINI CKOPOCTH BOJIHBI,
JNEUCTBUTENHHO OJHM3KYIO K CKOPOCTH CBETA.

PacrionoxB Ha MyTH BOJIHBI pEHIETKY U3 MapajjIeNIbHBIX METHBIX MPOBOJIOK, ['epir
OoOHapyXWJl, 4TO BpallleHHE PEHIeTKH HW3MEHSIeT MHTEHCUBHOCTh CTOSYEH BOJIHBI, YTO JOKA3bIBACT
MOTIEPEYHOCTH BOJIH.

84. JHeprusi ¥ UMNYJIbLC 3JTEKTPOMATHUTHBIX BOJIH.

9J'IeKTpOMaFHI/ITHI>Ie BOJIHBI IICPEHOCAT S3HCPIUIO, IJIIOTHOCTD KOTOpOfI B BAKYyMC€ paBHa

g, E? H?2
W=Ww, +Ww, =2 4 Ho
2 2
g, E? H?2
Panee Gbiio mokasauo, uto E./&, = H /4, , r.e. 02 = ﬂoz , OTKYyJIa CIIELyeT
EH
W= ,/&u,EH =—
C
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[InotHOCTH oTOKa SHepruu S = W-C = EH . Panee 66110 nokasano, uto B onee E 1. H u

00a TepIeHIUKYISIPHBI HANpPaBICHUIO pacrnpocTpaHeHus. [103TOMy BEKTOp IUIOTHOCTH IOTOKA

sHepruM 3amumiercs B Buge S = EXH - 510 Tak HaseiBaemblil BekTOp
[loliHTHHTA.

MoxHO noKa3aTh, 4TO 3Ta (OpMysaa BEpHA U VIS MOCTOSHHOTO IOJIS.

—

PaccMOTpuM, HanpUMep, IPOBOJHUK € MOCTOSHHBIM TOKOM: ] =oE ‘
i.
= E=jlo=p. "
\
_ _ _ | -~
W3 B3ammHoro pacmosoxkenus E u H Bugso, uro S nanpasnen —--F--"

BHYTPb IIPOBO/IHUKA. l
HaiizieM HanpsKeHHOCTh TONs y ToBepxHocTH nposoga H = j-r/2

(u3 Teopembr o wmpkymsimu H wmeem H-27r = jar®). Torma S = EH sin% =Ejr/2.

TMonHblii MOTOK SHeprum BHYTpb mpoBommnka pasen ® =S-2arl = Ejar’l = EjV = pj*V .
v

3HAuUT, MOTOK OJHEPIMH BHYTPb pPaBEH BBLICISIEMOMY JPKOYJIEBOMY TeIUly, T.€. JHEprus,
BBIICTISIONIASCS B MPOBOJHUKE, MOCTYIAET HE MO MPOBOJIY, a Yepe3 MOBEPXHOCTh B BUJIE IHEPTUU
AIIEKTPOMArHUTHOTO MOJsl. MOXHO MOKa3aThk, YTO B MOJIE 3Ta YHEPrusl MOCTYMAeT Ha y4acTKe, Iie
JNEUCTBYIOT CTOPOHHHUE CHJIBI.

B cnegyromem cemectpe Mbl y3HaeM, YTO 3JIEKTPOMAarHWTHas BOJIHA — ATO MOTOK (POTOHOB ¢

sHepruaMu /i@ u ummynscamu H@/ C. TodToMy HMMIymbC eIMHHIBI OObEMa BOIHBI PaBeH

W ho W S
ed.ob. ==

h—- = — . Wmnynsc, nepepanHbiid 3a 1 cexyHay | KBaapaTHOMY MeTpy
o C c ¢C

IIOBCPXHOCTH, - OTO OABJICHUC.

