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fraea 1

OCHOBbI JIYTIF'EI{HOr,.
3 rEK TP O ImHAMVTKI|I rIrA 3 MhI

1.1 YpanHeurls gJreKTpoMarHrITHoro floJrfl

SnexrpovarHr.rrHoe noJre B Marepr,ra,.rbHofi cpe4e yAoBJlerBoprer ypaBHeHIl.fiM) Koropr,le rracro Ha3L'I-

Baro'r ypaBHeH[rrMI,I Maxcserra:

laB 4r. iAErotE: -;8, rotB: ;i+ i A,
divE = 4trp, divB :0,

(1 1)

r4e E-uexrop Hafipflx(eHHocrr4 3JTeKTp[qecKoro lloJlr, B-nexrop lrargurgofi LIHLyKIII,II4, j-nlorHocrr
gJreKTpr{qecKoro ror{a, p-urorHocrL gJreKTprrqecKoro 3apg.u,a. Bce erra BeJIrrqI,IHbr gBJlglorcs @yurqrravru
KOOpAI4nar rI BpeMeHI'I.

VpanHeHraa (1.1) r MareMarlryecxoft Sopue Bbrpax(alor 3KclepHMeH':"JIbHo ycraHoBJIeHHbIe saKo'

Hbr, B coorBercrBrzr,r e KoTopbrMr{ r{3MeHarorcfl 3reKTpuqecKvle tt MarHIrTHbIe IIoJL B cpeAe. 9ro6u
noHr{Tb, KaKr,re 3aKoHbr coorBercrByror ypaBHeuuxrra (1.1), paccMorpl{M I/tI{TerpaJIbI{bIe coorHo[IeHrrs,

BbrreKarou{r{e r,r3 3Tr{x ypaeneuufi. !,rr eroro npollHTetpupyeM repBoe ypaBHeHHe Iro HeKoropolt no-

nepxriocrra S

(1.2)/rotEds:-12 [r'or,Js cdt Jg

r4e dS-e;lernleHT noBepxnocrl,I. Ilepeuurueu gro coorHorlreHr{e B BrIAe:

1ao-i at'
(1 3)

r4e -L-xouryp, orpaHr{vuaarouqufi rroBepxHocrr S, (D : /s B . dS-notox uarHursofi ungyxtlww, €-
3JreKTpoABr{)Kyrr{afl crzla. Taxulr o6pasorr,r, r{3MeHeHr{e co BpeMeHeM noroKa Iraarnraruoft I,IHAyKqI{I qe-

pe3 rroBepxHocrn ,S co3Aaer gJreKTpoABl,r)Kyrrlyrc cr4Jry B KoHType -L, orpauuvuBaloql{M 3ry fioBepxuocl]b
(saxorr vtr4yKr\wv Oapagex).

Aua.rrorra.+ruur o6pasolr fiporrHTerp[pyeM BTopoe ypaBHenr{e cr{creMbr (1.1). B pffiyJlbrare [oJIyr'Ir{M

(1 4)

[rapxy.nar.pr.fl r\4arHrrrHofi zH,4yxquu no KoHTypy olpeAeJrserc.fi ToKoM cMeIr{eHI,Ifl (nropoe cJlaraeMoe

cnpana) !r [oJrHbr\t ToKoM (rox npono4rarraocru), rrporeKaroullrM qepe3 rloBepxHocrr,9 (neproe cJlarae-

Moe cnpaBa) . lio-cyulecrBy, BTopoeypaBHeur,re B cr{creMe (1.1) znnaetcs o6o6qeunort $opvofi 3aKoHa

Bzo u Caeapa.

t:f,E dr: -:*l,n as:

t',, or:+ l,: or.i*l,n as



Iloc,re4Hue ABa ypaBHeuua cucreuu (1

Ho reoper{e laycca Hafigeu
1) npounrerprpyeM ro npor{3BoJrbHol4y o6ter,,ry I/. Cor.rrac-

rt
pdr = 4nQ, (1 5)

4

ilepaoe pI3 noJIyyeHHbIx coorHoureurft flBJrrerc-fl o6o6rqeHueur 3aKoHa Kyaoua AJta pacrrpeAeneHuoro B

npocrpaHcTBe 3apflAa. !,eficrnrare"rrbHo) ecJrl{ rrr6panusrft o6renr rrBJrrrercrr cSeporl, ro r c(teplr.lecxoil
crlcre}.'Ie KoopAl{Hall dS: nr2dd), r4e df,)-sneMenT TeJrecHoro yura, n-eAr4Hr.rLrHatr BHeurHra HopMaJrb K
noBepxHocl'rz cSeprr. Iloerolry AJrr{ Toqeqnoro 3aprrAa Q, naxo4xulenocr{ R qeri.r.pe ccfcpur, Ha[pr{)Kerr-
Hocrb noJl.a Ha paccrosHilv r paB*a E : Qlr2.3ro u ecrr o6rr.*raa $oprvryna AJrr 3aKoHa Ky.noHa.

Iloc"rre4nee IIHTerpaJIbHoe coorllortrenrle AJI;I rtlrAyKqul,r MarHrrrroro [oJrrl ecrb o.r.pa)Ker{r.ro .r()1-o

$axra, .rro cro6o4nbrx MarHr{Tubrx 3apsAoB He cyulecrByer. i

BxoT.lnqre R ypaBHeHI,Ie (1.1) n"uorHocrr roxa j r,r 3aprrAa p He r{BJrrrrcTcrr He3anrrcrMbrMrr ra cBrr3anbr
Mex(Ay co6oft. r{to6u ycraHoBl{rb gry cB.fl3b, BbrrtrcJrr,rM Ar{BepreHqr{ro or BToporo ypaBHeHru cr{creMbr
(1.1). Hafiaerr.r

(1 6)

Taxrzl,t o6pasou, BeJII{trI{HbI j u p caazaHbr coorHorueHr{eM, Koropoe HasbrBaercq ypaBHeHr{eM Henpe-
pbrBHocTH

(1 7)

lro*E 
dr = t'rn 

as = nn l,
lro*B 

dr : t'r" ds :0.

o: divrot e :9 (X -" ,)

divj* ff:o

x: - f,: o,

Ousu.recxyft cMbrcJr coorHorueHr{fl
o6rerrry I/

fIoHgTb) ecnu ero upol{HTerpl{poBaTb no HeKoTopo\4y

(t 8)

(1.10)

tr{streuenrae 3apfiAa n o6reue co Bper\{eHeM ofipeAeJrrercs roKoM, uporeKarorJtrtrM rrepe3 orpaHr4rrr4Baro-
u5rro o6serra floBepxHocrb.

9acro BMecro (1.1) ucnonb3ylor Apyryrc Oopry 3anr{cra ypanueHufi'slexrpouarur{THoro uoJr.s B

cpeAe. !,rx sroro pasA,eJrsror BeJrr{r{r,rHbr j u p ua ABa cJraraeMbrx

j : jo *j', p: po * p', (1.e)

rAe jo, p3-BHeIuHI{e (croponuue) ToKLI a 3apflAbr, Koropbre aBJrfirorc.fl 3aAaHHbrMr{ $yuxqlraura KoopArr-
Hal' Ir Irpe\,retil y He 3aBvIcr'r or nolelt; j' , p'-^nqyr\rrpoBaHHbre (cnasaHHrre) roxrz H 3aprrAbr, Koropbrc)
Bo3HlrKalor B cpeAe no4 4efictnueu nolefi Ia trepe3 HIax Bbrpa]r(arorct.

Brraecro I,rHAyI{}IpoBaHHbIx 3aprIAoB r,I ToKoB BBoArrr BeJlr,rqr,rHy D, xoropyro HasbrBarof. tseKTopor\{

3reKrpl{r{ecxoft uH4yxquu

(1.7) ,rrerxo

* 1,,0.:

rotE: -14-Bc dt' rotB: ljo*1+
c cot

1t
D (r, t) : E (t, t) + 4r I i' G,t') dt'.

J--
B pesy.rsrare [rcKJItoqeHI{t BeJIr{tIrL j' 

^ 
p'Hs ypaBHeHzr (1.1) prx fipeAcraB;rrrror B BHAe

(1.1i)

divD = 4trpo, divB :0.

!,rx roro, .rro6u cl{creMa ypaaneuuft (1.1) (u"uu (1.11)) 6rua saMxHyra, Hyx(Ho ycraHoBr{rb cBr3b
Mex(Ay ,rHAyqIrpoBaHHbIMI4 B cpeAe roKaMr,r (uau erexrpuvecxoft rH4yrrlueft) r Ha[prrx(eguocrbro
3neKTpr,rqecKoro IIoJI.fi

j':j'(P), D:D(E). ( 1.12)



Coo:rnoureHun (1.12) Ha3brBarorcrr Marepr{aJrbHbrMlr ypaBHeHunMvr r{ ,Ix Br{A 3aBr{cr.rr or csoficrn xos-

xpernoft cpeAbr, or MoAeJII,l, Koropas flcnoJrb3yercr. Anrfl. ee orrr{caHr,r.s. 3alrerura, qro AocraroqHo ycra-
noBr4Tb cnnsr, j' (u"rru D) c riarrprx(eHnocrbro 3JreKTpr4ErecKolo rroJrrr E, u6o MarHr,rrrra,fl r4rrAyKl{I{fl ca,r\4a,

BbrpDKaercr rrepe3 gro noile. flouuMo 3Toro He Hyx(Ho orAeJrl,Horo coornorueulrfl AJLtr r.rHAyuupoBaH-

Hbrx 3ap.fiAori, nocKoJrbxy nocJreAHr4e cs3aur,r c frJlornocrbro roKa j/-ypauner'ruel\{ rrerrpepbu:rrocr-ri.

I

L.2 Jlurrefina.fl oJreKTpoApIHaMr,IKa

ti-
!,ocrarovHo urupoxuft Kpyr Bo[pocoB MoxHo paccMorperb, He flpr{BJreKcrfi MorqeJrr}r KoHKperHori cpe-

Abr, a lrcrroJrrsya o6que coo6pox<eulrs o BI{Ae Marepr{aJrt,Hbrx ypaBueur,rrl. flpocreftruee coo6poxerrr4e
TaKoro poAa cocror{T B ToM, rrro cBr3b Mex(Ay r,ru.q,yqupoBaHHbrM ToKoM (r,rnz zu4yxqneft) ra Ha,npr-
x(eHrrocrbro 3neKTpr{qecKoro noJrs flr.r,fl.ercs.,u.ureftsoft. Srextpo4uuaMr4Ka, 6asrapyror-qas.cs. Ha raKrzx
M arepra aJrbHbrx ypaBueur{.fl x, H a3brB aercs rrauefi noft eaexrpo4uH auraxofi .

H arz6oaee upocrbrM sB Jrsrorc.fi rlrueft urre M arepr{ aJrbubre ypaB HeH us. B:aAa

j(",r):oE(r,t), D(r,i): eE(r,t). (1.13)

!,nx npocrorbr 3arrr{crr rrlTpr.rx y fiJrorHocrr{ ToKa orryqeH. Be.nuqrsa o HasbrBaercr xos$$uquen-
ToM gJreKTpo[poBoAHocru (wru upoBoAr,rMocrrro), e-4usJreKTpr.rqecKoft nocrosunoll (utu [poHr{qae\,{o-
c'rsrc). Belu'rursr o w € csilTarorcrr rrocrorrnHbrMr4, rr r43 cooruoruenzft (1.13) cleaye'r) rr1'o eexropr,r j
lr D uanpasJreHbr raK)Ke, KaK rr BeKTop E. 3ro BHaqr4T, r{:co paccMarpr{BaeMarr cpeAa He r,rMeer Hr{Ka-
Krrx BbrAeneHHbrx HarrpaB,'reHr4fi, cBs3aHHbrx c ee crpyKTypofi. Taxue cpeAbr, y Koropbrx caoficrsa He

3 aBI,I Cfl T OT H arlp aBJIeH rr g, HaSbrBaIOTC.fl I{3OTpO[HbIMr{.

Hecxonrxo 6onee c,'rox<Hufi arag r{Meer Marepr{aJrbxoe ypaBHeHlre B aulr3orporrHbrx cpeAax, cBofi-
c'r'Ila Koropblx paBrI,Ir{HbI B pasHblx Ha[paBJleHrurx. B anragorponnofi cpeAe r{anpar]JreH}re r4nAyr{r4pye

Moro tIoJIeM roxa (a raKx(e BeKrop nn4yxquu) He o6.fl3arer6Ho coBlaAa,ei c Ha[paBJreHr{eM noJrfl E. B
3ToM CJIyqae cBa3b Mex(Ay BeKTopaMIrI j (ranu D) u E Bblpax(aeTcfl r{epe3 TeH3opbr

jt(r,t) : oiiEi (r,t), Di(r,t): e;iEi (r,t), (1.14)

r$e oij 16ij-cooTBeTCTBeHHO TeH3Opbr 3J]reKTpO[pOBOAHOCTT{ r{ Ar,r3JreKTpr{.reCXOft [pOHr4rtraeMoCrZ, clarrCn
coorHorrreur4ft (1.14) 3aKJrroqa€Tcs B ToM, rrro HarrpaBrre*us. BeKTopoB j, D n o6ulelr cryqae He coB-

naAaror c Ha[paBJreHr{eM BeKTopa E. Tax, Harrpr{Mep, KoMnoHeHTa nor,st E* \,{ox(er Bbr3brBarr, ToK HC

ToJIbKo B Ha[paBJrenrzrz OX, Ho rr B HarrpaBJreHr{u OY u OZ.
C,re4yruIqnu IuaroM a o6o6u,eHuu luneftHoro MareprlaJrbHoro ypaBHerr[r{ ,rBJrr{ercrI yrrer 3atra3Abr-

BaHI,I.fl Bo BpeMeHIz peaxquft cpeAbr Ha 4eftcreue gJleKTpr{r{ecKoro norfl. O.renI{AHo, r{To MrHoBeHHoe

r{3MeneHrle fioJrfl co BpeMeHeM He Mox(er corrpaBa]KAarbcfl MrHoBeHHbrM ToKoM r{Jrr{ r{HAyKr{r.refi. IzlHep-

I{IrrI 3aptIAOB, CO3AaIOqI{X TOK, UpI4BOAIIT K TOMy, IITO TOK He yC[eBaeT LI3MeH'TECtI CO BpeMeHeM rOqHO

raKx(e KaK fioJre. 3ry uuepquoHHocrb Mox(Ho yqecrb, BBeAfl r{HTerpaJrbxyro cBr3b rroJr.fl H rora (rn-
4yxrrru)

ir(r,t) : l' *dt'ooi

Di(r,t): 
f'*at'roi

(",t - t') oi (r,t') , ,

(",t - t') Ei (r,t') .

(1.15)

(1.16)

3anas4rreasue cnoficrn cpeAbr HasbrBaercr apeuennoft (uru vacrornoft) 4vcnepcr.reii. Hrzx<uufi upe-

Aen B BbrpaKeHrrflx (1.15) u (1.16) ssr6paH r{3 [pr{Hrrr{na ilprrrrr.rHHocrr{-BKnaA n rox (rzaz un4yxquro)
MOryT AaBaTr, TOJII,KO MOMeHTbI BpeMeHU, EpeArlrecTByroqlre AaHHON4y. Pa,SUOCrHan 3aBr4Cr{MOCTb rrAep

r.rHrerpaJrbHbrx coorHorrrenrafi (1.15) u (1.16) sBJrsercfl c,reAcrBtreM Her{3MeHHocu csoficrs cpeAbr Bo

BpeMeHI{ (craquonapuaa cpe4a). Ilosrovy BKJTaA 6olee paunrzx r\4oMeHToB BpeMeHrr B 3HaqeHr.re ro-
Ka, Koropblfr ralteerc.g r 4aunufi MoMeHT BpeMeHI{, 3aBr.ICr{T Jlr{ilr or roro) Ha cKoJrbKo 3Tr{ MoMeHTbr

orcrosr or AaHHoro MoMeHTa f. Telr caMbIM graxar<ofi MoMeHT BpeMeHIrr Har{eM He BbrAeJreH u B:r.rrary



npeAblAylqllx MoMeHTOB BpeMeHLI 3aBHCI{T TOJTbKO O'r Bper\4eHr{ 3anaSAbrBaHyrfl) Lro He 3aBrrcr{T or cancofo

3HAIICHI,Ig I.
Hy u, trarotrerl,, Bo3MoxHa I{eJIoKaJIbI]ocrb cuoftcrn cpeAbr) KorAa, 3rrayclr}re roxa, (u"rru r.rrr4yxqrara)

3aBI,ICI4T or HaflpflxeHHocrl.I tIoJIt He roJrbKo n 4auHot ToqKe, Ho r{ B Apytxx roqKax. 3ro cnoffcrso
Ha3rlBacrcg tlpocrpalrcrBelluoll 4uctrepcuefi Ir coorBercruyroulrae Marepr{aJlbr{btc ypaBrrcrrlr, I4MClol'
Br{A:

.ir(r,t) : l:*at' f ar'ori(" -'', t - t') Ei (r',t'),
'rtr

D;(r,t) : 
J_*dt' J dr'e4 (" - ,', t - t') Ei Q!r,t)

(1. r 7)

(1.18)

(1.r e)

(1 20)

Pasnocrnas 3aBlrcl{Mocrb or KoopAr4Har B rr.qpax r{HrerpaJrbHbrx coorHorfieuraft (1,17) u (1.18) cBr3aHa
c He3aBlrcl{Mocrblo cnoficrs cpeArr or KoopArzHar (o4uopoguaa cpega) . B sro\a crvqae BKJTaA coceAHrrx
't-or{eK B 3HarIeHLIe roxa (r,rn4yxquz) n 4auuoft TorrKe 3aBucHT ToJrbKo o.r pacc'rorHr4x Ao AaHHoft To.rKr4,
Ho He 3aBI,ICur or IloJlox<enug erofi TorrKLI.

lgx nepexoAa or o6ulzx esrpax<euufi (1.17), (1.18) x @opr,,rynart (1.13), B KolropErx He yr{rzrbrBaercs

AUCIIepClrrr : cJreAyeT [oJrox{rrTb

oU (r - t',t - t') : rdtj6 (t - t')d (r - r'),
eU (r - t',t - t') : ,6ni6 (t - t') d (r - r') .

1.3 TeHsop KoMrrJreKCHofi Ar[sJreKTprrqecKoft npouuqaeMocrr,r

Pacclrorpur4 N,{arepr.ranbHoe ypaBHeHrae (1.17) An.fl cryrrar, KorAa noae E qBJr.flercff [oJreM ulocror:i
MoHoxpoMaru'Iecxolz BoJIHbI. Ocranonurr,tcr KoporKo Ha $oplrax gafiucu raKoro no-rs. Hau6oree oqe-
aIa4Hort rrBJrrercfl $opua 3a[r4cr{ qepe3 rapMoHraqecKr,re $yuxquu }

E(r, t) : Eo cos(k .r - at * 9), (1.2i)

rge E6-il,tutull,I1'yAa tsoJII{bI, (p-HatlarbFlax $asa, k-sorHosoft BeKTop, 0.r-KpyuoBar{ tracro.ra. Apryl,rerrr.

SyHxIluu n Sopuy.ne (1.21) naeunaerca $asoft. llonepxnocrb rrocrofiHHofi $asu B rrpocrpaHcrBe oupe-
AeJLger sorHonoft $ponr. B 4annorr.l cJryr{ae gra [oBepxHocrb sBJrsercfl rrJrocKocrrro (nnocxaa no,rHa).
Ec"uu uaupatsJleHr{e BeKTopa E6 oAunaxoBo uo BceM flpocrpaHcrr]e, To roBopfr, rITo BoJrHa r,rr\4eer JII4-

Her)iuyro fioJrfl pr43aqr4ro.

@opr'ayay (1.21) yao6uo 3awrcarE, s 6oaee KoMTaKTHoM tsuAe, yqrfl coorHorreHue cos/ :Reei/

E(r, t) : R" 
[Eori(r< 

r-art+r)] (1.22)

Bne4eu Ko\t[JIeKCHyIo aMTIJII,ITyAy E(k, w) : f,gsiv. Tor4a, ouycrr{B sHax Re, rrone BoJrHbr npeA-
craBrrM u $opue

E(r, l) : E(k, u)si(k'r-at) . ( 1.23)

I4rr,renuo era $opr'la 3aflvcv EBJ'IEerct uau6oaee yuorpe6uuoft. tr4cuoltsyr ee, cJreAyer rroN4Ht4Tb, r{To

aMTIJILITyAa flBilflercfl. KoMUreKCHofi u co4epx<lzr rn$opuarlr4ro o ua.ramsori $a,se ao,tnu (o $ase,
Koropyro Ia\{eJIa BoJrHa B \4oMeHT BpeMeHr,r f :0 n ro.rxe r:0). :

Io;1c'rannv uo"rre (1.23) B Bbrpax<eHr4e Ailtrrltqyxqrra (1.18). Bee4er,r HoBbre flepe\,{er{Frbre rH'rerpw-
poBaHr4.fl ttt : t - t', t" : r - r/. B peay.nlrare Hafigerr,r

Di(r, t) : €tj (k, u) Ei (k, u)ei(k''-'t), (t.24)

r/le rrcnoJrb3oBaHo o6osHa.renWe

eii(k,w) : 
lo* 

ot" / d,r"eii(r",7rt1"i(at"-k'r") (1 25)



Brtpax<eHue (1.25) uasrrnalor reH3opoM KoMrrJreKcrofi 4nslexrpuvecxoft npoHr{u,aeMocrlr. Ec.ur BBecr}r
Ko\{nJreKCHyIo aMUrr{TyAy BeKTopa oreKTpuqecxoft un4yxquu

i, o(r,l) : D(k, o)et(k''-'t), ( 1 .26)

TO Cllt3b Mcl)KAy KOMIIJIeKCI{bIMLI aMIIn['IyAaMr, sJIeK'rpI4qeCKOfo IIO.)I,I U I4I!-lyKt\llI4 OKi]^3bIlJiIC'r(;rt ll(l(lt Mil,

npocrofi :
Di(k, w) : €,j (k, w) Ei (k, w). (7.27)

B nsotponuoft cpe4e rz'-n npeHe6pex<eHrrr{ upocrpaHcrreuuoft 4ucnepczefi eii(k,w): e(a)6il.I1<>
noJrb3y.fi 3To BbrpalKeHae) noJIyr{I{M

D(k,ar) : e(o)E(k,a,,). (1 28)

Ecnra 6nr BeJ'II,IqaHa e(or) 6rraa geficrnureabHa) To HaqarbHas $asa nextopa lar{AyKrlau coBnaAarra c

na.raasnoft $asoft BeKTopa HarlpDKeHHocrr,r sJreKTpr{qecKoro no.u.a. Haauque unr,rvroft qacrr{ y BeJrr{-
uunsl e(a.,) nprIBoAI4T K To\4y, t{To Ear{arbnrre $a:u 3rrrx BeKTopoB He coBna4aror. Taxru o6pa"sov,
MHIrIvIa, qac'rb Kol\{fl.nexcsofi Au3reKTpl4r{ecxofi upounqaeMocrrn e(ar) orrpe4enr{el' cAtsI4t Oastr lre>xAy
BeKTOpOM Ha[pfl)KeHHOCTr,r 3JreKTpr{r{eCKOrO r]OJrfl rr BeKTOpOM r4HAyKqr,rr4.

AHaaoru.rHoe paccMorpeHlre N{arepr{aJrbHoro ypaBHeHr{fi n $opr'ryne (1.17) upranoAr{T K coorHorrre-
HI{IO

j {k, w) : o t j (k, a) E 1 (k, w), (1 2e)

r/(e or; (k, rr.r )-xorr,rnaexcnrrfi reusop sJreKTpo[poBoAHocr]r.
N4e>x4y reH3opaMl{ e;i(k,w) u o;i(k,cu) uneerca rpocrafl cBs3b. OBa cae4yer rrs onpeAeJreHrrrr

(1.10). Ecnrz s sry $opuyny fioAcraBlrrb orreKTpr{qecKoe none (1.23) i.r HCnoJrB3oBa:cb coorHorrreHrrfl
(1.26), (1.27) w (1.29), ro rorryr{}rM:

flpu arrro4e groro coorHollreHl{-g [peAnonaraercg) rrro fioJre BoJIIIbI orcyrcrBoBano npu f --+ -oo.
I4s onpe4eneHl,Irl KoM[Jlexcnoil Ar.rgreKTpr.rqecxofi npoHr,rqaeMocrr{ (1.25) cleayer prrA cnoficrn:

e1(-k, -u) : eii(k,w), €|itk,-w) : e'ni(k,w),

,'li?k, - u) : - €lj(k, e),

rge e'ii u e'lr-cooraercrBeHno 4eficrnurenb*a . yt MHlrMa,.fi qacrr{ reH3opa.

- 4ri
e i1(k,w) : hi * :o,ii(k,u).

rot rot n + jp :0.

[kx [kxEo]l *#oo:0.

(1.30)

(1.3r )

(1.32)

L.4 fiacnepcnoHHoe ypaBHenvre Aila. gJreKTpoMarnr4THbrx BoJrH

Paccuorpura ypaBHeHrrrl 3JIeKrpoMarHI{THoro floJrrr B $oprtre (1.11), crrrzrar{) Lrro BHeurg}rx roKoB rr

3aprIAoB uet. O.IeauAHo, rITo rorAa 3TI{ ypaBHeHI4-rI ofirrcbrBaloT TaKIre {oJrfl, KoTopbre r\4oryr cyrqe-
crBoBarb B cpeAe rr He noAAepxs{Barbc-fl BHeruHrrMrr r{cror{Hr.rKaMra. Jft<l6oe noJre Mox(Ho npeACTaBr{Tb
xax na6op ronH (pa:"uo>t<euze @ypre). B panmax nw:aetr:aofr, oJreKrpoArrHaMr{Kr{ grrr BoJTHbr pacrpocrpa-
HflIorc.s He3aBrICI{Mo Apyr or Apyra (nprznquu cyueplo3r{qurz) ra noeroMy Mo}KHo paccMorperb rroJre B

r;u4e oguoft BoJrHbr.

I4s uepaux AByx ypaBHeurafi cucreusr (1.11) crreAyer

Paccrutorplau, r{To cJleAyer rr3 ypaBHeruua (1.32), ec,'rr,r Hanpf,x(eHHocrb oJreKTpr{qecKoro rroJrrr B3rrra B
Bt4Ae ITJIocKoIZ Monoxpolr,rarra.recxofi B6JIHLI E: Bo"ltt'r-iut, a IaHAyKqug cB-fl3aga c floJre\4 coorHolrre-
uwev (1 .27). flpoeega onepaqrro 4ra$$epenqr4poBaHr{s, r,r3 ypaBHeur4:a (\.32) roryqaeM

(1.33)



tr4cuortsosaB [3BeCTHyIo {:opr'lyly gll gnofiuoro BeKTopHoro [pOI'I3BeAeHI'Ifl,

x(eHI,IeBBI{Ae: 
,,2

k,(k' Eo) - kz Eor + fte,a(k,u)Es1 = g.

*'ll# W -o,i) +u,itr*,')ll :o

[epellrlilleM 3To BLIPa-

(1.34)

Ilory.lgHHa, $opvy"na nerxo npeo6pa3oBarb x $opr.,re, KoU,a BeJII{rII,IHa EOj flBiltr,erca o6rqnr.t MHox(il-

TCJIEM:

[uo,,u, 
q*#(W-u,,)] ,., :Mij(k'o)Esi:6 (1 35)

Beluvuliy Mtj(k,cu) nuor4a Ha3brBaror MaKCBeJTJToBCKI,IM reH3opor. O3pry"rra (1.35) cooBercrByer

coKparrleHHofi $oprrae 3arrucu cr{cTen,rbr llrnefinrrx oAHopoAHbIx alre6pauvecKl{x ypaBHeHufi 4la xou-

rr.rretx<:ltgti irMrr.rM.tyAbr E6. Vclonue\4 (:yqecrBoBal{r,Ifl y raxclfi cxcreMbl Ire HyJ'IeBbIx pettteuuft ,lB.lltle'I'orl

paBeHCTBO HyJrro onpeAeJrr.rTeJra (Aerepvr.rHaura) ua xos$$nqueHToB B stofi cprcreue

(1.36)

3Hag gnnoe BbrpDr(eHue AJrs TeH3opa €ij u BbItII4cJIsfl o[peAeJII4ITe.rrl (1.36), noJlyquM ypaBHeHue, cBfl-

3brBarolr,ee qacrory BoJrHbr u, c BoJrHoBbrM BeKTopon k. 3ro ypaBHeHI{e Ha3blBaerctl AI4cIrepcIaoIlHbIM

ypaBHeHrreM. Perueuze ypaBHeHr{fl rr.,r(k) HasuBaerc.fl 3aKoHoM AI,IC[epcu[ AJIfl BonHbI I4JILI A]ICuepcrI-

orrHbrM coorHorrler{r4ev. EcLtu r{Meerc, HecKoJIbKo perneHtlfi Al4c[epcl{oHHoro ypaBHetrl4fl, To roBopflT,

rrro nMeercrl HecKoJrbKo aetaefi noJIH.

Taxrzr.r o6pasolr, n "rrc6ofi cpeAe Moryr cyqecrBoBarb BoJIHrI, He no.q,4epx(I{Bae\,Ible BHerIrIrIaM}I

rlclr.orrHprKaMrr, Koropble qacro Ha3brsalor co6crBeHHbIML Bo.IIHaMH. .{,"nx ernx BoJTII (Iacro'lir, xapaKTe-

plr3yloqarr lr3MeueHue 3JreKrpoMarHr{THoro rroJl Co BpeMeHeM, cBfi3aHa c 4mailoft BoJrHbI, xapaKTepl{-

3yroqert r{3\{eneHr4e [oJrs BoJrHbr B rrpocrpaHcrne. flpu cso6o4nou paclpocrpaHeHl4l4 BorH I{3I\4eHeHI4q

ux no.nertr B [pocrpaHcTBe r{ Bo BpeMeHr4 rrpol{cxoArr He HesaBI{cI,Ituo, a cnisaHbl Me)KAy co6ofi 4ucuep-

cr.roHHbrM ypaBHeHI{eM.

Paqgrrlclrprv eqe HecKoJrsxo Qoprtl 3afivcrr ypaBHeHLL (1.36). Bne4errl BeKTop IIoJIrlpLI3irI{rr[l l]().,lHbl

(eAunuvnurl KoMrneKcHbrfi aexrop (e.e* : l"l2 : t), HalpaBJIeHHufi n4ont BeKTopa Halrpfl>KeHHocrrl

greKTpr{rrecxoro uonu ) Eo Eot.t: ffi' ei: ffi' (1'37)

Vuno>xlrrrl BeKTopHoe ypaBHeHr,re (1.35) ua e|. B pesynbra.re ronyql{M elrle o4ny $opr',ly sarl4clz ArIC-

repcuoHHoro ypaBHeHI,L 
. .,

lk "l' - k2 + \eielea/k, o) : 0. (l .38)

tlacro B\4ecro BoJrHoBoro BeKropa k nno4xr 6espasvepnrrft nerrop n: kcla rl 3arlllcblBarcr @oplrayny

(1.38) a $opve
lt' "l' - n2 + ef,eieii(n,u) : 0. (1.39)

l

1.5 9nexrpoMarHurHbre BoJrHbr B rr3orporHofi cpgAe

!,"rrx llcc,ue4oBaHlrr pa3rrrrrHbrx rrznoB 3JreKTpoMarHI{THbIx BoJIH B Marep[IaJlbHoft cpe4e neo6xo4uIr,to

3Harb reH3op KoMrrJreKCHofi 4r,rs.nexrpra.recrofi ilpoHl{qaeMocru. Bra4 groro reH3opa a o6qelt cryqae

olpeAeJrrercs cnofictsaMl,r cpeAbr. OAHaxo B cnyqae u3orpolHblx cpeA Moi,KHo cAeJlarb Aocrarorruo

o6qrae 3aKJrroqeHrzs o rr4[ax Bo3Mo)KHbrx 3JreKrpoMarHI{THbIx aoru 6es rrcloJlb3oBaulu KonKperHolo

Bbrpa)KeHlrfi ArL TeH3Opa €ii.
B neorponnofi cpe4e Bce HanpaBilerr4sr oKBr{BaJreHTHbI L HIr oAHo HHr{eNl He BbIAeJIeHo no orHo-

rrreur{ro K ApytoMy. Eclu ue yqr{TbrBarb [pocrpaHcTneHHofl .u,I{cnepclrllrl (r.e. uenoxaJlbnocrr{ csoftcta
cpe4rr), To reH3op KoMnJreKcHofi 4ze-rrexrpra.recxoft [poHl{riaeMocrld He 3aeucult o? BoJIHoBoro BeKTo-

pa k. C"tegoBareJrbHo B r{sorpolHorl cpe4e u n upeue6peN(eHl{I{ fipocrpaucTseHHofi 4unepcuetl ren-

3op KoMflJrexcnoft Afi3reKTpr.rqecxof, ilpoHr4qae\{ocrr{ Mox(Ho 3arllcarb B BI{Ae eU@) : e(w)6,ij, rle



e (au)-xorr.rnneKcHarr cKaJrflplrarr BeJrr,rqr,rHa. 3ro eAuuctBeHHo nosuoxuufi BI,IA TeH3opa BToporo pa,Hra,

rcoropsrii He 3aBlzcrrr HI,r or KaKLIx BeKTopoB.

Ec"rur cpe4a r{3orporrr{ar) Ho y.rurbrBaerc, flpocrpaflcrr;erlllarr ArrcIlnDCI{rI) 1]o AJL o6pasouatrurt

reHsopa Broporo paHra vokuo uc[oJrbsoBarb raKxe KoMnoHeHTbr BeKropa k. Hau6o,ree o6rqnft nrrl
TeH3Opa Bl'OpOrO paH|a, uocTpoeHHoro Lr3 KoM[oHeHT BeKTopa k, clre4yrcrr1ufi:

ry\e A(k,w), B(k,o)-cxanapnbre KoMrJ'reKcnr,re $ynxqlrr4, 3aBr{csurre or ArrrrHbr BeKTop?r k, no ne <l1'or1)

HanpaBnenlrg. 06rr+ro BMecro rrocrorrHubrx A(k,u) u B(k,ar) racuoassyror Apyrfie roe$$uqraeursr,
3a[]rcblBar reH3op B BIaAe:

!t

eii(k,u): A(k,dW * B(k,w)6,;1,

e;i(k, u) : (oo, - W) e1,(tt,, w) + p rt|,,,),

e41, (k, -w) : ei,r, (k,w) ,

e'r,r, (k, -u) : etlr, U{,a), e'tl,r, (k, -.,) : -ettt,b Ur,u) .

Ilo4cranua $opr'ayly (1.41) u Ar{cuepcr{oHHoe ypaBHeHue (1.38), rorryrrrlM

(e1,(k,,)- g*) (, - tS\ * lu, -'l' e1(k,w) : Q.

\""t'-'-' ,')\ k2 )' k2

e1,(k,w) : #

B(k,u.,) :91t x E(k,or)1.
u)

(1.40)

(t.42)

(1.43)

(t.44)

(1.45)

(1.41)

r4e $ynxquu e6(k,w) u e1(k,o) uassrnaror coorBercrBenHo rouepevuoft r{ npoAoJrbHoft gzelerrpu-
.recxofi npoHr{rlaeMocrsxr. Taxr,re ABe rrocro.flHHbre Bo3Hr{Karor roJrbKo rrpu yqere npocrpaHcTneHnoft

Ar{c[epc[r{. Ecrz ee He yr{r4rbrBarb, To [poAoJrbnaf, u uoneper{Hafi npoHr,rqaeMocrra paBHrir Apyr Apyry
u eii(a) : e6(u)6ii : eL(w)1U.

BocuomsoeaBrrr{cb $opuyrar',rn (1.31) u (1.41) r'aox<Ho nafiru csoficraa cr.rMMerpr{ Atrtr €t(k,u) u

e6 (k,w):

Paccvrorpnv trorrepeqHbre gJreKTpoMarHr4THbre BoJrHbr) y Koropbrx BeKTop [oJrrrpr,r3ar{[u HalpaBJrer{

nonepeK BeKropa k, xanpaueHue Koroporo B r{3orponnoft cpege coBnaAaer c Ha[paBJreHr,reM pacnpo-

crpaHeHr{fl BoJrHbr. .[,nx errx sorx k.e : 0 H r{3 [pr{BeAenuofi rruue $opuynbr [onyqae\4

Cooruoruen*re (1.44) ofipeAeJrser 3aKoH Arrcnepcnr{ Ar.fl noueperrHbrx Bo,rrH B r{3orporruor1 cpege. B srfix
BOJIHaX ltO\{rtMO SIeKTpI,IqeCKOrO IIOJIfl I{MeeTC.fl MatHLITHOe UOne. ErO BeJII4r{IrHa, COTTaCHO nepBOMy I,I3

ypanueuufi (1.11), Bbrpaxaerc.fl qepe3 Hanprx<euHocrb greKrpr{rrecKoro roJrs

otcro4a BilAHo, i{To r\4arHrrTHoe rroJre HalpaBJreHo [epneHArrKyJrrpHo KaK K SIeKTpr{qecKoMy IIoJrro, TaK

U K BoJIHoBorrly nexrOpy k.
Paccuorpuu relepb [poAoJIbHbIe BoJIHbI) B Koropbrx BeKTop Hanprx(eHHocrr{ 3JreKTp[qecKoro norfl

rapaJrJreJreH BeKropy k (n4ons HalpaBneHr,rs pacnpocrpaueHr.rs aonulr). !,,ra srux nonu lk .el2 : k2

I4 3aKOH AZCIepCI{LI IIMeeT BI,IA

e1(k,w) : g. (1.46)

Ovenn4uo, r{To B [poAoJIbHr,Ix BoJIHax Her MarHr.rrHoro [oJ'rr. 3ro cae.qyel] r{3 [p[BeAeHHoro BF,rrxe

BblpaxeHlrfl 4na B(k,u,,). 9acro fiprl lr3yrleHuu orr4x BoJrH r{c[oJrb3yror He BeKTop Harrpflx<eHHocrr4
3neKTpl{qecKoro [oJI.a, a cKaJIspHbIft norenquaa g. llocxoarxy V x E - 0, To BeKTop Hanp-s)<eHHocrr.r
oJleKrpr{qecroro noJl-fl Mo)KHo IrpeAcraBI{Tb B Br{Ae E: -Vg.floerouy orr{ BoJrHbr rracro Ha3brBaror
IIOTeHIIIIaJIbHLIMIZ.
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3a:rterl.rlt, yro AI.IC[epcI{oHHoe ypaBHeH].Ie Ans [por,onbHblx BoJrH \ro)K1ro floryrrrrrb, r{c[onb3yrr He

[oJIHyIo cllcreluy ypaBHeHHlt 3JIeKTpoMarHI{THoro [oJIs, a JILIIIIb oAHo lr3 Hr{x V.D : 0. /leircraure,rbHo.
AJII [":rocKor:t rolutt B u3orponHofi cpe4e r,r3 3Toro ypaBrreHlts cJreAyer

k.D(k,r.,,) : k;eii(k,a)Ei(k,r.,,) : (k.E(k,r.,,)) e1(k.u): g. (r.47)

llocxo.arxy aMrJIIrryAa Borrnbr rpeAnoJraraercs orrr,rr{Hofi or nyaa (E(k,;') I 0), ro e 1(k,u) : g.

1.6 Ha.rarrnnafl yI rpaHrlr{Hag 3aAar{I,I B 3JreKTpo,qI{HaMIltKe

lucnepclloHHoe ypaBuenne ycraHaBiIrIBaer cBfl3b l\,rex(Ay [pocrpaHCrBeHHbnrrr r{ Bpe}reHHbr\rr.r N{acurra-
6al,tlt IrgtteneHtrg noleii B 3neKTpo\IarHLITHbrx BoJrHax. flpu sror,r Mo)KHo rrcKarb perrreHrle ypaBHexrrs
orHoclrre-'IbHo rlacrorbl u : w(k), cqura, He3aBr{cr,rMofi neperleHHoli no.rnosoil nexrop k. A rrro;xno
tta<-l6opor, (:t{r.I'I'arb He3aBHCI,IMor"I [epe]vrenHor"r qacror]'(, r.r lrcKarb k(a;). Taxur"r AB-v\r Bo3rro)Krro(.Tn\r
coorBercrB)'Ior [ocraHoBKrr AByx pa3"rurrHbrx Suauvecxux 3aAatr.

O6c1r1urr cHaq&ra raKylo [ocraHoBKv. KoEa 3aAaH BoJIHoBor."r BeKTop k, n ns fr{cfiepcrroHHor()
ypaBHeHIIfl ollpeAe.afleTct cooTBeTCTBJ-Ioqas qacToTa a,,(k). 9rorl NraTe]raTrrr{ecKoii [ocTaHoBKe cooT-
BercrBver [peA[o-'Io)KeHue o ro\I. qro B Haqa-rrbHblfi yoltenr Bper{eHrr I : 0 so BCe}r [pocrpaHcTBe
3a;falro 3I€KTpOrISrHIrTHoe [oJIe C [poCTpaIrCTBeHHbII{ [epLIoAO\I A : 2r /k. Peuresne fr,rcflepcrrorrrroro
ypaBHeHIIfl Jaer orBer rla Bonpoc o ror\{, Kar-i 3To no-'le 6y,ger rr3\{eH.arbct co Bpe\reHe\t. Ectecrneuno
II a:lbl llaTr, Ta KYIo nocTaHoB Ky 3ul-{atl II HaYaII bHoI"{.

Ilocxo.rlxy' B ;:IJIc[epcIIoHHo\r vpaBHeHIIII TeH3op Arr3,'reKTprrqecxorl upoalrqae\rocrrr flB--rflercfl Ko\r-
II.qeKcHbI\(. To NIox(Ho A),'\rarb, tITo r perxeHrrs vpaBHeHrrs raK)<e 61'11r,r Ko-\rrrreKcnr,L\rrr (u : a' + i":" J .

3ro sna.rnr. r{To co Bpe}reHe\r [o-'re B BoJIHe jr3\reHrerc.fl lto 3aKoH]' 
"-iat - 

e-i!'teu"t .7]eitcrurrersHaa
qacTb qac'.toTbl olpeAe-l.aeT [eprlo,frlqecKr.re Bo Bpe]\IeHrr tr3NleHeHr4g [oJIs. a ]IHLIMafl tIaCTb XapaKTeplr-
3yeT \toHoToHl{oe [I3\feHeHI,Ie Ilo,rlfl. Ec.nv. a" ( 0, ro co BperlreHerrr (t * -oc) floJ're c J,aHHbr\r r]oJlrroBbr\r
BeKTopo\I Hcqe3Her tr Eaq&rlbHa.g Bo.'IHa 3arYxrler. flplInxro foBoprrrb, rrro B 3ToltI ert tlae cpega 1'croir-
YIIBa IIo oTHoIIIeHIrro K pacc\{aTpllBae}Ioi\1y HaqaJ'IbHoIt)' no:61'xirleurlro. Ec-ru >Ke u]" ) 0, ro C pocTo\(
I Ha.ra:rgoe fioire Bo.]HbI rtapacraer rr roBoprr. r{To cpeJ,a ueYctorl.rrtea no orHoluenrno K Harra-;rbHo\(\'
no:6r';xJenlrrc c .rar{EEr\r BoJrHoBbr\r BeKropo\r.

Ec.rlt sarl'xaHlle tr-fll HapacraHlle BoJrHL,r \ieJJeHHoe (r" << r."). ro \roi+(Ho peurrrrb JrrcnepcrroHaoe
ypaBHeHIIe tt nailrn u)" B aocraror{Ho o6ruerl etr4e. fioxax(e\r 3To Ha npll\repe rrjorpofiHor-r cpe-].br.

Hillsetr c jltrc[epcttoHHoro ypaBHeHIIfl (1.-1J.\:.ra flonepeyHr,rx no.nrr. flpe.lc'rar]s\r 11ofieperrrr-\'ro -Irr-
3-IexrpirqecKl'rollpoEllqae]r{ocrb B Brr]e et, = !'tr*ie"', (t'r, = Reat.. c'fr:Ime6) tt;: a'+i*J',.
floJcra:-rg.s 3Trr cooruomeurrr B )'paBneHrre 1.14), [o.]]'yrr],

k'3 
= 

(u' + i,;")2 [.1. (lr, a' + iat') + iei, (k,":' + i-t')) (r .ls

fIo(iK(r.'IbKY u.:" <<c'. To t{o)Kuo pa3.'Iox<r.I't'b uce tsxoAr{rqrre B 3To paBeHCTao tsertarrrrHbr B prrjl'l-ei{-r(}l)a
II OrpaHr tqrrTF,cfl nepBbI\I[ qJreHa-\IIt pa3rro)*(eHrr_a

(1.r9,

.,,0e'f, (k. ":')-- ---at, -

Bt:.rltqlt::a =f'. onpe:e-:rer 3aryxatrre (Hnlrtrt'ranrre) no.-rnul. 6.v:err crrrrar5 ee \ra.-Ioi! a crrr,rr:-rr::f',. <i
ef ,. rr lrpt-'rre5l)e>Ke\t [ocJe.f,,Hltt!, c-;Iarae\Iblrr r] KBa.nparHorl cxo5xe crrl)aBa. I-lpupaaHlraas J,er-r(i'l.rrrre.rb-
HLI(' Il .'.rrrrr\fr,rc (tacTII B ocTaBrlre.\rLrr BbIJ)ai+(crrlilr. Ilaitjle'lt

k2c2 = (r'' *2i*'":") (A,r') * ,o"0e'"-(!,a') + i.'t', (k,a')

A.2 t.: -- ,-,,2 e,,,.t 1,. . ,, 1.

2,t" :',,.t l, . -' , 1 uJ *" l-:'r, (k.*,' ) ! *! a't',.( 1,.. *' ) ,- 'l

['r.

| | .-,i)

rl ,l

ll

l



:

fiepeoe r.r3 grrrx coorHorlleHufi flsrgercg ypaBHeHIIe]vI AJII o[peAeflerul geilcraltrersnoll .lacu.t qacrG-

rbr u/. Bropoe paBeHCrBo Onpe.qeaxer Berr,rqr,rHy u", grfl Koropofi tracro I{cnoJlb3ylor o6o:Ha.{eHI,Ie

Ecwr 16 ( 0 lr Ha.raflbHoe Bo3Myu{eHlre co BperueHer\{ 3aT}xaeT, To BeJrpryr{Hy 7rr Ha3brBatot dercpeu.en-

mo*t. Eclw 'lt, ) 0 I{ Hat{iulbHoe Bo3MyII{eHLIe Hapacra€T co BpeMeHeM, To BeJtrIrIlIH]' ']17 H&3[iB&IoT

UHK,pe"\LeHmOJvt.

Atrzurorlr.{HbIe coorl{orueHl4lfl Mo)r(Ho [orytrl,ITb I{ AJIfl [poAoJrbH[,rx soaH. 3artuure\{ ArICnepcHoHHoe
ypaBHeur{e (1.46) r au4e

- .,tt - 
w'2e'lr(k,a')

q ltr:w

fiw''ri,&,r)r'

e'1Qc,w' I iw") + ietl (k, w' + iu")

= e!(k,r'1 + ir" fr;e',(k,w') + ie','(k,r') : o.

e',1k'w'1 : g

7l=u":- 9't'(k''')

f;;eift,u')

A'or: A'ositt6: !siu|: ky

(1.52)

(1.53)

(1.54)

(1.55)

[pllpanlrrnarr Hynro 4eficrnnte,tbnylo t,t MHI,IMyT .racrr{ 3Toro BbrpaKeHfifl. Har"tAe\{. rrro J,er-rcrBrlrei]E-
Ha, qacTb r{acToTbr oflpeAeJlgeTc.fl ypaBHeII?IeM

a Aer(perreHr (rrHrpeueur) paaeu

Kax yxic orrvreyaJrocb BbIIIrel BCflKoe rIoJIe IIo)KHo [peJ,craBrrrb B BrrAe pa3nor(eHlrf [o [-'IocKn\I
Bo-tHa\r. Iloerortl' 3aAaHr{e [por{3BoJlbHoro HarrairbHoro cocrorHrrfl 3KBr{Ba-IeHTHo 3a-]aHuro na6opa
[-rlocKr.rx aor'rH. Ecrlr cpeArr sroro Ha6opa nafi41.rcx BoJrHbI c raKrr]rrr AJIIIHL\III (eo.nuoernnt vltc-tauu)
I.I qacroraN{Ll, trro AJ'L Hltx 7 ) 0, ro urrleHHo 3TI{ Bor-IHbI n 61-4r'r Hapacrarb co Bpe\.{eHe\r. Te xce BoirH[,r,

A.tfl Koropblx 7 ( 0, vepes HeKoropoe BpeMs 3arFcFryr. Ecrr.r .Lex :uo6rrx sna.reHlrr"{ Bo-'rHoBoro BeKTopa
Har{aIbHble BOJIHT,I Co BperreEe\4 3aTJfXanT, TO COCTOtHIae cpeILI Vcroii.rrreoe. Ec-trn ,+ie .f.'IJI EeKoTOpbD(

3HarIeHI.II-I k ne.lltqlrHa ^y ) 0 u BoJIHbI co BpeMeHerI Hapacralor. To cocrofiHrre cpeAbr nelcrofiqlrno.
3avacrl'rc 3"-IeKTpo\IarHlITHbIe rroJl.fl B cpege (u,:a^srte) co::arcTcs o[peJe--reHuF,r\{rr ucrotrHrrKa\rrr.

Harl6o-ryee HaTJITAHbI\I [pI{IIepo\.( TaKoro lrcrorrHl{Ka ,rBJ'rr{ercr rpaHr{rra. Ha Korop}'ru rl: BHe [aJae-'r
3.'IeKrpo\IarHrrrHafl Bo,'rHa. 3aAa.ra cocrolIT B To\L .{ro5rr rto 3a.]aHHo\r]' Ha rpaHrrue [o.-rrc Har"rrll trG-

.'Ie BH.vrpLI cpeJ,bl, rAe I,rcrorIHLIKI4 orcyrcrByror (rpanuarHar 3a-Iaqa). IIpa 3To\r B pa\{K&\ -rrrHellnofi
3,-leKTpO,!.liHa\{IIKI{ Clpatsed.'ILIB npIIHI{lr[ Cy[ep[O3IIIIUI'I, I{ Kai,K.fa, II3 Bo,'IIt pacflpocTpaHteTct He3a-

BIICLINIo or rpyrux soan. floeroMy Aocraroqno paccuarprrBarb pac[pocrpaHenrre or rpanrrubr -rrrrub
o.'tr ro 11 l lo.-I H br c :agarr r ro r-l .{acroroi.r.

llptt peu-renull rpaHrlr{Hoit sa4avlt B ArIc[epcIroIrHoNI \:paBHeHrrrr cJ'reAJ'er cqrrrarb r{ac-Tor\- *' rr3B€cr-
HoiI Eer"tctetlTejrbuor"I seiur.{ltHofi rt olpeAeJlrtr no-rHonol't BeKTop k. flplr 3To\r rr3 o.]Horo vpaBueHrrr
rrol,KIIo trait.rtt acero JITIIJIb o,IHy KoNf [oHeHTy BeKTopa k. a ocra-runbrc Ko\rnoHeHTbr 'r'aKx<r c.-rejlvc'r'crrr-
Tarb 3aAaHHrrrut. Oreer Ha Bonpoc o ror{, KaKre Ko\r[oHeHTbr Bo.:]HoBoro BeKTopa 3a-faHbl. a KaK]'Io
II_\';+(tIo uaitru Ir3 Ar{cllcpcrronHoro ypaBneHlrr. 3aBHcr{T or KouKperrrbrx rpaHnrrHbrx vc'rotsrr"t.

Pirccrrorplt:u uau6olee xapaKTepHblit nprltep. flycrl rrJocKocrb r : 0 satsercr rpaHrruerl pa:.1e-:a
BaKV-v\ra (no",n'upocrpaHcTBo z < 0) H cpeAbl (uo.-rynpocrpancrBo J > 0). Ha n-:ocxvro rpaurrrl_\'cpeAbr
IIaK.rtonrI() IIai{a{r'I' I.t3 llil.K\'\'\(a 3JreKT})orIarHHTHafl Bo.[ua. fIo-rc no.'ulrr I]Ityrl)rr (.lxr.-Irrr r{-l\reHrre'r(., rlo
:JzrKorr.y ,'ik''t-ikrv-iui (nexrop k le>xrrr B nJlocKocrrr XY. r.e. A'. :0). I13 -r-c,'rt.rslr;r H,:::pepbrBHocrrr
tl()-rrt IIzI rpallIIIle cJlellyer, qro [el)I.roAlryHocrb ero I{3MeHeHrrs ts.fo-'rr, oclr O\'. xal)aK'repr3_\'e\rar{ Ko\r-
tr()rrcrr.()t-r A'r. orltttttrxona KaK B cJ)cAc. TaK I{ B}re ee. lloero.ir,t'rrc-rrryrrll]'/r', c.re;p'e'r'cq;!TaTb lrarrrl(]I-r
Ai1,r. t.'1tr k0-uo,'llloll(.)tl Ilcl<l'op B IJitl()')'rlc.3r1'xorrnoilci'I'\','reIKo yt)tpa3i'rrr qelrc:J,r;rci ,-rJ'+'i \'l(). 1

Il;I.(('lttrrr 0. ('or-'ttxttt) )/l)iujrtcttuto (l.J-1) ll rJirK\'-\'\tc (e,, : 1) r'rr1r;rru:;1-,11tt) (:()<)t.11) rrii li;ir kt, : -1t..
('.,rt:.'1, r rli'r'c.rr r,rI0

t2

(1.16t



flna onpe4erre1rlfl Berl1ql,tnbr &r, xapaxrepuayrculeil H3MeHeHue [oJL BoJIHbI ts cpeAe B lrepreH-

Ar.rKyJrrplroM K rpaHr.rqe HaflpaBneurru, IICnoJIb3yeN{ ypaBHeHwe (t.+l). Kax r B cnyqae naqalrrroii

3aAatrr{, 6y4er,r cirr{Tarr, saryxaHr,re BoJIHrI cra6rtn (e'1, < e,,.). Ilpeacra;rtlrl Ko}rIIolIClIT)' k, u ultgc

k, : kL + iki. rrc klj ( ,kl. 3anulueM ypaBHeuue (1.44):

u2 [e'r"1tc!, + ik!;, ko, u) + le'i,(x!, + ik!], ks, r)) : O loi+ (*; + tx l)'l (1.57)

I{ar r.r B cJryr{ae na'ra-n*rorl 3allaqu pa3Jro)Kr,rM BxoAgrque B 9To coorHorrreHlle BeruqllHtr B pgl( II
orpagl.rqr.{r\,rcfl -,rrrHer-{ru,rMrl rto MarrEI\I BeJIHT{I,IHaNt k'j ctaraeML,I\tII. B pesl,rstare AJrt{ onpeAe,-IeIII{r{

geftctnnrer:urofi .{acru KoM[oHeHTbI k! uonyvuv:

a2e'1r(k'r,ko,u) : "' (kf + ktr) (1.58)

Be,qr.{rrua ,k! onpeAenaer rtepl,roAxrrecKoe I,r3\,Ier{eHLIe [oJItI BAonb ocrl OX. \lHttrratt tacru kll xapaK-

TeprB).eT \.(oHoToHHyrO 3aBtrctr\{ocTb floJlfl oT KoopAI.IHaTbL LI O[peAenteTct COOTHOITIeHIIe\I

K6: klj: -
e'f.(k!r,ko,w)

(1.oe)

Ecrrr rc1, ) 0. ro arvrlJrr.{T}Aa BoJrHbr }'}reublrraercfl lro rlepe npoHIIKHoBet':r, ee B cpeJ,J' 16r(A'1-;['1i 
)r -

"ik',r"-xt,x1. 
B erolr cryrlae BeruqrHv lfla HssbrBtlor xo:$$uqueHTo\I 3ar\TaHIIr. Ec.rtt rc1. ( 0.

T() IIpIr lTla.rreHr{rr o1'fpaHrrrlbr ar\{rI.rrr'r'r'yJ,a BoJrHbI Bo3paCTaeT lI Be,]LII{LIH-\ -Nf. : Int.l Ha3l,lllal{)l'

xos$$lrqneHTo\r )'crrleirrrn. Cpegr,r, B KoropElx ,II\Ieer llecro )'cIr.IIeHIIe Bo.-IH. Ha3blBalor aKTIlBHbIllII.

CoornoureHrrx. nogo6Hsre (1.58) rr (1.59), nerKo BblBecrv. vt Eltfl. rpo.lorbHF,L\ Bo-rII

a
dk,

e 1(k'r,kr,c,') : 0, Kt: k:l - -
e'r'(k'r. ko,u)

&,Uur,ko,w)

( 1.60)

(1.62;

IrIex<A)' se-ru.rrrnorl l. onpeAeJrflrculeil lreAleuHoe 3aryxanre (uapacraHlle Bo.-IH Bo Bpe\IeHI{ II

Be.'ILItII{HoI"r /ri. \apaKTeprr:1'roq,eit rr3}reneHlle a\IIJIIT]AbI Bo.tIHbI B [pocrpaHcTBe. Il]teerct tlpocrafl
(.Bfl3b. Pactclrorprrrr ee Ha nprrN.{epe uoneperrHbrx oo.nH. @opltyla (1.58) B rleflBHr)\i uIl-lC \'('TaHats..IIIIla(:T

cBfl3b rr,rexiA\' ,; u k'r.lzlcno-ru:ya npd.Brrr-ro alr$$epeHql{poBaHllt $yHxqIali. 3a-faHIIbI-\ B He,IBHo\l Bl{Je.

rla (1.58) nor\-qrr\r

(1.61)
0a

-:_ak,, + ! l:ze',, (k',. ka.o)l
a'ua

H* u! l,',',, (kt,, ku. )l

C no:vrourrc 3Toro coorHoIIIeHrL [epe[Ilue]\'t $oprr1"r-v (i.59)

tit, :
e'f , (k'r' kr, w)

I'l: cpanuerrlu no.r)'qeHHoro Bblpar+(eltllfl r"rls Krr c Oopllynoif (1.52) c-'Ie.I)'er

^itr
(t .6:l'titr:

0-, ,'akL'

Ir I l. (('

u,.:t)*' /l(,i'' i)k

li\(,."ltI't ti()f ill,,itr.ilta I l)\'ilil(,tr()ii cl<o1r,)('lll lJ IIaltl)irll.l('llrill o<:tt ox ll ii//. : :. t'g,

I;J



ri.

B usorponHolt cpe4e a npette6pexeHIII{ Bper{ennoil r rpocrpaHcreerruoll 4ucnepcueil
us $opuyru (1.38) crreAyer 

, .2
D (k,w): lk . elz - k2 + Y;e : 0.

c'
Orcru71a, cot'Jlacno oflpeAeJlct{L{lo (1.64), nonyqacM BLrpax(errue Arrrr rpynnoeofi cxopocr.u

tD (k,u) l1k _ . .k - Re [e. (k .e)]
- ve - -MfA /O-;: -- k2 _ lk. ejr- (1.66)

B 6onee o6ulerta cryqae Bbrpa)Keur.re AJm rpynuoroft cxopocrr{ paccMorpeno Hr.rxe.

L.7 3axou coxpaHeHrls 3r{eprur (cpeAa 6e3 Arrcrepcuu)
3axon coxpaHeHllt 3Hepmlr aBJlfiercr o.rHlr\{ ua $yngalaeHTaJrbHbrx 3aKor.)B $usuxu. Os rrrreer \recro
II Art SJIcKTpo&IarHlITHoro IIoJI.fi. Hau6o,ree [pocro 3Tor 3aKorr Br,IBecrrr rr fipoarraJ'rrr3rrpoBarr,. ccirrr
He yqIITbIBarb BpeMeHHyIo II [pOCTpaHCTBeHHyro Anc[epcr.rru B MaTepr{aJrbHoM ypaBHeHrrr{.

Paccuorprrl, crlcTetlr)'ypasueHrrir (1.11) n orcyrcrBr,rlr cropoHH[x roKoB ]r 3aprAoB (po : 0, jo : 0).
);rtuo>xlru [epBoe ypaBHeH]Ie Ha B, nropoe-aa E lt Bbrqre\{ r.r3 Broporo nepBoe. B pesy:rrrare [o-[yqrr]r:

ErotB - BrotE : 1 ( 
"E+ 

RqP\c\"at'"8)'
Irlcnoausya r.r3BecrHoe coorlro[ren]re

dir' [a x b] -- brota - arot b

fiepeIII{IIIeN{ nOIyrIeHHOe BbIpDKeHIIe B C,'IeAyIOU{et\,{ BI{Ae:

( 1 .6i)

(1.68)

(e;1 : edii)

(1.65)

( I .73i

( 1.6e)

Ec-ut npeHe6pevn Alrcrtepcllefi u cqllTarb cpeAy rsorponnoft. To r\{o)KHo r.c[o.1rb3oB&Tb \larepra-:rbHoe
)'paBHeHr{e (1.13). Ooprrl';ra (1.69) npeo6pa3yerc, K BrrAy

* o't. [E x B] . **(n, + e E2) : s. (r.zor

3rtl cootHolrreHl,Ie ,I [pe-lcraBnser 3aKoH coxpaHeur.rx sHeprr.rrr B cpeAe 6es 4ucnepcnu. Be-rlr.nrrra

s:9lExBl4r' ) (1.71)

Ha3brBaercfl n,nomHocmbto nomoxa 3Hepzuu v.ilvr ?etlnopou V",,oea-]lotinmltnea,

Ir,:;f (82 +eo2) 1.7218zr' /

-n.-lorHocrb 3HeprIIu. C nortoullto raKlrx o6osHa.{eurrfi Soprr,ry,'la (1.70) :aur.rcbrBaercr B tsrrJe

divs* ff:o
(lto5l,l ItoHtlrbc\IL,IC.-I 3aKoEa corl):rllcrrrrr 3Irellrrrn Ir BrJel(L,rrrrrrrx rrl)r, ero <l;oprly;rrrllrr;Ke Hzl3eilrrg-r

r r I )()rr trr(-,r[)rr 1l'err ( I .7 3) rc reKo.ropo\iv t ftt eMy V

*.a*rExBl-,#(n #." #) :o

-9 [ ,r,*0t Jv{",s az:

t4

(1.71)



Tarcag r.rHTerpLrrbxaa Soprura 3anncrr 3aKoHa coxpaHeHut noKa3blBaer, qro ll3MeHeslre nolgoil 3HeprLII.l

e o6relre V co apeueneru cBs3aro c [pr.rroKo\{ (n,rll orroxov) srofi 3Heprr{r{ qepe3 noBepxHocrs ,S',

orpaHr.rrrr,rrrarou{y}o o6r,er'a. Ovenuguo. tITo tseJlllqurra S onpe4eJr.fler floroK orreprrlr.
Paccuorplrrr 3aKoH coxpaHenrlt gHeprrlu AJIa gneKTpoIuarHLITHon BoJrHbr, KorJa noJre rr\{eer BHA

(1.75)

Coraacuo [epBoMy ypaBHeuEro crlcreMhl (1.11) raxorrry 3neKTpLIqecKoMy [oJIIo coorBercrByer BeKTop

rrr arnurnoft ,rH.(YKqI{ rI

B : Re {i tu , Eolert'r-at} . (1-70)

flocxonrrcl' 3-'IeKTpuqecKoe r MarHrrrHoe rtoJlfl B Ka)ICloI'r ror{Ke cpe.abr fleprro:rrqecKrr ll3]reHflIorcrl
Co BpeMeHe\{. To IIMeeT cMbIcJI paCCMaTp[BaTb 3aKoH coxpaHeHl{t 3IIepr}III r:tilfl Be,rIrqIIH. }cpeIHeH-
rrbrx ro [eprro;f1'. flpoqe.lr'pa ycpeAHenlrfl o6o:saqaercn cxo6xatutn (. . .) , npe-Inoi'raraer BbIno--IHeHHc

c.regyroqefi onepaqurr

(A) : A. (t') at' : t(t') at'. (1.77)

Cpclrrrrri BoKT()p fl.ilorHocrll ttoroKa 3HeprI{II patseH

a ft+2n/u_t
2n J,

a fr/o_t
2n Jo

Ec-rlr pacxpstrs -:eoilnoe
Eo.i lEol. ro rro-'Ivqlttr{

BeKTOpHOe nporr3Be.leHrre rr rrc[o.:rb3oBaTL BeKTop no-'rcprr3arlrrr{ Bo.:rHbr e :

(s) : * Re [k - e- (k 
")] lEol2 . ( r .7e)

A H a-:o rlr q no B brrrrrc.rrrerc-fi cpe.qHgfl nJorEocrb 3 HepTIIII

( 1.81)

@ : *(nu [eo",u "-*o] , n" {tr. 
x Eoleil<'r-iu})

c: gnrRe [E6 x [k x E[]1.

d ll')* rr'.. f tl'=l]
0t

( 1.78)

, l.8jJ)

(1.80)

B rrorr Bblpar*(eHrrrr nepBoe c-rarael{oe o[peJ,e-:rrer E.-rornocrb 3HeprIIIt 3"'IeKTprt{ecKoro no.'rr. a BTopoe-

\rafHrrruoro. 3rr crarae\{bre \rox(Ho o6re.1rtrlrrr, c flo\rourb]o 3aKona.qrlcuepcrrn (1.65) :.ra Bo.-rH B

r3oi'porrHor"r cpe-r,e 6es -rrrcnepcnrl (e, : ed1;). B pe3\'.-Ibr-ai'e oKa3brtsael'cri. qro -l,'trl Hcnpo-ro.'IlHblx
'' I t)

BO.tH C lt(.el- = lt- n.:roTHocTb 3Heprrrrr 3-'IeKTprrYecKoro no"']fl paBHa rr-roTHocTrr 3Heprrrrr \larEIITHoro
IIO.-Ig. TAK qTO

(rr') : # (etEot2+ teot') : # (. * :'u

(ll') : - iEcl2b;

\lcx.'tr-rrc.-rur{rrHa\ru (S) rr lll') rrlreercr{ npocrar{ cBrr3b. Ilcrro.,rr,-.lr'err BbrpaxeHrrn /1.6i). (1.66 . (1.79)

rr (roprry-'11'(1.E11. B pe:1.-lrrare A.'rfl Herporlo.rssoit Bo-'IHr,r (lk 
"12 

* k2; c rpYnnoBor-r cKopocrblo
( 1.66) ) rro-'r]''rrr:.r

Pz - ;t ."12 k - Re [e' (k e)] e ,-(s) = I;PA:'ffi 
" 

lnol' : vs (rr'l

, .;') lrei2

(1.82)

3'ro coornorue:irre floKa3brtaer. qro 3HeprIIrI rreflpo]o.rltrol:i no.'rrrbt [e])eHocurc, n rrl)ocrpaucTBe c

r'pyrrrrr)rroir (K(r!xx-r'rrro. IIcrt,r.'rt:ouarr cloprrl'"'r1' l.5l ttePctttrtlrc\r yparJltclnre l.7jl , tr tlt.'lc

il ilt BLI',t('t.i;rit!lrt JIIrrl)IIil1 r1, irr'r IIoIJ('l)):fiaj("I1,, ()t'l)irllllt:lIlJ:il()lIlyl() J1'(,1 06t,(,:.1

l:)



1.8 florepu oHeprun sJreKTpoMarHI,ITHoro floJrs B cpeAe

Bperrenuaa .(rrcflepcr{r cBr3ana c 3anasAbIBaHI{eM roxa (Hrra lrn.4vxqurr) rrpI,r rr3NreHeHrur 3reKrprrqe-
cKono rroirrr B cpeAe. !,nr elexrpovannrtsoii BoJIHbI 3To 3alasAbrBanue tsErpax(aercrr B'roM, qro r'rex(/{y

ro.rrerr r{ roKorr (rrngy'xqrrefi) uueercx cgnur SassI, xotopsrii B r{3orpornori cpe4e (cu. $1.3) orpeAe-
Jrffercs rr'rnuuoil qacrbro Au3reKrpl{qecxof upourlqaeMocr[ e". C 4pyrofi cropoHr,r, \{Hr{\.{a, qacrb

Arr3reKTpr.rqecxoli nponnqaeMocrl,I B I{3orpoflHoft cpe4e ofipeAeJlrlsr H 3aryxaHr{e norr. Taxrrrl o6pa-

3o\r, rr3-3a 3ana3AbrBaHrrfl B peaKql{[ cpeAbl g"'IeKTpoIuarHI,ITHoe noJle coBeprxaer pa6ory r{ Bo3HlrKaror

[oTeprr ero Srrepr[r.r.
t{ro6rr safiru pa6or1', Koropyrc coBepluaer rIoJIe BoJIHsI B eArrHr{r{y BpeMenrr B eAr,rHr.{qe o6relaa,

pacc\rorprr\r e Soprlyne (1.69) cpeanee 3Har{eHrre or cJraraeMoro

a:*(, #)
I,Icno-'rs:yelr Bbrpa)KeHrrr, I.:t,f,, flontfl r.r r{HAyKTIHH n geficrnurelruoll Qopue

E : Re (uortu''-t') , D : Re (oo.'u "-n"') .

B pes5urrare flocJre ycpeJHeHr.rs fioryq[ru

a: #(Eo 
.D6 - Ed.Do). (1 86)

flogcran.rraa \rarepr{aJrbHoe }?aBHeHwe (1.27) fi [por,BBeAfl 3a\reHy r{Hl\eKcoB r] rrepno\r cJar-aeruoN,r,

uafi.:Ierr Anfl [orepb gHeprrrrr 3xeKTpo\{arunrsoit BoJIHbr B eArlHrrrle o6relra cpelbr B eArrHr.rq}' BpeNreur.r

c-'reAYro rqee B br p a;+ieH r.re

a : # QilE6iE[t - e;i EfiEsi) : -t*r't E6rEoi,

r:e a$-a"rrrgp\rrrroBcKal trasr6 TeH3opa Ko\rlJreKcHolt 4nsrexrprrqecxofi [poHrruae\,rocrr{

,* : ; @q - ejt). (1 88)

C nortoutlro BeKropa ro-'IfiplnaqrlW e --F,gf lE6l coornomeHr.re (1.87) rroxuo nepenrrcarb B BrrJe

a = -# @1eyfi)ln6l2 - (r 8e)

Ec-rtt ue yqIITbIBarL Al,Iclepclrrc (eii: e6;i, e" :0), To fiorepr{ B cpe.a,e paBgbr H}'.'rrc.

1.9 YpanHeuvrfl. Airfl. MeAJreHHo rd3MeHJ{roquxcfl an,r,rrJrury1

3ar1'xaxlte (lt.rlt napacraulte) no"rusr IpIIBo.]LIT K To\Iy, t{To Kor{[JeKCHarr arr[.'rrrr\'.],a He rrocrorHr{a rr

Il3\teHsercfl Bo Bpe\{eHrr rr npocrpaHcrae. flpr 3ToNr [or,'Ie BoJrHbr He rBJrrercfl \ronoxpor,raruqecKpr\,r u

-\'x(e He-'rb3lt yrBepx(i-(a1'b. qro ono r{3\reHflerc, crpoto Ha o4Holl qacrore. flpr.r pa:,'ro>xctrr.{r{ n HHl'cr'[)irJr
@1'pre rto-'L 3ar]'xarcu{eir (napacrarouefi) ao,anr,r Bo3HHKaer He o-fHa rapN{or{rrKa. a qeruli cfler(Tp.
Olnaxo. ecJI{ HapacraHIIe II.'IIt 3aryxallIre BoiIHbI ltpo]rcxoAr{T MeJ-'IeHHo Bo BJ)e\rerrrr rljrrr rrl)ocrparrc'r'rJe,
TO \rOXirr() ee rro.'re pacc\raTprrBaTb B Br.rle

E (r. l) : n" 
Ino 1r, t; eik''-i't] . (t e0)

(1.84)

(1.85)

(1 .8 7)

l_lir li()."111

'll(l I i) li,, 0E",
, in << l''o' a; " 

l;;l:'1" { l lr I 
')

Irj



Taxyro Bo JI Hy H a3 br B aror K 6 aa uJvro ?1 o r p o,v,a,muy e cn o ti.

!,la ouucan14fl KBa3rlMoHoxpoMaruqecKrlx BoJIH l\,(oxHo lrcrroJ'rb3oBarb ylrpouenrJyro c]JcrrcN4y yprlB-
nenufi i\4axcuetuta-TaK IIaibIIJaeMbIc ypatsHctkrfl AJtn MeAJIeHHo r,r3Merrflroulr{xcfl aMuJrur.ry)! yDtu yKopo-
r{eHHbIe ypaBHeHLIg noJlg. C [oMoIrIbIo TaKI{x ypaeueHufi JIerKo BbIBecrLI TaKxe 3aKor{ coxpaHer{ilrr
sHepruu, IJ KoTopo\4 nocJreAoBaTeJrLHo yrrr,rTr,rBaercg Ar,rcllepcrlrg. Irlsrox(elrlre 9Tor.o Kpyra BorrpocoB
HaqHeM c BblBorqa coorBercrByroqero Marepr,raJrbHoro ypaBHeHuyl. Paccl,rorpur',r SoprrayJry (l.JB) alr
Borrxbr nnaa (1.90)

Di(r,t) :^" 
/:*at' f 

ar'eri(" - "', 
t * t') Eoj (,',7t) 

"ik'r'-iat' 
.

Ilporassegev 3ar\4eHy nepeMeHHbrx ttt : t - t', t" : r - r'

Di (r , t): R" 
{rnu'"- 

n" 
Ir* 

or' 
/ 

d'rtt e4i (r" , t") 
"iwtt'| 

-ik'r't poj (, - ," ,, - ,')}

goi 
G - t" ,t - t") = Eoj (r,t) - t'9!9i - ," ryll-.

tfirni(k,a.,): - lr* 
t"at" f dr"eii(r",{t)eiL'tt'-ik'r",

t 
oluet1g,4 

: 
/o ot" I r"dr"€ii (r",t") eiat'|t-ik'r"

B peayrrrare [oJryqaeM

Di(r,t): Re lDor"tu'-'-tl: R. 
["'u'- '' (rn,ur, * r*W - ,*W))

rotE : Re 
[(rotEo 

+ i [k x Eo1;e'k'"-i't] ,

rotrotE - Re {[lro, [k x Es] + z [k x rotE6] - [k * [k x Es]ll 
"'ix''-i't] ,

* =n" [(-;,r ot + ,tiUe!) ,'u "-n''] ,

(l e2)

(1.e3)

@ynxqua eu (r",1/') sanucrr or BpeMeHr{ ttt, xapaxrepra3yroqero 3anasAbrBaHr{e peaKr{r{r{ cpeAbr Ha,

4eftcrnue [oJrg, I4 or paccroflHfir t" , Ha KoropoM [poflBJrflrorcfl HeJroKaJrr,Hr,re cgoftcrna cpe4sl. Ec-
JII4 3a[a3AbltsaHl4e H HeJIOKaJIbHOCTb MaJIbI ]r aM[JIuTyAa tsOJIHbI Ma,IIO I,I3\4eH 5re'l<:51 3i)" l]]x)l\4rl ttt u ttzt

paccrotlHl{I,I r". To AJu aMnJrrrryAbl Mo)I(Ho rrcrroJrbsoBarb pa;Jro)Kerrr{e B prIA

(1.e4)

flo4cranult DTo pasrox(eul4le B Marepl,raJrbHoe ypaBHeHr{e r{ BocloJlb3ye\4cr coorHouleur4flMr4) BbrreKa-
rcurr,rMr4 ,r3 orrpeAeneuua (1.25)

(1.e5)

(1.e6)

3ro lr ecrb MareprraJlbHoe ypaBHeHI4e AJrs KBaslrMoHoxpo\4arr.,r.recxoft sJreKTopMarnrrHorl BoJrHbr, y
xoropoft aM[JILI']-yAa I43Meutercr{ MeAJreHHo co BpeMeHeM r,t ts npocrpaucrRe. Eclra avn;ru'ny11a ne 3a-
Bl4crrr or BpeMeHrr 14 KoopArruar, ro Soprvryna (1.97) nepexoArrr n (1.27). Erqe pas roAr{epKHe\{, r{To

coorHolueHlle (1.97) flBlrfl.ercfl. npra6nux<euHbrM r4 yr{r4TbrBaer roJrbKo cJraraeMbre, npo[opq]roHiurbHbre
[epr]blr\4 rrpor43BoAHEr\4 rro BpeMeHr,r r,r KoopAI,rHaTaM oT aM[ntlTyAbl.

I4s ypaaHeHufi tons, B orcyrcrBr{ra racrorrHr.rKoB cJreAyer oAHo ypaBHeuwe (1.32) AJrs Hafipsx(euHocrr{
gneKTpl,rqecKoro rIoJIfl. 3ro ypanneurae flBJrflercx 4lr$QepeHrlr,raJrrbHbrM ypaBHeHrreM BToporo [oprAKa.
floxax<eu, qro B cryqae KBasl.IMoHoxpoMar[r{ecxofi sorurr r,r3 sroro ypaBHeHr,rfl cJreAyer 6olee npocroe
ypaBHeHI{e [epBoro nopflAKa, olrrcbrBalotrIee [3MeHeHI{e aMnJrr{TyAbI BOJrHbr BO BpeMeHI,r r4 B npOCTpaH-

CTBC.

Zcnonrsyerra $oprrryly (f .9p) u Bbrr{r{crruM nporr3BoAHbre n Qoprrayae (1.32). Ilrpu erou orpaHarrr,rMcrr
yrreTor\,r cirarae\.{brx, coAepx(arqux ToJrbKo rrepBbre [por.r3BoAHbre oT aMlJIr{TyAbr

(1.e7)

(1.e8)

(1.ee)

( 1.100)

t7



(1.102)

-ul,,1(k,r..,)+ # (W- d,i)lro,: o

Panee 6ulo noxasaHo) qro 3aryxaHlle 3JreKTpoMarnurnofi BoJrHbr oupeAeJrffercfl aHTr{spMraroscxofi qa-

crblo reH3opa KoMuJIeKcHoft 4Iaerexrpuvecrcoft flpoHr4rlaeMocru (cru. $1.8). floerorr,ry paso6seM Tensop
eij Ha SpMIITOBCKyT I{ aHTI{3pMI{TOBCKyIO qaCTLI I{) yYIITbIBa.fl, qTO 3aTyXaHI,Ie BOJrHbr MaJrO, B CJrarae-
MbIX, nponopqlroHanbllblx npOI43BOAIIbIM OT aMnJIIrITyAbI, OcTaBIr\4 TOJIbKO 3p\4I{ToBCKyIo qacTb. TOrLa
I4croJlb3otsaB KoM[JIeKCHuft e4lruuvuuft aexrop [onrrp]r3ar{[u e =Eol€, r4e t : lEol, Ar]r BoJrrrbr (j

e : const no.nyvulal

(1.103)

Ec,ru 6rt He 6stlo 3aryxaHl{fl BoJIHbr r{ aMlJrr{TyAa eij 6rraa rrocrosnHa, To BCe cJraraeMbre B rroJryr{euHoM
BbIpa>KeHIlII,I, KpoMe nocJleAHero, 6rr.nlr 6rt paBlru HyJrIo. flocle4nee )Ke cJrarael{oe oflpeAenflJro 3aKon
AIIClepCfirr BOJrr{br

# =Ru [rnt'-n" (-r'er1no, - u'*W
+t'w'zff W-'u"r,,ry)f

flo4craaxaa norytreHHble coorHo[reHr{r B r{cxoAHoe ypaBHeHlae, Barrr{rrre\l ero B Br{Ae:

jfit ',,,)ry -,*W -! r,"r[k x Es]n + [k x rotEs],]

D (k,u) =$";",ru;;(k,a.,) : lk.ul' - lc2 +$";",r|(k,a.,) : 6.

o*o.-A
; "i"f ij

' - -" +g (rr":"*A

fit '";",,tr)X -V'*,@ie1eff) +2c2te(,r (k 
".) - r))#,

-iw2 eieiefi€, - t {c2 [lr. 
. 
"l' - r') * 12 uiqeff\ € : 0.

(1 101)

( 1. 104)

(1. i07)

Ey4ena cr{I4Tarb, r{To H B cJryrrae, KorAa ecrb 3aryxaHr{e,3aKoH Aucrrepcufi (1.104) BbrrroJrHrrercri. To-
rAa paBeHCTBo HyJrIo ocraBllrl4xcfl cJraraeMblx olpeAeJrr4T ypaBHeHr{e AJrfl MeAneHHo r43\4eHsrou1eftcx eo
BpeMeHr L npocrpaHCTBe aMnJlrrryAbr BoJrHbr. 3ro ypanueuue y4o6uo [epeflucarb B c.rreAyroqe\{ B],rl[e:

(1 105)

Rxo4auqze B ypaBHel{[e BeJIrrqI,IHbI lrMeror oflpeAeneHHrrfi {>usu.recxurl currca. tlro6sr nourrtb s.ror
cMbrcJr, Bbrrrr{cJrrrr\4 c noMorqbro $opruyau (1.104) rpynnoByro cKopocrb

vg: aDlak & (";"tru{i)
(1 106)0D/0u - #* (rr";",*{i)

_ _zx"bo, ".ll -zu+$*(";"rfl)
b* ("*" un)

Bu4uo, vro xoeSclraql{eHr [epeA [por{3BoAHofi or aun.nuryAbr ilo KoopAr,rHare ec.rb coorBerc,r.Byrou{ar{
KOI\4nOHeHTa rpynnonofi cKopocr[. Benz.ruua

0w

ak

'flpz cgeaannbrx npeA[oJrox(exzsx BeKTop e: e1 cosp+ ie2sinrp = CoDStr rAe el ra e2 AefrcTBuTeIrbgbre rrocTo.fiHHbre
eAI,rHr{trHLIe BeKTopbI, g-HeKoroparl rlocrosHr{arr $asa. HarpzMep, B cryqae "nunefino u rrupKyrqpHo-rroJrrrprr3oBaHrrbrx
BOrrH lp : 0 t\ g : r /4, et -L e2, cooTBeTCTBeHHO.
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flBJIteTCfl AeKpeMeHTortr (lrnrpeuenrot,t), xapaKTepH3yroqr,rM 3aTyxaHr{e BoJrHbr. B cnyva,e u::orponnofi
cpeAbr rus $opr,ay.rru (1.107) c roMorrlbro Bbrpa)r(eHlrr (1.41) nerxo [orytrr,rrb (c rovnocu,rc 4o snaxa)
coorHouer{r4n (1,52) a (1.55).

