Nekuusn 1.

* OnekTpoMarHWTHOE B3aUMOAENCTBME U €ro
MeCTO cpeau Opyrux B3aMMoaencTBun B
npupoae. dNeKTpuyecknin 3apsa.
Mwukpockonuyeckue Hocutenu 3apsaa. OnbIT
MwunnukeHa. 3aKoH COXpaHeHWs1 ANEeKTPUYECKOrO
3apsiga. Passutue usmkm anekTpuyecTsa B
paboTtax M.B.JlomoHocoBa.

. OnektpocTtaTuka. 3akoH KynoHa n ero
nonesasi TpakToBka. BekTop Hanps»keHHOCTH
anekTpuyeckoro nons. MNpuHUMN cynepnosnumm
3NEKTPUYECKUX MOTIEN.

1.1

OneKkTpoMarHMTHOe B3aumoaencTeme u ero
MecTo cpeau ApPYrux B3aumonencTBun B
npupoge.

dyHOoameHTanbHble B3avMoaencTaus (Cunbl) B Npupoae

Bupa B3anmopeiicTeus CkopocTb
(cunbl) 3:22&::?;‘/; ”IPQ"; F=W/r, Paauyc neiicTeus,

c ’ H oM
CwunbHble 1024 104 1013
OneKkTpomarHuT-
Hble 1021 10" o0

-16

Cnabble 10-10 1 10
TpaBuTaLMOHHbIE 10+23 10-% e

~10"*cn

ANeKTpoMarHUTHOe B3ammMogencTeme.
ArneKTpuyeckun 3apsa.

. OneKTpoMarHUTHbIM B3aMMOAENCTBMEM Ha3blBaeTCs
B3aVMOAENCTBME MEXY SNEKTPUYECKN 3aPSKEHHBIMMU
TEeNnamu Unu NeKTPUYECKU 3apsKEHHbIMU TeNammn n
3M1EKTPOMarHUTHbLIM MOMneM.

. Ecnu Teno anekTpuyecku 3apspkeHo, TO roBopsi, YTO
OHO UMEET ANeKTPUYECKMn 3apsa. To ecTb,
3MEKTPUYECKNIA 3apsif, 3TO pusmyeckas BENMUUHA,
SABMSAOLLEECS NCTOYHUKOM 3MEKTPOMArHUTHbIX
B3aMMOJENCTBUNA.

. B3anmopgencreve mexay nokosmmmncs
3apsKeHHBbIMU Tenamu (M KpaTko 3apsigamm)
Has3bIBaOT INEKTPUYECKUMU UM TOYHEE
3M1EKTPOCTaTUYECKMMI B3aVMOAENCTBUSMMU.

SneKTpmsau,vm TPEHNEM. ﬂpVITH)KeHVIe MEJIKUX

npeamMeToB HadNMeKTPU30BaAHHbIMU Tenamu.
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3aKoH coxpaHeHus
ANIeKTpU4eCcKoro 3apsaaa.

» Anrebpanyeckasi cymma 3apsifoB B nobon
3aMKHYTOW CUCTEME COXpaHsieTcs
HEN3MEHHOW NpU NMoBbIX 3NEKTPUUECKNX
B3aMMOLENCTBUSIX 1 NPeBpaLLEHMAX
BELLLECTB BHYTPU STOW CUCTEMBI.
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MpuHUKMN paboTbl 3NeKTPOOpPHON
MalUuHbl. eHepaTop BaH-ge-Ipaada.

+ 4M7
+

MpuHUMn paboTsbl
3IEKTPOCTaTUYECKOM MaLUMHbI.
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MonekynapHo-KMHeTn4eckoe
ydyeHue M.B.JlomoHocoBa

+ B pabote «O npuynHe TennoTsl n CTyxu. PaccyxaeHus
Mwuxawvna JToMoHOCOBa» HamMCaHo «...TennoTa cocTouT
B BU-KEHUW MaTepuy, .... . Cne ABUXEHUE eCTb
BHYTPEHHee, TO eCTb B TEMbIX U ropAYnx Tenax
OBWKYTCS HEYYBCTBUTENbHbIE YaCTULbl, 3 KOTO-PbIX
cocToAT camble Tena;». M.B.JloMoHOCOB B 3TOW e
paboTe ykasan Ha BO3MOXHOCTb CyLLECTBOBaHUS
abCconTHOTrO Hyns TeMnepatypsbl «... AOMKHA
cylecTBoBaTb HanbonbLLas U NOCNeaHsis CTeneHb
Xorofa, koTopasi 4OJKHa CyLLeCcTBOBaTb B NOSIHOM
npekpaLleHnn BpaLLlaTenbHOro ABMKEHUS YacTuLy.

1.13.2

MonekynapHo-KMHETUYECKOoe
y4yeHne M.B.JlomoHocoBa

* M.B.JlomoHocoB B paboTte «OnbIT Teopumn
ynpyroctu Bo3gyxa Muxauna JlomoHocoBa»
06BbACHUN yNpyrne CBOMCTBa aTMOCEPHOro
BO34yXa MEXaHW3MOM OTTarkuBaHWs aTOMOB
BO3ayxa apyr ot gpyra. OH nuweT: « ...
oTAernbHble aToMbl BO3ayxa, B 6ecnopsiio4HoM
YepeaoBaHWM, CTankUBaKTCS C GnvkanLmMmMm
Yyepes HevyBCTBUTENbHbIE MPOMEXKYTKN
BPEMEHM, ... TakuM 06pa3oM, HenpepbIBHO
oTTankuBaemble Apyr oT Apyra 4YacTbiMu
B3aVMHbIMU TOMNYKaMW, OHU CTPEMSITCS
paccesiTbCsl BO BCE CTOPOHBL.».

1.13.3

3aKOH COXpaHeHUs1 maTtepum

B nucbme k JleoHapay Onnepy ot 5 nions 1748 rona B
cnepyoLuen hopmynmposke: «Ho Bce BCTpevatomecs
B NpuUpoae N3MeHEHNs MPOUCXOAAT TaK, YTO eCnu K
YeMy-nmbo HevTo NpubaBMNOCh, TO ATO OTHUMAaETCs y
Yero-To Apyroro. Tak, Ckonbko Matepun npubasnseTcs
KakoMy-nnbo Teny, CTOSbKO Xe TepsieTcs y Apyroro,
CKONbKO 4acoB 5 3aTPavMBalo Ha COH, CTOMbKO e
OoTHMMato oT 60APCTBOBaHMSA, 1 T. A. Tak Kak 910
BCEOOLLWMIN 3aKOH MPMPOAbI, TO OH PacnpoCTPaHAETCS U
Ha npaBvna ABVPKEHWSI: Teno, KOTOpoe CBOVM TOMYKOM
BO36Yy>aaeT Apyroe K ABWKEHWIO, CTONBKO e TepseT oT
CBOETO [ABWKEHMSI, CKOJIbKO coobLuaeT apyromy, UM
[OBUHYTOMY.»
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lMNpupoaa atmocdepHoro
anekTpuyecTea

* B paboTte « CrnoBo 0 sIBNEHUsIX BO3AYLUHbIX, OT
3NEKTPUYECKON CUIbl MPOUCXOASALLMX,
npeanoxeHHoe otT Mmuxauna JlomoHocoBa»
(1753 ron) HanucaHo: «B cem coctosiHum, no
He3blONeMbIM €CTEeCTBa 3aKOHaM, BEpXHEN
yacTu aTMocdepbl AOMKHO ONyCTUTLCS B
HWXKHIOK M CTOMb rNyBOKO NOrpy3nTbes, nokone,
nepemMeLLaBLUMCh C TEMNMbIM BO3OYXOM, B
paBHOBECUWN OCTAHOBUTCH. ... YK€ LOBOSBHO
SIBCTBYET, Kakune ABWXEHNs1 BO34yXa, KpoMme
OblXaHWsi BETPOB, 3NIEKTPUYECKOE TPEHME
NPOU3BECTUN MOTYT;»

1.13.5 1.13.6 1.13.7
3nekTpocTaTuka. 3akoH KynoHa. 3akoH KynoHa.
BenuunHa cunbl B3anMoaencTBums Mexay
« AneKkTpocTaTuka — pasaen OBYMSI HENOABWXKHBIMWU TOYEYHbIMU
anekTpoMarHeTn3amMa, B KOTOpoM 3apsgaMu, HaxoOALMMUCS B BaKyyMme,
n3y4yaeTcs B3anMogencTame npornopuuoHanbHa 3apsigam 1 o6paTHo
HeNnoABWXHbLIX 3apsaoB. npornopuuoHansHa KBagpaTty paccTosiHUS
+ 3akoH B3aMMOOENCTBUSI HEMOABMKHbIX Mexay HAMM
3apshkeHHbIX Ten 6bin oTKpbIT B 1785 rogy
KyrnoHoM ¢ nomoLLbo 300peTEHHBLIX UM - ‘q Hq ‘
1|42
KPYTWUIbHBIX BECOB ‘F‘ ‘%qu‘ ‘F‘ = k?
1.14 KpyTrunsusre secst Kynona 1.15 1.16

* Cunbl B3aMMoZencTBUs Mexay TOYeYHbIMU
3apsgamMun HanpaerneHbl BAOSb NUHUK,
COeAMHSIOLLEN 3T 3apsiabl, U MO MOAYIo
paBHbl. OQHOTO 3HaKa 3apsiabl OTTankMBakTCS,
pasHoro 3Haka — NpUTSrMBaloTCS.
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MpuHUMN cynepno3vuun ans cun
B3aMMOAEeNCTBUSA TOUYEUYHbIX 3apsAao0B.

NoneBas TpakToBKa 3aKOHa
KynoHa. dnekrpuyeckoe none.
* BBe,D,eM BEJTMYNHY BEKTOpPA

HanpsYKeHHOCTU 3NEKTPUYECKOro Mnors B
TOYKe HaxoXaeHWs NPoGHOro 3aps no

dopmyrne

HanmeeHHoch ANeKTpuniecKoro nonsa
TO4Ye4HOro 3apsdaa.
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R P E MO,ClyJ'Ib BEKTOpa HanpsaXeHHOCTU paBeH
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O6bemMHas, NoBepXHOCTHasA U HanpskeHHOCTb 3MEeKTPUYECKOro Nons,
lNMoneBasa TpaKToBKa NpUHUMNA JFINHeMHasi NfoTHOCTU co3fgaBaemMasl HenpepbIBHbIM
cynepno3uuuu. MpuHumn cyneupnosuuuu 3MeKTPUYECcKoro 3apsaa pacnpeneneHnem 3apsaoB
3MEeKTPUYECKUX NOnen. -
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B cny4ae pacnpeferieHnsa 3apaaoB Ha NOBEPXHOCTU S nHa I_IpVIMep peLIJeHI/IFl saﬂaq
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+ [loTok BeKTOpa Hanps»KeHHOCTU 3MeKTPU4ecKoro
nons. AnekTpocTtaTnyeckas Teopema
Octporpaackoro—laycca, e€ npefacTaBneHne B
andpdepeHumansHon dopme.

*  [loTeHUManbHOCTb 3MEeKTPOCTaTU4ECKOro
nons n eé npeacrasneHne B
anddepeHumansHon opme. MoTeHuunan.
HopmupoBka noteHumnana. PaboTa cun
anekTpocTatmyeckoro nons. Lupkynauns
BEKTOpa Hanps»KeHHOCTW SMNEeKTPOCTaTUYECKOro
nons.

2.1

ANEKTPOCTATUKUN

* HaiiT Hanps>KeHHOCTb 3NEKTPUYECKOro
Mons, CO34aBaeMoro 3apsiiom
OZAHOPOAHO 3apsXKEHHOM NanoYkn AnUHbI
Ha ocu X , ecnu narno4ka opueHTMpoBaHa
BOOMb ocK Y , Kak NnokasaHo Ha pUCYHKe
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Y Peluenune
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JInHmn HarnpAa>XeHHoCTHn
ANEKTPUYECKOIo nonA.

* OTO NUHUK, KacaTernbHbIE K KOTOPbIM B
KaXkOon TO4Ke coBnagatoT C
HanpaBreHNeM BEKTOpPA HanNps»KeHHOCTU B
3TOM e TOYKe.
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MNoTok BeKTOpa HanpsXXeHHOCTH
3N1eKTPNU4eCcKOoro nons.
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MoToK BeKTOopa HanNpPsHKEHHOCTMU 3eKTPUYECKOro nonst
Yyepes chepuyeckyto NOBEPXHOCTb, B LLIEHTPe KOTOPoM
pacnonoxeH ToYe4HbIN 3apsa, g.
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AneKTpocTaTuyeckasa Teopema
OcTtporpaackoro—-laycca

Bas = 2
SjVEdS -
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[lokazaTenbCTBO TEOPEMBI
Octporpaackoro—laycca B obLiem cny4ae.

a) HCIIOJIb3YyA CBOICTBA CHJIOBBIX JIMHUM
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MprMepbl MCNOMNb30BaHNSA
TeopeMbl OcTporpagckoro—[aycca.

» Teopema VpHLuoy.

Bcsikasi paBHOBeCHasi KOHUrypaLms nokosiLmUxcs
TOYEYHbIX 3aPSLOB HEYCTONYMNBA, ECIIN Ha HUX
[ENCTBYIOT TOSBbKO 3SIEKTPUYECKUE CUSTbI.

* [lone ogHOPOAHO 3apsikeHHON cdepbl.

* None ogHOPOAHO 3apsXKEHHOW
©EeCKOHEeYHOM NITIOCKOCTU.

* [lone ogHOPOAHO 3apPsKEHHOMO

OuddepeHumansHasa hopma aneKTpocTaTu4ecKomn
TeopeMbl OcTporpaackoro—laycca

(‘:f Eds =22 AV ;
ar, Sav o
m/, L
<§ EdS
lim 2 = divE =
AV—0 AV 80 80

0® B nexaprosoii cucreme KoopauHaT

d>op|v|yna ["aycca-OcTporpaackoro.

q§ AdS = j divAdV

Cfds

C 1moMoIIBI0 9TOH GOPMYIIBI HECIIOKHO
U3 HHTETPaJIbHOM 3JIEKTPOCTATHYECKOM
Teopemsbl Octp.-["aycca momydnTs ee

nmuddepeHnnanpHyo GopMyrny 1 HAOGOPOT.
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[MoTeHUManbHOCTb 9NEKTPOCTaTUYECKOro I_IOTeHLI,I/IaJ'I ANIEeKTpPUYECKOro noss
MoTeHuman nons cMCTeMbl 3apAQO0B.
nons. NoteHuynarn. TO4Ye4qyHOoro 3ap;|p,a. - .
. ; E(f)=ZE,.(r)=—ZV¢,-(r)=—V[Z¢,.(f)}
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TR Ir - | Ir A
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p=k q +C, rne k=——.
3ameuanue. [[0TeHIMAT ONPEJIEIIEH ¢ TOYHOCTHIO 10 KOHCTAHTbI, ‘17 — F" 4re,

10 ecTh @' = @ + C TOXe noreHuua. [l 0AHO3HAYHOCTH
HOTEHIMA HOPMHUPYIOT, 33/1aBasi EMy ONpEJIeJIeHHOEe 3HAYEHHE
B HEKOTOPOI! ToUKe mpocTpaHcTBa. OOBIYHO BEIOUPAIOT HyJIEBOC

3HaUCHUE MMOTCHIIMAIA Ha OSCKOHCUYHOCTH WU IOBEPXHOCTH Semitd.
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Ecimn ¢(0) =0, To C =0,

q
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B ciyyae HenpepbIBHOrO pacnpe/enaeHus 3apsios g, = p(7.)AV,

~ 4re, |r—r| ; 4re, |I’ 7 dxdydz
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PaboTa cun SHEKTPOCTa'IZ'VI'-IeCKOFO I'I?nil.

F O0p op
Vodr = d+ d+ dz=d .
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LlMpKyﬂFlLlMﬂ BEKTOpa HaNnpAXeHHOCTU
ANEKTPOCTATUYECKOro noss.
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®opmyna CTtokca. TeopeMa o UMpKynsiLmu,
eé npepcrasrieHVe B

anddepeHumnansHon dopme.
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Jlekumsa 3.

MoTeHUMan cucTeMbl TOYEYHbIX 3apsSA0B U
HenpepbIBHOTO pacnpep,eneHMﬂ 3apaa0B.

PoTop BEKTOPHOM hYyHKLIMM

i o -
« [loTeHuman cucTembl TOYEYHbIX 3apPSA0B (V) Adl
N HENPEPBLIBHOrO pacnpeaeneHus Z ) I _ -
3apsinoB. YpaBHeHus Jlannaca 47[50 |7" V % iér_r)}) AS = (rot4-n)
MyaccoHa. Z T
+  OnekTpuyeckuin gunons. MNoTeHumnan n p(f’ ) v’ ij ok
nore AUnons. @(r)= rotievxdzld 9 9]_
72'8 |V ox 0Oy oz
A A A
o4, OA, - 04, 8A4. - 04, 4
z X Iz _y x k
3.1 32 @ %S T s,
® . ® . CucTeMa noneBbIX ypaBHEHWIA
MU3NYECKUN CMbICH poTopa B pamMkax NU3NYEeCKNU CMbICI poTopa B SNEKTPOCTATUKN B BAKYYME B MHTErpanbHol
rmapoavHamMm4eckon aHanormm 3neKTpocTaTuke y
- n oudpdepeHumansHom dopme.
YV n
o Jpav
\ [EaS="— dvE=L,
dl s, & &
vl q Edl =0. rotf = 0.
) v2zr  @r2nr
lim LAS =——= —=2w L
AS—0
nr r 34 35 3.6
YpaBHeHus Jlannaca u
ANeKTpUYeCKUn aunosb NMoTteHuman gunons.
MNMyaccoHa.
= = q
Ecimn E=-V@, 10 TOXnectBenno rotE =0 . Torma R ‘ R+T]’ raeq >0
2
P _divE = —divVp=-Ap, tne Ap = (3_(0 +6_(p 8_
& o’ ot oz .
VYpasuenue [lyaccona Ypasiene Jannaca - (Rz R + lz)”z -
__P _
A@— (90 > A¢_O 1 zl ZR ﬁ}_é B
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None aunonsa

MoTeHunan n none gunonsa(obLumin

lNoTeHuman n none cUcCTeMbI

B cny4an). V annonen.
o 0 0, PR - . oy
E=-Vo, Ex:—a*x(ﬂ=—§kF: R, =ad+ R
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Mpumep pelueHns 3agay anNneKkTPOCTaTUKKU C o= _Q+ C pr2 C, c
nomMoubio ypaBHeHui lNyaccoxa u Jlannaca. r . =" 6¢ _7 T
['pannunsble ycroBus 0
* Onpenenutb NOTeHUMan OAHOPOAHO 3apsHKEHHOTO Liapa, ecrnu FpaHI/I‘IHLIe yC1oBusA
pagwvyc Wwapa R, a ero nfoTHOCTL 3apsaga o -
e 1 : IS 1 . 1) HopmupoBka notennmana. Ecim » — o, To ¢ — 0. 1) Ecitr— 0 , 10 ¢ - orparmaerio. Otcroma C, =0.
A=t O(200) 1 [Ghgl?), ¢ Orcrona C, =0.
ror\" or) r’sing 00) r*sin’ 0\ 8¢’ 2) YcnoBre HEPEPHIBHOCTH MTOTEHITHAIIA
2) YcnoBue ToueuHOCTH 3apsana. Ecnu » >> R, To o(R—0)= (R +0)
& r 1 0( .09 q
0 Ag =—z—(r —) P= —. Orcyna €, = - : 4R
r*or\_ or 4re, v 4re, —'OR2+C— 1 g 1 3 p_Rzp
1 0 0 1 0 0 6¢ * 4ze, R 4me, R 3¢,
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ror or r ar ar 80 Haxomum C :’DR H(p:_ﬂ_,_ﬂ
OOrmee penreHne 3TOro ypaBHEHHs PaBHO ! & 6g, 2¢,
313 OO6uiee pelieHue 3TOro ypaBHEHUsI paBHO; 1, 315
B vactHOCTH, 17151 BEKTOpA HANPS)KEHHOCTH Nekuus 4. MPOBOAHMKY B SNEKTPOCTATUECKOM
5 none. aﬂeKTpOCTaTVI‘-IeCKaﬂ MHAOYKUNA.
. r
E = ___(0 UMeEEM: + [1pOBOOHMKM B BNEKTPOCTATU4ECKOM MoJSie. + fABrneHune nepepacnpeneneHus 3apsagos
r 57‘ 3rnekTpocTaTudeckas MHAYKUMS. Ha NPOBOAHMKE MPU 3MEKTPUYECKOM
. pF ?ggggﬁe;xgocg:cﬂ%g; é’nlzBMeepggggg'g "I_'IOBHVTp"' BO3[EMCTBUM Ha3blBAETCS 3MEKTPUYECKON
= <R: . y .
E 1 npu r < R; MOBEPXHOCTY NPOBOMHYIKA. (anekTpocTaTUYecko) MHOYKUNEN.
0 OnekTpocTaTuyeckas 3awmTa. MpoBoasLmii + fBneHune nepepacnpeneneHns 3apsaos
_ q 7 Lap B O4HOPOAHOM 3J1IEKTPOCTaTUHYECKOM MOfe. Ha NPOBOAHMKE NPU HaNMYnM BHELLHEro
E= —, npur>R. CBs3b MeX[y 3apAA0M 1 NoTeHUnarnom CTaLMOHAPHOr0 3MeKTPUYEcKoro nons
e, r MPOBOAHMKA. DNEKTPOEMKOCTb. KoHaeHcaTopsl. Ha3bIBAETCS ANIEKTPOCTATUYECKON
EMKOCTb nnockoro, cpepmnieckoro n MHAYKUMeN
LMIMHAPUYECKOTO KOHAEHCaTOPOB. y
3.16 4.1 4.2




Puc. 3.5, DaeKTPHUCCKOE 710J€ OKOIO ABYX chepuYecKHX TPOROAHNKOR, H3 KOTODHIX OHH MMEET

3apsaz, paseil -1, a Apyroil — paBHWUl Hymo. HITPHXOBLE KPUBBIE FBJIMINTCH TCpeCeUeHUSIMU

SKBHIOTEHUAILHBIX HOBEDXHOCTE! ¢ INIOCKOCThIO pucyHxa. Hymnemoli OoTeRUwad naXeRHTCS
B GeCKOHCUHOCTH,

SﬂeKTpOCTaTI/I‘-IeCKaFI 3awunTa.

43 44 4.5
SneKTpOMeTp nnn PacnpeneneHme 3apdna no [MoBepxHOCTHaA NAOTHOCTb 3apsaaa
C-)J'IeKTpOCTaTI/ILIeCKI/IVI BOJIbTMETP. NOBEPXHOCTWU MPOBOAHUKA. nponopunoHanbHa KpnBnN3HeE NoBEPXHOCTU
R2
R D
G,
Gl ¢1 = gDZ’
4 _49
- )
Rl Rz
o,'R =0,"R,.
4.6 4.8
HanpshkeHHOCTb nonsa y MOBEPXHOCTU MeTon KaBeHguiia npoBepPKn
NPOBOAHMKA. 3aKkoHa KyroHa
9,9,
o ~
E =—, E =0 F 2+85
&, R
50
Mexanmsm  obpasopaHus  nong
BGIIMBH TIOBEPXHOCTH npOBOJIHHKl
0<1/21600
4.9 4.10 4.11




CBsisb Mexay 3apsdoM U NoTeHuuanom
NMPOBOAHUKA. ONEeKTPOEMKOCTb.

o(F) = jk‘:%),dsg g=[o(r)ds’
N 1 N

P=—9q
c

BHGKTPOCMKOCTL mapa

R 6,4-10° B
e=4-4 R 6410 o000
Q kg k 9-10 2q
R 4.12 4.13
Konpencatopsl. Ewkoets nnocoro, EMKOCTh KOHIgHCaTOpa ¢ = L = — 1. MoTeHuMarnbHbIE M eMKOCTHBIE
chepnyeckoro M LUIMHOPUYECKOTO ) U @ —¢ ’
KOHAEHCATOPOB. [nockuii konaencaTop 1 2 K03q)¢)|/|L|,V|eHTbI
_4_05 _&S
E U o, d’
& Q= Zaﬁq ;» THe @; =« - NOTCHUHAIbHbIC KOY( (.
Coepudeckuii KOHIECATOP 7
[ o4 _ q — 47z, RR q;,= Zcﬁ(pi, e ¢ =c; - eMKOCTHbIC KOI( .
=0 1 (g9 g R, =R, i
4re,\ R, R,
HunuHapuyeckuit KoHaecaTop
__ 4 n&, :1:27&901
2ms,l R, U ln&
4.15 Ry 4.16 4.17

() '%

? ~ 4, h s
¢2~q19 (D3~q1; (01~q2’ ¢3~q2;
P = a4y i = Xind>»

»; = Zaiiqj
J 4.18

MeTopn n3obpaxxeHnn

4.19

1
dme, a’+h’

cos $n

1

1

q= .[O'dS.