Jis MOJIHOCTBIO HOTJIONIAOIIEeH HIOBEPXHOCTH 3TOT UMITYJIbC paBeH
Kopos - C = C—2 -C= E = W. Dra BeIMUYMHA MyJIbCUPYET C OYEHb OOJIBIION YaCTOTOM, MOITOMY

UMEIOT B BUJly CpeJIHEE 3HAaUeHHE: P = <W> . [ 3epkanbHOM OBEPXHOCTH P = 2<W> .
Oto nasieHue oueHp Mano. Ha paccrossHuu 1 MeTp OT MCTOYHMKA cBeTa | MWIIMOH KaHJEN

JABJICHUE PABHO 10~ Ma. B 1900 rogy pycckuil ¢usuk JlebeneB ero u3smepws U MOATBEPIUII

MOJIy4eHHYIO POpMyITy.

84



85. M3ayuyeHue NBUKYIIETOCS 3apaaa.

MOoKHO 1OKa3aTh, 4TO 3apsij, ABKYIUNACA ¢ ycKopeHueM W, u3JlydaeT IEeKTPOMAarHUTHbIE

BOJIHBI, ITPUYCM O6H_IaSI MOIIMHOCTH M3JIYYCHHA BO BCCX HAIIPABJICHUAX HNPOMNOPHHUOHAIIbBHA KBaApaTy

2,2
3apsja u KkBajapary yckopenus ((°W™). Hampumep, npu IBMKEHUU 110 OKPY’KHOCTH B YCKOPUTEIE

(w= ve/ R) ¢ pocrom ckopocT uznydaemMas MOIIHOCTH PE3KO yBeNM4MBAeTCs. [Ipu HEKOTOPOH
CKOPOCTH 3Ta MOIIHOCTh CTAHOBUTCS PABHOW DSHEPrUH, COOOIIAEMOUN JIIEKTPOHY BUXPEBHIM
ANIEKTPUYECKUM IO0JIEM — 3TO ONPEIEsieT MAaKCUMaJIbHYIO CKOPOCTb YacTULl B 3TOM YCKOPHUTEIIE.
N3nydyenne Ha3bIBa€TCS CHHXPOTPOHHBIM.

3apsa, cOBepLIAOIIMKA TapMOHUYECKHE KOJEOAHUs, HU3JIydaeT MOHOXPOMAaTHUECKYIO BOJHY
(0THOM YaCTOTHI) C YACTOTOM, paBHOM YacTtoTe Kosiebanuii. Ecnu nBrkeHne He TapMOHUYECKOE, TO
M3JIy4arOTCSl BOJIHBI HECKOJBKMX dYacToT. Ecim yckopeHue paBHO HYJIIO, T.€. JIBWKEHUE

PaBHOMEPHOEC, TO U3JIYYCHUA HCT. HO, €CJIN 3apsKCHHasA JacTula ABUXKCTCA B CPEAC CO CKOPOCTHIO,

Gombmeil ckopocTH cBeta B 1ol cpeme (V> C/ /1€ ), To Habmonaercs u3mydeHne Basmmopa-

UepenkoBa. 3a 310 OTKpeITHE B 1958 ronmy YUepeHKOB, OTKpPBIBIIMM 3TO SBJICHHE BMECTE C
Basunoeim B 1934 rony, u oObsicauBmue ero B 1937 roxy coserckue ¢uszmku Tamm n dpaHk
MOJIyYMJIM HOOENEBCKYI0 MpeMuio. BaBUJIOB K 3TOMY MOMEHTY, K COXaJIEHHIO, YXKe ymep, a
HOOENIEeBCKHE MPEMUHU MTPUCYKIAIOT TOJIBKO KHUBBIM.

