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YIJe6Hoe noco6ue cocmaeJleHo npoifJeccopoM 6a3oeou KarjJeopbz 
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Ha3apeHKO M. A., Cbipecuu E. M. 
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Ilpe~UCJIOBHe 

Kypc neKUuii npe.zura:maqaeTCH ,niDI cry,neHTOB HH)KeHepno-qmJuqecKux 

cneUHMbHOCTeii. B OCHOBe KypCa ne)KaT neKUHH ,niDI cry,neHTOB Ka<!Je,npbl 

"3neKTPOHHKa <lJH3H'IeCKHX yCTaHOBOK", OpraHH30BaHHOH B ,ny6HeHCKOM <lJHnHane 

MocKOBCKoro rocy,napCTsennoro HHCTHTJTa pa,nHOTeXHHKH, 3neKTPOHHKH H 

'imTOMaTHKH (MMP3A) npH Yqe6Ho-HayqHOM ueHTPe 06'be,l(HHeHHOro niicmwa 

JI,nepHbiX nccne.nosaHHii. 

Kypc neKunii BKmoqaeT B ce6H rueCTb paJ,nenos: "3neKTPHqeCTBO H 

MarHeTH3M"; "BonHbl ll OllTHKa"; "MaKpo:meKTPO.l(HHaMHKa", "Pa,nnoTeXHHKa li 

TeXHHKa CBepXBbiCOKHX qaCTOT"; "Pa,nHonepe,naiOIUHe YC'fPOHCTBa li TeOpHH paCCeJIHHJI . 
3neKTPOMafHHTHbiX BOnn"; "lfJnyqenne JapJI)KeHHbiX qaCTHU, nyqKOBble TeXHonornH, 

naJep mi cso6o.nnili 3neKTPOHax". MaTepnan TPex nepBbiX paJ,nenoB qaernqno 

. ~6c~aeTCJI B Kypce o6meii <iJH3HKH, lfllTaeMOM CTy,neHTaM liH)KeHepHbiX 

cneunanbHOCTeii.. l.JeTBepTbiH paJ,nen nOCBHIUeH <!JnJHKe .. 3neKTP<?Marn.~THbiX. BOnH 

CBl.J-.nnanaJoHa qaCToT. B nHTOM paJ,nene paccMOTPeHbi anTeHHbi n Teop~ pacceJIHHH 

3neKTPOMarHHTHbiX BOnH. 3TH paJ,nenbi JIBMIOTCJI 6aJOBb1Mll ,niDI •llH)KeHepOB

<lJH3liKOB, cneunanH3HpyroiUHXCJI B o6naCTH YCKOpHTenbHOH TeXHHKH, 3neKTPOHHKH ll 

aBTOMaTHKH <iJHJnqecKHx ycTaHOBOK. B rueCToM paJ,nene npHBe,nena KnaccHqecKaH 

TeopHH renepaunn 3neKTPOMarHHTHoro HJnyqeHnH JapJI)KeHHbiX qaCTHU. 3,necb TaK)Ke 

OllliCbiBaiOTCJI <!JnJnqeCKHe yCTaHOBKH, OCHOBOH KOTOpbiX JIB~eTCJI TeOpHH 

3neKTPOMarnHTHoro noM, n nepe,noBbie nyqKOBbie Texnonornn, .nonyqHBWHe 

mnpoKoe paJBHTHe Ja nocne.nnne ,necJITb neT. B Kypce neKuHii ,neTanbHO 

paccMaTPHBaeTCH CHHXPOTPOHHOe HJnyqeHHe 3neKTPOHOB B <lJHJHqecKHX yCTaHOBKax li 

ero npnMeHenne B HaYKe n TexnnKe. O.zurnM HJ nepcneKTHBHbiX nanpaBneHHii 

'paJBHTHH naJepnoii TexHHKH HBMeTCH coJ,nanne nepecTPaHsaeMoro naJepa Ha 

c~;o60,l(HbiX 3lleKTPOHax Ha OCHOBe MOHOXpOMaTnqeCKOfO HJnyqeHHH ll3 OH,nynHTOpa, 

TaK)Ke o6c~aeMoro B Kypce neKuHii. 

B paMKax npnse,nennoro MaTepHana npe,nnonaraeTcJI 3HaKOMCTBO cry,neHTOB 

Mna,nmnx KypCOB, KaK C acneKTaMH TeOpHH 3neKTPOMarHHTHOfO nOM, T~ ll C pH,nOM 

3meKTPo<iJHJHqecKnx yCTaHOBOK n Texnonornii, o6c~aeMbiX B Kypce "<l>nJnqecKne 
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ycTaHOBKH". 3TO JHaKOMCTBO C <!Jn3HKOH ll TeXHHKOH CBepXBbiCOKHX qaCTOT OKa)KeTCJI 

noneJHbiM npll pa6oTe Ha,l( KypCOM "Pa,nHOTeXHHKa ll TeXHHKa CBepXBbiCOKHX qaCTOT". 

Kypc neKUnii mrnpaeTcH na .nsyxTOMHYIO MOHorpa<iJHro H. H. MeiiiKoBa, 

E. B. l.JnpnKOBa "3neKTPoMarnnrnoe none", npe.zuraJHat.IeHHYIO ,nm~ cry,neHTOB 

<!Jn3nt.IecKHx <!JaeynhTeTOB ynnsepcnTeTOB. B Monorpa<!Jnn nJnO)KeHne se,neTcH B 

rayccosoii cnCTeMe e.nnnnu. B ,naHHOM Kypce neKunii TeopnH 3neKTPOMarnnrnoro 

noM npe,nCTaBnena B Me)K.l(ynapo.zuroii cnCTeMe e,nnnnu (CM). 

ABTopbi Bblpa)KaiOT 6naro,napHOCTb q:neny-Koppecnon,nenzy P AH, ~po<!J~ccopy 
11. H. MemKOBY Ja MHOfO'IHCneHHbie ooc~emrn npn COJ,naHHll .ziannoro Kypca 

neKUnii. ABTopbi 6naro,napHbi H. C. Cepreesoii Ja noMOIUb B no,nroTOBKe PYKOnncn, 

A. H. llla6amosoii - Ja TIUaTenhnoe pe,naKTnposanne PYKOnncn, T. A. CTenanosoii -

Ja noMOIUb B no.nroTOBKe noco6HJI K.nJ,nannro. 
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3JieKTpH'IeCTBO H MarHeTH3M 

JleKU.HH 1. 3neKT{loCTaTnKa n MarnnToCTaTHKa, ypaBHeHHH MaKCBeJIJia 

B HHTerpaJILIIOH H ~nr!Jr!Jepeuu.uaJILHOH r!JopMe, DpHHU.HD OTHOCHTeJILHOCTH B 

3JieKT{lO~JIHaMHKe 

3JJeKmpocmamuKa u MaznumocmamuKa, CKWIRpHblU u BeKmopHblu nomeHlfUWlbl 

CKam!pHbiH DOTeHU.HaJI OT CHCTeMbl 3apx,nOB C DJIOTHOCTbiO p paBeH [1] 

-J p(r')dv' 
cp- - - . 

4ne0 lr -r1 
r~e r'- KOOp~HaTa 3apx,na C DJIOTHOCTbiO p(r'), r- paCCTOHime OT HaqaJia CHCTeMbl 

OTCqeTa ~0 TOqKH Ha6mo~eHH.Sl. rp~HeHT nOTeHU.HaJia onpe~eiDieT 3JieKTpHqecKOe 

none c minpiDKeHHOCTbiO E [1]: 

£ = -vrn = {acp e + acp e + acp e ) 
't' OX X ()y y oz z • 

BeKTophl 3JieKTpHqecKoii HH~)'Kil:HH D u uanpiDKeHHOCTH 3JieKTpHqecKoro 

nOIDI E CB.Sl3aHbl COOTHOIIIeHHeM [1] 

- -D =e0eE, 

r~e e - ~H3JieKTpHqecKa.SI npouHu.aeMOCTL cpe~bl. 

ToK c nnoTHOCTbiO j co3~aeT MarHHTHoe none, BeKTopuhlii noTeHIIHaJI 

KOTOporo paBeH [2, 3] 

BeJIHqHua ~)'Kil:HH MarHHTHOrO nOIDI H BeKTOpHhlii nOTeHIIHaJI CB.SI3aHbl 

COOTHOIIIeHHeM [2, 3] \,, 

ex ey ez 

- - - -1~ ~ i 
B=rotA='VXA- ox oy oz 

A A Az X y 
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BeKTopHbiH noTeHU.HaJI oprorouaJieH BeKTopy MarnHTHoro , noiDI H napanneneu 

BeKTopy nJIOTHOCTH TOKa: 

A.LB, 

All]. 
BeKTop HH~)'Kil:HH II HanpiDKeHHOCTb MarHIITHOrO nOIDI CB.SI3aHbl COOTHOIIIeHIIeM 

- -
B = J.loJ.tH' 

r~e J.1 - MarHHTHa.SI npOHIIU.aeMOCTb cpe~bl. 

JlpUMep 1. OoHopooHoe Ma2HUmHoe nolle c HanpJl:JICeHHocmbJO Hz 

lf3 OprOrOHaJibHOCTII HanpiDKeHHOCTII MarHHTHOrO nOJI.Sl II BeKTOpHOrO 

noTeHU.IIaJia cne~yeT, qro Az = 0. BenHqiiHa MarHIITHoro noiDI Hz MO)I(eT 6b1Tb 

Bbipa)l(eHa qepe3 Ax- II Ay-KOMnoueHTbi BeKTopuoro noTeHU.IIaJia: 

H =- oAx.+ oAY 
z ()y ax . 

,!(IDI AY = 0 Ax-KOMnoueuTa paBHa 

A .. =-HzY· 

JlpUMep 2. Jlo!le 6ecKOHe'lH020 npoeoOHUKa c moKOM I 

.A31IMYTaJibHa.SI KOMnOHeHTa Hanp.SI)I(eHHOCTII 

6ecKOHequoro npOBO~IIKa, no KOTOpOMY TeqeT TOK [, paBHa 

H =-[-=rotA= oA,- oAz. 
q> 27tr oz . or 

MarHIITHOrO nOIDI 

B CIIJIY 3KBIIBaJieHTHOCTII BCeX .ToqeK Z ~ 6eCKOHequo MIIHHOro npOBO~a 

p~IIaJibHa.SI KOMnoueum BeKTOPH?ro nOTeHIIH~a pa~ua uyn10: A, = 0. 

A3HMYTaJihHa.SI KOMnoueHTa uanpiDKeHHOCTH MarHHTHoro noiDI paBHa 

H =- oAz =-~-· 
q> or 2nr. 

Orc10~a uaxo~HM npo~OJibHYIO KOMnoneHTY BeKTopuoro noTeHU.IIaJia A,: 

- I 
A =-f.n(r). 

z 21t 
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Ypaanenull MaKCBeJllla B unmezpanbnoii u ouqujJepen~uanbnoii fjJopMe 

B COOTBeTCTBlUI C TeopeMOH raycca nOTOK BeKTopa 3lleKTPnqeCKOH HH~)'KII:HH 

D no 3aMKHYTOii nosepxHOCTH paBeH CYMMe 3apJ~,Z:~OB q, naxo,lVIru;nxca BHYTPH 

~aHHOH noBepXHOCTH [1): 

J DdS = q/Eo · 

B ~n¢¢epenunanhnoii ¢opMe 3TO ypasnenne MO)l(eT 6biTb nepenncano B cne~YJOmeM 

BH~e [2, 3): 

divD = _e_, 
Eo 

divD = oDx + oDY + ()Dz. 
ox ay oz 

lfHTerpan no 3aMKHYTOH nOBepXHOCTH ~ BeKTOpa MarHHTHOH HH~YKUHH 

scer~a ()6pamaerca B nonh H3-3a OTCYTcTBHH "MarHHTHbiX 3apa~os" [1]: 

J.Bas =O. 

B ~n¢¢epenunanhnoii ¢opMe 3TO ypasnenne nMeer B~ 

divB=O. 

CKOpOCTb H3MeHeHHH MarHHTHOrO nOTOKa onpe~elllleT 3,li;C, HaBO~HMYJO 'B 

3aMKHYTOM KOHTYPe (3aKoH <l>ap~ea) [1]: 

E =- d<l> 
dt . 

3To ypasnenne MO)l(eT 6b1Tb nepenncano B BH~e 

J-- J - - JdB -E = EdR. = rotEdS = atdS, 

r~e HHTerpaJi no df 6eperca B~Ollb 3aMKHYTOfO KOHTypa, OXBaTbiBaiOIUero TIOTOK, E

Hanpll)l(eHHOCTb 3lleKTPnqecKOfO noM B~Ollb Komypa. lf3 3T0f0. COOTHOIIIeHHH 

VPHXO~M K 3aKoHy <l>apa~ea, 3anncaHHOMY B ~¢¢epenunanhHOii ¢opMe [2, 3]: 

- aii 
rotE=-ar· 
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Bnxpesoe 3neKTPnqecKoe none nopo~aerca nepeMeHHhiM MarnnrnhiM noneM. 

Haii~eM CBH3b Me~y seKTopoM nanpa)l(eHHOCTH nepeMeHHoro 3neKTP~ecKoro noM 

H CKallllpHbiM H BeKTOpHbiM nOTeHUHallaMH. YpaBHeHHe ~rotE nepennrneM B BH~e 

- aii a -rotE=--= --rotA ar ar · 

(- aA.) rot E+at =0. 

Bocnonb30Basrnncb ycnosneM, qTo 

npnxo~nM K pe3ynhTaTy 

rotV'<p = 0, 

- a -E+-A=-V'<p. ar 
,lJ;nH nepeMeHHOfO 3lleKTPHqeCKOfO noM BeKTOp HanpH)l(eHHOCTH, CKanllpHbiH 

H BeKTOpHbiH nOTeHQHallbl CBH3aHbl COOTHOIIIeHHeM 

a A. £ = -v<p-at. 

IJ;npKynHUHll Hanpll)l(eHHOCTH MarHHTHOro nOM B~Ollb 3aMKHYTOf0 KOHTYPa pasHa 

CYMMapHoMy TOKy, Haxo,lVIru;eMyca BHYTPH3Toro KOHTYPa (TeopeMa CToKca) [1]: 

J Hdf =I+ JCM ' 

r~e I - TOK B nposo~HHKe, IcM - TOK CMemeHHH, o6ycnosneHHbiii snxpeBbiM 

3neKTPnqecKHM noneM. Ypasnenne o unpKynHUHH MarHHTHoro noM nerKo MO)l(eT 

6b1Tb nepenncano B ~n¢¢epenunanbHOii ¢opMe 

- ~ aiJ 
rotH =J+-, ar 
~ aiJ 
lcM =a,· 

Tipnse~eHHble HH)l(e ypaBHeHHH HOCHT Ha3BaHne ypasnennii MaKcsenna [1]: 

divD =_e_, divB = 0, 
Eo 

rotE=- aii 
ar · 

rotH=]+ ajj ar · 
9 



llpunl{un omnocumeJJbHocmu B 3lleKmpoduHOMUKe 

CKamipHbiH H BeKTopHbiH noTeHIIHaJibl npeJ(CTaBIDIIOT co6oii 4-BeKTop 

A;= (cp, A) [3], · aHaJIOrH'IHblii 4-BeKTopaM KOOpJ(HHaThi H BpeMeHH, :meprnH H 

HMrry.llbCa. flpH nepeXOJ(e H3 OJ(HOH CHCTeMbl OTCqeTa B J(pyryiO 4JopMyJibl 

npeo6pa30BaHWI J(mi nOTeHIIHaJIOB HaxOJ(JITCH HenocpeJ(CTBeHHO H3 06IIIHX lPOPMYJI 

npeo6pa3oBaHWI 4-BeKTopa [3]: 

I VA' cp +- X 
c 

cp= {7"' 
vl-~ 

V I A' +-cp 
X C 

A=g X V 

l-
c2 

Ay = A~, Az = A~. 

llpeo6pa30BaHHe JlopeHIIa J(IDI 4-BeKTopa noTeHIIHaJia n03BOIDieT OCYIIIeCTBHTb 

nepexoJ( OT KOMnOHeHT :mercrpHqecKoro H MarnHTHoro noneii B na6opaTopHoii 

CHCTeMe ~ KOOpJ(HHaT K KOMnOHeHTaM nOIDI B J(BH)I(YllleHCH CHCTeMe KOOpJ(HHaT. 

YqHThiBM, qro 

E=-Vcv- a.4 
ar • 

nonyqaeM cneJ(ywiiiHe 4JopMyn~>I npeo6pa3oBaHWI J(mi :mercrpHqecKoro nomi [2, 3]: 

Ex =E:, 

V I 
E' --Hz 

y c 

EY = ~l-v2/c2' 

V I 
E' --HY z c 

Ez = ~l-v2/c2 

BocnOJib30BaBinHCb COOTHOilleHHeM B = rotA , HaiiJ(eM npeo6pa3oBaHHe 

MarHHTHOro nomi: 

Hx =H:, -====:=-:::-• 

V I 
H' --Ey z c 

H = ~ 2/ 2 z 1-v c 

J(mi 

TaKHM o6pa30M, :mercrpHqecKoe H MarHHTHOe nOIDI OTHOCHTe.llbHbl, HX 

CBOHCTBa pa3llHqffbJ B pa3Hb!X CHCTeMax OTCqeTa. 
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BoJIHhl u onTHKa 

JleKIIIIH 2. BOJIHOBOe ypauneniie J(JIH JJieKTpOMariillTHOrO nOJIH ll noTeHIIllaJIOB, 

JHepntH JJieKTpOMarHUTHhiX BOJIH, KUHel\taTUKa BOJIHOBblX npoueCCOB. 

BoliHOBble ypaBnenuR dliR 3lleKmpu'lecKozo E u Maznumnozo H nolleii, 3HepzuR 

3JieKmpO.lltUZHUmHblX 60JIH 

3anHrneM ypaBHeHHH MaKCBenna B OTCYTCTBHe 3apHJ(OB p = 0 H TOKOB j = 0: 

rotE,;_ ajj 
dt' 

rotH= ai> 
dt . 

KaK cneJ(yeT H3 JTHX ypaBHeHHH, BHxpeBoe JnercrpnqecKoe none nepexOJ(HT B 

MarHHTHOe none, H Hao6opOT: MarHHTHOe none nepexoJ(HT B JnercrpnqecKoe: 

H¢=:}E. 

flpH 3TOM BeKTOp HHJ(YKIIHH MarHHTHOrO nomi BCerJ(a OpTOrOHaJieH BeKTopy 

JneKrpnqecKoro nomi: 

B .lE. 

flnOTHOCTb JHeprHH MarHHTHOrO nonH paBHa IInOTHOCTH JHeprHH JJieKTpHqeCKOrO 

IIOIDI: 

2 B2 
££oE = - ' 

W = -2 2!-loJ.l 

B 
.,J£E; E = .JI-loJ.l . 

3annrneM ypaBHeHHe J(mi rotrot(H ): 

- - r -) a - a - a2 ii 
rotrotH = -Ml + grad\divH =-rotD =-;- £0crotE = -E0J.l0EJ.l--;-2. 

· · dt ut · ut 

llOCKOJibKY divH = 0, IIpHXOJ(HM K BOnHOBOMY ypaBHeHHIO J(IDI JnercrpoMarHIITHbiX 

noneii 

llJ 



- d 2H 
till- E0~0E~7 = 0, 

_ a2E 
till- Eo~oE~ at2 = 0, 

1 8 c 
r,ll;e C = ~ = 310 Mfc - CKOpOCTb CBeTa B BaK)'YMe, Ccp = ~ - CKOpOCTb CBeTa 

vEo~o vE~ 

B cpe,~~;e c noKaJaTeneM npenoMneHWI n = ~ . 

Bomwaoe ypaaueuue Ollll nomeHl(UaJlOB 

3neKTPOMarHIITHbie TIOJUI MOryf 6biTb Bbipa:>KeRbl 'lepe3 CKaJUIPHhlll II 

BeKTOpHblll TIOTeHQIIallbl B BII,ll;e 

- -B =rotA, 

- ax E=---Vcp. at 
B OTCyrCTBIIe 3apll,ll;OB II TOKOB 3lleKTPII'leCKOe II MarHIITHOe TIOJUI B- BOnHe CBJI3aHhl 

COOTHOWeHIIeM 

rotH= ajj 
at · 

KOTOpOe MO:>KeT 6biTb nepeTIIICaHO B BII,ll;e 

1 - a2 X acp 
--rotrotA = -EE0 - 2

-- EE 0 V-. 
~~0 ~ ~ 

YlliiTbiBaJI paseHCTBO 

rotrotA = -M + grad(divA), 

llp1IXO,ll;IIM K COOTHOWeHIIIO 

- a2X ( - acp) M-Eo~o~E at2 -grad divA+EEo~oE-ar =0. 

Bocnonb30BaBmiiCb ycnoBIIeM Kan1I6poBKH ,ll;JUI noTeHQIIanOB [2, 3] 

. - acp E~ 
divA+-·-=0, at c2 

12 

TIOJIJ'laeM BOllHOBOe ypaBHeHIIe ,ll;JUI BeKTOpHOfO TIOTeHQIIana 

2-
M- E~.a A=o. 

c2 at2 

AllanOfii'lHblll BII,ll; IIMeeT BOllHOBOe ypaBHeHIIe ,ll;JUI CKaJUipHOfO TIOTeHQIIana: 

t.cp- E~ ." a2cp 
c2 at2 = 0 

KuueMamuKa BOJliiOBblX npm(ecco_a, nllOCKite BOJlllbl 

B TillOCKOll BOnHe 3lleKTPOMafRIITHbie TIO!DI 3aBIICJIT lliiWb OT O,ll;IIOll 

KOOp,ll;IIHaThi - z: E = E(z), H = H(z) [1]. BonHosoe ypasHeHIIe B 3TOM cnJ'lae IIMeeT 

BII,ll; 

a2E E~a 2E -,-=----, 
az 2 c2 at 2 

E l_ H l_ z. 

PeweHIIe ypasHeHIIll ,ll;JUI nnocKoii sonHhi MO:>KeT 6hiTb 3aiiiica:Ho B !l>opMe 

E = f(z-vt), 

, c 
v=±~. 

MouoxpoMamu'lecKue BOJlllbl 

PacCMOTPIIM TillOCKyiO BOllHY ~ MOMeHT BpeMeHII t = 0: 

E(z, 0) = E0eikz, 

k 
2n B ~ ~ 

r,11;e =- - BOllHOBOe 'iiiCllO. OnHa Ha3biBaeTCJI TillOCKOII MOHOXpOMaTII'leCKOII 
I. 