4.20




AOBC ~AOBA,= R-R'=a’".

Ecnu q’=—£q =—%q, 0 @(a)=0.

b
i E = 3 ’
Bre chepsr ¢:L(i+i’]_ () = [(p/Beo] .
dre,\r r 4.21 4.22 4.23
MpoBoAsLWMIA Wap B OAHOPOAHOM [Tone BHE m1apa - 3TO MOJIe AUTOIS
anekTpuyeckom none. [1, ctp.125] C JUTIOJIbHBIM MOMEHTOM
Ey = [pl/(3e0)] rs - - 4 3 = 4 ; _
Fro HE Ey = —[plBeo)] ) p=9ql = 3 R pl = EﬂR 3¢,E,,
Ei-.,
o .1 (3pF)F P =
" 2= By + ooy = [plf3e0)) () = 7o) = ~[1pU3ea)] E= POT_PALE, =
(=) 1 1+l R B N 47[80 r r
pl =-3s,E =3¢,E,, oAS = pASS, X .
a = pd = plcos 0 = 3goE, cos 0, —1= £ E0+(£ 3(Eol”)r.
rae & =1cos®. E, = ofey = 3E, cos 0, r r e
4.24 4.25 4.26

Jlekuusa 5.

» [OwuanekTtpukn. CBoOOAHbIE Y CBSI3aHHbIE 3apsiabl.
BekTtop nonspusauun. Ces3b BekTOpa nonsipusauum co
CBSAI3aHHLIMU 3apsiAamMu.

BekTop anekTpruyeckon NHAYKLUMW B ANINEKTPUKE.
[nanekTpuyeckas NPOHNLAEMOCTb N AN3neKTpuyeckas
BOCMPUMMYMBOCTL BelllecTBa. MaTepuansHoe
ypaBHeHWe A BeKTOPOB 311eKTPUYECKOro nons.
Teopema OcTtporpaackoro — Maycca ans cnyvas
avanekTpukos. E€ anddepeHumnansHas dopma.

* [paHn4YHble YCrOBUS AN BEKTOPOB HAMNPSXXEHHOCTU 1

3MNEKTPUYECKON UHAYKLNN.

* [nanekTpuyeckuii Liap B O4HOPOAHOM 3MEeKTPUYECKOM
none

5.1

[lna xapakTepucTukn nonsipusaumm
[VANEeKTprKa BBOAAT BEKTOP Nonspusauum

L
b

e [0 9 8 p_
=18 8 8 gl P
TN 9@ © BO)as

: AV
R o' - CBA3aHHBIE 3aPSIbL.

W3 pucynka BUIHO,4TO

PAV =cASL, toects P, =0’
52

CBsi3b BEKTOpa nonsipusauum ¢
NOBEPXHOCTHLIMU CBA3AHHBLIMU  3apsaamMu.

VA
B & @ B
BEFT
& & & '
4%

.

P=q'Ll =c'ASLI;
p=PAV = PASLcosa = (Pi)I ASL;
——

B

53




JUi1st rpaHMIbI IBYX AMDJIEKTPHKOB UIMEEM O = 0| — 0, =

Pln _PZH = _ﬁ(ﬁZ _PI)'

Ce43b BEKTOpa nondapun3auun c
06beMHbIMI CBA3AHHLIMM 3apagamu.

Jods=-0;=-[pav

Sy

c§ o'dS = <§ PiidS = c} PdS = jdideV;
Sy Sy Sy v

JPas=-g;, divP =—p.

,HJ'IH 00BEMHOM IUIOTHOCTH CBSI3aHHEIX

3aps710B CIIPaBEJIMBbI COOTHOIIEHUS
<§ PdS = - j o'dv,
S, v
divP=—p'.
BexTop anexkTpuyeckoil HHAYKIU (CMEIICHHS)

B JUBJICKTPUKE OMPEACIIACTCA paBEHCTBOM
D=¢,E+P.

5.4 5.5 5.6
NaneKkTpmnyeckasa BOCNpnmMM4mBOCTb U _
MaTepuansHoe ypaBHeHe Ans A p p Teopema OcTporpagckoro — [aycca
AM3neKTpuyeckas npoHMLIaemMocTb N8 Cyyast AN3NeKTPUKOB B
BEKTOPOB 3r1eKTpn4eckoro nons. - .
R R _ o BeLleCTBa. andepeHunansHOM U MHTerpasnbHOn
P= P(E) um D= D(E) JUIst H30TPOITHOTO AMENeKTPUKA @, = 5,0, cdopwme.
JIy1st MHOTUX CPEJl 3Ty CBSA3b MOKHO TOrJIa UMEEM divD = ¢, CLIYEJ + M = p;
- - — - - - pp’ -p'
HpEICTABUTE B BUIC P=¢gaE, D=¢gE+¢gal=¢sL, e
eOZa,/E + gOZZaUkE E,, rJIE 110 ONpeeeHuI0 & =1+a, — Juddepenrmansaas dopma - divD = p.
J=1 k=1 - -
OTHUCHUTCIIbHAs JUIJICKTPpUYECKas —
TJIe @; — Te30p TMHEHHOH BOCTPUMMYHMBOCTH, A p WuterpansHas popma - deS = Ipd V.
o . MMpOHUIACMOCTb BCUICCTBA. Sy v
@y, — T€30p HEIMHEHHON BOCTIPHUMYUBOCTH.
5.7 5.8 59
Cucrtema noneBbIX ypaBHeHuﬁ 3NEKTPOCTaTUKN B u o o
3 IPUBEJICHHBIX BBIIIEC YPABHEHUH CIIEAYET, YTO B H30TPOITHOM Mpeaomaenue aunmit E n D,
GeCKOHe4HOI N30TPOMHON ANINEKTPUUECKON Cpene. GECKOHCYHOM AUDIICKTPUKE HAMPSHKCHHOCTD AJICKTPHYESCKOTO OIS,
- q [) dS’ — J' ) dv co3zaBaeMasi CBOOOHBIMU 3apsiiaMy OyeT MEHBIIe B £ pa3 o E,=E,, eEy=2¢E,,
leD = p, S b ’ CPaBHCHHIO € HAIPSIPKEHHOCTBIO TI0JISL COO3JaBa€MUMU 3TUMHU KE
- 4 3apsi/laMu B BaKyyMe. &, tga, E,/E e,
rotk =0. Edl = e TEJE "o
- I'paHnYHBIEYCI0BHUS A1 BEKTOPOB HANIPSIKEHHOCTH ' - :
Jlnst u3otpornmoii cpenpt D = £,¢E, Torma M DJIEKTPHIECKOH HHTYKIHH Bemu t2 >ty 70 %= % s
foar A 7/ W G
divE IL, EdS =Y ETz _Er| =0. | ﬁ ﬂ
N
&€ & | g ‘
- Sy 0 I7ie¢ 0 — TJIOTHOCTH CBOOOIHBIX MTOBEPXHOCTHBIX b :
I‘OtE = 0. =~ 17 ] Puc 58 Jlusun cmemesmst (@) ¥ JHims
Cf Edl =0 3apsI0B HA TPAHULIE [BYX JUIJIEKTPUKOB. ' TweE e D sanpmReROCTI (6) B nAcTuRE USTCK-
5. 1 O 5 . 1 ‘l TPpHKA

5.12




3neKTqueCKoe nosfie ogHopogHoO
nonsapn3oBaHHOro AN3NIEKTpU4eCckKoro

wapa.
BT
ﬁﬁ%“?%IE e
hggﬂfg §¢=
1l IIIIII B IIIII II JF
i ug@
it
@ Z 9

Puc. 9.25, Chepa ¢ OPHEHTHPOBAHHBIMKE MOJNEKY/IAPHBIME AMTNONAMH (¢) 5KBHBA/EHTHA ADYM Ha-
JIQKERHBIM APYT 11a KPYTa HECKO/IDKO CMellleHHBIM cepan, C NON0MHTENLHBIMI (6) 1 C OTPHILATeIb
HBIMH 3apsjaMu (8).

AnekTpuyeckoe nosne ogHOPOAHO
NOMAPU30BaAHHOIO AN3NIEKTPUUYECKOro

wapa.

Ilone BHyTpHU 1mapa

By pi - p( )=~ pl =— P,

3g, 3g, 3g, 3g,
TTose BHE Imapa COBIAAAET C TIOJIEM JAUIIONS
. ~ 4 - L1 (3FB)F P
P=VpaP = *ﬁR,‘Z,,pupl , T0 ecTb E' = —— 3p)r 157) —4 s
3 4re, r r

5.13 5.15
N3NEeKTPUYEeCKmmn Wwap B
. " g dakTop dhopMbl
,CI,HOpO,EI,H(PM SJ'IeKTpI/I'«IefJKOM non]e .o
E' - - /| = P E=E,+E'= E ——P
A p p s 0
3¢, 3¢, 3¢, 3¢, o
P=¢,a (E,+E"),=> P=c,a(E, 1 P), rae N — @akrop GopMmbl.
o — 3¢, .k
’ Jnsg mapa N =—., ——
= a e—1 = 3
P =3¢, E, =3¢, E,.
3+«a c+2

4 -1
=p. ?”R3_4 £, R3 2Eo,r;[eR paauyc

Moanoe none E
BUYTPH # CHAPYMH WIapa H3
JNHIEKTRIKA,

Jlns GackoHEUHOH MIaCTUHEL: B H
0

ecin £, L TUIOCKOCTH MIacTHHBEL N =1, ’

ecin £, || mnockocty mmactTuHel N =0. g

mapa. [Ipn ¢ - o - npOBoszuHP“l map. 516 5.17 5.18
neKuMﬂ 6 3Hepr|/|;| CMCTeMbl 3j'|eKTp|/|L|eCK|/|X 9H€er5{ BSaI/IMlOIICCTBI/I}I 3aps 0B ITPpHU HAJIUYUU JUIJICKTPUKOB
. 4
3apsaoB.. WIEZ(M)” HO ¢’f¢kZR_~
q, t Y

* OHeprus CUCTEMbI 3NEKTPUYECKUX 3apsSa0B.
OHeprus B3aMMoaencTBms N cobCTBEHHAs
aHeprusi. SHeprusi aNeKTpPoCTaTUYeCcKoro nons u
eé obbemMHas NIOTHOCTb. JHeprus
3M1EKTPMYECKOro AUMNONSA BO BHELUHEM More.

*  [loHOEepOMOTOpHbIE CUMbl B 3MEKTPUYECKOM
nore v MeToabl Ux Bbl4UcreHun. CBs3b
NOHAEPOMOTOPHbBIX CUIT C 3HEPruel CUCTEMBI
3apsaoB.

6.1

R]Z

k 9,4, ,
R,

W, =q,p, =

9

23

VV}:LI3¢3:k%+kq]3i’
13 23
W=W,+W,=k Q1Q2+CI|q3+q2q3 ,
n Ry Ry

i<j R,j 2‘1-/. Rij
Hﬁ/

4 _ 1599, _1 _
W:kz&:_zq_q»’zzz%q., rue (p’:kz%’
! i

6.2

OHeprus B3aUMOJIECTBHS 3aP/J0B IPU HETIPEPHIBHOM

pacnpeeneHun 3apsiioB

1
W =— dV .
ZJP¢
[Tpumep. DHeprus KOHAEHCATOpa.
1 1 1 CU2
= Eq#’l +5Q2(P2 = qu (0 —p,)= _%U -
6.3




SHeprvm CUCTEMDbI 3apsAXeHHbIX NMPpOBOOHUNKOB

17!
W=5§%<4 13300, - ZZ 4,4,

11/1 1111

OHeprusa anekTpocTaTUYecKoro nons n eé
ob6bemMHasa NoTHOCTb.

1

W==cU’=——(Ed)’ =

+06 g0 2 2 d (Ed)
\) lgoz;E.E-LS'd:EV
—— =

D Vv
W _DE

w=—=—-:
Vv 2 6.4

Crporuii BbIBOZ (POPMYJIBI IS INIOTHOCTH

OHEPTUHU DJIEKTPOCTATUIECKOT'O ITOJIA

W= % Vj podV :%Jp(pdV :%J(div D)pdV =

S I Popar -3 IZ )50,% |y -
© X o| i=1 X i=1 —~
div(pD) -DE
:_ J(deS—i- JDEdV jde rIe W—DZE

Ra»

—_—
—0

6.5

OHeprvsa B3anMoaencTeums u
cobcTBEHHas aHeprus.

» CobGcTBEHHas aHeprusa 3apsKeHHOro Tena-
3TO 9Heprus, obycrnoBneHHas
B3aMMOAENCTBMEM 3apsSA0B AaHHOro Tena
OpYr C ApYrom.

+ OHeprus BzaumoaencTens AByX
3aPSPKEHHbIX TEI - 3TO SHEpPrus,
00ycnoBrneHHas B3anMoaeNnCcTBMEM
3apsiA0B OOHOro Tena ¢ 3apsigaMu Opyroro
Tena.

6.6

PaCCMOTpl/IM JUISL IPOCTOTHI [1BA 3apsPKEHHBIX IMTPOBOAAIIMNX 1Iapa
@ R]2 @ I[HSI YEAMHEHHBIX IapOB
cobem. __ q1¢71 cobem. __ q2¢2
s B gy L2
4, 2>

[ B3aMMOJEHCTBYIOIIMX IapOB

1 1
P=0" + o, 0, =0+ W =Wt 500 =

1 1 1 1
=—qp" += 4,07 +=q0" +=q,p7".
%/—/

2 2 2 2
—_— ——
Wlwﬂcm . Wz“’ﬁ“’" . W esaunod

6.7

B pamxkax moneBoro ¢popmanuzma

E=E +E,,
W= & (E, +E,) -
2
_ E go 2
_j : j dV+ngEEdV
VVI(‘nﬁ(‘m . VV2¢( ocm. UK'fuu,\w(),

HpI/I Rlz _)0, VVlczoﬁcm. _)w’ U@s’ammd < Wwm >O

6.8

3Hepr|/|ﬂ ANEKTpPUYECKOro amnon4d
BO BHELUHEM MoJie.

W =qp(F +1)—qp(F),
p(F+D)=p(x+1,y+1,z+1)=

P+l
G )+a(p1 122, .90,
oy’ oz
W=ql -Vo=-pE
e
p  -E

6.9

r|0Hﬂ,ep0MOT0prle CUIbl B 3N1EKTPNUYHECKOM
nosie 1 MeToabl UX BblYUCIEHNIA. Cunbl,

OencTeyoLlme Ha gunonsb.

F=-VW: F[.:—a—W:i[)E:
ox, Ox,

1

0 < 0 < 0
=fzijj:_Zp' _(/)]z

1 ox ;

6.10

MoMeHT cunbl, AeACTBYIOLEN HA AUMOSb
M=[7+1,qEG+1)]-[F.qE],
B OAHOPOJHOM II0JIC E const, Torga

it =[7.08)<[al. E)=[ ..

6.11

O6bemMHast NNIOTHOCTb CUnbl,

AeNCTByIOLWAnA Ha ANINEKTPUK
JIMnonpHBI MOMEHT 00beMa JTUAJICKTPUKA

P,y BBIP@XKAETCs Yepe3 BEKTOp nmossgpusanuu P
P,y = PAV, Torna nioTHOCTb CHIIBI

j;:FAV :(pAV'V)E:( P .V)E:goa(E-V)E;
AV AV P=gyaE

3. 0p 0 |0g dp 0 dp _
=0 ) —— | — =5,
Ji=4 [jz_:‘éxj axjjﬁxi ! Z@x Ox; Ox;
L
L E e




o0 ES 0 -E
=g, ——:goa—z_f:
Tox, 2 ox, ‘o3 2
o E’
= &, ———. OKOHYATEIbHO UMEEM
ox; 2
v E? E’

6.13

Ces3b NOHAEPOMOTOPHbIX CUIT C
3Hepr|/|el7| CUCTEMbI 3ap4aa0B
Ecnu B cucteme noaiepskuBaercs 7 = const,

nedopmariust cpesibl He MEHSCTCS U € = Const, TO
dw =dw, +dA!

Hepeus, nocm cun*
0m 6HEUWHUX UCTOYHUKOE

JI71st KBa3UCTATUYECKHUX TIEPEMEIICHHIA

4 J—
dA cun dA: cmy 020 nons deé’
rje & - 00001IeHHbIe KOOPAUHATEL, F; - 0000I1eHHbIE
CHIJIBI.
dVVDHE[IJZ/}Z, nocmynusutas = Z ¢jdqj .
Om 6HEUIHUX UCMOYHUKOE j 6. 14

dw =Y ¢.dq,—> Fdé,.
j i=1
1) Ecim g, = const, 1o

SR =W (& b b) =D T dE

q;=const
g W
&

q;=const

6.15

2) Ecim ¢, = const, 10

1
= EZ(p,-dqj :
j

Torna

S FAE =AW (G 6 E)=2 00 dE,

IIpumep. BeuuciuTh Cuily IPUTSKEHUS IIACTUH
IJIOCKOr'o KOHACHCATOpa, MOMCIICHHOT'O B )KI/UIKI/Iﬁ
JUDIIEKTPUK, €CIU ¢ = const.

cU? ~ q2 - qz d

2 2 2668

d - 006001IeHHas KOOpUHATA.

W:

5’ @, =const ow qz q o q
Fd = - :——:———:——E :r.-. =
6W 0d | const 25,68 2 g, 2
P= ag B nuanektprike cuita B3aUMOICCTBUS IJIACTUH
! g =const
YMEHBIINNIACh B € pa3, To ecTb F, =F, / &.
6.16 6.17 6.18
ArneKkTpoHHasA Teopus nonspusaumm
Nekuusa 7. P P pusau Monapu3aums HENONSIPHLIX MOMNEKYI.

*  OneKkTpoHHas Teopus Nonsipu3aLmny AU3NEKTPUKOB.
TlokanbHoe none. HenonsipHble AuanekTpukn. dopmyna
Knaysuyca — MocoTTu. MNMonspHble AUaneKTpuku.
DyHkuma JlarxkeBeHa. MNMonsapusauns MOHHbIX
KpUCTanmos.

. OnekTpuyeckme CBOWCTBA KPUCTArIOB.
MupoanekTpuku. MbesoanekTpukn. Mpsamor n obpaTHbIn
Nbe303MeKTPUYECKnin 3PEKT 1 ero NpUMEHeHNe.

. CerHeToaneKkTpuku. [lomeHHasi CTpykTypa
cerHeToanekTpukoB. Mctepesunc. Toudka Kiopu
cerHeToanekTpuka. NMpuMeHeHne CerHeToaNeKTPUKOB.

7.1

ANI3ANIEKTPUKOB. NokanbHoe none.

« NonspusaumnoHHble CBOVMCTBA ONANEKTPUKOB
onpeaensioTcs Nonsapn3aUmnoHHLIMK
0COBEHHOCTSIMI OTAENbHBLIX MOSEKY
BellecTsa.

* Bce MOJeKyInbl MOXHO pasfennTb Ha nondpHble
N HenondApHble MoneKyIbl.

* Y HenonsipHbIX MOJEKyN B OTCYTCTBUM
BHELLIHErO 3MeKTPUYECKOro Mons AMMNOMbHbIN
MOMEHT paBeH Hymt. [MonsipHble Moneky bl
obnapgatoT cobCcTBEHHbBIM AUMNOSIbHbLIM
MOMEHTOM.

7.2

p=¢,BE, ,Tae B - NONAPH3YEMOCTb MOJEKYJIbI.
Jl1s1 OLIEHKN MOKHO paccMaTpHBaTh MOJIEKYITy KaK
nposoasamuit map ¢ R ~ 10 cm, Torma

p=4ne,R’E,, f=47R’ ~4x10* e’

Saement H He [ Li Be c Ne Na Ar K

8- lI'i 0,66 | 0,21 | 12 93 (1,6 |04 | 27 1,6 | 34

7.3




MUKPOCKOMMUYECKOE 1 MaKpOCKOMUYECKoe

JlokanbHOe none.

dopmyna Knaysuyca-MocoTTu.

none B BellECTBE. - - -
- L 1 L JlokaJpHOE ToJIe - 3TO TOoJIe, eHCTBYIOIIEe Ha MOJIEKYITY. = E=E +E,
E vapo. = < E (r, 4 ) o > = A_V .[ E (r, t ) - av OHO paBHO MaKPOCKOIMYECKOMY IOJIO B IUIICKTPHKE 5 e E, Z E
Marpo. aupo. [| 1/ MUKDO. r _
AV 3a BBIYETOM TOJIA, TIOPOKIAEMOTO CaMoii MOJTEKYJOii, AN e &y — >R
— — ~ . ~ ~ T~ El+E- 12
HOHe B HHS‘HGKTPHKe 9TO E = E,\mlcpn. E.mK. =E- E,wm. ~E. { B 1 ES E = ZE
L Ioasipu3yeMocTh pa3pe:KeHHBIX ra30B. \ / 2T LR
1
s 2P - - oL (35
@ @+ 7‘+ 7@+ pP= “-p=n-p =n-&PE,=nPE. ] N Ez:T [51_3 i
NS B & O v - R
Taxum 06pazoM umeeM 3 2
B O & Ol i PRIV T Nl
a=c—1=np. 2,\'_4 Z 5 R
AV TEy 7
7.4 7.5 7.6
i E E+ ! P.
Tak kak 17151 KyOM4ecKol CUMMETPUHN TIPU 32 W3 510if (bopMynLI MeeM
0

CYMMHPOBAHUU 10 C(hepruuecKOMY CII0I0

DTy =D,
PEED WA I =%er,
inyf :ZZixz =

AHaloru4so JOKa3bIBCTCA, UTO

Takum 06pa3zoM, BEKTOP MOJSPU3ALNUN PAaBEH

- - U
P=n~£0/3El=n80ﬂ(E+3—P).:>
&

0

351

n 3
p= 3+a  e+2
®opmyaa Kinaysuyca —MocoTTn.

-1

Tak kax n='0—’”NA,T0 PN, ="—
u Pn E+2

B IIMPOKHUX MpEacaax Ajisd HETTOIAPHBIX
JAUDJICKTPUKOB HE 3aBUCHUT OT (1)I/I3I/I'~IECKI/IX

napameTtpos (Hanpumep, st CO, BHOILUIOTH 1O

E,, =E,. =0. ‘ 100 MITa ipu 100°C).
7.7 7.8 7.9
MonsipHble AnaneKkTpukn. DyHKUUA Tonstpusanus ra3000pa3HOro MOJSPHOTO THUIICKTPUKA 0.4 EETC059 ) 040
IaHxeBeHa. J.psz jp cos e <27 -sIng -
< pz >= = oF
L’i//mz.; Jd IN —Tcosa
HUGCTam! ”
[4e="  -27-sin0-do
oz 'a ey - )
, lzje x -sina-daz—je¢*-dx=—shg,
ALY OpHEHTHPOBKA AUIONS B chpH- ; é’
A V 4ecKOH cucTeMe KOOpIHHAT - J
B cootBercTBUM ¢ pacnipeneneHreM bombimana ar. J‘C 0505 sin@-do =2 2 sh cl=
| w d ; dc\¢
Memarar KT .
. dN = Ae **" -do, tne do=sin@-dp-dé, shg“
Dwuck h; _
yerepade =
7.10 W =—-pE =—pEcos0. 7.11 5 ¢ 7.12




B pesynbrare numeem

ch —%
<p. >=pr=p~L(;),

rae

L({)=cthd —% - pynkuust JlankeBeHa.

3

rie S - 3G dexTrBHas MOISIPU3yEMOCTh MOJICKYJIBI.
JUst pa3pekeHHBIX Ta30B BEKTOP MOJISIPU3ALIMI PABEH

P=n<p, >:gozéEz£0aE0,

a

2

_nr
3g,K, T

Ecnu yuecTs HENOJSAPHAS COCTABIISIOLLYIO

rmeax=c—-1=nf=

BOCIIPUMYBOCTH 71/f3,, KOTOpasl y TOJIIPHBIX MOJIEKYJI
00BIYHO MaJia 110 CPABHEHIO C MOJSIPHOH, MOTYyYHM

2
np

a=c-1=nf+———.
Fo 3¢,K,T

Monspusaumsi MOHHbIX
Kpuctannos.

