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BBenenue

Caer sBisieTcs BaXXKHEUIIUM HOCHUTENEM MHGOpPMAaIUU JUIsi MHOTHX JKUBBIX CYIIECTB C
MOMEHTa poXJeHus. Vcrnonb3oBaHuE CBeTa YENOBEKOM B CBOMX LENSAX HAYaJlOCh, IO-
BUJIMMOMY, C He3amaMmsTHbIX BpeMeH. MHTepec K mpupoAe CBeTa U PACHIMPEHUIO
BO3MOKHOCTEH €ro HCIIOJIB30BaHHUS pPAacTET M celyac, Korja 3HaHWW 00 ATOM HAaKOIUICHO
O0YeHb MHOTO. UTO k€ M3 9TUX 3HAHWH SBIACTCS MPEAMETOM Hamiero m3ydeHus? Haunem c
paccMOTpEeHUsI TEPMUHOJIOTUH, IPUHATON B HACTOSIIIEE BPEMSI.

Qusuxka — Hayka, usydaowas npocmevuwiue u emecme ¢ meMm Haubonee odbuue
3AKOHOMEpPHOCMU  S8NEeHUll NPUpPOObl, CEOUCMBA U CMPOeHUe Mamepuu, U 3aKOHbl ee
osuoicenus. Duzuka omuHoCUMCA K MOYHbIM HAYKAM U U3yyaem KoAuyecmeeHHbvle
3aKOHOMEPHOCMU ABNEHU.

CrnoBo «Du3uKa» MPOMCXOJUT OT rpedeckoro Physis —ipupona.

Onmuka — pazoen HAYKU U MEXHUKU, 8 KOMOPOM UZVYAIOMCA ONMUYEcKoe U3iyyeHue
(ceem), nmpoyeccwl eco pacnpocmpanenuss u s61eHusl, HAOTOOAeMble NPU 63AUMOOCUCEUU
ceema u geujecmsa.

CnoBo «OnTrKa» —OT rpedeckoro OPto S - BUANMBIA, 3pUMBIN.

Ontuky NpUHATO  HOAPA3AEIsATh HAa  TEOMETPHUYECKYIO,  (QHU3MYECKYyI0 |
¢usnonornueckyto. [ eomempuueckas — onmuxka ~— WUCIONB3YyeT  NPEACTaBICHHE O
pactpoCTPaHSAIONINXCS HE3aBUCUMO JAPYr OT Jpyra CBETOBBIX Jy4ax, MPEJIOMIISIOUINXCS U
OTPKAIOMIMXCSI HA TpaHUIAX CpeA C pa3IMYHBIMH ONTHYECKUMM CBOWCTBAMH U
NPSIMOJIMHEHHBIX B ONTHYECKH OJHOPOAHOHN cpene. @usuonocuueckdas onmuka HU3ydaer
3aKOHOMEPHOCTH BOCHPHSTHS CBeTa (8uUOuUMO20 Ouanazona) 4eloBe4ecKHM TiazoM. [locie
OOHapY)KEHHsI TEPaNeBTHYECKOTO BO3JEHCTBUS Y3KOMOJOCHOTO CBETOBOTO HM3JIyYCHHS Ha
OpPraHU3MBbl >KHMBBIX CYIIECTB 3aKOHOMEPHOCTH pPacIpPOCTPAaHEHHsS CBEeTa B TKAHSIX U €ro
BO3JCUCTBUS Ha OHOJOrMYECKHME OOBEKThl TaKXe CTald MNPEeIMETOM  H3y4YCeHHUs
dusnonornueckor onTHKH. Pusuyeckas OnNmuKa paccMaTpUBaeT NPOOIEMBI, CBSI3aHHBIC C
MIPUPOJON CBETA U CBETOBBIX SIBJIICHUM.

Onmuueckas  usuka  cea3vieaem  60€OUHO  GONPOCHL  2€OMEMPUUECKOIL,
Qusuonozuueckoii u uzuueckol ONMUKU, CE6A3AHHbIE C OOWUMU 3AKOHOMEPHOCMAMU
OnmuYecKux A6J1eHUil 6 NPUPoOe, HayKe U MEeXHUKe U C UX KOTUYECMBEHHbIM ONUCAHUEM.

B nacrosmem ydeOHOM mOCOOWMHM, OPHEHTHPOBAHHOM Ha CTYACHTOB M aCIHpPaHTOB,
U3JIaraloTcsl CBENEHHs] IO psiy pas[elioB ONTUYECKOH (U3UKH, C HCIOJIb30BaHUEM
MaTepualioB, OMYOJIMKOBAaHHBIX B HEKOTOPBIX y4eOHBIX MOcoOMsIX W MoHorpadumsx [1-12].

OcCHOBHOE BHHMaHHUE YACIACTCA TaKHM BOIpOCaM, KaK IIKajla JSJCKTPOMAarHUTHBIX
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KOJIeOaHUH, OCHOBBI TEOPHM KOJE€OAaHUH, ONUCAHHWE 3IEKTPOMArHUTHOIO M3IIyYEHHMs
ONTUYECKOTO JMAINA30HA, OTPAKEHUE U NPEIOMIICHUE INIOCKUX 3JIEKTPOMArHUTHBIX BOJIH Ha
IUIOCKOW TpaHMIIE pa3ziena JUAJICKTPUUECKUX cpell, HHTepPepeHIHs MOHOXPOMATHYECKOTO

U3JIYYEHUs, ONITUKA aHU3OTPOMHBIX CPEL, TEOPUS TUCIIEPCUU.
1. HIkana 3jIeKTPOMAarHUTHBIX KOJIeOaHUit

OnTuyeckoe HU3ITY4YCHUC ABJACTCA PE3YyJIbTAaTOM KO.H€6aTeJIBHBIX U BOJHOBBIX
MponecCoOB, MPOUCXOAAIINX B MATCPUAJTIBHBIX CpCax U MpHU B3aHMO,Z[€I>'ICTBHH MaTCpHaJIbHBIX
YacTHll, IPUYEM €ro paclpocTpaHEeHHe MPOUCXOIUT U B BaKyyMe, KOT/Ia MaTepHalibHas cpenia
npeanoaaraeTcsi OTCyTcTByroIIei. [Ipocteiiieir MareMaTuueckoi MOACIBbIO KOJIE0ATEILHOTO

Hpouecca SABIISICTCS ZapMOHI/llleC'KOQ KOJZ€6GHM€
x(t) = a, cos(wt+¢,) = a, co{ 2r$+¢oj, 1.1)

rae yakimus X(t) OmHMChIBaET BPEMEHHYIO 3aBHCHMOCTh OTKIOHCHHS KOJieOaTeIbHOM
CHCTEMbI OT TIOJIOKCHUSI paBHOBeCHs. [ apMOHMYECKOE KOJIcOaHHE XapaKTepHU3yeTCs
amnaumyoou a, M ¢azou wt+¢,, KOoTOpas IIOKAa3bIBACT COCTOSHHE KOJIeOATEIHLHOrO
npoiiecca B JaHHBIH MOMEHT BpeMeHH. Yenosas (kpyeosas) uacmoma ) TapMOHUYECKOTO
KoJe0aHust u3Mepsiercst B pan/C, a ¢, onpedengem ezo nauanvhyio gazy. Ilepuoo T =211/ W
rapmMonndeckoro kosnebanms (puc. 1.1) cBsBan ¢ yukiuueckou uyacmomoil (MIH TPOCTO
yacmomott) f , usmepsiemoii B ', kak T =1/ f .

Yactora rapMOHMYECKHUX Kose0aHui

x(t)
3aBUCHUT OT MApaMeTPOB KOJIEOATENbHON CHCTEMBI.

Hanpumep, mis kadeneld OHa MOMKET COCTaBJISIThH
momm I, s KoneOaTeNbHBIX — KOHTYPOB

T 2T t
MI.

paguonpueMHukoB — Kl u  CcOTHHM
v \/ \/ Konebanus aTomMoB B MOJEKYJIax  MOTYT
MPOUCXOAUTH C YaCTOTaMH, IipeBblatommmu T,
Puc. 1.1.Tapmorunveckoe a JUIA DJIEKTPOHHBIX O00OJIOYEK aTOMOB BIIOJHE

Konebanue s ¢, = -1/ 2 i 105
JOCTYIIHBI 4acTOTHI Konebanuii B 107 I'm.

Konebanus siekTpuyeckd  3apsOKEHHBIX  YacTHUIl NPUBOMAT K  KoJeOaHUSAM
JNEKTPUYECKOTO MO M BO3HMKHOBEHHIO IIEPEMEHHOIO TOKAa, KOTOPBIA MOPOXKAAET
IIEpEMEHHOE MarHuTHoe noje. Takum o0pa3oM BO3ZHUKAIOT 971€KMPOMACHUMHbLE KOAEOAHUSL.

HepeMeHHoe BO BpPCMCHU DBJICKTPOMATrHUTHOC IIOJIC BbI3BIBACT pPACHPOCTPAHCHHUEC B
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OKPYXAIOIIEM [IPOCTPAHCTBE 2IEKMPOMACHUMHBIX BOJIH, BO-TIEPBBIX, TIEPEHOCSIINX SHEPTHIO,
M, BO-BTOPBIX, 4YacTO WIPAIONIMX pOJb HocuTenedr wuHbopMamuu. B Bakyyme
3JIeKTPOMAarHUTHBIE BOJNHBI PACIPOCTPAHAIOTCA co ckopocThio C=3[1C m/c. Jlns BomHbl,
NOPOXKJIaeMON  TapMOHMYCCKMM  KOJEOAHHUEM,  OJIEKTPOMAarHUTHOE  TIOJEe  SIBISICTCS
NEPUOIUYECKAM C TIPOCTPAHCTBEHHBIM mepuogoM A =CT =c/ f, Ha3bpIBaeMbIM JUIHHOM
BOJIHBI.

Lxany snekmpomacHumuslx KoJlebanuil, TO €CTh 00JACTh BO3MOXHBIX 3HAYCHUH HX
gacror f (wmH BOMH A), NOPHHATO pa3AeaATh Ha HECKOJIBKO JIHAIA30HOB,
NEPEKPBIBAIONINXCSA MEXIY c000il. YacTh 3TOW MIKanbl, MPUMBIKAIOMIEH K ONTHUYECKOMY

JMarnasoHy, mokasana Ha puc. 1.2.

Yacmoma v Iy Qgepzuﬂ : Anuxa Bonuel, A, m
Kbanma w i
107" B W0 =— 1
12
0% [amma -usnyvenue 108 107
" Lo’ 107"
” Permeerobcroe
10" unyyexue \ 0,38 Mkm
10" 045
Ynsmpapuonemoban
1" 3 ?ﬁﬂdt‘mb 048
10 oA Budumas
: obnacme 0,.50
0 0,57
UnpparpacHas 0,59
il [pgﬂ'ﬂa@mb
'Y A 0,67
"
107 0,78 Mkm
1 Kopomrwue
0" padzﬁzdoﬂﬂb/
g—-
10 // \
0] 10 1 =—1Im
/] Odnacme -7
mene- u paduo- 10 10
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JluanasoH paouosonn oxBatbiBaeT 4acToThl OT 3 KI'11 10 3 TT'1y (mummasr Bosin ot 100km
1o 0.1mm), u Brimtoyaet cBepxuinHHbIe BOJHBI (3-30k[ 1, 100-10km); qyimuubie BosHbI (30-
300kI', 10-1km); cpenuue Boaubl (0.3-3MI'1r, 1000-100m); xopotkue (3-30MI'1, 100-10
M) u yiabrpakopotkue BosHbI (30 MI'm - 1 TT'm, 10 m — 0,3 mM). B cBowo ouepessp,
VY IbTpakopOTKHE BOJHBI MOAPA3ACIAIOTCS Ha moaauana3oHsl MeTpoBbix (30-300MI'm, 10-1
M), nemumetpoBeix (0,3-3 I'Tr, 10-1 nm), cantumerpoBbix (3-30 I'Tu, 10-1 cm),
MuLTEMeTpoBbIX (30-3000 T, 10-1mm) u cyommmmumerpoBsix BoH (0,3-3TT 1, 1-0.1mm).

K onmuueckomy nuanazoHy OTHOCST H3JIyYCHHE C JIMHAMH BOJIH OoT 1 MM nmo 1 HM
(300'- 30" TIm); om mompasmensercs Ha ungpakpacuyio (UK), suoumyro wu
yaempaguonemosyro (Y®JI) odbnactu (cm. puc. 1.2). Bugumomy cBeTy COOTBETCTBYET
o0Oiacte mnH BoaH oT 0,78 10 0,38 MKM.

CrnemyeT OTMETHTD, YTO B YCTPOHMCTBAX (DOTOHHMKHM HAPSAY C M3ITYICHHEM ONTHYECKOTO
nuana3oHa (HocuTenb MH(GOpPMAUK — (OTOHBI) HMCHOJB3YeTCs U 0OoJiee HU3KOYACTOTHOE
u3aydyeHue. B dacTHOCTH, 4TOOBI mepenaTh WH(POPMAIIUIO B ONTUYECKOM JHAana3oHe, CBET
HY)KHO IMPOMOIYJIMPOBaTh, TO €CTh HAJIOXKHUTh Ha HEro IOJIC3HBIH CHUTHAN, KOTOPBIH, Kak
MIPABHIIO, SIBIIICTCS JIEKTPUUCCKUM. [IpriMep — KOJOBBIE MOCIIECIOBATEIEHOCTH UMITYJIHCOB B
KOMITBIOTEPHBIX CETAX. Takue YCTPOWCTBA, WCIOJB3YIOIINE HE TOJBKO (OTOHBI, HO H
9JIEKTPOHBI, HA3BIBAIOT OMTOAIEKTPOHHBIMHU.

Hpyroii mpuMep — YCTpOWCTBa XpaHEHHUsS HWH(POpMAlUM HAa ONTHYECKUX JIHCKaX.
CUuThIBaHHE W 3alUCh MH(DOPMAIMHM OCYIIECTBIISACTCS HM3IYYCHHEM IOJYIPOBOJIHUKOBOTO
Ja3epa, B KOTOPOM DJIEKTPUYECKas SHEPTUsi, HOCHTEIEM KOTOPOW SIBISIOTCS SJCKTPOHBI,
npeoOpa3yeTcsi B ONTUYESCKOE H3ITyUCHUE.

B cBsi3m ¢ 3THM, Hac OYIyT HHTEPECOBATh U AJICKTPOMArHUTHBIC KOJICOAHUS U BOJHBI B
IIEJIOM, 2 HE TOJIBKO OTHOCSIIIHECS K ONTHYECKOMY Jauara3ony. Kpome Toro, konebaTenbHbIC
¥ BOJIHOBBIC TPOIICCCH Pa3IMYHON NPHUPOJBI MMEIOT MHOTO OOIINEro, W JUIS UX ONUCAHUS

MOKHO HUCIIOJIb30BATh YHUBCPCAJIbHBIC MATCMATUUICCKHUEC MOJICIIN.

2. OCHOBBI TEOPHUH KOJIeOaAHMIT

C konebaTenbHBIMH ¥ BOJHOBBIMH TIPOIIECCAMH MBI BCTPEYaeMCSl MOBCEMECTHO.
Konebanust coBepriatoTcsi pa3indHBIME MEXaHHYECKUMH MAasTHUKOBBIMH CHUCTEMaMH; B
npupoac HaGHIO,Z[aIOTCH CMCHA IHA U HOYU, UBMCHCHU S YUCIICHHOCTU XUIHBIX U TPaBOAAHBIX
JKUBOTHBIX B PCTHOHC M APYruc MNCPUOJUYUYCCKUC Hpoueccm; B HCKOTOPBIX XHMHYCCKHUX
peakIusax MPOUCXOAAT KojeOaHus nBeTa peakTuBOB. OCOOEHHO BAXKHYIO POJIb KOJIeOaHUS

UTPAIOT B dJIEKTpoHUKE U (hoToHMKEe. Komebanus coBeprmaroTcs B KOJeOATEIBHOM KOHTYpE,
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CBU-—pe3onarope, akTMBHOM BEIIECTBE Jia3epa, KBaplIEeBOM pe30HaTOpe  4acoB. B
ra3opaspsiIHOi M TBEPAOTEIbHOU TIa3Me CYIIECTBYIOT IIa3MEHHbIE KOJICOAHMSI.

C kose6aHUsAME TECHO CBSI3aHBI BOJIHOBBIC Tporiecchl. Korma pasMepsl KosiebaTeabHOM
CHCTEMBI d  CymecTBEHHO TPEBBHINIAIOT JUIMHY BOJHBI A, KOJE€OaHWS HAYMHAIOT
IPOUCXO/IUTH HE TOJBKO BO BPEMEHH, HO M B NMPOCTPAHCTBE. MBI MIEPEXOUM B 3TOM CITydae
0T COCPeOdomoveHHbIX KOIeOaTebHBIX CUCTEM K pacnpedenennvim (0T A>>d kA << d).
BosHBI Ha BOjE, B BO3/IyXe, B TBEPAOM Tejle — aKyCTHYECKHe, B IUIa3Me — IUIa3MEHHBIC.
Oco00e MECTO 3aHUMAIOT 2IEKMPOMASHUMHbIE 80IHbL, KOTOPBIE MOTYT PACIPOCTPAHSITHCS U B
BaKyyMe.

OmHako HET HEOOXOJMMOCTH HW3ydaTh pa3jIMYHbIC THUIBI KOJNCOAHWH W BOJH B
OT/ICNIBHOCTH. B  Hamiem, Kypce MbI BOCIOJNB3YEMCS TEM, YTO OCHOGHblE 3AKOHbL
KOEeOAMENbHbIX U 60THOBbIX NPOYECCO8, BCIMPEYAOWUXCS 6 NPUPoOe, pusuke, JNeKMpPOHUKe
u mexuuke oounarkosvl. Halna 3amada COCTOHUT B U3VUEHUU KONCOAMENbHbIX U GOTHOBbIX
npoyeccos ¢ eounoll mouxu 3penusi. Hac WHTEPECYIOT o00wjue 3aKOHOMEPHOCIU MAKUX
npoyeccos u obwue Memoovl ux Onucanus. 3HAKOMCTBO € KOHKPETHBIMH BHJIAMHU

KoJIeOaHUH M BOJIH KJIET BaC B NANbHEHIIINX Kypcax.

2.1./IuHeiiHbIe KOJIE0AHNA B CHCTEMAX C OJHOH CTENEeHLI0 CBO0OIBI

2.1.1.JIuHelHbIi OCUMIIATOP

Yucno uesasucumvix NEePEeMERHbIX B6ENTUHUH, HeobX00UMbIX O NOJIHO20 ONUCAHUS
npoyeccos 6 cucmeme, ecnb 4YuUcCjilo cmeneneil c60000ul. PaCCMOTpI/IM MaJibI€ KO.H€6aHI/I5I,
KOTOPBIC KOHCCPBATHUBHAA MCXAaHUYCCKad CHUCTCMa COBCPINACT BOJIM3U CBOErO IOJIOXKCHHMS

ycTOifuMBOro paBHOBecus. B oqHOMepHOM citydae moteHnmanbHas sHeprus U (X) BOmM3M
TIOJIOKCHUSI PAaBHOBECUS X, NpEICTaBisfeT 'MoTeHIManbHyo smy" (puc. 2.1). OGpas3Ho

MOYKHO TIOJIOKHUTh B 3Ty "sMy" mIapuk (€ro MOMIEIBIO SBISETCS MAMEPUAIbHAS MOYKA) W
HaAOJIFOJATh 3a €ro KOJICOaHUIMU.

EctectBeHHO, uTO Mr00asi MeXaHMYECKasi CUCTEMa MOXKET OBITh OMHCaHa CIEAYIOIUM
o0pa3oM (MareMaTU4ecKuil MasTHHUK, (QU3NYECKUIl MAsTHHK, KPYTHJIBHBII MasTHHK; IIApUK
OT MUHI-TIOHTa, OTCKAaKUBAKOIIUN OT TOPU30HTAIBbHON MNOBEPXHOCTH; IBYXaTOMHAsI MOJIEKYJIA,
U T.J0.).

OTKJIOHEHUE CHUCTEMBl OT IMOJOXKEHUS C MUHUMAJIbHOM MOTEHIHMAIBHON »HEprueu

U (Xp) mIpHBOINT K BOBHHKHOBEHHUIO BO3Bpararoniei cuisl (puc. 2.2).
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(2.1)

Puc. 2.1.

U (x)

IIpy ManmpIX OTKJIOHEHHMSX CHCTEMBI OT IIOJIOXKCHHMS PAaBHOBECUS MOYKHO Pa3JIOKUTh
pasHoctb U (X)—U(X) mno cremeHsM X-—X%, 1o ¢opmyre Teiuiopa M COXpaHHTH B
pasnoxeHun mnepBblii Hencuesarommit wied. [ockonbky dU/dx=0 mpu X=X;, TakoBbIM
ABJISIETCS YJIEH BTOPOTO MOPsIIKa
2

, (2.2)

U(x)=U (%) D5 (% %)

roe k= U"()%) - MOJIOKUTENBbHBIN KOA(DPUIIMEHT, onpenensieMblii BTOPO MPOU3BOJIHON OT
¢ynkuun U(X) mo X B Touke X= %, . byaem momarate B AainbHEHIIEM U IIPOCTOTHI

U(X)=0u x,=0. B atom ciiyuae

U(x)=k=. (2.3)
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Kunerndeckast s9HEpPTUst TAKOM CUCTEMBI C OJTHOM CTENEHBIO CBOOOIBI UMEET BH/I
1 .
T(x):me", (2.4)

rae M - Macca KOJICOJIOIIETroCs «IIaprKa.

3aMeTuM, YTO KOJICOATCIBHYI0 CHCTEMY, B KOTOPOM MOTCHIHAIbHAS OMUCHIBACTCS
cooTHoteHueM (4.3),Ha3bIBaAIOT iuHetHbiM (AT 2apMOHUYECKUM) OCYULISIMOPOM.

Kak  maliTh  ypaBHEHHME  ABWXKEHUS JIMHEHWHOro  ocruiaropa?  MoxkHO
BOCIIOJIb30BaThCsl BTOPLIM 3aKOHOM HbroTOHA:

ma=F,. (2.5)

VuuTBIBas, 4TO YCKOPEHHE TPH OJHOMEPHOM JBIDKCHHM BJIONb OCH X paBHO a=X’X n
UCTob3ys cooTHomeHus (2.1)u (2.3), nony4uaem

mx+ kx=0, (2.6)
WITH

X+afx=0, (2.7)

rae w, =+ k/m.

MBI TIOJIYYMIIH, 9TO OOHOMEPHbBIU JNUHEUHbIU OCYULIAMOP ONUCLIBAEMCS TUHEUHbIM
ougpepenyuanrbHviM ypasHenuem 6mopo2o NOpsAOKaA ¢ NOCMOSHHLIMU KOID@uyueHmamu.

Pemenne atoro YPaBHCHHUS XOPOIIO U3BECTHO:

x(t) = Aexp( pt)+ Bexy p 1), (2.8)
rae P, = *iw,- KOPHU XapaKTEePUCTHIECKOTO YPaBHEHUS
p?+wf =0. (2.9)

Hpyroit Bun peuieHus ypaBHeHHs (2.7) mMO3BOJSIET ONMUCATh KOJIEOATENBHBIN IMpOIEcC C

MOMOILBIO TPUTOHOMETPUYECKUX (PYHKIIMIA:
x(t) = acoswyt+ bsimy,t= g, cofw,t+d,), (2.10)
re a, =va’+ 1’ - amnnuryna konebanuii, ¢, = —arctg( by a) - HauasbHas (a3a KonebaHui,

a apryMeHT kocunyca Wyt +¢, - dasa xonebanuii u ), - acrora konebanuid. Kak Ham yxe

HU3BECTHO, TAKUC KoJIcOaHMs Ha3bIBAIOTCS TapMOHHUYCCKHUMHU.

YeM ompenensiorcs mapamerpsl konebanus w,, A u B, mm w,, a, u ¢,? CoriacHo
BBIPAXKCHUIO w, =+/k/m uacrora komeGaHmii ONpENENSETCS TONBKO CBOWCTBAMH
MeXaHW4ecKoi cucreMsl. HamportuB, mpom3BonbHbIE mocTOsiHHBIE 4 W B, a, u ¢,

OTIPENIETISIOTCSI HavyaJdbHBIMH YCIOBHUSIMU X(tl)= X s X(t?) =V,. OTMeTu™M, OAHAKO, 4YTO
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HE3aBUCUMOCTh YaCTOTHI OJO OT Ha4daJlbHBIX yCJIOBI/Iﬁ CBsI3aHA C MAaJOCTBIO KOJIeOaHUU U

Ha3bIBACTCS u30XponHocmyio. Ilpu mepexoae K 0osiee BBICOKMM MPHOIMKEHHSIM (OOIbIIM

aMIUTMTY/1aM) KOJIeOaHUsI MOTYT CTaTh HEM30XPOHHBIMHU, KAK Mbl YBUIMM B TAJIbHCHIIIEM.

2.1.2.3aryxawuue KojiedaHust

Jlpyroii moaxoJ K ONMHUCAHHWIO KOJEOaHWH PAacCMOTPUM Ha MPUMEPE AICKTPUUCCKUX
KoJICOaHUH B MOCIICA0BATEILHOM KoJieOaTeIbHOM KOHTYpe (puc. 2.3).

IIpocymMMupyeM HalpsDKEHUs HA DJIEMEHTax KOHTYpa, BbIpakas MX

C
I_ qepes 3apsn g

L U, +U,+U.=0,
(2.11)

1
L4+ Rg+= g=0.
d+Rg+ < g

R

Puc. 2.3. HpeoGpasyeM YpaBHEHHE (2.11)K BUOY

d+2yq+w)q=0, (2.12)
e y=R/2L, o} =1/LC.

OO6parum BHUMaHUe, uTo ipu R = O mbl monyyaem u3 (2.12) ypaBHeHUe cBOOOTHBIX
Kosiebanuii JauHelHoro ocumuistopa (2.7). B 3Tom ciydae konebaHus 3apsga B KOHTYpE
(3apsma emkxoct C) COBEPIUICHHO AQHAJIOTHYHBI MEXaHHYECKUM KOJICOAHHSIM Maoif
aMIUTUTYIbI B KOHcepBaTtuBHOW cucteme. [Ipu R # O B cucreMe BO3HUKAIOT OMHYECKHE
NOTEPH, M OHA TIEPECcTaeT ObITh KOHCEPBATHBHOM.

Msbl cHOBa wuMeeM JHHEWHOe guddepeHIaTbHOe YypaBHEHUE C IOCTOSHHBIMU
ko3pduimeHTaMu - ypasuenue c60000HbIX Konebanuti (2.12). Ero pemienue npaercs

BeIpaskeHueM (2.8) pu XapaKTepUCTHIECKOM YPaBHEHUHU

p’ +2yp+f =0. (2.13)
Ero xopau
P2 =-YEY — 00 (2.14)

SBJIAIOTCS KOMIUICKCHO-COTIPSDKEHHBIMHU TP W, > Y (puc. 2.4):

P, =-YyxiJi -y . (2.15)

B stom cityuae perienue ypaBaenus (2.12)umeer Bua

q(t) = a,exp(-yt) cogwt+d,), (2.16)
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e W =} -y’ . Jaa q(0)=0 pemenue q(t) umeeT BUA, M300paKeHHbIH Ha puc. 2.5.9T0

3aryxaronue Koneoanus, OJu3KHue K TapMOHHYECKHM.

p” A q
exp(-yt)
P1

Puc. 2.4. Puc. 2.5

HOBTOMy YacTO OJTH KoJieOaHUs Ha3bIBAIOT caApMOHUYeCKuUmu  3amyxarouumu
Konebanusamu. ITO HE COBCEM TOYHO - TaKHe KOJIEOAHHS HE SBIISIIOTCS B CTPOromM CMBICIIC

rapMoHndeckuMu. OHU JaKe HE SBISIOTCS MEPUOTUISCKUMU, KOTAa
q(t+nT)=q(),n=1,2,3, .., (2.17)

rae T - nmepuon xonebanuit (puc. 2.6). s rapmonndeckux kosebanuii Buma (2.10), kak

OTMEYAJIOCh BbIIIC

21
T=—"=—, (2.18)
w, f
rae f, =w,/21m - yacrora Konebanmuii.
A a)~sin(ot)
Kak ommcarp 3aryxaromniue KojieOaHUs B MEXaHUUYECKON
/\ /\ /\ cucreme? O4YEBUAHO, TaKKe C TIOMOIIBIO YpaBHEHHUS BHUAA
2 (2.12). Kak w™moxHO BBecTH 3aryxanue? OOpaTumcs K

% t ypaBHeHuio (2.5), BeIpakaromieMy BTOpoO# 3akoH HproToHA.
Kakyio cuny HyxHO BBecTH B (2.5), YTOOBI y4ecTh MOTEPH?

OOBIUHO ee Ha3bIBAIOT CHJIOW TPEHHsI, 1 OHA MPOIOPIMOHATbHA

Puc. 2.6.
CKOPOCTH B TEPBOM HEUCYE3AIONIEM 4IeHE pasiiokeHus (Ha

HETOIBMYKHOE TEJIO CUJIa TPEHHUS HE JACHCTBYET):

F _=-ax. (2.19)

TpX
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Wrak, BBO/sI CHITy TpeHHS B ypaBHeHue (2.5), moayyaeM ypaBHEHHE CBOOOTHBIX KOJIeOaHMIA:
X+ 2yx+ i x= 0, (2.20)

e y=a/2m.

2.1.3.BpiHy:KIeHHbIEe KOJIeOaHusi

BoiHyxeHHbIE KOJIeOaHMsI MPOUCXOIAT B CHCTEME MMOJ ICHCTBHEM BHEUIHEH CHJIBI,
KOTOPYIO TaK:K€ MOXHO BBeCTU B ypaBHeHue (2.20):
R+ 27K+ GE X= F(1) (2.21)
YX+ @y X=—F{1). :
m
C DTO ypaBHEHHE BBIHYXKICHHBIX KOJICOAHHUH SIBISCTCS  yiKe

HEOJITHOPOAHBIM JIMHEHHBIM AU(PepeHInanbHbIM YpaBHEHHEM BTOPOTO

< HopsiZIka C MOCTOSHHBIMEH KO3(dunmentamu. B mocienoBarensHOM
e)

KoJIeOaTeIbHOM KOHTYpE BbIHYXJIaromas cuwia F (t)=£(t)/ L moxer

OBITH yUTCHA BBEJICHHEM BHEIIHETO HCTOYHHKA 3.11.C. (puc. 2.7).

Puc. 2.7.

2.1.4.3aka0unTeIbHbIC 3aMeYaHUu

3aMeTHM, YTO JIMHEHHbIE KoyieOaTenbHble CHCTEMBI C N CTENEHSMH CBOOOJIBI
OTMCHIBAIOTCS JTMHEWHBIMU U PepeHInaIbHBIMU YPaBHEHUSIMH TTOpsiiKa 2N.

B »snexTpoHuke OONBLIYIO pOJIb WIPAIOT HETUHEHHBIE KOJIeOaTEeNbHBIE CHCTEMBI,
KOTOpbIE  CcoJepKaT  HEJIIMHEWHbIE  AJIEMEHThl W OMHUCHIBAIOTCA  HEJTUHEWHBIMU
muddepeHIMaTFHBIME ~ YPaBHEHUSIMU. B 4acTHOCTH, BCE YCTPOMCTBA, TE€HEPUPYIOIINE
JJIEKTpUYECKUE KojeOaHus, CoJep)KaT HEIMHEWHbIE 3JIEMEHThl HapsAy ¢ KojebaTeabHbIMU

CHUCTEMaMU.

B paccMoTpeHHOM BbIIIE KOeOaTeIbHOM KOHTYpe cOOCTBEHHAst yacToTa () sIBISeTCS
NEUCTBUTEILHON BEINYNHON 00(2) > 0,ay> 0 -nonoxutenbHa. ECTECTBEHHO MPENONIOKHUTS,

YTO B OOIIEM CiTydae COOCTBEHHBIC YAaCTOTHI MOTYT OBITh 1 MHUMBIMH, TOTJa ooé < 0. Ecan

BMECTO OMHYECKUX TOTEpPh B KOHTYp OyIeT BHOCUTHCS 3.1.C., MPOMOPIHOHATIbHAS TOKY
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KOHTYpa, TO MBI ITOJYyYUM "oTpHLaTenbHoe conpotusieHne” R, uro oznavaer Y < 0.Ilostomy

He Oy/ieM HaKJIaJbIBaTh OTPAaHUUYCHUIN HA ), U Y B OOILLEM PACCMOTPEHUU.

2.2. M300paxkenne KojedaTeIbLHBIX MNpoleccoB B  (a3oBoM

MPOCTPAHCTBE

Pemrenue ypaBuenust (2.20)X0poIo U3BECTHO U MOXET OBITh JIETKO MOJyYEHO KakK B
o011ieM cityuae, Tak u TPy OTCYTCTBHH BBIHYXIAIOIICH Cuitbl (CBoOOMHBIC KosieObanus) F(t)=0;
IpU OTCYTCTBUM mOTeph, Koraa Y=0. OmgHako OOJBIIMHCTBO pealbHBIX KOJIeOATEThHBIX
CHUCTEM ONUCHIBAIOTCS 0OoJiee CIOKHBIMHU ypaBHEHUSMHU. B 3TOM ciydyae aHaIUTHYECKOTO
pelIeHus ypaBHEHUN KoJIeOaHU MOKHO M HE MOYYUTh. MOIIHBIM CPEICTBOM UCCIICIOBAHHUS
HEJIMHEWHBIX CHUCTEM SBIBICTCS aHAIW3 JBWIKEHUU KOJieOaTeNIbHOW CHUCTEMBI B (ha30BOM
npoctpancTBe. st cMcTeM ¢ OJHOW CTENEHBIO CBOOOIBI OHO BBIPOXKIAETCS B (ha30BYIO
TIOCKOCTh. [To3HaKOMUMCST TIOJPOOHEE C 3TUM METOJOM Ha MPUMEPE C80O00HBIX KOleOanUll

6 IuHelHol cucmeme. Y paBHCHUE CBOOOIHBIX KoieOanuii Haiem u3 (2.21):

X+ 2yx+ Wi x=0. (2.22)
Pemenuie 3Toro ypaBHeHHsI UMEET BUJ]

x = Aexppit) + Bexp(p.t), (2.23)
rae Pp u Po - KOPHU XapaKTEPUCTUICCKOTO YPABHCHUS

p’ +2yp+wf =0. (2.24)

O1croga HaxoouM

P, = —YEYY -6 (2.25)

EnuncrBeHHOE pemenne ypaBHeHUs (2.22)onpeaensieTcsi U3 Ha4albHbIX YCIOBUHN JIJIs

X(to) - KOOpJUHATHI, U X(to) - CKOpocTH. B 3TOM citydae mosydaroTcsi 1Ba ypaBHEHHUS IS

JIBYX TTPOU3BOJIBHBIX MMOCTOSAHHBIX 4 U B.

Takum 006pazoM, JTMHAMHYECKOE COCTOSTHUE CUCTEMbI OHO3HAYHO OINPEAETICHO BYMS
MIEPEMCHHBIMH: KOOPJIMHATOW U CKOPOCTHIO. [IpecTaBuM cebe eKkapToBy MIOCKOCTh (X, Y),
r7ie TI0 ocu abCIUCC OTKIIAABIBAETCS KOOPJUHATA X, & 10 OCH OPJIMHAT - COOTBETCTBYIOMIAs X

CKOpPOCTh, X =Y.
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<
I
=

)

Y X<

Puc. 2.8.

Touka ¢ koopaunatamu X(t), Y(t) HassIBaeTCst uzobpascaroweii mouxou. I3 ypaBHeHUs
kosicOanuii  (Hampumep, u3 (2.20)) MOXHO TOJIYyYUTh YPaBHEHHUE, CBS3BIBAIOIICE
HETOCPECTBEHHO X U Y - YpaBHCHHE KPHBOM, KOTOPYIO Ha3bIBAIOT (a3060l mpaekmopuetl
WIA uHme2paibHou Kpueotl Ha (a30BOU IMIOCKOCTH. B wactHOCTH, Mt ypaBHeHus (2.20)

BTOPOTO MOPsAKA 3anmuiIeM ABa 1uddepeHuanbHbIX YpaBHEHUS IEPBOTO MOPSIKa

(2.26)

[lepeiinemM oTCroma K YpaBHEHHWIO, HE COJEpKAIIEeMy BPEMEHH, DPa3JIeHB BTOPOE
ypaBHEHHE Ha IepBOE:

dy _ _2yy+upx

2.27
™ y (2.27)

Pemrenne storo ypaBuenus Y=f(X,C), rme C - koHCTaHTa, JaeT ceMEHCTBO (ha30BBIX
TPaEeKTOPHIl. DTO CEMENCTBO MPECTABIISIET BCE BO3MOKHBIE MPOIIECCHI B TAHHON CUCTEME.

B o6miem cirydae st 11000# CHCTEMBI ¢ OTHOM CTEMEHbI0 CBOOOIBI MOYKHO 3aITUCATh

dx

—=y= Q(X, y)

dt , (2.28)
ﬂ:ﬁ(: P(x y)

dt dt '

rae P u Q - u3BecTHbhle (QYHKIMHU OT X W Y. YpaBHEHHE (Pa30BbIX TPACKTOPUN HaAWIEM M3

(2.28):

dy_Pxy) (2.29)

dx Q(x )
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Ecnu dynkuus P/Q orpanuueHa u 0fHO3HAYHA B HEKOTOPOH o6iactu miockoctu (X,
y), To mo Teopeme Kommm mpu JaHHBIX X U Y €CTh TOJBKO OJHO €IMHCTBEHHOE pEIlCHHE
ypaBuenus (2.29). Uepes maxyio mouxy npoxooum moivko 00OHA (a306as mpaekmopust u
OHU He Mocym nepecekamvcs. B mouxax, 20e smu ycnosus He 6bInoaHAomcs, ¢hazosvie
mpaexmopuu Mo2ym nepecekamocsi.

CocTosiHHSI paBHOBECHSI COOTBETCTBYIOT HYJIEBBIM 3HAUYEHUSIM CKOpocTH X=Y=0 u
yckopenust Y =0. 13 (2.28) cnenyer, uTo paBHOBECHE UMEET MECTO B TOUKaxX X, U Y,, I/ie
BBITTOJTHSIIOTCS YCIIOBUS

P(%» ¥)=0,Q(%,, ¥5)=0. (2.30)

B stux Toukax ¢ynkuus P/Q umeer HeonpemeneHHOE 3HAUECHUE, TOITOMY OHHU SIBISIOTCS

ocobvimu moukamu auddepeHranbHOro ypaBHeHus (a3oBbix Tpaekropuit (2.29). Orcrona
CIIEIYET: COCMOsAHUS PABHOBECUsT COOMBEMCMEYIOM 0cobbim mouxkam nuddepeHInaTbHOT0
ypaBHEHUS (Pa30BbIX TPACKTOPHIA.

CocTosiHHE paBHOBECHS CHCTEMBI, OMMCHIBaeMOM ypaBHeHHEeM (2.28), ©MeeT MecTo

mpu X,=0 u =0, t.e. B Hayaje KoopauHaT Ha (a3oBoil mrockoctd. Touka X,=0, y,=0
0 0

SBJISICTCSI 0COOOM TOUYKOM M Yepe3 Hee MOKET MPOXOIUTh HECKOJIBKO (Pa30BBIX TPACKTOPHIA.
OTMeTuM 0COOEHHOCTH JBM)KEHUS N300paXKaroleil TOUKH 1o (a3zoBOi TPAaeKTOPUU BO
BpPEMEHH, KOTOpBIE 00JIeryaT HaM aHaJIu3 KapTHHBI KPUBBIX:

1. B BepxHe#t moaymiockoctd, npu Y > 0 mzo0pakaromiasi TOYKa JBHKETCS BCeraa
srpaso (dx/ dt>0).
2. B nmxkneit monymtockocTH (Y < 0) Touka Bceraa IBHKETCS BICBO (d)g/ dt< O) .

3. ®da3oBas TpaekTOpHs Iepecekaer och aodciucc Y=0 Bcerma moj MpsSMbIM YIJIOM

(dy/ dx=c0 = tg ) M 3Ta TOYKa MEPEeCceUeHUs] He MOXKET OBITh TOUKOH meperuoa.

PaccMoTpuM HIKE KOHKPETHBIE TPUMEPHI (ha30BBIX TPAEKTOPHUH.

2.2.1.®@a30Bblii NOPTPET rApMOHUYECKHX KOJTe0aHU

Kak u3 (2.22)nony4nTh ypaBHEHUE rapMOHHYECKOTO ocuminsitopa? HyxHo monoxuts y=0:
X+wix=0.

B sroM cnydae xapakTepHCTHYECKOE YpaBHCHHE HMEET JBa YHCTO MHHUMBIX KOPHS Ha

KOMIIJIEKCHOH TutockocTH (puc. 2.9): p= p'+ip’, p =z*iw,. Pemenue 31oro ypaBHEeHHs BaM

XO0po1mo U3BECTHO KaK TapMOHUYCCKOC KoJieOaHue:!

x = acos(wyt+9).



Puc. 2.9.
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~ Y

Puc. 2.10.

s X(0)=0 Bpemennas 3aBucumocts X(t) npencrarieHa Ha puc. 2.9.

VYpaBuenue (a3oBeix TpackTopwuii mpu Y=0 Haxoaum u3 (2.27):

dy - X
dx % y
Wurerpupys (4.31),naxomum
y? +wix’=C.

Ay

=
&

Puc. 2.11.

@)3

(2.32)

Bunum, uto ¢a3zoBbIii TOPTPET TapMOHUIECKUX
KOJIeOaHUN €CTh CEeMEWCTBO DJUIUIICOB C
[EHTPOM B Havalie KOOPAWHAT - 0COO0U mouKe

(puc. 2.11). Jlerko BuueTh, uto KoHCcTaHta C

2
AMEET CMBICII KBajpara CKOpocTA V'~ B TOYKE
x=0:

X
=1. 2.33
VZ VZ/[]Z ( )

Bpemsi, 3a kotopoe wu300paxkaromas To4Ka

00XOAWT AJUIMIIC, PAaBHO NEPHOIY KOJeOaHMit

T ZZT;/(;JO U OJWHAKOBO i1 BCEX JJIJIMIICOB.

