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du3smnkKa

JNlekuma 1. MarHuTHOE nore u ero XapPaKTepUCTUKW.

1.1 MarHuTHOe none, ero CBOMCTBA U XapaKTepPUCTUKMU.

MarHutHoe none - oopma CyLLEeCTBOBaHUSA MaTepUn, OKPY>XatloLLen ABUXKYLLMECS
anekTpuyeckue 3apsabl (MPOBOAHMKN C TOKOM, MOCTOSAHHbIE MarHuTbI).

OT0 HasBaHMe 0ByCroBMNEHO TeM, YTO, kak obHapyxun B 1820 rogy aatckum dm-
3UK XaHC JpcTea, OHO OKasbiBaeT OpPUEHTUMpYoLLee AENCTBUE HA MArHUTHYIO CTPErKy.
OnbIT OpcTeaa: noA NPOBOMIOKON C TOKOM MoMellanacb MarHUTHasa CTperka, Bpaliaio-
wasca Ha urne. Npu BKMOYEHUN TOKa OHa ycTaHaBnmMBanacb neprieHanKynsipHoO npo-
BONOKe; NpU M3MEHEHUM HanpaBneHus ToKa noBopayvMBanacb B MPOTUBOMOMOXHYIO
CTOPOHY.

OcHOBHble cBOMCTBA MarHUTHOr O NONA:

1) nopoxaaeTtcs ABMXKYLLUMUCS SMEKTPUYECKUMM 3apsiAamu, MPOBOAHUKaMM C TO-
KOM, NOCTOSIHHBIMU MarHUTamu U NepeMeHHbIM STIEKTPUYECKUM MONEM;

2) OeficTBYeT C CUOi Ha ABWXYLLMECS SNEKTPUYECKME 3apsiabl, MPOBOAHUKA C TO-
KOM, HAMarHM4eHHble Tena;

3) nepeMeHHOe MarHMTHOE More NMopoXaaeT NepeMeHHoe arieKTpuYeckoe rnore.

N3 onbiTa OpcTtena cnegyet, 4TO MarHUTHOE NOfe UMeET HanpaBfeHHbIN Xapak-
Tep U AOMKHO UMETb BEKTOPHYIO CUMOBYIO XapakTepucTuky. Ee 0603HajvaoT B 1 Hasbl-
BalOT MarHUTHOW MHAYKLNEN.

MarHuTHoe none nsobpaxaeTcsa rpadU4eckn ¢ NOMOLLBID MarHUTHbIX CUITOBbIX
AVHWUA UMW FIMHAA MarHUTHOM MHAYKUUK. MarHUMTHbIMA CUNOBbLIMU JINHUAMMU Ha3bl-
BalOTCHA NMUHWUW, BOOMb KOTOPbIX B MarHUTHOM MOfie pacnonaralnTcs XKenesHble OnumKu
WA OCU ManeHbKUX MarHUTHbIX CTPenok. B Kaxaoil TOuke Takon NUHUM BekTop B
HarnpasneH No KkacatenbHou (puc. 1a).

MarHuTHOe norne HasbiBaeTcs OOHOPOAHbLIM, €Crn BEKTop B B No6oi ToYKe NocTo-
siHeH (puc.16).

_ CvnoBas NMHMA OpHopogHoe none
B >
N N . S
a) 6)
Puc. 1

JIVHUA MarHMTHOM WHAOYKUMM BCerga 3aMKHYTbl, YTO roBOpuUT 06 OTCYTCTBUM B
npupoae MarHUTHbIX 3apsiaoB U BUXPEBOM XapaKkTepe MarHUTHOro nons (puc. 2).
YCMNOBHO OHU BbIXOAAT U3 CEBEPHOrO NOJioCa MarHUTa 1 BXOAST B HOXKHbIA. ['ycTo-
Ta NUHWIA BblbMpaeTcs Tak, YTobbl YACNO NUHWIA Yepe3 eauHULY nnowaan, nepneHan-
KYNSIPHYI0 MarHUTHOMY Monto, Gblfo NPONOPLMOHaNbHO BENMYMHE MarHUTHON WHAYK-
umn.
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e

MarHutHoe none

==

B

MarHuTHOe none nps-

MOrIO TOKa
NOJ1I0COBOIro MarHuTa

Puc. 2

HanpaBneHve nuHuin onpegenseTcs npasuiomM NpaBoro BUHTA.

ConeHomp - KaTyllka C TOKOM, BUTKM KOTOPOW PacnosiOKeHbl BMMOTHYKO ApPYyr K
Apyry, a guameTp BUTKA MHOrO MeHbLUe ANWHbI KaTyWwKn. MarHuTHoe nomne BHYyTpU co-
neHonga ABnseTca ogHopoAHbIM. MarHUTHoe none coneHouga aHanorMyHO MarHUTHO-
MY MO0 NosiocoBoro marHuta (puc. 2). ConeHoma ¢ TOKOM npeacraenaeTr cobon anek-
TPOMarHuT.

OnbIT NokasbiBaeT, YTO ANS MarHUTHOrO MO, Kak MU AN 3feKTpU4eckoro, crpa-
BEANUB MPUHLUMN Cynepno3vuuum: WUHOYKUMS MarHMUTHOro Monsi, Co34aBaeMoro He-
CKOMbKMMW TOKaMW UNN ABUXKYLLMMUCS 3apsgamun, paBHa BEKTOPHOM CyMMeE MHAOYKLMWIA
MarHUTHbIX NOMeNn, Co34aBaeMbIX KaXabIM TOKOM UK 3apsiaoM:

B=Y58.

Bektop B BBOAWTCS OAHUM M3 3-X CNOCOGOB:

a) u3 3akoHa Amnepa;
6) N0 AENCTBMIO MarHUTHOrO MO Ha paMKy C TOKOM;
B) U3 BblpaxkeHnsa ansa cunbl JlopeHua.

AMnep aKcnepuMeHTanbHO ycTaHoswun, 4to cuna dF (puc.
3), C KOTOpOW MarHUTHOe nosie AENCTBYET Ha 3NIEMEHT

f

v

di a B npoBogHUKadl ¢ TOkoM |, Haxoas-
Llerocst B MarHUTHOM none, nNpsiMo
NponopLMoHanbHa cune

VdF TOKa | N BEKTOPHOMY Npou3Be-

Puc.3 OEHWIO 3neMeHTa AnuHbl dl

v

v

Ha
MarHUTHYI MHAYKUMIO B .

3akoH Amnepa: dF = I[dr, I§l dF = Bldlsine . ovle. 4

Hanpasnenue Bektopa dF MoxeT 6bITb HalileHo cornacHo obLMM npaBunam
BEKTOPHOro NpounsBefeHns, OTKyaAa criegayeT NpaBuno feBon PyKU: ecriv nagoHb NeBou
PYKM pacnonoXxuTb Tak, YTOObl MarHUTHbIE CUMOBLIE NMHUN BXOAUIU B Hee, a 4 BbITH-
HYTbIX ManbLa HanpaBuTb MO TOKY, TO OTOrHYTLIN BGONLLUON Nanew NoKaxeT Hanpasne-
HWe cunel (puc. 4).

Cwvna, gencTByiowWwas Ha NpoBO4 KOHEYHOW AfMHbI, HAWAETCA MHTEerpupoBaHueEM
Mo BCen AriMHe.
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1
F=[BIsina-dl.
0
Mpn | =const, B=const, F=Bllsina.
Ecrm «=90°, F =BIl,
B=—" [B]l=1-"——1m.
I -1 A-m

MHayKumMa mMarHMTHOro NonA - BEKTOpHas du3nveckas BenvyuHa, YUCIIEHHO
paBHas cune, AencTByolWen B 0OQHOPOAHOM MarHUTHOM Mofe Ha NPOBOOHUK €AUHWNY-
HOW ANWHbI C €ANHUYHOW CUIOW TOKa, PacrofnoXeHHbI NeprneHanKynsapHO MarHUTHbIM
CUIOBbLIM NIUHUAM.

1Tn - HOYKUMS OQHOPOLHOr0 MarHUTHOrO NOsis, B KOTOPOM Ha NPOBOAHUK ANu-
HOW 1M Cc TokOoM B 1A, pacnonoXeHHbI NepneHaNKYNAPHO MarHUTHbIM CUIOBbLIM JIUHU-
aMm, gencteyet cuna 1H.

1o cux nop Mbl paccMmarpmBann MakpoTOKM,

Be/__\ Tekywme B npoBogHukax. OpgHako, cornacHo

X 0 ' ) ) npeanonoxeHnio Avnepa, B nobom Tene cylie-

A CTBYOT MUKPOCKOMUYECKNE TOKM, 0OYCNOBIEHHbIE

o I O O OBWXEHWEeM ONEeKTPOHOB B aTtoMax. ATU MUKPO-
. .

CKOMMYeckne MonekynsapHble TOKM CO34alT CBOE

Puc. 5 MarHuTHoe nosne (puc. 5) n MorytT noBopaynBaThbCs
B NMONAX MakKpPOTOKOB, cO3[aBasi B Terie JOMNOSMHU-
TenbHOe MarHuTHoe none. Bektop B xapakTepusyeT pesyrbTupyloLiee MarHuTHoe Mo-
ne, co3gaBaeMoe BCEMU MaKpO- U MUKPOTOKaMU, T.€. MPU OOHOM N TOM XE€ MaKpOTOKe
BEKTOp B B pasfinyHbIX Cpedax UMeeT pasHble 3HaYEHNSI.
MarHnTHoe nosie MakpOTOKOB OMUCLIBAETCS BEKTOPOM MarHUTHOW Hanps>XeHHOo-
ctm H.
[na ogHOpPOoaHOM N30TPONMHON cpeabl
B=uuH — H _B. [H]=1é,
Hiy M
po= 41-107'TH/M - MarHMTHas NOCTOSIHHAS, L - MarHUTHas NpoHULaeMocTb cpeabl,
nokasblBalLLas, BO CKOMIbKO pa3 MarHUTHOE Mnosie MakpoTOKOB  WM3MEHSeTCH 3a cyeT

nonsi MMKPOTOKOB Cpefpbl.

1.2 MarHnTHbIN NnoToK. Teopema Naycca gnsa
MarHUTHOro NOTOKa.

MoTokoM BekTopa B (MarHWTHLIM MOTOKOM) 4epes
nnowaaky dS HasblBaeTcs ckansipHasi BenuymMHa, paBHast

d®, = BdS = B,dS,

roe B, =Bcosa - npoekuus B Ha HanpaefeHne
HopManu K nnowagke (puc. 6);

o - Yron mMexay BekTopamu B u i,

dS - HanpaBneHHbli 3MEeMEHT  MOBEPXHOCTMW,
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dS = dSh.
[MoTok BekTopa - anrebpanyeckasa BenmymHa,

T
ecnm a < E,q) >0 - Npu BbIXO4E M3 NOBEPXHOCTU;

T
ecnm o > E,(D <0 - npun BXoae B MOBEPXHOCTb.
MoToK BEKTOPA MarHUTHOM MHAYKLMW Yepe3 NPOn3BOSIbHYI NOBEPXHOCTb S paBeH

®, = [BdS = [Bds.
S S

[1ns 04HOPOAHOro MarHWTHOro nons B =const,

®, = BScosa;; ecu a =0, @, =BS (puc. 7); [@,]= 17020 = 1B6.

S E B - "

|

B
@, =0 d =BS ® =BScosa

Puc.7

1 BO - MarHUTHbIN NOTOK, NMPOXOAALLNIN Yepes NIIOCKYI NOBEPXHOCTb Nowaabto
1 M2, pacnonoXeHHy neprneHanKynapHo

d>0

(Dig’__ e OAHOPOAHOMY MarHWTHOMY MOS0, UHAYK-

= Rt SUURRCN Luna Kotoporo pasHa 1 Tn.

L ,,’ ’/-" °'"*\\ RS AN o

L0 TN MarHuTHbI NOTOK 4Yepe3 noBepx-
N e T 7 HOCTb S UMCMEHHO paBeH KOMUYECTBY
N el MarHUTHbIX CUMOBbLIX MUHWIA, nepecekato-

----------------- LLIMX LaHHYIO MOBEPXHOCTb.
bue. 8 MOCKOMbKY NUHWUM MarHUTHOW WH-

AYKUMWN BCerga 3amKHYTbI, ANs1 3aMKHYTON

NOBEPXHOCTU (pUC. 8) YMCIO NUHUIA, BXO-

AAWnx B noBepxHocTb (P<0) paBHO Yncny NUHUR, BbiIxoadawwmnx n3 Hee (¢ >0), cneposa-

TeNbHO, MOSHbIA MOTOK MarHUTHOM MHAYKUMW Yepe3 3aMKHYTY MOBEPXHOCTb paBeH
HYHO.

D, :§§d§:0 - meopema [aycca: NOTOK BeKTOpa MarHUTHOW WMHOYKUMWN Yyepes

noGyto 3aMKHYTYH NMOBEPXHOCTb PaBEH HYIH0.
OTa TeopeMa SABMSIeTCA MaTeMaTUYyecKkM BblpaXKEHMEM TOro, YTO B NMPUPOAEe OT-

CYTCTBYIOT MarHMTHbIE 3apsifibl, HA KOTOPbIX HAYMHANMUCb Obl UMW 3aKaHYMBANUCh NIMHUA
MarHUTHOW MHAOYKUMM.
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1.3 3akoH Bbuo-CaBapa-Jlannaca n ero npumeHeHune ans
pacyeTa MarHUTHbIX NOJien.

MarHnTHoe none NOCTOSAHHbLIX TOKOB pa3nnyHon dopmbl BbiNno nogpobHo mnccne-
AoBaHo p. yyeHbiMn Buo n Casapom. Mmu 6bIN0 YyCTAHOBNEHO, YTO BO BCEX CIyvasx
MarHUTHas MHAYKUUS B NPOM3BOSIbHON TOYKE NPONopLUnoHanbHa cune Toka, 3aBucuT ot
dopMbl, pasaMmepoB NPOBOAHUKA, PAcnONOXeHUs 3TOM TOYKM NO OTHOLLEHMIO K NPOBOA-
HWUKY 1 OT cpeapl.

PesynbTatbl 3TUX ONbITOB Obinn 0606LLEeHbI (bp. MatemaTukom Jlannacom, KoTo-
pbI y4en BEKTOPHbIM XapakTep MarHUTHON MHOYKLUKW W BbiCKa3an runoresy o0 ToM, 4To

MHAOYKUMSA B B Kakaou Tovke NpeacTaBnsieT coboi, cornacHo NpuHLUUNY cynepnosuuum,

BEKTOPHYIO CYMMY WMHAOYKUMA OB anemeHTapHbIX MarHUTHbIX MOMen, co3gaBaeMblX
KakabIM y4aCTKOM 3TOro npoBOAHMKA.

Ezzgi unm gzjdé.
|

JTannacom B 1820 r. 6b1n1 CHOpPMYNMPOBaAH 3aKOH, KOTOPbLIA MNOy4Yni Ha3BaHue 3a-
koHa Bbuo-CaBapa-Jlannaca: kaxabii anemeHT dl npoBogHuka ¢ Tokom | (puc. 9) co-

3gaeT MarHMtTHoe romne, BeKTop MHAYKUUKU KOTOPOro dB B HeKOTOpOI‘;I I'IpOI/I3BOJ'IbHOI?1
Touke K onpependetcd no cbopmyne:

_ oy, 1]l 7
dB = P 3akoH brno-Caapa-Jlannaca.
T r

M3 3akoHa Bbuo-Cosapa-Jlannaca cnegyet, 4YTO HanpasfieHue
BeKTopa dB coBnagaer ¢ HanpaBfeHneM BEKTOPHOro npou3sse-
AeHns ldi,FJ. Takoe >xe HanpaBneHue OaeT v NpaBuio NpPaBoro
BMHTa (bypaBuuka).

YunThiBas, uTO de,?]‘ —dirsin(dl,r)=dlrsina,

Puc.9 M, 1dl-sina
dB="——75—,
4 r

dl - 3aNeMeHT NPOBOAHVKA, COHaNPaBIeHHbI C TOKOM;

7 - paguyc-BEKTOp, CoeaMHSIIOWMIA dI ¢ Toukon K;

o - yronmexay di v 7.

3akoH Bbuo-Casapa-Jlannaca uMeeT npakTMyeckoe 3HadeHue, T.K. MNo3Bonser

HalTW B 3alaHHON TOYKEe NPOCTPaAHCTBA UHAYKLMIO MarHUTHOrO Nosisi Toka, TEKYLLEero no
NPOBOAHWNKY KOHEYHbIX Pa3MepOoB M NPOU3BOSILHOM DOPMbI.

[nsa Toka Npon3BonbHONM OpMbl NOLOOHbIN pacqu§ npencraeBnsieT cobon crnox-
HYlI0 MaTemaTudeckyto 3agady. OgHako, ecnu pacnpegeneHme Toka MeeT onpeaerex-
HYIO CUMMETPUIO, TO NPUMEHEHME NPUHLMNA CYNnepno3numm COBMECTHO C 3aKOHOM Buo-
CaBapa-Jlannaca gaeT BO3MOXHOCTb OTHOCUTENIbHO MPOCTO paccyuMTaTb KOHKPETHbIE
MarHUTHbIE NONS.

PaccmoTpymM HeKoTopble NpUMeEpHI.
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MarHuTHOe none B LeHTpe Kpyrosoro Toka (puc. 10):

I I H IdVSnlcx ol ja”__ ol Py ol
= =—.
oc:900, sina=1, | = 27r.

Puc. 10

MarHutHoOe none npﬂMOnMHeﬁHOFO npoBOAHUKA C TOKOM.

a?2

|
Mo>HO nokasatb, YTo B = % (sin oda
472!’0 al

1) ANA NPOBOAHMKA KOHEYHOW AnnHbl (prc. 11):

Mo a‘ﬂ:,uol

B=- cos (cosa, —cosar,) ;
47Zr0 al 4721’0
Puc. 11
2) AN NpoBoAHMKa 6ecKoHeYHoM AnuvHbl: a1 =0, o2 = 7,
| 7 I
B= —ﬂLCOSa _ Hol .
Anf, o 27,

1.4 Teopema 0 LUPKYNSALUN BeKTopa H (3aKOH NOJIHOro To-
Ka) U ee NpUMeHeHne Ana pacyeta MarHUTHbIX MNOJIEn.

Opctenom B 1820 rogy akcnepuMmeHTanbHO ObINO OB6HApPYXEHOo, YTO LMPKYNaLnus
H No 3aMKHYTOMY KOHTYPY, OKPYXalOLLEMY CUCTEMY MaKpOTOKOB, MPOMOPLIMOHAnNbHA
anrebpanyeckon cymme 3Tux TokoB. KoadppmumneHT nponopumnoHanbHOCTM 3aBUCUT OT
BblGOpa cuctembl egmHny, u B CU paBeH 1.

Linpkynsiumen Bektopa H HasblBAETCH MHTErparn no 3amMKkHyTOMY KOHTYPY.
fHAM =31,
L

OTa popMyna HOCWUT Ha3BaHWEe TeOpPeMbl O LMPKYNAUMKM H MAKN 3aKOHa NOJHO-
ro Toka:
LUMPKYNALKNSA BEKTOpa HanpsXXeHHOCTU MarHUTHOro Nons
No NPOU3BOSIbHOMY 3aMKHYTOMY KOHTYpY paBHa anreb-
pavyeckon CymMMe MakpOTOKOB (MNM MOSIHOMY TOKY),
OXBaTbIBAEMbIX 3TUM KOHTYPOM.
[nsa KoHTypa, n3obpakeHHoro Ha puc. 12

[HAM =1, -1, +1,.
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Ecnn, kpome TOKOB NpOBOAMMOCTU, €CTb €LLe TOK CMeLLeHUs (nepemMeHHoe anek-
TPU4eCcKoe nore), To U ero Hago BKMNOYUTL B CYMMY TOKOB.
Mone npaAMoNuHeMHOro 6eCKOHe4YHOro NPOBOAHMKA C TOKOM (puc. 13).

ifﬁdi = [ - COrnacHo Teopeme O LIMPKYMsLuN.
L

H
B f Hdl = { Hdlcos e = Hf dl = H - 27,
o di I I I
a=0, cosa=1 H =const - Ha OKPYXHOCTH,
H.2m, =1 = H=— "
27 -1,
Puc. 13 I I
e B = uu,H = P _ Y 1k ans Bosayxa p = 1.
2m,  2m;

NMone BHYTpW ANMHHOrO cosieHouAa ¢ TOKoM (puc. 14).

Kaxpgasi cunoBasi nMHUA npoxoguTt obssaTenbHO Kak
BHYTPM coneHouaa, Tak u BHe ero. [logasnsiollee
4YUCNO NUHUIM BHE CosleHouaa NpoxoauT Ha paccTos-
HUM OT Hero nopsiaka AnuHel coneHounaa |. Ecnn anu-
Ha corneHouaa BO MHOro pa3 bonblue ero paguyca, 1o
none BHe corneHouga npeHebpexMmo mMano no cpas-

Puc. 14

HEeHWNK C noinem BHyTpVI Hero.

Ecrm 1>>d, H,, =0, §Fldi:Nl,
L
- N

§Hd| —HI+0=HI, HI=NI = H :IT:nI,
L
B = wH = pypnl
rge | - AJIMHa coJieHonga, N - yucno BUTKOB, N - YXUCIO

BUTKOB Ha eAuHULE ONNHBbI.
MNMone Topouga (puc. 15).
ffldT:Nl, HL=NI = H :I%:nl,
roe L - anuHa cpegHen nuHuM Topouaa,
B = H = pyenl

12



ynpaBneHme ANCTaHUMNOHHOTO O6y‘-IEHI/IFI 1 NoBbllWEHNA KBaI'IMCI)MKaLl,MM

dusnka
Nlekuunna 2. [lenctBue MarHUTHOrO Nons Ha
NPOBOAHUKU C TOKOM U ABUNXYLLUMECH
3neKTpn4yeckKkune 3apsaabl

2.1 3akoH Amnepa. Bzanmopgencrteue napannesibHbIX TOKOB.

3akoH Amnepa: cuna dF, C KOTOPOW MarHUTHOe Momne AeiCTBYeT Ha anemMeHT
NPoBOAHMKA dI C TOKOM |, HaxoAALLerocs B MarHWTHOM Morfe, MPSIMO MPOMNOPLMO-
HanbHa cune Toka | 1 BEKTOPHOMY NPOW3BEAEHIO 3MEeMEHTa ANMHbI d] Ha MarHUTHYIO
VHAYKUMIO B
dF = I[dI ,B|, dF = IBdlsina

Ecnn B =const, F, = IBlsina
HanpasneHve cunbl AMnepa onpeaenseTca npasunom reson py-
kn (puc. 1).

3aKoH AMHepa NPUMEHAETCA Ond onpepnerneHnda cuibl B3anMMoO-
nencTems OByX OEeCKOHEYHbIX I'IpFIMOJ'IVIHGVIHbIX napannernbHbIX
NPOBOAHUKOB C TOKaMK |l " |2, pacnoJyioXXeHHbIX B BakKyyMe Ha

pacCToAHUN T . Kaxabin n3 npoBOAHUKOB Cco3gaeT MarHUTHoe no-

ne, KOTOPOe, MO 3aKoHy AMnepa, 4ENCTBYET Ha APYrov NPOBOLHUK.
Onpegenum cuny, € KOTOPOW

MarHUTHoe none Ttoka |, AencTeyeT Ha
anemeHT dl BTOpOro NpoBOAHMKA C
____________ TOokOM |, (puc. 2).

S B PdR g N
----------- all,,* B,)=90°, sina=1,

My 11
dF, = I,Bdl = 2—;-%&.

Paccymp,aﬂ aHaliorm4Ho, MOXHO
nokKkasaTtb, 4TO

N
dF, =2 iz g)

27 r
Mo Il 3akoHy HbloTOHa dF“l = —dF“Z, T.e. ABa napannesibHblX ToKa OOMHaKOBO-
ro HanpasneHus NPUTArMBaOTCA APYr K Apyry C curomn
II
dF =2 0% g
2z r

AHaNoOrM4yHoO MOXHO AoKa3aTb, YTO TOKM MPOTUBOMOSIOXKHOIO HarnpaBfieHUs] OT-
TanknBarTCs C TAKOW e CUMOMN.

Ecrnm 11 =12 = 1A, r=1m, I=1Mm, F1 = F2 = 2.10'H, 4To cooTBeTCTBYET onpenerne-
HUIO BENMYMHBLI 1 amnepa.
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2.2 KOHTYp c TOKOM B MarHMTHOM norne. Pa6oTa
nepemeLlleHNA NPoOBOAHMKA C TOKOM B MarHUTHOM nore.

MarHMTHbIM MOMEHT KOHTYypa C TOKOM - 3TO BEKTOpHas hmsnveckasi BenmynHa,
YUCNEHHO paBHas NPOU3BELEHMIO CUSbI TOKA Ha NNoLWaab KOHTYpa.

p.=1sn, [p,]=14-22.

1 A-M? - 3TO MarHUTHbI MOMEHT KOHTYpa C TOKOM cunon 1A, nnowaab KoToporo

paBHa 1M,

Ai - €QUHUYHBIN BEKTOP BHELLUHEN HOpMAasiv K NOBEPXHOCTU S, OrpaHN4YeHHON KOH-

TYPOM C TOKOM.

6)

Puc. 3

BHelwHen (NonoxmntenbHON) Ha3biBaeTCA HOpMarb, KOTOpash CBA3aHa C Harnpas-
NEHNEM ToKa B KOHTYpe npaBuriiom npasBoro BuHTa (puc. 3a). Takum obpa3om, Hanpas-

o
o
w!

neHmeBmonpep,enﬂeTc;l NpaBuNoM nNpaBoro BWHTA: ecnu
PYKOSITKY BUHTA BpallaTb MO TOKY B KOHTYpe, NocTynaTtenb-
HOe OBWXEHWEe BUHTa COBMaAeT C HanpasreHnem Bm (puc.
3 a,b).

E ————.——!2 F MomecTm B 0gHOPOOHOE MarHUTHOE Mnofie C MHAYK-
1 1 —
unen B pamKy ¢ TOKOM | Tak, 4TOOblI MMOCKOCTb pPaMKwu
b! : c Gbina napannenbHa MarHUTHBIM CUITOBbLIM NMHUAM (puc. 4).
i [Mpn 3TOM Ha CTOPOHbI paMKuK, NeprneHAUKYNspHble CUIo-
o" BbIM NMMHMSM (ab un cd ) 6yayT gencteoBaTtb cunbl F1 1 F2,
Puc. 4 cosgjarlime Bpawalwmn MOMEHT CUIl OTHOCUTENbHO 3a-
KpenneHHon ocu BpaweHust 00'. EA
41
I | ! =
M=M,+M,=F*+F,*==2(IBI, +IBI,)=IBIl,l, = IBS = ISB = p, B, J:I/ B
1 2 1 2 2 2 2 2 2 172 m :
rae S =11, - nnowagb paMku, pm - MarHUTHLIA MOMEHT PaMKu C ! /Ez
1
TOKOM. _ >
7[5, 8] 0| P
M = me . :
1
Bpawaowmin MOMEHT CTpeMUTCH NPUBECTU KOHTYP B MNO- '

NOXeHNe YCTONYMBOro PaBHOBECUS, MPU KOTOPOM BEKTOPbLI P, vyFs

n B coHanpasneHbl (puc.5), T.e. OpMEHTMPOBaHbI NapannensHo

apyr gpyry. MNpu atom M=0, cunsl Ifl, Ifz, |33, If4 AENCTBYIOT B
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OLHOM MMOCKOCTU, OHW NNLWb AedOPMUPYIOT pamKy (pacTsarnearoT).

CnepoBaTenbHO, AeCTBME OQHOPOLAHOINO MarHUTHOrO MOSisi Ha paMKy (KOHTYp) C
TOKOM CBOAWTCSI K MOBOPOTY P B HanpasneHuu, napannensHoMm B (p . coHanpaene-
HO B).

3 npeabiaywen popmynbl MOXeT BbiTb JaHO onpeerneHme B: MoAyrb BEKTO-
pa MarHMTHOMW WHAYKUUW B AAHHOW TOYKE MarHUTHOro Mnorsi paBeH MakCcuMarbHOMY
BpaLlaloLemMy MOMEHTY CUM, 4ENACTBYIOLWNX HA paMKy C TOKOM, obrnagaroLlyo eanHunyd-
HbIM MarHUTHBIM MOMEHTOM:

M M

B = max _ 77 max
P IS
Ecnu none HeogHopoaHO, No4 AEUCTBUEM CUSbl HE3AKPENEHHbIN KOHTYP C TO-
KOM BTSArmBaeTtcs B obnacTtb 6oree CurbHOro MarHUTHOrO Nosis.
Ha npoBOAHMK C TOKOM B MarHUTHOM rone gencrteyet cuna Amnepa. Ecnm npo-
BOOHWK HE 3aKpenneH (Hanpumep, ogHa CTOpOHa KOHTypa U3ro-

TOBfEHa B BUAE MNOABWXHOMW MEPEMbIYKM), TO NOA4 OENCTBUEM ,\9‘&' —
cunbl Amnepa oH OygeTr nepemelwiaTbCs B MarHUTHOM nore, 1 B . 4;_._r_E n
T.e. cuna Amnepa cosepluaet paboty. [lna ee onpepenexHus N
PacCcMOTPUM MPOBOAHUK ANMHOM | C TOKOM |, KOTOpPbIA MOXET T 7 2

cBob6OOHO nepemMellaTbcsl B OAHOPOAHOM MarHUTHOM More c
nHaykumeir B (puc. 6), F =1BI. Puc. 6
Mog oencTBMeM 3TOM CUnbl NPOBOAHUK NepeMecTUTCs na-
pannenbHo camoMy cebe Ha dx m3 nonoxeHus 1 B nonoxeHune 2 . PaboTta, coBepLleH-
Has Npu 3TOM:
dA = Fdx = IBldx = IBdS = Id®_,
roe dS =ldx - nnowanb, nepecekaemas NPOBOAHMKOM MPU ero ABUXEHUN;
dl,, = BdS - MarHUTHbIA NOTOK, NPOHN3bIBAOLLMI 3TY Nnowagb.

MonyyeHHasi dhopMyrna cnpaBeanuea v Ansi NPOM3BONbHONO HanpaBreHUst BEKTO-
pa B, T.K. B MOXHO pasfioXuTb Ha HOpMaribHy0 B 1 TaHreHumanbHylo B_(no oTHo-

LLUEHUNIO K MITOCKOCTU KOHTypa) cocTaBldLwne.
|_|OCKOJ'Ibe BT B CO34aHNN CUJibl amMmnepa He y4acTByeT, TO

dA = IB,ldx = IB,dS = Id® .

Ecrm B=const, A= D,

T.. paboTa No nNepemMelLleHnto NPOBOAHMKA C TOKOM B MarHUTHOM Mosfie paBHa
NPON3BEAEHUIO CUSbI TOKA HA MarHUTHbINA NOTOK, NepeceyYeHHbI ABMXKYLLMMCS MPOBOA-
HUKOM.

PaboTa coBepluaeTcsl He 3a CYET 3HEeprMn BHELLUHEro MarHWTHOro norssi, a 3a
CYET UCTOYHMKA, NOAAEPKMBAIOLLENO HEM3MEHHBIM TOK B KOHTYpe, Unu B nepemMellae-
MOM NPOBOAHMKE.

Bblumcnum paboTy no nepemeLLeHnto 3aMKHYTOro KOHTYpa ¢ TOKOM B MarHUTHOM
none. [ns ynpoLieHWsi BbIMUCNEHMI PacCMOTPUM KOHTYP MPSIMOYroflbHOW ¢hopMbl,

MJTIOCKOCTb KOTOPOIro neprneHaukynapHa E M C KOTOpPbIM cuenneH MarHUTHbIM MOTOK CDml

(pnc. 7). MNMockonbKy MarHUTHOE none B obwem crnydyae MoxeT ObiTb HEOAHOPOAHbLIM,
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— npu nepemMeLLeHnn KoHTypa 1234 B NfIOCKOCTU YepTexa B
-------- HoBOE noroxeHue 1'2'3'4’ ¢ HAM ByLeT cuenneH MarHuT-

2 F233_____|2' 3’
Fio| By, Fag | XBZE HbIn MOTOK @ ,. MarHWTHbIA NOTOK CKBO3b MMoLWaaKy
Qny | @, 1D, 4321 0603HAUMM D .
1 = 4 1 &
IlF41
Puc.7

MonHaa paGoTa, coBepluaeMas nNpu nepemMelLeHn KoHTypa, paBHa anrebpaunde-
CKoM cymMme paboT, coBepluaemMblX Npu nepemMelLieHnm 4-X CTOPOH:

A=A, +A,+A,+A,,

A=A, =0 (Tk FaunFa nepneHanKynsapHbl NEPEeMeLLLEHNIO).
T.k.cuna F, cocTasnsieT c BEKTOPOM nepemetueHns 180°, A ,<0,
Ay =—H @y +Oy).

Cuna F,, coHanpasrieHa Cc BEKTOPOM nepemeltenusi, A, >0.

A34 = I((Dm +Csz)’

A=1(-0py —Pp + @ + D) = [Py, — D) = 14D, 1)

roe A® - M3MEeHeHue MarHUTHOro MoToka Yepes nowagKy, OrpaHUYeHHy 3a-
MKHYTbIM KOHTYPOM.

PaboTa, coBepliaemas cunamm AmMnepa npu nepemMeLLeHnn 3aMKHYTOro KOHTypa
C TOKOM B MarHUTHOM orie, paBHa NPoOn3BeAEeHUIO CUITbl TOKa Ha UBMEHEHNE MarHUTHO-
ro NoToKa, CLENfeHHOro C KOHTYPOM.

CooTHoweHune (1), nony4yeHHoe ONdA nMpocTenwero cnyyvas, cnpaBeasiMBo Ansi
KOHTYypa nobon KoHdUrypaumm B Npon3BOfIbHOM MarHUTHOM nosne npu nidbix ero ne-
pemeLleHusx (BpalleHum, CMUHaAHUN U T.1.).

- B 4yacTtHoCTW, Npu NoBOpoTe KOHTypa B O4HOPOOHOM

I 3 MarHuTHoM none (puc. 8) U3 nonoxeHus 1, Npu KoTo-
o pom p_+TB, B nonoxeHue 2, Npu KOTOPOM
m b —
> p,, TT B, Hag koHTypom coBepluaeTcsi pabora:

Puc. 8 A=1(D, —d,)=1(BScos0° —BS cos180°) = I (BS + BS) = 2IBS

ECnmn KOHTYp HENOBIKEH, @ U3MEHSIeTCA 3HaYeHne Unu Hanpaenexue B, pabota
paccunTbiBaeTcs Takxe no cdopmyne (1).

2.3 Cwuna llopeHua. [IBMXeHue 3apsKeHHbIX YacTul
B MarHUTHOM Mnorne.

OnbIT NOKasbiBaeT, YTO MarHUTHOE Morie AeUCTBYeT He TONMbKO Ha MPOBOAHMKU C
TOKOM, HO M Ha OTAernbHble 3apsAabl, ABUXKYLLMECS B MarHUTHOM none. Cuna, AencTBy-

IoWwasa Ha 3apsg (, ABMXKYLIMIACA B MAarHUTHOM Mofne B CO CKOpPOCTbI U, Ha3biBAeTCA
cunou JlopeHua.
OnbITHLIM NYTEM YCTaHOBMEHO, YTO

F :qBEJ.
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HanpaeneHue cunbl JlopeHua onpegensietca ans no-
NOXUTENbHbIX 3apsiA0B NPaBUIIoM NeBon pyku (T.K. Hanpaene-

HMe | v v ana q>0 coBnagarT): ecnu NagoHb NeBON PyKU

PacrnonoXuTb Tak, YToBbl BEKTOP B BXOAWUN B Hee, a 4 BbITSHY-
® TbIX Nanbua CoHanpaBUTb C ABMXXEHWEM MOSNOXUTENbHOIO 3a-
psiga, TO OTOrHYThbIM GONbLUON Nanewl, MNOKaXeT HanpasneHue
cunbl JlopeHua (puc. 9).

[nsa oTpuuatenbHbIX 3apagoB GepeTcs NPOTUBOMNONOX-
PUC.O HOe HanpaBneHue.
Cwuna JlopeHua Bcerga HanpasneHa nepneHauKyrnsapHoO

CKOpPOCTM 3apsiia v M coobLiaeT eMy HopmarnbHoe yckopeHue. He nameHsis moaynst

CKOpPOCTH, a nnulb U3SMEHAA ee HarpaBlieHune, cuna ﬂopeHua He coBepLllaeT pa6OTb|, n
KMHETN4YEeCKad aHepruna Sapﬂ)KeHHOIZ YyacTuubl NMpun aBnxXeHnn B MarHATHOM MoJie He U3-
MEeHAETCA.

Ecnu Ha ,D,BI/I)KyLLI,VIIZCFI SJ'IeKTpI/I‘-IeCKI/IIZ 3ap4ag noMMMO MarHUTHOro nonA Ll,elZCTBy-
€T U ANeKTpn4eckoe nose HanpAa>XeHHOCTbHO E , TO pe3ynbTupyrouiad cuna

F=qgE+q BI§J - chopmyna JlopeHua.
1. [BUXeHMe 3apsKeHHOW YacTUlbl BOOMb CUMOBOI Nu-

B
= ,
HUM, uHB (puc. 10).
F =qVBsin0° =0, ® 5
MarHUTHOE rnorne He AenNCTBYET Ha YacTuly. —_—>
3apsxkeHHas 4YacTvua AOBWMXKETCH MO WMHepuuM paBHOMEPHO Puc. 10
NPAMOSIMHENHO.

2. 1IBMXeHne 3apsHKeHHOW 4YacTuubl NEepneHAUKYNSPHO CUSIOBbLIM JIMHUAM,
v LB (puc. 11).
[MycTb B ogHOPOAHOE MarHUTHOE none C UHAYKUMEN

BX X B BneTena 3apsbkeHHas YacTuLa Maccol m C 3apsaoM (
neprneHanKynapHO MarHUTHbIM CUITOBbLIM JIMHUSIM CO CKO-

@ POCTbIO V.
B kaxgom TO4YKe nonsg Ha dYacTtuidy AeuncTteyeTt
3 x F,lBlv.Tk vlF, F,=ma, Toovla = a=an.

YckopeHue an U3MeHsIeT TONbKO HanpaBieHNe CKOPOCTH,

Puc. 11 ‘u‘ =const, 3HaunT, a=a, =const. B aTux ycnoBuax 3apsi-

XXeHHas YacTuua OBUXKETCS PaBHOMEPHO MO OKPY>KHOCTMU.
CornacHo Il 3akoHy HbloTOHa:

F.=m-a,
v mo
quB=m-—=R=—. (2)
R gB
T.K. BCE BEMUYUHbBI, BXOASALLME B MPaBYK YacTb BbIPaXEHUs (2), MOCTOSAHHbI, pa-
ANYC KpUBM3HbI R MeHATbCA He Byaet. MOCTOAHHbIN paauyc KpUBU3HLI UMEET TOSbKO
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OKpY>XHOCTb. CrniegoBaTenbHO, ABMXEHMEe 3apsifa B MAOCKOCTWU, MNepneHauKkynsapHon
MarHMTHOMY nomnto, 6yaeT NPoMCXoauUTb MO OKPYXHOCTU. Yem Bonblue B, TeM MeHbLue
R.
BaxHbiM pesynbTtatoMm siBnsieTca ToT hakT, 4To nepmog obpalieHus 3apsiga B
OOHOPOAHOM MarHUTHOM MoJsle He 3aBUCUT OT ero CKOPOCTW.
t=§, ecm t=T, S=27R, Tzzﬁzz—ﬂ-wzzﬂ. (3)
v v v gB B
Yactunubl, umerowme 60nbLUY0 CKOPOCTb, OBWMXKYTCHA MO OKPYXXHOCTWU BOnbLUero
paguyca, ogHaKo Bpemsi 04HOro norHoro obopota GyaeT Takum xe, YTo u ans Gonee
MeOJSIEHHbIX YacTul, ABWXKYLUMXCA MO OKPYXHOCTM MeHbluero paguyca. [aHHbli pe-
3ynbTaT MOMOXEH B OCHOBY OENCTBUSA LIMKINYECKMX YCKOPUTENEWN dreMeHTapHbIX Ya-
cTnl.
3. ABMxeHne 3apAXKEeHHOW YacTuLbl MPON3BOJSILHO MO OTHOLWEHUIO K JIMHUAM
MarHMTHOM MHAYKLUMHK (puc. 12).
BekTop CKOPOCTM MOXHO pPasnoXmuTtb Ha 2 Co-

cCTaBnAawwmne: v =V +Ln.

B HanpaeneHun B cuna JlopeHua Ha 3apag He
B, OencTByeT, NO3TOMY B 3TOM HanpaefeHUN OH ABW-
XeTCA paBHOMEPHO MPAMONNHENHO C v, =VCOSA .

B HanpaBneHun, nepneHauvkynsipHom B, OH OBU-
Puc. 12 XXETCS1 MO OKPYXXHOCTU CO CKOPOCTbK v, =vSina.

[BuxeHne 3apsiga npeacraenseT cobomn cynepno-
31ULMI0 3TUX OBYX OBWKEHWUIA U MPOUCXOAUT MO BUHTOBOW NIMHUK, OCb KOTOPOW napan-
nenbHa B.

Paguyc Butka c yyetom (2):
_Mmy, musina _ 4)
gB gB

LLlar BUHTOBOWM NNUHUK (PacCTOsIHNE MeXOy COCeaHUMMN BUTKaMK) ¢ y4eTom (3):
2z7m  2zmucos a
g g

Ecnn gBwxeHne npoucxogut B HEOAHOPOAHOM MarHuT-
HOM nore, WHAYKUMSA KOTOPOro BO3pacTaeT B HanpasreHuu

R

h=v,-T=v-cosa-

Wl

v

{_Q:l

ABmxeHus Yyactuupl (puc. 13), To R yMeHbLUaeTcsa C poCTOM B

cornacHo (4). Ha atom ocHoBaHa (hOKyCMpOBKa Myyka 3apsi-

XEHHbIX YacTuL, B MarHUTHOM none. Takum obpas3om, ¢ MOMO- Puc. 13

b0 HEOQHOPOAHOIrO MarHUTHOMO NOMSA MOXHO YNpaBnATb Ny4-

KaMW 3apsKeHHbIX YacTuy, cobupaTb MX Unu paccemaTtb NogOGHO TOMY, Kak yrnpasns-

10T NOBEOEHMEM MYYKOB CBETOBbIX JSTy4eln C MOMOLLbIO ONTUYECKUX JTUHS.
PaccMoTpeHHbIN NPUHLXN NONOXEH B OCHOBY AEUCTBUA SJTEKTPOHHbLIX MUKPOCKO-

nosB.
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Yckoputenu 3apsiXeHHbIX YacTul - YCTPOMCTBA, B KOTOPbIX CO34at0TCs ynpas-
nsieMble MYYKn BbICOKOIHEPreTUYEeCKUX 3apsiKeHHbIX YacTul Noa OEeNCTBUEM 3NeKTpu-
YECKUX N MarHUTHbIX MOMeN.

CBOMCTBO HE3ABMCUMOCTM Nepmopa OT CKOpocTu obpalleHns UCnonb3yT Ans To-
ro, 4ytobbl NpPeBpaTUTb TPAEKTOPUIO YCKOPSEMOW YacTuubl B CnMpanb U YMEHbLUUTb
pasmepbl yckopuTens. Takon NpuHUUN NosioXXeH B OCHOBY paboThbl LIMKNOTPOHA - poao-
HayanbHWKa Lernoro ceMencTBa ycKkopuTenen ¢ MarHUTHbIM NOSieM: CUHXPOTPOHA, CUH-
Xpodha3oTpoHa n T.4.

YckoputenbHasi kKamepa UMKNOTpOHa MpeacTaBnsieT cobon BaKyyMHYO LUMWH-
OPUYECKYIO KOPOOKY, MOMELLEHHYI0 Mexay NoMcaMn CUMNbHOro afieKTpoMarHuTa (puc.
14a). Kamepa cocTouT 13 AByx MeTann4eckux nosioBMHOK - yaHTOB, B 3a30pe Mexay
KOTOPbIMU CO34aEeTCs C MOMOLbIO reHepaTopa NepeMeHHoe 3reKTpuYecKoe Harpsixe-
HWe ¢ amnnuTygon nopsgka U, ~10*—10°B (puc. 146). YacTuubl BBOASTCS BHYTPb Ka-

Mepa C MOMOLLbIO creunanbHOro BnyckHOro
ycTponucTaa.

Mpun kaxxgoMm nepecedeHun 3asopa Ya-
cTuua npuobpetaet aHeprnio AE, =qU . 3a

N oBopotoB AE =qUN, AE,, ~107aB.

Bonbwasa aHeprna B UMUKIOTPOHE He
MOXET ObITb JOCTUrHYTa U3-3a PEnATUBMUCT-
CKMX 3ppekToB. B 3TOM criydae npuMeHsaoT
NPUHUMN  aBTOa3MpPOBKN, MPeanoxXeHbln
a) 6) coBeTcknum pumamkom Bekcrnepom (1944 r.) n
amepuKkaHckum  ¢usukom  Mak-MwunnaHom
(1945 r.).

B cuHxpounknoTpoHax (hasoTpoHax) MEeAneHHO yMeHbLUaeTcsl YacToTa nogasa-

€MOro Hanpsa>xeHud. B CUHXPOTPOHaX MeHAeTCA NHOYKUNA MarHATHOIro non4d B B cuH-

Puc. 14

XpOCbaSOTpOHaX — WU3MeHdeTca Vv " B |_|pl/1 3TOM BO3MOXHO YyBEJlIM4eHune
AE AE,,, ~10°- 10'° 3B.

max *°
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Nekuua 3. MarHUTHble CBOMCTBa BellecTBa.

3.1 MarHNTHble MOMEHTDI AJNTIEKTPOHOB N aTOMOB.

OnbIT NokasbiBaeT, YTO BCe BellecTBa SABMANTCA MarHeTukamu, T.e. CrMOCO6HbI
noa OEenWCTBMEM BHELUHEro MarHUTHOro nonsd co3gaBaTb COBCTBEHHOE, BHYTPEHHee
MarHuTHoe nore (Nnpnobpetatb COBCTBEHHbBIN MarHUTHbLIA MOMEHT, HAMarHN4MBaTbLCS).

[na o6bACHeHMA HamarHnymBaHusa Ten AMnep nNpeanonoXur, 4YTo B Morekynax
BELEeCTB LUMPKYNUPYIOT KPYroBble MOMEKynspHble TOKWU. Kaxablh Takoh MUKPOTOK i
nMeeT COBCTBEHHbLIN MarHUTHbLIN MOMEHT P, . U CO3aeT B OKpYXaloLLeM NpocTpaHCcTBe

MarHuTHoe none B, (puc.1). B OTCYTCTBUM BHELLUHEro MOSisi MOSIEKYMAPHbIE TOKW U CBSI-
3aHHble C HUMK P, OPUEHTMPOBaHbI BECMOPAA0YHO, MOITOMY pe3ynbTupyloLlee none

BHYTPU BELLECTBa N CyMMapHbI MOMEHT BCEro BellecTBa paBHbl Hynwo. [pu nomerle-
HUW BellecTBa BO BHELUHEE MarHUTHOE nofie MarHUTHble MOMEHTbI MOrekyn npuobpe-
TalT NPEeMMyLLEeCTBEHHO OpMEHTaUUI0O B OOQHOM HanpasfieHUU, CYMMapHbI MarHUTHbIN
MOMEHT CTaHOBUTCS OTIIMYHBIM OT HYNSA, MarHeTUK HamarHuymsaeTcd. MarHuTHble nons
OoTAEerNbHbIX MOMEKYIISAPHBLIX TOKOB YXXe He KOMMEHCUPYIOT ApYr Apyra u BHYTPU MarHe-
TMKa BO3HMKAET ero cobCTBEHHOE BHYTPEHHEE More.

PaccmoTpyM nNpuymHy 3TOro IBEHUA Ha OCHOBE MraHeTapHon Mmodenu atoma.

