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T'nasa 1

ITPOI'PAMMA KYPCA

Tembl JIeKInii 1 CEMUHAPOB 110 Kypcy ‘“DJIeKTPOJMHAMUKA KOHIEHCHUPOBAHHBIX
99
cpen

-1 YpaBuenuss MakcBeJsiia B cpe/ie; NJIOCKUE BOJIHBI

Ypasuenus Makcsesia B cpejie. JlusnekTpudeckast IPOHUIIAEMOCTh U MArHUTHAST BOCIPUUMYUBOCTD.
[Ipunnun npuwannHocTH; cooTHomenns Kpamepca-Kponura. /Ipe mpocreiimme Momean s1eKTpoMar-
HUTHOI'O OTKJIMKAa CpeJl: WieasbHasl Ijla3Ma W Ccpelia ¢ (DOHOHHBIM pe3oHaHcoM. [lockme MOHOXPO-
MaTHdecKue BOJIHBI. BoTHOBBIE TTaKeThl — (ha30Bast U IPYIIIOBasi CKOPOCTD, jguciepcus. ['panndaHbie
ycJIOBHS i1 ypaBHeHuiT Makcsesia.

TepMmomHaMyUKa 1 KMHETUKA II€PEMEHHOI0 3JIEKTPOMArHUTHOTO TOJIS B Cpele C JIMHEM-
HBIM OTKJIMKOM

[ToTok sHeprum B 3J€KTPOMarHUTHON BoJHe; BeKTOp Y MoBa-lloftnTunra. I[lmorHocTh sHeprum mnepe-
MEHHOI'0 3JIEKTPOMArHUTHOTO 110JIs; hopmyiia bpuiutosna. TertoBble moTepu Ipu PacIpOCTPaHEHUH
9JIEKTPOMArHUTHOW BOJIHBI.

AnuszorponHbie cpejibl. Maruuroontuka

YcTaHoBjieHIE CUMMETPUU TEH30Pa JMIJIEKTPUIECKON U MArHUTHON BocmpunMyanbocTu. O6obienme
BBIPAXKEHN IS IJIOTHOCTH SHEPTUU M MOIITHOCTH TEIJIOBBIX MOTEPH JJIs aHU30TPOINHOI cpefbl. Pe-
HOMEHOJIOTUYeCKOe PACCMOTpeHne Maruutoontuiecknx 3hdexkro. dddext Papases. Haxoxnenne
TEH30Pa JUJIEKTPUUIECKOIT BOCHIPUUMUYUBOCTH I WJI€aJIbHON 11J1a3Mbl C IIOCTOSHHBIM HAJIOYKEHHBIM
MarHuTHBIM 10JieM. [ [UK/IOTpOHHBIIT pe30HAHC.

M-4] Ckun-a3ddekT

Ckun-3¢pdekT: 3a1mch rpaHnIHBIX YCI0BU B popMme JIeoHTOBMYA; yCIOBHE ITPUMEHUMOCTH OITUCAHUSA
OTparkeHHUsI BOJIHBI OT ITOBEPXHOCTU B TepMHuHaX cKuH-3¢pdexkTa. Hopmasnbhbiit ckun-sdpdext. CBasb
[TOBEPXHOCTHOTO UMIIEJAHCA C TEILJIOBBIM U3/1yUeHNEM; CKOPOCTh U3JIyUeHUs HArPETO IMOBEPXHOCTH B
nycrory (uepes OJIT).

BoJjsiHOBOABI ¢ MeTA/LNIMYECKUMU CTEHKaAMU
Pacupocrpanenue BoJIH B IOJIBIX BOJTHOBOJIAX C MIEAJBHO IIPOBOAAIIMME CTEHKAMU. BOJIHOBOIBI C OJI-
HOCBAZHBIME ToJ10CcTsIMU. JIucnepens Moz, yacrora orcedkn. Oupeenenne QJIMHbI PACIPOCTPAHEHNs
MO/l B IIOJIBIX META/UIMYEeCKUX BOJHOBOJAX C YUETOM IOTeph Ha cTeHKaX. KoaKCuaabHBIIA BOJIHOBO,.
JnsaeKTpuiecKue BOJTHOBOIbI
[Tockue au3/IeKTpUYIecKre BOJTHOBOBI. AKCHAIBHO-CUMMETPUYHBIE TH3JIEKTPUIECKNAE BOJTHOBOIbI.
OnToBOJIOKHO.
[1-7] IToBepxHOCTHBIE JIEKTPOMATHUTHBIE BOJIHBI

[ToBepxHOCTHBIE 3JIEKTPOMATrHUTHBIE BOJIHBI. [[OBEpXHOCTHBIE TLIA3MOHBI: YCJOBUS CYIIECTBOBAHUSA,
dazoBasg u rpymmnoBas ckopoctr. CTPyKTypa MoJIs U IJIOTHOCTU TTOTOKa sHeprun. /lucmepceus mopepx-
HOCTHBIX IIJIA3MOHOB J11s1 Mojienn [pye.

[1-8 Paccesinue 3/1eKTPOMArHUTHBIX BOJIH HA MaKPOCKOMUYECKUX TeJiaX.



Pacceanne QJIEKTPOMAaIrduTHBIX BOJIH Ha MaKPOCKOIIMYECKUX TeJlaX. ﬂBYNIeprIﬁ n TpéX—MeprIIL/'I CJIy-
qan. Onruyeckasd TeopeMa. Ceuennd paccednunsd, IOTJIOIEHNA 1 BSaI/IMO,ZLeI'?'ICTBI/IH. Hpe,ZLeJI niacaJibHO-
I'o MeTaJlla, IIpeJdesl MaJiblX JIJIMH BOJIH. Hpeﬂeﬂ paccedHnd Ha TOHKOM CTEp2KHE W Ha MaJIOM IIIape
CY6BOHHOBOFO JruaMeTpa; OHEHKHU II0 IIOPAJAKY BEJIMYHUHDbI JJId aMIIJIMTY/I pacCedHnud W IIOIVIOIIECHMA.
Hpoxoxg:;eHHe CBe€Ta 4Yepe3 KOJIJIOMAHbIEC PaCTBOPBLI MeTaJIJIMYEeCKNX HaHO-YaCTUIL. O,ZLHOMepHOG pac-
cedHnue.

DJIEKTPOCTATUKA

OHOPOHBIN JUIUIICON T, BO BHEIITHEM OJHOPOIHOM IIOJIE.

1-1T0] MaranTocTaTuKa MarHeTukoB. JloMeHHasi CTpyKTypa MarHeTUKOB.

Maruutaoe 1ojie dpeppomaraerunka. MaruuTHast sHeprust peppoMarHeTukoB, pas3InydHble (POPMbI €€
3aITMCH. DHEPIHUsI OJJHOOCHOTO MarHeTUKa: SHEPIUN aHU30TPOIINN 1 HeOHOPOaHOCTH. JloMeHHast CTpyK-
Typa B OJIHOOCHOM KpHCTaJLjIe, MUPUHA U SHEPIUsl JOMEHHOM CTEHKH.
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§1-1. YpaBHeHnus MakcBeiia B cpejie; IIJIOCKIE BOJIHBI.

VYpaBuenus MaxkcBessa B cpege. duaiekrpu-
Yeckasi MPOHUIAEMOCTb ¥ MAarHMTHAasl BOCIIPUNM-
YUBOCTb. Ypasnenus Maxceeara 6 eaxyyme. Pasdene-
HUE NOAHOZ0 MOKA HA NOAAPUSAYUOHHBIE MOK (MoK c6A-
3aMHBT 3aPA008), YUPKYAUPYIOWUl Mok (Mok, ceA3aH-
HOU € HAMAZHUNEHHOCTIBIO cpedbl) U Mok c80000HbT 3a-
pados. Ioaywenue ypasuenuti Maxceeanra 6 cpede u3 ypas-
nenuli Maxceeanra 6 nycmome. Jlussexmpuieckan nporu-
UGEMOCTND U MAZHUMHAA BOCTPUUMYUBOCTND: NOHAMUE O
8peMeHHOT U npocmpancmeernol ducnepcuy. Jumepamy-
pa: §2-2

B xome pemenust ¢pusnveckux 3a7ad 9acTo OBIBAET TO0-
JIESBHBIM UMETH BO3MOXKHOCTH IIPOBOJIUTH OIIMCaHUE OTKJIN-
Ka CpeJlbl Ha JIEKTPOMATrHUTHOE I10JIe, IePeX0is OT ypaB-
wenuit MakcBesuia B cpesie K ypaBHeHusiM Makcsejiia B Iry-
cToTe U 0OpATHO. DTOT MEPEXOJT MOYKET MPOSICHUTH (PU3u-
YECKYIO CyTh SIBJICHUSI.

CuMMeTpHsi TEH30POB JINIJIEKTPUIECKONH MTPOHUIIAEMO-
CTM ¥ MArHUTHON BocupuuMuuboctu. Jlumepamypa: Lna-

Ba g

IMpunaUn NPUIUHHOCTU; COOTHOIIIEHUS
Kpamepca-Kpoumnra. Csa3v meorcdy ssexmpuieckoli um-
dykyuels U INEKMPUYECKOM NOACM 6 HACTNOMHOM NPEd-
CMABAEHUL 8 CAYHAE HEMPUBUAALHOT BPEMERHOT ducnep-
CUY U OMCYMCEMBUL Npocmpancmeernot ducnepcuu. Ana-
AUMUNECKUE CBOTUCNEA PYHKUUL OMEAUKG 6 YaACTNOMHOM
npedcmasierul; PuU3ULECKUT CMBLCA MOAIOCO8 PYHKUUU
omxauka. Coomnowenue Kpamepca-Kponuea. JTumepamy-
pa: Jangay u Jludmmum (1982] §82).

e 3adaua 1: Boraucurh JIM3JIeKTPUIECKYIO [IPO-
HHUI[AEMOCTb B YaCTOTHOM IIpeJICTaBIeHnN £(w), eciu u3-
BECTHO, 4TO KOI(DPMOUIMEHT NOJAPU3YEMOCTU (UK TPH-
9YecKasi BOCIPUMMYHMBOCTD) BO BPEMEHHOM IIPEJICTABICHUN
umeetr 3aBucuMocThb &(t) = Aexp(—t/7).

JBe mnpocreiiline Mo/iedau 3JIEKTPOMATrHUTHOI'O
OTKJIMKA CPeJi: IJIa3Ma C 3aTyXaHuem u cpeja ¢ ¢do-
HOHHBIM pe3oHaHcoM. Modeawv Jpyde das ssexmpornot
NAA3MDBL 6 T-NPUBAUNCEHUL: 3GNUCH KUHEMUYECKO20 YPAG-
HEHUA 6 T-NPUOAUINCEHUL, BBIPANCEHUE NPOGOOUMOCTIU O
npu KOHEUHOU “ACMOME W “ePe3 MPo8oduMocmsv 0y NPU
Hyaesot wacmome. Ilaasmennasn wacmoma, npedes HuUIKUL
wacmom wt K 1; 6436 duasexmpuueckot npoHULaEMO-
cmu ¢ nposodumocmuio. Modeav duasexmpura xax cpedv,

cocmosuet]s U3 A0PERMUEBHLT OCUUALAMOPOS. JTumepamy-
pa: Hamamuwx v Typos (2000, §15, §17)

e 3adaua 2: Haiitu qusjieKTpuvecKyo MpOHUIIae-
MOCTb €(w) JJIg CPEJIbl, COCTOSMIEH U3 JIOPEHTIEBBIX OCIIUII-
JISITOPOB.

Iliiockme MOHOXpOMATUYECKUE BOJIHBI. YpasHenue
Teavmzonvua (6oanosoe ypasrenue) 0as c60600H020 daek-
MPOMALHUMHO20 NOASA 6 cpede. Pasnooicernue snexmpomae-
HUMHO020 NOASL NO BPEMEHHBIM U NPOCTPAHCTNEEHHLM 20D~
Mmonuram. Ceasv saxona ducnepcuu ¢ ducnepcuetl dusnek-
MPUECKOT BOCIPUUMYUUBOCTNY U MAZHUMHOT NPOHUYAE-
mocmu. Tloxazamesu npesomaenus u nozaowerus. IIpo-
3parunvie cpedol.

BoutHoBbie nakeTsl — (pa3oBasi U rpyIoBasi CKo-
pocTb, gucnepcus. Ilonamue o 80AHO80M NakeMe, Cnex-
MPANLHAA WUPUHG B0AH06020 nakema. Ilrockol 60410600
naxem. @azosas ckopocmo. I'pynnosas ckopocmv. Ozu-
barowan 60an06020 naxema. Bmopasa ducnepcus. Conpo-
sootcdarowas cucmema koopounam. Ypasnernue Illpedunze-
DA MG BOANOBOT NAKEM 6 CONPOGONCOUOWLET, CUCTNEME KO-
opduram.

Jlumepamypa:

e 3adaua 3: Ilycre B Hada/IbHBIN MOMEHT BpeMe-
HU Orubaromas IJIOCKOTO BOJHOBOTO IAKETa B CONMPOBOXK-
JIAIOMIEH CUCTEME KOOPJMHAT UMEJIA FayCCOBY 3aBUCUMOCTD:
U(z,t = 0) = Aexp(—22/2¢%), r1e ¢/vy — JAIUTENLHOCTH
HMIIYJIbCA, Ug — IPYIIIOBasl CKOPOCTh, A - HavdasIbHAs aM-
IUTUTY/Ia UMITYJIbca. HallTn maJbHEANTyIo SBOIONNI0 OTHU-
Garolreif, ecu M3BeCTHA BTOPAas JUCIEPCHs [o.

e 3adava 4: llomyaursh 3aKOH JUCIIEPCUU JJTsT BOJIH,
PaCIPOCTPAHSIONINXCS B IIJIa3Me, OTKJINK KOTOPOil JTaércs
mozenbio pyrme.

1-1.1 lomamiHee 3a/laHUE

e 3adaua 5: [Tonyunre ypaBHEHHE Ha OrubAIOIIYIO B
J1abOPaATOPHON 3ala3abIBAOIIEil cucTeMe KOOPINHAT, B KO-

TOPOIl ONHOIT M3 KOOPJAHMHAT ABJACTCH trey = & — z/vg, a
Ipyrou — z.
e 3adaua 6: IIycTb m3o0TpOIHAs Cpejia XapakTe-

PH3yeTcsl IMAJIeKTPHIECKON IPOHUIAEMOCThIO €(w) U Mar-
HUTHON BoCIpuUMIUBOCTHIO i(w). Haiiaure 0606IERHY IO

2.11).

JIUJIEKTPUYECKYIO IPOHUIIAEMOCTD Efyp (w)
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§1—2 TepMO,Z[I/IHaMI/IKa n KHNHETUKa IIepeMEeHHOI'O 3JIEKTPOMAardmuTHOI'O II0OJIA B
cpeae C JUHENHBIM OTKJIMKOM.

IloTok »3Heprum B 3JIEKTPOMATHUTHOI BOJIHE;
BeKTOp ¥YMmoBa-IlolinTuHra. Ycaosue nenpepwvisrocmu
noMoKa IHEP2UU HA 2PAHUYE Pa30eaa; C6A3b IM020 YCAO-
BUA C 2PAHUMHDLMU YCAOBUAMYU OAA Ypashenuti Maxceen-
Aa 6 cpede. Buipasicenue 0as MOmMoka IHEP2UU UEPES KOM-
NAEKCHBLE GMNAUMYObL NOAET.

Jlumepamypa: §

IlsioTHOCTH dHEpruuM MEPEMEHHOTO 3IJIEKTPOMAar-
HUTHOrO moJist; dopmyna Bpusutiosna. 3anucvy evipa-
JHCEHUSA ONA MAOMHOCTNY INEKIMPOMAZHUMHOT IHEP2UL e~
PE3 KOMNACKCHBLE AMNAUMYIbL. Yeaosue npumeHumocmu
Popmyav, Bpuasiosna — manvie nomepu.

e 3adaua 1: IlokazaTh, 9TO B MPO3PAYHON JIUCIIED-
rupyloeil cpeae AJis IJI0CKOM MOHOXPOMAaTUYE€CKOM BOIHBI
BBIIIOJTHSACTCSA COOTHOIIICHUE

uW = 8§, (1.1)

IJe U — TPYHIOBas CKOPOCTb, W — CpeiHsisi 1O BpeMe-
HU TIJIOTHOCTH 3alacEHHOM 3JIEKTPOMArHUTHONW SHEPTHH,
S — cpexmee 10 BpeMeHH abCOMIOTHOE 3HAYEHHE BEKTOPA
VYmosa-IlounTunra.

TensioBble MOTEPH MPU PACIIPOCTPAHEHUU 3JIEK-
TPOMATrHUTHOM BOJIHBI. 3GNUCH BbPAHCEHUS ONA 00BEM-
HOT MAOTMHOCTIU MENAOEHIL NOMEPL UEPE3 KOMNACKCHDLE
amnaumyov, noseti. Bupascenue 0aa NOAH020 KOAUNECTNEA
BbL0CAUBULER0CA TNENAL ONAA UMNYADCE KOHEWHOT OAUMEAD-
HOCTNU.

e 3adaua 2: [Tokazark, 94TO B IIOYTU IIPO3PAUHOIA
JUCIIEPTUPYIOLIEH cpelie AJIsl IIJIOCKOR MOHOXPOMAaTUYEeCKOM
BOJIHBI BBIIIOJIHAETCA COOTHOIIIEHUE

Ao
Q 4k’

| Lo

(1.2)
rae k = Im /2 — mokaszaresb MOMVIOMEHNsT CPEIBL, Ao —

JJTMHA BOJIHBI B BaKyyMe, a () — CpeIHss 110 BpeMeHH 00b-
€éMHas IIJIOTHOCTh IOTEPDh BOJIHBI, YXOSIIINX B TEILIO.

1-2.1 /lomamnrHee 3agaHue 2

e 3adaua 3: Ilokaxkure, Ajisi CUCTEMBbI CBOOOJHBIX 3a-
PSIOB IIPU HAJIMYUU TPEHUS JIUJIEKTPUICCKas IIPOHUIAE-

MOCTb, KaK (DYHKIIUS 9aCTOTHI, MOYXKET OBITH 3alllCaHa, CJIe-
JAYIOIUM 00pa3oM:

2 2
wy, 5 4men,
wi=— 1.3
P Me (1.3)

e=1——5—7"—,
w? + iyw

re wp — IJIa3MeHHas! 9acToTa (U JJIs MOJEJIH IJIa3MbI T,
— KOHIIEHTDAIsI 3aPsJIOB, M. — Macca 3apsjioB), a 7y —
JICKPEMEHT 3aTyXaHHs.

Haiiure nuajieKTpUYecKyo BOCIPUUMYUBOCTL X (7)
(2.6d)), cooTBeTCTBYONYIO MTPOHUIAEMOCTH
HUTE KaYeCTBEHHO IoBejieHne byHKImHU X(7) IpU Masbix
7 GOJIBIINX BpEMEHaX.

e 3adawa 4: Paccmorpure HenmHelHOE ypaBHEHUE

ITpemunrepa (HYII)

: B2 o 2
<z@z + 5 3t> o = 4[P|°D, O =d(t,x), (1.4)
B KOTOPOM KO3(DPUIMEHT HEJIMHEHHOCTH ITOJI0XKUTEJIEH,
v > 0, a ko3 dunuenT BTOpOit guctepcun [So I MOXKET
OBITH KakK TOJIOKUTEJIbHBIM, TAK U OTPUIATEJHLHBIM.

e Ilnockue BosHbl exp(ikz — iwt) 1O IpeXKHEMY SIBJIsI-
FOTCSI PellleHreM YPaBHEHWUsl, KaK U B JINHEHHOM TIpe-
neste. ccneayiite, Kak 3aBUCHT JHUCIIEPCUsT TIOCKIX
BOJH k(w, P) B 3aBHCHMOCTH OT BOJIHOBOTO YHCJIa U
narencusrocTH P = |®|2.

e PaccMoTpuTe yCTOWYNBOCTH IJIOCKUX BOJIH HA ILJIOC-
KOCTHU JIBYX MMapaMeTpoB — BTOPOI jucrepcun (o u
naTeHcuBHOCTH BOJiHbI P. Jlj1st sTOro mHamo paccMor-
pers Hadasbuble yeiaosus Dy, p(1+€), tae O, p(z,1)
— pelleHne JJIs TUIOCKO# BOJIHBL, a €(z,t) — mpous-
BOJIbHAsI MaJiast J0OaBKa; MOCJEe TOr0 HAJ0 yCTaHO-
BHUTH JINHEAPU30BAHHOE ypaBHEHHE Ha J00aBKYy € W
pPACCMOTPETH €€ IBOJIIOIHIO TI0 KoopauHare z. B ka-
KHUX ODJIACTAX BOJIHA OKA3bIBAETCs yCTONYUBOM (T.e.
npu J060M HAYAIBHOM € (t) mompaska €(z,t) He pac-
TET [0 AMIUIUTYJIE CO BpEMEHeM ), a B Kakux Her?! Ha-
pucyiite 3Tu obsiactu Ha rpaduke.
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§1-3. AHm3oTpoOIHbIE cpeabl. MaramroonTuka.

O6o0011IeHEe BBIPpAXKEHUM JJIsT TIJIOTHOCTU 3SHEp-
TUM ¥ MOHIHOCTHU TEMJIOBBIX IIOTEPHh JJId aHU30-
TPOITHOM CpeJbl. 3anuct GuiPadicenull OAA NAOMHOCTU
IHEP2UY, U MOUHOCTNY TENAOBHLT NOMEPL OAA IAEKMPO-
MAZHUMHOT BOAHDL 6 AHU3OMPONHOT cpede: dusuneckud
CMDBICA IPMUMOB0T, U AHMU-IPMUMOB0T “wacmeti meH30P06
QUIAEKMPUMECKOT NPOHUUAEMOCTNY U MAZHUMHOT 80CNPU-
UMYUBOCTNU.

PacnpocrpaneHne MIIOCKAX 3JI€KTPOMATHUTHBIX
BOJIH B aHU3O0TPOITHOI ITPO3padHoil cpeae. Ypasrenue
HA JUCnepcuorHoe coomuowenue 68 sude ypasrenut Ppe-
neasn (B HeABHOM Bujie). eoMeTpuyuecKas HHTEPIIPETAIUs
ITOBEPXHOCTHU TOCTOSTHHON YaCTOTHI B BOJTHOBOM IIPOCTDAH-
crBe. I'pynnosasa cxopocmo, ayuesots eexmop. CuMMeTpUs
ypaBreHuit MakcBesuia Jijist JIy9e€BOTO BEKTOpPa U BEKTODPA
n = ck/w. Jumepamypa: Jlannay u JIndumm, 1982, § 97.

PacnpocrpalHeHne NJIOCKUX 3JIEKTPOMATHUTHBIX
BOJIH B OJHOOCHBIX KpucTajiaX. O0vbkHOGEHHAA U
HEOOVIKHOBEHHAA NOAAPUZAUUU. SAKOHBI JIUCIEPCHHA JIJIs
nosigpusanuii. JIlydeBoit BeKTOp 1111 HEOOBIKHOBEHHOI IO~
Jgsipuzanuu. Jlumepamypa: ram ke, § 98.

e 3adaua 1: VCTaHOBUTD CHUMMETPHIO [IAJIEKTPH-
YECKOIl POHUTIAEMOCTH B CJIy4ae, eCJIi CPeJia po3padHa u
€€ BHYTPEHHsIsI CHMMETPHsI XapaKTEPU3YETCs BbIJICTIEHHBIM
HampasJieHneM. Takxke 06CyIUTh CUTYAITIIO, KOTJA UCXO/IHO
M30TPOITHOE TEJIO MOMEIIEHO B OJIHOPOJIHOE JIEKTPUIECKOE
nosie (acpdexr Keppa).

1-3.1 CemwuHnap

DeHOMEHOJIOrnTYeCcKOe PACCMOTPEHNE MATHUTOOIITH-
yeckux 3ddekToB. Iddexkt Papaness. Haxoxae-
HUE TeH30pa JAMIIEKTPUIECKON BOCIPUUMYUBOCTHA
[JIsl UIeATbHON MJIa3Mbl C MOCTOSTHHBIM HAJIOXKEH-
HBIM MarHATHBIM noJiem. IlukiorpouHsbIii pe3oHaHC.

e 3adaua 2: VCTaHOBUTH CUMMETPUIO JIAJIEKTPH-
YECKOI TPOHUIAEMOCTH B CJIydae, €CJIM Cpejia Mpo3padHa
" e BHYTDEHHSsI CUMMETPHUsT XapaKTepu3yeTcsl BbIIeJIeH-
HBIM HAIIPABJIEHUEM, 00YCJIOBJIEHHBIM HAJIOXKEHHBIM TI0CTO-
AHHBIM MAaI'HUTHBIM I10JIEM (B OTCYyTCTBHUE MaIr'HUTHOI'O I1OJIsA
cpesa uzorponna). Jlumepamypa:

e 3adaua 3: ITokazars, 9TO TIpM pacIpocTpaHe-
HUU JIMHEHHO NOJAPU30BAHHON BOJIHBI B U3OTPOIIHOU Ccpee

BJIOJIb HAJIOXKEHHOTO HA HEE MATHUTHOTO IOJISA ILIOCKOCTH
eé IIOJ'[HpI/ISaHI/II/I HNCIIBIThIBaET pa.BHOl\/IepHOe BpaHleHI/Ie 110
Mmepe pactpocrpanenus (3ddexr Papajes).

e 3adaua 4: Haiitu siBHBIN Buj guaJjieKTpude-
CKOU INPOHUIIAEMOCTH JJisl UAeaJIbHON KJIACCUYECKOH IL1a3-
MBI, HAXOAAMIEHCA B OJHOPOJHOM MArHUTHOM IIOJIE, Pac-
CMOTPEB PAaCIPOCTPAHEHNE JIMHEHHBIX BOJIH BAOJIb MATHAT-
HOTrO 1107151 (06e HOJISIPU3AIIUY) U OLEPEK Hero (¢ JIMHeHHOM
HOJIsIpU3aIyeli HAIPABIEHHON BJIOJb MAHUTHOI'O II0JIS).

1-3.2 lomauiHee 3a/laHUE

e 3adaua 5: IlokasaTb, 9TO P PACIPOCTPAHEHUH Pa-
JTUOBOJTH B MOHOChEPE CIIe/IyeT OXKUIATH PE30OHAHCHBIX SIB-
JleHuit 6ji3u AuHBL BOJHBL A ~ 210 M. [lpunasars Hampsi-
2KEHHOCTh MAarHUTHOTO 1osist 3eman H = 0.53.

e 3adaua 6: Omupenenure Beanunny pderra Pa-
pajiest JJis TJIa3Mbl B CJIAOOM MATHUTHOM TIOJI€, BBEIYUCTUB
Pa3HOCTb BOJIHOBBLIX BEKTOPOB I ABYX KPYIOBBIX IIOJIsI-
pusamit . IlycTh MarauTHOE OJIE€ HAIIPABJICHO BIOJb
ocr Oz U B 9TOM >Ke HAIIPABJICHUU PACIIPOCTPAHSIETCS JJIEK-
TPOMArHUTHAs JIMHEHO TOJIIpU30BaHHAs BOJHA. B KaKOM
Hanpasjenuu (10 WK [OPOTUB YACOBOH cTpesku) Oymer
BpaIaThC MMOJISIPU3alis 3TOH BOJIHBLI IO MEpe €€ pacipo-
CTpaHEHUsI, €CJIU CMOTPETH CO CTOPOHBI OOJILITIX 3HAYMCHIIA
KOOPJMHATHI 27

e 3adaua 7: I'maBHasi 0Cch OIHOOCHOTO KPUCTAJLIA
HanpaBjeHa BIoJb oc Oz JIEKAPTOBON CHCTEMBI KOODIH-
Hat. /IusjiekTpudecKkue MpoHUIIAEMOCTH KPUCTAJLIA PABHBI
€1 = 2, g = 2.2. BokoBas TOBEPXHOCTL ITOTO KPHUCTAJ-
Jla COBIAJAET C TUIOCKOCTBIO Oz, KPUCTAJI HAXONATCS
B oburactu y < 0. Jlyd simHefiHO MOISIPU30BAHHOIO MOHO-
XPOMATUIECKOTO CBETA MAJAeT Ha MOBEPXHOCTb B IJIOCKO-
ctu Oyx non yraoMm 7/4 (HaupasjieHne pacupoCTPaHeHUs]
kin o (1,—1,0)). Hanpasyienue nosisipuzanuu B Hagaormedt
BOJIHE TAKOBO, YTO KOMILIEKCHAS aAMILIATY/Ia BEKTOPA JJIEK-
Tpuueckoro nosis B meit By, oc (1,1,1/2). Haitaure B Kakom
HAIIPABJIEHNU OY/IyT PACIPOCTPAHITHCA MPOIIEIIIIe OOBIK-
HOBEHHAasl M HEOOBIKHOBEHHAsl BOJIHbI. Hapucyiite depTéx,
KOTOpBIii OBbI JIEMOHCTPUPOBAJ HAMJICHHLIE yTJIbI PACIpPO-
cTpaHeHus. YKa3aHue: B Ka9eCTBEe FPAHUIHBIX YCJIOBUI Ha
MTOBEPXHOCTH HAJIO TPEOOBATH COXPAHEHNE YACTOTHI M Kaca-
TEJIBHON K MOBEPXHOCTU KOMIIOHEHTBHI BOJIHOBOTO BEKTOPA.



§1-4. Cxkun-3ddekT.

I'panuunsie yciaosus B dopme JIeoHTOBHYA TTO3BOJISIOT
peliaTs 3a/1a41y 006 OTPaKeHNH JIEKTPOMATrHUTHBIX BOJIH OT
[MOBEPXHOCTHU TeJIa, U36erass pacCMOTPEHUsI TOrO, YTO IMIPO-
UCXOMIAT BHYTPHU CAMOro 3Toro reya. OTpakaTeabHble CBOM-
CTBa MOBEPXHOCTH XAPAKTEPHU3YIOTCS TOJIBKO MTOBEPXHOCT-
HBIM HUMIIeJaHCOM. [IpakTudeckoe NpUMEHEHNE STOrO IO/I-
X0/1a BEChbMa OOIITMPHO U BKJIIOYAET B cebs PAJIMOIOKAIINIO,
pacipocTpaHeHus IIeEPEMEHHOI'O TOKA II0 IIPOBOJIAM, U JIPY-
rre ob0JIaCTH 9JIEKTPOTEXHUK.

CkuH-3(p@PeKT: 3anmmch IpPpaHUYHBIX YCJIOBUH B
dopme JleonToBuua; ycjaoBue NPUMEHUMOCTH OMU-
CaHUs OTPAXKEHWUs BOJHBI OT IIOBEPXHOCTU B Tep-
MuHax ckuH-3ddekTa. (8436 MAHZEHUUANOHBIT KOM-
NOHENM, INEKMPUYECKO20 U MAZHUMNHBLT NOoAeT HA 2PAHU-
Ue ONMUYeCKUy NAOMH020 MAMEPUALA. L AYyouna CKUH-CAOS.
Ycenosue npumenumocmu A0KaAHOU C8A3U MENCIY NOAA-
MU MAAGA BEAUNUNHG 2AYOUHDL NPOHUKHOBENUA 8 MAMEPU-
an (OAaumsL 60AHDL 8 MAMEPUAAE) NO CPABHEHUIO ¢ OAUNOT
BOAHDL 6 OKPYICANOWEM NPOCMPAHCNGE U PAOUYCOM KPU-
6u3HbL noseprrocmu. IIpunyun npusurrocmu 0As NOGEPT-
HOCTNHO020 UMNEIAHCA; NPUHUUN NPUHUHHOCTIU 048 06pam-
H020 NOBEPTHOCHO20 umnedanca. Dusuveckuss cCMulcea no-
BEPTHOCTMHO20 UMNEIANCA: C8A3L MEAHCOY INEKMPUUECKUM
NOAEM U NOBEPTHOCTIVHBLM TMOKOM.

JTumepamypa: JTaunay u JIndumr (ram ke, §87),

Hopmanbublit cKkuH-3¢p@dekT. [loBepxXHOCTHBIN NM-
neanc. [mybura TpOHUKHOBEHUS.

1-4.1 Cemunap

e 3adaua 1: BbIpa3uTh OBEPXHOCTHON MMIIEJIAHC Ye-
pe3 JAM3JIEKTPUIECKYIO IIPOHUIIAEMOCTD € M MAIHUTHYIO BOC-
HIPUUMYIHBOCTD (i OTPAXKAIONIEro MaTepuaJia B CJIydae HOp-
MaJabHOTO CKUH-3pderTa. CBsa3arh MeX Iy coboil riyOnHy
CKUH-CJIOST §, 9aCTOTY BOJIHBI W W TIOBEPXHOCTHBIN WMIIe-
namc (.

e 3adaua 2: BeraucauTh 3aKOH JIUCIIEPCHE  T10-
BEPXHOCTHOTO UMIIEJIAHCA, JIJTsI TIOUTH UEAJTBHOIO METAJLIA,

JUCIIepCUsA IPOBOJUMOCTH KOTOPOT'O COOTBETCTBYET MO/IE/IN
Hpyze.

e 3adaua 3: Omnpenenntb KO3(MOQUIMEHT OTpazke-
HUS OT ITIOBEPXHOCTU MeTaJlIa KakK (DYHKIMIO YIJIa IIaJeHus
U TOJIAPU3AIMY, 3HAS IOBEPXHOCTHBINM UMIIEIAHC METAJLIA.

e 3adaua 4: OrpeiesiuTh IJIOMAAL IOJE3HOIO Ce-
YeHus JJisi TpyToB juamerpoMm 10cM, CIEaHHBIX U3 Me-
JU ¥ U3 CTaJIH, 10 KOTOPBIM TE€YET MepeMEeHHBIN TOK C Ya-
croroit 50I'. IlpuHATH, 9TO COMpPOTHBIIEHNE MEIU PABHO
Oca = D80KCHM /CM, MArHATHAS BOCHIPUUMYIHUBOCTD fic, = 1,
COIPOTUBJIEHHE CTAIH 0, = 100KCHM/CM, MarHUTHAsT BOC-
OPUUMYUBOCTD CTaIU fim, = 1000.Yxasanue: HaiiTu 1mo0-
BEPXHOCTHBI UMIIEIaHC I 000X MATEpUAJIOB, U Yepe3
HEro OMpPEIE/UTh TJIyOWHY CKWH-CJIOS Ha JIAHHOW YacTOTe.
Oupene/nTh IOBEPXHOCTHBIE MMIEIAHCHI JJId O0OUX Ma-
TepuajoB. Iloacnenue: MJid YKa3aHHBIX MAapaMeTpPOB TUIy-
OuHA CKUH-CJIOA B Meaud — Og, = 9.34MM, B cragm —
Ope = 0.74 M.

Obcyoicdenue obaacmu CYWECmMBo8aAHUA 6 HaACMOM-
HOM NPEICTNABAEHUL HOPMANDHO20 CKUH-IPPerma drn me-
MAALA YEPE3 PACCMOMPEHUE KUNHEMUYECK020 YPABHEHUSA
Boavumana: odauna ceo0b6odrnozo mpobeza doadicha 6Gvimb
MEHDULE YeM MACULMAD, HA KOMOPOM USMEHAETNCA INEK-
mpuveckoe noie, m.e. 2ayouna nporukHosenus. Jlumepa-
mypa: AbGpuxocos (1987, §7.2).

1-4.2 lomarHee 3agaHue

CBsi3b HOBEPXHOCTHOI'O UMIIEIAHCA C TEILJIOBBIM U3-
aydenuneM CKOPOCTb N3JIyU€HHsI HAIPETON TOBEPXHOCTHU B
IIyCTOTY.

e 3adawa 5: Oupenennre HHTEHCUBHOCTH TEILIOBO-
T'0 UBJIyY€HHs, TPOU3BOIUMYIO TOBEPXHOCTHIO METAJLIA, Xa-
PaAKTEPU3YIOILYIOCS MOBEPXHOCTHBIM uMIenancoM ((w). A
UMEHHO, Hali/InTe CIEeKTPAJIbHYIO TJIOTHOCTh MWHTEHCHUBHO-
cTH B MaJiblil Tesiecusiit yroa do, dI,, /do.

Yxazanue: Ilycte R — koadduiment orpaxkeHus,
dI’ /do — BenuumHa, COOTBETCTBYIOMAA YEPHOMY H3JIyHe-
nuto. Vckomas sesmunna ects dI,/do = (1 — R)dI?/do,
9TO COOTHOINIEHNE HA3BIBAETCsI 3aKOHOM Kupxroda.



Lhasa 1. Ilpoepamma xypca

§1—5 BO.TIHOBO,Z[I)I C MeTaJIJInYeCKNMHU CTeHKaMMn

PacripocTpaHeHre BOJIH B IIOJIBIX BOJIHOBOJZIAX C
NAeaJIbHO ITPOBOJISAIIMMU CTEHKaMu. BOJHOBOABI C
OQHOCBSI3HBIMH TIOJIocTsiMU. Jlucmepcusa Moz, 4a-
crora orceuku. Omnpenesienne OJUHBI pacopocTpa-
HEHUsI MOJl B MOJIBIX METAJIMNYECKUX BOJIHOBOJAX
Cc y4éTOoM NOTepb Ha CTeHKaX. [Ipaxmuueckoe npu-
MeHEHUE B80AH060006. Buipasicenue ecexr xomnonewm no-
saett E u H wepes xomnonenmol, HANpasiertbie 600ab 0CU
soanoeoda, E, u H,; waaccugpurxayus mod. Jocmamou-
noe epanushvie yeaosus oas TM- u TE-eoan. Iloayue-
HUe JUCNEPCUOHHO20 COOMHOWEHUA, MUHUMANDHAL 4ACTIO-
ma pacnpocmparenus. Koneunocms daunvt pacnpocmpane-
HUA MOO: 8vipasicenue KoaPPOuuuenma 3amyranus “epe3d
NOGEPTHOCTHBIL UMNEIAGHC METNAMNG (2PAHUNHBLE YCAOBUS
Jleonmosuua). Jlumepamypa: HyHKT Jlanmay u JInd-
iy, (1982) §91), Toursirun (2005) §14.1).

e 3adawa 1: HaiiTu BO3MOXKHbBIE TUIIBI BOJIH B KPYT-
JIOM BOJIHOBOJIE PAJNyCa @, CUMTAasi ero CTEHKH WJIeajIbHO
npoBosiuMu. OnpeennTh TPAHUYIHYIO YACTOTY Wo JJIs
TakKoro BOIHOBOma. Haiitn koadduimenTsl 3aryxaHus o
PA3HBIX THIIOB BOJIH B CJIydae, €CJIM MMOBEPXHOCTHBIN MM-
nejianc creHok paser €. Jlumepamypa: Tonreirun (ram kel
cTp. 628, 3amaun 14.12 u 14.13).

Koakcuanbubiii BOJIHOBOI. Paccmompenue Koaxcu-
aAbH020 60AH0600a Ha, sasvike ypasuenul Maxcseanra. Cy-
UWLLCTNEOBANUE 6 KOUKCUAADHOM GOAHOB00EC MOAHOCTBIO NO-
nepeunott Modol, e umerouwelt wacmomo, omeewky. Jlume-
pamypa: Jlannay n JIndmun (1982, §91).

Onucanue KoaKcuasvbhozo 604106004 6 MEPMUHAT M-
nuu Jlexepa: noeonnvie EMKocms U UHOYKMUSHOCTD 60~
HO600a, 60AHOG0E YPAGHEHUE HA HANPANCEHUE U MOK. K-

BUBANEHMHOCTD ONUCGHUSL MOObL 68 MEPMUHAT YPABHEHUT
Maxceeanra u aunuu Jlexepa. Jumepamypa: J1.B. (2004,
§143),Kuphaldt (2007, Ch. 14).

e 3adaua 2: YdecTb 3aTyxaHUe CUTHAJIA B KOAKCHU-
AJILHOM BOJIHOBOJIE 38 CUET MOTEPh B CKUH-CJIOE, U BBIUHC-
JINTH JJINHY PACIPOCTPaHEHNUs IVIaBHON MOpl. BHyTpeHHMit
PaJInyCc KOAKCHAJIBHOIO BOJHOBOJIA PABEH @, BHEITHUN — b,
YaCcTOTa CUTHAJA — W, TIyOUHA CKUH-CJI0s — O ([Ipenoia-
raercs HOpMaJIbHBINA CKUH-3(DdEKT)

1-5.1 /lomaliHee 3a/laHUE

e 3adaua 3: Haiitu TE- u TM-Mompl, nMmeroniue Hanbo-
Jiee HU3KHeE 9aCTOThI OTCEYKY B BOJTHOBOJIE C KPYTJIBIM IIOITE-
PEYHBIM CEYeHMEM PAJNyCa ¢, CIUTAsl €r0 CTEHKU UIea bHO
nposogganumu. OmpeesuTh YJaCTOThl OTCEYKHT W, JIJISl ITHX
moz. Haiitn koaddurnmenTsr 3aryxannst v JjIsd 9TUX MO,
€CJIM TIOBEPXHOCTHBIN MMITeJIaHC CTeHOK paBeH ( < 1.

e 3adaua 4: B § U3JI0KEHA Teopus JIBYyX-
NpOBOAHON JmHUK. PaccMOTpUM KOAKCHAIBHBIN TTPOBOJY
(SAT 703): O6e »Knibl JIMHUK CAETAHBI U3 MEJH, Jha-
MeTp IeHTPAJIbHOM KUJIbI paBeH 1.13 MM, BHYyTpeHHU! Tna-
Merp obMmoTKHu (Bropasi »kmia) paseH 4.8 mm. IIpocrpan-
CTBO MEXK/Iy JKHJIAMH 3aII0JTHEHO BCIIEHEHHBIM OJUITUIIE-
HOM, Y KOTOPOI'O JU3JIEKTPUIECKas] IPOHUIIAEMOCTD (9acTo-
ra curnasia 2 I'Tu) pasua 1.6. Haiizaure BosHOBOE CcOIpO-
TuBseHne (B oMax), émMrocts C' 1 nHyKTHBHOCTS L (ompe-
JIeJIeHBI B § . Vursa norepu, HaiiuTe JUIMHY Pacipo-
CTpaHeHMsI CUTHAJA. [[OBEPXHOCTHOE CONPOTUBIIEHNE (CM.
(5.15l15.16]) ) Mmeam pu ykazanuoii gacrore pasuo 0.011 Om.

Yemy pasna seaunuuna ¢’ B (5.15))7

§1-6. /ImsaeKTpuiecKrue BOJTHOBOBI

Cas3aHHBIE MO/JbI B IJIOCKUX BOJIHOBOAaX. Kaac-
cuPurayUA C8A3AHHBL MO0 68 NAOCKOM 60AH0600e, TE- u
T M -soanni. Pasdeserue T E-mo0 na wémmwvie u newémmovie,
CPYKMYPa noas u cobcmeennvie 3naverus. Omeymemeue
yacmomot, omeeuku s wemnot T E-mo0er nuszwezo nopad-
xa. Ananoeusn ¢ Kpyeavim 6oanosodom. Jlumepamypa: Map-

Kyse (1974, §8.3).

e 3adaua 1: OrmpemennTs [UCIEPCUIO IETHBIX U
HEYETHBIX CBI3aHHBIX T F-BOJH ILIOCKOTO CHMMETPUIHOTO
BOJTHOBO/IA.

e 3adaua 2: OTaenabHO PACCMOTPETH HEKOTOPHIE MO-
JIbI B TJIOCKOM CUMMETPUIHOM BOJTHOBOJIE.

i) Moy, He UMEIONIYI0 9aCcTOTh OOPE3KU: OUPEIE/IUTh
[IPOCTPAHCTBEHHYIO CTPYKTYPY FJIEKTPOMATHUTHOTO TIOJIST U

BEKTOpa NOJIAPU3AIUN JJId Opejiesa, KOrjga 9acToTa MHOIO
MEeHBIIIe cCaMOil HU3KOI 9aCTOTHI OTCEYKMU.

ii) Paccmorperb MOJy ¢ BBICOKMM HOMEDPOM: OOCYMTD,
KaK MOKHO OIIMCATh MOJY B KBa3U-KJIACCUYIECKOM IIPHUOJIU-
2KEHUU.

uauaapuveckuii BoaaHOBOA. ONTOBOJOKHO. Boa-
H0B00bL CO CMYNEHUAMBIM  PAOUAALHOIM  TPOPULEM TNO-
xazamensn npesomaenus. Kaaccupurayus mod. Caabo-
80AH06EYULUE 60410800V JIUHETHO-NOAAPUIOBAHHBIE MO-
dvi. JTumepamypa: [mam orcé, I'n.8, a maxorce SS[6-56-0
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1-6.1 /[lomamnrHee 3agaHue

e 3adaua 3: Haitru TM-Moab!l B IJIOCKOM JTUIJICKTPH-
YECKOM BOJIHOBOZE C CUMMETPUYHBIMU OOKJIAIKAMI.

e 3adaua 4: Ucxomst n3 KBa3u-KJIaCCUIECKOTO IIPH-
OJIMKEHUSI TTOKA3ATh, YTO OIEHKA JJIs KOJIMIECTBA HAIIPAB-
JeHHBIX MOJ, Nyodes (6.34) B akcuaibHO cHUMMETPUYHOM
BOJIHOBOJIE CO CTYNIEHIATHIM PaMaIbHBIM TPOMUIEM MOKa-
3aTesIs MPeJIOMJIEHHsT JeHCTBUTEIBHO CIIpaBeInBa. Yka-
3anue:; TPU TMOICYETE KOJMYIECTBA JOCTYIIHBIX COCTOSHUN

ydecTh TpebOBaHME IIOJTHOI'O BHYTPEHHEI'O OTPAaKEHUsI JIJIst
II0JISI CBSI3AHHON BOJIHBI BHYTPH CEPIIEBUHBI M BOCIIOJIB30-
BaTbhCsI IPABUJIOM KBaHTOBaHMs Bopa-3oMMmepdenia.

e 3adaua 5: Jlns aKCHAJIBLHO CUMMETPUIHOIO BOJI-
HOBOJIA CO CTYIEHYATHIM PaJUAJILHBIM TPOMUIEM B IIpeJIe-
JIe MAJIOTO U3MEHEHUST IOKA3ATE ST TPEJIOMJIEHHS BBIICHUTD
(napamerpsl ganbl B ab3aiie ¢ hopmyJIoit ), MOXKHO JIA
OIUCHIBATH JIUCIEPCUIO (DYHIAMEHTAIBHONW MOJIBI TTPUGJIU-
JKEHHBIM ypaBHEHUEM .

N

§1-7. IloBepxHOCTHBIE 3JIEKTPOMATHUTHBIE BOJIHBI

IloBepxHOCTHBIE 3JIEKTPOMarHuTHbIE BOJIHBbI. 110~
BEpPXHOCTHbBIE ILJIA3MOHBI: yCJIOBUS CYII€CTBOBaHUSI,
dasoBasg u rpynnoBas ckopoctu. CTpyKTypa ImoJis u
IJIOTHOCTHU IIOTOKAa 3Hepruu. Hccaedosanue cmpyxmy-
POl AAEKMPOMAZHUMHOZ0 NOAS CEAZAHHOT 80AHBL (NOSEPT-
HOCTMHO20 NAAZMONG,), PACTPOCTPAHAIOWETCHA 800 2PAHU-
yv, pasdena memann-dussekmpur. Iosywums ycaosue cy-
UWLECMBOBAHUA NOBEPTHOCTNHO20 NAGZMOHA: Em < —Eq, 20€
Em — QUINEKMPUYECKAA NPOHUYUAEMOCTNG MEMMAANL, G Eq —
duanexmpuxa. HUccaedosams pacnpedeserue nomora sHep-
2UYU 0N NAOCKO20 NAGBMOHA 6 CAYYAE, ECAU 6 MEMAANE
npoucrodsm ciabue nomepu (e > 0)

e 3adaua 1: Ilycrs Temepnb B MeTaJjie MIPUCYTCTBYIOT
MaJIble IIOTEPH, TaK 4To £, <K |e],|. BBeném nexaprosy cu-
cremy kKoopamuaT Oxyz, B KOTOPOIl IOBEPXHOCTH Pa3esia
ecTb 10ckocTh Oxy. IlycTh MOBEPXHOCTHBIN IA3MOH BO3-
OykaeTcsd cCHH(MA3HBIM JBUKEHUEM CTOPOHHUX 3apPsiJIOB €
gacToToll w B miockoctu Oyz, Torga npu & > 0 Bo30yXK-
JEHHAS TIOCKAsT OBEPXHOCTHAS BOJIHA PACIPOCTPAHSIETCS
B HaIpaBjeHnH Bo3pacrtaomux x. Haiitn pacmpenenemnue
CpeJIHEro 110 BpeMEHN II0TOKa SHepruu B ipocrpancTse. Ha-
PHCOBATH COOTBETCTBYIONLYIO KAPTUHY B IIocKocTH OTz.

Juncnepcust MOBEPXHOCTHBIX MJIA3MOHOB JIJIsI MO-
nemmu Adpyne. Hacrora, orpaHUINBAIONIAS CBEPXY CIIEKTP
1a3MOHOB. HampaBiieHre NOTOKOB SHEPTUN B JINIJIEKTPUKE
U MeTaJlIe.

IloBepxHOCTHBIN MJIa3MOHHBIN pPE30HAHC HAa Me-
TaJLIMYECKOM IIapuKe CyOGBOJHOBOrO pasMepa. 3a-
Jata 0 JM3JIEKTPUYecKOM IIape B OJHOPOIHOM 3JIeKTPH-
geckoM nose, Jumepamypa: [lyukr [f-1.1] Nuarepnperanust

IJIA3MOHHBIX KOJICOaHUI Ha nIapuKe KaK CBA3aHHBIX KOJIe-
Oanumit QJIEKTPHUYIECKOI'O II0JId U JICKTPOHOB MeTaJljia.

e 3adaua 2: Onpenesinre IUMOIBHYIO BOCIPUUM-
9UBOCTh (¢ MaJEHBKOIO METAJLUIMIECKOrO IMapuKa BOIU3U
ILUTA3MOHHOM YACTOTHI, €CJIA IOTEPSIMU HA U3JIy YeHHE MOXK-
HO mpeHeOpedb. Mcmomp3yiiTe o0Iee BhIparkeHue u
moziens dpyne (6.46|) mist musmekTpudeckoil mpoHUIiaeMo-
cru Metajuta. CpaBHUTE TOJIOYKEHNE PE30HAHCHON 4aCcTOThI
C BEpXHell IpaHulieil YacTOTHON 06JIacTH, T/1e CYIECTBYIOT
TOBEPXHOCTHBIE TLIA3MOHBI.

1-7.1 lomamiHee 3a/laHUE

e 3adawa 3:  Paccmorpers rpaHmily paszjesia MeTasLIa
U JIN3JIEKTPUIECKOH CPeJIbl, MEIOMNX KOIMDMUITUEHTBI 1~
JIEKTPUIECKOI MTPOHUIIAEMOCTH €y, U € COOTBETCTBEHHO,
TaK 9TO &€, < —&4, & &q > 0 (mpm 3TOoM norepu B 060-
UX MaTepuajiax OTCYTCTBYIOT). BrIpa3uTh IOBEPXHOCTHYIO
IUIOTHOCTH dHeprun £ B IJI0CKOM ITOBEPXHOCTHOM ILJIA3MOHE
gepe3 aMILUIATY/LY 3JEKTPUYECKOro TOJIs Ha MOBEPXHOCTH
pasjiesia u JU3JIEKTPUIECKUE TTPOHUIIAEMOCTH COITPUKACAIO-
muxcst cpeq. To ke camoe c/esiaTh ISl TIOTOKA SHEPTUn
OTJEeJIbHO B KaKIOii cpelle W B IejioM. HemocpeacTBeHHO
IOKa3aTh, ITO

v,€ = 5, Vg = —

rae S — MOoJHAs MOBEPXHOCTHAS IJIOTHOCTH ITOTOKA SHEP-
[UH, Uy — IPYIIOBAas CKOPOCTh, & J(w) — 3aKOH ANCIEPCUN
[OBEPXHOCTHOI'O IJIA3MOHA.
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§1—8 Paccesnne AJIEKTPOMaAarduTHbBIX BOJIH Ha MaKPOCKOIIMYECKUX TeJlaX.

Paccesnne 3j1€eKTPOMarHUTHBIX BOJIH HA MaKpo-
ckormyeckux tejgax. CedeHus paccesiHusI, IOIJIO-
mieHuss W B3aummozeiictBusi. /IBymMepHBIT M TpPEX-
MepHbIi ciay4dau. OnTuvyeckas TeopeMa.

Acumnmomuneckull 6ud IMEKMPOMAZHUMHO20 NOAA
60aAU OM DPACCEUBAIOWLL20 MEAG: NOHATNUE AMNAUMYIDL
PACCEANUA; NAPUUAADHBIE aMNAUMYOs, pacceanus. Ceue-
HUA 83auMOdeticmeus, nozaowenus u paccesnus. C6a3b
CEUENUA DPACCEAHUA € amnaumydot paccesnus. Tpéx-
meprvidi cayuati: onmuveckas meopema. JTumepamypa: §5
Tonrerrma (2005), crp. 480, Bamaga 12.77).

Ilpenen wmpeanbHOro MeTaJuia, Mpeaes MAJIbIX
JIJTMH BOJIH.

Paccesinme Ha Masiom 1mape cyOBOJIHOBOTO Aua-
merpa. OIeHKN 10 MOPSIKY BEJUINHBI JIJI AMILIATY/IT PAC-
cestHUS U TOTJIomenuns. [IpoxoxKaenne cBeTa depe3 KOJIIo-
UJIHbIE PACTBOPBI METAJJINYECKUX HAHO-dacTuIl. Pacceanue
Ha monkom cmeporcre. JTumepamypa: Iyuxr (-4

e Badaua 1: BorancsnTh cevennst MOTTIONIEHUS 0,
U pPacCCedHUsd Og MOHOXPOMATHUYECKOU 3JIEKTPOMATHUTHONI
BOJIHBI Ha MeTaJIJINYeCKOM IIape, pa3Mep KOTOPOI'o @ MaJl
110 CPABHEHUIO C IJIyOMHOM CKUH-CJI0sI, ¢ <& §, ToJjiarast, 4To
9aCcTOTa MAJAIOIIEN BOJTHBI W OJIN3Ka K PE30HAHCHON 9acTO-
Te JUIOJIbHOI ITOBEPXHOCTHOH IIJIA3MOHHOM MOJIBI ITapUKa.
JTumepamypa: .

e 3Badaua 2: Jlist mpenbLayIneil 3aladnd  pac-
CMOTPETH paccesiHue 0OeJIoro cBeTa Ha TAKOM Iape: IMoJjia-
raThb, 9YTO CIEKTP MAJAIONIeil BOJHBI INIOCKAN B IHala30He
[wr — A/2,w, + A/2], rie mmpuHa criekTpa A BesuKa MO
CpPaBHEHWIO C MUPUHON pe3oHanca. [TokazaTh, 9To cedueHue
B3aMMOJICHCTBYs HE 3aBUCAT OT NIMPHUHBLI pe3oHaHca (T.e.
ero JJOGPOTHOCTH ).

e 3adawa 3: Paccmorperhb JByMepHBI BapuaHT 3a-

Ja4du, Korjla IIPOMCXOJUT paccesHue IJIOCKOHf MOHOXpOMa-
THUYECKOI BOJIHBI Ha OECKOHEYHOM IMJIMHJIPDE C KPYTOBBIM
ceuenneM. Paccmorpers coyuait 1 E-BOJIHBI, KOIIa 3JIE€K-
TpUUeCKoe IoJIe IaJaloleil BOJHbI OPTOIOHAJIBHO OCH.

1-8.1 lomaliHee 3a/laHUE

e 3adava 4:  BbruumcanTb cedeHue MOTJIONIEHUS 0, MO-
HOXPOMATHYECKOI 3JIEKTPOMATHATHON BOJIHBI IIPOBOIAIIAM
IapOM C MaJIbIM IOBepXHOCTHBIM uMnepancom ¢ = ' +¢”.
Pajinyc mapa MaJj 110 CPaBHEHUIO ¢ JJIMHON BOJHBI A, HO
BEJIMK I CPABHEHUIO C TJIyOUHON! CKHH-CJIOS.

e 3adaua 5: Paccmorpum rpamyity cdepuaeckoit
dopmMBI pajinyca a, HAXOJAIILYIOCS B BAaKyyMe U UMEIOTILY O
temneparypy 1. Pajuyc rpasy/ibl MaJI 10 CDABHEHUIO C TJIy-
GuHOM cKuH-cJ0si § Ha dacrore wy = T/h, cooTBeTCTBYIO-
el TeMreparype, a < §, Ipu 3TOM 3aJaHa JTUCIEPCUsT 1~
JIEKTPUIECKON IPOHUNIAEMOCTH £ (W) MATePUAJIa YACTULBI,
a ero MarHUTHas BOCIPUUMYUBOCTDH DaBHA eJuHUIE (IIpeji-
[IOJIATAETCS, ITO PAJIMYC TPAHYJIBI BCE JKe JJOCTATOYHO Be-
JIUK JIJIsT TOTO, YTOOBI BO3MOXKHO OBILJIO TOJIb30BATHCS IIPU-
OJIMKEHUEM JIOKAJIBHON CBSI3U MEXKJIY JIEKTPUIECKUM TI0-
JIeM ¥ IJIOTHOCTBIO TOKa). Haiiti B 0bmieM Bu/Ic HHTEHCHB-
HOCTh TEIJIOBOIO M3JIy9YeHUs] TPAHYJIBI, BBIPA3UB €€ 1uepe3
g(w). IIpoBecTn OKOHYATEJNHHOE BBIYMCICHHUE UL MOJEJIN
Hpyze, npunss &(w) = e — w2 /(w(w + iwy)), canras, 4To
TeMIepaTypa MaJjia, TaKk 9To wr K Wp.

Vrasanue: Haiiiure raMUIbTOHUAH B3anMOJIEHCTBUS
MEZKJLY TIOJIEM 9JIEKTPOMATHUTHON BOJIHBI U JTUTOIBLHBIM MO-
MEHTOM TPaHyJIbl, IMEIOIIN OOt BUT . B coorser-
CTBUH C YCJIOBHEM 33JIa49H, CJIEJyeT CINTATh JJINHY BOJIHBI
GOJIBITION 110 CPABHEHUIO C PA3MEPOM T'DAHYJIBL.