BOllHOll, ecnii ,ll;JUI Hee peanii3YeTCH Clle,ll;yiOIQall 3aBIICIIMOCTb ,OT BpeM.eRII II 

KOOp,ll;IIHaTbi: 

E = E ei(kz-wt) 
l 0 ,, 

13 



r.ne (I} - tiaCTOTa BOJIHbl. l!aCTOTa BOJIHbl ll BOJIHOBOH BeKTOp ,ZJ;JIH IillOCKOH 

MOHOXpOMaTHtieCKOH BOJIHbl CBH3aHbl COOTHOIIIeHHeM 

w= kv = 2nv 
')..' 

J1oJJRpU3Ul(WI 6011Hbl 

,[(nH KpyroBoii nonxpma~nn BOJIHbi B 4JnKcnpoBaHHoii TOtiKe z BeKTopbi A , E 

H B Bpa~QaiOTCH C yrnOBOH CKOpOCTbiO, He ll3MeHHHCb no a6COJIIOTHOH BeJIH'IHHe. 

BonHa o6na.naeT KpyroBoii nonxpn3a~neii n HaJLIBaeTCH npaaononxpn30BaHHoii, ecnn 

BeKTOpHbiH IIOTeH~M HMeeT Bll,ll; 

An = Aoei(kz-wt) 

B cnyq:ae neaononxpn3oBaHHoii BOJIHbl y 4Ja3b1 BOJIHbl .non:lKeH 6b1Tb 3HaK "MnHyc": 

A _ A e-i(kz-ult) 
n - 1 • 

3nnHnTHtieCKH-nOnHpll30BaHHaH BOJIHa COCTOHT ll3 KOM6HHa~H neBOnOnHpH30BaHHOH 

ll npaBononHpH30BaHHOH BOJIH: 

A=Arr+An. 

BonHa o6na.naeT nnHeiiHoii nonxpn3a~neii, ecnn aMrrnnry.na 

neBOIIOnHpll30BaHHOH BOJIHbl paBHa aMnnnry,ZJ;e npaBOnOnHpll30BaHHOH BOJIHbi: 

An =±An, 

A1 = 2Aow cos{kz- wt ), A2 = 2iAsin{kz- wt ), 

npn nnHeiiHoii nonxpn3a~nn BeKTopbi A , E n B H3MeHHIOTCH no BenntiHHe, He 

H3MeHHHcb no HanpaaneHnro. 

~ 

11 Bo11noaou aeKmop, 3ppeKm /(01mepa 

BOJIHOBOH BeKTOp ,ll;liH nnOCKOH BOJIHbl HanpaBneH B,li;Ollb BeKTopa n , 

xapilKTepnJyromero HanpaBneHne pacnpoCTpaHeHHH BOJIHLI: 

k. = kii, ii II z. 
14 

):(m!: nnOCKOH BOJIHbl C 3JIJIHnTHtieCKOH II01IHpH3a~neii 3JieKTPOMarHHTHbie noJIH B 

3aBHCHMOCTH OT KOOp,ZJ;HHaTbl ll BpeMeHH OIIpe,ZJ;eJIHIOTCH COOTHOIIIeHHeM 

A= Arreie +Ane-ie' 

r.ne 8 = k z z - wt - 4Ja3a BOJIHbi. l!acr~>Ta BOJIHbi H3MemieTCH npn nepexo.ne H3 

na6opaTOpHOH CHCTeMbl KOOp,ZJ;HHaT B ,li;BH:lKymYJOCH CHCTeMy KOOp,li;HHaT (TaK 

HaJbiBaeMLiii 34J4JeKT )J;onnepa). 3annrneM npeo6pa3oBaHHH JiopeH~a .lmH Koop.nuHaT u 

BpeMeHn npn nepexo.ne H3 na6opaTopHoii cucreMbl Koop.nuHaT K cucreMe KCJOp.nuHaT, 

,ZJ;BH:lKymeiiCH CO CKOpOCTbiO V B,ZJ;Ollb OCH X (napaMeTpbi B ,li;BH:lKymeiiCH CHCTeMe 

o603HatieHbl IIITpHXOM) [1): 

x = y(x' + vt'), y = y', 
I 1 VX ( ') z=z, t=yt+-;z· 

Ha OCHOBe 3THX COOTHOIIIeHHH Haii,ZJ;eM. npeo6pa30BaHHe ,ll;liH 4Ja3bl BOJIHbl npn 

nepeXO,ZJ;e H3 na6opaTOpHOH CHCTeMbl KOOp,li;HHaT B ,ZI;BH:lKymyiOCH CHCTeMy KOOp,li;HHaT: 

I 1 1 VX ( ') 8=kxx-wt+kyy+kzz=~xy(x +vt )-.my t +-;z +kyy+kzZ· 

3TO COOTHOIIIeHHe nepeiiHIIIeM B BH,ZJ;e 

8 = yx'( kx- ~~ )...:y(w- kxv )t' + kyy' + kzz'. 

Ilpu nepeXO,ZJ;e OT na6opaTOpHOH CHCTeMbl KOOp,li;HHaT K ,li;BH:lKymeiiCR CHCTeMe 

KOOp,li;HHaT tiaCTOTa ll KOMnOHeHTbl BOJIHOBOrO BeKTopa U3MeHRIOTCR IIO 3aKOHy 

w'=y(w-kxv), k:~{kx-~~).k~=ky, k~=k=. 
Arur 31IeKTPOMarHHTHOH BOJIHbl, pacnpOCTPaHRIOmeiicR B BaKyyl\le, 'JaCTOTa 

paBHa 

w .= kc. 

B pe3yllbTaTe tiaCTOTbl B ,ZJ;BH:lKymeiiCH,CHCTeMe KOOp,li;HHaT ll B na6opaTOpHOli CIICTCl\IC 

CBH3aHbl COOTHOIIIeHHeM 

w' = y,.f1_ vcosa.) • 

.. \. c 
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r.L(e a. - yron Me)I(J{y nanpaBnenueM CKopocru cucreMI.I KOOp.L(HHaT u nanpaBnenneM 

pacnpocrpanenux BOnHbi. llpu a.= 0 nMeeT MeCTo mmeH:HbiH 3<lJ<lJeKT ,[(onnepa 

w'=w{1-~} 
KOr,[(a (0- W' oc Wvj C. flpu a.= rr/2 TJaCTOTa B ,[(BH~eHCH CHCTeMe KOOp.L(HHaT paBHa 

w' = yw. 

lf3MeHeHue TJaCTOTbl npu nepeXO,[(e OT ,[(BH~eHCX CHCTeMbi KOOp.L(IIHaT K 

na6opaTopnoH: KBa.L(paTHTJHO 3aBHCHT OT CKopocru KaK w- w' oc wv
2 

/ c
2

• B 3TOM 

cny-qae roBopxT o KBa.L(paTHTJHOM 3<lJ<lJeKTe ,[(onnepa. 

JleK~HB 3. Pacnpocrpanenue 3neKTpoMarHHTHLIX BOJIH, reoMeTpn'lecKaH onTnKa 

H ee 3aKOHhi, KOrepeHTHOCTh, ,[(H<lJpaK~HH BOJIH H HHTep<iJepeH~HH 

Pacnpocmpanenue 3JleKmpo.MaznumHblX BOJIH 

llnocKax Bonna xapaKTepu3yeTcx TeM, 'ITO ee nanpaBnenue pacnpocrpanenux 

II aMnnuTy.L(a BOnHbi Be3,[(e O,[(IIHaKOBbi. BonHbi MOI)'T fihlTb He nnOCKIIMII, HO I1X 

MO)KHO paCCMaYpHBaTh B npu6nu)KeHHII nnOCKIIX MOHOXpOMaTH'leCKIIX BOnH npn 

ycnOBIIII [3] 

till<< E, !lx::: A, llR << R. 

flpu6nu)KeHHe llnOCKOH BOnHhl COOTBeTCTByeT ycnOBIIIO paBeHCTBa <lJa3bi 

BOnHbi BO BCeX TO'lKaX BOnHOBOH noBepXHOCTII ,[(nH ,[(aHHOrO MOMeHTa BpeMeHH. 

reoMeTpH'leCKaJI OllTHKa paCCMaYpHBaeT pacnpocrpaHeHHe 3neK1J)oMarHHTHbiX BOnH 

KaK pacnpocYpanenue ny-qeH:. Jly-qu npe.L(CTaBnHIOT co6oH: nunuu, KacaTenbHbie K 

KOTOpbiM COBna,[(aiOT C HanpaBneHHeM pacnpocrpaHeHHX BOnHbi. liHTeHCIIBHOCTb 

(i CBeTOBOrO llOTOKa OT TO'le'lHOrO IICTO'lHHKa paBHa [3] 

I = const 
2 • 

R 

3neKYpH'leCKOe none c<lJepuTJeCKOH BOnHbi II3MeHXeTCX no 3aKOHY [3] 
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const ikR 
E=--e 

R 

B 3aBIICIIMOCTII OT paCCTOHHIIX R OT TOTJe'lHOrO llCTO'lHHKa. 

FeoMempu'leCKtlR onmuKa ll ee 3UKOHbl1 KozepeHmHOCmb 

flnOCKaJI MOHOXpOMaTH'leCKaJI BOnHa BO BCeX TO'lKaX y.L(OBneTBOpHeT ycnOBIIIO 

E = const. 

TaKM BOnHa 6eCKOHe'lHa BO BCeM npoCTpaHCTBe II COOTBeTCTBYeT BpeMeHHOMY 

llHTepBany - oo < t < oo : 

E = E(t)·e-iroot, 

• r.L(e E(t) - <PYHKUHX BpeMeHu. CneKYpanbHax nnoTHOCTb nanpH)l(eHHOCTH nonx BOnHbi 

~ 
">- paBHa [2] 
~ 
~ Ero = J E(t)-ei((J)-roo)rdt. 

liiHpHHa cneKYpa II BpeMeHHaJI npOTH)KeHHOCTb BOnHbl CBH3aHb1 COOTHOIIIeHHeM 

neonpe.L(eneHHOCTH [2, 3] 

lltllw = n. 

lliupHHa cneKYpa xapaKTepH3YeT KOrepeHTHOCTb 3neKYpOMarHHTHOH BOnHbi. 

~anOrH'lHOe COOTHOIIIeHHe Heonpe,[(eneHHOCTII peanH3YeTCX 

BOnHOBbiX 'lHCen II KOOp.L(HHaT [2, 3]: 

Ilk x!:,.x =: 1t. 

B npocrpaHCTBe 

HanuTJue Bbipe3aiOmeH: menu (orpaHn'leHHm:o npocrpaHCTBa B nanpaBnenuxx xu y) 

npHBO,[(IIT K B03HIIKHOBeHHIO c<lJepH'leCKOH BOnHbl C yrnOBbiM pacXO)I(,l{eHHeM 

e = llkx =-1-=!:_ 
X k /:,.xk - /:,.x ' 

A e =
' fly. 

reoMeTpH'leCKaJI OllTHKa "pa60TaeT" npu ManOR MHHe BOnHbi A~ 0. 

06'1e,QHHeHH1IH JIHCTH'fyT· 

SI.QepH1Ii7 Mccrre,[{osamnl:: 

Bl1Bnl10TEKA 



It 

J(urjJpaKl{UR u unmeprjJepeHl{UR 

,[(n!lJpaKUIDI rrpe.l(CTaBmrer co6oii: om6aHIIe CBeTOM 3KpaHoB II Herrpo3paqHhiX 

Ten. ,lJ;II!lJpaKUIIH 3neKTPOMarHIITHhiX BOnH HeiiOCpe.l(CTBeHHO CBHJaHa C COOTHOIIIeHIIeM 

Heorrpe,l(eneHHOCTll: menh rrporrycKaeT BOnHOBOH yqaCTOK !lJpOHTa IIIllpllHOH d ll 

BHOCllT pa36poc IIOIIepeqHhiX BOnHOBhiX ~cen, ~0 IIpllBO,l(IIT K IIOHBneHIIIO yrnOBOH 

paCXO,l(llMOCTll BOnHhl 

e = kx - ').. 
k -d. 

IlpiiHUIIII rrepeiiJnyqeHIDI (rrpiiHUIIII. f'loii:reHca-<l>peHemr) JaKmoqaercH B 

cne,l(YJOIUeM: rrepBllqHaH BOnHa ,l(OXO,l(llT ,1:(0 yqacTKa 3KpaHa df, a JaTeM 3TOT yqaCTOK 

.liBIDieTC.ll llCTOqHllKOM BTOpllqHhiX BOnH H CaM rrepenJnyqaer BOnHy. IJone B TOqKe . 
Ha6niO.l(eHIDI paBHO cyrreprroJIIUIIII rroneii: OT Bcex yqaCTKOB rrepeiiJnyqaiOmeii: 

IIOBepXHOCTll: 

r.l(e Edfn - rroTOK rra,l(aiOmeii: BOnHhi, K03lPlPIIUIIeHT 1/ R yqiiThiBaer pacxo.l(IIMOCTh 

c!lJepiiqecKoii: rrepeiiJnyqeHHoii: BOnHhi. Cno:aceHIIe 3neKTPoMarniiTHhiX BOnH c yqeroM 

' 
llX lPa3 HOCllT HaJBaHIIe llHTep!lJepeHUIIH BOnH. Haii:,l(eM K03lPlPllUlleHT a IIpll 

IIpOXO)K,l(eHllll IInOCKOH BOnHhl 

EP = Eei!a: 

qepe3 3KpaH co menhiO, rrpoCTupaiOmeii:cH OT y,, zt .l(O y2, z2: 

Yt ~ -:-=}• z, ~ -:-=}· 
Y2 ~oo z2 ~oo 

PaccMOTPIIM cnyqaii:,Kor,l(a 

x>> z, y. 

C yqeroM ManoCTII z II y paJnO:lKHM R: 

R = ~x2 + y2 + z2 = x+ y2 + z2 
2x 

u Haii:,l(eM aMIIniiTY.l(Y 3neKTPIIqecKoro rromr B TO~e Ha6niO.l(eHIDI: 
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. 2 2 
e'kx oo ikL 00 ;k!__ 

EP =au-- I e 2"'dy I e zxdz. 
X 

{h 
IlpoiiJBOM JaMeHy rrepeMeHHhiX y = VT~ II yqiiThiBaH, qTo IIHTerpan paBeH . 

J exp(i~2 )~=~(1+i), 
IIpllXO,l(IIM K peJynhTaTy 

2aEeiJa: •2in k 
E = ·-=>a=-. 

P k 2 2ni 

B IITore none B ToqKe Ha6niO,l(eHIIH paBHO 

I k lR 
E = --E·e' dJ:. 

P 2niR n 

IlpiiMep: 

Haii:.l(eM IIHTeHCIIBHOCTh cBeq7HllH Ja 3KpaHOM c KpyrnhiM OTBepcTIIeM. Ilone 

Ha OCll 3KpaHa Ha paCCTO.liHllll X OT Hero paBHO 

kikza 2/ 
E = _e_IE eir k 2x2nrdr 

p 2 . 0 ' 
1tlZ 0 

~x2 +r2 =x+r2/2x, 

EP = -ik ·eiJa:E{expC';:

2 )-1} 
llHTeHCllBHOCTh CBeqeHIDI B TOqKe X paBHa 

I =4EJ ·sin(ka2/4x). 
Cnyqaii:, KOr,l(a TOqKa HafiniO,l(eHIDI HaxO,l(llTC.ll Ha KOHeqHOM paCCTO.liHllll OT 3KpaHa, 

HOCllT HaJBaHIIe .l(lllPPal<Ullll <l>peHeJUI: 

y:=a, 
ka2-
-=1. 
2x 
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2 a 
x=T· 



,l{utjJpaKU,U.R f/JpaynzotjJepa 

Tipn 
a2 

x >>- peann3ye-rcsr M<iJpaKUnH Cl>pa)'Hro<iJepa (.n.n<lJpaKUnH na 
]... 

6eCKOHelJHOCTII) (3). Jlyqn CneTa, ll.li.Y!Ulle OT llCTO'IHHKa n TO'IKY Ha6mo.n.eHHH, MO:lKHO 

ClJHTaTh napaJIJieJILHLIMll: 

E = Eo . eiJcor. 

Tiocne nepen3nyqeHHH c nonepxHoCTn 3Kpana nanpsr:lKeHHOCTL noJIH n TOtiKe 

na6mo.n.ennsr panna 

f 
iJcor-ikr f iqr Ek = E0e ds = E0e ds, 

r.n.e ij = k0 - k . ,[(mi yJKoii menn c pa3MepoM -a < y < a nanpsr:lKeHHOCTL noJIH n 

TOlJKe na6mo.n.enHH Onpe.n.eJIHeTCH COOTnomeHHeM 

E, E fa E-iqyd 2Eo . k' = o Y =--smqa, 
-a q 

r.n.e q = ke . lfHTencnnnOCTh CneTa n TOlJKe Ha6mo.n.enHH panna 

dl =~l§f dq = 10 sin
2 

ka8 
2a Eoj 27t nak 82 

I 0 - nonnasr nnTencnnnoCTL cne-ra, npoxoMmero qepe3 menL. MaKCHMYM n3nyqennsr 

naXO.ll.llTCH no.n. yrnoM 8 = 0. MnHHMYMblllHTencnnnOCTll COOTneTCTnYJOT yrnaM 

n1t 
8min = ka. 

!{utjJpaKu,u.R f/JpaynzotjJepa dll.R nepuodullecKou pememKu 

PaccMOTpllM nepno.n.nqecKyw perneTKY c N mensrMn, proMepoM menn 2a n 

ti pacCTosrnneM Me)K.ll.y meJIHMH 2b. 3neKTPnqecKoe none n TO'IKe na6mo.n.ennsr npn 

cynepno3nunn nonell: OT N menell: panno 

Eq = E~ I> -2ink(a+b). 
n=O 
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flpOCYMl\lllpOnan no nceM meJIHM, npHXO,l\llM K pe3yJILTazy 

1 -2iNdq E' eiNdq . Md 
E=E'· -e . =-q-____ stnlv'q, 

q 1-e-2'dq e•qd sin dq 

r.n.e d = a +b. Tionnasr nHTencnnHOCTh cneqenHH n TOtiKe na6mo.n.ennsr panna [3] 

dl = !.2_(si~ Ndq)
2 

. (sin qa)
2 ~q =_I_. (si~ Nk8d)

2
. sin 

2 
kea. 

N1t sm dq qa na.k sm ked 8 2 d8 

llnTeHCHnnOCTh cneqennH HMeeT MaKCllMYMbl no.n. yrnaMH 

~aKp03neKTpOAHHaMHKa 

8=~ 
dk. 

JleKUHH 4. BeKTophi liHtJ.YKUHII 11 HanpHiKeHHOCTII noJIH, rpaHH'IHhle yCJioouH, 

OTpaiKeHUe U npeJIOMJieHUe 3JieKTpOMarHUTHbiX BOJIH 

BeKmop undyKu,uu u nanp.R:HCennocmu Maznumnozo noll.R, i)aa muna 

3JleKmpo.MaznumnblX BOJIH 

CymeCTnyeT .n.na Tuna nonn [2, 4]: 

1) Az = 0, Ez = 0, Hz :;t: 0 -MarnnTHasr (H-nonna, TE-nonna (transverse electric 

wave)); 

2) Az :;t: 0, Ez :;t: 0, Hz = 0- 3JieKTPuqecKasr (E-nonna, TM-nonna (transverse 

magnetic wave)). 

Tipoxo)K.ll.enne nonH qepe3 rpannuy cpe.n. c pronnllnLIM noKroaTeneM 

npenoMnenHH cymeCTnenno 3anncHT OT Tnna nonn. ,[(mi TM-nonHLI [2, 3] neKTop 

3JieKTPH'leCKOrO nOJIH Jie:lKHT n nJIOCKOCTII kii, r.n.e k- noJIHOnOH neKTOp, 

ii- nopMaJih K nJIOCKOCTll pro.n.ena .n.nyx cpe.n.. BeKTop MarHHTnoro DOJIH OpTOrOHaJien 

nJIOCKOCTII kii : 
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t1 

fi 1_ iii. 

,lVrn TE-BOJIHLI BeKTop 3Jiel<TpnYJecKoro IIOIDI oproronanen IIJIOCKOCTH kii [2, 3]: 

£ _Lkii. 

Fpa11U'l11ble yCJJoBuR, onrptlJICenue u npeJioMJlenue TM-BOJ111bl na zpanul{e pa3iJeJia 

iJByxcpeiJ 

PaccMOTpHM npenoMJienne TM-BOJIH Ha rpann~e pll3.D;ena .D;Byx. cpe.D;. 

rpaHH'IHbie YCJIOBIDI .D;ID1 KOMIIOHeHT 3Jiel<TpHYJeCKOrO H MamHTHOrO IIOJUI HMeiOT BH.D; 

[3] 

-E, +E; = -E;, 

- Et (En + E~) = -E2E;, 

H+H'=H", 

r,D;e E, H - 3Jiel<TpnYJecKoe n MamnTHoe IIOIDI na.D;aiOmeii BOJIHLI, E',H'-

3Jiel<TpnYJecKoe n MamHTHoe noiDI OTpaJKeHHoii BOJIHLI, E", H"- 3Jiel<TpHYJecKoe n 

MamHTHoe IIOJUI IIpOIIIe,D;IIIeii BOJIHbl. YYJHTbiBaH CBH3b Me)l(,ll;y 3Jiel<TpH'leCKHM H 

MamHTHLIM IIOJieM B BOJIHe: 

AE=.JJlll0 H, 

nepennrneM ypaBHeHne .D;JUI MarHHTHoro IIOIDI B BH.D;e 

{§(E+E')= ~E". v;; v;; 
Jf3 YCJIOBIDI COXpaHeHllil IIOTOKa 3Heprnn IIOJIYYJaeM ypaBHeHHe 

S cosc:p = S' cosc:p' + S" cosc:p", 

~E2 cos<p= ~E'2 cosc:p' + {i;E"2cosc:p", v;; v;; v;; 
r,D;e S = ~E2- BeKTOp llOTOKa 3Hepmn, <p - yroJI Me)l(,ll;y BOJIHOBLIM BeKTOpOM 

IIa.D;aiOmeii BOJIHbi n HOpMaJibiO K rpannn:e pa3.D;ena .D;Byx. cpe.D;, c:p' - yron Me)l(,ll;y 

BOJIHOBbiM BeKTOpOM OTpaJKeHHOH BOJIHLI H HOpMaJibiO K rpann~e pa3.D;eJia .D;Byx. Cpe,D;, 
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c:p" - yron Me)l(,ll;y BOJIHOBbiM BeKTOpOM IIporne.D;meii BOJIHbl H HOpMaJibiO K rpaHn~e 

pll3,D;eJia .D;Byx. cpe,D;. YpaBHeHHH .D;JUI TaHreH~aJibHOH H HOpMaJibHOH KOMIIOHeHT 

3Jiel<Tpn'lecKoro noiDI nepennmeM B BH.D;e 

Ecos<p- E' cosc:p' = E" cosc:p", 

E1 (Esin<p+ E' sinc:p') = E2E" sinc:p". 

