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ITpe.ancnoBne 

B nocneJlHee speMSI npo6neMa. KonneKTIIBHbiX MeTOJlOB ycKopeHII.SI 

CTBHOBIITCSI 8KTyanbHeti:meti: rrpo6neMOti: B p83BIITIIII yCKOpiiTeneti: aapmKeHHbiX 

~acTIIU. ITp11 sKcnepiiMeHTanbHOM ocymecTenea1111 npeano*eHrroro B.H;BeKcne

poM/ 1/ KorepeHTHOI'O rrpiiHUIIIIa yCKOp9HIISI 38pSI*9HHbiX ~aCTIIU B03HIIK89T He-

. o6XOJliiMOCTb e.rrpouecce ycKopea11sr llcrronhaoeaTb paanii~Hbie rronsr eonao-

BOJlHbiX ycTpoil:CTB/2,3/ 1 B KOTOpb!X HBXOJlSITCSI cryCTKII ~BCTIIU II, B ~8CTHOCTII 1 
rrnaaMeHHbie crycTKII. 

Hay~ea11e JliiHBMIIKII oTaenbHbiX KOHKpeTHbiX crycTKOB ~acTIIU B CBti-rro

nsrx rrpeacTaensreT co6oti: caMOCTOSITenhHyro ~II31I~ecKyro aaaa~y rrp11 coaaaHIIII 

yCKOp11Teneti:1 OCHOB8HHbiX Ha KorepeHTHOM M9TOJl9 ycKopeHIISio H 9CMOTpSI Ha 

p83H006p83119 BIIJlOB rroneti: II CI'YCTKOB ~8CTIIU B03MO*HO BbiSIBIITb o6m11e ~~~-

311~9CKII9 aaKoaoMepaocTII, 1IMerom11e MecTo B sneKTpoMarHIITHbiX CBti- rronsrx 

CO cryCTKBMII ~aCTIIUo 

PemeHIIe o6meti: aaaa~11 eaaiiMOJleti:cTBIIH sneKTpoMarHIITHbiX rroneti: eon

HOBOJlHbiX niiHIIti: ( Mbl 6yJleM H83biB8Tb IIX "BIIHTOBbl9 sneKTpOM8I'HIITHbl9 rronsr") 

II cryCTKOB ~aCTIIU rrponiiB89T CBeT Ha B03MO*HOCTII ycKopeHIISI 38pSI*9HHbiX 

~aCTIIU KorepeHTHbiMII M9TOJl8MIIo 

B JlBHHoti: pa6oTe rrpeano*eH II llcrronh30BaH MeToJl pac~~Ta sneKTpoMar-· 

HIITHOI'O IIOn.SI Ilpll IIOMOIUII sn.eKTpii~9CKIIX II Mai'HIITHbiX IIHB8p118HTOBo Bee 

H3y~a9Mbl9 Benii~HHbl IIOnSI1 TOKH 1 I'p8HH~Hb19 ycnOBHSI - K8K JlnSI OTKpb!TOrO 

I!pOCTpaHCTBa BHyTpH H BHe KpyrnbiX BOnHOBOJl8 II K08KCH8nbHOti: n.IIHIIII paa-· 

aeneHbl HB JlB9 rpyiiiibl Benn~IIH - sneKTpH~eCKOI'O H Mai'HHTHOI'O THIIOBo no

K838TenbCTBO crrpaBeJlniiBOCTH T8KOro paaaeneHHSI B BOnHOBOJle Jl8HO B pa6o

Te/4/, 
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MaTeMaTII'IeCKIIii: annapaT, y'IIITbiBalOIIlllii: aTo pa3611en11e 11 ero IIHBaim

aHTHOCTb 11 llcnonh3Yl01Illlii: npeo6pa3oBaHIIe ¢ypbe, oKa3ancH 6onee narnHJlHhiM 

if yno6HbiM.- 'leM MeToJl nimocpencTBeHnoro IIHTe'rpllpoBaHIIH ypaBHeHIIii: MaK

cBennal 1,2,5/ •· 

oTO IT03BOnllnO cpaBHIITenbHO nerKO pelliiiTb MHOrlle 38Jl8'111 1 C'IIIT8B

lliii9CSI panee neaocTynHbiMII 113-3a rpoMo3aKocTII Bbi'IIIcnenllii:. KpoMe Toro, 

