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Tema 1. OCHOBHbI€ 3aKOHbI 3NIEKTPOMArHUTHOro nons
n ypaBHeHusa MakcBenna

NEKLUUA Ne1. YpaBHeHusa MakcBenna gns pasfnunyHbIX TUNOB
CUrHanoB

1.1 BBegeHue. OCHOBHbIe MOHATUA INEKTPOANHAMMUKMN.

OOHUM 13 OCHOBHbIX 3f1IEMEHTOB CUCTEMbI Nepefaym MHgopmaumm aBnseTcs aH-
TEeHHa, NO3BONALWAas opraHM3oBaTb 6€CNpoOBOAHYIO NUHMIO. [lepeHOCYNKOM AaHHbIX B
TaKkon NIMHUKN ABMAKOTCA 3NEKTPOMArHMUTHbIE BOSTH. OnmncaHme OCHOBHbIX 3aKOHOMEPHO-
CTEN 9NEKTPOMAarHUTHbIX NOfier OCYLLEeCTBNAETCS C MOMOLLLIO 3NIEKTPOANHAMMUKM.

OnekTpoanHaMmMka — 3TO HayKka, OnucbiBalroLas NnoBedeHne 3N1eKTPOMarHUTHOMo
nosis, OCYLEeCTBNAWEro B3auMOAeNCcTBME Mexay 3apsgamu. [lo onpegeneHuto
(TOCT 19880-74) anekTpomarHMTHOe none npeacraensieT cobon Bug matepuu, onpe-
AensieMbli BO BCEX TOYKaX ABYMSI BEKTOPHbLIMU BENMYMHAMMU, KOTOPbIE XapaKTepusyloT
ABE ero CTOPOHbI, Ha3blBaeMble COOTBETCTBEHHO 3MEKTPUYECKMM MOSIEM N MAarHUTHbLIM
nosiem, 1 oKasblBaloLWNN CUNOBOE BO3OENCTBME HA 3apsKeHHble YacTuubl, 3aBUcsALLne
OT MX CKOPOCTU M 3apsa. Knaccudeckas anekTpoauHaMmka SBnseTcs Makpockonuye-
CKOW, MOCKOSIbKY OonepupyeT CO 3HaYEeHUSIMU 3IEKTPOMArHUTHbIX BENUYMH, YCpeaHeH-
HbIMW NO BPEMEHU U NPOCTPAHCTBY. YCpeaHeHne nNpomnsBoanTCs ANg MHTepBanos Bpe-
MEHW, 3HaYUTENbHO BoMbLIMX NepuoaoB obpalieHna nnu konebaHus anemMeHTapHbIX
3apshKeHHbIX YacTul, B aTOMax UM MOSeKyrnax, a Takke Afis y4acTKoB nossi, 06bemsl
KOTOPbIX BO MHOMO pa3 npesbIlwaT 06beMbl aTOMOB U MOMEKY.

lMpocTenme anekTpnyeckne n MarHUTHble SBfeHnst BbINv 3BECTHBI eLle B ApeB-
Hue BpemeHa. OgHako nuwb B 1600r. aHrnurUcknn yyeHbln Y.[vunebepT Bnepsble UX
pasrpaHunyun. B cemHaguaTtom — nepBoWn MoroBMHE BOCEMHAALLATOrO BEKOB NPOBOAM-
NINCb MHOFOYMCIIEHHbIE OMbITbl C HA3NEKTPU30BaHHbIMK Tenamu. Bo BTopon nonosuHe
18 Beka Ha4yanocb KONMMYECTBEHHOE N3YYEHNE INEKTPUYECKUX SBITEHUN.

Crnepyrowmn atan B pasBUTUN 3NEKTPOOUHAMUKM CBSI3aH C paboTaMm HeMEeLKUX
duaukos . Oma, onpegenmeLIEro KOSIMYECTBEHHYH 3aBMCUMOCTb 3NIEKTPUYECKOrO TOKa
OT HanpsbkeHna B Lenn (1826r.) n K.®. Naycca, ccopmynmposasLuero B 1830r. ocHoB-
HYIO0 TeopeMy anekTpocTaTukm (Teopema lFaycca).

B 1820r. patckum dmsmkom X. BpcteaomMm Obino caenaHo Hanbonee yHOaMeEH-
TanbHOE OTKPbITUE: OH OBHApPYXWN CBA3b MEXAY 3NEeKTPU4YECKUMU U MarHUTHbIMW SIB-
nenmsamun. B 30—40-x rogax XIX Beka B pasBuTME 3NEKTPOANHAMUKN BHEC GOMbLLOWN
BKNag aHrnumncknn ydyeHoln M. dapagen — oCHOBOMOMOXHMK ObLero y4eHns ob anek-
TPOMarHUTHbIX SBIIEHUSX, B KOTOPOM BCE 3fIeKTPUYECKMe U MarHUTHbIE NpoLecchl pac-
cMaTpuBaloTCsa C eguMHOM ToYku 3peHuns. B 1831 rogy ®apagen oTKpbi ABfleHME anek-
TPOMarHUTHOM MHOYKUMN — BO3DYXXOEHWE 3fIEKTPOMAarHUTHOrO ToKa B KOHType, Haxo-
AsuemMca B nepeMeHHOM MarHutHom none. lNepsas matemaTtmyeckas popmMynmpoBka
3aKOHOB 3M1EKTPOMAarHUTHOM MHOYKUMK Bbina gaHa Hemeukum unsmkom . HermaHom B
1845r. Im e 6b1nn BBe4EHbI BaXXHble€ MOHATUS CaMO- U B3aUMOWUHOYKLIUN TOKOB.

B 1861-1873rr. anekTrpoguHammnka nosny4duna cBoe pasBuUTUE U 3aBeEPLLUEHNE B pa-
b6otax [bx. Makceenna. Onnpascb Ha aMNMpUYecKkne 3akoHbl ANEKTPOMAarHUTHbIX ABre-
HUX 1 BBOASA MMNOTE3Y O NOPOXKAEHUN MArHUTHOMO MNOJISi NEPEMEHHbIM 3NEKTPUYECKUM
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nonem, MakceBenn cdopmynupoBan ¢QyHOaMeHTanbHble YpPaBHEHUS KacCUYecKomn
3NEeKTPOANHAMUKN, Ha3BaHHble ero mmeHeMm. M3 ypaBHeHun MakcBenna BbiTeKano
Ba)KHOE CrneAcTBME — CYLLIECTBOBaAHNE 3NEKTPOMAarHMTHbIX BOJTH, PacnpOCTPaHSOLLMXCA
CO CKOPOCTbIO cBeTa. [locne akcnepumMeHTOB Hemeukoro dmsumka . Nepua (1886—1889),
OBGHapyXMBLLErO CyLLLECTBOBaHME 3NEKTPOMArHUTHbIX BOSH, Teopus Makceenna nony-
yuna pelwarwee noareepxaeHue. Benen 3a oTkpbeiTveM Mepua 6binn npeanpuHATHI
MonbITKN YCTAaHOBUTbL ©ECNPOBOAHYI0 CBA3b C MOMOLLbIO 3NEKTPOMArHUTHbLIX BOSH, 3a-
BepLumBLUMecs co3gaHuem paguo (A.C. Nonos, 1896r.).

C OTKpbITMEM HOBbIX (DAKTOPOB U CO3[4aHMEM HOBbIX TEOPUIA 3HAYEHME Kraccude-
CKOWN 3NEKTPOANHAMUKN HE YMEHbLUMIOCH, Obinn onpeaeneHbl NULWb rPaHnLbl ee npu-
MeHuMMOCTW. B aTnx npegenax ypaBHeHnss MakcBenna coxpaHsiT cuny, sSBnsisicb yH-
AaMeHTOM OOMbLUMHCTBA pas3fesioB 3MeKTPoANHAMUKKN, paguoTEXHUKWN, BKMOYas Teo-
PUIO N TEXHUKY aHTEHH.

OgHumM 13 nposiBneHnn cyulectBoBaHua 3M nons siBnsieTca BO3OeNCTBME ero C

—

cunown JlopeHua F ua ABUXKYLLIMICS CO CKOpPOCTbIo V anekTpuyeckuin 3apsg Q
F(p,t)=0(E(p,t)+[v,B(p,1)]), (1.1)

roe E(p’ t) - BEKTOp HanpaXeHHOCTU J3JIEKTPUYECKOIo noss, B(p’t) — BEKTOp
MarHMTHOM MHOYKUWNA, P - TOYKa HabnwogeHus, t - BpeMA.

Kpome doyHkumin £, B nnsi onucanust OM nonsi BBOASITCS BEKTOP HANPSKEHHOCTY
MarHMTHOro nors H(p,?) N BEKTOP 3MEKTPUYECKOM MHAOYKUMM (3NEKTPUYECKOTO CMe-

I_Ll,eHI/IFI) D(p’ t) . BeKTOpr D n H XapaKTepunusyrT COCToAHME cpedbl Noa ODencTBnem

OM nons. BeKTOpr E n D OnuncCbIBaKOT 3JN1eKTpn4eckoe norlie, a B, H - MarHnuTHoe
none. lNo yCTaHOBMBmeIZCﬂ Tpagnunn MarHMUTHOE nosfe B BakKyymMe npeanodvTutesibHO

XapaKTepu3yHT ero HanpskeHHocTbio H | 4acTo HasblBaeMblIit MPOCTO MAarHUTHLIM BEK-
TOPOM.
EAvHUUBI n3MepeHnsi AaHHbIX BEKTOPOB: BEKTOPA HAMPSXKEHHOCTM 3MEKTPUYECcKo-

ro nonsi £ - B/M; BekTopa HanpsixeHHocT marHuTHoro nonst H - A/w.
Mexay BekTopamu OM nonsa B NUHENHbIX M30TPOMHBLIX cpedax CcyllecTByeT cne-
Ayrowas ceAsb (MaTepuarnbHble ypaBHEHUS):

D=c F

(1.2a) B=p,H (1.26)

roe npuHsiTbl o6oaHavenus: Sa =€0 ¢ Ha = Ho H _ a6coniotHble auanekTpu-
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yeckad n marHMTHad npoHnUaemMoCTu cpebl COOTBETCTBEHHO, € = 10 /(36 7[) d/m,

_ =7
Ho = 4-7-10 H/™m - ANieKTpn4eckaa n MarHnMTHaA NOCTOAHHbIE,; &EH OTHOCUTEIb-
Hble ON3JIEKTPUYECKaA N MarHMTHaAa NpoHNLUaeMoCT cpenbl.
Kpome nepeyvyncrieHHbiX BbllL€ BEKTOPHbLIX BEJIMYNH B 3JIEKTPOAMNHaMUKE UCMOJIb-

3YEeTCA NOHATUE CKaNApPHOro nongd 00beMHOM NSIOTHOCTH AJ1IEKTPUNYECKOro 3apsaaa P
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. A
p = lim 29 (1.3)
AV—=>0 AV
-9
N BEKTOPHOro nonst 06 beMHOM NMAOTHOCTM TOKa NPOBOANMOCTH J
-3 . Al
Jj = lim i, —. (1.4)
AS—0 ~ AS
B cooTHoweHusax (1.3) n (1.4) Ag 3apsg, cogepxawmica B obbeme AV; AS _ nno-

—

waaka, opueHTnpoBaHHaaA neprneHankynAapHo OBUMXEHUIO 3apAnoB, b . OpT HOpMaIwu,

yKa3bIBaIOLLMVI HanpaBneHne aBnxXeHun4d; Al - TOK, I'IpOXO,D,FILLI,I/II7I yepes AS . I'Ipep,enb-
Hble nepexobl B AaHHbIX cbopmynax crnegyeTt NoOHMMaTb KaK YCITOBHbIE, NMOCKOJIbKY KakK

Obl HM yMeHbLuancs obbem AV UNn anemeHTapHas nrnowiagka AS, OHUN BCe Xe
AOJTKHbBI cofepXXaTb 4OCTaTOYHO 60bLIOE YNCO 3feMeHTapHbIX YacTul,
YpaBHeHus (1.2) BmecTe ¢ 3akoHoOM Oma B agudpdpepeHumansHon popme

j=ok (1.5)
Ha3bIBAlOT YpPaeHEHUSIMU COCMOSIHUS JIUHeliHol usomponHoii cpedbl. 3gecb O -

yaernbHaa npoesoaMMOCTb WM MPOCTO NpoBOAMMOCTL BelleCTBa, U3MepAeMad B
[CM/M2].

1.2 YpaBHeHus1t MakcBenna B MHTerpanbHou u ancgdepeHuman-Homn
¢opmax

Teopemuyeckoli 0OCHOBOU 3NEKTPOANHAMUKM ABMISKOTCA CHOPMYSIMPOBaHHbIE B
KoHue XIX Beka [xermcom MakcBesnnom ypaBHEHUS, B KOTOPbIX OH 0006LWwun n3secT-
Hble K TOMY BpeMeHU 3HaHNA 06 anekTpoMarHUTHbIX siBreHusix. [lJaHHas cuctema BBe-
AeHa akcuoMaTU4ecku, sIBAsieTCA NocTynatammn 3feKTpoANHaAMUKM M NOATBepXKaaeTCs
pesynbTatamum COBPEMEHHbIX NCCNeaOBaHUN.

CywecTByeT ABe (hopMbl 3anMcu cuctemMbl ypaBHeHu Makcsenna: guddepeH-
umanbHasa u nHTerpanbHaga. 9To 00yCrnoBeHO TeM, YTO, YTO MHTerpanbHasa gpopma, oc-
HOBaHa Ha 9KCNepUMeEHTarnbHbIX AaHHbIX U yOobHa Ans ouM3n4ecKon TPakTOBKWU NOsy-
YaeMblx pe3ynbTaToB, a guddepeHuymansHas popma yaobHa ons BbiBoga TeopeTuye-
CKMX MOSTOXXEHWNN INEKTPOANHAMUKMA.

[ns Bakyyma cuctema ypaBHeHun MakcBenna umeeTt BuA, npuBeaeHHbI B Tab-
nvue 1.1:

Mepexon oT auddepeHumansLHON 3anucu ypaBsHeHnn Makceenna K MHTerpansHom
OCYLLECTBNAETCS C MCMONb30BaHNEM TEOPUN BEKTOPHbLIX (PYHKUMIA, B YAaCTHOCTU, UC-
nosibaoBaHum Teopemsl OcTporpagckoro-lraycca n teopembl CTokca.

Hdaovm uanyeckyto TpakToBKY NOSTHOM CUCTEMbl ypaBHeHM Makcsenna.
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Tabnuua 1.1 — YpaBHeHnsa Makcsenna B anddepeHumnanbHOn 1
WHTerpanbHon copmax

OundbdepeHumnansHaa popma WHTerpanbHas gpopma
8D — - d = o
rot H = j +8—D, (1.6a) §Hdl=—IDds+1, (1.7a)
ot L dt s
. B — - d -
rdE:—QE, (1.66)  §Edl=——[Bds, (1.76)
ot L dt g
divD=p, (16s)  §Dds=4q, (1.7r)
L
divE =0, e $Bds=0. (1.7a)

lNepeoe ypaeHeHue (1.6a), (1.7a) onucbiBaeT 3aKOH NOSIHOMO Toka (0B06LLEHHbIN
3akoH Amnepa), onpefendet 3Ha4YeHUs BUXPST MAarHUTHOMO MOJSIt U rAacuT, YTO TOKK
CMeLLeHUs NosSis HapaBHe C TOKaMu NPOBOAUMOCTM 0BpasyloT MarHMTHoe nose u SB-
NATCA BUXPSIMU 3TOrO NoNs (MHTerpanbHas popma). DneKTpuyecknin Tok nboro Bu-
Aa (NpoBoOMMOCTW, MepeHoca, CMELLEHUs) COMpPOBOXAAETCH CyLleCTBOBAaHUEM CBS-
3@HHOM0 C HUM MarHMTHOro Nons. 3aKOH M3MEHEHUS ANIEKTPUYECKOro Nosisi BO BpeMeHu
onpeaensieT 3akoH pacnpegeneHns MarHUTHOro nong B NPOCTPaHCTBE.

3acnyra Makcsenna cocTouT B TOM, YTO OH AOMOMHWUN NPaByo YacTb 3akoHa AM-
nepa rnJ1omMHOCmMbi0 MokKa cMeuw,eHusi

j.=dD/dt. (1.8)

Bmopoe ypasHeHue Makceenna (1.66), (1.76) HOCUT Ha3BaHMe 3aKOHa 3riek-
TPOMarHMTHOM MHAYKUMK (3akoH Papages) n o6 bsCHAET NPUYMHY BO3HUKHOBEHUS BUX-
PEBOro 3MEKTPUYECKOro Noss: M3MEHSIOLWeecss BO BPEMEHM MarHUTHOE rnorsie conpo-
BOXaETCs CyLeCTBOBAHMEM CBSI3AHHOIO C HUM 3IIEKTPMUYECKOro nons. 3aKoH n3meHe-
HUSA MarHUTHOrO NOJISI BO BPEMEHW ONpeaenseT 3akoH pacnpeneneHns aneKTpuyYeckoro
nons B NpOCTPaHCTBE.

g ->M
Mo aHanorum ¢ nepBebIM ypaBHeHeM Makcsenna BenuunHy d B/ dt = j . B npa-

BOW 4YacTu BTOPOro ypaBHeHMsi MakcBenna MOXHO paccMaTpuBaTb Kak MJIOMHOCMb
Ma2HUMHO20 MOKa CMeW,eHuUsl.

Makcsernn 0600Lwmn 3aKoH anekTpoMarHMTHOM nHAayKuun dapages, nocTtynmpoBas
paBeHCTBO (1.76) Ans npou3eosibHO20 3aMKHYMO20 KOHmMypa, NpoXOoAsiLero B -
6o cpeae, B TOM yncne n ans Boobpaxaemoro KOHTypa.

PaccmoTpum dmnsnyeckyto TpakTOBKY NEPBOro M BTOPOro ypaBHeHu Makceenna.
[na aToro BOCMNOMb3yeMCSH WM3BECTHOW aHanornen 3amkHyTbIX Koney, nokasaHHOM Ha
pucyHke 1.1.
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E E

rotH=]  rot E='g_? rotH= g_?=fm

1 ypasHeHue 2 ypasHeHue 1 ypagHeHuUe
Makceenna Makceenna Makceenna

PucyHok 1.1 — du3smyeckas TpaKToBKa NepBOro 1 BTOPOro
ypaBHeHun MakcBenna

B COOTBETCTBMU C HEll UCTOYHUK MEPEMEHHOro HanpsiKeHusl, BO3ByXaalowmn B
HalleM cryyYae MpPOBOMOYHbLIN U3NyYaTenb, UHAYLMPYET nepemMeHHbIn Tok. 1o 3aKoHy
AmMnepa TOK MpoOBOOMMOCTM BO3GyxaaeT BuxpeobpasHoe MarHuTHoe none (nepsoe
ypaBHeHue MakcBenna 6e3 BTOpPOro criaraeMoro B npasoii Yactu). B cootBeTcTBum co
BTOPbIM ypaBHeHneM Makceernna n3aMeHeHne MarHUTHOrO Mosist BO BPeMeHW nopoxaa-
eT nepemMeHHoe anekTpuyeckoe norne. MNMocKoMbKy aMeKTpUMYeckoe M MarHMTHoe none
cOBUHYT no dase Ha 90 rpaaycoB, TO KoMblLia Nexar B nepreHanKynsapHbIX MNoCKOCTSX.
Nanee M3MeHeHne BO BPEMEHWN 3MEeKTPUYECKOro Mnoms NPUBOAMT K BO3GYKOEHMIO BUX-
peobpasHOro MarHUTHOro nons v T.4. Takum o6pasoM, UnncTpauus, npuBeaeHHas Ha
pucyHke 1.1, onucbiBaeT NPoLEcc pacnpocTpaHeHue 3NeKTPOMarHMTHOro rnonsi B CBO-
604HOM NPOCTPaHCTBE NPU YAaneHnu OT CTOPOHHEro NCTOYHMKA.

CneayeTt OTMETUTb, YTO €CNM B UCTOYHMKE BO3BYXOAeTCA He M3MEHSIIOLMINCA BO
BPEMEHU TOK (MOCTOSIHHbIN), TO MPY MpPeKpaLLleHnu ero AenNcTBUS TOK MPOBOAMMOCTY
“cyesaeT, M BMeCTe C HUM 1cYesaeT BUXpeobpasHoe MarHuTHoe rore.

TpeTbe U yeTBepTOe ypaBHeHMs Makceenna OnucbiBalT UCTOYHUKWA 3MeKTpuye-
CKOr0O U MarHUTHOro nons. Hambonee nNpocTo Aath UX PU3NYECKYIO TPAKTOBKY MOXHO C
CMOMb30BaHMEM 3aKOHa COXPaHeHUsl 3apsida: 3apam He YHUUTOXaeTCs U He co3aa-
eTcs u3 Huuero. Ecnu 3apsg He ocTaeTcs NOCTOSAHHBLIM (T.€. YMeHbLIAeTCs Unm yBenu-
yMBaeTcs), TO MPUYMHOMN 3TOMO ABMSETCA NepeceyeHVe NMoBEepPXHOCTM, OrpaHUYMBalo-
wen oo6bem AV unu nnowanky AS , Hocutensmm 3apsgos. MaTemaTtuyeckoi opmy-
NPOBKOI JaHHOTO 3aKOHa ABMAETCA ypasHeHUe HernpepbIeHOCMU MOKa:

divj:—a—p. (1.9)
ot

MpuBeaeHHas OPMYNMPOBKA 3aKOHa COXPaHEHUs 3apsna Nerko UHTepnpeTupy-
€TCs1 Ha OCHOBE MCMOMb30BaHWs NPeACTaBeHnsi O BEKTOPHbIX NMuHusx. Ecnu roe-nnéo

B paccmaTpvBaemon obnactv nnoTHOCTb 3apsga O y6bisaet (Op /0t <0), To npm
atom div j > 0, a, cnegoBaTtenbHO, TaM HAYMHAKOTCS MMHUM BEKTOPA OGLEMHO MOT-

10
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HOCTW TOKa MPOBOAMMOCTWM (TOYKA WMCTOKA, pUcyHok 1.2,a). B cnyyae Bo3pacTaHus

nnoTtHocTtn 3apsapa (Op /0t > 0)div j < 0, T.e. B AaHHbIX TOYKAX PACMOSIOKEHbI CTOKM
(pucyHok 1.2,6). Ecnu nepBoHavanbHOe pacrnpegenieHve 3apsifja B paccMaTtpyBaemomn

o6nactu He 3aBucut o1 Bpemenn (Op /0t =0, div j = 0), To nmbo BekTOpHbIE NMUHMM

NNOTHOCTM TOKa j MPOHM3bIBAOT 06nacTb V HackBo3b, Mnbo j = 0 (pucyHok 1.2,8).

Mcxopsa w3 BblleckasaHHOro, mpembe ypaeHeHue Makceenna (0606LieHne
Teopembl Maycca) (1.68), (1.7B) onpegensieT B Ka4eCTBEe UCTOYHMKOB 3MEKTPUYECKOro
nons (MCTOKOB M CTOKOB B COOTBETCTBUWN C TPAKTOBKOW, NpMBEAEHHON Ha pucyHkax 1.1a
n 1.16) anekTpuyeckme 3apsabl.

Hemeepmoe ypasHeHue Makceesina (NPUHLUN HENPEPLIBHOCTU MAarHUTHOrO Mo-
Toka) (1.6r), (1.7r) onucbiBaeT coreHouaarnbHbIE CBOMCTBA MarHUTHOrO nonst (PUCYHOK
1.1.8B) 1 rnacut, 4TO MarHUTHOE MOflie He NMeeT UCTOKOB UM CTOKOB. B npupoae cBo-
O6oaHble MarHuUTHbIE 3apsiabl (Macchl) OTCYTCTBYIOT.

a) 6p /ot <0, divj>0 6) 0p/ot>0, divj<0

(3apan ymeHbLIAeTCA; UCTOK) (3apag Bo3pacTaerT, CTOK)

B) Op/0t=0, div} =0 (3apag He n3meHseTcA)

PucyHok 1.2 — ®u3nyeckan TpaKkTOBKa TPETbEFO U YETBEPTOrO YPaBHEHUMN
Makcsenna

11
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AHanua nepsbiX ABYX ypaBHeHWU MakcBenna nokasbiBaeT, YTo Npu nobomM nsme-
HEHUWN BO BPEMEHU 3NEeKTPUYECKOro Mons BO3HMKaeT BUXpeBOoe MarHuTHoe none (nep-
BOE ypaBHeHue), Nioboe N3MeHeHne MarHUTHOro Nons cos3aaeT, B CBOK ovepefb, BUX-
peBoe anekTpuyeckoe none (BTopoe ypaBHeHue). Takum o06pa3om, NepeMeHHbIe arek-
TpUYecKkne 1 MarHUTHble Nons He CyLLeCTBYHOT He3aBUCMMO ApPYr OT Apyra, OHU Hemnpe-
PbIBHO NepexoasaT oAHO B ApYyroe U1, kak 6yaeT nokasaHo HUXe, 06pasyloT anekTpomar-
HUTHYIO BOJTHY.

YpaBHEHUsA C OANBEPreHUUsIMU BEKTOPOB MOKa3biBaloT, YTO HEMNPepbIBHOCTb NUHUIA
3NEeKTPUYECKOro Mons HapyllaeTcs B MecTax CKOMMeHUs anekTpudeckux 3apanos (Tpe-
Tb€ YpaBHEHMWE), a8 NIMHUN MArHUTHOTO MONS HENpPepbIBHbI, T.€. MarHUTHbIX 3apAO0B He
CyLLIeCTBYeT (4eTBEepTOe ypaBHeHue).

3ameTum cpasy, YTo B TOYKax MPOCTPaHCTBA, B KOTOPbIX AEWCTBYIOT Tak HasbiBae-

—cm
Mbleé CMOPOHHUEe (He 3aBucdane ot I'IOJ'IFI) MmoKu j n 3apagbl pcm, nocnegHue

AOMKHbI ObITb Y4YTEeHbl B NpaBblX 4aCTAX NMepBoro U Tpetbero ypaBHeHI/IIZ MakcBenna
COOTBETCTBEHHO.

1.3 MeToA KOMMNJIEKCHbIX aMNUTyA

OneKkTpoMarHuTHbIe Moss B M30TPOMHbIX NIMHENHLIX OAHOPOAHBIX cpeaax 6e3 cro-
POHHMX UCTOYHWMKOB MOAYMHAIOTCA ypaBHEHUAM MakcBenna OT YeTblpeXMEpPHbIX BEeK-
TOPHbIX (OYHKUMIA (TPU MPOCTPaHCTBEHHbIE KOOpAMHATHI U Bpems). OTO MPUBOAUT K
6OMbLWMM BbIYUCIIUTENBHBIM 3aTpaTam MpY HAXOXKAEHUN CTPYKTYPbl 3N1EKTPOMAarHUTHO-
ro nonsi. B To e Bpems B CBA3W ANs Nepeaayn roflocoBbix coobLieHunii Hanbonee ya-
CTO NPUMEHSIIOTCA rapMoHUYeckue konebaHus, BpeMeHHas 3aBUCMMOCTb st KOTOPbIX
onucbiBaeTcs B oOLWEeM criydyae MHoxuTenem exp(iot)=cos(wt)xisincos(wt).

BeKTOprle cocTaBlidlolmne anda Takoro Tuna curHasna MoryTt ObITb npencrtaBJi€Hbl Bbl-
paxeHnamm suga:

U(p,t)=U(p)expli(at +y(p)]. (1.10)

Bxoaswee B BoipaxkeHue (1.10) nponsseneHne amnnutyabl Bektopa U = E, H Ha
3KCMNOHEHUMarbHbIN MHOXUTENb, CoAepXXallni ero HavanbHyl asy, Ha3biBatOT KOM-

nnekcHon amnnutyaon Bektopa U 1 0603Ha4a0T TOYKOM HaZ BEKTOPOM

U(p)=U(p)-exp(iy). (1.11)
MHumas eguHuua, Bxogswass B cootHowenus (1.10) n panee, obo3HayeHa B

COOTBETCTBUM C TPaauMUMAMWU 3rneKTpoauHamMukm cumBonom [ (i=+/—1). B
pagnoTeXHVKE A5t 3TOrO NOHATUS NPUMEHSETCS CUMBOS .

nOCKOJ'Ibe KOMMJ1IEKCHadA aMnnnTyda He ABNAEeTCA (*)yHKLI,I/IeIZ BpeMEHN, TO BO3MO-
XeH nepexon ot ypaBHeHmﬁ MakcBenna OoTHOCUTENbHO MIHOBEHHbIX 3HAYEeHU BEKTO-
poB K YypaBHEHUAM OTHOCUTESIbHO KOMIJIEKCHbIX aMMNIInTyad. ,D,aHHbII7I noaxoad Ha3biBaeT-
C MemoOOM KOMIJIEKCHbIX amnnumyd. an/I 3TOM BblpaXeHnsa 3a c4HeT 0T6paCbIBa-
HUA Npu 3anncu COOTHOLLEHWNN BpeMeHHOIZ 3aBUCMMOCTHU ynpoLlaroTCA. OFpaHI/I‘-IeHI/IeM
OaHHOIro Metoda ABnAeTcA BO3MOXHOCTb ero npuMeHeHmna TornbkKo ANld rapMoHU4YeCKnX
CUrHanos.
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MpuBegeMm npumepbl YNpOLLEHUA MNoslydaeMblX COOTHOLWEHUW. Tak, U3MeHsiss B
ypaBHeHusx Makcesenna (1.6) nopsgok anddepeHunpoBaHna 1 yuyntblBasi, 4To gud-
epeHUnpoBaHNE KOMMMEKCHOrO BbIPaXXEHUS MMHOBEHHOIO 3HAYeHUs1 Benun4YuHbl MO
BpeMEHW 3KBUBASIEHTHO YMHOXEHWIO €ro Ha iw:

%(}1 exp(iot)) =io Aexp(iot), (1.12)
noJyiy4ynmM ypaBHEHUA MakcBenna ON1A KOMMJIEKCHbIX aMNInTya:

rotﬁ :7+ia)5, rotE:—ia)E,

divD = p, divH = 0. (1.13)

B OaHHbIX ypaBHEHWSIX, ONUCLIBAOLLMX KBa3UCTaLMOHapHbIe NPOLEeCcChl, onyLieHa
asnsowascs oblei BpemeHHas 3asucumocts exXp(i@t). Cnegyet oTMETUTb, YTO B

nnTepartype, rae rnpuMeHdeTcAa Meto KOMMIIEKCHbIX aMiinTya, obsa3aTenbHO ynomum-
HaeTCA B Ha4alie Kakoe BblpaKeHne ncnonb3dyetca And onncaHud BpeMeHHOIZ 3aBUCKn-
MOCTU. JTO 06ycn03neHo TeéM, 4YTO B 3JlIeKTpoaAMHaMMKe BO3MOXHO WUCNOJib3OBaHUME

BpemeHHoi1 3aBucumocTu kak exp(iwt), Tak n exp(—imt). Onpegenexvie 3Haka B no-

KasaTene 3KCMOHEeHThl OyaeT B ganbHenlwem onpeaensTs Bua pyHKUNUIA, NPUMEHSEMbIX
Ansi ONMCaHUS BOMNHOBbIX NMPOLECCOB.

Nekumna Ne2. OCHOBHbIe 3aKOHbI 3NTeKTPOMarHMTHOro noJsis

2.1 N'paHnYHbIEe yCNOBUSA Ha NOBEPXHOCTAX pa3gena peanbHbIX cpea.
YcnoBus nsnyyeHus

YpaBHeHns Makcsenna B anddepeHumansHon opme, npuBegeHHble B niekumm 1
N MCNosib3yemble ANS ONMCaHus CTPYKTYpbl MO, TEPSAOT CMbICN AN rpaHUYHbIX 06-
nacten, pasgensowmx cpefbl ¢ pasnnyHbiMmn napametTpamu. C TOYKM 3peHns (PU3nKn B

3TMX obnacTtax nponcxoonTt M3AMeHeHne napameTpoB cpenbl (}J,MSHGKTpI/I‘-IGCKOVI Sa n

MarHuTHOW LI, NPOHML@GEMOCTEN, a TaKkke yaenbHoW nposoauMoctn o ). Mpuyem uns-

MEHEHMEe YyKasaHHbIX MnapaMeTpoB MNepexode TOYkKM HabnoaeHus 4Yepes rpaHully
pasgena cpen NPOMCXOOUT CKAykOM Ha rpaHule noBepxHocTu Tena. MaTtematuyecku
3TO O3Ha4aeT, YTo napameTpbl £, M, G (UK XOTS Gbl OAMH M3 HUX) TEPNST paspbiB

Kak yHKUMM HOpManu. B cBs3M C 3TUM BO3HWKAET HEOOXOAMMOCTb AOMOSIHEHUS
ypaBHeHu MakcBenna 3HavyeHusiMM MNonen Ha rpaHuvue pasgena cpef, T.e. Tak
Ha3blBaeMblMW  2PaHUYHbIMU yC/i08USIMU. YKasaHHble rPaHU4YHble  YCINOBUS
yCTaHaBNMBAKOTCA C NMOMOLLbIO ypaBHeHMI MakcBenna B UHTerpanbHom gopme.

Mpexae 4Yem paccmaTpuBaTb rpaHMYHbIE YCMOBUSA, AOONPEeAENnUM MOHATUSA NNOT-
HOCTM 3apsiga U TOKa, BBOAS COOTBETCTBEHHO TEPMUHbI — MJIOMHOCMb M08EPXHOCM-
Ho20 3apsida U NJIOMHOCMb M08EPXHOCMHO20 MOKa.

Kak n3BecTHO, Kaxablil U3 BEKTOPOB, OMUCbIBAKOLMNX INEKTPOMArHUTHOE none, Ha
rpaHuLe pasgena MOXHO PasfnoXuTb Ha HOPMarbHYK W TaHreHuuanbHyk (kacaTerb-
HYI0) cocTaBnsoLme:
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIM

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

F =v,F, +7oF, +&Fr. (2.1)

Mpun aTom B Touke M, nexallen Ha JOCTaTOYHO rMaaKown NoBepxHoCcTU S pasgena
cpen 1 n 2 (pucyHok 2.1), Bceraa MOXHO BbiAenuTb CTOMb Manyto okpectHocTb AS,
YTO AAHHbIA ANIEMEHT NOBEPXHOCTM MOXHO cyMTaTb Nnockum. B gaHHom Touke M opTt

Hopmanu v, (HanpasneHue u3 cpedbl 2 B 1) MOXeT ObiTb AOMOMHEH A0 NPaBOW TPOVKM

—_—

ABYMsl OPTOTOHarbHbIMU OpTamu T, U &, , nexawmmn Ha AS . Ecnm opT 7, BbiGpaH

TaK, YTO OH COBMaZaeT Mo HanpaBEeHUO C NPOeKLMen HekoToporo Bektopa nonsa £ Ha
AS', 10 umeem pasnoxeHve (2.1). BeegeHnem Takoro AONYLIEHUS M3 PaCCMOTPEHMS
WCKNIYaTCAa TOYKKM, nexalwime B6rm3n n3nomMoB U pe3knx n3rnbos rpaHuLbl nnm B 0b6-
nacTtn BbICTPOro nameHeHusa xots 6l ogHon 13 cpen. Macwtabom nNpu oUeHKe ManocTu
pacCTosHMSA cnyXaT pasMepbl Tena, AnvHa BOMHbI (ANa nepeMeHHbIX Nofien), a Takke
Tpebyemasa geTanusaumsa CTPYKTYpbl Mons B MNpOCTpaHCTBe (paspellatrowiasi cnocob-
HOCTb MeToAa).

PucyHok 2.1 — Pa3noxeHune BeKTopa B JloKasnbHbIN 6asunc

B pane cnydyaeB Ha rpaHuue pasgera cpen MoryTt pacnonaratbCdad MUKpOCKoMnnye-
CKne HOCUTENN 3apdana, Kak HenoaBu>XHble, Tak 1 o6pa3yrou_|,me TOK NpoBOANMOCTW. Mo-
CKOJ1bKY B KIflaccu4eCcKon ANIeKTpoanHamMmke rnpuHNMMaeTCcd, YToO TaKoro poda 3apaa He
3aHuMaeT obbema, TO nonaraeTcs, YTo 3apﬂ¢3 ABNAETCA Mo8epxXHOCMHbIM, onpene-

ndeMblM, KakK ObI/10 NoKa3aHo Ha rlpe,qbl,quu,eVl JIEKUNN, Bblpa>KeHNnem
A
p=lim >4 (2.2)
AS—0 AS
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(BaJ'IVICbVII-(aLI,VIM

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

B nape ¢ gaHHbIM NOHATUEM Ha I'IpOLUJ'IOIZ nekuMn BBOAUNOCH NOHATME 06 BEMHON

—3.6Mm
NJOTHOCTU NOBEPXHOCTHOIO 3NEKTPUYEeCKOro Toka j , KOTOpaAa cBd3aHa C nmoeepx-

HOCMHbIM MOKOM

-9

= lim i, —. 2.2
T = 050" Ay (2.23)
COOTHOLUeHnem.
P =008 =Y, (2.26)

roe v'= 0 Ha nosepxHocTu S.

C y4eTOM BBEEHHbIX BESIMYMH rPaHuNYHbIe YCOBUS [ BEKTOPOB 3NeKTPUYEcKo-
ro nons 3anucbiBalTCs creayrowmm o6pas3oM. BekTop anekTpuieckoin UHAyKLMM nop-
UMHSETCS 3aKOHY:

(D1 - D2 Jv = p, (2.3)

T.€. B 'PAHUNYHbIX obnacTtax Pa3HOCTb HOpPpMaJlbHbIX KOMITOHEeHIM BEKTOPA 3J1IEKTPU4e-
CKou MHOYKUMN B obenx cpefax paBHa MINOTHOCTU NOBEPXHOCTHOIO 3apdda p. Ecnu

rpaHuua He HeceT 3apsiaa (o = 0), To HopmanbHasi KoMnoHeHTa BekTopa [ npu nepe-
X0[4e rpaHuLbl OCcTaeTcsl HenpepbIBHOMN.
TaH2eHyuanbHasi KOMMNOHeHMa BEKTOpa HanpsHKeHHOCTW 3MNeKTPUYECKOro Mons

E npv nepexope rpaHuubl pasgena cpep Bceraa octaeTcs HenpepbIBHOM:
(El—Ez)Ton nnn [Vo, E1—E2]1=0. (2.4)

—_—

BTopoe cooTHolleHne 13 (2.4) 6onee ynobHO B TOM CMbICMe, YTO OpT V,, BbIOU-
paeTcsa ogHO3Ha4vHO. [loka3aTenbCTBO AaHHbLIX YCITOBUN HE NMpeacTaBnsaeT CIOXHOCTEN,
N MOXeT OblITb BbIMOSIHEHO CAMOCTOATESNbHO, Kak Noka3aHo B [1].

NnniocTpaums rpaHnYHbIX YCIIOBUA ON151 3MEKTPUYECKOro nosis rnokasaHa Ha pu-
CyHke 2.2. [lpn 3TOM PUCYHOK 2.2,a UNCTPUPYET YCOBUS ANS HOPMasibHbIX KOMMO-
HEHT Nons, a pUCYHOK 2.2,6 — NS TaHreHunanbHbIX KOMMOHEHT.

'PaHUYHbIE YCNOBUS NS BEKTOPOB MarHMTHOrO MoJis 3anncbiBalOTCA cnegyowmnm

obpasom. HopmanibHasi KOMIOHeHmMa BeKTopa MarHUTHOW MHAyKuMM B Bcerna He-
npepbiBHa

(B1 - B2)v, =0. (2.5)
TaHzeHYuanbHble KOMIoHeHmbI BekTopa H Ha rpaHvue pasaena cpep npe-

TepnesarT pa3pbiB, paBHbIIZ NNOTHOCTU NOBEPXHOCTHOIO 3JIEKTPUYHECKOIO TOKa

(ﬁl—ﬁz)z?():;] nnu [%,ﬁl—ﬁz]=ﬁ. (2.6)
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIVI

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

Cpena 1

€1 ; M 1\ Dnl Bnl
: AN
rpaHuna Ps + + + + + 4 w
pasmeda cpei W
Cpena 2 T Dnz an y
€2, L2
Oo6aacTh 3apsga X
»
Z
d
Cpena 1 =
€1, W Etl
rpanHna En3 )\ /\En4 a
pasiaena cpex 5
Cpena 2 E;» o
€2, U2
OO
4
6

PucyHok 2.2 — nntocTpauns rpaHUYHbIX YCIIOBUIA OS5 9NEKTPUYECKoro nonsg

WnniocTpaums rpaHUYHbIX YCNOBUMA L9 MarHMTHOrO Nonsi nokasaHa Ha PUCYH-
Ke 2.3. Kak 1 Ha puCyHKe 2.2 pUCYHOK 2.3,a UNnniocTpupyeT YCrnoBus Ans HopMarnbHbIX
KOMMOHEHT MOoNs, a PUCYHOK 2.3,6 — AN TaHreHumanbHbIX KOMMNOHEHT.

MHTepecHO npocneauTb onpeneneHHy0 aHanorn Mexay rpaHuYHbIMU YCIoBUS-
MU OS5 BEKTOPOB 3f1IEKTPOMArHMTHOro nons. Tak, HenpepbIi8HbIMU Ha 2paHuye pas-
dena dsyx cped siesIIFOMCS MaH2eHyuasibHble cocmasJsisiroujue HarnpspkeHHocmu

JIeKmpu4ecKo20 MnoJsis E u HoOopmMaJibHasi KOMITIOHeHmMa eeKmopa Ma2HUmHou

UdeKuuu B . 370 cBszaHo ¢ OTCyTCTBMEM B Npupoae MardHutHbix 3ap4n0oB “U, cneno-
BaTeNbHO, MarHUTHbLIX TOKOB. B cBoto oyepenb, maHeeHUuuasibHble cocmasJJidrouwue

8eKmopa Harips>XeHHocmu MacHUmMHO20 MnoJis H u HoOopMaJibHasi KOMIMOHeHma

eekmopa uHAyKuuu 3nekmpu4deckoz2o nosss D mepnsm Ha 2paHuue pasdena
cped pa3pbiebl, paeHbIe COOMEemcmeeHHO IJIOMHOCMU M08ePXHOCMHO20
3/71IeKmpUYeCcKo20 moKa U NMJI0mHOCMU NoeepxHOCMHO20 3J/IeKMPUYEeCKo20 3apsi-
da.

PaccMoTpUM YacTHbIV CnyyYan, BaXkHbI Ans NPakTUYECKOro NPpMMEHEHUs: OgHa 13
cpepn Ha rpaHuue pasgena siBnseTcs udeasibHO npoeodsueli (G —> ).
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(BaJ'IMCbMI-(aLI,MM

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

Cpena 1 3
€ M Hlll

TpaHHIA
pasaemaa cpex

Cpepa 2 7
Blgls Hn2
2, P- 2
a
Cpena 1 _
€15 M Htl
rpaHuna Hn3 N - /\Hn4 a
pa3gena cpeq N
Ehe Hy) s
€2; U2
L X
2
6

PucyHok 2.3 — nntocTpauns rpaHUYHbIX YCIIOBUIA AS11 MarHUTHOMO NOsis

Kak n3BecTHo, B aeanbHOM NPOBOAHUKE 3MEKTPOMArHUTHOE Mofe He MOXET Cy-
LLIeCTBOBATb - OHO BbITECHSAETCA B GECKOHEYHO TOHKWIA CroK Y noBepxHocTn S. Ecnn xe
BHELLHEee anekTpuyeckoe nore AaHHOW (BTOPOW) cpedbl OTIIMYHO OT Hyns, TO NoA ero
[AeNCTBMEM yCTaHaBNMBaeTCs Takoe nepepacnpeneneHne cBoboaHbIX 3apsaoB, KOTo-
poe KOMMeHcUpyeT BHeLLHee none. paHnyHble yCrnoBus Npu 3TOM NPUHMMAIOT BUA:

Mpu HaIMYMKM NOBEPXHOCTHBIX 3aPALO0B U TO- Mpw OTCYTCTBMU NOBEPXHOCTHbIX 3aPAL0B U
KOB TOKOB
[vo,E1]=p, (2.7a) [ve, £1]1=0, (2.8a)
T T7 - 6 — — —9.6m. 2.86
[vo, H1]=11, (276) [, Hil=j " (2.86)
—0.6Mm
B dopmyne (2.86) j - 06BbeMHada NNOTHOCTb BTOPUYHOMO (MHAYLMPOBAHHOIO)

NOBEPXHOCTHOIO 3MIEKTPUYECKOro ToKa, KOTopas cBA3aHa C NOBEPXHOCTHbLIM TOKOM CO-
OTHOLeHWeM (2.20).
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIVI

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

B psAne cnyyaes, Hanpumep, Koraa rpaHulbl paccmaTtpuBaeMoin obnacTt yxoasaT
Ha GEeCKOHEYHOCTb MMM Koraa rpaHu4YHasi NMoBEepPXHOCTb MUMEET reoMeTPUYECKU CUHTY-
NAPHbIE TOYKM (HanpuMmep, U3NOMbl), MOXHO NMOMYYNTb HECKONbKO MaTemMaTu4eckn Kop-
PEKTHbIX peLleHunii ypaBHeHun Makceenna, cpean KOTopbIX NLlb OJHO BEPHO OMUCHI-
BaeT uccrnegyemoe usnyeckoe seBneHue. B Takux cnydyasx Ana obecneyeHus eamH-
CTBEHHOCTW peLleHNsl okasbiBaeTc HeoBXOAMMbIM BBECTU HEKOTOpble AOMNOMHUTENb-
Hble PU3NYECKMe OrpaHNYEeHNs.

Mpu pelueHnn 3agavm ons cBob6OAHOro MPOCTPaHCTBA, KOrga BCE UCTOYHMKM CO-
CPeaoToYEHbl B KOHEYHOW 06nacTu, Takum AOMONHUTENbHLIM OrpaHuYeHneM, onpeae-
NALWMM noBeAeHne nonein Ha 6ecKoHEeYHOCTU, ABMAETCHA yc/10eue U3sy4YeHus, KOTo-
po€e MOXHO CHOPMYNMPOBaTh ABYMS pas3nnyHbIMK criocobamu:

[lna M3oTponHoOW Henornouwalwen cpeabl NoseaeHne norne Ha GeckoHeYHo-
CTV onpenenseTcsa ycroeueM ussly4yeHusi 3oMmepghenboa:

— —_—

iim B °F 4 ikE -0, lim R %—l;+ikﬁ ~0. (2.9)

R—>o OR R

[aHHoe ycnosre MOXHO copMynupoBaTh criefyowmm obpasomM: aMmnnuTyaa no-
na Ha 6onblUMX PacCTOAHUAX OT UCTOYHWKA AOMkHa ybbiBaTb, MO KpanHen mepe, Kak
obpaTHasi OT JaHHOrO paccTosiHus BenuumHa (| A|~1/r), a asa nons pormkHa 6biTb
TaKom e, KaK y yxoasuen Ha 6eCcKkoHeYHOCTb BOSHbI (@~exp(-ikr)).

2.2 OCHOBHbIe TeopeMbl INEeKTPOANHAMUKHN

B ocHoBe anekTpoaMHaMuMKM NEXUT MNofHas cuctema ypaBHeHun Makcsenna.
Kpome ToOro, ans ynpouieHns onusndeckon TpakToBKM psaa ABMEHUA NPU peLleHnmn 3a-
Aay Mcnonb3yTcsa chopMynMpOBaHHbIE HA MX OCHOBE NEMMbI U TEOPEMbI.

YpaBHeHns MakcBenna B guddepeHunansHon copme npeactaBnsoT cobon
anddepeHumanbHble ypaBHEHUA BTOporo nopsigka. C TOYKM 3peHns maTemMaTuku ns
nonyyYeHnsa pelleHns Heobxoaumo 3agatb NMMOO HavanbHble 3HAaYeHUs pyHKUMK, NMMbo
HavarnbHble 3Ha4YeHUs1 NMPON3BOAHOM (PYHKLWUW, BXOAALLEN B AaHHble ypaBHeHUs. Teo-
pemMa €eaMHCTBEHHOCTM MO3BOSISIET He TONbko cchopmynuMpoBaTb MaTemaTudeckue
HavarnbHble YCIOBUS, HO y4ecTb (pM3MKy Mnpouecca, 3agaB rpaHUYHbIe YCroBuS AN
ONMcaHusa NOBEPXHOCTU Tena, a Takke YCrioBUS U3NyvYeHus AN UCKITHYEHNA BEPHOTO C
TOYKM 3PEHMA MaTEMATUKK, HO PUBNYECKM HEPearnnM3yemMoro peLLeHus.

Teopema eOQuHCcmMeeHHOCMU YTBEPXAAET, YTO 3NIEKTPOMArHMTHoe nose B fnobon
MOMEHT BpeMeHn B ntobon Touke obbema onpegensieTcs ypaBHeHusiMu MakcBenna
Npu 3agaHHbIX UCTOYHMKAX OOQHO3HA4YHO, €CIN B KaXKaoWm Touke obbema AaHbl Havanb-
Hble 3Ha4YeHNS BEKTOPOB HaNPSKEHHOCTM 3NEKTPUYECKOro U MarHUTHOrO NMosfen n ecnu
N3BECTHbI TPaHNYHbIE 3HAYEHUS KacaTemnbHbIX NPOEKLMA OOHOrO M3 BEKTOPOB B TOYKAX
noBepxHocTn S gns nboro MomeHTa BpeMeHu. [JokasaTenbCTBO LaHHOM TEOpEeMbl
OCYLLIECTBNSAETCH C UCMOMb30BAHNEM YCIOBUIA U3MYy4YEHUS, PACCMOTPEHHbIX BhILLE.

OaHnM 13 achpeKTUBHBIX MaTeMaTUYECKUX NPUEMOB, UCMNOSb3yeMOM Mpu peLue-
HUM B oOLLen popme 3agaun BO3OYKOEHUS SNEKTPOMarHMTHOro Nons B NPOCTPaHCTBE
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INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

C NPoOn3BOJIbHO pacnosfioXeHHbIMM HEOOHOPOAHOCTAMU, a TakKKe Npu OOoKa3aTeslbCTBe
paga npuHUMnmanbHbIX NONOXEHNN B ANeKTpoaAnHaMunkKe, ABndeTcqa JieMmMa ﬂopeHua.
,D,aHHaﬂ JlieMMa BbIBOOAUTCA Ha OCHOBE UCMNOJIb30OBaHUA OBYX MEPBbIX ypaBHeHI/IIZ Makc-

—Ccm.5
Benna n 3By4uT cnegylowmm obpasom. Ecnm cuctema CTOPOHHMX UCTOYHWUKOB j,

- Ccm.m
J{ » NokasaHHas Ha pucyHke 2.4, Bo3byxnaeT B NPOCTPAHCTBE 3MEKTPOMAarHMTHbLIN

- —Ccm.9 - Ccm.m <
npouecc £, H1, B To Bpems kak cucteme j, , j,  oTeevawt nons £,,H2, 1o

crnpaBsensinBo paBeHCTBO

—mcm.—

div[E1, H2]1-div[E2, Hil=j,  E2—j,  Ha-

—o.cm.— —Mm.cm.—

-Jj, Ei+j, Hi. (2.10)

=
H

PucyHok 2.4 — nntocTpaunsa nemmsl JlopeHua

Bonee copepxaTenbHON B PU3NYECKOM CMbICIIE W LUMPOKO MCMOMb3yemMoln Npu
pelleHnn aneKTPoAMHaMUYECKUX 3adady SABNSAeTcs UHTerpanbHas dopma nemmbl Jlo-
peHua:

§{[E1,ﬁz]—[ﬁz,ﬁ1]}d;= (2.11)
S

—a9.cm— —M.cm— —a9.cm— —m.cm—
=I{]1 E>x—j, Hz}dv—j{jz Ei1-j, Hl}dv.
" Vs

Ha ocHoBe nemmbl JlopeHua MoxeT 6bITb CHOPMYnMpPOBaH OANH U3 BaXKHEMLINX
NPUHLMMNOB 3NIEKTPOANHAMUKN — APUHUUN 83auMHocmu. [Ansa aToro B nemme JlopeHua
nosiaraem, YTo CTOPOHHME TOKN COCPeaoTOYEHbl B OrpaHUYeHHon obnactn, a noBepx-
HOCTb S UMeeT BeCcKOHeYHbIM paguyc. Ecnv nepBble CTOPOHHME TOKN COCPeoTOYEHBI B
obnactu V4, a BTOpble CTOPOHHUE TOKM — B obnactn Vo, To cooTHoweHue (2.11) MOXHO
3anucaTb B BUAe:
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—a9.cm— —M.cm— —a9.cm— —m.cm—
J.{]l E>x—j, Hz}dv=_[{]2 Ei1-j, Hl}dv. (2.12)
" Vs

AHanusa cooTHoweHus (2.12) nokasbiBaeT ero CUMMETPUIO, COBEPLLEHHO He3aBu-
CUMYIO OT XapaKkTepucCTUK cpefdbl. EANHCTBEHHOE OrpaHnyeHue 3akntovaeTcs B npea-
NOSTIOXXEHUN 006 N30TPOMHOCTU cpeabl.

OOHUM n3 BaXHenLWKnX N Hanbonee 4acTo MUCMOoNb3yeMblX cneacTBui neMmmsl Jlo-
peHua, HaxoasLemM NpuMeHeHne B pasnnyHbiX obrnacTax pagmousnkmn, Teopum n Tex-
HUKE aHTEHH, SIBNSETCA meopemMa 3KeusasieHMHbIX MOKO8. OKBUBANIEHTHOCTb TaH-
reHumManbHbIX COCTaBAAOLWMNX NOSIEN U TOKOB B ANIEKTPOANHAMUKE MOSydnsia Ha3BaHue
meopeMbl 3KeU8asIeHMHbIX MOBEPXHOCMHbLIX MOKO8. YKa3aHHaa Teopema Mo3BO-
ngeT HaxoauTb nose B Nbor Touke NPOCTpaHCTBA NPU U3BECTHOM peLLUEeHUU 3agayuu
Andpakumm — nosie BCnomMoraTenbHOro Aunons 1 M3BeCTHOM pacnpeneneHun nonemn Ha
noBepxHoCcTu S.

PaccmoTpym KpaTkun BbIBOL M BblAENIUM OCHOBHblE MOMEHTbI, CyLleCTBEHHbIE

Ana nocnegyrowero nanyveHuna. MNycts B dpopmyne (2.12) none EL ﬁ1 oyneT ucko-

- — g —-M ngc] M e
MbIM (0603Haumm ero £, H, Tokm j,, j, oboswaumm j , j ), anone E», H -
BCnomoraTtenbHbiM. B kKayecTBe BCnomMoraTensHOro BO3bMeM MNore 31eKTpUYecKoro am-
nons ¢ eavHWYHbIM MOMEHTOM, OpPUEHTUPOBaHHbIM BAONb Bektopa a. O603HauYMMm

-9 -3 ] - - - —->M
BcnomoraTensHoe none vepes Es, Hq. Torpa j, =ad(r—r'"), j, =0. MNoacrasnss

AaHHOe pacnpegerneHve Toka B (2.12), nony4yaem

—_ — -

aE(r) 21(7 Eo—j ﬁij dv + j{[Z,E]EZ +[n,E1H. }ds . (2.13a)
V S

—M —M
AHarnorn4yHo, B3sB B ka4ectBe BcrniomoratenbHoro nons E« , H+ mMarHutHoro an-
nona ¢ egunHn4YHbiMm MOMEHTOM W1 HanpaBJ/IEHHOIo BAOOJIb BEKTOpa b (npm 3TOM

7; =B5(;—;), }Z =0), nony4um

—_- — - —_ — — —_ — —

bH(r) =£(}3 Ee —j ﬁi’j dv + qu{[n,H]E;w +[n,E1H. }ds . (2.136)

ey e .

B cdopmynax (2.13a) u (2.136) Bektopbl J =[n,H] n J =-[n,E] asnswoTcs,
HanoMHWM, 3KBMBANEHTHbIMU MOBEPXHOCTHLIMW TOKaMu, a caMyu COOTHOLLEHWUSI OMUCI-
BalOT meopeMy 3KeueasIeHMHbIX MOKO8.

2.3 JHeprua aneKkTpomMmarHuTHoro nosns. Teopema YMoBa-
NMonHTUHra

BeBegem noHsiTue CTOPOHHEro MUCTOYHUKa. CmopOHHUMU UCMOYHUKaMu J35ekK-
TPOMArHMTHOro nongd Ha3blBatOT TakKne NCTOYHUKN, KOTOpPbIe BO36y>K,E|,a|'OT AJaHHOe nore,
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HO caMu OT HEro He 3aBUCST, TaK Kak UX NoAAepKMBAOT NOCTOPOHHME MO OTHOLLEHUIO K
nccrnegyemomy noso puanyeckne sIBfeHus.

AnekTpoMarHUTHoe norne sIBRsieTcs Hocutenem aHepruun. MycTb cpepa sBnNseTcs
NMHEHON 1 N30TPONHONW. Bblaenum MbicneHHo o6bem V, B KOTOPOM CYLLECTBYHOT CTO-
POHHNE UCTOYHUKN INEKTPOMAarHUTHOrO Nonsi. QHEprusi B BblAENEHHOM 0GbEME MOXKET
N3MEHSATLCS BO BPEMEHM 3a CYET ABYX NPOLECCOB:

- BHYTpY OaHHOro obbema 3nekTpoMarHUTHasi SHeprusi MOXeT npeBpallaTbCcs B
Apyrne, HeaneKTpoMarHuTHble opMbl SHEPTUN (BHYTPEHHSAS SHEpPrnst Ter, HasbliBaemast
4acTo TENroBOW SHEpruen, XMMMYeckas SHeprusl, KUHeTUYeckasl SHepPrust YCKOPEHHbIX
4acTuL 1 T.4.), UK Ke BO3HMKAIOLLAs U3 HESNEKTPOMAarHUTHbIX hopM;

- 3Heprusl, oCTaBasiCb ANEKTPOMAarHUTHON, MOXET BbITEKATb M3 AaHHOro 0GbeMa
UNn BTEKaTb B HEFO Yepes3 NOBEPXHOCTb S, OrpaHNYMBaIOLLYIO AAHHBIA 0GBHEM.

MaTemaTtuyeckasi 3anucb AaHHOro yTBEPXKOEHUS UMeeT BUA;

Der =P+62—V:+so, (2.14)

raé p.. - MOWHOCTb nonsd, co3faBaemMasd CTOPOHHUMU NUCTOYHUKaMWU; P — mow-

HOCTb, OTAaBaemasi nonem Beulectsy; dw/dt - MOLWHOCTb, MayWas Ha M3MEeHeHue
3Heprn aNeKkTpoMarHUTHoro nonsi B obbeme V; () - MOLHOCTb MONs, BbIXoAsLas

CKBO3b 3aMKHYTYIO NMOBEPXHOCTb S, KOoTOpasa orpaHuynBaet obbem V u HasbiBaemas
MOMOKOM MOWHOCMU VNN X& MOWHOCMbIO U3Jly4YeHusi. EanHiua namepeHus Mol -
HocTu — BT=[x/c=A-B.

Wcnonb3ys nepsble ABa ypaBHeHus Makcsenna (1.6a), (1.66) u He yunTbiBas no-
TEepu SHeprum Ha nonapusaumnio N HamarHudmsaHue, popmyny (2.14) moxHo npeobpa-
30BaTb K BUAy:

) 2
> o E j2 i B —
oF +—|gp—+pypu— |+div[E,H]= —FEj ,  (2.15)
S Ta| ey rE s L
P npoxoo oHepaUs CMOPOHHE20

gewyecmed oHepauu UCTOYHUKA
Konebamelvrvie (ug]lyquue)
npoyeccot

Ha3blBaeMoMy meopemol Ymoea-lNolinmuHeaa e dugpghepeHyuanbHoU ghopme.
Mocne nHTerpnpoBaHMs COOTHOWeEHNA (2.17) no BblaeneHHoMy obbemy V, nony-
YyaeM meopemy Ymoea-llouHmuH2a 8 uHmezpasibHolU ¢hopme:
8B - 8D
§IE.Hlds + j
N

dv+jaE dv_—jj Edv. (2.16)

K YNCITY OCHOBHBbIX NONoXeHnn ANEKTpoANHaMUKKN NMpuHaaneXxat cregyrumne Bbl-
paxeHna ana OTAaBaeMon MOLHOCTU P 1 MOLWHOCTHU n3nyvyeHuna @:

P=|jEdv, (2.17) p=§lE.H]ds. (2.18)
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B cooTHoweHuax (2.15), (2.16), (2.18) nony4yaembii B pesyrnbTate BEKTOPHOro
YMHOXEHUSA BEKTOP

=[E,H] (2.20)

HasblBaeTcsi eekmopomM [loliHmuHea, onpefendetr MIOMHOCMb MOMOKa MOWHO-
cmu, a TaKkke HarnpasfieHne pacnpoCcTpaHeHnsa BOMHbl. EAnHUMLAMN M3MepeHus KoTo-
poit, kak cneayeT u3 (2.20), saensaotcs B/M-A/M=BT/M?,

Hagum rsmyeckyto TpakTOBKY BXOASLWMX B COOTHOLWeHWe (2.16) uneHos. lNepsoe
cnaraeMoe onucbiBaeT NOTOK SHEPTNN UM MOLLHOCTb U3MyYeHUs Yepes 3aMKHYTYHO Mo-
BepxHocTb S. TpeTbe crnaraemoe ecTb paboTa, coBeplLiaemMasi afeKTpoOMarHUTHbIM Mo-
nem. B npaBon yactu ctouT BenuumHa, onpegensiowas paboTty cTOpoHHUX cun. BTo-
poe cnaraemoe onpefenseT naMmeHeHne aHeprum (MOLWHOCTM) SNEeKTPOMarHUTHOro no-
nsa BO BpemeHu. Btopoe cnaraemoe B (2.16) MoxeT ObITb NpefCcTaBfieHo B BUAE OBYX
cnaraeMbix, ONUCbIBAOLLMX SHEPTUIO INEKTPUHECKOTO U MAarHUTHOIO NOSen:

W=w"+w?, (2.21
—2 ——
roe w™ =&J.,uH dv=lJ.BH dv, (2.22a)
2 2)
—2 —_—
W =20 [k dv:ljDEdv. (2.226)
27 27

KomnneKkcHbIn BEKTOpP MOWHTHWMHIa B Aa@HHOM cny4vae 6y,El,yT OonncbliBaTbCA Bblpa-
KEeHUAMMU:

I =%[E,H*]. (2.23)

BBegem NoHATUA aKTUBHOTO, HeIZTpaJ'IbHOFO M naccusHoro OanaHcoB. basaHc
CHNTaeTCAd aKkmueHbIM, Korga SO > O, T.. npeoGna,u,aeT oTAa4a 3Heprmn Bo BHelLHee

npocTpaHcteo. Ecrm o =0, To 6anaHc cumtaeTca HelimpasnbHbiM. [MaccueHbill 6a-

JiaHC COOTBETCTBYET Clly4dato, Korga nornoweHne npeo6na,u,aeT HaO U3ryvyeHunem.
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Tema 2. U3ny4yeHUe anemMeHTapHbIX MICTOYHUKOB

Nexkuma Ne 3. AnekTpoanHammyeckme notTeHUMarnbl
35fIeKTPOMarHMTHOro nons

3.1 Bo3byxaeHue afneKTpoMarHuTHOro nons sagaHHbIMU
nctoyHmkamu. HeogHopoaHble ypaBHeHMsA MakcBenna B
KOMMJieKCHon hopme

OOHUM 13 BaXkHENLINX pe3ynbTaToB, NofydYeHHbIX MakcBennom, iBUoch Aokasa-
TENbCTBO BOJIHOBOW NPUPOAbI 3NEKTPOMArHUTHOrO MONs: U3SMEHEHME BO BPEMEH 3NEK-
TPUYECKOro Monsi NPUBOAAT K U3MEHEHUID MarHWTHOrO Nonsl, HEOAHOPOAHOro B MPo-
cTpaHCcTBe, U HaobopoT. B cdusnke koneGatenbHoe ABWXEHWE HeMnpepbiBHOW cpenpbl
MPUHATO HasbiBaTb GO0JIHOBLIM rMpoyeccoM. BonHoBble ypaBHEHUS U ypaBHEHUS
FenbmMronbLa AN rapMOHUYECKUX CUTHaNoB, MoryyYeHHble U3 ypaBHeHWU MakcBenna
Ha NepBoOW NeKuMK, SBNSATCA MOAEeNbo AaHHOro npouecca. PelleHnem aaHHbIX aud-
dhepeHUManbHbIX ypaBHEHUI BTOPOro Nopsiaka MMeeT Bua;

u(x,t) = f, r—g + £, r+£ , (3.1)

Kaxxgoe n3 aByx BXOASALWMX B COOTHOLWeEHWe (3.1) YacTHbIX pelleHnn npeacrasns-
eT cobon Tak HasblBaeMyl 80JIHO8YH (DYHKUUIO VN 80JsiHy. BonHa nmeeTt npous-
BOJSIbHYIO (POPMY U pacnpocTpaHseTcss B CBOOOAHOM NPOCTPaHCTBE B ABYX MPOTUBOMO-
NOXHbIX HanpaBfeHMsIX CO CKOPOCThLIO cBeTa. [lepBoe crnaraemoe npeacraBnseT cobomn
BOJTHY, PacnpOCTPaHSAIOLLYIOCA B NOSIOXUTENBHOM HanpaBrieHun (pacxogswencsa Bon-
Hbl), BTOpPOE crnaraemMoe - BOSHY, NpUXoasiLyto n3 6eCKOHEYHOCTM CO CKOPOCThLIO CBeTa
(cxopqwadacs BonHa).