§6. dddexT Jloniepa s 3JIeKTPOMATHUTHBIX BOJH

Paccmorpentoe B87 rmaBbl 13 M3MEHEHHME YaCTOTHI 3BYKOBBIX CHTHAJIOB, O0YCIOBICHHOE

sbdexTom Horepa, onpeensercs CKOPOCTSIMU JIBUKCHUS UCTOYHHKA u
MPUEMHHKA OTHOCUTEIILHO  Cpellbl,  SIBISIOLICHCS ~ HOCUTENeM  3BYKOBBIX  BOJH.  [nd
AJIEKTPOMArHUTHBIX K€ BOJIH 0COOOM Cpelibl, KoTopas CiayXuia Obl X HocuTeneM, HeT. [loatomy
JOTIIIEPOBCKOE CMEIIEHUE YacCTOThI AJIEKTPOMArHUTHBIX BOJIH (CHTHAJIOB) OIpeNeNsieTcs TOJIbKO
CKOPOCTBIO UCTOYHUKA OTHOCUTENLHO MPUEMHHUKA.

HYCTB B K - CUCTCMC OTCUCTA HAXOAUTCA HCHOI[BI/I)KHHﬁ IMPUCMHUK. K HEMY 110 HpHMOﬁ CO
’
CKOPOCTBIO \Y HpI/I6J'II/I)KaeTC$[ HCTOYHHK OJBJICKTPOMAIrHUTHBLIX BOJIH. B cucreme otcuera K )

CBSI3aHHOM C HCTOYHHUKOM, BOJIHA HCITYCKACTCA C YacTOTOM fO (CO6CTB€HHa$I IIElCTOTa). Haiinem
HacCToTy f , KOTOpas BOCIPpUHUMACTCS IPUEMHHUKOM.
i i
HepI/IOI[ BOJIHBI B CHUCTEMC K paBCH T0 :1/ fO‘ HOCKOHLKy CUCTCMa K JABHKETCA CO

CKOPOCTBIO V, 10 COOTBCTCTByIOH_II/Iﬁ MMPOMECIKYTOK BPEMCHU B K - CUCTEMC 6y,HeT 0oJIbIIIC

T=T,/1-8, B=vic

85



3a 1 cexynny (B cucreme K') mcrounnx Z

< ct
cosmaer f;, xomebanmii. B K- cucreme
>
npoitner t =1//1— ° cexynn. 3a 10 Bpems -
——V/ f, onun eonn

NepBbli TpebeHb YHAET OT MCTOYHHMKA Ha
—_— 2 .
paccrosmue Ct—Vvt =(C—V)/,/1— " . Ha srom paccrosmun yknameisatorcs f, mmun Bonm:

(c—v) c—V
V1-p° fJ1- 4
BocnpranMmaemas npueMHUKOM 4acTOTa f=c/A, re.
f=1f1 1;'82
- °V1—ﬂ

Ecnu ucrounnk npubmmkaercs (kak B Hamem criydae), 10 >0, ecnn ke ymansercs,

= f,A, r.e. nmna Bombr A =

10 3 <0. [Mony4ennas popmyna COOTBETCTBYET IpoaoabHOMY dbdekty Jlomnepa.
Kak BuaHO W3 TpHBENCeHHOTO BbIBOMA, ddekt Jlomaepa Ui SIEKTPOMATHUTHBIX BOJIH
ABJIAETCS CIEACTBUEM JBYX SIBICHMIL: 3aMeIeHUs X01a ABMKYIMXCS 4acoB (KOPEHb B UHCIMTENE

nocyeaHet GopmyIbl) U U3MEHEHHS! IJTMHBI BOJIHBI.

-
[%
B obmem ciydae, korma B K - cucreme HCTOUHHK S I
|
JBIDKETCS TOJ YIIOM (¢ K JMHMM HaOmoneHus, pacder B § Lo l P
CIENUANBHOI TEOPHH OTHOCUTENLHOCTH TIPHBOINUT K (hopMyIie Uy
2
V1-p
0
1-f-cosa

Ec/n MCTOYHUK paJuaibHO NpUOIMKaETCs K Habmoaaremo, To & = 0, ecnu ynansercs, 7 .
B nmpomecce aBWKEHHMS HCTOYHMKA Yroil (¢, BOOOLIE TIOBOps, MEHSAETCS, IO3TOMY
Heo0xoauMo yuyecTb 3¢¢eKT 3ama3apiBaHug. YacToTa, BOCHPUHUMAeMas HPUEMHHKOM B
MomeHT 1, Oymer oOycioBieHA CHTHANAMH, WCITYIICHHBIMH HCTOYHHKOM B MPEIIICCTBYOIINI
! !
moment t'=t—1/C, rumel - paccrosume or wucrounmka S no mpuemmuka P B moment t'.
!
[MTostomy 3Ha4YeHHe ¢ Haao Opath B MOMEHT [ .