6bir.ll paccMOTpeHbi panee ynymeHHbie pe3oHaHCHbie aqxpeKThi. Bo3MO)I(HOCTII 

np·eanO)I(9HHOrO MeToaa He IIC'19piTb!B8lOTCH pellieHHb!MII 38Jl8'18MIIo 

B nepBoii: qaCTII 11cxonH 113 Bbipa*eHIIii: nnH 3ana3JlhiB8lOIIlHX noTeHullanp.s 

BbiBeaeHbl OCHOBHbie COOTHOlli9HIIH 1 CBSI3b!B8l01Illl9 nonH II B036Y)I(Jl8l01Il119 l!X 

TOKHo Dony'leHbl Bb!p8)1(9HHSI anSI nnOTHOCTH 9HeprHH 1 · KOMITOH9HT B9KTOpa 

Doii:HTIIHra II Cllnbi flopeHUa JlnH B9RII'IIIH aneKTpli'19CKOrO II MarHIITHOrO THITOB. 

DOK838H BIIJl npeo6pa30B8HIISI flopeHua anH aneKTp11'19CKHX II MarHIITHhlX IIH

B8pH8HTOB npa aBH*eHHH Bnonh oca -~ • CcpopMynapoBaHhi rpaHH'IHbie ycnoBHH 

na 11neanbHO npOBOJlHllieii:-CT9HKe ,BOnHOBOJlHhlX niiHHii: B·TepMHH8X aneKTpll~ 

qeCKHX ll M8I'HHTHbiX liHB8pllaHTOB • 

. Bo BTopoii: qaCTll npoBenen ananii3 pacnpocTpaHeHl!H ll B036y)I(Jl9HIISI Bonn 

CTOpOHHl!Mll l!CTO'IHIIK8Mll BHyTpll 11 cnapy*II HaeanbHO npoBOJlSIIIlero .Kpyr-

noro BOnHOBoaa anSI a) BOnHOBOJlllb!X BOnH 'll 6). ITnOCKHX BOnHo 

3TOT 8H8nll3 npoBeaeH T8K)I(9 JlnSI BOnHOBOJlHbiX ycTpOii:CTB C 8HII30TpOIT-

HO npOBOJlSIIIll!Mll rpaHl!U8Mll. lleTanbHO paCCMOTpeH pe30H8HC B BOnHOBOJle. 

· PaCCMOTp9Hbl SIBn9HIISI1 CBSI38HHbie C B036y)I(Jl9HII.9M BOnH B . HanpaBneH

HbiX BOnHOBOJlHbiX CIICTeMax JIBll)l{ylliiiMIICSI C ITOCTOSIHHOii: CKOpOCTblO IIQTO'IHII

K8Mll noneii:. 

M3y'leHo B3811MOJieii:CTBl!e IICTO'IHIIKOB noneii: (noKOSIIIliiXCSI II aBII)I(YillliX

CSI) BHyTpll II BHe BOnHOBOJl8o 

LJaCTh I 

JlonH .TOKOB l! 3apHI!OB1 381!8HHbiX B Ill!niiHI!pi!'leCKOH Cl!CTeMe 

KOOpl!l!H8T 

.Bee cpyHKUHH' UllniiHap11'19CKIIX KOopaiiHaT II·BpeMeHH npeacTaBnSilOTCSI 

B Bllne: 
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f(r,cp, z,t):: I: A.. 1 "" -L ""· f[,)t e'P'~'-f dwelwz fd(i)e- f(r,w,(i)). ( 1-l) 
1/'l TT ' -oo v,frr '-oo 

Linn JlanbHefiwero HY)KHhi cneJly!Omne !f>opMynhi: 

"" f d z e1 ( w -w J )z:: 2 TT o ( w - w ) • 
( 1-2) 

mn 
0 -oo 

a) BbiBOJl COOTHOWeHHH Me)KJly !f>ypbe-KOMllOHeHT8MH nonefi H TOKOBo 

3a ocHoBy B03bMeM !f>opMynhi aana3JlbiB810lUHX noTeHunanos: 

11:: R ... -+ 
A(;, (i)) ,.. . ...L f d v'-e.;.,__ i ( r ', (i)) 

c R 

(1-3) 

11:: R 
-· ... 1 e ... ) cp ( r, (i) )::-·fdv'- cp(r';(i) 

c R 

B UllnHHJlpH'ieCKl!X KOOpJll!HaTaX 

;,(r,cp,,zl, ~'=lb,t/J, (I, dv'=bdbd(dt/J 
( 1-4) 