Taxuu o6pasolr, ypaBHeHrure.[,Ju MeAJreHHo rl3r\4eHrrorqeficr aMnJIrrryAbI I4Meer BllA

a€ a€

0r*"n i+1t:o'
I4s ypanueuraa (1.108) cneAyror pe3ynbrarbr, rroJryqeHHbre n $1.6 ilpr{ paccMorpeH[r{ na.ra"nrHoft l,r

rpaHravHoft saAaqr{ B sneKrpoArdHaMr4Ke. Ec;rr aunruryAa BoJrHbr He 3aBr{cr4T or KoopAr,ruar) KaK 9ro
npeAloJraraJrocb rrpr{ paccMorpeHrru Har{aJrbHoft ea4avu, To ypaBHeHrre

(1 108)

(1 10e)

(1.1i3)

(1.114)

0t _ ^,c6; - -'"
lrl\4eer peIIreHI{e t(t) : t(O)e-tt. B cayvae rpauzvnoft 3aAarru aMnrllrryAa He 3aBI,ICLIT or BpeMeHI,I.

Eclu nol,rrzr,,ro sroro ona rzr3rleu.rrercs rJrbKo BAoJrb ocu OX, To r{3 ypaBHeuux (1.108) nonyuur'r €(r) :
€(0)e-"*, 17,€ K : "t lugr.

Vpanuenue (1.108) rro3BoJrser floryqrarb re x(e pesyJrt,rarbr, r{To 14,qr,rcnepcr{oHHoe ypaBHeHrre c

Kor4rrJreKcHofi gus-nexrpu.recxofi npourrqaeMocrblo, ecJILt npil peureHl,In nocJleAHero npeAnonararL) qro
3aryxarure (napacrauue) no.uHu MeAJreHHoe.

1.10 3axoH coxpaHeHr,rs 3Hepruu (cpe4a c Arrcrepcuefi)

tr4: ypanueNux (1.108) cJreAyer 3aKoH coxpaHeHrlr sHepruu BoJrHbr B cpe,q,e npfi yqere rax eperaeuHofi,

TaK r{ rlpocrpaHcTBeHHofi auctepcura. 9ro6u BbrBecrr{ gror 3aKoH, yMHox(LtN{ ero Ha 2€ w nolyteuantlt
pe3yJrbrar [peACTaBr,rM B BIIAe:

(1 110)

(1.111)

Vlrnoxczrr,r $opr',ry.ny (1. 110) na

B pesy.ircrare [oJryYr,rM

0^, 0^,
ht'*un.frt' : -2',r€2

#*@zeieieff)

(1.112)

c2
ztw (eie1efi) 

16;.

Cparurraa cro.flrrlee clpaBa BbrpaxeHrzre c $oprtryrofi (1.89), Br.rAr{M, rrro c rorrHocrbxr Ao 3HaKa gra

Berr,rr{r4Ha onpeAeJ"rfler norepr{ 3xeprrrr4 gJreKTpo\4arulrrnoft BoJrHbr B eAr4Hr{rle o6r,erra B eAr4Hrrqy BpeMe'

ss. fkrsrrvy (:raraeMbre cJreBa ofipe.qenrrcT To)I(e I,I3rleHeHHe oHeprlrpr B eAr4Hlrqe o6reua (nloruocru
sneprzz) B eAr4nr{rly BpeMeHrrr. Orcro4a BbrreKaer, rrro rrJrorxocrb 3Heprur4 B cpeAe c Ar{cnepclrert panna

*",*(w2eie1efr) *t'* #*@2eie1efi) (", *n)

(w): **(,2eie1eg)t2
B erux o6osHaqeHraflx 3aKoH coxpaHenr,rf gHeprr4r,r B cpeAe c Ar{cnepcuefi npunuuaer BraA

*r,r, +,, *(wt: -e

*r*, *'n . * (w) : -z^r (w) .

tr4s onpege.rrenufi (1.89), (1.107) z (1.113) crreAyer, qro crorrlyro n npanoft cropoHe Sopuy.nu (1.114)
Be,rr.rLrnHy r4o)KHo sarucatrr B Br4Ae Q :2.f (W) " ilpeAcraBrarr $oprrayny (1.114) e gpyroft @oprrle

19
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flpe>xge Bcero [poBeplrM, r{To ras $oprr,rynu (1.115) cJleAy/er 3aKoH coxpaHeHlIa snel)r]'Il'I B cpcAe

6es gucnepcutt. [lx ororo [oJro)Kr{M, rrro Her Eor"rroulewur- efi: O u e# He 3aBt4cI,IT or tlacrol]bl. lll:l

onpeAerreHrla (1.113) uoryr{ae\.I np ef,: edtj Soprr.ryry (1.81), a n: (1.115) crleAyer (1.83).

Or:vc.lal,r, q.r'o rrpr4 yqe.re Ar4crrepclrr4 cpeAr{ar grreprlll IIoJIHrI (1.113; salrr.rcI4'r'o'I'rlzrc'ro't'bt v1 )\Jttt

paBHbIx rracror pa3Jrlrr{Ha Aa)Ke Irprr oAnofi u rofi >re a\lnnrrryAe. 3To cer:aHo c ret\''I, tITo B SIIeprIrIo

BOJrHbr BXOAU'I raKx(e rI 3Hepfl,Ifl r{aCTI,Iq CpeAblrq,Bl,Irarcqilxcg IIoA AeficTBI4eM IIOJ'Ifl.

1.11 Vpannenrrs sJreKTpoAI,IHaMI,IKlI B HeoAHopoAHofi cpeAe

O6br.ruo rna3Ma qBJrserc.fl HeoAHopoAHoft ra xouqeurpalll{s qacrl{Il. TeMlreparypa, cKopocrb rer{eHl,Ir

r,r Apyrr,re ee napaMerpl,r BaBrrcrr or KoopAr{Har. Pacnpocrpaneufie oJreKrpoMarHr{THLIx BoJIH B rreoA-

HopoAHbIx cpeAax I{, B rracrHocrl{, B [JrasMe I{Meer csou oco6euHocrlr, 3ar{acrylo orreHE, cyqecrBeHHble

An.fl [paKTr{qecKrrx qeneft. B sror,r u cJreAyroqerr.r naparpa$ax paccMorplaN4 Kopol]Ko pacnpocrpaHeH}Ie

BoJrH n HeoAr-ropoAHbrx cpeAax. O6cy4rartr prrA,rBJreHrr[, no3Huxatoq[x I,{3-3a HeoAHopoA}Ioc'I'H.

flpra paccnaorpeHr{r{ HeoAHopoAHofi cpe4u upeHe6pe>xeM lrpocrpaHcreeuHoll 4ucnepcuefi, Ho yqret\4

BpeMeHHyro Ar.{cnepcmo. flouurr,ro eroro 6y4eu cqllTarb cpeAy Hsorponuofi. Marepua.nbHoe ypaBHeHLIe

rorAa r{Meer nrag (cv. (1.16)):

dt'e (r,t - t') E (r, f') . (1.116)

flpene6pex<eHlre rrpocl'pancrnenuoft 4racnepcueft clpaBeAJruBo gnx 6src:rpblx oneK'IrpoN,rarHilTIlblx IIoJIH

B CpeAe, KOtAa [epeHoc 3apflAa rrc TolIKr{ B TotrKy 3a rrepHoA II3MeHeHI{f tIOJIfl He ycleBaeT Ilporcxo-

4rztr. llpu groM 3aBl{cl4rMocrb AlrsneKTpuirecxofi uporurqaeMocrl{ 6 or KoopAI{Har cBg3aHa roJIbKo c

HeoAHOpOHOCTbTO CpeAbr.

Paccuorpura ypaBHeHr{e (1.32), Koropoe cupaBeAnlrBo t4 Arrfr" HeoAnopoAnofi cpe4sI. By4erra cr{Irrarb
no.[e [ep[o4uvecxoft $yuxqrefi BpeMeH[r lrurcKarb perueHr4e groro ypaBHeHr,rrr R tsHAe

E (r, t) : E (r) e-i't (1.117)

Ilo4vepxueru, rrro B groM Bbrpax(eHHu !\rrrr noJrfl 3aBlrclrMocrb or BpeMeHrr o[peAeJreHa, B To l]peMx KaK

3aBr{cr{r\4ocrb rroJrr or KoopAr{Har HyxHo uafiru rrc ypaBHeHr{a (1.32). I4uurrru cJroBaMr{) rIoJIe flBJlflerc,
MOHOXpOMaTI4qeCKI{M Bo BpeMeHI{ I{ 3aAarla CoCTOI4T B Onpe.q,eJIeHIrrI{ erO npOCTpaHCTBeHHOro [3MeHeHI,Iq

[plr ycJroBr..rr{, r{To csoficrea HeoAHopoAHoft cpe4rt r{3BecrHbl.

Paccrrorpurta cHaqaJra Marepr{aJrbHoe ypaBueHue (1.116). flo4craaulr B Hero npr{BeAeHHoe Bbrrue

BL,rpa)KeHlre A.fifl floil,I

D (r, t) : l:*

D(r,l: [' dt'e (r,t-t')E(r)s-t''t':p(r) "-ut [* t!rei"€(r,r).
J-* \' t ' Jo

B eegeu KoMrrJreKCHyro Ar,r g JreKTp [qecKyro rrpoHrlrlaeMocrb Heorq,Hopo4Hofi cpeAbr

(1.rr8)

drei" e (", r) . ( 1.1 1e)

Tor4a Marepr,raJrbHoe ypaBHeHr{e rrpr{Hr{Maer upocrot au4:

D (r, i) : e (r, w)E (r) e-i't ( 1.120)

Anaaus ypaaHeuraft rroJu HaqHeM c ypaBuenras V .D - 0. flogcranrrB B Hero Bbrpa)Keur{e AJIrr
BeKTopa I,IHAyKqLII{, IoJIy!II{M

V .E (r) - -E (,) I+!9 (1 121)\ / e(r'u")

O6patuucx renepb K ypaBHeHr{ro (1.32). Izlcuonseyer'r Sopr'ayay (1.121) r coorHorrreHr,re

rotrotE: V(V E) - V2E.

e (r, c..,) : 
lo*

20

(1.122)



,i

B pesy"nrrare roryrrl4M ypaBHenl,re) olpeAeJrrroqee [pocrpaHcrBeHHyro 3aBr{cuMocrb noJra

(r.t24)

rlo<:le.:4uee cool'HolrreHl{e :ttsJlre'rcs 3aKolror\,r Alacnepcuu AJrn nol]epeqr{blx tsoJrH n u:ro.l}x)ul{oft t:p<,r4<:

(1.44).
t{acro rlpu LI3yr{eHI,Iu pacnpocrpaHeHr4s gJreKTpoMarHr,rrHbrx BoJrH B HeoAHopoAHofi cpe4e 6olee

y4o6uo ,ICcJIeAoBarb ypaBHeHue AJrrr Marr{r4ruofi uu4yxqura B. Yro6rr rroiryt{fi't.b g.ro .ypat]rrcrrr4c, c/\o-
JIaeM pJ{,q, npeo6pasonanufi. c ypaBHeHI{rMu (1.11). I4s rroporo ypaBHeHr,rff (npu orcyrcrBr.rr.r roKoB
io : 0) uonyql'Il4

fAe

a r,r3 B'ropor-o ypaBHeHrrr{

..2p2:?re@).

rot rot 
" 

: :*rot D.

Ecru c.rurarb, yro BCe rroJr.fl 3aBr4crr or BpeMeHrr no 3aKoHy e-i't, r.e. B (r, t) : B (r) e-i,t , To
noJryYr4M

rotrotB (r): _,Y1Ve(r,o) x E(r) + e (r,w)rotE(r)].c'
Ho us nepBoro ypaBHeHr,rfl (1.11) c"rreayer) qro

rot E (r) : zlB t) ,c'

rot B (r) : -Yu(r, t,,) E (r) .

tr4 cnorteos aB srl,r coorHorrregu.fl , [oryrr[r\4

v2nir; +#r(r,r,.,)B(")* [*# xrotB(")] :o

Bugno, qro ypaBHenar (1.123) u (1 .129) no4o6urr uo cnoefi crpyKlrype.

(1. r 23)

B rllcTlerte o4gopo4nofi cpeAbr Ve (o) : 0 us ypaBr{er{Hrr (.| .f 23) c.rrolf ;.),r l)(]rrror1yo E (r) = Ege'lk ',

(1.125)

(1.126)

v2o1r) +5r(r,r,.,)E(r)+ v [r,", fr#] =,

(1.127)

( 1.128)

( 1.12e)

1.L2 PacupocrpaHeHlte oJreKTpoMarHr{THbrx BoJrH B HeoAHopoAHofi cpe-
Ae

Paccruorpulr cpeAy, ceol)icrra xoropofi r{3MeHflrcTcfl ToJrbKo B oAHo\4 HalpaBJreHr{}r pr Ar4gJreKTpr4ye-
cKa-fi npour{I{aeMocrb 3aBlrczr ot o4uoft [pocrpaHcrseHHofi nepel"reuuoft r. By4eu crrr{Tarb, r{To B

raxoft cpe4e (uacro ee HasblBalor [JlocKo-cnoucrofi) B HanpaBJreuura OX paclpocrpaH.qercs rrorrepeq-
Hafl 3JleKTpo\darHnrHafl BoJrHa E(r) : eo€.(r), rroJrfipr/r3oBaHHa.fl BAoJrb ocra OY (E*: E": O). Tor4a
ypaBHeHre (1.123) upeo6pasyercs K Br{Ay

€il, @) + 5, (x,w) €,(r) : o. ( 1.130)

Penrenrze raKoro ypaBHeHl{fl cylqecrBeHHo 3aBracr.rr or BrrAa $yuxqzrz e(r,w). Bes xoHxperzsa-
l\11I.I 3ToFi @yuxqurz l\4ox<Ho nocrpolaTr, nrarul npu6Jrvx<eHHoe pelreHr{e AJrq cpeA, caor7crea Koropr,rx
MeHflrorcfl MeAJIeHHo (upu6ara>xeul{e reoMerpraqecxoft ouruxu). B srou cryqae pe[reHrze ypaBHeHHt
rrulyr B suge t. (r) : to- (r) eiw'@), r4e t6, (*) 

^ 
p, (r)-4eftcr:nureJrbnbre $yHxqzn, onpeAeJr-firorqile
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ar,{nJrr{ryAy u Qaay BoJrHbr. (Be"nravrany p"(n) Ha3bIBaIor efixonanou). floAcran'ux, perIeHI'Ie B raKoM

Br.,rAe B ypaBHeHI.Ie, IIOJIyqaeM

€t, @) + 2i,e!, @) €6, (r) + ieri (r) Eo, 1r1 
* lv" 61)2 tn 61 (1. r 31)

,2+je (r,u)Eo, (r) : O'

OrAelnelr B sroM Bbrpax(eHur,r 4eficrnurerbHylo qacrb Ia or6pacrrnaeM cJIaraeI\'I oe €'{ (r), nolaraa, vro

aMnJrI{TyAa BOJIHbT t6. USl,leureTcfl MeAJIeHHO, TaK qTO BTOpafl npol{3BoAHag OT Hee rr',ra.rra. B pe3yJlbraTe

roJryyaeM ypaBlreHue AIrfl gu (r) (ypanueHue sfixouana)

le',@))' :#,@,')'

(1.134)

(1.132)

PemeHIae 3roro ypaBHeHI,Ir or{eBrrAuo:

p, (r) : *? l,',*'rE o-. (1.133)

rlacro ReJrrrquHy gL @) o6osHa.{arcr n, (r) r{ HasbrBaror BoJTHoBrIM qIrc,'IoM, 3atsrcrlll{Hlvr o'r KoopAl4lrt),1"

B upegeae o4Hopo4uofi CpeAbr 3Ta Beflr{rr[Ha rrocTorHHa LI AefiCTBI,ITeJIbHo flBJI.fleTCfl Bo,IIHOBbIM rII'lCJIoM,

a ypaBHeHLIe sftxonala nepexoAlrr B Al4clrepcuoHHoe ypaBHeuue (1.44).

IlpzpanHIanafl HyJIIo MHI{MyIo ilacrb ypaBHeHlafl , rIoJIyqI'IM

r{, cJreAoBareJrbgo, n, (r) e3, @) : const. .I[,.ua oupe4e rouufr uocrogHuofi HyxHo Snarb BoJIHoBoe qr4cJlo

r.r aMrrJrprryAy s xaxofi-rr,r6o roqKe cpeAbr. Ecru cpega orpaHrrueua I4 BoJIHa Hopl\,IanbHo naAaer Ha Hee

I{3 BaKyyMa, rAe e :1 u nu: ulc' ro

€a,@):i )€ol;lia (1.135)
l€\x,10',))'

3Aecr t6-auulury4a ua,Tqarorqeft BoJrHbr Ha rpaHuqe. TorAa [oJIe BoJIHbI BHyrpu cpe,q,bl e upr6luxcenrzu

reoMerpl,Iqecxoft ouruxu IaMeer BI{A

(1.136)

flpu nrmo4e Brrpa)KeHua (1.136) 6rrro or:6porueHo cJlaraeuoe t'{ (r). Taxoe or6pacrtaaul{e oilpaBAa-

Ho, ecrrr{ oro crraraeMoe MaJro rro cpaBHeHurc c (a2f c')t(*,a)tor(z) B oKpecrl{ocrlr roLIKIr r0, rAe

e(rgrw) : 0, upr.r6aux<eHrre reoMerpr{rrecxoft onraxl{ He upr{roAso. 3ro BI{AHo raKx<e I{3 Toro, r{To B

TOrrKe r0 aMnrlrTyAa BoJrHbr o6paulaerca a 6ecxoHe.rHocrr. PeaalHo, ToqKa z0 sBrfleTCfl r:oft ro'{xolz.

or xoropofi BoJrHa orpil{<aercfl. 3ry rovxy Ha3blBaror eule rosxoft [oBopora.
B peurenuz (1.136) fiepBoe cJraraeMoe onpeAeJrser BoJrHy, ,IAyII{yrc cJIeBa HarlpaBo, a BTopoe-BoJ'IHy,

r,rAyrrdyru n o6paruolr Ha[paBJreHrar.r, T.e. ol'pax(eHHylo BoJIHy. B orcyrcruzl4 IIouIox{eHI4r ilorHoe noJle

( 1. 136) flBJr.rrercfl rroJreM crog.rerl BoJrHbr.

Eclu ueo4HopoAHocrb cpeAbr raKoBa, rrro r{Meerc, He oAHa) a ABe roYKI{ floBopora tr07 v Loz) To

Me)KAy HrrMLr Moryr cyrqecrBoBarb 3arreprbre BoJIHsI (Puc. 1.1). 3ru sorHsr rrMelor gucxperuufi ua6op
qacror. Ce.geaHo oro c reM, r{To orpax<eHuas or oAHofi TorrKL [oBopora BoJIHa He AoJI)<Ha racl{T.L BoJIHy)

orpa)KeHHyrc or Apyroft ro.rxu. Vc"roruev groro nBJrrrercrl yKnaAbIBaHI4e Mex(Ay roLIKa\lI,I noBopora
qeJIOtO t{ucfla AJII{H BOJIH I{ \4aTe\4aTI4r{eCKI{ 3TO 3anI,ICEIBaeTC.fl CJIeAyIOqIiM O6paSOU

;@--)])
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Prc' l .l: 3aueprste BorIHbI B Heo/{HopoAnoft cpe4e, rAe rrMerorcn ABe royKrr floBopol.a, r0r v r02.

Bonpoc o pacnpocrpaHeHrll{ B HeoAHopoAHot cpege gJreKTpor\4arHr,rrHofi BoJrHbr, na {aroureft Ha Hee
I43 llaKyyMa, [peACTaBJI-fler 6oJr[,IIIoft trpaxruvecxufi unrepec u [ogroMy ocraHoBprMc, Ha nev 6o;rec
nogpo6no. Paccltorpzu HaKJIoHHoe rlar,eHl,re, KorAa HarrpaBJreHrre paclpocrpaHeHra"fl na.Aarcuqefi BoJrHbr
He coB[ar(aer c Ha[paBJIeHI{eM HeoAHopoAHocru. flpu 3Tor,I I{ario pasJrrrrrarb ABa He3aBrrcr,rMbrx c.rrJ,'rr?],r{
[oJLIpI43aIuu. Ecrua BeKTop sreKTp[qecKoro rroJu E.neNcur B [JrocKocrr{ [aAeHH, (nlocxocrr Xy), ro
roBopJIT' rITo Bo,THa LIMeer p noJlfl,pusatluro (B-zonna). Ecrra BeKrop E uepreH4uKyJ,rflpeg [Jroc1ocrr4
IaAeHI'LI, ro roBoprlT, rlro BoJrHa s rloJLap'u,soean,a (E-ao.nHa). PaccuorprrM cHatrara 6o;ree npoc.1oft,
aropoft clyvaft. flycrr fiJlocKocrb r : 0.flBJlsercr rpanuqefi pa3AeJra BaKyyMa (nolynpocrpaHcrBo
r < 0) I4 cpeAbl (noaynpocrpaHcrBo r > 0). B sr,r6paunoft cr,rcrerre KoopAr4Har oTrrr4rrHa or r-ryrrt
ToJIE,Ko z-Kor\{[oHeHTa rroJrfl, Koropa, flpeAcraBr,rr4 BLrAe E" (r) : t, (r) 

"iklu 
, Er (*) __ Eo (r) : 0,

r4e kr-xolrnoHeHTa BoJIHoBoro BeKTopa BAoJIb ocra OY. B sroNa HanpaBJreHrrr,r cpeAa o4Hopo4na. !,na
MarHIIrHoro rorrrr rr3 (1.127) Haff4ev B*(r) : ileytr(r)eikva, By(r) : -€,(r)eikua, Br(r) : g.
Kax 6ulo ycraHoBJIeHo BbIIIIe, [oJIe BoJrHbr B cpeAe yAoBJrerBopr"r ypu"r"rr. 1i.rzs;. Ecnn ssecril
yron [aTIeHug' 0 u yqecrb, rrro Kor4tloHeara k, Herr3MeHHa u nooroMy raKa.fi ]r(e) KaK r{ B BaKyyMe
(koy: ko: @lc)sind), ro rorytrr.rM

,
t',i (") + | le (r,r) - sin2 d] t. (r) : g.

B npra6"rrzxceHrrr,r reoMerpuvecxofi o[Tr{Kr{ note t. (r) rr,roxcuo npeAcraBr.rrb B BuAe:

( 1.138)

(1.13e)['
€,(r):60

(,,
cos2---:-
u)- ,,

1n-
L

S
+ exr 

[-z l^',. @) d,')] ,a)
''^ 

{*ol l.', n, (r') ax'f

tTe Ka (r) : (u lc) J;G6:riuF-0. 3alrerun, rlro ypaBHeHue elyrxouara orpeAenfler Berruqr.{Hy n. (r)
z Soprura.ruHo coBrraAaer c Anc[epcl4oHHbrM ypaBueHzeM AJrr [oneper{Hbrx BoJrH.

Be.rruquHa nr(r) o6parqaerca B Horrb B Tor{Ke r0, rAe e(rg,w): sin20. I4veuuo ot.er:oft ToqKr,r r4

orpa)Kaerc-s s-[oJlrprr3oBaHHa.fi BoJIHa rrpr4 HaKJToHHoM naAeHr4r4 ee Ha HeoAHopoAHyro cpeAy. Crpyx-
Typa noJIfl B.qoJrb ocra OX cxoN(a co crpyKTypofi uo"t.s [pr{ Hopr\daJrbHoM [aAeHr{r{, Ho ror{Ka orpax(eHrzff
cMerqena B cropoHy 6olrruux 3na.lenaft e (Puc. 1.2).

flpu p-no"rrrpl'I3alluu na4arcrqeft BoJ'IHsI lIMerorc.fi ABe KoMrIoHeHTbr y BeKTopa Ha[ps)KeHHocrra oJreK-
TplrYecKoro noaa E, u E, (8":0), a MarHI{THa, rrHAyKrlr{rr ?rMeer roJrbKo KoMrroHeHTy B",I4z ypaa-
HeHI{, rotB: (llc)@Dl}l) c,re4yer cBflsb Mex.4y 3Tr,rMr{ BeJrr{rrr{HaMZ llonaras. r{ro BCe rroJrfl Bo
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Puc. 1.2: Crpyxrypa roJIrI BoJIHbI €, (r) npla HaKJIoHHoM naAeHI'In'

BpeMeHr,r r43MeHtrorc-s c 'racrorofi u Eo 3aKouy e-itt, fioayuuv,

flocxoltxy B HarrpaBJreHtrn ocu OY cpega oAHopoAHa, To Mox(Ho npl{Hgrb 3aBncl,IMocrb BCex no,reft or

repe\4eHHoft gr B BI,IAe sikva , r.a. B" (r) : B, (r) eik'9. TorAa ronyquM

ic I 08, (r)
Dr\LJ 

- ---il-& \- / w elr,u) 0y 1

ic I 08, (r)Ey(r):-;u@Ot

oikv!E*(r):- I iB.(r)sin?,
€ \fr14 )

ic eiko! -,Eot): -;4"e8'.(r).

(1.140)

(1.141)

Taxura o6pa^aon, KoMrroHeHTbr Er(r) r,r Eo$) Bbrpax(aercs vepes 6, (r).k" onpeAeJIeHIzl. B-(t)
rrcrrorrb3yer{ ypaBHeHr,re (1.129). Ecru s HeM roAcraaum B (r) : erBr(i1eikov, rge ko: (uf c)sin?,
TO noryqu\4:

B',i @) - ffir; al + $ [e(u, r,.,) - sin2 o) B, (r1 : s. (r.142)

B oxpecrnocrr{ Tor{Kr4 11, rAe e(r1,w) = 0, peruenue ypaBHeHua (1.142) He I{Meer oco6eHnocrefi ra

ilpv r ---+ trl r\4arHr{Tgoe fioJre crpeMr,rrcfl K tlocro.sHHoMy sHa'reHraro. Tor4a B coorBercrnzu c $opuy-
nofi (1.141) HalpaBJreHnafl BAoJ'rb Heo.qHopoAHocrl{ KoM[oHeHTa 3reKTpl{qecKoro rIoJI.s E, o6pat4aercz

e 6ecxoHe.rHocrb rrpl{ r -+ ixl. @axru.{ecx[) KoHer{Ho, 3Ta KoMfIoHeHTa He 6ecrone'{Ha, uo L,to>xer 6utr
Aocraror{Ho BeJruKa. Taxoe Bo3pacraHr,re fipoAoJrbHoft (naupanneHuolT BAoJIb HarIpaBJIeHI{rI HeorqHopoA-

uocru) Ko\drroHeHTbr rroJr.f HasbrBaercfl nzneriHofi rpancSopruaqzefi uouepevHofi BoJIHbr B npo/q,onbHylo

(Prc. 1.3). Sry repurzHoJrorilrc rerKo rroHrrrb, ecJrrr BclroMHnrb, tlro corracHo (1.a6) saKoH Al4clrepcwl
rrpoAoJrbHbrx BorrH ecrb r{ B cryr{ae cpeAbr 6es npocrpancrneHuoft Alrcflepcl{Ir e1(w): €ff(Q): e (cu).

Oasu.recxu 3To flBJreHr4e nraHefinofi rpanc$oprr,raql/IlI CBssaHo c TeM, rrTo PtIoJIflpI{3oBaHHafl IlaAalolqafl
nonepequas BoJrHa r{Meer KoM[oHeHry grleKTpr{qecKoro rroJl BAoJrb ocu OX. B oxpecruocrlI Tot{Krr)

r!,€ f : 0 era rounoHeHTa r,rrpaer poJrb BbrHyx<.4arou{efi cIIJrbI I4 pe3oHaHCHo eos6yx<4aer [poAoJIbHbIe

6o.rrHbr. flpr erou nonepeqHafl Bo,'rHa rpaHc$opullpyercrl B rlpoAoJlbHyro. B gpyrnx rorrKax I{eoAHopoA-

uofi cpe4u paBeHCTBo e(r,u):0 raxx<e Mox(er BblnoJlHflrbcg, Ho ofipeAeJlfleIlIarl 3TIzIM paBeHCrBoM

r{acrora He coBnaAaer c qacrorofi na4arorqefi nouepevnoft soaurl H HrIKaKoro pe3orraHca He Bo3HLIKaer.

Paccvrorpzr4 TaKx(e KoporKo pac[peAeJreHr.re floJtx B HeoAHopo4nofi cpe4e s o6racrfi rAe He[przMe-

Huuo npr.l6nplx(enr{e reoMerpl{r{ecxofi ouruxra. By4ernt cql,ITarb, r{To rlJrorHocrb cpeAbl yBeJlrrr{HBaercfl

ro Mepe yAaJreHrr.fl or rpanr{rlbr pasAeJra, n!"(r) > 0. Srouy coorBercrByer HepaBeHcrno €'(26,t,,) < 0,

T.e. Ar.r3J'reKTpr{rrecKa,r [poHrlqaeMocTb yMeHbrrraeTcfl rlo Mepe y!,aJreHrrfl oT rpaHrrllbl.
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e(xr,r,r) = sinrO e(x,,o) = 0

Pr.rc. 1.3: Kovnouenrut B, (r) (cnlounaa tunux) w €r, (r) (nyuxrupuat nnuux) rpu prorlflpl.r3allrll
nagarcrqeft BoJIHsI.

B cnyvae s-fiorqpu3onannoft BoJIHrI B oKpecrHocr roqKI,I r0, rAe e(rg,w) : sin2 g, yparnenue
(r.r38) \,rox(Ho npeAcraBrrrb B Br.rAe:

e'J@)-ffit,(r) :o ( 1.143)

(r.r46)

( 1.147)

Bne4r HoBoe neperteHHoe (

(1.144)

ypaBneHrre (1.143) rpI{BeAeM K BI{AJ €',jG) -€rr(O:0. 3ro ypaBreulre pftpn (o,r., naupur'.rep, [1])
perrreHr,re Koroporo npu rpaHHiIHoM ycJIoBHw €r(r)lr-oo + 0 Bblpax<aercr{ qepe3 $yHxqaro Sftpra

Ai ({):

€,(r):rolAi (€) : torAi (ffi) (1 145)

3Aecr t61 HeKoropas IlocroflHHafl I{HTerp[poBaHHf. flpn 6onrurrax r (lrl -- oo) [oJIe I{MeeT cJIeAyIG'

u1zft acnl.rnrorravecxufi au4:

^ r-rf,o /"' 1 \'/'€: #, )(ari - I __ I. ,f (t'.r) ' r / \r2 le'(to,r)l)

t, (,)t,- -* = #( *-, ) 
"0,,,' 

l; 
.'r(T#) "'1,

t,(*)1,-* = #(H)''n "*o[ ? (ffi)"']

€,(*)1,--*= #(*9)''n y"-nr''' *ut't'@f ,

Blr4no, qro noJre 3aryxaer no r\4epe yAarTeHlrfl or [JrocKocrrr tr: frol Koropoe sBJlserc.fi ro.rxori noso-
pora. 9ro6sr uaftrr,r orpax(eHHyro Bonuy npeACTaBr{M BEIpa)r(eHI,Ie (1.f 46) B Br{Ae:
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fAe

,h@):

B pemenuu (1.148) repBoc cJlaraeMoe onpeAenfler Bo.IIHy, I'IAytqylo

uAyrqyrc n o6patHolra Ha[paBJIeHuI,I, T.e. orpaKeHHylo nonny. tr4s

qBJlfierct [oJIeM cro.fl'refi BoJIHbI.

(1.14e)

cIeBa Hallpallo) ttr lj'l\)poc-llo.lllly,
(1.146) BI,IAHo, rrro uorHoe rore

-\+3 (T#)*

1.13 Mo4enr t'xolo4uofi" rrrasMbr

B lro4elu'kolo4noft" rrJrasMbr rrcnoJrb3oBax psA yrlpoqalorqllx npe4nono;Iienrail orHocureJlbHo ABTDKe-

Hr{.s qacrr{q rrJra^sMbr copra a (a : e,z grr enextpoHoB I,I trroHoB, coorBercrBeuro) r aneKTpoMarHI{THoM

[oJre BoJrHbt. Bo-nepntrx, geficraue MarHr{THoro rroJlfl BoJIHII He yr{LrrblBaercfl. OcHosaHI,IeM AJITI groro

.flB,rr_flerc.fl MaJrocrb cranrr, geftcrnyrouleft Ha r{acTI4IIy co cropoHbl MarHlrrHolo noJls no cpaBHeHr{Io c cI4-

;tgfi 4r:fic.rntIrI D.lreKTprr.{ecKoro uonx..I[,eftcrB]ITeJIEHo, ypaBHeHze AII]IX<eHltr{ qacrKtILI (iopra a utrltx)'l'

B'IA

TTLo*o : rnaia : €aD(ro, t) * f, 1"" x B (ro, t)] .

34ecr ea : -e , ea : €i yI rrla : n1) n'La : rTLi AIrfl 3JIeKrpoHoB Ir I{oHoB, cooTBeTCTBgHuo. Ec.rpr Ha-

flprrxeHHocrr nolefi ADKe oAHoro nopsAKa (B - E), To rrpu cKopocrl{ ABI4x(eHI{r{ qacr}Iqbl, l,lalofi ntr

cpaBHeur{rc co cKopocrbro cBera (ro < c), nropoe cJraraeMoe a upaaofi cropoHe Qopvryaur (1.150) ri.ta"rro

no cpaBHeHr{ro c nepBbrM c,'rataeN{brrra. IIpU 3TOM ecTeCTBeHHO ABI{xeHI{e r{aCTI,IIIbI cqIITaeTCs He penr-
TITtBI{crcKt4M. Bo-eropsrx, rpeAnoJraraercfl, r{To B orcyrcrBlull{ oneKTplaqecKoro nollrt qacrul{a noKor,ITcrl

r{ cKopoclrb ero paBHa HyJrro. 3ro cooaercrByer [peHe6pexceHuro re[JroBbIM ABI{>KeHI,IeI\4. Iloerorury sra
MoAeJIrr nJraBMEr rz Ha3blBaercz u,odeLroto rol.odn,o'ii, rlJlasi4,'br,. B-rpelrHx, B r4oAeJrn t'xoJrognoft" nJIi]3MbI

lrcrroJrb3oBaHo npeArroJIOX(eHlIe O TOM) iIrO CKOpOCTb .II,BI,IX(eHI{,I qaCTLIqbI Ha\,{HOIO MeHbIIIe, Verr4 saSO-
Ba.rr cKopocrb BoJrHbI. I4rrreuHo sro nocneAHee npeAflonox(eul4e Aaer Bo3Mo)KHocrb pelullTt' ypaBHeHI,Ie

AB,I)KeHLITI I,I Bblpa3l,Ilrb CKOpOCTb I4 KoopAI{HaTy qaCTIzqbI qepe3 Haflpflx(eHrlocTb 3JIeKTpI,IYeCKofO IIOJI'.

.II,.na roro .{ro6tt [oKa3arb) KaK crporrrcs MoAeJIb "xoro4Hoft" [JIasMbI, paccMorpr{M ABI,Ix(eHI{e
qacrrrrrbr copra o B [oJre BoJrHbr araaa (1.23) . Or6pocuvr B ypaBHeHI,Iu (1.150) cI{JIy, cB.fl3annyx] c

MATHfiTHI,I\4 EOJIEM !I 3AII,IIIIEM

ITLata : e."gggik'-itt (1.151)

3ro ypanueHr{e ofipeAeJrrer rpaeKTopr,rrc qacrr{rlbr ro(l). IIpN perIreHI{I{ ero [cro,Ilr,3yeM Teop[Io Bos-

rr,ryqennfi r'a : fOo * flo, rAe r0o-floflo)I(eHl,Ie qacTI,IIIbr B orcyrcrBl4l{ rIoJLfl) r1a-,[[HeftHoe IIO IOJIIO

cMerr{eHrure qacTurlbr. Ecara uole r{3MeHfleTcfl B [pOcTpaHCTBe AOCTaTOqHO IJIaBHO, a CMeIIIeHLIe tIaCTU-

r{br r43 Har{arbHoro [oJIo)KeHI{g MaJIo) To flpl,I BblrlucreHuu rlo (t) rr,roxno 6pau noJle B Tor{Ke r0a. B
pesyJrbra're nafi4eu

(1.150)

va = vla : i1o : 'ivqEei(k'rod-Qt) ,

fo - fla : -to,ei(k'roo-ot),

(1.152)

(1.153)

ritre vaE : eaEo/mau, taE : e,Eo/mou)2. Eule pas [oAr{epKHeM, qro 3aMeHa B BLIpa)KeFI[v )\Jlfl [toiltt
BOJTHET peanbHoro [o,'ro>KeHr{ff aracTr{ubr r* (t) ua ero Haqa,TbHoe rroJro)KeH[e r0o onpaBAaHo ToJrbKo [pr.r

ycJroBur4, yro 3JreKTpr{rlecKoe noJle MaJro r{3MeHflercfl Ha aMrrJrr{TyAe xoretiauuft qacruqbr. Ilocxormxy
r{3MeHenr4e [oJr"fl xapaKTeprrsyercs 4nunoft BoJrHbr ), : 2trlk, a MaKCI{MaJIbHoe cMerqeHlre qacrl,Iqbl

paBHo TdEl ro ycJroBrre Epr4roAHocrr.r MoAeJrI{t5roao4uofi" nJIaSMr,r o3HairaeT BbrnoJrHeHrre HepaBeHCTBa

rop 11 \ : 2r /k. V.rrg coorHorrreHrre rqE : uoq/a, rrepefiulreM sro HepaBeHcrBo-IuII{aqe

u
uqE K T: r*. (1.154)

3ro uepaneHcTBo yrBep)KAaer, .rro Oa3oBas cKopocrb BoJrHbr HaMHoro fipeBbrrrraer cKopocrb ABraxeHr,ra
t{ACTI-,IIIbI.
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3ua-r cxopocl'L, ocqllJrJltqufi vacrnqbr, JrerKo paccquralnb rrJrorHocrL ToKa qacl'uq, Bo3nr.Ka,r{)rJ.(er()

B IOJIe BOJIHbI. !,lr erOrO HyxHo KoH]leHTparurc qacTI,IIl no yMHoxI..ITb Ha 3apflA I4 Ha CKOpOcTr, V(l
u tlpocy\4\,{llpoljaTlr IIo IJCCI\{ copTaM rIacTI{q. B pc3yJrrrarc, ItOJIatafl'rro ) ) ,16,, (umt k.r9o ( i),
rIOJIVIII4M

j = I-no",,, o:E.e-iut.rm (r.r55)

(1 157)

(1 158)

(1.161)

Cpannunaa 3To BbrpaxeHue c OopMyJrot (1.29), 3aKJrroqae[4, rrro B rdo.u,eru "xo.nognoft,, nrasMbr reH3op
s.IreKTponpoBoAlroc1'H paBeH

oij(u):Doj40n,. (r rsri)
d 

ttbQw

3na.a rensop orj(r), c [oMoIrIbIo Qopvyau (1.30) aerxo nafirra renagp KoMnrreKcHofi 4zeaexrpu-
.recxofi npoHlrl{aeMocllr

eq(w) : e(w)66i, e(cu) : 1 -
4trnae2, . wf,

:t--

tTt';u2 ' 
@2'

4trn.e2

mt.l2

Be.rruvltrry, crotillyto n $oprrtyne (1.157), qacro Ha3brBaror uras\.{eHnofi r4rJrra JreHr\4ropoecxofi vacrorofi,
afi : wf;. + u2*, rKe

3aueruu, qro KaK IrpaBI{JIo m;)) m, cJIeAoBareJIbHo tlpe)) w* u u),p - o)pe, T.e. IrJIa3\,IeHHa-a a{acrora.

o[peAeJrrrel'ca 3ner(Tponuoft rcolrnoHenroft [Jra3 M br.

tr4s @oplrly,rtr (1.157) Mo)KHo nafiru [porqoJrbHyro u nonepeqHyro A]r3JreKTpt4r{ecKr.re rpoHr{rlae\,1ocr}r.
!,.na sroro o6paruuca x Sopnyne (1.41). Cpannunaa ee c Sopr'.ryrofi (1.157), roryqu\,{

ey(k,w) : €t(k, w) : e(u). ( 1.15e)

Taxrzra o6paeorr B paccMarpzsae^aoft MoAeJrrr Her pa3Hr{qbr r\le)r(Ay npo4olsnoft u ro[epe(rHor? 4re;rex-
TpuirecKr.{Mu fipoHr{rlaeMocT.trMr{.

[o cux nop [peAnoJlataJlocb, qro tlacruqbl copra a, ABl,Ira.ficb B oreKTpuqecKo\4 rroJre BoJrHbr, He
c'I'irJIKI,ItsarcTCn c ApyrI4MI{ r{acrul{arrara (copra p). B geficrBr4TeJrbr{ocrrr rrpa cBoe\,{ ocq}rJ]./rrrlopHor\4

ABH)<eHIII{ qacrl{Ilbl a upu6max<atorc-f, K qacrl{qaM B ru y4anarcTcr or ruax. flole qac:u{rl copra p
4etlcrnyer Ha rracrlzlI copra o, I{3Merfler r{x cKopocrb ABI,Ix(eHI,rr. Hau6oaee npocro yirecrb B3a}rMo-
gellcreze qacrul-{ copra o u fj, saega crdJry rpeHr{rr, Koropafi gertcrayer Ha ABr{)Kyrquftct sapa4

ffioio: eaE - rflat/vd1 (1 160)

rAe BeruquHy v Ha3blBaror s$$exrranuoft .racroroft croJTKnoBeHtrfi aaprr<eHrrF,rx qacrr.rq copra o c
rlacrlu{aMll copra B, xorga a * B Cuuc.n 3Toro HasBaHrrs JrerKo rroHrrb. Ec.rru 6u o,reKTpuqecKoro
noJTt He 6rrao, To 3aptlA copra o, z\aesmuft B MoMeHT BpeMeHr{ f : 0 cxopocrb vo (0), ropuosunca
rlo 3aKoHy vo (t) : v" (0) e-lt. Mox<no cKa3arb, rrro Berr{r{[sa u-l o[pe/qeJrfler BpeMs cno6o4noro
npr-r6era, a o6pa'ruaa BeJrurrr4Ha r/ xapaKTepr43yer qacrory crolxuoaenuft.

Ilo4craszra B ypaBHeHLIe (1.160) roJle rrrocKofi no.nnsr (1.23), Koropoe 6eperca B roqKe 16o. Ey4err,r
I,IcKarb pelxeulze B BI{Ae Vo : v6oeik'rss-iat. B pesynr:rare [oJIytrI{M

.2 Arnoe?o
*pd 

ma

xeau, : *.ffi AEssi(k'roo-.r, = ;# .,Dss-i.t.

Orcro4a Hafi4etr rrJrorHocrb roxa j r4 3aretr reH3op sJreKTpo[poBoAxocrr.{

o;;(u\ : \- i?'"7
"J\ ' ? m.1r1fi6ii'
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a)

u
p

Puc. 1.4'. !,ucnepcuonHatl KpHBarI AnrI flonepeqHblx BorH.

Couacso $opr',ry.ne (1.30) rensop KoMnJreKCHofi ,quslexrpuuecxoft nponilIdaeMocrl{ rrpl'I sToM

BnA eij : €6,i,j, rAe
u?

e(c''t-1- P

Ec.nrl .ractora croJrKHoseuuft MaJIa no cpaBgeglrro c .racrorofi I{3MeHeHI.{, IroJIt BoJrHbr

rroJryqeHHoe BbIpa)KeHIre yupou{aercs

I{Meer

(1.163)

(u 4. w), ro

(1.164)

Kax nugno r,r3 SopMyJr (1.163), (1.164) npu yqere AI,ICCTTIaTLIBHbIX s$OeKroB reH3op ALIsTeKTpI'IqecKo[

IIpOHI{IIae\,I oCTI4 gBJIteTCs KoMIIJIeKCHbIM'

L.14 flpo4onbHbre I4 flofieperrHbre BoJrHbr B xoJroAHofi rrra3Me

Pauee n $1.5 6t,rao noxasauo) qro B r{3orpo[Hoft cpege Moryr pac[pocrpaHfiTbc, rlorrepeqHble,{ rrpG-

AonbHsre BoJrHbr. flpu sroru oHH yA,oBJrerBoprror 3aKoHaM ALIClepc[u coorBercrBeHHo (1.44) u (1.a6).

l-laccrrlorpuM, KaKr{e cJreACTBr,rrr Br,rTeKaroT r,r3 3Tr,Ix Qoplr.lyl B cJlyqae M0AeJIII xo;rogHotT IrJIa3MbI.

Ha.rue\a aHaJrr{3 Qoprr,rynrr (1.44), upene6perafl crarraJla croJIKHoBeHLL oJleKTponos. I{cnorb3oBaB

coorHorrreHr4a (1.157) ra (1.159), uafi4eu 3aKoH Aprurcpcvrvr AnJr roueperrubrx BoJIrr

u2:u3+k2c2 ( 1.165)

Ha Prac. 1.4 noxasaHa 3aBr4cr{Mocrr a,,(k) (4rcnepcuoHHafl KpI{Bat).llz Hee BuAHo, qro c yBenrreHlz-

eM AJrrrHbI BOJIHbI I{, CJIeAOBaTeJIbHO) C yMeHbIIIeHI,IeM BOJIHOBOIO TIIICJIa !IaCTOTa BOJIHbI CrpeMI{TCrI K

[ocTOflHHoMy 3Har{eHr{Io rr,,r. HaO6opOT C yMeHbIIreHI{eM AJII,IHbI BOJIHbI HaJIIIT{ue fIJIa3IubI BCe MeHbIIIe

cKa^jbrtsaerca Ha ee paclpocrpaHeHrrr4. BolHa pacflpocrpaHrlercrl floqrl4 TaK)Ke, KaK B tsaKyyMe ]I 3aKoH

Ar,rcrepcr{r.r (1.165) repexoAl,IT s u - kc.

Cxopocrr pacfipocrpaHeHrr, floBepxHocrr{, Ha Koropofi nocrosnHa $asa BoJIHsI) Ha3blBaercs Oaso-
eoft cxopocrsro. flocro.sucreo Qasrr o3Har{aer fiocroaHcrBo BeJII{qLIHII k.r - ut : const. Eclrz ast6parr
3a ocb HanpaBJrenr{e) BAoJrb Koroporo HarrpaBJreH sorHosolz BeKrop k, ro nolyvuw lcr - at : const.

a? uw?e6"\-1-++i'+(r)' u)u

lr

k
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k

Puc. 1'5: (Dasosat cKopocrb nonepevnofi BoJrHbr B 3aBr{cr4Mocrrr or BoJrHoBoro ,twcnak.

3ro cootHolxeHl4le onpeAeJlrer 3aBlacl{Mocrb KoopAr,rHarbr rroBepxHocrr{ nocroffrnofi $asu or BpeMeHH
z - (const + ut)lk. flu$SepeHqr{pyrr ero, nafi4eu

t: re:1.
B 4aunol"r cryqae noreper{Hbrx BoJrH r43 Sopr'rya (1.166) ra (1.r6s) roJryrr-ler\4

(1.166)

,,:i'FB+k%' ( 1.1 67)

Ha Prac 1.5 noxasau rpaSux SyHxquu ur. Bu4tro, irro [pr.r BCex AJrr,rHax norx Sasoaa.s cKopocrb
6onrrue cKopocrr4 cBera rr B npeAeJre k -.+ 0, up - @.

B ornu'rue ot $asoaoft rpyu[oBas cKopocrb uonepevHofi BoJrHbr, o[peAeJrseMaa $opr'rynauu (1.64),
(f .165), B(:erAa MeHbrue cKopoc:cr ceera (crr,r. puc. 1.5) z parHa

(1.168)

Y.{er cro,'rxnoaenuri qacrr.{q rrJra3Mr,r [pr.rBeJr K ToMy, rrro y Ar{3neKTpuqecxofi upoHr{r{aeMocrpr
IoJ{Bl{.[acb lviI-lrIMafi qacrE,. Ill,tenHo I\lHIrMar{ qacTl rrorlepe.+roft ArrgJreK,rpnqecxoft npounqaelao<.:rr (cv.
$1-6) onpeaeJl-aer 3aryxaHze BoJIH. flpu peruenvr{ HaaraJrbHofi saga.rra 3To 3aryxaHr4e xapaKTepv3yercfl
AeKpeMeHTolt (1.52). Izlcnonrsyx ery $opr'.ry.rry r.r Bbrpax<euze (1.164), norryrrr.rM (or2:;2e+klc2j

da.;
d,K

ug:

/t-\- ' '3 lt/fln1- -rq;oa ( 1.1 6e)

Ha Prc. 1.6 noxasana 3aBl{cl4Mocrs lTir(k) I. Buairo) rrro c yMeHbrrreHr{eM AJr}rHbr Bo,rrHbr AeKpeMeHT
yMeHblxaerca. Taxoro pe3yJlbrara cJIeAoBa-rIo oxl,IAarb, [ocKoJrbKy c yMeHbIIreHI{eM AJIIZHIT Bonntr
IIJIasMa BCe IueHee BJ'I[rIer Ha pacfipocrpaHeHl{e flo[eper{Hbrx Bo.[H.

3axon Anc[epcl{H An-a [poAoJIbH],Ix BoJrH (1.46) n npeue6pex<eHr.rr{ croJrKHoBeHr4rrMr{ olperqenrer
qacToTy, r(oTopas He 3aBACIIT Olt AJrr4HbI BOJIHBI

w2 : u3.
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vl2
I
l:

tr

k

Puc. 1.6: .[,experr.renr 3aryxaHr,r, noreper{Hbrx (tr) u npogoJrbHbrx (l) nonn.

B pavxax MoAeJII,I xoao4nofi rIJIa3MbI [poAoJrbHble BoJrHbr c pa3rr.rr{HbrMl,I AJrI{HaMr{ r{Meror oAHy rr ry
>Ke rracrory. floerouy qacro roBop.flT He o BoJrHax, a o flpoAoJrbnsrx rco,te'Jaur4.ax oJreKTpoHoB r.r rroHoB

(neuruxrpoecxue xore6anua). Taxne BoJrHbr r{Meror HyJreByro rpylnoByro cKopocrb r,r He nepeHocflT
oHepu{H. Ha Puc. 1.4 noxasax 3aKoH Lr.rclepcrrr{ AJu npoAoJrbHbrx BoJrH.

.Il,experteur 3aryxaHr,rq rpoAoJrbHbrx BoJrH orpeAenflerca Sopuyaofi (1.55) r{ corJracrJo (l.f 64) paBerr

^lt: (1 . 171)

Kax w qacrora, AeKpeMeHT He 3aBr,rcrrr or Anr{Hr,r BoJrHbr (crr,r. Puc. 1.6).

U_,

(1.172)

1.15 Teusop AplgJleKTpr4rrecKofi upoxuqaeMocru rrJra3Mbr B MarHr,rrHoM
IIOJIC

!,la nuno4a reH3opa AHOneKTpI4qecxo[ rpoHuqaeMocrr,r xolo4Ho[ rrJrasMbr) uaxo4xrqefi", uo ,rn"*rr,rnn
MaTHTITHoM no.ne (vacro ucloJlb3ylor repMr.rH saMarHlaqeHra.urrr4 MarHr{ToaKTyrBHafl nnasua) Hy)KHo
pelur{Tb ypaBHeHr4e ABr{x(eHur rracTurl copTa 0

i.: 3!-E * eou"o[v. x b] - uYat

;. --iut
u11: le (b.Eo)+ 

." ma a+zu

rAe u.rco : leol Bgf moc-qraKJlorpoHHar{ qacrora (rrpovacrora) vacrraq copra a (oHa orpeAeJrrrer qa-

crory BpalqeH[.a qacrul{bl B flJrocKocrra) rrepleHAr,rKyJrrpHoft x uarur,rrHoMy rroJrro.), (o : l"oll"o,
b : BOl86, B6-B€KTop I4HAyKIILIu BHeruHelo MarHI{THoIo uols. gles -uvd B ypaBHeHr,il4 (1.172)
ytrI,ITbrBaeT AECClrnar{r4rc.

Kax u n $1.13,6y4er.,r cqr{Tarb, qro 3reKTpr4rrecKoe rroJre r{3MeH.flercr rro 3aKoHy E,geik'ro.-iat,
rAe r0a-Har{aJlbHas KoopAr.IHaTa r{acTLIq copTa a. B uo4enu xo"no4uoft nrra3ML,r 6y4er.,r cqr{TaT}, rrTo

"ik'rso - 1, rax qro flore r{3MeH.gerc.fl rro 3aKoHy E6g-iwt.
I4s yparHeHufi 4aIax<enrzt BHAHo) trro B HanpaBJreHilr{ Marur{THoro fion;r ABrax(eHr{e r{acr\rrrLr onpe-

Aelrflerctr raKI4M )I(e ypaBHeHr{eM, KaK r{ B orcyrcrBr,rr4 MarHrrrHoro [oJrr. floerouy
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3Aecr u11 : (b vo). Vpaaxe*r4tr AIril fioflepeqHblx rro orHorr]eHrzro K HanpaBJre'r{ro Mar}rr{THoro floJr,r
brounoHesrcKopocrr,rqacrr,rrlbrVl=[bxvo] r.lV2=[bx[bxvo]] =bu11 -vocBr3aHbrMe)KAy
co6oir. Vparttcrtral AJITI gTlzx BeJrua*tu cJleAyror r{3 r4cxoArrblx ypar;rrcrn4fr gaux<clun:

v1 * zv1 * (swtaY2: x[b x Es]e-i"r,

iz * uyz - Coa"oy t : h[b 
x [b x E6]) e';i.t.

9ro6rr Harira Y1 uY2, BBeAeM HoBbre r,rcKo\4bre BerurrrzHbr V* : v1*iyz. Vpanuenlra AJrr srr,rx
Be'[,Irrr4]r Mo)KI-Io ttahru ws (I .174) rz (1.175). !,,rx e'roro yMr,ro)Kr4M ypaBr.reHr,re g.rrx V2 .ua,i w o,ro>Kr4M
(nsrvreu) c ypaBHeHueM AJr.a Vr. B pe3yJrbrare norytrrM

v+ -, (Cou"o * i,u)Ya : X{[b x E6] + i [b x [b x E6]li e-i,,,

V- + i(eou"o - i,u)y_ : Xi[b x E6] - i [b x [b x Ee]l]e-i-r.

oco6euuocrb uorytreH,blx ypaBHeHufi cocrour B roNr, r{To KDKAoe a3 Hr.rx JrBnserc.fl ypaBHeHr{eM Jrr.rrub
4;rl r.r4Hofi rz3 Berr,rrrr4H (nu6o Va, nu6o V-). By4err,t rcKarb peueHr,re B Br4Ae V+ : W1e-irr, l,.t:
W1-HOBAfl I{CKOMA'I BCJII{q}IHA. IIOCIC IOACTAHOBKII B YPABHCHI{'I NOIYiII,IM

v+ : Tu {b x E6j * i [b x [b x Eo]l] :-iut' Tf7,q " vr ' - t- t- " -vt!) (, * eoa.o * iu'

v_ - #Uox Eol _z[b x [b, Eo]l] ;#*=_
Izlcxouas KoM[oHeHra cKopocrr{ qacruqbr v2 Bbrpax<aercrr qepe3 v1 U paBHa

y, : !Lu-l,, {[b 
x Po] +i[b x [b x Eo]l * [b x Eo] -i[b x [b x Eo]l\

ZTrLa [ (ou"a*w*tu eou"o_u_iv )
orcro4a, yiu.ITblBa"fl COOTHOrrreHu€ Vo : bo11 - v2 oKOHrraTeJrbHO noJryrrr{M:

vo: JLe-|., { 2ib (b'E0) _ [b x Eo] + i [b (b Eo) - Eo] \-- Zmo I w*iu w*eoa"o*iu I

(1 .17 4)

(1 1 75)

(1 1 76)

(t 177)

(1,178)

(1 17e)

(1 180)

(1 18r)

[b x E6] - ? [b (b Eo) - Eo]l-@l
Ec"rrn ussecrHbr cKopocru qacrr,rq ro Mo)KHo paccqr,rral.b rrJrorHocrb roxa j

i : \- inoe2o [z]ta. E), E-b(b.E) +i[b x E], E_ b(b.E) _ ;[b x El )2*"\,+t, +6+ffij (1.182)

t

Cpannwnax noryt{eHHble Btlpax<en[rfl AJrrr urorHocl]r{ ToKa c ofipeAeJreHrerrr (1.29), uafi4evr reH3op
3 JreKTpo[ poBoAHo crr.r AJrfl 3 aM arura.reuHoft xonognoft uJr a3Mbr :

oii (a): 
T W (# - !### :ffi;fl|;,

( 1.183)

$e e;iTcoBeplrreHHo aHTl{cl4MMelpuvnrrt e4ranr,rvurrft TeH3op rperbero paHra. Ecar1 valr1rrqoe fioJre
orcyrcrByer (u.o:0), to y ren3opa (1.183) orrrr{rrHbr or HyJrs roJrbKo AnaroHanbH[,re KoM[oHeHTbr.
,rlerxo y6egurrr:x, r{To B oroM rpeAe,e 

"eH3op 
o;i@) coBraAae,rc c <}opruynoft (1.162).

TeHsop Al43reKTput{ecxoft [poHl4llaeMocrrr BbrpaN(aercfl trepe3 TeH3op 3JreKrponpoBoAHocrr{ c rro-
MolI{bIo @opr'rynrr (1.30) u AJI.fl 3aMaruu.IeuHofi xono4Hofi rrJrasMbr uMeer creAyroqu[ Br,rA

e r.i @) : et (w) 6u * ez (u) blbi * ies (u) eii1b1,
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B or.nu-rue or I{3orpoflHofi uaevul TeH3op AllgreKTpl{r{ecxoft uponl4l{aeMocrl,I rIJIa3MbI B MaIHI'IT-

HoM roJre (1.184) sBJr.flercfl KoM[,reKCH],rM Aax(e n npeue6pex<eHl4ll croJIKHoBeHfigMI,I qacrlrll. OgHaxo

ora KoMrrJreKcHocrb He cBfl3aHa c saryxaHr{eM BoJIH. t{ro6u B sroM y6e4urrca, paccql'ITaeM aHTH3p-

MraroBcKyro qacrb 3roro reH3opa efi(w), Koropas u onpe,qenser fiorepllt oHeprrrl{ BoJ'IHsI (crrr. $1.8).

I4cuo.nssyr Soprvyly (1.184) , orrpl4"rr"urae (1.88), rrerKo rpoBept4rb, ,ro efi(r) : 0 upiz v : 0.

Taxrzv o6paaolr, .r'eH3op (1.184) fiBJrqercs opMr.rroBcKl,Iu n npene6pex(eHl,II4 croJIKHoBeHI4fi\4I{ qacrl4ll.

Cne4yer 3aMerrrrb) r{To B MarHrlTHoM [oJre rMeercrl eule oAHo orpaHur{enr{e Ha ITpHMeHI{MocrL,

MoAeJrrur xolo4uoft nJra3Mbr. tr{:-sa rerrJroBoro ABI,Ix(eHI,Ifl B fieprlenArrxylapuoft K Ha[paBneHI{Io r4ar-

Hr.rlrHoro rroJrfl fiJrocKocrlr aracrvqbr ABr,rrarorcfl rro Kpyx(Kau. Cpe4uzfi pa4rayc raxlrx Kpy)KKoB paBeH

aca: utb,o/c,.,.o (.napuoposcxurl pa,qilyc qacrllq copra a), r.{€ u16,a-T€rlJroBa.fl cKopoclrb. llpeHe6pex<e-

Hr,re raKr4M ABr4xenlreM (quxlorpoHruu) vacrnq oflpaBlaHo, ecJII,I BeJ'II4rIlIHa aca Mar?L Iro cpaBIIelII4lo

c MacrrlTa6o\,{, Ha KoropoM I{BMeHflercs 3JreKTpI{tIecKoe [oJIe B yKa3aHHoft tIJIocKocrI'I.

O6u1ee Ar{crepcproHuoe ypaBHeurae (1.36) rpr4 ,rcroJlb3otsaH}Il4 TeH3opa (1.184) cBol\t't(',a K palleH-

cTBy Hynro o[peAe,rII,ITeJL

det ll (er @) - t() \ii * ltPn,;nj + €2 (a) blbi -t ies (w) eiilblll : 0, ( 1.188)

r!,e 1 : klk, N : kclu : c/up.Benraquna,A,/, oupe4e,tqloqee orHoIIreHI,Ie cKopocrl{ cBera K Qasonori
(jKopoc.rrr Bo.rrHr,r Ha3brBaercfl rlovasarneJleJil, rLf)eJLo.MJIeH,ua. Bse4ev yfon pacnpoc'rpaHeHurl ao.nnut d

(yron vre>x4v BeKTopaMr{ k ra b). Torga Ar.rcilepcuoHHoe ypaBHeHue (1.188) rpl{Hl{\,{aer BI{A:

rAe BBeAeHbI cJleAyloque o6oexa'IeHLItI

,
e1 (u") :1+)-'-'" ='!"i z- w aL-@*iu)2'

,,r2 ,?o
ez(w): -};ffiil,L:;+;f,

es (w) :t 'i" eo@"o - 'er\*/ L w a?o_(u*iu)2.

+^-2 a _ e (w) vl2 - e- (w)) vl2 - e+ (u))
u@LL w - [e (r) - N2llq@)N2 - e- (u) e+ (a,)]'

3Aecr e +(r): er (cu) + 6s (4,),

,?
e(u) :e1 (c...,) * e2(w) : l- . 1 ..^,u\Qtxu)

,
e- (u\: 1 - \- 

*Po
Lt U)

a.

E, fer @) - M cos2 0) + i,4 (u) Ey + Jl2 E,sin I cos 0 : 0,

M E*sin g cos 0 + E" [u (r) - N2 sin2 d] : 0,

iq(a) Er+ EaV\f'z - er (r..')] : g.

( 1.185)

( 1.186)

(1.187)

(1.18e)

( 1.1e0)

(1.1e1)

( 1.1e2)

w*(ow"oli,u'

e+ (u) : u-(ow"o*iu

B cuc'reve KoopAr.rHar rge ko: 0 u rr,rarnr{THoe [oJIe Ha[paBJIeHo BAoJrb ocu OZ ypatsHenl{fl fiorrI
(1.35) upn rloA,craHoBKe rBHoro BV.qa reH3opa Arr3JreKTprz.{ecroft fiponr{qaeMocru (1.184) npl{rrIlMaror

BEA

,.2
1-5-k/-,t U

a

(1.1e3)

(1.1e4)

(1.1e5)
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Hanolaul,tur, \rro ycJrIoBLIeN4 pa;pelul{N4ocrrr sroft crrcrer\4Lr flpeAcraBnrrer co6oit AlrcrrepcuorlHoe ypa.Brre-
nue (I.189) oJIeKrpoNtarHHrHbIx BoJrH B xoJroAr{ofi MarHr,rroaKrr,rBnofi rrJra3Me.

I4s ypatttcnur (1.193)-(1.195) r:r.r4no) irro ts Marrrr4Toaxrfiuuofi rrJra3r\',r u o6qcrl ciryrrac rrpoAoJrr,-
HbIe I'I [ofleperrHble BoJIHII He flBJIflIoTct He3aBHCLIMbI\{I4, KaK B H3oTporIHOil nla3ue. He paCna4aeTcrl HA
He3aBHCI4Mble ypatsHeHr4fl. AJtfl. rrpoAoJrbnbrx u rroilcpetrHbrx BoJrH r,r Aucrrepcr4orrHoc yparJrrcrruc (f .f 89).
Kax 6yger [oKa3aHo nu>xe raxofi pacflaA, crporo roBopr, raMeer Mecro roJIbKo B cJlyqae qllcro npo-
AoJIbHoro (r4o,rr MarHr{THoro no-rra) pacrpocrpaueHrr.fl no.rru (d :0).

1.16 PacupocrpaHeHr,te BoJrH BAoJrb MarHtrrrHoro rroJrs

Boaur,r, pacnpocrpaHsroullrecfl B r\4arHr.rroaxrr.rnuofi [Jra3Me, r o6ulelr cnytrae He fBJrrrorcfl Hrl npo-
AoJIbHbIMIa, HI{ rrortepe.rHblMl4. OAnar<o r{Mex)Tcrr ABa HanpaBile*t4tr paclpocrpaHeHr4rr (n4oar (d:0)
,I nofiepeK (0 : n 12) MarHrrrHoro uolx), KorAa Mo)<Ho BbrAeJrr{Tb BoJrHbr c lpoAoJrbHofi H uonepevHofi
lonflprr3aqr.reft. Hzx<e npoaHaJrr{3rrpyeM oror Bonpoc B cryarae orcyltclrB}rr 3aryxaHr,rn so.nr-r (z:0).
Ecnu nonua pacrpocrpaHJlerc.fl BAoJrb MarHrrrHoro rroJr.fi) To 0:0 u o6qee Bbrpax(eHr{e (1.18g) cyqe-
crBeHHo ylpoulaercfl. Tor4a Arrc[epctroHHoe ypaBHeHr,re [puur{Maer BHA:

e (w) lt{2 - e- (r)] Vf') - ea (o)] : 6 (1.1e6)

I4uerotc.a ABe Bo3Mox(HocrLI 4"rtt o6pauleHlrrl B r{orb rroJryLreHr{oro B:.-pax(cHr4s. Paretrcruo ny;rro
BeJrI'Ir{I4HbI e (o) onpe4eJlter 3aKoH Allcilepcr{r{ AJrs npoAoJrbHblx BoJrH. !,erlcrnurenbHo, rr3 DToro pa-
BeHCTBa cneAyer, sro w2 : rup2. Sror pe3yJrbrar coBraAaer c Sopvyaoft (f .170). B npo4o.rruubrx Borrrrax
3JIeKTpoHbI I{ I{oHL'I cMelrlalorcfl BAoJrb BeKropa k l.I, cle4onaTeJlbHo, BAoJrb MarHrarHoro no,ua E!6. Ha
TaKOe ABI{}I(eHI'Ie qaCTrrII [JIaSMbt MafHI,rTHOe [OJre He BJrI{fleT II B paccMaTpI,IBaeMOM Clyarae [poAoJIb-
HI>I€ BOJIHbI HrrqeM He orJlrryarcTcfl or cryr{arr u:orponHofi trJra3Mbr. AHaror[.{Hurfi r;uuo4 cJre/Iyci.
TaKx(e I{3 ypaBHeHat (1.193)-(1.195) rrpu 0 :0. B sror,a cJ'ryqae AJH KoMnoHeHT sJreKrprzqecKoro rroJrs
norlytllrM E*: Ey:0 ue(r)Er:0. flocxo,rr,xye(a.,) :0, To Er+0 rr gorresBJrrercs rpoAorrr,FrrrrM.

Bropax Bo3Mo)KHoc:cr o6parqeru4s B HoJ'rb [oJryrreHHoro Bbrpa)KeHru (1.196) fiprrBo.qr{T K Ar{cnep-
clroHHoMy ypaBHeHr{ro AJr.fl AByx Tr{IIoB nonepeqHbrx BoIH

Jl2:€+(,u) :t- ,3
(1.1e7)

(w tw"") (, T r"t)

B or"rru'{ue or I,I3orpoluofi nrasurr, rAe nonepeqHtle BorHbI 6u.nu aunefiHo flon"spr,r3oBaHbr, B 3a\4ar-
nr.r'leuuoft IIJIa3\4e roleperrHble BoJrHr,r rzMeror qrrpKyJrspHyro (xpyronyro) nonzpzsarlurc. flrzcnepcra-
oHHoMy coorHollreHllrc N2 : €+ (tr,l) coorBercrByer JreBoe HanpaBJreHr{e BpalqeHr4fl [JrocKocrr4 noJrs-
p[r3al{}Iu, a (:oorHoruesun> JIP : s- (u)-npasoe. Yro6sr y6e4lrrlcx B g:r,or\,f, paccMolprrl4 crpyKTypy
roJIfl B BoJ'IHe. Coraacuo $oprtrynanr (1.193)-(1.195) r,rex<gy KoMrroHeHTaMr4 3JreKTpr{qecKoro floJrfl B
BoJIHe I{Meerc, o[pe.4,eJleHHas cBfi3b. IrIs erux ypanuenuft cJreAyer, qro B r,rHTepecyrculeM Hac cnyqae
pacnpocrpauerlufl. BoJIHbr B,qoJrb MarHr{THoro no"rrx (d : 0)

(1.1e8)

flocxoarxy e(r) * 0, cregoaareJrbHo B grr{x rra[ax aoau E":0 u onra sBJ,rsrorcs r{ucro rofiepeqHbr-
nru. Ccrr.racHo 3aKoHy Ar4cnepcvtil (1.197) Bbrpa)Keure N2 - ur(a.,) panuo te3(r..,) npu N2 : ea(w) w

A[2 : e - (rr,,) coornercrBeHno r{, cJreAoBareJrbHo, Er: L,iEa. Taxag cBr3b KoMloHeHT Haflpfl)KeHHocrrr
3reKTpl{r{ecKoro IroJI.fi B BoJIHe KaK pa3 r4 onpeAenrer ee rlr{pKy,rr-flpnyro nonspr43ar{r4ro. .fl,eficrrrareJrbHo,
BBeAeM eArrHI4YHbIe oprbl eu u e,y B HarIpaBJIeHI,Iv, oceit OX ra OY rr 3a[r4rIIeM noJre BoJrHbr n gelicrau-
Te,,IbHo\4 r.u4e (k, - ky :0, k: k")

a,: A1;fif rno, € (u) E": o

E : Re i{"rao, * eoEsr) 
"thz-t'ut]: 

Re 
l(erEo , a i,erEs,) 

"tn'-ut): Eo, [e, cos (kz - wt) * e, sin (kz - ut)] .

JJ
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u /o- u

Puc. 1.7: fpaSux @ynxqrau J( (r) 4rr neo6stxHoBeHHbrx (c npanofi xpyronol)i rroJr-spr{3arlrefi) no.nu
npu0=0.

flpu $uxcupoBaHHblx z nornrttt BeKTop Haflpflx(eHHocrr{ noJrs B fiJrocKocrra XY npaulaercr co Bpe-
MeHeM c qacrorofi a, rporr{B (npu ltl2: e+ (o)) rrnu uo .racosofi crpeJrKe (npu N2: e- (cu)). Ecnu
sa$r.rxcuponanb BpeMrI, To noryvuM, r{To B [pocrpaHcrBe KoHr{br BeKTopa Ha[prrx<eHHoc.:[rr rroJrr Jre)Ku],.r'

Ha clupaJ'Il{. Iloerouy raKLIe BoJIHII Ha3bIBaIor erqe c[upaJrbHbrMr{. !,na "ueno-uoJrrrplr3oBaHHofi no;rHtr
(c 4rcuepcuoHHbll\4 ypaBHeHr4eM Jtl2 : e+ (")) u xax<4oft 4auHoft ToqKe BeKTop Hanprx(eHHocrr{ noJrr
tspaqaeltcfl flporlzB .Iacosofi crpeJlKu, a B npocrpaHcrBe KoHI{bI BeKTopa Ha[prx(eHHocrr4 rroJlrr Jre)Kar
Ha cfir{paJrr{ c JreBbrM BparrleHr,reM.

Paccuorpru reflepb 6onee 4eranbHo Ar{crepcrroHHbre ypaBHeHr{fl (1.197). !,.rrx sorHsr c rrpaBr,rM r]a-
ITpaBJIeHI{e\4 BpalqeHil.fl noJ'Iflpl{3al{ur{ c Ar{clepcr{oHHbrM ypaBHeHraeM Af2 : e- (a) (rax uaerrnaer,raa
neo6rrxuoeeHnatBorIHa) rpa@r,rx@ynxqara J((r) rroKasaHnaPHc. l.7.E,ctuN'(r) (0,roBorrHo-
noft uer<rop k sr.tts.ercs MHITMIIM rr BoJrHa He Mo)Ker pac[pocrpaHrrrbcrr ts [Jrasr\4e. [Lra roro, .rro6r,r
paclpocrpaHeul{e BoJIHrI 6ruo nosuox<uo neo6xo4zrrro, vro6u BoJrHoBoe Jr{cJro 6rr.no 4eftcrBr{Terrr,Ho
u N2 (w) ) 0. I4s Soprray,tu (1.197) cJleAyer, qro ueo6rrxHoBeHHbre BoJrHbr cyulecrByror roJrbxo rpu
ycJIoBI{Ia, rrro r{x qacrora u l ace r{JrH fipeBbrrrraer 3Hayenrre Qa, r4e e_ (O+) : e_ (-Q_) : 0,

n*:@+lrtr*-aci)= ( 1.200)

t{acrora O1 Ha3brBaercfi rracroroft orceqxu r.r ueo6srxuoBeHHbre BoJrHbr c tracroraMl{ a"" I ? ( f,)1 r
nJIaBMe He pac[pocrpaHsrorcfl. 3axox Ar.rclepcr{r{ AJrfl grux no.nn oco6exHo [pocr fip:a aci K. e K. (ice,
wf;/a"., rKe

LI, CJIeAOBaTeJIbHO,

..2
I'1" (") = 2,

uace

u (k) - Pz"z?$.
a6

(1.201)

(t.202)

9eut rrent,ure AJIrrHa BorIHbI, rerr.r 6oauue $asonax cKopocrb raKrrx r,onu (wf k - k - 1@) . Heo6srxno-
BeHHbIe BoJrHbI e o6ractu HI{3KIrx tracror (w6 .-\<-. w K w".) Ha3brBaror c7ucmau,uJvtu am,mocSepuKar\,iu
uJrLr c6ucma*r,u (a MeraJrJrax raKrre BonHbI Ha3brBarorc.fl eenunona*tu).

flepeft4ev K JIeBo-rIoJIrIpLI3oBaHHofi sorue c AraclepcuoHHbrM ypurnen i"n JIP : e+ (c,,,) (rax ua3br-
BaeMa.s o6srxnoeeHHaa ro.tua). lpa$rax Syuxquu ttt'(r) B sroM cryirae rroKa3aH Ha Puc. 1.8. Bu4Ho,
r{To AI,IClepcI{oHHa.fl KpI{Bar AJrs neBo-noJrsprr3oBaHHofi nonnsr orJrrrqaerc.s or xpusoft .4rq BoJrHbr
c npaBbIM HalpaBJIeHI4eM BeKTopa fion.flplr3alll{r{ TeM, .rro o6srxHoBeHHafl BoJrHa ne uo>xer pacnpo-
crpaHfiTcfl s o6aacru HLI3KITx (r.roHnrrx) qacror. B eroft o6lacrra lrMeercs r4HTepBan Llci I a < Q-

1^ ^ 1

4u6"+ufit rw""'
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t@)

a)
c /o@

Pnc' 1.8: lpa$r,x Syurqrzrz ttl'(r) 4nx o6rrrnoBeHHbrx (c.neaoft KpyroBuft [on.sprr3arl]reft) aolu npr.r
0 :0.

(o--vacrora orcevxra), rge Jl2 (") < 0. Taxoe orJrr{rrr{e Mex<Ay rpaBo- r,r JreBo-rorr.flpr{3oBaHHbr\4rr
BoJIHa\4'I CB'{3aHO C TeM, IITO y fieptsblx I]a[paBJIeHI'Ie BpaIqeHI{t IJIOCKOC'II IIOJIrtpI43aI{rI}I COB[aAirC.]. C
HanpaBneHlre\4 BpaIIIeHI'Ifl SJIeKrpoHa a y BTopbIx-c HarrpaBJreHr{eM BpauleHufl vo:f.a B MarHr\THoM norrre.
Eclra npa 3ToM coBrlS.r,aror I'I qacrorbl BpaIrIeHIa.fl, To I4Meer Mecro raK Ha3brBaeMblfi I{I,IKnorpoHHrrfi
pe3oHaHC (Jt{' - oo). B oKpecrHocr[ pe3oHanca ueo6xo4rrro yt{r{TbrBarb raKr{e s$Sexrrr, Kol]opbre
He BKJrrOr{eHbr B paccMarpr{BaeMyro MoAeJrb (uoraorqenue, peJrsrl{Br{sr,.r u r.4.).

Llcxogx I'Is Bblpa)Kenux (1.i97) Mox{Ho rrpeAcTaBr{rr o6u4rafi xo4 xplrnofi u(k), ecru y.recrb, rrro
npu lc --+ oo ypaBHeH,{-fl N2 : e*(a) u JtP : e+(a) Ao[ycKaror perue'r4.fl u) --+ u)ce vr u) --) u)ci.
COOTBCTCTBCHHO.

Xo4 xpuaoft w(k) gnz fiofieperrHblx sJreKTpoMarHr{THbrx BoJrH rpeACTaBJreH na pzc. 1.9. BugHo,
tITo B xonoAnoft Irlarnnroaxrunnoft nlla3Me cyqecrByer n.srr sersefi xole6auufi, pacnpocrpaHflrorqux-
Ca B/4oJIb MarHI{THoro fioJl-fl, IIpI{qeM qeTblpe I'I3 HI{x onIICbIBaIoT florlepeqHbler a oAHa-npoAoJIbHbIe BOJr-
urr' flonepeqHlle BoJIHbI e o6flacru rracror w I wa,; Ha3brBaror MarHI{TorI4Apo,qI4paMLIrrecKr4MI{, [prrqe\4
sr:'rsb xo.[e6anrafi, xoropa_, IIpI4 k --+ co coorBercrByer a, ---+ u.rci, Ha3brBe{cr aJrbBeHoncxo[ no,Tnori, a,
nersl xore6aHlrft, xoropat [pIrI k --+ oo, coorBercrByer u -+ u)ce1 AIIfl xote6a:rrufr e o6racr[ qacror
Q < Qci-6brcrpoft uarnzrosayxoaoft nolnoft. B o6,tacru npoMelKyrorrHbrx i{acror uci K. w K w"u,one-
peYHa, BoJIHa rIpeACTaBJIfler co6ofi cBIzcrrIIr{I4M aruoc$epuKoM c 3aKoHoM Arrcrepcuw (1.202). Cne4y-
er orNIerI{Tb, trro BCe 3Tu xone6aHlr.a B pacc\,{arpl4BaeMor\4 6eccroaxnoBr4TeJrbHo\4 [peAene sBJrsrorc.fi
He3aTyxarouILrMtr.

Hro x<e Kacaerc, peruenufi Arrcnepcl{oHHoro ypaBnelfifl. AJrfl fioflepeqHbrx ronn (1.197), ro a oG
tr{er4 cnyqae oHLI Bblpax(arorcs rpoMo3AKI{Mz $oprr,ryaarrara. Ilpocrue aHarr.lTraqecKrre Bbrpa>Ke1us, LJrfl.
CIICKTPOB IIACTOT 9TI4X BOJIH YAAETC' IIOJIYTIZTb JII{IIIb B IIPEAEJIbHbIX CJIYI{AflX:

,2n,r,@) : kzvi
f,.

'2a,t,&)=lc2c2+u3

,a. (L

(,.

w K w"1

a)u"g

(i.203)

(r.204)

rgeV]: 
"2A/O+u2A/c2), 

ua: Bgf vGp-ar'rbBeHoBcKa, cKopoc,lb, p: nimi+nerm - nirni-MaccoBa,
IIJ'IOTHOCTb IIJIA3I\4bI.

BoslroxGrocrb pac[pocrpaHeHl.L B 3aMarnl{rreHuoft rrJla,sMe AByx rr,rrroB ltottepeqHbrx B9JIH c pa3-
JU4TTHbIMU HanpaBJIeHlIrMr{ BpaIqeHH-s [JrocKocrrr [oJI.flpI{3aI{rrH npl,rBoAr4r K ilHTepecHoNry u IUIIpoKo
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0,(k)

Puc. 1.9: Cxeuaru.lecxufi xo.q xplrnoft w (k) l,nfl, [ouepeilHblx BoJIH pacflpocrpaHJ{Iou{[xc, crporo BAoJIL

MarHrrrrHoro nona (0 : 0). CnrtrnoJraMr,r R s L noKa3aHbl IrpaBo- LI JIeBo-[oJLflpLI3oBaHHbIe BoJIHrI,

COOTtsETCTBCI{HO.

ucloJrb3yeMouy SusuvecKoMy flBJreHr.{ro-BparrleHr,rrc [JIocKocrI,I [oJIflpI,rcaI{HI{ JIilHefiHo noJIrpI{3oBa}I-

noft no.nHrr (@apadeeeo lryulevuel eSSuem @apadea). flpegcranrarr,r ce6e, vto na caofi savaruprreHsoft
[Jra3Mbr flaAaer nlrHeftHo [oJrgplr3oBanHa.s BoJIHa. flole B TaKoft BoJrHe Mo]I(Ho [peACTaBI4Tb KaK cy\4\4y

no;reft AByx qrzpKyJrspHo noJrspr{3oBaHHbrx BoJrH c oAnHaKoBbIMlI aMnnl{TyAarurrz. B nJIaBMe 3Tl4 BoJIHrI

upu o4Hoft r,r toft )Ke r{acrore r{Meror pa3Hbre AJII{HrI u coorBercrBeHHo BoJIHoBbIe qI4cJIa kn w kt.
Cyrlrvrapnoe troJre npu groM paBHo

E : ER * E, : ,o 
1", ("nx*, + uok"") i ie, (eik", - "t*nz)f "-tut.

B ro.rxe, orcroxqefi or rpaHr,rrlbr cJlo.rr Ha paccro.flHul{ z, oTHoIIIeHI{e KoM[oHeHT [oJI.g ecrb

E, (z\ ."iknz a "ikrz 
L,kz

ffi: -i;rr"r. - e;l* : -ct9 2,

(r.207)

(r.205)

( 1.206)

rle Ak - ky - kp. Ectu, cKax(eM, B TorrKe z : 0 xounoHeHTa Eo pazna HyJIIo t4 orHoIrIeHI{e KoM[oHeHT

6ecxone.rHo, ro, upoft4.a [JraBMeHHbrfrctroir. c rorquuoft -L, oruoutenNe crafier paBHo coto, rAe

a : (kr - k*) 
Lr.

B ornocrarelsso cla6oM MarHr.rrHoM noJre (u ) u"" )) u"i) us $oprraynsr (1.197) [oJIytIrrM npu6lu>xeu-
Hbre BbIpalKeHuSr AJrfl BonHoBbIx qI{ceJI rlptl u > up

,c *T), (1 208)

r,rr cJreAoBaTeJrE,Ho, yfon fioBopora BeKTopa uo,'Iflpl43al{upl paBeH

(1.20e)

Bu4uo, qro yroJr floBopora [ponopr{r{oHaJreH Harlp.fl)KeHHocrr{ MarHl{rnoro norq. IzIsNaeptIE ero, Mox(Ho

CyAIIrb O BeJII.{qIlHe MaTHLITHOTO IOJI.fi B IIJIaSMe.