CornacHo Pesepdopay, B LeHTpe atoMa pacnosnaraeTcsl NosIOKUTENbHO 3apsKeHHoe
A0p0, BOKPYr KOTOPOro No CTauuoHapHbIM opbuTaM BpalalTcsa oTpuuaTenbHo 3aps-
XXEHHbIe 3MNEKTPOHbI. ANEKTPOH, ABMXYLLNACA NO KPYroBon opbute BOKpyr s4pa, MOXHO
paccmaTtpuBaTb Kak KpyroBon TOK (MUKPOTOK). MMOCKOMbKY 3a HanpasneHne ToKa yCroB-
HO MPWHATO HanpasneHue ABMXEHUS MONOXUTENMbHbIX 3apsaoB, a 3apsd dnekTpoHa
oTpuuaTenbHbIN, HanpasBneHe MUKPOTOKa NPOTUBOMOMOXHO HanpaBneHUio ABUXEHUSN
3NeKTpoHa (puc.2).
- BenuumHy Mwukpotoka le MOXHO
Pri Bm onpegenuTb cnegyowmm obpasom. Ecnu
R 3a Bpem4 t anekTpoH coBeplumnt N obopo-
TOB BOKPYr s4pa, TO 4epe3 nnoLwiagky,
pacrnonoXeHHyto B Nobom Mecte Ha NyTu
A onekTpoHa, Obl1  nepeHeceH  3apsf
b L qg=eN (e=16-10"Kxr - 3apsan anekTpo-
Puc. 1 Puc. 2 Ha).

COITIaCHO onpegeneHnio Curibl TOKa,
_dg_d@eN) _ dN _
©odt dt dt

ev,

dN
Foe v= Y —y4yacToTa BpallleHUs ANEeKTPoHa.

Ecnun Tok | Teyet no 3aMKHYTOMY KOHTYpPY, TO Takon KOHTYpP o6na/:|,aeT MarHNTHbIM
MOMEHTOM, MOAYJ1b KOTOPOro paBeH
Pm= |S,
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rae S - nnowags, orpaHMYeHHas KOHTYPOM.
[ns MyKpoToKa Takow nrowagpto ABnseTca nnowanb opbutel S=mxr
(r - pagnyc opbuTbl), @ ero MarHUTHbIM MOMEHT paBeH
,  2mr or v eur
p,=€var =——-er=—-er=—-er=——,
2 2 2 2

roe o = 2mnv - UWMKNMYeckasa 4actoTta, v = @r - NMHenHas CKOPOCTb 3J1EKTPOHA.

2

MarHuTHbI MOMEHT pPm, KOTOPbIM ObOnagaeT anekTPOH BCNeacTBMe CBOEro ABU-
)KEHUs No opbuTe, HasbiBaeTCs opOUTanNbHBIM MarHUTHLIM MOMEHTOM 3MEKTPOHA.
HanpaBneHune BekTopa p, 06pa3syeT c HanpaBreHMeM MUKPOTOKA NPaBOBUHTOBYHO

CUCTEMY.
Kak Bcsikas matepuanbHasa Tovka, OBUXKYLLASCA NO OKPY>KHOCTW, 3NEKTPOH obna-
[aeT MOMEHTOM uMnyrnbca:
L=mor.

MomeHT umnynsca L, KoTopbimM obnapaet ANEKTPOH BCJ1eaACTBMNE CBOEro ABuxe-
HUA No Op6VITe, Ha3blBaeTCA Op6I/ITaJ'IbHI:>IM MexXaHn4eckum MomeHToM. OH 06pa3yeT
NnpaBOBUHTOBYO CUCTEMY C HanpaBrieHUEM OBUXEHUA 3ITEKTPOHaA. Kak BngHo n3 pVIC.2,

—

HanpaBli€eHNA BEKTOPOB p U L NpOTMBOMNOMNOXHHbI.

Okazanocb, 4To, Kpome opbuTanbHbIX MOMEHTOB (T.€. OOYCMNOBMEHHbIX OBUXE-
HWeM Mo opbuTe), 3NeKTPOH 06naaaeT COBCTBEHHLIMU MEXAHUYECKUM L, U MarHUTHbIM
D,,s MOMEHTamu.

MepBoHaYanbHO cywecTsoBaHne Lg U p, . MbITanMch 06bACHUTL, paccmartpusas

3MIEKTPOH KaK LapuvK, BpaLlaloLLnnCcs BOKPYr CBOEW COOBCTBEHHOW OCWU, MO3TOMY COO6-
CTBEHHbIA MEXAHMYECKMA MOMEHT MMMYynbCa 3MEeKTPOHa MOoNnyyun Has3BaHue CnuH (OT
aHrn. spin - Bpawartbcs). B ganbHenwem obHapyXMnocb, YTO Takoe npeactaBreHne
NPUBOAUT K psigy NPOTUBOPEYMM N OT MMNOTE3bl O «BpaLlaloLLLEMCA» NEKTPOHE OTKa3a-
NNCb.

B HacTosilee Bpemsi YCTaHOBMEHO, YTO CMWUH 3NIEKTPOHA M CBA3AHHLIN C HUM
COBCTBEHHbIN (CMMHOBBIN) MarHUTHbIN MOMEHT SABMIAKOTCS HEOTbEMSIEMbIM CBONCTBOM
3MeKkTpoHa, NogobHO ero 3apsagy n macce.

MarHuTHbIN MOMEHT 3MEeKTPOHAa B aTOMe CKnaabiBaeTcsl u3 opobmTanbHOro u cnu-
HOBOIrO MOMEHTOB:

Do = Dy~ Dys-
MarHuMTHbIM MOMEHT aTtoma craraeTcsi U3 MarHUTHbIX MOMEHTOB BXOASALLNX B €ro
COCTaB 3MEKTPOHOB (MarHUTHBIM MOMEHTOM siapa BBUAY €ro ManocTu npeHebperatoT):

ﬁm = Zﬁml +Zﬁm&' :
3.2 HamarHumyeHue BelwlecTBa.

ATOM B MarHuTHoM norne. [lva- n napamarHnTHbIN 3G EKTHI.
PaccmoTpym mexaHu3am OenCcTBUS BHELIHEro MarHUTHOrO Nonisi Ha ABUXYLLMECS
B aTOMe 3MEKTPOHbI, T.€. HA MUKPOTOKM.
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(O EVTE!
Kak n3BecTHO, Npu MOMELLLEHUN KOHTYPa C TOKOM B MarHUTHOE Norne ¢ UHAYKLVEN
B, BO3HVKaET BpaLLaOLLMA MOMEHT cun M = [ﬁméo], nof AeNCTBUEM KOTOPOro KOHTYP

OpUEHTUpyeTCa Taknum obpa3om, YTO NMOCKOCTb KOHTYpa pacnonaraeTcsl neprneHauky-
NAPHO, @ MarHUTHbI MOMEHT P - BAOSb Hanpasnexus Bektopa B, (puc.3).

s

\/ I
Puc. 3

AHanorn4Ho BeneTt cebsi ANEKTPOHHbIN MUKPOTOK. OgHako opueHTaumsa opbu-
TanbHOro MMKPOTOKA B MarHUTHOM MOfe NPOMCXOANT HE COBCEM TakK, Kak KOHTypa C To-
koM. [1eno B TOM, YTO 3NIEKTPOH, ABUXYLLUINCS BOKPYr sapa n obnagatowmm MOMEHTOM
nMmnynbca, nogobeH BOMYKy, CrieaoBaTefnibHO, eMy NpUCyLM Bce 0COOEHHOCTM NoBeae-
HUA TMPOCKONOB MO AENCTBMEM BHELLUHUX CWS1, B YACTHOCTW, MPOCKONMUYECKUA 3p-
dekT. MNMoaTtomy, Korga npy NOMELEHMM aTOMa B MarHUTHOE Mnorie Ha opbuTanbHbIN

MUKPOTOK Ha4YMHaeT [eNCTBOBaTb BpaljatomMii MOMEHT M:[pméo], cTpemMsAwnmnca

YCTaHOBUTb OpOUTanbHbI MarHUTHBI MOMEHT 3MEeKTPOHa p, BAOMNb HanpasneHus no-

151, BO3HMKAET MpeLeccusl BEKTOPOB p, M L BOKPYr HanpaeneHusi Bektopa B, (Bcneg-

o e
CTBME rupockonu4yeckoro adpdpekra). Hactora atom npeueccun o, = py. Ha3blBaeTcs
m

NapMOPOBOM YacTOTOM M OMHaKOBa NS BCEX 3MIEeKTPOHOB atoma.

Takum oGpasom, Npu noMmellleHnn Noboro BellecTBa B MarHUTHOE NMone Kaxabli
3NEeKTPOH aTtoma 3a CYEeT MpeLeccun CBoel opOuTbl BOKPYr HanpaBreHusi BHELLUHEro
nons nopoxaaeT OoMNOfHUTENbHOe UHOAYUMPOBaHHOE MarHMTHOEe Mnorie, HanpaBreHHoe
NPOTUB BHELLHEro u ocnabnstouwee ero. Mockonbky UHOYLUPOBaHHbIE MarHUTHbIE MO-

MEHTbI BCEX AIIEKTPOHOB HarnpaBsieHbl OOMHAKOBO (MPOTUBOMOMOXHO BEKTOPY B,), CyM-

MapHbI MHAYLUPOBAHHbLIA MOMEHT aTtoMa TakXe HarnpasBneH NPOTMB BHELLHEro Mors.
fBneHne BO3HUKHOBEHWSI B MarHeTMkax WHOYUMPOBaHHOIO MarHUTHOro Mons
(BbI3BAHHOIO MNPELLECCUEN INEKTPOHHbIX OpOUT BO BHELWHEM MarHUTHOM nore),
HanpaefeHHOro NPOTUBOMNOSIOXKHO BHELLUHEMY MOS0 1 ocnabnsaLwemy ero, HasblBaeTcs
AnamarHuTHbIM adodekTom. [inamarHeTmsam npucyLy, BCeEM BeLLLeCcTBaM Npupoabl.
OnamarHmTHbin 9eKT NpUBOAMT K OCriabneHnto BHELLHEro MarHUTHOrO Norns B
MarHeTuKax.

OpgHako, BO3MOXHO BO3HMKHOBEHME W eLle OAHOoro adpdekTa,
62 55 Ha3bIBAEMOro napamarHMTHbIM. B OTCYTCTBUM MarHUTHOro nons mar-

HUTHbIE MOMEHTLI aTOMOB BCNeACTBME TEMSOBOro ABMXEHUSA OPUEH-
Qg @ TMPOBaHblI GecnopsiAoYHO U PEe3yNbTUPYIOLWUA MAarHUTHBIN MOMEHT
BeLLeCTBa paBeH Hynto (puc.4,a).

a)
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dusnka
- Mpn BHECEHMM TaKoro BellecTBa B OAHOPOAHOE MarHuT-
G" " Hoe More C MHAYKUWeil B, none CTPeMUTCA YCTAaHOBUTL MarHUT-
G_> Hble MOMEHTbI aTOMOB BAOfb B,,MOSTOMY BEKTOPbI MarHWUTHbIX
G’ @-> MOMEHTOB aToOMOB (MOINEKYI) NpeLeccupyoT BOKpYyr Hanpasre-
g HUA BEKTOopa Bo. Tennosoe aOBuXXeHne n B3anMMHble CTOJIKHOBE-
0) 0

HUA aTOMOB NpPUBOOAT K MOCTENEeHHOMY 3aTyxXxaHUo npeueccun n
YMEHbLUEHNN YyrroB Mexny HanpasfieHUAMU BEKTOPOB MarHuT-

Puc. 4

HbIX MOMEHTOB U BEeKTOpa BO' CoBmecTHOE AencTBne MarHMTHOro nosnsi U TeNsI0BOro

ABWXEHUS NpuMBOAUT K NPEMMYLLLECTBEHHON OPUEHTaLMU MarHUTHbIX MOMEHTOB aTOMOB
Baonb nons  (puc.4, 6), Tem Gonblien, yem 6onblie B, U TEM MeHbLUEN, YeM Bbllle

Temneparypa. B pesynbTarte cCymMMapHbI MarHUTHLIA MOMEHT BCEX aTOMOB BeLLeCTBa
CTaHEeT OTNWNYHBbIM OT HYns, BELeCTBO HaMarHUTUTCS, B HEM BO3HMKaeT COOCTBEHHOE
BHYTPEHHEe MarHuTHoe rosie, COoHanpasfieHHOe C BHELWHUM MNOofeM 1 ycunueatollee
ero.

SBneHne BO3HMKHOBEHWSA B MarHeTukax COOCTBEHHOrO MarHUTHOrO Mons, Bbl-
3BaHHOro OpueHTaumMen MarHUTHbIX MOMEHTOB aTOMOB BAOSb HarpaBfeHnUsl BHELIHEero
nosisi N yCunmBaroLLero ero, HasblBaeTcsi napaMmarHuTHbIM 3dpheKkToMm.

MapamarHuTHbIN 3ddEKT NPUBOANT K YCUNEHUIO BHELUIHEro MarHUTHOro nong B
MarHeTukax.

Mpn nomelleHmn NBOro BewecTsa BO BHELLHEE MArHUTHOE MOJIE OHO HaMarHu-
ynBaeTcs, T.e. npuobpeTaeT MarHUTHbIN MOMEHT 3a CYET Ava- UM napamarHMTHOro
adppekTa, B CamOM BeLLeCcTBE BO3HUKAET ero COBCTBEHHOE BHYTPEHHEE MArHUTHOE No-
ne (None MMKPOTOKOB) C UHAYKUMEN B' .

[ns KONMYeCcTBEHHOro OnuMCaHWa HamarHu4yeHms BeLlecTBa BBOASAT MOHATUE
HaMmarHM4eHHOCTMU.

HamarHn4yeHHOCTb MarHeTuka J - 370 BEKTOpHaA C*)I/ISVI‘-IGCKaFI BeJIM4nNHa, paB-
Had CyMMapHOMY MarHUTHOMY MOMEHTY eOdNHULbI obbema marHeTuka:

> b,

j=bn
V
2
3

B CW/ HamarHnyeHHocTb namepsietcst B A/M.

HamarHM4eHHOCTb 3aBUCUT OT MarHUTHbIX CBOMCTB BELLEeCTBA, BENUYMHbI BHELL-
Hero nons u TemnepaTypbl. O4YEBMOHO, YTO HAMarHWY4eHHOCTb MarHeTVKa CBsi3aHa C
VHAyKumen B’ .

Kak nokasbiBaeT onbIT, AN 6OMbLIMHCTBA BELLECTB U HE B O4EHb CUITbHbBIX MOMSAX
HaMarHW4eHHocTb J NPsSIMO MPOMOPLMOHANbHA HaNPSXXEeHHOCTW H BHELUHEero nons,
Bbl3bIBAOLLEr0 HAaMarHU4eHue:

J=H, (1)

[Oe y - MarHUTHas BOCMPUMMYMBOCTL BellecTBa, 6e3pasmepHast BENUYMHA.

Uem Gonblue BenuunHa y, TeM 6onee HamarHWYeHHbIM OKa3biBaeTCs BeLeCTBO
NPV 3a4aHHOM BHELLHEM Morne.
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®dunsmnka
MoxHO gokasaTtb, 4To B' = y,J . (2)
MarHuTHoe none B BeLLECTBE ABMSETCA BEKTOPHOW CYMMOW ABYX MONEn: BHELUHE-
ro MarHUTHOro NONS U BHYTPEHHEro, Unn CobCTBEHHOrO0 MarHUTHOroO Mons, co3gaBae-

MOro MUKPOTOKamu. BEKTOp MarHUTHOM MHAOYKLMM B MarHUTHOrO Nons B BelLecTBe Xa-
paKkTepusyeT pe3ynbTupytoee MarHUTHOe Nosne U paBeH reoOMeTPUYECcKon cymme mar-
HUTHBIX MHAYKUMIA BHELHEro B, v BHYTPEHHEro B’ MarHUTHbIX MOMei:

B=B,+B. (3)
_B
H=g

OTHocuTenbHas MarHuTHas NPOHNLAEeMOCTb BelleCTBa NMokKa3bliBaeT, BO CKOJIbKO
pa3 nHAYKUnAa MarHMTHOro nona nsMeHdeTcd B JaHHOM BellecTBe.

Y10 umeHHOo npouncxoaunt ¢ MarHMTHbIM noJfieMm B AaHHOM KOHKPETHOM BellecTBe
- ycunmBaeTcAa OHO UK ocnabnaercs - 3aBMCUT OT BENMYMHbI MarHUTHOrO MOMEHTA
aromMa (VIJ'IVI MOJ'IeKyJ'IbI) AaHHOro BellecTBa.

3.3 [Owa- n napamarHeTukn. PeppomMmarHeTUKMN.

MarHeTukamu HasbiBalOTCA BeLLECTBA, CNOCOOHbIE BO BHELUHEM MarHUTHOM MO-
ne np|/|o6peTaTb MarHuUTHble CBOWCTBA, - HaMarHM4YMBaTbCs, T.€. CO34aBaTb COOCTBEH-
HO€ BHYTpEeHHEee MarHnMTHoe norie.

Kak YXe roBopumnocCb, BCe BelLleCTBa ABNMAKTCA MarHeTukamMmu, Tak Kak nx cob6-
CTBEHHOEe BHYTpeHHee MarHMTHoe none E'Oﬂpeﬂ,eﬂﬂeTCﬂ BEKTOPHbIM CYMMUWPOBaAHNEM

MUKporoneil B,, NopoXaaeMbiX KaxbIM 3fIeKTPOHOM KaXaoro atoMa:

B =YB.

MarHuTHble CBOMCTBA BellecTBa onpeaenstoTcsa MarHUTHbBIMW CBOMCTBaAMU 3r1eK-
TPOHOB N aTOMOB AdaHHOro BeuwlectBa. [10 CBOMM MarHUTHbIM CBOMCTBaM MarHeTUKu
nogpasgensarTcs Ha guMaMarHeTuku, napamarHeTuku, oeppomMarHeTuku, aHTudeppo-
MarHeTukun u oeppuTbl. PaccmMoTpuM nocrnegoBaTesibHO 3TU KNaccChl BELLLECTB.

Mbl BbIAICHUMNKW, YTO NPU MOMELLEHUM BeLlecTBa B MarHUTHoe nore MoryT BO3-
HUKHYTb ABa 3ddekTa:

1. MapamarHnTHbIN, NPUBOASLUMA K YCUIIEHWIO MarHWTHOro Mofis B MarHetuke
BCrneacTBME OpyveHTauum MarHUTHbIX MOMEHTOB aTOMOB BOOMb HanpaBneHUs BHELLHe-
ro nons.

2. namarHuTHbIA, NpUBOOALLMIA K ocrnabrneHuio nons BcneacTBue npeLeccum
3IIEKTPOHHbIX OPOUT BO BHELLHEM MOJSE.

Kak onpenenutb, Kakon n3 atux agdeKkToB BO3HUKHET (MM o6a 0gHOBPEMEHHO),
KaKoOM M3 HMX OKa3blBAETCs CUNIbHEE, YTO MPOMCXOAUT B KOHEYHOM MTOre C MarHUTHbIM
nonem B AaHHOM BELLECTBE - YCUITMBAETCA OHO UK ocnabnsietca?

Kak Ham yxe M3BEeCTHO, MarHMTHbIE CBOWCTBA BELLECTBA ONPeaensoTCs MarHuT-
HbIMM MOMEHTaMWN €ro atToMoB, @ MarHUTHbLIN MOMEHT atoma cnaraeTcsa u3 opourtanb-
HbIX N COBCTBEHHbLIX CMUHOBbLIX MarHUTHbIX MOMEHTOB BXOASALLUMX B €ro COCTaB 3I1eK-
TPOHOB:

D = Zﬁml + Zﬁm&' .
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Y atomoB HEKOTOpPbIX BeWweCTB BEKTOPHad CyMMa Op6I/ITaJ'IbeIX M CNMHOBbLIX Mar-
HUTHbIX MOMEHTOB 3J1IEKTPOHOB paBHa HYyIo, T.€. MarHUTHbIK MOMEHT BCEro atoma pa-

BEH HYn, p,= 0. rlpl/l noMeLlieHnn Takmx BewecTs B MarHMTHoe rnoe I'IapaMaFHI/ITHbIVI

apPeKkT, eCTeCTBEHHO, BO3HUKHYTb HE MOXET, TaK Kak OH BO3HMKAaeT TOSbKO 3a cyeT
OpVEeHTaLMN MarHUTHLIX MOMEHTOB aTOMOB B MarHUTHOM Mofe, 34€eCbh e UX HET.

A BOT npeueccusi 3NeKTpPoHHbIX OpOUT BO BHelWHeM rnone, obycrnasnusaroLlas
AnamarHuTHbIN 9@ EKT, BO3HUKaAET Bcerga, Nno3aToMy aAnamMarHUTHbIN SPEEKT BO3HUKa-
€T Yy BCeX BeLeCTB Npu NOMELLLEHNM NX B MarHUTHOE norie.

Taknm obpasom, ecrnim MarHUTHbIN MOMEHT atoma (MOJiekysbl) BelecTBa paBeH
Hyno (3a cYeT B3aMMHOW KOMMEHCALMW MarHUTHbIX MOMEHTOB 3S1EKTPOHOB), TO Npu
NOMELLEHMN Takoro BellecTBa B MarHUTHOE none B HeM ByaeT BO3HMKaTb TOMbKO Aua-
MarHUTHbIN 3dddekT. MNpu 3ToM COBCTBEHHOE MarHUTHOe norne MarHeTvka B’ Hanpae-
fIeHO MPOTMBOMOJIOXHO BHELIHEeMY Momnio B, 1 ocnabnsier ero. Takve BeliecTBa Hasbl-

BalOT ANaMarHeTukamm.

[namarHeTnkamm HasbiBalOTCS BELLECTBA, Y KOTOPbIX B OTCYTCTBME BHELLHEro
MarHMTHOrO NOMsi MarHUTHbIE MOMEHTblI aTOMOB PaBHbI HYIHO.

[OnamarHeTmkm BO BHELIHEM MarHATHOM MOfe HaMarHU4YMBalTCA MpPOTUB
HanpaBneHus BHELIHero nonsa u ocnabnsT ero, N03TOMYy

B=Bo-B', u<1.

OcnabneHue nons B AgMaMarHeTUKe ov4eHb He3HayuTenbHo. Hanpuvep, ana ogHo-
ro n3 Hambonee cUnbHbIX AMaMarHeTUKOB, BUCMYTa, 1 ~ 0,99998.

OnamarHeTvkamun sBRSKOTCA MHOrme metannbl (cepebpo, 305070, Medb), 6orb-
LUMHCTBO OpraHU4yeCKUX COeaUHEHNIA, CMONbI, yrnepog u T.4.

Ecnn B oTCyTCTBUM BHELUHEr0 MAarHUTHOrO MONA MarHUTHbIA MOMEHT aTOMOB Be-
LLlecTBa OT/IMYEH OT Hynsi, MPU NMOMELLLEHNM TAKOro BELLLECTBA B MAarHUTHOE Mose B HEM
OyayT BO3HMKATb U AMAMarHUTHbIN, U NapaMmarHUTHbln 3deKTbl, OOHAKO ANaMarHuT-
HbIN adpheKkT Bcerga 3HauYnTeNbHO cnabee napamarHMTHOrO U Ha ero (poHe npakTuye-
ckn HesameTeH. COBCTBEHHOE MarHUTHOe nomne mMarHeTvka B’ 6yaeT coHanpaBneHo C
BHELLHWM nornemM B, W ycunueaeT ero. Takue BellecTBa HasblBalOTCSA napamarHeTuka-

Mu. MapamarHeTukm - 3TO BELWLeCTBa, Y KOTOPbIX B OTCYTCTBME BHELUHEro MarHUTHOro
Nnosisi MarHUTHbIE MOMEHTbI aTOMOB OT/IMYHbI OT HYIS.

[MapamarHeTnkn BO BHELIHEM MarHUTHOM MoOfe HaMarHM4YMBarTCA MO Hanpaene-
HWIO BHELLHEro nonsa v ycunuearT ero. [Ana Hux

B=BotB’, n>1.

MarHuTHasa npoHMuaeMocTb Ansi 00nbLUMHCTBA NapaMarHeTUKOB HEMHOro 6ornbLie
eaANHULbI.

K napamarHeTukam OTHOCATCA peaKo3eMesibHble 3NIEMEHTbI, NnaTuHa, antoMUHUA
nT.A.

BbiBoA:

Ecrn p, = 0, aMamarduTtHein adpdekt, B = Bo-B', n < 1.

Ecrin p, > 0,ana- n napamarHMtHbIn 3adpdeKkTbl, B = Bo+B’, pu > 1.

deppomarHeTUKM.
Bce ana- n napamerHeTvky - 3To BeWEeCTBa, HamarHMymBalwLmMecs BecbMa cna-
60, X MarHMTHas NPoHULaeMocTb 6rM3ka K eauMHNLLE U He 3aBUCUT OT Hanpsi)KEHHOCTY
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mMarHuTHoro nonsa H. Hapsgy ¢ gna- n napamarHeTukamum MMeroTCs BellecTBa, cnocob-
Hble CUIMbHO HamarHnymBaTbcs. OHW Ha3bl-
B 4 BalOTCA peppomMarHeTmkamm.

deppomMarHeTVkn unun eppomMarHumT-

Hble MaTepuarnbl NoNy4Yunn CBoe Ha3BaHue
OT NaTUHCKOrO HaMMEHOBAHWUSI OCHOBHOIO
npeacTaBuTeNst 3TUX BeELLECTB - Xenesa
(ferrum). K deppomarHeTnkam, Kpome xe-
nesa, oTHOcATCA KOGanbT, HUKENb ragonu-

0 > 1 HUW, MHOrMe cnnaebl U XUMUYECKUE CO-
Huae eanHeHus. deppomarHeTUkn - 3TO Belle-
Puc. 6 CTBa, CNOCOOHbIE OYEeHb CUMbHO HamarHu-

YMBaTbCH, B KOTOPbIX BHYTpeHHee (Ccob-
CTBEHHOE) MarHUTHOE Nosfie MOXET B COTHU
N TbICAYM pa3 NpeBbILLAaTh Bbi3BaBLLEE €ro BHELLHEE MarHUTHOE Mnore.

CBowncrtBa theppomMarHeTMKoB

1. CnOCOBHOCTb CUNTBbHO HaMarHN4YUBaTbLCHA.

3HayeHne OTHOCUTENbHOW MArHUTHOM MPOHMLAEMOCTU | B HEKOTOPbIX dheppo-
MarHeTuKax gocturaet BenuymHbl 106 .

2. MarHuTHOe HacbILWeHue.

Ha puc. 5 npmBeaeHa akcnepyMeHTanbHas 3aBUCUMOCTb HaMarHUYeHHocTn J oT
HaNPSXKEHHOCTN BHELLHEro MarHUTHoro nons H . Kak BUAHO M3 pUCYHKa, C HEKOTOPOro
3Ha4YeHns H ynucneHHoe 3HavyeHMe HamMarHMYEeHHOCTU (PEePPOMAarHETUKOB MPaKTUYECKN
OCTaeTCs MOCTOSAHHBIM U PaBHbIM Juac. ATO SIBMIEHME ObINIO OTKPLITO PYCCKUM YYEHbIM
A.l'. CToneToBbIM N Ha3BaHO MAarHUTHbLIM HacCbILWEHNEM.

i

F 3
I TS
‘I."ﬂl:

HH oC

Puc. 5 Puc. 7

3.HenuHenHble 3aBucumoctn B(H) n p(H).

C poCTOM Hanpsi)KeHHOCTM WHAYKUMS CHavana yBenvyuBaeTcs, HO MO Mepe
HaMarHUYeHnsi MarHeTuka ee HapacTaHue 3ameansaeTcs, U B CUMbHbIX Nonax B pacteT
C yBENnuYeHnem H 1o nnHenHomy 3aKkoHy (puc.6).

Bcneacrteue HenuvHenHon 3aBucumoctn B(H), u = iH’ T.€. MarHuTHas nNpoHula-

0

eMOCTb |l CIIOXHbIM 06Pa3oM 3aBMUCUT OT HaNPSHKEHHOCTW MarHuTHoro nona H (puc.7).
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BHauarne, ¢ yBenuyeHnem Hanps>KeHHOCTU Nons | Bo3pacTaeT OT HayarbHOro 3Hade-
HUSA 0O HEKOTOPOW MakCMMaribHOW BENWYMHbI, a 3aTeM YyMeHbLUaeTCa U acUMNToTu4e-
CKW CTPEMUTCS Yy eanHuLe.

4. MarHUTHbIA rMcTepesuc.

[pyron oTnnunTenbHoOn ocob6eHHOCTLIO (heppPOMarHETUKOB ABMNSAETCSA UX

CMOCOBHOCTb COXpPaHATb HAMarHU4YeHne Nocne CHATUA HaMarHM4YnBaroLero nonsi.
Mpn M3MEHEHWUN HaMPSXXEHHOCTM BHELLUHEro MarHUTHOro nons H OT Hynsi B CTOPOHY
NONOXUTENbHBIX 3HAYEHWU UHAYKUMA B BO3pacTaeT (puc.8, y4acTok oa).

Mpn yMeHblueHnn H [0 HyNs MarHWTHas MHAYKUMS B 3anasgbiBaeT B yMeHb-
LIEHUN U NPW 3HAYeHUn H , paBHbIM HYMIO, OKa3biBAE€TCA paBHON B

ocm

(ocTaTo4HaA UH-

AYKUMS), T.€. NPU CHATUWN BHELLHEro nonga doeppoMarHeTMK ocTaeTcsl HaMarHMYeHHbIM 1~
npeacTaBnsgeT cobon MOCTOSAHHbLIA MarHuT. [ns nonHoro pasmarHudmBaHusi obpasua

HeobGXoAMMO NPUMNOXUTb MarHUTHoe none obpaTtHoro HanpaeneHnus - Hy. BenuuuHa

HaNPSAXXEHHOCTU MarHUTHOro Nong ﬁk, KOTOPYK Hago NpUNoXuntb K oeppoMarHeTuky
AN ero NOfHOro pasmarHMymMBaHus, Ha3blBaeTCA KOSPLUUTUBHOW CUSIOMN.

SBneHne oTCTaBaHNs U3MEHEHWSI MarHUTHOM MHAYKUMM B B peppomarHeTuke ot
U3MEHEHUS Harps>KeHHOCTU MEepeMEeHHOro no BernuyMHe W HanpaBlieHUI0 BHELLHEero
HamarHu4umBaroLero nons HasblBaeTCA MarHUTHbIM MMCTEPE3NCOM.

Mpn aTom 3aBucumocTb B oT H 6yaeT naobpaxaTbcs NeTneobpasHon KpUBOW,
HOCALLEN Ha3BaHME NeTNu ructepesunca, n3obpaxeHHon Ha puc.8.

B 3aBucuMmocTv OT popMbl METAN rUcTepesnca pasnnyaloT MarHUTOXECTKME W
MarHuTomsrkne deppomarHeTnkn. XKectkMmun deppomMarHeTukaMmun HasbiBalT Belle-
cTBa ¢ 60NbLWNM OCTAaTOYHbIM HaMarHM4eHnemM 1 BOnbLLION KOSPLUTUBHOW CUMOK, T.€. C
lwrpokon netnen rucrtepesnca. OHM MPUMEHAITCA ANA U3rOTOBMEHUA MOCTOAHHbIX
MarHuMTOB (yrrnepogucTtble, BONbdpamoBble, XPOMOBble, anitoMUHUEBO-HUKENEBbIE U
apyrue cranm).

B Msirkumn cdbeppomarHeTkamn HasblBaloTCS BELLECTBa C
4 Marnon KO3PUMTMBHOW CUITON, KOTOPble O4YeHb Nerko nepe-
B, 9 MarHuuvBaloTCs, C y3Koii neTneii rmctepesuca. (UTobbl nony-

YNTb 3TU CBOWUCTBA, CneumnarnbHO CO34aHO TaK HasblBaeMoe
TpaHCcOpMaTOpHOE >eres3o, crnnaB xernesa ¢ HebonbLuown
npuMecbto KpemMHus). ObnacTte MX NPUMEHEHUST - U3roToBNe-
HWe cepaevyHUKOB TpaHCAOpPMaropoB; K HAM OTHOCATCA MSAr-
Koe »eneso, chnnaebl Xeriesa C Hukenem (nepmansion, cy-
nepmMansnon).

5. Hanuume TemnepaTypbl (Touku) Kiopu.

Puc. 8 Touka Kopu - 3T0 xapaktepHas ans gaHHoro deppo-
MarHeTuka Temneparypa, Npy KOTOPOU NOMHOCTbIO Ucye3arT
deppOMarHuTHbIE CBOUCTBA.

Mpn HarpeBaHun obpasua Bbiwe To4ku Kiopu cdeppomMarHeTuk npespawjaeTcs B
00bIYHbIN NapamarHeTuk. [Mpn oxnaxaeHun Huxe Todkm Kiopu OH BOcCTaHaBnuBaeT
cBOW (beppomMarHuTHble cBOMCTBA. [JNA pasnuyHbIX BELLECTB 3Ta TeMmnepaTypa pasfnvy-
Ha (ansa Fe - 770°C, ana Ni - 260°C).

Hy
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6. MarHMTOCTPUKLUMA - siBNeHne aedopmalmm dheppoMarHeTMKOB Npu HaMmarHu-
YnBaHuUW. BennunHa n 3HaK MarHUTOCTPUKLNN 3aBUCAT OT Hanpsi)KEHHOCTU HaMarHu4u-
BalOLLLEero nomns u npmpoasl heppomarHeTuka. ATo ABNeHne WMPOKO UCMONb3YIT AN
YCTPOMCTBA MOLHbIX U3nyyaTtenen ynbTpa3Byka, NpMMeHaeMblX B rmaponokaunu, 3By-
KOrnoaBogHOW CBA3W, HaBuraumm u T.4.

Y deppomarHeTukoB HabnogaetTcs n obpatHoe siBNeHne - UBMEeHeHne HamarHu-
YeHHoCTU npu gedopmaumn. Cnnasbl CO 3HAYUTESNTBHON MarHUTOCTPUKUMEN NMPUMEHSI-
I0TCS B Npubopax, cnyxawmx gng namepeHns aasneHus n gecopmauui.

Mpupopa heppomarHeTnama

OnucatenbHas Teopus deppomarHeTnama Obinia npeanoxeHa gpaHLy3CKum
dusmkom 1. Beniccom B 1907 rogy, a nocriegoBaTenbHaa KONMMYECTBEHHAs Teopusa Ha
OCHOBE KBAHTOBOW MexaHuKW paspaboTaHa coBeTCkMM dusukom HA. Ppenkenem m
HemeLuknm dusmkom B. MNensenbeprom (1928 rog).

CornacHo coBpeMeHHbIM NpeacTaBneHnsM, MarHUTHbIE CBOMCTBa (peppomarHe-
TMKOB OnpenenstTcss CNUHOBLIMWA MarHUTHbIMM MOMEHTaMn (CIMHaMM) 3MEKTPOHOB;
deppoMarHeTnkamm MoryT BbiTb TOMbLKO KpUCTannuMyeckme BellecTBa, B aTomax KOTo-
pbIX UMETCA HEAOCTPOEHHbIE BHYTPEHHUE ANIEKTPOHHbIE 0B0ST0YKN C HECKOMMEHCUPO-
BaHHbIMUW CNUHaMW. [1py 3TOM BO3HUKAKOT CUIMbl, BbIHY>XAAKOLWNe CNUHOBbLIE MarHUTHbIE
MOMEHTbI 3NIEKTPOHOB OPUEHTUPOBATLCA NapansnensHo Apyr Apyry. 3T cunbl Ha3biBa-
I0TCS cunamm obMeHHOro B3auMOAeNCTBUS, OHU MMEKT KBaHTOBYK npupoay v oby-
CNOBMEHbI BOSTHOBbIMY CBOMCTBaMU 3M1EKTPOHOB.

Mo oencTemMemM 3TUX CUM B OTCYTCTBUM BHELLHEro noss peppomarHeTuk pasdu-
BaeTcsa Ha 60onbLLOe YMCNO MUKPOCKOMUYECKUX obnacten - LOMEHOB, pa3Mepbl KOTOPbIX
nopsaka 102 - 10“cm. BHyTpM Kaxaoro JoMeHa CriiHbl 3NeKTPOHOB COPUEHTUPOBaHbI
napannenbHo Apyr Apyry, Tak 4TO BeCb [OMEH HaMarHW4YeH [0 HacCbIWeHUs, HO
HanpaBfeHnUss HamarHU4YMBaHus B OTAEfNbHbIX AOMEHaX pasfnyHbl, TaK YTO MOSIHbLIN
(cyMMapHbIN) MarHUTHbLIM MOMEHT BCero heppomMarHeTnka paBeH Hynto. Kak n3secTHo,
nobasa cuctema CTPEMUTCA HAXOOUTLCHA B COCTOSIHUK, MPU KOTOPOM €€ SHEPrns MUHU-
manbHa. Pa3bueHne cdeppomarHeTuka Ha AOMEHbI MPOUCXOANT MOTOMY, YTO npu obpa-
30BaHUN OOMEHHOW CTPYKTYpbl 3Heprus peppomMarHetTvka ymeHbliaeTcs. Touyka Kiopu
oKasblBaeTCa TOW TemnepaTypon, NMpu KOTOPOW NPOUCXOAUT paspyLleHne LOMEHOB, U
beppoOMarHeTuk yrpadmBaeT CBou peppoMarHMTHbIE CBOMCTBaA.
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CywecTBOBaHME JOMEHHOWN CTPYKTYPbl (deppOMarHETUKOB 40OKa3aHO aKCnepuMeH-
TanbHo. [psiMbIM 3KCNEPUMEHTanNbHbIM METOAOM MX HAbMNIAEeHNA ABRSEeTCS MeToq no-
poLlKoBbIX huryp. Ecnn Ha TwaTenbHO OTNOMMPOBAHHYIO NMOBEPXHOCTb (heppomarHe-
TMKaQ HaHeCTM BOAHYI CYCMEH3UI0 MENKoro heppoMarHMTHOro nopoLuka (Hanpumep,
MarHeTuKa), TO YacTuubl ocefaloT NPeMMyLLECTBEHHO B MeCTax MakCUMmarbHOW Heoa-
HOPOAHOCTU MAarHUTHOrO NOMs, T.€. Ha rpaHuLax Mexay goMmeHamu. [oaTomy oceBLUNI
NMOPOLUOK OYepyYMBaET rpaHuLbl AOMEHOB, U NOAOOHYI KapTUHY MOXHO cdoTorpadu-
poBaTb NOA4 MUKPOCKOMOM.

BA

e v
|| S~

—

0 > H
Puc. 10

OpHOM 13 OCHOBHbIX 3agay Teopun deppomarHetTmama sBnseTcss obbsiCHEHne
3asucumoctn B(H) (puc.6). Monpobyem caenatb 370. Mbl 3HaemM, 4TO B OTCYTCTBUM
BHeLLHero nons deppomarHeTMk pa3buBaeTca Ha AOMEHbl, TaK YTO ero NosiHbIA Mar-
HUTHBI MOMEHT paBeH Hyr. JTO CXeMaTUYeCcKn nokasaHo Ha puc.9, a, rae nsobpaxe-
Hbl 4eTblpe AOMEHa OOMHAKOBOro obbema, HaMarHW4YeHHble A0 HacbiweHus. [pu
BKITHOYEHUWN BHELLIHEro Mnons 3Heprun otAernbHbIX JOMEHOB AenatTCs HEOANHAKOBLIMMU:
3Heprua MeHblue Ans TeX AOMEHOB, B KOTOPbIX BEKTOP HamarHuyeHus obpasyeT C
HarnpasneHnem norns ocTpbIi yron, 1 6onbLue B TOM cCnyyae, ecriv 3TOT Yron Tyrnow.

SN LN EaniIENEE IS
NN T ’

3 2 Puc. 9 ) ?

Js - HAMArHMYEHHOCTb BCEro MarHeTVKa B COCTOSIHUMN HacblILLeHs.

lNMockonbKy, kKak M3BECTHO, BCAKast cMCTeMa CTPEMUTCHA K MUHUMYMY 3HEprun, Bo3-
HUKaeT NpoLecC CMeLEeHNs rpaHny, AOMEHOB, Npu KOTOPOM O06beM AOMEHOB C MEHb-
LLEN SHeprnen BospacTaeT, a ¢ bonbluen aHepruen ymeHboluaeTcs (puc.9, 6). B cnyyae
oveHb crnabbix nomnen 3T CMeLeHnsa rpaHny obpaTtMbl U TOYHO CnefyloT 3a U3MeHe-
HUSMKU nonsa (ecny none BblKMYUTb, HAMarHUWYEeHHOCTb CHOBa OydeT paBHa Hyno).
OTOT Npouecc CoOOTBETCTBYET y4acTKy oa Kpuson B(H) (pnc.10). Mpu ysennyeHnn nons
CMeLLeHNs rpaHunL, OMEHOB AenatTca HeobpaTUMbIMU.

Mpn [ocTaTovyHOM BENUYUHE HaMarHUYMBAIOLLLErO MO SHEPreTUYECKN HEBLIrOAa-
Hble OMeHbI ucyesaroT (puc.9, B; yd4actok as puc.10). Ecnv none yBenunymeaeTtcs elle
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fonblle, NpoMcxXoanT LOBOpPayYMBaHUE MarHUTHbIX MOMEHTOB AOMEHOB MO MOS0, Tak
4yTO Becb obOpasey npeBpawaerca B oavH 6Gonbwon gomeH (puc.9, I; y4yacToK ec
puc.10).

MHoroymcrneHHble MHTEPECHbIE N LIeHHble CBOMUCTBa (heppoOMarHeTMKoB NO3BOSS-
0T LUMPOKO MCMOMb30BaTh MX B Pa3fiMyHbiX 06M1acTsiX Haykm U TEXHUKKX: ANA U3rotosre-
HUSI CepaeyYHNKOB TpaHCOPMAaTOPOB N 3NEKTPO-MEXAHUYECKUX M3nydaTtenen ynbTpa-
3BYyKa, B KQ4eCcTBe NOCTOSIHHbIX MarHUTOB 1 T.N. ®eppomMarHnuTHble MaTepuanbl HaxoaaTt
NPUMEHEHNSI B BOEHHOM Aene: B pas3fINYHbIX 3NEKTPO- U pagnoyCTPONCTBaX; Kak NCTOY-
HWKM ynbTpasByka - B rMApOfiokauuu, HaBuMrauum, 3ByKONOO4BOOHON CBA3WU; Kak NOCTO-
SIHHbI€ MarHuUTbl - NPU CO34aHUN MarHUTHbIX MUH U AN MarHUTOMeTpu4eckon passef-
k1. MarHutomeTpuyeckaa passedka No3BonseT obHapyxusaTb U ONo3HaBaTb 0OBLEKTHI,
cogepxawme eppoMarHUTHbIe MaTepuansl; UCnonb3yeTcs B cucteme 6opbObl ¢ noa-
BOAHbIMUY IogKaMU 1 MOPCKUMU MUHAMMW.
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INNekuuna 4. dnektpomarHuTHasa MHAyKUuusa (OMWN).

4.1 fABneHne AMWU. 3akoH Papagesn. BuxpeBblie TOKM.

B 1821 rogy OpcTten obHapyxun, 4To nobon ToK

co3gaeT BOKpyr cebsi marHuTHoe none. BosHuK Bo-
I, S
N

Tpnyecku Tok? Camo codvetaHme «OMW» o3Hauvaet
co3aHune dNeKTpu4ecTsa C NOMOLLbIO MarHeTmama.
dapagen obHapyxun, YTo B NPOBOASALLEM KOH-
Type BO3HMKAET 3MNEKTPUYECKUA TOK MPU U3MEHEHUU
MarHMTHOro MoToka 4epe3 KoHTyp (puc.1). OH noka-
3an, 4YTto BenuMYnHa MHAYKLUMOHHOrO TOKa 3aBUCUT He

oT H, a oT B (BBOAA B CONEHOM C TOKOM >Kere3Hblii

u T npoc: CNOCOBHO N MarHUTHOE Nosie NOPoOXAaTh AreK-
g
N
S
Puc. 1
cepaevHuk, B = uuH ).
OMU - aBneHne BO3HUKHOBEHUS MHOYKLUMOHHOMO TOKa B 3aMKHYTOM MPOBOASLLEM
KOHTYpe Mnpu M3MEHEHUM MarHUTHOro NOTOKa Yepe3 nrowafb, OrpaHUYEHHYH 3TUM
KOHTYPOM.

OKcnepMMeHTanbHO BbiNO YCTaHOBMNEHO, YTO BeNMYMHa li He 3aBUCUT OT cnocoba
nsameHeHns ®, a onpegendeTcsa Nub CKOPOCTbIO ero naMeHeHus. Makcesenn o6o6wun
pesynbTaTbl akcnepumeHToB ®apages n copmynuposan 3akoH AMU B matemaTtnye-
CKOM BuJe.

Ecnun B KOHTYpe npoTekaeT ToK li, 3Ha4UT, B HEM OENCTBYeT 39.4.C., KoTopas nony-
ymna Ha3BaHue 3.4.c. M.

3akoH ®apages gna OMMU:

do

ST

3.4.c. OMU B 3aMKHYTOM KOHTYpe paBHa CKOPOCTU U3MEHEHUS MarHUTHOIO NOTO-
Ka CKBO3b MNOBEPXHOCTb, OFPaHNYEHHYIO0 3TUM KOHTYPOM, B3ATOM CO 3HAKOM «MUHYC».

_ d(BScosa) (Bﬁ +d—BS BSsi a’_aj
& = —dt = dt cosax dt Cosx SiIno dt
aedopmauums n3ameHeHue B BpaLleHune
KOHTypa

Mpn akcnepuMeHTax MOXXHO Habnogarte addeKT, KOTOPbIN AaET Kaxaoe u3 cna-
raemMmblX. 3HaK «KMUHYC» UMEET MPUHLMNNaNbHOEe 3Ha4YeHne U OTpaXaeT 3aKoH CoXpaHe-
HUSA 3Heprun. BHayane oH Gbin ycTaHOBNEH 3KCNepUMeEHTansHO npodeccopom lleTep-
Oyprckoro yHusepcuteta 3.X. JleHuem B 1834 roay.

MpaBuno JleHua: MHAYKUWOHHBIN TOK BCeraa HanpasreH

B Tak, 4TOObl CBOMM MarHuUTHbIM MOfeM MNPOTUBOLENCTBOBATb
NpUYMHe, ero BbI3BaBLUEMN.

Hemeuknn dumsuk . 'enbmronsL nokasarn, YTO OCHOBHOM

3akoH OMWU saBnsaeTcsa cneacTBMEM 3akOHA COXPaHEHUs JHep-

TMn.
Puc. 2
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PaccMoTpyMM 3aMKHYTbI MPOBOAALLMIA KOHTYP, MOMELLEHHbI B HEO4HOPOAHOEe
MarHutHoe none. Ecnn B Hero BKNIOYUTb ranbBaHUYECKUN 3neMeHT (puc. 2), To nog
aenctanem cun Amnepa HesakpensieHHbI KOHTYP NpUAET B ABUXKEHUE.

Id® - paboTta, coBepLueHHas cunor Amnepa npy NnepemeLLeHnim KOHTypa,

d® - nsmeHeHne MarHNTHOro NOTOKa CKBO3b Mowaab KOHTypa 3a Bpems dt

| 2Rdt - paboTa, coBeplLlaeMasi TOKOM 3a Bpemsi dt Mo NpeofoneHuio anekTpuye-
CKOro COMNpPOTUBMEHNS Lienu,

gldt - nonHas pabora 3a Bpema dt, coBepluaemas ranibBaHU4ECKUM 31EMEHTOM.

gldt = | *Rdt + 1dd - N0 3aKOHY COXPaHEHUS SHEPTUN.

do
8_7
dt &+ &
I = = ,roe & =——.
R R dt
Takum obpa3om, Npu N3MEHEHNN MarHUTHOrO MOTOKA, CLEMNMEHHOro C KOHTYPOM,
B KOHTYpe BO3HVKaeT fJobaBoyHas ¢;.