§1-9. DiekTpocTaTnKa

I'paunynbie yciaoBust Ajs ypaBHeHuii Makcsesia
B cpene. Bweod, dusuueckas unmepnpemavus 2panu-
HOE Ycrosutls Ors ypasnenul Maxceeana 6 cpede. Ilosepa-
nocmuwle 3apadvi. Iloseprrnocmmuvie moxu. Memodov, usme-
penus anekmpuseckozo noas B, arexmpuueckot undyryuu
D, maenumnot undykyuu B u maznummnozo noas H.

e 3adaua 1: OueHuTh 1O MOPSKY BEJUYUHBI PaC-
upeie/ieHue ol BOKPYT YAJUHEHHOIO U CILIIOCHYTOTO 3JI-
JIUTICOMJIOB BPAINEHUs], CAETAHHBIX U3 ONTHYECKH ILIOTHO-
ro JIM3JIEKTPUKA U MOMEIIEHHBIX BO BHEIHEE IIOCTOSTHHOE
aJIeKTpHYecKoe noJe. Jumepamypa:

1-9.1 lomamiHee 3a/laHUE

e 3adaua 2: Haiitu dpakTOpb! JEMONIPUBAIAN IJIsI T~
JIEKTPUIECKOTO JJIMHHOTO [UJIHHIPA, SBJISIONIAMCS B I10-
[IEPEYHOM CEYEeHUU JUINIICOM C Tojryocsamu b > a. Ykasa-
nue: IlockombKy 3a1at1a 3 HEeKTUBHO ABYyMEPHAsT, TO Pere-
HUE 3HAYMTEJILHO YIIPOIIaeTcs 6Jyiarogapst TOMY, 9YTO ypaB-
wenue Jlamraca MHBApUAHTHO OTHOCUTEIHFHO KOH(MOPMHBIX
npeobpazoBanuit. CoBepimTe Takoe KOH(MPOPMHOE IIpeodpa-
30BaHUe KOMILJIEKCHON TIJIOCKOCTH 2z = & + iy, KOTOPOe Tie-
peBeAéT ssuinic (IpaHuily CedeHust IUIMHAPA) B Kpyr. Jlu-

mepamypa: Ilyakr [-2.3]
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§1-10. MarauToctaTnka MaraieTukoB. /loMeHHasi CTPyKTypa MarHeTUKOB.

MaruutHoe moJjie deppoMareTuka. ba3osvie co-
OMHOULEHUSA ONH CMAMUYECKOT IHEPLUU MazHemuKos. Bes-
dusepzenmmuocms  maznumnot undykyuu. Ilomenyuans-
HOCTD MG2HUMHO020 NOASA, YPaBHEHUE HA NOMeHUUGA. JIu-
mepamypa: Jlannay u Jludrmum, (1982, § 40.

e Badaua 1: Haiitu nome B 1jist TOYEYHOIO JATIONA

M(r) = pé(r).

e 3adaua 2: Haittu mons B u H pjns mapa ¢
ofHOpOAHON Hamarnuuennocrbio: M(r) = My, r < R,
M(r) = 0, r > R. Haiitu nosis Bo BceM IPOCTPAHCTBE
(BHYTDU U BHe mmIapa).

e 3adawa 3: Haiitu nona B u H naa 6€CKOHEYHOTO
LIMJINHJIPA ¢ OZHOPOJIHOI HaMarHu4eHHOCThI0 My BIO/IbL U
[IOIIEPEK OCU IUINHIPA.

e 3adaua 4: Haiitu monst B u H jjis 6eCKOHETHOT
IJIACTUHBI ¢ OJIHOPOJIHOM HAMATHUYEHHOCTHIO M BII0JIb 1
MoTIepeK MIOCKOCTH TIJIACTUHBI.

MarnutHasi sHeprusi (peppoMarHeTuKoB, pas-
auvdHbie (pOpPMBI €€ 3arucu.

Jlumepamypa: §7-2.1] [ram kel § 40.

e 3adaua 5: JlokasaTh Teopemy B3aUMHOCTH: €CJIH
nose B1(r) coznaerca namarandennocrbio M (r) u mose
By (r) — namarandenroctbio Mo(r), T0:

/MlBg dT:/M2B1 dr. (15)

e 3adawa 6: Buyrpu mapa paguyca R ¢ 0qHOPOIHOM
HaMarHu4eHHOCThI0 M BbIpe3ajiu MapoBYIO Ke 00J1acThb
pamuyca a < R, B KOTOpOi1 BEKTOp HAMATHUYIEHHOCTH TIO-
BEpPHYJIM Ha HEKOTOPBIA yros § mo orHomenuio Kk M, co-
XPaHUB ero MojTy/ib. HaiiTu n3aMenenne MaranTHOM SHEprun
3a CYeT MOBOPOTA, CUUTAs PACIIOJIOKEHNEe 0DJIACTH BHYTPHU
apa MpOU3BOJILHBIM.

e 3adaua 7: B ycioBusix mpenbiaymeit 3ama9un pas-
BOPOT HAMATHUYEHHOCTH OBLI OCYIIIECTBJIEH B IBYX HeIepe-

KPBIBAIOIIXCH IMAapOBbIX obsactsax. Haiitn n3amenenne mar-
HUTHON SHEPTUH, 33/aB IapaMeTPhl 00IacTell 1 N3MEHEHUS
HaMarHU4YeHHOCTH.

DHeprus OJHOOCHOTrO0 MATHETHUKA: SHEPruU aAHU-
30TPONVKA U HEOAHOPOAHOCTHU. IHepaus MazHummotl
AHU3OMPONUL, €€ PEAATNUBUCTCKAA NPupoda. nepeus
Ma2HUMHOT HeodHopodnocmu, ee 0bmerHas npupoda. De-
HOMEHOAOLUYECKUE BHPANCEHUA ONA FHEP2UU GHUSOMPONUL
u anepeut weodnopodnocmu. CeaA3b cmpykmypovs, IMUL Ebi-
pasiceruti ¢ UHBAPUAHMHOCTIDIO FHEP2UL NO OMHOWEHUIO K
onepayul 00PAUEHUS EPEMEHU.

e 3adaua 8: Ilokazarb, 9TO C TOYHOCTBIO JI0 CJIATAE-
MBIX, IPONOPIMOHAMBHEIX M2, IIPAKTIIECKH TOCTOSHHBIX

B deppomarnerunkax, sueprusi ([7.10) moxer ObITH Ipe-
cTaBJieHa B BUJE:

1
Hzg/H%dr—/MBodr—g/Mfdﬂ (1.6)
Y5

rne Hyy = By, —4nM.

JlomMeHHasi CTPYKTypa B OJHOOCHOM KPWCTAJLIE,
MIMPUHA U SHEPTrUsi JOMEHHOU cTeHKu. [Ipuyuna obpa-
308anuA domenos 6 eppomazrnemure. Ipumepo, domerrvir
cmpyxkmyp. Odnodomennvie wacmuusl, kpumepuli 00Hodo-
Mmernocmu. Onpedeaerue cmpykmypovs QOMEHHOT 2PAHULbL
8 00HOOCHOM Kpucmasse (6AOTOBCKAA QOMEHHARA CMEHKA,).
Buoipaoicenua dan wupurvt u aHep2ult, 0OMENHOT 2DAHULDL.

Jumepamypa: Jlannay n Jludmmn (ram xel §43, 45),
Typesua u Meskos (1994, Crp. 242),

e 3adaua 9: Haiitu noporosoe 3uadenue B, Hanpas-
JIEHHOT'O TIEPIEHIUKYIAPHO TJIOCKOCTH (heppOMarHUTHON
[JIACTUHBI, BBIIIE KOTOPOro 06pa30BaHUe JIOMEHOB JHEpre-
THYIECKU HEBBITOHO.
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T'nasa 2

JINMHEVHBIE BOJIHBI B OJTHOPO/IHO CPEJIE

§2-1. YpaBHenuss MakcBeJjljia B cpejie

B mycrote ypaBuenus MakcBesia UMEOT B

otb 1 0e n ar
r = ——4 —
c ot ¢’
10b
rote = ———
c ot (2.1)
dive = 4mp
divb = 0.

3mech € — HAIPSKEHHOCTH JIEKTPUIECKOro moJisi, b —
HAIIPSPKEHHOCTh MAarHUTHOIO 1I0JIs, P — IJIOTHOCTDH JIEK-
TPUYIECKOTO 3apsijid, 8 j — IJIOTHOCTD 3JIEKTPUUECKOrO TO-
Ka.

2-1.1 Pazgesnenue Ha cocTaBJIAIONINE IIJIOT-
HOCTU 3aps/a p U NJIOTHOCTU TOKA j.

Hccienyst pacipoCTpaHeHHs] 3JeKTPOMArHATHOIO IIOJIS B
cpejie, yI00HO 3alMChLIBAThL ypaBHeHns Maxcpesaa B
HU3MeHBHHOI (opMe.

Ilox meifcTBHEM IPOHUKIIErO B CPEy 3JICeKTPOMATHIT-
HOT'O I0JIA B Hell HAYMHAIOT IMPKYJIMPOBATh TOKH. Besm-
YUHBI 9THX TOKOB OIPENEsISAeTCs CAMUM 3JIeKTPOMArHHT-
HBIM II0JIEM U CBOICTBAMH CpeIbl. B cpelie MOI'YT ObITb U
HOCTOPOHHUE 3aps/Ibl, KOTOPbIE IPH JIBI?KEHNH TAK¥XKe CO-
3/IAI0T SJIEKTPUYECKHI TOK. IIpOMCXOK IeHHe TOCTOPOHHIX
3apsAI0B ONPEJIeISeTCs He CBOMCTBAMMU CPEJIBI, 8 BHEIIHH-
MI yCJIOBHSIMH. B COOTBETCTBHE C 3TuM (BU3HIECKHM IIO-
HUMAaHIEM Pa3/IeJUM 3apsIbl ¥ TOKH, Ha 3apsIbl ¥ TOKH,
KOTODBIE SIBJISIOTCS PE3YJILTATOM OTKJIMKA, CPE/Ibl Ha 3JIEK-

TPOMaAaroHuTHOE I10JIe, 1 Ha BHENIHUE 3apdJabl 1 TOKH:

P = Pmed T Pexts Jj= jmed +jext' (2.2&)

2-1.1.1 IlnxorHOoCTb 3apsna p

HemnyseBast I7IOTHOCTD 3aPSIZIOB Pryed, HOSIBIISTIONIUXCS ITPU
OTKJIMKE CPEJIbI Ha JIEKTPOMATHUTHOE I10JI€, O3HAYAET, 9TO
cpeJia ToJI efCTBIEM 3JIEKTPOMATHUTHOIO IOJIs IIPHobpe-
TaeT HEHYJIEeBYIO Mmojspu3aruio. [loaToMy MBI BBOIMM IIe-
peobosHadeHme

Pmed = Pp- (22b)

Benencrrue n3HavasibHOM 3JIEKTPO-HEHTPATBHOCTH CPEITHI
THTErPaJI Mo 00BEMY OT BEJTMIUHBI P, PaBEH HYJIIO.

2-1.1.2 PazjesieHne NJIOTHOCTUA TOKA j HA COCTaB-
JISIONIINe

DJIEKTPUIECKUN TOK J 04, B OTJIUUIHE OT IOJSIPUAII-
OHHBIX 3apAN0B pp, HMeeT Dojee CIIOKHYIO CTPYKTYDY.
Jles1o B TOM, 9TO YaCTb TOKA CPEIBl J,,oq SBJSETCS IUCTO
COJICHOUJAJIbHBIM U He NPUBOMUT K IOSBJIEHUIO IIOJIAPU3a-
IIMOHHBIX 3aPs/10B, HO IIPUBO/IUT, C JIPYTOil CTOPOHBI, K BO3-
Oy2K/IEHUIO [NOMOJTHITEIHHOTO MATHUTHOTO T0JIsi. Bhigenmm
B 9JICKTPUYECKOM TOKE J[Ba BKJIaJla:

jmed = jp+jm7 (22C)

Bxkaanx jp TTOSTBJISIETCS M3-3a, JIBUKEHUS MTOISIPU3AIII-
OHHBIX 3aps1/10B. BBeném mose P, koTopoe 3a1aéT TUITOTH-
HBI MOMEHT eIuHUIIBI 00béMa cpeanl. Ilome P cBsszamo ¢
IJIOTHOCTBIO P4 U TOKOM J,; yPaBHEHUSMHU

pp = —div P, 0P =3, (2.2d)

Bropoii BkaJ1 j,,, BOZHHKAET U3-3a JIBUKEHUS 3aPsi/I0B
BHYTPHU aTOMOB UJIU 9JIEMEHTaPHBIX sideeK cpeibl. [Ipupoma
Jm OTIMYAETCS OT J,, TeM, UTO B j,, BHOCHT BKJaJ OpOu-
TaJIbHOE JBUYKEHUE JIEKTPOHOB B 3JIEMEHTAPHBIX sTIEHKaX.
B Toke j,, HET JMBEPreHTHOIl COCTABJISIIONIEN, IOCKOJIBKY
JIMBEPTreHTHYIO COCTABJISIONLYIO MBI BBIIGJUIIH B TOKE J,.
IlosTomy TOK j,, upeacraBisiercss B BUJe

Jm = crotM. (2.2e)

Ecin orpanumuanthbes sTMM ompenesieHneM BenwawHbl M,
TO OHA OKA3BbIBAETCs HE IIOJHOCTHIO 3aUKCHPOBAHHOMN, IO~
CKOJIbKY K Heil MOYKHO JI00aBUTH T'PaJINEHT JIIOOO0i CKaIsip-
HOU BEJIMYUHBI IIPU HEU3MEHHOM TOKe J .. YI0OHO 3aduk-
cupoBaTh WM, IOJIOXKUB 3Ty BEJIMINHY PABHONH MATHUTHO-
MY MOMEHTY €IUHUITBI 00bEMA. DTO CTAHOBUTCST OCMBICJIEH-
HBIM, €CJI IOHUMAaTh MATEPHAJbLHBIE YPABHEHUS B yCPE-
HEHHOM CMBICJIE, & UMEHHO, Ha MAaCHITabax MHOTO OOJIBITNX
pa3Mepa dYelKU Cpeibl.

Ormerum, 9TO B O0ITEM CJIydae pas3jesieHue TOKa CPeJIbl
(2.2) siBasteTcst HEOMHO3HAYHBIM ¢ MATEMATHYECKON TOY-
Ku 3peHus. [loaToMy pu npousBeIeHUN PA3IeIeHUS
HAaJ0 T0JIb30BATbCsS (DUBUIECKUMU COODPAKEHUSIMU.
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2-1.1.3 MarepuanbHuble ypaBHeHusi MakcseJjia

Temntepn ycpeauum moig E, H, P u M na paccrosgausx,
MHOI'O OOJIBIIIX MEYKATOMHOT'O pacCTOsiHUSI B cpejie. Bae-
JIEM 3eKkTpudeckoe nose E, mone smekTprueckoil MHIYK-
nun D, marautnoe noste H u moste MarauTHOM WHIY KT
B cormacro paBencTBam

E = (e), D

E + 47 (P)
(2.3)
B = (b), H

B — 47 (M).

VroBble CKOOKE 0D03HAYAIOT YCPEIHEHWE [0 PACCTOSHU-
M, UHOTO OOJIBIITAM MEKATOMHBIX. B mambueiimem mox P
u M mbl Oyzem nonumars yepeauéunnsie (P) u (M). Torga

ypasrenus (2.142.1) MoxkHO nepenucarb B BUje

10D 4r .
rotH = EW + ?Jext (24&)
10B
E = ——— 2.4
rot Py ( b)
divD = 47pext (2.4¢)
divB = 0. (2.4d)

K ypaBaenusim HY?KHO JIOOABHUTDH CBA3b MEXKJIY ITOJIsI-
vu H, B u E, D, unade HeT BBITO/IbI OT IPOU3BEIEHHOTO
pas3ziesieHns 3aps/I0B U TOKOB.

2-1.2 TI'paauvHbIe yCJIOBUA

IIycThb ecTh rpanutia pasjesna, Ha KOTOPOH MEHSIIOTCS CKat-
KOM CBoiicTBa cpeibl. Kpome Toro, BIOJIb I'PAHUIBI PA3/Ie-
Jla, MOXKET Te€4Yb IMOBEPXHOCTHBIN TOK iyt ¥ HA HEH MOXKeET
HaXO[INTHCS HEHYJIEBAs ILIOTHOCTH 3aPS/Ia Oext: ITH Be-
JIMYUHBI SIBJISIIOTCS YACTSIMU BEJIUYMH Joyp U Pext COOT-
BETCTBEHHO, CKOHIICHTPUPOBAHHBIMU Ha IIOBEPXHOCTH Pa3-
nena. OBGO3HAMIM eUMHIYHYIO0 HOPMAJIb K IIOBEPXHOCTH M.
IIpumem cornarenue, 9To HOPMaJIb HAIIPABJICHA U3 CPEJIbI
¢ HoMepoM 1 B cpexy ¢ HoMepoM 2. PasHocTh 3HadeHUsT
[IPOU3BOJILHON BesimauHbl [ Ha PA3HBIX CTOPOHAX T'DAHM-
1Bl pa3/iesia, & UMEHHO pa3HoCTh “2 — 17, Oyaem 0b603HATATH

kak |f|. Torma us ypasuennii (2.4]) caenyer

Un “HJ| = 4miex from eq.
Un -E]| = 0 from eq. (2.4b)
i (2.5)
{(n -D)| = 4nwoext from eq.
L(n B)| = 0 from eq. (2.4d).

§2-2. JluHeilHBIN 3/IEKTPOMATrHUTHBIN OTKJIMK OJTHOPOJTHOM Cpeabl

Paccmorpum oHopomayto cpesy. Bynem mpemgnosiarars,
9TO JIEKTPOMATHUTHOE TOJIE CIab0e, TaK ITO OTKJIUK Cpe-
JIbI HA HETO sIBJIETCS JINHEHHBIM. B 9TOM ciiydae 3j1eKTpu-
JecKad 1 MarHUTHad WHIYKIWUS JUHEHHO 3aBUCAT OT 3dJIeK-
TPUYECKOI'O U MArHUTHOI'O IIOJIEH,

D = ¢E, B = jH. (2.6a)

Baecs  duanexkmpuuneckan  nponuvaemocms  (dielectric
permittivity) € U MazHUMMHAA BOCTPUUMHUBOCTL (i B 00-
MeM CJIy4ae sBJIAIOTCS JIMHEHHBIMA OIIEPATOPAMU, HEJIO-
KaJIbHBIMH KaK II0 BpEMEeHM, TaK U B IpocTpancTse. Kpome
TOrO, 3TH BEJUYUHBI SIBJIAIOTCA TEH30PaMH BTOPOIO PaH-
ra. Takum 06pa3omM, HAIIPUMED, UHIYKIUS JICKTPAIECKOTO
oJIst

Di(t,r) = (¢E)(t,r)= (2.6b)
= /dt'/d:‘r’aij(t—t’,r—r')Ej(t’,r').

IIpu 3ammcm wHTErpaja MO BPEMEHH MBI YUYW IIPWHITHI
MIPUYIUHHOCTH, BBIPAXKAIONTNH COOOH TO, UTO AUITEKTPHTIEC-
CKag II0JIApU3allus

P = (D-E)/4r = {E (2.6¢)

MOXKET OIPEeNIAThCS TOJbKO 3HAYEHUEM DJICKTPUIE-
CKOrO ToJis B O0Jiee paHHUE MOMEHTHI BpeMeHu. Mbl BBeIH
QUIAEKMPUMECKYIO BOCPUUMYUUBOCTND, WA JUINEKMPUYE-
ckyro noaspusyemocmy (electric susceptibility), cpept

e —1
¥ = (2.6d)
47

B pesysibraTe sB0OJIONNS 3JIEKTPOMArHUTHOIO TI0JIsI OIIU-
chIBaeTcs cucTeMoii ypasHeHuit Makcsesia

1 1
rotH = —0,£E, rotE = ——0,aH. (2.6e)
c c

MbI npUHSIIH, 9TO CBODOIHBIE 3aPSIIbl U UX TOK OTCYTCTBY-
0T. B aTOM citydae iBa CKaJIsIpHBIX ypaBHeHuit Makcsesia
divD = divéE = 0, divB =diviH =0

ABJISIOTCS CJIEICTBUEM JIBYX BEeKTOPHBIX ([2.6€]).
st HeorpaHWYeHHOW OJHOPOIHON CPeabl YA00HO Tie-
peiitu kK Pypbe-mipecTaBaeHnio. /s 3TOro moIoKuM, ITo
3JIEKTPOMATHUTHOE TI0JI€ 3aBUCUT OT BPEMEHU M KOOPIUHAT
kak exp(ikr — iwt). Torma ypasuenus Maxkcseiia ([2.6€)
pUOOPETAIOT BUI
eF LIk eFEIE!

_ Y LiiR, YU, (2.7)
C C
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e € = e (w, k) m p¥ = p(w, k). Hampumep,

Fk) = [adrdtSen 28

O06001méHHAA /UAJIEKTPUYIECKas ITPOHUIAEMOCTb.
Kakx u B craruxe, cm. Ilynkr [2-1.1.2) pasnenenue monnoro
3JIEKTPUIECKOTO TOKA HA MATHUTHYIO U MOJISTPU3AIUOHHYIO
qacTu

47M =B - i~ 'B,
j =crot M+ 0,P, (2.9)
47P = (¢ — 1)E,
B 00meM cjydae sIBJISIETCS HEOJHO3HAYHON IIPOIEeTypOil.
MoxkeT Tak OKa3aThCsl, 9TO U (PUBMIECKUX COOOparKEHUIt
HE JOCTATOYHO JIJIS TOTO, 9TOOBI JJOOUTHCST OTHOZHATHOCTH.
Eciu 310 TaK — 0JTHOBHAYHOCTH YCTAHOBUTH HE YIA8TCS —
MMeeT CMBICJI OTKA3aThCsl OT BBEJIEHUSI MATHUTHOW BOCIIPU-
UMYMBOCTH [, OIPEIEJNB BeCh TOK KaK OTKJIMK Ha JJIeK-
Tpudeckoe mojie. Takoit BADHAHT 3aliCH He HAKJIAbIBAET
OTpaHUYEHUIl HA BUJ JIMHEHHOTO OTKJINKA CPEJIbI, IIOCKOIb-
Ky MarHUTHOE TI0JI€ CBSI3aHO € JIEKTPUIECKIM CUMUM yDaB-
menusaMu Makcsesa.

O6o3HaUNM ceifuac onepaTop JU3JIEKTPUIECKON TPOHM-
IaeMOCTH Epy)] B CIydae, KOrja o onpejesieHuto [ = 1, u
BBIPA3UM €ro 4epe3 € U [i. 1eM caMbIM MbI TOKAXKEM, UTO C
IIOMOIIBIO OJTHOTO £,]] MOYXKHO OIMCATDH BCE BUJIBI JIUHEHHO-
IO OTKJINKA CPEJbl. DIIEKTPUIECKUIN TOK

4mj = crot ((1— o ")B) + 0,(¢ — 1)E,

a MaruuTHad WHIYKIA

B = [kxE]
w
CHoBa IepenuchBas TOK, [HOJIyIaeM
drj = —iw(épn— 1E = (2.10)
ic?

- = [k < (1= Y[k x E])} —iw(é — 1)E,

TO €CTb

s = + Spelmelnhg! (g — ()™, (2.11)

2-2.1 CumMmmeTpum AUIJIEKTPUIECKON MHpo-
HUIAeMOCTHU

HOCKO.HI)Ky BO Bpel\leHHé—KOOp,ZLI/IHaTHOI\/I npeacraB/JIeHUu
AMJIEKTPpUYIECKasd IIPOHUIIAECMOCTh CBA3BIBACT OIBa BEIIe-

CTBEHHBIX BEKTOPHBIX TOJI, OHA CaMa JOJIKHA OBITH Be-
MEeCTBEHHOI. B 9acTOTHO-BOJIHOBOM MPE/ICTABIEHUN ITOT
GdaKT 3annChHIBAETCS B BUJIE

e (—w, —k) = "% (w, k).

Pacmmupus Temepnb 3TO paBeHCTBO Ha BCIO KOMILIEKCHYIO
IIJIOCKOCTDH YaCTOTHI, IIOJIYYUM YTO JeHCTBUTE/IbHAA U MHU-
Magd 4YacTHu eik(w) SABJISIIOTCSI, COOTBETCTBEHHO, UETHON 1
HEUETHON (DYHKIUSIMU OTHOCUTEJIBHO JEHCTBUTEILHON da-
CTH 49aCTOTBL:

eF(—w*, —k) = £**(w, k), (2.12)

r3e 3BE3/109Ka 03HAYAET KOMILJIEKCHOE COIPSIZKEHHE.
B nasbHeiimem yino6HO pa3iokuTh Terzopa £ (w, k) u
1 (w, k) HA 3pMUTOBY M aHTHIPMUTBY 1dactu. Hampumep,
ek = efF 4 ielk, et = ik, exbt =gk (2.13)
Huzke Gyner nokasano, cM. §[3-2] uro anru-spMuroBa 1actb
ompeiesisieT CKOPOCTh JUCCUIIAIMN SHEPIUU 3JIeKTPOMAar-
HHUTHOTO MOJI B TEILIO. DPMUTOBA 9aCTh (IIPH OTHOCUTEb-
HO MaJjiolf aHTU-3PMHUTOBO) OMPEIENACT TUCTIEPCHIO 3JICK-

TPOMArHUTHBIX BOJIH U 3allaCEHHYIO B BEIECTBE IHEPIHIO
JIEKTPOMATHATHBIX KOJIEOAHH.

O6painieane BpeMeHU. O06061IEHHAsT  BOCHPUUMYH-
BOCTbH 00J13JIaeT CUMMETPUE, BHITEKAIONIEN 13 CUMMETPUH
CBSI3BIBAEMbBIX €10 BeJIMYWMH 10 OTHOIIEHUIO K oreparuu 00-
pamenust BpeMenn, cM. Ilynkr [B-1.3] Duekrpuieckoe mo-
se E coxpaHsier 3HaK [IpU M3MEHEHWU 3HAKA BPEMEHU, TO-
rma Kak MaranTHoe mnoJsie B mamensier 3nak. [loatomy, 6y-
JYYHU NIPUMEHEHHBIM K JU3JIEKTPUYECKON IIPOHUIAEMOCTH,
9Ta CUMMEeTPHs JaéT:

€ik(T,T,B) = {—:ki(T,fr,fB), AIn
e*(w,k,B) = &"(w,—k,—B). (2.14)

OTMeTnM, 9TO M3MEHEHNE 3HAKA PAJINYC-BEKTOPA T CTOUT
B TOM K€ PsiJIy, YTO U II€PECTaHOBKA BEKTOPHBIX HHJIEKCOB
‘2’ m ‘k’. Maruutaoe nosie B ecTh cpejHee 110 BpeMeHU 3Ha-
YeHre MarHUTHOTO IOJIA, KOTOPOE IIPEeJIIOoIaraeTcs TaKKe
¥ OJHOPOJHBIM B IPOCTPAHCTBE.
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§2-3. Il1tockas 3j1eKTpoMarHMTHasl BOJIHA B M30TPOMNHOI cpejie

PaCCMOTpI/IM HU30TPOIIHYIO Cpeiy, IJId KOTOpOﬁ TEH30pPa
)ZLI/ISJIeKTpI/IquKOfI OPOHUITaEMOCTU M MarHUTHOM BOCIIpU-
UMYUBOCTHU JUaroHaJIbHBI,

€ (kvw) - 6 E(kaw)v Hw (kvw) - 6 /L(k7w)
(2.15a)

B sTom cayuae ypaBuenus Makcsesia yIpomaiTes JI0

1 1
rotH = 0K, rotE = ——0,uH, (2.15b)
c c

Ckanapabivu ypasaeans Makcsesia sapistorcs div E = 0,
divH = 0.

B caydae MerasioB Jjisl ONMCAaHUS OTKJIMKA CPEeIbl Ha
JIEKTPUYIECKOE IT0JIe BMECTO JIMIJIEKTPUIECKON IIPOHUIAE-
MOCTH HUCIIOJB3YIOT ITPOBOIUMOCTD 0, KOTOPAasi OIPeIe/IseT
SJIEKTPUIECKUIT TOK CMEIeHMUSI:

J,=0E. (2.15¢)

IlogcraBnsis 3Ty cBa3b B ypaBHeHume Makcseiuta, MOJTy-
qaeM, 9TO B JACTOTHOM IPEICTABICHUN IMIJIEKTPUIECKAas
MIPOHUIIAEMOCTh €CTh

-
e= s (2.15d)
w

Ilepenmimem MaTepua bHYIO CBI3b MEXKLY MOJISMEI U UX
AHIYKIUSIMA Yepe3 OOODIEHHYIO IUJIEKTPUIECKYIO0 BOC-

OPUUMYUBOCTD Egy ([2.10]). Cornacuo ,

R -1 (., Kk
egy = €0 + ol LM (6” - )

ij .
IMockoneKy €4, AeHCTBYeT Ha 3TEKTPHIECKOE HOJIe, JUBep-
TeHIus KOTOPOI'O paBHa HYJIIO, TO B BBIIMCAHHOM ypaBHe-
HAU MBI MOYXKEM 3aMEHUTh KPYIUIYIO CKOOKY Ha €eIUHUILY,
TaK 9TO UMeeM OKOHYATEJbHO

Eral = €+ — ——. (2.15¢)

2-3.1 JImcnmepcMOHHOE COOTHOIIEHUEe

Uccrenyem Temeps pacnpocTpaHeHHe IJIOCKHX BOJIH B
n3oTporHoit cpexe. IIpm mccaenoBamnmym JTUHEHHBIX BOJIH
B HEOIHOPOIHOI cpese ectecTBeHHO mepeiitn B Dypbe-
[IpEJICTABJIEHIE 110 BpEMeHU u Koopauunare. Mbl mpencras-
JISeT 3JIEKTPOMAarHUTHOE I10JI€ B BU/I€ KOMILJICKCHON aMILJIN-
TyAbl, KOTOpasd 3aBUCUT OT BPEMEHHM O KOODJUHATHI KaK
exp(—iwt + ikr).

VcTaHOBUM CBA3b MEXKJY BOJIHOBBIM BekTOopoM k m 4a-
CTOTOI BOJIHBI W, KOTOpasd HAa3bIBACTCA JUCIICPCUOHHBIM
ypasHeHEEeM. Bo3pMEM poTOp OT ypaBHeHHUs MakcBesia Ha
WHJYKIUIO 3JIEKTPUYIECKOTO TOJIs ¥ BOCHOJIb3YEMCH

6e3IMBEPTEHTHOCTHIO IJEKTPUIECKOr0 ToJIsI. B pe3ysibraTe
MOJIyYuM

2
(Aat§“>Eo, divE = 0.
C

B (I)ypbe OPOCTPAHCTBE 3TO YPaBHEHUE IEPEIUChIBACTCA B

BUJIE ,

(k2—w§“>E:0, (k-E)=0.
C

JJisi 37IeKTPUYIeCKOro IOJIs CYIIECTBYET HETPUBUAJIBHOE

(oTyImuHOE OT HyJIsI) PelleHHe, eCJH BbIIOJHACTCS JUCIIEP-

CHOHHOE YpPaBHEHHUE, & CaMO I0JIE YIOBJIETBOPSIET TPeboBa-

HUIO IIOIIEPEIHOCTHU

w?

k? — cpg = 0, (k-E) =0. (2.16)

B obrmiem cityvae npu JIeiCTBUTENIBHOM IaCTOTE BOJHO-
BOI BEKTOP BOJIHBI OKa3bIBAETCS KOMILIEKCHBIM. Pa3mesmm
€ro JIefCTBUTE/IHHYIO U MHUMYIO YaCTH, IPEJICTABUB BOJIHO-
BOII BEKTOD BOJIHBI B BU/JIE

k = K +ik’ (2.17)

roe k' u k' — nmelicTBuTe/IbHBIE BEKTOPLL. Pasmenss neii-
CTBUTEJBHYIO X MHAMYIO YaCTH B , IIOJIy9a€M CHCTEMY
YPpaBHEHU

2

KK = 2 Tm (ep1). (2.18)

2
w
k/2 _ k_//2 — %Y Re (5M)7 >

c2

2-3.2 PacnpocTpaHsomniasica MJIOCKas MO-
HOXpoMaTu4decKas BOJIHA

Yarre Bcero moJ, II0CKON BOJIHON IMOAPA3yMeBaIOT BOJIHY, B
KOTOPOH MOJI€ 3aBUCHUT TOJIBKO OT OJJHOII KOODJAMHATHI, TaK
aro k' || k”. Beeném feiicTBUTENBHBIN €MHUTHBIN BEKTOD
T, COHAIPaBJIEHHBII BOJTHOBOMY BeKTOpy k. JImcnepcuon-
HOE COOTHOIICHHE JacTO 3allUCHIBAIOT B BHUJIE

w?

k = kn, kE=Fk +ik" = B(w), B (w) =ep =

(2.19)

rie O (w) Ha3BIBAETCS NOCMOANMOT pacnpocmparenus, a k'

u k‘” CyThb ,&eﬁCTBI/ITeJIbHaH 1 MHUMad 9aCTU BOJIHOBOI'O BEK-
TOpA.

2-3.2.1 Iloka3zaTeniu IIPeJIOMJIEHUSA U MOTJIOIIEHUS

s ommcaHus pacHpoOCTpaHEHWs BOJIH B Cpele BMECTO
HEIOCPECTBEHHO € 1 (1 (KOTOpoe, Gy/yIr KOMIUIEKCHBIMH,
cozepkat B cebe 4 efCTBUTENHHBIX TAPAMETPA) YACTO BbI-
OUpAIOT apy AEeHCTBUTEIBHBIX APAMETPOB — NOKA3AMEND
npeaomaenus n (refractive index, wiu index of refraction)
u nokazamenv nozaowenus (extinction coefficient) k, xo-
TOPBIE OIPEIENIAIOTCA depe3 hopMyJLy

n+ik = e, B = (n—i—ik)%. (2.20)
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TlotHOE KOMIITEKCHOE YMCJIO N + K Ha3bIBaeTCsaT KOoM-
naekcHbM nokazamenem npesomaerus (complex refractive
index). OcoBGeHHO TaKasl TapaMeTpu3anus yJaIo0Ha, eCIIr 13-
BECTHO, UTO Cpejla HeMarunuTHas, T.e. 4 = 1. Torma mo n u
k MOXKHO OIHOZHAYHO BOCCTAHOBUTD E.

B wacTHocTH, AjmHA BOJHBI B Cpejie A U TJIyOWHA IIPO-
HUKHOBeHUs 0, (penetration depth) paBHbL

2w /\0 1 /\0 n A
k' n’ PUU2k”  4Ark kdrn’ ( )
rge Ao = 27¢/w — JUIMHA BOJIHBL B BaKyyMe Ha JaHHOIL

1gacrore. B onpenesnenun J, Mbl gobaBuin dhaxTop 2, npu
TaKOM OIIPE/IeJIEHNN WHTEHCHBHOCTH, IIPOIOPIIMOHAIbHAS
KBaJIpaTy aMILTHTYJBI TI0JIsI, Ha PACCTOSHUH 0, TaJaeT B
e pas; obpaTHas Beqmumma o = 1/6,[cm | mazwiBaer-
st Koapuyuenmom nozaowerus (absorption (attenuation)
coefficient). Ecin k < n, T0 BOJIHA 110 M€pPe PaCIpocTpaHe-
HOs B Cpefie yCIIeBaeT NpeTepIeTb MHOTO IPOCTPAHCTBEH-
HBIX KOJIEDAHUIA, IIpeK/Ie 9eM 3aMEeTHO 0CJIabeTh 110 WHTEH-
CHUBHOCTH; B 9TOM CJIy9ae CPEeJia HA3BIBAETCS NPO3Pa4HOL.

OOBIYHO TPO3padvHbIe CPEIbI UMEIOT I0JIOKUTE/IbHBIE
g, > 0, Torma moOKa3aTe b IIPEJIOMJIEHUS] TaK¥Ke IT0JI0-
xurener, n > 0. OmHAKO B PEJKUX CIydasX BO3MOMKEH
BapHUAHT, IPU KOTOPOM IPO3padHasi Cpejia UMeeT OTPHIa-
TesibHbIe KO3ddurmentsr €, 4 < 0. C yuérom Toro, 4ro y
060ux KO3 DUIMEHTOB MaJjiasi MHAMasI 9aCTh IOJIOXKUTE b
Ha, TO JJIS TOrO, YTOOBI MOKA3aTe/b IMPETOMICHAS K ObLT
[TOJIOXKUTEJIEH, TTIOKA3ATE b IPETOMJICHUS I0JI?KEH OBITH OT-
punareabHbIM, 1 < 0.

2-3.2.2 Tloasipu3aliyuyu NJIOCKOI BOJIHBI

N3 ypaBuenuit MakcBe/ia mogydaeM, 9TO CBA3b MEXKITY
KOMIIOHEHTAMU JIEKTPUYECKOTO M MArHUTHOIO IIOJIell 3a-
JaéTcs paBeHCTBAMU

[nxE]=ZH, (n+ik)[nxE]=B, (2.22)

rue Z = \/[1/€ Ha3bIBaeTCs BOJHOBLIM HMIleJaHCOM. Ecim
€ W (4 JeHCTBUTEJIbHBI, TO 9TO PABEHCTBO CIIPABEJJIMBO HE
TOJIBKO J[JIsI KOMILIEKCHBIX aMILJIUTY/I, HO U JJIsl CAMUX JIeii-
CTBUTEJIbHBIX TOJIEH, cM., HampuMep, Puc. Ecm cpe-
Jla HEeMarHuTHAas, (4 = 1, TO BOJIHOBOI WMIIEIAHC DaBEH
0OpaTHOMY KOMILIEKCHOMY KO MDUITHEHTY MTPETOMIICHUSI,

Z = (n+ik)~ !

Puc. 2.1 DirlekrpoMarauTHOE TOJI€ B JIMHEIHO
MOJIIPU30BAHHON IIJIOCKOH BOJIHE B CJIydae IIPO3padHoOil
cpelnbl.

2-3.3 Amnajimtudeckme cBoiicTBA IU3JIEK-
TPUYECKO ITPOHUIIAEMOCTHA

Coornomenust Kpamepca-Kponura (8.9bli8.9d|) mua au-
3JIEKTPUIECKON IIPOHUIIAEMOCTH CJIEIyeT (DOPMYJINPOBATH B
TepMuHax 00001EHH0i BocupuumMynBoctn o (w) = e(w)—1,
HOCKOJIbKY MMEHHO 3Ta (DYHKIMS CTPEMHUTCS K HYJO HA
Gosbmux yacrorax. To ke caMoe OTHOCHTCS K MarHUTHOIM
BOCIIPUMMYUBOCTH, B KadeCTBEe OGOOMIEHHON BOCIIPUMMYN-
Boctu ciexnyer 6parb p(w) — 1. Oyukuousa ep — 1 Takxke
obJstamaeT cBoiicTBAMU ODOOIIEHHON BOCTIPUUMIMBOCTH.

2-3.3.1 Cpeabl ¢ HUBKAM IIOTJIOIIEHUEM

[IycTp B paccMaTpuBaeMOM AMAIA30HE IaCTOT CPeIa UMe-
€T HU3KOe IIOIJIONIEeHHNe, TaK YTO MHHUMBIE YaCTH BOCIPHU-
UMYUBOCTEA MOXKHO NMPHHATH PAaBHBIMU Hy/Ho, €/ = 0 u
1" = 0. BosbMéM B KauecTBe 00OOIIEHHON BOCIPHUMYHBO-
cTv @ = € — 1 ¥ BBIYUCIUM TIOJIyCYMMY OOIIUX HEPABEHCTB

(18.91l18.9¢g)) nuist Gesmuecunarusuoii cpespl. [lomyanm

0 < d((gd_wl)w) - dgf) ~1. (2.23a)

Takum obpazom, Koaddunment, crodmuit popmyae Bpu-
mosna (3.30)) mepes KBaIpaTOM JIEKTPUYECKOTO MOJIsT He
IIPOCTO TIOJIOKUTEJIEH, a

d(we)
dw

> 1. (2.23b)

Anajoruynnie BLIYNACJICHUS IIPUMEHUMDBI J1JI5 MarHUTHON’

JacTH 3aracéHuoi sHepruu B (3.30)).

2-3.3.2 IIpospavnbie cpebl

Jtst TpO3patHoil CpeJibl MOYKHO MOJIYINTh OIPaHUYeHUe Ha,
rpymnoByo ckopoctsb (2.26dl), ucnonn3ys obume cBoiicTsa
06OOIIEHHO} BOCIPUNMYMBOCTH, yCTAHOB/ICHHBIE B § [8-2]
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Ecnm B kagecTBe 000OIMEHHON BOCTIPUAMINBOCTH B3SITH

a = ep—1, To coornomenus (8.948.9g) mpusonsTCs K HEpa-

BEHCTBaM Ha I'DYIIIIOBYIO CKOPOCTbHb

o dw) et (2.23¢)
n

)
Vg dw Vg

COOTBETCTBEHHO (IPYIIIOBasi CKOPOCTH €CTh CKOPOCTD epe-

MelleHusl IPYIIIOBBIX IakeToB, cM. § [2-4]). B (2.23c|) upex-

II0JIAraeTCsl, YTO MOKA3aTes b IIPEJIOMJIEHUS TOJIOXKUTENIEH,
n > 0. Takum oOpazom, rpymmoBas CKOPOCTbL BCErja He

IIPEBOCXOAUT CKOPOCTH CBETa,

2
vy < c-min(n,n”") = min (vp}17 C) . (2.23d)
Uph

e 3adaua 1: HenocpencTBeHHBIMI BBIYUCICHUSI-
MH TOKaXKWTe, 9TO HepaBeHCTBa (2.23c) Ha TrpymIoByiO
CKOPOCTB JIEICTBUTEBHO CJIEAYIOT U3 OOIIUX HEPABEHCTB

(18-91118.9g)) Ha 06OBIEHHYIO BOCIPUUMYNBOCTD, €CJIM B3SITh
alw) =ep — 1.

§2-4. PacnpocTpaHeHmne BOJIHOBOTO ITaKeTa B Cpejie C Aucliepcueii

IIpenmonokuM, 9TO JEKTPOMATHUTHAST BOJTHA PACIPO-
crpansiercs Brosb ocu Oz. BonHoBoe ypaBHeHUe, yInThI-
Balolllee BPEMEHHYIO JTUCIIEPCHUIO CPeIbl, UMeeT B/

0’E = C—Z@f/dt’s(t’)E(t—t’) + f(t,2)  (2.24)
0

Jlj1st KpaTKOCTH 3aIllUCU MbI IIPUHSIIN, 9TO MATHUTHAsT BOC-
IPUAMYMBOCTG PaBHA €IUHUIE, f = 1, YTO B JAHHOM CJIy-
Jae He OrpaHmYIuBaeT obImHoCcTH paccyxkiaenuii. Cuna f wur-
paeT poJIb BHEIIHEr0 MCTOYHUKA, BO30Y2KIAIOIIETO BOJIHY;
¢BODOJHOE JIEKTPOMATHUTHOE 10jie cooTBercTByeT f = 0.
B wactHOCTH, B ity f MOYXKHO BKJIFOUMTBH HEJIUHEHHYIO 110
9JIEKTPUIECKOMY IIOJIFO YacThb mojisspusaruu PV mojoxxus
TakuM obpazom f = 4wd7PNL. B @ypbe-npejcTaBieHun
ypasuenue (|11.1) nmepenuceiBaercsa B Buje

(* = B2 (W) Eur = —Fur (2.25)

r7e BOJTHOBOI BEKTOP OIIPEJIEJISIeTCsl JUCIIEPCUOHHBIM COOT-
HOIIIEHAEM . J1j1st OIIpeIe/IEHHOCTH MBI IIPEJIITOIATAEM,
9TO BOJIHA PACHPOCTPAHSETCH B MPABO, TAK UTO CJIEIYET
BBIOUpaTH perenne Re S > 0.

B sTom maparpade Mbr 6ymeM paccMaTpuBaTh UMITYIb-
ChI C MaJIOl OTHOCHTEJIbHOM CIIEKTPAJIbHON MIMPUHON. DTO
O3HAYAET, YTO HAM HE Hy?KHO 3HATB BCIO 3aBUCUMOCTD [3(w)
BOJTHOBOT'O BEKTOPA OT YaCTOTHI, 8 HEOOXOIMMO 3HATH TOJIb-
KO HECKOJIPKO IE€PBBIX MPOU3BOMIHBIX HA HECYIIEH dacTore
w = wy. llpunarsr ciemyionime 0603HAYESHIE I STUX TPO-
U3BOIHBIX:

dm™pg

m
dw w=wo

Prm (2.26a)

®dazoBas ckopoctb. Paz3oBas CKOPOCTH Uph TOKa3bIBa-
€T, C KaKOl CKOPOCTHIO JIBUKETCS I'PeOEHH MOHOXPOMATH-
YEeCKOU BOJIHBI:

— =ng, ko = B(wo), (2.26Db)

rie n — KO3 UIMEHT MPEIOMIICHUS .

I'pynmoBasi ckopocTb. Ecau Mbl yIep:KuM B JUCIEp-
cun  [B(w) TOJIBKO MEPBYIO IPOU3BOJHYIO 110 YACTOTE, TO
B(w) upexcrasisgerca B Buje

Bw) = ko + —2 (2.26¢)
Vg
r7ie TPYIIoBas CKOPOCTh
dw 1
Vg = — = —. 2.26d
g dﬁ 61 ( )

B anrmosasbramoit urepaType TakKe HCIOJIB3YeTCs Iapa-
MeTp group indexr ng, KOTOPBIH onpeaenseTcs Kak

c
Ny =n— A—— Vg = —. 2.26e
& d\’ £ ng ( )
B cuity BOJIHOBOTO ypaBHEHUST HEOIPEIEIEHHOCTH B BOJI-
HOBOM BeKTOpe Ak m Aw cBa3aHbI MeXKIy coboii uyepes
IPYIIIIOBYIO CKOPOCTh, TaK YTO BEPHA OIEHKA

Aw ~ vAk.

['pymmoBas ckopocTh, KaK OyAeT MOKa3aHO HUXKE, OIpee-
JIsieT CKOPOCTD JIBUYKEHUsI BOJHOBOTO ITAKETA.

Bropas nucnepcusi. Ilapamerp [3; [¢?/cm] nasbiBaetcs
ducnepcueli 2pynnosoti ckoOpoCMU, B aHIJIOA3BITHON JIHTe-
parype — group delay dispersion. Ecim #Ha waTepecyromeit
9acToOTe OH MOJIOXKUTENEH, 35 > 0, TO TOBOPAT O HOPMAJIb-
Hoit pucnepcuu (normal dispersion). Eciau By < 0, roBopst
06 aHOMaJIBbHOM muctepcun (anomalous dispersion).

Yacro BMecTo K03 purmenTa So MOJIB3YIOTCA JIPYTIUM
koaddunmenrom D [c/cm?],

as:
dA

A d3n

D = _
cd\?’

2me
= 2 Bo = (2.261)
HA3BIBAEMbIM KO3 (PUIIMEHTOM XPOMATHYECKON JIMCIIEPCHU-
eit (group delay parameter). Kak Gyner 1okasaHo HUKe,
JIUCIIEPCHsI TPYIIIIOBOI CKOPOCTH OIIPEIeNIsieT CKOPOCTh Pac-

IIBIBAHWA BOJIHOBOI'O ITaKeTa.
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2-4.1 Belgeaenne orudaroirieii

BousinoBbiM nakeToM Ha3BIBAETCS TaKasi BOJIHA, PACIIPeIeIe-
HIU€ TI0JIsi B KOTOPOii €J1a00 OTJIMYAETCS OT PACIIPEEIEHIS
IIOJII B MOHOXPOMATHUYECKOM BOJIHE C HEKOTOPOH 4aCcTOTOI
Wy ¥ BOJIHOBBIM BEKTOPOM K, KOTOpBIE CBSI3aHBI MEXKILY
€000t 3aKOHOM JIMCIIEPCUU B CPEJIE,

Wp = Wo (ko)

Jl/1sT BOJTHOBOTO TIAKETa W) HA3BIBACTCS HECYULET “aACMO-
mot, a kg — necyuwum oarnosvim ekmopom. Takum obpa-
30M, JIMTHAMUKA TI0JIsI B BOJTHOBOM IIAKETE B IIEPBOM IPUO,JIU-
2KEHUU TaKas YKe, KAK U JUHAMUKA [T0JIs B MOHOXPOMAaTHYIe-
ckoit Bostre. Tem He MeHee, OOBITHO TPEACTABIISIET HHTEPEC
ciraboe OTIImYne OT 3TOH JUHAMUKY, KOTOPOE BO3HUKAET U3~
3a €J1aDOr0 OTJIMYHS BOJHOBOIO ITAKETa OT IIJIOCKON BOJIHBI
(ero ciaboii HeMOHOXpOMATHYHOCTH ). IIpu 9TOM YacTo OKa-
3bIBAETCH YIOOHBIM PACCMATPUBATH BOJHOBOW IAKET KaK
eJInHOoe TeJI0€e, He PACKJ/IAJbIBAas €ro 3apaHee MO IIOCKUM
BOJTHAM.

JLJ1s TPOCTOTHI U3JI0XKEHUsT MBI PACCMATPUBAEM PaCIIPO-
CTpaHeHNe IJIOCKOIO BOJHOBOTO TTAKeTa ¢ (PUKCHPOBAHHOMN
JIMHEIHON ToJsiapu3anyeii.

Paccmorpum BoJTHOBOI 1IakeT u BBEJIEM MTOHSATHE Orubda-
rorreit. JIroboe moJie, ckazkem, JIEKTPUIECKOe, MOYKHO IIPE/I-
CTABUTHh B YaCTOTHO-IIPOCTPAHCTBEHHOM IIPEICTABJICHAN,

+o00o
E(t,r) = /(dw)Ew(r)e*iwt, (2.27)
rge B cuily BeriecrBeHHOCTH 10t E(t) BbIIOJHSIETCS

E_, = E}. Ilourn MOHOXPOMATHYHOCTH O3HAYAET, UTO Xa-
pPaKTepHOE BpeMsl U3MEHEHUsl gpemerndt ozubarouseti E(t)

“+o0

E(t) = (dw) B, e iw=wo)t (2.28)
/

E(t) = E(t)e ™' + E*(t)e™" = 2Re[E(t) e ']

Ew(r) = wawo(”‘) + E:)ero(r)

AIBJISIETCA OOJIBIINAM II0 CPABHEHUIO C IIEPHOIOM KOJIEOAHMS
nousist 27 /wy. Kak ciegyer u3 onpeneseHus, orubarorast
uMeeT TOJIbKO HOJIOKHTeabHble Pypbe-rapMOHHKHU, B TOM
CMBICJIE, YITO Ew<wo = 0 (Dypbe-06pa3 orubaroieii ope-
JIeJIsIeTCsl aHAJIOTUIHO ) Bpewms n3menenust orubato-
meit E(t) onennsaercs kax 1/Aw, rae Aw — xapakTepHast
9acToTA, Ha KOTOpOii yobiBaer Ea, ; oHa Ha3BIBAETCS Cnek-
mparvrot wupunot naxema. IlodTn MOHOXPOMATUIHOCTD
BOJIHOBOT'O IIAKETa O3HATAET, ITO

Aw < wy.

Ecan Bce BOHBI B makeTe pacupoOCTPAHSIOTCS TOYTH
B OJIHY CTOPOHY, TO MOYKHO BBECTH BMECTO BpPEMEHHOIt

NPOCMPAHCMEEHHO-BPEMEHHIIO  02UbAIOULYI0. DITEKTPUIE-
CKO€e TI0JIE B YaCTOTHO-BOJITHOBOM IIPEJICTABJIEHUN OIIpE/]ie-
JII€TCS COTJIACHO PAaBEHCTBY

E(t,r) = /(dsk) /(dw) E, x exp{—iwt+ikr}, (2.29)

rue vanpumep, (dk) = dk/2x. Tlo anamorun c (2.28]) npes-
craBuM Pyphe-KOMIOHEHTY 3JIEKTPHIECKOTO MOJIA B BUE

*
Euok = Pr-kow-wo T Prikgwtwo

E(t,7) = 2Re [e*i‘”ot”kor ®(t,7)],

rne Oypre-obpas ornbatomeir P, MMeeT OIUH MAKCUMYM
[IPU HYJIEBBIX 3HAYEHUSIX BOJHOBOTO BEKTOPA U YaCTOTHI, U
yobiBaer Ha k ~ Ak, w ~ Aw. B cuiy mamero mpemosio-
JKEHHS O TOM, UTO BCE BOJHBI B BOJHOBOM IIAKETE PACIIPO-
CTPAHAIOTCS [TOYTH B OJHY CTOPOHY. ITUPUHA 10 BOJTHOBOMY
BEKTOPY TaKKe JO0JKHa OBbITh MaJjoi, TaK 4TO

Ak < ko.

2-4.2 VYpaBHeHUE Ha OTUOAIOIILYIO

BammrreM BoIHOBOE ypasHeHue (2.25) B TepMuHax orubaro-
meii ®:

(ko — i0.)? = (B(wo +i0))°| ®(t,2) = —f1, (230)
rJie MBI y CUJIBL f BBIAEJNIN orubaromyio fi,
[ =2Re[f(t, z) exp(—iwot + ikoz)],

npegnosaras, 9ro B Oypbe-IIpeicTaBlIeHun f, , UMeeT y3-
KHe MaKCUMyMbI TaM ke, rie u E, ;. IIpu moxydenun ypas-
Henus (2.30) MBI IIOJIB30BAJINICH COOTHOIIEHUSMH THIIA

0,02 D(2) = ™% (jky 4 0.)D(2),
B(i0y) e~ "0t &(¢) e "t B(wg +i0;) B(2),
Bt —7) = e TD(t).

B cuny y3ocTu crieKTpasibHOM MIUPUHBI BOJTHOBOTO TTAKETA,
IIPOU3BO/IHBIE 110 BPEMEHU M KOODJUHATE B cjleryer
BOCIIPUHIMATH KaK MaJjble MOMPABKHA K wy U Ky COOTBET-
CTBEHHO.

Paznoxumces: 10 mepBoro mopsiKa 1mo STUM IOIMpPaBKaM
U IIOJIOYKUM BHeIHWiT ucTodyHuk HyiaéMm, f = 0. B pesyib-
TaTe MOJIyYUM ypaBHEHUE

(vg0; + 0p)®(t,2) = 0.

VpaBHEHNE YIOBIETBOPAETCS, €CJIN OTHOAONIAs 3aBUCUT OT
BpPEMEHN ¥ KOOPJMHATHI TOJBKO Uepe3 KOMOMHAIINIO 2 — Vg,
10 ectb & = O(2 — vgt). Takum o6pas3oM, B ITOM, [IEPBOM,
IpUOIMKEHN MBI YCTAHOBUJIM, YTO BOJIHOBOI HAKET [IBU-
raeTcs B IIPABO CO IPYIIIOBON CKOPOCTBIO Vg .

Tewm HE MeHee, c/ieTaHHOE IPUOJIMZKEHIE HE YIABJINBAET
u3MeHeHusi GOpMbI orubarorieit co BpemeneM. [Tosromy Ha-
I1a 1eJ1b — epernucaTh BotHoBoe ypasuenue (2.30) B Takom
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BHUJIE, KOTOPBIA OBLT OBl yI00OEH IS ONMUCAHUS SBOJIIOTIN
BOJIHOBOT'O TTakeTa. J[jist 3Toro ot j1abopaTopHO CHCTEMBI
KoopymHAT {t,2} WMeeT CMBICJ TEpefiTH B TAKyl CHCTe-
MYy KOOPJMHAT, y KOTOPO#l OJHO# M3 KOOPJMHAT SIBJISIETCSI
KOMOWHAIA 2 — Vgl; TaK MBI OyJeM paccMaTpUBaTh BOJ-
HOBBIE TIAKETDI, JIBUTAIOIINECS ‘B IPABO’, TO €CTh B CTOPOHY
yBeJINIeHNs] KOOPJINHATHI 2 M UCKJIIOYUM UX PABHOMEDHOE
JIBUZKEHHE C I'PYIIIOBOil CKOPOCTBIO V. BTOpas xoopauHa-
Ta, MOXKET OBITh BhIOPaHa B BUJIE CyMMBbI UCXOJIHBIX KOOP/IU-
HAT Zz,t C IPOU3BOJIBHBIMU KO(DDUITMEHTAMY, KOHKPETHBII
BBIOOP KOTOPBIX 3aBUCHAT OT (PU3MIECKOI MOCTAHOBKH 3a-
Jaan. MBI pacCMOTPUM [IBa BaprWaHTa TaKOro BLIOOpa: co-
npososciarowyro cucmemy xoopournam, cm. Ilyukr 2-4.2.2
u Aa00pamopry1o 3ana30veaouylo cucmemy xoopounam,

cM. ITynkT

2-4.2.1 Ilepexom B JgabopaTOpHYIO 3ama3IbIBaio-
OIyI0 CUCTEMY KOOPJAWHAT

JlabopaTtopHasi 3ama3iplBaiOIasi CHCTEMa  KOODIUHAT
{Znew, tret | OIIPEIEIIIETCH COMVIACHO PABEHCTBAM:

tret =1 — 2/ g, Znew = 2.
CMBICTT BBEIEHHBIX HOBBIX KOODIWHAT Cjemayrommuii. Mer
duKcupyeM MOJOXKEHNe TPUEMHUKA, UHBIMHA CJIOBAMU, KO-
OPIMHATY Zpew. BPEMsI K€ Mbl HAUUHAEM OTCUYUTHIBATHL HE
oT abCOJIFOTHOIO 3HAYEHWsI, & OT MOMEHTa, KOrJa B TOY-
Ky PACIOJIOYKEHUsI TPUEMHUKA [PUIET HMITYJIbC, PacIpo-
CTPAHSAIOMIAICS CO CKOPOCTBIO Vg W IYIIEHHBIH 13 HaYasIa
KOOpDJMHAT B HYJIEBOW MOMEHT BPEMEHH IO abCOTIOTHOMY
ero orcuéry. B urore mosyaaem, ato popma BOTHOBOIO Ia-
KeTa, OIPEJIENIAETCS 3aBUCUMOCTBIO OTHOAIOINIEH OT trey TIPHU

(PUKCHPOBAHHOM Zpew, TOT/IA KAK €0 9BOJIIONHUS ITPOUCXO-
JUT C POCTOM KOODIUHATHI Znew. CTOMT TAKXKe 3aMETUTD,
YTO TIPU BBIBOJIE YPABHEHUS TUIIA , OITUCHIBAIOIIETO
IBOJIIOITUIO BOJTHOBOT'O TIAKETa, yJIOOHO 3alUChIBATH 3aKOH

nucnepcun B Bugie B = B(w).