B BOJIHe yron na.D;eHnH paBeH yrny OTpaJKeHllil: <p = c:p'. Yron npenoMJienn.s~c:p" n yron 

IIa,D;eHHH <jl OIIpe,D;eJUIIOTCH 3aKOHOM IIpeJIOMJieHllil BOJIH (1] 

n1 sin <p ~ n2 sin c:p", 

r.D;e n1 = .JE1Jl1 - IIOKaJaTem. npenoMJieHllil nepBoii cpe.D;LI, n2 = .JE2Jl2 - IIOKaJaTeJib 

npenoMneHllil BTopoii cpe.D;LI. BBe.D;eM napaMeTpLI 

AIL = rh, AE = ~; v;; ve; 
IlepeiiHIIIeM ypaBHeHHH .D;JUI MarHHTHOrO IIOJUI H TaHreH~HaJibHOH KOMIIOHeHThl 

3Jiel<TpHYJeCKOrO IIOJUI B BH,D;e 

r.D;e 

E -·E, = E' cos c:p" 
cos<p' 

E+E'=E"AIL 
A ' E 

cosc:p" = ~1-Ae 2AIL 2 
sin

2 
c:p. 

PemnB cncTeMy ypaBHennii OTHOCHTeJibHO nepeMeHHLIX E' n E", npnxo.D;nM K 

pe3yJILTary 

, AIL cos<p- Ae cosc:p" 
E =E ,, 

AIL cos <p + AE cos <p 

E" = 2E Ae cos<p ,. 
AIL cos<p+ Ae cos<p 

Ko3<lJ<lJn~neHT IIpOXO)I(,ll;eHllil. T M .OIIpe,D;eJUieTCH OTHOilleHHeM IIOTOKa 3Hepmn 

IIpOIIIe.D;IIIeii BOJIHLI K IIOTOKY 3Hep}'HH Ila.D;aiOmeii BOJIHLI: 
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{i;" E'2 cos cp; v;; 
T,- ~ M- ~E2coscp 

J.lt 

AM E'2 coscp' 

T; E 2 coscp · 

IIo,nCTaBHB 3Ha'IeHHe rroiDI rrpowe,nweil: nonHhi, HaxO,nHM Km¢qmuHeHT npoxo:lK,lleHIDI 

T 
_ 4AeA M COS <p COS cp' 

M-( )2" AM COS <p+ Ae COS cp' 

AHanOflf'IHO HaXO,lllfM K03lPlPliUHeHT OTpiDKeHIDI, paBHbiH OTHOWeHHIO IIOTOKa 

npowe,nweif BOJIHLI K IIOTOKY na,naiOJUeif BOJIHLI [2]: 

RM =(!r (All coscp-Ae coscp') 

(All coscp+ Ae coscp')" .. 
IIonHoe npoxo:lK,lleHHe nonHhi RM = 0 peanH3YeTCJI rrpH ycnonHH 

All coscp-Ae~1-A~A~Il2 
sin

2 
cp = 0. 

Yron rra,neHHJI nonHhi (yron EproCTepa), npH KOTopoM OTCYTCTBYeT OTPIDKeHHe, paneH 

A~ (1- sin cp
2 )=A~ (1- A~Ail sin

2 
cp), 

A~ -A~ . 2 
2( 4)=sm cp. 

All 1-Ae 

,l(ml CJIYlJa.!l fh = 1 yron npiOCTepa onpe,neiDieTC.!I COOTHOWeHHeM v;; 
1 1 

2 =-~ 2 , 
sin <p= 1 +A~ 1+ctg cp 

1~ 
tgcp =): = ve:· 

E 

Ompa»cenue u npeJJo./Hllenue TE-BOJlHbl na zpanul{e pa3~eJJa ~Byx cpe~ 

Haxo,nHM 3Ha'IeHIDI MarnHTHoro noiDI n OTPIDKeHHoil: n npowe,liWeil: nonHax [2], 

KllK 3TO 6Lino Hail:,lleHo JVVI TM-nonHLI: 
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,_ Aecoscp-Ail coscp"' 
H -HE ,, 

Ae coscp+ All coscp 

, 2Ail coscp 
H =HE ,, 

Ae COS cp + Ae COS cp 

r,ne HE - HanpiDKeHHOCTh MarnHTHoro noAA B rra,naroiUeil: TE-nonHe. Km¢¢HuneHThi 

oTPa)KeHIDI If npoxo:JKAeHIDI cooTBeTCTBeHHO paBHhi [2] 

HE Ae cos cp- All coscp 

( 

I )2 ( 1 )2 
RE = HE = Ae cos~+Ail coscp' ' 

TE =~(Hi)2 
coscp' = 4AtAilcoscpcoscp' . 

All H coscp (Ae cos<p+Ail coscp'f 

,l(ml TE-nonHhi CYJUeCTBYeT KpHTH'IeCKHH yron cp (yron nonHoro BHYTPeHHero 

OTPa)KeHH.!I, COS cp' = 0 ), KOr,na BOJIHa ll3 MeHee IInOTHOH cpe,llbl He IIpOXO,lllfT B 6onee 

nnoTHyro cpe,ny: 

1 _ n2. 
sincp>D- nt 

, E ll 

Pa,z:t;uoTexuuKa u TeXHHKa cBepxBLICOKHX qacroT 

JleKUHH 5. YcTpoikrBa cBq JIHHHH rrepeJJ;aq, 3JieMeUThl Bq-TpaKTa, IIJa30BaH H 

rpynrroBaH CKOpOCTH B )J;HCIIeprHpyKnUeil: cpe,ne 

YcmpoiicmBa CBlf JlUHUU nepe~a'l, 3Jle.MeHmbl Blf-mpaKma 

,ll;m pacnpocrpaHeHIDI 3JieKTPOMarnHTHhiX nonH B CBll-,lllfanaJoHe 

100 Mru- 10 ITu Hcrronh3yiOTCJI nonHOBO.z:lhi. Pe3oHaTop npe,nCTanmeT co6oil: 

1IpH6op, B KOTOpOM peaKUH.!I Ha BHeWHee B03,lleHCTBJfe pe3KO 3aBHCHT OT 'IaCTOThl 

Bo36Y:JKAeHHJI. AMrrrrHry,na Kone6aHHii JIHHeil:Ho paCTeT co npeMeHeM: ~ = t, Kor,na 

'IaCTOTa B036y:JK,lleHH.!I COBIIa,llaeT C O,liHOH lf3 C06CTBeHHhiX 'IaCTOT pe30HaTopa 

(1)8036 '= (l)n • IlpH rrepe,na'Ie 3JieKTPOMarHHTHhiX BOJIH BhiCOKOH 'IaCTOThi IIO rrpOBO,llaM 
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nponcxo.nnT HJnyqeHne (aHanorn'IHO aHTeHHe). B BOnHoBo.ne 3neicrpoMarnnTHrui 

BORHa OTPIDKaeTCH OT CTeHKH H ,Z:\BH:lKeTCH B.L\Ollh Hero. flpoCTeHIIIHe BOnHOBO,ZUd 

npe.nCTaBnHIOT co6oii .L\llHHH}'IO MeTannntieCK)'IO TPY6Y nnn .L\llHHHhlii napannenennne.n 

npHMoyronhHoro ce'!eHHH c nonepe'!HhlMH pa3MepaMH an b. 

BonHoBoe ypaBHeHne .LinH BeKTopHoro nOTeH[(Hana BHYTPH BOnHoBo.na nMeeT 

BH,L\ [2, 4] 

- 1 ()2-
M--· A 

c2 dt2 =0. 

Ha noBepxHOCTH H,L\eanhHO npoBo.L~.Hw:ero BOnHoBo.na BhmonHeHhi cne,LI}'IOI[(He 

rpaHH'IHhle ycnoBHH .LinH TaHreHUHanhHhlX KOMnoHeHT BeKTopoB E n A [2, 5]: 

E,=O, A,=O. 

PemeHHe BOllHOBOfO ypaBHeHHH HW:eM B BH,Lie MOHOXpOMaTH'!eCKOH BOllHhl [2, 5] 

A=A(z,x, y)·eiwr, 

.LinH KOTopoii ypaBHeHne MO:lKeT 6h1Th nepenncano B cne.n}'IOw:eii !llopMe: 

- (02-
M+-2 A=O. 

c 

BonHy, pacnpocTPaHHIOW:}'IOCH B BOnHoBo.ne, pa3nO:lKHM no nnocKHM 

MOHOXpOMaTH'!eCKHM BOnHaM, .L\BH:lKyiiJ;HMCH B,Z:\Ollh OCH z: 

A =· A(x, y) · ei(kz--(J)t). 

):Vul: 3lleicrpOMarHHTHhiX BOllH BOllHOBOe 'IHCllO CBH3aHO C '!aCTOTOH COOTHOilleHHeM 

k= ro 
c 

3JleKmpoMaznumnoe nolle 6 BOJIHOBOOe 

PaCCMOTPHM pacnpOCTPaHeHHe BOllHhl B BOllHOBO,Lie ,L\JUI; Cll)"'rul, KOf,Lia 

E = 1, J..l = 1. 

YpaBHeHHH MaKcBenna 

- aB - ai> 
rotE=--, rotH=-

dt dt 
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,L1nH MOHOXpOMaTH'!eCKOH BOllHhl MOryT 6hlTh npe,LICTaBneHbl B BH,Lie. 

- -
rotE= -J..l0 iroH, 

- -
rotH = E0iroE. 

flocne pa3llO:lKeHHH no nnOCKHM BOllHaM, pacnpOCTPaHHIOW:HMCH B,Z:\Ollh BOllHOBO,Lia, 

nonyqaeM 

CJE dE dE 
-Hxlloi<O=- dyz + a:=- dyz +ikEY' 

-H "oi<O=- dEx + dEz =-ikE + dEz 
Y,... dz ox x dx ' 

CJH dH E
0
iroE = ___ z +--Y 

x dy dZ ' 

. E dH X dH z H 'k dH z 
E0zro =---+--=- z +--

Y dz dx x dx 

Tio.ncTaBHB Ey H3 '!eTBepToro ypaBHeHHH B nepBoe, npnxo.nnM K pe3ynhTary 

H . _ dEz 'k( ikHx . dHz) xllol<O-- ~. +z --.--+-- . 
vy !<OEo dx 

' 
TiepennmeM 3TO ypaBHeHne B Bn.ne 

H xlloi'.f 1 
2
k

2 
· ) = _ dEz + ikdH z 

"\ ro EoJ..lo dy dx · 

BBe,LieM o603Ha'!eHne 

2 

kJ. =k2-~ 
c2 

n npe.nCTaBHM ypaBHeHne B cne.n}'IOw:eii !llopMe: 

. ki dEz 'k dEz H J..loz<O·-=---+z --
x <02 dy dx ' 

HnH 

J..loHx = i~. dEz + rok. dHz 
k1. dy kJ. dx · 

TaK :lKe MO:lKHO nonyqHTh BhlpiDKeHne .LinH Hy-KOMnoHeHThl MarnHTHoro nonx 

H = iro . dEz + ikz . dH z . 
Y ck1. dx kJ. dy 

-27 



-~ 
ll 

IlOCJie aHaJIOrHqHbiX npeo6pa30BaHHH HMeeM Bblpa)KeHHI! ,wiJ1 KOMllOHeHT 

:meKipnqecKoro noJI1! [2] 

E = ikz . iJEz + ico . i)H z 
X kl_ OX ckl_ oy , 

E = ikz . iJEz _ ico . iJH z 
Y k 2 :l.. ck2 ox · j_ vy j_ 

/(8a muna 80JlH 8 80JlH0800e 

B BOJIHOBo.ne cymecrByeT ,[{Ba Tnna BOJIH [2, 5]: H-BOJIHa 

(Az =0, Ez =0, Hz ;t:O) H E-BOJIHa (Az ;t:O, Ez ;t:O, Hz =0). PaCCMOipHM 

6onee .[{eTaJibHO noBe,[{eHne H-BOJIHbl HJIH TE-BOJIHI>i (Az =0). 3annrneM BOJIHOBble 

ypaBHeHHI! ,wiJI nonepeqnbiX KOMllOHeHT BeKTopHoro noTeHu:nana B H-BOJIHe [2, 5]: 

iJ2A i)2Ay k2A =0· __ x+-
2
-+ x ' 

iJx2 Oy. 

iJAY i)2Ay +k2A =0. -+ 2 y iJx2 Oy 

PerneHne BOJIHOBI>IX ypaBHeHnii nmeM B BH.[{e A:::; f(x) · g(y) [2, 5]. 'B 3TOM 

cnyqae BOJIHOBoe ypaBHeHne MO)KeT 61>IT1> npe.ncraBneHo B cne.nyromeii ¢opMe: 

.!:.. iJ2f +.!. i)2g +k2 =0 
f ox2 g Oy2 , 

rae ¢YHKLt:HH f n g y.noBneTBopxiOT ypaBHeHHXM 

2 . . . . 2 

J:... a t = -k2· .!. . a g = -k2 
f iJx2 x • g ;ry2 r 

PerneHne ypaBHeHnii HMeeT BH.[{ 

f = A..m sin(kxx)+ Bnm cos(kxx); 
g = Cnm sin(kyy )+ D~m cos(kyy ). 

KoHcraHTbi kx H ky Haxo,[{I!Tcx H3 rpaHnqHbiX ycnoBHH. B coOTBeTCTBHH c ypaBHeHneM 
. . 

KaJIH6pOBKH 
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1 i)cp . -
-·-+divA=O 
c2 ot 

npH p = 0 BM6epeM 3HaqeHne noTeHu:nana, TO)K,[{eCTBeHHO paBHoe HYJIIO: cp = 0 . B 

3TOM cnyqae Ha llOBepXHOCTH BOJIHOBO,[{a HMeeM 

- i).t1 
divA=0=>-"-71 =0 on , 
Ar =0=> D, =0_. 

fpaHnqHLie ycnoBHI! onpe.neJI1!IOT KOHCTaHThi kx H ky: 

k = mt 
X ' a 

m1t 
ky=b. 

PerneHne BOJIHOBoro ypaBHeHHI!.,wiJI H-BOJIHI>I c yqeTOM Kann6poBKH MO)KeT 

61>1T1> npe.ncraBneHo B BH,[{e 

Ax= LA..mcos(nnxfa)·sin(nny/b), 
n,m=O 

Ay = L- nb A, ·sin(nnxfa)·cos(mnyfb), 
rna· 

k; =k2-(n:J -(7J 
IlpH k: < 0 BOJIHa He pacnpoCipaHI!eTCI! B,[{OJib BOJIHOBO,[{a, OHa 6biCipO 3aTYXaeT.llpH 

BXO,[{e B Hero. B llpi!MOyrOJII>HOM BOJIHOBO,[{e C pa3MepaMH a > b MaKCHMaJibHal! ,[{JIHHa 

BOJIHbl, KOTOpai! MO)KeT pacnpOCipaHI!TbCI! qepe3 BOJIHOBO,[{ (H10-BOJIHa), paBHa 

/..max= 2a. 

Pacnpocmpanenue 3JleKmpo.MazHumHblX 80JlH 8 80JlH08oiJe, tjla:Jo8WJ u zpynno8WJ 

c1wpocmu 8 iJucnepzupywU(eu cpeiJe 

,!Vui npOCTOTbl paCCMOipHM BOJIHOBO,[{, y KOTOporo nonepeqnble pa3Mepb1 

Y.llOBJieTBopxiOT ycnoBHIO b >> a. ,[(ncnepcHoHHoe ypaBHeHHe B noM cnyqae HMeeT 

BH,[{ 
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k 2 - (1)2 (1)2 
z --- n 

c2 ?""' 
r,~.~;e wn / c = nn/ a . <l>a30BM CKOpoCTD BOnHhi onpe,~.~;eJIHerCj{ llOKa3aTeneM npenoMJieHIDI 

cpe,~.~;hi [2, 5]: 

v (I) ~ (1)2 ....!_=-= 1+-n- >1. 
c ck k 2c2 

z z 

,l(mi BOnHOBO,!.J;a MO:lKHO BBeCTII 3cpcpeKTIIBHOe 3HaqeHIIe ll0Ka3aTeJij{ npenoMJieHIDI 

cpe,!.l;hi ner [2, 5]: 

2 2 2 ( )

2 

1- (J)m = c kz = .!:_ = n;f . 
(1)2 (1)2 v 

4> 

11, KaK nerno BII,!.l;eTh, cpa30BaH CKOpOCTb BOnHhl BhiWe CKOpOCTII CBeTa: V cf> > C • 

rpynllOBaH CKOpOCTh BOnHhl paBHa (3) 

vrp aw 1 

--;-= cak = ~1+(w;/ckJ 
<1. 

rpynnOBaH CKOpOCTb BOnHhl HIIKOr,!.l;a He MO)KeT npeBbiWaTb CKOpOCTh CBera, 

llOCKOnhKY OHa onpe,!.l;eJIHer CKOpOC"Th llOTOKa 3Heprui1 B BOJIHe II nepe,~.~;aqa 3Heprui1 

CO CKOpOC"ThiO, npeBhllllaiOIT(eH CKOpOCTh CBeTa, cpi13IIqecKII HeB03MO:lKHa. BonHa, 

pacnpocrpaHj~j~Ch B,!.l;Onh BOnHOBO,!.J;a, ,!.l;BII)KeTCj{ llO,!.l; yrnOM a K ero llOBepXHOCTII II 

3aTeM OTpa)KaeTCj{ OT Hee. Yron a onpe,!.l;eJIHeTCji COOTHOWeHIDIMII 

i1 JleK .. HH 6. Pe30HaTOpLI 

CmoR'IaR BOJIHa 

tga=k1./kz, 

v 1 
-...!E.=cosa= . 
c ~1+ki/k; 

PaccMOTPIIM OTPa)KeHIIe nnocKoll: MOHoxpoMamqecKoll: BonHhl c KpyroBoll: 

no~II3~ell: oT Il,!.l;eaJihHoro 3epKana. CJMMapHhrn BeKTop 3neKTPIIqecKoro noJIH ,!.l;Jijl 

na,~.~;aiOmell: II OTPa)KeHHOll: BOJIH paBeH 
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E(z, t )= E
0
ei(-/a-(JJt) -E

0
ei(kz-rot) = -2iE0 ·e-iwt sinkz. 

3neKTPIIqecKoe II MarHIITHOe llOJIH B 3neKTPOMarHIITHOH BOnHe CBji3aHhi 

COOTHOWeHIIeM 

~- k ~
v"-o · E =-·..;JloH. 

k 

Pe3yJibmpyiOmee MarHIITHOe none B na,~.~;aiOmell: II OTPa)KeHHOii BOJIHe paBHO · 

H(z) = -iE
0
ei(-kz-wt) -iE

0
ei(kz-wt) = -2iE

0 
·e"'"iwt coskz. 

PaccMOTPIIM OTPa)KeHIIe MOHoxpoMamqecKoll: BOnHhi, ,!.l;BII*YII:(ell:cj{ Me)K,!.l;y 

,!.l;B~ Il,!.l;eaJihHhlMII 3epKanaMII. B 3TOM cnyqae o6pa3yercx Heno,!.l;BII:lKHM B 

npoCTpaHCTBe BOnHa (CTOjiqaH BOnHa). flpii OTPa)KeHIIII OT 3epKana HanpaBneHIIe 

llOJIHpi13aiJ;IIII II3MeHj{eTCj{ Ha npOTHBOllOnO:lKHOe. rpaHIIqHhie ycnOBIDI Ha 

llOBepXHOCTII MeTaJIJia IIMeiOT BII,!.l; (1, 2) 

E1 +E: =0, Hn +H~ =0. 

,L\rni ,!.l;Byx 3epKan, pacCTOj{HIIe Me)K,!.l;y KOTOpbiMII paBHO L, CTQjiqaH BOJIIIa o6pa3yeTCji 

llpii ycnOBIIII . 

Pe:Jonamop 

L=n/.. 
2 '. 

wn =nne L. 

Tione B pe3oHaTOpe npe,~.~;CTaBJIHer co6oll: cynepno3IIIJ;IIIO nonell: c 

C06CTBeHHhlMII qaCTOTaMII (2, 5): 

E = l:E(wJ. 

Mo,!.l;hl pe3oHaTopa - co6CTBeHHhie Kone6aHIIj{ noJIH. Oco6eHHOC"ThiO MO,!.l; jiBJIHeTCj{ 

CTaiJ;IIOHapHOC"Th nonell: c co6CTBeHHhlMII qaCTOTaMII. TaK, ,!.J;JlH pe3oHaTopa, 

COCTOjiiT(ero Il3 ,!.l;Byx nnocKIIX 3epKan, Mo,~.~;ynh 3neKTPIIqecKoro noJIH paBeH · 

1Ezi=2E0 sinkz =2E0 sin n: z. 
B pe3oHaTOpe peaKIJ;IDI Ha BHemHee B03,~.~;ell:CTBIIe pe3KO 3aBIICHT oT qaCTOThl 

B036y)K,!.J;eHIDI. AMnnHTY,~.~;a Kone6aHIIH niiHell:Ho paCTer co BpeMeHeM: E oc t, Kor,~.~;a 
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qaCTOTa B036)')K.LieHIDI COBIIa.l(aeT C O.l(HOH 113 C06CTBeHHhiX qaCTOT pe30HaTopa 

W8036 ::: wn . Pe3oHaTophi llcnonh3YJOTCa B ycKOpiiTenhHOii TexHIIKe .l(lljl ycKopeHIIa 

nyqKoB 3apiDKeHHhiX qaCTHII. C :noll: uenhiD TOK nyqKa Mo.nynnpyeTca Ha O.l(Hoil: II3 

C06CTBeHHhiX rapMOHIIK pe30HaTOpa: 

I= I0 +I ·sinwnt. 

Bo36}')K.LieHIIe :meKTPOMarniiTHOii sonHhi B pe3oHaTope Mo.nynllposaHHhiM nyqKoM 

IIpiiBO.l(llT K ero ycKopeHIIID. 

Ilolle 8 pe:Jonamope. 

PeweHIIe BOnHOBoro ypaBHeHIIa B pe3oHaTope .. 

till - ()2 Ex . .!!.. = 0 
X 0(2 C2 

IIIIIeM MeTO.l(OM paJ.neneHIIa nepeMeHHhiX: 

Ex =J(x)·g(y)·<p(z)·e-iolt. 