Mpupoana M.
1. Ecnu npoBogHWK OBUXETCS B MOCTOSSHHOM MarHMTHOM nosie, BO3HUKHOBEHME
OMU obbeguHsieTca gencTenem cunbl JlopeHua Ha 3apsagbl BHYTPU NPOBOAHUKA (CBO-
B6oaHble aneKTpoHbl). Mexay KoHuamun NpoBOAHMKA BO3-

o F. = @, HVKaeT pasHOCTb MOTeHUManoB ¢ —¢, =¢&; (puc. 3), T.e.
- < o o—p» + -
. aneKkTpuyeckoe norne ¢ HanpsbkeHHocTblo £ . [Nepepac-
. <=
X ¢U B npegeneHne cBOOOOHLIX JIEKTPOHOB MNpekpallaeTcs,
Korga cuna, ecTByloLLaa Ha HUX CO CTOPOHbI 3MeKTpu-
Puc. 3

yeckoro nons, pasHa Fn.
ek, =evBsina, ecnn a=90°, sina =1,

E.,, =UB,
1;=—£ﬁ£2=—?%1kﬁz—mwM&
L o @ d0B_ dS-B__d(ES)
dt | dt dt dt dt
do y
&; :_E’ roe @ - MarHUTHbIN NOTOK CKBO3b NMOBEPXHOCTb, npo4yepymnBaemMyro npoBoa-

HUKOM Mpn ero ABM>XeHuw.
Ecnun npoBOAHUK 3aMKHYTb, B HEM BO3HUKHET Ii:

E.
= E‘ ,roeR - conportunBneHne npoBogHMKa.

HanpasneHve |, onpenenserca npaBuUiioM NpPaBon PYKWU: eCnv NafioHb NpasoWn

PYKU pacnonoXutb Tak, YTOObl MarHUTHbIE CUSOBbIE NIMHUN BXOAUNM B Hee, a BonbLIon
nanet, oTctasneHHbIn Ha 90° coHanpaBuUTb C ABKEHNEM MPOBOAHUKA, TO 4 BbITAHYTbIX
nanbLa nokaxyT HanpasneHue |, .

2. Ecnn HenoaBMXKHbLIN 3aMKHYTbIA MPOBOAHUK HaxoOUTCA B NEPEeMeHHOM Mar-
HUTHOM norse, cuna JlopeHua He OencTByeT Ha HenoaBWXHble 3apaabl. Makceenn
npeanonoXun, 4YTo nNnepeMeHHoe MarHMTHoe none Bo3byxaaeT B OKpyXawliem npo-
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CTpaHCTBE NnepeMeHHOE BUXPEBOE 3JTIEKTPUYHECKOE MNosie, KOTopoe ABNAEeTCA I'Ipl/l‘-ll/lHOl71
BO3HUKHOBEHUA |. B HENO4BUXHOM NPOBOLHUKE.

I
Livpkynsumsi BekTopa HanpsikeHHOCTW 3TOro nomnst £, no no6oMy HenoaBWMXHOMY
3aMKHYTOMY KOHTYpY L npeacrtaensiet cobon &;:

L
BuxpeBbie Toku (Tokn ®ykKo)

MHAYKUMOHHBbIE TOKM MOryT BO30YXX4aTbCHA M B CMNIOLUHbIX MAaCCUBHbIX MPOBOAHU-
Kax, Mpy 3TOM 3aMKHyTas uenb MHAYKLMOHHOrO Toka obpasyeTcsi B TOSLe caMmoro npo-
BOAHMKA, U OHN HOCAT BUXPEBOWN XapakTep. BuxpeBble TOKM BbI3bIBAKOT CUMbHOE Harpe-
BaHMe NPOBOAHMKOB. BriepBble Ha 3TO 06paTun BHMMaHue dpaHuy3ckun pusuk J1. dy-
KO.

NMpumeHeHne TOkOB DyKO.

1. TennoBoe gencteme TokoB PyKo MCNOMb3YIOT B MHOYKUMOHHLIX Nedax. Takas
neyb NpeacTaBnseT cobon KaTyLLKy, MMTAaeMYy BbICOKOYACTOTHLIM TOKOM B0sbLION Cu-
Nbl, BHYTPb KOTOPOM MOMeELLaloT MNpoBoAsLlee Teno, KOTopoe pas3orpeBaeTcs ToKamu
dyko 0o nnaeneHus. Tak OCyWecTBAKT NfaBfieHMe MeTannoB B Bakyyme Ans nony-
YyeHnsa MaTepunanos BbICOKOW YNCTOThI.

2. MporpeB BHYTPEHHUX METanNIMYEeCKMX YacTel BaKyyMHbIX YCTAHOBOK ANS WX
obesrasxmBaHusi.

3. [na ycnokoeHunsa (oemndupoBaHns) NOgBMXKHbIX YacTen pasnunuyHbiXx Npubopos.
Tokn ®yKo, KaK MHOYKLUMOHHbIE TOKW, NoavnHAoTCA npasuny JleHua. Ecnv mexay no-
nocaMmn He BKITKOYEHHOrO 3f1IEKTPOMarHnuTa MacCUBHbLIN MeAHbIM MasATHUK coBepLuaeT
NnpakTU4eckn Hesatyxawwme konebaHud, TO MpW BKIAOYEHUU TOKA OH WUCMbITbiBAET
CUINTbHOE TOPMOXKEHNE N O4YeHb BbICTPO OCTaHaBMMBAETCA. ATO OOBbACHAETCA TEM, UYTO
BO3HMKalOLLME TOKM DyKO HanpasneHbl Tak, YTO AEMCTBYOWAas Ha HUX CO CTOPOHbI Mar-
HUTHOro Nons cuna AMnepa TOpMO3UT OBUXKEHME MasiTHUKA.

Bo MHorux cny4vasx Tokn ®yko HexenaTenbHbl. Tak cepaevyHukn TpaHcgopMmaTo-
pOB HabupalT U3 TOHKUX MAACTUH, pasfeneHHbIX U30NMPYILWUMN NPOoCionKammn, ans
npenoTBpaLLeHns noTepb 3HEPrMn Ha HarpeBaHue.

AsneHne IMU npumeHsaetrcs ans npeobpasoBaHMsi MEXaHUYECKOW 3JHeprum B
3HEPrUK 3reKTPMUYEecKoro Toka. [Ansg 3Toro MCnosb3yrTCcA reHepaTopbl NepeMeHHOro
TOKa, NPUHLKUN OEeNUCTBUSA KOTOPbIX OCHOBAH Ha BO3HWKHOBEHWMW & B paMKe, Bpaljaro-
LLencs B 0 QHOPOAHOM MarHUTHOM Mnone.

4.2 WNHAYKTUBHOCTbL. CaMOMHAYKUMA U B3aMMHasA UHOYKLUSA.

BoKkpyr kaxgoro npoBogHMKa C TOKOM CYLLECTBYeT MarHUTHOE
none. [103TOMy C NPOBOASLLMM KOHTYPOM, NO KOTOPOMY npoTekaeT
TOK, BCerga cuensyieH HeKOTOPbI MarHUTHbIA MOTOK, 0ByCnoBneH-
HbI HE BHELUHMMUW NpUYMHaMK, a cammm TokoMm (puc. 4). CornacHo
3akoHy buo-Casapa-Jlannaca, B~1, no3TOMy MarHUTHbIA MOTOK, I
CLUENMEHHbIN C KOHTYPOM, NPOMOpUMOHaneH curne Toka, TeKyLlero
Nno KOHTYpYy, @ ~I: Puc. 4

B
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L - NHOYKTUBHOCTb KOHTYpa, 3aBUCUT OT pasMepoB U POPMbl KOHTYpa U MarHuT-
HOM NPOHUL,AEMOCTU Cpeabl L.

1 ['H - MHOYKTUBHOCTb KOHTYpa, C KOTOPbIM Npu npotekaHun 1A cuenneH marHut-
HbI noTok 1 B6.

B kauecTtBe npunmMmepa paccymnTaem MHOYKTMBHOCTb ANTMHHOIO cofieHounaa.
@ =BSN = yuynlI SN = guynl S%I = uu,n’1 S|,

®=LI, LlI=pun’lSl, = L=uun’sl
ﬂpm N3MEHEHNN CUIlbl TOKaA B KOHTYpE 6yﬂ,eT M3MEHATbCA TaKXe n CLl,el'U'leHHbll‘/Jl Cc

HUM MarHuTHbIA NOTOK, CriefoBaTeNbHO, B KOHType OyaeT MHayuupoBaTbes 3.4.c. Bos-

HUKHOBEHUE 3.4.C. UHAYKUMN B NpoBOAALLEM KOHTYpPE Npn NSAMEeHEHUN B HEM CUJ1bl TOKa
Ha3blBaeTCA CaMOMHﬂyKuMeﬁ.

Ecnn koHTYyp He gedopmupyeTtca n u He nameHsetcd, L =const. [NpumeHum K
ABNEHN0 camouHAYKUMN 3akoH Papages.
do dl
E; = —E = _LE .
OKCTPaTOKKN 3aMbIKaHuA (pyc. 5a) n pasmbikaHus (puc. 5 6) uenu.

l:/)‘ \ Al >0 X Al <0,
! vls 0 =i, | ! N R

Puc. 5

Pacrnonoxum 2 KOHTypa Ha pacCTOAHUW, CpaBHU-
MOM C X pa3mepamu (puc. 6). ABneHne BO3HUKHOBEHUS
9.0.C. UHOYKUUM B OOHOM KOHTYpe Mpu U3MEHEHUM TOKa B

Z;’ZU U [PYroM KOHTYpe Ha3blBaeTCs B3aUMHOW MHAYKLMEIA.
Ecnn |, HapacTaeT, |, 6yaeT HanpasneH NpoTMBO-

"Iiwl

Puc. 6
nonoxHo, ecnu |, ybeiBaet, TOo |, coHanpaBneH C HUM

(cornacHo npasuny JleHua).
3.A.C., BO3HMKaOLasa BO 2-OM KOHType, paBHa

&g, =—L %

i2 21 dt .
Mo aHanoruu, ecnv Nponyckartb Mo 2-oMy KOHTYPY U3MeHALWnncs Tok |,
& =—L %

il 12 dt ‘

L, n L,, - koaddULMeHTbl B3aUMONHAYKLMN UNWU B3aUMHas MHAYKTUBHOCTb KOH-

TypoB 1 N 2, 3aBUCAT OT pasmepoB, (POPMbl, B3aUMHOIo PacrnorioXeHUa KOHTYPOB U
MarHUTHbIX CBOUCTB cpeabl.
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TeopeMa B3aMMHOCTM.: KOS(*)(*)VILI,I/IGHTI:I B3aMMOMHOYKUNN BCEX MHOYKTUBHO CBA-
3aHHbIX KOHTYpPOB OOWHAKOBbI:

I-12 = L21'

duanyeckuii cmbicn L,,: B3aMMHas MHAYKTUBHOCTb 2-X KOHTYPOB YMCMEHHO paBHa

3.0.C. B3aMMHOM WMHAOYKUWUKW, BO3HMKAKOLWEN B OOHOM KOHTYpe Mpu U3MEHEHUN ToKa B
APYroM KOHType Ha eAnHULY Cuibl TOKa 3a €AUHULY BPEMEHM,
_ G
2 dl
dt

Ha aBneHnn B3aMMHOW MHAYKLMM OCHOBAHO AeNcTBue TpaHcdopmaropa, n3ob-
PETEHHOrO PYCCKUM Yy4YeHbIM ABNOYKOBLIM U YCOBEPLLUEHCTBOBAHHOIO PYCCKUM UHXXEHE-
poM YcarumHbIM.

CkuH-acphekT.

Ll

Mpyn npoxoxgeHnn No NpPOBOAHUKY MEepeMEHHOro

Q‘_/ @ TOKa BVIXpevaIe TOKWN HanpaBfeHbl TakuMm obpasom, 4To
NPOTUBOOENCTBYIOT U3MEHEHUIO OCHOBHOIO TOKa BHYT-

pyY NPOBOAHMKA U CMOCOBCTBYIOT €ro U3MeHeHuo B6sn-

Or 31 nosepxHocTu (puc. 7). CnegosaTtencHO, ANA nepe-
MEHHOr0 TOKa COMpOTUBIIEHNE BHYTPEHHUX YacTewn

! _ NpoBOAHMKA OKasbiBaeTcs 6onblue, YemM BHELLHUX, TOK
HepaBHOMEPHO pacnpeaensaeTcs No Ce4eHno NpoBoaa,

dl dl OH Kak Obl BbITECHAETCS Ha NOBEPXHOCTb. JTO SABNEHne
at 0 dat - O Laswisaercs CKUH-3hpekToM (skin-koxa). N3-3a CKuH-
Puc.7 adppeKkTa BHYTPEHHAS 4YacTb NPOBOOHMKOB B BbICOKO-

YaCTOTHbIX L,ensax okasbiBaeTcs 6GecnonesHon, Nno3aTomy
NPUMEHSAIOT NMPOBOAHMKN B BUAE TPYOOK.

4.3 JHeprusa n oo bLemMHasa NNOTHOCTb
3Heprnm MarHMTHOro nNons.

P N =85 Rogo L9
| R dt roe eldt - pabora nocTosiH-
gdt = 1*Rdt + LIdl,
R L Hou 3.A4.c. 3a dt;

— Y —" |?Rdt - Tenno, ebinenuslieecs 3a dt

Lidl - paboTta 3.4.c., 3aTpadyeHHass Ha yBernM4yeHne Toka B
Puc. 8 KaTyLlKe NHOYKTUBHOCTW, KOTOpas npeBpallaeTcs B SHEPruo
MarHUTHOro Noss KaTyLwku (puc. 8).
CnepoBatenbHO, NpupaLleHne SHeprum MarHUTHOrO Nons KaTyLwKu-

' L1?
dw,, = LIdI, W, =[LidI ==
0

ﬂ,ﬂﬂ ANMMHHOro coneHounga:
L = pu,n’lS, B=uuln, V =IS,
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B 111,n°IS1 2 _ pglnn 1S BHV
o2 22

MarnuTHOe none coneHouga OAHOPOOHO N coCpenOoTOYEHO BHYTPU HEro, NO3TOMY
QHeprmuda 3akrio4yeHa B obbeme coneHonga n pacnpepesieHa B HEM C NOCTOSAHHOW O0b-
€MHOW NNOTHOCTbLIO:

= V\# = %, 9TO BblpaxeHne crnpasenrnimBo TONbKO AnA cpea, roe 3aBMcCMMoOCTb

B(H) - nuHenHagq, T.e. 4nsa napa- u guamarHeTMKOB.

WM
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Jlekumnna 5. YpaBHeHusa MakcBenna.

5.1 Tok cmelleHuUs.

OcCHOBHbIEe 3aKOHbI 3NEKTPUYECKUX U SNEeKTPOMarHUTHbIX BreHnin: Teopema [rayc-
ca, 3aKOH MOJSIHOro TOKa, 3akoH OMW - asunucbk 0606LLieHnEM 3KCnepuMeHTanbHbIX
PaKToB M MO3BOSISAKOT pelaTb OCHOBHYHO 3a4ady, BO3HMKAKOLLY NPU U3YYEHUUN dneK-
TPOMarHUTHbIX SBAEHUI: NO 3a4aHHOMY pacnpeneneHunio 3apsiJoB U TOKOB ONpeaenunTb
B KaX[oOW TOYKE NMPOCTPaAHCTBA CO3[aHHbIE UMW 3MEKTPUYECKNE U INEKTPOMArHUTHbIE
nons.

B 60-x rogax 19 Beka [.K. MakcBenn, ocHoBbiBasicb Ha uageax Papagea ob
3NEKTPUYECKUX N INEKTPOMArHUTHbIX NOMsX, 0606 mM 3aKOHbI, YCTAHOBMEHHbIE 3KCne-
pUMeEHTanbHO, 1 paspaboTan 3aKOHYEHHYI0 TEOPUIO eQMHOMo 3NIEKTPOMarHUTHOro Nons,
c03[,aBaemMoro npou3BOSIbHOM CUCTEMON 3apsfoB U TOKOB. OTa TEOPUS HE TOMbKO Chbir-
parna VCKNIYNTESTbHYKO pOofb B HAy4YHOM M TEXHUYECKOM Mporpecce 4YenosevyecTBa, HO
N 9BMNAacb Ba)KHbIM BKI1adoM B Halle MMPOBO33peHune. bbina ycTaHoBneHa HepaspblB-
Has CBA3b MEeXAy 3NeKTPUYECKUMU, MarHUTHBIMU U ONTUYECKUMU aBneHnsamn. octe-
NEeHHO Ha OCHOBE 3TOW TeopwUW YTBepXOarnocb npeactasneHne o 2-x opmax cylie-
CTBOBaHUSA MaTepun: BelLecTBe 1 nore.

OaHVMM 13 BaxkHeNLWMX npeacTaBneHmn Teopun Makcsenna aBnseTcs NOHATUE O
TOKE CMeLLeHus.

UTOoObl NOHATL CMbICI 3TOM BEMMYUHBI, PACCMOTPUM MNPOLLECC NMPOXOXKAEHUSA Me-
pPEMEHHOro ToKa Yyepes KoHAeHcaTop, Hanpumep, npu ero paspsagke. NycTb KoHAeHca-
TOP B HEKOTOPbLI MOMEHT obnagaeTt 3apsgoM (, S - nnowagb NNacTuH, ¢ - NOBEpX-
HOCTHas NMOTHOCTb 3apaaa.

o= 4q = (=05,

S
BHyTpu KOHOEHcaTopa cylecTByeT anekTpu4eckoe norse:
(o2
=—, D=¢ggFE=0.
&g,

CoeguHMM NNacTuHbl KoHA4eHcaTopa NPOBOAHMKOM WM NpOCAeauM, YTo NPOUCXO-
ANT BHYTPU NAAcTUH U Mexay Humu (puc. 1).

PazpaaKa KoHAeHCaTopa: 3apajka KOHAeHCaTopa:
+ :.': +
J - _ J B
") T= Yy v v 1=
a *—'—‘ a
a) Puc. 1 6)

BHyTpn nnacTtmH (06knagok) noMaeT TOK NPOBOAUMOCTH:
1 d(oS) 1 Sdo do
S Sd S d S dt at’

(1)
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Mexagy nnacTMHamu M3MEHSeTCA CO BPEMEHEM BEKTOP 3NEeKTPUYECKOro cMmelle-
HUA (T.K. MPU NPOXOXAEHUM TOKa 3apsd Ha NnacTUHax U3MEHAETCH CO BpDEMEHEM):

dD do 2

dt — dt’ 2

CpaBHuBas (1) 1 (2) BugMM, 4TO | BHYTPW NIACTUH U o MeXay HUMW Bbipaxa-

dD

eTCq OQUHAKOBO, MO3TOMY MMEET CMbICI BENUYUHY % TOXe Ha3BaTb MNIIOTHOCTbIO TO-
Ka Mmexay nnactuHamu. Takon TOK Ha3Bann ToKom cMmellueHus. Bo BpemeHa Makcsern-
na cywiecTBoBarno npeacraBreHme 0 TOM, YTO NOsiBIIEHNE B NPOCTPAHCTBE ANeKkTpuye-
CKOro Mnons Bbl3blBAET MEeXaHN4YeCKoe HaTsXXeHne HeKoTopon cpefbl - acupa, B pesynb-
TaTe Yyero Yactuubl adupa kak 6ol cmeltatotes. [log TokoMm cmeleHns Makceenn noa-
pasymeBan CMelleHWe rmnoTeTudeckux yactuy adgmpa. M xota snocneactsum 6bino
A0Ka3aHo, YTO HMKaKoro admpa, YyacTulbl KOTOPOro CNOCOOHbI MeXaHUYeckn cMmellaTtb-
CS, He CyLLecTBYeT, NpeAcTaBrneHne 0 ToKe CMeLLeHUs ocTarnoch.

-~ D
j .=~ - NAOTHOCTb TOKA CMELLEHNS. (3)
cm d

MnoTHOCTL TOKa cMeLLeHus B No6or Touke paBHa CKOPOCTU N3MEHEHUS BEKTOpa
D B 3TON TOuKe. 3HaK 4aCTHOI NPOM3BOAHON yKasbiBaeT Ha TO, YTO jew OMpeaenserTcs

TOMbKO BLICTPOTON N3MEHEHUS 3MEKTPUHECKOro CMeLLEHNst D Mo BpeMEeHM.

TepMUH «TOK CMELLIEHNS» SBMSETCA YUCTO YCNOBHbIM. [10 CyLlecTBy TOK cMeLLe-
HUS - 3TO M3MEHSIOLLEECS CO BPEMEHEM 3NEKTpUYecKoe nore.

OcHoBaHnem ond TOro, YToObl Ha3BaTb «TOKOM» BENMYUHY (3) CIYXXUT NuLb TO,
YTO pa3MepPHOCTb ee COoBMagaeT C pPa3MepHOCTbIO MNOTHOCTU Toka. N3 Bcex dmsunye-
CKUX CBOWCTB, NMPUCYLLUNX AEUCTBUTENBHOMY TOKY, TOK CMeLweHns obnagaet nuib of-
HUM - CNOCOBHOCTLIO Co3aBaTb MarHUTHOE Mnone.

MakcBenn BblABWHYN TMNOTE3y O TOM, YTO TOK CMELLEeHMs1, kKak 1 nobon Tok, ob-
pasyeT MarHuTHoe none. JIMHMM 3Toro nons B BUAE KOHLLEHTPUYECKUX OKPYKHOCTEWN
OXBaTbIBAOT NSIOWAAKy, Yepe3 KOTOPY MPOXoauT TOK CMELLEHMs1, a UX HanpaBleHne
onpegensdeTca NpaBuiioOM NPaBoOro BWHTA. [1pUMeHeHMe 3NeKTPOMarHUTHbIX BOMH B
HayKe 1 TeXHVKe NoATBepAUNO NPaBuUibHOCTb 3TON MMNOTE3bI.

. R

Kak BugHo n3 puc.5, HanpaBneHus ;j u = T.e. j., Bcerga cosnapatoT. Cneno-
BaTeNbHO, NMIMHUM TOKa NPOBOAMMOCTU B NPOBOAHMKE HE OOpbIBAOTCS HA NOBEPXHOCTU
KOHAeHcaTopa, a HenpepbiBHO NepexoaaT B FIMHUN TOKa CMELLLEHUS Mexay nnacTuHamm
B Bakyyme (u guanektpuke). bnarogapst Toky cMmeLeHnst nobor NnepeMeHHbIN TOK CTa-
HOBUTCS 3aMKHYTbIM.

B obiem cnyyae TOKu NpoOBOAUMOCTU U CMELLLEHUS B NPOCTPAHCTBE He pasaene-
Hbl, N03TOMy MakcBenn BBen NOHATUE MOMHOro ToKa, PaBHOrO CyMMe TOKOB MPOBOAM-
MOCTUN U cMeLLeHmns. MNOTHOCTb NOMHOro ToKa:

. D

:]+5.

.] noJiH
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5.2 lepBoe n BTOpOE ypaBHeHUA MakcBenna.

I. MakcBenn npeanonoXun, 4To NepeMeHHoe MarHWTHoe nore nopoXaaeT B
OKpYXKaloLeM MpOCTpaHCTBE MEepeMeHHOe BUXPEBOEe 3nekTpuyeckoe none (puc. 2),
NpUYyeM HanpsiKEHHOCTb 3TOr0 BUXPEBOro 3NeKTPUYECKOro Nomnsa cBsA3aHa C U3MEHEHMU-

€M MarHMTHOro nons criegyroLmM o6pasom:

§Edr:_5§m , LMPKyNaumMs BekTopa E Mo Npou3BONbHOMY
L
3aMKHYTOMY KOHTYpPY paBHa CKOPOCTU WU3MEHEHUS MarHWUTHOro
NOTOKa CKBO3b MOBEPXHOCTb, OFPaHUYEHHY 3TUM KOHTYpPOM,
B3ATON CO 3HAKOM KMUHYCY».

Puc. 2 T.0. nepBoe ycrnosue MakcBernna B uHTerpanbHon goopme

aBnsietcsa obobuieHnem 3akoHa dapagea ond 3NeKTpOMarHuT-

HoW nHAyKumn. Makceenn o606LWmnn NOHATUE INEKTPOMArHUTHON MHAYKLUN:

B

o, - [5d5, %~ 2 [5as - [PLus
LT a  aty T v a

(ecnu KOHTYp HeNnoABWXEH, onepauunm IU% MOXHO MEHATb MecTamm).
MoaTtomy 1-e ypaBHeHMe MakcBenna MOXHO 3anucaTtb B BUAE:

§ Ed = -] s,

N N 07

OTO ypaBHEHME NOoKa3biBaET, YTO UCTOYHUKOM 3F1EKTPMUYECKOro Nons MoryT ObiTb
He TONbKO 3NEeKTpUYECKNe 3apsaabl, HO U MEHSIOLLIMECS BO BPEMEHN MarHUTHbIE Nons.

[l. MarHuTHOe none obpasyeTcsa ABWXKYLLUMUCS SNEKTPUYECKUMUM 3apsgamu, To-
KaMn NPOBOAMMOCTU M CMeLeHus. AHanuaupys 3Tn gakTtbl, MakceBenn npuwen K Bbi-
BOAY, UTO BCSIKOE M3MEHSIOLLEECs 3MeKTpMYeckoe none nopoxgaer nepemMeHHoe mar-
HUTHOE none (MarHuToanekTpuyeckaa nHAaykunsa). Makcesenn o606Lmn 3aKoH NOSTHOro
Toka, Ao6aBMB K TOKY MPOBOAMMOCTM TOK CMELLEHWUsl, U YCTAHOBWUI CBSI3b MeEXay
HaNPSXXEHHOCTb0 MarHUTHOrO NOMsSt U BENMUYNHOW CO3AatoLLINX Er0 TOKOB:

§Ad =1+1,.
L

Linpkynsums Bektopa H Mo Npou3BONbHOMY 3aMKHYTOMY KOHTYpY paBHa anreb-
pan4yeckon cymme TOKOB MPOBOANUMOCTU U CMELLEHUS, OXBATbiBaEMbIX 3TUM KOHTYPOM.

Lo L DY) .- - . D) -

Tk 1 = | JondS = j[ Fi +§de, § fal = | ( ki +§st.

S N L N
OTO ypaBHeHME NOoKasblBaeT, YTO MarHUTHble Nons MoryT Bo3byxaatbca nubo
ABWXYLLMMUCSA 3apsgamMn (3NEKTPUYECKMMU Tokamu), nmbo nepemMeHHbIM anekTpuye-
CKMM nonem.

OHo nogTeepxaaeT Hepa3pbiBHOCTb 3NEKTPUYECKMX U MArHUTHbIX SBNEHUA. FB-
NeHne nopoXaeHust Tokamy NPOBOAUMOCTM U CMELLEHNA B NPOCTPaHCTBE BUXPEBOro
MarHMTHOrO NOMsi Ha3blBAETCH MarHUTO3NEKTPUYECKON UHAOYKLMEN.

N3 cpaBHeHUsA ypaBHeHU MakcBenna cneayer:
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1) anekTpuyeckoe M MarHUTHOE MOSsi B3aMMOCBSA3aHbl: M3MEHEHNE BO BPEMEHM
3NIEeKTPUYECKOro Mons Bbi3blBAET MOsIBIIEHNE MArHUTHOMO Monsd, a NepeMeHHoe MarHuT-
HOe rnore nopoXxaaeT BUXPEBOE 3reKTpUYecKoe nore;

2) pasnuyve B 3HaKax Mnpasblx YacTel ypaBHeHuit Makceernna cooTBeTCTByeT 3a-
KOHY COXpaHeHust aHepruun n npasuny JleHua.

Ecnn 6bl 3Haku npu = u = ObINIM o4MHaKOBbLI, TO GECKOHEYHO Maroe yBenu-

YyeHue OOHOro M3 rnornen Bbl3Bano 6bl HeorpaHWyeHHoe Bo3pacTaHue oboumx nonen (u
HaobopOT, 4O MOMHOro UCYE3HOBEHUA O0DOOMX nonen). YkazaHHoe pasnunyve B 3Hakax
ABNseTcs HeobXoAMMbIM YCNOBMEM CYLLECTBOBAHMS YCTONYMBOrO 3MEKTPOMarHMTHOro
nonsi.

5.3 Cucrtema ypaBHeHnn MakcBenna.

MonHas cuctema ypaBHeHuI MakcBenna ans aNekTpoMarHUTHOro Noss BknovaeT
B cebsi Teopemy ["aycca Ansi 3NeKkTpMyYeckoro U MarHUTHOro Nonen.

§ 5d§ = Zqicsoﬁ’
S

fBdS = 0.

S

NTak, nonHasa cuctema ypasHeHun Makceenna BkntoyaeT 4 ypaBsHeHus. Benunun-
Hbl, BXoAsLUMEe B 9TU YpaBHEHUS, HE ABMAOTCH HE3aBUCUMbIMU U MeXOy HUMU cyLie-
cTBYeT cBA3b. [1oaTOMy cucTeMa ypaBHeHuUn MakcBenna OononHAeTCa YpaBHEHUSMMU,
KOTOpble XapaKTepusylT SreKTpudeckme u MarHUTHole CBOMCTBa cpeabl. [na nsorpor-
HOW cpeabl OHN UMEKT BUA:

D=eef, By, j=—F.
Yo
Ana peweHns cuctemol ypasHeHu MakcBenna HeobxogmMMo Takxke 3agaHue rpa-

HUYHBIX U HaYanbHbIX YCOBWI ANS BekTopos E,D,H,B.

Mpn 3agaHHbIX FPaHUYHBIX U Ha4vanbHbIX YCNOBUAX cMCTEMa ypaBHeHun Makc-
BENfa UMeeT eANHCTBEHHOE peLleHme.

Bocnonb3oBaBWNCbL M3BECTHLIMU M3 BEKTOPHOrO aHanu3a teopemamun CTokca m
[laycca, MOXHO NpeacTaBuUTb MOMHYK CUCTEMY ypaBHeHun Makcsenna B gudpdepeH-

umanbHom hopMe (XapakTepuayoLnx None B KaxX4on ToYKe NPOCTPaHCTBA):

rotE:—é, divD = p (p:dchoﬁ
a

rotﬁ=i+@, divB =0,
a

—006beMHas NNOoTHOCTb 3apsaoB),

Ecnn 3apsagbl n TOkM pacnpeaeneHbl B NPOCTpaHCTBE HenpepbiBHO, TO obe dop-
Mbl 3kBMBaneHTbl. OOgHAKO ecrnn MMEeKTCS NMOBEPXHOCTU paspbliBa, HA KOTOPbIX CBOW-
CTBa cpedbl UK NONen MEHSATCA ckaykoobpasHo, TO MHTerpanbHasi opMma ypaBHe-
HUN aBnsieTca bonee obLen.

N3 ypaBHeHnn MakcBenna crefyet, YTo NepeMeHHoe MarHMTHOe none Bcerga
CBSA3a@HO C NOpPOXAaeMbIM UM 3NIEKTPUYECKMM nornem (M HaobopoT), T.e. ANEKTPUYECKOe
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N MarHUTHOE rore HepaspbIBHO CBA3aHbl ApYr C APYroM 1 obpasyoT eauHoe 3neKTpo-
MarHUTHOe nore, cnocobHoe pacnpoCTPaHATLCA B MPOCTPAHCTBE C KOHEYHOW CKOpO-
CTblo. JTO nossonuno Makcsenny npenckasaTb CyLeCTBOBaHME 3MEeKTPOMarHUTHbIX
BOSH 1 cO34aTb 3NEKTPOMarHUTHy0 TEOPUIO CBETA.

Taknm obpasom, Teopma MakcBenna nNpuBoauUT K €4AUHON TEOPUWN JrEKTpuYe-
CKUX, MarHUTHbIX U ONTUYECKNX siBMEeHun, Basupyroliencs Ha npeacTasneHnm ob anek-
TPOMarHMTHOM none.
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Nekuuna 6. AnekTpomMarHUTHbIe KornebaHus.

6.1 CBob6OAHbIE He3aTyxalLwme KornedbaHus
B KorebaTesibHOM KOHType.

Cpenmn anekTpu4ecknx siBfieHMn ocoboe MeCcTo 3aHUMAalOT ANIEKTPOMarHUTHbIE KO-
nebaHusa, Npu KOTOPbIX 3NEKTpUYecKne BenUUuHbl (3apsagbl, TOKW, 3NEeKTpu4eckne wu
MarHUTHbIE NOMS) U3MEHSATCA nepuoanydeckn. Ons Bo3OyXAeHUA M NogaepXMBaHMUS
3NeKTPOMarHuTHbIX KonedaHunn TpebyTca onpefeneHHble CUCTEMbl, NPOCTenwen 13
KOTOPbIX ABNISIETCA KonebaTenbHbIN KOHTYP.

KonebaTtenbHbIN KOHTYP - 3TO Lenb, COCToAWAas U3 nocriegoBaTenbHO coeau-
HEHHbIX KaTYLKN NMHOYKTUBHOCTbIO L 1 KOHAeHcaTopa emkocTbio C.

PaccmoTpym npouecc BO3HUKHOBEHUST 3NIEKTPOMAarHUTHbIX KonebaHun B naeanu-
3MpOBaHHOM KonebaTenbHOM KOHTYpe, B KOTOPOM MOXHO npeHebpeyb COnpoTUBMEHMU-
€M COeANHUTENbHbIX NPoBOAOB. [Ana Bo30yXaeHMs1 B KOHTYpe konebaHui KoHaeHcaTop
npegsapuTenbLHO 3apsiKatoT, coobuias ero obknagkam 3apsg o OT BHELIHErO UCTOYHU-
ka (puc.1).

fo Bo
17 i
- R +
By
t=0.T t= z f= T t= 3T
4 2 4
g=q, g=0 g="1; ¢=0
E=E; E=0 E=—E E=0
U=l U=0 U=-1, V=0
Wy =Ty W, =0 Wy, =My, Ws =
1=0 1=l 1=0 =
B=0 B=B, B=0 B=-Bo
" =0 W,=W,, w,=0 W=
Puc.l

B 3apsixxeHHOM KoneGaTenbHOM KOHType ycTaHaBnvBawTcs cBoboaHble koneba-
HUS1, HasblBaeMble 3NEKTPOMarHUTHbIMK. [py 3TOM KONebnioTCs 3HAYEHUS BCEX dreK-
TPUYECKUX U MArHUTHbBIX BENTUYMH.

B KOHTYpe BO3HWKaOT 3MEKTPOMarHUTHble KorebaHus, Npu KOTOPbIX NpOoUCXoauT
npeBpaLleHne SHePrum 3MEeKTPUYECKOro Nosnsi B 3HEPruo MarHMTHOro nonsi 1 Haob opoT.

PucyHok 2 npeacTtaBnseT coboi rpauk 3aBUCUMOCTU 3apsga koHaeHcatopa ( ot

Bpemenn 1, g=q(t), Ha KOTOpOM 3HayeHUsIM 3apsga B MOMEHTbI BPEMEHM
T T3,

t=0; T2 4 T conocTaBneHbl COOTBETCTBYIOLLME COCTOAHUA KorebaTenbHoro

KOHTypa (a; ©; B; I; ).
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Puc.2
OneKkTpoMarHuTHble KonebaHuss BO MHOroM nNogobHbl MexaHU4Yecknm KonebdaHu-

SIM, T.€. N0406HbI ONMCHIBAKOLLME NX YPABHEHUSA U UX PELLIEHNS.
3anuwem gns KoHTypa 2-e npasuno Knpxroda aons npons3BofbHOro MOMeEHTa
BPEMEHW: CyMMa NafeHu HanpsihKeHU paBHa CymMMe OeNCTBYOLMX B KOHType aac. B
KOHTYpe AEeNCTBYET TOMbKO OAHAa 3AC - 34C CAMOUHAYKUMN &, a NafleHNe HanpskeHus

NPOUCXOAMNT Ha KoHAeHcaTope, NoaToMy U, = &,

roe U, = % - MTHOBEHHOE 3Ha4YeHue 3apsiaa Ha obknaakax KoHaeHcaTopa.

2
g =L __ i(Ol—qj:—LO' 1,
dt dt\ dt dt
a__,dq
C dt?’
d’qg 1
+—0=
dt? ch

OBo3HAUMM — = ;;
LC

d
Fngwéq:O - andchepeHUunanbHoe ypaBHeHUe CBOOOAHLIX 3NeKTpomar-

HUTHbIX KOnebaHun.
PelueHnemM aToro ypaBHeHus SsBNSeTCA BbipaXeHne =, cos(a)ot + goo).

Taknm obpasom, B ngeanbHoM konebarenbHom KOHType (puc.3) konebaHusa 3apsi-
Aa nponcxogaT No rapMOHMYECKOMY 3aKOHY (puc.4).
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®u3mka
qa
qo
c —— L
Puc. 2 Puc. 4
9 _% _ :
U=—= - cos(a,t + ¢, ) =U,, cos(awpt + ¢, );
dg . . T
I :E:—qoa)osm(a)ot+¢O):—Iosm(a)0t+¢)o): I co5| ot ++ |, Tee. kone6aHus

4
TOKa onepexaloT konebaHus 3apsga no dase Ha o KOTA TOK AOCTMraeT MaKow-
MarbHOro 3HaYeHus1, 3apsf U HanpsbkeHne obpallalTcs B HyMb (M Hao6opoT).
1
T.K. w, =—=— cobcTBeHHasd LUKITMYEeCKaa 4aCcToTa KOHTYpa,
o L.C y

T = 2z =27+ LC — copmyna TomcoHa.
@y

I'IpeBanJ,eHme 3Heprnn B konebaTtenbHoOM KOHTYpE:

9° G 2 Ao
=——=—2¢05"(w,t + ¢, ), W, =—,
a7 ZC 2C ( 0 ¢0) 210 2C
LI1Z  LI2 . Loiw? . Lg2 . 9,0 .
w,, :7:7°sm2(a)ot+¢>o):%smz(a)ougoo): 2L2:sm2(a)0t+(po)=%Slnz(on%),
_Llg a4
Mo 2 2c’

W =W, +W,, =W,, =W,,,.

6.2 CBobGoAaHblIe 3aTyxarowme 3fIeKTpoOMarHMTHbIe
KonebaHus.

T.K. BCAKMN NPOBOAHUK obBfiagaeT COMpOTMBIIEHMEM, B Mpouecce MpoxoxaeHus
TOKa B KonebaTenbHOM KOHTYpe BblAENAeTCs JKOYNeBo TeNso, T.e. TEPSETCHA dHeprusd,
NnoaToMy cBOBOAHbIE ANIEKTPOMarHUTHbIE KorebaHnsa B peanbHOM KOHTYype (puc. 5) Bce-
roa satyxawoowme. [ina Takoro KoHTypa

U. +U, =&, rae U, - nageHne HanpsXeHusa Ha akTUBHOM COMPOTUBIIEHUN KOH-

Typa.

q dq dl d?l
U.=—, U,=RI=R—, g =-L—=-L—r1,
cTgcr R a7 T d e

2 2
a, Rd—q:—Ld g nnu d—?+Ed—q+iq20.
C dt dt dt Ldt LC
R 1
06 —=28—=w?.
O3Ha4YUMm 3 'BLC 0
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dusmka
d’q ,,.dg
e +2ﬁa+a}0q =0 - puchdepeHumanbHoe ypaBHeHUe CBOOOAHbLIX 3aTyxa-

HOLWNX ANTEeKTPOMarHMTHbIX KonebaHun.

PeLueHneM 3TOro ypaBHeHNs! ABNAETCA BbipaxeHue g = qye " cos(at + ¢, ).

1 o
w, = ﬁ — UMKNn4Yyeckasi Yactota cobCTBEHHbIX He3aTyxalLwnx konebaHui;

® =+ o, — f° — uMKnn4eckas yactoTa COBCTBEHHbIX 3aTyxatoLLux konebaHuii;

g, = q,e” — 3akoH ybbiBaHuUs amMnnuTyabl (puc.6), rae q, - amnnutyga npu t=0.

q
. g,¢™"
c == L M K
R 0 f\ N A A csgmr- o
[NARESCE
Puc. 5 # ’ Puc. 6

U= % - %‘)e‘ﬁ‘ cos(at + @, ),

U =U,e ™" cos(at + ¢, ).
BbiacHum dusudeckun cmbicn . BBegem noHATME BpeMeHU peakuuu T - Bpe-
MeHW, 3a KOTOpoe aMnnnTyaa yMeHbLUaeTcs B e pas.
qO _ pr _ Al _ _ 1
—7/h—e, e =e7, ﬁf—l, ﬂ——.
00 T
Taknm obpasom, B ecTb Benu4ynHa, obpaTtHas t.
JlorapucdmMmuyeckun aeKpeMeHT 3aTyXaHUsa - HaTypanbHbIi norapugm oTHoLLe-
HUS 2-X amMnNnNUTyAd, OTNIMYaloLWUXCA No BpEMEHU Ha rnepuog.

Jo
6=In—° _— gT.
qee””" 4

T y
3a Bpems 1 cuctema coBepwnT N = — konebaHui.

gty T_1
T z N

N - 4yucno konebaHun, 3a KOTOpble aMnIinTyaa yMeHbllaeTCA B € pas.

[oBpOTHOCTL XapakTepusyeT cnocoBHOCTb KonebaTenbHOro KoHTypa K 3aTtyxa-
HUO KonebaHwui:

T
Q 0

[loGpoTHOCTbL MponopuUuoHanbHa 4ucny konebaHui, 3a KoTopble aMnnutyga
yMeHbLUaeTcs B € pas.

Ecnn Q Benuko, konebaHns 3atyxaT meaneHHo (puc.7, Q, >Q,).
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qa da
\ Ql Qz

{\n{\l\/\l\/\é‘ > 0

UUVVV"" t t

Puc. 7

6.3 BbIHYXXAEeHHbIe 3NIeKTPOMarHUTHbIe KonebaHus.
ANEeKTPUYECKMN pe3OHaHC.

CB00OOAHbIE aNEeKTpOMarHUTHble KorebaHus NPoncxoasaT ¢ YacTOTOWN, onpeaens e-
mon napametpamu koHtypa C, L n R, n B peanbHom kone6aTenbHOM KOHType CO
BPEMEHEM 3aTyxalT u3-3a notepb aHeprun. YTobbl nony4nTb HesaTyxarlwme koneba-
HUSA, NOTEPU SHEPrUn HEOBXOAUMO KOMMEHCMpoBaTh. Taknm obpasom, Ansd nonyveHus
He3aTyxalLlmnX 3NEeKTPOMarHUTHbIX konebaHui HeobxoaumMo BBECTUM B KOHTYp 3.4.C.,
Nepnoanyeckm MEHSLLYICSA C TEYEHMEM BPEMEHUN MO rapMOHUYECKOMY 3aKOHY:

E=¢g,Cosat,

roe & — aMmnnuTyaa 3.4.C.; @ — UMKIMYeckas YactoTa BbiHyXaalowen 3.4.c.

BbIHY)XAEHHbIMW Ha3bIBaOTCSA 3NIEKTPOMArHUTHble KonebaHusi, KoTopble Npouc-
X0A4AT Nog, AeNCTBUMEM NEPUOONYECKM U3MeEHSAOLENCH 34C (puc.8).

U, +U; =¢,+¢,

ﬂ+IR=—LO|—IJrgocoswt,
c dt
2
T.K. Izd—q, ﬂ:dq,
dt” dt dt’
2
gJrR(]l—quLd—?:gocoswt,
C dt dt
2
dg+5d—q+iq=g—°coswt; i=a)§; B=2ﬂ,
dt® Ldt LC L LC L
d’q

e +2ﬁz—?+a)§q:%coswt - AudcepeHumnanbHoe ypaBHEHUE BbIHYXAEH-

HbIX 3JTIeKTPOMAarHNTHbIX KonebaHun.
MoXHO gokasaTb, YTO peweHnem 3Toro ypaBHeHusa ABNAETCA BblpaXXeHne:

QZQOCOS(@_‘//)-
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| I q

™Y S
: AVERVIRVE

i L=

Puc. 8 Puc. 9

OKCNepuUMeEHTanbHO YCTAHOBMEHO, YTO N3MEHEHNE 3apsana ( OTCTaeT OT U3MeHe-
HUsA 9.4.C.

Y — pa3HoCTb a3 konebaHnm q u &.

BbIHyXOeHHble KonebaHnsi CoBepLUAOTCS C TAKOM e 4acToToM w, Y4To u Koneba-
HUSA BbIHYXXZaroLWen 3.4.C.

Ha puc. 9 npuBeaeH rpaduk 3aBUCMMOCTM 3apsida KoHOeHcaTopa OT BPEMEHU B
clly4ae yCTaHOBMBLUMXCS BbIHYXXOEHHbIX 3NIEKTPOMAarHUTHbIX KoriebaHunn.

BbIHYXOeHHble KonebaHnsi COBEPLUATCA C TakOW e YacTOTON @, YTO U BblHYX-
parowas 3.4.c. QKCnepuMeHTanbHO YCTaHOBMEHO, YTO M3MEHEHNE (] OTCTaeT B CBOEM
N3MEHEeHNN OT U3MEHEHUN 3.4.C £; y - pa3HOCTb a3 konebaHun q n &, casur no a-
3e Mexay U3MEHeHneM q 1 ¢.

AMI'IJ'II/ITy,D,HOG 3Ha4veHune (, 3apdia u tg w onpegensatoTcA CbOpMyJ'IaMI/IZ

€
qO = £ 5 )
a)\/R2 +(1—0)Lj
acC
R
tqy =4
——wlL
acC
TK g, = g,(®), MOXHO HaUTU ®, NPU KOTOPON 0y = Ogux -
dq YT
d—a‘;=0 - ,, =\, 2%,
q _ €y .
0max R /—a)g—ﬂz ’
dgq . Vs
I= o —qoa)sm(a)t— 1//) = gy o @~y +- | = I,codlat —ar),

T
rAe o =y —— — cABUr No dase mexay nameHeHusmm | n ¢.

&
— — 0
ly = Qoo = :

2
R’ +(1C—0)Lj
@

tqa—tq( —Ej——ctq -1
73 Y Tav~ R
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dneKkTpnYecKUin pe3oHaHc - ABMEHNE PEe3KOro Bo3pacTaHUs aMnnnTyabl BbIHYX-
AEHHbIX KonebaHun, Koraa YyactoTa BblHYXXAalLWen 3ac @ npubnmxkaercss K co6CTBEH-
HOW YacToTe konebaTenbHOro KOHTypa @, .

Yem Gonblue conpoTtusBneHne KoHTypa R, Tem Gonee nonoro pacrnonaraercs pe-
30HaHcHas kpuas (puc.10).

T &
HR=0
. R, <R,
0 : ol
@ e
Puc. 10
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Nekuusa 8. UHTephepeHUna cBeTa

8.1 WUHTepdepeHUna CBETOBbLIX BOSIH U
MeToAbl eé HabnaeHus.

Pasgen dusnku, B KOTOPOM paccMaTpmBalOTCA BOMPOCHI, CBA3aHHbIE C U3YYEeHNEM
npupoabl cBeTa, 3aKOHOMEPHOCTSAMWU €ro UCMyCKaHUsA, pacnpocTpaHeHUs U B3aMMmogen-
CTBUS C BELLLECTBOM, Ha3blBaE€TCH OMNTUKOWN.

B BonHOBOW ONTUKE paccMatpuBaloTCs onTU4e-
CKMe 4BMneHud, B KOTOpbIX MPOSIBASIETCS BOSHOBAs
npupoga ceeTa (ABneHus uHTepdepeHuun, audpak-
uuu, nonspusauun u gucnepcun). Tak Kak ceBeT npea-
¥~ CTaBnsier cobon aneKTpoMarHUTHbIE BOSIHbI, TO B OC-
H HOBE BOJSTHOBOW OMNTUKKM nexaT ypaBHeHuss Makceenna
N BblTEKalLMe M3 HUX COOTHOLUEHWUS ONs 9NeKTpo-

Puc. 1 MarHuTHbIX BOSTH.