2-4.2.2 ConpoBoxgaromas (JBUXKYIIAsSICSI) CHCTE-
Ma KOOPAWHAT

ConpoBoXKIar0Imast CUCTEMa KOOPIUHAT {thow, Zrel }

thew = T, Zrel = 2 — 'Ugt = _'Ugtret
siBJIsieTcst 0oJiee MHTYUTHUBHO IIOHSITHOM: B STOW CHCTEMeE
KOODJIMHAT MbI HAOJIIOJ[aeM M3MEHEHWEe CO BPEMEHEM IPO-
CTPAHCTBEHHOW CTPYKTYPBI BOJIHOBOIO TAaKeTa, JIBUTAsICh
BMECTE C IAKETOM C I'PYIIIOBOil CKOPOCTBIO Vg. IIpu ncross-
30BaHUU COMTPOBOXKIAIOMIEH CHCTEMBI KOOPJIMHAT, HA0OOPOT,
yI0OHO 3alUChIBATh 3aKOH juctiepcud B Buje w = w(f).
Bropsie mpousBombie Mpeodbpa3yoTcs Mo MpaBuIaM

o__90 90 9 _ 0
Ot Otnew € 02vel’ 8z Ozl

IIpozenbiBast Ty ke mponeaypy, 4ro u B Ilynkre 2-4.21]
[IPUXO/JUM K YPaBHEHUIO

v§’ B2

—iat+Ta§ U= 5 f, (2.31)

anasorngHomy ypaprenmtoo (11.12). B riaBHOM mnopsii-
Ke 10 INHPUHE IIAKeTA, KAK MBI BHJUM, yDABHECHHS

(11.12]12.31)) oTym9arorcss ¢ TOYHOCTHIO 0 HPOCTHIX 3aMEH
vgtnew <> Znew U Ugtret < —Zrel-

§2-5. DileKTpoMarHuTHbIE BOJHBI B AaHM30TPOITHLIX Cpeaax

Paccemorpum pacnipocrpanenue miocKoit MOHOXPOMATH-
YEeCKOM S.HeKTpOMaFHI/ITHOfI BOJIHBI B aHI/I3OTpOHHOI71 OHO-
pomHOI TIpo3pavHoil cpene. B mpo3padHbIX cpejax oTcyT-
CTByeT MNOIVIONIEHWE, TO €CThb TEH30pa JUJICKTPUICCKON
OPOHUIIAEMOCTH U MarHUTHOM BOCIIPUUMYINBOCTHU ABJIAIOTCA
SPMHUTOBBIMHA MaTpUIlaMH,

g*tk = ght, W = (2.32a)

em. Iynxr 3-2.2] Us cummverpun xunernyeckux koaddu-
IIIEHTOB cyeyet, 9To B TeHzopax (2.32al) cummer-
pUYHasg 9acTh, KOTOpasd AeHCTBUTEIbHA BCIEICTBHE SPMU-
TOBOCTH , 9€THa MO CpeJHEeMY MArHUTHOMY IIOJIO,
a aHTUCHUMMETPHYHAsI 4acTh, KOTODasl SIBJISETCS MHUMOI
BCJIEJICTBUE SDMUTOBOCTH 7 HEYETHA 110 MATHUTHOMY
mostro. B gacTHOCTH, ecim cpefa sIBJIsIETCS HEMArHUTHOI,
MHHMas 9acTh TEH30pPOB OTCYTCTBYET, TO €CTb T€H-
30pa ABJISIOTCA CUMMETPHIHBIMU ITeHCTBUTEILHBIME MaT-

pUllaMHu:

cxik _ ik _ Eki7 Mw’k _ uik _ Mki7 (2.32b)

B sTom maparpade mMbl TyaBHBIM 00pa3oM OymaemM u3y-
9aTh HEMAarHUTHbIE cpenbl. Marnuruble cpeansl OyayT OT-
JIeJIBHO PacCMOTPEHbI B § it HeMarHUTHBIX CpeJT
OOBIYHO W MATHWTHAsi BOCIPUUMYUBOCTH PaHa EIUHUIIE,
TO €CTh OTKJIMK CPEJIbl Ha 3JIEKTPOMAarHUTHOE II0JIe OIIpe-
JledeTCd UCKJIIOYUTEJIbHO CUMMETPUYHON JIeICTBAUTE/IbHON
MaTpHUIel IUJICKTPUIECKON IPOHUIIAEMOCTHI ik, s sroit
MaTPHUIBI MOXKHO TaK BBIOPATH OPHEHTAITUIO JEKAPTOBOI
CHCTeMBbI KOODJAMUHAT, YTO OHA IIPUMET JUArOHAJIbHBIA BUJ:

¢ = diag (6(1), W), 5(2)). (2.32¢)

CHOBa TI0JIOZKUM, 9TO 3JIEKTPOMATHUTHOE TI0JI€ 3aBUCHT
oT BpeMeHu u KoopauHar Kak exp(ikr —iwt). Beeném cran-
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JapTHOE 0DO3HATEHUE
c
= —k. 2.33
n=* (233)

ITockombKy MBI WHTEpecyeMcss TPO3PAYHBIMUA CPEIAME I
PACIPOCTPAHSIIONIMMUCS BOJTHAMHU, TO BEKTOD N SIBJISIETCS
qucTo JefictBuresibHbBIM. OOparuM BHUMaHHE, YTO JJINHA
BEKTOpa N He PABHSETCs eJMHUIE; B M30TPOIIHON Cpejie ero
JUIMHA, paBHSIaCh Obl Koad durmenTy npejgomestausi. [lepe-
nuieM ypaBHeHus Makcsesia TS TIJIOCKOM BOJIHBI B
BEKTOPHOM BHJIE:

kxE] = 2B (2.34a)

[k x H] = — D,
C C

wim
[n x H] = -D,
D=¢E, B-=jH,

[n x E] = B, (2.34Db)
(n-D)=(n-B)=0.

B pesysibrare MCKII0OUEHNS MATHUTHOI'O IIOJIsI, TIOJIYYa-

€M B804H0B0€ YPABHEHUE

. . mn wz .. .
(e"”keﬂ"l ()™ kR — 25”> E/=0. (2.35a)
c

3amnucanHoe B jlaHHOM ciydae B Dypbe-mpocrpancTse. B
YACTHOM CJIydae, KOIjla CpeJia He 00JIa/[aeT MarHUTHBIMU
CBOICTBaMU, MAIHUTHAS WHIYKIIAsS PABHA MATHUTHOMY TIO-

a0, H = B. Torua sosinooe ypasuenue ([2.35al) yupora-
eTcs 710

2
(kza““ — Kk — e (w, k) °;’2> E*=0.  (2.35b)

YpaBuenue BEPHO U B OOIEM CJIydae MPOU3BOJIb-
HBIX MATHUTHBIX CBOWCTB CpeJbl, €CJU B KAadecTBe JiU-
SJIEKTPUIECKOH TPOHUIIAEMOCTH € TOPA3yMEBATh BEJIMIN-
HY Efyll, ONUCHIBAIOIILYIO TIOJHBIN JIMHEAHBIN 3JIEKTpOMAr-
HUTHBI OTKJIUK CPEJIbI HA TI0JIE BOJIBI .

2-5.1 VYpasHenue ®peHes

PaccmarpruBaeM HEMArHUTHYIO CPELy.

Badukcupyem yactoTy B ypasHenuu (2.35b|) u mogem
KPYTJIyIo cKOOKY Ha w?/c?. TeM caMbIM, MbI TIepefiiéM K
zanmucu B TepMuuax BekrTopa n (2.33). Ilorpebyem cytme-
CTBOBAHME HETPUBUAJIBHOIO PEIEHUS] IS JJIEKTPUIECKOTO
I0JIst, TO €CTh HalIéM IHCIepCHOoHHOe ypaBHeHue. B Tep-
MUHAX BEKTOPa N JUCIIEPCUOHHOE yPaBHEHUE UMEET BU/I

det (n?6" — n'n/ — " (w,wn/c)) = 0. (2.36)

Boraucaurs gerepMunanT y1o0HO B KOODAMHATAX, IJ€ TEH-
30D JUIJIEKTPUYECKOl IPOHUIIAEMOCTH ABJAETCS JUaro-
HAJIBHBIM, CM. . B sToit cucreme KOOpUHAT KOMIIO-
HEHTBI BEKTOPA N YJIOBJIETBOPSIOT YPABHEHUIO

Zé‘“)lniIQ(nIQ - Ze“)) + @) ) — g, (2.37)

i J#i

K2

DT0 — ypaBHEHUE 4-TO MOPSJIKA OTHOCHTETHHO KOMIIOHEHT
BEKTOpPA N, €CJM HE NPUHUMATHL BO BHUMAHUE BO3MOXK-
HYIO 3aBUCUMOCTb OT HETO TEH30Pa JUJIEKTPUYECKON BOC-
NPUMMYUBOCTH. Y paBHEHUE HA3BIBACTCH YPAGHEHUCM
Dpereasn (Fresnel equation). Boobiue rosopsi, npu (uxcu-
POBAHHBIX HAIIPABJIEHUN BEKTOPA N U IACTOTE W y YPABHE-
Hust OpeHestst CymEecTByeT JIBa MOJOKUTETHHBIX PEIeHust
JIJIsT abCOJIIOTHOIO 3HAYEHHs] BEKTOPA |n|, COOTBETCTBYIO-
e JIByM NOJsipusanusiv (a JiBa perieHusl ¢ IPOTUBOIIO-
JIOXKHBIM 3HAKOM COOTBETCTBYIOT BOJIHAM, PACIPOCTPAHS-
IOIIUMCS B IIPOTUBOLOJIOZKHOM Halpasjerun). To, 4ro me-
CTOI IOPHAJIOK B COKpATHWJICH, HE ABJAETCH CJIydaii-
HOCTBIO ¥ TOBOPUT 0O OTCYTCTBUM BOJIHBI C TPETbEH 1MOJIsi-
pusanuei.

2-5.2 PacmpocrpaHeHue Jrydeii

CymectByer B 06mmeM ciydae ase dyHkuun w = wi (k)
JJIsT OIUCAHUsI 3aKOHOB JIMCIEPCUU JBYX IIOJISIPU3AIUI.
Paccemorpum onny u3 mHux, omyckas wHaekc ‘1,2°. I'pymmo-
Basi CKOPOCTH

dw
~ dk

HaIlpaBJICHA OPTOrOHAJIbHO IIOBEPXHOCTHU W — const B Ipo-
CTPaHCTBE KOMIIOHEHT BOJ/JIHOBOI'O BEKTODa.

vy (2.38)

ky

w = const

s 1T v,

on k.

Puc. 2.2 TloBepXHOCTH TTOCTOSTHHOI YACTOTHI B
IIPOCTPAHCTBE BOJIHOBBIX BEKTOPOB JIjIs1 HEKOTOPOIt
GbUKCHPOBAHHON TOJITPU3AIUN.

2-5.2.1 BekTop ¥YmoBa-IloitHTrHTa

B srom mynkre [2-5.2.1] paccMoTpeHne IPIMEHHMO Ha JIEO-

Oble TTPO3pAYHBIE CPE/IBI, BKJIIOYAs MArHUTHBIE.
[IpomemoHCcTpUpPYEM, 9TO MOTOK SHEPTUH B BOJIHE, KO-

TOPBII OmpesesseTcss BeKTopoM ¥ MmoBa-lloftaTuara

S = % Re[E x H], (2.39a)

JEfCTBUTEJIbHO COHAIIPpaBIEH I'PYIIIOBOA CKOPOCTH Vg
(2.38). IIpoBapbupyem ypashenusi Makcsesuia 7
y/lepKuBast IIOCTOSTHHOM 9acTOTy w. Tor/1a BApUAIIIO MOXK-
HO IIPOBOJIUTH HAJl yPaBHEHUAMU , 3aIlMCAaHHBIMU B
TepMHUHAX BEKTOpAa N, IPUYIEM ero Bapualiysi 0N HalpaBJie-
Ha TI0 KaCcaTeJIbHOM K IIOBEPXHOCTH w = const, cm. Puc. @
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Pezynbrar Bapuanun

[bn x H] + [n x §H] = —D,

[6n x E] + [n x 6E] = /B. (2.39D)

TlocunTaem Teneph KOMOMHAIIUIO, TTPOIIOPIIMOHAIBHYIO U3~
MeHeHUIO 3amacénnoii sueprun (3.21]) npu peanbroM m3Me-
HEHUHU II0JIeH:

Re ((E-(SD*) +(H-6B*)) —  (2.39)
— 2(6n - Re[E x H']) + Re (D - 0E") + (B - 6H"))

B mnpomecce mpeobpazoBaHuil MBI CHOBa I0JIb30BAJIUCH
, a TakXKe TeM, YTO BEKTOp N ¢BJideTcd eiiCTBU-
TeJbHBIM. Terepb, B IPaBOil YacTh BO BTOPOM CJIa-
raeMoM OyJIeM TIOJIATATh, YTO TEH30PA € U [ 3aBUCAT TOJIBKO
OT YaCTOThI, HO HEe OT BOJIHOBOI'O BeKTOpa. Torjga ux Bapu-
arys paBHA HYJII0. B cnity nmpo3padHoCTH cpefpl

(D-0E*) = ¢*EF 6E* = EF ¢*F§E* = (E-6D*), (2.39d)
1 TO K€ caMoe JIJIsi MarHUTHOTO 11oJist. TaxkuM obpa3oM, BTo-
poe ciaraemMoe B IIpaBoOil yacTu PaBHO Bcell JieBO#
4acTH, T.e. IepPBOE CJIaraeMoil B IpaBOil 4acTu PaBHO
HYJIIO:

n - Re[E x H*] = 0. (2.39)

Suauut, BekTop lloitHTHHTa S HalpaB/leH HOPMAJIBHO 10
OTHOIIIEHUIO B IIOBEPXHOCTH w = const, T.e. BIOJIb BEKTOPa
IPYIIIOBOM CKOPOCTHU Vg.

2-5.2.2 JlydeBoii BEKTOp

Beeném ayuesoti sexmop S, KOTOPBI O OIPEJIEIEHUIO CO-
HaIpaBJIeH TPYNIIOBOM CKOPOCTH, & €r0 aMIIJTUTYIa YIOBJIe-
TBODPSIET yPaBHEHUIO

(n-s)=1, s 1T vg. (2.40a)
Jlyun B Kpucrajiie paciupOCTPAHSIIOTCS BJIOJIb HAIIPABJIE-
HUsI TPYIIIIOBOil CKOPOCTH, T.€. U BJIOJIb JIy9eBOI'O BEKTOpPA.
JmiHa ke BeKTOpa |S| nMeeT cMbICS 06PATHOTO ITOKA3ATEeIIst
upesioMyieHus 1/n Jyisi JAaHHOIO BOJIHOBOI'O BEKTODA U II0-
napusanun. lefictBurennio, Hadber (aswl 1) B pe3ysIbTaTe
pobera BoJtHOM paccTosinusg I T s ecThb
(w/e)l

nw/e)l = ¢ = (k-l) = °C”|ls|(n-s) = S (2:400)

[Toggepkuém, aro B 0bmem cirydae 3 deKTUBHBIN TOKa3a-
TeJIb MPEJIOMJIEHUsI I He PABEH MOJIYJII0 BEKTOPA N.
[IpenmytiecTBO BBIYUCIEHUIT B TEpMUHAX S 10 CPABHE-
HUIO C TPYIIIOBOI CKOPOCTBHIO COCTOUT B TOM, YTO BEKTOD
S MOXKHO HAWTHU HEMOCPEJICTBEHHO, He mpuberas K gudde-
PEHIMPOBAHUIO 3aKOHA Juctiepcun. [Ipu arom, pasymeercs,
BEJINYMHA, I'PYIIIOBON CKOPOCTU OCTAETCs He HailJeHHOIA.

Bepuémcst K orpaHUYEHHMIO HAIETO PACCMOTPEHHS Ha
HEMarHuTHBIE CPEJIbl. Y DABHEHUE HA JIYIE€BOU BEKTOD S aHa-
sornaHo ypaBuenuio Dpenests . HeiicTBuTeIBHO, T10-
CKOJIbKY JIy9I€BOif BEKTOP COHAIpaBjeH BekTopy IlofHTuH-
ra, To OH OPTOTOHAJIEH BEKTOPaM 3JICKTPUYECKOI'O U Mar-
HUTHOI'O II0JICH,

(s:E) = (s-H) =0, E=¢"'D, H=;'B. (2.40c)

Jaee, [TOMHOXKUB BEKTODHO ypaBHeHus Makcsesia

(2.34b|) Ha sygeBoit BekTOp s U Bocuob30BaBIIUCH ([2.400))
u ycaosueM ([2.40al), oy anm

sxD]=H, [sxB]=-E. (2.40d)

Mpbr B, uto ypasuernus (2.40d2.40d)) BocnmpomssomsaT
ypasuerus Makcsesnna 3amucanubie B hopme (2.34b)), ecan
COBEPIIHATDH 3aMEHbI

E < D, n < s, £ et

i it (2.40e)
B uacrtHocTH, ypasHenne Ppeness (2.37) B Tepmunax Jry-
YEBOr0 BEKTOPA HEPENUCHIBACTCA B BUJIE

Z|Si2(H€(j)|S|2 — Za(j)) + 1 =0 (240f)

J#i J#i

2-5.3 Ilonspusanuu BOJIH B HEMAarHUTHBIX
cpenax

it HEMArHUTHBIX Cpejl COOCTBEHHBIE BEKTOPA CHUMMET-
PUAYHOI JIeHCTBUTEJABHON MAaTpPHUIbI B BOJIHOBOM ypaBHe-
uuu (2.35a) MoryT GBITH BCerya BHIOPAHBI YUCTO JEHCTBU-
TeJIbHBIMU. TakuMm 00pa3soM, B HEMATHUTHBIX CpPEJaxX IIO-
JIIPU3AINY BOJIH BCETIA SIBJSIIOTC JauHedHbIME. OTMeTHM,
YTO JIJId YaCTHOI'O CJIy4dad M30TPOITHOU CpeJibl BO3MOXKHbBIE
JUIMNTAYECKHAE MOJIAPU3AIUN [IJIOCKOH BOJIHBL ABJISAIOTCH
CJIEJICTBUEM BBIPOXKICHUS M MOTYT OBITH ITPEJICTABJICHBI KaK
JIMHEHHAST KOMOMHAIMS JIMHEAHBIX ITOJISIPI3allnii.



Thasa 2. Jlunetinvie oanv, 6 00Hopodroti cpede 22
LX)
§2-6. OgHOOCHBIIT KPUCTAJLI
Jlureparypa: Jlangay u JIudmmun, (1982 § 98. JIEKTPUIECKOH ITPOHUIIAEMOCTH 3aIUCHIBAETCS B BUJE
B oiHOOCHOM KpuCTajjie TEH30P JUJIEKTPUIECKOI [IPO-
HHUIIAEMOCTH 0bJIaJIaeT aKCuaabHOi cuMMerpueii. Och cuM- e, 0 0
MEeTPHUH HA3BIBAIOT Onmuueckoll ocvlo. BBemém mexaprToBy .
cucremy koopgamuat Ozyz, ocb Oz KOTOPO#l COBIAIAET O & = 0 e 0 : (2.41)
ONITHYECKOIT OChI0. B 3T0it crucTteMe KOOpAWHAT TEH30D - 0 0 ¢

§2-7. Maruuroontuka

PaccMmoTpuM cpeity, KOTOpasl sIBJISETCS U30TPOIHON B
COCTOAdHUU IIOKO4I. B YJaCTHOCTH, B COCTOAHNUN ITOKOA TeH30p
JIABJIEKTPUYECKOI POHUIIAEMOCTH CPeJIbl TPOIOPIMOHAICH
eMHNIHOM MaTpuie. HanoKnMm BHeITHee MOCTOSTHHOE Mar-
HUTHOE TIOJIE Ha 3Ty Cpeiy. B pesysibraTe M30TPOIHs OKa-
JKETCA HAPYIICHHOM, TIOCKOJIbKY B CPEJIE Telephb eCTh BhIJIe-
JICHHOE HAIIPABJICHUE — HAIIPABJICHUE MAIHUTHOTO IIOJISL.

Zvezdin u Kotov (1997)

2-7.1 ®dDenomMeHOJIOTrUA

IpeamonoKuM, ITO cpefia B OTCYTCTBHH MATHHTHOTO IIO-
JIs TP MHTEPecyIONUX HAC YACTOTaX SABJISETCH IIPo3pad-
Hoit. Tora MOXKHO OKUJIATE, YTO HPH HAJIOYKEHIN MATHUT-
HOT'O II0JIsI CPeJia. HO-IIPesKHEMY OCTAHETCs IIPO3padHoil. B
5TOM CIIydae JU3JICKTPHUeCKas ITPOHUIAEMOCTh £ B IpH-
CYTCTBHHI MATHHTHOTO HOJIS IMeeT CIIEIYIONIYIO CTPYKTYPY

9 = & (09 —W'h) + eh'hY + ie, €IFHE, (242)

riae Ko3(pMUIMEHTBI €, £ U €, SIBISIOTCS (DYHKIMAMU
KBaJipaTa MaruuTHOTO o1t H3, a etuananbrit Bekrop ht =

¢ /Ho HampaBJieH BJIOJIb MOCTOSIHHOIO MArHUTHOTO TIOJIS
(rakum 06pa3oM, Pa3sMEPHOCTH £, OTJIMYHA OT Pa3MEpHO-
creit £;). Bug MIPOUKTOBAH OOOOITEHHBIM TTPUH-
[ATIOM CUMMETPHUM KHUHETUIECKUX KOIMDMOUIMEHTOB (CM.
HyHKT

' (—Hy) = e (Hy)

7 TPEJIIOJIOKEHNEM 00 OTCYTCTBHUH JMCCUIIAINH, KOTOPOEe

BbIpazkaercst yciaosueM ((3.26)):

€ = &Y.
IIpu srom B 3ammucu (2.42) Mbl BBIIEIHIN YETHYIO U HEYET-
HyIO 110 MarHUTHOMY IOJII0 dacTu. Eciam BbIOpaTsh Jexap-
TOBY CHCTeMY KOODJMHAT, y KOTOpO# och Oz HampasieHa

BJIOJIb (MJIM IIPOTUB) MArHUTHOrO 1oJsdA, 10 (2.42) B Mar-
PUYHOM BHUjE OYJIeT UMETh BUJ

&t iegHo O
£ = —ieqHyg €t 0 ,
0 0 €l

rae HO €CTh Z-KOMIIOHEHTa MarHUTHOI'O IIOJIA

2-7.2 Dddekr Papanes

IIpomonbublit MmarauToonTudeckuit apdexr Dapayest 3a-
KJIFOYAaEeTCs B TOM, UTO JIMHEHHO IOJIIPU30BAHHBIN CBET,
PaCIpOCTpaHSIONIel BAOJb MATHUTHOTO IIOJISI, UCIIBITHIBA~
€T BpaIlleHre TJIOCKOCTH TOJSPU3AIANA TP TTPOXOXK ICHUT
qepe3 cpey, 001aJaBIIYI0 U30TPOIHEHl B OTCYTCTBUM Mar-
HUTHOI'O T0JIsI. DTO O3HAYAET, UTO JBE KPYTOBbIE IIOJISIPU3a-
[IUU CBETa PACIPOCTPAHSIIOTCS C Pa3HBIMU (PA30BBIMU CKO-
pOCTSIMH.

Haitném cBasp 3tux 3dhdeKToB ¢ KOHCTAHTaAMU £; U
€o- HampaBum ock Oz J1€KApTOBOIl CUCTEMBI KOODJIUHAT 110
marautHomy nostio Hy. JIa BosTHBL, pacpocTpaHsIoneicst
BJIOJTb MATHUTHOTO TIOJIsI, KOMIIOHEHTa, 3JIEKTPOMATHUTHOI
naaykiun D? = 0. B cuty Buza Tensopa quaieKTPUYIECKOit
MIPOHUTIAEMOCTH 3JIEKTPUTIECKOE TI0JIe BOJTHBI TaKKe
HaIIpaBJIEeHO HOPMAaJIbHO K 110J1f0. [loaToMy BOJIHOBOE ypaB-
wenue (2.35b|) 171 Hamero yacTHOrO Ciydasi mepenuchiBa-
eTcd B BUIE

[((ck:)2 — w25t)5ik — iw2€aHoeik]Ek = 0, (2.43)

rJie eIMHUYIHBIA aHTHCUMMETPUYHBII TE€H30D OIIPEJIeJIEH CO-
rinacHo pasencrsaM €F = —eb ¢!2 = 1. Pemenuem sto-
IO ypaBHEHUs SIBJIAIOTCH JIBe KPYroBble HoJisipu3anuu B,
PaCIIPOCTPAHSIONINECS C BOJJTHOBBIMU BEKTOPaMU ki :

1
E.,i o (m) ky = %\/5,5 + Hoey, (2.44)

rae AJisd BEKTOpa IIOJIAPU3AIUU I[IPUBEAEHBI TOJbKO IY-
KOMITOHEHTHI.

Ecin ucxouo (B Touke z = 0) m0JSpU3aIus 0I5 ObLTa
JIMHEHHOW 1 HampaBaeHHOi o ocu Ox, TO B XOJE€ PACIIPO-
CTPaHEHUs BOJIHBI IIOJIy9aeM, YTO €€ IMOJITPU3alius MeHsIeT-
Ccd COIVIACHO 3aKOHY

e <cos(5k z)), (2.45)
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re cpeanuii BoauoBoii Bekrop k = (ki +k_)/2, a pazHocrsb
BOJIHOBBIX BekTopoB 0k = (ki — k_)/2. Takum obpaszom,
HOJISIPU3AIMsT JIMHEHHO TOJISIPU30BAHHOIO CBeTa JIefCTBH-
TEJIbHO [OBOPAYMBAETCSL B IPOIECCe NPOXOXKIEHUS depes
PaCCMaTPUBAEMYIO CPeJLy.

IIpu orHOCHTEIBLHO CIAOOM MATHHUTHOM TIOJIE MOXKHO
CYNTATDH, UTO AHTUCUMMETPHUIHAsA J00aBKa B TEH30p -
3JIEKTPUIECKO# mpoHuaeMocT Masta, Hoe, < €, a cama
BeJINYUHA £; CJa00 OTJINYAETCS OT BEJIUYIUHBI JIUIJIEKTPH-
YeCKOI IPOHUIIAeMOCTH £g B OTCYTCTBUE MArHUTHOT'O II0JISI.

Torna obpaTHBIN IEPHO TOBOPOTA BEKTOPA HOJISIPUBAIIAN
JAETCsT BhIPAYKEHUEM,

H
ok = LZa0 (2.46)

c2e
Eciu crpaBeyInBo IIPEJIIIOJIOKEHHE, YTO IPH YMEHbIICHIH
MAarHUTHOT'O T0JIF £, CTPEMATCS K IOCTOAHHOMY 3HAYCHHIO,
TO U3 CJIeJIyeT, UTO IIEPHOJ, IIOBOPOTA BEKTOPA IIO-
JITPU3AIIE BOJHBI OOPATHO IPOIIOPIHOHAJECH MATHUTHOMY
THOJTIO.
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T'nasa 3

TEPMO/IMHAMUWKA TEJIA BO BHEIITHEM
QJIEKTPOMATHUTHOM IIOJIE

§3-1 TepMO,ZLI/IHa.MI/IKa TeJla BO BHEIITHEM 3JICKTPUYIE€CKOM 1 MAaroHmTHOM IIOJIAX

Craructuyeckas cymma
Z = trexp{—’}:[tot} (3.1)

3-1.1 TamuiapToHMaH TeJjila BO BHeEIIHEM
3JIEKTPOMATrHUTHOM IIOJIE

IIpeamosnoxkum, 91O MBI U3ydaeM I[IOBEJIEHUE HEKOTOPO-
ro obpaana, MTOMEIEHHOTO BO BHENIHEE 3JIEKTPOMATHUT-
HOe ToJie. DTOT 0Opaszer; ONHUCHIBAETCS TAMUJIBTOHHAHOM
H(A"), tae AF(r,t) — 4-IOTEHIUAI SJIEKTPOMAIHUTHOIO
oJIst. DJIEKTPOMATrHUTHOE II0JIe CO3JaéTCs KAK BHEIIHU-
MW UCTOYHUKAMU, UMEIONUMHA IJIOTHOCTD 3aPSI0B Pgrc U
IUIOTHOCTDH TOKA jgrc, TAK U 3aPAAMU U TOKAMEI B CAMOM
obpa3srre.

TlosHbIit raMIIBTOHUAH CUCTEMBI, COCTOSINEN U3 UCCITE-
JIyeMOT0 00pasia u 3JeKTPOMATHUTHOTO OIS, BO30YKIa-
€MOI'0 MCTOYHUKAMHY, CKJIAIbIBACTCI U3 TPEX dacTeil:

Hiot = H(A") + Hf + Hiosers (3.2)

B (3.2)) raMuibronman coberBeHHO nCCIEyEMOro obpasma
H({(A) = 3 / BB (1) Ha (s A o (7)), (3.3)

rae VU,(r) — omeparop YHHYTOMKEHUsI YACTULBI COPTA G
B TOYKE T, & JIOKAJbHasA IUIOTHOCTH TAMHJILTOHHAHA, JIJIst
YaCTHI] COPTA G

. . 1 7/, €a 2 .
Ha(ri A1) = 5o (o — " Au) Heapa—(it,Ba) . (3.4)

rJe Aa, ]:%a U @, O3HAYAIOT JIOKAJbHbIC 3HAYCHUS
BEKTOP-IIOTeHIHaJIa, MArHUTHOI'O II0JId U CKaJIIPHOIO IIO-
TEHITNAJIAa B TOYKE TOJIOYKeHUs JacTurbl a. Ilaganku Ha
STUMH BeJINYMHAMH O3HAYAIOT, YTO 3JIEKTPOMArHUTHOE I10-
Jile caMoO siBJIeTcsi (DYHKIMEH COCTOSHUS MCCJIELyeMON CHU-
crembl. Jlajee, raMIJIbTOHUAH SJIEKTPOMATHATHOIO TI0JIsT

1 .

Hy = 8—/d3r (E* + B> -2pdivE). (3.5)
77

KaHOHUYECKUME CONPAKEHHBIMU TI€PEMEHHBIME  SIBJISFOT-

¢t A — obobménnbie koopaunatsl, u E/(47) — 0606-

MEHHBIE UMITYJTBCH; OGOOIEHHDI MMITYJIbC, KAHOHWIECKH

CONPsIKEHHBIN 000OIMEHHON KOODAWHATE (P, TOXKIECTBEH-
HO paBeH HyJso. Hakonerr, 4acTh raMHJIbTOHUAHA, OTBEYA~
folas 3a BO30yKJeHe BHEITHUMU UCTOYHUKAMU JIEKTPO-
MAarHUTHOTO TIOJIsI

. 1, .
Hf,scr = /dgr <80psrc - C(A'JSFC)>' (36)

Ceifyac MBI CYHTAEM, UYTO 3JIEKTPOMATHUTHOE II0JIe
KJIACCUYHO U, COOTBETCTBEHHO, ITO[UMHACTCS KIACCUIECKUM
ypaBuenusM [amuiabrona. Kpome Toro, Mbl mmojiaraem, ITo
TerioBble (QIYKTYaIMU 3JEKTPOMATHUTHOIO I0JIsl HE3HA-
YUTEIbHBI.

3-1.1.1 DJeKTpoMarHuTHOE MOoJie

VYpapuenns l'aMuabToHa I 9JIEKTPOMATHUTHOTO ITOJIST
BBITJISAIAT CJIEIYIONIM 00pa30M

_ 57:[tot
OB = —Ar—s

B 5 H ot - 5ot
OA = dr—E = s

Mo>KHO TIPOBEPUTD, YTO €CJIU IOJACTABUTH MATrHUTHOE I10JIe
B = rot A, 10 5T ypaBHEHUsI BOCIPOU3BOAAT ypPaBHEHUS
Maxkcsemna ...

3-1.1.2 CrannoHapHasi CUTyaIlus

ITycTh BHENIHUE MCTOYHUKH (Pgre U Jspe ITOCTOSTHHBI BO
BpeMeHI/I. HOHO)KI/H\/I I10 OIIpe;LeJIeHI/IIO

A Ysre = —4Tpsre,  Bsre = —VPsre,
(3.7)

47,
rot rot Asrc = - ?Jsrm Bsrc =rot Asrc~

ITockonbKy MBI paccMaTpPHBaeM CTAIMOHAPHYIO COCTO-
sAHUE, JIEKTPOMATHUTHOE IIOJI€ MOXKET OBITh HANIEHO U3
MIPUPABHUBAHUSI €M0 BPEMEHHBIX ITPOU3BOIHBIX HYJIIO:

13 KOTOPBIX CJIESLyeT

4
rotrot A = ijtot. (3.8)
c

E = —grady, divE = 4mpiet.

Wunexc ‘tot’ y mIoTHOCTH 3apSIOB pPiot U JIEKTPUIECKOTO
TOKA, jiot O3HAYAET, UTO STU BEJUIUHBI ABJISIIOTCA CYyMMOIt
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BKJIaJI0B OT paCCManI/IBaGMOﬁ CHCTEMBI 1 BHCITHUX UCTOY-
HUKOB!

Prot = P+ Psre; jtot = j+jsrcv (39)

TJIe MHEKC ‘Src¢’ O3HadvaeT BHEITHWE UCTOYHUKH. VI3 ypas-
HEHUil JBUKEHUs, 3alucaHHbIX B dopme Jlarpamxka, cie-
JIyeT, UTO OepaTopbl IJIOTHOCTH 3apsiiioB p 1 ToKa
CHUCTEMBI PABHBI

. . OH .

p = %v J = _CE' (3 0)

PageHncTBO HYIIF0 KAHOHIYECKOTO UMITYJIBCA. COIPSYKEH-

HOTO ODODOIIEHHOI KOOpIUHATE (P, sIBJISETCs CBsi3bio. 1lo-
9TOMY TOJIHBI TAMUJIBTOHUAH CHCTEMbBI MOYKHO [T€PENUCATH
¢ yIETOM 3TOM CBSA3U, [TOCJIE Y€ro MOJLY IUM:

N N B2 E?
_ 3 _
Hiot = H((,O, A) + /d r (871‘ 87T> +

1.
#[@r (erm-ada0). G

HpH‘{éM JICKTPUICCKOE II0JIC YJIOBJIETBOPACT YPaBHCHUIO
CBA3U

divE = 47Tpt0t' (312)

C yuérom oupezenenuii ((3.7) raMuabTOHUAH MOXKHO I1€pe-
IMCcaTh B BHU/IE

,}:[tot = 7:[(()07 A) + (3 13)
. / 4, [B® _ BB / o [E*_EEg
" 8 47 " 8 47 '

3-1.2 TepmoamHaMmYecKue MOTEHIINAIIBI

3-1.2.1 ®PukcupoBaHHOEe pacIiipejejieHne 3apsI0B
U TOKOB BOKPYI HCCJIe[yeMOro TeJia.

CBobo/iHAsT HEPrUsl JIJIsi TAKOW CUCTEMbI SIBJISIETCS (DyHK-
nueil BHEITHUX HUCTOYHUKOB pPgrc U Jsre- [€ BaApUaIUIO 110
9TUM I1apaMeTpaM MOKHO IEPEeNHUCcaTh B CJIEAYIONUX BU-
Jax:

. 1, ..
5F(psrc7.]src) = /d37ﬂ (SD 5psrc - CA(s.]src> =

E/D BH
3 —
/d " [ 47 47 } (3:14)

HpI/I BBIBO/I€ MbI IIOJIB30BaJIUCH TE€M, 4YTO

4r

divD = —47pge, rot H = —jgc. (3.15)
c

MOXKHO HCCIIEIOBATh HECKOJIBKO JPYTYIO BEJUIHHY,
o6oznaunm eé Fi,: paznocrs cBoboanoii snepruu F (3.14) u

SHEPIUH I0JIsA, KOTopas ObLia Obl B OTCyTCTBUU Tesa. Ba-
puarus noreHnuaa Fi, 3amucbiBaeTcs B CISAYIONEM BU/IE:

§Fin(psrc7jsrc) = 9 [F(psrcvjsrc) - Hf,src] = (316)

= — /d37" [P 5Esrc + M 6Bsrc] )

rje

1 1 .
Hise = §/d37" (Psrc Psrc — CAsrC.]src> .

OTMmeruM, 4TO UHTEIPUPOBAHKE B IIOCJIEHEM BbIPAXKCHUU
(3.16) mpousBOAUTCST TOJBKO TIO 0OBEMY 00pA3IIA.

3-1.2.2 ®ukcupoBaHHOe 3HAYEHHE II0JS BOKPYT
HucciielyeMoro TeJa.

Paccmorpum Teneps cuTyaruio, Korga (pUKCHPOBAHBI HE
BHEIITHAE WCTOYHUKU, & 3HAYCHHE JIEKTPOMATHUTHOIO TIO-
TEHINAJIA Ha TOBEPXHOCTU MPOBOAHUKOB. CBOOOIHAS IHED-
THUsI JIJIsT TAKOTO IIPOIIECCa MOy IaeTCsT U3 CBODOIHOM SHEp-

run (3.14) npeobpaszosanunem Jlexxkanpa:

F(p,A) = (3.17)

. 1.
= F(psrC7.]src) - /d37‘ <<Ppsrc - CA.]src> =

ED 1
= F srcv‘src - d3 7_7A.src .
(Psres Jsre) / T<47r - .]>

[Jic ONpeJieJieHHeM ¢ U A ABIIsieTCsl BbIpaXkKeHHe It
Bapuanuu (3.14). TaMuibronuan st Takoil CUCTEMBI 3a-
LUCHIBACTCS B BUJIE

R R B2 E2
Hiot = H(@,A)+/d3r [— ]
8Tt 87

Bapuanus cBoboHOI dHEPTUN paBHA

~ 1
6F((p,A) = /d3r <_psrc 5@ + Ejsrc (SA) =

D/E  HJ/B
= dBr [ -=— + : (3.18)
47 47
Toumo Tak »Ke MOKHO PacCMOTPETH 4acTh CBOOOIHOMN SHEP-
T, KOTOpad OTHOCUTCA UMEHHO K Hccne/:(yeMoﬁ cucremMe

SFm(p,A) = 5[F(¢,A)+Hf,m}= (3.19)

= / d®r [Egre 0P + By 0M] =

1
= /d?’r |:Esrc 0P + EAsrc 5jbody:| .

Onsrh, moC/IemHUN WHTErpaj IPOU3BOIUTCS TOJIBKO IIO
BHYTPEHHOCTH 0Opa3sIia.
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§3-2. DHeprud moJid B AUCHEPTUPYIOIINX Cpeax

PaccMoOTpuM HEIOIBUAKHYIO HEIPEPHIBHYIO CPEJLY, B KO-
TOpOil BO30Y>KIEHO IIepeMEHHOE 3IeKTPOMArHUTHOE IIOJIE.
B srom nmaparpade Mbl U3y9IHM IIOTOK U ILJIOTHOCTBH SHEP-
I'UH, CBA3AHHBIE C 9JIEKTPOMATrHUTHBIM IIOJIEM, & TAKKE CKO-
POCTb IVCCHIAIUH 3TOH SHEPTUU B TEILIO.

ITperkie Bcero 3ammIeM IJIOTHOCTH IIOTOKA SHEPIUH —
sekTop Ilofinrunra (nmm Ymosa-Iloitntunra) S:

c

S =
47

[E x HJ. (3.20a)
B cmpaBeymmBocT 9TOTO BBIPAYKEHUsT MOXKHO yOETUTh-
CsI, PACCMOTPEB I'PAHUILY pasjiesia PacCMaTPUBAEMON Cpe-
JIbI ¢ BaKyyMoM. HopMaJibHast KOMIIOHEHTa [TOTOKa SHEPIUU
JIOJI?KHA ObITh HEIPEPBIBHA IIPU I[EPEXOje depe3 I'PaHUILy,
U BBbIpazKeHHe — eIUHCTBEHHOE, yIOBIeTBOPSIONICe
9TOMY YCJIOBHUIO, MOCKOJIBKY Ha I'PAHUIE Pa3/esia OCTAI0T-
Cs1 HEMIPEPBIBHBIMU TAHTEHITMAIHHBIE KOMITOHEHTHI NMEHHO
anexkTpudeckoro nosisd E u marautHoro moss H.

B ciydae, Korma pedb HIAET O IMOYTU MOHOXPOMATHIE-
CKOM 3JIEKTPOMATHUTHOM I10JIe, UMEIOIIEM YacToTy OJim3-
KYIO K wp, MOXKHO Tiepenucarh dopmyiy (3.20a)), ycpenuus
eé 1o mepuoay KoJsiebanuit moJisa. BeimesmM y Bcex moseit
orubaroNLyo 10 BpeMeH! (HalpuMep, JJisl SJIEKTPUIECKOIO
nosst — E(t)), kak 310 GB110 Criemano B [ynkre CM.
(2.28]). B pe3yabraTe ycpeHEHUs UCUE3AI0T C/IaraeMble, 0C-
MUJITUPYIONINE ¢ JBORHON 9acTOTOU 2wy, U MBI MOy IaeM

S = %Re {E X H] . (3.20b)

B wactHOM Ciyvae MJIOCKOW MOHOXPOMATHUYIECKOH BOJI-
HBI, PACIPOCTPAHAMONIENCS B M30TPOIHON cpejie, BEKTOD
IloitaTHHTa HATTPABIIEH IO €€ HAIIPABJICHUIO PACIIPOCTPAaHE-
HUA T,

c[E[”
S = o Re+/e/u n. (3.20¢)

MbI BOCIIONIb30BaJINCH COOTHOIeHusIMA ([2.22)) st mosteit B
BOJIE.

3-2.1 MomiHocTb, BblaejiseMad B eJINHUIe
obbéMa

MrHoBeHHOE 3HAYEHHME JIMBEPreHIUN OT IIOTOKA SHEPIHUH
JIOJIZKHO OBITH paBHO MOTIHOCTH W, TTepetaBaeMoil e TuHUIe
00bEMa CO 3HAKOM MUHYC:

divS = —%—VZ.

Wcnonways ypasaenust Makcsesia B cpeie, oIy IaeM, ITO

Cgws - BADHOB -t
™

0,(E? + B?
= % + EO,P — M§,B.

IIpu BBIBOJE MBI IIOJIATAJIM, YTO BHENIHUE 3apsibl OTCYT-
CTBYIOT, jext = 0.

st 1I0YTH  MOHOXPOMATUYECKOTO IIOJIsSI  PEe3yJIbTaT
yCpeIHEeHUsI 110 ITepuoLy KoJiebaHmii eCThb

HW = %Re (E[(at —iwg)D]" + H[(0; —iwo)ﬁ]*).
(3.22)

3-2.2 CkopocTb ANCCHUIIAIIANA SHEPTUU

715t TOTO, 9TOOBI TOCIUTATH CKOPOCTD JTUCCATIAIIAN () JJIEK-
TPOMArHUTHOM SHEPTUU B TEILIO, CJIEIyeT PACCMOTPETH I0-
CTOSTHHYIO MOHOXPOMATHYECKYIO BOJIHY. 1Orja CKOPOCTH
JUCCUATIAIIN

Q - 8tW = —diVS7

ITOCKOJIBKY IIPH IOCTOSHCTBE aMILIATYIbI KOJeOAHUIA ITOJIst
BCsl YXOJIAIIAsl B eIMHUILY 00bEMa MOIIHOCTH IIEPEXOIUT B

rerto. 13 (3.22) nomygaem

oW = “Im((E-D)+ (H"B)). (323

™

IIyctb Tenepn cpema obJagaeT JIMHEHHBIM OTKJIAKOM
(2.6a). Torna moaywaem, aro

Q =
w ki ik foxk i «ki ik 77i 7*
= R((sk —eMEFE + (ut —uk)HHk) =
- = (B E* + it i), (3.24)
s

rjie pa3JjioyKeHe TEH30POB Ha SPMUTOBY U AHTH-3PMUTOBY
qactu onpeaeneno B (2.13)). Ecaun cpeia msorporiHa, Tak
9TO UMEET MECTO BBIpaYKeHMUeE JjIsi CKOPOCTH JIHAC-
cunaiyn (3.24]) ynpomaerca o
W "2 1712
Q = ("1BP + wE?) . (3.25)

st Toro, 9ToOBI KOJIEOAHUS 3JIEKTPOMATHUTHOTO IT0-
JIT Ha YacTOTe w He WCIBLITHIBAJN JUCCUIAINE B Cpee,
HEOOXOINMO, ITOOBI AHTU-IPMUTOBBI YACTU JUIIEKTPUTIC-
CKO#l TTPOHUIIAEMOCTU U MAarHUTHOW BOCHPUUMYUBOCTUA HA
JIAHHOI 9acToTe ObLIN HYJIEBBIMU, T.€. UTOOBI BBIIIOJIHSIINCH
paBeHCTBa,

W) =e*(w),  pM(w) = pt (W) (3.26)
OTMmernM, 9T0 yCaoBue SBJISIETCST TOJIBKO HEOOXO M-
MBIM, HO HE JOCTATOYHBIM JJIsT TOTO, ITOOBI Cpela OKa3a-
nacek npospaunoii, cm. Ilynkr 2-3] IIpu BbmmosHennn ycmio-
BUit IIPOU3BECHNUE £/t MOXKET OKa3aTbCdA JIefCTBU-
TEJIbHOI OTPpULATE/IbHON BEJIMYUHONA — B 9TOM CJiydae cpe-
Ja He OyJeT mpo3padHoil, XOTs IOIJIOIIEHNe B Heil Oyaer
OTCYTCTBOBATD.



27

Hakomer; paccMoTpuM cirydaii BOJTHOBOIO IIaKeTa, KO-
I7a BpeMs JIEHCTBHUS JIEKTPUIECKOrO I0Js KOoHedHo. To-
IJ[a UMeeT CMBICJI TOBOPUTH 00 OOBbEMHOM IIJIOTHOCTH IIOJI-
Horo remia W, BBIIEUBINErocss B eauHulle oobéma. Jljs
VIIPOIIEHUS 3aIIUCH BO3bMEM YaCTHBIN CJIydail N30TPOIHOI
Cpeibl, TOTAa

—+oo

/ aQ - (3.27)

— 00

w

“+o00
= 4 [ (@R + wn @HP)

— 00

3-2.2.1 HepaBeHCTBO aJjisi JUAJIEKTPUUECKON ITPO-
HUIIaeMOCTHU

TpeboBanme HEOTPHUIATEILHOCTH IUCCUTIAIINI HAKJIAIHIBA~
eT OrpaHWYeHHe Ha AHTU-3PMUTOBY YaCTh JIUIJIEKTpUUIe-
CKOIl TIPOHUIIAEMOCTHU

3-2.3 DHeprus 3JeKTPOMATrHUTHBIX BOJIH

PaccmorpuM ouTH MOHOXPOMATHIECKYIO BOJIHY C HECYTIEi
JacTOTON wy. ByeM mpesmnosaraTs, 9T0 aMILIATY/Ia, 3JIeK-
TPOMArHUTHOIO TOJIsI MEJJICHHO YBEJUIUBACTCA BO BpeMe-
HU, TpUIEM mpu t — —oO OHa Obuta paBHa Hys0. Jlas
yI00CTBA BBIKJIAJIOK TIOJIOYKIM, YTO OHA BO3pACTaja SKCIIO-
HEHIMAJIbHO, IPOIIOPIMOHAIBHO eXP(7yt) ¢ MaJIbIM HOJIOXKH-
TeJbHBIM . B 3TOM citydae orubarormast
E(t) = Egexp(—iwt) + E exp(iw™t), w=wgy + i,

e Eg — koucranTa. ITocko/ibKy 9acToTa w JIEZKUT HA KOM-
MJIEKCHOI TIJIOCKOCTHU B BepXHell IOJIYIIJIOCKOCTH, TO MBI MO-
JKEM B3sITh aHAJIMTUIECKOE IIPOJIOJIZKEHNE JIJIsl JTUIJIEKTPU-
geckoit mpormmaemoct € (w) n marmcats

oD (t) = —i (w €ik(w) Ege_i‘“”5 — w*s*ik(w) E(’;keiw t) ,
CorJiacHO BBIPaXKEHUIO JJIsl TUBEPreHIIUN BeKTOpa Y MOBa-

IloitaTHHTA , pabora A, 3aTpadeHHAs BHEITHUMU UC-
TOYHUKAMH K MOMEHTY BpeMmeHU t = 0 u ycpegHéHHAas 110

TepUOy KOeOaHmii ¢ 9aCTOTON wq, paBHa

0
A = /dt(E-atD) =
7

— 00

y 62’\/15 ) . )
= =i [ R () e W)

Teneps npousseném pasiioxkenue B psf Jlopana nosryden-
HOT'O BBIPa’KEHUs 110 MaJIOMY 7y JO HYJIEBOH CTeIleHu:

d(w Eii)

1 . ) 1 )
A= —FEEiwy e (wo) + —E§FES -

3.28
4y 4 { )

w=wo

IlepBoe cnaraemoe COOTBETCTBYET JUCCUIATUBHBIM ITOTE-
paM 7 OIIPEJIEISIOT JaCTh 3aTPAIEHHON PAbOTHI, TIe-
periemieit B tero. OcraibHas 9acTh paboThl OKa3aIach
3aracéHHON B KOJIEOAHUAX SJIEKTPOMATHUTHOTO II0JIS.

ToBopuTh 00 3amacéHHON SHEPTUU IIEKTPOMATHUTHBIX
KOJIEDAHU KaK O CAMOCTOSTETbHON (DU3MIeCKON BETNINHE
WMeeT CMBICJI TOJBKO TOTJA, KOTJA Y MOYXKeT ObITh BBHIOpa-
HO TaK, 9TOOBI B epBOe NUCCUIIATABHOE CJIaraeMoe
OBLIO MAJIO IO CPABHEHHUIO CO BTOPLIM. VHBIME ciioBamy,
aHTU-3PMHUTOBA YaCTh TEH30pA JANIJIeKTPUUIECKON TPOHUIIA-
€MOCTH JIOJIZKHA OBITh MaJja [0 CPABHEHWIO C SPMUTOBOIA,
Eq K &

LI MarauTHON YacTH 3allac€HHOIl SHEPTrHH pPaccyK-
JeHnst OyIyT COBEPIIEHHO aHAJOIHYIHBIMHU. [lomensiem Te-
nepb 0003HATEHNST, 3AMEHUB B Eqg — E,,, u nHanumem
OKOHYaTeJbHOEe BbIpayKeHUe JIJIsl SHEPTUU JIEKTPOMATrHUT-
HBIX KOJIeOaHMIT BOJTHBI:

_ 1 8((")522) *knt a(wﬂzl) *k1T1
E = 7/(dw> TEW Ew + TH‘U Hw

(3.29)
Boipazkenue (3.29) naswbiBaercs dopmyioit Bpuiniosna.
Ecnn cpena nsorponta, To BbIpazKeHHs JJIs IJIOTHOCTH 3a-
ACEHHON YHEPTUU YIIPOIIAETCS 10

1 O(we’)
Efﬂ (dw) | ——=
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I'nasa 4

QJIEKTPOCTATUNKA

§4-1. Ilpocreitnine 3jieKTpocTaTUUeCKUEe 3a[a9N

Ecnm B 3nmekTpocTaTnyeckoi 3a1aue U3BECTHO PACIpe-
JleJIeHUe JIUJIEKTPUYECKOll IPOHUIaeMocTu &(T), TO pac-
npejiesieRne ssekTpudeckoro nosst E(r), koTopoe moreH-
UAJILHO, OIIPEIEJISEeTCs] YPABHEHUEM

div (e(r) gradp) = 0, E = —gradp. (4.1)

Ecyu B ypasaenun (4.1)) 1usjieKTpruaeckyio NPOHUAIIAEMOCTD
IIOJIEJIUTH Ha KOHCTAHTY, TO PEIIeHUE ITOTEHIINAJI OCTAHETCs
HEeU3MeHEeH.

4-1.1 IITap B 3JIEKTPUYECKOM IIOJI€

Paccmorpum 1miap, u3roToBJIEHHBIH M3 OJHOPOIHOIO MaTe-
puaJia, HaXoAAIuics B HEKOTOPOU OJHOPOIHOM cpene. [la-
JIEKO OT IIapa JIEKTPUIECKOE I0JIE CTAHOBUTCS OIHOPO/I-
HBIM B TPOCTPAHCTBE M PaBHBIM Eoyi. JlmdmexkTputdeckas
IIPOHUIAEMOCTD MaTepraJia Mapa paBHa €o, JMIJIEKTPHIC-
CKasl IIPOHUIIAEMOCTD CPEJIbl PaBHA €1. PAJIAYC Iapa PaBeH
a.

Harma 3amaga cocTonTr B HAXOXKICHUH DAaCIpPEIe/IeHUsT
moJist BOJIM3u 1mapa um BHyTpu Hero. IlockosibKy B 00IIeM
ypPaBHEHUU HA pacipejiesieHne 3jeKTpuyaeckoro mosst (4.1))
JIMJIEKTPUIECKas] [TPOHUIIAEMOCTh MOXKET OBITh IIOJejIeHa,
Ha KOHCTAHTy 0e3 W3MeHEeHHs PACIpEeIeseHUs II0JIs, TO
[IPUMEM, UTO CHAPYKHU Iapa JN3JIEKTPUIeCKas IIPOHUIAe-
MOCTb PaBHA 1, a BHyTPH, COOTBETCTBEHHO, € = €3/e1. Kak
OKa3bIBAETCs, I10JIe BHYTPHU IIapa SBJISETCS OJIHOPOIHBIM,
HAIIPABJIEHHBIM (MJIM [IPOTUBO-HAIIPABJIEHHBIM) BHEITHEMY
anekTpuaeckomy oo Eqyy. CHapyzku mapa 1mose ecTb cy-
[IEPITO3UTINAS BHEITHETO T0JIst Feyy U 0SSt qumosisi, 06pa3o-
BAHHOTO MOJITPU30BAHHOCTHIO 3aPsAJIOB B IIape U B CPEJIE.

Sasgada obsraaeT akcuasbHON cuMmMerpueii. Boibepem
JIeKapTOBy cuctemy Koopauuar Oxyz, HaAIaJI0 KOTOPO Ha~
XOJUTCH B IEHTpe Iapa, ocb Oz coHanpanseHa Hoio Eoyg.
Kpome Toro, Beeném cdepudeckue koopaunarsl {r, 6, ¢}.
IToste BHyTpH mapa paBHO

Eineza (42)
a TIoJTe CHAPYKH Iapa eCcTh
3(d-nn—d
Eext + %’ (4.3)
3 s e—1 3
d=— | d&’r rdivP = a’E;n.

O6parum BHUMaHWE, YTO JUIOJIbHBI MOMEHT IIapa HE pa-
BEH JIUIOJIbHOMY MOMEHTY CP€JIbl, 3aII0JIHSIONIEH map, 1o-
CKOJIBKY 3JIEKTPUYECKOEe II0JIe CHAPY?KU OIIpeJleIgeTcd B

TOM YHCJIE U TOJITpU3aIueil OKpyzkaomieil map cpeast. ['pa-
HUYHbIE YCJIOBUA Ha IIOBEPXHOCTHU I1apa JIAI0T YCJIOBUA Ha
HEIPEPBIBHOCTh KACATEIbHON KOMIOHEHTHI 1ot Eg (T.e.
HENPEPBLIBHOCTD OTEHITHAJIA, (©),

Einsing = (EZ, —d*/a”)sin0, (4.4)

W Ha HEIPEPBIBHOCTH HOPMAJbHOW KOMITOHEHTBI JIEKTPHU-
qeckoit muaykimu D,,,

3d? cos 0

o z
eEiycosf = EZ  cosf + pe

, (4.5)
VYpasuenns (4.3l14.4§4.5) comecTHBI, uTO O3HAUAET coOOT-
BETCTBHE JIEHCTBUTEJILHOCTH PACIIPEIEICHNs 110JIst, KOTO-
poe ObLIO 3asIBJIEHO B HAUaJe PElleHns 3a/1aH.
JIMNO/IbHBI MOMEHT U 1I0JI€ BHYTDH IIapa PABHBI

e—1 4
= . 4.6
€+2a (4.6)

d= aEexta «

Besmmunna <, cBsI3bIBarOIas MOJIHBIA JUIIOJBHBIA MOMEHT
TeJla CO BHEIIIHUM JICKTPUYECKUM II0JIEM, Ha3bIBaeTCdA €ro
MOJITPU3YEMOCTBIO. B 00I11eM ciiydae moJIsipu3yeMOCTh, CBsi-
3bIBasl JBa BEKTOpa, sIBJISIETCA TEH30pPOM BTOPOI'O DaHTa,
OJHAKO [IJId IMIapa OHA ABJIAECTCA CKaJIAPOM B CHUJIYy €0 CUM-
MeTPUU.

JATIOTBHBIIT MOMEHT ITapa COHAIIPABJIEH 3JIEKTPUIECKO-
MY IIOJIIO, €CJIN JUJIEKTPpUIeCKad IIPOHUIIaeMOCTH MaTepu-
aJia 1apa OoJIbIlle, YeM JUIJIEeKTPUIECKasT IPOHUIIAEMOCTD
cpenpl, €9 > €1. Takoll ciaydail peajiu3yeTcs, HAIpUMeED,
J7IsT KAITH BOABI WK JIIOOOTO APYTOro Imapa u3 IMIJIEK-
TPHUKa, HAXOIAIECd B BO3yXe (HyCTOTe). Merammmaeckuit
map, y KOTOporo popMaibHO TUITEKTPUIECKAsT TTPOHUIIA~
€MOCTDHb Ha HU3KHUX YaCcTOTaX YUCTO MHUMAasId N 60.HbH.IaSI 110
aMILTIUTYIE, CM. 1) , TAK2KE IIOAXOMUT II0[, 9TOT CJLydail;
€ro MOJIAPU3YEMOCTh PaBHA (v = ad. Hao6opor, gumosnbabrii
MOMEHT HaIIPpaBJIECH IPOTUBOIIOJJIOZKHO SJIEKTPUIECCKOMY II0-
g0, ecyin €2 < €. Hampumep, Tak HPOUCXOAUT JJIst ITy-
3bIpbKa B BO/I€ UJIN JJId J'IIO6OFO BKpallJIeHUsl MaTepuaJia C
,HI/ISJIGKTpI/I‘{eCKOfI IPOHUIA€MOCTBIO MEHbIIIE 9Y€M Yy CP€JIbI.

4-1.2 3apsana Hajg rpaHulieii pasjeia

4-1.3 3apsa psgsaoM C METAJLJINYEeCKUM Iia-
poMm
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§4-2 SJIJ'II/IHCOI/I,Z[ BO BHeEITHEM JJIEKTPUYECKOM IIOoJIe

Sasada 06 OHOPOHOM JLIUIICOW/IE, TIOMETTEHHOM B O/I-
HOPOJTHOE DJIEKTPUTIECKOE TI0JI€, MOXKET OBITH PeIleHa IoJI-
HOCTBIO AHAJJUTUYIECKH, CM., Harpumep, Jlaunay u JIudrmwmg

(1982, §8).

