[TOCTOAHHBLIN 3NEeKTPUYECKUN
TOK.



ANEeKTPUYeCKUN ToK

o JZIeKmpu4YecKuU mok — ynopsigoveHHoe
(HanpaBneHHOE) OABUXEHUE AMNEKTPUYECKMNX
3aps0os.

* Tok nposooumocmu ( mok 8 rpo8ooHUKax)
— 08UXKEHUEe MUKPO3aps008 8 MaKpomerie.

 KOHBEKUUOHHbIU MOK — O8UXKeHUe
MaKpPOCKOMUYECKUX 3apPs)KeHHbIX mMeJi 8
rnpocmpaHcmaee.

* Tok 8 BaKkyymMme — O08UXXeHUEe MUKPOo3aps008 8
8aKyyme.



ANEeKTPUYeCKUN ToK

* B npoBogHMKe noa AeNcTBMeEM NPUNOXXeHHOro
ANIEKTPUYECKOro Nosns cBODOAHbLIE 3ANEKTPUYECKME
3apsabl NnepemMeLllatoTcs: NonoXnTenbHbIe — MO
Nomnto, oTpuuaTenbHble — NPOTUB NONA.

« Hocutenu 3apagoB coBepLLaloT CNOXHoe
[BUKEHUeE:

1) XxaoTnyeckoe co cpefHeun CKOpPOCTbHO
v~(10°% +10*m/c),

2) HanpaBfieHHOoEe CO cpegHen CKoOpoCTbio v~E(gonu
MM/C).



« Taknm obpasom, cpeaHsss CKOPOCTb
HanpaBleHHOro ABMXEHNA NEeKTPOHOB MHOIO
MeHblUe cpedqHen CKOPOCTU UX XaOTUYECKOro
OBMXeHUda. HesHauntenbHasa cpeaHas CKOPOCTb
HanpaBneHHOro ABMXeHNST OOBSCHSETCS NX
4aCTbIMW CTONKHOBEHNAMU C NOHAMW
KPUCTanImM4yeckon peLleTKN.

* B TO XXe BpeMsa BCAKOE N3MEHEHME
ANIEKTPUYECKOro Nosda nepegaeTcst BOOMb
NPOBOAOB CO CKOPOCTbLIO, paBHOW CKOPOCTU
PACNpPOCTPAHEHNST IANEKTPOMArHUTHOW BOSHbI —
(3:10° m/c). MoaTomy ABMXKEHME SMEKTPOHOB NoA
OENCTBMEM BHELUHErO NOMns BO3HUKAET Ha BCEM
NPOTSKEHUM MPOBOAA MPAKTUYECKN
OOHOBPEMEHHO C Noga4vyen curHana.



 [1pn gBMXEeHUN 3apsaoB HapyLLIAeTCa nX
paBHOBECHOE pacnpeaerneHune. CneagoBaTeribHO,
NOBEPXHOCTb NPOBOAHMKA YXKe HE ABMAETCH
9KBUMOTEHLUMANBHOMN N BEKTOP HANPSAXXEHHOCTU
anekTpu4yeckoro nonsg E He HanpasneH
neprneHanKynspHoO NOBEPXHOCTU, TaK Kak Ans
OBWMXEHUS 3apsaaoB HeobXxoaMMo, YToObl Ha
nosepxHoctn E_# 0.

 [1o aTON NPUYNHE BHYTPU NPOBOOHUKA
CYLLLECTBYET aNneKTpuyeckoe rnose, KoTopoe
PaBHO HYIO TONLKO B Cny4Yyae paBHOBECHOIO
pacnpeneneHns 3apagos Ha NOBEPXHOCTU
NpoBOAOHMKA.



Ycrnoeusi nosiesieHUs1 u cyuiecmeoeaHus

mokKa rnpoeooumMocmu:

1. Hann4ymne B cpeae cBoOOAHbLIX HOCUTENEN

3apsaaa, T.e. 3apsKeHHbIX YacTuL, COCOOHbIX
nepemMeLlaTbCs.

B meTanne 310 aneKkTpoHbl NPOBOAMMOCTHU; B
ANeKTponmMTax — NONOXUTENbHbIE U
oTpuuaTenbHble NOHbI; B ra3ax —

MOSIOXUTENbHbIE, OTPULIATENbHbIE UOHbI U
ONEKTPOHbI.