CeeT npeactaenseT cobon GeryLiyto BOHY, B KOTOPOW HaMNPS>XEHHOCTb 3I1EKTPU-
4YECKOro M MarHUTHOro NOSIeEN N3MEHSOTCS MO rapMOHUYHOMY 3aKOHY (puc. 1). Bugnmblin
AnanasoH CBETOBbIX BOSH 3akmntodeH B MHTepsarne A =400 -+800uM .

E n H n3meHATCSa N0 rapMOHUYECKOMY 3aKOHY:

E = E, cos(at —kx+ ),

H = H, cos(at —kx+«,),

E

2
roe k = 7 — BONHoBoe 4yucno; A =cT — annHa BOMHbI.

Ha ocHoBaHUM OMbITHbIX JaHHbIX YCTAHOBIMEHO, YTO dmnamyeckoe, (PoToxmMmMuye-
CKOe M Apyrve AeNCTBUSA CBeTa BbI3blBAOTCA KonebaHMsaAMKU BEKTopa HarnpsiKEHHOCTU

AMEKTPUYECKOro nosis, NoaToMy BekTop E noryunn HasBaHue cBeToBOro sektopa; E,—
aMnnuTyaa CBETOBOro BEKTOpa.
PacnpocTpaHsisicb, ar1ieKTpoMarHuTHas BoriHa NepeHoCcUT 3Heprmw. S = [Eﬁ]— BEK-

Top YMoBa-INMoMHTMHra, NNOTHOCTb NOTOKA 3HEPrun. IHTEHCMBHOCTL cBeTa I B AaHHOM
TOYKE MPOCTPaAHCTBA YMCNEHHO paBHa MOAYS CPEAHEro N0 BPEMEHN 3HAYEHMS NMOT-
HOCTW NOTOKa SHEPTrnKN, NEPEHOCUMON CBETOBOW BOSTHON:

1=[Ea], =22

MZ
Mo)HO [oKasaTb, YTO Mpu pacnpocTpaHeHun cBeTa B O4HOPOAHON cpeae
I~nE}, roe n=./a - nokasaTenb NpPerioMIeHNs cpeabl.

NHTepdepeHLus cBeTa — 3TO ABMEHNE HaNOXEHUsI KOrepeHTHbIX BOMH, B pe3yrb-
TaTe KOTOpPOro NpPOVCXOAUT nepepacnpeaeneHne SHeprum BoMH B MPOCTPAHCTBE U 06-
pa3oBaHue YepeayrLMxcs MakCUMyMOB U MUHUMYMOB MHTEHCUBHOCTW.

HeoGxoavmoe ycrnosue nHTepdepeHLnn BOMH — UX KOT€@PEHTHOCTb.
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KorepeHTHOCTb — 3TO corfiacoBaHHoOe nporekaHne Bo BpeMeHn N NpocTpaHCTBE

HECKONbKNX KonedaTternbHbIX UM BOITHOBbIX npoLeccos.
KorepeHTHble BOJIHbI — 3TO BOJIHbl OAMHAKOBOW 4YacToThbl, kKonebdaHus B KOTOpPbIX

NPOMCXOAAT C NOCTOAHHOM Pa3HOCTbLIO (has.
MycTb OBE KOrepeHTHble MOHOXpPOMAaTuyecKkne BOSHbl HaknagblBalTCca ApPYyr Ha

Aipyra B HEKOTOPOW TOYKE NPOCTPaHCTBA.

E, = E,, cos(at +¢,),

E, =E,,cos(at +¢,).

CornacHo npuHumny cynepnoauun E=E, +E,. C NoMOLWbio MeToa BEKTOPHbIX
Anarpamm nonyyvM COOTHOLLEHWEe, MO3BONSAOLEee onpeaennTb amnuTygHoe 3Hadve-
Hue E, Bektopa E (puc. 2).

E= Eocos(a)t + (p),

E; =Ej, +Ej, +2E,Ey,cos(p, —¢,) .

O6o3Hauum: ¢, —@, =9.

Tak Kak MHTEHCUBHOCTb Pe3ynbTUPYHOLLIEN BOSHbI
Puc. 2 I~nEZ, 1=1,+1,+2J11,coss.

B Touykax npocTpaHCcTBa, AN KOTOPbIX:

a) coso >0, 1>1,+1,;

6) coso <0, I<1; +1,.

Ecnn I, =1,, BO3MOXHbI Ba KpanHUX cny4as:

a) coso=1,1_ =4I;

6) coso=-1, I,, =0.

[ns HeKkorepeHTHbIX BOMH Pa3HOCTb ¢, —@, HEMNpPepbIBHO MEHAETCS, CpefHee BO
BPEMEHUN 3HaYeHne cos(go2 —(01) PaBHO HYIO, N MHTEHCUBHOCTb PE3ynbTUPYOLLEN BOS-

Hbl BCIOQY OOMHaKoBa:

I=1,+1,.

TpyaHocTb HabnogeHne nHTtepdepeHunn obycrnoBreHa TeM, YTO CBETOBbIE BOJI-
Hbl, U3My4Yaemble Pa3nMYHbIMM HE3AaBMCUMbIMU APYr OT Apyra UCTOYHMKaMu CBETa BCe-
rja HEKOrepeHTHbl, MOCKOMbKY aTOMbl 3TUX WMCTOYHUKOB WUCMYCKaKT CBET B pa3HbiX
HenpepbIBHO MeHswwmxcs dasax. OTaenbHble aToOMbl U3NYyYaroT LyrM BOMAH AnuTenb-
HOCTbIo nopsaaka 108c 1 NPOTAKEHHOCTLIO OKONO 3 M.

Llyrom BonHbI Ha3biBaeTCs NocreaoBaTenbHOCTb rpebHern n BnaguH BOSHbI, U3-
nyvyaembliX O4HUM BO36Y>XAEHHBIM aTOMOM.

da3a HOBOrO Lyra HMKak He cBA3aHa Cc (pa3on npeabigyLiero.

KorepeHTHble CBEeTOBbl€ BOSHbI MOXHO Mofy4yaTb, pasgenve (C NOMOLLbI OTpa-
XEHUA UNN NPENoOMIEHNn) BOSHY, N3Ny4aeMylo OgHMM UCTOYHUKOM, Ha ABe YacTu. Ec-
N 3acTaBUTb 3TW ABE BOSTHbI NPONTU pa3Hble ONTUYECKME NYTU, a NOTOM HaNOXUTb UX
Apyr Ha pgpyra, Habntogaetca nHtepdepeHums. Obnactb, B KOTOPOW NepekpbiBaloTCS
KOrepeHTHble BOJTHbI, Ha3blBaeTCA NOremM NHTepdepeHLnn.
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OanH 13 nepBbIX CNOCOBOB MONYYEHUSI KOrEPEHTHbLIX CBETOBbLIX BOJSTH NPEAS OXUI
dopaHuy3ckmun pusuk Oroct PpeHKens.

1.Bbunpnama PpeHensa npencraBnaer cobOW M3rOTOBIEHHbLIE M3 OOHOrO Kycka
cTekna ABe Npu3Mbl C MarnbIiM NPENoOMASIOLWUM YriiaMmn 1 nMmetoLne obliee OCHoOBaHNe
(puc. 3). BonHoBOW OPOHT cBeTa, UCXOOALEro OT UCTOYHMKA S, C NMOMOLLbIO MPU3M
pasgensercsa Ha 2 YacTu, npeacTaBnsalowme cobom KorepeHTHbIe CBETOBbIE BOSIHbI, UC-
Xo4ALMNeE U3 MHUMbIX UICTOYHUKOB S, 1 S, , Nexallynx B 04HOWN MIOCKOCTH C S.

LRSS T TSSARSSS5Y

3KpaH
SJ
Puc. 3
2.3epkana ®PpeHens.
S

.

1 emmmmmm== -- :

w17 :

3, = =

--'-':__:::: \—\E

F\_‘-‘_‘\‘——N‘g

3IKpaH

Puc. 4

Mcnonb3yloTcst ABa NNOCKUX COMpUKacaloLWMXCs 3epkarna, COCTaBNALWMNX apyr C
apyrom yron, 6nuskuin k 180°. C noMoLLbIO 3TVX 3epKkan cBeToBas BonHa pasbusaercs
Ha 2 KOrepeHTHble BOJSHbI, PacnpoOCTPaHsOLWMECH TaK, Kak ecnvm Obl Mcxogunu ot 2-x
MHUMbIX KOT€PEHTHbIX UICTOYHUKOB cBeTa S, n S, (puc. 4).

8.2 UHTepdepeHLna cBeTa OT ABYX KOrepeHTHbIX
MCTOYHMKOB. YCrnoBusa HabnoaeHus
MaKCUMYyMOB U MUHUMYMOB.

MpenctaBum cebe, YTO ABE KOT€PEHTHbIE BOSHbI, UCMYLLIEHHbIE TOYEYHBIMU Kore-
PEHTHBIMW UCTOYHMKaMK S, 1 S, , HaknagblBalOTCA APYr Ha Aapyra B Touke M . [NepBas

BOJIHA B cpeae C NnokasaTternem npenoMmrneHusa n, npowna nytb /,, a BTopas —nytb /, B
cpefe c nokasareriem npenomrieHns n, (puc. 5). BeiscHum ycnosusi, onpegensioLwme
UHTEP(EPEHLMNOHHBLIM MAKCUMYM UM MUHUMYM B J@HHOM TOYKE.
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s E, = E,, cos(at —k,/,),
1
" E, =E,,cos(at —k,(,).
n
! PasHocTb a3 konebaHun, Bo3byxgaembix 3Tu-
n, MU BOSTHAMW B TOMKe M, paBHa
s, 5= (ot —k0,)—(at —kyt, )=k, 0, —Kk/,.
Puc. 5 YuntbiBass, 4tO0 k| =2_7T, A =ulT=£~T,
z n
2m, 2rx
k,=—=~="".n, rge A, =cT— anvHa cBeTo-
T A, AS % A
BOW BOJSIHbI B BaKyyme.
AHnanoru4Ho, k, :Z—Enz.
/10
2 2 2 27 2
Oo=—nl,——ntl, =—(Nn,0,—n/t, )=—I(L,— L )=—A, rge:
1022 ﬂoll 10(22 11) 10(2 Ll) AO

! —reomeTpudeckas anuHa nytu,

L = n/—onTtuyeckas gnuHa nyTu;

A =L, —L —onTn4yeckasa pasHocTb xoAa.

OnTtuyeckas gnuHa nytm L paBHa NpounsBeAEHN0 reOMeTPUYECKON OSIMHbI NP OXO-
AUMOro BOMHOM NyTU /¢ Ha nokasaTenb MperioMrneHns N cpedbl, B KOTOPOW pacrpo-
cTpaHdaeTca ceT. OnTuyeckas pasHOCTb Xo4a paBHa PasHOCTM ONTUYECKUX OSIMH NpPo-

XOAUMbIX BONIHAMU NyTeNn.
Kak 6blno paHee nokasaHoO, MHTEHCMBHOCTb pe3ynbTUpYoLLen BOMHbI onpeaens-

€TC4A BblpaXeHNnem

I=1,+1,+2,L,I, cosd, rae 5:i—ﬂA.

0
Makcumym uHTepdepeHunn HabnogaeTca B TOYKax, ANA KOTOPbIX C0SO =1, 4yTo
COOTBETCTBYET YCITOBUIO:

o =12zm, i—ﬂA:iZﬂm, (m=012,....)
0

A =+m/], — ycnoBue HabnoaeHMa MakCMMyMOB NpKu MHTepdepeHumuun.

Ecnu B onTnyeckon pasHOCTM XoAa CBETOBbLIX Nydel 40 AaHHOW TOYKW yKnaablBa-
eTCs Liefnioe Y1cno ANVH BOMH B Bakyyme A,, TO B 9TOW TOYKe NpocTpaHcTBa Habnoaa-

eTcsl MHTepePEHLMOHHbIA MAaKCUMYM.
MUHUMYM MHTEPdEPEHLUM COOTBETCTBYET YCIOBUIO:

cosd =-1, §=+(2m+1)r, i—ﬂA =+(2m+1)r,
0

A
A =+(2m +1)7° — ycrnoBue HabnoaeHNs MUHMMYMOB NpY MHTEPdepeHLnn.
Ecnu B onTnyeckon pasHOCTM xo4a CBETOBbIX Jlyden 40 OaHHOW TOYKM yKnaabiBa-
A -
€TCS HeYyeTHoe YUCNO AfIMH NOSyBOSIH B Bakyyme 70 TO B 3TOW TOYKE MpOCTpaHCTBa

HabngaeTcs uHTepPepPEeHLUNOHHBbIA MUHUMY M.
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[ns MOHOXpOMaTUYeCKOro CBETa Ha akpaHe OyaeT psag Yyepenyowmxca TEMHbIX U
ceetnbix nonoc. Mpu 6enom ceBeTe Ha 3KpaHe cBeTnble nonockl 6yayT UBETHbIMK (3a
UCKITIOYEHMEM LeHTpanbHon ansa m=0), koTopble cBoMM hroneToBbiM Kpaem obpa-
LLIEHbI K LLEHTPY MHTepdEepEHLMOHHON KapTUHBbI.

Mpn oTpakeHnn CBETOBOW BOSHbI OT rpaHuLbl pasgena cpenbl ONTUYECKU MeHee
NMOTHOM CO Ccpenon onTuveckn bonee nNnoTHOW (BO34yX-CTEKNO) hasa konebaHun cee-

A
TOBOrO BEKTOpa M3MEHSAETCS Ha 7, YTO COOTBETCTBYET NPMBaBNeHnio —> B BblpaKeHUM

ana A; npu oTpaxeHun OoT ONTUYECKU MeHee NAOTHOW cpenbl (CTeKJ'IO-BO3LI,yX) TaKoro
N3MEHEeHNA (baSbI HE MPOoOnCXoaunT.

8.3 UnTepdepeHuus B TOHKMX nneHkax. Konbua HeloTOHA.

B npupoge 4acto MOXHO HabnogaTb pagyXHoe OKpallMBaHWEe TOHKUX MIIEeHOK
(MacnsHble NreHKN Ha BoAE, MblfibHbIE MY3bIpU, OKCUAHbLIE MNIIEHKM Ha MeTannax), Bos-
HUKallLLee B pesynbTare MHTepdepeHLn cBeTa, OTPaXKeHHOro AByMs NoBepXHOCTAMMU
nneHkn. Ecnn nneHka nmeeT NnepemMeHHy TOSMLWMHY, TO Ha €€ NoBepXHOCTU Habnga-
€TCH Monochl, OTMeYarLmne y4acTkm ¢ NOCTOAHHOM TOSLWMHOW, KOTOPble Ha3bliBalTCH
nonocamu paBHOW TOMLWMKHBI. [Monockl paBHOM TOMWMHLI HAOMAATCHA Y NOBEPXHOCTH
NMEHKN, MOCKOSbKY Jy4M U3 TaKOW NNEHKU BbIXOAAT NOA pasHbIMWU yrinamu u nepeceka-
I0TCS HernocpeacTBeHHO Y noBepxHocTn. CoceaHne Nonockbl COOTBETCTBYIOT TOSLLNHAM,
oTnvyaloLwmeca apyr oT Apyra Ha BenuuuHy nopsigka A. [oatomy, nogcymtas YUCIIO
Nnosioc paBHOM TOSMLLUMHBI, MOXHO onpenenuTb U3MeHeHUe TOMWUHbI NIIEHKN, BblYUC-
nnTb pasmepbl HepoBHOCTEW. Ecnn HEpPOBHOCTL MMeeT (popmy BRagWHbI UMK BbINYKMO-
CTW, TO MOJSIOCbl PaBHOW TOMNLWMHBI UMEKT POPMY KOMeL, a ecriv nreHka nmeet opmy
KNWHa, TO OHW ByayT napannenbHbiMU NPSAMbIMUK. Takme Nonockl MOXHO HabnaaTb Ha
BepTUKarnbHbIX MbIIbHbIX MAEHKaX, Ha NreHKax HeddTU M Macna, pasnuTbiXx NO BoAe.
Ecnu cBeT He MOHOXpOMaTUYeCKMI, TO NONOCkl ByAYT LBETHLIMMW.

BnepBble nonocbl paBHOW TOI-
LWMHBbI OT KNUHa 6binNu onuncaHbl Hbto-

Y R R—d TOHOM. [1nockoBbINykNas nMH3a O4YeHb
BonbLworo paguyca KpMBU3HbI NPUXU-
f‘ MaeTCs BbINYKNOW CTOPOHOM K Mnoc-
NP r KOM NriacTuHe Tak, YTOObl Mexay HUMu
' obpasoBancsa BO3QyLUHbIA 3a30p ne-
PEMEHHOW TOSMWNUHbI — BO34YLUHbIN
Puc. 6 KNUH. Ponb TOHKOW nneHkW, oT rno-
BEPXHOCTEN KOTOPOW OTpaxarTcs Ko-
repeHTHbIe BOSMHbI, UrpaeT BO3AYLUHbIN 3a30p MeXay NiiacTUHON M NMH30M (puc. 6). Mpu
HOpMaribHOM MaJeHUn cBeTa NOMocbl PaBHOW TOMNLWMHbLI UMEKT BUI KOHLLEHTPUYECKNX
OKPY>XHOCTEMN.

B oTpaxeHHOM cBeTe onTuyeckas pasHOCTb xoda (C y4eTOM NnoTepu MOMyBOSIHbI

npu oTpaxeHnn n ana n=1)
Ao A A

A=2d+20 d=2_-"0
2 2 4

—p Ole—
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roe d — WwvpuHa 3asopa.
Kak BngHo u3 puc. 6,
R?=r>+(R-d)’, r?=2Rd-d?,
roe R- paguyc KpUBU3HBI NIUH3bI, ' - pagnyc KonbLa.
Tk d? <<2Rd, r2=2Rd, r=+/2Rd .
Mpu HabniogeHun makcumyma A =mJ,, No3TOMYy paauyc CBeTNoro Kosbua

onpegensaeTca PopMyrion r,, = \/ZR( m;f’ —%’j = (2m—1)R-/1_2O :

A
Mpn HabriogeHun MuHumyma A = (2m +1)?°, paguMyc TeMHOro KonbLua onpeae-

naetcsa oopMynon r, . = \/ZR((Zm +1)-%’—%)) = JmRA, .

Mpu HabnogeHUN B NPOXOAsiLLEM CBETE 3TW BbIPAKEHUS ANA r, U [ B3aUMHO

Tew
MEHSIIOTCS.

MpumeHeHne nHTepepeHUnU:

a) Ans uaMepeHus OfnH CBETOBbLIX BOSMH (M3Mepsas pagnychl kornew HetoToHa);

0) siBNeHne nHTepdepeHLUmn NeXNT B OCHOBE MPOCBETIIEHNS ONTUKW;

B) iBNeHne NHTepdepeHLMn NoroXeHo B OCHOBY MeTo[a KOHTPOns KadecTBa W3-
rOoTOBNEHUA NMOBEPXHOCTEW 3epkar, NUH3, NpuM3M U T.4.; Tak, Hanpumep, CUMMETPUY-
HOCTb U MpaBurbHOCTb Korey HbioTOHa cBUAETENbLCTBYET O BbICOKOW TOYHOCTU U3ro-
TOBITEHUS U LUNNEOBKMU NUH3S;

r) 4ns co3gaHus caMoneToB — "HEBUOMMOK",

A) ONA cOo34aHusa BbICOKOOTPaXKalLWMX NMOKPLITUM HA OCHOBE MHOrosly4eBOu MH-
TepdepeHunn.

UHTepcepeHUus B nnockonapannenbHOM NnacTuHe.

B oTpaxeHHOM cBeTe pnOns nrockonapannensHon

| 1 nracTuHbl (puc. 7):
a' D 1 2
L an C/ A=n(AB +BC)—- AD — -2;
O >
AN A4 _
sina ] _
d ——=n = sina=nsiny,
siny
v »
AB=BC=——, AD=ACsina =2dgy-sine = 2305"7
cos ¥ cos y
N2
a2 2SNy S 2N C‘3527/—ﬂ’—(’:2dncosy—ﬁ.
cosy cosy 2 cosy 2 2
2’ -
YcnoBua max : 2dncos;/=(2m+1)?°,m:0,1'_; min: 2dncosy =mi, m=12,..

54



YnpaBieHne ANCTaHUMOHHOTO 06y4YeHMA U NOBbILEHUA KBaNDUKALMN

du3smnkKa

Nekuusa 9. Oudppakuuma ceeta

9.1 Ondpakumen ceeta

Ondpakumnen ceeta HasblBaeTCs ABfIEHNE OTKNOHEHUA cBETa OT NPSIMONTMHENHOrO
pacnpocTpaHeHusi, korga ceeT, ornbasi npensTcTBMe, 3axoanT B obnacTte reomeTpude-
CKOW TEHM.

Mexay vHTepgepeHumnen n gudpakunen HeT CyLecTBEHHOro oM3n4ecKoro pas-
nnuna. Oba sBneHns 3akn4alTcs B nepepacnpeneneHnm CBeTOBOro Nnotoka B pe-
3ynbTate cynepno3nuum BosH. o ncrtopuyeckum npuymHaMm nepepacnpeneneHne uH-
TEHCMBHOCTM, BO3HMKalOLLEe B pe3ynbTare Cynepno3vuum BOSH, BO3OYyXXoaembliX KO-
HEYHbIM YNCIIOM AUCKPETHBIX KOr€PEHTHbIX MCTOYHUKOB, MPUHATO HasbiBaTb MHTEpPde-
peHunen. NepepacnpeneneHme MHTEHCUBHOCTW, BO3HUKalOLWee BCIEeACTBME Cyrnepno-
3UUMKN BOMH, BO36Y>XOaeMblX KOrepeHTHbIMU MUCTOYHUKAMKU, PacnofiOKEHHbIMU Henpe-
PbLIBHO, NPUHATO Ha3blBaTb Andpakynen.

HabniogeHne andpakumm MOXHO OCYLLECTBUTb, €CIN Ha MyTU CBETOBOW BOJHbI
NMOMECTUTb HEMPO3PAYHYIO Nperpagy ¢ OTBEPCTUEM, pa3Mepbl KOTOPOro COU3MepUMbI C
A (a~A1) (puc. 1a). Ha akpaHe, pacrnonoxeHHOM 3a nperpagon, 6yget Habnwgatbes
CBETOBOE MNATHO C PSAOM TEMHbIX U CBETNbIX Kofey, 3Ha4uTernbHO MnpeBblllatollee
pasmMepbl reoOMeTpPUYECKON TeHN (r.T.) OTBEPCTUA Ha dKpaHe. Ecnu a >> A4, BbINOMNHAT-
CSl 3aKOHbl reoMeTpudeckon onTuku (puc. 16).

't

[ " I

5
’g r.T. CBETO-

BOE NAT-

HO

W

6)

a) Puc. 1

PasnuyaroT aoBa Buaa andpakumm:

1) andpakuma PpayHrocpepa (andpakumna B napannenbHblX Ny4yax) — ecrnv uc-
TOYHUK CBETa M TOYKa HabnwgeHnsa pacnosioXeHbl OT NPEenaTCTBUSA HACTOSbKO Aaneko,
4YTO Nyyu, Nagawline Ha npenaTcTeBMe U mayuime B TOYKY HabnwogeHusa, obpasyoT
npakTU4eckn napannenbHbIn NYYoK;

2) audpakuma PpeHensa — ecnu 4aHHOE YCNoBue He BbINOSHAETCS.

MpOHUKHOBEHNE CBETOBbLIX BOMH B 00MacTb reoOMeTpUYecKon TEHU MOXET ObiTb
06bACHEHO ¢ nomowbio NpuHuuna lMonreHca. MpuHumnn lMNonreHca No3BonsieT pellatb
3agaym o pacnpocTpaHeHun BONTHOBOro opoHTa (puc. 2), HO He OTBeYaeT Ha Bonpoc 06
WHTEHCUBHOCTWU BOMH, MAYLWMX MO pasnuUyHbIM HanpasneHusam. dpeHenb AO0MOMHWN
npuHuun MorreHca npeacTtaeneHnem o6 MHTepdepeHUnn BTOPUYHbBIX BOSH. YYeT am-
nnuTya 1 a3 BTOPUYHBLIX BOMH NO3BONSET HAUTU aMNNnTyay pesynbTUpytoLen BOMHbI
B Nto6own TouKke NpoCcTpaHCTBa.
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Passutbin Takum obpaszoM NpuHLMM NOfy4un Ha3Ba-
Hue npuHuuna lMNounreHca-GpeHend.
MpuHuunn MNoureHca-®peHens: Kaxgas Touka poH-
Ta BOJSHbl ABISAETCA UCTOYHUKOM KOF€PEHTHbIX BTOPUYHBIX
chepuryecknx BOSH, MHTepdepeHLNa KOTopbIX onpeaensier
pe3ynbTUPYIOLWYO BOMHY B crnegylowmi MOMEHT BPEMEHMW.
AMNNuTyga BTOPUYHOM CepuyecKon BOSHbI NPOnopLmo-
Puc. 2 HanbHa Benu4YMHe nrnowiagm BOSIHOBOWN NMOBEPXHOCTU, U3NY-
yalwlen 9Ty BONHY. MakCMMyM U3NyyYyeHUs BTOPUYHbLIX
BOJIH MPOUCXOAMUT B HanpasfeHnUn HopManu K BONTHOBOW NOBEPXHOCTMU.

B obwem cnyyae HaxoxgeHwe amnnuTydbl pesynbTupyowero konebaHua npea-
ctaBnsieT cobon crioxkHyto 3agady. OgHako, kak nokasan ®peHenb, B cnydasax, obna-
AaloLWNX CUMMETPUEN, HaxoXaeHne aMnnuTyabl pesynbTupylowero KkonebaHms MoxeT
ObITb ocyliecTBrieHo 6onee NpoCTbiM METOAOM, pa3paboTaHHbIM PpeHenem u nony-
YMBLUMM Ha3BaHWe meTtoaa 30H PpeHens.

Onpenenum metogom ®peHens amnnuTyay CBETOBOro konebanus, Bo3byxpae-
MOro B Touke M cchepunyeckon BOSTHOW, pacnpoCTpaHALWENCH B U3OTPONHOW O4HOPOA-
HOW cpefe U3 TOMeYHOro UCTodHuka S (puc. 3). [lecTBue NCTOYHUKA cBeTa S 3aMeHsI-
eTcs AeNCTBMEM BCroMoraTersibHbIX UCTOYHUKOB, PacrofioXXeHHbIX Ha O4HOW U3 BOSHO-
BbIX (nobon) nosepxHocTen S’. MNMoBepxHOCTb S’ pa3buBaeTca Ha KomnbLieBble 30HbI
dpeHenda Takum ob6pa3omM, YTOObI PpacCTOAHUSA OT rpaHuL, 30HbI 40 TOYKM M oTnnvyanucb
Ha A/2. Ecnn paccTodHne OT BOMHOBOM MOBEPXHOCTU S’ A0 TOYKM M paBHO ro, TO AN
NOCTPOEHUS 30H NPOBOAATCS U3 TOYKM M chepbl pagnycamu

r.=n +k% (k=123...).

MepeceyeHune aTmx ccep ¢ BoOn-
HOBOW NOBEPXHOCTbIO S’ onpepenser
rpaHuLbl 30H PpeHens, BblAenseMblX
Ha 9TOM MNOBEpPXHOCTU. BblumncneHne
nrowann 9TUX 30H MOKasbIBaeT, YTO
nnowann scex 3oH dpeHens npumep-
HO OAMHaKOBbI.

OkoH4YaTenbHbIN pesynbTar no-
ny4aeTcs CNOXeHUeM OeNCTBUN Kax-
Puc. 3 AO0W 30Hbl B TOYKe M, npuyem y4dnTbl-

BaeTcs, 4YTo:

1. pencrTeue cocegHnx 30H ocrabnsaeT apyr gpyra, T.K. 3TU 30HbI NOCLINAT B TOY-
Ky M konebaHusi B npoTusodase;

2. JeNCTBME 30Hbl YMEHbLUAeTCHa C YBENMYEHMEM Yyrra Mexay HopMarnbik K no-
BEPXHOCTUM 30HbI M HarpasrieHnemM Ha Touky M.

MosTomy amnnutyabl konebanunm A1, Az..., co3gaBaemMbie NepBON, BTOPOW U T.A4.
30Hamu B Touke M, cBsi3aHbl HEpaBEHCTBAMMU:

A>Az> As...

AmnnuTtyga pesynbtmpytowiero konebaHmna B Touke M moxeT ObITb NpeacTaBneHa
B BUAE

¥

S
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A=A1—Ac+ Az— Az +...
Bce amnnuntygbl OoT HEYETHbIX 30H BXOOAT C OAHMUM 3HAKOM, a OT YETHbIX 30H — C

APYruM.
3anvwem 31O ypaBHeHUe B BUAe
A A A A A
A=21| 2 g + 3 | | B_4,+ 2 |+
2 2 2 2 2
Bcnegctene MOHOTOHHOMO Y6bIBaHUS Am MOXHO NPUBAMXKEHHO CcYNTaTb, YTO
4 = An-1+ Ana
" 2
Toraga BbipaxeHusa B ckobkax 6yayT paBHbI HYnHO,
aA LA
2 2

+ IIpy1 M - HEYETHOM, — IIPU M - YETHOM .

AmnnuTtyga, cosgasaemas B Todke M Bcen cdepuyeckon BOMHOBOW MOBEPXHO-
CTbtO, paBHa MOMOBUHE aMNNUTyAbl, CO34aBaeMON OL4HOW JMLUb LeHTparibHOW 30HOM,
€CJIM YNCIO 30H BENUKO U Am — HUYTOXHO Marno.

Ecnn B HekoTOpoM OTBEpCTUM, OO0 KOTOPOro gowen pOHT BOSHbI, NMOMECTUTCS
YeTHoe 4ymcro 30H PpeHens, B Touke M ByaeT HabnogaTbCa TEMHOE NATHO, OKPY>KEH-
HOEe YepeayLWwmMnca CBETOBbIMU N TEMHbIMW Konblamu. Ecnu B oTBepCcTun nomella-
eTCcsl HeyeTHoe Ymncno 3oH ®peHend, B Touke M ByaeT cBeTnoe NATHO.

Ecnn Ha nyTn cBeTOBOW BOMHbLI MOCTABUTb 30HHYK MNACTUHKY, KOoTopas Obl nepe-
KpblBaria BCe YeTHble UMM HEYETHbIE 30Hbl, TO MHTEHCMBHOCTL CBETa B Touke M pesko
BO3pacTerT.

MeTopn 30H PpeHens no3BONSAET PELWNTb PSAL NPAKTUYECKUX 3agay Ha aundpakumio
cBeTa.

9.2 Nndpakuna PpayHrocepa Ha wenu.

PaccmoTtpum cnyyan, korga Ha y3kyl wenb LWAPUHOW «a» nagaeT HopMalbHO
nnockas cBeToBasi MOHOXpomaTtuyeckas BosiHa (puc. 4,a). CornacHo npuHuuny [on-
reHca-dpeHens, BCe TOYKN LLENN ABMASIOTCA UCTOYHUKaMU BTOPUYHbBIX BOSH, KOTOpbIE,
UHTEepdepupys, pacnpoCcTpaHSTCS OT LWenn No Bcem HanpasneHusMm. byaet Habnio-
aarbcsa audpakumsa. na pacyeta gupakyMOHHON KapTUHbI UCNOMb3yeM METO[ 30H
®peHensa. M3 obLiero notoka nyyen, BbIXOAALWMNX U3 LENN, pPaCCMOTPUM Iy4n, nagyline
nog HEeKOTOpbIM YrnoM ¢ (yrnom gudpakunm) K HanpasfneHUo nagaroLlero CBeTOBOro
notoka. OHM cobepyTcs nuH3oM J1 B HEKOTOpOM Touke M akpaHa. PesynbTar Hanoxe-
HUA MOXeT BbliTb pasnuyeH. PazobbémM BONMHOBYO NoBepXHOCTb AB Ha 30HbI dpeHens
ANSA OAHHOro HanpaBneHus .
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[na atoro otpesok BC, onpenens-
IOLWMIA PasHOCTb XOA4a Jyvyen, UCXogsLmnx
N3 Kpaes LLenu, pasgenum Ha psg oTpes-
KOB ASIMHO A/2, U3 KOHUa KOTOPbIX Mpo-
E BegeM nuHum, napannenbHole AC. B pe-
3yrnbTate OPOHT BOMHbI B LWEenM okasarncs
pasbuT Ha psAn NOMOCOK OAMHAKOBOW LUU-
PUHbI, sBNALWMXCS 30Hamu PpeHens
Ans faHHoro HanpaeneHusa ¢ . Ecnun BC
COOEPXUT YETHOE YUCMO MOMYBOSH, TO
poHT BOMNMHbI AB copepxaT 4yeTHoe 4uc-
no 30H PpeHens, B Touke M Oypet Tem-
AVLY Hasa nonoca, NOCKOSbKY BOSHbI OT cocen-
HUX 30H noracaT gpyr gpyra. Ecnu otpe-
30k BC copep>XuT HEeYeTHOEe YMCNo AfWH
NonyBosSiH, B ToMke M — cBeTnas nonoca,

T.K. CBET OAHOWN M3 30H OKaXXeTCH HenoralleHHbIM.

BC=asing,

a)

3KpaH

6) /\A/\

Puc. 4

asing=(2m +1)% — ycnosue makcumyma, m=1,2,3,...

: A
asing = ZmE — ycrnoBue MUHUMYMa.

Ha akpaHe HabnwpaeTtcsa yepegoBaHne MakCMMyMOB U MUHUMYMOB MHTEHCUBHO-
CTU C LieHTpanbHOW CBETNON Nnorocon nocepenuHe (LeHTpanbHbIM MakCUMYyMOM), T.K.
Yyron ¢ MOXHO OTKMaabiBaTb BMEBO M BNpaBO OT HanpasneHus nagarLero nydva (puc.
4, 6). B HanpaBneHun ¢ =0 BCe TOYKN BOSTHOBOW MOBEPXHOCTU AaAyT BOSHbI, Npuxoas-
LUMe Ha 3KpaH B ofHOW dhase un ycunueawwme apyr gpyra. CnegoBsartencHO, B TOYKE,
pacnonoXeHHON MNPOTMB LiEeHTpa wenu, Bcerga bynet makcumym cBeTta gns nobon
OJIVHbBI BOSHBI.

MHTEeHCMBHOCTL CBETa NpornopunoHanbHa KBagparty amnnutyabl, rpadouk eé 3asu-
CUMOCTW npeacTaBneH Ha pucyHke 4, 6. [Ing cnydyas MOHOXpOMaTUYEeCKOro CBeTa Ha
3KpaHe no obe CTOPOHbI OT LUEeHTpanbHOro MakcMmyma Habnwgaetcs yepenoBaHue
MWHUMYMOB N MakCUMyMOB C YBbIBaHWEM MHTEHCMBHOCTM NO Mepe yaaneHus oT LeH-
TpanbHoro. Npu ocBeweHnn wenn 6ensiM CBETOM YCMOBUS MakCUMMYMOB OOHOro Mo-
psAaKa ons pasnuyHbiX A BbINOMHAETCA NpU pasHbiX ¢ (KPOME LEeHTpanbHOro), NnoaTomy
cneeBa v cnpaBa OT LEHTpanbHOr0O Makcumyma HabnwogawTcs udpakuMOHHbIE Chek-
Tpbl 1-ro, 2-ro n 1.4., NOPSAAKOB (PNONETOBLIN Kpan obpaLleH K LeHTpY).

Mpn a=1/2 Ha akpaHe HabniogaeTca ogHa sipkas nonoca. MakcMmanbHoe 4ucrno
nonoc

z-2

g2
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9.3 HOudpakuma Ha ancpakUMOHHOM peLueTKe.

AncpakuMOHHON pelleTKON HasblBaeTCsl COBOKYNHOCTb GONbLIOro Yucna ogu-
HaKOBbIX, OTCTOSALMX APYr OT Apyra Ha O4HO U TO Xe paccTosHue wenen. Obwas wu-
PUHa LLENM U HEeNpo3pavyHoro NPoOMeXyTka HasblBaeTCs MOCTOSAHHOM (MK Nepuonom)
peweTku d.

d=a+e.

Mpo3payHble ANGPaKLMOHHbIE pPeLLEeTKM OBbIMHO U3roTaBfIMBAKTCA U3 CTEKNSAH-
HbIX MW KBapLEBbIX NACTUH, HA MOBEPXHOCTb KOTOPbIX HAHOCUTCS ariMasHbIM pe3L oM
ps4 napannenbHbIX WTPUXoB. [epBble ANPaKkUNOHHbIE peLLEeTKN BbinMn M3roTOBMEHDI
®payHrodepom B 1821r. n cogepxanu 14 WTpMxXoB HA TMM.

Ecnn Ha pelueTky HopMmanbHO K €€ NOBEPXHOCTU NagaeT nrockas MOHOXpoMaTu-
yeckas BOSfiHa C ANIMHOM A, TO B LIeHTparbHY TOYKY aKpaHa nuH3oun J1 cobepyTcs nyuu,
ANSA KOTOpbIX yron andpakumm ¢o=0, aMnnutyabl UX BOSTH crioxatcs apudmeTndecku, u
WHTEHCMBHOCTb LIeHTparbHOro Makcumyma byaet HanbonbLuen.

Jlyun, ngywne nog yrnom ¢ K nepBoHa4vyaribHOMY HanpaBfeHuto OT COOTBETCTBY-
IOLMX MECT KaXXaon N3 AByX cocefHux wwenen, obnagatT pasHoCcTbIo xoga dsing (pwuc.
5). BonHbl ycunuealoT gpyr gpyra, ecnum ata pasHOoCTb XO4a paBHa LenoMmy Yncny AnuvH
BOJIH.

Ycnosue rnaBHbIX MakCMMYMOB:

dsinp=mA, m=0,1,2,... — NOpsAAoK MakCcMmyma

Mpn m=0 umeem LeHTpanbHbIN MakcuMmym B Todke 0, npu m=1 — nmeem oBa Mak-
cumyma 1-ro nopsgka, CAMMETPUYHO PacnonoXeHHble OTHOCUTENBHO LieHTparbHOro, 1
T.0.

OueBngHO, YTO B TeX HarnpasneHu-

l l d SIX, B KOTOPbIX HW OfHA W3 Lienein He
A y ——— pacnpocTpaHsieT CBeT, OH He GyaeT pac-
b _;dsi”(ﬂ npocTpaHaTbess M npu N wensx, T.e.
rMaBHble  MWUHUMYMbl  MHTEHCMBHOCTM
onpeaenstoTcst YyCroBUEM
< >/l i A
asingp =+2m- — vnu
2
9KpaH asinp=mA (m=123...).
m-u 0 m-u Kpome Toro, BCneacTBME B3aUMHOM
MAKEUMYM MaKCAMYM MHTepdepPEHLIMM CBETOBbIX JTy4e, Nochil-
naemMblX LWensiMn, B HEKOTOPbLIX Hanpae-
Puc. 5 nNeHnax oHu ByayT racuTb Opyr Opyra,

T.€. BO3HUKHYT OOMNONMHUTENbHbIE MWHU-

MyMbl. O4eBMAHO, YTO 3TU AOMNOSMHUTEMbHbIE MUHUMYMbI OyayT HabnwgaTbca B Tex

HanpaBneHusIX, KOTOPbIM COOTBETCTBYET Pas3HOCTb xoha nyden A/2, 342 n1.4.
Ycnosue JOMNONHUTENbHBIX MUHUMYMOB:

. A
dsing =+m’ N (m'#0,N, 2N...), rae m’ MOXeT NPUHNUMaTb BCE LieNOYNCIEHHbIE

3HayeHus, kpome 0, N, 2N ..., T.e. KpoMe TeX, NPU KOTOPbIX AaHHOE YCroBMe nepexoant
B YCJI0BUE rMaBHbIX MakCUMYMOB.
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/\/\/V\/\A/\A: Ann\ N=
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B cnyyae N wenen mexay cocegHu-
MM [NaBHbIMKM MakCMMyMamu pacnonara-
etca N-1 gononHUTENbHbIX MUHUMYMOB,
pasgeneHHbIX BTOPUYHBIMM  MakCUMyMa-
MM, CO3JalolWunMn BecbMa cnabblii ¢OH.
Yem Gonblie wenen N, Tem Gonbliee Ko-
NNYECTBO CBETOBOW JHEPrnm nponaet ye-
pe3 peweTky, Tem Oonblie MWHMMYMOB
obpasyeTca mexay coceaHUMU FNaBHbIMU
Makcumymamm, Tem b6onee MHTEHCUBHBIMM
n 6onee octpbiMn OyoyT MaKCUMYyMbI
(pnc.6).

Mpn nponyckaHun 4yepe3 pelweTky Genoro ceeta BCe MaKCMMyMbl, KpOME LiEH-
TpanbHoro (m=0), pasnoxartcs B cnekTp, mnonetosas obnactb Kotoporo 6yaet obpa-
LLeHa K LeHTpY AMdpPaKkUMOHHON KapTUHLL. OTO NO3BOSMSET MUCMONb30BaTb ANMpaKu -
OHHYIO peLUeTKy Kak cnekTparnbHbIi Npubop ansa nccrnegoBaHMst CnekTpanbHOro cocTa-
Ba cBeTa (onpeaenennst onvH BOMH U MHTEHCMBHOCTEN BCEX MOHOXPOMAaTUYECKUX KOM-

NOHEHTOB).
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INekuma 10. Oucnepcusa u nonsipysauyuns ceeTa

10.1 HopmanbHasa u aHomaribHast gucnepcumn.

fABneHne aucnepcun MOXHO HabnwoagaTtb,

ecnu nponycTutb Genbii CBET Yepes npuamy. MNpu

aTOM 6Genbiii CBET pasnaraeTcs Ha cocTaBnstoLlme

W Ha 3KpaHe HabnwgaetTca AUCNEPCUOHHBIN

CMNEeKTP, COCTOSILLNI N3 HENPEPbLIBHO Nepexoasamx

OOWH B APYrov cnekTparnbHbiX UBETOB. Brepsble

¢ nccrnegoBaHMss Takoro Tuna Obinyv npoaenadsbi

HbtoToHoM B 1672r. OH BblAennn CeEMb OCHOBHbIX

Puc.1 useToB. CMeHa LBeTa NPOMCXOANUT HENPEPLIBHO U

COOEPXUT MHOXEeCTBO NONyToHOB. PasgeneHune

CMNeKTpa Ha LBeTa ABMseTcs ycrnoBHbIM. Kaxgomy

LBETY COOTBETCTBYET OnpeneneHHbIn aMana3oH AnvH BonH. OnbIT nokasarn, 4To 6onb-
LLIe BCEro NpenomnsaTcs oMoneToBble NMy4n U MEHbLLE BCEro — KpacHble (puc.1).

HopmarnbHas ducnepcus

sina . const
n=——:Sinag=const;N=——.
sin y sin y
T.K. y — pasnuyHble, crieqoBaTesnibHo, M — pasnuyHble, n=f(1).
Mp=7-107" M, Lp=4-10"" m,

n=50=S=0=1().
v n

Oucnepcuen ceema HasblBaeTCa 3aBUCUMOCTb (Pa3oBOW CKOPOCTU pacnpocTpa-
HEHWA BOSMHbI UMK NokasaTens npenomMneHns cpeibl oT ANWHbI BOMHbI:
v=f(1), n=f(1) —ancnepcus ceera.

,ﬂucnepcuefl gewiecmea Ha3blBaeTCA BeJIn4nHa, onpependrowad CKoOpoCTb n3amMme-
HEHUA noKkasarena nperioMneHnda ¢ USMeHeHMeM OrnHbl BOJTHbIL

dn
D= - Aucnepcus BewecTsa.

[dncnepcnst HasbiBaeTCs HOPManbHOM, €Ccnv BOSHbI Gonblen AnuHbl pacnpo-
CTPaHATCSA ¢ 6onbLuen da3oBOM CKOPOCTbIO.

7\,Kp >7\,¢|, Lkp > Lo,

dov dn

— >0, — <0 — HopmanbHas gucnepcus.

di di

Anga 60nbWKMHCTBA NPO3paYHbIX BELLECTB B BUANUMOM
YacTu cnekTpa HabniogaetTcsas HopmanbHasi gucnepcus,
T.€. C YBENIMMEHMEM [JIMHbI BOSHbI MOKasaTenb Mnpeniom-

neHust yobiBaeT, g—z <0.

4
K
/v B 1862r. Jlepy obHapyxun aHOMasnbHYyK 3aBUCKU-
napbl noaa
MOCTb 11 OT A — BO3pacTaHue 1 C yYBEnuyeHnem A, T.e.

Puc. 2
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dn

——>0. OH ycTaHoBWM, YTO NPV NPOXOXOEHWUM CBeTa Yepes Monyw npuamy, Hanon-

dA
HEHHYIO Mapamu noga, CUHUE fNydun NPEnoMIATCA MeHbLUe, YeM KpacHble (puc. 2). Ta-
Koe aBrieHune Jlepy HasbiBan aHomManbHOM aucnepcuen.

dov dn

—<0, —>0-aHomanbHaa gucnepcus.

di di

[duncnepcnst HasbIBaeTCs aHOMaribHOM, €cnu BOMHbl Gonblien AnuHbI pacnpo-
CTPaHSTCS C MeHbLUEN ha30BOMN CKOPOCTLIO.

Ha pucyHke 3 npuBeneH rpaguk 3aBMCMMOCTM NoKasaTens npenoMsieHna n v nu-
HenHoro koadduumeHTa Nornowenns a OT ANWHbI BOMHbI. B obnactn AnuH BOMH, MH-
TEHCMBHO MNOrnoLwaemblx (y4acTtok ec), HabnwogaeTcsa aHomanbHas aucnepcus. Hop-
ManbHaa gucnepcus HabnogaeTcs Ha ydacTkax as u cd. AHanormyHas 3aBMCUMOCTb
Habnoganacb 1 ana Apyrmx BewecTs (MapoB HaATpus 1 T.4.).

Mgy

Puc, 3

Y Bcex 6e3 UCKMYEeHNs BELECTB CYLLIECTBYIOT 06racTu aHoMarnbHON aucnepcuu,
O[HaKO He BCeraa OHWM HaxoOAaTcs B BUAMMOW 4acTu crnekTpa. AHOMarnbHasa aucnepcus

HabngaeTcs: Ans cTekna — B 00f1acTy OKono 3500,& , ANs KBapua 1900,&.

KyHOT, npoBeast 6onee TuwatenbHble OnbiTbl, YCTAHOBWUIT, YTO SABMEHNE aHOMarb-
HOW OMCNEepPCUn CBA3aHO C MOrMOLLEHMEM CBETa, T.€. aHOMarnbHasi AUCNepcus rnp oucxo-
ANT HeNoCcpeaACTBEHHO B 061acTy Nonoc nornoLeHuns (puc. 3).

MornoweHnem (abcopbunen) cBeTa HasbIBAETCA SIBIEHNE YMEHbLLUEHUS SHEPTUU
CBETOBOW BOJIHbI, MPOX0OAsLLEN Yepe3 BeLLecTBO, BCreacTBme npeobpasoBaHnsa aHep-
TN BOSMHbI BO BHYTPEHHIOK 3HEPrui0 BELLECTBA UM SHEPrU0 BTOPUYHOMO U3NyyYeHUs
APYrMX HanpaBfeHu 1 CnekTpanbHOro cocTasa.

[MornouieHne cBeTa B BeLLECTBE ONUCbIBAaeTCA 3aKOHOM byrepa:

I=lp e,

roe lo,| — MHTEHCUMBHOCTbL MNOCKOW MOHOXPOMAaTMYECKOM BOJSIHbI Ha BXOAE U BbIXO-
ae;

| — TonwmrHa cnos BeLecTBa;

o — NIMHENHBIN KOIPULIMEHT NMOrNOLLEHNS.

o 3aBUCUT OT A, XMMWUYECKOro COCTaBa M COCTOSHUS BELLecTBa M He 3aBUCUT OT
WHTEHCMBHOCTM.
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Ecnu ncToyHnk ceeta usnyyaet BCEBO3MOXHbIE ASIMHbI BOMH, TO B 3aBUCUMOCTH
OT CBOWCTB CpeAbl MOrfoLweHne NPpoucxogmT B OTAENbHbBIX Y3KUX UM LLUMPOKUX UHTEpP-
Banax A4J/IMH BOJH, T.€. CYLLECTBYHOT OTAESbHbIE MOMOCHI MOMMOLLEHNS.