,-#(
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L.Lz PacupocrpaHeHr,re BoJrHbr rrofrepeK MarHr,ITHoro froJlrr

Paccuorpuu rellepb p,c,,pocrpalleHlle gJIeKTpoMarH]rrHbIx B.JIH B floleper{HoM rro orr{olrre'ralo K l\{ar-
Hrrrr.roMv rroJno rrarrpilrrrcrrf,rH) xorlpx 0 : r/2 (k* * 0, ka: k": 0). IrIs <]:opvv-rrsr (r.lgg) loJryrrHr\4
Ar{c[epcr4oHHoe ypaBHeHr{e

[r(r) - N']L'r@)M - e-(r)ea (r,.,)] :6. (r .210)

o6paulenze B HoJIb [epBoro coMI{oxI{TeJrr [prrBoAr{T K 3aKoHy /qficfiepcuil AJrr noilepeqHbrx BoJrH,
rr( ).)ryyelrHor\.ry paHce A.rr rI l,I3o.tponuc_rfi n.n altttr,t

(1.211)

B srrtx annefiHo lronapl,r3oBaHHblx BoJIHax gneKTpl{rrecKoe noJ're ,uarpuurJrro BAoJib rr,raruratnoro E- :
Ey : 0, E, * 0 a cneKTp qacror grrlx BoJ'IH o[peAeJrr{ercfl coorrror-rreHreM a2 : a2p + k2c2 (cxt.
BbIpDKeHI{e (1 . 165) ) . floerovy [ocJIeAHee He BJILISeT Ha ocqrrJ"rJrsropHoe ABr.rx(eHr{e sJreKTpoHoB !r rroHoB
Iz raKae tsoJIHbI rrpuH.ETo HaBbII]arb o6r,rxuoBeHHlu\dll.

O6pauleurze B HoJIb BToporo coMHo)Kr,ITeJrr r Qopuyae (1.210) lo3BoJrfler Haftrr 3aKoH Ar{c[epcur.r
TaK Ha3brBaeuofi neo6ttxHogeHuorZ BoJrHbI

N2 (,\ _ e?(w) - eZ@) _ (u'z - o!) (w2 - a,*)\ / ,, (r) (r, - ,k) @, - ,?r)' (1.212)

34ecr O1 onpe,(eJlrlorc-fl $oprraynofi (1.200), aH u aLH-BepxHe- r{ Hr{)r(He-rr6pn4urre qacrorbr, coor-
BeTcTBeFIIJo, yAoB,'IeTBopflIoIIII4e ypaBHeHr4ro ef (rg) : ef (rlU) : 0. B ,rBr-ror\,f Br,rAe oHn orrpe/{c..rrrr(),r(:,
$opr',rynoft

#:N'(r):e(o) :r-1.

2 ) , .2 wceAa*U2peafi - aA * r'*, uLll = ,",ir."-4fu{.

(1.213)

rge wllo : a?*+Gw (a : e,i) nepxHe-ru 6pugnaa aracrora qacrrrrr copra a. flpu6aux<eHHo 3Ty qacrolbr
orrpeAeJrrrorcr corJracHo $oprraya: ?.

(1.214)

B o6qevr cJ'Iyr{ae 3;IeKTpoHHo-ronnoft [JIa3\4bI xapaKrepHbre qacrorbr f)+, rtt 14 L,)LH yAoBJrerBoprror
ycJroBrr's\4 utH 10- < ru ( Q+, uLH < r,:g. lpaSux @yuxquz tl'(r) cxeMarr{trecKr{ rroKasa}r Ha
Puc. i.10' Bn4Ho, qro ecrb ABa 3HarreHr4.a rracrorbr, npr{ Koropov N2 (r) - oo, k, : L^LH t4 (r: a)H.
flpra srax qacrorax I4Meer t.'Iecro pe3oHaHC r4 paccMorpenr{e ero rpe6yer yrorrHeHr,r, MoAeJrr1 xoroAHoru
[JIa3MbI. tTpu 0: r/2 neo6r,rxnoseHuar{ BOrrHa Mox(er pacnpocrpaHtrrctr B [Jras\4e.roJrr,Ko n o6la<:1a
tIacToT a { wy11, Q_ < o I w11 uo ) f)r..

!,r-a ueo6uKHoBeHHbIx BoJIH pacnpocrpaHrroul[xc, [onepeK MarH]rrrroMy fioJr]o E" :0 (cnr. ypan-
HeEr4fl' (1.193)-(1.195)) ra, cJIeAoBareJIbHo) BeKTop noJrflpr{3ar{r{E reprrenAr.rKyJrrpeH K MarH}rrHoMy ro-
'nrc' Ho e o6qeu cJ'Iyqae HeJIb3s cKa;arb, iITo BoJrHa sBJT.flercfl nonepeuHofi rrJrr{ fipoAoJrgroft. O4uaxo
[pI4 O[peAeJIeHHbIX r{acrorax coorHo[reHHrr Mex(Ay KoMnoHeHTaM[ Halpflx(eHHocrl4 3reKTpuqecKoto
[oJ'l'I B BoJIHe E* u E, TaKoBbI, vro npu6mt)KeHHo Mo)KHo roBopr{rb o lpoAonbHbrx rr [ofiepeqHr,rx
BoJIHax. tr{s ypaaHeur.rn (1.193)-(1.19b) roryrrrrM Torrnoe coornorueHrre Mex<Ay E, u Eo:

(1.2ls)

Tax, a o6aacru or{eub BbICoKI4x qacror (w > wg) anu s o6racru oqeHb Hr.r3Kr.rx qacror (0,, <
(ugwyg)2 lwf;eace - u"t), Ey ) E, w BoJIHa I4Meer non.rrpr{3aqr4ro, 6nusxyro K [o[epetrHofi. B orpecr-
Hocrl IdI'lKJIorpoHHoft qacrorbr (, - ,"") E, = i,Eo. EcmE rNe qacrora 6.uvaxa K Hrr)KHe- r{Jrr{ BepxHe-
ru6pll4Hoft, Lo - uLHt e - eHt ro E, ) E, u "orru .flBJr_sercs KBa3r4[poAo"rrr'o[.

J'



Puc. 1.10: lpa$rax $yHrcqlru Jl'(r) gna Heo6uxHoIreHFIbIx Bo.IIH npl4 0 : r12.

Pzc. 1 . 1 1 : Cxeuaru.recxr,rft xo4 xpuaofi a (k) am ueo6rrxHoseHHblx BoJIH pacfipocrpaHsroilIrlxcfl crporo
rorepeK MarHrITHoMy roJIrc (0 : r12).
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flpocrr,te aHaJrr,ITlrr{ecKlre coorHoIUeHI,L AJIrr cneKrpoB
[oryrrr4Tb B [peAeJIbHblX CJryqafix:

qacror Heo6srxHorenuof aorHsr yAaercrr

a2 &):,?rpa#E@, ,,<< CI-

* *div (n"v") : Q.

Bropoe ypaBHeHI{e oAHox(r{AKocrHofi rI{ApoArrHaMnKr{ olpeAer.aer, xox H3MeHflercrr cKopocrb re-
qeHI'It 3JIeKTpoHHottr x<r'r4xocrrz a 4anuofi Tor{Ke co BpeMeHeM ttoA 4eficrnzeu pa3rr{rrHbrx $axropor(-e-sapx4 grreKrpoHa, -en" (trt)-ecr:s nrrorHocrb sapa4a)

0u.
P"E : -eTte(,. : tr" x Bl) - yp. - p"(v". V)r".

IzIsNaeHeHIae rrMrlyJlbca eAI{HrrI\br o6reua )Kr{AKocrlr cB.a3auo c 4eftcrwrerr cI{Jr gJleKTpr{qecKoro 11oJ6
(nepnoe craraeMoe cnpaea) c 4eficrenev cl,rJr MarHurHoro fioJr.fi (etopoe caarael.roe), cuJr re[JroBoro
AaBJIeHI'I' (rperre cJlaraeMoe, rAe Pe(r,t)-4arneuue), uepereKaHr,reM )Kr{,q,Kocrr{ r.r3 coceAHr4x rorreK B
AaHHyro (nocaegnee caaraelroe).

,2 &) :'rVf+2G** k2c2 * @, u) )) uLy1

,2 &) : kzvi: . l'"J, o, u) K wlt
L + uA/c-

V.{zrrrrari Sopuy"rru (1.216)-(l.218), a ranxe 3aMer{ar) r{ro rpr k -, oo ypaBHeHr,re (t.212) r.rMeer
[peAeJlbHbre perueHrrfl u ---+ ULH 14 LO ---) (.dH netKo npeAcraBr{lrl o6rqrat xoA Ar.rcuepc}roHHbrx KprrBbrx
t,,(k), xoropuli npune4es Ha Puc. 1.11. tr{s pr{cyHKa Br,rAHo, r{To r{trcJto sersefi ro.re6anwft, pacnp(}
crpaHrroull4xc, crporo nolepeK MarHr{THOfO IIOJI,I B XOAO4UOfi 6eCCronxHouare.nrnoft rrJraSMe, paBHO
rreTblpeN4, Ilpuqe\4 oAHa u3 HIIX olIzCbIBaeT qI4CTo [O[epeilHble BoJIHbI (rernr c u): Ap npr k:0), a
ocraJILHLIe Tpla-npoAoJlbHo-[ofiepeqHble BoJIH!,L Ko.ne6auuz c qacTorofi u < uLH ts groM cJlyrrae co-
orBercrBylor MarHI'ITorI,IApoAI{HaMI{qecxorl BoJrHe) pacnpocrparurorqeftca fiorrepeK MarHr{Tgoro [oJIf;
orcyrcrtsyror x<-l.ne6auus ) rcorBercrByrcIqHe aIrbBeHoBCKO[ neTBr4.

1.18 O4HoxcnAKocrHas MoAeJrb rrJra3Mbr

flpyroft MoAeJIbro AJIfl onlrcaHl{s rIJIa3Mbr sBJrfiercfl MoAeJrb 3reKTpoHHofi >xra4xocrrz (o4Ho>xrz4xocr-
I{atI MoAeJIb n"uasurt)' B srofi MOA€JII,I uoHLI tIJ'Ia3Mbr [peA[oJlararorcrr He[oABr.rx(Hblr\4]r) a,3JleKTponbr
paccMa1rpl'IBarorc-a KaK 3ap.fiN(eHna.a x([rAKa-a cpeAa. Cocrosurae ee xapaKrepu3yerc.fl 3aAaHr.reM ps-
Aa rlaparlerpoB-KoHrleHTparlur,r n"(r,t), frJrorHocrrr p"(r,t) : mne(r, t), cxopocrr{ TeyeHr4s x(r{AKocrpr
v" (r, f ), TeMreparypsr Q (r, l). SaexrpoHHatl )KIrAKocrb B3ar{MoAeficreyer c r{oHaMr4 rrepe3 KorreKTHB-
HbIe sJIeKTpr'IYecKlIe (E (r, t)) rr MarHI{THble (B (r, l)) uona. Bce eru Berutrr.rHbr 3aBr{cflr 01 KoopAr.rHar
14 Bpet\4eHll.

VpanneHux, o[I{cblBaroq[e AB[x(eHIre gJreKTpounoft )r(r{AKocrr{, ycraHaBJrr{Baror cBrrsb Mexqqy ra3-
MeHeHrIeM yKasaHHblx BeJIITqI{H. Cxopocrr u flnorHocrb cBr3aHbr ypaBHeHr{eM He[pepbrBHocrr{

oP"
0t * div (p"v") : g. (1.21e)

3ro ypauueHl'Ie yqlzrblBaer) r{To I43MeHeHr{e IrJlorHocrra gJreKTpoHHoft >xlr4xocru e 4aHHoft ToaIKe co
BpeMeHe\4 Bo3HI{Kaer rr3-34 roro, qro 3reKTpoHHas )Kr,rAKocrb BTeKaer (rsmexaer) B AaHHyIo ror{Ky.
BosuuruoneHlre 3neKrpoHoB Izt3-3a r4olu3ar].uw rrJrr{ r{cqe3HoBeHr{e ras-3a peKoM6uua4uu npr{ groM He
yqrfTbrBaercn. Brrlecro ypaBHeHr,rrr AJu nnorHocru o6rr.rHo tru[ryr ypaBgeHr4e AJrrr KoHr{eHTparlnrr

(1.216)

(1.217)

(1 21B)

(t 220)

(r.22r)
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Pea6no, KoHeqHo, gJreKTpoHbr He flBJrflrorcrl xll,EKocrblo, a npeACTaBJIrIIor uz ce6q rIAea,JIbHbIft la3

Ho ypanneHr,rfl tr.rApoAr,rHa\{r.rKr,r coxpaHsror cr Jry r B cryqae rasa. flpu 3To\4 .q,Jlff ypaBHeHI'Ifl cocrorl{I4rl

C[paBeAJII{BO COOTHg1SSilUe pe = rteTe (retrneparypa ?. u3nrCp5leTcfl l] eAI{IirIqax 3IIeplI{I4 I'I IIoCroflIIIIatl

Bornquauaoruycxaeu).,1

ypaBHeHlrr{ ABr.rx(egr{rr (1.221) (.racro ero HasblBalor ypaBHeHl,Ierr,r 3ftaepa). Paccraorpnv ABa 3JIer{eHra

o6reva, orcroflrrlue Ha paccrorruuu Ar Apyr or Apyra. Cxopoctr rer{eHl,I.fl xI{AKocrI{ B 3TIax o6r,euax

B MoMeHT BpeMeHr,r t paeHa v (r, t) ra v (r - Ar, t). PaccrraorpllM, KaK r{3MeHrlercfl cKopocrl Teqeur{rl B

TOrrKe r qepe3 BpeMs Ar. 3ro I43MeHeHI{e paBHo:

flepexo4a K [peAeJry Af --+ 0 lr Ar -- 0, no.nyvrzu I,I3MeHeHI4e cKopocrl{ x(LIAKocrI,I B eALIHI{qy Bpel\4eHI4

(ycxopeurae) , Koropoe LI BxoAI{r B ypaBHeHI.'Ie ABI{xeHIaf (I.221),

O6sr'{uo ypaBHeHI,Ie ABux<eHI'I.fl 3a[I4cr,IBalor B BIrAe:

(# a"q) '{",'y

(r.1t',xn))

ff{r"o * 5n")* div [(n"s * 6n")dv,] : g,

-7", (tnn.).
n-L

(r,222)

(1,223)

(r.224)

(1.225)

(1.226)

(1.227)

Terrneparypa 3JreKTpoHoB rrpu groM nprdHsra rlocrosHnofi ra He 3aBl{csu{efi or xoopAl{Har. C o4uoii

cTopoHbr 3To ,q,o[yqeHr.re fipeAcraBJrseTcfl AocTaToqHo paSyMHbIM, nOCKOJIbKy CTOJIKHOBeHI{fl Ue yt17-

TbrBarorcn u AJrv:ua cno6o4uoro npo6era gJreKTpoHoB 6ecxoueqna. C 4pyrofi cropoHbl) caMo BBeAeHrIe

Te\4rreparypbr [peArroJraraer HaJrI{q[e cronKHoBegrafi. B aroM Mecre llMeercq onpeAe.fieHuarl HerIo(:.]Ie-

AoBareJrbHocrt 4annoft MoAenI4 I{ rro3ToMy rracro ee HasrrBaror He rI{ApoAI{HaMI{qecKoft, a xsa3Iarug-

poAr.rHaMI{rrecxofi.

.L[,lx roro, qro6rr paccMorperb Bonpoc o roM, KaKI,Ie BoJIHrI Moryr pacupocrpaHlrbcl B sneKrpoH-

nofi >NuAxocTI,I, HyXHO OIIpeAeJrr,rTb cHaqaJla To cocToflHlle, B KOTOpOM HaXOALITCfl nJI.aSMa B OTCyTCTBI{}I

eorH. 3ro cocrofiHlre HasbrBaror octl,olttblJvr, (tanu neeoslycrcdennatu) cocroflHileM. By4ev cqllTarb, tll'o

B ocHoBHoM cocToflHl4l{ B [JIa3Me HeT SJIeKTpi{r{ecKI,Ix I,I MarHI,tTHbIx nonefi, KoHIIeHTpaI{}I.fl SJIeKTpo-

HoB fiocroflHHa r{ oAHopo.q,Ha (n"d , sJreKTpoHHas x(I,IAKocrb HenoABI{x(Ha. Kporrle 3Toro [pI{MeM,
rrro B Kax(Aofi ro.rxe orcyrcrByer oJreKTprrqecxufi sapa4 (n;rasrrla uefirpaarna) u tuuomleHo ycJIoBI4e

-€rleo * e;n;s: 0 (et-sapsA oAHoro kronal nio-KoHqeHTpaqul rouon) . Ecrru ei : Ze (Z-sapfl.qoBoe
rrHCJro ronon), To ,I3 ycnoBux ueirrpattbHocrn JIeAyer rleo: Zf io.

Paccruorpnu MaJrbre orKJroueHr{r or ocHoBHoro corosHl{t (nos6yx<4eru{s, Bo3MyIrIeHua). Iycrr sul
oTKnoHeHr,r.fi co[poBo)KAaroTcs I4r3MeHeHr{eM KOHr{eHrpaq}II,I SneKTponos dn" (r,t), noxr,reHl{eM cKopG'

cru 6vu TeqeHr{, r{ 3reKTpr{rrecKr{x r{ MarHr{Tubrx uoneft (6E, 6I}). Teuri;parypy 6y4eu cql{Tarb no-

crosnnortr. flo4cranuu Bce BeJII,IT{IIHbI B ypaBlreuun (1.220) u (1.223)

**(dv".V) 6v.--e
dt n'L

(oonltu"""otl) _ T" V (n.o -t 5n")
m n.g * 5n"

Or6pocuu cJraraeMbre, paBHbre HyJIIo. C.rurag BCe orKJIoHeHI,I"s or ocHoBHoro cocrosHl4.fl MaJIbTMLI,

yqTervr ToJTI)KO nraHeriHrre IIo 3Tr{M BO3MyrqeHHrrM cJlaraeMble, a KBaApaTI,ltIHbIe or6poclarnl. B oclas-

meftcg CI{CTeME YPATUCXUft 6Y4CT',T CTII/ITATbI IITO BCC BCJII{qI,IHbI 3ABI{C,T OT KOOPAI,,IHAT I,I BPCMCHII IIO

3aKoHy 
"ik'r-iat. 

Kax y>xe o6cy><4aaocb paHee a $1.3, 3aKoH Ir3MeHeHLs coorBercrByet 6eryqer? e

oJreKTponHoft x<u4xocru BoJIHe. B pesylrrare 4IaSQepeHqIlpoBaHI{fl TIoJIyYI4M

-'iwdn" + i(k 6v")n"s:0,

-'iw6v": -968 -'?n ok6r",
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rAe BBeAeHo o6osHa'reuu e u?n : ,?n," : T"/m.Berruuny uth [puHrrro HaSbrBarb men,noeoti ctcopoc,tnbro
3J,IeKTpoHoB. Irlcx.rrro.ruN,r r{3 AByx ypanueHufi BeJr[qr,rHy dnu u no"ny.rr,IM AJrff oflpeAeJreHr.tff KoMrroHeHT
tseKropa 6v" ypauncuue

rAe

Ec.rrpr ne yrr[1'brr]iu'L l.etrJrosor.o AaBneHHr{ (r?n:0), r.o dv. ll dE u l{nr4)KCrwrc o./rclK.r,po}rrrofr >xwtr1x<t<:r,r,t

[polICxoAI'rT B Ha[paBJIeHI4I{ SneKTpI,IYecKolo nolg. Vqer TeIIJIoBoto AaBJ]eHr{, BeAeT K ToMy, arTo 11o-
nBJl.flercfl AonoJIHrr:reJIbHoe cMelqeHr{e y x(}rAKocTrr, HanpaBJIeHHoe He B.qoJrb froJls, a BAoJrb BoJrHoBoro
BeKTopa k, xapaxrepll3yloqero Ha[paBJ'IeHI{e HeoAHopoAHocl]lr KoHrIeHTpar{[]r 3JTeKTpoHoB.

flra roro,'Iro6rr nafiru KoMrIoHeHTbr cKopocrrr dv", na,4o HaxoAr{Tb o6parurM reH3op Tul (ctt.
flpulo>xenne A). Irlcno"rb3oBaB $olryny (A. 7), sanluuerr,r

Tti (k, w) |u",i(k, r..,) : - fiAnn(k, u.,),

?'i(k,w):6tj -ryt#. 
'

k2 u2

Tro'= r 'i k'u?n ktkt
- uh'r a -F4-p

B pesymrare AJrfl KoM[oHeHT BeKTopa cKopocrr,r HrrxoAr{M

6u",1 (k,d : -#(r,, * ;#^W) ar, 1u,,y

ufivt

6it(k'u1 -in"oe2 
1' k2u?

,,*, \"' * A --"'-r'r?^W) "l 1u' w) : ot'i (k' w) lEi(k'')'
orcrc4a HaxoAI{M TeH3op gJreKTpolpoBoAHocrr{ B rr.rApoA[rHanaz.rexofi MoAenrI

,tj(k,q:#(0,,*W#A)
!,ra onpe4erre*Lrfl. TeHBopa AtloreKTprar{ecxoft uponuqaeMocrr{ r{cnoJrb3yeM Sopuyay (1.30)

eii(k,u): (, - *) t,, - *#eW (1.235)

Ecau cpaaHl{Tb 3Tor reH3op c o6Iqltu Bbrpa}KeHrrerr.r (1.41), cnpaBeAJrr.rBuru n lro6oft nsorponHofi cpeA,e,
ro naft4etr

)
-pea

Bocno"ussyeMcq BbIpax(eHI4.fiMI{ (1.236) AJrr r.rccJreAoBaH}r.fi saKoHoB Ancfiepcur4 sorH. ilocxoJrbKy Bbr-
pDKeHI4e !,JI5t €1y coBna.(aer c rloj'IyqeHHbrM B MoAenu xono4uofi [JrasMbr (cpannra c (1.11-.17)), To Anrr
noleperrHllx BoJrH COXpaH.AIOTCfl CTapbre pe3yJIbTaTbI.

IzIs saxoua AI4crIepcIIlI ,qJrfl npoAoJrbHbrx BoJrH (1.46) c roMorrlbro (1.236) Haxor,r4rM

,2:&**k2ul6. (1.237)

OcnosHoe orJrr{true or pe3yJrbrara (1.170) cocror{T B ToM, rrro rerrepb qacrora (, 3aBucrrr or BoJrrroBoro
trucra k. flpra sTol\t rpynfioBa.a cKopocrb AJr.s JrenrMropoBcKr{x BoJrH orJrrrr{Ha or HyJr, u paBHa

(1.228)

(1.22e)

(1.230)

(1 236)

(1.231)

Bra4uo, tITo HapflAy c ABI{X<eHLIeM xrzAKocrl{ BAoJrb floJrs Bo3HrrKaer ABlr>KeHue B.qoJrb BoJ]HoBoro BeK-
ropa. flroruocrb 3JreKTpoHHoro roKa cBr3aHa s arlnefiHou npu6"nr,r>xurru Lo cKopocrbro reqeHrrrrr )Kr{A-
KOCTI{ COOTHOIUEHI{CM

dj (k, r..,) : -€Tt eodYe (k, r) , (1.232)

(1.233)

(1.234)

,
e{k,u):1f =r# .,K'uih - u"

e6(k,w) - 1 -

0u
"e- ah + k,r'*

4t

(1.238)



tr4s uocleAneft $oprrayltr Br.IAHo, vro $asonrte cKopocrl{ reHr\,IrcpoBCKI{x BoJrI{ 6o.lbtre, aIeM TelrJI()BLIo

CKOpOCTI4 TIaCTLII, a fpyIInOBbIe-MeHbIIIe.

flpe4crar.uegr4c o rerrJroBoM AaBJreHr{r4 t\{o)Kl{o I4cIIoJIb3oBarb) ecJll{ 3a Ilepl4o/( Ll3l\'lcIICIII4rl lIoJlrI Ir

BOJTHe qCTDqa IIpu cBoeM Te["IroBoM ABI{)KeHI{I{ CMeIqaeTCfl Ha paccToflH}Ie, \4aJloe IIo cpaBHeI{I',IIO C

Arrr{Hofi goJrrrbr (urt,lu < llk).flocxo.rrxy qacrora 6.llusxa K JIeI{lMIopoIlcKofi, ro 3To IICpaIJCIICTIJO

Epr{Hr{Maer sup, kux1., I epe utu k\p" ( 1, rge \D" : u6f wr"-fie6aencr<nfi paAllyc AnrI 3neKTpo-

HoB. TaKr.r\l o6pasou, noryr{eHHbre pe3yJrbrarbr cnpaBeAJII,IBbI AJIS BoJrH) AJII{Ha Koropblx npeBocxoAl'IT

71e6aeucxzft pa/{I4yc.

1.19 !,nyx>xr,rAKocrHas rrrApoAr,rnaMtrr(a. VIolela'blfi 3ByK

!,cl crx nop Ltogbr nJra3Mbr cr{r,rraJracb He[oABrr)KHsllrz. 3ro [peAnoJIo)KeIrI4e Ka>Ke'rorl Ao(j1'a1'orIII()

ecrecrBeHHbr\4 B cBfl3r{ c 6olturoft uaccofi raoHoB. O4uaxo npl{ MeAJIeHHbIx ABII)KeHI{flx B HI{3Kor{a-

crorHbrx BoJrHax npousoftger !I cMeuleHr,re lIoHoB. 3ro cruerqeul{e Mox(Ho yrrecrb, ecJII{ cr{I'ITarb, ilro

nJra3Ma nepAcraBJrser cMecb AByx xil,rAKocreft-eJleKTpoHHoft LI fioHHoft. KaN<4aa xI'IAKocrb ABI'DKercrI

co ceoeft cKpocrbro LI IlrMeer cBolo ulorHocrb) a asazuo4eftcrBHe Mex(Ay i:irr\4l'I ocyulecrBnflercfl qepe3

KO.]],TICKTI'IB I{bIC SNCKTPI{qCCKI,I C I{ M AIH I,ITHbIC TIOJIq'

Vpaanenul AByxx<r{AKocrnofi ru4poAr{HaMr4KI{ co.a,epx(ar rIoMI{Mo ypanHeuuft Anrt sJleKTposuofi

)Kr.rAKocrr4 (I.220) u (1.223) aHaJIorHtIHbIe ypaBHeHI,Ifl LI AJL I,loHHofi x(I{AKocTI{

*.div(niv') : s, *.('r v) no: #(r.:tvr x rl) -fuonn (1 23e)

(1.24t)

(t,242)

34ecs ni-KoHI{eHTpaI{urI I4oHoB, vi-CKopocrb Ter{eHI,Ifl noIrHofi xI'IAKoCTI{) u?t,,;: Tllml, Q-reuneparypa
rro6oB, u15,i-TerrJroBafl cKopocrb r{oHoB. Cle4yer orMeruTb) trro B [JIaBMe tracro BblnoJrHgercfl ycJIoBI{e

Te ) Tl (neusorepu[qecKar nlasrula). 9ro csflsano c reM) r]To o6blqHo I{arpeBalorcg 6o"rlee ecp$cx-

TrzBHo gJreKTporbr, a o6veH sueprueft Me>KAy gJIeKTpoHaMI{ I,I IroHaMI{ rrpol{cxoAl4r Becr,Ma \4eAneHHo

us-aa 6oarruoft pasnrzqu B Maccax.

Kax nzguo r{3 flpeAbrAytqero flaparpa$a, ocHoBHbIe or.lIlaqlarl Mex(Ay pe3yJlb'ra1'a\,1u o/lHor{ac'rnq-

nofi u AByxxrrAKocruofi uogeaeft Bo3Hr.rKaror AJIz npoAoJrbHblx BoJIH. flosrouy paccMorplrM Ha 6ase

ABypxr.rAKocrnofi rr,rApoAraHaMr{Kr{ ToJrbKo [poAoJIbHbIe BoJIHrI. Kax ussecruo (cu. $1.5), 4nr nony-
rIEHI{.g 3AKOHA /qUCNCPCUU NPOAOJIbHbIX BOJIH MOX(HO BOC[IOJIb3OBATbCfl IOTCHI{I{AJIbHOCTbIO IIX IIOJI'I

(E: -Vcp) r{ ypaBHeHIaeM

divE : 4trp : 4r (-en" * e,;n1) . (1.240)

Pa<:cvorpuv cHoBa Bonpoc o MaJrbrx Bo3Myrr{eHI{rIx ocHoBHoro cocrorlHus HeftTpa-lrbltofi n.nasvrlt, tr

xoropoft clpaBeAJrnBo coorHorrreEyre ne} - Znn.By4ev xapaKTepH3oBarb Bo3MyuleEtre BeJIIrr{ttIraI\4Ir

5n", 6vu, 5n4, 6v; u 5F,.Ilz yparnenufi AByxx(r{AKocrHofi rI,IApoAI{HaMI4KIr B JII{He[uora upu6;r[x(eHlrl4

rIoIyqI4M:

06n.
ff + n"6 div dv" - 0,

* .nis div dv6 : 6,

uL^Y." : -gdp -'?n," rur",
0t n'L TLeo

,o^lo : SyOa -u?n,oounu.Ot tTL4 ni1

3ru, xasa^nocr, 6tr, ABe Ha3aBprcr4Mbre crrcreMbl ypaBHenuft cs-ggaHsr .repee o6u1ee gJleKTpl4rrecKoe noJre

6E, 4aa Ko'roporo HMeer Mecro.paBHeHVe

div dE : 4tr (*e6ne + eiSni) . (t.243)

flo.noxcrzr.r, qro Bo3My[{eHr{e pacnpocrpaHflercfl B TIJIaBMe B BI4Ae BoJIHELI BCe BeJrI{YI{HII flporroprllzo-

HaJrbHbr 
"ikr-iut. 

Kpor.ae 3Toro BMecro roJrfl r{croJrb3yeM noreuql{an 59 QE: -Vip). B pe:yrlr:are
[onyrrr4M Arrrr tso3Myrqesraft nrtornocrlr (xouqenrpaquu)

6no (k,a1 : ?a1tdp (k,4,4r--r-,
TTLa U- - rc-Uiu.o
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r.(e o : e1'11 ecr: ei 14 €a: -e AnrI [IoHoB u gJIeKTpoI{oB, coorBercrBeHno. flo4cratlrn orrr tsbrpaxeHr,r,
B ypaBHelrlre AJI.fl [oJI.s, HafiAel\,I 3aKoH AIICilepcHI,I npo,qoJrbHblx BoJIH B gJreKTpoHl]o-uoHHofi x(r{AKocrnt

Bu4ro, qro BKJIaA gJIeKTpoHoB I{ I{oHoB BxoALIr B Al4gJreKTprlqecxyto npoHr,rllaeMocrb a.rr,rl}rrrrBno. flpu
?rli --+ @ BKJTaA or r,roHoB rrcrre3aer u uz (7.245) roryrraeM pe3ynrrar (1.236).

Yparneulre e1(k,a):0 c Bblpax(eHrreu (1.2a5) ,rBJrrercrr 6r.rxna4parubrM r,r AorycKaer ror{Hoe
perlreHr{e:

e1(k,u)=t+d_a-d*

'2 &) :;W i k2ulv-

,2&):*-#*

,2&):#-

4trn"ge2

 trn,ioe? _
TTLi

(1.24s)

(1.247)

(r.248)

(1.24e)

(1.24(t)

3a:.o. r3: y3"+rk = rf;", r?n: u?n,u*r?n,o = r?n,",kb : kL"*k'no, kDo: rf Apo (a :
e,i), ),po-fie6aescruft pa$ yc qacrl{I{ copra a. *po*" ,o"o, pra"*orpaM npu6nr.rx<euHbre peureHr{,
AI'IC[epcIroHHoro ypaBHeHI,Is B pasHbIx o6.nacrgx cxopocrert nolH. 3ro rro3BoJrfler nau 6olee Harurfl,qHo
II upocro IlonyrrfiTb pe3yJrbTaTbr.

Ha'rHeNI c 6srcrpux nolu, $asorarl cKopocrb Koropbrx HaMHoro 6o"rIrue renror:rrrx cxopocreft r4onor3
Ii 3rleKTponor (r..r ) ku6,. )) kurn,t).B srolr rpeAerre wz (1.245) rorryrraeM .2 : .3.Oro ecrt
rlacrora JlenNaropoecxvrx xoae6auuti, ll tsbrpa)Keurr[ AJrr Koropoil nplrcyl,crByer He roJrr,Ko r]KJraA or
SneKTpoHoB, Ho 11 MaJIbItt axaa,4 or I{oHoB. Pesyalrar gror HaxoAI{TcrI B coorBercrBr{}r c pe3ynbraroN4
oAnorracrrryHoft t"ro4eara.

Paccuorprau 6olee uegaeHuble BoJ'IHrI c @asonrn,ru cKopocrfir\4r4, [peBbrruaroulrrr\4r{ rrogHbre reuro-
BbIe cKopoc'l'I1, Ho I\4aJIbIMI{ [o cpaBHeHHrc c 3JIeKTpoHHbIMr,r relJIoBbIMr4 cKopocrail4r4 (kutn," ) c.,r )
Itunt,).PeureHue ypaBueHrrrfi (1.245) B sroM cryqae r{Meer Br.rA

3ru roaurr cBssaHbr c ABrrx(eHr,reM rroHoB r{ B lrpeAeJre TLi ---+ 6 OHU [Crle3aror. tr4x Hasb,rea.r )T uolTHblJvt
36A\otut. Taxoe Ha3BaHI{e lrMeer no4 co6oft onpeAeneHHoe ocHoBaHpre. [e,ro B ToM, qro Ar-fl o6rr.rHoro
3ByI(a B ra3ax 3aKoH Al'Icrepcru no4o6eH 3aKoHy Al4crrepclrr4 (L247) B rpeAeJre AJrr,ruHbrx no;ru (k)p" <
1). flra roro, vro6u y6egurrcx B 3ror4, rrepenurxeM eoprry"rry (1.247) B ApyroM Br4Ae

Bosuuxruyrc B r{ncJIIareJIe BenIrr{I4Hy

'Us : api^De:

HaBbIBarcT I{oHHG'3ByKoaofi cxopocrtrc. Ha Puc. l.l2 rroKasaH 3aKoH Ar,rclepc[u r{oHHo-3ByKoBbrx BoJrH.
!,"rrs nonn c Aocraror{no 6o,rruroit arrunofr. (k)n. <. 1) saxox Aracuepcr{rr npaKTur{ecKra ;rzueftr6rft
Lr : k1)", Kax 14 AJrir o6u.rHoro 3ByI(a B ra3ax.

O6cy4zu Bolpoc o roM, KotAa Moryr cylqecrBoBarr, rzoHHo-3ByKoBbre BoJrHr,r. [1z eroro BepHeMcs
K ycnoBl4lo ku6rr )) a )) ku6,i. Ec,rra 4nranrr I4IoHHo-3ByKoBbrx BoJrH Aocraroirno 6oarrurze (k,\p" < 1),
ro orcloAa noryrlil\{ (milm)T") ZT" > 4. O6rl'rHo sapfiAoBoe lrrrcJ'ro rroHoB Z cocrasi.ser eArrHr{rlbr
14 AJIfl cyqecrBoBaHrrfl I{oHHo-3ByKoBbIX no"rrn Heo6xoArlMa Helr3oltepMr,Ir{ecKarl [Jla3\,ra (7"> T,;). filx
KoporKl{x AJITIH BoJrH (k\o" > 1) vacrota 6.rruaxa x IaoHHofi JreHrMropoBcxoft.racrore (w: w*) flpu
3roM ycrloBuua > ku6'r1 caotr\trcxxk),pi ( 1. Cos\recrHo c rpe6oranuevk),p" ) l sro flpr{BoAr,rr K
ycJIoBI'Irc )o" ) )p1, xoropoe BblrlonHflerc-flToJlbKo npu ZT" ) fr. Taxzrr,r o6pasour, rr B proM cJryqae
rpe6yerca Her{3orepN4rrqecKar rrJra3Ma.

ZT"
lTLi
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Puc. l.l2: Cuexrp r{oHHo-3ByKonrrx xo.ne6aufift s oJleKrpoHHo-nouuoft Heu3orepMl{'recxoft rIJIasMe.

O6cy4urra elle Bonpoc o6 oruocurelsnofi BerLIqIlHe Bo3MyIqeHIaft slextpouuofi u IdoHHofi KoHqeH-

rpaqltft B r,ror-rHc->.3ByKoBblx BoJrHax. Irlcno"fiusoeaB rIpI,IBeAeHHbIe BbIIIre tsblpa>Kel{ut ltttla 5n" u 5n;,

3A[I{UEI\4 I{X OTHOIIICHIZE

5n"

5nt

n"omteu2 - k2u?n,n 
- 

*o ,?
aome.i k'r?n," - u2 - m lc2uln,"'

6n, - mi Arnfie! Zuf;" Z ,1
6nn = ; *tF-,; - F4 - E|XU; -''

( 1.250)

(r .251)

Er:.ru snyx Anrrr{HoBoJrrrosuft (c.r - &ur), ro 5n.f 6ni = Z. fTpu Z - 7 nosvyqeriux xon4eH'rpaqrft

3neKTpoHoB I4 I4oHoB o4Horo [opfAKa. Eclu sayx KopoTKoBoJlnonsrft (k)p" > \ u a - wo1), ro

B sroN{ cnyqae Bo3MylqeHr{:r uonuoft KoHrIeHrpaIII4r{ HaMHoto fipeBblllralor Bo3MyuIeHI{t KoHIIeHTpaIII{I{

3JreKTpOHOB.

!,na ayvurero noHIzMaHilfl rrpuqlrH, rro KoropbrM oKasblBalorcfl Bo3Mo)I(HbrMIa LIoHHo-3ByKoB],Ie Bon-

Hbr B rrJra3Me, paccMoTpuira Pnc. 1.13. Ec.nra B rrJra3Me Bo3HI{KJIO BO3MyII{eHLIe lrOnHOfi IJIOTHOCTI.I, TO

Ha 3JreKrpoHbr HaLrHer geftctaonarb floJre paBAeJIeHr{fl 3apgAoB Ir Bo3HI4KHer Bo3MyIrI,eHI{e IrJIorHocrH

3JreKTpoHoB. Ho slexrpoHbr IIpu T" ) Tl r,rMeror 6olsuree 3HaqeHI{e. Cula 4aueHI,Is BCelAa crpe-

Mvrrcfl BbrpoBHqrb nrrornocrb, cAeJrarh ee oAHopoAHorl. Ho I{3-3a noJls pa3Aenelrlrs 3apflAoB 3Ta crrJla

4eficrnyer rur Ha r{oHbr. Snexrponsr He Moryr BblpoBnsrb cBolo tlJlorHocrb He [epepaclpeAeJll{B I{oHbI.

Bosxilxaer Borna, e xoropoft cr{Jrrr 3JreKTpoHHoro AaBJIeHT{s 4eficreyror Ha I{oHtI. B c.nyuae 6oas-

u1qx A.rrLlH BoJrr{ t,t Hr43KLrx qacror o6e n.norHocrl,I ABI4raIorc, [otrru BMecre (Puc. 1.13). R c.nyqae x<e

KoporKl{x BoJrH gJreKTpoHbr Bo3Myularcrcs c.ra6o, [oJIe paaAeneHl{.g 3aprAoB 3Har{I,ITersuo 6oasure. B

ocHoBHOM [pOI4 CXOAST BO3MyTIIeHI{g IrJ'IOTHoCI]}MOHOB.

1.20 Toxonas (ErcuevraHoBcKaa) ueycrofi'rrsocts

PaccvrorpeHnbre Ao cr{x fiop ocHoBHbre cocroflHlafi [JIa3MbI 6surz taxonur, iro MaJIbIe Bo3MyIrdeHI{s pac-

npocrpaHrrJrr,rcb B Br,rAe BoJrH Ir He HapacraJrra. Taxre cocroqHufl nJIa3MLI Ha,3llBarorcl gcrno'fi,'u,u,e'ot,"t.t,'u..

Eclu x<e MaJroe orKJroHeHr{e or ocHoBHoro cocroflHlulfl (rosuyuleuue) pacrer I{ cl{creMa (nllasrtaa) ece

6oluure orxoArar or HaqaJrbuoro ocHoBuoro cocro;lHlrg, To roBopr'T o HeAcrrlorin+ueocmu. I4rr.reerca pas-

BerBJreHHa.fl xnaccu$uxar{r.r.fl Heycrofi.r[Bocrert. OAuu rr3 MeroAoB xaaccn$raxalll4l{-yKa3anl4e ocHoB-

uofi oco6eHHocrr4 HepaBHoBecHoro ocHoBHoro cocrosHllt.fl rIJIa3MbI (roxonrre, rloroKoBble, 4pefi$onsIe,
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Prc. 1.13: Cxevaru.recxoe uso6paxeHlre Bo3r\4yrrleurft e.nexrpoHrloft (6nu) n wow:ur,ft (6n4) n.noruocrefr.

aHll3orpoul{fl TeMleparypbl, flapaMerpr{qecKHe r,r r.A.). flpyrofi MeroA-yKa3aHr.re xapaKTepa pa3Brrr]r4rr
Bo3MyIrIeHI{fi co epelrenervr (auepuoAl4t{ecKr{e, ocrlr{JrJrflTopHbre u r.4.). Tpernfi uero4-yxa3aHr{e po-
,rII o1xeJ]blrblx r{acrHI{ (ra4poAnnaMl4qecKLle) Kl4Herflr{ecKrze). Herseprtrfi lre.r.o4-yKa3aHr4et 3rJoJrr()r{r4r.r

Bo3Myrqenrafl Bo BpeMeHr{ r{ rrpocrpaHcrae (a6coJrrorHbre, xouaexruensre).
Paccrraorpr,Ir4 oAHy us uau6oree mfipoKo rrrcBecrnblx rr qacro BcTpeqaroqr{xc-rr Heycrofiuunocreft,

TaK HaBbIBaeMyro moKoey?o Heycnlottotueocmu. Oua 6una orKpbrra n 1959 rogy Brcnevou (rosrouy ee
qacro Hasbr nanor Brcnetvtano e crcod u,ey cmoriuue o cmorc) .

flycrs B [JIasMe ABI{)KercrI nyqoK 3apflx(eHHbrx qacrrlrl c fiocroflHr{ofi cxopocrrru u lr HeBo3My-
Iqenuofi nJlorHocrblo rlbo v, cJIeAoBareJIbHo, no nJraSMe rerrer roK. Eygerrt xapaKTepla3oBarb ocHoBHoe
cocrofiHfie rrJrasMbr KoHr{eHTparlu!flMl4 q.acrurtr (nao, Ttao, d : e,i) }r cKopocrbro flyrrKa u. Pacclaor-
pur\,I l\4arrr,re orKrroHeHHfl or 3Toro ocHoBHoro cocroaHz.fl. l{s ypa&renufi (1.220), (1.223) u (1.239) am
3neKTpOHOB; LIOHOB U rIaCTI,Iq UyYKa rIOJIyqLIM

06nu

; + n66 div dva + (u ' V)dn6 : g,

ry.(, v) o,u: -#uYlp -fuou,u,
,o^_y" : _Ss_vtp _r?n,oruno.

dt rrta ' rtoo

(r.252)

(1.253)

(t.254)

(1.255)

(1.256)

Eclu uonox<LlTb, t{To BCe Bo3MyIrIeHI,Ifl 3aBI{c.flT or KoopA,ztHar u BpeMeHI4 no 3aKoHy 
"ik'r-iut, 

To r43
ypaaHeuufi AJrfl BosMyrr{euulZ nonyvr.ru

06no
A, +na6divdvo - 0,

. k'dv6
Onb - ??bO -------:--,u-l(.u

" k'dvo
oTlo: TLa,-,

-,4

" k f ", 6v* &ar,r) 
,ovb - 

" - k., \,,- nbo )

duo - \ ( :rur* 'il'" ar,) .

. 
\-o 

TLaO 
/

Bu4no, r{To BCe orJlIrque or cJlyrra.fi He[oABr4x(HbIx 3JIeKrpoHoB Ir I4oHoB iocrol4T B ToM, r{To B ypaB-
HeHllsx Ans nyrrKa BMecro t.l BxoAr{T BeJrr{rrr{Ha w - k. u. Iloerouy netKo Aota4arbc.s) r{To Ar{c-
[epCIuIoHHoe ypaBHeHI{e) B KoropoM BKJIa,q oT pasII,ItIHbIx coproB rracTr.rq (eaexrpouon, r{oHoB r{ r{a-
crrl{ nyrrKa) nxo4zr aA,qI{TI{BHo, orrfiqaercs or (1.245) 4o6aarenuer,{ cJ,raraeMoto fiporopquoHaJrbHoro
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af; : 4rn611ellm6 @nasMeHHar qacrora nyuxa) u sar,reuoft u Ha u - k. u,

(, - k' ,r)2 - k,r?n,u

,
\-- *pa

- la-ii6;=o

..2 ,.2't- -b *p--n
._-]-;_---;_v.

(o - k'u)' t)z

,'3
t,)- 

- 
'

r-r?l(k.")2'

L / uulr/zul:-27srr\G) , u)2s:+P.,(;;)"'

,!1- 0.2s7)

C.ne4yer 3aMerlrrb, r{To 3aMeHa u Ha,, - k.u ctsr{3aHa c eS$exrov !,onn.ncpa. Ec.nu uveer\)r{ ri().,rrril,
c 'racrorolt u u k r cpeAa (nyvox vacruq) cMerrlaerc.fi co cKopocrbro u) ro n na6oparopsoft cucrelre
qacToTa BoJIHsI H3MeHI,ITCg t4 cTaHeT cl - k . U. Tax, HaIIpIaMep, B cnyr{ae 6eCxoHe.IHOfi tvtaccsr uoHoB
Ir sneKTpoHon (wpo : 0) lr a npene6pex<erl,Il{ TelJroBbrM AaBJreHraeM r{3 Ailcnepcr{oHHoro ypaBHeHr4a
cneAyeT

w:k.u*c,,6. t 
(1.25g)

Ecau u:0, To perueHl{rc u: *wb orBeqaer npocrpaHCTBeHHo-BpeMeHHas 3aBrrcr{Mocr, 
"ikt-iunl,Koropa.fl coorBercrByer BoJIHe, u4yqeft cJreBa Hafipano. Ec.ul,I x(e B3flTb peueHue r, : -u)bt To rroJryrrl4M

BOJrHy, r.rAyrqyrc cflpaBa HaJreBo.

Eclu raraeerc.fi IIoroK 3apflxeHHhlx qacrr,rq (ny'rox), To [oJre BoJrHbr) N4yqeli rJ nanpatsJreHrln l1o-
ToKa, ecrb uikx-i(u6*leu)t , ,u"rota BoJrHbr Bo3pacraer. Ecnu x<e Borrua r,rAer HaBcrpe\ry noroKy) To
lloJle B nefi usuen-gercfl tlo 3aKoHy ei(ub-ku)t+ik' u .Iacrora ttaA,aer. IIpu asrnolHenr,r]r ycJToBrrr ab: ku
BoJIHa ocraHaBrI,IBaercrt Lt ee [oJIe orHocI4TeJIbHo .na6oparopuoft c[rcreMbrur3r\4errrrer(:, .t.o.rrbKo r] rll)()-
cTpaHCTBe, HO Ha IZ3I\4eH'IeTC' CO BpeMeHeM.

Paccrr.torpura reuepb peIueHLIe Ar{cnepcrroHHoro ypaBHeuun (1.257) . Eyaer,r cr{urarb, vto $asooure
cKopocrr{ noau 6omru}re s co6crreHnoft cr{creMe l, - k . ul > kuth,b, lwl > kuyn,o. flpeue6pex(eM
TEIIJIOBsIM ABI,I)KCHI{EM I{ TEIIJ'IOBsIM AABJICHIIICM iIACTI,Iq. B PCSY:rSrAIE NOIYq1IM

Ecnu cxopocrb ABLIx<eHIzIfl ryrrKa r'la"na (lk'rl < lrl), To lr3 ypaBHenraa (L259) c.uegyer 3aKoH.q,ncrep-
cI4L JIeHr\,rrcpoBCKI{x roan. Ecnu uao6opor cKopocrb reqeHlrfl 6oaruraa (lk."l > lrl), To norvrrr,rM

(1.25e)

( 1.260)

BuAHo, rlronpfi lk't l< L,b,u2 ( 0uperueHr{e Arrfl,a r{}rcro MHr{Moe. BsroucryrraeBo3\{yuleHrre
Hapacraer co BpeMeHeM sKCnOHeHqr{aJIbHo ulmu: I o[pe.{,eJT.fier I{HKpeMeHT:

t(k):ap (1.261)

flocxoarxy Req-, : 0, ro roeopflT, trro neycroftvurocrb flBJrflercfl arlepuoAfi.Iecxori.
IIpu k' u --+ ub coruracHo uoly.reHHort $opuyae 7 ---+ oo. Ho nprz k . u : &,,b Hapyuaercrr ycJrotsile

l"l < lk' ul rz peureuue ypaBHeHua rpe6yer yroirHeHur. flo.uox<ur,r, qro k . tt: Lt)b rz lr.,l < c,r6. Tor4a
H3 ypaBxeuua (1.259) xaft4err

(k'r)_.:
l"?-(k ')'

(r.262)

Msullag qacrb r{acrorbr, xapaKTepr,I3ylou{ar I4HKper4eHT, paBHa

7- (1,263)

Taxrzr't o6pasor,t, fipr4 ub ) k' u, 7 : (k .u) (wo/w),IIpu k .tt N (rb rrHKpeMeHr Aocrr,rraer r\4aKCr{MyMa
Ir paBeH (1.263). 3alterravr, qro norytrennbre Bbrpa)Kenuz (7.261)-(1.263) cnpaBeAnrrBEr Arrrr flrrorHrrx
IyI{KOB, AJH KOTOpbrx ub >> co,p.

rt / ru\'/3

-t,t 

I _ I

2a1z*e \uo )
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F(u)

,oku
mtn

Puc. 7.14: cxevarz.recxoe uso6pa>xeure <fyurcquw F(w), cM. Bbrpa>Kewwe (1 .264).

flnn o6qero aHaJlusa Al4cfiepcl{oH*oro ypaBHeHun (1.259) fiprr [por.r3BoJrbHbrx 3HarreHrrflx Berr4rr[-
Hbr ubf ap paccr\{orpr,rM BcnoMorareJrbHyro $ynxqno:

(1.264)

3ra$yHrqvsBe3AeroJro)r(r{Terrbnar.rBTor{Ke u:umin: (k.u) /(€+ f) (r4e(: (ru/rr)r/r) r{\4eer
MIzHLIMyT4 (cru. Pr.rc. 1.14), sHaveHr{e Koroporo paBuo F-i., : ,2*l111-.u)2, r4e o)cr : ep('€+'t1rt, _
w6(1 *110'/'Taxrnro6pa,:or'r,ec"rrn(k.u) )u.,"r,ro.F|,.,1,, < lu4ucnepcr{oHHoeypaBHeHr{eF(o) :1
I4Meer r{erblpe 4eftctnure,rbHblx KopHefi., r,pv. sroNa BroueMaHoBCKa.a neycrofivnaocrb He BosHr.rKaer.
!,.n4 nosnuxHoBeHll.fi neyctofivurocru xeo6xogut.lo, vro6u BbrnoJrHflnocb ycnoBue (k. ,r) < u,,". (g.rruH-
I-IbIeBorIHbII4JrI'IMeAJIeHuuenyvxu).flpraerorlF-i.,)1a4ucnepc[or{HoeypaBHer{r4c F(u):1nr.1rc.r.
4ea 4eficrnureJrbubrx xopnefi Lr ABe KoMnJrIeKcHbrx.

B cay-rae KorAa (k'") ---+ 0, IaHxpeMeHT I4 qacrora neycrofivueoft sereu xone6axzfr paBHBr

t@) =(k,,) €h{,. q#ndrr 
[, - fr,y]], (1.26s)

Rez(k) =$*1,.ry{s#] (1.266)

Bu4Ho, qro B cnyqae [JIorHbIx rryqKoB (( > 1), repBoe crraraeMoe B Bbrpax(eHr{u (1.265) coBnar\aer c
[orvtreHHblM paHee 3Har{eHI4eM HHKpeMeHTa. C yaemlveHl4eM Berr{trrzuu (k. u) nuxpeveHT pacrer rr,
AocrrIra'{ npu k' u j max (au,up) MaKcr,rMaJrbHoro sHaqeHr,rx (1.263), nplz (k jrr) : &rcr c.rper\,{r,rrcr{ K
Hynro.

To'rHbIe I{ cpaBHrrreJlbHo rlpocrble Bblpax(eHr4s Ans crreKTpoa rone6anufi lrox<uo rtafrrwnpu ycnoBs}r
ub = ap (€ : 1). flprz erou 3HaqeHr{e Kprzru.recKoft qacrorrr paBHo ws, : )3l2sr. Bee4x 6espasnrepnrre
repel\4eHHble,: (k'u)/apuy: ufwo,perueHl{-g At4crrepcr{oHuoroypaBHeHra, (1.259) ni, *)zs/z
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0,6

a

3

ka/a
p

Puc. 1.15: Irluxpeueur BroneNaauoscxoft neycroft.{usocru f(k) (u eALIHLIu,ax .i,r) u zavucl{Mocrll

Beruqr.rHbr (k . 
") f wo npu pa3rLIlIHbIx 3HaileHl{flx rapaMerpa q : (u6f we)2/3.

((k.") ) u)* vr ueycrofiuunocrb orcyrcrnyer) Molt(Iro npeACTaBI,ITb B BI{Ae:

at,2: T *, + t/*\ t, (r.267)

(1.268)

Ecru x<e r {23/z ((k 
") < ur"r) ro perueHr{s (1.268) sBJrsrorcfl KoMrJreKcHbrvru. flpu oroM rrHKpeMeHT

Bronenanoncxoft neycrofi qusocrIz olpeAeJlsercfl BbIpax(eHI,IeM

( 1.26e)

fpa$zr AJm r{HKper\4eHTa B 3aBrzcrrMocrr{ or napaMerpa (k.u) uorcasaH na Puc. 1.15 4.rra HecKoJrbKlIx

sHa.{eHr,rft napauerpa (.
OcraHos[Nacu ua $uer.r.recxoft rtpu.tuHe Bronevanogcxoft xeycrort.u.reocrr4. Ecara uyvox ABLr)Kercl

cJreBa HalpaRo, To 6eryqax r{M HaBcTperry BorHa a ra6oparopuoft cucreMe KoopAr4Halr 3aMeAJIrer-
cg. Kax y>Ke orMer{aJloc!,, B cJryrrae ab: k.u r{acro'rca gtofi sorHsr npoclro paBHa HvJIIo H Irluee'lcrl
3acrbrBrrree uep[oA[qecKoe Bo3Myrr{eH[e KoHr{eHTpaq}rr4 qacruq nyr{Ka. Ta'.<oi: crarlrroHapHoe uore 4eft-
crByer Ha qacrarl nJra3Mbr lr upr,rBoArar K Bo3Myuleur,rro r4x KoHqeHTpaqrara. B csorc oqepeAb Bo3MyuIe-
Hr,re KoHqeHTpar\rrn nJraSMbr rro3BoJrfleT yBenr,rqr,rTb Bo3MyuleHr{e Korrr{eHTparlu[ nytlKa r{ sToT Ilpoqecc

Hapacraer.naauroo6pasno. B pesynbrare Ha o.q,HopoAuoM pacnpeAeJreHr{r{ nJrorHocrll Bo3HrrKaer [epI4I-

oAr{r{ecKarr crpyKlrypa, aM[J'rrlTyAa xoropofi Hapacraer co BpeMeHeM.

L.2L KrarrerraqecKoe ypaBueHr,re BracoBa

Hau6olee uo,rnoft flBrrfl.ercfl. KlrHerllqecKa-fl MoAeJrb ITJIaBI\4br. B sroft MoAe"iIrl Arq o[rICaHI{.fi rIJIa3MbI

lrc[onb3yerca $yuxqur pacnpeAeJreHrlrs tracrr{rr 
"fo (",r,t); (a-copr qacrr{r{, o: e-orreKTpoHEI, a: i-

zousr), r-KoopArrHara, f-speua, v-cKopocrb qacrr.rq. Beapr.runa /oArAv onpeAeJrrrer r{r,rcJro qacrrtq

copra o, HaxoAsrrlr{xc-s B MoMeHT BpeMeH}r I s sre\deHre o6reua Ar e6rzsu rorrKl4 r r{ rrMeroqux

r I_I

2

r,r
as,q: r+ S

7r
up4

12l4+r+Ji'+t'
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cKopocrb B lIHTepBaJIe Av s6Jtua[ 3HaqeHI{, v. flpottsaeAeHrre ArAv HasbrBaror grleJi,e?ffrlorvr
o6oeua.

ypaBHeHrreM Blacona, Koropoe r,rMeer BIaA

6aaoaozo

(r.271)

(1 273)

(t.274)

(1.270)

r.[,e Wo-)/CKOPeHI,Ie qaCTI4IIbL

Cruuc"rr ypaBHeHlrs Bracosa Jlelrre Bcero rroH.flTb, paccr\4orpeB 6alaHc 'iacrlrq B 3ne\4eHTe @asonorcro6lelra. @yuxqr'rx pacnpeAeJleurrl o[peAeJlfler qI,IcJro qacrfirl, Haxo/lrrrqrrxc, rJ cJreM(]rr.r'<: <]rixt96.r.rr
o6r.'erta B MoMeHT BpeMeHI'I t.I4|eercn ABe nplrrrr,rHbr) rlo KoropbrM oro rr]rcJro 3a Bperufl dl zslreHserc:1.
JIw6o'tacrullbl I'I3 coce.qHl{x royeK rrpllxoAffI] s 4auHufi gJreMeHT o6teua, ,"a, np, groM cKopocrb v

afu 7fo * :0,E* "'4" **o.r,

fo(r - 6r,v,t) - fo(r,v,t) : _6, .1fo6t dt 0r

fo(r,v - 5v,t) - fo(r,v,t) : _5u .7fo6t 6t 0v'

JLz6o raverourvec, n o6relte Arracrraqsr u3MeH.slor cBoro cKopocrb I{ TeM caMbr\,r BbrxoArr r.r3 r.rrrrep-
rana Av

(1.272)

B pesyasrare [oJIHoe I{3MeHeHlIe qucJla qacrr,rq B 3JreMeHTe $asonoro o6reua co BpeMeHeM paBHo

6fo:_6r.0f. *6v 7fo
6t 6t fu 6t 0v'

flepexo4a K npeAerry dt -- g, ronyqr,rM ypatsHeHrre Bracosa (1.270).
B uaaslte ycKopeH[e rracrfiq onpeAeJlfiercn cunofr.,4eficreyrotqeft ua llrx co cropoHbr gJreKTpr4ye-

cKlax u MarHI{THbIx noaeft

, ul)

florfi e $opr''ly,re (1.274) caMI{ 3aBlrcflT or ABr{x(eHr.rrr 3apsx(eHHbrx qacrr{rl nJra3Mbr. Ec.rru cuurarr,
r{To cropoHHI{X I{CTOqHIIKOB TIOJIfl B IIJIa3Me Herl To noJr-a [oJrHocrbro olpeAeJI.SrOTCr.q,Br4x(eHr{eM iracrr,rq
nJIasMbI H Ha3E'rBalorctt calwoco?Jlaco6ol117bt,"tvt,u Be.[u.{uua ,{x o[peAeJ'rfle.rcjt t43 ypaBHeHilri Maxcne:t.ra
(1'1), a Koropblx IrJ'IorHocrb roxa j I4 rlJlorHocrr, 3apsAa p cosAarorcrr qacrr4rlaMr{ rrJra3\{br vr ca6vr
Bbrp a>K arorc, r{epe3 SyHxquro pacnp eAeJreHr.rg

(r.275)

CyrtrrrarpoaaHrre npoBoArrrc.a no qacu{r{aM paaJrrryHbrx coproB.
Crzcreua ypanuenufi Maxcseaaa coBMecrHo c Kr.rHerr{rrecKr{M ypaBHeHr{eM B,racona Harz6onee ge.

TalrbHo on'IcblBaeT KoJLTIeKTTIBHEIe noJIrI B nJIasMe n npeue6pe>xeulir{ c:toJrKHoBeHilr{r\4r.r qacrrrrq.

L.22 TeH:op Ar,IoJreKTpr,rqecKofi rrpoHrarraeMocrr{ B Kr,rHerr{qecKofi Mo-
AeJrr[

Paccrtrorpzr'{ BbIpa}KeHIrIe AJI-fl TeH3opa Al{sJreKTpuvecxofi npoHr,rqaeMocrr4 rrJrasMbr. Ko:ropoe noryr{a-
erct c fioIr4oulbro ypaBHenlrt Baacoaa. By4err,r cr{t4Tarb, rrro B orcyrcrBlre oJIeKTpoMarHr{THbIx B6JIH
n"IaBMa oAHopoAHa, cralllaoHapHa r'r $ynxqr,rs pacrpeAerrenr4fl ecrt, -F!(o). B usorponHofi uasue r-4e
Her BBrAeJreHHbrx Harrpauennft, $yuxqr'rx Fo saaucur roJIbKo or a6conrornofi eeau.rragbl cKopocrr{rlacTrtl{ t4 He 3aBl.jot 'tc oT HanpaBilelj,:/rSt CKOpOCTI{.

I\'Ianoe orKJroHeHI4e or paBHoBec'oro cocro.flHrzs [pr4BoArrrr K r{3MeHenr,rro $yuxquu pacnpeAeJreHr{fl
Ha BeJ'II{trI'IHy 6 f " 

(t, v, t)' flpu 3ToM TaKx<e Moryr Bo3Hr{Karb oreKTp[qecxoe dE r{ MarHr4THoe dB nons.

wo: Io (u*!w
ma \ c,

p(r,t): 
Tu. / ,-O,v,t)dv, i(r,r) : 

Tr" l't,(r,v,r)dv.
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IzIs ypanueuras B.racosa (1.270), B KoropoM AJrfl ycKopeHl,Ifl I,ICrIoJIbsoBaHa $oprnry.na (1 '274), noJlyqlll\l

s r[uefi Hov npu6;Iux<euzu

.o!" = o.dv,

ByAell cqrrrarb) r{ro Bo3MyrqeH[e npeAcTaBJrrrer us ce6n MoHoxpoMau4a{ecKyto BoJrHy 14 BCe xapaKTe-

pr.r3yroqlre ero Berr{qr.rHbr 3aBr,rc.flr or KoopAr.rHar 14 BpeMeHI4 no 3aKoHy 
"ik'r-iutt.l4s 

ypanneuun (1.276)

rro Jr yr{r,r M Bo3 Myu{eHI4e Syn xqu n p aclpeAeJleH I4 rI

(u, tu, ,) *t;[v x dB (k,.,)f ) *

+." W.h(,r*11,,,0rt) (t.276)

(1.27s)

5fr(k,u,v) - -
ieo (1.277)

mo(a - k.t)

Benu.ruHa Bo3Myrrl,eHr,ra $yuxquu pac[peAeJreuuz 5f o cyulecrBeuuo 3aBI,ICIIT or cKopocreft 'racruq u
o6p aqaerca n 6ecxoHe.ruocrb rIpIzI BbItIoJrHeH IrI{ ycJIoBpIs

r.,, : k'v. ( 1.278)

Hacruqnr, yAoBJrerBopsrculue ycJroBr.rs (1.278), HasbrBalorcrl peso?t0,tl,cltblJvt'u, B orlrtrvl,Ie o'r ocraJlbublx
r{acrr{rl, Koropbre Ha3blBarorcs Hepfio\ardcltblJvtu,l npoJlelnHbl.tv'tu (unu adua6aqn-Ll7eacuJvt1.L) , BsI4eneH-

HocTb pe3oHaHCHbIx llacTl,rq CBg3aHa c TeM, rrTo co CropoHbl BoJIHT,I Ha Hrrx 4eficrnyer fiocToflHHoe

[oJIe.

Paccuorpuu BoJrHy, pacfipocrpaH.aroqyrocfl c Sasonoft cKopocrblo wfk sgons ocu OX. B czcre-

Me KoopAHHar, ABurax)uleftcg nrrrecre c noruoft, noJItI nocrorll{Hbl I{ He saBllcrl' o'l' BpeMeHr{. floe:'rlvy
Ha iracruqy, ,q,Br.rrarou{yrcca B Ty x(e cTopoHy, qTo I{ BoJIHa I{ I,IMeIOqyrc CKOpoCTb, CoBfia/qarcx{yrc

c $asoeoft cKopocrbro BoJrHbr, 4eftcreyror nocroflHHble uotr. flo4 4eftcrnuev srux noleft [porlcxo-

Alrr peryJlflpHoe r{3MeHeur,re cKopocrr{ qacrr{rlblll cB.fi3aHHoe c grllM cIrJIbHoe Bo3MyIIIeHI4e Qynxqr'rr
pacnpeAeneHraa. flpa groM fiocroflHHbre norx 4eficrByror He roJIbKo IIa re rracrrrl{bl, Koropble ABL{ra-

ruTCg CTpOTO B HanpaBJleHI4t4 pacnpocTpaHeHl,Ifl BoJIHbI, Ho I'I Ha rIaCTI,IqbI, KOTOpbIe ABI4TaIOTCfl IIOA

yrnoN4 K ee BoJrnoBouy $poury. !,na peaouaHcHoro esaravro4eftcrBlils Hyx(Ho, vto6sr npoeKllufl cKopo-

crr4 ABLr)KeHr{fl yacu{rlbr Ha HarrpaBJrenr,re pacnpocrpaHeHl{s BoJIHoBoro Qponra coB[aAana c Qasonofi
cKopoct'brc. EcrectseuHo, rrro paccMo:rpeHl,Ie pe3oHaHcHbrx qacrI4I-I, Bo3Mox(Ho roJIbKo o xrne::u'recxofi

MoAeJIII [Ia3l\,IbI.
Mex<4y oneKTpr{qecKr,rM lr MarHr,rrHbrM floJrflMr{ B BonHe I{Meerc.s caasr (clr. fiepBoe ypaBHeHI,Ie B

$oplrylax (1.1)), Koropas B cryqae BoJIHbI I,IMeer BI{A

floe::ovry BxoAfiulafi B Bbrpax(eur{e AJrfl Bo3MyuIeHIi.s $yuxquu pacnpeAeJleHrrfl BeJIIrqvHa Bblpax(aercff

TOJTbKO r{epe3 Hanpflx(eHHocTb 3IeKTpuqecKoro IIoJITI

(1.280)

naKrHoM BilAe

6Et+] t" " 6Bli: 6En+*,", [k x 6E]loi

: 6Er, + ! lnn(v . dE) - dE, (r . v)l

: ! St ,ri * |ii (a - (k. .r))l 6Ej : aiiSEi.u'
Ecau n BoJIHe orcyrcrByer MarHlarnoe none (npogoJlbuaa aonxa), To a4i: fiii.

IzlcnolssonaB TaKoe coorHorrreHrre, 3aflr{rrreM Bo3Myrr{eHr.re $yuxqrara pacflpeAeJretrs B 6onee xort-

59:9.1kxdEl.

ieo "^ 0F"
;;G-k-")atiooi 

^

6ir(k,,) : 
T ". f 

,rdf.(k,r,.,,v) d,v: -+* I *r!*ot16o1ff

6f o: ( 1.281 )

Boeuyrqenuro $ynxqrar.r pacflpe.q,eJreHrrfl coorBercrByer Bo3MyrrleHr,re IrJrorHocrr{ roxa. trIs $oprr.ry.nsI
(1.275) roJryrrr{i\l
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B cooreercrnrun c o6tquM onpeAeJreuueru (1.29) AJrfl Teusopa gJreKrponpoBo,qHocrr,r or.croAa [oryqaeM

fa"nee, TpaAI'IulloHHbIM nyreM, Llc[oJrb3oBas $opuyny (1.30), norryqrr\4 re.x3op Ar4oreKTpr.rqecxofi nlro-
Hr,ruae14ocl.u

( 1.284)

BsIpax<eHze gnz €ai(k,r,r) :arucur or BIzAa $yuxqrau pacnpeAeJreHrr.fl rracrrrrr B HeBo3\4yrrIeHHoM
oocro'IHI4'I fL. g tlacrHocrl4,4.nl "xo"no4Hol7t" [.nasvbl cKopool,rr Boex qacrl,Iq B gcrroBr{gN4 cocro;lllr4
paBHbr Hynro a

F"(u) : nod (v) , (1.285)

rAe na-KoHIIeHrpaIII{fl tracrl'Iq copra a. Jlerxo y6e4utsca, vro $yHxrlux (1.285) yAoBnerBoprer or{e-
BI{AHOMY YCJIOBI4IO

oii(k,u): - T * I a";!l **,j*

ei1(k,u) = ;ti *+# I 0",,#(r,, * J?-)

I

J 
dv"F"(u) = ro.

B Qopuy"rre (1.284) npoBeAeM cHaqaJra u,TerpupoBaHrre no t{acrrM, a 3areM
(1.285). B pesynrrare uorytrr4M

e;i(k,u): dri *D# | a"r;1,1ffj;,

( 1.283)

( 1.286)

noACTaBLTM Bbrpax(eHue

(r.28e)

(1 2e0)

(1.2e1)

(1.287)

Ilo'nyveunrrfi pesy"urrar coBraraer c $opvry.noft (1.157). Taxuu o6paeou, r,r3 Kr4Heruqecxofi ruo4e.ru r
npe.Ae.ne "xo.[o4Ho[" [na3Mbl c,rleAylor] pe3ynbrarbr, [oJryrleHHbre panee.

Pacclrorpur't Sopvyay (r.284) ArIs crryrraff rasorponuoft rrJra;r\,rbr, KorAa BCe HarrpaBJreHr4.f, B [po-
crpaHCTBe 3KBHBaJIeHTuu u $ynxqus paclpeAeJleHl,It Ii sanracur Jrr,rrub or a6conrornoft BeJrr{rr}rHBr
cKopocrr,r aracrlrqbr. B srou cJryqae

0F"(u) : ?'Lt'l' (1.288)

IzIs $oprr.ryarr (1.284) uafi4eu

out

r{ Br,IqrrcJIr{B cJreA TeH3Opa

rp F[(u) :0Fol0a.
CoraaGro o6u1eft @oprr'ryae (1.41) a uaorpouuofi cpeAe reH3op AraorrexTpra.recxofi [pogr{rlaeMocrrr

eii(k,a) Bbrpa,Kaercr qepe3 ABe cKarrspHrre Syuxquu e1(k,w) u ey(k,r;. E"r, r43BecreH reHsop
eii(k,w), To grrr Synxqnu nerxo naftu{) r.rcrrorrb3oBaB cBeprKy

e1(k,u) : ffroi(k,r)

T! [e1y(k, a.,)] : eai(k, w) : 2et (k,w) * e{k,w).

C norraonllxl [oJlyr{eHuoro BblpaxeHua €ii(k,c.,,) Hafi4erra npoAoJrbnyro Au3reKTpuqecKyro fipoHr{qae-
MOCTb

e1(k,w): 1* , n""'io 
I auFL@) k 9'umaukz J u r.,,-k.v (1.2e2)

fltt e1(k,ar) vacro rcnoJrb3yercs Apyra-fi Soplra 3arucr4. yro6rr ee noryrrtlTb r,rcfloJrb3ye\,r rox(AecrBo

k'v u
ar - k.v cu - k.v
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flo4cranur,r ero n $opr,ayry (1.292). Or

xoroprrft paBeH Hynro KaK r.rnTerparr
pe3ynbrare lrafi4eu

eAr{Hrar.\br Bo3HrrKaeT IIHTeTpaJI

I ou,* ,',4(') .

J'U (1.2e4)

( 1 .2e5)

!,"rra nonepevnoft 4rEerexrpuvecxoft [poHlrqaeMocrr{ c noMorr{bro [pr,rBeAeHHbrx Bbrrue cooruoruenzfi
noJIyqaeM

eltc,ut):, * ? # I o,LP*#,

e1,(le,w): i ro[eni(k, u)] - e1(k,r)] :, * 
T # I *#H

F* (,) :,, (#h)* "*, ( ffi : 
ed#E;"", (-#r)

r+(o:dW[*#

or aHTucrrMverpr.rvnoft $yuxquu B cr4Mr\4erpnatHbrx npeAenax. B

(1.2e7)

(1.300)

(1.2e6)

Taxzlr o6pasolt, npl{ Krzuerl{qecKol\{ paccMorpeHl,Iu reH3op Ar{oJreKTpr{r{ecxoft uponuqaeMocrra 3a-
BI4cI4T o'r $vHxqrr pacnpeAeneHufl rIacrHII. tr4ccnegonarb Bo3Moxr{bre .rur[br BoJrn B [Jra3\4e MO)Kr{o
ToJrEKo B ToM cryrrae, KorAa ara4 Synxqrzu pacnpeAerretvrfr Fi usaecreu.

1,.23 JfeururopoBcKrre BoJrHbr n MaxcneJrJroBcKofi n.rrasrvre

.II,"nl roro, qro6sr BocnoJ'Ib3oBarsca $opuyJraMrir Kr{Herra.recxofi Teop[r{, Hyx(Ho 3aAarb SyHxqraro pac-
[peAeJIeHI{s qacrull B ocHoBHoM coro.aHr{rr. Bra4 etofi QyHxqrara 3aBrrcr{T or cuoco6a co3AaHr4fl [JraBN4br.

O6srlno rIpHHrITo ctlrrrarr,) .lto Synxqrrrr pacrrpeAeJretzsr itBrrflercs N4axcs€jrlos(:Kofi r4 [rr\ree.r. Rrrll:

fl"rasuy, $yuxqxa paclpeAeJreH[, qacrr,rq r xoropoft r{\teer aug (t.297), fipr.rHrro Ha3brBarb ]4aKC-

ae,raoncxofi. B erou cryqae [poI{3BoAHaa ot SyHxqr{u paclpeAeJreHrr.a FL(o) Br,rpa)Kaerc, cHoBa r]epes

F.(u). fl,eficrnure"ubHo, Lr3 (1.2g7) rorryyr.rM rL@): - (rlr?n,,) A {r). Izlcnorusyera oro coornorrre-
Hue 14 3aflrt:ore\,t Bllpax<euze (1.295) AJIa npoAoJrsnoil 4zs,rexrpuvecxoft rporlrrl(aeMocl'r4 nJra3ML,r

e1(k,u):,*T e@FWf d,"-"r'"*"(, ,+-') , (1.2e8)

r4e )po : u15,af upa: (Tof Atrno"?o)t/2-l"6uencxzfi paAr{yc qacrr,rq copra a. ilepennrueu BbrpaxeHr4e

Ailfl. €t (,k,u,,) n nr,r4e:

e1(k,u): 1r 
4"8;[1 - J+ ((")], (1.2ee)

rAe (o : w f ku6,o-orHoIIIeHI,Ie Sasosofi cKopocrlr BoJIHII x reunonoft cKopocrr.r tracrr,rq rrrasMbr copra
a, J* (C) : 7 - W ((), W (()-aucnepcl{oHHa.n $yuxqua rrla3Mbr,

/+(0:dFulr"*
w K: kf k-e4uruutuuft rexrop n4onr k.

BseAerr,t AeKaproBy clicreMy KoopArrHar c ocbro OZ r-p.on:o BeKTopa k. Bocno.rrr3oBaBrrracr, Br,rpa)Ke-
HI{e\4 An-s rrHTerpana Iyaccoua, [poBeAeM r{HTerpupoBaurre uo ur vt lta. B pesy.rrsrare nonyiruM
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Puc' 1'16: !,ucuepcuouuue $ynxqru rrlasMbr J+ (() (cnroruHaa nuruuz) ilW (0 (nynxrupua t ,uuux).

(Dopuyla (1.301) 6st.na uo"rtyvena BraconbrM r.r nepBoHaqaJrbHo oco6eHnocrb LL: ( nxo4arqero B Hee
Heco6crseHnoro I{HTerpaJIa [OHrrMaJracb B cMbIcJIe rJrlaBHoro 3l{aareHr{.fl

, l:!-e-u'/z: J,13 {l:_' 
!-e-u,/z * lri,9-"-",n} (1.302)

B erou cJlyqae Mox(Ho rlocrpol{rb rpaoux $yHxqull (1.301) B 3aBrzcr{Moclrrr or napaMerpa ( (pzc. 1. I 6).
3saHlre acI4MrITorI4K $ynxqurz J+ (() no3BoJl.fler noryru{Tb rrpocrbre 3aKoHbr Ar{cnepc,,,, AJr, [poAoJrb-
HbIx BoJTIH B KrlHerl{tlecxorr,t npu6"uIr)KeHIIrI. Tax, us Sopuy.rrr (1.301) MoxHo rroJryar}rrb acrlMl]Tort4-
r{ecKI'Ie pa3Jlox<eHlrt <fyHxquu J+ (C) rpl{ MaJIbIx (( < 1) u 6olrurux (( > 1) 3rar{eHhrrx apryMer{Ta
COOTBETCTBCHHO:

J-(e)=e2, J-G)=r*|*fr. (1.303)

Paccnrorpalr cHaYaJIa 6rtcrpue [poAoJlbHbre BoJrHbr, $asoaaa cKopoc.;; Kol.opbrx rrpeBr,rmaer re[-
noBbre cKopocrlr t{acrr.rq r,rasMhr (rlk > uth,e) u16,a). TorAa et> e" } 1u comacro (r.2gg) u (1.303)
HI\recM H3 ycnoljHr{ €l : 0:

,':4.(r.n#).* (1.304)

9ro eqe He ecrb peluerrl4e Al{c[epcrroHHoro ypaBHeuraa. Ho, uocKoJrbKy BTopoe cJrarae\{oe n xpyuoft
cxo6xe MaJIo, To B HeM MoxHo floJrox?ITb u - o)pe 14 3arulcarb

u2 : u3. (t + Bk2 )2o") + ,30. (i.305)

Ilolyvennaa B rI'IApoAI'IHaMrriIecKo\{ npu6rnreuur Qoprnryna (1.237) orJrr{r{aercfl or Soprray,rsr (1.305)
B AByx orHollreHl{sx-s Heft He yrllzrblBaercfl ABIrx(eHIae lzoHoB r{ BMecro ql{cna 3 crorar trr{cJro 1. V.rer
ABa)KeI{E'{ I'IoHoB B rI'IApoArrHaMIrKe (crr'r. $1.19) [ppIBeJI TaK>I(e K [orBJreHr,rro uouuoli lenruropoecxoftr{acrorbl' 9lo >xe Kacaerct trI4cJIa 3, ro ero [o.aBJreHI{e [oKa3brBaer HeAocra:foK r]rApoAr{Ha\4r{r{e-
cxoft trroAeau' fiefi.crzureJlbno, B rIr,4poAt4Halru'recxofi MoAenr{ lrcnoJrb3oBaJrocb ypaBgeHr4e cocro.a}rr{,
(crtr' $1 18) Pe: TteTe I{ cyt4TaJlocb, r{To raKoe ypaBHeHr{e cocroeHu.a coxpaH fl.erc, ,4.ua nosrnryuleHzff,
Koropble IrpoucxoAsr rrpr{ nocrorHnot reuneparype 6p" : T"dn". Zs lparHeHur flyaccoHa Mo)r(Ho
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BErpa3LIrb dn" vepes BosN,{yur,eHllfl rroreHqlaana 69 u 3a[I{carr,

( 1 .306)

B AeftcrnrateJlbHocrl4 )Ke reuJroBoe ABI,Ix(eHile qacrlrq nplllBoArrr K ToMy, qro oHH, nePexoAJ{ ,I3

c-r4uoft ,ro(rKl4 flpocrpaHcTua B Apyryrc, fiepeHoclr'r ,rMny.Ilbc. B pesy-ns'ra,l'e I'IMIIy.,]b(: rli),(jl'tlll Ir /r\irIJIl()N4

gJreMeHTe o6reua \4o)Ker lr3MeHr{Tbct. CsgeaHuoe c STI{M I,I3MeHeHLIe nJlorHocru I,IMlynbca qacrvq

B oJreMeHre o6r,eua B eAr,rrraqy BpeMeHu r,r onpeAeJlfler [Jloruocrb cI{JIbI, geficrnyrcqylo Ha sJIe\{eHT

o6reua r43-3a rerlJloBoro .qBI{x(eHIuI.g

" ^ k25p
OPe: -Je--i-

+7f e

,,:*+lmovfodv:-T l*,,(" *) *
af"1 ,'-10V.du)

Bropoe crarae\{oe n $opuy.ne (1.307) Mo)KHo npeo6pasurb K BI,IAy:

-+"'/" [('+ 
1r',. 

"])

4". I t"*(', * uu"!"n,,a,) d'v:E)n,",- : [" ' T"" | 't,0,),

| "r,(u)dv 
: 0

( 1 .307)

(1 312)

l:4e na: ! fodr-nnorHocrb tracrull copra
6f o, no : TLoa + |no. V'rfirrrsas ycJIoBIrg

COCTOffHI4!I,

( 1.308)

a. .[,anee, paccMol]pl4M MaJIbIe Bo3MyrI{eHI{s fo : Fo *
Hefirpa,lruocrrr fIJIaBMbI I{ orcyrcrBl{t roKa B ocHoBHoM

ie6f.:
rn (a., - k.v) (1.311)

I4cuo.rrraya sro Bblpax(elue Lt yqLITbIBas, .rro d/" (r, v, t) : 5f.(k,u,v) sik'r-'i'tt, [oJtyvltv Anfl culrbr
F" B pffiyflbTaTe I,IHTerpupoBaHII.fl IIO qacTfiM

- ie6e$,d I dvF"(u) [t<(t v)+ 'b2v] 
(ru - k'v) + k2v(k'v).