Kpome TOro, ns ypaBHeHus 6anaHca aHeprum ons nepeMeHHoOro afieKTpoMarHuT-
HOro nong criegyeT, YTO 3feKTpOMarHMTHaa aHeprns NepeHocuTca BosiHaMm u3 obbe-
Ma, rae OeWCTBYIOT NepeMeHHble CTOPOHHME TOKW, B OKpyXatouee 3T0T obbemM npo-
CTPaHCTBO, rAe 9TUX TOKOB HET.

Mpouecc pacnpocTpaHeHusi B NPOCTPAHCTBE 3N1EKTPOMArHUTHbIX BOSTH C KOHEYHOMN
CKOPOCTbIO U YTPaTUBLLMX CBSA3b CO CBOMMW UCTOYHMKaMW (MepemMeHHbIMU 3apsgamu u
TOKammu), Ha3bIBAETCA U3sTyYeHUeM 351eKmpoMa2HUMHbIX 80JIH.

Bo MHOrMx npaktnyeckmx 3agadax yacto TpebyeTca HenocpeACTBEHHO CBA3aTb
BESIMMMHY CTOPOHHUX JNEKTPUYECKUX TOKOB, ABMSAIOLMXCA UCTOYHMKAMKU 3fiekTpomar-

HWUTHOro noJid, C BEeKTopamMmu E n H B Nntobon Touke NPOCTpPaHCTBA, T.€. onpeaerintb
CTPYKTYPY OSJIEKTPOMArHUTHOro norsi4. K Takmm 3agadam OTHOCATCH, npexane BCero,
OONbLWKWHCTBO 3agay 13 TeopuUn nN3nyvarwwmx aHTeHH. C maTemaTmnyeckom TOYKK 3pe-
HWA 3agaydn o BO36y)K,D,eHI/II/I ANTIEKTPOMArHnTHbIX BOJIH 3aAaHHbIMXW UCTOYHWUKaMU CBO-
OATCA K pelleHNtio CUMCTeMbl HeOAHOPOOAHbIX ypaBHeHI/IIZ Makceenna

— — E —9.CT. — ﬁ — M.CT.
I'OtH=GE+8aaa—t+j3C , roth—yaa——j )

, 3.2
Y (3.2a)
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e, divE = p>, p, divH = p"<'. (3.26)

CooTBEeTCTBEHHO An4 rapMoOHU4YeCKNX CUrHarioB B BakKyymMme (G = 0) nepsBbie ABa
ypaBHEHUA Makceenna MOoryT ObITb 3anncaHbl B KOMMEKCHON cbopme:

—cm.9

rotﬁ—ia)gai:] ,

(3.3)
- . —cmm
rot E+iou, H=—j
—cm.9 —cm.m
B cooTHoweHusax (3.1) n (3.2) J nJ - BEKTOPbl O6bEMHbIX NNOTHOCTEN
9.CT M.CT
CTOPOHHUX 3MEKTPUYECKOro U MarHUTHOro TOKoB; O , P - COOTBETCTBEHHO CTO-

POHHWNE 3MEKTPUYECKUA N MarHUTHbIN 3apaabl.
Kpome TOro, Ana nonyyeHWs eOuHCTBEHHOro pelueHus cuctembl (3.2) n (3.3)
AOIMKHbI BbITb AOMOMHEHbLI COOTBETCTBYIOLUMUN MPAHNUYHLIMU YCITOBUAMM.

3.2 BeKTOpPHbIN U CKansipHbIM NOTeHUUanbl 4N MFHOBEHHbIX
3HavYeHuu nonsd

HeI'IOCpe,D,CTBeHHOG peweHne CUCTeMbl ypaBHeHI/Iﬁ MakcBenna ans cny4yasa CcTto-
POHHUX UCTOYHUKOB, KaK N HEOOHOPOOHbIX BOJIHOBbIX ypaBHeHI/II7I BecbMa crnoxHo. Op-
HUM 13 Hanbonee MPOCTbIX cnoco6bos peweHna 3agaymn 06 N3ny4yeHnn AasndaeTcd npu-
MeHeHne UCKYCCTBEHHOro npuema, 3akrovarouwierocd B UCnosib3o0BaHN noTeHunanos
SNTIEKTPOMArHMTHOIO MNMons4. lNMomeHyuansbi SJIeKMpoOMa2HUMHO20 r0oJisd — 3TO 3Hepre-
TUHECKNE XapakKTeEPUCTUKU, KOTOPbIe BBOOAATCA ONA ONUCaHUA nona HapAaay ¢ CUIoBbl-

MU XapakTepuctukamm — HarnpAaAXeHHOCTbIO 3NTIEKTPUYHECKOIo NnoJsiA E n MH}J,yKLI,MEIZ Mar-

HUTHOro nonga B.

—3
BcnomoratenbHbin BeKTOprIIZ noteHunan A BBOOUTCA C NMOMOLUBbIKO 4YeTBepToro

ypaBHeHua Makceenna

—_ —_—

p H=rotA . (3.4)

[MockonbKy AMBEpPreHumns BUXps NPOM3BOSNbHOIO BEKTOPA paBHA (PUKTUBHOMY Mar-
HUTHOMY 3apsiAy, PaBHOMY HyIO, TO JAaHHOE COOTHOLIEHME SABNSIETCS CnpaBenBbIM.

BbipaxkeHne onsi aNeKkTpu4ecKoro ckanspHoro noteHumana MoxeT ObiTb NONy4YeHO
nyTem NOACTaHOBKM COOTHoweHus (3.3) BO BTopoe ypaBHeHue Makcsenna B audde-
peHuunanbHon dopmMe M u3MeHeHun nopsigka guddepeHunposaHms. B pesynbTaTe
npeobpasoBaHuin JaHHOe ypaBHeHWe MakcBenna npuHumaeT Bug

—9

rot E+ai =0. (3.5)
ot
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YuntbiBasi Toxgectso rot gradu =0, MOXHO MonoxuTb, YTo cTosiLiee nog 3Ha-

koM rot BbipaxeHue pasHo gradu’, roe u’ - HekoTopas ckanspHas dyHkums. Criedo-
BaTENbHO,
04
E =—gradu’ e (3.6)
t

3nak «muHyc» nepen gradu’ eeemeH Ans Toro, YTOBbI B Criydae anekTpocTaTy-

4YecKoro nosnsa pyHKUMSA coBnagana ¢ obbIYHLIM BbipaXeHeM AN anekTpocTtaTu4ecko-
ro noteHumana.

MoacTasumB BhipaxeHuns (3.4) u (3.6) B nepBoe ypaBHeHWe Makceenna u yumTbiBas
MaTepuaribHble ypaBHEHUS, NOSTy4YuM

—5  —oacm ou’ 6223 523
1 1
rotrot A = —&q€| erad + —c —ogradu’-(3.7)
(Lo 1) J 0¢| 8 Py PYE Py g
Mocne npeo6pa3oBaHus c MCMONb30BaHMEM TOXOecTea

rotrota = graddiva — V2 a nesoit yacTv ypasHeHus (3.7) nepeiiaem K paseHcTey

2742 5 —>5
-5 U0 A —ocm . —9 guou ) 0A
Vig LT t+oradldivd +L " +ou’ |-0c——. (3.8)
2 g oA 8 ¢ ot ot

— 3
YNpocTMM nomnyyYeHHoe CcooTHolleHune. Kak yxe oTmevanocb, Bektop A Obin
onpeferneH C TOYHOCTbIO OO0 rpaaveHTa Npov3BONbHOW (yHKUMK. CnepoBaTernbHo,

—9
MOXHO noTpeboBaTb, YTOObI BekKTOp A yA0BNEeTBOPSN AOMNONHUTENBHOMY YCIOBUIO

divA +H M oy <0, (3.9)
¢~ Ot

CooTHoweHue (3.9) NpMHATO HasbiBaTb ycsioeueM Kasubpoeku (kanubpoeka
JlopeHua). C yyeToM KanmbpoBkM BONHOBOE ypaBHeHue (3.8) npnobpeTtaeT BUA
2—’3 —3
—o  guo A 0A —ocm
vig -& =—0——— U] . (3.10)
¢ or or

AHanorn4yHoe ypaBHEHNE NnoJtydaeTCd 1N Ona CKandpHOro noteHunana u’

— 9
82 2 oA acm
PR T P (3.11)
c” Ot ot  gy¢

vy’
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BBeaeHHble 30ecb ANieKTpoanHamMmnyeckme norteHumnarnbl paccMaTpuBalTCA B

—mcm

npeactasnedun j =0 un pM "

=0. 310 COOTBETCTBYET Clly4dalo, Korga 3J1eKTpo-
MarHuTHoe rnorne Bo36y>1<,qaeTc;| TOJ1IbKO CTOPOHHUMW 3NEKTPUHECKNMUN TOKaMN N 3apA-

—9
aamun. imMeHHo Nno3TOMY pacCcMaTpuBaemMble (byHKLlI/II/I A ndf nosiyqynnnm HassaHume Co-

OTBETCTBEHHO 3JIEKMPUYECKO20 BE€KMOPHO20 W 3J/IEKMPUYECKO20 CKasisipHO20
nomeHyuasos. PasMepHOCTb 3MEKTPUYECKNX BEKTOPHOIrO M CKanspHOro noteHuyunanos
COOTBETCTBEHHO [Bec/M] 1 [A-[H/M].

B cnyyae, korga MCTOYHMKaMKM 9NEKTPOMArHUTHOrO NMonsd MOryT SBAATLCA Takke U
dopmanbHO BBEAEHHbIE MarHUTHbIE TOKM U 3apsgbl, BBOOATCS COOTBETCTBEHHO Mar-
HUTHbIE BEKTOPHbLIN M CKanspHbIN noteHumansl. CBA3b BEKTOPHOrO MarHUTHOrO MOTEH-
uunara c BEKTOPOM Harps»KeHHOCTU 3M1EeKTPUYECKOro nons onpenenseTcs COOTHOLEHM-
eM:

—_—

Fee b rotd". (3.12)
EoE

BbipaxeHuss AN MarHUTHbIX NOTEHUMarnoB MoSly4arTCs aHanorMyHbIMU paccyXx-
AEHUAMW, HO MpPU UCMNONb30BaHUM BTOPOro ypaBHeHMs MakcBenna u COOTHOLUEHUS
(3.12). OkoH4aTenbHO, MOXHO 3anucaTb:

- M A" — M Rt ou™
H =-gradu™ —¢¢ -0 4 , divd + uyu =0, (3.13)
Ot ot
. A 04" - ou" _ou"  p*
VA —¢¢ —ou pu—=—j , Vu" - -0 = . (3.14
Py ol =7/ ot ot uu (3.1

EonHuuen namepeHnsa ckansipHoro MarHMTHOro noteHumana sisngdetca [A]. B oT-
nnuve ot Kanubposku JlopeHua ansa anekrpudecknx noteHumanos (3.9) npu BBegeHUM
KanmbpoBKM ONS MArHUTHLIX NOTEHLMANOB NOHATME MAarHUTHOW NPOBOANUMOCTM HE BBO-
ANIoCb, NO3TOMY B AAHHOM BbIpaXXeHUN OTCYTCTBYET TpeTbe craraemoe.

CoBokynHocTb ypaBHeHun (3.10), (3.11), (3.13) n (3.14) onucbiBaeT COOTHOLLEHUSA
ANs MTHOBEHHbIX 3HAYEeHU 3NEeKTPOANHAMUYECKNX NOTEHLMAOB.

3.3 BeKToprli;I n CKanﬂprlﬁ noTeHuuanbl ANA KOMNMJIEKCHbIX
amMmnnnTya. YpaBHel-wm Fenbmronbua OTHOCUTEJNIbHO BEKTOPHbIX
noTeHuuasnoB

[na nony4yeHnst aHanorm4HbiX COOTHOLLEHUIA AN KOMMAEKCHbIX aMnnnTya nepemn-
AEM OT MrHOBEHHbIX 3HA4YEeHUI 3NEKTPOANHAMUYECKMX MOTEHUMANOB K KOMMIIEKCHbIM
aMmnnuMTygam anekTpoanHamMuyecknx noteHumanos. [pu nepexoge Tak Xe, Kak U pa-
Hee, ByaeM yuuTbIBaTb, YTO d/ot—im, 6%otP—-o’.
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B pesylnbTate AnAd BEKTOPHOINo U CKandpHOro afiekKTpu4eckmnx noteHumnarnos ogHO-
POAOHBLIX N N3OTPOMHbIX Cpen, B KOTOPbIX OTCYTCTBYKOT MarHUTHbl€ NoTepn (/Ja = ﬂoﬂ)

M AUaneKTpuYeckuii rmctepesmuc (€, = £,€ —io~ / @) 3anucsiaeTcs creayroLuas co-

BOKYIMHOCTb ypaBHeHMVIZ

. 1 ., -
Holt
Em (;) =—gradu, (1:)—1'(:),110 ,uz,an(;). (3.16)
VZAu()+ 72 An () =—j (3.17)
2 5,7 2 0N p
Viu, (r)+y°u,,(r)=- , (3.18)
£0E

roe y =ik =w.&,1, =k, —ikﬂ - KO9dPPULMEHT pacnpocTpaHeHus, SABNsto-
Lniics B OBLLEM CIyqae KOMMIEKCHOM BenuunHow; k, - KoSthULIMEHT 3aTyxaHus; kﬂ

- KO3bPMUMEHT hasbl.
AHarnornyHasi COBOKYMNHOCTb YpaBHEHU MOXET ObITb 3anucaHa n gnsi MarHUTHbIX
BEKTOPHOIO U CKansapHOro afnekTpogMHaMnyecknx noTeHunanos:

- - 1 ey —
£
Hn(r)=—gradu (r) =&, Am(r), (3.20)
VA + 7 Ay =—j (3.21)
pM.CC

V2l )+l (r) = (3.22)

Ty

B cooTHoweHusax (3.17), (3.18), (3.21), (3.22), Ha3bIBaeMblX HEOOHOPOOHbLIMU
ypasHeHusiMu [enibM2osibya OTHOCUTENBbHO KOMIMMEKCHbLIX aMnniuTyd BEKTOPHbIX W
CKanspHbIX 3NeKTPOANHAMUYECKUX NMOTEHLNANMOB.

Mo HangeHHbIM 3HaYEeHNSIM BEKTOPHbIX MOTEHUMAanoB onpeaensanTCsa KOMMNOHEHThI
3NEeKTPOMarHUTHOro Mons:

—

E = —ia),ua;i3 + graddivg3 —rotA", (3.23)

. ~

1105

a
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—_—

—9 —_ —M
H=rotd —iwe, A +

. grad div A" (3.24)
iou,

3.4 PeweHne HeoaHOpPOAHbIX YpaBHeHUN NenbMronbua

PeweHne HEeOOAHOPOAHbIX ypaBHean‘/'l 'enbMronbua NOSACHMM Ha npumMepe petle-
HWNA HEOOHOPOOHbLIX BOJTHOBbIX ypaBHeHVII7I OnA ANeKTpn4eCknx BEKTOPHOIo U CKarnAapHo-
ro ANekKTpoanHamMmnyeckmnx noteHumnarnos, 3armMcaHHbIX And OAHOPOAHbLIX N N3OTPOMHbIX
cpen, B KOTOPbIX OTCYTCTBYKOT MarHUTHbIE NOTEPU N ,D,I/ISJ'IeKTpI/I‘-IeCKI/IIZ rmcrepesuc. an/I
3TOM 6yp,eM CynTaTb, 4YTO BOJIHOBOE 4MUCIIO WMMeeT KOMIJIEKCHOEe 3Ha4YeHue:

k = ks — ik, . 310 nossonset nepenucath ypasHeHns (3.17), (3.18) B yxe paccmart-

punBaemMom paHee Bnge HeogHOPOAHbIX BOJTHOBbIX ypaBHeHmﬁ:

cm

V2Am() =K An(ry=-J ", (3.25)

9.CT

vVl (1) -k ul(ry=-£
EoE

(3.26)

HecnoXxHo 3aMeTuTb, YTO JaHHblE YypaBHEHNA ABNAKOTCA HEOAHOPOAHbLIMU BOJIHO-
BbIMAN YpaBHEHUAMMN. Nx peweHne HavnHaeTCcd C npeanosfioXXeHnd, 4To NCTOYHUK NoJiA

—3.CT
(CTOPOHHWIA 3NEKTPUYECKUA TOK C BEKTOPOM OOBLEMHOW NMOTHOCTU j ) 3aHMmaeT

BecbMa Manyio obnacte AV — 0 B6nu3n Havana koopauHat. Bo Bcem ocTarnbHOM
NpoCTpaHCcTBe Nosne yaoBneTBopsieT O4HOPOAHbLIM BOSTHOBLIM YpaBHEHUAM, T.e. ypaB-
HeHuaMm (3.25), (3.26) ¢ HyneBon npaBoW YacTbio. B cuny cdepudeckon cummeTpum
peLeHnst cKkansapHoro ypaBHeHuns (3.26) OTHOCUTENbHO UCTOYHMKA Byaem cuuTtaTtb pe-

weHne He 3aBucAllnMm OT YyrnoB ('0,0 B CCprW-IGCKOI?I cucrtemMe KoopauHat, T.e.

Ou, /09 =0, du, /00 =0. Torga nannacua n3 (3.26) ynpowaetcs, a pelieHme

npeacraBnseT cobow ABe chepnyeckmnx BOSHbI, PacrpoCTPaHSIIOWMNXCS OT UCTOYHUKA B
CTOPOHY BO3pacTaHUsi 3HAYEHUI I (PACXOASLLYHOCS BOSHY) U CXOASALLYIOCS K UCTOUYHUKY
BONHy. Npuyem cyuiecTBoBaHME BTOPOW BOSHbLI HE YOOBNETBOPSIET YCIIOBUSAM U3My4ye-
HUS Y NPUHLMIY NPUYMHHOCTU (MPUYMHA JOMKHA onepexaTb CleacTBue).

B pe3synbTaTe pelieHune 3a4a4v NPUHUMAET BUA,
3 B 7
u,, (r)=—exp(-ikr). (3.27)
r

KoaddmumeHT B nponopumoHaneH MHTEHCUMBHOCTU UCTOYHMKA. C MOHMXEHMEM

4acToThl KO3PPULMEHT pacnpocTpaHenns k — 0, 1 ecTecTBEHHO NPeanonoXnTb, YTO
B Npeaerne JaHHOE BbIpaXXeHWe COBMNafaeT C BblpaXXeHUeM AN Mons anekTpocTaTmye-
CKOro 3apsga, T.e.
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P AV
Are.

B = (3.28)

a

BO3BpaLLI,a$ICb K I'IpOI/I3BOJ'IbHOI7I yacTtoTe n cumtas obvem V, rge pacnonoXeHbl
CTOPOHHUE CTOPOHHME CUJbI, TAKXKe NMPON3BOJIbHbIM, MoJly4Yaem

exp(—il;r)
dv.
dre,r

9.CT

u (r)= [ (3.29)
V

npe}J,CTaBJ'IFIFI BEKTOPHOE ypaBHEHNE TpeMaA CKandpHbIMU NPOEeKUNAMUN B AEKapPTO-
BOM cucteme KoopaunHaT U NnpuMmeHaAda norfiyd4eHHoe pelleHune angd Kaxgomn u3 I'IpOGKLl,MI?I C

3aMeHaMu
3.CT

pm ~ 0T 5 5
— T H, Jm,x,y,z ’ Uy = Am,x,y,z' (330)
ga
noaydynm peweHune ana BEKTOPHOro aIeEKTpoanMHaMUNYECKOIo noTeHuana:
-3 -~ U ~ exp(—ikr
Am(7) =Z—“Ij31'CT(r')L)dv. (3.31)
r

Ty

Ncnonb3ayemble B cooTHoweHUM (3.31) o603HauyeHUA NoKasaHbl Ha pucyHke 3.1.

z
Av r= |?— ?l
= o
LAt r
r!
0 y

PucyHok 3.1 — lMosicHeHMA K cooTHoweHuto (3.31)

CnepyeT Takke OTMETUTb, YTO COOTHOweHne (3.31) HasbiBaeTCcss UHMezpasioM
Kupxzogha Onsi 3ana3dbiearowux nomeHyuasioe. OHO yaoBReTBOPSiET YCMOBUSIM
TeopeMbl €ANHCTBEHHOCTW ONsi BHELWHEN 3adayun 3nekTpoanHaMuKu. SKCnoHeHumarnb-
HOW MHOXMWTENb COOTBETCTBYET KOHEYHOW CKOPOCTU pacnpoCTpaHEHUs BOSHbl OT WUC-

TOYHUKA CO CKOPOCTbHO V = Cl)/ﬁ , 6naro,u,ap$| 4yemy ero BO34enNCTBME OOXOOAUT A0 TOY-

KM C paanyc-BeKTopoM 7 C 3anas3ablBaHMEM Ha BpeMs
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v k r
v 0]

3necb kﬂ =m+\/EglUy - KOIPDUUMEHT asbl, NN AeNCTBUTENbHAS YacTb BOMHO-

BOro yncna ceBob6ogHoOro NpoCcTpaHCTBa.
Takum obpasom, n3 aHanusa cooTHoweHus (3.34) cnegyeT, YTO BEKTOPHbLIA MO-

—

TeHuhan B ToO4Ke C pagnyc-BEKTOPOM 7 B MOMEHT BpeMeHM t aBngaetcsa (byHKLlMeIZ TO-
KOB B TOYKE pacnosioxXeHna UCTOYHWUKOB, cyllecTBOBaBLUUX B bonee paHHI/IIZ MOMEHT
BpeMeHN. ,D,aHHOG nonoXeHmne Ha3blBaeTcAd meopeMoﬁ 3an336bleafou¢ux nomeHyu-
aJsjioe, a 3rekKTpoanHamMmmnyeckme noTeHumasrbl Ha3blBaloTCA 3ana3gbiBatoLnMn.

nOCKOJ'Ibe TOKMU U 3apAadbl MEHAKTCA NO rapMOHUYECKOMY 3aKOHY, TO 3KCIMOHEH-
LManbHbIM MHOXUTESNb B cpege oes noTepb 3annmcbiBaeTcq B BUae

explio(t —r/v)]=expliot) exp(—ior/v) =exp(iot) exp(-ikg r). (3.35)

Takum 06pa30M, NPUMEHNUTENIbHO K rapMOHNYECKNM MNpoLecCaM 3anasjbiBaHne Ha
U kﬂ r .
BpeMs f, = — =——— y4UTbIBAETCS MHOXMTENEM eXp(—ikgr) U O3Ha4YaeT caBUr Mo
v Q)

hase Ha BenuunHy @7/ v.

Nexkumna N 4 dneKkTpomMarHMTHbIE NOJSIA 3NIeMeHTapPHbIX
MCTOYHUKOB

4.1 O6wue XapaKTePUCTUKN INEKTPOMAarHMTHOro nonsd 3yfieMeHTapHbIX
NMCTOYHUKOB

B I'Ipe,D,bI,D,yLLI,eVI fekunun obIno PaCcCMOTPEHO NOHATUE WN3JTy4YEeHUd, npn KOTOpPOM
n3nyyaemoe 3JIeKTPOMarHMTHOE rose nopoXxaaeTca OeNCTBUEM CTOPOHHUX CUM, Onu-
CbiBa€MbIX CTOPOHHUMWU 3apAfaMn U TOKaMW. I'IonyquHoe peweHne 3agaydun 06 nany-
YyeHun ObINo 3anMcaHo C UCMNONb30BaHNEM ANeKTpoanHamMnyeckmnx noTeHumanosB, KOTo-
pble ANA rapMOHUYECKUX Monel onpeaensaoTcs opMyIo:

;i}an(M) (;) _ Hg (ga) J.J:/l(M).CT (;;) exp(—zkr) dv
4z d . (4.1)
3KCI'|OHGHL|,I/18]'|beII7I MHOXWUTEIb, BXO,EI,FILU,I/IIZ B OAaHHOE BblpaXeHune npeancrasnder

cobon gpyHkyuro MpuHa ceo600Ho20 npocmpavcmea G(r,r') (v - paauyc-BekTop,

onucblBatoLen TO4YKY, B KOTOpOI?I onpependeTca nore; r' - paanyc-BeKTop, onuncbiBa-

IOLLEen NonoXeHme TOYKM UCTOYHUKA; 7 = r—r' ) MocnegHas sBnsieTcs peweHnem

COOTBETCTBYHLLENO BOJIHOBOIO YpaBHEHUSI UNU ypaBHEeHUs enbMronbLa npu npaeo
YacTv B BUAe AenbTa-pyHKUMM dupaka. EAMHuLbl ee uamepeHusi - M .
®yHKumMA [pyHa ABRSIETCS MCTOKOOOPAa3HOW, T.e. ONMCbIBaeT BO3bYyXdeHue nons.

MaTemaTnyeckn AgaHHoe siBfieHue CoOoTBEeTCTBYET o6paLu,eH|/|+0 B HYyIlb 3HaMeHaTell4,
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T.€. CNnyyan, Korga pacCTtosiHMe MeXAy TOYKOMW, B KOTOPOW pacronioXXeH UCTOYHUK, U
TOYKOM, B KOTOPOM ULLETCS Norsie, coBnagatoT.

[Ana HaxoxgeHus CTPYKTypbl NOMs, BO30Y)XAAaemMOro CTOPOHHWM WCTOYHUKOM,
HeobXxo0aMMO NOACTaBUTb BblpaXeHWe B COOTHOLLUEHWE A1 3NEKTPOAMHAMMUYECKOro no-
TeHumnana (4.1) KOHKpeTHOe pacnpegernieHMe Toka, a 3aTeM MNoslyYeHHOe BblpaXeHue B
COOTHOLLUEHNS, CBA3bIBAKOLME KOMMOHEHTbI 3NEKTPOMArHUTHOrO Mons C 3NeKTpoanHa-
MUYECKMMM NOTEHUManammu.

MprBegemM oOKoHYaTeNbHbIE BblPaXXeHWUs, noflydaemble Onsi KOMMOHEHT 3MeKTpo-
MarHMTHOro nonsi, BO30y>4aeMoro UCTOYHNMKAMM MarHUTHOIO M 3NEKTPUYECKOTO TUMOB.
Tak, ecnn UCTOYHUK NOonsa ABNSAETCS MarHUTHbIM, TO BEKTOP Hanps»KeHHOCTU MarHUTHO-
ro nonsa 6yget onpenensitbCa BblpaXXeHUEM:

r—r'

)dv'. (4.2)

47TV PR—— vyr—r

—— 1 ke — -
Hu(r)= I >+ ! j‘ [jm (r'),ro}exp(—ik

,D,J'IFI MCTOYHUMKOB J3JIEKTPUHECKOIO TUMA BblpaXeHune ansa BeKTopa HanpA>XeHHOCTU
AJIEKTPUHECKOIo nonA 6y,u,eT MMeTb BUA:

En(r)=— [ 1 | & J G ro | exp(—ik| F—r)dy'. (4.3)
4 "

—_ —

2
Vi |r—r' r=r

—_—

B cooTHoweHuAx (4.2) n (4.3) paanyc-BeKTop 7, onpeaenserca COOTHOLEHNeM:

- r—r'

ro = (4.4)

— N

r—r'

BbinonHMM aHanus3 nons us3nyyeHUs Ha OCHOBaHWUW MNpeacTaBNeHUs KOMMOHEHT
nonsa cootHoweHuamu (4.2) n (4.3). MNMoabiHTerpanbHble BbipaXeHus NpeacTaBnsalT co-
6o cymmy aByx urneHoB. OTHOLWEHWe cnaraemblx B NogblHTErpanbHbIX PyHKUMsX obo-

NX BbIPaXXEHU paBHO ik

r— r". [nsa Henornowiarowen cpeabl BenuunHa k=2n/i saBns-

— —

€TCS BELUEeCTBEHHOW. B 3aBMCMMOCTU OT COOTHOLLUEHUSI BESIUYMH I"—I"" n A MOXeT

npeobnagaTtb NepBbli UMM BTOpoW YneH. Ecnu BenuunHa

r— r" JOCTaTo4YHO BenuvKa

MO CPaBHEHWIO C AJSIMHOW BOMHbI U padMepaMy 06nacT UCTOYHUKOB, TO KOMIMOHEHTbI
BEKTOPOB 3fIeKTPOMarHMTHOro nosns sce 6onee npnobpeTtatrdoT NPOCTpPaHCTBEHHOE pac-
npegeneHne Tuna cgepuyeckon BomnHbl. [aHHas obnacte nonyyuna HassaHve dasib-
Hell (80/1HO80U) 30HbI UJIU 30HbI U3J1y4eHUsl, NOCKOSbKY rnoJsie 8 aHHOU 30He y[0-
BNEeTBOPSIET yCnoBusam nanyyeHna 3ommepdensaa.
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Ecnu obnactb UCTOYHUKOB Marna no CpaBHEHUKO C ONWMHOW BOJSHbI, TO MOXHO YKa-

r—r'

3aTb Takyl 0b6nacTb pacCTOSAHUI <<), Korga npeob6nagaeT NepBblit YneH Bbipa-

XeHunA. D,aHHaFI obnactb nony4una Ha3saHue ONMXKHEN 30HbI.
Momnmo YKa3aHHbIX 30H BbIAENAKT TPeTbd — MPOMEXYTOYHYIO, B KOTOpOﬁ

~A.

Ha pucyHke 4.2 nponnntoCcTpMpoBaHbl ONUcaHHbIe Bbiwe 06nacTtn nsnyyYeHns umc-
TOYHMKA. [1pn 3TOM UCNoNb30BaHO creayloliee 06o3HayYeHne 30H: 1 — BAMXKHASA 30Ha, 2
— MPOMEXYTOYHasi 30Ha, 3 — AarnbHAs 30Ha.

r—r'

Z

PucyHok 4.1 — nntocTpauus 30H U3fyYeHnst NICTOYHMKOB

4.2 Nons ANIeMEeHTapPHbIX ANMeKTPN4eCKoro 1 MarHuUTHoro BVI6paTOpOB.
,U,Marpamma HanpaBleéHHOCTU

PaccMoTpeHue CTPYKTYpbl MOMNS HAYHEM CO cryyasi aneMeHTapHbIX U3nydyartenei
3NEeKTPUYECKOro M MarHUTHOro TUnos. [aaumM onpeaeneHne aneMeHTapHoro nsny4yaTte-
ns.

AnemeHmMapHbIM 3J1€KMPUYECKUM U3J/lydamesieM HasbiBaloT 3NIEMEHT 3reK-
TPUYECKOro NUHEMHOro TOKa, XapakTepuayembli criedylolwmnMm 0coBeHHOCTAMMU: BO-
nepBblX, €ro AnvMHa BecbMa marna fno CpaBHEeHWIO C OSIMHOW BOSHbI CO34aBaeMoro um
Mons 1, BO-BTOPbIX, B Ka)adblh MOMEHT BPEMEHU TOK MMeeT OOHO U TO Xe 3HaueHue.
MpvMepoM peanusaumuy 3NeMeHTapHOro 3NEeKTPUYECKOro uanydvatens ABMAeTca Au-

nonb Mepua - BubpaTop AnmHON £ 3HAUUTENBHO MEHbLLEN AMUHbLI BOMHbLI B Bakyyme A
n paguycom a << {, o KOTopoMy npoTekaeT NepeMeHHbIN dNeKTpuiecknii Tok /.

dnieMeHmMapHbIl Ma2HUMHbIU u3Jly4amersib — 3TO BOOOpa)kaeMbli «MpOBOA-

HUK» AnuHon £ << A, no KOTOPOMy npoTeKaeT PUKTUBHBLIN MArHUTHbLIN TOK 16”. Mpu-

MepaMu peanusauun 3NeMEHTAPHONO MarHUTHOMO M3fyyaTens SBMSOTCA pamka C To-
KOM, a Takxke Lienb B MeTanM4eckoM aKpaHe.
PaccMoTpUM CTPYKTYpy MOMsSi 3MEeMEHTapHOro 3MneKkTPUYECKOro U3nyyartens.

—

I'Ipe>|<p,e, 4yeM 3anncatb BEKTOP MIMOTHOCTU TOKa ] B mn3nydarerne, caenaem HeCKOJ1IbKO

3amedaHun obuiero nnaHa. Bo-nepBbix, 06 Mcnonb3dyemon cucteme koopaumHat. Ons
TOro 4YTO6bLI NONyYyaemble BblpaXKeHUs1 O KOMMOHEHT Monsd MOXHO 6bIo pasgenuTb,
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MCMNONb3yeTcs Ta cMcTema, KoopauHaT, B KOTOPON OHa M3 KOOPAUHATHLIX MOBEPXHO-
CTe coBnagaeT C NMOBEPXHOCTbIO M3ny4yaTtens. Tak, Ans TOYeYHOro nsnyyatens MoXeT
NPUMEHATLCA Kak [ekapToBa, Tak U cdepudeckas cuctembl koopauHat. [Onsa npota-
YXEHHbIX NIMHENHbIX UCTOYHUKOB, Hanpumep, HATEN aNeKTPUYEeCKoro Unn MarHUTHOro To-
Ka, ucrnonb3yeTcs UMnNuHApuYeckas cuctema koopauHat. Bo-BTopbix, B BbiIGpaHHOW cu-
cTeMe KoopaAMHaT UCTOYHUK OObIYHO OPUEHTUPYIOT TakuMm 06pa3oM, YToObl ero obpasy-
towas coenagana c ocbto 0z . OTCYeT OAHOMoO M3 YrNoB OCYLLECTBIISAETCS OT ocu BUbpa-
Topa.

C y4yeTOM caenaHHbIX Bbille 3aMeyaHui Afis onucaHus pacnpefernieHus Toka B
3MNeMeHTapHOM 3MEeKTPUYECKOM M3nydaTene BBeAEM AeKapToBy CUCTEMY KoopAauHaT,
Kak nokasaHo Ha pucyHKe 4.2, U NpPeanorioXnM, YTo U3nyyaTeslb OPUEeHTMPOBaH BOOIb
ocn Oz.

Iy¢

PucyHoK 4.2 - feomeTpuA 3a4a4M HAXOXKAEHMA NOJSA 3/1IeMeHTapPHOro
INNEKTPUYHECKOIo nsny4vyatenA

PacnpegeneHve Toka B uanyyaTene B 3TOM criyyae Oy[4eT onucbiBaTbCs Bblpaxe-
HUEeM:

J (") =z1,8(x—=0)8(y - 0)5(z —0). (4.5)

HaxoxageHne coCTaBnsLWMX 3MEeKTPOMarHMTHOro nonsi NpovsBedem nytem noja-
CTaHOBKM pacnpeaeneHus Toka (4.5) B cooTHoweHue (4.3).

Mo ycnosuo BubBpaTop SBMSETCA MCTOYHWKOM 3NEKTPUYECcKoro Tuna, crenosa-
TenbHO, Ha4eM BEKTOPHbIN 3MeKTpuyecknin noteHuman. Noacrasnsas BoipaxeHue (6) B
COOTHOLLEHNE AN BEKTOPHOrO 3neKkTpuyeckoro noteHumana (4.1) n yymtbliBas OCHOB-
Hble CBOWCTBa AenbTa-pyHKuMn [dupaka, nocne MHTerpupoBaHusi no obbemy, B KOTO-
POM COCpPeOOTOYEH UCTOYHMK, B AEKAPTOBOM CUCTEME KOOPAUHAT Noslyvyaem:

—o ~ = exp(—ikr)
4

A(r)=z 1,0 (4.6)

[lanee ons npeactaBneHus nNoTeHUMana B KaXaoW TOYke NpoCcTpaHcTea (Hanpu-
Mep, B Touke P) nepeigem oT AekapToBon cucTeMbl koopauHat 0xyz Kk cchepudeckon

cuctemMe KoopauHat ORQ(,D Mocne I'Ip606pa3OBaHI/I$I, BbIMNOJIHEHHOIO C MUCNoJsib3oBa-
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HMEeM pucyHKka 1, KOMMOHEHTbI BEKTOPHOMO 3MEKTPUYECKOro noTeHumana oyayt umeTb
BUA;

AR = ‘Za cosf = MIOE cos b, (4.73)
4rr

4 = —‘23 sing =— PR 1 ying, (a.76) 42 =0. (4.78)
r

MoacTtaBnaAs KOMMOHEHTbI BEKTOPHOIro J3JNeKTpun4yecKkoro rnorteHumnasria B COOTBET-
cTByrOwine COOTHOWEHUA ONA KOMMNOHEHT 3J1IEKTPOMAarHMTHOro nosd, nonyvyaem:

1 :

Hp=0,Hy=0,H,= sz (1+ ikr)sin 0 exp(—ikr),
4rr

1,0 . :
Ep =————= (1+ikr)cosOexp(—ikr),
2rwe, r
Ey =" (v ik - ks / =
p =——— (I +ikr—k“r")sin@ exp(-ikr), E,=0. (4.8)
drwe,r

PaccMoTpuM CTPYKTYpy Monsi B BblAeNeHHbIX Bbillie 30Hax: GrnvkHel u fanbHein. B
6rnkHel 3oHe BCe Tpu BO3MOXHbIE cocTasrsiowme nons - Ex, Ey v H, - oTinyHbl
OT Hynsi:

— iyl
3

— il l

Iy
H, = 3

sinf, Ep =
Y 4m? 2rwe, r

cos@, E, = sinf. (4.9)

drwe,r

an/I onncaHun nons B AanbHen 30He MOXHO OT6pOCI/ITb cnaraemMbie, nMewLine

2 .
nopanok v, T.e. MOXHO npeHereqb CocCTaBnidlowen nonA ER no cpaBHEHUIO C EQ.

CnepoBaTtenbHO, KOMMOHEHTHI ANEeKTPOMardHnTHOro nosiAa 6yD,yT onpenendaTbCA TOJ1bKO
AOBYMA KOMMNOHEHTaMM
H, =

2
Lotk sin @ 0 ﬂsin@

exp(—ikr)
drwe, r ' 4r r

exp(—ikr)

E, = (4.10)

KoMnoHeHTbI nons 3N1IeMEeHTapHOro MarHUTHOro mnany4darena MoryT ObITb nony4ye-
Hbl HA OCHOBE UCNOJ1Ib30OBaHNA AIpPUHYUUNa deolicmeeHHOCMU:
E =

I"olk*
=———sinf
draou, r Y 4r r

exp(—ikr) I <ing exp(—ikr) |

H, (4.112)

AHanus cdopmyn (4.10) n (4.11) nokasbiBaeT, YTO BO3OYyXgaemMble dfieMeHTapHbI-
MU n3nyvatensamMmu nons npeacraBnaoT cobon yxogsuwme Ha 6eckoHe4YHOCTb chepuye-
CKMe BOJIHbI, YTO MaTeMaTUYeckn onucbiBaeTcs MHoxuTenem exp(—ikr)/r. B panbHei

30He (Npyn r — c0) None sBAseTCA KBa3UMNIIOCKMM (OTCYTCTBYET R-KOMMNOHEHTa nons),
Kak nokasaHo Ha pucyHke 4.3. Ha gaHHOM pucyHke o6o3HadeHue <P(tf)> cooTBeTCTBYyEeT
BeKkTopy NonHTMHra, T.e. HanNpaBNeHWIO PacNPOCTPAHEHUS BOSTHbI.
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PucyHok 4.3 — COOTHOLLEHMSI KOMMOHEHT MOSIA 9flIeMEHTAPHOro nanyvarens B
JanbHen 30He
CooTHOWwEeHMe Mexay KOMMOHEeHTaMu nons ABnseTcss NOCTOSHHOW BENUYUHOMN,
Ha3bIBAEMOW 80JIHOBbIM COMpomuesieHuUeM ceo600HO20 nNpocmpaHcmea
E E
=0 —_ "% —w =120% Om. (4.12)

H, H,

N3 dpopmyn (4.10) n (4.11) cnepyeT, YTO ANEMEHT Kak aNeKTPUYeckoro, Tak n mar-
HUTHOrO TOKOB BOOOLLE HE M3nyyaeT B HanpasneHun ceBoen ocu (6=0°), a B aKkBaTopu-
anbHou nnockocTn (6=90°) nanyvyeHme makcMmarsbHO.

PacnpegeneHune nonsa nsnyyeHns B NpoCcTpaHCTBe npu R=const xapakrepusyeTtcs
npy NoMoLLM OYHKLUMN, Ha3biBAEMOW XapakmepucmukoU HanpaesieHHocmu:

_ |U@.9)]|
F(Q’(p) ) ‘ U(Q,(p) ‘max |

(4.13)

TpaguuMoHHO ANa nany4daTenein aNekTpUYeckoro Tuna MUCnornb3yeTcs XapakTepu-
CTUKa HanpaBEeHHOCTM, MONy4YeHHass OTHOCUTENbHO pacnpeneneHns aneKkTpUYeckoro
nonsa (U = E), a ona nsnyyatenei MarHUTHOrO TUna — OTHOCUTENBHO pacnpeneneHuns
marHutHoro nonsa (U = H). Ona aneMeHTapHbIX 3NeKTPUYEecKoro U MarHUTHOro usny-
YyaTenein xapakTepucTmka HanpaBneHHOCTU uMeeT BUA;

F(0,9)=|sin0|. (4.14)

Mpaduk aTon pyHKUUN Ha3biBaeTcss duagpaMMolU HanpaesieHHocmu. [uarpam-
Ma HanpasfeHHOCTM MOXeT BbITb NOCTPOEHa B AeKapTOBOW CUCTEME KOOpAMHaT, B MO-
NAPHON cUCTEME KoopauHaT, B LUNUHAPUYECKON CUCTeMe KoopAuHaT, B cheprnyeckomn
cucteme KoopamHat, B 0600LLEHHOM cUMCTEME KoopauHaT.

Ha pucyHke 4.4 nokasaHbl gnarpaMmmbl HanpaBieHHOCTU B Chepuyeckon cucteme
KoopauHaT ANs pasfnuYHbIX TUMOB M3nyyaTenen:. gunona — pucyHok 4.4,a, n 6onee
CNOXHbIX aHTEHH — pUcyHke 4.4,6,8. Npn aToM nepBas anarpamma nmeeT opmy Topa,
BTOpasi — KOHYCHas, TpeTbs — BeepHasi.
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3ﬂeKTpOﬂ,MHaMMKa N pacnpocTpaHeHne paanoBoJiH

Normalized Power Pattern (dB)
Nermaized Power Pattem (68)

PI/IcyHOK 4.4 — ,D,I/larpaMMbl HarnpaefeHHOCTU pa3yin4HbIX TUMNOB |/|3r|yt-|aTer|e|7|

4.3 Chepuyeckue BonHbl. [one aneKTpMyeckoro u MarHUTHOro
BubpaTopoB

I'Iepeﬁ,u,eM K pacCMOTpPEHUIo nona nanyyvyeHund, cosgaBaemMoro UICToO4YHMKamMmum, nMme-
OWNMN KOHEYHble pa3Mepbl L, ogHako, B oTnnymMe OT AJIEMEHTApPHbIX |/|3nyt-|aTene|7|,
pacnpepernieHne Toka BAOOJIb U3ny4yaTteria He ABINAeTCA NOCTOSIHHOW BENMYNHOW, a onu-
CbiBaeTCA 3aKOHOM

~5 cm - [’ (z)expliw(z)], ze€l,

J (@)= (4.15)

z& L .

B paHHOM cooTHOLEHUMN ]3 (Z) n y(z) — 3agaHHble Moaynb 1 ¢asa Toka.

Bblpa>|<eH|/|e O5A BEKTOPHOro afiekTpn4eckoro noteHunana ¢ ncnofib3oBaHmMem co-
OTHOLLUEHUA Ond beHKLI,I/II/I valHa npencrasuMm B Buae:

—

A =i L [ P (2Nexpliy (N1 SRR 4 (4.16)
Ay r

B KOTOPOM 7* :\/x2 +y +(z-2").

Kak n ona anemeHTapHoOro sanekrpuyeckoro sBubparopa, BEKTOPHbIA NoTeHuuan B
NPOU3BOSNIbHON TOYKE NPOCTPAHCTBA UMEET TOMbKO Z-COCTaBMAKLLYI0, a ocCTalibHble
KOMMOHeHTb! (A, A,) paBHbl Hyno. M3 paBeHCTBa, CBA3bIBAOLEro BEKTOPHbLIN MOTEH-
unarn c BEKTOPOM HanpsKeHHOCTU MarHWTHOro rorns, noflydyaem OTIIMYHYIO OT Hyns
KOMMOHEHTY Nonsi:

exp(—ikr) | 0

H,= — 5(rsin0Aj)+%(cos@Aj) : (4.17)

OcTtanbHble KOMMNOHEHTHI (H,, H;) HAaNPs>XKeHHOCTU MAarHUTHOrO NOJNst TOXOECTBEH-
HO paBHbl HymM. [lanee, ncnonb3yst BTopoe ypaBHeHWe Makcsenna B andgepeHum-
anbHOW dhopme, 3anuiiemM paBeHCTBa AN KOMMOHEHT HanNpsiKeHHOCTU 3NEeKTPUYECKOro
nons B cdbepuyeckon cucteme koopamHaTt
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIM

INeKTpoAMHaAMUKA U pacnpoCcTpaHeHne paanuoBOoJIH
exp(—ikr)W 0O exp(—tkr)W 0
krsin@ 00 kr or
Mpn kr—w (B OanbHel 30He) npu O0NbLINX PACCTOAHUNAX OT UCTOYHMKA U3Nyde-

HUA MNofe uMeeT ABe NonepeyHble OTHOCUTESIbHO HanpaBfieHUs pacnpoCTpaHEeHUs

CUH(pa3Hble cocTasngowme. HecMoTpst Ha TO, YTO (PPOHT BOJSHbI (MOBEPXHOCTL ba3)
npeactaBnsieT coboii cepy, YTo onpeaensieTcs coMmHoxutenem exp(—ikr), none 3a-

E,=0, E, = (sin6 H,), E,y = (rH,).(4.18)

BUCUT eLle M OT yrnoBoun KoopauHaTtbl 6. Takas BOSMHbl Ha3biBaeTCcs HEOOHOPOOHOU
cghepuyeckol 80sIHOU.

Mcnonb3yst NpyHLMN B3aMMHOCTM, HECITOXHO cpady onucatb chepudecKyto BOSHY,
BO30y>Xaaemyro MarHUTHbIM TOKOM.

4.4 UnnuHpapuyeckne BomnHbl. CTPYKTypa noss NMIMHEUHOro
3NEeKTPUYECKOro U MarHUTHOro nsny4vyarteneu

PaccmoTpum Tenepb criydan, Korga UCTOYHUK ABNAETCS NPOTSXKEHHBIM - JIUHEN-
HbIM 3MEKTPUYECKNM U MarHUTHbIM U3nyyaTenem, KoTopble Kak BUOAHO 13 Ha3BaHUSA OT-
NNYaKTCA TOSIbKO TUMOM TOKa, NPOTEKAOLLUM MO HUTW.

dunsnyecknmMm MoaenaMu Takux uanyyaTtenen ABnsTCAa OECKOHEYHO OMMHHBLIN
npoBo C paguycoM, HAMHOIO MeHbLUMM AfMHbI BOJSTHbI, MO KOTOPOMY NPOTEKaeT 3riek-
TPUYECKNA TOK, N CNUparnbHbIN U3nyyaTtenb, AfMHA KOTOPOro MHoro 6onblue paguyca
BUTKa a N a<<.

Pewenne 3aga4y o6 msnyyeHMn GECKOHEYHLIX MPSIMOSIMHENHBIX HUTEN C TOKaMu
yOooOHO NpoBOAUTL B LMINHOPUYECKOW CUCTEME KOOpAMHAT. B AaHHOM cucteme Koop-
AvHaT pacnpegeneHne Toka B 0eCKOHEYHO ASIMHHOM MPAMOSIMHENHOM 3M1EKTPUYECKOM
n3nyyartene onucbiBaeTcs BblpaXeHnem

i =i 1 8(r — a)5(p - 0), (4.19)

roe 13 — BeJIM4nHa TOKa B TOYKE NMUTaHnA.

BeKTOprIIZ SJ'IeKTpI/ILIeCKI/Iﬁ noTeHuunasn B LI,I/IJ'II/IH,EI,pI/I‘-IGCKOIZ cucrteme KoopauHat
onpependaeTcd BblpaXXeHneMm:

AT e
A (r)=lZIH0 (kr), (4.20)
l
a OTINIMYHbIE OT HYJ14 COoCTaBlidlolne nosid HUTU SNEKTPUYHECKOIro TOKa MMeroT BUA:
I, ) 1, )
H, =4—ikH1( '(kr), E.= —4—l_kW0H3 ) (kr), (4.21)

roe H ’gz) () - dyHkuwmaA MaHkens 2-ro pofa n -ro nopsiaka.

an/I kr—oo AgaHHble KOMMOHEHTbl Mnons npn mncnoJsib3oBaHMM aCUMMNTOTUHECKOIo
npencraByiEHUA beHKLI,I/II/I MaHkena gnga 6onblUMX 3HAYEHUNn aprymeHta MoryT ObITb
npenctaBsi€Hbl B BUAae:
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INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

k : :
H,= P exp[—ikr +in /4], E,=-H,W,. (4.22)

Takum o6pas3om, 3neKTpoMarHuT-

Hoe none, BO30yXJaemMoe HUTbIO CUH- ¢
da3HoOro TOKa, pacnpocTpaHseTcs B I I
HanpaBneHusix, NepneHanKynApHbIX HU- - N
Tn. None umeeT ABe nonepeyHble OTHO- L ~ i_,,
CUTENbHO HanpaslieHUs pacnpocTpaHe- : - ‘“"-'>l<\IH
HUA CUH(asHble cocTaBnswwme E; n I E ﬁ,
H,, T.e. BO3byxgaemoe none sABnseTcs =717~
T-BonHon. ®asa cocTaBnALWMX BEKTO- L ‘
POB MOMsA BONHbI MEHSAETCA Mo r Nnpw [ H
kr—o no 3akoHy Oerywien BOJHbI. : FANL
®poHT BONHbLI MpeacTaBnaeT cobow : P :
©ECKOHEYHbIV UMNMHAP C OCbi, CoBMa- :,/ 0 “‘\I ¥
Aarlen ¢ HUTbK Toka (pUcyHok 4.5). N T
AMNNUTYAbl COCTaBNSALWMX BEKTOPOB . /*-—/-—>I<H
nonsa ybbiBaeT C POCTOM & MO 3aKOHY, i T
. 1

onpegensiemomy yHkumen |—. Co-

r PucyHok 4.5 — CTpykTypa
CTaBnsgloLwWme BEKTOPOB NOSs OAHOPOA- UUITMHAPUYECKON BOSHBI

Hbl MO asMMyTanbHOMY YrIy ¢ W MO KO-
opauHate z. BonHy atoro Tuna Hasbl-
BalOT OOHOPOOHOU YUSTUHOPUYECKOU 80JIHOU.

[ns vnanyyaTens MarHMTHOrO TMna COOTBETCTBYIOLLME KOMMOHEHTLI Nons B Aarb-
Hewl 30He Takke MOryT ObiTb MOMyYeHbl C MOMOLLbIO NMPUHLMNA BOMCTBEHOCTU U UMEIOT
BUA;:

e Ik )
EgD =—4—iH1 (kl’), HZ Z—WHO (kl”') (423)

Jlekuusn N 5. lNone cucteMbl afieMeHTapPHbIX U3ny4varenen

5.1 MpuHuunn MNounreHca-Knpxrodpa

Mpy aHanM3e KOHKPETHbIX U3MyYaloLLMX CUCTEM pacnpeaenieHne TOKOB B CUcTEME
yacTo GbiBaeT NMOO HEM3BECTHO, NMMBO MMEET KpaiHe CIOXHbI xapakTep. B To xe
BPEMsi MOXHO CYMTaTb M3BECTHbLIM MOse B HEKOTOPOW 3aMKHYTOW MOBEPXHOCTM, OXBa-
ThiBalOWEN U3Mnydalollylo cuctemy. B aTux cnyyasx none, usnyyaemoe CUCTEMOW,

MOXHO HanTun HenocpeacrtBeHHO No 3Ha4YeHUAM BEKTOPOB E v H wna aton NnoBepxXHO-
CTW, T.e. BMECTO OeNCTBUTENbHbIX UCTOYHUKOB NUCNOJIb3YKTCA UX 3KBUBAJIEHTDI. D,aH-
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INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

HOoe OBCTOATENLCTBO ObIIO OTMEYEHO NPU POPMYMPOBKE TEOPEMbl SKBUBANEHTHbLIX
NOBEPXHOCTHbIX TOKOB.
PaccmoTprm 6onee nogpobHO hn3nyeckyto MHTepnpeTaumio JaHHOM TEOPEMBI.
HanoMHMM, 4YTO OaHHbIN UCKYCCTBEHHLIN NMpuem (UM mMeTon) No3BOSsSeT paccyn-
TaTb 3NIEKTPOMarHUTHoe none nbon orpaHUYEHHON B NPOCTPAHCTBE CUCTEMbI UCTOM-

HWKOB, €CIin N3BECTHbl KacaTellbHble COCTaBJ1AOLWNE BEKTOPOB E v H na HeKOTOpOIZ
3aMKHyTOIZ Cbl/IKTI/IBHOI?I NOBEepPXHOCTU S, oxBaTblBalOLLLEN AAHHbIE MCTOYHUKN.
JKeueasnieHMHbIe NMoeepxHOCMHbIe UCMO4YHUKU BBOOATCA clieayllwmnm o6pa-

30M. lMycTb HEKOTOPOE 3ANEKTPOMArHNUTHOE MoJie xapakrepusyeTtcs Bektopamn £, H |
CUMOBbIE JIMHUM KOTOPOro npuBefeHbl Ha pucyHke 5.1,a. MNpeanonoxum, 4To 31O Xe
none cyliecTtByeT Tornbko B obnactn 1 n otcytcteyet B obnactu 2 (pucyHok 5.1,6). Bbl-
ACHUM, Kakue yCcrnoBus Hado NOCTaBWUTb Ha rpaHuue S (LWTpuxoBas NUHUSA), YTOBbI NX
AEeNCTBNE OKa3anocChb 3KBMBANEHTHbIM OTOBPaXeHHOMY NoSIHo.

a 0
PucyHok 5.1 — BBegeHue akBMBanNeHTHbIX MOBEPXHOCTHbLIX NCTOYHMKOB

Mpn nepexoge 4epes rpaHuuy S BCe KOMMOHEHTbI BEKTOPOB MNosSis Tenepb 6yayT
obpbiBaTbCs. Kak M3BeCTHO, pa3pbiBbl HOPMaribHOM KOMMOHEHTbI BEKTOPA aneKkTpude-
CKOM MHAOYKUMM U TaHreHumanbHOW COCTaBNsAOLWEN Hanps»KeHHOCTU MarHUTHOro nonsg
COOTBETCTBYIOT CYLLEeCTBOBAHUIO MOBEPXHOCTHOrO 3IIEKTPUYECKOro 3apsga v nosepx-
HOCTHOIO 3f1eKTpUYeCcKoro Toka. lNMockonbKy B 06riactm 2 TOK OTCYTCTBYET, TO MOXHO
3anucaTb creyoLme BblpaXXeHus:

— — —

p=s (E v),  j=V.H ] (5.1)

(nHpekc S obosHavaeT nons Ha rpaHuue pasgena).

Ha rpaHuue S nmetotcs Takke paspbiBbl HOPManbHOM KOMMOHEHTLI BEKTOpa Mar-
HUTHOW MHAOYKUUW U TaHreHUMasribHOM COCTaBnsOLWEN BEKTOpa HanpsXKEeHHOCTU 3nek-
TPUYECKOTO MOMs, YTO NPOTUBOPEYUT rPaHMYHbIM yCroBuaM. [na yCcTpaHeHNs AaHHOro
NPOTUBOPEYNS BBOAATCH, KaK U3BECTHO, NMOHATUS MarHMTHOroO 3apsiia U MarHUTHOIO TO-
Ka. XOoTa C (pmM3MYeCcKon TOYKN 3pEHUS MArHUTHbIE 3apsaabl U TOKM HE CYLLECTBYHOT, OHM
MOryT ObITb onpeAeneHbl NPy NOMOLLY COOTHOLLIEHWI
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INEeKTPoANHAMUKA U pacnpoCcTpaHeHMe paanoBOIH
—S5 - -M -5 -
P :‘UO‘U (H ,V), J :[E 9V]' (52)

Takmum obpasom, nepBoHavanbHoe none £, H 6ypeT cywectBoBaTb B obnactu 1
BMNOTb A0 rpaHuubl S (6e3 npogormkeHus B obnactb 2), ecnu Ha noBepxHocTn S pac-
npeneneHbl ANeKTpUYeckne U MarHMTHble 3apsaabl U TOKU, CBA3AHHbIE C MNOfieM COOTHO-
weHuamun (5.1) n (5.2). B Teopeme 3KBMBaNEHTHbIX MOBEPXHOCTHbLIX TOKOB AN Ux 0bo-
3Ha4YeHUs UCMNOSb3YTCSA NOHATUSA SKBUBANEHTHbLIX MOBEPXHOCTHbLIX TOKOB.

Bnepsble aT0 nonoxeHune Obino copmynupoBaHo [onreHcoMm. MaTtemaTtunyeckas
dopMynnpoBka npuHumna lMNonreHca snepsble Obina gaHa Knpxrogom. B cBA3un ¢ aTum
AaHHbIN NPUHLUMN 0ObIYHO Ha3bIBalOT npuHyunom lMNouzeHca-Kupxaogha, NOSCHEHUS K
KOTOpPOMY faHbl Ha pUCyHke 5.2.

:
\ T S
V AdDAEREN EPEAERL
] =gt

Y P -

PucyHok 5.2 — lNosicHeHne npuHumna MorreHca-Kupxroda

CornacHo 3ToMy NPUHLMMY, KaXOyt TOYKY PPOHTA HEKOTOPOW BOJSIHbI MOXHO
NPUHATD 3a WUCTOYHUK NOKanbHOW Cepuyeckon BOSHbI, HOBOE MOSIOXeHWEe JOpOoHTa
BOJSTHbl MOXeT ObITb HAaWAEHO NpU y4yeTe AENCTBUS BCEX FOKaNbHbIX BOSH, T.€. Npu MNo-
MOLLM YCINOBHbIX NOBEPXHOCTHbLIX MCTOYHWUKOB.

Moo ¢gppoHMom 80Js1HbI OBbIMHO MOHMMAaETCA MOBEPXHOCTb, OTAENsoLWY 06-
nacTb, B KOTOPOW B AaHHbLIN MOMEHT YXXe MMEeKT MecTo KonebaHus, ot obnactu, B Ko-
TOPYIO BOSIHA eLle He ycnerna pacnpocTpaHuTbes. B criydae MOHOXpoOMaTUYECKMX AreK-
TPOMarHUTHbIX BOJSIH, PaAcnpOCTPaHSOLWNXCA B HeorpaHn4yeHHon obnacTtu, nog ¢opoH-
TOM BOJSTHbI MOHMMAIOT MOBYI NOBEPXHOCTL paBHbIX has.

CoenaHHbIN BbIBO O3HA4YaEeT, YTO noJsie 8 06 beMe MOXHO paccMampueamb He
MOJIbKO KaK pe3yJsibmam u3J/ly4eHusi peasibHbIX CMOPOHHUX UCMOYHUKO8 (3s1eK-
mpu4yecKux mokoe u 3apsi0oe), HO U KaK pe3y/ibmam u3fy4eHusi 3KeueasieHm-
HbIX UCMOYHUKOB, pacnpedesieHHbIX Ha HeKomopol nosepxHocmu. lMpu amom
onsi onpedesieHUs1 UCMOYHUKO8 00CMamo4YHO 3Hamb roJie Ha NoeepxHocmu.

40



YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(BaJ'IVICbVII-(aLI,VIM

dNeKTpoAMHAMMKA N pacnNpoCTPaHEHUE PaAUOBOIH
5.2 NUanyyaTenb NounreHca

CornacHo npuHumny lonreHca, anemMeHTbl NOBEPXHOCTU S C 3adaHHbIM pacnpe-
AeneHnemM nonsa Moryt urypMpoBaTb Kak afieMeHTapHble uanydatenun (3sieMeHmeol
rroueeHca). MarHuTHoe none, AeENCTBYIOLLLEE HA JAaHHOM 3fleMEHTE, 3aMEHAETCS IKBU-
BaN€HTHbIM NMOBEPXHOCTHbLIM TOKOM, a 3NeKTpu4eckoe norne — 3KkBUBaneHTHbIM MarHuT-
HbIM TOKOM.

Onpepenum HanpasneHHble cBONCTBA anemeHTa [onreHca. [na aToro paccMor-
pUM NPOCTENLIMIA 3NeMeHT B Buae npsimoyronbHou nnowankn AS = Ax x Ay Ha nnoc-
kKoctn z=0, HopmarnbHOM (PPOHTY NSIOCKON OQHOPOAHON BOSTHbI (PUCYHOK 5.3,a).

&

- o
—=
. ¥
= /E
Lo Cop?

?m.a 7p cmn

Zl_x;/x

a 0

PucyHnok 5.3 — Benenue anementa [ 'tolirenca

MNOTHOCTM 3KBMBANEHTHBLIX AMEKTPUYECKOro N MarHUTHOrO NMOBEPXHOCTHbLIX TOKOB,
npoTekatowmx Ha nosepxHoct AS = AxAy (npuuem Ax << A, Ay << 1), onucsl-
BalOTCA BO BBEAEHHOW CUCTEME KOOPAMHAT BblpaXeHUAMU:

—Ccm.o —cm.am

n =[zH], n o =[E,z]. (5.3)

Mone B AanbHen 30He anemeHTa [tonreHca, pacrnosio)KeHHOro B aKBaTopuasribHOW
MNOCKOCTH CCprVNGCKOI?I CUCTEeMbI KOOpAuMHAaT, 3anncbiBaeTCA B BUOE:

;’C'm.3 ASWO

E=-

(1+ cos8) (ésin(p —(;cosqo) M,
4 r

—Ccm.o

n |AS

ik
(1+cosB) (HCOS(/) + @sin @

H=-

Jepik)
r

4

®opmynbl (5.4) nonyyeHbl HA OCHOBE BbIPAXEHWUIA ANSi KOMIMOHEHT MONs 3riEMeH-
TapPHbIX 3NEKTPUYECKOTO U MarHUTHOro BMOPaTOPOB C y4eToM MpeobGpasoBaHust KOOp-
AvHaTt. MNpeobpasoBaHne KoopaMHAT OOYCMOBMEHO TEM, YTO MPU MOSyYEHUU COOTHO-
LUEHMI ANs KaXXOoro arieMeHTapHO manyyaTtens bbina ucnonb3oBaHa cuctema Koopau-
HaT, B KOTopomn oTcyeT yrna 6 ocyliectsnseTcss oT ocu BMGpaTopa (COOTBETCTBEHHO,
3M1EeKTPUYECKOrO N MarHUTHoro). lMpu coBMeLLeHUM u3ny4vaTenen 3reKTpUYeckoro U
MarHuTHOro TunoB (o6pa3oBaHUM MOBEPXHOCTHOrO 3MeMeHTa) OTCYeT yrma (0 Oocy-
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LecTBndeTcd OoT oCn OX, coBrnajaroLlen ¢ HanpasreHneM MNOTHOCTU NOBEPXHOCTHOIO

anekTpuyeckoro Toka, a yrna @ - ot ocn 0z, nepneHaUKynsapHO MNOCKOCTU NOBEPX-
HOCTHOrO 3rieMeHTa.