Boobuwe ana kaxgoro BellecTBa CYLLECTBYET HE Oo4Ha, a HEecKonbko obnacren
U1 nonoc nornoweHus. NoaTomy nonHas QUCNEPCUOHHaN KapTMHa BELLECTBA COCTOUT
n3 obnacren aHomarnbHOM OUCNEePCUnN, COOTBETCTBYIOLMNX 06nacTsaM BHYTPU MONoc no-
rnoweHus, n obnacten HopmanbHOW OMCNEepPCUU, PacMONOXEHHbIX MEXAy nonocamm
NornoLeHmns.

3aBMCUMOCTbIO KO3(hPMUMEHTa NOrMOLEHUs OT AfNUHbI BOMHbI OOBACHAET OKpa-
LWEHHOCTb nornowarwmx Ten. Ctekno, cnabo nornowarllee KpacHble U OpaHXeBble
Ny4n N CUMBbHO Nornoulatollee 3efneHble 1 CUHMEe Npu ocselleHnn 6enbiM CBETOM Ka-
XeTcs KpacHbIM. Ecnn Ha Hero HanpaBuTb 3eMeHbIN U CUHWUIA CBET, OHO ByaeT KasaTbecs
YepHbIM. JTO ABMEHNE UCNOMb3YeTCs AN U3rOTOBNEHUA CBETO(UNbTPOB, KOTOPbIE B
3aBUCMMOCTM OT XMM. COCTaBa CTekrna ¢ gobaBkamu pasnmyHbIX COnen u T.n. nponyc-
KaloT CBET onpefeneHHblX ANWH BOSTH, NOrnoLasa ocTanbHble.

PasHoobpa3ne npenenoB cenektMBHOro (M3buparenbHoro) NorfoweHns y pas-
NNYHbIX BeLWEecTB 00bACHSET pasHoobpasne n 60raTCTBO LIBETOB M KPAcOK OKpYKato-
LLiero mupa.

FBneHne normnoLweHns WMpPoKO UCnonb3yeTcsa B abCopOLMOHHOM CNEKTparibHOM
aHanmse CMecu rasoB, OCHOBAHHOM Ha WU3MEPEHUSAX CMEKTPOB 4aCTOT U MHTEHCUBHO-
cTen nuHuK (nonoc) nornoweHuns. CTpyKTypa CNeKTPOoB MOrfOWeEHNa onpeaensieTcs
COCTaBOM W CTPOEHMEM MOJSIEKYS, MO3TOMY U3Yy4EeHME CNEKTPOB MOrfoWEHNS SIBNSIETCA
OOHMM N3 OCHOBHbIX METOLOB KONMMYECTBEHHONO U Ka4eCTBEHHOrO MCCneaoBaHUsA Be-
LecTBa.

Knaccudeckas Teopus gucrniepcun (3neKTpoHHas), npeanioxkeHHas srnepsble A,
JlopeHuem, OOBACHSET AMCNEPCU0 B3aMMOLEWCTBUMEM 3SNEKTPOMArHUTHOM BOSHbI C
aneKkTpoHamu BellecTBa. Mo gencTBMeM nagatollen Ha BeLeCTBO 3N1IEKTPOMarHUTHON
BOJIHbI 3NIEKTPOHbLI COBEPLLAIOT BbIHYXAEHHbIE KonebaHnst ¢ 4acTOoToM nagatoLen Bors-
Hbl @ W UCNYCKaOT BTOPUYHbLIE 3MEKTPOMarHUTHbIE BOJIHbI, CKIaAblBaloLWMeECs C nep-
BMYHOW BOSIHOW, YTO MPMBOAMUT K UBMEHEHMIO ha3 1 amnnnTyabl pe3ynbTUPYOLLEN BOS-
Hbl MO CPaBHEHUIO C NEPBUYHON.

BornHbl yacToT, coBnagatoLwmx ¢ COBCTBEHHLIMU YacToTaMU @y, @y, .., @, Kore-

D©aHuI 3NeKTPOHOB BeLLeCTBa, Bbi3blBaOT pe30HaHCHble KonebaHusa aTux Yyactuy,. Korga
BblHYXXAaloLas YacToTa 9feKTpOMarHMTHOM BOSIHbI CTaHET paBHa OOHOM U3 cOBCTBEH-
HbIX YacTOT o, aMnNNMTyAa KonebaHUN 3NEeKTPOHOB CTaHeT Haumbornbluen, HacTynuT
anekTpuyeckuin pesoHaHc. KonebaHunsi anekTpoHOB pe3Ko YCUNATCS, YTO npuBedeT K
BO3pacTaHMIO BHYTPEHHEN 3HEeprun cpedbl, B KOTOPOW pacrnpocTpaHAeTCs BOMHa, 3a
CYET JHEepPrnmn INeKTPOMarHUTHOW BOSHbI, KOTOpPasi, COOTBETCTBEHHO, PE3KO YMEHbLUUT-
cs. NMpn aTOM CKOPOCTb BOMHbI B Cpede YMEHbLUUTCS, crieqoBaTenbHO, nokasaTenb
npenoMneHns cpeabl Bo3pacTeT (y4acToK 8C — aHoMarnbHasa gucnepcus). MNMpu nepexo-
A€ 4yepe3 pe3OHaHCHY 4acToTy amnnuTyda BbIHYXAEHHbIX korebaHui 3neKTpoHOB
pe3ko nagaeT, MNOrfoweHne 3HEepPrn BOSHblI BELLECTBOM YMEHbLUAETCs, BCNeacTBue
4Yero CKOpOCTb ANEKTPOMarHUTHON BOMHbI pe3KO BO3pacTaeT, a nokasartenb npenomre-
HUA cpeabl YMeHbluaeTcs (ydactok cd). NockonbKy y BelectBa HECKOMbKO pPe30HaHC-
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HbIX YacToT woi, Ha rpaduke n=f(w) Wnpokne obnactm HopmanbHOW gMUcnepcun nepe-
MEXaKTCSA Y3KMMN yHacTKaMn aHOMarlbHOW OUCMEPCUN.

BoOrnHbl pe30HaHCHbIX YacTOT @pi CUITbHO MOTMOLATCA CPeaon, NO3TOMY B CreK-
Tpe CBeTa, NpoweLlero cpeay, Ha MecTax, COOTBETCTBYHLLUMX BOTHAaM yKa3aHHbIX Ya-
CTOT, HAbNAaTCS TEMHbIE NOSOCHI MOrMOLEHUS.

Bcnenctere NornoweHms aHeprum 3. M. BOMHbI NPU pe30HaHCe YacToT Y HEKOTO-
pbiX BELWECTB HAbNOaeTcss CUNbHOE UCKaXEeHMe MX Npo3paqHocTy BONM3n obnactum
aHOManbHOW AUCMepcUmn, NOCKONbKY pe3oHaHC HabnaaeTca HENOCpPeaACTBEHHO nepen
aHoMarnbHOW aucnepcuen. HabnogeHne Takoro NOHMXEHUA Npo3pavyHOCTM No3BonseT
NO N3BECTHOW 4YacTOTe 3. M. BOSIHbl BblYMCIINTb COBCTBEHHbIE YacTOTbl KonebaHuin
3MEKTPOHOB B aTOMax BellecTBa M MO HMM OMpenenuTb NOsfioKeHne 3HEepreTUyecKmnx
YPOBHEN 3neKkTpoHOB. MeToa onpedeneHus 3HepreTMyecknx YpPOBHEN C MOMOLLbHO
HabngeHnss aHoManbHOW Aucnepcun Oblnl NPeanoXeH POCCUNCKUM YYeHbIM akapg.
O.C. PoXOecTBEHCKMM, YTO ano BO3MOXHOCTb NOMYyYUTb BaXHble AaHHble B obnactu
Teopuun CTPOEHNs aToMa U CUCTEMATUKN aTOMHbIX CIEKTPOB.

Takum obpasom, aucnepcusi 00bACHAETCA BOSIHOBOW NPUPOAON CBETa U ABNSAETCA
pe3ynbTaToM B3aMMOLENCTBUA SNEKTPOMArHUTHbIX BOSTH C 3NEKTPOHamM aTomoB. [o-
3TOMY AmMcnepcusa ceeta MoXeT ObiTb 06bACHEHA HA OCHOBE 3f1EKTPOMarHUTHOW TeOo-
pUKn CBETAa M 3NTIEKTPOHHOW TEOPUN BELLLECTBA.

10.2 Monsapusauna ceeta Npm oTpaKeHU U NPefIoMIeHNn.
3akoH bptocTepa.

CseToBas BOIHa, nanyvyaemaa ecteCtBeéHHbiIM UCTOYHUKOM CBETa, ABNAETCA pe-
3YyNbTaToOM CJ10XEHNA MHOXECTBa 3J1IEKTPOMAarHUTHbIX BOJIH, UCMYCKaeMblX OTAENIbHbIMU

aToMamu JaHHOro UcTovHuka. W HanpaeneHue konebaHus cBeToBOro Bektopa E BoOf-
Hbl, MU3My4aeMoW KaxXabiM aTOMOM, Pas3fiMdHO U OPUEHTUPOBAHO Cry4variHbiM 0bpa3om.

MoaToMy B pesynbTupyloLlen BonHe BekTop E konebrnetcs ¢ oAMHAKOBON BEPOSTHO-
CTbl0 BO BCEX HanpasfeHusaX, NepneHanKynspHbIX ny4dy, xapakrepusyolwiemMy Hanpas-
neHne pacrnpocTpaHeHus cBeTa.

T.0 ecTecTBEHHbIN CBET npeacrtaBnsaeT cobon 3MeKTPOMarHMTHy0 BOJSIHY, B KOTO-
poi konebaHns CBETOBOro BEKTOpa MPOWUCXOAAT BO BCEX BO3MOXHbIX HanpaBneHUsixX
neprneHankynapHo cBeToBoMy nydy (puc.4)

tx)

F 9
L

L J

L J

Puc. 4 Puc. 5

CgeT, B KOTOPOM HanpaeneHune kornebaHun Bektopa E ynopsifoyeHbl Kakum - nu-
60 obpasom, Ha3bIBaeTCsl NONAPU3OBaHHbIM.
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Monspusaunen ceeta HasbiBaeTCA BblAeneHne U3 nyyka eCTeCTBEHHOro cBeTa
nyyen, NoNApPN3oBaHHbIX onpeaerieHHbIM 06pa3oMm.

PasnuyatoT Tpu B1aa nonspmsalmm, oHa GbiBaeT:

a) NMHenHas (nnockas);

6) KpyroBasi;

B) aNNuUNTUYECKas.

Monspusaumnsa BO3MOXHa TOMbKO Y nonepeyHblx BonH. Ecnu konebaHusa ceeToBoro
BEKTOpPa OCYLLECTBISETCS TONMbKO B OOQHOW MNOCKOCTM, CBET Ha3bliBAE€TCS MIIOCKO - NO-
nApu3oBaHHbIM (puUc.5).

MNockoCcTb, B KOTOPOM NMPOUCXOAAT KonebaHusa CBETOBOro BeKTopa, HasbiBaeTcs
NNocKoCcTblo nonsipudaumm. CeeT, B KOTOPOM kornebaHus OgHOro HanpasneHust npeob-
napaoT Hag konebaHuaMU ApYrMx HanpaBrieHW, Ha3blBaeTCs YaCTUYHO MONsipU3oBaH-
HbIM. [1IpMEepoM MOXET CRYXnUTb ANNUNTUYECKN NONAPU3OBAHHbIA CBET, CBETOBOW BEK-
TOp pesynbTupyloLero konebaHns B 3TOM criydae U3MEHSIETCH CO BPEMEHEM Tak, YTO
KOHeL, ero onucbIBaeT 3mnc.

Monspusauuna ceeta HabnogaeTca NpU OTPaXeHUUM U NPEerioMIIEHUN eCTeCTBEH-
HOro cBeTa, a Takxe Npu NPOXOXAEHUN ero Yepes aHN30TPONHble cpeabl.

Mpn NnageHMn ecTeCTBEHHOro CBeTa Ha rpaHuuy
pasgena OBYyX OMANEKTPUMKOB (BO3AYX — CTEKNO) nme-
eT MeCTO MnpefnomrieHMe n oTpaxeHue ceerta. Vccne-
AOBaHUSA MOKasblBalOT YTO MPENOMIIEHHbIN U OTpa-
XKEHHbIN Ny4Yn ABNATCA YACTMYHO NONSIPU3OBaAHHbI-

Mu. B oTpaxeHHOM nyde npeobnagatoT konebaHus E,
nepneHavKynsipHble NNOCKOCTU NageHust.
B npenomneHHom nyde npeobnaparT koneba-
Hua E, napannenbHble NOoCKOCTW NageHus.
Okazanocb, 4TO CTeneHb nonsipusauumn 3aBUCUT
Puc. 6 OT yrna nageHust U npu yOoOBNETBOPEHMUM YCNOBMS
tga, =n,,, rAe n,,—NokasaTtenb NpPenomneHns BTOPOW

cpedbl OTHOCUTENTbHO I'IepBOIZ; ay—=yron BPEOCTepa, OTpa)KeHHblﬂ J1yd MONMHOCTbKO MNO-

NApu3oBaH B MJIOCKOCTU NageHud; nonsgpusauus npenioMneHHoro fiyda sBndeTcsa ya-
CTUYHOMN.

3akoH BprocTepa: nyy oTpaxeHHbI ByaeT NOMHOCTbIO NONAPU3OBaH, eCcnu TaH-
reHc yrrna nageHus paBseH OTHOCUTENbHOMY KOI(PPULNEHTY NperioMneHus cpebl, oT
rpPaHnLbl KOTOPOW MPOUCXOAUT OTPaXeHune.

[Mpy 3TOM OTpaKEHHbIN U MPENOMIEHHbIN NyYn B3aUMHO nepneHauKynsapHbl. [Jo-
Kaxem aTo.
_sinay, _sina, sinag  sina,

ay,=—2,n, = = , Cosay =siny .

tg ’ N ) N
cosa, - siny ' cosa, siny

cosa,, = cos[180° — ( + 0)]=sin y, 4TO BO3MONKHO NpU ycrnoBun 0 = % .

dusnyeckas cyTb SBNEHUA, NPUBOAALLNX K NONSPU3aLUnn, COCTOUT B CreayoLweMm.
MaparoLlas ceeToBast BOMHa, NPOHUKHYB B AUINEKTPUK, BO3OYKOAeT BbIHYXAEHHbIE KO-
nebaHus aNeKTPOHOB, BXOASALWMX B cocTaB atoMoB. Konebniowmecs anekTpoHbl U3ny-
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4aloT BTOPMYHbIE 3MEKTPOMarHMTHbIE BOJHbI, KOTOpbIE, HaKNagbliBasicb ApYr Ha Apyra,
Aal0T OTPaXEHHYK BOMHY BHe AManekTpuka. [MpenomneHHas BonHa nony4vaetcsi B pe-
3ynbTaTe CrOXeHWs NePBUYHON BOSHbI C BTOPUYHBLIMW BOSTHAMM.

KonebaHuns cseToBoro Bektopa EB nagarolleii eCTEeCTBEHHON CBETOBOW BOJSIHE
MOXHO MPeacTaBuUTb Kak pe3ynbTaT CroXeHus OBYX KorebaHui, coBepLualLmnxcsa B
ABYX B3aMMHO NEPneHOUKYNAPHbIX HanpaerneHusax (puc.7): B NMOCKOCTM NMageHus wu
nepneHankynsapHo en. Tak Kak BblHYXXAEHHble KonebGaHus 3MeKTPOHOB NMPOoUCXoasaT B

HanpaBneHun BekTopa E (Ifm :—eE), TO koneGaHUs AMEeKTPOHOB TaKKe MOXHO pac-

cmaTtpuBaTb Kak Npoucxoasiliee B 3TUX ABYX B3aMMHO NeprneHauKynspHbIX Hanpaene-
HUSIX, KaXXOOMY U3 KOTOPbIX COOTBETCTBYET MNITOCKOMNONAPN3OBaHHasi BTOPUYHASA BOJSHA.
M3BecTHO, 4YTO M3ny4eHue kKonebniouwerocs 3apsga MMeeT HanpaBrfieHHbIN XapakTep:
CunbHee BCEro 3apsig ManyyaeT B HanpaBieHUsAX, NepneHaNKYNapHbIX K HanpaBreHuo
konebaHui, B HanpaBreHnn konedaHun 3apsa He
nany4yaet. V13 aHanusa guarpaMm HanpaBJi€HHO-
CTW cnegyeT, YTO B HanpaBleHUN OTPaKEHHOro
nyya npeobnagaeT MHTEHCUBHOCTb BOJSIHbI, B KO-
Topon E konebnetcs nepneHauKynsipHO Mioc-
KOCTW NageHus, T.e. OTpaXEHHasaA BoOnHa Oyger
YacTUYHO nonsipusoBaHHoW. [pu NageHun ceeTta
nog yrnom bpiocTepa HanpaBneHue konebaHwi
3apsga, napannenbHoe MIIOCKOCTU NageHus,
coBMajaeT C HanpaBneHMeM OTpPaKeHHoro sny4va

zr
(Tk. 0= E).

npenomn. Ny
Puc. 7

[MocKkonbKy B HanpaBneHuu kKonebaHun 3apsg He u3nyyvyaeT, TO MHTEHCUMBHOCTb
COOTBETCTBYIOLLMX EMY BTOPUYHbLIX BOSH B HanpaBfeHUn OTPaKEHHOro fiydya paBHa Hy-
N0, OTPaKEHHbIN Jy4 OKa3blBaeTCHA NOMHOCTLIO NOMSPU30BaHHbBIM.

Ecnun B oTpaxeHHoN BonHe npeobnagaeT MHTEHCUBHOCTb KonebaHun, | nnocko-
CTW NageHus, TO, B CUIy 3aKOHA COXPAHEHUSA SHEPrnun, B NPENOMIIEHHON BOTHE AOSKHA
npeobnagatb MHTEHCMBHOCTb KorebaHwn gpyroro HanpaBfeHus, T.e. OHa Takke 4a-
CTUYHO Nonsipu3oBaHa.

10.3 [IBOMHOE nyyenperioMmneHume

Mpn NpoxoxaeHun ceBeTa Yepe3 HEeKOTOpble ONTMYECKU MpOo3padHble KpucTansbl
NpoVCXo4uT pa3sgerneHne CBETOBOro nyya.

OTO ABMeHMe NOoNy4Ynno Ha3BaHme ABONHOMO fiyyenpenioMmneHns n Obiro Bnepebie
o6HapyxeHo B 1670r. Opasmom bapTonuHn onga kpucTanna ucrnaHAackoro wnata (ogHa
n3 pasHosugHocten CaCOs). Bbino yctaHoOBNEHO, YTO Npy NOOBbIX yrnax nageHus Bbl-
Wweawne M3 KpMucTanna ABa fnyda napannenbHbl Apyr pyry u obnagarT oguHaKOBbIMU
NMHTEeHCcMBHOCTSAMU. OANH U3 HUX YOOBNETBOPSIET 3aKOHY NPENoMieHns cBeTa, Ha3blBa-
eTcsl OObIKHOBEHHbBIM Ny4OM K 0603Ha4aeTcs Ha YepTexax bykson "0". BTopon He noa-
YNMHSETCSA 3aKOHY MPEerioMeHns CBeTa, Ha3blBaeTCA HEOObIKHOBEHHbLIM, 0603Ha4YaeTcs
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OykBon "e". OH He NeXUT B O4HOW NTOCKOCTM C NagatoLLmnm fIy4OM 1N HOPMarnbio B TOYKE
nageHus (puc. 8).

N\
= is
T

Puc. 8

MccnepoBaHus nokasbiBalOT, YTO BblleALlne U3 Kpuctanna oObikHOBEHHbLIN N He-
OObLIKHOBEHHbBIN Jy4M MOMHOCTbI MNONAPM30BaHbl BO B3aUMHO MNepPneHOMKYNAPHbIX
NJIOCKOCTSAX.

[ABOWHbIM ny4YyenpenomMsieHMeM HasbiBaeTCHA CMOCOBHOCTb HEKOTOPbLIX BELLECTB
pacLiennaTb Nagarwmnin CBETOBONW Nyd Ha ABa fyda — OObIKHOBEHHbIN (0) U HEOObIKHO-
BEHHbIN (€), KOTOPble PacNPOCTPAHATCS C pa3nnyHbIMU (Pa3oBbIMKU CKOPOCTSMU U NO-
Nspmn3oBaHbl BO B3aUMHO NeprneHanKynsapHbIX HanpasieHUsX.

[BosikonpenomnawWMMM CBOUCTBaMM 06naaator:

a) MHorme kpuctannbl (MCRNaHACKUW WNaT, Keapu, cnioga, TypManuH), 3a UCKMo-
YeHneM npuHaanexawmx K Kybuyeckom cucteme;

6) MHOrMe nNpo3payHble BellecTBa (CTEKNO, UCKYCCTBEHHbIE CMOJbl), HaxoasLne-
cH noA gencTeBnemM ynpyrnx gedopmauni (HanpsHkeHUn) - oxaTus, pacTsXKeHUs, Usrm-
0a, KpyyeHus;

B) HEKOTOpPbIE N30TPOMHbIE BELLLECTBA NOA AENCTBUEM anekTpudeckoro nons. Kpu-
cTannbl, obnagawowmne ABOWHbIM NydyenpenomMneHnem, noapasgensoTca Ha ogHoocC-
Hbl€ N OBYOCHbIE.

Y OBYOCHbIX KpUCTannos (cnoaa, runc) oba nyvya HeobblIKHOBEHHbIE — MOKa3aTenu
npenoMneHns ans HUX 3aBUCAT OT HanpasfeHunsl B Kpuctanne.

B panbHenwem Mbl OrpaHU4YMMCS PacCMOTPEHMEM TOSMbKO OOHOOCHLIX KpucTtan-
nos.

Pag kpuctannoB (MCnaHACKMIA WINaT, KBapL,) UMeT HanpaBneHune, BAOMNb KOTOPO-
ro OObIKHOBEHHbIN M HEOOBIKHOBEHHbIM N4 pacnpoCTPaHATCA He pa3gBanBasCb U C
OAWHAKOBOW CKOPOCTbIO. Takue Kpuctansbl nonyyann HasBaHne 0gHOOCHbIX, a Hanpas-
neHwe, BOOMb KOTOPOro He NPOUCXOAUT ABOWHOMO fydenpenomMreHus, HasblBaeTcs on-
TMYECKOM OCbl Kpuctanna. MnockocTb, cogepXawas nagawwun nyd n onTUYECKYH
OCb, Ha3blBaeTCA rMaBHOWN NSIOCKOCTbIO UMK FMaBHbIM CE4YEHNEM KpucTanna.

ViccnenoBaHusa nokasanu, 4to Bektop E B 0BbIKHOBEHHOM nyye konebnercs nep-
NEHOAVKYNAPHO rMaBHOMY CEYEHUI0, @ B HEOObIKHOBEHHOM — B MSIOCKOCTU FN1aBHOro ce-
YeHuUs.

B HekoTOpbIX KpUcTannax oguvH U3 nyden NorrowaeTca CunbHen apyroro. 3TO
siBNeHne HasbiBaeTcss AnNXpom3amoM. O4YeHb CUMbHbIM AUXPOU3MOM B BUAUMbLIX fyyax
obnagaeT KpucTtann TypmanuHa. B HeM OBbIKHOBEHHbIV fyd NMPaKTUYECKU MOSTHOCTbIO
nornowiaeTcs Ha gnvuHe 1 Mm.

[iBoriHOE ny4enpernioMmneHne oOBACHAETCA aHM3oTponuen Kpuctannos. B kpu-
cTannax HeKkybuMyeckom CUCTEMbl AUINEKTpUYeckas MPOHULAEMOCTb & OKa3blBaeTCs
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3aBucsLLen ot HanpaBJ/1EHUA. B ogHOOCHbIX KpuUcTtasnjax B HanpaBJiEHUAX ONTNYECKON
OCu 1 B HanpaeJieHUAX, NnepneHanKynapHbIX K Hen, & umeer pasrninyHble 3Ha4YeHna ¢,

Ne , &g >€,.
B TeOopnn 3NEeKTPOMarHMTHOro nosid MakcBensna nokasaHo, 4To n Z\/E, cnenosa-

TenbHO, 3MNEKTPOMAarHUTHbIM BOSIHAM C PasHbIMW HanpaeneHusmu konebannin E 6yayt
COOTBETCTBOBATbL Pa3Hble 3HaYeHWs nokasaTensi NPenoMIeHus.

10.4 NMonapusaTtopbl N aHann3aTtopbl. 3akoH Mantoca.

MonspunsaTop—3TO YCTPONCTBO, Npeobpasyloliee eCTECTBEHHbIA CBET B MIOCKO
MO PU30BaHHbIN.

AHanusaTop—3TO YCTPOWCTBO, CnyXalwine Ons aHanu3a cTerneHu nonspusauuu
cBeTa.

[na nony4yeHnsa nNnocKononsipu3oBaHHOIoO CBETa UCMOMb3YT 0CObble YCTPOUCTBA,
KOTOpble NOMy4Ynniv Ha3BaHue NonaApu3aTopoB. OTU YCTpoMcTBa CBOBOAHO NPOMycKalT

TONbKO KonebaHus BekTopa E, napannenbHble NMOCKOCTU, Ha3biBAEMOMN MIOCKOCThIO
nonsipusaropa (NNOCKOCTbIO NPonyckaHus). B ocHoBe AencTBMa Nonspu3aTopoB NEXUT
CBOWCTBO KpWUCTarnnoB pas3fenatb Ny4 eCTeCTBEHHOro cBeTa Ha ABa NIiocKononsipuso-
BaHHbIX Nnyya.

1.Mpusma Hukona—-npusma M3 MCNaHACKOro wWnara, paspesaHHasa no gnaroHanm
N cKneeHHas KaHaAackum Banb3amom — cMonoobpasHbIM BelecTBOM, JobbiBaeMbiM U3
KaHagckon nuxtbl. [Mpn cooTBeTCcTBYOWEM nogdope yrna nageHue MOXHO O06uTbcH
MOMHOr0 BHYTPEHHEro OTpaXeHUs OObIKHOBEHHOrO fyya OT MPOCNOWKUA KaHaACcKoro
b6anb3ama. HaHeceHnem 4yepHOro naka Ha 60KOBYKO NOBEPXHOCTb HUKONA AobuBaroTcA
NMONHOro MormnoLeHna aToro nyya. Ha BbiIxoge M3 NpU3Mbl MONy4arT OAUH MONAPU30-
BaHHbIN Nyy.

2. TypmanuH —ByrnydenpenomMmnsaoLmin Kpuctans, B KOTOPOM MPOUCXOAUT CUSb-
HOe cenekTMBHOe nornoweHne obblkHOBEHHOro nyya. Npu TonwuHe nnacTuHbl B 1 MM
n 6onee n3 Hee BbIXOAMUT TONMbKO HEOOLIKHOBEHHbIN MNIOCKOMONSPU30BaHHbIN Ny\Y.

3.Monapouna — uennynongHasa nreHka, Ha KOTOPYK HAHOCATCHA Merkue KpucTarn-
NVKW repanaTtuta (cynbdara NogucToro XuHuHa), obnagarowme CUnbHbIM CenekTuB-
HbIM nornoweHuemM. MNnexHka TonwmHon 0,1 MM NONHOCTbLIO NOrfoWaeT OAuH U3 NyYen.
HepocTartok nongpovaa — OTHOCUMTENbHO cnabas Npo3pavyHoOCTb U 3aBUCUMOCTbL Cerek-
TUBHOIO NOrNOLWEeHUs OT ANUHbI BOMHbI.

[na aHanu3a cteneHn nonapu3auuy ceBeTa cnyxaT YCTPOWUCTBA, HasblBaemble
aHanusartopamu, H14eM KOHCTPYKTUBHO He OTNnyaroLmnecs ot nonsapum3aTtopos.

Ecnn Ha nyTn ecTecTBEHHOrO CBeTa MHTEHCMBHOCTbIO I, nocTaBuTb nonspusa-

Top I1 n aHanu3atop A, TO MHTEHCMBHOCTb MONAPW3OBAHHOIO CBETa, npolueLlero
Yyepes aHanusatop, byaeT 3aBMCETb OT B3aVMHOIO PacnonoXeHust NIocKocTen nponyc-
KaHusa nonapusatopa u aHanusaropa (puc.9).
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.0 Ecnu Ha aHanu3aTop nagaeT nNmnocKononspu3oBaHHbIA CBET
! ’
N amnnutyapl E, ¥ MHTEHCUBHOCTM I, TakK, YTO yron Mexay nrnoc-
et 3}
/E/O ~ KOCTbIO KonebaHuin nagatollero cBeTa WM MMoCKOCTb Mponyc-
/i £ KaHua aHanu3aTopa paBeH ¢, TO CKBO3b aHanusatop npovaer
o coctasnswowas konebaHus ¢ amnnutygon E=E,cose (puc. 10).
1
1
o A T.K. MHTEHCUBHOCTb BOJSTHbI NPSAMO MpOMNOpLUMOHanbHa KBagparty
/ Oi amnnutyabl, 7o I=1; cos’ . OTO COOTHOLLUEHUE BbINo aKCnepu-
1

MeHTarnbHO yCTaHoBNEeHo dpaHuy3ckum usmkom 3.J1. Manocom
Puc. 10 M HOCUT HasBaHMe 3akoHa Manrca: WMHTEHCMBHOCTb CBETa,
npolleLiero aHanu3artop, paBHa Npov3BeeHni0 MHTEHCMBHOCTH

nagatoLlero Ha aHanuM3aTop nonsApu3oBaHHOro ceeta I, M KBagpaTa KocuHyca yrna ¢

MeXAy NAOCKOCTAMU NponycKaHus nondpusaTtopa u aHanuaartopa.

MpakTnyeckoe ncnonb3oBaHue NONSAPU3OBaHHOroO CBeTa.

1. BpaweHue nnockoctn nonspusauun. HekoTopble BeLLECTBa, Ha3biBaemble
ONTUYECKN aKTUBHLIMW, CMOCOOHLI MOBOpayMBaTh MIOCKOCTb Monsapu3auumn pacnpo-
CTPaHAILLIErocs Yepes HMX NNOCKOMONApU30oBaHHOrO CBeTa. Yron noBopoTa niockoCcTu
nonapusaumm NponopumoHarneH nyTn CBETOBOro flydya U KOHLEeHTpauuMm pactBopa onTu-
YEeCKM aKTUMBHOro BellecTBa (BOAHbIN pacTBOpP caxapa, BUHHOW KUCMOThl). OTO MCMNOMb-
3yeTca Ans onpeaerieHnst KOHLEeHTpauum ONTUYECKU akTUBHbIX BELLECTB.

2. [BoKHoOe nyyenpenomreHune, Bbi3aBaHHOE HanpsxxeHneMm. MHorne npospayHble
N30TPOMHbIE BeELLECTBA CTAHOBATCS [ABOSIKONPENOMMSALWNMM B pedynbTare ynpyrux
aedopmaunin. Ecnu Takoe BewecTBO MOMECTUTb MEXAY CKpeLLeHHbIMU nonsapusaTo-
pamu, TO B TeX MecTax, rge nog gencresvemMm gedopmaumm MeHaeTcs rnokasaTtenb npe-
nomneHus, 6yayt BMAHbI NpocBeTneHus. OnucaHHbIn 3G EKT UCNOoNb3yeTca Afns Uc-
cnepoBaHus pacnpefeneHus HanpsXXeHUn B CHOXHBbIX U FPOMO3OKUX y3fax M KOH-
CTpyKumMax. Ha nytn nyyen mexay CKpeLeHHbIMW nonsipuaatopamm noMeLaroT Bbinon-
HEHHYI0 B MacluTabe Moaenb KOHCTPYKUNKN (M3 CUHTETUYECKUX MaTepuanos, Hanpumep,
deHonoBbIX cmor). Ha akpaHe B COOTBETCTBYHOLLMX MECTAX NOSABIAOTCA CBETIbIE NAT-
Ha, MHTEHCMBHOCTb W OKpacka KOTOpbIX OTpaxaeT cTeneHb Aedopmaumm OTAENbHOro
yyacTka obpasua. Viccrniegyetca pacnpegeneHne B HEM HanpsikKeHWn nog OEeNCTBUMEM
pearnbHbIX Harpy3oK, U MOMyYeHHbIN pe3ynbTaT NepecyYnTbIBAETCA Ha NPOEKTUPYEMYHO
KOHCTPYKLUIO.

3. Oddekt Keppa — ontnyeckad aHU3OTPOMUA KUAOKOrO OMINEKTpUKa (HUTpO-
OeH30na) nog AeNCTBMEM BHELLIHErO 311. Nons.
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Avenka Keppa ncnomnb3yetcs B kKayecTBe npakTudeckm 6e3anHepLmMoHHOro 3atesopa
[NS1 CBETOBbLIX NMy4Yeil NPy CBEPXCKOPOCTHLIX cbheMkax (Bpems ~1071° ¢). Ananusarop,
CKpELLEHHbI C NONApU3aTtopoMm, NPonyckaeT CBET TOMbKO MPU BKNHOYEHUUN BHELUHEro
nons.
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JNlexuusa 11. TennoBoe nsny4yexHue.

11.1 TennoBoe U3ny4YeHUe U ero XxapakTepucTuKu.
3akoH Kunpxroda.

B aBneHnsx nHtepdepeHuumn, andpakuymm, nonspusaunm NnposenseTcs BonHoBas
npupoaa ceeta. XopoLOo ONucbiBasi pacnpocTpaHeHne cBeTa B MatepuarnbHbIX cpeaax,
BOJIHOBadA OMTMKAa HE CMOrfa yA0OBNETBOPUTENbHO OOBACHUTL NPOLLECCHI UCNYCKaHUS U
NOrmOLLEHNsT CBETA, KOTOPbIE MOXHO OOBACHUTH TOMbKO Ha OCHOBE KBAHTOBLIX Mpea-
CTaBeHun. ABMeHns1, B KOTOPbIX MNPpU B3aMMOLEWCTBUN CBETA C BELLECTBOM MPOABs-
IOTCA KBAHTOBbIE CBOWCTBA M3MNYYEHUHA, U3y4aloTCA KBAHTOBOW onTukon (hoToadpdekT,
AaBrieHne cBeTa, TEMNNOBOE U3NYYEHME).

TennoBbIM U3NTyYeHUEM Ha3biBAETCS WUCMYCKaHWE 3MEeKTPOMarHUTHbIX BOSH 3a
CYET BHYTPEHHEWN SHEPrum Ten.

TennoBoe n3nyvyeHne ABNAeTCS cambliM pPacnpoOCTPaAHEHHbIM BUAOM U3MYyYEeHUa u
npucylle BCem Tenam, HarpetbiM 0O Temnepartypbl, otnnyHon ot OK. Tennosoe usny-
YeHMe MMeEeT CNIIOWHOWN CMeKTp, ogHaKO pacnpeaeneHne 3HeprMm B HEM 3aBUCUT OT
TemnepaTtypbl. [1py HU3KMX TemnepaTypax TENOBOE U3NyvyeHue SBNAeTCsS npenmylle-
CTBEHHO MHpaKpacHbIM, NPU BbICOKMX TeMNepatypax — BUOMMbIM U ynbTpadguoneTo-
BbIM.

Bcsikoe Teno, usnyyawulee aHepruto (HasbiBaemyk fy4nucTtomn), cnocobHo normno-
LLlaTb SHEPrut, NCNyCKaemyr Apyrumu Tenamu.

Mpouecc nornoweHns TeNoM NyYUCTON SHEPTUN Ha3bIBAETCS Ny4YernorfoueHemM
UM NPOCTO NOTNOLEHNEM.

MMornowieHne Tenom SHeEpPrnm BedeT K YBENIMYEHUI0 BHYTPEHHEW JHeprum Tena,
T.€. K ero HarpeBaHuto. Terno, Tepsas YacTb CBOEW IHEPrnn nNpu UCNyckaHuu 1 nonyyvas
3HEPrm Npu NOrfoLWweHUN NPUXOANT, B KOHLE KOHLIOB, B COCTOSIHME TENMOBOro paBHoO-
Becus. OnbIT NOKa3bIBAET, YTO TEMNOBOE U3NYYEHNE — €OUHCTBEHHbIN BN U3NYyYEeHUS,
KOTOPOE MOXET HaXOAUTbCHA B PaBHOBECUM C U3MydaloLLMMM TENaMu.

[na KonM4yecTBEHHOW OLEHKM MPOLLECCOB UCMYCKAHUSA W MOrSOWEHNA Ny4YnCcTOmn
3HEPrmn BBOOATCA CNeayloLne XxapakTepuCcTmKN.

M3ny4yaTenbHOM CNOCOOHOCTLIO UMU CMEKTPanbHOWU NIIOTHOCTbLIO 3HEepreTu-
YeCKOM CBETMMOCTMU Ha3blBaeTCa m3anyeckass BeNMYnHa, YNCEeHHO paBHas Konuye-
CTBY 9Hepruun, ncnyckaemom 3a 1 cekyHgy ¢ eauHULbI MOBEPXHOCTU Tena B e4UHUYHOM
WHTEepBarne 4acTorT:

u3J

_dWVv v+dv _ I[_X(
L S

roe vawdv — 3HEepru4a, ndydaemad B eanmHuLly BpemMmeHun ¢ eanHulbl nnowagn B NH-

TepBarne 4acToT oT v Ao v+dv.
R.r= f(v,T), T.€. 3aBUCUT OT YacTOTbl U3NYYEHUS N TeMnepaTypbl Tena.

NHTerpanbHaa usnyyatenbHOCTb (3HepreTuyeckas CBETMMOCTb) Tena YMCMEHHO
paBHa AHEPrnn 3NEKTPOMArHUTHbIX BOIH BCEBO3MOXHbIX YacToT (0T 0 o o), uanyyae-
MOV 3a eANHWLY BPEMEHW C eAnHULbI NoLwaan NoBepxXHOCTH Tena:
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MornowarensHOM CNOCOOHOCTLIO HasbiBaeTcs 6e3pasmepHas BenmMymHa, nokasbl-
BaloLlas, Kakasi 40N SHEeprum an. M. BOSH C YactoTamu OT v Ao v +dv., nagalwmnx B
eQVHNLY BPEMEHWN Ha eQMHULY NOBEPXHOCTU Tena, NornoLwaeTcs UM:

dWVl"lo TJ1

v+dv

PTT W

Vi v+dv
MornowlaTtensHas cnocobHOCTb pearnbHbIX TEN Bceraa MeHblle eaAnHNLIbI.
Teno, cnocobHoe nornowarb BCe nagatollee Ha Hero Ma3nyyYyeHne npou3BOsSbHON
4acCTOTbl ﬂpl/l J'II'O60|7| TeMﬂepaType, Ha3blBAeTCHA a6COﬂ|'OTHO ‘-IeprIM TEeJloOM.

CornacHo onpepenenuio, Ans abconoTHo YepHoro Tena A, =1.

B npupoge He cyuiectByeT abCOMOTHO YepHbIX Ten. OTO Moaenb, abcTpakums,
BooOpaxkaemoe Teno. Ho MoXHO HamTu Tena, o4eHb Onu3kne No CBOMM CBOMCTBaM K
abcontoTHO YepHbIM Tenam (caxa, YepHbin Bapxar). [lornolatowme ceoncTBa nepe-
YUCIEHHbLIX MaTepuanoB OOBACHAKTCSA UX NOpPUCTOCTbIO. NpK NageHnn nanyvyeHunsa Ha
3TN MaTepuarnbl NPOUCXOAUT MHOFOKpPaTHOE OTPaXEHUE B MHOIMOYUCIIEHHbIX CKIaakax u
nopax. Npn KaxxgoM OTpaXXeHUN YacTb SHEPTUN NU3NYYEHUSA NOrNOWAETCH, U B UTOrE UH-
TEHCUBHOCTb U3NYy4Y€HUs1, BbllLEALWEro 13 TOMWmM matepnana, NpakTUYeckn okasblBaeT-
CH paBHOWM HYIHO.

Kak otmevyann BuH u Jllommep(1895r), maneHbkoe
OTBEPCTME Ha MOBEPXHOCTW MOMOCTM C uaeanbHO oTpa-
KalLlWUMM CTEHKaMMK, HernpoHuUUaeMbIMU ONst 3NEeKTpo-
MarHuUTHbIX BOSH, BeaeT cebs kak abCcontTHO YepHoe Te-
no(d<0,1D) (puc. 1).

Cepoe Teno — 310 Teno, nornowartenbHas cnocob-
HOCTb KOTOPOrO MEHblue eauHMUbl, HO OauHakoBa Ans
Puc. 1 BCEX YacTOT U 3aBMCUT TONbKO OT TeMrnepartypbl, MaTepu-
ana n cocTOsIHUSI MOBEPXHOCTW.

Al = A7 =const <1.

CornacHo npasuny [lNpeso (1809), ecnn gBa Tena nornowiatoT pasHble Konude-
CTBa 3Hepruu, To 1 nanyyeHune byaet pasnuyHbiM. 3TO NogTBepxaaeTcs onbiToMm. Npa-
Buno NpeBo faeT TONbKO Ka4yeCTBEHHOe NpeacTaBneHne o6 N3nyyeHnn u NormnoLLeHun.
B 1859r. Kupxrod ycTaHOBWN KOSIMYECTBEHHYIO CBA3b MeXay u3ny4vyartenbHOW 1 norno-
LaTenbHOM CNOCOBHOCTAMM Ten, ONMpasiCb Ha BTOPOW 3aKOH TEPMOANHAMUKK, cornac-
HO KOTOPOMY TEMSI0OBOE paBHOBECMKE, YCTAaHOBUBLUEECS B U30SIMPOBAHHOW CUCTEME, He
MOXeT OblTb HapyLleHO NPOCTbiIM OOMEHOM Tenna Mexay OTAeNbHbIMW YacTsMU Cu-
cTembl. Ecnn BHYTpKM NONOCTU C naeanbHO OTpaKarw MMy CTEHKaMMW, HENPOHULLAEMbI-
MW ANsi 3NEKTPOMarHUTHbIX BOJSTH, HAXOAATCA HECKOMNbKO Ten (puc. 2), To C TeYeHUem
BPEMEHM B TAKOW CUCTEME YCTaHaBNMBAETCHA COCTOsIHNE paBHOBECUS, T.e. Temnepary-
pa Bcex Ten byget ogvHakoBoW. [1OCKOMNbKY B AanbHEWWEM Temnepartypa Ten He Me-
HSEeTCH, TO Terno, uanyyawuee 6onbLue SHePrum, AOMKHO 1 BonbLuUe nornowarsb.
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R R R

@ o e il e R (1)
@ Av,T 1 Av,T 2 AV,T 3
rae r,.—yHusepcanbHasa yHkuusa Kupxroda, He 3aBu-

@ CUT OT NPVpOAbI Ten.
Camu BenuumHbl R, 1 A MOryT U3MEHATLCA Npu ne-

Puc. 2 pexofe OT OQHOro Tena K ApYyromy, OAHaKo WX OTHOLUeHWe
OOWHAKOBO AN Bcex Ten. ATO 03Ha4aeT, YTo Terno, KOTopoe
CUINbHO M3NyYyaeT Kakue — nMGo Nnyyn, 3TN Ny4un cUnbHee 1 nornowaer.

Y
Ans abconoTHO YepHoro Tena  Aj; =1,
Y
RV,T
u
Av,T
N3 conoctaBnenns BoipaxkeHui (1) n (2) cneagyeTt, YTO yHMBepcanbHas yHKLUMS

Knpxroda ectb He 4YTO MHOe, Kak many4vaTtenbHasi cnocoOHOCTb abCOMTHO YEepHOro
Tena R’;, KOTOpas SABNAETCA YHMBEPCAllbHON BEMUYMHON, U MOUCK €€ SBHOW 3aBuUCK-

= R:,T . (2

MOCTM OT 4acTOTbl U TeMnepaTypbl ABNSETCS BaXXHOW 3ajaveilt Teopun TenmoBoro us-
nyyeHus.

3akoH Kupxroda: oTHOLIEHWe u3ny4yaTenbHOM cnocobHOCTU Tena K Mornolya-
TernbHOM CNOCOBHOCTU He 3aBMCUT OT NpUpoAbl TENa U pPaBHO M3ny4aTerlbHOW Cnocob-
HoCTU abCOonMTHO YEpPHOro Tena npu Tex XXe 3Ha4YEeHUsIX TeMnepaTypbl M 4acToThl

11.2 3akoHbl usny4veHus AYT:
3akoHbl CtechaHa-bonbuymaHa n BuHa.

B 1879r. aBcTtpunckun pmnsmk CtedaH Ha OCHOBE aHanm3a SKCNepuMeEHTanbHbIX
AaHHbIX NO TENNOBOMY U3NYYEHUIO MPULLIEN K BIBOAY, YTO SHEpreTnyeckas CBETUMOCTb
noboro Tena nponopumnoHanbHa YeTBepTon cteneHn temnepatypbl. OgHako nocnegy-
owmne b6onee TOYHbIE U3MEPEHUA N TEOPETUYECKME UCCNEQOBaHUS OPYroro aBCTpUi-
ckoro gmsmka bonbumaHa (1884r) nokasanu, 4TO gaHHOE 3aKktoYeHWe cripaBenninBo
TONMbKO ANA U3rnyvyeHus abCconTHOro YepHoro Tena.

3akoH CTtedraHa - BonbuMaHa: 3HepreTMyeckass CBETMMOCTb abCONOTHO YepHO-
ro Tena nponopLmoHasnbHa YeTBepTon cTeneHn ero abCconoTHON TeMnepaTypbl:

R = oT*,

roe o=57-10"° %—I‘IOCTOHHHaﬂ CtedraHa — bonbumaHa.

MK

PacnpegeneHue aHeprum B cnekTpe nany4vyeHusi abCconoTHO YepHOro Tena.

Bug 3aBUCMMOCTY M3nyvaTenibHON CNOCOBHOCTM abCOoMTHO YEPHOro Tena oT ero
TemnepaTypbl U AfVHbBI BOSHbI U3My4eHnsa Obln U3y4eH aKCnepuMeHTanbHO Ha Mogenu
abCcontoTHO YepHOro Tena K KoHuy 19-ro cronetus.

OnbITbl NOKasanu, 4YTO faHHasa 3aBMCUMOCTb MMeeT BUA, U300paXeHHbI Ha pu-
cyHKke 3. Kaxxgasi KpyBasa UMeeT SPKO BblpaXXeHHbIN MakcumMym. M3 pucyHka BUOHO, 4TO
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pa3HbIM TemrnepaTypaM COOTBETCTBYET pa3Hasi AnvHa BOSHbI, Ha KOTOPYH NPUXOAUTCS
MaKCUMYyM U3ny4yaTernbHON COCOBHOCTM!.

;

P
>,

T, >T,

Y

’/'.»:l /_m: A

Puc. 3
C noBbllLEHNEM TeMneparypbl MakCUMyMm Msnyaneanoﬁ cnocobHOCTU cMeuwa-

€TCA B CTOPOHY bonee KOPOTKUX OJINH BOJIH.

3akoH cmelueHua Buna (1893r.):
ANVHa BOMHbI, COOTBETCTBYOLLAA MakCUMyMy U3ny4aTenbHOW cnocobHocTn ab-

COJIIOTHO YepHOro Tena, 06paTHO nponopunoHaribHa ero abcontoTHOM Temneparype,

A

max

:%, roe ¢ =2,9-10°m- K .—.noctosiHHas BuHa.

11.3 ®opmynbl Panes-IhxuHca m MNnaHka.

B koHue 19-ro npownoro ctonetus 6oi10 NpeanpUHATO MHOMO NOMbITOK TEOPETMU-
YeCcKN YCTaAHOBWUTb 3aKOH pacrnpeferieHns 3Heprum B CnekTpe udyyvyeHus abconto THO
YepHOro Tena B 3aBUCUMOCTW OT YaCTOTbl BOSIHbI M aBCONKTHOM TeMnepaTtypbl.