Tiocne no.ncraHOBKII 4>YHKIIIIII E(x, y, z, t) np11xo.nnM K BhipiDKeHniD 

021 08 2 0 2<~' w2 
g<p·-+-·<pf+-·fg+ fg<p·-=0. 

ax2 CJy2 CJz2 c2 

PaJ.neniiB ypaBHeHIIe Ha J(x)· g(y )·<p(z) 11 yqiiThiBaa, qTO KIDK.l(aa 113 4>YHKII11ii fix), 

g(y) II <p(z) 3aBIICIIT lliiillh OT O.l(HOH nepeMeHHOH, nonyqaeM cne.l(YJOIIIIIe ypaBHeHIIa: 

g +K1g =0, 

PeweHIIe ypasHeHIIil: IIMeeT Bll.l( 

]+Kd=O, 

cp+ K3<p = 0, 

2 2 2 W
2 

kl +k2 +k3 =--z· 
c 

Ex= (asink1x+fkosk1x)·(ysink2y+dcosk2 y)·(esink3z + f cosk3 z). 

fh rpaHIIqHhiX ycnOBIIH npll y = 0, b 

E, =0 
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cne.nyeT,qTO 

rrm d =0. k2=z;· 

lb rpaHIIqHhiX ycnOBIIH np11 Z = 0, C 

E,·=O 

cne.nyeT,qTo 

B BII.l(e 

1t1l 
k3=-, J=O. 

c 

C yqeToM rpaHIIqHhiX ycnos11ii :meKTPIIqecKoe none MOlKeT 6hiTh npe.ncrasneHo 

Ex =(a sin k
1
x + [3cos k1x) ·sin rrmy ·sin 7tnZ • e -iwr. 

b c 

KoHCTaHThi a 11 k1 HaxO.l(HM 113 ycnoBIDI 

divE=O, ~ =0. 
~~x=O.a 

lh rpaHIIqHhiX ycnos11ii np11 x = 0, x = a cne.nyeT 

n£ 
k1 =-, a=O. 

a 

KoMnoHeHThl ::meKTPIIqecKoro noM B pe30HaTope paBHhi 

E E 
nix . rrmy . 1tnZ -iwt 

= 1 cos--·sm--·sm--·e 
x a b c ' 

E E 
. nfx rrmy . 7tnZ -iror 

= 2 sm--·cos--·sm--·e 
Y a b c 

E E 
. 1tfx . rrmy 7tnZ -iwr 

z = 3 sm--·sm--·cos--·e . 
a b c 

Co6CTBeHHhie qaCTOThl pe3oHaTopa onpe.nenaiDTca cooTHOilleHIIeM 

w;mn 2(£2 m2 n2) 
' 7=1t 7+b2+?" . 

H113waa Mo.na pe3oHaTopa peanll3yeTca, Kor.na 

£=1, m=1, n=O, 

(1);10 _ 2( 1 1 ) -2--1t 2+2. 
c a b 
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IlpHMeHeHire pe3oHaTopoa B nepB}'lO oqepe,nb HanpaaneHo Ha reHepai~mo H 

ycHneHHe :meKTpOMarHHTHbiX KOne6aHIJll B pa,UHO,UifaiTaJOHe. IlpH OITTHMif3aQHif 

pe30HaTopa He06XO,UHMO peWHTb ,UBe np06JieMhl: MlfHHMif3HpOBaTb ITOTepH If 

ITOBbiCHTb HanpiDKeHHOCTb :meKTplfqecKOrO ITOJUI. IJoTepH B pe30HaTope 

onpe,neJUIIDTCH ero ,no6poTHOCTbiD [2]: 

dW =-Wlmnw 
dt Q , 

r.ne Q"" 104 -105 
- ,no6poTHOCTb pe3oHaTOpa. THnlfqrroe ::mei<TplfqecKoe none a 

pe3oHaTope npH qacroTax w "" 1 ITu cocraBJUieT nopn:,nKa 

Ez 1 MB/cM. 

Pa)J;Honepe)J;arom;He ycTpoiicTBa H TeopHH pacceHHHH 

3JieKTpOMarHHTHLIX BOJIH 

JleKUHH 7. 3ana3,nhiBaioruue noTeHuuaJihl 

YpaBHeHUR OllR cKa.nRpHozo u BeKmopHozo nomeHl(Ua.noB npu na.nu11uu moKa u 

nRomHocmu 3apRoa 

YpaBHeHHH ,UJUI ITOTeHUifaJIOB B OTCYTCTBHe 3apH,UOB p = 0 If TOKOB j = 0 

(:meKTpOMarHHTHbie BOJIHhl) HMeiOT BH,n 

M_...!._a
2.A 

c2 at2 =0, 

~cp-...!... a2cp 
c2 at2 =0. 

3anHweM ypaaHeHHe UHPKYIDIUHH MarHHTHoro noJUI npH HaJIIfqJflf 3apn:,noa If 

TOKOB, lf3MeHHIDIUHXCH BO BpeMeHH: 

YqlfThlBaH, no 

rotii = J + aiJ at· 
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- a.A E=---Vcp, at 
- rotA 
H=-

J.loJ.l' 

nepenHWeM ypaaHeHHe ,UJUI rotH B BH.ne 

1 - ~ aiJ ~ (a
2
A acp) --rotrotA=J+-=J-EoE· --+V-, 

J..LoJ.l at at2 at 
Hlllf 

-
1
-(graddivA-M)= J -E E·(a

2 
A+ vacp) .. 

J.loJ.l ~ 0 
at2 at · 

IJpeo6pa3yeM 3TO ypaBHeHHe K BH.UY 

- a
2 A - ( - acp) M -J..LoJ.l· E0E·-2- =-jJ.l0J..L- grad divA+ E0E· J.loJ.l- = 0. at at 

YqlfThlBaH YCJIOBHe KaJIH6pOBKif ITOTeHQifaJIOB 

. - acp 
divA+E0E·J.l0J.l-=0, . at 

npHXO,UHM K ypaBHeHHID ,UJUI BeKTOpHOrO ITOTeHQHaJia llplf HaJIIfqJflf TOKOB B Cpe,ne (3) 

2-
- n a A ~ 

M--·-=-JJ.loJ.l· 
c2 at2 

AHarromqHo nonyqHM ypaBHeHHe ,UJUI CKaJIHPHOro nOTeHUHaJia cp. 1-h 

.UH!l>!l>epeHQifaJibHOrO ypaBHeHHH ,UJUI 3lleKTplfqecKOrO UOJUI nerKO npHXO,UifM K 

ypaBHeHHID ,UJUI ITOTeHUHaJIOB, BOCITOJib30BaBWHCb ycnOBHeM KaJIH6pOBKif ,UJUI CBH31f 

BeKTOpHOrO If CKaJIHPHOrO ITOTeHUifaJIOB: 

- 2 

divE=..£...= div(- aA- Vcp) = -~cp +..!!..·a cp = ..£.... 
EoE at c2 at2 E0E 

IlepenHweM ypaaHeHHe ,UJUI noTeHuHarra cp B TPa,UHUHOHHoii !l>opMe [3] 

·. n. a2cp . p 
~cp--·-=--

c2 at2 EoE. 
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ll 

3antl30blBUIOU{Ue nomeHl{UaJlbl 

PaccMOTJHiM ~BH)KCHHe Toqeqnoro 3apMa, ~BH)Ky:m:erocH co CKopoCThiO v 

(pHC. 1). lh-3a KOHeqnoii: CKOpOCTH CBCTa OH npH~eT B TO'IK)' 0, HaXOMIU}'IOCJI Ha 

paCCTOJIHHH rOT qaCTHIU>I, B MOMCHT BpCMCHH t, CCllH H3ll}"'CHHC npOH30llillO B MOMCHT 

BpCMCHH t': 

t-t' = r(t') 
c 

CBeT npn~eT B TO'IKy, HaXOMIUYIOCH na paccTOHHHH r OT qaCTHU:hl, c BpeMeHHhiM 

C~HrOM r(t')j C. IlOllO)KCHHC 'IaCTHU:hl OTHOCHTCllhHO na6opaTOpHOH CHCTCMbl 

Koop~nHaT onnchiBaeTcH BeKTopoM R , a nono)KeHne TO'IKH na6nro~eHHH - BeKTopoM 

r . Tpn BCKTOpa R , r H r CBJI3aHbl Me~y co6oll: COOTHOIIICHHCM p p 

R(r')+ r=(r') = ;p. 

...... ~· . =::-o 

p 

Pnc.l. ~IDKeHne Toqeqaoro 3apH.na 

CKopoCTh 'IaCTHU:hi paBHa 

v(t') = dR(t') 
·'dt' . 

BBC~CM C~lfHif'IHhlll BCKTOp ii, HanpaBllCHHhlll B~Ollh BCKTOpa r : 
ii = r=(r') 

r(t )' 

/lHtJuJ,epemtHPY" BeKTop R, norryqnM CKOpOCTh qaCTHU:hl 
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dR = v = ( drP _ dr(t'))· 
dt' dt' dt' 

Y'IHThiBaJI, 
_ ar _ _ (ar _ -) _ 

'ITO rp=const H r-=-r·v -,=-n·v , Ha~eM CBH3h Me~y 
dt' dt 

BpCMCHHhiMif HHTCpBanaMH H3ll}"'CHHJI H npHCMa: 

dt = dt' ·(·1 + dr(r:)) = dt' ·(1-iiv). 
edt 

CKanJIPHhlll H BCKTOpHblll llOTCHU:Hallhi qaCTHU:hi C 3apMOM e, ~BH~CHCJI CO 

CKOpOCThiO V, COOTBeTCTBCHHO paBHhi [2, 4r 

_ 1 ·ss eo(x'- R(t')) ~:( , r )d3 'd , q>--- ·u t +--t x t, 
41tE0 r c 

A- _ J.lo JJ e~(t') · o(x'- R(t')) ~:( , r )d3 'd , --- ·u t +--t X t, 
4nE0 r . , c 

r~e llOllO)KCHHC 'IaCTHU:hi OTHOCHTCllhHO rra6opaTOpHOll CHCTCMhl KOOp~HHaT 

OllHCbiBaeTCJI BCKTOpOM R , a llOllO)KCHHC TO'IKif na6niO~CHHJI - BCKTOpOM rp : 

r = rp - x'. IJocrre HHTCrpHpOBaHHJI llO •d3x' norryqaeM 

1 J eov'- t+ rp -RIc) , 
q>=- ( -) dt, 

41tE0 rp :- R 

;. -R ; 
r~e t' = t- _P __ = t --- MOMCHT BpCMCHH H3ll}"'CHHJI. Y'IHThiBaJI COOTHOIIICHHC ~ 

c c . 

HHTCpBana BpCMCHH H3ll}"'CHHJI H npHCMa 

, dt 
dt = (1- iili)' 

HaXO~HM llOTCHU:Hall ~BH~CHCJI qaCTHU:hi 

1 r~Hr'-rl)drl 1 ~1 
q>= 4nc0 (1-iiv)·r = 4ttE0 ~t';t-r/c. 

Ananorn'IHO naxo~M 3Haqenne BCKTopnoro nOTenu:nana 

- eJ.lo -~-· • A--· -- ~ 
- 41t 1- ii~ r t';t-r/c 
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,[{mJ: CHCTeMbl 3ap11.D;OB C IIJIOTHOCTbiO p(r1
) 110 auanorun 3allniiieM CKanl!pHbiH H 

Bei<Topublil: IIOTeuunan~>I: 

cp(r,t)=-1-Jp(t-rlc, r) 1 

41tEo r dV, 

A(r,t)=llof](t-r/c,r) 1 

47t r dV. 

3/leKmpo.Maznumnoe no11e na 6ollblUO.M paccmoHnuu om U31ly'lameJIH 

PaccMOTPHM :meKTPoMarnnTHoe 11one ua 6onDIIIOM paccTomnn oT H3nyqaTell1! 

110 cpaBueumo c pa3MepaMn cncTeMbl 3apl!AOB: 

rP >>r
1

• 

B 3TOM cnyqae BenntiHHbl CKanHpuoro n Bei<Topuoro IIOTeuunanoB Ollpe.n;enliiOTCll 

cooTHmneHHl!MH [2] 

1 f R0 rii cp=-- p·(t--+-)dV, 
4ne0rP c c 

A- llo J-- 4nr jt-R/c+rn/cdV. 
p 

3Hal! BeKTOpHbiH IIOTeHUHan, uail:,n;eM HaiipiDKeHHOCTb MarHHTHOrO IIOnll 

ii =rotA 

!lo 

IIocKOJibKY Bei<TopubiH IIOTeuunan B TO 'IKe 11pneMa JaBHCHT OT llepeMeuuoil: (t - r 1 c) , 

TO 11onyqaeM 

- - [ ( r) -] 1 -J.loH =rotA= V t--; ·A =--;ii·A. 

BociiOJib30Basrnncb CB113biO 3JieKTPHtiecKoro n MarnnTHoro 11oneil: An1l 

3JieKTPOMarHHTHOH BOJIHbl [1] 

Fo·if=lii ·nl·Fo. 
llpHXO.n;HM K pe3ynbTazy 
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. 1 
- L --ii· ---. 
E = --;n. A .JeoJ.lo 

IloTOK Bei<Topa 3Heprnn paseu [ 1] 

S=E·H. 

lfHTeHCHBHOCTb H3JI)"feHH1! ( CKOpOCTb IIOTepb 3HeprnH B e,n;HHHUY BpeMeHH H B 

e.n;nunuy Tenecuoro yrna) o11pe.n;enlleTC1! IIOTOKOM Bei<Topa 3Heprnn, 11porne.n;rnu1'1 

tiepe3 11noma.n;1> ds = r 2dQ: 
~ 

- 2 dl =S ·r dQ. 

TaKHM o6pa30M, yrnosoe pac11pe.n;eneune HHTeiicnsuocrn HJnyqeun11 pasuo 

..!!:!._ = S · r 2
• 

dQ 

JleKUHH 8. ,lJ;HIIOJibHOe UJJiy'leuue, ';JPOBOJIO'IHbie aUTeHHbl 

J(unollbHOe UJlly'lenue 

PaCCMOTPHM H3JI)"feHHe CHCTeMbl, KOr,n;a ee pa3Mepb1 a MHOro MeHbiiie .D;JIHHbl 

BOJIHbl (2]: 

a<<J.... 

nnn Kor.n;a speMeuuoe Jalla3.D;biBaune, o6ycnoBneuuoe pa3MepaMn cncreMbi, Mano 110 

cpasueumo c 11epno.n;oM Kone6aunil: BOJIHbi T: 

m<<T. 
c 

TaKoe HJnyqeune uocnT Ha3Baune .n;niiOJibHoro HJJiyqeun11. CKanl!pHbiH n Bei<Topnbiii 

IIOTeHUHanbl An11 .D;HIIOJibHOfO H3JI)"feHH1! paBHbl 

cp= 1 f 41tEoro P(r-Ro/c )dV' 

A= llo J-: 
47tro. l(r-Rofc )dV' 
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r,n:e t' = t - R0 / c - BpeWI H3n)"IeHHH, t - BpeWI npHeMa c11rnana, Ro - paccroHHHe OT 

TO'IKll ll3ll)"IeHll.ll .no TO'IKll npHeMa. TinoTHOCTh TOKa j = Lev MO)KeT 6biTh 3anl!CaHa 

B Bli,D:e 

'l:ev = L dr' ·e= dd 
dt dt. 

0Ha XapaKTepH3YeT CKOpOCTh li3MeHeHll.ll ,D:llnOnhHOrO MOMeHTa Cl!CTeMhl d = 2:eT'. 

Tor,n:a BeKTOpHbiH noTeHQllan Cl!CTeMhl TOKOB MO:lKeT 6hiTb npe,n:CTaBneH B Bl!,D:e 

A= llo . .!. 'l:ev =..&..._· dd. 
4n To 4nT0 dt 

Y'IliThiBa.ll CB.ll3h Me)K,D:y BeKTOpHhiM noTeHQllallOM ll MarHHTHhiM noneM 

lloH = A·ii 
c , 

HaXO,D:liM HanpH:lKeHHOCTh MarHliTHOrO non.ll B ::meKTpOMarHl!THOH BOnHe ,n:n.ll 

,n:HnOHhHOrO ll3ll)"IeHll.ll 

d·ii 
lloH=--. 

4nT0c 

3neKTpH'IecKoe none B BOnHe nerKo MO:lKeT 6biTb Haii,n:eHo, ecnll H3BeCTHO 

3Ha'IeHHe MarHliTHOrO noM: 

A·ii·ii 
JEoE=.{Il;H·ii~ c.{ll;. 

lf3 :noro COOTHOIIIeHll.ll HaxO,D:liM HanpH:lKeHHOCTb ::meKTpl!'IeCKOrO nOM 

d·ii·ii 
E= 2 

4nT0£0c To 

c )"IeTOM Toro, 'ITO Eollo = c -2
• TioTOK :meprn11 paBeH 

s = {& H 2 _ ----0..-( d ·-2.-.-ii r v£; 161t2£0Tic
3

• 
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llHTeHCHBHOCTh H3n)"IeHll.ll B e,n:HHHQY TenecHoro yrna d!J. onpe,n:eMeTC.ll 

noTOKOM BeKTopa ::meprn11, npome,n:rnHM tiepe3 nnoma,n:h ds = T
2 
d!J.: 

dl = s. T 2d!J. = s. T2 2nsin eae. 

YrnoBoe pacnpe,n:eneHHe HHTeHCHBHOCTllli3~)"IeHll.ll (p11c. 2) paBHO 

•• 2 
dl d . 3 
-=---·sm e. 
ae 8n£0c3 

C3K3 
Puc. 2. Yrnosoe pacnpe,lleJieHue HHTeHCHBHOCTll ,llllnOJibHoro ll3nyqeHIUI 

TipOHHTerpHpOBaB no BCeM yrnaM · e, OT 0 ,D:O 1t, Haii,n:eM nonHYJO l!HTeHCliBHOCTb 

,n:HnonhHOro H3n)"IeHH.ll 

;p 
I= --3. 

61t£0c 

PaiJuonepeiJawU(ue ycmpoiicmoa, anmennbz 

AHTeHHa npe,n:craBn.lleT co6oii Bhixo,n:Hoii ::meMeHT H3n)"IaTenH Hllll npHeMHHKa 

H3n)"IeHH.ll B pa,n:Ho,n:Hana3oHe. AHTeHHhi no,n:pa3,n:enHIOTC.ll Ha TPH Knacca [2]: 

1) aHTeHHhi, BhiiiOllHeHHhie B Bli,D:e lll!HeHHhiX npoBO.iJ.HHKOB; B KOTOphiX B036y)K,D:aeTC.ll 

CTO.li'Ia.ll BOllHa (BH6paTOpHbie aHTeHHhl) llllll 6eryiQa.ll BOllHa (aHTeHHhl 6erymeii 

BOllHhi); 

2) aHTeHHbl, r,n:e ll3ll)"IaTeAAMll Cny:lKaT OTBepCTll.ll B CTeHKaX BOnHOBO,D:OB, B KOTOphiX 

B036y)K,D:eHo nepeMeHHoe MarHHTHoe none; 
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3) aHTeHHbi-HHTep4JepOMerpb1, . B . KOTOpbiX H3ll}"'aTeJIH 06'be,L{HHeHbl B HHTep-

4JepeHUHOHHbie CXeMbi. 

AineHHbi xapaKTepH3YJOTCH cne.nywiUHMH napaMerpaMH [2]: 

1) qaCTOTHbie CBOHCTBa, o6naCTb pa6oqHX ,WIHH BOJIH; 

2) K034J4JHUHeHT nepe.z:taqH aHTeHHbl (IH3JI)/IMOUUI (cpe.L{HHH MOJUHOCTb H3ll}"'eHHH, 

.z:teneHHaH Ha nO,L{BO,L{HMYJO MOJUHOCTb); 

4) pacnpe.neneHHe HJnyqeHHH no nanpannenmo; 

5) conpoTHBneHHe H3nyqaTenx, xapaKTepH3YJOJUee narpYJI<y c TOqKH 3peHHH 

ycHnHTenx: 

IlpoBOJlO'lHble anmeHHbl 

R - (InJJJ) 2(I ) 
H3JJ-(I2)= Ir·. 

IIpononoqnble anTeHHbl npe.ncrannxroT co6oii nHHeHHble npono.z:tHHKII, n 

KOTOpbiX cneuHanbHbiM o6pa3oM B036}')K.ll:aeTcH nonna nepeMennoro TOKa 

pa.L{HoqaCTOTbl. 

To'le'lHblU iJunollb 

PaCCMOTpHM npononoqnyw aHTeHHY (pHC. 3), B KOTOpoii B 3aBHCHMOCTH OT 

npO.L{OllbHOH KOOp.L{HHaTbi X B036}')K.ll:eH TOK 

( ) 
-irot sink{t-lxi) 

I x, t = I 0 ·e · . 
sinkl 

B TOM cnyqae, KOr.z:ta ,L{llHHa aHTeHHbl f MHOrO MeHbiiie .L{llHHbl BOllHbl: 

l«l.., 

pacnpe.nenenne TOKa B aHTenne npn kl << 1 MOJKeT 6biTb nonyqeno H3 pa3noJKeHHH B 

PM4JYHKUHH 
sin k(l -1-'1) , 1_1-'i B BH.Lte 

kl .e 

-irot(l 1-'1) I(x,t)=Io·e -£ · 

,l(HnOllbHbiH MOMeHT H pacnpe.z:teneHHe TOKa B aHTeHHe CBH3aHbl COOTHOIIIeHHHMH 

d = J pxdv, d = J pxdV =-J~ ·xdx, 

nnoTHOCTb 3apH.z:ta p H TOK I onpe.nenxiOTCH ypannenneM nenpepbiBHOCTH 

ap · ai 
-=--
dt dx 

~ I 

-< ~· < 

I If.x) . 

4TifiiiiiiJJJ illiiDnnlhh X 

Pnc. 3. Pacnpe,11eneHne HHTeHCHBHOCTH B aHTeHHe Tnna ToqeqHoro .l1HllOJIJI 

Ilocne HHTerpHpOBaHHH no npO.L{OllbHOH KOOp.L{HHaTe HaXO.L{HM nepBYJO H BTOpYJO 

npOH3BO,L{Hbie ,L{HnOllbHOrO MOMeHTa aHTeHHbi: 

l I -irot I -irot 0 2 
d=J o·e ·xdx= o·e ·2~=Io·e-irot.f 

-l 
.e .e 2 , 

d = -iwi
0 

• e-irot ·f. 

3HaH BTOpYJO npOH3BO,L{HYJO OT ,L{HnOllbHOrO MOMeHTa, HaH,L{eM BeKTOpHbiH nOTeHUHan 

B TOqKe C KOOp.z:tHHaTOH r0 

A- _ llo oi- e-irot 
z ---· ... o· • 

4nr0 

a 3aTeM aJHMYTallbHYJO KOMnOHefiTY MarHHTHOrO nonx 

H 
dxn iwll o . e -irot . 8 

a=--= ·sm. 
4nr0c 4ncr0 

3neKTpnqecKoe none E Ha 6onbiiiOM pacCTOHHHH OT .L{Hnonx panno 



·1 u 

- d·ii·ii 
E - 2 
a- 4rtEoc ro 

irot 
Uroi ·e ·sinS. 