4-2.1 VYaJauHEHHOE TeJI0o BpaIlleHusd BO
BHENTHEM TMapaJijIeJJbHOM 3JIEKTPHU-
YeCKOM I10JIe: ITPUOJINXKEHHOE ONuca-
HUE

Paccemorpum teno, mpejcrasiisitoriiee u3 cebst purypy Bpa-
IIEHUsI, TOMEIEHHOE BO BHEITHEE 3JIEKTPUIECKOE T0JIe, Ha-
MIpaBJIeHHOE BJIOJbL OCU Bpalllenus Tea. BouibepeMm cucte-
My KOODJIMHAT, B KOTOPOil ock Oz HaIpaBJieHa BIIOJIb OCH
Bpairenus tejia. [liockocts Ory 1aér KpyroBoe cedyeHue
Testa ¢ pamuycoM p = p(z). s sumiconsa BparieHust
p = ay/1 — 22/b2. Tesi0 BBIIOJIHEHO U3 HEKOTOPOTO MaTEPH-
aJia, UMEIOIIEro JUAJIEKTPUIECKYIO IPOHUTIAEMOCTD €. Ecin
pedb UAET 0 KBA3U-CTAITMOHAPHOM I10JI€, TO MOYKET OBITH 0O-
Jiee yjI00HO XapaKTepU30BATh JIEKTPUIECKUN OTKJIUK Ma-
TepuaJjia TeJjia MIPOBOIUMOCTBIO T,

iw(e —1)

7= 47

B sroM myHKTE MBI mTOJIAraeM TEJIO BPAIIEHUs! CHJIBHO
V/UIMHEHHBIM, TaK 49T0 ero jumna b > p. Kpome Toro,
MBI IIoJIaraeM, 4TO IIoIlepevyHoe CcedeHUe TeJsla MEeHdAeTCs He
o4eHb ObicTpo, Tak 4ro dp/dz < 1, T.e. Ha paccTosHUU
Z ~ p TIONIEPEYHOE CeYeHNe N3MEHsIeTCs ¢J1ab0. DTO MO3BO-
JIZET HaM CUYUTaTh, YTO JIEKTPUUECKOE II0JIe BHYTPHU TeJa
OJTHOPO/THO B IIOIIEPEYHOM HallpaBJICHUMU.

[TonHoe 3JsieKTpUYECKOE IOJIE OIMCHIBAETCS BHEITHUM
rosieM Eqy¢ 1 HaBeJ€HHBIM ToTeHmaj oM ®, Tak uro

E = E.y —grad ®.

TlockonbKy B HaIIEM MPUOJIMKEHUH 3JIEKTPUIECKOE TIOJIE B
MOTIEPEYHOM HAITPaBJIEHUN OJHOPOIHO, TO

drP  j
e—1 &S,

= Fext — 0.9, (4.7)

IJI€ CEYEHUE TeJIa BPAIEHNUS IJIOCKOCTHIO, TIEPIIEH TUKYISIP-
Hoft JyTMHHOMN ocH, pasHO S, = mp?(2), P — 2z-KOMIIOHeHTa
HOJIAPU3AIMY MATEPUAJIa TeJa, & j — TOK Yepes3 IMOJHOe Ce-
qenHue, j = —iwS, P.

Haiiiém Tereps cBsi3b moTenmaga ¢ ¢ moroHHon mIoT-
HOCTBIO 3apsana ¢(z). B upenene b > p sra cBA3bL 3aIUCHI-
BaeTCsl B BUJIE

b
B(x) ~ /@7 (4.8)

rje uHTerpas 6epérest mo obmacru |2 — z| 2 p(z). Ipeob-
pa3yeM TO BbIPasKeHHe

b b
RN (q¢(2') = q(z)) dz’
() =~ df >_/b|z_z,| b [l d

q(2) 1 b2 — 22 b? — 22
- S, m

rJie MOC/Ie Il TIepexo] B Ienodke paseHcTs jja P(z2) se-
peH, korga ¢(z') He BO3pacraeT CHJILHO IpH yaaJeHuu 2’
oT z. Takum obpazom, ¢ JorapudMUIeCKOi TOTHOCTHIO, TO
ects B npegene In(b/p) > 1, noiydaeMm JOKaJIbHYIO CBA3b
MeK Ty 3apsiZioM U MoTeHIuag oM. HakoHer, TOK 1 IOrOHHAaA
IJIOTHOCTD 3apsiioB CBA3aHBI MEIKIY cO0Oil ypaBHEHHEM
HETIPEPBIBHOCTH:

0, —iwg=0 = 0,(S.P)=—¢q (4.9)
B pesynabraTe momydaem ypaBHeHHe, 3alMCAHHOE B TEPMU-
Hax noJsgpusanyun P:

4 1

TP 0 0:(5:P) = Feal2). (4.10)

Eciu nomuoxkuth 310 ypaBuenue Ha S, u npomuddepen-
[UPOBATH €r0 10 2z, MBI IIOJIYYNM ypaBHEHUE Ha 3apdl ¢:
4T q

74— 0:5:0. 5 = —0:(S:Fex). (4.11)

PaccymoTpum Terneps 9acTHBIN cirydait 3JIHIICON 18 Bpa-
menusi. CBsi3b MeXKJy IOTOHHOH IIJIOTHOCTBIO 3apsaa
¥ HABEJIEHHBIM IOTEHIINAJIOM II€PENNCHIBAETCS YIIPOIIAET-
csl, TOCKOJIbKY éMKOCTh C' miepecTaér 3aBUCETh OT Z:

q(2) 1

= St/a) (4.12)

Ecnu Bremnnee mose Feyy OMHOPOIHO, TO P TakKe OTHOPOI-
HO BJ10JIb ocu O z: JefCTBUTEILHO, U3 [TOJIy94aeM, 9TO
OJIHOPOJTHOE PEITIeHNe JJIsT TOJISTPU3aIu JOITYCKAETCS ITUM
YPABHEHUEM, €€ BEJIMINHA OIPEIEIISIeTCS PABEHCTBOM

1
(61 + Lb) 47TP = Eext7 (413)

rae ¢akTop Jenosspusanuu Ly B mpesesie CUIbLHO BbBITS-

HyTOTO 3smnconyia onpesenén B (4.16). Pemenne (4.13)
COBIIaIA€T C TOYHBIM oTBeTOM (4.14]).

e 3adaua 1: OneHUTH TO MOPSIKY BEJUIUHBI PAC-
pe/JIe/IEHIE TI0JIsI BOKPYT YJIMHEHHOIO U CILIIOCHYTOTO 9J1-
JIUTICOUJIOB BPAINEHUsI, CAECJAHHBIX U3 ONTHYECKH IJIOTHO-
ro JU3JIEKTPUKA W MMOMENIEHHBIX BO BHEIHEE MTOCTOSTHHOE
snexTpuaeckoe nose. Jumepamypa: §4-2|
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4-2.2 Diummancou] BpalleHuss B OJHOPO/I-
HOM BHEIITHEM II0Jie: TOYHOE perie-
HHIE

Pacemorpum sjumuarnicont BpaleHnusi, NIaBHass OCbh KOTOPO-
ro paBHa b, a JiBe JIpyrWe PaBHBI @. DJUIUIICOWJ ITOME-
IEH BO BHEIIHEE OJHOPOJIHOE 3JIEKTPUIECKOE II0JIe U €ro
MaTepraj UMeeT JMIJIEKTPUIECKYIO ITPOHUIAEMOCTh PaB-
uyto €. Jnsjgekrpudeckas IPOHUIIAEMOCTD OKPY2KAIOIIEr0
[IPOCTPAHCTBA paBHa euHUIEe. BrIbepeM JeKapTOBy CUCTe-
My KOODJIMHAT, B KOTODOU TJIaBHASI OCh JJUINIICA HAIPAB-
JleHa 110 ocu z. O6o3HaUNM (haKTOPHI JENOJISIPU3aIUN dJI-
JIUICOUIA L p: TOCKOJBKY OHH Y/IOBJIETBODSIIOT PABEHCTBY
2L, + Ly = 1, TO JOCTATOYHO 3HATH TOJBKO OJIMH U3 HUX.
[Toste BHyTpU IMINHIPA OJHOPOTHO U ITOKOMIIOHEHTHO
pasuo (cm. Jlangay u Jludmurn (1982, §8, ¥Vp.(8.9))).

1/Ly 1/L

E: = =2 _F* | Ef = 72 pl (414
n c — 5r€s,b ext in € — 5res,a ext ( )
ITonoxkerne pe3oHaHCOB
1 1
Eres,a = _fa + 17 Eres,b = _fb + 1. (415)

st BBITSHYTOTO SJIIUIICOUIA, Koraa b > a, 9KCIeH-
TPUCUTET CEYEHUs IJIIUMCOUIA IIOCKOCThI0 Oxz paBeH

e = /1 —a?/b?, a dakrop Aenosnsipuzanuu 1jis TJIABHOM
ocu ectb (cM. Jlangay u Jludmmr (ram ke, §4, yp. (4.32)))

1 1. 1+e
L, = -1 =1 —-1).
b (62 ><2€n1—6 )

B mipeniesie cnibHO BBITSHYTOTO JLTAIICOU A, KOTAA b >
a, TOJIydaeM TTPUOJIMKEHHO, ITO

L, = —Ih=. (4.16)

4-2.3 DuaunTUYecKuii MUJIMHAP BO BHeEII-
HEM OJHOPOJHOM MOJie

e 3adaua 2: Haiitu HakTOPBI JEMOIAPUIAIIN JJIsT JTU-
SJIEKTPUIECKOTO JJIMHHOTO TMJINHIPA, SBJISIONUMCS B IO~
TIEPETHOM CEYEHUN JIIUICOM C Tosyocsamu b > a. Yxasa-
nue: [TockobKy 3a1a4a 3(pPEeKTUBHO JIBYMEPHASsI, TO Pellie-
HU€ 3HAYUTEJILHO YIIPOIaeTcs O/iarojapsi TOMY, 9TO ypaB-
Henue Jlamiaca HHBAPUAHTHO OTHOCUTEIHHO KOH(MDOPMHBIX
npeobpaszosanuii. Coeprnure Takoe KOHGOPMHOE Tpeobpa-
30BaHMe KOMIUIEKCHON TIJIOCKOCTH z = & + iy, KOTOpOe Tie-
peBesIET 3suIuIc (MPaHUILy CeYeHUsl IUINHIPA) B KPYT. Jlu-
mepamypa: ynkr [{-2.3]

PaccmorpuM symnntudeckuil MUIHHJIP, ¥ KOTOPOTo ¢ =
00, u, s oupepenéuuoctu, b > a (b coorBercrByer Ha-
npasiaenuto o Oy). Torga

(4.17)

Pezonancubie 3nadennsi A3/ IeKTPUIECKON TPOHUATIAEMOCTH
PaBHBI

a b

res,a — T 7 res,b — —— 4.18
Eres, 2 Eresb . (4.18)

DJIEKTPUIECKOE T0JIE HA OCTPUE BBITSHYTOrO JLIUICA (BHE
€ro) paBHO (eCJIH 110JIe HAIIPABJIEHO 110 OCH )

(1+0b/a)e

b P (4.19)

Eout,b =

Pemtenne zamaum. Kondopmuoe orobpazkenme mpo-

CTPAHCTBa BHE JUIMICA HPOM3BEIEM HA BHEIIHOCTH KDPyra
esmHIIHOTO pajmyca (obmacts || > 1)

a 1\ b 1 z =+ 1y,
=s(evg)ealeg) ol o
Beeném rakxke obosnadenue ajist obmacta ¢ > 1
C=(1+p)e?, p>0.
Bo6su3u rpanurer pazsena, mpu p < 1

Q ) P = acos ¢ + tbsin ¢,

—p+0(p°), o

ab @ = bcos ¢ + iasin ¢.
(4.21)

CreraeM 37eCh HECKOJILKO OOIIUX 3aMeTaHNi, KaCAIOIIIXCST

KOMILJICKCHOTO aHAJIA3A.

z+iy=P+

i) KaxmoMmy KOMILUIEKCHOMY 9HCILy, CKazKeM P, cooTser-
cTByeT BeKTOp ¢ KoopamHaTtamu {Re P,Im P}. Ecim
JIBa BEKTODA, CKaxKeM, v = Op P mu = @ opTO-
TFOHAJIBHBI JIPYT JPYTY U COCTABJISAIOT IIPABYIO JIBONKY
{v,u}, To UX HpoU3BeIEHUE V* U IBIACTCA IUCTO MHU-
MBIM C ITOJIOZKUTEJIBHON MHUMOI 9aCTBIO.

i) JToMHOMXKEHHE HEKOTOPOro BEKTOpa v Ha (ha30BbIH
MHOXKHTEND, ¢'%v, ecTh ero mosopor Ha yrou 6.

iii) Masee, kondopmuoe npeobpasoBaHue COXpaHIeT yI-
JIBI MEXKJTy BeKTopamu. /leiicTBuTE/IHLHO, Tpeobpas3o-
BaHUE BEKTOPOB IIPU ITEPEXOJIE OT 2 K ( MIPOU3BOIUTCS
C TIOMOIIBIO0 MATPUIIHI

o (oc/or ocjoy
on/dx  9n/dy

C gpyroit croponbl, KoH(pOPMHOE Tpeodpa3oBaHue
(4.20) maér cBsa3b

dz

dz fif dz/d¢
ac -

) I )
(4.22)

4T0 O3HaMaeT, uTo Marpmma D = 1. OA(fG), rie

0(9) — OpTOroHAJIbHASI MATPHIIA TIOBOPOTA HA YToJI 6.

dz =TIe?d¢, 1=

iv) YacTHble IPOU3BOJHBIE 10 KOOPAMHATAM

Op =0+ 0se, Oy =i0: —iDu.
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v) Ouneparop Jlamiaca
A=0%+0%=140.0,-
- Yz z z¥z
rmocjie  KOHPOPMHOI'O MPeoOpa30BaHUs CTAHOBUTCSI
PaBHBIM
4
A= ﬁé?(@(*,

TO ecTb ypaBHenue Jlamraca mociie KOH(POPMHOIO
Ipeobpa30BaHusl HE U3MEHSIET CBOErO BHJIA.

OrpeiesiuM reoMeTpUIECKIe XapaKTePUCTUKN BHIOpAH-
HOT'O KOH(OPMHOIO 1peoOpa30BaHusl Ha IOBEPXHOCTH 3JI-
siatica. [ToBepxHOCTD 3JuInIca 3a1a6TCA yPaBHEHIEM

2 2
z Y
f=1 f= 2 e
Hopmamb K HOBEpXHOCTH €CTb

@7t G, 7F @l (423)

Ha moBepxHOCTH 3/1/1HIICa TTPON3BOIHAS KOHMDOPMHOTO TIpe-
obpazoBaHus, (pUTypPUPYIOIIAsT B , paBHa
dz
¢
Hakoner, na GoJIbIINX PACCTOSHUSAX, UPU |z| — 00, KOH-
dopMHOEe Tpeobpa3oBaHuE CTPEMUTCS K TOXKIECTBEHHOMY,
(~z.

Bre muinusapa 371eKTPUYECKUI MOTEHIHAJ YIOBJIETBO-
psieT ypaBHeHuto Jlamaca, 1mo3ToMy MOXKeT OBITH TOJIBKO
CyMMO#l aHAJIMTUYIECKON W aHTHU-aHAJTUTUIECKON (DYHKIIU-
ei,

Ie? = e*w’Q.

= 4(2) + o-(27).
L7151 BHEITHEro IOTEHIMAJIA (Peyt BBIOEDEM IIEPBBIA Bapu-
AHT, Poxt = Pext(2). TO, YTO BHeIHee 1OJIE OJJHOPOJHO B
IIPOCTPAHCTBE O3HAYAET, 9YTO MOXKHO IIPUHSATE

Pext = —Z2.

(ecim 1oJIE €AMHNYIHOM HAIPSIZKEHHOCTH HAIIPABJICHO 110 OCH
X, T0 B OKOHYATEJILHOM OTBETE HAJIO OyJeT B3ATh JeiiCTBH-
TEJIbHYIO YaCTh, €CJIU 10 Y — TO, COOTBETCTBEHHO, MHH-
My10). IToCKOMIBKY Ha GOJIBIINX PACCTOAHHUAX KOH(POPMHOE
peoGpa3oBaHme CTPEMUTC K TOXKAECTBEHHOMY, TO T'pa-
HUYHBIM YCJIOBUEM Ha GECKOHEIHOCTH B KOOpAUHATAX ( B
JIIeTCst
Pliciso = 6 (4.24)
IIpucTynmuM K MOCTAHOBKE MPAHUYHBIX YCJIOBHUI Ha I10-
BEPXHOCTH IHHpa. [Ipon3BoHast 110 HOpMAaJIn OT IIOTEH-

IyaJia Ha TPAHUIE pa3/iesia

Qach + Q*az*@
O = (N0, +nY0 = — ==
- Mhpte e (4.25)
ab|Q)| =
—(a+b)e'? + (a — b)e™

6n ex =
Pext 2ab|Q)

Yucauresb B BBIDAXKEHUH I Oy Pext B TaKOI, KAaKOI
6bLT OBI B CiIy4dae KPYIVIONO CEYEHUs IUJIMHIPA: OH COJIED-
KHUT TOJBKO 1 rapMOHUKY IO YIVIY ¢, ITO COOTBETCTBYET
OJIHOPOJTHOMY BHEIITHEMY IIOJII0 B KoopauHaTax ( = & + 7).
OTMmernM, 9TO caM BUJ YUCIUTEsT B COOTBETCTBY-
er muddepeHIMPOBaHUI0 0 HOPMAJIN K JIMHUNA KPyTa B (-
KOOPJMHATAX: ITO CJIEJCTBHE TOrO, YTO YIJIbI MEXKJTY BEKTO-
pamu (B JAHHOM CJIyYae KacaTeJbHBIM BEKTOPDOM U BEKTO-
POM HOPMaJn) Ipu KOHGOPMHOM MpeobpasoBaHUM COXPa-
Harcsi. MuoxkuTesib () B 3HAMEHATEJIe MMeeT CBOUM IIPO-
HCXOXKJIEHUEM , TO €CTh TaKKe JOJKEH BO3HUKHYTH
U B IIPOU3BOJHON NOTEHIAAJIA HA BHYTPEHHEI CTOpPOHE I10-
BEPXHOCTH pasjesa. TakuM 00pa3oM, Mbl MOYKEM 3aKJIIO-
YUTD, YTO BHYTPHU IAJIUHIPA JIEKTPUIECKOE TTOJIE OTHOPO/I-
HO TaKzKe, KaK U B 3aJ1a4e O IMUJINHPE KPYIJIOTO CeUEHUs B
OJTHOPOJIHOM TToJie. [109TOMY /111 BHYTPEHHOCTH COBEPIIIAM
cieayiomee (He KoH(MOPMHOE) JMHE(iHOe npeobpasoBaHue
KOODJIMHAT

{=xz/a, n=y/b (4.26)

IIpousBomnast Mo HOpMaJM OT MOTEHNNAJIA HA BHYTPEHHEH
CTOPOHE TI'PAHUIIBI

x y
Onon = (285—1—72(9,,) Gin = (4.27)

b* cos g + ia®sin 9,
- a*?[Q] o

(VPag + a’ay)e® + (bPag — a’ay)e™
2a202|Q)|

Mur IIOACTaBHUJIN JIHHeﬁHyIO 3aBUCHUMOCTDH IIOTCHIINAJIA

(g — i) + (g + i)

Yin = e+ ayn = 5 (4.28)
IMorennuas cHApy KU UIIEM B BUJIE
¢ = Pext + % + i;. (4.29)

Tenepb 0CTANOCH TPOBECTH BblYucseHus. Hemnpepsis-
HOCTbH I[IOTEHIMAJIa Ha rpaHure paszeia (pasexcrso (4.29)
u (4.29)) naér nsa ypaBaenus (upupaBHuBaem Kodbdury-

enTH IpH €'? 1 e~ mymo)
) a+b ) a—b
ag —iay, = f_ — 5 e +ioy = By — . (4.30)

HenpepeIBHOCTL HOPMAIBHOI KOMIOHEHTHI 3JICKTPUYECKOI
uaaykimn (pasenctso (4.25) u momuoxkenuoro na e (4.27))
Ha TpaHUIE pas3jesia JaeT elé JIBa YpaBHEHUS

5(b2a5 + aQa,,) B ﬂ; a+b

2a2b2 o ab 2ab ’
(4.31)

e(b?ag — d’ay) By b—a

2a2b2 ab 2ab



Irasa 5. PCLC’IIpOCﬂ’ZpCLH@HU,E INEKMPOMALHUIMHBIT BOAH

32

I'nasa 5

PACIHIPOCTPAHEHUE 9JIEKTPOMAT'HUTHDBIX

BOJIH

§5-1. OTpakeHme U MpeJiIOMJIeHE BOJIH HA IIJIOCKO MOBEPXHOCTH pa3jesia

IIycTe mmockasi MOHOXpOMATHYECKAsT BOJTHA, MMEOIIAST
qacTOTy W, MAJaeT U3 U30TPOITHON Cpebl ‘1, XapaKTepu3y-
IOIIeHce €5, (4, HA INIOCKYIO I'PAHUILy Pa3esia ¢ U30TPOIHO
cpejoii ‘t’, xapakTepu3yIoIieiicsd KOHCTAaHTAMHU £y, [t;. Harma
3a/1a4a 3/1eCh OIMCATH [IOBE/IEHIE BOJHBI [TOCJIE B3aUMOJIEH-
CTBHUS C I'paHuleil pasiesa.

OrnpesiesinM KOMIIIEKCHBIE TTOKA3aTe/IH [IPEJIOMIICHUS I

MMIIEIAHCHI CpeJ cornacHo onpenenennsam ([2.202.22)

n=\en  Z=+/ple (5.1)

st Toro, 9TOOBI MOCTAHOBKA 3aJIaYU UMEJIa, CMBICT, Cpe-
na ‘i’ jomkHaA ObITH Tpo3padHoit, n; > 0. YroJ najgeHus
(yroJsi MexkJly HOPMAJIbIO U HANPABJIECHUEM DPACIPOCTPAHE-
uus) o6o3uaunm 6;. B pesysbrare npesoMseHus Ha IPDaHU-
1€ pa3jiesia MaIaoIasi BOJHA PA3IEIUTCS HA JIBE BOJTHBI —
OTpakEéHHYI0 U mporemiyio, cM. Pucynox [5.1} Orpaxén-
Hasl BOJIHA Oy/eT PaCIpOCTPAHSITHCS B Cpejie ‘i’ OT rpaHuIlbI
pasjiesia o, TeM Ke yrjioM #;, 9To Oyier JIerko yBUJIETh U3
dopMys1, HAMCAHHBIX HUXKe. [Ipotre/ias BoHA pacIpo-
CTpaHseTCs TOJ] HEKOTOPBIM yriioMm 0; B marepuaje ‘t’ or
TPAHMIIBI PA3JIEIA.

ALZ

Hll

TM

Puc. 5.1 Orpaxenne u npesiomsenne TE u T M BojH Ha
rpaHUIle paszesa.

Beeném nexkaproBy cucremy koopgauHat Oryz, B KOTO-
poit oce Oz HanpasiieHa 110 HopMaJu (13 cpesl ‘t’ B cpeiy
‘"), a rpaHUIa Pa3/esia COBIAAAeT ¢ II0CKOCThI0 Oxy. Mbr
OyJieM ToJIaraTh, IYTO BOJIHOBON BEKTOD I IAIONIEN BOJIHBI
Jtexkut B tockoctu Oz z. Torja u3 cuMmMerpun 3a1a4u cJie-
JIYET, ITO B ITOM K€ IJIOCKOCTH JIEYKAT BOJIHOBBIE BEKTODA
OTPaXKEHHOI U IIpoIIe el BOJIH.

5-1.1 3akon CHeJuia; MOJIHOE BHYTPEHHE
OTpakeHue

IIycrs k; — BOTHOBO# BEKTOpP A IAIONIEil BOJIHBI, I'; — BOJI-
HOBOIT BEKTOD OTPaKEHHON BOJIHBI, 8 K; — BOJIHOBOI BeEK-
TOp mporeaieii BojaHbl. AGCOIIOTHBIE 3HAYEHNST BOJJHOBBIX
BEKTOPOB B cpefie ‘I’; OTKy/[a IPUXOAUT aIarolas BOJIHA,
¥ KBaJpaT BOJHOBOI'O BEKTOpa B cpefe ‘t’cyThb

w 2

kizk’rzni— kt:n - - 5.2

C7 t CQ ( )

[Mepuonumanocts o exp(ik;z sin 6;) noss Bross ocu Ox Ha-

KJIQJIBIBAETCS I1aJIAI0NIell BOJIHOU, TO €CTh ZI-KOMIIOHEHTa

BCEeX BOJIHOBBIX BEKTOPOB paBHa k;sinf;. Orcroma ciey-

€T, YTO JJIs OTpaKEéHHOI BoiHBL k7 = k; cos 6, IOCKOJIbKY

OHA PACIIPOCTPAHLAETCS OT IPAHUILI pa3aesa. KoMIOHeHThbI
BOJIHOBOI'O BEKTOpPA IPOIIIE/ e BOJHBI PABHBI

7 =1\/k? — kZsin?0;. (5.3)

Homxaa ObITh BbIOpaHA Ta BETBb KOPHS, KOTOPas MMEET
HEOTPUIATEIFHYI0 MHUMYIO YACTh C T€M, YTOOBI IIPOIIE-
mas BOJIHA He BO3pacTaja IO aMIUIUTYAe IIPU YyAaJICHAU
OT TPAHUIIBI pa3/iesia. ¥ OTPaKEHHON BOJHBI 2-KOMIIOHEHTA,
BOJIHOBOI BEKTOD

ki = k;sin6;,

5-1.1.1 TIlagenue Ha PO3PAYHYIO CPEIYy

B uacrtHocTH, eciu cpena ‘t’ npospaunas, u ki > 0, To 30
03HAYAET, YTO IPOIIEIIIas BOJIHA SIBJISIETCS PACIPOCTPa-
Hsrorelica BosHON. B TakoMm ciiydae MMeeT MECTO 3aKOH
Cueiia n

sinf, = — sin 6;. (5.4)

n;

[lonoe BHYTpeHHEE OTpaKEHHUE ...

5-1.2 TI'paamuHble popMyJibl PpeHelist

Kpome Toro, u3 cuMMeTpUN TaKKe CJIeJIyeT, 9TO HE3aBUCHU-
MBIMU TOJISIPU3AIUAMA HaI0 BLIOpaTh 1 F-1osspu3anuio, B
KOTOPOI#1 3JIEKTPUIECKOE TI0JI€ UMEET TOJIBKO Y-KOMIIOHEHTY,
a MarauTHOe Tosie JiexkuT B Oxz mrockoctw, u 1 M-
[IOJISTPU3AIUIO, B KOTOPOI, HR060POT, MArHUTHOE I10JI€ UMe-
€T TOJIbKO -KOMIIOHEHTY, & 3JIEKTPUUYECKOE II0JIE JIEXKUT B
Oxz II0CKOCTH.

[Tpumem, 9TO aMILUIATYIA TAJAOIIEN BOJTHBI PABHA, €11~
Hume. Pacupezesenne 3/I€KTPOMATHATHOIO IO B ABYX
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BO3MOXKHBIX nosigpusanuax, TE n TM-BosgHax, moJiHOCTHIO
OIIPeIeJIsIeTCs Y-KOMIIOHEHTaMU TIOJIEM.

TE : Ey _ eiki sin0; (efiki cos 0;z + ,reiki cos()iz) ,
TM Hy _ eiki sin 0;x (e_iki cosf;z + Teik'i cos Oiz)
: )
mpu z > 0,
TE : Ey _ eiki sinf;x te_iktz,
TM - Hy _ eiki sin@;x te—ikfz

npu z < 0. KoMmutekcubie aMmmiTyabl 7 u ¢ HA3BIBAIOTCS
AMILJIATY/IaMU OTPAYKEHUs U IIPOXOKICHUA.

§5-2. Ilamenue BoJIHBI Ha

B § [B-1] 6 nomyuensr obigue GopMyIIbl, ONICHIBAIO-
1Y€ OTpazkKeHue U IIPeJIOMJICHUE CBeTa [IPU 113 1eHUU U3 IIPO-
3pavyHOil M30TPONHON Cpejibl Ha I'PAHUILy pas3jesia ¢ HeKO-
TOPOIi IPyT0it M30TPONIHOI cpenoit. OHAKO B JIeTajissX ObLI
U3y4eH TOJBKO CJIydail, KOTJa BTOpad cpeJa TaKKe ABJIgeT-
Csl IIPO3PavHoii. 31eCh MBI PACCMOTPUM IMaJEHUE 3JIEKTPO-
MArHATHON BOJIHBI U3 BaKyyMa Ha IIJIOCKYIO IIOBEPXHOCTb
Helpo3padHoii cpejpl. Cpesia MOXKeT ObITh AHU30TPOITHOM.
BBeném ngexkapToBy cucTeMy KOOPAMHAT, KAK 9TO TOKA3aHO

na Pucynke [5.1]

5-2.1 TI'panmuynble ycjaoBusa B popme JleoH-
ToBHMYAa: oOIass popma

I'panuuansie ycaoBus B dpopme JIeoHTOBHYIA BBITISAAAT CJre-
JIYIOIIIM 00pa30M:

¢
E“(t,rt) = / dt’/dQT’J‘KQ’B(t —t'r—rHHA A ')
—c0

(5.7)
HA IIOBEPXHOCTU MaTepuasa, T.e. upu z = 0, rue {a, f} =
{z,y}. dnpo K umeer B 0OIEM CJIydae KaK BPEMEHHYIO,
TaK M IPOCTPAHCTBEHHYIO JUCIEPCUIO. | DAHUIHBIME YCJIO-
BUAMU HOJTHOCTBIO 3aJaI0TCsl OTParKaTe bHble CBOi-
CTBa IOBEPXHOCTH MaTEPUAJIa.

TTokazkeM, 9TO 3aIUCh FPAHUYIHBIX YCJIOBUN B BHIE
JEACTBUTENLHO BO3MOXKHA. JIJIst 3TOr0 TpOMHTErpmpyem
ypasuenune Maxkcsesuta B mycrore rot E = —9;,B/c na un-
repBaJie (—oo, +0) 110 HOpMaJIbHOl KoopauHare z. Mer 110-
jaraeM, 9To npnd z = +(0 MarHUTHOE IOJIe ¥ MarHUTHAS
unayknusa cosnagaior, H = B; KpoMe TOro, Mbl cauTaem,
YTO NIPHU Zz — —OO BCE TOJISA UCIE3AI0T. B pesysbrare moJry-
quM:

+0
af
E%(t) = _% dz 0, HP (t, 2) +8a/dzEz(t,z),

— 00 —00

(5.8)

st TE-BOHBI aMILIHTY/ Il TPOXOXKIEHUS U OTPAXKEHUST
PaBHBI

27, cos 0;

B _ Zycost; — Z;cos by
" Zycosb; + Z;cosb,’

"= Z,cosb; + Z;cos 0’
(5.5)

Torga Kax st TM-BOJIHBI 3TH aMIUIUTY/bI PABHbI (U3 BbI-

paxxenmnii 11 TE-BOIHBI MOTYT HOJIy9eHLI IIyTEM 3aMEHBI

Z —=1/7)

27; cosb;

B _ Zicos; — Zycos by
"~ Z;cosb; + Z;cosb,’

"= Z;cos0; + Zycos Oy
(5.6)

cm. Cusyxun (2005, Vp. (67.13))
HEeIIPO3PAvYHYIO Cpejly

rJe eINHUYHBIA AHTUCUMMETPUAYHBIN TEH30p BTOPOTO DaH-
ra 3amaércs yeaopusivm € = —eB% g Y = 1. B pasen-
CTBE CTOAT TOJIA, B3ATHIE HMUXKe TOYku z = +0, mpn
z < 0. IlocKOIBbKY MCTOYHHK 3JI€KTPOMArHUTHBIX BOJH Y
HaC TPEJIIOJIAraeTCs HAXOIAIMMCS CBepXy, mpu z > 0, To
BeJIMYIUHBL B 00s1acTH 2z < () IPUYNHHO 3aBUCAT OT BEJTHIUH
B Touke 2 = +0; Bc€ ke moJe 3aJaéTcs ABYMS CKaJsp-
HBIMU BEJIUYIMHAMU, B KaUECTBE KOTOPBIX MOTYT OBITH BbI-
OpaHbl B T.4. JIBe KacaTeJIbHbIe KOMIIOHEHTHI MArHHTHOT'O
nosist. He emoTps Ha To, uTO mpu 2z = +0 ecTh BKJIaJ BOJIH,
OTPAXKEHHDBIX MOBEPXHOCTHIO, M IIOTOMY IPUIMHHO 3aBHUCI-
muX OT BeJI4IUH npu z < 0, MOXKHO IIOKa3aThb, UTO YUET
(6eckoHETHO €1ab0T0) 3aTyXaHUsST B OTPAYKAIONIEM MATEPHU-
aJile OKOHYATEJIHHO JIOKA3BIBAET [IPABOMOYHOCTD (DOPMYJIBI
(5.7), cm. Ilyuxr

Ecisiz Mmb1 Tenieps nponaTerpupyeM ypasaenne Makcsesi-
aa rot B = O;E/c+ 4wj /c na narepsane (—oo, +0), To m0-
JIy9YUM ypaBHEHUE, SKBUBAJIEHTHOE YPaBHEHUIO :

+0
HO®) = da / dz H (1, 2) + (5.9)

+0
e’ 8 8
+ — [ dz (6,5E (t,2) + 4wy (t,z)).
c

— 00
Takum obpazom, rpanugnbie yciaosus B dopme JleonToBU-
qa (5.7)) MoryT GbITH IEpenucaHbl U B OOPATHOM BHJE, KO-
[/1a KAcaTeJIbHbIe KOMIIOHEHTHl MATHUTHOTO TOJIsT CIUTAIOT-
Csl OTKJIMKOM Ha KacaTeJIbHbIE KOMIIOHEHTHI JIEKTPUIECKO-

T'O IIOJIA.

5-2.1.1 IlpunoxkeHue: NpOBepKa  BbBIIOJHEHUSI
OPUHIUIIA [PUYUHHOCTU B TI'PAaHUYHOM
ycyaoBun JleoHTOBHYa

Pacemorpum ckassiproe one A(t, z) = A4 (¢, z)+ A_(t, 2),
rje &= COOTBETCTBYET BOJHAM, PACIPOCTPAHAIONTIMCS COOT-
BETCTBEHHO B CTOPOHY OOJIBLININX M MEHLIMINX 2; z = () MBI



Irasa 5. PCLC’IIpOCﬂ’LpCLH@HUE INEKMPOMALHUIMHBIT BOAH

34

TTO-TIPEKHEMY CUUTAEeM T'paHureit pa3mena, obsacts z > 0
3amoJTHeHa OJTHOPOIHON cpeoi. VICTOUHNK HAXOMUTCI TPHU
HeKOTOpOM 6OJIbIHOM z = L, IIOSTOMy BOJIHa OT UCTOYHUKA,
KOTOpasl pacIpoCTPaHseTCs JIb HerO B CTOPOHY MEHBIINX 2,
JOXOUT A0 TPAHUIBI U YACTUYHO OTPAXKAETCsd, IOCJIe Ye-
IO pacIpOCTpaHsIeTCsT B 0OpaTHOM HaIlpaBJeHuH. [loaTomy
JI7ISI BeJTMIWH BOJIM3HW TIOBEPXHOCTH MBI MOYKEM HAITHUCATH

AL(t,+0) = /dTK(T)A,(t;I-O)7
0

Ilepenumiem TO ke camMoe B YaCTOTHOM IIPEJICTABJICHUH,
Takke npu z = +0

Avw = KoA_y

Jis manbHEHIero BaKHO 3aMETUTb, YTO MOMUMO OTCYT-
CTBUS TIOJTIOCOB y K, B BEpXHEH YacTU KOMILIEKCHOH ILI0C-
KOCTH w, B 9TO# obsactu K, Tak»Ke yIOBJIETBOPSET yCJIO-
BUIO

AbsK, <1, Imw > 0. (5.10)

HeitctBuresnsho, curyarus Imw > (0 cooTBETCTBYeT IKC-
HNOHEHIMAJIBHO PACTYIIEH BO BpeMeHH BOJIHE, U 110 TIPUHIH-
[y IPUIMHHOCTH aAMIUIUTY/IA OTPAYKEHHO BOJIHBI HE MOYKET
GBITH GOJIBIIIE AMILTUTY/IBI A JAoIeil. YI6T moTeph Ipu OT-
paXkKeHHH, KOTOPbIe, BOOOIIE TOBOPS, BCETIA IPUCY TCTBYIOT
B BEIIECTBE, JeJaeT HEPABEHCTBO CTPOIHM.
PaBeHCTBO MOXKHO IIEPENUCATEH B BHJE

Ay = KoA,, K, = % (5.11)
OpUIEM B CUILy HEPABEHCTBA Y KOMIIJIEKCHOMN (DyHKIN
K, B BepxHeil TOJYIIIOCKOCTH TAKJKe HET MOJIOCOB. Pa-
BercTBo (|5.11) noKa3pIBAET BO3MOKHOCTD IIOCTAHOBKH I'Da-
HUYHBIX YCJIOBHI IIPH OTPaXKEHUN BOJIHBI OT IIOBEPXHOCTH

B dopme .

5-2.2 TI'paamyHble ycjioBus JleoHTOBUYa B
cirydyae ckuH-3(ddekTa

e 3adaua 1: BbIpa3uTh MOBEPXHOCTHON UMIIEIAHC Ye-
pes3 AU3JIEKTPUIeCKYIO IIPOHUIIAEeMOCTD € I MAarHUTHYIO BOC-
IPUUMYIHBOCTD (i OTPAXKAIONIEro MaTepuaJia B CJIydae HOp-
MasibHOrO cKnH-3dderTa. CBa3ars MeK/Iy co00il riyonny
CKHMH-CJIOS §, JACTOTY BOJHBI W M TTOBEPXHOCTHBIN MMITE-
namc (.

B cayuae, Korjma moJis IPOHUKAIOT B MaTePUAJ Ha Ma-
JIyTOo TiIyOuHY §, MHOTO MEHBINYIO JJIMHBI A [1aJIaf0IIeil BOJI-
HBI, § < A, CBA3b MEXK/ly KacaTeJbHbIMA KOMIOHEHTaAMHI
9JIEKTPUIECKOTO ¥ MATHATHOTO TOJIeH Ha TOBEPXHOCTH Ma-
TepHraJja MOXKHO CIATATH JIOKAJBHON B MPOCTPAHCTBE, TaK
9TO

EY(t) = /t dt’' ¢*P(t — t"HP (1), (5.12)

rae ( Ha3BIBAETCS MOBEPXHOCTHBIM HMIeJancoM. Ecan xe
MaTepuaJl U30TPOIIeH B IIONIEPEYHOI IIJIOCKOCTHU, TO CBA3b
MOZKHO IIepEeNNCcaTh B BUJIE

E;, = /tdt’g(t—t’) [H(t"),n], (5.13)

re MHIEKC ‘t’ 03HAaYaeT MPOEKINIO Ha IMOMEPEIHYIO II0C-
KOCTb, & N — HOPMaJIb K IMOBEPXHOCTH.

Cwmbici umeHoBaHus mapamerpa ¢ “IIOBEPXHOCTHBIM
UMIIeIaHCOM MOXKeT OBbIThb IIPOSICHEH, €CJIM YCTAHOBUTH
CBSI3b MEXKJIy 3HAYEHUEM KacaTeJIbHOW KOMIIOHEHTh K
JIEKTPUIECKOTO TI0JIsT U IOBEPXHOCTHOTO TOKA, Jy. JIjist 910~
ro B ypasaenuu Maxkcseita rot B = —9,E/c + 4nj/c na
[IPOJIOJIbHBIE KOMIIOHEHTBI OIIyCTHM MaJioe caaraemoe O;E/c
U IPOMHTErpupyeM ero 1o obsactu z < +0:

+0
(T'E, = [Hy,n] = im / dzj, = 4th. (5.14)
C C
— 00

Taxum 06pasoM, ¢ ecThb (€ TOYHOCTHIO 10 MHOXKUTEJIS 47 /)
K03 DUIHUEHT MPOMOPIIMOHAIBHOCTA MEXKJIy MTOBEPXHOCT-
HBIM TOKOM W KacaTeJbHON KOMIIOHEHTOMN QIIEKTPUIECKOTO
I10J14 (T.e.7 VAEJIBbHBIM ITaJeHUEM HallpAXKEeHHdA Ha €INHUILY
,ZLJ'II/IHI:I), 9TO W ONPAaBILIBAET MMeHOBaHUE ( MOBEPXHOCT-
HbIM HNMIIE€TaHCOM.

ITocunTaem MoIHOCTD (), KOTOPAast IMOTJIOIIAETCS €INHN-
1eit IOBEPXHOCTHU B €IUHUILY BPEMEHHU. DTa MOITHOCTH PaB-
Ha HOpM&.HI:HOfI KOMIIOHEHTE IIOTOKa IHEPIruu Ha IIOBEPXHO-
CTHU U €€ MI'HOBEHHOE 3HaIeHUe paBHO

Q = E(TL [Et,Ht]).

Eciu BostHa (II09TH) MOHOXPOMATHYECKAST, TAK UTO €6 MOXK-

HO npejcTaBuTh B Buje (2.28), TO BBIAEISIOMASICS MOII-
HOCTDb 3aIIUCBIBAeTCA B BHJE

¢ |Et w|2 C 2
= Pl _ Sl 1
Q 27_[_ C(i] 27_(_ CUJ| tvw‘ (5 5)

Besmunny (), Tak:ke Ha3BIBAIOT NOBEPTHOCTHLIM CONPO-

mueaenuem (surface resistance). B cucreme CIU morox
mornoctu (5.15) nepenucwiBaerca B Buje

1 -~
Q = 5R\Ht,wﬁ, (5.16)
rye Beamanaa R uamepsiercss B OM.

5-2.2.1 MWpeanbHBIA MeTaJLI

IIpenery maeanbHOTO MeTasIa COOTBETCTBYET HYJIEBOM IO-
BepxHOCTHBIN uMmieganc, ( = 0. ['panuauabiMu ycaoBusMu
JJId 11071 Ha IIOBEPXHOCTHU HJI€aJIbHOI'O MeTaJlla dABJdeT-
cd, BO-IIEPBBIX, PABEHCTBO HYJIIO KacaTeJbHOW KOMIIOHEHTDI
asrekTpudeckoro nojs, B, = 0, cM. . 13 sroro pasen-
CcTBa U M3 ypaBHeHHs MaKkcBe/ljaa Ha HOPMAJIbHYIO KOMIIO-
HEHTY MarHUTHOI MHIYKIIUH CJIe/IyeT, YTO OHa PaBHA HYJIIO,
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B™ = 0. Kpowme toro, u3 ypasuenusi Makcsesura Ha kaca-
TENBHYI0 KOMIIOHEHTY 3JIEKTPUYECKON MHIYKIUU CJIEJLYET,
YTO MPOM3BOIHAA 110 HOPMAJIU OT KacaTeJbHOH KOMIIOHEH-
ThI MATHUTHOI'O 110Jisi paBHa HyJt0, 0, By = 0. Cobupast Bcé
BMECTE, TOJIYYaeM:

r: E,=0, B"=0, 9,B,=0. (5.17)

5-2.3 IloBepxHOCTHBIII HMOEOaHC MeTaJ-
JIOB

Mertasibl xapakTepu3yIoTcs OOJIBIION 0 aMILTUTYIAE -
9JIEKTPUIECKOH IIPOHUIIAEMOCTBIO, HUMeIoIeil ubo 60JIb-
IIyI0 [0 AMILIUTY/I€ MHUMYIO 9acTh, WU OOJIBIIYIO0 OTPU-
[ATEJIBHYIO JIEACTBUTEIBHYIO 9acTb. B pe3ysbrare 3aKOH
Jucliepcun

k
% = i > 1 (5.18a)

JAET B UPaBOiil 9acTu GOJIBIIYIO MOJOKUTEIHHYI0 MHUMYIO
9aCcTh. DTO O3HAYAET, UTO BOJIHBI B METAJLIE HE PACIIPOCTPA-
HATOTCH.

JowHa BOMHBI (MM JIIMHA, Ha KOTOPOM IIOJIE CyIIe-
CTBEHHO 3aryxaer) +/|eu|/k Mana o cpaBHEHMIO ¢ Xapax-
TEPHBIM MACIITAO0OM MOJLYJIAIUK [0JIA B IIQJAIOIIEH U OT-
PaXKEHHOI BOJIHAX. DTO O3HAYAET, YTO BOJHOBOU BEKTOD Yy
upomiequedi (1 3aTyxaorieii) B MeTal BOJIHE HAIPABJIEH
(ImouTH) OPTOrOHATIBHO TOBEPXHOCTH, U MO3TOMY TAHTEHITH-
AJIBHBIE KOMIIOHEHTHI I10JI4 B6.HI/I3I/I IIOBEPXHOCTHU B MeTaJljIe

UMEIOT CBS3b coryiacHo (2.2
E = —— (B, x 1] = - [H, x n] (5.18b)
= — n = — n .
t &1 t A )

IJiIe M — HOPMAaJIb K IOBEPXHOCTU, CMOTPSIIAS B METAJLI.
Taxum 06pa30oM, TOBEPXHOCTHBII UMITEJIAHC COIJIACHO OIIpe-

nesternio (5.13)) ecrsb
c=z =YL (5.18¢)

3HaK KOPHS JOJIKEH OBITH BHIOpAH TAKUM 00pPa30M, ITOOBI
00€eCIICYnTD MTOJIOKUTEIBHOCTD JeHCTBUTEIbHON dacT (',
ITOCKOJIbKY OHA OIPEJIeJISIeT MMOTOK SHEPTUN BHYTPH METAJI-
Ja . Eciin nuaiekrprdeckasi IpOHUIIAEMOCTD CBsI3aHA
C IIPOBOJMMOCTBIO COOTHOIIIEHUEM , TO TIOBEPXHOCT-

HBII UMITeJaHC
¢ = (1—i)y 2= (5.18d)
8o

5-2.3.1 IIpoHMKHOBeHUE MATHUTHOTO IIOJISI B Me-
TaJII

MaraurHoe nosie B MeTaJiie

H = H, exp ((1 —14)|2[/6), 5:W’ (5.18e)

rje TIyOMHa CKUH-CJIOST § BCJIEJCTBUE OIpeJIe/eHu B J1Ba
pa3a 6GoJbllle TIyOUHBI IPOHUKHOBEHMUS Oy .

U3 soipaxkenwii guia (5.18dl5.18¢€]) cienyer, uro ¢ po-
CTOM MArHUTHON BOCHPUUMYNBOCTH IIOBEPXHOCTHBII UMIIe-
JIAHC PAcTéT, a IVIyOMHa NMPOHUKHOBeHWs majaeT. 1o sroit
npuynte (heppoMarHeTUKU HEPaIMOHAIBLHO UCIIOJIH30BATh
B Ka4eCTBE MATEPUAJIA JJIS IPOBOJIOB B JIEKTPOTEXHUKE.

e 3adaua 2: Boraucsiurs 3ak0oH gucnepcun 1mo-
BEPXHOCTHOT'O UMIIEIAHCA JIJIsI TIOYTH UIeATHHOIO MeTasla,
JICIIEPCHUs] IIPOBOMMOCTH KOTOPOT'O COOTBETCTBYET MOJIEJIN

Hpyne.

e 3adaua 3: Omnpenenntb KO3(MPUIMEHT OTpazke-
HUsl OT MOBEPXHOCTU METAJIIa KaK (PYHKIUIO YIJIa TaJCHUsT
U IOJIAPU3ALMY, 3Has IOBEPXHOCTHBINA UMIIEIAHC METAJLIA.

e 3adaua 4:  OupeiesuThb MJIOMAIb MTOJE3HOTO Ce-
qeHus Ui OpyToB guamerpom 10cM, cHelaHHBIX U3 Me-
JM ¥ U3 CTaJjIi, 110 KOTOPBIM TEeYET IIePEeMEHHBIN TOK C Ya-
croroit 50I'n. IlpuHSATH, 9TO CONPOTHUB/IEHNE MeIU PaBHO
Oca = H80KCHM /CM, MArHATHAA BOCHIPUAMYHUBOCTD fic, = 1,
COIPOTUBJIEHUE CTAIH 0p, = 100KCHM/CM, MATHUTHAsT BOC-
NPUAMYUBOCTE CTaMn Uy, = 1000.Yxaszanue: maiitu mo-
BEPXHOCTHBIN MMIIEJIAHC JJIs ODOMX MAaTepUAJIOB, U Yepe3
HEro OIpeJe/uTh TJIyOUHY CKUH-CJIOSI Ha JIAHHOW YacToTe.
Onpene/inTh TTOBEPXHOCTHBIE MMIIEIAHCHI I 00OUX Ma-
TepuasioB. [loacnenue: njist yKa3aHHBIX TAPAMETPOB TUIy-
OMHA CKUH-CJIOS B Meau — Oc, = 9.34MM, B crajgm —
Ore = 0.74 M.

e 3adawa 5: OupenesinTe UHTEHCUBHOCTD TEILJIOBO-
'O U3JIyY€HHs, IPOU3BOUMYIO TOBEPXHOCTHIO METAJLIA, Xa-
PAKTEePU3YIOILYIOCd OBEPXHOCTHBIM uMnenancoM ((w). A
MMEHHO, HalluTe CHeKTPaIbHYyI0 [JIOTHOCTH WHTEHCHUBHO-
cTH B MaJiblil Testecusiii yroa do, dI,/do.

Yxazanue: Ilycte R — ko3dduiment orpaxkeHus,
dI’/do — Bemmuamma, coOTBETCTBYIOMAA YEPHOMY H3ITyHe-
mmio. Vckomast emmamna ectsb dl,/do = (1 — R)dIY/do,
9TO COOTHOIIEHNE Ha3bIBaeTCs 3aKOHOM Kupxroda.
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§5-3 Paccesnne AJIEKTPOMArdMTHBIX BOJIH Ha YaCTHUIaX

Teopust paccesiHUsI B CKaJSIDHOM cjydae (KOrja IoJe
CKaﬂHpHO n HOTOMy BOJIHA HE NMeEET pa3ﬂI/IquIX HOJI?{pI/I—
zanuii) moapobHo uzsnoxkena B Jlanpay u Jludumn (1989).
Her cwmbicia 3mech TOBTOPSITH M3JIOXKEHNE ODOIINX BeIeid,
BEPHBIX U JJIs YaCTHOTO CJIy9asi PACCEesTHUsT JIEKTPOMAr-
HuTHBIX BOJtH. C JIpyroifl CTOPOHBI, BEKTOPHAS CTPYKTY-
pa ypaBHeHnwmit ypasHeHuit MakcBesia PUBHOCUT JOIIOJ-
HUTEeJIbHbIE OCOOEHHOCTU B IIPOIECC paccesiHusi. | JIaBHBIM
00pa3oM 3TUM OCOOEHHOCTSIM OyJ/IeT MOCBSIIIEHO HAIle W3-
JIOZKEHUE.

PaccMoTpuM  MOHOXpPOMATHYECKYIO ILIOCKYIO BOJIHY,
PACCEMBAIONIYIOCST Ha HEKOTOPOM IIeHTpe paccesiHust. [liist
OIIPEJIEJIEHHOCTH OyJeM IoJjiararTh, 9TO IaJAioIiasi BOJIHA
pacnpocTtpassiercsi B BakyyMme. [lepeiiiéM K KOMILIEKCHBIM
AMILITUTY/IAM, BBE/Is OIHOAOILYIO E nous E, cm. . B
JaJbHeNIeM 3HaK ¢~ JJ1si KPATKOCTH MbI Oy/I€EM OIIyCKATh.
B stom caydae ycpeanénnbie o mepuoay KosaebaHmit 3Ha-
YeHUsI [I0TOKa M IJIOTHOCTH SHepruu Janbl B [lynkre [3-2]
IManarommee nose npeacrasuM B sune Eqyy, = Eiy, ¢ explikinT].
Torma abcosroTHOE 3HAYEHUE IIJIOTHOCTH IMOTOKA B MAIA0-
mieit BoJIHe paBHO

C|:Ein,0|2
or

Tosnoe ceuenue paccesaus o (cewenue 63aumodedi-
CTEUs) OUPEEIAeTCs KaK OTHONIEHHE CYMMBbI MOIIHOCTU
I, pacceuBaroreiics Ha IEHTPE PACCESTHMS, U MOITHOCTH
1, moryomasoreiicss UM, K IJIOTHOCTU IIOTOKa SHEPIUUd B
na/IaoINeil BoJIHe:

J (5.19)

o =0, + 0y, 0s = — Og = —. (5.20)
Taxum 06pazom, MOIMTHOCTE I €CTh MOIIHOCTD, OTOMpaeMast
73 MAIA0INEH BOJHBI, 0y HA3BIBAETCS CEYEHUEM PACCEAHUA,
Oq — CEMEHUEM MOLAOWEHUA.

Paccmorpum cravasia TpéxmepHbiit caydaii. Braseke
OT PACCEeMBAIOIIEro IEHTPA JIEKTPOMArHUTHOE I10JIe MIPe/I-
craBjisieT u3 cebsi COBOKYITHOCTB ILJIOCKON U CEepUYecKoil
pacxogieiics BOJIH,

E' = E. + E' — (5.21)
_ g
— B, o explikinr] + /7B explikr],
rae |kin| = k, a fY — ammmryna paccesmus; cpeam 9-

TH IIPOCTPAHCTBEHHBIX MaTPUYIHBIX 3JIEMEHTOB aMIIJIUTY/IbL
paccedanud eCTb TOJIBKO 4 HE3aBUCUMBIX, IIOCKOJIbKY Yy 3JICK-
TPOMAarouTHBIX BOJIH €CTb TOJIBKO /JIBE€ ITOJIAPU3alluu. Pac-
CedHHasd IMEHTPOM pacCCedAHUsA MOIIHOCTDH Is paBHa

dog
I, = d )
/ © do

C
SS =—R ES7H* ’
271_ e[ S]

do, = r?(Ss-n)do, (5.22)

IJIe UHTErPUPOBAHUE TPOM3BOAUTCA O cdepe paamyca 1,
eJIMHNIHBIN BeKTOp M = 7/7. MbI BBesn dugbpeperyuans-
Hoe ceueHue pacceanus dog, KOTOPOe eCTh OTHOIIIEHIE MOIII-
HOCTHU PaACCEAHHON BOJIHBI, YXOJAIICH OT paccenBaTesd B Te-
JIeCHBIN yros do, K IJIOTHOCTH TTOTOKA SHEPTUH TaIAI0Ieit
BostabI. [lorstonmaemast paccenBaTeleM MOITHOCTD PaBHA

I,=- /7“2d0(S~n)7 S = QL Re[E,H"].  (5.23)
7r

5-3.1 OmnrTudeckasi Teopema

Onrryaeckasi TeopeMa CBA3BIBAET AMIUIUTY/LY PACCEsTHUSI
BIIEDPEJ] C TOJHBIM CEUYEHUEM PACCESHUSI, IYTO MOXKET OBITh
HCIIOJIB30BAHO JJI YIPOIIEHUs BBIYUCJICHUS CEYEHUd Pac-
CedAHNd.

A

L

Puc. 5.2 Koutyp unrerpupoBaHus 1o mepeMeHHON
= cos @. CruromnrHoii inHMel 0003HAYEH MCXOTHBIIM
KOHTYD, IYHKTUPHON — N3MEHEHHBIII.

ITosHbI# TOTOK Yepe3 MOBEPXHOCTDH OOJIBIITOTO PaIuyca
7, HODMHUPOBaHHbBII Ha IJIOTHOCTDH TAJAIOIIEr0 IOTOKA, 110
OIIPE/IEJIEHUIO PABEH CEYUEHHIO ITOTVIONIEHNUST, CM. .
[Ipeobpasyem 3T0 BbIparKeHUe, UCIIOIb3Ys PA3JI0KEHHE TI0-

T = —0g — —— Re/r2do ([Bin, HY] + [Eq, H,)) n,
2w J

rJie KBaIPaTUIHbINA BKJIaJ, 110 IIOJIIO NaJaroIeil BOJIHBI OIly-
IIIEH, TTOCKOJIbKY JaéT Hysb. llepBoe ciaraemoe B mpaBoit
YJaCTH COOTBETCTBYET WMIJIYIEHUIO, IIPOM3BOANMOMY pacce-
UBATEIEM; BTOPOE CJaraeMoe eCTh pe3y/IbTaT HHTepdepeH-
janzeys paCCGSIHHOfI BOJIHBI C Haﬂ,a}omeﬁ. Tenepb, HCIIOJIb3YyA
paBeHCTBa

HS = [nvEs]v Hin == [nin,Ein], (524)

BepHble Ul IUIOCKUX BoJiH, cM. (2.22)), rne ny, = ki /k,
[10JIy9aeM

o= 0s+0, = (5.25)
- Re/rdo f (E;’n oEnl o (14 (n-min))
7T ’ ’

= (Bin o) (Bjy om) ) exp (i(Kim = k7).
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B mporiecce BBIKIAIOK Mbl PACKPBLIN JIBOWHOE BEKTOPHOE
IPOU3BeEJIEHNe U HCIIOJIBb30BAIHN TO, ITO Eij o L 1iy.

s Toro, 9ToOBI B3ATH MHTEI'PAJI II0 TEJIECHOMY YTJIy
B (5.25)), mepeiingém k cdepuaeckum koopaunaram {r,0, ¢},
HampaBuB ocb Oz IO BOJIHOBOMY BeKTOpYy Ki, majaroreit
BOJIHBI, U BBEIEM mIepeMeHHyo u = cosf; torma kizn =
krp. Uarerpan B mpaBoil gacTu UMeeT BHUJ U TpH
7 — 0O OIEHUBAETCST KaK

(9(1) — g(—1) exp~ 27},

(5.26)
rue g(p) — dyukiws, HesaBucsmas or 1. JeiicrBuresbHo,
HOCKOJIBKY ¢(ft) TpesnonaraeTcs aHAINTHIECKON (hyHKIM-
eif, He MMeroIelt ocobGeHHoCTel Ha orpeske [—1,1], To MbI
MozKeM J1ebOpMHUPOBATH KOHTYP MHTETPUPOBAHUS TaK, KAK
nokazano ua Puc. [6.2] Ilpu stom, B cmity Benmkocru T,
BKJIaJI B UHTErpaJl OyJIyT JaBaTh TOJLKO GOKOBBIE y4acT-
KU KOHTYpa; B IpeJieie GOJIBIIOro T JIJINHA BePTUKAJIbHBIX

1
, 1
T/duelk’"(”‘”g(u) ==
21

Y9IACKOB KOHTYPa MOXKET OBITh CKOJIb YTOJHO MAJIOH, Oy-
Jy4dn npouopuuonasibia 1/r. Takum 06pa3om, npuxoauM K
IpaBoil yacTu .