B kpucrannuecknx BeuiecTBax
BO3MOKHO CMEIIICHUE TTOJIOKHU-
TEJTHON M OTPULATETILHON HOHHBIX
MTOJJPEIIOTOK OTHOCHTEIIBHO JIPYT
Jpyra noji JefCTBHEM BHEILIHErO
3JIeKTpUYecKoro nois. Takas

ToJigpru3alus Ha3bIBaCTCA

HMOHHOH MOJIsIpU3aIueii.
Puc. 65. Dnemenrapuasa sageir-
K3 KDHCTaJIIa XJIOPUCTOTO 11e-
3us CsCl

7.16

OreKkTpuyeckme CBOMCTBaA
Kpuctannos. [MMpoanekTpukm
N HEKOTOPLIX KPUCTAJJIOB B COCTOSAHUUN
TCPMOANHAMUYCCKOIO PAaBHOBCCHS PCUICTKU
IMMOJIOKUTCIIBHBIX U OTPHULATCIIbHBIX NOHOB
CMCHICHBbI, TO €CThb OHU UMCIOT CIIOHTAHHYIO
MOJIPU3AINI0, HAIIPUMEDP, KPUCTAJUI TypMajInHa.

(cwm. [3, [TuposnekTpuyecTBO])

Mbe3oanekTpukn. MNpsimon 1 obpaTHbIN
Nbe303(PEeKT N ero NpMMeHeHue.

VY psin KpUCTAIIOB MpH Ae(OpMaIHAX BOSHUKACT
ayIeKTpuYecKas nossipusanust (mpssmoit mbe303ddexr)
1 Ha000pOT NMPH HAIOKECHUN HIICKTPUIECKOTO TOJIS
nporcxoaut aedopmanus (00patHbiid mbe303(hdeKT).
K Taxum BemecTBaM OTHOCSATCS! KPUCTAIUIBI KBapIia,
TypMaJIiHa, CETHETOBOM CONMU, TUTAHATa Oapust U

MHOTHe Apyrue (cM.[3. Mbe303IeKTPHUUECTBO]).

7.18

CerHeToaneKkTpukn. Ix ocHOBHble CBONCTBA.

[loMeHHasa CTpyKTypa CEerHeTO3NneKTPUKOB.
HexoTtopble kpucTasIMYecKe BEeLIecTBa (CErHEeTOBast COMb
NaKC,H,O -4H,0, Tutanar 6apus BaTiO, u np.) B onpe-
JICJICHHOM JIHaIia30He TeMIIepaTyp HaXOMIATCS B COCTOSHUU
CIIOHTAHHOI TOJSIpU3alii. X BEKTOp CIIOHTAHHOM MOJISIPU3AIIUH,
B OTIIMYHH OT MMUPOSJIEKTPUKOB, MOXKET JIETKO OPUCHTHPOBAH
OTHUCHTEJIBHO CIIA0BIM 3JICKTPUUECKHUM IOJIEM. DTH BEIIECTBA
(CErHeTOAIICKTPUKH) B JAHHOM JIHAIa30HE TEMIIEPATyp MOTYT
HMMETh TUTaHCKHE 3HAYSHHUs TU3J1. ipoHuaemoctu £ ~ 10000.
3aBucuMocTh P(E) SBIAETCS HENMMHEIHOI, TO €CTh BOCTPHMIH-

BocTh & = a(E). [Iponecc nmonsprusann UMeeT TUCTEPE3HC.

7.19

7.20

Puc. 3, ¥
ETAANGE Titalata Gogen (a) W cerkwetoood coni (6) B
PIOARDAIOEAHIOM CBOTE

p—

o o=

: o

R ‘
T gm S5

Puc. 2. o

(i, O) W NepeCT pof [ 0-a; - ) AnuasHoll CTpyE-

Tyl B Ol HETORMIC FIMSC KOM EEIC TRMNS

7.21
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MpMMeHeHNE CErHeTO3NEKTPUKOB.

+ CerHeToanekTpukM HaxoasaT LMPOKOE NMpYMEHEHMe npu
M3roTOBIIEHUM MarnorabapuUTHbIX KOHAEHCATOPOB B
Ka4yecTBe HEemNMMHENHbIX SNIEMEHTOB PaAMOTEXHNYECKMX
YCTPOMCTB, B TEXHWKE YNbTpa3syka. Bo BHeLLHeM
3MeKTPUYECKOM Mofe U3MEHSIOTCS NperoMsioLmne
CBOVICTBA CErHETO3MNEKTPUYECKIX KPUCTASINOB
(KOMMOHEHTbI TEH30pa MokKasaTens NPenoMIeHuUs): 3To
ABMEHNEe UCMONb3YEeTCs AN YNpaBrieHnsi CBETOBbLIMM

Jlekumns 8.

* [loCTOSHHbI 3neKkTpuyeckmin Tok. Cuna n
NNOTHOCTb TOKa. JIHWMM TOKa. DnekTpuyeckoe
norne B NPOBOAHUKE C TOKOM U €70 UCTOYHUKN.
YpaBHeHWe HenpepbIBHOCTU. YcnoBue
CTaLMOHAPHOCTM TOKa. AneKkTpuyeckoe
HanpsbkeHne. 3akoH Oma ons yyacTka uenu.

LC nyykamu (ONTUYecK1e 3aTBOPbI, MOAYNATOPbI 1 OnekTpoconpoTuenexme. 3akoH Oma B
3aKoH KIOpPI-BCfICCﬁ BOIIM3H TOUCK KIOpI/I YMHOXUTESNN YacCTOTbl NasepHOro n3ny4yeHusa un T.,Cl.). /J,Md)d)epeHLWIaanOVI (bOpMe. Y/J,eanaﬂ
c c 3MeKTPONpPOBOAHOCTb BELLECTBA.
a= R a= .
T, -T T-T,
Jlnst cernerosoit conu T =—18°C, T, =24°C. 7.22 7.23 8.1
[MOCTOSIHHBIN ANEKTPUYECKUI TOK. . JIHnn TOKA.
:-_é_"':ﬁ
Cmna VI nnOTHOCTb TOKa Q anV ¢ JIMHUKM TOKa — 3TO JNIMHUK, KacaTellbHble K KOTOPbIM
* OneKTpUYECKM TOKOM HasblBaeTcs noboe Iy= A A HanpaeneHs! N0 Hanpasnexuio cpeaHed (M
yMIOPALOYEHHOE ABIDKEHNE NEKTPUYECKIX W .qpemdoosogl) ckopocTU. [Ins cTaLMoHapHbLIX TOKOB BAOIb
3apaagoB.. £a gnuSAtcos _ n(ﬁ§) ATUX NMHWIA OBUKYTCS 3apSKEHHbIE YacTuLbl.
+ Cuna aneKkTpU4eckoro Toka Yepes 3afjaHHyto ’ At 1 ’
MOBEPXHOCTb OMpeaensieTcsl BerMUYMHOM J = anii
3apsiaa, NpoXoAsLLMM Yepes 3Ty NOBEPXHOCTb o) 4 =qnu. s, s
3a e4MHULY BPEMEHN. Ecin 3apsAabl ABUXKYTCA C pa3HbIMU CKOPOCTAMHA 1
* [NOTHOCTb TOKa 3TO BEKTOPHAs BENMYMHA, . I, = zqni(ﬁj) =JS, rne J = aniﬁi — IUIOTHOCTH TOKA
NPOEKLMS KOTOPOIi Ha HOpPMarb K 3NIEMEHTapPHOW - -
NOBEPXHOCTU paBHa BEIMYMHE SMEKTPUYECKOrO - - n
3apsaa, NPOXOASALLEro Yepes eanHNLY D i, D i,
NOBEPXHOCTU 38 EANHULLY BPEMEHN. J=g4 n=qn<ii>, raen= Z”ﬁ <ii>= i Tpybxa Toka
n ; n
8.2 8.3 8.4
AneKkTpuyeckoe norne B NPOBOAHUKE C AnekTpudeckoe HanpshkeHue. 3akoH Oma
YpaBHeEHME HENPEPLIBHOCTU. YCroBue
TOKOM U €ro UCTOYHUKMU. Ons ydacTtka uenu. OnekTpoconpoTUBIIEHNE.
CTaUMOHAPHOCTU TOKa. Er
C ST OnbIT IOKa3bIBACT, YTO MEKAY TOKOM U HAIIPSXKCHUEM
OryIacHo SaKOHy COXpaHeHHH Sapﬂﬂa i “ , Et e Ha y4acCTKE IMPOBOJHHKA CYIIECTBYET OJJHO3HYHAas 3aBUCUMOCTDH
0 0 - = . = \\\\u\ly\, HRHITHRIRIT ettt = £(U).
—0, =— [pdV =~ JdS =~ [divJdV. =
ot ot b g b Er ¢ J1y1st MHOTHX ITPOBOJTHMKOB 3Ta 3aBUCHUMOCTD JIMHEHHAS
v
8,0 .7 I:A~U:l~U,
——+divJ = 0— ypaBHEHHE HETIPEPHIBHOCTH. R
ot rae A u R - anexTpuueckas IpoBOAUMOCTb U CONPOTUBIIEHHE.
B cranmonapuoMm cirydae 0p / 0t =0, ciemoBaTelrHO 108 _ Emumnma conporusienns 10m=1B/1A=1B/A.
- 2
leJ — 0' llemonc;paum uanumfx u HOp: o =
s coemmmonet e (1) p(2) = [Edl,
8.5 HOCTH NPOBOAHHMKA 1 8.6

8.7




VY nennoe COIIPOTUBJICHUE 3aBUCUT OT TEMIIEPATYPbL

YI[CHLHOEE SJICKPHUYECOC COIMPOTUBJIICHUC
1 p=pull+a-(t—1)], CBepxnpoBOANMOCTb.
R= pE. I7Ie ¢ - TeMIepaTypHBIH KO3(UIIEHT COMPOTHBICHUS.
Ritky
Jlnist uneThIX MetaioB @ ~1/273K ™' =0,00367K ", . p
, Tahle 27.3
Ynemsnoe YaensHoe co- - ——
Critical T tures f
BemecTso conporvr;dﬁnﬂe p: BeuecTso npz’ng‘iui;me Bemecrso Temneparypa, °C TeM:sﬁ:’;iEL{;i ;33§j<byulfdeﬂT " _,/ i sompfundn wro:
— Manaerinl TAK)
Cepetpo (1,66~ 1,63)- 1078 || 10 %-1onit momemnit | 0,0825 Cepebpo 0-100 40-107 . R ,—:
Meap raHyTas 1,78 1078 pacrsop NaCl Mens 18 43107 ' ;]ﬁ:::":; :_'.:
Tlnaruaa 11,0 108 XHMUYECKH HHC- ~ 10 Nnarusa 0-100 381071 | '.: | n;_,.-,‘_( ‘,_._-.,‘,_{. l:-.
KoncranTan (cruias 49,0 1078 Task BONA Koncranran 18 (ot —0,4 1o +0>1)‘10_4 *) YBazCusOs §
60% Cu, 40 % Ni) Crexiio HaTpoBoe ~10° 10 %-Hpiit BogHBLA 18 ~0,021 - NhyGe
Huxpom (67,5 % Ni, 110 1078 Dapdop ~ 103 pacreop NaCl ~ NS
15% Cr, 16 % Fe, Saraps, WwiaB- > 10" T'padur 18 —5-107* wl LA | e
1,5% Mn) JreHEIH KBADI, Crexio 100 or —0,1 m0 —0,2 - M & S
-5
Fpa(bﬂT ~3 10 quumz?‘l Resistane vevsm vemperature for a S
| *) B 3apacEMocTH OT 06pasna. < -;'
8.8 8.9 8.10

3akoH Oma B guddpepeHumnanbHom bopme.

OTcyTcTBME B OOQHOPOAHOM
YaenbHas anekTponpoBogHOCTb BELLECTBA.

N NpPoBOAHMKE 06 BbEMHbIX 3apsa0B.
Al
P'as Jns cra
IIMOHAPHBIX TOKOB o,-p,=———L-1| Z=E>
l(—dﬁjAS Leas .= . - L= ~ — 4ree\a b "2
p\ di divJ =0=div(1E)=A1-divE +(E-VA).
N

J
q=dneer’ == %1, e [ =4xr’J

Ecnu A = const, To VA =0. CnegoBaTeato

divE = p, / £, =0.

J=iE=/1E, r)Je/1=l -
P P

YACIBHS JIEKTPOIPOBOIHOCTD.

1 11 1 1 1)ge
———lg= ———|——1=R-1, Tae conpoTHBICHNE
47[505 a b dmspe\a b)) A

R= L(l - lj 3aMeTuM, YTO eMKOCTb C(HepUUCKOro KOHIEHCaTOpa
CmauUOHaprle TOKHM U dJTeKmpu4decKoe 42 \a

rnoJsie B CNJyOWHbIX cpenax.

B BexTopHOit popme
J=AE -

3axon Oma B nuddepeHnnansHoi popme.

C=drege/ (l - %) u CR= 7 - YHUBPCAJIBHOE COOTHOIICHHE.
a
8.11 8.12 8.13

b) compoTuBIeHNE IIIHHAPHICCKOTO AnekTponuTnyeckasl BaHHa.

i Jlekums 9.
KOHZCHCATOpa € YTCUKOU L B CJ‘Ia6OHp0B0)1$IHIGI71 CpeJie CIIPaBEINBO COOTHOILIEHUE
(em. [2, cTp. 121]). qU EE
* Toku B CMMOLWWHbIX cpefax. 3azemneHue. CR=2"" Takkak CR=1=, 10 q=222].
U 1 A

» PaboTa 1 MOLHOCTb NOCTOSAHHOIO TOKa.
3akoH [Ixoyns — JleHua u ero
anddepeHumnansHas gopma. CTOPOHHNE
cunbl. AC. 3akoH Oma ons 3aMKHYTOM
uenu.

» PasBeTBneHHble uenu. [Npasuna
Kupxrodpa. lNMpumepbl nx npuMeHeHus.

8.14 9.1 9.2




3aszemneHue B NIMHUAX CBA3MN.

AneKTpoconpoTUBIEHME CMNITOWHON cpeabl.

PaboTa 1 MOLHOCTbL NOCTOAHHOIO TOKa. 3aKOH
Oxoynsa-leHua n ero guddepeHumanbHas oopma.
DNEKTPUYCCKUH TOK B YUACTKE [IEMHU COBEPIIACT padoTy.
Ag=1At, AA=AW =
=Aq(p, - p,) = AqU;
77777 AW =1-At-U=AQ;

Agq 2
O=1Ut=1 Rt—%z

MorHocTs TOKa

E -
2
4 0 0 — = p=J=p=JE=JE.
1 2 _¥ _ —72p_
Fet 4 Yot an 7/1U L4na® = 2wadU,,; Pe—===IU=I'R=—-. AV dt P
dreye a 2a R A-T/R g !
9.3 9.4 9.5
oy dF T BpesynbTaTe uMeeM
CrtopoHHue cunbi. IMC. D R qudl =q(p —p,) =qU, pesy
a / I E=U+Ir=IR+1Ir
I[J'I}I TIOAACPIKAHUS DJIEKTPUIECKOT'O TOKA 2 2 .
B 3aMKHYTOHU LIETTH HEOOXOAUMO YCTPOHCTBO E j q E di —_ J‘ Fmp. di _ Qumweso’ - 3akoH OMa U1 3aMKHYTOM LenHu.
(MCTOYHMK TOKA), COBEPIIAIOIIEE TOCPEICTBOM 1 1 Temnio ! ey =
CTOPOHHHX CHJI TIEpEMEIIEHHE 3aPsI0B IPOTHB L\ N ¢ 0 —I’Ri = gIR 3necy & = IE dl -»snexrpoaskymas cuna(d/1C),
JIeCTBHS SIEKTPHUECKUX CHIL. E JPROYICRO TEo ’ 2
¢ f P2 rre R - conponnserme pemmeit nem. paBHasi paboTe CTOPOHHUX CUIT IO TIePEeMENIEHHIO
+qg = —¢
E ! Yy - . v . €IMHUYHOTO ITOJI0KUTEILHOIO 3apsa.
. i q |E'dl =—q [Edl - (F_dI
E — cTOpoHHss cuila, JeicTBYyONas Ha qE" 4E I, "
- C 2 2 2
€IMHUYHBIN TTOJIOKUTEIBHBIN 3apsiz +q & U O popmeno remno
(I‘Ianpﬂ?KGHHOCTB CTOPOHHHX CHII), Q'MOynCBO remno = @17s THE r - BHYTPEHHEE CONPOTUBIICHHE LETIH
E - HanpsHKEHHOCTH JIEKTPUYECKUX CUIT 06 Savenane. Ir=1Ip J.*= J- L= J pJdi = pJ = F+ B 07 03
[pumep npumenenus: npasui Kupxroga
rl pa BUna KM pXFOCba HaiiTu cuity Toka IpOXOZAIIEro Yepes conporusiaeHue R (cum. puc.)
3akoH Oma ans yvactka uenu ¢ [C | 5 R I I, 1) fonepasecas v 1osn,
- 1 - -y N —1 ZTXOISIIUXCS B y3/Ie, PABHA HYIIO. I+ [1 + ]2 =0,
1 J E , J=—(E+E ) I /2 L+1,-1,=0, =31, =0. “IR+1R =-&,%R,
- 5 k
o——1+ p E R m ]2 2) Anre6paunueckas cymMma —IR+ILR =& xR t=
Py g R 2 2 2 373 MPOU3BEHUN CHJI TOKOB B OT/EIIb " 21 = €7
— v - - . - = —-% -
dl ijdl - IEdl + .[E dl [3\4 272 ypix Y4acTKax IPOU3BOJIEHOIO 3aM- —]R(Rl + Rz) + Rle (—1) =
, . , 1 lq) ~ 1 y 3 \] KHYTOr'O KOHTypa Ha MX COI:IPOTPIBJ'Ie- — _é‘le + é‘le ,
T I di=1 Y% dl = I(R A HUS PaBHA ajlredpanyecKkon cymme é" R
Ip]dl - _.-pg - J.E - ( + V), IR £ DJIC, neiicTBYIOIUX B 9TOM KOHTYpeE. _|2 2 é}Rz - ‘sz] .
1 ! 1 =@ —@,+¢&, ———- = ;
1"H (pl ¢2 1 [ R 6 R(R1 +R2)+R1R2
I(R+1)=p,—p, +&. N k=062 Z =2
— _ — 0. — 0 — k
U 9.9 LR =ps =i =&, 9.10 9.11




Mpumepbl nctouHnkoB Toka (SAC)

11

CxeMa 2IEKTPOCTATHYECKOH Ma-

[f[anbBaHM4Yeckuin anemeHT BonbTa

LwHk Meab

1 PacTeop
cepHoi
KHGNOTR!

JI. TaneBanu (1791) oTkpsLT

3JIEKTPHYECKHUIT TOK B MbIIIIIAX

+ + + 41

narymka. A. Bomst (1792)

MPABUIBHO OOBSICHIII IIPOHCXOXK

JIEHHE TOT0 TOKA M CO371ajl

M3meHeHne noTeHUnana B uenu c

2, 3
3!

g

THHHbL . .
9. 1 2 XUMHYECKHUH 3JIEMEHT TOKa. 9. 1 3 9. 1 4
ITpoucxoaut peakuus
CBMHLIOBO- KUCIOTHbIN AKKyMynsaTop PbO+H,SO, =PbSO, + H,O.
onemeHT daHnana-Akobu - 4 .
4= pM 3apﬂ):u<e HUOHBI H , ABUTasCh K KaTOZly, l'[pl/[BOZlilT K peaKLll/[M
PbSO, +2H = Pb+ H,S0,.
§ "g 1 [ § Honsl SOﬁ’ , 1OCTUTIasl aHOJa, BCTHAIOT B PEAKIUIO
gi E EE PbSO, +SO0, = Pb(SO,),,
§= E =§ Pb(SO,), +2H,0 & 2PbO, +2H,SO0,.
H H 2
§ 5iﬂ ;55 IIpu paspsnke Ha CBMHIOBOM KaToje MOHbI SO; U3 pacTBOpa
s ~ Pb+S0, = PbSO,.
Ha anone uner obpatumast pexuus
PbO, +2H,S0, 2 Pb(S0,), + 2H,0.
Puc. 3.2, Yerpofterso VRL A Garapen Panasonic - -
Pemeryarsle CBHHIIOBEIE TITACTUHEL, 3aMI0JIHEHBIE Wonbt H' u3 pacTsopa HeHTpalusyloTes Ha aHOAC 1
o BCTYIIAaKOT B p€aKIIHKO
nactoii PbO, nomemarorcs B 30% pacrsop H,SO, Y P
Pb(SO,), + 2H=PbSO, + H,SO,.
9.15 9.16 9.17
. o e S CpaBHMTeﬂbele XapaKTepUCTUKmn
Li-lon - N"UTUIN-MOHHBbIE aKKyMYNATOPbI. e e
by e ) e e COBpPEMEHHbIX aKKyMyJIATOpPOB
18 senann PR '}“';JJ o THHW COBD MCTOMHMNOB TOKa
. . L Pl Inepremuyecsan Cpox caymbi (YO
o Jlutnn - Hanbonee XMMMYECKM aKTUBHLIN MeTann. Ha e e FEnd HCToussNN ToRa » R N e
ero ocHoBe pa6oTaloT COBPEMEHHbIE UCTOYHUKM L o an tr ;:.".,:Tf 1 prere——" S Sk
pas| [ =y 30 00
nuTaHus Ans HoyTeykos. MpakTuyecku Bce MegHsiA |.;.- e rraa . '-;,j Amowinnessii !
BbICOKOMJIOTHbIE UCTOYHUKMN MUTaHUSA UCMONb3YIOT lanivhinlll sannna AR e | Hmmens-sagunessie (Ni-Cd) 4060 1500
L Hunenb-metanarugpuansie
AUTWI B CUMNY €r0 XMMUYECKUX CBOMCTB. EEAT o | [ chi-y b M
+ Kunorpamm nutusa cnoco6eH xpaHuts 3860 amnep- LixCs Li1-xCo02 e Lo 100 500
Yyacos. ﬂn;le((:)paBHeHMﬂ, NOKa3aTer b LIMHKA = 820, | [ P— = o
CBUHUaA - . oe O (Kuenopon)
* B NUTUA-UOHHBbIX 3NIEMEHTaxX MOHbI NUTUS CBA3aHbI : g" (';"“""b” ] I
Monekynamu rpacguta C6 u nuTnitko6ansTokcmaa Rin e
. {HMoH nuTuR)
(LICOOZ) 3apag KOMieHCaTopm | [ Ay hay NATOR ]
LiCoO2+Cs +—  Li1-xCoOz + LixCs
9.18 i 9.19 A -y 9.20




CynepkoHaeHcaTopbl(MOHUCTEPDI).

]

%

7
_

JlBoAHOR INEKTPHYECKHA CROR B CYNEepHON-
AeHcatope
1 - INexTpoAsLl, 2 — HOHLI INEHTPONKTA,
3 - oGnacte A3C

7 |

9.21

NoHUCTEP

C ABOMHLIM NEKTPUYECKUM CNOeMm

B &
SnekTpon / agnenvTens

AXTUBMPOBaHHLIA yTonk

9.22

Nekuus 10.

» OnekTpoMarHeTusamMm. MarHutocraTuka.
B3anmopeiictBme ToKoB. OneMeHT Toka. 3akoH
Bbuo — CaBapa — Jlannaca v ero nonesas
TpakToBKa. BekTop MHAYKLUMU MarHUTHOrO Nonsi.

*  [lercTBME MArHMTHOrO NOMs Ha TOK. 3akoH
Amnepa.

+  Teopema 0 UMPKYNALMM BEKTOPA MHOYKLMK
MarHuTHoro nons. QuddepeHumnansHasa dopma
TeopeMbl 0 UMpKynsaumu. Buxpeson xapaktep
mMarHuTHoro nons. YpasHeHue div B = 0.
[MoHsATME O BEKTOPHOM NoTeHuumarne.

10.1

MarHuTHOe B3anmogenucTBue.

* NcTtopuyeckn nog MarHUTHbIM B3auMogencTBnemM
NMOHUMarnochb B3aMMOLENCTBUE Mexay
HaMarHM4YeHHbIM TeNOM (HaMarHWYeHHbIN KyCOK
Xernesa) ¢ Apyrmmu xenesHsiMu Tenamu. B 1820
rogy X.K.9pcteq obHapyxun, 4TO MarHuTHoe
B3aMMOAENCTBUE MOXET OKa3blBaTb AMEKTPUHECKUI
TOK. [M03TOMYy NOA MarHMTHBIMY B3anMO4eNCTBUAMMI
NOHMMAETCs B3aMMOAENCTBME MEXY TOKamu,
MarHUTHbIMU Tenamu, Tokamu U MarHUTHbIMK
Tenamu. B pamkax npeacraenenun 6nmnskogenctems
3TO B3aUMOAENCTBME OCYLLECTBMSET MarHUTHoe
none. [lo4Tn ogHOBPEMEHHO C OpcTeaoM 3aKkoH
B3aMMOENCTBUSA CTaLMOHaPHbLIX TOKOB Obln OTKPLIT
6narogaps uccnegoBanusam Amnepa, bro, Caapa u
Jlannaca. 102

MarHuTtocTtaTtuka. Bzaumoaencrteue

TOKOB. DfIeMEHT TOoKa.