Ycrnoeusi nosiesieHUs1 u cyuiecmeoeaHus

mokKa rnpoeooumMocmu:

2. Hann4ymne B cpene anekTpuyeckoro nong,
9HEpPrmnst KOTOPOro 3aTpadmBanach Obl Ha
nepemMeLleHne arekTpudecknx 3apagos. Ins
TOro 4YTOObI TOK ObIN ANUTENbBbHbLIM, SHEPTUS
ANIEKTPUYECKOro nosns OormkHa BCE BPEMS
NOMNONHATLCS, T.€. HY>KEH UCTOYHUK
ANEeKTPUYECKON 3HEPTN — YCTPOMUCTBO, B
KOTOPOM MpouncxoauT npeobpasoBaHne
KaKkon-nmbo SHEPrnm B SHEPIuLo
AN1EKTPUYECKOro Nosisi.



ANEeKTPUYeCKUN ToK

« 3a HarnpaeJsieHUe mokKa YyCnoBHO MNPUHATO
HanpasrieHne OBMXEHUS NONOXUTESbHbIX
3apsaos.

* Cusia moka — Kornn4yectBeHHasa Mmepa
(XapaKTepucTnKa) ar1eKTpnYeCcKoro Toka.



dq

| = — cuna ToKa YMcrneHHo pasHa 3apsaay;,
n@bxoasileMy Yepes nonepeyHoe CeyeHme
NPOBOAHMKA 33 €OUHNLLYY BPEMEHMU.

B CW: [1A = 1Kn / 1c].

 [IBM>XeHNe HoCcUTEenen 3apsiga ogHOro 3Haka
9KBMBANEHTHO OABWXEHUID HOCUTENeun
NPOTUBOMNOSIOXXHOIO 3HaKa B

NMPOTMBOMONOXXHOM HanpaBlieHNN.
« Ecnu Tok co3gaeTca AByMSA BUAAMMU

HOCUTENEeWN: ]:dq+ ; dq_

dt dt




Cuna ToKa

[ns noctosiHHOro Toka: [ = 1
[

e Bekmop niiomHocmu moka j BBOOUTCS
0N XapakTepUcTUKM pacnpeneneHnsd
3apsa4a no cevyeHuo NpoBoOHMKA .

B CU: [A ] m7].



~dq dI
ds,dt dS,

NSIOTHOCTb TOKa YMNCIIEHHO paBHa 3apsay,
npoxoasiemMy Yepes eanHUYHYI NroLagky dSn,
PACMNONOXXEHHYO NepneHaNKYNspHO HanNpPaBIEHUIO
TOKa, 3a eAUHULY BPEMEHM.

(]Agn

J

dS



A = ]wdﬁ = jdS cos(éjw'»dﬁ):

(ISn:
i /= jdS coso = jds,.

({4

(] ASV |:

ds = ds - n.

jzj]w'dbw*.
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PaccmMmoTpum rnpoBOAHUK cevyeHneMm dS.

asS

n

V

/=l

- —

e — aneMeHTapHbIX 3apaa.
N — KOHLIEHTpauua 3apsgoB B 00beMe NpoBOAHMKA

(V» — CPeHsAs CKOPOCTb YNOPsA0YEHHOro ABUXEHUS
3apsaoB.



e~ n dS
V

A=wdt ‘
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_@_nedV_ne/IdS_
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dt dt dt
_ ne(v)dtdS _ nelv)ds.
dt
J= L ne(v)



CTOpPOHHUE CUMbI. ANEKTPOABUXYLLAS
cuna. HanpsxeHue

 Ecnu B Uenu Ha HOCUTENN TOKa OeNCTBYET TONbLKO cuna
9NEeKTPOCTaTUYECKOro noss, To NpoucxoauT nepemMeLleHune
HOCUTENEN, KOTOPOE NPUBOAUT K BblpaBHUBAHUIO NOTEHLMASIOB
BO BCEX TOYKaX Lienn N K CHE3HOBEHMIO ANEKTPUYECKOro nons.