2 41tEoc ro 

3mUI KOMnoHeiiTLI :mei<Tpn'lecKoro II MarHIITHoro norreii, rrerKo 3aTIIICaTh 

nOTOK 3Heprnii S II UIITeHCIIBHOCTb II3ll)"leHIIH di Ha e)UIHIIIJY nliOIIJa.n;II: 

di=Sr
0

dQ= -· ·sm S·sm rot--+- ·r0 2nsm8d8, - 2 ~o ro2I~£ 2 
. 2 · 2( ror n) 2 · 

Eo 16n\,2c2 c 2 

-=---·sm S·sm rot--+-. di ro
2 I~.eZ . 3 . 2( ror n) 

ae 8nE0c3 c 2 

llocrre IIHTerpiipOBaHIIH no yrrraM 8 npiiXO.L\IIM K pe3yllbTaTy 

ro2 I~£2 . 2( ror n) I =---·sm rot--+-. 
6rtE0c3 

C 2 

liHTeHCIIBHOCTb )UinOllbHOrO II3ll)"leHIIH, ycpe.n;HeHHaH BO BpeMeHII, paBHa 

(I)= ro2 I~£2 
121tEoC3 . 

ConpoTIIBrreHIIe II3rryqaTeiTH onpe.n;eiTHeTCH cooTHOilleHIIeM 

R = (IHJJI) 2(I ) 
HJJI (I2) = Ir . 

,l(ml TO'le'lHOrO )UinOITH COnpOTIIBlleHIIe paBHO 

ro2.e2 £2 
RH3JI 3 =790·2 OM. 

12rtE0c A 

TaKIIM o6pa30M, TO'le'lHLiii )Ufnorrb npe.n;craBITHeT co6oii IIIIIpoKonorrocHyro 

aHTeHHy, ero 34J4JeKTIIBHOCTb KBa.n;paTII'lHO na.n;aeT c YBeiTII'leHIIeM MIIHLI BOITHbl. 

AHTeHHbi TIIna TO'le'!Horo .n;IInOITH IIIIIpoKo ncnorrL3YJOTCH B CB-, ,[(B- II C,[\B-

.n;IIanaJoHax. 
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JleKIJIIH 9. Pa,niionepe,naiOIIIHe ycrpoiicrBa, nonysonuosoii BII6paTop, 

_nnpeKTOpHaH 3HTeHHa, 3HTCHHhl C 6erymeii BOJIHOH, ,nntlJpaKIJIIOHHbie 3HTeHHLI, 

IIICJICBbiC 3HTCHHbl 

/IollyBOllllOBOU BU6pamop 

PaCCMOTIJIIM npOBOliO'lHYJO aHTeHuy (piiC. 4), B KOTOpoii B 3aBIICIIMOCTH OT 

npO.L\OllbHOll KOOp.L\IIHaTbl X B036)?K.ll:eH TOK [2) 

I(x,t)=I0 ·e-iwt ·coskx. 

.[(rriiHa aHTeHHbl npii 3TOM CpaBHIIMa C MIIHOH BOliHbl [2): 

.. 2£ =/../2. 

-A./4 

If.::;) 

AfiifiiiiJJJllmnrn~ 
Pnc. 4. Pacnpe.neneHHe HHTeHCHBHOCTH B nonysonHOBOM sn6parope 

B 3TOM crryqae Mbi ne MO:lKeM norrL30BaTLCH .n;IInOllbHbiM npii6rrmKeHIIeM: H)':lKHO 

)"leCTb IIHTepllJepeHIJIIIO BOliH. BeKTOpHblll nOTeHIJIIarr, C03,L\aBaeMblll yqaCTKOM 

aHTeHHbl .L\liHHOll dx, onpe.n;eiTHeTCH COOTHOilleHIIeM 

- -iw~-rpfc}-ikx·cosa e ·e 
x • I 0 ·coskxdx. 

crP 
dA 

llHTerpiipyH no BCeii MIIHe aHTeHHbl, npiiXO.L\IIM K pe3yllbTary 

'A/4 
A- - J.l.o Io -iw(t-rpjc) J -ikx-cos!l kxdx =e ·-·-·e · e cos . 

X 41t _rp -'A/4 

OT.n;errLHo Bbi'liiCITIIM IIIITerparr 
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t1 

lnt=-1- Je-il;cosek;+e-il;)ds=.!_ 2 + 2 =-·-~2-=--_.L. 
.. lt/2 . [cos(~·cose) cos(~·cose)] 2cos(~·cose) 

2k -lt/2 k 1-cose 1 +cose ksin2 e 

IIO,LlCTaBIIB 3Ha'leHIIe IIHTerpa.rra, mili,LleM BeKTOpHbiH llOTeHJ.U~a.JI B TO'!Ke C 

KOOp,LliiHaTOH rp OT llOll}'BOllHOBOrO B116paTopa: 

cos(~. cos e) 
Ax= Jlo. 2lo. 2 ·e -iwV-rpfc)_ 

41t krp sin2 e 

Hanp.IDKeHHOCTh MarHIITHOro noilll .LliDI nonyaonHoBoro B116paTopa pasHa 

.:. cos(~·cose) H = A·ii = 2/o . 2 iw[ii·~J.e-iw(t-rpfc> 
JloC 41trp sin 9 ck ' 

r.ne ii . eX = sine . Mo.nynh BeKTopa HanpH>KeHHOCTH paBeH 

cos(~. cos e_ ) 
IHI= 2/o ·-"'--2:...__~ 

41trp sine 

IloTOK 3Hepm11 paBeH 

S= /hiHI2· . ve;;~ 

lfHTeHCIIBHOCTb 113nyqeHIIH ,Llilll llOll}'BOllHOBOrO B116paTopa onpe,LleillleTCH 

COOTHOWeHIIeM 

dl =( 210 )'. Jfu.2 •. oo•'(%·oo•O }•in0d9·,i"•in:( oot--':-) 
41trp vE;; sin2 e 

liHTerpllpyH llO BCeM yrnaM 9 II ycpe,LlHHH llO BpeMeHII, HaH,L{eM ycpe,LlHeHHYJO 

IIHTeHCIIBHOCTb 113nyqeHIIH 

( 
1

2 cos2 (~·cose) 
J)=-0 f 2 41tE

0
c sin2e dcose. 

YtiiiThiBaH 3HatieHIIe onpe.neneHHoro IIHTerpa.rra 
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cos2(~ ·l;)dl; 

f
1 

2 =1,22, l;=cose, 
1-1;2 

-I 

HaH,LleM ycpe,LlHeHHYJO BO BpeMeHII IIHTeHCIIBHOCTb 113nyqeHIIH ,Llilll llOll}'BOllHOBOrO 

s116paTopa 

(J) = 1,22·1~ 
41tEoc '' 

a TaK>Ke conpOTIIBneHIIe 113nyqeHIIH 

R = 1,22~ =73 
H3Jl 41tEoC 

OM, 

ConpornsneHIIe 113nyqeHIIH nonyaonHosoro B116paTopa pasHo conpoTIIBneHIIIO 

CTaH,LlapTHOrO Ka6eilll (RKa6 = 75 OM), KOTOpbiH IICllOllb3YeTCH ,Llilll COe,L{IIHeHIIH aHTeHH 

C nplleMHIIKaMII. 

IIemlleBoii Bu6pamop 

PaccMOTPIIM .nsa napannenhHO coe.nnHeHHhiX nonyaonHOBhiX B116paTopa. H3-3a 

eMKOCTHOH CBH311 Me>K,Lly B116paTopaMII TOKII B HIIX HanpasneHbl B O.LlHY II TY >Ke 

CTOpOHY (a He B llpOTIIBOllOllO>KHble CTOpOHhi, KaK 3TO 6bill0 ,LlnH 3lleKTPOCTaTIIK11) 

(p11c. 5) [2]. 

c 
wr(x) 

•• x' 
. .:r 

Pnc. 5. Pacnpe.neneHne HJITeHCIIBHOcTn B nemesoM sn6paTope 
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3To npHBO.llliT K YBennqeHHID J!lJ!lJeKTHBHoro TOKa B aHTeHHe B 2 pa3a (10 ~ 210 ) H 

HHTeHCHBHOCTH mnyqeHH.H B 4 pa3a ug ~4/g). ConporuBneHHe neTneBoro 

BH6paTopa TaiOKe B03paCTaeT B 4 pa3a no cpaBHeHHID C non}'BOnHOBblM BH6paTOpOM: 

RnB = 4RHlll = 292 OM. 

J{upeKmopnaR anmenna 
,LVIpeKTOpHaH aHTeHHa COCTOHT H3 neTneBoro BH6paTopa (A), pe!lJneKTopa (R) H 

,li,HpeKTopa (D) (pnc. 6) [2]. ToKH B Ka:a<,UOM H3 aHTeHHbiX JneKTPO,li,OB A, D, R 

O,li,HHaKOBbl, a 4Ja3bl C)J,BHHyrhi TaK, qT06bi 

()D =-OR= kh = kd =!!:_. 
2 

r)J,e h - paCCTO.HHHe Me:a<,Uy neTneBblM BH6paTOpOM H pe!lJneKTOpOM, a d - paCCTO.HHHe 

Me:a<,Uy neTneBblM BH6paTOpOM H ,li,HpeKTOpOM. 

11 a· 

f}iJ/7 ~ ·_ 

R~ 
R -~ 7J 

Pnc. 6. CxeMa AHpeKTopnoii aHTeHHhl 

3neKTPHqeCKOe none, C03)J,aBaeMOe ,li,HpeKTOpHOH aHTeHHOH B TOqKe C yrnOBblMH 

KOOp,li,HHaTaMH 8 H <j), paBHO 

E(8, q> )= ER ·eikhsinOcos(j) + EA +ED ·e-ikdsinOcos(j). 

3Ha.H none OT non}'BOnHOBOrO BH6paTOpa, .HBn.HromerOC.H OCHOBOH Ka:a<,UOrO 3neMeHTa 

,li,HpeKTOpHOH aHTeHHhl, npHXO)J,HM K pe3ynhTaTy 
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r,ll,e 

cos(!!:_ • cos e) 
E(8,q>)=Eo ~ 8 ·e-iwt ·k'~~' +2+ei'llz ), 

sm 

\j/
1 

= kd sin 8cosq>+ OR =!!:_·sin 8cosq>+!!:_, 
2 2 

\j/
2 

= -kdsin8cosq>+M = _!!:_·sin8cosq>-!!:_. 
2 2 

,ZVui )J,aHHbiX C)J,BHrOB 4Ja3 HaXO,li,HM 3neKTP~qecKOe none ,li,HpeKTOpHOH aHTeHHbl 

co{ !!:_·cos8 J - · · 
E(8, q>)= 2E0 ~ · e-iwr ·(1 +sin(!!:_· sin 8cosq>))· 

sm8 - 2 

Y rnoBaH HHTeHCHBHOCTh ,li,HpeKTopHoll: aHTeHHhl dJ / dQ nponopunoFian~>Ha: 

]
2 )2 cos1t cos8 · 1t . 

dJ oc[ ~ ·(1+sin(-·sm8cosq>) 
dQ sm8 2 

1t 
MaKCHMYM H3nyqeHH.H HaXO,li,HTC.H npn yrnax q> = 0 n 8 =- [2]: 

2 

!!:!_ - 16(!!:!.._) dQ- dQ. BH6p• 

lf3nyqeHHe HanpaBneHO B CTOpOHY ,li,HpeKTopa H ocna6neHO B CTOpOHY 

pe!lJrreKTopa. HHTeHCHBHOCTH H3nyqeHM.H ,li,HpeKTopHoH: aHTeHHhl B 16 pa3 BDime no 

cpaBHeHHID C non}'BOnHOBblM )3H6paTOpOM. . )l;npeKTOpHbie H pe!lJneKTOpHbie 

3neKTPO,ll,bl BblnOnmiiDTC.H KaK hacCHBHbie BH6paTOpbl, TOKH B HHX B036y:a<,UaiDTC.H 3a 

cqeT eMKOCTHOH H HH,li,YKTHBHOH CB.H3H. )l;nH 3TOrO ,li,HpeKTOp ,ll,enaeTC.H KOpoqe 

(HH,li,YKTHBHaH CB.H3b), a pe!lJneKTOp - )J,llHiiHee (eMKOCTHaH CB.H3b). )l;npeKrOpHide 

aHTeHHhl ncnonh3YJ:OTC.H B YKB- H CBll-,!1,Hana3oHax. 

IllmbrpeBaR anmenua 

lliTDipeBaH aHTeHHa HCnOnb3yeTC.H B nopraTHBHblX pa,li,HOCTaHUHHX. lliTbipeBaH 

aHTeHHa npe,li,CTaBn.HeT co6oll: nonOBHHY ,li,HnOnbHOH aHTeHHbl, pacnonoJKeHHOH Ha 
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It 

npoBo.D.Hm:eii noBepxHOCTII 3eMJIII. Ecn11 ee .WXIIHa Y.D.OBneTBopxeT ycnoBIIIO f.<< l../4, 

ona pa6oTaeT KaK TO'Ie'!Hhlii B116paTop. B TOM cnyqae, ecn11 .nn11na IIITJ>IpeBoii anTeHHJ>I 

COOTBeTCTBYeT f.= /..j 4, ORa npe).l.CTaBMeT cofioii llOllYBOnHOBOii B116paTOp. 

lliThipeBble anTeHHJ>I m11poKo IICnonJ>3yroTcx B .[(B- 11 KB-.D.IIana3onax. 

Anmenna c 6ezyU(eil BOJJHOU 

PaCCMOTPIIM npoBOllO'IHYIO aHTeHHy, B KOTOpoii B036yx<.D.eHa fierym:ax BOllHa, 

'ITO COOTBeTCTBYeT pacnpe).l.eneHIIIO TOKa B aHTeHHe 

I(x}= Ioei(kx-ror)_ . 
BeKTopHhlii noTeHUIIan B TO'IKe rp .D.M anTeHHJ>I c 6erym:eii Bonnoii paBeH 

- l/2 
A=Jlo .!JL.e-irot-rpfc Jeikx(l-cos9)dx. 

4n rP -t/2 

flocne IIHTerpllpOBaHIIX DO .nJIIIHe aHTeHHbl npiiXO)J.IIM K pe3ynJ>TaTy 

A= Jlo. Yo ·e-irot-rpfc. 2sin(ld'(1-cos8}/2} 
41t krP (1-cosS) ' 

ii = A·n =--1-· wi0 ·sinS·(2sin(ld'(l-cos8}/2)}· 
cJ.10 4nck . rP 1-cose 

YrnoBoe pacnpe.D.enenlle IIHTeHCIIBHOCTH 113nyqen11x .D.M anTeHHJ>I c 6erym:eii 

BOllHOH paBHO 

dJ =_!L(2sin(ld'(l-cos8}/2)}
2 

·sin2 e. 
dQ 81tCoC 1-COS 8 

HyneBoe 113nyqeHIIe J = 0 HaxO)J,HTCX 00).1. yrnaMII e = 0, 1t. HnTeHCIIBHOCTh 

113llY1JeHHX paBHa nynro J = 0 Dpll 8 = n/2 II kf. = 21tm llllll f.= m/... flp11 kf. << 1 

IIHTeHCIIBHOCTh 113ny'IeHHX MaKCIIMallJ>Ha Up II 8max = n/2.. AlrreHHbl C fierym:eii 

BOllHOH DpiiMeHXIOTCX 'Iam:e BCero KaK nplleMHble aHTeHHbl. 
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Pwuo'IHble anmeHHbl 

PaMO'IHble anTeHHJ>I nan6onee pacnpoCTPaHeHHhlii THn anTenn B 

pa.D.IIonplleMHIIKax. TaKax anTenna npe.D.CTaBMeT co6oii KaTYWKY na 4Jepp11TOBOM 

cep).l.e'IHIIKe. PaCCMOTPIIM cnyqaii, KOr)J,a pa3Mep paMO'IHOH aHTeHHbl MHOro MeHJ>ille 

.nJIIIHJ>I BonHJ>I: a<</.... MarHIITHhlii MOMeHT paMO'IHOii anTeHHJ>I c TOKOM I paBeH 

mz = I0 S!JN ,· 

r).l.e N - KOllii'IeCTBo BIITKOB, ~ - MarHIITHax npon11uaeMOCTJ> 4Jepp11TOBoro 

cep.D.e'IHIIKa, S - nnom:a.D.J> paMKII. BeKTopnhlii noTeHUIIan H IIHTeHCIIBHOCTh 

113llY1JeHHX )J.M paMO'IHOH aHTeHHbl C MarHIITHbiM MOMeHTOM m paBHbl 

A=m·r 
2 , 

r 

dJ 

dQ 

r)J,e k = 21t//.. - BOllHOBOe 'IIICllO. 

/(urjJpa«u.uoHHble anmeHHbl 

2N2 2 ( ) . 2 
8 ~~. k2S2 ·sm , 

81tE0c 

B CBll- 11 YKB-.D.Hana3oHax, KOr).l.a nonepeqnJ>Ie pa3Mepb1 anTeHHJ>I Mnoro 

fionJ>me .nJIIIHbl BOnHbl 113llY1JeHHX, MeTallllii'IeCKM llOBepXHOCTb, BblllOllHeHHaX B Bll).l.e 

napa6onoll)J,a Bpaw:enHX, pa6oTaeT KaK c!lJepii'IecKoe 3epKano y 2 = 2px c ilJoKyCHhiM 

paccTOXHIIeM F = p/2. YrnoBoe pa3peJ?eHIIe TaKoii aHTeHHJ>I onpe.D.enxeTcx 

.D.IIilJpaKUIIOHHbiMH 34JilJeKTaMII 

!::.8=1../D. 

ll(eJJeBble anmeHHbl 

~eneBJ>Ie aHTeHHbl (p11C. 7) HCU0llb3YIOTCX B llplleMHO-nepe).l.aiOW:IIX 

YCTPoiiCTBax, r.D.e BJ>ICOKyro nanpaBneHHOCTh 113nyqen11x neo6xo)J.IIMO CO'IeTaTh c 

KOMnaKTHOCThiO aHTeHHJ>I (6opTOBJ>Ie PR.D.IIonoKaTOpbi caMoneToB). TaKax aHTeHHI!: 
·,'_,· 

npe).l.CTaBMeT cofioii 3aMKHYThlii C O).l.HOrO KOHUa BOllHOBO).l., B KOTOpOM B036yx<.D.aeTCX 
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CTOJiqiD{ BORHa. Ha npHHHMaiOm;eif nosepXHOCTH BORHOBO.l(a (m;eneBOH aHTeHHhl) 

.nenaiOTca m;enH .l(nJI npHeMa sonH. PacCTOJIHHe Me)K.l(y m;enaMH o6bJqHo Bhl6HpaeTca 

f.="A/2. 

tif~~~ z 

PHc. 7. CxeMa meJ.Iesoii: aHTeHHbl 

JleKU:HH 10. PacceHHIIe JJieKTpoMarHIITHLIX Bonn 

PacceRnue BOJIHbZ cBo6oOHbZM 3apROo.M 

Ilo.l(. .l(eHCTBHeM JJieKTpOMarHHTHOH BORHhl, na.narom;eif Ha 3apli:JKeHHble 

qaCTHU:hl, nocne.l(Hne HCnhlThiBaiOT ycKopeHHe H, coOTBeTCTBeHHO, H3nyqaroT. Ilpo~ecc 

rrepen3nyqeHHJI MOJKeT 6b1Th paCCMOTpeH KaK pacceJIHHe :meKTpOMarHHTHOH BOnHbl 

qaCTHU:aMH. Bse.neM .l(lf(pq>epeH~HanhHoe ceqeHHe pacceli:Hifll [5] 

dcr 1 dJ 
dQ =-s· dQ' 

, 

r.ne S - noToK BeKTopa YMoBa-IIoiiTHHra, dJ I dQ - HHTeHCHBHOCTb H3nyqeHHJI 

qaCTHU:hi. Cso6o.l(HIDI qaCTH~a B none nHHeiiHo-nonapH30BaHHOH BORHbl .l(BHJKeTCJI c 

ycKopeHHeM a: 

ma = eEoe -iwt. 

3aplllKeHHIDI qaCTHu:a, .l(BHJKym;aaca c ycKopeHHeM a, rrepeH3nyqacr 

:meKTpoMarnHrnyro sonHy. 3neKTpHqecKoe none EH311 .l(nJI .l(HIIOnhHoro H3nyqeHHJI Ha 

paCCTOJIHiflf r OT qaCTH~bl paBHO 

E = easin8 
HlJI 2" 

4m:0 rc 

IlOTOK JHepruH .l(nJI na.l(aiOIIJ;eH H rrepeH3nyqeHHOH BORHbl COOTBeTCTBeHHO paBeH 
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S =~o.E2 na.n. 0' 
J.lo • 

- ~ 
sHlJI =v~·£2. 

Yrnosoe pacnpe.nerreHHe H3JiyqeHHJI .l(BHJKym;eiica qaCTH~hl, B none 

JJieKTpOMarHHTHOH BOJIHhl C YCKOpeHHeM a, paBHO 

dJ = S . r2 = ~Eo ·( e2 sin 8 )2 . Ez C 
H3Jl 2 H3JI2" dQ J.lo me 4nE0 r 

IIo.ncTaBHB 3HaqeHHe JneKTpHqecKoro nona, Haii.neM yrnosoe pacnpe.neneHHe 

HHTeHCHBHOCTH H3nyqeHHJI: 

dJ ~0 2·2 2 -= -·r sm 8·£0 . 
dQ J.lo e 

.z:t:lf(l>!f>epeH~HanhHoe ceqeHHe pacceaHHJI paBHO 

dcr 1 dJ 

dQ =:= sn3J),. dQ' 

HJIH 

dcr ~0 ( 2 . 2 2vFO 2J -= -· r, sm 8·£0 -·E0 • 
dQ J.lo J.lo 

B HTore nocne npeo6pa3oBaHHH nonyqHM 

dcr 2 • 2 
dQ.=r, sm e. 

