A.H. OrypuoB

OU3SUKA ONA CTYAEHTOB

YacTb 4

‘ MAITHETU3M I

OUTLINE of PHYSICS for STUDENTS

https://sites.google.com/site/anogurtsov/lectures/phys/

2013

[MonHoe nunn YacTMyHoe KoNMPOBaHWE N TUPAXMPOBaHWE TEKCTa B HEKOMMeEPYeCKnx obpasoBaTernbHbIX Liensx pa3peLuaeTcs n npmnBeTCcTByeTCA. AsToOp.



4-2

Maz2HumHoe none

1. OCHOBHble 0COGEHHOCTU MAarHUTHOIO NoJns

B 19 Beke onbITHbIM NyTEM ObINM MCCNeaoBaHbl 3aKOHbI B3aVMOAENCTBUSA
MOCTOSIHHBIX MarHUTOB W NPOBOAHMKOB, MO KOTOPbIM NPOMYyCKancs 3MeKTPUYecKui
ToK. OnbiTbl Nokasanu, 4T0 NOAOGHO TOMY, Kak B MPOCTPaHCTBE, OKPYXaloLleMm
aneKkTpuyeckne 3apsdbl, BO3HMKAET 9feKTpocTaTtuyeckoe nome, Tak U B
NPOCTPAHCTBE, OKPYXaloLeM TOKW W MOCTOSHHbIE MarHuTbl, BO3HWKaeT CUMoBOe
none, KOTOPOE Ha3blBAETCA MagHUMHbIM.

Bbinu ycTtaHoBNeHbl ABa 3KCnepuMeHTanbHbiX dpakTa:

1) mazHumHoe rone delticmayem Ha 08UXyujuecs 3apsiobl;
2) dsuxyuwuecs 3apsdbi co3darom MacHUMHOE rore.

OTMM MarHuTHoe none CyWweCTBEHHO OTNMYaeTcs OT 3NeKTpoCTaTUYeCcKoro,
KOTOpOe AeVCTBYET KaK Ha ABUXKYLLMECSH, TaK U Ha HENOABWKHbIE 3apsabl.

MazHumHoe none He delicmeyem Ha rokosiuuecs 3apsiobl.

OnbIT nokasblBaeT, YTO XapakTep BO3OEWCTBMSA MarHUTHOTO MNOMS Ha TOK
3aBucuT ot (1) ghopmbl NPOBOAHMKE, MO KOTOPOMY TEYET TOK; OT (2) pacronoxeHusi
NpoBoOAHUKa 1 OT (3) HarpaseHus Toka.

2. Pamka c TokoM. HanpaBneHne MarHUTHOro nons

AHanorMyHo TOMY, KakK NpW WCCNegoBaHUWM 3MEeKTPOCTaTUYeCcKoro nons
MCMONb30Banca TOYEeYHbIN NPOGHLIA 3apad, NpY UCCNefoBaHUM MarHWTHOIO Mons
MCNONb3yeTCca 3aMKHymbIU MI0CKULU KOHMYP C MOKOM (pamMKa C MOKOM), NNHEWHbIE
pasmepbl KOTOPOro Marbl MO CPaBHEHUID C paccTOsHMEM A0 TOKOB, obpasyroLimnx
MarHuTHoe norne.

OpueHTaums KOHTypa B NPOCTPaAHCTBE XapakTepusyeTcsi HarpaBrieHnem
HoOpMasnu 1 K KoHmypy.

B kavecTBe nosioxxumesibHo20 Harnpasie-
HUsi HOpMasiu nNpUHMMaeTCs  HanpaBsrieHue,
CBsi3aHHOe C TOKOM fpaeusioM rpaeo2o0 euUHma
(npasusiom 6ypaeyuka):

3a _nonoxumernsHoe HanpasneHue Hopmanu
fpuHUMaemcsi HarnpassfeHue nocmynamesibHo20
08UXEHUS Mpasoeo 8UHMa, 20/108Ka KOMopo2o
gpauwjaemcsl 8 HarnpaefieHuU moka, mekyu,eso 8
pamke.

MarHuTHoe none okasblBaeT Ha paMmKy C
TOKOM OpWEeHTUpYyloLLlee AeilcTBue, nosopaynsas

'n ee onpegeneHHbIM o6pa30M. 370 CBOWCTBO
1 ncnonb3yeTca ansa Bbl60pa HanpaesieHus
N/ Ma2HUMHOoeO r1oJiA.

3a HanpaeneHue Maz2HUMHO20 Mons 8
OaHHOU mMOoYKe npuHUMaemcsi HarnpaeneHue, 800/l KOMOPO20 pacrosfiazaemcs
rnionoxumesibHasi HopMmarb K €80000HO 008eWeHHOU paMKe C MOKOM, WNnn
HanpasreHve, coBnajallee C HanpasneHnem Cunbl, ENCTBYIOLLEN HA CEBepHbIn
nontoc (N) MarHUTHOW CTPEenku, NOMELLEHHbIV B AAaHHYIO TOYKY MOns.
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3. BeKkTOp MarHUTHOW MHAYKUUU

BpaluaroLmii MOMEHT Cumn 3aBUCUT Kak OT CBOMCTB MONSA B JAHHOW TOYKe, Tak u
OT CBOWCTB paMKu C TOKOM U ONpeaenseTcsi BEKTOPHbIM Npon3BeaeHnem

M =[p,,B],
raoe ﬁm — 8€KMOop MacHUMHO20 MOMEH-

ma pamku Cc TokoM, B — eekmop
MazHumHol  uHOYKYuu — cunosas
XapaKkTepucTuka MarHuTHoro nonsi. [lo
onpeaeneHnio BEKTOPHOro Npou3BeaeHUs!
cKkansipHasi Benu4ynHa MoMeHTa

M =p,Bsinao,

rAe O — Yron Mexay BekTopamu p,, 1 B.
[lnsi Nf0CKOro KOHTypa ¢ TokoM / MarHUTHbIA MOMEHT onpegesnsieTcs kak
P, =151,
roe S — nnowanb NoBEPXHOCTU KOHTYpa (pamMku), 7 — eAUHUYHBIA BEKTOP HOpManu

K MOBEPXHOCTU pamku. B aToM crnyyae BpallaroLwmin MOMeHT M= IS[ﬁ,E’].

Ecrn B OAHHYK0 TOYKY MArHMTHOro nosid nomMmelwiaTtb pamMkm C pasfinyHbIMU
MarHMTHbIMKU MOMEHTaMW, TO Ha HUX ,D,eVICTByIOT pas3nunyHble Bpallaroine MOMeHTHI,

Mmax
HO OTHOLWEeHne ———— OnA BCeX KOHTYpPOB OHO U TO Xe.
P
AHanornyHo TOMY, KaKk CuUNioBaa BEKTOPHaA XapaKTepucTuka anekTpocTtatnye-
CKOro nonga — HaI'IpFl)KéHHOCTb — onpeaensnachk Kak cuna, JencTeyloLlasa Ha I'IpO6HbIl;1
3apan, cusioeasl xapakmepucmuka Ma2HUMmMHoO:20 rnoJsiss — MmagzHUmHasi undykuu;l

B — onpedensemcsi makcumarbHbIM 8pawjalowuM MOMEHMoM, delicmeyouum Ha
paMKy C MagHUMHbIM MOMEHMOM, pasHbiM eOuHuue, Ko2da Hopmarib K paMKe
rnieprieHOUKynsipHa HarpaeeHuro rnosis.

[pachmnyeckn marHuTHOe none, Tak e Kak anekTpuyeckoe, u3obpaxalT C
NOMOLLbIO JIUHUL Ma2HUMHOU UHOYKUUU — NWHWIA, KacaTenbHble K KOTOPbIM B

Kakgol Touke COBMaaaloT C HanpasreHnem Bektopa B.

JluHUU mMa2HUMHOU UHOYKYUU eceada 3aMKHYymMbl N OXBaTbIBAOT NPOBOOHUKN C
TOKOM, B TO BpeMsi KaK JIUHUU 371eKmpocmamu4ecKko20 osfis — pa3oMKHymbl (OHU
HaYMHaKTCS Ha NONMOXMTENbHbIX U 3aKaHYMBAOTCS HA OTPULATENbHBIX 3apsiaax).

4. MakpOTOKU U MUKPOTOKM

B panbHenwem ™Mbl OygeM pasnuuatb MakKpoOCKOnu4Yeckue moku, T.e.
3NEeKTpUYECKMe TOKW, NpOTEKalolwme Mo NPOBOAHMKAM B 3NEKTPUHECKUX Lensax u
MUKpOCKOonu4eckue moku, 00yCnOBMNEHHbIX ABWXEHWEM 3MIEKTPOHOB B aTomax M
MoOreKkynax.

HamMarHM4eHHOCTb MOCTOSIHHbIX MarHUTOB ABMSIETCS CreaCcTBMEM CyLLECTBOBa-
HWEM B HUX MUKPOIMOKOS.

BHellHee marHuTHOE none okasbiBaeT OpUEHTWpYloLLee, ynopsgoynsaoLlee
OencTBME Ha 3T MUKPOTOKW. Hanpumep, ecnn BGMM3nM Kakoro-to Tena NoMecTUTb
NPOBOAHMK C TOKOM (Makpomok), TO noa [JeWCTBMEM €ro MarHWTHOro nons
MUKPOMOKU BO BCEX aTOMax onpeaenéHHbiM o6pa3oM OpMEHTMPYIOTCS, Co3aaBas B
Tene 0ornosIHUMesIbHoe MarHUTHoe norie.
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BekTop MarHUTHOW MHAYKUMKM B xapakTepusyeT pesysibmupyouee MarHutHoe
rnorne, Co3laBaeMoe 8CeMuU MaKpO- U MUKDOMOKamU.

MoaTomy, Npu OOHOM U TOM X€ MaKpOoTOKe, BekTop B B pasnunyHbIX cpegax
OyOeT MMeTb pasHble 3Ha4YeHus!.

MarHuTHoe none MakpoToka OMUCLIBAeTCS 6eKMOPOM HarnpsiKEHHOCMU
mazHumHozo nons H .

B cpene mMarHUTHoe nosie MakpOTOKOB YCUIMBAETCS 3a CHET MoMs MUKPOTOKOB
cpeabl.

5. CBA3b mexay E’Aﬁ
[na ogHOpPOAHOM M3OTPOMHON Cpefbl BEKTOP MarHUTHON UHOYKLUUK
= HoH
rae o — MarHuTHas NoctosiHHas (cm. n. 12), | — MagHuUMHasi NPoHUyaeMocms
cpedbl (n.39), GespasMepHass BeNM4YMHA, MNOKasbiBalOLlas, BO CKOMbKO pas
MarHuTHoe nore MakpoTokoB H ycunvBaeTcsi 3a CHET MO MUKPOTOKOB Cpefpbl.

6. Nogo6ue BEKTOPHbLIX XapaKTEPUCTUK INEKTPOCTAaTUYECKOro U MarHMTHOro
nonen

BekTop MarHuTHOWM UHAYKUMM B — aHasoz BekTopa HanpspkEHHOCTM 3MEeKTPo-

cTaTuyeckoro nons E. 3T BENUYMHbLI onpeaensiioT CUoBble AeACTBUA 3TUX Nonen
1 3aBUCAT OT CBOWCTB cpefbl.

AHarnozom BEKTOpa J3NneKTpuyeckoro cmeulleHuna D aBnsetca BEKTOpP

HanpskéHHocTn H MarHuTHoro nons.

[na marHWTHOro nons, Kak WU Ana 3reKTPUYEecKoro, cripaeedsiue npuHuun
cyneprno3uyuu: MarHWTHasi WHOYKUMS pes3ynbTUPYHOLWEro rMons, co3faBaemoro
HECKONMbK/MU TOKaMu UM ABWXKYLUMMWUCS 3apsiiamy, paBHa BEKTOPHON cymme
MarHUTHbIX WHAOYKUUA MONein, co3daBaeMblX KakAabIM TOKOM WM ABWXKYLLMMCS
3apsaoMm.

7. 3akoH Buo-Casapa-J/lannaca

OnemeHT nposogHuka d/ ¢ Tokom [ co3naét B
HEKOTOpoW Touke A MHAYKUMIO nons

dE:MZ[dl’r]
An 3

raoe 7 — paamyc-BeKTop, NpoBeaEHHbI 13 anementa d/
NPOBOAHUKA B TOYKY A.

)

Hanpasnenve d B nepneHgvkynspHo d/ wn 7, n
COBMajaeT C KacaTenbHOW K JIMHUM  MarHWTHOW

nHaykumn.  Mopaynbe  BekTopa dB onpegensieTcs
BblpaXXeHNeM

deMIdlsmoc,
4 2

roe oL — Yron mMexgy BekTopamu din7.
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8. MarHuTtHoe nosie NPAMOro Toka
Tok Te4yéT no npsmomy npoBody OGECKOHEYHOW ANWHbI.

o B kayecTBe NOCTOSHHOW UHTErpUpoBaHusi BbibepeM yromn o .
4 R rda
di rda N3 pucyHka r=——, dl=——.
sino sina
r ! wl
1
da' CnepoBaTenbHo dB= Ho ——sinoda.
l o 4nR
J R Yron o Ana  BCeX 9NeMeHTOB NpsMOro nposoga
X namensietcs ot 0 go 7. Mo npuHUMNy cynepnosuumm
- = | 2[ N
dBB B= de “0“ J'smad(x Hokt 22 o~
| 47 R o \s
| BEREN
Ecnu Tok Te4€T no oTpesKy nposoaa (Cm. pl/lcyHOK), T0 A N DB
1 R 4
=B~ (coso, - cosar,). K
T R /
Ota copmyna nepexoaut B dopmyny Ans OeckoHe4yHoro R
AJMHHOTO MpoBogHuka npu o, =0, a, =T. jaz
9. MarHuTHOe none B LIEHTPE KPYroBOro Toka '
B paHHOM cnyyae croXeHuWe BEKTOPOB MOXHO 3aMEHUTb
dl CroXeHnem ux moaynen, yuutoieaa sinoa=1un r=R,
1
- dB= Holt —d/, oTKyaa
dB,B 41 R2
I

1
B:JdB Holt Jd HOH 5 2R = Holl—
4n 4n 2R
MoXHO nokasaTb, YTO Ha paCCTOf—IHMVI r ot ueHTpa BWTKa BOOMb OCU BUTKA
2
_Mon IR

> ()

Hal'lpﬂ)KéHHOCTb MarHMTHOro nonsd, co3gaBaeMoro KpyroebiM TOKOM, Ha
GOSIbLLOM PaCCTOSAHUMN OT BUTKA C TOKoM (7 >> R)
1 o B IR _IR-2m_20-7R’_2IS _2p,
P Mokt 2r 23 on 4m? 3
rae p,, = 1S — MarHuTHbI MOMEHT BITKa C TOKOM.

CpaBHum 3Ty  cdopmyny c  copmynon  ans
3MNEeKTPUYECKOro Mons AWUNons (C 3NeKTPUYECKUM AWMNONbHbIM

S @ MOMEHTOM p, ) Ha ocu aunons (cM. 3—n.13)
P=lqll 1 2 2
: D=gycE =¢ye De _ “Pe
0 0 3 3
4ngge 1 4nr
OuyeBuaHoe nogobue aTMx opMyn OBBLACHSET, NOYEMY 4YacTo FOBOPSAT, YTO
KOHTYp C TOKOM nogobeH "MarHMTHOMy Ounornio”, MMelLwemMy paBHbIi C KOHTYpPOM
MarHUTHbIA MOMEHT.