Bxaag B (5.26]), coorBercTByomuii 0TpazkeHuo Ha3al,
T.e. KOrJa ft = —1, paBeH HyJIO, HOCKOJIbKY ¢g(—1) =
0. HeiicTBUTENBLHO, IIEPBOE CjlaraeMoe B (PUIYPHOI CKOO-
Ke PaBHO HYJIIO, HOCKOJBKY (T - Miy) = 1, & BTOPOE
cjaaraeMoe paBHO HYJIO, HOCKOJIbKY T L Ei o mpu p =
£1. JIna ocrasmrerocs BKJIaa WHTETPUPOBAHUE IO YITIY
HTa€T MHOXKWTEIb 27, TMOCKOJbKY WHTErPaJjl OIMPEIe/IseTcst
okpecTHOCTHIO Harpasjenus § = 0. [Toaromy C yué-
TOM BbIPpazKeHUs JJId IIJIOTHOCTHU ITaIaI0IIETO ITIOTOKa
CBOIUTCS K

4 . - . B}
¢ = —TIm [f7(0)e*el], el = 0
|Einol

; (5.27)

Pasencrso ((5.27) cocraBisier coiepxkaHue onmuueckol
Meopemby: TIOJHOE CEYEHHNE PACCEsTHUS OLPEIEJISIeTCs MHA-
MO} JACThI0 AMILIUTY/IBI PACCESTHUSI BIEPE].

§5-4. PaccegHue cBeTa Ha MaJIbIX 9acTHUIAX

Paccmorpum obrrie cBoiicTBa paccesiHUsI cBeTa IacTo-
ThI W HA 9aCTUIAX, PA3MED ¢ KOTOPHIX MAJI [0 CPABHEHUIO C
JUIMHOI BOJIHBI CBeTa A, Tak 4ro ka < 1, rue k — BoHOBOE
9UCJTO TAJIAIONIETO cBeTa. B 9TOM mpeiesie OCHOBHBIM MeXa-
HA3MOM B3aHMO/JIENICTBUSA YACTUIBI C SJIEKTPOMATHUTHBIM
[TOJIEM SIBJISIETCS JIUIIOJIBHOE B3aUMOJENCTBUE U, B OTIE/Ib-
HBIX CJIydYasiX, MarHUTO-JIUIOJbHOEe B3ammojeiictBue. Jlu-
mepamypa: Jlannay u JIndmmr (1982 §92).

Pacemorpum mpocreitmuit corygait, Korga HJOMAHAPYIO-
UM SIBJISIETCS JTUIOJIHHOE U3JIyUeHHe, & MOJIAPU3yeMOCTh
(UIoIbHAST BOCIIPUUMYMBOCTD) (¢ YACTHIBI H30TPOIHA,
TaK YTO BEKTOP JUIIOJBHOIO MOMEHTa U II0JIe HAJIeTAIOMIei
BOJIHBI COHAIIPABJICHBI,

d = aEin.

B TepMuHaX JMIOJIBHON BOCHPUUMYMBOCTH (¢ ONTHYECKAST
reopeMa ([5.27)) IS JAMIONBHO H3JIYYAOIEr0 PACCEnBAIO-
IIEro IIEHTPA NEPEHNCHIBAETCA B BUJIE

o = 4rkIm|a]. (5.28)

Ormernm, aro pacemorpenne Jlanmay u Jludmmrr (tam kel
§93) BEpHO TOJIBKO B CJIyuae, KOTJIAa CedeHUe IIOTJIOMIEHHs
BEJIMKO TI0 CPABHEHUIO C CEYEHUEM DACCesiHUsl, 0, > Os, B
00IIEeM 2Ke CIydae BEPHO COOTHONICHHE

3Hast JIUMTOJIBHYIO BOCIIPUAMYUBOCTH, MOYKHO TAK¥Ke OT-
JIEJIBHO BBIYUC/IUTH CEUEHNE PACCESTHUSI, BOCIIOIH30BABIINACH
BBIpAXKEHHUEM J[JI HHTEHCUBHOCTH TAPMOHUYIECKU KOJIe0ITIO-
IErocst JUIOJBHOTO MOMEHTA:

21 4w?|d|? _ 8£w4|a|2. (5.29)

0y = ————
s C|Ein,0\2 3¢c3 3 A

5-4.1 Pe3onaHCcHOe paccesiHUEe CBeTa

YcTaHOBUM HEKOTOpPBIE ODOIIE CBOMCTBA PACCENBAHNSA BOJTH
Ha PE30HAHCHBIX JACTUIIAX: OyIeM MHTEPECOBATHCS CJIyda-
eM, KOTJIa YacTOTa MAJAIONIel BOJIHBI OJM3Ka K YIacTOTe
Wo HEKOTOPOI'0 PE30HAHCA YACTHIIBI, KOTOPHI MOXKET OBITH
BO3OYKJIEH JIEKTPUIECKUM I10JIeM TaJaroreil Bostabr. 11o-
K& BeJIMUNHA OTCTPONKH 0w = w—w HE BEJIUKA, JUIIOIbHAS
BOCIIPUUMYUBOCTD MOYKET OBITH MPEICTABICHA B BUIE

Awda?

a = Ba® — ——L— |
w? — w2 + 2iyw

(5.30)
rae A, B — HekoTopble JeficTBUTe IbHbIe 6e3pa3MepHbIe KOH-
CTAHTBI TOPSIIKA WM MeHbIne eauuuiibl. Koncranra v > ()
OIpesieIseT IMUPUHY PE30OHAHCA; JJIs OIPEIETEHHOCTH MBI
[peJIIojiaraeM ero XOpOIIyl JIOOPOTHOCTh, TaK 4TO 7y <&
wp. CTpyKTypa 3HaMeHaTe sl B BBIOpaHa TaKUM 00-
pa3oM, ITOOBI 0OECITeUNTh MPUHITAN TPUINHHOCTA U JIEH-
CTBUTEJIHHOCTD BEJIMYMHBL (0(T) BO BDEMEHHOM IIPEJICTaBIe-
uu, cM. (8.9blf8.1g)) coorBercrBenno. Koncranra A moimx-
Ha OBITH [TOJIOXKUTENbHOI, A > 0, 11 TOro, 4T00BI ObECITE-
YUTH MOJIOXKUTEJIBHOCTh MHUMON YaCTH BOCIPUUMIHBOCTH
«. Beamunna B cooTBeTCTBYET BKJIAIY OT BCEX IPOYUX pe-
30HAHCOB U MOXKET CUUTATHCA KOHCTAHTOU, IIOKa OTCTPONKA
0w MaJia M0 CPABHEHUIO C PACCTOSHHUEM JIO0 JAPYroro 6Jiu-
JKalilero pe3oHaHca.

w

5-4.1.1 CJoxkeHue CKOpOCTeil pacmaaa

Bropoe ciaraemoe B mpasoit wactu ((5.30) osmaugaer, uro
CYIIECTBYeT BKJIAJ[ B IOJIHBIA JUIOJIBHBI MOMEHT YacTH-
I[bl, KOTODBI YJIOBJIETBOPSIET YPABHEHUIO TapMOHUIECKIX
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KoJIeOaHUIt C 3aTyXaHUEeM
0fd+wid +~0d = Awia’Ey, (5.31)

U3 sToro ypaBHeHus cjejiyer, 9To MUPUHA PE30OHAHCA €CTh
TO K€ caMoe, ITO CKOPOCTH 3aTyXaHUsI CBOOOIHBIX TapMO-
HUYIECKUX KOJeODAHUH JTUMOJTHHOTO MOMEHTa Ha PE30HAHC-
HOIT YacToTe.

Cy1iecTByer 1o KpaiiHeil Mepe J[Ba MCTOYHUKA 3aTyXa-
HUsT aMILTUTY 16l Kosiebanuii. Bo-mepBrix, sHeprus koseba-
HU MOYKET U3JTyIaThCs IIyTEM JIUIOJIHHOTO U3y deHust. Bo-
BTOPBIX, 3Ta HEPIUsd MOXKET HOIJIOMIATHCA BHYTPU YaCTHU-
TIbI, TIepexo/ist B Terio. [Iocko/IbKy 3TH J1Ba MEXaHU3MA, JIUC-
CUIIAIN ABJISIOTCA HE3aBUCUMBIMHU, TO CKOPOCTU JUCCHU-
Halyuy MOAYUHAIOTCA 3aKOHY CJIOXKEHUA: II0JIHAdAd CKOPOCTh
JIMCCUTIAIINN COJEPKUT ABa BKJIAJIA,

Y = Yoss + VYrad-

IToryiomenune wacTuieit SHEPrUU IAIAIOIIEH BOJHBI COOT-
BETCTBYET YaCTU 7Y]oss A CEUCHUIO IIOIVIOIIECHUS O ; BEJIUIN-
Ha& 3TOrO IOIVIOUICHUSA OIIpeAedeTCd BHYTPEHHUMU CBOM-
crBaMu JacTuIlpl. [lepensayderue 3/1€eKTpPOMArHuTHON BOJI-
Hbl YacTUllCHl He 3aBUCUT OT BHYTPEHHUX CBONCTB YaCTHU-
IIbI, OHO JIAET BKJIAJ 7Yyad U COOTBETCTBYET CEUYEHUIO Pacce-
AHUA Og.

5-4.1.2 Ceuenune paccessHUS

Bynem mo-npexxkaeMy mHTEpECOBATHCS OKPECTHOCTHIO PE30-
HaHCa, KOI/la OTCTPOHKA II0 9acTOTe OT PE30HAHCA MAaJa,
dw = w — wy < wp. B curyarun obIero moJiozKeHns KOH-
craHThl A, B UMEIT OJIMHAKOBBII MTOPSIJIOK, TOITOMY BOJIU-
31 PE30HAHCA TIEPBBIM CJIAraeMbIM MOXKHO IIpeHeOpeUb, 10~
sgoxku B = (. Torga numosbHast BOCIPUNMYIUNBOCTED MOXKET
OBLITH 3amrcaHa B 0oJiee MPOCTOM BHUIE
_ A2 5 (5.32)
ow + iy
Berauncsium BKIIAM Yyaq B MIHPUHY PE30HAHCA, BLI3BIBA-
eMOro paccesHueM cBeTa. [ 9TOro mpenosioKuM, YTO
YacTOTa IMAJAIONIEHi MOHOXPOMATHIECKONH BOJIHBI COBIIAJIA-
€T C YacTOTON PEe30HAHCA YACTHIIL, W = Wg, & BHYTPEHHUE
IIOTE€PU B YACTHUIE OTCYTCTBYIOT, Yloss = 0. B aTOM ciryaae
JIATIONBHAA BOCTIPUAMYHBOCTD o = i Awpa® /27rad, a TOTHOE
ceveHre U CedeHne PacCesHns COBIAJAIOT, 0 = Og. Bbrauc-
JIsIs TIOJTHOE CeYeHUe JIBYMSI CIIOCODAMU — Uepe3 M3JIyIeHue
(5.29) u gepes onruyeckyro Teopemy (|5.28)), — HaxoaMUM, UTO
[TOJTHOE CEYECHUE Oy ax, AUMOJIBHAST BOCIPUUMYINBOCTD U IITH-
pUHA Ypad PE3OHAHCA DABHBIL:

w1
o’ T2k

Omax — Yrad = éAwO(ka)?)'
(5.33)
B wacrHOCTH, MBI BU/IM, YTO CEUEHUE PACCESTHUS OIIPejIe-
JISTeTCsI JIJINHOM BOJIHBI, 8 HE Pa3MePOM YaCTHUIIbI, U IIOTOMY
OKAa3bIBAETCS 3HAYUTEIBHO OOJIBITIE €€ TeOMETPUIECKOTO Ce-
vyennst wa’. Hakomen, mocanraeM mHOGPOTHOCTD PE3OHAHCA

B 9TOM cCJIy4dae:

3 1

Qmax = ﬂ(kaﬁ’

>1

e 3adaua 1: Ormpesiesiure JUMOJBHYIO BOCIIPUNM-
YUBOCTH (¢ MAJIEHHBKOI'O METAJUINYECKOrO INapuKa BOIU3U
JIa3MOHHOM JaCTOTbI, €CJIN IIOTEPAMU Ha U3JTYyIEeHUE MOXK-
HO mpeHeOpeub. Vcnosib3yiiTe obiee BbIparXKeHUe u
Mozens pyne JJIA TUJIEKTPUYIECKOU ITPOHUATIAEMO-
cru Metasuta. CpaBHUTE ITOJIOXKEHNE PE30OHAHCHON IaCTOTHI
C BepxHeil TpaHuIeif 9acTOTHON 00/1aCTH, T/Ie CYIIEeCTBYIOT
[IOBEPXHOCTHBIE I1JIa3MOHBL.

5-4.1.3 BsaumogeiicTBMe 4acTUI] CO CBETOM B pas3-
JIMYHBIX 3KCIEPUMEHTAIbHBIX CUTYAIUAX

Temnepb BOCCTAHOBUM IIOTEPU BHYTPU YACTUILI U UCCIIEITY-
eM TapaMeTphl paccesHus U morJomenus. [Ipeamonoxxum,
9TO MBI pacCMaTPUBaeM PacCesHUe U IIPOXOXKJEHUE CBETO-
BOI1 BOJIHBI 4epe3 IIPO3PavHyIo CpeTy, 3all0JHeHHYIO pac-
CMaTPUBAEMbIMU PacCenBaTeIAMMU.

ITostoxkuM, Kak 3TO 9acTo ObIBAET Ha MPAKTUKE, UTO
BHYTPEHHUE IIOTEPHU HOTEPH JTOMUHHUPYIOT, TaK YTO ITOJIHAS
MIAPUHA PE3OHAHCA 7Y > Yrad. ¥ UTEM TaK¥Ke BO3MOXKHYIO
OTCTPOMKY 9aCTOTHI ITaIAIOMIeil BOJHBI OT PE30HaHCa, II0-
sarast dw # 0. Cedenne B3amMOIeHCTBUS U CEYEeHUs
paccedaHus B YCJIOBHSIX pe3oHaHca, Korja dw = 0,
PaBHBI

TA-ka-woy , Yrad Y
= ————————— = ~< ~o . o5 0max, 5.34
T T TGre t T Geptpme B3
S 21 A? - (ka)?t - wd Q2 = Y24 _—
3((6w)? ++2) (dw)? +~2

TO €CTh MaJIbl [0 CPABHEHHIO ¢ TEOPETUIECKN MAKCUMAJIHLHO
BO3MOKHBIM CEYCHUEM PACCESTHUSA Oppax-

[Ipeamnonoxum, 4To paccemBaeMasi CBETOBAs BOJIHA SIB-
JIsIeTCsl MOHOXPOMATHYIEeCKOi. B cooTBeTcTBUM € HAIUMU
BBIBOJIAMU, [PU YBEJIUYEHUN BHYTPEHHUX TOTEPh WHTEH-
CHUBHOCTB ITPOIIEJIIIEeHl BOJTHBI BO3PACTAET, TOT/A KAK HHTEH-
CUBHOCTD DPaCCESHHOW BOJIHBI IajiaeT. Bospactanue Kodd-
dulmenTa TPOXOXKIEHUs] HA3BIBAIOT IPPeKmom npoceem-
NEHUA.

IIycTh Temephb Ha YacTHIE PACCEMBAECTCH OEJIBII CBET CO
CHEKTPAILHON MUPUHOH A, GOIBINOH IO CPABHEHUIO C K-
PHUHOI pe30HaHCa, HO MAaJIO 10 CPABHEHUIO C PACCTOAHUEM
IO YaCTOTE JIO COCE/IHErO PE30OHAHCA. YCPEIHEHHOE CEUEHIEe
B3aUMOJIeICTBUSI PABHO

_ l _ Trad
o = A/a(&u)d&u = —j Cmax; (5.35)

TO €CTb HE€ 3aBUCHUT OT IIUPUHbLI PE3OHaHCa. Ceuenue pac-
cednud

2

oy = mamax, (5.36)
Ay

TO €CTh YMEHBINAETCS 0OPATHO ITPOHOPIHOHAIBLHO BHYTPEeH-

HUM 1toTepaM. Taxum o6pa3oM, HHTeHCHBHOCTD TIPOIIe/IIe-

ro 6eJIoro cBeTa He M3MeHsIeTCs IPU yBeJMHeHHH HOTeph,

TOIVIa KaK MHTEHCHBHOCTH PACCEHHOIO CBETa yMEeHbITAeT-

cqL.
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I'nasa 6

BOJTHOBO/IBI

§6-1. BoustHOBOIBI

BosHOBOIaMI HA3BIBAIOTCS KOHCTPYKIUHM U3 DPa3/Ind-
HBIX MaTEPUAJIOB, BJOJb KOTOPBIX PaCIPOCTPAHAIOTCS
9JIEKTPOMArHUTHBIE BOJIHBI. MBI paccMaTpuBaeM IPSMbIE
BOJTHOBOJIbI, OJHOPOJHBIE BJIOJIb CBOErO HAIPABJICHUS.
Brosbs sToro mampasienus BoibepeM ock Oz €KapTOBOi
cucrembl KoopguaaT Oxyz. OTKIUK Cpeibl Ha JIEKTPO-
MarHUTHOE II0JI€ ONPEIENIACTCS TUIJIEKTPUIECKON MMPOHMU-
[AEMOCTBIO €, KOTOPasi 3aBUCUT TOJIBKO OT MOIEPEYHbIX KO-
OpJIMHAT, TO eCTb € = £(x, y) IPU YKA3aHHOM BBIOODE CHCTE-
MbI KOODJHMHAT (€C/IM SIBHO HE OFOBOPEHO IPOTHBHOE, Pac-
CMaTpUBaeM HeMarHuTHbIE cpejibl). Oneparopsl rpaueHTa
u Jlarraca B MOmepevHoi IJIOCKOCTH 0003HAYNM KakK

V. = [gf] . A=+ 0 (6.1)
Y
Bynmem uckarb MOHOXPOMATHUYECKHE BOJIHBI, PaCIPO-
CTpaHSIONIMecs BJ0JIb BOJIHOBOMA. s aToro O6ymem mpe-
1oJiIaraThb, YTO B MOHOXPOMAaTHYECKOIl BOJIHE BCE IOJS OT
BpEeMeHU ¢ U IIPOJIOJIbHON KOOPAUHATHI 2 3aBUCAT KakK

exp(—iwt + i62), (6.2)

rie [ Ha3bIBAeTCsl IIOCTOSTHHON pacipocTpanenusi. B obiiem
ciydyae [ MOXKeT UMeTh HEHYJIEBYI0O MHUMYIO YaCTh, 9TO
OyIeT 03HaYaTh IOTEPH IIPYU PACIIPOCTPAHEHUHN BOJTHBI. MbI
TakKe Oyzmer 0003HAYATH BOJHOBO BEKTOD HA IaCTOTE BOJI-
el k= w/c.

Ilenbro mccaenoBaHmMsT SABJSIETCS OMpeeaeHne Habopa
CBSI3aHHBIX MOJI, IOJJIEPXKUBAEMBIX BOJIHOBOJIOB HA JIAHHOI
qactore. VHTepec NpecTaBiisieT 3aKOHBI JUCIIEPCUU MO,
B(w), a TakzKe IONEPEUHAs CTPYKTYPA JIEKTPOMATHUTHO-
ro HoJid B KaxKJIOU MoJe.

6-1.1 VYpasHeHus MakcBeJjljla 1 BOJHOBBIE
ypaBHEHUS

Bekropubie ypasaenust Makcsesia (2.6€]) qs nonepedanbrx
62)

KOMITOHEHT C YIE6TOM 3aBUCHUMOCTH | IPUOOPETAIOT BUJ,

V.E* — iBE* las & g8 (6.3a)
C
eV, H —ifH* = —%Ei (6.3b)

rJie Mbl BBEJIM CTaHJIAPTHBIE IS pa3/jiesia PO BOJIHOBOJbI
00O3HaYeHUsT JJIsT JBYMEPHBIX BEKTOP-CTOJIOIOB — IIPOEK-

it BEKTOPOB Ha MONEPEYHYIO IIJIOCKOCTh

H' =¢H* = [_01 (1)] [gz] = [_};] . (6.3¢)

IIpoekmuu BeKTOpHBIX ypaBHenuit MakcBesia Ha MPOI0Th-
HOE HAIIPaBJIEHUE CYTh
.= twe .= w
divE* = -2°p:, awE = 2EpE (6.3q)
c c

MormaocTs P, iepeiaBaemast epe3 BCE ceteHrne BOJTHO-
BOJIA, OIIPEJIENIAETCSI HHTETPAJTIOM

P = %Re/dxdy (H*-E"). (6.3¢)

OTTaJKuBasICh OT ITOIO PABEHCTBA, OIPEJIEINM CKAJISIPHOE
[IpOM3BeJIeHNEe JIBYX, BOOOIIE IOBOPsI KOMILIEKCHBIX, IOITe-
peunbix BekTOpHBIX noJieit H- u E+ ciremytonum obpazom:

scalar product : /dx dy (H**-E*). (6.3f)

6-1.1.1 IlapameTpu3sarus MoJisi UYepe3 molepevHbie
KOMIIOHEHTHI

Tlokazkem, Kak BCe KOMIIOHEHTHI IMOJI MOTYT OBITH Iapa-
METPU30BaHbI Yepe3 MOMePEedHble KOMIOHEHTHI MATHUTHO-
ro nosist H*. JIjist 3T0r0 napamMeTrpusyeM CHavaJja 3JIEKTPO-
MArHUTHOE TI0JI€ Yepe3 BeKTOP-TIOTEHINAIOM A, IMeoIeM
HEHYJIEBBIMH TOJIBKO Torepevnbie KomroneHTsl, A* = 0. To-
IJla U3 OUPEJIeICHIs

B = rot A, (6.3g)

CJIeIyeT, 9To

1

AJ_
B

H', H°=divA'= %div H*. (6.3h)

Bpra}KeHI/IH JJIsd KOMIIOHEHT 3JICKTPUYICECKOI'O IIOJIA CJIeIy-

10T u3 ypasuennii Makcsesura (6.3b}f6.3d)):

B Ly awHE, B = € givAL
EW wpe EW
(6.31)

EL
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6-1.1.2 BosHOBBbIe ypaBHEHHUs Js TOIE€PEUHBIX
KOMIIOHEHT II0JISI

BosHoBbie ypaBHeHUsT HA JIEKTPUIECKOE U MATHUTHOE I10-
JIST JIJIst CpeJibl He 00J1aJIaionieil MAarHuTHBIMU CBOMCTBAMU

2 1 2
rotrot E = ELE, rot = rot H = - H. (6.3))
€

c2 c2
Bosiosbie ypasuenust ((6.3])), cipoeKTUpOBaHHBIE HA, MIOIIE-
PEYHYIO TIOCKOCTh, CYTh

((AL tek?— g% —g Vf)f{* = 0, (63K
((AL tek?— B2 4V, gT)EL -0 (6.3

r7e JIorapuMUIecKuii TPAIUEHT IUIICKTPUIECKON ITPOHNU-
11aeMOCTH

g=V. Ineg, (6.3m)

a BepXHUil WHIEKC ‘T’ O3HAYaeT TPAHCIHOHHpOBaHUE (B
JIAHHOM CJIydae MepeBOJIAIee BEKTOP-CTOJIOEI] B BEKTOP-
CTPOKY).

Huddepennuanbabie OmepaTopbl, (QUIYPHUPYIONNE B
ypasuenusx ((6.3kll6.31)), nepexonsar B npyr apyra upu ore-
paIu TPAHCIOHUPOBAHUS B CMBICJIE CKAJISIPHOIO IIPOM3-
BeJIeHUsI . Ecin ke paccMaTpuBaTh TOJBKO CPEIbI
6e3 morsomennsa, To IuddepeHIuaIbHble OIepaTOpPhl B
(6.3k}[6.31) siBaAsIIOTCSA WMCTO JIEHCTBATENBHBIMHU, W TOITO-
My OIepaIys SPMUTOBA COMPSIPKEHUST TAKXKE TIEPEBOJIUT ITU
oTIepaTopwI APYT B Apyra. Takum obpa3om, mosist Moabl Nen,
E; u ICI;*, SIBJISIFOIIMECS] PEIIeHNeM STUX YPABHEHUIl Ipu
(% = 32, OKa3BIBAIOTCS JIEBLIMU U PABBIME COOCTBEHHBIME
BEKTOpaMHU OJIHOTO W TOTO ke omeparopa. Ilockosbky Be-
auauny 32 B 9THX ypaBHEHHAX CJIeIyeT Ha3BaTh COOCTBEH-
HBIM 3HAYEHHEM STOrO OIEePaTOpa, TO IOJIs PAa3HBIX MOJ

OPTOTOHAJIBHBI JAPYT JPYTY B CMBICJIE CKaJAPHOIO IIPOU3-

BeJICHUA :
/ dedy (Hp Ef) = Snm. (6.3n)

MbI HOpMEpPOBAIM AMILUIITYABI MOJ Ha (PUKCHPOBAHHYIO
‘€ ITUHUYHYI0 MOIMHOCTE'. OTMETHM, 9YTO BO3MOXKHO BbI-
6parh uucTo jeficreurenbabiMu oasa KL u HY: (to ecth
MHOXKHUTeIN 1pu Gerymieil sxcronente (6.2])) B cury neii-
CTBUTEJIBHOCTH OIIEPATOPOB B ,HHaKO B JlaJIb-

HEHIIeM TaKo# BBIOOD HE IIPEJIITOIAaracTCs PeaTn30BaHHBIM.

6-1.2 HWuTerpajibHbI€ COOTHOIIEHUS MeXK-
Aoy TIOJISIMU

Ucnonb3ys t- U 2-3aBUCUMOCTH JIjISI MOHOXPOMATHIECKOMN
BOJIHBI, IIOJIy9aeM, YTO B yCPEIHEHHOH (popMe 3TO ypaBHe-
HUeE 3allICbIBaeTCs B BHUJE

3 / dxdy<_E]iy) - % / dxdy@z). (6.4)

Kparkas 3amnuch 91010 ypaBHEHUS CJIEIYIOIIAS:

Neff — %, (6.5)

o _ o
newe (BP) = (B2,
cpaBuu ¢ (2.22), e yruioBble CKOOKH (...) O3HAYAIOT
ycpeJHeHne 1o romnepednoii mwiockoctu Oxy. Anajornd-
HBIM CTIOCOOOM W3 ypaBHEHHsI Ha MaramTHOe moje H mo-
JIygaemM

nege®? (HP) = (D). (6.6)

Ecim Bce cpefipl, U3 KOTOPBIX H3TOTOBJIEH BOJIHOBO/,
wemarautable, o H = B, a umunenanc Z = (E)/(H) =
1/7’Leff.

§6-2. BosHOBOZIBI ¢ MeTaJJINIECKNMI CTEHKAMU

PaccmoTpum mpsiMoit  BOJTHOBOJ, C  MeTaJIMIECKIMU
creakamu. llomepetunoe cedeHme TAKOro BOJHOBOJIA IIPE/I-
craBjisieT coboii HEKOTOPYIO (DUTYPY C METaJJINIECKO Irpa-
HUTEH.

6-2.1 BouHOBOABI C OJHOCBSI3HBIM IIOIIE-
PE€YHBIM CcedeHUueM

B sToM myHKTE MBI IIpeamoaraeM, ITo (pUrypa mormepedaHo-
0 CEYEHUs HE UMEeT II0JIOCTEM, T.€. ABJIAETCH OJHOCBA3HOMA.
IIpeamonoxumM Jij1st MPOCTOTHI, ITO BHYTPH (PUTYPBI ITYCTO-
Ta.

CuepBa MbI OyzieM cunTaTh MeTasl uaeaabHbiM. Toraa
[IOTEPU OTCYTCTBYIOT U IIOCTOSIHHAs PACIpPOCTpaHeHus: 3
SIBJISETCS JIENCTBUTEJIbHOU BEJIMINHOIA.

B Takux BOJIHOBOHAX BCe MOALI Aensarcsa Ha 1 E-Monbl

u T'M-MO7BI, B KOTOPBIX PABHBI HYJIIO 2-KOMIIOHEHTHI COOT-
BETCTBEHHO JIEKTPUIECKOI'O U MArHUTHOTO ToJie. B jirob6oit
MOJI€ KaxK 1asl KOMIIOHEHTA I10JIS YI0BJIETBOPSIET BOJTHOBOMY
YPaBHEHHIO

(A — B2 4+ k) (E) — 0, (6.7)

Ha rpanune wmmeambnoro merasa [ 1o/KHBI OBITH paB-
HBI JIBe KacaTeJIbHbIe KOMIIOHEHTHI 3JIEKTPUIECKOrO TOJIST U
HOpMaJibHasT KOMIIOHEHTa MATrHUTHOTO TIOJIs.

6-2.1.1 TM-moabl

Pacemorpum T'M-momy. Bosnosoe ypasaenue (6.7)) ma z-
KOMIIOHEHTY 9JIEKTPUIECKOTO MOJISI €CTh

A'E* = (k* - BHE?, E*|. = 0. (6.8a)
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Ha rpanune E* kak kacaresbHas KOMIOHEHTA MOJIS JTOJIK-
Ha oOpamarbcsd B HyJb. Y paBHEHUE €CTb ypaBHe-
HUE Ha CTPYKTYDYy MOJBI, 3ajafomee eé mucrepcuo [S(w).
MareMaTuvyeckun 3TO ypaBHEHHE SKBHBAJECHTHO KBAHTOBO-
MEXaHUYeCKOI 3a1a49e O HePEeJIATUBUCTCKOM MaCCUBHON 4a-
cTure, MOMEMEHHON B ABYMEPHYIO MOTEHITHAJIBHYIO SIMY C
IUIOCKHUX JTHOM U OECKOHEYHO BBICOKMMH CTEHKAMH, NMEIO-
11yio POpMY IOIIEPEYHOrO CEYEHUST BOJTHOBOIA.

Bripasum ocrasibHble KOMIOHEHTBI 3JIEKTPOMATHUTHOTO
o 4depe3 E?. 13 2-KOMIOHEHTBI ypaBHEHUS Ha WHIYK-
o MarauTHoro noss (B# = 0) 3akiodaeM, 9To 9J1€KTpH-
9eCKOEe I10JI€ B ITOIEePETHOH IOCKOCTU HOTEHIINAIBHO,

E® = —8a0. (6.8b)

YcioBue Ha 663,£LI/IBepI‘eHTHOCT]) QIIEKTPUIECKOr'O IIOJIA Oa-
€T CBA3D MEeXKIy 2-KOMITOHEHTO QIIEKTPUIECKOT'O II0JId u
IIOTEHIIUAJIOM:

Aty = —iBE”. (6.8¢)

IMockobKy Ha IIOBEPXHOCTU METAJIA KACATEIHHOE 3JIEK-
TPUYIECKOE TI0JI€ OTCYTCTBYET, TO TPAHUTHBIM YCJIOBUEM JIJIsT
noTeHpaNa gBiaserca @|lr = @oexp(ifz). Koncranry ¢q
MOZKHO TIOJIO?KUTb PABHON HYJIIO, TIOCKOJBKY B OJHOCBSI3-
HOlt o6siacTu y ypasBHenusa At = 0 ¢ TaKUMY IDAHUYHBIMU
YCJIOBUSIMU HE CyIIECTBYET HETPUBUAIBHOIO (OTJIMIHOIO OT
© = @g exp(ifz)) pemienusi. TO O3HAYALT, YTO OTEHIUAIL
(¢ YJIOBJIETBOpSIET TOMY 2Ke BOJIHOBoMy ypashenuto (6.8a)),
U B CUJLy

i

B

Hakomerr, ypaBuenue Ha q-KOMIOHEHTBHI 9JIEKTPUIECKO NH-

JYKIAHU JTAET
w
—e*Pdg0. (6.8¢)

B
B

0 We w

Puc. 6.1 3akon aucrepcnn MOIBI B BOJTHOBOJE C
MEeTaJIJINYECKUMU CTEeHKAMHU.

Bepuémcsa Tenepb K BOTHOBOMY yPaBHEHUIO . IIpn
(PUKCUPOBAHHON TEOMETPUN IOMEPETHOrO CeUeHusT (PyHK-
st E#(x,y) aBasiercss cobcrBenHoil dyHKIMeli onepaTopa
Jlamaca A*, Tak 4ro

2

wc,n z z
5 Ens E*|.=0 (6.8f)

AE; = —

HE3aBUCHMO OT 3Ha4YeHHWsi JacToThl BOJHBL Cylnecryer
GeckoHeTHOEe CIETHOE KOMM4IecTBO perternii (6.9¢)), Tax aro

n > 08 (6.9¢). Dru perienus xapakTepusyOTCd B 001IEM
CJIy4ae PasHbIMU COOCTBEHHBIMU 3HAYEHUSIMU, TO €CTh Pa3-
HBIME W p,. 3AKOH JUCIEPCHN MOJbI Non ecThb

Br = ——5". (6.8g)

IIpu gacTore w < We,n, MOJQ Nen me pacmpocrpansieTcst
o BOJTHOBOAY. JacToTa w, HA3BIBAETCsl 9aCTOTONW OTCEY-
ku (cutoff frequency) nyis nanuo#t MOABI. 3aKOH JuCHEPCAT
n306pazkén na Puc. B BosmoBOmax paccmarpm-
BAEMOT'0 THIIA BCE MOJIbI UMEIOT HEHYJIEBYIO YaCTOTY OTCEY-
k. Cpeln YacTOT OTCEYKM €CTh MHUHHMAJbHAS We. Kc-
JIN XapaKTePHBII pa3Mep IIOIEepevYHOro CedYeHHus PaBeH «,
TO caMasl HU3Kasi 9aCTOTa OTCEYKH OIPEIEJISIETCS OIEHKOM
We,0 ~ c/a.

I'pymmoBast ckopocTr fitst MOIBI Nen, ecTh

dw 2

dﬁn B Uph,n)

Vgn

w
Uph,n = 67, (68h)

n
TO €CTh COOTHOIIEHNE TPYIIIOBOII CKOPOCTH Vgy, 1 Ha30BOit

CKOPOCTH VUph,pn JIEKUT Ha I'PAHUIE TEOPETUIECKU JOIIyCTH-

Moro 3uadenus, cM. (2.23d)).

6-2.1.2 TE-mozas!

B TFE-sonne xommonenta E* = 0, mostomy momepedHast
9aCTh MArHUTHOIO IOJIs ITOTEHINAJIbHA,

B = —0.¢5, (6.9a)

cpasHH ¢ (6.8b)). Anamorn (6.8c)i6.8dl6.8¢) cyTn

w

B
B ypasrenun ((6.9c]) Has10 3aMeHNTD TpaHUYIHBIE YCIOBUS B

coorsercrsuu ¢ ((5.17):

= - _-B*  E P55 (6.9b)

2

wc,n z z
B, . B*|. = 0. (6.9¢)

A'BE = -
&

B pesymbraTe Mbl NpEX0IUM K (POPMATBHO TOMY 2KE 3aKOHY
nuctiepenn ((6.8g)), HO ¢ APYrUMHU YACTOTAMU OTCEYKH.

e 3adaua 1: Cpenu Bcex T E- u T M-Mon BOJHOBOIA
C UIeAJIbHO-MEeTAJINIECKUMI CTEHKAMM, MMEIOIIeM KBaJl-
paTHOE cedeHue, HAIUTe MOY ¢ MUHUMAJIbHBIM 3HAYCHM-
€M 9aCTOTHI OTCEYKH.

e 3adauwa 2: Cpemnu Bcex TE- u T M-Mo BOTHOBOIA
¢ UjeabHO-METaJUIMIeCKUMH CTeHKAMU, MMEIOIEeM KpyT-
Jloe cedeHune, Haiijure MOJY C MUHUMAJBHBIM 3HAYCHUEM
HaCTOThI OTCEYKH.
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6-2.2 BoJuHoBOABI C HEOTHOCBIA3HBIM IOIIE-
PEYHBbIM ceYeHueM

Paccmorpum BoJIHOBOJL ¢ METAIMYIECKAMU CTEHKAMH, ¥ KO-
TOPOr'O TIONEPEYHOE CEeYEeHUE HE SIBJISIETCS OJHOCBSI3HBIM.
IIpumepoM TAKOTO BOJHOBOJIA SIBJISIETCS MeTaJIINIeCKast
mojiasi TpyOKa, B KOTOPYIO IOMEIIEH METAJUIMIeCKUN Ih-
JIMHJP MeHbInero pajgnyca. Cederne TaKOTo BOJHOBOA sIB-
JITeTCSA ABYCBS3HON (PUTYpOil: rpaHuiia 3Toi GUrypsl Co-
CTOUT W3 JIByX 3aMKHYTBIX HECBSI3aHHBIX JPYT C JIPYIOM
JIMHUMA.

B obmmem ciryuae y BoHOBOZA MOXKeT ObITH [N HECBsi-
3aHHBIX JPYT C APYTOM YacTell MeTaJINIecKOl MOBEpXHO-
ctu. B Bonnosonax rakoro tuna mnomumo 1T'E- u T M-mon
ectb emé N — 1 mryk TEM-mon. ucriepcust 3TUX MOJT
coBnajiaer (B Ipejieie neaJbHOr0 METAIIIA) ¢ ucnepcueit
9JIEKTPOMATHATHBIX BOJIH B IIyCTOTE, W 9TU MOJbI HE HMe-
IOT JaCTOTHI OTCeUKH. Takue cpoiictBa 1T FM-mon memaior
UX BECHbMa IIPUBJIEKATEILHBIME JIJIs HCIOJIH30BAHUS B dJIEK-
TPOTEXHUKE.

TTokaxkem, aro T EM-MOnbI TeACTBATEIBHO CYIIECTBY-
0T u pa3bepém u3 cpoiicrBa. HazBaHue 3Tux MO Ipeno-
JIaraeT, 9TO B HUX U JIEKTPUIECKOE U MATHUTHOE MOJIS SIB-
JISIIOTCST 9UCTO TorepevnbiMu, To ectb B2 = 0, H* = 0. To-
IJ[a 9JIEKTPUIECKOE TI0JIE SIBJISETCS IOTEHITNAIbHBIM B IIOIIe-
PEYHOI ILJIOCKOCTH, CM. . [Torennuasn ypoBjeTrBOpsieT
ypasHenwuio Jlamnaca,

A = 0. (6.10)

cpaBuu ¢ (6.8c). Or ciyuast 0JHOCBSI3HOII BOJIHOBELYIIIENT
IIOJIOCTH Cefidac HAC OTJIMYAET TO, YTO TEIeph CyIIEeCTBYeT
N > 1 yuacrkos nosepxaoctu Merajia 'y, a = {0, N —1},
He CBA3AHHBIX MEXKTy coboii. B1oIb KazKI0ro ydacTKa rpa-

auiel ', 3HadYeHme TMOTEeHIAIa JOKHO OBITh MOCTOSIH-
HBIM, HO OT yYacTKa K YyJacTKy 3TO 3HaUeHUe MOXKeT Me-
HATHCS:

cp|Fa = Qq. (6.11)

B pesysnbrare y ypasuenus (6.10)) cymecrsyer N — 1 merpu-
BHAJIbHOE DEIeHNE.

3akon aucnepcun T FEM-Mo1 MOXKHO HafTH, UCIOIH30-

BaB (6.10) B ypasuenun (6.7)), Hanucansnom s E*. Tlosy-

qaeM, 4TO

[=})

B =k =" (6.12)

MarauTHOE TIOJIe Telepb HAaNWJAEM KaK YACTHBIA CJIy-

qait (6.8¢):
BY = “9z0. (6.13)

B §[6-3| pasbupaercs BonmaoBog ¢ N = 2 MeTA/NINIECKH-
MU TPAHUIIAME, [IPEICTABJISIONIII COOON OT/IEIbHBIN HHTE-
pec B CBSA3U C UCIHOJb30BaHUEM B 3JIEKTPOTEXHUKE.

e 3adaua 3: Haiitu BO3MOXKHBIE THIIBI BOJIH B KPYT-
JIOM BOJTHOBOJIE PAaJyCa @, CIUTasi er0 CTEHKU WIeaJIbHO
npoBosimuMu. Onpene/inTh IPAHUYHYIO YaCTOTY wq st
TakKoro BOJHOBOAA. Haiitn k03D PUIMeHThl 3aTyXaHus o
PA3HBIX THIIOB BOJIH B CJydae, €CJIM IMOBEPXHOCTHBIN MM-
nepaHc creHok pased (. Jlumepamypa: Tonteirua (2005)
crp. 628, 3azaun 14.12 n 14.13).

e 3adava 4: Haittu TE- u TM-mozb1, nmerorue
Hanbojiee HU3KHE YaCTOTHI OTCEYKH B BOJIHOBOJE C KPyT-
JIBIM IIOIIEPEYHBIM CEYeHUEM PaJIUyCa @, CIUTasi ero CTeH-
KU #uaeaTbHo npoBosdmuMu. OnpeennTs JacTOTh OTCed-
KNI W, i 3tux moj. Haifitu koaddunuenTsr 3aTyXaHus
Q JJIs 9THX MOJI, €CJIM IIOBEPXHOCTHBIN MMIIEJJAHC CTEHOK
paBen ( < 1.

§6-3. PabBora AByx1npoBoHbIX JinHuii (quHuit Jlexepa) B 3/IeKTpUYIeCKUX
HersIx

PaccMoTpuM — pacHpocTpaHeHHe — 3JeKTPOMATHHTHOLM
BOJIHBI II0 TOHKOMY BOJIHOBOJY, B KOTOPOM, HECMOTDsI Ha
€ro TOHKOCTb, XOPOIIO JIOKAJM30BAHO 3JTEKTPOMATHUTHOE
nosie. OBt IPUHIUIT JIOKAJU3AIIUN TOJIS COCTOUT B Cy-
MECTBOBAHUN GoJiee YeM OJIHON MeTAJIMYEeCKONl YKUJIbI B
BosIHOBOJE, cM. ITynkT[6-2.2] IIpn sToM riry6buna cKuH-CI1051
B MeTaJule J0JKHa GBITh MaJa [0 CPABHEHUIO C TOJIIITHOL
CeYeHMsl CAMHUX METAJIJIMIeCKUX 3JIEMEHTOB U C PACCTOSHMU-
eM Mexky HuMH. Taknue BOJHOBOJBI HA3BIBAIOTCS TaKIKe
aunuamu Jexepa (Lecher line).

IIpuMepaMd TAKOro COPTa BOJIHOBOIOB SBJSIOTCH KO-
aKCHAJIbHBI Kabedb 1 JBa HapajuledbHBIX GIM3KO PacIo-
JIO?KEHHBIX METAJLIMYECKIX IIPOBOJIA; /I OIPEIeIEHHOCTH
MBI Oy/IeM HIzKe IMeTh BBULY UMEHHO 9TH [IBa, caydasd. Mol
paboraem B o6o3HaueHnsx § [6-1}

a) 6)

Puc. 6.2 a) KoakcuaJbHBII BOJHOBO; 6) JABYX-IIPOBOHAS
JITHUAST

B riiaBroM HpI/I6JII/I}KeHI/II/I MeTaJIJI MOXKHO CHUTATh UIae-
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ampubiM. Torpa, cormacuo Ilynkry [6-2.2] smekrpudeckoe
HOJIe SIBJISETCA WHCTO TIOHEePEYHBIM U IIOTeHIHATBHBIM B
miockocTn Oxy, TPUYEM TTOTEHINA YIOBJIETBOPSeT ypaB-
Henuto Jlamiaca B HonepedHodt MI0CKOCTH,

E® = —0,0, A p=0, E* =0.

cM. (6.8bl6.10). MarauTHOe moJie TaKKe IOIEPETHO, €ro
0.13))

KOMIIOHEHTBI PAaBHBI (CM. (|

3adaveti 9mozo napazpada ABAAEMCA NEPENUCAMD BOA-
HOBBIE YPABHEHUA 6 O08YTNMPOGOOHBIT AUHUAT MEPMUHAT
2NEKMPUNECKUT Uenet, MeM CAMbIM YNPOCMUE ONUCAHUE
NOOKAIOUEHUA K MAKUM AUHUAM TLOAEIHOIT HA2PY30K. DTO
JieJIaTh MBI OyJIeM B IIpejiesie TOHKOM JIMHUM, KOTJIA €€ T0-
IIepEeYHbIfl pa3Mep ¢ MaJl IO CPABHEHUIO C JJIUHON BOJIHBI
21 /A, Te. ka < 1.

[IycTb p; = p — HOTOHHAS ILUIOTHOCTD 3apPsi/ia HA OJHOM
13 IIPOBOJIOB BOJIHOBOZA, TOTJ@ HA BTOPOM IIPOBO/IE IIOI'OH-
Hasl IUIOTHOCTB 3apsaia oymer pg = —p. B npubnmxennn
HJICaJILHOTO METAJIIA 3TO COOTHOIIeHue TouHoe it TEM-
BoJHbI. Takzke BBenéM TOK J, TeKymuii mo mpoBoay Nel; mo
upoBoy NeQ teuér Tok —J.

Tenepp ycTaHOBUM CBS3b MEXKIY IIEKTPOMATHUTHBIM
IoJIeM B BOJTHOBOJIe W BesqmduHamu p, J. IlockoabKy mpo-
BOJ[a BOJTHOBO/Ia METaJIJINYECKHE, TO UX IIOBEPXHOCTH B IIO-
[IEPEYHOM SIBJISIIOTCSI M30IOTEHITNAIBHBIMIA. Pa3HOCTh pas-
HOCTB HMOTEHITNAJOB V MEXKIy >KITaMu

1
Ve = [@rB) = ol el
0

IJI€ MHTErPUPOBAHUE TPOU3BOAUTCS OT TOYKH] ‘0’ HA BTOPOM
BOJIHOBOJIE JI0 TOYKY ‘1’; B CHJIy TIOTEHIIUATBLHOCTH TIOJIsI He
uMeeT 3HaYeHMsl KOHKPETHOe IoJIoyKeHue Touek. OyHKIms
V(z) MmeHsieTcsi Ha pacCTOsiHUSX Topsiika 1/ u 910l 3a-
BHCUMOCTBIO MOYKHO IpeHeOpetb, NCCIeays CBA3b V ¢ T0-
TOHHOH TIJIOTHOCTBIO 3apsA/ia p. DTa CBA3b 3ABUCHT OT T'€O-
METPHUM ¥ MAPAMETPOB MATEPUAJIOB BOJHOBOJA U€pe3 I10-
rounyto émkocts C, [C] =1,

p = CV.

IIpu uzBectHOi reomerpun EMKOCTH C' MOYKET OBITH BBITHC-
JIEHA Yepe3 3aKOHBI 3JIEKTPOCTATUK.

Bseném emé B paccMoTpeHre OTOHHYIO TJIOTHOCTD TI0-
TOK& MArHUTHOTO TOJIS

o = /1(dr~[B x e5)),

rie e, — eJMHIIHbBI BEKTOP, HAIIPABJIEHHBIN BJ0JIb BOJTHO-
BOZa. DTOT MOTOK CO3JAETCsi TOKOM .J, KOTODBIN TakKe B
HaIlleM TPUOJINKEHUN CJIEIyeT CIUTATH CJIab0 3aBUCSIIAM
ot z. Takum obpazom,

LJ

P = —
c

)

rue L — noronnast unykTuBHOCTD, [L] = 1. Tloronnas umn-
JIyKTUBHOCTb TAKXKE MOXKET OBbITh BBIYHCJIEHA 110 U3BECT-
HBIM TEOMETPUYECKUM IapaMeTpaM BOJHOBOJA MCXOJS U3
3akona buno-Casapa-Jlamnaca.

Haxonern, ycTaHoBUM ypaBHEHHsl, OUPE/IEIIAIONIIE PAC-
npocrpaneHus BosH. IlepBoe ypaBHeHHe CileLyer U3 3aK0Ha
COXpaHeHHUsl 3apsijia,

Bropoe ypaBHenne MOXKHO MOJyYIUTH, JTOMHOXKHUB ypaBHe-
aue Makcsesia

1
rotE = ——0;B
c

BEKTOPHO Ha €., U 3aTeM IPOUHTETPUPOBAB ITPOEKIHIO Pe-
gysabrara Ha dr mo kKouTypy ‘0-1’. B pesymbrare mosyunm

1
*atq) = Ez
Cc

1
1
0—/(dr-6zE) ~ o,
0

re I[OCJIeIHeM TPHUOJJMKEHIH MBI OIyCTHJIN BKJIAJ IIPO-
JIOJIHOT'O 3JIEKTPUYECKOrO 10t (OHO He PABHO HYJIIO, €C-
JI MeTaJlll He WjieaJsibHBI). B nrore npuxoauMm K cucreme
YPaBHEHUI1, CBSA3BIBAIOIINX HAIIPsKEHNE U TOK:

8ZJ = —8tp = —C’@tV,
1 I (6.14)
BV = —S00 = ——0,J.
c C

st MOHOXPOMATHYIECKON BOJIHBI, /I KOTOPOH p X
exp(ifz — iwt), 3aKOH JEcCHEepCHn

B2 = = LC. (6.15)

Ecau mpocTpaHcTBO MeXK 1y YKUJIaMU JIMHUH SIBJISIETCS Ba-
kyymom, To LC =1, o ects 8 = +w/k. OTHOImEHNE CpejI-
HEro 3HaYeHUs HJIEKTPUIECKOrO TOJIsT U MATHUTHON WHJTYK-
A B MOHOXPOMATUYIECKOIl BOJIHE PABHO

E Vv 1 w
B ) VLC — cf’

PUYIEM IIOCJIE/IHEE PABEHCTBO CIIPABEMJIMBO JJisd JIIOOOTO

BOJIHOBO/Ia. OTHOHIGHI/Ie HaHpH)KeHI/IH 1 TOKa B JIMHUUN

14 1 /L
— = —A\l= = Zine,
J cV C fine

ri1e Zline, [Zline] = OM, HA3BIBAETCA GOAHOBLIM CONPOMUG-
NEHUEM NUHUU.

IToTox smeprum W, mnepenaBaeMblii MOHOXPOMATHYE-
ckoit BosiHoit V exp(—iwt + i8z), pasen

W= i/dxdy Re(E,B*, e.).
8w
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HCHOJ’IBSyH IIOIIEPEITHOCTDH JIEKTPOMArHUTHOI'O II0OJIA W II0-
TEHIUAJIbHOCTD 3JIEKTPUYIECKOTI'O II0JIfA, BbIpazKeHUe JIJId w
eperuncbiBacTCd B BUJIE

w 12
W= \Y - 1
o /dxdy| o (6.16)
w ( cC|V|? |V |2
= — dIl' Re(pE*) = =
8t e(pEn) 25 YAT

rJie BO BTOPOM MHTerpaJjie MHTeIPUPOBAHUE IIPOU3BOIUTCA
10 00EUM ITOBEPXHOCTSM JIBYXIIPOBOJHON JIUHUU, a 3aTeM
MBI BOCIIOJIb30BAJINCH TeopeMoii I'aycca s 3apsma.

e 3adaua 1: B § [6-3 msnoxena Teopmsi aByx-
npoBoaHOM JuHHU. PaccMOTpuM KOAKCHAJILHBIN IIPOBOL,
(SAT 703): Obe Kuibl JIMHUU CHEJAHBl M3 MEJIH, Jha-
MeTp [EHTPAJIbHON KUkl paBeH 1.13 MM, BHyTpeHHUIl qua-
Merp obmoTKE (Bropas xkusa) pased 4.8 mm. IIpocrpan-
CTBO MEXK/Iy YKUJIAMH 3aII0JTHEHO BCIIEHEHHBIM IIOJIAITHIIE-
HOM, Y KOTOPOI'O JU3JIEKTPUIECKasl IPOHUIIAEMOCTD (4acTo-
ra curnasa 2 I'T'u) pasua 1.6. Haitaure BosHOBOE conpo-
TuBsieHne (B oMax), éMroctb C' n UHAYKTUBHOCTH L (ompe-
JieJileHbl B § . Vuars morepu, HaiiuTe JJINHY PaCIPO-
CTpaHeHus CUrHaJja. 1I0BEPXHOCTHOE COIPOTUBJEHUE (CM.
(5.155.16])) Mmeau npn ykazannoit gacrore pasuo 0.011 Owm.
Yewmy pasna semuaunna (' 5 (5.15)?

6-3.1 Iloak/rodyeHue HaArpy3Ku

Paccemorpum pabory ABYXIIPOBOIHON JIMHUK HA 9acTOTE W
C BOJIHOBBIM COIIPOTUBJIEHUEM Zline, JJIMHON [; TTOCTOSTHHAS
pacmpocTpaHeHusl BOJIHBI Ha JaHHONM dacTore paBHa (3. Ha
KOHIIE JIMHUY TOJKJIIOYEHA HEKOTOPas HArpy3Kka, 0bJiagaio-
mas UMIeIaHcoM 7 . JImHus 3a/1aéT JTUHEHHYIO CBSI3b

U, _ cos(Bl)  isin(Bl) U
ZlineIL B ZSln(Bl) COS(BZ) ZlineI
mexxay sxoauoit (U, I') u seixopnoit (U, I,) napamu Hanps-
JKEHUSI U TOKA.

-] -1,

~U 20_ Zlinel Il ﬁ

Bosma Brpaso:  J, e?

Bouna BiieBo: J_e~iBz

Puc. 6.3 JIunus ¢ Harpy3koil Ha BBIXO/IE.

Eciym na BbIXO/€ U3BECTHA BEJIMYNHA UMIIEIAHCA Z; Ha-
rpy3ku, U, /I, = Z,, TO 15l BXONHBIX BEJWYUH BEJIUINHA
AMIIEJIAHCA paBHa

U ZL - iZlinc tan(ﬂl)

I Zyjne —iZ, tan(BI) fine-

[Ipenmonoxum, 9T0 B JIMHAU IOTEPH HET, TAK UTO €€ MMITe-
JIAHC Lline SABJISIETCS YUCTO JIEHCTBUTEIBHBIM, a HAIDY3Ka
YUCTO PEAKTUBHA, TAK UTO Z; TAKXKe UNUCTO JIHCTBUTE/b-
Ho. B 3Tom ciryuae momuocts W = Re (U I *) /2, mocrasJsi-
ercsl B HAYAJIO JIMHUH, IIOJTHOCTHIO BBIJIEJISIETCS Ha ‘TIOJIE3-
uvoit’ marpyske Z,. Ilpenmosiokum, 9ro Hamra 3ajada Cco-
CTOWT B JIOCTaBKE JIO TOJIE3HOM HAIPY3KHU (DPUKCHUPOBAHHOTO
3HaveHusi Harpysku W. OmupejesiuM HEOOXOJIMMYIO BeJIU-
YUHY aMILUIATYJIbI HalpsikeHus U Jjisl JOCTUXKEHUsI ITOM
nesin. B pesysbraTe BRIYMCIEHUN TIOJIYIaeM:

U = 2ZL2 cos?(Bl) + Z2, . sin*(Bl) W
Z,

Takum obpa3om, HANPsZKEHWE HE CHILHO (DIYKTYHUPYET C
U3MEHEHWeM JIMHbI JIMHUK, €CJIM BOJIHOBOE COIIPOTUBJIEHHE
JINHUW HE CUJIBHO OTJINYAETCs OT COMPOTUBJIEHNS HATPY3KH,
Zline & Z1; B 9TOM CJIy9ae TOBOPSAT, YTO COIPOTUBJICHUE JIH-
HUU COTJIACOBAHO C COMPOTUBJIEHUEM HATDY3KU. B mpoTuB-
HOM CJIy9ae aMIUIMTY/a HAIPSKEeHUs TPU (PUKCUPOBAHHOMN
epeIaBaeMoil MOIITHOCTH PE3KO U3MEHSIeTCS TPH BapHAIUH
bl Ha 0] = w/(20).

ITpencraBum Tenepb pacipezesieHre TOKa (HAIpsizKe-
HUsl) B JINHUM KaK COBOKYIIHOCTB JBYX BOJIH, PACIPOCTPa-
HSIFOIIUXCSI B IPABO U B JIEBO COOTBETCTBEHHO:

J(t,z) = (Jpe? 4 J_ e F7)e it

rJe z — KOOPJAMHATA BJIOJIb JIMHUHN, OTCINTHIBAEMAs OT IT0JI0-
JKEHUS TOJIE3HON Harpy3ku 7. Eciin n3BecTHA aMILuTyna
naberaromieit mosusl, Jy, (T.e. MONHOCTD, nepejaBaeMast K
narpyske, pasaa W = |J, |2 Re Zjjne/2) To nanpsuxenne U,
Ha HArpy3Ke M aMILIUTY/1a 0OpAaTHON BOIHBI J_ paBHDI

27,
U = —2  Zuede,  J_
“ Zline+ZL : *

Zline — 21, J
Zline + ZL -
(6.17)
Ecau Zyine = Z;,, TO €CTh BOJIHOBOE CONPOTUBJIEHNE JIMHUN
TOYHO COIVIACOBAHO C COIPOTUBJIEHHEM HArDY3KH, TO aM-
IUTATY 12 OTPaKEHHON BOJIHBI J_ paBHA HYJIIO: BCS TIO/[BOTH-
Masi MOIIHOCTD B IIOJIE3HOI HAIDY3KE Ha, Hell U BBLIEIHAETCS.
B nporuBHOM cityvae, KOTJia He JOCTUIHYTO COTIACOBAHUE,
AMILIUTY/A OTPAYKEHHON BOJIHBI OKA3BIBAETCS MIOPSIIKA aM-
wmTyael najamormei, |J_| ~ |Ji|, Tak aro Gosbiuas 9acTh
HOJIBOINMON K HATPY3Ke MOIIHOCTH OTPayKaeTcsi 0OpaTHO.

6-3.2 Ilorepu B JMHUM U3-3a KOHEYHOM
MPOBO/IMMOCTH MeETaJLIa

e 3adaua 2: VYduecTb 3aTyXaHWe CUTHAJIA B KOAKCHAJb-
HOM BOJTHOBOJIE 3a CUET MOTEPh B CKUH-CJIOE, U BBIYUC/IUTH
JUINHY PaCIpPOCTPaHEeHUsl TJIABHON MObl. BHyTpeHHUil pa-
JINYC KOAKCUAJHLHOTO BOJHOBOJIA PaBeH @, BHENHU — b, 1a-
CTOTA CUTHAJIA — W, TIyOUHA CKUH-CJI0d — 0 (IpezmoJiara-
eTcsl HOPMAaJIbHBIA cKuu-3(bdeKT)



45

6-3.3 Tpancdopmarop
s TparcdopMaTopa BCEria BBITOJIHSIETCS YCIOBUE
L3, < LiL,, L1z = Lay.

Ilocnenree paBeHCTBO HA3BIBAETCS TAKZKE TEOPEMOIT B3anM-
HOCTH.

6-3.3.1 Harpyska 3a TpancdopmMaTopoM

10— R,

d | L12 _)]

...h
o~
N
AN
load

~U

Cl CZ

I I
20 1 | |

Puc. 6.4 Harpy3ska 3a TpancdopmMaTopoMm.