. MarnutocTtatuka n3y4aeT 3aKOHbI B3aMMOAENCTBUSA mMexnay
HenoaBWKHbIMW MarHUTHbIMW TenamMmu U NpoBOAHUKaMN Co
CTauMoOHapHbIMWX TOKaMW.

1dl,- >nemeHT TOKA.

[1,dl,,[1,dl,,R, 1]

dF,, =k R231 >
JF, <k Uzdl,[;fli],én]]‘

12
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[:'"21 =k J- J'[Ildllﬂ[lziﬂzaRn]];
L L, R21

Fy= [ [k [lzdlp[g}aﬂl,ﬁun
L1 12
Ormeruwm, uto dF,, # —dF,, , ogHako s

3aMKHYTBIX TOKOB [, =—F,.

10.4

B abconoTHONW MarHUTHO# (3JIEKTPOMArHUTHOW) CUCTEME

enunul CI'CM eamHMIa CUIBI TOKA MIJIM 3apsija BUOUpaeTcs

u3 ycnosus k =1 n o6o3navaerca 1ICI'CM,. OTHOm eHHE
ICTCO,

——————— = C - 3JICKTpOANHAMHUYECKasd NOCTOAHHAA,
1ICTCM,

10
paBHas ckopocTu cBeTa ¢ =3-10"cm/c. B cucteme

Ho - H
enunun CU k="=10"—.
A 4z A~

1,dl, R _ - [I1,dl,R
k[ 2 23 2]]]; dﬂzi[lzdlz,k[ 1 13 IZ]

21 12
—

dF, =1, ].

dB, dB,

10.5

3akoH Bbuo-CaBapa-Jlannaca u ero nonesas

TpakToBKa. BekTop MHAYKLUM MarHUTHOro Nosns.
C TOYKH 3pCeHHUS TOJCBOI TPAKTOBKH B3aMMOICHCTBUS

TOKOB BEJTMYUHY
- [LdL,R,]
— 27725721

dB, = k——*%—*=
MOKHO MHTEPIPETUPOBATH KAK CHIOBYIO XapaKTEPUCTHKY
MAarHUTHOTO HOJIS, CO34aBaeMOro IeMEHTOM Toka /,dl, B
IIPOCTPAHCTBEHHOH TOUKeE, onpeensieMol R,,. OTa
BEJIMYMHA HAa3bIBAETCS BEKTOPOM UHIYKI[HU MarHUTHOI'O
ToJist 2eMeHTa Toka /,dl, B Touke R,,.

10.6

B npouszonmHo# ToKe npocTpancTa R sneMent Toka Izd'};
COI/IACT MATNHTHOC ONE ¢ MHAYKIMCH dB, panmoi

s M Ui, R)
dp=—32-"21 -
A R

Dra GopMyna momydHIa HazBaHHE 3akoHa bruo-Casapa-Jlammaca.

BenmmmHa HHIYKIAH MArHATHOTO 0N H; B TOUEES R-‘.u,
CO3/IABACMOTO TOKOM BCCTIO KOHTYpa L,, COTNacHO NPHHIMAITY
CYNCPIIO3HIM paBHa

5 _ 3 _ M [!zd?;,féz[]

B,=YdB, = 5!7’1 )
Torjia caJia jeHCTBES MAIH. HOJR B1 HA 3JIEMEHT TOKa f‘d}.’:
paBHa: dl-:',, =[Ildfl,£_§,j - 3aKoH AMmepa (cHna AMIepa).

10.7




JIuHMY MarHUTHOM WHIYKIIUU COJICHOM 1A

Mpumep pacyeTa MHOYKUMU MArHUTHOTO NOSsi C
nomoLto 3akoHa bro-Casapa-flannaca.

NnHnn MHAYKUUN MarHUTHOIro nons

M ITIOJIOCOBOI'O MarouTa HCHTHUYHDBI.

2) divB = div(rot A) =0, Tak Kax

2ok _04), 004 o) 004 o).,
ox\ oy Oz oy\ 0z oOx ) 0z\ oOx 8y -

TO €CThb MAarHuTHOEC I10JIE BUXPEBOEC IIOJIE.

ITo popmyie "aycca
[BdS = [divB-dv =0.
; v

Y7 .
=0 || -div.,
= = - =
4r ; r—r| |r—r| —
0 st
CTaLlMoHapHoro TOKa

= I J(r) -dS" =0, Tak kak J, =0.

Umeem  div A=0.

JE) 1 div,J () |dV'=

10.15

z Idl R
, | =z, a = o LR,
i 47 R
Jlj cosa
i d R 90"
- O
A dB:ﬂI z - s1n(3a+ )
Gk i 4 R
z=r-tga; dz=r—5—da;, Rcosa=r.
cos K
Hy Rcosa Hy cosar 1
B=|dB= 2 I —2 I da =
'[ J -[ T
2y0 / Icosa )
2” r 10.8 10.9 10.10
3akoH Bno-CaBapa-Jlannaca ans = -
= 0 1 Do Ho J ’ Hy J ’ A
3aneMeHTa 06bLEMHOro Toka. 1 R |= - - — B(r):—J'rot;—dV =rot, j——dV =rot 4;
B L - e R (CER DN CES DA CEEDY 4z "R ;47 R
7, Idl =J ASdl=JAV . R IR . 2(x-v) e
=71 Y -
A A]I;] 2 ((rf Y (=) (-2 ) A(r) = I&id . (BGKTOpHHﬁ HOTEHIUAI )
Hy =
dB = e R3 = B(r)— Hy J‘J(ay)ﬁ i ﬂﬁ ;EaJ(FI)]dV' J4r R MarHMTHOro 1ojs B = rot 4.
_ 4 [JO.R] . L
- E R AV i j k ik i i 1) [Ipencrapienue B = rot 4 HEJHO3HAYHO,
Foan = Liem=lel 21 o1 10 0 0| gJh . 1= 4 -
B )_ Ho I[J(r) r_r]dV’ Vi (=% 5% ok | & @ =[V.l=rot, 2 A'= A+ gradg, Tak kak rot(grade) =0.
= A N A
10.11 kR RR 10.12 10.13
BuxpeBon xapaktep MarHUTHOro nons. 3 div. A div. Iﬂ° J@@) b ﬂo Id J(r) TG i YpaBHeHue [ANSi BEKTOPHOTO NoTeHunana
|I’ - | | J (r) y Kaxomy nuddepHIaIbHOMy YPaBHEHHIO
.[ " ynosnetsopser ota GpyHKIms?

71"
AHAOTHSA C 3TEKTPOCTATUKOM

I—d(r) V', = A¢)=—£;
472'80 &,
—' /'IO J(I" )x dV! = AA /qu,
|r 7
AZz—ﬂOJ.
10.16




Teopema o0 LUMpPKYNsiLMM BEKTOpPa MHAYKLMU MarHUTHOro
nons B auddepeHumanbHON U UHTerpanbHou chopme.

rot B = rotrot A= grad div4 d1VA A A= pJ;
- ,uOJ

rot B Ly J {ﬂl/l(b(bePEHHHanLHaﬂ hopma Teopemsl 0

HUPKYJIALIUHN BEKTOpa MarHuTHOM WHAYKIIUH.
[To popmyne Crokca
(}gé-dfz jroté-d§:y0 IJ-dE:yOZI;
L S, S, Si.

4 B. di = 4, J‘ j ) dS; {I/IHTerpaanaﬂ (hopma TeopeMsl 0 IHp-
L

KyJIsiMu BEKTOpa MarHuTHOU UHIOYKIHHA.

10.17

Cuctema noneBbIX ypaBHEHU MarHUTOCTAaTUKN B BaKyyme
B AudppepeHumnan-Hon u uHTerpansHon opmax.

B j BdS =0,
divB = 0, S,
rot B = y1,J. 4B di =, [J-ds.
L S,
J.pdV
divE=2, J.EdS .
&, & Cucrema nosneBbIX ypaBHEHUI
rotE — 0 (ﬁE ) di _ DJIEKTPOCTAaTHUKHU B BAKyyM¢E
L

10.18

I'Ipmmep peweHnda 3agavy MarHUToCTaTukn C
NOMOLLbIO TEOPEMbI O LIMPKYNALKMK BEKTOPA
MHOYKUWMN MarHUTHOro nons.

F Cfé.di:ﬂozl;
/ L Sy
\g B-2rr=p,1;
;: .[;_I__” I
T M
dl B= .
2rr

10.19

MarHuTHoe none Topouaa

B-2mr= NI,

Bzyoilzluonl.
2rxr

10.20

MarHmntHoe none coneHoupga
Cf Bdl = u,N I

10.21

PeasituBucrckas NMpHUPOAA MATHUTHBIX B3aﬂMO}leﬁCTBlfll7l Ha mpuMepe B3auMo -

JelCTBHS ABYX OTHOPO/IHO 3apsiZKEHHbIX TOHKHX 0€CKOHEYHbIX CTEePIKHEIL.

I
" E= 1 72
Ll T 27R &
P Ly
- — = E:_I_Z,
sy R k=7 2re, R

1
l T lf Li=yV,1,=y,V,
1 " B

1
7:“011;32 :MiRﬂolz;

,Uol _Ho N 2,
=1B, =1, |2
7 s iR o R f=l—Ti=
1 N AVE N WAVE RS 1 Loy 2
- R o WAV /e 1=,V 7)< fis
27[50 R 27 R 27r£0 N oV lj(()[.<22

Ha camoMm ziene u3-3a pesiTuBUCTCKUX 3G dEeKToB f > f ,

2
TaK KaK l:lm’l—V—z, TO | = /i V= 2
c \/ 72 \/ 72

1-— -
C2 C

f: 1 7172(1_‘90/'101/2) Ecau & _
27e, R l—V—Z ' Oluo_cz’

2
¢ Tof:fx fA fK'
- _ MY o,
y? V=
fA 272_ R 27?80 R 0 0 fK
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Cuna Ammnepa gBsieTcs PeIsITUBUCTCKOM MONpaBKoi

2 2 ~
~V*/c” x crarnueckoii cuie Kynona. 10.23

Nekuusa 11.

* OnemMeHTapHbIN TOK 1 €r0 MarHUTHbIN
MOMEeHT. [one aneMeHTapHOoro Toka.
MarHuTHoe none ABMXyLLEerocs 3apsaa.
Cwvinbl, 4ENCTBYOLLME HA TOKU B
MarHuTHoM none. OnpegeneHne eguHULbI
CUNbl TOKa — amnepa. ONeMeHTapHbIN
TOK B MarHuTHom nosne. Cuna JlopeHua.
OdbdekT Xonna.

AnemMeHTapHbIN TOK U €ro MarHUTHbIA MOMEHT.
BeKTOpHbIN NoTeHuMan afnemMeHTapHoOro Toka.

DJIeMEeHTapHbII TOK - 3TO JTMHEHHBIN 3aMKHYTBIH TOK, 00 TEKAFOIIHI

TIOBEPXHOCTE C OECKOHEYHO MaJIBIMU JINHEWHBIMU pasMmepamu.

YuuThIBast, 4TO IS JIMHEWHOTO ToKa JdV = Idl

1dr" [dl
A= J.‘ — A(F), = Hy J“
I '
7 1 I Idl rmec® = :
47[80 ol
- dl' @ynkuust A(7), paBHa @(F)
¢(r)_ J‘}/( ) .

drg, [F=F|"  wpu y(F)dl' = 1dI' / .

11.2




BeiGepeM KOHTYp 3JIeM. TOKa. B BHJIE

Mone aneMeHTapHOro TOKa.

i, A, 7,
MPSIMOYTOJIBHHAKA CO CTOPOHAMU a 1 b. e CTBUTEILHO (P71 _ 0 0 _ - - _ 7
g - B=rotA=[V. 4]=[¥. 4 -
1 1 x Yy Zz &m 3
Z =1 Ly, __1,. - 2 5 Arx
qu4_c_27 4 = 2 o 7 7 ¢
Ji DJeMeHTapHbII TOK MPONU3BOIHON (OPMBI MOKHO = &( p ' (V —3) - ( p - )—3),
_.l:— aﬁ :——baﬁ = 4” I"
Py qan, 224 n, CBECTH K COBOKYITHOCTH IPSIMOYT'OJIBHBIX 3JIEM. TOKOB %,—/
c 5 (*_..-———-—-..__\ N - -
=_& 7, rae p, = 1S - MarHUTHBI MOMEHT 3JIEMEHTAPHOrO TOKA. 5 /g/ ::‘ L—‘ T--‘ L—* A Z Z[S (V—) _ (VV) +( V )_ 3 (I” i 37') =0
¢ A . 7.0 ] ] el o] \ Pw=2.D,= > :
P 1 M 1 py. Hanm{nqﬂo HaXOJUM: Ao f_:l il ) . (5. V)F 35
T pe, P dme, P 4 = pmx‘ =0 e Sl = v L WPV __&_”* 2.
’ ! " dmg, A ' e | (] [ () ] r/ = IZS =IS. (2,V) = B,V =5 (P )
Eciiu BBECTH BEKTOp P, = p, /i, = ISii_, T0 4= H [pm}, 7] \_J R 0 (e 9 = 3B F)F
o NGlElsE e e
31ech yuTeHo paBeHcTBO ¢ = 1/ &4, 113 114 4z r r 11.5
SHCMCHTapHBIfI TOK B MAarHuTHOM II0JIC.
L . B p i, )= B
[(Idh + Ida,), B,1=[Idh, B, ;
] ~F =[Idl,,B,]=[~1dh,B};
» ; dM=(a,F]=[a,[~Idh,B]]=
daa, | [ ]
P -F 3 Ldha, llﬁl [[ASH, B ]; - B B B
- B M =Y dM =11 3 AS7.B]=[5,.B1=15,. 5+ B.1=[p,. B
B B

11.6

Ap
M:ZdM:[IZASﬁ,B =[p,. B
N

B OTHOPOJHOM IT10JIE,CHUJIa JIEHCTBHIOMIASA HA KOHTYp C TOKOM, paBHa

F=Y[1dl ,B]= Zdl B]=0.
11.8

MarHuTHoe none ABWXYLLErocs 3aps|,u,a

47r R
J =qnu;

——=dV;

dE :uO[ > ] dV
4r R’

B dB _ My [u,R]'
N 4r R
B=ﬂqu5i2n'9;
47 R
11.9

JIBroxymmmiics 3apsis CO30aeT SIEMEHT TOKa  qul .

Bt [u,f?]:g a1 gR.
47z~ R ——  4re

11.10

Cwrnibl, AENCTBYIOLLME HA TOKW B MArHUTHOM roJsie.
Cwuna NopeHua.

dF, = Ildl,B]=[J,B)dV; F,=1|[dl,B]= [[J,B1dV.

Tak Kak 3JIEMEHT TOKa JABMXKYILEro 3apsiaa Idl = qu,
TO CUJa, IeUCTBYIOIIasl Ha ABMKYILIUN 3apsij
B MAaroHuTHOM I10JI€, paBHa
=g[u,B].
Ecnu umeercs u SHGKTpI/I‘{€CKO€ noJjie, To

F =gE +q[ii, B]— Cuna Jlopeniia.
11.11




B AV, )
OnpepeneHne eauHULGI CUMbl TOKa — 3Cb('beKT Xonna. P l - 9E,; =q 7 =qv,B;
N vi 4—’%):::: g ! ) ATy ) ,_,Jﬁ
R e 'ﬁ+'++ + AV :de:

Amnepa.
F, F,
11 — ’—13 FA:/IOIZIIL; ;’/
- 2rr v
B /1 - |
= T A 2-107H =, 14 B =—JBd = RJBd,
0 —L N 27 ‘ B . qn
—— ______,J ¥ LT F F T F T A
ﬂ0:4”'10_7£2:47['10_7ﬂ; % \.,!)P e BRI iy S o P R=L .
A M d vy HH“"F/ il‘a < | x_ __’I’EH_‘._ _d E —m‘ qn
/l/ o h“.*'fl-.‘ﬁ oxoxox fx x x x| « | nocrostunas Xonna.
| v \\L
-H\"""-\-.x
B a
11.12 11.13 11.14
OnbITbl PoynoHga n OinxeHsanbga. [BmxeHne 3apsXKeHHbIX YacTul, B
(A.A.Onxexsang, 1901 r.) OAHOPOLAHOM MarHUTHOM rorse. 0
F=qvB;
2 A%
m—=qvB;=>r=—:;
qB
7= ﬂ _ 27zm;
% qB
2T _dp
T m
11.15 11.16 11.17
South North o
magnetic geographic
pole pole
Geographic \
equator
South North
geographic magnetic
pole pole
11.18 11.19 11.20




MarHeTpoH

11.21

11.22

LIMKNOTPOHHbLIN pe30oHaHC.

11.23

In an experiment designed to measure the magnitude of a
uniform magnetic field, electrons are accelerated from rest
through a potential difference of 350 V. The electrons travel
along a curved path because of the magnetic force exerted
on them, and the radius of the path is measured to be 7.5 cm.

Jlekuunsa 12.

+ PaboTta cun Amnepa. MoTok BekTopa
MarHUTHOM MHAYKLUMUMN (MarHUTHbIN
notok). MNoTteHuManbHas PyHKUUA ToKa.
B3anmopaencTBue ABYX KOHTYpPOB C
TokoM. KoadhdpuumeHT B3ammHom
MHAOYKUUWN ABYX KOHTYPOB. YueT
COOCTBEHHOro NoNA yeANHEHHOro
KOHTypa ¢ Tokom. KoachdumumeHT
caMoMHAYKUUMN (MHAYKTUBHOCTD).

lMoTok BeKkTOpa MarHUTHOM
WHOYKUUW (MAarHUTHbIW NOTOK).

By A®D=BAScosa =BAS =
=B AS;
®, = [BdS.
N

11.24 12.1 12.2
Pa6oTta cun Amnepa. F B P ,
pi gy ke =(qdF)= CMnonb3ys NOTeHLUManbHY0 UKW CUMOBYIO
HOTeHuMaanaﬂ d)YHKLIMFI TOKa. A - - = YHKLMIO, MOXHO paccymTaTb 0606LLeHHble
F =1IB, =(q-[4dl,B]) = CUnbl, AEUCTBYIOLLNE HA KOHTYP C TOKOM.
1 —I(B-Té.dl1=
A== . A=Y Fdé=—d Ul g
et S N Fdé =—dU el E )= :
.. — [BIAv=1 BAS = o = [(BdSy,.); 2 = UG b ) Zl og|, %
— = ! ! | I=const
e« e BS,-BS,
f 4 (@, — D)) = [AD. A=1 cj (BdS)=IAD,,
OmnpeenuM MOTeHIUANBHYIO (PYHKIIHUIO TOKA @, = ,[ B dS @, = ,[ B dS F = _B_U
- X 0
U=-I® ,Torma CDL+A(D60K :(DL';:> CDLr_q)L =A0D _Aq)(;m\ I=const
AA=FAx =—AU, "3 3TOro COOTHOIICHUS HUMEEM
b AU U Umeem dA=1d®, =-dU,_,, ., tne U=-10,
- N 12.4 12.5

Ax ox 12.3




[Mpumep #

dA:Mdgo: Pl F
= o
op
U=-I®=
=—IBScosp;
M. =—6—U=—[SBsingo;:> M=[p,,B;
dp

12.6

Cuna, perAcTBYHOLAA Ha KOHTYP C TOKOM
B HeOogHOpPOAHOM MAarHUTHOM noire.
Jlnst smemMenTapHOro Toka, Korna / = const u
S = const , nOTyeHIMaNbHAsL QYHKIMS OyIET paBHA
9HEPrHH B3aMMOAEHCTBUS HIEMEHTAPHOTO TOKA WIIH

MarHuTHOIO MOMCHTA C BHCITHUM IT10JIEM

_ U,
) o
oU | = L=
U=W ==(p,B)= F, ==\ F =-VU=V(5,B)
y
Fo_ ou
: P 12.7

[5,,-[¥.B11=V(5,B)~(P,V)B;

F=V(p,B)=(p,V)B+[p,.[V,B]];
%~—l
rotB
Ecmu rotB=0, To F =(p,V)B.
12.8

KoadduumeHT B3anmHoun
MHAOYKLUMU OBYX KOHTYpPOB.

12.9

AHaJIOrMYHO MOITYYHM
D©,, =Ly, 1,, tne L, = L,.

Koat])qmuneHT CAMOMHAYKIUM (MHIYKTHBHOCTD).

®= [BdS=L-1; g=to c}l[dl3R]
7.7 R

>

S

Bt 41[617',(? -]

o

pots JHUOC)
ar ; | | ’

12.10

KoadhpumumneHTbl UHOYKTUBHOCTU
KOHTYPOB C TOKaMu.

O, =L,1,+L,I,; ©,=L,1,+L,1;
D, Z il Ly =Ly

12.11

B3aumopencrteue AByx
KOHTYPOB C TOKOM.
dr, = —df;;

[Mpoexiin Ha 7 dr, = —d¥;.

0D, _ Oy,
o h
1,00y ol
6;’2 or,

__9Ly
on,

, F=-F,;
12.12

d¢1 :_d¢2;
M1:_6U1 16<I> 1, oL,
op O 6@
M, :_6U2 -1, oD, 1 OL,, :
o9, 09, o9,
TaK Kak &—”:—%; M, =-M,;
op, O, 12.13

[Ipumep 3aauu Ha BEIYUCICHUE KOI()(DUIIUEHTOB

WHAYKTHUBHOCTH.

d) =B,N,z1,’” + BN,z =

JUONleZ 7'2 'UONIINﬂ'Vl .
/ /

,uONszrz I+ LN\ N, 71}’
/

Ly, Ly

] >

N, N
®, = BN, zr + BN,z = ”01 LI Nz + ”Ol L[ N,xr =

:ﬂoNlllv]”rlz [1+ﬂ0N2‘;vl7”'12 L;

Ly Ly

L,=L,;
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WNHOYKTUBHOCTbL ABYXNPOBOAHON NMUHUM U3
MyCTOTENbIX MPOBOAHMUKOB.

I+a

B=221 ©,=0,= [Bdr=
nr pt

I+a
=i1j dr =101 (Haj,
! 2 1 2 a

=20, =ty (”")1

T a

~
==

¥ =
T

L

Y
*)
f!f:

Nekuun 13.

+ OneKkTpomarHuTHas UHOyKUms. 3akoH
anekTpoMarHuTHoOM nHaykunm dapages v ero
dopmynmpoBka B anddepeHumansHom dopme.
Mpasuno JleHua. NHOYKUMOHHbIE METOAbI
N3MepeHns MarHUTHbIX nonewn. Tokn ®dyko.

*  fBneHne caMoOUHAYKUMU. IKCTPaTOKU
3aMbIKaHUS U pasMblKaHUS.
* MarHutHas aHeprusi Toka. MarHuTHasi aHeprus

CUCTEMbI KOHTYPOB C TOKOM. 3Hep|'l/1$|
MarHuTHoro nonsi. E& o6bemHas nnoTHOCTb.

3neKTpomarH NUTHaA MHOYKUNA.

M. ®apapeii B 1831 roxy skcriepuMEHTaIbHO OTKPBLI
SIBJICHHE 2JICKTPOMArHUTHOH MHIYKIIMH, COCTOAIIee

B BOSHHKHOBEHHH JJICKTPHYECKOr0 TOKA B 3aMKHYTOM
MPOBOHMKE MTPH H3MEHEHNH MTOTOKA MArHUTHOM

Michael Faraday HMHAYKIHWHU, OXBATBIBAEMOI'0O KOHTYPOM.
British Phepwcial s Chamist
[

12.15 13.1

MHayKIMOHHBINH TOK

npaBMﬂo neHL'-a' " _HalpaBJICH TaK, YTO
VHIyKIMOHHBIA TOK BCErja IMEET TaKoe HaIpaBJIeHHE, YTO . CO3/[aBaEMOE MM TIOJIE

OH 0CIa0JsieT AeiicTBUE IPUYMHBI, BO3OYKIaroLIeil 3TOT TOK. ™ LIPEISITCTBYET U3Me-

(2.X.JIenn (1804-1865) B 1833 roxy) HEHHEO MACHETHOTO

By MIOTOKA.
R R
! g Fy v ! § ¥ . Fg

133 ) b) 13.4 13.5

3aKOH 3NeKTPOMarHMTHON UHOYKLUUN
®dapages u ero opmynupoBKka B
WHTerpanbHoun hopme.