« CrneposarternbHo, ANs CyLecTBOBaHUA MOCTOAHHOMO ToKa
HeobXxoaMMO Hanuyme B LIENU YCTPOUCTBA, KOTOPOE CO34a€eT U
nooaepXMBaeT pa3HOCTb NOTEHUMANOB ¢ 3a CYET paboThbl cun
He3neKTpPMYEeCKoro npomcxoxaeHua. Takme ycTtpomcTea
Ha3bIBalOTCA UCMOYHUKaMu moka (reHepaTtopbl —
npeobpasyeTca MexaHn4yeckasa aHeprust; akkyMmynstopbl —
9HEprua XMMmN4eCcKon peakumm Mmexay anektpogamum u
SNIEKTPONNUTOM).



¢ CmopOHHue CuUJibl CUJibl HEJJIEKTPUYECKOIO

MPOUCXOXOEHUS, JENCTBYIOLME Ha 3apsaabl CO
CTOPOHbI MICTOYHMKOB TOKaA.

E CIOPOH.

3a CYeT noJsid CTOPOHHUX CUN 3NeKTpuyeckne 3apsaabl
OBWXYTCAH

BHYTPN UCTOYHUKaA TOKa MPOTNB CUJT INTEKTPOCTATUHECKOIO
NOJiA.

CnepoBaTesnbHO, Ha KOHLIaX BHELLHel Lenu
noaaepXnBaeTcs

Pa3HOCTb MNMOTEHUNaJ/10B U B LETNN TEYET NOCTOSAHHbIN TOK.



« CTOpoHHME cunbl coBepLuatoT paboTy no
nepemMeLLeHnto aNeKTPUYecKknx sapsos.

« OnekTpoasmxkyllaa cmna (3.4.c. — E) —
dmanyeckas BennvnHa, onpenensemas paboron,
coBepLlaemMon CTOPOHHUMIN cunamm nNpu
nepemMeLleHnn eaunHUYHOro NMosSIOXUTENLHOrO
3apsga

E CINOPOH.



« 3.0.C. B 3aMKHYTOM ULEMN MOXeT ObITb
onpefeneHa KakK UUpKynauua BeKTopa
HaMPs>KEHHOCTU CTOPOHHUX CUIT

E={E,,dl.

 Taknm obpasom, Ha 3apsadbl Ha y4vacTke

Lenn, B KOTOPOM €CTb WCTOYHUK TOKa,
OENCTBYIOT KYJTOHOBCKME W CTOPOHHME
CUnbI.



HanpsixxeHue Ha y4acmke uenu

* BENMUYMHA, YNCITIEHHO paBHaa paborTe,
COBepLUaeMou Nnorem
ANIEKTPOCTATUYECKUX U CTOPOHHUX CUIT MPU
nepemMeLeHnn eauHNYHOro
NONOXXNTESNBHOIO 3apsija Ha 3TOM y4acTKe
Lenu

U=¢,—p, +C



3akoH Oma ons
OOHOPOAHOro y4yacTKa uenw

°* OOHOPOOHKLIM Ha3bIBAETCHA Y4aCTOK LEMNUN HE
coaepkalluin MICTOMHUKA 3.4.C.

U

- [ =—.
I R R

* 5aKOH UMa B nHrerpalnbHOU opMe: cua ToKa
NpPsSAMO NponopLUnoHanbHa NnageHuto
HanpsXXeHna Ha ogHOPOAHOM y4acTKe uenu u
obpaTHO nponopLmnoHarbHa CoNPOTUBIIEHUIO
9TOro y4acTKa.

A
\




B CU conpoTtunBneHne R namepseTcs B
omax [10Om = 1B / 1A].

* BennunHa R 3aBUCUT OT OOPMbI U
pa3MepoB NPOBOAHMKA, a TaKkKe OT
CBOUCTB MaTepuana, U3 KotToporo oH
caenaH.

 [1na umnnuHapmuyeckoro NpoBOAHUKA
[
R=p—,
S
* rde p — yoenbHOoe aneKkTpu4yeckoe
conpoTtusnenne [Om-M], ons MetTannos

ero BenvyunHa nopsagka 105 Om-m.