CocTtosiHMEe paBHOBECHsI HMMEET MECTO IpHU

%,=0, Y, =0; cooTBeTCTBYIOIAsA EMY 0C0OAs MOUKA HAZBIBACTCS YEeHMPOM.
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2.2.2.0a30Bblii NOPTPET CHCTEMbI ¢ MHUMBIMH COOCTBEHHbIMH YacToTamu (&} <0)

Ecaun BO3Bpalmaromas cujla MMECT TO KC HAIIPaBJIICHUEC, YTO W CHUJIa HWHCPOUHU, TO

ypaBHEHHUE KOJICOaHHI IPUHUMAET BHU]T

%~|uf[x=0. (2.34)
XapaKTepUCTHYECKOE YPaBHEHHE MMEET KOPHH [, = J_r|oo0| (puc. 2.12). JInss Ha4aIbHOTO
ycnous X(0)=0pemenue (2.34)umeer Bua

x=a sh(ayt), (2.35)

U SIBIIICTCA HEYCTOMYMBBIM, SKCIIOHCHIIMAJIBHO HapacTas npu t — oo,

AP’ N3 (2.34) wnaxomum  auddepeHmanbHoe
_ ypaBHEHHE (ha30BBIX TPACKTOPHIA
S o o
— 2
. o > &_‘w‘)‘_y (2.36)
pl
WurerpupoBanue ypaBueHus (2.36)mact ypaBHeHHE
Puc. 2.12. (a30BBIX TpaeKTOpUil

Y=o ¥ = C. (2.37)

[Tpu C = O orcrona crneayroT ypaBHEHHS ABYX MPSMBIX

y ==*|oy| X, (2.38)
A y Ha3bIBAaEMBIX cenapampucamu. Ocranbubie Ga3oBbie
TPAGKTOPUU  OKOJIO  OCOOOM  TOYKHM  OymyT
E E = runepbonamu  (puc.  2.13).  Kpusoie  E
4
E\\k-—’/? COOTBETCTBYIOT JBWKCHUSAM, HE JIOXOISLIMM IO
1
J \E ™ cocrosuusi paHoBecus. Kpusbie E; u  Ey
1 X
//—_E\ COOTBETCTBYIOT  JBIDKEHHSM, KOTJA  CHCTEMA
4 HPOXOJAMT  MOJIOKEHHE DPABHOBECHUS U Jallee
HPOMO/DKAET [BMXKEHHE B TOM JKE€ HAIpaBJICHHU.
Puc. 2.13.

Kpusass E; pasmemser stu  gse obmactu ¢

pa3UYHBIM XapaKTepOM IBIIKCHUS (Cermapupyer).
Ocobast Touka, COOTBETCTBYIOLIAsl HEYCTOHYMBOMY IIOJIOKCHUIO PABHOBECHS B 3TOM cCiydae,

Ha3bIBAETCS CEOIOM.
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2.2.3.®a30Bble TPACKTOPUH 3aTYXAIOIIUX U HAPACTAIOIIUX KOJeOaHui

[Tpu Hammuuu notepb Y > 0 U XapaKTEpUCTHUECKOE YpaBHEHUE UMEET JIBa KOPHS B
aeBoit mosymaockoctu (puc. 2.14). Ognako XapakTep KojebOaHuii OyaeT 3aBHCETh OT

COOTHOIICHUSI MEXIy ), M Y. Jnd w, > Yy pemeHue ypaBHeHus (2.22) mMeer Bun
3amyxarouwux 2apMOHUYECKUx Koreoanui
X(t) = Aexp(-yt) cogwt+d,), (2.39)

e of = wf -y g X(0)=0 pynkuus X(t) npeacrapiena Ha puc. 2.15.

pl
A A X
.
. P t
Puc. 2.14. Puc. 2.15.

VYpaBHeHue (a3oBbIX TpaekTopuii mmeeT Bua (2.27). O4eBHIHO, YTO TPU MaJOM

3aTyxaHuH, Koraa Y << ), (a3oBblil MOPTPET 37€Ch NOHKEH OBITh OJIM30K K TAKOBOMY JUIS

rapMoOHHYECKoro Kkosiebanus. OJHAKO cHUCTEMa [OJDKHA CTPEMHTBCS K  COCTOSHUIO
paBHoBecusi X=0, y=0. Ilosromy a30BbIii MOPTpET NPEACTABISAECT ISl 3aTyXaloIIEro
KoJIeOaHHsT CKPYYHMBAOIIyIOCs crupaib (puc.2.16) mouru smmmntudeckoit dopmel. [pu
nepeceueHun ocu opauHat X=0 u3 (2.27)HaxoauM, 4TO HAKJIOH BCEX TPACKTOPUHN OJMHAKOB,

dy/dx=-2y, mpu x=0. Kak yxe oTmewanoch Bbime, och abcumcc y=0 mepecekaercs

($a30BBIMH TPACKTOPHSMU IO MPSAMBIM yriioM. M3 110060r0 HayanbHOTO TOJOXKEHUS
u300pakaromias ToYka ¢ TeUCHHEM BPEMEHH MPUOIMKACTCSI K COCTOSHUIO paBHOBecHs. Ecin
HauepTUM Ha (Pa30BOIl INIOCKOCTH OJIHY CIIHMpallb, TO BCE OCTANIbHBIC, HE MepeceKasich, OyayT

BIMBaThCs B Hee. Oco0asi Touka TaKOTO THUIIA HA3bIBACTCS YCMOUUUBHIM POKYCOM
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Puc. 2.16.

Ecnu nmorepu Benuku, Y > ), XapaKTEPUCTHUECKOE ypaBHEHHE OyAeT UMETh JBa

JICUCTBUTEIILHBIX KOPHS B JIEBOU MONYIJIOCKOCTH. Pemmenne s X(t) Oyner aneproanveckum

X(t) = Aexp(pt)+ Bexp(p t,.

| X 1
3
t 6
& 1
 x
\ 3
4 g -
X
2
& 5
e T
4
Puc. 2.17. Puc. 2.18.

Cucrema 371eCh MOKET HE 00Jiee OJTHOTO pas3a MPOWTH Yepe3 COCTOSIHHE PaBHOBECHS,
Jajiee BO3Bpallasch K HeMmy. XapaktepHble 3aBucumoctu X(f) mns atoro ciydas

npezcTaBieHbl Ha puc. 2.16. Da3oBblil MOPTPET TAKOTO ANepUOJUUECKOro Mpolecca UMeeT
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Bua (puc. 2.17). Ocobas Touka B Hayajle KOOPAMHAT B 3TOM CiIydae HOCHT Ha3BaHHE
YCmouuugnlil y3ei.

Jluneiinast KonebaTeNbHas CHCTEMa XapaKTEpU3YeTCs TOJIBKO ABYMS MapaMeTpaMHu:
&, u VY. [Ipn yBenuueHuu Y OT HyJs NPOUCXOAMT ciexyromas TpaHchopmanus ¢(azoBol

KapTHUHBI U OCOOBIX TOYEK:

y=0 1ICHTD;
O<y<w, -yCTOHUUBBINA (HOKyC;
Y>w, %yCTONYUBBIN y3€Il.

Mpbl paccMmoTpenu 31ech KoinebaHus B cucTeMe ¢ noTtepsamu. Ecinm morepu OymyT

OTPHIIATEIEHBIMU, KaK U3MEHUTCS KapTUHA KoeOanuii u ee (hazoBbiid moptpet? s mamoro
OTPHIIATEIIEHOTO |y| << ), KOpHHU XapaKTEPUCTUYECKOTO YpAaBHEHUS OYAYT pacIIOJIOKCHBI B
npaBoil moayrutockoctd (puc. 2.19); konebanuss OyayT HapacTarOIIMMH TapMOHHYCCKHUMHM

(puc. 2.20), a m3oOpaxaromiasi Touyka OyJeT IBUTAaThCS OT PABHOBECHOI'O ITOJIOKCHHUS II0

CIHMpajIbHOM TpaekTopuu (puc. 2.21).

AP A x
[ ]
rpl .
[ ]
Puc. 2.109. Puc. 2.20.
AY
Oco0asi TOYKka B 3TOM CIIy4ae Ha3bIBACTCS HEyCMOUYUBLIM
. goxycom.
\sz [Ipu GonbIIOM OTPUIIATETHHOM 3aTyXaHWUU M > W,
JIBIDKCHUE OyIeT MPOUCXOAUTh U3 HEYCmouuugo2o y3ia (puc.
2.22), a KOpPHHM XapaKTEPUCTHUYCCKOTO ypaBHEHHS OYmyT
Puc. 2.21.

pacmoJIOKEHBI HA IOJOKHUTEIBHOM YacTH JEHCTBUTEIBHOU

ocu (puc. 2.23).
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;Y(/' A P

Puc. 2.23.

J

Puc. 2.22.

Taxkum 00pa3oM, MBI pacCMOTPENIM BCE BO3MOXKHBIC BAPUAHTHI PEIICHUS yYPAaBHEHHS
CBOOOJTHBIX KOJICOAHW B CUCTEME C OJHOM CTETEHBIO CBOOOABI, DTH PE3yabTaThl HATJISIHO
npejcTaBieHbl Ha puc. 2.24.

OTMmeTHM, 4TO YCTOWYHMBBIC KOJIEOAHUS MMEIOT MECTO TOJBKO B TIEPBOM KBaJpaHTE,
A€ KOPHH  XapaKTePUCTUYECKOTO  ypPaBHEHHUS  HMMEIOT  TOJBKO  OTPHUIATEIBHYIO
JIEHCTBUTENIbHYIO YacTh. B Oosee 001em ciydae JIMHEHHBIX CHCTEM C N CTETICHSIMHU CBOOOIBI
3TO MPaBUJIO TAK)KE OCTAETCS CIIPABENJIUBBIM. TO €CTh, JIUHEHHAA KOJleOamenbHaa cucmema
AeNAEMCcA yYCMOUYUBOU, eClU KOPHU ee XaApaKmepucmuuecKo2o ypasHeHus umerom
OMpuYamenbHy OelicmeumesibHyro uacms. BaxXHOCTh 3TOT0 MpaBWiia COCTOUT B TOM, YTO
WCCJICIOBaHMS KOJeOATEIbHOM CHUCTEMBI HA YCTOWYMBOCTH MOXKHO OCYIIECTBUTH U 03

pelIeHHs] COOTBETCTBYIOIIETO el Tu(depeHIINaIbHOr0 ypaBHEHUSI.
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Puc. 2.24 . Bo3MoxHbIC BUABI PEIICHHUH OOIIETO ypaBHEHHS CBOOOHBIX KOJICOAHMI B

K0JIeOaTEIbHBIX CUCTEMAX C OI[HOI>'I CTCIICHBIO CBOGOI[I:I B 3aBUCHUMOCTH OT €€ IMapaMCTPOB

2y u o}

2.2.4.Co6CTBEHHDbIE KO0JIe0aHNsI HEJTUHEHHON KOHCEPBATHBHOM CHCTEMBI

Jlo cux mop MbI aHATU3UPOBATN TMOBEICHUE TMHEHHBIX KOJICOATeNbHBIX cucTeM. Jliis
HEJIMHEWHBIX CHUCTEM, OMHUCBHIBAEMBIX HEIMHEHHBIMU Au(PEpeHINATFHBIMUA ypaBHEHUSIMHU,
ATOT aHAJIU3 TPEJICTABIISAET OOJIBIINE CI0KHOCTH. OOBIYHO B Ka)KJIOM YaCTHOM "HEJIMHEHHOM"
clydae TMPUXOOUTCA TMPUMEHSATh CBOM CHEHUAIbHBIA TpueM. PaccMoTpuMm  374ech
KOHCEPBATUBHYIO KOJICOATEIbHYIO CUCTEMY C HEITMHEHHOH 3aBHCHMOCTBIO BO3BpAILAIOIICH
CWJIBI OT CMEIIEHUS, HO He 3aBUCSIICH OT CKOpocTH. OOImMii BUJl ypaBHEHHUS B 3TOM CIy4ae

JICTKO MOXET 6I)ITB IIOJIYYCH B BUJC
mx+ f(X) =0. (2.40)

B kauecTBe npuMepa MOKHO NPUBECTU ABUKCHUC 3JICKTPOHA B IICPUOAUYCCKOM I10JIC

b =, coskx, (2.41)
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e k=21/A; A - mepuon wusMeHenus moms. Takod BHI HMEET, HANpPUMEp, MOJE
romorpadpuueckoid  pemetkn  npu  AUGEGY3MOHHOM  MEXaHHW3ME €€  3alucu B
doTopedpakTUBHBIX KpucTayuiax. J[[pyroii mpumep - TMoje B JBWKYIICHCS CHCTEME
KOOPJMHAT, CBS3aHHOM C DJJEKTPOHOM U 3aMEUICHHOW JJIEKTPOMATHUTHOM BOJIHOM
(yckopuTenu u 1aMIibl Oeryiieii BOJTHbI).

Bo3sBpaiaromias cuia, JedCTBYIONIAs Ha 3JIEKTPOH, SIBIAETCS KYJIOHOBCKOM CHUIION
ol0] .
F.=-€eE = ea— =-@, lsin k, (2.42)
X

OTKy/1a CIIeAyeT ypaBHEHUE KoJieOaHU
mx+ &, ksin kx= 0. (2.43)
3amMeTuM, 4TO TIPH MaJbIX 10 CPABHEHHIO C TIEPUOAOM MO /\ OTKIOHEHUSX X, KOTraa

sinkx [0 kx, ypaBuenwue (2.43)onucsiBaeT THHCHHbBIC KOTeOaHHs SIIEKTPOHA

mx+ e, K x=0 ,

coBepIIaeMble ¢ 4acToToil Wy, = (21YA),/ed,/m.

Bepuemcs x ypaBHenuto (2.40). B koHcepBaTHMBHOI CHCTEME SHEPTHsl OCTACTCS
MOCTOSIHHOM, MO3TOMY yIOOHO BECTH paccMOTpEHHe C MoMolIbio (a3oBoil miockocT. Tak
Kak Kaxzjas (a3oBasg TPaeKTOPHUsS COOTBETCTBYET ONPEACICHHONH BEJIWYMHE  SHEPrUH
CHCTEMBI, TO W3 3aKOHa COXPAHEHHUS SHEPIMM MOXHO IIOJIy4YUTh YypaBHEHHE (Ha30BOH

TpaekTopuu. JlelicTButensHO, yMHOXKast (2.40)Ha X M MHTErpHPYs, MOTy4aeM

X

j f(x)dx=E. (2.44)

X

mi¢
— +
2

3neck E, - HauanpHBIN 3amac KUHETHYECKOW YHEPruM Npu X = X,. [loTeHnManbHas sHeprus

cuctemsl B (2.44)omnpenensercss HHTErpaIoM

U (x)= | f(x)dx+U(%). (2.45)

X C—y X

BBons Benmnuuny E = E +U ( )g)) - HaYaJIbHBIN 3aI1ac MOJIHON SHEPTUU CUCTEMBI, YPAaBHEHHE
(2.44)nepenuiiem B BUC

_ Z[E—U(x)].

m

y (2.46)

VYpaBuenus (2.44)u (2.46)ABAsSIOTCS ypaBHCHHEM TPAEKTOPHH CHCTEMBI Ha (a30Boi
IUTOCKOCTH, TIOCKOJIBKY Taf0T 3aBHCUMOCTH Y OT X. Ecmum s 3aBucumoctu U(X) maHHOM

CUCTCMbI U3BCCTHO AHAJIUTHUYCCKOC BBIPAKCHHUC WJIM OHA JJaHa rpa(bnqecxn, TO TPACKTOPHUIO

Ha (ha30BOi1 IUTOCKOCTH MOXKHO JIETKO MocTpouTh. Hanpumep, mst f (X) = ap, ksin kx nmeem
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U (x) :—ebocoskx:f @, ksin kxdx U
X

(2.47)
Ve = 2E N 2ed, coskxD
m m
A U B namewm cnydae
R ﬂ E=E+U(%)=-&,* E,
| X =2B_ 28
_% \ IE A y = - (1- coskx),

T2
- \/ﬁt hEO a ¢ynxuus U(X) B uHTepBaie x:[—/\/2,/\/2] nMeeT

BUJ, wWunoctpupyemsii puc. 2.25. IlpupaBas E,

A
g OTIpe/ieIeHHbIe 3HaYeHMs, U3 puc. 2.25 Jerko HalTu
\ \ x  TIONOXKeHUs n300pakalomed TOYKH, IPU KOTOPBIX
E=U(X) u y=0. Ecin uzo6pasuts rpadpuxu U(X)/m B
macmTabe ¢ Y, To Mo puc. 2.25 MOXHO IMOCTPOUTH
($a30ByI0 TpaeKTOPHUIO rpaUIECKUM METOIOM.
Puc. 2.25

VYpaBuenue (2.46) mMo3BOISACT OMPEACTUTH M

nepuoJ KonebaHuil B Takoil KOHCepBaTHUBHOM cucteme. Ilepenuimiem ero B Bujie

dt = dx . (2.48)

2[E-U(x)]

[lonoBuHa nepuoza Kojebanuii T/2 MokeT ObITh HaliieHa myTeM HHTErpupoBanus (2.48),c

Y4E€TOM TOTr0, YTO OH ONpENeNseTcs BpPEMEHEM IpPOXO0Ja CHCTEMbl OT OJHOIO KpalHEero

TIOJIOKEHHS X, JI0 IPYrOro KpaiHero MmoaoKeHus X, :
%T = S dx . (2.49)
“ —|lE-U(Xx
2[e-u ()

Bennunuel X, 1 X, nomydatorcst u3 ycnosus Y(E)=0. B wactHocTH, U paccMaTpuBaeMoro

KOHKpeTHOro nmpuMepa u3 (2.47)Haxoaum

X2 = iiArcco{ 1—5} S ArccoE—Ej
| k ebo k @O

%{Arcco{ 1_%] dx (2 50)

—%Arcco{l—e%] \/riI:Eo - 31)0 (1_ COSk)é]

ET:
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U3 dopmyn (2.49) u (2.50) BuaHo, yTo B 00IIEeM ciydae mepuoja Kosebanuii (v

4acToTa ())) 3aBUCHT OT HA4YIbHOH SHEpruu (T.e. OT aMIUIMTYAbl KonebaHuii). [TosTomy B

HEJIMHEHHON cHCTeMe B OOIIEeM ciydae MOHSATHE COOCTBEHHOM YacCTOTHI KOJeOaHWM TepsieT
CMBICIL.
3asucumocms uacmomul KOAeOAHUL HENUHEUHOU KOHCEPBAMUBHOU CUCTEMbL Om

HAYATbHBIX YCI0BUL HA3bIBAEMCS HeU30XPOHHOCMbIO COOCMBEHHBIX KONCOAHU CUCTEMDL.
3. Onucanue JNICKTPOMATHUTHOI'O U3JIYICHHUSA OIITHYCCKOI0 THaImasona
DJEeKTPOMAarHUTHBIC MOJIST M BOJHBI SBJISIIOTCSA BAXKHEUITNM (PU3HMUECKUM 0OBEKTOM, KaK
Ui (OTOHUKU W ONTOMH(POPMATUKH, TaK U JJII KBAHTOBOW M ONTUYECKON 3JIEKTPOHUKH.
PaccmoTpuM B JaHHOM paszeiie METObl ONIMCAHMs TAKUX ITOJIEW U BOJIHBI B HEOTPAHUYEHHBIX

TUAJICKTPUIECKUX Cpe/iax.

3.1.YpaBHenuss MakcBesiia B q1uddepeHnuaabHoi popme

rotH = Smmpl - CIICICTBHUE 3aKOHA AMIIepa, 3aKOHA NOJIHO20 MOKA. (3.1)
- _ 0B .
rotE = _E - 00001IeHNE 3aKOHA 2IeKMPOMACHUMHOU UHOYKyuu Papadest. (3.2)
divD=p - JIIEKTPUYECKOE TOJIE MOXKET UMETh CTOKH U UCTOKU. M (3.3)
SIBJSIFOTCS 3JICKTPHYECKUE 3apsiibl C 00bEMHOM TUNIOTHOCTBIO .
divB =0 - MarHuTHOE MOJIe HE MMEET CTOKOB U HCTOKOB, T.6. MATHHTHBIC (3.4)

3apsiibl B IPUPOJE OTCYTCTBYIOT.

B pamkax KiaccM4eckoll OJEKTPOAMHAMMKH ST ypaBHEHUS M BEKTOPOB

— —

HAIPSDKEHHOCTH 3JIEKTPUYECKOT0 M MarHuTHoro noist E u H, BekTOopoB 3nexkTpuueckoi u

MarHuTHOW uHAYKIMK D u B sBastorcst ctporumu.

3.2.MartepuajbHble ypaBHEHUS

Y4YuTBHIBalOT BIUSHHUE MAaTE€pUAIbHOM Cpelbl Ha CBA3b MEXAY BEKTOpaMu moss. B
OOBIYHBIX CIIy4asiX MCIOJB3YIOT HCATU3UPOBAHHbIE MOJEIU cpelpl. B nuHeliHOM

npUOIMKEHUH JJI U30TPOIHBIX CPel, €CIIM MOXKHO IpeHeOpeyb AUCIIepCHel, UMeeM

D=¢E, (3.5)
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B=uf, (3.6)
e €=€E€,, €= % [10° &/, p=WH,, M, =407 Tu/m. Jdudnekrtpuyeckas u
118

Mar"HuTHas IIPOHMIIACMOCTH Cpeabl € U M 34ECh ABIIANOTCI CKALIpPHBIMU BCJIMYMHAMH, a

— —

BekTopel D m E, B m H mapammensmsr apyr apyry. Kpome Toro, Takas CBA3b MEXIy

BekTopamu D u E, B u H saBasercs noxarvuou. To ects 3Hauenue Bekropa D B manHbII
MOMEHT BpeMeHH ' B JTaHHOW TOYKE MPOCTPAHCTBA [ ompejaenseTcs 3HadeHusIMu E uist Tex
xetur .

Kak n3BecTHO, MOIHBINA TOK COCTOUT U3 4-X COCTABIIAIONINX .

ext (3.7)

Ocormt = Ocongt O disct O raneit O

compl disp transf

TJIC IJIOTHOCTHU TOKOB OIIPEACIAI0OTCS BBIPAXKCHUSIMMU.

3,4 = OE - Tox mpooammocTu (3akoH OMma B muddepennuansHoit popme), (3.8)
d disp — e TOK CMEIIEHNUS, (3.9
Ot = PV - TOK IEpeHOCa. (3.10)

3neck O - IPOBOAMMOCTH Cpefbl, O, - IUNIOTHOCTh TOKA MPOBOAUMOCTH U V - CKOPOCTh

cond

JIB)KEHUST CBOOOJHBIX 3apsiioB. CTOPOHHUEN TOK C IJIOTHOCTHIO O, . 3aJaeTCsl BHEIIHUMHU

extr
ucTouHnkamMu. Ero pombp MoxeT wurparth, Hampumep, Iu(GPy3HOHHBIH TOK, CO3aHHBIN
BCJIC/ICTBHE HEOJHOPOTHOCTU paclpeesieHus 00beMHOro 3apsiia P. Takoe pacnpenencHue P
MOJKET OBITh MOJYy4YEHO MpU (POTOBO30YKIEHUN HOCUTENEH 3apsa CBETOBBIM IIYYKOM B 30HY

MPOBOAMMOCTH WM IIPU OOMOApIUPOBKE 3JIEKTPOHHBIM ITYYKOM MOBEPXHOCTH JUAJIEKTPHUKA.

3.3.I'panuyHbIe YCIA0BUA

VYpaBHeHuss MakcBenmia TpPUTOAHBI B TMPEACTABICHHOM BHUAE JUIA OOJiacTel
NPOCTPAHCTBA, B MPE/eiax KOTOPhIX (U3UUECKUE CBOMCTBA cpelbl (€, |1 ¥ Ap.) HEMIPEPHIBHBI.

Ha rpanumnax pasnena cpen | u |l umeroT MecTo rpaHUYHBIC YCIOBHS:

E'-E' =0, (3.11)
D -D! =¢, (3.12)
Br|1 _Br|1| -0, (3.13)

H!—H! =n. (3.14)
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VpaBuenus (3.11) u (3.13) cBUAETENBCTBYIOT, YTO TAaHTE€HI[HAIbLHAS COCTABJISIOIIAS
BEKTOpa HAIPSDKCHHOCTH DJICKTPUYECKOro 1ot E, W HopMmasbHasi cocTaBisfonIas BEKTOpa
MarHuTHON MHAYKUMU Bj, mpu nmepexoze depes rpaHuily pasjena MEHSIOTCS HelnpepblBHO. M3
(3.12) cienyer, 9TO B 3TOM Cilydae HOPMAaJlbHas COCTaBJISIOIIAs BEKTOPA JJICKTPHUYCCKOM
uHAyKIMn D, wu3MeHseTcs Ha BeNMMYMHY IIOBEPXHOCTHOW IUIOTHOCTH 3apsima ¢. B
cootBeTcTBUM C (3.14), TaHTeHIMATBHBIA KOMIIOHEHT BEKTOPa MArHUTHON HANpsHKEHHOCTH
HCIIBITBIBACT CKAaYOK Ha BCJINYUHY HOBerHOCTHOﬁ IINIOTHOCTU TOKa r] HGO6XOI[I/IMO
YUYUTBIBATH, YTO BCKTOPLIL l:lrl )41 H:I OpTOIrOHAaJIbHbBI K HAIPABJICHUIO TOKA4, TCKYLICTO IO

rpanuie paszaena. YpasHenus (3.12)um (3.13) BeIBomsTCS Ha OCHOBaHUM TeopeMsbl ['aycca,
(3.11) u (3.14) - Ha ocHoBe mpuMeHeHHsS Teopembl CTOKCa K ypaBHEHHsSIM MakcBesuia.
Jloka3arenbcTBa 3THX COOTHOIICHUI MOXKHO BBIIOJHUTH CAMOCTOSITEIIBHO HJIM HAWTH B

autepatype (cM., Hapumep, [1]).
3.4.BosiHOBOe YypaBHeHHe 1JI1 HEeMATHUTHOM 0e3rpaHMYHOM cpeabl
PaccMoTpuM HEMAarHWTHYIO OJHOPOJHYIO Cpely, SBISIONIYIOCS HEMpPOBOMSIICH, B

KOTOPOM TaKkXe OTCYTCTBYIOT CTOPOHHUE TOKH U 3apsiabl. B 3TOM ciiyyae cucteMa ypaBHEHUN

MakcBeniia IMEET BU

rotH = sﬁ, (3.15)
ot
_ oH
rotE =—-p—, 3.16
n— (3.16)
divD=0, (3.17)
divB =0. (3.18)

[lepBbie nBa ypaBHEHHs B JAHHOM CiIy4ae OOpa3yeT 3aMKHYTYIO CHUCTEMY, NpPHUYEM
OJIHY W3 BEJMYMH, XapaKTePU3YIOIIUX I0JIe, MOKHO OTCI0/Ia UCKIouuTh. Kak 3To cnenats?

[Mpumenum k ypaBuenwuio (3.16)oneparuio rot, u ucrnonszyem ypasuenue (3.15):
rotrotE = —ui rotH ,
ot

=

E-o (3.19)

rotrotE + e
2 ot?

Hcnone3ys nanee cootHomenune rot rot= grad div- 0%, u ypaHenue (3.17),monydaem
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9°E
=0. 3.20
ot? ( )

02E — e

AHaJIOTMYHO MOKHO HAaWTH ypaBHEHHUE U st H :

-
0%H —pe aat? =0. (3.21)

JlaHHBIE ypaBHEHUS HA3bIBAIOTCS BOJHOBBIMH, Kak u ypaBHeHHe (3.19), koTopoe sBisieTcs

6onee obmmmM, yem ypaBHeHus (3.20)u (3.21),u crpaBeaTUBBIM TaKKe IS aHU30TPOITHOM

cpenpl, rae yeiaosue div E = 0BeimoaHseTcs He Beerya.

3.5.01HO0MepHOE BOJITHOBOE YPAaBHEHHE

PaccmoTpuM cpey, B KOTOPOH IOJI€ 3aBHCHUT TOJILKO OT KoopauHatel Zz. U3 (3.20)

T0JIy4aeM OJHOMEPHOE BOJIHOBOE YPaBHEHHME!
9’E 9%E
-eu—-=0. 3.22
07° H ot (3.22)

OtmeTnM, 4TO B JaHHOM citydae u3 (3.17)nonydaercs ypaBHEHHE,

OE, _
0z
oTtkyaa cinenyer E, =const. Takue pemeHuss Hac HE HMHTEPECYIOT, U MOXHO IOJOXKHTb

O’

E, =0. To ectp BekTop E Komebnercs B INIOCKOCTH, NMEPHEHIMKYISPHOW HAIPABICHHIO
pacrpocTpaHeHu s, U MOXKET OBITh MTPECTABIICH B BUJIC:
E=¢elE,

rae €-eIUHUYHBIA BEKTOp B IUIOcKocTH XY, E, :‘E‘ [epenumiem ypaBuenue (3.22) ¢

(3.23)

yderom (3.23)B BHJE CKAIIPHOTO OJJTHOMEPHOTO BOJIHOBOTO YPaBHEHHSI:

TR _ 9B g (3.24)

€
0z H ot

3.6.I110cKkue ckajsipHble BOJTHBI

Oo6rmiee perieane ypaBHeHus (3.24)mpeacTaBiseT IIOCKYIO CKaISPHYIO BOJIHY BHIA

z (3.25)

E(zt)= Em(t —;) + Ez(t +§j
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rae V=]/ A/JHE - CKOpPOCTHb pacmpoCTpaHEHHUs BOJHBI BIOJb ocu Z Kak mpeacraButh cebe

Takyto BonHy? [Ipennonoxkum, uto npu Z = O MBI UMEEM UCTOYHHUK TOJIS, HAMPSHKEHHOCTD

KOTOPOT'O U3MEHSETCS TI0 3aKOHY El(t), B 001IeM cirydae mpou3BosibHOMY. Toraa B oomactu Z

> 0 umeeMm

E(rt)= Et[t—sj, (3.26)

MOCKOJIbKY TpaHn4Hoe ycinoBue (3.15)Tpedyer HenpepbIBHOCTH TaHTCHITMATbHBIX KOMIIOHEHT

BekTopa E. D10 dopmanbHas cropona. A ¢usmyeckas? Msl umeem npu z>0
pacrpocTpaHeHHe CUTHaia BAOJAb Ocd Z CKOpOCTh pPACHpOCTpAaHEHHS  ONpeNeNsIeTcs
COOTHOILIEHHEM

1 1

HOSO \/p'rsr

V=

(3.27)

S|o

3necy C= ]/ \Ho€y - CKOPOCTH CBETA B BaKyyMe, N - IOKa3aTeNb MPEJIOMIIEHUS CPE/IbL.

3.7.'apMoHnYeCcKHe BOJHBI

PaccmoTtpum curnan, 3amanssiid ipu Z = 0 B BUE:

E (. .
E(t) = E, cos(wt+y) = 7{ exp i(wt+y) ]+ exp-i(wt+ l]J)]} . (3.28)
EMy OyayT COOTBETCTBOBATH TApMOHUYECKHE TJIOCKHE BOJIHBI

E(z?)= Emcos(cot—(—\;) z+q,|j, npu 2= 0,
E(zt)= Emco{coﬁ%) z+ lij,HpH z<0, (3.29)

pacnpoCTPaHsIOIIUECS BIOJIb HAIIPABICHUN +Z U —Z.

Menoeennoe 3nauenue E(Z,t) JIEKTPUYECKOTO IOJIS B KaXAbIi MOMEHT BPEMEHU U B

KaX10i1 TOUKe POCTpPaHCTBa onpeenseTca avnaumyoou E  nnockoil BonHbI U ¢paszoii

0(zt) = otF kz+y. (3.30)
Ecmm E,, He 3aBHCHT OT KOOpAMHAT X, Y, TO BOJHA OymeT oonopoonou. 3xech uepe3 K :(—\;)
MBI 0003HAYAEM B0IHOB0€ YUCTO,

= wye . (3.31)

I'eomeTprueckoe MECTO TOUEK, B KOTOPBIX (ha3a BOJTHBI OCTAETCS MOCTOSHHON

k=

<lg
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Puc. 3.1.Tlone rapMOHHUYECKON BOTHBI
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® = wt F kz+ Y = const, (3.32)

Ha3bIBAIOT  PA3068biM  UIU  BOTHOBLIM
¢poumom. JInsa HEKOTOPOro MOMEHTa BpeMeHu '
¢da3zoBbIli (POHT paccMaTPUBAEMON HAMHU BOJIHBI
SIBJISIETCSL TIOCKOCTBIO, MEPHEHAUKYIAPHOU OCH
z. Ilpu wusmenenunm BpemeHu Ha Al da3oBbIit
q)pOHT BOJIHBI CABUTACTCA B IMPOCTPAHCTBC HaA

Az w
paccrossaue Az, OTHoIICHUE E:K:V

onpenenser @hazoeylo  CKOpOCmv  6OHbL -

CKOpOCTh JIBWXEHHUA (a30BOro (ppoHTa B MPOCTPAHCTBE, B JAHHOM Cilydae BI0JIb ocH Z. Kak

U3MEHSETCS MOJIe TUIOCKOM TrapMOHUYECKOW BOJIHBI B (DMKCHPOBAHHBI MOMEHT BpEMEHHU B

npoctparctBe? OUYEBHAHO, MO KOCHHYCOMIANbHOMY 3akoHy (puc. 3.1). Ilepmoaudnoctsb

N3MCHCHUA MOJIA B IPOCTPAHCTBC 3a4aCTCA BOJIHOBBIM YUCIIOM k. U3menenue (ba351 BOJIHBI B

IPOCTPAHCTBE Ha 2TT COOTBETCTBYET MPOXOXKACHUIO BOJIHOW paccTosHust A: AP = 21m=KkA .

Otcroza noixy4yaeM COOTHOIICHUS:
2
k==<T,
A
2n_2v _ v 1 c
f

A=—
k w

rae f - vactora Bonusl (B ['r).

(3.33)

(3.34)

3.8.I110ckas BoJIHA, pACTIPOCTPAHAIONIASICS B TPOU3BOJIbHOM

HalpaBJ¢HUH

MBI paccMaTpuBaiIy BILIE BOJIHY, PACIIPOCTPAHSIOIIYIOCS BIOJIb OCU Z. /{7151 BOJIHBI B

MIPOU3BOJILHOM HAINpaBJICHUH HEOOXOAMMO HWCIOJb30BaHUE OoJjiee OOIIEero BOJIHOBOTO

YpaBHEHUSA
0°E,
0°E, —pe =0,
AT
0> 9%  0? 0%E,
—t—*+——= |E —ue =0.
(ax2 oy azsz‘ W

(3.35)

3anuiemM cpa3dy TapMOHUYECKYIO IUIOCKYIO BOJIHY, KOTOpas YAOBJIETBOPSET JaHHOMY

YPaBHEHUIO
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E (.t) = E, cof wt-KLT). (3.36)

31ech MBI JJIS POCTOTHI CUMTAaeM HadalbHYIO a3y KoieOaHWil paBHOW HYIIIO (l]JO = O) "

BBOJIMIM BOJIHOBOW BEKTOP
E=ﬁ%’=m\/ﬁ=%(m+jny+f<oq), (3.37)

rae N- eIUHWYHBIA BEKTOpP BOJHOBOM HOpMayd. IlopcTaBuM BhIpakeHUE IS E(F,t) B

(3.35):
%Z(nf+n§+nzz)E(—u8w2E[=O,
Vv
W’ 2 -n (L2_ 2 — N
(?—psij—O, (K*—pew®) E = 0; (3.38)
1 _
[ve)e o

W3 (3.38)cnenyer, uro anst E, # O nomkHO OBITE:
k? = pew’. (3.39)
3aBUCHMOCTD k(a)) Ha3BIBAETCS TUCIIEPCUOHHON 3aBHCUMOCTBIO, @ YPaBHEHHE
k(w)=0, (3.40)
JIMCIICPCHOHHBIM ypaBHEHHEM. B TaHHOM Cllydae MOHOXPOMATHYECKUX BOJIH HMEEM:

2

k? —pew’ =0; K*—|,€, % =0,
(3.41)
k=n2.
c

B o0mem ciywyae mokaszarenb TMPEIOMICHHS 3aBUCHUT OT YaCTOTh (sBJICHHE

I[I/ICHepCI/II/I), 4qTo HCOGXO,Z[I/IMO Y4Y€CTh B COOTHOLICHUHU AJII BOJITHOBOTO YHKClIaA.

k(w)= n(oo)z. (3.42)

3.9.91eKTpOMarHuTHbIE TJI0CKHE BOJIHBI

B o6mem cnydae pemieHue sl TNIOCKOW MOHOXPOMATHYECKOW OTHOPOIHOM BOJHBI

MMEET BU]I
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E(F,t) — E’m COS(COt_ KT +llJo) :%{ ex;Ei ((,L)t ~-K[F + UJO)} + (3.43)

. - 1= . -
+exp[—| (cot -k [ﬁ+¢0)}} _EE‘” exp{l (cot -k [ﬁ’)}+cc o
rae ém = Emexp( il]JO), a C.C. 03HAYaeT KOMILJICKCHO-CONPSIKEHHYIO (DYHKIMIO K MEPBOMY

cnaraemMmoMy. HeTpyaHo 3aMeTUTh, YTO PYHKIINU exp[ii (wt -k + wo)} TaKXe SBIISIOTCS

PCHICHUAMU BOJIHOBOTO YPAaBHCHUH. Bennunna Em - KOMIUICKCHAsA BCKTOPHAd aMILNIMTyda

BoJIHBI. [lockonbky paboTaTh ¢ SKCHOHEHTaMH OY€Hb YAOOHO, TO MPUHATO MOJB30BATHCS

MOHATHEM KOMIUIEKCHOM q)OpMBI 3alnCHu IJid TApMOHUYCCKUX IIJIOCKUX BOJIH
E(r.t) = E, exef i wt-KkT) ], (3.44)

OIlyCKasi MHOXKUTENb 1/2 M KOMIUIEKCHO-CONPSDKEHHOE ciaraemoe. HyXHO MOHMUMATh, 4TO
9MO B8bIpAdNCEHUEe CHpaAgeodau8o monvko Gopmanvro. VICTHHHOE 3HAYEHHE SJIEKTPHUYECKOIO

10JIsI OYIET ONPENENATHCS BHIPAKEHUEM
E(F,t)zRe{ E exp[i(oot—l?[’f)}}. (345)

Bo MHOrux ciydasx, Korga Mbl HMEeM JIeJI0 ¢ JIMHEHHBIMH (QYHKIMSIMU OT E, 5TOT moaxox
JaeT  OJUHAKOBBIC  pe3yiabTaTbl €  IMOAXOAOM, IIPM  KOTOPOM  MCIOJIB3YIOTCS
TPUTrOHOMETpHUUYECKHEe (QYHKUUU. MckinroueHue COCTaBIAIOT Cily4ad, KOrja HeoO0XOAMMO
BBIUNCJIUTh IPOU3BEACHUA WIHA CTCICHH - HAapHUMEp, IIPU pacyeTaX MHTCHCUBHOCTU WIIU
BekTopa IlonHTHHTA.

B yem e nOCTOMHCTBO KOMILIEKCHOTO MeToAa? Haiinem npousBoAHYIO IO BpeMEHHU

OT HAIIPSXKCHHOCTH I10JIA IUIOCKO# FﬂpMOHH‘ICCKOﬁ BOJIHBI.

ﬁ{ E, expi(wt-K n)}} =iGE,, exqi(wt —KT)].

ot
Takum 06pa3om, onepanun quddepeHpoBanms Mo t COOTBETCTBYET YMHOKEHHUE Ha | (.
o .
=~ 4w (3.46)
ot

Herpynno mokasars, 4To AciicTBUEe omneparopoM [ Ha E(F,t) AHAJIOTMYHO JIEHWCTBUIO HA Hee

oreparopom — ik :

OCE =-ik (E=div E, (3.47)

OxE=-ikxE=rot E. (3.48)
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C yyeToM 3anMcaHHbIX COOTHONIEHU MPEICTaBUM ypaBHEHUs1 MakcBeia, KOTOpbIe

MbI MIPUMCHAJIN IIPU OIMMCAHUUN BOJIHOBBIX IMPOLICCCOB B I/IBOTpOHHOﬁ HerOBOZ[HH.Ieﬁ cpeac B

OTCYTCTBHE CTOPOHHHUX TOKOB U 3apsAJ0B, B HOBOH (hopme

rotH = Oeompl:
rotE=-—,
div D= p,
divB=0

OOuwmii BapuanT
ypaBHeHU MakcBeia

DXH :a_D’
ot
. oxg=-98
ot
O = 0,
OB = 0.

VYpaBHenust MakcBesia
B OIIEPaTOPHOM
dopme mst 0 =0,

p =0 ’ 6extr = O

C yyerom MaTepuanbHbIx ypaBHeHuit (3.5)u (3.6)

D=¢E, B=pH,

U3 MOCIEAHEN CUCTEMBI ITOTyYaeM:

—

X =-wEE,

I
I

Pyl
m
T

xE=wuH,

K[E=0,
KH =0.

~kxH=wD,

+kx E=+wB,
- -ikD=0,

-ikB= 0.

VYpaBHenust Makcsesia
JUTSL TUTOCKUX TaPMOHMYECKUX
Bonn (0=0, p=0,

Sextr = O)

(3.49)
(3.50)

13)
(3)52

Otcroaa cieayroT BaXKHbIE BEIBOIBI O CTPYKTYpPE MOJIEH B INIOCKOM 3JIEKTPOMAarHUTHOM BOJIHE:

1. Y13 iepBoro ypasuerus - E [ ku EOH.

2. U3 BToporo - H Ok, HOE, BekTopsl E, H n k 00pa3yloT NMpaBylo CUCTEMY

KOOpAUHAT.

3. Tperbe U ueTBEPTOE YpPaBHEHUS TAK)KE CBHUJIETEIHCTBYIOT O MOMEPEYHOCTH MOJIeH

NN
~l
X
T
I
%

eH, = weE, (‘Rx FI‘ :‘H[ljﬁ‘sin(k" H))

(3.53)
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Bemmunna W =./ll/e wumeer pasmepHocTh [OM] M Ha3bIBaeTCs BOJHOBBIM

conpoTuBieHueM cpeabl. HamomuuM, uto pasmepnocts H - A/m; E - B/m. Ing Bakyyma

MOJTy4aeM:
w, = [He =120m Om. (3.54)

E('J
Ntak, BeKTOpHI E, H u Kk B mmockoit

9
E BOJIHE MOXXHO M300pasuTh Tak  JId
> (uKCHpOBaHHOTO MOMEHTa BpeMeHH t (puc.
> k 3.2). B obmemM ciaydae B 3aBHCHMOCTH OT
H BUJA TONApU3anuK (JIMHEWHas, Kpyrosas,

aJIMNTAYecKas) Bektopel E m H moryr
Puc. 3.2.0puenTanus BEKTOPOB B

IIJIOCKOU BHCKTpOMaFHI/ITHOf/'I BOJIHE CUHXPOHHO U3MCHATH CBOC ITOJIOKCHUC.

3.10.Moasipu3anms NJI0CKUX 3JeKTPOMATHUTHBIX BOJIH

— —

ITone ¢ BexkTtopamu E um H, HampaBieHue KOTOPBIX MOXKET OBITH OIpPEAETCHO B

—

110001 MOMEHT BpEMEHH, Ha3bIBAIOT noApuU308antbim. IIpu ciiyuailHbIX HampaBieHUsX E u

—

H B mpocTpaHCTBE M0JIe SBISCTCS Henoispu306anHsim (COTHEUHBINA CBET U T.1.).