COBpEeMEHHYI0 MaTEMaTHIECKYI0 (JOPMY 3aKOHA HIICKTPOMArHUTHON HHIYKIIUH

Dapayies npetoxun B 1845 roxy ®.5.Heitman (1798-1895).
z=r%,
dt
rzie /- MHOKUTEJb IPONOPLIUOHAIBHOCTH, 3aBUCAIINI
ot BbIOOpa exuHuL. B cucreme equnnn CU f =1.
. do
At
re 3HaK MuUHYycC cornacyeT 3Haku D/1C nHaykunn

Y U3MEHEHUS TIOTOKAa MAarHUTHOW MH/TyKIIHH. 13.6

BbI0Op 110I10KUTEIIBHOI HOPMAITH

* TIOJIOXKHTEIILHOE HATIPaBICHHE
TIPOEKIIMH BEKTOPA MHTYKI[HK
MarHUTHOTO MOJIA (TTOJNOKHUTEIBHOS
3HAYEHHE TTOTOKA MArHUTHOTO TTOJIST)
< mroka (unn DJIC) uuaykuuu.

- B TIPUBEICHHOMN 3aIICH 3aKOH
9IEKTPOMATHUTHOI HHIYKIINH

COOTBETCTBYET npaBmTy Jlenna.

K IIOBEPXHOCTH KOHTYpPa OlpeielseT

BbiBog dopmynbl ana 3AC nHaykumm:
1) 3OC vHAYKUMKN B OBWKYLLMXCS NPOBOAHUKAX.

! D Cuna Jlopenua: F = g[v, B] -
H\._rp) @ @! T F  CTOpOHHsA cuia, coznaromas DJC.
gl @a’@T—»V . F -
® @ @ @ lF_ Ecm. —;—[V,B].
T X
D D

3HaK MHHYC O3HA4YacT, 4YTO nu B TIPOTHUBOIIOJIOKHBI 110 HAIIPaBJICHUIO,

10 ectb @ = BS = BS cos180° = —BS.
13.8




2)BbiBog, hopmynbl Ang OAC MHAYKUMM M3 3aKoHa
coxpaHeHus aHeprum (MeTtop Nenbmronsua).

TIycTh BUTOK C TOKOM JIBHIKETCS B CTALMOHAPHOM MAarHHUTHOM I10JI€.
Toraa amrepoBsl CHIIbI coBepIIaioT padorty: A4 = /AD, u B KOHTYpe
BBIIENATCS JIKOYNeBO Termno: AQ = I”RAt. UcTOUHHKOM 3Toit paGoThI

U TernoBoi sHepruu spisiercs DJIC CTPOHHUX CHII B KOHTYpe

& IAt=AQ +Ad=I’RAt + IAND; = 1:%(57@}

At
CreznoBaTenbHO, B KOHTYpe BozHukaeT DJIC nnaykuuu
oA
At

13.9

3aKkoH aneKkTpomMarHuTHom nHaykumm ®apages u ero
dopmynupoBka B AnddepeHLmansHon dopme.

MakcBenioBcKas TpaKTOBKa
J‘, 9JIEKTPOMArHUTHON MHAYKIIUH.
E
3 Lo S
= E = Edl; = [BdS,
N{ B ]

. d - -

q Edi =—= [BdS.

L

13.10

HeHOTeHIH(laJIbHOCTb HHAYKIUOHHOT0

IJIEKTPUYIECKOI0 1MOJIs.

Tax xax aa—]j #0, To rotE # 0.

CrnenosarensHo, E # —gradep u CJ. Edl #0.
L

13.11

BeKTOpHbIN U ckansipHbIA NoTeHuuarn

HeCTauMOHAPHOro 3JIeKTPOMAarHUTHOro nons.
B HecTanponapHOM ciyyae MarHUTHOE T10JIE OCTAeTCsl BUXPEBBIM,
10 ectb divB =0. Ciie10BaTeIbHO, B=rotd . Toraa, no 3aKOHY
3JIEKTPOMArHUTHON MHAYKIMH,

= 0 = o = 0 -
rotE = ——B = ——rot4 = —rot— 4;=
ot ot ot
oA

rot E+6—A :0;:E+6—A=—V¢), TO €CTh E:—V(p——.
ot ot ot

MHOYKUMOHHbIE MeToabl
N3MEePEHNS MarHUTHbIX MNOMEeMN.

0
JERLL Iy jldz:-l .[dd):g.
R dt R; R
B Ha srom coornomermu ocrosaro onpesenenue
€/IMHUIIBI MArHUTHOTO T10TOKa B cucteme CH:
Bebep - MarHuTHBIH NOTOK, IPH yOBIBAHUHU KO-

TOPOro 10 HYJIA B CLCIJICHHOM C HUM KOHTYpE

Ilosic Porosckoro

—00000000—

1 2 2 2
Be16op norennmanos ¢ n A HeoqHO3HAYEH (KaMOPOBOUHBIE TIPEOOPA3OBAHM) conpotusieHreM 1 OM MPOXOAUT KOITHIECTBO . . - - O R
puimun dpmokesmerpa _ _ . _ _ _
.- oy = 04’ ' ¢ P anekrpuyectsa 1 Kii. O = anBdl =Sn J.Bdl = _[Bdl = =45 4749g,
A=A+Vy, ¢'=p-—25 E=Vp'——= i i i Sn. Sn
ot ot Ortcrona cnenyer onpenenenue exuHuibl CH 11 MarHUTHOM MHAYKIUH:
= Vop+ Oy 04 o, _ o- o4 Tecna - MarHuTHas MHIYKIUS, IPX KOTOPOH MarHUTHBIN MOTOK CKBO3b IJIe a - IOCTOAHHAsS OaTMCTUYECKOrO raJilbBaHOMETDA.
or o ot g 13.12 TomepedHoe ceyenue miomansio 1 M pasen 1 B6. 13.13 13.14
Tokun dyko (BUXpPeBbIE TOKN).
2
g
V
3
z
3
32
]
B3
—
13.15 13.16




MarumnTtHas QHEepPIrmna Toka.

dA =" Idt = Cii—cfldt = Id®d;

MarHuTHas aHeprusi CUCTeMbl KOHTYPOB C TOKOM.
AW, =1d®, =1d(L,1,+L,1,);
aw,=1,do, =1,d(L,I,+L,1));

2

dw =dw, +dw, :Llld(i)+

OHeprna MarHMTHOro Nons.
Eé o0bemMHast NNOTHOCTb.

N
I B2nr=puNI;=B=pu,—1=pnl.
\, 3 27r

NI

O=LI=dA=dW =1 -Ldl =d| — +Lphdly + Ld (S CRNN ¥ AL P i
d(L,I 1, +L 11) W=y =y BN 1=
1 2 +
Wl Id]_L[ + 1271 22 217271 d( 22 2 ) d( Zth/ltI/)
_I T N 2 I B2rr B B’
0 Z LI =—BSN = S2zr; w=—-= ;
iyt il o 2 N 24, 7 Ho
13.18 =l j=1 13.19 13.20
| CTpOFI/II;'I BBIBO/] flBneHne caMouHAYKUUN. DKCTPATOKU ! f"@"-i ITocne ycTraHoBneHus Toka
I 1 1 o 3aMblKaHUA U pa3MbliKaHuUA. [3,568] B e ! \ o s _Z ; g
Wszglq):_]Ir;%d - Retr=c-1. bp HT i S TR
5 dt’ l t L Y}, Ilocne pa3mblkaHus Kio4a
- = g A e n '
—IqﬁAa’l = (1l = Jdv') = cj?AJdV - ¢ e ] e TR e Lo rrerR=-12,
1 N 1 t
rotB e ——ll—
= :2_c§(3 rotA dlv[ BV ; Rendl __ (R+r) e (RED) F dl'__r+R .
#o #o § 13150 F+lRin 1 "7 n(I(R+n)-E=—— 1+ G I L
L S i ' <
(V'[{laAB]) = (B'[ViA])—(A'FViB])’ Mpus=0,7=0, Torma C=In&. [(R+r)=E(1—e 7), In/'= =0 C=Inly, tel, =1, =—.
le[A,B] Broud Aot ’L rne 7= L - BpEMs YCTAaHOBJICHUS TOKa. L L L
B? It = S-er’ T R Y I’:IoeT:—e’;:U:I’R:§5~ef—3KCTpaT0K
= — r r
W= 2—C.FBB dv = (ide rie w=—; R+7r R+r Pa3MBIKaHHUL.
Il’lO 0 ILIQS 21 OKCTPATOK 3aMBIKAHUS 13.22 13.23
M I—I CormacHo runoTese AMnepa, BHEIIHEC MATHUTHOE MOJIC HHAYIIUPOET B MArHETHKE
n 14 arH eTMKM. OHﬂTMe O MOJIEKYJIAPHBIE TOKH, KOTOPBIE U MMOPOKAAIOT JOIUTHUTEIIbHOE MAarHUTHOE T10JI€ B’.
eKkuus .

* MarHeTuku. MoHATHE 0 MONeKynsApHbIX Tokax. BekTop
HaMarHW4eHHOCTM BelLecTBa 1 ero CBs3b C
MOIeKynspHbIMU TOkamu. BekTop HanpsixeHHOCTH
MarHWTHoro nonsi. MarHMTHasi NpoHMLaeMocTb U
MarHWTHasi BOCNpUMM4YMBOCTb BeLLecTBa.
MaTepuarnbHoe ypaBHeHVE [rsi BEKTOPOB MarHUTHOIO
nons.

» ['paHn4Hble yCnoBuMsS AN1st BEKTOPOB HAMPSXKEHHOCTU U
MHAYKLUMKM MarHUTHoro nonsi. MarHuTHas sawumTa.
BnusiHne chopmbl MarHeTuka Ha ero HamarHM4eHHOCTb.

* Cunbl, 4eCTBYOWME HA MArHETUKM B MarHUTHOM rore.

14.1

MOJIEKYJTAPHbIX TOKax.

* MarHeTuKamu HasbIBalOTCS BeELLECTBa, KOTOpbIE
npun BHECEHUN NX BO BHELLHEEe MarHuTHoe nose
caMu CTaHOBATCA NCTOYHUKaMW MarHUTHOro
nons. B atom Cclly4ae roBopArT, 4YTO BeLlecTBo
HamarHunymBaeTcs. [onHas MHOYKUnA
MarHMUTHOro nonsa paBHa BeKTOpHOIZ cymme
BHELIHEro MarHMTHOro nonga u nonsa
NopoOXAEeHHOIro MarHeTUKoOMm.

B=B,+F

14.2

g gt s ~ "*x.\
&r, J:__.;L__.l f_. f:\. = [ )
(g}_‘ o L /
2 ae e o
.

C Y4E€TOM MOJICKYIAPHBIX TOKOB.

divB =0.

HJ’IH XapaKTCPUCTUKU HAMArHUY€HHOCTH MarH€TukKa BBOAAT

-1
J—VZV:

A V {I‘Oté =Ml (j + j '), — YpaBHEHHs! MATHUTOCTATUKI

TIOHATHUEC BEKTOPAa HAMAarHM4€HHOCTU 1.

D zllgl’ D> :12§2, Ds :I3§3""
14.3




BekTop HaMarH14eHHOCTY BeLLecTBa 1 ero
CBA3b C MOMNEKYNAPHLIMU TOKAMU.
I'=J'"1,
rae J' — HOBerHOCTHa}I IIJIOTHOCTH MOJI. TOKA.

MarHuTHBIE MOMEHT 3TOT'O HUInHApa paBeH

IAV=NJA-S=J"1-8;=J =|]|.
P LS

ZJ'AI S=J"-1-S=|]- AV ;=

lcosaS

:J':‘I‘cosa:ii:]T.

J'=[1I,i]. ”

[ImoTHOCTH TOBEPXHOCTHOTO
MOJIEKYJIIPHOTO TOKa Ha

rpaHHue Z[ByX MAarHe€TukoOB
= [(11 —]2),ﬁ]

7
R

14.5

Ecnu BeniecTBO HaMarHU4eHHO
HEOAHOPOAHO, TO BO3BHUKAKOT

06T)CMHBIe MOJICKYJISIDHBIC TOKH.
I'= [Jds=dJ;,dl =
—_
Sy Lo i

=dIdi = _[rotf~d§;

dl'=J' dl=17dl=1Idl; -
‘ ~ J'=rot .

14.6

BekTop HanpsixxeHHOCTH
MarHuMTHOro nons.

rotB = py(J +J") = pt,(J +rotl );=

rot(ﬁ—szj;:rotﬁzj, rae

Ho
. B - BEKTOP HAINPSKEHHOCTH
d=|2-T|-

4 MAarHUTHOTO TOJIA.

14.7

MaTepuansHoe ypaBHeHMe Arfisi BeKTOPOB
MarHuTHoro nons. MarHMTHasi NPoHMLIaeMoCTb

M MarHUTHasi BOCMPUUMYUBOCTb BELLECTBa.
I=1(B), no B= ,uo(l-7 +1);= H = H(B). Umeem
B=B(H) wmI=1I(H) - MaTepHaJIbHbIE YPABHEHHUS.
J71s1 130TpOMHBIX cpen
HUTHas BOCIIPUUMYHUBOCTb.
Ezy(,(ljl-i-f):yowﬁ:yoyljl, e u=1+y—-

u

MarHuTHas MpOHUIAaEMOCTb (OTHOCI/ITCJ’[LHEUI

I =y-H, tne y—wmar-

MarHyuTHas IPOHUIIAEMOCTD). 14.8

3
1= y,H
Jj=1

rae Zi/' - TEH30D MarHUTHOMN BOCHIPUMMYNBOCTH.

WHayKius MarHUTHOTO OIS B OJJHOPOTHOM,

HU30TPOITHOM U OCCKOHEYHOM MarHeTHKe.

B -
Ll rot—=uJ, .
rotH =J, Y7 B =
= —=B 6aKyym
,u

divH =0. divgz 0
7

W3 nepBoro ypaBHeHHUs ClIEyeT, 4TO /{ B OHOPOIHOM

OECKOHEYHOM MArHETHKE TAKOE K€, UTO U B BAKyYME.
14.9

CuctemMa noneBbIX ypaBHEHUN
MarHUTOCTaTUKU B U30TPOMHbIX 6€CKOHEYHbIX

MarHUTHbIX cpeaax.

[ [rotdS = des [ = | Jas,
rotH =J, S, L s,
. =~ : =d =
divB =0. I divBdV =0. j BdS =0.
S,
g depennnanbHas HMHTETpaIbHas
hopma dopma

B=B(H), (B= H 1H ), —MaTepuasbHbIe YpaBHEHH.

14.10

I'paHMqule ycnoBusa Ansa BeKToposB
HanpAXeHHoOCTU U UHAYKUUN MarHUTHOIro Noss.

B,
A B2

rd Pd
AR . 4

§ H,2 }
1 m
B,

B,S-B,S=0, H,-H/=Jl tne k Lh-I.
H,-H, =J,ecmJ, =0, 10

Bn2 :Bnl'
H,=H,.
BrZZBr] : :
H H Ll

[MpenomneHve NMHUIN MarHUTHON MHAYKUMN
MarHMTHOTrO Nons Ha rpaHnLie AByX MarHeTUKOB

Hy > s

VA /4
i

flone 8 None H

tga, 1,
g, 4
14.12




MarHutHasa 3awmTa.

Puc. 165 Crymenne Junuii HHAyKIUH BHYTPH MATHETHKA

14.13

AHanorus ¢ aneKTpocTaTUKON ANINEKTPUKOB.

DZSOE-Fﬁ, EZILIO(I:]+T)>
rotk =0, rotH = J =0,
divD=p =0, divB =0,
ETI:ETZ;Dnl:Dnl’ HTIZHTZ;Bnl:By,19
rotk =0, rotH =0,
divE = —Ldiv P, divA = —divl,
gO
B .
E—->H, —>1
o 14.14

Mone OAHOPOAHO HAaMarHM4eHHOro wapa.

-, 1P = 1
E'=———; H=——T;
3¢, 3
Ecnu ecth BHELIHEE MarHUTHOE T10JIE I:ln, TO
I .
H=Hy+ =, =T = H,~H;

H_ = I — pa3maruuuuBaloniee 1oie,

rzae [ — pa3MarHuYuBaronmii haxrop Hopmbl. 14.15

BrnivsHue opmbl MarHeTuka Ha ero
HamMarHM4eHHOCTb.

0<p<1;
1)1t 6ECKOHEUHOTO MUIUHAPA H= [:10, p=0.
2) 1711 TOHKOTO MarHUTHOTO cJ10sT (OECKOHYHOTO)

W3 rpannuneix ycnosuii B,y = B,;—= H = uH .

n?

CVIan, AeﬁCTBYIOLIJMe Ha MarHeTukKu B
MarHUTHOM norne.

J I {
. B - F L
Fyy =V(pyy B);= f = 22 =V(I B)

1

T=(u-nA=u-1-2
Holt

J ¥ I
_viB =¥ Dypp4D1lyGEs):
oy Mot 2

~!

[Mone NocTosAHHOro MmarHuTa.

7

—Z
R

L,

G ISILIIS oI LIS
s

//////IIIIIII’/,,I,,I

7 A TSy ey

L rrrrassasy o oieess

-

\11//74

B, Mpur—>ow, B =B, H =H.TornaH=H,/ u= ] _ (‘u_l)lVEz Ecnu > 1, TO MarHeTUK BTSATHBAETCA P
i 4 =H,—(Hy/ p)u+H,/ u=H,—(u-1)H =H ~11. Mol 2 " B 06NACTH CHIILHOrO MATHHTHOLO TIOJIS j
- B otom ciydae f=1. x ﬁ14.]6 14.17 14.18
Knaccudmkaums marHeTukoB:guamarHeTMKH, Krnaccun4yeckoe onncaHne guamarHeTu3ma.
Nekuusa 15.

» Knaccudukaumsa marHeTMKOB:AMaMarHeTmku,
napamarHeTvku 1 heppoMarHeTuku.
Knaccuueckoe onucaHve gnamarHeTusma.
JlapmopoBa npeueccus. MNapamarHeTnsm.
Teopus JlaHxeBeHa.

. Mukpockonuyeckne HocMTenn marHeTmama.
MarHutomexaHu4eckuii onbIT OUHLITENHA — Ae-
["aa3za. MexaHoMarHuTHbIM onbIT BapHeTTa.
MpomarHuTHoe OTHOLLEHME.

napamMmarHeTUKu un cbeppomarHeTvu(M.

HaMarHH4eHHOCTh / = 0.

H <1 ummn x< 0- JUaMarHC€TuKku, B orcyrcTBHEM BHELITHETO T10JIS
#>1 mm y >0 - napaMarHeTHKH,

B orcyrcrBuM BHEIIHErO

u>>1 uma y >>1 - peppomarHeTHku |

noss B qomene I #0.

B ornennbie ki1acchl MarHETUKOB OTHOCSIT

aHTU(EeppOMarHeTHKH, GeppUThI U CyleprnapaMarHeTHKH.

15.2

JlapmopoBa npeueccus. [1, § 40]
mayr = F,, F :|e|a)rB,
ma'r = F, J_r|e| rB,

wrB.

2 2
ma'r —maoyr = i|e
ITonarast ‘Aw‘ :‘w—w0‘<< @ ¥ Tmpeodpasys
@ -] =(0-0,)(0+0,) = 2A0- ©, HaxoUM

Aw= i‘e‘B 12m;= 0, = ‘e‘B / 2m. HanpaBJienue &, coBnajaer ¢ B,

. eB

TO €CThb &), = o’ IJIe YUTEHO, YTO 3apsil 3JIeKTpoHa e < 0.
m

15.3




Jlst Ipou3BOIBHON OPUEHTALMH OPOUTHI
BPALIEHUS HIEKTPOHA OTHOCUTEIILHO

UHAYKIA BHEITHETO MAarHUTHOT'O ITOJIS B

Z=M, tne L=mr'd, M:[ﬁm,é].

D, = S=eZn?=21. ITonmyunm
2 2m

T
dz e iB e - -_ M3sBectHo, 4TO 1151 IPOM3BOILHOTO
E - % Bl=- om " BekTopa ¢ ‘;1‘:c0nst, dA/ dt=[C, A].
e = = -
-~ B=0=q,
2m

,D,I/IaMarHVITHaﬂ BOCNPUNMHYNBOCTb
z Do =S, :erizc'[)L /2,
2
i 2 Zri
5 j:Lzﬁm:_Lg.Zi C
AV am T AV.ZN

rzie N- 4ncio atoMoB B AV, Z - 4ucio 3JI€KTPOHOB B aTOME.

x/ Y
1
2 2 2 2, 2 2 _ 2 2
R =x; +y; +z;,=><x; >=<y; >=<z; >_§<R[ >,
<rt>=<x’+y’>=2< R >/3=2<R* > /3. Umeem
1

, _
= e ~
B Zn<R’ >z—aZn<R2>,u0,uH.

2

| I

I=-

D

M youit

4 15.5

2

;(:—6e—mZn<R2 > 1y

BeluecTBo (AnamarHeTukm) 7= (# _ 1)’ 10’{’
BoAa -9,0
Menb -10,3
Crekno -12,6
Buemyt -176

JlapmopoBo BpalieHie aTOMOB HE MOT'YT CO3/1aTh MATHUTHBIC CUJIbI, OHO CO3/1AETCs

TP BKJIFOYCHUU MAarHUTHOI'OIIOJIST UHAYKIIMOHHBIM DJICKTPUYECKUM I10JIEM

e dd ZdﬁzM e dd

ZﬂrE:—dE;z M =reE =———; mr =——
dt 2r dt dt 2z dt
oy t+Ao e @ e [0} e
mr? I dszz——Id(D;:Aw:wL =———=-—2B8
Py 27 ; 2m 7r 2m

15.6

MapamarHeTnam. Teopusa JlaHxeBeHa.

w
N~ \N "o Wz—ﬁmé;:dnz/l-eimdo,
o / \ 1} e do=sin@dfdp— >nement
-\ 1 TEJICCHOT'O yIJIa.
a b s 6 % sf D= .[Pm,zd”/ Idn.

Bocnone3yemes Teopueit MOMSpHBIX AUIEKTPUKOB

PP, E—>B=<p, >=p,Lp), rae

_p,B IS wa
ﬂ_KET’ L(B) =cthp 5 Bem f<<1. L(F) =",

puB _ popopH

2
[Z:n<pmz>:MH’ 7:/1/[:]
73K, T
——
x

1 — n/uoprzn

C
= ——3akoH Kropu.
3K, T

X=H-
TemnepaTypHast 3aBUCUMOCTS ¥ ~ 1/ 7T 3KCHEpPUMEHTAILHO
obnapyxwui 1. Kiopu B 1896 rony, B 1905 roay JlamxkeBen
pa3paboTall TEOpHIO TapaMarHeTu3Ma 1 AnaMarHensma.
Tepust JlanxeBeHa XOPOLIO OMUCHBAET JIUILB I'a3bl.

XapakTepHble 3Ha4€HHsl HapaMarHUTHOH BOCHIPUMMYHMBOCTH

7 ~107, aro npu6musuTensHO B 100 pa3 Gonblie XOpaKTepHOro

Magnetic Susceptibilities of Some Paramagnetic

and Diamagnetic Substances at 300 K

Paramagnetic Diamagnetic

Substance X Substance X
Aluminum 2.3 x 10°5 Bismuth —1.66 % 1077
Calcium 1.9 % 1070 Copper —9.8 % 10°°
Chromium 2.7 % 107 Diamond —22 % 1077
Lithium 2.1 % 1078 Gold —3.6 % 1078
Magnesium 1.2 % 107" Lead — 1.7 % 107°
Niobium 2.6 % 107 Mercury —29 x 10°°
Oxygen 2.1 % 10°° Nitrogen —5.0 % 107°
Platinum 2.0 % 107 Silver —26x 10°°
Tungsten 6.8 % 107° Silicon —4.2 % 10°°

<p,.>=p,—— .Ecmn u~1, T0
’ 3K, T 3K, T 15.7 3HaueHHs ~ 10~ BOCIPHUMYHBOCTH JHAMarHETHKOB. . 15.8 15.9
o MexaHomarHuTHbIN onbIT BapHeTTa
MarHmTomexaHmn4eckmuin onbIT . (1914rop) P
f — OnHwWTenHa — ae-Maasa. 1
m)‘ 6{’2&: MarautToMexaHH4eCKOe SIBJICHUE - TO BOBHUKHOBEHHUE
Lol T
- BpalleHHs TeJ PU X HaMrHUuuBaHuu. B 1915 rony
9KCIIEPHUMEHTAILHO OOHAPYKEHO B OIbITaX DHHIITEHA
. . 9 n ['aaza.
g 7 2 g % N

15.10

i

S B, =1V, 105, =TL,=L=SL =~1V.
. : =T

1
L =Jw = FIZ V. Tax Ui eJNe3H0ro NUIMHIpa

¢ quamerpoM 1MM B MarauTHOM Hone H =10* A4/ m

®. =107 paz/c.
‘ pax 15.11

MexaHOMarHUTHOE SIBIICHUE-3TO HAMarHMINBaHUE MarHeTHKA
IIPH €ro BpalleHue.