O.Penen v [.[xuHc caenanu nonbiTky onpegenute f(v,T), ncxoas ns Teopemsl

Knaccm4yeckomn CTaTUCTUKM O paBHOMEPHOM pacnpeneneHnn aHeprmn no cteneHdam ceo-
ooap!. |_|pl/l 9TOM TenmnoBoe unsnyyv4eHne npmHMMasnocb paBHOBE€CHbIM U pacCcMaTtpuBa-
JlaCb KaK COBOKYIMHOCTb MPOCTPAaHCTBEHHbLIX CTOAYUX JNTEKTPOMarHUTHbIX BOJIH. Nmun

Oblna nonyyeHa opmyna
27v?
rV,T = C2

obnacTn Mmanbix 4YacTtoT AJTEKTPOMAarHMTHbIX BOJIH.
an/I fonblnX YacToTax, YTO COOTBET-

4 CTBYET yNnbTpacroneToBOMy y4acTKy CnekTpa,
Mo Peneto-[lxunHcy 3TO0 dhopmMyna npu MOMbITKE NOMYYUTb 3aKOH
CtegaHa — bBonbumaHa npuBoanT Kk abcypay
(obpasHo HassaHomy [1. OpeHdecToMm "yrb-

KT , KOTOpaaA coBrnagana ¢ aKkcnepmMeHTalribHbiIMA OaHHbIMU TOJIbKO B

rv T

[
1
1
1
1
1
1
1
1

; o Bury TpadroneToBoit katacTpodon")
/ . r2mv? 27KT
R RT’:I —KTdy === Ivzdv=w.
Vv o ¢ C 9

C TOYKM 3pEeHUs Knaccuyeckom U3anku

Puc. 4
TOro BpemeHu BbIBOL opmynbl Penesa —
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[bxuHca 6bin 6e3ynpedHbiM. [1o3aToMy pacxoxgeHue aTon opMyribl C ONbITOM yKasbl-
Basno Ha CYLlECTBOBaHME KaKUX-TO 3aKOHOMEPHOCTEN, HECOBMECTMMbIX C NpeacTasre-
HUAMM KINacCUYEeCKom pmn3nKn 0 Npupoae TENSOBOro N3ny4eHus.

Bbixog n3 cosgaswenca cutyaumm Hawen B 1900 rogy BblaaroLwenca HemeLKum
dun3mk Makc lNnaHk. B knaccnyeckon usunke ncnyckaHme ceeta atomaMu paccMmatpu-
Banacb Kak HenpepbIBHbIN npouecc. NnaHk npuwen K BbIBOAY, YTO UMEHHO 3TO U Npu-
BOOUT K NPOTUBOPEYNSIM B TEOPUM TEMSOBOrO U3Ny4YEHNS.

[MnaHK BbiKasan rmnoTesy, CornacHo KOTOPOW 3NEKTPOMarHUTHOE U3Ny4YeHUe uc-
NyckaeTcsa B BMAE OTAENbHbIX NOPLUMIA SHEPrUK (KBAHTOB), BEMUYMHA KOTOPLIX MPOnop-
LMOHarnbHa 4acTtoTe U3nyvyeHus.

& =hv — aHeprusa kBaHTa,

roe h=6,625-10"% ik - c — noctosiHHas lNnaxka, v —4actoTta uanyyeHus.

Bca nsnyvyaemaa tenom aHeprus, cornacHo rmnotese [naHka, aBnseTcs KpaTHon
3HEpPrmn KBaHTa, T.€. MOXET ObiTb NPeACTaBnNeHa Kak Liefioe YMCIio KBaHTOB.

W =ne =nhv (n=012,..).

Ha ocHoBe npeacTaBrieHM O KBAHTOBOM XapakTepe TensoBOro M3nyyeHus
M.[MnaHK, Nonb3ysack CTaTUCTMYECKUMY METOAaMu, MOMny4nun BelpaxeHue ans I, ., non-

HOCTbIO COOTBETCTBYHOLLNE SKCNMEepMMeHTallbHbIM OaHHbIM.

_2mv? hy
= o2 .ehv/kT 1

NMpumeHeHMe TennoBoro U3ny4eHus.

1. TennoBoe n3ny4yeHne packaneHHbIX Ten UCnonb3yeTcsa ANs CO30aHNA UCTOYHU-
KoB cBeTa (nepBble namnbl HakanueaHna -1873r. A.U.J1ogbiruH, nepBble AyroBble nam-
nbl —1876r., MN.H.A6noukos).

2. OnTnyeckasa NnMpPoMeTpusa — onpefeneHme TemnepaTtypbl Tena no ero TennoBo-
MY U3MNYYEHUIO.

3. Mpnbopbl HOYHOrO BUAEHUS, OanNbHOCTb AencTBUS KoTopblix - 300M; Ha uUx oc-
HOBe OeNCTBYIOT HabngaTtenbHble U npuuenbHble YCTPONCTBA.

4. TennoneneHraTopbl.

5. TennoBble ronoBkM CamOHaBeAEHNSA pakeT Ha Lerb.
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INNekuuna 12. dotoanektpuyeckmm adpdexr

12.1 BHewHun ¢poToachpeKT U ero onbITHbIE 3aKOHbI.

BHewHum c¢oTtoacpdekToM HasbiBaeTCa SIBIEHME WUCMYCKaAHUA 3ITIEKTPOHOB Be-
LLLeCTBOM NOA AENCTBMEM CBETA.

OnNEeKTPOHbI, BblfiETaloWMe N3 BellecTBa Npu BHeWwHeM ¢oToadpdekTe, HasbiBa-
I0TCS (POTOINEKTPOHAMM; INEKTPUYECKNUA TOK, BO3HUKAKOLWUA NPU ynopsgodeHHOM
OBWKEHUN DOTOSSEKTPOHOB, Ha3biBaeTCs POTOTOKOM.

fBneHune BHewHero potoadekta 6uino otkpbiTo I, Nepuem B 1887r. OH 3ame-
TWM, YTO NPOCKaKMBaHME UCKPblI MexXay Llapukamn paspsgHuka 3HaumTenbHo obnerya-
€TCs, eCliv OONH U3 LIapuKoB 0CcBeTUTL YO ryqamu.

dyHaameHTanbHble nccnegoBaHns potoadpdekTa NpPoBeaeHbl PYCCKUM Y4 eHbIM
A.l'. CtoneToBbim B 1888-1889 r.r.

[MpuHUMNManbHas cxema YCTaHOBKW AN U3YYEHUA BHELLUHEro potoaddekra no-
kazaHa Ha puc. 1. CBeT nagaeT 4Yepes OKHO Ha NOBEPXHOCTU kaTtoda K, Haxoasuierocs
BHYTPU 3BaKynMpoBaHHOW Tpybku. BonbTamnepHas xapakrepuctumka ¢oToaddekta —
3aBUCMMOCTb (poTOTOKa | OT HanpskeHna mexagy katogom K n aHogom A — npueeaeHa
Ha puc. 2. [1Be KpuBble COOTBETCTBYIOT ABYM pa3fuyHbIM OCBelleHHOCTAM E katopa
(T.e. ABYM 3Ha4yeHMsIM CBETOBOro notoka @, nafjaroLlero Ha Katofd) npyv OAWUHaAKOBOM
yacToTe cBeTa.

KBAPL, ——> o
2=y

oy

L

Puc. 1 Puc.2

MakcmanbHoe 3HayeHne (PoTOTOKa — TOK HacbIWeHUsA |, — COOTBETCTBYET TaKo-
MY 3HAYEHUIO HarnpsKeHUs, NPy KOTOPOM BCE AMEKTPOHbLI, BblbBaemble 13 katoga, 4o-
cTuraloT aHoga,

ln=€e-n, rae n— 4ncno ooTO3NEKTPOHOB, UCMYyCKaeMblX KaToAoM 3a 1c.

Mpun U=0 I>0, T.e. aneKTpOoHbl JOCTUraloT aHofa 6e3 BHELUHero nors, 3a C4eT CBO-
e KMHETUYECKON aHeprumn. Ytobbl (pOTOTOK CTan paBHbIM HymM, HEOBXOOMMO MpPUNo-
XuTb 3agepxuBatolee HanpsxeHne Us. [1pn 3TOM HM O4WH 3MEKTPOH He CMOXET npe-
0o0oneTb 3aJepuBaroLLee none n 4OCTUrHyTb aHoaa. CrnegoBaTenbHo,

2

muv
max _ olJ | 1
=l ®
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roe m=9,1-103kr — macca anekTpoHa.

OnbITHLIM NyTeM ObINKn yCTaHOBMNEHbI 3aKOHbI homoahghekma.

1. 3akoH CtoneTtoBa: cuna oTOTOKA HacbILWEHNS NPOoNopunoHanbHa 3HepreTu-
Yyeckomn ocBelleHHOCTH Katoaa ly~Es.

OTOT 3aKOH MOXHO ChOpPMYNMpoBaThb NO-APYromy:

cuna ToKa HacblLWeHns NponopLMoHanbHa nagatoLemMy CBETOBOMY NOTOKY

IH:7®;

roe y— YyBCTBUTENbHOCTb KaToAaa.

2. MakcumanbHasa HadanbHasi CKOPOCTb (POTOISNEKTPOHOB OnpenensdeTrcs 4YacTo-
TOM CBETa N HE 3aBUCUT OT €ro MHTEHCUBHOCTMW.

3. [Ina kaxxgoro BellecTBa CYyLWECTBYET «KpacHas rpaHuua» dgotoaddekTta, T.e.
MWHUMarbHas YacTtoTa vy, NPU KOTOPOM BO3HMKAET POTOIAEKT, 1o 3aBUCUT OT Belle-
CTBa M COCTOSIHMSA NOBEPXHOCTU KaToAaa.

4. ®oToadhdeKkT npakTnyeckn 6e3nHEpPLUNOHEH.

YCTaHOBNEHHbIE 3KCNEPUMEHTarNbHbIE 3aKOHOMEPHOCTU HE MOrN BbITb 00 bSICHE-
Hbl B pamMKax BOJTHOBOW TEOpUM CBETA.

CornacHo BOMHOBOW TEOPUU, BbipbiBaHWE 3NTIEKTPOHOB — pe3ynbTaT MX «packadu-
BaHUA» B 3N1IEKTUHECKOM MOsfie CBETOBOW BOSIHbI, T.€. v, [OOSKHA 3aBUCETb OT aMnin-

max

Tyabl kKonebaHun E W CBSI3aHHOW C HEil MHTEHCUBHOCTY (I~E?), a He oT YyacToThl. Kpo-
Me Toro, oToaphekT AoMmKEeH BO3HMKATL Npu Nobor vYacTtotTe npm 4OCTaTOYHOW WH-
TEHCUBHOCTU M OblTb MHEPLMOHHBLIM (CHa4yana BOSfIHa «packayaeT» 3feKTPOH, a NOToM
OH BbINIETUT).

12.2 KBaHTOBasA Teopua BHewHero potoacpchekra

A. QrHwTenH B 1905r. nokasan, 4YTo 3aKkOHOMepPHOCTU (hoToahekTa MOXHO 06b-
SICHUTb Ha OCHOBE MpPeafOKEHHOW UM KBAHTOBOW Teopun dhoToadhdekTa.

CornacHo QMHWTENHY, CBET YacTOTOW v He TONbKO UCMYCKaeTCs, Kak npeanona-
ran NnaHk, HO N pacnpocTpaHseTcss B NMPOCTPAHCTBE WM MOrnouwaeTcsa BeLecTBOM OT-
AenbHbIMY NopLUMaMK (KBaHTaMK), 3HEPrust KOTopbix £ =hv.

KBaHT aneKTpoOMarHMTHOro U3ny4YyeHnsa Nosny4vmn HassaHne ¢pomoHa.

T.K. 9Hepruo PoToHa MOXHO BbIpa3nTb Kak

&mc?,

hyv h

hv=mc?= p =mc=—=— —umnynbc hOoTOoHa.

1. OaHOPOTOHHbLIN PoTO3IPDEeKT — 3TO POTOIPGEKT, NPU KOTOPOM INEKTPOH
nosiydaeT 9Heprui oT ogHoro gootoHa. CornacHO OUHLWITENHY, KaXKablA KBAHT MOrno-
LLIaeTCs TONbKO O4HUM 3f1EKTPOHOM.

OHeprus nagawouero potoHa hv pacxoayetcsi Ha COBeEpLUEHME ASIEKTPOHOM pa-
00TbI BbIXOo4a A U3 metanna un Ha coobLeHne PoTOINEKTPOHY KUHETUYECKON IHEPTUMN.

Ecnun anekTpoH ocBo60XaaeTca CBETOM He y CaMOl NMOBEPXHOCTU, @ HA HEKOTO-
pow rnybuHe, TO YacTb 3HEPrnm MoxeT ObiTb NOTepsHa BCNeacTBUE CriydamHbIX CTOSK-
HOBEHWI B BELLLECTBE, OCTATOK 3Heprun obpasyeT Eyun POTO3NEKTPOHA.

Mo 3aKOHY COXpaHeHUsa aHeprum
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2
muv

hy = A+ —e 2
v 5 (2)

BblpaxeHue (2) HasblBaeTCa ypaBHEHWEM OWHLITENHa ANs BHeLWHero potoad-
dekta. doTtoachdekT n paborta Bbixoga A B CUITbHOW CTENEHM 3aBUCAT OT COCTOSIHUSA
NOBEPXHOCTWN MeTanna (oKMcnoB, aacopbupoBaHHbIX BELLECTB).

Tonbko B 1916r. MunnukeH cosgan npmbop, B KOTOPOM UCCeayeMoe BeELLEeCTBO
nogBepranocb YACTKE B Bakyyme, Nocre 4Yero namepsanacb pabora Bbixoga u uccneno-
Banacb 3aBMCUMOCTb Exun=f(v) (NnyTem namepenus Us).

Pe3ynbTaTtbl Oka3anucb B MOSIHOM COrfiacun ¢ ypaBHEHUeM SUHLITEeNnHa.

MwunnukeH onpegenun 3HadeHue h, KoTopoe coBnarno ¢ €€ 3Ha4YeHUs MW, HanaeH-
HbIMW OPYrMMU MeTO4aMW.

O6bsAcHeHue 3aKkoHOB (hpoTo3achdekTa HA OCHOBE KBAHTOBOMW TEOpUMN.

1. No OMHLWTENHyY, KaXabl KBAHT MOrfoLaeTcs TONbKO OAHWM 3MEKTPOHOM, Mo-
3TOMY YMCIIO BbIPBAHHbIX (POTO3MEKTPOHOB AOSMKHO OblTb MPONOPLMOHANbHO 4YuUCny
nagaroLwmx Ha NoBEepXHOCTb KBaHTOB. CBETOBOW NOTOK @ onpenensercs KonmM4ecTBOM
KBaAHTOB CBeTa, Nagarlmnx Ha NOBEPXHOCTb B eauHuLy BpeMeHWu. B cooTBeTcTBUM C
3TUM, TOK HacblLWeHUS |, NponopunoHaneH nagarLemMy CBETOBOMY MOTOKY:

Iy ~@

[MockonbKy CBETOBOM MOTOK, NagaroLLnii Ha MOBEPXHOCTb S, paBeH NPon3BeaeHUI0
OCBeLLEeHHOCTM E Ha nnowagb 3TOM NOBEPXHOCTH,

d=E-S, I, ~E,

noaTBep>xaaeTcs nepsas 3aKOHOMEPHOCTb PoToahdeKTa.

Cwuna Toka HacblWweHns nponopLnoHanbHa CBETOBOMY MOTOKY:  |,=y®.

2. MakcumanbHasa HadanbHasi CKOPOCTb (POTOINEKTPOHOB OnNpeaensieTca 4acTto-
TOWN CBETa N He 3aBUCUT OT €ro UHTEHCUBHOCTW.

M =hv-A.

2

3. [Ina kaxxgoro BellecTBa CYLWECTBYET «KpacHas rpaHuua» dgotoaddekTta, T.e.
MWHUMarbHas YacTtoTa vy, NPU KOTOPOM BO3HMKAET POTOIAEKT, 1o 3aBUCUT OT BeLlle-
CTBa N COCTOSIHNA NOBEPXHOCTU KaToAaa.

A
hVOZA—)VOZF. (3)
c c A ch
TK vo=—, —=—=1,=—, rae A, - MakcumarnbHasa AfiMHa BOJIHbI, NpU KO-
Ao A h A

TOpOU eule BO3MOXEH POoTOIdGEKT, TakKe HasbiBaeMasa «KpacHOW rpaHnLeny.
Ncnonb3ya cooTHowweHna (1) v (3), BolpaxeHue (2) MOXHO 3anucaTb B BUAe
hv=hv,+eU,.

4. be3anHepuMOHHOCTb (hoToadhdekTa 0bbACHAETCA TeEM, YTO nepenava SHeprum
Npv CTONKHOBEHUN hOTOHA C INIEKTPOHOM NMPOUCXOANUT NOYTU MIHOBEHHO.

2. MHOropoToHHbIN (hpoTO3IhPeKT (HeNNHEeNHbIN).

Ecnn nHTEHCMBHOCTL CBETa OYeHb Bonbluas (nasepHbie My4vkn), BO3MOXEH MHO-
roOTOHHbIN (HENUHENHBIN) POTOIMMEKT, NPU KOTOPOM IMEKTPOH NOriydaeT 3HEPruto
He oT ogHoro, a oT N (N=2+7) cboTOHOB
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2

Nhy = 4 + Z0mex
2

KpaCHaﬂ rpaHnua cMeaeTCcAa B CTOPOHY ©onee ANVHHbBIX BOSH.

A Nch
NhVO:A—>V0:_, ﬂ,OZ—

Nh A
Tok HacblLW,eHnsa HeNMMHEenHo 3aBuUcuT ot @

l,~@N,

PoTO3(PPEKT WMPOKO NCMOMb3YyeTCA B HAyKe U TEXHUKE ANS:

1) pernctpauunm n nsamepeHunss CBETOBbIX NOTOKOB;

2) HenocpeacTBeHHOro npeobpa3oBaHNsa 3HEPrnM CBeTa B 351. IHEPTUIO;

3) npeobpa3oBaHWs CBETOBbLIX CUrHarNoOB B 3NeKTpu4eckue.

YcTponcTtea, OeUCTBME KOTOPbIX OCHOBAHO Ha MCNOMb3oBaHUM ©OTO3ddEKTa,
Ha3blBaTCA POTOINEMEHTAMMU.

1. BakyymHbI (hOoTO3NEMEHT — NpeactaBndeT cobon 3BaKyMpoOBaHHbIA CTEKMSAH-
HbI 6annoH, YacTb BHYTPEHHEN NOBEPXHOCTU KOTOPOro NokpbiTa crnoeMm metanna (¢o-
TokaTon). AHOA — MeTannmMyeckoe KorbLo Uiu ceTka.

2. ina yBenuyeHns 4yBCTBUTENbHOCTU WUCMOMb3YIOT (POTO3NEMEHTLI HaroMHEeH-
Hbl€ MHEPTHbIM ra3om, 0bbl4HO aproHom npu p=0,01-0,1MMm.pT.CT.

3. Onsa ycuneHua curHana nNpUMEHSIOTCA 3TTEKTPOHHbIE YMHOXUTENWU, UCMNOMb3y-
owme aBneHne BTOPUYHOM 31EKTPOHHON SAMUCCUN.

4. MonynpoBOAHMKOBbLIE (POTOINEMEHTbI C BHYTPEHHUM poToadhdekToM (OoTo-
CONPOTUBMNEHNS) — AN OBHapPYXEeHMA N U3MEPEHUS UHMPAKPaACHOro u Apyrux nusnyye-
HUN. YyBCTBUTENBHOCTb — ropasgo GonbLuas.

OcHoBHONM HegoCcTaToOK — GonbLUas MHEPLNOHHOCTb

5. BeHTunbHble ¢oTO3MNEMEHTbI ((POTONEMEHTLI C 3anuparoLnM Croem), aen-
CTBME KOTOPbIX OCHOBAHO Ha BEHTUNbHOM hoTO3(hdekTe (KpeMHNEBbIE, repMaHueBbIe,
cernieHoBble N T.4.).
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INlexumusa 13. Teopus atoma Bogopoaa no bopy

13.1 Mogenu atoma. OnbIT Pe3sepcdopaa.

[o koHua XIX B Hayke rocnogcTBoBano ybexaeHue, YTO aToMbl SABNATCS Heae-
NUMbIMKW YacTULaMU Matepuu, "kKupnmamkamm " MmposgaHus.

BaxHenwmmn cobbiTuamMmn B Hayke, OT KOTOpbIX BepeT Hayano aToMHas pusumka,
Obinu:

1) oTkpbITUE anekTpoHa B 1897r.;

2) OTKpbITUE SIBMEHUSI paguOaKTUBHOCTU.

OTW OTKPbITUS MoKasanu, YTO HeUTparbHbI aTOM SABNAETCH CINOXHOW CUCTEMOW
3AMEKTPUYECKM 3apsKeHHbIX YacTul; BO BCEX aTOMax MMEKTCH SNEKTPOHbI; MO OXu-
TenbHbIN 3apsa CBA3aH C OCHOBHOM MaccoW atomMa, HO O pacnpefeneHum ero BHyTpu
aromMma cBefeHun He ObIro.

[MepBble NONbITKNM CO34aHNA MOOENnn atoMa Ha OCHOBE HaKOMMEeHHbIX CBeAeHUN
npuHagnexart aHrnmnckomy dnaunky xosedy TomcoHy (1903r.).

B pamkax aTon mMogenu nosioXuUTeNbHbIWM 3apsad cyuTancs paBHOMEPHO pacnpe-
AerneHHbIM B HEKOTOpPOM Hebonbwom obbeme cepuyeckon QopMbl, a 3NEKTPOHbI
BKpanseHbl B 3TOT 3apsag nogobHo mstomy B Bynodke. Korga atom TomcoHa BO30yx-
aarncs, HanpumMmep, B nNamMmeHn cBe4n, konebaTtbCca Ha4yMHanM ToNbKO fIErkMe 3r1eKTPOHbI
W aTtoM m3anyyan af. — M. BOJSTHbl, COOTBETCTBYOLIME NX YacToTe konebaHuin. Takum ny-
Tem TOMCOH XOTen B paMmKax CBOen Moaenn obecneynTtb NMHENYaTbli CNEeKTp atoma.

[na BbIACHEHMs1 XxapakTepa pacnpeneneHust NoroXuTenbHbIX U oTpuUaTenbHbIX
3apsigoB B atome Oblio Heob6XxoaAMMO HenocpenCTBEHHOE ONbITHOE "30HAMPOBaHME"
BHYTPEHHMX obnacTen atoma, KOTOpoe OCYyLLeCTBUN cOTpyaHnkn Pesepcopaa Nenrep
n MapgceH ¢ NoMOLLb @ -4acTul, Habngas M3AMEHeHNe HanpaBreHnsa nx noneta npu
NPOXOXAEHUN Yyepe3 TOHKME CIov BellecTBa. « - YacTuubl NpeactaBndalT cobon aBa-
XObl NOHN3MPOBAHHbIE aTOMbI renust:

q, =2¢, rae e=16-10"Kn, m, =7296m,, v, ~10"M/.

OHu BbIOpackIBalOTCA C OrPOMHON CKOPOCTbIO HEKOTOPbIMM BELLLEeCTBaMU Npu pa-
AMO0aKTMBHOM pacnage. B kauyecTBe MulieHW ncnonb3oBanach 3onotas donbra, Ton-
LMHa KoTopoii cooTBeTcTBOBana ~400 atomam, Tak YTO COyAapeHUst « - YacTul, C aTo-

MamU 30110Ta MOXHO ObINO YCMOBHO cYMTaTh

JIEEE \@M €OVHUYHBIMU.
Po A OnbIT  OCYLLECTBMANCS  CreAYLIUM
. \/{ v obpasom (puc. 1): a- YacTWubl, UCMyLLEH-
%l_'— '\\ ql ,’; Hble PagvoaKTUBHbLIM MNonoHnem Po, Bbixo-
Pb annu n3 canHuyosoro (Pb) koHTelHepa y3kum
MYy4KOM W MPU NPOXOXAEHUN Yepe3 30M0TYH0
Puc. 1 donbry @ oTKNOHANUCH OT NepBOHaYarnbHo-

ro HanpaeneHusl Ha pasfnuyHble yrhbl 6.
PaccesiHHble @ - YacTuubl yaapsnuchk 06 akpaH 3, NMOKPbITbIA CEPHUCTBIM LIMHKOM,
N BbI3blBaEMblE VMMM CUMHTUNNAUMKM Habnwoganucb Mukpockonom M. Mwukpockon u
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3KpaH MOXHO ObINo Bpawatb BOKPYr OCU, NPOXoAsilien 4yepes LEeHTp paccenBaroLlen
donbru.

PesynbTaThl onbiTa:

1) nogaBnsoLLLEE YACHO « - HaCTUL, OTKINOHAETCS Ha Marble Yribl;

2) npumepHo oaHa u3 2-10* yacTul, oTknoHsetcs Ha yron 6 >90°;

3) HEKOTOPbIE YacTuLbl OTKIOHAKTCS Ha yron 6 ~180°.

Ha ocHoBaHuM 3TuX pesynbTartoB Pesepdopn npuwen K BbIBOAY, YTO CUMbHbIE
OTKINTOHEHUS « - YacTuL, BO3MOXHbI TOSIbKO €Cfn BHYTPWU atoMa UMeeTcsa 3apsj, CBS-
3aHHbIN C MacCOW, CKOHLIEHTPUPOBAHHON B o4yeHb Manom obbveme. B 1911r. Pesep-
doopa Npeanoxun saepHyro Moaerb atoma.

PacueT Pesepdopaa ans oueHkun pasmepoB sigpa: ecnn o - vactuuya crarnkumBa-
eTcqa "B nob" ¢ aToMom 30n0Ta 1 oTnetaet obpaTtHO, OHa Ha MFHOBEHWE OCTaHaBlMBa-
eTcs, npexae Yem OABUHYTbCA 0bpaTHO. B Touke noBopoTa €€ KMHeTu4eckas aHeprus
NONHOCTBLIO NMpeBpaLlaeTcs B NOTEHUNAIbHYIO.

m,v?

W, =W_, =q,U =2eop,

roe g, =2, U=¢p—¢, =¢- NoTeHunan Ha NoBEpXHOCTN NOMOXUTENbHOrO AA-

pa,
Ze .
= , TAe Ze - NoNoXuTernbHbIN 3apsi[ atoma 30510Ta,
47 ¥
2 2
mo®  2e-Ze Ze -
= , = r=——"—"——~10""m,
2 Are,r 7€M, L
2
42 Ku

e=16-10""Kn, Z=79; &, =885-10 ~, m, =66-10%kr; v=16-10" .

H-M C

Mockonbky pasmep atoma ~ 101° m, pasmep aapa Ha 4 nopsiaka MeHblUe pasme-
poB caMoro atoma (puc. 2).

CornacHo Pesepdopay, atom npeacraBnaer cobon cuctemy saps-

' 2\ [[0B, B LIEHTPE KOTOPOI PacMoNOXEHO TAXENoe MOMOXUTENbHOe AP0 C

¢ ' 3apsaoM Ze, pasmepom ~ 1014 M, BOKpyr KOTOporo no op6utam ABuxXyT-
CA Z 9NEeKTPOHOB.

‘ Mogenb Pe3sepdopaa siBunacb CywecTBEHHbIM LWaroM Bnepesa, no-
CKONbKy npeacTtaensana atoM Kak AUHaMUYECKYK CUCTEMY OBWKYLLMNXCS
anekTpuyecknx 3apsaoB. OgHaKo OHa oka3anacb HEYCTOMYMBOWM C TOYKM
3pEHNsT KNacCMYECKON 3NEeKTPOAMHAMMKN U NPOTUBOPEYMa OnbiTHbIM OaHHbIM: Bpa-
LaroLmMincs no opbmte anekTpoH AOMKEH uU3dydaTtb 31.M. BOMHbI (Kak 3apsag, ABVXKYLLEN-
CSl C LLEHTPOCTPEMMUTENBHBbIM YCKOPEHMEM) C HaCTOTOW, PaBHOM YacTOTE ero BpalleHus,
TEPATb SHEPrui, Npubnmxasach K SApy M yBeNuUMBas 4acToOTy BpalLEHMs W, B KOHLE

Puc. 2

KOHLL0B, ynacTb Ha sapo. CrnefgosaTensHo, 3a t ~107°c aTom [0mKeH nepecTath Cylie-
CTBOBATb U CMEKTP €ro u3nyyeHns AormkeH ObiTb cnnowHbiM. OgHako atoM — YCTOMYM-
BOoe obpas3oBaHue, a CNeKTp atoma — NIMHenYaTbIn.
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13.2 NocTtynatbl bopa. Teopua oAHOINEKTPOHHOIO
aToma bopa.

ApnepHas mogenb atoma B COMETaHUKU C KIacCUYeCKoM (PU3MKOM N SNEKTPOAUH a-
MMKOW OKa3anacb HeCnocOOHOM OOBbACHUTL YCTOMYMBOCTb aTOMOB M XapakTep aTOMHO-
ro cnektpa. Boixog n3 cosgaslueroca tynuka 6uin npeanoxeH B 1913r. yyeHukom Pe-
3epcopaa oartckum yydeHbiMm pusmkom Hunbcom bopom. OH coxpaHun saepHyto Mo-
aenb atoma Pesepdopaa, Hagenve €€ HOBbIMU KBAHTOBLIMW CBOWCTBaMW, COrfacHoO
KOTOPbIM 3M1EKTPOH MOr Obl, BpallasiCb BOKPYr sapa, UcryckaTb CBET U He nagatb Ha
aapo. Ons atoro bopy npuwniock BBECTU NPeanofnoXeHus, npoTMBopeyallme Krnaccu-
YeCKOW MexaHWKe W 3feKTpOoAnHaMUKe, JoKa3aTb KOTOpble OH Oblfl HE B COCTOSIHUA U
Ha3Ban ux nocrynartamu.

MepBbIK noctynaTt bopa (nocTynaTt cTauMOHapPHbIX COCTOAHUN):

3NEKTPOH B aTOME MOXET HaxoAUTCHA TONbKO B HEKOTOPbIX ONpeaereHHbIX YyCTON-
YMBbIX COCTOSAHUAX, KOTOPbIE HAa3bIBAOTCHA CTaUMOHapPHbIMW. B cTaumoHapHOM cocTosi-
HAWM aToOM He U3rny4vaeT U He nornowaeT aHeprmo. CTauMoHapHbLIM COCTOSSHUAM COOT-
BETCTBYHOT CTaUMOHAPHbIE OPOUTLI ANEKTPOHOB, ANA KOTOPbIX MOMEHT UMMNYyNbCca 3 ek-
TPOHa paBeH LenomMy KpaTHOMY OT 7 = %:

m,ur, = Nii— NPaBUIO KBaHTOBaHWSA opouT,

roe m, - Macca 3N1eKkTpoHa, v - CKOPOCTb 3MEKTpoHa Ha opbuTe paguyca r,, n -

HoMep opbuTbl anekTpoHa, h=6,62-107" Ik - ¢ - nocTosiHHas MnaHka.

Btopou noctynart bopa (npaBuno 4yacTor):
npy nepexoge atoma M3 OAHOro cTaumoHapHoro coctosHua E, B apyroe E  npo-

NCXOOMUT U3NyYeHUe Unm NornoLeHne KBaHTa Cc aHeprmen
hv=E, —-E,.
CnepnoBaTenbHO, aToOMbl NOrnoLwaT TONbKO Te€ CrekTpanbHblie NNMHUA (BOSHbI Ta-
KOW 4acCTOTbl), KOTOPbIE CaMMX UCMYCKAlOT:
Em _En
—h
MocTynatbl Bopa MOXHO chopMynMpPoOBaTb U HECKOSBKO NpPOLLE.
1. OneKkTpoHbl B aTOME ABWXYTCS NO CTPOro onpegeneHHbIM CTauMoHapHbIM Op-
OuTam, He uany4asi n He nornowas Npu 3TOM 3HepPruu; Ansa cTaunmoHapHbIX opouT
mor.=na,(n=123..).

2. TMpw nepexone anekTpoHa ¢ OAHON opOUTbLI Ha APYrylo aTtoM MU3nyyYaeT Unu no-
rnoLaeT 3Hepru
hv=E,—E,, rae hv - aHeprus ¢oToHa; E, n E_ - aHeprum anekTpoHa Ha cooT-

VvV =

BETCTBYHOLLMX OpOMTax.

MocTtynaTtel Bopa no3BonunM emy TEOpeTUMYECKM paccyuUTaTb SHEPreTUHECKUN
CMeKTp aToma BogopoAa U BoAOpPOA0Noa00HbIX aTOMOB — aTOMOB, COCTOALLMX M3 aapa
C 3apsiioM Ze 1 OQHOro 3N1EKTPOHA, ABUXKYLLErOCS BOKPYr siapa.

Paccuntaem paguycbl cTaumoHapHbIX opouT Ans BogopoaonoaobHbIX aTOMOB.
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Mpy ABMXXEHUM 3MEKTPOHa No opbuTe B none aTOMHOro siapa c 3apsiaoMm Ze Cco-

mo® Zee
rnacHo 2-my 3akoHy HbtoToHa ma, =F,, = 5
r, Are,l,
CornacHo noctynarty bopa
n#
mor, =nh, =>v=——-,
mr,
mn?h2  Ze? , &7
— = ;=L =n"———.
rmer.  Adrxg,r, mZe

Ecnn anekTpoH HaxoauTcs Ha camon BHYTpeHHen opbute (n=1), aToM HaxoguTtcA
B HOPMaribHOM COCTOSAHUWN, BCE OCTallbHble COCTOAHUA — BO3DYXOEHHbIE.

Ons atoma Bogopoaa I, =0,53-107°M, YTo coBnagaer co 3HayeHMeM pPa3MepoB
aTomMa Bogopona, Nofy4YyeHHbIX U3 KUHETUYECKOW TEOPUN Fa30B.

PaccunMtaem aHeprum ctaunMoHapHbIX COCTOSIHUN. DQHEpPrus afekTpoHa cknaabiBa-
€TCH U3 KNHETUYECKOWN IHEPrun ero ABUXeHUs No opbuTte n NoTeHumanbHOM aHeprum B
anekTpocTaTu4yeckom nore sapa:
_mov?  mZzZ%*

E = ’
2 8n’hig
Ze’® mZ°e*
E, = _4 =TT 22 2
vz 4n“h°g,
1 mz%*
E =E; +E, = T g (n=1,2,3,....), roe 3HaK MUHYC O3HA4YaeT, YTO ANEKTPOH
n &

HaxoaMTCs B CBA3aHHOM COCTOSIHUMW.

N3 nony4eHHOro BbipaXKeHusi cregyer, YTo NosfiHas 3Heprusi ANeKTpoHa B BOA 0po-
AornogobHoM atome oTpuuatenbHa U 3aBUCUT OT HoMepa opbuTbl, MO KOTOPOW ABMXKET-
CAl ANEKTPOH, T.€. MOXET NPUHUMATb TONbKO AUCKPETHbIE 3HAYEHMS.

MNpn n=1 E, =-13553B.

Cxema sHepreTMYecKkmx ypoBHei atoma
T.K. nonHas 3Heprna oTpula-

E, 2B ¢ poAcpona n TernbHa, TO YeM MeHblue eé abcontoT-
-854\ /o;) Hoe 3HvaquV|e, TeMm Oonblue 3HayYeHue
04 Sfiooommmmmmmmm s -2 nonHon aHeprun. CnegoBaTernbHO, C
:g:gsj :3 pPOCTOM N 3HEeprua yBenunymBaeTcs.

Mo n=wE_=0.

OTO U eCTb MakcumaribHOe 3Ha-
YeHne JHeprum CUCTEMBbI, COCTOSLLEN
n3 agpa M ogHoro anektpoHa. Ecnu
3NEKTPOHY COOOLWNTE W3BHE MNOPLMIO

-13,55 1 aHeprun 13,55 9B, TO OH ynaeT ¢ nep-
BOM opOWUTBHI 3a npepenbl aTtoma, a
aToOM MpPEBPATUTCSH B NOMOXUTENbHbIN
MOH. OTOT NPOLLECC OTLLENSEHNS IMEK-

TPOHa OT aToMa Ha3blBaeTCsa MoHn3aunen. MoHn3auma — 3To oTLLENSIEHME ANTEKTPOHOB
OT aTOMOB, NPMBOASLLEE K 0OPa30BaHUIO NONOXUTENbHbLIX NOHOB.

Puc. 3

83



ynpaBneHme ANCTAaHUMOHHOTO O6Y‘-I€HVIF| M noBblleHNA KBaJ'Il/ICI)MI-(aLIIVIM

du3smnkKa

BennunHy sHeprum anekTpoHa B aTOMe YacTo OTOXAECTBSAIT C 3Hepruen atoma.
Bce BO3MOXHble 3HAa4YEHUss 3HEPrum atoma, KOTOpbIMU OH MOXeT obragaTb, HasbiBatoT
3HEpPreTUYecKMMM YPOBHSIMU. DHepreTuyeckme ypoBHU atoma nsobpaxatoT B BMAE ro-
PU3OHTAarnbHbIX NPSIMbIX, PACMONOXEHHbIX APYr OTHOCUTENbHO Apyra Ha pacCTOSHUSIX,
NpPOMOpUMOHaNbHbIX Pa3HOCTU 3Hepruii atoma. Camas Hu3Llwas npsimasi CooTBETCTBYET
HOpMaribHOMY COCTOSIHWIO aToma.

13.3 CnekTp aTtoma Bogopoaa.

Ncnonb3ysa Teoputo bopa n cxemy aHepreTMdeckux ypoBHen atoma, nerko obbsc-
HUTb NPOLLECCHI MCMYCKaHWUS U NOTNOLWEHNSA U3NyYeHNss aTOMOM.

UT0oObl aTOM MOMy4Mn BO3MOXHOCTb MCMyCKaTb CBET, €ro HY)XHO BO3byauTb, T.e.
nepeBecTn 3MEeKTPOH Ha 6Gonee BbLICOKMM JHEPreTUYECKU YpOBEHb (HarpeBaHWeM,
ocBeLleHnem U T.4.). B Bo3ByXaEHHOM COCTOSIHUM aTOM HeycTonumMB 1 Yyepes t~ 108 ¢
nepexoguT Ha 6onee 6nNu3kylo K 9apy opouUTy, NCMycKas KBAHT 3NIEKTPOMArHUTHOro ns-
nyvyeHuns (poToH) c aHeprmen E=hv.

CornacHo BTopomy noctynaty bopa (ans sogopoga Z =1)

4
hv:Em_En:_ﬁ(i_i}

me* (1 1 1 1
y=— [ 2~ |oRl = -], 1
8hsg§(m2 nzj (mz nzj @

roe R=23,29-10"c'— noctosiHHas Punbepra.

NccneqoBaHUsa CNeKkTpOB U3MyYeHUS pas3psiXeHHbIX ra3oB (T.e. OTAErNbHbIX aTo-
MOB) MokKasanu, YTO KagoMy rasy npucyll onpeneneHHbI NMHendaTbi crnekTp (puc.
4). Bce obHapyXeHHble cepun B CMEKTPEe aTomMa BOgopoAa MoryT ObiTb onucaHbl OgHON
aMnupuyeckon bopmynon, HasbiBaemor o6o06weHHon hopmynon banbmepa:

1 1
E,oB 4 n y = R(—Z——zj. 2
.Z m< n
v 3 Ona cepuu JlatimaHa (ynbTpaduone-
Cepu Mawena (MK) ToBasi obnacTb cnektpa) (puc. 2) m=1,
AA A4 2 n:2 3 4
Cepua banbmepa e e
[Ona cepuu banbmepa (Bugnmasi ob-
nactb cnektpa) m =2, n=3,4,5,...
Ona cepuu lNaweHa (WHMpakpacHas
. obnacTb cnekTpa) m =3, n=4,5,6,...
Cepws JlaiimaHa (YO) 3HaveHns R B cdopmynax (1) n (2) cosna-

Puc. 4 [AaloT, YTO CBMAETENLCTBYET O NPaBUbHO-
CTV nony4yeHHon bopom dopmynbl (1).
Teopus Bopa, Ha ocHOBe KOTOpPOW ObINIM PacCMOTPEHLI CNEKTPLI aToMa BoAopoaa
1 BOOOPOAONOA00OHBIX CUCTEM W BblYUCIEHbI YaCTOTbl CNEKTParnbHbIX MMHWUIA, HE CMOrfna
0OBACHUTL MHTEHCUMBHOCTWU CMNEKTParbHbIX FIMHUIA, BEPOSATHOCTU BO3MOXHbLIX NEepexo-
AO0B 1 He Nno3Bonuna onucatb CNeKTp aToMa renums — O4HOro n3 NpOoCTENLLINX aTOMOB.
Bce a1 npobnembl Obinn pelleHbl B paMKax KBAHTOBOW MEXaHMUKM.
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Nekuunsa 14. aneMeHTbl KBAHTOBOU MEeXaHUKU

14.1 BonHoBble CBONCTBAa MMKpoO4YacTuL,.
N'vnoTte3a ae bpownns.

Mukpo4yacTMuamMm HasbIBalOTCA 3fIEMEHTAPHbIE YacTuubl (3NEKTPOHbI, MPOTOHLI,
HENTPOHbI, (POTOHbLI, N Ap. NPOCTbIE YaCTULbI), a Takke CNOXHble YacTuubl, 0bpasoBaH-
Hble N3 CPaBHUTESNIbHO HEDOMbLLOrO YMcna dfeMeHTapHbIX YacTuy, (MONeKyrbl, aToMbl,
saapa aToMoB).

Npes O cywecTBOBaHUM Yy MUKPOYACTUL BOSTHOBbIX CBOWCTB U O CBSA3W AOSIMHbI
BOSIHbI YacTULbl C €€ UMNYNbCOM NpUHaaNexuT dpaHuysckomy dusuky Jlyn ne bpon-
no.

B pesynbTate yrnybneHusa npegcrtaBneHun o Nnpupoae CBeTa BbISCHUIOCh, YTO B
ONTUYECKUX SABMEHUSX ODHapyxmMBaeTca cBoeobpasHbil Oyanuam.

B 1924r. pe bponnb BbIABMHYN MMNOTE3Y O TOM, YTO Ayanu3M He ABMSEeTCs OCO-
OEHHOCTbIO TOMBbKO ONTUYECKUX SIBIIEHUA, HO UMeeT yHMBepcanbHoe 3HadveHue. [lonyc-
Kasi, YTO YacTuLbl BeLLeCcTBa Hapsi4y C KOPMYCKYNSAPHbLIMU CBOMCTBAMU UMEIOT U BOSMHO-
Bble, OH MepeHec Ha criydan 4YyacTuy BewecTBa Te Xe npasuria nepexoga OT OAHOW
KapTWHbI K APYron, Kakne cnpasegnuebl B criydae ceeTta. CornacHo cdopmyne NnaHka,
HEeNoCpPeACTBEHHO CBS3bIBalOLLE BOSIHOBbIE W KOPMYCKYNSIPHbIE CBOWCTBA 3NEKTPO-
MarHUTHbIX BOSH, 3Heprus ooToHa paBHa

e=hv.

CornacHo penaTuBucTCKon hopmysne, CBs3aBLLEN MacCy U Hepruto,

£=mc?.

Torga Mmnynbc p, KOTopbiM 0bnagaeT (POoTOH, CBA3aH C A COOTHOLLEHUEM

mc? ¢ hv h h
p=mc= =—=—=—=A=—.
c c ¢ A p

Mo noee ne bponns, mukpoyacTuua obnagaet BOMHOBbIMU CBOWMCTBaMW, U €€
AJIMHa BOSTHbI onpeaensaeTcs COOTHOLEHNeM

sohon

p mo

M'MnoTe3a ne bBponns Obina BnepBble NOATBEP)KAEHA 3KCNepuMeHTanbHo B 1927T.
amepukaHckumun cdumsmkamm K. [esucoHom u J1. [xepMmepom, KOTOpble HanpaBuiun Ha
rPaHb MOHOKpUCTansa HUKEnNs Ny4oKk MOHO3HEepPreTUYecknx anekTpoHos. MNpu coyaape-
HAN C KPUCTanfioM MNy4YoK paccemBasnicsl BO BCE CTOPOHbl, @ OTPaXEHHbIE 3JTEKTPOHbI
ynaBnuBanucb UWINHOPUYECKMM 3IIEKTPOAOM, MNPUCOEAUHEHHBIM K ranbBaHOMETPY
(puc. 1a). WccnepoBaHMe 3TOr0 paccedHusi nokasano, 4YTO CyLlecTBOBanuM Takue
HanpaBneHusi, B KOTOpPbIX Habnwganocb MakCUMarnbHOE KOMUYEeCTBO pacCeAHHbIX
3MIEKTPOHOB, a B ApYrnx — MUHUManbHoe (puc. 16). Hanndine makcmmymoB cBugeTernb-
CTBOBAario 0 MexaHu3Me OTpaXeHUs, XapakTepHOro Ans BONHOBOro npouecca. VIHTeH-
CMBHOCTb OTPa)KEHHOro nyyka oueHuBanacb fno cure TOoKa, TEKYLLEro Yepes ranbBaHo-
meTp. Habnoganacbk gudpakyms 3feKTPOHOB Ha KPUCTanNSIMYeCcKon p eLleTke HUKens.
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Puc. 1

A. TomcoH (1927r.) n He3aBUCUMO OT Hero poccumckun ydeHoin 1.C. TapTakos-
CKMN MONyYmMnun ANGPaKUMOHHYIO KapTUHY NPU MPOXOXAEHUU SMNEKTPOHHOro nyyka ye-
pe3 MeTanmyeckyo onbry.

B 1948r. poccuickne pusmnkm H.I. CywkmH n B.A. ®abpukaHT nony4mnu gudpak-
LUMOHHYIO KapTUHY, SIBUBLUYKOCS Pe3ynbTaToOM MPOXOXAEHUS OTAEfNbHbIX 3MEeKTPOHOB
CKBO3b TOHKYI MeTannuyeckyto ornbry u ux gugpakumm Ha Kpuctaninyeckon peLueT-
Ke meTanna, To ecTb 6bl5I0 AOKa3aHO, YTO BOSIHOBblE CBOWCTBA NPUCYLLM OTAESNIbHOMY
3IIEKTPOHY.

14.2 CooTHOLWeHUe HeonpeaeneHHocteun NlenseHbGepra.

MwukpoyacTuubl, 0CO6EHHO Takne nerkne Kak arekTpoH, BeayTt cebsi, B 3aBUCUM O-
CTW OT YCIIOBUM, TO MOYTM TaK Xe KaK "HacTosmne" yacTtuubl, TO COBCeM MHadve. Ecnu
npyv OBMXXEHUN YacTuLbl €€ UMMYNbC p =MU He MEHAETCA WU MEHSIETCA MeLNEHHO,

TO MMKpoYacTULa BeAET cebs NoYTM Tak XKe, Kak Knaccuieckasi yactmua. Ho ecnm um-
nynbC MeHseTcss ObICTPO (NpU OBUXEHUWN 3NEKTPOHA BOKPYr siapa no opbute manoro
paguyca, korga MMmnynbC ObICTPO MEHAET CBOE HanpaBlieHWe), MukpodacTuua BeaeT
cebsi coBepLUEHHO MHa4vye 4Yem OOblYHbIE YacTuubl, CKOpee Kak BOSiHa. [0BOpSAT, 4To
MUKpoYacTumLbl 0bnagatoT BONIHOBbIMM CBOMCTBaMM.