—

IInockocmob noJjisipuzayuu mpoxXoauT ucpes BCKTOP E )51 HaIpaBJICHUC

pacIpoCTpaHeHUs! BOJHBL. Pa3nmuualor sunelinyio, saiunmuyeckylo u kpyeogyio (paByio H

—

JIEBYIO) TIOJIIPH3ALUY - B 3aBUCHIMOCTH OT (DUTYpBI, KOTOPYIO OMHCHIBaeT KOHEll BekTopa E
OpY  PacIpOCTPAHEHHWH BOJHBI. MaTreMaTHYeCKH BOJHY C IPOM3BOJBHBIM  BHIOM
MOJISAPU3AIIMH MIPEJICTABIIAIOT B BHJIE IBYX COCTABJISIOIINX

E =1E, coswt-k2) ,

U o ) (3.55)
E, = JE,,cos{wt-kz—¢) ,

CABUHYTHIX MO (a3e ¥ MMEIOUIUX pa3IuyHble aMIUTUTYIbl B 00meM ciydae. i miIocKoCTH

z=0 umeem
E E : :
X =coswt, —-= cosdt cog+ simt sip, (3.56)

OTKYZa nojIydacm

EEl% + EEgm -2 Eli:E:mcosq) = sif¢. (3.57)
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Eciu yuects, uro E, ~x , E, ~y , 70 (3.57)npencrapnser ypapnenue snmrca. To
ecTh, MOCKONMbKY E, ~COSWt, komen Bektopa E =iE, T ‘E‘ =E;+E; Oyzner

ONKCHIBATH DJUIMIITHIECKYIO TPAEKTOPHIO 32 Bpems T = 2T w. PaccMOTpUM XapakTepHbIe

BHJIbI MTOJISIPU3ALUN.

E E
1. ¢=0, x -4 =0,
y ) E Em
E En
— -

OTO  ypaBHEHHE  THPAMOH,

HaKJIOH KoTopoil k ocu OX

OnpeacsICTCAd  OTHOLICHUEM

E,./En. HelictButensHo,
Puc. 3.3.0pueHrtanus BeKTOpa NOJSIPU3AIKNHU B
MJIOCKOW 3JIEKTPOMAarHUTHOM BOJIHE npu  CHH(A3HOM H3MCHCHHH

E, u E, ~ COSWwt cuHXpOHHO

U3MEHSICTCS M Pe3yJIbTUPYIOIUi BekTop E . JIerko BuIeTh, UTO Takas ke 10 THITY JUHEUHAs
NoJIsIpU3aIns UMeeT Mmecto U ipu ¢ =n1t (n= 0,%1,£2,...).

2 2

m E;

A

2' B, E,

DTO KaHOHWYECKOE YpaBHEHHE DJJuMIca ¢ OOJBIION W Majod  IOJYOCSMH,

—

OpUEHTUPOBAaHHBIMM TOYHO II0 ocAM X u Y. Hampasnenue BpameHuss Bektopa E

ompenensercs: 3uakom ¢. s ¢ =—TY2 kakoe Oyner BpaimieHue, JIEBOE WIHM MPaBoe? -

IIpasoe.

3. B kakom ciy4ae Mbl OyeM UMETh KPYroByIo nonsipusannio? ¢ =+1/2, E_=E, .

3.11.3akoH coxpaHeHUsI IHEPTUH IS JIEKTPOMATHUTHOIO MOJIS.

Bexrop IHoiinTHHIra

Kak HN3BCCTHO, B oobeme V COCPCAOTOYCH 3allaC SHCPIrruu 3JICKTPOMArHuTHOT'O IOJIA

W = I(EED HEBjdv_j(ef “—;'Zjdv. (3.58)

PaccmorpuMm m3menenue sHeprum W Bo BpemeHu. [l 3TOro mnepenuiieM ypaBHEHUs

MakcBemnia B Bune
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rotH :ScondﬂE,
ot
_ oH
rote=-y—,
Mot

CUMTas TOKU MEPEHOCa U CTOPOHHUE TOKH OTCYTCTBYIOIIUMU. JIOMHOXKUM TEpBOE ypaBHEHUE

na E, a Bropoe - Ha H CKaIspHO ¥ BEIYTEM MONYYCHHBIC PE3YIIbTATHL:
E Mot H - H GotE= 8E&+u HJL+6cond (3.59)

YuuTeiBas COOTHOIICHUS

e =1 (E)= 5 (2)

ot 2ot 20t
A =219 (52) =29 (),
ot 20t 20t

EmotH—HDrotE:—duv[Ex H],

u uaTerpupys (3.59)mo 06wvemy, moydaem

{[(div[éx A J)dv = —%J(%ﬂ “';jdv l( g 0B dV. (3.60)
Ucnone3ys Teopemy Octporpaackoro-I'aycca

jdlv AdV ¢ A,

v
Y BBOJSI BEKTOD

A =[ExH|, (3.61)
MOJIy4aemM

;jt (gEZ “;' Jdv <_£>ﬁ i (3...,08 dv. (3.62)

VYpaBuenue (3.62)BbIpaxkaeT 3aKOH COXPAHEHHUS YHEPTHU B DJICKTPOMArHUTHOM IIOJIE.
JleBas yacTh - IOJHOE M3MEHEHHE DJIEKTPOMAarHUTHON 3Hepruu B o0beMe V BO BpeMEHHU.
IlepBbiii wineH B IpaBOM 4YacTH - IOTOK BekTopa [IoMHTHHra uyepe3 ITOBEPXHOCTS,
orpanuunBaromyo ooseM V (I1-IUIOTHOCTH NMOTOKA SHEprHM depe3 MOBEPXHOCTh S B

eIMHUIly BpeMeHH). Bropoii wunen B mpaBoit uactu (3.62) - KOJIMUYECTBO TeILIa,

BBIJICTISIONIETOCS B MPOBOIAIINX YacTsX o0bema V B eMHUIY BPEMEHH.
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3.12.¥YcpeaHeHne 10 BpeMeHH SHEPreTHYeCKHUX XapaKTePUCTHK MOJIs

N3meputenbaple  mpuOOpHI, TaK K€ KAaK M YEJIOBEUECKHMH Tja3, HE MOTYT
BOCIIPUHUMATH TPOUCXOJANINE C OONBIION YacTOTOW KOJNCOAHHS JJIEKTPUYECKOTO U
MarHUTHOTO TIOJISI CBETOBBIX BOJH. Bce cpencTtBa HW3MEpeHH TPOU3BOIAT onepayuu
YycpeoHeHusi TI0 KOHEYHOMY MHTEepBally BpeMeHH AT U Mo KOHEYHOMY 00BheMYy MPOCTPAHCTBA
AV . Bynem monarath, 4To B mpejenax qaHHoro oobema AV u3MmepseMas BEIMYUHA A(F,t)
U3MEHSETCS HE3HAYUTENBHO, U JOCTATOYHO MPOBOJAUTH YCPEAHEHHUE TOJIBKO 1O BPEMEHH,
paBHOMY Tiepuoay kojiebanuii T . B 3ToM ciydae cpenmHee 3a mepuoja KoneOaHusl 3HAUYCHHE

(u3nuecKoil BeTUYMHBI B TOUKE C KOOpAUHATAMU [ =TI, ompenensercs, Kak
- 1% -
< A(E,t) >=?jA(r0,t)dt. (3.63)
0

Jlerko mokasatk, 4TO 0/151 nepuoouyeckux (B TOM YHCIIe TAPMOHHYECKUX) KOICOAHULL
HANPSNCEHHOCMU DJIEKMPULECKO20 NOJisl, ONPEAesIeMbIX, Hanpumep, cootHomienuem (5.43),
cpednee snavenue pasro nymo, < E(F,t) >= 0. OHAKO H3MEePHTEIbHBIE IPHOOPHI PEArHPYIOT
HE Ha caMo ToJie, a Ha ero YHEPreTHUECKUE XapaKTePUCTUKNA — MTPH KaXKJOM aKTe U3MEPECHUs
JOJKHO TIOTJIOIIATHCS JTUCKPETHOE KOJIUYECTBO (DOTOHOB, KAXKIBIA M3 KOTOPHIX HMEET
SHEPTrHuI0 AW, Tae 7=1.0510°% JIxld — mocrosinnas Ilmanka. Halimem cpemHee 3HadeHwHe

IIJIOTHOCTHU 3J'ICKTpH‘ICCKOI>i OHEPIUH B BJICKTPOMArHuTHOM IIOJIC, B ClIydac€ €Iro U3MCHCHHS BO

BPEMEHH 110 TapMOHHYecKoMy 3akony ( E(F,t) = Em (r)cosfot + U )):

eE?
4 )

(W) = s% :%E(Enim)co§(2%[t+m)dt: (3.64)

rie E, =‘Em‘. AHAJIOTHYHO MOKHO TIOJYYHUTh CpefHee 3HaueHWE TUIOTHOCTH MarHUTHOU

SHEPIruM B TaKOM rapMOHHYCCKOM BO BPEMCHH SJICKTPOMAarHuTHOM I10JIE:

_MH2
(W)= &)

rne H_=|H_|. OrmeTrumM, uTo ¢ oMok cootHomeHus (3.53),cBa3pIBaromero aMInImTyabl
m m

OJICKTPUYCCKOIr0 WM MArHuTHOI'O oJieit 4€pe3 BOJIHOBOC COIPOTHUBICHUC CPEAbI, MOXHO
MMOJIYYHTB, YTO NaAOMHOCMU SﬂekmpuUQCKOIZ U MACHUMHOU OHepcuu 6 NA0CKOU ZQPMOHMUQCKOIZ
BOJIHE DABHDBL.

<W, >=< W, >. (5.66)
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L
C y4eroM COOTHOIIECHHS AnD%nI‘AT‘ = A, IUIOTHOCTH DBJEKTPUYECKOH U
MarHUTHOM DJHEPrMM MOTYT OBITh BBIP@XKEHBI Y€PE3 KOMILIEKCHBIC aAMILUIUTYIBI IOJIEH

E =E, exp( iy E) u ﬁm =H mexp(itp M)B CIEIYIOIEM BHJIC:

(We) :@fﬁ:‘“), (3.67)
<WM>=@- (3.68)

BBIpa31/IM 4Cpe3 KOMIUICKCHBIC aMINIUTYAbI J3JICKTPUUYCCKOIO IMOJd W MArHuTHOI'O

nons, ¢assl KOTopblIx Yo u Y, B Touke I B 00IIEM claydae MOTYT HE COBIAIATh, CPEIHEE

3Ha4yeHue BekTopa [IoMHTHHTra U1t rapMOHUYECKUX MOJIEH!
17 17 1
<”>=;'[[EXH]dt=;J;[EnX i Jeos@t ) cosot,, Jit=— Ex H, | cos -,

_ 1 L on, 1 i o

fi :—Re[EXH }:—Re{ me] 3.69
(M)=> S Re E, (3.69)
Takum  o0pasoMm, cpednee s3nauenue eexmopa Ilotmmunea 6 — 2apMOHUYECKOM

IJIEKMPOMACHUNTHOM NOJIEe pA6HO eemecmeeHHoﬁ uacmu KOMnJieKCHoco0 seKkmopa
N
=2 ExH). (3.70)

KOTOPBII HOCUT Ha3BaHUE KOMNIEKCHO20 éekmopa lloinmunea.

Jlns IIocKoi dNMeKTpoMarHuTHON BonHel Bupa (3.44) Bexrop Iloitmtumra [l
COBIAJAET 10 HAIPABJICHUIO C €JUHUYHBIM BEKTOPOM BOJIHOBOM HOopMmanu M. Ero cpennee
3Ha4YCHHE, MOAYJIb KOTOPOIO HAa3bIBACTCA UHMEHCUSHOCmbio |, Ompenensier MOILIHOCTD,
NEPEHOCUMYIO JJICKTPOMAarHUTHOM BOJIHOM 4Yepe3 €AMHWYHYIO IUIOINAAKYy B HaIpPaBICHUU

BekTopa [, u ¢ yuerom cootHoieHus (3.53) MoKeT ObITh BBIPAKECHO Uepe3 aMILUIMTYIHBIC

3HA4YCHUA HAIPSKECHHOCTH 3JICKTPHUYCCKOI'0 UJIM MAarHUTHOTO MOJIA B CJICAYIOIEM BUJC.

== g2 =0 Ko
<n>_|n_2Ju_/sEm Z\EHm- (3.71)

Cnenyer OTMETHTb, YTO B HAy4yHOM JHUTEpaType YacTO IMOJb3YIOTCS YIPOIIEHHBIM

OonpeaAcICHUEM MHTCHCUBHOCTH CBCTA

-EE (3.72)

B KOTOPOM ITOCTOSIHHBIN KO3 PHUIIMEHT ]/ ( 21/ 8) OITYIIIEH.
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3.13.Cdepuueckue 3J1eKTPOMATHUTHbIE BOJIHbBI

Hapsny ¢ MIOCKMMH BOJHAMH, B ONTHKE MIMPOKO TMOJIB3YIOTCS TOHITHEM
chepuueckux 6onH, Ui KOTOPbIX (a3oBbiid (BOJIHOBOM) (GpoHT sBisiercs chepoit. s
H30TPOIHBIX CHEePHUECKUX BOJIH IMOJI€ OT HCTOYHHKA, PACIIOI0KEHHOTO B Hayajie KOOpAUHAT,
HeobxomuMo mckath B Bume E=E(r,t). B 9ToM ciydae ymoOGHO BOCIIOIB30BATHCS
chepuueckoii cuctemoii koopaunar (r,0,¢), B koropoii meilictBue omeparopa Jlamraca Ha
byHKIHIO A OTIpeAesSIeTCs] BRIPaXKEHUEM

2
DZA:EG (rA) + 1 i(sine—j+
ror? r >sin® 00 00

1 0°A
r?sinf@op?

(3.73)

HOCKOJ’II)Ky OTBICKMBA€MOC PCIICHUC HC 3aBUCHUT OT YIJIOBBIX KOOPAWHAT, BOJHOBOC

ypaBuenue (3.20)mpuHUMAET BU/!

0% [ = 0% ( =
—(rE)-ue—(rE)=0. (3.74)
or ot
VYpasuenue (3.17)B chepudeckoii cucteMe KOOPAMHAT MOYKHO MPeoOpa3oBaTh K BUY:
0
—(r ’E, ) =0.
or
Ortciona cienyer, 9To B BOJTHOBOM PEIICHHUH TIOJIE SIBIISIETCS TONEPEUHBIM, TO €CTh E, MOXHO
MOJIOKHUTH PABHBIM HYJIIO U MPEICTaBUTh MoJie chepruuecKoi BOTHBI, KaK
E(r,t) =&E(r,1), 13)

I7ie BBEJCH €IMHUYHBIA BEKTOpP €, PAclOJIOKEHHBIA B IIOCKOCTH, OPTOTOHAIBLHOU paguyc-

BEKTOpY I B AaHHOM TOuke. B aTOM ciydae ckamspuas ¢pynkuus E(r,t), ynosierBopsiomas
BOJIHOBOMY ypaBHEHHIO (5.74),M0KeT ObITh MOJTy4eHa B BUJIC:
r

E(r,t):%a(t—£j+—l Ez(t+—j. (3.76)

Vv

B naHHOM BBIpaXEHHM nepgoe clazaemoe TPENCTaBIsET CO00M pacxooawyiocs
cpepuueckyro gonny. Bmopoe craeaemoe COOTBETCTBYET BOJIHOBOMY (DPOHTY, ABMXKYILIEMYCS
K LEHTPY — cxoodsauelica cghepuyeckoll 6onHe. XapaKTepHO, YTO aMIUIUTY/A PACXOASAIICHCS
ceprueckoil BOJMHBI yMeHbIaeTcs kKak 1/, a ee JHepreTHvyecKue XapaKTePHCTHKH,

IIPONOPLUUOHAIBHBIC KBAJAPATy AMIUIMTYbI — KaK 12,
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4, OTpameHne H IPECJIOMJICHHEC ILIOCKHX JJCKTPOMAIHUTHBIX

BOJIH HA ILIOCKOH rpanmue pasaeja IH3JICKTPUICCKHUX CPeEa

OTtpaxkeHHE M IPETOMIIEHUE CBETa — SIBICHUS, KOTOpBIE M3[aBHA MCIOJIb3YIOTCS B
OOBIZICHHOW J>KU3HHW, HAyKe, TEXHUKE, ONTHYECKOM NpubopocTpoeHHMH. B KBaHTOBOW U
ONTUYECKON DJEKTPOHMKE, (OTOHMKE M ONTOMH()OPMATHUKE 3TUM SBJICHUSAM 3a4acTyIO
IPUHAUICKAT BEAyllas pOJb, IO3BOJAIOIIAS pealu30BaTh I[PEUMYIIECTBA CBETa Kak
HocuTensl nHpopmanuu. B kadecTBe mpumepa MOXXKHO YIOMSHYTh BOJIOKOHHO-OIITHYECKUE U
MHTETPAIIBHO-ONITUYECKUE CUCTEMBI, OCHOBAHHBIC HA SBICHHHM IIOJHOTO BHYTPEHHETO
OTpakKCHHUs CBETA.

PaccmoTpuM oTpakeHME M IIPEJIOMIICHUE IIJIOCKOM MOHOXPOMAaTHUYECKOM BOJIHBI C
JUHEHHON TOJpU3alMed I IPOM3BOJIBHOIO YIVIA IIaJeHHUs Ha TpaHULly pasjena

noTy0e3rpaHuYHBIX cpel 1 m 2 ¢ OUINeKTpHUYeCKUMH IPOHHUIAEMOCTAMH €, U €,. bynem
CUMTaTh, YTO B HHUX OTCYTCTBYIOT cBOOOaHBbIC 3apsasl (P=0), 4TO OHH SBISIOTCS
Henpoomsmumu (0 =0) u HemarnutHeIMH (M =l,). OnpenenuMm niockocmsv nadenus

60/1HbI KaK IUIOCKOCTb, MPOXOMSIIYI0 4YEpe3 HaIpaBJIEHUE DPACIPOCTPAaHEHMS MaJaroleit

—

BOJIHBI, 33]IaBaCMbIM BOJTHOBBIM BEKTOpOM K., 1 HOpMajib M K TpaHHIE pa3/ena.

AHann3 00BIYHO MMPOBOAAT IJIA ABYX YaCTHBIX CJIy4acB, KOrJla BOJIHBI ITOJIAPU30BAHBL

HOPMAJIbHO K IIJIOCKOCTH IMAACHHA, W KOrJa BCKTOp IOJApU3aAlUKU JICKHUT B IINIOCKOCTH

—

nageHus. OOl caydaid MpOU3BOJBHON OpPHEHTAIIMM BeKTOpa E MOXXHO paccMOTpeTh Kak
CYIEPIIO3UIMIO 3TUX YAacTHBIX ciydaeB. OCTaHOBUMCS MOAPOOHO Ha Clydyae MOJIIpH3alUU

BOJIH ICPHCHAUKYIISIPHO IMJIOCKOCTH MaACHUA.

4.1. MMoasipu3aumsi BOJIH, HOPMAJbHAS K MJIOCKOCTH MaleHUs

Puc. 4.1 unmrocTpupyeT HampaBiIeHHS OCEed KoopAuHAT W BekTopoB E m H
NaJlalonied, OTPAXKEHHON U MPEJIOMIICHHOW BOJIH. BEKTOPHI 3JEKTPUYECKOTO MOJIs BCEX BOJH
HaImpaBJICHbI HCPICHAUKYJIIAPHO INIOCKOCTU MAaACHUA, TO €CTh COBIIAAAIOT C OCBIO X. 3anuiiem

BOJIHOBBIC BEKTOPBI JyIs najgatoiei (i), orpakeHHo () u npesomieHHoi# (t) BoH:

k = konl(—ajcosei +K° sirf ) (4.1)

!

k. I<0r]L(*jcos(9r +K° sirg, ) (4.2)

oy
|

= I<or12(—icoset+R° sirﬂt), (4.3)
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rae K, =W/ C- BonHOBOE YMCIIO Ul BAKyyMa U Ny, =./€,, , - KOODOHUIMEHTHI NPETOMICHHUS

JUIsL BOJIH, PAaCIIPOCTPaHSAIOIIMUXCS B IIEPBOM U BO BTOPOM Cpelax, COOTBETCTBEHHO.

H,
z f Er
|'I
< T
|
|IIII H‘
Y
N[
a
\ : K5
Puc. 4.1.

B coorBerctBun ¢ coornomenusmu (3.44) u (4.1)-(4.3), omyckas MHOKHTEIb

expiwt ), HamPsHPKEHHOCTH IEKTPHUSCKOTO MOJISt BOJIH MPEICTABUM B BHUJIC:

E =TE iE,, expl ik,n, (ycod, - zsif) )], (4.4)
E =i _ exp| —ik,n, (y cod, + z s, )], (4.5)
E =7E_ exp) ik,n, (ycod, - z sirB,) |. (4.6)

Wcnonb3ys nanee ypaBuenue (3.50), HaiiieM TaHTEHIIHAIbHBIE COCTABIISIONINE BEKTOPOB

MAarHvuTHOTO IIOJISI BOJIH.:

H, = nl::/\/o LE,, exp| ik,n (y cod, - z sib, ) |, (4.7)
H_ _nlc\:/\(;oser E,.,exp| —ik,n (ycod, + zsiB, )], (4.8)

L=l \CA‘;SQ E,exp] ik,n, (ycod, ~ zsid,) |. (4.9)

0
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Ha rpanune pasgena mpu Yy = 0, TaHreHIHAIbHBbIE COCTABJSIIONIKE TIOJICH,
snextpuyeckoro (E,) u marautHOro (H,), MomkHa GHITH paBHBI MeXTy COOOH B MEpBOH 1
BTOPOU Cpeflax, B COOTBETCTBHH ¢ TpaHnuHbIMU yeioBusmu (3.11)u (3.14) frockonbky 77 =0
— IMOBEPXHOCTHBIIH TOK OTCYTCTBYET). J{JIsl COCTaBISIOMINX HIICKTPHUUECKOTO OIS TTOJTydaeM:

E. exp(-ik,n.zsind,) + E, exf-iknzsi®, )= E, exp- ik p sB). (4.10)
VYpaBuenue (4.10) n0mKHO OBITH CIPaBEUIMBO IMPH JOOOM Z. DTO BO3MOXKHO, €CIH
BBITIOJTHSIIOTCS YCIIOBUE

sin®, = sing, , (4.11)
O3HAaYaroIIee, YTO YroJ MajeHus paBeH YIily OTpakeHusl, i 3akoH CHelnyca:

sin®, =% sing,. (4.12)

n2

U3 ypaaenus (4.10)c y4eToM MOJYyYCHHBIX COOTHOIIECHHM CIIEAYET, YTO

Erw + Em = Ens (4.13)

a yCJIOBHE paBEHCTBA B cpelaX 1 M 2 TAHTCHIHAJIbHBIX KOMIIOHEHT MArHUTHOTO TIOJIs

MO3BOJISICT TOJIyYUTh, C HCIOJb30BaHUEM BhIpakeHui (4.7)-(4.9) npyroe HeobOXoaumoe

YPaBHEHHE:!
(Em - I'E,m)cosei =% E, co®,. (4.14)
Pemras cucremy ypasuenuii (4.13)u (4.14),monyqaem:
- n, cosB, — n, co$, ._m, (4.15)
n, cosB, + n, co$,
g - 2ncosh - (4.16)
n, cosB, + n, cod,

BBoas ko3 dunment orpaxenus ceera R, = Em/ Em 1 KO3PHUIUESHT TPOXOXKICHUS

T,=E,/E, 111 momspusanuy, HOPMaJbHOM K IUIOCKOCTH IAQAEHHS, MOXXHO MOJYyYHTh

COOTHOIICHUA
_n,cosB —n, co$, , (4.17)
n, cosB, + n, co$,
T = 2mcos, (4.18)
n, cosB, + n, co$,

HasbIBaeMble popmynamu Dpenens. Vcnonssys 3akon CHemmmyca (4.12), CBSI3BIBAIOIIHIA

yron mpenomienus 6, ¢ yrimom mamenms 6,, dopmynst ®penens i kodddunueHTOB

OTPAXKXCHHUA U IIPOXOKIACHUA MOXKXHO IIPEACTABUTH B CICAYIOIIEM BUE:
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_ cosh, —\/(nz/nl)2 - sifg _ sin(6,-0)

cosB, +\/(n2/nl)2— sirf 6, sin(6, +6,)’
2C0, _ 2sirb,_cof,

cosh, +\/(n2/nl)2— sifg  sin(6,+6,)

(4.19)

Ty = (4.20)

B cnysae HopmambHOro manenus, xorma 6, =0, ciemosartensHo, m 6, =6, =0,

MOJIy4aeMm:
_n-n, _2n
R=M"h o (4.21)
n+n, S on+n,

4.2 . Moasipu3aumsi BOJH B MJIOCKOCTH NMAaJeHUs

B3anmHasg opueHTanus BOJIHOBBIX BEKTOPOB Ul NAJAOUIEH, OTPAKEHHOM U
NpEJIOMJICHHOW BOJIH B 3TOM ciy4dae OyJeT Takoil ke, kak Ha puc. 4.1. OqHako BEKTOPHI
MAarHUTHOTO TIOJIE BOJH OYAYyT HAIMpPaBJICHBI BJOJIb OCH X, @ BEKTOPHI IEKTPUUECKOTO OIS
BOJIH JIOJKHBI UMETh TAaKYIO K€ OPUEHTAIINIO, KOTOpast n3o00pakeHa Ha puc. 4.1 1151 BEKTOpOB
MarHUTHOTO TmONsl. AHamu3 dS((PEeKTOB OTpakeHHss W TPEIOMJICHHS JUIsl  BOJH,
MOJISIPU30BAaHHBIX B IJIOCKOCTH MAJCHUS, IPUBOIUT K TEM ke cooTHomreHusM (4.11)u (4.12)
JUTSL YTJIOB OTPAXKEHUS M TIPEJIOMIICHUS, YTO U B MpeAbIayIeM ciiydae. Onyckasi BBIYUCICHUS,
METOAMKAa KOTOPHIX AaHAJIOTWYHA PACCMOTPEHHOH, 3amuiieM ¢gopmynvl Ppenens 01a 60.H,

NnoJIAAPU306AHHBIX 6 NIOCKOCMU naoeHust.

_n,cosd, —n, co$, _ (n,/ny)’ cosd, ‘\/( n/n)° - sirt g _19(8,-6)

R - - , (4.22)
n, cosd, +n, cod, (n,/n)" cosd, +\/( n/n)" - sirf 6 tg(6, +6,)
_ 2n,cosh, _ 2(n,/n;) cosd,
'~ n,cosd, +n co®, 2 2_ g
2 IRl *(n,/n)" cosb, +\/( n,/n) - sirt§ (4.23)
2sinB, coW,

- sin(6, +8,) co{6, -6,

Jl1s1 HOpManbHOTO NAaAEHUs MTOJIy4acM:
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_n-n __2n
== 1 7= 4.24
AR Lo n 2

OtmeruM, uto 3Haku s Ry n R B dopmynax (4.21)u (4.24)npoTHBONONOKHEL. DTO

CBSI3aHO C NPOTUBOIOJIOKHOM opueHTanuedl BeKTopoB E u E, , npunsaToll ans najaromei u
OTpa)XEHHOW BOJIH B CITy4ae, KOTJla OHU JISKAT B INIOCKOCTH ManeHus (cM. puc. 4.1,c yaerom
3ameHbl BektopoB H, m H, wa E u E ), B To Bpems kak Uil BOJH, MOJSPH30BAHHBIX

OpTOroHaJIbHO IJIOCKOCTHU MAaACHHA, OHU 110 HAITPABJIICHUIO COBIIAJAr0T.

4.3. Anaau3 ¢popmya Ppenenst

4.3.1. OTpa:xxeHue cBeTa NPH NaJeHWH M3 MeHee IUIOTHOW cpeabl Ha OoJiee

IVIOTHY. Yroa bprocrepa

PaccmoTpuMm citydali majeHus CBETa Ha TpaHULly pas3fella U3 ONTHYECKH MEHee
IUIOTHOM Cpe/ibl U €ro MPeJoMIIEHHsI B OINTUYECKU OoJiee MIOTHYIO cpeny, koraa N, < n,. Ilpu

OTPaKEHHHM CBETa M3MEHSAETCS €ro amIumTylda u (asa, mosromy ynoOHO Ko3dduuumeHt

OTpaXCHHS IPEJICTABUTD B BHJIE:
R, :‘ R]’”‘exp(— ﬂ)D,n) , (4.25)

rie MoIyib KOod(pQHIMEHTa OTpaKeHUs |R| <1 xapakTepus3yeT YMEHbBIICHHE AMIUIUTY]IbI

OTpPa)KEHHOM BOJIHBI OTHOCHUTEIIBHO TMajarolieid, a ero ¢asza ¢ OmMChIBaeT NMPHOOpETaeMBbIii

OTpaKEHHON BOJIHOM (a3oBbIit cuBur. U3 Gpopmyisr (4.19)HeTpyaHO BUACTD, YTO IS BOJIH,

MOJIIPU30BAHHBIX OPTOTrOHAJILHO IJIOCKOCTU MAACHUA, (I)D =T[, TO €CTb OTpaXCHHasl BOJIHA B
ATOM cllydae BCerja siBseTcs mpoTuBodaszHoi K magaromnieit BoaHe. Moaynb koddduimenrta

OTpakeHUS |RD| MOHOTOHHO YBEJIMYHMBACTCS C YIJIOM HajeHus (MyHKTHpHAas KpUBas Ha PHUC.

4.2),a ipu ckonb3siem nagenuu (8, — 90°) cBeT MCBITBIBAET MONHOE OTPAXKEHHE.

[ToBenenne ko3¢ duIMEHTa OTPaXKEHUS IJIs BOJH, IMOJSIPU30BAHHBIX B IIJIOCKOCTH

najicHusi, onpeneNseMoro cootHomeHueM (4.22), sBisercs Oosiee CloXHBIM. [Ipu ycaoBuu

6, +6, =1/2 wmoxmyme kod(pduIeHTa OTpaKCHHUS ‘R“ obpamaercss B HYyJdb, TO €CThb

OTpaKCHHAsl BOJIHA OTCYTCTBYET (CIUTomIHasi KpuBas Ha puc. 4.2). Yron 6, B sToM cimydae

paBeH
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6 =arct D : (4.26)

0.57

Puc. 4.2.3aBucumocTt K03 GHUIIMEHTOB OTPAKEHUS OT yIila MAAeHUs ISl OTHOIICHUS

k03¢ duIeHToB mpesoMieHus cpex N,/ n, =1.5.

U Ha3bIBaeTcs yenom bprocmepa, unu yenom noanoti noaapuzayuu. Bropoe Ha3BaHHE CBS3aHO

C TeM, YTO IPH NaJeHUU MPOU3BOJIFHO MOJIIPH30BAHHON BOJHBI HA IPAHHIy 1OJ yriom O,

OTpa)XCHHas BOJIHA OKAa3bIBACTCA HOHﬂpHBOBaHHOﬁ NEPNCHAUKYIIAPHO IINIOCKOCTU ITAaJACHUA,
IMOCKOJIBKY KOMITIOHCHTA CBCTOBOI'O II0JId, MOJAPHU30BaHHAA B IJIOCKOCTU MAaACHHA, B 3TOM

CJIydac HC OTpaKacTCs, a MOJHOCTBIO IPCIIOMIISACTCA.

Ilpu yrmax mamenus 0<6, <6, BenmuunHa ‘RI‘ yObIBa€T OT 3HAYEHH,

onpenensemoro ¢opmyiaoi (6.24) mnpu HOPMaabLHOM MajeHHH, A0 HyasA. Jlns obOmactu

65 <6 <1/2 Momymp koddduIeHTa OTpaKCHUS ‘R|‘ Bo3pactaer or 0 mo 1. daza
kodpunmenta orpaxenns ¢, =0 npu 0<6 <6, a mpu 05 <6, <T/2 ona nmeer

3HaueHue @, =TI, TO ECTh OHA M3MEHAETCS CKAUKOM NpH mepexoze 6, uepes snavenne O .
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4.3.2. OTpaxxeHue cBeTa NPH NaJeHWH U3 0ojiee IJIOTHOH cpeabl Ha MeHee

I0THYI0. [loTHOe BHyTpeHHee oTpa:keHue

[Ipn mameHnn CBETOBOM BOJIHBI M3 OINTHYECKH OoOJiee TUIOTHOW cpeapl Ha MEHee

IUIOTHYIO, uMeeM N, > n,. 13 3akona Cremmmyca (4.12) ciemyer, 4To B 3TOM cIydae yroi
npenomiienus 6, = arCSir‘(n1 sirb, /hz) Oomple yria mageHus, To ectb 6, >0, (cm. puc. 4.3).

[TosToMy npH yBeIMYEHUH yria MaJCHUS 0 HEKOTOPOro KPUTHYECKOro 3HavyeHus O, , mpu

KOTOPOM sin@_=n,/n, yrom npenomnenus cranosurcs paseiM 9, To ecth

IIPEJIOMJIEHHAs] BOJIHA PAaCHpOCTPAHAETCs TOYHO BIOJb IpaHUlbl pasnena. Eciom  yron

naacHus MpCBbIIIACT Kpumuuecmtd Y207l NOJNHO2O 6HYNPEHHe2O0 OmpadsiCeHusl Gic, TO

npejlomileHHas 60JIHa 6 ONMUYECKU MeHee NAOMHOU cpec)e omcymcmeyeni.

AN

iy

Puc. 4.3.BoiHOBBIE BEKTOPHI AJAIONTUX W OTPAKCHHBIX BOJIH B ONITUYECKH O0JIee
IIJIOTHOM CPEZie ¥ BOJTHOBOM BEKTOP MPEIOMIICHHON BOJIHBI B OIITUYECKHA MEHEE

IJIOTHOM cpeac MJid pa3jIniHbIX YIJIOB IMMaJCHUA

HpI/I BBIIIOJJHCHHU YCJIOBHUA IIOJHOI'O BHYTPCHHETO OTPAXCHUA YHCIHUTCIb U

sHameHatenb B (Qopmynax (4.19) m (4.20) ma R, m R cTaHOBATCA KOMILIEKCHO-

CONPSDKCHHBIMA  BEJIMYMHAMM, OTKyJa CIEAYyeT, 4YTO |RD|=1 u ‘R“Il. ®da3pl ITUX

K03 PHUIIMEHTOB PAa3TUYHBI U SBJIAIOTCS CICAYIOIIMMHU (GYHKIUAMH YTiia MaeHuUs:
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[ 220 _ 2
o, = 2arctg Y0 il . (4.27)

n, cosH,

2 [2:2n _ 2
¢, = 2arct n ) Jnisin® - . (4.28)

n, n, coso,

Takum 00pa3oM, MOJHOE OTpPa)KEHHUE COMPOBOXKAAETCS M3MEHEHHEM (as3bl BOJHHBI,
Pa3IUYHBIM IS MOJSpU3AlMM B IJIOCKOCTH MAJeHUs M OpTOroHanbHO €il. Ecim momHoe
OTpa’K€HHE HUCIBITHIBAET BOJIHA, IJIOCKOCTh MOJIAPU3ALMN KOTOPOH HAKJIOHEHA K MJIOCKOCTH
NaJIeHUs] 10/l HEKOTOPBIM YIJIOM, TO OTpPaKCHHas BOJHA OyAeT MMETh SJUIMNTHUYECKYIO

MOJISIPU3ALIHUIO.

3ajaguMcs BOIPOCOM: €CIIM IPEJIOMJIEHHAs BOJHA IPU IOJHOM BHYTPEHHEM
OTpaXXEHMM B ONTHYECKM MEHee IUIOTHOM cpele OTCyTCTByeT, OyIeT U B Hel
MPUCYTCTBOBATh KaKoe-IMOO 3JIEKTpOMAarHuTHoe mojie? B ciiydae BOJH, MOJNSPU30BAHHBIX
OpPTOTOHAJIBHO TUIOCKOCTH IaJI€HUs, HAIPSYKEHHOCTHU IEKTPUYECKOT0 M MarHUTHOTO MOJIEH B

cpene 2 narotes BoipaxeHusiMu (4.6)u (4.9), coorBercTBeHHO. OTHAKO POCKIIMH BOJTHOBOTO

—

BekTOpa K, Ha ocu KOoOpAMHAT B 3THX (OpMylax BBIpaXKaloTcs dyepes3 yron O,, He MMeIoImui

(u3ndecKoro cmbicia, MOCKOJIBKY NpPH MHOJHOM BHYTpPEHHEM oTpaxeHuu Sin6, >1. [lns

HAaXOXKIECHHS IPOSKIINU BOJIHOBOIO BeKTopa K, Ha och Z Bocmoib3yemcs yciosueM (4.10),B

COOTBETCTBUU C KOTOPBIM OHA JOJDKHA OBITh TaKOM ke, KaK Ui MaJalolieil U OTpaKeHHON

BOJIH.
k, =knsing,. (4.29)

Yarem Ttakxke, uro cornacHo ¢opmyinam (3.38), 3JeKTpOMAarHUTHOE IIOJE€ B Cpejie
OTJIMYHO OT HYJsSI TOJBKO TOrJa, KOTJa BOJHOBOE YHMCIO (MUIMHA BOJIHOBOTO BEKTOpA)

YIIOBJICTBOPSIET AUCIIEPCUOHHOMY ypaBHeHHUI0 (3.41), KoTOpoe B paccMaTpHUBacMOM Cliydae

MOKET OBITh 3allICaHO B BUJE ‘IZI‘I nk,. Ucnons3zys (4.29), momydyaem, 4TO MPOEKIMSA

BCKTOpa kt Ha OCh Y B YCIIOBHUX IIOJJHOI'O BHYTPCHHETO OTPAXKCHUS SABJISICTCA YHUCTO MHHMOM

BEJIUYNHOM!

ky = \R\z —k; = ik fsin®8, - 1. (4.30)

Takum 00pazoMm, NMpU TOJHOM BHYTPEHHEM OTPAKEHUH BOJH, MOJISIPU30BAHHBIX
NEPIEeHIUKYIAPHO TUIOCKOCTH MaJeHHs], paclpeaesieHue 3JIeKTPUUYECKOro Moyl B cpene 2

HMEET BU
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E (v, 2 9= 1E, expy, y)exif {wt- k3], (4.31)

rae Y, =KyM'Sin6, —n> - mnocTosHHas 3aTyXaHWs, XapaKTEpU3yIOllas CKOPOCTb

YMCHBIICHUA aMIUIUTYAblI BJICKTPUYCCKOTO TMOJIsI € YAAJICHUCM OT TI'paHUIbl pasjaciia.
Boipakenue (4.31)onuchBacT pacpoCTPaHSIONIYIOCS BI0JIb OCH Z (BIOJIb TPaHUIIBI pa3jeia
cpen) TIOCKYIO BOJHY ¢ (ha30BbIM ()POHTOM, OPTOrOHAIBHBIM JaHHOU ocH (puc. 4.4). Takue
BOJIHbL, AMNIUMYOA KOMOPLIX 6 npedenax (aszoe020 (Ppowma 3a8ucum om NONEPEUHbIX
KOOPOUHAM, HA3bIBAIOMCSL HEOOHOPOOHBIMU NIOCKUMU 80JIHAMU. PacCTOSIHUE OT TPaHUIIbI, HA
KOTOPOM TI0JI¢ B HEOTHOPOIHOM TJIOCKOM BOJIHE CYIIECTBEHHO YMEHBIIAETCS 10 aMILTUTY/IE,
XapakTepu3yeT TIIyOWHY MPOHUKHOBCHHUS CBETa B MEHEE IUIOTHYIO Cpeay, W CPaBHHMO C

IUIMHOM BOJIHBI A .

CocTaBisome MarHUTHOTO TIOJs HEOJHOPOJIHON IUIOCKOH BOJIHBI MOTYT OBITh

HaiiieHs! U3 ypaBaenus (3.50)B cinenyromieM Buje:

H, :$E‘m exp(y,y)exq i(wt-k,2)], (4.32)

0

. nfsin?6,-n} . _
H, =-i W Eexply,y)exq i(wt-k,2)]. (4.33)
Kak crnenyer u3 coornomenuii (4.31)-(4.33), paccMaTpuBaemasi HEOJHOPOIHAS

IUIOCKAsi BOJIHA HE SIBJIACTCS MOMEPEYHOUW — OHA COJEPIKUT MPOAOJIbHYIO (MapayiebHYIO

HOpMalH K (ha30BOMYy ()POHTY) COCTABIAIONIYI0 MarHUTHOro mois H,,. Takue BOJHBI, Y

KOTOPBIX COCTABJISIIOLIME JIEKTPHYECKOI0 MOJIsI OPTOrOHAJBHbI BOJHOBOW HOPMAJIH,
Ha3bIBAKOT TMoONepevyHo-dJiekTpuyeckumu, wid TE-Boanamu. XapakTepHo, YTO
IPOJOJbHAS COCTABIAIONIAs MArHUTHOTO TOJS CABMHYTa 1O (a3ze OTHOCUTEIbHO
MOTIEPEYHBIX COCTABJISIFOIIUX AJIEKTpHuUeckoro moyiss mo (aze Ha —T1/2. [loaTtomy KoHel
PEe3YJIBbTUPYIOLIETO0 BEKTOPA MAarHUTHOIO MOJISI B pacCMaTpPUBAEMON HEOAHOPOIHON IUIOCKOU
TE-BoJiIHE OMHUCHIBAET SJUIMOTHYECKYIO TPACKTOPHIO, MPUYEM IUIOCKOCTb JaHHOTO 3JUIUIICA

JISKUT B IJIOCKOCTH majaeHus (puc. 4.4).

AHanoruyHpIM  00pa3oM  MOXHO  pacCMOTpPETh  AJIEKTPOMAarHuTHOE  MOJe,
CYILIECTBYIOIIIEE B ONTHYECKH MEHEE IUIOTHOM Cpeie IPH IIOJHOM BHYTPEHHEM OTPa)K€HUU
BOJIHBI, TMOJISIPU30BAaHHOM B IUJIOCKOCTH MaJeHUS. OTO moJie OyaeT MNpeacTaB/siTh

HEOTHOPOJAHYIO IIOCKYI0 NMONePeYHO-MATHUTHYI0 BOJIHY, TO ecTh TM-BOJIHY.
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Ilnockoctu
IOCTOSIHHOH
aAMILTATY/IbI

BonnoBbie ppoHTHI

Puc. 4.4.CtpykTypa HEoqHOPOIHOM TITOCKON TE-BOJIHEI, CyIecTBYIOIEH TPH

MOJIHOM BHYTPEHHEM OTPaXEHUH B ONTHUYECKHU MEHee MIOTHOHU cpefe 2

OTMeTuM, YTO SIBIIEHWE MPOHUKHOBEHHSI CBETOBOTO IMOJS B CpPEay, OT KOTOPOM
IIPOUCXOAUT IIOJIHOE BHYTPEHHEE OTPAXKEHUE, IIUPOKO HCIHONb3YETCS B  HAy4HbBIX

HCCICOOBaHUAX U B OIITHYECKOM TEXHUKE.