' J (w -k'v)2 i

!,rx upo4oJrbHbrx BoJrH r,IMeercfl eAr,rHCTBeHHoe BbrAeJreHHoe Ha[paBJreHr,re-3To Ha[paBJIeHIae BeKl'opa

k. Ilosrorvry cI,IJIa Mox(eT 6urr xanpaBJleHa no BeKTopy k u parna

r'" (k,rl : L# : i,ek6e$y) I dvF"(u) [u#rf - ,]

! nooeo : o'

,rT eodno-: 
lrr, T", I,uno,)

(* #)

Fr (k, w): -i,e6e$,,) lv (k.v) 9-F)r"

( i.30e)

npraxoArr\4 K BbrBorLVr qro BbrpaN(enne (1.308) flBJr.flercs KBaAparr{r{HbrM orHocI{TeJIbHo MaJrblx BeJIHTTIIIH

5fo,6no,6 r 68

(1.310)

,r, cJreAoBareJrbHo, ee Mo)KHo or[ycrr,rrb. Kpolre roro, rrprl pacnpocrpaHet:av -rienrr,,troponcxofi uo.nt-tr,t

cyqecTBeHHo ToJrbKo TelJroBoe ABr{)KeHr{e 3JreKTpoHoB I{ B CyMMe nO A CJreAyeT yAepX(LIBaTb JII{IIIb OAHO

cnaraeMoe (e"uerrponnoe). flocxo,tbKy B ocHoBHoM cocro.fiHl{Ia IIJIaBMa oAHopoAHa tt F"te 3aBI{cI,IT or
KoopAr.lHar, TO Cr,rna F? ctsrr3aHa ToJrbKo c Bo3MyrrleHr,rerr,l syuxqllz pacllpeAeJlel{Hrl. !,;ra npo4o.nurtotl

Borrrbr us (1.281) nafi4eu
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B ranrepecyrculeM Hac cryrrae JTeHrr\4ropoBCKHx BoJrH u ) k.v ,r crorrqyrc rroA [rHTerpa,JroM $yHxqlrrc
JrerKo pasJroxr4rTb B psA. B pe3yJrbraTe r,rHrerplrpoBaHr.rfl nonyqr,rM

(1.314)

Cotto<:'t'an.rlr gro Bbrpa)Kegue c Fp* -'ikdp", fioJryrrnr\4 npw a: u)pe ol'Jtlrqrae l.ra xoe<]rdlrqrr:rr.r. ll.
Anafloru.rno, rae $opr,ayr (1.296) u (1.297) MoxHo rroJryrrrrrb Bbrpax(enrre AJrr nonepevnoft 4ue;rex-

rpuvecxoit IIpoHtrrdaeMocTr4 MaKcBeJrJror]cKofi rrJra3Mbr

,
et (k,w): 1- t TLG")

d

Paccltorprzl,r fio[eperrnbre BoJrHbr, noApa3yMeBas trro oura sBJrflrorcx 6srcrprn4rl) T.e. $a:onaa cxo-
poc'rb llpeBbruraer renrroBbre cKopocrr rracrr.rq nJra3Mbr (, lk > uth,e ),u16,a). Tor71a" (i ) C" ) I y
couracHo (i.303) u (1.315) r{MeeM \tsyctoB:zn (r'1"')€b(k)a):k2:

,2 = r2o t k2 c2 . SD rr*r?n,.. (1.316)

rlocxonrxy cJraraeMoe rporoprlr{oHaJrbHoe u-2 uaro,rl" ,", Mox(Ho noJrox(r{Tb w2 = ufi* k2c2 u
3alr4caTb

Fr(k, u):-ik(-*"#*)

w2 =u2otk2c2 (,.T +#fur)

r+(e):W#l:r"##-

(r.315)

(1.317)

L.24 3aryxauue Jlangay

Kax y:xe orMeiriulocb Bbrrrre, B rrJrasMe laMeercfl oco6a.u rpyrr[a pBoHaHCHbrx qacrr,rq, cKopocrr{ Koro-
ptlx yAoBnerBop.arcT ycJIoBIaIo (1.278). fla erux qacrIaq Bo3Myu{eHr{a $ynxqur pacfipeAeneHrd, oyeHb
BeJIvIKrtti v reopust Bo3N4yuIeHHfi n rolt $oprue, Koropyrc \4Er r,rcnoJrb3oBaJrrr) He rrprroAHa.

B 1946 roay JI.[.JIaugay o6oureJl 3Ty rpyAHocrb c rroMorqbro cne4yroulefi l,ro4a$zraqfiu reopuu
Bo3MyIrIeHI{rt. Eclu [peACTaB[Tb, qro noJre BoJrHbI Bo3HI{KJIo MrHoBeHHo B HeKoropbrrt prolreHr BpeMeHI{)
cKax(eM npu f : 0, ro oxo He ycneer raK x(e MrHoBeHHo rr3MeHr{Tb Qynxqzro pacfipe/qeJrenua. lnn
w3ueHer:r.a cpynxquu pacnpeAeJreHraa norpe6yercrr HeKoropoe BpeMrr H B Teqenr{e 3Toro BpeMeHlr r{ox(Fro
I{crloJlb3oBarb reopnlo Bo3Myrrlerr4il. 3a ero BpeMfl 6y4er He roJrbKo rrpoucxoAr,rrb r{3r\{eHeHr4e $yuxqzr.r
pacnpe.qeJleHl{s, Ho u 6yger rr3MeHflTbcfl aMuJrr{TyAa BoJrHbr. Ilosrouy floJre BoJrHbr cneAyer 3air\arb B

nu4e E6eik r-i(@t+iut'|)t . MuoNcllre.rrr e'"t yyr4TbrBaer 3aryxaH ue (w" < 0) uru HapacraHr{e aMlJrr{TyAbr
BoJIHrI. B re.reuue KaKoro BpeMeHI{ Mo)KHo cqurarb Bo3Mylr{eHr{e $ynrqur,r pac[peAenenu.s uaasrrr.r?
Ha erot Bofipoc reopl{ll "Ilau4ay orBera He Aaer, Ho 3aBeAoMo r,rMeercr BpeMs, B Teyenr,re Koroporo g1'o

TAK I4 CCTb.

flo-cyulecrny, JIaH4ay [peAJrox(r4Jr cr{r,rrarb r{acrory BoJrHbr KoMrrJreKCHofi. Tor4a nce nrrno4u Bla-
coBa ocralorcfl crpaBeAJrr{BbrMr4 ) no n $oprraynax (1.299) u (1.301) AJrfl MaKcBerroscKofi rJrasMbr cJre-

Ayer 3aMeHurs (o na (i + i,(lj, rse CL: ,' lkurn,o, ell: u" /leuth,o,

(1 318)

Ec.;tr.r avn.lrrzryAa BoJIHbr B MoMer{T BKrIor{eHHfl or{eHb MaJra) To Bperu:r wc:xax<elvtfi $yuxqrzH pac-
npeAeneHrr-a BecbMa BeJII{Ko) a, CJreAoBare,rrbHo, BeJrr{Ko !I BpeM, r{3MeHeHl'lfi aM[JIIATyArT, T.e. u)" --- 0.
Crporo roBops. Boflpoc o [peAeJrbHoN{ rrepexoAe u)" -.0 csssan c rpeAenbrbrM nepexoAo\a Eg --+ [.
Ho uo>xno BCe x(e [oJrox(I{Tb) .rro ur" --+ 0 u nafirra gry BeJrrryr{Hy, raMefl B Br4Ay neo6xo4ralrocrr
[peAnono)KeHrrg MaJrocua E6.
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3anuruev crorrqyrc B sHaMeHarene Sopr'ayrbl AJITI J+ ((") BerI{tIHHy B BLIAe

1

eL+i,U-u ((L-d2 +C,Jz

Ecxu (tf rr,ra.no (4na orpeAerreHHocru 6ygevr ct{I{rarb, vro (( -- +0)), ro npr eL - " f 0 erofr
eeau.{rlHorl Mo)KHo npene6pevr r4 Mbr rroJryrraeu craprtft pe3yJrbrar Bracona. Ecru x<e eL- ":0, To

Bbrpa)r(eHue paBrro -i le': 14 [pr.r MaJroM ( crarronurbc.fl BecbMa 6orsurun. @oprr,ra-rrsHo g:no yrrl,ITblBaercr{

c fioMoulbro r.u. $oprraynsl Coxoqxoro-fltevelx (e --+ *0)

-+ 
. : p-l - ri6 (r- ro).I-ro+t€ r-fr\

tr4cnomeyerra @opuyly (1.320) I{ saIII4IIreM Bblpax(eHl{e (1.318) B BLIAe ((" : (l)

r+ ((.) :3u*, l**#- ol[e,"-rzp (r.32r)

Taxul.r o6pasou, [poAonbnarr Al4oreKTprrqecKarr [poHI{I{aeMocrE, noMlIMo 4eftcrnwle;lbllofi ,Iac'I'LI , Ko-

ropyrc uoJryyu,Ir u rrccJreAoBar B.nacoa, coAepx(I4T MHI{Myro qacrb

(1.31e)

(1.320)

(1.325)

(1.326)

(1.322)

rAe (a : eL : w' f ku6,o. Ecan paccl'lorperb JreHrMropoBcKl{e BoJIHrI I{ cql{Tarb 3aryxaHl{e MaJIIIM, To

Mo>KHo IroJro)KI{Tb upz6nr,rx<eu:ao rr' = a*. Torga

e'r'(le ,a7 : ( 1.323)

Orooga c noMorrlbro Qopr,,rylrr (1.55) lerro nafiru AeKpeMeHT 3aryxaHl{fl JleHrMlopoBcxux noln (sa-

TyxaHr.re ,Ilau4ay)

(1.324)

Sror p*ylrrar, rroJryqennufi Jlan4ay, olpeAeJrser 3aryxanrre JIeHTMIopoBCKI{x aorur. Ha Pzc. 1.17 no-
xasan rpa$rax $yxxqrau (132\ B 3aBrzcr{Mocrr{ or rapaMerpa k)p". flpu k),p" - 1 uoly.{uM ^l N upe

Ia raKr4e BoJrHbr B [Jra3Me pacnpocrpaHflTbc.fl He Moryr. 3to ogru I{3 Bax(HbIx BbIBoAoB Kl{Heruqe-

cxofi reopuu r4 cBfl3aH oH c reM, irro Ars raKux BoJrH [paKTIrr{ecKI,I Bce qacrI,II{bI IrJIa3\,IbI .flBJlflIorcs

pesoHaHcHbrl,r.u (wp. - kuth,").
Ec-ulr He crrr,rrarb paclpeAeJlegue qacrr.rq MaKCBeJIJIoBCKHM) To

e',' (k, u) :,1 ;+ 7$re,"-rz,',

e!'(h,w):-T# la't(,-k ",(u *) ,

e,1@,w):r*T#, I*(- *,)
Ucno.rssosaB cHoBa Sopuyny (1.55), orcroAa rerro nafiru AeKpeMeHr 3aryxaHrrfl) xoropuli Halr 6yger
Hyx(eH n 4a,rruefturela

(1.327)

O6cy4rtlr rerrepb Susuvecryro nplrquHy 3aryxanl4fl Jlaugay. Kor4a BKJrroqaerc.fl [o,IIe BoJIHbI, Ko-

Topyrc r,,ru 6y4err,r cr{uTaTb npo4orrnoft, To B uoae sroft BoJrHbr r{MeroTc.a pe3oHaHcHbre yacTHrlbr, a
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Puc. 1..17:3asucrN(ocrB AeKpeMeHTa saryxaHuz llawpiay or k),p".

TaKx(e I{Melorc'fl 6oaee uegleHlrhle u 6olee 6rrcrprre qacrl{qbl. PesoHancnue qacrllrlbr ABurarorcrr Bce
BpeMg B IIocTogHHoM [oJIe I'I, KoHeqHo, IIx 3Heprllfl I{3MeH.geTc-fl, xoT, B JIIIHefiHoM upu6.uurreuul{ 3T6T
s$$exr He yql4TblBaercx. Bonee MeAJIeHHbIe Lracrr4r{bl crpeMtrcrr orcrarb o.r B6.IIHbI, Ho [oJIe Bo.)]HbI
IIoAroH'er ]Ix t4 rlpu SroM coBepuaer pa6ory Bolee 6rtcrpue tracrurlbr o6roHrrror BoJrHy 14 noJre BoJr-
HbI I{x ropMo3lar. B pmynrrare, IIoJIHoe pI3MeHeHI,Ie gneprr{I{ BoJIHrI ofipeAeJrserc-g reM, KaKr4x qacrl{rl
6o,rrrue-ue4JreHHbrx z.nrz 6rrcrplrx. flnx MaKCBeJrJroBCKoro paclpeAeJreHr{fl

0.2

0.0

(1.328)

tt 6oarure 3Heprrlrr repflerc.a, iIeM [oryqaerca. B pe3yJrbrare r.rMeercfl 3aryxaHr.re. Erqe pas [oAqepK-
HcM) r{To s JtI'IHeIluor'{ npu6lux<eHl{ll YIacJIo MeAJIeHHbrx u 6rrcrpsrx yacrrrr{ crlr4Taercrr Herz3MeHHbrM r,r
ollpeAenflerct HaqaJrbHbII\4 paCnpeAeJIeHIAeM [O CKOpOCTfl M.

B xouqe 3Tol'o pa3AeJIa ocraHoBl4\{cfl KoporKo Ha 4pyrofi $opve 3arurcr{ Ar{cnepcaor{Hoft SyHx4rznrrlasMbl W G) :7- J+ ((), 
"a" 

J+ (() c yr{eroM 3aryxaHl,ra JIaH4ay oilpeAerrserca Sopyyaofi (1.321).
Mo>ruo uoKasarb, vro 4eftcrar{TeJlbHafl vr MtvrMafl. qacrr{ Ar.rcfiepcr{oHuofi $yuxqrz" W @: g (4-) +
i f GD onpeAeJrsrorcn Bbrpa)Ke HWflMW

F* - Ft AFI, \uAu 0u lu:./x

r=
/ (0 : ,f iru-*,',

e-u'12dug(o: t+ fir l* u-( dte-t' ,i" (et'/i)

(1.32e)

(1.330)-'-ert1,
:1_ Ct/iD'(#) ,

r;ie Di(()-$yr{Krlr{.rr floycona

Di(o : e-e' 
lo< 

et'dt. (1.331)

1.25 CxuH-s$$exr
S"tex:rpolralHlrrHble BoJIHbI AocraroqHo nrasxofi qacrorsr, naAar Ha nJra":My, rny6oxo B Hee He [po-
H[IKaror Ir orpa)Karorc-8 or uee. flone raKr,Ix BoJIH uMeerc.fl ToJrbKo s6ilwsu rpaHrrr{rl nllasMbr B y3Kor\,f
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cKtrH-cJroe. Taxoltr sS$exr He[poHr4KHoBeHr{rr BoJrH cBtI3aH c ABI'I)KeHI'IeM 3JreKTpoHoB rl Ha3i,IBaerc'l

urun-sddercmoa,t. O6H'rHo rroJre nr,ry6r [Jra3r,{bl claAaer no 3aKoHy e-*15, rAe tseJII{qI'lHa d Hasll]raercg

rry6uuoil upoHI,IKHoBeHI/t.s.

lny6r.rHa npoHI,IKHoBeHr{r 3aBI{SI,IT or !tacrorbl rra,4alou{eto Ia3nyaIeHI,Ir. Mo>xtto BrIAeJII4TI rpu o6"xa-

c.1[ qacro.r, B Ko.1.opbrx roJrrr{Er{a cKr,rH-cJros o[peAeJ]rrercfl pa3.rl[qHuvu $usu'ro(]Kl4MI4 ['roxalll4l]Mi]l\414.

Ha.rHeNd c BbrcoKrrx qacror (, > ,), KorAa AJr.fi rrorteperrHblx BoJIH clpaBe.qJII'IB 3aI(oH AHcilepc]r[
(1.165). Orner Ha Bo[poc o [poHr,rKHoBeHlrr4 noJrs Mox(Ho noJIyr{I{Tb, perue.{ AI,ICnepcIIoHHoe ypaBHeHIIe

orHocr{reJrbHo k (rpanuqHaa 3aAaqa, cr,,r. $1.6). I4s euparxeuua (1.i65) crleAyer k = t(7lc)t@ - "','v v

II, cJreAoBareJrbHo) trpkr u < urp BoJIHoBoe rrl,Icfio .flBJlflercfi trl4cro \4Hr{MbIIu. Bu6upaa 3HaI( TaI(IutM

o6pasor,r, .ITo6rr [oJIe BoJIHL'I 3aryxaJro nr-ny6t nJIaSMbr, nonyql4M npil @ < ap

d(o) :-+
l'B-"

(r.332)

(1.333)

(popuyla (1.332) oilpeAeJrfler r"rry6uny [poHLrKHoBeHrIs roJIfi. @usuxa crcru-e$Sexra cBfl3aHa c relvl)

rr1.o IIoJrHoe [oJIe B [JIa3Me frBlrflercfl cylrtr,roft nonll [aAaloqeto x3rYrreHVSl 14 IIoJlfl) I{3JIyrlt]el\4olo'ocI(I4JI-

Jrr{pyrcqr.{Mr,r 3JreKTpoHaMu. SlerrpoHbl fiMercr co6crneunyrc pe3oHaHcHylo qacrorY up" = ar.. Ecnu

u) ) ap, To rrore na4aroulefi BoJrHbr r,r noJre, r,r3Jryr{aeMoe sJIeKTpOHaMIt, He fac-flT Apyr Apyra B uJIa3Me.

Ecln >xe a I apt To noJI, BHyrpu [Jra3Mbr B3ar{MHo racsrcr. BHe ulasvut I,I3nyqaeN4oc 3JIeKTpoHaMI{

none o6pasyer orpaxeuHylo BoJIHy.

Mu upeue6pepylrl TerrJIoBbrM ABI,I>KeHrreM 3JreKTpoHoB I{ ctwtraJrtri tITo ocql,uull,lpyrcT BCe SJIeKTpoIrbI

Ha roJrrrlrrge d. Ec.rrpr uth,la ) d, ro rracrb oJIeKTpoHoB sa rrepl{oA I,I3MeHeHIIfl uona nrrfiger I{3 cKI{H-

clofi r He cMo)Ker [onHor{eHHo ocqr{JrJrr{poBarb B uoJle BoJIHsI. flpu a; < 0]:r gro HepaBeHCTBo o3Haqaer

wr(ug,,"f c) ) o. 9ro6sr o[peAeJrr.rTb) KaK I{3MeHI{Tc.fl 3aKoH IIpoHrIKHots(:;rrr4flI7oJIfl B IIJIa3My npI'I TaKI4x

6oree Husxlax r{acrorax, Hyx(Ho or6pocurr re 3JreKTpoHbI, Koropble 3a rIepI{oA rroJlfl ycneBaror nofiru

B cxuH-croft ra aBrftru r.r3 Heto. Eclu elexrpoH ABrr)KerCs IIoA yrnoM o no orllolxeHl{Io K HopMaJIu

K [OBepxHOCT]r co cKOpOCTbIO ?rth,e, To on npr{6nn>xaeTcfi K noBepxHocrl{ Co cKopOCTbIo Uth,eCOSA. 3a

nepr{oA ou upofi4er paccroflHlre (uru,"lr) cos o. Ec.nu 3ror rlyrb 6olture, ueu 2d, To 3JIeKTpoH He ycneer

npoocqnJgrr4poBarb Ir fipr{Hrrrb yr{acrlle B r43ryr{eHun. Taxolty ycJIoBI,Irc yAoBJlerBoprlur 3JIeKTpoHbIl

AJrs KOTOpbIX
2ud

cosa ) 
-uth,e

llpu ru < ap cotilacHo (1.332)

(1.334)

Vuenrrulrl,t qucro ns s u1b,sf wd paa. Bsauuo4eficreonarb c BoJIHofi 6y4er fr|: TL"(w5 lug-',") 3JIeKTpo-

nor. flosrouy

d (ar) : (1.335)

u uy6uua cKr{H-cJro.fl rrplrr oroM paBlra

d(au)- !(Y'hlgs\'/'.
'- ur\ c u)

B srov cryqae trpr.Iusro roBopLITb o6 anoualr,tnou crcun-s$$ercme.

Pagcuorpunr erqe 6oree HI{3KI,Ie qacrorbl, KorAa u < u. Cor.nacno Qopnryle (1.163)

(1.336)

6@)=!-:
@,p

c

*p

.2 ..2
e(r,'):I- ,-P,.-l+i2u lu I zu) (ru

. ,a6 (u)
41fTLs€" 

-
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- (r'n- ,')'

aU
P

Puc. 1.18: l,ry6r'nra [poHI'IKHoBettux 5(w) B urla3My oJreKTpoMaururnoft BoJrHbr xax $ynxqufl qacrorEr.
Ioxasaull rpl4 pasJll{ynrre o6"rractl4 coorBercrByroque rpeM pasJrr{vuslru Su:urrecK\r14 \,rexaHpr3Man{
Bo3Hr{KHoBeHur cxuu-s$Sexra.

lLcno tlsy n,qrrrc[epcuoHHoe ypaBHeHr{e AJrfi
u2olu

Orcro4a 4ax uy6uubr cKr.rH-cJro.fl [oJrytlaeM

r,ofiu k2c2 : w2e(u), naft4err,r rrplr e < y <

(1 338)

(1.33e)

IIoflepeqHbrx

k' - i"o:
vc'

cd(o):-
(rp

B erou cnyqae roBop-sr o HopMaJlbHot'r cxllu-eS@exre. 3alrerru, vro uy6rna [poHraKHoBeHr{, rroJl.fl
rel't 6o.nsule, vev 6olrute t{acrora croJIKnoBeHufi u.3ro cBrI3aHo c reM, yro r,r3-3a croJrKr{oBeHvft cpasa
ocqun,tarlnIZ 3JIeKTpoHoB He coBua,qaet c $asoft uaAaroulefi BoJrHbr. CooreercrreHHo c pocroM yacrorbr
croJIKHoBeHuft pacrer pa3Hocrb $as uex<4y [oJIe^{ r,r3JryireHr{fi rr rroJreM ua,4aroqefi BoJ]Hbr. Ha pprc. 1.1g
[pe-ACTaBJIeHa ,IToloBat AlratpaMMa, rroKa;brBaroular r43MeHeH[e Qtyuxqr,rn d (a,l) n 3aB]rcr{Mocr4 o.r,
I{ACTOTbI.

L.26 fforre ABr,r)Kyu{eiltcs qacrvrlbr B cpeAe

Paccltatprar:a, Kl4tnerlatrecKylo MoAeJIb rrJ'rasMbr, Mbr cronKHynrzcr c oco6ofl rpynnor T.H. pe3oHaHcgL,rx
qacrvll' Srrz vacrzqbl colpoBo)KAaror BoJIHy r4 Ha :aprx 4eftcrnyer ilocrorruHoe uo"rre. B pe3yrlTare
TaKI{e qacrul{bl nara6o.rree e$$extraeno B3al4MoAeficrnyrcr c BoJrHaMu r{ rrpr{BoAlrr K T.H. 3aryxaHr{ro
.IIaH4ay. B npoqecce 3Toro 3aryxaHllrl yMeHbrlraercfl aMnJ,rrzryAa BoJrHbr rr Bo3pacraer oHeprr,rr{ qacrr,rq.
Ovesu4uo, qro Bo3Mox(en rz o6parHut npoqecc) KorAa yMeHbruaercr 3Hepru, qacrrrrl) Ho Bospacraer
3Heprrl-a BoJIHII. B erorr,r cJryqae roBoprr, trro rracrl4l{6r I{3ryrraror BoJrHbI.tlro6s,yr{,,e iloHtrt, xaKl{e BoJIHbL3JIyqaror rracrr{r{bl, Mbr paccMorplrrM 3a,Aaqy o [oJre, co3Aa-
BaeMor4 o.4uoft -{acrnqeft, Anzx<yil1eftc, B \4arepr{a"nurofi cpeAe. Taxyro qacrrrqy fiprzHxro Ha3brBarb
npo6Hofi, xoT5I raKoBoft npzueuureJ'IbHo K riJlasMe Mox(er 6rrrt -rrro6as qacrur{a.

flycrr' paccMarpr{BaeMa-fl qacrl4qa rrMeer 3apflA q rr Maccy M u gnu>xerc.s c [ocroruHofi cxopocrrro
v flo orHoIIreHI{rc K cpe,qe 3ra rlacrl{qa sBJrflerc.a sneurHeft r{ oHa Hecer BHerrrHrzfi sapag rr co3Aaer

2u

u
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BHCII]HI'Ifi TOK. NTOTHOCTI{ 3AP'IAA I,I TOKA ONPCAEJI'IOTC'I SOPMYIaMI,I

jo(r,r) - qvi (r-vt), Po(t,t): q5(r-vt). ( r .340)

Bneunue racroqHr{Kr{ co3Aaror oJreKTpo\,IarHI,ITHbIe IIoJIfi B cpe,qe, 4r, orllpa4a lrelvfl Koropblx \4o)KHo

rrcrroJrb3oBarr, ypaBHeHras Maxcne.n.la r: $opr,re (1.11). I4s nepsrtx Allyx ypaBtrcunfi lerro IIoJIytII4Tr)

oAHo ypaBHeHue !

rotrotp- 1d2D 
--Aroio)* Affi : -ifr, (1'34r )

tAe BeKTop r4HAyKrIHr{ D n lusefiuofi slexrpo4l{HaMllKe cB-fl3aH C BeKTopoM I{aIIpfl)KeIIHocTId 3JIeKTpl4-

qecKoro uons,'lunefiHblM MarepI,IaJIbHbIM ypaBHeHI'IeM (1.18).
r{acrrqa co3Aaer cJrox(Hoe noJre, Koropoe I43MeHgercs Bo BpeMeHI,I Iz B [pocrpal{c?Be oTItIoAL I{e

flpocrbrM o6pasou r{ yx<, KoHerrno) He flpeAcraBJrffer us ce6, [oJIe MoHoxpoMarl{qecKofi nolurr. O4Ha-

Ko, KaK Nrbr 3HaeM, nro6yro Syuxqzro KoopAr{Halr rr BpeMeHI{ a (r, t) uo>xno upeACTaBrIrr, KaK cyr'{My

frJrocKl,Ix BoJIH, T.e. paBJIoxI,ITb B IrHTerpaJI @ypse

a(r,r) : l:a, lau"our-iutu(k,r).
(t.342)

Bc.nu vu 6ylerr.r sgarb (Dypse-xorranoHeHrbr $ynxqnu a(k,c,,,), ro c roMoII{bIo rpl4BeAeHIrofi $opuy"rtu
cMox<eNI rtaft'tu carr.ly $ynrquro.

Vpanueuue 4aa (Dypre-KoMnoHeHT sneKTpoMarHI{THoro rlors fioJryrr::?TCfi r43 ypaBHeHI4s (1'341).

llcrroaszyz. pa3rloN(eHl{e (1.342) norlyr{IlrM

[k x [k x E (k,,,)]l + 5r ru,4 : -ryio (k,,.,)

Bn4no, .{To vpaBHeHr.re .u,Jrrr (Dypre-xounoHeHT rIoJIfLIBJIrIercrI He 4u$Qepenq}Ia.IIbHbIM,
I{CCKI{\4 I{ ETO \,{O)KHO PCilIIITb

[u,, 
,u, o + # (W - t,,))r,(k,,) : Mti (k,a) E1(k,d : -+io,(k,')

(1.343)

a a.nre6pa,r,l-

(1.344)

3Aecr M ;.i (k,c,.r)-uaxcnenroBcKllfi reu3op.

!,na pemeurafl ctrcreMbr ypaeneuufi (1.344) Hy)KHo cBepHyrb ee c o6parublM MaKcBeJIJIoBCKI{M TeH-

3OpOI\,1

M;l (k, w) Mri (k, w) Ei(k, r..') : E1 (k, w) : -T *nt (k, ,) ior (k, ,) (r.345)

flosrolry Ha[pfl)KeHHocrb gJleKTpr.rirecKoro rroJlg, co3AaBaeMoro 3aAaHHbIM croponHplM ToKoM jg, BbI-

paKaercs B Br{,{,e I.rHTerpa,IIa or @ypse'xoMIIoHeHT rrJlorHoclrl{ ToKa

E1(r,t) : -4ri, I:# f ou"nu,_,ut14-7 (k,r) ior(k,,). (i.346)

(1.347)

Taxulr o6pasovr, 3Har oJreKTpoMarHr{THbIe csoficrsa cpeAbl (r.e. reusop (1.344)), Mo)KHo paccqurarb

nore npo6Horo 3aprAa.

B c,tyvae 4nux<yqeftca npo6Hofi qacrr{rlBr rrJrorHocrb roKa MbI BbIIIrrcaJII,I paHbIIIe. Hafi4err,r or Hee

@ypre.xotrrnoHeHTy

io (k,,) : ffi l* or"u"-k'v)t - €#5(u.,- 
k.v).

tr4cnorrcsyerr.r gro Bbrpax<e:ayre fi noJlyqrlM Harrp.gx<erruocrb 3JleKTpr{qecKoro [oJIr, co3AaBaeMoro npoG
HbrM sap.rlAo\4

E1@,t) : -ffi I *o""ik'(r-vt) 14-r 1k, k ' '; '
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OrpaHnvunacrl paccMorpeiueu ltsorpouuofi cpeAbr, Korga reH3op eii(k,u) ofipeAeJrrercx $oprrayloit
(1.41) n

Mti(k,,1 : Sr,@,w) +p*O,q - #)(0,,-:W)
I4cno.ntsya tsblpax(eHl,L (A.+) u (A.8), aerxo y6egursca, vr:o o6parnsrfi reu:op r4Meer gr/rA

Mhl (k, "t : W #A + ;;@#Fap (t,, - W)

-dw - /-*r.,',r..
dt - Jn '\w)w1

rAe

s(r):sr(r)+ss.(a.,) -"', f*dk- | -1 1'2u2-'2 I
7t1) l,pT '- Lr,rcr-,1 

. pa -d*al

(1.348)

(1 .34e)

Izlt:norssonau sry $opvyJly, noJlyqlrM lroJre upo6uoro 3aprAa B cpeAe B BHA.I cyr\4Mrrr l{B}x {)JlorircMbrx

( 1.350)

Ileproe cJlaraeMoe olpeAeJlrer gJleKTpocrarr,rqecKyro KoM[oHeHTy no.us. Ouo orrr{r{Ho or HyJrJ{ Lr !\Jtfl
noxoxlqelic.:t lIacrrIIIbL Bropoe cJraraeMoe ofipeAeJrrer 3JreKTpoMarHr{THyro KoMnoHeHTy rroJrr, T.e. Te
SJIeKTpOMaTHI{THbre BOJrHbr, KoTopble [3Iyr]aeT 3apsA.

9acro lrnTepec npeACTaBJIrer He caMo [oJre, co3AaBaeMoe vacruqefi, a roJrbKo 3Heprrrfl I,I3ryqegr,rfl
efi n eguHurly BpeMenr,r (zurencurHocrr). 3ry gHeprurc;rerxo uaftru, ecJrr4 yr{ecl'b, r{.ro o'a tso3HnKae.r
KaK cneAcrBlre yMeHbrlreHr{g KrrHeru.recxoft gHeptl{rlt qacrr4rlbr 

i ,

d / Mu2\ dv
a\, ):MuE (1 351)

Vcxopeuue (saue4"nenue) vacrrqu cBfl3aHo c 4eftcrnzeu usryqaeMbrx efi norefi Ha Hee caMy

uff: qE(vt,t). (1.352)

floerouy I{HTeHCI{BI{ocrb I43nyrreHrza c o6parubrM sHaKoM paBHa rrorepflM oHepruu vacruqeft dWldt.
IzlcnonrsonaB Bbrpax<errue (1.350) Arfl. norfl,j Hafi4evr fiorepfi oHeprrrr4

(1.353)

dW1 . dW6
I-

dt ' d.t

34ecl \4bMcIroJIb3oBaJII{ cnoficrea crrMMerprar{ Ar{3JreKTpr{qecKrzx [porrrrqaeMocreft, cu. Bbrpaxerrr4s
(1 .42). flepnoe cJraraelloe n Soprr,ry.ne (1.353) onpeAeJrfler fiorepr{ 3Heprru Ha r43ryr{eHqe rpo.qoJ]bHbrx
BOJTH, BTOpOe.Ha r,I3ryqeHr{e no[epegHhrx BoJrH.

@oprrayly (1.353) Mo)I(Ho lrpeAcraBlrrr B ApyroM Br{Ae, ecJrr{ Bbrrrucrr.rrb rrHTerpaJrbr lro yruraM.
Torga rroJryqaeM:

(1.354)

(1.355)

cneKTpaJrbHa.a IlJrorHocrb I{HTeHcI{BHocrr{ H3JryrreHI,Is. Bu4no, qro Moryr sos6yx<4arrc.rr roJrbKo re
BOJIHbI AJITI Koropblx k > uf u, t.e. Sasonaa cKopocrb BoJrHbr AoJrx(Ha 6urr rvtengue qeM cKopocrb
ABrA)KeHlrt BHeIuHero 3aprAa.
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L.27 I4slyverule roreperlHblx BoJIH (YepenxoBcK^e us.rlyueuue)

Paccr,torpltl,t
paBHbI

pr3J'ryqeHr.re u&repeuHux sorH. CeqsaHHble c grl,Itrd I{3flyr{enl4eM [orep]'I 3I-IeprI'Iu rlacrutlbl

X

k,

Ik

,r(' ',r)2

An'I
{.
,k,

v
k

dWtr :
dt #lar.f,,,

BI{OCfl'I TC 3HAI{CHI4

)'
-A\

3I.IAMCII

( 1.356)

A]'CJIb'I BbIIOJIIICIIbI

(1.357)

KOTOpLIX

,) -
MAJIOcHosHofi BKJIaA B IrHTerpan

ycJroBlr-s

flepnoe ycJroBlae o3Haqaer 3aKoH Ar{cuepcuu uoneperrHblx BoJIH, BTopoe.ycJloBlae pe3oHaHCa rrac:rurlbl c

DTr{Mr{ BoJrHaMr,r. Ec"uu npene6pevr 4ucnepcuefr. u Cr{I,ITaTb) 9To 617 Ha 3aBI,ICI4T oT BoJTHoBoro'Iucfla k

la r.racrorbr u)Tor3$oprrlylu (1,357) [oJryr{I4M yroJl) noAKoropblM Llsryqaercn BoJIHa (0 yrol Me)K/(y

vuk) 
c

cosd: --l < t. (1.358)
u t'/ €t'

OrcroAa Br{AHo) vro neo6xo4aMbrr\,r ycnoBr.reM An.fl I{3JIyqeHIiIs BoJrH flBJrflercr rpe6oeauue, vro6lr cxo-

pocrb qacrr{rlbr u rpeBocxoAr{na $aeonyrc cKopocrb flo[eperrHblx BoJIH B cpeAe ue : cl G;.3to
Mo)Ker 6srtr roltxo B cpeAaxr f.{,€ 617 > 1. B rr,IIaBMe) KaK MbI 3HaeM) €6. 1l u [oSToMy r{epeHKo-BCKo-

ro r,r3JryrreHr,rfl florlepeqHblx BoJIH Her.

ECIa BeII4.{I4HZ, €17 He 3aBI,ICI,IT oT aIaCToTbI, TO I,I yroJl Ia3nyqeHurl Ha 3aIllICI'IT oT tIaCTO'IbI I'I3.IIY'Ia-

eNlofi eorHsl. Ecnu )t{E €17 3aBI{cI{T or r{acrorbl, To IIoA KDI(ArIM yrlloM ll3ryrraerc.fl cBos r{acrora.
t{acro npoqecc r{3JryrreHr,rfl BoJrH qacrlrrlaMl{ I{HTepnperl,Ipylor c ror{Kl4 3peHl4fl xraHronofi Mexa-

HrrKr.r KaK rz3Jryr{eHrze oJreKTpoHoM $o'rona. flpu eront .iI,oJIx(HbI 6rtrl ruuolHeHEI 3aKoHbI coxpaueHl4rl

3Hepf rrr{ r{ LrN4nyJlbca

po : p/ * fi.k, Eo: E' + hu, (r.35e)

rAe p0, r', Eo,.B'-cootsercrBenHo Har{am,Hbre I{ KoHerrHble IrM[ynbcbl I{ 3HeprI4I{ slexrpoua. Ec"ru

H3IyIIaeMbIIZ uunylsc MaJI 141 CJIeAoBaTeJIbHO, MAJIO I{3MCHCHI{C CKOPOCT,I I{ACTI{IIbI, TO

pA - p'' _ bo - p') (po +p') - Po . hk: tut (1.360)
2m 2m

r4rrvr u: k . v. I4gslvu cJroBaMI,I, ycJroBl{e I{3JIyqeHr,Is, noJlyqeHHoe B KJlaccl4rlecxofi snexrpoAlaHar{I,IKe,
gKBr{BaJreHTHo 3aKoHy coxpaueHrrt oHeprlll{ B KBaHToBofi vrexaxuxe.

L.28 IzlsnyveHr{e rrpoAoJrbHbrx BoJrH (uo.rrapra3arlr4ogHbre roreplr)

Paccuorpwr.r reflepb npoAonbHbre rroJrrr, co3AaBaeMbre vacruqeft. Cornacrro $opuy,'re (1.350)

n':5r*(k,w), a,,:k.v.

E(r,r) :-#l#"'u,'-"t) ,+ ,

A 2o Idk-*.1,_ur)__0 q
E(r.f) : -.--=!\r'Ll- 

x12"12 I k2" 0rlr-vtl'

E{r,r) : -&* I 
"f*"*(r-vt) 

: -*T#

(1.361)

Ec,nn cpe4sr Her r,r qacruqa ABr,rx(ercrr B BaKyyMe (et : 1), ro croaulufi B Bblpa)Kenwvt ArIx'trolrfl
I'IHTCIPAJI BbITIPICJI.flETC.fl I{ PABEH

(1.362)

Kax ra cneAoBaJro o)KI4Aarb, M6r fIoJIya{I,IJrv KAJLo?togcKoe noaq Ho AJL 4eIoxyqefic, qacrI4IIbI.

Paccuorpuu renepb MaKCBeJrJroBCKyro [Jra3My, r{epe3 Koropyrc upoxoAuT npo6uaa uactuqa. flpo-
AorrbHarr Ar{orreKTpr,rqecKarr npoHrr{ae\{ocrb oflpeAeJrr{ercx Sopvyaarrau (1.299) z (1.321). Ecrra .Iac'rr-

rla ABrrlKerc.rr MeAJIeHHo (r.,(( u15,a ( utt,e), ro $yuxrluu J1 @fku1h,e;t) unoro MeHbrlre e,{I4rrI4I{bI Id

€1 = 1. + k-2 \o2 , rae \o2 : 
^o? 

+ 
^D?. 

flone .racruqbr orpeAensercr r43BecrHr,rM rrHTerpanoM
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Puc 1 19: Ilorenql4aJr KllJlbBarepuoro nonn g(p,() 6rrcrpoil aapa>xenHofi qacrur{br (4nux<yrqeficn
BAo,'rb ocu oz co cKopocrbro u) xax $yuxqua or k ( (€ : , - ut) npu kpp :0.L, ufao: 0.04,
ko: aof u.3Aecr, v-Yacrora cro.IIKHOBeHwit, p-paccror{Hrre rorrKrr Ha6nrc4errra o1. Tpg,gKrupt4t4 at?),<:tr4-
qrr. florexqlraJr noJ,ryyeH B MoAeJrrr xolo4uort rrJra3MBr.

Croxtqaa e Sopuyne (1.363) BeJIIaqIrHa rr3BecrHa xax de6aeecrcuil nomeruqual. ensw,tecKag npuqu-
HA OTJTriLtvtfl [oreHqrraJra Yacf'lII{bI I] rrJrasMe or KynoHoBcKoro cocrol4T B TOM, VrO 6trcrptre r{ac.r,Hr{br
nJIaBMbI, npoJleras rulralto upo6Hofi 'racrr.rqu, lIcKpI{BJIffIor rpa€Kropuro. IIpu grot,I Bo3HHKaer nepepac-
npeAeJleH[e IIx flnorHoctu Sro AHHaMI{qecKoe [epepac[peAeJreHr{e, a He crarr{rrecKoe. B pesyarrare
cyMl\4apHoe uo"ue rpo6nofi 'racrrzqrr u qacrllq [JraBMbr yx(e He ,rBJrrrercr KynoHoBcKr,rrr,r. Ono 6olee
6rtctpo cnaAaer [pI4 yAaneHlalt or npo6uoft .ractuqrr uilrt, KaK roBop.flT, [oJ're qacrr.rr{br gKpaHr4pyercfl
q ac'IlIqat\4 [I [JIaSMbL

Ecnra npo6uarl qacrl4l{a ABlrx(ercr{ c 6onrureft cKopocrbro (u ) ugr," ) utl,l), To Mo)KHo crrr.rrarr,)
r{To oHa HaJleraer Ha IIpaKTuqecKrI [oKoflIqilec.fl qacrr,u{br [Jra3Mbr. B pesyltrare [epeA ueft .{acrn-
qbl [JIa3\'IbI He ycrleBalor cMecr[Tbcs I-{ rIoJIe Saxrrauecxr,r sBnsercs KyJrouoBcKr{rra. Ilosa4ra npo6gofi
.{ACTLIIIbI BO3HT4KACT BO3MYqEHI{E KOHIICHTPAIII{I' 3JIEKTPOHOB NJIA3MbI I,t CB,A3AHHOC C sTUM KOJIJ]CK-
TrrBHoe noJle pa3AeJreHlag 3apsAoB. B gtov [oJIe gJIeKTpoHbr nJra3Mbr ocqu;r,rzp]ror c neurMroporcxorl
'racrotoft' B crcrenae KoopAI'IHar, csflgaHHofi c.lacrrzqefi, groMy rtonrc pa3Aerre.ri15t 3apnAor] coo1Rer-
crByer ocIII'IJIJII'Ipyrcquft c KoopAl{Harofi norenquar rr 3uaKo[epeMeHHoe uone (Puc. 1.1g). flrrana, na
xoropoft rporcxoAl4T IuI3MeHeHve nota (uf wo:7lkp: \of 2tr), cJre,qyer r{3 ycJroBt, pe3oHa,CHoro B3a_
ul'ro4eficrsurl JreHrMlopoBCKIIx BoJIH c vacruqeil. Bnepnue Ha Bo3Mo)KHocrb ocr{rrJrJrr{pyroqero fioJrrr 3a
vacrr'rqeft yKKaBaJI r 1948 r. H.Bop. 3ro nore HasbrBaror Kullblarnop?tbli4 noneA,t.

BosunxnoneHl{e Kl'lJlbBaropHoro rIoJIt o3Haqaer $axruvecxu nos6y>xAeHr{e .racrr4rlefi npogonyrorl
JleHrMropoBcxori soruH. flpu erorra qacrr'Iqa rparl4r cBoro gueprurro u raKlre norepl4 gHeprprra Ha3ErBaror
non'apu30,L1uo?7?7bl,tvtu non'Lepalfiu. Za $opuy.nsr (1.353) Mox(Ho pacct{r{rarb BeJrr,ryr{Hy 3Trrrx norepb

dWt 2q' / .. k.v _ -1-E: t 4 J 
o* r' '*r,1*3.',4 (1.364)

Kax 
^'tst 

y)Ke roBopl{'rtra, o6rractz npo3paqHocrr{ [Jra,.Mbr AJrfl pacnpocrpaHeHlzs npoAoJrbHr,rx B.JIH
orBeqaer ycrloBlre €i' n 0 (cna6oe saryxaHue). 3auuruelr BHaMeHareJrb B groM rrpeAeJ'rbHoM cnyqae

'*# :mfiq: sisn Gn #*l**o * zrsign(ei') o,(u)
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fI osrolry rro JIrIpI'I3 aqI{oHHbIe II orep]'I p aBHbI

-# : * I dkpd(ei) signel,, ( 1.366)

( 1.367)

(1.372)

rAe AnrI IIJIa3I\4[,I

-# : q2up 
ln* 

*'oxt 
lo*

3Aecr pr-rpr,rBeAeHHar{ Macca upo6nofi r4 nJ,ra3MeHHoft vacruqrt, (rr2)-ap"4n"" 
"rrur"nr* 

KBa.qpara orl{o-

crrenrnofi cKopocrll croJrKllBaroil{Iulxcfl qacrI,III, Koropoe c xoporuoft Tor{Hocrblo \{ox(Ho [peACTaBrI:rb

B Br{Ae (o7) : ,!n," + 12.

Cae4ye:c 3aMerrrrb, r{To r{cfiycKaHr{e npoAoJrbHblx BoJIH orJll{r{aercg or Ll3llyLreHr4fl noflepeqHblx

sorH' (DasoBble cKopocrl{ B6JIH He uocrosgHu (r"': ap:k'v)'B pe3ynbrare' He Bo3HI'IKaer KoHyca lI

B OCHOBHOM nO,Te I2I3JIyqeHI{.fl COCpeAOTOTIeHO IIO3aAI'I i{aCTI{IIbI, XOT' BOJIHa pacnpocTpaHreTct BMecTe c

.racrvrleft. Ha Prac. 1.20 noxasau rpaSux AJrr [oJrrpI,I3aqI,IoHHbIx norepb B 3aBl4cl4r\locr[I 01] cKopocrl'I

r{acrr,rr{br. Brl4no, qro oHrt y6rmaror c pocroM cKopocrl{ I{ Bo3pacraror fipu 't) --+ uth,e'Mox<er sos-

HI,rKHyTb Bolpoc o roM, noileMy x(e B [JrasMe He HaKanJILIBaIoTCg I{3nyqeHHble BoItHbI. Orser Ha STOT

Boflpoc cocror{r B ToM, r{To IIpu 1) { utl1,s r{acrl{qbl IrorJlolqaror gHeprurc. !,na Hrax Mox(Ho roBopl4Tb

He o rrorepffx, a o frpl{o6perenuu 3uepruu r4lrtrlKaK roBopqr, o cn-Loracmu\ecvo)/t ?lazpeae, cvr. $1.31.

,2
e'1(k,k'v) :1 - ; P

(K ',r)2

Bnegeu qI{I[HApI4qeCKyIo crICTeMy KoopAI'IHaT c ocblo OZ s4on:o cKopoCTI{ qacT}II{bI

-# : + l,'" o' 
lo* 

r'or' l,* ffi' (' - #')

ffi'(*,, -?) :#r,(r+ry)

-#:#'(,**)

(1 .368)

gacro fipu BbrirucreHr4gx Bo3Hr{Karor 6-$yuxquu or cJro)<Hblx apryMeHToB, Koropble Mo)KHo npeACTa-

Brurrl, B Br{Ae cyMMbI d-synxqufi or 6olee Ilpocrblx apfyMeHTOB:

5te@))--D6+*, (1 30e)

n lY \-n) I

rge g(rn): 0. B HarueM cJryr{ae perrreHue ypaBHeHlls t - ullkltu2:0 Aaer kll: lrplo ,

(1.370)

Ha eepxHev [peAene Bbrpax(eHr4e pacxoArrrcrr. Iloerouy MbI BBeJII{ o6peearouluft napalaerp kr,.nu*,

xoroprrri \4ox(Ho oqeHr{Tb AByMfl cuoco6altu. Bo-uepasrx, Har{I{Has c k1 - lpl , nolutl 3aryxalor

(e'/ #O)u ro3ToMy kr,-.* - I;'. Eclu yvecrr ero o6crosrerlbcrBo, ro [onyr{I{M orBeT

(1.371)

(1952 r., Eou r.r fpocc). Bo-nroprx, pacxoAuMocrb I.IHrerpaJIa cBfl3aHa c teir,t o6croflTerbcrBoM, tlro

6tuzxue croJrKgoBeHr.r.fi c orKJroHetufl:vryr ua 6onrurze yulbr AoJI)KHrn'a o6pasoM He ytll{TblBalorcfl flpu

pacqel.e A1r3JreKTpr,rqecxoft npoHl,rqaeMocrr4 no 6eccrorxHoBIrreJIbHoMy ypaBHeHIarc Blacoaa. 3naqeHu<:

kl,-r* flBil'rercfl o6parHoft aerLr.ruuot HaraMeHbrrrero KJlaccuqecKoro paccToflrll?Ig', Ha KoTopoe MoryT

c6nrasutcs upo6uaa qacrllqa u cpeAns.fl uIaBMeHHas rracruqa:
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7.29 @ryxryar{rrl, 3JreKTpoMarHurHoro [oJrrr B ,,Jra3Me

flo cux rop \4bI o6cy>xgatu [oJIe) co3AaBaeMoe o4nclfi upo6nofr vacruqefr B cpeAe. B nrague B Ka,qe-
c'I'Be raKolJofi vorxrro usn'l't, ,tto6Ylo tlirc't'rll.(y rIJIa3r\4bL Ho lts-sa xaorrlrrccKor.o /{,}r)Kcrrr4, o,r,fix iI?r,c:l,r4r(
cyMi\4a co3'qaBaeMblx rr\\4u nolelt (cyrtauapuoe none) rax>xe ,BJrrrerc, c.rryvafiuofi $yuxqrzefr KoopAaHa,TI4 BpeMeH[I' 3ro sHavrr, rrro Mo)<Ho y*asarb Jrrarub crarr{crr4arecKue cpe.q,Hl4e xapaKr-ep,CTr4Kr,r noJrr.

SJIeKTpoMarHI{THbIe Snyxryaqrzu. tlacro BMecro caona Snyxryallr4ll r4cuoJrb3yror cJroBo ,,,,yM,,.
Paccuorprara $rryxryaqau [poAoJlLnrrx uoneft B nJraBMe. Ec"ur,r nu6parb r{arraJro KoopArrrrar raKrr]\4o6pasou' r{ro B MoMeHT BpeMeHI{ f : 0 'racrzlla HaxoALITcl B ToqKe r0, To 3aKoH ee ABr4)Kegr.rrr r{MeerBII{ r : ro *vf ' Ecnz uuerorct qacrlal{bl He oAHoro, a MHorr,x coproB, To BBeAeM elr{e I{HAeKC copra o 146y4elr'r ero flprnlrcblBarb K 3aprlAy' cKopoc'r,,, KoopAr4Hare (eo,r),ro). flpogoar,Hoc] ro.x(j /.,rrr qac.rr4rlr,r

c HarlarbHbl\4 ycJIoBI{eM t.,vlv.. B ToiIKe B MoMeHT BpeMeHI{ I coraacHo $oprvryle (1.350) paBHo

E"o+.,o, (r,t) : 
# l r-wdt.r;rik'(r-r. -var). (1.373)

Ecr[ e oKpecrHocrH TorrKI4 ro n o6seu e d,ro n Ha,rarbHr,rft Mor\4eHT HaxoArrrJrocb l/., (v") dvo (No-
Oasonax u'roruocrr) qacrllq B r{HrepBa.rle cxopocreft dvo, ro Mox(Ho ,,afrru [oJIe, co3AaBaeMoe r{Mr,r.Pea;Iruo, 9To YI{cJIo MeH-flercfl co BpeMeHeM u Haru ua.ra;msrrft MoMeHT H}rqeM I{e IlbrAeJIeH. cynrrr,rap-Hoe [oJIe 3aBIICI'IT oT MrHoBeHHolo rrI{CIa qacTI'Iq No, uaxogafl{I{xcfl B oKpecTHoCTrI 3aAaHgoft roqxuI4 I'IMeIou{I4x AaHHyIo cKopocrl. Ho eclpl B3sltb cpeAHee rro BpeMeHr4 3HaqeHr,re SasouorZ ,,Jrorlrocrlr,
To oHo or Bpe\'{eHr{ He 3aBrrcr{T }r paBHo $yuxqr,ru paclpeAeJreunn Fo(vo). tlo_cyqecrBy, nepexoA Kplc[oJlb3oBauurc $yuxquu pacfipeAeJleHlil.a oKBI,IBaJTeHTeH ycpeAHeHl{ro no aacalt6-rrrc peailv3a\uu uruB KBa3LICI'a1'a(reCKor\4 CJIyyae I]O Bper\4eHr4. MO>XHO CKa3aTb) rr,.UO HaqaJrbl{ble yCJIOB[g 6epyTCn ycpeA_
HeHHBI\'{II no BpeMeHLI (crta' flpnaox(eHrre B). flonnoe cpeAHee noJre B ror{Ke r B MoN{eHT apelaenz f eusorponHofi cpeAe AoJrx(xo 6rrrs paBHo HyJrIo, B erolr ,rerxo y6e4urrcx

(E(r,r)) :+ I or- I dvoFo(uo) E..a.,,.s(r,r) (1.374)

: - T ffi l o" l dvoF'1'; l aup;fi:;;.ik (r-ro-vot)

E4rHcr:aeHHstft eexrop, or Koroporo 3aB,rcrrr [oJre B usorponuoft cpel{,e, gro KoopAr{Ha.ra ,oLrKH Ha-6anogeuua r' Ho e o4nopo4Hoft cpeAe HI{ o.qHa roqKa Hr,rr{e\4 He BbrAeJreHa ,,o orHorue'uro K Apyrofi unone He Mo>Ker 'flBJl'flTbcs $yuxqzeft roqKI.I Ha6lro4eHza H, cJreAoBareJlbHo, paBHo HyJrro.
Paccuorpnrta re[epb aBToKoppeJrsrlaoHHyro $yHxqrzrc AJr, floJrfl

(n (r, t) .E (",, t,)l :+ 
I dtodvoFo(ro)E".*,,, (r, r) .Ero+.,or (r,,t,) .

Ilogcranun croAa BbrpuKeHr.re AJr.E rroJrfl u r{cloJrb3oBan $oprr,ryay

f ar."tlx+x')."o : (zn)B 6(t< + t<,) ,

NOJIYqIIM

(n 1r, r; . E ("', t')) : f OU*.nu'rr-r')-ia(t-tt) p (k,u) .

B coornercrBl{}I c o6qurr,r caoftcreo\,{ crarl\touapnbrx r{ oAHopoAHbrx cayvaftnrrx $yurqrzfr KoppeJrr-
IdI{oHHa's $yHrrlua AJL fioJlfl 3aBI{cI{T or r - rt v t - t'. oypse-.KoMrroHeHTa A,,rfl KoppeJr-firrr,roHHorl
Syuxqura P (k,w): (E')u,, (cnexrpanrHa.n ,,ror'ocrb aBroKopperr.ErlrroHHofi $yuxqza) pan,a

I

P(k,u): (E2)u,- :io;1rrtf ,A f o'r,1u1d(cu-k.v).

(r 375)

(1 376)

(1.377)

(1.378)

3aAana-a $ynxquru pacfipeAeJleHutr u BbryrrcJrr.s crreKTpaJrbHyro urorHocrr (1.37g) , Mo)KHo uafiru rop-peJrrrlr.ro H Hyro $yuxqr.uo [poAoJrbHoro rroJr.s B [Jras\4e.
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1.30 @nyrcryaqrloHHo-ArlccrrraqrroHHafl reopeMa (@AT)

B cocrosnuH repMoAr{HaMr{qecKoto paBHoBecr,r, I{MeeTCg npocTafl I,I yHI'IBepCaJIbHas cBfl3b I\4e}KAy AI4-

sJreKrpr{qecKofi fipoHr,rqaeMocrbro r{ cleKrpaJrbnoft uroruocrblo Koppelxqlronuofi SyItrrlur norn' I-Iafi-

AeM 3ry cBr3b Ha npl'IMepe nJIasMbI'

CorrracHo onpeAeJreHr,rru (1.295) fipoAoJrbHafl .u,r,r3JIeKTpI{r{ecKarI flpoHl{I{aeMocrb IIJIa3MbI pa]JI{a

e1(k,a):1* +# l*AP
k.v

w -k.v -l- i0'
( 1.37e)

( 1.380)

(1 381)

(1.382)

(1 385)

B cocrosurr4 paBgoBecua $ynxqua pacrpeAeJreHr,rrl flBJl.aercrl MaKCBeJIJIoscxofi (1.297) I4 TeMreparypa

AJrs BCex qacrllq TJIaBMbI oAI{HaKoBa I,I paBHa ?. flpra erorta.((u) : -ttrn"lT)uF"(u)' flo4craenn

3To Bblpax<eHkre B €l I4 I4cloJrb3yert'r $opvyny Caxoqxoro-flre\'terq (1'320)

CoorHoureHue (t.SaZ) u flBilfrercs SlyxryaqraoHuo-Ar,rcc[naqraounofi reoperaofi. B o6qelt BI'IAe AJIfl

lrc6ux \,rarepr{aJrbHbrx cpeA ora reopeMa 6rrna c$opr'ryJll{poBaHa s 1951i Ka;ureHolr u Be-rrrouov'

Paccuorprau cpe4Huft KBaApaT Harrp"flxeHHOCTIiI IIOJI.g B tIJIa3Me AJI' TepMOATIHaMUIIeCKI4 paBHOBeC-

nux $;tyxr y aqufi.. Cora acro o6ulert,ty BbIpax(eHI{Io

e1(k,u):1- +4#1, I o'r.t )#+; - triu I aur.{,)d(, - k ")]

OrcrOAa noryqaeM gnx uanuofi rIaCTlI ALIgJIeKTpI,IqeCxofi npOHUqaeMocTI't

e!' 1k,w) : +4# | a"r,(t,)d (u, - k',) .

Cpannunax 3ro BblpaN(eune c $opuyrofi (1'378), nafi4eu

4T e','(k.u\ 4T 1 - -1
P(k,u.,) : l*9ffi p;F;L^r,&a'

(p,(', il): IP(k,a,) 
d,k&,t: l# l:#Yr^i6

(p,(",,il:# loul,*yt(, S): lffin-,

(p'(", t)): #

(1.383)

V.{rel,r roJ'IbKo TaKr,re fioJra, KoropbrM orBeqarcT I{3ryqaeMble qacrI,IqaMI,I npoAo'/Ibllble BOJIHbI ts [JIa:]-

ue. 3ro 3Harrr4T) rrro gru noas caa6o 3aryxaror Lr e'r' -- 0 (ecau He ytlurblBarb [pocrpaHCTBeHHyIo

Ar{cnepcrrrc, ro 3HaK ef' conuagaer co 3HaKoM a.r). llo4cranuu e'1(k,u) : 1 - wf;lu2 B BbIpDI(eHI'Ie Ant

cpeAnero KBaApara Hanp.sx(eHHocrl'I rIoJIs. B pesynlrare noryrrlM

(1.384)

Kax u n 1.28, BBeAeM o6pesauue [pu rrHTerpupoBaHrrl{ uo,k ua BeJIut{I4He U'. 8 pe3yJlbra're rorytll'IM

Cpe4nraft KBaApar Hanpsx(eHHocrra noJr.s B rrJra3Me cBfl3aH c flJlorHocrblo sueprpll{ $"rryxryaqnoHHblx
noaeft. .I[,eficre6reabHo, AJrr ognoft MoHoxpoMarr.recxofi npo4o.rrluoft BoJrHtI couacHo Soprttyle (1.113)

cpeAHss Iro Bpel\4errl4 uJlorHocrb oHeprI4I,I (W) panna

7a
w2e'1(k,")] lEol'(wl:

l6tra 0a
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Aunlury4a BOJTHbI cBrI3aHa co cpeAHul\'I rto Bpet\4eHH 3HatIeH[eM noJIfl B BoJ'rHe coorgorrreHrrerra (E2):
lpol2 lz u tpn e',(k,r) - t*wfilu2 (w): (I!2) l+n. cor-;ra,ro orpelreJrerrr4ro (E2) rroJr.yrrircr\4

(w):#ry:
Bu4uo, rrro orHolueurae cpe4uefi trJlorHocrla gHeprr{}I $nyxryaquouHbrx no.nefi cocraBJr-fle.r JI}Ilrt, I\4anyrc
sac'rb) rporopqlloHaJlbHylo (".fL)-1, o1' rlJlol]Iloclrl{ KrIHe'rHr'IecKoft snepruN (ra,c'r.r4r\, rrocKoJrbKy l(rrrrIt4ea"rrrHofi nrra3Mbr rrrrcJro qacrl,rq r 4e6aencxoft c@epe n"\go > t.

@oprr'ry"rry (1.387) retKo [oryql{Tb I{3 rrpaBr,rJr KBasr{KJraccrrrrecKoro KBaHToBaHras H npeAnonoxeHrrs,rrro Ha Kax(Ayro xo"ue6are.nsHyro crerreHr cno604u nprrxoAr.rrcrr sueprur 7.

1.31 CroxacrrrqecKoe ycKopeHr/re

rlonxpzsaqlloHHble rlorepil, paccMorpeHHhre B $1.28, ne .gBJr.fiIorcfl eATTHCTBeHHbIM MexaHl{3uor'r o6ue-
ua snepruefi \4e)KAy npo6uulra 3apsAoM H [JIaBMeHHoft cpegoft. Mox<uo [peAcTaBrrrs ce6e MexaHrr3r\4
ua6opa sHeprI{I'I) IrpI{ Koropou upo6uttft 3aptlA or6upaer 3neprrrru y oKpy)Kaoulnx $"uyxry}rpyrcqux
3reKTpl{rrecxux noaeft. -flcno, 'rro raxoft "nporunogetcrnyrolqrfi" \aexaHusM AoJrx(eH cyrqecrBoBarb,
l'?}K KaK npo6uuti 3aprlA c eneprueft, pannoft cpe4nefi ren.ronofi 3Heprrrn flJra3Mr,rr r{axo/{[.rcrr B parrHo-
Becr414 14 He rep'er, I4I He yBer[r{rlBaer 3Heplzrc. B ro BpeMt KaK rroJrrp}r3ar{r{oHHbre noTep11 He 3aBucrr
or Maccbl upo6Hoft qacrl'Il{bl) cKopocrb Ha6opa oneprrrr{ o6paruo [pouopqrzoHaJrbHa Macce. Iloerolay
croxacrl'IYecxufi ua6op sHeprllu t4rpaer cyulecrBeuHyro poJrb npr4 ABrzx(eHr{r{ qepe3 n";ra3My ner.Koiiqacrtulbr (slexrpoua) , Ho uu Mo)KHo npeHe6pevr AJ,r, aonoB.

VpaaHerue ABI4)KeHrrs npo6Horo 3aprlAa (sapx4 g, Macca M), waxogtturerocr{ n Hexoropofi .rolrKc
r(l) n rurorr,reHT BpeMeHra l, ecrb

n(r) = fio1r1t1,t1 (1.388)

rAe E (r, f )-uo'nuoe caMocoulacoBaHHoe 3reKTpl,IqecKoe fioJre B ToarKe Haxc;KAeHI{s qacrr4rlbr. I4urerpu-
pys ypaBHeHrae ABrr)<eHr.r5, noJryrraeM

E (R(r'), t,) dt" (1.38e)

(1.387)

(1 3e0)

v(t) : 'r * # /-*r (r(t'),t') dtt - vo. # /_*

r(t) :ro+vo,.h 
l__

dW
dt

o, 
l'_*E 

(r(r,,), t,) dt,

- ro * v& + # l_*0, ll*"(R(t,,), t,) dt,,

rAe r0 u vO-florox(eHrre I{ cKopocrb B HarraJlbHbrfi vouent BpeMenu f : -oo coorBercrBeuno. Bropaa
Qopn'ra ypanueuufi (1'389) z (1.390) sBJlflercr upn6xzxceHHoft, ocuonannoft Ha rpeAroJroxeHr.rrr, r{To
B Ter{eHlre arr6panHoro KoporKoro I{HTepBaJIa BpeMeH}r rpaeKTopl{a qacrl{I{bl I\4aJIo orJll{qaerc, ornpxlrofi .lvrulr.

R(t):ro*vof.
B erov x<e npu6lux<eHl,Il4 oJleKTp[rrecKoe loJre Mox(Ho pa3Jroxotrb n pa4 1.ertaopa:

(1.3e1)

E (r(r), il : E(R(r), q + # /_*0, [*or,,r,(R(r,,), t,7 .4-._A,
(1 3e2)

rAe cyMr4l4poBaHr'Ie IIo , [poBo.4r{Tc-fl IIo BceM TpeM oproroHaJrr,Hr,rM KoopAr{HaraM.
B Sopr'ryly ArIs cKopocrl4 n3Meuenu.n oHeprr{ra npo6uoro sapflAa (cr. uurpa*euza (1.35i) u (1.352))

: q(v (r) .E (r (t) , t))

n"T
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roAcraBr.n\l (1.389) u (1.392) ArIrI v(r) u E(r(t),f) coorsercrBeHHo I'I yAep)KI'rM tIrIeHbI BrIrIorL Ao

BTOpOro nops.u,Ka no q, TorAa [oJIyqI{M

d{ (E (n(Y), r') . E (R (,) , r)) (1.3e4)

Vuonue cxo6xu o3Harraror ycpeAHenl{e no aHcau6'nro'

Tarc xax ycpeAHeHHoe 11o BpeMeHI{ 3HaqeHI'Ie $.nyxryupyroqefi qaCTI'I E paeno HyJIIo, To, cJIeAo-

BaTeJrbIJo,3.,IeKTpI4qecKoe [oJIe, BxoArlulee n nepeurit qneH ypaBHewwst (1 '394), o6yc'nouneHo (:a\{'ll\4

ABrzlKyrqr.IMC.a upo6HbIM 3apflAoM. ,Il,eficraurenbHo, 3Tor uepruft trJIeH B Tor{Hoclru paBeH [oJItIplI3a-

IIr{OHHbI\4 fIOTepgM, KOTOpbIe O6CyX<4alracb B upeAbIAyIrIeM pa3AeJIe' ra BbIrrI{CJIs.s ero' MbI npl{xoArrr4

K Bbrpa.)KeHuro (1.364). B ypanueuuu (1.39a) LIHrepecHbIMV Artfl, nac 6y4yr sropoft I'I rperuil qJIe-

Hbr; oHLI [peACraBJIflIoT CKopoCTr o6lr.teua eneprueft, o6yclosneHHoro npoCTpaHCTBeHHo-Bpel'IeHHbIM!I

KoppeJIsIII4-flIuI,I MexAy $lyxryupyloudl{\'{I4 fioJlff\'ll{ IIJIasl\lbI. flocle AoBoJILHo AJIuHHbIx rpeo6pa3o-

ea:f{vti,t q)ypl,e rropoft ra tperufi rrJreHbl MO)KHO 3a[Ucarb qepe3 cleKTpanbHyto IJIOTHOCTb N4OUIHOCTI'I

p(k,o) : (Ur)U,, $"uyxryaqur{ sreKrpr{rrecKoro no,rs. OxaeaJlocb, trTo 3TI'I ABa ruleHa voxso o6r'-

eAIII{IITb; B pe3yJlr,TaTe UOJIyT{IIM

(1.3e5)

flpu nrrno4e (1.395) r{H.qeKc HoJrb y BeKTopa Ha.{artuoft cKopocrl{ v6 6ul olruyqeH u 6utnu,IC[oJIb-

3oBaHbr coorHorrreHr,ra [k x E (k, o)] = 0 (paccrraarpl{Baercs roJIbKo rIpoAoJIbHoe uo"ue) u

# :q (vo .E (R(r), il * * l' *
.# 

l__oo l'_*ar' (ni(R(t"), t) &[,0 E (R(,),,)])

# : # I *{*rruP (k'')l},:u"

dW"t Qn)2 q2 [*

-,

dtMlo

fl;rotuocra Morr{Hocrr{ P (k, a,,) AJrfl TepMr{r{ecKI,I paBHonecnoIl [JIaBMrI onpeAeJl.flerct BbIpax<eHIleM

(1.382), a Anq HepaanosecHoft rJrasMbr-B6rpax(eHr,reM (1.378). Tar xax pacclraarpudaercs I'I3orpoilI{afi

,,JraBMa) To c[eKTpaJrbHas rrJrornocrb MorqHocrm P (k,u,,) ue 3aBIrcI,IT or Ha[paBJreHI'rrI BoJIHoBoro BeK-

ropa k, r.e. P(k,o) : P(k,u). flosror',ry n (1.395) MolKHo npoBecrr I,IHrerprpoBaHue no yrrlaM; 3ro

rpfiBeAe'r K cneAyrouleMy pe3yJlbTaTy:

P (k,ku) k2dk. (1.3e8)

B .racrHola cJryyae, KorAa upo6ur,lfi 3apflA ABIDKercs r{epe3 TepMI4rrecKH paBHoBecHy}o IrJIasMy' Bblpa-

)KeHlIe AJrfl CKopocTI{ CToxacTl,IqecKoro na6opa 3Hepfrau vacruqeft I'IMeeT BI{A

(B (t,u) E (k',r')) : P (k,o)d (k'+ k) d (r." + o) ,

([, B(k,r)] [t<. u (t<',r')]) : (k'')P(k,o)d (k' + k) 5 (a,l' +tu)'

+:HI,*m-i\-nan

dwst *rf;o' f f trl ,- [g ()) + €']'+ /2 (^)

dt:"M, lr"'m
-e (^) lu,.tu,,+# - arctanffi] )

(1.3e6)

(1.3e7)

(1.3ee)

3averult, r{To IrHTerpa"n o6pesaercs [pI4 HeKoropoM 3Har{eHI{I'r k,: k^ *.
B cly.rae \{aKcBeJIJIoBcxoft snexrponxofi rrJra3MEr (c.rutaeu, tr:to ArrgJIeKTpI{qecKag npoHI{IIaeMocrL

e1(k,a) orpeAeJrflerc.a BKJTaAoM ToJrbKo oJreKrpoHHoft xouuoHeurbl, corrlacHo (1.299) u (1.321)) aaz
croxacrrrr{ecr<oro na6op a oneprlll{ [oJIyqI{M :
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t 0.e
\s
A 0.6

o
o)
H 0?

0.0

-0.3

Puc. 1.20: 3asuczNaocrb r.r3MeHeHr4r o'eprr4lr B eAr.rH,rqy BpeMeHrr (n e4uHrzqax gn : q2wf,/u16,") orcKopocTr4 ABr4X(eHH_fl rracTr4 r{br.

r4e ) - u/uth,", (: k,,,u*)t, a clynxqu" f (A) v g(^) onpeAerrrrrcrcx d>opuyrar.ar (1 .:)2g) w (1.330)
COOTBCTCTBCHHO.

Ha Puc' 1'20 pesy"rrsrar rrlzcJleHHoro pacqera (1.400) A* cryqa.s ABL/KeHrrfl npo6Horo 3JreKrpoHa(M : m) vepe srIeKTpoHHyIo rula3My fipeAcraB.rreu nepxneft nynxrr.rpHofi xpnuoft. cn.rror.,uax xptr-Ba:ir rra Puc. I.20 upe4craeaabr uorHyro cKopocrb o6vrena sueprueft. Br,r4uo, rrro [or.Eprr3ar{uorrgbrenorepu npeo6la"qarcT [pI{ BbIcoKIax cKopocr.sx oJreKTpoxa (u ) u15,u), a croxacrr,rqecKoe ycKopeH[e
npeo6aa'gaer [pI{ MaJIbrx cKopocr-fix. Kor4a 3rrepr\r.s npo6noro sJreKTpoHa paBra cpe4nefi renloaol)l
SHeprllu 3JIeKTpoHoB [JIasMbI, mu2 f 2: ?, npo6nrtfi eaexrpoH HaxoAr,rrcs B TenJroBoM paBHoBecr,ru cqACTI,IqAI\,TI{ CPCAbI II IOsTOMY B CPCAHCM UE NPUO6PCTAET }I HE TEPflET sHCPrI4II.

1.32 (D"uyxryaqtru rrJrorHocrr4 3ap.flAa B rrJra3Me

@"rryxryaqau [poAoJlbHoro oJleKTpl{r{ecKoro ,,oJr' B rrJra3Me cB.fl3a'br c eayxryaqrr.aMr{ rrJrorHocrr{ 3a-pflga 6p (r,f), xoropble Mox(Ho ttafrru c roMolr{bro ypaBrreHr.rfi lyaccona V D : 4trdp. Ilcno;rrb3oBaB(Dypre'pasao)<eHl{er ycra'oBuM c [oMoIrIbIo sroro ypaBHeHur cBJr3b Me)r(Ay (Dypse.xorrauoHegTaMrr Ha-
IIpfi )K€HHOCTI4I 3IeKTpIrqeCKOrO IIOJr.A [I IJTOTHOCTH 3ap.fiAa

cnexrpa"nlnafl rrJlorHocrb Koppenrqrzounortr $yHrqzr cB-a3aHa co cpeAHr{M 3HaveHr4eM (Dypre-xorruoHeHT
(cr'a. flpra.rrox<euae B)

E(k'a,) - -4nik6P(k'u)' k2 e1(k,u)

(o(t,u) . E (k',r')) : (E )u,,5 (u +a.,,) d (k+ k,),
(tp (t ,w) 6p (k, ,r,)l : (6pr)u,,6 (w + w,) 6 (k+ k,) .

flo4ctaerr'r $oprrayay (1.401) B fiepBoe 143 err{x paBeHCTB r{ r{crroJrb3yeM BTopoe paBeHCTBo

(E')u,,:,ff 
rT@p\u,,

(r.401)

(1.402)

(1.403)
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Taxura o6pa,sorul ycraHaBJrr{Baerca cBrr3b Me)KAy cleKTpaJIbHbIMLI IrJIorHocrflNlrI KoppeJIfiI{IltoI:Hslx {;ynr<-

qufi $nyxryaquefi [JrorHocrr{ 3apflAa r{ sJreKrpr4llecKoro noJrfl. .Il,alee, Iacro.Ilb3oBan $oprtay"rry (].378),

JIetKO I{axoAi.II\4 
-2 f ,.

(6p')u,,: 
T Oh J 

a"r"p10 (r^., - k'v) , 
(r.405)

B $op1ayly (1.405) He BxoAt4T ArrgreKTprrqecKa.fl [poullqaeMocr]b nJla3l\ltl r oHa ollpeAenaer S"nyrcry-

aqur{ HeB3a6vo4eftcgyrculux, cno6o4Ho ABl{farouluxcg qacrl{q. B 4eftcrnurc.Ilbllo(lT rI xe npu ll()lll{I4K-

HoBeHr{rr @nyxryaquft aapa4a colpoBo)KAaeTcrr KoJIJIeKTI{BHbIMIa sIeKTpI4rrecK}IMI'l II0JITIMH, KoTopE'Ie

B cBoro oqepe.qb BeAyr K ,qo[oJrHr{TeJrbHoMy Bo3MyIIIeHIaIo [JIorHocTt4 3ap-flAa. B pesynsrare IrorIHbIe

$nyxryaquu 3aparyaB r,rrasMe orJrr{r{arorc.fl or rex) Koropble onpeAeJlflIorct Sopuynofi (1.405).

V.rrerra I,rHAyllupoBannrrfi sapl4. !,,rx sroro npI{MeM, t{To noJIHoe Bo3MyIr{eHI'Ie IlJlorHocrrl 3ap,IAa

cocroqr ,r3 AByx cJraraeMbrx 5p u 6p'. fleproe cnaraeMoe oflucl,lBaer $nyxryaqvN cuo6o4uo ABH>xl--

ur{xcfl qacr11rl a nropoe-$nyKTyaqv?r rzHAyrII{poBaHHoro 3aprAa. Cos4aeaeuoe 3TIrI\4I4 3apflAa\4l'r none

yAoBJIeTBOpseT ypaBHeHI{Io

V.E: anl6p+6p'(E)] , (1.406)

rge 5pt Bblpax(aercff vepes E, a SV:ae Bblpax(aercrl.

IrIs ypanneula, HeIIpepbIBHocrI'I creAyer) qro

;,p' : I(k' di') : lknoniEi

!,na @ypse. KoMrroHeHTbI oJleKTpl{t{ecKoro [oJIs noJlyq aeM

ik.E : a* (oo + !no,p1) . (1 408)

utu ilcieaiEi : 4tr6p. Ilo-cyrqecrny MbI npIrluJILI K ypaBHenuro V ' D - 4rdp. Sroro I4 cJIe.qoBaJIo

o)Kr.rAarb, fiocKoJrbr(y HHAyKT{r.{fl D e orrl,I']ue or rIoJyIfi E yuurunaer I4 I,IHAyIII4poBaHI{bIe 3apr{Abl.

Paccuorpulr r{3orpo[Hyro cpeAy r.r rpolonbHble no"rrs. 3ro 3HatrLIT, vro €a7(k,u,,) sagaerca Bblpa-

>KeHr{eM (1.41) u g: (klk)-0. Tor4a r.r3 ypaBneHusY.D:4tr6p rorlyillrM cBs3b Me}KAy 6p uE,
cotsraAarou{yro c @oprr,ryaoft (1.401).

Haftgeu refiepb nJlorHocrb I,IHAyIIrIpoBaHHoro 3JIeKTpoHHoro 3ap-flAa

. 1 
-(")n. - -qilnnki*) A6p,:lkptjuJ_- r--F €l

KaxAsrfi copr qacrrrq BHocr{T a,/L[nrr,rBHbrft nxrag B AITgJIeKTp[tIecKyIo npoHullaeMocrb

( 1.407)

(1.40e)

(1.410)

rAe

(1.411)

1..H. napqhaJrbr{afl .qrr3JleKTprrrrecKarr [poH[qa€Mocl]E,. I4cnoassoeas gro o6osHaaleHrle, [oJIytIIrM 5p'.:
-(\e"le)5p. Anarorlr.ruo Mox(Ho paccqilTarb r.rHAyqrzpoBaHuyro IrJlorHocrb lroHHoro 3aprAa dp't :
-(6eile 1)6p. Teneps Mo>r(HHo BbrrrprcJrr{Tb, cKax<eM, nonHylo nJlorHocrb sneKTpoHHoro 3apsAa

6eo(k,, : Tw#A : u o*t 1n,,1

pe : 6p.t 6pt.: 6p" - Too 
: 6p. - ! Oo"+ 6pr)

. e1-de" 6e"": oP"-et et
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flocxonrxy €l: I * del * de4, ro oKoHrraTerbHo rroryr{[M

(r 413)

3ro aupax<eHl{e 3all,IcaHo AJIa @ypre-xounoHeHT. Hail4err,r cneKTpaJrbrryro nJrorr.rocrr $nyxryaqufi
sirpn/la. f;rn etoro paccr\4orpnM Bbrp a)KeH rle

(1.414)

(1.415)

(p.(u,u) p. (k',r')) : (6p.(u,u) 6p.(k',,.r')) | + 5?t@'w) t + 6€i(lrt 
'at)')/ q&A --;re:4-

+ (6pn(k,w) dpi (k' ,r')> 
t7,11,,:J!,ifri,,:A'

Craraerr,roe (6p"6pl-) paBHo HyJIIo, [ocKoJrbKy cao6o4nrre $ayxryaqnpr nrrorHocru 3JreKTpoHoB u lroHoB
CTATICTUIIECKI.I HE3ABI{CI.rI{Sr. I'ICUOIT,3OBAB NPOI{CAYPY YCPCAHCHI,IS

(dp" (t , u) 6po (t ', r')) : (6pZ)u,,6 (w + c..r') d (k + k,)

uafi4eu oKonyareJrbulrft orner

@?)u,,: (6pz)u,,l=ftSrll' * roo,^,"l*##l' , (1.416)

rge (5p2.)*,. orpeAeJleuo @oprrryroft (1.405). Bra4uo, .rro c yqeroM r,rHAyr-(rrpoBaHr{oro 3aprrAa Sryx-
TyaI{rII{ noHoB BJlt4.flror ua $lyxtyarlur.r gJreKTponos. flolaraMo 3Toto, $arxryaquv 3aByrcflT or ceoftcrs
IIJIa3MbI. Ec"rrn e7 * 0, ro S"nyxryaqr,rpr craHoBrrrcn oco6enso 6oaturuvn. 3rr $ayx'rvaqarr, Bo3Hr,rKHvrr
B oAHo\4 Mecre, pacrrpocrpau.flIorcs B BuAe BoJrH tto sceft nnasMe.

1.33 OcHosrr reopulr pacceflHrrfl

IIpu pacceaHllu BoJIH 3Heprl{s na4amqeli sJreKrpoManrrzrHofi BoJrHhr [epexoAr4T B sHepr.rarc nolu nu6o
c Apyrl,rMra qacrorar\.rr{, .nu6o c Apyrr,rMr,r HarrpaBJrenr{firvrr pacnpocrpaHeHufi.

Paccruorpurra upoctefirunfi upurr,rep pacce.flHr{.fi SJreKrpoMarsurHofi BoJrHbr Ha oAHoM s-rrexrpoHe. B
[oJIe naAarouleft aoanrr aJreKTpoH coBepruaer xone6anras r{ r,r3Jlyrraer BoJrHbr. Sueprrn, rrr3Jryr{aeMarr
3neKTpoHoM B eAIaHIaqy BpeMeHrr B eAl{Hr.rqy reJrecHoro yura, Ha3brBaercfl. ulTmeHculriocnlbto dL Zu6-
rJlepen,u,'u,ataH,blJvt ce'\,e+ueJq, WcceaHu.r, Ha3blBaror orno[reHr,re dI x nnoruocrx noroKa gr{eprrrr{ B [aAa-
roulefi so,'rHe S

(1,4t7)

]lotnoe ceqteHue paccefl:av:fl. B rrl{cJlllTerre coAep)Kt4T noJrHyro r{HTeHclrBHoLrb u3Jryqenr{fl, npouHTerpr4-
poBaHHyro rro BCeM yruraM o : I lS.

Eclz uueerct Ml{oro paccel{Baloqrrx 3JreKTpoHoB) To BoJrHbr) paccegnHble pasHbrMr{ rrs Hr.rx, Moryr
racl{Tb Apyr Apyra. B upe4e"rre oqeHb 6omruoro qucra oJreKTpoHoB BCerAa Hafi4ercx raxofi 3JreKTpoH,
xoropntt? rrotacl{T I{3JIyrreHIze AaHHoro ra pacce.flHrrr He 6y4er. Ho npra groM rrpeAnoJraraercfl) rrr]o pacce-
I4BaIoq?Ie IIeHTpbI (snexrponrr) pacnpe4eneHbr B upocrpaHcTBe paBHoMepHo. Ecru )Ke oHr{ pacupeAene-
HbI He BnoJTHe paBHoMepHo, To KaKarI-To Aons r{3Jryr{eHr4rr He 6yger: nora[reua v paccetrtfie BosHr,rKrJelr..