IIpoHHTerpHposas no yrny 8, Haii.neM rronHoe ceqeHHe pacceli:HHH 

1t 2 

cr = r,2 J sin 2 8 · 2nsin 8d8 = Snre . 
0 3 

' 2 

CeqeHHe pacceli:HHJI cr = Snr, HOCHT Ha3BaHHe "ceqeHHe pacceaHHJI ToMCOHa". 
3 
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11 

Ce11enue pacceliHUJI B nolle nenollllpU30BaHHoii. BOllHbl 

Ce'!em~:e pacceHHIDI B :meK'I'pOMa.rHHTHOM none HenonHpH30BaHHOii sonHbl 

paBHO 

dcr -- 2. 2 dQ-resm 8, 

r~e yron 8 - yron Me~ seKTopoM 3neK'I'pH'!ecKoro nonH E HenonHpH30BaHHOii 

sonHbl 11 pMHycoM-BeKTopoM: 

sin 2 8 =sin 2 80 -sin2 80 cos2 cp+cos2 80 = 1-sin2 80 cos
2 

cp, 

3~ech So - yron Me)K)J.y ochro z 11 pMHYCOM-BeKTopoM r, cp - a3HMyranhHhiii yron B 

nnOCKOCTH xy (pHC. 8). 

z 

A 

PHC. 8. Pacce.aHHe B none HenoAApH30BaHHOH BOJIHbl 

,ll;mp«l>epeHQHanhHOe CelJeHHe pacceHHIDI B none HenonHpH30BaHHOH BOnHbl paBHO 

dcr = re2(1- sin 2 80 cos2 cp). 
dQ 

Ycpe~j{j{ no BCeM yrnaM cp B none HenonHpH30BaHHOH BOnHbi, nony'!aeM 

- =r; 1--- =....!- 2sin 2 80 +2cos~8-sin
2 8. (dcr) ( sin

2 
8) 7

2 
( ) 

dQ qJ 2 2 

Y cpe~eHHOe CelJeHHe pacceHHIDI ~ HenOHHpH30BaHHOH 3neK'I'pOMarHHTHOH BOnHhi 

nepenHmeM B BMe 

(dcr) 7 2 ( 
dQ qJ = ; l+cos2 eo). 

54 

CUJJa peaKl(UU u3Jly'leHUJI 

MHTeHCHBHOCTb ~IIOJibHoro H3nYlJeHHH (cKopoCTb noTepb 3HeprHH '!aCTHQeii) 

pasHa 

d 2 ··2 
E e X 

dt =- 61tE
0 
·2· 

CKopoCTb nOTepb 3HeprnH onpe~enHeTCH CHnoii TOpMO)KeHIDI F: 

dE =Fdx =Fv. 
dt dt 

IIepenHmeM 3TH Ma ypasHeHIDI B «PopMe 

e2 v2 
Fv+--·-=0. 

61tE0 c 3 

IJpOHHTerpHpyeM nony'!eHHOe ypaBHeHHe no BpeMeHH: 

e2 v2 J Fvdt + --J ~t = 0. 
· 6nE0 c 

Y'lHTbiBaH, 'ITO 

J
v2dt = Jdv. dv dt =v dv -Jvd

2
v dt. 

dt dt dt dt2 

npHXO~M K pe3yJibTaTy 

J(F--e-2 

-vJ·vdt+-e-
2 -w=O. 

61tE0 c
3 6nE0c 3 

B cpe~HeM 3HeprHH '!aCTHQhi coxpaiDieTCH, ~cnH Ha Hee ~eiicTBYeT CHna peaKQHH [3] 

• 2·· 2···. 

F =~=~. 
TOpM 61tEoC3 61tEoC3 

PacceJIHUe BOllHbl CBJI3UHHblMU 3ap110aMU 

,ll;BH)KeHHe 3neK'I'pOHOB B aTOMe OIIHCbiBaeTCH ypaBHeHHeM KOne6aHHH 

x+w~x = 0. 

C y'!eTOM CHJibl peaKQHH ~BH)KeHHe CBH3aHHOrO 3neK'I'pOHa B none 3neK'I'pOMarHHTHOH 

JlHHeiiHo-nOHHpH30BaHHOH BOnHbl HMeeT BM (4] 
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(t 

.. 2··· x+ro~x = e x + eEo ·eioot 
6rtEomc3 --;;; 

BBe.n;eM Benwumy pa,[UI)'ca 3neKTpoHa 

e2 
---=r 
4rtE0mc2 e 

H nepenHWeM ypaBHeHHe .D;BH:a<eHIDI 3neKTpOHa B aTOMe: 

•• 
2 

2 r, ... eE0e-ioot 
x+ro0x--·-x =--

3 c m 

PemeHHe ypaBHeHHH .n;BH:a<eHHH 3neKTpoHa HrueM B BH_nex=A·e-ioot. Tor.n;a JarmmeM 

nepByiO, BTOpyiO H TPeTbiO npOH3BO.D;Hbie .n;nH KOOp.n;HHaTbi x: . 
.X = + Airo . e -ioot , x = - Aro2 . e -ioot' x = -iro3 Ae -ioot. 

llocne no.n;CTaHOBKH npOH3BO.D;HbiX B ypaBHeHHe .D;BH:a<eHIDI HaH.D;eM KOHCTaHry A: 

2 2 2 r, . 3 eE0 -Aro +ro0A--·-Jro A=-. 
3 c m 

B peJynbTaTe KOOp.D;HHaTa X H YCKOpeHHe COOTBeTCTBeHHO paBHbl 

(eEo/m)·e-ioot 
X= -'---!!.!....---~ 

ro2 _ 2 2 r • 
0 (J) -- • .L j(J)3 

3 c 

x= -ro2 (eE0 jm)·e-iwt 

ro~ - ro2 -3.. r_;ro3 . 
3 -c-

3neKTpH'IeCKoe none .n;nH .n;HnonbHoro H3nYlJ:eHIDI Eu311 Ha pacCTOHHHH r OT 

'!aCTHllhl paBHO 

E = eisin8 
u311 41tEorc2 . 

YrnoBoe pacnpe.n;eneHHe H3nYlJ:eHIDI '!aCTHIIbi, .D;BH:a<ymeii:cx 

3neKTpOMarHHTHOH BOllHhl C ycKopeHHeM a, paBHO 

dJ = ~E2 r2. 
dQ v;;; H311 

,li;HipcpepeHIIHMbHoe ce'!eHHe paccemHH paBHCi 
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B none 

dcr E;311 2 dcr E;311 2 --=--r =>-=--r 
dQ E 2 dQ E 2 

na.a. Da.A 

llocne no.n;CTaHOBKH nonYlJ:aeM .n;HcpcpepeHIIHMbHoe ce'!eHHe paccemiDI CBH3aHHoro 

3neKTpOHa B none llHHeHHO-nOMpH30BaHHOH. BOnHbl 

dcr r 2ro4 sin2 8 

dQ = [ 2 r iro3 ]
2 

• 
(J)2 -(J)2 --·-·--

0 3 c 

BOJBe.n;H JHaMeHaTem. B KBa.n;paT, npHxo.n;HM K--peJynhTaTy 

dcr 2 . 2 8 ro4 

dQ = r. sm · ( }2 

(ro~ - ro2 J + i. ~ ro6 

Ce'IeHHe pacceHHIDI CBHJaHHoro 3apx.n;a onpe.n;enxeTcH '!aCToToii 3neKTpOMarHHTHOH 

BOnHhl. PaccMOTPHM o6naCTb BbiCOKHX 'IaCToT ro >> ro0 : 

1 
dcr = r2 sin2·8·-(2 r,ro}-
dQ 1+ -· 

3 c 

llpH pe30HaHCe (J) = (J)O .D;HcpcpepeHIIHMbHOe Ce'IeHHe pacceHHIDI paBHO 

dcr 9 2 . 2 8 ( c )
2 

-=-r. sm · --
dQ 4 r.ro0 

B o6naCTH HH3KHX 'IaCTOT (J) << (J)O .D;HcpcpepeHIIHMbHOe Ce'IeHHe pacceHHIDI 

Onpe.n;ellHeTCH COOTHOilleHHeM 

4 dcr 2 • 2 
8 

ro 
-=r sm ·-4 • 
dQ e roo 

Teop1111 zolly6ozo ne6a 

AHanHJ pacceHHIDI 3neKTpoMarHHTHbiX BOllH CBHJaHHbiMH JapH.n;aMH noJBOllHeT 

o6nHCHHTb IIBeT He6a B JaBHCHMOCTH oT BpeMeHH CYTOK. ,ll;nHHa BonHbi K{iacHoro CBeTa 

paBHa A."P = 6300 A, a .n;nH rony6oro CBeTa oRa coCTaBnHeT A. ron = 4800 A<~~-
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rony6oii CBeT, npOXO,lVI tiepe3 aTMoc<t>epy, pacCeiiBaeTCH 6onbiiie, tieM .upyr11e U:BeTa: 

dcr sin28 
-- oc --

4
-, nOCKORbKY IIMeeT Manyro ,llniiHY BORHbi, n03TOMY B cepe,llHHe ,llilll, KOr,lla 

dQ II. 

conHn:e HaXO,llHTCH B JeHHTe, He6o rony6oe. 

CoBeprueHHO .upyraH KapTHHa Ha6mo.uae-rcH Ha YTPeHHeii 11n11 BetiepHeii Jape, 

Kor.ua conHn:e Haxo.uHTcH Ha rop1130HTe. KpacHbiii CBeT no.u yrnoM 90. npaKTIItiecKH He 

paCCeiiBaeTCH, B TO BpeMH KaK rony6oii CBeT pacceiiBaeTCH Ha116onee IIHTeHCIIBHO. If 

KOr,lla CBeT npOXO,lliiT 6onbiiiOH nYTb, B HeM He OCTaeTCJi rony6oro, OH Bee 6onbrue 

CTaHOBIITCJi KpaCHbiM, nOTIOMY Ha 3ape npeo6na.uaroT KpaCHbie TOHa He6a. 

PacceJIHUe BOllll cucmeMou 3ap11i>oB 

llp11 na,lleHIIII 3ReKTPOMarHHTHOH. BORHhl Ha CIICTeMy, COCTOHIUYJO 113 ,llByx 

3apiDKeHHbiX tiaCTIIU:, HaxO,lVIJUHXCH Ha paCCTOHHIIII d .upyr OT .upyra, 3ReKTPIItieCKOe 

none paccejiHHOH 3ReKTPOMarHHTHOH BORHbi paBHO 

Es =Est +Es2 =Eo(1+eikdcosa). 

ITOTOK :meprn11 ::meKTPOMariiHTHOro nonH nponopn:lloHanen KBap;pazy 

3neKTPHtiecKoro nonH: 

E E* =E2(1+eikdcosa).(1+ -ikdcosa)- 2( . (eikdcosa +e-ikdcos8)) ss o e -E0 1+1+2· _ 2 -

_ 2( (eikdcosa + e -ikdcosa )) 
-E0 1+1+2· . 

2 

YnpoCTHB 3TO BhlpiDKeHIIe, npHXO.llHM K pe3ynLTazy 

E.E; =2E~(1+cos(kdcose)). 

~<P<l>epeHU:IIanbHOe CetieHIIe paccej!HHJi ,llnH CIICTeMbl 113 ,llByx 3apMOB paBHO 

dcr . · 
-= 2r~2 sin2 8·(1 +cos(kdcose}). 
dQ 

B .cnYlJae ecn11 kd << 1 (KorepeHTHoe paccej{HIIe), .llH<P<PepeHn:HanbHOe 11 nonHoe 

cetieHHJi paccemHJl coOTBeTCTBeHHO paBHbi 
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dcr 
dQ = 4r.2 sin2 e. cr=4crT, 

r.ue crT- cetieHIIe paccej{HIIj{ ToMCOHa. llp011HTerp11pOBaB no BCeM yrnaM e, Haii.ueM 

3HatieHIIe nonnoro cetieHHJi KorepeHTHoro paccemHJl: 

cr = 2rt2r,2 J sin 28·(1 +cos(kd cose}}d(~os8}= 4rtr,2 J(1-x 2 )· (1 +coskdx}IU = 

[( 

3 )1+1 ~~+I +I l 
=4rtr,

2 x-~ -t +~_1 -Lx2
cos(kdx)IU = 

~4w,'[2-H •i~kdx x 2sinkdx 

kd 
2~coskdx + 2sinkdx)l+tl· 

(kdY (ka)3 
_

1 

B pe3ynLTaTe nonYlJaeM 

= 16nr.
2 
·[1- 3coskd 3sinkd] 

cr 3 (kd)z + (kd)3 . 

llp11 kd = 2rt cetieHIIe paccej{HIIj{ paBHO 

cr=2~T[1 - (4!)2l 
,l(mi CIICTeMhl 113 N 3apjl,llOB CetieHHe pacCejiHIIj{ B 3aBIICIIMOCTII OT ,llniiHbl 

BORHhl Onpe,llenHeTCj{ COOTHOIIIeHIIj!MII (2, 6] 

A>> a.; cr = N 2crT - KorepeHTnoe pacceHHIIe, 

A= a.; cr = crTF(a/A) - npoMeJKYTOtiHbiii cnYlJail:, 

A<< a.; cr = NcrT :.... HeKorepeHTiioe paccej{HIIe. 

<l>ynKn;HJi F(a/A) IIMeeT TOT HnH HHOH KOHKpeTHhlll BH,ll B 3aBIICIIMOCTII OT 

pacnonoJKeHIIj{ 3apMOB. Paccej{HIIe 3neKTPOMarHHTHhlX BOnH B peHrreHOBCKOM 

,llllanaJOHe III1Ip0KO IICnORb3YeTCH B <l>11311Ke KOH,lleHCIIpOBaHHbiX Cpe,ll ,llnH aHanll3a 

CTpYKTYPhl BemeCTBa. 

59 



·'I 
11 

li3JiyqeHHe 3apHiKeHHbiX qaCTH~, nyqKOBbie TeXHOJIOrHH, Jia3ep Ha 

CB060,ZJ,HhiX 3JieKTPOHaX 

JleKIJ,HH 11. CuuxpoTpouuoe H3JI)"'enue, na3ep ua cso6oJJ;HhiX 3JieiCTponax 

CneKmp cunxpompmmozo U3llY'Ienun 

CnHXpOTponuoe H3JI)"'eHne B03HHKaeT npu JJ;BIDKeHHH 3ap5.DKenuoii qaCTHU:hi B 

MarHHTHOM llOJie (2, 6]. 

Yrnosoe pacnpeJJ;eneune H3JI)"'eHmi onpeJJ;emieTCH 3Heprneii 'IaCTHU:. 

XapaKTepHbiH yron H3JI)"'eHHH peiDITHBHCTCKoii '!aCTHU:hi onpeJJ;eJIHeTC.li OTHoweuneM 

nonepe'IHOrO HMllYJibCa 'JaCTHU:bl K npOJJ;OJibHOMY llMllYJI~cy: 

8= pl_ 
Pn 

Bocnon»JyeMCH npeo6pa3osauneM Jlopeuu:a )J;IDI npoJJ;OJibHOii H nonepequoii 

KOMllOHeHT llMllYJibCa: 

P1_ = p~, Pn =YPu• 

3JJ;eCb p ll p' - HMllYJibCbl 'JaCTHU:bl B )J;BH)I(yweiiC.ll H Jia6opaTOpHOH cuqeMax 

KOOpJJ;HHaT COOTBeTCTBeHHO. ,[(JIH )J;llllOJibHOrO ll3JI)"'eHH.li B COfiCTBeHHOH CHCTeMe 

KoopJJ;HHaT npoJJ;OJihHbiH H nonepe'IHhiH HMnyn»c»I qacTHU:hl paBHbi. Y'IHThiBaH 3TOT 

ljlaKT, uaxo.n;nM yrnosoe pacnpe.n;eneune H3JI)"'eHHH 3ap.ll)l(eHnoii qacTHU:»I: 

8 "' p j_ = p~ "' _!_ 
. Pn YPu Y. 

PeJIHTHBHCTCKaH 3apH)I(eHHaH '!aCTHU:a H3JI)"'aeT snepeJJ:. Ee H3JI)"'eHHe cocpe.n;oTO'IeHo 

B KOHyce C yrJIOM paCTBOpa 

8"' 1/y. 

PaccMOTPHM JJ;BH)I(eHne peiDITHBHCTCKOii qaCTHU:hi c y >> 1 B nosopoTHOM 

JJ:HllOJibHOM MarnHTe c pa.n;nycoM KpHBH3Hbl TPaeKTopHH qaCTHU:hl R. Ha6moJJ;aTeJI», 

HaxOJJ;HIIJ;HHCH Ha 60JibWOM paCCTO.liHllll OT MarHHTa, 3aperHCTpHpyeT CIUIXpOTpOHHOe 

H3JI)"'eHHe 'IaCTHU:bl C )"'aCTKa opfiHTbl ,n;JIHHOH 
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] 
:l 
~1 

Lf =R·S= R 
y 

31jlljleKTHBHblii nonepe'IHbiH pa3Mep HCTO'IHHKa CHHXpOTpOHHOrO H3JI)"'eHH.li, 

pemCTpnpyeM»lli y.n;aneHHbiM ua6mo.n;aTeneM, paseu 

. R·82 R 
l:i=R-RcosS=--: 2 , 

2 y 

3JJ;eCb 8 "' 1/y - yron paCTBopa KOHyca, B KOTOpbiH HanpaBJieHO H3JI)"'eHHe 

peiDITHBHCTCKOH 'JaCTHIJ;bl. ,[(nHTeJibHOCTb H3JI)"'eHH.li onpeJJ;eJUieTC.li JJ:BYM.li 

JljlljleKTaMn: speMeHeM, B Te'Ienue KOT~poro 'IaCTHU:a nponeTaeT )"'aCToK £r, H 

3alla3,ll;biBaHHeM CHHXpOTpOHHOrO H3JI)"'eHHH 

!:iT= Lf- Lf = Lf ·(1-~). 
' v c c c 

Y'IHThiBaH, 'ITO )J;IDI peJIHTHBHCTCKOH 'JaCTHU:bl c y>> 1 2{1-~)= y12, llOJI)"'aeM 

.n;nnTeJibHOCTb HMnyn»ca CHHXPOTPOHHoro H3n)"'eHHH 
i 

R 1 R 1 
l:!T=-·-=-·

yc y2- c y3. 

liiHpHHa ClleKTPa CHHXpOTpOHHOro H3JI)"'eHHH MO)I(eT 6b1Th Haii}J;eua H3 

COOTHOWeHHH HeOnpe,n;eJieHHOCTH 

l:iro· !:iT= 1. 

TaKHM o6pa30M, xapaKTepHaH 'IaCToTa cuuxpOTpOHHoro H3JI)"'eHHH pasua 

c 3 (1):=-y. 
R 

MaKCHMYM cneKTPa H3JI)"'eHHH uaxoJJ;HTCH ua .n;nnue BOJIHbi (KpHTH'IeCKaH .n;nuua 

BOJIHbl) 

Ac "'.!!._ . y3. 

llpH fiOJibWOH ,n;JIHHe BOJIHbl HHTeHCHBHOCTh CHHXpOTpOHHOrO H3JI)"'eHHH llaJJ;aeT C 

pOCTOM ,n;JIHHbl BOJIHbl KaK (2, 6] 
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: oc(~r3 
flpH MaJlbiX ,WIHHax BOnH HHTeHCHBHOCTb CHHXPOTPOHHOrO H3n}"'eHHH 

3KCIIOHeHUHaJlbHO CHIDKaeTCH C }'MeHbiiieHHeM ,WIHHbl BOnHbi [2, 6]: 

a; oc ~~ · exp(-~} 

HumencuBnocmb cuHXpompouuozo UJlly'leHUR 

HHTeHCHBHOCTb .z:IHIIOnbHoro H3nyqeHHH 3apH:lKeHHoii '!aCTHUbi, .z:IBIDKYIQeiicH c 

ycKopeHHeM a, paBHa 

ezaz 
]--

- 61te
0
c3 . 

Y'IHTbiBM, 'ITO ycKopeHne 3apH:lKeHHoii '!aCTHUbi B MarHHTHOM IIOne paBHO 

- e - B-a =-·yv· , 
m 

Haii.[leM HHTeHCHBHOCTb CHHXPOTPOHHOrO H3nyqeHHH ,[lllH penHTHBHCTCKOH '!aCTHUbi , 

[2, 6] 

· 81te0 2 2y2 B2 1=-
3
-r.cv , 

e2 
r.z:~e re- pa.r~nyc :meKTPOHa, --- = mc2

• 
4ncore 

lloTepn :mepnm '!aCTHueii, ,[IBH:lKyrQeiicH co CKopoCTbiO v = c, 3a O.z:IHH o6opOT 

B. YCKOpHTene CO cpe,[IHHM pa,l:lllyCOM op6HTbl R OIIpe,[lenHIOTCH COOTHOIIIeHHeM [6, 7] 

ll.e =I. 21tR = 161t2eo ·y2cvB2r2 R. 
V 3 e ,. 

11 ~ 

B npaKTH'!ecKoii cnCTeMe e.z:~~mnu noTepn :meprun '!aCTHUeH 3a O.z:IHH o6opoT 

COCTaBnHIOT [6, 7] 

ll.e (K3B) = 90 . E
4 

(r3B) 
' ' 
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llOTepH 3Heprun '!aCTHueft Ha e,[IHHHUY ,WIHHbi nOBOpOTHoro MarHHTa paBHbi 

de =!... = 8nco . rzvcyz B2. 
ds v 3 Y 

qncno y-KBaHTOB, H3nyqeHHbiX 3a nepno.r~ o6pameHHH 'IaCTHUbi B HaKonnTenbHOM 

KOnbUe, paBHO [7] 

N =~= 161t2eo 'y2B2re2vcR2 

FicfJ...c 3 1icy3 

B MarHHTHOM none c HH.z:IJKUHeii B penHTHBHCJCKM '!aCTnua c HMnynbCOM p = ymv 

.z:IBH:lKeTCH no op6nTe pa,l:IHycoM R: 

eBR=ymv. 

qHcno y-KBaHTOB, H3nyqeHHbiX 3a nepHO,[I o6pam;eHHH 'IaCTHUbl, nHHeHHO paCTeT C 

pOCTOM penHTHBHCTCKOrO lPaKTOpa y [7]: 

_161t2eo y4m2v3cre2 - yj33e3 
N---· ---

3 1icy3 e 3e01ic 

llpn .z:IBH:lKeHHH 'IaCTHUbi B MarHHTHOM none c B 1. = Bmax sin Zm: (MarHHTHoe 
Ao 

none OH,[IynHTOpa) cpe,[IHHe nOTepH 3HepruH 'IaCTHUeii Ha e,[IHHHUY ,[lllHHbl B ,[IBa pa3a 

HH:lKe, '!eM npn MaKCHMaJibHOM MarnHTHOM none Bmax ( cpe.r~Hee 3Ha'IeHne 

sin 2
(2m:/J...}= 1/2 ): 

2 
de 8nc0 2 y2 Bomax 
ds =-3-·r. vc ·-2-

llpn npoxo)l(,[leHHH 'IaCTnueii yqaCTKa c rapMOHH'IeCKHM MarHHTHbiM noneM MHHoii L 

noTepH 3HepruH '!aCTHUeH COCTaBnHIOT [7] 

ll.e= 
4

1tEo ·r/vcy2B?'n....L. 
3 

0,[1HOH H3 KniO'IeBbiX XapaKTepHCTHK CHHXpOTPOHHOro mnyqeHHH HBllHeTCH. HpKOCTb. 