AHanu3 cooTHoweHun (5.4) nokasbiBaeT, 4YTO, BO-MEPBbIX, CTPYKTypa Mons B
AanbHeln 30He anemMeHTa lMoireHca oTnMyaeTcss OT CTPYKTYpbl NOSeln 3nemMeHTapHbIX
nsny4yatenen, Ha OCHOBE KOTOPbIX AaHHbIV aneMeHT obGpa3oBaH. Tak, ecrnv cocTaerns-
toLMe KOMOGUHUPOBAHHBIN U3nyYaTenb 3NeMEeHTbl UMEIOT B AanbHen 30He MO OAHOM OT-
NIMYHOM OT HYNsi KOMMOHEHTE MONS, T.€. OAHY KOMMOHEHTY XapaKTepUCTMKN HanpaBneH-
HOCTM, TO aneMeHT [olireHca B AarnbHel 30He MMEHT MO ABe KOMMOHEHTbI, OTNNYHbIE
OT Hynsi: @ — 1 (0 —KOMMOHEHTBI.

Bo-BTOpbIX, HOPMUPOBAHHAs XapakKTepUCTUKA HanpaBneHHOCTU anemeHTa [toi-
reHca Takke OTNM4YaeTCcs OT COOTBETCTBYIOLLEN XapaKTePUCTUKN dNIeMEHTaPHbIX U3My-
yaTenen aNekTPMYECcKoro U MarHUTHOro TunoB. OTNNYUS 3aKMYarTCa B TOM, YTO Xa-
paKTepUCTUKa HanpaBreHHOCTN anemeHTa [toiireHca SIBNSIeTCA BEKTOPHON BENTUYNHOMN:

F(0,0) = 0Fy(0,0) + ¢ F,(0,0) (5.5)

Kaxgass n3 KOMMNOHEHT XapakTepuctmkn HanpaBlieHHOCTWU, 3anuCaHHbIX, Hanpu-
Mep, OTHOCUTESIbHO HaNpAXEHHOCTU 3NEeKTPpU4eCKoro nond, Tak Ha3biBaemble aMniin-
TyAHble XapaKTepPUCTUKMN HanpaBJieHHOCTHU, 3aBUCUT OT AOBYX YITNOB U ONMUCbiBaeTCcA CO-
OTHOLUEHUNAMMU:

Fy =(+cosO)sing; F, =(1+cosf)cosg. (5.6)

XapaKTepI/ICTI/IKa HanpasJieHHOCTU u3ny4darend, 3anmcaHHad OTHOCUTESIbHO MOLL-
HOCTU U3Ny4veHud, onpeaendeTca Bblpa>KeHNnem:

F(0.9) = Fy (0,9) + F, (8,9) = (1+cos0)”. (57)

Kak n ans AJIEMEHTAPHbIX |/|3r|yaner|e|7| ANEeKTpn4ecKkoro 1 MarHMTHOro TUMoB BekK-
TOpP MOMHTMHIa UMeET TONbKO OAOHY OTJIMYHYIO OT HYJTA KOMMNOHEHTY HR .

1 ; o\ k2(ES)2AS?
Mg =g =§(E9H¢ —E¢H9)= 327;;W 2
0

(1+cos 0)2 . (5.8)

AHanusa cooTHoweHun (5.4) n (5.8) nokasbiBaeT, YTO €Cnv amnnNnTyaa KOMMNOHEHT
3IEKTPMUYECKOr0 U MarHUTHOro nosnen anemeHTta [tonreHca ybbiBalOT C yBENIMYEHUEM

pPacCTOSAHUSA Kak r_l, YTO COOTBETCTBYET YCMOBUIO U3NyyeHus 3ommepdenbaa, To
NMOTHOCTb MOTOKA MOLLUHOCTM 3M1EKTPOMArHUTHOro nonsi obpaTtHO MponopLUuoHanbHa
KBagpaTy paccTosaHUSA Mexay arnemeHTom [MonreHca n Toukon HabnaeHms nons.

padmyeckoe n3obpaxkeHne xapakTePUCTUKU HamnpaBfieHHOCTU anemeHTa [on-
reHca - guarpaMmma HanpaBfieHHOCTM - B MPOM3BOJSIbHOWM MNOCKOCTU g=const ecTb Kap-
anonaa, nokasaHHas Ha pucyHke 5.4.
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z ) F(oa)
r

0=270" 0=90"

0=180"°

PucyHok 5.4 — [lnarpamma HanpaBreHHOCTU anemMeHTa tonreHca

5.3 anIHLI,VII'I nony4vyeHunAa oCTpoHanpaBJyieHHOro u3ny4veHus

MprHUMMBLI NONyYEeHMS OCTPOHAaNpPaBNEHHOro W3NyYeHUs NPOUNIIICTPUPYEM Ha
npumMmepe n3nyyeHUss CTOPOHHUX dNEKTPUYECKUX N MarHUTHbLIX TOKOB, pacnpeneneHHbIX
Ha NPSAMOYrosibHOW NMOBEPXHOCTU (PUCYHOK 5.5).

[MycTb Ha NrocKkon NPAMOYrofibHON MOBEPXHOCTU pa3Mepamu a u b 3agaHbl dSnek-

—_—

—S —s —F
TpUyeckne n MarHuTHole nonst Em =i E,, Hm = L, - [ocTaTo4HO Marnble 3feMeHTbI

NOBEPXHOCTUN ABNAKOTCA 3J1EMEeHTaMM NownreHca, PacCMOTPEHHbIMW BblLLE. B cBasu ¢

X
3
M/
'
—3—'.: - P
M W‘ .
e =]
T :/E 0 L1
/] I —_——
@ [ r
Y N
7 ~To
T T
il Af'é
%
/]
A
/WW
- '

PlllcyHOK 55— FeomeTpMﬂ 3apaum 06 n3ny4vyeHnn n3 npAaMoyrosibHoro oTteepCcTtus
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3TUM ANSA HaXOXAEHUSA XapaKTepPUCTUK HanpaBfieHHOCTU TakoW MOBEPXHOCTU MOXHO
BOCMOSb30BaTLCS Y>Ke MNOTYYEHHbIMWN BbIPAXXEHUSIMW, ONUCHIBAOLLNMU NOfe U3NyYeHus
MonreHca (5.4), 1 NpoBeCTU MHTErpUpoBaHne no nosepxHoctTn S. Npn aTOM Bbipaxe-
HWe ANns KOMNIEKCHON aMnnuTyabl HAaNPSXKEHHOCTU 3NEKTPUYECKOro Nons umeeT BuA;

c o ikE, }eXP( r )

r—r
Emz

j(l + cos 0'){ 00 cos qo'—qzo sin @' ds'. (5.9)

r—r

— —_ ‘

r— I"" eCTb pagunaribHaa KoopanHaTta CUCTeMbl KOOpAMHAT,

CBSAA3aHHOW C anemeHToMm [tonreHca: TeKylaa ToOYKa MHTerpnpoBaHus r's D,eKapTOBOIZ

cucteme koopamHart ecTb (x', y',0), a pukcupoBaHHas Touka HabnaeHus » =(x, y,z)

- TOYKa, B KOTOpOWi onpeaenseTcs none.
Mpy HaxoXaeHWW Mons B AanbHel 30He OTHeceM TOYKY HabnioaeHuUsa Tak Aaneko,

4YTOObI BEKTOpPbI

I"—I"" N ¥ MOXHO Oblno cumtaTb napanneribHbIMA. |_|OCKOJ'Ibe B

JanbHeN 30HEe BCE TOYKM NMNOBEPXHOCTU S nmeloT oanHakoBble yrnosble KoopAuHaTbI

1 1 1
MOXXHO 3aMEHUTb Ha =— (Bce 3TO crieayeT u3 na-
r

—

0=6 n @’, MHOXUTENb
r

r—r"

pannenbHOCTN BEKTOPOB |7 — r" n r), nog uHterpanom (5.9) octaeTca TONbKO 3KCMo-

HeHUManbHbI MHOXUTENb

. _E 3 _ al2 b/2 o
Em=i, 0(1+c030){00c03(p—(005in(0}j jexp(—ik‘r—r")dx'dyv, (5.10)
an —al2-b/2

Cne,u,yeT OTMETUTb, YTO, HECMOTPA Ha TO, YTO MNPU HaXOoXOEeHUN aMnnnTyAdbl NMosA

—

ncnoJsib3oBarsriacb anrnpokcnmmauuma | r — r"zr, OKCNOHEHTY noAg MHTerparomMm Hesb3d npu-

HATb 3a exp(—ikr), TaK KaK pa3Mepbl MNJ1aCTtuHbl a n b He manbl No CpaBHEHUIO C OnNn-

HOWM BOJSHbI. B CBSA3M C 3TMM Pa3n1IoxKnNm I"—I"" B pA4, B KOTOPOM OT6pOLLIeHbI YreHbl

BTOPOIro nopdnka ManocTu:

===+ (=) + (-2 =

_ !
14

= \/rz —2(xx+ ") + x4y =
BHoCs 3TOT psig B nokasaTernb 3KCMOHeHThbl MHTerpana (5.10), nonyyaem

al2 b/2 ' ' al2 ' b/2
T explik ™ et ay= ] exp(’;x ' [ exp(Y ’;yy )y

—a/2-b/2 r —-al2 r -b/2
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(kaxj . (kbyj

sin 5 sin .

r

=ab e kby (5.11)
2r 2r

OKoH4aTenbHo BblpaxeHne and non4d B AanbHen 30He npuHMUMaeT B

Em= ;’anbM{Oo cCosQ — (00 smgo}(l + cosf) x

r

Sin(kasmicosqoj Sin(kbsmzesmqoj

* kasin@cosp  kbsinOsing (5.12)
2 2

Tak xe, Kak U gnsi aneMeHTapHbIX BUbpaTopoB, nosie NpsiMOYrosisHOro OTBEPCTUS
B JarnbHen 30He npecrasnseTr cobon cpepnyeckyro BomHy. JTa BofHaA ABAAETCS f0-
KanbHO NIIOCKOW.

N3 BblpaxeHus (5.12) cnepyeTt, 4YTO XapakTepucTuka HanpasrieHHocTu F(6,¢)
onpeaensieTcs 3aBUCUMOCTbIO

F(0.0) = (1 +cos )0 [$1Y| (5.13)
\%

a . . .
roe u=751n0005(p, v=751n051n(0. MepBbIn MHOXUTENL B (5.13), 3aBUCH-

WM TOSNbKO OT 6, eCTb HE YTO UHOE, KakK XapaKktepuctnka HanpaBJIEHHOCTU 3J1IEMEHTA

ng

y si
MonreHca (5.7). MHoXuTenb Buga | —— | (&=u,v) oTtobpaxaeT adpdeKkT HaNOXeHUs

nokanbHbIX BOMH, CO3[aBaeMbiX BCeMU anemMeHTamu oiireHca Ha NoBepxHOCTU S u
HasblBaeTCs UHMepghepeHyUOHHLIM MHOXumernem. MNpn a>>1 n b>>A CoOOTBETCTBY-
O MHTEPdEPEHLMOHHBIN MHOXUTENb (DAKTUYECKM U ONpeaensieT XapakTepucTuky
HanpaBneHHOCTM B obnacTu manbix 6.

MpoaHanuanpyem nany4yeHne npsiMoyrofibHOM NNacTUHbl B 3aBUCUMOCTM OT O Npu

=0 (E-nnocKkocTb — NIIOCKOCTb OpueHTaumm Bektopa £ ) n ¢=n/2 (H-nnockocTb — nroc-

KOCTb OpUEeHTaLMnN BEKTOPaA H) XapaKTepI/ICTI/IKa HarnpasneHHOCTN onnucbiBaeTcA CO-
OTHOLUEHUNAMMU:

FE(0)=(1+cos0) éf ) F7(0)=(1+cosH) 55 ) (5.14)

roe EF =k—2asin0 n &l =%sm0.

sin&

S

Ha pucyHke 5.6 nokasaH rpacuk dpyHkummn F (&) =
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YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(BaJ'IVICbVII-(aLI,VIM

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

F(£)

0[\/‘\/\/\/\5

-6m 4w -2m |2A8) o um e

sin&

S

PucyHok 5.6 — MNpacomk pyHkummn F (&) =

Kak BugHo, npu £&=0 dyHKUMS NMeeT rmaBHbI MakCUMyM, COOTBETCTBYIOLLMIA MaK-
CUMyMy n3rnydeHus npu 6=0, T.e. B HanpasneHuu z. [ockornbky B (5.14) npu manbIx yr-
nax 6 MoxHo npeHeGpeyb BnusiHnem mHoxutens (1+cos@), To 06 yrnoBoW LWNpUHE

30Hbl HaubonbLlero N3nyvyeHna MOXHO CyAUTb MO XapakKTepy I/IHTep(*)epeHLI,I/IOHHOFO
MHOXUTENA.

Yanoeasn WwupuHa «jy4a» KakK 30Hbl, orpaqueHHoﬁ onwxanwummn K rnmaBHoOMy
MaKCUMyMY HYJAMW, Ha3blBaeTCA ,D,IAanaMMOIZ HanpasJf1€HHOCTU MO HYyJ1ieBOMY YPOBHHKO
nonpependetTcd npn BbiNnoONTIHEHUN yCHOBMIZZ

2A0] z%, 2A0] ~
a

2. (5.15)

B Ttabnuue 5.1 npuBegeHbl 3HAaYEHUS YIIOBOM LUMPUHBLI Anarpammbl HanpaBfeH-
HOCTM B IMaBHbIX CEYEHNAX N1 HECKOMNbKNUX pa3MepoB NPSIMOYrofibHOro oTBepcTus. Ha
pucyHke 5.7,a NpuBOAATCA AMarpaMMbl HanpaBneHHOCTM B NIIOCKOCTM E Anga 3Ha4YeHuin
N3 ykasaHHOM Tabnuupl, a Takke 06beMHbIE guarpaMMbl HanpaBieHHOCTN B 0600LLeH-
HOWM cucteme koopauHaT (pUCYHKM 5.7,6,8). TEMHOW MAOCKOCTbIO HA YKa3aHHbIX PUCYH-
Kax UNCTpmupyeTcsa NNockocTb E.

Tabnuua 5.1 — 3aBUCUMOCTb MeXay pasmepoM MPsIMOYrofibHOro OTBEPCTUS U
nonyLwmMpuHOM rnasHoro nenectka [H «no Hynam»

Pasmep oTteBepcTus, a/A MonywwupuHa OH «no Hy- Homep kpuson

nsiM» B MAockocTu E AOOE, Ha rpacuke 5.7,a

rpan
1,432 20 1
3,82 15 2
5,73 10 3
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Fé(g) T T T T T T T T
0.8 -
0.6 L. 1 4
04|} /2 |
02| A\ |

0 3 ¥ | ] e T I
0|10 30 40 50 60 70 O, zpad
E
eﬂ
E
60

PucyHok 5.7 — Bug [JH B 3aBUCMMOCTM OT pa3MepoB OTBEPCTUS

AHanus npuseneHHbIX pe3ynbTaToB NokasbiBaeT, YTo YeM borblle pa3mep oTBep-
CTUA B NSIOCKOCTU, TEM YXKe B JAaHHOM CeYyeHuM nonyyaemasa guarpamma HanpaBieHHO-
ctn. B cBasmn ¢ atum dopmynbl (5.15) aBnaoTcs matemaTMyeckon opMyrMpoOBKOM
Hawewero LWMpoKoe NpUMEHEHNE B TEOPUM aHTEHH MpUHUUMNa nosly4eHusi ocmpo-
HanpaesieHHO20 U3J1y4YeHUST.

- cynepnoauums criaboHanpaBneHHbIX MICTOYHUKOB;

- OAMHaKoBasi OpMEHTaLMNSA UCTOYHMKOB;

- CUHGA3HOCTb TOKOB.
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Tema 3. [INocKne aneKTpoMarHuTHble BOSIHbI B
HeorpaHM4YeHHbIX cpeaax

Jlekums N 6. dneKkTpoMarHMTHbIe BOJIHbI B Pa3fiMYHbIX
cpepax

6.1 Knaccudmkaumsa cpen

Kak yke oTmMeyanocb Bbille, pacnpoCTpaHeHNe 3MeKTPOMarHUTHbLIX BOMH Npouc-
XOoOuT B cpefe, NnapameTpbl KOTOPOW onpeaensitoTcs ANINEKTPUYECKON £ U MarHUTHON
L NPOHML@EMOCTAMM M YAENbHOW NPOBOAMMOCTLIO O cpefbl. B 3aBucumocTm ot co-

OTHOLLEHMS AaHHbIX NEPEMEHHbIX NPOBOAAT Knaccudukaumo cpea. B kadectse kpute-
pus pasgeneHuns NCnonb3yoT:

- COOTHOLUEHME OMUYECKUX U OuanekTpuyeckux notepb. Cpeabl AenaTcs Ha Ou-
3NEKTPUKK, NONYNPOBOLAHUKN N MPOBOAHMKM;

- 3aBMCMMOCTb NapamMeTpoB Cpeabl OT OpMEHTaALMM BEKTOPOB U HanpaBlieHUs pac-
NPOCTPaHEHNS BOSMHbI - N30TPOMNHbIE N @aHNU3OTPONMHbLIE CPpeab!;

- 3aBMCMMOCTb NMapaMeTpoOB cpefbl OT YPOBHS 3fIEKTPOMarHMTHoro nonsd. Bbige-
NAT NIMHENHbIE N HENUHENHbIE cpeabl.

PaccmoTtprm 6onee nogpobHO AaHHYH Kraccudukaumto.

1. PasgeneHne ocyLlecTBAsSETCA MO COOTHOLIEHUK OEACTBUTESNTbHON U MHUMOM
yacTeh OTHOCUTENbHOM KOMIMMEKCHON OW3NEeKTPUYECKOM NPOHULIAEMOCTW, OnucbiBae-
MOW (hopmMynomn:

g, =ga—ig=go g—i— 2 =¢&,(e —i604,0), (6.1)
0] e

roe j«o - ANViHa BOJHbI B BaKyyMe.

B 3aBMCMMOCTM OT COOTHOLLEHUS AercTBUTENbHOWM (£,) 1 MHumon  (604,0)

YyacTel OTHOCUTENbHOW KOMMIEKCHON AU3MNEKTPUYECKON MPOHMLIAEeMOCTH, OMMUChIBatO-
LLIMX COOTBETCTBEHHOWN TOK CMELLEHNA U TOK NMPOBOAUMOCTU, UMeeM crieaytollee aene-
HVe cpen;:

- cpefia ABNSIeTCS ANANEKTpUKkoM, ecrm & >> 60,0 (Tok cmelLieHus npeBbILaeT
TOK NPOBOANMOCTH);

- cpeda sIBMsieTCs NoNynpoBoaHuKkoM, ecnn & = 604,0 (Tokn paBHbl);

- cpefa ABnAeTCcsa NPOBOAHMK, ecnn & << 60&06 (TOK NPOBOAMMOCTU NpeBbILLa-

eT TOK CMeLLeHus).
2. B cooTBeTCTBUM CO BTOPLIM KpUTepueM Kraccudukauum cpeq vaet pasgere-

HWe cpea Ha U30TpOonHblie N aHU3OTPOIMHbIE. B M3OTPOMHbLIX cpeaax BEKTOP B napan-

neneH Bektopy H, a Bektop D - Bektopy E, abcontoTHble MarHuTHas i, v Auanek-

Tpn4yeckad ga NMPOHNLAEeMOCTN cpen ABJAI0TCA CKalnApHbIMU BEJNTUMHYUHAMMN. B aHuso-

TPOMHbLIX cpegax MarHATHadA n (I/IJ'II/I) ON3neKkTpmnyeckaa npoHnUuaemMocCcTn cpe ABJIIAITCA
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TEH30pPHbIMU BENUYMHAMUK, a BEKTOpa MHOYKUMA He napanfernbHbl COOTBETCTBYOLUM
BeKTopaM HanpshkéHHocTen nond. Ecnn TeH3opoMm sBNSieTCA MarHUTHasi npoHuvuae-
MOCTb, TO @aHU3OmMpoOnur Ha3bigarom Maz2HumHou. Ecnv TeH3opoMm aBnaeTca Ou-
aneKTpu4eckas NPoHNLLAeMOCTb, TO aHU30MPOIuKo Ha3biBalT duasiekmpuyeckol. B
4YacTHOM criyvae, Korga oT HyNs OT/AMYHbI TOSTbKO AMaroHasibHble 3fIEMEHThI U eLle ABa
nepBbIX 3AfiEMeHTa, cpefbl Ha3blBAOTCA 2upoOMPONHbIMU. Takon cpefon SABNATCS,
Hanpumep, coeppuTbl U NNasma. Ha pucyHke 6.1 NponNCTPMPOBAHO AeneHne aHn3o-
TPOMHbIX Cpef, a Ha PUCYHKe 6.2 NoKasaH YacTHbIX CrydYan aHU30TPOMHbIX cpes - Mpo-
TpOMHble cpefbl C AMANEKTPUYeckon (nnasma) n MarHMTHom (oeppuT) aHU30TPOMNUEN.

ecmecmeenHuovle UCKYCCMBEHHDLLE
_ | fy Ex cpeoul ) cpeoul
E=8=18x &y &y | - IHIIEKTpUUECCKAA
n Cy %z AHH30TPOIMHU
-~
OHAHH3OTPOIHBIE
_ Hyxx #xy Hyz ( I )
T - MAarHUTHAaA KHpaJIbHEIC ) CPEBL
H=H=|Hy Hy Hy 1 74
aHU3O0TPOIHUA _J
Hzy auzy Hz
PucyHok 6.1 — PasgeneHne aHM3oTPONHbIX cpeq
g g 0 Mye My 0
_ xx xy = : -
E=&= ‘91.-37 81-'1-' 0 E —H=|H yx M yy 0
0 0 g, 0 0 Hzz
niasma (])eppum

PucyHok 6.2 — YacTHbIl criyqai aHU30TPOMHbIX CPef — TMpPOTPONHbIE Cpeabl

3. B cooTBETCTBUM C TpeTbM NPU3HAKOM KJ'IaCCI/I(*)I/IKaLlI/II/I cpedbl OenaTcAa Ha Jiu-
HelHble N HeJluHeUHble. JINHENHbIMX Ha3blBaloT cpefnbl, y KOTOpbIX &, lL,O He 3aBU-

CAT OT 3NeKTpoMarHUTHOro nonsi. B npoTMBHOM crnyyae cpefbl Ha3blBalOTCA HENUHEN-
HBIMMW.

MpuMepomM HeNUHENHbIX cpen ABMNSeTcA MoHocdepa, NoABMXXHOCTb INEKTPOHOB
KOTOPOW 3aBUCUT OT HaMNPSHXXEHHOCTWN aNeKTpomMarHUTHoro nons. bonee nogpoGHo aToT
npumep ByaeT pacCMOTPEH B KOHLIE Kypca NEKLNIA.

6.2 Nnockue oaAHOpOAHbIe BOJIHbI B U3OTPOMNHbLIX Ccpeaax Oe3 notTepb

[Mpn paccMoTpeHun 3MeKTPOMarHUTHbIX MOfen, co3daBaeMblX 3reMEeHTapHbIMU
BnbpaTopamu, BbINO BbIACHEHO, YTO NOPOXAAEMble UMW BOJSTHbI ABMSOTCA cdepunye-
CKUMMU, T.e. UX MOBEPXHOCTU paBHbIX (a3 npencTaBnsloT COOOM KOHUEHTpUYeckue
cdepbl C LLEHTPOM B cepeavHe Bubpartopa. bbino oTmeveHo, YTo B JanbHen 30He BOn-
Ha npepcTasnaeT cobon fnokanbHO MIOCKYo (T.e. He MMeeT pajuarnbHON COCTaBIIsA-
Len).
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[na ynpolieHns peleHnss MHOTMX NPaKTUYeCKn BakKHbIX 3a4ad BBOAAT MOHATME
NSIOCKOWN BOSMHbLI. [110cKol 80JsIHOU Ha3blBalOT BOSIHY, (PPOHT KOTOPOM mMmeeT BGecko-
HEYHYI0 NPOTSAXKEHHOCTb, NPUYEM aMnUTyabl U dha3bl BEKTOPOB MOMSA BO BCEX TOYKaX
dpoHTa oanHakoBbl. BosiHa Ha3biBaeTCs OOHOPOOHOLU, eCn ee aMNnMTyaa NOCTOSH-
Ha BO BCeX Touykax ba3oBoro opoHTa, 1 HEOOHOPOOHOU, ECNN ee aMNNnTyaa 3aBUCUT
OT KoopauHaTt Toyek hba3oBoro poHTa. (Pa3zoebiM ¢hpOHMOM BOSHbI Ha3blBaeTCs
NMOBEPXHOCTb, MPOXOASLLYIO Yepe3 TOUKM C OAMHAKOBbIMU haszamu).

WnniocTpaumsa NNockMx BOSH nokasaHa Ha pucyHke 6.3. lNpu aTom pucyHok 6.3,a
UNNCTPUPYET NepemMeLLeHme NocKoro hpoHTa BO BPEMEHU, a pUCYHOK 6.3,6 — B npo-
CTpaHcTBe.

X
t ts t;

a 6]
PucyHok 6.3 — nntoctpauuns niiocKnx BosiH

Hanpasnenue
PACRPOC D ARERIA

lMnockmMx BOMH B Mpupoge He cyllecTByeT, T.K. notpedosancs Obl BECKOHEeYHO
NPOTSHKEHHbIN UCTOYHUK. OgHako Ha 6onblOM yaaneHMmM OT UCTOYHMKA BOSTHA MOXET
cUMTaTbCSA NOKanbHO MIOCKON.

JMobas BonHa xapakTepusyeTcs TakuMuM BenuuMHamMm kak ¢asoBasi CKOPOCTb,
ANMHAa BOMHbI U HanpaBieHWe pacnpoCTPaHEHNS.

®Pazoeasi CKOpOoCmMb PacrnpoCTPaHEHUs1 NNTIOCKOM BOMHbI, T.€. CKOPOCTb ABWXEHUS
dasoBoro opoHTa, B 0AHOPOAHON cpeae 6e3 noTepb onpeaenseTcsi COOTHOLLEHUEM:

; l—’ w 1
d) = zZ z
kﬂ \/galua

[aHHasa cKopoCTb, HaxoAMMas N3 ypaBHEHUSI OBMXKEHMSA N0O0M TOUYKM Ha ha3oBOM
dpoHTE, (hasa KOTOPOro HEM3MeHHa.
Anura eonHbI, T.e. paccTosHMe Mexay OBYyMsi da3oBbiMW (PPOHTaMu BOSHbI,

pasnuuarLmmMncs Ha 277 , onpeaensetcs opMyroii:

=, (6.2)

Vo
122_”:‘_0, (6.3)
kK f

Hasosem nepneHanKynap K (*)pOHTy BOJIHbI JTY4YOM. Ero HarnpasneHune 0003Hauum

N R

OpTOM i, =1, , T.e. OHO COBNajaeT C HanpasneHnem (asoBont CKOPOCTU Vg . Beedem

eos1Hoeoli eekmop k :
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k=ik =i, (ky —iky), (6.4)

coBnajawlwmi C HanpaefieHWEM flyda U paBHbIN MO BennYMHE KOIPPULMEHTY
pacnpocTpaHeHns BOSHbI B JaHHOW cpefe. B cooTHoweHuun (6.4) kﬂ - KOadhPUUNEHT
casbl; k

Mepenaem Tenepb K pacCCMOTPEHUIO XapaKTePUCTUK NITOCKON OAHOPOAHOW BOJHbI

o - KO3(PPUMUMEHT 3aTyxaHus.

B cpee 6e3 noTepb Ha NpUMepe MaeansLHoro AnanekTpuka (LU, = M), nonaras, 4to

nrockasi BOfiHa pacnpocTpaHsieTcst BAoNnb ocy z. [py Takom AoNyLIEHUN U OTCYTCTBUM
NCTOYHMKOB CTOPOHHMX TOKOB ypaBHeHust Makceenna MoryT ObiTb CBEEHbI K ABYM He-
3aBMCMMbIM cucTeMam anddepeHLUmnanbHbIX ypaBHEHUI

oH OoH
Y — —iwe E. 3 2= iwg E,
gg ,  (6.5a) or , (6.56)
8zx =—iu,H, 8—zy =iou, H

Kaxaasi M3 KOTOpbIX OMUCLIBAET COOTBETCTBYHOLLYIO nnockyto BonHy: (£, H y) nm6o

(Ey’Hx)' I'Ipmqu OJaHHblEe CUCTEeMbl OfnncbiBalOT B3aMMHO He3aBUCUMbIE MOJIA, B

KaXKOM 13 KOTOpbIX BekTopbl nonss £ v H B3aumHo nepneHavkynapHbi.
[anbHenwure paccyxgeHms bygem nposoantb Ansa cuctemsl (6.5a). PeweHune 6y-
AeM OCYLLECTBMATb NyTEM CBeLEHUSA CUCTEMbI K O4HOPOAHOMY ypaBHeHUto [enbmronb-

Lla OTHOCUTENLHO KOMMIIEKCHON aMnnTyasl Bektopa H
5
O°H ’ 5
———+k“H_ =0. (6.6)
2 y
0z
MockonbKy Ans AMGNeKTpukoB AL =1, To BOMHOBOE 4MCrO, BXoAsLlee B AaHHOe
COOTHOLLIEHME, MOXET ObITb NepenncaHo B BUAE:

k=o\e,u, =o\eguon =koJeu =keNe,  (6.7)

roe k, =27/ A, BonHoBOE YMCHO B BakyyMe.

MoacTtaBnAs BblpaxeHue (6.7) B onpeaeneHvs ANUHbl BOMHbI (6.3) n dhasoBom
ckopocTu (6.2), MOXHO caenaTtb BbIBOA, YTO B ANANeKTpuke 6e3 notepb AfnHA BOSTHbI U
dasoBas CKOPOCTb YMEHbLUATCA B +/ £ pa3 MO CPaBHEHMIO C aHanOrM4yHbIMU napa-

MeTpamMu AN Bakyyma.
HecnoxHo ybeanTbes, 4To YaCcTHbIM peLLeHnemM ypaBHeHus (6.6) asnseTcs

Hy(z)z Hy(O)-eXp[—ikz]. (6.8)

BelpaxxeHue (6.8) onucbiBaeT MAOCKY0 BOJSIHY, PacnpOCTPaHSIOLWYHCA B NOMOXMN-
TeNbHOM HarnpasfeHUn ocu Z.
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Haiiném cooTHoLLeHne mMexay nonepeyHbIMM KOMMOHeHTamMn £ Hy B nroc-
Kon BosiHe. 3 nepBoro ypaBHeHus (6.5a) umeem
W\JE, " M, - .
E(z)=———"""H (2)=+u, /&, -H,(2). (6.9)
we,

Benununna A Mg /Sa nMMeeT pa3aMepHOCTb COMPOTUBITIEHUA N HA3bIBAETCA 80JTHO-

8bIM (xapakmepucmuquKUM) coripomuseJsieHuUem cpedbl. OHo XapakTtepusyet OT-
HOLlEeHne OPTOroHaribHbIX COCTaBMAKOLLNX HaI'IpFDKéHHOCTeIZ ANNIEKTPUYECKOro n MmarHmT-
HOro nons. ,D,J'IFI noearibHoro AnaneKkTpuka BOJIHOBOE COornpoTuBIrieHne cpebl YACTO Be-
LeCTBeHHO 1 onpependeTcd COOTHOLUEHNEM!

1, 1 1207

gy e e

BelecTBeHHbIN XapakTep Z, O3HavaeT, 4To Bektopa £ u H umetoT oguHako-

W=2Z, = [OMm]. (6.10)

Bylo cbasy. Bektop lMoWHTUHra, XxapakTepuaylLlnin HanpasreHne pacrnpocTpaHeHus
BOSHbI M BEMMYMHY NNOTHOCTM NOTOKA MOLLHOCTU, SIBNSIETCS BELLECTBEHHbIM

- T T gy * .—Ei
H:O.S-[lx-Ex,ly -Hy ]ZZZZ . (6.11)

C

Bpecb E = O.707-‘Ex

Takum obpas3omM, UMeeTCs TONbKO aKTMBHbLIN MOTOK SHEPTUN B HanpaBfieHUn OCu
Oz. MNnoTHOCTL MOTOKa 3HEPrM He 3aBUCUT OT KoopaMHaT M OT YacToTbl. CKOPOCTb
pacnpocTpaHeHus 3Heprun pasHa ¢aszoBon CKOPOCTH.

N3 npocTbiX doM3nYeCKnx CoOoBpaKeHNn 04eBUAHO, YTO MAOCKYH BOSTHY MOXHO CO-
34aTb TONbKO B OrpaHNUYEeHHON YaCcTu NPOCTpaHCTBa.

- }J,GIZCTBWOLLI,GG 3Ha4veHune.

6.3 lNnockue BonHbI B cpeaax ¢ notepamMu. [iucnepcua anekrpomar-
HUTHbIX BOJIH

[lnsa peanbHbIX cped BO3OENCTBME 3NIEKTPOMArHUTHOrO MNosisi Bbi3blBaeT ABa BMAA
notepb B cpeae. lNomepu nepeoz2o euda obycrnoBreHbl MPoeoduUMOCMbIO MaTepua-
na. [laHHble NOTEpU XapaKTepHbl ANs MeTasnsioB 1 XOPOoLIMX NPOBOAHMKOB, a Takke Ans
AN3NEKTPUKOB Ha HU3KUX YacToTax U B CTaUMOHapHbIX nonsax. [Tlomepu emopoz2o euda
npeacTaBnalnT cobon nosnsipusayuUoHHbIe (ONINEKTPUYECKMe Un MarHUTHble) noTe-
py, O0BACHAEMbIE TPEHMEM MPU CMELLEHMM 3apshKEHHbIX YacTul, BellecTBa B nepe-
MEHHOM 3M1eKTPMYECKOM MOSe U B MarHUTHbIX MaTepuanax npu nepemMarHninBaHuu.
B pesynbTtaTte HabngaeTtca sBNeHne NMMHENHOIO AU3NEKTPUYECKOrO (COOTBETCTBEHHO

MarHuTHOro) rucTepesnca, oTcTaBaHvue no gase BEKTOPOB anekTpuyeckoro ) (coot-
BETCTBEHHO MarHUTHOro B') cMelleHusi OT BEKTopa HanpshKeHHOCTU 3MEKTPUYECKOro

E (vmarnwntHoro H ) nonsa. OtctaBaHuio no case COOTBETCTBYET KOMMnekcHas (au-
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ANIEKTpU4ecKaa unn MarHVITHaFI) NnpoHNLaeMOCTb C OTpI/ILl,aTeJ'IbHOI7I MHUMOW 4acTbio B
MaTepunalibHbIX ypaBHEHUAX. ,D,aHHbIe npoHnUuaemMocCTn, HarnoMHuUM, MOryT ObITb npea-
CTaBlieHbl B BUAae:

g, =¢,—ig" =¢',(1-itgs’), g, =p',—ip",=p',(1-itgs™), (6.12)

_ My

B KOTOPbIX, HAanoMHum, tgo”’ =—'“, tgo™ = - COOTBETCTBEHHO TaHreHC
& a )Lt a
yrna guanekTpuyYecknx 1 MarHMTHbIX NOTEpPb.
PaccmoTtpmum 6onee nogpobHO notepu, oOycrnoBneHHbIE NPOBOANMOCTLIO Cpeabl.
B aTom cny4yae BONHOBOE YMCNO B AMANEKTPUKE C noTepsamu 6yaeT KOMMNeKCHON Benu-

YNHOW:
Eza)»\/gaﬂa Zko'\/§=k0'1/8_1602«06. (6.13)

MpenctaBnaa KOMMIEKCHbIN KO3 UUMEHT pacnpocTpaHeHus (6.13) yepes Ko-
ahpruUMEHTLI 3aTyxaHus U dasbl, pelleHne ypaBHeHnss MakcBenna npMHMMaeT Bug,

H(z)=H ,(0)- exp[-az]exp[-ijz]. (6.14)

I'IepBbuZ 9KCMNOHEHUMaNbHbIN COMHOXMUTENb OMNUCLIBAET MOrOLLEeHNE 3Heprum B
cpene 3a CYeT JNIEKTpUHeCKnxX M MarHuTHbiX NOTEPb, T.€. 3aTyxXaHWe BOJIHbI. BTOpOIZ
3KCMNOHEHUNanbHbIM COMHOXUTENb YKa3blBaeT Ha BOJTHOBOW Xapakrtep nond, Ha ero
OBUXEHUE.

[Onsa peanbHbIX AN3NEKTPUKOB, Y KOTOPbIX MarHUTHblE NOTEPU OTCYTCTBYIOT, a TaH-
reHc yrna guarnekTpn4eckmx notepb XoTtd n Mar, HoO MMeeT KOHEeYHYH0 BeJ1IM4YnHy, Bblpa-
XeHnAa AOnda cocCtaBnAloWMX KOMIMIIEKCHOIo KOS(*)(bI/ILI,I/IeHTa pacnpoctpaHeHnAa MOryT
ObITb 3anucaHbl B BUAE:

kg =k=w\¢e,l,, kazgtg5:%4/8mua tg o . (6.15)

®dasoBas CKOpoCTb B ANINEKTPUKE onpeaenseTcs popMyo:

v(b:l.f:ﬁ 1 1 ¢

kﬂ } \/galua ) \/gogﬂoﬂ ) \/a .

KoHeuHasi BenuyMHa TaHreHca ONI3NEKTPUHECKUX MNMOTEPb o6ycr|aBr||/|BaeT casur

(6.16)

Cba3 mMexay BeKTopamum E n H, N, COOTBETCTBEHHO KOMIMMEKCHbIN Xapaktep Kak BOI-
HOBOI'O CONPOTUBIIEHUA

E
W=Z,=—= Ha ~ |Ha exp(ié), (6.17)
H \¢g,(1-itgd) . 2
Tak 1 Bektopa MonHTuHra
— — E? S
IT=i —exp(—2az)exp| i— |. 6.18
‘3z, p(—2az) exp 5 (6.18)
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MosiBrieHne peaKTI/IBHOI‘/'I COCTaBnALEN ONUCbIBAET TensnoBble noTepun B cpene.

Cpe}J,HFIFI NNOTHOCTb NOTOKa 3Heprnn, onncbiBaemada CoOOTHOLLEHNEM
2

— — - FE o
[Tep =Re(I]) =i, —2~exp(—2az)cos| — |, (6.19)
2|Z,.| 2
SKCNnoHeHunanbHO y6bIBaeT BOOJIb OCU 0z co CKOPOCTbIO
- Re(Il
y = L), (6.20)
Wep

roe ch - cpegHAada obbemMHasi NNOTHOCTb SHeprnn. MO,EI,yJ'Ib BOJIHOBOIO COMpoOTUB-

JIEHUA ‘ZC‘ OnncbliBaeTCA BblpaXeHnem

Z,| = Ha _ ”0”=W0 aly (6.21)

&, EoE &

N3 n3noxeHHOro Bbilwe crnegyeT, YTO CBOWCTBA MIIOCKOM BOSHbI, pacnpoCcTpaHsiio-
LLelcs B cpede C NpoBOAMMOCTbLIO M 6e3 noTepb, pasnuyHbl. OCHOBHOE OTNNYME CO-
CTOMT B TOM, YTO B cpefe 6e3 noTepb NapameTpbl NIIOCKOM BOMHbI OAVHAKOBbLI NPW Ito-
OblX YacToTax, a B cpefe C KOHEYHOW NPOBOANMOCTbLIO OHM 3aBUCAT OT YacTOThl. 3aBu-
CMMOCTb CBOWCTB BOJSIHbl OT 4YacToTbl Ha3biBaeTcs ducriepcuell, a COOTBETCTBYOLLME
cpeldbl — ducnepaupyrouwjumu.

[Nsi XOPOLUMX NPOBOAHUKOB &, =&, —10/ ® = —iC /@ W MarHWTHble noTepw

OTCYTCTBYHOT, T.e. M, = [ ,. KOSthDULMEHT pacnpocTpaHeHusi BOMHbI ByaeT onpefe-
NATLCA COOTHOLLIEHNEM

~

k=iw (6.22)

Beegem BEJINYNHY

dy= |—— (6.23)
ou,m

N Ha30BEM €€ MOJIWUHOU CKUH-cs1o51 (rnyBuHOM NOBEPXHOCTHOrO NPOHMKHOBE-
HWUS, TONLLMHOM NOBEPXHOCTHOIO Cros).

KoadhduumeHT pacnpocTpaHeHnss n ero CocTaBnsaomne, a Takke BblpaXxeHne ans
a30BOM CKOPOCTU C y4eToM hopmynbl (6.23) MoryT ObITb 3anucaHbl B BUAE

Py k, _ 1 ks L vy =ody.  (6.24)
dO dO dO
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6.4 NMNonapusaumna NSIOCKUX BOJTH
Bbllwe Mbl paccmoTpenu NNOCKy BOSHY Ex,Hy, ornpefeneHHyr CcucTtemoun

(6.5a). Bcé ckazaHHOe B MOMHOW Mepe OTHOCUTCA M K MIIOCKOW BOSIHE Ey,Hx, onuchbl-

BaeMoW cuctemon (6.56). B kaxkaon 13 aTux BOMH BekTop £, nameHsissicb no rapmoHu-

YECKOMY 3aKOHY, BCE Bpemsi OCTaéTcs KonnmHeapHbIM camoMy cebe. BosiHy, Bektop E
KOTOpOW B MpoLIecce pacnpoCTPaHEHUS NEXUT B HEMOABWKHONM MIMOCKOCTU, Ha3biBaloT
JIUHeUHO MoJIsIPU308aHHOU, a NIOCKOCTb, NMPOXOASLLYIO Yepe3 HanpaBneHne pacnpo-

CTpaHeHWs1 aNeKTPOMarHuTHOW BOMHLI U BekTop E - nimockocmero nonsipusayuu.
NcToYHMKaMN NMHEHO MNONSIPU30BaHHOW BOMHbI SIBNSKOTCH, Hanpumep, nnbo
3NeKTpUYECKMin NGO MarHUTHbIN BUOpPaTOpbI.

Ecnn Bektop E 6yaeT umeTb Age coctaBnsiowme £, n E , Bo3byxaaemble,

HanpuMmep, AOByMdA B3aMMHO nNepneHOaunkKynAapHbIMKU 3NE€MEeHTapHbIMU 3JTEKTPUYECKUM
BI/16paTOpaMI/1, TO CcOBUT cba3 mexay HUMn 6y,u,eT onpenenAaTbCcA C*)a3OBbIMI/I COOTHOLLEe-

HUSIMU TOKOB, MUTaKOLWMX BUGpaTopbl. B obliemM criyyae BbipaxeHue Ons sektopa E
Ans NTOKanbHO MNIIOCKOW BONMHbI B AanbHen 30He GyaeT onpeaensiTbCsl BblpaXeHnem

—

E:aEx cos(a)t—kz+(p1)+gEy cos(wt—kz+¢,), (6.25)

B KOTOPOM @, (9, - HaYanbHble hasbl cocTaBnsioLmMx £, Ey BTouke z =0 B

HavanbHbIn MOMeHT Bpemeru (1 = 0).
B 3aBMCMMOCTM OT COOTHOWIEHUS aMnnuTyg U a3 NUHENHbIX COCTaBSOLWMX
BOJIHbI pasnuyaloTcs nonspusauuen. Tak, ecnu amnnuTydbl COCTaBnSOWMX BEKTopa

E paBHbl Mmexay coboit, a HavanbHble a3kl OTNNYATCA APYr OT ApYra Ha BENUYUHY
+ 71/ 2, T0 BONMHa Takoro Tuna HasbiBaeTcs 80JIHOU ¢ Kpy2oe8oli nonspusayuell. Mpu

yem Bektop FE, ocTaBascb HEeM3MeHHbIM MO BenuuuHe, epaiyaetcsa Bokpyr ocn 0z ¢
yrnoBown 4Yactoton @ . B cnyyae, ecnu BpalleHue ocyLLeCTBASETCH N0 YacoBOW CTperst-
Ke (npu yganeHun BOMHbI OT HabnogaTens), TO rOBOPAT, YTO BOSIHA UMEET rpasyro
Kpya2o8yo nonsipusayuro, B NPOTUBHOM Criydae — Jiegyro Kpy208YyH0o nosisipusayuro.

CnepyeT OoTMETUTb, YTO BCAKYIO JIMHEMHO MNOMSIPU30BAHHYK BOJSIHY MOXHO npen-
CTaBUTb B BMAe CYMMbl ABYX BOJSIH KPYroBoW nonsipysauuen C¢ npasbiM U JfeBbIM
HanpaBreHneM BpaLleHUs OANHAKOBOW KPYroBOW YacTOThbl.

Mpun NPON3BONBLHOM COOTHOLLEHUM aMMNUTYA U HavarnbHbIX a3 koHel BekTopa £
B (PUKCUMPOBAHHOW TOYKE MPOCTPaAHCTBA ONWUCbIBAeT 3annunc. BosiHbI Takoro Tuna
Ha3bIBAKOTCH /TUNMUYECKU MOJIIPU308aHHbIMU. [aHHble BOMHbI ONUCHLIBAOTCA Na-
pameTpamMu nonspu3aLmMoHHOro annunca (CM. pUCyHoOK 6.4):

- KoaghgpuyueHmom snnunmuyHocmu (KO3PPULNEHTOM PaBHOMEPHOCTU MO-
NSAPU3aLMOHHOrOo 3NmMnca), paBHbIM OTHOLLUEHMIO Maron 1 6onbLIOWn Nonyocen annunca

k,=—, (6.26)
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- yariom ,Bx (nnu ,By) HaKJIoHa nosisipu3ayuoHHO20 3Jiiurnca K COOTBETCTBY-
toLen ocu;

- HaripaeJieHUeM spaweHusi eeKmopa E.

PucyHok 6.4 — lNonsipnsaunoHHbIN SNnumnc

[MoHATME NMHEenHon, prFOBOIZ N SNNUNTUYECKON nonapmn3aunmm npuMeHNMo He
TOJIbKO AnA MJTOCKUX BOJIH. Hanpl/lmep, C(bepl/l‘-leCKl/le BOJIHbI, CO3aBaeMble 3J1EMEH-
TAapPHbIM 3J1eKTPU4eCknM BI/I6paT0p0M B AanbHen 30He, NIMHEWHO nonApn3oBaHhblI. Bon-
Hbl, cO34aBaeMbl€ CITOXKHbIMU U3ny4yartendaMmn, Mmoryt UMeTb KpyroByr uUnn aryimntunye-
CKYHO noJjidpmnsauuto. B obwem clnydyae MOHOXpomMaTu4decKkne BOJIHbl BCerga noriapuso-
BaHblI.

Nexkuma Ne7. PacnpocTtpaHeHue nnocKux BOsiH B
rMpPOTPONHbLIX cpeaax

7.1 Nnockne ogHopoAHblIe BOMHbI B pepputax Npu Hanuumm
noagmMmarHuumBaHus. PesoHaHCHoOe nornoweHue

CBolicTBa aHU3OTPOMHbIX CPe/], Kak U3BECTHO, 3aBUCAT OT HanpaBrieHus pacnpo-
CTPaHEHUs 9NEeKTPOMarHUTHOW BOJHbI. AHM3OTPONUA B npupoae MoxeT ObiTb nnbo
MarHUTHOW, Nbo ananekTpudyeckoi. BelliecTsa, ogHOBpeMeHHO obnaaarowme MarHuT-
HOW U OM3NEKTPUYECKON aHM30TPONMENn, NONyYnnu HasBaHne 6uaHU3o0MPONHbLIX N CO-
30aHbl B KOHLEe 20 BeKa MCKYCCTBEHHbIM MyTEM BKIHOYEHUSI B heppUThbl onpeaeneHHbIM
06pa3om OpMEeHTUPOBAHHbIX CriMparnex.

Oco6eHHOCTUN pacnpocTpaHeHUst BorH 6yaemM NpoBOAUTL Ha Npumepe heppuToB U
nnasmMbl, 06r1agarLLMX COOTBETCTBEHHO MArHUTHOW 1 AUSNEKTPUYECKON aHU30TPONMeNn.

®deppumsbi, OTHOCALLMECS K KNaccy peppumMarHeTUKoB, NpeacTaBnsaoT cobon co-
eaNHEeHUs OKCKaa Kernesa C okcuaamy Apyrmx mMeTannoB U obrnagatoT BbICOKUMM 60nb-

7 8
wum (oo 107 ...10° Omem) anekTpuyeckum conpoTUBEHNEM. DNEKTPOAMHAMUYECKNE
cBoVicTBa (heppuTOB 3aBUCAT OT YaCTOThbl, HO U3MEHSAIOTCS B pasnu4HbIX npedenax. B
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AnanasoHe CBY Ha caHTMMETpPOBbIX BOSIHAX BeENMYMHA OTHOCUTENbHOW MarHUTHOW
NPOHNLAEMOCTU NPMBNMKEHHO paBHa eauHuue. Paboymin guanasoH 4acTtoT deppuToB
- o1 20Mly, go 150MTy. Ons paboTbl Ha pasHbliX YacTOTax UCMONb3YKTCA pasfnnyHble
mMaTtepuarnsi.

B HeHamarHM4eHHOM COCTOSIHUM peppuTbl NpeacTaBnsaoT cobon oOblYHbIN An-
3MEKTPUK, B KOTOPOM MarHUTHbIE MOMEHTbI KOHrloMepaTa obnacten opueHTUPOBaHbI B
PasnUYHbIX HanpaefeHusx. MexaHM4yeckum u MarHUTHbIM MOMEHTbI, CO3daBaeMble
BpaLleHMeM 31eKTpoHa BOKPYr CBOEN OCUM COOTBETCTBEHHO Mo OENCTBMEM CBOEW Mac-
Cbl U AENCTBUEM 3apsaa, HanpaBfeHbl BAOSIb OCU BpalLeHUSa B pasHble CTOPOHLI. [1o-

—_—

cne npunoXxeHma nNnoctoAHHOro MarHMTHOro rnongd H - ocb BpalleHnA 3NneKTpoHa opu-
EHTUpyeTCcda no HarnpasfieHU 3TOro nonsd. Ecnu ocb BpaweHNA OTKNOHUTb, OHa He
Cpa3dy BEepHETCA B UCXOOHOE MNOJIoXKeHne, a 6y,u,eT coBepllaTb Tak Ha3biBaeMylo rnpe-
LEeCCU0 BOKPYr UCXOAHOro rnoJsioxKeHnd, HarnoMmHarLwlyrto Ka4aHUio OCKU BOJIHKa MNpu ee
OTKIMIOHEHUN OT BEPTUKallW. prFOBaﬂ 4yacTtoTa npeueccunn 3aBMCUT OT BEJIMYUHbI MO-

5
CTOSIHHOTO MarHUTHOrO Mons ¥ 2upomazHumHo2o omHoweHusi y = —2.21-10
"u/(Aem), cBA3bIBAKOLLErO 3apsi M Maccy dfeKTpoHa:
o, =|y|H_, (7.1)

[laHHas 4vacToTa nosiydymnna Ha3BaHWe 4acCTOTbl eUPOMacHUMHO20 Pe3OHaHca
usiu 4acmomsabli ripeyeccuu n cCooTBeTCTBYET yrr|030|71 CKOPOCTU BpaLLleHUA 3NeKTpo-
Ha.

Ecnu Ha Cbeppl/IT NMOMNUMO NOCTOAHHOIO nNoJiA BO3D,eIZCTByeT BbICOKOYACTOTHOE
MarHMTHOE MNoJse rapMoHNYEeCKOW BOJTHbI

H = H,exp(iot), (7.2)

nmetoulee B obLiem Cllydae KpyroByro nondapusaunio, To OCb BpalleHUA 3NeKTpoHa
6yp,eT OTKINIOHATbLCA, €Clnn nepeMeHHoe MarHMTHoe rnone 6y,1:|,eT nencrteoBaTb nepneH-
OUNKYIAPHO AaHHom ocu. Noa gencrTeuem nepemMeHHoOro MmarHATHOro nonA 6yﬂ,yT npowuc-
XO0AOuUTb BblHYXOEHHbIEe konebaHuna crnnHoB ANIEKTPOHOB, a aMnnnTyaa 3TuxX KonebaHun

OyneT Tem Gonbluen, Yem Bnmke Yactota (@ K KPpYroBowm 4acToTe npeueccun @, . Mpu

coBnageHun 4actot @ U ,, Hactynaet ABneHune (peppOMaaHumHoeo PEe30OHaHca,

urpatoiee BaxHyl porib B NpumeHeHun depputos. Npu aToM Bpallalownincs BeKTop
NepeMEHHOro MarHUTHOro Mofsd OCTaeTCs HEeMnOABMXKHbIM OTHOCUTENBHO MNpeLeccupy-
toLLIEero MarHUTHOrO MOMEHTa. DHeprus, NoaBoAnMas OT BbICOKOYACTOTHOIO MarHMTHOro
nonsi, paccenmBaeTcs B BMAE TeMnna B KpUCTanmnmMyeckon pelleTke dpepputa, T.e. Norno-
waetca. Cuctema nposasnseT ceba NnogobHO pe3oHaHCHOMY KOHTYPY B TEOPUM LiEMNEN.
MaTemaTnyeckn ykasaHHble (puanyeckme siIBNEHWst HaXoOST CBOe OTpaXeHue B
TEH30pHOM XapaKTepe MarHUTHON NPOHULAEMOCTN HaMarHU4eHHoro goeppura:

U, —ia 0
pn=|ia u, 0], (7.3)
0 0 u
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0,0 @, 0

0

He = po| 1——7—= a=pty— 02
0 -, 0 -,

roe , (7.4a) (7.46)

Cnyyain @, = *@ B cooTHoWeHUAX (7.4), T.e. coBNaeHNe 4acToT BpalleHus,
COOTBETCTBYET AABMIEHMIO heppOMarHMTHOro pe3oHaHca. Bxogsuias B ykasaHHble COOT-

HOLlEeHUnA 4acTtoTa 0)0 CBsi3aHa C MarHUTHOMU BOCNMPUNMHYNBOCTbLIO Cpenbl ZMZ T.€. OT-

KINMMKOM cpebl Ha rnpuiiaraemoe BHellHee MarHuTHoe none:
@y = v\ H_ = y|po(u —1H_ (7.5)

B T861'II/1LI,y 7.1 cBeaeHbl yCIroBuA pe3oHaHCOoB, KOTOPbIE MOTyT HabnogaTbea B rn-
POMarHnTHbIX cpenax.

Tabnuua 7.1 — YcnoBusi BO3HUKHOBEHUSA pa3fnyHbIX PE30HAHCOB
B MTMPOMarHUTHbIX cpedax

Bes nogmar- | Mpn BosgeiictBum  nonsa | Mpyu Bo3geicTBUM Mnons noamarHuym-

HUHBaHWA nogamMmarHn4mBaHmsA H- BaHMa H- wn BblcOKOYacCTOTHOro Mmar-

HUTHoro nons H - = H -

Ob6bI4HbIU lupomacHumHbIlU  pe30- | PeppomMacHUMHBIU Pe30HaHC.
duanekmpw( HaHcC Ha YacToTe @, . Ycnoeue 803HUKHOBEHUST.

YacTtoTa BbICOKOYACTOTHOMO MNons @
coBnagaeT C 4acToToM Nnons nogmarHu-
YMBaHUA @, W YIMOBOW 4acToToW Bpa-
LLIEHUS SNEKTPOHaA.

OHepeus, nodsodumasi om 8bICOKOYa-
CMOMHO20 Ma2HUMHO20 10/, pacceu-
gaemcsi 8 sude mernna 8 Kpucmariu-
yeckoli pewemke cheppuma, m.e. ro-
enowaemcsi. Cucmema Kak pe30HaHC-
HbIU KOHMYypP 8 meopuu yenedu.

Ycnoeue 803HUKHOBEHUS:
4yacTtoTa noJjida nogmMarHnyu-

BaHNA @, coBMNafjaeTt C yr-

NOBOM 4acCTOTOW BpalleHus
3NeKTpoHa

7.2 Oco6eHHOCTU pacnpoCTpPaHEeHUA 3NeKTPOMarHUTHbIX BONH B

NpPoAoNbLHO HAMarHM4YeHHoOM cheppuTe
BnusiHme HanpaBneHWe pacrnpoCcTpaHeHUsi BOJSIHbI OTHOCUTENBLHO HarnpaBleHUs
nonsi NoAgMarHU4YMBaHUS Ha CTPYKTYpY BOSHblI B ¢heppuTe pacCMOTPUM Ha npumepe
ABYX npefenbHbIX CrlydyaeB — pacrnpocTpaHeHWsi BOSHbI BAOSb OMpendeneHHoM ocu
(BOOMb MOCTOSIHHOFO MarHUTHOFO NOMA) W NepneHanKyNspHo ei. Bce ocTanbHble BO3-
MOXXHbl€ KOMBMHALMN MOXHO NOMYYNUTb, UCMONb3YS NPUHLMN Cyneprno3nLui.
HayHeM co cnyyasi, korga_BblCOKOYACTOTHOE MEepPeMEHHOe MarHWTHOe Mofe fu-
HENHOW Nonsipusaunmn senseTcs NpoAosbHbIM. [peanonoXum, 4To

—_—

H-=i.H_. (7.6)
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B atom cnyvae 0/0x =0/0y =0, E_. =0, H_ =0, n oTnnm4Hble oT Hyns ypas-

HeHus MakcBenna obpasyoT cuctemy:

OoH )
oH L —jowel
0z v ’ ( )
oF oF

— —io(w H, ~iaH,), ZX=—ioluH, +iaH ). (7.76)
0z 0z

Ha ocHoBe pelueHns cucTeMbI ypaBHeHWi (7.7) NOMyHaloTCca BbipaXeHUs!, OnuchI-
BaloLLe KO3(PDULIMEHTLI pacnpoCTpaHeHNs BOMH (BOMHOBLIE YMCNa) U BOSHOBbIE CO-
npoTUBNeHnA COOTBETCTBEHHO!:

[MepBoe BOMHOBOE YUCMO (C NAOCOM, MHAEKC 1) COOTBETCTBYET BOJSIHE KPYroBOM
nonsipu3auum ¢ neBbiM HanpasfeHWEM BpaLleHWsi, BTOPOE BOSIHOBOE YuCMo (crnarae-
MO€ C MMHYCOM, MHAOEKC 2) — BOSIHE C MpaBblM HanpaBfieHNEM BpalleHus, T.e. BONHa
NMHEVHOW nonsipusaunm npencraBnseTcs B BUAe Cyneprnosvumm OBYyX BOSIH KPYroBOW
nonsapusaunn. Npudem, ecnu B cpefe CyLecTByoT 06e BOMHbI KpyroBow nonspusaunm
C paBHbIMM aMNANTygaMu, TO KOMMOHEHTbI CYMMApPHOro 3MeKTPOMarHUTHOro nons o6-
nagatoT cneayowmmMm CBONCTBaMMU:

- KOMMOHEHTbI HanpsKeHHOCTU MarHUTHOro nons konebénwTtcsa B dase, YToO COOT-
BETCTBYET NIMHENHON nonspmsaumm nons (CymmapHasi KOMMNOHEeHTa MarHWTHOro Mons
UMeEeT Ty XXe NoNsipM3aLmio, YTO U UCXOA4HAasi BOMHA);

- ANEeKTPUYECKOE Nosfie CyMMapHOWN BOMNHbI ByaeT annmnTu4eckn nonsipu3oBaHHbIM,

(7.9)

NOCKOJIbKY Zl E= ZZ’ a, cregoBsartesibHO, aMniinTydbl BOJTH JIEBOro 1 npaBoro Harnpas-

NEHUN BpaLLeHUsa pasnuyHbl (CyMMapHasa KOMMOHEHTA 3MEKTPMUYECKOro nonsi UaMeHsaeT
nosiApM3aunio C IMHEMHOM Ha ANSNIUNTUYECKYIO).

Yron HaknoHa BEKTOopa H wn OCH nonAapum3aumMoHHOro annunca 3NeKTprn4ecKoro
nons onpeaensieTcs opMyrion:
Hy
6 =arctgl — |=0'"z, (7.9)
H)C

k —ky

roe Q'ZT - NMOCTOAHHaA CDapa,lJ,eﬂ, Xapaktepusyruiada yrosi noBopoTta nosna-

PU3aLMOHHOIO 3NMnca Ha eguHULY OASIMHBIL NYTW.
fBneHne noBopoTa NONAPU3ALMOHHOIO 3Mnunca B 3aBUCMMOCTU OT NPONOEHHOIo
BOJSTHOM pPacCTOAHUS Monyyuno HasBaHne adpdpekta dPapagesi, a cpefbl, B KOTOPbIX
NPOUCXOAMUT AAHHbIN 3PEKT, NONYyYNnn Ha3BaHME MMPOTPONHLIX, T.€. BpaLLatoLLNXCS.
HanpasneHue BpalleHUs1 NAIOCKOCTU Nonsapusaunm 3aBUCUT OT COOTHOLLEHUS Be-
NNYMHBI MOCTOAHHONO MarHUTHOrO MONSA U BENUYMHBLI MOMSA, COOTBETCTBYHOLLENO pPe3o-

HaHcy H onpegernseM rno aHanoruu ¢ BbipaxeHuvem (7.1):

pe3’
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()]
7]

Pasnuune ko3hpULNEHTOB pacnpoCTpaHEHMs BOMH C NIEBbIM U MpaBbIM Hanpae-

NeHveM BpalleHUsa NPUBOAUT K TOMY, YTO pasnnyaloTcs U CBA3aHHble C HUMU Da3oBble
CKOPOCTH:

H

pes3

(7.10)

0] 1

Vi, = = .
b1,2
kl,z v EH 2

B KOTOPbIX MarHMTHble NpoHMUaeMOCTU BOJIH C JiEBbIM U NpaBbiM HaripaslieHnem
BpaLleHnA ornncbiBatoTCA cbopmynaMM:

(7.11)

_ W

My = Ho| 1+ (7.12)

0w, *To

AHanuna cooTHoweHun (7.11) n (7.12) nokasbiBaeT:

- MpY coBnageHnn HanpasfeHun pacnpoCcTpaHeHUs BOSHbI U NONA NOAMarHu4Yum-
BaHMS pe3oHaHCHOe norfoweHne npu eppomMarHMTHOM pe3oHaHce UCMbITbIBAeT BOS-
Ha NpaBoOro HanpasrfieHs BpalleHus (ee pasoBas obpaliaetcsa B Hynb). Ecnu nsame-
HUTb HanpaBfeHne NOCTOSHHOIO MoJis Ha NPOTUBOMONOXHOE, TO U3MEHUTCS 3HAK Y KO-
achdpuumneHtTa a, M pes3oHaHCHoe nornowleHne 6yaeT uMCMbITbiBaTb BOSMHA NEBOrO
HanpaBneHns BpalleHus;

- WU3MeHeHnemM BeJIMYUHbI G)O, T.€. NMOCTOAHHOIO MarHUTHOro nolrid, MOXHO OCYy-

LLLeCTBNATL ynpaBneHne TpebyeMbiM o6pa3oM napameTpamu dpeppuTa.

Cneaywouwasi 0cob6eHHOCTb - HaMarHN4YeHHbI heppuUT SBNSETCA HEB3aMMHOW cpe-
A0W: 13 nonoxeHnss A (CM. pUCYHOK 7.1) BEKTOp MpW ABWXEHUW BOMHbI B MPSMOM
HanpaBfeHnM NoBopaYnBaeTCs B NONoXeHne B, a npyu o6paTHOM — He BO3BpallaeTcs B
A, a, npoJomkas BpallaTbCsl B Ty e CTOPOHY, NpuxoauT B nonoxeHue C. Takum o6pa-
30M, 110J1e 8 2upomMpOrHol cpede He NOGYUHSIeMCs MPUHYUNY 83aUuMHOCMU.

PucyHoK 7.1 — UnntocTpauma cBOMCTBA HEB3AaUMHOCTM TMPOTPONHOM cpeabl
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B HamarHnyeHHbIx depputax, UMEKLWNX KOHEYHbIE pasMepbl B NONepeyHoM ce-
YyeHuun, Habnwgaetca aghgpekm cmewieHuUs noss. JaHHbln 3PdEKT BO3HUKaET npu

oTpuLaTenbHbIX 3HAYEHUAX L, (HWKHWIA 3HaK B popmyne (7.12)), koraa KoadpduumeHT

pacnpocTpaHeEHUA kZ BOJTHbI C MpaBbiM HanpasneHnem BpalleHnd, Kak HeCrnoXXHO 3a-

METUTb N3 BblpaxeHus (7.8), CTaHOBUTCA YNCTO MHMMOW BEMNYMHON. DTO COOTBETCTBY-
€T BOMHaM C 9KCMOoHeHLUuansbHo yobiBatoLen saons ocu 0z amnnuTynoit, ymeHbLuato-
LLencs He M3-3a TENnoBbIX NOTEPb B cpefde, a BCneacTBne apdekra oTpaxeHnsd, Bbl-
TeCHeHus nonsa cpefou. MNMpm aToM pacnpocTpaHeHue BOSH C NpaBbiM HanpaBneHneMm
BpaLleHus B heppuTe CTaHOBUTCS HEBO3MOXHbIM. [1py KOHEYHbIX B MONEpeYHOM ceye-
HUK pasmepax heppuTa BOSMIHA JaHHOW NONSPM3aLUN BbITECHAETCS U pacnpoCTpaHs-
eTca BHe deppuTOoBOM cpefbl. BonHbl ¢ neBbiM HanpaBneHMeM BpalleHUs npu 3ToM
pacnpocTpaHsieTcs B (heppuUTOBON cpeae HopMarbHO.