B onbrtax bapuerTa mpu BpaieHu *Kene3Horo uInHpa
6000 06/MuH HaOIOIATIOCH HAMarHHYNBAHKE YKBHBAJICHTHOE

-2
HaJM4YUI0 BHEHHero mojst 107" A4/ m. 15.12




MVIKpOCKOI'IVI‘-IeCKVIe HOCUTENN MarHeTmnsama.
promarHMTHoe OTHOLLUEHune.

I/ICCHCHOBHHHC MarHUTOMEXaHUYECKOr0 M MEXaHOMArHUTHOT'O SIBJICHUIT TI0Ka3aJIo

I' <0, crenoBaTenbHO, MarHeTH3M OOYCIIOBIICH JIBHKEHHEM JIEKTPOHOB. Jltst
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u le) =—— , 4TO YKa3bIBa€T Ha TO, YTO MarHEM3M MAarHETUKOB HEJIb35
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OOBSACHHUTH TOJIIBKO Opﬁl/lTaIILHB]M JBWKCHUEM 3JICKTPOHOB.

COBOKyl'IHOCTL HMEIINXCS TaHHBIX YKa3bIBa€T HA TO, YTO SJIEKTPOH 06nanaeT cobert-
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1 IIPOSKIIUS COOCTBEHHOTO MArHHUTHOIO MOMEHTA p, =+ 41, = 14— — MarHeToH

Knaccuyeckas mogens cnvHa
3MeKTpoHa.

OHeprus marHUTHoro nons (Toka) B
6eCcKOHe4YHOMN U30TPONHOM MarHMTHOM cpeae.
B MaruuTHOI cpene B = /JBO. CrnenoBatesbHO,
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m 214, 2 2 HUYMBAHUS MarHEeTHKA.
Bopa 1, =9,27-10 4- 27", 15.13 15.14 15.15
deppomMarHeTUKu.

Nekuunna 16. PP B KpnBasi HamarHmymBaHums
u-10
3
. - B T 1T 11 ==
+ ®eppomarHeTuku. CrioHTaHHas EPPOMATHETUKA —3T0  jommce |-~ =~ ! | L
CUITIbHOMarHuTHbIe [\ //2-" |
HaMarHM4eHHoCTb 1 Temnepatypa Kiopu. MarHeTuku, oTHocuTenbHas 1.5 [ Py
[omeHHas cTpykTypa. 'mcTepesnc MarHuTHas NpoHNLAeMOCTb N
KOTOPbIX MOXET AOoCTUraTtb 1 T H
HaMarHn4mBaHuaA, KpnBad CTtoneTtoBa. [ECHATKOB ThICAY €aMHWL,. q |
1
OcTaToyHas MHOYKUMS 1 KO3PLUTUBHAS Kpome atoro, 05 Kpusan nasarin
CbeppOMarHeTVIKVI 06J'|a,ElaIOT / MHMBAHKUA deppoMarieTHKon
cuna. TemnepaTypHasi 3aBUCMMOCTb PAZIOM ApYTUX
HaMarHM4eHHoOCTW. OTNNYUTENbHbIX 0 40 80 H, A/m 1] 2 4 6 ki 10 12 H, kA
OCOGeHHOCTeVI no MaruutHas TpOHHIACMOCTD SaBHCHT 33BHCHMOCT“L- MArHHTHON HHAY KW 0T
ﬁgzz’:ﬂea':::_ra Iéu'avl:llal/-l n OT HaNps’KEHHOCTH MarHUTHOT'O IOJIA. HANPARKEHHOCTH MACrHHTHOTO OOMTR" I = WIEKTPO-

Ha PUCYHKE IIPUBEJICHA TaKas 3aBUCUMOCThb

JUIs UMCTOro kese3a (kpusas CroJierosa).

AHTHUECKOE #eneso, £ — MAIoyrIepoaucToe me-
ne3o, § — NIHTAs CTANL, § — SYTIYH

16.1 16.2 16.3
A MMcTepeanc HamarHM4MBaHus. Cxema YCTaHOBKWU OJ14
HN30TPONMnA HaMarHM4YnBaHuM4A.
P OcTaToyHas MHAYKLMUA 1 KO3PUUTMBHARA cuna. Habn to4eHnsa NneTnu ructepesunca.
(m 1, MA/M R y J
16 /{1007 0‘5@1] {110] B L) S ———
” Wb S V= . % |
1§ X [/ | 100] B 2
i {1101 03 . |
- 08 B |
- Ry 04 o Hyae H
oo (o) LEe Hxam| [N H, x|
20 40 60 O 10 20 30
BeMenTAPYAT KPHETAT-
mrdeckads  Ruefika Kegesa wooee Kpussie namaranunsanus Fe n Ni
DCHOBHEEG KPHCTALIOrpadiieckme
rlaln?lm.-mm;_n: §1E|L_r| - aerkoro, 10 pa3JINYHBIM HAIIPBICHUSIM 3aBucumocts B(H) v I(H)

MOHOKPHCTAJINYECKUX 00pa3LoB.

16.4

HCEOQHO3HAYHA U ONPCACIIACTCA

HpeI[HCTOpI/Ieﬁ HaMarHn4uBaHUA.

16.5

16.6




(a) (b

o Croco6
Ecnm H,>>1A/cm, xecTknit Ecnu H <1 A/cm, msrkuii

(eppomarueTnk dheppomarueTnk pasMaron4vBaHUsAs

PaboTta npu HamarHmumBaHun oeppomarHeTurka.

ITycts Toponn 3anonHen gpeppomarueruxom. [pu
YBEJIMYEHUH TOKa B 00MOTKe Ha dI Bo3HuKaeT DJIC
CaMOMHJIYKIIMH, IPOTUB KOTOPOH TOK COBEpIIaeT
paboty dA=—Idt&E" =1d®, rne ® = BNS,
N - ancno BuTKOB. ITo TeopeMe 0 UHPKYISALHN
BEKTOp H umeem H27zr = NI. Haxoanm

H2nr

dW=dA =

NSdB = HdB2xrS.
.

Taxum 06pa3zom, paboTa dw, HEOXOXUMAs JUIS YBEIHUCHHS HHAYKIAN Ha dB
B e/HHLE O0beMa, paBHa dw = HdB = u Hd(H + ) = pHdH +  u,Hdl
o

moTHOCTH
sneprun
HAMaTHHIMBAHUS

By

B

a H ) H

Pabora  sasarmnssanus
marseTika Hed rucTepesnca

Pabora npw uukan-
YECKOM NepeMariM4YiBanum npo-
MOPUMOHATEHA ILTOWEADH NeTAH
THCTEPLINCA

16.7 16.8 16.9
CnoHTaHHas HaMarHM4YeHHOCTb U TeMHepaTypa KIOpVI HEKOTOPbIX
OddekT bapkrayseHa (1919). TemnepaTypa Kiopu.
dheppomMarHeTMKOB
HccnenoBaHus Mokasajy, 4T0 JaXe B OTCYTCTBUM BHEIIHEr0 MarHUTHOTO
moist peppOMAarHUTHK Pa3OUT Ha MUKPOCKOIMMYECKHE 00/1aCTH (JIOMEHBbI),
B KOTOPBIX (heppOMAarHeTHK CIIOHTAHHO HAMATHUYCH [0 HACBILLICHNUS. Bemectro Tk, °C BemecTso Tk, °C
CrioHTaHHasi HAMarHHYEHHOCTh (peppoMarHeTHKa o0yclIoBlIeHa OpHEHTaIHE Kobansr 1150 ke 360
COOCTBEHHBIX MarHUTHBIX MOMEHTOB 3JIeKTPOoHOB (I'=-¢/m). Kenezo 770 30 %-umiit nepmasoi 70
DeppOMArHUTHOE YIOPATIOUEHHE CYIIECTBYET TOMBKO TPH TEMIIEPATypax 78 %-Hbtit epMaIol 550 Tamommmmnit 17
MeHblIIeii HekoToporo kpurnyeckoro sHauenus 7. [Ipu 7' > T, , beppomar- (crnan 22% Fe, 78 % Ni)
HHTHOE YNOPsI0YCHHE TIPONOIACT U (heppOMAarHeTH NPEeBpaIaeTCcs B
napamMarHeTHK. 3aBHCHMOCTb MarHMTHO# MPOHMIIAEMOCTH OT TEMIEpaTyphl
JUIA TAKUX TIapaMarHeTHKOB TounHseTcs 3akoHy Kropu-Beiica
_C
rors
16.10 16.11 16.12

MexaHu3M OpUCHTALUH CIIMHOB (heppOMarHeTiKa OObSICHIET KBAHTOBAs
TepUs B3aUMOJICHUCTBUS 3apsHKCHHBIX YaTHIL (JIIEKTPOHOB ) CO CITHHOM /1/2
HaxO/ILINXCS HA He3aMOIHEHHbIX d-000J10uKax aTOMOB (heppoMarHeTHka
W=-A4-8.S,,

rae A - oomenHnas koctanrta (uarerpai). Ecin 4> 0, To crinHam
9HEPreTUYECKH BBITOHO OPHEHTHPOBATCS MapauieaHo (peppomar-
HHUTHOE ynopsiiouenue). Eciu 4 <0, To BHIFOAHO aHTHHApalieabHas
opueHTarms (aHTH()EPPOMArHUTHOE YIIOPSAOUYCHHUE).

Taxum 06pa3om, GeppoMarHUTHOE YIIOPsA0UYCHIE 00YCIOBICHO
CHJIbHBIM OOMEHHBIM B3aHMO/ICHCTBHEM JIEKTPOHOB aTOMOB C
HECKOMITCHCUPOBAaHHBIMH CIIMHAMH ¥ UMEET HEMarHUTHO®

npoucxoxaenus. (Joppman 1927)

16.13

IMepsas Tepust Gpeppomarnerusma Obliia pazpaborana Belicom
B 1907 roxy no ananoruu ¢ Teopueil napamarsernzma JlanxeseHa,
B KOTOPO#i JIOTIOJHUTEIFHO K MUKOCKOITHYECKOMY TTOJTI0 J00aBICHO
THIOTETHYECKOE "MOJIeKyIApHOe mone"
B,,, = u,(H +bl),

rae b - nocrosiHas Beiica. Toraa must popmyiisl JlaHxkeBeHa MOIyuuM

p,.B K, Tn H
I=1L(B). tne I, =np,, f=Lr"0 o = -
(), rne np,,, B KT 7 bﬂoﬂ =

1 pyr 4 4

I=1L(p),
K Tn ,3——
I bluo f‘k lg 14

Haxkuon kpuBoit OD omnpenenseT KpHTUYECKYI0 TeMIIepaTypy
(eppoMarHuTHOro ynopsigoueHus (hazosblii mepexon 2-ro poja).

HamaruuueHHOCTB HachIIeHHs! peppoMarHeTHKa 3aBUCHT OT

TeMIIepaTypsbl
» T Hamaruu4eHHOCTh
- _i' —T HACBIICHUS HUKEIIS
s G0 ] Kak (QyHKIHS TeMIIe-
";"; - ' patypsl. CrutonrHas
= : KpHUBas - TEOPETHUYECKAS,
ar 1, HocTpoeHHast Ha L, (x).
7 —'j.g

16.15




DeppoMarHUTHbIE JOMEHBI B KDEMHUCTOM CTalIU.

MexaHn3M BO3HUKHOBCHHS JOMCHOB

HomeHHas rpaHuua(cteHka) bnoxa

JloMeHHas CTPYKTypa Ha 10BEPXHOCTU

MOHOKPUCTAJUTNYECKON HUKEIIEBOH MIaCTHHbI

e/ NN N[N O NNs\s NSNS 2 9
! L =T R
{ IRRE O Y [ |
] d] b RRIRENE
[ [ L [ |
' L1t N B NN
sJs s\$ NEWN SN N 16.16 16.17 16.18
ﬂOMeHHaH CTPYKTYpa TOHKUX MarHuTOOJHOCHBIX
| Pasmmmsie e nponcecon AHTUdeppomMarHeTukn. PeppuTsol.

w

~

BHYTPH JIOMEHA.

gy HAMArHHYMBaHus eppoMarHeTka:
a — 6) CMCIICHHE IPAHHUIL, ') HAMar-
HUYMBAHUE BPAILICHHU, /1) HAMArHH-
YMBAHHUE HACBICHHS; yIaCTOK 1 -
obparumoe cmetuenune I, 2 - uc-
YE3HOBEHHUE HEBBITOIHBIX JIOMCHOB,

\\ 3- BpalicHNe HaMarHH4€HHOCTH
2

16.19

CynepnapamarHeTuKu.

Depputsl - 61a7a10T GOTBIINM
Y/CIBHBIM COMPOTHBICHHEM,
TO €CTh SBIISIOTCS MATHUTHBIMU

a nonynposojHukamu. Haxonsr

Ba)XHOE MPUMEHEHHUE B paJIno-

Texuuke CBY. ®epputhi-rpaHaTsl
SIBIISAIOTCS MATHUTHBIMU JUDJIEK-

Tpukamu. [Ipo3paunsl 1715 cBETA.

16.20

mnactul XKUI ¢ cunHolt anu3orponueit

16.21

AHM3OTPOMHbLIN MarHNTOPE3NUCTUBHBIN

acppekT

Motal Contact

Permalloy

Thin Fil
/ N / (NiFg)

L

i

L/ .
.

AR :A—pRcosz 6
P

16.22

Tl'uranckwmii MarautopesuctuBHb (I'MP) addekr.

CruHTpOHUKA.

Ml ok

16.23

'MP paTtyuk.
Ansbept Dept (Albert Fert ) u [lerep I'pronGepr (Peter Grunberg)

HobGenesckast npemust 2007 rox.

[ P -
o —
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Nekuunsa 17.

» KBaswucraumoHapHble nons. Kputepui
KBasucTaumoHapHocTu. [MepexoaHble npouecckl B RC- n
RL-uensx.

*  OnekTpomarHuTHble konebaHusl. KonebaTtenbHbii
KOHTYp. CoBCTBEHHbIE KOnebaHnsa B KOHTYype.
YpaBHeHne rapMoHu4eckux konebanumi.

*  OHeprus rapmoHunyeckmx konebanui. 3aTyxatowme
konebaHns B KOHTYpe 1 UX ypaBHeHue. MokasaTtens
3aTyxaHusi. Bpemsi penakcauuu. Jlorapudmuyeckmin
OeKpeMeHT 3aTyxaHusi. [loBpoTHOCTb KOHTYpa.

. KonebaHus B cBA3aHHbIX KOHTYypax. MNapunanbHblie
konebaHus n nx yactotbl. HopmanbHble konebaHns
(MOAbI) 1 MX YacToThl.

KBasucTaumoHapHble Nosisi.
Kputepunn kBasnctaumoHapHOCTN.

B kBasucTaumoHapHoMm
NPUGNMKEHNM NonaraeTcsl, YTo B
paccmaTpuBaemMon

i '
3NeKTPOAHAMUYECKOI CUCTEME BCe
pacnpefeneHHble B NpOCTpaHCTBe 7
3apsa/bl, TOKV U NONA U3MEHSIOTCS
CUHXPOHHO N MTHOBEHHO. TO ecTb B /
q L
1<

Kpurepuii kBa3ucaoHapHOCTH.

KaXkablii MOMEHT BpeMeHU
HecTaLoHapHble 3apsibl 1 TOK1
NOPOX/aloT 3NEeKTPUYecKoe n
MarHuUTHOE norne COOTBETCTBYIOLEE r~—=71<<T. Tc=1—
3KBMBANEHTHBLIM CTaLOHAPHbIM ’

3apsaam 1 Tokam. ¢

M3IIy4aeMOi BOJIHBL = [ << A.

10° 1 1 1 5
Ecmu [ = lkw =10° m, 10 T=+:710’56. v=—<<10"Ty =100xIy.
3-100m/¢c 3 T
10° 1 1
Ecan / =100, To r=318%:510’(’c. v:?<<10°Fz;:lMFz;.
10°m/ ¢

Brmsok k npenemy

Muxponponeccop / =lew. = v, =1/t=c/1~101Ty.

KBa3MCTallMOHAPHOCTH

YpaBHeHune konebaTenbHOro KOHTypa B
KBa3nCTaLMOHAPHOM NPUONVKEHUN.
ITycTs g — 3apsz mepBoi IITaCTHHBI KOHAEHCATOPA,
BCTpC'-la}OH.ICﬁCﬂ TIPH TIOJIOKHUTECIIbHOM oﬁxo,:(e KOHTYpa.
Torna nanpsikenne U, =g/ ¢ ¥ TOK B KOHTYpe
1 =dgq/ dt Gynyt uMeTh npaBHIIHELT 3HAK.
CornacHo npasuity Kupxroda, nmeem

IR"FUC :gcamom-m. +g—*’

Do —Ldlsdr

_.C

2
Ld—g+Rﬁ+1:5.
dt dt c

17.1 17.2 17.3
I'Iepexop,Hble npoueccobl B RC- u OnekTpomMarHuTHele konebaHus. KonebartenbHbin
MexaHundyeckaga aHanorusa RL-uenax. KOHTYp. COBCTBEHHbIE KoneBaHns B KOHTYpE.
, YpaBHeHne rapMOHNYECKUX KonebaHum.
dq . q dgq dg  dt
a’2x R—=++-=E,2Rc—=c& -¢q,>——=—. dzq q qu 1
— dt ¢ dt ¢ -q Rc A S Sy —g=0
m - ——kx_,uvx +F, 1, t e = ar +££q
dt ln‘cé"-q‘:f—Jrconst. Iput=0 constzln‘crf", o
*x X RL; ! j+w,q=0 L
m—2+,u—+kx=F. & q=cE-e = g=cE(1-e k). a+@q=0 rae wO_JE'
— de* " dr
y A, g pdg o dl q = Asinayt + Beos oyt = acos(ayt + ¢,),1 = g =—aw, sin(oyt + @),
dr’ dt di e a= [4+ B teg, :7é. HauanbHsie ycnosust: npu £ =0, ¢,, /.
e s RoL; g1 B
| T B uacraoctu, ecu npu 1 =0, = ¢,/ =1, =0, T0 A=0,B = q;=
Fmgete?) - 6oI= nay. WL w o
17.4 175 q =4, Cosayl, == 0)q, SM Ayl cToo == 17.6
=0 =T/4 =3T/4 AHeprns rapMoHN4YecKnx
a ! 6 2 =3 P PMOHY 3aTyxatoLime konebaHus B KOHType
B koneb6aHui.
n NX ypaBHEHUE.
. dl q d I dg q d| L’ q2 dq _dq q dq Rdg 1
E JL =4+ L = (el it S S S =41 = L—+R—=++=0>—F+2——+—¢q=0.
U IU I Ldt+c 0,:>Ldt2+dtc 0,:>dt > +2C 0.= TR =hm et g;dt+_ngq
H H Lk ¢ W “c ) , C/ o
© © 37+7200n5t- G+2yq+ayg=0, g=:Ze.
- 5 (g =uv,§=iv+uv, § = iiv+ 20 +ub)
—0 (=T/4 t=T/21= LI* L . a1 . ] R
; 0 ’6T’4 ’GT’Z ‘23”4 q =q,cosayt, w, :7 :Eazwj 51n2(a)0t+(p0) = ?CE(I —cos[2(awt + ¢,)]) e =2&ye T +yiEe T +2pfe T =2y e e =0,
I =-w,q, sinwy. ;& a1 £+ (@) —7*)E=0, ecnn y<@y, 10 &+ @& =0, e @ =@ ~ 7.
7. :?:?COS (a)otJr(oo):?E(lJrCOS[Z(wotJr(/’o)])
c c c — . — g o
_"i ________ X=X cos @y, o 2 E=a,cos(ot +@,);= q=a,e” cos(at+@,).
. : _ _a _ Ecmunpu t=0,9=¢q,,/ =¢=0, T0o =0, a,=gq,.
NV, =X =—@X, sinayt. W, )= | W di=—=(W)=(W.). p q4=q0,1=9=0,10 ¢, =0, a,=q,
o o 17.7 W=7 J R4 17.8 17.9




N/ _NANTEXT g =q.e " cos(ay).

0

Ecmu y > @,, TO 5—(72 —a})E=0.
17.10

Ecmu y = w,, TO §=0, E=(a+b-1),
g=(a+b-ne.

4 7

17.11

MokasaTenb 3aTyxaHus (GEKPEMEHT 3aTyxaHusi).
Bpewms penakcaumu. Jlorapudpmunyecknin
AeKpeMeHT 3aTyxaHus. [lIoOBpoTHOCTb KOHTYpa.

a=a(t)=ae”" —aMIUINTY/1a 3aTyXAOIIHX KOJICOAHHIT;

R
j/ZZ — JICKPEMEHT (II0Ka3aTellb) 3aTyXaHHs;

1
7=—— BpEMs peilakCaliuu, BpeMs 3a KOTOPOEC

aMIUINTY/1a KoJeOaHui yMEHBIIUThCA B e = 2,7 pa3s.

t
d=1In a(?) =yT — norapu()MUYECKUIl JEKPEMEHT
a(t+T)

3aTyXaHus.

0= z_ I0OPOTHOCTE KOJIE0ATEIHHOI0 KOHTYPa
0 P ypa 17.12

KonebaHus B cBA3aHHbIX KOHTYpax. [MapumanbHbie
kone6aHusa 1 nx YacToTbl. HopmanbHble
konebaHusa (MoAbl) M UX 4acTOThI.

T pEA 4 __gd _;od,

le O fﬂ: O al ¢ t dt L dr’
ot 28 o oy

¢ , G2 _pdh_, dh

-ﬁ" i fl l;_. o) c L dr L dr’

d’ 1
E(11+12)+7(L+L )c(1'+12):0’ I, +1,=a,cos(ayt + @),
12
L)
o
d? 1
ar T T B0 g = g eos(yt 0.
12

o

TapuuanbHas 4acToTa - 3TO YaCTOThI KOJIEOAHUIT CHCTEMbI
¢ N creneHsMu cBOOOIBI TIPH (PUKCHPOBAHHBIX N -1 CTEHEHsIX.
B paccMoTpeHHOM citydae 00e mapuuaIHble YacTOTHI
COBIIA/IAIOT H PaBHBI

1
W = Wy =

[ = 4 0, D 0 \/E
1 ?Cos(wlt o)+ 7cos(w2t +0,); J11s1 HOpMaJbHBIX ¥ NapLUUalbHbIX YaCTOT CIPABEUINBO
a1, &L 1 d 1 a a HEPABEHCTBO
+l12 > +=0, (L+[12) s +15)+=(+1,)=0, I, = —Lcos(wt + @) ——2 cos(wyt + @3,
dt cC NN c 2 2 ©, < Oy < Oy <O,
d2 a1, b & 1
2L, —L+2=0] |- 112) (1 —L)+=(1,~1,)=0, = wa=-——l _ _ nopuammse wactors
dt ¢ \/(L+le)c \/(Lile)c
17.13 17.14 17.15
Jlekumns 18. MeToq BEKTOPHbLIX Anarpamm.
_ -t

* BbIHyXaeHHble konebaHusi B KOHTYpe. x=acos(@t+¢,). ~ a&e’_‘cos(a)t +P0)-

MpoLecc yCTaHOBNEHNS BbIHYXOEHHbIX ” a

konebaHui. NepemMeHHbI " y

CUHycouaanbHbIN TOK. AKTUBHOE, T EE

€MKOCTHOE 1 MHOYKTUBHOE | o PGB MR

conpoTtusnexus. imnegarc. 3akoH Oma [ ¥ s X, =a,cos(@), TaE @ =af+ @ ;

AnA uenen nepeMeHHoro Toka. Metop W@ | @/ / X B B _

BEKTOPHbIX Avarpamm 1 MeTof \ / / X, =a,cos(p,), TAE @, =+ D05

KOMMMEKCHbIX aMMnuTyA. = — X =x, +Xx, =acos(p).

18.1 18.2 18.3




MeTOo KOMIMMJTEKCHbLIX aMninTya.
z=x+iy=pe’, re p=yx' +y°; tgp =%.
®opmyia Diinepa

e’ =cos@+ising;=>z=pcosp+ipsing.
Nmeem
x = acos(wt +¢,) = Re[ae' ™).
z=ae""" = acos(wt + @, +iasin(wt +@,),

ei(a)ﬁr(ﬂo ) ipy iot iot

zZ=d =z=ae e =z, ,

rae z, = ae'” - KOMJIEKCHas aMIUIUTYA. g 4

KomnnekcHasi yacToTa.