S. HNuTepdepenuus cBera

Hnmepgepenyueti Ha3bpIBAIOT SBICHUE, TPH KOTOPOM CYIEPIIO3UINS BOJHOBBIX
IPOIIECCOB TPHBOIUT K W3MECHEHHIO CPEeHEH IIOTHOCTH MOTOKa SHepruu. MHTepdepeHmums
peaIn3yCTCd MJIs1 BOJIH HIO60ﬁ npupoAbl — 3JICKTPOMArHUTHBIX, aKYCTHUYCCKUX, IMJIa3MCHHBIX,
U Ipyrux. B onruke, rae cpeaHee 3HA4CHHUE MOTOKA 3JIEKTPOMAarHUTHOM SHEPIUM INPUHATO
XapakTepru30BaTh MHTEHCUBHOCTHIO (cM. dopmyinsr (3.71) u (3.72)), moa unHTepdepeHuueit
cBeTa TOHMMAIOT NIMPOKMH KPYr SIBICHHM, B KOTOPHIX MPH HAJOKECHHH IyYKOB CBETa
pe3yiibTUpYyOasds HWHTCHCUBHOCTL B I[aHHOI\/'I TOYKC TMPOCTpaHCTBA HC pPaBHA CYMMC
MHTECHCUBHOCTEH OTACJIbHBIX ITYYKOB.

Ucronb3yst npunyun cynepnosuyuu, CUPaBEIJIMBBIA IS JIMHEHHBIX ONTHYECKUX
CHCTEM, CBETOBOE TOJIE HECKOJBKHAX CBETOBBIX IYyYKOB B TOYKE HAOIIOJCHHS MPEICTABUM B

BUJI€ BEKTOPHO! CyMMBI:

E(F,1) :Zn:é(?,t). (5.1)

i=1
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HNHTEHCUBHOCTH JaHHOro CBE€TOBOI'o IIOJIsA, KOTOpPOC B O6I_HGM ciIydya€ HE SABJICTCA

MOHOXPOMATHUYECKUM, HaWJeM C TIOMOIIBI0 YCPEJAHEHUS IO BPEMEHH, CYIICCTBEHHO
NPEBBIMIAIOIIEMY MIEPUOJIbI KoieOaHwmid, KBaapaTa moayas E(T,t):

2 (B BE)+ BB+ BB ). 62

1(r) = I§l+|§2+...+ En

Taxum 06pa3zom, BeIpaXKeHHE U1 UHTCHCUBHOCTH Pa30MBAETCs HA a0OUMUBHbIIL YJleH,
SIBJISTFOIIUNCS TIPOCTONM CyMMOW HHTEHCHUBHOCTEH BCEX N MYYKOB, U UHMEPPepeHYUOHHbLL
yneH, COACPXKAIMN TMEPEKPECTHBIE CKAIAPHBIC MPOU3BEACHUS HANMPSHKEHHOCTEW IMOJEH OT
pa3IUYHBIX HMCTOYHHMKOB. Ecnu uHTepdepeHIHOHHBIM YieH B pe3ylibTaTe yCpPeAHEHUS
oOpamaercss B HOJb, TO CBETOBBIE NYYKU SBISIOTCS HeKoeepeHmHuimu. OTinuue
UHTEPPEPEHIIMOHHOTO YIEHa OT HYJS TOBOPUT O HOIHOU UAU HYACMUYHOU KOTEPEHTHOCTH
My4ykoB. B 3TOM ciiyyae B HEKOTOPBIX TOYKAX MPOCTPAHCTBA MHTEHCUBHOCTH CBETa OOJIbIIE
apu(pMETHYECKONH CyMMBbI MHTCHCHUBHOCTU IMYy4YKOB (aJUTHBHOTO YiIEHA), a B IPYTUX —
MeHblIE €ro. B pe3ynbrare B NpPOCTPAaHCTBE BO3HMKAET YEpPEAOBAHUE MaKCUMyMOB U
MUHHMYMOB UHTEHCUBHOCTH CBETA — UHMEPDePeHYUOHHASA KAPMUHA.

WUntepdepeniuss cBera MIMPOKO HUCHOJB3YETCS JJIA IOCTPOEHHUS  PAa3IMYHBIX
MU3MEPUTENIBHBIX CUCTEM M YCTPOWCTB W SIBISETCS OAHUM W3 TIJIABHBIX JTAIllOB 3alUCH

ONTUYCCKUX I'OJIOTpaMM.

5.1. UnrepdepeHunst MOHOXPOMATHYECKOTO U3JTYy4YeHUS

5.1.1.AutepdepeHnusi ABYX NJIOCKHUX MOHOXPOMATHYECKUX BOJH

PaccmoTpuM nHTEpPEPEHITNIO IBYX MIOCKHX MOHOXPOMATHYECKHUX AIEKTPOMATHUTHBIX

BOJIH OI[HHaKOBOﬁ YaCTOThI, CBCTOBOC IMOJIC KOTOPBIX UMCCT BU

é(?,t):élElmexp[i(wt—RlEf)}+@Eh ex;{ i(wt— T<2Err)} (5.3)

— —

C Ppa3IM4YHbIMHU BOJIHOBBIMHU BCKTOpaMU k1 )48 k2’ KOMIIJICKCHBIMU  BCKTOPHBIMU

aMIUTHTYAaM1 élm =eE, exp,,)u IéZm =¢& E,,exp(- 1 ,,) n HavanbHEIME (azamu Yy,
u Y, . Ucnonp3oBanue Gopmyisl (5.2) fum (3.72),cripaBeyinBoii U11 MOHOXPOMAaTHIECKHX

BOJIH) TIO3BOJISICT MOJYYHUTh PACIPEICICHUE MHTCHCUBHOCTH CBETa B MHTEP(EPEHIIMOHHON

KapTUHE B CJICAYIOIIEM BUIEC:

|(F) = O[1+m cogK [ —Awﬂ)} , (5.4)
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2 2
=E? +E%, - CpemHssi WHTEHCHBHOCTh CBETA B

+‘ém

rue |0:|1+|2=‘E]m

UHTEp(PEpPEHIIMOHHON  KapTHUHE,  paBHas  CYMMapHOM  HMHTEHCHUBHOCTH  ITYYKOB,

m=2,/ 1,1, cosa /I, - koHTpacT HHTEP(HEPCHIMOHHON KapTUHBI; O - YroJ MEXIy BEKTOpaMU

NOJApU3alMKd  HUHTEPEPUPYIOIIMX  BOJIH; K=k,—-k - BOJHOBOil  BeKTOp
UHTEPPEPEHIIMOHHON KapTHUHBI, HAa3bIBAEMBIH TAaK)K€ BEKTOPOM PELIETKH HHTEHCHBHOCTH,

AY,, =Y, —W,, - pPa3HOCTb HAYAJIBHBIX (a3.

B  kauectBe nmpuMmepa  pacCMOTPUM  HMHTEP(EPEHIMIO  CBETOBBIX  BOJH,
NOJSIPU30BAaHHBIX ~ BJIOJb OCH Y, UMEIOIIUMX OJMHAKOBBIE HadajbHble (a3pl U

pacTpoCTPaHSIONINXCS B ITIOCKOCTH XZ B CpeJie C MOKa3aTesIeM IPEIOMIICHHS N.

A X

4 N | '

N

Puc. 5.1.UnTepdepeHIns BCTPEUHBIX CBETOBBIX BOJH

byneM nosarate, 4TO BOJIHBI PACIIPOCTPAHSIOTCA IIOYTH HABCTPEUY IPYTr APYry, U UX

BOJTHOBBIE BEKTOPHI cocTaBnsioT yriael 8 u 180° -6 ¢ ockio +z (puc. 5.1). BonHOBO# BEKTOp

VMHTCP(PEPCHIIMOHHON KAapTUHBI B JTOM Cily4ae MMEeT HPOEKIHI0 TOJIBKO Ha OCh Z,
K =2k,ncosBk’, u pacnpenenenne cBera B MHTEP(EPEHIIMOHHONW KApPTHHE MOJKET OBITH

nony4eno u3 (5.4),kak
1(2) = I,[1+mcog(K2) | = |+ 2/ 11, co%%ﬂzj, (5.5)

rae K I‘K‘ u/N\= ZT;/K = )\/ (2n CO£) - IPOCTPAHCTBEHHBIN NEpUOJl HHTEPPEPECHIIMOHHOMN
KapTuHbl. PacmpeneneHne MHTEHCHBHOCTH CBETa NpPU HHTEP(EPEHIMU CBETOBBIX BOJH C
uHreHcusHocTsivu |, =09 u |,=0.1 Br/M?, 00pa3yImuMu KapTUHY ¢ KoHTpactom M= 0.6,

MoKa3aHo Ha puc. 5.2.
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| (), Br/v?

2__

zIN\
Puc. 5.2.PacnipeneneHrie ”HTEHCUBHOCTH CBETa B MHTEP(HEPSHIIMOHHOM KapTUHE

Takum 00pazoMm, CyNepHo3UIMs MOHOXPOMATUYECKUX IUIOCKUX BOJIH MPHUBOJUT K
uHTEepEPEHITMOHHON KapTUHE, NMPEACTABISAIONIEH MEPUOANIECKOE YepeJOBaHNE TNTIOCKOCTEH,

COOTBETCTBYIOLIMX MaKCUMyMaM M MHUHMMYyMaM CBETOBOrO Mojisi. B MakcuMyme CBETOBBIE
MOJIsL SIBJISIFOTCSL CUH(A3HBIMU, TO €CTh MMEIOT (Da30BBIN CIBUT K I -Ay,, =21p, roe p —
nenoe 4yuciao. IIpoTuBoga3HOCTh CBETOBBIX BOJIH B OOJACTSAX MPOCTPAHCTBA, rae (ha3oBbIN
ciur mpuHnMaer 3HaueHne K [ =AY, =(2p + D, npuBOANUT K TOMY, YTO BOJIHBI TacsT
apyr apyra. Ilpu oquHakoBbIX HHTEHCUBHOCTAX |, =1, nHTEp(epeHoHHas KapTuHa UMeeT

KOHTpacCT m= 1, U rallicHUC CBCTOBOT'O IMOJISI B MUHUMYMC ABJIACTCS ITOJIHBIM. MuHuMaIbHBIN

IPOCTPAHCTBEHHBI NepHox HHTepdepeHIoHHONH KapTuHbel A . =A/(2n) nHabmromaercH,

KOT/Ia BOJHBI PaCHPOCTPaHSIOTCS TOYHO HaBcTpedy Apyr apyry (mpu 8 =0, cm. puc. 5.1).

5.1.2. Autepdepernusi ABYX chepuyecKHX MOHOXPOMATHYECKHUX BOJH

Hcnone3ys ¢popmyiny (3.76),mose 1Byx chepuyeckux MOHOXPOMATHYECKUX (TO €CTh
rapMOHUYECKUX) CBETOBBIX BOJIH OJMHAKOBOW YacTOTHI B TOYKE HAOJIIOJCHUS MPEJCTABUM B
BHJIC CYNEPIIO3HLIUH

E(r,r,,t) :%exp{i (ot —kr1+¢01)]+% expi (ot —kr 1+ ) |, (5.6)

n
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rae I, U I, - pacCTOSIHUS 10 NCTOYHHUKOB cepruueckux BodH u K = k,n=21tn/A . 3gecy MbI
npeHeOperaeM BEKTOPHBIM —XapaKTepOM CBETOBOTO IO, TO €CTh IOJNB3YyeMCsl Tak
HA3bIBAEMBIM CKAIAPHbIM NPUOTUNCEHUEM.

WuTepdepenmus takoro pona Hadbmoganack Brepsbie Tomacom Ourom B 1801rony.

Cxema omnbita FOHra npeacrasiena Ha puc. 5.3.

222222

Puc. 5.3.Cxema unreppepentiuu IOnra

Hcrounukamu C(bepI/I‘IeCKI/IX BOJIH 3€Ch SBJIAOTCA [Ba OAWMHAKOBLIX OTBCPCTHA B

HENPO3payHOM DJKpaHe, OCBEIIaeMOM OJHOPOJIHBIM CBETOBBIM Ny4ykoM. B 3ToM ciyuae
MoxHO TonokuTh E =E, u Y, =Y, Bocrmombzyemcs Takke NapaKCHATBHBIM
npuOJIMKEHHEM, cuuTas MaibiM yroa 6~ X/L, uro mo3Bomsier mpeHeOpedh H3MEHCHHEM
paccrosHuii I, W I, B ammuuTygHelx MHoxurensix 1/(kn) wm 1/(Kr,), m cumrarh ux
MOCTOSTHHBIMH BEITHYHMHAMU.

C ucrnonp30BaHMEM JIAaHHBIX MPUOIIDKEHUH pacrpenesieHne MHTEHCUBHOCTH CBETa B

UHTEP(EPEHIIMOHHOM KAPTHHE MOXKET OBITH IIPEACTABIECHO B BUIE
|(P)=1,|1+ CO{ZT”N) , (5.7)

IJIe YY4TEeHO, 4TOo N = 1, MHTeHCUBHOCTH UCTOYHMKOB paBHBl |, =1, =1 ,/2, u pa3HocTh X012
aydei o0o3HaueHa kak Ar =r, —r,.

Takum o00pa3oM, B 3aBHCHUMOCTH OT Pa3HOCTH XOJa OT HCTOYHUKOB J0O TOYKH
HaOJI0IeHNs] MHTEHCUBHOCTH B KapTuHE nHTepdepeniun FOura mensiercs ot O B TeX TOUKax,

st Kotopelx A =(2p+1)A /2 u Kyzna BOJHBI MPUXOIAT B IpotuBodase, 10 2|, B TOUKax,

it KOTopbiX A = pA (31ech BoaHbI cH(a3HbI). OTHOIICHHE PA3HOCTH X0/1a K JUIMHE BOJIHBI,
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B JIaHHOM CJIy4yae paBHOE [, Ha3bIBAIOT NOpsOKoM unmepgpepenyuu. B LEeHTpe KapTHHBI,
OYEBHJIHO, HAOIIOAAETCs CBETIas MHTEpEPEHIIMOHHAs [T0JI0CA HYJIEBOTO MOPSIKA.

Ecnu paccmarpuBaTh JBYMEPHYIO KapTHUHY, TO HHTep(EpEeHIHMOHHBIE IOJIOCH Ha
JKpaHe MPEJCTABISAIOT CO00M CEMENCTBO THMNEPOO0II, OTBEUAIONIUX MOCTOSTHCTBY ONTHYECKON
pasHoctu xoxa (puc. 5.4). [lo mepe ynaneHus SKpaHa OT IUIOCKOCTH HCTOYHHUKOB B
JOCTYITHOW Al HaOMIoJeHust 00JacTH OCTaeTCs NPAKTUUYECKH NpSIMOJIMHEHHas cucremMa

nosoc (oomacte P3 Ha puc. 5.4).

1.

i

Puc. 5.4.nTepdepeHIIMOHHBIC MTOJOCH OT IBYX TOYCUYHBIX HCTOUYHHUKOB

5.2. KorepeHTHOCTb CBETOBbIX BOJIH

Kozepenmunocmoio  nazvigatom  coznacosannoe  npomeKkaHue 60  GPeMEHU
HECKOJIbKUX BOJIHOBBIX NPOUECCO8 WU CEOIICHEO, OMPAdycalouee CIaduibHocms hazol
0OHOIL UU HECKOTIBKUX ITIEKMPOMAZHUMHBIX 60IIH.

VIMEHHO KOTePEHTHOCTh XapaKTePU3yeT CIIOCOOHOCTh JIICKTPOMATHUTHBIX BOJIH
uHTepdepupoBath Apyr ¢ apyroM. Jlerde BCero  MOJY4YHTh — HHTEP(EPEHIHIO
MOHOXPOMATHYECKHX BONH. OJHAKO peanbHble WCTOYHHUKH M3IYYCHUS] HE SBILSIFOTCS
MOHOXPOMATHYECKHMH U XapaKTEPH3YIOTCS HEKOTOPOH Cmenenvio MOHOXPOMAMUYHOCHU,
ONpeessIeMOl KaK OmHoueHue WupuHsl CREKMpa Yacmon, 2eHePUPyemuvlX UCIMOUHUKOM,
K yenmpanwvhou uacmome, Alfy. Co creneHbl0 MOHOXPOMATHYHOCTH CBSi3aHa BpPEMEHHAs

KOTCpCHTHOCTDH OIITUYCCKOI'O U3JTyYCHUA.
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5.2.1.BpeMeHHas1i KOT€PEHTHOCTh

MoHOXpoMaTU4YecKoe CBETOBOE U3TyUeHUE, HHTEP(PEPEHINS KOTOPOTO PACCMOTPEHA B
npeaplayIeM noapasaene 5.1,  sABasercs MaTeMaTHYeCKOM uaeanu3alued, MOCKOJIbKY
CYIIECTBYET TOJBKO Ha OECKOHEYHBIX HMHTEpBajlaX BO BPEMEHU M B IPOCTPAHCTBE, U HE
MOXET OBITh peaJn30BaHO Ha MpakTHKe. Bce peanbHble CUTHAIBI, B TOM YHCIE U CBETOBBIE,
OTpaHUYEHBl BO BpeMEHU. B KkauecTBe NHpOCTEHIIEH PEAIMCTHUYHON MOZECIH PacCMOTPUM
HaIPsDKEHHOCTh CBETOBOTO TOJSI B HEKOTOPOM TOYKE INPOCTPAHCTBA, M3MEHSIOUIYIOCA BO

BPEMEHHU T10 3aKOHY

E(t) = E, () cosga,t+, ), (5.8)
rae Em(t) - ¢GyHKIUS, Ha3bIBaeMas OTMOAIONIC CUTHANA, MEUICHHO H3MEHSIOMIAsCS BO
BPEMEHHU MO0 CPAaBHCHHIO C TapMOHHYECKOW HECYIIeW CHTHajlla W OTIMYHAs OT HYIJsI Ha
KOHEYHOM WHTEpBaJiec BPEMEHH, 3HAUMTENBHO IpeBBIIAIONEM mepuon T, =21/w,. B
KauecTBe Mpumepa Ha puc. 5.5 mpuBeneH curHan ¢ orubaromeld B Buae (ynkmuu ["aycca
E () =exp[(t—t, ) /t°], ama t=3T, u ¢,=0, mnpencrapnsommii coboii CBETOBOI
UMITYJIBC.

OTMGTI/IM, YTO OCHOBHAA SHEPTHUsA CUIrHaljia COCpCIOTOYUYCHA B €TI0 I.[eHTpaJ’IBHOﬁ qacTu,

rae |t—t0| <T. [looTOoMy MOXHO CYMTATh, YTO JIMTEIBHOCTh MMIIYJbCa T, paBHA LIMPHHE

ero orubaroirei mo yposHio 1/, To ecthb T, = 2T.

E(t)

1+ orubaromias HecyImas

IRV ARTTATR S

_1__

Puc. 5.5.Curnan ¢ rapMmoHnyeckoi Hecyieil u ¢ orubarorield B Buae GyHKIUN
l'aycca
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Kak u3BecTHO, HemepuoANUecKylo (DYHKLHIO BPEMEHU MOXKHO TNPEACTaBUTH B BHJE

uHrerpaina @ypee
1 00
E(t)=— j F(w) expliot Yo, (5.9)
21 2

TO €CThb B BHIAC JIMHEHHOM CYICPIO3UIIUU TapMOHHUYCCKUX COCTABJIAIOMIUX, HWMCHOIINX

9acTOThl —00 < W< 00 ¥ aMuMTyabl F(w), B o0miem cinydae komiuiekcHbie. Benmnunna F (w)

Has3bIBaeTCs cnekmpom cuenanra E(t) u onpenensercs BeIpaxkeHUEM

F(w) = j E(t) exp(icot Xit. (5.10)

—00
Jlns mpexacraBienHoro Ha puc. 5.5 curmama E(t)c rapmonudeckoit Hecyiieid u ¢

orubaromieit B Buae ¢yHkuuu [aycca mcmoib3oBanue mpeobpasoBanus dypee (5.10) maer

CIICKTP, aMIUIUTyda KOTOPOI'O TAKKC U3MCHACTCA 110 3aKOHY Faycca:

e ]

exp i (w, ~w)t, |+ ex —% expi (w, +w)t, |

9ToT CIICKTP SBJSCTCA CHAOUIHbIM WU OTIMYCH OT HYJIA KakK B HOHO)KHT@HBHOﬁ, TaKk U B

OTpPHUIATETIHHON 00IaCTH YacTOT, C MAKCUMyMaMH IpH W = +w), . lllupuna cnekrpa B pan/C mo

ypoBHI0 1/e paBHa:

s0=2-8 (5)11
T Tp

HaiineMm cBSI3b UM TEIBHOCTH UMITYJIbCA OTHOArOIEH T, ¢ HIMPUHOM criekTpa B [

of :B—Cl):i:—l_ (5.12)
21 m, T,
\Y b3 IMOJIYYHIJIN, YTO JJIUTCIbHOCTh UMITYJIbCHOT'O CHMI'Hajla U IIHPHUHA CIICKTpPa 4acCToT,
[I€ COJCPKHUTCS €ro OCHOBHAs dJHEPrHs, CBS3aHbl  OOPATHO-MIPOMOPIIUOHATHHON
3aBUCUMOCTBIO. J[JiT MOHOXpPOMATHYECKOro (rapMOHHYECKOr0) CHUrHajga, OSCKOHEYHOTO BO

BPEMCHM, IIUPHHA CIEKTpa CTPEMUTCS K HYJIIO, W OH IPEICTABICH €IUHCTBCHHON
CIEKTPAJIbHOM COCTaBIIAIONICH, HMEIOLEH YacTory ). Yem Kopouye [INTENBHOCTH
orudaroleil UMIyIbCHOTO CUTHANA, TEM IIUPE €ro CIEKTP.

PaccmoTpuM nHTEpdepeHLnIo 1ByX BOJH, HE SBJSIOIINUXCS MOHOXPOMAaTHUYECKUMH, U
OCYIIIECTBIIAEMYIO, HAMpHUMep, C MoMoInbio uHTepdepomerpa IOnra (puc. 5.3).

Habmogaemsle B mHTEphEpeHIMOHHOI KapTiHe MakcuMyMbl (mpu KAr =K(r, —r,) = 21p s

KaXIO0M  CIEKTPaJbHOM  COCTABIIAIONICH)  YepeayloTcs ¢ MUHUMyMamu  (opu
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kKAr =k(r,—r)=m(2p +1)). [ln1 MOHOXPOMAaTHYECKOI'O CBETA €€ KOHTPACT OIPEAENACTCS
TOJBKO COOTHOIICHHEM WHTCHCHUBHOCTEH HHTEP()EPUPYIOIIUX BOJIH M yIJIIOM O MEXIY
BeKTOpamu moisipusamyu, mM=2,/ 11, cox /(,+1,) (cm. Bemme m. 5.1). OnHako

KOHTPAaCTHOCTh HHTEP(PEPEHIIMOHHON KapTUHBI M, BBEACHHAA JII MOHOXPOMATHUECKUX

BOJIH, MOXKET OBbITh HalifieHa yepe3 3HaUCHUsI MHTCHCUBHOCTH cBeta | v | . B MakcuMyMmax

min
U MUHHUMYMax:
_ Tmax = I 'min
m=—/——-. (5.13)
I max t I min
Takoe ompenencHUe KOHTPACTHOCTH KApPTUHBI MOMKHO  HCIONIB30BaTh  Kak
XapaKTepUCTUKY HHTEepPEpEeHUUH U Ji1 CBETa, HE SBISAIOIIETOCS MOHOXPOMATHYECKHM.
KonrpactHocTh MHTEp()EPEHIIMOHHON KapTHHBI ONpeaeiseT ee éudnocms (puc. 5.5). Ilpu m
= 1 u3ny4yeHne MOTHOCTHIO KOTEPEHTHO, M MHTEP(HEPECHIIMOHHAS KapTHUHA XOPOIIO BHIIHA.
I[Ipu m = O kapTtuHa wWHTEpPEPEHINH HE BUIHA, TO €CTh HU3JIYYCHUE SIBISETCS MOJHOCTHIO
HCEKOTEPEHTHBIM, U HHTEp(EePEHIMOHHBIH wieH B popmyite (5.2) paBeH HYIIIO.
s ecex peanvruix ucmounukog ceema M< 1,umo ceasano ¢ 08yms npuuunamu:
1. Hznyuenue ne cmpozo MOHOXPOMAMUYHO.
2. Hcmounuk wu3iyueHus umeem KOHeUHble pazmepvl, npuuem pazvl 60.iH,

UCRYCKAEMDbIX U3 PA3HBIX MOUYEK UCMOYHUKA, OMJIUYAIOMCA 0pyz om 0pyza.

1(%)/1,
2 \\ /’l‘\ //
\ //' \\ m=1 /
15.__ \\ m=0 / \/ !/ ‘—
fom A
N A \ !
Yo P ]
05 \ 7\ m<1 \\ / _|
\\ / \ //’
0 \L// | \\1/
0 0.5 1 15 2

X/ N\

Puc. 5.6.Pacnipeenenue HHTEHCUBHOCTH CBETa B HHTEPEPEHIIMOHHON KapTHHE

Ipu €€ pas3IMIHbIX KOHTpACTax
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JleicTBUTENPHO,  NpHU  IDUpUHE  cnektpa  w3nyuenus  Of 0  ycioBue
KAr = (21/A)(r, —r,) = (@/c)(,—r,)=(2rf ) = 2P BBINONHAETCS B HEKOTOPOH 00MACTH
3Ha4eHuH Al — MOJ0KEeHHE MaKCHMyMOB M MHHUMYMOB Ha ocu x (puc. 5.6) pasznuuno s
pa3HBIX YacTOT, KapTHHA MHTEPPEPEHIIMN 3aMbIBacTCs. J{JIs KOIMYECTBEHHON OIICHKH Y4TEM,

YTO YaCTUIbl BCHICCTBA HU3JIy4alOT HC HCIIPCPBIBHO, 4@ B TCUCHUC HCKOTOPBLIX HWHTCPBAJIOB

BPEMEHH, PACCTOSHHS MEKAY KOTOPBIMHU ciiydaiHbl (puc. 5.7).

E(0)

Puc. 5.7.1{yru n3mydeHus HECKOJIBLKUX MUKPOYACTHII.

YacTh curhana, B T€YEHHE KOTOpPOW ero (asa MeHsSETCs HENpephIBHO, HAa3bIBACTCS

Uy20M — 32 3TO BpEMs KO2epeHmHOocmb coxpanaemcs. J[nuHa nyra T, Kak CleqyeT u3

c!?

dopmyiel (5.12),00paTHO MpOMOPIIMOHATIBHA IIUPHUHE CIIEKTpa u3nydeHus Of ,

1

T, =—,
of

(5.14)

¥ CBSI3aHA CO CTETICHBIO €0 MOHOXPOMATHIHOCTH.

Bpemst T, Ha3bIBAIOT épemeHeM KOZepeHmMHOCHIU, 3 JUIMHY I[yra B IIPOCTPAHCTBE
|,=ct,=c/df =AZ/O\ — oOnunoii Kozepenmnocmu. O4UEBUIHO, YTO KOHTpPACTHAs
MHTEp(EPCHIMOHHAs KapTHHA MOJy4aeTcs B TOM CiIy4ae, KOrJa U3MEHEeHHe pasHocTH (a3,
d(KAr) = (21/A2)ONAr, cBs3aHHOE ¢ KOHEWHOH IMpHHOH crekTpa OA, GyleT MHOTO

MeHblie, yeM 2Tt OTcro/1a moayJyaeM:

2
Ar <<£; Ar << . (5.15)
OA
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Takum 00pazoM, 014 nojyueHus KOHmMpPAcmHOU uHmepphepeHyuonHou KapmuHl
PA3HOCMb X00a 80JIH 00IHCHA DbIMb MHO20 MEHbULE OJIUHBL KO2EPEHMHOCHIU.

KakoBa e niamHa KOTEpeHTHOCTH Pa3IMYHBIX UCTOYHHKOB cBeTa? [l O6emoro cBera
& ~ 10T, 1.~ 10 e, l¢ ~ 1 MxMm. []jis MHOTOMOIOBOTO TeJIUii-HEOHOBOTO Jiazepa Ao = 633
um, of ~ 5 I'n, T, ~ 210° c, lc ~ 60 cm. Jlns omHOuacToTHOTO Jasepa, npu Of ~ 15 I,
umeeM T, ~ 6,710% c | ~ 210" m.

JlaHHOE CBOWCTBO 68pEeMEHHOIl KO2epeHmHOCmU OYCHb BAaXXHO Ui ToJorpaguw.
Cxema 3amucu rtojorpamMmbl Jlelita m VYmarHuekca mpeacTtaBieHa Ha puc. 5.8. Ha
dboTOoImIacTUHKY TajaeT Kak OmopHas BojHA R, Tak um mpemMeTHas BojdHAa S OoT 0OBEKTa.
WnuTepdepenimonnas KapTuHa 3TUX BOJH (pukcupyercs Ha (OTOIUIEHKE B BUAC (PYHKIIUU
nporyckanus. [locine SKCIOHUPOBaHUs, IPOSBICHUS, 3aKPETUICHUS, TIPOMBIBKH M MPOCYIIKU
OHa WUTpaeT Pojb MU(PPAKIIMOHHOW PEIICTKH, Ha KOTOPOH MpHu IU(paKIuy OMOPHON BOJIHBI
CO3/AIOTCSl paccesHHbIe BOJIHBI B TOM JK€ HaIpaBJIEHWH, YTO M CUTHAJIbHBIE BOJIHBI,
«IIPOHHU3BIBAIOIINE» (QOTOIUICHKY. Y HAOMIOIATENs CO3aeTCsl WILTIO3HSI, YTO 32 TUIACTUHKON
HAXOJUTCS OOBEKT, HMEIOIIHIA 00bEeM, TOT, KOTOPHIM HAXOAMUJICS B JAHHOM MECTE MPH 3aluCH
rojiorpammbl. EctecTBeHHO, 3/1ech Al TOJDKHO OBITH CYIIECTBEHHO MeHbIne lc. Uem Oosnblie
JUTMHA KOT€PEHTHOCTH JIa3epa, TeM OOJIbIIe TTyOrHA CIIEHBI, KOTOPYIO MOYKHO 3aredaTieTh Ha

roJorpamMmme.

dorormnacTuHka

Puc. 5.8.Cxema 3anmcu ronorpamm no Merony Jleiita u YnatHuekca.
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5.2.2.11pocTpaHcTBEeHHAs] KOTEPEHTHOCTh

IIpocmpancmeennan KozepeHmHOCMb CBS3aHA CO CTAOMIBHOCTHIO (Da3bl U3MyUCHUS
B TUIOCKOCTH TIONIEPEYHOT0 ceueHHs nydka. Eciam ans peanmsannu uHTepdepenuuu IOHra
(puc. 5.3)ucnosnp3yercst H3JIy4eHHe CTAHIAPTHOTO Ja3epa, HalpuMep, Ielnii-HeHOBOTO, TO
¢a3oBbIil PpoHT mydKka OJIM30K K IIIOCKOMY. B 3TOM ciydae ¢aza sBiseTcss IOCTOSHHON 1O
BCEMY CEUCHHIO ITyYKa, Pa3HOCTh HAYaJbHBIX (a3 MCTOYHMKOB COHEPUUYECKUX BOJIH B

unreppepomerpe Oura AY,, =P, —P,,=Cconst=C He 3aBUCUT OT BPEMEHH, U HA DKpaHE

HaOMOIaeTCsl CTallOHapHass MHTep(epeHIMOHHAas KapTuHa. M3nydeHne TakuX Jia3epHBIX
HMCTOYHUKOB 00J1a/1a€T BBICOKOM MPOCTPAHCTBEHHONW KOT'€PEHTHOCTHIO.

TouHo Taxxke, 3Ta pa3HOCTH (a3 OyAeT OcTaBaThCS MOCTOSIHHOM, €CIH SKpaH ¢ IByMs
oTBepcTUsIMU B uHTephepomerpe FOHra Oyner ocBemaThCsi TOYSUHBIM MOHOXPOMATHYECKUM
UCTOYHMKOM. EcCiM 5TOT HMCTOYHHMK pACIOIOKEH HA ORMUYECKOU OCU CUCTEMBI,

0003HaueHHOIT Kak ochb Z Ha puc. 5.9,T0 AY,, =0 u B ueHrpe skpana, B touke O', Oyner

HaOJII01aThCS MAKCUMYM HHTEp(EpPEHIMOHHOM KapTHHBI. [Ipy cMeleHn HCTOYHHUKA B TOUKY
¢ KoopamHaToii X =W/2 pa3sHOCTh XOja JIydel [0 HUKHETO W BEPXHEr0 OTBEPCTHUH B

HEIPO3pauHOM 3KpaHE CTaHeT OTJIMYHOU OT HYJI,

-1/ =J(R) +(d+w)’/4=(R)*+(d- W’/4 (5.16)

U MakCHMyM HWHTep(PEPEHIIMOHHON KapTHHBI cMecTUTCsA W3 Toukdn O' BIONB OCH X Ha

HEKOTOpOe paccTostHre —AX .

Puc. 5.9.UnTepdepenmus KOHra ot npoTsHKEHHOTO UCTOYHUKA U3ITYICHHS
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PaccmoTpuMm uHTEepdepeHIMIO A8 NPOTSIKEHHOTO MCTOYHMKA H3IY4EHUs C
MOMIEPEYHBIM pa3MepoM W, Kaxaas TOYKa KOTOPOro H3JyyaeT c(hepuyecKhe BOJIHBI C
HayanbHOH (ha30ii, HE CBA3aHHOU ¢ (pa3amMu BO BCeX APYIHX TOUYKaX. YTIOBOH pa3Mep Takoro

MCTOYHHUKA, BUAUMBINA U3 IEHTPa HEMpo3pavHoro skpana, ¢ =w/ R, Oymem cunutath MajibiM,
¢ <<1. B sTOM ciyyae, UCTIONB3ys pa3ioKeHue B psix Telaopa u, yIUThIBas B HEM TOJIBKO

JiBa mepBbie wieHa, u3 (5.16)moaydaeM pa3HOCTh X0/a U KpaifHUX TOYEK, PacioI0KeHHBIX

npu X =xw/2:

8(R)’ 8(R) | 2

2 2
A =l =r =R’ 1+(d+W) 1 (d-w) ~%d. (5.17)

Jos pasHoctn xoma Ar. =A/2 B Touke O Oymer HaOMIOAATECS MHHUMYM
uHTEepEPEHITMOHHOW KapTHUHBI, 00pa3yeMol HAJIOKEHUEM CBETOBBIX TOJIEH, MPUIIEAIINX B
HEe OT KpaWHUX TOYEK NPOTSDKEHHOro wu3imydaresss. OdYeBHIHO, YTO B OJTOM CiIydae
UHTEepEpeHIIMOHHAs KapTHHA OyAeT CHIIbHO 3aMbITa U €€ KOHTpAacT M OyneT O6JIM30K K HYIIO.

UnTephepennuns Ha skpane Oyaer BUIHA IpH ycinoBun Ar,. <A/2, To ecTh KOTJa yrioBoi

pasMep HpOTH)KeHHOFO HNCTOYHHKA I/I3J'IY'-I€HI/I$I YI[OBJICTBOpHeT HepaBeHCTBy:
A
o< (5.18)

910 0O3HA4YacCT, YTO HU3JTYYCHHUC TAKOTO MCTOUYHHKA NPpOCMPAHCMEEHHO KO2EPEHMHO B

KoHyce C yrioM mpu BepmmHe 0. =d/R <A/ ( F\’(I)), Ha3bIBAEMBbIM  anepmypoi

unmepghepenyuu. IlonepedHslii pasmep odracmu KoeepeHmHOCMY MOXKET OBITh ONpenescH
kak d =A/¢.

Ecnu BolenuTsh U3 crektpa COIHIEA, YIIoBOil pasMep KOToporo cocrapiser ~ 102
pan, uznydenue ¢ anuHOM BoimHBI 500 HM, TO OHO OYyAET KOr€peHTHO OCBEINATh ISITHO C

nuaMeTpoMm ~ SOMKM.

5.3. Metoabl HaGM0AeHUS UHTEPGepPEeHIIUOHHBIX KAPTHH

JlBa HE3aBUCUMBIX HCTOYHMKAa CBETa BCErga HEKOrepeHTHbl. IlosTomy mis
HaOmoIeHus UHTep(GEpPEeHIIMU CBETa HCIOJIb3YeTCS OJUH HMCTOYHUK, U3IYy4eHHE KOTOpPOTo
JNENUTCS Ha JiBa, WIM Ha OoJsblliee KOJWYECTBO MYYKOB. HMnmepgepenyuonnvie cxemvl, 8
KOMOPbIX NPUCYMCMBYIOM 08a TaKUX UCMOYHUKA c8emd, HA3vlearomcs 08yxayuesvimu. Bee
JBYXJIyueBble HHTEPPEPEHIIMOHHBIE CXEMBI IEIATCS Ha JiBa KJlacca:

- CXEMBbl, TOCTPOEHHBIE TI0O METOAY OeleHUs AMAIIAUMYObL 80JIHbL,
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- CXEMBI, UCITOJIB3YIOIIUE MCTOAbI O¢J1eHUA 8OTIHOBO20 d)pouma.

5.3.1.MeToa aejieHUs aMILUTUTYABI

Amnaumyonoe OeneHue OCYLIECTBISIETCS C IMOMOIIBIO TOJYIPO3pPAuyHbIX 3epKal,
TpaHUIl pasfena, IIEHOK, U T.J., 6Ce20 80IH08020 (pOHMA TANAIOIIEH BOJIHBI KAK €OUHO20
yenozco. B mnockocT HabM0eHUs 00€ pa3/ie/ieHHbIE BOJIHBI IEPEKPHIBAIOTCS U CO3/AI0T, IPU
JIOCTaTOYHOM CTENEeHH KOT€PEHTHOCTH, Pa3InyHble HHTeppepeHInOHHbIE () (EKTH, YacTh U3

KOTOPBIX 00CYKIAeTCs HUXKE.

Ionocwr pasnoti monyursl

[Tpu uHTEepdhepeHnn napaaeabHOro MyYka CBETa B TOHKOM 3a30p€ MaKCUMYMBI U
MUHMMYMbl MHTEHCHUBHOCTH HMMEIOT OJMHAKOBBIE YCIIOBHMS HAOJIOACHUS NPU OJAWHAKOBBIX
TOJIIIMHAX 3a30pa — KapTUHA [0JOC OTCIEXKUBAaeT  Bapualuu TONIIMHBEL. Takas
uHTep(EepeHIUs NPUBOAUT K IOSBICHHUIO NOJIOC PAGHOU MONWUHbI, KaKAas U3 KOTOPBIX
COOTBETCTBYET F'€OMETPUUECKOMY MECTY TOUEK C OAMHAKOBOW TOJILMHOMN 3a30pa WU IJICHKH.

ﬂf[f{ HACAJIBHOTO IIJIOCKOI'0 KJIIMHA 3TH IMOJIOCHI 9KBUJUCTAHTHBI U ITapaJlJICIIbHBL pe6py KJINHa

(puc. 5.10).

Puc. 5.10.ITosockl paBHO# TOJITUHBI B BO3AYITHOM KJIWHE. YTJIbI OTKJIOHEHUS JTy4dei

OT HOpMAJIX CUJIBHO MMPCYBCIINYCHDBI

[Tonmocer MOTyT HaOIIOAATHCS KaK B OTPAKEHHOM, TaK M B MPOIIC/IIIEM CBETE, OHAKO
B TIOCJICTHEM Cllydae BHUIHOCTh MHTEPPEPEHIIMOHHON KApTHHBI CYIIECTBEHHO HHXE. JTO
CBA3aHO C TCM, 4UTO JIYUH 1u? MNPpUMCPHO paBHBI IO UHTCHCUBHOCTU U MOTYT CUJIbHO I'aCUThb
JIpyr Apyra B MUHMMYMax, B TO BpeMs Kak Jiyd 4, UCIBITHIBAIOIIMM JBYKPATHOE OTPaXKEHUE,
3HAYHMTENBHO cllabee ayda 3 (KOI(DDUIMEHT OTpPaKEHUS IO HWHTCHCUBHOCTH, €CIH KJIHMH

ClIeJIaH U3 CTEKJIa, COCTABIsACT mpuMepHO 4 90).
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PazHocTh X0ma Mexay HMHTEpEpUPYIOLIUMH JTy4aMd OYE€Hb OJU3Ka K YIABOECHHOU
toimuHae 3a3zopa d. J[ns 3a3opa, 3alOJIHEHHOTO CpPENOil ¢ IMoKa3aTeieM IMpeloMIICHHs N,
Ar =2dn. Ilpu pacuere MOJNOKEHHS MaKCUMyMOB M MHUHUMYMOB HEOOXOIUMO YUYUTHIBATH,

YTO IPU OTPAKEHUH OT O0JIee INIOTHOH Cpeabl MPOMCXOMUT CABUT 10 (ase Ha T (cM. pas3nen

4),

Konvya Hviomona

KnaccnyeckuM mpuMepoM TOJOC PaBHOM TOJIIMHBI SIBJISIOTCSA KoJjblla HproTOHA,
oOpasyromuecs B 3a30pe MeXy chepuyuecKol JIMH30M U MJI0CKO# MOBEpXHOCThIO (prc. 5.11).
Jlyuie Bcero, Kak y)Ke OTMEUaIoCh BBINIE, 3TO HHTEP(HEPESHIIMOHHOE SIBJICHHE HAOII01aeTCs B
OTpaKEHHOM CBeTe. B 3TOM cirydyae B IIeHTpe KapTUHBI, 3a c4eT (pa30BOro casura ayda 2 mpu
OTPaKEHHUH OT IJIOCKOM MOBEPXHOCTH, OH OYyJET B MPOTHBO(A3e OTHOCUTENBHO my4ka 1, u ux

HAJIOKCHHUC IIPUBOAUT K O6pa3OBaHI/IIO TCMHOI'O IIATHA.

Puc. 5. 11.Ilony4yenue konen HeroToHa
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Mexny paadycoM KpHBH3HBI JMH3bI R, TommmHoW 3a3opa d u pagmycom

HBIOTOHOBCKOTO KOJIbIIA I CYIIIECTBYET CIICAYIOLICEC TCOMETPUUICCKOEC COOTHOICHHUE:!
R2=(R-d’+ F= R-2Rd- f, (5.19)

rJie MpuOJIMKEHHOE PAaBEHCTBO XOPOIIIo BoimosHsercs mpu d << R.