MarHuTHoe none 6y,£l,eT paBHO

47tr 4mr?
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10.3akoH Amnepa
[enicTBne MarHUMTHOrO MOMS Ha paMKy C TOKOM — 3TO MpuMep BO3OENCTBUSA

MarHUTHOrO MoMnsi Ha MPOBOAHMK C TOkOoM. AmMnep yctaHoBwn, yto cuna dF, c
KOTOPOM MarHuTHoe ronie AencTByeT Ha anemMeHT nposoaHuka d/ ¢ Tokom,
HaxoAsiLierocsi B MarHMUTHOM More, paBHa

- dF =1[dl,B],
- B .
F roe d/ — BekTtop no moaynio pasHbin d/ 1 coenagaoLmit
I o Hanpaenenuio C TOkOM, B ~— BEKTOp MarHWUTHOVA
. VHAYKUNN.
HarnsgHo Hanpaenenue cunbl Amnepa MNpUHATO
onpeaensaTh no npaeusty seeoli pyKu: ecriu nadoHb regoll

f PYKU pacronoxums mak, Ymobbl 8 Heé exodun sekmop B,
o a uemsbipe 6bIMSHYMbIX anbya pPacronoXums Mo
HarpaenieHut moka 8 [pPOBOOHUKE, MO OMO2HYyMmbIl

bonbwol naney rnokaxem HarpasneHue cunbli Amnepa.

11.B3aumogencrBue napannesibHbiX TOKOB

3akoH Amnepa npuMmeHdaeTca anda onpepeneHna cunbl B3aMMOENCTBUS AByX
TOKOB.

Oea napannesnbHbIX NPOBOAHMKA C TOKaMu Il n [2 HaxogATcA Ha pacCToAHUN

R npyr ot gpyra. Hanpasnenve cun dF; v dF,, c kotopbimu nons B, u B,
DeNCTBYIOT Ha MPOBOAHWKM C Tokamu [, U [}, onpenensoTcs No Npasuny NeBoi

pyKu.
IT B =PH2L e 1Bl
1

4t R

Ortciopa: d :%ﬁdl. AHanornyHo
i

B, =M%, dF, = 1,B,dl,

4n
4 dF, :wzl;lzdl. Takum o6pasom:
Bz R 4 R

201
dF =dF, =dF =Ho =4ds 47
1 2
4t R
npOBO,D,HMKVI C TOKaMn 0OUHaKo8020 HanpaeneHua rnpumsaasuearkmecs, C TOkaMu
pPal3Hoco HanpasleHna — ommarsikuearomcs.

12.MarHuTHasi NOCTOsAHHasA

B cucteme CW eguHuua wn3mepeHusi cunbl Toka — amnep — BMecTe C
KAoOrpaMmoM, MeTPOM UM CEeKyHOOW sIBNsSieTCA  OCHOBHOM  eguHuuen. [Mo
onpeaeneHvnio "amnep ecme cuna HeU3MeHsIIoU,e2o0cs moka, Komopbil, Mpoxods Mo
08yM napannesbHbIM PSMONUHEUHbIM PO8OOHUKaM b6eCKOHeYHOU OnuHbl U
HUYMOXHO MaJio20 Kpy208020 CEeYeHUs, pacronoXeHHbIM Ha paccmosiHuu 1 mempa
00uH om Opyz2020 8 BaKyyme, 6bi38asi bbl MexXOy amumu MPOBOOHUKaMU Cusly,
pasHyio 2-107" HbIOmOHa Ha KaxObili Memp AnuHb!".

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

B Bakyyme (L =1) cuna B3auMoAeicTBUSI Ha €AVHNLLY AJMHBLI MPOBOAHMKA
dF _ pon 2411
4l 4n R
dr

npu I, =1,=1Aun R=1m: W=2-10’7 H/m. OTciopa

0’ I'n

)

7 H
o =4m-107 — =4n-1
A M
roe reHpu (MH) — eanHMua NHAYKTUBHOCTM — ByaeT onpegeneHa B nN.32 (cTp. 4-17).

13. EQUHMLIbI MarHUTHOW UHAYKUWU W HanpPs)KEHHOCTW MarHMTHOrO Nons
MycTb anemeHT npoBoaHuka d/ ¢ Tokom [/ NepneHaMKynsipeH HanpasreHWo
marHutHoro nons. 3akoH Amnepa d F = I[Bd/, otkyna
1dF
B=——.
1 d/
EavHMua MarHUTHoW uHAykuum B — Tecna (Tn) — marHutHas MHOYKUUS

Takoro OAHOPOAHOrO MarHWTHOrO MOris, KOTOpoe AeNcTByeT ¢ cunon 1H Ha Kaxabiv
MEeTp ANWHbI NPSIMOSIMHENHOrO MPOBOAHMKA, PACMOSIOKEHHOTO NEPNeHANKYNSPHO

H
HanpasneHu o Nonsi, eChv Mo 3TOMy NPOBOAHMKY npoxogut Tok 1 A: 1 Tn=1——.
‘M

B
M3 cbopmynel B = LgLH B Bakyyme (i =1) nonyunmm H =—.
Ho
EpvHMua HanpsikEHHOCTM MarHuTHoro nona ' — amnep Ha metp (A/m) —

HanpsKEHHOCTb TAKOro NOSS, MHAYKLUMS KOTOPOro B Bakyyme pasHa 47 - 107 Ta.

14.MarHuTHOe none cBo604HO ABMXKYLerocs sapsiga
[MpOBOAHUK C TOKOM CO3[aET BOKPYr cebst MarHUTHoOe nose. SNEKTPUYECKUIN TOK

— 9TO ynopsifoYeHHOEe ABWXEHWEe aneKkTpudeckux 3apsgos. MaruutHoe none B
TOYEYHOro 3apsiga ¢, CBOGOLHO [ABWXKYLLErocsi C MOCTOSHHOW HEPENATUBUCTCKOM

ckopocTelo U (v < ¢)

- U,7 v .
B bomdl : 1) B=“°“q—2sma,
47 r 47 r
roe 7 — paguyc-BEKTOp, NPOBEAEHHBIN U3 3apsaaa ¢ K ToUKe HabnodeHns, oL — yron
mMexay U u F.
15.Cuna JlopeHua
Tak e Kak U Ha MNPOBOAHWK C TOKOM, MarHuUTHOe rMorfie OeicTByeT M Ha
oTAenbHbIN 3apsagd, ABUXKYLLMIACA B MarHUTHOM rore.
Cwuna, felcTByloLlas Ha 3NeKTPUYECKUN 3apsaf, ¢, ABUXKYLLMIACS B MarHUTHOM
none B co ckopocTbio U, HasbiBaeTcs cusnoli JlopeHya
F =q[v,B]
wnm F =quBsina,
roe oo —yron mexay U v B.

MarHeTtunam
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[MpOBOAHUK C TOKOM CB0604HO ABVMXYLLMACS 3apag,
5 _ Mou I[d7,F] 5 _ Mok g[U,7F]
MarHuTtHoe none dB= 3 B= 3
41‘[ 7 475 r
3akoH brno-Casapa-/lannaca
_ Cuna, dF =1[d/,B] F =4l[v,B]
Aencreyiollas Ha cuna Amnepa cuna JlopeHua

Hanpaenenve cunbl JlopeHua, Tak e Kak u
cunbl Amnepa, onpegensietcsa no npasuny neeol

F
pyku. Cuna JlopeHua Bcerga nepneHauKynspHa
CKOPOCTM ABWXKEHUS 3apsKEeHHON YacTuubl. MNoaTomy
v ¥ OHa M3MeHSsieT TOMbKO HampaBneHue 3TON CKOpPOCTH,
. He wu3MmeHsis eé& mopayns. CnepoeaTtenbHo, cuna

B B JlopeHua paboTbl He coBepLuaeT.
F lMocmosiHHOe Maz2HUMHOE ronie He cosepuwiaem
pabombl Had Osuxyuwjelcsi 8 HeMm 3apsKkeHHoU

yacmuuyel U KuHemu4yeckasi 3Hepausi amou Yacmuubl rnpu 08UXeHUU 8 MagHUMHOM
rone He U3MeHsIemcs.

[BmKeHVe 3apsiga, Ha KOTOpbIA KPOME MarHUTHOrO Monsi ¢ uHaykuvein B
OeNcTByeT 1 aNeKTprUYeckoe nose ¢ HanpshkEHHocTblo £, onuckiBaeTcs dhopmynoi
JNlopeHua

F =qE +q[0,B].
16. dBMXXeHue 3apsKeHHbIX YacTUL B MarHUTHOM none

Cuutaem, 4TO MarHUTHoe nosie OOHOPOOHO W Ha YacTuubl He LEeNCTBYHT
anekTpuyeckme nons. PaccmMoTpum Tpu BO3MOXHbIX Crlyyas:

1. l7||B — 3apshkeHHas yacTiua ABWXKETCA B MarHUTHOM Mofie BOOMb NUHWIA

MarHMTHOM MHAYKUMK (yron o. mexay Bektopamu U u B pased 0 vnm 7).
Cuna JlopeHua paBHa Hyno. MarHUTHoOe mone Ha 4YacTuly He OelcTByeT, U oHa
[BWXETCH pa@HOMEPHO U MPSIMOIUHEUHO.

2. U 1 B — 3apshkeHHasi yacTuua OBWXKETCA B MarHUTHOM Morie nepneHamky-
NAPHO NUHMAM MarHUTHOM MHAYKUMK (yron ao=T/2).
Cuna JNopeHua F =quB: noctosiHHa no Moaymnio U HopMaribHa K TpaekTopuu

Yyactuubl. Yacmuuya 6ydem deuzambcsi N0 OKpPyXKHOCMuU paguyca R C LeHTpo-

2 2
mvu

v
CTPEMUTESIbHLIM YCKOPEHMEM a, :E. 7K} BTOpPOro 3akoHa HbtoToHa qUBZT

mu 2R 2mm
nonyyaem paamyc oKpyHocTM R =—— u nepuof BpatleHns 7 = ——=——.
qB v qB
3. 3apskeHHass yacTvua [OBWXETCA Mog YoM O K JfIUHWSIM - MarHUTHOM

VHOYKUWN.
[BwxeHVe YacTuLbl MOXHO NPeACTaBUTb B BUAE CYMMbI 08YX O8UKEHUU:
1) paBHOMEPHOro NPSIMONMHEHOTO ABUXEHUS BAOIb MO CO CKOPOCTHLIO

Yy =vceosa,
2) paBHOMEPHOTO ABWKEHWS MO OKPYXKHOCTU B NIOCKOCTM, NEpneHaMKyNspHO Nosto.
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CymmapHoe [nBukeHue 6yOeT OBUXEHVMEM Mo
cnupanu, ocb KOTOpPOW napannenbHa MarHUTHOMY

nomto. Lar BUHTOBOM NMUHUKN A :UHT =vT cosa., roe

2nR my
T =—— —nepvop BpaLleH1s 4acTulibl, N R =—
v qB
e 2mmuv cos o
@B

Ecnn  marHutHoe none HeogHopoaAHO U
3apsaXXeHHaa YacTtuua OBMXEeTCA noA yriom K JIMHUAM
MarHMTHoro nona B HanpaslleHUWU BO3pacTaHnAa

nonsi, To BenuuMHel R ¥ h yMeHblualoTcs ¢ poctoM B. Ha atom ocHosaHa
(hOKYCMPOBKa 3apsKEHHbIX YacTUL, MarHUTHBIM MOMeM.

17.3ddekT Xonna

AdbdhekT Xonna — 3mMo 803HUKHOBEHUE 3/1€KMPUYECKO20 071 8 MPOBOOHUKE
unu rnosnynposooHUKe C MOKOM MpuU MOMEWEHUU e20 8 MagHUMHOoe rore.
Oddekt Xomma - cnegcteve BAMsSHUSA cunbl JlopeHua Ha OBwkeHue

HocuTenei Toka. B MarHutHom none B npu nNpoTekaHnn 4epes3 NpoBOOHUK TOKa C
NNOTHOCTbBIO ] yCTaHaBIMBaEeTCA 3NEKTpu4eckoe none c HaI'IpH)KéHHOCTbIO

d E= R[Baj] ’
roe R — nocmosiHHas Xonna.
= |_|yCTb, Hanpumep, MeTannuyeckas

nnactmHka C  TOKOM pacnorsnoxeHa B
MarHMTHOM none nepneHgukynapHoOM TOKY

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

-
:V J (cm. pucyHok). Cuna JlopeHua npuBOAMT K
MOBbLILLEHUIO KOHLEHTpaLuM HocuTenemn Toka
— BMEKTPOHOB — Y BEPXHEro Kpasi MNacTUHKU.
MNpn 9TOM BepxHUMA Kpam  3apsaguTcs
oTpULATENBHO, @ HUXHWIN, COOTBETCTBEHHO —
nonoxwuTtensHo. CTauunoHapHoe pacnpeaeneHne 3apsgos 6yaet AOCTUrHYTO, Koraa
AeNcTBMEe CO3[AAHHOrO TakuMm 0OpasoM 3MeKTPUYECKOro Mons ypaBHOBECUT CUIy

A
JopeHua: eE:e—(p:evB, wnn Ap=vBa, roe a — wWvpvHa NNacTuHkK, e —
a
3apsia anekTpoHa, AQ — nonepeyHas (X0//108cKasi) pa3HoCMb MOMEHYUanos.
Mockonbky cuna Toka [ =jS=nevS (S=ad - nnowagb nonepe4Horo

CeYeHMs NNacTUHKM TONLLMHOWN d n LIJVIpI/IHOVI a, n — KOHUeHTpauusa 3NneKTpoHOB,
U — cpegHsa CKOpOCTb ynopsAaao4YeHHOro ABMxXeHuns 3]'IeKTpOHOB), TO

1 1 IB 1B
Ba=——=R—.

A =
(P nead en d d

1
3Hak nocTosiHHoW Xomnma R=— coBnagaet CoO 3HAakKOM HocuTernewn TOKa,
en

noatomy acpcpekT Xonna Mcnonb3ytoT Ans onpeaeneHnst Npupoabl HocUTenei Toka B
BELLeCTBax U ONpeAeNnieHnst UX KOHLEHTpaUmK.

MarHeTtunam
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18.Teopema 0 UMPKYNSALUM BEKTOpa B

Lnpkynsiumen Bektopa B o 3agaH-

P HOMY 3aMKHYTOMY KOHTYpy L HasblBaeTcs

Y

{ \%Jl» crneayloLwnin MHTerpan no 3ToMy KOHTYpY: CJSBdl = @Bl d/
rae d/ - anemMeHT ANWMHBLI  KOHTYPAa, L
Ly \

» HamnpaBneHHbli BAonb obxoga KoWTypa; B, =Bcoso -
\ \ cocTaBnsiolas BekTopa B B HanpaBneHWW KacaTenbHOW K

~——" "~ KOHTYpY, C y4éToM BbIGpaHHOro HanpasreHust obxoga; o —

yron mexgy Bektopamu B u d/.