HepannoltepHocrb pac[peAeJleHl{fl paccer{Baroq,rx rleHrpoB Bo3HrrKaer us-sa $-rryxryaqufi. flosrotry n
cfinollrHblx cpeAax paccesHl4e cBs3aHo c S,ryxryaqt4flMtr. fllr onrzcaHr,r.a paccefiHr,rs B clrorrrHoft cpe-
4e y4o6r-ro BMecro cerreHl,Ifl paccer{Hl,Is Ha BCeM TeJre paccMarpr,rBarr cer{eHr4e) orHeceHHoe K eAr{Hr4rle
o6seua. Taryrc BeJrrrtrrauy HasbrBaror rco e$Sut4uenmorvt oKcmuHvlluu

. 1*de,i 6e,Pe=oPe -J5On.€t €1

Or: #

h:+ (1.418)

Teopua pacceflHu.fl 3JIeKrpoMarHI{THbIx BoJrH B curouruofi cpe4e (e roM rrr,rcJre r{ B [Jra3Me) crpo-
rITCfl cJleAylouluu o6pasonr. flpe4noJlaraerc.fl, rrro [oA 4eftcrnueu na4aroqeft BoJ'rHbr B cpeAe nor\4r{Mo
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cpeAgero ToKa u3-3a $nyxtyaqraft soaHllxarcT eu{e $nyr<tyaquoHgble ror<r j6(r,t)' 3ru T9KI{ 
'IBJLI-

rorcs cnyarafinrrrrru, nocKoJrbKy Bo3HrdKaror I,r3-3a OryKTyaql{fi, I4 cropoHHl'It''{il. I4x He cJleAyer Ilyrarl

c perlufpHbrM ToKoM, Bo3Hr{Karoq}rM B cpe.u,e I,I He cBr3aHHbIM c $lyxryaquflMl'I. ByAc\4 IIa3brlJa'TI)

grr{ ToKr,r nLoKaJrLu p1,ccefr,Hua.3ru toxu gBJrrllorc.fi IIICToTIHLIKaM}I pacceflHHblx IIoJIefi, Koropble Mo)KHo

Haftrr.{ r,rs ypaBHeHLIfi Maxcseara (1.i1)

rorB,:1* * 9:n,
cot c

. taBt
rot E' : --=-

cdt

divs'* *(" Tnu'#) : -io E',

VLaHo>xnla EepBoe ypaBHeHI{e Ha E', a BTropoe-Ha B' u guqreM nonyt{eHHble coorHorxeul4fl oAHo }I3

Apyroro. B pesyrrrare ronyqllM (cpannu c $1.7)

(1.4re)

( 1.420)

(t.42r)

(1.42:\)

rAe

BeKTop Vrr,rosa-[ofiHTr,r6ra, oflpeAeJrsroquft nrornocrb IroroKa SHeplHI{ pacceaHnoft BoJIHbI. flporzH-

l.erpupyeM noJryrreHHoe coorHorneHr,re no o6rerr,ty V, ycpeguvrt\4 no BpeMellu ,l ro aucav6.ltx-l (Anofinoc

ycpeAHeHrre o6oena.reHo (( ))) B pesyllrate roJIyqI'IM

(t.422)

flepnoe cJraraeMoe olpeAeJrser gHeprr{ro, Bbrxo.q,flrrryro rr3 eAr{HrrIIbI o6r"eua B BII.{,e paccesHHblx BoJIH.

B1opoe-sueprurc, [or,{oqaeMyro B cpeAe (crra. $1.8); cnaraeMoe clpaBa oflpeAeJrler 3Heprlllo) BbIAerIr-

eMyro roKaMr{ pacce.sHr{fl B Br{Ae paccerrHHblx noru. flpeue6pex<eu IIoTJIoIIIeHHeI\4 paccer{HHblx BoJIH.

TOrga noJIHat I{HTeHCI{BHoCTb BbIxoA-fiIIIero paccetHHoro vI3lly'reufifl. paBHa

s':9[E'xB'l4r' )

,: ((ls ds)) : - luar((jo 
E'))

Couacuo onpeAeJIeHI,Iro (1.418) uolnrrft xoeo$r'rqueHT sKcrr{HKI{lIrr paBeH

h: -# l,o'ttt'' E'))

((/'' ,')) .*((1"0,(,'% *"'#))): -/ ,'((io ,'))

(1.424)

Oopuyla (1.424) He sBrrrercs eule oKoHqare.nsnofi. B nee nxo4rar noJ're E/, xoropoe cneAyer Bblpaslrrr,
qepe3 ToK j6. 3ro Mo)KHo cAeJrarb) r{cnoJrb3oBaB cHoBa ypaBHeHI4rI nona. flpor-t3BeAtl onepaqurc rot co

BropbrM ypaBueHr.reM e (1.a19) (cpanHr.r c $1.26, $opnryaa (1.341)), norlyr{I{M

rotrot ,' *'.12' : -+9i9 0.425)- c2 0t2 c2 0t'
Eclr npousnecru npeo6pasoBaHl,Ie @ypre B sTo\,I ypaBHeHI{I,I, To, KaK u s $1.26, [oJIyqI{lvI

E'1 (k,w) : -T *r' (k, r) ior (k,w), (1.426)

r ae M 6 (k, c,,,)-lraxceerroscxl4 ft TeH3op ( 1 . 344) .

Paccuorprara renepb r<oe$$uqraerrr gKcrr{HKrlura. BxoAgulraft e oro Bblpax(eHl{e plHrerpaJl npeo6pa-

syeM, [cnoJrb3oBaB (Dypre.pasnox(eHl{e

i 1""((:o r';; 
: 

+ lra, I arau I ar'au'"rk*k/)'r-i(cr*',,')'((E/(k,r) ' jo (k',r'))) (1.427)

I4cuonrsyeu cBa3b Me)KAy @ypse-xolrnoHeHTaMt4 Haflp.sx(euuocrl{ uoJls H nJIorHocrI,I ToKa. B pesyll-
Tare B Br,rpa)KeHrrr{ (1.427) Bo3Hr{KHyr npor{3BeAeHLts. Tufia jol (k, a) jol (k' ,a.,'). flpone4eM ycpeAHeHrre,

,rc[oJrbsy.rr ]r3BecTHyro HaM npolleAypy

((jor (t , ,) ioi (k',r'))) : (loioi)y,,d (r,,'+ r,-,') a (t'+ k') .
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rx)

floc"ue npocrbrx npeo6pasonanufi noayvurr,r

i I Y(0o 'rc';; = - / d,",dkry @;')o unoini;u,., (1.42e)

(*;')o :;(*i'- Mi'.) (r .430)

aH'rI{3pMI{ToBcKat vacr:r o6pa'u{oro MaKCBeJIJTIoBCKoTo reH3opa. Taxru o6pason, xosdrQ:rqueHT oK.-TrrHKltrr{u (1'424) Bblpax(aerca qepe3 cneKrpanbHyro [rrorHocl]b Kopperrrr{rroxuoft $ynxquu roKoB pac-cefl.Hufl.

n : ! f a-ar.9 @;r)A Uooioilu,_. (1.431)

oopvyna (1'431) no3Borlser paccql.,Tarb pacceflrrr{e B [pot43BonrHofi rr.larepuafib1oft cpeAe) ecnur{3BecrHbr xapaK"epucrzxu $lyxryaqufi .

7.34 Paccegnue u rpaHc$opMarltrs BorrH

B zsorpouuoft cpe4e l\4oxHo Bblpaslrrr o6parurrfi MaKcBeJrJroBcxuft rensop qepe3 npoAoJrbHyro r{ no-neper{Hylo AuereKTpI/rqecKI'Ie npoHl4l{aeMocru ($oprr,ryaa (1.349)). tr4cnoarsya orp"4"rr"rrre ar{Tr4opMr4-ror cxori rr acrlz o6p aruoro MaKCBeJ,rJroBCKoto reH3op a, rloJryru4 M

(1.432)

Kos$$uqueHT SK.rI{HKI{I{}I nocJle rIoAcraHoBKu [oryqe,Horo Bbrp,r(enua 6y4er coAep)Karb ABa cJra-raeMblx

h:T /**uoio)x,,1*r**h* (0,, -W)r^;R*;iearal (1 433)

Ilepnoe cJlaraeMoe o[peAeJlrer BoBHIaKHoBeHT{e B cpeAe rrHAyrl}rpoBaHHbrx rra,rarcrqefi aonnofi [poAoJrb-Hlrx fio"rrefi, a BTopoe-IloflepeqHblx. Oguaxo BbIxoA]ITb r.ts o6seua, rAe Jo3Hr{KJro pacce.rrHr{e? Moryr
l'oJIbKo re noJT'I, Koropble oKa3blBalorcn n o6lacrgx [po3paqHocrtt. Irlsr,rv, arouurr, ToJrbKo re KoM-
[oHeHTbI @ypse, AJIfl Koropblx 3aryxaHlle MaJro H oHr{ rBJrarorc.s co6crnenHbrMrr BoJrHauu cpe4rr. yro-
6u nrrgeaurb grr4 KoMrroHeHTbr n o6rqeu Bbrpa)r(e'r{2, Hy>r(Ho nepefirra K [peAeJry €i, - o u e{, --+ e. p
PC3YJIbTA'IE 4IA XOS$$HI{IICHTA 3KCTIIHKIII,IU IIOIYqACM ABA CJIATAEMbIX

n* : + I #* (iotioi)p,,lw 
",r, (ei @,w)) 6 (ei@,w))

* (0,, - W)sign (ell.(k, ,y o (,i,1n,,, - #)l

h:fu*
(r.434)

repnoe cJraraeMoe onpeAeJr-ser o6pasoraurae B pe3yJrbrare [poqecca pacce.sHr{, [poAoJ,rB,brx BoJrH)BTOpOe-nonepetlHbrx.

Ectu sa cpeAy naAaer no[epeq]ra, BoJIHa, To Bo3HaKHyrb Moryr B pe3ynbrare ee B3alrMoA efr.crBnrt
c O'tyxryaquflMr4 KaK [onepeqnble BoJIHbI (co6crreHuo yrorc"rruue),ru*, ,po4oJrbHbre BoJrr{br (rnytu,c-
{op"'waqua)' B o6rqer,a cJlyqae) ecJII,I B pe3prbrare paccerHr{, Tr{n BoJIHbr He l,3MeHrercr, To roBop_flT opaccefrH*n' Ecaz x<e oH l{3Me,-aerc.fl) To roBopflr o rpaucSopMalluu. B q:,crHocrl{, oHepr,ng [poAoJrb-HbIx BoJIH B pe3yJlbrare npoqecca rpancSoprr,raqrllr Mox(er BbrxoAr{Tb r.r3 cpeAbr B Br4Ae EonepeqHbrx
BOJ'IH, T.C. B BIIAE O6rrqUOrO 3,'IEKTPOMATHI{THOTO II3JIVIICHI{fl.

/J



1.35 Tox paccefl:aufl. ra xosS$uqIIeHT OKCTI{HKIIIIII,I B IIJIa3Me

IIpu uocrpoeHur{ Teopt4l/. pacceflr.rtfl B nJras\4e ucxoAflT I43 pflAa ecrecrBeHHblx yupoularcu{ux u})eA-

no;rox<enrtl. flpex<4e Bcero 1peAfioJrararot, .rro paccerrHrre I]o3III4Kac'I' ll oclloDltoM It?] d-r;r.yx'l'ya,rlrzrrx

KoHrleHrpaquu 6onee JrerKlrx gJreKrponoB dn.. Ilonlutuo groro o6bI'IHo cqI'ITaIor) tITo 3TH Slltxryaqulr
rr3MeHflrorcJ{ Bo BpeN4eHr4 AocraroqHo MeAJreHHo (ualo I{3MeHglorcfr 3a nepl4oA I'I3MeHeH[J{ [o,'IrI R na-

4axtu1eft nolne). 3rr npe4noilo>Kel'rlst [o3BoJlrrrcT AJ];I Haxo)KAenux ig Ia(jllo./Ib:Jollarb oAHorIa(:'l'I4'IIIvlo

MoAenb IrJra3Mbr. Cor.nacno eroft vo4elr,r Bce oJ'IeKTpoHLI ocIII4JIJII,Ipym B noJle na4aIoulefi BOJIHbI

co cKpocrblo

E:Eosin(ks'r-ust)

v -- -vE cos (ks 'r - t'tst) ,

(1.435)

(r.436)

r,u,e vE : efuolmuo. flpu raxrx ocqr4JrJrflr{r,rflx Bo3HI,IKaer tox. Eclu He yql{TblBatr $nyxryallnr sneK-

rponuofi KogrleHrpaquu (n.: TLeo), To oH paBeH j: -en.ou. Ho xpovre roro Bo3HIaKaer AorIoJIHlmeJrb-

nsrfi rox ua-sa $nyxryaqufi, xoropsrfi HaC I{ IrHTepecyer (rox paccexunx)

jo(",1) : €Y1cos(k6'r-4,,6t) \n"(r,t) : -upcos(ks'r-rrst) p"(r,t)' (l'437)

flpone4eu pa3Jrolr(eHr{e Qypre. B pesylrrare [oJIyqI{M cBrob Mex(Ay KoMuoHeH:ralru @ypre roKa r
$nyxryaqnfi nrornocu,I 3apfiAa oJIeKTpoHoB

io(k,r) : -+ [p.(k+k6,u* uo) * p"(k - ko, a-u)o)). (1.438)

Coraacno [poqeAype ycpeAHenlrr 4"rrx @ypse KoMIToHeHT orcrcAa nonyql,IM cBfl3b Me)KAy u,IlorHocrrtMrl

KoppeJlsI{uoHnux $yuxqufi

UoJo)u,, - 9^:' 
[(r3)u*u.,,* ,,+ (o1)u-u0,,-,0] . ( 1.43e)

(6pZ)u,. 
-!&-u-w2 

f2kzuln'o'

flpu noryveuzu $opuy"rrsr (i.439) Bo3uraKaror errle cJraraeMbre) nporopqrloHarlbHbre d(k + k/ + 2k0)

u 5(u * at *Zug). Ognaxo Mbr r{x or6pacrrnaeM, rrocKoJrbKy oHlI He o[I4cblBaror roK paccefiHvr c
vacroroft, 6nusxofi K rracrore ua4arolqefi BoJrHbI. Onu uoryr 6rtrr cyrqecrBeHHbl nlalrrb B ToM cJlyqae,

ecJrrr qacrora r.BMeHeHr{r fioJrfl n na,4arou1eft BoJIHe 6tuzxa K xapaKTepHofi 'racrore @nyxryaqufi.
Ooprr,ry"rry (1.439) Mox<Ho He lrc[oJrb3oBarb Anrr pacrrera r<oe$cfrqueHTa oKCTI,IHKI{I,II,I B nJIasMe r{,

KaK oKa3brBaercfl,l oHa cnpaBeAJrr{Ba He roJIbKo.q;rg oAHoyacru.trofi MoAeJII,I, Ho I{ AJITI rqpyrux uo4eleft
NJIA3MbI.

Paccvorpult pacceiiHrte BoJrH B rrJra3Me) rAe r{acrrar{burMelor MaKCBeJIJIoBcxyru $ynxq}Irc pacnpcL

AerreHvfl. (1.297). flo4crawrlr sry @yuxqr,uo B BbrpaN(eHr{e .I,JIfl creKTpaJlbHofi uloruocrn Snyxryaqufi
3apnAa (1.405)

(1.440)

Bne4elr clrcreMy Koop.qr{Har c ocbro OZ n4om BoJIHoBoro BeKTopa k. B pesynrrare AJI.a cnexrpaltuofl
rrJrol'Hocr]fi $nvxryaquft He rsazuo4eftctnyroulux 3aprAoB nonyqrlM

(1 441)

(Dryrnyaqzr,r rrJrorHocrr{ 3JreKlcpoHuoro 3apsAa c yqeroM esazuogeftcreraa (1.416) co4epx<at flpoAonb-
Hyro Ar43neKTpr,rqecKyro [pour4r{aeMocrs. .{,"rrx MaKcBeJrJroBcxoft uras\4bl oHa o[peAeJrflerca $opruynar'.ln
(1.2ee) u (1.321).

Paccrtrorpfirr,r nau6onee sa)Kulrft c flpaKTl,Iqecxori ro.rxra 3peHl{fl upoqecc pacceqHl,Is, KorAa Ha IIJIa3-

My rraAaer nolepeqHas BoJrHa r,r Bo3Hr,rKaer raK)r(e floflepeqrarr Bo,IIHa. Coorsercrsyrcqee cJlaraeMoe B

xosQQuqueHre 3Kcrr{HKqr.ru (1.434) c yqeroM Soprrrylsl (1.439) sanl{Ilre\1t B BI{Ae

n* : + I *E#t l:#' (,,,.(r,d - #) (p,) u_u,,._,o
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flpz no'uyveHr"r 3?oro pe3yJlbralra B Bbrpax(eH, u a,n (p2)*+k.,o*r.ro cAeJraHa 3aMeHa u) + -Q)tk -* -k,14 ytITeHa' t{To cIIeKrpa"TIbHa,I ILIIorHocrb Koppe.rsr{ronnofi ,by;i[ilrur rrrr.Tcfl qeruoff $ynxlg,refi cBor4xapryr{e,rorr. 3Accr, rrcrrr{rrr{rra (p!) oupeaeJrflercrr 60pnryrror (1.416).
flpu pacceaHllu c MaJIbIM rI3MeHeHI{eM qacrorbr (lArl < t,;0, rAe au = w- ru6) paccerr'Hafl BoJrHaI{\'leer rlacrory' 6'rrnsxyto K rlacrore la.qa]ou{eto I,I3JIyqeHHfl. cre4onarc.rlbro ,, AJII,IIIbI IJ'JIII y II,IX MaJ]oorJrr{qarorcfl (k - ko) Berz.raHa )Ke

Ak2:lk-ko12
npl4 3ro\4 \4ox<er 6rrrr ne lla-na. oHa JIerKo Bbrpaxaerc.E rrepe3 yron d laex<.r1y BeKTopar\4n

(1.443)

k6rnk

(1.444)

Benrqrua (pZ) 
" $opr,,ryre

Ilosrony apryMeHTbr KaK B

3afrr4caTb B Br4Ae

Ak2: tc2 + tc!,-2kkocos0 - 2kAG -cosd) : +nflsin2f,.

(1 .442) 3aBr4cr{T or pa3uocr}r qacror }r pa:Hocrrr
Bbrpax(eHr.ru (1.44i), raK r.r B ArrcreKTpr.rqecyz4x

Lu:
2k6u6,jsin $l

cr-rgepx<auqr'r ftct , llwe teKTpl,rqecKr,rx npoHlrr{aeMocrrrx MHo>KrrreJrr)

1

-:

(ak\po)z

BoJrr-roBbrx nexr:opon Ak.
[poHr.rqaeMocTrx MOXHO

(1.445)

(1,446)

A,u
Ik,,n*

akfi\f;"sin2 
$

Madr I4II\4 BeJII't K Il 3aBI'ICIrMocr[ or coorHomeH]rt MexAy p,truttoh BoJIHL,r (yruol.,r paccexHnr) r 4e6aeu-cKI'Ir'{ paAl'Iycotu' Ec"nu 4e6aencxuft paALIyc 6oauruoft no cpaBuenzro c Arr..rHoil BoJrHbr) To Mo)KHo lorro-x(I'ITb el - 1u 6eo:0' B 3ToM cryqae roBopsr o paccerHr4r{ tcopornaur eontr,.Ectux<e Ak)po ( 1,To roBop_ar o pacce.fiHr{r{ dtr,unuor,r aonn.

1.36 Pacce.sHue KoporKr{x Borr, ()o < )t.)
{la paccexHl' KoporKl{x BoJIH Mox(Ho cyrararb r{acrr{r{br ABr,r)Kyrqr{MucflKaKB BaKyyMe (e1 - r) unpene6pevs KoJIJIeKTI{BHur'ru e$SerraMlr ltpfi o[]rcaHr,r[ S.nyxryaqrft vac'ruq. Tor4a $opuyra (1.442)
rrprrHr{MaeT BIZA

hr,: -J'd- [ ou t [k x ve]2
. 25 (2r)r/z J L'ku6,," k2 (r.447)

"Lffi'('-6#) *'(-#w)
rAe Ar,,, : u) - us, A,k ry 2&9 lsin (0 l2)l 34ecr, KaK yx(e orMerrarocB Bbrrrre, yrrreHo paccesnrre roJrbKo
Ha 3JreKTpOHaX.

Bne4eu c$eprvecxyrc c-I'ICTeMy KoopAr.rHar c ocbro OZ 
"go,,t 

BeKTopa k6 (Hanouur4M, t{To ko .vs -0). B sroft cucreMe dk: k2d,ksin0d.0d,9: k2dkde pl

: ,'n (t - sin2 o cos2 g) . (1.448)

9ro6u l{ctloJlb3oBarb npI4I laHrerpupoBanuz 6-$ynKr{r,rro, BocrroJrb3yeMca $opuynot (1.369). B pesy;rr-Tare 3a[r4ruerr,r $oprrayny AJrfl xos$SuqueHTa oKCTrrHKr{r.rr{ B Br{Ae r.

n" : *ffffi f,* 1* -'3'* Io*' (* - 
rrP-S *
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flpu nnrerpupoBaHl,Il4 no ,h arula,u, Aaer roJIbKo oAHa lI3 d-Qyuxqufi'

3auvruev [onyr{eHHoe BbIpDKeHI,Ie a $oprt,le

nr,: lo a, ! aaffi, (r.450)

rAe rroA r{HTerpaJroM crozr 4u$$epeHrlr{aJrbHufi xoe$$zIII{eHT 3KCTI{HKI{I{I{, orpeAenqrculufi pacce{-

Hr{e B oJreMeHT TeJrecHoro yula c qacrorofi o

d,2ht, : ?:."rrk ,dbdl 8(2ds/2 ksc3u1r,,sS

1 - sin2 0 cosz g

$in@12)l

fl.nornocr.u [o.roKa gHeprl,tl,t S naAarcu{ero Ha nna3My LI3JIyqeHr{n cor-;IacHo $oprray.rc (1.82)

c2k11EfilBnw6. flo4crau.af DTo BbIpa)KeHIre u yqlrrblBafi, qro

no:'irre},

(1.451)

purrlrra,

(1.452)

( 1.453)

noJIyr{t4 M

d'hr, n"r?

[;

f.2 )

1ffi,
-:
dtndA

1", r-L\ ).*,(-
(w * .,,s)2

2 Qnf /z kouth,"

(, - ro)'1 - sin2 0 cos2 g

$h@ l2)l 8kfiuln,"sil2 (012) 8kfiuln,"sin2 (e lz))l
:clre re: e2/mc2-*JraccuqecKr.rrl pa4uyc 3JreKTpoHa. Iocxonrxy qacrora paccesHHoro u3Jtyse*fisI u)

6rfisxa K a,0, To MHox(r{reJrb B KBaAparHofi cxo6xe 6nrzsox x 1. IzIs $opuynu (1.453) creAyer, qro

4[$sepeuqualsnsrfi xosS$uqueHT oKcruHKq:r.v 3aBrcur or yr.rla xa6rro4eulra. 3ro sna.{ur? r{To KaK

cneKTp pacceflHuoro u3ryr{eHu.fl) TaK r{ ero r{HTeHCrzBHocrb raKx(e eaeucs'] or yffIa na6.nrc4enus. Ecln
pacc\,{orperb cleKrpanbHoe pac[peAeJreHr4e [HTeHCrrBHocrr, trpra $uxcuponaHHo\4 yrJTe, To oH lrMeer

rayccoBcKyro Oopr"ry (Puc. 1.21) c ruraplaHofi Ha ro,IIyBbICore Au.r", panuoft

Ar" - (ztzt rz) kourh,"lsin (g/2)l . (i,454)

3as[cr,rrdocrb rur{prrHhr cleKTpa (u,upuna JL'tL?tuu pacceanua) cBssaHa c re\,IfleparypoIl srexrpoHos. B
pa3pe)KeHHoft nlasrae (ro 4 r,,16) era cnflss Han6oJlee npocra (Ar,,,, - ug(u1',.lc)).

Bepneucx K Bbrr{r{cJreHr{ro rroJrHoro xosS$uqueHTa oKcrtaHxqNI,I. BunoJIHI{M I{HTerpI4poBaHLIe lro
qacrore. flna sroro BBeAeM HoByro He3aBr{cr,rMyro ilepeMeHHyro

u-ao dr: (1.4r-)5)
2 1/2ksu $," lsin (0 I 2)l' 2t/lksutn,. lsin (0 l2)l

fIo,rY'ruu

lr* 
*k- n"rZ(t - sin2 o cosz e) . (1.456)

Teueps [por,r3BeAeM r,rHTerprrpoBaHr{e tro yuraM. B pesyasrare noryarfiM'novrnsrfi xos$$uqneHT 3KC-

TIIHKqI'IH

h17 : rnsr! lr" Q- sin2 0) sinld,o : )n"r\. (t.457)

O6paruuca relepb x Sl,rsravecr<ofi xapruue pacceflHr{.fl. !,na 4nr.ru BoJrH rraAaroqero u3ryqeHr.rfl Ha-

MHoro 6onee xoporKrrx, r{eM fle6aencruft paAlryc, xax<4srft 3JreKTpoH paccer{Baer He3aBr{cr4Mo or Apytux

dw

to



0
A,u

Puc. r.2l: cnexrpaaruoe pac[peAeJreHr{e r{HTeHCr.rBHocru paccer'Horo r.r3JryLreHu,
BoJrH ,r nplr $r.rxcupoBanHoM yure.

[prr KopoTKr{x AJrr4H

(1.460)

sneKTpoHoB' Mo>*ro cKa3arb, r{To orAenbHrrfi saexrpoH ,rBJrrercx $nyxryaqueft Ha @oue raxyyua.!''u onpe4eJleHlrfi pacce'gHl{'fl B eAI{HIrIIe o6teua HaAo yBeJrrlrrr,rrb pacceflHrre Ha oAHoM gJreKTpoHe BTLe pa.Mox<uo 3alI{CaTr, h17 = TLso7, ge

8tr ,oT: Tr;.
@oprray'ra (1'458) onpeAeJlfler xopouo rr3Becr,oe Tolrcononcxoe ceqeHr4e pacceflHun'a oAHoM eJreK-'t'poHe' oAnaro 3JIeKTpoHbI rI.IIa3MbI He J{BJrr{Iorcir He[oABLr)KHbrMrr, a r,Meror cKopocrr,r. I4s-sa sroroBo3HI'IKaer eS$exr .(,onaepa' Saexrpousr, Jlertlrlue or na6nro4areJrfl, [oJryqalor MeHF,rrrue qacrorbr,a Jler.aulr{e x na6nro4arerro-6oarurze. B pesylbrare paccerHHoe r{3ryrreHrae r{Meer rur{pr,IHy JtvHVWllpurleM Ao" - ug(uilr,.f c)' I{:uepxa ,u,npu,y lru,ut4 orrpeAeJr.flror reM[eparypy [JraBMbr, a r{3Mepfl,[oJrHyIo r{HTeHCTTBHOCTb_KOHrIeHTpaqurc 3JreKTpoHoB.

1.37 Paccegrrue !,JtunHbrx BoJrH ()o > )p")
Paccrr'torpul'r paccetrHrre AJII'IHHErX B.JIH, KorAa BxoAsularr B [aprlr{aJrbHbre .qr{3JreKTpr{yecKr,re [poHI{-I{aeMocrl{ BenilqlaHa Ak)po MeHbrue eAI{HI{I{br. flpoana.uzsr,rpyerr,r 4r,rQ$epeHrlr{aJrbnuft xos$$raq}reHrgKCTlrHKr{}rrr Am pa3rur{Hux o6aacrefi .{acrot.

HaqHeu co cryrlafi MaJrbrx asl,renenraft r{acrorbr fia.qarcqero r*ryqeH4fl

(1 458)

lArl < 2ksus1,q lsin (0 lZ)1 . (1.4se)

B sror.r rpeAerre $yrxqua ./r. ( 1 u

6eo- .i=--= r r.
(A,k)pq)"

BBeAeM croBa cSepuvecxyrc clrcreMy KoopAraHar. B pesyrrrare
Kax u B rpeAhrAyrqeu naparpaSe,
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Puc. 1.22: Cnexrpaasnoe pacnpe.qeJreHrre rzHTeHcHBHocrIr paccerlHHoro I,I3ryqeHux npu 6o.nrurlax 4luH
Bo,'rH r{ npr,r $urcupoBaHHoM yrne. Cayvafi usorepltra.recxofi tIJIa3MbI T" =Ti.

uafi 4era 4n<!Oepenqr,rarrnrrit xoedr$nqreHT oKcrl{HKq}rn

drhr, n"r? 1-sin2ocos2tp
d,rda - ;A"Y\r^r ,to tiin (0/z)l \A/c2)b + 1 )

" {r 
(t . o#)' "-o'i''ok2u?t''" 

* L" t'2*t2Lk2u?n't

+s (r . 
^*tr)' 

"-o"-''ok2a?n'" 
t 

A#;r^.2-/z*2u?n,t\,

(r.46r )

rAe S - uth,x/uth,e ( 1, Ac''1 : a ! u)0, €i : Ze, \O-fte6aescx1afi paAl4yc IIJIasMbI, \r' : X-] + l;1.
Ecru n;tasr.{a I43orepMllqecKafl (T,i: T"), ro )p" - }Di I4 rpu lA"l < 2ksuil-,,; lsin(0/2)l ocHoBI{bIM
qBJ'rqercfi cJraraeMbre nponopqptoHaJrbHbre Z. Mw Br{ArlM, qro uupuHa lwr:n:au paccerHHoro H3nyr{eHufl

onpeAen.rreTc.fl r4or{HbrM Te[JroBbrM ABI.{)KeHI4eM I{ qacTo foBopflT, YTo paccegHple npoplcxoAl{T Ha I,IoHax.

9ro lroxcer noKa3arbcq crpaHHbrM, [ocKonbKy MbI He yql,rrblBaeM ABr{x(eHrure r{oHoB B [oJre naAaroulefi
BoJrHbr. B 4eftcrnr.rreJrbHocrrr, KoHeqHo, pacceflHr{e npoucxoAlrr Ha 3JreKTposax. Ho S;ryxryaquavru
3neKTpor{Hoft xoHqeHrpardr.tr y[paBJrrrror HoHbr. Snexrpoutr, yqacrByroque B 3r(paHupoBKe ,ror{HErx

@"nyxryaqlrfi n onpe4eJrsror pacce.flHr,re BoJrH c AJrI{HaMr4, npeBblrlrarculurrlra 4e6aeacxufi pa4uyc [pr4
Marro\4 cr,rerqeul,rr{ qacrorbl. flpu 6onrIuilx cMeIIIeHI{sx aracrorbl (A, > 2ksufi.,,a lsin (0/Z)l) B pacceflHl{e

BHoc.rrr BKJTaA KpylHoMacura6nue Q.ilyxryaqr,rur eJIeKTpoHHofi xonqenrpaqul.r. llpuerolr HeJib3.fl roBG.

pr{TE o paccesur,rfi Ha orAeJrbHbrx rracrr{qax. Peqr I{Aer o paccerHlzl,I Ha 3JreKTpounsrx Sryxryallrlsx
6oree xpynnonracrura6Hbrx c pasMepaMr4, flpeBErrxaroquura 4e6aencwutr paguyc, Koropbre Bo3Hr,rKaro'r

r{ r{cqe3aror 3a crrer relJroBoro ABr{x(eHr{, qacrr,r4 (Puc. 1.22) (r.H. pereescxoe paccexHrze) .

Ilepeft4ev K pacceflHnrc c 6onrnraM cMerr{eHr{eM r{acrorbr (A, > 2ksuilt,slsin(0/2)l). B srov c.ry-
qae apryMeur SyHxqrzr J+ BenrK pr et - 7 - uf;lLw2. Bxo4xulaa r $opNryly (1.416) rpoAorrbHas

Ar.rsJreKTpr4r{ecKa, [poHr4qaeMocTb Mox<eT o6parqarrca B HoJrb r,r [pr4 eronr xoe$@urlr{eH:r sKCTr4HKr{rzrr

yBeJrur{r{Baercs. 3ro r{Meer Mecro flpu
A,a: *wp. (1.462)

Sto suaqzr, r{To B c[eKTpe paccerHHoro I{3,TyrreH[, Bo3HrzKaror orAeJrtHF,Ie rr4HrrLrj qacrorrr Koropbrx
orJll{yarorc:a or tracrorbl fiaAalou{ero v3Jty'r'e:aur. Ha ap. B srou cryqae roBoprr o rcoudunaquoH?1o,r,L

Lk2^2D
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Puc' l'23: cnexrpa"nruoe paclpeAeJreHr{e r{HTeHCr{BHocrr{ pacce.flHHoro r43ryr{e rrufr trpu6oro-r* grrn
BorrH ,r npu $raxczpoBaHHoM yrne. Cny.raft Heusorepuu.recxoft rrJra3Mbr Tu )) Tt.

paccea?7uu' B 4annou cryqa€ oHo cBa3aHo c reM, qro B [rasr,{e cyqecrByror cayvafinrre $ayxryaqr,r-oIlI{bIe JreHrMIopoBCKI4e BOJIHbI' B errx BOJIl{ax gJreKTpoHbI ocql4Jrnr4pyx).rir .rleHrMl{;p6ucx6ft .r?1cr6.r.afi
Ha t''tacurra6ax' [peBbIIIIarcq]Ix 4e6aercxuil paAl4yc. flpu srorr BHerrrH.fi.s naAarorrdafl BoJrHa Aorron-
HI4TeJIbHo BbIHy)<Aaer I{x ocqllnJll{poBarE elqe Ha qacrore u.ro. B pe3yJrbrare qacrora 3JreKTpoHHbrx
ocqu"uaaquft paBHa wg t up, lAe 3HaKI{ [JIIoc I{ MI,IHyc orBetrax)T JreHrMIopoBCKraM BoJrHaM, r4AyrqlrM
an6o nascrpevy, nr'I6o IIo HaIrpaBJIeHLrrc pac[pocrpaHenlrt, ua,4ato11efi BSJIH5L Faccexxpre Ha J,IeHrMro-
potscK'Ix BoJrI{ax qac'ro HasblBalo'l palv"aHoacK'ttb4, WccealT'ueJvt. F,cltu qacrora paccer{Itnblx IlonIJ palll{a
utg - Qpt To roBopslr Cmorcco60 pacce,flHue, a ecJru uo * ap-anmucmoficoeo.

B Heusorep\'tu'recxofi nJIaBMe (n < T") r.rMeercfl errle oAHa t{acrora) upr{ Koropo ft E1 :0 u cevexrae
pacce'sH'Ifl I'IMeer MaKCLIMyM. 3ro sHa'reuue A,u coorBercrByer 3aKoHy Ar4clepclrr{ AJrr r{oHHo-3ByKoBbrx
ucr;ru (cra' $1'19)' B npe4ele AJITIHH'IX BonH Ir3 Hero cJreAyer cJreAyroqee BbrpaxeH,,e At' cMer{eH,rr
qACTOTbI

(1 463)

rAe us : JZr"m' B pesylrrare B Hel{3orepMl{qecKoft nnaeue AJrr,rHHoBoJrHoBbre Bo3Myrr{eHr4r r{og-Hofi xoHqeHrpaquu pacllpocrpaH.flIorcs B BI{Ae BoJrH 3ByKa r{ Ha HrzIx fiporlcxoArrrr pacceaHue. Brre.cro o4nofi I{eHTpaJrbHofi nunnu Bo3HI'IKaIor elrle ABe rt4HWLr (Puc. 1.23),.[pntreM cMerrleHrre orr{x Jrr4-
nurtr ornocureJlbHo u0 3aBv]cu'r or ytJla Ha6rrc4ennx. flpo raxoft BuA paccerrHr,rrr roBoprr wcce.s,t1,?1,1rcM an d enu u,ma*ta - E puanto s na.

Blt'tucallM no'rrsstft xoe$$uqueHT gKCTHHKI{rzu. Brrno"unr.rM rrHTerp[poBaHrre no qacrore. floryvurra

A,w: *L,ku,: *2ksu,l.," rl : *At.,",

/r* *#: n"r?(r - sin2 0 cos2 e) 
(t'*?.s2o-+1")2 +-z'?

(ttczxzo + t)2

rAe

1re: 14r;4,
Tenepr [poz3BeAeM HHTerprrpoBaH]re uo yraarrr. B

T,IZT-
7; : 

-

" 1 + f,/Zf"'

pe3ynbTare nOJIyIILTM nolnrtft

(t.464)

(1.465)

xos$SraqraeHT oKc-
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0.98

F
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\ 0.96
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r0080
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Puc. L.24:3anzcuruocr r ht G)or ( npn TifT":0.05 u ArL AByx 3HaqeHfi.fix 3apsAa I'IoHa.

TI{HKqI,II4

ht,(€) : ,tr {#T fza 
+ so{ + 11€2 +2€3 -6r" (('+ 2) (3'+ 20 +Br!(€ + 21'?]

3-t t4+ 36 + t2 -,"(6 + 211 h ({ + t) (1.466)

#zr!(€ + 2) tffi - i htc + rr] )
3Aecs €:4k8\2o: Q),pl\d2. B.rp"4"re ATII,IHHIIX (( < 1) I,I KoporKl{x (( >> 1) A.III'IH BorIIr rr3

(1.466) IIoJIyqITM coorBercrBeHno

h17 - nsoT (r! + zrl) , hb - neoT. (1.467)

Bu4no, rrro [pr{ paccesHr{r{ AJrr{HHbrx nonn (( (( 1) uonur,lft xoeS@uqIuIeHT oKCTI{HKI{I,II{ orJllrqaercs

or neoT,. Ha Puc. 1.24 uoxasaHa 3aBr{cr{\,{ocrr hi" (4) ot ( npuTif T": 0.05 a AByx 3Har{eHI,Irx 3apff.u,a

I,IOHA.

Paccuarpura.s xou6uuardr{oHHoe paccerHlle, MbI lro cyqecrBy craJIKIrBaeMCrI c HeJIIaHefinHM ssa-

utro4eficraueM Me)KAy BoJrHaMr{, KorAa 6o.nee He cnpaBeAJrI{B TIpHHIILIn cyflepno3l4l{Iau. fla4arcrqar

BoJrHa) paccer4Barcr na co6crneHHbrx BoJIHax [Jra3MbI, co3Aaer paccerHH]-o BoJIHy Ha cyMMapHoit uttu
pasnocrHoft r{acrore. B 4anrruefiureM Mbr paccMorpl,IM 6oaee Aera.nbHo ocHoBbI ne.rrltHeIlnoIZ 3JIeKTpo-

AHHa\4lrKI4 nJIaSMEI.
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f.rraea 2

OCHOBbI HE"III{HENIH.]TN
3 .ftrK TP O trIIHAM WKN ilrA 3 MbI

2.I He"unnefiHoe MareplraJrbHoe ypaBHeHr,re

B c,ra6ux gJreKTpoMarHrrrHbrx rroJrrx Mox(Ho cqr.rrarB, rrro peaKr{r.rff cpeAbr (un4yrqza aau rox) upo_[opquoHaJltHa Ha[pfix{eHHocrll norg. Ha 3ToM .q,olyqeuuu 6asupyercx .riunefi"u-, ,r"rorpoAr{HaMr,rKa,Il paMKax xoropotl AJIfl paclpocrpalteHl{a IIoJIH c[paBeAJurB [pr{Hr{r{[ cy11epflo3l,qufl.
B 6rllree c'IJIbHbIX [oJlrrx auuefiHoe npr,r6,rn>xeulre Hapyuaer"r. 3ro arorrr, ,r,) p,ru,r,r,rl (or.x;urx)cpeAbl yx(e He [po[opq[oHaJlBHa Ha[p-flx<eHHOCTrr rroJrfl, a 6onee cJrox(Ho or Hero 3aBncur. Ecaz uenr,r-neftgocrs cna6a'2, To Mox<Ho ee yilecrb BBeAeHI{eM 6o,ree srrcoKl{x crefle'efi noag B M&Tepl{anb'oeypaBHeHr,re, ouperqerfl rorqee peaKqr{rc cpeAbr.
Ec-rru upelre6pevl 4r'rcnepcrzeft (sauas4r,laaHr{eM rr HeJroKaJrbHocrbro peaKrlura cpe4r,r) u c.,r{Tarr)cpeAy usorponuoft To raKoe Marepl{aJlbHoe ypaBHeHr.re r4Meer nau6oaee upocrofi rn4

D:eE+eG)828. (2.r)

Cnaraer,roe, rrpofiopquonaJrbHoe
n KBa.qparrunou npu6 ilu>r,.etuu
BeKropa.

KBaApary IIoJr.a, B 3ToM cryqae orcyrcrByer. Sro cB.fl3aHo c reM) yro
HCJI'3'I O6PASOEATS BCKTOP L.,IJKWIW C NOMOIIIbIO EAEHCTBCHIfOT,

B aHlrsorponuoft cpege, rAe LIMeIorcfl BbIAeJreHHbre HalpaB ne,,vrfl,MareprraJrbHoe ypaBHeHr{e coAep-X<IIT I,I KBAI(PATIAqHbIC IIO fIOJIIO CJIATACMbIC

Da: eiiEi + u[],)epr+ el]l,apeo1. (z z)

Heluneftnrre re,3opbl Au3reKrpl4qecxoft upouuqaeMocrrr AoJrx(Hbr yAoBJrerBoprrb onpeAeJre'lrbrMcsolicTsav cprl\4Merpl'{14 ' flpocrefturue u3 Hrrx BrrreKaror rr3 caMoro MareprraJrbHoro ypaBr{e uust (2.2)IIpu saMeHe r{rrAeKCOB y KoMloHeHr BeKTOpa fioJffi
,'

,\2.1 : .\?) .(3) _ .(3) _ -(3) _ ^(3)"ijk -'ikit cijkL - ciilk: €i*it: €Uii (2 3)

flouzpro 3Tt4x coorHoruenuft B cpeAe 6ez guccunarlur{ rrMeerc, eu{e pa4 no4o6nru coorHorueuuii,
BbIBe'qeHHbIx a 1962r' Klefiuanou. BrteoA grlIx coor,ourenaft Mbr ,,p,rBoA,rr ne 6ygerr,t, a Jrr{rrrb yKax(eN4ilx

eijk: €kij : ejki: €kji: eikj. (2 4)
!n-a upoctorbr 3arl[c't MbI o[ycrIrJILI BepxHrre rrrHAeKcbr u 6y4erra Ha3brBarb r 4aurHeiirueM TeH3opbrse;ruuerfusrx ALgJIeKTprrqecKLrx [poHI{qaeMocreft uo yficny BxoAsllrux B Hrrx raHAeKCoB-TpexI4 HA.KCHL,TN414)YeTbrpexr{HAeKCHbrMr{ r4 T.A.

Yro6sl yrrecrb.qr{cfiepcr{ro (sana:4uaa*r{e [o KoopAr.rHaraM r,r BpeMeHr{), uox<uo nocry[]rrb raK x(e)KaK I\'I'I 3ro AeJIaJII{ s rzHefiuoft 3JIeKTpoAI,IHa\4r{Ke. By4eu clrrrrarb Arzgre-.{TpfiqecKrre flpoHt4rlaeMocrr{

B1



tApaNIH LIHTeTpaJIbHbIX COOTHOIIIeHIIfi

Di(r,t) : 
f, I_ot, l:*0r,... ll-' or,

* | orr... I ar,n1,(rr,tr) Ejr(rz,tz)...8j.(rn,tn) eS)

x€ijt...j-(, - rr, t - h)rl - 12, h - tZ;...rn-1 - tn,tn-L - tr) .

3Aecs to : t, r0 : r. flo noaogy r:axot $opvu 3arluclr [epBoro cJraraeMoro peyb ruJra s ar4Heftuoi,
gneKTpoAI,rHaMr,rKe. Or\4e.rarocrr qro lrHTerpaJrbHag cBfl3b yrlt4TbrBa.er 3ala3,u,blBaHue Aeficrnut nont
tto OTHOIIIeHLIIO K ITHAyKI{III{ UO BpeMeHrI I4 rro KOOpAIAHaTaM. flpuveVr oTO 3anaaAbrBaHue 3aBr,rcI{T] Jril[rr)
o'r pasHocl'la BpeMeH I,I KoopoArrnar, a He o'r AaHHoro MoMeHTa BpeMeHrr utu gauuofr KoopAr,rHal.bl. 3r.cl
cBrI3aHo, KaK MbI y>Ke roBopIdJII4 B ruraBe 1, c ogHopogHocrbro u crarlrzoHapHocrbro cpeAbr. 3anucr
BToporo cJlaraeMoto raKx(e Mox(Ho [ox.rrrb uo4o6Hrrrra x<e o6pasou. 3na.reHl,Ie IrHAyKrIrar,r e \aoldeHr f
B Tor{Ke r 3aBIZICI{T or Aeficrnza rIoJIfi MoMeHT BpeMeHI4 f/ ra e ro.rxe r'. Ho csoficrsa cpeAbr ts MoMerrr
BpeMeHI,I f/ r g roqxe r' B csoro oqepeAb 3aBI,Icm or 4eftcrnux [oJrfl B MoMeHT BpeMeHr{ t" u B ToarKe

t".
I,ls $opr,,ryn (2.5) nenocpeAcrBeHHo cJleAyer Bblpax(eHze g"rrr (Dyple KoMnoHeHrbr r,rHAyKrlrrlr

Di(k,w): tti (k, w) Ei (k,w)

. l:d.' I dk'erit(k, a.,; k', ,') Et (k - k', , - ,') El'(k' ,w') + (2.6)

oo roo fm ?

.E/_ *r... 1* dwn-t I au, I ax*-rror,..j, (k,cr.r;k1,cr.r1;...kn-r, wn-t)
n=5

xEi, (k - kt,a., - rr) ...8j^_, (kr-z - kn-1, un-2 - un-t) Ej*(kn-r,...n-t),

tTe €ij (k, o)-nnneftntrfi rensop Al,IgreKrpr.rtrecxofi npouuqaeMocru r{ oflpeAeJrflercfl BbrpaxeHueM (1 .25) ,

ed(k,a;kt,w')-ue.nnHefiusrri rpexraHAeKcHuft reusop r,r r.4. B o6rqer.,r cryr{ae

eijr...j-(kr,rr; ...kn,un): 
lo* 

att I ane-ik.rr*iortr... (2.7)

, 
/ o* 

ot - | 
d,r ns- 

ikn'" n+o'^'* 
u oj r... j n (r 1, t 1; ...r n, t n) .

Lls oupege.tenwfr (2.6) u (2.7) cJreAyer, HarrpuMep, rrro HeJrr{Heftnsre rensopbr Ar{oJreKTpnvecxoft npo-
HrrIIaeN,IocrI,I ed(k,u;k',u') v €Ukl(k,a.,;k/, a';k",r.r") y4os,'lerBoprrrcT cJreAyrortrr,rM coo,rHorueHur{r\4

cI4MMeTp14H

ed (k,u;k',w') : €itj (k,u;k - k',w - w') ,

eU xt (k, w;k', w' 1k", r") : e i,kjt (k, ar; k + k// - kt, w -l u)" -,' ;k", r")
: €itkj (k, a,,; k _ k, ,u _ w,, ;k _ k, ,w _ u,)

: €tjtk(k, a,,; kr, u, ;k, _ k,,u, * u,,) .

3ru cooruorueHl4.s [prr orcyrcrBlrr4 rrpocrpaHcrBeHuoft ra npeueHHofi gucnepcraltr conua4aer c flprrBe-
Aer{I{bil\,{,I BbIIxe BLIpa>KeHHTIM I.{.

Coornorueuue (2.6) coBMecrrro c ypaBHeHLreM gJreKTpo\4arHr{THoro uo"ra (1.32) ilprasoAr{T K cJreAy-
rcqe\.{y nenraueftuotr,ty ypaBHeHrrlo Anfi @yp1,e KoMrroHeHT 3neKrpr{rrecKoro [oJrs:

erit (-k, -ai -k' , -r') : eiit (k,w;k' ,u') , eljt (k, cu; -k', -r') : e'ijJ (-k, -w;k' ,w') (2 8)

(:2.e)

(2.10)

Mti (k,a) Ei (k,w)

: 
_j/_ 

&,tt...dun-t 
I aur...au,-L€ij1...j,(k,ar;k1, ur,...kn-t,un-1) (2.11)

n=2r -6
xE3, (k - kt,u - ,t) ...8j._, (kn-z - kn-1, un-2 - wr-t) Ej. (kr,-r, un_t) .
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9ro ypaaneHile l\4ox(er 6urr no,rox<elto B ocHoBy neauHefiHofi eaexrpo4 r4*aMuKyr) B par4Kax xoropoftc"IleAyer paccMarpl{Barr nelaHeffHoe B3allr'IoAeficrrue gJreKTpoMarHIlrHbIx BoJII-I B cpere. Ouo no.nyuc-Ho pa3JIoxeHI'Iei\'{ Hallp'xeuttocrefl tlo:left IIo IIJIocKTIM ooJluaM. Taxoc pa3Jroxcrrr{c e@$cxrraurro rr ror\dcJlyqae' KorAa IlJrocKlae MoHoxpoMaruqecKue BoJIHbI sBJltlorcs co6crsenHuuz tco"re6aun.aMlt cpeAbl.c 4pyroft cropoHbl, caMo nol{srl'Ie o IIJIocKHx MoHoxpoMarr{trecKr4x r3oJrlrax rorIIIo roJlbKo u .ltrattcfi-Hoft enexrpoAt4HaMrrKe' B uaurev pacc\4orpeHr,rr{ Mbr 6y4eu cq,ETarb 3To [peACTaBJreHr.re npu6,ru>xenHo
[paB]IJIbHbIM, rITo Bo3MoxHo, KoHer{Ho, B yCJIoBI{tx cpaBH[rTeJTbuoft tvtalocru uenuuefiublx cJIaraeMLIx
ypatsHeHr..rn (2.11), r.e. ero,Jrpanofi .lacru.

flpe4crauax varepua"lbHoe ypaB,eHlre ts tsI,rAe prrAa uo creleHrrM rroJrrr, MbI rlpcArroJraraeM, yro
3Tor pfiA cxoALITC.f u ruIeHbI c 6o.ryee BbrcoKrlMr{ crerteH.aMu MeHblrre, rreM yJ,IeHbr c Htr3KIrMr{ crelre_HffI\'Ir,' Yro x<e sBJr-Eercg reu $usra'lecKl.M [apaMel]poM, Korop'rfi oflpeAen-rrer cnpaBeAJrr{r3ocr.E gToro
pa3Jlox(eHr{fl? orrer Ha sror Bonpoc, [o-cyu{ecrBy, Mox<er 6rrrr gan yx(e nprr uocrpoeH,H aaHeftnofi3JIeKrpoAtrHa,,vlKu' rlapauerpou, xoroprrfi cyr.ITaerc.a MaJrbrM, J{BJr.f,ercfl or,orueHr{e paccMarprrBae-vux noleri K TeM [oJIflM' Koropble 4eficrnyxrr Me)KAy yacrrrr{aM}r cpeALr. !la<:r'o s.ror napaMel]p ,a-nrcblBaror B BI{Ae Eout/Eir. I'huenuo BHyrpeHHI.Ie fioJr.rr r{ onpeAeJrrror BHyrpeHHroro 3Heprffrc cpeAbr.floerouy [pI{BeAeHHoe coorHoIIreHI,Ie Mo)KHo npeAcraBr,r"b B Br{Ae ornorar;ro nrrorHocrr{ gHeprll,n noJ,w x naorHocrr{ BHyrpeHnefi snepruu wg. finznJra.Mbr 3To ycJroBrre o3Haqaer E, a r"T.B qacruoc,u_
4nx $ayxryarlr{o'Hbrx nonefi B paB'oBecHofi nrasne orHorxeHrre E2 /n"i;";" d";i"i-i;;:"'"',o4naxo, npn T ---+ 0 ycnoeue E2fn"T < 1 napyuraerca (upra6ar{x<eHve xoao4uoft uaasurr), xoraMal'eplaJrbHoe ypaBHeHIAe B BHAe CTeneHHOTO prAa ocraercr{ c[paBeAJrrrrJbrM. Kax .y><r,: o.rN,reqaro(jb, r]sroM cJIyYae napaMerpoM pa^3Jlox{eHlr-fl rrBJrrrercz.uBf u* (( l rz.rru E <mw2f ep. Ilprne4eHHbre sAecb
ABa fiapaMerpa clpaBeAJII{BocrI{ crefleHHblx Mareplra;rbnbrx paaJro)Kenufr. gtrz. [JraBML,r o6tegrHxrcrca
B oAHo uE ( max [ur, (wof w) u6,").

qacro ficnoJlb3yrcr MareprIaJIbHOe ypaBHeHHe c rorrHocrbro Ao olpeAeJreHHOfi Crenenu non.n. Ecnzyr{I'ITBIBaIorc'fi ToJIbKo cralaeMble, [polopqploHaJlbHhle E2, ro roBopfiT-KBaApar[qHoe npu6lux<euue.
Ec'rra yvecrb cJraraeMbre c -83, ro roBop.rrr-xy6uvecxoe upu6nux<eHlre.

2.2 Ocuonurre HeJrrrHefinrre upoqeccbr

flpex<4e, qe\{ paccMarplrBarb ypaBHeHl4fl HelNuelinoft DJreKTpoAr4H aMvKw u rlx perxegue, o6cy4vtrr r.,c:-
HoBHbre flpoqeccbr (sQ$exrsr), Bo3Hr{Karoqfie u3saUe.nunefiuocrr.r cnoflcre cpe.qhr.

Ha'rHe\d c KBaAparnqHoro uprz6auxceurI.fi, Koropoe r4Meer Mecro B airr3orpouHoir cpe4e 6es 4uc-nepc,u' Ecau n raxor? cpe.qe pacnpocrpaHflercs oAHa BoJrHa rz gJreKTpr,ryecKoe [oJre B Herr r,rBMeH fl.ercfl.IIo 3aKOHy

n, : 
*[Ero"'u, "-'',t + c.c.] , (2.r2)

lro I43-3a Heazseftuocrl{ Marep,naJlbHoro ypaBHeHI{, B cpe,qe Bo3nrrKaer r{HAyKr{r{-fi, H3MeHsrcrqarc,ro Apyro^,y 3aKoHy' cornacuo $opr'lyne (2.2) wupyxr(prr{ HaprrAy c .nuHefiuuur cJraraeMbrM coAepx(Lrr
KBaApaTr..rr{Hoe

(2.13)

rtrugyx4ua flBJlterc'fi l{croqHrrKoM uo,T-'. flosroMy B cpeAe noMr,rMo rroJrff racxo4Hoft BoJrHbr Bo3Hr{Ka-er [oJIe c npocrpaHcTBeHHo-BpeueuHolZ 3aBr.rcl{Mocrr* 
"2i(kr.r-rrt). 

l4u;,;1ytu cJroBaM?r, s uerzuefruoft
cpeAe fiptr pacnpocrpaHeHl4r{ BoJIHbI BCerAa I{Meercr ee BTopaa rapMoHfiKa. llouunro sroro, Bo3HlIKa-ET CJIATACMOC, KOTOPOC HE 3ABI{CIIT OT KOOPAIIHAT I,I BPEMCUA. 3rO 3HAYI{I], IITO B CPCAC IIOflBJIgCTCfl
IIocTo_aHHOe Lr oAHOpoAHOe SJreKTplrqecKoe rroJle rrJrra ToK.

flpe4cranul'r re,,epb, rrro Ha cpeAy rlaqaror ABe BoJrHbr c pa3rr{rr,brMr4 rracroraMr..r

Di*t) : rnio*lEni"ik,*-r,'t + c.c.] 
*lEroo"nu,"-r,,, + 

"...] 
.

,r: 
*luroetx,''-t;,' + 

".c.f 
.

E1 :
(2.14)

r4s-za ne'traHeftuocru cpeAbl B KBaAparuv,oru npz6l vr>KeHLrvr 3Trr BoJrHbr co3Aaror fioJrs c Apyr[-MII npocTpaHCTBeHHO-BpeMeHHbIMI{ l,racura6auu. fl.cuo, rrTo lrot\4trMo rex e$serroB, KOTOpbre co3AaeT

* [uro"'u' "-''" +....] ,
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Ka>KAarr lre BoJrH) BoBHI{KHyr e$$exruI ourx B3ar,rMo4eficrarar, Koropble oi.rpe4ellrorcrl flo,IIrMI'I o6cl'tx

BoJrH. B cpeAe noflBJrsercs r,rHAyKrlr,rs Ha cyvuapnoft qacrore w1 *w2 I{ c cyt'IMapIlbIN4 BoJIHoBbI\4 BeK-

ropoM kr * kz. BosuuxHer raKx<e ,rr{AyKUr,r, Ha pasHocrHofi qacrorc at - a2 I4 c rroJIIIoIrIrII\l rJCKTopoI\4

kr -kz. tr{ngyrqua HJrra ToK flBJrrrrorcfl r{cror{Hr{KoM uorefi. Taxue IIoJI.x HasblBator rco"u6uual4u,onnbtJvt'u,.

B .racrHocrfi, ecJrr.r oAHo r,r3 lronefi gulgerc.s gJreKTpocrarr,rqecKr4M II oAI{opoA}IbIM, To oIIo Hc I]JIIdgcr Ita
qacrory Iz nomrosoft BeKTop gpyrofi BoJrHbr. Ho 6naro,qap.fl sroMy floJlro l{3MeHtercrl TeH3op ATIoJIeK-

TplrqecKorl [poHr{qaeMocrrr v!) cJreAoBareJrbHo, or Hero 3aBr{cr,rr saKoH ALICnepcIII4 AJII BoJIH (sQSexr
Iloxxclsca)

Paccuorpnlr rerrepb r{3orponHyro cpeAy, rAe Bo3Mox(Ha Jrr,rlub xy5uvecxar HerllHefiHocrs. Ec.rrn sa.

TaKyro cpeAy uaAaeT sneKTpoMarHr,rTHaJ{ BoJrHa c rracroToft u.,1 u BorHoBbIIu BeKTopou k1, To Hap.fiAy

c JrrrHertHofi un4yrquefi Bo3HI{Kaer Heruueftnas (cru. $opuyny (2.1)):

D :;[Eo"'u,'"-'',' + c...] - + {lool' + Re 
fnfre2i(k, 

r-'t.,1')] 
] (2.15)

, j 
foounu, 

'-r',t + c.c.] .

Bu4no, vro xy6nvecKafl HeJrr{Heftnocrt [pI{BoAr{r K Bo3Hr4KHoBeHr.rro rpprbux rapMoHIrK na4arotleft
BoJrHbr Ha rracrore 3.,'y u c BoJrHoBbrM BeKTopoM 3k1. florrauuo groro ll3MeH.gercfl AnBreKTpI{qecKa .

npoHr{rlaer\,roc'rb lr AJrs cauofi naAaroulefi BoJIHbI D : eeffE

€eff: €+ |rt'l flnol'+ Re (efre2rt,'"-zr",t)] (2.16)

Taxoe r4sMer{eHr{e AugreKTpr.rqecxofi nporu,rqaeMocrr{) cBq3aHnoe c cauofi pacnpocrpaHarolqeftca eo"u-

Hofi , Hasuraercs. cail,oaoa d eilcrnaue*t^
Ec;ru na r43oTponHyrc cpeAy rl^.(aroT ABe BoJrHbr c r{acToTaMr,r ul w a2 I4 BoJIHoI]bIMr eexropavrt k1

u k2 , ro Bo3Hr4Kaer raHAyKql{fi na xolr6uuaqr{oHHbrx rracrorax 2al L a2, 2w2 * w1 u coorBeTCTBeH Ho c

BoJrHoBbr\{Lr BeKTopaMr{ 2k1 *k2, 2k2 tk1. flouurr,ro eroro s$$eKTI{BHafl Alz3neKTplrrrecKat npoHlrlla-
eMocTb AJIU BOJIHbI Ha rraCTOTe (,1 OKaSbIBaeTC.rr 3aBlrcrUlefi ne TOJIbKO OT aM[JrI{ryASl erOtl BOJIHbT) HO

o or aMnr'rr4TyAbr Apyroft norHrr. 9ro sareHrle HaBbIBaercfl. rcpocc-tvtodynayueti.

2.3 Henr,rrefiHoe yKoporreHHoe ypaBHeHrle

Vpaenenza Maxcserra cupaBeAnr,rBr,r ,r B HeJrr,rueftnoft cpeAe. Ecau cqatarb, illro He'r IlHeIuHHx [rcroq-
HlrKoB, TO STrr ypaBHeHr,rfl cBoA.flTcfl K OAHOMy, KOTOpOe I{MeeT BI{.II, ;

O4riaxo, B orrlrque or runefinoft e.nerrpo4rrHaMr.rKr{, rrHAyKqr..rfl cBfl3aHa c noJIeM uerunefinrtu o6-

pa3oM. Peruenrae neluueftnoro ypaBneHrrfl Buoporo [op.aAKa, [peAcraBJrser 3Hat{I{TeJIbHbIe MareMa-

Tr{r{ecKr.re TpyAHocTr{ ra [ogToMy )KeJraTeJrbHo 3To ypaBHerrue yupocTzrr,. flyrr AJr.fl TaKoro y[pou{e-
Hrrs B lwneirsofi oreKTpoArruaMr.rKe navr o6cy>xAaJrcrr n $1.9. On cocrour B [peA[oJIo)KeH]rH, rITo

BOJIHbI gBJIflIOTCt KBaEI{MOHOXpOMaTI4IIeCKIMUL U IIX aMIIJII{1]yA},I I,I3MeHrIOrCtI \,I€AJIeHHO 3a UepuOA

Olw) (AEslAr) << Es u Ha ArrrrHe BoJrHbr ?Egl1Li 11 kiEs. B raxov nplr6rnx<eur4lr \4eAJIeHHo rr3Me-

Hriroquxcfl aMlJrr4TyA n $1.9 Harr.ru 6ulo BbrBeAeHo yKopor{eHHoe ypaBHenr.Ie (1.108).

Paccuorpuu o6o6qeure 3Toro yKopolreHHoro ypaBHeHHs ua clyuafi ne,runefiuofi cpeAtl. flplt srol,l,
orleBr.,rAHo, Mbr He Mox<eM roBopr4rrb o6 o4uoli BoJIHe, a AoJIx(HbI c caMoro Har{ana [peAfioJlararr,, arTo B

cpeAe riMeerc.a He oAHa BoJrHa) a Muoro noau. flore grl{x BoJIIT Mox(Ho npeAcTaBr.,rrb B BfiAe cyMMbI

rotrot o+ $ff:0.

E (r, t) : I forlr ,t,kn,,,,n)eikn'rn-i'nt + c.czrl

(2.17)

(2.18)

rAe I,IHAeKC n HyMepyer BoJTHEI. Ec"uu Ha6op qacror ArrcKperHbrfi, ro roeop.flT) rrro c[eKTp BoJrH Arzc-
xperHufi (ruxeft.rarcd). Mox<er 6rrrr, ra raK, rrro cleKrp BoJrH curourrtofr.uu r.I3MeH.sercfl HenpepbrBHo.
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Tor4a noJre ecrb LtHTerpaJ'l

(2.1s)

3ry Sopuy"rry MoxHo nepeuucarl ApyrLII\4 cnoco6olt. [,u npocrorbr 3.(ecb onyqeHLr apryMerrrr,r r uI n arau,turyAe, Ho oHI4I fioApa3yMeBalorcfl. Bropaa $opura 3anwcv Bo3gr{Kaer npr4 3aMeHe B cJrarae.
MoM c E-(k,t'-') u) --) -(,) h - -k.floonpeAe-uuM aMnJII{TyAbr BoJrH ,,pr orpr.rqareJrbHbrx apryMeHTax
cJIeAyIouIrrM o6pasov E(-k, _ w) : E* (k,u,,). TaxrErr,r oop*or, ecJru B sBHoil4 Br.rAe yr{r4TbrBarb Aen-crB[TeJIbI-Iocrs no:reft tsorlH, llo I{y)KI{o tu6o wcnolh3oBarb 3aflilcb (2.1g), lu6o sa,nzcr,

t 
E (., t) :2R" 

/,,* 
d. 

| 
4y"ik'r-iut.B(k, r) .

E(k' ,w') : )nrop,- o)d(k, - k) + |ayp, + u.,)d(k, + k).

E(r, t) : l:or' | ilyr 
"ik'|'r-iwttulk',u'1 (2.20)

(2.20) uo gopr're

(2.21)

Ho c AoTIoJIHI{TeJrbHbrM ycJroBr{eM E(-k, -u) : E* (k,u,,). 3arnrerrM, qro 3arrr{cb
coB[a r{aer c pasJroN(eHr,reM B rauTerpal Oypre.

f'ra roro,'rro6ur uoryqlzrb 4racxperuuft na6op BoJrH rra rrpeAcTaBJrenua (2.20), rryxHo cer.rrarb
oTJIITqHbIMIZ OT I{yJIfl aM[JII,ITyAb] tsoJrH TOJrbKo Ha coorBercrByroqux yacrorax. Tax, nanpuMep, ecJrHy Hac I{MeeTC.a Bcero JII{rUb oAHa BoJrHa) To Hy)xEo cyI{TaTb, rITo

flo4craenxx ery $oplryay n (2.20), norrytrr{M E(r, l) : }Er"tx.r-ir, + 
".". 

B clyvae rotrrr.r MoHo_
xpoMarHrrecKoro noJLI Ber[qI'IHa E(r,t; k',r') xax $yuxqt4t or kt u atlrMeer pe3Kr,re MaKcr{MyMr,r
s6r[su ror{eK ut : *a Lr k' : tk. 3ro no3BaJlger [peACTaBr4Tb [or{TI,I MoHoxpoMarl{rlecKoe noJle B
cJreAyroqe\{ Br{Ae:

,1
E(r,r; k',r') -,;r(r,t;k, u)6(w,-r)6(r.,-r.) *ir-(r,t;k, w)6(w,+w)6(r<,+t<) . (2.22)

Oveau4uo, *ro ,ror"' ,, ,O)- ilT sroM r{Meer nz4 E (r, f ) : Re [f (k, w) stk.,-tr] , a norxofi coraacunc [peACTaBJIeHLIeM noaa (i.90) (salrerrau, qro AJIfl npocrorbr 3Aecb oflyqeHbr apryMenrrr r ra f narrurvry4e).
Pacclrorpulr rellepb Marepr{anbxoe ypaBHeHr4e B HeJlr,rHeftuoft cpege. PaccrrorpzM aHr,r3orponHyro

cpeAy, rAe uMeerct KBaAparl{rrHas Healauefiuocrr (cr.a. $opr',rynr,l (2.5) u (2.0)). flo4crannra n $opnyrry(2.5) no"rre (2.20). B pesynrrare rorryrrr.rM:

a, I au"'u't-iutg(k,r) (2.23)

3ro cooruoureHle Mo)KHO paccMarprrBarb KaK o[peAeJreH[re aM[Jrr{TyArr se.nuHefinoft rzHgyxqurz D (k, u,,)
Ha rracrore (, rr c BoJTHOBbIM BeKTOpOrr,r k. Arr.lu"rrr,rryAa r.rHAyKrIHr.r D (k, ar) B .aBHOM Br{Ae onpeAeJrrerc.fl
@opuyaoft (1'97), K KoropoMy ueo6xo4uuo 4o6aauru *uru" ueauneftuaa 4o6anxa 6Di (k,r,,,) nearaneft-
uoft nH4yxrlnu (cu. BbrpaKeHr{e (2.6)). Taxuu o6pasorr,r

Dr(k,u) - erj(k,w) E1(k,r) - iLzB@- ry+g (2.24)

+$a#4-9e#g + 6Di(k,,),

D(r,l) : l:

oo 
^m6Di(k,r) =El* *r... li*"-, I ou, f au,-rrn,,..i, (k, w;k1,w1;...kn-l, an-r)

x,E, (k -kL,u -,t)...Ej._,(kn_z- kr_I, un_2_ un_t)Ej^(k,_i, wn_r).

B5

(2.25)



O6parr.ruca K lrcxoAHbr\,{ ypaBHeur.rflM 
"q,Jrrr 

rroJll LI BbIarucJII{M onepaq}Irc rotrot, npeAcTaBnrfl rIoJIe

s ause (2.20)

rotrot E: [* d. Iay"ou''-iut1_ [kx[kxE]] +z[kxrotE] +rrot[kxE] *rotrotE]. (2.26)
J_* J

Bropal [pot{3BoAHarI rlo BpeMeHLI or BeKTopa I'IHAyKIII4I'I

(2.27)

flogcranue narl4ennrre Bbrpax(eHlrg B r{cxoAuoe ypaBHeHL,Ie u or6pocua BTopLIe [poI,I3Bo.4HI'Ie or MeA-

JTeHHO r{3MeHflIOUII4XCfl aM[JrI{TyA BOIIH IrO KOOpAI4HaTaM I{ BpeMeHI{' fiOryr{r',IM

(2.28)

(2.30)

#: l]_r" I ouunu,-,,, (-,r, -2i,T.#)

- [k' [k x o]l +z[k x rotE] *irot[k x E] - 5" -'## :,
B sro ypanneHr4e [oACTaBr{r,{ rrHAyKIIuro u paso6beM TeH3opbI eii u Mii Ha 3pMI{]]oBCKyIo I{ aHu'I3ph4I'I-

roBcKyro qacrr.{ (er.i : €# + efi, Mr1 = M{i + tW$) (cu. $1.9)

-3* @',r,) W .,*WH - $ wt + efi) e1 (2.2e)

: * o rn(k, ru) +'# l*fi @,,*) W . ry)
34ecr6suruzcno,tb3oBaHblcoorHolueHl{fleijrcbq:\pr|qj-6oi5qt(cru'$1.15) wM$:efi.

Kax u n $1.9, [pr{MeM, qro B HyneBort npu6rux<enl4l4 aM[JII{l]yAa BonHbI HeI,t3MeHI{a. 'Iory1a 4rx
cB"a3r{ qacrorhr rz BoJruoBoro BeKTopa norytrl,IM Al4crrepcl{oHHoe ypaBHeHVe AItfl BoJIHbI 6es saryxanua.

3rouy upu6nnxcenurc coorBercrByer or6pacrrnaurrre He ro"IIbKo Al{ccl{flaqr4rti Ho u HevlraneftHoro B3a-

ulro4eficrnaa BoJrH MexAy co6ofi. EcnE ncecrl{ BeKrop floJ]flpl,I3allurr BoJIHEI e: D/t, rge t : lEl
(saraerulr, .rro e..*: lul2:1), r:o noJIyqrIM Al{c[epcrloHHoe ypaBHeHr,re (1'104) .

Teneps yqreM pr3\teueHrre aMnnrrryAbr BoJrHbr. B nuuefinotl Teopurl oro H3MeI'IeHue 6u;ro cBrlsaHo c

lepenocoM BoJrHbr r.r Ar.rcc[[aqueft. B HelunetHoil TeopI{I{ Aurccufia\fifi 4o6auaerca eule ue"rrraneDinoe

a:aHr,ro4eficrBrre Mex(Ay BoJrHaMr{. IIpu yvere srux s$$eKToB B HIzI3IueM npu6,ruxceuuu, ot6pocnn

crraraeMF,re r^ru efi@EI0t), rfi{aeiI0*,) u (06DilOt), no.rryvunr

tfi@',ff)W -,W* - iwefiE1: iw6Dr(k,,).

IIpu rrtno4e ypaBneHnz (2.30) ucloJrb3oBaJlocb oqeBI4AHoe coorHorrleHlIe

fi@*n,(k,r)l 
::*lu2eii (k,w)) - rrtrii (x,u) (2.31)

u Ar4crrepcuoHHoe ypaBHeHr{e ME (k,w) Ei (k,u) = 0.

.I[,ax roro, .rro6H oro ypaBHeHr{e upr{Becrrr K BI{Ay, I4c[oJlbsoBaBlrreMyct e r[Hefiuoft Teopuu (S1.9),

Hy>KHo y^4Ho)Kr4rb ero Ha BeKrop ronrrpr{3arluu e! uroAeJll{rb "" ** ("'rff) eiei B pe3ynL,rare ,,G-

Jryr{rrM He.nrzuefinoe yKopor{enHoe ypaBHeurre, ofipeAeJlgrolqee H3MeHeHIre aMlrJrrtryAbl BoJrHbI c 'racrorot
u ra BoJTHoBbIM BeKTopou k upu yc,ToBI,Iu r{To e : const (crtr. $1.9)

(*.", *+'r) e{r'''1

: 
E l* *r"' l]**"-, I ou, f **-ro,(k,cu;k1,k'1i"'kn-r, un-t)

xt (k - k's,,u - ,r) ...t (kn-,z - kn-t,un-2 - .,;,n-t) t (kn-t,un-t) ,
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rAe vs H 7-rpy[[aBarr cKopocTb r,r AeKpeMeHT 3aryxaHlt'

a, (k, w; kt, ur;...kr-r, un_t)
ei (k,w) ei,

a # lr'rg (t ,r) I 
ei (k,w) e, (k,w)

(kr-r, un-l)
(2.33)

(2.35)

(2.36)

(2.37)

(2.38)

(2.3e)

x €ij r...j_ (k, c,,,; k1, at, ...kn_t, wn_l)
@opuy"rrsl AJLI lpyfiIroBofi cxopocru H AeKpeMeHTa 3aryxa*r4rr ec,recrBer{r.j,J coBrraAaro.r c rjr,rpaxerrrzr-ura (1'106) H (1'107)' Kos$Qr'rqnenrbl on HasbrBarorcr rcosfi$uyuenmae$L nenunetinoti ceaau eonn. BqacrHocrll' a nparoft qa'crl4 ypaBHenwx (2.32) yAepx(r,rBa, roJrbKo KBaAparrrqHr,le u xy6rvHbre orr.ro-CI{TCJIbHO NOJI' IIJICHbI IIOJIYTII.IM:

(2.34)

(*-', *+t) es*,,1

: 
l:drl I d,k1a2(k,w;k1,w1), (k - kl, u - u1) € (k1,u1)

. l:*, l* d', I dk, I auros(k,o;kr,cdri kz,,z)

xt (k - kr,c., - w) t (k1 - kz,ut - rr) € (kz,rz),
rAe

rAe

a2 (k,w;k,,r,) : t
#* l,'rg (t,r)j ei (k,a,,) ei (k,u) 1

a3 (k, w;kr, rrrri kz,wz) : l, ta
a k lw2ef; 

(k, r)l ei (k,w) ei (k,w)
x e aip (k, w; k1, w1; kz, uz) .

crrucl [o'[yqeHHoro yKoporreHHoro ypaBH eHvrtr Arrfl aMnJrr,rryAbr tsoJrHbr c qacrorori u vl Bo.rrHoBbrMBeKTopoM k necrlra flpocr. B uei,.r Hap.sAy c Ar.rccr{rraqraefi r,r uepexocoM yrrreHo ueauuefinoe BsarrMo_4etlcraue eoaH' rlpa sToM c 4anuofi aoanoft esararrao4eftcrayer aro6oe KoJrrrrrecrBo BoJrH TaKrx, r{To
cyMMa I'IX qacror I'I CyMMa I{X BOJIHOBbIX BeKTOpOB paBHbI coorBercrBeHHo .racrore u BoJTHOBOMy BeK-Topy AaHHofi soansr.

flolyvuv raK)Ke vKopoiIeHHoe ypaBHeHI.'Ie AJrfi 6aranca oHeprfirr r ue"uraHefiuot snexrpo4r{r{aMr{Ke.
!'"ta sroro yMHoxrIM ypaBHeHlre (2.30) na Ei (k,cu), a ypanHurri or" E; (k,r..,) yruno>xr.r una Ei(k,u) n

:T#[ilIJ;:HT;"a)KeHun' 
I4cno'rrrava cnoftcrsa efi* (t ,r) : e# (k,'.,;,"rfi. ti,,,r) : -'eIG,',;;

** ru,r..,) + v . S 1r.,r; * 21 (k,r1fr 1u,r) : - #rm [Ei (k,a) 6Di(k,r)],

fr 1t','1 : ** l,'rff(k,,)l Ei (k,w) Ei (k,a) ,

s 1t ,,; : -**l,M{i(k,,)l Ei (k,a) Ei (k,u) .

34ecr fr (x,u'')-cnerrpa,rb'afl ,,JlorHocrb sHeprrrr{ gJreKTpoMar,\r:rHoro no.rrx (cu. Bbrpar(eHr.e (1.113)),s(k'c''')-cneKTpanbHas rrJlorHocrb loroKa 3Heprrc4 (u"*,ropu florzHrzura). Bexrop s(k,a,,) Mox<Ho

;:;l.r.r"rb 
B Br,rAe S(k,ru) : vsW (k,r,,,) (cru. BbrpaxeHr,re (1.114)), rAe vg_rpyrroBas cKopocrr,
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Tpersee cJraraeMoe s resofi qacrr4 ypaBueuu (2.37) coorBercrByer 3aryxaHrrro oneKrpoMa,rHr,r'rnrrrx
BoJrH c AeKpe\{eHToll (uuxpeveHrorr,r)

(2.41)

Haxoneq, rrpaBa.fi vactr (2.37) Bo3Hr4Kaer rr3-3a HeJrr.rHetuoro esauvo4eftcrBrr-fl BoJrH. Ecan ue yqurbr-
IrarL, 31'o asallvo4eftcrnre (npu6nlr>KeHHe "nraneftnoft gJreKTpoArrHawuww) To ypatsHerrue (2.37) rroJrrro-
crbro coBnaAaer c rronyqeHHbrM n $1.10 3aKoHoM coxpaHeHr{s sHeprl,Iu (1.115).

Vpanneune coxpauetrl gHeprtrrl (2.37) coornercrByer o6rrqso HcnoJrb3yeMr,rM ts Herrr4Heftnoii olr-
rI'IKe yKopoqeHHbIM ypaBHeHI{sM nols. TIcuoJIb3oBaHr{e TaKrrrx ypanHeHuf,,npoAyKTr{BHo rpr perueHr{lr
3aAatl ne.uunefinofi 3JIeKTpoALIHaMI{Kr{, B Koropbrx Sasoerre coorHorrreHrlI.s Mexqqy pa3rr,rqHblr{rr B3arr-
uoAeftcrnyrcquN{fi BoJTHaMI{ @uxcnporaubr onpeAeJrenuuu o6pasou. Hu>xe rtlu 6y4erra paccMarp[Barb
B HeKoropo\,{ c\{bICJIe nporl{BofioJlox<usrft cryvatl, KorAa Saerr aolu 6ecuopa4ovnu. Iulcno.rrt3oBa,Hr4e
3Toro [peAloJlox(eHlt, no3BaJI.Eer cAeJrarb cae4yrouluft uar, cBsgaHHr,rft c coortsercrByroultrM ycpeA-
HEHI{EM.

2.4 Bsaravro4eficrBr,re rpex BoJrH

By4eru cLII4TaI'b,qTO B cpeAe ,IMeeTCrI TOJIbKO TpII BOJIIIbI C qacTOTaMI,t Ul,2,Z t4 IlOJIHOtsbrMfi BeKTOpaMI4
k1,2,3. Ha 3To\,I ripuMepe MbI pa36epeM cBoero poAa DneMenrapHrrft aKT HeJrrrHefinoro asaravogeftcrrun
BOr'IH.

Ha'{HeIu{ uaparpa$ c BbIBoAa ypaeueurzft Ans aMrrJrrrryA BoJrH. Ilo-rro>xur,r n Sopuyle (2.20), vro
oTII,ILIHbT OT HyJ'rg ToJIbKo aMUIIITyAbI TpeX BOJIH

E6(k, r,.,) : Erd(cu - r,.,1)d(k - kr) + Ef d(r^r + or1)d(k + kl)
*E2d(c,.,- r,.,2)d(k - kz) + E)6(u + u2)d(k + k2)

*E3d(r,.,- r..,3)d(k - ks) + Ej6(u,, + o3)d(k + ks).

(2.42)

Ilo4cranraIr,r raxoft na6op cJlaraeMbrx B ypaBHeHr,re (2.30). B pesyrrrare c,rreBa r{ c[paBa rrorryqr.rM

(2.43)

rAe

l"n,
k,4 ** Aai (k, 4 * + gti (k,,1lpyo (, -,r)d (k - kr) + . .l
* 

dr' I ax'rnlr(k, r,.,; k', u') ln11o (, - ,' - ,r) 6(k - k' - r.r) + ...]

x 1a115 (r' - rr) d (k'- kr) + ..] ,

atj (k,q -- :* (,,uff) ,

A4 (k'w) :
Pasru'IHrIIu{ cJIaraeMbIM n npasoft cropoHe (ux 36 c.uaraeuux) ypaBHeHufl. orBeqaror pasHbre Herunefi-
HbIe rpoqeccrr. Tax c,'IaraeMoe EyE1i\ (w - 2w1) 6 (k - 2k1) ouucrrBaer reHepaquro nropoft rapMoHr,r-
xra nepnoft BoJIHsI. flo4o6urte cJraraeMbre Bo3Hr.rKHyr 14 Arrfl. Apyrux sorH. 3ru ue.rruHefiurre ilpoqeccbr
He cB.fl3aHbl c B3al{MoAeftctnueu rpex BoJIH r{ Hac r{HTepecoBarb ne 6y4yr. flpoqeccau rpexBoJrHoBoro
nsaun.ro4eftcrBrrrr coorBercrByror cJreAyroqr{e cJraraeMr,re 811E216(w - at - w2), E11Eii6(u - w1 * uz),
E11E!r6(tt-at*us), EirE$16(a+wt*wz), EyE3i6(a- rr-rs) rz r.4. (ncero 18 c"rrariLvsrx). O4naxo,
He BCe rr3 3TI'IX cJlarael\4blx cneAyer yql{TbrBarb, ecnr{ [peA[oJrox(I{Tb, rrro @3 ) at,z.Tax, Hanpulrep,
cJlaraeMoe E11E$r5(u - ut * o2) coornercrByer noe6yx<geur,rro BoJrHr,r c .racrorofi u)3 Ha pacHocrnorz
qacrore. Ho uocxoarxy u,r3 ) a7,2) To 3TO CJrarae\{oe cJ'reAyer or6pocurs.

Ai"r (k, .): -rryi.akl
-iwefi (k,r).

(2.44)
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9ro6r,r [onyt{Ltrb ypaBHeHlre AJIrr aMrrJrr{Ty4u uepsoft BoJrr{br, ocraBr,rM cJIeBa roJIbKo rlepBoe cJrflr
raeMoe, [ponopqlloHaJlbHoe 6(, * r^,'1)6(k - kr), a cnpaBa ro,TbKo cJraraeMbre, flporopu]roHaJrbrrbre
al.rrrrrr.rryAaM nropofi u rperuefi uorrrrur coAepx(aqrde 6(u _ ws * t tz)6(k _ ks * k2). CyulccrByror rorrL_
Ko ABa raKl{x cJlalaeMblx I4 IIM€HH0 oHH onHCbIBaIoT npoqecc rsaultogeficTBr.r, Tpex BoJrH) npr{ Koropor4
BbrrroJrHer{bI ycJIoBI.,I g

QB: a7 * u2, kS : kr * kZ.