« ConpoTmBneHne npoBOJHMKA 3aBUCUT OT €ro
TemMnepaTypsbl: _
Patyp p=pol+a-t),

R=Ry(1+a 1),

a — TemMnepaTypHbIN KOOPPULMEHT
COMNPOTUBNEHUSA, ANSA YNCTbIX METASNIOB (npm He
OYeHb HU3KUX Temnepatypax a=1/273 K,

p,» R, — COOTBETCTBEHHO yAeribHOe COI'IpOTI/IBJ'IeHI/Ie
" COI'IpOTI/IBJ'IeHI/Ie npoBoaHuKa npu t = 0 °C.

» Takas 3aBUCMMOCTb p(f) 0ODBbACHAETCSH TEM, UYTO C
POCTOM TemnepaTypbl UHTEHCUBHOCTb
XaOTUYECKOro ABMKEHMS NONOXUTENBHbLIX NOHOB

KPUCTAaJII Nn4yeckoun PELLETKN YBEJTNHNBAETCH,

HarnpaBrieHHOEe OBWMKEHNE SITIEKTPOHOB
TOPMO3UNTCS .



IlocjienoBarejabHOE COCAMHEHHUE
IMPOBOJIHUKOB

Lo, =1, =1,=1;=..
Uy =U,+U, +U; +...
Ry, =R+ R, +R; +...

(Yo U, U U
/ I I 1




IlapajiejbHOE COCTMHCHUE

IPOBOJIHUKOB
‘ 1 ‘

I2I

I |
—L 3
Lo, =1L+ 1, +1;+...
Uy, =U,=U,=U;=...
1 1 1

|
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e [locnenoBaTenbHOE coeauHEHME.

R=R, +R,+..+R

e [lapannenbHOe coegnHeHUE.

| 1 1

R R R, R




3akoH Oma B
anddepeHumnansHon hopme

» CBA3bIBAET, KakK 1 ntobdoe
ondpdepeHunanbHoe ypaBHeHMe,
BENUNYMHBbI, OTHOCALLIMECHA K OOHOMN TOYKE,
B OTNIMYME OT MHTErpanbHbIX YpaBHEHUM,

CBA3bIBaOWUNX BEJIMHYNHDBbI, OTHOCALUNECA K
Pa3HbIM TOYKaAM.



3akoH Oma B
anddepeHumnansHon hopme

do = Edl,;

d]zd—@, dezE—dl-dS,: j=£.
dR odl o,

oc=1/p — ypenbHas  anekTpun4yeckas

NpoBOANUMOCTb, [CUMEHC Ha MeTp, CMm/M].

/N /A

J =oL.




3akoH Oma B
anddepeHumnansHon hopme

* B nsotrponHon cpege HocuUTeNun ToKa
(MONOXUTESNbHbIE) B KaXKO0WN TOYKe
OBWXYTCS B HanpasneHUn BeKTopa
Hanps»XeHHOCTW anekTpuyeckoro nong E.



3akoH Oma ans
Heoa4HOPOAHOro y4yacTKa uenu

* HeOOHOPOOHBLIU — Y4aCTOK LLENMN,
coaepxalmm NCTOYHUK 3.4.C.

+ 3aMKHyTas Uenb CoaepXnT

NCTOYHUK 3.4.C., KOTOPbIN B

HanpaeneHnn 1-2 cnocobcTByeT
2 OBWMXEHUIO MONOXNTENbHbIX
3apa0os.

j=clE+E,,)

S=const

E — HaNpAXeHHOCTb MNoJid KYyJTIOHOBCKUX CUIT,

E__ — HanpshKeHHOCTb MOSs CTOPOHHYX CUII.



3akoH Oma ans
Heoa4HOPOAHOro y4yacTKa uenu

AN A /N "
dl - j=cEdl +oE,, dl.
2 BekTop dI Bbibpanu
coBnagatoLwum rno

HanpaBfieHNIO C BEKTOPOM
NOTHOCTU TOKA j.

A MEME,

S=const




S=const

PL_R
S

2

1

2

NHTerpmupyem no AnvHe npoBogHMKa

OT ceveHua 1 oo HeKOTOpOI'O ceyeHuns 2.
2

jpldz jEdz+jE dl,

I
%’121 = j Edl + j E,dI.

paboTa, coBepLlaemas KyrmoOHOBCKUMMU
cvnamMm no nepemeLLeHunto q,, 3 To4KK
1 B TOYKY 2.

paboTa, coBepLuaemas CTOPOHHUMM
cvnamMm no nepemeLLeHunto q,, 13 To4KK
1 B TOYKY 2.