U3 dpopmyast (5.19)noayuaeM BendrHy 3a30pa, Kak

I,.2

d=—. 5.20
R (5.20)

Ecmu pasHocth xoma Ar =2dn paBHa 4YeTHOMY YHCIIy MOJYBOJH, TO (C ydeTom
JIOTIOJTHUTEIBHOTO (pa30BOTO CIBUTA) B MHTEP(EPECHIIMOHHOW KapTUHE HAOIIIOACTCS TEMHOEC

KOJIbIIO, €CJIM HCUCTHOMY — TO CBCTJIOC. OTCIO[[a HaxoJuM paJnyCbl TCMHBIX KOJICI, KaK
r, =~RAm, 15)

" CBCTJIbIX, KaK

r=yRA(m+1/2), (5.22)

rme m=0,1,2,... Tak kak TonmmHa 3a30pa d MeHAETCS MO0 KBaJAPaTHYHOMY 3aKOHY (mpu eé

MaJibIX 3HaYEHUSIX), TO CUCTEMa KOJICI] IIOCTEIICHHO CTYIIAeTCs OT IeHTpa K nepudepun (puc.
5.12).

IA
OTH. efl
1.0 Progg oSNy ae = <ving
[Tpomenumit ceer
0,9 pre=--mm=-rtmmmmeme e emee
OTpaxkeHHBIH CBeT
0 r
a 6

Puc. 5.12.Buz kosnen HeioToHa B OTpaKeHHOM cBeTe (a) U paaraabHOe

pacrpesiesieHue HHTEHCHBHOCTH I KBA3UMOHOXPOMATHYECKOro HcTouHukKa (0)

Tpu-4yeTbipe TEepPBBIX HBIOTOHOBCKHX KOJBIIAa MOXKHO HAaOJIONaTh MPU OCBEIICHUU
OelbIM CBETOM, MpPU OSTOM SPKO BBIpAKEHA HMX XPOMATHYHOCTh (OKPAIICHHOCTH),

ycunuBaromasics k KpasM. lllupuna kojen yBenuuuBaeTcs C POCTOM JJIUHBI BOJHBI
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OCBELIAIOLIEr0 M3JIy4YeHHs, a HMX KOHTPACTHOCTh BO3pAacTaeT NpPH CYKEHHHM CIEKTpa
U3ITy4eHUs], HAPUMED, C TIOMOIIBIO CBETO(UIBTPOB.
C poctom mopsiika uHTEpQepeHIun (C yBenn4eHueM HoMepa KOJIbIa) Uil U3ITy4eHUs
¢ HeOOJIbIION CTENEHBI0O MOHOXPOMAaTUYHOCTH KOHTPACTHOCTh HBIOTOHOBCKHX KOJIEI] MaJaeT.

JI1st ICTOYHMKA ¢ MUPUHON cniekTpa AN = A, —A, uHTepdepeHInOHHAs KapTHHA IpoIagaeT,
€CJIM MaKCHMYM TIOpsiika MUt A, CoBIanaeT ¢ MUHUMyMoM (M+1)-ro mopsiaka st A,

2d = mxlz(rm%sz.

OTcroa HaXOAUM YHCIIO BUIUMBIX KOJIEIL:

By

—- 5.23
AN A ( )

IC
0
rae A, =()\l+)\2)/2 - cpennss (LeHTpajbHAs) UIMHA BOJHBI. Takum 00pa3oM, UIHHY

KOTEPEHTHOCTH |, ompesescHHYO Bbilie B M. 5.2.1, MOXKHO OIICHHTh W3 YKCJIA BUIHUMBIX

o

koJiery HeroToHa.
CrnenyeT OTMETUTH, YTO MPH OTCYTCTBUU IMOTJIOLICHUS B JIMH3€ U MJIOCKOW IJIacTUHE

(cm. puc. 5.11), xkapTUHBI KOJEIl B OTPAKCHHOM M IMPOIICANICM CBETE SBISIOTCS

O0ONOIHUMENbHBIMU, TO €CTh B TI000H TOUKE 3a30pa CyMMa UX MHTECHCUBHOCTEH MOCTOSHHA U

paBHa MHTEHCUBHOCTH NAJAIOLIECH MIIOCKON BOJIHBI.

Ilonocwl pasnozo naxnona

MerogoM  neneHus — aMIUIMTYAbl  MOKHO  MOJYYUTh  €ll€  OJUH  THUII
UHTEP(PEPEHITMOHHON KapTUHBI — TIOJNOCHI PaBHOrO HakjioHa. OHU HAOTIOHAOTCS TIpU
OCBEILIEHUU IUICHOK WM IUIOCKOMAPAJIENbHBIX IUIACTUHOK PACXOIALIUMCS ITYYKOM.
OTpaxkeHHsT OT TEpPEeIHEH W 3aJHEW IMOBEPXHOCTEH TUTACTHHBI (POPMHUPYIOT JBA MHHUMBIX
u3obpaxenuss S u S' ucrouynuka S (puc. 5.13).

Cdepuueckne BOJHBI OT 3TUX MHHUMBIX HCTOYHHMKOB, HAaKIaAbIBasACh B IIOCKOCTU
9KpaHa, CO3JAI0T CHCTeMY HHTEP(EpPEHIIMOHHBIX KOJEI, KaXKI0€ U3 KOTOPhIX OTBEYAeT
ONpeIeTICHHOMY YTy HakJIoHa. OChIO 3TUX KOJIEI ABJISIETCS NEPIEHANKYIISIP, ONMYIIEHHBINA U3
[IEHTPa UCTOYHUKA HA MTOBEPXHOCTH IJIACTHUHBI.

Paccmotpum cutyanuio, mpu KOTopoil 00a OTpa’keHHBIX Jy4ya 00pa3yrloTcsi U3 OJHOIO

U TOTO Xe majarorero (puc. 5.14)
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Puc. 5.13.I1oxy4eHue noioc paBHOrO HaKJIOHA

Puc. 5.14 Nutepdepenums ayden, OTpaKEHHBIX TOHKOM IICHKOH

Pa3HocTh X012 MEXy OTpaXEeHHBIMU JIydaMU MPU TPOU3BOJIBHOM YIUIe MaJACHUS i

CJy4dasi TOHKOM IUICHKH, HaXOsIEHCs B BO3AYyX€E, paBHA
Ar =(AB+ BC) n- AD+%:2ndcosB+A2. 18)

Taxkum 06pa30M, JJIs1 BCEX BOJIH, IMaJar0luX Ha IUICHKY IMOJ OAHUM H TEM KC YIJIOM,

PAa3HOCThL XOJa OJHWHAKOBA. OTpa)KCHHBIe JydYu MpHU 5TOM MapallyiCJIbHbI, BCJICICTBUC YCTO
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uHTephepeHITMOHHAs KapTUHA JIOKAJM30BaHa B OECKOHEYHOCTH W MOXKET HaOJIOAaThCs Ha
9KpaHe, MOMEIIEHHOM B (DOKATBHYIO MIIOCKOCTh MOJIOKUTEITHHON JTHH3BI.

U3 dpopmynsr (5.24) cnenyet, 4To NpU YBEIMUYCHUH YIJIa MAJCHUS CBETA ONTHYCCKAs
Pa3HOCTh XOJ]a MEX]ly OTPaKEHHBIMH JIydaMH yMeHblnaeTcs. CienoBaTesIbHO, HOMepa KOoJIell
paBHOTO HakiIoHa (mopsaku mHTEpdepeHIuru M) OyayT yOwieams MO MeEpe IMepexoja OT
neHTpa kK nepudepun. s UCTOUHUKA S ¢ HE OUYEHb XOpOIIeH BPEMEHHOM KOT€peHTHOCTBIO
9TO MPHUBEAECT K TOMY, YTO BHEIIHHME KOJbIa OYAYyT WMETh OOJBIIYI0 BHUIHOCTH, YeM
BHYTpEHHHE. B 3TOM COCTOMT KauecTBEHHOE OTJIMYME IOJOC PAaBHOTO HAKJIOHA OT IOJIOC
paBHOM TOJIIIMHBI.

[Ipyn nmpuMeHeHHH B Ka4yeCTBE CBETOACTUTENICH IUIOCKOMApaUIeTbHBIX CTEKIJISTHHBIX
IUTACTHH TOJIIMHOW B €IMHUIIBI M JAECATKH MILIUMETPOB TPEOYIOTCS J1a3epHBIE UCTOYHUKHU
CBETa, MHAYe JJIMHA KOTEPEHTHOCTH MOXET OKa3aThCsl MEHbILIE ONTUYECKON pa3HOCTH XOja.
[Mopsiaku MOJIOC B 3TOM CIIydae MOTYT COCTABIISATh JECATKU ThICAY (VIS OCH CHCTEMBI KOJIEIl
umeeM M=2dn/A).

[Tpu uCTONB30BaHUH PEANTBHBIX MPOTHKEHHBIX HCTOYHHKOB MOJIOCH PABHOU TOJIIUHBI
OKa3bIBAIOTCS JIOKAJIIM30BaHHBIMH HA MMOBEPXHOCTH IUICHOK WJIHM 3230pPOB, a MOJOCHI PAaBHOTO
HAKJIOHa — Ha OeckoHeyHOoCTH. JlJis ciaydasl TOYEUHbIX UCTOYHUKOB 3TO paziinyue TepseTcs:
o0a THIIa MOJIOC AEJIOKAJIW30BaHBI, TO €CTh HAOIIOHArOTCA B JXO00M TOYKEe 007IacTH

HEePEKPHITHS UHTEPHEPUPYIOLINX TYUKOB.

IIpoceemnenue onmuueckux 21emMeHmos

PaccMoTprM TOHKYIO MJICHKY, HAHECEHHYIO Ha MOBEPXHOCTH ONTHYECKOTO HJIEMEHTA,
npyUYeM MoKa3aTeaH MpeJoMIICHUs BO3AyXa, IJICHKH U MaTepHala, U3 KOTOPOro M3rOTOBJICH
JJIEMEHT, YAOBJIETBOPAIOT COOTHOIIEHHIO N, <N, < n,. [lockonbky (a3oBbIi cABUr Ha 18¢
BO3HHMKAET MPU OTPAKEHUU OT ONTHYECKU Oojiee TUIOTHOHM cpesl, 006a MHTephepHpyrommx
Jqy4a, OTPKEHHBIX OT IJICHKH M ONTHYECKOTO JIEMEHTA, IPETePIEBAIOT OJMHAKOBBIM CKaYOK
¢a3pl 1 B3aMMHOHM pacha3zupoBKH HE MPOUCXOAUT. MOXKHO TOKa3aTh, YTO NPHU TOJIIMHE

mwieHkd, paBHod d =A/4n, kodhpuuMEeHT OTpakeHUs Mo HHTeHcuBHOcTH R=1 /1,

MHWHHUMAJICH U OIIPCACIIACTCSA BhIPAXKCHUECM.

R= %EIE | (5.25)

Hetpynno 3ametuth, uto R = O 1ipH BBINIOJIHEHUU YCIOBHUS

n=nyn, . (5.26)
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DTO ycioBHE UMEET TpocToe puznueckoe oObsicHeHune. Koaddurment orpakenus Ha
TpaHUIIe JBYX CpeJ MPU HOPMAIBHOM IMAJCHUU 3aBHCUT TOJIKO OT OMHOUleHUs TTIOKa3aTeNei
npenomieHus: (cMm. ¢opmynsl (4.21) u (4.24)). Ha rpanune pasnena BO3IyX-TUICHKA 3TO

OTHOILCHUE paBHO N, /IN,, Ha TpaHUIIE ITUICHKA-ONTHYECKUI neMenT - N,/ n,. [IpupaBHuBas

9TH BhIpakeHUsl, mosiyuaem yciosue (5.26).

DbdekT yMeHBIICHUS OTPaKCHHS HAHECCHWEM TaKOH IUIGHKHM Ha3bIBaeTCs
npoceemjienuemM OnmuKu, OH UIMPOKO MPUMEHSETCS Il YMEHBIICHHsS I[MOTEPh CBETa B
ONTUYECKUX Mpudopax. OAHAKO MOJHOE MPOCBETICHUE MOXKET ObITh JOCTHUTHYTO JIUIIb IS

OJTHOH JUTMHBI BOJIHBI, JUIsL KOTOPOH BBIIOJIHSETCS cOOTHOLIEeHHe A = 4dn .

5.3.2.MeToa AeseHUsI BOJHOBOTO (PPOHTA

[TpumeHeHne 3TOro Meroa mpearnoiaraetT GoOpMUPOBAHNE BTOPHUHBIX HCTOYHUKOB U3
€IMHOTO BOJHOBOTO (pOHTA IMyTEM BBIICICHUS pa3IMYHBIX ero uacteil. Bce ocHOBHBIE
UHTEPPEPEHIIMOHHBIE CXEMbI, OCHOBAHHBIE Ha METO/IE JICJICHUSI BOJIHOBOTO (POHTA, TEM WIIH
HUHBIM 00pa3oM ceodsimces k cxeme Onea (cm. puc. 5.3).31ech HeoOX0auMO CHOPMHUPOBATH
BMECTO OJTHOTO MCTOYHUKA WU3IYYCHUS J1BA, )KEIATCITBHO HA MUHUMATLHOM PACCMOSHUU TPYT
OT JIpyra, ¢ LEJNbI0 MOJYYEHHUS TOJIOC MAKCUMANbHOU WUPUHBLL B OOJACTH TEPEKPHITHS
MyYKOB.

Bunpusma ®penens (puc. 5.15) npeacrasiser coOOi JBe KIWHOBUIAHBIE ITPHU3MBI,
COCJMHEHHBIC OCHOBAaHWMSMH, W JUISI TOYEYHOTO H3Iydarenss S (GopMHpPYeT IBa MHHMBIX
UcTouHHKa S 1 S. [Ipenomstromuii yron O, OJMHAKOBBIM A1 00euX TMOJOBUH, OyneM
CUMTAaTh MaJbIM, COCTaBJISIONIMM CIWHUIGI MHUHYT. JlIs mapakcuanbHBIX —JIydeH,
PacCIpOCTPAHSIOMIUXCS TIOJT MAJTBIM YTJIOM K ONITHYECKOW OCH, KXKIIbIM KIIMH OTKJIOHSIET UX K

CBOEMYy OCHOBaHHI0O Ha yroa O=(n-1)a. DTo NPHUBOAWT K CMEHICHHIO H300pa)KEHUs
HCTOYHMKA Ha BenuuuHy SS = Ltg0= LB.

OnpenenuM MUPUHY HHTEPGEPEHIMOHHONW IOJIOCHI HA JKpaHE HaONIOEHUS Kak

paccTosiHie MEeXAY COCEeIHMMHM MHHMMyMamMu AX B ero meHtpe. M3 yciaoBuss MUHUMyMa

Ar=N12= (L +L,) +(d +8%)° 14= (L + L) +(d-AX)° /4, rae
d=§S=2Il(n1a - paccrosHHe MeXIy MHHMBIMH HCTOYHHKaMH (IO CYTH Jena,
paccTosiHue MeXIy OTBepcTHAMH B HHTepdepomerpe FOHra), momygaem:

amx=bitley o Litb, o (5.27)
d 2L (n-1)
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Puc. 5.15.bunpuzma ®penens

Takum oOpazom, mmpruHa HHTEPPEPEHIIMOHHOHN MOJIOCH 00paTHO MPOMOPIIMOHATBHA
MPETOMIISIOIIEMY YTy O .
Busepkana ®penens (puc. 5.16) cocraBusior miockuii yron, ommskuii k 18F, u

TIO3BOJIAIOT 3a CHCT OTPAKCHUSA C(i)OpMHpOBaTL JABa MHHUMbIX HCTOYHHUKA S]_I/I SZ

Puc. 5.16.buzepkana ®penens
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Kak um B mo0oif cucreMe IUIOCKHX 3€pKall, BCE TPU HCTOYHHMKA HAXOMITCS Ha
OJIJMHAKOBOM pacCTOSHUH OT pedpa IUIOCKOro yria (Ha OKPYXXHOCTH C LEHTPOM B peodpe).
XOTsl IPU OTPAKEHHUH OT 3epKaja MPOUCXOAUT (Pa30BbIN CIABUT, JOMOTHUTEIHHOW Pa3HOCTH
(a3 He BO3HHUKAET, MOCKOJBKY CABUTAIOTCS (a3bl o0oux mydkoB. [Ipu moBopoTe 3epkana Ha

yroan O OTpaKCHHBIH JIyd TOBOpauMBaeTcs Ha 20, mostomy S S = ng(2a). B cuy
MaJOCTH yrjla O pacCTOsHHEe Mexkay wucrouyHukaMu d=§S=2 0, u mupuna

UHTEP(PEPEHIIMOHHOI MOIOCH ONPEEINAETCS U3 BhIPaXKCHHUS:

Ax:LH)\:LH)\
d 2ra

(5.28)

bununza Buiie (puc. 5.17) msroraBiamBaeTcs W3 €AWHOW JHH3BI C (OKYCHBIM
paccrosiaueM f myTeM ee pa3pe3aHus o TUaMETPy U Pa3/IBUTaHUS MMOJIOBUH Ha paccTtosiHue h
MOTIepEK ONMTUYECKON ocH. Jlpyroil BapuaHT — BeIpE3aHUE BAOJIb JUAMETPA TOHKOTO TOsca U

CKJICMBAHHEC OCTAaBIIMUXCs ITOJIOBHH.

Puc. 5.17 .bunnnsza buiie

B ob6oux cmyyasx ¢opMupyloTCs [Ba JCHCTBUTENBHBIX HCTOYHHKA S U S, ¢

PACCTOAHUECM MCKAY HUMU

g=_"r_ 5.29)
a—f

nockonbky h/a = d/bu 1/a +1/b = 1f . [llupuna uaTepdepeHIIMOHHON MOJIOCH ONPEICIACTCS,

KakKk
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:L_)\:—L(a_ f)}\
ahf

AX (5.30)

3eprano Jlnoioa (puc. 5.18) mo3BoiseT MOJXYYUTh HHTEPPEPEHLHUIO OT CAMOTO
UCTOYHHKA S ¥ OT €ro MHUMOTO M300paKeHUsI S B IIIOCKOM 3epkaie M, pa3MemeHHOM Kak
MOXXHO OJMKe K MCTOYHHKY. [IOCKOJBKY OTpa)KeHHBIH MyYOK HCIBITBIBACT (ha30BBIil CIBHT,

TO NONOHCEHUA MAKCUMYMOB U MUHUMYMOB uHmep(j)epeHL;uu MEHAIMCA mMecmamul.

Puc. 5.18.3epkano Jlnoiina

[upuna naTepHEepEeHIIMOHHON TOIOCHI 3aBUCHT HE TOJIBKO OT BHICOTHI HCTOYHUKA HAJI
sepkasioM h (5 = 2h), HO U OT yria CKOJBbKEHHUS O, TaK KaK Pa3sHOCTh XOJa COCTaBIISACT

BenuuuHy Ar =S, Stga—-A /2= 2lm-A /2.

5.3.3./IByxiuryueBbie HHTEpPdepoMeTPhI

BonbmmHCTBO  08yx1yUesbix unmepgepomempos TOCTPOCHO IO CXEMe JelIeHUs
amruuTyabl. Hanbosee M3BECTHBIM U3 HHX SIBISICTCS unmepgepomemp Maitikenscona (puc.
5.19)c ogarm 5041poLIeHTHBIM CBETOACIUTENEM U IByMs 3epKaniaMu M1 u Ma.

PasHocTh XOma B HeM paBHa yaBOeHHOW pasHocTH paccrosHui OM; m OMy,
HA3BIBAEMBIX mieuamu unmepgepomempa. CbIOCTUPOBAHHBIN paBHOIICUH HHTEpPEpoOMETp
JlaeT PAaBHOMEPHYIO 3aCBETKY IOJIS 3PCHUS B IUIOCKOCTH HaOmoneHus P (OeckoHeuHas
1ojoca HYJIEBOro Tmopsaka). B cioydae HakioHa WIM OTKIOHEHHS OT HJICATbHOM
IUIOCKOCTHOCTH OJTHOTO W3 3€pKall B IMOJIC 3PEHUS TMOSBISIOTCS IOJOCHI, MTUPHHA KOTOPBIX
00paTHO MPOMOPIMOHANIFHA YTy HAKJIOHA 3e€pKaja W MPSMO MPOMOPIHOHANBHA (POKYCHOMY

paccrosiHuio o0bekTuBa L.
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OTnuuntenbHOW  0COOCHHOCTBHIO  MHTEepdepomeTrpa  MailikenbcoHa — SIBIsSETCA
BO3MOKHOCTh M3MEHEHHs Pa3HOCTH XO0Ja B OYEHb WIMPOKUX mpexaenax. Hampumep, ¢ ero
HCIIOJIb30BAHUCM CTAHOBUTCA BO3MOXKHBIM IMPAMOC HU3MCPCHUC [JIMHBI KOTCPCHTHOCTHU
UCTOYHUKA M3JIY4eHHUs, KaK pacCTOSHUS MEXKIy 3epKajlaMd X, TpU KOTOPOM

uHTep(epeHIIMOHHAs KapTHHA MPOIa1aeT.

N

- -{'“u
|
£}

___________ s v s
I
I

e -~ |

L
X
ot

Puc. 5.19.Uutepdpepomerp Maiikenbcona

Jlis KOHTpOJIsI KayecTBa ONTHYECKUX 3JIEMEHTOB HCIOJIb3YeTCs unmepgpepomemp
Teauimana-I puna, cxema kortoporo (puc. 5.20, a), sBasercs MoaudHKaIHMed CXEMBbI
uHTeppepomerpa MaiikenbcoHa. B ero m3amepurenbHOE IJIEUO MOMEIIACTCs MPOBEPSIEMBbIN
sieMeHT. B cayuae mnpoBepkd TpU3MBI BTOpPOE IJIEHYO MPOCTO pa3BOpauuBaeTcs, a
OTpakarolllee 3epKajio OCTaBJISETCS TUIOCKUM. JIJis KOHTPOJS JHMH3 WJIM MHOTOJMH30BBIX
00BEKTUBOB 3epKasio My AenarT cheprudecKuM.

Humepgepomemp Maxa-1]enoepa (puc. 5.20,6) npenHa3HaueH B MEPBYIO Ouepeib

JUTST UI3MEPEHMsI TIoKa3aTeliel MpeioMIIeHus Tra3oB. B 1uieun maTepdepomerpa momemarTcs
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kroBeThl K1 1 K2, 0JTHa U3 KOTOPBIX 3aIOIHICTCS HCCICTYEMBIM BEIECTBOM, a APYTast CIYKUT
JUTST. KOMITEHCAIIUM PA3HOCTH XOJa, OOYCIIOBJICHHOW OKHaMH KIOBETHI. Ilpu mpoxoxaeHuu
CBETa uepe3 KIOBETHI MOSBIIETCs 100aBoYHas pasHocTh xona Ar =(n, —n)L, roe L — nina
KIKOBETHI, n]_ nu n2 — II0Ka3arTcjin HpeHOMHeHI/IH BCIICCTB, 3allOJHAOIINX KHKBCTHI. TaKI/Ie
YCTpOﬁCTBa JJI HpeI_II/I3I/IOHHOI‘O I/I3MepeHI/I$I IIOKa3aTCIIsd HpeJ'IOMJ'IeHI/ISI HA3bIBAKOT

uHmeppepeHyUuoOHHbIMU pehpaKkmomempamu.

Puc. 5.20.0ntuueckue cxemsl naTephepomerpoB Tralimana-I'puna (a),

Maxa-Ilenaepa (6) u XKamena (s)

Takue pedpakToMeTpbl 00JaAAIOT TPEAEIbHO BBICOKONW YYBCTBUTEIBHOCTHIO,
OTpeIeNIsIeMOi OTHOIIIEHUEM JJTHHBI CBETOBOM BOJIHBI A K JuIMHE KioBeThI L. J{eficTBUTENBHO,
BU3yallbHO MOKHO 3aMETHTh CIBUT HHTEPPEPEHIIMOHHON KapTHHBI C TOYHOCTHIO g0 1/40
nopsiaka, uto npu L = 10 cMm mo3BosisieT 00HApYKUTh Pa3HOCTh MOKa3aTeNed mperoMIeHUs
nopsinka 10 [

Humepgepomemp Kamena (puc. 5.20, 6), cocToAmUi ©3 JIBYX TOJICTBIX
IUTOCKOTApaJUICNIbHBIX TUIACTHH, HAUOOJIEe MPOCT B HACTPOMKE U PEryIupoBKe (B OMTHUECKON
TEXHOJIOTUM 3TO HAa3bIBaCTCS focmuposkoil). OH TaKKe MOXET HCIOIb30BaThC IS
M3MEPEHHUs MOKa3aTeled MPEJIOMIICHHS JKUAKOCTEH M Ta30B. Ero HEOOCTAaTOK — CIMIIKOM
OJIM3KOE pACIIOJIOKEHHUE OOOMX CBETOBBIX JIyded, KOTOPBIC HA3BIBAIOTCS OObEKMHLIM U

penepHvim nyukamu, HE IO3BOJIAIOIICC Pa3sMEIIaTh B HEM KIOBCTHI 0O0JILIIIOTO AuaMeTpa.
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5.3.4.A3mepeHue YIiIOBbIX pa3MepoOB HCTOYHUKOB. 3Be3IHbIIH HHTEpdepoMeTp

Kak u3BecTHO U3 mpensiaymero paccMoTperus (cM. . 5.2.2),B ciaydae npoTsHKEHHOTO
UCTOYHMKA, pac(ha3upOBAHHOCTh KOJICOAHUH, MPHUXOASIIMX OT PA3IMYHBIX €ro TOYEK,
NPUBOJUT K  YMEHBIICHHIO BHJHOCTH  HMHTEp(EPEHIIMOHHBIX  Mmojioc  (KOHTpacrta
UHTEp()EPEHIIMOHHON KapTHHBI M). JJIsl TaKUX MCTOYHHUKOB, XapaKTEPU3YIOUHXCS KOHEUHOU
NPOCMPAHCIMBEHHOU KO2ePEeHMHOCHbI0, MOXKHO OIPEICIUTh YIIOBOW pa3Mep YAaJCHHOTO
UCTOYHHMKA MO0 HCYC3HOBCHUIO BUIHOCTH HHTEP(EPEHIIMOHHOW KApTHHBI MPU YBEIHMYCHUU
paccTostHusS MEKAy OTBepcTusiMu B uHTEpdhepomerpe FOura (cMm. hopmyny (5.12)). Usmepss
KOHTpacT B HHM3KUX TNOpSAAKax HHTEpPEepeHnr, MOXXHO OICHUTh YIJIOBOM pa3mep
ACTPOHOMHMYECKHX 00BeKTOB (3Be3m). CieayeT OTMETUTh, YTO OOBIYHBIMH ONTHYCCKHUMH
METOITaMHU TIOTYYUTh N300paKEeHHsI 3BE3]1 B BUJIC JMCKOB HE yIaeTCsl.

B 3Besgnom wuHTepdepomerpe Maiikenscona (puc. 5.21), cobpanHoM Ha 0ase

Teneckomna-pedpakropa, nepes 00bEeKTUBOM L ycTaHOBIEHA Macka ¢ IBYMS IEISIMH S1 U S.
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CBeT Ha 3TH MIEIN HAINPABIISIETCS CUCTEMOW 3epKall, TIPUYEM paccTosHue Om MEXIy
3epkanamMu Mi 1 My MOXKET M3MEHSTHCS. 3a CYET ITOTO YAAEeTCS OXBATUTh ropasao OOIbIINN
yII0BOH pa3Mmep, B KOTOPOM H3IyUYE€HUE TMPOTSHKEHHOTO HMCTOYHHKA HMMEET KOHEYHYIO
NPOCTPAHCTBEHHYIO KOTEPEHTHOCTh (TO €CTh YBEJIMYHMTh BO3MOXKHYIO Ui H3y4YCHUS
anepmypy unmepgepenyuu, cM. 1. 5.2.2). Bropas mapa HemoIBMXKHBIX 3epkadl Mz u My,
pa3HECCHHBIX Ha (UKCHPOBAHHOE paccTosiHue Os, 00ECHeunuBacT MOCTOSHCTBO HIMPHHBI

MHTEP(EPEHIIMOHHBIX TI0JIOC, ONpeaenseMoil B gaHHOM ciydae kak AX= fA/d,. Takum

o0pa3oM, Tpu HU3MEHEHHH paccTosiHHUS Oy MHTEp(EPECHIIMOHHAS KapTHHA COXPAHSIET CBOIO
NEePUOIUYHOCTh, YTO CYIIIECTBEHHO MOBBIIIAET TOYHOCTh U3MEPEHUS €€ KOHTPACTA.
[Tpu yBenuyeHun paccTossHus Om BUAHOCTD MOJIOC B IUIOCKoCTH P mamaer. Onpenenus

3HayeHue Oy, mpu kotopoM M (Oy) -0, MOKHO OLIGHUTH YIJIOBOM pa3Mep HUCTOYHHMKA ¢ .

Mo>xHO ToKa3aTh, YTO B MPEIINOJIOKEHUH O PAaBHOMEPHOM pAaCIpeleeHU MWHTEHCUBHOCTHU

Ha UCTOYHHUKE KOHTPACT UHTEPPEPEHLIIMOHHON KapTHHBI ONPEAEISETCS KakK

m= M ) (5.31)
/A

Dra dyukuus obpamtaercst B Houb npu d = A/ . HecmoTps Ha BbIcOKHE TpeGOBaHus,

peIbsIBIsEMbIe K KOHCTPYKIIUUA WHTEpdepomeTpa, TomycKaromeld nepeMenienne sepkan My
u My ¢ COXpaHEHHEM MX OPHEHTAIIMU C TOYHOCTBIO JI0 JOJIEH JUTMHBI BOJTHBI, MalKeIbCOHY
yaanoch obecrmeuuth pasmep Oy, gocturaromii 6 M, YTO COOTBETCTBYET YIJIOBOMY

pazpemiennto 0.02yri0BBIX CEKYH/IBI.

6. OnTHKa AaHU30TPONHBIX Cpejl

6.1. DddexTsl B3aMMOAEHCTBHA ONTHYECKOT0 M3JIYYEHUHA C

BC€IIECTBOM U UX K.JIaCCI/I(l)I/IKalII/IH

PacripocTpaHeHHe ONTHYECKOTO M3JIyUYEeHHS B BellecTBe (MaTepHalbHOW cpeje)
COTIPOBOXAACTCS HMX B3auMojeicTBueM. VMeHHO Ojaromapsi B3aMMOJICHCTBHIO CBETa
(BHGKTpOMaI‘ HUTHOI'O I/I3J'Iy‘-IeHI/I$I) C BCIICCTBOM MBI MOXKEM €TI0 06Hapy)KI/IBaTI>, yCI/IJ'II/IBaTB,
TeHEepHpOBaTh, MPeoOpa3oBeIBaTh U T.A. CXeMy B3aMMOJACHCTBHS H3JIyYCHHs C BELIECTBOM
MOYKHO YCJIOBHO TPEICTaBUThH B cieayromiem Buae (puc. 6.1). BxogHoe u3mydeHHe MOXKET

MNPpEACTABIATE KaK MOHOXPOMATUYCCKYIO INNIOCKYIO BOJIHY, TaK W IIOJIEC, MPEACTABIIAIOIICC
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CYNEPHO3UIMI0 IUIOCKUX BOJH C pa3IUYHBIMH HaIlpaBICHUSAMU PACIPOCTPAHEHUS U

qacToTaMu.
\L BuemHee moie
BxonHoe Brrxoauoe
> ——
U3IIY4YCHHUE U3JIYYCHUEC
BemecTBo
Puc. 6.1.

WHorma 310 MOXET OBITH W3JIyYeHHE, JIOKAJIM30BAHHOEC BO BpeMEHHU (Hampumep,
UMITyJIbe) Wik (M) B IpOCTpaHCTBe (HalpHMep, rayccoB Iy4oK). MbI ImojaraeM, 4ro Ha
BCIIECTBO MOTYT JIEHCTBOBaTh M HEKOTOPBIE HHU3KOYACTOTHBIC BHEIIHWE MO —
JJIEKTPUYECKUE, MarHUTHBIC, AKyCTUYECKHE, TeMIIepaTypHble M Jp. B ocHOBe MHOrumx

YCTpOﬁCTB YIpaBJICHUA U3JTYYCHUCM JICKKUT UMCHHO 3TOT IMOAXOM.

Jagum HEKOTOpYIO Kiaccugurkayuro 3¢ pexmos 3aumooeticmeust.

1. BozaeiicTBue BellecTBa HAa M3IYYEHHE — KaKUE-TMOO XapaKTePUCTUKU H3ITydeHUs
Ha BBIXOJIE OTIMYAIOTCS OT BXOAHBIX. Takue 3¢ (eKThl U3BECTHBI JIOJSIM JaBHO — OTPaKEeHUE
CBETa OT BOJHOW MMOBEPXHOCTH, MHpEJIOMIICHHE CBeTa (M300pakeHHe pBIOBI B BOJAC HE
COOTBETCTBYET €€ JCHCTBUTEIHLHOMY IMOJIOKEHHIO M JIp.). HBIOTOH C MOMOIIBIO MPU3MBI
pasnoxun Oenblii  cBeT B CHEKTp, Opa3Mm bapromma B 1669 1. HaGmoman
JBYJIYYEIIPEIOMIIEHHE CBETa B KPUCTAJIE HMCIIAHJICKOTO IIMaTa — 3T MPUMEPHl MOXKHO
MPOJIOIKATh OECKOHEYHO, MOCKONIBKY Geujecmeo 8ce20a Oeucmayem Ha U3NyYeHue KaKum-
aub0 0bpazom.

2. Bo3geiicTBue u3mydeHUs Ha BEUIECTBO — MapaMeTpPhbl BEIIECTBA, XapaKTEPUCTUKU
BEIIECTBa, €ro opma, COCTOSIHUE U T.J. MEHSIIOTCS MpHU ero oOxydenuu. [IpocToii mpumep —
OJIeX/Ia XOpOIIO BBICBIXaeT Ha conHie. OHa TakkKe BBIIIBETaeT Ha HEM CO BpPEMEHEM.
CdokycupoBaHHOE COTHEYHOE M3IIYYCHHE MOXKET MPOXKedb Oymary, 3akedb KOCTep U T..I.
Onnako HaumOosbiiee pa3BuTHe IPGEKThI BO3NCHUCTBHUS H3IYyYEHHS HaA BEIICCTBO, HX
UCCJIEIOBAHMS M MPUIIOKEHHS, MOTYYHSIM MOCe MOsIBIeHUs Jla3epoB. JlocTuraemele 31ech
TUIOTHOCTU SHEPTUU TMO3BOJISIIOT BBI3BAaTh B BEIIECTBE KaK OOpaTHMBIC, TaK U HEOOpaTUMbIC

u3MeHeHud. [Ipumepsl — IMHAMHYECKUE ToJI0rpaMMBbl B (POTOXPOMHBIX B (poTOpedpakTHBHBIX
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marepuanax (oOpaTHMble); pe3Ka, CBapka, CBEpIICHHE OTBEPCTUIl JIa3epHBIM JIy4OM
(HeoOpaTuMBbIE).

3. DddexTsl caMOBO3ICHCTBUSA — U3NyYeHHE JICHCTBYET Ha BEIECTBO, & U3MEHEHUE
€ro CBOICTB NMPHUBOAUT K N3MEHEHHUIO TapaMeTpoB u3imydeHus. [Ipumepsl: camodokycrnpoBka
U caMo1e(hOKYCHPOBKA CBETOBBIX ITyYKOB, PACIIPOCTPAHEHHS COJTUTOHOB, H T.JI.

Onucanue a¢hgexkmos 63aumoodelicmeus u3iyuyeHus ¢ gewjecmeom TpeOyeT
COCMHEHHUE 3HAHHWH O BEIIECTBE M O IMoJie. B HEKOTOPHIX CIydasx MpPOSBIAETCS KBaHTOBAs
IPUPOJIA BEIIECTBA — IO ACHCTBUEM IIOJISI TPOUCXOASAT MEPEX0Ibl MEXKITY SHEPTeTHUCCKUMU
YPOBHSIMH YacTHUI], U3 KOTOPBIX 3TO BEIIECTBO COCTOMT. OOBIYHO 3TO HWMEET MECTO IpH

COBIQJICHUM YacCTOTHl M3JIy4EHMs C YacTOTOH mepexoxa, %w,, = E - E, (mocrymar Bopa).

Takue xe 3PdeKkTsl MPOUCXOAIAT MPH MEK30HHOM TOTJIOIMICHWH B TOJYIPOBOJHUKAX M
I[I/If)ﬂeKTpI/IKaX, Koraga pO)K,Z[aIOTCH SHCKTpOHHO-I[BIpO‘-IHBIe Hapbl, NN HpI/I HpI/IMeCHOM
IIOIJIOIICHUH, KOorJda pon(;[aeTc;I 3J'ICKTpOH B 30HC HpOBO,Z[I/IMOCTI/I N I[I:IpKa B BaHeHTHOﬁ
30He. B »TOM cilydae 3auacTyr0 TPUXOIUTCS MPUOEraTh K KBAHMOBO-MEXAHUUECKOMY
onucanulo.  3aMEHUTh  (U3WYECKHE BEJIMYMHBI  COOTBETCTBYIOIIMMH  OIEPaTOPAMH
(IpOKBaHTOBATh COCTOSIHME BEIIECTBA), NMPUMEHATH ammapar cratudeckod ¢usuku. Ecmu
KBaHTOBAsl MPHUPOJIa BEIIECTBA HE MPOSBISETCS, TO €ro IMpolle paccMaTpuBaTh HAa OCHOBE
K1accuyeckoeo Onucauusi, WCTOJb3ysd MAaKPOCKOTMYECKHE XapaKTEePUCTUKH, TaKWe Kak
TUAJICKTPUYECKAsk TPOHUIIAEMOCTh, MATHUTHAS POHUIIAEMOCTh, IPOBOJUMOCTh H T.]I.

[Tone MoOXHO paccMaTpuBaTh C TO3UIHMA K8AHMOBOU INeKMPOOUHAMUKU, BBOJS
OIepaTopbl POXKIEHUS M YHUYTOXKEHUS (OTOHOB, M UCHOJIB3yd APYro (GopmMainim
omucanus. Kraccuueckoe onucanue noas — TPEANOJaraeT WCIOJIb30BAHUE YPABHEHUL
Makceenna, xopomo BaM 3HakoMmbIX. Korma peubs MAeT O B3aMMOACHCTBUU HW3JIYYEHHUS C
BEILECTBOM, YaCTO UCHOJIb3YIOT NOAYKIACCUYECKOE ONUCAHUE. 8eUjeCB80 PACCMAampusaemcs
KaK K8aHmMoedas cucmema W COOTBETCTBYIONIME (PU3NYECKHUE BEIMYUHBI 3aMEHSIOTCS
oTIepaTopamH, a noJjie pacCMaTPUBACTCS KIIACCHYECKH, HA OCHOBE ypaegHenuli Makceenna.

MHuorue 3¢ dEeKTh BO3EHCTBUS BEIISCCTBA HA CBET MOYKHO PACCMaTPUBATh C TO3UITUN
JUHetHou snexkmpoounamuxu (TAHESHHON ONTHKH), KOTJa BO3JCHCTBUEM CBETa Ha BEIIECTBO
npeHe6peraeTc;1. O,Z[HaKO HpI/I 60J'IBI_HI/IX HHTCHCHUBHOCTAX CBE€Ta OTKIIHWK BCIICCTBA
CTAHOBUTCS HEIWHEHWHBIM, TO €CTh 3dBUCAUWUMU OM NOJSL CMAHOBAMC XAPAKMEPUCTUKU
seujecmaa. Takue 3PEKTH pacCMaTPUBACT HeAUHEUHAS ONMUKA.

B Hacrosimiem paszgene  paccCMOTPUM — pacHpoOCTpaHEHUWE CBETOBBIX BOJH B
MaTepHalbHBIX Ccpeaax B JIUHEUHOM NpUubLuUNCeHuu, C TIO3UIHUA KIACCUYECKOU
anekTpoauHaMmuku. [Ipu onmucanuu OyneM MCXOAWThH W3 ypaBHEHUUM MakcBemia aiis cpef, B

KOTOPBIX OTCYTCTBYIOT CBOOOHBIE 3apsiibl U CTOPOHHHUE TOKU:
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. aD
rotH =o__,+—, 6.1
cond at ( )
rotE = —a—B, (6.2)
ot
divD=0, (6.3)
divB=0. (6.4

6.2.MaTtepuajibHble ypaBHEHHS VISl AHU30TPOIHBIX Cpe/l

Anuzomponusi — 3aBHCUMOCTh (DU3MUYECKUX CBOWMCTB BEIIECTBA OT HAIPABIICHUS.
Ecmecmeennas AHU30MPONnuUs — XapakTepHas 0COOEHHOCTh KpHUCTAJUIOB,
XapaKTEePU3YIOLIUXCS YIOPSAOYEHHBIM TMEPUOJAMYECKUM PACIOJIOKEHUEM 3JIEMEHTAPHBIX
sg4eeK. Pa3nuyHble HanpaBJIeHUS! B AJIEMEHTApPHOU sSYEHKE, TaKe COCTOAIIECH M3 OJUHAKOBBIX
aTOMOB, HepaBHOIpaBHEI. [IpunoxkeHne K cpeje, Jaxe M3HAYAIBHO W30TPOITHOM, BHEUTHUX
nojieit (cMm. puc. 6.1),IPUBOINUT K HABEOEHHOU AHUZOMPONUL.

B anuzorponHoil cpene CBS3b MEXIY BEKTOPAMHU, KOTOPBIE SIBISIOTCS TEH30paMu
MEepBOTO  paHra, JaeTcs TEH30paMH BTOPOTO paHra: BMECTO  JIHUAJICKTPUUYCCKOMN
IPOHMIIAEMOCTH € BBOJUTCS TEH30D JMAIEKTPUYECKOM INPOHULIAEMOCTH €, BMECTO
MarHUTHOW IPOHUIIAEMOCTH |I — TEH30p MAarHMTHOM INPOHMIAEMOCTH [I U BMECTO
IPOBOJMMOCTH O - TEH30DP MPOBOAUMOCTH O . B KparTkoii 3ammcu MarepuaibHble YpaBHEHHS,
XapakTepU3ylolue JMHEWHYI0  3aBUCUMOCTh  OJHOrO  BEKTOpa OT  Jpyroro u
COOTBETCTBYIOIIME CIUIOIIHBIM cpeaaMm, He O00JIaJaloluM IHUCIIEPCUEH, TMPEICTaBIISIOTCS

CJIEIYIOIINUM 00pa3oM:

D=£LE, (6.5)
B={iH, (6.6)
3. =0OLE. ()

cond
PasBepHyTa;I (bOPMa ITUX ypaBHCHI/Iﬁ MOXET 6BITB JICTKO 3alMcaHa € y4€TOM TOI'O, 4YTO

BEKTOpaM (TEH30paM MEPBOTO PAHTa) COOTBETCTBYIOT MATPHUIIBI-CTOIOIIBI

— El - Hl — Dl — B.I. = 61
E= E2 ! H= H2 ! D= D2 ' B= % ' 6(:Ond = 62 ' (68)
ES H3 D3 B3 63

C DJJEeMEHTaMM, PaBHBIMH HPOCKIHUSAM BEKTOPOB Ha ocU X o1, Yo 2 U Zo 3.