Teopema o UMPKYNsUMKM BekTopa B (3aKOH MOMHOro MarHWUTHOro nonsi B
BaKyyMe): LMpKynsauus BekTopa B No Npov3BOnbHOMY 3aMKHYTOMY KOHTYpY paBHa
NpoV3BeJEeHNI0 MarHUTHOWM MOCTOSIHHOW [, Ha anrebpauveckylo CymMMy TOKOB,
OXBaTbIBAEMbIX 3TUM KOHTYPOM

. n
$BdI=§BdI=p,D Iy,
L L k=1
r4e 1 — Y4Cro MPOBOAHWKOB C TOKAMM, OXBaTbIBAEMbIX KOHTYPOM L MpOW3BOIILHOM
¢opmbl.

OTa Teopema cnpaBeavBa mosbKo O11s nons 8 8akyyme, NockonbKy 07151 mosist
8 eeujecmee Halo YYUTbIBATb MOMEKY/spHbie MoKu. Kaxapbli TOK yduTbiBaeTcs
CTONMbKO pa3, CKOMbKO OH OXBaTblBAETCS KOHTYpoM. [lonoxu- .
TeNbHbIM CYMTaeTCsl TOK, HarnpaBfieHue KOTOpPOro CBSI3aHO C B

HanpasreHnem obxopa no KOHTYpPY rpaeusioM rnpasoco suHma.
lMpumep: marHMTHOE None NPAMOro TOKa.

3aMKHYTEIN KOHTYp MPEACTaBUM B BMOE OKPYXXHOCTM paguyca 7. Paman

B Ka)gon Touke 3TON OKPYXXHOCTM BekTop B ogvHakos no moaynio /7

1 HanpaeneH no KacaTenbHOM K OKPY>XHOCTU: ll 7 L \
Mol \ !

$B,di=pBdi=BJdl=Banr=p,l, orcopa  B=10. \ /
2nr \ /

L L L S 7

CpasHuUM ebipaxxeHusi sl UUPKYAsuull 6eKmMopos EuB.
n
$EdI=0,  Bdi=p,) ;.
L L k=1
lMpuHyunuansHoe pasnuume Mexay 3TumMmu GopMynamMu B TOM, YTO LIMPKYNALUS

BekTopa E anektpoctartudeckoro nons eceada pagHa Hysnw. Takoe none siBnseTcs

nomeHyuasibHbIM. Ll,VIpKyJ'IﬂLI,VIH BEeKTOpa B wmarHutHoro nons He paesHa HyI.
Takoe none Ha3biBaeTCA auUXpeebIM U1 CcOJIeHOUOGasIbHbIM.

19.MarHuTHOE none coneHouga

CosleHOUOOM Ha3bIBAaETCH CBEPHYTLIN B Cnvparnb M30NMPOBaHHbIN NPOBOAHMK
Mo KOTOPOMY TeuYéT anekTpudyeckun TOK. PaccmoTpum coneHoup AanuHow [,

umetowmin N BUTKOB. Liupkynsumst Bektopa B no 3amkHyTomy koHTypy ABCDA,

oxsaTblBaKollemMy Bce /N BUTKOB, paBHa Cj) Bydl=p NI .
ABCDA

4-11

TN Ha yuactkax AB u  CD  KoHTyp
s ———— N, o
e e ~< O\ | MEepneHaukynapeH NMHUAM  MarHUTHOW MHAYKumW,
f 7 e ——
\ ,',",:" '\:\\' | cneposatenbHo B; =0. MoxHO nokasaTb, YTO BHe
\\. V4
..\\ "5’,_ BGeckoHeYHoro coneHovaa MarHutHoe rone B =0

/Ii

///
)

(ypanue yuyactok CB Ha 6eckoHeYyHoCTb, roe

4
14 ), \
( \ ’/ , MarHnTtHoe none coneHounga paBHO Hynto,
\\ ~ “ /' MOCKOJIbKY =~ MarHUTHoe noJfie KaXOaoro BUTKa
~. - -3
[‘ ST 1[ coneHonga ymeHbllaeTcAaA C pacctodgHmemMm ~r )

Ha yuactke DA KoOHTyp coBnagaeT c nuHWEN
MarHUTHOW MHOYKLUWUW, BHYTPU coneHonaa none ogHopoaHo (B, = B), noatomy

| BidI=BI=p,NI.

DA
MarnuutHasa nHgykums (6eckoHe4yHoro) coneHovnaa B Bakyyme
NI
B= HOT .

20.MarHuTHOEe nofie Topovaa B Bakyyme

TopoudomM — Ha3blBaeTCsl KonbleBasi KaTyllka C
BUTKaMW, HAMOTaHHbLIMW Ha CepAeYHMUK, UMeoLnin hopmy

I
\> Stﬂ\\ TOpa, N0 KOTOPOW TEYET TOK.
» j\g MarHuTHoe none OTCyTCTByeT BHe Topouaa, a

BHYTPU €ro OHO ABNAETCA O4HOPOAHbIM.

] .’/dff JIMHUM  MarHWTHOWM  WMHAYKUMW, Kak crnegyeT w3
L,., §r COODOpaXeHNn CUMMETPUU, €CTb OKPYXKHOCTW, LIEHTPbI
l

KOTOPbIX PacronoXeHbl Ha Ocy Topouaa.
S B kavecTBe KOHTypa BblbepeM oOOHYy Takyto
X 3 OKPYXHOCTb paguyca 7. [lo Teopeme O LMPKynauuu
B2nr =pyNI , rge N —uncno sutkos Toponaa. OTcioaa
B=— o NI )
2nr

21.MoToK BEKTOpa MarHUTHOW MHOYKLUUMU

lMomokom eekmopa MacHUmMHoOU uHAyKyuu (MarHATHbIM NMOTOKOM) 4Yepe3
nnowaaky dS HasblBaeTcsa ckasspHas usndeckasl Benu4mnHa, paBHas
d®,=BdS=B,dS,

rae B, = Bcosa — npoekuus Bektopa B Ha HanpasrieHne HopManu 7 K nrolagke

dS, o — yron mexay Bektopamu /i u B, d.S — BekTop, MOAynb KOTOPOro paBeH
d S, a HanpaBneHne coBnagaeT ¢ HanpasrneHMeM HopMarnu 7i K NioLaKe.

lMomok eekmopa B MoxeT OblTb Kak [OA0XUMENbHLIM, MaK U
ompuyamersbHbIM B 3aBUCUMOCTM OT 3Haka COS L .

MoTok BekTopa B CBA3bLIBAIOT C KOHTYPOM, MO KOTOPOMY TEYET TOK.
MonoxuTenbHoe HanpasneHWe HopManu K KOHTYpY CBS3aHO C HamnpaBreHueM Toka
no npaswuny NpaBoro BMHTA. M03TOMYy MasHUMHBbIU MOMoK, cozdasaembili KOHMYPOM
C MOKOM 4epe3 ro8epxXHOCMb, 02PaHUYEHHYI0 UM camMuM, BCEra NONoX1TeNeH.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

MarHeTtunam
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MOTOK BEKTOPA MarHUTHOM UHAYKLMM Yepes NPOM3BOSIbHYIO NOBEPXHOCTb S
®,=[BdS=[B,ds.
S N

Ecnu none ogHopoaHO M NEprieHAUKYNsipHO eMy pacrofiokeHa mnnockas

NoBEepPXHOCTb C nrowaabto S, To
O, =58S.

EavHnua marHutHoro nortoka — Bebep (B6): 1 B6 — marHWMTHbIN NOTOK,
NPOXOASLUMIA CKBO3b MMOCKYI0 MOBEPXHOCTb Nrowaablo 1 M2 pacronoXeHHyto
nepneHanKynsipHO 04HOPOAHOMY MAarHUTHOMY MOS0, MHAYKLUMSI KoToporo pasHa 1 Tn
(1B6 =1 Tn-m).
22.Teopema lFaycca Ansi MarHUTHOro Nons B Bakyyme

lomok eekmopa MacHUMHOU UHOYKUUU CK803b /0By  3aMKHYymyro
108epPXHOCMb Pa8eH HyIo

@Eﬁ:o.
N

OT1a TeopeMa oTpaxaet CbaKT OTCYTCTBMA MarHUTHbIX 3apaAnoB, BCnencresne
Yero JNIMHUN MarHUTHON MHOYKUMXM He MMEKT HW Hadana, HM KOoHUa U ABNATCA
3aMKHYTbIMU.

23.MoToKocuenneHne

MarHuTHbIN MOTOK Yepes MOBEPXHOCTb, OrPaHUYEHHYI0 3aMKHYTLIM KOHTYpPOM,
HasbiBaeTcs momokocyenneHuem ¥ atoro konmypa.

MoTokocuenneHe KOHTypa, 0GyCrNoBNEeHHOE MarHUTHLIM MosiemM ToKa B CamMOM
3TOM KOHTYpe, Ha3blBaeTCs MOTOKOCLENNIEHNEM CAMOVHAYKLINM.

Hanpumep, Hailgém  nOTOKOCUENneHWe CaMOWMHAYKUMM — coneHouaga C
CEPAEYHUKOM C MarHWTHOW MPOHWMLAEeMOCTbl0 L. MarHWTHbIA MOTOK CKBO3b OAWH

BUTOK coneHouaa nnowanpto S paseH @) =BS. TonHbIA MarHUTHLIA MNOTOK,
CLeMMeHHbI CO BCeMU BUTKaMU coneHouaa paseH

2
¥ =@,N = BSN :MOT“NISN - pop¥s.

MoTokocuenneHne KoHTypa, 0GYCIOBEHHOE MarHUTHLIM MOSIeM TOKa, UAYLEro
B OPYrOM KOHTYpe, Ha3blBaeTCs MOTOKOCLIENNEHNEM B3aMMHOW UHAYKUWUN 3TUX OBYX
KOHTYpPOB.

24.Pa6oTa No nepemMeLleHno NpoBoAHMUKA C TOKOM B MarHUTHOM norne
MpoBogHuK AnuHoW [ (OH MOXeT cBOGOAHO nepemellatbesi) ¢ Tokom [
HaxoauTCs B OA4HOPOAHOM MarHWTHOM none (cMm. pucyHok). one HanpaeneHo
nepneHaMKynspHO MIIOCKOCTM pUCYHKa — M3-3a yepTexa. Cuna Amnepa F =IBI.
Mon eé pencreBMem NPOBOAHWK MEPEMECTUNCS U3

dx
I L"" nonoxeHusi 1 B nonoxexue 2.
T o % . r Paq6ga, COBEPLUABMAS MaTHUTHbIM MOeM:

e e oF dA=Fdx=1dx[l,B]=1Bldx=IBdS =1d®.

= F | Wcnonb3osaHbl cooTHOLLEHNS:
LA dS=I/dx - nnowags, nepecekaemas
e o o o o NPOBOAHMKOM NP €ro NepemMeLLeH B MarHUTHOM
- ; é none; BdS=d® - noTtok BekTopa MarHWTHOM
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MHAYKUMKW, NPOHM3bIBAIOLLMIA 3Ty nnowanb. Takum obpasom,
dA=1dD.
Paboma rno nepemeuw,eHuUr0 Mpoe8oOHUKa C MOKOM 8 Maz2HUMHOM riofie pasHa
npou3eedeHur0 Ccusbl MoKa Ha MagHUMHBLIU MOMoK, nepeceyéHHbIl 08UXYUjUMCS
PO8OOHUKOM.

25.PaboTta no nepemeLleHNI0 KOHTYpa C TOKOM B MarHUTHOM norne

MarHuTHoe nomne HanpaeneHo nepneHaMKyNspHO MOCKOCTU PUCYHKa — 3a
yeptéx. Pabota dA cun Amnepa npu nepemeliennn koHtypa ABCDA pasHa
, cymMMe paBoT Mno nepeMeLieHuio MPOBOAHWKOB
’-A?\ ABC(d4))v CDA (d4,), Te.
A dA=d 4 +d4,.
Mpy nepemelweHun yuyactka CDA  cunbl

Amnepa HanpaeneHbl B CTOPOHY MNepeMeLleHus
/ (0bpa3ytoT C HanpaBrieHMeM NepeMeLLEHNs OCTpble

e e’ yrnbi), noatomy d 4, >0
4 ddy = 1(d Dy +dD,).
Cunbl, pelicteylowme Ha ydactok ABC KoHTypa, HanpaBreHbl MpoTMB

nepemelleHns (obpasyloT C HanpaBneHMeM nepemeLLeHus Tynble Yribl), NO3ToOMy
d4,<0

\
o, |
2

dd =—1(dDy+dd)).
B cymme
dA=1dD, -dD)), unm A=IAD,umm A=1(¥Y,-Y¥)).
Paboma no nepemeweHur0 3aMKHymo2o KOHmypa C MOKOM 8 Maz2HUMHOM

rone pasHa MpPou3eedeHUo Cuflbl MoKa 8 KOHMype Ha U3MeHEeHUe MazHUMHO20
romoka, CuyenieHHo20 ¢ KOHMypPOM (Unu Ha €20 NMOMOKOCUEMNIeHUE).

AnekmpomazHUMHasi UHOYKUUsI

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

26.0nbiTbl Papanes

OnbiT 1.

ConeHouna NoaKnioYéH K ranbsBaHomeTpy. Ecnun B coneHoung
BABUraTb (MNW BbIABUraTb) NOCTOSIHHLIA MarHUT, TO B MOMEHTbI
"BaBuraHns" (unu  BblgBUraHWsa) Habnogaetcs  OTKIIOHEeHue
CTpernku ranbBaHOMeTpa, T.e. B coneHonae nHayumpyetcs 3C.

HanpaBneHne OTKNOHEHUSA CTpenku npu "BaosuraHun" un
BbIABUraHUM  MPOTUBOMOSOXHBLI. ECnn  MOCTOsIHHBLIA ~ MarHuT
pasBepHyTb TaK, 4TOObI Mofca MOMEHSANUCb MecTaMmu, TO U

HarnpasreHue OTKITOHEHUS! CTpenku N3MEHUTCS Ha
npoTMBONONoXHoe. OTKNOHEHWE CTPEnKkWU rarnbBaHOMETpa TEM
Gonblue, 4em Gonblle CKOPOCTb  ABWXEHWS  MarHuta
OTHOCWUTENBHO coneHoupga. Takow xe adcpekt Oyaer, ecnm

NOCTOSHHBIN MarHUT OCTaBWUTb HEMOABWXHbBIM, @ OTHOCUTENBHO
€ero nepemeliaTtb conieHoua.

<

MarHeTtunam
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I
Onbit 2. + ! K,
OpuH coneHong (K;) NOAKMIOYEH K UCTOYHUKY Toka. dpyrom T l

coneHovp (K2) nogkniovéH k ranbBaHomeTpy. OTKNOHeHWe § |

CTpenku ranbBaHoMeTpa HabrioaaeTcs B MOMEHTbI BKIIOYEHNs — ——

MUNN  BbIKIMKOYEHNS TOKa, B MOMEHTbI €ro YBENWUYEHUs WMu

YMEHbLUEHNA  UNW  NpUM  NepeMelleHun  KaTylwek  apyr

oTHOcuTenbHO Apyra. Mpu BKMNOYEHUN U BLIKIIOYEHUN CTpenka

OTKIMOHSAETCA B pasHble CTOPOHbI, T. €. 3HaK WHAYLUPOBAHHOMN Ky
O[C B aTux cny4vanx pasnuyeH. Takom xe adppekT — HaBeaeHve

B kaTywke K, OOC pasnuuHoro 3Haka — HabniopaeTtcs npwu

yBEMUYEHUN UNN YMEHbLUeHWM Toka B KaTywke Ky npu

CONMXEHWN NN yaaneHun KaTyLuek.