IMycts =o' +iw" , TOTOa

7= Zoeiwt _ Zoei(w'+iw”)t — Zoe—w”r . eiw’tj

rjie z, = a,¢'”"’ — KOMILIEKCHAs aMITUTY/Ia.
Eciu Im®@ = ®" =y - nekpeMeHT 3aTyxaHusl,
10 x = Rez = Re[a,e e ") =

aoe—}/t COS(a)/l + ¢)0) _ 3aTyxa}0HH/Ie KOHe6aHHH-

18.5

BbIHy)KAeHHI:Ie KonebaHus B KOHTYype.

YL 2
7 Ld—?+R@+g:§;‘)cosa)t.
J’l dt dt ¢
i i N 2
R”T B dig+2£@+iq:§cosa)n
dt 2L dr  Lc L
'rl 7 o Xy
~ §+2yG+wiq=x,cosat.
& =&, cosmt

q= qo&m.m)u. + qllacmlmzeodm

427G+ 4 =02 Gy 00, = A COS @4y =7 14 2)).
[—
o)

18.6

JI71st HaXOXKICHHST YACTHOTO PELICHHUS HEOHOPOIHOTO
YpaBHEHUS BBIHYKICHHBIX KOJICOAHHH BOCIIONB3YEMCSI

KOMITJICKCHBIM MPEJACTABJICHUEM FapMOHI/I‘[eCKOI\/'I (I)yHKI.U/IH.

qK + 27/q1< + a)qu = eriwt’

q. =2, = (~0" +2yio+ w; )z, = x,e;
X, X .
— — 0 . _ 0 iot
Zo_Zo(a))—#,zqk—#e .
Wy — o +i2yw wy - +i2yw

@] — & +i2yw = pe’, rue p=\/(a)§ —602)2 +4y°0’,

Obmiee pernieHue paBHO
qg=aye”" cos(w+¢,)+ ﬁcos(an‘ -).
P

CTpyKTypy 9TOTO PELICHUS JIETKO MTOHATH
C MIOMOIIBIO METO/IA BEKTOPHBIX JHArpaM.

B wactHocTH, ecu nipu ¢ = 0 Benuuunsbl g =0, ¢ =0,T0

o= ol

Mpouecc ycTaHOBNEHUA BbIHYXAEHHbIX KonebaHui
npu pe3oHaHce.

Iyctenpu 1 =0, ¢g=0, g=1=0, Torna

%o
a, cos g, +;cosq) =0,

. X, .
—a,, sing, — ya, cos @, + ;0 wsing =0.

Ecmn y << @y u o= w,, T0 0, =—@, a,=—x,/ p.

q;ﬁ(l—e’y’)cos(a)t—(p); t>t=1/y.
Yol

q
2yw Xy X E 0-
_ . _ X0 iter-p).  _ _% ClA y #
tgp=——:=>¢q,=—€"""";g=Req, =—cos(wt - ). 7 -
wy, —® P
18.7
I'IepemeHHbM CuUHycouaarnbHbIN TOK. AKTVIBHOE, UR =JR = IOR COS(C()t _ ¢)’
€MKOCTHOE U MHOYKTUBHOE COMNPOTUBNEHUA. ——
u U
X, 10 Up=IR
Iput>>7, q=—cos(wt—-¢),= p -
P 0 Ocb mokos
f
dq WX, T V4 ‘ v v Bekropuas aua-
_ _ 9% _ .
I = 7 = sin(wt — (¢ — E) + E) = [Ocos(a)t - ), rpamMMa HanpssKeHHs Ha Co-
t ,0 KoneGanna Toka 1 HANPAHeHR 18 OpOoTHBIEHHH BekTopnas apa-
H,—JIO ¢V CONPOTRNEIEN KoneGatiest TOKS 1 HANPEHKCHIE HA WHLYK- rpaMMa  HANPAKEHHA A
THBHOCTH HHAY KTHIHOCTH
X, 1 V4
U, =g=—°cos(a)t—go)=—Iocos(a)t—¢——); v
c cp @c 2 R — aKTHBHOE CONPOTHBIICHHE,
Uco 0 [n r 1
dl ) T / W :\3</ Vo =gp/wC R, =—— €MKOCTHOE COMPOTHBIIECHHE,
U, =-L—=-Llowsin(ot — ¢) = wLI,cos(wt —p+—); c
L d 1 0 0 2 Bexkropuas
Uy, KoneGaruns Toa b uenit wany ua AMATDAMMA  HATIPAKEHNS R, = wL — MHIYKTHUBHOE COIPOTUBIIEHHE.
X Ha KOHJEHCATOpe
18.10 18.11

18.12




BekTopHas nuarpaMMa HanpsKEHUN

WUmnepnaHc. 3akoH Oma Ans uenen nepeMeHHOro Toka.

2
JIJTS TIOCJIEIOBATEILHOTIO COEIMHEHUS X, . g dq, iw-x, o Tax xax |I|=1,, |£|=2, |2]=,|R* +(a)L 7Lj
4=~ 3 ., ¢ =L == 5 —¢ c
COIPOTUBIICHHUSI, EMKOCTH U MHIYKTUBHOCTH. @) — @ +i2yw dt ) - +i2yw .
Mol R —akTuBHOE comp., 7 = iw-(£,/L) o __ 10-(& /L) jor _ _@. - z B oL T
;] 1 $ = 5 7 ¢ T 5 7 ¢ ‘lk‘*‘z =1, = =, tgg 7z
: & (a)L—;j—peaKmBHoe comp. E—a) +l2ﬂa) L—c—a) +l2ﬂw \/RZ +(a) _&]
! U, =I(oL -lieC Ry 2o = 1
1‘ p l}[ ) ’—/T — 1 Oe _ Zk , e Z:—+ ZC()L + R _ R 3aKkoH OMa JUIsl IEPEMEHHOTO TOKa
‘l . loc — AaKTUBHOC COIIPOTHUBJICHUC,
: & =U, =1, R2+(a)L——)2, %+zwL+R p
wc 7,(_, Z, - KOMIUICKCHOE COIPOTHUBIICHUE (a}L _ i) — PEaKTHBHOE COLPOTHBIICHHE.
1 WM UMITC/IaHC. wc
ol —— 7 1
- ol ——
tgg= R I,‘,:g” =T, Tae Z:Rﬂ(a)L—Lj, tgp=—C
18.13 Z |Z]e wc R 1814 18.15
Pe3oHaHc HanpskeHnn. HanpskeHus n au,, o’ 1
Nekumsa 19. P P L= 205 (—)[2(@; - " )20+ 477 20] = 0,
TOKU Npu pe30oHaHce. dw P 2
Hccnenyem 3aBucuMocTs aMmauty sl U, ¥ Gassl ¢ OT 4acTOThl @
* Pe3oHaHC Hal'lpﬂ)KeHVllZ. Haﬂpﬂ)KeHVlﬂ n poiyskaatomeit DJIC (Hanpsvkenns) B nociegosateabHom RLC KoHType. 0)263 = a)g — 2]/2; @, =1 / a)g — 2]/2 .
TOKM nNpu pe3oHaHce. LLnpuHa & =& cosa, =0 20
PE30HAHCHOW KPUBO. g x — 20 _ 0D _ %
U =2="Ccos(t—9), e p=y(&f —0*) +47°0", tgp=—"— ¢,max \/4 AR 8yt 2 \/ 2 2
*  PesoHaHc TokoB. NpaBuna Knpxroda c cp @y —@ v tay wy —sy ING =V
Ons uenen nepemMeHHoro Toka. U, = 2 _ S9% B wactHOCTH, €CiH ¥ << @), TO
o - 2 N 2 5
«  Pab0Ta 1 MOLLHOCTb NepeMEHHOro » Lc\/(wﬁfwz) +4y'0’ \/(wa*wz) +4y0’ U
, 1 L emax @y 21 1
TOKa. O PEKTNBHbIE 3HAYEHMNS TOKa U1 U s =S —=C—4|— ——=—r=—r—=
HaNpPsHKEHNSI. Ilpn @ — 0, U, , — &; — cTaTHYecKoe HaNnpsKEHHE. ’ 2y R\ c S 2y T 2y
Mpu @ — o0, U,, — 0. T 7
=—=—=0 — 100pOTHOCTH KOHTYypa.
19.1 19.2 Ty 0 19.3
LLinpnHa pe3oHaHCHOW KPUBOW.
£ e 1 o’ U, max 1 S S0
e Uy,=0Ll,=0"Lc—I1,=—U,,. T=Uc,o(w); 7 —— = — ;
/—- g L€ o, 2)/\/(00 -y \/(wg _wz) +4r
u c,0
2, 2 N (.2 22 2 2.
Jﬁ [Tpu pesonance o = @,,, = @,, €l y << @, 8% (@)~ =(0) - ) +47°0";
2 2 4 b) 2\? 2 2 2 2 4
Wy 7 Torua UL,O - Uc,O =£0. 4y wy -4y :(a)o - ) +dy w —4dy o, +4y" =
5 2\? 4;/2((4)27(4)5)
2y ®dasza OTIIMYAETCS HA 7. (-t
= 2 2 252
2 2 (0 — .
@ —a)(f +2y7 =82y a)(f—j/z;:
2 2 2 2 2 2 2 2 2 2
' =, =2y =2y =707, =@, =2y + 2y -7
1 o — <V VNG —Y 2 b — <V VNG —Y
19.4 19.5 @pes @pes 19.6




d
Ecn y << @,, 10 @, = @) = 2y®,; @, =@, +2yw,;=> Tokun npun pe3oHaHce. 1 —732%005(0)’_@;[0 = a)xg =
P \/ 2 2 2 2
o=w,—y; o,=0,+y; Ao=w,—n =2y. & =&, cosat, = (@o a)) +4y 0
@ @ 2t =« d s, &
—=—=——=—=( — 100pOTHOCTH KO a. q DXy . wx T - 0 - 0
Ao 2y T g gTACOROmecT oM 1= = Psin(or —p) =l cos (w1~ (p ) T
L 2 B R L e
1
ToYHbIE OLIEHKH AAIOT ’ ¢ we
- - % 1 o, — &
a)pe3 a)l > 0)2 a)pea tg¢:tg((0-5) = —Ctg(O = —@ = —02—(0 = = ol _L
(B oTimuwme ot pucynka 301 B [3]) . | X y I= 2 —cos(art - ¢); tg¢:Twc.
— o -0l oL-— R2+(a) —l)
__JLc __.wc _ wc wc @, =q,
R R R re
2—w Iy
19.7 2L 19.8 19.9
———————— Pe3oHaHc TOKOB.
e R I(ioL+R) =&,
1
T i
R k=0 g >p T o e J I=1+1,
R
g ’ 1. I=1-1,= 5 +§~'W:M+§~im:
Pesonanciue KpHBBLIE IIKZI = éTK’ rne Zl = Rl +._+le1, R+le R to L
M3menenwue csura hassl Hoe ) ol
AUX KoneOaHuii Toka IpH ) _|: 2 272 +l(a)67 2 2 2)} ’
( ) u3menenuu yactob DJIC IZ, =&, tne Z, = R, + ——+iwl,, Zln[(zn =Sk Rrarl kol
ioc, ~ - . oL
R R +@’'L .
0= 2 272 I s o 8= B
(chX) 13[(23;52[(7 rz[eZ3=R3+ - +ja)]43, \/(R +a)L) +[[ R +a)L] & _ _
19.10 1wc, 19.11 R+o’l' 1912

BeKTOpHaﬂ JAurpaMma TOKOB

& ol
1, =—2—x; tgg=—;
_(f: 01 Rt o' fog7] R

Ecmn wL>>R, 10 ¢ =7 /2.

2 2
R 1 R
| ’J(M) Hoegp) A-p =

. , 1
I, =min, ecin w=w; =—.
Le

272

1
(a)c——]:O, ecin @ =a)§ :L;
oL Le

<
—:77—77—:—:@[@:ci,a)oc:w—"L:Im;

PaboTa 1 MOLLHOCTb NepeMEHHOro ToKa.
O heKTMBHbIE 3HAYEHMSA TOKA U HAMNPSXKEHUS

Mo U_ U _Ug™ U™
Z RyioL-i It 17|
bessssaa= s s s i wc

1
1Y oL ——
rie ‘Z‘: R2+(a)L—;j ;tg¢:Ta)c.

1= %cos(a)t — @) =1,cos(wt—¢p);= P=UIl =U, cos(wt)], cos(wt — p) =

s

=[2cos Acos B =cos(A+ B)+cos(A— B)]= 1Yy [cos(wt — @) + cos(4)].
177 1,U ’ I,’R
_L _ LY _ _ _Lo Mg
<P>= ’J.szf 5 cos¢7[Ut,(‘:os¢7loR]7 == 1R,
CM. BEKTOHYIO IHarpamy 1914

1
1, =—~— 30 (deKTHBHOE 3HAYCHHE TOKA,

e
V2
U,
U,= TO_ Ha3bIBeTCsI 3 (EKTHBHBIM 3HAYCHUEM HANPSKCHUSL.
2

cos¢p— codpHUIHEHT MOITHOCTH.
R

¢=arg(R+i(wL —L));: cosSp=—
@ IR +(wL -1y
c

Ecimn (oL —L)2 >>R?, 10 cosg<<1.
wc

19.15




3aBUCUMMOCTL CpeAHelt MOLWHOCTY NepeMeHHOro Toka
NornoLwaemMoit B KOHType OT YacTOTbl UMEET PEe30HAHCHbIW BUA.

<P>=I'R/2
4 |- a)O
] Q Aw
19.16

MNMpVMeHeHVe pe3oHaHca HanpsKeHWn B
pafnoTexHUKe.

I/ A

[=]
S
I
-
=
—
P e o

]
g
1
%
&
[}
.||l

BexTopHas guarpaMma Bxommoit kontyp pammo-
HANPAACHNI NI PeIoHaNCe 0y [ KM )

19.17

lMpuMeHeHne pe3oHaHca TOKOB.

Beixood

M-

Cxema Harpepaomero
Pesonancueiit ycmmirean

KOHTYDPa WHIYKIMOIHOA 1eny

19.18

Nekuuns 20.

» TexHu4yeckoe UCnornb30BaHNE NePeMEHHbIX
TOKOB. eHepaTopbl 1 aneKTpoaBMraTenm.
TpexdasHbin Tok. MNonyyeHne n ncnonb3oBaHue
BpaLlatoLlerocs MarHuTHoro nons. CoegnHeHve
0OMOTOK reHepaTopa v Harpysku «3Be3fomn» 1
«TpeyronbHukom». asHoe 1 NuHerHoe

FeHepaTopbl N aneKkrtpoaBuraTesnun.

anHLlMH ,qu;ICTBVIiI reHepartopa nepemMeHHOro Toka.

MpuHUMN pencTBUA reHepaTopa NOCTOSIHHOrO
(nynbcupytollero) Toka.

Ty 6
Hanps>XeHud.
P 5 D =BScosp;, @=wt+g@,. 0 4
. TpaHcdopmatop. MpuHUKMN aencTeus, Jo d
YCTPOWCTBO, NpuMeHeHune. KoadpduumeHt & =—2="=_ZBScos(wt +¢,) = BSasin(ot + p,) = £, sin(ot + @, ).
TpaHchopmaLmu. Porb cepaedHuka. ot - - %
1= e ?”sin(a)t +@,) =1, sin(at + @,).
20.1 20.2 20.3
o 4
ernating Current Generator
AnekTpoaBUraTesib NOCTOAHHOIO TOKa. C|/| HXpOH Hble ABUratenn.
Uu-¢,
;UG
Ty
ﬂJ’IH IIyCKa MOIIHBIX
UEKTPOABUIaTENEH
HCIOJIBb3YEeTCs peocTar,
TaK KakK IIpu HEIIOA-
Ipunnun CHEXPOHHOIO ABUraTens lepeMeHHOIo TOKa
DaexTpoIMHAMMMECKHME CHIBL,  BIJKHOM SIKOpPE TOK
AeficTBYOIMME Ha AKOPL eHeparopa (a) u _ Flectric Generator
1,=U/r T
apuraTess (6) mocTosHHOrO TOKA A A Animstion
OOJBIION.
20.5 20.6

20.4




Direct Current Motor
.

Electric Motor

20.7

Puc. 2. dnekTpuyeckue agBuratenu: a -
NOCTOSIHHOTO TOKA; 6 - CUHXPOHHbIE; B ~
ACKHXPOHHbIE C (hasHbIM POTOPOM; T -
ACUHXPOHHblE TpexdasHble C KOPOTKO
3aMKHYTbIM poTopom cepuu 4A. 1 - Ban,
2 ~ LWNoHKa, 3 -NOALNMHWK, 4 - cTaTop, 5
- 0bmoTKa cTaTopa, 6 - poTop (siKopb); 7
- BEHTUNATOP; 8 - Kopobka BbIBOAOB; 9 -
nana, 10 - konnekrtop; 11 - wetku; I1, 12 -
NpoAOINLHOE U MoNepeyHoe PacCTosIHUSA
B nanax; I3 - AnvHa BbicTynatoLero
KOHL|a Bana; 4. - pasamep BbicTynaroLei
KpbILLKK; h - BbicOTa ocu BpalleHus; d1,
d2 - pnameTpbl Bana v oTBEPCTUIA B
nanax.

20.8

[ByxdasHbIN TOK.

&, =&, sin(ar),
&, =& sin(wt —90°).

Toayuesne asyxdassore Toka

20.9

Cxema aByxdasHOl CHCTeMbl TOKOB

Hanpsokenns mexny koHuamu 06Moroxk Oy 1 O Ha3kiBaioT Pas-
HBMU Hanpadicenuamu, TOKH B Oy u Oy — dasHbIMH TOKaMH. DTH-
MH >Ke Ha3BaHMAMM ODO3HA4AIOT HANpPSKEHWs M TOKH B HArpy304-
HBIX COHNPOTHBJIEHHAX T M ro. HampskeHud Ke MeXy [IPOBOJAMH
MM 1, 2 u 8 Ha3BIBAIOT AUNHEUHBIMU HONPANCEHUAMU, & TOKH B
3THX IIPOBOAAX — AUHEUHUMU MOKAMU.

Ecnu npuHATE OTeHIMan obiero nposoja 1 3a Hylb, TO
U, =& sin(an), U, =& sin(wf — 90°), Uy=U,-U;=
=& sin(wt) — & sin(wt —90") = 2& sin 45° cos(ot —45°) =
=2 sin(er +45°). 20.10

& =& sin(wr),
&, =& sin(wt —120°),
& =&, sin(wt —240°).

Tpexdminan cucrema ToKoB

20.11

CoeamnHeHre 06MoToK reHepartopa u Harpysku «3Be3aomn»

N «TpeyronbHUKOM». ®asHoe u NUHeHoe HanpsKeHUs.
!

0, 2 &) \/ \/

I

Coemunense Tpex
HCTOYMHUKOB TOKA 33105

20.12

U, =& - & =& sin(ot) - & sin(wt —240°) =

=22 cos(30°)sin(er —30°) = /3&, sin(wr —30°).
V32

AHAJIOrMYHO HOTY4UM
U, =& & =& sin(ar) — &, sin(or — 1200) = \/gég Sin(a)t+300).
20.13

120°

Bexropeaa aHarpas-
MaA TOKOB B HYJIeROM HIpoBOge.
CHMMETPHYHAR HADY3KA

Bexropnas AMArpaMMa To-

KOB B myaesoM npopoe. Hecummerpny-
Had Narpysxa

20.14

CoeguHeH®e TPEYTOMBHHKOM

20.15




[MonyyeHune 1 ncnonb3oBaHve BpaLIJ,aIOLLleI}_)Cﬂ MarHuTHoro

Puc 222. [eiicrsue Bpa-
INA0IMIErocd MAarHuTHOrO
TOJIST Ha 33MKHYTHIH BH-
TOK ITPOBOJIOKH

nons.

=]

Hy Tl

2"H_ R}

|
|
1

Puc. 223. BossukHOBeHHE Bpamaio-
1Merocsi MaCrHWTHOrO MOJIA AByXdas-

HOro Toxa

H, =H,sinot;H =H, sin(wt —90") = —H, cos at.

20.16

H, = Hysinwt,
Hy = Hysin (wt — 120°),
Hj; = Hysin (wt — 240°).

Puc 224 Bo3HUKHOBEHHE BpaLIAIOLle-
rocs MarHHUTHOrO HOJA Tpexda3Horo
TOKa,

20.17

TpaHcdopmaTop. MNpuHLMn AencTBus,
YCTPOWCTBO, NpuMeHeHune. KoadpdunumeHt
TpaHcdopmauun. Ponb cepaeyHmka.

<, %, R 2(_{3_(&’
ed = E
t = =12 % .
=1 = RI =—®._.
@J‘;;ﬁ' —_— 272 ‘—vz‘
U, i,

O6b1uHO /R, << & = U, =ia D, ,U, = —iaxD,. ®, =nd,,d, =n,0,

U
UZ =g K03 pUIKEHT TpaHCcHOPMALIUH.
1 nl
P=Pim U= LU= 2=t m
I, U, n

20.18

Up to 765,000 valts

1)

Electric power plant Step-up

Major industrial user

/A

Transforrher]

Steam
Production

Cooling
fovrer

Exhaust Exhaust

]
rd

Nlekuunsn 21.

* Bbicoko4acToTHble TOKU. CKMH-3¢hdDeKT.
TonwuHa cKnH-cnos.

Cuctema ypaBHeHUin MakcBenna kak

1 1
L] i
L i ]
. Caal Combustion  Condenser  Cogling : Muclear Condenzer - Caching : 0606LLEeHNe ONbITHLIX AaHHbIX. TOK
E N gz | mareisedong ' — Superhested stzam i NPOBOAMMOCTU U TOK CMeLLeHMsl. BaaumHble
1PEE — i Fradintion / — mam; mE L npeBpaLLeHNst ANEeKTPUYECKOro 1 MarHUTHOro
e o e e : L [Stator —Fotor - nonen. AnekTpomarHuTHble BOrHbl. BonHoBoe
L e ypaBHeHwue. Bektop YmoBa-MoiTuHra. CkopocTb
,,,,, ; pacnpocTpaHeHNs 3NeKTPOMarHUTHbLIX BOJTH.
: : 1 = : L1 51“.'_-‘ THEEN =
Distribution substation  Small industrial user  Street Yights and traffic signals Small business user Residential user T I 1 alorA Exclwtsr m
20.19 20.20 21.1
9 Mates of
Cuctema ypaBHeHuin Makcsenna kak [DdS = [pav, Mpivep 1. e s 5
06006LLeHVe ONbITHBLIX AaHHbIX. TOK divD = p, S ; . / ; TAN s ) N
\ { ni
i NpPOBOAMMOCTU U TOKJPDIVCIELU,J?I-;VII/FI. divB =0, Jl?’dg _o, >c— E iy <—i->n ,P(/;"
divD = p, = Jpar, 4 \
oep = H ; . 8B = ! 5
TotE =0 5o rotE =-—, = d sz . q
’ E-di =o. ot gﬁEdl:—jdeS, Jods=1=-2
L . t - dr’
D=¢gE+P, ‘ . - D L s C}r, _Js t
0 55 ot =7 Adi = [J-d5+< (Bd§ = J-ds'=0,2
.= — i dl = dS +— . r =
divB = 0, BdS 0, —— 4 ,[ ’
{ g7 = Sy J. L s, dt s s b
roL =1, J-di = [J-d BN Lo S dg d ¢ b o J(J+=)dS=0.
B=p,(H+T) L 5 =—— C§Jd8277:7 dszicﬁids’jsm' ot
Hy , 3 IJTIOTHOCTH TOKA CMEIICHUS. 3 di—dr 3, o
‘ ; ; ; K A
~ L d te - ~ A7 5_(7 » 7 s |, ndS = |, ndS.
1otk =- @ Edl =—— IBdS - = aD = 0= Jno.zdS - JnonndS + Jno,v &dﬁ’ 33',[ : ?J. :
or ; dt} I, = J.Jm,dS = I—dS — TOK CMEILEHUSL. s K g ow
‘ 21.2 5 § ot 21.3 s 1.4




BACKTPHELCKOE NOTe B olpelc-
Aenmml MoMenT Bpemciit. Beswunia nensn E
BEOAY YMCRLWSETCR €0 UPEMCHOM.

Tok npoeaRMocTh (Gease cTpeskH)
HOTOR CMCuleniEn (SepHMe CTpeaKn ).