Pacemorpum cxemy, nzobpazkénnyio na Puc. Cxema
COJIEPKUT TOJIE3HYIO HATPY3KY Zp, HOJKIIOUEHHYIO K HC-
TOYHUKY TEPEMEHHOro Hanpsizkenus: U depes TpancdopMa-
top; éMroctu C7 n Cy HA OTHOCSTCS K MOJIE3HON HATPY3Ke
U B JIAJIbHERIIeM MOIYT OBITh BBIODAHBI C IEJIbIO OIITUMHU-
3alldi TOTO MJIM WHOTO TapaMeTpa CXeMbl. Y paBHEHUIMU,
OTIPEJICISAIONTUME TOKH B CXEMe, SIBJISIOTCSI

1C'
U = IZl—inng, leRl_iWLl+l 17
w
i C.
0 = JZy —iwllns, 22:ZL_Z-WLQ‘|'Z 2~
w

B pesymbprare mosydaeMm, 9TO C TOYKHM 3PEHHUS BHEIITHETO
HUCTOYHMKA UMIIE/IAHC BCeil el KaK IeJI0I0 paBeH

U 21Z2 + w2Lf2

Z = = 21227 r 22 1
T Z (6.18)

6-3.3.2 JIByxmpoBoaHasi JIMHUsA, ITATAIONIAs Ha-
Ipy3Ky 3a TpaHcdopMaTopoM

Paccvorpum ok miovenne Harpy3ku ‘load’ K IBYyXITPOBO/I-
HOI1 jtuHUY Yepe3 TpaHcdopmarop. Mel pe/mosaraeM, 9To
B JIBYXIIPOBOJHOM JIMHAY (PUKCHPOBAHA AMILIUTY/IA 11413~
omeit Bosinbl Jy. Mnenanc Z, Harpy3k# IpeJiosaraer-
csi MaJIoit ¥ TOYTHU JAefiCTBUTEIbHON BEJIMYNHON BCJIEICTBUE
6sm3ocTH K pe3onamncy. Harrma 1eib — JOCTUTHYTh MaKCH-
MaJIbHOTO 3HAYEeHUsl BbIJIEJIEHNs Tellia Ha Harpyske ‘load’
pu (PUKCUPOBAHHOM 3HAYEHUN BOJTHOBOI'O COIIPOTHUBJICHUS
JIUHAA Lline-

[Ipu sTOM pazyMHO HPEAIIOIOKUTH, YTO EMKOCTH IIe-
pea u 3a TparcdopMaropoM mogobpanbl Tak, ato L1C1 =
LyCy = w? (T.e. COOTBETCTBYIONHE 3aMKHYTBIE KOHTYDA
SIBJIAIOTCS PE30HAHCHBIMHE), & COPOTUBJICHNE NIEPE], TPAHC-
dopMaTOpOM TTPEHEOPEKMMO MAJIO, TAK UTO MOYKHO IIPHU-
uars R1=0. B pesynbrare BbIIEASIONIyIOCS MOIIHOCTE W
na marpyske ‘load’ ocraércss MakCHMU3WPOBATH II0 CHUJIE
cBs3u TpancdopmarTopa Lio. B pesysnbraTte mosydaem, ITo
71 =0,Zy = Z,(= R,), >ddexTuBHas BemuInHa HAIPY3KH

w23,

7 =
Z

a BBIJIEJISIONIAsICST MOIITHOCTh Ha II0JIE3HON HAIrpy3Ke

2272 . 2w? L3, 72 R,

W= |J, 2 = : T+l
| +| (Ztine + Z)? (RLZIine+w2L%2)2| +|

eM. (6.17]); MBI TIpeAMONIOKIIN, UTO B JIMHUK TIOTEPh HET,
TaK YTO €€ BOJIHOBOM MMIIEIAHC Lijne YUCTO ICHCTBUTEJICH.
Torma maxkcumym mMormaOCTH W mocTturaercst, KOrma

1
L12 = ; V Zline RLa

TO €CTb JOCTUTAETCS YCJIOBUE COTJIACOBAHUS, Z = Lline. B
ITOM CJIyUae BBIIEJISIONIAsICS MOITHOCTh OKA3bIBAETCS PaB-
ot W = Zjine|lJ+|?/2, Kax u cieoBajio 0xKugaTh, 10-
CKOJIbKY B YCJIOBUSIX COTJIACOBAHUS OTPaKEHHAS BOJIHA JIN-
Hun orcyrcrByer. OTMETHUM, YTO €CJIM COIPOTHUBJIEHNE Ha-
rpysku R, mano (r.e. pesoHaHCHBIN KOHTYD Ry -Lo-Cs 06-
JIaZIaeT BBICOKOM JOGPOTHOCTLIO), TO U BeJIUYUHA CBA3U Lo
TaKzKe OKa3bIBaeTCs MaJIOu.

§6-4. Il1ockme muajieKTpuYecKne BOJIHOBOIbI

Pacemorpum  pactpocTpaneHre HAIPaBJICHHON MOJIBI
BJIOJIb OJTHOPOJTHOM TtacTuHbl. Obo3HaMeHs § HYy X2~
IOTC B YTOUHEHWH: MBI OyJleM MPEJIOIararb, 4To BJIOJb
ocu Oy 1oJie siBjsieTcst OMHOPOAHBIM. COOTBETCTBEHHO, OCh
Ox HampaBJieHa MOMEPEK TIIACTHHBI.

ITnacruna 3anuMaer obnacTb —a/2 < = < a/2. dusiek-
TpUYecKast IPOHANAEMOCTh MATEPHAJIA [IACTHHbL DABHA &
JusiekTpudeckast IPOHALACMOCTh OKPYZKAIOIIEH I1IacTu-

HY ¢ 00erX CTOPOH CPEJIbI PABHO . JlJIsT KpATKOCTH 3amucu
BBeZIEM O0O3HAYEHIE BOJHOBOIO BEKTOPA B OKPY2KAIOIIEM
IIPOCTPAHCTBE Kk 1 KOHTPACTA JINIJIEKTPUIECKON TPOHHUIIae-
MOCTHU MEXK/Y IJIACTUHON M OKpYy2Kalollell cpenoit €:

Ec w
E=—, k= Ecl —-
C

Cpenn HampaBJIEHHBIX MOJ B BOJHOBOJAX C IIJIOCKOIt
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reomerpueii (T.e. OMHOPOIHBIX BIOJbL ocu (Y) MOXKHO Bbl-
ngemuth TE- mw TM-momer. B TE-mome y asekTpuaeckoro
IoJIs HEHyJIeBOW sBiseTcsd Tosbko EY kommonenta, BY-
KOMIIOHEHTa MArHUTHOI'O I0Jis paBHA HyJI0. Beé mose na-
pamerpusyercs omHoit kommonentoit EY. B TM-mone, co-
OTBETCTBEHHO, HAOOOPOT: BCE IJIEKTPOMATHUTHOE TI0JIE TIa-
paMeTpusyeTcst eIMHCTBEHHON HeHymeBoit BY-koMmoneHTOi
MarHUTHOTO I10JIsA, Torga Kak EY = 0.

6-4.1 TE-Mmoab1

e 3adava 1: OupenesnuTsb AUCIEPCUIO YETHBIX U HEIET-
HBIX CBA3aHHBIX 1 F-BOJH IIOCKOTO CHMMETPUYHOTO BOJI-
HOBOJIA.

e 3adaua 2: OTaeabHO PACCMOTPETh HEKOTOPBIE MO-
JIbI B IJTOCKOM CHMMETPUIHOM BOJTHOBOZIE.

i) Mony, He uMeroNy0 4acTOThl OOPE3KHU: OIPEIEINTh
[IPOCTPAHCTBEHHYIO CTPYKTYPY JIEKTPOMATHATHOIO IIOJISI 1
BEKTOPA MOJIIPU3AIIH JIJIsT TIPEJIesIa, KOTa 9acTOTa MHOI'O
MEHbIIIe CAMOIl HU3KOW YaCTOTHI OTCEUKU.

ii) PaccMoTperh MOy € BBICOKUM HOMEDPOM: OBCYIUTD,
KaK MOXKHO OIIMCATh MOJY B KBa3W-KJACCHIECKOM ITPHUOJIU-
JKEHUH.

DaekTpomarauTHoe moJsie THE-BOJIHBI TOTHOCTBIO OIpe-
JeJIseTCs TIOMePEeTHON KOMIIOHEHTOM JIEKTPUIECKOTO TIOJIS
EY. OcranbHble KOMIIOHEHTBI 9JIEKTPUYIECKOTO TIOJIST PABHBI
HYJ/IIO, a KOMIIOHEHTHI MariuTHOI'O IIOJId MOXKHO HaliTH U3
ypaBHeHusT MakcBe/ia Ha MATHUTHYIO WHJLYKITHIO:

B

w

B* = “9,Bv, B*= Ly (6.19a)
w

15/ PaBHEHUE Ha JIEKTPHUYIECKOE I10J1€
2 2 w2
Y 7 —
— &%EY + <ﬂ -5 s(x)) EY = 0 (6.19D)

COBIIQJIAET C YPABHEHHEM KBAaHTOBOW MEXaHWKHU HA CTAIlU-
OHAPHBIE BOJIHOBBIE (PYHKIIUU YACTHUIIBI, COBEPIMAOIIEH 0/I-
HOMEpHOE JBUYKEHUE B MOTEHIIHAJIEe TPSIMOYTOJbHON sSIMbI
KOHe4HO! riybunbl, cMm. Hanpumep Purorre, [1974al [Touck
HaIIPaBJIEHHBIX MOJ] COOTBETCTBYET HAaXOXKJIEHUIO CBsI3aH-
HBIX COCTOSIHUII B KBAHTOBO MEXaHUYIECKOU 3aJiade.

Tlosre HampaBiIeHHONH MOJIBI SIBISETCH CUMMETPUIHBIM
WIA aHTA-CAMMETPUIHBIM IO OTHOIIEHUIO K 3€PKAIbHOMY
OTpazkeHuio r — —x. bymem obo3HaYIATH BOJHOBOW IIPO-
dbunb HanpasiienHoit Mmosbl Kak BEY = E,, 1, rie aymeparus
MOJIbI HAYNHAETCST C €JUHUILI, 1 > 1, a cuMMeTpust

Eni(—l‘) = iEni (l‘) (6.19C)
Ecsin Mojia cBsi3aHHast, TO BHE IUIACTHHBI, OpH |z| > a/2,
Eny = A~exp(—/<o|x|),

(6.194)
E,. = A 51gn(x) : exp(—/i|x|),

k= pB2—k = B2 —ecqw/c)? > 0.

a BHYTDPHU ILIACTHHBL, 0pH |z| < a/2, nonepeynas CTPyKTY-
pa IOJIS €CTh CTOSA9as BOJIHA,

cos(qx),
E,— = sin(qz),
@? = ek - 3% = e.(w/e)* = pB* > 0.

E,. =
’ (6.19¢)

Ecnu cHoBa BepHyTbCs K aHAJOIMUA C KBAHTOBON MEXaHU-
KoOit, moJioxkuB mocrostaayo [lranka A = 1 m maccy da-
crunbl m = 1, TO SHEprUeil CBA3aHHOTO COCTOSHUS OyiIer
—k?2 /2, Tiry6uHOl TPAMOYTOTLHOM MBI Oyzer (e — 1)k?/2,
a e€ mwupuHoii — a. B cooTBercTBUE € 3THM comocTaBJie-
HUEM ¥ OIBITOM PEeIIeHUs 3aJa9i KBAHTOBOW MEXAHUKHU O
MIPSIMOYTOJIBHOU sIMEe KOHEYHOU IJIyOMHBI, OmpejiesiuM 6e3-
pa3MepHbIil napaMeTp

e—1ka 1

V=-rrm—— = —\ec—€q wa. (6.19f)
T T
Kax Gyzer nokasano Huxke, nesas 9acthb (V 4 1) ects unc-
JIO HAIIPABJIEHHDBIX MOJI B BOJIHOBO/IE IIPU 38 IaHHON 4aCcTOTe
¢ (pUKCUPOBAHHOI MOJIAPU3ATIIEI.

P V2 — p2

—pctg(mp/2)

ptg(mp/2)

V 0.6 V2.
f T T T

1 2 3 4

ot

»-@‘V

Puc. 6.5 I'paduyeckuit MeTo/T OTbICKAHUS KOpHEit
ypasuenwuii (6.19gl6.19])), onpenessitonux nucrepcuio
9éTHLIX U HedéTHBIX 1 F-mon. Kpacnasa kpuBas mys

e=0.13.

6-4.1.1 CumMeTpuYHBbIE MOIbI

Haiiiém 3akoH qucnepcuu u pacipeesieHne JIeKTPUIeCKO-
IO TIOJIST JIJIsT CHMMETPUIHBIX MOJI. V3 ycioBusi HelpepbiB-
HOCTH 3JIEKTPUIECKOTO TIOJI U €r0 MIPOU3BOJIHON Ha I'PaHU-
e paszesa MmoaydaeM, ITo

qa

5 = h- (6.19g)

qtg
I'pacduyecku perierne 5T0ro ypaBHEHUsI MOYXKET OBITH IIPE]I-
crasieno B Buje Pucynka[6.5] rue B KauecTse ropusoHTAIb-
HOI1 ocu B3siTa Oe3pa3MepHasi IepeMeHHas P, KOTOPAasi OB~
JISIeTCs TIPU TiepenuchiBanun cootHornenus ((6.19g)) B Bume

2 TP =V?2-p% p=—. (6.19h)

2
t
pg2 T
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Yacrora orceukn monst Nen, n > 0, paBHa

2
Weny = —C > (6.19i)
a\/Ec — Ecl

dynmameHTasbHasg Mojia  PaccmorpuM 6oJtee opoo-
HO CHMMETPUYHYIO MOy, HE HUMEIOILYI YacTOThI OTCEY-
ku. O6JIaCTh MaJBIX Y9aCTOT MOXKET OBbITh HA3BaHA Ipeje-
JIOM MaJIOf M30BITOYHON ONTHYECKON TOJIIIUHBI I1IJIACTUHDI
V <« 1. Takyro mractuny OyneM Ha3bIBATH TOHKUM BOJI-
HOBOJIOM (IIPH COOTBETCTBYIOIIEH YacToTe BOJHBI)). EnuH-
CTBEHHBI KOPEHb JIUCIIEPCUOHHOTO YPABHEHUS €CTh

2 27.2
U I Gl LR T
2a 2
Ecau man 6e3pasmepnsiit mapamerp eka < 1, To Moja Jio-
KaJIM30BaHAa, HA, PACCTOSTHUH, OOJIBITIOM 110 CPABHEHUIO C TOJI-
IIUHOW IIACTUHBI a, TO ecTh ka < 1. Takoit BosHOBOI Ha-
30BEM TOHKUM. JIJIsI TOHKOrO BOJTHOBOJ@ 3aKOH JUCIIEPCUN

81 + 1((s — 1)ka)2. (6.19Kk)
k 8

Bosmoxken mpomeKyTOUHBII IIpeses, KOrja n30bITOYHAS

ONITUYECKadA TOJIIMHA IJIACTUHBI MaJja, HO He MaJ Ilapa-

Merp £ka. DTOT Ipejesl CYIeCTBYeT, TOJbKO ecu & > 1.

Torta oJre MOJIBI OKA3bIBAECTCS CYNIECTBEHHO OCJIA0IEHHBIM

Ha paccroguuu 2 1/k or miacTuHb.

6-4.1.2 AHTHCUMMETPUIYHBbIE MOIbI

Jl1st aHTUCMMMETPUIHON MOJIBI JIMCIIEPCUOHHOE YDABHEHNE
(6.19g)) 3amensiercs: Ha

qa

— t
geot 5

K. (6.191)
Bce anTHCHMMETpPHUYHBIE MOJIBI UMEIOT HEHYJIEBYIO YacCTOTY
orceuku. AurucuMmMerpudHas Moga Nen, riae n > 1, onpe-
Jerstercst yeaopueM m(n — 1) < ga < wn. Mona ¢ camoit
MaJICHBKOIl 4aCTOTONU OTCEYKH XapaKTEePU3yeTCd yCJIIOBUEM
aq < w. Hacrora orceuku mMoanl Nen

w(2n — 1)c

AR > 1. 6.19
i "2 (6.19m)

Wen— =

6-4.1.3 IIpemes TOJICTOro BOJTHOBOIA

ToscTeiit, MM MOHOTOMOJIOBBIII BOJHOBOJ, COOTBETCTBY-
eT TpesiesTy OOJBIIOoN 6e3pa3MepHOit TOIIUHBI BOJTHOBOIA,
V> 1 (6.19h).

[TosryunTsb 3akon jucrepcuu depe3 (a3wl, Haberanme
[IpU TIOJTHOM BHYTPEHHEM OTpakeHuw, cM. [[yHKT

6-4.2 TM-moabl

e 3adaua 3: Haitru TM-Moabl B IJIOCKOM JUIJIECKTPH-
YECKOM BOJIHOBOZE C CUMMETPUYHLIMU OOKJIAIKAMI.

Bousmosoe ypasuenne

frotirotBJr BQfs(x)uﬁ B=0
e(x) c? -

CIIPOEKTUPOBAHHOE Ha y-HAIIPaBJIeHNE, JaET

2 2
9, a,BY + <5 - w) BY = 0.  (6.20a)

e(x) e(x) 2

W3 sroro ypaBuenusi, B YaCTHOCTHU, CJIEIYET, UTO HA IPa-
HUIE pa3/esia HENPEPBIBHBIMU JIOJKHBI OBITH CaMO II0JIe
¥ €ro IIPOU3BO/IHAsl HODMUPOBAHHAS Ha JUJIEKTPUIECKYIO
IIPOHUIIAEMOCTb:

e 19, BY.

(6.20b)
OCTaHBHbIe KOMITOHEHTBI MaI'HUTHOI'O I10JIsA paBHbBI HYJIIO, a
KOMIIOHEHTBI 3JICKTPUIECKOI'O I10JI MO2KHO HalTH N3 YpaB-
HEeHndA MaKCBeﬂﬂa Ha 9JICKTPpUYIECKYIO MHIAYKIIUIO:

continuous on the boundary: BY,

B

BY. 6.20
P (6.20¢)

B =-—9,BY, E*=-
EW

Kak u B ciayuae TE-BosH, mocTosHHas pacipocTpa-
HeHmsi 3 OrpaHMYEHA CBEPXY IOKA3aTeJeM IPeIOMJICHUST
CepIEeBUHBl BOJIHOBOAA, cM. (6.19¢]). deiicrBurensho, un-
TerpajbHOEe HEPABEHCTBO

(6.20d)

(mpeobpazoBaHne IpaBoil YACTH HEPABEHCTBA €CTh CJIE/-
crBHUe BosiHOBOrO ypasuenus (6.20a))) roopur, dro

2 w?
A7 < emax g (6.20e)

I/ Emax MaKCHMAJILHOE 3HAMEHHUE JIMIJIEKTPUICCKON
IIPOHUIIAEMOCTH.

IIpumep KpWBBIX, M300paskaroNmX 3aKOH IUCIIEPCUH,
nokasan Ha Pucynke [6.6] B kadecTBe BepTHKAJBHON OCH
B3sra Besanuuna 3/k (3dbdexTuBHbIi 10Ka3aTENb IPEIOM-
JeHUS Nef = +/Ec13/k), TOCKOMBKY /sl MOJ| BCEX THIIOB
OHa OrpaHMYEHA IPEIeIaMA

w ¢

1<§<ﬁ, k:,/aclz, £=—. (6.20f)

ITo ropuszonTasu orioxkeHa Oe3pa3mepHas dactora 2V
(6.194)), eé Tak:ke ke MOKHO Ha3BaTh Ge3pa3MEpHOli TOJI-
IIUHONA BOJIHOBOJA.

Bomrosbie poduin HaTpaBiIeHHBIX MO B, BBeIEM
COTJIACHO TeM Ke 0DO3HAYEHUsIM, KOTOPbIE OBbLIM KCIIOJIhb-
30BaHBI [IPU OIpeJiejieHn: BOJTHOBBIX mpocduiteit TE-BomH,

em. (6.196.19d6.196).
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6-4.2.1 CumMmMeTpuYHbIe ¥ aHTUCUMMETPHUYHBIE
MOJBbI

U3 rpannynbix ycsosuit (6.20b) u ypasuenus (6.20a]) Bue

TpaHUIIbL cjleIyeT JUCIEPCUOHHOE ypaBHeHUe

qa
— =¢

5 K. (6.20g)

qtg
JJId CUMMETPUYIHBIX MO/ 1 COOTHOIICHNE

—qctg q—; = ek. (6.20h)

JJTsi RHTUCUMMETPUYHBIX MOJ. JacTOThI OTCEUKH JIJIsi CUM-
METPUYHBIX U AHTUCUMMETPUIHBIX MOJI OIIPEJIEISIIOTCS Te-
mu ke coorHomenusamu ((6.19i6.19m)]).

\ €-1kalr

Puc. 6.6 JIunun cunero orrenka — 1'E-MoOabl, TuHun
KpacHOro orreHka — 1'M-MOmpbl; TEMHBIE U CBETJIBIE
JINHUY — CAMMETPUYHBIE U ACUMMETPHUYIHBIE MOJIbI
COOTBETCTBEHHO. BbLI0 B3sTO € = 2.

§6—5 HaHpaBJ'IeHHLIe MOJAbI B aKCHAJIbHO CMUMMETPUYIHOM BOJIHOBO/E

OnTOBOJIOKHAMYI HA3BIBAIOT JJIMHHBIE HUTHU, HU3TOTOB-
JIECHHbIE N3 JIUIJICKTPUKA. Takue HUTH HCIIOJIB3YIOTCA B
KadeCTBe IiepeJaTduKa I/IH(l)OpMaLLI/II/I, IIOCKOJIbKY IBJISIFOT-
Cd BOJTHOBOZAMU: BJOJIb OIITOBOJIOKHA MOTYT PaCIpPOCTPa-
HATHCA SJIEKTPOMaIrHUTHBIC UMITYJIBChI, 3JICKTPOMArHuTHOE
II0JI€ B KOTOPDBIX JIOKAJIM30BAHO BOJIU3N BHYTPH OIITOBOJIOK-
Ha.

Msb1  mpejmiosiaraeM, YTO BEIIECTBO BOJIHOBOJA He
MarHUTHOE, KO3(DMUIMEHT MATHUTHONW BOCIPUUMIUBOCTH
u = 1. Koacbdunment muamekTpraeckoil IpOHUIIAEMOCTH €
OTJINYEH OT €JIMHUIBI U MOXKET U3MEHSITbCS B MPOCTPAH-
crBe. MblI paccMarpuBaeM CiIydail HMJI€aJbHOTO aKCHUAJb-
HO CHMMETPUYHOIO OITOBOJIOKHA, B KOTOPOM JIU3JIEKTPU-
Jeckasi ITPOHUIAEMOCTD $SBJISETCsl (PYHKIUEH TOJIBKO TIO-
mepevyHoit KoopauHaTel. llpesamonaraercs, 9o Gsm3u ocu
OIITOBOJIOKHA £ MMEET MAaKCHMYM.

OcHOBHOI 3ajiaueil ABJISETCS WUCCICIOBAHUE JIBUKE-
HUsI UMITYJIbCA BJIOJIb OCH BOJIHOBOjA. JIjisi TOro, 4To0BI
MOJIyaInTh 3DPEKTUBHOE OJHOMEPHO YPABHEHHUE, OIMCHI-
BaIOIllee PACIpPOCTPAHEHUE 3JIEKTPOMATrHATHOIO HUMITYJIbCA
B/IOJIb ONITOBOJIOKHA, HAJIO0 CHAYAJIa HATH CTPYKTYPY dJIEK-
TPOMArHUTHOIO II0JISI B IIePEYHOI OIITOBOJIOKHY IIJIOCKOCTH.
ITosTomy mpexkjie Bcero Tpedyercsi PelmuTh TPEXMEPHBIE
ypapHeHust MakcBe/ia B IOMEPETHON 00JIaCTH, TEM CAMBIM
CBe/Id 3a7lady K OITHOMEPHOM.

Puc. 6.7 Cxemarudeckoe cTpoeHUE OIITOBOJIOKHA U BBIOOD
CHUCTEMbI KOODJAWHAT

6-5.1 OcHoBHBIEe 0003HAUYEHUA

Bseném mumHIpuyecKie KOOPJAMHATHL P, 0, Z, CBSI3AHHBIE C
ONITOBOJIOKHOM. B ciry1ae, Korya MblI OysieM paboTaTh B Jie-
KapTOBBIX KOOpAMHATAaX, 0cb Oz OyIeT HAIIPABJIECHA 10 OCH
omrroBoJiokHa. VHmekcamu i, 7, k, ... Mbl OymaemM 0b603HAIATH
BCEe TPU KOOPJAMHATHI, & TPEYECKUMU UHIEKCAMU &, (3, ... T10-
[epevyHble KOOP/MHATHI T, Y.

BomnoBojr mipescTaBiisier coboit MPO3pAYvHBIN  TAJIMH-
JPUYECKUN CTEpPKEHb KPYTIOBOI'O CEUYEHUsl, OKPYKEHHBINI
MIPO3PAYHBIM IIUJINHIPUIECKIM CJIOEM OIHOPOIHOTO MaTe-
puasa. Ilunmuagpuaeckuit caoit 6yaeM CIuTaTh JOCTATOTHO
TOJICTBIM JIJIsT TOTO, ITOOBI €r0 MOYKHO OBLITO CIUTATH (POP-
MaJjIbHO OeckoHedHbIM. CTep:KeHb HA3BIBAIOT CEPIIEBUHOIM
BOJIHOBOJIA (coTe), a OKPYZKAIoIIee IIPOCTPAHCTBO — O0KJIa,I-
Kol (cladding).

Qusnyeckne MapaMeTpbl AKCHAJIHHO-CHMMETPUIHOTO
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BOJIHOBOJIA:
e Pajmyc cep/eBunsbI a

o JluasekTpudeckast OOKJIAIKH

(cladding) eq

IIPOHUILAEMOCTDH

e ITpoduib AUaJIEKTPUIECKO IPOHUIIAEMOCTH CepJilie-
BUHEL (core) £.(p).

Mpb1 GyzieM HHTEpPEeCOBATHCA CAMBIM IPOCTBIM CJIYYaeM,
KOTJIa CEpJIEBUHA SBJISAETCS ONTHYECKH OJHOPOIHON cpe-
JIOif, TO €CTh BO BCEM IIPOCTPAHCTBE PAIUAJIbHAS 3aBUCH-
MOCTb JM3JIEKTPUIECKON IIPOHUIIAEMOCTH SIBJIAETCS KyCOU-
HO IOCTOsHHOH (step-index profile):

_ ) &, p<a
e(p) = { tq, p>a. (6.21)

Beeném 6e3pasmepHsblii mapaMerp, paBHBIN OTHONIEHUIO KO-
3 DUINEHTOB TPEIOMIIEHAST CEPAIEBUHBI OIITOBOJIOKHA ¥
MaTepuaJia, OKPY2KaloIero ceplieBuny

Ee A, = 7M (6.22)

ny = )

Ecl VEecl

Knaccndukamums Bcex MO M ONMCAHNE UX CBOWCTB TaKOIO
OIITUYECKOr0 BOJIHOBOJA MOXKHO Haiitu B Mapkyse (1974,
I'n. 8).

6-5.2 IlapameTrpusanusi 1OJsI U BOJIHOBOE
ypaBHeHUE

6-5.2.1 AxkcuajgbHOE YUCJIO V

Ecrecreenno wiaccudunuposars permerus (?7) mo cum-
METPUHU 10 OTHOIIEHUIO K MOBOPOTY BOKPYI' OCH OIITOBO-
JIokHa. JIJ1s1 HaX0XK JIeHUs COOCTBEHHBIX MO/ MbI (DUKCUPYEM
aKCHaJIbHOE YUCIO U, U [OJIaraeM

HP HY o e™?, (6.23)

rae v € Z. llpu dpukcnpoBaHHOM aKCHAJIBHOM YUCJIE PaBEH-

CTBa 6.31]) 17151 TIPOIOJIBHON KOMIIOHEHTBI MATHUTHOTO

II0JIAd 1 IIONIEPEYIHbIX KOMIIOHEHT 3JIEKTPUYIECKOI'O IIOJIS pac-
IIICBIBAIOTCA B BUIE

1HP 7 v
= 4 lowr— Lpe 6.24
8 T8 5 (6:24)
e = —Lom P
EW we
B = Y pgeq ﬂHso7
cwp we

U3 (6.24)) cnemyer, uro Toii ke cummerpueit ((6.23)) obama-

IOT U 2-KOMIIOHEHTBI BCeX IOJIEH.

6-5.2.2 BousaHoBoe ypaBHeHHE OJd KOMIIOHEHT IIO-
s

BosinoBoe ypaBHeHHE ¢ ¢ y4ETOM HEOJHOPOJIHOCTHU OITHU-
YEeCKUX CBOWCTB CpeJbl B TEPMUHAX BEKTOP-IIOTEHINAJIA
uMeeT BU]L . B obmactu, rme ontuueckue CBOi-
CTBa CPEJIbI OJTHOPOJHBI, KOMIIOHEHTHI MAarHUTHOI'O IIOJId
H B 1exapToBbIX KOODAMHATAX YIOBIETBOPHAIOT BOJHOBOMY
YPaBHEHUIO

(A" + (ew® = B%))H" = 0. (6.25)

s HaXOXKJeHUsT PAJMAJBHON 3aBUCHMOCTH KOMIIOHEHT
marauraoro ot {HP, H¥}, yno6HO BOCIOIB30BATLCS IIe-
PEXOIOM K JIEKAPTOBBIM KOODJINHATAM, TOCKOJIbKY YpaBHE-
HIE I AeKapToBbiX Koopaunar H* BHyTpwm obira-
cTeil, ¢ TIOCTOSTHHBIM € sIBJIsleTcsl ypaBHeHueMm beccerst.

CBs3b Me2KJ1y KOMIIOHEHTaM1 BEKTOP-TIOTEHITNAJIa B J1e-
KapTOBBIX M IIOJIAPHBIX KOOpAWMHaTaX CJICAYIOIIad:

H*) A (H” Ay [cosep —sing
[Hy] _O[H“"] » Ol = (Singo cos ) (6.26)

Pasjioxxum BekTop H* 110 cOGCTBEHHBIM BEKTOPaM OIlepa-
Topa nosopora O:

[EZ] = S;»ye”w Hus(p)[_lsi], (6.27)

e uHjeKc s upoberaer 3uadenus +1. 13 (6.26]) monygaem,
910

H* 1 i(v+s
[Hy] = Z H,s(p) [—si] el tee, (6.28)
s==+1,p

TO W3 MOJIyYeHHOW yruioBoii 3asBucumoctn (6.28) ciemy-
er, uro dyukuus H,4(p) ecrb dynkuusa Beccess nopsiika
|V + s|, MOCKOMIBKY y/I0BJIETBOPSIET YPABHEHUIO

(63 + %ap + ((aw2 57 - (”?)2)) H.(p) = O.
(6.29)

B 00JIaCTH, TIe JUIJIEKTPUIECKas MPOHUIIAEMOCTh € TIO-
CTOSTHHA..

6-5.2.3 TI'paHuvHbIE YCJIOBUSI

3 HENTPpEPBIBHOCTU KOMIIOHEHTHI 3JIEKTPUIECKOro 1oJist F#
¥ BCeX TPEX KOMIIOHEHT MarauTHoOro mojisi H ciremxyer, yro
TPAHUYHBIMY YCJIOBUSIMU SIBJISIETCS HEPEPBIBHOCTD JIE€THI-
péx pyHKITIIT

divH*

nr, o,H°, H?,
5

(6.30)
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6-5.3 Dbe3pa3mepHble mapaMeTpbl MOJIbI

[Tomumo MaTepHa/bHBIX TapamMeTpoB BosHOBOJA ((6.21)),
6e3pa3sMepHBIME apaMeTPaMHE, OIPEIeAIOIIIMEI CTPYKTY-
Py MOJbI, yI00HO BBIOPATH CJIeIYIOMNITE:

1) BespasmepHbIil paJuyC Cep/IIEBUHBL OIITOBOJOKHA
a = +Jeaqwalc (6.31)
2) Ge3pasMepHasi KOHCTAHTA PACIPOCTPAHECHUS

- fe
R

3) AkcuasbHOE KBAHTOBOE UHCJIO V.

1<B<n. (632

4) PajguasbHoe KBaHTOBOE 4HCIO f (Ompemessiomiee,
CKOJIBKO HyJIeil umeer EY u H'™)

5) JuckpeTHblii napamMerp, IPUHUMAIOMIUI JBa 3HAUE-
nus u coorsercTByomuii Mogam TE u TM ama mmoc-
KUX JIEKTPOMArHUTHBIX BOJIH, MAJIAIONNX HA ILJIOC-
KyIO IIOBEPXHOCTH pa3zzena. Tompko mMompl ¢ v = ()
nmetorT uuctble T'M u TE mnonsgpusanuu, MO3ITOMY
BCe OCTaJIbHBIe MOJBI obosHauaiorcs FH u HE mo-
el Mapkyse (1974), B 3aBucuMocT OT TOro, Kakast
U3 2-KOMIIOHEHT II0JIst OOJIbIIIE.

IMapamerp V (obmenpunsitoe o6osHadenue: “normalized
frequency”, “V-number”):

wa

V= ?\/50 — &l (6.33)

s step-index profile: eciim V' < 2.4048, TO ONTOBOJIOKHO
paboTaeT B OJHO-MOJOBOM pexkuMe. Jumcao
V2

Nimodes = T (634)

OTIPEeIEJIsIeT, CKOJIBKO MOJT HA JTAaHHOWU YacTOTE CyIIEeCTBYeT
B OLTOBOJIOKHE (YUCJIEHHBI (hakT: XOpouo paboTaeT Hadu-
Hast ¢ V > 5).

Yacrora orceukn Kaxmas Moma ¢ (pUKCHUPOBAHHBIMUI
KBaHTOBBIMU YHCJIAMHU UMEET CBOIO YaCTOTY OTCEYKU: IIPU
bUKCHPOBAHHOM 3HAYEHUU 7, MOJIA HE CYIIECTBYET, eCJIn
rnapaMerp G MeHbIIe HEKOTOPOIrO KPUTHIECKOIO 3HAYEHSI
(3TO yCJI0BME aHAJIOTMYHO TOMY, [IPHU [PHU MPOYUX (DUKCH-
POBAHHBIX ITAPAMETPAX €CTh MUHUMAJIBHO JOMyCTUMAs Ja-
CTOTA W, IPHU KOTOPOIl emé cymecTsyer Moza). Eciau 1o
KPUTHUYIECKOE 3HAYEHHE PABHO HYJIIO, TOBOPST, YTO Ta MO-
Jla He UMEeEeT YaCTOThI OTCEUKU.

e 3adaua 1: UVcxojs n3 KBa3U-KJIACCHIECKOTO TIPU-
OJIMKEHUSI TTIOKA3aTh, YTO OIEHKA JJIs KOJMIECTBA HAIPaB-
JeHHBIX MOJ, Nyodes (6.34) B akcuaibHO cuMMETPUYHOM
BOJTHOBO/IE CO CTYIEHYATHIM PaHaabHBIM MPOMUTIEM TOKa-
3aTesisi MPeJIOMJIeHUsT JIeICTBUTEILHO CIIpaBeInBa. YKa-
3anue: TPHU TOJCIETE KOJTMIECTBA JOCTYIHBIX COCTOSHUI
y9ecTh TPeOOBAHUE TIOJTHOIO BHYTPEHHETO OTPAYKEHUS JIJIst
I0JIsl CBSI3AHHOM BOJIHBI BHYTPH CEP/IEBUHBI U BOCIOJIB30-
BaThCd IPABUJIOM KBaHTOBaHUs Bopa-3ommepdernia.

3aKOHBI AUCIIepCcumn BOJIH: Ppa(bnquKoe InmpeacraB-

genue ['padueckoe n3o00parKeHune IUCIIEPCUH HAIPaB-

JICHHBIX MO/I. Tunuyansre JAUCIIEpCUOHHbBIE KPUBBIE B Ilepe-
MEHHBIX

e Ge3pasMepHBIl PaIUyC CEPIIEBHHBI  ONTOBOJOKHA
(6espasmepnast yacrora) @ — 3hdeKTUBHBI K0adh-
dburnment npesomienus neg. Pucynok

e 0Oe3pa3MepHBINl PAJUYC CEP/IEBUHLI OITOBOJIOKHA
(GespasmepHast 9acTOTa) 4 — IIOCTOSHHASI PACIIPO-

crpanenust . Pucynok

8
110

. /

100 / !

L] 2 4 6 3 10

Puc. 6.8 lucnepcusi CBA3aHHBIX MOJI, B OIITOBOJIOKHE IIPU
n, = 1.1. Moas! ¢ akcuaabHbIM uncyioMm v = 0, 1,2
0603HaYeHbl KPACHBIM, 3€JIEHBIM U CUHUM COOTBETCTBEHHO.
Mopma ¢ v = 1 ¢ HAUMEHBIIUM @ €CTh (DYHIAMEHTAIbHAS
Moma. Bee ocTasibHbIe MOIIBI UMEIOT HEHYJIEBYIO IaCTOTY
OTCEJKH.

[
St

P,

O ur. 8.2.4. Yacrorras pumarpamma pus mouu HE,.

Puc. 6.9 Hacrorunasa auarpamma monabl H Fqq [Tam K€, C.
390
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6-5.4 IlosrydyeHue MCIIEPCUOHHOIO COOT-
HOIIIeHUS

Pacnumem pasencrso (6.27)), yuuTbiBas TO, 9TO paualib-
uble bysknun  A,s(p) asnstorca dyukuusmu Beccess,
cum. (6.29)). BayTpu cep/iieBUHbBI OLITOBOJIOKHA

iv in 1
HY = ¢ WZHVS [—SZ] Juis(qp). (6.35a)

IJle TOIIEPEeYHOEe BOJTHOBOE YUCJIO B CEPIIEBUHE ¢ OIIPeIeie-

HO B ([6.19€]). BHe cepnesunbl 0OnTOBOJIOKHA

1 ivp out 1
H' = ") M. [_SZ.]KV_;,_S(H/)), (6.35D)

s==+1

rie JeKpPeMEHT 3aTyXaHHs B PaIUaJbHOM HAIIPABICHUU K
onpezenén B ((6.19d)).

Ha gernipe HensBecTHBIX KO3(d buImeHTa

{szta Hlur:} ) s = =1,

nMeeTcsd 4YeTbIpe JMHEHHBIH ypaBHEHUd, CIEAYIONUX U3
TPAHUYHBIX YCJIOBUIL . CssizaHHas MOJIa CYIIIECTBYET
TOT /1, KOTJIa OIIPEJIeTUTEIb MAaTPUIIBI 3TOI CUCTEMBI yPaB-
HeHuit paBeH HyO. [lyTéM HEKOTOPBIX JTUHEIHBIX Tpeobpa-
30BAHUN 3Ty MATPUILY MOXKHO IIPeOOPA30BATH K BUJLY [TAM

xe| c. 379
Ju 0 0 K,
_VBJ,, ecwlt, eqwK! vpK,
q3a q K K2a
0 Jy K, 0

wl!, v, vpK, wK!
q q?a K2a K

(6.35¢)

rJie apryMeHT y Bcex J ecTb qa, a y Bcex K oH paBeH ka.
Crosb11oM, Ha KOTOPYIO JEHCTBYET 9Ta MAaTPHUIIA, SIBJISETCS

Hucnepcronnoe ypaBHEHHE MOXKET ObITh MPUBEIEHO K

BHLY
J, n K, J, L G K}, _
qa-J, ka-K, ga-J,  ecka-K,)
V232 1 12
— — 6.35d
e (p * wap) (6:35d)

- <<qi>2 " @)2) ((q;? ! Zf(HiV) |

B srom ypaBHeHnu 6e3pasMepHbIe TTapaMeTphbl, XapaKTepu-
3ylonye (PU3NYECKHe IMapaMeTphbl OITOBOJIOKHA, MCUEPIIbI-
Batorcs AByMs — V u Ay:

§6-6. Ciabo Beaymie BOJTHOBObBI

Cpe/int ONITHYECKUX JIUAJIEKTPUIECKAX BOJTHOBOJIOB HAW-
60Jiee pacCIpPOCTPAHEHHBIM SIBJISIETCS ONMUYECKOE BOAOKHO
(onmososorho, optical fibre). OHO MOJHOCTBIO CIETAHO U3
CTEKJIa, ONTUIECKUE CBOCTBA KOTOPOTO CJIa00 U3MEHSIOTCS
or cepaueBunbl (core) K nepudeprun, KOTOPYIO HA3BIBAIOT
obkmakoit (cladding). CnabocTh M3MEHEHNST ONTUIECKHX
CBOMCTB O3HaYaeT, YTO Bapualyd JUJIEKTPUICCKONA IIPOHU-
[IAEMOCTH MaJia 110 CpaBHEHWIO ¢ exmuunei. Ha mpaxTuke
BeJINYUHA BAPUAIUU COCTABJISET MEHEe OJIHOM COTOiA.

B mpenene orcyrcTByIOmEeil Bapuanud  ONTHYECKUX
CBOUCTB Cpe/Ibl B BOJTHOBO/JIE HAIIPABJIEHHBIE MOJBI B HEM
IIPOIIaIAI0T, IIPEBPAIladACh B IJIOCKUE IOIePeYHbIe BOJIHBL.
Ecnu Bapuarus HeHyseBas, HO MaJa, TO JJIs ILJIOCKOTO
BOJIHOBO/Ia HETIOCPEJICTBEHHOE CPABHEHNE YDABHEHUIT HA 3a-

kon gucnepcun miug T E-mon (6.19g6.191) u qist T M-mog
(6.20g6.20h)) npuBOAUT K 3AKIIOYEHUIO, YTO ITU ypaBHE-

V2 = (qa)? + (ra)?, ;— =(14+A,)%  (6.35¢)
cl
HUZA COBIIQJIAIOT B IIpe/iesie
e—1<1. (6.36)

IIpu sToMm 4mcI0 MOM, KOTOPOE OIpeJIEeTCs ITapaMeTPOM
1% , MOXKET OBITh KaK PABHO MHUIE, TAK U BEJIUKO.

B pesyabpraTe mpumxoauM K BBIBOJY, UTO HCCJIEIOBAHUE
CTPYKTYPBI HAIIPABJIEHHBIX MOJl B BOJTHOBOJIEe ¢ € — 1 < 1
MOXKHO IIPOM3BOJUTL B paMKax Teopuu Bo3MyleHuii. B
IJIaBHOM IIpI/I6JII/I)K€HI/II/I JA0CTATOYHO CYUTATh, 9TO HalIpaB-
JIEHHAsI MOJIa [IPEJICTABJISIET COOOM YUCTO MOMEPETHYIO BOJI-
HY, aMILUIATY/Ia KOTOPOH MEJIJIEHHO, TO €CTh Ha, PACCTOSHU-
X MHOTHX JIJINH BOJIH, MEHSIETCS B TIOTIEPETHOM HaIpaBJIe-
unn. 1Ipu 3TOM, KaK MBI yBUIUM HUXKE, IIPOCTPAHCTBEHHOM
IIPOU3BOJHOI OT NUIJIEKTPUYECKON IIPOHUIIAEMOCTU B BOJI-
HOBOM yPaBHEHHM MOYKHO IpeHeOpedb, TaK UTO BOJIHOBOE
YPaBHEHUE 10 CTPYKTYPE CTAHOBUTCS UJEHTUIHBIM yDaBHEe-
auto [Ipénuarepa mpu 000 TPOCTPAHCTBEHHONW KOHMU-
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ryparuy BOJTHOBOJA B IIOIEPETHOI IIJIOCKOCTH U JJIs JTI000#
TTOJISTPU3ATTHN.

Takue BOJIHOBOJBI HA3BIBAIOTCS CAGOO-80AHOEE0YULUMU
soanosodamu (weakly guiding waveguides), a MOJIBI B HUX
— aunelino-nosapuzosanmvimu modamu (linearly-polarized
modes). Paccmorpenne ciabo-BeayInux BOJHOBOJIOB MOXK-
Ho Haiitu, Hapumep, B Cuaiinep u Jlas, [1987, Tur. 32 nin
Okamoto, [2006, 3.4. Linearly Polarized (LP) Modes.

6-6.1 BoJsiHOBOe ypaBHeHUe

IIpenmymiecTBo ypaBHeHUst JIsl OIIUCAHUST CJIabO-
BEJIyIUX BOJIHOBOJIOB COCTOUT B TOM, UTO CIIpaBa CTO-
UT TPAJMEHT OT IMOKA3ATEJIs MPEJIOMJICHUS, KOTOPDIN s
cJ1abo-BEIYIErO BOTHOBOIA KaK pa3 MaJjl. [loaTomy mpaBoit
YaCTBIO B 9TOM IIpeJjiesie IpeHebpedb, U Mbl IIOJIyIUM JIBa
CKAJISIDHBIX HE3aBUCHMbIX JPYT OT JIPyra ypaBHEHUsI

(AT +ek? — B2H* = 0. (6.37)

Vpasuenne (6.37) ecTb ypaBHEHHE KBaHTOBOW Me-
XaHUKHU, OIKMCHIBAIOIee CBA3AHHBIN YyPOBEHb B JIBY-
MEepHOit aKCHUAJTbHO-CUMMETPUIHON [TOTEHITUAJIBHON
sIMe.DJIEKTPUIECKOE TI0JI€ MOYXKET OBITb BOCCTAHOBJIEHO U3
MAarHUTHOTO IOJIS IO CBS3U , B KOTOpPO#1 mpeHebpe-
JKEHO TPAJUEHTHBIM BKJIAJOM, & IUIJIEKTPUIECKAs IIPO-
HUIAEMOCTDH B34ATa IOCTOSHHON M PaBHOM €€ 3HAYEHWIO B
00KJIaJIKE,

—H" (6.38)
Ecl W

WMapivu ciioBaMu, 3JI€KTPUIECKOE TIOJIE€ B TIABHOM IIPHUOJIU-
JKEHUH YIOBJIETBOPSIET TOMY K€ YPaBHEHHUIO .

6-6.1.1 IlompaBkKu, NIPOU3BOAWMBIE TPAJIUEHTOM
oKa3aTeJisd IIpeJoMJIEHUuS

IIycTs MArHUTHOE U 3JIEKTPUIECKOE IIOJIS MOJIbI, SIBJIATOIIN-
ecsd pellleHreM ypaBHEHUd U CBA3aHHbIE MEXKJy CO-
6oit , VJOBJIETBOPSIIOT YCJIOBUIO HOPMUPOBKH .
Torma mompaBKa B IOCTOSHHON pacupocTpanenus 3, CBsi-
3aHHAs C OTJINYMEM TOYHOI'O YPaBHEHUS u pubsu-

»kéunoro ypasuenus (6.37)), paBaa

B3 = —% dxdy(EL’“g)divI:IL = (6.39)

C xr xT
5o / dr dy(9,HY — 0,H") (HY0, — H'0,¢)

B paMKax IepBOro NOpsJIKa TeOPUU BO3MYIIICHUN.

e 3adaua 1: IlycrTb cepiiieBuHa ONTOBOJIOKHA CO CTY-
IIEHYATHIM TIOKA3aTeIeM IPEJIOMJICHIS UMeeT HeOOJIBIITYIO
SJUINIITUIHOCTD B IIOMEPEIHOM CEUEHUU: TJIABHBIE IIOJIyOCH
ormmuarorest Ha 1%. Haiture pasaocTs hasoBBIX CKOPO-
cTell ABYX HOJIApU3aliii, IIpe/oJaras, 4YTo BOJOKHO OJIHO-
MOZI0BOe (mapaMeTpsl yKasaHbl B [lyHKTe Vrazarue:
[IPU PEIeHnH 3aJa1H1 TO0JIb3yHTeCh BBIPAYKEHUEM JIJIST
[I€PBOT'0 MOPSIKA TEOPUU BO3MYIIEHUIA.

6-6.2 dyngameHTtasbHasgs wmoga HE;; B
KPYTJIOM BOJIHOBOJIE

Uccnenyem nucniepento pyHIaMEHTAIBHON MOJIBI B OIITOBO-
JIOKHE C KPYTJIBIM CeYeHUEM C KYCOUHO-TIOCTOSTHHBIM ITOKa-
3aTesieM MPEJOMJICHUsT TPEeIToaaras, 9T0 CKadOK IMOKa3a-
TeJIsl IPEJIOMJIEHUS] MAJI,

A, < 1. (6.40)

Jlureparypa: [ram kel §3.5.

Pemaem ypasuenwe (6.37)) mas ommHoit m3 KOMIOHEHT
MaArHUTHOTO TOJIA, cKaxkeM, mia HP. Jlms 3Toit Momabr
npuaaTo obosnadenuss HEp;. Pemenne momxmHo OBITH
a,KCI/IaJH)HO—CI/IMI\/IeTpI/ILIHI)IM7 TO €CThb

H® = hKo(kp), p> a,

(6.41a)
rje h — noka HemsBecTHast KOHCTaHTa. Tpebysi HenpepbIB-
HOCTB CAMOTO II0JIsi U €r0 IIPOU3BOHOI Ha TPaHUIIE pas/iesa
cpen,

H* = JO(qp)a p<a,

Jo(qa) = hKo(ka), qJb(qa) = hk K{(ka), (6.41b)
1 UCHOJIb3YS PeKyppPeHTHBbIe cooTHomenus J((z) = —J1(z)
n K{(z) = —Ki(z), nomydaem ycjoBue CyIecTBOBAHHSs
HETPUBHAJILHOTO PEIIeHNS

ga Ji(qa) _ ka Ki(ka) e )
Toa) - Kora) 0 (90 (k)" =V (64lc)

Js cranapTHOTO OJTHOMOJIOBOTO BOJIOKHA V & 2.3, 4TO
HaéT ka ~ 1.63 m ga = 1.62.

XapakTepuctuieckoe ypasuenue ((6.41c) Moxmo mosTy-
9UTH U HEITOCPEICTBEHHO M3 TOYHOIO XaPAKTEPUCTHIECKOTO

ypasuenus (6.35d|). ITomaras B meBoit wactu (6.35d)) mpwm-

OMKEHHO £, R €¢] W BBIYUC/AS KBaJIPATHBIN KOPEHb U3
obenx Jacreil ypaBHEHUSsI, ITOJIYIaeM

J +(w/qa)J, K, +(v/ka)K,
qa -J, ka - K,

= 0. (6.41d)

[Tosib3ysich peKypPPEHTHBIMU COOTHOIIEHUSIMU

J’”(z):thy(z) = 01(2), (6.41¢)
K’y(z):thy(z) = —K,1(2), (6.41f)

OpuxXOoaUM K JIBYM yPaBHEHUAM

Ju—l Ku—l J1/+1 Ku+1
= = — . 6.41
ga-J, ka-K,’ qa-J, ka - K, ( g)

IIpu v = 1 nepBoe ypasuenue B (|6.41g)) coBnaaer ¢ ,

[TOJIy9€HHBIM U3 Teopuu cJ1abo BeIyIero BOJHOBOIA.
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6-6.2.1 OrpaHuveHusi IPUMEHUMOCTH TEOPUU CJia-
00 BeayIIero BOJHOBOJA

Bruipaxenue ((6.39)) mosBoJisieT oreHUTH MOIPABKY K MTOCTO-
SHHOHN PACHPOCTPAHEHUS [3, CBI3AHHYIO C HEYYTEHHBIM I'Da-
JIMEHTOM IIOKA3aTeJsIsl IPEJIOMIIECHUS:

68 ~ A32p, (6.41h)

riae OTHOCUTEJIbHBIA CKa4dOK II0Ka3aTeJIs IIpeJIoOMJIEHU A 6n

onpenenén B (6.22) (MoxKuTEH \/A,, IPOUCXOMUT U3 TIPO-
M3BOMHOM IOJISI, 8 MHOXKUTEIL A, — U3 IPOU3BOLHON -

JIEKTPUIECKO Tponunaemoctu). Besmuuna 00, Kak 110-
MIpaBKa, JOJKHA OBITh MaJja B CMBICIIE

ﬁ—\/sflw/cw K2

~ ~ 0.5
A, 2A,,/32 ’
VA<
nﬂ \/aw/c _ 5 N q2 ~ 05
A.B 20,5277
(6.41i)

TJIe 9UCJIeHHBbIE 3HAYeHUs OLLIN B3STHI JJIsT CTAHIAPTHOTO
OJIHOMO/IOBOI'O OIITOBOJIOKHA, Jijist KoToporo /A, = 0.05
(mapamerps! cM. B ab3arie ¢ dopmysioi (6.44))).

[Rayleigh Scattering Limit]
[Vibrational Absorption]

[impurity Absorption]

Attenuation (dB/km)
&
1

0.6 08 1.0 1.2 1.4 1.6 1.8
Wavelength (um)

Puc. 6.10 Attenuation characteristics of a typical fiber:
schematic, showing the important mechanisms of fiber
attenuation. Bass u Stryland, 2002, p. 1.8

6-6.3 Ilpenen ciiabo-cBsA3aHHON MOJIbI

Cabo-cBsI3aHHOI MOJION HA30BEM TaKyIO MOJLY, Y KOTOPOi
IIOTOK 3HEPIUU COCPEJOTOYECH B OCHOBHOM BHE CED/IIICBH-
HBI OIITOBOJIOKHA. DTO O3HAYAET, YTO CIa00-CBA3AHHON MO-
J€ COOTBETCTBYET IIPeIeJI

rka < 1. (6.42)

B wactHOCTH, C/1abO-CBA3AHHON MO0 sBsSeTCS QyHIa-
MeHTaJIbHAs MOJIa B 1Ipejieste V < 1, riie mapamerp V ompe-
JIeJIEH B . Jpyrum npuMepoM cjiabo-CBSI3aHHON MOJIBI
SIBJISIETCSI MOJIA Ha, 9aCcTOTe, C1ab0 MPEBBIMIAIINIEH TacTOTy
OTCEYKHN ITOU MOJIBI.

"Typical Time-Delay and Dispersion Curves

Figure 1

‘Typical time-delay and dispersion curves for 1310 nm optimized non-dispersion-shifted and
1550 nm optimized dispersion-shifted single-mode fibers are shown in Figure 1.

Non-shifted Fiber Dispersion
- 20
— s

Dispersion-shifred Delay

= - e =]
j . e /s g
% 3 - VAR ST
K P g - 3
et - ersionchi L g
= Dispersion-shifted &, 2
2 27 Fib61 Dispasion/ ~0 2
© g
B 15
E 1 -0 %
E g

0~ -20

o P el s gl
’/’ Non-dispersion-shifted Delay
R 1 T T T T 1 T T -30
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650

Wavelength (nm)

* Test Fiber Length z1km
* Measurement Wavelengths

non-dispersion-shifted fibers Spaced across 1230 nm to 1360 nm
dispersion-shifted fibers (DS & LS) Spaced across 1500 nm to 1600 nm
Submarine SMF-LS™ Spaced across 1550 nm to 1610 nm
LEAF®, MetroCor™ Spaced across 1460 nm to 1570 nm
Submarine LEAP® Spaced across 1500 nm to 1625 nm

‘The measurement wavelengths are established to include analysis on hoth sides of A,
References

EIA/TIA-455-169A (FOTP-169), Chromatic Dispersion Measurement of Single-Mode Optical Fibers by
the Phase-Shift Method

Puc. 6.11 nucnepcusi pyHIaMEHTAIBHON MOJIBI
pazaugHbix OB SMFE-Bo0oKOH. IcTOYHMK: cailT OgHOrO
U3 MPOU3BOUTE e OnTOBOJIOKOH, hupma Corning,
http://www.corning.com/

Paccvorpum dynmamenTanpuyio Moy B mpesenie Vo <K
1. Pack1a ipIBast JIeTEPMUHAHT 110 MaJIOMY ITapaMeT-
Py , MOJIy9aeM CJIeYIolee MPUOIMKEHHOE BhIPayKe-
HIE, OIPEJIEJIAIONIEee CBI3b MOCTOSTHHON PacIpOCTPAHEHUS
U JaCTOTHI CBSI3aHHON MOJIBI

b R GO (6.43)

VEaw/c B 2a2

2exp(—2' + 1+ A,,) 41+ A,)

- eXp( NTE )

rjie KoHcTaHTa ditjnepa-Mackeponu I' = 0.577216. MbI tipu-
omu3m ga = V', TIOCKOJbKY H3 BUJTHO, UTO KQ SIB-
JISIeTCsl SKCIOHEHIINAJIbHO MaJjoil BesuauHoil. IIpu BeIiBOJIE
(6.43) me nupennonaranocs mHepasercTso A, < 1. Eciau aro
HEPABEHCTBO IIPEIIOJI0KUTD, TO BHIPAYKEHIE HEe COB-
MajlaeT C IPEeIeIOM npu V < 1; 370 cliegoBaJio
OXKMJIATh, [IOCKOJIbKY B 9TOM IIPEJIe/ie He BBIIIOJIHSIETCS I1e€p-

Boe HepaseHcTBO ((6.411).

e 3adaua 2: Jlns aKCHAJIBLHO CUMMETPUIHOIO BOJI-
HOBO/Ia CO CTYIIEHYATHIM PaIuaIbHLIM IIPOdUIeM B IIpeIe-

d2
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Jie MaJIOTO N3MEHEHUS TTOKA3aTe s IIPEJIOMIICHNST BBISCHUTH CTaHIapTHOE ODO3HAYECHIE
(napamerpsl ganbl B abzaiie ¢ popmydioii (6.44)), MoxKHO i
= Ne— N
ONUCHIBATE JUCIEPCUI0 DYHIAMEHTAJTHLHON MOJIBI TTPUOJIU- A, = Le = e 0.003 (6.44)
Toel

JKEHHBIM ypaBHeHHeM ((6.43)).

6-6.4 dPuzuvueckue nNapamMeTpbl HEKOTOPBIX
TUIIOB ONTOBOJIOKOH

HpI/IBeﬂéI\l 31eChb (l)I/I3I/I‘IeCKI/Ie ImapaMeTpbl HEKOTOPBLIX TH-
TI0OB OIITOBOJIOKOH, UCHOJIb3YIONINXCA B TPOMBIIIIJICHHOCTU.

OaHO-MOIOBOE BOJIOKHO  Single-mode fiber.

Huamerp cep/ieBunbl 2a = 9 MKM, IuaMeTp OOKJIAIKI
125 mxMm. Kosaddunment npesomsieHns cepaiieBUHbI N, =
1.48, xoaddurmenT npesomienns ooKmagku n = 1.475:

Ha paGoueii uacrore 1550 MM 3aryxasue 0.2 J16/kM.
3aBUCHMOCTD I'PYIIIOBOI CKOPOCTHU U BTOPOIl INCIIEPCUI

JUIsl CTAHJIAPTHBIX BOJIOKOH IIpUBeJeHBbI Ha Pucynke [6.11]

IM'paduk ma xkosddurmenta 3aTyxaHus IPUBEIEH HA PU-

cynke Pucynoxk [6.10}

e 3adaua 3: OueHuTh JJIst MOJS JEKPEMEHT OCJIab-
JIGHUsI B PaJUaJIbHOM HAIIPpABJICHUU B OOKJIAJKE, 8 TAKXKe
[IOKa3aTeJIb SKCIIOHEHTHI /17151 0CJIa0 IeHsI [T0JIs Ha BHEITHEH
rpanuile OOKJIAIKH.