3akoH Oma ans
HeoO4HOPOAHOro y4yacTKa uenu

« PaboTta, coBepluaemas KyrioHOBCKUMM U
CTOPOHHMMU CUNamMun No NepemMeLLEeHUIO
€OMHUYHOTO MONOXMTENbHOro 3apsaa q,,
— nadeHue HarnpsHKeHUsi (HanpsikeHue).

Tak Kak Touku 1, 2 ObInn BbIOpaHbI MPOU3BOSILHO,
TO NONy4YeHHbIe COOTHOLLEHUNSA cripaBeanmBbl

ons noobbiX OBYX TOYEK AfiekTpuyeckon Lernu:

—_——

1 R R

? K2 ]:(p1_§02iE




3akoH Oma ans
HeoO4HOPOAHOro y4YacTKa uenu

« Ecnn ncTtoyHmk 3.4.C. BKITIOYEH Takum obpasowm,

YTO B HanpaefneHuUn npoTEKAHMS TOKa OH
NOBbILLIAET MOTEHUMANn 3nNeKTPU4Yeckon uenu, To
OH bepeTcs ¢ nntocom + E.

o +(02 ]:§D1_(pz+E

& | — — »




3akoH Oma onsi 3aMmKHYTOU Lenu

* Ecnn uenb 3aMkHymasi, 710 ¢, = @,,.

I = : R =r

NOJIH GHYMp .ucm.m. 6HeuLuenu'

NOJIH

Q!




PaboTa n MOLLHOCTb 3NfIeKTPUYECKOro ToKa.
3akoH xoynsa-JleHua

* [lpn coypgapeHun cBODOOHbLIX 3MNEKTPOHOB C
MOHAMWN  KPUCTaANNMUYECKON  pPeLUeTKU  OHWU
nepegarT UMOHaAM  U3DObITOK  KMHETUYECKOM
SHEpPrnn, KOTOpYyH  nNpuobpeTtatoT 3a BpPeEMS
YCKOPEHHOIro ABWXEHUS B JNEKTPUYECKOM rorsie.
B pesynbrate 3TUX coygapeHun amnnuityna
KonebaHunn MOHOB OKOIo y30B
KPUCTaNMM4Yeckon  pelleTkn  yBennymBaeTCH
(TennoBoe ABWXXEHNE MOHOB CTaHOBUTCA Donee
MHTEHCUBHbIM). CnegoBaTenibHO, MNPOBOAHUK
HarpeBaeTCs: Temneparypa — Mepa
MHTEHCMBHOCTU XaOTUYECKOro OBMXEHNSA aTOMOB

N MOIneKkyn. Boigenuelieeca tenno Q pasBHo paboTte
TOKa A.



PaboTa n MOLLHOCTb 3NIeKTPUYECKOro ToKa.
3akoH [hxoyns-IleHua

MoLLHOCTb ANNEKTPNYHECKOIO TOKA.

p=2
{



3aKkoH [xoynsa-JleHua

* OgHOpPOAHBIN yYacToK Lenn ¢,
I R
A=0=q(¢; =) = (1 =) -1 =
2
Ut =1*Ri=——¢
R

P=1U



3aKkoH [xoynsa-JleHua

* HeooHOPOAHbLIM YY4aACTOK Lienu

2 -

A=q(p,—@p, £ E)= 7 |
=(p—p, £E) 1.
P=(p -, £B)I.




3aKkoH [xoynsa-JleHua

C
C

« 3aMKHYyTas Uenb. |

A=EI -t. R
P=FEI

2
* K.n.A. nCTo4yHmKa TokKa: n :ﬂzg.
IE E



3aKkoH [xoynsa-lleHua B
anddepeHunansHon cpopme

e YOoenbHasi mensioeasi MOWHOCMb MOKa
— KONMuMYecTBO Tenna, BblaenmsLLeecsd B
eJMHNYHOM obbeme 3a eguHULLYY BPEMEHM.