MartepuanbHble TEH30pbl BTOPOT'O PaHTa BHIPAXKAIOTCS KBAAPAaTHBIMU MaTPHUIIAMMU:
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L |81 €12 & M M My |91 O O,
€= €2 €4y M= My Hyp Hody 0=(0, 0y Oy (6.9)
€31 €3 €3 Ma1 Mz M3 O;; Oz Oy

Hanpumep, marepuanbHoe ypaBHeHue (6.5) MOKeT OBITh 3aIiCaHO B BHJIC
Dl = 811El+ 812E2+ € lSEE'
D, =€,E, +€,E,+€ ,E, (6.10)

D;=gyE +eE,+e . E,

BBIpAXAIOIIEM JMHEMHYI0 3aBUCHMOCTbh Ka)K[OM KOMIIOHEHTHI BekTOopa D oT kaxmon u3

—

KOMITOHEHT BekTopa E.

3anuiiem ypaBHenus (6.10)B 6osiee KOMITAKTHOM BH/IC:
D =) ¢FE (=1223). (6.11)

Omnyckas janee 3HaK CYMMHPOBAHUs1, BOCIIONB3YEMCSl BPAGUA0OM DUHWMENNA. eciu 8 00OHOM
U mom dice uieHe UHOEKC CYMMUPOBAHUS NOBMOPAEMCs 08aXHCObl, MO ABMOMAMUYECKU
noopasymesaemcs cymmuposanue no smomy unoexcy om 1 oo 3. Takum obpazom, BMeCTO
(6.11)0ymem MoIBb30BaTHCS €0 KPATKMM BapHAaHTOM 3aIlUCH:

D =¢F. (6.12)

A

OTMETHM, YTO pacCcMaTpUBaeMbleé HAMHM TEH30pbl BTOpOro panra €, (I u O
CUMMETPUYHBI, TO €CTh JJIS1 UX HEAHMArOHAJIbHBIX KOMIIOHEHT BBIIOIHSIOTCS COOTHOIICHHUS

& =&, Hy =H;, 05 =0y (6.13)

6.3.CuMMeTpHYHbIE TEH30PbI BTOPOI0 PAHIa B Pa3JIHYHBIX Cpeax

CuMMeTpUYHBIE TEH30pbl BTOPOTO PaHTa UMEIOT B OOILEM Cllydae HIECTh HEe3aBUCUMBIX
KOMIIOHEHT — 3 JMAaroHaIbHBIX M 3 HeAuaroHadbHbIX. OpHaKo, Korjga cpema oOiamgaeT
CUMMETpUEH, YNCIO0 HE3aBUCUMBIX KOMIIOHEHT YMEHbIIIAETCSl.

K onmuuecku wuszomponnvim cpedam oTHOCATCS amop(dHBIE Marepualbl (CTEKIIa,
KHMJIKOCTH, TIOJIMMEPBI U JIP.) U KpUCTALTBI KyOrueckoi cuctemsl (Si, Ge, GaAs, BpTiOy,
Bi12SiOy u ap.), xapakTepu3ylomuecs HAJIUYUEM 4YEThIPEX OCe CHMMETPUH TPEThEro
nopsiaka. B Takux cpenax umeercst TOJIbKO OJHA HE3aBUCHMasi KOMIIOHEHTa TEH30pa BTOPOTO
paHra, ¥ OH UMEET OJMHAKOBBIN BUJI MPHU JIOOOM BBIOOpPE KOOPAMHATHBIX oceil. Hampumep,

JUISL TEH30pa JUAJIEKTPUYECKON IIPOHULIAEMOCTH 10JIy4acM
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10 10
E=l0 ¢ 0=¢/0 1 0O, (6.14)
0 0 ¢ 00
TO €CTh
g =€9, (6.15)
rne € - CKalipHas [OUDJIEKTpUYECKas [POHUIAEMOCTH Cpenbl U Gij -  eIUHWYHEINA

CUMMETPUYHBIM TEH30p BTOPOro paHra. HerpyaHO BHIETh, YTO B ONTHUYECKUA H3O0TPOITHOMN

cpeJie MOXKHO TI0JIb30BaThCsl OOBIYHBIMU MaTEPHAIbHBIMU YPAaBHEHUSAMH ( D=¢Eu ap.).

K 00nOoOCHbIM OTHOCSATCSI KPUCTAUIBl TPUTOHAJIBHOW (MMEIOT OIHY OCHOBHYIO OCh
CUMMETPHH TPETHETO TOPSIIKA), TETPAroHaabHON (MMEIOT OJHY OCHOBHYIO OCh CHMMETPHH
YETBEPTOrO MOPSIIKA) U TeKCaroHaJbHON (MMEIOT OJHY OCHOBHYIO OCh CHMMETPHH IIECTOTO
Hopsijika) CHCTEM. B 3THX KpHCTa/ulaX MPHHATO OCh Z JEKapTOBOW KPHUCTALTO(PH3UUECKOM
CUCTEMBbl KOOPJHMHAT COBMELIaTh C YyKa3aHHBIMM OCSIMM CHMMETPUM U Ha3bIBaTh €€
onmuyeckou ocbto. TEH30p AUIIEKTPUUECKON TPOHULIAEMOCTH B 3TOM CJIydyae HE 3aBUCUT OT

BBIOOpA OCeii X M Y U UMEET BUJI:

€ 0 O
£=|0 ¢, 0, (6.16)
0O O g,

rac SD n 8” HMCIOT CMBICIT JUBJICKTPUUYCCKHUX HpOHHHaeMOCTCﬁ JJI1 KOMITIOHEHT I10JI4d,

HaIpaBJICHHBIX MEPIEHANKYISIPHO U AapaJJIEIbHO ONTUYECKONH OCH, COOTBETCTBEHHO.
Kpucramisl pomOnudeckoi, MOHOKJIMHHOM U TPUKJIMHHON CHCTEM OTHOCSTCS K TpYIIe
08YOCHbIX, TO €CTh UMEIOIIUX JBE ONTHYECKHUE OCU. Y KPHUCTAIIOB POMOUYECKOW CHUCTEMBI
€cTh 0oJiee OJTHON OCH BTOPOTO TMOPsAKA WM 0oJiee OJHOU IJIOCKOCTH cuMMeTpur. Bee ocu
KpUCTAUIOPU3NYECKOH  CHCTEMBbl  KOOPJAWHAT  KPHUCTALIOB  POMOMYECKOW  CHCTEMBI
HaIpaBJ€Hbl O OCSIM CHMMETPUHM BTOPOTO MOpsAAKAa WM MO HOPMAISIM K IUIOCKOCTSIM

CUMMCTPUH. TGHSOp I[I/IE).HGKTpI/I‘ICCKOI\/'I MNPOHUIACMOCTH 3ACCh ABJIACTCA NUaroHaJbHbIM

e 0 O
£=|0 ¢, 0, (6.17)
0 0 g

U XapaKTepu3yercs TpeMsi HEe3aBUCHUMBIMM KOMIIOHEHTaMHu. KpucTamibl MOHOKIMHHON
CUCTEMBl HMMEIOT JIMLIb OAHY OChb CHMMETPUM BTOPOIO MOpSAAKA, WIM OJHY IUIOCKOCTh
CUMMETPHH, WIH U OCbh, U IJIOCKOCTh. B KpucTamiorpadguueckoil cucteMe KOOpAMHAT C OCHIO
Y, HampaBJIe€HHOW MO OCH BTOPOrO MOpSIKAa WM MO HOPMAIM K IUIOCKOCTH CHUMMETpPHH,

TEH30pP JUAJIEKTPUUECKON TPOHUIIAEMOCTH UMEET BU/T
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a € 0 €3y
e=|0 &, Of, (6.18)
831 O 833

TpeOys Al ONMCAHUS JUAJICKTPUUECKUX CBOMCTB 3HAHUS YETHIPEX HE3aBHUCUMBIX KOMITIOHEHT.
Kpucrannel TpUKIMHHON CHCTEMBl HE MMEIOT HM OCEM, HU IUIOCKOCTEH CHUMMETpUH, U
CUMMETPHUYHBIE TEH30Pbl BTOPOIO PpaHra, XapaKTepU3YIOLIUe HX (U3NUECKUE CBOMCTBA,
MMEIOT BCE IIECTh HE3aBUCHMBIX KOMIIOHEHT.

OrpannunMcs fajgee aHaJIW30M PACHpPOCTPAHEHUSI CBETOBBIX BOJH B HEMACHUMHbBIX

cpedax, Ul KOTOPBIX TEH30p MarHUTHOM MPOHUIIAEMOCTH HMEET BUI [ = My, .

6.4. TeH30p IM3JIeKTPUIECKOIl BOCIPUUMYHMBOCTH

Kak wu3BeCTHO, BEKTOp AJIEKTPUUECKONM WHIYKLUHMH JAUJICKTPUUECKON  Cpebl
OTIPEIETISIETCSI BRIPAKCHUEM

D=¢g,E+P, (6.19)

—

IJIe BEKTOP DOJIEKTPUYECKOH moysspu3anud P, paBHBI CyMMe AMITONBHBIX MOMECHTOB,
NPUXOJSAIIUXCS Ha CIUHUIY Oo0beMa JUAJICKTPHKA, JIMHEHHO CBS3aH C BEKTOPOM
HAMPSKCHHOCTU TPUIIOKESHHOTO OIS

P=gxLE. (6.20)
KOMIIOHEHTBI TEH30pa JUAIEKTPHUECKON BOCIIPUMMYMBOCTH CPEbI X , KAK MOKHO BUJETH U3
dopmyn (6.5), (6.19) u (6.20), cBsi3aHBl C KOMIIOHGHTAMH TEH30pa JUAJICKTPHUCCKOU
MPOHHMIIAEMOCTH COOTHOIICHHEM

& =eo(6”. +X ) (6.21)

— —

OtmeruM, 4TO B 00IIEM cityuae BeKTopbl € E u P mo HampaBieHuto He coBmagaroT

(puc. 6.2).

Puc. 6.2.
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JluneiiHast CBA3b BEKTOPOB HMHAYKIMM C  COOTBETCTBYIOUIMMHM  BEKTOPAMH
HAIpPsDKEHHOCTH, a TaKXKe BEKTOPOB IUIOTHOCTU TOKA IPOBOAMMOCTH M 3JIEKTPUUECKON
NOJIAPU3aLUU C HANPSDKEHHOCTBIO 3JIEKTPUUECKOTO IOJIsl, OMNpefessseMas COOTHOLIEHUSIMU
(6.5)-(6.7) m (6.20), sBasercs YACTHBIM CIydaeM, OTHOCAIIMMCSA K JIMHEHHOMH
SJIEKTPOJMHAMUKE M cpenam Oe3 aucnepcud. OpHako TeH30psl €, L U G Moryr ObITh
(GYHKIUAMH KOOpJIMHAT U BPEMEHHU Ojarojaps HU3KOYACTOTHBIM IOJISAM, NMPHIIOKEHHBIM K
BemecTBy. OOBIYHO NPENOoNaraeTcsi, 4YT0 BO3MYILEHHUS KOMIIOHEHT TE€H30pOB, BBI3BAHHBIE
BHEIIHUMHU NOJISIMHU, CYILIECTBEHHO MEHBIIIE 3HAYEHUI KOMIIOHEHT 3TUX TE€H30POB, OTIIMYHBIX
OT HyJs B HEBO3MYIIEHHOHM cpene. Hampumep, I KOMIIOHEHT TEH30pa IHUAJIEKTPUYECKON
IIPOHULAEMOCTH B ONTHYECKH H30TPOIHBIX CpPENax, OAHOOCHBIX KPUCTAIUIAX M JBYOCHBIX

KPUCTAJIAX POMOMYECKOM CHCTEMbI JOJDKHBI BBIIONHATBCS HEPABCHCTBA Ag; K €;1,€,,€ 55

OTH BO3MYIIEHHUS SBISIOTCS MEICHHBIMA BO BPEMEHH, TaK YTO BBIIOJHSCTCS YCIOBHE
Q< w (Q - yacToTa BHEIIHETO MOJSA, () - YaCTOTa CBETOBOM BOJHBI), H B IMPOCTPAHCTBE,
xorga A>> A (A - npocTpaHCTBEHHBIN nepuox Bapuauii €, A u G, A - AJIKMHA CBETOBOM

BOJIHBI).

6.5. MaTepuajibHble YPABHEHHSI ¢ Y4€TOM BPEMEHHOH IHucCIepCHu

Ill’l:)JICKTpH‘ICCKOﬁ NMPOHHUIACMOCTH

Bynem momaratk 0=0 u [ =,0, TO €CTh PACCMOTPHM JAUIIEKTPUUECKYIO
HEMarHuTHyio cpeny. [Ipu BBICOKMX YacTOTaX BHEIIHEr0 M3JIy4eHHUs, JEHCTBYIONIEro Ha

—

BCIIECCTBO, MOJIApU3alug BCIICCTBA P wme yCI€Ba€T MIHOBCHHO OTCJIIC)KMBATH H3MCHCHUC

noJist. 31eCh HapylaeTcs OJHO3HauHas CBsi3b D u B co 3Hauenusimu £ u  H B TOT *e
MOMEHT BpeMeHH. MOKHO yTBEpKIaTh, YTO B 00IIeM ciiydae 3HadeHuss D u B B maHHBIN
MOMEHT BpEMEHH 3aBUCAT OT 3HaueHuid ¢ynkumii FE(t) u H(t) Bo Bce mpemsiayriue

MOMEHTHI BpeMeHH. B nrHEeHOM npuOmkeHnn Hanbosiee OOMmniA BUT 3aBUCUMOCTH MEXTY

D(t) u E(t) Moxer GbITh 3aIHCaH B BHE HHTETPATBHOTO COOTHOLICHHUS
B(t) =&, (t) +, | f (ME(t-T)dr, (6.22)
0

rne f (T) — (hyHKIMS BpEMEHH, 3aBHUCAIIAs OT CBOMCTB cpelbl. Besikoe mepeMeHHoe moie

MOXET OBITh CBCACHO K COBOKYIIHOCTH MOHOXPOMATHYCCKHUX KOMIIOHCHT, B KOTOPBIX
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— —

3aBUCHUMOCTb OT BPEMEHHM JACTCA Kak exp(ioot). Jnst Takux moJert cBs3bp Mexay D u E
npuoOpeTaeT BHULL:
D =¢(w)E, (6.23)

rae QyHKIUS 8(0)) OTIpEIETISETCS KaK

o(6)= 6| 1+ 1 (x) expl-iam)dt | (6.24)

0

Takum o00pa3om, I TEPHOTUYECKUX TIOJEH MOXKET OBITh BBEICHO IOHSATHE O

JURJICKTPUIECKOI MPOHUIIAeMOCTH, KakK 0 K03(ppuiimeHTe nponopuuoHaIbHOCTH Mexay D u

E, mpudeM 3ToT KOA(( UIIMEHT 3aBUCUT HE TOJBKO OT CBOWMCTB CPEMbl, HO U OT YaCTOTHI
nois. O 3aBUCMMOCTH € OT YacTOThI TOBOPAT Kak O 3aKkoHe €€ ducnepcuu (4acTOTHON

mucrepcun). CootnomeHue (6.24)M0KHO 0000IINUTH ¥ HA AHU30TPOITHBIE CPE/IBI

g (w) =g, 3, +Tfij (T)exp(-iwt)dT |, (6.25)

0

rae f; (T) — KOMITOHEHTHI TeH30pa 2-To panra. OyHKIus 8((.0) ABJISIETCS. KOMIUIEKCHOM:

&(w) =¢&'(w)+ig"(w). (6.26)
W3 (6.25)cneayeT coOTHOIICHHE

&(-w)=¢&"(w), 6.27)

g(-w)=¢(w); &(-w)=-¢"(w). (6.28)

Takum 00pa3oM, BEIIECTBEHHAs 4YacTh AMAJICKTPHUUYECKON MPOHUIIAEMOCTH 8'((0)

SIBJISIETCSL YETHOM, a MHHMast s"(co) — HeueTHOH ¢yHKIMel udactoTel. B mpegene w — O

€' CTPEeMHTCSI K CTATHYCCKOM AUAICKTPUICCKON MMPOHUIIAEMOCTH, & € MPOMOPIHOHATBHA (.
®Du3NYECKH KOMILICKCHAS YacTh JUAICKTPHYCCKON MPOHUIIAEMOCTH COOTBETCTBYET ITOTEPSM

B Cpejie, T.€. 3aTYXaHMIO BOJIH MPH UX pacrnpocTpaHeHud. [Ipyu HCroap30BaHUN KOMILIEKCHOM
JTUDJICKTPUYECKON  TPOHUIIAEMOCTH 8((.0) OTIIAJAET HEOOXOAMMOCTh BO BBEICHUU
IPOBOJMMOCTH O Ha 9aCTOTE CBETOBOM BOJHBI. MOXKHO, OJHAKO, MOJIL30BaTECA U TEH30POM
0 Bmecto €":

g =0, (w)/w, (6.29)
coxpauss B ypaBHennu Makcsemia (6.1) 6#0. OrMerum, 4TO Jjiss M30TPOIHON CpEbI

g(w) n €"(w) ceasansl coornomennsmu Kpamepca—Kponura:
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dw |, (6.30)

(6.31)

TAC UHTETPAJl OT MOJIOCHOI'O BBIPAKCHHA ITIOHUMACTCS B CMBICJIC €TO INTABHOI'O 3HAYCHUA.

6.6.IlpocTpaHcTBeHHAS] UCTIEPCUSA

Hapsny c¢ 4actorHoil pgucnepcueit, B JUPJIEKTPUKAX MOXKET MPOSBISATHCS U
APOCMPAHCMBEHHAsA OUcnepcus — 3HaYCHHUE SJICKTPUUYECKON WHIYKIHH D(F) 3aBUCUT OT

3HAUEHUHN DJIEKTPUYECKOM HANPSIKEHHOCTH HE TOJIBKO B JAHHOW TOuke [, HO U OT €€

—

3HAYCHMI B HEKOTOPOil 06JIACTH IIPOCTPAHCTBA BOKPYT TOUKHU [, E (F') . Takast cBsi3p D m
E Ha3bIBACTCA HENOKAIbHOL W B OOLIEM CITydae MOYXKET ObITh MPEICTABICHA B BUJIE:
D, (F):so[Ei (f)+Ifik (F-r") & (r”')dV'] 38)

[Ipumensist pa3nokeHue Mo MIOCKUM MOHOXPOMAaTUYECKUM BOJIHAM, B 00IEM ciiydae

RPOCMPAHCMBEHHOIL U 6PEMEHHOT OUCHepCUl MOYKHO TTOTyYUTh
e, (0K) =5, 3, +” o (or-r)exfi[wr—k r-r)Jdmv [, (6.33)
ov

D =g, (co, R)Ek, (6.34)
fi (O F =) =f (" =r).

CBoiicTBa CUMMETPHH JJI1 KOMIIOHEHT T€H30Pa €, BBIPAXKAIOTCSA COOTHOIIECHUSAMHU
€, (—oo, —IZ) =g, (oo, R) ,
£, (w,IZ) =g, (w,—R). (6.35)
Ecnu npocTpaHCTBeHHasl AucHepcus sBISiETCs c1a0oM, TO TEH30p & ((x)IZ) MOXHO

—

PA3JIOKUTH MO CTEHNEHSIM K M OrpaHHYNTHCS WICHAMH IIEPBOTO MOPSIKA MaJIOCTH
.\ i
€ (w,k) =&l () —iyk (6.36)
e €, =€, ((,0, O) , @ Y,y — HEKOTOPBIA TEH30pP TPETHEr0 PaHIa, 3aBUCAIIMNA OT 4acTOThI. Jl1s

OOBIYHBIX TUJICKTPHUYECKHUX CPEJ] 3TO €CTh Pa3IoKeHHe Mo CTeneHsM a/A , rae a - aToMHbIe
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pa3mepsl (11 KPUCTAIUIOB — pa3Mep 3JEMEHTAPHOM SYSHKH), TOITOMY OHO CIIPABEJIMBO MPH

alA«1. OtBevaronrass mponunaemoctu (6.36) cBi3p mMexny D wuw E B

MOHOXPOMATHYCCKOM I10JIC UMECT BU/T

D, =&’ E +Yi i,_ik (6.37)

W3 BTOpOTO ycnoBus cumMeTpun B (6.35)momyqaem

Yixi ((’0) = VY ((’0) . (6.38)
Kak M3BECTHO, B OTCYTCTBHE TIOTJIONIEHUS TEH30D € JIOJKEH ObITh SPMUTOBBIM, €, =&, .
Ortcrona nonydaem

Yo = Vi - (6.39)

O6vemuusis  (6.38) m (6.39), momywaem, 4dYro TEeH30p Y, JOKEH OBITH
BEIICCTBEHHBIMHI aHTUCHMMETPUIHBIM TEH30POM:

Yi: = €o (C/('O) Oym I (6.40)
rae g,, — MCeBIOTEH30p BTOPOro paHra U O, - €AMHWYHBIA AaHTUCHMMETPHYHBIA TEH30p
TpeTbero panra (rersop Jlesu-Umsura). Kommonent storo tenzopa O,,; =1, a KOMIOHEHTHI,
MojydyaeMble  TCPECTAHOBKOM  HWHACGKCOB  HEYETHOE  4YMCIO  pa3, paBHel  —1
(0,13 =035,=90,3,=—1). [Ipn 4eTHOM KOJIHYECTBE MEPECTAHOBOK NMEEM 0,5 = 05, = 0 .= 1.

@u3NYEeCKUl CMBICI MaTEPUAIBHOIO YPaBHEHUS Ui Cpefbl C IPOCTPAHCTBEHHOU

JWCIIepcUell  AudIeKTpudeckoil mponmnaemoctu (6.37) cocrout B TOM, uto D, (F)

onpezeIsaeTcs Kak noiuem F, (F) B JIaHHOW TOYKE, TaK M IOJeM BOJU3U 3TOH TOYKH (TO €CTh

€ro TpagueHTOM, MpH Ci1aboM u3MeHeHHH). Bropo#t wien B mpaBoit vactu (6.37)
XapaKTCPpU3YCT BKJIAA HeJlOKANbHOU COCTaBJ’I}IIOH_[eI\/'I BCKTOpa IMOJiIpU3aliliki B BCKTOP
IEKTPUYECKOM MHIYKLHMM CPEAbl, B TO BPEMsS KakK IEPBBIM YJICH OIHUCHIBACT JIOKAIBHYIO
9acTh — OJIEKTPUYCCKYIO WHAYKIMIO B JaHHOW TOYKE MPOCTPAHCTBA, OMPEACISEMYIO

HaMpsH>KEHHOCTHIO TIOJIS B TOM JK€ cCaMOM TOYKE.
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6.7.CBeTOBbBIE BOJIHBI B IPO3PAaYHbIX HEMATHUTHBIX KPUCTAJIIAX

6.7.1.BosiHOBOE YpaBHeHHE

PaCCMOTpI/IM PACIpOCTPAaHCHUC IUIOCKUX MOHOXPOMATHYCCKUX BJICKTPOMATrHUTHBIX

BOJIH C BEKTOPAMH ITOJISI
E(F,t) = E™expli (@t -k )]
D(F,t)=D™expf (ot -k )] (6.41)
H(F,t)=H™exp| (@t -k )],
B HemarHuTHOH (L; =10, ) 1 Henposoasmel cpene (0; =0). BonHoBol BekTOp MIOCKOH
BOJIHBI TIPEJICTABMM B BHJIE
K= I<0n?n:27n nTrF% A, (6.42)

rae N - mokasaTelb NPEJOMIIEHUS BOJHBI B JAHHOW cpene, XapaKTepHU3YHOIUH
3ameieHue pa3oBOM CKOPOCTH V OTHOCUTEIBHO CKOPOCTH CBeTa B Bakyyme (N=C/ V), u M
— EIUHWUYHBIA  BEKTOpP BOJHOBOM HOpManu. B paccMarpuBaeMoM ciyyae ypaBHEHUS

Makcgemna (6.1)- (6.4)MoryT OBbITH IPEICTABICHBI B CIIEAYIOIIEH Gopme:

kxH =-wD, 48)
kxE=wy,H, (6)44
kD=0, (6.45)
kH =0. (6.46)

W3 ypaBuenuii (6.43) u (6.44) nonyuaeM BOJHOBOE ypaBHEHHE IJIsi aHU30TPOITHOM
cpensl:

oL, o

kxkx E+wp,D=0. (6.47)
Bocmonb3yemcst nanee MaTepuaibHbIM ypaBHeHUEeM Buaa (6.5), ¢ ucmonb3oBaHuEeM TEH30pa

OTHOCHUTEIIBHON JUAIIEKTPUYECKOM MPOHUIAEMOCTH £

D=¢gg [E. 48)
B ostom caydae, ¢ yuerom cooTHoineHuii (6.42) mas BOJHOBOTO BEKTOpPa, BOJHOBOE

ypaBHeH#He (6.47)MOKET ObITh TIEPEIHCAHO B BUJIC

n’fmx fix E+& OE=0. (6.49)
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Hcnonb3ys W3BECTHOE COOTHOIIEHHE — a X bx &= b(al) - ¢ dabh, HepenuIeM
BOJIHOBOE ypaBHenue (6.49)B Bune
n’| E- m(#0§ |-&" OE=0. (6.50)
Beipakas KOMITOHEHTHI BEKTOpPAa HAMPSHKEHHOCTH JICKTPUYECKOrO TMOJsl B Cpeje,

onpenensieMoro cootHourenueM (6.41), uepes ammmuryny Bonuel E™ u ee enumHWUHBIMA

BEKTOp ToJIsipuU3aIuu €,
E(F,t) = E™eexp[i@t- k[T)], (6.51)
u3 (6.50) monmyyaeMm CIIeIyONIIYyI0O OJHOPOJHYIO CHCTEMY alreOpandecKuX ypaBHEHUH IS

KOMITOHCHT 3TOI'O BCKTOpa eJ
2 r —
[n (6ij—rri1njq)—qj]p—0. (6.52)
OTMeTHM, YTO JUI Cpebl C KOHEYHOH MpoBogMMOcTRIO O; #0 . c yderom

IIPOCTPAHCTBEHHOW JUCIEPCHUM KOMIIOHEHTHI TEH30pa OTHOCUTEIBHOM [IUIIEKTPUYECKOMN
IPOHMIIAEMOCTH, C UCIIOIb30BaHHEM cooTHomIeHuH (6.26), (6.29), (6.36) (6.40)moryT ObITH
IPECTaBJICHbI B BUJE
0
L 6.53
&j = I 1Qj M - (6.53)
€ oW
Cucrema ypaBHeHuil (6.52) mo3Bosnsier HaliTW MoKa3aTeNy MPETOMICHHUS U BEKTOPBI
HOJISIPU3ALMN  CBETOBBIX BOJH, KOTOPbIE MOTYT pacHpOCTPAHATHCA B Cpeae C JaHHOU

JIADJICKTPUYECKOM MPOHMUIIAEMOCThIO. PaccMOTpuM pgajnee BOJHBI B BAXKHEHIIMX THIMAX

NPO3pavHBIX CPE/I.

6.7.2.CBeTOBbBIE BOJHBI B ONITHYECKH HEAKTHBHBIX H30TPOMHBIX cpeaax

B ontuyeckn HEaKTHBHBIX W30TPONHBIX cpeaax (KyOMYeCKMX KpHCTallaX M
aMOp(HBIX Marepuagax) TEH30pbl € ¥ O SBJIAIOTCS IMATOHAILHBIMH U UMEKOT MO OIHOM

HE3aBUCUMOM KOMIIOHEHTE
r — .2 —
& =nyQ;, Oy =0Q;, (6.54)
a gy =0. B arom ciryuae u3 (6.52)monygaem
2 : -
[n (6ij—rri1rrjm)—£§j] g=0, (6.55)
rae é=n§—i0/(ooso) - KOMIUIEKCHAs OTHOCHTEIbHAS JTUIJICKTPUYECKas MPOHHIIAEMOCTh

CpPEIIbI.
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W3 ypaBuenuii (6.45) u (6.48), ¢ yuerom (6.51) u (6.54) nerko mokasaTh, 4TO B
ONTUYECKA H30TPOIHOM Cpelie BEKTOp TMOJSPU3AIMK CBETOBOM BOJHBI € OpPTOTOHAJICH
BEKTOPY BOJIHOBOM HOpManu M:

m;g =0. (6.56)
C yuerom cootHotreHus (6.56)ypaBuenue (6.55)ynpomaercs:

(n-¢)e =0. (6.57)

[Monmaras cpeny cnabo momomarmnie (0 /(w€0)<< ng), HaxXOIUM OTCIOZa

KOMILJIEKCHBIN IMOKa3aTellb IMpECIOMIICHUSA CBETOBOM BOJIHBI.

n=n—-in" =%, nNn=n, n'= (6.58)

20NGE
VYpaBHenue (6.57)He HakiIagbpIBacT OrpAaHUYCHUI HA BEKTOP IMOJIIPU3ALUH CBETOBON
BOJHBI €, TO0ITOMYy OH MOXET OBITh OPHEHTHUPOBAH IPOU3BOJIBHO B IUIOCKOCTH,

NEPIEHIUKYIJIIPHON BEKTOPY BOJIHOBOM HOpMaiu M.
[Monw3ysice ompenencnuem (3.70) mans komruiekcHoro BekTopa Iloiintuara 1 u

BeIpaxkast Bektop H u3 (6.44), ¢ yuerom coorHomenuii (6.42), (6.51), (6.58) (6.54),
npeactaBuM BekTop [IoMHTHHTa a1 MIIOCKOM CBETOBOWM BOJIHBI B HEMPOBOISILIEH Cpene,
HBHHEMHﬁCH B JaHHOM cnyqae BCIICCTBCHHBIM, B BU/IC

E”

ﬁ :léx |f|[': N ———
2 2\ o/ &g

2 m2
‘ ex k&= g%["m"(a*ér)ﬁ, (6.59)

CTPaBEUTMBOM U JUISl aHHU30TPONHBIX HEMArHUTHBIX cpell. YuuThiBas ycioBue (6.56), mus
ONTHYECKH U30TPOIHBIX cpea u3 (6.59)monyuaem
Em

n= m. 6.60
Ll (6.60)

—

OTcrona cienyeT ycloBre KOJUTMHEApHOCTH BeKTopoB M u 1 B u3oTpomnHoi cpene.

6.7.3.CBeTOBBI€C BOJIHBI B H30TPOMHBIX HEMOTJIOMIAIOIIUX CPeAax ¢ eCTeCTBEHHOI

ONTHYECKOH AKTHBHOCTLIO

IIpu mpox0XKaEHUM JTUHEWHO MOJISPU30BAHHOIO CBETA YEPE3 ONTUUYECKU HU3OTPOIHYIO

cpeny, 00JaaloNIyI0 €CTECTBCHHOM ONTUYECKON aKTUBHOCTHIO (TUPOTPOIHEH) TNIOCKOCTh, B
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KOTOpPOM  KoJeOJeTcsi ee BEKTOp MOJIspU3allii, MOBOPAUYMBAETCS HA HEKOTOPBIA yroa .
EcrecTBeHHas omnTuyeckass aKTHUBHOCTh SBIISIETCS  IPOSIBICHHWEM IPOCTPAHCTBEHHOMN

JMCIIEPCHH, KOTOpasi KOJMYECTBEHHO XapaKTepU3yeTCs MCEBIOTEH30POM BTOPOTO paHra g ,

BBE/ICHHBIM paHee B mojpaszaene 6.6. PaccMoTpuM HIKE pacpocTpaHEHHE CBETOBBIX BOJH B
KyOM4ecKux KpHUcTalax M aMOp(dHBIX cpenax, oOJaJarolluX E€CTECTBEHHOH ONTHYECKOM

AKTUBHOCTBIO U HA3bIBACMBIX IMMO3TOMY I'MPOTPOITHBIMHU. B OTCYTCTBUC NOTJIOMICHUA B TAKUX
cpenax TeHzop mnposoaumoctd O =0, a TeHsop € W ICEBIOTEH30D §  ABIAIOTCS

JOUaroHaJlbHbIMU U UMCIOT I10 OI[HOﬁ HCBaBHCHMOﬁ KOMIIOHECHTE.
r — 2 —
& =M%, O = 99 (6.61)

rae Ny - mokasareib PEIOMIICHHS Cpelbl U Jy - mapamerp ruporponuu. OTMETHM, 4TO Yroil
IOBOPOTA IUIOCKOCTH MOJIIPU3alMy O 3a CYET €CTECTBEHHOW ONTHYECKOM AaKTHMBHOCTU B
ONITUYECKU M3OTPOINHBIX Cpefax IPONOPUUOHAICH IapaMerpy THpoTponuu (. Takum

O6p2130M, KOMIIOHCHTBI TCH30pa OTHOCHUTEIbHOM ,Z[I/IE)JICKTpI/I‘ICCKOI\/'I IMPOHUIACMOCTH  IJIA

paccMaTpUBaeMBIX cpell MOT'YT ObITh TOTy4eHbl u3 (6.53),kak

g = ngéj —igodk M - (6.62)

Jlns mtockux BostH Buaa (6.51)u3 (6.45), (6.48u (6.62)HerpyaHo mokas3arh, 4TO U B
3TOM CjIy4ae BEKTOp TMOJsApH3alud € OpPTOrOHAJCH BOJHOBOW HOPMalH, TO €CTh

ynoBiieTBopsieT cooTHomienuto (6.56).C yuerom (6.62)u (6.56)u3 (6.52)nonyqaem:
[(nz_rg)aij + 1069 ”ﬂ} ¢=0. (6.63)

OrpaHuuuMcs JUisi IPOCTOTHI PACCMOTPEHUEM PACIPOCTPAHEHUs BOJIH BJOJb OCU Z U
ydTeM, YTO B M30TPOIHON cpejie (U3MUeCKue CBOMCTBA OT HANpaBICHUS HE 3aBUCAT. TakuM
00pa3oM, MOJYYEeHHbIE HIDKE Pe3yibTaThl OyayT CIpaBeUIMBBI Ul JIIOOOTO HAaIpaBICHUS

pacmpocTpaHeHHs cBera. B Hamem wactHOM ciaydae mmeeM My =m,=0 u my=1. B

pe3yabTare cucreMa ypaBHeHuit (6.63)npruHUMaET BUT

(P-)a+ e =0,
~igoe; +(n2 - rﬁ) & =0, (6.64)
(nz—rﬁ)%: 0,

U pacnajacTcs Ha CUCTEMY YPaBHEHUU
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(n*-r)a +ine=0,

-iggey+{17 - 1) g=0. o9
U ypaBHCHHUE
(- 12) & =o0. (6)66

[locnennee ypaBHeHUE YJIOBIETBOPSETCS aBTOMAaTHUECKH, MOCKOJIBKY € L] M, To ecTh
m.g =0 u e;=0. Yrobsl cucrema ypaBHeHuii (6.65)nmerna HeTpuBHATIBHOE pelICHHE, &

ONpCaACIIUTECIIb JOJIKCH OBITE PaBCH HYIIIO:

(n2 - rﬁ) ido

=0. (6.67)
—igg (n2 - ng)

Orcroza mosydaeM clieayrolnee OMKBaIpaTHOE YpaBHEHHUE:
n' -2rgn?+( - ¢) =0. (6.68)

Perrenne ypaBHenust (6.68) ais HEM3BECTHOTO IMOKA3aTEs MPEIOMIICHUS CBETOBOM

BOJIHBI MMEET BH/I
2 _ 2
M>=MNt o .g8)

VY4uThIBas, YTO TMOKa3aTeIH TMPETOMIICHUS JOJDKHBI OBITh IOJIOKUTEIbHBIMHU, a
IPOCTPAaHCTBEHHAs AUCHEpCHs ABIseTCs caabbiM 3dexromM, Tak uTo gy <K Ny, U 0TOpackIBas

YJICHBl BTOPOTO MOPsIKAa ManocTH, u3 pemicHus (6.69) Haxoqum mokaszarenu MpeToMICHUS

JJI1 TaK Ha3bIBA€MBbIX CcOOCMEEHHBIX BOJH.

_ Jo _ o
L — 6.70
ny r'o+2r]0 N, ="y 2, ( )

YroObl onpenenuTh BEKTOPHI MOJSpU3alMU COOCTBEHHBIX BOJIH, HailleM u3 JH000Tro0

ypaBHEHHs cucTeMbl (6.65)CBA3b €ro COCTaBIAIOMUX € U €, !

ez=ing;n°el,nnn ezzinzg—ongel. (6.71)
0 -

[Toacrarmss B 11000€ U3 ITUX YpaBHEHUH r‘ll2 u n%, MOJTy4YaeMm:

& =ief), &

2= _ig2), (6.72)
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rae uuaekcol (1) u (2) oTHOCATCS K MEePBOM U BTOPO# COOCTBEHHBIM BOJIHAM C MTOKA3aTEISAMH

HPENOMIICHUST Y, U N, , COOTBETCTBEHHO. BEKTOPHI MOISIPH3AIMHU SBISIOTCS SIUHUIHBIMH, TO
O 4| g0|? @ 4|42 :
ects g7 + eg =lu|g”| + eg =1. C yyerom 3t1oro u3 (6.72)Haxomum:

_ X0 +iy® %0 —iy°

1é1:—2, & 7 (6.73)

rJie BBECHBI OPTHI X° 1 Y° BMECTO | M | , COOTBETCTBEHHO.

Takum 00pa3oM, 6 onmuyecKku U30MPONHOI CPENE C eCmecmeeHHOl OnMuYecKoll
AKMUGHOCMbBIO MOZYM  PACHPOCHMPAHAMbBCA 06€ COOCHEEHHble B80JIHbL C KpPY2060il

noaapusayuei:

E = E™gexp i(wt-l,na]= E”“)X\/— ex;{ ot k(p+p /K }} (6.74)

E, = E™gexp| i(wt- k3] = gm2) X J_ ex;{ fot k(p-p/k 3. (6.75)

/i€ TapaMeTp TUPOTPOIIHHU BbIpaXKEeH uepe3 yAeIbHOE ONTHYECKOE BpallleHue P :

% =%, (6.76)

JleliCTBUTEIBHO, IS KaXIOW M3 COOCTBEHHBIX BOJIH, El " Ez, MOJYJIH MPOEKIUN
BEKTOPHBIX aMIUIUTYJ] Ha OCH X M Y OJJMHAKOBBI, a 10 (ha3e MpOeKIHs Ha OCh Y CIIBUHYTA Ha
yrosn ¢, =Tt/ 2 OTHOCHTEIBHO MIPOEKIMH HA OCh X JUIS IIEpBOH BOJIHEL, M Ha yroan ¢, =11/ 2 -
s Bropoi. CoriacHo paccMOTpPEHMIO, MpOBeACHHOMY B mozpaszene 5.10, mepsas
COOCTBEHHAs! BOJIHA UMEET MPaBYyI KPYTrOBYIO MOJSIPU3ALMIO, a BTOPas — JEBYIO KPYTrOBYIO

MOJISIPU3AITHIO.

PemieHnss BOJHOBBIX YpaBHEHHMH B BHUJIE COBOKYITHOCTH COOCTBEHHBIX (Min

HOpMaJ'H:HBIX) BOJIH O6J'Ia,Z[aIOT CJICAYIOIUMU OCHOBHBIMHA CBOMCTBaMH.

1. Kaxnmas coOCTBEHHAs1 BOJIHA SBJISIETCSI CBOOOIHBIM (0€3 CTOPOHHEr0 BO3CHCTBHN)
JIBUYKCHHEM CHCTEMBI M MOXKET OBITh BO30Y)KJCHA HE3aBUCUMO OT JPYTUX COOCTBEHHBIX BOJIH
CHEIAIbHBIM BBIOOPOM HAaYallbHBIX U TPAHUYHBIX YCIOBHH.

2. Ilpou3BoNbHBIA BOJHOBOW TMpOLIECC B CUCTEME 0€3 MCTOYHHUKOB MOXHO

NpEaACTAaBUTH B BUAC CYIICPIIO3 U COOCTBEHHBIX BOJIH.



95
3. B cimyyae MOHOXpOMAaTHUECKHX MPOIECCOB CPEAHUMN IO MEPHOAY MOTOK DHEPTUU
paBeH CYMMG IIOTOKOB BHCPFI/II/I OTOCIIBHBIX CO6CTB€HHBIX BOJIH.
[IpoBenem aHanmu3 pacrnpoCTpaHEHHUs] JUHEHWHO TMOJSPU30BAHHOIO CBETa 4epes
ONTHUYECKH M3OTPOMHBIA CIIOH, 00JIaqalomuii THPOTPOITHBIMKU CBOMCTBaMHU. [Ipenmonoxum,
YTO Takas BOJHA MUMEET TUIOCKOCTh MOJISPU3AINH, MPOXOIANIYI0 Yepe3 ock X mpu Z =0, rue

pacrojoxeHa BXoJiHasi TpaHb oopasia (puc. 6. 3)u pacnpocrpansercs npu Z < 0 TOYHO BIOIb

OCH Z

Ey = EM3Cexp] i(wt- k3]

b X
N NP
N Y :
N A ——
z=0
Puc. 6.3.

Ota BoaHA BO30YXJIaeT B 00Opaslie JUHEHHYIO CYNEpIO3HLIUI0 COOCTBEHHBIX BOIH E;

u E,. AMmmauryasl 3TUX BOJIH MOTYT OBbITh HaiJEeHBl U3 YCIOBHS HEHNPEPHIBHOCTU

TaHTEeHIMAJBHBIX COCTaBISAOMIMX Bekropa E. Ilpenebperas [uis mpocTOTHI OTPaKEHHOM

BOJIHOM (MPOCBETIIEHHAS BXOIHAS TPaHb), OJydaeM:

%(E(ml) + E(mz)) = E(m)
) ) (6.77)
IW - W =0.
OTtcro1a HaxOAUM:
g(mo)

(M) = g(m2) -

R
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(mo)

5 exp (wt-kn3|x
X{ x° [ exp(=ipz) + exe(ip2) |+ Y| ex-ip2)- ex()'pz)]} = (6.78)
=E™ exp| i (ot - konoz)][SP cosp z)+ Y sing z] .