7.3 Oco6eHHOCTM pacnpocTPpaHEeHUs1 3NIeKTPOMarHUTHbIX BOJIH B No-
nepe4yHo HamarHM4YeHHoM deppuTe
Kak B paHee paCcCMOTPEHHOM Clly4dae CKaldpHad cuctemMa ypaBHeHI/IIZ MakcBenna

TakXe pacnagaetcd Ha OBe rpynrnbl HE3aBUCUMbIX ypaBHeHI/II7I, Kaxgasa U3 KOTOPbIX
onucbliBaeT OTAEJIbHYIO BOJIHY:

EOx = O’ tuxHOx = iaHOy’
kH, = weE,,,  (7.13a) —kE,, = co(iaHOx +uHy, ) (7.136)

Cuctema (7.13a) onucbiBaeT BOSIHY, HUYEM HEe OTNMYaloLyCca OT 0ObI4HOW Nnoc-
KON BOMHbLI B M3OTPOMHOW cpede C napametpamu &, U, (0O6bIKHOGEHHasi 60JIHa),

VMEIOLLLYIO MarHUTHYIO COCTaBMsAoLLYIO, napannensHyo H —.

BTopas cuctema ypaBHeHUI OonmUCbIBaeT BOSIHY, KOTOpas, B OTNNYME OT OBbIKHO-
BEHHOW, UMeeT MpPOAOSbHYK COCTaBMASIOLWYH MarHUTHOro nons (HeobbIKHOBEeHHas!
eosiHa). V13 nepBoro ypaBHeHus cuctemsbl (7.136) cnegyeT, 4TO MarHUTHOe none nons-

pn3oBaHO 3AIrNMMNTUYECKN B NMIOCKOCTHU xOy, ﬂepﬂeH,ﬂMKyﬂﬂpHOﬂ H - . B atom aBneHuu

NPOSIBASIIOTCS MPOTPONHbIe CBOMCTBA heppuTa.
MocKkonbKy OTHOCMTErNbHAsi MarHUTHasi NPOHULLAEMOCTb HEOOBLIKHOBEHHOW BOSHbI

M|, onpefendemMas CoOoTHOLEHUEM

2 2
—da
u, ="t (7.14)
Hy

OTNMYaeTcs OT COOTBETCTBYHOLLErO napameTpa 0O6bIKHOBEHHOW BOJSHbI, TO AaHHbIE BOSI-
Hbl ByOyT MMeTb U pasnuyHble a3oBble CKOPOCTM, NpuyeM hasoBasi CKOPOCTb He-
0ObIKHOBEHHOW BOJHbI OyaeT 3aBUCETb OT HaMpPSXKEHHOCTUM MOCTOSIHHOMO MarHUTHOrO

nonsi. Mpn pu, =0 yu, >0 v =0, T.e. HeoBbLIKHOBEHHAA BOMHA pacnpocTpa-

HE00
HATbCA He ByaeT. B aTom cnyvyae HabnwogaeTcs monepeyYyHbIl 2upoMa2HUMHbLIU pe-
30HaHC.
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Ha pucyHke 7.2 nokasaHbl 3aBUCMMOCTW CBOWUCTB cpeabl OS5 BOSH C NpaBbiM (Kpu-
Bas 1) u nesbIM (KpmBasi 2) HanpasfeHneM BpalleHus (Npyu napannensHOM nogMarHu-
YynBaHUM) N HeobbIKHOBEHHOW (KprBas 3) U 0BbLIKHOBEHHOW (KpyBas 4) BOMH (Mpuv none-
peYHOM NoamMarHu4MBaHun).

A (H="::H’1193)
s00 -
L3 2.4 E/
o q\ R
=500 : | |
0.94 096  0.9% 1 H_H

s

PI/lcyHOK 7.2 - MHHIOCTpaLI,I/IFI BIMNAHUA OpUeHTaunn nonqa nogMmarHn4mMBaHumA
n ero UHTEHCMBHOCTU Ha BEJNTMYUHY MarHUTHOW NPOHNLAEeMOCTH cbeppvlTa

Momnmo nonepeyHoro pe3oHaHCa Mnpwun pacnpoctpaHeHnn BOJIHblI B nonepe4vyHom
non nogmarHM4nMBaHmA HanpasieHnn HabnogaeTca SCbeeKT 3aBUCMMOCTHU NnoJNiAaApun-
3aunn BOJIHbI OT I'IpOI?l}J,GHHOFO BOJIHOM PacCToAHUA, 06yCJ'IOBJ'IeHHbIIZ HEepaBEHCTBOM
Cba3OBbIX CKOpOCTeIZ 0ObIKHOBEHHOM 1 HEOOLIKHOBEHHOW BOSH, T.€. cABUra (*)83 Mexay
HUMU:

|-|pI/I pacnpocTpaHeH BOJIHbI Nondapu3auunda cymmapHoﬁ BOJIHbl 3NNEKTPUYECKOro

nona 6ygetr nuMbo NMHEMHOW, ecnu as3oBbIM CABUM paBeH Lenomy uucny 7, T.e.
Y =nm, nmbo annMNTUYEecKon (BO BCEX OCTalbHbIX Criyyasx). YacTHbl cnyvan an-

NUNTUYECKON NONsipu3aumMm — Kpyroeasi nonsipusaumnsi — BO3MOXKEH MpU paBEHCTBE aM-
nnvtyn E,, = E()y (korga B Touke X = () BEKTOP HaNPSHKEHHOCTWN 3MEKTPUYECKOrO Mo-

NSl UICXOZHOW BOJHbI HanpaeneH nog yrnom 45° no otHoweHwuio k ocn 0y ) B Toukax,

rmey =2n+1)r/2.

Jlekuunsn Ne8. BonHoBble AsBNeHuss BONU3u rpaHuubl pasgena
cpen,
8.1. HopmanbHoOe nageHMe NNOCKMUX BOJIH Ha rpaHuLy pasgena cpen

Mpwn pacnpocTpaHeHU! MIOCKON SMNEeKTPOMarHUTHOW BOMHbI B MNPOCTPaHCTBE,
npeacTasnsitolem cobor o6nacTi ¢ pasnuyHbIM 3HaveHrem napameTpos €,, U, , O

n rpaHnuamMmn pasgerna B Buae NSIOCKOCTEN, BO3HUKAIOT OoTpaXeHHble N nperioMineHHbIe
BOJIHbI, KaK NMoOKa3aHO Ha PUCyHKe 8.1.
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Cpena 1
€a=& &
IL1ockocTh =
a — M1 Mo
dazopan najgeHas " Pl
IIOCKOCTD OmpaxeHHast
~ 60/1Ha
N
|
i I'pannna pazgena :L/\\ -~ Cpena 2
cpel \ =
pea I q’ Eag = 82 80
0 \Mpowedwasn Pa=WNz M,
op goJsIHa

PucyHok 8.1 — FleoMeTpus 3a4aum 0 HaxoXaeHWUM Noner Npu nageHnn BomHbl
Ha rpaHuLy pasgena cpef

KomnnekcHble aMmnnnTyabl 3TUX BOJIH CBA3aHbl C KOMMJIEKCHOM aMI'IJ'II/ITyD,OIZ na-
AaroLuen BOSHbI Koacpd)uuueHmaMu ompaxeHust U ripesioMmsieHus:

Ry = EOTp /Enaﬂ, T, = EHp /Enaz[' (8.1)

KoathpmumeHTbl oTpaxeHus u npenomMneHns obobLeHHO Ha3biBaloTCA Koaghghu-
yueHmamu PpeHesisi N HAXOASATCA HA OCHOBAHUWN FPaHUYHbBIX YCNOBWUIA HA MIOCKOCTSAX,
pasgenarLwmnx cpeabl C pasnnyHbIMU 3HAYEHUAMU SNEKTPOANHAMUYECKNX NapaMeTPOB.
Mpn paccmoTpeHnn maTepuanos nekuum 6ygem npeactaBnaTb BOMHbI B BUAE Ny4en.
OTO AONYCTUMO, MOCKOSIbKY MAIOCKYK rpaHuLy MOXHO cyMTaTb 6ECKOHEYHO MPOTSHKEH-
HOW.

[na matematnyeckon popmMynmMpoBKN AaHHbLIX KO3 MUNEHTOB BBEAEM HECKOSIb-
KO MOHATUN.

lMnockocmbro nadeHus1 Ha3bIBAKOT MIIOCKOCTb, B KOTOPOW NexaT HanpasneHue
pacnpocTpaHeHns nagaroLien BOSHbI U HOpMarb K MOBEPXHOCTU pa3aena cpef B Touke
nageHus.

B 3aBMCMMOCTM OT OpUEHTaLMM BEKTOPA HAMPSPKEHHOCTM 3NEKTPUYECKOro nons B
BOSIHE OTHOCUTENIbHO rpaHuLUbl pasgena cpeq NUHENWHO MONApU30BaHHbIE MIOCKMe
BOJTHbI YCITOBHO AENATCS HA BepTUKaIbHO- N FOPU3OHTANbHO-NOMSAPMU30BaHHbIE. BOnHy
Ha3blBalOT 8epMUKasIbHO-MOMSAPU308aHHOU (NONSPU30BAHHON B NITIOCKOCTM NageHus,
napannesnbHO Norfisipu3oBaHHasA BOSIHA), €CNM BEKTOP HaMpPsiKEeHHOCTU 3N1eKTPUYecKoro
nosis NeXuT B MOCKOCTU nageHus (pucyHok 8.1,a). Ecnn ke BeKTOp HanpshKeHHOCTU
3IEeKTPMYECKOro nongd neprneHauKynspeH niockoCTU nNageHusa u, criegoBaTesibHo, na-
panneneH rpaHuue pasgena, TO  BOSIHA  Ha3blBaeTCs  20PU3OHMaJsIbHO-
nosisspuzoeaHHoU (UM NONAPU30BaAHHON HOpPMAarnbHO K MAIOCKOCTU NageHusi, BOSiHa
nepneHanKynapHon nonspusaumm) (pucyHok 8.1,6).

HanpaBneHus pacnpocTpaHeHusi nagarolien, OTpaKeHHOM U npollealen BOSH,
OTCUMTbIBAEMbIE OT HOpMarnu K MOBEPXHOCTU pa3gena, cBs3aHbl Mexay cobon 3akoHa-
mu CHennuyca (CHenng):

yrosni nageHunsa paseH yriny otpaxeHus (1-n 3akoH CHennuyca);

CVHYCbI YITIOB NageHns U NpenomMneHns OTHOCATCA Kak NOCTOSIHHbIE pacnpocTpa-
HEeHMs1 B COOTBETCTBYHOLLMX cpeaax (2-1 3akoH CHennuyca):
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PlllcyHOK 8.1- OpI/IeHTaLl,I/Iﬂ BEKTOPOB B 3aBUCMMOCTHU OT NnonAapmn3auinn BOJIHbI

sin k
P % (8.2)
sin@  k
[N HENornoLaLWMX cpef 3aKOH CUHYCOB 3an1cbIBAeTCs B BUAE
sing Ve A €aoMan k, _ny,

sing - vy, Ealla K 1
rae Ny, - OTHOCUTENbHbIA KOIMMULIMEHT NPenoMneHuns (B ONTVKE AaHHbIA Napa-

MeTp onpenensieTcs aKcnepuMeHTanbHo). M3 3akoHa CvHYCcOB crieyeT, YTo OTHOLUe-
HMWE CWHYCOB YrnoB NafeHuUs U NpPenoMIIeHUss paBHO NMOCTOSIHHOW Benu4YMHe, 3aBUCH-
LLlei TONbKO OT NapameTpoB rpaHuYaLLmx cpeq.

C TOYKM 3peHUs SNEeKTPOAMHaMUKM 3akoHbl CHennuyca — crneacTBusl ypaBHEHUN
MakcBenna v cBA3biBaloT Mexay coboii ha3oBble CKOPOCTM pacnpoCTpaHeHNs BOSH B
cpepax Ha rpaHuue pasgena.

ANa HaxoXOeHUs COOTHOLLEHMS MexXay amMnnMTygaMmy BEKTOPOB 3MeKTPOMarHuT-
HOTO MONS NajatoLLei, OTPaXKeHHOW 1 NpoLleaLleli BOMH UCMONb3yeM rpaHuYHbIe YCro-
BUA Ha rpaHuue pasgena cpef — nnockoctn z = (. 3anucaHHble OTHOCUTENBHO TaH-
reHumanbHbIX KOMNOHEHT Mone:

E.=E,,, H,=H,. nou z=0. (8.4)
I'IpMpaBHMBaﬂ Ha rpaHuue pasgeria CoOoTHOWEeHUA, OonncbiBalkoLLIE ANEeKTpn4yeckmne
N MarHUTHbIE Nod, noJjiydaem BblpaKeHUd And rnosiHoro nond:
X0 XIT
Exnaz[ +Ex0Tp = Exnp’ ;;aﬂ - WTP = Wp ) (8.5)
1 1 2

B koTopbix Wy, k;, W,,k, - cooTBETCTBEHHO BOMHOBbIE COMPOTUBMEHUS W KO-

pULMEHTBI pacnpocTpaHeHUs B NepBOI 1 BO BTOPOW cpeaax.
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B yactHOM cny4yae HopMasibHOro nageHua BOJSIHbI, T.e. @ = O, pa3fnenne nesbie 1

npaeble YacTu paseHcTB (8.5) Ha amnNnNuTyay nagaroLen BosiHbl U yuuTbiBast 0603Haye-
HKA (8.1), nonyyaem cuctemy 13 ABYX NMMHENHBbIX anrebpanyeckux ypaBHEHUN:

I+ R=T" 1 _RrR_T 8.6)
we wy W,
peLwan KOTOpyI‘O, I'IOJ'IyqaeM
M- o W ©.7)
W, +W, W, +W,

Takum obpasom, KoadppuumneHTol PpeHens Npyu HopManbHOM MageHUn BOSTHbI HE
3aBUCAT OT Nonsipusaunu.

8.2. HaknoHHOe nageHMe NOCKUX BOJSIH Ha rpaHuuUy pasaerna cpea.
[BoWHOE nyyenpenommneHue

[Mpn HaAKNOHHOM NaAeHUN BOJSTHbI MNOSABNSAETCA 3aBUCMMOCTb Takke M OT B3aMMHOM
OpWEeHTauUn NNOCKOCTM NONApU3aLnmn 1N NNOCKOCTN NageHus.
B cnyyae napannenbHon (BepTukanbHOW) nonspusaumm koadhpunumeHTsl PpeHens
OyayT onpenensitbCs COOTHOLLUEHUSIMUA:
_ W, cosp—W,cosO q B 2W, cos @
= , = .
W, cosp + W, cosO W, cosep + W, cosO

RH (8.8)

B cnyyae nepneHAvKynsipHOM (ropu3oHTanbHOM) nonspusaumm gaHHble koaddu-
LMEHTbI NPUHUMAIOT BUA:

_W,cosp—W,cosO 7o 2W, cos @
+ W, cos@ +W, cos6’ * W, cos@+ W, cos0

R (8.9)
PaCCMOTpMM p4an 4YacCTHbIX CityYaeB, NoJie3HbIX B NPakKTU4E€CKOM UCMNOJIb30OBaHUN.
[MycTb BTOpasa cpefa asnseTcs ngeanbHbiM MeTaniom (o — o0 ). B aTom cnyyae

ANIEKTpUHECKOoE Mnosie BO BTOpOI7I cpene, Kak yxe otMedanochb npu ndydeHnn rpaHnM4YHbIX

YCMOBUIA, CyLLIECTBOBaTb HE MOXET, crnefoBaTtesnibHO, KO3 UUMEHTbI NPpoXoXaeHusa T B
cny4dasix obounx nonspmusaunn pasHbel Hynw. CooTHoweHus (8.8), (8.9) npuHumaroT BuA:

AHanuM3 gaHHbIX COOTHOLWIEHWA AaeT OOMH OYEeHb BaXKHbIX BbIBOA: OTpa)KeHHoe
anekTpuyeckoe nosne nepneHaukynsapHo NoNApu3oBaHHOM BOJSIHbI NOCMEe CABUMHYTO MO
drase Ha /T OTHOCUTESbHO NagaroLero nosnsi.

BTopon 4acTHbIn criydan: KoadduLUmneHT oTpaxkeHus obpauiaetca B HyNb. duau-
YeCKM 3TO COOTBETCTBYET SABMIEHUIO MOSTHOrO NPOXOXOEHUsI BOSHbI BO BTOPYH cpeny.
Yron nageHusi, npu KOTOPOM BO3HMKAET [aHHOe siBfieHWe, HasblBaeTcs yesioM bpro-
cmepa v onpenensaeTcs BblpaXXeHUSIMN:

&y Hi&y — Hr &y

tg((DBH )= —_ (8.10a)
€1 Ha&r — K&
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YnpaBneHne AUCTaHLNOHHOIO 06y4YeHUA U NOBbIWEHUA KBanUbUKaLMn

3ﬂeKTpO,EI,VIHaMMKa N pacnpocTpaHeHne paanoBoJiH

Hy HhéEy — Hh&
Hy thé& — Hréy
HecnoxHo 3ameTuTb, 4TO yron Bpioctepa He onpeaeneH B criydae HeMarHUTHbIX

te(pp )= (8.106)

cpen (U; = Uy = [) NPV NEPNEeHaUKYNAPHON Nonspusaumn v npu napannenbHo
nonspusauun B criyyae, korga £, = &,. Takum obpasom, OT rpaHuLbl pasgena obbiy-

HbIX ANANEKTPUKOB NEPNEHOMKYNSAPHO NONSpM30oBaHHasa BOSIHa oTpaxkaeTcst Npu NobbIx
yrnax nageHus.

Ha pucyHke 8.2 nokasaHa CTpyKTypa nons B NepBon 1 BO BTOPbIX obnacTtax B 06-
wem crnyvae (pucyHok 8.2,a), a Takke ANSA YacTHOro cryvas npu nageHun nog yrrom
Bptoctepa (pucyHok 8.2,6). AHann3 gaHHOro pUCcyHka nokasbiBaeT, YTO B crnyyae nage-
HUS MO MPOU3BOSIbHBIM YIIIOM 3a CYEeT MHTepdepeHUnn nagarwen n oTpaKeHHOM
BOJSIH B NepBon 0651aCTn BO3HUKAKOT y3rbl U My4YHOCTU nond. B cnyyae nageHus nog yr-
nom bpiocTtepa oTpaxeHus B nepByt obractb He Habnwgaetca. B cBaAsn ¢ atum B
AaHHoM obnacTtu y3nbl 1 My4YHOCTU OTCYTCTBYIOT.

PucyHok 8.2 — nntocTpaunsa CTpyKTypbl 3NeKTPOMarHUTHOro nosis
npwu pasnnyHbIX yrnax nageHns

TpeTuit cnyyat — nagawllaa BoNnHa UMeeT KPYroBYH WU SMMUNTUYECKYHO NONs-
pusaumio. Kak yxxe oTMeyanoch Bbillie, AJaHHbIe BOMHbI MOXHO NpeAcTaBuTb B BUAE CY-
nepno3vLun AByX NMMHENHO NONAPU30BaHHbIX MIOCKMX BOMH, O4HA U3 KOTOPbIX Nonspu-
30BaHa MeprneHaVKynapHo, a apyras — napannenbHO MMOCKOCTU nageHus. Tak Kak
YyCNOBMSA CyLLECTBOBaHUA yrna BpiocTepa AnA napannensHoi U nepneHauKynspHom
nonsapusaUuii pasnnyHbl, TO COOTHOLLIEHME MEXIy aMnnUTygamu neprneHanKynsapHon 1
napannenbHOW COCTaBNSALLMX B OTPaXKEHHON U Npollealleit BonHax 0yaeT NHbIM, YeM
B Najalolleit BonHe. OTO NPUBOAUT K U3MEHEHUIO MOoNsApu3aumm OTPasKeHHOW U Mmpo-
LeALLIe BOSH Mo CPaBHEHWIO C NagatoLLent.

UeTBepTbiil cnyyail — NONHOE OTpaXKEHWe Ha rpaHule pasaena ABYX AUINEKTpU-

koB. Ecnun nepsas cpefa sABnaeTcA onTuyeckn bonee NNoTHoOW (1, < n; unn &, > &,),
TO U3 BTOPOro 3akoHa CHennuyca creayer, YTo B 9TOM Criyyae Bceraa BbiMOMHAETCA
ycrosue O > @, cnegosatenbHO, HaliAETCs Takoe 3HaYeHUe yrna nageHusl, Npu KoTo-

pPOM MNpenoMeHHas BonHa nonaeT napannenbHo rpaHuue pasgena cpen, T.e. nog yr-
nom 0 =90°. laHHOe KpUTMYECKoe 3Ha4YeHne yrna nageHuss HoCUT Ha3BaHue Kpumu-
4YecKo20 yaJs1a Unv yasa nosiIHo20 6HymMpeHHe20 OompaxeHusl:

@yp = arcsin(n, / ny). (8.11)
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an/l yrnax nageHua @ > (pr npenomneHHon BOSMHbI B OObIYHOM MOHUMAaHUN He

CYLLECTBYET, 3Heprus nagatoLlent BofHbl MNOMHOCTbIO OTpaXaeTcsl BHYTPb NepBoi cpe-
Abl. PU3nyeckn 3To 03HaYaeT, YTO BAONb NOBEPXHOCTU pasfena pacnpocTpaHsaeTcsa Tak
HasblBaeMasi MOBEPXHOCTHas BOSHA, aMNNUTyaa KOTOpoKW ybbiBaeT npu yganeHuu ot
rpaHuUbl pasaena no akcnoHeHTe. Ha pucyHke 8.3 nnnocTpupyeTcs reoMeTpust 4aHHO-
ro criyyast nageHus BOJSHbI.

PlllcyHOK 8.2 - FeomeTpMﬂ 3afayvn nageHunsa BosriHbl No4 KPUTUHECKUM YTITIOM

KoathpmumeHTbl oTpaxeHna ans BoNH obenx nondpusaumi OnucbIBatOTCS COOT-
HOLUEHUAMMU:

. &
sin? - S2H2

g le g
= F exps 2i arctg bhe2 1
Ry My / cos ¢

(8.12)

AHanus3 gaHHOro BblpaXXeHusl NokasblBaeT, YTo Moaynb ero paseH 1. Koaddumum-
€HT NpenoMIIeHNa CTaHOBUTCS KOMMIIEKCHbIM, YTO O3HavyaeT 3aTyxaHue BOSHbl BO BTO-
pown cpefe Nno 9KCMOHEHUManbHOMY 3akoHy. [laHHOe siBfieHMe LUMPOKO UCMOfb3yeTcs B
ONTUKE NPU CO34aHMUM MPU3M, U3MEHSAIOLLNX HanpaBreHue ny4ven.

[MATbIM YacTHbIM criyYan - BTOpas cpefa siBnseTcs rmpoTponHon. Ha npegbiayluen
nekuuun, paccmaTpuBasi CBOMCTBA MMPOTPONHLIX Cped, OTMevariocb, YTOo Npu pacnpo-
CTpaHeHUM BOSHbI B HanpaBfeHnn, NonepeyHoM NOCTOAHHOIO MarHMTHOMY MOS0, BOSHA
pacliennsieTcsl Ha ABe: OObIKHOBEHHYIO M HEOOLIKHOBEHHYIO, MMEIOLMNE pasnuyHble da-
30Bble CKOPOCTW, a, crieoBaTesnbHO, U pasfnuyHble KO3I(MUUMEHTbI NpenomseHuns. Tak
Kak (pa3oBble CKOPOCTM MOCNeLHUX Pa3fiyHbl, TO COOTBETCTBYIOLLNE NPESTOMIEHHbIE MNy-
TV He coBnagaT. [laHHbIi 3ghghekm nonyuun Ha3BaHne O0B8OUHO20 Jlyyeripesiomsie-
Husi. HanpaeneHnsi NpenoMreHHbIX BOSIH HECMOXHO HaWTW, MCMONb3yA BTOPOW 3aKOH
CHennuyca

sinf,; _ n, y sinf,; _ (8.13)
sing  n; sing — n,;

AHarnornyHble BbiBOAbl MOryT ObiTb cAenaHbl U Ans cpedbl C ANANEKTPUYECKON
aHN30TpOnNuen.
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8.3 NMnockne HeopgHOpPOAHbLIE BOSHbI HA rpaHULLe pa3aena cpea

M3 M3NOXXEHHOro Bblle SICHO, YTO Hag NOBEPXHOCTbLK pasaena, rge CywecTtByrT
nagawuwada n oTpaxXeHHada BOJIHbl, pe3ylribThpylowee nosrne npeacraBndeTt cobon Cy-
nepno3nuunto gaHHbIX BOJIH. I'Ip|/| HOpMalribHOM NMageHunn nagarwad n oTpa>keHHada BOI-
Hbl PAaCnpoCTpPaHAKTCA HaBCTpeYy Apyr Opyry. B Clnydae, Korga BTopas cpefa ABldeT-
CA naearibHoO nposogdilad noBepXHOCTb, pPe3yJibTUpyroLlee nose onncbiBaetTcAa COOT-
HOLUEeHUNAMMU:

Ey = By + By =2iE ,,, sinkz . (8.14a)

ynan

Hy=H,,+H,, =2H ,,, coskz. (8.146)

Takum 06pas3om, Haz, NPOBOASILLEN NMOCKOCTLIO YCTaHAaBNMBAETCS BOMHA C Y3IIOM
ANeKTpnyeckoro n ny4yHOoCTbl0 MarHUTHOro nonen Ha nnockoctn. B obem cnyydae npu
| <

nan Ha[ NMJIOCKOCTbIO pa3aeria yCTaHaBIinBaeTCA KOM6I/IHI/IpOBaHHa$I BOJIHA.

OTp‘ <
Mpy HaKNOHHOM NafeHWM NIOCKOW BOMHbI HA rpaHuLly pasgena cpef BO3HUKaeT
Gonee crnoxHas CTpyKTypa pesynbTUPYIOLLEro Mons, NockomnbKy npsiMasi U oTpakeHHas

BOIHbI pacnpoCcTpaHATCS Nog yriom Apyr k apyry. B Toukax, roe Bektopbl £ npsavon
N OTPaXeHHOW BOSH CUHA3HbI, HAXOASATCA NYYHOCTU ANEKTpUYeckoro nons. B Toykax
e, rae BekTopbl NpoTueodasHbl, 6yayT pacnonaratbCs y3anbl.

BblpaxkeHue, onpeaensiioliee NonoxeHWe n-ro ysna BAOMb OCU Z («Hyns» nons)
BOIMHbI, NaAaloLwen NoA yriom ¢ , UMeeT BUA;

nri

z (8.15)

" kcoso
nOBerHOCTM paBHbIX aMmnnTyd napanrnelfibHbl MIIOCKOCTU pa3gerna cpen, a no-

BEPXHOCTU paBHbIX ha3, 0OCTaBasCb MOCKAMM, NepneHanKynapHbl eit. Hag rpaHnyHol

NOBEPXHOCTbIO pe3yribTUpylollad BOJIHA OKa3blBa€TCA NNOCKON, HO HeOJ:l,HOpOJJ,HOIFI.

Tak kak BekTopbl H naparoulen n oTpakeHHOW BOMH He napannernbHbl Apyr Apy-
ry, TO MOXHO rOBOpPUTb NULWb 06 y3nax u Ny4yHOCTAX HOPMarbHbIX U TaHreHumnasbHbIX
coctapnswowmx. C yanamu 3neKTpu4eckoro nonsi coenagatroT yarnbl HOPMarnbHOW CO-
CTaBNALWEN MarHUTHOMO NOJst, @ C NYYHOCTAMW — Y31bl KacaTenbHOM COCTaBMSAOLLEN.

BbisicHuMm nogpoOHO CBOMCTBA MMOCKUX HEOAHOPOAHbLIX BOMH. [1na aToro nagato-
LYK WU OTPaKeHHble BOJSIHbI Pa3foXUM Ha COCTaBnAlLWMEe, KaK MOKasaHO Ha PUCYH-
ke 8.3. lNpun Takom NpeacTaBneHMn Nagatolen n OTPaXKeHHOW BOSH Nofie Hag oTpaXa-
oLen NOBEPXHOCTBIO MOXHO paccMaTpmBaTth Kak pesyrnbTaT nHTepdepeHLmn aByx nap
6erywmx BonH. OgHa napa — ato BonHbl, 6erywme saons ocn Ox HascTpedy apyr apy-
ry. I3BecTHO, YTO CroXeHne 3TUX BOSH JaeT B pe3yrnbTaTe cTosa4yo BonHy. Crnenosa-
TenbHO, B HanpaBfeHun, NneprneHanKkynsapHOM OTpakatoLLen niioCKOCTU, AHEPrus He ne-
penaetcs. [ipyras napa BOSIH pacnpoCTpaHAeTCs B OHY M TY e CTOPOHY 1 NO3TOMY B
3TOM HanpaBfieHMM U OCYLLEeCTBNAeTCa nepegada dnekTpoMarHUTHon aHeprun. Cym-
MapHoe nosie onucbiBaeTcst opMyIion:
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PucyHok 8.3 — NleomeTpus 3agaym o0 HaxoXaeHnn noss
B obnactu nageHusi BOMHbI

E s (x,2) = 2iE ,, sin k x exp(—ik,z). (8.16)

ynan
3pecb kx,kz - COOTBEeTCTBEHHO MNMpoaoJjibHOe M nonepevyHoe BOJIHOBOE YNCIIO0 (KO-

adpdpurumeHTsl dassl Baons ocn 0x un 0z).

Takum obpasom, pesynbTupylollee nosne npeacrasnseT cobon BosHy, Geryulyro
BOOMb rpaHuuUbl pasgena, kotopasi B JaHHOM criydae urpaeT posSib HanpasnsawoLwen cu-
ctrembl. OgHako B OTNM4YMe OT OQHOPOAHOW BOSHbI amMnnuTyda HeOOHOPOAHOW BOSHbI
N3MEHSAETCA OT Hynsi OO MakCuMyMa B HanpasfieHuUW, NepneHaukynsapHOM rpaHuue
pasgena cpea. MocKonbKy eosiHa 3KCNOHeHUMansHo ybbiBaeT no amnnutyge npu yaa-
NEHUN OT rPaHNYHON MOBEPXHOCTU (Kak Bbl Mpununas K NoBepxXHOCTU), TO OHa Ha3blBa-
eTCH M08epPXHOCMHOL.

OKcnoHeHumanbHoe ybbiBaHMe amMniuMTygbl BOSIHbI HE CBS3aHO C MOTEPSAMU BO
BTOpPOM cpefe (OHM 34eCb He Yy4YUTbIBAlTCs), a OnpedensitoTca TemMm, YTO B CpedHeM
3Heprusi U3 NepBou cpebl BO BTOPYIO HE NEPEXOaNT.

8.4 MNpnbénnxeHHble rpaHNYHbIe ycrnoBus JleoHToBMYa

Bo MHOMMX rpaHn4YHbIX 3agadax 6biBaeT HEOOX04MMO HAWUTK None TONbKO B OQHOWM
obnacTtu, rae CcywecTBYKOT nagarlwas 1 oTpaxkeHHas BOMHbI. [Mpu CTporoMm pelueHumn
rPaHMYHOM 3aJaun, 4YTobbl y4ecTb BNUSHME BTOPOW cpedbl HEOBXOAMMO paccmaTpu-
BaTb none B obenx cpegax ogHoBpeMeHHO. Bo3HMKaeT cnpaBeasiBbi BONPOC: HEMb3s
nn 3agaTb TakMe rpaHuyHble YCNoBUSA, KOTopble Aany Obl BO3MOXHOCTbL HE paccMmaTpu-
BaTb Mosfie B TOW cpede, rae Ham He HYXXHO 3HaTb BenuumHy ero? Kak 6b1510 nokasaHo
M.A. JleoHTOBUYEM, TaKNE rPaHUYHbIE YCNOBUS MOXHO CChOpMynMpoBaTh, €Criv BTopas
cpega obnagaet 60MbLWON NPOBOAVUMOCTBIO UMK BONbLLION NPOHMLAEMOCTbI. B 3TOM
cnyyae, Kak Oblflo nokasaHo Bblle, Nofie BO BTOPOW cpede HOCUT xapakTep MOCKOMn
BOJIHbI, yXoasdulen Briybb BTOpOM cpedbl N0 HOpManuM He3aBMCUMO OT yrna nageHus.

an/I 3TOM MeXOy BEKTOpaMu E n ﬁ BO BTOpOI?I cpefe cyulecrtByeT NpocTad CBA3b:
[n, E]=Z[n,[ H,n]]. (8.17)
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Hopmanb n gomkHa ObiTb HanpaBneHa BHYTPb nNepBow cpedbl. [JaHHoe rpaHuy-
HOe yCnoBMe Ha3blBaeTCHA epaHUYHbIMU ycrnosusimu JleoHmoeuya (unu umnedaHc-
HbIMU 2paHUYHbIMU ycrioeusiMu). BonHOBOe conpoTuBrieHMe BTOPOWN cpeapbl Ha3blBa-
€eTCA NPY 3TOM NOBEPXHOCTHbLIM MMMNeaaHCOM Z.

MMneaaHCHble rpaHnYHble YCrOBUS LenecoodbpasHo NPUMEHSTb NULb B TEX Chy-
Yyasax, Koraa M3 Kakmx-nmbo npeaBapuTenbHbIX COOOPaXXeHU MOXHO 3apaHee HanTu
NPUGNMKEeHHOE BblpaXXeHne Ansi MOBEPXHOCTHOIo nMmnenaHca Z.

Tak, B cnyyae, Korga BTopas cpefa npencrasnsietcsa cobon meTannmyeckyto no-
BEPXHOCTb KOHEYHOM NPOBOAMMOCTU BenM4YMHbI NOBEPXHOCTHOINO MMNedaHca onpeae-
naeTcs opMyron:

7= [Haa _ [1PHar _ [Oad () gy (8.18)
€y o 20

N3BeCTHbl Takke BblpaXKeHUs ONns TOHKMX MarHUTOAUSNEKTPUYECKUX CNoeB (oau-
HapHbIX 1 MHOFOCMOMNHbIX) Ha MeTanIM4Yeckon NOBEPXHOCTU, rOPPUPOBAHHbBIX CTPYKTYP,
3aMOfHEHHbIX MarHUTOANSNEKTPUKOM.
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Tema 4. HanpaBnsiemble BOJIHbI

Nexkuma N 9 HanpaBsnsawwme cuctemol

9.1 Tunbl HanpaBNAKLWMX CUCTEM

OnekTpomMarHUTHas BOfHa B YCTPOWCTBaX M cCUCTeMax CBSA3M [OIDKHA pacnpo-
CTpPaHATbCA MO onpefeneHHoOMy NyTu, He B3aumoaencTBys 6e3 HagobHOCTM ¢ apyrumum
BOMHaMu, U 4OCTUraTb MyHKTa Ha3HaA4YeHUs C HaMMeHbLMMK noTepsamn. [ns nepegaym
9NEKTPOMArHUTHON BOJSIHbI OT MCTOYHMKA K MYHKTY Ha3HaA4YeHWs UCNONb3YHTCA JIUHUU
nepedayu. MOCKONbKY AaHHbIE NIMHUM OCYLLIECTBMAIOT BeAeHMe BOSHbl N0 3a4aHHOMY
nyTW, TO OHM Ha3bIBAOTCA TaKKe HanpaesisiiowuMu cucmemMamu, a 80JIHa Ha3biBaeT-
ca Hanpaesissemol. HanpaBsnswwaa cucmemMa HasbiBaeTCs pe2ysisspHol, ecrin OoHa
NPsSIMONIMHENHA 1 ee nonepevyHoe cevyeHne HEM3MEHHO Mo AfMHE.

OcHoeHbIM mpeboeaHueM K HanpasJisinwuM cucmemam sasnseTca Tpebosa-
HMe MakcUMmanbHOW 3(PEKTMBHOCTM Nepeaayn 3Heprum npu 3KOHOMUYECKOW Lieneco-
06pa3HOCTM NUHUKN. JTO O3HAYaET, YTO ANEKTPOMArHMTHasa BOfHa B YCTPOMCTBAX U CU-
cTeMax CBS3W OOfKHA pacrnpoCTpaHATbCA MO onpedenieHHOMY NyTu, He B3aumoaen-
ctBya 6e3 HagobHOCTM C ApyrMMW BOSIHaMKW, W [OCTUraTb MyHKTa Ha3HayeHus C
HaVMMEHbLUMMU NOTEPSIMMU.

YHuBepcarnbHbIX HanpaBnawLWmx CUCTEM, YAOBMETBOPSIOLWMX JaHHOMY TpeboBa-
HWMIO BO BCEX AmMana3oHax 4YacToT, He cywecTtByeT. OCBOeHME KaXaoro HOBOro yyacTka
4YaCTOTHOIO CnekTpa HEM3MEHHO COMPOBOXAAETCH CO3OaHWEM HOBbIX TUMOB Hanpas-
naLWmMxX cuctem. B cBa3m ¢ aTuM nNnHMM nepefad KnaccuuuupyroTcsa No cnegyrowmm
KpUTEPUSM:

- AManasoHy 4acToT (Tak, B AnanasoHe KunorepL, Ucrnosb3yTca ABYXNPOBOAHbIE
NVHUK, B MerarepueBoM AuanasoHe NMPUMEHSITCA KoakcuarnbHble Kabenu u nMHum no-
BEPXHOCTHOW BOMHbI, B rurarepLeBoM Anana3oHe paboTaloT BOSIHOBOAHbLIE IMHUN);

- BUAAM: XeCTKune, rubkne, OTKpbITble, BONTHOBOAPI;

- TMNam UCNonb3yeMblX BOSH (NOSiCHeHMs 6yayT AaHbl HEMHOMO NO3gHee).

Tak, B HacTosiLee BpeMsA UHTEHCUBHO OCBaMBAaOTCA CyOMUMNMMETPOBBLIN U ONTU-
YeCKuI AManasoHbl.

Ha pucyHke 9.1 npuBegeHbl 3CKM3bl MOMEPEYHbIX CEYEHWA HEKOTOPbIX BWUOOB
HanpaBnALLWMUX CUCTEM: OBYXNPOBOAHOW NMHUKM nepefayn (OBYXCBSA3HOW OTKPbLITOW
nMHuM  nepegayn) (pucyHok 9.1,a); KoakcuManbHOro BoSilHOBoAA (OBYXCBSA3HOMO
BOJTHOBOZAA C COOCHBIMW BHELUHWMW U BHYTPEHHUM MpoBOAHUKaMu) (pucyHok 9.1,6);
MUWKPOMOSIOCKOBOM NMHUU nepefayn (OBYXCBA3HOM OTKPbITOW HEOAHOPOOHOW NUHWUK
nepegaym (pucyHok 9.1,8); NpAMOYrofibHOro BOSIHOBOAA (OAHOCBS3HOrO BOSIHOBOAA,
UMEIOLLIEro Kpyrrnoe nonepeyHoe cedveHne) (pucyHok 9.1,2); Kpyrnoro BOSHOBOAA
(oQHOCBA3HOrO BOMTHOBOAA, UMEIOLLIErO KpYrioe nonepeyvHoe ceyeHune) (pucyHok 9.1,0);
ANANEKTPMYECKOro BONHOBOAA (OTKPLITOM NMHMM Nepefadn HyneBOW CBSA3HOCTW)
(pncyHok 9.1,e).
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PucyHok 9.1 — HekoTopble BUabl HanpassgoWwmx CUCTEM

9.2 YpaBHel-wm ANeKTpoaAnHaMUKN AnsA HanpaBlideMbiX BOJIH

PaccMOTpM OCHOBHbIE MOMOXEHUS TEOPUN HaNPasBMSKLWMX NIMHUA. Y4uTbiBad
NPOTSKEHHOCTb HaNpPaBrALWEN CUCTEMbI, MPU pelleHnn ypaBHeHMn MakcBenna uene-
coobpasHo ucnonb3oBaTb OOOBLIEHHYIO UUNUHOPUYECKYHD OPTOrOHarbHY CUCTEMY
KoopauHar (u,v,z), B KoTopon obpasytoLiasa perynsipHon nMHUnM coenagaet ¢ ocbto 0z. B
3TOM criydae 3aBMCUMOCTb MOSIS B PErynapHON SIMHUM OT MOMepeYHbIX KoopauHaT u, v
A0ImKHa ObITb OQMHAKOBOW BO BCEX MOMEPEYHbIX CeYEHUsIX, a C UBMEHEHNEM Z MOryT
N3MEHATbCA NULWb hasbl N aMnANTYAbl BEKTOPOB NOSIS, T.€.

E(u, v,z) = Eo(u,v) exp(£)z), ﬁ(u,v, z)= ﬁo(u,v) exp(£yz). (9.1)

B copmynax (9.1) BpeMeHHas cocTtaBnswowas nons exp(iwt) B AaHHbIX COOT-
HOLUEHUAX ONyLLEeHa; exp(i;z) - MHO)XXumersnb 6e2yuwell 80JIHbI; ¥ - KOSMPPULMEHT
pacnpocTpaHeHns BOMHbI B HanpasnswoLen cucteme. JaHHblii KOapPULIMEHT CBA3aH C
BOJIHOBBIM YMCTIOM cpeabl k =k, — ik, B NpeanonoxeHun o ManbIx noTepax B cpede
k, COOTHOLLUEHWEM ¥ = lkﬂ =if8 (ks wm B - koadcpuumeHT dasbi).

Pasnoxunm koahuumneHT dasbl B Henornowawwen cpee Ha NnpoaosbHY 1 no-
nepeyHyo cocTaBnALLne, Kak MokasaHo Ha pUcyHke 9.2:

k*=y*+ B*. (9.2)

B nony4eHHOM COOTHOLLEHMU, Ha3bIBAEMOM ypasHeHUeM KoaggpuyueHmos, ¥
- nonepeYHbIU 80sTHOBOU KO3ghhuyueHm.
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PucyHok 9.2 — Pa3noxeHune BeKTOpa BOSTHOBOroO Yncna

[laHHoe ypaBHeHWe Mo3BONseT npeobpasoBaTb BEKTOPHble ypaBHeHWUst [enbm-
ronbua Ans perynsipHon NMHUK K CKansipHOMy BUAY:

V2E. +y°E.=0, (9.3a) ViH_+y°H. =0. (9.36)

I'Ipmqu ONA HaxoXaeHUA CTPYKTYpPbl MOJIHOINo nosd Heobxoanmo pewnTtb C y4de-
TOM TpaHUYHbIX yCHOBMIZ TOJIbKO OBa ,qmcbcbepeHumaanblx YpaBHEHUA. OcTtanbHble
KOMIMOHEHTbI NoJid MOryT ObITb HaWAEHbI C UCMONb30BaHNEM COOTHOLUEHWUN:

o) .
'Lzl“ [grad | H,,i.], (9.4a)

EL= —ngradL E_ -
X

m};“ [grad | EZ, ?]. (9.46)

H.= —ngradL H.+
X

B OaHHbIX COOTHOLLEHUAX 3HAK «L» npun rpagneHTe nokasbiBaeT, YTO Npon3Boa-
Hble 66pyTC$I TOJ1IbKO NO nonepe4yHbiM KoopanHaTaM.

9.3 Pexxmbl paboTbl HanpaBfAKLWUX CUCTEM

[nsa aHanusa pexmnvon pa60TbI JINHUN nepenaydun npeo6pa3yeM ypaBHEHNE KO-

apPULMEHTOB K BUAY:
B=Ak?—y*. (9.5)

BoamoXHble TuMbl pelleHnn n nx dusmyeckas TpakToBka NpuBedeHbl B Tabnu-
ue 9.1. AHanua gaHHbIX Tabnuubl 9.1 NOKa3bIBaET, YTO KPUTUYECKUN PEXMM BblaenseT-
cqa ocobo. Beegem ans Hero psig onpeaeneHuin.
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Tabaunua 9.1 — Tunbl peweHnn n nx pusnyeckan TPakToOBKa

Coor- Tun B PacnpoctpaHeHune Pexnm paboTbl
HOLLEeHWne kKonebaHun NUHUKN Nepeaayn
kwy
k>y Belue- Beryuie BOMHbI [okputndeckmin
CTBEHHOE u4uC-
no
k=y Hynb PacnpocTtpaHeHue Kputnyeckum
BOSTH NpekpallaeTcs
k<y MHumoe He pacnpocTpa- 3akputudeckun (pe-
4yumcno HsoLWmeca konebaHus XNUM OTCEYKN).
BonHoBoa kak peak-
TMBHas Harpyska

KpumuquKaﬂ 4Yacmoma onpependetcqda COOTHOLLEHUEM:

@ 24 (9.6)

P9k
Jup = 2r 2mE 5, 2m\E

B KOTOPOM &, [, - MapameTpbl CPefbl, 3aroNHsIOLWEN BOMHOBOA.

3HayeHne OnuHbl BOSHbI reHepartopa, COoTBETCTBYylOLLEE AaHHOM YacToTe, Has3sbl-
BaeTCcA KpumuquKo& ONTUHOU B60JIHbI B nccnegyemMomMm BOJIHOBOAE U onpenendeTcd
COOTHOLWIEeHNneEM

A =271 x . (9.7)
B cooTBeTCTBUM C onpefeneHneM pexumoB paboTbl BONHOBOAA, pacnpocTpaHe-
HWe BOJHbI MO HamnpaBnsioLLiel cucTeMe MMeeT MecTo Nuwwb korga A, < A, T.e. ecnu

Kp’
f>fo

YuntbiBas (9.7), BolpaxeHue (9.5) npuHumaeT BuA:
2 2

; JEN PR VE N () RN P T (9.8)
A A

Kp Kp

raoe Ay - AnNvHa BOMHbI B CBOGOAHOM NPOCTPaHCTBE.

3aKoH 3aBMCMMOCTU ANWHBLI BOMHbI B BOSIHOBOAE OT ANWHbI BOMHbI B CBOGOAHOM
NPOCTPaHCTBE HOCUT Ha3blBaHWe OUCMEPCUOHHOU XapakmepucmuKu 80/1H0800a U
onucbiBaeTcs OPMYyrion:

(9.9)
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AHann3 gaHHOro COOTHOLLEHUS NOKa3blBaeT, YTO AfIMHA BOSHbI B BONIHOBOAE BCe-
roa 6onblue AfvHbI BOSHbI B HeorpaHmM4eHHOM NpoCTpaHCTBE MNMpu TOW Xe yacToTe.
daszoBas CKOPOCTb MOXeET ObITb HangeHa Ha OCHOBE UCMOSb30BaHMUSA Bblpa>keHns

(9.10)

PaccmoTpum Tvnbl HanpaBnsieMblX BOSTH B NIMHUK nepegayn. Kak yxe oTmedanoch
paHee, NepeHoC 3HEPrUn B HaNpasfiSOLWMX CUCTEMAX OCYLLECTBMSETCA BAOSMb OCU Z
BO BBEAEHHOW HaMU LUNMHOPUYECKOW CUCTEME KoopAMHaT. QTO 03HA4YaeT, YTO BEKTOP
MonHTUHra, obycrnosnmBaroLLENn Nnepegady aHeprnm BAOSb NPOAONBHOM OCU HanpaBns-
oLWen CUCTeEMbI, UMeeT NPOAOSbHYI0 KOMMOHEHTY. YUnTbiBasi OPTOrOHaNbHOCTbL BEKTO-
pa NoMHTUHIra N KOMMNOHEHT 3NIEKTPUYECKOrOo U MarHUTHOIO NMOfen, MOXHO caenaTb Bbl-
BOA, YTO KOMMOHEHTbI 3f1IEKTPOMArHUTHOrO MO AOSMKHbI MMETb NOMNEepeYHble COCTaB-
nawwme.

Knacc BonHbl onpeensieTca Hannumem nmbo OTCyTCTBMEM MPOLOSbHbBIX COCTaB-
naowmx nona E n H, napannenbHbIX HanpasneHuto pacnpoctpaHeHus. MNpu knaccudu-
Kauum ucnonb3yeTca ABa npuHuuna: nmMbo ykasbiBaeTCs, KakoW BEKTOp UMeeT npo-
AOJSTbHYI0 COCTaBIAOLLYIO, MO0 KaKOW BEKTOP LIESIMKOM JIEXUT B MONEpPEYHON MNOCKO-
ctn. Knaccndukaums B COOTBETCTBUM C AaHHBbIM NPUHLXMNOM npuBeneHa B Tabnuue 9.2
N NosicHeHa Ha pucyHke 9.3.

Tun BOMHbI, Ha3bIBaeMbli Takke mModol, onpeaenseTcsa CroXHOCTbIO CTPYKTYpbI
nosisi BOSHbI AAHHOro Knacca (Y1MCrnomM MakCMMyMOB U MUHMMYMOB MOMsi B NOMNEpeYHoM
ceyeHnn) Onsi KOHKpeTHOro Hanpasnswowero ycrponctesa. OH ob6o3HavaeTcss OByMSA

YyuCcnoBbIMU UHAEKcamu, Hanpumvep, E,,, H,,.
01 11

Ta6nmu,a 9.2 - 3aBMCMMOCTb K/1acca BOJIHbI OT npoAO0/ibHbIX COCTaBNAOWUNX

Tvn BONHDI NpoaonbHble co-
cTaBialowme no-
nen

T-BOAHbI (pUcyHOK 9.3,a) E.=0,H, =0
E-BonHbl (TM-BONHBI) (pUcyHOK 9.3,6) E #0, H, =

H-BonHbI (TE-BOAHbI) (prcyHOK 9.3,8) E.=0,H_#0
MMbpuaHble BonHbl (EH- unn HE-BonHbl) (pUcyHOK 9.3,2) E #0,H, #0
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PucyHok 9.3 — lNosicHeHna K knaccugukauum HanpaensieMbiX BOSTH

9.4 Nonble BoNnHOBOAbI

OOHMMKU N3 OCHOBHBLIX TUMOB MOMbIX (MYCTbIX) BOSIHOBOAOB SABMSAIOTCA MNPSMO-
YrOfnbHbIN W KPYITbI BONTHOBOALI. PaccMOTpuM CTPYKTYpY SNEKTPOMarHUTHOro noss B
npsiMoyrorbHOM BonHoBoAe. B gaHHoM BonHoBoAe, npeacrtasnsowemM cobon nonyto
MeTannmyeckyto Tpyby, aHeprusi pacnpocTpaHseTcs TONbKO B BUAE BOSMH E n H-Tunos.

[Ana noHMMaHus CTPYKTypbl MONsS B BOMHOBOAE MOXET ObITb MCNOSib30BaHO
HeCcKomnbKO noaxoAoB. Hanpumep, koHuenuus bpunniosHa, paccmaTpuBaroLLas none B
BONHOBOAe (KpoMme BONH TEM) kak pe3ynbTaT CNOXeHUS NIOCKUX OOHOPOLHbLIX BOJH,
HasblBaeMblX MapyuasibHbIMU, MHOIOKPATHO OTPaXeHHbIX OT ero rpaHUYHbIX
nosepxHocTen. MNMoaxon nogpasymeBaeT fyvyeBas TPAKTOBKa SIBfIEHUI B BOMTHOBOAAX.

PaccmoTpym  KOHUenuuioo napumanbHbiX BOMH  Ha npumepax. [Aana  dero
obpaTmuMca K pUCYHKy 9.4.

lMycTb HanpaBnsiemas BOMHa pacnpoCcTpaHsaeTCa BAOMb HEKOTOpOM Ocu  Z.
Bo3moxxHbI ABa TMNa pacnpoCTpaHeHUs 3NeKTPOMarHMTHOM BOSHbI:

- pacnpocTpaHeHue napannenbHO OcH Z

- pacnpocTpaHeHne Mo fnomaHbiM (B obLliem criydae no KpvBbIM) NIUHUAM NpU
obLweM noctynaTtensHOM ABWXEHUN BAOSMb OCU Z.

B nepBom criyyae BeKTOpbl 3NEKTPUYECKOr0 W MarHUTHOrO MoNs  OOSIXKHbI
HaxoOMTbCS B MIOCKOCTU, NEPNeHaNKYSapHOM Ocu z, T.e. UMeeT MecTo BofniHa TEM. Bo
BTOPOM Crly4ae BEeKTOpbl 3NEeKTPUYECKOro 1 MarHUTHOrO nofien OOSMKHbI HAXOAUTLCS B
NMOCKOCTAX, NeprneHANKYNAPHbIX COOTBETCTBYHOLUM yyacTkam fIOMaHOW WU KPUBOW

76



YHpaBneHMe ANCTAaHUMOHHOTO O6y‘-|€HVIﬂ M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIVI

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

PucyHok 9.4 — lNosicHeHne KoHuenuuu bpunntoaHa

NNHUK K, cnefoBaTenbHO, MO MEHbLUEN Mepe OAWH U3 BEKTOPOB MMEET HarnpasreHue,
He nepneHanKysipHoe ocu. Takum obpas3om, BTOPOW Criydan COOTBETCTBYET BOSIHaM E-
unn H-, pacnpocTtpaHsaowmMmea Baonb ocn z. [pn atom napumansHas TEM-BonHa
pacrnpocTpaHseTcs BAONb NUHMK, obpasytowen yron ¢ ¢ ocbio z. B cuny Toro, 4to

nyTb, NPOMAEHHbIN 3@ OOHO U TO XXe BpeMsi (PpOHTOM BOJSIHbI BOOSb OCK Z, BonbLue, Yem
Nno HanpasSfiEHUIO pacnpoCTpaHeHusi, ga3oBasi CKOpPOCTb y BofH E u H Bcerpa
npeBbILLaeT CKOPOCTb CBETa B cpeae.

Mpy HaKMOHHOM NageHUN Ha rpaHuLy CyMmapHasi BOfilHa MOXeT ObiTb npeacTas-
feHa B BUAE OBYX BOSIH: CTOSIMEN — B NIIOCKOCTU, NEPNEHOMKYNAPHON NIOCKOCTU pas-
aena, un Gerywen — BOonb rpaHnubl pasgena cpeq (pucyHok 8.3). MNMpegnonoxum Te-
nepb, YTO AaHHOE HanpasfeHne coBnagaeTt ¢ obpasyolen HanpasnsLwen CUCTEMbI.
[anee, B NA0OCKOCTN, NPOXOAsLLEN Yepes Y3fibl CTOsIHEN BOSHbI 3NEKTPUYECKOro nons,

onucbiBaeMble ycriosuem sin yx =0, 6ygem pacnonaraTb BTOpyto NiockocTb. Mono-
XeHWe JaHHON NMOCKOCTN ONpeaensaeTcs BblpaXXeHeMm:
¥Xx=mm (m=0,1,2,...) (9.11a)
nnu
mr mr mA

a= = = : (9.116)
¥ kcosp 2cos@

B cooTHoweHusax (9.11) nHaekc m ykasbiBaeT Ha YACIO MONYBOSH, YKraablBaro-
LMXCA Mexay NpoBOAALMMM nnacTnuHamu. Mpu NOCTOAHHBIX @ U M yron nageHus nap-
uManbHoi BoMHbI 3aBUCKT oT A: cos@ = mA/(2a). Ecnm A << 2a/m, T0 yron @

6nmsok kK 90°, napumnanbHble BOMHbI NagaloT Ha CTEHKWM BOnHosoga nosoro. Mo mepe
pOCTa ANUHbI BOMHbI YTON () yMeHbluaeTcsl U, HakoHew, npu A = 2a/m craHoBuTcs

paBHbLIM HYMO, pacnpocTpaHeHWe BONHblI Mpekpallaetcsa. Takum obpasom, pasmep
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BO/MHOBOAA oOrpaHunyvmMBaeT gnana3oH AOJIMH BOJIH, KOTOpble CNOCOBHbLI B HEM pacnpo-
CTPaHATbLCA.

OrpaquMB NPoOCTPaHCTBO MeTalNIM4eCKMMUN NMOBEPXHOCTAMU eLle B OABYX MITOCKO-
CTAX, Npuxogum K noJjiro B nNpAMoyrosibHoOmM BOJIHOBOAE, B KOTOPOM pacrnpoCTpaHAETCA
BonHa Tuna E unn nonepevyHo-MarHnTHaAa BOJIHA:

E . =>>B,,sin %x sin %y - exp(=7,,, Z) - (9.12)

m n

3gecb B, - amnnuTyaa rapMOHUK, onpeaensemon napow Haekcos m u n. Benu-

UMHbI @ U b cBsA3aHbl C reOMETPUYECKUMM pa3MepamMu MPSMOYroNbHOIo BOJIHOBOAA,
Kak MokasaHo Ha pUcyHke 9.5.

Taknm 0bpasom, NonepeyHbIn BONTHOBOWM KO3h(PMLUMEHT BONMHOBOAA 3aBUCUT OT
BblGOpa uncen m wn n:

2 2
mim nri

Tom =l — | +| =] . (9.12)
a b
Ka>|<,u,0|7| KOM6I/|H8L|,I/1I/1 m un n COOTBETCTBY-
eT CBOS1 CTpyKTypa nons, T.e. Moda. BosnHa,
nMerwad MUMHUMalrnbHYO KPpUTUYHECKYHO 4YacCTo- Y
TY N3 BCEX BO3MOXHbIX BOJIH, OTHOCALLUNXCA K
paccMaTpyvBaeMOMy Kraccy, HasblBaeTcsi oc- b Z
HOBHOUI U 80JIHOU OCHOBHO20 Muna. X
,D,OI'IOHHI/IM npmBegeHHble BbllLl€ COOTHO-
LeHNnA BblpaXeHnem, OornucbiBakolLnM Xapak-
mepucmuyYyecKkoe cOnpomuesieHue 60JIHO- PucyHok 9.5 — FeomeTpus
g80da. [laHHble mapameTp onpeaensieTcsi OT-
HOLWEeHnemM nonepeyHbIX COCTaBMAKOLLNX BEK-

TOpOB EvwH , ANA BOJIH 3J1IEKTPUYHECKOIo Tuna OorncbiBae€TCA BblpaXeHNEeEM

2 2
Zpy =2 =—2=W,, |l- Sy =W,.[1- A0 (9.13)
Hy Hx f ﬂ"k‘p

,D,J'IFI nonepevyHo-MarHnTHbIX BOJIH OCHOBHOM BOJTHOW SIBNSIETCA BOSIHA Ell .

Ans nonepe4yHo-annekmpu4eckol 8osiHbl (H-80s1HbI) peLleHne nveet Bug
Tmx mny
H, =) > A4, cos — |cos| — |exp(=¥,.2) (9.14)
e a b
roe A, - KOMNMIeKcHas aMnnnTyga rapMoOHUKWA C MHOEKCaMU m v n Nons B BOM-

HoBoge.
XapakTepuctuieckoe CoOnpoTMBIIEHME BOMHOBOAA AN NOMNepeyYHO-3NEeKTPUYECKMX
BOJTH paBHO
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(9.15)

Ecnu nonaratb 4to a > b, TO HM3WKMM TUNOM BOJIH Ccpean BOJIH H siBnsietcsa Bon-

> A

CSl HA3LLIMM TUMOM BOJSTH Cpeaun BCEX BO3MOXHbIX TUMOB BOSMH B NPAMOYrofibHOM BOJSIHO-
BOJeE.

MexaHnam nepeHoca aHeprum H- n E-BonHamu NpoOuNnOCTPUPOBAH Ha PUCYH-
kax 9.6,a n 9.6,6 CoOoOTBETCTBEHHO.

Ha H,, y koTopoi ;tpom = 2a . MocKonbKy /IKleo xpE,, » TO BOMHa H,, saBnser-

b
TEmo TEon

a 6
PucyHok 9.6 — nntocTpauna mexaHnama nepeHoca aHeprum BonHamu H- n E-tunos

MowHOCTb, nepeHocMmMas BOJSIHOM nodoro TMna B BOSIHOBOAE, onpependeTcda ny-
TEM UHTErpUpoBaHNA BEKTOPA MoMHTMHra no nonepevyHomy ce4veHuto S BonHoBoaa. B

4YaCTHOM CJiy4Yae BOJIHbl OCHOBHOIo Tuna Hl() npAaAMoyronbHOro BOJfiIHOBOAA AOaHHasA

dopmyna npuHUMaeT BUA:
ab
4w,

AHanuna Bblpa)l(eHVIVl, OonncCbIBawLWnNX XapaKTepuctnyeckme corpotmBrieHnAa BOJIH
E- n H-TunoB nokasblBaeT, YTO BOSTHOBOE conpoTtmsneHne BOJIH H B oTnnume ot BONH E

P=E; (9.16)

Gonblue, yem W,.

[ns kpyrnoro BofHOBOAa paguycoMm a (reoMeTpusi 3aaynm nokasaHa Ha pUCYH-
Ke 9.7) ana obecneyeHnss pasgeneHunst SNeKTpUYeckoro M MarHUTHOro nosien ypasHe-
HuA [enbMronbua pellawTca B LUIMHAPUYECKON cucTeme koopauHat. B gaHHon cu-
CTeMe KoopAnHaT peLLeHns ANsa KOMMOHEHT 3NEeKTPOMarHMTHOrO Nons 3anuncbiBalOTCs C
NCNonb30BaHNEM COOTHOLLEHWIA:

- ANs NonepeYHO-MarHUTHbIX BOJTH:
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' Z

PucyHok 9.7 — reomeTpus 3agaym o BO3OY>XAEHUN KPYrioro BOSIHOBOAA

E, =T B, (“ p)cos(mp)exp(-7,,2). (0.17)
1%

= 9.18

(fkp)TM 27 areu (919

2
(n,) =22 | (9.19)
™ vmn 80 tUO

3pecb J, () - dyHkuma beccena m-ro nopsaka; V,, - KOPHW YypaBHEHUs

J,,(v) =0. 3HaueHus KkopHeil [JaHHOrO ypaBHEHUsI NPUBOASTCS B CMPaBOYHMKAX MO

MaTemMaTUuke.
- 04 nonepeyvyHo-3J1IEKTPUYHECKNX BOJIH:
V'mn
H. = X5 A0 (= p)eos(n)exp(~7,,2). (9.20)
V'
Jip ) =" —, (9.21)
( v )T 27 ayeu

2
() ==2 |2 (9.22)
= v'mn 80 tuO

3pecb V', - kopHu ypaBHeHust J', (v) =0.

CTpyKTypa nonsi BOMHbl Hu3lwero E,; nokasaHa Ha pucyHke 9.8.

Ly IS T LTS PSS ATTS

L L L L L

PucyHok 9.8 — CTpykTypa nons BonHbl £, B Kpyrnom BONHOBOAE

80



YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIM

dNeKTpoAMHAMMKA N pacnNpoCTPaHEHUE PaAUOBOIH
Jlekuns N 10. BonHoBoabl ¢ BonHamu tTmna T

10.1 KoakcuanbHbI BONMHOBO.,

Ha npegbigywen nexkumm 6bino paccMOTPEHO pacnpocTpaHeHue E- un H-tunos
BOJSIH B MOJSIOM NPSIMOYrofibHOM BosiHoBoAe. Kpome Toro, Obil0 OTMEYEHO, YTO B AaH-
HOM TUMEe HanpaBnSALWMX BOMH pacnpocTpaHeHme BofH Tvna T HEBO3MOXHO. OgHMM
N3 BMAOOB HanpaBnsiiOLMX CUCTEM, B KOTOPbIX BO3MOXHO pacrnpoCTpaHeHWe Kak BOJSIH
TMna E- n H-, Tak u Tuna T, SBRNseTca KoakcnasnbHas fMHUA, cocToslwasa 13 Asyx n3o-
NNPOBaHHbIX APYr OT Apyra MeTanfiIMyeckux MPOBOAHWUKOB, KaK MOKa3aHO Ha PUCYH-
ke 10.1.

PucyHok 10.1 — N'eomeTpusa koakcmanbHoOro kabens

Onpep,enMM OCHOBHOW TUIM BOJIHbI B D,aHHOIZ JIMHNW. D,J'IFI BONH TUna T BONHOBbLIE
ypaBHEHUA NPUHNMAKOT BN

y?*E1 =0, (10.1a) y*H1=0. (10.16)

HeTpMBMaJ’IbHOG peweHne aaHHbIX ypaBHeHI/IIZ BO3MOXHO InALUb Mpun Z = O, T.e.

pr = O n le =00, Cﬂe,ﬂOBaTeﬂbHO, BOJIHA ABNAeTCA HN3WUM TUNOM BOJIHbI B KOakK-

CManbHOW NUHMK U cyllecTByeT Ha nbon vactoTte. KoadpdpumumneHT asbl n asoas
CKOPOCTb [AHHOro Tuna BOSMH COBMNafaloT C aHanorn4yHbIMM napamMmeTpamMu BOSHbI B
cBOOOAHOM NPOCTPaHCTBeE.