BonHoBble CBOMCTBA MUKpPOYacTULbl Bblpaxe-

« A Hbl cunbHee unu criabee B 3aBUCUMOCTU OT ObICTPO-

Ax>> A Tbl UBMEHEHUA UMNynbca. Yem OGbiCTpee MeHseTcs
Py UMMyNbLC, TEM CUIbHEEe BblpaXKeHbl BOMHOBbIE CBOW-
cTBa MmKpoyvacTuubl. MoOXHO nNu npeackasaTb, a Ko-

T - roa BOSMHbI U MUKpoyacTuubl ByayT BecTn cebsa no-
Ax - AO0BHO MakpodacTuuam (T.e. NpPOsIBASOTCA KOpnyc-
> KynsipHble CBOMCTBA) M Korga ux nosegeHune oyger

l KayecTBeHHO Apyrum? OkasblBaeTcsl, 3TO BO3MOX-
FFFIFF I I TS HO. MwukpoyacTuubl OyayT ABuratbCs B [aHHOM

HanpaBneHMM NogobHO O6blYHbIM BOMbLUMM YacTu-
Lam, ecnn mx OBMXKEHME B 3TOM HanpaBiieHUn He
onpefenserca GonbWUMUM OENCTBYOLWNMU CUNAMUA
UM HE CTECHEHO Y3KMMN pamMmKaMW.

Puc. 2
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Ecnun ceBeT npoxoaunT Yyepes wernb, LWMpMHA KOTOPON BEMNKa NO CPaBHEHUIO C ONn-
HOM BOMHbI A (puc. 2), ero noBeaeHne nogobHO MOBEAEHMIO KIacCMYECKMX YacTuy,
(kopnyckyn). ECcnv yMeHbLWNTb LWMPUHY LWenu, To Npu Ax ~ A BOMHbI HAYHYT pacnpo-
CTPaHATLCA HE TONbKO B MEpPBOHaYanbHOM, HO U B APYrMx HanpaefeHusax, ornbas kpas
wenu (andpakums).

AHanorMyHo AN MUKPOYacTUL: YEM YXKE LLeNb, TEM CUMbHEE OrpaHMYEeHne ABU-
)KEHMIO YacTuu, 1 Kak Obl NPOTECTYSA NPOTMB 3TOr0, MUKPOYacTMLbl OrMbatoT Kpasi LWenw,
npuobpeTas pazHoobpasHble nmMnynbCbl B HanpasneHnn OX (puc. 3).

x4 Ax ™ 3,

S

I
ot

Puc. 3

[o wenn umnynbc Yyactuy B HanpasneHun OXpaBHANCA Hynt, T.e. Obin CTporo
onpegenexHHbiM. lNMocne wenu umnynbc B HanpaeneHn OX Ans pasHbiX MUKpoYacTu
pasnuyeH. OBo3HauuM HeonpeneneHHoCTb (MakcumarnbHbIA pas3bpoc) B mMmnynbce
Boonb ocn OX 4yepes Ap, ., a UMNynbC A0 MPOXOXAEHUS Yepes wenb p. Yem Gonblue

oTHoweHne A/Ax, TeM Gornbliue BO3MOXHOE OTKITIOHEHME MUKPOYacTULbl OT NMepBOoHa-
YanbHOro HanpaBneHus, T.e. TeM BonbLue oTHowWweHe Ap [/ p.

%"i;T.K./l:E,TO ap, M — AxAp, ~h.
p A p P PAx
OTO 3HAMEHUTOE COOTHOLLEHME HeonpeaeneHHOCTEeN, NpuvHaanexaiiee ogHOMY
N3 OocHoBaTeren KBaHTOBOW MexaHukn B. enseHbepry (1927r.). Ero cmbicn — peakuus
YacTULbl Ha nokanu3auuio, T.e. Ha OrpaHuyeHne eé NPOCTPAHCTBEHHOrO OBUXEHUS.
Uem mMeHblle obnacTb Ax, B KOTOPOW BbIHYXJ€eHa ABuUratbCcsa vyactuua, Tem bonblie y

Heé HeonpeaeneHHocTb B uMmnynsce Ap .MoxHO TeopeTudeckn gokasatb ([. Beunb),

YTO HAMMEHbLLVM BO3MOXHbIM SBMSIETCA Npon3BeaeHme nyKTyauun

Ax-Ap_>h. (1)

MpuHUMN HeonpepeneHHocTn Men3eHbepra: BONHOBas NpuMpoga MUKPOYacTuL
NPUBOAUT K TOMY, YTO MMKpOYacTULLA HE MOXET MMETb OQHOBPEMEHHO OMNpen eneHHYo
KOOpAMHATY X W KOMMNOHEHTY umnyrnbca p . HeonpeaeneHHOCTW 3HA4YeHWn x u p,
YyOOBIETBOPSAOT COOTHOLLEHMIO (1).

AHanormyHble COOTHOLLEHNA UMET MecTo ans y U p,, Z U p,.Takum obpasom,
en3eHOepr, yynTbiBas BOSIHOBbIE CBOMCTBA MMKPOYACTUL, M CBA3aHHbIE C BOJTHOBLIMM
CBOWCTBaAMMN OrPaHWYEHNsI B MX MOBEAEHUW, MPULLEN K BbIBOAY, YTO OOBEKT MUKpOMMPA
HEBO3MOXHO OLHOBPEMEHHO C nobow Hanepen 3agaHHOW TOYHOCTbIO XapakTepu3o-

BaTb W KOOpAMHATOW, U MMNynbCcoM. CornacHO COOTHOLLUEHWUO HeOonpeaeneHHOCTEN
"enseHbepra, MMKpoyacTuLa He MOXET UMETb O4HOBPEMEHHO U OnpeaerieHHy Koop-

avHaty (X,Y,z) v onpedeneHHyo COBCTBEHHYI npoekunio umnynsca (p,, P, P, ), npu-

4yemMm HeonpeaesneHHOCTU 3TuX BEJNTMYNH yOOBJTIETBOPAIOT YCIT1OBUAM
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Ax-Ap.>h, Ay-Ap,>h, Az-Ap,>h. (2)

T.e. nponsBedeHne HeornpeneneHHOCTeN KOOpPAWHaTbl U COOTBETCTBYIOLLEN €N
NPOoeKUUN uMnynbca He MOXeT BblTb MeHbLLEe BeNn4YMHbl nopsiaka h.

B KBaHTOBOW TeoOpMn paccMaTpmMBaeTCs TakKe COOTHOLLEHME HeonpeaerneHHoCTen
Ans sHepruM EM BpeMeHn t, T.e. HeonpeaeneHHOCTb 3TUX BenWYMH YOOBreTBopseT
ycnosuto AEAt >h.

Ecnn gnutensHocTb NpebbiBaHUSA YacTuUbl B JAHHOM COCTOSIHMM paHa At, TO He-
onpeaeneHHOCTb 3HEPrun YacTulbl B 3TOM COCTOsIHUM cocTaBnsieT AE .

CooTHoLeHne HeonpeaeneHHOCTEN SABNSETCA OOHUM U3 yHAAMEHTanbHbIX No-
NOXXEHUN KBAHTOBOW MEXaHUKM.

PaccmoTpum, K Kakum pesynbTaram NpUBOAAT 3TU COOTHoWeEHnA. Ecnn Ax Benu-
KO MO CPaBHEHMIO C aTOMHbIMK pasmepamu (T.e. ¢ 1071%v), To orpaHuyeHns Ha aBUxXe-
HWe YacTuubl, HaknagblBaeMble COOTHOLIEHNEM (1), HE ABNAETCS CYLL,eCTBEHHbIMM.

Myctb Ana nbinvHkM ¢ m=Ivr =10°kr KoopAMHaTa onpeaeneHa ¢ TOYHOCTLIO
Ax =0,0lmxm =1-10"° M.

Ax-Ap.>h, Ax-A(mo,)>h, Ax-m-Av, >h, Av, LTS
MAx c

Takas HeonpeaeneHHOCTb He UrpaeT HMKAKOW ponuv npu niobbix CKOPOCTSX, T.e.
MOXHO CYMTaTb, YTO TaKoe MaKpOCKOMMyeckoe Teno MmmeeT OLHOBPEMEHHO onpene-
NEeHHOe 3Ha4yeHne x U p.

[ns anekTpoHa B aToMe B HauGornee rpybom criyyae KoopAvMHaTy MOXHO onpese-

NATb C TOYHOCTBIO [0 pa3Mepos atoma, T.e. Ax =10"%m.
h M
Av=——~10°—.
MAX c

Ho Takyto ke no nopsiaKy BENUYMHY UMEET 1 cama CKOPOCTb 3NIEeKTPOHa B aToMe,

u=1061\%. CnepoBaTenbHO, CKOPOCTb 3MIEKTPOHA WMMeEeT 3HayeHne B UHTepBane

v—Av, v+Av, T.e. oT 0 0o 2:10%w/c, T.e. okasbIBaETCS COBEPLUEHHO HeonpeeneH-
Hou (a, crnegoBaTenbHO, Y UMMNYILC HE onpeaeneHx).

14.3 BonHoBasa ¢yHKuusa. YpaBHeHue LLpéauHrepa.

Ecnun yactnubl obnagaoT BONMHOBLIMM CBOMCTBAMM, TO MOXHO FrOBOPUTbL HE TOSb-
KO O ASfIMHE BOJfHbI, NPUCYLLIEN JaHHOM YacTuue, HO U 06 aMnnuTyae 3TOW BOMHbI, N O
€€ WHTEHCMBHOCTM, T.e. YacTuua AosmkHa ObiTb HEKOTOopbIM 0Opa3om pasmasaHa Mo
NPOCTPaHCTBY, N B KAKON-TO 06nacTu NpocTpaHCTBa €€ AO0MKHO ObiTb Gonblle, a B Ka-
KOW — TO MEHbLLE.

Hannune makcumymoB 1 MMHMMYMOB B onbiTe [leBncoHa un [xemepa 6binio cBs-
3aHO c 6onblUEN N MEHbLUEN NMHTEHCMBHOCTbLIO BOJH, MPUCYLLUMX OTPaKEHHbIM 3N1EKTPO-
Ham. CnegoBaTenbHO, MHTEHCUBHOCTb BOSMH Ae bponna B gaHHon obnacTtu npocTpaH-
CTBa onpegensieT Yicrno vacTuy, nonaswmx B 3Ty obnactb. CornacHo M.MnaHky, WH-
TEHCMBHOCTb BOSH Ae bponns sBnsetca Mmepon BEPOATHOCTM TOrO, YTO YacTuLbl HAxXo-
AATCA B AaHHOW obnacTu npocTpaHcTBa. [1na onpeaeneHns BeposSsTHOCTU HaXOXAEeHUs
yacTuubl B JaHHOM obbeme npocTtpaHcTBa AV Obina BBeAeHa HekoTopask yHKUUS
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w(x,y,2,t) — BonHOBas chyHKUUS unm ncu-dyHkums. OHa BbIGMpaeTcs Takoi, YTobbl

BEPOSATHOCTb Aw HaxOXAEeHUss MUKpoyacTul B obbeme AV Gbina nponopumoHanbHa
KBagpaTy Moayns ncu-yHKLMN 1 3feMeHTY 3Toro obbema:

Aw = |1//|2 AV . 3)

Torna oTHOWEHWEe Awm K BenuuumHe obbema AV ecTb MNOTHOCTb BEPOATHOCTY
HaxoxXgeHmnd YacTuubl.
> Aw <
ly|” =——-—NNOTHOCTb BEPOATHOCTU HAXOXAEHUS YacTULbI B AaHHOW oGna-

CTU NPOCTpPaHCTBAa.

0 © 2
T.K. 3Ta yacTvuya rge — To B NPOCTPaHCTBE NMEETCH, ZAa)zl nnm j|z//| dv =1 -
i=1

yCnoBue HOPMUPOBKU i - PYHKLMMN.
YcrnoBne HOPMUPOBKWU yTBEPXOAET OOBbEKTUBHOCTb CYLLECTBOBAHWUS YacTulbl B

npocTpaHCTBe.
BonHoBasa y - OYyHKUWA ABNAETCA OCHOBHOW XapaKTepUCTMKON COCTOSHUSI MUK-

pOOOGBLEKTOB B KBAHTOBOM MexaHuke. OHa He NO3BOMSIeT OAHO3HaYHO onpeaensaTb Mno-
NoXeHne YacTuubl B NPOCTPaHCTBE, a AaeT NUb BO3MOXHOCTb HaWTW BEPOSITHOCTb
oBHapyXeHus YacTuubl B A4aHHOW 06nacTu NpocTpaHCcTBa.

CornacHo M. bBopHy (1926r.), kBagpaT Moaynsa y - yHKUUM onpefensieT Bepo-

SATHOCTb TOro, YTO YacTmua 6yaeT obHapyxeHa B npegenax obvema dV .

YpaBHeHue LpéauHrepa.

Hanuune y mmkpoyacTumLl BONMHOBLIX CBOWCTB AenaeT HEBO3MOXHbLIM MPUMEH EHNE
B KBAQHTOBOW MeXaHWKe 3aKOHOB KNacCu4eckon (pusnku, B 4HaCTHOCTWU, 3aKOHOB HbloTO-
Ha.

Heobxoammo 6b1n10 3anMcaTtb ypaBHEHUE, C MOMOLLbI KOTOPOro, 3Hast HadanbHble
yCrnoBusi, MOXHO OblNno Obl paccunTaTh napameTpbl BonH Ae bonns u BeposiTHOCTb
HaxoX4eHUa YacTuubl B OO0 MOMEHT BpeMeHU. Takoe ypaBHeHue 6blfio 3anmncaHo
weenuapckum dusmkom LpeanHrepom B 1926r. OHO He BbIBOAUIIOCH TEOPETUYECKH, a
nocTtynupoBanocb. [loaTBepXXgeHMeM ero npaBubHOCTU SIBUNTOCb TO, YTO BCE BbITEKA-
lolme 13 Hero crneacTBus NOATBEPXKAANUCH OMNbITHbIMKU dhakTamun. [1ns YyacTuubl, Haxo-
asuwenca B CTauMoOHapHOM CUMOBOM Mone (3nekTpuYeckoM, rpaBuUTaLMOHHOM) OHO
nMeeT BUA:

2m
Al//+h—2(E—U)l//:O, (4)

o’p 0'p O
T > T~

o’ 9P o

m—macca 4yacTuybl,

E —nonHasa SHGDFMH 4yacTuubl,

U —noTeHunaribHas SHeprl/IFl 4yacTuubl CUITOBOM MNorne.

B aToM cnyyae y He 3aBucuT OT t,i = (X, y,z) (T.K. NOne CTaLMOHapHO).

roe Ay = oneparop Jlannaca,

YpaBHeHue (4) NPUMEHMMO ANt YacTUL, CKOPOCTM KOTOPbIX Marbl MO CPaBHEHUo
CO CKOpOCTbIO CBETA; ANs BonbLUMX CKOopocTen umeetcs bornee ToyHoe ypaBHeHue [du-
paka.
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w?(X,y,2)-NNOTHOCTb BEPOATHOCTM HAXOXKOEHWS YacTUL, B OKPECTHOCTAX UHTepe-
CYIOLLIEN HAC TOYKM C KoopaMHaTaMn X,Y,z.

CornacHo (3), BEepOATHOCTb HaxOXOEHWA YacTuubl B ONpeneneHHOM TOouKe
(dV =0) paBHa HymM, T.e. B KBAHTOBOW (PM3MKE MMEET CMbICI OnpeaensaTb BeposaT-

HOCTb HaXOXAEHUA 4acTuubl TOMbKO B HEKOTOPOMW, HE paBHOW Hymw, obnactm npo-
CTpaHcTBa.

N3 cmbicna y - OYHKUMM BbITEKAET, YTO KBAHTOBAas MeXaHuka uMeeT cTaTuctuye-
ckmn xapaktep. OHa He NO3BONSAET onpedeniuTb MecToHaxoXAeHne YacTuubl B Npo-
CTPaHCTBE MM TPAEKTOPUIO YacTULbl, @ MOXET NULb NpeackasaTb, C KaKON BEPOATHO-
CTbIO YacTULa MOXET ObiTb OBHapy)XeHa B pasfunyHbIX TOYKax NpocTpaHcTBa. B npume-
HEHMN K MUKPOYacTuLLaM NOHATUE onpeaeneHHOro MeCcTononoXeHNsa N TPaekTopumn Bo-
oOLLe TepsieT cMbiCH.

PaccmoTtpum pelweHue ypaBHeHus LWpéauHrepa nona cnydvad, korga 4vacrtuua
HaxoauTca B "noTeHunanbHoOM aMe" WMPUHON /¢ C NOTEHUManbHbIMWU MAOCKUMKU BEPTU-
KanbHbIMK "cTeHkamun". B aTOM cny4yae oHa MOXeT ABUratbCs TONbKO BAOMb ocn OX
Mexay Todkamm ¢ koopauHaton x =0 x =/ (puc. 4) n B 3TUX Npegenax noTeHymansHas
3HEeprus CUNoBOro NOMs paBHAa HYJO, a KakK TOMbKO YacTuua BbIXOAUT 3@ YKa3aHHble
npeaensl, NoTeHuManbHas 3Heprusi Nonsg cTaHoBUTCS GECKOHEeYHO BEenvKa u none Mo-
MEHTanbHO "3aroHUT" YacTuuy obpaTHO, BEpHEE, OHO MPOCTO HE AAacT YacTuLe BbICKO-
4nTb 3a npegernbl "ambl".

U—oo u=0 U—o
omnpu X <0,
U(X): Onpu x < x </,
conpu X > /.
0 X
Puc. 4

Mo ycnoBuo 3agayvn (6eCKOHEYHO BbICOKME "CTEHKM"), YacTuua He NpOoHUKaeT 3a npe-
aenbl  "dAmbl", NO3TOMY BEPOATHOCTb €€ ObHapyxeHusa (a, cnegoBaTenbHO, U BOMHO-
Bas dyHKUMS) 3a npegenamu  "dambl" paBHa Hymnwo. Ha rpaHvuax  "ambel" (npwu

x=0,x=/) HenpepbIiBHaa BOMNHoOBas (PYHKUMSA Takke [OrkHa obpawaTtbCs B HyIb.
CnepoBaTernbHO, rPaHNYHble YCNOBUS B JA@HHOM ClyyYae UMeloT BuUz
w(0)=y(¢)=0.
B npegenax "ambl" (0 < x < /) ypaBHeHune LLpegnHrepa cBenetcs K ypaBHEHNIO
o’w  2m

axz +h—2El//:0

2

O0603Ha4yum 2_m

2 E = w,

2

oy
ox’?

+oly =0,
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w(x) = Asin(w, X + ).
Tk w(0)=0, Asin(w,-0+a)=0, 1. @,-0+a=0 , a=0.

Tkw(l)=0, Asinw,/=0, wf=xnz, Te. a)0=i7,

2m n®z? 2m 2h?

2 2

0 =""FE, —— =%"E, = E=n n=1,2,3,....),
O B2 2 R? 2me? ( )
w(x):Asin%.

Takum obpasom, YacTuua B Takon "noTeHymnanbHom ame" MoOXeT UMeTb NnLb Auc-
KPEeTHbI HAabop 3HaYEeHUN SHEePrum — CrekTp aHeprum (puc. 5).

W, (x) hwr ()
E F 3 n E A n
E; — 3 E; 3
E; 2 E, 5
E, 1 E, 1
Puc. 5

N3 pucyHka 5 cnegyeTt, YTO B KBAHTOBOM COCTOSIHMM C N=2 4acTuua He MOXEeT
HaxoAWUTbCHA B cepeanHe "ambl", B TO BPEMS Kak OQMHAKOBO 4YacTO MOXeT npebbiBaTb B
€€ NneBOMN WM npaBon 4YacTax. Takoe noBegeHWe He COBMECTUMO C NpeAcTaBrieHUEM O

TpaekTopuu.

91



YnpaBieHne ANCTaHUMOHHOTO 06y4YeHMA U NOBbILEHUA KBaNDUKALMN

du3smnkKa

INlekumnsa 15. AnemMeHTbl KBAHTOBOW 3NEKTPOHUKMU

15.1 CnoHTaHHOE n3ry4YyeHue.

ATom, Haxogswmncsa B BO30OyKaeHHOM cocTosiHuu (puc. 1, a), cnocobeH camonpo-
N3BONIbHO NEPENTM B HOPMaribHOE COCTOAAHME UNKU BO3OY>XOAEHHOE COCTOSAHUE C MEHb-
Len aHeprmen, ndyyasa ceet (puc. 1, 6). Takoe usnyvyeHne HasbiBAeTCs CamOnpouns-
BOJSIbHbIM USIN CMOHTaHHbIM. PaccMOTpuUM KpaTKo TEOPU0 CIOHTAHHOMo N3ry4YeHust, co-
30aHHyo B 1916r. QNHWTENHOM.

[MycTb aTOM camMOnpon3BONbHO NEPEXOAUT N3 COCTOSAHUA C 3Hepruen E, B cocTosi-
Hue ¢ aHepruen En<E;. [MockonbKy aTtoM MOXET cpady nepenTtn B coctosiHne En, a Mo-
XeT elle HEKOTOpPOoe BPEMSI ocTaBaTbCs B E,, TO TaKOM Nepexoq COBEPLUAETCSH C HEKO-
TOPON BEPOSATHOCTLIO.

BennunHa Amm, paBHasi BEPOATHOCTM TOro, Yto 3a 1 CekyHgy aTom camornpomus-
BOMbHO nepengeTr u3 coctosaHna E, B coctosiHne Ep, HasblBaeTca KO3ahdpuunmeHTom
ONHWTENHA ONsi CNOHTAHHOIO MU3Ny4YeHus.

Ecnu B Ha4yanbHbIN MOMEHT BPpEMEHU Ha SHEepPreTu4eckoMm yposHe E, Haxoaunocb
N aTomoB, TO 3a Bpems dt Ha ypoBeHb m nepenget dN aToMOB, YMCNO KOTOpbIX ByaeT
NPONOpPLUNOHaNbHO BEPOSATHOCTUN Anm U BpeMeHu dt:

dN =—A _Ndt.
3Hak «MUHYC» YKa3blBa€T Ha TO, YTO YMNCJ1O aTOMOB Ha ypOBHE 11 y6bIBaeT.
dN T dN h
oA dt, [—=-A [dt
TRRACCT e

INN|N, ==Ants,
INN—-InN, =-A,t

N
In— =—A,_t

N, A
N o
NO

N = Noe_Anmt — 3aKOH YyObiBaHUA BO30YXXAEHHbIX aTOMOB MPU CMOHTaHHOM
usnyyeHum, rae N — 4MCno OCTaBLUMXCS Yepes Bpems t Ha YpOBHE 17 aTOMOB.

Bpemsi 7, B Te4eHMe KOTOpPOro nepBoHaYaribHOe KonMyecTBo atomoB No, Haxo-
AVBLUMXCS Ha YPOBHE /1, YMEHbLUAETCs B € pa3, Ha3blBaeTcs cpeAHen NpOoAOIIKU-
TeNbHOCTLIO XU3HMU aToMa B BO306Y)XKAEHHOM COCTOSIHMMU,

N
nput=r —2=e" =e¢, Aan:l—M':i.
N Y|

nm

QKCnepuMeHTbI NoKasbIBaloT, 4To Ans Bogopoaa 7 =9,.8-10"° ¢.

I/I3nyL|eH|/|e, npouncxoadiuiee B OTCyTCTBME BHELWHUX MPUYNH, USMEHAIOLLNX SHEP-
M0 aToMa, Ha3blBaeTCc4d caMmonpou3BOJyibHbIM UM CMOHTaHHbIM.

92



ynpaBneHme ANCTAaHUMOHHOTO o6yt-|eva M noBblleHNA KBaJ'Il/ICI)MI-(aLIIVIM

du3smnkKa
15.2 BbIHYyXXaeHHOe nsnyydyeHume. NHBepcHas HaCceneHHOCTb.

Ecnn atom Haxogutcs B 3NEeKTPOMarHUTHOM Morfe, TO, COMflacHO OWHLUTENHY,
MeXay aToOMOM U NOofem NMPOUCXOAUT B3aMMOOEeNCTBMe, onpeaensieMoe 3akoHaMmu co-
XpaHEeHUs 3Heprum n umnynbca. AToMm MoxeT fiMbo nornowate 3Hepru u3 nong (puc.
1, a), N"nBO oTAaBaTb €€ Nosio B BUAE BbIHYXOEHHOro nsnyyenus (puc. 1, 6). T.e. atom,
Haxo4sALWNACA Ha HEKOTOPOM BO36Y>KOEHHOM 3HEPreTUYECKOM YPOBHE /1, MOXET C He-
KOTOPOW BEPOSATHOCTbIO MEepenTn nog AeNCTBMEM MNOMS B HU3LIEE COCTOsiHME m, none
Kak bbl «cBanuBaeT» aToM C BO30Y)XOEHHOro YPOBHSA BHU3; BO3HMKAIOLLEE MPUN 3TOM U3-
nyvyeHne Ha3bIBaeTCS BbIHY>XAEHHbIM U UHOYLMPOBaHHLIM (puc. 1B).

7'y En ] En - ] —~ En
~r» ~r» f\fﬁ"/\ﬁ
1 Em \ 4 Em Em

nornotieHne CMOHTaHHOEe BbIHY>XAEHHOe
a) n3nyyeHne nsnyyeHue
6) B)
Puc. 1

BbIHY>XAEHHbIM UM UHAYLUPOBAaHHbIM Ha3blBaeTCs N3nyyeHne Bo36yXaeHHbIX
aTOMOB, Bbl3BaHHOE AENCTBMEM MajatoLero Ha HUX U3NyyYeHus.

1. BblHyXA€eHHOe nornoweHue T—N onpeaenseTca BHYTPEHHUMU CBOM-
CTBaMn aTOMOB U MHTEHCUBHOCTbLIO NaAaloLLEero N3ny4eHus.

2. CnoHTaHHOE Uu3rflyyeHne N—T onpeaensieTcA TONMbKO BHYTPEHHMMMU CBOM-
CTBaMM aTOMOB.

3. BblHy>XAileHHOE U3ny4YeHue N—T onpeaenseTcs TONbKO MHTEHCUBHOCTLIO
nagaroLwero N3nyyeHus.

[MOHATUE BbIHY>KAEHHOro MU3nyyYyeHust BBE4EHO ANs Toro, YTobbl U3 BCEro nany4e-
HUS 4acTOTbl vi, UCMYLEHHOro TENoM, BbIAENUTb Ty AOM0, KoTopas obycnosneHa ob6-
ny4eHMeM [JaHHOro Tena usny4yeHnem 4YactoTbl vi. Ecnu Teno He obny4vatb, MHOYLMPO-
BaHHOro M3ny4yeHnst He 6yaet. B 0OblYHbIX YCNOBUSAX BbiHYXXOEHHOE U3NydYeHune TpyaHO
BblOENNUTb.

BblHy)XOeHHOe u3nyyeHne obnagaeT BaXHbIMW CBOMCTBamMuW. HanpaeneHue ero
pacnpocTpaHeHus, YyacToTa, hasa 1 nonapusaumns TOYHO coBMagatT C aHanorMYHbIMU
XapakTEPUCTMKAMWN BbIHYXXOAIOLWEro U3Ny4YeHus, T.e. BblHY)XXOEHHOE W BblHYXaatolee
N3NYYEeHNs1 OKa3bIBAKTCHA CTPOr0 KOrepeHTHbIMU. TO OCOBEHHOCTb BbIHYXOEHHOIO M3-
NYYEHUS NEXUT B OCHOBE YCUINUTENEN (reHeEpaTOPOB) N3Ny4YEHUSI — NA3EPOB.

SBneHne BbIHY>XOAEHHOro M3nydeHns, npeackadaHHoe OrHwTenHom B 1918r., 6bi-
N0 3KCMepMMeHTanbHO OBHapy>XeHO COBETCKMM Yy4deHbim B.A. ®abpukaHtom B 19309r.
OH O0GHapyXwun, 4YTO ecnu CKBO3b Napbl PTYTU NponyckaTb CBET, TO MPU HEKOTOPbIX
YCNOBUSAX, KOrga Ha BEPXHUX SHEPreTUHECKMX YPOBHSIX HaxoauTcsa OGonblie aTtomMoB
PTYTU, YEM HA HUXHMX, NPOMCXOANT yCUIEHNE NagaroLLero cBeta (napbl pTyTn Bo30yx-
Aanucb 3NEKTPUYECKMM pas3psaaom).

Mbl BbISICHUIIN, YTO BO3OENCTBYHOLMIA Ha BELECTBO CBET 4YacTOThbl v, COBMNagalo-
LLen ¢ OgHOM U3 YyacToT
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v, = E,-Ey (n>m)
h

aToOMOB BellecTBa, OyaeT Bbi3biBaTh ABa Npouecca:

1) BbIHYXXAEHHbIN Nepexoq m-—», NPUBOAALLMIA K NOrMOLEHN0 cBeTa 1 ocrnabne-
HWIO NagaroLLero ny4Ka;

2) BbIHYXXOEHHbIN nepexoq m—m, NPUBOAALLNN K YBENTMYEHNIO NHTEHCUBHOCTHU Na-
AatoLLero nyyka.

Pe3ynbTupytowiee n3amMeHeHne MHTEHCUBHOCTM CBETOBOrO My4yka 3aBUCUT OT TOrO,
Kakon 13 AByx npoweccos npeobnagaer.

Mcxoaa M3 TepMogMHaMMYEecKnx CooObpaKeHun, SNHIWTENH goKa3arn, YTo BepoaT-
HOCTb BbIHYXXAEHHbIX MEPEXOA0B, COMNPOBOXAAKLIMNXCA U3NyYeHneM, AofmkHa ObiTb
paBHa BEPOSITHOCTU BbIHY)XAEHHbLIX MEepexoaoB, COMPOBOXAAKLWMXCS MOrfoweHnem
cBeTa. Takum 06pa3oM, BbIHYXOEHHbIE NEpPexoibl MOryT C paBHOW BEPOATHOCTbLIO MPO-
NCXOOMTb Kak B OAHOM, TaK 1 B ApYrom Hanpasnewuu, P, =P, .

Tk P, =P

' m» TO UMCMO NEepexofoB Mexay ABYMS YPOBHAMW GyaeT nponopumo-
HanbHO HAaCEeneHHOCTU UCXOAHOIO YPOBHS.

B cnyyae TepMoaMHaMMYECKOro paBHOBECUSI B 3aMKHYTOW CUCTEME pacnpeaene-
HMEe aTOMOB MO pPasfUYHbIM SHEPreTUYEeCcKMM COCTOSIHUAM OnpeaenseTcs 3aKOHOM

bonbumaHa
E

N, =Ce K rae Ni — YMCNO aTOMOB, HAXOAALMXCS npw Temnepatype 7' B COCTOA-
HWUK C aHepruen E,.

N3 dopmynbl cnegyeT, YTO C yBENUYEHUEM ISHEPIUM COCTOSIHUSA HaCesrleHHOCTb
YPOBHS, T.€. KONMMYECTBO aTOMOB B JaHHOM COCTOSIHUW, YMeHbLUaeTcs. Yncno nepexo-
AO0B MexXay OBYMsS YPOBHSIMM MPOMOPUUOHANbHO HACENeHHOCTU WCXOAHOro YPOBHS.
CnepoBaTenbHO, B CUCTEME aTOMOB, HaxoasWencss B TEpMOAMHAMNYECKOM paBHOBE-
cun, NOrnoLeHne nagarLen CBETOBOM BOMHbI ByaeT npeobnagatb Hag BbiHYXXKAEHHbBIM
N3Ny4YyeHneM, Tak YTO najaroLas BoSIHA NPU NPOXOXAEHUM Yepes BeELLECTBO ocnabns-
eTcs.

[nsa Toro, 4ToGbl NONYYNTb YCUNEHME NagaloLen BOMHbI, HYXXHO obpaTuTb Hace-
NEHHOCTb 3HEPreTUYECKMX YPOBHEN, T.€. caenaTb Tak, YToObl B COCTOSIHMM C BornbLuen
3Heprmen E, Haxoaunocb BOfbLLEE YNCIIO aTOMOB, YEM B COCTOSIHUN C MEHbLUEN SHEP-
rmen En.

B aTom cnydae roBopsiT, YTO AaHHAs COBOKYMHOCTb aTOMOB MMEET WHBEPCHYHO
HaceneHHoCTb (0bpaTHY0 paBHOBECHOMY COCTOSIHUIO).

CocTosiHMe BewecTBa, NPU KOTOPOM Ha BEPXHUX SHEPreTU4EeCcKMUX YPOBHAX Haxo-
anTca 6onblue aTOMOB, YEM Ha HWXHWUX, Ha3blBaeTCA COCTOSIHMEM C MHBEPCHOW Hace-
NEHHOCTbIO YPOBHEMN.

Takum obpas3om B cucteme, Haxoasdwencss B TepMOANHAMNYECKOM paBHOBECUM,
T.e. 6€3 NnoaBOAa U3BHE 3HEPIUN, YUCIO aTOMOB Ha BEPXHEM 3HEPreTUYEeCKOM YpOBHE
BCerga MeHblue, Yem Ha HukHem. OQHako, ecrnim cuctema HesamKHyTa, T.e. UMEeeTCH
NPUTOK SHEPrUN U3BHE — MOAKAYKa UMM Hakadka SHEeprum, — TO NONOXEHNE MOXET U3-
MeHUTbCA. MoXHO co3gaTb ycnoBus, npu KOTopbiX Nn cTaHeT 6onblue Ny, T.€. BO3HUK-
HET COCTOSIHME C MHBEPCHOW HaCEeNeHHOCTbIo, NpUYemM Takoe HepaBHOBECHOE COCTOs-
HMe MoxeT ObliTb CTaUMOHAPHbLIM, T.€. HE 3aBUCETb OT BpeMeHu. B BellecTBe ¢ nHBepc-
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HOW HaceneHHOCTb MHTEHCUMBHOCTb BbIHYXAEHHOMO U3MyYeHUsI MOXET NMPEBbLICUTbL UH-
TEHCUBHOCTb MOrNoLLaeMoro cBeTa, 1 nagarLmii Ny4oK CBeTa Npu NPOXOoXAeHUN Yepes
BELLEeCTBO OyaeT ycunmnBaTbCs.

15.3 OnTyeckmne KBaHTOBbIE FreHepaTopbl.

B 50-x rogax XX Beka 6binnM co3gaHbl YCTPOMCTBA, NPU NPOXOXAEHUN Yepe3 KOTOo-
pble 3NeKTPOMarHUTHbIe BOSHbI YCUMMBAKOTCA 3@ CYET BbIHYXAEHHOro usnydexHus. B
1953r. poccurcknumm ydyeHoimu U.I.bacoBbiM 1 A.M. [pOXOpOBbIM U HE3ABUCUMO OT HUX
amMmepuKaHCKUMK yd4eHbiMn TayHcoMm 1 Bebepom Obinv co3gaHbl nepBble MOMNeKynsapHble
reHepaTtopsbl, paboTawuue B gnanasoHe CaHTUMETPOBbLIX BOMH U MOMNyyYMBLUNE Ha3Ba-
HMe Mas3epoB OT nepsBbix OyKB aHrnuMmMckoro HassaHuss Microware Amplification by
Stimulated Emission of Radiation (ycuneHue MUKPOBOJSTH C NOMOLLbIO BbIHYXOEHHOr O
nanydenus). 3a atn padbotbl bacos n NpoxopoB coBmecTHO ¢ TayHcom B 1963r. nony-
ynnu Hobenesckyto NnpeMmuio No ouamnke.

B 1960r. Menmanom (CLUA) 6bin co3gaH nepBbin aHanornyHbin npubop, pabora-
IOWMA B OMTMYECKOM Auana3oHe, — nasep (Light... — ycuneHue cseta...). Jlasepbl
Ha3blBalOT TaKXXe ONTUYECKUMWN KBAHTOBLIMW reHepaTopamu.

CosgaHne nasepa ctano BO3MOXHbIM Nocre Toro, kak 6blnn HangeHsl cnocobbl
OCYLLECTBMEHNS UHBEPCHOW HACENEHHOCTN YPOBHEWN B HEKOTOPbIX BELLECTBAX.

Mpouecc nepeBoga BewecTBa B UHBEPCHOE COCTOSIHME C NMOMOLLbIO BHELUHUX UC-
TOYHMKOB 3HEPrMM Ha3blBaeTCHA B NTa3epHOM TEXHWKE HAaKa4yKoW, a caMo BeLLEeCTBO — aK-
TUBHOW Cpenon nasepa.

MpakTnyeckoe ocyLecTBeHMEe NHBEPCHOW HAaCENEeHHOCTU YPOBHEN B OMNTUYECKNX
KBaHTOBbIX reHepaTopax Npou3BOAMTCS NO TPEXYPOBHEBOW cxeme, npeanoxeHHon ba-
coBbIiM 1 [poxopoBbiM B 1955r.

B noctpoeHHOM MerimaHOM nNepBOM fasepe akTMBHOM cpedon Obin unnuHap ms
po3oBoro pybuHa. [uameTp ctepxHs 6bin ~1cMm, anuHa ~5cm. Topubl CTepXXHA Obinn
TWaTenbHO OTNONUPOBaHbl N NpeacTaBnanM cobor CTporo napannenbHble apyr apyry
3epkana. OgnH Topel NokpbiBancs NAOTHbIM Henpo3padHbiM crioem cepebpa, apyrown
TOopeL MOKpbIBarncs Taknum cnoem, KoTopblv nponyckan ~8% ynasLien Ha Hero aHeprum.

PybuH npegctaBnaeTr cobon okucb anomuHus (Al,Oz), B KOTOPON HEKOTOpPbIE W3
aTOMOB anioOMMHUA 3ameLlleHbl aToMmamum xpoma. [Mpy nornoweHnn ceeta MoHblI XpoMa
Cr** nepexogdat B BO30YyXOeHHOe COCTOsIHME Ha ypOBeHb 3, NpeAcTaBnAwwmnm cobon
nonocy, o6pa3oBaHHY COBOKYMNMHOCTbLIO BrM3KO pacnonoXeHHbIX NogypoBHEN (puc. 2).
Bonbwasga wuprHa nonockl obneryaeT cUTyauuto: Ans Hakadkm He TpebyeTcs BbICOKO-
MOHOXpomaTtuyeckoro ceeta. C ypoBHa 3 Hanbornee BepOSATHbIM OKa3blBaeTCca He 06-
paTHbIN Nepexon Ha ypoBeHb 1, a nepexon Ha MeTacTabunbHbIM YpOBeEHb 2. Takue ne-
pexoabl ABMATCA 6e3nsnyyatenbHbiMK, T.e. ocBoboxaatowascs saHeprus E, —E, ne-

penaeTcst KpUCTannMYeckon pelleTke U MAET Ha HarpeBaHue kpuctanna pybuHa. Me-
pexon u3 MeTacTabunbHOro COCTOSIHMSI B OCHOBHOE 3arpelleH npasunamu oTbopa.
MpaBuna otbopa He ABNAOTCS abCONOTHO CTPOrMMU. BeposiTHOCTb 3anpeLLeHHbIX ne-
PEXoa0B 3HAYUTENbHO MEHbLUE, YeM paspeLUEHHbIX, HO BCE e OTNMYHa oT Hyns. Mo-
3TOMY CpefiHee Bpemsi XM3HU oHa B MeTacTabunbHoM cocTosiHun (~10-3c) npumepHo B
10° pa3 nNpeBocXoauT BPEeMs XU3HU B 0BbIYHOM BO36YXKIEHHOM COCTOSIHAM, U Npu A0-
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CTaTOYHOM MOLLHOCTU HaKa4ky YMUCII0 MOHOB XpPOMa, Haxo4sLWMXCA Ha YPOBHE 2, CTaHO-
BUTCA Oonblle yucna MoHOB Ha ypoBHe 1. CnepoBaTenbHO, NPOUCXOAUT MHBEPCUS
ypoBHeEN 1 1 2, T.e. NnepeHaceneHHOCTb YPOBHSA 2.

B pesynbTaTe camonpousBObHOro nepexoda ¢ ypoBHs E, Ha ypoBeHb Ei nsny-
yaetcsa (poToH ¢ aHepruen hv=E,-E1. I3ny4yeHHbIn hOTOH MOXET NOrnoTUTLCS cocea-
HUM noHom Cr*** 1n BbI3aBaTb MHAYLMPOBaHHbIE Nepexoabl POTOHOB, KOTOPbIE, B CBOIO
ovepenb, BbI30BYT BbIHYXXAEHHOE U3ny4vyeHue, n 7.40. B pesynbTate obpasyeTcs kackag
JPOTOHOB.

MprHUMN yCUneHnst NeKTPOMarHUTHbIX BOSTH 3a CHET NaBMHOOOpa3Horo Hapacrta-
HUS MHTEHCUBHOCTU B YCUNMBAIOLLEN aKTUBHOW cpene Obin cpopmynupoBaH B 1951r.
POCCUNCKUMMW Y4EHbIMW BO rnaBe ¢ akagemukom B.A. dabpukaHTom.

B nasepe pybuH ocBellaeTcs

3 MUMMYNbCHON KCEHOHOBOW Nammnown, Ko-
VY'Y BesusnyyaTenbHble Topasi 4aeT CBET C LUMPOKOM NOSI0Comn

\XA 2 yacToT. [lpn [OCTaTOMHOM MOLLHOCTHU
namnbl GOMNbLLWMHCTBO MOHOB XpoMa
nepeBoAnTCA B BO3OYXOEHHOE COCTO-
nsnyde- AHMe. OddeKT ycuneHus ceBeTa 3a
y Hne CYEeT BblHYXAEHHbIX NepexogoB 2—1

MOXHO YBENUYUTb MyTEM MHOrokpar-

PuC. 2 HOro NPoXoXAeHus cBeTa Yyepes3 OAuH

N TOT Xe CIIoM ycunuBaroLen cpeapl.

OTO AOoCTUraeTcs, Hanpumep, nNpu no-

MeLLEeHNUN aKTUBHOMW cpefbl Mexay 2-Msa 3epkaraMu, YCTaHOBJIEHHbIMW napansenbHo
ApYr Apyry (pe3oHaTop).

®OTOHbI, BO3HMKaKOLWME MPU BbIHY)XAEHHOM U3MNy4YeHUU, NeTaT B TOM Xe Hanpas-
neHun, 4To M nagawvowme PoToHbl. POTOHBLI, HAaNpPaBreHUsa ABMXKEHUS KOTOpbIX obpasy-
IOT Marble Yriibl C OCbl0 KPUCTaNIMYECKOro CTEPXHSA, UCMbITbIBAIOT MHOrOKpaTHbIEe OT-
paxeHus oT TopuoB obpasua. POTOHbI, UCMYLLEHHbIE CMOHTAHHO B OpYrMxX Hanpasne-
HUSIX, BBIXOAAT U3 KpUcTanna yepes ero 60KoByt0 NOBEPXHOCTb.

[lo Hayana uMMnynbCca MOHbI XpOMa HaxXoOATCSH B OCHOBHOM coCTOsiHUKM. CBeT
Haka4ku nepesoguT 60MbLUIMHCTBO MOHOB B BO3OyXaeHHoe cocTosiHue. Kackag HaunHa-
eT pa3BuBaTbCH, Korga Bo30yXOeHHble MOHbI CMOHTAHHO M3MyYaloT POTOHbI B Hanpas-
neHnu, napannenbHOM ocK Kpuctanna (pOTOHbI, UCMYLEHHbIe MO APYrMM Hanpasne-
HUSIM, BbIXOAAT U3 KpucTanna). POTOHbI Pa3MHOXAKTCH 3@ CYET BbIHYXXAEHHOro U3ny-
YyeHus. JTOT Npouecc pa3BUBaeTCH, T.K. (POTOHbI MHOIOKpaTHO NMPOXOAAT BAOMb Kpu-
cTanna, oTpaxadcb OT ero TopuoB. MHOrokpaTtHO YCUITEHHbIA NOTOK DOTOHOB NPU UX
AO0CTaTO4HON MOLLHOCTM BbIPBETCS Yepes3 Monyrnpo3padyHoe 3epkano v co3gaeT CTporo
HanpaefeHHbIN Ny4 cBeTa OFPOMHON SAPKOCTW.

YcuneHne cBeTa B aKTMBHOW cpefe Mpyv MHOMOKpaTHOM OTpaXeHwun OT 3epkarn
BO3MOXHO NULb Torga, Koraa BOSiHa, BO3BpaLWasiCb B HEKOTOPYIO TOYKY cpefbl nocrie
OoTpaxeHus, coBnagaeTt no dase ¢ da3on NepBMYHON BOMHbLI NpU NOOOM KonnvecTse
OTpPaXeHU. DTO BO3MOXHO, KOr4a AfMHa NyTU Mexay 2-Msa OoTpaKeHusMu (pasHoCTb
X0A4a) COAEPXKUT, COrfacHO YCMOBUIO MakCMMyma npu vHTepdepeHumn, Lenoe 4Yncno
AJIVH BOMH:

nepexpolobl
JlazepHoe

HaKa4Ka
CMOHT.

, CNOHT. nepexon
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2l =mA, roe | — gnnHa akTMBHOM cpeapbl.

Mpu aToM ycnoBumn ByaeT Hambonbluasa pe3ynbTUpyroLas MHTEHCUBHOCTb CBeTa.

Jlazepbl Ha pybuHe paboTalT B UMMYNLCHOM pexuMme, T.e. UX Hakadka rnpou3Bo-
ANTCA MMNynbCaMu, MO HECKONbKO MMMYNbCOB B MUHYTY. [Mpu 3TOM BblgensieTcs
OFPOMHOE KONMYEeCTBO Tensia, U3-3a Yero akTUBHYIO cpeay NpMxoauTca oxnaxnatb.

U3nyyeHue nasepoB ob6napnaeT pAAomM 3ameyvyaTenbHbIX CBOUCTB:

1) cTporasi MOHOXPOMAaTUYHOCTb (AA~10"1m);

2) BblCOKasa BpeMEHHas U NPOCTPaHCTBEHHAsA KOrepeHTHOCTb;

3) Gonblas MOWHOCTb N BbICOKasA KOHLIEHTPaLUUsa 3Heprum B nyye (MOLHOCTb CO-
BpEeMeHHbIX nasepos ~101-10%%BT);

4) y30CTb Ny4Ka, T.e. OMEHb Marnasi paCXOANUMOCTb CBETOBOIO My4Ka.

OcHOBHbIe aneMeHTbI nnasepa:

1) pabo4yee BeLLeCTBO UMW aKTMBHas cpeda C onpeaeneHHbIMU YPOBHAMMU SHep-
rmw;

2) UCTOMHUK HaKayku, CO3[aroLlmMin MHBEPCUID HacerieHHocTen B paboyvem Belle-
CTBE;

3) onTudeckun pesoHaTop (B NpocTenLeM criydae 2 3epkana).

Pabo4yee BelLecTBO AOMKHO MMETb NOAXOASALLME Napbl SHEPreTUYECKUX YpoBHEN,
MEeXAy KOTOPbIMU MOXHO CO34aTb MHBEPCUIO HAaCENeHHOCTEN.

B 3aBuncumMocTn OT Tuna pabo4vero BelLlecTBa pasnuyaroT TBepAoTeNbHbIE, NOMy-
NPOBOAHUKOBbIE, XXUOKOCTHbIE, ra30Bble nasepsbl.

1. Pabo4ee BelleCcTBO B TBEPAOTESNbHbIX a3epax — pasfnyHble KpucTannuyeckue
N aMopdHble ANANEKTPUKN. N3 Kpuctannuyeckux Hambonbluee pacnpocTpaHeHue no-
nyunn pyomH (Al203+0,03% Cr). I3 amopHbIX — CTEKNO C NPUMECLID HeoaMMa Unu
APYrux peako3eMesibHbIX 3N1EMEHTOB.

2. B nonynpoBOAHUKOBLIX — NOMYyNPOBOAHMKM, 0COBeHHO YyacTo GaAs — apceHus
rannus.

3. B XnOKOCTHbIX — pacTBOPbl OpPraHUYeckux Kpacutenen, HeopraHU4eckux co-
eQVHEeHUN peJKux MeTanmnos u T.4.

4. B rasoBbix — rasbl (HeOH, aproH, COx...), napbl pas3fnyHbIX 3/1IEMEHTOB U coeaun-
HEeHWUN (Napbl KagMus).

NCTOYHMKM Hakayku Ond co3gaHus MHBEPCUW HaceneHHocTen ObiBaloT crnenyro-
LLIMX TUNOB.