B otTauume ot AKyCTHUYCCKOT'O 3(1)(1)6KT8. I[onnepa, B CJIyda€ OJJICKTPOMAIrHUTHBIX BOJIH

v 2
npu & =7/ 2 nabmonaercs nonepeunsiii >ddexr Jommepa: f = f /[1—3°. Ou ssusercs
IPSIMBIM CJIEICTBHEM 3aMEUICHUS X0/1a JABMXKYIIMXCS 4acOB. DTO YHUCTO PENSTUBUCTCKUHN APPeKT,
HE HMeIoHMKA Kiaccuueckoro ananora. [lomepeunsiii s¢ddexr Jlomnepa 3HauuTensHO crabee

MMpOAOJIBHOI'0: OH 3aBUCUT OT ﬂ HC B HepBOﬁ CTCIICHHU, a BO BTOpOﬁ.
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B nepenaruBuctckoM ciydae, koraa V << C, ¢opmyna He OyIeT coaepkarb KOpHS, U TOTJa

f

BocnpuHnmaemas dacrora | =————~ f (1+ fcosa). Ipu a<x/2 (acrounux
1- pcosa

npubmmkaercs) wacrota Gombme, wem f > f . ecnm sxe « > /2 (ucrounux ynansercs),
o T < fo. OtHOcHTENbHOE HM3MEHEHHE 4YacTOThl PABHO (f - fo)/ f= [ CoSa. Jlerko

TOMTyauTh GOPMYITY IUT OTHOCHTETbHOTO M3MeHenus nmuubl Botusl (A —A)/A =—fcosa.

Oddexr Jlomnmepa Harien MHOTOYHCICHHBIE MpakTUueckue mpuMeHeHus. C ero momoIiibio
OTIPEJICIISIOT, HAPUMEP, CKOPOCTh M3ITYYAIOIIUX aTOMOB B ITyYKe, YIIIOBYIO CKOPOCTH BPAICHUS
Connna. Ha sddexre [omnepa ocHOBaHBI pajnOIOKAIMOHHBIE METOJBI MU3MEPEHHUS: CKOPOCTH
CaMOJICTOB, paKeT, aBTOMANINH | JIp. VIMEHHO 3TOT 3(PPEKT MO3BOJIUI OTKPHITH JBOWHBIC 3BE3JIbI:
(cUCTeMBI, COCTOSIINIME W3 JBYX 3BE37, IBIDKYIIUXCS BOKPYT OOIIEro IeHTpa mMacc) — OOBEKTHI,
KOTOPBIE HEBO3MOXHO Pa3pelinuTh JaKe CaMbIMH MOIIHBIMHU Telleckonamu. C moMombio 3ddexra
Jomepa Xa606n (1929r.) oOHapyXwsl sBJICHHE, HA3BAaHHOE KOCMOJIOTUUECKHM KpacCHBIM
CMEIICHUEM: JIMHUM B CIEKTPE H3JIydCHUS BHETAIAKTHYECKUX OOBEKTOB CMEIICHBI B CTOPOHY
007bIKX ATUH BOJH. OHO CBUJIETENBCTBYET O TOM, UTO BHETaJaKTHUYECKHE OOBEKTHI YIAISIIOTCS OT

Hariel ["aakTuK co CKOPOCTSIMH, TPOMOPLIUOHATILHBIMU PACCTOSHUIO 10 HUX.
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