B onbitax ®apagesi OblNO  OTKPLITO sI@/leHUe  3J1eKmpomMazHUmMHou
uHAykyuu. OHO 3aKIYaEeTCst B TOM, YTO B 3aMKHYTOM MPOBOASILLEM KOHTYpe npu
M3MEHEHNN MOTOKa MarHUTHOM WHAYKUMKM, OXBaTblBAEMOIO 3TUM  KOHTYPOM,
BO3HUKAET 3NEKTPUYECKUIA TOK, MOMNYYUBLUNIA Ha3BaHWE UHOYKUUOHHORZO.

OCHOBHble CBONCTBA MHAYKLUMOHHOIO TOKa:

1. WNHOYKUMOHHBLIN TOK BO3HMKaeT Bcerga, Korga MpouCXOoauT U3MeHeHue

CLIENMEHHOro C KOHTYPOM IToMokKa MagHUMHoOU UHOYKYuUU.
2. Cvna WHAOYKUMOHHOrO TOKa He 3aBWCUT OT crnocoba WM3MeHeHWs MnoToka
MarHUTHOW MHAYKLMK, @ ONpeaensieTcsl NULlb CKOPOCMbIO Er0 U3MEHEHUS.
OTKpbITUE SIBNEHNS ANEKTPOMArHUTHOM MHAYKLUUK:
1) nNokasano B3auMOCBSi3b MEXAY 3MEKTPUHECKUM 1 MarHUTHBIM NoneM;
2) npegnoxuno crnoco6 MomyyYeHWs JNEKTPUYECKOr0 Toka C  MOMOLLbHO
MarHMTHOro nons.

27.3akoH Papagesn

O606wWan pesynbTatbl onbliToB, Papagen nokasan, YTO BCSAKUA pa3, Korga
NPOUCXOANUT U3MEHEHME CLEMNEHHOTO C KOHTYPOM MOTOKA MarHUTHOM MHAYKUWUMW, B
KOHTYpe BO3HWKAET MHAYKUMOHHbINA TOK.

BoO3HMKHOBEHME WHAOYKLMOHHOMO TOKa YKasblBaeT Ha Hanuune B Lenu
3MNEKTPOABWKYLLEN CUMb.

Ota JOC HasbiBaeTcs asrlekmpodsuxyusell cunol 3seKkmpomazHUmMHou
UHOYKYUU.

3akoH ®apapen: 3C anekmpomacHUMHOU UHOYKUUU 8 KOHMYype YUC/IeHHO
pasHa U rpomueorioNioxHa o 3HaKy CKOPOCMU U3MEHEeHUS Maz2HUMHO20 M0omokKa
CK803b M108€PXHOCMb, 02PaHUYEHHYH 3MUM KOHMYpPOM

do

! dt

Ons 3aMKHYTOro KOHTypa MarHuTHbli notok @ ecTb He 4YTO WHoe, Kak
notokocuenneHne ¥V aToro koHTypa. MoaTomy B anekTpoTexHuke 3akoH dapapes
4acTo 3anucbiBalT B hopme

d¥

! dt
HanpaBneHve MHAYKUMOHHOTO Toka onpefensietcs no npasuny JleHua: [lpu
8CAKOM U3MEHEHUU MagHUIMHO20 M0moKa CK803b MO8EPXHOCMb, HaMSHYMYy Ha
3aMKHymbIl po8odswull KOHmMyp, 8 rnociedHeM 603HUKaem UHOYKUUOHHbLIU MOK
makoeo HarpaseHusi, 4Ymo e2o MazHUMHoe rorse npomugodelicmayem uU3MeHeHUIo
Maz2HUmMHO20 omoka.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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O[C anekTpoMarHMTHOM UHAYKLMN BbipaXkaeTcs B BOMbTax.
de| B6 Tan-m® H-m* Jxk A-Bec
dt c c A-Mm-c A-c A-c

28.90C MHAYKUUN B HENOABWXHbLIX NPOBOAHUKAX

CornacHo 3akoHy ®apages, Bo3HukHoBeHve OAC anekTpoMarHUTHON MHAYKUNU
BO3MOXHO W B CNyvyae HenoOdeUXXHO20 KOHTYpa, HaxoAserocsi B rnepeMeHHOM
MarHuTHoM none. OgHako cuna JlopeHua Ha HeNnoABWXHbIE 3apsifbl HE OENCTBYET,
NnoaToMy B AaHHOM Cllyyae eto Hemnb3s 00bACHUTb BO3HUKHOBEHME DOC nHayKumn.

Kpome Toro, onbiT nokaseiBaeT, 4to OOC wHAYKUMWM He 3aeucum OT popja

BelecTBa nNPOBOAHMKA, OT COCTOSIHUSI MpPOBOAHWKA, B 4acTHOCTW, OT €ero
TemnepaTypbl, KOTopasi MOXeT OblTb HEeoAMHAKOBOW BAOMb  MPOBOOHMKA.
CnepoBartenbHO, CTOPOHHME CUIbl, MHOYLUPYEMbIE MAarHUTHLIM NONEM, He cesi3aHbl
C u3MeHeHueMm ceolicme nNpPoeodHUKa B MarHUTHOM rorne, a o6yCrnoBneHbl camum
MarH1MTHbIM NoneM.
—~ MakcBenn ans obbsicHeHusa OOC uHOyKuMm B
B HEMOABWXHbIX  MPOBOAHUKAX NPEAnoNnoXum,  YTo
nepeMeHHoe MazHUMHoe rmfosie 8036yx0daem @
OKpy)Xaroujem npocmpaHcmee suxpeesoe
anekmpu4yeckKoe rmnoJjle, KOTOpoe W sBnNseTcs
NPUYNHON BO3HUMKHOBEHUS WHAOYKLUMOHHOTO TOKa B
NPOBOAHMKE.

Ha pucyHke npuBeféH npumep BUXPEBOro arek-
TPUYECKOro MoSs, BO3HMKAMLWEro npv Bo3pacTaHuu

E MarHuMTHOro Monsi.

Buxpeeoe annekmpu4yecKoe roJie He s18J1siemcsi 3/1IeKmpocmamu4eckum.

CunoBble NWHUKU 3771€KMPOCMamu4Yecko20 Nonsi Bcerga pasoMKHYTbl — OHM
HaAYMHAOTCA W 3aKaHYMBAOTCA Ha 3MeKTpuYecknx 3apsgax. VIMeHHo noatomy
HanpsKeHne No 3aMKHYTOMY KOHTYpY B 3/1eKTpOCTaTM4EeCKOM rMore Bcerga paBHO
HYyMo, 3TO MOMe He MOXeT MNOoAAEepPXUBaTb 3aMKHYTOE [OBWXEHWe 3apsgoB W,
crnepoBaTeribHO, He MOXET NMPUBECTM K BOSHUKHOBEHUIO SMEKTPOABMXKYLLEW CUIbI.

HanpoTus, anekmpudeckoe rosne, 8036yxdaemoe UIMEHEHUSIMU MagHUMHO20
o, UMeeT HenpepbiBHbIE CUMOBbIE NMUHWK, T.e. NpeacTaBnsaeT cobow Buxpesoe
none. Takoe nosne Bbi3blBAET B NPOBOAHWKE [ABWXEHUE INIEKTPOHOB MO 3aMKHYTbIM
TPaEKTOpPUAM U NPUBOAUT K BO3HUKHOBEHMIO 3QC — CTOPOHHMMMK cunamun siBAsitoTCcA
CWIbl BUXPEBOMO 3NEKTPUYECKOrO NONs.

Uvpkynsuma E, atoro nons no niobomy KkoHTypy L  npoBopHuka
npeacrtaensieT cobon 3C 3NeKTPOMarHUTHOM MHOYKLUN

B.

—

29.BpaujeHne paMKu B MarHUTHOM none

fBneHne aneKTpoOMarHUTHOM MHAOYKUMM MpumeHsieTcss ansg npeobpasoBaHus
MEXaHMYECKON SHEeprMm B 3IHEPIrUMIO 3NeKTpuyeckoro Toka. [na atom uenu
MCNONb3yTCS 2eHepamophbi, NMPUHLMMN OENCTBUSA KOTOPbIX PACCMOTPUM Ha Npumepe
NMoCcKol paMku, BpallaloLencs B ogHopoaHoMm (B = const) marHUTHOM norne.

MarHeTtunam
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lMycTb pamka BpalwiaeTcs paBHOMEPHO C YINOBOW CKOPOCTbIO (= COnst.
MarHuTHbI MOMEHT, CLENMEHHbIN C pamKomn
nnowaapto S, B NoGON MOMEHT BpeMeHu t
paBeH
®=B,5=BScosa =BScoswt,

roe oL =@? — yron noBopoTa paMky B MOMEHT
BpeMeHu ¢ .

Mpn BpalleHMn pamkm B HEN BO3HUKaET
nepemeHHasa 30C nHayKumMm

0, = _do =BSwsinwt.
d¢

MakcumarnbHoe 3HaveHne OC nHaykumm O, = BSw. Torga
0, =0, SINOL.
IMpu pasHOMepPHOM 8paweHUU paMKu 8 0OHOPOOHOM MazHUMHOM rosne 6 Hell
803HUKaem rnepemeHHas 3L]C, U3MeHSIIOWAsCS M0 2apPMOHUYECKOMY 3aKOHY.

Mpouecc npesBpalleHnss MEeXaHW4YEeCKON 3Hepru B 3feKTpuyeckyto obpatum.
Ecnu no pamke, NoOMeLLEHHON B MarHUTHOE nose, NponyckaTb 3NeKTPUYECKUIn TOK, TO

Ha Heé GyneT peiicTBoBaTh Bpawatowmin MmomeHT M = IS[#,B] 1 pamka HauHéT
BpallaTbcsa. Ha aTom npuHumne ocHoBaHa paboTta anekmpodeuzamenel.

30.BuxpeBble TOkM (Tokun Pyko)

MHOYKUMOHHBIN TOK BO3HUKAET HE TOSMbKO B JIMHEWHbIX MPOBOAHUKAX, HO U B
MaCCUBHbIX CMIIOLLUHbIX MPOBOAHUKAX, MOMELLEHHbIX B NEPEMEHHOE MarHUTHOE Mnorse.
OTM TOKM 3aMKHYTbl B TOSLIE MPOBOAHMKA W  Ha3bIBAOTCS euxpesbiMu UJu
mokamu ®Pyko.

Tokn ®yko Takke noAvMHAIOTCA npasBuny JleHua: WX MarHutHoe none
HanpaBreHo TaK, 4TOObl MPOTMBOAENCTBOBATb W3MEHEHWD MarHUTHOrO MOTOKa,
MHOyuMpylowemy BUXpeBble TOKU. [103TOMY MacCvBHblE NMPOBOAHUKMA TOPMO3ATCH B
mMarHMTHoOM none. Kpome Toro, BUXpeBble TOKM BbI3bIBAOT CUITbHOE HarpeBaHue
NpOBOAHUKOB. B anekTpyyeckux MalimHax, Anst TOro 4tobbl MMHUMWU3MPOBATb
BNUAHMEe TokoB ®yko, CepaeqHuKM TpaHCOpMaTOpOB W  MarHUTHble LUenu
ANEKTPUYECKMX MaLUMH COBMpalOT U3 TOHKUX NNACTMH, M3ONIMPOBAHHbLIX APYr OT
apyra cneumanbHbIM NTAaKOM U OKanMHOWN.

[xoyneso Tenno, Bblgensemoe Tokamu Pyko, UCNOMNb3yeTcs B MHOYKLUMOHHbLIX
MeTannypruiecknx nevax.

B3anmogencTteme BMXpPEBbIX TOKOB C BbICOKOYACTOTHBIM MarHMTHBIM MOMEM
NPMBOAUT K HEepaBHOMEPHOMY pacnpeferieHnto MarHUTHOrO MOTOKa MO CeYeHUIo
MarHMTOMPOBOAOB —  BbITECHEHWE  MarHWUTHOro notoka M3 obbéma B
NMPUNOBEPXHOCTHbIE 061acT NPOBOAHMKA. OTO SBMEHWE Ha3blBAaeTCH MagHUMHbIM
CKUH-3¢hghekmom.

BuxpeBble TOKM BO3HMKAKOT M B CaMOM MPOBOAHMKE, MO KOTOPOMY TE4YeT
nepemMeHHbIi TOK, YTO NPUMBOAWUT K HEpPaBHOMEPHOMY pacrnpefenieHvio Toka no
CEYEHMI0 NPOBOAHMKA — BbITECHEHME TOKOB BbICOKOM YaCTOThbl B NPUMNOBEPXHOCTHbIE
obrnactu npoBogHuKa. JTO SsIBNEHME Ha3blBaeTCA 3JIEKMPUYECKUM CKUH-
aghghekmom.

31. UIHAYKTUBHOCTb KOHTYpa

OneKkTpuyecknii TOK, TEKYLUMA B 3aMKHYTOM KOHType, cO34aéT BOKpyr cebsi
MarHuTHoe none, UHOYKYuUs Komopoz2o, Mo 3akoHy bBuo-Caapa-Jlannaca
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nponopyuoHasibHa mokKy. [o3ToMy cyernsieHHbIl ¢ KOHMYPOM MarHUTHbIA NOTOK
NponopLMOHaneH TOKy B KOHType
d=LI,

roe  koadppuUMEHT nponopuMoHanbHOCcTM L HasbiBaeTcs UHOYKIMUBHOCMbHO
KOHmMypa.

[MNpumep: MHOYKTMBHOCTL ANWHHOIO cofieHounaa.

MoTokocuenneHne coneHonaa (MOMHbIA MarHUTHBIN MOTOK CKBO3b CONEHOUA)

2
Y =BSN = uw#& oTKyaa:

NS
L= Mok ——

roe N — uucno BUTKOB coneHoupa, [ — ero anvHa, S — nnowagb, L — MarHuTHas
NPOHMLIAEMOCTb CepAeyHUKa.

MHOYKTUBHOCTL KOHTYpa B 06LLEM CrydYae 3aBUCUT TOMbKO OT reOMeTPUYECKOn
(POpMbI KOHTYpa, ero pasmMepoB U MarHUTHOW NPOHULLAEMOCTU TOW Cpeabl, B KOTOPOU
OH HaxoauTcs.

B aTOM cMmbicne uHOYKMUBHOCMb KOHMYypa — aHajo2 37ekmpuyeckol
éMKOCmU yeOWHEHHOro NPOBOAHMKA, KOTOpas Takke 3aBUCWUT TOMbKO OT chOpMbl
NpoBOAHMKA, ero pa3aMepoB 1 ANIMEKTPUYECKON NPOHNLIAEMOCTH Cpeabl.

32.Camounaykumns

Mpu n3meHeHUn cunbl Toka B KOHTYpe ByaeT N3MEHATLCS U CLENNEHHBIA C HAM
MarHuTHbIA MOTOK, @ 9TO, B CBOKW odepedb OyaeT uHayuupoBaTe OC B 3aTOM
KOHTYype. BosHukHoBeHne 3C nHOYKUMN B MPOBOASALLEM KOHTYpE Mpu U3MEHEeHUN B
HEM CUIbl TOKa Ha3blBaeTcs caMouHAykyuel.

EpvHnua uHayktuBHoctTM — reHpu (MH): 1 TH — WMHAOYKTMBHOCTb Takoro
KOHTYpa, MarHMTHbIA MOTOK CamMOMHAYKUMWM KOToporo npu Toke B 1 A paBeH 1 BO
(1TH=1B6/A=1B-c/A).

do

d
M3 3akoHa Papages 3C camonHayKumm 0, = T —E(LI).