E(z)=E+G=C

Haitnem nanee oTHOIIEHWE MPOEKIMHA BEKTOpa HAIPSIKEHHOCTH CBETOBOTO MOJS HA
ocd Y M X, KoTopoe, Kak BuaHo u3 (8.88), sBiseTcst TUHEWHO MOMAPU30BAHHBIM B JIFO0OM

TOYKE PACCMaTPUBAEMOM THPOTPOITHON CPEJIbIL:

g(m
=(m = 1902 = 190). (6.79)

X

rae O =Pz ompenenser yroj MoBOPOTa INIOCKOCTH MOISPU3AIMH CBETOBOIO IIOJIS B CPEJIE 10
OTHOIIEHHUIO K BXOIHOM Mmojspuzanui. TakuM o0pa3oM, yIeapHOEe ONTHYECKOE BPallEeHUE P
XapaKTepu3yeT yroj IOBOPOTa IUIOCKOCTH MOJSPH3AIUAU T[PH HPOXOXKICHUH BOJHOW
CIMHIUYHOTO PaCCTOSHHSL.

ViensHoe BpalleHHe Ui KyOHMYeCKMX KPHCTAaUIOB KJIAcCa CHIUIEHHTOB MMEET
CHIBHYIO 3aBHCHMOCTH OT JJIMHBI BOJIHBI M JIOCTUTAET JECATKOB YIJIOBBIX IPaayCcoB Ha
muntumetp. s kpucramia Big2SiOp0 Ha aimusHe BostHbl 633HM P = 220 /mm , a s Big,TiO
oHO paBHO 6.5/mMM. OtTcioma I€rKO OLCHHTh 3HAYCHWS [1apaMeTpa THPOTPOIINH,
ompenensieMoro cootTHoueHueM (6.76),kak g, ~107°+10*. [okasaTenp MPETOMICHHS ISt

9THX KPUCTAJUIOB COCTaBsIeT Ny ~ 2.5+ 2.6. IloaToMy HcIosib3yeMoe BbIIIE HEPABEHCTBO

Jp < Ny BBINOJIHAETCS ¢ OOTBIIMM 3aI1ACOM.

CBeToBbIE BOJHBI C KPYroBOW TMOJSpU3AlMEd 4YacTO Ha3bIBAIOT YUPKVASAPHO
noaapuzosanHvimy. Kak ObLTO TOIYY4EHO BHINIC, B THPOTPOIHBIX ONTHYECKH H30TPOIHBIX
cpenax, rae mapamerp ruporpornun g, Z 0 (yzenpHoe onTHyeckoe BpamieHue P Z 0), Moryt
pacrpoCTpaHATbCA OBEC CO6CTBCHHBIG BOJIHBI C PA3JIMYHBIMH IOKA3ATCIISIMU HPCIIOMIICHUS.
Onruueckue CpCAbl, B KOTOPBIX IMOKAa3aTCJIM IMPCIOMIICHUS CO6CTB€HHBIX BOJI OTJIWYAKOTCA
JIpYT OT ApYTa, HA3bIBAIOT 08VIYUenpenioMIAIOWUMU — CBET C Pa3IMYHON Mospu3anue 31ech

IPEIOMIIAETCS II0-pPa3HOMY, TaK Kak Ny # N, :

m:m+%nrh=m~%- (6.80)

[lepBasi coOcTBeHHass BOJIHA OYyAET MNpago-yupkKyIapHO NOJAPU306AHHOU, BTOpas — J1e60-

YUPKYIApHO noaapuzosannoli. 1103ToMy ONTHYECKH H3OTPOINHBIE CPENbl C ECTECTBEHHOM
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ONTHYECKONH  aKTHUBHOCTHIO  (TMPOTPOIHEH) HA3BIBAIOT  cpedamu  C  YUPKYIAPHbIM

08y1yuenperomieHueMm.

Bennunny aABymydenpenoMieHHs XapaKTepu3yloT pasHocTero An=n-n,. B
PaCCMOTPEHHBIX BBIIIE ONTUYECKM H3OTPOIHBIX CPENAaX C ECTECTBEHHOM ONTHUYECKOU

aKTUBHOCTBIO AN=2p/k;, mpuyeM ABYIyYeHpeIOMICHUE SBISIETCS OYeHb ciadbiM. JIst

kpucramia BiioSiOx na mrae BoaHbsl 633HM 0HO gocTHUTaeT BenuduHbl AN=7,74% 10 S,

6.7.4.CBeTOBbBIE BOJIHBI B CPeIax ¢ JUHEHHBIM JABYJyUYenpejoMIeHueM

K cpenam ¢ nuneiinvim 08ynyuenpenomnenuem, CTpOro rOBOpsi, OTHOCATCS TOJBKO TE
OJIHOOCHBIE U JIByOCHBIE KPUCTAJUIBI, B KOTOPBIX TceBnoTer3op § =0. B atux kpucramiax
COOCTBCHHBIE CBETOBBIC BOJHBI UMEIOT JuHelinylo noaspuzayuio. OTHAKO B OZHOOCHBIX U
JIBYOCHBIX THPOTPOIIHBIX KpHCTaLIax, rae § # 0, coOCTBEHHbIE BOJIHBI HMEIOT TIOJISPHU3AIINIO,
OYCHb ONU3KYI0 K JIMHEWHOW, 3a HCKJIIOUYEHHEM CIy4yaeB HX paclpOCTpaHEHHs BIOJb
ONTUYECKUX OcCeil. IT0 00YyCIOBICHO TEM, UTO JHHEHHOE ABYIYYEHPEJIOMIICHHE TOpa3o
BBIIIE, YeM IHPKYIIpHOe. Hampumep, ans KpucTamia KBapia, o0Iagaloniero eCTeCTBEHHON
OINTHYECKON AaKTUBHOCTBIO, JIMHEWHOE JBYIYYENPEJIOMJICHHE COCTABISIET BEIUYUHY
An=0.009 na pnmmue BodHBI 589 HM, NpH pPACHPOCTPAHEHHWH CBETAa OPTOTOHAIBHO

ONTHYECKOU OCH.

PaccmoTrpum  pacmpocTpaHeHwe cBeTa B Cpele € YHCTO  JIMHEHHBIM
AByJIy4enpenomiaenueM, mojarasg, uro ¢ =0, a TeHsop & MOXKET HMMETh, HapALy C

JIMaroHaJIbHBIMM, ¥ HEJHAaroHaJbHbIE KOMIIOHEHTHI. BeKTOphl mojspu3anuud COOCTBEHHBIX
BOJIH B 3TOM CJIydae OInpeiessiroTcss ypaBHeHueM (8.52),koTopoe MOKET OBITh EpEIrCcaHo B

BUIIE
Ag =0, A =|r’(§ -mm)-g |. (6.81)

[IpupaBHUBast onmpeaenuTeab JaHHOW OJHOPOJHON CHUCTEMBI anreOpandecKux ypaBHEHHH K

HYJIIO, HaiiileM AHCIIEPCHOHHOE yPaBHCHIE
n’ (s:nkmmrn() - ﬁ[(srmkmmm) €€ of kM "ﬂ "'Hé n-“F 0, (6.82)

6I/IKBa,Z[paTHOG OTHOCHUTCIIBHO IMOKA3aTeJIsl NPCIIOMIICHUSA COOCTBEHHBIX BOJIH, 1 Ha3bIBAacMOC€

ypasHenuem Dpenens.
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HerpynHo moka3aTh, 4TO B ONTHYECKH AaHW3OTPOITHOM cpefe, 3a HCKIIOUYCHHEM
CIIy4aeB, KOIJla CBET PaCIpOCTPAaHSETCs BAOJIb ONTHYECKUX OCEH, BEKTOPHI MOJISIpU3ALUU

COOCTBEHHBIX BOJIH MOTYT OBITh HAalJICHBI B BUJIC

(u)
el = (6.83)

R

rac a&u) - anre6panqecxoe JAOIIOJIHECHHUE JJICMCHTA AEJG) B OIPCACIUTCIIC CUCTCMBI

ypasuenunit (6.81). Mnnekc O o3Ha4aer, 4TO BENMYMHBI & W A BBIYUCIAIOTCS JUIA

COOCTBEHHBIX BOJIH C IMOKa3aTeseM mpenomiteHus N, (a =1,2).

Komnionentsl BekTopa [loMHTMHra a1 CBETOBBIX BOJIH, PacHpOCTPAHSIOLIUXCS B
cpeac ¢ JIMHENHBIM ABYJIYUCIIPCIIOMJICHUCM, ONPCACTIAIOTCA W3 IIOJIYYCHHOI'O paHCC
cootHomrenus (6.59),kax

e[

M =

0

(6kj — g9 é“)) m. (6.84)

[TockonbKy yCOBHE OPTOTOHAIBHOCTH BEKTOPOB MOJSPU3ALNH &® yu BonHoBOI HOpMaJH

M B oO1IeM ciay4yae He BBIOJIHIETCS, TO €CTh He BCerja e(a) m =0, B Takoi cpeae BEKTOPbI

M u 1 Moryr ObITh HeKOJUTMHEApHBIMH (puc. 6.4), mpuueM yroia Y MEXIy HUMH TOT K€

caMbIii, 4TO U MeXy BekTopamu E u D.

m
<
o

o]l
1
-

=i
.

Puc. 6.4.
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Bekropy noroka sHepruu (Bekropy [loiHTHHIra) COOTBETCTBYET €AMHUYHBIA BEKTOP
ATOr0 HaIpaBlIEHUs S, Ha3bIBAEMBbIH 1yuegbiM 6ekmopom. Ecinu Ha IyTH CBETOBOM BOJIHBI B
KpHUCTaJIe MOMECTUTh 3KpaH ¢ Y3KOH auadparMoii, To HampaBieHHE IMPOIICIIIETO Yyepes

nuadparmy gyda OyaeT onpeaeasThes HMEHHO BeKTopoMm S (puc. 6.5).

0wl

S

Puc. 6.5.BonHa 1 1yd B aHM30TPOITHOM cpefie

Haubonee mnpocroit Bum Bbeipakenus (6.81)-(6.83) mpuHMMAOT B  OJHOOCHBIX

KpucTajjiax, Korga OTJIM4YHbI OT HYJIA TOJBKO JUArOHaJIbHBIC KOMIIOHCHTBI TCH30Pa ér .

r _ r _ 2 . 0-1 —_ e
€11 =€ =Ny ~1——=¢&y,
WE,
Oy
€= ni—i— =g, (6.85)

0

rac no un, - 00bIKHOBEHHDIU U HEOObIKHOGEHHbI NOKA3ameu npeilomieHusl Kpucmaiia,

COOTBETCTBEHHO. B a3ToM ciyuae w3 ypaBHeHus OPpenens (6.82) maxoamm mpocTbie
COOTHOUICHUS! Il  KOMNJIEKCHbIX — NnoKkasamenell  NpenoMieHus  OObIKHOBGEHHOW U

HeOObIKHOBCHHOIL GOJIH.

Mo = €1, (6.86)

&€
ngord = = (6.87)

81(mlz+ nﬁ)+ésnﬁ'
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EI[I/IHI/ILIHBIC BCKTOPbI MOJApHU3aALUA OOBLIKHOBEHHBIX CBETOBBIX BOJIH MOr'yT OBITh

noxydeHsl u3 (6.83)B Bune

ei)rd - _ mz , érd — m_ , érd = C 88)
1-m5 1- ng
Takum oOpa3zoM, MOKa3aTelb NPETOMJICHUS OOBIKHOBCHHOM BOJIHBI, SBJISIOIICHCS
OJIHOW M3 JBYX COOCTBEHHBIX BOJH B OJJTHOOCHOM KPHCTAJIJIe, HE 3aBUCHUT OT €€ HAIPaBJICHHS
pacrpocTpaHeHus, a COOTBETCTBYIOIIMI BEKTOpP MOJSPU3ALMH JIEKUT B IJIOCKOCTH XY U
OpTOTOHAJIEH €AWHMUYHOMY BEKTOPY BOJHOBOM HopManu. JlyueBoil Bexkrop S s
OOBIKHOBEHHOW BOJIHBI COBIAJAeT C BEKTOPOM M. B 01HOOCHOM KpucTamie 0e3 moTepb, mpu

0, =053 =0, u3 (6.86)nonyyaem
rlord = no (689)
JIi1s1 HEOOBIKHOBEHHBIX CBETOBBIX BOJIH OTPAHUYMMCS aHAJIH30M HX PaclpOCTpaHEHHs
B cpexne 0Oe3 morepr (0; =05;=0). Brlpakas KOMHOHEHTHI BekTOopa MM dYepe3 YIiIbI
ceprueckoil cucTeMsl KOOpAUHAT, My, =SNG co, M, =sin@sina u m; =cosH, u3 (6.87)

MOJIy4aeMm:

NoMNe
JrZsin?0+nZ cog0

Neorg = (6.90)

KoMmoHeHThI BEKTOpa MOJSApHU3auid HEOOBIKHOBEHHOM BONHBI U3 (6.83) monmydaem B

BUJIC
ot = nZ cosd cost
Jnécog 0+ nf sirfe
2 .
egord - _ ne cost sim , (6.91)
\/n;‘ cos’ 8+ ng sirf
E‘gord — ngSine

Jndcog 0+ nf sirfe |

Ecnu or Havana KOOPIMHAT OTJIOKHTH BO BCEX HAMpPaBJICHHSX M OTPE3KH JUTHHBI
N(M), MOJXyYUTCS IBYXIOJIOCTHAS MOBEPXHOCTh, COOTBETCTBYIOIIAS JBYM PELICHHIM
ypaBHeHus: ®penens (6.82) n (M) wu n,(M), Ha3eIBaeMas noeepxHOCMbIO NoKaszamenel

npenomnenus. JIns 0OJHOOCHBIX KPUCTAJJIOB OHA OMpEeNsieTcs B cpepuyecKux KOOpaAuHaTax

ypaBueHusmMu (6.89)u (6.90) u mpeacTaBusieT cghepy U 2aMUNCOUO 8pALeHUs], KACATOIITUECS
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JpyT Ipyra B TOYKAX, KOTOPBIC OMPEACTISIOT Hanpasienue onmuyeckou ocu. Takum o0pazom,
ONTHYECKAsi OCh COOTBETCTBYET HAIPABICHUIO BOJIHOBOW HOpMaNH, JJsi KOTOPOro (ha3oBbie
CKOPOCTH COOCTBEHHBIX BOJIH (OOBIKHOBEHHOW M HEOOBIKHOBEHHOI) coBmanarT. OTMETHM,
YTO ONTHYECKAass OCh B OJHOOCHBIX KPHCTAJUIaX SIBIISCTCS CIWHCTBCHHOW W COBIIAJACT C

€IMHCTBEHHON OCBhIO CHMMETPUHU 3-T0, 4T0 WU 6-TO MOPSIAKOB.

Ecnu u3 OgHOM TOYKHM OTIIOXKUTH I BCEX HAIPABJICHUN BOJIHOBBIE BEKTOPHI
paCIIPOCTPAHSIOMIUXCS B KPHUCTAJUIE BOJIH OJHOW YAacTOTBl, TO WX KOHIBI 00pa3yroT
NOBEPXHOCMb  BONHOBbIX 6eKkmopos. OT TOBEPXHOCTHU IOKAa3aTeslel NPEeJIOMIICHUS OHa

OTJINYAETCA TOJILKO MAaCIITa00OM: OTPE3KH, OTJIIOKCHHBIC U3 Ha4aJla KOOPAHUHAT, UMCIOT AJIMHY

(ZT;/)\) N(M). CeucHus MOBEPXHOCTEH BOJIHOBBIX BEKTOPOB IUIOCKOCTAMH XZ U XY JUIsI
ONTHYECKH MOJOKHUTENBHBIX (N, > N,) U ONTUYECKU OTPUIATEIBHBIX OHOOCHBIX KPUCTAIIOB

(n, > n,) moxasausl Ha puc. 6.6.

AN TS
N
BN T

Oy Dy

Puc. 6.6.Cedenust moBepXHOCTEH BOJHOBBIX BEKTOPOB TUIOCKOCTSIMH XZ U XY ISt

OOHOOCHBIX KPUCTAJIJIOB
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6.8. UckyccTBeHHAs AaHU30TPONUSA

B  pesymbrare BO3AEWCTBHS ~Ha  BEIIECTBO  yNPYrUMH  (aKyCTHYECKHMHU),
QJICKTPUYCCKUMHU ©W MArduTHBIMU 1OJSAMU, HUMCIOIIUMH YaCTOTY Qx W, HU3KYIO T1IO
CPaBHEHUIO C YacTOTOM CBeTa, IPOUCXOAAT W3MEHEHHsS €ro CTPYKTYpbl, O4YEHb
He3HauuTenbHble. OIHAKO Majas [UIMHA CBETOBOW BOJIHBI W 3HAYMTENbHAs JUTHHA
ONTHYECKOTO ITYTH B BEIIECTBE TMO3BOJSET A(PPEKTHBHO HCIONB30BAaTh O3TH Ciadbie

HaBEJICHHBIE BO3MYIICHHS JUAJICKTPHUUYECKOM W MAarHUTHOM MPOHMUIIAEMOCTH CPEIIbI

‘Asij‘« €nm s ‘“ij‘<< Mpmm A YOpaBlIeHHs napaMeTpamu cBera. Hipke Mbl orpaHmdyumcs

AHAJIM30M BJIMAHHUA Ha PpacopoCTpaHCHHUE CBETa B BCIICCTBE HaBeHeHHOﬁ AHU30TPOIINHN

JUBJIEKTPUYECKUX CBOMCTB Cpeibl, rmonarast U = | .

6.8.1.9exTpoonTUyecKasi MOAYJISIIIUSA ONTHYECKOT0 U3JTYyYeHUs

TenzopHoe onucanue 21eKMpoOoOnmMu4ecko2o 3¢ gpexma

[epenuirem marepuanbHoe ypaBuenue (6.5)B Bue

1~ -
E="h, q8)
€
A A1 -1 .
rue b=(s ) - TEH30p MAMPIEKTPUUYECKOH HEMPOHMIIAEMOCTH cpefbl. McTopuuecku

CJIIOKHJIOCh, 4YTO HeﬁCTBHe BHCIIHUX OJCKTPHUYCCKUX Mmoyiecd Ha BEIIECTBO IIPHUHATO

paccmaTpuBaTh KaK HaBelE€HHWE M3MEHEHUN TeH30pa AMAJIEKTPUUECKON HENPOHMUIIAEMOCTH

CpeI[BI JJIs1 CBETOBOT'O IT10JIA. HpeI[CTaBI/IM KOMITIOHCHTHEI TeH30pa b B CHeI[yIOH_[eM BHUJIC
— 10 e
by =i’ +AR (BY), (6.93)

rme E° - HampsKGHHOCTH «HH3KOYACTOTHOr0» (0 CPAaBHGHHIO CO  CBETOBBIM)
ANEKTPUYECKOTO TOJIsl, MPUKIIAAbIBAEMOro K BemlecTBy. Eciu 3T0 mose naigexko oT mopora
paspyleHuss uiau npo0osi, OHO MPUBOAUT K HEOOJBUIMM HW3MEHEHUSM ONTHYECKUX CBOMCTB

CpCAbl, TaK YTO BBITOJHAOTCA COOTHOIICHUS

Al < o, .96)
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rac br?\m - AWaroHajJbHBIC KOMIIOHCHTBI TCH30pa ,I[PIBJICKTpPI‘ICCKOfI IMPOHUIACMOCTH IJIA

HEBO3MYILEHHOH cpenbl. I citydast AMaroHajabHOroO TEH30pa £°, TEH30p b° rakke sBIsETCS

JNarOHaJIbHBIM.
% 0O O
€11
1 A 1
b =—39, b’= 0 — 0, (6.95)
Ej €22
0o 0 -
€33

¥ MOKET OBbITh Haii/IeH 10 OOBIYHBIM MTPABUIIAM OTHICKAHHS OOPaTHOM MaTpPUIIBL.

Tenzop Ahj, ONUCHIBAIONIMNA HW3MEHEHHE JUAJICKTPUYECKUX CBOWCTB CpPEIbl A
CBETOBOTO M3JyYEHHUS MOJ ACHCTBUEM <«HU3KOYACTOTHOI'O» 3JEKTPUUYECKOTO TOJIs, MOXKHO

MNpEaACTaBUTbL B BUJAC PA3JIOKCHHUSA IO CTCIICHAM EO. OnbIT IIOKAa3bIBACT, 4YTO AJOCTATOYHO

OIpaHUYUTHCA JIMHCHUHBIMU 1 KBaJIpaTUYHBIMH YICHAMH PA3JI0KCHUA:

Ab; =gy B+ R == (6.96)

311ech MepBBIi YJIeH OMHUChIBACT JIMHEHHBIN 3nekTpoonTHueckuil 3¢ dekrt [Tokkenbca, a
BTOPOH — KBaJpaTH4yHBIA dnekTpoontuueckuit >pdexr Keppa. Koapduuuents: B

pasnoxenuu SBIAOTCS Tensopamu 3o (f ) u 4o (R ) paHros, a UX KOMIIOHEHTHI

Ha3bIBAIOTCA COOTBECTCTBCHHO SJICKTPOOIITUICCKUMU n KBaApaTUYHbBIMHA

OJICKTPOONTUYCCKUMHU IMOCTOAHHBIMHU.

BonHoBoe ypaBHEHHE, KOTOPOE OIMHUCHIBAET PACIpOCTPAHEHUE CBETa B BO3MYLICHHON
cpelle, ONEpUpYeT € TEH30pOM JMIJIEKTPUYECKOW TPOHUIAEMOCTH € =€4€ . MOKHO
MOKa3aTh, YTO B TPEHEOPEKEHHH KBAJIPATHYHBIMH uileHamu 1o Al , BKIagoM KOTOPBIX

MOXHO HpCHCGpG‘-IB ¢ OOJIBIIIMM 3armaCoM, BBIIIOJHACTCA COOTHOIICHUC

Aej =-g) el Ay, =eo(g]-° +0g ) (6.97)
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Jlunetinwviii an1exkmpoonmuueckuti 3gpghexm

B ciyyae kpucTawioB 0e3 LEHTpa CUMMETPUM TeH30p 30 paHra lj OTIUYEH OT

HyJs, W JUHEHHBIH oanekTpoontudeckuit 3>dpdekr (3pdekr I[lokkenbca) sBusiercs
omnpenensiomuM. B 3Tom ciydae MoxkHO mpeHeOpeub B ¢dopmyne (6.96) xkBampaTHUHBIM

YICHOM:
— 0
Aby =g B (6.98)
Tensop 3-ro panra fj umeer B 001eM ciydae 27 KOMIOHEHT. I10CKOIbKY TeH30p &jj

SBISICTCS. CUMMETPUYHBIM, &jj =&, TO U TEH30p I, CHMMETPHYCH IO IEPECTAHOBKE
NEPBBIX ABYX MHIEKCOB!

DTO JaeT BO3MOXKHOCTb TEPEHTH OT TEH30pPHBIX O0O03HAYCHHWH K MaTPUYHBIM, 3aMEHUB
KOMOMHAIMIO WH/ICKCOB i Ha OJMH HHJEKC (Hampumep, M) 1o MpaBHiIaM:

11 1, 224 2, 33 3; 23,320 4; 13, 31- 5; 12,21. 6. (6.100)

DT npaBuiIa JIETKO 3alIOMHUTH IS CIIy4asi TEH30pa BTOPOIO PaHra:

1IN 6 11 12 1f
o 2N 41| oo 22 23. (6.101)
o o 3T o o 3

Takum oOpa3zoM, B oO0mIeM ciydae MaTpHIlla 3JIEKTPOONTHYECKHX KO3(PPHUIIMEHTOB
MOKET OBITh MpeacTaBieHa B BUAe TaOmuibl 6% 3. CuMMeTpusi KpucTalljla HaKIaIbIBaeT
OTpaHHYEHUS HA DJIEKTPOONTHYECKHE KOIPPUIMEHTH. MHOTHE W3 HUX OKa3bIBAIOTCS

pPaBHBIMH HYIIIO; HEKOTOpble KO3(QHUIMEHTHl CBsI3aHBl JAPYr C JAPYroM OIpeaeIeHHBIMU

COOTHOIIEHUSMH. PaccCMOTpUM KOHKpETHBIN BUJ MaTpULbl I, 7151 HEKOTOPBIX KPUCTAJIOB.

Kybuueckue neyenmpocummempuurvie Kpucmaivl Kiaccog cummempuu 23u 43m

HMeroT 0IMH HEe3aBUCHUMBIHN JJIEKTPOONTHICCKUN KO PUITHEHT,
Fo3 = Mo13 = la31 = I310 = I551 = N135. Taxum 00pazom, Vg = T5p = I3, u

ANEKTPOONTUYECKOMY TEH30PY COOTBETCTBYET CIEAYIOIIAsl MAaTPHULIA:
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O 0 O
0O 0 O
O 0 O
r =
mk , 0 O (6.102)
O r; O
0 0 ry

K KyOWdYecKHM 3JIEKTPOONTHYECKUM KpucTtauiam otHocatcs GaAs, BisSiO;,
BilzGEiOzo, Bi]_zTiOzo H OpyTruc. HJ’IH KpHUCTaJIJIOB Bi]_zTiOzoI/I BilzsiOZO r41 DSD.O_lZM/B.

Jlis ipyrux KpUCTaJIOB KyOWYEeCKOM CHHTOHHUH 3JIEKTPOONTHYECKHE KOOPHUIIUEHTHI UMEIOT

MCHBIIIHNEC 3HAYCHUA.

Kpucmanner cummempuu 4mm

SBnsroTes OJHOOCHBIMHU n XapaKTCPU3YIOTCA TpEM HE3aBUCHUMBIMU

AIIEKTPOONTUYECKUMU KO3 pHUIHEHTaMU: 13 =103 (r 13=r 29 , l333 =l 33,

530 =l 300=V 131=I 31(I‘ aT 5)1 DNEeKTPOONTUYECKHI TEH30p H300paxkaeTcsi MaTpullei

K02 (HUIIUEHTOB
0 O r,
0 O r,
0 0 ry
I =
mk o r, O (6.103)
r, 0 O
O 0 O

K manHOMY Ki1acCy CHMMETPUHU OTHOCSTCS CErHeTOdJIeKTpuieckue kpuctawsl BaTiOs;

cTponnuii-6apuesniii  HHoOaT (SKkBayxNb,Og), kpatko SBN; u apyrme. [ns BaTiO;
r,, = 730010"2 m/B, r,3 =4610" wm/B, r,,=10,2000" m/B, 10 ecth umMecTCs GOMbIIAS

aHU30TPOIUS NIEKTPOONTUYECKOro dpdekTa. «HeanaroHanbHbli» K03QPUIHEHT 45 B ITOM
KpucTaiie Ooiee 4eM Ha 2 MOpsAAKa IPEBOCXOTUT DICKTPOONTHUECKU Ko3(dduuumeHt
KyOM4eCKHX KPUCTAIIJIOB.

Jiin SBN npu Xx=0,75 MakCHMaJeH OJIEKTPOONTHYCCKUNA KO UIIHCHT
r33:237DL012 M/B. OT™eTnM, 4T0 3TH KO3()(UIMEHTHI 3aBUCIT M OT JUIMHBI CBETOBOW

BOJIHBI, TO €CTb UMCCT MCCTO AUCTICPCHUA SJICKTPOOINITHYCCKUX IMOCTOSAHHBIX.
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Kpucmannvl cummempuu 3m

JlaHHBIE KPUCTAUIBI MMEIOT OJTHY OCh CHMMETPHH TPETHEr0 MOPSIIKA, TO €CTh SIBIISIOTCS
onHOOCHBIMH. Hawmbornee mMpOKOe TMNPUMEHEHHWE B Pa3UYHBIX OOJACTSIX  ONTHKH,
OIITOJICKTPOHUKH, HHTETPATIbHOIN ONTHKH UMEIOT MOHOKPUCTAJUIBI 3TOW CHMMETPUU HHUOOAT
mutus LINDO3 u tantanat nutus LiTaOs. DiaeKTpoonTHUECKOMY TEH30PY ISl KPUCTAILIOB

CUMMETPHUHU 3M COOTBETCTBYET MAaTpHIla KOAPPHUIIMEHTOB

0 —rp Iig

0 1y I3

(o= 0 0 1y
mk =g , O (6.104)

, 0 O

-r,, 0 O

Jns  xpucraiuia  LINDO; na pgmmee BomHBl A =633 HM  3JEKTPOONTHYECKHE

KOO(DGUIMEHTBl [PUHUMAIOT 3HAYEHUS: [Hy =3, 400"  w/B, I, =8,610 12 w/B,

;3 = 30,8010 wm/B, ry; = 28102 wm/B.

Pacnpocmpanenue ceemogvix 6onn 6 cpede ¢ nuneunbiM 08yIyUenperomMieHuem npu
0OHOPOOHOM BHEUIHeM noje
Kak u B mopgpasnmene 6.7, OrpaHu4MMCsl aHAJIM30M PACHPOCTPAHEHUS IUIOCKUX

MOHOXPOMAaTHYECKUX BOJIH C BOJHOBBIM BEKTOPOM K = kyNM W BEKTOPHOW aMIUIUTYION

E™=E™&, rae enuHMYHBIE BEKTOPHl BOJHOBOH HOpPMand M U NOJApU3ALMU € HMEIOT
KOMIOHEHTBI M, u § (M, kK = 1, 2, 3),coorBercTBeHHO. B 3TOM Cityuae, mist cpeabl 6e3

HOTeph M B OTCYTCTBHE TMPOTPOIUH BOJHOBOE YpaBHEHHE CBOIUTCS (Cp. ¢ ypaBHEHHSIMHU

(6.55)u (6.81))k crnenyrolieii cucTeMe anreOpanvecKux ypaBHEHHH It COOCTBEHHBIX BOJIH:
[0 (G~ Mam) ~ €7 &0, (6.105)

IJic B COOTBETCTBHH C COOTHOIICHUsMH (6.97) KOMIIOHEHTBHI TEH30pa OTHOCHTEIBHOM

JTUAJICKTPUIECKON MPOHUIIAEMOCTH UMEIOT BH/T

8:nk ?Tr1k € m? kj IJkE k- (6-106)
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31echy MBI CUMTAEM IIOJIE EE 3aIaHHBIM U OJHOPOAHBIM, U TpEeHeOperaeM KBaJpaTUYHBIM

AIIEKTPOONITUYECKUM 3 PPEKTOM.
PaccmoTpuM pacmpocTpaHeHHE BOJIH BAOJb OCH X B KpUCTaule HHOOATa JUTHS, K

KOTOPOMY BHEIITHEE MOJIE MPUIIOKEHO BI0JIb OCH Z (puc. 6.7).

u(t)

D

\ 4

Puc. 6.7.

B stom ciydae, B coorBercTBHH ¢ Gopmynamu (6.97), (6.98m BuIOM 37IEKTPOONTHUECKOTO
teH3opa (6.104), TeH30p BO3MYIIEHHI OTHOCHUTEIILHOW JAMAICKTPHUUCCKOW MPOHUIIAEMOCTH
BHEIIHUM DJIEKTPHYIECKUM T10J71eM AE OyIeT AMaroHa bHBIM:
r —_.4 0 r —_.4 0 r —_.4 0
Ng =—ngrE3, Ay, =—nghE;, Afys =-noryEs, (6.107)
or _ O _ 12 or _ 12
€11 =€ =Ny, &3 =N, (6.108)
rae Ny u N, - OOBIKHOBEHHBIN U HEOOBIKHOBEHHBIN ITOKA3aTeNIN IPEIOMIIEHHUS KPUCTAILIA.

[Tockonbky BekTop M mMmeeT KommoHeHTHl My =1, m,= m = 0, ypaBuenue (6.105)

IMPUHHUMACT BHU/

-£,6, =0,
(n* -£5,)e, =0, (6.109)
(n® —£33)6;=0.

Otcroa HaxoauM, yauTbiBas cootHomenus (6.107)u (6.108):

6 =0,
=g, =ng-mpnEs &=1 (6.110)
N =en=r-ninEs &’=1
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Takum 00pa3oMm, oaHA COOCTBEHHAs BOJHA HMMEET OOBIKHOBEHHYIO TOJIAPU3AIHIO

(BexTop e® HATPaBJICH BJOJb OCH Y) U TIOKa3aTesb MPEIOMIICHHUS Ny:
3 3
I ngrizU
n=n+An, An=-ro8s =-Toas— (6.111)
2 2 d
Bropass coOcTBeHHass BoJIHA WMEET HEOOBIKHOBEHHYIO MOJSIpU3AIHI0 (BEKTOP e
HaIIPaBJICH BJIOJIb OCH Z) M IIOKA3aTellb IPEIOMIICHHS Ny:
3 3
I Ngras U
n=n+An, An=-1238 =l (6.112)
2 2 d
B ciryyae BXOQHOM CBETOBOM BOJIHBI C IIPOU3BOJIBHON MOJISPU3ALKUEH T10JI€ B KPUCTAILIE
OyzeT mpeCTaBIATh JIMHEHHYIO CYNIEPIIO3UIINIO IBYX COOCTBEHHBIX BOJIH — OOBIKHOBEHHOH M

HEOOBIKHOBEHHOIA.

Da308vwlil 21eKMPOONMUYECKULL MOOYISIMOP NONEPEYHO20 MUnd
Konctpykuus ($pazoBoro MoayasTopa MOIMEPeyHOro TUMA UMEET BUJ, U300pakKeHHBIN

Ha puc. 6.7.B ciydae pacnpocTpaHeHus1 HEOOBIKHOBEHHO MOJISIPU30BAHHOMN BOJIHBI HIMEEM

E(l,t) = E,.2° exp[i(cot—z—n n1)] exp[—iz—nAn N]=
A A
) oy | (6.113)
. Tt . n.r.
=E,, 2" exp[i(wt—— nl)]expi——=2U ().
E:nZ expli( )\ne)] IO[)\ 5 ()E]
Takum oOpa3om, cBeTOBas BOJHA HAa BBIXOJE MOIYIATOpa MpHOOperaeT (a3oBYIO

MOIYJISIIIUIO C BEIMYMHOM (ha30BOTO CIIBHTA

2rn’ry,
A

KagectBo Marepuana MoIynsiTopa, omnpenenseMoe ero (pU3n4ecKUMU CBOWCTBaMH,

__2m - !
W(t) =~~~ an(y)l U (6.114)

XapakTepu3yeTcsl BeJIMuMHOM NCry,. Jlns HuoGaTa JNMTHA PAcCMOTPEHHAs OpPHEHTAIUs
BHEIITHETO TIOJI M TOJSIPU3AIMs CBETa SIBISIOTCS ONTHMAIBHBIMH, MOCKOJBKY [y, MMEET
caMmylo OOJIBIIYIO BETUYHHY.

[Ipu monmspuszanmu cBeTa BJOJIL OCH Y KadyecTBO Marepuana OyneT omnpeaeisTbes
mapameTpoM NS, , IPUMEPHO B TPH pa3a MEHBIIUM, 4eM Nl .

Bemuuuna |/d  onpenensiercs pasmMepamMu KpHCTamia M CBETOBOrO Iy4Ka U JJIs

00BeMHOT0 MoaynsiTopa MoxeT cocTaBiaTh ~10+ 30, npu ameprype mnyuka ~ 1 MM u
mmHe kpuctamuia ~10+ 30mMM. [l 37I€KTPOONTHYECKUX MOIYJISITOPOB Ha IOJOCKOBBIX

BOJIHOBOJIAX dTa Benu4uHa, |/d , Kak MUHEMYM Ha IOPSIIOK GOJIBIIE.
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OdeHb YacTO B KayecTBE XapaKTEPUCTUKH (Pa30BOTO MOIYJISATOpPA HCIHOIB3YIOT

nonyeonnogoe nanpsicenue U, ,, — HaIpsDKEHUE, IPU KOTOPOM JIOTOJIHUTENbHBIN (Pa30BbIi

caBur Y B Moxynatope paBeH Tt. OGBIYHO OHO COCTaBIISIET COTHU BOJIBT.

AmnaumyOousiii 51eKmpoonmudecKuti MoOYIsmop
PaccmoTpuM cBEeTOBYIO BOJTHY Ha BXOJIE YCTPOMCTBA, H300paKEHHOTO Ha puc. 6.7,mpu
ee mouyispu3anuu mnox yrioM 45k ocsMm Z u Y. B 3TOM ciydae molsie Ha BBIXOJIE KpHCTasia

6YI[GT HUMCETH ABC COCTABJIAIOIINEC

E,(I,t)= Eexp@c&)expﬁ nI ) expfi i”mg (6.115)
E,(I,t)= \/Eequu)expel nI ) expfi inm(j (6.116)

paBHBIC [0 AMILTUTY/IE, U UMEIOIIUE KaK MOCTOSHHBIN (Da30BbIi CIBUT

0e=27n(no—ngl, (6.117)
TaK U 3aBHC5IH.[I’H>i oT HpI/IJIO)KeHHOFO HaHpH)KeHI/IH
= 2" 1an,(0 -an (11 = 2 (e, -y 1. (6.118)

Jlnst HopMaJbHOM PabOThl AMIUIMTYIHOTO MOAYJISTOPA MOCTOSHHBIN (ha30BBIA COBUT

I_oe HY’XHO JOBECTH JO0 3HAUCHMA TP, rac P — ILCJI0C YHUCIO. OTO MOXHO caciarb C

MOMOIIBI0 YETBEPTHBOJIHOBOW IUTACTUHKH, TPEICTABIAIOMICH X- WM Y-Cpe3 OJHOOCHOTO
kpucTamaa ¢ rtommumHoit t=A/[4(n,—n,)], ocymecTBustomeii (asoBylo 3aIepKKy B
=T;/ 2 MexIy OOBIKHOBEHHOM M HEOOBIKHOBEHHOW BOJHAMH. Yaie BCero sl 3TOTo
UCTIONB3YIOT TOHKHE IUTACTUHBI CIIOABI, TOJNIIUHY KOTOPBIX MOXHO TOI00paTh HX
pacmerienreM. [loBopaumBasi Takyl IUTACTUHY Ha HEKOTOPBIA YToJ, MOKHO H3MEHSTH
BHOCHMBIH €0 (a3oBblii caur or —TY2 no TY2. Torama Ha BeIXOE cucTeMsl (puc. 6.8)
OyIeT MMeTh MECTO JUHEHHAas MOJSpHU3aIis CBETOBOTO IMOJS, KOTOPYIO MOXHO TOJaBUTh
aHAJIN3aTOpPOM A.
Takum o6pazom, mpu U = O MHTEHCUBHOCTH BBIXOAHOTO H3JIy4YeHHUs OyAeT paBHA

wymo. Ilpn U =U,, oua Oyzer MakcumaibHa, a aMIUIMTyJHAs XapaKTE€PUCTUKA

MPOIyCKaHUs MOAYJsiTopa OyeT UMETh BUA

T() = Lo - 2 TO _ i TV Q)

, (6.119)
2U,,

6Xx

rae U, , =)\d/[(r§r33— Nl
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AMIUTATY/IHAsT XapaKTepUCTHKA MOJIYJsATOpa wu3o0paxkeHa Ha puc. 6.9, rme musa

obecneueHUs TUHEHHOCTH K MOAYJATOPY IMPUITIOKCHO IMMOCTOAHHOC CMCIIAIOIICC HAITPSIXKCHUC

Ua-

6.8.2. KBaapaTuunblii dekTpoonTudeckuii 3¢ dexr

Kornaa nuHeiinpii 31ekTpoonTrHyeckuii 3G ekt oTcyTcTBYeT (B KpUCTaIax ¢ HEHTPOM

CHMMETPHH M B W30TPOIHOM Cpelie), BKJIAJ B U3MEHEHHE ONTHYECKUX CBOMCTB CpEIbl IMOJ



111

JICWCTBHEM BHEIITHETO TOJIS TAeT KBAJPATHUHBIN AIIEKTPOONTHYECKUI dpdekT (cM. popmyy

(6.96)):
Ab; = Ry 'io '1_‘-0 . (6.120)
Tensop 4-ro panra Ry, onuceiBalomuil KBajpaTU4HbIH d1eKTpoonTHYecKuii spdexr Keppa,

uMeeT B obmiem ciydae 81 aneMeHT M OTIIMYeH OT HYJS JJIA JII0OBIX cpen. Ero smeMeHThI

YIOBJIETBOPSIOT CBOMCTBAM CHMMETPHH,
Rw=Ruw =R = R,
10 MEPECTaHOBKE MEPBBIX ABYX W IMOCIEIHHUX JBYX HHJIEKCOB, YTO CBS3aHO C CHMMETpPHCH

Tensopa §; =€; u Tenzopa-muansl (EE), =(EE),. D10 mosponser 3aMeHMTH JBE Maphl

uHgekcoB I u Kl Ha nmBa wmHaekca (Hampumep, M u N), u3MeHstommecs or 1 mo 6, B
COOTBETCTBHUE CO CJICIYIOIIUM IPABUIIOM:

Ry (i = M=1...,6; Kl = n=1,2,3)

I:emn_ ZRJKI !(lj - m=1,...,6; kI « n= 4’5,6) (6121)

B pesynmprare mnpuxommM K MarpuYHOW (QOpMe 3ammMcH  TEH30pa KBaJIpPAaTUYHBIX
AIIEKTPOONITUIECKUX KOAP(UIIMEHTOB, KOJTHMYECTBO KOTOPBIX MOXKET JOCTUTATh 36.

KonudecTBo He3aBHCUMBIX KO3 PUIIMEHTOB 3TOT0 TEH30pa B U30TPOITHON Cpesie paBHO

JBYyM:
R, R, R, 0 0 0
R, R: R, 0 0 0
R, R, R 0 0 0
R =0 0 0 %(Rn_ R:) 0 0 (6.122)
0o 0 O 0 % R:—R2) 0
0 0 O 0 0 % R.-R;

B kpucramiax TpUKIMHHOM cHcTeMbl Bce 36 KBaJApPaTUYHBIX DIEKTPOONTHUECKHUX
KOB(b(bI/II_[I/ICHTOB ABJISIFOTCA HC3aBUCUMBIMU U MOT'YT 6I>ITB OTJIMYHBI OT HYJIA.

Jlerko mokazarh, YTO MPHJIOKEHHE BHEIIHETO SJIEKTPUUYECKOTO IO BIIOJB JTHOOOTO
HanpaBJICHUsT K HM30TPOMHON Cpele HABOAUT B HEW JIMHEWHOE IBYyJIydenpesromiieHue. B
pe3ynbTare cpeja CTaHOBUTCS ONTHYECKHM OJHOOCHOM, C ONTHYECKOW OChI0 BAOJb
HaIlpaBJICHUA IIPUIIOKCHUA I10JIA. HeﬁCTBHTGHBHO, CCJIn 3TO HaANpaBJICHUC COBMCCTHTH C

0ChI0 X, u3 cooTHomienuit (6.121)u (6.97)nonyqaem
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Ab, =R,,(B)* Ab,=Ab= R, ( B)* A bFA b7A bzA bzA bzA bz0
€£1=n§‘”§31( Ef)zn sr22=$r33= rf_ rf Rz( @2’ g 12=g 21=€ 13=é 31=é 2§é 32 (6-123)

n, =4Jel =1, -2 Ry(E), n=yEl= n-" R(ED,

rae Na — IoKa3aTesb MPeIOMJICEHHS HEBO3MYILEHHOH cpeabl, a Ny U Ne — TMOKa3aTelu
MPEIOMJICHUS JJI CBETA, MOJISPU30BAHHOTO MEPIIEHIUKYIIIPHO U MapajljielIbHO HalpaBIeHUIO
MPUJIOKEHHOTO TOJIsl, COOTBETCTBEHHO. BennunHa HaBeAEHHOTO JBYIy4YelpenoMieHus Ne —

No 1a€TCs BBIPpAXKCHUSAMU

n.-n,=2(R,~ R)(B)’=-§ R( B, (6.124)

B IIOCJICTHEM U3 KOTOPBIX YYTEHO, 4To B u3orpomnHoii cpene R, =(R,;— R,)/2 (cm. maTpuiy
ko3 dunmenTos (6.122)).opmyisr (6.124)HepenKko 3aKMCHIBAIOT B BUE

n.—n,= KA(E)?, (6.125)
rie K — mocrosnnas Keppa, cBs3aHHas ¢ KBaJpaTHYHBIMH DIEKTPOONTHIECKUMH

Kod(puImenTaMu Isi K30TPOITHOM CPe/Ibl COOTHOIIEHUEM

A
Ry =K. (6.126)

st auTpoOen3ona Ha anrHe BoaHBI 589 HM mocrosinHas Keppa paBna K = 2,4410" m/B?,

s Bopl - K = 5,110 m/B2.