[6, 7] 

B = dn/ de [ <iJOToH J 
(21t)

3
/
2 
S,; S y • 8y C •Mpa,[l

2 ·MM2 ·0;1% III.n. • 
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j(e.MmfmpoBanue 6emamponnblX KOJle6anuii. Paoual{uonnoe oXJla;m:oenue. 

CHHXpOTpOHHOe ll3Jl}"'eHHe B HaKOIIJITeilliX 3apiDKeHHbiX '!aCTHU IIpHBO,ll;llT K 

3aryxaHHIO HX KOne6aHHH 3a C'leT TIOTepb 3HeprnH. BpeWI 3aT)'XaHHH KOne6aHHH 

(speW! pa,n;HaUHOHHOrO OxniDK,[{eHHH) OIIpe,n;enHeTCH COOTHOITieHHeM [7) 

1 LlE 

'trad E 

r.n;e LlE- IIOTepn 3Heprnn '!aCTnueii 3a O,ll;HH o6opoT. XapaKTepnoe BpeWI 3aryxaHHH 

KOne6aHHH 3a C'leT CllHXpOTpOHHOrO ll3Jl}"'eHHH ll3 TIOBOpOTHbiX MarHHTOB paBHO [7) 

1 LlE 81tE r 2v2cy2 B2 27tR 
--=-=--0. e ·--
'trad E 3 ymc2 v 

BpeWI pa,ll;llaUHOHHoro oxna)K,ll,eHHH .n;nH oH.n;ynHTopa .n;nHHoii L cocTaBnHeT 

-1 47tEo 2 2 L 
'trad =--·cr, vyBmax ·--2. 

3 me 

KBanmoBble rfmwKmyal{UU 

CnnxpoTPOHHOe H3nyqeHne oiipe,n;enHeT paBHOBeCHhlii pa3Mep IIY'JKa B 

ycKOpHTene 3a C'leT KBaHTOBbiX lPJliOKTyaUHH ll3Jl}"'eHHH, IIpHBO.n;HIIUiX K pa36pocy 

:meprHH qaCTHU. XapaKTepHM 3HeprnH KBaHTOB ll3nyqeHHH pasHa [7, 8] 

Ey = /iro0 y
3 

• 

llacrnua c 3Heprneii E, H3nY'JaeT N !lJoTOHOB [7, 8]: 

N= E,. 
Ey 

ll3nY'JeHHe KBaHTOB CTaTH'IeCKH He3aBHCHMO, II03TOMY pa36poc IIO 'lHCny ll3Jl}"'eHHbiX 

KBaHTOB ON (.n;HciiepcHH qncna KBaHTOB) 6y,n;eT IIpoiiopunonanen .JN. 
i1 CooTBeTCTBeHHO, pa36poc 3Heprnn '!aCTHU paBeH OE, = EyON [7, 8] 

OE, =~EyE,. 

Y CTaHOBHBITIHHCH rOpH30HTanbHbill pa3Mep II}"'Ka IIO IIOpH.n;Ky BeJlll'IHHbl paBeH [7, 8) 
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' 

I 

fu:,DOE, ~D {E;' 
. E, ve: 

r.n;e D = R/q2 
- .n;nciiepcnoHHM lPYHKUHH HaKonnTenH, R :_ cpeJinnii pa.n;nyc op6llTbi 

HaKOIIJITenH, q z 3-5 - TaK Ha3biBaeMOe 6eTaTPOHHOe 'lllCJlO. 

Jla:Jep na cBo6oonblX 3/leKmponax, .Monoxpo.Mamu'lecKoe U3lly'lenue U3 oni>yllRmopa 

,[(mi !lJopMHpOBaHHH MOHOXpOMaTH'IeCKOrO ll3Jl}"'eHHH BblCOKOH HpKOCTll B . 
na3epe Ha CB060,ll;HbiX 3JleKTPOHax (flC3) C IIepeCTPaHBaeMOH MHHOH BOJlHbl 

IIpHMeHHIOTCH OH.n;YnHTOpbi. B Ka'!eCTBe pa6o'leH cpe,ll;bi B HHX llCIIOJlb3YeTCH II}"'OK 

penHTHBHCTCKHX :meKTPOHOB, IIpoxo.n;Hmnx qepe3 on.n;ynHTop. B on,n;ynHTope 

C03,ll;aeTC.!I IIepeMeHHOe MarHHTHOe IIOJle, ll3MeHHIOIUeec.!l TIO rapMOHH'!eCKOMY 3aKOHY 

B,ll;OJlb paCIIPOCTPaHeHHH II}"'Ka 3apH)I(eHHbiX '!aCTHU [2, 6] 

H H 
. 2nz 

.L = 0 ·sm~, 
. 0 

r.n;e Ao - IIPOCTPaHCTBeHHbiH IIepno.n; OH,n;ynHTOpHOCTH. lJaCTnua B noiiepe'!HOM 

MarHHTHOM IIOJle ,ll;Bll)l(eTCH llO CIIHpanH. illar CIIHpanH OIIpe,n;enHeTCH napMOpOBCKHM 

pa.n;nycoM p 

p = _p_ = ymc , 
eH eH 

r.n;e p - HMIIynhc qacrnuhl. TiapaMeTp a. - yron OTKnOHeHH.!I 3neKTPOHOB B 

on.n;ynHTope, paBHbiH 

1..0 A.0eH 
a.=-=--.-. ' 

27tp 2nymc 

xapaKTepH3YeT OTHOITieHHe IIepHO,ll;a OH,ll;YJlHTOpHOCTll Ao K mary napMOpOBCKOH 

CIIHpanH. Yron KOHyca HJnyqeHHH periHTHBHCTCKOH '!aCTHUbl paBeH e"' 1/y. IlapaMeTp 

OH,ll;ynHTopHOCTH K xapaKTepll3yeT OTHOllieHHe yrna OTKnOHeHHH 3JieKTPOHOB BO 

BCTPOeHHClM IIpH6ope K xapaKrepHOMy yrny 8 "' 1/y, B KOTOpblli HaiipaBJleHO 

CllHXpOTpOHH~e H3JI}"'eHHe peJUl!HBHCTCKOH 'laCTHUbi: 

65 



it 

K= a =A.0eH 
8 2nmc · 

fiapaMerp OH.l(YJUITOpHOCTH .l(JUI OH.l(YJUITOpa BCer.l(a y.l(OBlleTBOp.HeT ycnOBI:IIO K << 1. 

,lVul Ha6niO.l(aTeJUI, perucrpi:!pyiDmero l:l3n)"leHI:Ie 1:13 OH.l(yn.HTopa no.!( yrnoM 8 K ero 

OCI:I, nepl:IO,l( 1:13ll)"leHI:I.H onpe.l(eJUieTC.H npO.l(OllbHOll CKOpOCTblO 3lleKTpOHOB 1:1 

3!}l!}JeKTaMI:I 3ana3.l(biBaHI:I.H CBeTa: 

r.l(e 

T 'A0(1-J:3cos8) 

VII 

'A0 (1- J:3cos 8) 

c 

2 _ 2 2 _ 2( a
2) v

11 
-v0 -vl. -v 1-4 npO.l(OllbHM CKOpOCTh 3lleKTpOHa, MHO:lKI:!Tellb 

1-J:3cos8 npe.l(CTaBI:IM B Bl:l.l(e 1-J:3cos8=-4-+8
2 

=-4-(i".r8
2y2

). Yql:!ThiBM, qTO np1:1 
. y y 

1 v y >> 1 MHO:lKI:!Tellb 1---
2 

""'-, HaxO,l(l:IM nepl:IO.l( l:l3ll)"leHI:I.H .l(JUI Ha6niO.l(aTeJUI, 
2y c 

perl:ICTPHPyiDIQero 1:13ll)"leHI:Ie B.l(Ollb OCI:I OH.l(Yll.HTOpa np1:1 8 = 0: 

T=A.c0 
·[( a') I[ r]~'Ao ·(1+ a~ +-1 _ 1)- 'A0

- ( a2y2) 1-_!l . 1- 1 c 4 2 2 --2 . 1+-0- ' 
4 22 y 2y c 2 . 

y . 

TaKI:IM o6pa30M, nepl:IO.l( OH.l(yn.HTopHoro l:l3n)"leHI:I.H paBeH 

A. ( K
2

) T= 2y~c. 1+2 ' 

r,l(e K = ay - napaMerp OH.l(Yn.HTOpHOCTI:I. ,[(nl:!Ha BOllHbl Cl:IHXpQTPOHHOrO l:l3ll)"leHI:I.H 

.l(JUI nepBOll rapMOHI:!Kl:l paBHa 

~ 'A0 ( K2) "'m~,~~=- 1+-2y2 2 . 

CI:!HXpQTPOHHoe l:l3n)"leHI:Ie 1:13 OH.l(yn.HTopa np1:1 K << 1 KorepeHTHO. ,[(n1:1Ha 

BOllJibl 1:13ll)"leHI:I.H 1:13 OH.l(yJUITOpa MO:lKeT nerKO Bapbi:!pOBaTbC.H np1:1 l:I3MeHeHI:Il:l 

3Heprul:l 3lleKTpOHOB (pen.HTI:!Bl:ICTCKOrO !}JaKTOpa y). fiepecrpal:!BaHI:Ie .l(lll:!Hbl BOllHbl 
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I 

l:l3ll)"leHI:I.H 1:13 OH.l(yn.HTopa npl:l 1:13MeHeHI:Il:l 3Heprul:l 3lleKTpOHOB .HBJUieTC.H O.l(Hl:IM 1:13 

KniOqeBbiX .l(OCTOI:IHCTB peHITeHOBCKOrO lla3epa Ha CB060.l(HbiX 3lleKTpOHax no 

cpaBHeHI:IIO c TPa.l(l:IIII:IOHHhiMI:I naJepaMH. 0H.l(yn.HTop npe.l(CTaBJUieT. co6oil: aHanor 

.l(l:l!}lpaKIII:IoHHOil: pemeTKI:I. ,lVul OH.l(yn.HTOpa .l(lll:IHOil: L = NJ...0 l:IHTeHCI:IBHOCTb 

. 2 
Cl:IHXPOTPOHHoro H3n)"leHI:I.H YBenl:lql:!BaeTc.H c poCToM q~:~cna nepl:IO.l(OB N KaK I = N . 

KaK Clle.l(yeT 1:13 COOTHOIIIeHI:I.H Heonpe,l(eneHHOCTI:I, IIII:!pl:!Ha 

YMeHbiiiaeTc.H c poCTOM N: 

llw:TN = 1. 

cneKTpa l:l3n)"leHI:I.H 

~OHOXpOMaTI:IqHOCTb OH.l(yn.HTOpHOrO l:l3ll)"leHI:I.H onpe.l(eJUieTC.H ql:!CllOM 

nepl:IO.l(OB OH.l(yn.HTopa N! 

/).'). 1 

AOH.ll N 

JlaJep Ha CB060.l(HbiX 3lleKTpOHax, C03,l(aHHbill Ha OCHOBe OH.l(YJUITOpHOrO 

1:13ll)"leHI:I.H, o6na.l(aeT pMOM npel:!MymeCTB no cpaBHeHI:IIO c .l(pyrl:!Ml:l Tl:lnaMH naJepoB. 

Bo-nepBbiX, .l(lll:!Ha BOllHhi l:l3n)"le,Hl:I.H onpe.l(eJUieTCH napaMerpaMI:I OH.l(yn.HTopa 1:1 

3Hepmeil: 3lleKTpOHOB, a Clle,l(OBaTellhHO, MO:lKeT 6biTb npaKTI:I~eCKII n106oil: 1:1 rinaBHO 

nepecrpal:!BaThCH. BO-BTOpbiX, Hanl:lqlfe 3lleKTpOHHbiX n)"'KOB CO cpe.l(Heil: MOIUHOCTblO 

nOp.H.l(Ka ,l(eC.HTKOB MeraBaTT 1:1 cpe.l(Hell TinOTHOCTblO MOIUHOCTI:I ,1:(0 COTHI:I MeraBaTT Ha 

KBa.l(paTHblll Ml:lllllliMeTp n03BOJUieT C03,l(aBaTb JIC3 CO cpe.l(Heil: MOIUHOCThlO ,1:(0 

HeCKOllbKI:IX MeraBaTT. B-TPeThl:IX, HCnOllb30BaHI:Ie B KaqeCTBe pa6oqeil: cpe.l(bl 

3lleKTpOHHOrO TI)"!Ka n03BOJUieT o6ecneql:!Th MallyiD (.l(I:!!}JpaKIII:IOHHyiD) yrnOByiD 

paCXO.l(l:IMOCTb 113ll)"leHI:I.H. 3Tl:l oco6eHHOCTII onpe.l(eJUIIOT o6naCTI:I npl:!MeHeHI:I.H JIC3: 

naJepHM Me.l(l:IIIHHa; cneKTpOCKOnl:I.H, n~epHM !}JOTOXI:!Ml:I.H 1:1 pa3.l(eneHI:Ie l:I30TOnOJ3. 

Cunxpomponnae u3Jly'lenue ll3 Bumepa 

,ZJ;IDI !}JopMI:!pOBaHI:I.H :lKeCTKoro peHrreHOBCKOrO 1:13ll)"leHI:I.H B HaKOnHTellbHbiX 

KOllbiiax YCTaHaBlll:!BalOT Bl:lrnepbi. B BI:!rnepe, TaK :lKe KaK. II B OH.l(yn.HTope, C03.l(aeTC.H 

nepeMeHHOe MarHHTHOe none, 113Mel:I.HIOIQeec.H no rapMOH~eCKOMY 3aKOHY B.l(Ollb 

pacnpocrpaHeHI:I.H TI)"!Ka 3ap.H:lKeHHhiX qaCTHII [2, 6] 
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Hi= Ho sin 2nz 
Ao 

Bc-rpoeHHhie npii6opbi c nonepe'IHbiM rapMOHII'IeCKIIM MarHIITHhiM · noneM 

Ha3biBaiOTCH BIIrnepaMII IIpii napaMeTpe OH,nynHTOpHOCTII 

K= A.0eH >1. 
2nmc 

B npe.nenbHOM cnyqae K >> 1 (K = 100) BCTpOeHHhiii npn6op Ha3hiBaeTcH mmjnepoM, 

OH CJI)')KIIT .l(nH reuepaUIIII JKeCTKOrO peHTreHOBCKOrD HJnyqeHIIH C ManOR MIIHOH 

BOJIHbl IIJIII .l(nH CMern;eHIIH CIIeKTPa CIIHXpOTPOHHOrO HJnyqeHIIH B o6naCTb ManbiX 

,nniiH Bonn. MarHIITHOe none B mmjnepe .nocTIIraeT JHa'leHIIH Bsh = 10 T, B TO BpeMH 

KaK B .l(IIIIOJibHOM MarHIITe OHO COCTaBnHeT Bmag = 1 T., IloCKOJibKY MIIHa BOJIHhl 

CIIHXpOTPOHHOrO mnyqeHIIH o6paTHO IIpOIIOpUIIOHanbHa 3Ha'leHIIIO MarHIITHOrO IIOnH: 

Ac ,E_oc _!_ 
Y3 s' 

TO HCIIOJib30BaHIIe mmjnepa 1103BOnHeT Ha IIOpH,nOK IIOHH3IITb 3Ha'leHIIe ,nlliiHbl BOJIHbl 

110 cpaBHeHIIIO C CIIHXPOTPOHHbiM IIJnyqeHIIeM II3 IIOBOpOTHbiX MarHIITOB. 

JleKUHH 12. llyqKOBbie Texuonoruu, npnMeneuue cuuxpoTpouuoro H3Jiy'lennH, 

uauoTexuonoruu npu nponJso.ncrse MHKpo:meKTpoHHbiX cxeM 

CnuxpQTPOH~IOe IIJnyqeuiie miipoKo IICIIOJihJYeTCH .nnH IIccne,noBaHIIii B 

cpll3IIKe KOJI.neHCIIpOBaHHbiX cpe,n II aTOMHOH cpii3IIKe, 6IIOJIOriiii H Me)J.lll(IIHe, XIIMIIII II 

reonoriiii, ,naeT BOJMOJKHOCTh pacmiipeHIIH IIccne,noBaHIIii no npo6neMaM 3Konoriiii, a 

TaKJKe pa3BIIBaeT HOBbie Texuonomii, TaKIIe KaK MIIKpoMexaHIIKa II niiTorpa<jJIIH, 

1
1 TexuonomH MaTepiianoB n MeTannypmH [2, 6]. IlpiiMeueniie CIIHXpQTPOHHoro 

IIJnyqeHIIH B pa3JIII'IHbiX o6naCTHX HaYKfi II TeXHIIKII OCHOBaHO Ha cpii3ll'IeCKHX 

HBneuiiHx, npiiBe,neunh1X B Ta6niiue. 
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IlpiiMeueune CIIHXPQTPOHHoro IIJnyqeHIIH. 

<I>HlH'leCKHe 

HBJleHHH H 3lfllfleKTLJ 

npo~eCCLI 

BTOpH'IHaJI :JMHCCID! ¢OTO:JJieKIJlOHhl OJKe-:JneKIJlOHhl <llnyopecue~ PenrrenoBCKllll 

<!Jnyopecuenuill! 

PacceHHHe Ynpyroe Heynpyroe PenrreHOBCKllll ¢OTO:JlleKIJlOHHaJI 

pacceHHHe pacceJIHHe ,zm$paK1Uill ,!Ui<!JpaKll,lrn 

XliMH'leCKHe Pearuum ,l{ecop6UHJI ¢OTOXHMIIll DpH 

:J$$eKThi B036)'lK.llemm CII 

Pa,!UiaUHOHHhle Pa,!UiaunoHHhle 

:J$$eKThl noBpe)l(JieHill! 

TeXHonornn llinorpa<!JHJI MHKpOMexamtKa 

JiomoU{eHUe peHmZeHOBCKOZO U3Jiy'leHUR 

lfHTeHCIIBHOCTh CIIHXPOTPOHHOro ll3nyqeHIIH (Clf), npome,nmero qepe3 

o6pa3en:, 3Kcnoueuuiianbuo na,naeT ,c IIJMeneuiieM TonmiiHhi o6pa3ua: 

Inp=l0 ·e-J.Ul, 

J,nech J.L - K03<jl<jJIIUIIeHT nornomeuiiH II3nyqeuiiH. liHTeHciiBHOCTh CM, nornomeunaH 

B o6pa3ue, paBua 

Jnorn = 10 (1- e-J.Ul ). 

A6cop6uiiH CM ,naeT IIH<jlopMan:mo o6 aTOMHoii CTpYKTYPe B oKpeCTHOCTHX 

aTOMa, nornoTIIBmero Y-KBaHT CM. <DOTo3neKTPOHhi, o6pa3yrorn;necH npii nornomenllli 

y-KBaHTa CM, MOryT 6hiTh paccMOTPeHhl B BOJIHOBOM npn6niiJKeHIIII. li3o6paJKeHIIe OT 

<jJOT03JICKTPOHOB auanom'IHO )J.ll<jlpaKU:IIOHHOH Kapmue B onmKe. "Bonua" 

B3anMo.neiicrnyeT c coce,nHIIMII aToMaMu, oKp)')KaiOrn;IIMII a.ncop6IIpyromnii aToM. B 

pe3yJibTaTe B3aiiMO.l(eHCTBIIH IIpOIICXO,niiT MO.l(YJIHUIIH llliTeHCIIBHOCTll IIOrnorn;eHHOrO 

CM. TaK, uanpiiMep, BKpanneHHhie B o6pa3eU aTOMhi npiiBO.nHT K IIOHBneuiiiD IIIIKa 

IIHTeHCIIBHOCTH. IIonoJKeHIIe IIIIKa ,naeT IIH<jlopMaU:IIIO o pacCTOHHIIH MeJK.ny aTOMaMII, 

BhicOTa nnKa - o KOJill'leCTBe coce,nHIIX aTOMOB BOKpyr BKpanneuuoro aTOMa, miipiiHa 
\:, 

IIIIKa - 0 TeiiJIOBOM ,!UiiiJKeHIIII BKpanneHHbiX aTOMOB. 
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PenmzeuoacKuii qmyopecl(eHmHblU ammu3 

Mero.n ocHOBaH Ha CBOHCTBe aTOMOB ncnycKaTh no.n .neiiCTBneM CH 

xapaKTepnCTnqecKoe n3nyqeHne, cneKTP KOToporo o,nH03Ha~o onpe.nenHeTC~ 

aTOMHhiM HOMepoM o6nyqaeMoro 3neMeHTa. PeHrreHOBCKHii <iJnyopecueHTHhiii aHanll3 

,naer nH<iJopMaumo o6 3neMeHTHOM co.nepJKaHnn B Beru:eCTBe. ,IVur aHann3a ,noCTaToqHo 

HMeTh o6pa3Uhi c pa3MepaMH nop~,nKa HeCKOnhKHX MHKpOMeTpOB. MnHHManhHOe 

pa3perneane ,naHHoro MeTo.na coCTaBnHeT 1 aTOM npnMecn aa 10
9 

.aTOMOB o6pa3ua. 

t!Jomo3lleKmpoumm cneKmpocKonuJt 

q)OTo3neKTPOHH~ cneKTPOCKOnll~ c ManoyrnOBhiM pa3perneaneM 

ncnonh3yerc~ .nnH nccne,noBaHnii 3JieKTPOHHOii CTPYKTYPhi TBep.noro Tena H ero 

noBepxHOCTH. 3neKTPOHhl, 3MHTnpyeMhie c o6pa3ua no.n .neiiCTBHeM CH, 

aHanll3HpyroTc~ no yrny n KHHernqecKoii 3Heprnn. Pacnpe.neneHne · 3JieKTPOHOB no 

3Hepmn ,naer nH<iJopMaumo o6 3Hepmn CB~3H B aToMax o6paJua. 

PeumzeuoacKUJtllumozparjJuJt 

HaHeCeHHe Ha noBepXHOCTh. KpHCTallJIOB npOBOMIUHX nOKphiTHH 3a,naHHOH 

KOH<iJnrypaUHH n03BOnHeT C03,L{aBaTb CJIOIKHbie CXeMhl MHKp03JieKTPOHllKll - TaK 

Ha3hiBaeMhle 6onhiiiHe nHTerpanhHhie cxeMhl (puc. 9, a). Cnoii <lJOTope3HCTa nocne 

B03,neiiCTB~ Ha Hero CH yCToiiqnB K KHCJIOTe H npe.noxpa~eT npoBO.nHHK OT 

pa3pyrneH~ BO Bpe~ TPaBneH~ B KHCJIOTe. Ha noBepxHoCTH KpeMH~ B03HHKaeT 

cxeMa 3JieKTPnqecKHx coe,nnHeHnii (pnc. 9, 6). 