Ecnn koHTYp He gedopmMupyercs M MarHuTHas NMPOHULAEMOCTb Cpedbl He
n3meHsietcs, To L = const 1 3C camonHaykumm

0,13,
dt
roe 3Hak MuHyc, obOycroBneHHbI npaBunom JleHua, nokasbiBaeT, YTO Hanuudve
WHOYKTUBHOCTU B KOHTYpPE NPUBOAUT K 3aMeO0rIeHU0 USMEHEeHUS ToKa B HEM.
Ecnn TOK CcO BpemMeHeM BoO3pacTaeT, TO ®s<0' T.e. TOK CaMOUHAOYKUWUN

HarpaBreH HaBCTpeyy TOKy, 06YCrNOBNEeHHOMY BHELUHUM UCTOYHUKOM, U 3ameansieT
ero Bo3pacTaHue.
Ecnn Tok co BpemeHem yGbiBaeT, To O, >0, T.e. TOK CamMOMHAYKLMU UMeeT

Takoe Xe HamnpaBneHue, Kak u yOblBalOWMA TOK B KOHTYpe, W 3amennsieT ero
ybbiBaHue.

Takum obpa3oM, KOHTyp, obnagasa onpegenéHHonm  WMHOYKTMBHOCTbLIO,
npuobpeTaeT 3NEKTPUYECKYH "MHEPTHOCTL".

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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33.Tokun npun pasmblKkaHUK 1 3amMblKaHWK Lienn

Mpy BCAKOM M3MEHEHUM CUMbl TOKa B MPOBOASILLIEM KOHType Bo3HukaeT J[C
CaMOMHAYKUMK, B pesyribTaTe Yero B KOHTYpe MOSIBASIOTCS AOMOSHUTENbHbIE TOKM,
Ha3blBaeMble aKCmMpamoKaMu caMOUHOYKyuuU.

Myctb B uenu conpotueneHmem R un [
MHOYKTUBHOCTbIO L nop deicTeveM BHeluHen OOC © I
TEU&T MoCTOsHHbIN Tok [, =®/R. B MOMEHT BpemeHn ° = 2

t=0 ebIKnYUM WCTOYHMK TOKa. BosHukaetr 3[C

d/
CaMOWHAYKLMU O, = _LE’ npensiTcTeyoLLast

YMEHbLUEHUIO TOKa. Tok B uenu onpegendaeTcd 3aKOHOM

Oma [R=0,, wwm IR:—L%. Pasgensem nepemeHHble: dl—lz—gdt, Z
t

R
uHterpupyem no I (ot [y po I)nno ¢ (ot0po t): ln—:—Tt, unm

0

I=1, exp(—ij, (kpuBas 1)
T

L
roe v :E — NOCTOAHHAaA, Ha3blBaeMasa BpeMeHEM penakcaunun — BpemMd, B Te4eHne

KOTOPOrO CuMa Toka yMeHbLUaeTcsl B € pas.

Takum 06pa3om, Mpu 8bIK/IKYEHUU UCMOYHUKa MokKa cusia moka ybbieaem o
3KCMOHEeHUUANbHOMY 3aKOHY (a He M2HOBEHHO).

OueHumM 3HadyeHne OOC camMOMHAYKUMM MpUW  MIHOBEHHOM YBENUYEHUM
conpoTuenexus ot R, ao R

Q) Rt d/l R Rt
1 :—exp(——j, oTkyAa 0, = —L—:—®exp(——j.
R, L dt R, L

T. e. Npu pe3kom pa3mbikaHuu koHTypa (R > R,) 3[C camouHzykumm O

MOXET BO MHOIO pa3 MpeBbicuTb ®, 4TO MOXET MPUBECTM K NMPoGOI0 M30MALMUM 1
BbIBOAY M3 CTPOS U3MepuUTenbHbIX NPUGopoB.
Mpv 3ambikaHuu uenu nomumo BHewHen OOC O BosHukaer I[C

d/
camouHayKkumm @, = —Ld—, NpenATCTBYHOLLAn BO3pacTaHuio Toka. o 3akoHy Oma,
t

dr
IR=0+0,,nm IR=0 - Ld—. Mo>HoO rnokasaTb, YTO peLLEHNEe 3TOro ypaBHEHUSI
t

nmeet Bua

I=1, l—exp(—ij , (kpuBas 2)
T

(C)
roe I =E — YCTaQHOBMBLLMIACS TOK (Mpu ¢ —> 0).

Takum 06pa3oM, npu 6KMOYeHUU UCMOYHUKA MoKa cuna moka eospacmaem
10 9KCMIOHEHUUaIbHOMY 3aKOHY (& He ME2HO8EHHO).

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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34.B3anMHas nHgykums

BsavmHOW unHAyKUMEN HasbiBaeTcs
siBneHne Bo30OyxaeHua OJOOC anekTpo-

MarHuTHoOW VHAOYKLMN B OfHOM
3NEKTPUYECcKONn Lenu npu  U3MEHEHUMU
3NEKTPUYECKOro ToKa B OPYron uenu vnm
npy N3MEHEHUN B3aMMHOIO PacrionoXeHus
3TUX ABYX Lenen.

PaccmoTpum  gBa  HEMOABWXKHbIX
koHTypa 1 u 2 c Tokamu [} un I,,
PacnonoXeHHbIX JOCTaTOMHO 6MnM3ko Apyr
oT apyra. lNpn npotekaHun B KOHType 1 Toka I; MarHuTHbIA MOTOK MPOHM3bIBaEeT

BTOPOW KOHTYP

D, =Ly 1, ananornuro @, =1,/ .
KoadbduumeHTsl nponopumoHansHoctm  L,, u L, paBHbl Opyr Apyry
L, = L,; = L v Ha3bIBaOTCA B3aMMHON UHAYKTUBHOCTLIO KOHTYDOB.
Mpn M3MEHeHMN Ccunbl TOKAa B OAHOM U3 KOHTYpOB, B [PYroM WHOyLMpyeTcs

oacC
_d0y, _,df _do, 4
ds de’ dt dt

BsaumHasi UHOyKmMueHOCMb KOHMypoe 3agucum om eeomempuyeckoll ¢hopmbi,
pasmepos, 83aUMHO20 PACONIOXEHUS KOHMYPO8 U 0m Ma2HUMHoU npoHuyaemocmu
OKpyXatowell KOHmMypbl cpedbl.

Ons npumepa paccyumaeM 83auMHyro UHOYKMUBHOCMb O08YyX Kamyuwlek,
HaMomaHHbIX Ha mopoudasibHbIl cepOeYHUK.
MepBas KaTyllka C YMCnoM BUTKOB N ©

0, = 0; =

. NI
Tokom [ cosnaét nmone B :uou%. MaruuT-

HbI MOTOK CKBO3b OAMH BUTOK BTOPOW KaTyLLKW

O, =BS= Mou%& roe [ — anuHa cepaey-

HWKa NO cpeaHen NuHMK. Torga NosHbIN MarHuT-
HbIi MOTOK (MOTOKOCLIENSIEHNE) CKBO3b BTOPUYHYIO OBMOTKY, cogepxaluyio N,
BUTKOB

NN,
¥ =D, N, = pou—- 251,
Mockonbeky notok ‘¥ cospaéres Tokom 1, T0
¥ NN,
L=—=pou——-285.
1

[laHHOe yCTpOWCTBO SBNSIETCA NPUMEPOM TpaHcdopMaTopa.

35.TpaHcdropmaTopbl

MpUHLUMN [eicTBMA TpaHcOopMaTopoB, MPUMEHAEMbIX AMS MOBLILEHWUS Unn
MOHWXEHWSI HampsDKeHUsi MepemMeHHOro TOoKa, OCHOBaH Ha SIBMIeHUM B3auMHOM

MarHeTtunam
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MHAYKUMK. [lepeMeHHbIn TOK Il Cco30aéT B NEepBUYHOM OOMOTKE nNepemMeHHoe

MarHuTHoe nore. 3To BbI3bIBAET BO BTOPUYHON 06MOTKe nosineHne 3C B3aumHon
nHAyKumm. MNpun aTom

N
®2=——2®1,
N
rae N, u N, — uniCcrno BUTKOB B MNEPBUYHON N BTOPUYHOM OBMOTKaX,
COOTBETCTBEHHO.
N, .
OTHoweHne k =—=, nokasblBatollee, BO cKomnbko pas OLC BO BTOPUYHOM

1
obmoTKe TpaHcdopmaTopa Gonblue (MM MEHbLUE), YEM B MEPBUYHOW, Ha3bIBAETCS
Ko3adhduumneHToM TpaHchopmaumu.
Ecnv k>1, TO TpaHcopmaTtop — noesiwarwui, ecnn k<l -
MoHWXarowud.

36.3Heprus MarHMTHOro nons

MpoBoaHWK, NO KOTOPOMY MNpOTEKaeT JMEKTPUYECKUNA TOK, BCEraa OKPYXKEH
MarHuTHbIM nomnemM. MarHuTHoe nore nosiBnseTCcs U Mcye3aeT BMECTE C NOSIBIIEHNEM
M MCYesHOBEHWeM Toka. MarHuTHoe none, MogoBHO 3MEeKTPUYECKoMy, SIBMsieTcs
HoCUTeNneM 3Hepruu. OHepaus MasHUMHO20 rofs paeHa pabome, KOMOpPYH
3ampadueaem Mok Ha co30aHue 3Mmoao roJs.

PaccMOTPUM KOHTYP MHAYKTUBHOCTBIO L , MO KOTOPOMY TEUYET Tok / .
C LaHHbIM KOHTYPOM cLenmneH MarHuTHbI notok @ = L1 .
Mpu nameHeHnn Toka Ha d I mMarHuTHLIM NOTOK MamensieTca Ha d® =LdJ1.
[ns Takoro M3MeHeHWsi MarHUTHOTO NOTOKa HEOBXOAMMO COBEPLUMTL PaboTy

dA=1dd=LIdI.

Torga paboTa no cospaHuio MarHuTHoro notoka @ Gyaet pasHa

1 2

LI

A= j LIdI=="—.
: 2
3Hepaun Ma2HUMHO:20 10Jis1, CBA3AHHOIO C KOHTYPOM,
LI?
W=
2

Ha npumepe 0AQHOPOAHOrO MarHWTHOrO MOMS BHYTPM AJIMHHOTO coneHouaa
BbIpa3nM 3HEPr1io MarHUTHOTO MNOSS Yepes BENUUMHbI, XapakTepuayloLlme 3To none
B OKpY>KaloLLeM NpoCcTpaHCTBee.

NS 1 NP
WHaykTMBHOCTL coneHonpa L = uouT, cneposatensHo, W = Euou 7 S.
/i Bl
MarHuTHast MHayKumsl nons coneHonga B 2%, cnegosatensHo, [ = N .
Ko

Mo onpegeneHno BekTtopa HaHpFl)KéHHOCTVI MarHuTHoro nons B = ],lo},LH .
|/|CI'IOJ'Ib3yﬂ 3TN COOTHOLLEHUA
2
B BH
V=",
2pou 2

W =

roe S/ =V — obbem coneHomaa.
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MarHuTHoe none ASIMHHOMO ConeHoMaa OAHOPOAHO U COCPEAOTOYEHO BHYTPU
Hero, MO3TOMY 3Heprusi 3aknoyeHa B 06bEMe coneHouaa U pacrnpegeneHa B HEM C
06BEMHOU NMI0OMHOCMbIO

W B* uuH® BH
Vo 2peun 2 2
OTW COOTHOLUEHUSI HOCAT OOWMIA XxapakTep W ChnpaBeanuBbl M Ans

HEOHOPOAHBIX MO, HO TOMbKO AMNsA cped, Ans KOTOpbIX CBsA3b mexay B n H
NUHenHas (T. e. 4Na napa- u AuaMarHeTUKoB).
BbipaxeHue ong o6bEMHON NNOTHOCTU SHEPTUM MArHUTHOrO MONSI @aHanornyHo
COOTBETCTBYHOLLEMY  BblpaXeHWo  Ans  OObLEMHOM  MNOTHOCTU  3HEprum
W  eeE® ED ) )
3MeKTPOCTaTU4ECKoro  Nons: WZVZTZT' C TOW pasHuuen, u4To

AneKkTpun4eckmne BeNmm4nHbl 3aMeHeHbl B HEM MarHUTHbIMA.

Maz2HumHbIe ceolicmea seujecmea

37.MarHuTHble MOMEHTbI 3N1IEKTPOHOB M aTOMOB

[o cux nop BnusiHWe cpefbl Ha MarHUTHbIE SIBNEHUS Y4UTbIBANock hopmarnbHo
BBEJEHMEeM MarHuTHON npoHuuaemoctn . [na Toro, 4Tobbl pasobpaTtbcs B
MarHUTHbIX CBOWCTBaX CpeA W UX BIUSIHUM HA MarHUTHY WHOYKLUIO, HEOGX0aAMMO
paccMoTpeTb AENCTBUE MArHUTHOrO NOMs Ha aTOMbl U MOMEKYIbI BELLECTBA.

Bce BelecTBa, nNOMELUEHHblE B MarHUTHoe TMone, HamarHuyMBarTCs,
nockonbky B noboM Tene CylecTBylOT MUKPOCKOMUYECKME TOKU (MUKPOTOKM),
06ycr108/1eHHblE 08BUXEHUEM 3/1IEKMPOHO8 8 amomax U MOJIeKyax.

Ons MHorux uenen, B TOM uyucne M Anst o6bsACHEHUST MHOTMX MarHWTHbIX
SAIBMEHWUIN, MOXHO WCMONb30BaTb  KBA3UK/1AaCCUYECKyl0 Modesib, B  KOTOPOW
npeanonaraeTcs, YTo aTOM COCTOUT U3 MOMOXMUTENIbHO 3apsKeHHOro siapa, BOKPYr
KOTOPOro obpallatoTcs 3MeKTPOHbl MO KPYroBbIM MMM SMNUNTUYECKUM opbuTam,
nogo6HO NnaHeTam CONMHEYHOW CUCTEMBI (NaHeTapHas Moaernb aToma).

Takne anekTpoHbl, obOpalwjatowmecs no opbutam, npeacTaBnsaAwT cobon
3aMKHYTble 9MEeKTpUYeckMe TOKW, M MO3TOMY €eCTECTBEHHO NPEeAnornoXuTb, YTO
MMEHHO OHW SIBMSAKOTCA MUKPOTOKaMM (CyLLeCcTBOBaHWE KOTOpbIX Mpeanonaran ewé
AwMnep), 0TBETCTBEHHBLIMW 3@ HAMAarHM4YMBaHWe BELLECTBa.

Ecnu anekTpoH cosepluiaeT v 060pOTOB B CekyHAy, To cuna Toka [ =ev.
OpbuTanbHbIA MarHUTHbIAW MOMEHT 3JIeKTPOHA, [ABWXKYLLErocsi Mo KpyroBow
op6ute, nnowagsto S

- P, =1S=evS.
z'“ Ecru anekTpoH ABUXETCs1 MO YacoBOW CTPErKe, TO TOK
I HanpaBneH NPOTMB 4acoBOW CTPENKW W BekTop P,

(B COOTBETCTBUM C NPaBWUIIOM NPABOro BMHTA) HanpaeneH
nepneHamKynapHO MIOCKOCTM OpOUTLI SMEKTPOHA.