B pesymrare AJrr aMrrJrr,rryA Tpex BorH [oryqr,rM

(2.4s)

("t' ** Ao(.1) * . o!))) or, : 2iw1e;i1 (kr,,r; ks, a,s) EiiEr,, (2.46)

(2.47)

(2.48)

I"ff' * + Lfr) * - o[X)) or, = 2i.a2€ijt (kz,wz;ks, us) EirEx,

l":? *+ A,9) * * o[i)) n,, : 2iw3e;i1 (ks,,s; kz,,z) EtjEu,

,o" !ff) : arj (kn,r,), A*) - Aij (kn,wn), 0:? : gri (kn,a,) (n: 1,2,3).
Ec,tra aexropa rroJr.Epl,r3aquft 4la rpex BonH Ilocro.rHHbr) T.€.e7, : En/€n: co11str rge n:1,2,8

Lr €r: lErrl, ro ypaBHeHr.r, (2.46)-(2.48) cyulecrBeHHo yrpoqarcrca. Tax, yMHoxa, ypaeueHue (2.46)
cJ.reBa Ha ef1 no,ryvurtr

(*. ", ** ,,) ,, : a23€2ts, (2.4e)

rne v91) 7l-lpynnoBatl cKopocrb I{ AeKpeMeHT AJIg rlepBoft norgu, xos$$raqueHT o2g yr{ETbrBaer Henu-
neiiuoe osazlro4eficrBue BoJIH 2 u 3 u paBeH (zu4excarrrz yKa3aHbr BeKTopa [oJrffpr,r3ar{aft nonn)

(2.50)

AHa"norra'Ixo [ocryIII{M co ntopofi so,'IHoft. V.rreL,t cJreBa roJrbKo cJraraeMoe, npolopqrroHaJrbHoe aM-
ilrrut. yhe E2i6(u - u2)6(k - kz),a crpaBa cnaraeMbre c 6(w - ws * ut).B pesyrrrare nonyqprM

(* ^ - - ;, . 2eiae iil (kz,rz;ks,u3) eirql
a13: xu2 . (2.51)' 

{i * lw2 
ei,eff (k2,,) 

"r,f} .:,,
9ro6rr noJlyr{Iarb ypaBHeHI,Is 4ax rpersefi BoJrHbr, yAepxc,rM cJreBa cJraraeMoe c Esi6(w - o3)d(k - ks),
a cnpaBa c 6(w - ut - uz)

2elieii1(ks, rs; 'x2,w2) 
e1ie21

(2.52)

{* t l"' "io,, ff tuo, a ifi -_,,
Cucreua ypanneHlail (2.49)-(2.52) ouucunaer naarauo4eficrBre rpex BoJrH, rpr KoropoM uan6orruyrc
rracrory rll\4eer BoJIHa 3 ra rlrnoaHeHbr ycJ'roBrrt (2. 5).3rra ycnoezq HasbrBaror pacnadnot",ttu. Hasea-
HI'Ie cB-flsaHo c KBaHToBo-MexaHr{r{ecxofi ana"noruefi. Ec,ru yMxoxr{Tb $opuynu (2.45) ua nocrosHHyro
fltauxa, To [epBoe Il3 HLIX 6y4et upe4craBJl.flTb 3aKoH coxpaHeHlrfl gHepu{r.r KBaHToB, a BTopoe-3aKog
coxpaHeHl{fl I4MlyJIbca. C srof, ToqKrI 3peHl{s Mo)KHo lpordecc naarauo4erlcrBrrff Tpex BoJrH paccMarptr-
Barb KaK rlpoqecc paclaAa KBaHTa 3 Ha xeaHrrr I u 2. Oseer{.qHo, rrro Bo3Mo)KeH u o6parnuft fipoqecc.
On na^:rreaercfl cn'ualiuervl eol1,?7. B 4eficrnwreJrbHocrl{ [poqecc ue,rr,rneftuoro B3aI{MoAeirc1Btrfl He sB-
Jr'{eTc'r J'IoKaJIbHbIM B npocTpaHcTBe v Mrr{oBeHHbIM Bo BpeMeHra. {,nx roro, qro6t',r oH npoxcxoArrJr,
Hy)I(Ht'I o[peAeneHHue o6lacrpr npocrpaHcTBa u I4HTepBanbr BpeMeHra. IIpu sroM coorHo rrLeruua (2,4b)
I4\4elor cMbICJr yc"noerafi Sasororo cI,IHxpoHI{3Ma BoJrH Bo BpeMeHr,r u rrpocrpaHcree. I4Hrrrtu ciloBa-
MI4, ABe BOJIHbI nsaulro4eficrBylor c rpertefi aorxofi, ecJrr{ oHrr co3Aalor ne,runerlHoe noJre, Koropoe B
lpocrpaHcTBe rr Bo BpeMeHr{ r{3MeH.aercr rro roMy )Ke 3aKoHy, rrro r,r noJre rpertefi BoJrHbr.

+vs2.*--)t2:a1.€1€s,

/a a \
(A * vs3' 

ar * lt ) 
€3: a12€1t2, a12: iu3

2etoeiil (kr, rt;ks,ws) e$iq1

B9

423: ?,ul

* * l,' "i,,ff tur,,) "r,)\,:,,



2.5 3axoHsr coxpaHeHl{s rrpr B3al{MoAeficrsuu rpex BoJIH

B ypanHenu ax Q.a$-Q.52) usr.,,reneHlre a^4rrJrlrryAbr KaxAofi us rpex BoJtH B gaHuofi Toql(e npocrpal{-

c.r.Ba co Bper\4eHeM cBs3aHo c AByMn rrp]rq[Hi],Ml4-Ar4ccl{fiau,uefi (nsavrvo4eftc't'rttett co cpc71ofi, lr rotopot't

BoJrHa pacrpocrpauaerca).u naarar,to4eficrBr{eM BoJIH Apyr c Apyro\,{. Ec.nta npeue6peur guccunaqtaefl,

To ocraHercfl JrI,IIIrb nsauuo4eficrBr{e Me)KAy BoJIHa\4I{ u, oqeBI,IAHo, qro B erov upra6,r[)KeHl{I{ crICTeMa

Tpex BoJrH ,rBJrflercrr sauxuyrofi. B raxoft cl4cleMe I4MeK)TcrI o[peAeJIeI{HLIe 3aKoI{bI coxpalreHt'IrI.

Pacclrorpul,r cHar{ala upocrorl cayvafi, KorAa BeKTopbI ltoJrtpll3aIl]rft sorH fiocroflHHbl (e, : const,

e{e r} : L,2,3) r npocrpaHcrseuuori r.,r BpeMenHoft 4racuepcnefi uox<no rrpeue6pevr,. !,Lra Iraxo>r<Aellurl

orr{x 3aKoHoB reperurueM ypaBHeHI{t (2.a9)-(2.52) r u.r4e

(2.55)

Bragno, qro Bo3Hr4Krrra.fl B Jresofi cropoHe ypaBHeHr,r, (2.54) ne"rrra.rl{Ha eerb fiJlorHocrb 3HeprLIu ueproit
BoJrHbr. B pesylrrare uorytrl4M

ei6effe1i (*."r, #) tt: iut (e\ieiile)iest) €2ts,

ei1e2iefr (!*. "r, *) tz : iuz (eiieiile\iqt) €14,

eliqleff (# - "r, *) tt : iwz (etjieiilelie2t) tfz.

VuHo>xura fiepBoe ypaBHeHrre aa fif Br. B pesyarrare [oJlyr{aeM ypaBHeHHe

(*.',' a"q) { kiouX"') E? : fiwt @i6e'ilteiiest) €fzts

CornacHo orrpeAeJreullro (1.113) fl,rorHocrb oHeprl{rr BoJIHbI B cpeAe paBHa

w = (w) : ;^fi t '"i",rff) e' : { ki"iufi) e'

(*.",, a,g) T : fi kinun1,";,q1) E1€2fi'

(fr . ",, *)# : { kio,ni,u;,q1) €1t2tu,

i,_: -G (eiieiiP ye21) fit2ts

(2.53)

(2.54)

(2.57)

(2.58)

(2.56)

IIpu usrso4e $opnaynr,r (2.56) npeArorraraJrocb, qro reH3op neluneftuoft Alz3JleKTprlqecxoft nponu-

qaeMocrr{ 4eftcrenreleH. 9ro cnpaBeAJrr{Bo orrfiTb x(e raKr{ ToJIbKo a upeHe6porerrpr Artccrtna: ueit.

V.{rr6rnarocb raK)Ke coorHorrreHr.re e(-k, -a) = e* (k,u,,,) BbITeKaIou{ee Ir3 oIIpeAenrerufl. BeKTopa, no-

nrlpl,t3al{I1IE BOJTHE T.

AHaaorz.*mru cnoco6oM rr3 ypaBHeurail (2.51) u (2.52) cneAyer ,qBa ypaBHetufl. Alrfl. W2 u Wg

/ a a\ I4l3
-(A*ve3 m)e

- i. ("^,,
8zr \"" 4rciiei) htzts.

Karc vsr yx<e orr\4er{aJrr{ B $2.1 (Soprr.ryta (2.+)), Tpexr{HAeKcHr,re HerllaHefinrre renaoprr o6;ra4,aror

orrpeAeJreHHuurz caoftcrBaMl,I cl,IMMerprau. Bocno,'Ib3yeMc.fl grI{MI{ ceoficrna\4la:

el ae i i pl i q1 : el i e i u ei,ie s : el i e 6 i 1 eite il : efie i 7 e! i q1,

eiie i i pli q1 : e!1e 4 ie$ i esi : e\ i e i u. eitest : qie i i pl i el1.

(2.5e)

(2.60)

Taxuu o6pasou, B rpaBbrx cropoHax Soplryn (2.56)-(2.58) croxr oAI4HaKoBbIe MHo)KI{renI{. Cte4ona-
TEJIbHO la a\r4lr la O\wz la a\w(#. ",, #) ;: (;. ",, #) ff: - (# *vg3 #) ; (2 61)

90



coorxonreuue (2'61) cBs3blBaer Mex{Ay co6oft nsveHeHrre flJ'rorHocrrlr sHcprurr rpex BoJrH r,r3-3a B3a-ztrrogeftcrnu' Apyr c ApyroM II HasbrBaercs. coomrToweHua,,t Men,,tu-poy. Brq" i* rruronrnrrM, rrro
Aln0cuna\ufl BOJrH [p]r 3ToM ]re yqr4TbrBaeTcrr.

Ecau avnavryAbl B'JITI He 3aBLIcflT or KoopArrHar, To Bce Lr3MeHeHI.Ig npo,ucxoArl] ToJrbKo Bo Bpe-
ueHn. CoruacHo (2.61) ts 3roM cnyqae BbrfioJrr{rercr paBeHcrtso

(2.62)

Benzvnuy Wol'o: ,A/o vacro Ha3bIBarcT tI[cJ'IoM KBaHToB. 3ro HaseaHue cBfl3aHo c reM, rrro coruracHoreaHtono'l MexaHLIKe SHeprl{fl oAHoro gneMeHrapHoro nos6y>xAelt4fl,paBHa htt*.BonnecoorBercrByer
trnorHocrb 3Hepru[ Wo v eft uox<Ho colocraBrrrb ollpeAe.neHHoe rrlrcJlo KBaHTor]. Kr)He.rHO, ,r^u.,
conocraBJleHvle rrBrrflercfl, cyry6o Qoplra;rurrIr,r. Coraacuo @oprrayne (2.62) yveabrrreHr,re B eAilHrrr{y
BpeMeHI'I qilcJla KBaHToB c qacrorofi @3 paBHo yBerlarrerlrro irucra KBaHToB c rlacroraMg ul u uz. gTo
npl{Aaer eule 6olsrur'rft cuslcn [c[oJIb3oBaHHtI IrpeAcraBJreHr.r.E o uearnueftnoM B3ar{MoAeficrnura ro"rrn
KaK o paclaAe KBaHToB' B pesylrrare 3JIeMeHTapHoro aKTa pacnaAa coxpaH.flerc, gHeprruls rr lrM[yJrbc
KBaHT.B Q.a5) w paBHbr r{[cna Bo3Hr,rKaroqux r,r Hcrre3aroqr{x KBaHTots.

tr{s $opruyl (2.62) ctepyer raK)Ke 3aKoH coxpaHeHr,rs oHeprrrr{ AJ, BorrH

*ff):*(#):-*(tr)

ws?Wt _ at+u27wt 7Wr 7Wz 0 .__--A-ot : --", -at : --T - -d, : -i.(wt *wz) ,

W:Wr*Wz+ W3 - const.

*(Y) :#(ry):-*(Yr)

fl$nrwr) : -ffj*enrwi : -"J;" flr,owrl: -*(vsrwr +vs2wz),

S : verWi I vszWz * vssWs: const.

AW
At +V'S:0.

0Wz

0t (2.63)

(2.64)
B cgartrzqe o6teva [oJ'IHag ,,JlorHocrb oHeprr4rr rpex BoJ'rH coxpaHrercr.

I4ureet cMblcn rr Apyroe ynpoqeHlre Sop^ayam (2.61), KorAa aMnJrr{TyAbr BoJrH He r.r3MeHsrorc-fi co
BpeMeHer{, Ho ra3MeHsrorcs B npocrpaHcrBe. B sro\.{ cryqae us $opr,rynrr (2.61) cne4yer

(2.65)

flpousue4euue Wovgo ecrb tlJlorHocrb [oroKa 3Heprl{rr BoJrHbr o, a BeJrrzqr{ ua Wovsof aq : Nqvga
oupeAeJ'Lser nnorHocrb [oroKa KBaHTOB (vrcao KBaHToB, lrpoxo/q.flrrlux 3a eAI{HI{ILy Bper4eHr{ qepe3
eAI,IHI4IIy [oBepxHocru). Coornourenne (2.65) yrBep)xAaer, arro yMenbrxeHpre roroKa q6c.rra KtsaFrror]
copra 3 Ha 6ecxoHe'IHo ltaaoft TonIrII4He paBHo yBeJrHireHWo fioroKa rrucJra KBaHT6B coproB I vt 2 tta
eroft x<e roJrrrluHe.

I4s coorHourenufi (2.65) cJleAyer 3aKoH coxpaHeH,rr nJrorHocrr{ fioroKa BHeprr4H Tpex BoJrH:

(2.66)

(2.67)
B o6lqevr cryrrae AJI,I .,norHocrl gHeprrrl Tpex BonH r,rMeer Mecro ypaBHeHr4e HeflpepbrtsHocru (nenu-
uunu w1,2,3 3aBr4cr{T KaK OT KOOpAr4Har, TaK r{ oT aperraexra)

B xoHqe 3Toro naparpaSa paccrr,rorpllM TaKN(e o6rqnfi cryvafi asar.ruo4eficrBr{r rpex BoJrH c rrpor{3-
BoJIHL'II\4H BeKTopaMLI flonflpll3al{I{ft u yvreu [pocrpaHCTBeHHyIo rr BpeMeHHyro At4c[epcr{ra. VpanneHrl
4-rra 6anancoB [JrorHocru enepruft Tpex BorH MOx(Ho saftru r{3 ypaBHeurafi (2.46)_(2.-4g)

: - *Im leiil (kr, rr; ks, us) EiiE;jE3i,

: - *rm le iu (kz, rz;ks, &.,e) EiiE;j &i,
: -*Imfeiii(ks,rs; kz,az) EiiE;jEztl ,
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*W+v s1 *r.,,r,)
L /AW, \
* ( a, *V's2+2tzwz)

-*W+v sB *rr,*,)

(2.68)

(2.6e)

(2.70)

(2.71)



rAe rrnoTHocTb (W'n) I,I [JIoTHocTb roroKa 3HepIu]I (S*) * TaKx(e AeKpeMeHr 3aTyxa']II'LI (?r,) tpex 
'ols

onpeAenqrcTc, Br,rp ax(eHI..IqMIa

w, : # {:L* 1,2 eff (k,,,)l 
},:,. 

Etr*ni,

s, : - # lau\ (k, r,,) /okl u=u, EirE*i i
. eA 0*.,w) EirEni

In - "-" 
{t"*l,rrg (k,,,)]\,:.^EirE*i

(2.72)

(2.73)

(2.74)

(2.78)

(2.7e)

Cucretra rpex BSJIH y)Ke He 3aMKHyra ll [oJIHarI gHeprufl BoJrH yMeHE IIJaercrI 3a cqe'r l,wcrttnanluit tt

TaKlr{e Lucculau{BHoro TpexBoJIHoBoro nsauuo4eftcrsufl,. I s (2.69)-(2.71) BI4.U,Ho) Yro

(2.75)

(2.76)

(2.77)

- w$fti (kr, rs ; kz, .,,z) ) EiiU;j Fritj

Q'-guccunarr4BHble fiorepu gHeprur,r) a Q// no3uuxaer 3a cr{er Al,Ic[fiarnBrloro rpexBoJrHoBoro B3ar'IMo-

4eftcrnua.

2.6 flpu6m,rx<eHlle 3aAaHuoro rroJlfl (HavannHasl 3aAava)

lacro oAHa r{3 BoJrH, co3AaBaeMas BHeIITHT4M ,ICTotrHI{KoM, tlMeer aM[JII{TyAy, HaMHolo [peBblluarc-

u{yro aMlJrr{TyAbr Apyrux BoJrH. Arrau"nury4y stoft aorutr Mo)KHo ct{I{Tarb sa4annofi. ll nensN4euuoft

(npu6rurN<eHrre 3a.,r,aHHoto noJr.a o4xoft nonnrr). Hau6oree I{HTepecHbIe pe3yJlbrarbl Bo3HI{KaIor) KorAa

3aAaHHyro aM[JruryAy r,I3 Tpex BoJrH r,rMeer BoJIHa c nau6ollrueft qacrorofi wg. Tarcat Bo,'IHa Ha3blBaercrl

eonnoti HarcaHKlt.

Eclr.r alrulraTyAa BoJrHbr ,3 3aAaHa, To MOx(Ho He paccMaTpr4BaTb ypaBHeHlle (2.52).9ro xacaetc.s

ypanHeHufi Q.a9) u (2.51), To B Hr{x crpaBa cJrelyer cql4Tarb t3 rocro.fHHotl gelu'tlzHofi.

Pacclrorpulr cHatrara raxofi cry.{afi, KotAa aMUII4TyAa BoJIHbI HaKarrKI,I I{ aI\4[JII{TyAbI ApyrHx BonH

He 3aBr4cflT or KoopAr{Har. trll nycrr, upra f : 0 aunnrEry4},I coorBercrBeHuo paBHbI €t: tto, €2: t2o,

(uauaaruax sa4ava). IrIs cucre\asr ypaauenufi

AW
E + V'S: -Q' - Q"'

Q' = Z"YtWt * 212W2 * 2'YsWs,

Q" : *Im { [o1e6i1 (kr, rr; ks, r.ls) + u2€ jit (kz,rz;ks, rs)

/a \ _I i- -r- n I &: az3€z€3,\ar' '') '
/a -rr),,:ar'€ttt,[at /

MolKHo uoJrryqrrrb ypaBHelrue, coAepx€qee roJIbKo aMrIJIrrryAy €1 (utu aunnnrypy €2)'.

l#. (tt + tz) fin',,r, - 4)t,,2: o, (2.80)

rne'yA : apa*t!.
By4ev peurarb ypaBHenr{e (2.80), uoJrara.r, r{To r,rcKoMaa $yuxqua 3aBI{cI{T or BpeMeHI,I no 3al(oHy

"r' 
(€r,, - "r'). 

llo4cranaxrr gro Bbrpax<eHr{e B ypaBHenrre AJrrr aMnJrr{Tygrr, nafi4er.r xapaKTep}rcrr4qe-

cKoe ypaBHeEvre AJ[fl onpeAeJIeHI{, BeJII,IqrrHbI 7

(r+ryr) 0+t)-^t2o:0.
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Peruenue gToro ypaBueHr,rfl ofipeAerrrer] ABa 3Har{eHH, .,1 : 7+

t, 17r:_r\.,tl+"yz)+i (tr-tz)'+4-'rE.

Peuegue .qJIg KaxAoil IIs sorH .rlBJTqercq cyuruofi $ynxqzfi e1*t u e1+t c [porr3BoJrbHbrr\4pr Ko-eS$raqIzeHraMl{' Korop].le olpeAeJlslorcfi r.r3 HaqaJrbHux yclonufi. B .racruocrl4r, AJu rreprofi BoJrr{LrpeUIeHLIe

A(t):Ae1+t*Bel-t (2.83)
AoJIx<Ho yAoBJlerBopsrb ycnoBllto t1 (0) : tro, a raKx(e eule oAHoMy ycJroBr{ro, Koropoe cneAyer r,r3nepBoro ypaBHeHr,rfl

aa(t)l
-#1,=o : -'h€rc * a%€2st3'

Orcro4a nerxo naftru Berr,rql,rHbr A u B lr 3arrucarr,

h(t) : t+= {[(2, + t-) tn - ant2st3]et+t
I-- t+

-F [- (rr -t li trc * azs€zots]"r-'] .

Ecnrz o6a 3HaqeHI4s ? orplauareJlLHbl, To c reqenrreM BpeMeHr,r aMnnr,rryAa BoJrHbr t 6yaery6rrearr.
Aua'fioDilrHo 6y4er necrra ce6s fl aM[JII4TyAa nropofi BoJrHbr. Ec.tu xe xorg 6u oAHo r43 3Ha.reHufi [oro-
x(IITeJIbHo, To aMTIJTILITyAa 6y4er HapacTaTb co BpeMeHelu. Oveua4uo, rrro rroJrox(r{TerrbH6re 3HarreH[,
Iro3Mo)KHbI 'roIIbKo Y 'Y+ r,Pw tsbIIIoJIHeErIV HepaBeHCTBa l3 > jfyz. 3,ro 3Haqr4! y.r'o ar\{rr./rr4,r.y,L(br rro.)rrrt1,2 Hapacraror co BpeMeHeM, ecJII{ aM[JI]ITyAa BoJIHbI HaKaqKr{ fipeBbrrrraer oupeAeneHHoe 3HarreHue

'1112

az\ats (2.86)

(2.88)

(2.82)

(2.84)

(2.85)

s2_
"3p

3ro snavenue aM[nI'ITyAbI HaKaTIKI'I Ha3brBaror nopozo\blJvt. fipu npenulreHr{u nopora (2.g6) anrnnrz-rygu t1,2 Hapacralor vt u]Meer Mecro Heycrofivrznocrb, Koropyrc [pr,rHsro Ha36rBarb p,cnadnoti. @rzeu-
YecKa'fl npI4YI'IHa sroft neycrofivflsocru cocrol{T B ToM ,yro BoJIHa HaKar{Kr{, r.IMeroqafl uara6o.rrr,uryx;rracrory' [epeAaer cBoro 3Heprlllo BoJIHaM c MeHbIrrLlMI{ rracroraMt4 al 14, u2 u BoilHoBbIMrI BeKTopa-ur k1 u k2 (cu' (2'45)). Ecrr nos*rrKalo*([e B pe3yJrbrare pacnaAa BoJrHbr repqro.r 3Heprw{ r,r3-3?}
Aucct4rra\fiu MeHrrre, veu npuo6peraror ee or BoJIHbr HaKarrKrlr (4;rx eroro Hy>KHo, .rro6rr BeJrrayr.rHatf npenuruaJa fioporoBoe 3HatleHze), ro IrIx aM[JrraryAbr Hapacraror co Bper\,{eHer4. Vcnonua (2.45)
Hasbltsalor pacrtadn,'a,u,rl' llcJloou,atutu. Berr.rtrua 7+ oltpeAer-aer r,rHKpeMeHT ueycrofivraocu,l

1 :;lC - r,f . 
^rS- 

{r, * r,l] (2.87)

34ecr BeJllrrrrrt'a "YA - €? Ha Prac. 2.1 noxa.:as rpa$rax r{3MeHeHr{.s r{HKpeMeHra npr{ r{3r\4eHe Hr,, lo (T.e.
a\'rrJII'ITyAbI BoJIHbI €! uaxatxu), xoropax nporopr{r4oHa^rrbHo BeJrrryrrHe 16. B6trwsunopora t & ="riirl

.,-t3-''ttlzt - 7ti-12
B4anu or ropora (13 Z 16l) "y = ^to.

Co npeueneM aMTIJII'ITyArI BoJIH c iracroraMu al u u2 craHoBsrc, AocraroqHo 6oa'uurara u HeoG
xoAHnIo yqlzrbrBarb I{x BJII{rHrre Ha BoJrHy HaKar{Krr. Ecnr,r cqr.rrarb) r{To r{crorrHrrK (reneparop) 4aaBoJIHbI c 'racroroft (,,,3 orKrloqeH u Auccrfiraldll.fl BCex BoJrrr r{aJra, To r{3 cooruoureuuft Msuau-poy cle-
AyeT, r{To [oJrHar 3Hepru, BCeX BOJrH COXpaHrreTCg. 3ro 3HarrI,IT, t{TO pocT aM[nr4ryA t1,2 npune4er xyMeHbrueHzro aM[JlrrryAl'r BoJrHbr €s. LI no I{crer{eulzrt olpeAeJleHHoro BpeMeHI{ sHeprr{s or eonu t1,2HaqHer lepexoAl{rb K BoJIHe t3. BosnuxHyr nepploAr.{qecKr.{e l,r3MeHeHr,rs a\,[nrrryA Bcex BoJrH co Bpe-MeHeM' flpoqecc, npI'I KoropoM ABe 6oaee uzaxoqacrorHbre BoJrrrbr cosAa[or Bbrco*osacrorHyro) r.rAerraKx(e c BbIloJIHeHr{e\{ coorHorueHuft ut * uz: u)Z w kr * kz : kg u HasbrBaercs cltu.fl,HueJv,t.
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Lt,0
J

Puc. 2.1: lpa$ux r,r3MeHeHr{.fl r,rHKpeMeHTa HapacraHr{a fiplr rcMeHeHr4r.r aMr]Jrr4TyAbr BoJrHbr HaKarrKr.r

ts

2.7 fpauzvuas 3aAar{a B [pu6Jrr,rx<eHr{pr 3aAaHHoro rroJrs

Bo unorrax cryqasx BoJrHa HaKarrKI,I BBoAIlTcn B cpeAy qepe3 rpaHr,rqy, u 6o.nee o[paBAaHHOitt starse'r(:l
rpaHur{Hag 3aAarla. EcrectsenHo) r{To s6JIIrsIa rpaulrqbl, rAe I{HTeHCI{BHocrb IIaAaIouIero I{3nyqeHr.Ifl
Ir3MeHlrJracb errle MaJro, ar\4[Jrr{TyAy BoJrHbr HaKar{Kr4 Mo)KHo cqr,rTaTb nocrosnuofi. B er:oft o6aacru
Mox(Ho cnoBa r{crroJrb3oBarr upr.r6nnx<eHr{e 3aAaHHoro ttoJl.fi) Ho LICKarb r{3MeHeHLre aMnr'rr{TyA BoJIH

Hyx(Ho He Bo BpeMeHra) a B npocrpaHcTBe.
Bygervt cr{r4 Tarb, rrTo BoJrHa HaKaqKr.r na,r\ae'rc HopMaJrbHo Ha cpeAy, 3aHrMaroqyro [oJrynpoc IpaHC,r'l]()

r > 0. vpanxeHua AJrfl aMrrJrrrTy( tt u €2 B Aa:f.:floM cJryyae r{MeroT Br{A

("*+r') e'

(',**",,)',

(*.'') 
''

(*-,,) 
":

: a2g€2€3,

: a1st1€s,

(2.ne)

(2 e0)

(2.et)

(2.e2)

rAe u1 Lt u2- fipoeKr{rru rpynnoBbrx cKopocreft ua ocr oX.
!,.nr pasavr.rHblx'rpexBoJrHoBbrx [poqeccoB Bo3Mox(Hbr pasnr{r{Hbre 3HaKr,r y npoexqwfi rpynfioBr,rx

cxopoctefi. Ec,lra u1 ,u2 ) 0, ro roBopsr o nonymHbltr 6oln1,atr1 xou QaxrzqecKu oHr4 Moryr pacnpo-
crpan.arbcfl noA yuroM Apyr K Apyry. Ecnu o1 vr u2 r4Meror pasnr{trHble 3HaKr{, To roBop.rrr o lcmpe\Hblr
60n17A!L.

Paccuorpulr,t cnarrala BcrpeqHble BoJrHbI r4 [oJIox(I.IM, qro ul ) 0, a u2 .--0. Bae4erur o6osna.{eHr,I.r
It : 'yt/ut,lz : 'yzl lu2l rz sauuureM ypaBHeHr{s B Br4Ae:

Karc w B cryqae na.raJrnolZ 3aAaql,r pe[reHr{e grrax ypaBresuri uox<uo racKal]b B BrrAe tt,z - ef' . gro
olpeAeneHlla I xafi4err,l

:9?€rer,
Al

013..
- 1----c,lo3.

luzl

(f + fi) (fz - r) - 
a2saB 12 : 3- : rz' utlurl"' - ,', lrrl - 'o'
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Orcrc4a noryrrfiM ABa KopHrr

AnanuS perueuraft AJrs aN4n;rH.Iy/-1 [p()rJeA(]v u o6ulervr (;Jryyac.

- llp, fo ( i(fr+fz) w.l2) 11 norrlvr{Mfa > 0u f-
fd > f1f2). B srou cryqae BorrHbr c l+ Hapacraror.

- IIp, fo ( i (fr + fz) w 12 z-11 norr)er.rM f- < 0 ra fa
fA > f1f2). B srou cryqae BoJrHbr c l- saryxaror.

Ilpra f6 , i (f, * 12) uony.raer,a:

r*:*(r2-11)+, !3_ 1(rz*rr)2

t-2 12
f+ - fr - --i-o=- f_ - _f, -t 'ofr*fz -''11*12'

%.&&,
Ul

a73" 
"

-o7c3.U2

rn:i(rz-rr)+ )o, *r,)' - rE (2.e4)

frfz), l->0(npz

frfz),f..<0(npr

(2.e5)

(2.100)

(2.101)

< 0 (upr.r

> 0 (npu

f3<

fE<

:tztt!,
lLg

r4e 121 : i Qz - f r). 3ro sHa,rzr, .rro $yn4aMeHTaJrbnarr cr{creMa $ynxqrzft, r{3 KoTopbrx crpor.rrcrr
perrreHr,re AJr.rr aM[JrrrTyA, I{MeeT Br,r.q,:

er*' : 
"t^n "tix/Ls 

: srzt, [cos (r/16) * z sin (r l Lo)] (2.96)

Arrnnury4rr BoJrrr ocqr{Jrnrrpyror B npocrpaHcrBe c 
^aacrura6ou 

.L0, paBHbrM

1- O, + I'jy74lt (2.e7)

Beluvl,tHy .L6 Ha3bIBaIor dttunoil $asoaoeo cu?uporluaJvta eoJl?i. 3ra g.urua reM MeHbrrre, veu 6olr-
IUe aM[JIaryAa HaKaqKu. IlprvuHa raKl4x ocquaaaqrfi cocror{T B cJreAymrqeu. fllx 1)to, .lro6u 4nr:
BOJIHbI rIpH B3al'IMoAeftcrg[u c rpertefl nolnoft HapacraJrlr) Hy)<Ho He ronbKo Bbrno,rrHeHrze ycJToBHfl
ks: kr *k2, uo u coorBercrnyrorqufi uo46op MeAneHHo r{3MeH.rrroqr{xcs c KoopAunarofi $as rolH.
IIo uepe n:auuo4eficrBl{.4 orHocl4TeJrbHa.fi @a:a aoan r{3Mexsercrr. 3ro upunoAr.rr K ToMy, qro B o.q-
soti o6aacru upocrpancrna 6onee Hl{3KoqacrorHbre BoJrHbr or6uparot sHeprr{ro y BonHbr HaKarrKr.I, a B

4pyrofi o6lacrra-Hao6opor, Bo3Bpaularor ee.
Ec"rru saryxaHr{e BoJrH AocrarorrHo 6oaruroe (fr f fz , 2fo), ro Mo)r(Ho paaJrox(t4Tb Br,rpax(eHrre

IIoA paAr.rKaJroM r{ 3arr[caTb

1

co3

(2. e8)

!,onycrr.r].a, qro 3aryxaHlze ueprofi BoJrHbr 6olrrue, qeM 3aryxauue aropofi (f1 ) f2, f1 > 2f0). Torga

r---rr+*:\-!i.0, r+-rz-#: frf2 - f3 (2.ee)

flpra ffr ) f1f2 Beruiurna f+ < 0 I{ oroMy 3nar{eHr{ro orBeqa.er Hapacrarorqee BAoJrb ocz OX perueHr{e.
Vcroeue raKoro [pocrpaHcrBeHHoro Hapacrarr{r (ycu.rrexua) BoJrHbr coBr1aAaer c ycJroBr{er\4 ueycroft-
rII'IBocr[ Bo BpeMeHHo[ sagave v Bo3HI,IKaer roJrbKo flpfi [peBbrrrreHr{lr flopora (2.86). Cyulecrneuuoe
orJll{que Ha'ranHroft 3aAaqfi or BpeMeHHoft cocrour B ToM, iITo Hapacrarb Moxer roJ'IbKo oAHa I{s BoJrH
c HaI'II\4eHbIrrIaM 3aryxaHl4eM, B To Bpe\'Ifl KaK Apyrag BoJIHa He Hapacraer.

O6parzlrcx renepb K cJlyrralo rronyrHblx roau (u1,2 ) 0) . l'Icxo4Ha.fi cr4creMa ypaBHeHr{fr B oroM
cnvqae I{il4eeT BI{A

(*.'') 
'' 

:

(*.,,),,:

u1lu2l f a23a13

13-i(rz*rr)2
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Kax u B cryqae BcTperrnbrx nonu 6y4eru r{cKarb peIIIeHI,Ie B BI,IAe ef' u g.rt"l onpeAeJIeHLIn renu'rytnlt I-

noryr{I4M

f+: (rr + rz)+ (2.t02)

Perueuue la Mox<eT 6trru no.no>xlrTeJrbHo r{ eMy cooTBeTcrByIoT HapacTaloql{e B [pocrpaHcTBe aMTIJII{-

ryAbr BonH. 3ro uraeer Mecro rrpu ffr > f1f2 r{, cJreAoBareJlbHo, ToJIbKo np}I npeBbIIIIeHI4I4I noporoBoro
norx (2.86). IIpn erov serirvrny 14 fla3ErBaor xoe$S'ut4u,eHrnorvt ycu,t,e1111fl,,

flpu snavureJrrHoM npeBbrrueHr{r4 [oporoBoro rroJr.fl eror xos$$Hqr4euT yclarretr4fl I{Meer uau6oaee
npocroft eu4

l+:fo-
lrulu,

(2.103)

gacro B groM cryr{ae roBopsr o6 ycrrenuu romr (uru o KoHBeKTrrnHofi Heycrofivunocru).
PaccuorpeuHas HaMH Kaprr,rHa nsaralao4eficrBr.rs BoJrH cflpaBeAJrl{tsa roJIr,Ko e rofi o6,'Iacrl4 IIpo-

crpaHcrBa) rAe aMnJrl{ryAa ltaAaloil{eft BorHbr r{3MeH.rlercfl He3HaqlrreruHo. Ec"nu x(e aro otpaul,IqeHfie

He BbruoJrHfiercfi, To Heo6xo4urr,ro yrr[TbrBarb rr r{3MeHeHI{e aMUIIaryAu t3. B cnyqae uorryrHblx BoJIH

3'r'o [pr4BoAprr] K ocqrrJrJIrIIIHrIM aMnJILITyA B npOCTpaHCTBe.

2.8 flapanrerpr{rrecKrne Heycrofi.rr,rsocru

B Cpe4e, raxo4xrqefiCrI BO BHeIIIHeM SJIeKTpOI\,IaIHI,ITHOM fIO,IIe) BO3HI,IKaeT [ep]IOAI4'IeCKarI Bo BpeMeIIrI 14

[pocrpaucrBe uoJr.aprr3a\yrfl.rtilfi rox.9ro 3Harrr,rr, rrro xapaKTeprrcr]IrKl,I cpeAbl [r3MeHtlorcrl [eprIoAI{-
rrecK[ Bo BpeMeHI{ il [pocrpaHcrne. t{acro cpeAbl c raKHM rtepuo/l,I{qecKlaM I{3MeHeHrIe\l cBolrx csoftcrs
oKa3brBarorcx Heycrotiv[rBbrMr{ rr orl{ Heycrofi.rnsocra Ha3bIBaIor rlaryMern'p'uv,ec'hitu,rvt,'11,.

t{ro6sr Jryr{[e fioH.flTb, KorAa r{ ilorreMy raKlae neycroft.runocrl{ Bo3HI4KaIor, pacc\4orpl{\{ cHaqaJra

napaMerpuqecxwft, pe3oHaHC B MexaHr4Ke. flpe4cranzu ce6e Ma.flTHrrK (ocqu.urrrop), co6crneHHafl tla-

cToTa Koroporo He [ocTorHHa, a uepl{oAl{r{ecKll I{3MeHfleTCfi co BpeMeHeI4. vpannenrae ABI4x(eHI{fl AJIfl

TaKOfO OCrIr4nnsTOpa XOpOIIIO I{3BeCTHO

i + ul[1 + hcos (cu6t)] r : 0. (2.104)

3ro ypanueHr{e HasbrBaerc-fl ypaBHenrzeu Marre. By4eu r{cKarb perxeHr{e ypaBHeHI4t B BI{Ae IrIHTerpaJIa

@ypse

(2.105)

1_,

1o

x(t): l*_*"-,,,r(r).
Iloc"re noACTaHoBKr{ B ypaBHeHr{e [oJIyqI{M

(2. r 06)

CAenaerra 3aMeHy nepelreuuofi uHTerp?IpoBaHl{.fl B nocJIeAHeM cJlaraeMoM (:a' - uO : u) B [epBoM ruleHe

v ut + o)o : t, Bo BropoM vaene). B pesymra:ce noryqrrM AJrrr ofipeAerre*un @ypr,e-xorunoHer.rrbr
ypaBHeHrre B KoHeqHbrx paSHocTsx

(r? - r')c(a.,) + Y Or"* r,.,0) * r(a -00)l : o. (2 107)

Yro6u Haftrra pe[reur{e sroro ypaBHeHr,rs, [poBeAeM 3aMeHy u) --+ u * ug u u --+ (, - rr.16. 'Ior4a 4na
onpeAeneHr,r, KoMrroHeHr r(w * r,,16) noayvurra

Y Or, * 2ws)* r(a.,)l : s,

$ f-Ol * r(w- 2c.,6)l : s.
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l*_*"-"tr(u) (wl - r') +$ po',' 1"-t'uot) 
I*_or'"-n"''*1r'1 

: s.

l"? - f, *,il')r@ * ws) *

l,? - t, -,0)'] r(w - ,,s) +

(2.108)

(2. r 0e)

- 12)2 + rfr,



Mrr nr'r4r'ru, rITo KoMnoH enru r(u * r..16) oupaxrarorcr He roJrrbKo yepes KoMnoHer{Ty r(w), uo u qepe3
Kor'{IIoHeHTbt r(a*2ug). finn ]Ix o[peAeJ]eul{.rr r\,ro;iKHo Hafi]rcarb nogo6nue ypu"n"rrr. B nux nofi4yr
IIC roJIbKo KoM[oHeHrbt t(a *a11), Ho u r(u t 3rr,,6) ra r.4. Cyllecrr]el{Ho, r{To cllrr3b 1rr,r3trrux KoMrrorrerrr
c BbICTITTMI{ BcerAa nponopqzoHarlb}Ia [apaMerpy h (aunnury4a ocr{r4JrJrsr{uil 4lr,ruu uaxruuxa). Eclr3ror napaMerp r{aJI (ft'< 1), To MoxIIo o6opnarr qeiloqKy yparuenufi. OrpaHuuur,acq yrrcroM rrJrcrrorr,
[po[opI{I{oHaJIbHbIx h2' 3ro 3Har{I'IT, rrro B ypaBHelnvr Arrst r(wtu6) voxHo or6pocnrr r(w*2w1y).Tor4a r43 racxoAHoro ypaBHeHr,r.fl noJryrrr4M

'?-'2 ff)'la-;r** a=[-.r,1 :o (2.1 10)

flolyveuuoe ypaBHeHI'{e olpeAeJrrer co6crnenHyro qacrory xone6auufi raasruraxa. Ecnu h : 0, rou : Lwt' 3ro snavar, YTo MatrHI{x xo,re6,rerc.s 6ee =uryr.urrro Ha qacrore w1. Ecnu ytecrt h2 unpr{Becru BbrpaxeHr,re x o6rqeuy 3Har\reHareJrrc, ro nafi4etr

2 (r? - rz - "'o),? -12 - (,1-,2 -W - 4,ua -0 (2.11 1)

r(s-sa roro' rrro h ,,ato, peureHl{e Afifl t, AoJrx(Ho MaJro orJrrlqarbc.E or cu1 . .Ey4err,r I,rcKarb ero no'reopil r4 Bo3Myu{eHI'Ifi B BI'IA. u) : u)t * du,'. B pe3y.Ilb'ra:re [oACTaHoBKra u or6pacri BaHvtx r\4aJrbrx (- 6a2)cJlaraeMbrx, naft4ev

6,V, @fi - tw,,) + ; @A - tzwl)r,] : (ry)'
Ecnu afi cyulecrBeHHo orruqaerc rt or 4w! (r.e. au6 or 2u1),ro B KBaAparuofi cxo6re Mo)KHo or6pocNrr
Manoe cJraraeMoe w Arrfl. du Hafi4evr

Ecan xce u3 :4w?, ro

Taxul't o6paeov, npu u0 - 2ut go6asxa K r{acrore flBJrsercr vHuuoft r4 coorBercrByrou{arr Kor\4rro-
HeHTe r(w) saanclaMocrb o" BpeMeHI'r l{Meer nu4 exp[-zufi+(h/a)w1t]. llx3HaKa nrrroc perreHr.re
HapacraelL Oro u ecrb r.H. napae'ten-Lpuotecrcud peaoHartc u,,ilt Apy.uMr4 cJroBaMr{, rapaMerpuqecKas
ueyctoftvraaocrr. ona Bo3Hr{Kaer He roJrbKo fipu u0 - 2ur, Ho u uppr ao = nar (n: L,2,3,...), HocoorBercrByloull{e I{HKpeMeHTbI 3aBHcflr or Berrrtrl4Hrt h a 6oree nrrcoxofi crerreHr{ y MeHbrrre, rrer4 IIpuao:2wt.

Ilo4o6Horo poAa napaMerp[qecKl,Ie neycrofivurocrr{ Bo3Hr.rKaror r{ e r,i:rr.rHeftHoft cpe4e, qepe3 KG.
Topyrc [poxoALIT 3JIeKTpoMarHvITHas. BoJIHa. Paccltorpulr saKoH A]Iclepcplr{ AJrfl r\,raJrbrx Bo3MylleHrafi
B cpeAe' qepe3 Koropyrc pacnpocrpaH.fiercs 60ru7a HaKA\KU SaAanuofi aMrrJrr.rryAbr

B(0) : j (rr"'u''"- tu't + Eie-iko'r+ir'rot) . (2.115)

Henuueltrnoe Marep[aJ'IbHoe ypaBneHr'Ie B aHr{3orpo[Hoft cpe4e 6es 4ucnepcr{r.r B KBaAparrrrrHoM [pr{-
6tu>xenun LIMeer nu4 (crta. Bbrpa)KeHlre (2.2)) Di: e;jEj*eii1LiE1 By4eucvrararb, trro roMr{Mo roJrs
HaKatrKI'I B cpeAe vMeerc, eqe BoJIHa c uaaofi auuurygoft dE. Tor4a s,TuHefiHolr npu6auxceuvfi Alrfl.g'rorl eorHH [oryr{LtM

6Dr - eiidEi + erlt (nj}) 6Et + alot m,) (2.116)

C4enan 3aMeHy IzIHAeKCoB B nocJIeAHeM rureHe r{ BBeAfl TeH3op Silt: €,ii1 * ei1i, [oryqr.rM

|Di : eii\Ei + s6i1a[o) to,.

(2,112)

(ry)'

d.=(h'?\' '\ 2 / ,r@T-s,?)

_h
dw - *.i. 

nwr.

(2.1 13)

(2.L14)
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Vxe us sroro coorHourertas BLIAHo) qro BoJrHa pacnpocrpaHrrercrr B cperqe, ceoficrsa xoropoll Ir3r4eHrI-
Iorcs H3-3a BoJIHbr HaKaqKIa Bo Bper\leHra r..r [pocrpaHcTBe rro flepuoAr.rqecKoMy 3aKoHy. Ectu noAcTaBrrrr>
B 3To luarepl4aJlbHoe ypaBHeHl,re floJre BoJrr{br HaKar{Kr.,r H cAeJrarb Qypr,e-upco6pa,aorauue, ro rraft4cl,t

6Di(k,a) : eii6}i(k,q +f,sni,[Eo$Ej(k- k0,c,, - ro) .

+E6iEj(kfko,a,+ro)].

VpaaHenue AJrff noJr.fl dE uueer o6uvnsrft nu4

rotrot m+ !ff:o
Ecln nporecrn pasJlo>KeHze (Dypre ,I lrctroJrb3oBarb npr,rHr{Tbre naMrr o6o3Haqeuzrr, TO ir{Jrrr Kor\,rrroHerr1,
[oJ'Ifi [oJlyr{I{\4 COOTHOIIIeHI'Ie

Mti(k,w)6Ei(k,r) : -lrsn:tlEo$Ej(k- k0, c,, - r,r0) + EigE j(k-, ko,, + ro)l ,

rAe Mii(k,u)-uaxcne.troscxl4fi reH3op (cu. eupax<eure (1.344)). no crpyKrype sro raK)Ke ypaBHeHr.re
B KOHeqHbIX pa3HOCTrIX, HO Ir3-3a IepIOAITTHOCTI,I B r]pOCTpaHCTBe BOJIHbI HaKartKI4 IIOMHMO 3aBI,TCHMO-

crl{ or r{acrorbl Ii Meerct eule 3aBlaclaMocrb or BoJrHoBbrx BeKropoB k t k6. Kax u B cryqae MasrrrrrKa,
eCJII4 Cr{I{TaTb cBs3b Ko\4tIoHeHT C pa3HbIMI{ rIacToTaMI{ Iz BOJIHoBbIMH BeKTopat\,{u cna6ofr. (nonHa HaKar{-
Kr,r,rMeer MaJryro arr.rnanryAy)) To Mo>r(Ho Bbrpasurb KoM[oHeHTbr dE.(k*k6, w*wg) rrepe3 KoMloHeHTy
6 E j(k,c..,) r.r sauzcarb ypaBHenr4e

(2.1i8)

(2.tle)

(2.120)

(2.121)

(2.122)

Mti (k,u) 5\ (k, a.,) : g,

Mri (k,u): Mu(k,r) - 'rsoors,r"Uoil6"Mil (k - ko, , - ro)
1'

-)Sar1Soi"Es"E6,rMil (k + k6, w i- ws) .

Vcnorr,Ier,t pa3pernl{Mocrra sroft cracreMbr lraxeftnrrx aare6paravecKprx ypaBu eHufi. flr.arrercr paBencrBo
HyJrro oupeAeJrr4TeJrr clrcTeMbr

detllM4 (k,u.,)ll : s. (2.723)

Bne4eu eAlrnrauHrrft BeKTop [oJrfiprr3ar{Er,r BoJrHbr HaKalrKr{ e : FJol€o r4 paccMorp[\,I rr3orponHyro
cpeAy. Vpanuenr.re (2.123) c yqeroM Bbrpa>xeHr{.fi (1.349) rrpr4nr,rMaer Br{A, rAe

d"'ll$,,(k, w) * (0,, - W) (,*&, d - #)
! r, I q,r,S.iseteik-rk-o , S,;p7S.,i"e1ei (6pa - k-ek-.1k2-)

-4"0 
1--E€t&-,"-) -@ (2.124)

*Srptsajseseik+pk+a _ SirtSoi"e"ei (6oo - k+ok+of k?)l ll _ 
"--q;&4,-J- - 

]ll 
:'

34ecr k1 : k t k0, ,*r+ : u *ar6. Bo MHorr{x cJryr{alx Hyx(Ho yrrr4TbrBarb Bo,.rHy HaKar{Kr,r raKx(e 1a ts

3HaMeHarelax o6parnux reu3opoB M-1 (k t k6,c,-r * a,o).
Ec,ru noluu rraKaqKI,I Her, To Alrcnepcr{oHHoe ypaBueHr{e ofipeAeJrffer o6rr.rHsre nernu (rransr) no.rrH

B Ll3orponHofi uaague. Bo"nua HaKar{KLr rr3MeHsrer orrir 3aKoHbr Avrcfiepcuv,.Ee errlrrHue oco6euso cyqe-
crBeHHo rorAa, KorAa MaJIbI 3Har{eHareJr}r, coAepxorqr.re 3aKoHbr Ancnepc;lr\t BoJrH Ha xou6uHaquoHHbrx
rracrorax. 3ra lraaocrb 3HaMeHareteft naaaraer ycJroBr,re Ha rracrorbr I{ BoJrHoBrre BeKTopEr BoJrHbr Ha-
Kar{KLI) nogo6ulre reM) Koropbre 6ruu B cryrrae Marrnr{Ka (wO :2wi. B surx cryrra.flx B cpeAe raKx(e
Bo3HI{Kaer IIapaMerpvqecxufi pesoHaHc I{ BoJIHbr Hapacraror (uaparvretpuqecKas Heycroftvrzsocrr).
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tlacrHurnr cryqaeM napaMerpr{rrecKr{x Heycrofi.{uBocrefi flBJrflrorct pacfla.u,Hble Heycrofiql{Bocr}I,
Koropble MbI paccMorpeJll{ n $2.6. IzlM cooreercrByer perxeHr,re Ar,rcllepcuouuoro ypaBHeHHs rlo reo-
pI'IIa Bo3Mylrlennfi, xorga B I{yJIetsoM npr6"nrarxeul{r4 BbrrroJrHerrbr 3aKorrbr l\warcpcilr4 4.ul rsarauo4cfi-
crBylox{I4x BoJIH) a BJILttHr,re HaKar{K}I [pI,IBoAI,Ir Jrralub K MaJIoMy \3MeHeHI,rrc qacror. I4venno raKr,re

AOrIyqeHlIg 6E,r;ru ucuo.trb3otsaHbr rrpr4 BbrBoAe yKopotreHHbrx ypaBlreH[fi uo:rq.

2.9 Henr,rHefiHoe B3aI,IMoAeficrBIte BoJrH co cJryqarZHrruu Sasalurra

tlacro u oco6eHgo B IIJIa3Me nos6yx4aercff MHoro BoJrH c pasHbIMLr qacroraMr{ 14 AJtrlHaM:l^, Har{aJrbnbre

SassI xoropblx HI4KaK He cB.fl3aHbl Me4qy co6ofi u cnyvafinrr. Cyrrllrapnoe rroJre 3THx BorrH ,BJrrercs
c.nyvafinofi $ynxquefr KoopAllHar L BpeMeHI{. Hau6o"uee npocrofi r4 Aocrarot{rro n<t.nll<tft xapaK.r'epr{c1'}r-
xofi raxofi clyvafiHoft Synxquz tlBJl.flercs KoppeJl.nUuonnaa fiynrcr4u.a, Koropyrc Mox(Ho Hafirv, ecru
I{3BecrHbI ee @ypre-xoMloHeHTa vIrvIl ,rtbtMrl cJroBaMI4, cnercrnpallbnaa nJlom*ocmb rcoppetl.fl,t4uonnoti
dtynrcu,uu (Efii)x,. (cru. flpznox<eHrre B). flrrx [orefi, Bo3HrzKaroqlrx B rrJrasMe rr3-3a rr3JryqeHr-r.fl rr
rrourorr{eHr,rfl r{x iracrrrr{aMu, Berr{rrr.rHa (E;Ei)u,r: Pu (k,rr,,) nsrpax<aerc.fi qepe3 $ynxquro pacnpeAe-
JteLtufl rracrl{Il (cv. $1.29). flpra eror.r rrpeAnoJraraerc.fl, rrro BpeMr ycraHoBJren[.rr paBrroBecr4s Me]r(Ay
BoJIHa\4II I{ qacrllqaMl{ oileHb ualo. B geftcrwtre.tbHocrl,I, 3To Mox(er 6.ustrs u He raK. Motxet oxa-
3arbcff, 'rto 6oaee 6uctprru z trooroMy 6oJree eax(HbIM gBJrfiercr [poqecc o6tlena eHeprrzeft r\4ex(Ay
paSr[tIHbIrlI4 BoJII{aMu) a He Me)KAy BoJrHaMlI u qacrr4r{aMn. BosHuxaer 3aAaqa, wafirw ypaBHeHrre,
Koropoe yql4TblBaro 6sr uelaeHeHlze c[eKTpaJrrnoft urorsocrra KoppeJraqzonHoft Syuxquu 3a cr{er B3a-
lrl,to4eficrnu.fl BoJIH c pa3rrrrlnblMll ilacroraMl{ I{ AII{HaMI.{.

C;reAyer: orMerarrr, rrro cocrorrHrre lrJra,sMbr, B KoropoM aoe6y>x.qenrl c;ry.raftnsle 3JreK.r.I)oN4arrrr{,r-
HE'Ie noJl:r) qacro Ha3bIBaIor myp1Etenmruuaa. IlosroMy 3aAar{a cocrorzT B ToM, qro6rr nocrponTb ypaB-
HeHI,It, KOTOpbIe onlICbIBaIOT SBOJIIOIIIZIIO stOrO typ6yleHTHOrO COCTOTHI4-g rr3-3a HeJrrrHeftnoro B3aLrr\4O-

4eftcrnua no;rH.

VparHenrze (2.30) ouucblBaer I{3MeHeHr{e aMlJrr.rryAbr o4uofi r{3 Bo,rrH c qacrorofi &., ra BoJrHoBbrM

BeKTopoM k sa c.Ier n:auuogeficrBut c ApyrrrMu BoJrHaMlr. Aunauryga E(r, t; k, a.,) an.nxerc.rr KoM-
nvrexcHoft I4 rrosroMy ypaBHeHHe o[peAeJrrrer r,r3MeHeHrre He roJrbKo 4efcrnrarelruofi aun;rrzryAbr, Ho ]r
Ha.raflsuoft SassI. @a:rr ao.nu, o6pasyroqrae cnyvaftnoe [oJre, He o[peAeJreHrr. Mrr y)Ke roBoprrJrr,r) r{To

B gro\4 cJlyqae o6sr.rrro ucrroJrr,3yror upeAuoJrox<eHr.re o xaorur{ecKrrx, cayvafiurrx $aeax r{ rrpoBoAsr Eo

HI{M ycpeAHenue (cru. flpuloN<eulre B). IIpu oroM ycpeAHeHr{rr c[eKTpaJrbHa.fi nJrorHocrb KoppeJrflr{r,ron-

Hor.i SyHxqrrr{ Bo3nr.rKaer KaK pesynbrar ycpeAHenua @ypre-KoMrroueHT vJrrr Ko\4[JreKCHErx a\4urrrryA
BOJIH

(rr (t , w) EI (k',r')l : Py(k,ar)d (k'- k)d (r' - r) ,

(oi !r,w) Ei (kt ,r')) : Pit,(k,w) 6 (k'+ k) 6 (a' + w) ,

(2 125)

Kol'opoe cnpaBeAJ'rvBo B cryrrae crar{rroHapnbrx r,r npocrpaHcrBeHHo-oAHopoAHbrx cocrorrHr4fr. flr4.1sp11-

HeM, r{TO COOTHOrrreHr.re (2.125) [CUOJIb3yeTCs IIpU [peAlOJrOX(eHr{r{, rrTo CpeAHr.re 3HaqeHr{r Halrprx(eH-
Hocrefi gneKTplrqecxux noaeft orcyrcrBylor B cpeAe, I{MeHHo:

(E (k,u)) : 0. (2.126)

Bcrogy Hrr)Ke Mbr raKx(e 6ygenr crrr4Tarb BbrloJrHeHHErM ycJroBr{e (2.126).

Msr orparrvqrrMc.s rr3yrreHrreM flpoqeccoB, AJrrr Korop!,rx AocraroqHo yAepx<arr, B ypaBHeHrru (2.37)
rureHbl BnJrorb Ao qerBeprofi creueuu no,ra. !,rx roro, uro6rt fioryqlrrb ypaBHenr{e !,ila (EiEi)*,.:
Pri (k, cu), yrurao>rzM ypaBHeHrae (2.30) ta Ei (kt , c.,'), a ypaanoaue AIrfl Ei (U' , u') yvuox<uv wa Ei(k, u),
cJrox<I{M IIoIyqeHHbre Bbrpax(eHrrs ]I npoBeAeM cTaTI{cTLIrIecKoe ycpe.q,HeH},:e (npe4no.rraraeTcr) rITo r{3-
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MEHCHIIE CNEK'I]PANbHbIX XAPAKTCPI,ICI]I,IK TIOJIEft IPOECXOAI.IT T{C/qJ'ICHHO)

rAe cleKTpaJlbHa.fl nrlorHocrb DHeprlrr4 oneKTpoMarHr{Tuoro fiorrfl.W (k,r), c[eKTpaJrbHafl rrJrorHocl]b
noroKa sHeprrrl4 (eexropa flofinrraura) S (k, a,,) I{ AeKpeMeHT 3aryxaHrrs f (k, r) oflpeAen.rrrclc.rr Bbrpa-
)KeHrrrMrr (cr',r. $opr,,ryau (2.38), (2.3g) ra (2.41))

l&r(k,u.,)* 
v.s(k, w) +21(k,w)w(k,r)] 6 (k'- r<)d (a,,- a,)

iaf6f: 
G J_*dq J dkt {rrit(k,a.,;k1,a.,1)(Bi (k', ,') Ei (k - kr, , - r)e (kr,or))

-uii,(k',u';kt,rr) (En(k,a) Ej (k,- kr, ,, - rr.) El (k1,a.,1))) e.nl)
.# l:*' /* d" f ou, / d'k2{eaip1(k,ar;k1, u1;k2,a2)

x (Ei (k', ,') Ei (k - kr, , - riEr (kr -kz,ul - uz) Et(kz,ril)
-riirt (k',w';kt,urkz,wz) (il(k,u) Ej (k,- kr, ,, _ rr) E[ (kr , k2,ut _ rz) Ef (kz,az))] ,

w (k,w): *fil"rrff(k,,)l pii(k,w),

s (k,ur) : -fi,a*{irf,'l p1i(k,w),

ia
r (k, a,) : - +_ftqrfi tu,w) pii (k,a) .

(2.128)

(2.12s)

(2. r 30)

Coraacuo Soprray"ue (2.20) w ypaBHeHpIIo (2.127) aMUrHTyArr rrorrrrr MoHoxpoMarr.rqecKrrx [oJreri,
BxoAflurl{e B ypaBHeHI4e (2.37), MeAneHHo MeHflrorcfl B [pocrpaHcTBe r{ Bper\4eHfi. B sro},.{ cMbrcJre co-
cror{Hrle 3JIeKTpOMaIHIITHOTO IOJITI B CpeAe He ,rBJrrrerc, B TorrHocrr,I crar{[oHapHr,rM ]r oArropoA]rbrM,
KaK 3To fipe.qnoJlaraercfl rrpll 3arrr4cra coorHorrreHr{a (2.125), a KBasr{craqr,.)HapHbrM Bo Bper\4eHu r{ KBa-
3I{oAHopoAHbIM B rlpocrpaHcrBe. flosrovy r.rMeHHo 6naro4apa MerqJreHHocrra r..r3Meueur4, aMlngryA 11o-
,teft, Cna3auHofi, xax MbI BI{AOJII,I BbIIrre) c MaJlocTbro ,ruueftnoro 3aTyxanr,rr z uearnefinrrx sS$exlou,
Mo)KHo ctrr4Tarb relepb yx<e upz6auxreHHo BbrrroJrHeHHbrM paBeHcrso (2.125).

3araerult AaJree, qro onepaqilfl. crarwcrvlqecKoro ycpeAHeHr{s noApacyMeBaer HaJr,yrre onpeAeneH-
r{oii Syuxq[u pac[peAeJIeHI,Ir{ HafipJl)<eHHocreft enexrpuqecKrrx nolefi B cpeAe. Orsrcxanue raxofi
$yuxqnu pacfipeAeJreHl,Ifl [peACraBJIJrJIo 6u co6ofi [oJrHoe peuerrr{e 3aAairu crarprcrrrqecxofi srexrpo-
AuHaMLTKl4. O4naxo, AJIff HaIIIux qelefi no4o6noe pelxeHl{e He .EBJrgercfl neo6xo4zrr,rrM, TaK KaK Mbr
craBIaM [epeA co6oft 6o.nee orpaHl{ueHHylo 3aAayy: noryqurb ypaBHeHnfl) o[r{cbrBaroqr4e 3tsoJrroqflrc
c[eKrpaJlbHrrx $yuxquft uo"ng Pi,i(k,r^u). Ha s3blKe reopu[ BeposrHocrefi erouy coorBercrByer orr,rc-
KaHIIe HecKoJrbKI'Ix fiepBblx MoMeHToB clyvariHr,rx BeJrrrrrr{H, a He rrx $ynxqzu pacfipeAeJreHr{.s, 3HaHue
XOTOPOfi IIO3BAJI'CT B IIPI{HIII{IE BbITIIICJISTb MO\4CHTbI ArO6OrO IIOPgAKA.

B maueftnoft sneKTpoAI{HaMI{Ke, xoropofi coorBercrByer or6pacrreaHile B npanoft qacrr4 (2.127) a,cex
uelranellnltx cJlalaeMblx, ypaBHeHue l\Jtfl. c[eKTpaJrbHux SyHxqraft nons r{Meer Br{A coB11a{arcrrlgft c
ypaBHeHrreM (1.i15), rge (W) u vn (W) Ha.ro 3aMeHr{rb Ha W (k,w) n S (k,c.r), cooraercrseHHo. I4g
sroro ypaBHeHl{-fl coxpaHeHllfl 3Hepu,IH BbrreKaer oireBH.4Hoe csoftcrso c[eKTpaJrbHtrx Qynxqufi n pau-
rcax lunerZHofi elexrpo4uraMr4Kr. Izlrtenuo, TaKr{e $yHxqralr AJrrr pasHbrx k w a He KoppeJrrrpoBasbr.
flosrouy 6aaro4apa (2.t26) Iz orcyrcrBl{Io KoppeJrrrtrrafi eoaH c pasHbrMr4 k u w [oryrraeM cJreAyro-
qee coollHorueHr{e AJ'Ifl KoppeJ'IaqraoHHofi Synxqrara rpex aMrrJII{TyA oJreKTprrtlecKr4x noaefi lunefiHofi
SJIeKrpoAr4Hair'lldKl'c:

(gn(t*,w) Ei (k',r') E" (k,,u,,)) : g. (2 131)

KoppeaaquoHHyro SyHxquro rrerblpex aMnJrr{ryA araneftHoft 3JreKTpoAr{HaMr{Kr,r Mox<Ho 3alr{carb B
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BIIAC

(Ee (k,w) Ei (k1,wr) Et (kz,rz) E" (ks, ,s)) : (E; (k,w) Ei (k1,ri) @t (kz,rz)E" (ks, rs))
+(E,(k,u)81(k2,rz))(Ei(kr,rr)E,(ks,re)) + (&(k,o)E,(ka,rs))(Ei(kr,rr) E1(k2,u2))

: Pii (k,;o) Pr, (k2,r,.,2)d (k + kr) d (kz + ks) 6 (w + w) 6 (w2 * .",3)

+4r (k, w) Pi" (kr,rr)d (k + k2)d (kl + k3)6 (w-t w2) 6 (q + rs)
Pt, (k, u) Pit(kt,o1)d (k + k3)d (kr + kz) 6 (w + q)d (q 1rz) .

(2.132)

!,,tx roro, '{ro6st [o.acHI{Tb Bo3MoxHocrb raKoro [peACTaBJreHr{rr, paccMorpt4M cryqaftuyrc $ynrr1rarc
BpeMeHI{' BosslueNa rIpoLI3BeAeHIne qerblpex ena.leHufi Syuxrlraz Arfi qerbrpex pa;rl{r{Hbrx MoN{eHToB
IlpeMeHI4 14 ycpeAHI,IM [o crarl,IcTrlrrecKoMy ancarr6lxr (cu. Ilpu"ro)KeHr,re B). Or:luvHurft or nyrrn J)o-
3ynETar noJryrrrlllct B AByx cnyqasx. Bo-uepnrrx, ecnil apryMeHTl,r AByx nporr3BoJrbHbrx nap Syuxqzfi
oKa)Kyrcfl HacroJlbKo 6rzsxo Apyr K Apyry, rrro I4x [por,rsBeAeHr{e BCerAa 6y4er nolox<rzre.nruo. Bo-
BTopbIx, ecJILr Bce rrerblpe $yur<qnu Bo Bcex peaJrrr3ar{r4sx 6ygyr r{Merb oglruaxonuft snax. flocreAHee
Bo3Mox(Ho roJIbKo B ToM cJlyqa€, KorAa Bce qerbrpe MoMeHTa BpeMeHr,r 1nnzxu Apyr K 4pyry. Ecre-
cT BeHHo [peAnoJIo)KI,ITb, To nropofi BapI,IaHT MeHee BeporreH, verrl nepauriil ,r eto He yqu'rbrBarr,. Tor4a
cpeAHee or [poIBBeAeHI{, r{erblpex c"nyvaftnblx 3HatleHrllft Qynxquu Mox{Ho [peACTaBr,rTb KaK [por,r3-
Be/q,eHlre ycpeAHeHHbrx napHbrx npouaeegeuufi .

B Henuuefinofi e"uerrpo4rHaMr{Ke $oprtay.nu (2.131) u (2.732), crporo roBopr, He lrMeror Mecra,
[ocKoJIbKy IIo caMoMy cMbICJIy HelltHeftnoro B3al{MoAefrcralzfl. pasJr}rqnblx BoJrH t4x aM[JrprryAbr oKa-
3r,IBalor(la KoppeJII,IpoBaHHbIMI4. O4Haxo B cnyrrae cta6otr ne.nuneftHocril, Koropar :lAecb roJrbKo r,r

paccMarpl{Baerc.fi, KorAa n npanoft yacrr{ coorHorrreHr{fi (2.6), (2.1I) w (2.127) r\4o)r(Ho orpaHrrrqrarbcrr
JII4LUb HeCKOJIbKI4MI{ tIJTeHaMI{ pflAa [O CTeIIeHfiM rIoJI.fl, TaKOe OTIEqIae, Bo-nepBbrx, 6y4er CpaBHH-
TeJIbHo HeBeJIL{Ko, a, Bo-BTopbIx, yrrrrrblBas r{MeHHo orJIIriI}Ie coorBercrByloqltx $oprraya Heauuefiuorl
3JIeKTpoAI,IHaMuKrr or (2.131) u (2.132), BMecro Hr{x Mox(Ho Hanr{carb 6o"rree ro.{Hsle, !,lx Harrrero
rlocneAyloqel.o BbIBoAa ypaBHeHrrrr, oflrrcbrBaruulero aBoJlloqrlro cfieK.rpaJrsuux Svrxqafi no,u, c.le-
Ayer rloJlyr{urn $opr'ayny Ailfl KoppeJrflr{r,roHnoft @ynxqr,rH Tpex aM[Jrr{TyA, yroqHrrroqyro (2.131) Ha
c"nyvaft, KorAa a ne.rrr,rueftHoM ypaBHeuuu rrorrfl. (2.11) yvnrbrBaercfl rrepBoe Helr.rueltrnoe cJraraeMoe,
KBaApaTrrr{Hoe [o aMnJrr{TyAaM S.rreKTplrqecKoro noJr, :

MU (k,w) E1(k,w) : - (2.133)

flpanaa qacrb ypaBHeHI.,Irr (2.133) coorBercrByer e$$exrarra Herranefinoro B3ar,rMoAeficreufl,nomr. Zuen-
Ho, ecJII{ 6u upaaax tlacrb SToro ypaBHeHrrfi paBHfiJracb HyJrro, To ero perneHl{.r coorBercrBosafifi 6H
HeBsal,Ir\4oAeftcrryrolqralr BoJIHaM Ei(k,w): Eio(k,u.,), r4e 3HaKoM "0" orMeqeHa ar\4[nr4TyAa E!, xz-
rflIolqa-gc, pe[reHLIeM ypaBHeHr.Is (1.35) araneftnoft srexrpoAr{HaMrrKr,r. B cagsu c grrlM [epe[]rruer\,r
(2.133) B HecKoJrbKo r{HoM Br{Ae:

(2.134)

r1re M;i (k,a,,)-reHsop, o6parurrft MaxcaeraoBcKoMy: Mu (k,r) : MiL (k,r). 
.

Vpaenenue rIoJIfl B $opue (2.134) (uaz 6onee o6rqee, yqr,rrbrBarrqee He roJrbKo KBaApalrurrHbre, Ho
u 6otee crapruue cJlaraeMble ro creneH,xM noax) y4o6Ho AJu peuewwl (2.11) no reoprr rr aosrryrqeuzff,
n xoropoli B Kat{ecrBe HyJreBoro upu6lux<erurr Mo>KHo B3-fiTE, [oJre E0 (k, u). lta Harrrux qeneft Aocra-
ToiIHo [epBoro upra6arax<eu[r, rreMy coorBercrByer [oAcraHoBKa Bo BTo;r.oe (ueluuetHoe) cnaraerroe
npanoft qacrl{ (2.134) uoneltr HyJIeBoro npu6rux<euus E0. Taras [por{eAypa Mox(er 6urt ucuolb3oBa-
Ha !\nrfl. Harrvcarts. r{cKor,{oro coorHorueHr,rx, o6o6rqaroqero (2.131) c rovHocrsro Ao rrr'reHon verneprofi

r
&'t1 | dkle;1, (k,uikr,cur) Ei(k- kt,u - ut) E, (kr,cur).

J,i

Ei(k,w): El (k,a) * Mmk,O l:d-, I d,kle.,ie(k,r..,;k1,c,.,1)

xnl k- kr,u - u) E9 (kr,or),
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CTe[eHLI UO a\4[JILITyAaM 3JIeKTpI'IqeCKOlO UOJI':

(2. 1 3l-.l)

*M,o(k",r")eour(k",w";kr,,n)(El(k,a)El (t',r') E8(k" -k!,r" -at)82(kr,"r))).
B (2.135) repBoe cJraraeMoe crpaBa paBno HyJrro couracuo (2.t3t), rocKoJlr:Ky BeKropbl E0 npe4cran,rx-
rcr co6oft aM[Ju4TyAbr HeKoppeJrlrpoBanHbrx Bols. Ocra^nbHble cJlaraeMr,Ie npaBoft .tacrpl (2.135) coAep-

)r(ar, KaK ,t (2.132), [porrcBeAeHr{e rrerbrpex aMrrJIr{TyA 3reKTpt4qecxux noleft HyJIeBoro tpu6ttwx<euwx.

Cne4or:arelrLHo, rrpr nfiyqe+wv yparrHer{[l AJrrr gBoJlroqrzx cneKTpaJ]L,ItL,Ix $yr-rxrluii IroJIr{ cJrarael\4blc,

coAep)Karrllre rperbro r{ rrerBepryro cre[eHr4 rroJrr B ypaBHeHI{I{ (2.127) (nropoe I4 Tperbe cJlaraeMble B

npaaoil qacrr{ (2,I27)), [pr{BoArr x s$$exrarr,r, noo6rqe roBopr, oAuHaKoBoro [opflAKa BeJII{rrI4HbI.

OrpaHuvunarrcF, B LrcKoMoM HaMLI ypaBHeHI{I4 Tor{Hocrbro r{erBeptorl crenenu [o,rlr, l\tox(rlo He y'rotl-
uarr $opuyry Q.132) AJrs KoppeJrxquonnoft $ynxqnu rrerbrpex aM[JrI{ryA. Bolee roro, nprl raxofi
TorrHocrr.r n 6u.rruuefinru xortr6unarllrflx c[eKTpaJrbnblx Qynxquft rIoJIs Mo)KHo He AeJIarb pasrzr{Ilrl

Mex(Ay aMrrJrr4TyAaMr{ oJreKrpr{qecKr{x uorefi E(k,u,,) u E0(k,o,). B pesynbrare noACraHoBKI{ (2.132)

u (2.135) Br4ecro KoppeJrflqr{onnux $yHxquft vemrpex r.r rpex a\,lurr4TyA B ypaBHeHIae (2.127) Bo3HI{K-

wyr 24 cJrarae\{brx. Vlz :awx vacrt 6y4er coAep)Karb ry x(e d-Synxqnrc, rrro ctorr B .nesofi croporo
ypaBueHr,r, (2.127).Izlrvrenno onu 6y4yr coorBercrBoBarr, ytrery rraMeHeHr{.s crreKTpanbHoft n"norHoctu

r.rMeHHo Ha qacrore u v c BoJTHoBbIM BeKropoM k. Kpoue roro, [oJryqeHHoe Bblpax(eHl4e coAepx(I{T

o6parnrre MaKCBe,rrJroBCKr{e reH3opbr c HyJreBbrMu 3HaiIeHLr-flMI4 apryMeuron Mai (0,0) u no3ToMy AJI;I

r,ruTepecyrcu,Ilx Hac 3aAarr uelraHeftnoro B3al4MoAeftcrnus oJreKTpoMarHI{THbIx BoJIH 3TIa cJrataeMble

HecyqecrBenHrr, u6o AJrrr BoJrH k u ar o4HoepeMeHHo He paBHbr Hy,'Irc. Vqnrrrnarl BCe cKa3aHl{oe oKoII-
qaTeJrbHo [oryqr.rM:

a
i, $,t.,) + V . S (k, o) * 2-y (k, w)W (k,w) : #r* l* 0,, I ou,

x{M;"(k,r)Sli"(k,cu;k1,rt)Slo"(k,u.,;k1,at)P""(kr,cur) P1u(k-k1,",-wi) (2.136)

*2Miu (k - kr, , - ,t) ^91i" 
(k, w;k1,w1) ^9b"o 

(k - kt, u, - crrik, w) Po,i (k, r) P"" (kr, rr)
-3[ro" (k,u.,;k1, at) Pa(k,w) P"" (kr,arr)).

3Aecr y.IreHbr cnollcrsa Kopperlrll{I4onnrrx dryHx:qtafi Pii (k,r,,,) : P;i(k,u): Pit (-k, -r) u nprH;r'r'bl

o6osHa.reHLIg

Srjr(k,c..r;k1,ar1):sijr(k,w;k1,w1) +Eisj(k,u;k-kr,u-u1):2e,iis(k,c..,;k1,u1), Q.137)

Via(k,u;k1,u1):€ijst(k,u.,; k1 *k,c,,,1 *tl;k1,ut)*eurc(k,c..,;k1 *k,cu1 *a;k,w) (2.138)

:2€tjr, (k, u,,; k1 * k, a.r1 * w;k,w) : 2ei"jt (k,4,,; 0, 0; k1, o1) .

3rr panencrna o6ycroueHrr csoftcrBaMr{ craMMerpua nerpruefinrrx reHsopoB (2.9) u (2.10).
O6u.ruo I{HTepecyrorc.fi TaKlrMr{ clyvaftHrru[ rroJr.fiMr{, Koropbre o6pasoeaurr cna6o saryxarculr4Mr4

BoJIHaI,II,I B cpeAe. .II,lx srux BorH tracrora pr BoJrHoBorZ oexrop He flBJrarorcrr He3aBr.rcr{MbrMr,r, a cBr3aHbr
Mex(Ay co6ofi Ar.rcnepcrroHHbrM coorHorueHrreM D'(k,r(k)i : eiM{j ei L O. g eroM crryirae B\4ecro
creKTpaJlbHofi urorHocrr,r KoppeJrsquonHofi @ynxqraN r{cnoJrb3yror rJrornocrb 3Hepr[r W (k) BoJrHbr

c BoJrHoBbrM BeKTopoM k. 3ra BeJrurrraHa BbrpuKaerctt qepe3 Pit(k,c,,,) cnegyrorqlrur o6pasovr (crrr. $2.5)

(no(u,u) E, (k',r') E, (k",r")l : @l (k,w) El (k',r') E9 (k",r")) - /* or, / ou,

* {Moo(k,w) eo6"(k,a,;k1, ,t (El (k',r') ES (k", ,") E3 (k - kr, , - ,t).o! (t<1,r,",1))

*Mio(k',r')eoa"(k',a';kt,11)(El (k,u:)E! (k",r")Efl(k'-k1,r'-rt)El(kr,cur))

w (k): 
lr* 

d-*fil,rr#(k,,)l pir(k,w)6 (DH (k,,)) .

.II,ra neru.ruHsr ,A/ (k) : W (U) l, (k) no,,ryvaerc, ypaBHeHr{e

(*. ", ** ,r) .^/ (k) : I ou'o(t ,t') (2.t40)

xd[a.,(k) -r(k')-u(k-k')] [I/(k,)I/(k-k,) -Il(k)I/(k,) -Il(k),^/(k-k,)] .

(2.13e)
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VpanHeuue (2'140) Mo)KHo pacc\'tarpI'rBarb KaK Kr.rHerr4qecKoe ypaBHeHr,re 4ra c"ua6ofi ryp6yaenrlrocrr,
npl4 yqere oAHI'Ix JII'IIub rpexBoJIHoBbIx npoqeccoB. Ono onpegeJlfler B3ar,rr4o4eficrnue BoJrH c pa3rr,rq-
I.lblMII AJII'lrlauu (no,rinouulda nexropar,au) n npu6.rrklx<elluxaorr.rrrecKlrx $a:, Kax orr,le.raJrocb panbrue)
Berutil'IHy I/(k) Ha3LIBaror r{I'tcJIoM I(BaHToB lr e sroft cBr3H ypaBnenue (2.14()) HasbrBaror 1t,tj,HemlL\Le-
cKuJvL apaaHe?TueJvl dna rceanmoe. Ctoaulee clpaaa Bblpa)Kentae HMeer cr\4brcJr r{r.rrerpaJra cro.rrxsoueur,rft
Mex(Ay KBaHTaMI4. Vpaaneuue (2.140) onncllBaer nepeHoc gHeprurr tro c[eKTpy, T.e. B [pocrpaHcTBe
BOJIHOBbIX qlICEI.

3allet'uv, qTo B cocrorlHl4l4 pallHotsecur HeJrr4aeftHoe ssaavogeficreae Me)KAy noJrHaMr,r He AoJr)Kr-ro
i'l3MeH,Irb [JIorHocrI{ llx 3HeprI{I'I. 3ro sxa'{[r, r{To crorrqee c[paBa a (2.138) cJraraeMoe 4onxuo o6-
pau{aTbcs B HOJIb, eCJII'I pacnpeAeJleHue 3HeprI4I'r IIO BOJIHOBbIM BeKTOpaM paBHOBeCHOe wW (k) : 

"(7-rer',rneparypa) (cr',r. S1.29). V6e4uuca B 3roM, roACraBr{B B ypaBHeHHeM(t<; = f la$) (pacnpe4e_
reuue Pereq-.Il,x<arca  / (k) : const/r,,, (k))

TTTTTT
erT;Gro -;6;GT - mer=T

o(k)a.r(k' )c..r(k - k') [r(t ) - r(k') -,r(k - k')] : o

OAuaxo raKoe peIIIeHl'Ie rlpl,t Halluqtrt4 o6lacrefi 3aryxaur,rs He Mox(er ycrauoBr{Tbcg eo acefi o6lacrlr
k. Crox 3Heprlr[ s o6racrt 3aryxaHzfl Moxer r]pr,rBoAr4Tb K ToMy, .{ro cra6afl ryp6ylearnocrt 6yger
o6la4arr ceoftc1.aal,4l'I, cxoAHbIMI'I c cullnoit ryp6ynenruocrbro. Kax 6uro no^*urro 3a*aponuna [3] ,
Bo N4HorHx cJlyqaax BeporlrHocrl'I [epexoAoB Q(k,k') n (2.140) o6la4arcr re\{ ceo7crBoM, rrro A.rrr{
nepexo.qoB c cuJibHbIM rr3MeHeIIueM BoIIHoBoTO qaCJIa oHrI oKasblBaloTcs 3aMeTHO MeHbtue, qeM Ans
lepexoAoB c Ia3MeHeHI'Ieu fr na BerI,IqI'IHy [opsAKa k, Bcne4crn]re 3Toro npu cla6oft ryp6ylenruocru
TaKxe rutoker ,{Merb Mecro flpoqecc ecraOernoft lrepeAatlu 3Heprr4l,r lro cneKTpy, npeAJro)KeHHuft anep-
Bble AJj.s o6sl'lHofi ryp6ylenrHocrn I(oluoropoBbrM lr O6yxoaur'r. C yverolr y.rour" KBaAparr,rqHocru
n<'' -Al '{reHa asauuo4eftcrBl4rt ycJIoBI,Ie fiepeAayu sHeprrar4 rlo crreKTpy [o3BoJrrer onpeAe.fiur.b cneKlp
xo,re6anat w (k) 6es gerarrnoro pe[reH]rfl Kr,rHerr..rqecKoro ypaBHeHr,rfl AJg BoJrH.

B o6u1er,l cnyqae HepaBuoBecsofi ulaguur ypaBHeHHe (2.140) ouucbrBaer oJreKTpoMarHr.rrHyro ryp-
6y-rrerrrnocrb a eto ylaercrr perurrrb u onpeAeJreHnbrx cryqa.flx.

2.10 O4novacrl,Ir{Has MoAeJIb fIJra3MbI B HeJrr,rHeiinofi gJreKTpoAr,rHa-
MI,IKE

Har6olee npocroft MoAeJIbIo ArI.s o[]ICaHHg nJIa,3MbLBJ'Igercfl oAnoqacrr4rlHat l',roAeJIb ,korogHofi,, nra3-
t''tu PaHee s $1.13 3Ta MoAeJIb I4c[oJIb3oBaJIacb AJrs pacr{era luuefisofi Ar,roreKrprrqecxofi npouuqae-
Mocrl'r. B srov naparpaSe MbI [pI.tMeHI,IM ee AJrrr paccMorpeHns ruenugeft,Hr,rx cBorzcrts [Jra3Mbr.