[ns HaxoXaeHWs KOMNOHEHT nonst BonHbl TEM coBmecTum ock 0z uunuHapude-
ckoit cuctembl koopamHaT 0r@ z ¢ ocblo BHYTPEHHEro NPOBOAHMKA KOaKCUanbHOW nu-
HUW, OPUEHTMPOBAB OCU CUCTEMbI. Y4UuTbiBas pelueHne cuctemsbl ypasHeHun (10.1),
ypaBHeHus ['enbmMronsLa cBogaTca K ypaBsHeHuaM Jlannaca:

25 27y
V°E| =0, V-H, =0. (10.2)
Kak nssectHo, rosie, yoosneTsopsioLiee ypaBHeHuto Jlannaca, aBnseTca nomeH-
yuanbHbIM. PelweHne cuctemsl (10.2), onucbiBatoLee KOMMOHEHTbI NOMd, UMeeT BUA;:
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R E. EyR
_ 1 : _ r 0 M
E, =E,—exp(-ifz), H,=—- —exp(—-if z). (10.3)
r w, W, r
0 0
Kpome Toro, noTeHumasnbHbI XxapakTep 3MeKTPUYECKUX U MarHUTHbIX Mosei nos-
BOMSIET FOBOPUTL O MOMIHOM TOKE U O HAMpSHKEHUM B KOAKCMANbHOM JIMHUU. PasHOCTb
MOTEHLMAmNO0B MeXAy LieHTpasbHbIM U BHELUHUM NPOBOAHUKaMU paBHa
R, R
LR 5 .
U= [E,dr=ER In~Zexp(~ifiz). (10.4)
R R,
1
TOK, TEKYLUWiA MO MOBEPXHOCTU LEHTPANIbHOTO MPOBOAHMKA M MO BHYTPEHHEl Mo-
BEPXHOCTM BHELLHErO NPOBOAHUKA, PABEH

2r
. — - 2nRE,
[=§Hdl= [RH,(R,p) dp="""exp(-ifi z). (10.5)

L 0 0
OTHoOWweHune HarnpsaxeHud U K TOKY I B pexunme 6ery|_|_|,e|?1 JINHWN Ha3blBaeTCH
80/THO8bIM COMPOMUBIIEHUEM KoakcuarbHOU NUHUU
U W, M, R,
Z, = —1In=2 =60,/ 1In—2% [Om]. (10.6)
I Y R1 £ :

,D,J'IFI nonepevyHo-MarHMTHOro 1M nonepeyvyHo-aNneKTpmn4ecKkoro nonew npoaosibHblEe
COCTaBnsAoLLME ONpeaensalnTcs MeTOA0M pasaeneHust nepeMeHHbIX, Kak GbIno BbIMor-
HEeHO Ans Kpyrrnoro BonHosoAda. lMonyyaemoe Mpy 3TOM pelleHUe aHanorMyHo petue-
HUIO, Hal;lﬂ,eHHOMy AOnda Kpyrnoro sosfiHoBoda C rpaHU4YHbIMU yCIoBUAMUN

ans E-sonH E =0 Ha L, (10.7a)

ans H-BorH OH_/on=0 Ha L. (10.76)
AHann3 nostly4eHHOro peLleHns NokasbiBaeT, YTO Monem NepBoro BbiCLLEro Tuna
sBnsietcst H,,, y koToporo

2
Ay =" ~n(R +R,). (10.8)

Vi
[MockornbKy Yy BOMHbLI OCHOBHOro tuna TEM le = 00, TO O4HOBOJSIHOBbLIV PEXUM B

KoakcmanbHOM BOfHOBOAe obecrneymBaeTcs npwv BbINMOJTHEHUN yCJ'IOBI/IIZ

A>R +R,. (10.9)

10.2 NMNonocKkoBble U MUKPOMOJIOCKOBLIE FIMHUU

Ewe ogHum TNom nuHumn nepefaydn, 6asmpyroemMca Ha pacnpocTpaHeHn none-
PEYHbIX 3NEKTPOMArHUTHbIX BOSIH SABMISIKOTCS MOSIOCKOBbIE M MUKPOMOSIOCKOBbIE JIMHUK
nepeaad. [laHHble NMMHUM Nepeaayun B nocrnegHee BpeMS HalUv LWNMPOKOE NPUMEHEHne
B TexHuke CBY npu paspaboTke neyaTHbIX U MHTErpanbHbIX CXxem Ansi paboTbl B CaH-
TUMETPOBOM M AELUMMETPOBOM AManasoHax. VIX narotaBnmeatoT Ha OCHOBE ANINEKTPU-
YeCKMX MSacTUH, MOKPbITbIX MeTannuyeckon conbron TonwmHon 10...100mkm. Uc-
NOJSIb3YKTCS BbICOKOYACTOTHbIE ANANEKTPUKK: pTOponnacTt, NOAUCTUPOS, NONMONEedUH,
CTEKSIOTKaHb, MPONUTaHHas ToponnacTtoM UM KPeMHUMOPraHM4Yeckon cmonon. [Ou-
3NeKTpMUYecKkne NNnacTuHbl, Ha KOTOPble HAHOCAT (POsbry, Ha3bIBaKOT M0OIOXKKOU.
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KOHCTPYKTMBHO MONoOCKoBasa fiMHUS MOXET ObiTb BbINOMHEHA B Buae HEeCUMMET-
PUYHOMN UM CUMMETPUYHON NUHMN. HecnmmeTpuyHas NMHUS — OTKPbITbIA BONTHOBOA,
CUMMETPUYHAs NUHUSA — SKPAHMPOBAHHbLIN BONHOBOA. ['eoMeTpus AaHHbIX IMHUIA Npea-
cTtaBneHa Ha pucyHke 10.2. HecnoxHo 3amMeTuTb, YTO JaHHble KOHCTPYKUMU NpencTaB-
nalT cobor MoandUKaumMio CUMMETPUYHOM OBYX MPOBOAHON SIMHUM N KOAKCUanbHOMo
BONHOBOAA.

Ctporas Teopusi NONOCKOBbLIX NIMHMA OOBOJSIbHO CMOXHa. Tak HasblBaeMas Keasu-
T-80/1Ha B 9TUX NMINHUAX MOXem cyuiecmeosame, €CIv LUMPUHA TOKOHECYLLEero NnpoBoa-
HUKa N pacCTodHNE MEXAY HUM U 3a3eMSeHHOM NSIaCTUHOM MEeHbLUE MOSTOBUHLI ASTUHbI
BOSHbI B NMMHUKM Nepeaad. [1py 3TOM 3MeKTpuy4eckoe U MarHMTHoe Nosisi COCpeaoTOUEHbI
B OCHOBHOM B NPOCTPaHCTBE MeXay MPOBOAHWKOM U 3a3eMfeHHon nnactuHon. Kaptu-
Hbl CUMNOBBLIX JIMHUA ANEKTPOMAarHUTHbIX BOSTH MOKa3aHbl Ha pucyHke 10.3. SnekTpuye-
CKOe norie B MOMepeyHon MNIOCKOCTU MOXET ObiTb onuMcaHo ypaBHeHueM Jlannaca
(10.2).

B nonockoBbIX NNHUAX Nepedadn C AMINEKTPUYECKMM OCHOBaHWEM BOJSHbI TMNa
TEM He moryT pacnpoCTpaHATbLCS B YUCTOM BUAE MU3-3a HEOQHOPOAHOCTU ANSNEKTPUKA.
OpgHako Teopun 1 ONbIT NOKa3bIBAKOT, YTO NOSSA M NOTOK MOLLHOCTU COCPeAoTOUYMBaOTCS
rnaBHbIM 06pa3oM B OUANEKTPUKE MEXOY TOKOHECYLMM MPOBOAHUKOM U 3a3eMIEHHON
nnacTMHon. MoaToMy MOXHO MPUHATL gonyuwleHne o6 OAHOPOOHOCTU ANANEKTPUKa, 3a-
NOSMHAIOLLEr0 BCKO NIMHUIO Nepeaayun.

N .
- Fil - PRV AR i g
— XRRARRRINEANILA,

2d+t

IRRRR pele%e%
000 v 920003004
3% % %%

BTHITHK X SISO &
0000007020220 % 2o %% 0% X
200020%0%%: %% % %% %%

$. P,
000 %6 %0 %% %% %%

Y A PR N N S,

a) 6)

PucyHok 10.2 — leoMeTpus OTKPBLITON U 3aKPbITON NOSTOCKOBBLIX JINHUI

PucyHok 10.3 — CTpyKTypa nonsi B OTKPbITbIX U 3aKPbITbIX MOSIOCKOBbIX FIMHUAX
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[na npakTuyecknx pacyeToB yAOOHbI crnegyowme NnpubnmkeHHbIe COOTHOLLIEHNS,
KOTOpble XOPOLLO COrfacykTCs C OMbITHbIMU AAaHHbLIMW.

BonHoBble CONPOTUBEHNS C Y4ETOM TOMLWMHBI TOKOHECYLLEro nNpoBogHuKa t u
0e3 gaHHOro yyeTta paccuuTbiBatoTCA No hopmynam, npmeedeHHbIM B Tabnuue 10.1.

Tabnuua 10.1 — CooTHOLWEHMS ANs pacyeTa BOSTHOBbLIX CONPOTMBNEHUI
MOJSIOCKOBbIX JIMHUN

Twun C y4eTOM TOJILLNHbI tTOKOHecyLLI,eFO NnpoBOAHUNKa Bes ydqyeTa TONLWNHDbI
JINHUN
: 100(1—1/d) brd<2
: L| 1+bid 4
S 5T 1 . bld>2. | 4= §1+b/d
T, 7 l+b/d| ———

: 1-b/d

o e
2 1=t/d bld<2,
2 ML e
s Zy =216,/ 1 brd>2. | Zy=E—"
3 1 e1+b/d

1+b/d| ——
& 1-¢t/d

K HegocTaTkam NOmnoCKOBbIX JIMHUMA OTHOCATCS CpaBHUTEJIbHO oonbLwoe 3aTyxaHue
1N Marnble 3Ha4YeHns ﬂpOﬂyCKHOIZ MOLLHOCTU. OTU NUHUN NPUMEHAIOT, NMaBHbIM o6pasoM,
B TéX yCTpOﬁCTBaX, B KOTOPbIX HE Tp66yeTC$I nepegava 3HaYMTENBHOW MOLLHOCTU M OC-
HOBHO€E 3Ha4YeHue npupgaeTca MMHMUaTropm3aunmm, HagexHoCctn U TO4YHOCTU N3roTOBIIE-
HUA.

10.3 JInHUN NOBEPXHOCTHbLIX BOJSIH. 3amMeansatoLwme CTPYKTypbl

PaccMoTpuUm hU3NYECKUn MEXaHN3M PaGoTbl IMHUIA NOBEPXHOCTHOW BOJHbI, K KO-
TOPbIM OTHOCATCA AMANEKTPUYECKME U ONTUYECKUE BOMHOBOAbI, MeTannuyeckas nnoc-
KOCTb, MOKPbITasA CIOEM ANINEKTPUKE.

HayHeM C n3y4yeHus COOTHOLLEHWIA, OMUCHIBAIOLLIMX METANNNYECKUIA 3KpaH, NMOKPbI-
ThIi crioeM auanekTpuka. Kak oTMedyanocb paHee, najawollas Ha rpaHvly pasgena c
[Ipyrovi cpenov BomnHa npu onpeaeneHHbIX YCroBUaX UCTbITbIBAET NONIHOe BHYTPEHHee
oTpaxeHue. MNpu 3TOM BO BTOpOW cpede oGpasyeTcss pacrnpocTpaHsoLWasca BOOMb
rpaHuLbl pasaena NoBEpPXHOCTHasA BONHA, amMnnuTyda KOTOPOW BO BTOPOW cpene 3Kc-
NOHEeHUManbHO yObiBaeT B HanpaBneHuM HopManu kK rpaHule pasgena. Cnenosatenb-
HO, B AU3NEKTPUYECKOM CIloe, NMOKPbIBaoLLEM MeTannmM4eckyto NnockocTb, MOryT obpa-
30BaTbCA MOBEPXHOCTHbLIE HanpaBnseMble BOIHbI, pacnpocTpaHsoLLIMecs B onpene-
NEeHHOM HanpaBneHuu. Takue BOIMHbI BO3HMKAOT B pesynbTaTe ckaykoobpasHoro pac-
npocTpaHeHns BonHbl TEM, nocnegoBaTenbHO OTPaXaOLIMXCA OT NMOBEPXHOCTU Me-
Tanna v rpaHuLbl pasaena Mexay ANINEeKTPUKOM U BO3OyXOM.

Onpenenum CTPYKTYpY SMeKTPUYECKUX BOIH, pacnpoCTPaHSoLLIMXCA napannenb-

HO OCu OZ, coBnagawouwen ¢ MeTannmyeckmm nuctom. TonwuHa cnos ON3NEeKTPpUKa
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DNEeKTPOAMHAMMKA N pacnpoCcTpaHeHne paanuoBOIH
paBHa d, oTHOCUTEemnbHas ANANEKTpUYeckasl NPOHNLAEMOCTb ANINEKTPUYECKOrO Cros
£, (pucyHok 10.4). Ocb 0y HopmanbHa K rpaHuue pasgena cpep. MnockocTs u no-

KpblBaKOLLMI ee ananekTpuk ogHopoaHbl Baonb ocu 0Xx , cnegosaTtenbHO, 3aBUCUMOCTb
COCTaBNALLMX MNOMA OT AaHHOW KOOpAUHaTbl GyAeT OTCYTCTBOBATb M MOXHO pellaTtb
[IBYMEPHYIO 3aaauy.

Huanexmpux
d

KX XHXXHXXNNXHHIOIACC

/|

Memann

PucyHok 10.4 — 3ameanstowas CTpyKTypa «OUaNeKTpuk Ha metanne»

BonHoBoe ypaBHeHue 3anucbiBaeTca Ans NpOCTpPaHCTBA, 3anNOSIHEHHOrO AM3riek-
TpukoMm ( ¥ < d ) v npocTpaHcTBa Hag AuanekTpukom (Y > d ):

dZE(l) ) 2F@) .
4 B =0, =+ 1, EP =0, (10.10)
d dy
B KOTOPOM
2 2 2 2 2 2

Bua pelweHna 3anmcbiBaeTcAa C y4eToM crieayrounx paccy>|<,quM|71. BO-I'IepBbIX, Ha
NOBEPXHOCTU MeTalllla KacaTellbHad COCTaBlidlollad 3JIEKTPUHECKOro nosfid paBHa Hy-

no. Bo-BTopbIX, B ananektpuke Baonb ocn 0y gomkHa oGpas3oBbiBaTLCA CTOsAMas BOSI-

Ha. B-TpeTbI/IX, B NPOCTpaHCTBE Had AOWU3NEKTPUKOM aMniuntyda norsid BOOJSfib OCU Oy

AOoSMKHa ybbiBaTb MO 9KCMOHEHUManbHOMYy 3akoHy. C y4yeTOM CKa3aHHOro pelueHue
ypaBHeHun (10.10) 3anucbiBaeTcs B BUAE:

EW = Asin y,,yexp(-if z), (10.12a)
E® = Bexp(—a ,y)exp(-iff z), (10.126)
rge aJ_z - ﬂeﬁCTBMTeHbHaﬂ nonoXxumTteribHaAa BeliMd4nHa, CBA3aHHaA C rnonepey-

HbIM U NpoAoJibHbLIM BOJIHOBbIMA YHXCINaMUA B cB06OAHOM NPOCTpPaHCTBE pPpaBEHCTBOM
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a ) =iy, :\/132 _kg -

MoactaBnas sua peweHuns (10.12) B cooTHoweHusa (10.10), nonyyaloT TaHreHuu-
arbHble KOMMOHEHTbl 3NIEKTPOMarHUTHOro Nons B OWSNeKTpuke u B cBOOOAHOM Mpo-
CTpaHCTBE. YunTbiBas rpaHnYHbIE YCNOBUS (PaBEHCTBO KacaTerlbHbIX COCTaBMSALMX
nonsa Ha rpaHuue OUSNeKTpUK-BO3ayX), Nofnyvyaem TpaHCUEeHOEHTHOe ypaBHeHue Ans
HaXoXAeHWs NnonepeYHbIX BOSTHOBbLIX YMCen

tay d =20 %2 (10.13)
€0 X1
MNonHoe BHYTPEHHEEe OTpaXeHne Ha rpaHnue AN3NEKTPUK-BO3OAyX rNnpekpawaeTcd,
Korga napuunaribHasd BOJIHA TEM nagaeT Ha rpaHuuy nopg yrriom, MeHbLUNM KPUTUHECKO-
ro. AHanorm4yHoe sBreHMe UMeeT MecTo U B paCCManI/IBaeMOIZ HanpaBnmou_teVl CU-
cremMe, 41O OorpaHmnymBaeT 4acCTOTbl, Ha KOTOPbLIX MOXET pPacCrnpoOCTpaHATbLCA MNMOBEpPX-
HOCTHasA BOJ1HA:

2 2 2 2
Yacmoma, npu koTopoit & | , =0, Ha3biBaeTca kpumuyeckol.

OaHMM 13 napameTpoB, XapakTepPU3YHLMX NMOBEPXHOCTHYO BOSHY, ABMSIETCS 10-
8epXHOCMHOe corpomuesieHue (UumrnedaHc):

E®  «
Z§ =—i-=i—42 (10.15)
HY g,

X

HecnoxHo 3amMeTuTb, 4TO umredaHc peakmueHbIl, UHOYKMUBHbIU MO XapaKTepy
COMpPOTUBIIEHUS, NoKa BbinonHAeTcs HepaBeHcTBO (10.14). 3To o3HavaeT, 4To Yy pac-

npocTpaHsitoLLelics BonHbl casur a3 mexay £, u H, pasen 90°, n otcytcteyer

cpeHuii 3a Nepuos NOTOK 3HepPruun, HanpasneHHbIn nepneHaukynapHo ocu 0z . Ctpyk-
Typa nons nokasaHa Ha pucyHke 10.5.

PucyHok 10.5 — PacnpocTtpaHeHne NoBepXHOCTHOM BOSHbI B ClI0e ANANEKTPUKa
Ha meTanne
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CyuecTBylOT pasfnuyHble crnocobbl co34aHuUs peakTUBHOIMO MOBEPXHOCTHOro Co-
npoTuBneHnda. Hanpumep, MOXHO cO34aTb KaHaBKWM B MeTasnfiMyecKon MOBEpPXHOCTH,
Kak nokasaHo Ha pucyHke 10.6.

—’*’/;'/’/’//
7BRZ 1 U M-
AN

Memana

PucyHok 10.6 — 3ameanstwowiasi CTpykTypa B BUAE MeTanimyeckom ropsbl

Kaxayto kaHaBky nogobHoNM rpebeHyaTon CTPYKTYpbl MOXHO paccmaTpuBaTh Kak
KOPOTKO3aMKHYTbIN OTPE30K NHUKM AnuHoi d. [oaTomy, korga rnyGuHa KaHaBku He
npeBbIlLaeT YeTBEePTU ANVHbI BOMHbI, €8 BXOAHOE COMPOTUBIIEHME YNCTO PEaKTUBHOE U
HOCUT MHAYKTUBHbIN XapakTep. Ecnu uncno kaHaBok Ha eauHULY ONUHBI AOCTATOYHO

BEeJIMKO (S +/ << A ), TO MOXHO npeHe6peqb BIMMAHNEM TOHKUX MeTalnlin4eCcKkmnx nepe-
ropodok un nomnaratb, 4YT0 B Ce4eHUn ) = 0 pacnorioxeHa niocKOCTb, B nodon Touke

KOTOPOW NOBEPXHOCTHOE COMPOTMBIIEHNE PEAKTUBHOE N HOCUT UHOYKTUBHbLIA XapakTep.
CneposartenbHo, koraa d < A /4, soonb rpebeHyaTon CTPYKTYpbl, Kak U BAOMb Me-
TannMyeckom MIOCKOCTU C OMIMEKTPUKOM, PacrnpOCTpPaHAETCA MOBEPXHOCTHAs 3IieK-
Tpuyeckas BonHa. CTpykTypa BOSHbI BECbMa 65iM3Kka K CTPYKTYpe BOJSHbI £, NoKa3aHHON
Ha pucyHke 10.5.

Kak cneayet u3 HepaseHcTBa (10.14), koapduumeHT pacnpoctpaHenus 3 no-
BEPXHOCTHOW BOJSHbl He npeBblllaeT kKoaddurumMeHTa pacnpoCcTpaHeHs B cpeae C na-
pametpammn &, L, . [NoaToMy daszoBas CKOPOCTb NMOBEPXHOCTHOW BOMHbLI BCEraa Hmke
CKOPOCTM CBETa B cpefe, OKpyXKaloLlen NMHuo nepegayun. BosHbl, obnagarowme aTum
CBOMCTBOM, Ha3blBalOTCA 3aMeO/IEHHbIMU.

,D,J'IFI nona H NnoOBEpPXHOCTHOE conpoTuerieHne (I'IOBerHOCTHbIIZ I/IMI'Ie,EI,aHC) paBeH

Zi = _i 2 (10.16)
O‘u
CnepoBaTtenbHo, 0519 805H H eenuyuHa nosepxHocmHo20 umriedaHca s8r1semcsi
4ucmo peakmueHoOU U HOCUm eMKOCMHOU xapakmep.
Huswum TMnom cpean BonH H aBnsieTcs BOSHa, y KOTOPOK
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T
E<;(Md<7z. (10.17)

KpuTuuyeckas onnHa BonHbl BblpaxkaeTcst hopMyrion:
le =4d~e—-1. (10.18)

nOCKOJ'Ibe B HanpaBnAaAwLWNX cuctemMmax BOJIHbl PaCrpoOCTPaHATCA JNMUWb HaA TeX
YyacToTax, rge A< AK , TO AOJTXXHO BbINOJIHATBCA HEPABEHCTBO

d<L. (10.19)

4d- e -1
Pac4yeTbl, npoBOAUMbIE HA OCHOBE MCMOSb30BaHUSA OaHHbIX (POpMyr, 4OCTaTOYHO
CMNOXHbl U TPebylT 3HAHUSA B TEOPUM KOMIMMEKCHOro nepemeHHoro. OgHako paccmar-
puBaeMble CTPYKTYPbl YaCTO MUCMOMb3YOTCA Ha NpakTuke AN yrnpaBrieHUs xapaktepu-
CTUKaMW HanpaBSfIEHHOCTU U COrNacoBaHNSA aHTEeHH. B cBA3K ¢ 9TUM copMynMpoBaHbl
COOTBETCTBYIOLLME IPaHUYHbIE YCINOBUS MMMNEAAHCHOro Tuna, No3BONSAIOLIMNE YCKOPUTb
NPoLEeCC BblMUCNEHUS CTPYKTYPbl SNIEKTPOMArHUTHOro nons. Tak, Ans meTanindeckon
NOBEPXHOCTWN, MOKPbLITOM CNOeM AM3NEKTpUKa (MarHUTOANINEKTpUKA), 3HAYEeHUs U30-
TPONHOro NOBEPXHOCTHOrO MMMNedaHca onpegenserca opmynamu:
Zi = —LH = ﬁ(e,u —cos20). (10.20)
Z £
Ansa rpebeHyaTbiX CTPYKTYP TEH30P NOBEPXHOCTHOrO UMnegaHca SABNSeTCca aHU30-
TPOMHbLIM U ONUCbIBaeTCA (POPMYIIOMN:

Z,= %tg(kd sin 0./zu ). (10.21)

B cnyyae npoaonbHON pebpucToi CTPYKTYpbl OTNIMYHA OT HyNs KOMMOHEHTa

E _ - H _
Zg =Z,, B cnyyae nonepeyHoit - Zg = —Z ). [pn HaKNoHHOM NafeHW BOJIHbI Cy-

LeCTBYIOT 06e KOMMOHEHTbI TeH30pa NoBEepXHOCTHOIro nMnenaHca.

10.4 AunaneKkTpnyeckue BonHoBoAbl. OnTnyeckue BONTHOBOAbI U
cBeToBOAbI

Mopo6bHas paccMOTpPeHHON B NpeablayLleM Bonpoce, HO bonee crioxHas kapTuHa
nons OyneT HabnogaTtbCA B KPYrOM OM3NEKTpUYeckoM BonHoBoge. M3 pelueHus
3MNeKTPOAMHAMMYECKON 3adaun Ons AaHHOro BOSIHOBOAA credyeT, YTO BOSHbl B Au-
3MNeKTpUYECKOM BONHOBoAe 6yayT rmbpuaHbIMK, OnpeaensieMble BCEMU LUECTbI KOM-
NMOHEeHTaMK anekTpoMarHuTHoro nons. Cpean 6ecYMcneHHoro MHoOXecTBa TUMOB BOJH,
MOFYyLUMX CyLLIeCTBOBaTb B AUINEKTPUYECKOM BOMHOBOAE, HAanbOombLLWIN MHTEpPEC npea-

cTaBndeT BOJIHa Tuna HEll . ,D,aHHbIIZ TN BOSIHbI UMeeT BECKOHEYHO 6OJ'IbLuy}O KPpUTH-

YeCKyl 4acToTy M MOXET pacnpoCTPaHATbCA BOOMb ANSMEKTPUYECKOTO CTEPXKHS Ha
BCEX YacTtoTax u npu nobom anameTpe cTepxHsa. Cnegyet OTMETUTb, YTO Kpumuye-
CKasi Yacmoma 80J/1Hbl 8 OU3/IEKMPUYECKOM 80J/THO800€ uMeem Opy20l CMbICI, YEM 8
rnosiom eosiHogooe. [Npu OnuHe 805HbI MEeHbWE Kpumu4eckol He rpoucxodum 3KcCrio-
HeHuuanbHO20 3amyxaHusi 3Hepauu, a 3Hepaus, nepedasaemasi o OUINIEKMPUYECKOMY
CMEePXKHI0, Ha4YuUHaem u3ny4amscsi 8 ce0600HO€e MpPocmpaHcmeo.
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BennunHa ga3zoBon CKOPOCTU pacrnpoCTpaHEeHUs1 BOMHbI B AN3NEKTPUYECKOM BOJSI-
HOBOZE NEXUT Mexay BenuynmHon ¢hasoBoM CKOPOCTU BOMHbI TEM, pacnpocTpaHsio-
Lencs B cpede, OKpyXarlollen BOSTHOBOA, WU BENUYMHOM (Pa30BON CKOPOCTU ITOWN e
BOSHbI B cpefe, MMEKLLEN NOCTOsSIHHbIE MaTepuana, U3 KOTOPOro M3roToBfIEH BOJSTHO-
BOA.

Hanpsi>keHHOCTb Nons BOSHbI HE11 npu yaaneHnn oT OUINEKTPUYECKOrO CTEPXKHS

cnagaert I'IpI/l6J'II/I3I/1TeJ'IbHO Mo 3KCNoHeHUaribHOMy 3aKOHY. YacTtb SHEpPrnn nepenaeTcd
BHYTPU OUSJIEKTPUKA, a OCTallbHaA 4acCTb — 3a €ero npeagenamu. |/|3J'Iy‘-IeHI/1$I QHeprnm He
NnponcxoaunT, NMOCKOJIbKY MnoJie, Kak U B Cliydae C NMIOCKOCTb, NOKPbITON CNoem Auanek-
TpUKa, «nNpmxmMaetTcda» K AU3NEeKTPU4eCKOMY CTEPXKHIO. lNone pacnpedenﬂemCH mem
bnuxe K CMEeP>XH, 4eMm 6onbwe omHoweHue Ouamempa CMEePXHA K OrflUHe B0JIHbI 8
c80600HOM ripocmpaHcmee u 4yem 8bile OusneKmpuquKaﬂ rpoHuyaemMocmsbs Mame-

puana, u3 KOmopozo u320mossieH cmepxeHb. [ins paboTbl Ha BonHe Tvna HE|, ava-

MeTp d ON3NEKTPUYECKOro BOJIHOBOOA OOJTKEH ObITb 4OCTATOYHO ManbIM, YTOObI He
AonyCctuntb CyuwlecrtBoBaHUA Onwxanwero BbICLWIEro TUNa BOJIHbI. KpI/ITI/I‘-IeCKaFI OnnHa
BOSHbI GMKanLLIero BbICLLEro TUna cocTaBnsaeT BEJNMIMYUNHY

Ay ®1,3d €1 — ¢, . (10.22)

B AvanasoHe CaHTUMETPOBLIX BOSIH 3MIeKTPUYECKNE NapameTpbl AN3NeKTPUYecKmnx
NAHWIA nepeaayYn xyxe, YeM MPSIMOYrofbHOTO M KPYrfioro BOMHOBOAOB. [JuanekTpuye-
CKMe NUHUK LenecoobpasHo NPUMEHNATh, HauMHas C AuanasoHa MUMNUMETPOBbIX BOJH
1 koH4yasn ananasoHom ceetosbix BorH (A = 0,75...0,4 mkwm).

B onTtuyeckom guanasoHe MCNonb3yTcA €8emogolbl, 0bpas3oBaHHble U3 OBYX-
CNONHOro (NfakMpoBaHHOIO) CTEKNAHHOMO BOSIOKHA C KoadhuumeHTammn npenomreHns

n, >n,. nOBerHOCTHaﬂ BOJIHa B TaKOM BOJIHOBO€E, BO3HMUKaOLLaaA 3a CHeT SCbeeKTa

MOMIHOTO BHYTPEHHEro OTPaXeHMsi Ha MOBEPXHOCTU BHELUHEro Criosl, He AocTuraet
NPaKTUYECKN HAPYXXHOW rPaHuULbl U KOHLEHTPUPYETCSA BHYTpW cBeTOoBOAA. BaxHenwmmm
XapaKTepuctMkamu cBeToBoa, onpeaensaolmmMmm BO3MOXHOCTb €ro UCNonb30BaHus B
pasnu4YHbiXx 00NacTaX Hayku U TEXHWUKW, SIBNSIIOTCA ONTU4eckue noTepwu, obycrnoBreH-
Hble NOrfoLeHMeM N paccestHueM CBETOBOro Nyyka 1M MHopMaLMoHHasa nosioca npo-
nyckaHusi. Matepmanom ans CBeTOBOAOB CNY>XUT KBapLEBOe CTEKMO, a pasfnyHble no-
KasaTenu npenomMneHnsi cepaueBunHbl 1 060M04KM AOCTUraloTCA NermpoBaHneM cTekna,
Hanpumep, bopom, repmaHnem, docdopomMm.

10.5 INNHHbIE NMIMHUM N NX NapamMmeTpbl

an/I aHanumae Harpasnawwmx cncrem otme4anocb, 4TO OCHOBHbIM Tpe6OBaHI/IeM,
npenobvsaBlidAeMbiM K HanpapnAaAvnwmmMm cucrtemam, AapndeTca MMHUMMKU3aUna sHepreTmnye-
CKUX 3aTpar. PaCCMOTpMM bonee I'IO,D,pO6H0 OaHHbIN BOMPOC, onyckada aHaln3 CTPYKTY-
pbl ANEKTPOMarHMTHOro noJid BHyTpU JNIMHUKN, YTO MO3BOJIAET UCNOJ1Ib30BaATb bonee npo-
CTOM MaTeMaTU4eCcKnmn annapart, TaK Ha3blBaeMble 3KBMBAJ1IEHTHbIE OJIMHHbIE JNTMHUN.

JInHua HasbiBaeTcs ANWHHOW, ecnn AnvHa perJ'IFlpHOVI JIMHUN nepeaadun npeBbl-

A

LaeT YeTBepTb AJMMHbI BOJTHbI B JIMNHUN ~ 71, HanomHum, 4to perynﬂpHon JINHA 6y,1:|,eT B
clnyyae HeM3MeHHOCTU ee MNnapamMmeTpoB BOOJIb oaHOWN n3 KOoOpAUHaT. B HarnpasnaLWnx
JINHUAX OaHHOEe Tpe6OBaHI/Ie, B OCHOBHOM, BbIMNOJIHAETCA.
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[MpeanonoXxmnm, 4To OTPE30K PErynsapHoOM NIMHUKM nepefadn BKIKYEH Mexay Mc-
TOYHUKOM 3NEKTPOMArHUTHbIX KorebaHui (reHepaTopoM) M OKOHEYHbLIM YCTPOWCTBOM
(M3ny4aloWwmm pacKkpbiBOM aHTEHHbI), KOTOpoe B AdanbHenwewm 6Oyaem HasbiBaTb
Hazpyskou. [ycTb nuHUs paboTaeT B OAHOBOSTHOBOM pPEXMUMe, YTO npeanoraraet 3Kc-
NOHeHUManbHoe 3aTyxaHne amnnuTyd BOJSIH BCeX TUMNOB, KPOME HU3LWero, no mepe
yaaneHus ot mecta Bo30yxaeHus. pu Takmx ycroBusx obpbiB NMUHUKM nepefayn u
BKIMOYEHME Harpy3ku B obLLEeM criydyae 3KBMBANEHTHbI U3MEHEHUIO TPAaHUYHbIX YCIOBUNA.
Bbi3biBaeMoe npu 3TOM COOTBETCTBYIOLLEE U3MEHEHME CTPYKTYPbl 3NEKTPOMArHUTHbIX
nonen B NMIMHUN MOXHO TPaKTOBaTb Kak NOSBIEHWE OOMOSNIHUTESbHOW BOSHbI, pacrpo-
CTpaHsALWencs oT KoHUa NUHUN K ee Havany (ompaxeHHasi gosiHa) (cM. pucyHok 10.7).

| V(z)= Ve Bz B2 =
Lenepamo, "”"“’fd Hadarouwan soana Ve P2 r"I)J"mE‘

A=
O O

Z20 B
VGC) Vio) Viz) V(L)

Ompmm'muj%ﬂz)*f e 4>|

GOHA V¢

PucyHok 10.7 — F'eomeTpusa ANUHHOW ANHUN

Ha goctatoyHo 60mbliom (0OblMHO NOpsiAKa HECKOSbKMX ANMMH BOSH) pacCcTosiHUM
OT Harpy3ku B OOQHOBOSIHOBOM peXMMeE CTPYKTypa Monsi OTPaXXeHHOW BOSIHbI B MIOCKO-
CTM MOMNEepPevYHOro CeYeHUs NUHUN MNPAKTUYECKN HE OTNMYaeTCsl OT CTPYKTYP BOJIHbI
Hu3wero Tuna. CnegoBaTesnbHO, €CNU B MECTE BKIKOYEHUST Harpy3kmn obpasyeTcsa Takas
CTPYKTYpa Nosnsi, 4TO B COCTaB OTPaXXeHHOW BOSMHbI HE BXOAMT BOSIHA HM3LIEro Tuna, To
N3 3aKOHa COXPaHEHUs1 SHepPrun BbITEKAET, YTO BCA 3HEPrus nagarollen BosHbl Norno-
LaeTca B Harpy3ke, Tak Kak cama nvHuA nepegaydv npegnonaraetcsa 6e3 notepb. 0Bo-
PAT, YTO B 3TOM Cny4vae /uHuUs udeasibHO coenacogaHa ¢ Haepy3kou, nnbo, Y4To NNHUA
paboTtaeT B pexume beayuwieli 80/HbI.

[MockonbKy npouecchl, NpoTekawwme B AMHHOW NMHUW, ONpenensitoTca amnnm-
TYAHO-(ha30BbIMN COOTHOLLEHUAMUN MeXAY NagaroLen N oTpaxKeHHON BOMHaMu, TO Mpu
NPOEKTMPOBAHUN PETYNSAPHbIX NMUHUIA Nepedavn MoxeT ObiTb UCMONb30BaH YMNPOLLEH-
HbI MaTemaTU4eckmMin annapart, UCKNIYaoLWmMi MHpopMaumsa O CTPYKType nosen B nu-
HUW C NCNONb30BaHNEM 3KBMBANEHTHbIX OMMHHbLIX NMUMHWIA (CXeM 3amelleHuns). Mpn aTom
3EKTPOMArHUTHbIE MPOLECChI ONMUCLIBAKOTCA HE BENUYUHAMMK HaMNPsKEHHOCTEN 3eK-
TPUYECKOro U MarHUTHOrO MONewn, a UX 3KBUBANEeHTaMn — BENNYMHAMU HaNpsKeHUs n
TOKa.

dunsnyeckne cBoOMCTBa ASIMHHOWN NUHUN ONPEAENATCA 3HAaYEeHUAMM YeTbIpex pac-
npegeneHHbIX BOONb ee AfMHbI NapameTpoB: MHAYKTUBHOCTK L, emkocTn C, npoaonb-
HOro akKTUBHOIrO COMPOTUBNEHMS R 1 nonepeyHon aktuBHom nposoanmoctn G. [laHHble
BENNYMHBbI COCTaBNSAT CUCTEMY NEPBUYHbLIX MApamMeTpoB NUHUK. Ecnn aTn napameTpsbl
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pacnpeeneHbl BAOMb IMHUM paBHOMEPHO (T.€. He 3aBUCSAT OT Z), TO JIMHUSA Ha3blBaeT-
cs1 oAHOpPOAHON. B npoTMBHOM criyyae - HeoAHOPOAHOM NNUHMEN.

[ns ogHOPOAHbLIX NMHUIA BBOAATCS MOHATUS MOFOHHbIX NapameTpoB, paccyuTaH-
HbIX Ha eauHWUUy AnuHbl. Kpome Toro, MOCKOMbKY B PaaMOTEXHUKE OJIMHHbIE TNIUHUM
NPUMEHSAIOTCA Ha CPaBHUTENbHO BbICOKMX YacTOTax, TO OKa3biBAETCA BO3MOXHbIM Mpe-
Hebpeyb NOTEPSAMU SHEPTUM B aKTUBHbLIX CONMPOTUBMNEHUSAX, T.€. UCKIIOYUTb U3 PaccMOT-
PEHUS NMOrOHHOE COMPOTUBIIEHNE U MOFOHHYI0 NMPOBOAMMOCTb. JIMHUK, B KOTOPbIX Takoe
npeHebpexeHne OoNyCTMMO, Ha3bIBaKOTCS SIUHUSIMU 6€3 Tomepsb.

B cooTBeTCTBMM C AaHHBIM NOAXOA0M NGO 6ECKOHEeYHO Marblii OTPE30K NUHUU
dz, N3 nokasaHHON Ha pucyHke 10.8,a ABYXNPOBOAHOWN ANMMHHON NNHUM C KOMMIEKCHbLIM

conpoTtvBneHnem Harpyskn Z, = R, +iX, , MoxeT ObiTb 3aMeHeH Ha 3KBUBANEHTHYO
cxemy (pucyHok 10.8,6). Ha naHHon cxeme cTpenkamn obo3HaveHbl HanpasrneHus OT-
cyeTa HanpshkeHus U n Toka | B nnuHun; dU vn dI — npupalieHns HanpsbkeHnsa n Toka B

NNHUKN Ha 3nemMeHTe ANuWHbl dz. C MCNoMb30BaHMEM 3KBUBANIEHTHOM CXeMbl (PUCYHOK
10.8,6) BbipaxkeHUs 4N NpUpaLLEHNS HAaNPSXKeHUS U TOKa MOXHO 3anucaTb B BUAE:

dU =I(dR +iodL), dl =U(dG +iwdC). (10.23)

nO)J,CTaBJ'IFIFI B AaHHblI€ Bblpa>KeHNA 3Ha4YEHNA NapaMeTpoOB CXeMbl

dR = Rdz, dG = Gdz, dC =Cdz, dL = Ldz, Z=R+ioL,
Y=G+iowC,

HECIIOXHO 3anncaTtb O@HOpOaHble 80JIHO8bIE ypasHeHUs ONUHHOU NUHUU:

a;
|
Iesepamop Hazpysra
Z |
2=
]
— - 5 0.5dL —»
T 0.51R Trdl
O I
aG ac —_—
I U+dat’
0. 5dR 0. 3dL
O . O
6

PucyHok 10.8 — PacnpeaeneHHble napaMmeTpbl ASIMHHOW SINHUK
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v, d*r
-y U=0, ——y"1=0. (10.24)
dz* 4 dz* 4
B naHHbIX ypaBHeHMs koahpuumneHT
y=~NZY = J(R+iowL)G +ioC) = o +ifs (10.25)

HasblBaeTCs Ko3ghghuyueHmMomMm pacripocmpaHeHusi 8 OfIUHHOU JTUHUU.
PeweHunsa ypasHeHun (10.24) nssectHbl 1 MOryT BbITb 3anncaHsbl B BUAE:

U= A4, exp(yz) + B, exp(—yz), I =A4;exp(yz)+ B, exp(—yz). (10.26)
HecnoxHo 3aMeTuTb, 4TO NepBoe Criaraemoe B [aHHbIX COOTHOLLEHUSAX OMUCHIBa-

eT NafaloLLyto BOTHY HanpsiKeHWs! UK Toka, PacnpoCTPaHsIloLLYCS OT reHepaTtopa K
Harpyske, a BTOPOe — OTPa)KEHHYIO BOIIHY, pacrpOCTPaHsIoLLYIOCs OT Harpy3ku K reHe-
paTopy. Koadpduumentsl A;;, A; npeacTaBnsitoT coboi KOMMMEKCHbIE amnnTyAbl na-

OaloLWnX BOJIH HanpsaXeHnda 1 Toka COOTBETCTBEHHO, a KOS(*)(*)I/ILI,VIGHTbI BU’ B[ - KOM-

NNeKCHble aMMnTyAbl OTPAXEHHbIX BOJTH HAMPAXXEeHUA 1N TOKa.

CteneHb cornacoBaHusa NUHUK nepegayn c Harpy3|<0|7| XapaKTepunsyeTtcda KOM-
NNeKkCHbIM KOSCb(bI/ILI,I/IeHTOM OTpaXxeHna no HarnpsxeHuto, onpegendaemMomMmy Bblpa>keHn-
em:

[=2U (10.27)

Mopynb koadduumneHTa oTpaxeHus namersetca B npegenax 0 < ‘F‘ <1. Koadp-

PULMEHT OTpaXkeHUs1 MoXeT OblTb HangeH NnMbo Ha Harpyske, NMMOO B onpeaesnieHHon
TOYKe NHUKN. B nocnegHem crnyyae BblpaXkeHue Ans ero onpeaesnieHnst npuHMMmaeT Bua;:

I'(z) =T(0)exp(2iyz), (10.28)
roe 1'(0) - koadhpuumeHT oTpakeHust B Harpyske (T.e. cedeHum z=0).
Mpu pacyeTax ANUHHBIX IMHUA YaCTO NUCNONbL3YITCA COOTHOLUEHUS:

1+T 1-7
— (10.29a) I'=w — (10.296)
1-T 1+7

[ns oueHKM cTeneHn cornacoBaHus NIMHUM C Harpy3Kowm BBOAUTCS MOHATUE KO-
uyueHma bezyuwield sorsHbl KbBB:

ZIW=2Z, =

‘AU‘_‘BU‘ _ 1—\F\_
4| +|By| - 1+[D
O}J,HaKO Ha NpakTuke coBpeMEeHHblIe I'Ipl/l60pbl Ha WHAOWKATOPHbIX yCTpoﬁCTBaX

oTobpaxkatoT obpaTHYO BESIMYUMHY — MEPY paccorfiacoBaHus - KoaghguyueHm cmosideu
80JIHbI:

KbB =

(10.30)

Ay |+ [By| 1+ Upa
‘AU‘_‘BU‘ 1—\F\ U

KCB = (10.31)

min
I'Ipeﬂenbl N3MeHeHNa AOaHHbIX KOG(*)(*)I/ILII/IGHTOB COCTaBNAKOT. O < KBB < 1 n
1<KCB<o
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B nuHum 6e3 noTepb Ha OCHOBE MOAYIs kO3dhduMLumMeHTa OTpaKeHNsI MO HanNpsXxe-
HUIO HECIMOXHO BbIMUCNUTL N KO3ghhuLUueHm nose3Ho20 deticmsus 1) .

2
n=1-". (10.32)
BaxxHOM xapakKTepucTuKon ONMHHOM JIMHUWN SBISIETCA 8X00HOe corpomuerieHue
JIUHUU, KOTOpPOE onpefensaeTcs B KaXaoM CeYEHUN NUHUN KaK OTHOLLEHWE HanpsiKeHUs
K TOKY B 3TOM CEYEHUU:

Zp(2) = (]]((ZZ)) .

Kak n ans KOS(b(*)I/ILlI/IeHTa OTpaXeHud, paccinTbiBaeTCA TakKXXe BXOAHOE Comnpo-
TUBJTIEHUE JTIMHUW B Ha4ane uenu:

Z () =W 1-T'(0) exp(—2yz)
o 1+T(0)exp(-2y2)
7 =1

,D,J'IFI CcornacoBaHHON fIMHUN H N BXOOHOE conpoTuBliieHne JIMHNN paBHO €€

=1

BOJSIHOBOMY COMPOTUBIIEHNIO Zx . MNockonbKy HanpsikeHne n ToK B NIMHUN U3MEHSI-
IOTCA OT CEeYEHUS K CEYEHUD, TO BXOOQHOE COMPOTUBIIEHMNE NIMHUN U3MEHSETCA OTHOCU-
TeNbHO MPOAONbHOM KoopAauHaTtbl. Mpyn 3TOM roBopAT O TpPaHCHOPMUPYOLLMX CBOW-
CTBaX NIMHMK, @ camMy NIMHUIO pacCMaTpuBalOT Kak TpaHcdopmMaTop.

Pasnuyatot Tpu pexxuma paboTbl NMMHUK 6e3 noTepb:

- pexum Geryuien BosHbl,

- PEXXMM CTOSIYEN BOJHbI,

- PEXXMM CMELLAHHbIX BOSH.

XapakTepucTukn ANUHHOW JIMHUK MPU yKa3aHHbIX peXxmnmax MnokasdaHbl B Tabnu-
ue 10.2.

(10.33a)

(10.336)

~

Tabnuua 10.2 — Pexxumbl paboTbl NMMHUK

Pexumbl pa- | MapameTpbl  nu- | XapaktepucTuka paboTbl
00Tbl NMNHUK HUN

Pexum Gery- ‘r‘ -1 Tonbko Nagatollasa BoMHa, pacnpoCcTpaHsAoLLAsacs
LL|e} BOSHbI KEB = KCBH =1 | OT ereparopa k Harpyake. MOLLHOCTb NMOMHOCTLIO
BblOEnsAeTcs B Harpyske.

Pexum  cme- 0<‘r‘<1 YacTb MOLHOCTU najarolleit BOMHbl TepsieTcs B
LU@HHbIX BOSH Harpyske, a octasnbHasi 4acTb B BUE OTPAXEHHON

0<KbB<I BOJSIHbI BO3BpalLlaeTcsi ob6paTHO B reHepaTop
1< KCB < '
Pexum cTosi- ‘1“ =1 AMNNUTyda OTpaXKeHHOW BOJIHbI paBHA amnmnTy-
Yyen BOMHbI KEB = 0 Ae najarwoulein. Heprusa nagarowen BomnHbl Mnor-
HOCTbHO 0Tpa>|<aeTc;| OT Harpy3kmM v Bo3BpaLlaeT-
KCB = oo Py P

cs B obpaTHO B reHepaTtop
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AHanus gaHHon Tabnuupbl NOKas3bIBaAET, YTO pexum BGeryuien BOSHbI XxapakTepuay-
eTCsa Hannunmem TONbKO Nagaroulen BOSHbl, PacnpoCTpaHALWENCs OT reHepaTtopa K
Harpy3ke. OTpaxeHHas BofnHa oTcyTcTByeT. MOLWHOCTb, NepeHocMmas nagarollen Bosn-

HOW, MOMHOCTLIO BblAENseTCA B Harpy3ke. B aTom pexume ‘F‘ =0, KbB=KCB=1.

Pexnm ctosiuen 80siHbI XapaktepusyeTtcda 1em, 4To amnnntyda OTpaM(eHHOIZ BOI-
Hbl paBHa amMmnnuntyae nagatowen, T.e. QHeprnA nagaroLwemn BOJSIHbI NOSTHOCTbLIO oTpaxa-

eTCcsl OT Harpysku M Bo3BpallaeTcsl B obpatHO B reHepaTtop. B atom pexnme ‘F‘ =1,

KEB=0, KCB = .

B pexume cMmeuwaHHbIX 80J/IH YacTb MOLUHOCTM Mafatolleil BOMHbI TepseTcs B
Harpyske, a ocTanbHas 4acTb B BUe OTPaXXeHHOW BONHblI BO3BpallaeTcs o6paTHO B
reHeparop.

Nekumna N 11. KonebaTtenbHble cuctembl CBY

11.1 dneKkTpoMarHMTHbIe KonebaHusa B 00 beMHbIX pe3oHaTopax

B pagnoTtexHuke Gonbluyto ponb urpatoT KonebaTenbHble KOHTYpbl, obecneynBa-
oLme, Hanpumep, NOACTPOMKY Ha TpebyemMyto 4YacToTy. Pe3oHaTopbl LUMPOKO MCMOSb-
3yl0TCA B PaAMOTEXHUYECKMX YCTPOMCTBAX, SABNASCb HEOTHbEMIEMON YacTbi MHOMMX
ycunuTenen, 60nbLUMHCTBA reHepaTopoB, NPUEMHUKOB, YAaCTOTHbIX (PUNbTPOB U M3Me-
putenen yactotbl. OCHOBHOE Ha3HayYeHne pe3oHaTOPOB COCTOUT B TOM, YTOObI Aonroe
BpeMS nogaepXxuBaTb nepuognyeckme konebaHusi, Bbi3BaHHbIE BHELLUHMM WUMMYbCOM.
PesoHaTop obnagaet 4yacToTHOM M3bUpaTENbHOCTBLIO MO OTHOLLEHUIO K BHELUHEMY rap-
MOHMYECKOMY BO3LEWCTBMIO: aMnnuTyga ero konebaHui mMakcumarbHa Ha pe3oHaHc-
HOW YacToTe M YMEHbLUAETCs Mo Mepe yaaneHus oT Hee.

B Hu3kouvacToTHOM obnactu konebaTtenbHbI KOHTYP BbIMOMHAOT M3 KaTYLIKN WH-
AykTuBHOCTU L 1 koHaeHcaTopa emkocTbio C. [JaHHbIA KOHTYp, Kak 3BECTHO M3 Kypca
ancumnnmibl « OCHOBLI TEOPUK LieNen» OcyLecTBnseT npeobpasoBaHme SHeprum mar-
HUTHOrO MONA KaTYLUKN B 3NEKTPUYECKYI0 SHEPruio KoHAeHcaTopa u HaobopoT. B gua-
nasoHe CBY, korga B kKa4yecTBe HanpaBnsoLWmMX CUCTEM NMPUMEHSAIOTCA BOIHOBOAbI, ANS
NOCTPOEHUs konebaTenbHOro KOHTypa NPUMEHSETCA 3aMKHyTas MeTannuyeckom obo-
NIOYKOW MOSMOCTb, Ha3blBaeMasi PE30HamopoM.

PaboTa pe3oHaTOpoOB OCHOBLIBAETCH Ha UCMOMb30BaHUN adhhekTa HENpPepbIBHOIO
npeobpas3oBaHMsa 3NEKTPUYECKOro Mnosisi B MarHUTHOe M HaobopoT, ONUCLIBAEMOrO
ypaBHeHuaMM MakcBenna. [nsa UcknioyYeHnsa noTepb, CBSA3aHHbIX C M3NyYeHMeM Mnons B
NpPOCTPaHCTBO, 06BbEM, B KOTOPOM COCPEAOTOYEHO 3NEKTPOMArHUTHOE None, orpaHnym-
BalOT MeTan/M4yeckMMn cteHkamu. B cBs3n ¢ 3TMM pe3oHaTopbl 4aHHOW KOHCTPYKUUK
Ha3blBalOT 06bemMHbIMU. Hanbonee npocTbiM cnocobom peanusaunm JaHHOW KOHCTPYK-
LUuKn SIBNSETCS BbINOSIHEHME PE30HATOPOB B BMAE KOPOTKO3aMKHYTbIX OTPE3KOB MeTar-
nnYecknx BONHOBOAOB. 1o aHanorMm ¢ HanpaensLWUMM CUCTEMaMN pe3oHaTopbl Ta-
KOro Tvna HasblBalTCA 3akpbimbiMu. MNpuMep KOHCTPYKUMM 3aKpbITOro BOSIHOBOAA MO-
Ka3aH Ha pucyHke 11.1.
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PucyHok 11.1 — leomeTpus nonoro pesoHaTopa

5 =

I -

a) 0) B)

PucyHok 11.2 — CxeMbl BKINIOYEHUS pe30HaTOPOB B BbICOKOYACTOTHbIN
TPaKT: @ — C O4AHNM 3IEMEHTOM CBA3U; 6 — C ABYMS 3fIeMEeHTaMn CBA3Y;

B — B BUAE OTBETBUTENA SHEPTUN

B Teopun pe3oHaTopoB pasnuyatroT pexnmMbl COOCTBEHHbIX (CBOBOAHBLIX) N BbIHYX-
AeHHbIX konebaHun. CobcmeeHHble KonebaHuss — 3TO BO3MOXHbIE MOt B 06BEMHOM
pe3oHaTope Npu OTCYTCTBUM CTOPOHHMX UCTOYHWMKOB. CoBCTBEHHbIE KOnebaHus peso-
HaTopa BKMOYalT B cebst 6eCKOHEYHOEe MHOXECTBO pasfnyHbIX TUMOB KonebaHun (Tu-
NnoB Mosen), Kaxabli U3 KOTOPbIX XapaKTepuayeTcs CBOEN KapTUHOW BEKTOPHbIX FIMHUNA
N onpeaeneHHon cobCTBEHHON ANWHOM BOMHbI. O4HAKO B peanbHbIX pe3oHaTopax Cy-
LLIeCTBYIOT HEKOTOPbIE NOTEPU SHEPIUN, a, cregoBaTenbHO, KonebaHnsa cTaHoBATCS 3a-
Tyxarowmmn. Hesatyxarowme konebaHnsa B peanbHOM pe3oHaTope CyLeCTBYHT B pe-
XUMe 8bIHY)XOeHHbIX KosiebaHul, NpyU KOTOPOM B pe3oHaTop Yepe3 3NeMeHT CBA3U
BBOOAT QHEPrN0 CTOPOHHErO MCTOYHMKA (reHepaTopa). [1ns Bo3byxaeHus pesoHaTopa
Heobxoaumo, 4YTobbl YacToTa KonebaHun reHepaTopa Oblna 66l paBHa O4HOM U3 Pe3o-
HaHCHbIX YacToT ob6beMHoro pesoHatopa. CBsA3b C HanpaBnsAwLWENn CUCTEMOM OCYy-
LLeCTBMASETCSA Yepes ANeMeHT CBA3N. [1puMepbl BKIOYEHNA pe30HATOPOB B BbICOKOYaA-
CTOTHbIN TPAKT nokasaHbl Ha pucyHke 11.2.

3apgadvy o Tmnax konebaHun B pe3oHaTope Oyaem pewaTtb B NpeanonioXeHum oT-
CYTCTBMS NOTEPb B pe30HaTOpPe M Ha OCHOBE TEOPUUN BOSIH B PErynsipHbIX BOSTHOBOAAX.
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Mpn aTom Gyaem paccmaTpmBaTb OObEMHbIE PE30HATOPbI KaK 3aMKHYTbIE NonepeYHbl-
MW CTEHKaMM OTPE3KN COOTBETCTBYIOLLNX BOSTHOBOAOB.

BBeaeHne meTannuyeckMx CTEHOK BbIMOMHSETCA Takum obpasom, 4Tobbl BAOMNb
HanpasnswLwen cuctembl 06pasoBanoch Lienoe 4Y1Mcno nonyeosnH. B o6pa3osasLuemcs
obbeMHOM pe3oHaTope 6e3 notepb OyayT cyulecTBoBaTb COOCTBEHHbIE (CBODOAHbLIE)
3NeKTpoMarHuTHble KonebaHus, Ha noadepkaHue KOTOPbIX MOCTYNNEHUS SHEPruun
6onble He TpebyeTca. [Npn 3TOM CTOSIUYHO BOSTHY MOXHO paccMaTpuBaTth Kak pesyrib-
TaT MHOIOKpaTHbIX YNOPA4OYEHHbIX OTPaXXeHUI NCXOAHOW BeryLien BOSHbl perynspHo-
ro BOfIHOBOAA OT 06emnx nonepeyHblX CTEHOK.

MNpu aHanuse nonsi B pe3oHaTtope paccMoTpuM OeryLlyto BOSHY MPOM3BONbLHOIO

V-ro Tina, najawollylo Ha 3Ty CTeHKy (MHAekc vV 3ameHsieT cumson H, , E
nm T).

B umnuHapuyeckom pesoHaTope ANNHOW d KOMMMEKCHble aMnnuTyabl Nons Kone-
6aHun ang knacca E-BOMH BbipaXatoTCA COOTHOLUEHUSIMU:

mn

mrm ) 4 (Irz
E.=F  cos|—x |sin Y lsin| 22 , (11.1a)
a d
. (mm nm (Irz
E,=FEsm —ux|cos Y sin , (11.16)
a b d
. (mnm . (nr (Irz
E. =FE,,sm| —Xx |sin Y | sin| 22 , (11.18)
a d
B.E,-BE.  (mn nn Iz
H, =-i Y 2 " sin x cos| 222 | cos , (11.2a)
U a b d
B.E. —BE mr . (nr [
Hy:—zﬂx =P ~COS X |sin J cos nz , (11.26)
o)) a b d
E —-B.E (1
sz—iﬁy P Y cos| 77 x |cos| Y |sin| 72|, (11.2B)
U a d
[nvHbl BOMHbI COBCTBEHHBIX KONebaHun s-ro Tmna (MHOEKC S 3aMeHsieT CUMBOS
H pnp Emnp, T ») B LUNNMHAPUYECKOM pe3oHaTope 6e3 noTepb OMpeAensieTcs coot-
HOLLEHNEM:
2
A = : . (11.3)
14 1
d lxpv

Tun konebaHul B pe3oHaTope, UMEeLWUn HanbornbLIY ANUHY BOSHbLI CODCTBEH-
HbIX konebaHun, Ha3blBaT OCHOBHbLIM. Turbl KonebaHul, UMetoLLMe pas3finyHble CTPYK-
TYpbl, HO OAMHAaKOBblE COOCTBEHHbIE ANWHbI BOSH, HA3bIBalOT 8bIPOXOEHHbIMU. B kave-
cTBe pabounx B pe3oHaTopax MCMOMb3ylT KaKk OCHOBHOMW TWUM, Tak M BbICLUME TUMbI KO-
nebaHvi: BCneacTBMe BbICOKOW YAaCTOTHOW CENEeKTMBHOCTU pe3oHatopa B6Nu3M cob-
CTBEHHOMN 4acTOTbl paboyero Tuna konebaHun nons Apyrnx TUNOB NPaKTUYECKM OTCYT-
cTBYyHOT. BbipoxxaeHne paboyero tuna konebaHuin npuBoauT K YCNOXHEHUIO CTPYKTYPbI
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nosid B pe3oHaTope, yBelIM4eHU0 NnoTepb B HEM N UCKAXEHUIO €ro YaCTOTHbIX XapaKTe-
PUCTUK. MopaBneHue BbIPOXOEHHOIo napa3nTtHOro Tuna OCYyLEeCTBIIAETCA obecneyve-
HUEM ero CUITIbHOIro 3atyxaHud B pe3oHaTope.

Cne,u,yeT OTMETUTL elle OAHO OTNnn4yne pe3oHaTopa OT BOJIHOBOAA. Ecnu B BON-
HOBOAE 4YacTOTbl COBCTBEHHbIX KonebaHumn onpegenAarT HWXKXHUE TpaHuUubl 4YaCcToT (qa-

CTOTbl OTCEYKU fc)’ Ha4ynHasa C KOTOPbIX 3036y>1<,qa+0Tc;| BOJIHOBOAHbIE MO/[bI, KaK NMOoKa-

3aHO Ha pucyHke 11.3,a, TO B pe3oHaTope 4acToTbl COBCTBEHHbLIX KofiebaHun aBnsoTCA
AVCKPETHbIMKA BeNWYMHaMM (Pe30HaHCHBIMU YacToTaMu f.), TOSIbKO Ha KOTOPbIX W

BO3MOXHO BO30Yy>aeHune BONH (CM. pucyHok 11.3,6).

. 5 I
0 Jor Jer / 0 o Jra

PucyHok 11.3 —YacToTbl BO36YKAEHMA MOA: @ — B BOJIHOBOAE;

11.2 MNona B nonbIX NPSAMOYrofibHbIX U KPYrIbIX pe3oHaTopax

nOHyLII/lM COOTHOLWEeHne, onucbiBarLlee CO6CTBeHHyPO ONMNMHY BOJIHbI B NMPAMO-
YrosibHOM pe30oHaTope. [lnsa Hero Bce TPW OCK KOOpAMHAT paBHOMpPaBHbI, cregoBaTesib-

HO, pasgeneHne Ha Tunbl KonebaHumn H , E OKa3blBaeTCA YCJIOBHbIM (NPOAO0JIb-
mnp mnp

HOW MOXeT ObITb BblOpaHa nbas ocb). CobCcTBEHHAA ANMHA BOSHLI B NMPAMOYrOfIbHOM
pesoHaTope ¢ y4yetom chopmynbl (11.3) 1 BblpakeHus, onpeaensowero KpUTNYEeCKyro
AJNIMHY B NPAMOYrofibHOM BOSIHOBOAE, onpeaensieTcsi COOTHOLEHNEM:

2
Aowni = . (11.4)
mn 2 2 2
m n V4
a b d

CornacHo gaHHOMY BblpaXeHuUo Haubosibuwiee 3Ha4YeHue Kpumu4yeckou OruHbI
B0JIHbI, COOMBemMcmayujee 0CHO8HOMY murly KosebaHul, nosy4aemcsi 8 mom Criy-
yae, ecniu UHOEKC npu HauMeHbUWeM pebpe pe3oHamopa paseH Hymo u oba ocmarib-
HbIX UHOeKca pasHbl eduHuue. lNpu amom Haubosibwas cobcmeeHHass OriuHa 80JIHbI
cpasHumMma ¢ JIUHelUHbIMU pa3mepamu pe3oHamopa. Tunbl KonebaHui ¢ Tpems OTNNY-
HbIMW OT HYNSA MHAEKCAMW, MO KpamHen Mepe, ABYKPATHO BbIpOXAEHbl. ITO onpeaens-
Em

eTCA TeM, YTO NOoJid TUNOB H C OAMHAKOBbIMUN UHOEKCaMN NMMeT OAMHAKOBbIE

mn’ n

KpUTn4yeckme ArinHbI.
Haunbonee 4acTtb ncnorib3yemMmblM TUNom konebaHun B npAMOYrosyibHoOM pe3oHaTo-

pe aBndaeTcsa konebaHune HlOl’ Y KOTOPOro BAOOJIb OCU 0z YKnagabiBaeTcd oAHa nony-

BONHa konebanus . innocTpauvs CTpyKTypbl NOMs nokasaHa Ha pucyHke 11.4.
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PucyHok 11.4 — CTpykTypa non kone6aHus BonHbl

,D,J'IFI KpyribiX UANMHOPUYECKUX pe3oHaTopoB cbopmyna Anst co6CTBEHHbIX ASMH
BOJTH NMpUHNMaeT BUA:

lmnl = ) (1 1 5)

s Y ()
—mn Y
=) +(a)

~ _ '
ANs BOMHbI TUNa H (nonepeyHo-anekTpuyeckon) u o,, =Vv',

rae 0,,, =V,

Ans BonHbl TMna E (nonepeyHo-marHutHon). @opmyny (11.5) uHorga yoobHee npegn-

CTaBuUTb B BUAeE:
2

D 02 (Djz 5.\
+

ya

o) 4 \d

B KoTopom D =2a - gnameTtp pesoHaTopa. Homorpammbl, o6pasoBaHHble ce-

: (11.8)

mnl

y . 2 2
MeNCTBOM 3aBUCUMMOCTEN (D/ls) oT (D/f) , NO3BOMSAT NErko pelatb 3agayv o
COOTHOLLIEHMSIX MEXAY pasMepamu pe3oHaTopa 1 ANMHON BOMHbLI reHepaTopa.
OCHOBHbIMM TUNamu kosiebaHui B kpyrom BonHosoge siensiotes: H ;v Eyy -

11.3 JOOGpPOTHOCTb 00 bEMHbIX 3aKPbITbIX PE30HATOPOB

BaxHenwmm napameTpoM noboro pesoHaTtopa, Tak e kak u noboro Huskova-
CTOTHOIO KOHTYpa, siIBNsieTcs ero Ao6poTHOCTb. 3HadYeHne A0OPOTHOCTM XapaKTepusy-
eT KayecTBa MHOMMX OCHOBHbIX CBY ycTponcTB: cTabUNbHOCTbL FreHepaTopoB, YacToT-
HO-u3bumpaTtenbHble CBOWCTBA (PUMLTPOB, YYBCTBUTENbHOCTb MPUEMHbIX YCTPOWCTB
nT.o.