6.8.3.@oToynpyruii 3¢pdexr

[punoxxeHne K cpefe MEXaHHUECKHX BO3JEHCTBUI (ynpyrux nedopmMariuii) H3MEHsSEeT
€€ ONTUYECKHUE CBOMCTBA, YTO M COCTABIISIET CyTh (hoToynpyroro sddexra. TpagumoHHoO ero

MPUHSTO ONHCHIBATH COOTHOIICHHEM
Ab; = py $’ (6.127)
e Kod3pOULMEHTHI Pij 00pa3yroT TeH30p (oToynmpyroctd 4-ro padra, a S, sBiseTcs

CUMMETPUYHBIM TEH30POM YIPYTuX AeGopManuii 2-ro paHra, UMEIOIIUM KOMIIOHEHTHI

s %(Galik +?3_l>:j' (6.128)

omnpeensieMble KOMIIOHEHTaMU BEKTOpa yrnpyroro cMmemienust U dactuil cpessl.
Tensop pju UMeeT Ty ke CUMMETPUIO U MOXKET OBITh OIMCAH TAaKOH ke MaTpulen

KO3(PPHUIHUEHTOB P, KaK U TeH30p Rpn. OnHako mia poroynpyrux KodpQHUIMEHTOB 3aMeHa
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JByX map uHaekcoB ij u Kl Ha 1Ba nHAEeKca Mu N, u3MeHsOMmMuUXCs oT 1 10 6, IpOM3BOIUTCS B
COOTBETCTBUE C IPYTUM IIPABUIIOM,

Pon = Py (i « m=1,...,6; kl » n=1,...,6, (6.129)
KaK U JJIs TeH30pa YIpYTux JnedopManui:

=9, (ke r=1,...,6. (6.130)

Jlnst U30TpOIHON cpeibl POTOYNPYTHii TEH30p UMEET BU, omnpenenseMbri (6.122),u
XapakTEPU3yeTCs TOJNBKO IBYMs HE3aBUCHMBIMH (POTOYIPYTrUME KO3 duireHTaMu P11 M Pr2.
Otcrona crnenyer, 4TO NPONOJBHBIE JedopMalMi H3O0TPONMHON cCpenbl HaBOAAT B HeE
JIMHENHOE JBYyJydernpenomiieHue. IlyCTb OHM NPUIIOKEHBI BIOJIb OCH X, TOTJa OTJIWYHA OT

HyJIs KOMIOHeHTa TeHzopa nepopmaruu S = . B 3ToM ciydae H3MEHSIOTCS TOJBKO

AWnaroHajJbHbIC KOMIIOHCHTBI TCH30pa fur .

sizns_ngpug)’ €r2=8r3= rj_ rj 92$- (6.131)
Takum oOpa3om, cpena CTaHOBUTCS aAHHM30TPONHOW, MpPHYEM OJHOOCHOHM, C
ONTHUYECKOM OCBhIO BIOJIb HANpPABJICHHUS TPWIOKEHUS MPOAOIBHBIX  JedhopMalui.
OOBIKHOBEHHBIH W HCOOBIKHOBEHHBIM  TOKa3aTeNIM  TMPEJIOMIICHHUS  OMPEACIISIOTCS

COOTHOIICHUAMHU

=N

n3
m=m—§wb$,@=q—2 RS, (6.132)

4 HaBCIACHHOC NBYJIYYCHPECIIOMIICHHUC PABHO.

n3
m-m=§%m-go§- (6.133)

OtmeTuM, 4TO (QOTOYIpPYrHe MOCTOSIHHBIE SBISIOTCA Oe3pa3MepHBIMU BEIMYUHAMHU.

Jlyis maBieHoTo KBapia Ha JuinHe BOJIHBI 6331M P11 = 0,121u p1p = 0,270.

6.8.4. 93¢ ekt Papanen

Oddexkr Dapanes HaOMOTAETCSA B MPO3pPAYHBIX BEIIECTBAX, ITOMEIICHHBIX B

—

MAarHuTHOC 1I0JI€ H o W 3aKIOYacTCs BO  BpallcHHHU  INUIOCKOCTH  IHOJIIPpU3alluU

JJIEKTPOMATrHUTHBIX ~ BOJIH NP MX  pacnpocTpaHeHuW.  BemuunHa — BpaumieHus
ImpornopuruoHajJibHa COCTaBHHIOHIeﬁ MAarauMTHOIO 1oJisd BAOJIb HAIIPABJICHUA PACIIPOCTPAHCHUSA
cBera. IOTOT dext 011 oTKphHIT M. Dapaneem B 1846 rogy m oOycCliOBIEH NEHCTBHEM
MIOCTOSTHHOTO MAarHUTHOTO TIOJII Ha JBW)KCHHE DJICKTPOHOB B 000JIOYKaX aTOMOB.
3HeKTpI/I‘IeCKa}I KOMITIOHCHTA 3JICKTPOMAarHuTHOIO (CBCTOBOI‘O) IoJIs1 MPpUBOJAUT K CMCHICHUTIO

9JICKTPOHOB OTHOCHUTCJIBHO HX IIOJIOKCHUS PAaBHOBCCHS. BO3HeﬁCTBH€ Ha 95TO ABHXXCHHC
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CTaTUYECKOT0 MAarHUTHOTO MOJs o0ycinoBieHo cuioi JlopeHua, IfL ~Vx B, BhI3bIBaIOLICH
JIBUKEHHE JJIEKTPOHOB B IONEPEYHOM HampaBlieHWU. B pe3ynbTare BO3HUKAeT
WH]Ty[IUPOBAHHBIN TUIOIBHBIT MOMEHT (3JICKTpHUYECKash MOJSPHU3ALKs), TPONOPIHOHATBHBIN
Bx E, 1 MaTepuanbHOE YPaBHEHHE MOXKET ObITh 3AMHCAHO B BUIE

D, =&, (&) +id, f,Ha)E;, (6.134)
rae fym — KoMmoneHTsI TeH30pa 2-ro panra Kko3ddunuenaros dapases.

Jns ontudecku m3orponHsx cpex f, =FO, ., n dapameeBo BpalieHHe MIOCKOCTH

MOJIAPU3ALUMU TI0CJE MPOXOKICHHUS BOJHOM PACCTOSHUSL Z BBIpAXaeTcs 4Yepe3 NOCMOAHHYIO

Bepoe V kaxk
n3
a(z) = VH? z= ISEa FH ;, (6.135)

oTpeNieTIeMyI0 COOTHOIIeHHEeM V = T[ngF/)\ . Y HEeMarHWTHBIX BEIIECTB MOCTOsiHHAs Bepre

HeBenuka. Hampumep, ams  kpucramia  BipSiOyp  OHa  COCTaBIsSeT — BEIHUUHY
V = 0.31yra. mua/A. B marautHbIXx MaTepuanax 3¢ dext dapajies 3HaAYNTEIBHO CHIBHEE, B
9TOM ClIy4ae OH TMPOIMOPIUOHAICH HE HANpsHKEHHOCTH MAarHUTHOTO —TOJs, a
HaAMaronm4CHHOCTH MaTcpuraja.

B cpene ¢ ecTecTBEHHOM ONTUYECKOW aKTUBHOCTHIO HANPABIIEHWE BPAIICHUS BEKTOpA
MOJISIPU3AlMN  OTHOCHTENBHO 33aJaHHOM CHUCTEMBI KOOPIWHAT OJHO3HAYHO 3aBHCUT OT
HalpaBJICHUs] PAacHpOCTpaHEeHUsi cBeTa. [lodToMy nocre ompadicenus nyuxka ceema,
HaIpUMep, OT BBIXOJHOW TpaHU o00paslia Wi OT 3epKaJbHOW IMOBEPXHOCTH BHE €ro, U
pacnpocmpanenuy 8 0O6pamHOM HANPAasieHuu, NOHbIL NOBOPOM NIOCKOCMU NOAAPUIAYUU

pasen Hyno. OnpHaKo 6 agppexme Papades HaNpaBIICHUE BpAIICHHUS] OJHO3HAYHO 3a]1a€TCs

MAarduTHBIM IIOJIEM HO! TaK 4YTO ompasceHue nydka c pacnpocmpaHeHuem 6 05paI71HOM

HanpasieHuu npusooUum K y080eHUI0 8paujeHusl.
7. Teopust nucnepcun

Peakius nomnsipusanuu Beniectsa P(t) Ha BHemHee moie FE(t) Bcernma 3ama3ibiBacr.

JIsis MOHOXpPOMATHYECKOTO CHTHAJIa CBS3b MOJSpU3aluu U moiisi (cMm. pasgen 6.5) maercs

MPOCTBHIM BBIPAKEHUEM
P(0) = goR(w) [TE(w) (7.1)

YUYUTBHIBAIOUIMM CBSI3aHHYIO C 3ala3JbIBAaHUEM @pemeHHyio (Yacmommuylo) oucnepcuro.

PeanbHast cBeToBasi BOJIHA MPEACTABIACT cOOO0I Cyneprno3uuuio KojaeOaHUil ¢ pa3IMyHBIMU
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4acTOTaMH, UMEIOIIMMU BCIIEICTBUE JUCTIEPCUU pa3iuuHble (pa3oBbie ckopocTH. PaccmoTpum
HIKE BIIMSHUE JHUCIEPCUUM HA PACIPOCTPAHCHHE pPEANTbHBIX ONTUYECKUX CUTHAJIOB U

OCHOBHBIC CBCIACHUS U3 KJIaCCHUYECKOM TCOpHUU OUCTICPCUU CBCTA.

7.1.PacipocTpaHeHHe BOJHOBBIX NaKkeTOB. I pynnoBasi ckopocTh

TapMoOHHMYecKasi IIOCKasi BOJHA SIBISIETCSI, CTPOTO TOBOPsI, HEOTPAaHMYEHHOW KakK B
IPOCTPAHCTBE, TaK M BO BpeMeHHU. Kak TOJIbKO MBI OrpaHHMYUM pa3Mepbl BOTHOBOTO (ppoHTa,
TO B pe3yapTare AU(pakiuu cpa3y MOJIYyYHMM BOJHBI C JAPYTHMH HalpaBICHUSMHU
pacnpoctpaneHust (puc. 7.1). TouHo Takke, €CM MBI OTpaHHYUM CHTHal BO BpeMeHH (puc.
7.2), MBI JOJDKHBI TIPEICTABUTL €ro B Bujae wHTerpaga dypbe - B BHJAEC CYNEPHO3UIAN

KOJICOAHUH C Pa3IUYHBIMH YaCTOTAMHU.

AY

“ E(t)
t
X
T
p

T
Puc. 7.1./Indpakmms miockoi Puc. 7.2.31eKTpOMarHuTHbIH
BOJIHBI Ha OTBEPCTUU B UMITYJIC

HEIMPO3pavYHOM IKpaHE

OrpaHuyeHHass ATUTEIBHOCTh 3JEKTPOMAarHUTHOTO CHUTHANA, TakUM 00pa3oM,
NPUBOJUT K CYIIECTBOBAaHHIO HEKOTOPOH KOHEYHOH MOJIOCH 4acTOT AW BOIU3U HEKOTOPOM

LEHTPAJIbHONU YacTOTHl W),. B cuiy nuMHEMHOCTH ypaBHEHMII MakcBeiia pacipOCTpaHEHUe

HUMITYJIbCHOT'O 3JICKTPOMArHUTHOTO CUTHAJIA B JIMHEHHOM cpeac MOXHO NpPCACTABUTHL B BUJC

JIMHEHHOM KOMGI/IHaL[I/II/I IUIOCKHMX BOJIH C Pa3JIMYHBIMH YaCTOTAMU U BOJTHOBBIMH YHCJIAMM.

E(x)=Y. En(lg)Exp[i(wgt—I@@]:_]i E(Rex{ [of § & K d. (72)

OTH cymMMa M UHTErpan yIOBJIETBOPSIOT YpaBHEHUSIM MakcBesia, MOCKOJIBKY

CYMMHPYIOTCS  (MHTETPUPYIOTCS) IUIOCKHE BOJHBI, SBJISIONIMECS PEIICHHEM TeX JKe

ypaBHeHui. Eciu Em(k) OTJIMYAIOTCS 3aMETHO OT HYJIS JIUIIb B HEOOJBIIOM MPOMEXKYTKE
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Ak <<k, To mose E(X,t) OIMCBHIBAET BOIHOBOU naken, WIH 601HO8YI0 2pynny. B aToM ciyyae
n Aw<<w,, u mone Oymer noumu monoxpomamuyeckum (KBa3UMOHOXPOMATHUECKUM).

BcrnoMHEUM Terieph AUCTIEPCUOHHOE YpaBHEHHE, YCTAHABIMBAIOIICE CBA3b MOKIAY W U K s

IIJIOCKOU BOJIHEI.

uw:m@%

U ICpCIUIIcM €ro B BUJIC

w(k)=ﬁk. ¥

B u3oTpormnHoii cpesie AUCTIEPCUOHHBIC CBOWCTBA HE 3aBUCAT OT HAIPAaBJICHUS BEKTOPOB K wu

E , nosTomy
0(-k) = (k).

PaccmoTpuM Tenepp 3BOJIIOLMIO BOJIHOBOIO IAKeTa E(X,t) BO BpeMeHHu. [l 3Toro

paznoxum 6XK) B psin Teiinopa BOIH3H LIEHTPAIBHOTO BOIHOBOTO YHcna K, = © n(ooo) :
C

w(k):u)o+(%)jo(k— k) + oo, (7.4)

U OrPaHUYUMCSI IEPBBIMH IBYMs WICHAMH Pa3IoKeHus, T. K. AK = (k— K)) << k), AW << W,.

[ToxcraBuM 3TO pa3iokKEHUE B HHTErPal IS E(X,t):

E(X’t)=zdkEn( @eXp{ {%H(%l( k- k) t kot K x g}}:
= exp|i (wyt —kox)]ji E.(K) ex;{ iK%}O t- x}( k- Ig)} dk.

I/IHTCFpaJI B KOHCYHOM BBIPAXXCHHWU 3aBHUCHT TOJBKO OT KOM6I/IHaI_[I/II/I NEPEMCHHBIX

(7.5)

[x—(dcq/ dk), t] ¥ Ha3bIBAETCS  ozubarouyeil E[X—(dcq/ dK), t] 6071H06020 naxema.

[TepBelii k€ COMHOXKUTENb MPECTABISICT HEKOTOPYIO Hecyuyyto (3all0THEHKE) STOTO ITaKeTa 1

COOTBETCTBYET TapPMOHHYECKOM (MOHOXPOMATHYECKOM) TUIOCKOU BoJHE (puc. 7.3).
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Puc. 7.3.BoiHOBOI aker

Takum obGpazom,

E(xt)= E[ X_(z_ﬂ t}exp[ i(opt=k %] (7.6)

Ortcroa ciaeayer, 4YTo BOJTHOBOM MAKET PACIIPOCTPAHSIETCS C COXpPaHEHUEM CBOEH (hOPMBI CO
CKOPOCTBIO
Vg :g =(d—w) , (7.7)
At dk /,
KOTOpasi Ha3bIBACTCSl 2pynnosol  CcKOpocmbvio BONHBL. [IpuBeeHHOE COOTHOILIEHUE
CIpPaBeIIMBO JI BOJIH JII0OOM MPUPOABI: 3JIEKTPOMArHUTHBIX, aKyCTHUYeCcKuX Hu T.A. s
JUCIIEPCUOHHOM 3aBUCUMOCTHU B U30TPOMHOM cpefie

1 1 c

v, = = = . (7.8)
g ( dk j N, dno L, dn
dw/, € ¢ dw, dw,
U3 cooTHotienus (7.7)MOXKHO TakKe MOTYyIUTh hopmyny Panes:
vy :d_("o:—d(k\a =Vv+ kE/: V—)\—dV: \{1+A—d’j (79)
dk dk dk A nd

Bo3moskHBI cienyromue 3 BappaHTa 9aCTOTHOM JTUCTICPCHH.

1. dy/d\=dnf A =0 wu aucnepcus OTCYTCTBYET, 3Ta CHTyallWsi PEAIU3YETCA TOIBKO B
Bakyyme. MHOrma nucrepcusi HacTOAbKO Maia (Hampumep, NpU PacHpOCTPAHCHUH B
BO3JIyX€), YTO €10 MOXHO MPEeHEOpeUb.

2. dy/dA\>0, dff A <0 (dn/dw>0) - mokasarenb mnpenoMieHUs YOBIBAET € JUIMHOM
BOJHBI. Takyro IHCIEPCHIO HA3bIBAIOT HOPMANbHOU, W B 3TOM CJIydYae Zpynnosas

CKOpOCMb MeHbule ¢a3z060u. JJaHHBINA TUIT AUCTICPCUN TUITUYEH JJIS IPO3PAYHBIX CPEI.
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3. dy/dr\<0, df A >0 (dn/dw<0) - mokasarens NPENOMIECHHS PACTET C JUTMHOM
BOJIHBL. DTOT BHUJ 3aBHCHMOCTH IIApaMETPOB CPEabl OT JUIMHBI BOJIHBI (4aCTOTHI)
Ha3bIBAIOT AHOMAIbHOU Oucnepcueti. JIns obGnacTell cmekTpa, TIe BEIIECTBO 00JagacT
AHOMAJILHOW UCIIEpCUEH, XapaKTEPHO npesbluieHUe 2PYNNO8ol CKOPOCMU HAO (ha3060u 1
CUTIbHOE NO2NIOWeHUe C8emd.

OTMGTI/IM, 4TO M B ClIydac aHOMaJIbLHOM AUCTICpCUHU, KOr'da Vg >V, BBIIOJHACTCA
YCJIOBUEC Vg <C - CKOpOCnib neperHoca sHepcuu He npeevluiaen CKopocmu ceema 6 8axKyyme.

JeiictButensHo, npu BeiBoge (Gopmyn (7.8) u (7.9) ucnons3oBano pasnoxenue (7.4), B

KOTOPOM OBLIM OTOPOIIEHBI YIEHBI BTOPOI'O M BBICIIETO MOPSAIKOB MajocTu. Eciau wieHom

BTOPOTO MOpsIKA (dch/ dkz)o( k- |6)2 /2 npeneOpedb HENb3s, TO MIMPUHA HUMITYJIbCA

JJIEKTPOMAarHUTHOTO M3JIy4eHHUs] OylIeT U3MEHAThCS B MPOLECCe PpacHpoCTpaHeHUs
(ymmmpstbes), a gopma ero orubaroieil MCHBITHIBaeT aedopmaiuio. B 3Tom ciaydae camo
MOHSITHE IPYIIIOBOM CKOPOCTH, KAK CKOPOCTH NIEPEMELIEHHS BOJIHOBOTO MTAKETA, HYKIAETCSI B
YTOUYHEHUH. AHAJIM3 MOKA3bIBACT, YTO MPHU HOPMAIBHOW AUCTIEPCHH MAaKCHMYM OTHOaromei
UMITyJIbCa OTCTAeT OT MepeaHero GpoHTa, B TO BpeMsl Kak JiJIsi aHOMAJIbHON UCIIEPCUH ATOT

MaKCHMYyM CMEIAeTcs K epeaHeMy GpoHTY.

7.2.Tlorsomenue cBera. 3akon byrepa

Kak ormedanocs BblIe B mojapaszene 6.5, BpeMEHHas AUCHEPCUS IJIEKTPUYECKUX
CBOMCTB Cpezbl, CBSI3aHHAs C 3alla3/bIBAHUEM DJJIEKTPUYECKOM IMOJSPU3ALMA OTHOCUTEIBHO
MU3MEHEHUH HABOJSIIETO €€ AMEKTPUUECKOTro IO, 00yClaBINBaeT KOMIUICKCHBIA XapakTep
JUBJICKTPUYECKON TMpoHuIlaeMocT BemecTBa (cM. dopmyny (6.26)). B stom ciydae u
IIOKa3aTeNb MPEJIOMIICHHS BOJIHBI, PACIpOCTPAHSIOLIEHCS B Cpelle, SBISAETCS KOMIUIEKCHOM

BEJIMYMHOM:

n(w) = n(w) - in"(w) = n(e) [1- ik ()], (7.10)
IJIc  BCIIECCTBCHHBIM mapamerp K(W) Ha3bIBAIOT nokKazameiem 3amyxXanusi, WIHA
Ko3ghuyuenmom sxcmunxyuu. VIcmons3ys COOTHOIICHUS, PUBEICHHBIE B T1. 6.7.1 3anmumem

BBIPAXKCHUEC IJId CBETOBOT'O ITOJIA BOJIHBI ¢ TAKMM KOMIIJICKCHBIM ITOKA3aTCJIEM MPEJIIOMIICHU,

pacmpocTpaHsoIecs BJOIb OCH Z:

E(z 1) = Eoexpliwt- nk 2]= E,expt R k Zexp[{ t nk ¥, (7.11)
U3 KOTOpPOro BHUAHO, 4TO B cpene ¢ K#0 ammiutyga mons yOBIBaeT 1O Mepe

pacupoCcTpaHCHud BOJIHBI, TO CCTb MPOUCXOAUT C€ro MOTJIOUICHHUC. Hepexoz[ﬂ K
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WHTEHCHBHOCTH pacCMaTpUBAaeMOW BOJIHBI, ompeaensieMoil cootHomeHusmu (3.71) wam
(3.72),momyuaem:
[(z) = 1,exp(az), (7.12)
rae ko duiment nornomenust o = 2nKk; = 41tk /A . CootHotenune (7.12)Hocut Ha3BaHUE
3akoHa byrepa — JlamOepra — bopa. Takum oOpasoM, oeticmeumenvhas uacms N(W)

KOMIUIEKCHOTO TIOKa3aTeis NPEeIOMJICHUSI OmpenenseT npenomisiowue (pedppakyuonnvle)

ceolicmea cpedvl JJI pacCcMaTpuBaeMoW BONHBI. Muumas uacmes N(W)K(W) onwuceiBaeT eé

noanowenue (abcopobyuonuvie c6oticmaea Cpeibl sl TAaHHOW BOJIHBI).
7.3.HopmanbHasi 1 aHOMAJIbHAS AUCTIEPCUS

B knaccuueckoil Teopuu MIMPOKO IPUMEHSETCS K8A3UYNpy2das MoOelb, B KOTOPOH aToM
paccMaTpuBaeTcs B BUJIE COBOKYIMHOCTU MOJIOKHUTEIIBHO 3apsSKEHHOTO aTOMHOI'O OCTaTKa U
OTPHULIATENILHO 3apPSXKEHHOT0 3JIEKTPOHA. DT 3aps/ibl HAXOATCA HA HEKOTOPOM PaBHOBECHOM

pacctosiHnu dp Mexay HuMH. [Ipu CMeleHHH 3J€KTpOHA U3 IMOJOXCHHUS PaBHOBECHS Ha

paccTosHHe X =X"X aToM, BO-TIEPBBIX, NPHOOPETAET HABENCHHBIA IUIONHHBIA MOMEHT

P =-€X, rae € — aIeMEHTapHbIl AJIEKTPUYECKUI 3apsan. Bo-BTOpbIX, Ha HETr0 HAYMHAET

JIEMCTBOBATh BO3BpallaIOllas KBAa3UyNpyras Cuia, MPONOPLMOHAIBHAS OTKJIOHEHUIO X OT
IIOJIOKECHUs paBHOBecHus. Takas cucTeMa B OTCYTCTBHE IIOTEPb SBISETCS aHAJIOTOM

paccMOTpeHHOro Bbiie B M. 2.1.1TapMOHUYECKOTO OCHHIIISATOPA C COOCTBEHHON 4YacTOTOU

w),, ompeznenseMoil mapamerpamu aroma. C y4eToM HOTeph IBIKEHHE JJICKTPOHA B IIOJIE
CBETOBOM  BOJIHBI, HW3MCHSIONIEMCSI BO BPEMEHH TI0 TapMOHHYECKOMY  3aKOHY
E(t) = X E,exp(iwt), omuchiBaeTcs ypaBHEHMEM BBIHYXKIEHHBIX Koiebammit (2.21), ¢

KYJIOHOBCKOM BBIHYXJAIOIIEH CUIION:

S+ 2y%+ G X = —% E exp(ot), (7.13)

rae IM, — macca snekTpoHa. CTanuoHapHOE MO aMIUTHTYyAE (TOJBKO <BBIHYXKACHHOE», 0e3

ydeTa MepexOHbIX MPOIECCOB) PEIICHUE 3TOT0 YPABHEHHS UMEET BUJI

__ € 1 :
X4 (1) = m G"M—“ZV(O E, exp(iot) . (7.14)

Takum oOpa3om, B IOJIe CBETOBOW BOJHBI aTOM IMPHOOPETaeT AMIOIHHBIA MOMEHT,
M3MEHSIOIINICS BO BPEMEHHM IO TAPMOHHMYECKOMY 3aKOHY C €€ dactoroil . Ecim cpena

ABIACTCA AOCTATOYHO pazpemeHHoﬁ, KOoraa B3aUMOBIIMAHHUEM ITOJAPHU30BAHHBIX aTOMOB ApYyT
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Ha Jpyra MOKHO NpeHeOpedb, TO OJJIEKTPHUECKAs MMOIApH3anus Cpeabl (CyMMapHBIH
JIMITOJIBHBI MOMEHT €IMHHUIIGI 00beMa) mpomopiroHansHa ux kouentpanun N: P = Np. C

UCTIOJIb30BaHUEM MPUBEICHHBIX B mojpasaene 6.4 cootHomienuii u3 (7.14)M0OXHO HAWTH, 4TO

BOCIPUUMYHMBOCTb PaCCMAaTPUBAEMOU CpeIbl paBHA!

2

X(w) = (7.15)

"

W — O +i2yw

rme W =Née /(e —  naasmeHHas wacmoma, (QU3NYECKUI CMBICI KOTOPOMl MOAPOOHO
b 0 Y p

o0cyXmaeTcst B ClenyromeM mnojpasaeie. Takum oOpa3oM, BEIIECTBEHHAss M MHUMasl 4acTH
KOMILJIEKCHOM TUAJIEKTPUICCKON MPOHHUITAEMOCTH JaHHOU CPE/Ibl, ONMHUCHIBAIOIINE TUCTICPCUIO

" TOTJIOIICHUE CBCTA, OIIPCACIIAOTCA COOTHOICHUAMU

2 2
Rets @)= 1+ u? W~ , 7.16
O )+ (o) 710
Ime(w) = o, 2Y0 (7.17)

(0 ~)” +(2yw)"

Cootnomienust (7.16) u (7.17) ynpomiaroTcsi, €Clid MMOKa3aTellb MPEIOMIICHHS CPEIbI
OMM30K K enuHMIe, Kod(PPHUIMEHT TMOTJIOMICHUS Maj, a dYacToTa CBeTa ) Onm3ka K
COOCTBEHHOI YacTOTe OCHMJIATOpPA (), TaK 4TO B 3TOM cilydae Gf — ' = 20 (W, —w).

Torna

n(w)=1+°f’ BH=w (7.18)
20, (@~ @) +y

K(w) = s y (7.19)
26, (@~ +Y° |

[Tpumep mucrepcHOHHBIX 3aBUcHMOCTel K(w) u N(w)—1 mpencrasieH Ha puc. 7.4,

— 2
II€ WCIOJb30BaHO o00o3HaueHue C =W, /(2ywy,). Kak BuaHO, eciam dYacToTa CcBeTa
JOCTATOYHO JajeKa OT (), MOKa3aTeslb MPEJIOMIICHHS PACTET C YacTOTOH, TO €CTh MMEeT
MCECTO HOPpMAJIbHAA OUCHICPCHUS. AHOMaHBHaH AucCnepcud HaGHIO,Z[aeTC}I TOJBKO B6HI/I3I/I COO,

HO B 3TOM 00JIaCTH CYILIECTBYET CUIILHOE MOTJIOLICHHE.
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A
k(w)

| AHOMaJibHasA !

! ——
ﬂHCHepCHﬂ : -y — 2
| | | !

(O 1)) (0]

Puc. 7.4./lucriepcroHHble 3aBUCUMOCTH st K(W) 1 N(w) —1

DKCIEepUMEHTAIBFHO JUCIEPCHOHHYIO 3aBHCHMOCTh MOXHO HaOI0/aTh, Hampumep,
METOZIOM CKpelleHHbIX mpusM (puc. 7.5). IlepBas mpusma (c BepTHKaabHBIM pebpom) —
CTEKJIIHHAs, OHA pas3jiaraeT MPOXOISIIMA depe3 Heé Oelblil CBET B CIEKTPAIBHYIO TOJIOCY.
Bropast mpu3mMa (¢ TOpH30HTAIBLHBIM PEOPOM) U3TOTABIMBACTCS U3 UCCIIEYEMOI0 MaTepHaa.
Omna CMCHIACT KAXKAYIO TOYKY CIICKTpa IO BEPTUKAIIN, IPUUCM BCINYHNHA CMCIICHUSA 3aBUCUT

OT IMOKAa3aTCJisd MPECJIOMIICHUS Ha HaHHOﬁ qacToTeE.

Puc. 7.5.Habnronenue aucnepcun METO0OM CKPEIICHHBIX TPU3M



122
Takum oOpazoM, popma CHEKTpaJIbHOW MOJOCHI HAa YKpaHE OTPa)KaeT 3aBUCUMOCTH
MoKa3aTelsl MPEeTOMIICHHs OT JUITMHBI BOJIHBI. Ha puc. 7.5 mokazan npuMepHbIi BUJ CHEKTpa
st cirydaeB HopMasibHou (HJI) u anomansHo# (AJl) aucniepcuu.
Jnst Gomee TOYHOTO OMpEACNICHUs] M3MEHEHHUsS IOKa3aTelsl MPEJOMIICHHs B 00JIacTH
aHOMaJIPHOW aucnepcud, rae Benuko noriomienue, J[.C. PoxxaecTBeHckuM OblT pazpaboTaH
METOJI «KPIOKOB», OCHOBAaHHBIH Ha BHECEHHH JOTOJHUTEIBHOM pPA3HOCTH XOJla MEXIY

OIIOPHBIM U M3MEPUTEIILHBIM ITyYKaMH B IBYXJIy4eBOM HHTeppepomerpe (puc. 7.6).

3

— s ]
Y — L

Puc. 7.6.CxeMa ycTaHOBKH JIJIsl ©BMEPEHUS TUCIIEPCUU aTOMHBIX TTapoB. 1 —KIOBeTa C

napamu, 2 —KOMIIEHCAIlMOHHAs KIOBETa, 3 —CreKTporpad

B pesynbraTte uHTEphEPEHIMOHHBIE TOJOCH OKAa3bIBAIOTCS HAKIOHCHHBIMH, YTO
MO3BOJISIET KOJHMYECTBEHHO OIECHHWTh IMapaMeTpbl aHOMalbHOW mucrnepcuu. Ha puc. 7.7
n300pakeHa KapTHHA, OTOOpaXKarollasi Oucnepcuio 6 napax Hampusi 8 001AcCmu dHceamou

0yO1emHOU TUHUU.

Puc. 7.7.®otorpadgun AUCIIEPCUOHHBIX KPUBBIX B METO/IE «KPIOKOB>»
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7.4.lucnepcusi BAAJM OT JIUHUN MOTJIOLIEHUSA

PaccmoTtpuMm Gosnee moapoOHO TOBEIACHME IOKA3aTelNs MPETOMIICHHUS MPO3PavHbIX

cpea. Ilpu BBINOJIHEHUMM HEPABEHCTBA |(,00—(,4 > Y JHUCHEPCUOHHAs 3aBUCHUMOCTH (7.16)

MOKET OBITh TIPEJICTABIICHA B BUJIC

2
p
(F-)’

Kak cieayer u3 (7.20), mpu ar00bIX YacTOTax B 00aCTH MPO3PAYHOCTH MMEET MECTO

n’(w) =1+ (7.20)

HopMaibHas gucnepcus (puc. 7.8). B peanpHbIX ciydasx cCOOCTBEHHBIE 4acTOTHI (), Kak

MpaBUJIO, JIeXKaT B yIbTpaduosieTOBOM juamnazoHe. [losTomy uisi OTHOCHTENBHO HHU3KHUX

gactoT (W<W,, BuAuMas o00JIaCTh) IIOKa3aTelb MPEJIOMJICHUS TPEBBIIIACT CIUHUILY.
HampoTtuB, B BBICOKOYACTOTHOH oO0nacTu (oo>wo, PEHTTCHOBCKUI auamna3oHn) N<1, wu,

CJIeIOBATENBHO, (Pa30Basi CKOPOCTH BOJIHBI OOJIBIIIE CKOPOCTH CBETA B BaKyyme, V> C.

n(w) Ar

Puc. 7.8./lucnepcruonHas 3aBUCUMOCTD B IIPO3PAvYHON Cpejie

Opnako TrpynmoBasi CKOPOCTh BOJIHOBOTO MAaKeTa, XapaKTepu3ylollas CKOPOCTb
nepeHoca SHEPTruM, Kak 0TMEYaaoch B mojpasaeie 7.1, B JaHHOM cllydae He MPEBOCXOIUT
CKOPOCTh CBETA.

B cnekrpanbHOi 005acT, rae BBIIOIHAETCS HEPABEHCTBO W< (), , AUCIEPCHOHHYIO

3aBUcUMOCTh (7.20) MOXHO PAa3JIOKHUTh MO CTEMEHSAM Majoro mapamerpa wa),. B stom

ciydae
W ?
(@) =1+—2 1+% . (7.21)

[lepexons OT 4aCTOTHI K JITTMHE BOJHBI, OJIy4YaeM oucnepcuonnyio oopmyny Kowu:
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PO\ =1+ A(l+)\—B;j, (7.22)

rae A= ooi / w(z) — ko3 durment pedpaximu, B =4T0¢* /) — k03D DUIMEHT TUCTIEPCHH.

Jlpyroii Ba)KHBIA Cly4ail COOTBETCTBYET TUCIIEPCHHM B BBICOKOYACTOTHOW 0OO0JIACTH,

Koraa w>> ,. OH peanusyercs, B YaCTHOCTH, NPH PACHPOCTPAHEHUHU IJIEKTPOMArHUTHBIX

BOJIH B INIa3ME€, TO €CThb B CpPCIC, COI[Gp)KElH.IGfI 0OJIBIIIOE KOJIMYECTBO CBO60,Z[HBIX 3apsA10B,

IJIsL KOTOPBIX OTCYTCTBYET KBa3HyNpyras BO3Bpallaiolnas cuia, To ectb ), =0. 13 (7.20)B

9TOM CJIy4ac HaAXOAHM.

2
2 — l_ (L)p 3
n“(w) =1-—. 43)
W
OTCIOI[a CICOAYCT, UTO IpH PpaCHpOCTpaHCHHUH B IIJIa3ME IIOKA3aTCJIb IMPCIIOMIICHUA

Nn<1 g gacrtoTHOM oOilacté > oop, a npu w< oop OH CTaHOBUTCA MHHUMLIM. Ilocienuee
O3HA4aeT, YTO IIPH YacTOTaxX U3JIy4CHUS, MCHBIINX oop , OT TPaHUILIBI pa3zecia 00BIYHOI cpennl

C TuTa3MOM HAOJIOMAETCs TOJHOE OTpPaKCHUE (|R| =1) npu moOBIX yIiIax MajeHuUs.

['pannyHast gacrota W), =«/Ne2/ (6,m) Ha3bIBaeTCA MIAZMEHHOU WU JI9HSMIOPOBCKOU

yacmomou.
OnuceiBaeMoe  SIBICHWE TIPOSBIISICTCS, HANpuUMep, B OTPAXCHUH PaTHOBOJIH

JUTMHHOBOJIHOBOTO, CPEIHCBOJIHOBOTO M KOPOTKOBOJIHOBOT'O HAIa30HOB C A >)\p oT

pa3IUYHBIX  CJI0€B HOHOC(ephbl, obOecrneynBaroleM JalbHIO  paauocBs3b.  boree
BBICOKOYACTOTHBIC YJIBTPAKOPOTKHE BOJHBI TMPOXOAIT uepe3 HoHOochepy U HIMPOKO
HCIIOJIB3YIOTCA Ha JIMHUAX PATUOCBA3U <«3CMIISI-KOCMOC-3CMIIA.

AHaJOTUYHO  OOBSICHSACTCS  3€pKaJIbHBIM  OJECK  META/UIOB, OO0YCIIOBICHHBIN
TBEPJOTEIILHONW IIJIa3MOM CBOOOAHBIX OJJIEKTPOHOB. B 3TOM ciydae wu3-3a BBICOKOU
KOHIIEHTPAIIMH 3aps/I0B TUTa3MEHHAsl 4acToTa JISKUT B Y D-o0nactu.

BO6sm3u 13HIMIOPOBCKOW 4aCTOTHI HAOMIOAACTCS MAA3MEHHbIU MUHUMYM OMPAANCEHUs

R, » BOSHHKAIOIIUI IIPYU NIEPEX0JE IT0KA3aTells IPEIOMIICHHS Yepe3 eAUHULLY.

du3nyeckuii  CMBICT IUIA3MEHHOM YacTOTHI 3aKJII0oyaeTcs B TOM, YTO OHa
COOTBETCTBYET COOCTBEHHOM YacTOTE KOJIeOAaHWW AJIEKTPOHOB B IUIa3Mme, coctosmend u3 N
qacTull ¢ 3apsgoM *e. Takue KojeOaHWs BO3HUKAIOT TMPH CMENICHUU JJICKTPOHOB U3
MOJIOKEHHUSI pPaBHOBECHs. 3aTeM MO/ JCUCTBHEM KYJIOHOBCKHMX CHJI OHU OyAyT YCKOPEHHO

ABUTAaTbCA HABCTPCHY MOJOXKUTCIIBHO 3aps’KCHHBIM HWOHAaM, IIPOCKOYAT MO HWHCPIUU
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IMOJIOKCHHE PABHOBCCHS, NAJICC HAUYHYT ABHUIaThbCA B IIPOTHUBOIIOJIOXHOM HaIlpaBJICHUU, U T.1.,

COBEpILAs 3aTYXAIOIIKME KONEOaHus C YaCTOTOH ), .

queM Tenepb, YTO BKJIa1 B ;[chepcmo AT KOHGGaHI/I}I HEC TOJIBKO BHGKTpOHOB, HO 1
noHOB. [lockonmbKy Macca MOHOB HAMHOTO OOJBINE, YeM SJIEKTPOHOB, COOTBETCTBYIOIINE
COOCTBEHHBIC YaCTOThI OKA3bIBAIOTCS CYIIECTBEHHO MEHBITMMU. VIOHHBIC IMHUU TTOTJIONICHUS
JUISL BEIIECTB, MPO3payHbIX B BUANMOM o0jacTH, monagaroT B MK-nuamazon. Jlucnepcuonnas
3aBUCUMOCTHB C UX y‘-IeTOM MOXET 6I>ITB 3alIiuCaHa B BUC

ZCl 2 + ZC:2 2 "
Wy ~W Wy~ W

=14 (7.24)

®opmynsl (7.21) u (7.24) ObLTH TOIYYCHBI B MPEAMOIOKEHUH, YTO CpeAa SBIISICTCS
JIOCTaTOYHO Pa3peKEHHON ¥ B3aWMOBJIMSHUEM MOJSIPH30BAHHBIX YaCTHI[ MOKHO MTPEHEOPEUb.
B KoHIEHCHPOBAHHBIX cpeaax (KHUIAKOCTH, TBEP/BIC TEIa) JIOKAIbHOE MMOJIe, JCHCTBYIOIIEE Ha
aToM, OOYCJIOBJICHO HE TOJBHKO MOJEM CBETOBOM BOJIHBI, HO W COCCJHMMH aroMamu. I .
Jlopennt u JI. JIopeHI[ mOKa3aid, 4TO B 3TOM Cjydae CIpaBeJIMBO COOTHOMICHHE (popmyna
Jlopeny—/lopenya):

n’-1 o

= P . 7.2
n°+2 3(wf-w) (7.29)

Ecnm nokazarens npenoMieHus O0JU30K K €UHUIE, TO nN+2=3u (7.25)nepexoaut

B (7.21).B npagoii yactu (7.25)Bennunna oof) MPONOPIMOHAIbHA KOHIICHTpauu atoMoB N, a

CJICOOBATCIIbHO, W IMJIOTHOCTHU BEIICCTBA P. HOSTOMy BO MHOT'MX CJlIy4dasaX CIIPaBCAJIUB 3AKOH

NOCMOSAHHOU YOeNbHOU pedhpakyui.

_1n*-1
r__
pN*+2

=const (7.26)

Hampumep, ans Bo3ayxa npu yBenmuenuu nasienusi B 200pa3 yaenbHas pedpaxius 1
M3MEHSETCS Ha JI0JIM MPOLIEHTA.

Knaccudeckas Teopusi TUCHEpCHH B ONPEAETCHHBIX CiIydasx TpeOyeT yTOUHEHHs ¢
y4eToM KBAaHTOBOM NpPUPOJBI BemiecTBa. TeM He MeHee, €€ OCHOBHbBIC KaueCTBEHHbIC (a BO
MHOTHX CIy4asX ¥ KOJHYSCTBEHHbBIC) pE3yJIbTaThl OCTAIOTCS CrpaBeUIMBbIMU. Tak,
JTUCIIEPCHOHHYIO 3aBUCUMOCTH (7.21)cnenyer 3aMeHUTD ypasuenuem Cennmetiepa:

o f
N’ =1+y —2—, (7.27)
K ka )]
rae W, — 4YacToTa, COOTBCTCTBYIOIIAsS OOHOMY M3 ICPEXOJ0B MEKIY KBAaHTOBAaHHBIMH

ypoOBHSAIMH 3Hepruu atoma u fx — cuna ocyunnamopa, xo3hGUIMEHT, 3aBHCAIIANA OT

KBaHTOBBIX YUCENl YPOBHEM.
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