Tak kak 3nekTpoHam MpUCyLl He TOMbKO 3apsd, HO
ewé uM Macca, TO Kaxabli opOuTanbHO ABWXKYLUMIACA
3MeKTPOH obnagaeTt He TOMNbKO MarHUTHLIM MOMEHTOM (Kak
N BCSKMA 3aMKHYTbI TOK), HO €lE U onpeaenéHHbIM

P\
T
~
Q

<)

iy

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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MeXaHUYeCKM MOMEHTOM UMMynbca L, , T.e. Noao6eH Bonuky
L = mor = mor® =2mvS,

) -
rae ®=27mv — yrnoBasi CKOPOCTb 3MekTpoHa, 7~ =S . Bektop L, HasbiBaeTcs
opGuTanbHbIM _MEXaHUYECKMM MOMEHTOM 3MeKTpoHa. [lockomnbKy HanpaeneHue
BekTopa L; Takke ornpefensietcsi no npaeury NpaBoro BUHTa, TO HarnpasJseHus p,,

n L, npomueomnonoxHsl. Mostomy

ﬁnzzevsz—izlzr-zl,

I |0

1
roe Benn4ynHa I'= —5 Ha3blBaeTca TMpOMarHUTHbIM OTHOLWleHnem

opbuTanbHbIX MOMEHTOB, =1,76- 10" Ki/Kr — yaenbHbii 3apss anekTpoHa.

e
m

Kpome opbuTanbHbiX MOMEHTOB, ONEeKTPoH obnagaer  COBCTBEHHbIM
MEXaHNYeCcKM MOMEHTOM UMNYNbca Las, Ha3bIBAEMbI/i CIIMHOM.

CnnHy 3MneKkTpoHa COOTBETCTBYeT COBCTBEHHbIN (CMMHOBLIN) MarHUTHbIN
MOMEHT P, . pOeKUMsi CMMHA Ha HanpasneHne BekTopa B MOXeT npuHUMaTh
TONBKO OAIHO U3 CrIEAYIOLLNX ABYX 3HAYEHMI
eh

Pmsp = * = iuB ’
2m,

h ,
roe h:2— (h — noctosHHast MnaHka), W p— MazHemoH Bopa, sBRs0LWWMIiCA
T

eavHULEN MarHUTHOTO MOMEHTA 3MEKTPOHa.
O6WKUA MarHUTHLIN MOMEHT aToMa WM MOMEeKyfbl PaBeH BEKTOPHOW CyMMe
MarHMTHbIX MOMEHTOB (OpOWTamnbHbLIX M CMMHOBLIX) BXOAALMX B aToM (Momekyny)

3MEKTPOHOB
pa = Zﬁm +Zﬁms .

MarHuTHble MOMEHTbI aTOMHbIX silep B ThICSYM pa3 MeHbLUE MarHUTHbIX
MOMEHTOB 311EKTPOHOB, MO3TOMY UMM Kak NpaBuno npeHebperator.

38.Amna- n napamarHeTmku B
Bcskoe BelLecTBoO SBNSeTCA MarHeTUKOM, T. €. CrnocobHo
noa AENCTBMEM MAarHMTHOrO Monsi npuobpeTtaTb MarHWTHBIN P

MOMEHT (HamMarHM4mMBaTbCs).

Ha BpaLuatowmiicss no opbuTe 3NEKTPOH, Kak Ha 3aMKHYThIN
TOK, B MarHMTHOM Morsie Ae1CTBYEeT BpallaloLmin MOMEHT cun. B
pesynbTaTte 3MeKTPOH MNofyyYaeT AONOMHUTENIbHOE PaBHOMEPHOE
BpalleHue, npu KoTopoM Bektop L ©OydeT onucbiBaTb KOHYC
BOKPYr HanpaBneHuss uHOykuMu B ¢ HekoTopoi yrnoBoW
ckopocTbio (). Takoe ABWKeHME Ha3blBaeTCs npeueccuen.

Teopema Jlapmopa: Jdelicmeue Ma2HUMHO20 OISl Ha
371EKMPOHHYI0 0pbumy MOXHO ceecmu K coobuweHur smol
opbume npeyeccuu ¢ yanosoli ckopocmbio (2.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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[MpeueccnoHHoe ABWXEHME 3MNEKTPOHHbIX OpPOUT 3KBUBANEHTHO KPYroBOMY
MUKPOTOKY. TaK Kak 3TOT MWUKPOTOK MHOYUMPOBAH BHELUHUM MarHWTHbIM MOMeM, To,
cormacHo npasuny JleHua, y atoMa nosiBNSETCA Ma2HUMHbIU MOMeHm,
HanpaBneHHbIN Mpomue eHewWHez20 MoJis.

HaBegéHHble COCTaBNALIME MarHUTHbIX MOMEW aTOMOB CKIaAblBAOTCHA W
obpasytoT cobcmeeHHoe Maz2HUMHOe [ofie eeuwecmea, ocnabrsiowee eHewHee
MazHumHoe rnosne. JTOT AheKT nonyymn Ha3BaHve guamarHutHoro 3dhdekrta, a
BELWeCTBa, HaMarHMyMBaloWMecs BO BHEWHEM MarHUTHOM none npoTuB
HanpaBrneHusi Nons, Ha3blBalOTCA guamarHeTukamu (Hanpumep, Ag, Au, Cu...).

Tak kak AvamMarHUTHbIn  3ddpekT oOycnoBneH [OeWcTBUEM  BHELLHEro
MarHWTHOrO Mofsi Ha 3ANEKTPOHbl aTOMOB BeLlecTBa, TO AMamarHeTusM CBOWCTBEH
BCEM BeLLecTBaM.

Hapsgy ¢ gvamarHMTHbIMU BeLLecTBaMu CYLLEeCTBYHOT M MapaMarHUTHble —
BELEeCcTBa, HaMarHM4MBalLWmnecs BO BHELWHEM MarHWUTHOM Morie Mo HanpaBfieHuto
nons (Npumep: peakosemenbHble meTanssbl, Pt, Al...).

Y napamarHuTHbIX BeLLeCTB MpU OTCYTCTBUM BHELUHEr0 MarHMTHOro nons
MarHWTHblE MOMEHTbI 3IIEKTPOHOB HE KOMMEHCUPYIT Apyr Apyra, U MOMeKynbl
napamarHeTVKoB Bcerga o6nagatloT MarHUTHbIM MOMEHTOM (TakMe MOsekysbl
Has3bIBAKOTCA NONSAPHBLIMU).

BcrnepcteBne TennoBOro OBWXKEHWS  MOMEKYyN WX  MarHWTHble  MOMEHTbI
OpWEHTUPOBaHbl GecnopsifoYHO, MO3TOMY, B OTCYTCTBME MarHUTHOrO Mons,
napamMarHuUTHble BeLeCcTBa MarHUTHbIMM CBOMCTBaMM He obnagator.

[Mpwn BHeCeHWW NapamarHeTuka BO BHELLHee MarHUTHOe nose ycTaHaBnvMBaeTcs
npeumyujecmeeHHasi OpVEHTaUNsl MarHUTHbIX MOMEHTOB aTOMOB (MOMeKyn) no
nosro (NONHOM OpueHTaLMmn NpensaTCTBYET TEMNIOBOE ABUXKEHNE aTOMOB).

Takum ob6pas3om, napamarHeTVK HamarHudmMBaeTcsl, co3faBas COOGCTBEHHOe
MarHWTHoe norse, coenadarwee M0 HafnpasieHUl C BHEWHUM ToNemMm W
yCUnuBeatoLum ero.

O10oT 3dbdbeKT Ha3biBaeTCs napamMarHUTHbIM. Ecnu  MarHUTHbI MOMEHT
aToMoB (MOnekyn) BenuK, TO MNapamarHuTHble CBOWCTBa npeobnagalT Haj
ONaMarHnTHbIMU, U BELLECTBO SBMAETCS NapamarHeTUKOM.

Mapa- n gnamarHeTukn no-pasHoMy BeayT cebsi B HEOAHOPOOHbLIX MarHUTHbIX
dF, [-pdf ”O””’; §

accMOTpUM  Manbli  BUTOK C TOKOM B

HEOOHOPOAHOM MarHUTHOM none (CM. PUCYHOK).

Cunbl dﬁ, OENCTBYIOLUME Ha OTAENbHblE y4acTKu
BUTKa, MEPMNeHAMKYNAPHbl K TOKY W K MarHUTHOMYy
nonto. CocrtaBnstowme dﬁ',, napannesnbHble BUTKY,
€o3[atoT yeunus, pactarmeatome (Mnm cxxmmaroLme)
BuTOK. CocTtaBnswoLime dﬁn, nepneHavKynspHble K
MIIOCKOCTU BWUTKA, CKMafblBasiCb, AaAyT HEKY Cumy
F, CTPEMSILLYIOCS NepemeLlaTb BUTOK B MarHUTHOM
none. Ecnn  MarHWTHbIA  MOMEHT Toka D,

By

coHanpasfeH C BEKTOPOM MarHuUTHOM uHaykumnm B
(kak M300paxeHO Ha puUCYHKe), TO BUTOK Oyaet
BTArMBaThbCA B 0bnactb 6onee cunbHoro nons. Ecnu

Xe BEeKTOp P, NpOTUBOHanpasneH BekTopy B, To

MarHeTtunam
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BUTOK 6y,qu BblTalnknBaTbCAa U NnepemMmeLlaTbCq B obnacTb 6onee cnaboro nons.
I'IoeTomy napamMarHeTukm emsicuearomcsi B obnacTb CUMbHOrO nonsi, B TO
BpeMs, Kak AnamarHeTukn ebimasikuearomces n3 3Tomn obnacTu.

39. HamarHuyeHHocTb. MarHMTHOe Nose B BellecTBe

Mopo6bHo TOMY, KaK AOna KOnu4yeCTBeHHOro onucaHua nondapusadunn
AN3NEKTPUKOB 6bina BBeJEHa NonApn3oBaHHOCTb, A4 KONMMMYEeCTBEHHOIo onncaHua
HamMarHmyeHma MarHeTukoB BBOAAT BEKTOPHYH BeMMYMHY — HaAMarHW4eHHOCTDb,
onpegendaeMyro MarHUTHbIM MOMEHTOM eANHULbI obbEma marHeTuka

Gt _ZPa
14 4
roe Pm:ZZJa — MarHUTHbIN MOMEHT MarHeTuka, paBHbli BEKTOPHOW CyMMe

MarHUTHbIX MOMEHTOB OTAEJIbHbIX MOJIEKYI1.

B HecunbHbIX Nonsx HaMarHNYEeHHOCTb NPONOpLMOHanbHa Hal'lpﬂ)KéHHOCTI/I H
nongd, Bbi3blBalOWero HaMarHu4eHue. I'I03Tomy, aHanorn4yHo ﬂ,VIGJ'IeKTpVI‘-IeCKOVI
BOCMPUMMYMBOCTN, MOXHO BBECTU TMNOHATME MasHUMHOU 80CrpuuM4yusocmu
gewecmea

J=yH,
X — 6e3pasmepHasi Benm4uuHa.

Ona guamarHeTukoB 7 ompuyamesibHa (¥ <0 none MonekynsipHbIX TOKOB
NPOTMBOMOSIOXKHO BHELIHEMY TMOMi0), Ans napamarHeTMKOB — MOJIoXumesibHa
(x>0 none monekynspHbIX TOKOB COBMAAAET C BHELUHUM).

ABCONOTHOE 3HA4YeHMEe MarHUTHOW BOCTMPUMMYMBOCTU ANs Aua- U napa-
MarHeTUKOB 04YeHb Marno — nopsiaka 10 — 1076,

MarHuTtHoe none B B BellecTBe ckradblBaeTcs U3 OBYX MOMeEN: BHELUHErO
nons B, cosnaBaemMoro HamarHWuMBaloLMM TOKOM B Bakyyme, u nons B’
HaMarHM4eHHoro BeLlecTsa

B=B,+B,
rae By =pyH .

Ons onucaHusa nonsi, co3naBaeMoro MONeEKynsipHbIMKM TOKamu, paccMOTpUM
MarHeTVk B BUOE KPYroBOro uunuHapa cedenuss S W Anuebl [, BHECEHHOrO B
OAHOPOJHOE BHELIHee MarHUTHoe rMofne C uHAykuuen B
napannensHoe ocu uunuHgpa. Ecnm paccmotpetb noboe
cevyeHve UMNMHAPA, NepneHauKynsipHoe ero ocu, To BO
BHYTPEHHUX Yy4yacTKax CeYeHUsi MarHeTuka MOonekynspHble
TOKM COCEHUX aTOMOB HarpasfieHbl HABCTpeYy Apyr Apyry u
B3aMMHO KOMMeHcupytoTcs. HeckomneHcupoBaHHbIMU GyayT
VWb MONEKYNsAPHbIE TOKWU, BbIXOASLUME HA MOBEPXHOCTb
uunuHapa.

MarHuTHy0 MHAaYKUMio Toka 1’ , Tekyliero no 60KOBOM NOBEPXHOCTM LMMHAPA,
BbIUMCIIUM (cunTast Ans npoctoTbl W=1) no copmyne ana coneHoupa ¢ N =1
(coneHouna 13 ogHOro BMTKA)

p=tol
I
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MarHuTHbIA MOMEHT 3TOro CYMMapHOro Toka MWKPOTOKOB BHYTPU MarHeTuka

P=IS= I’STI = I'?, roe V — obbem marHeTuka.

P ISl I
HamarHnyeHHocTb MarHeTuka J = —=——=—, cnefoBaTesbHo,
v o1
B'=pyJ
U B BEKTOPHOW hopme
B =pyJ .

CnepnoBaTtenbHo,
B=po(H+J)=po(1+)H .

BespasmepHasi BenmunHa

B

B,
Ha3blBaeTCsi MarHUTHOW MNPOHULIAEMOCTbIO BelwecTBa. VIMEHHO 3Ta BenuuuHa
“cnonb3oBanack paHee B COOTHOWEHUN B = L .

Ansi duamazHemukoe | <1, Ans napamazHemukoe L > 1.

40.3aKOH NMONHOro ToKa Ansi MarHUTHOro NoJisi B BellecTBe

OTOT 3akoH ABnsAeTcsa 0000LleHMeM 3akoHa MONMHOro ToKa AN MarHUTHOro
nons B Bakyyme (ctp. 4—10).

Lupkynsuusi eekmopa mMaeHUMHoU UHOYKYUU MO NPpouU380sIbHOMY 3aMKHYMoMy
KOHMypy paeHa arneebpaudeckol CyMMe MOKO8 nposoduMocmu U MOJEKYIISPHbIX
MOKO8, 0Oxeambi8aeMbIX 3MUM KOHMYPOM, YMHOXEHHOU Ha MasHUMHYIO
MOCMOSIHHYIO

$BdI=Bdl=py(I+1),
L L

rne I w I' — cooTBeTcTBEHHO anrebpanyeckne CyMMbl MaKpOTOKOB (TOKOB
NpoBOOAMMOCTM) M MUKPOTOKOB  (MOMEKYMAPHbIX  TOKOB),  OXBaTbiBaeMbIX
NPOW3BONbHBLIM 3aMKHYTbIM KOHTYpOM L .