LobpomHocmbo 06GBEMHOIO pe3oHaTopa Ans S-ro Tuna, onpeaensioLLelt nonocy
MPOMYCKaHUS CUCTEMbI U CKOPOCTb 3aTyXaHWsi COGCTBEHHbIX KonebaHui, Ha3biBaloT OT-
HoLleHMne

w w
O, =2r—=0,—, (11.7)
Wi Pn.cp.

roe w - 3anaceHHas rnpu pe3oHaHce BHYTPU NOJIOCTU 3NIEKTPOMArHnTHaa aHeprnd
S-ro Tmna konebaHun; W, - 3HEPIUA NONHbIX NMNOTEPb 3a BpeMA OOHOro nepuona Ts;
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P, cp - CPenHss 3a Nepuoa MOWHOCTb MonHeix noteps (wy, = B, (1)), @, - yactota

COOCTBEHHbIX KOnebaHun.
CBs3b Mexay 0OOpPOTHOCTBLIO 06BEMHOIO pes3oHaTopa M ANUTENbHOCTLIO NpoLec-
ca cBob6oaHbIX kKonedbaHun B HEM onpeaensieTcs COOTHOLLEHNEM:

0
W=W.__ exp(——1), (11.8)
0

Ha4y

roe WHa'-I - HayanbHbIN 3anac aHeprun B pesoHaTope npu t=0.

[Ona HaxoxgeHust JOOPOTHOCTM 4acTo MCMNONb3YKT Nepexoq K 3KBUBASIEHTHOM
cxeme pes3oHaTtopa. BeeageHne akBMBaneHTHbIX NapamMeTpoB Npu aHanmMse npoLeccoB B
pesoHaTtopax CBY onpepenseTcs yqobCcTBOM UCNONb30BaHNA KonebaTenbHbIX CUCTEM
C cocpeaoToYeHHbIMM nNapamMeTpamMn Npu nepexoae K MUKpoOMUHMaTIOpu3aunm pesoHa-
TOpPOB, HANPUMeEpP, ANt U3rOTOBIIEHUS UX METOAAMWN NEeYaTHON TEXHOMOMMN.

lMepexon ocyLlecTBRsSETCA NO criegyowemMy anroputmy.

1. Kaxxagbln 0ObEMHBIN pe3oHaTop ANs AaHHOro Tuna konebaHuin npubnAMmKEHHO
MOXHO NpeacTaBuUTb B BUAE IKBUBASNIEHTHOM CXEMbl C UHAYKTUBHOCTBLIO L, éMKocTblo C
U COMPOTUBIEHNEM NoTepb KoHTYpa 7 = 1/ o [Om-M], kak nokasaHo Ha pucyHke 11.4,a.

2. [anee ocywectBnaeTcsa nepexog K nocrnegoBaTenibHOM pPeakTUBHOCTU

X = (a)L - l/a)C) 1 peakTMBHOW npoBoaumMocTu KoHTypa B =1/ X (pucyHok 11.4,6).
3. MNockornbKy pe3oHaTop MOXeT 6biTb AOMOMHEH BHELIHEeN Harpyskoi R, , To co-
NpoTUBNEHNE pe3oHaTopa NpeacTaBnseTcs B Buae
r=r,+R,, (11.9)
roe 7y - cobcTBeHHOe conpoTuBneHne pesoHaTopa (pucyHok 11.4,8).
HarpyxxeHHasi 1obpoTHOoCcTb (J, COCTOUT M3 COBCTBEHHOW (HeHarpy»eHHomn) [06-

poTHocTM (), 1 BHelwHen aobpoTtHocTn O, . Mpuyem

& @ b
a 6 B

PucyHok 11.4 - OkBMBaneHTHbIE CXeMbl PE30HaTOPOB:
a — C UHAYKTUBHOCTLIO L, EMKOCTBIO C 1 CONPOTUBIIEHNEM MOTEPDL I
0 — c nocnefoBaTenbHON PEaKTUBHOCTLIO; B — C BHELLHEW Harpys3kom
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1 1 1
= + )
QH QO QeH
CobcTBeHHas (HeHarpyxeHHas)) obpoTHOCTb Qo YUMTbIBAET 3HEPruo, paccesiH-
HYl0 B CaMOM pe30oHaTope Ha pe3oHaHcHoM 4actoTte. [JoOpOTHOCTb, 3aBUCSILLYIO OT
MOLLHOCTU MOSHbIX MOTEPb, YaCTO Ha3bIBAlOT Hagpy)xeHHoU 006pOMmMHOCMbI pPe3oHa-
mopa.
BenuunHa cobcTBeHHOM A4OBPOTHOCTM MOXET OblTb HamgeHa 4Yepe3 napameTpbl
9KBMBaIIEHTHOW CXeMbl pe3oHaTopa:

(11.10)

C9
Oy =.|-2R, ~w,L/7,. (11.11)
2
AHanms AOaHHbIX COOTHOLUEHMI NOKa3bIBAET, YTO BENUYMHA cobCcTBEHHOM ):l,O6pOT-
HOCTWU HEe 3aBUCUT OT npmmeHﬂemon 3KBUBASIEHTHOM CXEMBbI, NOCKOJIbKY HEe 3aBUCUT OT
CBA3N.

CobcTBeHHYI0 JOBPOTHOCTL MOXHO TakKe BbIPa3uTb Yepes @, W LUMPUHY MNOMOChI

nponyckanna A, :

)

0

0,= , (11.12)
Aw,

rae Awy=w, —®,, a ®,,®; - 4aCTOTbl NONOBNHHON MOLLHOCTM.

BHewHas [obpoTHOCTL, onpegensiemMas CBOMCTBAMM Harpysku, HaxoauTCsa Mo
dopmyne:

0, =wo,Llr,. (11.13)

Takum obpasom, cobcTBeHHad AOOGPOTHOCTL onpeaensieTcsl NoTepsiMuM B ca-
MOM pe3oHaTope, a HarpyXeHHast 406pPOTHOCTb 3aBMCUT ele U OT NOoTepPb BO BHELL-
HUX Uensax, NOAKMIYEHHbBIX K pe3oHaTopy vYepes3 aneMeHTbl cBAa3n. [pn cnabown ces-
31 PE30HATOPOB C BHELUHMMW LENsAMU 3HaYeHMe Harpy>KeHHom 4OOPOTHOCTM BN3KOo K
cobcTBEHHOM [OBPOTHOCTM pe3oHaTopa.

[nsa ydyeta BAMSHMA KaXgoro MCTOYHMKA NOTEPb BBOAATCSA YaCTU4YHble JOOBPOTHO-
ctn. OnpeneneHne 4acTuUYHbIX A0OPOTHOCTEN NPOBOAAT NPUBNMKEHHBIMM MEeTOAaMM,
OCHOBAHHbIMW Ha AOMYLIEHUN, YTO MOLLHOCTN NOTEPb SABMSIOTCA HE3aBUCUMbIMWU OpYr
OT Apyra BenMynHamm n MoryT 6bITb BblMUCHEHbI pa3geribHo.

Mpn HaxoxgeHun JOGPOTHOCTU, SHEPrUs, 3anaceHHasi B pe3oHaTope, CBsidaHa C
3NEKTPUYECKMM UMM MarHUTHbIM NonemM U MoXeT ObiTb HangeHa Yyepes MakCumarbHYyH
9HEeprM ogHoro u3 atTmux nonen. B cnyvyae ogHopogHow cpedbl C napameTpamu

Ea1s M1 3anonHsaLwen BHYTPEHHIOKO TMOJIOCTb V, cornacHo TeopemMme YMoBa-

MONHTUHra nmeem:

3.MakKC 2 M.MaKcC

w=w,  =2a [EndV =w =ZaL[H dV . (11.14)
V 2 V

Mpu 3anonHeHuu nomnocTu cpepont ¢ notepamm (o # 0) yacTuyHas AOGPOTHOCTH

noTepb B cpege onpeaernaeTca COoOTHOLWEHNEM!
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w \ & 1
Oy, = =0,——— =0, 4 =—— (11.15)

0, —— = O, g = :
B iJ.Ez dV oy tgoy
2 m
)

c)
B KOTOPOM tg 51 - TAHIreHc yrna ON3NEKTPU4eCKnX noTepb cpedbl Ha 4acToTe a)s .
YacTtnyHasa ,El,06pOTHOCTb pe3oHaTopa, O6yCJ'IOBJ'IeHHaFI MOLLHOCTbIKO NMOTEPb B Me-
Tannnmyecknx CTeHKax pe3oHaTtopa, OrnncbiBaeTCA BblpaXXeHNUEM:
2
[Hodv
wo Hy oy
sp @ H2 4s’
M.Cp Ts i; Tm
S

(11.16)

tua2a)s

rge I”'s =
20
2

- aKTUBHOE MOBEPXHOCTHOE conpoTtuBrneHne mMetaryim4eckKnx

CTEHOK; HT m - aMnnutyaa KacaTenbHOW K CTEHKE KOMMOHEHTbI BEKTOpa H.

Ons kone6anuit Tuna f;, BbipaxeHue, onucbiBatoLiee COGCTBEHHYIO A0O6POT-
HOCTb, MPUHMMAaET BUA,;

2 2
Q a)mnp:ua abd(a +b ) (11 17)
H - - -
rs  a (d+2b)+d’(a+2b)
Kak nokasbiBaeT pacuyeT, cobcTBeHHas ,D,OﬁpOTHOCTb npAMOYroJsfibHOro pesoHatopa
OOCTUraeT gecATKoB TbiCAY B CAHTUMETPOBOM AMana3oHe BOJIH.
,D,OGpOTHOCTb Ba)XXHENLUMUX TUNOB KonebaHun B UMNMHOPU4EeCKNX pe3oHaTopax
paccynTbiBakOTCA MO (bopmynaM:

(4] H ad @ H ad
mnp Fa mnp Fa

_ , _ , 11.18
QE°‘° 2rg a+d QEO” 2rg  2a+d ( )

2 2

a)mn ‘Lta a)mn galuaa d

O,y = — dp —. (11.19)

Psho @& 24

a d?
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Tema 5. OCHOBHbIe NOHATUA AU paKLUU
3NEeKTPOMArHUTHbIX BOJSTH

Nexkuma N 12. AnekTpoanHammnyeckme 3agaum gudpakumm

12.1 Ctporasi noctaHoBKa AndpakUMOHHbIX 3aaau

Mpn cBOEM pacnpoCTpaHEHUN 3NEKTPOMAarHUTHblE BOSHbI CTankMBalKTCA C Tena-
MK, PacnosioXeHHbIMW Kak BONM3W, Tak M BAANU OT MCTOYHUKOB 3M1EKTPOMAarHUTHOMO
nons. MNMpn aTom HabnogaeTcs ormbaHne N OTpaxeHne ANEeKTPOMarHUTHOW BOSIHOW OT
NMOBEPXHOCTN Tena, YTO NPMUBOAUT K U3MEHEHUIO CTPYKTYpPbl M3NYyYEHHOr0 UCTOYHUKOM
nons. ABneHne M3MeHeHusa CTPYKTYpbl NONSA NEPBMYHON BOSTHbI NPU NaAeHMM ee Ha Te-
no HasblBaeTcsa Ougpakyued.

BonHa HasblBaeTcs rnepsuy4yHol, ecrnv oHa BO30OyxaaeTcsi CTOPOHHUMWU TOKaMu,
BO3HMKAKOLWMMK B pe3yrbTaTe OeNCTBUS UCTOYHUKOB, UMEHOLMX HEINEKTPOMArHUTHYHO
npupoay, unu sensieTcs npuxogsiien M3 6eckoHevyHocTn. PaccesiHHOe Tenom arnek-
TpoMarHuTHoe none 6yaem HasbiBaTb 8MOPUYHOU 80sHOU. [laHHOEe pa3aeneHne OCHo-
BbIBA€TCs Ha MPUYNHHO-CNEACTBEHHON CBA3WN U siBNSieTCa ycnoBHbiM. Cymma nepBuy-
HOrO 1 BTOPMYHOTO NOMEN Ha3blBAeTCS r10IHbIM 10/1EM.

NccnepoBaHua sBneHun andpakumm Ha peanbHbIX Tenax, UMeKLWmMX pasnnyHble
KOHMrypauum, pasmepbl U gpyrne napaMmeTpbl, MOXXHO NMPOBOANTbL aHANUTUYECKUMN U
YUCNEHHbIMM MEeTo4aMu, a TaKkke JKcrnepuMeHTarnbHo. Mpyn 3TOM TOYHblE aHanNUTU4e-
CKMe MeToAbl pelueHust OMEPaKUUOHHbBIX 3adad, MofnyyYeHHble B 3aMKHyTon chopme,
npegnonaratT peweHne anddepeHumanbHbIX YpaBHEHMI B YACTHbIX NPOU3BOAHbLIX B
TOW CUCTEME KOOPAMHAT, B KOTOPOW KOOPAMHATHbLIE NOBEPXHOCTU coBNagany nunm obinu
6nM3KM K rpaHMYHBbIM NOBEPXHOCTAM. [laHHbIE MOBEPXHOCTU MOMNYyYUNnN HasblBaHWE Ka-
HOHU4YecKMX. [pun ykasaHHbIX YCNOBUAX BO3MOXHO pa3ferieHne KOMMOHEHT anekTpuye-
CKOrO U MarHUTHOrO MOSEN.

MprMMepamn KaHOHMYECKMX MOBEPXHOCTEN ABNAOTCS, B YACTHOCTW, KPYroBOW, a-
AMNTUYECKUIA, Nnapabonmyecknin uMnNMHApPbLI, 6ECKOHEYHbIV KNWH, Wwap. NonyyeHHble ons
KaHOHNYECKNX MOBEPXHOCTEN pPELLUEHUSI MOTYT UrpaTbh POSib 3TANOHHbIX PELUEeHUR, Mo-
CKOJTbKY C MX MOMOLLbIO MOXHO MPOBEPSATb TOYHOCTb NPUBAMKEHHbIX PEeLUEHUI.

[nsa paga noBepxHocTen 6onee CnoXHom hopMbl MOXHO ANs1 aHanm3a UCrnonb3o-
BaTb METOA KOH(OPMHbIX O0TobpakeHun. OgHako B Crnyyae CrOXHbIX FPaHUYHbIX NO-
BEPXHOCTEN OTOBpaxKaloLlyo KOMMMEKCHY (DYHKUUIO HaWTKU He ygdaeTtcs. AHanus au-
bpaKUMOHHBLIX MONEN TakUX CNOXHbIX TEN NPOBOAAT C MOMOLLbK YNCIEHHbLIX METOAOB.

Ctporass noctaHoBka OM@PaKUMOHHBLIX 3adady BbIrNaauT cregylowmm obpasom.
NmeeTca Teno, reomeTpusi MOBEPXHOCTM S KOTOPOro ONMUCbIBAETCSA KaKOW-TO (PyHKUMEN

—Inagq ——aazng
‘R . Ha pnaHHoe Teno napaet anekTpomarHuTHas BonHa (£, H ), Bo3Byxaaemas

WCTOYHMKOM 3afaHHOro Buaa. [eomeTpus 3agadv MNPOUNIIOCTPUMPOBaHa Ha PUCYH-
ke 12.1.

TpebyeTcs HaUTK NOMHOE norse B NPOU3BOSIbHOM TOYKe. B kayecTBe orpaHMyeHun
Ha nonyyYaemMmoe pelleHne MCMONb3YKTCA rPaHUYHbIE YCMOBUS Ha MOBEPXHOCTU Tena
(chakTnyeckn aTo onncaHue ANEeKTPUYECKMX CBONCTB MOBEPXHOCTH).
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S=R (0 E’naa E_}naa

PucyHok 12.1 — N'eomeTpusa 3agayum angpakunmn 3neKTpoMarHUTHON BOSTHbI
Ha NPOU3BOJSIbHOM Tere

Mpn hopmMynupoBKe COOTHOLLEHMI, OMUCLIBAKOLWNX MOSIS, UCNONbL3YKT Cneayto-
Wwun noaxon. Beibop cuctemMbl KOOpAWHAT, B KOTOPOW OCYLLECTBISIETCA 3anucb peLue-
HUS, onpegenseTcsa yaobCcTBOM 3anncu paccestHHoOro (audpakumoHHoro) nons. iIMeHHo
B J@HHOW cUCTeMe KoopauHaT u hopmynmpyeTcsa nagatollee none.

12.2 Andppakumsa aneKTpoMarHMTHbIX BOSIH Ha naeanbHO
npoBoAasLweM 6eCKOHeYHOM KPYriomM LunuHAape.

PaccMoTpym nonyyYeHne TOYHOro pelueHust ans ogHOM U3 KaHOHUYECKMX MOBEpX-
HOoCTen — BECKOHEYHOro Kpyrinoro (KpyroBoro) UnnuHgpa - ¢ UCnonb3oBaHWeM MeToaa
pasgeneHust nepeMeHHbIX.

[MocTaHoBKa 3agayn 3By4nT cnegyrowmnm obpasom.

IMycmb Ha 6eCKOHEYHbIN KPYroBOM LMNUHAP paguyca a nagaeT nrockas afekTpo-
MarHuTHasa BOJSIHA, PacnpOCTpaHALWANcs B HanpaBneHun, nepneHgmkynsapHom obpa-
3yloLen umnuHapa.

Tpebyemcsi onpefenuTb BTOPUYHOE 3MEKTPOMAarHMTHOE rorse, BO3HMKalllee B
NPOCTpPaHCTBE, MPU YCNOBUKU, YTO HA NMOBEPXHOCTWN BbINOSHAKTCA rPaHUYHbIE YCITOBUS
ANA ngearnbHO NPOBOASLLEro Tena.

PeweHue 6ynem vckaTb B LUMUMHAPUYECKON cucteme koopauHart, ock 0z koTtopoit
napannernbHa obpasyloLwen umnuHapa.

Mpu peweHnn noctaBneHHoOn 3agayn LenecoobpasHo paccmaTpmBaTh ABa criyvas
nonapusaumm nagatoLLen BonHel otHocuTtensHo ocn 0z :

- Bektop E napanneneH ocu 0z;

- sektop H napannenex ocn 0z.

O6wun cnyya Npon3BosibHOW Mongpusaumm nagarowen BOSHbI MOXeT ObITb Mo-
nydeH cynepnosvumen gaHHbIX TUNOB nonen. Tak kak MeToauka pelleHns obenx 3agad
OAMHAKOBA, OrpaHMYMMCHA aHann3oM TOSbKO MEpPBOro BapuaHTa. [eomeTpusa 3agayuv
npusegeHa Ha pUcyHke 12.2.

B cooTBeTCcTBUM C MCXOOHbIMM AaHHLIMU MPOEKLUM BEKTOPOB MOSS NagaroLlen
BOJSIHbI OyayT MeTb BUA;:

E}* = E,exp(—ikrcosp), H_=0. (12.1)
I'Ionepequle KOMMOHEHTbI NonA, Kak ObINO NokasaHo npu pacCcCMOTpEeHUN perynsap-

HbIX NTUHUKA nepegayu GJ'IeKTpOMaFHI/ITHOIZ AHEeprnn, MoryT ObITb noJjiy4eHbl Ha OCHOBE
ypaBHeHmﬁ Makceenna yepes npoaosibHble CoCTaBndtoLnMe noss.
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y

PucyHok 12.2 — N'eomeTpus 3agayum anpakummn E-nonsapmsaoBaHHOM BOSHbI
Ha KpYroBoM uunumHgpe

Ctporoe pelueHne AMPPAKLMOHHOM 3a4aynm CBOOAUTCH K PELUEHU0 YpaBHEHUN
Makcsenna npu 3agaHHbIX rPaHUYHbBIX YCIOBUSX AN COCTaBNSAOLWMNX SNEKTPOMArHUT-
HOro Monisi Ha MOBEPXHOCTM LMnMHApa U Ha B6eckoHeyHoCcTU. B kadecTBe rpaHM4YHbIX
yCcnosuu BbicTynaet TpeboBaHne HeNpepbIBHOCTU KacaTerbHbIX K MOBEPXHOCTU LINH-
Apa COCTaBMSLINX BEKTOPOB Pe3yrbTUPYIOLLEro 3NeKTPOMarHUTHOMO Mofsi Ha NoBepX-
HOCTWU uunuHgpa. Ha 6eckoHe4YHOCTM BTOPUYHOE Mofie OOSPKHO YAOBMEeTBOPSATb MPUH-
uuny manyyveHus (ycnosmam 3ommepdennaa).

PacceaHHoe none ygoBneTBopsieT ABYMEPHOMY ypaBHeHuo [enbmronbLa, KOTo-
poe B UUNMHOPUYECKOWN CUCTEME KOOpaAUHAT umeeT BUA

pac 2 - pac
L Era +L5L+sz5ac =0. (12.2)

r or p2 5(,02

FpaHMque ycrnosue An4d rnosiHoro nojid Ha NoBepxHOCTU onpenendaeTcd BbipaXxe-
HUnem

nang
EM™M +EF =0 : (12.3)
r=a
|-|pl/1 ncnonb3oBaHNMM MeToda pasaesieHnsa nepemMeHHbIX B BuAe npoun3BeneHunA
ABYyX beHKLI,I/II?I, 3aBUCALLUNX TOJTbKO OT I U TOJIbKO OT @
EL =R, (D, (), (12.4)

ypaBHeHue (12.4) pacnagaetcs Ha ABa OObLIKHOBEHHbIX AndepeHLmanbHbIX
ypaBHEHUS

O*R (r) 10R (r) (., m?
ne L ——" o k" —— R =0, 12.5
or? r or r? () (12.52)
2
@
w+m2® (p)=0, (12.56)

roe m — NOCTOsIHHas pasgeneHus.
Kak nasecTtHo, pelwleHne guddepeHumnansHoro ypasHeHna (12.56) nveet sug

d, (p)=C,cosmp+C,sinme . (12.6)
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MpeactaBum nagarollee none B BUAE M3BECTHOIO U3 Teopun BeccenesblX PyHK-
LM pasnoxeHus

o0
EM™ = E,exp(ikacosp) = E, Y. i"¢,J,, (ka)cosme, (12.7)
m=0
I, m=0
B KOTOPOM &, = - yucna Heiimana; J, (+) - dyHkums Beccens m-ro
2, m>0
nopsigka.

C yyeTom TOro, 4YTO 3aBMCUMOCTb E; B nagatowiem nosne B oopmyne (12.1) npea-
cTaBnseT cobon YeTHY (PYHKUMIO, TO B COOTHOWeEHUN (12.7) Heob6xoaMMO OCTaBUTb
TONbKO nepeoe crnaraemoe u nonoxute C, =0. Yncno m gomkHO ObITb LeNbiM, YTOObI
dyHKUMA 13 (12.7) n ee nponssogHas Oblnm HenpepbiBHbI BO Bcen obnactu [0,2x].

lMocne Toro kKak onpegenieHa LenoYncrneHHocTb m, nosydyaem, 4to (12.5a) ectb
ypaBHeHue Ans umnuHapudeckon yHKUUK nopsiaka m ot aprymeHTa kr. Obuiee pelle-
HWe JaHHOro ypaBHEHMs!, HasblBaloLLerocs ypasHeHuem becceris, uMeeT BuA;

R (kry=4',J, (kr)+B', Y, (kr), (12.8a)
R (kr)y=A HY (kry+ B, H (kr). (12.86)

B AaHHbIX COOTHOLUEHUSIX H,S) (-),H,Sf)(-) - (PyHKUMM [aHKensi COOTBETCTBEHHO
1-ro 1 2-ro poga m-ro NOPsAKa, PACCMOTPEHHbIE PaHEe Mpu U3YyYEHUN LINITUHAPUYECKNX
BOJSTH M (PYHKUUK [pUHa; Ym (1) — dpyHKumMa HelmaHa m-ro nopsiaka.

[ns BbIGOpa peLueHnss ucnonb3yem ycrosue usnyvyeHusi. B cooteetcTBum ¢ aaH-
HbIM YCINOBMEM UCKOMOE More AOMKHO MMEeTb XapaKTep BOSHbI, pacnpoCTpaHsoLencs
B G6ECKOHEYHOCTb MO pagmarnbHbiM HanpaBreHusM. M3 paccMoTpeHus acumMnToTuYe-
CKUX BblpaxkeHuin ans gyHkumin aHkens:

H,S)(z) ~ 1/iexp{i(z—mﬂﬂ, (12.9a)
z 4

H? (z)~ ,/3 exp|i—i(z —Mﬂﬂ (12.96)
z 4

cnpasensinBbiX npu O0NbLKNX 3HAYEHUSAX aprymeHToB ‘Z‘ >> 1; ‘Z‘ >> m, crnegyeT, uto

cnaraemoe B, H ,512) (kr) n3 (12.86) npn kr — o0 cooTBeTCTBYeT BOMHe, pacnpocTpa-

HSIOLLIENCA OT UCTOYHMKA (B AaHHOM criyyae uMnuHapa) Ha GecKoHeYHoCTb, T.e. yao-
BMNETBOPSIET YCMOBUIO U3NYYEHNS.
Takum 06pasom, peLLeHe 0OAHOPOOHOIO ypaBHeHUs enbMronbLa ULLIEM B BUae

E =E™+> B H? (kr)cosmg. (12.10)
m
KoathpmumeHTtbl B, MOXHO HaWTKM M3 NocrnegHero Hemcnosib30BaHHOIO YCroBUS

3aja4vn — rpaHu4Horo ycnosusa (12.3), KoTopoe NpUBOAUT K NPOCTOMY OYHKLMOHASbHO-
MY YpPaBHEHUIO:

105



YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(BaJ'IVICbMI-(aLI,VIM

INEeKTPOANHAMMKA M pacnpoCcTpaHeHne PaanoBOIH

r=ad

E™ +> B, H» (ka)ycosmp =0, (12.11)

KOTOpoe LOSMKHO BbINOMHATLCA Ans Bcex ¢. PyHKUMM cosme obpasytoT MOSMHY
opToroHanbHyto cuctemy.C yyeTtom nocregHero paseHctsa m3 (12.11) nony4aem cooT-
HOLlEeHne

J,, (ka)
H\P (ka)

C y4yeToMm Bmaa koapdpuumeHta gudpakumm Bm npopdonbHasi KOMNoHeHTa E_

B, =—Ey(~i)"

m

(12.12)

nosiHoro nong (12.10) moxeT 6bITb 3anucaHa B BUAe:
X J, (ka)cosm
E. =—E,Y ", In (2)) ¢
m=0 H,” (ka)

YUToObl HaTK 3aKOH pacnpepeneHna Toka, Bo36y>|<):|,aeM0ro Ha NoBepxXHOCTU LnIinHapa
nosiemM nrockon BOSHbI, HEOBXOANMO BbIYUCIIUTD (D — KOMIMOHEHTY BEKTOpa Hanpsi>keHHOCTH

H® (kr). (12.13)

MarHUTHOro noJsigd. |/]CI'IOJ'Ib3y$| CBA3b MeXxay npoaosibHbIMU 1 nonepevYHbIMU KOMIMNOHEHTaMU
nong, 3anmem cpady OKOH4YaTes1IbHOE BblpaXKeHUe:

: o (2)
H, = i E S " J,, (kaz) cosme dH,; (kr),
kW, "~ m=o H'? (ka) dr

rae W, =120 Om — BonHoBOE COMPOTUBIEHKE CBOGOAHOO NPOCTPaHCTBA.

(12.14)

Tak kak BEKTOp MIIOTHOCTU TOKa Ha NOBEPXHOCTU LMMNHAPA paBeH
i = (ﬁm + ﬁpac) xn= Z(H;‘aﬂ + Hg;a"), (12.15)
TO, NOACTaBNSANA B JaHHOE COOTHOLLEeHWe popmyny (12.14), MOXHO 3anucaTsb:
— | E;7 cosg J,,(ka)cosme dH,Sf) (kr)
S T H (ka) dr

YuntbiBas npeacrasnieHve nagaroLero nonsi B pag no dyHkumsam beccensi, npeobpa-
3yeM JaHHOEe COOTHOLLEHUE K BUAY:

nang

+ > i"e, (12.16)
m=0

— —E, = J (ka) dHP (kr)
=] — ie._cosmo| J' (kr)——2 m 1217

BbiHecem 3HameHaTenb 3a CK06Ky, a K ckobke npumeHnm onpeaeneHne BpoHCKMaHa,
Y4nUTbiBad, 4TO TOK ULLETCA HA NOBEPXHOCTU UnNunHapa, T.e. r = a:

dH'P (ka) 2

a iTka

' (2)
J' (ka)H'? (ka) - J, (ka) (12.18)
B pesynbTaTe nonyvaem crnegyioLlee BblpaxeHne AN npogoribHON KOMMNOHEHTbI BEK-
TOpa MMOTHOCTU MOBEPXHOCTHOTO 3SIEKTPUYECKOro TOKa, BO36YXdaeMoro Ha rnoBepxXHOCTU
naeanbHO NPOBOASALLErO KPYroBoro UunuHapa rnonepevyHo-aNeKTpuydeckon areKTpoMarHumT-
HOW BOSHOW, MpuxoAsiLLlen nepneHamKynapHo obpasytoLlen uunuHapa:
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Z m, COSMP (12.19)

" H,7 (ka)
CymmupoBaHue B chopmyne (12.19) nposoantcsa Ao 3HavyeHun m, 6nmn3kux K Benu-
unHe 2ka .
[MoBTOpPASA aHaNOrMyHbIe paccy>XaeHna Ans BTOPON Nonsipusaunmn u yunTbiBasi, vYto
rPaHnYHbIE YCIIOBUS B JaHHOM crnyyae OyayT umeTb BUA:

ol + H P

J2 = Wyr ka

=0, (12.20)
or r=a
3anuem cpasy ypaBHeHue 1151 HaxXoXaeHnsa KoadpUUNEHTOB ANdpaKkLmn:
Ol " H(2) ka
—z ZA ( )cosm(p:O. (12.21)
or |r=

Pelwas gaHHoe ypaBHeHMe, Nofydaem crnepyloulee BbipaxeHne ans koadgpdpuum-
eHTa andpakumn:
oJ,, (ka)
A =(-i)"—2a (12.22)
0H % (ka)
oa

CooTHoWweHWe Ans BO3byKOAaeMoro NoBepPXHOCTHOrO Toka MpW 3TOM MPUHUMAaET
BUA;

2H, Ooimg cosme
inka, = " H? (ka)

Jo=- (12.23)

12.3 Andopakuma aneKTpoMarHMTHbIX BOSIH HA 6€CKOHeYHOM
naeanbHO NPoBOASLLEM KITMHE U NOMYNIIOCKOCTH

3agaya o HaxoXaeHUn ndpPakLMOHHOMO NOSIS Ha KIMHE, Kak M pacCMOTPEHHas Ha
npegblaywen nekuun sagada angpakumm Ha KpyroBom LUNUHAPE, OTHOCUTCS K KaHO-
Huyeckon. Nonyvyaemoe pelweHne nmeet
Ba)XHOE MNpaKkTU4ecKkoe MpuMeHeHue, no-

CKOSbKY MO3BONSAET MogennpoBaTb BOJSI- \
HOBble MpoLEeCcChbl MPU HanMyMm OCTPbIX \
KPOMOK 1 pebep, BKIOYas U Kpas TOHKUX
3KpaHoB.

[nsa peweHus ykasaHHOW 3ajaun
BBEOEM UUMMHOPUYECKYD CUCTEMY KOOp-
anHat Orpz (pucyHok 12.3) Tak, 4TobbI
ocb 0z Gbina coBMelLleHa ¢ pebpom Knu-
Ha, a yron ¢ 6ygaem oTcuuTbiBaTb OT
OCBELLEHHOW IrpaHun. PucyHok 12.3 — l'eomeTpus 3agayum

Nnockas oaHopoaHaA JaneKTpomar- p'mcppakumm Ha KInunHe
HUTHas E-nonsipusoBaHHasi BorHa naga-
eT C HanpaBneHunsa ¢p. B aaHHOM cnyyae 3agjaya He obragaeT akcuanbHOW CUMMETPU-
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eil, No3TOMy NajaloLLee nore Ha OCHOBE TEOPUM MITOCKUX BOSH MOXeT BbiTb 3anucaHo
B BUAe
nag _ .
E> = E, exp[—ikrcos(p —¢,)]. (12.24)
FpaquHble ycnosuda Ona unaearibHO npoesoadllero KrimHa MoryTt ObITb 3anucaHbl
cregyowmm obpasom:

E.=0 . (12.25)
¢p=0,a
Mpn TaknX rpaHWYHbIX YCNOBUSX pelleHus ypaBHeHwin aAns dyHkummn @, (@) w

R, (r) wmetoT BUA,

mTm
D, (p)=C,sin—¢ _g®
a ' (226) Fn)=Hi (k) (12.27)

Takum 06pa30M, peweHne oaHopoaHOro ypaBHeHUA Fenbmronbu,a mnuiem B crie-
aywoulen opme:
E.=E™+>C, sin(ﬂ—m ) (12.28)
" o
MeToguka onpegeneHus kKoagpuumeHToB Cp, Ta Xe, YTO U NS KPYroBOro LMnH-
apa. B cBsi3n ¢ aTum 3anuiuem Cpa3y OKOHYaTeslIbHOE BbipaXXeHune a4 noJyiIHoro nosA

o 2
E =E, Zexp(—iﬁ mj']ﬂm/a (kr)sin(ﬁ—mqoojsin(ﬁ—m(pj. (12.29)
20 o o

m=l1

B cnyyae nageHus Nnockon OAHOPOAHOW H-MONSPU30BaHHONM BOSHbLI anropuTm
peLleHns He MEHSIETCS, a FpaHNYHble YCroBus NpuobpeTaloT BMA:

OH ,
0
PeweHnne anddepeHumanbHOro ypaBHeHUs!, 3anMcaHHOro OTHOCUTENBHO (YHK-
umm O, (@), umeet Bug

=0. (12.30)
¢ =0,a

D (p)=C, COS(%(pj, (12.31)

a npeacTaBneHne peLleHns 3agadv audpakummn onpenensieTcs 3aBMCMMOCTbHO

E, 2 ’
H, =120 %5 oxpl i Jﬂm/a<kr)cos(”—m¢jcos(”—m¢oj- (12.32)
m=0 2C¥ a o

2w

[na aHanusa CTPYKTypbl NOSIEN C UCMOMb30BaHNEM reOMEeTPUYECKON Teopumn au-
dpakumnn nepenuwem paseHcTsa (12.29) n (12.32) cnegyowmm obpasom:

E _
H. = Hulr.o—g)Fulro+00) ), (12.33)
2
roe u(r,t//)=%ﬂZeXp lﬂzolzq Jﬂm/a(kr)COS(%wj, v=0Lg,.
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BepxHuin 3Hak B chopmyrie (12.33) cooTBETCTBYET criydato andpakuum nnockon E-
NosIiPM30BaHHON BOJSIHbI, HUXKHUIA — H-NONSipU30BaHHOMN.

®yHKUMIO U(r, ) MOXHO NpeacTaBuTb B BUAE
exp(ikr cosy ) nmpu —n <y <7,
u(r,w)=Sr,y)+<0 mpu —n <y <2a—m, (12.34)
exp(ikr cos(2a —w)) ipu 20— <y <2a.
MNepBoe cnaraemoe — HereoMeTpoONTUYECKasi COCTaBNsoLLas, BTOPOe crnaraemoe

— reomMeTpoonTnyeckasd CoCTaBliAOLLAA. MosicHnm cmbicn BTOpPOro crnaraemoro. Ecnu
Obl BOfHa OoTpaxanacb OT rpaHu, Kak OT ©eCcKOHEYHOWN MIOCKOCTU, TO NPOCTPaHCTBO

pasaenunock bbl nyyamn @ =7 — @y U @ = 7T + @, Ha obnactu (pucyHok 12.4):

- OCBELLEHHYI0 NMPSAMbIMWU N OTPaXeHHbIMU nydamu (/),
- OCBELLEHHYIO TONbKO NpAMbIMKU fydamu (/1),
- TeHb (/).

RSk
‘_0 SIS

I

PucyHok 12.4 — Co3gaBaemble obnactu B 3agadve andpakumm BOfHbI Ha KNnHe

Taknm 06pasom, NPUXoL4MM K ONUCaAHMIO NOMSA C MOMOLLbIO FEOMETPOONTUYECKON U
HereoMeTpoonTMYECKON COCTaBNALWNX. HanpaBneHwe 7-¢y) COOTBETCTBYET Hanpasne-
HUIO pacnpoCTpaHeHUsi OTpaXeHHOW no 3akoHy CHennuyca BonHbl. Hanuyume pebpa
NPUBOANT K NOSIBIIEHNIO HEF€OMETPOONTMYECKON COCTaBMSAIOLEN B MOSTHOM Mofie.

Boanu ot rpaHnL CBET-TeHb () = 7T — §00 Mp=T7T + §00 HereomMmeTpumuyeckaa 4acrtb

nona npeacraendeT cobon 3HaKoMble unnmHgpmnyeckmne BOJIHbI. 3aBUCUMOCTb, OMUChI-
Bakollad Takyrlo BOJIHY, B JaHHOM CllyYae nMeeT BUa:
2

. T T
Sin
a |a —i
S(r,w) = . exp(— igj% . (12.35)
COS i —COS(ﬂ-l//j R
(04 (04

OpgHako B oTnnyme ot HeHaI'IpaBJ'IeHHOIZ LI,I/IJ'II/IH,EI,pI/I‘-IeCKOIZ BOJIHbl HEereomeTpoorn-
TU4eCKad 4acCTb NoJid XapakTepulyeTcd onpe,qeneHHoPl ,EI,I/IanaMMOIZ HanpaBlTIEHHOCTMU.
Ee anarpamMma HarnpasiieHHOCTU onpegendaeTcAa nepBbliM COMHOXUTETEM. CyLLI,GCTByIOT
n CpI/I3I/I‘-IeCKllle pas3nnyna B npouecce mUsnyyvyeHud. Tak, HUTb AJTIEKTPUYHECKOIo (MaFHI/IT-
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HOro) ToKa SIBNSieTCA CTOPOHHMM WMCTOYHMKOM, a pebpo KnuHa nepeunsnyyaeT, npeg-
cTaBnsasa cobown pacceusarowul yeHmp.

YacTHbIM criydyaem 3agayvv agndpakumm anekTpoMarHUTHOM BOSHbI Ha KIYHE SBMS-
eTca cnyyam ©6ecKOHEeYHOW NITOCKOCTU, B KOTOPYHO MpeBpallaeTcs KNWH npu yrne pac-
KpbiBa a=7x. Kak cnegyet u3 pucyHka 12.4, npu 3TOM ocTaeTcs TONbKo obractb, ocse-
LwaemMmass NpaMon 1 oTpaxeHHon BosiHamu (obnactb /), a obnactu Il n Il ncyesaroT.
®opwmyna (12.35) npy 3TOM NpUHUMAET BUA!

sin 7 7T\ exp(—ikr
S(rp)=——"" exp| -2 exp(-ikr)
1+ cosep 4 r
[MockonbKy 3HameHaTernb NepBoro COMHoXxuTensa B (12.36) He MoxeT obpaTuTbCA

(12.36)

B Hynb, Tak kak 0 <@, <7 n 0 <@ <7 u, cnegosatensHo, ¢ + @, # 7, TO AeneHns

HYIMb Ha HyIb B NEPBOM COMHOXWUTENE He BO3HUKAeT, criefoBaTenNbHO, NpU o=z Nony-
yaem S(r,y)=0. C yyetom atoro ua copmynel (12.29) nonyyaem, 410 noBegeHne npo-
A0JIbHOM KOMMOHEHTBI MO onpeaenseTcs 3aBUCUMOCTbIO

E =E, { explikr cos(p — @, )] — explikr cos(¢ + ¢, )]} = (12.37)
= E, exp(iky cos ) sin(kxsin @)

and E—I'IOJ'IFIpI/I3OBaHHOI7I BOJTHbI U

z

H_= % { explikr cos(p — @,)] + explikr cos(p + ¢, )]} = (12.38)

E
= Woexp(iky cos) cos(kxsin @)

ans H-nonspusoBaHHOM BOSHbI. HECnoXHO 3aMeTuTb, YTO AaHHble hopmynbl coBna-
AatoT ¢ pesdynbTaTamu, NOfy4YeHHbIMW AN CryYaeB NageHusi BOSH BEPTUKANbHON U ro-
PU30HTaNbHOM NONspU3aunmn Ha naeanbHO NPOBOASILLYO NIIOCKOCTb.

OdpyruMm npegenbHbIM Cryvyaem siBRsieTCs uccnegoBaHue Audpakumm MioCKoM
BOJSIHblI Ha nonynnockocTu. PeweHune 3agaym npu atom nonydaetcsa ms (12.35), ecnu
NOSIOXUTb a=27:

exp(— ZZJ exp(—ikr)

S(r,w)= (12.39)

N 27 kr 2cos%
2
lMpoaHanusnpyem CTpyKTypy nonsa Baanu oT pebpa npu andpakumm Ha ngeanbHO
NPOBOASILLEM KITMHE.
Mpowe Bcero Bma nonsi B obnactu /I, B KOTOpon reomeTpoonTuyeckas 4yacTb paB-
Ha Hynt. MNonHoe none coBnagaeT C HEreoMeTPOONTUYECKUM — 3TO LUNUHOPUYECKUE
BOSHbI, Kak Bbl pacxoasdiumecs oT pedbpa; ogHaKo peanbHOro UCTOYHUKA Ha pebpe, kak
y)Xe 0TMeyarnoch Bbllwe, HeT. B obnacTtu I 3T uunuHapuyeckme BOSHbI HaknagbiBatoT-
CSl Ha NagatoLLyto NIIOCKYK BOSHY, BO3HUMKAKOT MHTEpP(EpPEHLNOHHbIE NOSOChI — Herny-
OoKMe ocuMnIsaUnK, YMeHbLIaLWmueca Npu yganeHnn ot rpaHuubl mexagy obrnactamu.
CnoxHee none B obnactu [: 3gecb, KpoMe nagatoLlen BOsHbI, CyLLEeCTBYeT N OTpaXeH-
Has nnockasi BofiHa. BO3HMKaOT CTosi4ME BOSHbI, UHTEpdepupyowmne ¢ LunmHapude-
CKOW BOJHOW.
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B6nn3n rpaHuubl cBeT-TeHb (0Gnactu nonyteHwn) pacnpegeneHue nons nmeet
3HauMTenbHO Oonee CnoXHbI XxapakTtep. 34ecb none OGLICTPO N3MEHSIETCHA B Nonepey-
HOM HanpasneHun. Ha rpaHuue cBeT-TeHb OHO paBHO MOMOBMHE NONs NagaroLLlen Bom-
Hbl. Takmm obpasom, AndpakLUMOHHbIE SIBIEHUSI HA pebpe KrnnHa, ecnu nog 3TUM Mno-
HMMaTb OTKINOHEeHMEe NoNns OT reoMeTPOoONTUYECKOro, 6onee BCEro NPosIBNSAOTCA B 30HE
NONyTEHMW.

Ha rpaHuue mexgy obnactamu | n Il none Heckonbko crnioxHee. B obenx obna-
CTSIX NPUCYTCTBYET Mofe nagarLlen BOSHbl, HO OTPaXXeHHas Mo 3akoHaMm reomeTpuye-
CKOM OMTUKM BOSIHA €CTb TONbKO B obnactun [, a B obnactu Il ee HeT. NoaTtomy nyy

Q=7 — (PO €CTb rpaHnua CBET-TeHb A4 OTpaN(eHHOIZ BOSTHbI. Ha aTon rpaHuue Bbloe-

ngeTcsa nosiyTeHeBas 30HA, B KOTOPOW MPOUCXOANT MHTepdepeHUnsa Mexay nonyTeHe-
BbIM MOMEM W MNOCKOW NagatoLlen BONMHOWN.

12.4 nppakums aneKTpomMarHMTHbIX BOJSIH HAa naeanbHO
npoBoasiwen ccpepe

Mepengem K pelleHnio 3agayun audpakumnm nNinockon BOSMHbI HA UaeanbHO NPoBO-
Asdlem wape paguyca a, C LLeHTPOM KOTOpPOM COBMELLEHO Havano cdepuyeckon cu-
CTeMbl koopauHarT (pucyHok 12.5).

M(r,0,¢)

PucyHok 12.5 — 'eomeTpusa 3agayum andpakunm BosnHbl Ha cdepe

nyCTb Ha ccbepy nagaeT Nnockad aJieKTpoMarHntHasa BosriHa, COCTaBIiAoLLIMEe BEKTOPOB

HanpsbkeHHocT E n H BO ppoHTE KOTOPOW OnpeaensitoTcs 3aBUCUMOCTHHO

—maj —man

E  =x,E,exp(—ikz), H :—yOWOexp(—ikz). (12.40)

MonHoe none npu audpakumMm NpeacTaByMM, Kak U Ans KPYroBoro UMnuHApa, B BU-

T oman 7y aa —pac — pac .
ae cymmbl nagawowero £, H n paccesHHoro £ |, H nonen. Ana sanucu

nosien UCNonb3yrTCA BCroMoraTenbHble YHKUMN nomeHyuarns! [Jebas - U n V. OyHk-
umm U n V cooTBeTCTBYIOT ABYM nonspusaunam crnegyowmm obpasom: nosne ¢
U#0,V =0 He comepxuT H, KOMMOHEHTbI, T.e. ABMAETCA MNONEepPeYHO-MarHUTHOM
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(anekTtpuyeckoin) sonHoi; none ¢ U =0,V #0 He copepxut E, cocTaBnsioLlyto, T.€.
ABNSETCA NOMNEepeyvyHO-3NeKTPUYEecKon (MarHMTHOM) BONMHOW. EAMHMUBI  M3MepeHus
dyHKUuMn U n V cootBeTCTBEHHO [B] 1 [A], T.e. N0 cBOEMY (PMU3NYECKOMY CMbICITY SB-
NATCA HaNpPsHKEHNEM U1 CUIOW TOKa.

MoteHumanel [ebas paccestHHOro nonga ygoBrneTBOPSAT O4HOPOAHLIM YpaBHEHU-
am enbmMmronbua

AUP + K2UP* =0, AV P 4 2y Pe 0. (12.41)
FpaquHble yCJ'IOBI/lﬂ C y‘-IeTOM Bblpa)KeHI/IIZ an4a notTeHuyunanos D,e6a;| I'IpI/IHI/IMalOT
BMA

naj pac
o(ru) _oeru™)  o(ru’™) —0, V=V e 0. (1242)
or or or r=a r=a

AHanuna cootHoweHun (12.41), (12.42) nokasbiBaeT, YTO HU ypaBHeHUs [enbm-
ronbua, HU rpaHNYHbIE YCITOBUSA HE CBA3bIBAIOT Mexady cobon nonspusauuu, T.e. BOSIHbI
3NEeKTPUYECKOro U MarHUTHOroO TUMOB NMpu Audpakuumn Ha cdepe MOryT CyLlecTBoBaTb
He3aBNCUMO.

PelwieHne ypaBHeHU MeTOAOM pasferieHns nepeMeHHbIX UMeeT BUA:

Urt = ZZAnm R, (r)©,,(0)®,(9). V" =33.B,,R,(1)9,, (@)D, (¢) (12.43)

rge
@, (p)=exp(imp), O, (0)=P"(cosd), R, (r)= / HO L (kr), (12.44)

Pn - pucoeduHeHHble pyHKyuu JlexxaHOpa CTeneHn n nopsigka m.

dyHkumm P npm ‘m‘ > 71 TOXOECTBEHHO paBHbl HyM0. B coBOKynHOCTU ¢ Tpuro-
HOMEeTpPUYECKMMM PYHKLMAMU byHKLMK JlexaHapa HasbiBaloTcs crieaytolimm o6pasom:
ecnu ‘m‘ < n, TO Ha3blBAKTCHA WapPO8bIMU mecceparnbHbIMU, T.€. KIemOYHbIMU (byHK-
yusmu, npm ‘m‘ =N - WaposebIMU MesIeCHbIMU OYyHKUUSIMU.

Ces3sb Mexay nony4vyeHHbIM peweHnemM ana noteHunanos ,El,e6a$| M KOMMOHEeHTaMIn
ANTIEKTPOMArHMTHOro nongd onpenendaeTcda COOTHOLWEHUAMN.

0? ,\ oU
coso| —+ k —|=E 12.45
“\or (r aej r (12452
10 82U ik ov
COS Py —— — =E,, (12.456)

ror 892 sin@ 00

—sin ! 2(ran—ikan =F (12.458)
PV rsingar\” 00 002 [ e '
. o° oV
—sinp| —+k —|=H 12.45
o| (r 89) r (12450
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ik oU 18( 2’V

sin _— =H,, 12.45
Psino oo rorl 202 0 (12.458)
oU 1 o ov
COS - ik - —|r—\|r=H . 12.45
PV 507 " rsinoor\| 00 0 (12.45e)

[MpoaHannanpyem CTPYKTypy pacCesHHOro nomns. OnemMeHTapHble BOJSHbI, U3 KOTO-
pbIX CKnagbiBaeTcsa none andpakuumn, npeacraBnaT cobon cpepnyeckme BOSMHbI, Kak
Obl nsny4yaemble 13 LeHTpa cepbl. 34eCb MOXHO MPOBECTU MOSHYHO aHaNoruK ¢ un-
NMHAPUYECKMMN BOSTHAMW, Kak Obl M3ny4aembiMn U3 LEHTpa UUnMHApa B 3agade O au-
dpakunmn aNeKTPOMarHUTHOM BOSHbI HA KPYrOBOM LMnMHApe. AMNNMTyaa Nons Kaxaown
BOJSTHbI 3aBUCUT OT yrnoB 6 un ¢. Ecnn mbicneHHo Ha cdepe 6eckoHeyHo 6orbLoro pa-
anyca ¢ LUeHTpoMm B Touke O 3aTEMHUTb MecTa C MakKCMMaribHOM MAOTHOCTBIO U3ny4de-
HUA, TO chepa NoKpoeTca NATHaAMM (NPOSBUTCS KNeToYHasa CTpykTypa). MMeHHO 3To un
Aano HasBaHWe WwaposbiM mecceparibHbIM QOYHKUUSIM.

CooTHoweHne mexagy noTeHumanamun U u V B nagatowen u gudpparmpoBaHHOM

BOSIHax oTnunyaeTcs. ATo NPMBOAUT K TOMY, YTO B TepMuHax nonen E u H npowucxo-
anT denosispusayus, T.e. B AudparnpoBaHHOM Mnosie NosiBNATCA COCTaBnsowmne, Ko-
TOpbIX He ObINo B nagatowen BonHe. OgHako B TepMuHax noteHumanos [ebas geno-
napusauum He nNpoucxoauT, T.e., ecnu B nagatouwen sonHe U=0, V=0, To n B paccesH-
Hom none V=0, n HaobopoT.

Mone gudpakumm Ha naeanbHO NPOBOAsILLEN cdhepe COAEPXKNUT BCE LLECTb KOMMO-
HEHT 1 UMeeT B AanbHeln 30He XxapakTep KBasumnmnoCcKon NonepeyHon BOSHbI.

CpaBHeHMe C JaHHbIMK, NPUBEAEHHLIMU ONsi KPYroBOro UMnuHAapa, nokasbiBaeT,
4YTO MexXay AvarpaMmmamMu pacCesHHOro nonsi Ha uunuHape u cdepe cylecTByeT 3Ha-
YnTenbHoOEe pasnuyue.

Bo-nepBblix, pacceMBaemas Ha LUMNMHAPE BOSHA NONsSipU3oBaHa Tak Xe, Kak 1 na-
parowas. ITo o6bsACHAETCa TeM, YTO reoMeTpuyeckme napameTpbl UunvHapa BAOMb
o6pasyoLen He N3MEHATCA, BO3byXaaemble Npu 3TOM 3NEKTPUYECKME TOKM ABMSIOT-
cst b0 NpoaonbHbIMK Npy Andpakumn E-nonsapu3oBaHHON BOSHbI, MO0 nonepeyHb-
MK Npun andpakumm H-nonsipusoBaHHOM BOMHbI. B crniyyae gudpakumm nnocKom BOSHbI
Ha cdpepe pacnpeaeneHne TOKOB SBNSETCA BEKTOPHbLIM, MOCKOMbKY OQHOBPEMEHHO Cy-
LLECTBYIOT Kak MepuaMOHanbHble, Tak M asuMyTarnbHble COCTaBnsOWME MOCMEeaHMX.
OT0 1 onpeaensaeT TOT gakT, YTO none Andpakumm NAIOCKOM BOMHbI Ha cdepe ABnseT-
Cs1 BEKTOPHbIM.

Bo-BTOpbIX, pPa3nnyHbIA 3aKOH M3MEHEHUSA reOMETPUYECKMX NapameTpoB NMOBEpPX-
HOCTK B NeprneHanKysipHOM MIIOCKOCTU CEeYEHMSI HanpaBneHu NPUBOANUT K OTINHUNIO U
cOBCTBEHHO AMarpaMmmbl HanpaBfeHHOCTU pacCesHHbIX Ha UMNuHape u cgepe nonen.
OpHako no mepe yBenuyeHusa paguyca umnuHapa n cdepbl pasnuune mexay Eqo n E,-
KOMMOHEHTOW AuarpamMMbl HanpaBfeHHOCTM MOSEeN, pacCcesiHHbIX Cepon, a Takke KX
OTNMYMe OT guarpamMMbl HaNpPaBfEHHOCTM pacCesiHUs MIIOCKOW BOJSIHbI Ha LMNUHAOPE
YMEHbLLAEeTCS.
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Tema 6. OCHOBHbIE MOHATUA NPOLLECCOB
pacnpocTpaHeHUus1 ANIeKTPOMarHUTHbIX BOJIH

Jlekumna N 13. PacnpocTpaHeHue BOSIH B CBO60AHOM
npocTpaHcTBe

13.1 NoHATHE paguonMHMKM NepBasi U BTopas Moaenu paguoTtpacc

foBOpsi 06 3NEKTPOMArHUTHbLIX BOJSIHAX, WCMOMb3yeMbiX B paguoTEXHUKE,
ynotpebnsatoT TepMUH paanoBosHbl. Bece aTanbl cnoxHoro npouecca - oT (hopMUpoBa-
HUS CIIOXXHOIO pagmocurHana B nyHKTe nepefayn MHgopmauun 4o ee Bocnpoussede-
HMS B MYHKTE NpUeMa — peanusyoTcs B Tak HasbiBaeMoM paanokaHane (pucyHok 13.1).

| 1
[
1
| El/ mpacca \|{ |
nepeoamyuk I APUEMHIUK

PucyHok 13.1 — CTpykTypa paguokaHana

[aHHbIn KaHan obpa3syloT paguonepeaaTtymk U pagnonpUeMHNK, CBA3aHHbIE MEX-
ay cobown paguonuHuen. MNoa paguonuHuen obbl4HO MOHMMAKT COBOKYMHOCTb nepe-
Aawuwen 1 NpMeMHON aHTEeHH, a Takke eCTeCTBEHHOW cpefdbl (eCTEeCTBEHHOW Tpacchl
pacnpoCTpaHeHNss PaguoBOSIH), PAcMoSsIOKEHHON MeXOy aHTEeHHaMW U OKasblBaloLlen
CYLWEeCTBEHHOE BfUSHWE Ha pacnpocTpaHeHue paguoBoriH. BknioyeHwe B cocTaB pa-
AVONUHMN aHTEeHH onpaBAaHO TEM, YTO CBOWMCTBA TpPacChl 3aBUCAT OT HanpaBfIEHHOCTH
aHTEHH M NX OpUEeHTaUuu.

OneKTpoOMarHMTHbIE BOJSIHbI PAaCNpPOCTPAHATCSA B MNPUNOBEPXHOCTHbLIX Tosax
3emnu, atmocdepe UM KOCMMYECKOM MPOCTpaHcTBe. [lapamMeTpbl eCTBEHHOW cpenbl
3aBUCAT OT 4acTOTbl 3NEKTPOMraHUTHOrO Mons, TemnepaTypbl, BNaXXHOCTU MOYBbI,
BpeMeHn CcyToK W roga u T1.4. [log BnuaHuem cpeabl B pacrnpoCTpaHsaoLEeMcs
3MEKTPOMIraHUTHOM Mosie N0 CPaBHEHUIO CO CBOOOAHLIM MPOCTPAHCTBOM M3MEHSAIOTCA
amnnutyaa, dasa, rpynnosasi n pasoBasi CKOPOCTU, HanpaBreHne pacnpocTapHeHus,
Nnonspu3aunoHHbIe XapaKTepPUCTUKM.

B cBs3M € 3TMM npu pacdeTe pagnonuHUM JOMKHbI BbITb peLleHbl cneayoLmne oc-
HOBHbIE 3a4a4u:

1) paccunTaHbl HAaNPSPKEHHOCTU ANEKTPUYECKOrO (MarHUTHOMO) Nosien UM MOLLHO-
CTU Ha BXO4e paguornpuMemMHoOro yYCTpoucTBa Mpu 3agaHHOM MOLLHOCTU W3MyYeHUs
(MowHOCTM pagmonepenaroLLero yCTpomucTaea);

2) paccuynTaHa HeobxogmMmas MOLLHOCTb U3nyveHnsa ons obecneyvyeHust 3agaHHbIX
3HA4YEeHU HanNPsHPKEHHOCTU 3MEKTPOMArHUTHOro Nons UM MOLLHOCTU Ha BXo4e paauvo-
NPUEeMHOro yCTPONCTBA;

3) BblbpaHa onTMMarnbHas AfMHA BOSTHbI,
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4) onpepgeneHa CKOPOCTb pacnpoCTpaHeHUs U HanpaBneHue npuxoda anekTpo-
MarHUTHOW BOJHBbI;

5) n3yyeHbl NONAPU3ALIMOHHBIE XapaKTEPUCTMKA U BO3MOXHbIE UCKaXXEHUS CUTHa-
na.

HecnoxHo 3amMeTuTb, YTO AN MHOroo6pasns BUOOB Tpacc NOCTPOUTb E€AMHYIO
Mofienb, NO3BONSALLYH OnMcaTb CBOMCTBA 3NeKTPOMarHMTHOro Mons npu pacnpocTpa-
HEeHWUW, BecbMa 3aTpyaHUTEnNbHO. B cBA3M ¢ aTUM Moaenu paspabaTbiBaloTCa AN KaXk-
[0/ KOHKPETHOW paanoTPacChl, y4UTbIBas OCHOBHbIE (paKTOPbI, OKa3biBatoLne Bo3aeii-
CTBME Ha pacnpoCTpaHsaoLLEecs 3NeKTpoMarHuTHoe none.

Mpy 3TOM aneKkTpoMarHMTHOe Mnorie paccmaTtpuBaeTcs B AanbHen 30He uanyyare-
nsA. B 3aBMCMMOCTM OT BbICOTbI PacnpoCTpaHeHUs paavoBOINH BBOAATCA creaylolime
MOHATUSA.

PagnoBonHbI, pacnpocTpaHALMecs Ha ManoM 3MeKTPUYECKOM PacCTOsSHUM OT
3eMnu, Ha3bIBaTCA 3EMHbIMU.

Ha unx XapaKkTepuctukn BJIINAKOT 3NEKTpUHECKME MnapameTpbl (Sa,G) npunoBepx-

HOCTHbIX croeB 3eMnun, chepn4HOCTb 3eMSiM U OTKITOHEHNSA OT CHEepPUYHOCTU (rnagko-
cTn), napameTpbl aTMocdepbl. [OCKONbKY Mogenu pagmoTpacc OKasblBalOTCA BeCbMa
CINOXHbIMW, TO BBOOAT ABE CTEMNeHu nx npnbnmkeHunsa. Tak, mogenun nepBoro npmnbnu-
XEHUS1 HEe yYnUTbIBAKOT BNUSHWE aTMmocdepbl U cdhepuyHocTn 3emnu. Mogenu BTOporo
NPUBAMXKeHUs nNocrneaoBaTeNlbHO YYMUTBIBAKOT CHavana cpepuyHocT 3emnum, a 3aTeMm U
OTNn4Kne peanbHOM aTMocepbl OT CBOOOAHOro NPOCTPaHCTBA.

K pagnoBonHamMm OTHOCSAT 3NeKTpOMarHUTHble konedaHus, AfnnHa BOJSTHbl KOTOPbIX

-9 5 .
nexut B npegenax ot 2-107" go 10° m, uyTo cooTBeTCTBYET YacToTam KonebaHuit ot

15-10" oo 3- 107 Mry. B cooTBeTCTBUM C pekoMeHaaumaMm MexayHapoaHOro KOH-
cynbTaTMBHOro kKomuteta no pagno (MKKP) npuHAT gecatnyHbin NnpuHUMN Knaccudm-
Kauun pagnoBonH. Pagno4actoTbl B COOTBETCTBMM C MEXAYHAPOAHbLIM perriaMeHToM
pagnocBaA3n genartcsa Ha 9 gManasoHoB, obo3HavYaeMble Homepamu oT 4 go 12. dunana-
30H C HOMepoM N orpaHUYeH CHU3Y YacTOTOM 0,3:-10" 'y CBEepXy 4acTtoTon 3-10" ru,.
[dnanaszoHam NpuCcBOEHLI crieayoume Ha3BaHus:

Ned—-f4=0310*+3-10*=3+30kMy— CBEPXASIMHHbIE BOJIHbI;

Ne 5 —15=0,3 10° = 30 + 300 k'L, — ANVHHbIE BOMHbI;

Ne 6 — /6 = 0,3 10° = 300 + 3000 kIl — CpPEAHVE BOSHBI;

Ne7-f7=0,310"=3+30 My — KOPOTKME BOJIHbI;

Ne 8 — 8 =0,3 10% = 30 + 3000 MI'y — METPOBbIE BOJIHbI;

Ne 9 — 9 =0,310%° = 300 + 3000 My — AeunmMeTpoBble BOSHbI,

Ne 10— f10=0,310""=3+30Mu - CaHTUMETPOBbLIE BOJSIHbI;

Ne 11-f11=0,3-10" =30+ 300 My — MUNNMETPOBbLIE BOSHbI;

Ne 12 — f12=0,3 - 10" = 300 + 3000 L — ASLUMUIINIVMETPOBBIE BOSHBI.

CnepnyeT yunTbiBaTb, YTO Ha rpaHuLax AnManas3oHOB HET Pe3Koro OTNMYMSA B OCO-
OEeHHOCTAX pacnpoCcTpaHeHUs paanoBOSIH.
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13.2 Mogenb cBO6OAHOIrO NpocTpaHCcTBa

MpocTenwen maremaTUy4eckon MoAenbil fABnseTcda Mogenb cBobGOAHOro npo-
CTpaHCTBa. QHEpreTUYeCcKnin pacyeéT paguonnuHuUm npeanonaraeT onpegeneHne Hanps-
XEHHOCTM Nons B TOYKE NMpMEMa Npu M3BECTHbIX NapamMeTpax nepegatymka U ero aH-
TeHHbl. [Mpyn TeopeTU4eckoM pacCMOTPEHUM 3TOro Bornpoca OObIMHO cpeny pacnpo-
CTpaHeHNs1 pagMoBOSIH nonaralT B BMAe OOHOPOAHOro Henornowlatouwero 6esrpaHny-
HOro MPOCTPaHCTBA, B KOTOPOM OTCYTCTBYIOT aTOMbI, MOJSiEKynbl, CBOOOAHbIE 3apsaabl.
Takoe NpOCTPaHCTBO MPUHATO Ha3biBaTb CBOOOAHBLIM. OTHOCUTESNbHbLIE AUANEKTPUYE-
ckas (&€ ) u MmarHuTHas (M ) NPOHMLAeMOCTH ero paBHbl eanHULE, BONTHOBOE COMPOTUB-

Ho
€o

nexve W, = =120 Om. B peanbHbix NpUPOAHBLIX YCIOBUAX TAKoW cpenbl He
CyLLECTBYEeT, HO MCCreaoBaHue YCroBUN pacnpoCTPaHeHWs PaavoBONH B CBOGOAHOM
MPOCTPAHCTBE MO3BOMSAET BbISIBUTL (PyHAAMeHTarnbHble 3aKOHOMEPHOCTU pacnpocTpa-
HEeHUs!, CBsiI3aHHble CO CPepUYHOCTBIO PPOHTA BOSHbLI. YYET e 0CoBeHHOCTeN pearb-
HbIX TPACcC OCYLLIECTBMSAETCS BBEAEHNEM B BblpaXkeHUs A5 CBOGOAHOro NpOCTpaHCTBa
crneumarnbHbIX MHOXUTENeN.

Ons oueHkn koadduLMeHTa nepenayn mMexay nepeaolien 1 nNpMEMHoON aHTeH-
HamMu BBOOAT MOHATUE UaeanbHON pagnonuHUmM, onpeaensoT Ko3addUUMEHT nepeaayn
B MaeanbHON paavonuHun (Tak HasbliBaemble «NoTepu naeansHoN PaanonvHUn») 1 3a-
TEM YYUTLIBAKOT [OMOMHUTENbHbLIE MOTEpUM B pearnbHOM PaavonuHUKM («KMHOXMTESb
ocnabneHusy).