IMpumep 2.

Bbicoko4acToTHble TOKU. CKUH-

adpekT. TonwmHa ckmH-cnos
BTopoe YCJIOBUE KBAa3UCTALITMOHAPHOCTH: ‘j‘ >> % .
Ilycts E = E, sin wt. Torna, yautssas D = g,E,J = E / p, nveem
E,/ p>>wse,E,. Umn 0 <<1/(sg,p). Anst menu
1/ (&p)=1/(8,85-10"2@/ m-1,72-10°Om- M) =6,6-10" pad / ¢

OE,(n,1) _ ppy O,

2

oy p o

==, )

— [onaras E (y,1) = E,(y)e", umeem
Z
Crun-addext B Geckonesnom npc» 6 E (.y) ﬂ:uo wE ( )

© nacckod r ay P y
hy . . 2] 1 U, @
E\(0)=Ae® + B, KE()=iCE (), —=HA2
P 5t 2p

- - = = < «/ 1i+1 W3 rpaHn4HbIX YCIOBHIA:
) -~ OB - 0B orot(uu, H) oJ \/' 5
tH=J+—=0;, Ddrxr’=gq; rotf = -—, rot(rotE) = -rot—=———————=— i1l —;
ro_:v(T +_QL T =q;= o ifﬂ) o o ﬂo&t 5\/_ ‘E(y)‘<OOHpI/Iy—)oo — B=0.
3 L gradivE _
rotH =J - ~ oE X XX 2
> y777n (1+1) . i(ot ) _ P
= _ S iot S5 s’ o= |— _
_ o _ & 1 12‘ AE b ot E (y,t)=Ae e’ =4e e . i
ot ot 4xr’ 47rr ’ -TOJIIIMHA CKUH-CJIOS
215 21.6 21.7
—10% -1 -8 _ L L 2 2
Hanpumep, eciu 0=10"pan/c™, p=1,72-10"Om - m (Menp), p=1, B3aumHble NpeBpalueHus 3eKTPUUEcKoro n Tyers B = B(z,0), H = A (z,0). OE 10FE 0> E(z‘—i),
4 =1 2710761—‘H/M 5=1.65mm MarHUTHOro norneu. aﬂeKTpoMal'HVITHble BOJIHbI. 622 V2 6t2 v
o ’ ’ ' BonHoBoe ypaBHeHue. _
. . .19 H z
BbICOKOYACTOTHBII Pe30HaHCHDII PaccMOTpUM 3IIEKTPOMArHUTHOE TI0JIC B OJHOPOIHON H30TPOIHON U AH — — e =H (t—-),
o _ t v
GeckoHeuHOI cpejie 1 B Bakyyme npu p=0uJ =0 .
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Msnyqume ANIEKTPOMArHnTHbIX
BOJIH 3J1IEMEeHTapHbIM OUNoJ1eEM.
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Figure 34.10 A halfwave antenna
\ consists of two metal rods
F i/ W connected to an alternating voltage
L source. This diagram shows E and
0 e e olele| fat bk ke B at an arbitrary instant when the
Py ) current is upward. Note that the

Puc 425 Jhmmu nanpxenmocrs (a) 1 muayKiomt (6) B maposolt SneKTpOMAT- IR /d . electric field lines resemble those
MwrTHOf BoMme ANtons of adipole (shown in Fig. 23.22).
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DIeKTPOMArHUTHBIE BOJIHBI OOHAPYIKEHbI
I'enpuxom I'epuiem B 1888 romy ¢
nomonipto Bubparopa ['epua.
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[Mone cTrosyen anekTpoMarHMTHOM
BOJTHbI.
E =E,cos(wt—kz), H,6=H,cos(wt—kz),
E =E,cos(wt +kz), H, =-H,cos(wl+ kz)
E =2E coskzcoswt,H =2Hsinkzsin ot.
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JNlekuunsn 22.

*  OCHOBHbIE MOMOXEHWS KNaccu4eCckon 3neKTPOHHOM
Teopumn nposoaumocTu [pyae — JlopeHua. OnbITbl
TonmeHna u CtioapTa. 3akoHbl Oma, [xoyns — JleHua n
BugemaHna — ®paHua B knaccu4eckon Teopuun.

. [MoHATWE 0 30HHOW Teopun TBepAbIX TeN.
OHepreTnyeckme ypoBHu 1 opMmpoBaHme
aHepreTuyeckunx 3oH. MpuHumn Maynu. Ctatnctmka
Pepmun-finpaka. OCOBEHHOCTN 30HHOW CTPYKTYpPbI
OM3NEKTPUKOB, MOMYNPOBOAHUKOB Y METANOB.
O6bsICHEHNE NPOBOAUMOCTYM TBEPABIX TEN C NMOMOLLbO
30HHOIN TeopuMn.

OnbiTel TonmeHa n CTioapTta (1916r.).

Fn =_mﬂ’ Ecn) ﬂ__ﬂ@
dt e e dt
&= jE a=-mdvy s mdvl
" e dt R e dt R
I[dt ——=V,

OCHOBHbI€ MONOXEHUSI KNacCUYECKOW 3NeKTPOHHOW Teopumn
nposoanmocTtu fipyae — JlopeHua.

Cxema
onurra Tonmena n
Crmoapra
22.1 22.2
3aKOHbI Owma n xoynsa — lNeHua. 3 B ® .
DHeprust IpuobdpeTaemMas 0T IEKTPUUECKOrO MOJIs aKOH bruemaHa — YpaHua B Knaccu4eckon Teopun.
Zt Zn . — cpenHee BpeMs MKy COYIapeHHISIMU. 6 1
noI BCEMU 3JICKTPOHAMHU B CZIMHUIIC 00bEMA 3a 1C U B 1853 rony Buneman n ®paHii ycTaHOBHIIN, YTO [UIST METAJLIOB
3;[er n/E‘j YHUCIIO YaCTHIL U3 1, UMEIOIIHX BPEMSA MEKY CTOJIKHOBEHHAMM ”. Hepexoﬂﬂmaﬂ B Ten_]'[o B peSyHI)TaTe CTOHKHOBeHI/II‘/‘I Z/l=aT’ rﬂe MOCTOSIHHAS @ HE 3aBUCUT OT poﬂa MeTaa. TO ecTh
= e ne T =
J= engr = Y. E = AE —3akon Oma. C MOHAMHU 6y}:LeT paBHa METAaJIJIbl, HEMIOIIHE OOJIBIIYIO AIEKTPOIPOBOAHOCTh, UMEIOT U GOJIBIIYIO
5 TeronpoBoaHocTh. Kitaccuueckas anekrpornas teopusi pyae-Jlopenua
Ilycts 1, — 9HCIJIO YaCTHIL B €11, 00bbeMa, UMEIOIIHIE BpPEMsI MEK/TY CTOJIKHOBCHUSIMHU 7,. €2E2 ne2E2 1 nezEz 06’L$ICH$leT 3TOT (beHOMeHOI‘I/I‘-IeCKHﬁ 3aKOH.
DHeprus npuodpeTacMas STHMH YaCTHIIAMM 32 BPEMs /; PaBHa Q — Z nt =—— nt =——7r= lEz _ -
it it J. = ZV T
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Zl: - 3 —Z 2(%* /R el : rue y =nc,v, <I>/3, tne <I>=v,7,c, =3k, /2—
= ! =0 LE)‘ m
DTa SHeprus B pe3ylbTaTe CTOIKHOBEHHS C HOHAMH IIEPEXOUT B TEILIO. 3 €1, BpEeMEHH YHCI0 3aKOH I[)I(Oyﬂﬂ-ﬂeﬂua. TEIUIOEMKOCTb, IPUXO/AIIAs Ha OJMH AJICKTPOH.
CTOJIKHOBEHHIT C HOHAMH TaKHX 4acTHULl paBHO 1/1’. CJ'IC}.'{OBBTCHBHO, DHEPrus anOGPCTCHHaﬂ n, 2
yacTHIaMu 3a ¢ paBHa l }’ZCVVTT / 3 2 mVT |2 3k T -3 kE T=al.
2 22 272 — CV = VT —_— =
n,mv:  me’E’nt, &E 2 ne’r/2m 3 & m
St == nt,.
t, 2 2 2m " a
! 22.4 22.5 22.6
Y A 4) 3HaueHne adPeKTUBHON MACCHI BMIEKTPOHA NPOBOAUMOCTY B MoBepeHVe NEKTPOHOB B METaNMax MOAYUHSIKOTCS 3aKOHaM KBAHTOBOW UMM BOSTHOBOM
pr,ﬂ,HOCTM Knaccun4eckon SneKTpOHHOM TeOleVl . mMeTanne, nony4yeHHoe Ha OCHOBaHUU JaHHbIX LUMKITOTPOHHOIo MexaHuku. [IBUKEHUEe aneKkTpoHOB NoA06GHO BOMIHOBOMY ABVXKEHWIO MaTepun 1
peaOHaHCa 0OKa3anocb MeHbLlUe Macchl CBOﬁOHHOrO eneKTpoHa ONUCLIBAETCS BOMHOBOM q]yHKuMel;l, OﬂpeﬂeﬂﬂeMOl;i KBaHTOBOMEXaHU4YeCKUM

1 2m 1 2m v 2m \Bk T/m ypaBHeHuem LWpeauHrepa. PaccMoTpum OCHOBHbIE 0CO6EHHOCTU

1) p= 1 72 — T 2 2 KBAaHTOBOMEXaHU4YEeCKNUX CUCTEM.
A nétt ne*<l > ne \/7]10' _=_ iB e m <m ” i'i_—i—..—r_; E DHepreTHUeCKHii CTIEKTpP aToMa BOJOPOJIa.
c * > e
— T m -
ane ~T (p=p,(1+aT)). ) W, raen=123 P=[¥zdV.
kT oUu .k zZ . -
2) U > v T 6T _17N >[I l - noc +nsp +2n1<a.1' 4| \Fn(xaysz’t):q’n,l.m,\'
ky ks k, o s

C =C +C =23 EN+3-EN=45-EN. 1 )

Vv uoHos V 21eKmponos 2 2 2 % i DHepreTHIecKuit CriekTp
OxcnepemenTanbHoe 3HaueHue:C, = 3k N. oy
3)DKcreprMeHTATbHbIe 3HAYCHUS TSI CPE/THSIS [UTHHA Nl

cBoOozHOrO IMpodera < /> COCTABISIET JECATKHU MEPUI0B b
KPHUCTAJUTMYECKON PEIISTKH. -
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MoHsITME O 30HHOW TEOPUM TBEPAbIX TET.
OHepreTuyeckne YpoBHU U hOpMUpOBaHME
3HepreTN4eCcKMX 30H.

MpuHuwmn Maymu. Ctatuctuka ®epmu-Aupaxa.

Yucrto 4acTHIl B eJ1. 00beMa, MEIOIINX HMITYJILC B HHTEpBalle

PP +dpsp,.p,+dpp..p.+dp,,

L}

Benuuuna F HazpiBaercst sHeprust @epmu.

C Touku 3p€HUA TCPMOJUHAMUKN UMEECT

" ‘ g4 % paBHO dn= JW)dp dp dp., rne CMBICIT XUMHYECKOTO MTOTEHIIHANA
s B 3 & _w _ 6U
= fOV)=Ae *" — nnorHOCTH pacnpeseneHus H= N
& 2 le—e— & . sV
I 1 1:-:( £ 1@ |:, YaCTHIL IO UMIy/IbcaM. B kBaHTOBON B werannax F = (1 6)95.
= CTaTHCTHKE YHCIIO MHKPOCOCTOSHOI KOHEYHO N
E] = doudp dp = ITpu KOMHATHOH TemIepaType
& * ,, dzzzﬁ;: dn=f(W)dZ, kT =0,035B.
= Oyuruua  Pepyu-JIu- kT
rae s GepbMu 4acTUIL YHKL P —
tep 1 paxa 1T o0 8T %0 Poun vt === 0,004,
’1‘_ —_— my=—-=-———— YucI10 3J1eKTPOHOB acTB 1MX B TCIVIOBOM JBHKCHHUHU MaJIO,
3 == SO ol =) T POUOR yHacteyio
3 % nostomy C, =3k,N. _1_2m v, =y tae F=mv /2
—pacnpenenenne @epmu-Aupaka 1 e 7< 15T Ve P4
b e i —1 1+1 ! T,1 t=>p=p,+al
npoenman = kil o kil =—+—; —~T,I =const, = .
[_—J.sr. 22.10 Ecmu (W—F)/ka>>1,Tof(W)—e__re "l <I> 1, 1)1, » 0 .
Ocob6eHHOCTN 30HHOIN CTPYKTYpPbl AU3NEKTPUKOB, .
NonynpOBOAHMKOB 1 MeTansos. O6bacHeHNe |_|pOI/ICXO)K,IJ,eH mne Gd)(beKTVIBHOVI O6bsicHeHWe 3akoHa BuaoemaHa-PpaHua B pamkax
NpPOBOAMMOCTM TBEPAbIX TN C MOMOLLIbIO 30HHOW TEOpUM. Macchbl SJ'IeKTpOHOB KBAHTOBbIX NPEACTABMNEHMIA.
Forbbla — l 2 2 2y A 2 2
: W=U+—(p;+p,+p.)=W(p). X 2mv; myy 12 k,T
ey 2m ] T=——"-¢, TOe =F, ¢, =—k;
A 3 e 5 F
 Foicill AP iyl B meranie BOmm3u JTHA 30HBI MPOBOAUMOCTH Z 4 mv; / 2 4 F 12 kET 16 kEZ
LA L (p orcuMTBIBaETCS OT P, ) TET T G =Tk =—— T
) ) ) A 3 e 3e° 5 F 5 e
- Low , 1ow , 1ow , —
W=W(E)=W(0)+ s plt o ool 4 = a
Fary ! Op: ! p; ! Op;
i, 1/m, 1/m
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Nekuusa 23.

MonynposoaHukn. CobCTBEHHasA U NpuMecHas
NpPOBOAMMOCTb MONYNPOBOAHMKOB. [oNynpoBOAHUKN p-
1 n-tuna .p — n-nepexop. NpumeHeHne
nosynpoBOAHUKOB: MOMYyNPOBOAHVKOBbLIE ANOAbI,
TpaH3uCTopbl, hoToAMOoAbl, POTOPE3NCTOPSI.

KoHTakTHble siBneHusi. KoHTakTHas pasHocTb
noTeHunanoB. TepmMoaneKkTpuyecTso. TepmoasmnxyLlas
cuna. Tepmonapbl. ekt MNenbThe. ABneHve
TomcoHa.

CsepxnpoBoanmocTb. OCHOBHblE CBONCTBA
CBepXMNpoBOAHNKOB. MarHuTHasi UHAYKUMUs BHYTPU
cBepxnpoBogHuka. ekt MelicHepa. Kputuueckoe
none. BelcokoTemnepaTtypHasi CBEpXNpOBOAMMOCTb.
[MprMeHeHMe cBEPXNPOBOAHMUKOB.

23.1

MonynpoBoaHukn. Cob6CTBEHHas 1 NpuMecHasi
NPOBOAMMOCTb MOMYNPOBOAHMKOB.
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CobcrBeHHas
IIPOBOAMMOCTD

MOYPOBOJIHUKOB

Boamuxmopemse  anexs
TRUNA NABOIMMOCTIE B MPER B
PEMETRE KpeMIEE

ITpumeceas MpOBOAMMOCTH HOIYTIPOBOIHUKOB.

l'[onynposozmnku p- 1 n-TUIa.
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p — n-nepexoa.

! MpumeHeHne nonynpoBoAHUKOB. [onynpoBoAHMKOBLIN Ao, [NpumeHeHne NonynpoBOAHNKOB.
L0000 p ynpoBoj, yrpOBOA avop p ynp
00CPOPQY ; .V BunonsipHble 1 nonesble TPaH3UCTOPbI.
Q‘E)Q 9&@@@@_@ i:i(e/‘TT_l) P n Fi
Q00000000 ® ) —
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— 3 K 5 . YCHUJIEHUS 10 TOKY
It~ tn N
W, W, = —
ii“/ﬂ a=0,98-0,99.
TS/ ololc]
Cxema repuaninno- & 5
0 BRNPAMATEAR T - g LEN SN
Snesrpuccxst rox 8 p 234 " 235 e ’ 23.6
. ” . Tononorus nonynp 0BbIX 3anC YCTpOWCTB:
— 1. St a) MHOM-TpanaucTop; 6) MOM MNT ¢ nnaBalowmm 3aTBOPOM q)OTO,EWIO,D,bl, (bOTOpesl/ICTOpr .
lc G ’(_7 W o i
ofmacrs — [C npoBoAHi | G0 | Memann Al
| kaman 5 poana | "
\ profiaacre - — - aliyen Sl
e —ors :
! -
(1 a & ; .
. YCTpOIiCTBO NONEBOro TpaHaucTopa ¢ Memann Al 3ﬂpﬂAKa nnasawuwiero l |[|I
! n__tb" ____U"' YNPaBASIOLMM P-N NEPEXOAOM Okucen Si0. 3aTBopa ocyulecTBnseTcsa
b) a) i — MNnagaiowul Sin ;Zn%;’:g%’ :I) :_: ':17)':'(6 - CTpykTypHas cxema dotoguoga. 1 —
| 5 (i i | 3amsop AT KOMHaTHOM TeMnepaType KpUCTanm nonynpoBOAHUKE; 2 —
50 eruna | Si n-rana | —noC ey Lo KOHTaKTbl; 3 — BbIBOAbI; ® — NOTOK
— — ANEKTPOMAarHUTHOrO nUanyyexus; E —
WCTOYHUK NOCTOAHHOIO TOKa; RH—
YCTPOMCTBO NONEBOro TPAH3NCTOPa C M30NMPOBAHHbLIM 3aTBOPOM. Harpyska.
23.7 6 23.8 23.9

KoHTakTHble fBnenms. KoHTakTHas pasHOCTb NOTEHLMAoB.
[2,§198]

U,=U,-U,, eU,=0,-0,,

rae ©, u @, - paboThI BBIXOA.

Puc 336 Ilpu conpukocHOBe-
HHH OBYX DA3JIHYHBIX METaJJIOB
BO BHENIHEM TPOCTPANCTBE IO-
ABNAETCA JIEKTPHYECKOE IoJIe, &
Ha TOBEPXHOCTH METAJLIOB BO3-
HUKAI0T 3apASbI

Puc 337. Ilpu coenumenuu He-
CKONMBKHX NpoBomimKoD (1, 2, 3, 4)
INEKTPUUECKOE 1104e MEXKJY CBO-
GOZHBIMH KOHUAMH 1IEMH ONpesne-
JNSTETCA TONBKO KPaHUMH IPOBOI-
nuxamu (1 v 4)

23.10

Puc. 339. Suepreruueckas gparpaMma ABYX META/UIOB: 6 — KOHTAKTa HET; § —
KOHTAKT €CTb, HO HET PABHOBECHS; 6 — PAaBHOBECHE

3zieck W, — 5Heprus NOKOSIIErocs NIEKTPOHa B Bakyyme, v, =W, —E, u y, =W, - E_, —
rTyOHHA TTOTEHIMATBHEIX AM (9IEeKTPOHHOE CPOACTBO JAHHOTO BemecTsa), FF—E =¢ -

XUMHYECKUI TIOTEHUMAJT DJIEKTPOHOB.
O =W,-F=x-&, ©,=W,-F,=x,-¢,
—el, —(—eU2) = (Zl _é:l)_(;(z _52) =0, -,

EUliz :e(¢1 _(pz):é _(:JZZ'
23.11

TepmoanekTpuyecTBo (aBneHne 3eebeka 1821r.).
Tepmogsmxywas cuna. [2,§199].
@, 9 -

i

AE =(a, —a,)AT. Puc. 341, w e, wa puc. 340, npu
T=T ()umpn T, > T (6)

AE = a,AT — 1epmo-DJIC Kak10ro NPOBOIHMKA.
a=d< | dT — muddepenumnansuas epmo-3JIC, (kodddurment tepmo-3/C).

f::ka,—az)dT; =& =(o,—a, (T, - T).

MeTain a — apy, MxB/K Metamn a — ap, MxB/K
BucmyT —65,0 Cepebpo +7,10
Koncranran —34,4 Mens +7,40
Hukens —16,4 Keneso +16,0
Tlasnamuit —5,60 CypsmMa +47,0
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Tepmonapsl. [2,§202].
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Puc. 347. Cxema TepmobaTapeu

Puc. 346. Cxema ycrpoiicTa
¥ BKIIIOYEHUST TEPMOIAphl

AddekT MNenbTbe. [2,§200]

Qn = Ilg = Ilit.
P= -%(W.(—e«p) ,tne N =j/e
Gn= (- P)St=" (W~ W) el - ot

T =  [(Wea — W) + €01 — 2]

J17151 HEBBIPOXKAEHHOTO IICKTPOHHOTO

rasa WKI =Wei= I, = (9, —9,) =U),.

F--

Puc 342 HaGuonenne sdidexra
TTensThe

Py

&

© P2

EL‘2

—=93)

:e(‘Pl
7

Puc. 343. K onpegemenuo Tera Ilennb-

ThE I/ ABYX MetasroB npu T = 0
JUJ1st BBIPOKJICHHOTO 3JICKTPOHHOIO
rasanpu T =0 W, =F—E, =&,

W =F-E,=¢. Hoe(p,—0,)=¢ =&,
nostomy I, = ¢ '[(&, = &)+ (& = &)1 =0.
Ecmu T #0, To 1T, #0.

23.13 23.14 23.15
AsneHne ToMcoHa. T T+dl CBepxnpoBoAMMOCTb. OCHOBHbIE CBOMCTBA CBEPXMPOBOAHUKOB. MarHuTHas MHAOYKUMA BHYTPU CBEPXNPOBOAHUKA.
BhicokoTemnepaTtypHas CBEPXNPOBOAUMOCTb. aq)d_-)eKT MeVICCHepa. KpVITVNeCKOG none.

# 1 |7
% // -~ W/////% P P+dP SBneHne CBEPXNPOBOAMMOCTH 6biNo OTKpbITo KamepnuHr-Oxrecom B 1911 rogy. B

/‘V q - —_— Mepexopn BellecTBa B CBEPXMNPOBOASILLEE COCTOSIHUE B OTCYTCTBUW BHELLHETO f
// % 7 Jj MarHUTHOTO Morst SIBNSETCs (ha3oBbIM NEPEXOLOM 2-T0 POAA, B MPUCYTCTBUM NOMS — L | \
é / —————dT/dx / - 1-ro poga. HanbonbLue 3HaveHun KpuTndeckoin Temnepatypsl (Ao 1986 roga) 1| p— e ! !
% /J / Y 6bINo y coeanHEHUI HMOBMA U repmanus 23,2 K. : :
//"v 4 & . ; i

- a

o W) X ox 7 y z N

Puc. 345. K obOwbacue-

Puc. 344. Habmogerue schdexta Tomcoma
Huio Ternna ToMcoHa

dT
% = Ud—J — audd. dopma zakona, Q, = oATit —uurerp. hopma 3akona,
X

Or _ P(x)—P(x+dx) _ dP(x)inWKiniy)
AVt dx dx e dx dx’
dw, _dw, ar._ o _J dW, dT

dv  dT dx’ AVt e dT dx

+JE.
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1 Critical Teasperatmes for
ol / [T S ———
Macerial Tak)
HgBa=CazCiaxOs

! Tl CarCar
e —1 e Bt~

VBazCusiy

Nyl

NinSa 15,05
Nb D46
P 718
Hg LR
S 25
Al (NC)
# [

i 1

Hoeanwmend rposodiux

d~10"cm

Puc 256 MareuTHAA MHIYKUMS
TIPAMOrO IPOBOAA B CBEPXIPOBO-
JASIUIEM COCTOSHUHA

-0 -©

Cogparposoiiay I poda
Ykaxem Ana npuMepa, uTo y oqosa npu 1 K Hyp cocrasnser

okozo 2- 101 A/wm. TloaToMy s QOBSHHOIN MPOBOJOKH JHAMETPOM
2a = 3 MM KPHTHYECKA CHJIA TOKA NPH 3TOH TeMIepaType PaBHA

ixp = 2mafyp = 2m-1,5-107% - 2. 10% = 180 A. 23.18

Hoperesenas gesa )
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7 L

Ecau dakrop dpopmsr S # 0, To 0Opaserr CBEpPXIpPOBOAHUKA
NepBOro pojia NepexouT B HOPMaJIbHOE COCTOSHUE YACTAMHU
(nomenamu). CBepXIpPOBOJHUKH 1-I0 poJa ¢ MOI0KHUTEILHOR

TOBEPXHOCTHOMN SHEPruei, 2-ro poa - ¢ OTpULATETBHOM.

23.19