Mpu 3TOM UMPKYNSUMS HaMarHu4eHHocTn J MNo NMpPOU3BONbHOMY 3aMKHYTOMY
KOHTYpY é paBHa anreGpanyeckoil CyMMe MOSEKysiPHbIX MOKO8, a LMPKYNsaums

BeKTOpa H - cymme TOKOB I'IpOBOD,VIMOCTI/I, OXBaTbIBaeMbIX 3TUM KOHTypOM
gSJdl:l', gSHdl:l.
L L

MocnepHee BblpaXxeHune npeancraBnaeT cobon TeopeMy O LMPKyNAuuu

BekTopa H .
C y4yéTtoMm TOro, 4to cuna Toka I CKBO3b MOBEPXHOCTb S, OXBaTbiBAEMYIO

KOHTYypOM L, ABNAETCA NMOTOKOM BEKTOpa MNIIOTHOCTU TOKa 4Yepel 3Ty NOBEpPXHOCTb,

1= J‘]ﬁ (cTp.3-22), TeopemMa O UMpPKyNsaUMmn BeKTopa H OyneT umeTb BUA

S
$adi-[7as.
L S
MarHeTtunam
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41.YcnoBusA Ha rpaHuue pasgena AByX MarHeTUKoB

PaccmoTpum nosefeHvie Bektopos B u H

-
n Ha rpaHuue pasgena [AOBYX  OOHOPOAHbIX
AS MarHeTMKOB C MarHUTHbIMW MPOHULAEMOCTAMMN
Ly M WU, Npy OTCYTCTBAM Ha rpaHuLe Toka

M2 2 NpPOBOAMMOCTU.
By - —] — 1 Moctpom BOMM3M  rpaHMubl  pasgena

MarHeTMkoB 1 1 2 NpsiMON UMAVMHAP HWUYTOXHO
Marion BbICOTbl, OOHO OCHOBaHMe KOTOPOro
HaxoauTcA B MEpPBOM MarHeTuke, Apyroe — BO
BTOPOM.

Cuutaem, 4yto ocHoBavua AS uunuHgpa

Sy
H
N
|,:
1

|

|

|

|
=

:;
FERRN

HaCTOMNbKO Marbl, YTO B Npeaenax Kaxaoro U3 HUX BEKTOp B HeWU3MeEHeH.

Mo Teopeme Naycca

B,,AS—-B,AS=0,

(nockonbky 7 W 7' npoTuBoHanpaeneHbl). C yyéToM cooTHoweHus B = uH ,
HOpMaJsibHble COCTaBNALLME
Hy 1y
H, w

B6nu3n rpanHvubl pasgena marHeTrkoB 1 1 2 NocTpoum HeGOMbLUOW 3aMKHYThIN
npsiMoyronbHblit koHTyp ABCDA pnvHon . CornacHo Teopeme o uvpkynsumm H

B 1 :BnZ’

n

. ¢ Adi=o,
ABCDA
4 > B MOCKOSIbKy ~ TOKOB  MPOBOAMMOCTM  Ha
K, > rpanuuax Het. OTcloda
b Y- g——r H,I—-H_ /=0
_i —D —g} C T2 Tl

—————————— " (3Hakv uHTerpanoB no AB u CD pasHble,

" T.K. NyTM VHTErpuMpoBaHWsi MPOTUBOMO-

noxHbl, @ uuTerpansl no BC n DA 6eckoHe4yHo Marnbl). MoaToMy, TaHreHumanbHble
cocTaensioue

By _n
— 1 _ Ml
H‘EI_H‘CZ’ B -
©n H2
Takum obpasom, Mpu nepexofe 4Yepes rpaHuuly pasgena AByX MarHeTUKOB
HopmanbHasi cocTaBnswlas BekTopa B U TaHreHumanbHas cocTaBnsoLas
BekTopa H n3aMeHsATCA HENpepbIBHO, a TaHreHUManbHas cocTaBnsaiollas BekTopa
B v HopmanbHas cocTaBnsowas Bektopa H npetepnesaloT cKayok.

42. DeppoMarHeTMKM U UX CBONCTBA

Momumo crrabomazHUMHbIX BELLECTB — Ava- U NapaMarHeTUKOB, CYLLEeCTBYIOT
CunbHOMazHUMHbIe BelwlecTBa — ¢heppoMaz2HemuKku — BellecTBa, obnagatowme
CMOHMaHHOU HamMagHUYeHHOCMbIO, T.€. OHU COXPAaHSAT HaMarHW4YeHHOCTb Mpu
OTCYTCTBUU BHELLHEro MarHMTHOro nons.
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B oTnuune oT cnaBomarHuTHeIX Bellects, y  J
KOTOPbIX HamMarHU4eHHOCTb J TNNHEeNHO J
n3meHsietca ¢ poctom H , y cdeppomarHeTukos, “Hac
npu yesenuueHun H , HamarHWYEHHOCTb pacTeT
cHayana ObICTpO, a 3aTemM BbIXOAUT Ha
Hacblwenne J,, .

MarHuTHas npoHuuaeMocTb L deppomar-

®deppoMarHeTHK

MapamarHeTnk

HEeTUKOB [JocTuraetT OonbluMx 3HaveHun (ans 7_[
xenesa — ~5000, gns cnnaesa cynepmannosi —
~800 000). HuamarneTnk

MarnutHas
MPOHMLAEMOCTb W MarHuTHasi uHaykuus B
heppomMarHeTMkoB 3aBucuT oT H .

B=py(H+J) B cnabbix nonsx pactér
6bicTpo ¢ poctom H (yyactok 0-1-2 Ha pUCYHKe
(a)), a B cunbHbIX nonsx, nockoneky J=J_.., B
pacTéT ¢ yBenuyeHnem H nuHeinHo (ydacTtok 2-3).

B

B J
CooTBeTCTBEHHO | =—F—=1+— BHavane
Hof
pactér ¢ poctom H (pucyHok (6)), a 3aTem,
Jocturasi MakcMMyMma, HadvMHaeT YMeHbLUaThCs,
CTPEMSCh B Cryyae CUrbHbIX Monei K eanHuLe.
3aBUCMMOCTb  HamarHudeHHoct J  oT

0 H HanpsbkéHHOCTM  MarHuTHoro nons  H B
5) beppomarHeTike onpegensieTca  npeabicTopuei
HaMarHuyeHuss.  JTo  sBMeHWe  HasblBaeTcs

MarHUTHbLIM FrMCTEePe3UCOoM.
Ecnn deppomarHeTMk HamarHMTUTb OO HacbiweHusa (kpueas 0-1), a 3aTem
ymeHblwate H (kpuBas 1-2), To npu H =0
B (beppoMarHeTMKe OCTaHeTCsi ocTaTouvHas
HaMarHM4yeHHocTb J .

OTo  sBNEHMEe  WCMonb3ywT  npu
N3roTOBMEHUV ITOCMOSIHHbIX Ma2HUIMOo8.

o Ons TOro YTOObI YMEHbLUNTb

4 HaMmarHMyeHHOCTb [0 HyNs, Hago NPUNOXMUTb

NPOTUBOMOJIOXHO-HaNpaBneHHoe none

(Touka 3), ¢ HanpskéHHoCThio f -, KOoTOpas

Ha3blBaeTCs KO3puuTUMBHaa cuna. [lpu
AanbHeWweM yBenuyeHun npoTUBOMONOXK-
HOro nomns  doeppomarHeTMk nepemarHnymBaetcss (kpuBass 3—4), pgocturas
HacblleHnst (Touka 4). 3aTemM ero MOXHO OnATb pasmarHUTUTL (kpuBas 4—-5-6) n
BHOBb NMepemMarHMTUTb 40 HacblweHus (kpuBas 6-1).

Takum o6pas3om, U3MeHeHne HamarHM4eHHOCTM OonucbiBaeTcs Kpueon 1-2-3-4-
5-6-1, KOTOpas Ha3blBaeTCs NeTnsa rncrepesunca.

Ona «kaxgoro dheppomarHeTvka wuMmeeTcs onpeaenéHHas Temnepartypa,
HasblBaemas mod4koli Kropu, npu KOTOPON OH TepsieT CBOM MarHWTHblE CBOWCTBA.

MarHeTtunam
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Mpn HarpeBaHun Bbiwe Touvkn Kiopy deppomarHeTuk rpespawjaemcsi B OObIYHbIN
napamMarHeTuK.

MpuunHa Takoro noBefeHWs B TOM, YTO MpuU TeMnepaTypax Hwke Touku Kiopu
deppomarHeTuk pasbmBaeTcs Ha GonbLIOe YMCNO MUKpOCKOMMYeckux obnacrenm —
doMeHOo8, CaMOMPOU3BOMbHO HaMarHWYeHHbIX [0 HacblleHus. HanpasneHue

S , , HamarHu4eHus AOMeHa onpeaeneHHbIM
N OSSN o6pa3om cBsi3aHO C pacnonoXeHnem aTomMoB B

X + X+ X+ XN paAbl Mo crion (Ha PUCYHKE CXxemMaTuyecku
W - + XX KN XK + rokasaHbl JOMEHbI B Kpuctanne xenesa). lNpu
+ XN KN\ N )| OTCYTCTBMM BHELUHEro MarHWTHOro nons

/
4 + XN X + X MarHuTHble MOMEHTbl OTAENbHbIX [JOMEHOB
X+ X+ XX KK+ OpUEHTUMPOBaHbI  Xaomuyecku W KOMIIEHCU-
/ + N pytom pgpyr gpyra. [losToMy cymMapHbiit
N X KN AKNK KN XK D MarHUTHBIN MOMEHT  dheppoMarHeTka paseH
ANVAVLN + J\] HYTIO 1 heppOMAarHETUK HE HaMarHuueH.
1 L 1

BHelwHee none opueHTMpyeT Mo MO0
He MarHWTHble MOMEHTbl OTAEMbHbIX aTOMOB (kak 3TO MMeeT MecCTo B crnyyae
napamarHeTUKoB), a MagHUMHbIe MOMeHMb! Uyesnbix obnacmeli CNOHTaHHON
HaMarHM4eHHOCTW, NPpUYEM JAOMEHbI NOBOPAYMNBAIOTCS MO MOS0 CKAYKOM.
dopmypoBaHMe JOMEHOB 0BGYCNOBMNEHO KBAHTOBbIMW CBOWCTBAMU 3IEKTPOHOB.
deppomarHMTHbIMKM cBoMcTBamMM 0bnagalT BellecTBa, B aTOMax KOTOPbIX €CTb
HEeAOCMPOEHHbIE BHYTPEHHME 3NEKTPOHHbIE 0B0MOYKM C HECKOMIMEPHCUPOBaHHbLIMU
cnvHamu. B aTom cnyyae MoryT BO3HMKaTb OGMEHHbIE CUMbl, KOTOPbIE BbIHYXAAT
CNWHOBBIE MarHUTHbIE MOMEHTbI 3MEKTPOHOB OPUEHTUPOBATLCS rapasiesibHo Apyr
apyry. 3To NpuBOAUT K BO3HUKHOBEHMIO 0BnacTein CNOHTAHHOTO HaMarHU4eHus:.
CyllecTBylOT BellecTBa, B KOTOpblX OOMEHHble CuUNbl  BbI3blBaOT
aHTMNapannenbHyld OpUEHTaUMl  CMMHOBLIX MOMEHTOB  3NIEKTPOHOB.  Takue
BELLeCcTBa HasblBalOTCs aHmMugheppoMazHemukamu. [ns HUX Takke CyLlecTByeT
aHmugeppomazHumHas mouyka Kiopu (moyka Heernsi), Bbille KOTOPOW paspyLuaeTcs
MarHuTHoe ynopsijodeHne 1 aHTueppoMarHeTk NpeBpaLLaeTcs B napamarHeTuk.

Cucmema ypaeHeHufl Makceenna ons AJIeKMmpPoMacHUMHoO:20 noJisa I

43.BuxpeBoe 3aneKkTpuyeckoe nose

Ons  06bsACHEHUsT BO3HWMKHOBEHMSI WHAOYKUMOHHOTO TOKa B  HEMOABMXKHbIX
npoBogHukax (BTopov onbiT Papages) MakcBenn npeanonoxun, 4Ymo ecsikoe
rnepemMeHHOe Ma2HUMHoOeE roJsie 8036yxdaem 8 OKpyXaroujeM npocmpaHcmee
asleKmpuyeckoe MoJsle, KOTOpOe U SBMSIETCH MPUYMHOW  BO3HUKHOBEHUSI
MHAYKLMOHHOTO TOKa B KOHTYpe (NepBoe OCHOBHOE nonoxeHue Teopun Makceenna).

Linpkynsiumsi Bektopa HanpsbkéHHocTv E aToro nons

g dd
qLSEBdlquSEB,dlz—E.

Mo onpeaenexuio notok sektopa B: @ = J‘Eﬁ , OTKyAa crnepyet

S
o OB —
?EBdlz—igdS.
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30ecb U B JanbHEUWEM Mbl UCMOSb3yeM YacTHYIO MPOM3BOAHOM MO BPEMEHM,
MOCKOMbKY B OBLLEM Criyyae 3fekTpuyeckoe nosie MoxeT ObiTb HEOAHOPOAHBLIM, U
MOXET 3aBUCETb HE TOMBKO OT BPEMEHW, HO 1 OT KOOPAMHAT.

Takum obpasom, UuUMpKynAUMs BekTopa [Ep; He paBHa Hymwo, T.e.

3/leKmpu4ecKoe riorne EB’ 6036y)K6aeM09 rnepemMeHHbIM MazgHUMHbIM rosieM, Kak u

camo MarHuTHoe nore, sIBNAeTCs 8UXPE8bIM.
CymMMapHOe 3reKTpuyeckoe Morie ckragblBaeTcs U3 3MeKTpU4eckoro nons,

cosnasaemoro 3apsiaamn E, v BUXpeBoro anektpudeckoro nonsi Ey. Mockonbky

uMpKynaums £, pasHa Hymio, TO LMPKyNALMS CyMMapHOro nons

95Edl = j BIs
s X
310 - nepBoe YpaBHEeHUne CUCTEeMbl ypaBHeHI/IVI Makcsenna angd
ANEKTPOMarHMTHOro nong.

44.Tok cMelleHUA

MakcBenn npegnonoXun, 4TO aHanorMyHo MarHWUTHOMY MOMK U ecsikoe
usMeHeHUe  3JIeKMPuUYeCcKo20  fossi  ebi3bleaem @ OKpyXaroujem
npocmpaHcmee euxpeeoe Ma2HUMHoe roJsie (BTOpPOE OCHOBHOE MOMoXeHue
Teopun Makceenna).

[MockonbKy MarHUTHOE Mosie ecTb OCHOBHOW, 06si3aTenbHLIN NPU3HAK BCAKOrO
Toka, To MakcBenn Ha3Ban nepeMeHHOe 3NeKTpuYeckoe nosne TOKOM CMelleHus, B
OTNnYMe OT TOKa NPOBOAMMOCTM, OBYCNOBEHHOIO ABVMKEHNEM 3aPSIKEHHbBIX YacTuL.