Mon noeanbHOW paOuonUHUEN NMOHUMAKOT PadMONHMIO, NMPOXOAALLY0 B cBO6OA-
HOM MPOCTPaHCTBE.

MycTb HeHanpaBrieHHasi aHTeHHa u3ryyaeT B CBOGOOHOM MPOCTPAHCTBE MOLL-
HocTb P. Ha pacctosHun R oT Heé cpeaHss 3a nepuo NnoTHOCTb MOTOKa MOLLIHOCTM
paBHa

P
A7R*

HanpaBneHme NMOTOKa MOLLUHOCTK coBMagaeT C HarpasleHnem pacnpocrtpaHeHnd
PaanoBOJIHbI U ABNAETCA, clieaoBaTesibHO, BEKTOPOM MonHTMHra. BeKTOp MonHTMHra

II =

(13.1)

H, KaK y>XXe He pa3 OTMe4alrioCb, ABAETCA BEKTOPHbLIM NMpoun3seneHnem Hal'lpFI)KéHHO-

cTen ANIEKTPUHECKOIo E v wmariutHoro H nonen. |-|OCKOJ'Ibe B JanbHeWn 30He B
OKPECTHOCTU TOYKU HaGJ'IPO}J,eHMﬂ nosie umanyydartena 4aesndeTcd NMOCKUM, TO OaHHble
BEKTOpPbl B3aUMHO MNnepneHaukyndapHbl, crieaoBaTesibHO,
2
1 1 (E*)
N==—E H, =——"— [Bt/M7, (13.2)
2 2 120x

roe E:; n Hf; - aMNNUTyObl BEKTOPOB HaMNPsKEHHOCTEN 3MEKTPUYECKOro U Mmar-

HUTHOrO Nons B TOYKe npuema. BepxHun nHaekc “n” nogyepknBaeT, YTO pedb naet ob
naeanbHOW pagnonnuHUN.
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MpupasHueasg (13.1) n (13.2), onpegenym 3HavyeHMe aMnnUTyabl HaNpPsHXXeHHOCTU
3NEeKTPUYECKOro Nomns Ha paccTosHUM R OT M3OTPOMNHOro marnydyaTtens B naeanbHOW pa-

OVOTNMHUK:
N 60P

E! = [BT/M]. (13.3)

m

PeanbHble aHTEHHbI U3nyYaloT HEN30TponHo. CTeneHb HanpaBNEeHHOCTU U3nyya-
Tensa aHTEeHHbl XapakTepusyeT KO3IhUUMEHT HanpasneHHoro gencteua (KHA). KHA
aHTeHHbl (D) nokasbiBaeT, BO CKOSbKO pa3 NIOTHOCTb NOTOKa MOLLHOCTU, cOo3gaBaemMast
HanpaBfeHHON aHTEHHOW B HamnpaBfiEHUN MaKCUMMasibHOro uanyveHus, 6osnblie nnoT-
HOCTW MOTOKa MOLLHOCTM, CO34aBaeMoro B 3TOM e HanpaBfeHun (Ha OAUHaKOBOM
pacCTOSAHMM) N3OTPONHOM (HEHanpaBneHHOW) aHTEHHOMN.

[MNOTHOCTb MOTOKa MOLLUHOCTW, cOo3daBaemMasi HanpasfieHHONW aHTEHHOW B 3TOM
cnyyae, paBHa

_ D (13.4)
4nR?’ -
a amMmnnnTyaa BeKTopa HaI'IpFI)KéHHOCTI/I AJIEKTPUYHECKOIo nonA
~v60PD
El =———. (13.5)

m
R
MOLLIHOCTb MPUHSITOFO aHTEHHOW B UAeanbHON paanonvHUM curHana (Pnl;) cBsi3a-

Ha C SCth)eKTMBHOIZ nnowaanbto I'Ipl/leMHOI7I AdHTEeHHbl COOTHOLLUEHNEM

MNMocneaHsas xe MoxXeT ObiThb BbipaxeHa Yepe3 KHI npremHon aHTeHHbI Dy
D, -\
S =" (13.7)
s A7
Moactaenas (13.7) n (13.4) B (13.6), nonyyunm
. DD X
167°R

[MoTepn MOLHOCTU MpU pacnpocTpaHeHUn paguoBOSIH B CBOOOOHOM MNpOCTpaH-
CTBe, onpeaensieMble Kak OTHOLUEHWE MOLLHOCTWN cUrHana Ha Bxoge NpuémMHuka K MoLL-
HOCTW, Wu3ry4aemMon nepefalollen aHTEeHHOW, NpW HeHanpaBMNeHHbIX aHTEeHHaXx
(D=D;,=1) Ha3blBaOTCA OCHOBHbLIMW NOTEPAMWN PAAUOTUHUK (UM NOTEPSMU naeansHON
paguonuHum) n onpegenstotcsa us (13.8)

u 2 2
y P, A c
L.,.= = —| = (13.9)
P 4R AnRf

unu, B geumbenax,

Pu
L =10lg—= =20 g~ —lgR-1Ig [ |. (13.10)
P 4r

MpuHumas B (13.10) yacTtoTy f B Merarepuax, a pacctosaHue R B knnomeTtpax, no-
nyyYnm
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L =-[32,5+201gR+20lg f] [aB]. (13.11)

3ameTnm, 4To BGonee TOYHO OTpaXkaeT CyTb Aernia TEPMUH «KO3(MUMNEHT nepeaa-
Y/ MO MOLLIHOCTU B PaaONUHUNY .

13.3 MHOXUTeNb BAUAHUA cpeabl. 3aMUpaHuUA

PeanbHble pagvonvHUM OTNMYalOTCA OT uaeanbHOW HanMynem pasHooOpasHbIX
chakTopoB, NPUBOASALLMX K YMEHbLUEHWIO MOLLIHOCTU NPUHATOrO aHTEHHOW curHana. [ns
OLIEHKUN BIIUSIHUS YNOMSIHYTbIX (PaKTOPOB MONb3YHTCSA NOHATUEM MHOXUTENS ocrabne-
HUA V, KOTOPLIN paBeH OTHOLUEHUIO HanpshkeHHocTu nons E,, Ha HekoTopom paccTos-
HUM OT nepefalollel aHTeHHbl B pearbHOW pagvuonuHUKM K MOono B uaearnbHoW pa-
ANOTTUHUK

V=E |E". (13.12)

OuyesugHo, 0 <V <1.
MOLLHOCTb, NPUHATasA aHTEHHON B pearnbHON paauonvHUM, MOXET BbiTb BbipaXKeHa
cnepyoLmm obpasom:

P =P .V (13.13)

n n

nOTepI/I B peaan0|7| paanosimHnmn MOXXHO nNpeactaBmnTb B BUOE

Pu
_ __~np 2 _ qu 2
L,,= np/P_ b ve=L, V- (13.14)

Ctporo koapdpuumneHT ocnabneHna V MOXHO onpeaenuTb, pellas rpaHuyHyro 3a-
Aady gumdpakumm 3neKTpoMarHMTHOro nons Ha Heo4HOPOAHOM MMMEedaHCHOM Liape
(3emne), nokpbITOM HeogHopogHoM aTMocdepon. OQHAKO U3-3a CIOXHOCTU peLleHus
Takon 3agayn npu pacyetax NPUMEHSIOT YNPOLLEHHbIE MOLENN pacyeTa JaHHOro Ko-
adppuumeHTa.

Mpn pacnpocTpaHeHUn pagMoBOSIH B €CTECTBEHHbIX YCNOBUAX NapamMeTpbl cpenbl
(Tponocdepbl,  MOHOCHEPBLI)  MOFYyT  MEHATbCA  CrydamHbiM  obpasom, T.e.
nyktympoBatb. ®PnykTyauuu amnnuTydbl  CMrHana  HasblBalT  3aMUpaHUsIMu
(beguHramn). Keasunepuog cnykTyaumn coctaBnseT OT AoNen CEeKyHAbl 40 OEeCHATKOB
MUHYT. [NpuMep nykTyaumm nokasaH Ha pucyHke 13.2.

Mpn onucaHumn bnykTyauum NCNosb3yT NOHATUE YPOBHSA CUrHana, o0bl4HO N3Me-
psiemas B geumbennax:

PucyHok 13.2 — Mpumep dnykTyaumin amnnntyasl curHana Bo BpeMeHM
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EmkB/ m

E..=201 .
ob 8 kB

(13.15)

Mpwn aTOM pasnuyaroT:
E\ ¢ - ypoBeHb, npeBbiliaembiii B TedeHne 90% BpeMeHy;

E, s - ypoBeHb, npeBbillaeMbliii B TedeHne 50% BpemMeHn (MeanaHHbIN YpOBEHb);
0,5 yp

Eo,l - YPOBEHb, NnpeBbiwaemMbin B TedeHne 10% BpemMeHu;

my6uHa 3amupaHmnii Npu TakoM noaxoae oueHnsaeTcst opmynoit (Eq; — Ej ).

my6okne 3ammpaHna (HUXe nopora 4YyBCTBUTESTbHOCTU MPUEMHMKA) NPUBOOAT K
NUCKaXXEHNAM WK noTepe MOSIe3HOro curHana, T.e. HapylakT YyCTOMYMBOCTb paboThbl
paguonnHUN.

3amMmmpaHua ObiBalOT NIIOCKME, T.€. paBHOMEpPHbIE MO BCEW MOMoce 4acToT, U ce-
NEKTUBHbIE, T.€. NPOABNAOLMECHA HA YaCTU YaCTOTHOrO CnekTpa.

MHOXUTeNb BANAHUA cpedbl pacCMaTpMBaeTCs Kak CroxHasi (oyHKums 60nbLIoro
yucna cnyyYamHblX aprymeHToB. [Ans MOAENnupoBaHUS 3aMuUpaHUii  UCMNOSb3yeTcs
annapat Teopun BEPOATHOCTEMN.

C npvemnemon Ans npakTUKM TOYHOCTLIO B TeYeHMe OrpaHUYEeHHbIX MHTepBasioB
BPEMEHN 3aMUPaHUS MOXHO CYMTaTb CTaAUMOHAPHLIM CrydanHbIiM npoueccoM. [Ons
KaXxgoro Buaa pagumoTpacchbl U AfVHBbI paguMoBOSHbI ASIUTENbHOCTL 3TUX MHTepBanoB
BpEMEHWN onpefensieTca aKCnepuMeHTanbHO. 3amMupaHus B TeYeHue TaKoro
OrPaHMYEeHHOr0 WHTepBaria BpPEMEHW HasbiBalT ObICTPbIMKM  3aMUpPaHUSMKU, a
N3MEHEHNE CpedHUX 3HaYeHWn YpoBHSA 3a OonbliMe WHTepBanbl BpeMEHU —
MeONEHHbIMU 3aMUPaAHUSMNA.

MpuynHbI NOABNEHNSA 3aMUPaHnin

1. MHoronyyeBoe pacnpoCTpaHeHue paguvoBOSIH — CaMbll pPacnpOCTPaHEHHbIN
hakTop BO3HWKHOBEHUS 3amMupaHuii. [pn aToM pacnpocTpaHeHne paguMoBOSIH 4O TOYKM
npuemMa OCYyLLeCTBMSIETCA NO pasHbiM TpaekTopusaM. B pesynbTaTe B TO4ke npuema
HabntogaeTca MHoronyyeBasa CTpPyKTypa nosisi, Kotopas npuBoauT K MHTepdepeHLMOH-
HbIM 3aMMpaHUaM, Koraa Ha BXoAe NpUEMHMKa MOCe COXEHUs CUrHanoB C pasHbIMU
hazamn HabnogaeTcss Ux B3anMHasi KOMNneHcauus 1 Kak cneacrsue - nageHve ypoBHs
nonesHoro curHana. Takme 3ammpaHusi obbIMHO MMEKT MecTo B AmanasoHax CH, BY,
OB\, YBY, CBY, KBU4.

OTpaxeHus curHana MoxeT NPOU3oNTM Ha rpaHuLe pasgena TennbiX U XONo4HbIX
Cnoes BO34yXa C pasfMyHOM BNaXXHOCTbLIO (aTMOCHEPHbLIN BOMMHOBOA), Ha rpaHuLe pas-
Aerna c 3eMHOW MM BOOHOW MOBEPXHOCTbIO, Hanuyinem ropHoW BepLUMHbl (YcuneHue
NpensiTCTBUEM).

2. CnyyarHble U3MeHeHMs YCroBun ocnabrieHnsa curHana Ha Tpacce us-3a SKpa-
HUpYyOLWero encTeus 3emnu, KOTopoe MEHSIeTCA B 3aBMCUMOCTU OT MeETEOYCITOBUMN.
Takne 3ammnpaHmna obbIMHO MMET MecTo B AnManasoHax YBY, CBY, KBU4.

3. CnyyanHble un3MeHeHust nonspusaunn npuHumMaemoro nons. [lpu atom
BO3HMKAET paccorfnacoBaHue nonsipmusauum npUeMHOn aHTEHHbI U MPUHUMAEMOro MNoss.
Takue 3amMumpaHunsa HasblBalOTCA NONASPU3auMOHHbIMU. OHW OBbIMHO NPOSABNSAIOTCA B
ananasoHax YBY, CBY, KBY.
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an/I nepepgadve pagnocurHarnoB B ropoe roJiHbie noTtepn mMmoryTt ObITb OLIEHEHbI C
ncnosb3oBaHMeEM ModesIn MednaHHbIX NOTePb nepeaadun OKaMypr-XaTbII

Ly =69,55+26,161g f —13,821gh, + (44,9 — 6,551gh)lgr + a(hy) — G, — G,
5.16)
B OJAaHHOM COOTHOLUEHUNU:

a(h,)=0,7-111g f)h, +1,56lg f - 0,8, (13.17)
f [Mru] — vyactoTta pagvocBsiau;

7 [KM] — paccTosiHMe Mexay aHTeHHaMu;
hy, h, [M] — BbicOTa NepeaatoLLeit 1 NPUEMHOWR aHTEHH.

MonHble noTepu nepegadn B npuropone CoCtaBliAOT.

2
L=L,- 2(1‘%(2%)} —5,4 np. (13.18)

Ha nonyoTkpbiToe MECTHOCTU (CENbCKME Y4aCTKU) NOSHbIE NOTEPU onpeaensoTcs
C Ucnorsb3oBaHnemM popMyrbl:

L=L,-4,78(g f)* +1833lg f —35,94 nb. (13.19)
Ha OTKprTOI;I MEeCTHOCTU (ceanKme yLIaCTKI/I) NnoJNiHble NOTEePU BbIYUCIAKOTCA MO
dopmyne:

L=L,-4,78(g f)* +18,33lg / — 40,94 nB. (13.20)
B paiioHax ¢ nnoTHo 3acTtpoukon (b =3..50%)
a(b)=25lgb-30, ob. (13.21)

HanpskeHHOCTb Nonst U MOLLHOCTb MPWHMMAEMOrO CUrHamna B COOTBETCTBUM C
mogzenblo Okamapa-XaTbl pacCcyuTbiBAETCS C UCMONb30BAHUEM COOTHOLLIEHWIA:
E=107,17-1011g(PG) + 201g f — L, ob/mMkB/m, (13.22)

P. = (P —46) 53838 4lgr + 201g@—6j i 101g(h?2j 1 G,, pBIMBT (13.23)

Jlekuusa N 14. PacnpoctpaHeHMe pagMoOBOJSIH HaQ 3eMHOM
NOBEPXHOCTbLIO

14.1 PaccTtosiHue npsiMon BUANMOCTHU

B GonblUMHCTBE Cry4yaeB NpUEMHbIe U NepedalolliMe aHTEeHHbl pa3MeLlalTcs Ha
TaKMX PacCTOSHUAX OT 3€MHOW MOBEPXHOCTU, NMPU KOTOPbIX HEOBXOAMMO YyYNThIBATL €€
BMMSIHME Ha pacnpocTpaHeHue paavoBOSH. DrekTpuyeckoe none B MecTe npvema Ta-
KMX aHTEHH MOXHO MpeacTaBMTb Kak COBOKYMHOCTb MEPBUYHOIO MoMsi, COOTBETCTBYHO-
LLlero Mon uanyyatenst B HeorpaHNMYeHHON OAHOPOAHON cpeae npu OTCYTCTBUM 3EM-
HOWM NOBEPXHOCTU, U BTOPUYHOIO NOnsi, 0GYCNOBNEHHOMO OGLUMM BRUSIHEM 3EMNN Ha
npoLiecchbl pacnpocTpaHeHnsa paanoBonH. PelleHne 3agaum 0 HaxoXaeHUn HanpsKeH-
HOCTM 3NEKTPUYECKOrO MONS B HEKOTOPOW TOYKE Ha[ 3eMHOW MOBEPXHOCTbH Gyaem
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NPOBOANTL Ha OCHOBE MOCTPOEHUS MOAENU, He yYuTbiBaloLWen BnNusHue atmocdepsbl.
[MpakTuyeckn BCce pagmoTpacchl, UCNOSb3yoLWme 3eMHble PaavoBOSIHbI, MOXHO CBECTU
K ABYM OCHOBHbIM MOAENAM:

- nepegaroLlasl unv NpuemMHas aHTeHHbl UM BMecTe NOAHATLI BbICOKO (norpsaka
HECKOJSIbKUX AfMH BOSIH) Haf NOBEPXHOCTLIO 3eMIIN, YTO BbINOMHAETCA 0ObIYHO Ha BOSI-
Hax kopoye 20-30m (KB n YKB);

- 06e aHTeHHbl pacnosfoXeHbl B HenocpeAcTBEHHOM 6NM30CTM OT MOBEPXHOCTU
3emMnu, Kak 3To UMeeT MeCTO B Anana3oHax rekTOMeTpOBbIX U KUITOMETPOBbLIX BOSH.

Op1eHTMPOBOYHOM OLIEHKOW BO3MOXHOCTU MNPAMOSIMHENHOIO pacrnpocTpaHeHus
pagvoBOSIH CIYXXWUT pacCcTosiHMe NpsaMou BUOAMMOCTU. PaccmosiHueM rnpsiMou eudumo-
Cmu HasblBaeTCsa pacCTosAHNe Mexay nepefaroLien U NpuemMHOn aHTEHHaMK, Npu KOTo-
poOM npsaAMas NUHWUS, CoeMHAILWAN 3TU aHTEHHbI, KacaeTcs 3eMHOW noBepxHocTu. U3
pucyHka 14.1 pacctosiHme npsiMon BUOUMOCTU MOXHO onpeaenuTb COOTHOLLEHNEM

0

PucyHok 14.1 — K onpefeneHnto pacctosiHUsS NpsiMO BUOUMOCTU

Rolxm] =3.57(\Ji[] + [y [m]), (14.1)

rae hy, h, - COOTBETCTBEHHO BbICOTbI (B M) MOAHSTHS NEPBOW U BTOPON @HTEHH.

B 3aBMCUMOCTM OT COOTHOLLIEHUSI MEXAY NPOTSKEHHOCTBIO paguoTpacckl R 1 pac-
CTOSIHUEM MPSIMON BUAMMOCTU Ry (MpU TEX e BbiCOTax pacnosioXeHUs aHTEHH) crieay-
eT BblbMpaTb 0AHY U3 Tpex Moaenen Tpacehbi:

- Npy mManomn npoTsbkeHHocTn Tpacchl (R < 0.2R;) noBepxHOCTb 3eMnn MOXHO Oy-

AET cunMTaTb NIOCKOW;
-npn 0.2 <R, <0.8R, HeobxoanMMmo yunTbIBaTb BAMSIHNE CAHEPUYHOCTU 3EMIK;

-npu R > 0.8R, pacuyeT cneayeT BeCTu C y4eToM AudppakLuu.
O6nactb, nexauaa Ha pacctosaHun 0.8R, < R <1.2R,, na3biBaeTca obracmbio

nonymexu (obnacms 1l), a npu R >1.2R, HauiHaeTca obrnacmbs meHu (obrnacms ),

Kak nokasaHo Ha pucyHke 14.2. O6nactb | nony4nna HasbiBaHME OCBELLEHHON 30HbI.
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Jlunus copuzoHmda

PucyHok 14.2 — lNosicHeHne obnacTten 0CBELLEHHOCTH

B cnyuae, korga aHTeHHa pacroriokeHa HenocpeacTBEHHO Ha NMOBEPXHOCTU 3eMm-
nn (h, =h, =0), NOHATUE pPacCTOSIHUS NPSMON BUAMMOCTU HE MMeeT cMbicna (CM. pu-

cyHok 14.1). Mogenblo nnockon 3eMnn MOXHO MONb30BaTbLCA U NMPU HU3KO pacrorio-
XEHHbIX aHTEeHHaxX B MEeTPOBOM [uanasoHe BOMH ANA paguoTpacc NPOTAXEHHOCTbIO
10-20 kM, Ha geKkaMeTpOoBbIX BOMIHAX — NPOTSHKEHHOCTbIO 40 HECKOMbKUX AECATKOB KU-
NIOMETPOB, Ha CPeaHUX U ANMHHBLIX BOSTHAX — 10 HECKOSbKUX COTEH KUIOMETPOB.

14.2 O6nacTb, cywecTBeHHas Ansl NPOXOXAeHUA paaNoOBOJSIH. 3OHbI
®PpeHens

lMomeleHHasi B CBOGOAHOM NPOCTPAHCTBE M3OTPOMHAs aHTEHH M3Ny4aeT SHEPruto
BO BCEX HanpasneHusx, a, creaoBa-
TeNbHO, BO BCEX TOYKaX OKpyXKato- y
Lero npoctpaHcTBa (He Ha O4YeHb
GonblNX ypaneHuax OoT uanydarte-
Ns1) NAOTHOCTb NOTOKA 3HEPrUn nme-
eT KOHe4yHoe 3HadeHume. PaccmoT-
pumMm crnocob nepegaym aHeprum pa- I
ANOBOSHbI B TOYKY P, Haxoasiylcs —
Ha yganeHuu r OT WUCTOYHMKA, pac-
MONIOXXEHHOro B ToYke Q (CM. pucy-
HOK 14.3).

Mpn 3TOM MOXHO npeanono-
XWUTb, YTO, BO-MEPBbIX, SHEPrus pa-

[IMOBOSHbLI  PacnpocTpaHseTcs Mo PucyHok 14.3 — FeoMeTpus 3adaum
TOHEHBLKON HuTouke — nydy QP (B HaxoXaeHusi 06nacTu, CyLeCTBEHHOWM

cBeTe MOHATUI reoMeTpU4ecKon on- [18 pPacnpOCTpaHeHUs paanoBOITH
TukM). Bo-BTOpbIX, nonagawowas B

TOYKy Q 3Heprusi BOSHbI pacnpo-
CTpaHsieTcst No onpeneneHHoMy, NPUTOM KOHEYHOMY OObeMy B NPOCTPaHCTBE BOKPYr
ocu QP.

Bonpoc o ¢opme npocTtpaHcTBa, 3h(PEKTMBHO y4acTBYHOLLEro B nepegade aHep-
rmn, OonyckaeT U aHanUTU4ecKoe pelleHne Ha OocHoBe npuHuuna [tonreHca u npeg-
cTaBneHun o 3oHax PpeHens.

C ncnonb3oBaHuem npuHumMna MonreHca npoBenemM M3 ToYkM Q, Kak M3 LeHTpa,

e

cchepy paanyca z,, koTopasi 6yaeT npecTaBnsaTe co60i NOBEPXHOCTb (PPOHTA BOSTHbI
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DNEeKTPOAMHAMMKA N pacnpoCcTpaHeHne paanuoBOIH
(pucyHok 14.4,a). N3 Toukn npuema P npoBegeM CeMencTBO NPsIMbIX, NepecekaroLmnx
cdepy S B TouKax, yaaneHHbIX OT Touku P Ha pacctosiHue (7 — ZO) +0.54. 310 ce-

MencTBo obpasyeT KOHMYECKYH MOBEPXHOCTb, NepeceKkatroLlyo NNOCKOCTb PUCYHKa Mo
npameiM  PN; un  PN’;. TlepeceyeHuss KOHMYECKUX MNOBEPXHOCTEN paanycom

PN, (r—z,)+0.5n4 co ciepoit 06pasytoT cUCTEMY KOHLIEHTPUHECKWX OKPYXHO-

cTeil. Bua Ha 3TN OKPY>KHOCTM CO CTOPOHbI TOYKM P nokasaH Ha puUcyHoK 4. YyacTku, 3a-
KMOYEHHbIE MeXOy COCEAHUMWU OKPYKHOCTAMW, MONyYunu HasBaHue 30H ®peHerss.
MepBas 3oHa PpeHensa npeactaBnseT cobon YacTb cdpepbl, OrpaHUYEHHYH OKPYXXHO-
CTbl0, 8 30HbI BbICLLMX NOPSAKOB — KONNbLieBble 061acTu Ha NOBEPXHOCTM cdepsl.

PucyHok 14.4 — Belumcnenune 3oH ®peHens

BoobGpaxaemMble UCTOYHMKM BTOPUYHBLIX BOJSIH, PacrnofoXeHHble B npeaenax nep-
BOW 30Hbl, XapakTepusylTcs TeM, YTO co3gaBaemble MMn asbl konebaHum B Touke P
OoTnMyalTCa OT gpasbl, CO3qaBaeMon BUPTyanbHbIM uanydyaTtenem B Touke Ny, He Gonee
yeMm Ha 180°. dasza konebaHui, co3gaBaemMbiX N3nyvyaTenamMm CocegHuX 30H, oTnn4aeT-
cs Ha BennumHy 180°. Ha pucyHke 14.4,6 naHHoe 06CTOATENBCTBO YCIOBHO OTMEYaeT-
csi nocnegoBaTenbHbIM UBMEHEHMEM 3HAKOB «MIOC» U KMUHYCY.

[encTBna CMEXHbIX 30H BbICLUMX MOPSIAKOB B3aMMHO KOMMEHCUPYIOTCS, NPUYEM,
Yyem Gonblue NOPSAKOBLIN HOMEpP 30H, TEM MOSTHEE OCYLLECTBSAETCS 3Ta KOMNEHcaums.
B pesynbrarte Takon nonapHoOW HeWTpanu3auuMm CMEXHbIX 30H COBOKYMHOE AeNCTBuE
BCEX 30H 3KBMBANEHTHO OEWCTBUIO NMPUMEPHO MOSIOBUHbI MEPBOW 30HbLI. Takum obpa-
30M, nepBas 3oHa PpeHens (C M3BECTHbIM «3arnacom») U orpaHnyYmBaeT obnacTtb npo-
CTPaHCTBA, CYLECTBEHHO Y4aCTBYIOLLYIO B MPOLECCe pacnpoCTpaHeHUs BOSH.

Paguyc n-i1 30Hbl PpeHens MOXeT ObiTb BbIYUCIEH C UCMNOSfb30BaHNEM hOPMYIbI:

1 _
. zo(r Zo)_
r

Toukn N, c pucyHka 14.4 nexart Ha NOBEPXHOCTU annuncouaa BpaleHusi, (PoKychbl
KOTOpPOro HaxoasTcs B Todkax Q u P (pucyHok 14.5).

r, = (14.3)
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PucyHok 14.5 — lNpopgonbHoe cevyeHne 06n1acTn, CyLecTBEHHOM
ANs pacnpocTpaHeHnsa paguoBOSiH

MapameTpbl CeYeHUs ANNUNcomaa BpalleHUs B YrNOMECTHOW MMOCKOCTM: Gonb-
Wwas a u manasi b nonyocu, a Takke (QOKYCHOE PacCTOsiHME C W IKCLEHTPUCUTET e,
onpeaensTcs COOTBETCTBEHHO BblPaXKEHUSAMMU:

b :\/;_r’ c=05r, a=+c*+b*, e=bla. (14.4)

= rlmax

Taknm o6pas3om, SHeprust pagmMoBOSHbI NepeaaeTcs He N0 HATEBUAHOMY KaHary, a
B npeaenax BrnosfHe KOHKpeTHoro obbema NpocTpaHCcTBa, MMetoLero dopmy annmnco-
noa BpaLLEHNa N orpaHnYeHHoro 3oHamn ®dpenens. MNpu orpaHNYeHUN CyLLLECTBEHHOM
obnactn 8 3oHamn PpeHens ownbka B BbIYUCIEHUN NONA He npeBbiwaeT 16%. dnnmn-
conp BpaweHusi, obpasoBaHHbIN BOCceEMblO 30HamMu PpeHens, obpazyem obrnacme, cy-
wecmeeHHyr 01151 pacrpocmpaHeHuUsi paduoBOJIH.

CnepnyeTt OTMETUTb, YTO CyLlECTBEHHast o6nacTb MmeeT oopMy annunconaa Bpa-
LLLEHNS TONbKO MPU UCMONb30BaHUN HEHaMNpPaBfieHHbIX aHTEHH B TOYKax Npuvema u ne-
pegadn. PeanbHo ee cbopma Bornee crnoxHasa U 3aBUCUT OT AnarpamMMbl HanpaBreHHO-
CTM aHTeHH. Ecnn npensaTcTBMe nepekpbiBaeT NpsAMOK Nyd Mexay nepeaaroLlen u npu-
€MHOM aHTEHHaMW, TO Nnone B TOYKe NpMemMa co3fgaeTcsl OCTaBLUMMUCA CBOOOAHBIMU OT
npensaTcTBui 3oHaMu PpeHens. 3a c4eT 3TOro BosfiHa ornbaeT npenaTcTeue (sBNeHue

andppakumm).

14.3. PacnpocTtpaHeHne paguoBOJSiH B YCNOBUAX Nepecev4eHHOMN
MEeCTHOCTU U Npu Hannuum notepb. Kputepun Penes

Mpn npoBegoeHMM pacyeToB NapaMeTpoB paguoTpacc 4acTo NpuxoauTcsl BCTpe-
4yaTbCsl CO CryvyaeMm, Koraa aHTEHHbl KOPPECMNOHAMPYOLWMX CTaHLMIA HaxoasaTca B npe-
aenax npsAsMon BMAMMOCTW, OAHAKO cama Tpacca NPOXoAUT Had XONMWUCTOW MECTHO-
CTblO, ABNAOLENCS TUMMYHLIM NaHawadToM Anst 60nNbLIMHCTBA MaTEPUKOB.

C TOYKM 3peHus pacnpoCTpaHeHns pagnoBoOSTH CTeNeHb Nepece4eHHOCTU MECTHO-
CTM onpegensieTcs COOTHOLLEeHNEM Mexay ANMHOW BOSHbI U BbICOTOM XOSIMOB.

[ns oueHKM LWepoxXoBaTOCTU OTpaXaroLen NOBEPXHOCTM UCNOSb3YHTCS KpUTEPUNA
Penes:
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h< L, M, (14.5)

8siny
rae Y - yron ckonbxeHus. Mpu BbINOMHEHUM AaHHOIO YCINOBUS NOBEPXHOCTb MOX-
HO cuMTaTb rMagkon. leomeTpua 3agayun npusegeHa Ha pucyHke 14.6.

PucyHok 14.6 — K HaxoxaeHuto kputepus Panes

AHanus dopmynbl (14.5) nokasbiBaeT, YTO BbICOTa HEPOBHOCTEN, NPU KOTOPOWN OT-
paxeHus npuobpeTtalT ANdY3HbIM XapakTep, 3aBUCUT He TONbKO OT AfIMHbI BOSIHbI,
HO W OT Yrna CKOMbXEHWUs ¥ : YeM MeHbLUe Yron CKOSbXeHWUs, TeM Bbllle JOMKHbI BbiTb

NPenaTcTBUS, NMPU KOTOPbIX OTpaXeHust npuobpeTaloT AN dy3HbIN Xxapaktep.

[MocKosbKy NpU OTPaXXeHUAX OT LepOXOBaTOM NOBEPXHOCTU SHEPTNS OTPaKeHHOM
BOJSIHbl B M3BECTHOM CTEMNEHU YMEHbLUAETCH, TO HanNpPsKEHHOCTb MNOJIsi B HanpaBneHuu
OTPaXXeHHOro nyya ymeHbLuaeTcsa. TakuMm obpa3om, HEPOBHOCTM Ha OTpakaroLien no-
BEPXHOCTU BbI3bIBAIOT YMEHbLUEHNE KOIhPUUMeHTa oTpaxeHus. ITo obycnasnueaeT
HeobX0OMMOCTb BHECEHMSI COOTBETCTBYHOLLMX MOMNPaBOK B 3HayeHue KoapuumneHTa
oTpaxeHus (ymeHblMB ero). Heobxoammo npu 3TOM MOMHUTb, YTO OTPaXXEHHbIN Jy4
dopmMmmpyeTcsa He B OOHOW TOYKe, a B Npefenax obnactn, orpaHM4eHHOM NepBOn 30HOM
®peHens. MiMeHHO B npeaenax gaHHoW obriactn U HagneXuT oueHMBaTh CTeneHb Lwe-
pPOXOBaTOCTU OTpaXatoLen NoOBEPXHOCTH.

Mpn pacdeTe nons B criydae pacnpocTpaHeHus Hag nepecevyeHHON MECTHOCTbHO
BBOOAT NOHATUE ripocgema h. [poceem onpefenseT pacCcTosgHNe Mexay CamMon BbICO-
Kon Toukom npodouns Tpaccel (Toukon O Ha pucyHke 14.7) n nuHnen QP, coeanHstowen
LEeHTPbl NnepeaarLen U NpUeMHON aHTEHH.

CTeneHb OTKPbLITOCTU Tpacchl ONPeaensitoT NyTeM CpaBHEHUS NMpocBeTa C BENUYK-

Hol npocseTa /1,, NPy KOTOPON MHOXMUTEMNb OCMAGNEeHNs! paBeH eAUHULIE, @ PA3HOCTb

anvH mexay QP n QOP coctasnsieT Benuuniy A/ 6:

M)z [xM (7 — 2 )[kM ] -10°
3r[kM™ ] '

Ecnn npocBeT Ha Tpacce MeHbLUe HyNSA, mpaccy HasblBaloT 3akpbimol. Ha 3akpbl-
TOW Tpacce nosne B ToYke npuemMa co3gaeTcs 3a cyeT agudpakuun. Ecnn BbinonHaeTcs

hy = (14.6)
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NN

PucyHok 14.7 — F'eomeTpus 3agaym onpegernieHmst Tuna Tpaccbl

P
2y | =0 p
[
¥

N

llw]

US]

a 6

PucyHok 14.8 — cnonb3oBaHne 3agayun o Anpakumnmn Ha KrvHe
ANa HaxoxaeHus PyHKumm ocrnabneHus nons

ycnosue 0 < /1 < h,, mpacca Ha3blBaeTCs M0IyOMKPLIMOU U M1011y3aKpbiMod, a Npu

BbINONHEeHUN ycrosus /1 > h0 mpacca omkpbimasi.

BennynHa npocBeTta B 3aBMCUMOCTU OT MOSIOXEHUA MPENsiTCTBUA OTHOCUTESNBHO
NNHUK pacnpocTpaHeHust BoSHbl QP MoxeT ObITb NonoxmutensHon (pucyHok 14.8,a,
crnyyam OTKPbITOM NIMHUK) K oTpuLaTensHom (pUCyHoK 14.8,6, 3akpbiTas NMUHUS).

KomMmnnekcHass amnnutyga aneKkTpu4eckoro nons B TOYKe npuemMa Ha OCHOBE UC-
nosib3oBaHus mMogenn audpakumm Ha nonynsioCKOCTU 3NEKTPOMarHUTHOM BOJSIHbI, BO3-
Oyxgaemoun BepTUKanbHbIM AfIEKTPUYECKMM BMOpaTOpPOM, onpeaenseTcss COOTHOLIEHN-
eM:

E,(P)=Ey(Q)®(h,2,z,,7), (14.7)

B KOTOPOM E;, - KOMMNMeKcHas aMnnuTyaa nons B Touke UCTOYHMKA Q; D(-) - pyHKUMS,

onucbiBawwaa BiindHMe nonyniocKoCTn (I'IpeI'IFITCTBI/IFI), T.e. ocrnabneHune nons 3a cyet
npenAaTcTBUA. ﬂaHHaﬂ (*)yHKLlI/IFI nMeeT Bna.
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D()=0.5-f(v,), (14.8)
2r

rae v, = —h | ————— = —h—— - npuBefeHHas K 3HayeHWo paguyca nep-
Azo(r —z r
0 0 ]

BOM 30HbI CDpeHenﬂ B TOYKEe pacCnosioXXeHnAa npenAaATCcTBuA (ZO) BeliM4nHa rnpocBeTa,

S) = \/g(c(‘ﬁ) - iS(V1))§ (14.9)

C(-), S(-) - cOOTBETCTBEHHO KOCMHYC- U CUHYC-MHTErpanbl dpeHens, ABnsoLme-

¢ TabynMpoBaHHLIMU DYHKLMSMMN.
[ns BbISIBNEHUS 3aKOHOMEPHOCTEN BRUSIHUSA NPENATCTBUS Ha amMnnuTygy nons

npoaHannsanpyem 3aBUCUMOCTb CD(VI) OT BENNYUHbI MPUBEOEHHOro npocseta Vy,

rpaduk KOTOpPOK NokasaH Ha pucyHke 14.9.

i id] ¥ ),
ob
-0

-12

-18

PucyHok 14.9 — 3aBucmmocTb oyHKUMKM ocrnabneHnst OT NpuBeAeHHON BeNUYMHbI
npocseTta

AHanna3 gaHHOro rpaduka nokasbiBaeT, YTO MPEensaTCTBUS, AN KOTOPbIX npuBe-
AEeHHoe 3HaveHune npocseTa 6osble HyNS, T.e. 3aKpbITbIX TPACC, KOMMNIEKCHaa amnsun-
Tyga nong meHble 0.5, T.e. npensaTcTBue ocnabnaet BefIMYNHY NPUHUMAEMOrO B TOYKE
P nong. MNpu nepekpbITUM NONHOCTLIO 0651acTN, COOTBETCTBYHOLLEN NEPBON 30He Dpe-
Hensl, NOKa3aHHOW Ha PUCYHKaxX BepTUKaSbHbIMU LUTPUXOBLIMW FIMHUAMUW, amMnnuTyna
nosis yMeHbLIaeTcs NoYTu B 7 pas.

Mpn v, = 0 (nonoswmHa nnowaay o6nacTu, CyLLECTBEHHOM Npu pacnpocTpaHeHUn
BOJIHbI, NepekpbiTa NPenaATCTBMEM) MOAYIb aMNNUTyAbl NONSA paBeH NoSIOBUHE Hanpsi-
XEHHOCTM nona B cBoboaHoOM npocTpaHcTee. [pu o4yeHb manbix vV, T.e. 6onblom

yOoaneHun npenaTtcTBUS BHWU3 OT JIMHUKW pacnpocTpaHeHus BONHbI QP, npensTtcTeue
NPakTU4YEeCKN He OKasblBaeT BIUSHUA HA BESIMYUHY KOMMSEKCHOW aMnnuTydbl, a none
nMeeT OCUMUNNPYIOLWMIA OKOMO eauHuubl xapaktep. OgHako npu YacTUYHOM nepekpbl-
Tum obnacTtu, CyLeCTBEHHON AN pacnpoCTpaHEHUs BOSH, Nofe MOXeT Aaxe He TOfb-
KO ocnabnatbecd, HO U ycunusaTbes. MakcumanbHoe ycunenve nonsa B 1,181 pasa no
CPaBHEHWIO C M3NyYaeMbIM NPOUCXOAUT NPU 3HAYEHUN NPUBELAEHHOro NpocBeTa, pas-
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Horo v, = —1.224 . ®usuyeckn faHHbI apcekT HabnoaaeTcs Npu AMdPaKLM BOTHbI

Ha KpOMKe MOonynsockoCTU, KOrga nepepacnpeaensitoTcs COOTHOLEHUS (a3 B NepBOM U
BTOpPOW 30Hax PpeHensi.

JNlekumnsa N 15. Ocob6eHHOCTM pacnpoCcTpaHeHUs paanoBOSH
pa3nu4YHbIX AnanasoHoOB

15.1 MeTopA 3epKanbHbIX N300paXeHU NPMEHUTENbHO K ANana3oHy
YKB

Kak yxe oTMe4anocb paHee, B 3aBUCMMOCTM OT PaCcCTOSHUS MeXAy NpUeMHON ne-
pefaroLwen aHTeHHamMu (MO CpaBHEHMIO C 30HOW NPSIMOV BUAMMOCTU) YYNTLIBAETCSA UK
He y4uTbiBaeTCa ChepnyHOCTN NoBepXHOCTN 3emnn. PaccMoTpum cnyyau, korga pac-

CTOAHME MeXOy aHTeHHaMM He NnpeBblllaeTCcA O’2rnp N MOXXHO MUCIMOJ1Ib30BaTb MJ1I0OCKYHO

mogenb 3emnu. MNpu aTtom Oygem cuuTaTtb, YTO MPMEMHAA U Nepefarollasi aHTEeHHbI
NOAHATbI Ha4 NOBEPXHOCTbIO 3eMnn Ha BbICOTY HECKOMbKUX ANWH BOSH. MpakTtudecku
NOAHATb aHTEHHY Ha TaKyl BbICOTY MOXHO TONbKO B gvanasoHe YKB. B atom cnyvae
BOJSIHA OOCTUraeT NOBEPXHOCTM 3EMNIN Ha 3HAYUTENbHOM (B MacwTabe AnvHe BOMHbI)
paccTosiHAM OT M3nydaTtens, U y4yacTtok (opoHTa BOSHbI BOMM3N 3EMHON NOBEPXHOCTU
MO>XHO CYMTAaTb MIOCKUM.

Ha rpaHuue pasgena BO34yx-3eMnsi MPOUCXOAMT OTpaXeHue BOJHbl, NpU4eM
HaNPsYKEHHOCTb 3NEKTPUYECKOrO Mossi OTPaXKeHHOWM BOSHbI onpeaenseTcsi NpyM NOMOLLM
KoadppuumneHTa oTpaxeHus. None B Mecte npvema siBNsieTcst pesynbtatoM nHtepde-
pPeHUUN Nonen NPAMON BOSTHbI U BOSHbI, OTPaXXEHHOW OT 3€MHOW NOBEPXHOCTN (CM. pu-

cyHok 15.1). 3aeck npsiMas BOfHa pacnpocTpaHAaeTcs no NyTW ¢, p , a OTpaXeHHas - no

nyt g,mp . O6o3HauMm Yepe3 R AnUHY NUHUM CBSI3W, @ Yepes A, u h, BbICOTbI pac-
rMoMnoXeH!s Nepepaiolien M NPUEMHONM aHTeHH. [peAnonoXxuM, YTo BbIMOMHSETCS
ycrnosue fy n hy >> A.

2=
E
=B
A8, R B NP
g on =
=150, 'R, h,
h, 8
m R
hl | g
q

2

PucyHok 15.1 — NpumeHeHne meTofa 3epKarbHbIX N306paxxeHnin
ANA HaXoXAeHUs Nonsa AUnonsa Hag rpaHuuen pasgena aAByx cpea
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[na HaxoXaeHUs amnMTyabl OTPaXXeHHOW BOSTHbI BOCMNOSIb3yeMCsi MemooOoM 3ep-
KallbHbIX U30bpa)keHuli. B COOTBETCTBMM C HMM MnonaratoT, YTO OTpaXeHHOe Mnosie BO3-
Oyxgaetcs (PUKTUBHBIM MCTOYHMKOM, PacMnoSiIOXKEHHbIM 3epKasibHO OTHOCUTENBHO rpa-
HULbI pa3gena cpen. BTtopas cpefa (B A4aHHOM crnyyae 3eMnsl) 3aMeHsieTca cpefon, B
KoTopown onpegensieTcs none. Takmm obpas3om, pacyeT nons B HEOQHOPOOHOW cpeae
CBOAMUTCS K pacyeTy nons B OQHOPOAHbLIX cpedax. 3amMeHa HaBedeHHbIX TOKOB [oba-
BOYHbIMU (PMKTMBHBLIMW) OCHOBLIBAETCS Ha TeopeMe 3KBMBASIEHTHbIX NMOBEPXHOCTHbLIX
TOKOB. B cBfi3n ¢ 3TUM J06aBOYHbIE TOKM U UX PaACOfOXeHUe onpeaenstoTcs ncxoas
N3 rpPaHNYHbIX YCIOBUNA.

Takmm 06pa30M, nyTb 0Tpa)KeHHOI7I BOJIHbI ¢{MpP MOXHO 3aMEHUTb PpaBHbIM €My
nytem ¢-,mp , ecnu c4ntatb, 4TO UICTOHYHMKOM 0Tpa)KeHHOI7I BOJTHbI ABIAETCA B|/|6paTop,

Haxo4sWwmMnca Ha pacCToAHUN hl noa NoBepxHoCTbio, a BJINAHNE 3EMJTN MOXXHO 3aMe-

HUTb OencTBMeM BTOporo BmbpaTopa. AMNNuTyaa PUKTUBHOINO UCTOYHMKA onpenens-
eTca popMmyrnamMmun ans KO3IPPULMEHTOB OTpaXKeHUs B Touke m. HanomHum, 4to dop-
MyInbl PpeHens bl NoNyYeHbl U3 peLlleHns COOTBETCTBYHOLLIEN TPAHNUYHON 3afauM.

YuunTbiBas NpuBedeHHble OOMNYLIEHUs, NyTeM reoMeTpuUyYecknx pacyeToB MOAYIb
HanNPsPKEHHOCTU 3NIEKTPMUYECKOro Nonsd B TOYKEe npuemMa p onpenenstoT ¢ UCrnonb3oBa-
HUEeM UHmepgepeHyUOHHOU hOpPMYIibI.

E|=|E, + E,|=|E |V (0), (15.1)
roe E, - HanpspkeHHOCTb 3MEeKTPUYECKOro Mosist MPSIMOiA BOSTHbI; V(Q) - Moaynb

UHMepghePEHYUOHHO20 MHOXUMESIS, yYUTbIBAOLLErO BNUAHME 3emnu, onpeaensemblii
no dpopmyne

‘V(Q)‘ = \/1 + ‘R‘z + 2‘R‘ cos(2kh, cos + @) . (15.2)

roe R — komnnekcHbli kKoadduumneHT oTpaxenusi; 6 - yron nagexus; @ - dasa

KoabpmUmnEHTa OTPaAXKEHNS.
YuntbiBas HanpaBfeHHbIe CBOMCTBA U3nyyaTens, T.e. ero gnarpammy HanpassieH-

Hoctn F(0), a Takke MowHOCTb P 1 Ko3(pMLUMEHT HanpasneHHoro aeicteua D,

dopmyna (15.1), onucbiBalowaa cymMmapHoe norie Ha paccTodaHun R, npuobpeTtaet

BUA;
~60PD
R

E(0) = LF(6)V(0). (15.3)

roe HTepgepeHUMOHHbIM MHOXUTESb C Y4€TOM HanpaBfieHHbIX CBOUCTB M3ry4va-
Tenen (NepegatoLiero n npuemMHoro) npuobpeTtaeT BUA:

. 2 |F(z-0) F(r-0)
V()= [1+|R F(x-0)” For | +2/R | @) | SE, (15.4)
E=—@p0)—kAr+argF(n —0)—arg F(0). (15.5)

B yacTtHOM cnyyae cna60HanpaBneHHoro nany4dyartend

129



YHpaBneHMe ANCTAaHUMOHHOTO o6yL|eva M nosblWeHnA I-(Ba}'IVICbVII-(aLI,VIM

DNEeKTPOAMHAMMKA N pacnpoCcTpaHeHne paanuoBOIH
F(0)= F(6,)~ F(n-0)

MOAYMb MHTEPMEPEHLMOHHOIO MHOXUTENS NPpUHUMaeT Bug (15.2).

B npegblioywimx paccyxgeHusx Mbl nonaranu, 4YTo 3emnis ABnsieTcsl nyioCKOn u
rnagkon. Kpome Toro, npu ndyyvyeHmn obnact npocTpaHCTBa, CyLLEeCTBEHHON AN Npo-
XOXOEHUS PaganoBOSH, BbINO OTMEYEHO, YTO IHEPIUS PaaNOBOSTHbI pacnpocTpaHseTcs
He BOOSMb TOHKOrO flyya, a BHYTpWM 3nnunconga BpalleHus, nonepeyHble pasMmepbl KO-
TOoporo onpegenstTcs obnactamm dpeHens. C yyeTom gaHHoW obnactv Npu HaKIoH-
HOM nageHnn BOSHbI HA MOBEPXHOCTU nepBas 30Ha PpeHensa npeacrasndet cobon an-
nnnc, Gonblias OCb KOTOPOro BbITSAHYTa B HamnpasfeHUM pacnpoCTPaHEHUs BOJSIHbI.
Paamepbl nepBoi 30Hb6I PpeHend Ha peanbHbiX YKB Tpaccax MoryT coctaBnsiTb MHOrMe
KMNOMeTpbI B NPOAOSIBHOM U OECATKM METPOB B NonepeyHoMm HanpasneHun. B cBsasun ¢
3TUM MpU pacnpocTpaHeHUn PaguoBOSIH Hag4 HEOOHOPOAHOW MOBEPXHOCTBLIO Mpexae,
YeM paccyMTbiBaTb HaMPsPKEHHOCTb MO, crneayeTt onpeaenuTb NonoXeHue N pasme-
pbl oTpaxawwen obnactn. Tak, Hanpumep, ecnn oTpaxawwas obrnactb nagaet Ha
OrpaHMYeHHY0 BOAHYK MOBEPXHOCTb (03ep0), Torga Kak nepegarowime u npuemMHble
NYHKTbl HAXOAATCS Ha Cylle Ha cpaBHUTESNbHO GoMbLIOM yaaneHun oT Gepera, TO Npu
pacyeTe HanpsPKeHHOCTU MNons crnefyeT NoNb30BaThCA KO PUUMEHTAMN OTpaKeHUS
OT BOLHOW MOBEPXHOCTU, T.€. XapakTep nons byaeT Takow, Kak ecnu Obl BCs Tpacca
npoxoauna Hag BOOHOM NOBEPXHOCTb. Ecnu pacnpoctpaHeHne paguoBOSH MPOUCXO-
ANT Hag HEPOBHOW NMOBEPXHOCTbLIO, TO paccesiHue paguMoBOSIH HEPOBHOCTAMU NPUBOAUT
K YMEHbLUEHUIO 3(PPEeKTUBHOrO KOapUUMEHTA OTPaKeHusl, a, crnefoBaTesibHO, K
CrNaXXMBaHMO MakCUMYMOB U MUHUMYMOB UHTEPdEPEHLMOHHON OuarpaMMon Hanpas-
NEHHOCTW.

Hanbonee BaxHbIM ANS npakTUKM pacnpoctpaHeHus YKB BOONb MOBEPXHOCTU
3emnu criyyaem siBnsieTcs nonoroe pacnpocTtpaHeHue nyyei (6 — 90°).

B aToM cnyvae npuBefeHHble Bbile opMyrbl Takke MOryT 6biTb ynpolieHbl. B
YACTHOCTU, NHTEPdEPEHLMOHHBIA MHOXUTENb MPU 3TOM HasbiBaeTcs opmynon Bee-
AEHCKOro n MeeT BUA;:

4rhh,
AR
Mpwn BbIBOAE AaHHOW (hopMynbl AenaeTcsa pag AoNyLeHUn, N03TOMY AN ee npu-
MEeHEHUNA UMEET pPAn orpan-leHM|7|, KOTOpblE AONYCTUMbI O5A YKB npun CB4A3N B fnpeaje-
nax I'IpFIMOI7I BUONMOCTW.
B HYAaCTHOCTMU, cbopmyna BBe,D,eHCKOFO npuMmeHnma, ecrin BblNnoJyiHAETCA yCrioBue

v~ (15.6)

kh, cos 0 < % (15.7)

15.2 MNone gunons ¢ ncnonb30BaHUEM BTOPOU Moaenu

B cnyyae, korga paccTosiHMe Mexay nepefatowen M npuemMHOM aHTEeHHOM

NPUHAANEXnT WHTepBsany O.2rnp <R <0.8r,, cnegyeT yuutbiBaTh CHEPUYHOCTH

pi
3emnn. Cxema pacnpocTpaHeHUs BONMH B 3TOM Cryyae MnokasaHa Ha pucyHke 15.2.
Hanbonblunin nHTepec 3aknovaeTcs B onpeaeneHnn BO3MOXHOCTU NpuMeHeHus dop-
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mynbl (15.6). OkasbiBaeTcs, 4TO nocnegHas MoXeT OblTb MCMNONb3oBaHa, ecrnv 3ame-

HWUTb BbICOTbI /1, U h, Ha NpuBeAeHHbIe BbICOTbI /i, U .

PucyHok 15.2 — BelumcneHnune npmBeeHHbIX BbICOT

MpoBegem B TOUKE OTpaxeHusi BOMHbI m nnockocTb MN, kacaTenbHyl K NoBepx-
HocTn 3emnu, n Bygem OTCUMTbIBaTb BbICOThI OT 3TOW NockocTu. B aTom cnyvae kap-
TMHa pacnpocTpaHeHna pPaguoBOSIH HaZ cdepunyeckon noBepxHocTblo 3emnun Oyaer
aHanorn4yHa KapTuHe pacnpoCTpaHeHusi BOMH Ha NiTOCKOW NOBEPXHOCTLHO.

Vs ycrosuin fy, <<6@ wn 0.2r,, <R <0.8r, moxHo caenaTb BbIBOA, 4TO
h, ~h, — Ah,, h, = h, — Ah, . Peluasi reoMeTpu4ecKyIo 3afjady, nonyyaem:
' 2 1o\2
Ah = M, Ah, = m (15.8)
2a, 2a,

MNMonoxeHne Toukn m BblibUpaeTca crneayowmm obpasom. MNpu R<0.5r,, pacnono-
YXEHMEe TOYKWN BbIYMCIIAETCA, KaK 1 ANns NiioCKOM 3eMHOM NOBEPXHOCTM

o R o B
h +h, h +h,

a MNMpu 3HAYUTEJIbHbLIX PACCTOAHUAX MeXOY aHTEHHaMU

LR .

mq'~ ———, mp's ———. .
T+ i+

[na NpomexXyTOoYHbIX criydaeB BepyT MOMoXeHne TOYKM m Kak cpegHee ABYX Mo-
noxeHun, onpegensemblx popmynamm (15.9) n (15.10).

'

mq

'

mp (15.9)

15.3 None aunonsa ¢ y4yeTomM notepb B 3emre

B nepBom Bonpoce gaHHOM Nekuumn pesyrnbTupyloLee nosne B TOYKe npuemMa npea-
CTaBnsANocChb B BUAe nHTepepeHunmn nagaroLlen n OTpaxKeHHOW OT NOBEPXHOCTN 3eMinu
BOSH. [loBepxHOCTbL 3eMnu obnagaeT 3Ha4YNTENbHOW 3MEKTPONPOBOAHOCTLIO, CrieaoBa-
TeNnbHO, HEOBXOOUMO Yy4YuTbIBaTb TENSOBbIE MOTEPU U AOMNONHUTENbHOE ocnabreHve
BOJTH, BbI3BaHHOE U3MEHEHNEM CTPYKTYPbI NOMNSA BOSHbI.

Y4yeT gaHHbIX aBneHun byaem ocywecTBnsaTb cnegyowmum obpasom.

[ns y4yeta KOHEYHOW MPOBOAUMOCTU 3E€MSIM UCMOSIb3YeM KOMMMEKCHY AN3NeEK-
TPUYECKYIO MPOHMLIAEMOCTb

§=¢-i601o, (15.11)
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roe A - AnvHa BonHbI NepearoLLei aHTeHHbI B cBOBOAHOM NPOCTPaHCTBE; £,0 -

COOTBETCTBEHHO OTHOCUTESbHAA NPOHULLAEMOCTb NOBEPXHOCTU 3eMSiM U ee 3neKTpu-
Yyeckasi NPOBOANMOCTb.

Kak n3BecTHO, KOahpuumeHT oTpaxeHus (koadpdpuumeHt dPpeHend) 3aBUCUT OT
nonsapusaunn nagarowen BonHbl. MNpegnonoxum, YTo nNepBas cpefa siBAseTcs BoO3ay-

xom, T.e. € =1, u; =1, a BTopas (3emns) umeet L, =1 n KomnnekcHyto oTHocu-

TEJNbHYIO OU3JTIEKTPUHECKYIO NPOHNLAEMOCTb g.C y4yeToOM cAeJiaHHbIX ,D,OI'IyLLI,eHI/IIZ KO-
SCbeI/ILI,I/IeHTbI oTpaxXeHn4 BOJIH BepTMKaﬂbHOIZ n FOpI/I3OHTaJ'IbHOIZ I'IOJ'IFIpI/I3aLI,I/IIZ CTaHO-
BATCA KOMMNMNEKCHbIMU U NMPUHAMAIOT BUA:

_ cosf—+& —sin’ 0 (1512) R _ Ecosf—~E—sin’ 0
050 +\F —sin2 6 L FcosO 1F —sin 0

PaccmoTpym BRngHWe KOHEYHOM MPOBOAUMOCTU 3eMinn Ha guarpammbl U30TPON-
HOro nany4vartens, pasfiMyHbiIM 06pas3oM OpPUEHTUPOBAHHLIM OTHOCUTESNBHO MOBEPXHO-
ctn 3emnu. Tak, guarpamMmmbl HanpaBEHHOCTUN B BEPTUKaIbHOMW (YrNTIOMECTHOM) NIOCKO-
CTW 3neMeHTapHbIX 3NEKTPUYECKMX BMOPATOpPOB, pacrnosfioXXeHHbIX B CBOOOOHOM Mpo-
CTPaHCTBE N OPUEHTUPOBAHHBLIX NEPneHAMKYNSAPHO NOBEPXHOCTU 3eMnn (BepTukasib-
HbIn BMOpaTop) M napannenbHO MOBEPXHOCTM 3eMnun (ropu3OoHTasnbHbIM BUBpaTOp),
ONUCbIBAKOTCS 3aBUCUMOCTAMM:

F_(0)=sn0, F.(0)=1. (15.14)

Y4yeT KOHEYHOM NPOBOAMMOCTU 3EMNN NPUBOAUT B 0BOMX Criydasix NOSIBIIEHUIO U3-
pe3aHHOCTU (MHOroly4eBOCTW) B AnarpaMmme HanpaBfeHHOCTU JaXe Y U30TPOMHbIX U3-
nyyatenen (cMm. pucyHok 15.3). Ha pucyHke 15.3,a nokasaHnbl [JH BepTukansHoro Bunb-
paTopa Hajg uaeanbHO npoBoswen (WTpuxoBasi MHUSA) U KOHEYHOW MPOBOAUMOCTU
(cnnowHas nuHMA) noBepxHocTamMu. Ha pucyHke 15.3,6 aHanormyHbIMn TMNaMm NIMHUNA
nokasaHbl [JH aAnsa ropusoHTanbHO OPUEHTUPOBAHHOIO BUBpaTopa.

0

R, (15.13)

F(0) F(@)O

PucyHok 15.3 — BnusiHne CBOMCTB OTpaxatoLlen NoBEPXHOCTU Ha Anarpammy
HanpaBrneHHOCTN 3reKkTpu4eckoro BubpaTopa

HecnoXxHo 3aMeTuTb, YTO HanM4mMe KOMMeKCHOro Xapakrtepa OTHOCUTESIbHOW aun-
SﬂeKTqueCKOIZ NnpoHNLaeMOoCTHn 3eMin o6ycr|aBr||/|BaeT notTepun, n anarpamMma HanpaB-
JIEHHOCTN AOna yrnoB, OTJ/IMYHbIX OT CKOIb3AWero HanpasreHuda, MMeeT 3Ha4YeHUA,
HaMHOIro MeHblune anarpamMmmbl HanpaBreHHOCTU NU3lydaTend B cBOB6OAHOM NpPoOCTpaH-
ctBe. B clniydae OTCYyTCTBUA NOTEPDL NPU OTPaXXeHNUU (I'IOBerHOCTb npencraBldaeT cobon
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MeTannMYecknin aKpaH) AvarpamMmma HanpaBreHHOCTU uany4yaTenst B cBO6OAHOM Mpo-
CTpaHCTBe ABMsieTcs ornbatoLLeli COOTBETCTBYIOLLEN XapaKTepPUCTUKN.

YUncno nenecTkoB (MakcCUMyMOB) B KBapaHTe AvMarpaMMbl HanpaBieHHOCTU 3aBu-
CUT OT BbICOTbI NMOABECA aHTEHHbI B ANMHAX BOJTH U paBHO BENTUYUHE

N_ = 2%+O.5 , (15.15)

max

rae [-] - dpyHKUMA BbIAENEHNUS Leno YacTu Yncna.

MonoXxeHnsa 3KCTPEMYMOB B AMarpamMme HanpaBieHHOCTU BepTUKanbHOro Bubpa-
Topa onpeaenstTcs opMynamu:

0

m

2n—-1 A
| ax = arccos — (15.16)

., =arccos| n— |, 6 —
2h, 2 2h

15.4 MNone BepTUKaNbHOro 3fIeKTPUYECKOro Bubpartopa B AnanasoHax
cCBun B

[lo cnx nop Mbl paccmaTpuBanu pacnpocTtpaHeHne paguoBonH YKB ananasoHa. B
AananasoHax OMVHHBLIX U CPedHUX BOMH W YaCTMYHO B BbICOKOYACTOTHOM AnManasoHe,
roe ANWHbI BOSH paBHbl OT AECATKOB KMNIOMETPOB A0 AECATKOB METPOB, PaACMONOXUTb
aHTEeHHbl Ha 6OMbLUMX NO CPaBHEHWUIO C ANMHOW BOJHbI BbICOTaAX He MNpeacTaBnsieTcs
BO3MOXHbIM. AHTEHHbI, OOLIYHO BbIMOMHSAEMbIE B BUMAE BEPTUKANbHbIX MadyT unu 6a-
LUEeH, pacnonaralTcs HENOCPEaCTBEHHO Y 3eMHOM NoBepxHocTu. MNagarowee Ha 3em-
HY0 NOBEPXHOCTb 3NEKTPOMArHUTHOE Nosie NPy 3TOM Hemb3s CYMTaTb floKarbHO Noc-
KMM, @ BTOPUYHOE MOJSie HEeNb3s BbIYUCIIUTL C NMOMOLLLI KO3I(MPULMEHTOB OTPaXKEHMS.
[ns onpegeneHnsa nonsi NPUMEHSATCA cTporne metoabl. Kak n paHee, npu HebonbLon
NPOTSKEHHOCTU paamMoTpacc NPUMEHST Moaenb nnockon 3emnu. NapameTpbl NOYBbI
CHayana cumMTalTCcsa OAHOPOAHbLIMU. BnnsaHne atmocdepbl Ha 3NeKTPOMarHMTHoe none
He yunTbiBaeTCcs.

Honyckas, 4YTO MNOBEPXHOCTb 3eMiN SABMNSETCA MAeanbHO MNPOBOASLIEN, T.e.
O — 00, BO3OENCTBME HWXKHEWN cpeabl Ha 3NEeKTPOMarHUTHOE Mnofie B BEPXHEM MOIy-
NPOCTPaHCTBE MOXHO 3aMeHUTb 3epKanbHbiM M300paxkeHMem BubpaTtopa. Tok B 3ep-
KanbHOM M3o06paxxeHnn paBeH No amnnuTtyae u ase ToKy B UICTUHHOM UCTOYHMKE. Tak
Kak BMOpaTop pacrnonoXeH y 3eMHOM MOBEPXHOCTU, TO obwan gehCTByoLas AnnHa
(n3ny4artenb + 3epkanbHoe n3obpaxeHne) yapaveaeTcs.