MHoroMmogoBo€e OMTOBOJIOKHO  Pammyc cepmaieBuHbI
a = 50 MkM (mam a = 62 MKM), paJryc oOKIa gk 125 MKM.
KosddurmenTsr npesoMiienust e xKe.

§6-7. IloBepxHOCTHBIE TJIA3MOHBI

PaccMoTpuM  pacnpocTpaHeHHe  3JIeKTPOMArHUTHOM
BOJIHBI BJIOJIb TPaHUIBl  Pa3jiesia MeTalI-JU3JIeKTPUK
(Raether (1988), a rakske Jlangay u JIndmur (1987, 3a-
Jada mocse §88)) Ha wacrorax, OJM3KHX K IJIA3MEHHOMN
9acTOTe B KPACHOH OT HEE 06JIaCTH.

Bgeném nexkaproBy cucrembl koopauaar Oxyz. Ilycrob
00J1acTh, 3aHUMaeMasl METAJUIOM 3aJaéTCs HEPABEHCTBOM
z < 0. s onpemeséHHOCTH IPUMEM, UTO IJIEKTPOMAT-
HUTHAs BOJIHA pacnpocTpansiercs Broyb ou Oz. Torna Bce
nossg upu 2z > 0 coliepzKaT MHOXKHUTEJb

npu 2z <0 exp(ifr+ Kmz — iwt),
( ) (6.45a)
mpu 2z >0 exp (iﬁx — K4z — iwt),

rie ﬂef[CTBI/ITeJIbeIe YJaCTU IIPOCTPaHCTBEHHBIX JIEKPEMEH-
TOB 3aTyXaHUA Ky U K4 IIOJIOZKUTEJIbHBI. Boummosoe YpaB-
HeHUE, 3alliCaHHOE B 001aCTSX C OJHOPOAHBIM 3JIECKTpOMar-
HUTHBIM OTKJIMKOM, ,ZLaéT CBA3U

2 2
ﬁQ_HQ _ EmW Eqw

m

2 2
) ﬁ_’%d:

(6.45D)

c? c?

Hwmxe MBI BBISICHUM, 9TO 3JIEKTPUUIECKOE IIOJIE HOP-
MaibHO ocu Oy, a MArHUTHOE II0Jie UMEeT TOJBKO Y-
KOMIIOHEHTY. TakuM 00pa3oM, ITOBEPXHOCTHBIN I1JIa3MOH
ectb T M-Bosina. Bcero Mbl uMeeM 6 HEM3BECTHBIX: Ky,
Kd, ¢ 1 4=(2 obnactn)x(2 KOMIIOHEHTHI) KOMIIOHEHT JIEK-
TpudecKoro mojisg. Ha 9Tu BeTMInHbI HAJIOXKEHO 2 YCIOBUS
(6.45b)), BBITEKAIONME U3 BOJIHOBOrO ypaBHEHUsI B 00bEME, 1
4 ycoBus Ha rpaHulie (HEIPEPBIBHOCTD KACATEIbHBIX KOM-
nonenT E u H, a Takxke HopMmasbubix Kommonent D u B.),
T.e. Bcero 5 ycnoBuii. Takum 06pazom, cyIecTByer He 6ojiee
qeM 6-5=1 HampaBJieHHAS MOJIA.

y,ELOBJIeTBOpHH BbIIIENICPEINCJICHHBIM I'DaAaHUIHBIM YCJIO-
BUAM, IPUXOAUM K TOMY, 9TO

(hm)? = -

(ka)® = -5

g = 5 == (6.45c¢)

9TO HE NPOTUBOPEYHUT YCJIOBUIO CBA3AHHOCTH BOJIHBI IIO-
BEPXHOCTBIO pa3jesia — T.e. 3aTyXaHUIO BOJIHBI B 00€ CTO-
POHBI OT TIOBEPXHOCTH, €CJIM BBITIOJTHEHO HEPABEHCTBO

Re (em/ea) < —1. (6.45d)

DJIEKTPUUIECKOE T10JI€ TIOBEPXHOCTHOIN MOJIBI JIEXKUT B ILJIOC-
KocTH, nepresauky/sipaoit ocu QOy. Eciu orbpocuts MHO-
KUATETN , JaIoNe 3aBUCUMOCTH OT KOOPIAWHAT, TO
3JIEKTPUIECKOE TI0JIE€ OKA3BIBAETCST PABHBIM

mpu z>0 Eo={1, 0, i8/ka},

mpu z<0 Eo={1, 0, —if/km}, (6.45¢)
MaruuTHoe moJe
H, = (0, 5 0> . (6.45f)
CRq

Cnabo cBsi3aHHBIE ILJIA3MOHbI. Ilnasmon saBisercsa

cJ1ab0 CBSI3aHHBIM C IIOBEPXHOCTBIO, €CJIN OH OKa3bIBa€TCHA
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JIOKQJIN30BAHHOM B IOIIEPEYHOM HAIPaBJIECHUM HA MaCIITa-
6e, 3HAYUTEIFHO IIPEBBIIAIOIINM JJINHY BOJIHBI CBETA B JIU-
JIEKTPUKE, T.€. KOIJIa

Kd €d

— < 1, <<= — < 1
w/e €m

s CJIeJLyeT, ITO TAKOW IIPEJIEs JJOCTUTAETCs, KOTIa
JIMJIEKTPUIECKas TPOHUTIAEMOCTD METAJIIa CTAHOBUTCS OT-
HOCUTETHHO OOIBINON 0 aOCOTIOTHOMY 3HAYEHHIO.

B npeneste ctabo cBI3aHHBIX TOBEPXHOCTHBIX BOJTH MMe-
€T CMBICJI MEPENNCATh YPABHEHUE UCIEPCHU B TEPMUHAX
ITOBEPXHOCTHOI'O MMITEJIAHCa ( : COIJIACHO €ro OIlpe-
JICJICHUIO,

~ E*  deq(w/c)
BT a, (6.45g)

¢

B sToM mpenesie aseKTpmUueckoe IOJI€é TOBEPXHOCTHOTO
IJ1a3MOHa BHE MeTaJljla B OCHOBHOM HaIIPaBJIEHO HOPMAJIb-
HO K €r'o IOBEPXHOCTH, TaK 4TO

E* i(w/c)
— ~ <« 1 (6.45h)
E= Kd

IIpocTpancTBeHHOE pacupesesieHne Mo B IJIa3MOHE CTpe-
MUTCA K IPOCTPAHCTBEHHOMY PACIPEAEeJICHUIO 110JI B IIJIOC-
KOIi JINHEIHO T0JIsipu30BaHHoil 10 Oz BOJIHE.

IIpenen kopoTkux BoJyiH. X BhIpaxkeHnwmit s
BOJIHOBBIX BEKTOPOM CJIEJIYeT, IIPpU IIPUOJIMKEHUN K TOYKE
Reen, = — Reeq Bemmunna BOTHOBOTO BEKTOpA ¢, U JeKpe-
MEHTOB IIPOCTPAHCTBEHHOTO OCIADIEHUA K, Ky HAIHHAET
BO3PacCTaTh.

6-7.1 Iucnepcus ILJIAa3MOHOB B MOJeJN
HApyne

Wccnenyem 3aBUCHMOCTH MPOCTPAHCTBEHHOW CTPYKTYPBI
ITOBEPXHOCTHBIX ILUIA3MOHOB U UX JJOOPOTHOCTHU OT YaCTOTHI,
IIPUHAB [IPOCTEHINe MOJIeIN I JUCIepCHUil JU3JIeKTPU-
JecKux npouuraemocreii. [Ipenedpexém muccunaTuBHBIMU
IIOTEPSIMHU B JINIJIEKTPUKE, TAK YTO ITPOHUIIAEMOCTD JTUJIEK-
TPUKa IIPUMEM JYUCTO JieficTBuTebHOM, Imeg = 0. Tucnep-
CUS MUJIEKTPUYECKOI IPOHUIIAEMOCTH MeTaJLIa

w2

p

Em =€6p — ——————— 6.46

m wlw+i/7T)’ ( )

r7le BKJAJ €, — 1 IPONCXOJUT OT PE30HAHCOB, MMEIOITIX
JaCTOTHI, JAJEKIE OT MHTEPECHOH HaM JacTOTHI Wy.

e 3adaua 1: Paccemorpure pacmnpocrpanenue mo-
BEPXHOCTHOTO IIJIA3MOHA BI0JIb OECKOHEYHOM TIJTIOCKOI Tpa-
HUIBI MeTaJlJI-IU3JICKTPUK. HpOHI/ILLaeI\/IOCTb JU3JIeKTpuie-
CKO#1 cpeJibl cuuTaTh equHuneir. [Iponuraemocts MeTasin-
YeCKOH cpejibl UMeeT BUJY cy <K Wp.

e Ompenenure ycIOBHE CYIIECTBOBAHUS IIOBEPXHOCT-
HBIX IJIA3MOHHBIX MOJI B TepMutax Mozenn (9.3)).

e OmpejieTe TTOPOrOBYIO YACTOTY W 3aKOH JUCIIEPCUH
KOPOTKOBOJIHOBBIX I1JIa3MOHOB.

e Omnpeneanre NPOCTPAHCTBEHHYIO CTPYKTYPY 3JICK-
TPOMATHATHOIO TOJA B IUIOCKOH IIOBEPXHOCTHO-
IJIa3MOHHOI BOJIHE, JIJI IIPOCTOTHI IPeoaras oT-
cyTcTBHe norepb, £’/ = 0.

e OmpenesnTe MPOCTPAHCTBEHHYIO CTPYKTYPY ILIOT-
HOCTH IIOTOK& 3IHEPIMU B IJIOCKOHM IIOBEPXHOCTHO-
IJIA3MOHHOI BOJIHE, IIpejlosiarasd IIOTepU MaJIbIMU,
HO He HyJeBbIMHU (BOJHA BO30YXKIA€TCs Ha HEKOTO-
POl IUIOCKOCTH, HOPMAaJIbHOI K IIJIOCKOCTH pa3Jeiia
METAJLI-JUIJIEKTPUK, U PACIPOCTPAHSIETCS OT HEE).
Haitmure moHbIil MOTOK SHEPIUM B KAaXKIOH U3 JBYX
cpel, W, HaKOHell, IIOJIHBIH IIOTOK HEPIrUH 110 BCEMy
CEYCHUIO.

Pewenue: Hucnepcuio HaiijieM, UCIOIb3Ys COOTHOIIIE-

uue (6.45¢):

w ad(wg — &b w2)
= — . 6.47
p ¢\l w2 — (eq +ep)w? ( )

[Moporosas gacrora ((6.45dl

w 1
p
—_— >, (6.48)
VEd + €p T
[IycTp wacroTa mra3zmona w OJIM3KA K HMOPOTOBOI YaCTO-
Te wp. Torma aucrepCuoHHOe COOTHOIIEHME MTPUOINAKEHHO
MOXKET OBITH 3allCAHO B BHJE

wWo =

2 2
“o €4 Wp

2—7
A= 2 2(eq+ep)w—wo+i/21

(6.49)

a o0paTHbIE pa3MePhI MONEPETHON JOKAIMIAIIN Kq = Kq =

8.

ITorox BekTopa IloitnTHHTA Haitimem 1O hopMmyste

c c
. * r _ z Yy*
S = o Re[E, H"], ST = o Re(E H )

B nuasekTpuke MHTErpasbHBIM TOTOK SHEPIrUU BIOJIb Ha-
IIpaBJIEHHUS] PACIPOCTPAHEHN

Hol? 1

1@ :/mdx o) _ Mol ra/za 1
0 4 Pw K3

B meranne uHTErpa bHBIN MMOTOK SHEPTHHU BIOJIL HAIIPAB-
JIEHU PaCIPOCTPaHEHU

,w L/gd Lef%mz
27 Bw Em

& H|2Hd/€d 1
7om) _ [T gy getmy _ _[Hol" ka/ea 1
/0 v dm  Pw K2

= (6.51)

Cyl\fIMaprIfI IIOTOK 3HEPIrumn B T-HallpaBJICHUU

I =19D4rm — (6.52)
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e 3adaua 2: PaccMoTperh TpaHUIly pas3jiesia MeTajuia
U IASJIEKTPUIECKOM CPeJIbl, UMEIONNX KO3 MUIMeHTs! Jiu-
9JIEKTPUYECKON IPOHUIIAEMOCTH £y M €4 COOTBETCTBEHHO,
TaK 4YTO € < —&q, & €q > 0 (HpI/I 9TOM MOTepu B 000-
UX MaTepuajiax OTCYTCTBYIOT). BBIPa3uTh IIOBEPXHOCTHYIO
IJIOTHOCTD 3HEPIUH € B IJIOCKOM TIOBEPXHOCTHOM ILJIA3MOHE
gepe3 aMILUIATY/LY 3JIEKTPUIECKOro IMOJisi HA MOBEPXHOCTH
pasjiesia u JU3JIeKTPUIECKNe ITPOHUIIAEMOCTH COITPUKACAIO-
muxcest cpes. 1o ke camoe ciesaTh Jjisl TIOTOKA SHEPIHUH
OTIEIbHO B KaXKJOW cpejie U B IejoM. HemocpeacTBeHHO
[MOKA3aTh, 4TO

rje S — TMOJHAs MOBEPXHOCTHAS IMJIOTHOCTH ITOTOKA SHEP-
I'UH, Uy — PPYIIOBAasi CKOPOCTh, & B(w) — 3aKOH ANCIEPCHUN
HOBEPXHOCTHOT'O TLJIaA3MOHA.

e 3adaua 3: Ilycrob Tenepb B MeTasjie IPUCYTCTBYIOT
MaJIble I0TepH, TaK 4To £, < |7, [. BBeném nexaprosy cu-
cremy KoopauuHaT Oxyz, B KOTOPOI IIOBEPXHOCTH Pa3esia
ecTb 110cKOCTh Oxy. IlycTh HOBEPXHOCTHBIH IJIA3MOH BO3-
OyxK/1aercst cuH(pA3HBIM J[BIZKEHIEM CTOPOHHUX 3apsiJoB C
qacToToit w B maockoctu Oyz, Torma mpu > 0 BO3OyK-
JEHHAS TIOCKAsT TOBEPXHOCTHAST BOJTHA PACIPOCTPAHSIETCS
B HampaBjeHnu Bo3pactaomux . Haittn pacmnpenesenue
CPeJIHETO TI0 BPEMEHN ITOTOKA SHEPTUHN B IpocTpancTse. Ha-
PHCOBATH COOTBETCTBYIOILYIO KapTHHY B I1ockoctu Oxz.
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Tnasa 7

ITOCTOAHHOE MATHUTHOE ITIOJIE

§7-1. MarauTHoe moJie IMOCTOSSHHBIX TOKOB

IIycTp mo HEKOTOPOMY KOHTYpPY mpoTekaer TOK J. Boi-

pa3suM HHIYKTUBHOCTH L KOHTypa 4Yepe3 ero reoMeTpude-
CKOe XapakTepucTuKh. Kak u3BeCTHO, SHEPTUsT MAIHUTHOT'O
[I0JIsT B KOHTYPE MOXKET ObITH 3allMCaHa depe3 CaMOUHIYK-
o KOHTypa L:
LJ?
2¢2
C Jipyroit CTOPOHBI, MOXKHO 3aIIUCATH Ty YHEPrUI0 HAIIPSI-
MYIO:

Up = (7.1)

1
U, =— [ B%V 7.2
L 877/ (7.2)
IIpeobpa3yem 3TO BbIpakeHHe CJeIyIONuM 00pa3oM
1 1
—/BQdV = —/(B,rotA)dV = (7.3)
8 8

1 , 1
= % dlv[A,B]dVJrg/(A,rotB)dV.

rme A — BekTop-norennua, B = rotA. Narerpan or au-
BEPreHIINN MCIE3a€eT, & BO BTOPOM CJIATAEMOM ITOJIb3YEeMCsI

ypaBHeHusIME Makcsesua:

1 1 .
o [ (ArotB)dV = / (A, 5)dV (7.4)

Ecnu Teneph moacTaBuTh KBA3UCTAIMOHAPHOE BBIPAYKEHIE
JI7IsT BEKTOPHOTO TIOTEHITHAJIa Yepe3 TOK B Kaanoposke Jlo-
PEHIIa, IOy YUM:

U, = — [(A,§)dV = (7.5)

2c2

OTkyna cpady mojydaem:

1 (3(r1),3(r2))
L= / T2 gy, gy, (7.6)

§7-2. MaraurocraTuka.

Eciu B cpefie ecTh HeHyseBasi IUIOTHOCTH MAarHHTHOTO
MoMeHTa (HamaraumdeHHocTb) M(r), To ypasuenus Maxkc-
BeJlJIa B OTCYTCTBUE BHEIIHUX UCTOYHUKOB B CTATHIECKOM
npejiesie (ypaBHEHHUsI MATHUTOCTATUKN) UMEIOT BUJL:

divB =0, rotB =4mrot M. (7.7a)

3necy B(r) — marnuTHOe mosie (0 MCTOPUYECKUM IPU-
YMHAM HA3bIBAETCs UHyKIUell MarauTHOro noJs). O6bra-
HO YPABHEHUS MAIHUTOCTATUKN IPUMEHSIIOT JIJIsi CHTY I,
KorJa ucciemsyemble 3(hdEKThl MPOUCXOAAT Ha MacInadax,
CYIIECTBEHHO ITPEBBIMAIONIAX MEKATOMHBIE DACCTOSHUS B
Cpe)le. B 9TOM Cﬂy‘{ae MOZKHO CHHUTATh 1 HaMAarHU4YeHHOCTb
M(r), u moae B(r) ycpeaaéHubMu 1m0 BIyKTyanusMm Ha
MOJIEKYJISIPHBIX MacITabax. ¥ 100HO BBECTH BEKTOPHOE TI0-
Jte

H=B-4mM (7.7b)

(KOTOpOG II0 UCTOPHUYECKUM IIPpUYINHAM Ha3bIBA€TCA Mar-
HHUTHBIM HOJ'Iel\J), ABJIAONIEeCd B OTCYTCTBUE BHEITHUX TO-
KOB IIOTECHIUAJIbHBIM:

divH = —4r divM, rotH =0. (7.7¢)

ITocnenaee ypaBHEHHE O3HATAET, UTO
H = —grad ¢, (7.7d)

re ¢ — CKaJsgpHOE IoJie, U OIpPe/e/IeHne MATHUTHOTO TOJIst
0 JAHHOMY pacupeaesIeHUI0 HaMarHMIeHHOCTH CBOJIUTCA K
pemrenuio ypasHeHust Tumna Ilyaccona:

A¢ = 47 div M. (7.7e)

NMeerca ToxecTBo:

/(HB) ddr =~ / (grad ¢ -B)d®r = 0, (7.8a)
IMonHOE TOJIE MATHUTHON MHJIYKIIUH PA3JIOKHM Ha CYMMY
HOJIS, CO3/IABAEMOT0 MATHETHKOM W HA BHEIIHEE TI0JIE:

B = B, + By (7.8b)

DyHaMeHTaIbHBIE 32KOHBI B MAIHUTOCTATHYECKOM IIpe/ie-
Jie TAIOT CJIELYIONee BhIPAYKeHNUe JIJIS MAUHUTHON SHEPIUn
(ramMuibTOHHAHA) 0OpA3IA:

B2 3 Bzrc 3
Hy = /gddr—/(M'B)d‘gr, Hmo :/—8»7? d’r.

(7.8¢)
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Borarem u3 mosrHON MArHUTHON SHEPrUU YACTh MATHUTHOM
SHEPIUHU H,n0, KOTOPas OCTAJIACh OBl 3AIIACEHHON B BaKyy-
Me, ecJIi U3bATh obpaserr. Bocrosb30BaBIINCH TOXK 1€CTBOM
(7.84)), mosryunm Jpyroe BbIpazkeHue s MArHUTHOM SHED-
TUN:

Hon—Homo = —% / (M-B,,) d*r— / (M-Bo) dr. (7.8d)

Kak BumnMm, sHeprust B3anMOIEHCTBUSA C BHEITHUM IIOJIEM
B¢ BXOOUT aJUIUTUBHO.

7-2.1 @PeppoMarHeTuKM " WX MarHUTHAas
SHepTrus.

DeppOMArHETHUK IIPU MAKPOCKOIIMIECKOM OIMCAHUI XapaK-
TepU3yeTcsd HEKOTOPOl HAMArHUIeHHOCThIO M (1), KoTopast
HE UCYe3aeT IIPU BBIKJIIOYCHUM BHENIHUX I[0JIel (CIOHTaH-
Hasl HAMarHUYeHHOCTb). 3a ee obpa30oBaHUE OTBETCTBEH-
HBI CIIUHDI 9JIEKTPOHOB U OOMEHHOE B3aUMOJICHCTBHE, MMe-
0IMe KBAHTOBOMEXAHUIECKYI0 npupoiy. Huxe mbr Oy-
JIEM CUUTATDH, ITO MOJLYJIh HAMATHUYIEHHOCTH (DUKCHPOBAH
|IM(7)| = My, HaupasiieHue ke OUPeEIAeTCs MUHIMYMOM
3HEPruy, K KOTOPOIl ceffiyac U IIepexoauM.

Iycrs Ha dheppoMarueTuk He ACHCTBYET BHEIIHEE TI0JIE.
MaraurHyio sHepruio GeppoMarfeTuka II0JIE3HO II€Per-
caTh B eI¢ OJHOM BHJE, NMPUOABUB K BBIPAYKEHUIO
KOHCTAHTY, IMTPOIOPIMOHAIBHYIO €r0 00bEMY:

2
’H,m—l—27r/d3rM2 = /I:—d?’r. (7.9)
s

CupaBa uHTErpaJi 6epércst OT CyIIEeCTBEHHO II0JIOXKUTEb-
HOIl BEJIMYUHBI, [I0O9TOMY MUHUMH3AIUsl Hepruu Tpebyer
MUHUMHA3AIUN aOCOIIOTHOIO 3HAUYCHUS BEJIMYNHLI MATHUT-
noro noys H.

7-2.2 MaruurHbie
CTEHKN

JOMEHDbI: JOMEHHbIE

O6pazoBaHue JOMEHHOIl CTPYKTYypbl OOYCJIOBJIEHO KOM-
IIPOMHUCCOM MEXKJIy PA3JIUIHBIMU COCTABJISIFOIIMME TIOJIHOM
suepruu obpasmna. CymecTByer mmpoKas 00JACTH YCJIO-
BUil, B KOTOPBIX TpeOOBaHNE MUHUMU3AIUN SHEPIUN BEIET
K pacuaiy eppoMarHeruka Ha yYaCTKH C Pa3/IMIHBIMU
HallpaBJIeHUsIMA BeKTopa Hamaraudennoctu M. Hamaruu-
YEHHOCTh BHYTPHU JOMEHOB IIOYTH OIHOPOJIHA, & I[EPEXO[
OT OJIHOTO HANPABJICHUS] K JIPDYTOMY ITPOUCXOUT TJIABHO U
IJIaBHBIM 00Pa30M B IIpejieiaX MOrPAaHUIHOIO CJI0s - JOMEH-
Hoit crenku. Tosmmuaa obJracTeit mepexoia 0OOBITHO MaJIa IO
CpaBHEHUIO ¢ pa3mepaMu 1oMeHoB. C TepMOINHAMUYIECKO
TOYKHU 3PEHUsI COIPUKACAIONIUECS JIOMEHBI IIPEJICTABJISIIOT
coboit pasziaumunble da3bl PEePPOMArHETUKA W UMEET CMBICTT
K IPUMEPY IOBOPUTH O IIOBEPXHOCTHOM HATSI?KEHHH MEIK-
da3HBIX TPAHMUIL.

SagaJauMcsi  1eJIbI0  OIPEJIEJINTh IIPOCTPAHCTBEHHYIO
CTPYKTYPY HAMArHUYEHHOCTH IIPU IIEPEXOJIe MEXKLy COCE/l-
HuMu joMeHaMu. [10CKOJIBKY MCKOMasi 3aBUCHMOCTD JIHK-
TYeTCsl YCJIOBUSIMU TE€PMOIUHAMUYECKOTO DPABHOBECHS, TO

HEOOXO/IMMO TIPEXKJIe BCErO 3alMCATh BBIPAYKEHUE JIJTsI TTOJI-
HOIT €cBOOOJHON sHEprum (hbeppoMarHeTuka. ITa BeTHIH-
HA CKJIQJIBIBAETCS U3 SHEPIUUA MATHUTHON aHM30TPOIUH
(HA MUKPOCKOIIMYECKOM YPOBHE OOYCJIOBJIEHHON C1a0bl-
MU DPEJIATUBACTCKAME B3aUMOJECHCTBUSIMU MEXKJy aTOMa-
Mu (HEePPOMArHETUKA) ¥ YHEPIUM MAIHUTHOM HEOJHOPOIHO-
cru (rJIaBHBIA BKJIaJ B KOTOPYIO JlaeT OOMEHHOE B3aHMO-
nejicTBue).

Crun-opbuTaiibHOE  B3aMMOJIEHCTBAE B KPHUCTAJIIaX
MIPUBOJIUT K “NpUBsi3Ke’ HAMAHUYEHHOCTH K KPUCTAJLIU-
YEeCKHM OCIM - MArHUTHON anm3orponuu. IIpocreitmmm n
JOCTATOYHO PACHPOCTPAHEHHBIM SABJISETCH OJIHOOCHAs aHU-
30TpOoINs, BbIpAXKaeMasl B CJIeIyIonteil Mo uKanum Mar-
HUTHOI'O FaMUJIbTOHUAHA:

1
H = fi/MBMd?’rf/MBsmd?’rfg

M? d3r.
(7.10)

M, — KOMIIOHEHTa HaMaTrHUYeHHOCTH BJOJIb OCH aHU30TPO-
nuu z. B pasuosecun mpu 3 > 0 omHOpOIHAA HAMATHU-
yeHHOCThL M BBICTpauBaeTcd NapaJsuiejabno ocu z. Ozma-
KO OJHOPOJHAs IO 06pa3lly HAMATHUYEHHOCTH MOKET He
ObITHL TEPMOJMHAMUYECKE PABHOBECHBIM cocTosHreM. JlaH-
HOE BBIpasKeHHe yUHUTLIBAET IIepBble YICHBLI Pa3JjIosKeHue
SHEepruy aHU30TPOIUK B Pl 110 KOMIIOHEHTaM BeKTopa M.
Hauunaercs 310 pazioxkenue ¢ KBapaTUIHLIX YJICHOB, 10~
CKOJIBKY 3HEeprusi aHu30TPOIINU €CTh YéTHas (pyHKIUS Ha-
MATHUYEHHOCTH (SHEPrUsl MHBAPUAHTHA 10 OTHOIIEHUIO K
obpallleHnIo BpeMeHH, a HAMarHUYeHHOCTh MeHsIeT 3HaK
[IPK 9TOM OlEPAIUH).

C TOYHOCTBIO JIO CJIATAEMBIX, HPONOPIMOHAIBHBIX M2,
IPAKTUIECKH IMTOCTOSHHBIX B (peppoMarHeTHKax, SHeprust
(7.10) Mmoxker ObITH IpeICTABICHA B BUJIE:

H= 8i/H§w d3r—/MBsrC d%—%/MS d®r, (7.11)
us

rne Hy, = B,, — 47rM. CrpemjieHne cucTeMbl K yMeHb-
menuto Moy Hyy sBiistercss npuanHoit oOpa3oBaHust 10~
MeHHOU cTpyKTypbl. Ecin npu Hanpasaenun M BIOJIb ocu
anuzorponuu z noje Hys okasbiBaercs paBHBIM HYJIO (Ta-
KO€ MOYKET CJYINTHCS MPHU MATUHIPHIECKONR TeoMeTpun 00-
pasia), To JIOMEeHOB He obpa3syercsi. To e IPOUCXOUT IpH
JIOCTATOYHO CUJILHOM BHeITHeM 1osie Bg..

Ecim B cuny manoro obbéma MarHeTuka MarHUTHOMN
SHEprueil MOXKHO IIpeHebpedb, TO OTIEJbHO OObEMHAS
IJIOTHOCTD JHEPIUM, CBA3aHHAA C AHU3OTPOMHUEIt, MOXKET
ObITH 3allicana B BHUJIE

M2
U = p 5 sin® 6 (7.12)

rae 6 - yroa mexy M u rJIaBHOU OChIO CHMMETPHUHU KpHU-
cTajuia 2.

OHeprusi HEOMHOPOIHOCTH (eppOMarHeTuKa (eHoMe-
HOJIOTHYECKH MOXKET OBITh 3allicaHa 4epe3 MPOU3BOJHBIE
M no xoopgunaram. IIpm aTom mpejnosaraeTcs OTHOCH-
TeJIbHAsI MaJIOCTh IpaJeHTa HallpaBjieHus Bekropa M, mo-
CKOJIBKY CYIIIECTBEHHOE M3MEHEHUE HAIIPABJICHUS MarHWT-
HBIX MOMEHTOB IIPOUCXOJIUT HA PACCTOSHUSX OOJIBIIUX IO
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CPpaBHEHHIO C MeKaTOMHBIMH. Pagzjioxkenne QHEPrum HeOI-
HOPO/IHOCTU HaYMHAETCA C KBAaJIPATUYIHBIX YJIEHOB IIO IIPO-
CTPaHCTBEHHBIM IIPOU3BO/HBIM MarHUTHOT'O MOMEHTa

1 oOM; oM,

"Heonn — ok 5 1
Uneon 20% ox; Oxy, (7.13)

Hanuune 4ieHOB JIMHEWHBIX 110 IPOM3BOHBIM 3aIIPEIEHO
B cujiy TpeOOBaHUsI MHBAPUAHTHOCTU SHEPTUH IO OTHOIIE-
HUIO K OOpaIleHnio BpeMeHu. B 0IHOOCHOM KpUCTaJLIe TEeH-
30D Qi UMEET JIBe He3aBUCHMMBble KOMIIOHEHTHI, II03TOMY B
BBIOPAHHOI cHCTEeMe KOODIUHAT

Ca [(oM\? | (oM\?| | qp (OM\?
UHQOAH—7 (81‘) +<ay) +? W . (714)

[Tokazkem Tenepb, 9TO B OJJHOOCHOM KPUCTAJLIE PEAJIU-
3yeTcst IOMEHHAsI CTPYKTYPa B BHJIE TIOCKUX CJIOEB, TTAPAJI-
JIeJIbHBIX TVIaBHOH ocu cuMmerpun ("serkoit ocu") u moso-
POT HAMAIHMYEHHOCTH IPHU ITOM MTPOUCXOIUT B IJIOCKOCTH
IPAHUIBI MEXKJy CaoaMu (BJI0XOBCKasl JOMEHHAs CTEHKA).
Hampasum och 110 HOpMaJI K IJIOCKOCTH CJIOEB, & OCh Z
KaK W B YKa3aHHBIX BbIe (GopMysax BJIOJb TJIABHON OCH
KpucTasia. Mbl UIIeM pelienne, B KOTOPOM PacIIpe/ieIeHne
HaMarHUYeHHOCTH 3aBUCUT TOJIBKO OT KOOPAUHATHI T U JJIsI
KOMIIOHEHT BekTopa M crpaseinBo

M, = Msin6, M, = M cosb. (7.15)

Tor,ua CyMMa HOBerHOCTHOﬁ IIJIOTHOCTHU SHGPFI/Iﬁ AHU30-

Tponyu U OJHOPOIHOCTU MOXKET OBITH 3allCaHa KakK

“+o0
W o= /d:c(UaH+UHCOHH) =
+o0 ﬁ
- fol e ] -
M2
= - /dm [aﬁ’ﬁﬁsin?e} (7.16)

— 0o

rae ¢’ osmagaer muddepeHnEpoBanue o r. beckoneunnre
[peJiesibl MHTErPUPOBAHUSI BHIOPAHBI B CBSI3U C IIPEJIIIOJIO-
JKEeHWEM O MAJIOCTH MIMPUHBI TIEPEXO/IHON 00JIACTH IO CPaB-
HEHUIO C TOJIIUHOM H0MeHOB. [1o 9T0ii 2kKe npuInHe MOXKHO
3amnmMcaTh CJIEIYIONe IPAHNIHBIE YCIOBUS

do
0(4+00) =0, 6(—c0)=m, —(+o0)=0.
dz
Pemag BapuanuoHHYIO 3a/1a9y O MUHUMHU3AIAN TIOJTY-
9eHHOTO (DYHKITMOHAJA, TPUXOJAM K YPABHEHUIO

d*9

o&@ — fBsinfcosf =0

penienue KoToporo nMmeeT BUJ
cos 0 = tanh(x/0) (7.17)

rjie BeJMYUHY PA3MEPHOCTH IUHBI § = /v /[ cienyer Ha-
3BaTh IIUPUHONA JJOMEHHOU CTEHKU.

BoimostHsist ”HTErpUPOBAHUE B BBIPAXKEHHUH JIJIsT SHEPIUT
C y4eToM HaiJIeHHOro paclpejesieHus HaMarHu9IeHHOCTH,
HAXOJIM

W =2M?B6 = 2M?*\/a, B (7.18)
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I. [IPUJIO?KEHW A

§8-1. O60o6mIEHHAsT BOCOHPUUMYNBOCTD

IIycts Ha HEKOTOpPYIO CHCTEMY, HAXOMAILYIOCS B Tell-
JIOBOM PaBHOBECHUH, JAEUCTBYyeT BO3ZMYIICHHUE, CO3/IaBaeMOIil
BHENIHAMH ucTOYHHKaMu. JlobaBkKa B TaMHJIBTOHHAH OT
BO3MYIIIEHUS JTIAETCS KBAHTOBO-MEXAHMYECKUM OIIEPATOPOM

V(t) = =2 f(t), (8.1a)

TIe & — OmepaTop, COOTBETCTBYIOIINIT HEKOTOPO# HabJIro1a-
eMoii BesmuuHe B cucreMe, a f(t) — BHemHss “cusa”, 3aBu-
csIasl OT BPEMEHH M XapaKTepHU3yIolasi BHEIIHee BO3Jieli-
cTBHE Ha cucTeMy. Eciu cumita Maja, TO eCTh IPOM3BOJUT
MaJioe BO3/EHCTBHE Ha CHCTEMY, TO CpejiHee 3HAaUeHHE Be-
Jmausbl 2 (t) JMHEHHO 1o TOl cuie,

t

x(t) = / at—t) dt’ f(t). (8.1b)

— 00

B HHTErpUPOBaHNe TTPON3BOUTCS TOILKO TI0 BpeMe-
HaM t' < t, YTO rapaHTUpYyeT BBLINOJHEHUsI IPUHIUIIA, [IPH-
guHHOCTH. JI00NIPEeIe/IMM BOCIPUUMYUBOCTD (i(T) Ha OTpH-
naresbible Bpemena, nojaoxkus «(7 < 0) = 0, Torga unre-
IpPUPOBaHe TI0 BPEMEHH B MOYKHO PACHPOCTPAHNTE
Ha Bce BpeMeHa t'.

MoHOXpOMATHYECKYIO CHIIy f MOMKHO IPEJICTABUTHL B
BITIE

f(t) = foe ™" + fhe™t (8.1¢)

Ecnu cuna f He MoHOXpOMaTHUECKAsI, HO UMEET HEKOTOPBII
CIIEKTP, TO OHA MOXKET OBITH IIPEJICTABJIEHA B BUJI€ MHTEIDA~
aa Pypoe,

ft) = / (dw) fu e, (8.1d)

IIpu sTOM pa3syMHO UPEIIOJOXKUTH, YTO BO BPEMEHHOM
[IpEJICTaBIEHUN CUJIA JEWCTBYET B T€ICHUHA HEKOTOPOT'O Bpe-
MEHH Tj.

B ®ypbe-nipecraBmennn CBI3b MEXKIY CPEIHIM 3HATE-
HUEM T U CUJION f,, uMeeT BUJ

To = Oy fuw, (8.1e)

rae «, onpeaeadeTrcd paBeHCTBOM

alt) = /(dw)awefi“’t. (8.1f)

W3 Toro, 9To BO BpeMEeHHOM TPEICTABICHUN BOCTIPUUMIHU-
BOCTD SIBJISIETCS IUCTO JIeHCTBUTEIbHON (DYHKIINEH ClIeIyeT
CUMMETPU €€ AeCTBUTEIbHOI 1 MHUMOM YacTeil B 4acTOT-
HOM IIpeJCTaBJICHUN,
/ / " 1

o(~w) =), o"(~w)=—a"w).  (8.1g)
B wactHOCTH, HA MHUMOI OCH BOCIIPUMMYIUBOCTD IUCTO Jeii-
CTBUTEJIbHA,

a(iw) = o/ (iw), w > 0. (8.1h)

IloaBu>xkHocTh. Ilycth B cuita f He 3aBUCUT OT
Bpemenu. s onpeneséHHOro Kiacca cucreM (HaIpUMep,
[IPOBOJIHUKU B 3JIEKTPOJMHAMUKE WJIM YaCTUIA B YKUIKO-
CTH) IIPH IIOCTOSIHHOM CUJie CpejiHee 3HAYEHUE KOOPIUHATHI
pacTéT JUHEHNHO CO BpeMeHeM,

dx

&= uf, (8.11)

rjie IOCTOSIHHAA [& Mbl HA30BEM IIOJBUXKHOCTBIO (B 2JIEK-
TpOﬂ‘I/IHal\’II/IKe OHa HpOIIOpL[I/IOHa.HbHa IIpOBO,/II/Il\IOCTI/I). HO—
JBUXKHOCTDL OIPEJIENIsSeT MOBEIeHNe BOCIPUUMYNBOCTU Ha,
MaJIbIX JacTorax w — 0:

2ip

an o o = 2npd(w), o = e (8.1j)

8-1.1 uccunaiiuss >HEPrum B CUCTEME U
IHeprus KoJiebaHmii

MruoBeHHasS BBIJICIAIONMAACA MOIITHOCTH B CUCTEME

oW = —zxf, (8.2)
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8-1.1.1 uccunamnusi SHeprun

Ecsm cuna rapmonnyeckast Bo Bpement, cu. (8.1¢)), o cpes-
Hsisl 10 BPEMEHHU BbIJIEJISONIAsicst MOIHOCTH O W (|
cKopocTh mpomssozacTsa Temnta (). Ilocie ycpeamernme mo
BpEMEeHH, GOJIBIIIOMY TI0 CPABHEHHUIO C IIEPHOJIOM KOJIeOaHHS
CHJIBL 27 /W, TOJLyduM

Q = aulfolfiv—al|fo|fiw = (8.3a)

= 2w lful”

Takum 00pa3oM, JUCCUTIAIINAS OIPeessIeTcs MHUMON [a-
CTBHIO BOCIIPUAMYHUBOCTH.

TTocko/IbKY CKOPOCTH JUCCHUIIAIUN B CUCTEME, KOTOPAs
HaXOIUTCS B PABHOBECUH, JOJKHA OBITH HEOTPHUIIATEIHHA,
TO MHUMAas 9aCTh JINJIEKTPUIECKON IIPOHUIIAEMOCTH J0JIK-
Ha yJIOBJIETBOPSTH yCJIOBUIO

a’(w>0) > 0. (8.3b)

Ecnu custa geiicTBoBasIa B T€U€HNN OTPAHIIEHHOTO Bpe-
MeHH, TaK YTO MOXKET ObITb TpejcrabieHa B Bugme (8.1d)),
TO TIOJIHOE BBIJIEJUBINEECs TEILIO B CUCTEME PABHO

“+oo +oo
W = /dtQ = /(dw)wa"(w)\fw|2. (8.3¢)

8-1.1.2 Dmueprusa KoJiebaHuii B cpegax ¢ HU3KHUM
MOTJIOIIEHNEM

ITycrnb Tenepsb cpejia B HEKOTOPOM JIHAIIA30HE TACTOT MOKET
CUNTATHCA 0E3INCCUIIATUBHOM, TaK YTO B STOM HACTOTHOM
nnarmaszore o < .

8-1.2 dopmyna Kybo

IIycrs Temepb y HaC €CTh HECKOJIBKO CHJ [ M COLPSI?KEH-
HBIX UM BEJIMYHUH Z°, TAK YTO TaMUJIBTOHHAH BO3MYIIEHUS,
IIPOU3BOINMOrO BHEITHUMHY CUJIAMH, PABEH

V(i) = — Za@ifi(t).

Cpesnee 3nadenue z'(t) 9TUX BesmanH OyjeT JIMHEHHO 110
CHJIaM, €CJI OHH MAJIbI,

! = ooraikr kit —1).
(1) ;/d (r) 5t~ 7)

Ipu i # k dbynxnus orkmmka off moxer GeITh Ha3BaHa

B3auUMHOI BOCIIpUUMYNBOCTBIO.

Jlns BocpumMHnBocTH 'F (T) MOMKeT GBITH TOJTydeHa
dopmysna Kyb6o, obobmraromas ‘30710toe mpasuao Pepmn’.
Ob11iee BhIpaKeHUE JJisi CPEHEr0 3HAYEHUsST BEJIMIUHBI I°
eCcThb

P = tfp)F ), (8.4)

rae p — MATPHUIA IUIOTHOCTH CACTEMBI. Byzaem paboraTth B
[pEeJICTABICHUN B3AUMOJICHCTBUS, TaK ITO

ihdwp = [p, V], ihdY = [Ho, V],
rae Ho — raMIIbTOHMAH HEBO3MYIIEHHOM cucreMbl. Paziio-
JKAM MATPHUILY HJIOTHOCTH B PsiJl IO MAJIOMY BO3MYIIEHUIO
JIO TIEPBOTO TOPSJIKA,

pt) = po + % / [0, V()] dt'.

BJIQCI) MaTpulla IIJIOTHOCTU pp COOTBETCTBYET CTaTHUCTU-
YECKOMY PABHOBECHUIO, TO €CTb SIBJISETCS PACIPEICICHIEM
I'u66ca,

Po = exp ( — (Ho — F)/T)7
rie F — cBobonas sueprus. IofcTapiiss 3TO B BEIPasKeHue

(8.4), momyaaem

t

zi(t) = —% /dt tr ([po, 2" (¢)] (1)) F(t).

— 00

CpaBuuBasg 3T0 BbIpaxkenue ¢ BbipaxkenueM (8.1b|), ompe-
JIEJISIIONIMM  BOCIPUUMYUBOCTD ((T), 3aK/0YaeM, 9TO OHA
paBHa

o (r>0) = _%tr([ﬁovﬁk(t)]fﬁi(t"‘ﬂ) =

_ %tr (o [#(t +7),2%(®)]) . (8.5)

Ob6paTuM BHUMAHUE, YTO B muHammKka 2% (t) ormpe-
JIEJISACTCS HEBO3MYIIGHHBIM TaMUILTOHHAHOM Ho. ITosTo-
My, B YaCTHOCTH, BpeMs t B MOXKeT OBITh BBIOpAHO
MIPOU3BOJILHO, ITOCKOJIBKY [/30,7-[0] = 0. D10 cooTHOIIE-
Hue Ha3bIBaETCst Popmyrol Kybo (cm. Jlanpay u Jludimig
(1995, §126, Vp.(126.9)), Jlepuros u Illuros (2003, §7.2,
Vp.(7.25))).

8-1.3 Cummerpun kKo03dPUIMEHTOB 00006-
NIEHHOI BOCIIPUUMYUBOCTH

,HJIH B3aMHBIX BOCIIpHHl\{‘IHBOCTGfI BBIIIOJIHAETCA paBeH-
CTBO CUMMETPpUN

aik(r; B) = Ozki(T; —B)7 (86)

eciu obe BelmUUHLI ' 1 ¥ MMEIOT OIMHAKOBYIO CHMMeT-
PHIO IO OTHOIIEHUIO K OIepaIuu 0OpaIleHns BDEMEHU 1

ok (r;B) = —af(r;-B), (8.7)

€CJIA BEeJIMIUHBI ' U I’k UMEIOT IIPOTUBOIIOJIOZKHYIO CUMMET-

PUIO OTHOCHUTEJILHO OIlepaliui OOpallleHus BPEMEHU. DTO
PaBEHCTBO CBSI3aHO C MHBAPMAHTHOCTBHIO JIMHAMUKU CUCTE-
MBI II0 OTHOIIEHHUIO K OIEPAIMH OOpaIleHusl BPEMEHH, I10-
9TOMY TpedyeTcst U3MEeHeHne 3HAKa [epej] MArHUTHBIM 10~
nem B. B (8.6) mbr mpesmostaraem, aro obe Besmaunbl ¢ 1
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2 obnamaior oxHoil U TOIl JKe CUMMeTpUeil 110 OTHOIIIEHUIO
K omeparuu obparenns BpeMenn. Ecim ke onm 067a/1a-
IOT IPOTUBOIIOJIOXKHONA CUMMETPHUEN 110 OTHOIICHUIO K 9TOI
oreparuu, B HaJI0 IIOCTaBUTh 3HAK MUHYC, cM. JlaHmay
u Jludmmn (1995, §125, ¥Vp.(125.14)).

Hoxkaxkem dhopmyiry . CrepBa HAIOMHNM, KaK CHM-
MeTpus (PU3UIECKOI BEJUUUHBI & 10 OTHOIIEHWIO K OIre-
paIi BpeMeHU OTOOparkaeTcss Ha MATPUYHBIX dJIEMEHTaX
oreparopa 3TOil BeJimuuHbl T. Bynem paborarh B Oasuce
coOCTBEHHBIX DYHKIMMH [t)),) TaMIIBTOHHAHA Ho.

IIycTe ciepBa raMuIbTOHMAH HE COIEPAKUT MATHUTHOTO
mosisg. Eciin BetmunHa © nMeeT ONpeIeI€HHYI0 CHMMETPUIO
10 BPEMEHH, TO

(Wl &) ) = e, = (8.8)
= (W] () [hm) = eilwn—wmlig
TO €CThb

311eCh Xy — MATPUYHBIN 3JIEMEHT ONIEPATOPA BEJIMIUHBL T
B MoMeHT Bpemenu ¢t = (; BbIOOp 3HaKa ‘+° COOTBETCTBYET
CHUMMETPHUHU BEeJIMIUHBI 110 OTHOIIEHUIO K M3MEHEHUIO 3Ha-
Ka BPEMEHH, a BBIOOp 3HaKa ‘—’ — aHTHCHMMeTpuu. Kciam
Ternepb TaMUJIBTOHUAH COJEPXKHUT MATHATHOE II0JI€, TO IIPH
nepexojie OT IEePBOl KO BTOPOHM CTPOYKE B HaJI0 B
raMUJIbTOHUAHE CJejIaTh 3aMEHY 3HAKa BEKTOPHOT'O IOTEH-
muaia, A — —A. 9To U3MEHUT U COOCTBEHHBIE BOJIHOBBLIE
dyHKIUM BO BTOPO#i cTpouke. B pe3ysibrare Mbl TpUXoaumM
K PABEHCTBY

— * —

Tmn = Ty = :I:xnm|BH7B, (8.8¢)
rjie % O3HAYAET ONEPAIUI0 KOMIIJIEKCHOTO COIPSI?KEHUS.
Iepsoe pasencreo B (8.8¢c|) BbIpazkaer coboit To, 4TO Ole-
paTop & COOTBETCTBYeT (BUBUTECKON BEIUUWHE U MOTOMY

spmuToB. Hamomunm Tak:ke, 9ro npu 3amerne B — —B Be-
JIMIUHA COOCTBEHHON SHEPTUU W, HE M3MEHSIETCs.

Tenepn Bepuémca k dopmysne Ky6o (8.5), koropyio
MOYKHO TIePeNINcaTh B BUE

afi(r) = %tr (po [2F (), 2%t —1)]). (8.8d)

Temepn OyaeM TPOBOAWTDL BLIYMUCJICHUSI B 0Oa3mce CTAIU-
oHapHBIX (yHKIUNE [aMUIbTOHHAHA, & TaKXKe MOJIOKIM
t = 0, u Gyzem nmcarb jyist Kparkoctu &(t) = 4. B pe-
3yJIbTaTe TOJyIUM DPABEHCTBO

oaFi(r) = (8.8¢)

£ 57 o ({0t o () ) —

#|vn)) =
2H(T) [ ) (W | 25|10 ) —

_<wn @l(—7)|¢m><¢m

[ ) (U

—(¥n

#()en))|

Bo-B

Bropoe pasencrBo ucnosbsyer (8.8al). 3uak ‘+’ coormer-

CTBYET O,I[I/IH&KOBOﬁ CHUMMETPHUHN BEJINYINH l‘i71'k II0 OTHO-

KJIr0O49aeM, 94TO

(8.8f)

ati(r) = o B}

B pesyabrare npuxomum K coorromerusM ((8.68.7)).

§8-2. AHaJImTMYeckKme cBOIicTBa 00OOMIEHHOI BOCIIPUMMYNBOCTHU

W3 npunimma TpUYIUHHOCTH ciegyer, 910 B Dypbe-
[PEJICTABIIEHNN Y KOMILIEKCHON dbyHKInM a(w) B BepxHeil
oJtytockocTs, korja Imw > 0, mer mosocoB. B cBoro
odYepeib, 3 3TOro (hakTa CJIeyeT PAaBEHCTBO

/
/dw’la(iw), = 2mia(w), (8.9a)
w' — (w+10)

rJe MHTErPUPOBAHUE IIPOU3BOAUTCI II0 JIeHCTBUTEILHOM
ocu. Ecjin B BBINMCAHHOM HHTErPAJIbHOM PABEHCTBE BbI-
JIEJINTh JIeICTBUTEIbHYI0O W MHHUMYIO YacTH, TO IIOJIy-
qumM coommowenus Kpamepca-Kponuea (Kramers—Kronig
relations):

o (w) = i][dw’M (8.9b)

o'(w) = —l][dw’w + 3 8.90)
w w

rJie UHTerPUPOBaHUe BOJIMA3HU I0JIIOCA IIPOUCXOIUT B CMBICTIE
[JIABHOI'O 3HaveHusl. B B JIEiICTBUTE/IBHON YaCTH BOC-
MIPUUMYUBOCTH MbI BbIIEJMIN 0-PYHKIIMOHAIBHBINA BKJIA]]
(8.1j]), mpom3BOAMMBIiT HEHYJIEBOM MOABIMKHOCTBIO — IIPEJI-
nosaraercd, 9ro B o’ (w) aroro Briaza Her. lenao B ToMm, 410
9KCIIEPUMEHTAJIBHO €0 U3MEPUTH BO3MOXKHO TOJIBKO Yepes3
u3MepeHue IOABUKHOCTH, TO €CTh MHUMOIl 4acTH BOCIPU-
MMYUBOCTH.

Bocronbayemcest 96THOCTBIO JIefiCTBUTEILHON U HeIéTHO-
CTBHIO MHUMOI YacTell BOCHpUUMIUBOCTH, cM. (8.1g)), 9To6nI
OIPaHMYHTH MHTETPUPOBAaHUE B coOoTHOIMeHusx Kpamepca-
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KpOHI/II‘a Ha IIOJIOKUTEJIbHBIEC 9aCTOThI:

2 [ w'a’ (w')
O/((,d) = ; 7[ dw/m, (89d)
0
2w a o (W) 2u
Oé//(w) = —? f dw/m + ? (896)
0

8-2.1 KoMNOjaeKCHOCTh BOCIHPUUMYNUBOCTU
« B BepxHell MOJIyIIJIOCKOCTH

s 0OOOIMIEHHON BOCHPUUMYUBOCTH BEPHO  CJIEIYIOIIEE
YTBEPXKJIEHUE: B BEPXHEH IOy IJIOCKOCTH KOMILJIEKCHOI T1e-
PEMEHHO# W BOCIPUUMYUBOCTH IIPUHAMAET BENECTBEHHBIE
3HAYEHUs TOJHKO HAa MHUMOM OCH, CM. . Ha muaumoit
ocn afiw”) MOHOTOHHO yObIBaeT Kak GyHKIwms w” > 0 10
HYJIST TIPA W — OO.

B wacrHOCTH, (W) HE OBpAIaeTCsl B HOJIb U He IPUHHU-
MAeT OTPUIATEIbHBIX JCHCTBUTEIbHBIX 3HAYCHUN B BEPX-
HEl MOJIYIJIOCKOCTH.

HoxkazareabcTtBo. [lokazarenbcTtBo cmorpu B Jlanmay
u Jludprmr, 1995, § 123.

8-2.2 Cpeapl ¢ HUBKUM MNOTJIOHIEHUEM

[Iycts B HEKOTOPOM Mama3oHe YacTOT cpeja o0JagaeM
6J'II/13KI/IM K HYJIIO IIOIVIOIIEHNEM, TO €CTh B 3TOM 9aCTOTHOM
JmanazoHe MOXKHO npuHATL o = 0, To ecthb o = . Toryma
B coorHomenuun Kpamepca-Kponura AHTErpaJs cje-
JyeT IOHUMATDb B IPOCTOM CMBICJIE, TOCKOJIBKY CMBICJI TJIaB-
HOIO 3HAYEHUsI CTAHOBHUTCS M3OBITOUYHBIM. [losTOMy 3TOT
WHTErpaJ MOXKHO AuddepeHupoBaTh M0 JacTOTe W KakK
10 [TapaMeTpPy, B PE3Y/IbTATE Yero I0JIyYaeM

!/ 1 /
do - dw / do ) g (891
dw T (

ITocKoIbKY BOCHPUUMYNBOCTD YETHA, CM. , TO JOCTa-
TOYHO OTPAHUYUTHCS MOJIOKUTEJBHBIMA YacToTaMu w > 0.
CortacHo , cupaia B (8.9f) crour momoxkurenbHOE
BhIpaxkenue. Takum 06pa3oM, BOCIPUUMYNBOCTE B 00JIaCTH
HU3KUX [OTEPH SIBJIIETCS BO3pacTAoIeil pyHKIIHEN 1acTo-
Tol. Eciin »Ke Ternepb JOMHOKHAM 00€ TIacTH Ha w2 u
cHOBa oA EpPeHITIPYEM, TO TOTYTHM

2 13010, 1
dwla) _ 4w /dw’ W) o (5.90)

(w/2 _ w2)2

Hepasencrso (8.9¢g)) cunbree nepasencrsa (8.91), eciin Boc-

IPUUMYUBOCTG orpunareibua, «(w) < 0. B nporusHoM

ciyuae (8.9¢) caenyer us .

§8-3. DayKTryanuu cJiryvdaifHoOll BeJIMIUHBI: aBTOKOPpPEJISuOoHHAas (PYyHKITIS

[Iycts © — u3Mmepsiemasi BeTUIMHA HEKOTOPOi (busmtde-
CKO¥ CUCTEMBI, & — KBAHTOBOMEXaHUYIECKHII omepaTop, Co-
OTBETCTBYIOIIUI 5TOil BeJInunHE. DTa CUCTEMA UMeeT HOJIb-
[I0€ YUCJIO CTeHeHel CBOOOIbI U/WIM B3aUMOJCHCTBYET C
pe3epByapoM, TOTOMY TOBEJEHUE BO BPEMEHU BEJMUMHDI
z(t) HocuT ciy4ailHbI XapaKTep: eCTh BPeJHee 110 BPEeMEeH!
3HaUEHNe (), KOTOPOE JJIsl YIIPOIIEHWs! 3aIUCH JTATbHE -
mux HOpMyJI MBI cuuTaeM HyneBbiM, (z); = 0, u Ha doHe
9TOro cpejHero BejmuunHa x(t) mperepreBaer CirydaliHble
durykTyamnmmn.

Xora daykryanuu x(t) HOCAT Cry9aiiHblil XapakTep, UX
CTATHCTUKA OJHOPOJIHA TI0 BPEMEHH, €CJIU COCTOSTHUE UCCJIe-
JLyeMOil CHCTEeMbI BO BPEMEHH CTATUCTHIECKH HE MEHSIeT-
csl; B TakOM ciydae z(t) Ha3bIBACTCS CMAUUOHAPHOT CAY-
yatnot PyHrkyued. B majgpHeeM HAIUX PacCyKICHUSIX
MBI OyZIeM TIPEIoIaraTh TAKYI0 CTATUCTUIECKYTIO OTHOPO/I-
HOCTH 110 BpeMeHu. B TakoMm cirydae xapakrep (iyKTyanuit
2(t) MOXKHO OIUCATH C OMOIIBIO KOPPEJIAIMOHHBIX (DYHK-
nwmit. IIpocreiimeit KoppeasanuonHoit GyHKIMeH sBSeTCs
napHasi KOppe/siiuonHas (hyHKIIs

F(r) = (z@®)z(t+ 1)), (8.10)

HA3bIBAEMAs TAK¥Ke G8MOKOPPEAAUUOHHOT Pynryued. B
YIJIOBBIE CKOOKH O0O3HAYalOT YCpPEeIHEHHE. DTO
yCpeJIHEHNE MOXKHO IIOHUMATh KaK yCPEIHEHUE 110 BPEMEHH
t, TaK ¥ yCpeJIHEHHE 110 CTATUCTUYIECKOMY aHCaMOJIIO pac-
CMaTpUBAaEMBbIX cucTeM. B mocieanem cirydae JjieBast 9acTh
HE 3aBUCHUT OT ODIIEro BpeMeH! ¢ UMEHHO B CUJIY CTATHCTH-
YeCKOI OJHOPOHOCTH IT0 BPEMEHH.

Yaobuo umerh geno ¢ Pypbe-KOMIIOHEHTAMHU BeEJIH-
YUH. DKCIIEPUMEHTAIbHO M3MEPEHHBIN CIIydailHbIil mporece
[IPEJICTABUM B BHJIE

z(t) = /(dw) T, et (8.11)

TaK»Ke KaK U KOPPEeJISIIUOHHAsT (DYHKITHS,

F(r) = / (dw) F, e™ ™7, F, = [ drF(r)e™T.
(8.12)
IIpesiosoKuM ceffgac, 9To paccMaTpHBaeMast BeINIH-
Ha = kjaccmueckasi, T.e. z(t)x(t') = x(t')x(t). U3 aroro

IIPEJIITOJIOYKEHUST, & TaKKe U3 CTATUCTUYECKON OTHOPOJIHO-
CTH TI0 BPEMEHH CJIeJIyeT YETHOCTH aBTOKOPPEJIAIMOHHON
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dyukuun, F(—7) = F(7). HeiicrBuresbho,

F(r) (x(0)x(1)) = (Vz(t)z(r + 1)) =  (8.13)

B nporiecce BoikiaoK MBI BeIOpasm t = —7.