Hapo ckasaTb, YTO TEPMUH MOK cMew,eHuUs He sBnseTca yaadHbiM. OH umeet
HEKOTOpOe OCHOBaHWE B Cllyvyae [AWSMEKTPUKOB, TaK Kak B HUX AeNCTBUTENbHO
cMellalTea 3apsigbl B aTomax v mornekynax. OgHako MOHATME TOKa CMeELLEeHUst
nNpuUMeHsIeTCA 1 Ans nonen B Bakyyme, rae HUKakvux 3apsgoB, a, criefoBaTenbHo, U
HMKaKOro WX CMelleHus HeT. TeM He MeHee, 3TOT TEPMUH COXPaHWMICA B Cuny
MUCTOPUYECKNX TPaanLUmnn.

lMnomHocmb moka cmew,eHus

o =5
CnegyeT noaYepkHYTb, YTO TOK CMELLEHVsI OrpefensieTcs Npou3BOLHON
BekTopa D, HO He camum

BektopoMm D . Tak, Hanpumep, B
none MNNOCKOrO  KoHAeHcaTopa

BekTop D Bcerga HanpaBrneH ot

—  MONOXWUTENbHOM NnacTuHbI K
oTpuuatensHon. Ho B cnydae,
ecnu anekTpuyeckoe none

Bospactaet, To 0D/dt, a

cneposaTtesibHO U TOK CMeLlleHUA
HanpaslieHbl Tak, Kak Noka3aHo Ha

pucyHke (a). Ecnu xe anektpuyeckoe none y6biBaeT, To 6D/6t HanpaBrneHo oT

oTpULATENbHON NNACTUHBI K MONOXUTENBbHOM, Y MarHUTHOE Nosie NMPOTMBOMOMOXHO
(puc. (6)) No cpaBHEHWMIO C MEPBbLIM CIy4YaeM.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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Ecnu B kakom-nubo npoBOoAHUKE UMeeTCA I'IepeMGHHbIVI TOK, TO BHYTpPU
MPOBOMHMKA CylLECcTBYeT NepeMeHHoe omnekTpudeckoe mnone. [Mo3ToMy BHYTPM
npoBoAgHWKa UMeeTCA U MmOk npoeoaUMocmu, N MOK cMeweHUss 1 MarHuTHoe
none npoBoAHUKa onpegensaeTca CyMMOl7| 9TUX ABYX TOKOB.

MaKCBenﬂ BBéﬂ NMOHATUNE NOJIHOIO TOKa, paBHOrO CyMMe TOKOB I'IpOBO,D,I/IMOCTVI
n cMmeleHund. MnomHocmb NosIHO20 Moka

- o X 6D
T

I-IOJ'le“;l TOK Bcerga 3aMKHyT. Ha KOHUaXx npoBOAHUKOB 06pblBaeTCﬂ NNWb TOK
NPOBOAVMMOCTY, a B AMANEKTpUKe (MM B BaKyyme) Mexay KOHLAMU MPOBOAHMKA
nveeTcd ToK cMelleHnd, KOTOpblﬁ 3aMblKaeT TOK NpOoBOANMOCTHU.

I/I3 BCeX q)|/|3V|l-|eCKV|X CBOVlCTB, anleLLlVlX TOKy npoBOANMOCTH, MaKCBeJ‘IJ‘I
I'IpVIFIVICéU'I TOKy cMelweHnda nuuwb OgHO — CHOCO6HOCTb co3gaBaTtb B Opr)KaI’OLLleM
NPOCTpaHCTBE MarHNTHOE none.

MakcBenn o6obwun Teopemy O UMpKynsuuu Bektopa M, wvcnonb3oBas
MOSHbINA TOK

jl‘IOJ'[H

g -~ oD )\—
@Hdl:j F+=|ds.
7 S ot
0606wéHHass meopema o yupKynsayuu eekmopa H npepncrasnset coboi

BTOpoOe ypaBHEHNE CUCTEMbI ypaBHeHVII;I Makcsenna ans ANEeKTPOMarHMTHOro non4.

45.NonHasa cuctema ypaBHeHun MakcBenna
TpeTbe ypaBHEHWE cUCTeMbl ypaBHeHU MakcBenna ans anekTpoMarHUTHOro

nons 23to Teopema [laycca pans nons D. [Ona 3apsga, HenpepbiBHO
pacnpefenéHHOro BHyTPU 3aMKHYTOWN NMOBEPXHOCTU C OGBEMHOM NMOTHOCTLIO P, 3TO

ypaBHEHUE UMEET BUA,

(jSDangpdV.
s v

YeTBépTOE YpaBHeHne MakcBenna — 310 Teopema [faycca gns nons B
$BdS=0.
S

Takum obpa3om, cucmema ypaeHeHul Makceenna e uHmMezpasbHOU
¢gopme
$Eai--[ 2L,
7 5 ot
<ﬁBﬁzrfpdV,
s 14
padai=[|7+2 |as,
ot
L K

gSéﬁzo.
S
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Onsa Ttoro, 4ytobbl 3Ta cucTema ypaBHEHMN Obina mosiHOU €& HeobxoaMmo
OOMNOMHUTL  TakUMM  COOTHOLLEHMSIMM, B  KOTOpble BXOAMNU Obl  BEMUYUHbI,
XapaKTepusyloline MHAMBUAYanbHblE CBOWCTBA Cpefdbl, B KOTOpPOW BO36yxaaroTcs
SMneKkTpuyeckMe W MarHutHble  nons. 3OTM  COOTHOLWUEHWS  Ha3blBalOTCSH
MamepuasibHbIMU COOMHOWeHUsAMU

D=¢gyeE, B=pyuH, j=vyE,
rae €y W Ly — COOTBETCTBEHHO 3EKTPMYECKast N MarHUTHas NOCTOSHHbIE, € U L —
COOTBETCTBEHHO AM3NEeKTpUYeckas U MarHWTHas NPOHWLAEMOCTW, Y — yAenbHas
NPOBOAUMOCTb BELLEeCTBa.

Y3 ypaBHeHun MakcBenna crefyert, 4To

— UCMOYHUKaMUu 3NeKTPUYECKOTrO Monsa sBRstoTcs nMbBo anekTpuyeckue
3apsabl, MMB0 N3MeHsoLLMecs BO BPeMEHV MarHuTHble Nonsi;

— MazsHumdble nons  Moeym  80306yxdambcs  nMBo  ABUXKYLUMMUCA
3MNEeKTPUYECKUMU 3apsigamu (anekTpuyeckumu TOKaMMu), nm6o
nepeMeHHbIMU 3NEKTPUHECKUMI NOMAMU;

— TMepeMeHHOe MarHWTHOe Mofie BCerga cesi3aHo C MNOPOXOAeMbiM UM
SMEKTPUYECKMM TofieM, a MepeMeHHoe 3rnekTpuyeckoe mnomne Bceraa
CBS13aHO C MOPOXAAaeMbIM UM MarHUTHbIM, T.€. 3NEKTPUYECKOE U MarHUTHOe
nonsi Hepaspbi8HO CBA3aHbl ApYr C APYroM — OHW 06pasyloT eauHoe
a/1ekmpomazHUmMHoe rnoirie.

Ons ecmayuoHapHbix ronell (E =const u B =const ) ypaBHeHuss Makceenna

MMeloT BUg

q.)Ecﬁ:O; ggﬁﬁ:q; @ﬁazl; (JSE’E:O.
L K L s

B smom cnydyae anekTpuuyeckue U MarHUTHble MONs He3asucuMbl OPYr OT
Apyra, 4To No3BonseT udyyatb 0mOesibHO NOCTOSIHHbIE ANIEKTPUYECKOe U MarHUTHoe
norne.

Bocnonb3yemcsi M3BECTHbIMKM M3 BEKTOPHOrO aHanusa Teopemamu CTokca u
[aycca (cm. cTp.1-31)

CJS;IE = jrot ;1@,
L N

$A4dS = [divAdy.
s 14
Mo onpenenexnio, dueepaeHyueli i POMOPOM BEKTOPHOTO nons A B AaHHON
Toyke M HasbiBaloT criegylolme nNpon3BoaHbIe No 06bEMY
¢ 4ds $14,dS]
divA(M) = lim&——, rot AOM)=limS———,
V-0 V V=0 V

roe  uHTerpansl (]S;ldS " q‘D[,?I,dS] €CTb, COOTBETCTBEHHO, CKa/IsIpHbIU 1
K )
8eKMOpPHAbIL NOTOKN BEKTOPHOIO MOJSA Yepes3 3aMKHYTYI0 MOBEPXHOCTb S, koTopast
OKpYyXaeT faHHyto Touky M , oxBaTbiBasi 06nacTb ¢ 06bémom V.
[nBepreHumsa ectb Mepa ucmoyHukoe nons. Ecnn B HekoTopon obnacTtu
OVBEpreHuMs paBHa Hyn, TO BEKTOPHOe fnorne B 3To obrnactu ceBob6ogHO oOT

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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MCTOYHMKOB. Te TOYKM MONSsi, B KOTOPbIX AVBEPreHLMst MONoXUTeNbHa, Ha3biBaloTCs
UCmMoYHUKaMu Mors, a B KOTOPbIX OTpULATENbHa — CMOKaMu BEKTOPHOTO MOSs.

Ncnonb3yss Teopembl CTokca M [aycca, MOXHO nNpeAcTaBWUTb MOJIHYHO
cucmemy  ypasHeHuli Makceenna e  OdudgpepeHyuanbHol  ¢hopme
(xapakTepuayroLmx nosne B Kaxaon To4Ke NPOCTPaHCTBa)

rotE :—a—B,
ot
divD =p,
rot H = ] +6—D,
ot
divB =0.

ypaBHeHMﬂ MakcBenna He CUMMempuU4YHbl OTHOCUTENbHO 3JTIEKTPUYECKOro u
MarHWTHOro nomnem. 3TO CBA3aHO C TEM, YTO B npupoae CyLecCTBYKT 3NneKTpuveckmne
3apagbl, HO HEeT 3apaa0B MarHUTHbIX.

Tak, Hanpumep, ypaBHeHue divD =p SIBHO LEMOHCTPUPYET, YTO UCTOUHUKAMMU
3MEKTPUYECKOro Monsi  SIBMAIOTCS MONIOXWUTENbHbIE 3MEKTpUYeckue 3apsigbl, a

CTOKaMu — oTpuLaTenbHble anekTpuyeckne sapsabl. YpasHenve div B =0 otpaxaer
TOT PaKT, YTO HE CYLLECTBYET UCTOYHWMKOB U CTOKOB MAarHUTHOTO NOMs — "MarHUTHbIX
3apsgos".

B cnydvae ecnu 3apsaabl n TOKM pacnpefeneHbl B MPOCTPAHCTBE HerpepbisHO,
To 06e hopmbl ypaBHeHU MakcBenna — uHTerpanbHas u auddepeHumansHas —
akeueaneHmHbl. OQHAKO eCnn UMEKTCS 108epPXHOCMU pa3pbléa — NOBEPXHOCTH, Ha
KOTOpbIX CBOMCTBA CPeAbl UMW NoNen MEHSTCS ckavykoobpasHo, TO UuHmezpasibHas
gopma ypasHeHul siensiemcsi bonee obujedl.

Ons Toro 4ytobbl 3TN ypaBHeHus MakcBenna B guddepeHumansHon copme
ObInn cnpaBeanyebl U Ha rpaHuuax cpefd, rae BeNWYMHbI, BXOASLWME B ypaBHEHUS,
MEHSITCH CKaykooOpa3Ho, HeOBX0AMMO AOMOMHUMbL 3TV YpaBHEHUS epaHUYHbIMU
ycsosusiMu, KOTOpPbIM [OSKHO YAOBNETBOPSTb MarHUTHOE MNofe Ha rpaHuue
pasgena AByXx cpef. AT COOTHOLLIEHUS Bbinn pacCMOTPEHbI paHee:

D, =D, E,=E,, B,=B,, H,=H,
(nepBoe u nocnegHee ypaBHEHWUst BblBeAEHbl ANS Crnydvas, Korga Ha rpaHuue
pasgena HeT HU cBo60AHbIX 3apsa0B, HU TOKOB MPOBOAUMOCTM).

YpasHeHusi Makceenna — Haubonee obwue ypagHeHusi Ons
SM1eKMPUYECKUX U MazgHUMHbIX rnoned 8 rokoswuxcs cpedax. OHu
ueparom 8 yyeHuu ob ariekmpomasHemu3Me makyto Xe porib, KaK 3aKOHb!
HblomoHa 8 MexaHuKe.
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CodepixaHue
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MarHuTHoe none

1.

OcHoBHble 0COBGEHHOCTU

2
25.

Pa6ota no nepeMeLleHno KOH-
Typa C TOKOM B MarHUTHOM

MarHuUTHOro nonsi 2 none 13
2. Pamka ¢ Tokom. Hanpasnenne
MarHUTHOrO Nons 2 AnekTpomMarHMTHas UHAYKUMUS 13
3. BekTOop MarHUTHOM MHAYKLUMK 3 26. OnbiTbl Papages 13
4. MaKkpOTOKU N MUKPOTOKM 3 27. 3akoH dapapest 14
5.Cssisb Mexay B u H 4  28.3[C vHAyKUUM B HEMOMABUKHbIX
6. Mofo61e BEKTOPHBIX XapaKTe- MNpOBOAHMKaxX 15
PUCTUK 3NEKTPOCTATUYECKOTO 29. BpavyeHne pamki B MarHuTHOM
1 MarHUTHOro rnorne 4 none 15
7. 3akoH Buo-Casapa-flannaca 4  30.Buxpesble TOkM (TOKU DyKO) 16
8. MarHuTHoe none npsiMoro Toka 5 31 VIHAYKTMBHOCTb KOHTYpa 16
9. MarHuTHoe rnore B LieHTpe 32. CamounHaykums 17
KpYroBoro Toka 5  33.Toku npu pasmbikaHAK
10. 3akoH Amnepa 6 1 3aMblKaHUK Lenu 18
11. BaaumogeincTeme napanmners- 34. BaaumHas uHpykuna 19
HbIX TOKOB 6  35. TpaHcopmaTopsl 19
12. MarHuTHasi NOCTOSIHHAas! 6  36.3Heprus marHUTHOro noss 20
13. Eigﬁ:;l:lé!\ﬁr;::; ;V;:IHHV%:;”FMOM MarHuTHble CBOMCTBA BellecTBa 21
nons 7 37. MarHuTHble MOMEHTbI 3NEKTPO-
14. MaruuTHOe none cBo6oAHO HOB 1 aTOMOB 21
ABuXyllleroca 3apana 7 38. na- n napamarHeTukm 22
15. Cuna JlopeHua 7 39.HamarHnyeHHoCTb. MarHuTHoe
16. [iBKeHNe 3apsiKeHHbIX YacTuL rore B BeLLECTBE 24
B MarHMUTHoOM none 8 40. 3aKoH NonHoro Toka Ansa mar-
17. OpdhexT Xonna 9 HUTHOrO MONS B BELLECTBE 25
18. Teopema o UMpKynAumN 41.YcnoBusi Ha rpaHu1Le pasgena
BekTopa B 10 OBYX MarHeTUKOB 26
19. MarHuTHOe norne coneHovga 10 42. eppomarHeTnkn n nx
20. MarHuTHoe none Topounaa CBOWCTBA 26
B BaKkyyme 11
21.MoTok BeKkTopa MarHUTHoOn Cucrtema ypaBHeHVIﬁ MakcBenna
VHAYKLMN 11 ANA 3NeKTpoMarHuTHoro nons 28
22. Teopewma l'aycca Ans marmT- 43. BuxpeBoe anekTpuyeckoe none 28
HOro rnons B Bakyyme 12 44. Tok cMeLLeHus 29
23.ToTokocuennenme 12 45.Monnas cuctema ypasHeHuit
24. PaboTa no nepemeLLeHnto npo- Makceenna 30
BOJHWKA C TOKOM B MarHUTHOM
none 12
MarHeTnam
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