1. C onTMYeckon Haka4ykom — MOLLHbIE NlaMnbl-BCbIWKN. ONTuyeckas Hakadka siB-
NSeTca NpakTUYeCKn eOMHCTBEHHbIM METOAOM CO3[4aHus WHBEPCUM HaceneHHoCTen B
TBEPOOTENbHbIX U XXUAKOCTHLIX Nasepax.

2. [a3oBbIN pa3psag — OCHOBHOM MeTon co3gaHumsa VIH B rasoBbix nasepax nytem
3IEKTPOHHOro ygapa. ONeKTPOoHbI, cTankneasacb ¢ atomamu paboyero rasa B rasoBom
paspsge, Bo30yxaalT UX U NepeBoasT Ha BEPXHUM ypoBeHb. [1pn HEKOTOpOM 3Haye-
HWUKW TOKa B rase Bo3HukaeT VH.

3. Unxekuma Hocutenen — Hanbornee pacnpocTpaHeHHbIn metoa co3ganHns NH B
NonynpoBOAHUKOBLIX Nasepax. [Mpyn nponyckaHuM B NOMynpoBOAHUKE TOKa B MPSIMOM
HanpaeneHun Nog ero AencTBMEM BO3HUKAET M3BbITOK 3NEKTPOHOB B 30HE MPOBOAMMO-
CTW, NPy 3TOM NPOUCXOOUT reHepaunsa KorepeHTHOro ceeTa.
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4. OnekTpoHHoe BO3byxaeHne (0brydyeHne aNeKTPOHHbIM Nly4OM B Bakyyme) — B
YUCTOM MONYNPOBOAHUKE.

5. TennoBas Hakayka — B MOLLHbIX ra3oBbiX Nadepax. Npu GeicTpom agmabatunye-
CKOM oXIaxaeHun pabodero rasa mexagy pasnmyHbiMyU YpOBHAMU BO3HuKaeT NH, koTo-
Py MOXHO MCMNONb30BaTb ANA reHepauum ceeta. [ns GbICTPOro oxnaxaeHus rasa ero
BHa4yarne HarpesalT B KaMmepe CropaHus, a 3aTeMm nponyckawT Yyepe3 CBEpPX3BYKOBOE
conno.

6. Xnmuyeckme MeTodbl Hakayku — B MOLLHbIX ra3oBblX nasepax. B atom cny4vae
ONA HakaykM UCNOSb3yeTCA SHEeprus XvM. peakuui, NpoayKTbl KOTOPbIX HaXOAATCS B
BO30OYXJEHHOM COCTOSIHUW, T.€. Ha BEPXHUX SHEPreTU4eCKnX ypoBHSIX.

NMpumeHeHne nNasepos:

1) cBapka, 3akanka, peska, CBeplieHMe pasfunyHbiX Martepuanos; MexaHu4yeckas
obpaboTka nponcxoauT npu 3ToMm 6e3 BO3HUKHOBEHUSI MEXaHUYECKUX HanpskeHnn, 6e3
LLIBOB, C O4€Hb BOMbLUON TOYHOCTLIO.

2) B buonormm n MeguunHe — Kak ckanbnenb B XMpypruu; B urriotepanuu;

3) HarpeB nnasmbl A0 2-107K Ans ocyLwecTBNEHNs TEPMOSIAEPHBIX PeaKLiA;

4) ons HanpaefeHHON paaMoCcBs3n B KOCMOCE;

5) B onTuyecknx metogax obpaboTku, nepegaym n xpaHeHust Hpopmauum;

6) B ronorpacguu, LBETHOM NPOEKLMOHHOM TeNeBunaeHuN;

7) B CNEKTPOCKONUM MPUMEHEHME Na3epoB UCKNYaeT HeobXxoaMMOCTb B MOHO-
Xpomaropax, cnekrporpadax u 1.4.;

8) cTMMynMpoBaHne XMMUYECKNX peakLnii C MOMOLLIbIO Na3epHOro U3nyyeHus;

9) B nokauuu - B Ka4ecTBe AarbHOMEPOB, BbICOTOMEPOB U CreAdaLLnX noKaTopos;

10) B nasepHbIX cucTemax CBs3n, obnagaroLlimx BbICOKON CTENeHbio HanpasreH-
HOCTM, NOMEX03aLLULLIEHHOCTU 1 LLIKPOKOW Norocoi nponyckanms (103-10%°Mw);

11) B HaBUrauMOHHbIX CUCTEMAX HaBEAEHUSA pakeT, CaMOSieTOB, KOCMUYECKUX KO-
pabnewn, NoaBOAHbIX NOAOK M T.M.; HAXOAAT NPMMEHEHNEe r’MPOCKONbI Ha nasepakx;

12) nasepHble YCTPOMCTBa MoACBETa WUCMOMb3YHTCA B HOYHbIX YCNOBUAX ANd
HabnogeHus, potorpadmyeckon 1 TeneBn3NOHHON pasBeaok;

13) B HOYHbIX Jfla3epHbIX Npuvuenax ana TaHKoB U BepTONeToB; ANs ynpasreHus
pasfiMyHbIMY BUAAMMU OPYXUS (flasdepHble cucteMbl bombomeTaHuna u 1.4.);

14) KOMNaKTHble NOSyNnpPOBOAHMKOBbLIE Na3epbl MOrYT NMPUMEHATLCH B HEKOHTAKT-
HbIX B3pblBaTENSX;

15) ons oxpaHbl BaXHbIX 06BbEKTOB uUcnonb3ytoTcs nasepbl MK-guanasoHa; npwu
nepeceyeHumn ux nyva cpabatbiBaeT crew. curHanuaaums;

16) B Ka4ecTBe JTy4EeBOro OPYXusi.
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Jlekunsa 16. anemeHTbI 30HHOU TeOPUUN TBEPAbIX Terl.

16.1 MeTannbl, AU3NEKTPUKN U NOSNYNPOBOAHUNKN
Mo 30HHON TeOpUMN.

Pasnuyne B cBOMCTBax NPOBOAHMKOB, MONYNPOBOAHNKOB U ANINEKTPUKOB Hambo-
rniee NosIHO U TOYHO OBBACHSIETCA 30HHOW TEeopUen TBepabIX Ten.

OcHOBY 30HHOW TEOpWUW COCTaBMSAET MOMOXEHUEe O AUCKPETHOCTU BO3MOXHbIX
3HA4YEHUN IHEPTUN INEKTPOHA B U3ONTIMPOBAHHOM aToMe. [padmyeckn aTu aHeprum Mo-
ryt 6biTb NpeacTaBneHsbl B BuAe Habopa aHepreTnyeckux yposHen (puc. 1a). Pacnpe-
AerieHne 3NeKkTPOHOB MO YPOBHAM MOAYUHAETCA NpuHUMNY 3anpeTa laynu: Ha kaxgom
3HEpPreTM4eckoM ypOBHE MOXET HaxoauTbCs He Bonee OBYX 3MEKTPOHOB, MPUYEM UX
CMVHbI OOMKHbI OblITb NPOTUBOMNONOXHO HanNpPaBiEHbI.

\ A W

A =

3anpeLLeHHble 30HbI

30HbI
I
|
|
|

! |\

YpoBHU cBO6OAHOIO aTOMa

.
_________37__ e —
EY{ ————————— -
r=d r
(8) (6) (a)
Puc.1

B HeBO3OYy)XOAEHHOM COCTOSHUW 3MEKTPOHbI 3aHMMAaKT YPOBHW C MWHUMAaNbHO
BO3MOXXHOW SHEPIrnen.

Ecnn umeetca N ogmMHakoBbIX OTAENbHbBIX aTOMOB, TO NMOMOXEHUSA UX SHEepreTunye-
CKMX YPOBHEWN COBEPLLUEHHO OAMHAKOBLI U HE 3aBUCAT Apyr oT gpyra. [lo mepe conuxe-
HUA aTOMOB MeXAy HMMW BO3HMKaeT BCE ycunmBarLleecs B3aMMoLencTBue, KoTopoe
NPUBOAMUT K pacLLensieHNo KaXKaoro YpoBHS Ha NogypPOBHU, MOCKOSbKY, COrfTaCHO NPWH-
uuny Maynu, Kaxgpln ypoBeHb obriagaet orpaHUYeHHOW BMeCTUMOCTbio (puc.16, r—
paccTosiHne mexay atomamu; d — NOCTOSIHHAA KPUCTaNIMYeckon pewleTkn Kpuctanna).

BmecTto ogHoro, ogmHakoBoro ans Bcex N atomoB ypoBHA BO3HMKaeT N oO4veHb
OrM3KO pacnonoXeHHbIX NOAYPOBHEN, 0Opa3yloLWmMX NONOCy UM 30HY. OTK 30HbI, BO3-
HUKLLIME U3 3HEPreTUYECKNX YPOBHEN OTAENIbHbIX aTOMOB NMpu obpas3oBaHUN TBEPAOro
Tena, Ha3bIBaTCS pa3peLleHHbIMU SHEPTEeTUYECKMMY 30HaMK (puc.1B).

PaspelieHHasa 3HepreTnyeckas 30Ha — COBOKYMHOCTb 3HA4Y€HUN IHEPrUMn, KOTO-
pbIMUM 3NIEKTPOHbLI MOryT 06nagaTtb B TBEPAOM Tene.
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BenuyuHa pacuwenneHna pasHbiX YPOBHEW, T.e. LUMPUHA paspeLleHHbIX 30H He
oguHakoBa. CunbHee BCero pacLLennsaiTcs YPOBHU, 3anofIHEHHbIE B aTOMe BHELLUHUMMN
BareHTHbIMM 3MNEKTPOHaMu Unn eLé bornee BbICOKME YPOBHU, HE 3aHATbIE ANIEKTPOHa-
MW B OCHOBHOM (HEBO30YXOEHHOM) COCTOAHUM aToma. YPOBHW, 3aMOJSIHEHHbIE BHYT-
PEHHUMW 3neKkTpoHamn NMbo He pacliennaTcs, NMbo paclennaTCa O4eHb Mano
(T.K. X 9NEKTPOHbI HE 06BEOMHAIOTCA U HE B3aUMOAENCTBYIOT, OHM OCTalTCA B COCTa-
BE MOHAa, CBA3aHbl Kbl CO CBOUM SIAPOM).

MpomMexXyTkn Mexay paspeleHHbIMM 30HaMW Ha3blBalTCs 3anpelweHHbIMU
3HepreTuyeckumm 3oHamu. OHK NpeacTaBnAlT cCO6ON COBOKYNMHOCTb 3HAYEHUI 3HEP-
MmN, KOTOPbIMU 3NIEKTPOHLI HE MOryT obnagartb B TBEpPAOM Tene.

B n3onMpoBaHHOM aTtoMe aHepreTudeckne ypoBHU MOryT ObiTb 3anOfIHEHbI dMekK-
TPOHaMU MOSIHOCTbIO (2 3MNEKTpOHa Ha ypPOBHE), YaCTUYHO (OAMH JFIEKTPOH) UMK CBO-
004HblI OT 3aneKkTpoHoB. MogobHO 3TOMy B KpuUCTannuyeckux TBepAblX Tenax paspe-
LEHHble 3HEepreTMYeckne 30Hbl TaKKe UMEKT pasfMYHOe 3anoSfiHEHME 3NEeKTPOHaMMU.
Ecnu paccmatpuBaemas 3oHa obpasoBaHa Npu pacLuenneHnn NoSHOCTbI0 3anofHeH-
HOro 3HEepreTMYecKoro YpoBHSA, TO OHa Takxe OyaeT 3anofnHeHa MOMHOCTbIO, T.e. Ha
Kaxgom eé ypoBHe ByaeT HaxoauTbCsa Mo ABa anekTpoHa. Ecnu 3oHa cooTBeTcTBYET
YaCTUYHO 3amnOSIHEHHOMY 3HEepPreTU4ecKOMY YPOBHIO U3ONUMPOBAHHOINO aTtoma, TO afek-
TPOHbI 3aMNOMHAT NOMNAPHO TOMbKO NOSMOBUMHY €€ YPOBHEN, a OCTalbHble YPOBHU OCTa-
toTca cBoboAHbIMU. HakoHel, ecnv paspelleHHas 30Ha BO3HWUKMNA Mpu paclienneHumn
He3anosIHEHHOro YPOBHA aTtoma, TO oHa byaeT nonHocTbo cBoboaHoM (puc. 2).

Kak 6bino oTMeveHo, Hanbornee CUNbHO pacLLENNATCS B KpUcTannax aHepreTu-
YecKkne YpPOBHU BHELLUHMX (BaneHTHbIX) anektpoHoB. O6pasyouwasca npu 3ToM 30Ha
paspeLLeHHbIX 3HAYEHUN JHEPrnM noslyumna HasBaHue BarieHTHOM 30Hbl. BaneHTHas
30Ha, B 3aBUCUMOCTWU OT Tuna TBEpAoro tena, MoXeT ObiTb 3anofHeHa 3NeKTpoHamu
NOMMHOCTBLIO UM YaCTUYHO.

Bce paspelueHHble 30Hbl 3HEPrni, PacnoONOXeHHbIe HUXe BaneHTHOM 30Hbl, 3a-
NOMHEHbI ANEKTPOHaMM NOMHOCTLID. Hag BaneHTHOM 30HOM pacnonaratTcsl 30Hbl pas-
pPEeLlEeHHbIX 3Ha4YEHNIN SHEPrun, KOTOpble CBOOOAHbLI OT 3M1EKTPOHOB.

Taknm 06pasom, CNeKTp BO3MOXHbBIX 3HAYEHNIN IHEPTMM INEKTPOHOB B KpuUCTanse
pacnagaeTtcsa Ha psf paspeLlleHHbIX N 3arnpeLlleHHbIX 30H. LLnpuHa 30HbI He 3aBUCUT OT
pasmvepa kpuctanna. Yem 6Gornblle aToOMOB MMEET KpucTans, TEM TecHee pacrnonara-
I0TCA YPOBHU B 30He. LUmpurHa paspelleHHbIX 30H UMeeT BENUUYUHY Nnopsgka HECKOSb-
KX 3MeKTPoHOBOSMbLT. Ecnu kpuctann coaepxut 1022 aToMoB, paccTosiHue mMexay co-
CeHMMMN YPOBHSAMM B 30He nopsaaka 10722 aB.
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CywiecTBOBaHME aHEPreTUYECKNX 30H NO3BOSISIET OOBACHUTL C €4UHON TOYKN 3pe-
HWUS CyLLLeCTBOBaHWE METasnsoB, NOMyNPOBOAHUKOB U OUAITEKTPUKOB.

CornacHo 30HHOW TeopwuWn, dNeKTPU4ecKkne CBONCTBA KPUCTANNNYECKUX TBEPLbIX
Ten onpefensitoTCa CTEeNeHbl 3anoSfIHEHUS paspeLleHHbIX 30H 3NEeKTPOHaMU U B3auM-
HbIM pacnonoXeHNem paspeLleHHbIX 30H.

Ecnn B paspelleHHON 30He UMETCHA ANEKTPOHbI U CBODOAHbIE 3HEepreTudeckne
YPOBHUW, TO NoA OEUCTBUEM BHELLHEro 3NEeKTPUYECKOro nonsd npoucxoauT nepemelle-
HWe 3NeKTPOHOB Ha Bonee BbICOKME YPOBHU B Npeeriax AaHHOM 30Hbl; Takoe Hanpas-
NeHHOoe OBUXeHWE 3NEKTPOHOB NpeacTaBnaeT cobom aNeKTpUYeCcKnin ToK.

30Ha, B npegenax KoTopor BO3MOXHO MNepeMeLleHne 3NeKTPOHOB o 4eNCTBUEM
31IeKTPUYECKOro Nonsi, HasdblBaeTCsl 30HON MPOBOAUMOCTH.

ONEeKTPOHbI 30H, PacMONOXEHHbIX HUXKE BaNe€HTHOW 30HbI, NUWEHbI BO3MOXHOCTM
y4acTBOBaTb B MPOBOAMMOCTMU, TaK Kak He3arnofIHEHHbIX AHEPreTUYECKUX YPOBHEN B HUX
HeT. CnegoBaTenbHO, ANst OOBbACHEHUA MexaHM3Ma 3NeKTPONPOBOAHOCTU UMEIOT 3Ha-
YeHWe BarieHTHasi 30Ha W pacnosioKeHHas Hag Hen cBobodHas 30Ha paspeLleHHbIX
3HaAYEeHUI AHEPIMM, a TaKXKe LWMPUHA 3anpeLLeHHON 30Hbl MeXay HUMMW.

B3anmHoOe pacnonoxeHue aTux 30H, XxapakTepHoe A4S NPOBOAHMKOB (MeTanmnos),
NonynpoBOAHMKOB M AnanekTpukoB npu T=0 K, nokaszaHo Ha puc.2.

Ecnu B BaneHTHOW 30He UMeloTCs CBOBOAHbIE YPOBHU (B 9TOM ClyyYae OHa SBNS-
eTCsl 30HON NpoBOAMMOCTHM) (puc.2,a), NMOO ecnn BaneHTHas 30Ha 3arnosIHeEHa MOSHOo-
CTbt0, HO NepeKpbIBaeTCsi Co CBOBOAHOM 30HOM (NMpK 3TOM obpasyeTcs rmbpuaHas 3o0Ha
nposoanmMocTn) (puc.2,6), To Nog BAUAHUEM BHELLUHEro 351eKTPUYECKOro nons anekTpo-
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Hbl CNOCOOHBLI NepemMellaTbCs Ha BepxHWe cBODOAHble 3HepreTndyeckne yposHWU. Kpu-
cTann c Tako CXeMOWN 3HepreTu4eckux 3oH — MeTans.

Ecnun BaneHTHas 3oHa npu T=0 K nonHOCTbIO 3anofiHeHa 3feKTpoHaMu 1 otgene-
Ha OT BEpXHeN CBOBOAHOWM 30HbI (30HBI MPOBOAMMOCTM) 3anpeLLeHHON 30HOW LNPUHON
AW (puc.2,B,r), TO TBephoe Teno Byaet npeactaensaTb cobon Mo YUCTbIN NOMynpo-
BOAHWK, NGO AN3INEKTPUK (B 3aBUCUMOCTHU OT BeNUYnMHbI AW).

Mpn AW>1 3B npu BCex pearnbHbIX TeMneparypax 35IEKTPOHOB B 30HE NPOBOAU-
MOCTW MNpakTudeckn HeT. Takume BewecTBa Ha3blBalOTCA AuanekTpukamu (puc.2,r). B
HUX NO4 BAUAHUEM BHELLHEro nons (ecnm oHo He JocTuraetT NPoBOMHON BEMUYUHDLI) HE
MOXET BO3HUKHYTb 3NIEKTPUYECKNI TOK. B CBA3M C 3TUM ANINEKTPUKM HAXOLAT LLUMPOKOE
NPUMEHEHNE B ANTIEKTPOTEXHUKE B KQYECTBE M30NATOPOB.

Ecnn 3anpeweHHasa 3oHa 6onee y3kas (AW<1 3B), To Nnpn 4OCTAaTOYHO BbLICOKMUX
TemnepaTypax 3a CYeT TensoBoro BO3OYXXAEHUA YacTb ANEKTPOHOB CMOXET Mpeoao-
neTb 3anpeLeHHY 30HY.

[Mpy HaNMYMM BHELLHEro 3MNEeKTPUYECKOro Nomns AMEeKTPOHbI, OKa3aBLUMECH B BepX-
Hen cBOBOAHOM 30He, ABNAKLWENCS B 4aHHOM Cllydyae 30HOW npoBoguMMmocTu, obecrne-
YNBAIKOT JMEKTPUYECKUA TOK. Takoe BellecTBO SABASETCH YMCTbIM MOSynpOBOLHUKOM
(puc.2,B).

16.2 CobcTBEHHasa n npuMecHaa NpoBOAMMOCTHU
NnosflyrnpoBOoAHNKOB.

MonynpoBogHuKaMmun ABNSOTCA TBepAble Tena, KoTopble nNpu abComTHOM Hyrne
TemnepaTyp XapakTepu3ylTCA MOMHOCTbI0 3aHATOW 3MEKTPOHaMW BaneHTHOW 30HOWN,
OTAESNIEHHOW OT 30Hbl NPOBOAUMOCTU CPaBHUTESNbLHO y3kon (AW<13B) 3anpeLLeHHOon 30-
HOW.

PasnuyatoT cobCcTBEHHbIE U MPUMECHbIE NoNynpoBoaHNKA. COBCTBEHHLIMU SABMSI-
IOTCH XUMMUYECKU YUCTble MNOMynpoBOAHUKM, a WX MNPOBOAMMOCTb Ha3blBaeTcs Ccob-
CTBEHHOM NPOBOANMOCTbIO.

TunuyHbiMK, Hanboriee LUMPOKO PacrnpoCTpaHEeHHbIMU COBCTBEHHLIMWU MOMYNpPo-
BOOHUKaMM SABNATCA XUMUYECKUE SNIEMEHTbl repMaHui U KpemHuin. BHewHne obonoy-
K/ MX aTOMOB cogepkaT Mo 4 BaneHTHbIX 3NIEKTPOHA, KOTOpPble CBA3aHbl C BarleHTHbIMA
3fIeKTPOHaMM coceHMX aTOMOB KOBaSNIEHTHLIMU CBA3SMMN.

YnpouieHHas nnockad cxema pacnorioXeHUs aToOMOB B KpucTasnse repMmaHus aa-
Ha Ha puc. 3, rae Kaxgas 4yepToyka O3Ha4yaeT CBA3b, OCYLECTBNAEMY OAHUM 3rek-
TpoHOM. B ngeanbHomMm kpuctanne npu Hyne KenbBuHa Takasa CTpyKTypa BedeT cebs Kak
AN3ANEKTPUK, TaK Kak BCe BareHTHble 3NEeKTPOHbI y4acTBYOT B 06pa3oBaHumn CBA3EN, n,
cnepoBaTeribHO, HE Yy4acTBYHOT B NPOBOAMMOCTMW.

Mpwn noBbIWEeHMN TeMnepaTypbl TENNOBbIE KoNnebaHns peleTkn MoryT NpMBeCTH K
pa3pblBY HEKOTOPbIX BaneHTHbIX CBA3€EN, B pe3ynbTaTte Yero YacTb 3MEeKTPOHOB OTLen-
NAETCS, U OHN CTaHOBATCHA CBOGOAHBIMU. B MOKMHYTOM 3M1EKTPOHOM MECTE BO3HMKaEeT
BaKaHCMA — AblpKa, 3anofHUTb KOTOPYK MOryT 3MEeKTPOHbl M3 cocefgHen napbl. B pe-
3ynbTaTe AblpKa, Kak 1 0cBOOOAUBLLMIACS 3NEKTPOH, ByaeT nepemeltaTbCs No Kpuctan-
ny. [BMxXeHne anekTpoHOB NPOBOAMMOCTU U OblPOK B OTCYTCTBUWN 3NEKTPUYECKOro noss
ABNAETCH XaoTuyeckuMm. Ecnu ke kpuctann noMecTuTb B 3reKTpUYEecKoe none, To
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3MIEeKTPOHbI HAYHYT ABUraTbCsa MPOTMB MONSA, OAbIPKM — MO MOS0, YTO NpuBedeT K cob-
CTBEHHOM MPOBOAVUMOCTM repmMaHusi, 06yCNOBNEHHOW Kak 3NEeKTPOHaMW, Tak U OblpKa-
MMW.

CornacHo 30HHOW Teopuun, aHeprua AW, HeobxogmMmas ons nepexona aneKkTpoHa
C BEPXHEro ypoBHS BarieHTHOW 30Hbl HA HUXHUW YPOBEHb 30HbI NPOBOAMMOCTM, Has3bl-
BaeTCs aHepruen aktusauum (puc. 4).
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A\ 4
&
L
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Puc. 3 Puc. 4

Mepexon aNeKTPOHOB M3 3anOSIHEHHOW BarieHTHOW 30Hbl B CBOOOAHYH 30HY CO-
30aeT B BaNeHTHOM 30HE BaKaHTHbIE COCTOSAHUSA — OblpKkM (OTMEYEHbl Kpy)KKaMun Ha puc.
4). Takaa gplpka Begéer cebss NnogobHO YacTuue C dneMeHTapHbIM NONOXUTENbHbIM 3a-
psgom. Noa gencTenemM BHELLHErO 3NEKTPUYECKOro Mo OAHOBPEMEHHO C NepemMelle-
HMEM 3MEKTPOHOB BBEPX MO 3HEPreTUYECKUM YPOBHSAM 30HbI MPOBOAMMOCTU NMPOUCXO-
ANT 3anofiIHEHME BaKaHTHbIX COCTOAHMI B BaNeHTHOW 30HE 3MEKTPOHAMM C HMKenexa-
LLINX YPOBHEN 3TOWN 30HbI, 3KBUBANEHTHOE NepeMeELLEHNE NONOXUTENbHbLIX AbIPOK BHU3.

Taknm obpasom, B NOMynpoBOAHNKAX MOXHO rOBOPUTb 00 3MEKTPOHHOM U OblpOY-
HOM TMNax NPOBOAMMOCTM, XOTS 006a OHM SABMSATCA CNEACTBUEM NEPEMELLEHNS Srek-
TPOHOB.

MpoBOAMMOCTb COBCTBEHHLIX MOSYNPOBOAHMKOB, OOYCNOBMEHHas AOBUMXEHUEM
3IEeKTPOHOB, Ha3blBAETCs 3NEKTPOHHOW MPOBOAUMOCTBIO UMM NPOBOAMMOCTBIO M-TUNa
(oT nat. negativus — oTpuuarenbHbIi).

MpoBOAMMOCTbL COBCTBEHHbLIX MONYNPOBOAHNKOB, 00YCMNOBMNEHHas KBasnyacTuua-
MU — OblpKamu, Ha3biBaeTCA OblPOYHON NMPOBOAMMOCTLIO UIM MPOBOAUMOCTbLIO p—Tuna
(oT nart. positivus — NONOXNUTENbHBIN).

Taknm obpasom, B COBCTBEHHbIX MONYNPOBOAHMKAX HabnaaeTca ABa MeExXaHu3-
Ma NPOBOAMMOCTUN — 3NEKTPOHHbIN N ObIPOYHbIN. [Tpy 3TOM YNCNO 3NEKTPOHOB MPOBO-
ANMOCTW PaBHO YMCIY ObIPOK B JaHHOM NONYNpOBOAHMKE.

MpoBOAMMOCTb XMMUYECKN YNCTbIX NOSTYyNPOBOAHMKOB, 00YCNOBNEHHAsA Hann4ynem
B HMX 3MEKTPOHOB M AbIPOK, Ha3blBaeTcs COOCTBEHHON NPOBOAMMOCTbLIO, @ CaMu Nony-
NPOBOAHUKN — COBCTBEHHBIMW MONYNPOBOAHMKAMM.

C noBblleHnemM Temneparypbl KONIMYECTBO 3MEKTPOHOB, NPEOAONEBLUNX 3a CYET
3HEeprun TEeNSIOBOro ABMXEHUSA 3anpeLLEHHYH0 30HY, PacTeT, COOTBETCTBEHHO YBENUYM-
BaeTCcsa 1 4Yncno abipok. CnegoBarenbHO, C POCTOM TemnepaTypbl COGCTBEHHasA NpoBO-
ANMOCTb NONyNpPOBOAHMKOB YBENMYMBAETCS, a CONPOTMBIIEHNE YMEHbLIAETCS MO 3KC-
NOHEHLManNbHOMY 3aKOHY:
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Ha.

3aBMCUMOCTb COMPOTUBIIEHUS MONYNPOBOAHUKOB OT TemrepaTypbl UCMOMb3yeTcs
B BbICOKOTOYHbIX Npubopax ans naMepeHus TemnepaTtypbl — TepMUCTOpax. T epMUCTO-
pbl LUMPOKO MPUMEHSIIOTCA ANA M3MEpeHus TemnepaTypbl rasoB W XUOKOCTEW, AN
ObICTPOM CuUrHanmMsauuMm O neperpeBe OTAEerbHbIX YacTen arperaTtoB, HEQOCTaTOYHOM
cMaske n T. 4.

NMpumecHas NpoBOAUMOCTbL NONTYNPOBOAHUKOB

MpoBoAMMOCTbL NONYNPOBOAHUKOB, OOYCNOBMEHHAa MpUMecaAMM, HasblBaeTcs
NPUMECHON NMPOBOAMMOCTbLIO, @ CaMu MOMYNPOBOAHUKM — NMPUMECHBIMU NOMYyNpoBOa-
HUKaMW.

Heobxoanmo pasnuyaTb OOHOPHbIE U akuenTopHble npumecn. MNMpumeck, y KoTo-
pbIX BaneHTHbIX 3NTIEKTPOHOB Ha eAnHuLYy bornblue, YeM y aTOMOB OCHOBHOMO BELLECTBA,
Ha3blBaOTCA LOHOPHbLIMMU.

PaccmoTpum mMexaHu3mM [OHOPHOM MPUMECHOM MPOBOLUMOCTM Ha npumepe rep-
MaHus. Npu 3ameLLeHnn atoma repMaHnua atoMoM, BanleHTHOCTb KOTOPOro Ha eauHuuLy
fonblle, HanpuMmep, NATMBANEHTHbIM aTOMOM MbllbsKa As , OOUH U3 3NEKTPOHOB aTo-
Ma MblLbsika HEe MOXeT obpa3oBaTb KOBANEHTHOW CBA3W, OH OKa3blBAETCH JIULLUHUM U
npy TennoBbiX KonebaHusix peleTkn MoXeT ObiTb Nerko oTwensieH oT atoma, T. €.
cTaTb cBOOOAHLIM. [Py HANOXEHUN INEKTPUYECKOrO NONA TakMe 3NEKTPOHbI HAYNHAKOT
nepemMeLarbCca No Kpuctanmny, co3gaBas dNekTpudecknin Tok (puc. 5). C ToUKM 3peHunst
30HHOM TEopUU, PaCCMOTPEHHbBIN NPOLECC MOXHO NpeacTaBuUTb cneaywmm obpasom.
BBegeHne JOHOPHOW NMPpUMECH UCKaXKaeT nomne peleTkM U NPpUBOAUT K NOABIIEHNIO O0-
NONHUTENbHbLIX AOHOPHbBIX YPOBHEN (pUC. 6), KOTOpbIE pacnonaralTca B 3anpeLeHHOoN
30He B6nM13n aHa 30HblI MPOBOAUMOCTU. OTU YPOBHU 3aHATLI JOHOPHbLIMU 3MEKTPOHAMM.
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Mpn Temnepartype, 6nNM3Kon K aBCONIOTHOMY HYIIHO, SHEPIUS TEMMOBOro ABUXEHUS He-
AO0CTaTo4YHa Ansi Toro, YTobbl NepeBecTU JOHOPHbIE 3MEKTPOHBI B 30HY MPOBOAMMOCTH,
N NONynpoBOAHUK BeaeT cebsi kak naondatop. MNpu NoBbiLEHMM TeMnepaTypbl, BO34eEN-
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CTBUM CBETA U T. [. 9NEKTPOHbI NepexoaaT ¢ LOHOPHbIX YPOBHEN B 30HY NP OBOAUMOCTU
W, NPN HaNM4YMM pasHOCTU NOTEHLManoB, obecnevnBarT TOK.

MpoBOAMMOCTb NOMyNpPoOBOAHUKA, 0OYCNoOBMeHHass HanNM4YMeM B HEM 3IIEKTPOHOB
AOHOPHOWN NPUMeECK, Ha3blBaeTCs ANIEKTPOHHOW, JOHOPHOM UMK N-Tuna, a cam nonynpo-
BOOHWK — NONYNPOBOAHMKOM n-Tuna.

MpumMechb, y aTOMOB KOTOPON HE XBaTaeT AOCTAaTOYHOrO KONMMYEecTBa 3I1IEKTPOHOB,
4yTOObI 3aMECTUTb BCE BaNneHTHbIE CBSI3M B pPeLleTKe OCHOBHOIO BELLLECTBA, Ha3blBaeTCs
aKuenTopHON.

Mpn BBEOEHUN B peLIETKYy repMaHusa NpUMECHOro atomMa C Tpemsi BaneHTHbIMU
anekTpoHamu, Hanpumep, 6opa B, ans obpasoBaHus CBA3EN C YeTbipbMS GNKanLLMMK
cocefHMMMN aTOMaMu repmaHust y atoma bopa He xBaTaeT OOHOro 3feKTpPoHa, ogHa u3
CBSA3en OCTaeTCA HEeYKOMMMEKTOBAHHON N YeTBEPTbIA ANEKTPOH MOXeT ObITb 3axBayeH
OT coceHero atoma repMaHus, rge, COoTBETCTBEHHO, obpasyeTcs abipka (puc. 7). MNo-
cnepoBaTenbHOE 3arnofiHeHMe 00pasylLWmMXCca ObIPOK 3fEeKTPOHaMU 3KBUBANEHTHO
OBVDKEHMIO ObIPOK B MONYNPOBOAHUKE, T. €. ObIPKM HE OCTalOTCHA JIOKanM30BaHHbIMU, a
nepemMeLLalnTCs B peLleTke repMaHms Kak CBOboHbIE MONOXUTENbHbIE 3apsaabl.

Mpn BBEAEHMM B NOMNYNPOBOAHMK aKLENTOPHOW NpMMecu cBob6oaHbIE NPUMECHbIE
YPOBHM pacrnonaralTcs B 3anpeleHHON 30He BOMM3M BEpPXHEW rpaHuLbl BarneHTHOW
30Hbl (puc. 8). lNog oencTBMEM OYEHb Marion SHEpPrum TEMMoBOro BO3OYXAEHUs aTtom
NPUMECKU MOXET OTHATb ANEKTPOH Yy OOHOro U3 CBOMX Bnuxanwmnx cocegen. ATo O3Ha-
YaeT, YTO YacTb SNEKTPOHOB M3 BANEHTHOM 30HbI YyXXe npu Hebonblwmx TemnepaTypax
NepexoamT Ha akuenTopHble YPOBHM, a B BaNeHTHOM 30HE MOSIBMNSANTCS CBOOOAHbIE
Ablpkn. B aToM cnyyae nonynpoBOAHMK NpUoGpeTaeT AbIpOYHYK NPOBOAVMMOCTb MK
NPoOBOAUMOCTb p-TuUNa.
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[ns nepexona ¢ 4OHOPHOrO YPOBHS B 30HY NPOBOAMMOCTU UMW U3 BarieHTHON 30-
Hbl Ha aKLENTOPHbIN YypoBEHb (puc. 6, 8) TpebyeTcss MeHbLLAs 3HEPrus, Yem Ans nepe-
XO[a 9MNeKTpOoHa U3 BaneHTHOW 30Hbl B 30HY NPOBOAMMOCTW. [103TOMY NpU HU3KUX TEM-
nepaTtypax OCHOBHYO pOfib UrpaeT NpuMecHasa NpoBOAMMOCTb.

C poctom TemnepaTtypbl B 3M1EKTPOHHOM MOMYNPOBOAHUKE, KpOMe CBOOOAHbLIX
3IEKTPOHOB, MOSBIISAETCA HEKOTOPOE KONMUYEeCTBO CBOOOAHLIX ObIPOK, @ B AbIPOYHOM
NoNynpoBOAHUKE NOSIBMSETCA HEKOTOPOE KONMMYECTBO CBOBOAHBLIX 3neKTpoHoB. Hocu-
Tenu 3apsaga, YIcno KoTopblix npeobniagaeTt B KpucTanse, HasblBaldTCS OCHOBHLIMU HO-
CUTENAMM; HOCUTENWN NPOTUBOMOSOXHOIO 3HaKa HasbiBalOTCA HEOCHOBHbIMW. B nony-
NPOBOAHMKAX C LOHOPHOW NMPUMECHK OCHOBHbLIMW HOCUTENAMMU ABNAKTCA INEKTPOHBI,
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HEOCHOBHbIMW — AblpkW. B nonynpoBogHMKax C akuenToOpHOW MPUMECHb OCHOBHbLIMU
HOCUTENAMMN ABMASAIOTCA AbIPKW, @ HEOCHOBHBIMW — 3NEKTPOHbI. [Mpnu4MHON nosiBrneHus
HEOCHOBHbIX HOCUTENEN ABnseTca cobcTBEHHAs NPOBOAUMOCTb.

BBeaeHve B KpUCTannuYeckyto peLueTky nomnynpoBOAHUKOB NPUMECEN NpMBOOUT K
MOSIBIIEHNIO B HUX 3aMeyaTesibHbiX WM LEHHbIX AfS NPaKTUY4EeCKOro MCMnonb30BaHUS
CBOWNCTB: PE3KOro MOBbIWEHWE 3NEKTPONPOBOAHOCTN, (POTOMPOBOAHOCTU, MOMUHEC-
LueHunn n T. n. NlonynpoBOgHUKN UCNOMb3YIOTCA B 3NIEKTPO- U pagMoOTEXHUYECKON anna-
patype (KpucTannuyeckue Auoabl U TpMogbl), CnyxaTt BbiNnpAMUTENSAMU (CeneHoBble,
KyrMpOKCHbIE). 13 nonynpoBOAHMKOB M3rOTOBNSAOT NONYNPOBOAHNKOBbLIE CONPOTUBMEHNS
(TepMmucTOpbl, POTOCONPOTUBIIEHMS), UCTOUYHUKN CBETa (CBETOAMOAbI, Na3epbl), NCTOY-
HWKM 3.4.C. (conHeyHble BaTapen) n gp. MNonynpoBoaHUKoBble Npnbopbl Manorabaput-
Hbl, YTO SABMSIETCA UX BaXXHbIM JOCTOMHCTBOM.

MpuHUMN OencTBMS MHOMMX NOSyNnpPOBOAHUKOBBLIX NMPUOOPOB OCHOBaH Ha paboTte
p-n—nepexoaa.

16.3 p-n-nepexoa v ero CBOMCTBA.

paHuLa COMPUKOCHOBEHUS ABYX MOMyrnpOBOAHMKOB, OOWH W3 KOTOPbIX UMeeT
9NEKTPOHHYI0, a APYrov — AbIPOYHYI0 NPOBOAUMOCTb, Ha3blBAETCHA ANEKTPOHHO- AblpOoYy-
HbIM nepexoaom (p-n—nepexonom). Nepexon Hemnb3s OCYLEeCTBUTbL NPOCTO MexaHunye-
CKUM coefnHeHneM AByx nonynpoofHukoB. OBbIYHO 06nacTy pasnnyHon NpoBOANMO-
CTW co3gatoT Nnbo nNpu BbipalmMBaHUM KpUcTannos, NMbo npm cooTBETCTBYHOLWEN 0bpa-
0OOTKe KpucTannos.

PaccmoTtpum dmsmyeckne npoueccol, npoucxogdwme B p-n-nepexoge. lyctb
AOHOPHbIN MONYNPOBOAHMK (N-TUMA) NPUMBOAMTCS B KOHTaKT C akLenTopHbIM MOnynpo-
BOAHUKOM (p-Tuna). QNeKTPOHbl U3 N-NONyNnpOBOAHUKA, FOe WX KOHLEHTpauusi Bbllle,
OyayT anddyHanposaTb B p-NMONYyNnpoOBOAHUK, FAe UX KOHUeHTpaunsa Hmke. Ouddysusa
AbIPOK NPOUCXOANUT B 06paTHOM HanpasneHuu. B pesynbTaTte B N-NONynpoBOAHMKE, U3-
3a yxoga 9NneKTpoHOoB, BOMM3WM rpaHULbl OCTAETCA HECKOMMEHCUMPOBAHHbLIA MONOXM-
TenbHbI OOBLEMHLIN 3apsd HENOABMXHbIX MOHOB (MOHU3MPOBAHHbBIX AOHOPHbLIX aTo-
MoB). B p-nonynpoBoaHuKe, U3-3a yxoda Ablpok, B6nun3un rpaHuubl obpasyetcsa otpuua-
TenbHbI OOBLEMHbLIN 3apsan HEMOABWMXHbLIX OTPUUATENbHBIX MOHOB (MOHU3MPOBAHHbLIX
aKLEenToOpPHbIX aTOMOB). TN OOBbEMHbIE 3apsAnbl 00pa3yloT Yy rpaHuLbl ABOMHOW 3Nek-
Tpuyeckun cnom (puc. 9,a), none KOTOPOro, HarnpasneHHoe oT nN-obracTu K p-obnacTu,
nNpenaTcTByeT AanbHenwemMy nepexony 3NeKTpOHOB B HAMpaBfieHUn N — p U ObIPOK B
HanpasneHun p — n. Ecnu KoHUeHTpaumm JOHOPOB U akLEenToOpoB B MOMyNpoOBOAHUKAX
N 1 p-TUNna ogWHaKoBbLI, TO TOMwMHa cnoes di U d2, B KOTOPbIX NIOKanNU3yrTCs Heno-
ABWXHble 3apagbl, paBHbl, di=d2. TonwuHa d cnosa p-n—nepexofa B NOAynpoOBOgHMKaX
cocTasnsieT npumepHo 10 — 107 m.

ConpoTuBneHne 3anuparoliero Cnos MOXHO WM3MEHUTb C MOMOLLbIO BHELUHEro
anekTpu4eckoro nong. Ecnum npunoxeHHoe K p-n—nepexony BHELIHEE aneKkTpuyeckoe
norne HanpasreHo OT N- K p-NoNynpoBOAHKKY (puc. 9, 6), T. e. coBnagaeT C NonemMm KoH-
TaKTHOrO Criosl, TO OHO BbI3blBaET ABUXEHNE INEKTPOHOB B N-NOSMYNPOBOAHUKE U ObIPOK
B p-NONyNpOBOAHMKE OT rpaHuLlbl p-N—nepexofa B NPOTUBONOMOXHbIE CTOPOHbI. B pe-
3ynbTaTe 3anuparoLlmin CNon pacluMpuUTCa U ero conpoTuBrieHne Bo3pacTéT. Hanpae-
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neHne BHeLUHero nons, pacLlmpsaoLwero sanvpamLmii cnouv, HasblBaeTcs 3anvparLmm

(obpaTHbIM). B 3TOM HanpaBneHnn anNekTpuy4eckuin ToK Yepes p-n—nepexos o4eHb Marn,

TaKk Kak obpasyeTcd nub 3a CYET HEOCHOBHbIX HOCUTErNen (SNeKTpOHOB B p-

NoNynpoOBOAHUKE M ObIPOK B N-MONYNpPOBOAHUKE). MMOCTOSAHHBLIA NpU JaHHOW Temnepa-

Type 9NEeKTpPUYEeCKMA TOK, OOYCNOBMNEHHbIA HEOCHOBHbIMW HOCUTENSIMWU, HasbliBaeTcs

MOKOM HachbIW,eHUss nnn obpaTtHbIM TOKOM p-n—nepexoaa lo (nesas Betsb puc. 10).
Ecnn ncTo4YHUK BHELIHEro HanpsiXXeHUA NOLKIMYEH NACOM K p-obracTu,
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a MUHYCOM K n-obractu, TO Takoe NoakNiovYeHne HasbiBaeTca npsiMmbiM. [Mpyn aTOM
BHELLHEE 3IeKTpUYeckoe nosie HanpasneHo NPOTMBOMNOMOXHO MO0 KOHTAKTHOro Crnos
(pyc. 9,8) M BbI3bIBAET OBWKEHWE INEKTPOHOB B N-MOSYNPOBOAHMKE U ObIPOK B p-
NonynpoBOAHWKE K FpaHuLe p-n—nepexoga HaBcTpedy apyr apyry. B aTon obnactu oHu
PEKOMOUHMPYIOT, TOMNLUMHA KOHTAKTHOrO CNOSi U €ro ConpoTUBIIEHNE YMeHbLIATCA. T oK
OCHOBHbIX HOCUTENen, NpoTeKalLnin Yepes nonynpoBOAHWK NpU NPSMOM MOAKMYe-

HUN p-n—-nepexoga, Ha3blBaeTCAd MNMpAMbIM TOKOM p-N-Mnepexoaa (npaBaﬂ BeTBb pUC.
10).
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KpuBasi 3aBMCMMOCTWU TOKa, NpOTeKawLlero yepes p-n-—-nepexos, OT BerUYUHbI
NPUKagblBaeMoro HanpsXXeHnsa HasblBaeTCsl BOSIbTaMMNEepPHOW XapaKTepUCTUKOU p-N
—nepexoaa (puc. 10).

BonbTamnepHblie xapakTepucTUKN p-Nn—nepexodoB B pearnbHbIX ClyyYasaXx HECKOMb-
KO OTNIMYaloTCA OT pacyETHbIX. Tak, Npy JOCTAaTOYHO BOMbLUNX 0BPaTHLIX HANPSXKEHUAX
HabnopgaeTca gaBneHne npobos p-n—nepexoga. CBobogHble 3MEKTPOHbI M ObIPKM,
YCKOPSISICb B 9NEKTPUYECKOM Morie, HakanmBaltoT KMHETUYECKYHD 3HEepruno, goctaTou-
HYIO Ons MOHM3aUMM aTOMOB KPUCTanM4eckon pelueTkn nonynpoBogHuka. Obpaso-
BaBLUMECS NPU 3TOM 3SIEKTPOHbI CaMW NMPUHUMAIOT y4acTue B JanbHenLen noHnsaummn.
MpoucxoauT NaBuUHHOE "pasMHOXeHue" HocuTenenm B obnactm p-n-nepexoga, U TOK
pe3ko Bo3pacTaeT. [Ansa Kaxgoro p-n—nepexoga CywlecTByeT npefenbHoe 3HavyeHue
obpaTHOro HanpsXeHus, BbllLe KOTOPOro BO3HWKaeT npobon nepexoaa.

A

l

Mpamoi

v

Ob6paTHbIN

Pwuc. 10

NMonynpoBoAHUKOBbLIE AUOADI

P-n—nepexoa, kak 6bino nokasaHo, obnagaet BbINPSAMIISIOWNM CBONCTBOM: Mpu
NPSMOM HarpasBneHUun NpuKNagbiBaeMoro HanpsXeHuUsi CONpOTUBMEHWE ero mano u
yepes p-n—nepexoq NPoTEeKaeT TOK; Mpu 0bpaTHOM HaMpPsXKEHUM PE3KO YBENNYMBAETCSA
OMUMYECKOe COMNpOTUBMEHME p-n—fepexoda, TOK Yepes nepexoq He nporekaeT unuv Be-
NMYMHAa ero oveHb Mana, Tak Kak oH obecrneynBaeTcsi HEOCHOBHbBIMW HOCUTENSAMM.

Ha aTom cBoncTBe ocHoBaHa paboTa nonynpoBOAHMKOBbLIX UOLOB.

MonynpoBogHMKOBbIE ANOAbI MO3BOMSKT BbINPSAMMAATbL Pa3fNYHbIA TOK (OT MUINK-
amnep 4O TbiCAY amnep, OT HU3KMX YacTOT A0 CBEPXBbICOKMX YacTOT, MPU HaNpPsXKeHUU
B A4ONM BOMbTa A0 COTEH BOSMbT).

B 3aBvcuMMOCTM OT nnowaan M KOHCTPYKLMM KOHTakTa B obnactu p-n—nepexona
NonynpoBOAHUKOBbLIE ANOAbI OENATCA HA TOYEYHbIE U NNOCKOCTHbIE. MNOCKOCTHbIE An-
oAbl UICNONb3YTCSA A5 BbINPAMNEHMS NEPEMEHHbIX TOKOB HU3KOW YacToThl. Takve gu-
oabl cobuparoTca B MEeTanM4yecknx repMeTM3nMpoBaHHbIX Kopnycax. B Bbicoko4acToT-
HbIX LLENsIX MCMONb3YITCA TOYeYHble Anoabl, obnagatrowme Manon eMKocTbio. OTU ANO-
Abl BbINMYCKaOTCS B CTEKNAHHOM O0QOpPMITEHUM.

Hanbonee wnpoko pacnpocTpaHeHbl repMaHueBbie U KpeMHuUeBble anoabl. [ep-
MaHueBble AMoabl MNpefHa3HayeHbl Ans npuMmeHeHus npu Temnepatypax go 80°C,
KpeMHMeBble Anoabl MOryT ObiTb MCNONb30BaHbl Npu Temnepatypax go 200°C.
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