8-3.1 Teopema Bunepa-XuH4nHa

CBsi3b MeXIY T, U F,, MOXKHO NOJIYIUTh, UCXOJS U3 OIPE-
nesenust F(7):

R - / (dw)(d’) (Bozer) exp[—it(w + )],  (8.14)

re (X, ) — CpeliHee 3HAYEHUE, KOTOPOE B JAHHOM CJLy4ae
IPOIE BCEro IIOHUMATHh B CMBIC/IE yCPEIHEHHUsI 1O CTaTH-
cTUIecKOMy aHcaM0umio. JIjist Toro, 9To6bl KOppeasauoHHasT
dyHKIUSA 3aBUCETA TOJIBKO OT PA3HOCTH BPEMEH T, HAJIO,
9TOOBI 3aBUCHMOCTE OT abCOIOTHOIO 3HAYECHMS BPEMEHH
OTCYTCTBOBaJIa. DTO JOCTUTAETCH, ecan cpemaaee oT Dypbe-
KOMIIOHEHT CJIydaiiHOro Ipollecca He paBHO HYJIIO TOJIBKO
IIPU COBIAJICHNN abCOJIIOTHOTO 3HAYCHUS YACTOT:

(ToTo) = 216(w + W) (22w, (¥, = F,. (8.15)

Bropoe coorromenue B (8.15)), yTeep:ktatomee, 4To crieKTp
curnana (z?), pasen bypbe-06pasy aBTOKOPPEIATHOH-
Hoit pyukimn F,,, Ha3eBaeTcss TeopeMoii Bumepa-Xunanma
(rak>ke m3BecTHas Kak Teopema XuuunHa-Kosmoroposa),
cM. Perros (1976| §41) u opuruHanbHble paBOThl XUHINH

(1938).

8-3.1.1 Iloaydenme KOPPENAIIMOHHBIX QYHKITHN
nyTéM ycpeJHEeHUsI 110 BpEMEHN

IIpeamonokum, 9TO CIIyYaflHBIN MTPOIECC x(t) u3MepAI-
Csl B T€UEHUU HEKOTOPOro (OTHOCUTEBHO MPOIOJIZKUATEIb-
HOIO) NpOMeXKyTKa Bpemenu 1. Boimiem 3iech mare-
MAaTHIECKUE COOTHOIIEHUsI, MO3BOJISIONIAE ONEPUPOBATH C
Dypbe-KOMIIOHEHTaMU CJrydaifHoro mporecca x(t) u aBro-
koppessiimorHoit dyakuun F (7). Mer Gyzem cuurars,
YTO M3MEpeHHe IIPOBOJMIOCH BO BPEMEHHOM HHTEpBAaJe
[—T/2,T/2], a uponecc z(t) siBAsSETCSA EPUOJUIHBIM C IIe-
puomom T'. TToCKOIBKY B OKOHYATETHHBIX OTBETAX OymeT
IIPeIoIaraThCsl IPEJesbHbI nepexon 1T — 0o, TO mpu-
HsITasl IEPUOMIHOCTD HE JIOJXKHA BJIUATH HA 3TH OKOHYA-
TeJbHBIC OTBETHI.
Dypbe-pazsiokenne npouecca x(t) umeer Buj

T/2
1 2mn
= — dt expliwnt] z(t), wp = —, (8.16
= = // plicont] (1) 7 (8.10)
—T/2

x(t) = % Z exp[—iwnt] X, »

nez

rjie n — 1esoe ducyio, n € Z. Muoxureas 1/ VT B paBoit
qacTH ocTabiigeT Pypbe-KOMIOHEHTY T, KOHEYHOH IIpU

T — oo. B menpepsiBHOM mpenesie obparHoe mpeodbpaso-
panune Oypbe BBINIsIIET0 ObI KaK

z(t) = VT / (dw) e ™y,

CpaBHH C . Takum obpazom, Oypre-06passl A, U T, HE
PaBHBI JIpYT APYTY, & CBI3aHbI MEXK1y co00i KO3 duimeH-
TOM IIPOMIOPITUOHATBLHOCTH, 3ABUCAIIIUM OT BPEMEeHH HAOJIIO-
JEHUsT; OTMETUM, 9TO YA0OCTBO UCIIOJb30BAHUSA A, COCTOUT
B €ro KOHEYHOCTU IPH yBEJIUIEHUN BPEeMeHU HaBJIIOJEHNs,
npu T — oo.

Koppensiimonnast GpyHKImst

T/2
F(r) = % / a(t) z(t + 7) dt. (8.17)
~T/2

TlockonbKy pu 7 — 0O aBTOKOPPEJSIMOHHAS (DYHKITUS
cTpeMuTCd K HyJI0, TO 1ipu eé Oypbe-rpeodbpa3oBaHnn da-
CTOTY W MOYKHO TIO-TIPEYKHEMY CUUTATEH HEPEPBIBHON BejIH-
YUHON, OCTaBJIsAsl [TOITOMY OIpPEeNeIeHre TPeobPA3OBAHUSI
Dypwe gt F(7) B BUgE Tem me MeHee, JJIs IPOBe-
JIeHUs] BBIYUC/IEHUI, ceiiaac MbI Oy/IeM CIUTATH W JIUCKPET-
noit. Utaxk,

sinf(w — wy,)T'/2] sin[(wk + wy )T /2]

Fw = 5
n%:z T T — T2 (wk t wn)T/2

npuuaéM Boipazkenne tuna sin(w'7)/(w'T) npu w’ = 0 a0
cunrarh pasHbIM 1. IIpu 7' — 00 U3 CyMMBI BBIIAJAIOT BCE
cJIaraeMble, KPOME OJIHOTO, KOTOPOE OIPEJIEIISAETCST YCIOBY-
eM w, =w, wip = —w. llosTomy

F, = \2@,\2

B sroit dopmyne gacToTy w MOXKHO y2Ke CUIATATH HEIpe-
DBIBHBIM TTADAMETPOM: XOTs BeJmYHHa |4, |2 Kax yHk-
s n dirykryupyer (Booblie roBopsi, CUILHO) OKOJIO CBO-
€ro CpeJIHero 3HAYEeHUsl, HO €CJIM IPOU3BECTH YCPETHEHUe
9TOM BEJIMYUHBI TI0 TPOMEXKYTKY 0n > 1, To pu T — 0o
TaKuM 06pasoM mojyuentoe cpeinee {|z,|?) caemyer cun-
TaTh MEJJIEHHO MeHsoIelics (Ha Macmrabax = 0n 1 MHO-
IO MEHBIUX XAPAKTEPHOI'O M3MEHEHUST YACTOT, Ha KOTOPOi
MeHsIeTCs1 KoppessinuonHas dbyakuus F,,) dbyukuuneit w. Ta-
KUM 00pa30M, OKOHYATETHHO MOJIYYAeM, UTO

Fo = @ = (ol = 2lnP).  (819)
VYepenuaenne B o10it dhopmysie (peasbHO TPOUCXOJISAIIEE IO
n) MOXKHO IIOHUMATh W KaK YCPEIHEHUE 110 CTATUCTHYe-
CKOMY aHCaMOJIIO: 110 CYTH, YCPEJHUB 110 01, MbI IPOBEJIN
YCPEIHEHHE 10 07, ITOYTH HE3aBUCHMBIX IIPOMEXKYTKOB Bpe-
MeHU JJIUTeIbHOCTBIO T'/0n.

Eciu mbr omyctum B yCPEJHEHHE [0 BPEMEHHU ¢
(ipm 3TOM Ha30BéM Takyto byHKIMO F(T,t)), TO nOIyInM,
9TO

F,it) = Z X, %o €Xp[—i(wn + w)t].
nez
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CpaBHUBasi 3TO BBHIPAXKEHUE C BBIPAXKEHUSIMU
eIé pa3 IPUXOJUM K eCTeCTBEHHOMY BBIBOJY: yCDeJTHEHUE
II0 BDEMEHU B 9TOM BBIPA’KEHUU COOTBETCTBYET yCpeJHe-
HUIO 10 CTATUCTUIECKOMY aHCcaMOJIi0 B Bhiparkenuu ([8.15]).

8-3.2 BbIpakeHUe JId KOPPEJIAIMOHHON’
dbyHKIIMY B KBAHTOBOM CJIydYae

Pypbe-KOMITIOHEHTA OT OIIEPATOPa CAYIANHON BEJIUIUHBI U
€ro MaTPUIHOTO JEMEHTa B IpecTaBiennn |eitzenbepra B
Gasuce cobcreHHBIX GyHKIUHA TamMuibronnana [n) naérest
BBIPAKEHUSIMU:

T /dt Z(t) expliwt], (8.19)

(xw)nm = <n‘jw|m> = 27T5(wnm_w)znm-

Marpuambiit 371eMeHT KBaapaTa 0000IEHHON KOOPIMHATHI

1
g(ﬁwfw’ + i’w’i'w)nn - (820)

- ;; @) (@ + (@ Yo (@Yo | =

= 22 | [5(wnm — W)+ 8w + w)} S(w + ')

31ech MBI 06OOIIMIIN 3AITUCH Ha KBaHTOBBIN CITytail,
CHMMETPU30BaB BbIpayKeHUe (Ty,T,/) U 3aTeM HCIOJIb30Ba-
JIM BBIDAyKEHUe . Hostomy Besmmunna (2), B ci1ydae,
€c/Ii CUCTeMa HAXOAUTCSA B COCTOSIHUU 1), DABHA

(@ = 7> [Taml? [5(wnm — ) + 6 (W + w)} . (8:21)

Ecim cratncTuka CHCTEMbI OIHCHIBACTCH DPACIpe/iesie-
uueMm ['ub6ca p,, = exp[(F — E,)/T], o Boipaxenue (8.21)
HAJI0 YCPEAHHUTH O 9TOMY DACHDEJEJICHAIO, B PE3YJIbTATE
Yero IOJLy IUM

@) = w [1ew ()] 5 pnlean 8
" (8.22)

§8-4. OayKTyallMOHHO-INCCUIIAIINOHHAS TeopeMa

Coruracuo 3os10toMy pasuity @epmu, 0600IIEHHAST BOC-
[MPUUMYHBOCTD JIJIsi BEJUYIUHBI T 110 OTHOIIEHHUIO K CHJIE,
JIEHCTBYIOIIEH Ha 3Ty YKe BeJIUYNHY, MOXKeT OBITh ITOJIyde-
Ha U3 WHOOPMAINA O MATPUYHBIX 3JIEMEHTaX OIMEPATOPA
Z 9TOU BEeJMYWHBI UM O PACIPEIEJIEHUU 110 MUKDPOKAHOHU-
YECKUM COCTOSTHUSIM HCCJIEyeMOW CHUCTEMBI. DTa YKe WH-
dopmarust JOCTATOYHA U JIJIsT HAXOXKJIEHUSI ABTOKOPPEJIsi-
MOHHON (PYHKIINY BEeJIMYMHBI T, a 3HAYUT, U €€ (JIyKTya-
nuii. Bojiee KOHKPETHO, 1 B 0OOOIIEHHY IO BOCHIPUUMYUBOCTD
, U B ABTOKOPPEJISIUOHHYIO (DYHKITIIO BXO-
JUT yCpeIHeHue o pacupemesennio ['mbbca or kBagpara
OIPEJIEIEHHBIX MATPUUIHBIX JIEMEHTOB omeparopa . Ilo-
3TOMY YIAETCS YCTAHOBUTDH CBSA3b MeXK Ty 00O0OIIEH-
HO#l BOCHIPUUMYUBOCTHIO M TEILIOBBIMU (DJIYKTYAIIUSIMUA Be-
JIMIUHBI T, ITO COCTABJISIET COJIEPIKAHUE PAYKMYAUUOHHO-
duccunauuornotll meopemul. BeiBeieM 3Ty Teopemy.

PaccMoTpuM HEKOTOPYIO cUCTEMY, HAa KOTOPYIO JAEHCTBY-
eT rapMoHHMYecKas BHerHss cuia f(t) (8.1c|), onucbiBaro-
masicst ramusibroHnaHoM (8.1al). Coracuo ‘3o70TOMY Hpa-
ity @epMn’ cKOpoCTh 11epexona dwy,,, U3 COCTOSIHUS |n)
B cocrosiHusl [m) u3 Majsioro dasosoro oobéma dI'y, paBHa

2
dwpm = ﬁ|mnm|2‘fw‘2<6(wmn — w) + 6(wimn + w))dlp,

(8.23)
rie aBe 0-PYHKIUA B CKOOAX COOTBETCTBYIOT TOMY, UTO B
cwite f GHOpMaIbHO MPUCYTCTBYIOT JBE TAPMOHUKH — tw,

PA3HOCTH YACTOT Wiy, = (Ey, — E,,) /A, 1 MBI, Kak 910 Bce-
ra JejaeTcs IpU IpUMeHeHnH ‘30j0Toro mnpasuia Pep-
MU, TIPEIIOIOXKUIIM, YTO KBaJIPAT MATPUIHOIO SJIEMEHTa
|Zpm|? c1abo oTimdaeTes 11 paA3HBIX COCTOSTHUIA M) B 3J1e-
mente (azoBoro 0obéma dl,. CKopocTh Bble/I€HUS TerLTa
B CHCTeMe

Q = /an AT, pn Wom Awpm = (8.24)

2w

= TlwaQ X

X /and]f‘m Pn |xnm|2(5(wmn —w) = 8(Wimp +w)) =

huw
= %TwlfWIQ [1exp (Tﬂ x

8 /drﬂdrm Pn ‘xnm|26(wmn - w)7

rue p, = exp[(F — E,)/t] — pacupenenenue 'ub6ca.

CpaBHuBasi obmee Boipaxkenue (8.3al) st ckopoctu
JINCCUTIAIAKA SHEPTUU TPHU JEHCTBUU MOHOXPOMATHYECKO-
ro BHEIIHEro BO30YXKJEHUS C IOJYYEHHBIM BbIPAYKEHUEM
(8.24), sakmogaem, uro Oypbe-KOMIIOHEHTa MHUMOI 4acTu
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BOCIIPUAMYABOCTH kenwe (8.26) npunumaer Bu
hw 2T,

(8.25)
B MBI IIEPEIIN OT WHTErPUPOBAHUSA 10 (Hha30BOMY
IIPOCTPAHCTBY K CYMMe TI0 COCTOSTHUSIM JIJIsT yI00CTBA CpaB-
Henus mpaBoii 1actu ¢ Pypbe-00pa3oM OT ABTOKOPPEISIII-

onnoit dyuxipm (8.22)). B nrore mosyuaem, aro

hw

2 "

w = halcth|—]|. 8.26
(@) = haljerh |52 (3.26)
9TO  paBEHCTBO W  HA3BIBACTCI  PAYKMYAUUOHHO-

duccunayuorHot meopemo.

8-4.1 PuyKTyarmoHHO-INCCUITAIIMOHHAS
TeopeMa B KJIaCCU4eCKOM IipejeJie

Kiaccudeckuii mpejies 1ocTUraeTcs, KOTJ@ ITOCTOSHHYIO
Ilnanka ciaeayer cIUTATDH MAJIOH, U IOTOMY COOTBETCTBYET
BBICOKUM Temieparypam, 1T’ > fw. B atom nipesesie Buipa-

B wacrHocTu, cpenumit (oJHOBpeMeHHOI) KBajpar (IyK-
Tyanuii gaérest BoipazkenueM, cuM ([8.18]):

+o0 +o0 .
@) = [ = 21 (@)% = T,

(8.28)

rae MBI  BOCIOJIB30BaJUCh COOTHOIIICHUEM KpaMepca—

Kponura (8.9b)).

8-4.1.1 CBga3b NOABUX>KHOCTH U KO3 duiimeHra
anddysun

8-4.1.2 ®ayKTyallMOHHO-IUCCUTIAIIMOHHAS Teope-
Ma AJ1d HECKOJIBKUX BEJIMYUH
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Yacts I1

3AJIAUN

T'nasa 9

ITJIOCKUE BOJIHBI

§9-1. Jluneiinblii OTKJIMK cpeabl

e 3adaua 1: Boraucaurs gussreKTpudecKkyio mpo-
HHUI[AEMOCTb B YaCTOTHOM IIPEJICTABICHUN £(w), €C/H n3-
BECTHO, YTO KO(DMOUIMEHT MOJSPU3YEeMOCTH (JIUJIEKTPH-
YecKasl BOCIPHUUMYHBOCT) BO BPEMEHHOM IIPEJICTABICHUN
umeer 3aBucuMocTb &(t) = Aexp(—t/T).

e 3adaua 2: Haiitu nusaekTpudecKyro TpoHUIIae-
MOCTb €(w) MJIs CPeJibl, COCTOSIIIEH U3 JIOPEHTIEBBIX OCIUJI-
JISITOPOB.

e 3adaua 3: IIycTts B Ha4aJbHBIE MOMEHT BpeMe-
HU OrubAOIAs IJIOCKOTO BOJHOBOIO MAKeTa B COIMPOBOXK-
JTAOITIElt CUCTeMe KOOPJIMHAT UMEJIa FayCCOBY 3aBUCHMOCTD:
U(z,t = 0) = Aexp(—22/2¢%), rae ¢/v, — JIMTEILHOCTD
HMIIyJIbCa, Uy — TPYNIOBasg CKOPOCTh, A - HadabHAs aM-
IUTATY/Ia UMITYJIbca. HalTn JaibHEHRIyo 3BOIIOIUI0 OrH-
Garolell, ecin U3BECTHA BTOPasi JUCIepcHst 3o.

e 3adaua 4: IloayunThb 3aKOH JUCIIEPCUU JIJIsI BOJIH,
PACIPOCTPAHSIONIUXCI B ILIa3Me, OTKJIUK KOTOPOW J1aéTcst
mozenbio Hpyme.

e Badava 5: Ilosyunre ypasHenue Ha OrubOaloIiyio B
JIabOPATOPHOH 3ama3 bIBAIONIEl CHCTeMe KOOPANHAT, B KO-
TOPOI ONHOI M3 KOOPJAMHAT ABJIACTCA tpet = t — z/vg, a
Apyroil — z.

e 3adaua 6: Ilycre ms3oTpoIiHas cpeja XapakTe-
pU3YeTCs JUIJIEKTPUIECKON IIPOHUIAEMOCTDIO €(w) 1 Mar-
HUTHO BoCHpHUMYHMBOCTBIO fi(w). Haiiure 0600mEHHy 0
JIUJIEKTPUYECKY IO IPOHUIIAEMOCTD Egyp (w) (2.11]).

e 3adaua 7: Ilokasarb, 94TO B IPO3PAUHOIl IUCTIEp-
rupylomeii cpeje 1Jis IJI0CKOI MOHOXPOMAaTUY€CKONH BOJIHBI
BBIIIOJIHSIETCSI COOTHOIIIEHNE

uW =8, (9.1

rae U — TPYNIoBas CKOPOCTb, W — cpeiHss IO BpeMe-
HU IUIOTHOCTH 3aIllACEHHON 3JIEKTPOMATrHUTHON SHEPIuu,
S — cpeamee 1o BpeMeHH abCONIOTHOE 3HAMEHHE BEKTODA
Ywmosa-IlonnTunra.

e 3adaua 8: ITokazaTh, 9YTO B MOYTH IPO3PATHO
JUCIIEPTUPYIOLIEH cpelie Ui [IJIOCKOH MOHOXPOMAaTUYCCKOM
BOJIHBI BBIIOJIHAETCA COOTHOIIIEHUE
Ao

| W

rine k = Im \/2u — nokasaresib MOTJIONIEHUST CPEIbl, Ag —
JIJIMHA BOJIHBI B BaKyyMe, a () — CpeHss 10 BpeMeHU 00b-
€éMHAas IJIOTHOCTH OTEPh BOJIHBI, YXOJSAIINX B TEILIO.

e 3adaua 9: Tlokaxkure, It cCUCTEMBI CBOOOIHBIX
3apAI0B IIPU HAJIUYIUN TPEHUA JUIJICKTPUYICCKadA ITPOHUIIA-
€MOCTbh, KaK (PYHKITUS IaCTOTHI, MOYKET OBITH 3aIIICAHa CJTe-
JIYIOITUM 00pa30M:

2 2
wy, 9 4men,
= —, 9.3
= (03)

e=1- VL

w* + 1yw
rie w, — IIa3MeHHAas JacToTa (M JJIS MOJE/IN IIJIA3MEL Ne
— KOHIIEHTDAIIUS 3aPsifOB, M, — Macca 3apgaiioB), & y —
JIEKPEMEHT 3aTyXaHUS.

Haiiure nusjeKTpUYecKyo BOCIPUUMYUBOCTL X (7)
(2.6d)), coorsercrByionyio nponunaemoctu
HUTE Ka9eCTBEHHO MoBejeHne GyHKIun X (7) IpH MaJIbix
u GOJIBIINX BpeMeHax.

e 3adaua 10: Paccmorpure pacupocTpaHeHue II0c-
KOI 3JIGKTPOMAarHUTHON BOJIHBI B CPEJIie C JUJICKTPUICCKONR
IIPOHUIIAEMOCTHIO , peanoJiaras IOTepyu MaJIbIMU, TaK
9710 ¥ K Wp. Haitinre mucniepcuio Takoit BOJIHBI, d)a30ByIO
U IPYIIIOBYIO CKOPOCTH, & TaKxKe JJINHY PACIPOCTPAHCHUS].
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§9-2. MaraurToonTuka B IJIa3Me

e 3adaua 1: VCTaHOBUTH CUMMETPHIO JIAJIEKTPH-
YeCKOIl MIPOHUIIAEMOCTH B CJIydae, eCu CPela IPO3PadHa
U e BHYTDEHHSIsI CUMMETPUsl XapaKTEPU3yeTCs BbIJIEJIeH-
HBIM HAIPABJIEHUEM, O0YCJIOBJIEHHBIM HAJIOYKEHHBIM TIOCTO-
SIHHBIM MATHUTHBIM 110JIeM (B OTCYTCTBUE MATHUTHOI'O HOJIst
cpena usorponna). Jumepamypa:

e 3Badaua 2: Haiit sBHBIIN BUI Au3IEKTpIYE-
CKOIf TPOHUIIAEMOCTH JJIS UJI€AJbHOI KJIACCUYECKON TLIa3-
MBI, HAXONAMIEHCS B OIHOPOJHOM MAIHHUTHOM IIOJIE, pPac-
CMOTPEB PACIIPOCTPAHEHNE JTUHEHHBIX BOJIH BI0Ib MATHUT-
HOTO 1104151 (00€ MOJIAPU3aIin) U IoNepéK Hero (¢ JnHeHHOI
HoJIApu3aIyeil HalpaBIeHHO! BJIOJIb MATHUTHOIO TIOJIs ).

e 3adaua 3: ITokazarb, 4TO TIpPU pacIpOCTpaHe-
HUY JINHEHHO TIOJISTPU30BAHHON BOJIHBI B M30TPOITHON cpejie
BJIOJIb HAJIOXKEHHOI'O Ha HEE MATHUTHOI'O IOJIS IJIOCKOCTH
€€ TIOJIIPU3AINN UCIBITHIBACT PABHOMEPHOE BpAIIEHHE II0
Mmepe pacipocrpanenus (3dpdexr Papajiest).

PaccmorpuM m1azmy, Ha KOTOPYIO HAJIOYKEHO MTOCTOSTH-
noe maruutHoe nojie Hy. Takas dpusudeckas cucrema sB-
JISIeTCsT 9aCTHON peasm3aliueil N30TPOIHOM CpeJibl, Ha KO-
TOPYIO HAJIOYKEHO TIOCTOSTHHOE MarHUTHOE ToJie. JInHeHbIit
OTKJIMK TaKO¥ CPeJIbl HA SJIEKTPOMATHUTHOE I0JIE PACCMAT-
pHUBaJCs B

Drot Bonpoc pazobpan B Bekmrreiin (1966), 3amaun 3.27-
3.29).

IlonHoe 9meKTpOMArHUTHOE TOJE CKJIAJIBIBACTCH U3
JIEKTPOMAIHUTHOrO 1oJig (3j1eKTpudeckoe mose E u mar-
autHoe nosie H) Bosmusl n maraurHoro mois Hy. WUuren-
CHUBHOCTH BOJIHBI MaJia, TaK UTO €€ MArHUTHOE I0JI€ MHOI'O
MEHBIIE TOCTOSHHOTO MArHUTHOTO T0Jst, H < Hest. Ypas-
HEeHUe JIBUYKEHNE JIEKTPOHA

mi = eE—l—%[?’“,HO}. (9.4)

K 9TOMY YPaBHEHUIO HaJJI0 ,HO6a.BI/ITI> YpaBHEHUA Ha IJIEK-
TPOMAaruuTHOE I10JIe:

1 4
rotH = -0E+ 2§,  j = neir,  (9.5)
C C

1
rotE = **8,51‘1.
&

PaccMOTPUM 9aCTHYIO CHTYAIMIO, KOT/[a BOJHOBOMH BeK-
TOP PACIPOCTPAHSIONIEHCs HAIIPABJICH 110 MATHHUTHOMY I10-
JIO, TAK YTO BCE LOJIl UMEIOT 3aBUCUMOCTD exp{ —iwt+ikz}.
B sT0M Ciyuae BOJIHA SIBJIETCS YHCTO HONEpedHoil. B pe-
3ysbrare ypaBHeHus MakcBesula M ypaBHEHUE [BUXKCHUS
IJTA3MBI 3AIUILY TCS B CJIELYIONEM BHIE

—ickeH, = —wE, +4nj ., J = —iwner
—ickéE;, = iwH
9 tewHest . R 0 1
—mwr, = ek ——ér,, €=
c -1 0

s YpaBHEHNA Ha ABU2KEHNE JaCTHUIL IIJTa3Mbl MO2KHO BBIDa-

3UTHb BEKTOP CMEIEHUA TJaCTUIl I€PE3 IJICKTPUIECKOE I10JI€,

m L eHy
E, = —ww-—iwgér,. Wy = —,
e me

€ A
ry = ———F———~(wt+iwgE)EL
me(w? — w?)
ITocjie 3TOro MOJCTABMM 3TOT PE3YJILTAT B TEPBOE yPaB-
HeHUe, BBIPa3UB TaKzKe MAarHUTHOE TI0JIe Uepe3 3JIeKTpHHe-
ckoe. B pesysbraTe mosydamm:

2 S
Wy w(w + 1wgy€
C2k2 _ WQ _ 7127 ( - ; ) EJ_ = 0

W w*—wy
Permterinem sTOro ypaBHeHUsT SBJISIIOTCS JIB€ KPYTOBBIE TTO-
asipuzanun, E; o (1,44), KOTOPBIM COOTBETCTBYIOT BOJI-

HOBBIE BEKTOPA

CpaBHuBasi 0011ee BHIPAXKEHHUE ISl TEH30Da, JUIJIEKTPUTIe-
CKOIl TIPOHUIIAEMOCTH JIJIsl UCXOJHO M30TPOIHON Cpebl B
MarauTHOM Tosie (2.42)) 1 nosrydeHHbIH pe3ysbTaT, 3aKJIko-
qaeM, 970 KO3(DDUIMEHTHI €5 U €, CYTh

2 2
w wiwy/H

P _ pH
5 €a = ——F 55—~ (9.6)

o= 1——2 .
t - A? = o)

w
[ocsreHI0I0 KOMIOHEHTY TEH30pa JIU3IEKTPUIECKO Mpo-
HUIAEMOCTH JIET'KO MOJIYYUTh 3aMETHB, YTO MArHUTHOE TI0-
Jie He BJIUSIeT Ha, [IBUYKEHUE 3JIEKTPOHOB BJIOJIb HET'O CAMOTO.
Takum obpazom,

2
g = 1—-% (9.7)

e 3adaua 4: Omupenenure Beamunny hderta DPa-
paged OJjid IJIa3MbI B CJI3,601\1 MarouTHOM II0JI€, BBIYUCJ/INB
Pa3HOCTb BOJIHOBBIX BEKTOPOB /ISl JIBYX KPYTOBBIX MOJIsI-
pusauit . IIycTs MaruuTHOE TI0/I€ HAITPABJIEHO BJIOJb
ocu Oz ¥ B 9TOM Ke HAIPABJIEHNN PACIIPOCTPAHSIETCST JIEK-
TPpOMarHuTHaA JIMHEITHO IIOJIAPU30BaHHaA BOJIHA. B KaKOM
HanpasjeHun ([0 WM [OPOTUB YaCOBOil cTpesiku) Oymer
BpPAIATHCS MOJISIPU3AINS 3TOMH BOJIHBI 10 MEpE €€ Pacipo-
CTpaHeHUsI, eCJIU CMOTPETH CO CTOPOHBI DOJBINNX 3HATEHUH
KOOPJMHATHI 27

Ecan gacrora BoJIHBI 1 JIapMOPOBCKad YJaCTOTa MHOT'O
MeHbIIIe TLJIa3MEeHHOMN qaCTOTbI, TO

iwp  Vw
c VwEtwy

ky =

DTO 03HAYAET, UTO ...

e 3adaua 5: Ilokaszarb, 4TO IPU PACIPOCTPAHEHUU
PaJMoBOJIH B MOHOChEpE CJIeyeT OXKHUIATh PE3OHAHCHBIX
siBJieHnit 6yin3u AyTuHbl BOTHBL A 2 210 M. [IpunsaTs Hampsi-
2KEHHOCTh MArHUTHOTO ToJsd 3emau H = 0.553.



71

II. 3AJIAYN

§9-3. IIpoxoxkjeHne 3JJeKTPOMArHUTHBIX BOJIH Yepe3 BPAaIlaloniyocsd Cpey

e 3adaua 1: PaccMOTpUM MPO3PATHYIO U30TPOITHYIO
Cpejly, KOTOpasl XapaKTepU3yeTCsl JUIJIEKTPUIECKON MPOo-
HUIAEMOCTBIO € U MArHUTHON BOCIIPUUMYHABOCTBIO ft. Cpe-
Jla BPAITIAETCsI € YIVIOBOM CKOPOCTBHIO 2, TAK UTO CKOPOCTH
JIBUKEHUST CPEJIbl B KasKJOH TOYKE IPOCTPAHCTBA DABHA
v = [Q x r]. Haiitu aucrepcuio BoJiH, KOTOPbIE Pacipo-
CTPAHSIOTCS BJIOJIb OCU BPAIEHUsI.

Cuauasta pazdbepéMcst, KaK YyCTPOEH OTKJINK JBUXKYIIEii-
Cd Cpebl. OTKJH/IK 9JIEMEHTa Cpeabl Ha 3JICKTPOMArHUTHOE
moJjie HaM M3BecTeH B cucreMe KoopjauHaT K’, B KoTopoit
9TOT DJIEMEHT ITIOKOUTCH. HyCTb QJIEKTPOMaIrHUTHOE II0JI€ B
cucreme K’ ects E', B'. Cornacuo (2.9)), Tox B conpoBox-
JaoIIeil cucCTeMe OTCUETa

j = S (c (1 - 1) rot B + (e — 1)8tE’> . (9.8)
4 "
CBsi3b MKy IOJISIMU B JIADOPATOPHON M COIPOBOXKIAI0-
meil cucreMaMu KOODJUHAT €CTh
/ 1 / 1
E' =E+ -[v x B], B'=B - —[v x E]| (9.9)
c c

B IEPBOM MODPsJKE [0 OTHOIIEHUIO ¥/C CKOPOCTH JIBUKE-
HUs dJIEMEHTa CpeJbl K CKOPOCTH CBeTa. lemepp HaM Ha-
JIO IIepecYuTaThb TOK B J1abopaTOpHOIi cucTeMe KO-
opaunaaT. HamoMHuM, 9TO 4-BEKTOP 3JIEKTPUUECKOIO TOKA
ectb (cp, 7). Boobie roBopsi, B HEOIHOPOIHO JABUIKYIIETi-
cs Ccpelle MOYKeT BO3HHUKATH OObEMHAS IJIOTHOCTD 3apPsiia
p, a mpeobpaszoBanue JIopeHia IpuMeNIaeT 3Ty MIOTHOCTD
K TOKY. O)lHa.KO B HallleM CJlIy4dae OHa 6yjleT nMeTb OTHO-
CHUTEJIbHYIO MAJIOCTh /¢, KOTopast OyJieT JOMHOXKeHA eIl§
Ha v/c upu upeobpazosanuu Jlopenna mist Toka. [losromy
9TOH MOMPABKON Cie/IyeT IpeHedpedsh U TOKUA B COIIPOBOXK-
Jaroreit n JaboOpaTOPHOit cucTeMax KOODAWHAT C HAImei
TOYHOCTBIO OKA3BIBAIOTCH COBHaJaommmMu, j = 5 . Takum
obpazom, ypasuenust Makcsesuia B 1a60paTOpHOIL crcTeMe
KOODJIMHAT UMEIOT BUJ

ertB+ (11> rot {BXE} =
[ 1 c
:%at (5E+(571) {%XBD’

1
rotE = ——9;B. (9.10)
c

Beeném mexkaproBy cucremy koopamHaT, ocb Oz KOTO-
poii coHAIpaBJieHa C OCbIO BpalleHus. B cooTBeTCTBUU €
YCJIOBHEM 3aJ1a9i, MBI IIPEJIII0JIATAeM, ITO BCE IOJIsI 3aBU-
CAT OT KOODJMHAT U BpeMeHH Kak exp(ikz — iwt). Diek-
TPOMAarHuTHOE 1oJjie Oyer jgexxarb B miockoctu Oxy. leii-
CTBUTEJILHO, €CJIU CUUTATh, 9TO 1ojie E nMeer HyseBoit z-
KOMITOHEHTY, TO

rot[v x E] = [Q x EJ.

DTO paBEHCTBO Il - U Y-KOMIIOHEHT HaM OyjeT yI00HbIM
IIepernucarb B BUJIE

i-rotfv xE] . (E” . /0 —i
oxBl_,(5) L0 (0 )

Bropoe ciaraemoe B Ji€BOIl UAaCTH MEPBOTO ypaBHEHUS
(19.10)) mo/mKHO ABIATHCS MAJIOH MOIPABKOI K IEPBOMY CJia-
raeMoMy, YTOOBI MBI MOIJIA JI€CTBOBATH IO TEOPUU BO3-
MyIIeHu#. 3HAYUT, MbI JIOJKHBI IIPEJIOJararb, YTO dYa-
CTOTa BpAICHUS MaJia 10 CPABHEHUIO C YACTOTOI BOJIHBI,
Q/w < 1.

Bepuémcsa k ypaBuenuam Makcsesnia . Kax mMbr
BHUIUM, 9TH yPABHEHUs, CTPOTO TOBOPS, SIBJISIOTCS HEOTHO-
POJHBIME B IJIOCKOCTH Oy, MOCKOJIBKY CKOPOCTb ¥ MEHSI-
ercs B 3T0H mmockocTu. OTHAKO UX BO3MOYKHO MEPEIHCATH
B OJIHOPOJIHOM BHJI€ OTHOCHUTEJILHO TI0JIeH, KOTOPbIE CaMU
SIBJISTFOTCS OMHOPOaAHbIMU B 1mockoctu Oxy. [Ipumem, aro
UHAYKIWEl 3ekTprdeckoro noJs D sasisierca (Boobie ro-
BOpsI, 9TO HAIIl [IPOM3BOJI, KAK U BCEr/Ia IPHU PAa3IEICHIN
TOKa H& TOK CMEIIEeHNs] U TOK HAMATHUIEHHOCTH )

D=cE+(c—1) [%xB}. (9.12)

BBIpaBI/IM OTCIO/Ia JIEKTPHUIECKOE I10JIe Eun II0/ICTaBUM 006-

parro B (9.10), yurs (9.11). B pesyabrare momyunm
ot 2 <1— <1—1> 1&) D,
w 1 w) e
] D 1
ot = <1 - <1 - > &) B.  (9.13)
w € €

Kaxk Bujgnm, ypaBaeHus JIEHCTBUTEJIHHO JIOMYCKAIOT,
arobbl 10J1s1 D u B 6611 ojtHOpOiHBIME B 110cKOCTH OTY,
T.e., B YACTHOCTHU, YTOOBI 3JIEKTPOMAIHUTHOE II0JIE IIPEJI-
CTaBJISIJIO CODOOI TIJIOCKYIO BOJIHY, PaCIPOCTPAHSIIOILYOCS
B1oJib ocu Oz. [losist D u B npu 9T0M J1e2KaT B IJIOCKOCTH
Oxy. Ho Torma cormtacHo nosie E nmeer HenysieBoit z-
KOMITOHEHTY. DTa KOMIIOHEHTA, OJTHAKO, UMEET OTHOCUTEJb-
HYIO MaJIOCTb IIO 'U/C7 " II03TOMY HE€ JIOJI2KHa YIUTbhIBATbCHA
B JIEBOI YacTu . C yuérom 3TOro 3aMedvaHmusl, HAIIA
CXeMa paCCMOTPEHUsT OCTAETCsT BEPHOIA.

Temepb 00603HAYMM 38 HOBBIE TOJIS D u B crosmue B
npasbix dactax ypasuaennit ((9.13) Bexropa. Torma B jeBbIx
JacTAX 9TUX YPABHEHUI 110/l 3HAKOM IOt OYIyT CTOSATH KOM-
ouHanu

H=4"'B u E=£'D

=v

COOTBETCTBEHHO, T'Je

09 ()
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B pesynbrare Mbl nmpuBeau ypaBHeHuss Makcsemaa K ux CyTh
crangapraoMmy Buay B cpege (2.7). Ilosromy ypashuenue w n2—-19Q
JIUCIIEPCUU OIIPEJIETISIETCS] YCIIOBUEM ke = o 1+ m2 w)” (9.16)

0 det (*k* /w® — gﬁ) =

272
det (Cw]; —ep+ (ep— 1)&) )

MpbI He Y9I HOJ, JeTEPMUHAHTOM MAJIBIA BKJIAJI, IIPOIOP-
noHaTbHEI 62 = (/w)?, HOCKOIBLKY OH HEe3HAUHTETHHO
n3MeHseT caaraemoe ‘—e g’ . Boobire »Ke, NCX0s 13 OKOHYa-
TEJILHOI'O0 OTBETA , HaC MHTEPECOBAIN ObI TOJILKO JIH-
Heiinbie 110 {)/w TmoNpaBKu TaKoro poja. Takum obpazom,
JMCIIEPCUOHHOE COOTHOIIEHNE 3aJa6TCs YPaBHEHUEM

k? ? 202
(oﬂ —au) — (ep—1) — =0 (9.15)

B utore, ectm 0603HAMUTEH MOKA3aTENb IPEIOMICHUS Cpe-
Ibl N = /€[4, TO 32aKOHBI JUCIIEPCUU JJId JIBYX IIOJIAPU3ALIUIT

Hao emé maiitu ronsipusanun ...
1 I

e 3adaua 2: YcTaHOBUTE MOJAPU3AINN I HalIeH-
HbIx 3akonoB auctepcun ((9.16) B 3a1a9e 0 pacupocrpane-
HIN CBeTa BJOJb OCH BPAITICHUS TIJIEKTPHKA, CM. §

Takum o00pa3oM, pacmpoCcTpaHEHHe IIJIOCKOH BOJIHBI
BJIOJIb OCH BpAINEHUSI aHaJIoTudIHO b derTy Papajies s
BOJIHBI, PACIIPOCTPAHSIONIENCs B0JIb MATHUTHOTO TIOJISI.

B 1estom ke pacupocTpaHeHre CBeTa BO BPAINAIONeiics
cpeze He cBoautcest K adderty Dapanesi. Cormtacuao Gotte,
Barnett u Padgett, 2007, opu pacmnpocrpanennn He moc-
KO BOJIHBI BJI0JIb ocu Oz HABJIIOAETCS BPAIEHNEe Pacpe-
JeJieHrd MHTEHCUBHOCTU KaK I1eJIOrO.

§9-4. AHmM3OTpOITHbIE HETUPOTPONHBIE CPEAbI

e 3adaua 1: VCTaHOBUTH CUMMETPUIO JIMIJIEKTPH-
YeCKOil TIPOHUIAEMOCTH B CJIy4Yae, eCJIU Cpejia IIPO3PavHa 1
€€ BHYTPEHHsIsI CUMMETPHS XapaKTEPU3YETCs BbIIEJIEHHBIM
HarpaBjenneM. Takzke o0CyIUTh CUTYAIUIO, KOTJIa UCXOHO
M30TPOITHOE TEJIO MOMEINEHO B OHOPOJIHOE IJIEKTPUIECKOE

nosie (adpdext Keppa).

e 3adaua 2: I'taBHAsT OCH OJHOOCHOI'O KPHUCTAJLIA
HampaBJ/ieHa BI0Jb ocu Oz MEKapTOBOIl CHCTEMBI KOOD/IU-
nat. JnssieKTprdecKkne MpOHUIIAEMOCTH KPUCTAJIIA PABHBI
€L = 2, g = 2.2. BoxkoBas IIOBEPXHOCTb 3TOI'0 KPUCTAaJI-
Jla COBIIQJAeT C ILIOCKOCThI0 Oxz, KPHUCTAJI HAXOIUTCS

B obsactu y < 0. JIyd JuHeiiHO MOJIAPU30BAHHOTO MOHO-
XPOMATHYECKOI0 CBETA ITaJ[aeT Ha MOBEPXHOCTH B IJIOCKO-
cru Oyx nox yryioMm 7/4 (HanpasjieHre pacupoCTPaHEHUsI
kin ¢ (1,—1,0)). Hanpasisienue nosisipuzanuy B aaorieii
BOJIHE TAKOBO, YTO KOMILJIEKCHAS aMILIATYIA BEKTOPA JIEK-
Tpudeckoro noJst B veit Ky, oc (1,1, \/5) Haiiinre B KakoMm
HalpaBJieHnH Oy/IyT PaCIPOCTPAHATHCS IPOIIEIIne OObIK-
HOBEHHasl 1 HEOOBIKHOBEHHasI BOJIHBL. Hapucyiite 4epTéx,
KOTODBIit OBl JIEMOHCTPUPOBAJ HANIEHHBIE YTJIBI PaCIPO-
CcTpaHeHus. YKa3aHue: B Ka4eCTBE IPAHMIHBIX YCJIOBUI HA
ITIOBEPXHOCTHU HAJI0 TPeOOBATh COXPAHEHNE YaCTOThI M Kaca-
TeJIbHOI K TIOBEPXHOCTH KOMITOHEHTHI BOJIHOBOT'O BEKTODA.
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Tnasa 10

SAJAYN PACCEAHNA

§10-1. /lomosiTHUTEJIbHBIE 3aJIAYN

e 3adaua 1: Paccmorpum rpanyiy cdepudeckoil
dOpMBI pajinyca @, HAXOSILYIOCsT B BAKYYMe U UMEIOILY O
temmeparypy 1. Pajguyc rpasysibl MaJI 10 CDABHEHUIO C TULYy-
6unoii ckun-cyiog 0 Ha dacrore wy = T /A, coorBeTCTBYIO-
et reMieparype, a < 0, IPU 3TOM 3aJaHa JUCIIEPCUs IU-
JIEKTPUIECKOI IIPOHULAEMOCTH & (w) MaTepuasa JYacTUulpbl,
a ero MarHUTHAs BOCIIPUAMYHMBOCTH PAaBHA eUHUIE (Ipeji-
[I0JIATAETCSI, ITO PAJUYC T'PAHYIBI BCE XK€ JJOCTATOYHO Be-
JIUK JIJIsl TOTO, YTOOBI BO3MOXKHO OBLIO MOJIb30BATHCSI TIPU-
OJIMPKEHUEM JIOKAJILHOM CBA3U MEXKJLY JIEKTPUIECKUM I10-
JIeM U IUIOTHOCTBIO TOKa). HaiiTu B 0fIiem Bujie MHTEHCHUB-
HOCTh TEIJIOBOI'O WM3JIy9YeHUsI TPAHYJIbI, BBIPA3UB €€ depe3
g(w). TIpoBecTn OKOHYATEIBHOE BBIYHCJIEHHUE JJIsI MOJIEIH
Hpyzne, npunss &(w) = &, — w?/(w(w + iwy)), cauTas, 40
TeMIepaTypa MaJa, TaK 9T0 wr <K Wp.

Vixasarnue: Haiinure raMuyibTOHHAH B3aHMMOIENHCTBUS
MEKJIy TI0JIEM 9JIEKTPOMATHUTHON BOJTHBI M JIUIIOJIEHBIM MO-
MEHTOM TPAHYJIbI, UMEIONUi o0mmit Bu . B coorset-
CTBUU C YCJIOBUEM 3aJIa9M, CJIEIyeT CUATATH JJINHY BOJIHBI
GOJIBITION 1O CPABHEHUIO ¢ PA3MEPOM T'PAHYJIbI.

e 3adaua 2: BorancimmTh ceyeHns: MOTJIONMIEHUS O,
U PacCesHns 05 MOHOXPOMATHYECKONH 3JIeKTPOMAIHUTHOM
BOJIHBI Ha METAJLUIMIECKOM Iape, pasMep KOTOPOTO ¢ MAaJl

110 CPABHEHHUIO C IIyOMHOM CKUH-CJI0sI, a <& §, moJjiarasi, 4To
JaCcTOTa MMAJIAIONIEH BOJIHBI W OJIM3Ka K PE30HAHCHON YacTO-
Te JUTIOJILHON MOBEPXHOCTHOM MJIAa3MOHHON MOJBI IITapUKa.

Jlumepamypa: §-1] .

e 3adaua 3: Jst npenbLayineil 3ajadu  pac-
CMOTpeTh paccesiHue Gesloro CBeTa Ha TaKOM Iape: IoJia-
raTh, U4TO CIIEKTD HAJAOIIEH BOJIHbI IVIOCKUH B JIMAIIA30HE
[wr — A/2,w, + A/2], rie mupuHa criekTpa A BeJuKa MO
CPaBHEHMUIO C MIMPUHON pe3oHaHca. [lokasars, 9To cedeHune
B3aMMOJIEHCTBUS HE 3aBHCHT OT IIMPUHBI PE30OHAHCA (T.€.
ero J06POTHOCTH).

e 3adaua 4: Paccmorpersb AByMEpHBIl BapuaHT 3a-
Jlaqd, KOTJ[a MMPOUCXOJUT PACCesHUE IJIOCKONH MOHOXpPOMa-
TUYECKOM BOJIHBI HA OECKOHEYHOM IWJIMHJPE ¢ KPYTOBBIM
ceuenneM. Paccmorpers ciyuait 1 E-BOJIHBI, KOTJia 3JI€K-
TPHUYIECKOE TI0JIe [aIAI0NIeil BOJTHBI OPTOTOHAJIBHO OCH.

e 3adavwa 5: BpraucauTh cedeHne IOIJIOMIEHHUS 0 MO-
HOXPOMATHIECKOI 3JIEKTPOMAIrHUTHON BOJIHBI IIPOBOISIIIAM
MIAPOM C MaJIBIM [OBEPXHOCTHBIM ummemancom ¢ = (' + (",
Pagunyc mapa maJj 1o cpaBHEHWIO C JJIMHOW BOJIHBI A\, HO
BEJIUK II CPABHEHWIO C DJIYOUHOW CKUH-CJIOSI.
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T'nasa 11

BOJTHOBO/IBI

§11-1. Hemmmneiinoe ypaBuenue IlIpeamarepa B onTOBOJIOKHE

B stom IlyakTe MBI He paccmarpuBaeM 3D @EKTHI JIBY-
JIyJeIpesIOMJIEHHUsI, CBsI3aHHBIE C CYIIECTBOBAHHEM JBYX
OJIAPU3aIiil CBSI3aHHOW MOJBI B ONTOBOJIOKHE. [losTomy
asiekTpudeckoe nosie E(t, z) Mbl IpecTaBisieM CKaJsiPHOI
BEJIMYUHOM, IJie 2 — KOOPJAUHATA BJOJb ONTOBOJIOKHA, & t —
BpeMsl.

BoJiHOBOE ypaBHEHUE, YIUTHIBAIOIIEE JIUCIIEPCUIO CPEJIbI
U e€ HeJIMHEITHOCTh, UMeeT BH]

0’F = af/dt'a(t')E(t—t’) + 4702P®  (11.1)
0

3nech £(t) — addexkTuBHAS AMAIEKTPUIECKAS TPOHUIIAE-
MOCTb CPEJIbl, YUUTBIBAIONIAs KAK COOCTBEHHYIO JUCIIEPCHIO
MaTepuaJia OITOBOJIOKHA, TaK U JUCIEPCUIO CBI3aHHON MO-
JIbI, BBITEKAIONIAS U3 TEOMETPHUH 33/1a91. JacTh HOJIsIpU3a-
muu cpeast PG) | nponopuuonasibaas KyGHIeCKoil crerenn
HAJIOKEHHOTO Ha, 9Ty CPEeJIy JIEKTPUIECKOro moJist ' mve-
er BHJL

o0
42 P = / dt dtodts €@ (ty,t,t3) X
0

XE(t — tl)E(t — tQ)E(t — tg)

Mpsr npeamosiaraeM, 9TO B BBIDAXKEHUU It KYOUYIECKOIT 110
STEKTPIYECKOMY TOJIIO 9acTi mosspusarmm  P®)  vowxk-
Ho mpeHebpedb 3ddeKTamMu 3ama3bIBaHusd, T.e. 3aBUCHMO-
CTBIO OT YACTOTHI IOJIsI, IIOJIOXKUB TAKUM 00Pa30M IIPOCTO

4rP® = Op3

OrcyTcTBre 3ama3/bIBaHus 00bICHIETCS TeM, 9TO KyOu-
qecKkas HEJUHEHHOCTH ompejessieTcs jaedopmariieil dyek-
TPOHHBIX 000JIOYEK ATOMOB, YTO IIPOUCXO/UT CO SHAUUTE b~
HO GOJIBINENl CKOPOCTBHIO [0 CPABHEHHIO C HECYIIEH JacTOTON
CUTHAJIA.

OrMerrM, 9TO KBaJIPATUIHBIN YJIeH 110 9JIeKTPUIECKOM
IIOJIIO TI0 TIOJII0 OTCYTCTBYET B yPaBHEHUU 7 ITOCKOJTb-
KY OH HapyIIaJ 661 9€THOCTD ypaBHeHus 1o F. Ousnueckux
JKe MPUYUH I TAKOIO HApYIIEeHUs, KAK MBI I[I0JIaraeM, B
paccMaTpuBaeMoil CucTeMe Her.

CorniacHO OOIIUM PACCY K IEHUSIM (??, ypaBHEHHE
Ha, OruOAIoNIyIo B JTAOOPATOPHOM 3AIIa3/IHIBAIONIECH CUCTEME
KOOD/IMHAT IPUOOPETAET BUJL:

—i0, + 5228?} o = 4|0*®, d=>(tz) (11.2)

e v = (3/2)wie® ko, mpuuém v > 0. Dro ypapmemue
Ha3bIBaeTCsl HeJmHeNHHbIM ypasHeHueM [Ipenunrepa. IIpu
[OJTy YeHUH MBI TIpeHeGPEryIi BBICIIMME [OIIPaBKa-
MU 110 IIMPHHE UMITYJIbCa B COOTBETCTBHU C OIEHKOM (77).

11-1.1 JIuneitHOe ypaBHeHUE CO BTOPOIl
aucriepcueii

Eciin npenebpeun menmueiiHocThIO, TO ypaBHeHue (|11.12))
CBEJIETCI K

i0.® = % FoRki) (11.3)

Jucnepcus HasbiBaercs HopMaJsibHO# (normal dispersion),
ecau (o > 0, u anomasibHOM, ecam By < 0.

Hayimame HeHyeBoO# qucnepenu MpUBOIAT K PACTLIBIBA-
HUIO BOJHOBOIO nakera. [loKaXKeMm 9TO Ha 9acTHOM IIpUMe-
pe. IlycTh orubaromasi uMeeT TayccoB BU/I,

t2

exp {] (11.4)

D(z,t) = 5002)

1
o(2)
Ucnonbzys ([11.3)) mosydaeMm ypaBHEHNE HA BEJIMYUHY O,

do

- = b (11.5)

IMupuna BoaHOBOrO NakeTa pasHa |o|/vVReo, u cormacHo
YDABHEHHIO Ha GOJIBIINX BPEMEHAX HAYMHACT PDACTH JIMHETI-
HO CO BPEMEHEM.

11-1.2 VYpaBuenue HVYIII
11-1.2.1 Kanonuueckuii suag HYIII

[Toaxo asmeit muHetHO 3aMEHON TEPEMEHHBIX TTOJTY I€HHOE
ypasuenue (|11.12) MoxkeT OBITH TPUBEIEHO K KAHOHUIECKO-
My BULY

1
i0,® = 733@ — |®*® (11.6)
[IpU YCJIOBUU HOpMAJIbHOCTHU auciiepcuu, B > 0. Ecou xe

JIUCIIepcHst aHOMaJIbHa, 2 < 0, TO 3HAK IepeJ JICIePCUOH-
HbIM csraareMbiM B ((11.6)) coegyer 3amenuTh Ha 0GpaTHBIIL:

1
i0,® = 58?(1)— P (11.7)
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11-1.2.2 Jducmepcusi ILJIOCKHUX BOJIH C YYETOM
HeJINHEITHOCTH!

Paccemorpum nipocreiimmnue 3¢ hekThl, BOSHUKAONINE B IIPU-
CYTCTBUU BTOPOM AUCIIEPCUU U KEPPOBCKOI HEJIMHEHHOCTH.
B sTom cityuae ypaBuenue Ha orubaromntyio ¢ 3ammceiBaeTcs
B BHUJIC

(iaz - %af) D= —|P?® (11.8)

PaccmorpuM HenpepbIBHYIO BojIHY (cw — continuous wave),
B KOTOPOil ormbarorast

By (z,t) = VPexp [ikz — iwt]. (11.9)

rie MomHocTh P gBiasgercsa koncranToil. Iloncrasiisis
uenpepbiBayto BoaHy (11.9) B ypasrenue (11.8), mosmyda-
€M CBsI3b MEXKJIy ITapaMeTpaMy BOJIHBI

B

k ?wz—kvP. (11.10)

11-1.2.3 BsauMmBOe ocJjabJjeHue HeJUHEAHOCTH u
BTOPOM JIMcriepcueii.

[Ipoananu3upyem KadecTBEHHO HeJIMHEHHOE ypaBHEHUE
Ipemguarepa HA [IpeJIMeT BJIUSHUSI BTOPOH Juciep-
CUU U HEJIMHEHHOCTH HA PACIUIBIBAHME BOJHOBOTO HAaKeTa.
Kak 65110 IOKa3aHO paHee, PaCIIbIBAHIE UMILYJIbCA IIPOHC-
XOJUT U3-38 TOr0, YTO PA3HBIE YACTOTHBIE KOMIIOHEHTHI M-
IyJIbCa IPUOOpeTaoT pa3Hyio a3y IpU JABUKEHUU BIOJIb
OIITOBOJIOKHA. 3/IeCh MBI MOKA3bIBAEM, UTO HEJUHEHHOCTH
MOYKeT TIPUBECTU K IIO/IABJICHUIO Habera pasHocTu dhas.

IIpeanosokum mpocTyio (popMy UMILYIbCa BO BPEMEH-
HoM ®(t) uB9acrorHoM P(w) mMpPOCTPAHCTBE — MbI CUUTA-
eM, 97O 3T0 (DYHKIUIO, UMEIOIIe OJMH MAKCUMyM B HYJIe
U TPOCTO yOBIBAIOIIME TPHU YAAJEHHU OT ITOTO MAKCHMY-
ma. Torga cxemaTndeckn B Dypbe-11pe/icTaBIeHIN
MOKHO IePEeIuCcaTh B BUJIE

iko0.® ~ [Bow®/2 + (x+xw?)] ®.

3Bé3noukaMu 0003HAYEHBI IEPBble KOIM@PUIMEHTHI PA3JIo-
»KeHust onepatopa y|®|? 10 wacToTe B 4aCTOTHOM Hpeji-
CTABJIEHUU, KOTODPBIE SBJISIOTCS IIOJOXKUTEJIHHBIMU E€CJIH
v > 0. Takum 0b6pazomM, pu TPABUWIHLHOM TOAOOPE (POPMBI

7 AMILTATYIBI UMITYIbCa MOYKHO JTOOUTHCS TOTO, ITOOBI 00-
muit koaddumuent npu w? GLLT paBeH Hy/T0. DTO U O3Ha-
4aeT KOMIICHCAIIUIO BTOPOI JAUCIIEPCUU HEJIUHEHHOCTHIO.

11-1.2.4 OgHOCOJMTOHHBIE PEIleHUsT

Pemennem ypasuenns ((11.6) siBiistercst, B 4aCTHOCTH, OZHO-
COJINTOHHOE peIIeHne

o - " exp{i(n® —v?)z/2 + ivt + igpo}. (11.11)
cosh(n(t — vz —tg))

[Tapamerp v MOXKHO Ha3BaTh CKOPOCTHIO COJIMTOHA, a I1a-
paMeTp 1) OIpeJe/seT ITUPUHY U BHICOTY COJIMTOHA.

11-1.2.5 MoaynsainmnoHHasg HEYCTOWYINBOCTb

e 3adaua 1: Paccmorpure nesmueiinoe ypasuenne [lpe-
quarepa (HYII)

, B2
<—zaz +5 af) o = 4|0]?9, d = d(t,z), (11.12)
B KOTOPOM KOI(MDPUIMEHT HEJIMHEHHOCTH ITOJI0KUTEIEH,
v > 0, a koaddurment Bropoit gauctepcun Bg JJIs MOXKET
OBITH KakK IOJIOXKUTEJIbHBIM, TAK U OTPUIATEJHLHBIM.

e Ilnockue BosHbl exp(ikz — iwt) 1O LpeXKHEMY SBJIsI-
IOTCsI PENICHUEM YPABHEHUS, KAK U B JJMHEHHOM Ipe-
neste. VcenemyiiTe, KaK 3aBUCAT JUCIEPCUS MIJIOCKAX
BosiH k(w, P) B 3aBUCHMOCTH OT BOJIHOBOI'O YHCJIa U
unTencusHocTn P = |®|2.

e PaccMoTpure yCTORYMBOCTD IJIOCKUX BOJIH Ha ILIOC-
KOCTH JBYX IapaMeTpoB — BTOPOH Aucuepcuu o H
MHTEHCUBHOCTHU BOJiHBI P. /71 9TOr0 Ha/I0 paccMoT-
perb HavanbHble yeaosus Dy, p(1+ €), tme @y, p(z,t)
— pellleHne Jis IUIOCKO# BOJIHBL, & €(2,t) — mpous-
BOJIbHAs MaJiad J100aBKa; II0cje 3TOro HaJo yCTaHO-
BUTH JIMHEAPH30BAHHOE ypaBHEHHE Ha JI00aBKY € U
PaccMOTpeTh eé 3BOJIOIMIO 10 KoopAuHaTe z. B Ka-
KX OBJIACTSIX BOJIHA OKA3bIBAETCs yCTONUMBOM (T.e.
upu JI060M HAYAJILHOM €q(t) monpaska €(z, t) He pac-
TET MO AMILIUTYJIE CO BPEMEHEM ), a B Kakux Her?! Ha-
pucyiite 3T 00J1aCTH Ha TpaduKe.
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