3anuwem BblpaxkeHne ANs BepTUKanbHOW cocTaensawouwen nond. MNpu 3Tom BBe-

[em fekapToBy cuctemy koopauHat, ock 0y koTopoi coenagaet ¢ ocb BUGpaTOpa,
T.€. NepneHgnukynAapHo noBepxHOCTU pa3aena cpen. Torga MOXHO 3anucaTb:
I.W exp(—ikR
Loy (g, p) SPERR)
4r
"Opu3oHTanbHas coctaendaoLlas nons Ha NoOBepXHOCTU pasgena cpef, T.e. KOM-

E

. (15.17)

NMOHEHTAa EZ paBHa Hy’Io. ,El,marpamma HarnpaBneHHOCTU Takon aHTEeHHbl UMeeT MaKCu-

MYM n3nyy4yeHuna saosib 3eMHOM NOBEPXHOCTU, KaK NOKa3aHO Ha PUCYHKe 15.4.
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PucyHok 15.4 — 3agaya 06 nsnyyeHmm gunons s6mnmsm
MeTannn4eckon NoBEPXHOCTU
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PucyHok 15.5 — 3agaya 06 nsnyyeHmm gunons s6nmsm
NMOBEPXHOCTUN C NOTEPAMM

Ecnun noBepxHoOCTb, BOM3N KOTOPOI pacrnosioxeH nanyyartesnb, He ABnsieTcs uae-
anbHbIM MPOBOAHMKOM, TO YacTb SHEPrUM PaAMOBOIH, PACNPOCTPAHSALIMXCA OT aH-
TEHHbI, NPOHMKaEeT Brnybb 3eMHol noeepxHocTu. CrieaosaTtenbHO, MOMUMO COCTaBIS-

HoLen BEKTOpa MonHTMHra le, HaﬂpaBHeHHOﬁ BOOJIb NOBEPXHOCTUN, NMEeeTCA COCTaB-

naowan HIB’ HanpaelieHHad neprneHankynapHo K MNMOBEpPXHOCTU 3eMIIn (CM. pucy-

Hok 15.5). CymmapHbI BeKTOp [MOMHTUHra OKa3biBaeTCH HaKMOHEHHbIM K 3€MHOW Mo-
BEPXHOCTWN MO HEKOTOPbLIM YrroMm, a, crieqoBaTeribHO, U BEKTOP Harnps»KeHHOCTU 3rek-

Tpuyeckoro nona E1 HanpaBneH K 3eMHOIN MOBEPXHOCTU Moz YrmioMm, He pasHbim 90°.
Mo3aToMy Npu pacnpocTpaHeHUy BOMHbl Had NonynpoBoAsALLEN MOBEPXHOCTHIO, MOMUMO
BEPTMKamnbHOW COCTaBNSAOLLEN BEKTOpa HaNPsXXeHHOCTW 3NEKTPUYECKOro Nomns NMeeT U
ropusoHTanbHaa coctaenswllas. CooTHoOWEHNe aMnnnUTyd BepTUKaNbHOW U FOPU30H-
TanbHOW COCTaBNSOLWMUMM onpeaenseTcs popmyIion:

I
E_ exp[-—arge]
E. = Ey _ 2 . (15.18)

VTR
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B ananasoHax ONTMHHBIX U CPEAHUX BOMH 3TO OTNMYME COCTaBNSAET AeCATKM pa3. B
CBSI3M C 3TUM B AaHHbIX AManasoHax MCNomnb3ykTCs aHTEHHbl BepTuKanbHOW Monsipu-
3auuu.

Hanuune dasosoro casura 0,5arg€g mexay BepTUKanbHOW U rOPU3OHTANbHOM
COCTaBMAOLLMMN BEKTOPA HaNPSHKeHHOCTN 3MEKTPUYECKOro Nnossi NPUBOAUT K TOMY, YTO
pesynbTupylolllee Mnore MMeeT IJNNUATUYECKYID MOoNsApu3aunto, MpuUYeM, MOCKOMbKY

HanpasneHuu.
BnnsiHme no4sbl Ha aNeKkTpOMarHUTHOE Mofe B MHXEHEPHbIX pacyeTax yy4uTbiBa-
€TCS C MOMOLLbI0 MHOXUTENS BNUSHUA cpenbl (¢popmyna LLlynetikuHa - BaH dep [lons):

5 = Wolofs w, (15.19)
RA
rne \w\zz 2+O§Z > (15.20)
+p+0,6p
p|~ NR (15.21)
gl

I'IapameTp P, BXOOSLLNM B OaHHbIE cpopmyn, Ha3blBaeTCcd MHOrga «4Yucs/ieHHbIM

paccmosiHuem».

Nexuma N 16. PacnpoctpaHeHne paanMoBOSH B Tponocdepe

16.1 dneKkTpnyeckue napameTpbl atmocdepsbl

o cux nop paccmatpmBanMcb MOAENW PaguMoTpacc, He yyuTbiBalOWMe BAUSIHUE
aTmocdepsl. [Mpexae, Yem NpUCTynaTb K N3y4YEHU0 BIIMSHUSA aTMOCdepbl pacCMOTPUM
ee CTpykTypy. Kak naBecTtHo, aTmocdepa 3emnu BknovaeT B cebsa oTnmyaromecs
CBOMMM 3NEKTPUYECKMMM CBOWCTBaMWU crnepytowime obnactu, nokasaHHble Ha PUCYH-
Ke 16.1: Heumpocghepy, cocToswyto n3 mponocgepns! (40 12-18 KM OT NOBEPXHOCTU
3emnn) n cmpamocgepnbl (OT BEPXHEN

rpaHuubl Tponocdepsbl Ao 60 Km), U UOHO- i xn

cgpepy (oT 60 KM 0O BepxHeW rpaHuubl aT- Honocgepa
Mocdepbl, AocTuratoLein npumepHo 20 000 R NN O,

kKMm). [paHuubl mexgy obnactamu artmo- 10 Cmpamocdepa
cepbl M3MEHAOTCA B 3aBMCUMOCTM OT —

BPEMEHWN rofa, BPEMEHWN CYTOK, reorpadu- 10 N O
4YeCKOoro pavioHa u apyrnx akTopos. 0 Tponocepa

CoctaB rasa B Tponocdepe n crpato- }0 mii ;915 Ma o Aene
chepe Takom Xe, Kak y NoBepxXHOCTU 3eM-
nn: asoT 3aHumaeT npumepHo 78% obbe-
Ma, MOMeKynsipHbli kucnopog — 21%, ap-
roH — 0,33%, ocTanbHble rasbl cogep)xaTtcs
B eLlle MeHbLUMX KONNYecTBax. aTMocepsl 3emn

0 200 400 600 TK

Pucynok 16.1 — Ctpykrypa
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B noHocdepe nog genctBMemM COSTHEYHOM pagmauuu NpoUCXoauT aumccouunaums
Kncrnopoga m asota, U NOSIBAAKTCA aTOMapHble COCTaBfislowme 3TUX ra3os. [asbl B
NOHOC(hepe He NepeMeLLMBaloTCA U pacnonaratTcsl CNosiMm B COOTBETCTBMU C UX MO-
nekynspHbiM BecoMm. Kpome Toro, HaunHas ¢ BbICOTbI NpuMepHOo 60 KM, rasbl MOHN3NPO-
BaHbI, 3@ CHET Yero 34eCb MMeeTCs 3HAYUTENBHOE KONMYECTBO CBODOAHbLIX 3NIEKTPOHOB
n noHoB. bonee noapobHO pacnpeneneHne napameTpoB MOHOChepbl ByaeT paccmar-
puBaTbCS Ha cneayoLwen nekunn.

OnekTpuyeckne napameTpbl Tpornocdepbl onpenensoTcs AaBrneHnemM, Temnepa-
TYPOWN U BRIAXXHOCTbO. YKa3aHHble NapamMeTpbl MEHSOTCA C UBMEHEHNEM METEOopPOSIor-
YecKux ycrnosumn. B cBA3n ¢ aTuM ns NpoBeaeHns pacyeToB pagnvofiIMHUM NpUHATA MO-
Aernb, Ha3blBaeMass HopMaJsibHOU mpornocgepou, napaMeTpbl KOTOPOW PaBHbI:

- aTMoccepHoe AaBneHne y noBepxHocTn 3emnu, paBHoe py=0,01 Mla, ¢ ysenu-
YeHneM BbICOTbl yMeHbLuaeTca Ha 120 lNa/km;

- TemnepaTtypa y nosepxHoct 3emnn T=288°K n ¢ ysennyeHnem BbICOTbl YMEHb-
LwaeTcs Ha 5,5 rpag/km;

- OTHOCUTENbHAs BNaXXHOCTb S=60% He MeHseTCsa C BbICOTOW;

- BEPXHSAS rpaHvua HopManbHOW Tponocdepbl NPUHATa paBHOM MO BbiCOTE 11KM.

OrneKkTpuyeckne napameTpbl cTpatocdepbl oNpeaensoTcs TeMu Xe aktopamu,
4YTO N NapameTpbl Tponocgepbl, HO, MOCKOMbLKY MAOTHOCTb rasa B cTpatocdepe 3Haun-
TeNbHO MeHblUle, 3Ta 0bnacTb Oka3blBaeT MeHbLUE BINAHUA Ha pacnpocTpaHeHue pa-
ANOBOITH, YeM Tponocdepa. [oaToMy ganee 0OCHOBHOE BHUMaHWe ByaeT yaeneHo nsy-
YEHUI0 BNUSHUA Tponocdepbl Ha pacnpocTpaHeHne paguoBOSiH.

B Tponoccepe NOMUMO perynsapHbIX CE30HHbLIX U CYTOYHbIX U3BMEHEHUI napameT-
POB MPOUCXOAAT HEMPEPbLIBHbIE CllyYalHble N3MEHEHUS, BbI3BaHHbIE Pa3nUYHbIMU NpU-
YnHamn. BosHukatowme npu 3ToMm onykTyaunun napameTpoB paavoBOSiH ByayT pac-
CMOTPEHbI HUXeE.

N3mepeHns nokasbiBaloT, YTO OTHOCUTENbHAs OMANeKTpuyeckas npoHMLaemMocCTb
Tponocdepsbl (BO3ayxa) HE3HAYUTESBLHO NPeBbILaeT eauHULYy, O4HAKO N3MeHeHue an-
3MEKTPMUYECKON MPOHULAEMOCTM TpOonocepbl BO BPEMEHM M MPOCTPAHCTBE Cylle-
CTBEHHO BSIMSIOT Ha pacnpocTpaHeHne paamoBOfH kopoye 10M. OTHocuTenbHasa mar-
HUTHas NpPoHMLAeMoCTb Tponocdepsbl u=1. NpoBoanMOCTb Tponocdepbl o Afs 4acToT,
COOTBETCTBYIOLLNX pagnoBosIHaM (32 UCKNOYEHNEM MUMNIMMETPOBBLIX BOSIH), NpaKkTuye-
Cckn paBHa 0; guanekTpuyeckass NPOHMLAEMOCTb & W, criegoBaTeribHO, NnokasaTersb
npenioMieHnss n aBNATCA MYHKUMSMU OaBreHUa 1 TeMmnepaTtypbl Bo3gyxa, a Takke
AaBrieHnsi BOASIHOro napa.

C yyeTOM 3KCnepuMeHTanbHbIX AaHHbIX hopMyna Ans OTHOCUTENbHOW [M3NIeK-
TPUYECKOWN NPOHULLAEMOCTHM 3anncbiBaeTCs B BUAE:

1.552-107° 4810 p,
+ p+
T T

rne p=p, +p2; P, P, - COOTBETCTBEHHO NapumanbHble OaBlieHNA napa w

e=1 , (16.1)

rasa, BblpaxeHHble B [lackansax; T — abconoTHas TemnepaTtypa.
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16.2 fiBneHus, nmerowme MecTo Npu pacnpocTpaHeHUU paguoBOISH B
Tponocdepe

Tponocdepa, kak cnegyeT M3 BbllLeCKa3aHHOro, npeacraensieT cobon HeoaHo-
POOHYIO Cpeay, M pacnpocTpaHAoLWMECS B HEW pagMOBOSHbI NpeTepneBatT pedpak-
LU0, 3aTyxaHune, CBA3aHHOE C YaCTUYHbIM Npeobpas3oBaHMEM 3MEKTPUYECKOW IHEPrnm
B TEMSIOBYO, a TaKkke paccesaHne Ha HeO4HOPOOHOCTSIX.

Pegpakuyus OMB B aTmocthepe — 3TO aTMOCEPHO-ONTUYECKOE SIBIEHME, BbI3bl-
BaemMoe npenomneHnem nyden 3MB B aTMocepe U NposaBnAOLWEecs B KaxyLlemMcs
CMeLLEHN yOoanéHHbIX 00BbEKTOB, a MHOrAA M B KaXyLLeMcsi UI3MEHEHUU UX PopMbl.

[laHHOe saBneHue oBycrnoBneHo Tem, YTO OObIMHO AMANEKTpUYeckas npoHuuae-
MOCTb Tponocdepbl U NokasaTesnb NPenoMreHns yMeHbLlatoTca ¢ BbicoTon. CneaoBa-
TenbHO, N0 Mepe nogbema Bo3pacTaeT a3oBas CKOPOCTb PagMOBOSHbI. [JaHHOe 06-
CTOATENbLCTBO NPUBOAUT K TOMY, YTO MPWU pacnpoCTpaHEeHUN pagMOBOSIHbI BAOMb Nyya
nod HeKoTOpbIM YrfioM BCNeACTBME TOro, YTO B BEPXHUX CMOsiX Tpornocdepbl BOMHA

a — N\ T
\bl \

PucyHok 16.2 — Peppakuus nyda B Tponocdepe PucyHok 16.3 — VckpueneHne
TpaekTopun nyya

pacnpocTpaHsieTcsl ¢ OOnblUEeNn CKOPOCTbI, YEM B HWXKHUX, BEPXHSS YacTb ppoHTa
BOJSTHbl OBrOHAET HWXKHIOK, N OPOHT BOSHbI NMOBoOpayuBaeTcs (Ny4 nckpusnsetcs) (cum.
PUCYHOK 16.2).

[MosicHMM ckasaHHOE Bbille C MOMOLLbIO MaTeMaTUYeCKuX npeactaBneHmin. daso-
BbI NYyTb MO Jydy ONUCLIBAETCHA C MOMOLLBIO NMOHATUA 3KKOHana, obosHavaemoro L. B
cryqae cghepuydeckoul crioucmou cpedbl, KOTOPON MOXHO anmnpoOKCUMNPOBATb CTPYKTYPY
Tponocdepbl, TPAaeKTOpUSA BOJSHbI, MOKa3aHHas Ha pucyHke 16.3, byaeT onucbiBaTbCs
COOTHOLLEHNEM:

nRsin@ = const, (16.2)
a aiKkoHan L, unu gasosbIn NyTk M0 Ny4dy, onpeaenseTtcs no gopmyne
szn(r)dr. (16.3)

Onpegenvm paguyc KpuBU3HbI TpaekTopuun. [1ns atoro obpatumcs K pucyHky 16.4,
roe nsobpaxeHbl ABe cepnyeckme NoBEpPXHOCTWU, OTCTaloWmMe ogHa OT ApYyron no pa-
Anycy Ha pacctosiHe dh, Ha KOTOPOM KO3(PPUUMEHT MNpernomsieHns u3MeHseTcs Ha
BENUYMHy dn.
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VckoMmbI pafMyc KpUBM3HBI O, ONpeaernsieMblii U3 reomMeTpuu 3agayu, npuee-

AEHHOM Ha pucyHke 16.4, ons cpeq ¢ NNaBHO MEHSAKLWMMCS 3HaYeHMEM KO3 puLumeH-
Ta NpenomMseHns 3akKoH npenomrieHns (3aKoH cMHyca) onpegensieTcs oopmyron:

n+dh=const

dh

n=const

PucyHok 14.4 — Bbel4MCneHne KpMBU3HbI TPaekTopum fny4ya

n

A

(16.4)

B Tponocdepe ocHOBHOW MHTEpec npeacTaBnAeT pacnpocTpaHeHne nonornx ny-

yen (p—90°, n=1), ansa koTopbix opmyna (16.4) npnobpeTaeT BU4

1
=——. 16.5
P="dn (16.5)
dh
3HaK «MWHYC» MOKasblBaeT, YTO TPAEKTOPUST UMEET MONOXUTENBbHYIO KPUBU3HY,
T.e. obpalleHa BbINyKOCTbIO BBEPX.

16.3 Pecppakuma paguoBonH

PaccmMoTpumM, Kak MOXHO y4YecTb BNusiHME TponocdepHon pedpakumm Ha pacnpo-
CTpaHeHne pagnoBOSTH NpU NOLHATBLIX Nepefatolen U NPUEMHON aHTEHHaX B YCNOBUSAX
NPUMEHNUMOCTN MHTEP(EPEHUNOHHBLIX opmyn. Kak n3BecTHO, nofobHble YycnoBus
BCTpeyvarTcHa Tonbko B ananasoHe YKB. BbiBoa vHTepepeHUNOHHbIX (hOpMYST OCHO-
BblBanCs Ha NpeanofioXXeHUU, YTO Kak MPsIMON, Tak U OTPaXeHHbI OT MOBEPXHOCTU
3emMnn ny4n pacnpocTpaHATCA NO NPAMOSIMHENHBbIM TPAeKTOpUAM, NPUTOM C NOCTO-
SSHHOM CKOPOCTbH. [laHHbIN annapaT oKasbiBaeTCA BO3MOXHbIM NPUMEHUTb U ANSA Cry-
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Yyasi aTMoccepHon pedpakunn, ecrim CBECTU pearibHy0 KPUBOSIMHEWNHYIO TPaekToputo
pacnpocTpaHeHust BOSH K NPSIMOSIMHENHOW Hag, BooGpaXkaeMon NOBEPXHOCTLIO C SKBU-
BaneHTHbIM paguycoMm a, .. (pucyHok 16.5). BenuuuHa askeusaneHmHoz2o paduyca
3emnu onpepenseTcs paBeHCTBOM

a, =—7"3 (16.6)

Cniyyan pecbpakunmn MOXHO KrnaccuguumpoBaTb B 3aBUCUMOCTW OT 3HaKa U BeNu-
yuHbl dn/dh.

OmpuuamenbHas mporocgepHas pegpaxkuyus: dn/dh>0. NokaszaTenb npenomne-
HUS BO3pacTaeT C BbICOTOW, U TpaeKkTopus BOSHbI obpalleHa BbINyKNocTblo BHU3 (p<0).
OKBMBANEHTHbIN pagnyc 3emnu okasblBaeTca MeHblle (CM. pucyHok 16.5,a), 4to npu-
BOAMUT K YMEHbLLEHNIO HAaNPsSXKEHHOCTM NONA B TOUKE npuema.

dn dn_ o5
h ﬁ:{) Jadi 4107 % P 3—h=-15,7'10'5HM'1 dn
B <-15,7107%m !
dh
n-1 n-1 n-1 ~—
p a-d

ﬁﬁry Qe
as:-rg a:"-"" g o

a) 6) B) r)
PucyHok 16.5 — Knaccudukaumsi BuaoB pedpakumm

lNonoxumenebHass mpornocghepHas peghpakyusi: dn/dh<0. KoapduumneHT npenom-
neHus ybbiBaeT C BbICOTOW, U TpaekTopusa obpalleHa BbinykrnocTblo BBEpPX (0>0). MNpu
3TOM pasnuyaroT TPU YaCTHbIX Cry4vasi:

- HopmaribHasi pegppakyus, koraa dn/dh =-4-10° km™, p=25 000 km, a,, =4/3a,
(puncyHok 16.5,6);

- Kpumuyeckas pegpakyus, koraa dn/dh =-15.7-107° km'=-1/ay, p=ao, ase—>% - kK-
BMBarieHTHasi 3eMHasi NOBEPXHOCTb MPEACTaBfseTCA MNIIOCKOW, T.K. BOMHA ABWMXKETCSA
napannesibHo 3TON NOBEPXHOCTWN Ha NOCTOSIHHOM BbiCOTe (pUCYHOK 16.5,8);

- ceepxpegppakyus, korga dn/dh <1/ag, p<ap, ae<0, HAacTynaeT NOsIHOE BHYTpPEH-
Hee OTpaXkeHMe BOSHbl B Tpornocdepe M Jyd BO3BpaLLAeTCs K 3eMHOM MOBEPXHOCTW.
OKBMBANEHTHbIN paguyc 3emMnn okasblBaeTcs oTpuuaTenbHbIM (PUCYHOK 16.5,2), Tak
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YTO BOJHA, MMeoLLIas SKBMBANEHTHYIO NPSAMOSIMHENHYIO TpaekTopuio, OyaeT nagatb Ha
«BOMHYTYO» NMOBEPXHOCTb 3eMMN.

Mepeuncnnm OCHOBHbIE Crlydau, Korga MOXHO UCMOMb30BaTh 3KBMBANEHTHbIN pa-
AMYC 3EMHOrO Luapa.

PaccTosiHMe npsiMoi BUANMMOCTM C y4eToM pedpakuum onpeaensetcs opmyno:

=1.15r,, [km]. (16.7)

ri’lp.3l<'6
B ycnosusix HopmanbHoii pedpakuvm R, /R, =1.15, 1.e. HabniogaeTtca yBenu-

YeHue paccTosHMs nNpsiMon BuaumocTtu Ha 15%.

AMNNUTyga HaNpsHKEHHOCTM NOJiA C y4eToM pedpakunm NpubnmxeHHO paccynTbl-
BaeTcsa B npegenax npuMeHMMocTn dopmynbl BBeageHckoro npyu noactaHoBke B ¢op-
Myny MpUBEAEHHbIX BbICOT, MOSlyYEHHbIX B Npeablaylien nekunn, 3HadyeHns aKBuBa-
neHTtHoro pagmyca 3emnu. [pu HopmanbHOM pedpakuun NpPUBEAEHHbIE BbICOTbI aH-
TEeHH h’ yBENUUYMBAKOTCS U, CnegoBaTenbHO, HaNpPsXKEHHOCTb NOMsi BO3pacTaerT.

16.4. YcnoBusi BO3HUKHOBEHUSA cBepxpedpakumm

Bonpoc 06 yCrnoBnUAX BOSHUKHOBEHUA CBerpe(*)paKLl,l/ll/l sABnsieTca 0cobeHHO Bax-
HbIM, TMOCKOJIbKY Ha UCMNOJIb3OBaHWN OAHHOIO ABNEHUA 6a3|/|pyeT0$| pacnpocTtpaHeHune
BOJIH MO TaK Ha3biIBa€MOMY TponoccbepHomy BOJ1HOBOAY.

Kak nssecTtHo, peXnmom CBerperpaKLl,I/II/I MOXeT ObITb OXBayeHa orpaHmn4yeHHada

Mo BbicoTe obnacTb Tponocdeps, rae BuinonHseTcs ycnosue dn/dh < —15,7-107°

kM umm dn/ dh < —-0,157 m™. Mpu ceBepxpedpakumm MHAEKC NperioMneHus yobiBaeT

C BbICOTOW NPUMEPHO B YeTbipe pasa bbicTpee, YeM Npu HopMasibHON pedpakLumu.

BosHukHOBEHMIO cBepxpedpakunm 6naronpuaTCTByOT METEOPOSIOrMYeckme ycro-
BUSA, COOTBETCTBYHOLLME BO3HUKHOBEHMIO TEMNepaTypHO MHBEPCUU, 3aKrovatoLLeecs B
TOM, YTO B HEKOTOPOM MHTEpBare BbICOT TeMnepaTypa Bo3gyxa He yMeHbLUaeTCs C Bbl-
COTOM, @ HAa4YMHaeT Bo3pacTaTb.

Kpome TOro, BO3HMKHOBEHUIO cBepXxpedpakumm cnocobeTByeT U HeOObIYHO ObICT-
poe yMeHbLUEHNe BIIaXXHOCTU C BbICOTOW.

Bo3HMKHOBEHMIO TEMNEPATYPHON MHBEPCUM CMIOCOBCTBYIOT TPU NPUYNHBI:

-FOPU3OHTaNbHbIN NEPEHOC BO34YLLUHbIX Macc;

- pagvaunoHHOe OXNaXkaeHne NoBepxXHOCTU 3emnu;

- CXaTune BO34yLUHbIX Macc.

KapTuHa pacnpocTpaHeHns paguoBOSIH B YCIOBUSIX cCBepxpedpakuum BecbMa
HanoMMHaeT NPOLECChl PacnpoCTpaHEHNA B OTKPbITbIX BOSIHOBOAAX, HWKHIOK CTEHKY
KoToporo obpasyeT nonynpoBoasLasi MOBEPXHOCTb 3EMIIN, @ BEPXHIO — BEPXHASA rpa-
Huua obnactn ceepxpedpakumm. KoadduumneHT npenomMneHns BHyTpu 3Ton obnactu
nmeet bornbllee 3Ha4YeHne, YeM Hag Hew.

Paanuuue 3aknioyaeTcss B TOM, YTO B OTKPLITOM BOJSTHOBOAE OTAENbHbIE Ny4n npe-
TepneBawT MNOSIHOE BHYTPEHHE OTpPaXeHWEe M OT HWXKHEN U OT BepXHeWn CTeHoK. [Mpwu
cBepxpedpakLumn BOSTHbl UCMbITLIBAOT 0ObIMHOE OTpaXkeHwe OT NonynpoBoAsLen no-
BEPXHOCTU 3eMnu W MosiHoe BHYTPEHHe OTpakeHue BHYyTpuM obnactu, OXBayeHHOW
ceepxpedpakumen. Npn 3TOM OTpaxkeHwe BHYTPU BepxHen obriactm nNpoucxoauT Ha
pa3HoM BbICOTE AN Nlyden C pasHbIMKU yriamu Bo3BblweHus. [JaHHas aHanorna nocny-
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Xuna npuYnHONM Toro, YTo obnacTtb cBepxpedpakuum B Tponocdepe YacToT HasbiBalOT
TponocdepHbIMN BOSTHOBOAOM Ui TPONOoCcepHbIM BONHOBOAHbLIM KaHANoMm, a pacnpo-
CTpaHeHue B YCNoBusix cBepxpedpakLmm — BONTHOBOAHBIM pacnpoCTpaHEHNEM.

B TponocgepHbIX BONHOBOAAX MOMYT pacnpOCTPaHATLCA TOMbKO Te BOSHbI, ANvHa
KOTOPbIX HE MpeBbILIaeT KPUTUYECKOro 3HayYeHus (Lg = 0,085 d*» , d —BbICOTA BOMHO-
BOAA B M, Ay B CM). TONWMHa Croes MHBEPCUN B Tporocdepe 06bI4HO He MpeBbiaeT
~ 50—100 m, NO3TOMY BOSHOBOAHLIM CMOCOBOM MOryT PacnpOCTPaHATLCS TONbKO Ae-
LMMeTPOBble, CAHTUMETPOBbLIE N GoNnee KOpPOTKME BOSHbI.

3HauyeHune cBepxpedpakunn ans ocyLecTBeHns ganbHen paguocBasn B anana-
30HE OeUMMETPOBLIX U CAHTMMETPOBbLIX BOMH HEBENUKO, TaK Kak caMo siBNneHue npea-
cTaBnsieTcs cnyvaHbiM. OgHako paboTta MHOMMX pagnosiokauMoHHbIX CTaHLUUIA, pacno-
NOXeHHbIX BO6NM3n mopckoro nobepexbs, Ucnonb3yeT AaHHOEe siBNeHne Ans yBenude-
HUS1 30HbI 0030pa.

OcHoBHOE 3HaueHne ceBepxpedpakumm 3aknyaeTcs B HEOXKNOAHHOM YBENTMYEHNN
AanbHOCTN pacnpoCTPaHeHMs BOJSH, U3fy4YaeMbiX AENCTBYOLWMMN NnepegaTynkaMm, Yto
MOXeT co3aaThb HenpeaBnaeHHbIE MOMEXM.

16.5. NornoweHne paguoBOSIH N paccesiHue Ha HeOAHOPOAHOCTAX

Mpu pacnpocTpaHeHun B Tponocdepe NOMUMO UCKPUBIIEHUSI TPAEKTOPUM BOJSHbI
CaHTUMETPOBLIX U Boriee KOPOTKUX BOSH HabniogaeTcs 3aTyxaHue, CBsSI3aHHOE C 4a-
CTMYHbIM Npeobpas3oBaHMEM INEKTPUYECKON SHEPTMM B TEMMOBYIO U pacCestHUEM.

Tponocgepa npo3payHa Ans Bcex paamMoBOSIH BMAOTb 4O CaHTMMeETpoBbIX. bonee
KOPOTKME BOJSHbI UCMbITbIBAIOT 3aMeTHOe ocnabrieHne B KanesnbHblX 00pa3oBaHUAX
(Doxapb, rpag, cHer, TymaH), B napax oAbl M rasax atmocdepbl. OcnabneHvne oby-
CNoOBJIEHO Npoueccamn nornoweHns n paccesHus. Kaxgasa kanns sogbl obnagaet 3Ha-
YNTENbHOW NPOBOAMMOCTLIO, M BOSIHA BO30YyXOaeT B HEM BbICOKOYACTOTHbIE TOKW.
[MNOTHOCTb TOKOB MPOMOPLMOHAarbHa YacToTe, NO3TOMY 3Ha4YUTEmNbHbIE TOKK, a, Cnego-
BaTeNbHO, U TENMOBblE NOTEPWU, BO3HUKAKOT TONbKO MPU pPacnpoCTpaHEeHUU CaHTUMET-
POBbIX M BOMnee KOPOTKUX BOSMH. OTM TOKWU BbI3bIBAKOT HE TONbKO TEMNSOBble NOTEPU, HO
ABMSOTCA NCTOYHMKAMMN BTOPUYHOIO pacCesiHHOro M3ny4vyeHunsd, ocrnabnswowero npsiMon
curHan. MnoTHOCTb NOTOKa paccestHHOW aHeprun obpaTHO mpornopuyoHanbHa A*, ecnu
pasmep pacceuBatolen Yactuubl d < A, N He 3aBUCUT OT A, ecnu d >> L. NpakTnyecku
Yyepesd 06nacTb CUNBHOIO AOXAS UM TyMaHa BOSHbI € A<3 CM pacnpoCTPaHATLCA He
MoryT. BonHbl kopo4de 1,5 cM, NOMMMO 3TOroO, UCMNbITbIBAKOT PE30HAHCHOE NOrfoLweHne B
BoasaHbIX napax (A = 1,5 cm; 1,35 cm; 0,75 cm; 0,5 cm; 0,25 cm) v kucrnopoge (A = 0,5 cm
n 0,25 cm). SHeprna pacnpocTpaHsLWEeNCcs BOSHbl pacxodyeTcs B 9TOM criydae Ha
NMOHM3aUN0 MM BO3OyXXaeHMe aToMoB M Mornekyn. Mexay pe3oHaHCHbIMU NMHUSIMU
nmMeroTca obnact Manoro NornoLeHus.

PaccesiHme caHTUMETPOBbLIX PagMOBOSIH KannsiMuM A0XAs M TymMaHa NpUBOAUT K
NOSIBMEHMIO OTPaXXEHHbIX CUrHaNoB, MeLLaLnX HopMarbHon paboTe.

MomMuUMO perynsapHbIX U3MEHEHUIN & C BbICOTOW B Tponocdepe CyLeCcTBYIOT Hepe-
rynsipHble HeogHOPOAHOCTM (pniyKTyauumn) & BO3HUKalLWMe B pesynbrtaTte Gecnops-
AOYHOro ABMXeHUst Bo3gyxa. Ha Hux npoucxoguT paccesiHne paguoBonH YKB gnana-
30Ha. Taknm obpa3om, obnacTtb NPOCTPaHCTBA, OrpaHM4YeHHas AuarpammamMmn Hanpas-
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NEHHOCTN NPUEMHOM U Nepefalrolen aHTeHH U coepxallas bonbloe YMcno HeoaHo-
pPOOHOCTEN &, ABNAeTCA pacceuBalowmM ob6bEMoM. PaccesdHne npuBoguT K pnyktya-
unaM amnnnTyabl U dhasbl pagmMoBOSIHbI, a Takke K pacnpoctpaHeHuto YKB Ha pacctos-
HUA, 3HAYUTENbHO NpeBbILWaoLWme NpsaMyo BuaMMocTb. None B Touke npnéma obpasy-
eTca B pesynbTate MHTepdepeHLMn pacCcesHHbIX BOSH, BCNeACTBUE Yero BO3HUKAKT
OecrnopsiioyHble M3MEeHeHna amnnuTydbl U dasbl curHana (dpnykryauyum). OagHako
cpefHee 3HayeHwe amnnNuTyAbl CUrHana 3HaduTenbHO NpeBbiwaeT amniuTyay, KoTo-
pas morna 6bl 6bITb 00YCrIoBrIeHa HopMarbHOW TponocgepHon pedpakUmnen.

JNlekuma N 17. PacnpocTtpaHeHne paavoBOSiH B MOHOCepe

17.1 BnusiHne nOoCTOAHHOIo MarHUTHOro nonsa 3eMsnu Ha
pacnpocTpaHeHMe paguoBOJIH B MOHOCepe. F’MpomMmarHMTHbIN
pe3oHaHCc

|/|OHI/13I/1pOBaHHbII;1 ras I/IOHOCCbepr Haxogantcd B NOCTOAHHOM MArHUTHOM noIne
3eMJ'II/I, HarnpAaXeHHOCTb KOTOPOro 3aBUCUT OT LLUUNPOTHI. TaK, Ha 3KBaTope ero Hanp4ga-
xeHHocTb H _ coctaBnset 28 A/m, y

MarHWTHbIX nontocos - 56 A/M. [ns (r( {,{'(, i

CPeOHUX FreOMarHUTHbIX LUMPOT MOXHO X X XM, G
nonaraTtb, YTO HaMNPsXKEHHOCTb Mar-

HUTHOro nona 3emnu paBHa NpMGnK-

*eHHo 40A/M. MpucyTcTBMe NOCTOSH- PucyHok 17.1 — [iBUxXeHWe anekTpoHoB
HOrO MarHUTHOroO nonsi WU3MeHsieT BOKPYF CMIMOBbIX MUHUIA 3emnn

yCcrnosuna OBWXXKEHUA 3J1EKTPOHOB, Ona-
rogapsa 4emy U3MeHAKTCA U INEKTPU-
yeckne napameTpbl NOHNU3NPOBAHHOIO rasa. aﬂeKTpOHbI Ha4yMHalOT BpallaTbCA BAOOJIb
CUMOBbLIX NIMHUA 3eMISIN, KaK MoKa3aHo Ha PUCyHKe 17.1. YactoTa BpaLlleHNA 3NeKTpo-

HOB MNP 3TOM Ha3bIBaETCA 2UPOMPOINHOU Yacmomou @, :
w, =|y|H_, (17.1)

y =-2.21- 10° T'w/(Aem) - rMPOMarHUTHOE OTHOLLEHME.

lMnasma siBnsieTca rmpoTPONHON Cpedon C ANINEKTPUYECKON aHU3OTPONUEen, TeH-
30p AN3NEKTPUYECKON NPOHNLAEMOCTN KOTOPOM ONpeaeNnsieTCAa BblpaKeHNeM:

g, —ib 0
e=|ib ¢, 0], (17.2)
0 0 g
2 2
0] W, 0 0]
rae £, =&g| 1—— 0 sl b=gg—— 02 , &, =& 1— g , (17.3)
0 — o, (0° —w;)o 0]
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2
N,e

z\/3,19ON3 -10° - coBcrBeHHasi yacToTa nnasMbl (4acTora
Mo&g

W, =
JleHrmiopa); N3 - KOHLIEHTPALIMSA 3NEKTPOHOB B eAuHuLIE obbema [cm?].

lMpouecc B3anMoOAeNCTBUA Mexay ABYMsS 4acTuuamMu B Nfna3Me HasblBaeTcd
CMOJIKHOBEHUEM W XapaKTepu3yeTcs BENMUYNHON V - YACIIOM CTOSIKHOBEHUI B CEKYHAY
YacTuy, pasnuyHoro Buaa. o KOHUEHTpauum 3neKTPoHOB N3 N YUCny CTONKHOBEHWUN
V B MOHOCKEpPE BbIAENSAKT HECKONbKO COEB, COAEpPXalLUUX OTHOCUTENbHbLIE MaKCu-
MYyMbl Na. OCHOBHOM MakCUMyM MOHM3aUuK, Ha3blBaeMbI CroeM F», pacnonoXeH Ha
BblcoTax oT 250 go 400 km. OBbnactn MoHU3aLUumn, HaxoasaLWMECH BbIlLE N HUXEe OCHOB-

HOrO MakCMMyMa MOHM3auuKW, HasbiBalOT BHELIHEW WU BHYTPEHHeW MoHocdepon. Bo
BHYTPEHHEN NOHOCKepe MMeKTCHa YeTblpe perynspHbix cnos: D, E, F1 n F2 (cMm. pucy-

HOK 17.2, a). Kaxablii Crol xapakTepmayeTcs aneKTPoHHOM nnoTHocTbio N B Mak-

omax
cMMymMmax nMoHun3auuum, BbICOTOW HWXHEWN rpaHunLubl CIno4d, YNCrnom coy,qapeHVl|7| ANNEKTPOHa

C TAXelbiM YaCTuuamu. rpaCbI/IKI/I 3aBUCUMMOCTM YUCNa CTOSIKHOBEHUN V Namaxv oT

BbICOTbI h NpuBeaeHbl Ha pucyHke 17.2,6.

300

400 //F
300 B Z 200

3
] .
£ 200 ? 1
a “EzZZFzZ 100

100 B E 222\ L E 22

_.__D__-
0 ] ]
JIETTS Hoyb 10° 10° 10" Ny

PucyHok 17.2 — CTpykTypa noHocoepsbl

Mpn npoekTupoBaHUM paguoTpacc MoXeT OblTb WCNONbL30BaHO rpubnuxeHue
MpPOCMo20 C/105, B COOTBETCTBMM C KOTOPbIM MOHOCKEepa NpeacTaBnAeTcs OgHUM CIo-
eM, BHYTPU KOTOPOro 3NeKTPOHHas MMOTHOCTb pacrnpegerneHa no napabonuyeckomy
3aKOHY, @ YMCIO CTOSIKHOBEHWI, KaK 9TO HECINOXHO 3aMeTUTb 13 rpaduka, npuBegeHHo-
ro Ha pucyHke 17.2,6 — N0 3KCNOHEHLUNansHOMY 3aKOHY:

2h—hy) (h—hy)*

N3 = N3 max Zm Z’i

v=v__exp[-107(h—hy)], (174)
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rane N

5 max 3NEeKTPOHHasa MMOTHOCTb B MaKCUMyMe MOHOCHEPHOro Crosi;

Z, =0,5(h, —hy) - nonytonwuHa noHocepHoro crnosi; A, - BbICOTa HUXHEN rpa-

HWLIbI CJ104; hB - BbICOTa BerHeﬁ rpaHunubl CIo4.

[Mpy npoxoxaeHun paguoBOSIHbI Yepe3 UOHU3NPOBAHHLIN a3 NoSIOXUTENbHLIE U
oTpuuaTeribHble MOHbI HAYMHAaKT ABUraTbCA B TaKT C U3MEHEHUAMU MOoris BOSHbI, YTO
obycnaBnvBaeT nosiBNEeHne HEKOTOPOro KOHBEKLIMOHHOIO ToKa. Hannyme gaHHoOro toka
Hapsgy C TOKOM CMeLLeHUsl, cO34aBaeMoro cMmelleHnem 3apsgos B cBOOOAHOM Mpo-
CTpaHCTBE NpWU pacnpocTpaHEeHUN PagnoBOSIHbI, NO3BOMSAET ONpeaesiTb KOMMIEKCHYHO
AN3NEKTPUYECKYIO NPOHNLAEMOCTb MOHU3NPOBAHHOIO rasa (nnasmMbl) B Buae

. e’N , . e’N , o’
=gy~ l——————=¢&)—Il——————=&,—i—. (17.5)
my(iow+V) my(iow+V) 0]

[MpupaBHAB BelleCTBEHHbIE U MHUMbIE YacTu B COOTHOWeEHun (17.5), HeCnoxHo
NONyYNTb BbIPAXEHUSA OS5 BbIYUCIIEHUS SNEKTPUYECKNX NapamMeTpoB NOHOCMEpDI:
L e X ¥ B (e cLa
o +Vv W +Vv

[na npoBegeHNa pac4eToB UCMOMb3YIOT pasnuyHbie NpubnuxeHus dopmyn (17.6)
B 3aBMCUMOCTM OT COOTHOLLUEHUSI paboyen 4acToTbl (@ M YaCTOTbl CTOSIKHOBEHUI V .

£=1-319-10° (17.6)

Tak, npun BbICOKNX YacToTax (cz)2 >>v? Te. f >3 Mru) B cooTHoweHusx (17.6)

2
MOXHO NpeHebpeyb craraembiM vV~ , YTO NO3BONMUT 3anucaTb [AaHHble BbIpaXeHus B
BUae:

2
N
e=1-20, (17.7a) o> =2.82.102 Y
(0] (0]

Cne,u,yeT OTMETUTb, YTO C yBeEeJIM4EeHUEeM 4acToThbl f napamMeTpbl I/IOHOCCbepr

(17.76)

npubnuxatroTca K napametpam cBobo4HOro NpocTpaHcTea. B ¢BA3M ¢ 3TUM OCHOBHOE
BMUSIHME Ha pacrnpocTpaHeHne pagnoBoSiH MOHocMEepa OKasblBaeT Ha YacToTax oT 3 40
100 Mlu.

MNpn o < @, € < 0, cnepoBaTenbHO, KOAPMULMEHT hasbl BOSHbI
/— 2
0] a) 0]
B = =~ 1= _g (17.8)

C C 0]

SABNSETCA MHUMOW BENUYMHON, T.e. npn OaHHbIX YacCcTOTax BOJIHA 3aTyxaeT MNno 3KCMo-
HEeHUMallbHOMY 3aKOHY.

2 2
Ha Hu3kmx yactotax (@~ << Vv~ ) B cooTHoweHusx (17.6) MoxHO npeHebpeyb Be-

o 2
JIMYNHON (@ , 4TO NpMBOAUT YKa3aHHble COOTHOLLUEHUA K BUAY:

N 4, N
£=1-319-10"—2, (179a) o’ =282-107—= (17.96)
|4 1%
B aTtom clnydae anekTpunyeckue napameTpbl MOHUSNPOBAHHOIO ra3a He 3aBUCAT OT

paboyen YacToTbl SNEKTPOMArHUTHbIX KONebGaHWui.
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OcobeHHOCTH, BO3HMKaKOLWME NPU pacnpoCTpaHEHUN ANEKTPOMArHUTHOW BOSIHbI B
rTMpOTPONHOM cpede, Kak W3-

BECTHO, 3aBUCAT OT COOTHOLLE- N
HUS HanpasfieHusi pacnpocTpa- H,
HEHUA BMEeKTPOMAarHUTHON BOI- Hi
Hbl WU HampaBneHus nomns noa- W 0
MarHuumsaHus. [ns uoHocde- H
pbl HanpasrneHve nons noamar-

s

HUYMBaHUA coBMagaeT C CUIo-
BbIMWU FIMHUSIMA MarHMTHOrO Mo-
na 3emnu. Takum obpasom, ec-
N1 HanpaeneHue pacnpocTpa-
HEeHMs1 BOMHbI obpasyeT C
HanpaBfieHMEM CeBep-or yron
T, KaK MnokasaHO Ha pPUCYHKe

PucyHok 17.2 — PasnoxeHne HanpaBneHus
pacnpocTpaHeHst PpagnoBOSHbI
B MoHocdepe

17.2, 1O BEKTOP HanpaXeHHOCTn nonAa nogmMmarHndmBaHuA H - wmoxHo Pa3nioXKnTb Ha
ABe COoCTaBlAloLne:

HL:Hosinz’,HH =H,cost. (17.4)

CnepoBaTternbHo, B 00Llem crydae ans ydyeta ocobeHHoCcTen HeobXoaUMO YYUTbI-
BaTb, aPdeKTbl, COOTBETCTBYIOLUME KaK MPOAOSIbHOMY, Tak U MONepeyHoMy OTHOCU-
TeNbHO NMoNA NoAMarHMYMBaHUS pacnpocTpaHeHuo BosH. M3 popmynel (17.4) BbiTeka-
€T, YTO M YacTOTbl TMPOMArHUTHOroO pe3oHaHca Takke byaeT 3aBuceTb OT yrna 7 :

Ot | _ |H, ST (17.5)
a)MH COST

B yacTHbIx cnyvasx, korga yron 7 paseH 0 unnmn 90 rpagycam, YyactoTa rupomar-
HUTHOrO pe3oHaHca ByaeT CcocTaBnATb BENNYMHY

o, = 8,84 My wnm fu =L4 Mru. (17.6)

17.2 TpaekTopus pacnpocTpaHeHUs BONHbI Yepe3 noHocoepy

[MpM HaKMOHHOM NageHUMK BOSHbI Ha MOHOCHEPY M3MEHEHME HanpaBneHUsa pac-
NPOCTPaHEHNA NPOUCXOAUT B COOTBETCTBMM C ypaBHEHMEM Ily4a B MIIOCKOCIIOUCTOMN
aTmocdepe.

n(h)sin(0(h)) =sin(6,), (17.7)
rae ng =1 - koadbdpuUUNEHT NpenomneHns BO3AYLUHOW CPpedbl, KOTOPY MOXHO

cuuTaTb ogHopoaHoW. BerneacTeme aToro nagarLwmm nyd — npsaMmon. leomeTpus 3agaun
nokasaHa Ha pucyHke 17.3.
CooTHoweHue (17.7) moxeT BbITb 3anNncaHo B BUAE:

80.8N,(h)
2

sinf, = [1- sin(6(h)) . (17.8)

Bo BHyTpeHHel noHocdepe yron 6(h) Gynet BodpacTtaTh, Kak MokasaHo Ha pu-
CyHke 17.4.
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e(h)
: £ il
I'panuua E
% noHochepst /] Gy by
F
emasn
PucyHok 17.3 — N'eomeTpua 3agaum PucyHok 17.4 — lameHeHue yrna nageHuns

BbipaxkeHne Ona makcumarnbHOW pabo4veit YacToThbl, NPU KOTOPOK BOMHbI OTPasaAT-
csl OT MOHOCKEpPLI B Cny4vae 3afaHHOM 3NEeKTPOHHOW KOHLEHTpauun 1 yrna nageHust
(Tak Ha3blBaeMbIi 3aKOH «CekaHca») MMeeT BUA:

ROSN,(h) [ (hy)

" fi—sin?g,  <0s6y =/ (hory )€€ (17.9)
N 0

Ncnonb3ys 3aKoH cekaHca HECMOXHO MOMy4YnTb BblpaXkeHne Ans koadduumneHTa
npenomneHvs B BUae:

/5 (hory) [
n= I_TOTP: 1-sin® @, = cosq,, (17.10a)

a CooTHOLWeHne An4d pagnyca KpuBm3Hbl npuMeT BUA, y,EI,O6HbIIZ ana aHanmsa:

o= cos> ©of 2
40,4(dN,/dh)

B cooTtHowweHusx (17.10) ¢, =90° — 6, - yron Bo3BbILLEHMS.

(17.106)

AHanuna npmBegeHHbIX BblLLlE COOTHOLLEHWNI NMOKa3bIBAET, 4yToO ecln

N,(h) <N, .« TO Ha OnpeaeneHHoN BbICOTe MyY JOCTUrHET TOYKM NOBOPOTA, Kak ro-

KasaHo Ha pucyHke 17.5. [lanbHellwasn — HACXoAsLWas - YacTb TPAEKTOPUM CUMMETPUY-
Hasi nepBoHavanbHoi. CrieayeT oTMETUTb, YTO B TOYKE MOBOPOTA peanusyetcs npe-

AernbHbIN cryyait nonHoro otpaxenus. Ecnn xe N,(h)> N, ..., TO B noHoccepe He

HangeTcst ypoBHs, Ha koTopoM N, (h) = N, (hyy, ). Tly4 Bynet yknoustees k 3emrie, a

npun nepexoge BO BHELLHIOK I/IOHOC(bepy Ha4YHET YKNOHATbCA OT 3emnu.
an/I JanbHenwem yBEITM4EeHUN HacCTOThbl Ny4 nonagaeT B obnactb, rge rpagneHT

9NIeKTPOHHOW KoHLUeHTpauun dN,/dh cTtaHOBUTCA OTpULATENbHbIM, pagnyc KPpUBU3HbI

MEHSIeT 3HaK, U UCKPUBIEHNE NyYya NponsonaeT BBepX. OTO 03HAYaeT, YTo Nyd nponaeT
yepes NoHocdepy, He oTpaxasacCh OT Hee.
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hn y -f2 > -ﬁh‘ﬂﬂf
h : 5
; I
I
) !
i /
__________________________________ - . S MR E— i
: b g < 701 < fMHLI
! A
| K
] ) Q
h N
: 30 P
N I e " 00 2000 xu
3aBUCHUMOCTD 3aBHCHMOCTD
HEKTPOHHOM ARNCKTPI CCROR Bo3MOKHbBIE TPAEKTOPUH
KOHIIEHTpAIluK [IPOHUIIACMOCTH ATUOBOJIHBI B HOHOChEPE B
LIEHTpAIl
OT BBICOTHI OT BBICOTBI . ... 3aBUCHUMOCTH OT YACTOTBHI

PucyHok 17.5 — TpaekTopusi MOHOCHEPHOWN BOSTHbI

BenununHa

pr

cos” @,
]
-

a

f=

:pr((P()) (1711)

1+

Ha3blBaeTCs MaKcuMasibHO rnpuMeHumMou Yyacmomou. N3 aHanusa (17.11) cneayer,
YTO ANSA KaXOoro yrna ¢, CyLlecTBYeT CBOS MaKkcumanbHO npumeHumas yacrtorta. C

yBenuuyeHnem yrma @, f.,(¢y) yBennivaetcs n LOCTUIaeT CBOEro HanGosbLIEro

3HaveHus npu @, =0. HammeHbLLy0 BENMUMHY KpUTUYeCcKasi YacToTa UMeeT Nnpu BepTu-
KanbHOM NageHun nyya Ha noHocdepy, T.e. @, =90°.

HanmeHbLllee paccTtoAaHune D no NOBEPXHOCTN 3eMJIN, Ha KOTOpOE NnagaeT oTpa-
YKEHHbIN J1yd Ha 4YacTtoTe f, Ha3blBaeTCd paanyCcoM 30Hbl MOJT4YaHUA, a COOTBETCTBYIO-

wad 3ToMy pagnycy 30Hbl MOJM4YaHUA 4YacCToTa f SABNSETCA MaKCUMarnbHOMN npUMeHn-

MOW 4YaCcTOTOMN.

17.3 KBasnnonepe4yHoe U KBa3nMnpoaonbHoe pacnpocTpaHeHne
paavuoBOIJIH
B 3aBMCMMOCTM OT COOTHOLLUEHUA YacToT SJ'IeKTpOMaFHI/ITHOVI BOJIHblI U 4YACTOT TU-
POTPONHbIX PE3OHAHCOB, COOTBETCTBYHIOLLNX nepneH,u,leynﬂpHoPl n napanneanon KOM-

NMOHEHTaM) pasnuMyaloT Cryyan KBasunpoaonbHOro U KBa3WUMonepeyHoro pacnpocTpa-
HeHWUst paanoBonH. B kauecTBe kpuTepusa pasaeneHns BbICTYNaT HEPaBEHCTBO:
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4

w 2 2
———>> 4w @, (17.12)
2
_ Oy
2
[0}
@ @
a TaKke cooTHoweHne — . Mpu — —> 1 gaxe npu Manbix yrnax O pacnpocTpaHe-
(0] (0]
o)
HWe BOJIH ABNAETCA Kea3urioriepe4yHbIM. an/I — << 1 B LLUMPOKOM Anana3oHe NaMeHe-
()]

HUSA YIMOB O pacnpocTpaHeHne BOMH SIBMSAETCA K8a3urnpodosibHbIM.

B ocTtanbHbIX cnyyasax B kayecTBe KpUTepusi Cnosb3dyeTcs HepaBeHCTBO (17.12).
Ecnu paHHoe HepaBeHCTBO BbINOJTHAETCS, TO CHATAETCS, YTO pacnpoCcTpaHeHe BOSHbI
ABNseTca KBasunonepeyHoiM. Ecnn HepaBeHCTBO (17.7) He BbINONHAETCA, TO 3TO COOT-
BETCTBYET CJ/ly4aro KBasunpoaoribHOro pacrnpocmpaHeHUsi 80JTH.

[na onucaHns ocobeHHOCTeN, BO3HUKAOLWUX NPWU KBaA3UMNONepeyHoM pacnpocTpa-
HEeHWW, BOIHa npeacTaBnAeTca B BUAe ABYX BOSMH: OObIKHOBEHHON Y HEOOLIKHOBEHHON,
ANSA KOTOPbIX pa3nmyatnTcs BENMUYUHBLI OTHOCUTESTbHOW AUINEKTPUYECKON NPOHULLAEMO-
cTun. Npnyem HeOObLIKHOBEHHAsA BONMHA MOXET B CBO o4vepeb OblTb pasnoxeHa Ha ABe
BOJIHbI C Pa3NNUYHbIMU 3HAYEHUAMN OTHOCUTENBHOW ANINEKTPUYECKON MPOHNLIAEMOCTH:

E,5 = l—w—é, (17.13) g, = 2-neobl ' Cucor2 (17.14)
@ € 1eo61 + € 1eo62
o, ) o )
€, oop1 = 1— Z‘; 1- “’; L(17.15) &, =1 — Z‘; 1- “’; , (17.16)
0 0
o "o

Ob6bIkHOBEHHas1 1 HEOObIKHOBEHHAs BOSIHbI pa3nnyaroTca nonapmn3aumnamMm:

-y 0ObIKHOBEHHOW BOJTHbI NIMHENHAS nonsapmn3auna,

-y HEOObIKHOBEHHOW BOJTHbI — ANNMNTUYeckas nonapmn3auuna.

KpI/ITI/I‘-IeCKI/Ie 4acTOTbl OObIKHOBEHHOW U HEOOBLIKHOBEHHOW BOJSTH CBSI3aHbl COOTHO-
LUEHNEM!

pr.H€O6 ~ fk‘p.06 +0,7 Mu. (17.17)

Paanuuymne OTHOCUTENBHbBIX OMANEKTPUYECKNX NPOHMLLAEMOCTEN NPUBOAUT K pas-
nnunio pasoBbIX CKOPOCTEN BOJSIH, NOKasaTenen npenomMsnenus, a, cnegosaTernbHo, U K
pasnuyunio BbICOT, Ha KOTOPbIX COCTaBNSAOLWME BOSHbI OTpaxatoTcs. JaHHblin addekT,
nokasaHHbIN Ha pucyHke 17.6, nony4nn HasbiBaHWe aghghekma O80UHO20 J1yHernpesiom-
JleHusi. Ha gaHHOM puUcCyHKe KpuBasi 1 UNCcTpupyeT TpaekTopuo 0ObIKHOBEHHOW BOISI-
Hbl; KpmBble 2’ N 2" — TpaeKkTopun HEOBLIKHOBEHHbLIX BOSIH, NMpU4eM KpuBasi 2° COOTBET-
CTBYeT HeOObIKHOBEHHOW BOJSIHE, A5l KOTOPOW OTHOCUTENbHAA OUaneKTpuyeckas npo-
HUUaeMoCTb onuckiBaeTcs dopmynon (17.15), a kpuas 2” — HEOObIKHOBEHHOW BOJSHE,
AN KOTOPOW OuanekTpuyeckasi NpoHULaeMocTb onpenendetca BblpaxeHnem (17.16).
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PucyHok 17.6 — UnntocTpauma apdekTa ABOMHOIo NyYenpenomaeHms

Takum obpasom, oTpaxeHne HeOBObIKHOBEHHOW BOJSIHbI MOXET MPOUCXOAUTb OT AOBYX
YPOBHEN 3IEKTPOHHOM MSAIOTHOCTU — HUXE U BbIlE YPOBHS OTpaKeHUs1 O6bIKHOBEHHOM
BOJSIHbl. OBbIYHO HabgaeTca oTpaKeHMe TONbKO OT HMKHEro YPOBHS, a YacTb SHep-
MK, OTpasnBLLAsICS Bbille YPOBHS OTpaXXeHUs1 06bIKHOBEHHOW BOSTHbI, MOrfoLwaeTcs.

MomMumMo adhdpekTa ABOMHONO nyyenpenomsieHnss Npu KBasunonepeyHomMm pacnpo-
CTpaHeHun BOSHbI HabngaeTca adpdekt aghgpekm KommoHa-MymmoHa nnv aghgpekm
®oxxma, 3aknovarLwmnca B npeobpasoBaHUM BOSHbI SIMHEMHOW NONspu3aumMm B an-
NNNTUYECKYHO.

Mpn KBa3NNPOLONBHOM pacnpoCTPaHEHUM BOSHbI BOSTHA NIMHEMHOW nonapusauum
MOXeT ObITb NpeacTaBneHa B BUAE ABYX BOJSIH KPYroBOW nongpusaumm — ¢ feBbIM U
npasbIM HanpaeneHnem BpauweHus. [uanekTpnyeckad MNPOHULAEMOCTb cpeabl Ans
3TUX BOSH ByaeT onpeaensaTbCs COOTHOLLEHUSIMUA:

2 2
0] 0) 1
g =& 1- 0 =g l-————— |, (17.18)
CO(CO-FCOMH ) ) 1+ COMH
w
2 2
0] 0) 1
&, =gy 1— 0 =gl 1 -—2——|. (17.19)
2 0 0 2 W
CO(CO—COMH) @ 1— MH
w

Mpy NpoAoNbLHOM pacrnpoCTpaHEeHU BOMH B TMPOTPONHON cpeae AOoMmKeH Habmo-
aaTbca aghghekm @apadesi, 3aknovalolIMCa B MOBOPOTE YyrMa HakrnoHa BekTopa
HanpPsPKEHHOCTU 3NEKTPUYECKOro Mo U OCY MOMAPM3aLMOHHOIO 3Nnunca MarHMTHOro
Mons Nno Mepe pacnpocTpaHeHUs BOMHbI B Nasme.
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YKa3aHHbIN 3hdEKT ABNAeTCa MCTOYHUKOM OOMOSTHUTENbHbIX 3aMupaHuin. lNosic-
HUM 3TO Ha npumepe. [NycTb BonHa KB gnanasoHa, pacnpocTpaHssicb B croe F, npoxo-
ANT 3HAYUTESNbHbIA Y4acTOK Tpacchbl BOOMb MarHMTHoOro nond 3emnu. Torga B cuny
adpdekta Papages NrOCKOCTb ee nondpusaumm nosopaymsaetcd. OgHaKo u3-3a He-
CTabunbHOCTN MOHOCMEPLI YroN NOBOPOTa HEe OCTaeTCcs NOCTOSAHHLIM. CnefoBaTtensHO,
Ha BXo4e NMHEWHO MNOMSAPM30BaHHOM aHTEHHbl U3MEHSAETCS YypOBEHb MPUHUMAEMOro
cuUrHana, nocKosibKy AaHHaa aHTeHHa YyBCTBUTESbHA K Nonspusaumm nagarowen Bos-
Hbl.

Ha HM3KMX YacToTax BofHa C nokasaTtenem npenomMneHna

2
2 o)

n (cost =1) (17.20)

0w, COST

MOXET pacnpoCTpPaHATLCS BOOMb CUMOBbLIX NMHUIA 3eMnn Ha 3HauYuTesbHblE paccTos-
HUS. [JaHHble BOMHbI MMEKT BonbLuyto gucnepcuto. NCToOUYHMKaMn CUrHanoB Takoro Tu-
na SBNSKOTCS rPO30Bble paspsidbl, @ caMu CUrHanbl HasblBalOT ceucmswuMU ammo-
cghbepukamu.

Haunbonblwee BAnaHMe Ha pacnpocTpaHeHne pagvoBOSIH MarHUTHOE nose oKasbl-
BaeT B TOM crydvae, Korga paboyas 4actota 65m3ka K YactoTe rMpoMarHUTHOro peso-
HaHca. [Ina noHocepbl 3TO COOTBETCTBYET cpeHMM BonHaM. O4HaKO Takme SBneHus,
Kak MOBOPOT MMIOCKOCTM nonsipusaummn, Habnogaetcs B AMana3oHe KOPOTKUX BOSH U
paxe B gnanasoHe YKB.

17.4 PacnpocTpaHeHne paguoBOJSIH B MeXMNslaHeTHOW nna3sme

Mpy opraHM3auun CBS3N C KOCMUYECKUMU KOpabnamy HeobXOAMMO Yy4uUTbIBaTb
0COBEHHOCTW pacnpoCcTpaHeH s paanoBOIIH B MeXNnaHeTHOW nnasve.

MesxnnaHeTHas nnasma KkBasuHenTpanbHa. MIoHM3MpoBaHHbIE YacTULbl ABUraloTcs
B paguanbHOM HanpasBneHuy oT ConHua, aNMeKTpoHHas NNOoTHOCTb YObIBaeT ¢ yBenu-

YeHVeMm paccTosiHWA oT ConHua no KBaapaTWiHOMY 3akoHy. Bénmsn 3emnn N, ~ 60

an/cm®, noatomy yactota JleHrmiopa coctasnsieT BenuunHy f, = 70 k', HanpsxeH-

HOCTb MarHuTHoro nons pasHa H - =4-10° A/m. CpeaHne pasmepsl HEOAHOPOAHO-
cTeil MexnnaHeTHon nnasmbl okono 200kM, KpynHomacluTabHbIX HEOAHOPOOHOCTEN —
(0,1...1)-106 kM. HeogHopoaHocTn nepemeruatotca co ckopoctsamm 300..800 km/c. He-
O[IHOPOAHOCTM MMa3Mbl Bbi3bIBAOT MYKTYaUuyM amnnuTyabl, dasbl, yrna npuxoaa,
CreKTpa 3MeKTPOMarHUTHOro nonsi.

Ha pagvonuHuax 3emns — KOCMOC B MeXMNIaHeTHON nnasme 3MeKTpoMarHUTHoe

none 3aTyxaeT crnabo (KOaULMNEHT 3aTyxaHus o =~ 4.1072! ab/km). Ha anektpo-
MarHUTHOEe MoJfie OKa3blBalOT BIIUSIHUE OCHOBHbIE MOTEPU PagUONIMHUM U 3aTyxaHue
BOMHbI B atMocdepe 3emnu. [lnanasoH 4acToOT OrpaHM4YeH oTpaXatowmmmy 1 normoLla-
WMMKM cBomMcTBaMn atmocdepbl 3emnun. PagnoBonHbl ¢ AnnHon BosiHbl 6onee 10m
oTpaxatTcsl OT MOHOChEepbl, MO3ITOMY OHW HE MOTYT OblTb MCNOSb30BaHbl A5 OpraHu-
3aumn paguonuHmm 3emrisi — BHELLHSAS MoHocgepa (kocMoc). BepxHsas rpaHuua 4acTorT,
KOoTopble MOryT ObITb MCMONb30BaHbI OS5 JAaHHOW NUHUK, onpefensieTca 3aTyxaHuem
nonis B Tponocgepe n pasHa npumepHo 10y,
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B paguonnHuax 3emna — NC3, TpaekTopnsa KOTOPbIX HAaXOAUTCS BO BHYTpPEHHEN
noHocdepe, Bo3amoxHa pabota B8 OBY n BY gnanasoHax.

Mpn npoxoxgeHun pagnmoBOSIHOM MOHOCAEpPLl nposBnsieTcs adpdekt dapages.
Yron noBopoTa NfocKoCTM Nonsipusaumm 3aBUCUT OT YaCTOTbl, 3€HUTHOTO Yrfia Ha TOYKY
HabngeHnss U HenpepbiBHO MeHsieTca. MakcumarnbHble ero 3HadeHnsa OT eduHUL, OO0
TbicaY rpagycoB. [ns 60pbObl C NONAPU3ALMOHHBIMW 3aMUPAHNAMU NPUMEHSIOT nepe-
Aaroume 1 NnpueMHble aHTEHHbI C KPYroBOW nosnisipusaumen.

Pedpakums BonHbl B Tponocgepe n nMoHocdepe NpuBoauT K pedpakumoHHOM
ownbKe B U3MEPEHUAX YINOBbLIX KOOPAMHAT KOCMUYECKOro kopabns. pedpakumMoHHOM
OLUMOKOM ABNKAETCS Yrosi Mexay UCTUHHBIM HanpasfieHMEM Ha KOCMUYECKUA OBBLEKT 1
KacaTenbHOW K TPaeKTopun BOSHbI B TOYKe HabntogeHus. PedpakuymoHHble ownbku B
Tponocdepe N noHocdepe CyMMUPYIOTCA U PE3KO YMEHbLUIATCH C yBeNIMYeHMEM Ya-
CTOTbI.

Ha kocMuyeckmx pagnonmHmnax CyLecTBEHHbI MOMEXN, BO3HMUKalOLWMe 3a cYeT pa-
ANOU3NYyYEHUs, CO30aBaEeMOro BHE3eMHbIMU MUCTOYHMKaMU. OCHOBHBIM MCTOYHUKOM
KocMmn4yeckux nomex apnsietcs anaktuka. Ha ee nsnyyeHue HaknagbiBaeTcsa n3nyde-
HWe AUCKpeTHbIX UcToyHukoB (ConHua, nnaHeT, 3Be3n). PaguounsnydeHune [anaktuku
0COBEHHO MHTEHCUMBHO MNPUHMMAETCs aHTEHHOW B e€e 3KBaTopuasrbHOW MMOCKOCTU B
HanpaBneHun UueHTpa [anakTuku.

Ha vactotax, 6onbwunx 1 MU, wWymMbl 3a cyeT paguounsnyyeHus atmocdepbl cTa-
HOBATCS NpeobnagarLmnmum.
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