B o4uovacr['IHoft \4oAeJ'II{ [peA[oJlaraercg, r]To B gJIeKTpoMarHI{THo\{ tIoJIe ABufalorcg roJIbKo
nar6o;lee.flerKrle qacrI,rI{bI-eJIeKTpoHbr. Vpaeneaze ABr.r)KeHtrfl 3JreKTpoHa (1.1b0) onpeAerrrer ero rpa-
eK:ropl{Io r (l) r'r He l\4oxer 6ttrr peureHo a o6iqev nuge. [oeroMy peureHue r (t) rqyr B Br.rAe pflAa
r: r0+rt +t2*..., rAe ro-KoopAl,IHara gJIeKTpoHa B orcyrcrBr,rlr gJreKTpoMatHr,rrHoto 11ora, r1 ,t2,,..-
craraeMble, npolopqlloHaJlbHble nepaofi, nropoft, rt T.A. creneHrM rroJr.fl. I4s ypaaueuur (i.150) fioAcra-
sua r (l) B BI4Ae pfl,Aa H [p[paBHflB cJ'IeBa ]4 clpaBa qJreHbr o.[,Horo r.r roro x(e [oprAKa, [oJryr]r{\4 .qJg
orIpeAeJIeHI4sI rl'tz) ". qeloqKy ypannenuft. Orpanutltaai{cb KBaAparrar{Hbrr\4 npa6luxeriIleM, 3a[!r[reM

72

(2.141)

(2,142)

(2.143)

sttrl{oeorZ

(2.144)

mir - -eE(r6,1),

miz - -e(rr . V6)E(re, q - Z[i1 
x B(16, r)] 

^

Paccvrorpur'r ABa)KeHrIe sJIeKTpoHa B noJre MouoxpoMarr.i.recxofi BoJrHr,r, HMerctqerl qacro1y (r,
BeKropkuallnlmyAyEo:

E(r, l) = i (por'u' r-iut *E6e-'*<'r+lc.rr)
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Marnuruas r{HAyKr{r4rr B BoJrHe r43MeHreTC, Bo BpeMeHI{ I{ [poCrpaHCTBe [o TaKoMy x(e 3aKoHy H ee

aN,rrrrr.rryAa corrracHo ypaBHeHr,rrc rotE = -(tlc)(lBl0t) pasHa 86 = (c/o)[k x E6]. tr4s ypannenur

(2.142) HaxoAr{M cKopocTb LI KoopAlutl{ary sJIeKTpoHa e IuHefiuou upu6.rrnxenult

,, = ffi(En.nn''-''' * E6e-dk'r+ta't) ,

il: -*,(Eornu'.-n,' - Ede-rt'r+t"t) . 
i

Iiugexc HoJIb y BeJIrrtII{HbI r B grrrx I{ uocJleAyroullrx Sopvrylax onyqeH.

flo4crarurr,r orlr Bbrpa)KeHrrfl B rpaByro cropoHy ypaBHeHlis (2.143). B pesy;rstare HafiAeIu culy,

4eii crnyrcrqyrc Ir a gJIeKTpoH B KBaAp arl{rrHoM npra6lraxcenuu

{ezl,.,-zr,t VgB _ 2Eo (k.Eo)] (2.14(i).. i,e2
rmt2 - -;-----6

4rnu'

(2 t45)

(2.147)

(2.148)

(2.14s)

Tox (2.149) flB.fiflerctr r4crorrHuKoM 4lx no:6y>xAervrx nropoft rapMoHI,IKI,r 3JleKTpoMal-nr.ltuclft Bo,'IHbI.

Benrz.ruHa [oJrs Bo rropofi tapMoHI4IKe 3aB]rcI,IT or roro, BhrloJlnsercs IaJIIz Her 3aKoH Al{cnepcupl,

cBfl3brBarou{raft lrexcg;l co6o[ neru'russ 2u u 2k. Ectu saKoH AI,IcuepcuII BblnoJlH.rercs, to nos6yx<-

AeHr{e [oJrfl Ha y4roeuHoft qacrore upo]ICxoAI{T nara6onee s$$exrIznHo. Ecln xe BeJII{suuu 2u u
2k ue y4ouerBopsror Ar{cnepclroHHoMy coorHorlreH}rlo, To rIoJIe nropofi rapMoHI,IKI,I valo. B qacrHo-

<1,u AJtl nonepevuoft BoJrHbr B oAHopoAHof, a:orponuoft n-tasue, KorAa onpaBeAJlrrBa <|oprury.la (1.165)

u2 : k2c2 +u\e, yAoBJrerBopr.rrb raK)Ke coorHorueHrre (2w)2 : (2k)2c2 *uf;"r,errrsa, u e$$exrrrBHocrb
leHepaqul{ ntopofi rapMoHI,IKI4 HI{3Ka.

OcraHosr,rvca ua $ra:uvecKlrx [pr4rrr,rHax Bo3HI{KHoBeHI{t roKa (2.149). Ha'{Held co cryr{as fionepeq-

n<1fi norHbr, KorAa k.E6 : 0. flpe4crau{M, rrro BoJrHa pacupocrpaHserc, BAoJIb oclt OX, a 3reKTpr'Iqe-

cKoe fioJre HarpaBJreHo BAoJrb ocu OY (Puc. 2.2). B nuuefinou npu6mzxceurlla sJIeKrpoH ocql'IJIJII'Ipyer

c .racroroft a, BAoJIb ocn OY $)

fr\ :0, Ut : aE cos (kr - ut) ,
(2.150)

rye aE : eEo/mul2-avulury4a oculrJrnsqrafi enextpoua. B xaa"u,parlrrlHoM npra6au>xenfiI,I SneKTpoH

ocrlr{JrJrr4pyer Ha }'ABoeuuoft .racrore BAonb ocra OX

(2.151)

flpravznofi' 3Tr4x ocqrrJr wrqwft xetrerca 4eficr:wre cHJIbI Jlopenqa (nropoe cJlaraeMoe clpaBa B ypaBHe'

nwn (2.t43)). flonuaa rpaeKroprrfl 3JreKrpoHa raMeer BI{.q BocbMepKLI, BblT.flHyrofi r4o.nr ocr OY (crtr.

Puc.2.2). Ornorueuue aMnnr{TyA ocqnrraqraft no ocu OX u no ocu OY rro [op.rIAKy BeJII{rrtiHbI paBno

kaa - eEskf nla2 : uo/up.3ro oruorueHr{e npeArorraraercfl MarIbrM (crr,r. $opr'ryny (t.t54)) u no ero

cTe[eHtM CTpOI{TCf prA B \4arepI{aJIE,HoM ypaBHeHLIu'

_"-2ik.r*2iur 
lUO6, 

_ 2r]6(k E6)])

B pesyJlbrare [oJlyqaeM AJIfl tz u iz [pI,I HyJIeBofi Ha'raJlbuofi Qase

u, : -# V4 -2Eo (k ' E6)] cos (2k ' r - 2at) ,

,r: ftr[r.r8 - 2E0 (k Es)] sin (2k ' r - 2wt) -

:, : ffi U-oB -2E0 (k ' Es)] cos (2k ' r - 2wt) '

*r:*sin(2kr-2wt), U2:0.

Taruu o6pasou, B noJre MoHoxpoMaru.{ecxofi BoJIHsI HapsAy c lunefinult roKoM il : -en"it,
I{3MeHflIoIquMCt Ha rofi x<e qacrore) rrro 14 [ore B BoJrHe, Bo3HI4Kaer KBa.1parl4uHtrfi Helunefiurrfi rox
jz: -en"i2, I43MeHrllouluftca c '{acrorofi 2w u noluoBL,IM BeKToporra 2i.:
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x 0.4

Pwc. 2.2: Tpaexropua ABr{)KeHr{.fi gJreKrpoHa s nrocxoft MoHoxpoMauaqecxofi 3JreKTpoMaruuruofi BoJrHe

rpu kaB: 0.5. Koop4unarrr HopMr{poBaHbr couracno Atlao u r2f aB.

Pwc. 2.3: Cxertarrqecxoe uso6pax<eHr{e KoopAr4narbr 3JreKrpoHa ABrDKyqerocfl B fipoAoJrrsofi no,rne.
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Pacct,ror:pur,{ Telepb rrpoAoJrbuyro BoJrHy, gneKTpr{qecKoe IIoJIe n roropofi Ha,npaBJIeHo BAonb ocI.I

OX. Ha .rraHefi Hue ocqrrJrJrtrrllr[ gJreKTpoHa

Ut :0
t

trl : aE cos (,tr - ut) ,

I

HaKJraAbrBaroTcs KBaApaTHr{HbIe ocIIlIJIJIsqI4I4

Ha Puc. 2.3 noxasano cMerr{eHze gJreKTpoHa B 3aBr{cIrMocrI,I or BpeMeHu. Ilocxoatxy MarHI4THoe rro-

ne B fipoAo"nrHoft BonHe paBuo HyJrIo, ro neluueftHocrb B ABux(eHI{I{ 3JIeKTpoHa cBfl3aHa c nepBbl\,{

cJraraeMbrM n npaaofi cropoHe Soplrylu (2.143). Ocqun"rrzpy, B noJle BoJIHrI) 3JIeKTpoH ABllx(erctr JII,I-

6o uo HaupaBJreHr{ro ee paclpocrpaHeHl{fl,,'ru6o uporuB Hero. Lls-sa 3Toto nore BoJIHrI 4erlcrnyer na
g.rreKTpoH pa3Hoe BpeMr I{ ocqr.rJrJrrrqur.r ero He cr,IMMerpI{r{HbI. .Il,auraxcs HaBcrpetly Bo.IIHe, o.IIeKTpoH

HaxoAr.rrc.s uoA Aeftcru{e\{ [oJrrr BoJrHbr 6o,tee xoporKoe BpeMtI. .[,nuraacr no HanpaBneHllrc pacrrpc-

crpaHeHilfi noanr,r-6oree AJII{TeJIbHoe Bpe\4s.

z.LI Tox ynnerreHl,rs

PacnpocrpaHfl.fl.cb B tIJIasMe) BblcoKoqacrorHaff BoJIHa Mox(er co3AaBarb nocrogxusrfi ToK, BeJIrrqII-

Ha Koroporo [pofiopqlloHaJrbHa KBaApary aMuJrr{TyAbI BoJIHbI. Tar<ofi To{ [pI4HflTo Ha3blBarb n'Lonotvt

uSJLe'\.eH,11,fl,.

Tor Sraneveur{fl Mox(Ho nafiru, ecJrrr B ;ruueftnou nprz6ar,rx<eulrl{ [crloJlb3oBarb ypaBHeHlre ABLIx<eHI4s

sJreKTpoHa c yr{eroM TpeHrrfl (1.160). B noae MoHoxpoMarra.recxoft BOJIHII I,I3 groro ypaBHeHI{s roayt1v414

AJm cKopocrlr o,rreKTpoHa Bblpa)KeHue (E6 4eficraurelsuaa aunnr,rry4a)

t 
*, -- -* sin(2kr - Zwt), a2:0.

.eEo,ir: ffir\ [osin(k 'r - wt) - zcos(k 'r - wt)|.

. e r|"Unfi
J'

n'L u' a 67t

(2.r52)

(2.153)

(2.156)

(2.154)

B xna"qpariavHoru npu6llr)Kerrr4r,r ypaBHeHr.re (2.143) TaKxe AoJrlr(Ho 6rrrr 4ono.nHeHo cJIaraeIvIbIM,

yqr{TbrBarou{t4M cuJry TpeHI{a

rnI2 : -mui2- e(rr . v)E(r6, t) - z[i1 
x 8(16, t)] . (2.155)

Paccuorpura rtofiepeqnyro Bo,rrHy, AJrfl Koropofi ne.nuHefiHa . cuila onpeAeJr.flercrr trocJIeAHI{M cJlara-

eMbrM B npanofi cropoHe ypaBHeHr,r.s (2.155). ManuarHoe rroJre BoJrHbI paBHo

B(r, t) : 9 1t x E6] cos (k . r - r^,.,t) .

u

flo4crannaa B u i1 B Bbrpax<eHrre AJI, cr.rJrbr, uafiAeu, yro rrapflAy co cJraraeMbrMlrr r43MeHsroqr{Mrrc.rr

Ha yABoeHHoft vacrore, Bo3HrrKa,er He 3aBrrcflrr{ee or BpeMeHfi cJraraeMoe) rrpouopqrroHaJrbHoe r{acrore

r:r'olrsosenzr7 y:

(2.157)

CraquouapHoMy roKy coorBercrByer fiocrorrHHarr cKopocrb 4pefi$a oJ.reKrpoHoB v12:0. flprpaeura-
Bafl cvty rpeH?rfl uocrogunofi ue"rrrnefinoft cule, uafi4eM nJrorHocrb roKa yBnet{errr4.fl

j: -en.i2: -
n"e3kEfi

(2.158)
2m2u (w2 + u2)

IzIs rsrpaxceHr,ra (2.158) cJreAyer, qro B rrpeAeae uaroft qacrorbr croJrKgoBenwft (u K. o) rox yBJreqeHr{s

oT Hee He 3aBr{cIrT I{ paBeH
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Bslpmxenne (2,159) Mo)KHo roryt{rrb c roMorr{bro npocrbrx $r:uvecxux paccy)KAeHr4fi, rro3aora-
rcqux fioHsrb MexaHLI3M Bo3HI{KHoBeHI4ff ToKa yBrer{eHll.fl, llpn pacnpocTpaHeHrirr B rrJra3Me BorHa
3aTyxaeT, Teprier cBolo 3Heprurc il [epeAaeT ee eIIeKrpoHaM [JIaBMbr. B e4rauraqy Bper\deHrl ts eAr4rrr4-
qe o6teua coruIacHo $opr',ryne (1-115) rep.flercfl Dueprlrs 2l (W), rAe AeKpeMeHr 3aryxaHrg corJracHo
$opr'ay;rc-(1.169) par:en (vlz) (w|"1u2), r 

"p"Arrr, rJrorHocrr> oHeprra (1.il3) B AaHrroA4 crry,rae ur.rc-
er BI'IA Efil\r. Bt.lecre c suepruefi oJIeKTpoHaM [Jra3Mbr nepeAaercrr r{ rrl\,{rryJrbc BoJrHbr. Csflst rraex(-

Ay [JlorHocrblo 3HeprI{}I rI flJlorHocrblo I{Mnynrca B BoJIHe uarz6o"tee npocro ycraHor]urr, rroJrB3yrc6
KtsaH?ollo-I\4exaHIrtIecKHML npeACTaBJIeHIar{Mrr. Eclx conocraBrrrb noJlne H_g6op KBaItrots c rrJrot'Hoc.J-blo
l/0, ro \w) 

= 
huNo. CoornercraeHHo rJrorHocrb r.rMryrrbca paBHa p L ntA/0. orcroga HaxoAt4Mp : (klw) (Ei,l}r). Vnema'{euue rIJ'IorHocrI/t LlMryJrbca oJreKrpoHoB B e.qr,rHr{qy BpeMeHr{ paBHo Aeft-

crnyrcu1eft Ha Hr{x nJrorHocrr{ cl{Jrbr

dP
EF: :2'vP : Zrk Et

' 'u8tr (2 I60)

(2.161)

(2.163)

flocrosHurtfi rox s,rexrponoB ycraHaBJrrrBaercs rorAa) KorAa 4eficrnyrorqas co cropoHbl BoJrHbr clrJra
F paaua cr{Jle rpeHl{s mnevvl rAe v-cKopocrs 4peft$a oJreKTpoHoB. flpupanuuBafi gru curu, nafi4eu
BenI,IqI4Hy v r4 3areM rrJrorHocrb roKa yBrerreuua. flo"ryrreHHoe BbrpaxeHfie coBnaAaer c Soprray"rroli
(2.159). Taxura o6pasora, ToK yBreqeHlr.s Bo3Hr.rKaer 3a cqer nepeAaqrr r{MrryJrbca BoJrHbr oJreKTpoHa\4
IIJIA3MbI.

2.12 Henr,urefiHa.s ArrgJreKTpr,rqecKas [poHr{rlaeMocrb AJrfl rrfia3Mbr
-i

flpuuqrn cynepfio3nqu[, cfipaBeA.[raertfi n luHeftHofi 3neKTpoAr{HaMr,rKe, ,rBJrrrercrr cJreAC,rBr,reM [pe/I-
tIoJIo)KeHI{, o ToIt'() rrTo ABLrxeHI,Ie YacTuI{ lranefino 3aBr{cI{T oT IIoJrfl. Kax urr BI{ArrM, npu 6olee
ToqHoM paccMorpeHl{}I ABrrx{eHlre gJreKTpoHa 3aBHCr{T r,r or KBaApara floJrfi ra, aoo6rqe toBops, or 6o-
Jree BbICoKIzx crenesefi nolg. flosroMy [pI{HI{I{rr cyneprlo3l{r{rrtr B uelunefiHofi 3neK,rpoAHHaMr4Ke He
cnpaBeAnrrB. B '{acruocrll, ABe BoJIHLT B nJIaBMe Bbr3brBaror roK He roJrbKo Ha cBorrx qacrorax, Ho I{
ua xou6unaIIHoHHbIX qacrorax. IzllaeHno 3Tor roK tl olpeAeJrser Bsar4MoAeficreue Mej,r(Ay rJoJrHaMr4.

Paccuorpr'ru ABe BoJ'IHbr B nJIa3Me c rracroraMr{ al v. e2 r,r BoJrHoBbrMr.r BeKTopa\{n k1 u k2. Onex-
.I'PAqC(JKOC ,I MAIFII4]IHOE [OJI' B 3TI4X BOJIHAX PABHbI COOTBETCTBCHHO

Er,z(r, t) : Etpcos (k1,2 .r - w1,2t) ,

Br,z(r, t) : 
*[kr,z 

x E1,2]cos (kr,z ." - a\2t) .

Vpannenue ABI{xeHr,rs 3JreKTpoHa B rroJle BoJrH r{Meer BHA

mf : -e(Ei + Er) -:[i x (B1 + Bz)]. (2.t62)

Kaxnn$2.l0,6y4errarrcKaTbperuenr{eBBnAeprAar:r0*rr*rz+...Bpe3yJrbTaTesrr,ruefiHoN,r
orHoclrreJrbso noleft upu6"nux<euv u fioryrrr.rM

11 : *l#rcos (k1 ' rs - uvt) +E] 
"or(kz 

' 
"o - ,rr)f ,

*l*sin (k1 ' 16 - c..r1t) + & sin (kz . 
"o - ,r1f .i1 :

1n.7

(2.t64)



B xnagparnvHorr,r npu6.umlieHilr{ ypaBHeHI,Ie AJI.fi TpaeKropI{I,I l{Meer augmI2: f2, rAe (ci.'r $2.10)

12:-e('r'Vo)(Er+Ez) " [u,'[*[k1 
x E1] *L[ur"'r,]]

: *{1.*# cos ry'r r 
"%=, "os,7,z] 

.i.,,/r

[[E, * [k1 xE1]l _.- , [E, * [k1 xE1]l ^,-^,. I ^^^^,.-l' ; "stnt/rt-sln?2 lcosqrlI ui utu2 I

f [Er x [kz x Ez]l 
sinry'1 a [Ez x [k? x Ez]l 

si.,.rzl "or,y'r],L rtrz wi -l -)

r$erlt,z: k1,2 .to- !;7,2t. B npure4euHoM BbIpax(eHuI,I Ans CI,IJIbI IrMeIoTCfl CJI&raeMbIe c pa3II'I'{Hofi

npocrpaHcrBeHHo-BpeMennofi 3aBllcr,rMocrrro. Tax, Ha[puMep, I{Melorct cJlataeMble, [po[opIII{oHanb-

Hue sin(2ry'1,2). Ouu orrpeAeJrflror ocqr,rJrJrr{qurr 3.[eKTpoHoB Ha yABoeHHbIx rracrorax u c HuIluV cl]r{3aHa

o6cy>xgaaruaJrcff Bbrrrre reHepaqu.s tapMoHr{K. Hac 6y4er I,IHTepecoBarb roJIbKo asauuo4eftcrBue MexAy

BoJrHa\lr{. 3a nero orBercrBeHHbl cJlataeMble cJleAyroqelo BI'rAa i

rj",): *{l*W- [Bz xlh.x Br]l]si,,azcosry'1
(2.166)

. l=%id - 
[Er xllz]< Ezll] 

si,,+r 
"o,,.l,,]

Izlcno.nrsyx r.r3BecrHbre Soprr,rylu AJrs [pou3Be4eHufi rapMoHl,Iqecxux $ynxqrzft, nepennrueM STy cI'IJIy

B Br4Ae:

(2.165)

(2.167)

(2.168)

(2.170)

(2.171)

(2.172)

(2.t73)

Crz.ta xa xol.r6uraqraoHnblx qacrorax Bo3Hr{Kaer? B r{acrHocr}I, u3-3a 4eficrrraa MarHI,ITHoro IIoJIfi BoJI-

Hbr Ha o4Hofi qacrore Ha gJreKTpoH, ABrax(yrqufr.cs. n BJIeKTpI{qecKoM noJle BoJIHbI) uuerorqefi Apyryrc
rIacToTy.

Bupaxeuue Arfl Berl{rruu A1 npeo6pasyeM x 6olee cuMMerpI{r{HoMy}BEAy

/i^\ a2 -
fl'n, : -fiW* sin (ka 'rs - u1t) * A- sin (k- 'to - ,-t)1,

rAe 0(,+ : cut * uz,k*: kt * k2-KoM6r.rHarIuoHHbIe rracrorbl I{ BoJIHoBbIe BeKTopbI,

^ [Er x [k2 x E2]l Er (kr .Ez) , [[E, * [k1 x E1]l Ez (kz ' Er)'lA+: 
"r", 

----G---l ,tr, ----q-)

k+ (El 'E2) Ei (k1Ez) E2 (k2'El)
rrf 

- - c *- 

---f*=.

uttiz atai uzai

flin) - e2 t<- (Br-' Bz) 
sin(k_ . 16 -u.r_t).'2 - 2m ul,

Irlcnorssya [oryqeHHoe Bbrpax(eHr{e AJrs crdJrbr, Haft4eu cKopocrb ABIrIxeHIrs 3neKTpoHa

b: -# [# *'(k+ 'ro - u+t)+ 4- cos (k- '"0 -,-t)] .

j:*) = olfi) erinucos (k1

(+) Tt"e3 / , k+t 
"oiii : ffi*", [i-di, -

(2.16e)

B .racruocrr4, ecrtt qacrorbr eoaH 6ar4sx, (ut - u2), ro Bo3nuKaer MeAJIeHHo I,I3MeH.sloqa,scs co

BpeMeHer\4 cula, 4eftcrByroulaa Ha sJreKTpo, lor - ,rl K a1,21 Ltpv6ilI,Ix{eHHo paBHa,

3roft cxopocrl{ ABI{x(eHI{s sJreKTpoHa coorBercrByer nJlorHocrb roKa j : -en"iZ, Kollopyrc ygo6uo

3arrrzcarb B BlrAe j: j+ *j-, rAe

.rs - o1t),

futn., - bar)'.
u2' ur /

108



O6uran cBrr3h Mexry Rer(ropoM nHAyKrIr.r[ D r nnornocrbrc ToKa paccMorpeHa D lilane ],, I,lo riee

cJreAyer Soprry"rra (1.30), rro3BoJrrroqas HaxoAr4Tb reH3op AIur3JIeKTpI{tIecxofi npoul4llaeMocrll c lro-

Moulbro Bbrpax(cull An.fl Terr3opa 3JreKrpolpoBoAlrocrll. Ec,ru rox KIlaAparI,Ir-IIrl,tfit tt urt4;yxt{Lltt rox(c

KBAaparr4qHaf ) To Mex(Ay Hr4MI{ I4\{eeTCfl COOTHOIUeHI,Ie

4tri,
eiil: 

-oi,;l"a
(2.t74)

B pesy-nsrare AJrs reH3opa nearaneftnoft 4lrsnexrpravecxofi npoHr{rlaeMocrr,I c fioMorllsro $opn,ryl (2.173)

u (217a) HaxoAr{M

(2.175)

@oprrlyna (2.175) orpeAeJrser Neluxeftuuft reHsop Ar{oreKrpr4trecxofi nponuqaeMocrl{ Ha rolt6nnaqu-
oHHbrx rracrorax. Br,r4no, qro .[,arKe B r.r3orpofiHofi ilrasMe, rAe Her HI{KaKI{X BbIAeJIeHHbIx HanpaBJIe-

nufi, aror rex3op orJIIar{eH or HyJr.fl, xor.fl paHee rroJIaraJII{, trro B Lr3orpounofi cpeAe Her KBaAparI{'{Hofi

[o roJr]o Ar4sJreKTp[qecxori upoHr{qaeMocrrr. flpe4sr4yrqee HaIIre paccyx(AeHl4e 6ul.ro o[paBeAJII,IBo I]

upene6pe>reHr,rrr upocrpaHcrseHuofi Ar,rc[epcuefi. flpe4uonaraJrocb, t{To B Lr3orponnoft cpeAe I,Il\4eerct

eAr{HCTBeHHsrfi aexrop-BeKTop Hanpfl>KeHHocrl{ 3JreKTpl{qecKoro floJrr [I r{3 Hero HeJIb3fl flocrpollTb B

KBaAparr{qHou upn6ru>xertir{ BeKTop. B erov paccyx(AeHlrrz ne 6uro yrrreHo, qro [pI4 yr{ere rrpo-

crpaHCTBeHHofi 4ucnepcrrr{ HMerorcg eqe Apyrrre BeKTopbI) He cBt3aHHbIe co cpe4oft, Ho cBt3aHHbIe c

BoJruofi-sorHoBbre BeKTopbr. Kax uoxasar xouxpernr,rft pacqer, HaJrI,Ir{I{e AByx BeKTopon (E ra k) noeu<>

Jr.seT cTpor{Tb BeKTopHbre BeJrr{rr[Hbr B KBaApaTra.ruorr npu6.n]rx(eHl{u no E,, Hanpuuep, E2k, (E . k) E.
Izlvesno raKr4e cJraraeMbre r{ BxoAsr B Br,Ipax(eHl{e AJIS I{HAyKIII,II4.

2.13 flpoqeccr,r rpexBoJrHoBoro B3alrMoAeficrBvrs. B rrJra3Me

B upe4u4yuleM naparpaSe 6ua paccMorpeH ToK Ha r<ou6rzuaquoHHbrx qacrorax, co3AaBaeuntft 4ny-
Mfl oJreKTpoMarHr4THbrMrr BoJrHaMlr B rrJra3Me. Sror rox cJIyxHT r{croirHr{KoM AJrrr noJrs c qacroraMra

w1 *w2. BeaIa-ruHa floJra Ha xou6unaqnoHHblx rracrorax 3aBI{cIar or roro, BbItIoJIHgerct I,IJII{ Her ALIC-

nepclzoHHoe coorHorr]eHr4e, cBfl3brBarcrqee Mex(Ay co6oir a1 !w2 u BoJrHoBbre BeKTopbr k1 t k2. Ecnn

Alrc[epc?roHHoe coorHorrreHr{e He BbrrroJrH.flercr, To [oJre na xorta6r,rnaq?roHHbrx r{acroTax rrra.no. Ecan
x(e BeJrrryr{Hbl rrl1 t w2 w. k1* k2 cB.s3arrbr Me)KAy co6ofi Aracnepcr{oHHbrM cooTHorueHraeM, To B rrJra3Me

eoe6y>x4aercs co6creeuHar BoJrHa. B srou cJ'ryrrae Mox<Ho roBopr{rr, o B3arrMoAefrcrauw rpex BoJrH B

rrJrasMe, Kar(Aas rl3 Koropbrx flBJr.fiercfi co6crBeHHofi eornofi ura3Mbr r{ yAoBJrerBopfler Ar4clepcrzoH-
HoMy coorHotueHr,rrc. flpoqecc, npu KoropoM ABe BoJIHrI c qacroraMr,r at u a2 eos6y>x4arcT BoJrHy c

cyutr.rapnofi 'racrorofi u3: uL+@2) Ha3bIBaIoT npol4eccoJvt c,/LuaHua, a o6parultff upoqecc-pacuaAou. B
qacTHocrl,r, Bo3HI{KHOBeHIZIIO BOJrHbr C 6Onee HI,I3KOft iIaCTOTOft U.4 : A1- {iJ2 OTB€V&€T npOqeCC pacfiaAa
at : u3 * u.r2 (o',r. raxx<e $2.4).

O4uonpeueHHoe BbrrroJrHeHrre Ar{clepcr{oHHr,rx coorHoruenrfi gr, rpeit BoJrH, qacrorbr u BoJrHoBr,re

BeKTopbI Koropblx cBflsaHbl MeN(Ay co6oft pacuagnblMl{ ycJroBqrtrMruc"B: qJ1 t az,k3: kt tk2, Bo3-

Mo)r(Ho orHIoAb He BcerAa. B srou naparpa$e Mbr paccMorpr{r\,r rpexBoJrHoBbre rrpoqeccbr, BosMoxHbre
R rr3orpo[Hoft n-uasue.

CHa.{ara KoporKo Ha[oMHr,rM) KaKr{e BoJrHbr cy[trecrByror B r{3orporrHoft nlasr,re. Ha Pvc. 2.4 npeg-
craBJIeHbI AI4cIrepclIoHHbIe KpI{Bbre AJrs grl,rx BoJIH I,I yKa3aHbr coorBercaByroqr{e o6osna.reuuq. Bsav-
MOAefiCTBI{e \.{eX(Ay BOJIHaMTZT BO3MOX(HO, ecJrr4 iIaCTOTbr (,1 U A2 ile\<AT Ha Ar,rC[epCr4OHHbrX Kp}rBbrX,

a raK)Ke 14 rlacrora u1 I u2 (utu w1 - w2) te>xur Ha Ar,rcflepcprouuofi xpunoft B TorrKe c BoJrHoBbrr4H

BeKropaML kr * kz (unu k1 - kz).
flpox,uarocrpupyeM 3To Ha [pr4Mepe nsauuo4eftcrBrrrr rroHHo-snyxoaofi BoJrHbr c lenruxtponcxofi

no"rtrioft. Ha Pprc. 2.5 noxa,sana Al/tcfiepcr{oHHas KpvBas Anfl r{onHo-3ByKoBbrx BorH, Harrr,rHaroqaflct B

uexoropofi Tor{Ke, ,rexcaulefi Ha ArrcflepclronHoft xpunoft Anr JreHrM]oponcroft BorHbr. Beararao4ericrrue
Bo3Mo)KHo AJIfl BoJ'IH, KoTopbIY oTBer{aeT flepecerleHlle erofi xpzrofi c xaxofi-lu6o Apyrori Ar.rc[epcr{-
oHuofi BerBbIo. LIz pucylaxa Br{AHo, lrro B pe3yJr},Tare B3ar{Mo4eftcrnua Mox(er Bo3H}rKHyrE, ru6o cHosa
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(tr) EJ-k

Pwc.2.4: !,ucnepcuonHbre KprrBbre AJrr norrepevuslx (tr), rpoAoJrbnblx (l) u IroHno-3ByKoaux (s) nonH

B r.r3orplHofi nrasue.

,(r)

I
0)

k2

Puc.2.5:

u(k)

\ I
ur(k)

/

\

Lir',
"'-." i t,
i--'-'--'----:-------------*
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Puc. 2.6: BosN.{o)KuHe rpexBoJrnoBbre fipoqeccbr B r{3orpouuor? .ua,sue.

.5

neurMlopoBcKaa BoJIHa, r,,n6o uoueperrHar gJreKTpoMarHI{rHas BoJrHa. Ha Prac. 2.6 uoxasanbr Bo3Mo)K-
Hbre rpexBoJrHoBhre npoqecchr B r{3orpoflHofi uasue.

Bo;ilronsre BeKTopbr k1 rz k2 o[peAeJrflroT Ha[paBJreHr{, pacfipocTpaHeHr,r-fl BoJIH c qacroraMfi uJ1 u
rr,,2. Heo6xo4l{Mocrb BrITIoJIHeHI{I 3aKoHa Ar4cnepcuu AJrs BoJrHbr c xorr,r6uHaquonHoft qacroroft w1 *.u2
HaJlaraer o[peAeJleunbre orpaHuqeHr{.fl Ha HalpaBJreHr{fl ee pacfipocrpaueHr{.fl. Ilpo4euoucrpupyeM 3To
Ha rlpm,{epe npoqecca pac[aAa t ---+ tt* s. 3anurueM 3aKoHbr Auclepcurr AJrfi BCex rpex norH r^,,,f :
afu + tclc2, al : w]" + k!c2, uZ : kZuS (Ala npocrorbr paccMarprrBarorcfl 3ByKoBbre BoJrHbr c gtwnotr
BoJIHrI) npeBbllrrarcqerl 4e6aencxlrft pa4nyc sJreKTporroB, cu. $1.19). flepenr,rrueu 3aKoH Avrcrrepcr4r4 AJrl
uepeofi BoJrHBr

(rs - ,r)2 : ;* + 
"2 

1k3 - k2;2 . (2.t76)

tr4cnonr,sya 3aKoH Avtcilepcr4r4 Ang rperbeft sorur,r u yqr,rr6rBag, rrro r{acrora sryxoroft BoJIHr,r u2 Ha-
MHOrO IUeHbIIIe, qeM TIaCTOTa [OleperrHotl no;rnlr ('dS, oTCIoAa [oIyrIL{M:

tcl - zu2 .ks * 2tczu"ff : o. (2.t77)

flocregnee cJlaraeMoe MaJIo I{ ero \4ox(Ho or6pocnrr. Ec.uH nsl6parb oc.h OZ agona BeKTopa k3, ro
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[oryqr.rM) qro KoHr-\br BeKTOpa k2 le>xar Ha oKpyN(Hocrl{ c paArrycov k3

kl,+(k2,-ks)2:k3. (2.178)

tr\s yclonut kS = kt *kZ c.rreAyeT) qro LI KoHqbI BoJIHoBbIx BeKropoB k1 TaKxe Jlex(ar Ha oKpyxHocru)

HO C rIeHTpON.{ B HarraJle KoopAIlHaT.

B Ka.recrne .q,pyroro [pr.rMepa paccMorpr{M npoqecc t --- I * s. t{actora :eyxonoft BonHbI MaJra

no cpaBHeH[ro c qacrorofi reHrMroponcxofi BoJIHbI. flosrouy rracrora uonepevnofi BoJIHbI 6rptsxa x

JreHrr\4ropoBcxofi elexrpouHoft rracToTe 14, CoruIaCHo 3aKolly Avrcnepcttvrl eorwolroft rleK'rop k3 MaJl. B

pacnaAHoM yc1toBprv ke: kr *k2uvr MoxHo upeue6pevs I{ crrl{rarb, vro k2: -kt' Taxuu o6pasol't,

JreHrr\4ropoBcKr,re 14 3ByKoBbre BoJrHbr, B3ar,rMoAeftcrByroull{e c florreperrHoft Bonuoft, pacflpocrpaHrrorcr

"'Ti;".;"'"'TilJ 
tllrliYJ';o3HaKoMr,rrrr{cb c pacrpocrpaHe'r{eM sor, ! HeoAHopoAHofi cpe4e. Kax

6uao noxasaHo a npu6nvr>r<e1r4t4 reoMerpr,rqecxoft ouruxu () < ,), Lr3-3a HeoAI{opoAHocrI{ cpeAbl AJIIa-

Ha BoJrHL,r 3aBr{cr{T or KoopArrHar. Ipr,rvev 3Ty 3aBlrcl{Mocrb Mo)KHo nafiru us o6slquoro AI'IC[epcr4oH-

Horo ypaBHeuua. Tax, AJr.a nofiepeqHblx BoJIH [oJryrrl4M

k21r1:ilrr-r2o"t)), (2.17e)

AuzuroLu.rtto AJIfl JIeHTMIopoBCKI{x BoJIH

k2(r; : #o 7,2 -,1"(,)) . (2. r 80)

Taxoe [r3MeHeHI,Ie AnHHbr BoJrHbr B HeoAHopoAHofi cpe4e BJII,Irrer Lr Ha [poqeccbl LIx neluuefinoro

asauuo4eficrnua. !,nx rpex BoJIH, rracrorbl Koropblx cBs3aHbI coorHorlreHl{€M u3 : w1 * w2, ycJIoBI4e

k3(r,r,.,3) = kr(r,cu1) +k2(r,u.r2) nunolHflercfl roJrbKo B HeKoropofi toqxe [pocrpaHcTBa, rAe AlrttlJbr
goJrrl r4r\4e.,rr floAxoArllq14e BeJlr{r{prHbr. l4:aanvw cJIoBaMil, }r3-3a HeoAHopoAHocrrl [JIasMI>I pe3oflaHcH()e

ycJroBr,re rro BoJrHoBbrM BeKTopaM BbrnoJrHflercs JII{IrIs B ToqKe Ir B3al,IMoAeficrs[e BoJIH J'IoKaJII'I3yeTCg

B flpocrpaHcrse. BHe o6lactpr pe3oHancHoro B3al{MoAeftcrsux BoJIHrI pacnpocrpaHflIorc.s He3aBIrIcI4Mo)

6es nsaratrao4efi craus.
Pacctrorpuu) KaK npor{cxoArrr nellrneftnoe nsauuo4eficrBlle BoJIH B ycJIoBI.Iflx laeepnofi [JIasMbI.

flpu o6lyveHv r,r Mr{rueHr,r s6rr,tsu ee fioBepxHocrl{ Bo3H[IKaer nfiaalilerlH,aa rcoport,o'1 I4 3JIeKTpoMalHI{THarl

BoJrHa npoHrrKaer B rtJrasMy roJIbKo Ao Kpunxu r,ecrcod xonye+rrlry't4uu. 3ra xouqeurpaql4, HaxoAr{Tcll

rr3 ycJIoBI{q

u3@):if"a-,1"@)l:o (2.181)

r4 paBHa

(2.782)

Ilpoqecc pacfiaAa t -- ll s (sgecr MoN(Ho roBopr{Tb o npu6rux<eHI,ILI 3aAaHHoro tIoJIt I{ paccMarplr-

Barb roJrbKo flpoqeccbr pacna4a) Bo3Hr{Kaer roJIbKo fipun ( n". BlaroAaps groMy npoqeccy B nJla3\4e

Bo3HriKaro.r [poAoJrbHr,re BoJIHbr ra Qaxrr,tvecKl,I gHepruta nepexoArlT B KoJIJIeKTITBHsIe ABH)KeHI,Ifl '{acrul{
rrrasMbl (Pwc. 2.7).

Ilpoqecc t --+ I * l/ npoucxo4uT npr{ ycJroBr{r{, rITo crg - 2wpe.3ro sHa'{ur, qro B oxpecruocru roft

TorIKIz, tqe fiJlorHocrb tIJIa3\lbI 6lusxa K .rerBeprl,I KpllTutrecKofi naornoctll) Bo3HI,IKaIor JreHfMiopoB-

cKr{e BoJrHbr c rracroraMu - uol2.
flpoqecc t --- tt* s conponox(Aaerc.fi Bo3Hr.rKHoBeHr.reM flofiepe.rnofi lonuu c 'racrorofi u' = ,r;n.

Ero nasrrsaror rpoqeccoM BbrnyxAeHHoro pacceflHl,I.fi Man4elrunaua-Bpul.tlrosua (BPMB) u eueprux

rperculero rr3,rryqeHr,r.a B ocHoBHoM Tepfiercfl. On npoucxoAlar Bo aceft xopone npu 0 1n 1nc.
Ilpoqecc t - tt * l, ua.auraaevsrfi nr,ruy>xAeHHtrM xor.l6rauaqraoHHblM paccerlHl{etr4, TaKx(e BpeAeH c

TorrKr.r 3peHr4, HarpeBa rIJIaBMbr. Bonsruas qacrb gHeptul{ BbIxoALIT H3 uIa3MbI B Ba.u,e pacceflEHoro

r.r3JryrreHlrfl r{ Tepsercs. O4uaxo 3Tor npoqecc npoilcxoAlzT JIrrIub upla 0 < n < n"f 4.9ro BrrAHo I{3

Toro, r{To Mr,rHraMaJrbHa.fl tlacrora BoJIHrI t/ panna a,pe rr rrpu 3roM .u,oJIx(Ho BblnoJlH.grsca rpe6oaanue

wg ). 2wpe.

mr;?n":4ni'
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Puc. 2.7: Cxe\aarrz.recxoe uao6pa;reHr.re Bo3Hr{KHoBeHr4fl pa3Jrr{rrHbrx Herunefinux fipoqeccoB B 3aBr{cra-

Mocrr4 ol nry6unu r. fIoKaBaHo raK>r(e Ha[paBJIeHHe na,Laroqero floflepeqHoro lr3Jryr{euurr.

2.14 flou4epoMoropHbre (crpnxr1uoHHbre) clrru B rJra3Me

.[,o cux nop MbI paccMarpIrBaJII,I ABI{x(eHue qacruq B roJr-flx [JIocKr4x BoJIH c rtocroguHblMu aMlJrr,rryAa-
urz. 3avacryro B rrJrasMe crpyKTypa uoneft flBJrflercfl 6onee cao>xnofi. B qacrHocrr,r, qacro [puxoAr,u]cs
r4\,rerb Aeno co croflr{r{Ml{ BoJTHaMI{ (y4ep>xaHne, ycKopenue [JrasMbr, nos4eficrnne Jra3epHoro ra3nyqe-

HLrfl v! r.A.). B groM cJryqa€ Ha lracrr{I{bl IIJra3MbI geficrayror oco6sre cr4Jrbrl Koropbre paBubr HyJrro B

cryqae uocxoft BoJIHbr.

Paccuorpuu 3JreKTprrqecKoe floJre B [JraBMe cJle.qyrcu{ero BraAa

3ro uo.rre flBJ'rflerc.s MoHoxpoMarilrrecKr{M. Ecara E(r) : Eoeik'", ro $opvyna (2.1S3) orpeAeJrfler roJre

6eryrqefi BoJrHbI. Ec;ru E(r) : Eo sin(k.r), ro (2.183)-no"rre 6eryqeft BorIHbI. B sroN{ cMbICrIe, Sopr'ayna
(2.183) ,BJr.rrercs o6o6rqenuelr r{3BecrHbrx pauee BbrpilKeurafi, xoropbre r{crroJrb3oBaJr}rcb.

I4s $oprrryasr (2.183) r4 ypaBHeur{n Marccserra JrerKo uairru coorBercrByroqee MarHurHoe nore

E(r,r) : ] [r{")"-i't +E*(r)ei'tf .

B(r, t) : -? le-i't rctu(r) - "o"rot 
E.(r)] .

2u

P accvrorp nr.r Anr,r)KeH r,re 3JreKTpoHa B oJreKTpoM arHr.rrHoM noJre

mt : -eu(r, r) - 9 1t x n1", t;1 .

# [n(r6)e-i'' + E*(r6)ei't] ,

-#[n(re)e-i'' - E*(16)ei''] .

(2.183)

(2.184)

(2.185 )

Kax u pallblue, 6y4err,r rrcKaTb pelueHue ypaBHeHr{fl ABr{x(eHr{fl rro Teop[u nosuyrqeuzrt) floJrarar,
oJleKTpoH cHaqaJra rroKornJrcfl B Tor{Ke r : r0. Torga B [epBoM npr,r6nux<enuu :nafip.ev,

r1

ir
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B aurpax<euue AJrrr cr4nbr BxoArrr cJraraeMbre, Koropbre rra 3aBr{crrr or BpeMeurr. Izluenno 3TI,I craraeMble 14

6ynyr Hac rrrrepecoBarb. Brruraruelt ux orAeJrbHo, o6osuavua coorBercrByroqyrc qacrb cI{JIbMHAer(co\4
HOJIb

(2.188)

(2.18e)

(2.1e0)

Bo ar:oporvr npu6.rru>xenr4r4 Ha sJreKTpoH 4eftcrnyer cu.ua

mi2 - f2: -e("r 'Vo)E (16, t) - i lt, x B (16, t)l

-2
= # {e2i'' 11E-1rs) x rotE-(ro)l - (E. (to) ' V6)E- (16)l

: 4-"-2iut [[E("0) x rot E(r6)] - (E ("0) . V6) E (rs)l

- (E ("0) . Vo)E* ("0) - (E- ("0) .Vo)E (ro)
r: -[E(ro) x rotE*(r6)] - [E.(ro) x rotE(r6)]].

h : -#{(E v)E* + (E*' v)E+ [E x rotE*] * [E* x rotE]]

I4cnonssosaB coorgorrreHrre

(A. V)A* + (A* . V)A+ [A x rotA*] + [A- x rotA] : VlAl2,

rroJryill{M 3 H arrr,rrerbHoe ylpoqeHue srofi QoprrayJlbr

to = - n r*i-rr*rv l 
E (r) 

1 

2 
.

(w):\<"1>:#

F : - ?""'^v lEl2 : - '3' =v lill' .
4rn/i2 " t"t !6ru2'

Ecrrr scno\lnlnrb, r{To n xolo4uoft rrJrasMe
,

eilr) -- et (w) : e(u) : t - ?4- -
rt2'

TO 3TO Bbrpa>KeH[Ie AJI,I CVrItbI MO)(HO IlepelucaTb B BI{Ae

p: 6(91- tv 
lEl2

r o7r

3ry cuny qacro HaabrBaror raKx(e cutoft ablcolcoit&cmomHozo daeaenua.

(2.187)

(2.te2)

(2.1e3)

(2.te4)

CoeeprueHHo scHo, irro B cnyqaenrocxotBoJlHbl lE(r)12:const vrcvilafg paBHaHyJIIo. Cu,ry (2. 190)

rla3brBarol' rt,o'n,depo"rtt,o'ntopn,o'fi, 'uJvu crn,p'urd'quon,no'fr,, a raKx<e qacro HasbIBaK)T cu,a,ori Mu,rut,epa. B .rerr,t

x(e npr{rrr,rHa Bo3HI{KHoBeHrL raxofi cu"nsI? !,;ra roro, .rro6rt orBerr{Tb Ha oror Bonpoc) Bc[oMHI{t\l

(cu. $2.10), rrro 3apflx(eHHafl qacrrzrla B 3JreKrpoMarHr.rrHo\{ [oJre ABrrraerc.r no BocbruepKe. Ecau none

HeoAHopoAHoe) ro BocbMepKa r{Meer pasHyro Kpr.,rBH3Hy B pa3Hbrx yqacrKav rpaeKTopl{fi. 9ro npurogur
K TOMy, rrro tracrr4rda qepe3 [eprroA r43MeHeHr4fi rroJ'r.rr He Bo3Bparqaercs B rrcxoAHylo rorlKy u 4pefi$yet a
(j'r'opoHy 6o-rree cra6oro noJrfl. Taxonay Apeft&y orBerraer cI,IJIa, Koropar{ BCerAa crpel\4l4Tct BbITo.IIKHyTI)
riacrrzqy us o6tacru 6oaee cumnoro 3neKrpoMarHl,rrHoro rroJrfl B o6aacrr 6oaee caa6ono noag. Cuna
He 3aBr.rclrr or 3HaKa 3ap.flAa, Ho 3aBr4crar or Maccbr rracrrlrlbr. Ha srexrpoHbl gra cuna 4eficrByer B

'mif mZ2 pa3 cuJrbHee (Z-saptgonoe qlrcJro uoHoo), qeM Ha r{oHbl.

Brrpax<enrze Arrs cprnbr (2.190) JrerKo noJryyr{Tb t4 v3 Apyrux coo6paNceHnfi. florrteuleuurrft a BrICG-

Korracroruoe rro,.re sJreKTpoH rzMeer cpeAHroro (Ha nepzo4 r{3MeHeHI,Ifl uoax) euepruro

(2.1e1 )

Ecru nore E eaaucur or KoopAr{Har, To raKaa cpeAu.r, gHeprl{, 3aBr4cr{T or uoJro)I(eHlr.a 3JIeKTpoHa.

EcrecrsenHo AyMart, vro 4eftcrnyloulag Ha gJreKTpoH ct4rra, crpeMr.rrcs fiepeBecrr{ ero B cocroflr.ue c

Har.rMeHbllefi suepruefi. Tax, ecJrr,r 3JreKTpoH [oMerr{eH B crarl{qecKoe g,rreKrpr{qecKoe [oJIe c [oreH-
q[raJroM g v ero gHeprlrs -eg1 'to Ha Hero 4eltcrayer crara f - eVg. Anaroru.Iuo BCe npoucxo.4rlT

r4 B BbrcoKoiiacrorHoM noJre) Ho poJrb noreHqr{iura urpaer cpe.q,Hrrrr gHeprrrrl (W). Cuna x(e pallHa

fo : -V (I4z). IlosroMy Berr.rqr,rHy (Wl tracro Hashrr,aror lblcoaovactnornHbLJil, norne+l4uanoen.

Ha e4unzqy o6ueua nJra3Mbr 4eftcrnyer cura F : nefo (@axruvecxr{ roJrbKo Ha BneKTpoHrt) unu

tl4



(2. r e5)

rfie p : mn" * TfLiTlt - rnini-ilfiorBocrb nJIaSMbI, v-cKopocrb MeAJIeHHbrx ABr{x(eHuft rlnaslau, p :
n"Te*n;T,rAaBJIeHI4e, F-uongeporraoropHas craJra, oupeAeJrfleMas Soprr,rynofi (2.L94). B xsasfiHefiTpant,-
I{ofi rrIaBMe ni:ne/Z (Z-sapzgozoe qrcro uoHon) u p- (m;lZ)r.,p:n"(7"*T,lZ) 3ru cooruo-
IrreHHfl [o3BOJIffIOT 3aIrI{CaTb ypaBHeHr.L U,rApOAr.IIraMfiKtt AJLfl. KoHr{eHTpaqrrr{ 3JreKTpoHoB ra cKopocTrr

Anpr)KeHr{fl rJra3Mbr (T : ZT" * Tt)

2.15 Iu4po4nHaMI{Ka fIJIa3MbI B BblcoKorracrorHoM 3JreKTpoMarHr4T-
HOM IIOJIC

Baegeuue floHAepoMoropuoft cwlrr, 4eftcrayrou1eft Ha gneKTpoHbr ura3Mtr B BbrcoKor{acror]HoM [oJre u
crpeltxlqeficfl BsIToJIKHyTL I,Ix I,I3 o6lacru cI{JIbHoro noJr.s B o6;racrs 6onee c.na6oro tloJrq, uo3BoJr-rrer
pacc\{orperb MHorI{e Boflpocbl AI,IHaMI,IKI4 rrJra3Mbr. .[,eno n roM) rITo KoHI{eHTpaqHIo oJIeKTporroB r{eJlb3rr

cAeJIaTb cyIqecTBeHHo oTrl{r{Hoft or KoHr{eHTpaq}rr4 r,roHoB Ha paccToflHr,rfix, flpeBblrxaroq]tx Ae6aeBcKr.rft
paALIyc. 3rouy Ilpen.rlTcl'Byer rroJre pa3AeJreHr4.rr 3ap.rrAoB r{ or{o lepeAaer 4eficrer.re noriAepoMoropr"lofi
cI4JIbI Ha IIoHbL lloetolty, ecJII{ I{HrepecoBarbcs rr,rac[rra6alu4) rrpeBbrruarculr,rMtr 4e6aeecxuft paAr,ryc,
TO MOX(HO CqIlITaTb, rrTO nOHAepOMOTOpHL're CUnSr geftCrByroT HelrocpeAcrBeHHo Ha rroHbr. 3rn cpr,rsr
'rolAa I\4ox<Ho BKnrcr{I4Tb B ypaBHeHr4n fr{ApoArrHaM:/,Kl,l [JIaBMbI, KoTopy.,) paccMal'pr{Baro.r KaK (IIHy
KBasLIHefi rpaJTErHyro x(HAKocrb.

B npene6pex(enlll{ rI3MeHeHI{eM TeM[eparypbr rrJra3Mbr ypaBHenrrs rl{ApoAraHaMrrKr4 coAepx(ar ypaB-
HeHIae HefipepbrBnocrrr rz ypaBueHrre ABr{x<enur (cu. $1.18)

(2.1ee)

ff * o*(p,) : o, , (X+ (v . V),) : -o, * ",

*.div(n"v) : Q, ff * f"'V)v: -Lvtnn"- ffirWf

rotrot ,* i#:

E(r, r) : ] [ro (r,t) e-i't r Efi (r, tl ei't) ,

rAe aMnJII{TYAa Eo (r, f) sanuc[IT or BpeMeHI{ I,I noAcTaBJrfl, ero B [pr.rBeAeHnoe Bbrrue ypaBHeHrre,
flonyqr,rM

(* - u)' no * c2 rotrot Es : -nnT"' ''

(* - u)' a, - c2v2*6 : -nn#"' ,0.

E6 - 3uf1,,"V'Eo : -nny"' Uo.

(2.1e6)

BxoAxulaa n Soprtryny (2.196) Halrpex(eHHocrb 3,'IeKTpuqecKoro rroJrs onpeAeJr.flerc, ypaBHeHr{sM}r
Maxcne.tr,ra w caMa 3aBucrIT or rl,IApoArInaMrrrrecKr{x xapaKTepncrr,rK nJra.sML,r. IuIs ypar.tnelrzfi Max<:-
BeJrJra (1.1) uoc"rre lrcKJrror{eHr{r BeKTopa uarurzrnort u*AyKrltlru c,re4yer t

4tr 0j
(2.1e7)

c2 0t'
rAe trJlorHocrb roKa cBr3aHa c BbrcoKoqacrorHbrM ABr,r)KeHr{eM gJreKTpoHoB j: -enui u (0nl0t):
- kl*) E. Orcro4a HaxoAI{M npl{ ycnoBI{I{ MeAJreHHoro r43MeHeHr,rfl KoHrleHTpaqprr4 oJreKTpoHoB

(2 1e8)

I4cnoarsya BErpa)Kenrre AJr-rr BbrcoKorracrorHoro no"nx (2. 1 83)

q- 
= ?""'-8.

Ot rn

(2.200)

B .ractHocrr4, Ntfl. [oneper{Horo BbrcoKor{acrornoro uoar (divEo:0) ytr}aBHeHrrre (2.200) [pr4HraMaer
BI{A

(2.20t)

fllx npo4oJlbHblx BblcoKor]acrorHbrx nolefi (rot Eg : 0) c.ne.uJer yarr.rrbrBarb rerrrroBoe ABr4xeHrae
3.reKTpoHoB. IAs ycaonut coorBercrBrrfl c pe3yJrbraraMlr KraHerr4rrecKoft rr.to4e,ru (cr.,t. $1.23) 3atlulrreM

(*- *)'
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B npeue6pexceHrrr,r r{eAJreHHbrM rz3MeHeHLIeM BeIrAqI,IHbr E0 CO BpeMeHeM r.I IIpI,I yCJIOBLTTI [OCTOflrrCTBa,

KoHr\eHTparlrr4 sJreKTpoHoB rir3 Soprrrya (2.201) w (2.202) BbrreKaror 3aKoHbr Ar{cfiepcl4rd coorBercrBeH-
tro Airrr nonepe.rHbrx 14 JreHrMroponcKr{x BoJrIr) paccMorpeHHble HaMH panblxe. O4rtaro B ypaBlrcrlutx
(2.200)-(2.202) xonqenrparlrr.fl Mo)Ker 6rrrr ne uocrosHHa. B pesynsrare 3Tlr ypaBHerrr4s coBMecrHo c

ypatsHel{l,Isl\m (2.1,96) o6pasyu cr4creMy yparueHr.ut rr{ApoAr{HaMr.rKn rrJra3Mbr) o[r{cbrr]arou1efi cavroco-
ulacoBaHHo KaK BbICOKOqapTOTHbIe .rl,BI{)I(eHI{fl SJIeKTpOHOB, TaK I,I MeAJIer- rble ABr4}I(eHrrrr rrJra3Mbr KaK

qeJroro, cBfl3aHHbre c nepeMeuIeHIIeM I,roHoB.
r,lacro BblcoKoirac:rorHblMIr BoJIHaMI4 B [JIaBMe ,IBJIflIorcfl JIeHrMrcpoBCKue BoJIHbI, qac'rora Ko:ropblx

6ruexa K nJIa3MeHHofi .racrore. !,na etrax BoJIH Aa>Ke MaJrbre orKJroHeHIaq KoHqeHTpaqrar{ 3JreKTpoHoB
or pe3oHaHcHoro 3HarreHr4fl, o[peAeJr.ae\4oro paBeHcrBoM nc: rrle2 /4re2, npuuogor x 6o-rrsruraM rrr3Me-

HeHI.r.rIM noaq. 3ro flo3BoJr.fler B yparueHr,r.flx (2.196) Hc[onb3oBaru nr,rneftuoe npu6lu>xeHr{e, rroJrox(r{B
fre : Dc * 6n.. B pesynrrare rtoryllltM

(2.203)

rAe os : U/If rna-cl(opocrb I{oHHoro 3ByKa. VpanneHue (2.202) flocJre or6pactrnanrag va,roft nr:opofi
[poI,I3BoAHoft uo npelreHrl or uoJrfl [pr{Hr4Maer Br{A:

2irff + zuln,"Yzvo: @dn.Bo (2 204)

Crcreua ypaeHeHnft (2.203) w (2.20$ cocraBJlrer ocHoBy \,ruorrrx rlrccJreAoBaHwft. netuueftHoft 4zua-
MHKTLTIeHIMIOpOBCKI{X BOJTH.

2.16 fiacnepcrtoHHoe ypaBHeHVe Ails. rrJra3Mbr, HaxoAs[Iericq B sJreK-
TpoMarHuTHoM fIoJIe

Pauee rrarr o6cygual4 Bo[poc o [apaMerpurrecKr{x ueycroftvr,rnocr.flx, Bo3HI{Karoq}Ix B HeJluHeftxoft cpe4e,
r{epe3 Koropyrc npoxoAr.rr oJreKTpo\{arHr{Tuarr Bo,'rHa (crr,r. $2.8). O4Haxo, AJrs r4cro.rrb3oBaHr{rr o6rqux
cooTHorueHl{fi Hy>xuo 3HaTb Healfiretnrre AI,I3reKTpI{qecKrre [poHt4rla€MocT}r. Buecro sroro Borrpoc o
[apaMerpfiqecKl{x ueycroftvuaocTgx B IIJIa,3Me Mo)KHo paccMoTpeTb, r{crroJrb3ys. AJrs. 3Toro cHcrer\,ry
ypaeueHurl (2.196) u (2.200).

By4er..l cqrtTarb, rrro B ocHoBHoM cocrorHr{r,r B oAgopoA,Hofi u"naslre (n" : const) Her reqeHus
(v : 0) ,I paclpocrpaHrercx gneKTpoMartur:r,asr BoJrHa c .racrorofi uo, BoJTHoBbIM BeK'foporur k6 ll
nocro.sHHoft al,ruararygofi E6 (aonna naravxu)

E : Eo cos (k6 ' r - c,,,gt) . (2.205)

I4s cpaaHeHrrfl ororo Bbrpax(eHlrrr c $opuynoft (2.183) cJreAyer, vro E(r) - Egsiko'r r4 noHAepoMorop-
Has. cr4lra (2.190) paBHa HyJIIo, rocKoJlbKy lEl2 ue 3aBucr{T or Koop.U{Har. IrIe ypanHenufi (2.201) u
(2.202) roryquM 3aKoHbr Aucrepcru Ans BoJrHbr HaKaqKr{: ,3 : ,3" * kzo+-z (4la uonepevnoft ro"nuu)
u afi : u|" + lnfiufn," (tnr rpogomnofi ao.rrnsr).

Paccvrorpuu MaJroe Bo3Myrr{eHr,re KoHqeHTpar{[r{ nJra3Mat \nu(r,t). B [oJ're BoJrHbr HaKaqKr.r rr3-3a
3'I'oro Hr3Koqacrornoro Bo3MyIrIeHI{rr Bo3Hr{Kaer AofloJrHtrtearusrii BbrcoKor{acrorssrfi ror<, roropuft
,IBJIsercs I{cror{HI{KoM pacce.suHoro [oJr.s dE (crr,r. 51.35). Irlsrurenenrae BeJrr{rrr4Hbr 5n.(t,t) caasaHo c

ARIIx{eHI,IeM r{orroB pI [poxoAHT MeAJIerrHo. floetouy qacrora pacce-flHHoro [oJr.a 6nusxa K qacrore
I]OJIHbI HAKAI{KI4 I,I MOX(HO 3A[!ICATb

dE = 1 (68-"-t',ot* 6E*ei,ot; (2.206)
2

B npene6pe>KeHwvI TeITJIoBsIM ABI,Ix{eHrIeM 3JIeKTpoHoB ypaBHeHrre .q"rrs 6E* cJreAyer rs $opuylrr
(2.200) r4 r{Meer BrrA:

W -of;v26n.: ffirrl*ol,,

(*- 'r)' dE+ + c2rotrotdEl + 
4nn""' 

;1,n : -nn"' unp1ge1iko*
N'L TN
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Croaqee n npasofi cropoHe Sopuynsl (2.207) BhrpaxeHl4e onpeAeJlrler I{cror{HIlK paccetlHHblx noleit u

BO3HrZKaer I43-3a TO|O, IITO B tIJIa3Me I,IMeeTCfl KaK BO3MyU{eHI'Ie KOHI{eHTpaqI{IA, TaK 14 BoJIHa HaKaa{KV.

B pacclrarpusanuretcfl paHbrrre reoplrr{ paccesHl,It (cru. $1.35) cql,ITarocb, rrro flaAaruulas BoJIHa

He BJrr{.seT Ha Bo3MyuleHrae KoHr{eHTpaq}rr4, r{ Te onpeAeJItIoTC, KaKIAMI{-TO ApyrI4I4H UCTOqHI,IKaMI

(uanpurraep, Bo3HuKaror 3a cr{e,r renlroBoro ABI,I>KeHII* vacrraq). Ecnu nattatolqar{ BoJII{a Aocra'I'oqu()
crtlrbEafl LI) cJIe/qoBaTeJIbHo, paccefiHHble BoJIH6I TO>Ke AOCTaTOqHO I'IHTeHCITBHbIe, TO OHI{ I\,IOryT OKa3bI-

Barb cyul,ecrBeuHoe BJrr{rrHr,re Ha Bo3Myrr{eHr4fl rrJrorHocru (xoHqeurpaquu). 3ro nauxnue yqurblBaercs
c rroMorr{bro rroHAepoMoropnofi cr.rJrbr B ypaBHeHr{.flx (2.196) , Koropafl olrpeAeJlflercfl IIeJII{qI,IHorl lE12.

B runet7Hornl npu6rlrx<euuu [oryiII,IM

lEl': (Eo.nuo"+dE-) (Eou-'uo"+dE+) =E2o+no.(ar-e-ikor-p6E+eiko') (2.208)

Kax yxce r.oBoprrJrocb) BeJrr{r{r.{Ha Efr or xoop4llHar He 3aBHCur I{ [ogroMy [oHAeMorop:aafl. ct4na orJII4rr-

Ha or HyJr.fl ToJrbKo r{3-3a paccesHHoro uong. Tax>xe s auHefiHolr npz6nu>r<e*vrlzr u3 ypaBHeHLIt (2.203)

Haft4err,r

(2.20e)

Cucreva ypauHenrarT (2.207) u (2.209) orpeAer'rrrer coBMecrHoe r43MeHeHr4e Bo BpeMeHrr r rpocrpal{orB(l
Bo3MyxleHr{fi uornocr[ [JIa3MbI IrI paccesHHblx nolell.

lna no"uyveHrrs Ar,rcflepcr{oHHoro ypaBHeHr{r paccMorpuM Bo3MyIr{eHIre KoHrIeHTpaI{I{I{ B Bu.qe rIJIoc-

xoft uonoxpoMarr.rqecKofi no.nxrr 6n"(r,t):6n.(k,r,,,) e'k'"-i't. flo4crau,IB 3To BbIpa)KeHLIe n $oprrty-
nu (2.207), (2.209) u rprrgflB) rrro Berr,rrruHsr dE1 (r, t) uponopqr{oHarrbxbrcoorBercrBeHuo dEa (k, r..,) sTiko'r+ik'r-i
uafi4elr Bbrpax(eHufl AJrn paccerrHHoro IIOJI,I rr Bo3MyuleHI,IrI [.IIorHocrI4 3neKTpol{ots

W - r!v26n": ffir' ftno 
.dE-)r-iko'r + (Eo .dE+) 

"tto'"] 
.

dE1(k, O: ffi6n"(k,u)l"r- &k+ (k+ ,o)] ,

(r2 - nzu!) 6n"(k,q : mlE, dE- (k,a.,) r E6 . dEa (k, r)l .

. .2 u2^.2 _ k2w2ru2e f 1u , "r]' [k- y eo)2 , (k- ."0)' , (k- uo)'Iw -r\ u'--- 4 \q@-AW- "r*W- "r_b, I,

(2.210)

(2.21r)

B pesynrrare fi3 ypaBHettufi (2.210) u (2.211) rroJryrrrrM Ar{cnepcr{oHHoe ypaBHeHue Afls. cBs3aHHbrx
rrepe3 BonHy HaKayKr4 Bo3MyrrIeHI{fi nlornoc:r}r [JrasMbr r,r pacceflHHbrx oJreKTpoMarHr,rrHbrx BoJrH

(2.2r2)

rrc u2* : ( trnuZe'1*o)'/'-n"HrMropoBcKarr qacrora r{oHoB, un : eEolTnlr)o-aMr^rruryAa cKopocrr{
ocqul.rxqlrfi gJreKrpoHoB B BoJIHe HaKar{KI{, e6-BeKTop noJrrrplr3ar{r{r{ BoJIHrI HaKayKU, k+ : k * ko,
aa: u *ug,

DT:t- D\:t- (2.2t3)

-Synxqun, paBeHCTBo HyJrro Koropbrx onpeA,eJrser 3aKoH Ar.rcilepc[u Ar-a flonepequbrx r{ npoAoJrbHbrx

Bo,rIH Ha xou6lrHaqraoHHbrx yacrorax. Maloe cJlaraeMoe u DL, yqr,rrbrBaroqee re[,roBoe ABr,rx(eHrr€)

3neKTpoHoB, 4o6anneno KaK r.r B Sopr'ryne (2.202).
B orcyrcrnfirr BoJIHbI HaKatrKE (ue : 0) Iz3 Al{clepcuoHHoro ypaBHeHrrfl c,re/q,yer 3aKoH AI,ICnepcrII{

AJrrr rroHnoro 3ByKa c 4"rutrofi BoJrHbr, upeBbrrrraroulefi 4e6aencxuit paguyc gJreKTpoHoB. l4s-za BoJrHbr

rIAKaI,Ktt BO3HIKAIOT paCCerHHbIe Ha BO3MyIrIeHrrgX nJIOTHOCTLT BbICOKOqaCTOTHbIe nOJIg, BJIH.EHTTe KOTO-

pr)rx Ha 3aKoH Ar,rcnepcr{u 3ByKoBErx BorH yrrr.rrbrBaercrr npanoft cropouofi ypaBHeHr,rrr (2-212) r4 cBrr3aHo

c 4eftcrouelr noHAepoMolropnoft craJlbr.

Kax nra4xo I{3 cpaBHeHrar ypaBHeHuz. (2.272) c o6ulurr,tz $oprr,ry"rraruu $2.8, us-sa BoJrHbr HaKaqKr{

BO3HTIKaeT IlapaMeTp[qecKafl CB.fl3b MeX(Ay HTII3KOqaCTOTHbTMI{ BO3MyIIIeHI{flMI4 IJIOTHOCTI,T r4 BbICOKO-

r{acToTHbr\,rr{ paccegHHbIMH IIonfl MI{.

w|"+ k2ac2-_-.4-_
L'+

,1" + zk2+d?n,"------,7-

Lt7



2.L7 Mo4ynaquoyHafl neycrofivr,rBocrb

.Il,rcu<:1rcr{oHIIoe ypaBI-Ievue (2.212) oflpeA(:Jlrlel' ocr{oBI'Ible xapaK'r'cpxc,r'r4Krr Mzlrrbrx r;o:lM.y-r[(]uuit t)
IIJIa3Me) rlepe3 Koropyrc ppcilpocrpaH.fleTcfl 3JIeKTpoMarHI{THa.fl BoJIHa (ro.uxa naxavxu) c nocTo.rrH-
nofi avulury4oft. Peurenl4fl ororo ypaBHeHI4, 3aqacryro coorBercrByror Hapacraroqr,rM Bo3r4y[{eHrzqr\4
I{ B gToM cJlyr{ae IIpI{H.fiTo roBopl4Tb o flapaMerpr{qecKrrx neycroftvlrnocrfix frJrasMsr. Cpe4u Bceto pa3-
Hoo6pasua raKlax ueycrofivunocrefi uveercfl pfl.Auau6onee pacnpocrpaHeHHbrx rz qacro o6cyxcgaevux.
B eluv il noc.rreAyloureM [aparpa$ax paccvol]puM sru ueycrofirrrrocrrr r,I [ocrapaeMcrr Aarb rv <]z-
3LIqeCKyIo t4 HTepnperal{I{rc.

^, , 
Prra,,rrorppr\4 B KatrecrBe tso.rlHbr HaKarrKrr .IIeHrMIopoBcKyro rJoJrHy) r{ac.rora xoropoft afi : -2r" +

3k$u(n," Be"rrrlKa lro cpaBHeHIIro c lu,,l. B ernx ycJroBrasx Moryr 6rrrr lralnrlrr{ ToJrbKo sarpax<euua Dl u
coortsercrtsyloq[e cJlaraeMble ts ypaBHeHI,Iu (2.212) 6y4erta yqlrrbrBarb. Orpauuvunacn paccMorpeHr{er.I
Bo3Myrr{eHr{ii c no.rrnonsrMr{ BeKTopauu k, napalJreJrbHbrMr{ kg. Torga

(r, - Bk2uln,")2 - aafi (u - ,.rn)''

t$e ag : 3&*,"k0/uo-rpynnoBas cKopocrb BoJIHbr HaKaqKu. Paccvorpnlr Bo3\{yu{eunx, Sasonaa cxo-
pocrl Kol'opt"tx af k 6luaxa x rpynnoaofi cKopocrr,r BoJrHbr HaKatrKH a = kug*cu1. 34ecs @1-[o[paBKa,
MaJrafl rro cpaBHeHwto c kun. Vvreu, vto

u2 - zkzrln,e = k2 (rzn - srln,") : Bk2u?n,"

I{ 3a[U[re\,r ypaBHeHUe AJffi OlpeAefielHuf, Berraql,rHbl aJ1 :

-3k2u!y," (2.216)

(2.215)

(n*-,) =

(2.217)

Peureuue groro ypaBHeHI{t paccMorpllM cHar{afla B HepesoHaHcHoM cJryyae, KorAa r.pynfioBafl cKopocrb
neHr\'rlopoBcxoft sorubl He coBna.,Iaer c 3ByKoBofi cxopocrrrc. Bropsrrr,r cJraraeMbrM e aesoft cropoHe
Mox(Ho upeue6peur w naftru w1

x' (u3 - u?) + Za1kun - t 
sla?2a',2l'?b'"-rqq-6w;

,r: +f rrxo"

TIpu un < us [olpaBKa K ilacrore flBJr.flercs rrlHuuoft AJI.tr BoJrHoBbrx q]rceJr,
BeHCTBy

(2218)

yAoBJreTBopsrcqr{x Hepa-

k),p" I (2.21e)

I'I HMeer Mecro Heycrofi'firnocrs. Ha Puc. 2.8 [oKasan r{HKpeMeHr neycrofi'runocru. !,la aosltyulenuri
C BOJ'IHOBbIM qI,IC,TOM

(2.220)

,'+D'+:u3+2auo*12 - rf,"-3u?n,.(tcfi*z*lrs+k2) : u2 +2aws- B&rn,"(tc2 +ztctes). (2.214)

I4cnoassosaB 3Tr,r Bbrpa)KeHlrrr, sarrrruleM ypaBHeHrre (2.2t2) B BHAe

,2_k2r2":rrguf ,2 - Bk2uln,"

oH AOCTr4raeT MaKcrrMyl4a u paBeH

/max -

1i8

(2.221)

k^u*),p":

d*rr,

(t - urnl"?)



0.r8

0. l5

0.t2

3^ 0.09

a:
0.06

0.03

0.50.1

&tr*

Pprc. 2.8: Irluxperurenr neycrofivunocru rrpu uo /u*," : 7, un f u" : 0.5.

I4s yctonun ug I u" cJreAyer orpaH[qeHr,re Ha BoJIHotsbIe yucJla JIeHrMIopoBCKI,Ix BoJII{: ko),p. I
Ofi) lznxna, AJrfl Koropbrx raKafl HeycrofirrrBocrb LIMeer Mecro.

flpu npra6ar{)Keur{r{ rpynnoroft cKopocrr{ JreHrMropoBcxoft sorubl ?.,9 K cKopocrl{ HoI{Horo 3llyKa

us) rrro coorBercByer npu6lu:reHraro K pe3oHaHCHoMy BoJrHoBoMy rllacry /c0 - (1/31 o")a"fu6," -
(llil,p") \Emm, rrHKpeMeHr (2.221) craHoBlrrcs oco6enno BerrrrK. flpra eron oAHaKo Hapyuaerc,
fipeAnoJrox<eHr.re o N4iurocTlr BToporo cJraraeMor]o B JIeBoft cropoHe r.rcxoAHoro ypaBHenHrr. ilos'rovy 2r:-
aoHaHatArc uodynayuonHyrc Heycrnotivuaocmo (un: r") paccMonpl{M orAenbHo. IrIs ypanueHua (2.217)
cJreAyer, r{To Bo3MyuleHrr.fl Heycroft.turrr roJIbKo s o6racrz BoJIHoBbIx r{uce,Il

(2.222)

B o6.nacrpr BonHoBbrx uucet k),p" < (2ugql3r3)'l' (ulru k q k") r4HKpeMeHr pacrer runefso <:

yBeJII{ geHIzIeM BOJIHOBOTO qIICIa

k\ps 1 k"\D" : # H''' (*)'''

^, = ff,o" &\o") (H''' (#*)''',

Z2/s ( G- u2B \ "'Tmax a 
B ,o. 

\A;** I

(2.223)

tpn k : k^u* [poxoAI,IT qepe3 MaKCUMyM u o6parqaerca B HoJIb npu k : kc. IIo noprAKy BeJrr.ryprHbr

MaKCpIMaJIbHoe 3Har{eHue r,rHKpeMeHTa Mox(Ho uaftru, rroAcraBr{B n $oplayny (2.223) BoJrHoBoe rrr4cJro)

An, Koroporo eu{e He Hapyuaercfl np}rBeAeHHoe Bbrrxe HepaBeHCTBo (k - k"). B pesy.nrraf'e floJryrrrrM

(2.224)

Cpaaxze Mex(Ay co6oft nonHoBble qLICJIa Bo3Myrr{eH[ft k^"* - kcu BoJrHbI HaKarrKH k6, y6e4rauca, vro
k11f k" - (r"lrr)'/'. C 4pyroft cropoHbr Sasoaax cKopoclrb BoJrHbr HaKarrKr4 ur: wsf ks - 3uln,"f u, u c
yqero\4 orpaHurreHr,ra (1.154) noryr{r.rM ue/u" K. (ugr,"f ur)'.I4ru*, [ppr ?rE < as ArrLrHaBoJrHbr HaKat{Kr,r

MeHbrue) qer\.{ AJrr{Ha BoJrHbr Bo3MyrrleHr{r, a [pr{ as l uE f,ur(u6,"f u")2-6orro-".
To.ruoe BbIpax(eHLIe AJr-fi I{HKpeMeHTa Moxro fioryr{r,rrb lrs Soprr,ry,rrr (2.217). IIpu 0 ( (k)o") ( r

noryqr,rM:
s (k)D")

(k\o.)2 + (rs + S (il,o.))2/t + 1r, - S (D,r.1f/s'
1 _ 1(*^r")

Qp" Z
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Pwc. 2.9: CxeNaaru'{ecxoe uso6pax<eHl{e aMlJrr{TyAHG-MoAyJrraponannoft BoJrHbr. flyuxrupolr noKa3aHa
orra6aroulaa BoJrHbr.

rse S(O : JF4,
(2.226)

tl'ro6ul [oHr{Tb cpusrvecxyto [ptlql,IHy Bo3Hr{KHoBeH[n MoAynqquoHHsrx Heyc'rofi.lunocreft, pac-
cMoTpr{\4 ABe JIeHTMIOpOBCKHe BOJIHbT: BOJTHy c aMIIJII{TyAOfr.81,.{aCroroft ul u BoIHOASINT VUCAOII k1 ,
paclpoc:rpaH-flIolqyrcc, napiIJIJIeJIbHo BoJIHe HaKar{KLI. Cyrr,rruapnoe noJre grr4x BoJrH 3a[urueM B Br.rAe

E : Eo cos (k6r - uot) * E1 cos (k1r - afi) (2.227)
(Er - Eo) cos (k1r - ufi) * 2Es cos (Akr - L,utt) cos (Er - .,lt) .

Iepaoe cJlaraeMoe oupeAeJl.fler 6eryulyro BoJrHy c rrocrosHHofi auu.nury4oi.:, xoropaa He co3Aaer ycpeA-
ueHuoti floAepoMol]opuoft cra"urt. Btopoe cnaraeMoe raK]Ke coorBercrByer 6eryrqeft BoJrHe c .racroroft
A : (uo + at)12 r.r BoJrHoBbrM BeKropoM E : (ko * k)12, Ho c aMrJprry4ofi, Koropa.fl 3aBlrcr.rr or
KoopAI'IHar H BpeMeHIr (Alc = (ko- kt) f2, A,w: (c,ro - u) l2). Ec.rE.racrorbr Borr6 6tusxn (rL - ro,
kt - lco), To aM[JII{ryAa LI3MeH.flercs MeAJreHHo (Puc. 2.9) Bo BpeMeHr,r r{ [pocrpaHcrne. B 3ToM cJryi{a€
nprrHfiTo roBopl{Tb o6 aunnumydnod uodynar4uu. Ilunun, [poBeAeHHas qepe3 ToqKr4, B Koropbrx 11o-
ne B AaHHbIft tvtoueur MaKCrIMaJIbHo, HasbrBaerca ozu6atouteil. Oua nepeMeulaercs B rrpocrpaucrBe co
cKopocrbro La I A,k : (cuo - ,t) l&o - kt) u flpr4 aO - u)t v ko - kt 3ra cKopocTt 6nz:xa x rpynnonoft
cKopocrr.r BoJrHbr HaKaqKr{ (du6ldks) : ur.

flpovro4yaupoBaHHat rlo aMlJII,ITyAe BoJrHa co3Aaer [oHAepoMoropHyro cuny, crpeM;ru{yrccs Bbr-
ToJ'IKHyrb [JIaBMy Ia: o6aacru) rAe aMlJluty4a 6o.rrue, n o6nacru r,teusureft aM[Jrr{TyAEr. flosrorray
TaKa, BoJIHa ros6yx<gaer B [JIa3Me BoJIHy nJrorHocrr{. Aunlury4a BoJrHsr rrJroruocrr{ MaKcr.rMaJrbHa
B ycJIoBI{gx pe3oHaHca, KolAa cKopocrb pac[pocrpaHeHr{fl BoJrHbr orn6arolqeri coBna4aer co gsyxosorl
cKopocrbro Id B IIJrasMe ros6yx<4aercg co6crnenHafl 3ByKoBafl BoJrHa. B cnorc oirepeAb BosMyrrleHr{rr
nJlorHocrl'I yBerl'IqrlBaror aMlJILrryAy npo6nofi JlenrMlopoBcxofi noaurr. Ilpoucxo4ur gro 6,raro4apx
npoqeccy pacce$rrvltt BoJIHsI HaKaqKv Ha Bo3Myrr{eur,rsx nlroruocrrr. flpoqecc B3av\rHoro HapacraHrrrr
Bo3MyIrIeHIzfi u,roruocrvl u aMr.rrury4rr npo6uofi leururoposcxoft ao,Iuu npro6peraer JraBr{Hoo6pas-
ur,rft xapaxrep rr B [JIa3\4e Bo3HIrKaer MoAynfirlr,ronHar Heycroft.rrlnocri. flepaonavarbHo lrMeBrrrafl
IlocrotHHylo aMIIJILrryAy JIeHTMIOpOBCKaTT BOJTHa oKa3brBaerc, [poMoAyJrrrporaHnoft IIo aMrrJrr{TyAe, a
nrrorHocrb rrJrasMbr craHoBr{Tc.fl neo4Hopo4nofi .
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2.18 OraaavreHTallrls

Paccuorpur{ Teflepb nonepei{Hyro BoJrHy HaKaqKH c .racroroft (jr0, pacnpocrpaHarorqeftcfl B paspe)I(eH-

sofi n.uasne (ro> wp).8 ypanueuNu (2.212) MaJrr,rMr{ Moryr 6urs rorrxo tsbIpa)Kerrw.x Dt{ u lIpI4

yarere coorBercrByrcrqr,rx craraeMbrx, a raKx(e 3aKoHa Ar{cnepcrlu AJITI BonHbI HaKarrKI,L3 = r3 * kf,cz

rIonyqr4M:

,2 - k2uf;: -"k# {--5
1tz

(2.228)

(r,-*)'-4(akks-ff)'

##lt*' * ral (r *) + 4ateks(ok'ko - 

")l 
)

f.{€ 0 : (k ko) f kkg, eg-aeKrop uoJr.apr{3a\r4Lt BoJrHbr HaKaqKr{. orpanuuuvcs Bo3Myrrle1vrflMu, pac-

rrpoc:rpaHflrou{r,rMr{cJr rroflepeK HalpaBJreHus pacflpocrpal{eHl{.fl BoJIHsI HaKaqKr{ (k.ko : 0) u floflepeK

BeKTopa roJlfipl{3aql,Iu (k'e6:0). Kpoue ororo 6y4er'a cr{Hrarb, vro kz? > u2,2u6lwl . B pesyar,r:are

r43 yparHeHr{x (2.228) Haft4evr

,2 * kzu? -,t*# (2.22e)

Orcro4a cneAyer, lrro Bo3Myrqe:g^lrfl. c BoJrHoBbrMrr qrrcJlaM[) AJU Koropblx BbInoJIHrercrI HepaBeHCTBo

k),p" 12-112utlc, Hapacraror oKcnoHeHqr.raJrbHo co Bpe\4eHeM. 3ro ena.rur, rrro B Ha[paBneHr{I{, rrep-
rreHAt4KyJrrpHoM K HanpaBneHrrro pacflpocTpaHeH]r, BoJrHbr HaKarrKLt, IIpoI/IcxoAt4l' nepepacnpeAe.]reHHe

tlJrorHocrr{ [JraBMbI r,r 3reKTpoMarHI{THoro uorg. Bosnzxaror o6aacrr{ c tloHl4x(eunoft IrJlorHocrblo, Ho

c IroBbIIueHHoft nurencuBHocrbro gJreKTpoMarHI{THoro H3,'IyrreHI{.4, qepeAyrcrquec.s c o6racrrMr{, rAe

rloBblrrreHa IrJrorHocrb rrJraBMbI) Ho [oHI{x(eHa I{HTeHCI{BHocrb I{3,Ilyqenrag. Taxoe pas6ueHue gJreKTpo-

rraruzrnofi BoJrHbr Ha y3Kr{e "uHypbr" c rroBbrrueHHofi uHrenc[sHocrbro loryqr,uro Ha3BaHr{e Sutr,auen-
'rn,(L'Ll1'u,'u,.