@ J
dR dVdt

—dU——

. 2
(dS) pdl ;. _ j2pgsdl - dt

dO = (dI ¥ dRdt =
0 =(dr) S 4



3aKkoH [xoynsa-lleHua B
anddepeHunansHon cpopme

. 2 _
dQ = (dI)* dRdt = dS) pdl , _ j*pgsdl - dt,
Jj=oL.
dO =c2E>pdV -dt,
0 P - dQ - ,
] - g = =olb
c =;- dVdt




3akoHbl Kupxroda

icnonb3yoTca ANga pacyeTa pa3BeTBNEHHbIX
Lienen NOCTOAHHOIo TOoKa.

 Hepa3zeemesnieHHas1 afilekmpu4deckas uernb —
Lienb, B KOTOPOW BCE 3NIEMEHTbI Lienwu
coeguHeHbl nocrnenoBaTenbHOo.

o JsiIeMeHm asiekKmpu4yeckKkou yenu — noodoe
YCTPOMNCTBO, BKINOYEHHOE B ANEKTPUYECKYIO
Uenb.

* Y3es annekmpu4yecKkou yenu — TouKa
Pa3BETBIEHHOW LIEMN, B KOTOPOW CXOOUTCH
boree aAByx NPOBOAHWUKOB.

e Bemeb pa3zeemesieHHOU 3J/1eKmpu4ecKou
yernu — y4acToK Lenu mexay AByMSA y3namu.



[MepBbIN 3akOH Knpxrodpa (cnegcreue
3aKOHa coxpaHeHus 3apsaa):
anrebpanyeckaa cymma Cui TOKOB,
CXOOALLMXCS B y3rie, paBHa HYIIIo.

Z[i =0
i=1

+1 e

ToK, nogxoadawmnmn K y3ny — rnonoXnTenbHbIN.

T ToK, oTXo44aLWKnn OT y3ra — oTpuuyatenbHbIN.
o VI, -

Hpumep: I, + 1, -1, -1, = 0.



BTopou 3akoH Kupxroda

(00006LLEeHHBIN 3akoH Oma): B ntobom
3aMKHYTOM KOHTYpe, NPOMN3BOSIbHO
BbIOpaHHOM B pa3BETBIEHHON
arieKkTpuyeckoun uenu, anrebpanyeckas
CymMMma npov3BeaeHnI Cuil TOKOB /. Ha
COMPOTUBIIEHNE COOTBETCTBYHOLLNX
y4aCTKOB R.3TOro KOHTypa paBHa
anrebpanyeckon cymme 3.4.C. B KOHTYPpE.

n k
Z]iRi — ZE
i=1 i=1



BTopou 3akoH Kupxroda

« TOk cyMTaeTcsa NoNoXUTernbHbIM, ECIN ero
HanpaBneHne coBnagaeT C YCIOBHO
BbIOpaHHbIM HanpaBneHnem obxoaa
KOHTYpa.

e D.0.C. cMUTaETCs NOSIOXKUTENbHON,

ecrnn HanpasrneHue obxoaa
NPOMNCXOAUT OT — K + UCTOYHMKA

TOKQ, T.e. 3.04.C. CO3daeT TOK,
coBragatoLmn ¢ HarnpasneHnem obxoaa.



lNopsiook pacyema pa3eemesieHHoU

uenu:
1. NponsBonibHO BbIOpaTb U 0003HAYNTL Ha

YyepTexe HanpaBneHne Toka BO BCEX yYacTKax
Lenu.

2. NogcumTartb YMcno y3ros B uenu (m). 3anucartb

nepBbIn 3aKoH Kupxroda ans kaxgoro ms (m-1)
y3I10B.

3. Bbiaenutb npon3BoribHO 3aMKHYTbIE KOHTYPbI B
Lenu, Npou3BOSibHO BblIOpaTh HaNpaBneHus
obxoa KOHTYpPOB.

4. 3anuncaTb AN KOHTYPOB BTOPOM 3aKOH
Kupxroga. Ecnu uenb COCTOUT U3 p-BETBEU U
m-y3noB, TO YNCINO HE3ABNUCUMbIX YPaBHEHUUN 2-
ro 3akoHa Knpxroda pasHo ( p-m+1).