Cero~ .nnH co3,naH~ HHTerpanhHhiX MHKpocxeM c pa3MepaMH 2-3 MKM 

.~ npnMe~erc~ YJ1bTPa<iJnoneTOBhlii Jia3ep. CH no3BOJIHT c03,naBaTb nHTerpanbHble 
11 . 

cxeMhi c pa3MepaMH 2D-30 A (peann3aU~ HaHOTexaonomii). B pe3yJihTaTe B 1000 pa3 

YMeHhiiiaTc~ pa3Mephl 3JieKTPOHHOii TeXHHKll. 
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t t t t t 
II I I I I I I 

I I 
a) 

0 0 c=J 

·1 " · · ·· · I 

6) 

CH 

MacKa-JKpaH 

llpOBO.IUUIK 

KpeMHHii 

KpeMHHii 

PHC. 9. llplllllUill C03,naHIDI 60JlbWHX HHTerpallbHbiX CXeM B MHKpOJneKTPOHHKe 

PeumzenocmpyKmypHblii aHUllU3 

.HBneane ,nn<iJpaKUHH peHITeHOBCKllX nyqeii Ha nepno,nnqecKnx . 
KpHCTanJinqeCKHX peiiieTKax JieJKHT B OCHOBe CTPyKTYPHOrO aHanll3a: 

qam = 2kam sin%= 2nm, m = 1, 2, 3. 

Ilpn o,nHoBpeMeHHOM BhiiiOJIHeHHH ycnoB~ Bynh<Pa-Iip3rra .nnH TPeXMepaoro 

KpllCTaJIJia B03HHKaiOT YJKlle MaKCHMYMbl (pe<iJJieKCbi) Ha ,nn<iJpaKUHOHHOH KapTHHe. 

06pa3eU KaqaiOT (Bparu:ruoT) BOKpyr aecKOJihKHX oceii H nonyqaiOT TPeXMepHoe 

H3o6paJKeHne o6pa3Ua (TaK pacrn~<iJpoBhiBaiOTc~. MoneKyJihl )l;HK). 

PeumzenocKonUJt 

11HTeHCHBHOCTh H3nyqeH~, nporne.nrnero qepe3 o6pa3eU, paBHa 

I=I0e-JJd. 

Pa3HOCTHhlii MeTO,n peHITeHorpaMM ncnoJih3YeTC~ .nnH. nonyqeHn~ KOHTPaCTHhiX 

peHITeHOBCKHX CHIIMKOB C ManOR .L{030H o6nyqeH~. ,lVul 3TOrO B KpOBh qenoBeKa 

BBO~C~ COnH . iio,na. ,lVul Bbl,L{eJieHIDr KOHTPaCTHOH pa3HOCTH HHTeHCHBHOCTII 
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i1 

n3n)"leHmi pa6oTaiOT s6nn3n Kprui nornomeHll}l, r,!l;e Ko::~l}ll}lnuneHT nponycKaHll}l 

CKaqKOM B03pacTaeT npn He3HaqnTenbHOM ysenuqeHllll 3Heprnn I}JoTOHOB OT 

3HaqeHH}I £1 ,!l;O £2: 

J.t(E2)»J.t{EI), 

J.t2 = J.t(E2) - K031}ll}lnuneHT nponycKaHII}I ~ cnnbHOro nornomeHnH, J.t1 = J.t(E1) -

Ko::~l}ll}lnuneHT nponycKaHII}I ~ cna6oro nornomeHnH. ~ coneii iio,!l;a .nnnHa BOnHbi, 

cooTBeTCTBYIQIUrui KpaiO nornomeHH}I, cocraBMeT A = 0,3 A. KoHrpa-CTHrui pa3HOCTb 

llHTeHCIIBHOCTeH ,!l;JIH ,!l;Byx 3HeprnH ll3JI)"leHHH pasHa 

I= Io(e-I'Id -e-1'2d). 

KoHrpacTHble peHrreHorpaMMbl ncnonb3YIQTC}I ~ peHTreHocKonnn KpOBeHOCHbiX 
... 

cocy,!l;oB c xapaKTepHbiM ,!l;naMeTpOM cocy,!l;a 1 MM. HanpnMep, ~ npocBeqnBaHII}I 

)KeJiy,!l;Ka ncnonb3YIQTC}I conn 6apll}l (Z = 56), KOTOpbie cnnbHO nornomaiOT n3n)"leHne 

c .nnnHoii BOnHbi~npeBbiiiiaiOmeii A= 0,13 A. 

JleKD;llH 13. lhny•Ienne penHTllBllCTCKOH 3apH)KCHHOH 'laCTUD;hl 

liolle 3UpJJOa, 06U31CyU(eZOCJI C pt!llllfflUBUCfflCKOU CKOp0Cfflb10 

CKaMpHbiH u BeKTOpHbiH noTeHD;HaJibi 3ap}l,!l;a, ,!l;BH)Kymerocx c 

penHTUBllCTCKOH CKOpOCTbiO, COOTBeTCTBeHHO paBHbl (CM. neKUlliO 7) 

cp(r,t)=-4q .(1 ~-;'' 7tE0r -vn c 

- q v 
A:o: ·-- • 

47tEoc2r (1- vii I c) 

MHO)KllTenb X= (1- vii/c) )"lllTbiBaeT ::~l}ll}leKTbl 3ana3,!1;biBaHU}I, CBH3aHHbie c KOHeqHoii 
. ·' \ . 

CKOpOCTbiO pacnpocrpaHeHll}l CBeTa; ii = r I r 0 3neKrpnqecKoe none onpe,!l;eMeTC}I 

CKaMpHbiM ll BeKTOpHbiM noTeHUUanaMn: 

- oA 
E=-at-Vcp. 
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Ilo,!J;CTaBnB 3HaqeHII}I CK~Horo n BeKTopHoro nOTeHunanoB, noll)"laeM BbipiDKeHne 

~ ::~neKrpnqecKoro noM 

- q :. ( -) q { -) E = 3 • iil3 · ii- 13 + 2 3 • \ii- 13 . 
47tE0r,x c 4rn:;0y X r, 

~ 3ap}l,!l;a, ,!l;BIDK)'!Uerocx c nocTO}IHHOH cKopoCTbiO, ::~neKrpli'IecKoe none 

onpe,!l;eMeTCH TOnbKO BTOpbiM cnaraeMbiM {puc. 10): 

E= ( "\ii-~). 

Pnc. I 0. BeKTopHllll ,nnarpaMMa :meicrpH'lecKoro noilll 3apJI.lla, ,nBIDK)'merocJI c noCTOJIHHOH cKopoCTbiO 

Marnnmoe none paccquTbiBaercx no l}lopMyne 

H=ii·E~. 

H3lly'lenue nept!llJimuaucmcKou 11acmul(bl 

3neKrpnqecKoe none Me.nneHHO ,!l;BH)Kymeroc}l 3ap}l,!l;a paBHO 

- q :. 
E = ·ii ·ii ·13. 

47tc0r,c 

MarnHTHoe none onpe,!l;eMeTCH coomorneHneM 

- q _- ~o qu . H=---·n·l3· -=--·sm8. 
47tE0 rc J.lo 47trc 

BeKTop noToKa 3Heprnn paseH 
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-~ 
~~ 

~ ( 

« )2 - - - 2 qu . 1 s =E·H = ·H = --·sme ·-
4nrc cE0 

q2~ 2 -sin2e 

16n2r 2c3E0 • 

Yrnonoe pacnpe.n;enenHe HHTencHnnoCTH H3nyqeniD! onpe.n;eJIHeTCH neKTopoM noToKa 

:meprHH: 

di 
de= S ·sine·21tde 2 r .· 

flpoHnTerpHpOnan no nCeM yrJiaM e, naXO.n;HM HnTeHCHnHOCTh H3JIYIJeHID! I (CKOpOCTh 

noTepb :mepmH "!aCTHUeii): 

de 4 q2u2 

- = I = 2n ·- · ~'-=-::-
dt 3 16n2c3E0 

2·2 q u 

6nc3Eo 

B cne.nyromeM naparpa¢e nhmonnHM ananom"lnhie npeo6pa3oBaHHH .n;nH 

peJIHTHnHCTCKOR "!aCTHUbl. 

H3lly'lenue 6bzcmpo osu:J~Cyll{eZoCR 3apRoa 

PacCMOTPHM cnyqaii, Kor.n;a CKOpOCTb H ycKopeHHe 3apiDKeHnOR "laCTHQbl 

napannenhnhl .n;pyr .n;pyry: ~II u [2]. 3neKTPH"leCKoe H MarnHTHOe noJIH n 3TOM cnyqae 
. ' 

pannhl 

E= qn·n·u 

41tEoTC2 {1- VC:ser' 

- --~o --H = n · E · - = E0cn ·E. 
llo' 

Mo,nyJih HanpiDKennOCTH MarnHTHOro nom! onpe.n;emieTCH COOTHOIIIeliHeM 

H
,;, qsineu 

( 
;cose}

3 
· 

4nrc · 1---c-

Bei<Top noToKa 3nepmH panen 

- ·- -S=ExH. 

Yqnn.InaH cooTnornenne MeJK.n;y H n E, naxo.n;nM Mo.n;ynh neKTopa noTOKa 3neptnn: 
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S = . 82 = __ = q u sm . ~ H 2 , 2-2 . 2e 

·.CEo . 161t2TC3Eo(1- VC:ser 

3nepriDI, ·TepHeMaH qa~eii n e.n;HnHUY npeMenH t', H3Mepennoro '8 

co6CTBennoii CUCTeM~ O~C"leTa~ panna 

dE= S .!!:!_.r2dQ 
dt' dt' • 

r.n;e neKTOp S onpe,neJIHeT nOTOK :mepmH 3a e,D;HHHUY npeMeHH t n TO"!Ke npHeMa. 
,. 8 

HnTepnrull,I · npeMeHH -B TO"!Ke_ H3nyqenilli dt' H: n TOqKe npHeMa dt cnH3anhl 

COOTHOIIIenHeM 

dt=dt'{1- vc:se). 

CKOpOCTb nOTepb :meprHH peJIHTHnHCTCKOR "laCTHQeR n C06CTnennoii CHCTeMe OTC"leTa 

panna 

u2q 2 sin 2e 
dt' = 16n2c3Eo . ( vcose)5 . 

1---
c 

dE 

PaCCMOTPHM CHryaumo, KOr.n;a ycKopeHHe "laCTHUbi nOCTOHnno: dv = udt . CKOpOCTh 

noTeph 3nepmn n 3TOM cnyqae panna 

d - uq
2 

sin
2 
e. Jo dv - q

2
usin

2 
e ·[ 1 

E- 2 3 s- 2 2 4 
161t CEo ( vcose) 641t EoC cose ( u0 cose} uo 1--- 1----

c c J 
Ymosoe pacnpeoenenue u3Jiy'leHUR penRmusucmcKou 'lacmUl(bl 

CKopocu. noTeph 3HepmH qaCTHUeii, nnH yrnonoe pacnpe.n;enenHe 

nHTencnnnoCTn nponopunonaJibnhi cne.nyromeMy · nhipiDKenmo (eM. npe.n;hmymnii 

naparpa¢): 
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., 
ll 

dE dl sin 2 8 
-=-oc 

5
• 

dt' dQ ( vcos8) 1---
c 

YrnoBoe pacnpe.nenenne HHTeHCHBHOCTH n3nyqeHIDI peiDITHBHCTCKOii: qaCTHUbi HMeeT 

dl . MHHHM)'M - = 0 npn yrne 8 = 0. MaKCHM)'M H3nyqennsr coOTBeTCTBYeT yrny 
dQ 

8 =.!. 
y 

TaKHM o6pa30M, H3nyqenne pemnBHCTCKoii qaCTHUbi nanpaBneno CTPoro 

Bnepe.n. YrnoBasr rrmpnna H3nyqennsr pensrTHBHCTKoii qaCTHUbi ouennBaeTCH 

COOTHOIIIeHHeM 8 = y-1
• 

H3ny11e11ue pemzmuBucmcKou qacmulfbl npu ycKopenuu, nepneniJUIQ'JlJlpuoM 

cKopocmu 

3neKrpH'leCKOe none peiDITllBllCTCKOH qaCTllUbl paBHO [2] 

- q :. { -) q ( -) E = 3 . iil3 · \ii -13 + 2 3 · ii -13 . 
47tE0r,x c 47tE0y X r, 

Ilpn y >> 1 npene6peraeM BTOpbiM cnaraeMbiM ll nonyqaeM BbipiDKeHne .!I;IDI E 

E= q :. 
47tEor.x3 c . ii ·13(ii- ~). 

PaccMOTPHM cnryaumo, Kor.na ycKopenne 3apsr:>Kennoii: 'laCTHUbi w = c~ 

nepneH.D;nKyiDipno ee cKopoCTH: ~ .l 13. PacnniiieM BeKTopnoe npon3Be.nenne B 

!iJopMyne .!I;IDI :meKrpll'leCKOrO TIOIDI B Bll.D;e 

ii. (ii- ~)· w_l = (n -~)·(iiw_l)-w_l (1- ii~). 
Y'IHTbiBasr, 'ITO (eM. pnc. 11) 

iiA= vcos8 ..., . ., 
. c 

iiw-L =wsin8coscp, 

nonyqaeM BbipiDI<enne .!I;IDI 3neKrpH'lecKoro nonsr 
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E 

qw_l[(n-~)·sinS~~scp-~·(1-~)] 

/ z 

47tEor,c{l-;cos8 J 

• y 

]?\ r: I a \ (%-

Puc. 11. ,L{BIDKeHHe peJIJITHBHCTCKoii 3apiDKeuuoii '!aCTHUhl 

Haii.neM KBa.npaT MO.D;YIDI·Hanpsr:>KeHHOCTll :meKrpH'lecKoro noiDI: 

E 2 (- a\2 . 2 8 · 2 ( 1. vcos8)
2 

2(w -)(1 vcos8) . 8 oc n-..,J sm cos cp+ --c- - w ·n --c- sm coscp= 

( ) . ( vcos8)
2 

• ( vcos8) = 1+132 -213cos8 sm 2 8cos2 cp+ 1--c-.-.. -2sm
2

8cos
2

cp 1--c- = 

=-(1-132 )sin 2 8cos2 cv+(1- vc:s
8r 0 

Ilocne apn!lJMeTH'leCKHX npeo6pa3oBannii: nonyqaeM 

vcos8 2 • 2 2 1---.- -(1-13 .)sm 8cos cp 
( )

2 

£
2 

oc · .: c; · ( 'vcos'8)6 

1---
c 

CKopoCTb nOTepb 3neprun peiDITllBHCTCKoii qaCTnueii: B co6CTBennoii cnCTeMe 

OTC'leTa paBHa 

77 



d~ oc dt,E·H = ~E2(1 - vcose). 
dt dt v;:: c 

Ilocne no.ncraHOBKH KBa.npaTa Mo,nyiDI ::meKTpHqecKoro noiDI nonyqaeM cKopocn. 

noTepb :mepnm peiDITHBIICTKOii qaCTJiueii 

dE 

dt' 

e2w2 

161t2
E0c3 

(l-7)' +-~}n'9oo''~ dQ 

( 
vcose} 1---

c 

l13nyqeHIIe ,niDI peiDITIIBIICTCKOH qaCTIIUbl C ~ .ll3 TaiOKe HanpaBneHO Bnepe,n, II 

yrnoBoe pacnpe.neneHHe IIMeeT nmpiiHY 

-I S=y . 

H3llJ'leHue peJJRmuBucmcKou 'lacmul(bl, OBu;m:y~euCR B :JJJeKmpoMaznumHblX 

noJJRX 

B co6CTBeHHOii CIICTeMe Koop.nJIHaT ycKopeHHe qaCTIIUbi wo onpe,neiDieTC.!I 

BeniiqiiHOH :meKTpiiqecKOrO noiDI Eo B :noii CHCTeMe KOOp,nJIHaT: 

c 
. wo =-Eo. 

m 

Ilpo.nonhHM Eu II nonepeqHM E1. KOMnoHeHTbi 3neKTpiiqecKoro noiDI B co6crBeHHoii 

CIICTeMe KOOp,nJIHaT HaXO,n.!ITC.!I H3 npeo6pa30BaHIIH llopeHQa ,niDI KOMnOHeHT nOIDI B 

na6opaTOpHOH CHCTeMe KOOp,niiHaT (eM. neKUIIIO 1): 

E110 =E11 , EJ.o=Y·(EJ. +~xii). 
Ilo,nCTaBHB 3HaqeHIDI 3neKTpiiqeCKOrO noiDI B C06CTBeHHOH CIICTeMe KOOp,nHHaT B 

BblpiDKeHIIe ,niDI YCKOpeHIDI, Haii,neM ero BeniiqHHY qepe3 KOMnOHeHTbl nOIDI B ., 
n nafiopaTOpHOH CHCTeMe KOOp,niiHaT: 

2 q2 [ 2 2( - - \2] wo = m2. Eu +y EJ. +13XHJ . 

Ilocne apmpMeTHqecKHx npeo6pa3oBaHHii nonyqaeM BbipiDKeHIDI ,niDI ycKopeHH.!I 

3apiDKeHHOH qaCTHUbl 
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2 2q2 ( 2' 2 2 2 1-n-).lr; -\2) wo =y m2 • E11 -13 E11 +E1. +2EJ.!,p·H +!,p·HJ = 

2 q
2 

[(- - -\2 1-n -\2] =y m2 • E+v·Hj -!,p·Ej . 

11HTeHCHBHOCTh II3nyqeHIDI 3apiDKeHHOH qaCTJIUbl paBHa 

2 2 
dE=I=~ 
dt 61te3E 0 • 

Ilo,nCTaBHB BbipiDKeHHe ,niDI ycKOpeHIDI Wo, HaXO,nHM IIHTeHCIIBHOCTh II3nyqeHH.!I 

3apiDKeHHOH qaCTJIUbi, ,nBHi<ymeHC.!I B :meKTpOMarHHTHbiX IIOll.!IX: 

dE 

dt 
~q4y2 ·[(£+i·ii}2 -(-v·E)2

]· 
61tC3m2

E0 c c 

Ilepexoonoe u3Jly'lenue 

PaCCMO'fPIIM ,nBII)KeHIIe yn~'fllapeiDITHBIICTCKOH qaCTIIUbl B BaKYYMe B,nOnb OCII 

UHllliH,npiiqecKoii 'flly6DI nepeMeHHoro ceqeHIDI. Ilone qaCTIIUbi npH v"" c, (y >> 1) 

IIMeeT, KaK ~e 3HaeM, 6onbill1Ie 3HaqeHIDI BfinH3H 9 = n/2: 

er y 
E=~·-( 2 2)3/2' 

1+~ 
2 

H =13·E. 

a=_::-9«1. 
2 ' 

B 3Toii o6naCTJI ( e = n/2, a~ lfy) none Hanp~BneHo noqrH opToroHanbHo· cKopocrii: 

E1.jE11 =tgS=y. B o6naCTJI Man_DIX yrnoB (9~1) none npHMepHo B y3 pa3 MeHbme. 

Ilone peiDITHBHCTCKoii qaCTJIQLI no cBoeii CTPYKTYPe 6nii3KO K nonro nnocKoii BOnHhi . 
. :· ,';: ; l' _,'!; :.' . ' . . : 

Kor.na qacmua ;BneTaeT B TPY6Y MeHbmero ,nHaM~a. nocne,nH.!I.!I "cpe3aeT" none 
'i ' ' 

qaCTIIUbl, II OHO, O'flla31IBilliiCb OT TOpUOBOH CTeHKH Ha CThiKe 'flly6, H3nyqaeTC.!I B 

HanpaBneHHII, o6panu)M ,nBJI)KeHIIIO qaCTHUDI. IloTepii :meprnH qacrHueii mi 

IIJnyqeHIIe MO)KHO oueHHTh KaK 
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1 b e2y2 ( 1 1 ) ~~:--JEi_(r)2nrdr·f.n =--· --- ·f.n. 
4n 47tE a2 b2 

a 0 

3,n;eCh a - MaKCHMaJihHbiH pa,n;nyc rpy6hi B o6naCTH nepexo,n;a, b - MHHHMaJihHbiH 

pa.n;nyc rpy6hi, t.
11 

- xapaKTepHbiH npo.n;onhHhiH pa3Mep o6naCTn norur tiaCTHIIhi, 

t.
11 

- ab- bjy. Tor.n;a 

~E--e-· 1-2. y 2 ( b2) 
4nE0b .a 

Ilpn b <<a npnxo,n;nM K 3a,n;at1e o6 mnYlJeHnn tiaCTHIJhi, nponerammeii CKB03h 

Kpyrnoe OTBepCTne B nnOCKOM 3KpaHe. 

OtieBn.n;no, .n;nnna cpopMnpoBaHmi nepexo.n;noro H3nYlJeHirn B .n;aHHOM cnYlJae . 
ecTh t.

11
, a ,n;nnTenhHOCTh BCnhiiiiKH n IIInpnna cneKrpa H3nYlJeHmi 

f. T-_ll-~ 
c yc' 

oo - ~oo - ~ - rryc 
T b , 

b 
A.--. 

y 

CrycTOK H3 N tiaCTnii B .n;annoii cnTyaunn 6y.ner n3nYlJaTh KorepeHTHO (T.e. noTepn 
2 . . 

3Heprnn BhipaCTYT B N pa3), ecnn ero pa3Mephl & < t.0, ~r <<b. Ecnn )l(e Mhi 

HMeeM ,n;eno C .n;llliHHbiM li (,n;nH npOCTOTbl) TOHKIIM IIYlJKOM tiaCTHIJ (.iz >>f. II), TO 

n3nYlJeHne 6y.ner nponcxo,n;nTh neKorepeHTHO. Totinee, 3,n;ecb Hy>KHO peiiiliTh 3a.n;alJY o 

none ,n;Bn)l(ymerocH 3apH)I(eHHoro penHTHBHCTCKoro unnnn.n;pa. Ananorn'IHhle ouenKII 

no nopH.n;Ky senn'IHHhl .n;aroT [2] 

eN e2N 2 a 
E.1 ---, t.0 -b, ~EN--. -.-·b·ln-, 

2nE0rf. 2nE0f. 2 b 

r.ne f.>> b - .n;nnna cryCTKa B na6opaTopnoii cnCTeMe. M3nYlJeHne 6y,ner nponcxo.n;n:Th 

i1 Ha nepe,n;HeM cppOHTe cryCTKa, Ha .n;llHHe .iz - a, noKa He yCTaHOBHTCH CTaiJHOHapHOe 

none. TaKne )l(e npouecchl nponcxo.n;HT na 3a,n;neM cppoHTe cryCTKa. 
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