Hro6rr fioH-srb Sueuvecxyro npurrr4Hy $unaueHraquu, paccMorpr4M BoJrHy HaKar{K}r) pacfipocrpa-
Hsloqylocfl B [rra3Me, KoHrleHTpaqua xoroportr B Ha[paBJreHr{r,r, [epneHAr{KyrqpHo\4 k6, [poMo.{,}nupo-
sana. flycrr Bce gJreKTpoHbr nJrasMbr ocqunnilpyrcT B noJre BoJrHLr oAr,rHar.rBo r.r Hx cKopocrr, npu $rax-
cr4poBaHHo\,r 3Har{eHr,r[ KoopAr,rHaTbr r r.r3MeHreTcfl rro 3aKoHy uy : u4 cos (ugt). tr4s-sa napuaqrari uor-
IrocrI,I nJIa3I\4br dn sosHr.,rxaror Bapr{arl[r{ nJrorHocrrr Br,rcoKoqacroruoro roxa 6jo : -euE6ncos (rr,,gt) ,

Koropble c,'Iy)Kar LIcrorrHI{KoM HarrpaBJreHHoro B.4oJrb ocu OZ MarHr4rHoro floJr.fl

a5H,
(2.230)

0r
4tr

- ---eaEdn (r, t)cos (ror) .

.k1Kil: 
2ko

3ro saeucxulee or KoopAlrHarbr r MarHr{THoe rrone 4eficrnyer ua ocuosHoft, He 3aBr,rcsulufi or xoop4u-
Harbr tr BbrcoKor{acrornuft rox j6 : -€rte'u gJreKrpoHoB c cr,r.noft f : Uglc)6}f, nanpar"nennoft BAoJrb

ocrz OX ,r crpeMflu{eficx yre.rrravurb HatraJrbHbre Bapr,raqr4u fiJrorHocru. flosrouy HaqarbHbre Bo3Myrqe-
Eug fiJrorHocrra Hapacralor co BpeMeHeM lr Bo3HrrKaer neycrofi.runocrr.

flna SunaueHTaIII{I{ 6oaee ecrecraenHoll sBJrtercfl [ocraHoBKa rpaur,rvnoft 3a.q,aqu. Borua HaKarrKr{

BxoAI,Ir B rlna3My r{epe3 rpaHllqy LI or eroft rpanuqbr r{Aer HapacraHr{e Bo3MyrrleHlrri s npocrpaHcrne
BAoJIb HaripaBJIeHI{.fl paclpocrpaHeHl{r BoJrHbr. Hro6sr paccMorperb rpanr,rrrHyro crarlr{oHapHyro 3aAaqy,
Hc[oJrb3yeM ypaBueHlze (2.228), B KoropoM [oJrox(rrM c,, : 0, a KoMrroHeHry BeKropa k, napar,rorrHyro
tpaHrll{e I4 nep[eHAlrKyJlflpHylo kg, o6osHa.rutr k1, a KoMrroHeHTy, [apannenbHyro k6, o6osuavrau ,k11

(r.e. a : klllk n $opuyle (2.228)).Kaxu panee, paccMorpr{M rJrocKocrb, nepneHAraKynrrpHyro BeKropy
rorlflpt43aqnu (k.e6 : 0) z AocTaTorrHo ATIIaHHoBoJIHoBbIe Bo3MyII{eHrr.a (eO > kr ;' lk11 l). B pesy.,mrare
gtll', k11 noJlyrtlzM

(2.23t)

yAoBJlerBoparcqerl HepaBeHCTBy

Bo3MylrleHr.rfi . Hau6olee 6srcrpo
!,na nosrrayqenufi c lonepevuoft
k1 1 n : z-1/2 @*ld (rplr),

KoM[oHeHTofi sorHosoro BeKTopa,

IIMeeT MeCTO yCIIJIeHI{e rpaHurlHbrx
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Hapacralor Bo3Myrr{eHu, c k-t,,n"* - 2-t/2n = (wetlc)(uBl2ur) n Arrfl ur.rx xoe$$uqrregr ycr,rJreHr.rrr
paBeH

Xmax: 
o'- "h"'*- 4lro- \kW

3aueruu, r{To Haure paccMorpeHr{e, KaK gro cJreAyer ua ycaoaua ,k6 )
up/c.

,2 - k2 12, : 4\;r', (** . E=#W)

(2.232)

lk1; l, upeRuoJlaraer, vro,k6,\p" )

2.Lg Bsrny>x4eHHoe paccesHrre

Paccrraarpuaaa r $1.33 ocHoBbI Teopuu paccerrHr{l, Mbr [peAloJrataJfi4l vro eayxrya\ufi He 3aBr{crr
or I'IHTeHcI{BHocrrI fiaAaloqelo I{3JIyIoeHLIfl. flpn srou IrHTeHCIaBHocrb pacceflHHoro r43ryrreHr{s oKa36r-
BaJlacb [po[opql4oHantHofi [HTeHcr{BHocrr.r [aAalou{ero r,r3ryrregr,rrr, Mex<Ay 3Tr{Mr{ ne.nu.lruaur 6sl.ra
Lt'ur-tetix,aa c6,n3b.9acto [pI{MeHI{reJIbHo K TaKoro poAa paccesHr4ro r{cflo,ib3yror repMr{H ,,c11oHTaHHoe

pacceauue".

B oral{'Itre or 3Toro npl{ BbIHyx(AeHHoM paccefiHrrr,r $"rryxryaqur{ saBr{cflT or naAaroulero rr3Jrytre*
HIdfl u CBt3b Mex(Ay IIHTeHCT{BHOCTSMTT paccegHHoro II naAaloqero u3ryqeHvrfl. flr.ilfl.ercfl, nenuneilnoil.
Et:recrBeHHo, tITo [I3MeHeHI,Ie ypoBHn r,r c[eKTpa $.nyxryaqr,r fi npu naAeHI{Ir l{3.rryrreHr,rr{ Ha ,,na3My
He Mo)r(er npousoftru MlHoBeHHo. !,al eroro rpe6yerca HeKoropoe BpeMrr. Ha srorra HarraJrbHoM gra-
IIe Mox(Ho roBopl{Tb o pa3BLIT}II{ B cpeAe [apaMerpr,rqecxofi neycrofivfinocru, B pe3yJlbrare xoropoft
HAPACTAIOT TAX $AYXTYAI{I1I{, TAK I,I IIHTEHCUBHOCTb PACCEflHHOTO I{3JIYqEHI'Ifl.

B erolt naparpa$e Irlrt o6cy4uu sru ueycrofiyr{Bocrr{ r{ ycraHoBr{M r.rx cB.fl3b c r.r3Becr,brMp pasyJrb-
Ta'ra\4r4 Teoplr[ neluneftnoro B3ar.rMoAeficrs[x sorn.

Paccuotpuu cHoBa B KaqecrBe [pI,IMepa [oleper{Hyro BoJrHy HaKaqKH c .Iacrorofi a,,0, pacnpocrpa-
Hslou{yrcct B pa3pex<eHnoft uaasue, KorAa B BbIpDKeHI4u (2.212) Mox(Ho orpaHr.ryrrrbc.fl yyeroM ToJrbKo
3I{aMeHareJIen D{. !,ucnepcuoHHoe ypaBHeHWe AJrtr Bo3Myrr{eHlrrz, nolHoBue BeKTopbr Koropbrx [ep-
[eH/qI'IKyJIapHbI BeKTopy [oJrflplI3ar{rrr{ BoJrHbI HaKarrKI{ e0, uMeer Br{A

(2.233)

Ha'rHelvl aHaJII{3 ypaBHeHI4s (2.233) co cJryr{a-fl Aocraror{Ho vaaoft aMlJrrrryAEr BoJrHbr HaKarrKH,
KolEa r{ox(Ho BocrloJlb3oBarbcs reopuet? rosrr,ryulenrafi ornocr.lreJrbHo BeJrr,rrrlrHbr u2r. B nyneBoM rrpr4-
6tw>xeuuu (w : u(0)1 noJlox([l\4 u2e : o I4 noJlyyrrM 3aKoH Aucrrcpcvtr4 AJ,r.fl Hr{3Kor{acrorHbrx lroH,o-
3ByKoBbrx eolu (cr,,r. 51.19) u(0) : *kur.

Har6.nee (tyqecrBeHHo BJIITTIHI. BoJIHbr HaKaqKr4 Ha ]roHHG3ByKoBbre BoJrHbr, AJrr{ r(oropbrx , Hy-
JIeBOA"I npu6.nzxceruu o6paqarorcfl B HoJIb croflrrlr4e r upanoft cropoHe $oprr,rynsr (2.2g3) rnur.nur"rr.
o6parqenue B HoJIb 3TIzx sHaMenareaeft osHaqaer BbrloJrHeHI{e 3aKoHoB ,q,zcflepcuu AJIS croKcoBblx
(r-) 

" 
aHTr{croKconrrx (ru..) pacce.rrHxbrx BoJrH.

Taxralt o6pasotul, perueHr{e Al{cnepcrlounoro ypaBneHrag rro reoprru Bo3Myrr{eHrafi orxoczre,,r6rro aM-
[nI{TyAbI BoJIHbI HaKar{Kil (rax Hasunaeuoe, upu6lrlx(eHr{e cLta1oil ceaa,u aoLr,n) fipeArroJraraer BbrnoJ'r-
Herrue 3aKoHoB ALICIIepcIItt AJIfl rlaAalorqefi, pacceaHHblx I{ H[BKor{acrorHbrx 3ByKoBbrx BoJrH. Sru x<e
ycnoBLrfl fipe/qfioJlaraJlllcb BbIrIOJIHeHrrbrMrr rr flprr paccerHr{rr MaH4ensruraua-Bpu-rrarceHa (cr..r. s1.37).floerouy paccMarprlBaet\'{oe HaMI{ BbIHy)KAeHHoe paccerHl{e Ha;brBaercr etr,t-tycrcdennblq.t wccea?tue"Ll
M an d ena uL,m arva - B pun no oH a vJru coKp arr{eHHo B p MB .

Teuepr ycraHoBI{M cngsr BPMB c npoqeccaMr{ TpexBoJrHoBoro eearzuo4er)icrBrrr, paccr\4arprdBaB-
Itf'ruucfl' a $2'4' flpv no"rryveHlll{ yKoporleHHblx ypaaneuufi AJrs MeAJreHHo r{3Meu.flrorltrr{xcfl aM11J'ryrryA
npeAnonaraJlocb, rITo 3aKoHbI Aucfiepcult AJL Bcex asaravro4eftcrByroqrrx BoJrH B6rrrorHeHbr.

B npu6nax<eHLII'I 3a,qaHuoft eoJIusI HaKarrKI,I 3n r,aqa o B3ar{MoAe ftcrr,uw BoJrH cBoArrJracb K c}rcre\4e
nraneftHrrx oAHopoAI{r,Ix ypaBueHr,Ifi, Herpraar,raJrbHoe perueu}re Koropbrx 6rr,ro nos\aoN(Ho roJrbKo rrp}r
paBeHCTBe Hynlo coorBercrByloqero orperqeJlureilfl. (crrl. $2.6). Vpannenue (2.233) rpn perueHr{}r ero
no reop|Il'I BO3MyIr{eHI'Ift OtUOCrAre t*to u2B HenocpeACTBeHHO [pr.{BoAr.r1] K 3TOMy x{e onpeAeJrr{TeJrro I,I
losBoJrfier cpa3y orBerr4Tb Ha Bolpoc o pacnadnoil neycmoiluueocmu.
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Izl rax, peruar ypaBHeHr.re (2.233) orHocnTeJrbuo u, 6y4eu crll{rarb) t{ro ar - u(0) * r,,,(1). 3Aecr
u(0) - *ku" u 1o(o) + ,o)' : ,f;" + c21k * k6)2. Paccuorpr{\4 cHaqaJra c,,yuaft, Korna BbrnoJrHeH

3aKoH Ar{clepcvri AJrfl croxcosofi pacceauuoft BoJI}IsI. Clegyrcqne 143 sToro orpaHH'IeHI4, Ha BoJIHoBbIe

BeKropbl 3ByKoBbIx no.nn o6cyx<AaJllrcb n $2.3. !,"nx uoupann rQ) us Q.233) uafi4ellt

, ,2 r^2",2

' [r(t)tz 
_ _*pi* "E e.214)I - 16r,'rsur(o) 

'

floupanxa sBJr.sercs unuudfi r{ olpe,q,eJrfler I{HKpeMeHT pacrlaAnofi neycrofivllBocrl4 BPMB

upiuE TTI- 4 Yusu"'
(2 235)

Ecau upe4uoJroxr{Tb, rrro BbrlorHeH 3aKoH Ar{clepcufi AJrfl aHTl{croxcosoll pacceaunofi BoJII{bIl To rro-

lpaBKa K qacrore r(1) 6yler 4eftcraurearnoft u neyctofivuaocru He 6y4et. Sror atrnog coruIacyercl c

o6rqllrvr yrBepx(AeHr,reM o roM, qro B pe3yJrbrare pacfiaAnoft ueycrofiqlilBocrl{ Hapacralor BoJrHbI ToJIbKo

C qACTOTAMI ]\4CHbtUC qACTOTbI BOJIHbI HAKAT{KI,I.

Ilpu6nux<enwe cta6ofr cBfl3r{ BoJrH rrpuroAHo Ao rex rlop, noKa nrtuonHeno HepaBeHCTBo lo(t)1 11

ku". Ecnu x<e gro HepaBeHcrBo He BbrIroJrHeHo, r{To I{Meer Mecro upu 6onsuulx aM[JIl4TyAax BoJIHrI

HaKarrKr{, To cBrrsb BoJrH He.aBJrflercs cta6oll rl ypaBHeHrre (2.233) HeJIbBfl peluarb rro reopl{I{ Bo3My-

rqeuuft. By4ev cqurarb, rITo coorBerctnyrculufi saKouy AIIC[epcIrtI{ AJIfl croKcoBofi eorHrt 3HaMeHarenb

ro-rpe)KHeMy Milr r{ BbrnoJrHeHo coorHoruenuek2 -2k. ko:0 (0 < k < 2ko) ilbr4a I43 ypaBI{eHrL

(2.233) noryqllM npu r,.,6 ) la,ll

, (,, - n2u!) +u{;" : o (2 236)

Hau6oree upocro p$yJrbrar fioJryrrr4rb ar,t lwl2 >> tt'o?. B sroNa npe.q,eJre r{Meer Mecro neycrofivunocu
C lrHKperueHToM

, : rt ( W"'r\''' = f ( ve !\''' 1,o**j,,,t- 4 \ "o ) a\cks)
B o6qelr cryqae Heycroft.runocrb Bo3HIIKaer rrpu ycJIoBIrI,I

k 1k' =*d*'k 'Ib rro ui

a rzHKpeMeHT HapacraHr,r.s onpeAenaercr $opvyaoft :

(2.237)

(2.238)

(2.23e)

rrr)

#(*)"'{[,.

E: Er cos(k1r - rfi) *E2cos (k2r *w2t): (Er - Ez)cos(,t1r - wfi)

t2E2 cos (ry. - !+::.t)*. (L* * -', =r', r)

t(k):
,rr_ 

[r_
Heycrofivuaocrb) [oJryrreHHyro B [peAeJre cn.rrnofi cBs3rr BoJrH, KonAa Ars Hr,r3Kor]acrorHblx 3ByKoBbIx

BoJrH r{e BbrnoJ'rH-aercg o6HqHrrft 3aKoH Ar{clepclrr{, lracro Hasbraator uodu$ullupolarutofi pacnadu,oti

x,ey cm o riuu a o crTlb?o.
t{ro6rr BcKpbrrb $zsuvecxyro rrprrquuy BPMB, paccMorpr{M ABe BerrHbr, pacflpocrpaH-flrorquec,

r{aBcTper{y Apyr Apyry. CyvruapHoe floJre orlrx BoJ'rH 3anu[IeM B BIlrAe

+ (2.240)

B npe4ele kt * kz v! u7 ---+ a2 fiocJreI{rlee cJraraeMoe o[]lcbrBaer cro.flrry]o BoJrHy, s xoropofi, rax
rr3BecrHo rzs $2.14,4eftcrnyror noHAepoMoropnble cra.nrr. Ecau qacrorbr r4 BoJrHoBbre BeKTopbr BorrH He

coBnaAaroT, Ho oTJrt4rraK)Tcfl MaJIo, To cTogrrat BoJIHa He cTorrT Ha MecTe, a ABI,I)KeTcff co cKopocTEro
(rt - ,z) l(h * kz). flnroxyulaxcfl rreprro.4r{rrecKar B npocrpaHcrBe roHAepoMoropHa,.fl cr,rJra co3Aaer
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BO3MyUIeHT{rr nJrorHocTr{ rrJra,3Mbr) oco6eHHo 3HarILITeJIbHbIe B yCJIOBI,ITX pe3OHaHCa) KOrAa CKOpOCT}' ee

ABr,r)KeHrrs coBrraAaer co 3ByKoBoft cKopocrbro. 3ayxoraa BoJIHa, Hapacrafl nog 4e[crnueM noHAepol\do-

ropnofi crrJrbr, ytseJrr{rrr4Baer aM[Jrr,rryAy paccerHuofi BoJIHII H TeM caMbIM AeJIaer IloltAepoMorop]Iylo

cilny elqe 6o,rsrre. B pe:y,rsrare rr Bo3Hr4Kaer paccMorpeHHas Bbltue ueycroft'runocrr.
flovr.rrro rrpor{ecca BPMB, rAe Hapacraror KBasrrHefirpa;rr,nr,re Bo3Myule[Lr.a IlJIorIIocrI4 IrJra3MLI,

vacro o6cyx<Aaercrr npoqecc BKP (nunyxAeHHoe xon6unaquoHHoe paccesuue), r4e Hapacralor Bo3-

MyrrIeH rlra ToJr bKo 3 JIeKTpoHirHofi n"nornocu{-JIeHIMIopoBCKI{e BOJIHbI.

2.2O flapauerpr{qecKpre Heycrofi.rnBocrra (flpoAoJrx<eHr,re)

IIpz pacnpocrpaHeurar{ sJreKTpoMaruzrnofi BoJrHbI B HeoAnopoArrot ,rr*,rr'" (cu. $1.12) s6nnsuror{Kl,I,

rAe KoHr{eHTpar{r{.s paBHa Kpr{Tr{yecKoiln": mw2 f 4tre2, rIoJIe BoJIHII oco6euno BeJII{Ko. flosrorray I{MeH-

Ho e srofi o6"racr:r napaMerpr,rqecK!{e Heycrofi.{[socr[ Moryr flporBrrrbcrl npexAe nr:ero. Pa<:cvo'I]pHI\4

eru ueycrorhrr{BocTt4.

Pacnagnorl ueycrofivranocrr{, B pe3yJrbrare pasBl/rrll.g xoropofi Hapacraror IroHHo-3ByKoBbIe I,I JreHr-

MropoBcKrre BoJrHbr (cu. $2.13), coorBercrByer ytrer roJrbKo rrocneAHero cJlaraeMoro n npanofi cropoHe

AucrrepcrroHHoro ypaBHenur. (2.212) r{ peureHrlre ero rro reopral{ Bo3MyIIIeHI,Ift (cv. S2.19). flocle upeoG
pasoeauzrl, no4o6Hsrx nplrBeAeuHbrM Bbrrrrer floJryrrrrM Ans nonpaBKr K qas'rs1s t,r(1)

[(k - k6) .e6]2
(2.241)

(k - ko)2 (t'3"2 - 2usw1))'

IzIs saxona Ar.{cnepcr,ru AJrrr fiofiepe.rHoft norurt ,8 : ,3" * kf;c2 c.IIeAye?, qro rpl4 u)n - upe Mo)KHo

cr{urarb k6 BecbMa MaJrbrM. Torga npu ycJroBr,ru kfr& K. 2wslu1)l , ko (( k naftgeM r{HKpeMeHT

pacn a4norl Heycrofi vzaocrra

-t: -luEapL-1"org' +Jal&u" rvvv Y,

=ffi|k.'",l

Zku"u1l) -ry

(2.242)

r4e cos2 d : (k . ed2 /k2.
C yserlrvenr{eM Hanpflx(eHHocrra uoJrflr KorAa Hapyuaercfl HepaBencrBo lo(t)1 1 ku", Bo3HHKaer

rrro4u$uqzpoBaHHas pacnaAna, Heycrofiuunocrr, uo4o6Hafl paccMorpenHofi r $2.19.
IIpr eqe 6o;rrruux [oJrrrx BoJrHbr HaKar{Ku craHoBHTCrI neo6xogutuuM yr{I,ITbIBarb ABa rlocneAHl{x

cJraraeMbrx n npanofi cropoHeypaBHeHlrfl (2.212). B pesy.rrrare upla k6 ( k nonyvrar',r

w2 - k2u! : a2ru2u (k. es)2 2 (w2 + -& -.3.) (2.243)
(w2+wfi-rrr")'-+u2w3

Ecrr serr.rquna ufi - w|" : kfic2, xoropylo qacro HasblBaror paccrpoftroft, lta.na I{ BblroJlH.flercs Hepa-

BeHCrBo kgc <. lcul, ro Ar{crepcuoHuoe ypaBueHr.re rrpu lr-,,1 > ,tu" Aaer MHI{Moe peureH}Ie. IrlHxpeuenr n

3TOM Cryr{ae paBeH

ffrlk'vel (2.244)

flo cnoeuy Br,rAy r,rHKpeueur (2.244) ovenr noxox( Ha I4HKpeMeHT Hepe3oHancuoft toxonofi ueycroilvu-
Bocrr{, Koropyrc Mbr paccMarpr{BaJrr{ n $1.19. flosrouy qacro 3Ty neycrofivraaocrb Ha3bIBaror ocl4uJl-

tr,upytot4eil d eyrnomorco e ott, ney cmotivueocmuto.

Ha Puc. 2.10 noxasaH r4HKpeMeHT 7(k) AJrrr rpex BeJrrrrrrrH: aM[Jrr4TyAbr BoJrHbr HaKarrKr{, coorBer-
c:rByror{ux pacna4nofi ueycrofivzaocrr.r, lro4u$I4r{I{poBanHofi pacua4Hofi neyctoftvl{Bocrl,I rI ocql{JIJITI-

pyroqeft AByxnoroKoaoft neycrofi qrrBocrr4.

Ocranonrzvcx ra Qr.rervecxoft npzvr{He Bo3Hr{KHoBeHr4.a rrapaMerpuqecxoft geyxnoroxonofi ueycroft-
qr{Bocrr{. Ilycrr B [Jra3Me, noMerrleHuot r o4nopogHoe, BbrcoKotracrornoe [oJIe, ]rr\teerc.fl Bo3\4yIqeH]Ie-

tf I n,i" * * ru' v B)2 + 2ufi"
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k

Puc.2.l0 CxeNaar[.IecKLI noKaBaHbI I{HKpeMeHrbr 7(k) AJrs AByx[oroKoBoft Heycrofiqr,rBocrr,r, \4oA]r$u-
qr.rpoBaHHoro pacua. rr\a r.r o6bryHoto pacrraAa.

rIJIorHocrI4. IIo4 4eftcrueM rIoJIs AonoJIHrITeJILHbre gneKTpoHEr [JraBMbr, HaxoAq[{r4ectr 13 Bo3Myrr{errl4r.r,
oCqI4JInLIpyrcT LI [epI{oAIzIqeCKI,I CMeIIIaIoTC.a oTHoCLITeJrbHo Bo3MyuleHr.rs r4oHoB. B pesylrrare Bo3Hr{Ka-
er 6blcTpolepeMeHHoe roJre pa3AeJreHr{s 3apflAoB dE, Koropoe Mo)KHo HaiTlr r{3 ypaBHeHus divD :0

v(k

(2.245)

rAe E0ll-npoeKldl{, noJlt BoJIHbI HaKatIKLI Ha rpa{I4eHT HeoAHopoAHoCTIrI) dn"(z)-nosrtayqeHr4e KoHrIeH-
Tpaq}IE 3JIeKTpoHoB, e(c,r)-nucoxor{acrorHa.fi Ar{oreKrpnqecKa.s npoHr{rlaeMocrb (1.157) . Ectu.l/6 ) wre
u e(o6) ) 0, ro rroJle pa3Aerrenrrs sapsAoB e o6racru 6n" ) 0 uaupaeleHo B Ty x(e cropoHy, rrro ?r

BblcoKorracrorHoe [oJIe. Io3ToMy [oJIrIoe uoJle B o1ilacru Bo3Myrr{eEr,rfl KoHqeHrpaqun 6onlure, rreM

BHe ee. Cunsr Br,IcoKor{acrorHoro AaBJIeHIas, [poropq]roHaJrbHbre d(Eo1 . 5F,)10r, crpeMrrrcn yMenb-
[u{Tb Harra.lbHoe BosMyIIIeHIre [JIorHocrI{. Ecarz x<e utg { u)pet ro e (au6) ( 0 n uole dE naupaueuo s
o6lacrrz 6n" ) 0 nporrzaouoJlox(Ho E611 . Ilonnoe rroJre MeHbrrre raM, rAe Bbrrrre fiJrorHocrb nJra3Mbr r,l

cI4JIbI BblcoKoqacrorHoro AaBJIeHI{t crpeMrrcr yBeruql,ITb HayaJlbHbre Bo3MyrIdeHufl uoruocrlr. flpu
groM Bo3HrrKaer Heycroft .rlrnoctr.

2.2L ffnasNreHHas ryp6yJreHTHocrb

Ecra una,sN,Ia ueycroft.rrzBa, To e Hefi o6sr.rno Hapacraer He oAHa BoJrHa, a renrrft ua6op BoJrH c pa3nr{rr-
HbIMI,I qacroraur M HarIpaBJIeHr4rrMra pacfipoc:rpaHenr4rr. Cyvrrlapuoe rroJre 3TV x BoJrH sBJrrrer ct cily\aft-
uofi SynxqueItr xoop4IaHar I{ BpeMeHI,I LI, KaK roBop.fiT, nrrasMa [epexoAr{T] s myp6y"tenTnvoe cocrnoflHue.

!4x xapaxrepl{crl{Kl{ TaKoro clyvafinoro nors o6sr.rHo rrcrroJrb3yror cneKTpzlrrbHyro urrorHocrb Kop-
peJI.flI{I4oHHoft SyHxqura rrJII4 cB.fl3aHHyto c Heft neru.{uHy,A/(k), Koropyrc Ha3brBaror rrr,rcroM KBaHTorl
(crr.t. $2.9). Vpaenenrae Arrn N (k) ur',reer au4

aB:-Epor:#ffirot,

alr (k) . a^r (k)
t +,n-}jz +21N (k): s, (2.246)

rAe croaulaa a upaaoft cropoHe BeJII{rrIaHa yr{rzrbrBaer asazvo4eftcrBue MeN(Ay KBaHTaMr4 (cnasr pa:-
rr.rrrHbrx @ypse-xounoHeHT cleKTpanbHoft nlorHocrr{ KoppenrqraoHnoft $ynxq[u).

Paccuorpult cralllaoHapHylo Ir oAHopo.qrryrc ryp6y.uenrHocrb, KorAa fioJ,re ecrb craqr4oHapHa, H
oAHopoAHas cnyvaftuaa Qyuxqvx. Vpanneuue am ,A/(k) B oroM cJryr{ae yrpoqaercfl r.r r\,reer BLIA
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- v(k)

Puc.2.Il: Cxe\.tarra.recxoe uso6pax<eHl,Ie 3oH reHepaur{r{) r.rHeprl,r{rr u rlorJrarrleHua (nepxnufi rpa$rax),
a raK)Ke 3aBrrcr,rMocrr "A/(k) or k (nuxcrufi rpa$ux) .
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z1l{(k): S. B cocrorrHlrl{ paBHoBecI,Ifl//(t; : Tlu(k) u S:0, ?:0. Eorra x{e rnasMa ueycroilr-
qI{Ba, ro ?(k) < 0 n uexo:ropoft o6nacrr 3uaqeuufi BoJrHoBbIx BeKTopoB k (Puc.2.11). 3ra o6tacrr
Ha3brBaercrr aonoti ?eHeryl|uu. Ec"ru 6u MexAy KBaHTaMI4 Ire 6u;to nsuirao4eftcrgr4n) To r erofi sor.rc

[poficxoAr,rJro 6sr napacraHr{e ,rx r{r{cJ'ra co BpeMeHeM. 3a c.Ier ueluneftnoro B3a[Mo/xeficrBlrfl (cronx-
noseur.rft) gr-reprr,rfl BoJrH r,r3 3oHbr reuepaqt,tu nepexoAr,rr K Apyru\{ BoJrHaM Ao rex rop, [oKa IIc norrancl'
B aony noznouletiun, fAe ? ) 0. Mex<4y 3oHa\,rl{ reHepaqllrl II [oruIoIIIeHI{rI HaxoAI{TC, TaK Ha3bIBae-

tv/5tfr. unepquonnttti uHrnepean. B srou rrHTepBaJre BblfloJrHfferc.s 3aKoH coxpaHeHr{fl noroKa 3Heprr4r4 B

[pocTpaHcTrJe BoJII{oBbrx BeKTopoB.

Taxzrr.r o6paeorvr, AJrrr ycraHoBJterrrfl crarlaoHapHofi ryp6y.rrenrnocrrr Hy>KHo, .rro611 6srna sona no-
rurorr{eHrrs ra nenraneftuoe B3ar,rMoAeftcrg[e BoJIH nepeBoAuno 3HeprI{Io It3 3oHbr reneparl,rril B 3oHy [o-
rnoqeHr,r.fl. trhrenHo raK Bce 14 npo[cxoArzJro [prr pasBlrl]rrl{ ryp6yaeHrHocrl,r B x(HAKocrr,r. 3ryxoarre
BOJIHbI, BO3HI4KaBIIII{e I{3-3a TeYeHI4fl }KIIAKOCTII, reHepI4pOBaJII{ CBOIA rapMOHI4KI4, AJII4HEI BOIH yMeHb-

IIIAII/ICb 14 B'I3KOCTb CTAHOBI,IJIACb CI4JIbHEC.

B n"uasrrre oAHr,rM us nau6oree xapaKTepublx cJTeACTBrafi paseurua neycrofiuuBocrr.r flBJlrercfl Ha-

pacraHae JreHrMropoBcKr{x BoJrH. K srouy upLIBoArr [yrrKoBbre neycrofiuunocrr{, [apaMerpuqecKue
Heycrofivunocrr{ r{ MHorr{e Apyrue. TpexrolHoroe B3arrMoAeficrsue Mex(Ay JrerrrMIopoBCKr{MIur BoJrua-

Mr.r HeBo3N4o>xuo. 3anper cBfi3aH c reM, qro cyMMapHa.g qacroraAByx BoJrH 6nrzsxa x2wp" I{ He \4ox(er
yAoBJrerBop-rrrb 3aKoHy Aucnepcr,ru. O4naro Bo3Mox(eH rzuoft upoqecc B3ar4MoAeftcrsus JreHrMropoBcKrrx

eonu-undytlupolalTHoe Wccealtue 6orlt7 Ha ^lacrnul4ar. Ocrauosu\4cs Ha groM fipoqecce 6oree geranruo.
flycrr B [JrasMe pacnpocrpaHflrorcfl ABe BoJrHbr c qacroraMu uL u u2 rz c BoJrHoBbrMr{ BeKTopaMr{

k1 u k2. ["ur npocrorsr 6y4eu cyr4Tarb, .rro o6e sru BoJIHbI npoAoJrbH]t e v B Ht4x Marr{HTr{oe noJrc

orcyrcrByer. Vparnenue ABr{x(eHr{r Arr qacrr,rqbr rorAa uMeer Br{A:

mI : -e[E1 cos(kr' 
" - rfi)* Ezcos (kz . 

" - rzt)). (2.247)

Tpaexropuu qacr[qbr 6ygerra r{cKarb no reoprzrr Bo3MyuleHr.rfi r : r0 * 11 * 12 t ... Ilpr,r sro\r B HyJreBoM

npa6ln>xeHarz [oJro>Kr.rr\4, rrro r{acrr{qa ABr,rraercrr c uocrorrHHor? cxopocrrrc (ro : vf). 1br4a [onpaBKn
x srofi TpaeKTopr{n Moryr 6rrrr Haft4eHbr r{3 cJreAyrou{ux ypanueuufi

mt1 : -e [Er cos (C)1t) * Ez cos (Azr)] ,

n'LI2: -e (kr rr)Er sin (Q1t) - e(kz ' rr)Ez sin (O2t).

(2.248)

(2.24e)

34ecr 01,2 : al,2 - kr,z'v. ConepmeHHo orreBHAHo, .rro npr{ Bbr[oJrHeHHr{ ycJroBr{fl.a7 - k1 .v r{JrH

a2 : k2 v cI{JIa, 4eficrnyrou1afl Ha qacrl4lly, flBJl.fiercfi nocrosHHoft. Oua He 3aBr,rcr{T or BpeMeHIa I,I Mo-
x(eT cI,Irr,Ho Bnla.flTb Ha TpaeKTopr4ro qacTr.rrlbr. tr4suvrz cJIoBaMrr, AJr.s p*oHaHcHbrx rracrr4r{ BosMo)KHo
6o;rrruoe Ir3MeHeHLIe rpaeKTopral{ B fioJre BoJrHbr. 3ro x<e BuAHo r43 Br,rpax<euLrfl !,ilfl ry

(2.250)

tr4cnonrsonaB gro Bblpax(enue (ra [peA[oJrara.fl) trro aunefinoro p€3oH&HC:tAr.rr qacrr4r{sr ner), uari4eu
ctny, gefic'rByruqyrc Ha r{acrfiqy Bo BTopoM npn6"run<eHuu

\: *[& -. (o1,) + 
& "". 

(o,,)] .

(2.251)

.*S-2sin (e2t) cos (o1r) -''+#2sin (o1r) cos (ozr))

Ctoarqaa cnpaBa cHJIa oupeAer.fier pasr[qHbre [poqeccu. Tax, I{Merorcfl cJraraeMbre, npoloprlr4oHaJlb-
Hue sin QAlt). .flcxo, trro 3TI{ cJlaraeMble [pr4BoAflr K rlocro.flHHoft clrae npr{ Tex }<e ycJ'roBr4.flx, rrro
z n o6ruuolt auuefiHou pesoHaHce. O4naxo, r{Merorc.fl err{e uepeKpecrHbre cJrafaer{bre c qacroraMr.r
(r+ : ut * w2 u BoJrHoBbrMrr BeKTopaMr.r k+ : kt * kz

-*{"^(n"',) [&fri'.**#]

mr2 : *{"SPd sin (201r) .'#sin(202r)
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3lecr O* - e+- k*'v. Ecrfi el,luorneHo oAHo rr3 AByx pe3oHaHcnbrx ycaonlrit

u1*. w2: (kr + kz) . ,, (2.253)

To Ira qacrl{qy geftctuyer IlocrorHHafl. cr4lra. B erorta cryrrae toBopar c[role o pe3olralrcgbrx t.Iacrlrr-\ax.
Ho srot pe3oHauc flBJlsercs nea,unetinut*r, a cKopocrb rracrr{r{bl coB[aAaer co cKopocrbro pacnpocrpa-
Her{Irr ne;ruuefi uor.o rloJr.g Ha xola6uHarq4oHr{brx qacrorax.

Ocnonnoft IIHTepec npeAcTaBnser: searaHeftuuft pesonauc BoJrH c r{acrrrqa\4r{) KorAa BbrloJr}rego
ycJroBr{e Qt - u2 : (kr - kz) ' v. Cngsano 3To c reM, rlro AJrrr no-rrH, (;asogbre cKopoc:r.r4 Koiropbrx
BeJII4KT{, yCJIOBUe.ruueftuoro pe3oHaHca U)l,2: kt,z.V BbTIIOJIHffeTC.fl JI}IIUb AJI,I MaJroro 1r4cfia qacTI,Iq,
B To Bpe\'{s KaK ycJIoBI{e uearzneftnoro pe3oHaHca BbrrroJrnrercfl AJrs rracrrar{ c MaJrbrMr{ cKopocr-flMlr,
qr{cJlo KoTopblx BeJrr{Ko.

Paccuorpuv ABe JIeHr\.{rcpoBCKr4e tsoJrr{br B uJra3Me c MaKcBeJrJroBCKr{M pacupeAeneHraeM yacrr4rr
rlo cKopocrflrra. IzlgsecrHo, YTo B SToM cryiiae sHeprfis or BoJrH [epeAaercr qacrlzqaM (saryxauze
IIaH4ay, crr,r. $1.24). AHanorrz.{Ho 14 Ailfl, uelunefiuoro pe3onaHca oHeprrzs or BoJrH nepexoAr4T eacrnqaru
wWtlWz lWD*WZO,rryeWl,2-ttJTorHocrb sHeprl{Ir BoJrH B MoMeHT BpeMeHr4 t;Wn, W2o-[rorHocrb
SHeprpII{ B HarlafibHblfi Ir,tolrenr. flpu raxou naauuogeficrBl,Illt I{Meer Mecro elrle 3aKoH coxpaHeHr{fl r{r,Icra
KBaHToB. 9ro6sr [otcHI{Tb gro, paccMorprrM KBaHToByro aHaJrorzro. gacrraqa rrornoqaer KBaHT hutl u
r.r3Jrya{aeT KBaHT fu'12. 3axon coxpaHeHr{fl 3Heprr{r,r httt * Et - futz * E2 n 3aKoH coxpaHeHrzs r{MlyJrbca
hkr*Pt:fi.k2*pzupunoA-arKycJloBrrlopesoHaHcHoroB3arrMoreficrsrr-no't-a2:(kr-kz).r.
Vc;ror:rae coxpaHeHl,Ifl rrrICJIa KBaHToB [IMeer BI,IA

Ll1fi4

Orcro4a noJryrruM:

Y *Yz: constut a2

Wt , Wz _Wrc , Wzo---.aL U2 Ut u2

w' ! w' 
+ wrY - wrc * wzo 

+ w2o?]-YZ

(2.254)

(2.255)

(2.256)ut utu2 ul ata2
wJru 'Jpv u1 ) w2, Wz ) W26. ero 3HarrI,IT, qro Irpu raKoM uelzHeftuorr,r lpoqecce nsar.tnao4elZcrnza
BoIH tlepe3 IIaCTI'II{bI 3Heprllfl oT BbICOKoqaCTOTHbIx BOJIH [epexo.qvT KaK K qaCTuI{aM IIJIa3MbI, TaK Lt

r 6onee Hl{3KorracrorHblM BoJIHarra. flpoqecc gror HaBbrBaercfl. rry)o,L\eccott,u,ndyyupo6a?i?7ozo Wccefl,,nttn
BO./L?7 HA \ACmUUAT,.

LIrat<, B cl4Te\{e JIeHTMIopoBCKI,IX BoJ'IH 3Heprpla nepexoAr,rr r43-3a r{x selraHefiuoro B3ar,rMoAeficrsufl
s 6oree Hlr3KorracrorHble BoJrHbI. IIpr srov AJrr{Ha Bo,qHbr yBeJrur{rrBaerc.s r{ 3aryxaur.re Jlangay yMeHr,-
ulaercs. l4z-ea HenraueftHoro rsaauo4eficrBr{s JreHrMropoBcKr,rx BoJrH 3Heprr{s He nepexoAr{r s o6racrr
[ouIoIrIeHI{r, a cKaTIJII{Baerca (xon4encupyetca) n o6.nacrr,r AJrr4HHbrx no-r-l'.r. CnpaBeAJrr{Barr AJrs x(r{A-
KocrI,I I\4oAeJIb ycraHoBJIeHI{fl craqlloHapnofi ryp6yaeHruocrr{ oKa3blBaerc-fl He [plrtoAHofi 4ax ,reur-
rvrxtponcroft ryp6yaenruocur.

BruoA 6rtl Heft4en B ToM, r{To B Bo3Hr.rKaroqeM cocro.sHnll c 6olrmofi sHepruefi B.qJIHHHbrx JreHt-
MIopoBCKI4x BoJIHax pasBlrBaerc, TaK HasbrBaeMa.fl MoAyJIflrIr,roHHar neycrofi'runocrs. flpu 3ToM Hapy-
Irraerc.fl oAHopoAHocrb I{oHHoro QoHa r.r rIJIa3Ma craHoBr.rrcr HeoAHopoAHofi. O6pasyrorcs o6nactz c
[oHI{)KeHHofi ulorHocrblo I{ [oBbIIIreHHbrM [poAoJ'rbHbrM [oJreM (xanzronu). Co npeueneM arr{ ,rMKt4
yray6narotca ra cx(r.IMarorca (t.u. KoJrJra[c JreurMropoBcxux aoan). flpra erovr rrporacxoAr{T yMeubrueur.re
AJ'IIaH JIeHfMropoBCKLIx BOJIH I4 [epexoA I,Ix SHepru[ B r{acrI4IIbI rIJrIaBIr,IbI.

2.22 3axna.reHHbre rracrr{rlbr

[o crx rrop ucnoJlb3oBaJlacb reopllfl Bo3MyrrIeHI,Ift oruocrateJrbHo BeJrr{lrl,rHhr gJreKTpuqecKoro rror.fl.
3ro upe4noJlaraJlo, qro 3reKTpuqecKoe noJre MaJIo I{3MeHrer rpaeKTopr{rr ABI4)KeHr{fl yacrr,rllbl 14,.1114

uEa K max(u16,o; ur). f,cno, qro gro ycJloBrre Bbr[o,,rHrerc.s oco6enno [Jroxo AJrfi pe3oHaHcHbrx r{acrrrrr,
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Puc. 2.12: O6pasonanue rrJraro na $ynxqrau pacfipeAeJreHrzfl.

cKopocrb ABI{)KeHIrt Koropblx coBrra.qaer c $asosoft cKopocrbro BoJrHbr. Iloerovy grr{ yacrr4r{br rpe6yror
p accr\4oTpeH u s. 6ez u cnoJrb3oB aHHfl Teopr4r{ nostryrqeuvt ft .

Pacctrorpura [poAoJIbHyIo BoJrHy, pac[pocrpaurrrou{yroc-fi BAoJrb ocz OX. flo.re sroft BoJrHbrurMee,j.
r-unE:,Eosin(kor-u6t). flepefigeIr,rB cl,IcreMyKoopAI{Har, cB.rr3aHHyrocsonnofi €: kor' : kor-uot.
B sroft cl{cre\4e KoopAI{Har rIoJIe rBJlsercs repr4oAr{yecxofi Qyuxqneft xoop4r4Harbr E : Eosin((). IIo-
cKoJIbKy BoJIHa flBJlflercs IloreHr1r{aJrbHoft, ro trdoxHo BBecrr.,r [oreHulraJr E : -@t(6), "1" O (€) :
E6cos(() . Paccuorpztt ABI{xeHI4e uacrlallbr B 3reKTpuirecKoM [oJre rrplr ycJtoBy2r) rrro HaqarbHas cKo-
pocrb Yacruqrt 6,rusxa x $asonofi cKpocrrl BoJIHbr. VpaoHeurae ABr{x<eHrrrr qacrr,rr{br rrMeer BVA:

mit : -eflssin(kstt). (2.2b7)

Hafi4eu nepnrrt LIHTeTpaJI groro ypaBHer{r{s Koroprrfi errpax<aer 3aKoH coxpaHerrafl guepruu

* : n'(cos( - cos(s) . (2.258)

3Aecr O : leEokon, (g-HeKoropoe Har{aJrbHoe sHarreHlre BeJTrzrrr.rHbr (. Bu4uo, vro 6espasuepHa,
KoopAl4Hat'a { ruleHxerca B I{HTepBaJIe -€o ( ( ( €0. Orcro4a cJ'reAyer, qro t{acrr,rqa, Arjr{rarrcb BMecl.€l
c no,rnoft, ocr{TlJIJII{pyer ornocrrrreJlbHo rorrKl,r € : 0 c [eprroAoM ocrlan"rrxqrafi

(2.25e)

r4e K (z)-no.nnrrft sl"unurraqecxrafi LIHTerpaJr. flpz ua.nsrx xonre6auragx, xor4a (6 (( 1, rarraeeu K
K (€olZ) - 7r 12 vr r : Ztr lQ.

Ar'an,rrrzry4a ocqr;r,raquft qacrl,rrlbr 3aBr,rcr{T or pa3Hocrr.r Mex(Ay cKopocrbro qacrilr{br ra $asouoft
cKopocrblo BoJIrrtI. Ec-rrrz era pasHocrB MaJra, To MaJra r{ aM[Jrr.rryAa ocqlrlnaqzfi. B sror,r cJryr{ae roBo-
pflT, t{To rracrl{Ila 3axBaqeHa noauoft. Ecau >xe pa3Hoc"b BeJrrrKa, To iracrr4lla Mox{er grrftru I,I3 AaHHoro
Ml4rirrMyl\.{a noreHIII{aJIa I4 Haqarb ABr,rrarbcs BAorrb BoJrH[,r. 3ro 6y4er tpu mu'2f2 > 2eEgfko, trye
'ut :'u * aolko. ilutus. ua $asoeoft nJlocKocrt4, pa3Aenflrorqa,fr aarla\rc?dttbrc \acn-Lu,t4rr or He3axBar{e5-
nrrx (rz.nn, npoJrerrrhrx), nassrnaercs celaparpraccoft .

Eclu so"rrna BKJrIoiIa€Tcfl (nosHuxaer) B [Jra3Me Aocraror{Ho 6srcrpo'(sa npevrx MeHbrr]e) venr r),
To Mox(Ho cql,ITarb, lITo pe3oHaHCHbIe llacrrallbr He ycneBaror cABr{Hyrbcr orHocr{TeJ'rr,Ho no"uHsr. flpn

** (.'" *) ,

('i"f) =
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3ToM I4x trucno 3aI(aHo roft OyHKIII4efi pacnpeAeJlellurr) Koropafl 6rrra e nJ'ra3Me Ao BKJrrotreHr.r, BoJrHbr.
Ha HaqaablroM 3Taire i{acrb qacrurl HaqHer ropMo3r4Tbcr (erzx qacrr4rl 1r,11.,{E,Irre)r a r{acrb-ycKopgrbc.s-
STlIx r{acrl{q 6olr,ue. B qe"rrou 3Hepll4, r{acr[q 6y4er no:pacrarb, a srreptr{.rt uoJrrrLr yMe}rbruarbcr.
tr{rtenno B BTo BpeMt roJrbKo r,r Moxuo roBopr{Tb o 3aryxanr{u Jlau4ay (t << r).Ecau >xe t - T,
To re rIacrLIIIbI, KoropLle ropMo3r,rnrrcL, Har-rHyr ycKopgrrcs n uao6opor. Sneprr,u or rracrr.ill rra.qHCT

nepexoAl4Tb B 3HeprI{Io BoJIH},I. Eygyt na6nro4arscrr ocqtlJrJrflr{r{r{ aM[Jrr{TyAbr BoJtHr,r c nepr4oAoM 7.
O4Har<o [ep]IoA ocqur.urqaft qacrltq, I4MeBruI{x orHoclareJrbHo BoJrHbr paBrI,rrIHbIe HarIaJrbHbIe rroJlo-
>KeHltfi \1 cKopocrrr, He coB[aAaer. t{acrzqrr, ocr{r,rJrJrr,rpyrcu{xe c 6o"rrsruoft anan.nzry4ofi, Ar]Hraro.l.crr
Me,qrleHHee I{ I{MeIor 6ontutuft [epiloA. r{acutqrr c ueHr,ureft avnar,rry4ofi r{Meror nepruroA ueuHue. B
pesyJrbrare crzHxpoHHoclrb ocqr{Jrn-Equft uacruq Hapymaerc.E vtrrvrl KaK toBopflT, r{acrHrlL,r pacxoArrc,
uo @asav ocqnnaaqzft) Bo3HI{Kaer $asoeoe uepeMerurrBaHrae. gacrurlbr yx(e He Moryr c@asuponauca
L BoccraHoBI{Tb floJre BoJrHbI. Vcralrasrlasaerc.fl cTarluoHapHoe cocro.flHrre, B KoropoM oHeprr{, BoJrHbr
IJellstvteHlra, a pasHble qacrfir{br lrMercr pas.[taqHbre [por,r3BoJrbHtre dtassl ocr1l.r.nlaqrfi. llp, 3ToN4 r]

xax<4oft ToqKe [pocrpaHcTBa oAHoBpe\{eHHo LIMerorcs r{acrrarl,br c pa3Jrr{yHbrMlr cKopocrrr\4r{ B r.r}rrep-
aafie mAu2 f 2 : eLs. Ha $ynxqul4 pacnpeAeJlenux o6pasyercfi nJraro (Pwc. 2.12) u o6naen enepruefi
Me)KAy r{ acrur{aMr{ ra no,tuoft trpeKparqaerc.fl .

2.23 He"rrrauefiHbre BoJrHbr. CorrrToHbr

flpyrlzu Ba>KHIIM $nsuuecxut,t noH.srrreM) Koropoe Bo3HIrKaer B cIaJIbHo xerunefigorr,r pe)Kr,rMe, flBJrser-
cfl [oHrITI{e o6 ye4lrnenHblx BoJIHax (co"rrrroHax). 9ro6u Mo)KHo 6ulo lyvrue floHrrrb, r]To 3To raKoe,
paccl\4orprl\l, o4urr [pI{Mep-TaK HasbrBaeMbre, uerrneftHble rroHHo-3ByKoBbre BoJrHbr.

B S1.19 MLI paccMarpl{BaJrl,I ypaBHeHI{s AByxx(r,rAKocrHoft rr,rApoAr,rHaMuxu. flpu 3ror{ npeArroJrara-
Jlocb, qro rrJla3rtla [peAcTaBJrfler cMecb AByx x{rrAKocrefi-saexrpouuofi u zonnoft. Vpaaueuua ABrax(e-
HlIs ornx xcugxocrefi (o',r. ypaeneuu* (L.220), (1.223) u (1.239)) H ypaBHeHr.r, HerpepbrBHocru r4Meror
Br4A:

0lr.no eo 0g
(2.260)0x mo 0r'

fl€ o : e,?' ,r rrpkrnflTo, t{To ABI,IxeHr{e [poucxoAr,rr roJrbKo BAoJrb ocll OX. florenquaa pa3AeJreHr,rs

3apr{Aoll p, 6laro4ap, KoropoMy ABe xl,IAr(ocrr,r cBrnaHbr MexAy co6ofi, oflpeAenrrercr{ ypaBneH}rer\4
divE: 4rp utu

* . fi@.u,) = o, * .,.* : -u?h,o

i)'a
;--5: r(n"e-ntet).or'

ftbo@n-,)r 
:0, l*r,-,)2 : -##

(2.26r)

By4elra paccMarplrBarb MeAJreHHbre ABrr)KeHr{, B [JrasMe, cBfi3aHubre c tonaMr{. Ilpra rarr.rx MeAJreH-
I{bIx AtsrI>Kevur* uln,">> uZ r sJIeKTpoHbI ycneBalor raK fiepepacnpeAeJ'rr4rbcr{ B npocrpaHcTBe, r{To B

xor4ofi TorIKe cI{JIa rerlJloBoro AaBJreHr.Ifl ypaBHoBerrrrrBaercg cnlott,4eficrnyrcqefi co cropoHbl gJIeK-

TpHqecKoro nonfl

TLa : Y1"6ge9/T' . (2.262)

Hao6opor uourr 6y4err,r cqllTarb rrorrrrz xoJroAHbrMr4 (r,'n,n < ur2) u upeue6pexceu rrx re[JroBbrM AaBJre-
HI,ICN4.

By4ev I,ICKarb pelreHr.re ypaureuufi, [peA[oJrara8, rrro BCe Berr{r{uHbl 3aBr{cflr or KoopArrHar u
BpeMeHr{ ToJrbKo vepes xor,l6r,rHar{r{ro € : r - ut. Taxue perueHr{s cooTBeTcTByroT cnlal4uoHapHbtJvl
nenuuetinamt 6oJLH,ai4 !I B rracrHoM cJryyae rapMoHEr{ecxofi sanuczMocrr{ or uepeMeHnofi ( nepexo4xr
e o6rl'rHrre nrHeftHue BoJIHbI. Vnpoqennsre ypaBHeHHs ruApoAr{HaMrrKr,r npeo6pasyrcTc.rr K Br{Ay

(2.263)

Otcroga cneAylolr rrepBble IaH']rerpaJrrl xou6uuaqarl BeJrIri{LrH, Kolroprle He rz3Men.srorcr [pr{ rr3MeHeHrzlz
(. I,{s uepnoro ypaBHeHr{s flonyr{aeM 3aKoH coxpaHeuu.s fioroKa ,roHoB

nt (ut. - u) : C.
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Puc. 2. 1 3 : CxeMaru.recxoe uso6pax<eHrre norexq uata U (g) .

Ec.tl,t upu rli: rlio,'ui:0, To orcroAa uarT4errl nt.(ul-u): -nnu. IrIa nroporo ypaBHeHr4r cne.4yer
3aKOH COXpaHeHIIg SHepfIALI IIIOHOB

lO' - ')2 + 9e: s''

Ecnu npu ui :0, g :0, ro C1 : u2 f 2 u

(2.265)

(2.268\

nioni:
JT=r"teFfi

(2.266)

Teneps, 3I{atI BblpaxeH}re AJL KonT{eHTpar{r,rrl fioHoB rrepe3 [oreHI{r{&II, Mox(Ho 3a[l,tcarb ypaBHeg]re
AJI.fl ca\{oro noreHqlraJla. Eclr upl4 BroM lrpLtngrbr r{To B Tor{Ke, rfle 17) : 0, uaslra uefirpaalHa
einio - eTlsg :0, ro oHo [pI,IHI{MaeT BI4A

(2.267)

Sto cyulecrBeHHo ue.nzseftuoe ypaBHeHlte, Koropoe oflpeAeJr.rrer r{3MeHeHr,re B npocrpaucrBe noreHr{r{-
alra HeJrr,rHelrHoft uosso-sayxoaoft BoJIHbr.

VpanHenae He l{Meer anafl[TlIilecKr{x peureHl{fi, Ho ecrr xopouurfi cnoco6 Ar.fl Kar{ecrBeHHoro r{c-
cne.qoBaHl4s raKoro poAa ypaBHetufi. flta 3Toro cneAyer ypaBHeHr,re [oMHox(rarb ua dg I d"{ r.r sarrr4carE,
ero r Sopue

'rlr'tel)'+rt1e1: s,

r4e "noreHqua.t" U(g) r{Meer Br{A

(2.26e)

IlonyveHuoe coorHollreHlre I{Meer BrrA 3aKoHa coxpaHenr4r gHeprr{r{ npr{ ABr.rx<eHr\r{ Marepr.ranlnoft ro-r-
Kr eAI4HI{rlHotZ uaccst B [oreHqI,IaJIEHoM penle$e. flpz srona ( lrueer cMbrcJr BpeMeHrr, p-cMbrcn Koop-
AI'IHarbI, U(9)-cttr,rctr rorelrqr{arla, -E-uo,tHaa oHeprus qacrr{qbr. IuIs arrpaxcenur- (2.26g) ur4rro, -"o
rloreHrlr{an Mo)r(er flpr{Hr{Marb roJrrbKo 3HaqeHrz.tr -oo < g ( p_r* :*,iu2 l2ze.

fpa$ux Anfl roreHr{r{aJrbHoro pe,rre$a u(g) npueeAeH Ha pnc. 2.13. frpu a: miu2/zre:
,'lu? > 1 $ynxqaa U(g) uveer MilrrrrMyM u B TorrKax g:0 u g:,p-.* np4rrr4aer 3Har{eHr.rfl:
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eG)

eG)

Perc. 2.14'. Bepxnuft rpa$ux-cxeMarIlqecKoe uso6pax<euue KHor{AaJrbHbrx BoJrH. Hrz>xsuft rpaSrar-
o6pasonaHne coJrr{ToHa npu E: 82.

€

€
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U(0) = -4rn"6Tr(1 +a) n U(g^u*) : -4trn"sT"so/2, coornercrBeHHo. Ec"rz sHeprua uacruqu -E
rt'ra,ra (E: Et), ro oHa ocqu.tJlllpyer I,I noreHqlaa.r (crr,reqexr{e rracrlrr{br) uenreHxercx c Koop.qr,rHarofi
(speNra) TaKH\4 o6paeolt, KaK 9To IIoKaBar{o ua Puc. 2.r4. Tat<ue rrepr4oArar.IecKr4e peueHr,L rla3LIBaIorcg
t<,ttoudananatrvtu, eoJllta*l,u. IrIx crpyxrypa cyqecrBeHHo orruqaercfl or rapi\4oHrrrrecKl,rx eolu. flo uepe
yBCJII'lqeHI4lt nocrosuuoft .E nepuog KI{oI,IAaJILr{HX uoJrH Bo3pacraer. Ecrru E : E2, ro lracrr,rrra 6ccxo-
Her{Ho AoJIro [oAH[Maercrr K Tor{Ke7 t1e g:0 u crpyxrypa noJ191 noKa3aga na przc. 2.14. gro 14 eCTb
coJluwloll U fiU ye4ulleHHa.g BoJ"IHa.

2.24 Pannosecr{e frJra3Mbr B BbrcoKorracrornoM floJre

Kax ltsr ycraHoBI{JIIr paHee, B HeoAHopoAHoM BbrcoKoaracrorHoM gJreKTpoMarurarHor\,{ none 4eftcrayror
flocrotHHble, He 3aBI4c.rIrII4Ie or BpeMeHI{ culu. 3ru cI{JIbI BCerAa crpeMsrcs BbrroJrKHyrb yacrqrlbr
nJIasMbI (enexrpoHrr) us o6aacru cI{JIbHoro rroJrs B o6.nacrs 6onee caa6oro noJrr. Hao6opor, cra;ru
TeIJIOBOTO rq,aBJIeHIIg CTpeMflTCfl BbIpoBHsTb KOHqeHTpaqlILt SJI€KTpoHOB Ilt paclpeAeJrr,rrb rrx B np6-
c'IrpaHCTBe oAHopoAHo. B pesynMare B orcyrcrBl{H ABr,rx<eHilrr rJra3Mbr (, : 0) n.rrorrJoclrb oneKTpogorr
olpeAenrerc, r{3 ycJroBr{rr paBeHCTBa orr{x cu;r (crr,r. (2.196))

(2.27t)

r4e 7 : ZT. * fr, nr6-xonqeHTpal{Izfl sJIeKTpoHoB s toIZ o6racrl{ rrra3Mbr) rAe orcyrcrByer BbrcoKoqa-
cTorHoe [oJre.

B aHcoxo'IacrorHoM nole lunefina.fl AlrcJreKTpuqecKafl npour,rqaeMocrb r{Meer pr3secrHsrft aua (1.157).
Henraneftnaff AlroJreKrpuqecKa"S [poHl{IlaeMocrb yrrr.rrblBaer r.r3MeHeHrae KoHI{eHTpaquI4 oJreKTpoHoB I,r3-
3a froJrr. Be"rruquga ne 3ABHCvtr or Haflpflx(eHHocrrr nona. cleAoBareJrbHo

Ia OnpeAeJIfl eTCs BbIpaN(eHLIeM

Vrnn. = -#vlEl,

,e:rleo"rl-'#] :r.o*, (-?) ,

eNr.(r) : 1 - Y!4! *rl-'#l

v2E+ $r:sr"*rl-ml

(2.270)

(2.273)

(2 272)

flo4cranur BblpaxeHue (2.27r) B ypaBHeHr{e (2.200) r{, cr{r{Ta.fl, qro r4Meerc.fl ToJrbKo 6srcrponepeuen-
Ha.f 3aBI,IC?IMOCTb BLTCOKO.TacToTHOrO noJl.fl oT BpeMeHIr, uafigeu

3a4ava cocrorlr B ToM,'rro6H rICCneAoBarb perrreHr,rfl neluHerlnoro ypaBHeHr{x (2.273) 6es rpeguolo-
>KeHLIfl o ro\4, rrro [oKa3areJlb sKcnoHearu QTfT r,ta,r. PaccuorpraM oAtoMepHoe cocrorrur4e. By4erra
cqr{Tarb, .rro E : (0,.8(r), 0).

E', (r) * 5u @ : WE(r) exp 
I W) (2.274)

Bne4a HoByro repeMeHHyro € : wrlcu 6espasuepHyro HarpfxeHHocrr, no,,z t (() : (el2w)JzME (r),
3anu[IeM ypaBHeHile B BLIAe

€" (€) + € (€) : c€ (€) e-t€G)P , (2.275)
r1e C : ,fu/r2.Kounaexcryro $yuxquro , (() 3anrarueM o Sopue Aeie, rge A u g-geftcrBrrrerrbHbre
$yuxqrara' flocae 4u@@epeHIil{poBaHl{.fi I{ flprapaBHrzBaHr.r-fl 4eftcrnnreabHbrx r{ r\tHrrMbrx .{acrefi, ilory-
t{I{M

Ag" +2A'g'-0, A" + A- Ag,r:CAe-A'
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Puc. 2.15 Bu4 norenqv.a:r.a U(t) npu C < I v C > l.

I4s uepaoro ypaB,eHu, cJreAyer, yro 
Arg, :const : B. (2.277)

Eclu rzueerctl ToqKa, n xoropoft nu6o A, rrn6o gtpaBHbr HyJrro, ro B : 0, u sa4ava cBoAr4TCs K oArroMy
ypaBHeHlrro

At' + A: CAe-A' (2.278)
AHa"raraqecKIr ypaBHeHr{e peurrrb Mo)KHo roJrbKo glx A ( 1, ecan rrc[oJrh3oBarb pasJrox<e 11ue e-A' -7 - A2' 3ro 6yger coorBercrBonarr xy6ra'recKoMy upu6arxcenlrro B Teopr{u ctra6otr neauueftnocrra.
o4naxo Bo3\{ox(Hble BLIA'I peue}rzft tr,tox<no ra3yqlrrb, He 3uirrr I4x fiBHorc BI4Aa, KaK Mbr 3To AeJraJrI4 B
s2.23

VvHox<uu ypaBHeHrre sa At u 3aur{rueM uepauft r{HTerpaJr

A'2 + A2 * Ce-A' : const : D. (2.27e)

Sror unrerpaJl coorBercrByer rrocl'orlucl'By AaBneHr,r, ts cocl'orrHlrrr paBHoBecr,rn. flepnoe c..rrarae\4oe-

'qaBneHlle MarHzrHoro noJlg' BTopoe-SJIeKTplIgeCKorO, uOCJIeAHee-AaBJIeHIae qacTI,IU. flnruocrr s.ner-
TpoHoB npu npr4rrsrsrx o6osnaqeHr,rflx r{Meer BuA ne (€) : n.oe-Az3) .

Kax pr B ilpeAblAyx{eM naparpa@e, xapaxrep peureHufi Mox(Ho rrccneAoBarb c rroMorqbro MexaHzqe-
cxoft anzurorara. Ec;rz ilacrul{e c eAr,IHraqHoft uaccoft m:l couocraBr{Tr Koop/qraHary r -- Ar{ BpeM.s
t - €, ro nepnsrfi LrHTerpaJr ecrb He qro rruoe, KaK 3aKOH COXpaHeHrrf egeprlrra E6

* U(r) : Bo. (2.280)

Xapaxrep ABr'rx{eHr.r.s iracrr,rqbr 3aBr.rcr,rr or Br{,q,a [oreHrlr{aJra u(r) : 12 + ce-r' , rge c : u2p"/a2.
Ecnu C ( 1, ro r{acrora noJls BbIIrre Kpr{TrrrrecKoft z $ynxqr,r*. U(t) r4Meer oArrH Mr.tHr,rrr,ryvr (cv.
Prac' 2'15)' Ectw C ) 1, to qacrora fioJr-s HI.Ix(e Kpr{Tl{yecKofi z zuei",rrcrr rpr{ oKCTpeMyMa-oAr{H
MaKcrrr\4y\{ t4 ABa MrrHI{MyMa.

[rpu C ( l noreHqraa^n 6rusox K KBarlparr{yHo\{y U(*) - 12, gzw>xeur4e qacrurlbl (uHurHoe u
fleplIoAllqecxoe. I4ueercs cro-aqarl BoJIHa, Koropafl cra6o uo4yrrupyer [JrorHocrb nJraBMbI.

Ecmt C ) 7 n Eg ( U..,in : 1 * lnC, ro ypaBHenr{e He r.rMeer peruenufi.
EctuC)1u.O6)[/min,ToI4MerorcrABaperueHr4.fl-oAHonpv.r)0uo4nonpwr(0(o6.rracrr

I Ha Prac' 2.15). lpz z > 0 (A(4) > 0) perueHue noKa3aHo sa Puc. 2.16 a 
"ooru"r.ruru c upr.rHflrofi

(#)'

134



Pwc.

3 3).

3.5

3.0

2.5

2.0

1.5

r.0

0.5

0.0

2.16: Snexrpr4rrecKoe no,re A(() r4 rrrorHocrb orreKrpoHoB n.(€) ln"o r-pw C : 10, Eo : 7 ((J^i, -

4

3

2

I

0

-l

_)

-J

-4

€

Puc. 2.I7: SlexrpuvecKoe roJre A(€) " rJrorHocrb oJreKrpoHoB n"(€)ln"o npu Es: C: 10.
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Puc. 2.18: SrexrpuvecKoe rIoJIe A(() " rrJroruocrb 3rreKrpoHoB n"(1)ln"o npu C:10, Eo:15.

saraenofi r -- A u t -+ (. flttr < 0 (A(() < 0) noJle cABI{Hyro Bo BpeMerru Ha roJroBr{Hy rrepr4oAarro
orr{o[reHr,rrc K c.rlyqarc r ] 0.

EctwC)luEo:U^r*:C,toBlrpocrpaHcTBerrMeercsJroKarrr{3oBaHnaso6lacrn,BKoro-
pofi auuauryAa flons MaKCHMaJIbHa, a nJrornocrr nJra3Mbr Mr{HrrMaJrbHar (o6aacrr II na Prac. 2.15).
Vcnosfie Eo : C coorBercrByer paBeHCTBy AaBnenr,rq fioJrrr B MaKcr,rMyr4e Ofi/+tr AaBJreHr,rrc rracrr{rr Ha
6ecxoue.ruocru nooT (Puc. 2.17).

Ectw C ) l u Eg > C (o6nacm III na Prac. 2.15), ro fioJre B rpocrpaucTBe ]r3MeHflercs ro nep[o-
Al4r{ecKotvly 3aKoHy I4 ecrb rorrKI,I, B Koropbrx ouo o6paqaercrr B Honr (Puc. 2.18). Il.rrasua pas6naaercx
Ha CJIOII, I\,{OKAy KOTOpbIMI{ IIMeeTCfl IOJIe.

PaaHonecfie fIJIa3MbI B BblcoKoqacrorHoM [oJre aKC[epLrMeHTaJrbHo l{ccJreA,oBaJrocb B na3epHofi naas-
rtle. Ila4atoulafl Lrs BaKyyMa BoJIHa B oKpecrHocrr4 TorrKH orpar(eHr{s (C : 1) or)Kr,rMarra ura3My rr
cosAaBaJra pesxnft cKar{oK Kouqerrrp arlrlrlr.

2.25 CavroSoKycrrpoBKa oJreKTpoMarnrrrHbrx BoJrH

Paccuorpur{ paclpocrpaHeHl{e B [JrasMe 3JreKTpoMarHr{THoro nyqKa, y Koroporo uHTeHcr.rBnocrb ,r3-
.flyqeHl{tt B I{eHTpe MaKC[IMaIIF,Ha r y6rrnaer K Kpar{M. !,eficrsyrcqlre B no[epeLrHoM no o.rHo[reHrrro
K paclpocrpaHenl{to [yr{Ka Ha[paBJreHr{r{ [oHAepoMoropHbre cr,rJrbr BbrrecH.rrror [JraBMy. O6paeyerca
KaHaJI c tloHl{x(elrnoft nroruoctsro. B groM KaHaJre caM uyqoK r{3Meu.aer cnoro Soprr,ry r{ Bo3Mo)r(Ho
,BJreHr,re cyx(eur,rfl nyr{Ka, HasbrBaeMoe cau,ofiorcycuytoexori. I

!,"n4 npocrotu 6y4err,r cyliITarb, vro (D1 1T n a $oprrayne (2.272) Mo)KHo pasJrox(Lrrb oKcnoHeHry

6NL(a,) :t-Y!4! t m) :,,,,, +)e{il1,1n2 (2.281)

',2
e1(u):1-Yry,

uo"ne E ilpr4Hrro 4eficrrr.rrelbHbrM.
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P uc. 2.19 : Cxe^rarra.recxoe nao6pax<euue cauo$oKycrrpoBKr{ Bonrrbr.

P uc. 2.20 : Cxeuarv.lecxoe uso6paz<euue o6pasoBaHr{.fl $oxyca.

I4cuo.nleyera 3To Bblpax(eHile Ars.nelraneftnor)i.quoreKTputrecxoft nponuqaeMocrr4 B Ar{cnepcrroHHor\,{
ypaBr{eHnr,r AJr, r]oflepeqHbrx BoJrH Q.aa) w 3a[urreM sasonyrc cKopocrb

(2.283)

Bv4uo, vro @aaoeaa cKopocrb BoJIHsI TeM MeHbrrre, verr 6o.rrsrue aM[JrrrryAa BoJrHbr. Ecnra upe4craB],rrb
[yaroK KaK COBOKyIIHOCTb BOJITT C paSJIEqHBIMr{ aM[Jrr{ryAaMr{) To scHo, qro nepBoHarraJrrgo uocxrzr?
@poHr IIo Mepe paclpocrpaHeHl{s HaarHer errru6arrcg. IJ,enrpanrnufi yvacrox rryqKa 6y4er orcraearr
o'I'KpaeBblx yqacrKoB. flpu srou Jlyt{u, [ep[eHAlzKyntlpHrre K BoJrnoBorrly $poury, HaqHyr cxoA]rlbcrr
u nyrroK 6y4er $or<yclrpoBarbcs (Puc. 2.19).

,Ilerxo oqeHLITb paccroflHrule, Ha KoropoM rytrfi coftgyrca B TolrKy ra o6pa:yerca $oxyc (puc.2.20).
Paccltorprau ABa rytla--oAl{H B I{eHrpe Iz oAr{H Ha Kparo nyyKa. Jlyvy n r{euTpe .ooru"rar"yer A,'rr/rHa
BoJIHLI )1 Ia $asoeag cKopocrb 'ut, a ryqy Ha Kparo-coorBercrBeHHo )6 I,I ug. Ecnn satreHr,rrb .qr.rr
oI{eHKII Ir3orHyTyro rrr4Hr,rro Ha rprMyro (Puc.2.20), To Ha[AeM L: yET@/IF, rge J_paccrorrHae oT
BxoAa flyr{Ka B nna3My go Soxyca, d-gualrerp [ya{Ka. Yro6rt nyqu rrpuru"rru n Soxyc oAHoBpeMeHHo,
Hy)KHo, qro6sr r4x AJrr{Hbr 6trara uponopr{r{oraJrbHbr cKopocrflM

u
k

u0

U1

L1
tt t+;'#E',l;ry
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Orcrc4a, uaft4eu AJrvHy caiuo$oxycr,lpoBKr,r

(2.285)

cauoQoxycupoBKe ilyrlKa [pe[trcrByer 4raspaxrlur-pacxoAr,rMocrr, nyqKa, cBr3aHrra, c ero rrone-peqnbr\t pa3MepoM' !,nrana, na xoropoff fiyqoK yrufipr.rrcfl B ABa pasa t, - il 1[.'Ectm 12 - lsf , To nyrroK,pacnpocrpaHsscE B [JrasMe, He usMeHfler cBoero [o[eperrHot'o pa3l\4epa. Vcrosuer\a cal,ro$oxyczpoBKr{
trBrrfl.erctr HepaBeHCTBo lrs I 12 unw

fAe

P(u):

lsf =

E2 nd2

Br4

gz

T

c

t/er (r)'

(2.286)

(2 287)

MOrr{HocTb, Koropyrc

P"(u):ffi
34ecr P(a,)-noaurrfi uorox 3Heprrrr{ B nyr{Ke (rr,rorqHocrr) , p"(w)-xpurr.rlrecKa,
r{aAo [pets3ofiru 4lz roro, vro6u Bo3Hr.rKJra cauoeoxycl,tpoBKa.

P(w) lP"(w
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Ilpunox<enrae A

Teusopbr

Teneop BToporo paHra HasblBaerc.fl cuMMerpIrqHbIM, ecJlrr Tti : Ti;,; aHTlrcr{MMerpr.rqHbrM) ectu Tii :
-Qr. TeHsop Ha3hrBaercs 3pMr4roBcxurrl (cauoconpffxeHHbrM), ecru T,ii : Tfi, aHrrzepMr,rroBcKrrM-ecJrr{
11 .r*tx7 - -t ji.

Kax<4ufi TeH3op Mo)KHo pas6uru Ha cr{MMerpI,IrIHyIo r{ aHTracr{MMerpr.rrrHylo r{acrr{

1l
fii : 

i@,1 +T1i) * ,Q,i - Tjr) : S,j * Ait.

Ka;x4ufi TeHsop Mox(Ho pas6rrs Ha 3pMr.rroBcKyro r{ auTr43pMr,rroBcKyro qacrr,r

,n, : * (roi + r;i) + !, tn, - ri.i) : r{l + r$

BenvqI,IHa T]7: fri HasbrBaercfl cneAoM (unu ulnypor,,r) rensopa.
O6parHuvr ro orHoIueHI,IIo K TeH3opy 47 uasslaaercs raxofi TeH3op 4a1, *orop"rft 6y4yvra cBepHyll

c lrcxoAnbrM TeH3opoM Aaer eAr{Hr4vntrfi reusop

T[LTii:61i.

Tti: a6ii *OW
Haft4eu o6parurul eMy reH3op. O6paruufi TeH3op coAep)Kr{r re
ncxo4xsrfi

Tu':A6tt+BW

Ilyrrtr,'r'eH3op uMeer Br4A:

(A 1)

(A 2)

(A 3)

(A.4)

x(e reH3opHue xou6usaqlrr{, rrro r,r

(A.5)

(A 6)

Hpr<Ho BbIpa3I{Tb BeJrut{r{Hbl A u B qepe3 a u b. Ilpone4eM cBeprKy reH3opoB r.r rrcrrorrb3yeM o[pe.qe-
"rreurae (A.3)

T,o'Toi : Aa5t.i6rj + AbSrW + aB6r1ff * rukkltlkt

- Aa6ti + [Ab + B (a + b\W : a,,. !

otcroAa 
1 b-4:1. B---- a' a(a -t b)'

I4uor4a acroJrb3yror Apyrylo Sop*y 3arrr4cr.r

r,f,' :'r(u,,- #rW)

r,n' :*(u,,-W). hW

(A 7)
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Ilpu;rox<eurae B

CryuafiHnre SyHxr\vm

Teopraa crry'rafturrx $yuxquft I{Meer AeJIo c $yuxrlzarurz) Lr3MeHeHr4e Koropbrx ,,e floArrr4,flerc.rr rorrHr,rM
MareMarlzqecKlaM BbIpa)KeHLrrM, a npo[cxoAzr clyvaftnrrv o6pasolt. Ocuornrru rtoHarr1eM B reopr{}rc'uyvailnsx $ynxquft fl,Bnlfrercfl noHrrl,re peanulal4uu (cnr. Pzc. B.i). IipeauoJraraercfl, rrro ecrb Bo3-
Mo>KHo(rl'b 

'rl\4erb 
MHox(ecrBo peaausaqrft (anca*t6nu peattu,aar4u,ti,) . flocxonrxy a xax<4orl pezlrrrrsaqlr[

Synxquu pa3Jlltqalorcr) To roBopl'Irb o roiIHoM 3a/.a,rtu $yuxquu npu ,qaHHoM 3Har{eHr{r4 apry\4eHTa
HeJIb3fl' Ho Mox(Ho roBopllTb o6 ycpe4xeHHblx 3HaqeHzax. flpocrefiuras flpoqerypa Haxo)r(AeHr{fl cperq-
Hux 3HaqeHufi-ycpegneulle rlo aHcaM6nrc pea,tusaqufi. Ecnu apryMeHToM sBJrrerc.fi BpeMr, To cpeAHee
3Har{eHr.re $yuxqura p(t) s 4anxrrfi MoMeHT ecrr (cnr. prac. B.i)

;g*Di-)u):ee):ke))
cpe4nee 3HaYeHI{e He AocraroqHo AJrrr uoluofi xapar(Tepr,rcruxu aroft syuxqraz. Ha pr,rc. B.2 noxa-

3aHbI ABe c"'ryvalixue $yxxquu, I{Meroulue oArrHaKoBoe cpeAHee 3uaqeHr{e, Ho cyu\ecrBe'Ho orJrr{qaro-
qrrec'8 Apyr or Apyra' Hau6olee Ilpocro pasrutrarb raKl{e Synxqura c nor{orr{bro almoloppetlan4uonuori
(uru upocro Kopp erln4u onnod) $yruxtryw e (t 1, t2)

,lg * D,l,orott,r - e(r,)] l,crdltr) -
rae tp(")1t; - A(t) :5g(")1t1-orKrroreHr{e SyHxqun or cpeAHero 3HaqeHu.n s n-oltpearrr43ar{ur{.rlputt : tz KoppeJltlll4ounaa $ynxql'Ifl o[peAe ;rter cpedne-rceadpamu\rdoe orKtouenr{e. B o6rqeu cny-r{ae KoppeffIquoHHa'I $yuxqux xapaKTepll3yer cKopocrr, c roropoft r43MeHrrercr{ 3garregue clv.latuoft
$yuxqur.r.

Ec'nw 9(t) : const, (tp') : const u Apyrre cpeAHne xapaKTepr{c,rviKvt cnyilafinoft $yuxqrrH He
3aBr{c'rr or BpeMeHr{, ro synxquro Ha3brBaror cmalluoH,apnofi. [tt crarlr{oHapHofi cly.rafiHofi @ynxquraycpeAHeHr4e no aucau6.rlo gKBuBaJreHTHo ycpeAHeHr{ro rro BpeMeHr{

o@l : @(fi,t2),

(8.1)

(R 2)

9- e(t)d,t. (8.3)

3ro yreepxAeHl{e Mox(Ho roHsrb c noMolr{blo Pzc. B.3. Bepa snavenua $ynxqraft n pasHsre MoMeHTbr
BpeMeHL, Ha6epela ror x(e Ha6op snavenufi, qro r{ AJrfl AaHHoro MoMeHTa BpeMeHrr, Ho B pasHbrx
peaJll{3aqH'{x' flaa cral{ploHapHoft cayvafinofi $ynxqu[ KoppeJrrrqrroHqarr cbynxqrs 3aBrrcr,rr l.oJrbKo
or pa3Hocr\r BpeMeH t1 w t2

@(t1,t2): o(t, - t) : a?). (8.4)
3ro cnxsago c reM, qro HII .AIIH MoMeHT BpeMeHr{ He BbIAeJreH ,,o orHolxe,r4ro K ApyroMy MoMeH..,y r4rosroMy O ue uox<er saBucerb or t1 u 12 orAerbro. Ovear,r4uo, vro O(_r) : O(r). ieficrslrrelsuo,

k(t)e(t * r)) : o(-r) : kft + r)eft\: o(r).

ri- 1 /'T-aT J6
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9(")G)

t, t, t

Prac. B.1: C.nyvafixax $ynxqua p(t) n pasrrr{r{Hbrx peaJrra3arlusx.

74t

p(t)(t)

,p@(t)



Puc. B.2: {ne clyvafiHrre $vHxqr,rr4r r,rMeruil{ue oAr,rHaKoBoe cpeAHee 3Har.reHr,re.

Prac. B.3:
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!'ll craqroHapHblx clyvaftxux $yuxquft I{Meerc.fi Ba)KHoe cooruorxeH}re.qJrrr ycpeAHeHr{rr (Dypre-
Ko\,r[oHeHT. Cornacso onpeAeJreHrrro

=l:

(B 8)

flla crarluoHapHblx cnyvafiHrrx $ynxqrft qacro roBopsr eIqe ilpo ycpeArueHrre no cayvaftnsru $a-sau' flo4pa3yMeBaerc-s IroA grI{M cJIeAyIouIee. Cnyvailuaa $yuxqrax gr,x n-oit peajrr.r3ar{r{r.r pasJraraercJr
B r,rHTerpaJr Oypre

(B e)

3.aecr p(") (u) : a(") @)ei$"(w) -KoMrJreKCHa, aMrJrr{ryA a, a@) 1a1-geftcrsure*Harr rrorrox(urerrbHarr
BeJII'IYI{Ha, tltn.(a)_HatairlbHa-r $asa. fna xaxcgofi peaJrr{3ar{uu [pr4 pa3Jrox(eH[rr Bo3HHKaer cnori ua6op
sHa'{euuft o@)@) u {r(w). Ho eHa'{eHun o@)1w) vrirJro rrsMeHsrorcrr or peaJrra3ar{an K peaJrrr3ar{ur rr
BeJII{r{I{Ha ("(r)l HasblBaerc, crleKrpoM cnyvaftnofi $yuxqlrra. 9ro xacaercx Sa":rnpr(r), To npeArro-
JIalaeTCs, qTo 31lI{ 3HaqeHLI.f, Moryr I{Merb [poPI3BoJIbHbre paBHoBepotTHble 3HarreH4.a B r{H:repBaJ,Ie oT
0 4o 2r (zunomesa o :Laornu\ecrcur Sasar). floerouy peaJrrr3ar{Hr{ orJrr{rrarorcr Apyr or gpyra na6o-
poM Harrarbnslx $ae (nava-usnux yc"rronufi) la ycpeAHeHr{e [o aHcaM6nrc exszsaJreHrHo ycpeAHer{}rrc
no clyvafiHuu $asau.

Ec"lu cpe4nl{e xapaKTepHCTI{KIr clyvaftnoft Synxqrau or KoopArrHar He 3aBrrcrr or noJroxeHr,rfl
TorrKI'I, rAe oHlI BbIr{I{cJIeHbI, ro $yHxqIaf HaBtIBaercs odnopodnoil. [1t Hee raMeer Mecro coorHo[reHr4e.
no4o6Hoe (B.7).

(a,p1t;a,p[<')) : (dpr)u d(k + k/). i
(B.10)

(B 6)

: O(r) drr'e-i''' Q(a').

.{'nx roro, '{ro6sr 3To paBeHCTBo rrMeJro Mecro, Hyx(Ho au6parr B KaqecrBe cpeAHero or @ypre-
Ko\4rroHeHT c;ry.raftnofi $yuxrlrzu coo:ruotueHr{e

(6e@)6e@')) : @(r')d (w' + a). (8.7)

(6ei)6e(t*r)) : (l:dne-i't6e(w) f* ar,un 't*,to,p(r))

[tn- crte'rcrnpatnnofi rM,onLHocrTLu KoppeJrsrr[ouHofi @yuxqvra Q(a.,) qacro ucronb3yr]T o6osna.reurrr:(\p')r. Illa ycnonrza O(r) : 61-r) cre4yer, vro Ol- r.,,) : O(,.r) Corragro orp"o"r"rrrrc cpeAHe_
KBaAparlzqHoe 3HarleH[e (d,p2) supa"lxaercs qepm O(r",) c rroMorr{bro rtpocroro coorHorrreHr{s

(tp'): f* *r1,1.

e@) (t) : l:dre-tut e@) 1a1.
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