BocnonbayeMCH cooTHOWeHneM 

__ e ______ ,_!_ f dw etwzH (vD), ( 1-5) 

voz t 2 2 
2 -•oo 

0 
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rne H 
0 

( 1 ) 
(x) =·H (x) 

0· 
tPYHKUHSI XaHKenSI, v=..Jk2-w2 , Imv>·o, H 

TeopeMOH cno:m:eHHSI 6ecc(meBbiX tPYHKUHfi: 

t
J (vr)H (vb) 

s s 

H (vy'r 2 +b 2 -2rbcos<f>)= i e 15 </> 
0 . 

s =-oo J ( V b ) H ( v r ) 
s s 

npn 

npn 

Ilony'IHM: 

lk R 
e 

f. dw elw(z-') i ls(</>-1/Jl [r,b]. 
e s 

R 2 a=-=oo 

3necb BB.eaeHo o6osHa'IeHHe: 

i 
]

5 
(vr) n. (vb) 

[r,b]= 
s 

H (vr)J (vb) 
s s 

npn 
r <b} 
r > b npH 

B nanbHefirneM 6ynyT Hcnonb30B8TbCSI H TaKHe o6osHa'IeHHSI: 

[·r', b]=-a-[r, b] 
. 2 

[r',b']= a [r,b]. 
a v r 

s avravb s 

[r,b'] =-.-a-[r,b] 
s a v b s 

'<•} 
r > b 

( 1-6) 

( 1-7) 

( 1-8) 

( 1-9) 

IToncTaBHB Bbipa:m:eHHe ( 1-7) B tflopMynhi anSI sana3.1lbiBaroumx noTeH-

unanoB, nponenaB ~ypbe-npeo6pasoBaHHe no 

BTOpOfi H3 tflopMyn (1-2), nony'IHM: 

8 
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~ br 00 271 
A(r 1 W 1 cp,cu)=- J bdb J dt{l 

C 0 0 s=-oo 

i ets(cp-t/Jl [r
1

b) 
s 

j { b I W 1 "' o W. ) • 
( 1-10) 

B peaynbTaTe $ypbe-npeo6paaoaanng no z n ( ncqeano nnTer-

pnpoBanne no <;, <flopMyna ( 1-10) cagabJaaeT $ypbe-KoMnoneHTbi ToKoB 

n rroneii c onnnaKOBbiMH w .J1nTeronpoaanne no b 6vueT sxounTb ao ace 

nanbneliume tflopMynbi, n nanbme Mbl aeane 6yneM rroupaayMeBaTb anaK f ,bd b, 
0 

no' BbiiiiiCbiBaTb ero Mbl ne 6yneM. Bee KoMrroneHTbi noTeHunanoB n noneli 

6y.llyT. tPYllKUHgMII r 1 w ll cu, BCe KOMnoneUTbi aapgLlOB ll TOKOB 

tPYHKUliSIMH b, W, W • nosToMy Ll8nbme ung KpaTKOCTll STHX apryMeHTOB 

BbiiiHCbJBaTb ne 6yueM. B sTnx o6oanaqenngx 

c 

217 

J dt{l 
.. 
A(¢)= i17 

0 

( 1-ll) 

~(¢)=..1E...... }"dt{l :S eislcp-t/Jl [r
1

b) cP(t/J). 
C 0 s ::::-oo 

$opMyny ung aeKTopnoro noTenunana nannmeM ung KoMnonenT: 

217 

I d .p 
c 0 s =-oo 

j {"' ) 
z 

217 

A (¢)=...!!._ J dtf; 
r c 
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nponenaa npeo6pasoaaHHR cf>ypbe no yrny ¢ , aocnonbsoaaawHcb lj>opMy

naMH 3finep~ 

Ia ""'Ill 
e +:e sin a= e

1
a -e-1a 

cos a =·------
( 1-13) 

2 2i 

H nepaoi!: H3 lj>opMyn ( 1-2), nony'iHM: 

_, 2 2 i 
cp =~[r,b] cp 

p c p p 

( 1-14) 

A 
2 772 i 

=·---[ r,b 1, j • 
pz c p pz ~ 

11s peKyppeHTHbiX cooTHowemdi .nnSI ~yHKIXHA BeccenSI H XaHKena 

2p 
Z (x)+Z (x)=·-·Z (x) 

p -1 p+l X P 

( 1-15) 

Z (X ) - Z (X ) = 2 Z "( X ) 
p-1 P+l P 

cnenyroT TaKHe COOTHOW9HHR: 

[r,b] +[r,b1 =2l[r',b'] 
p-1 p+'l p 

p 
+·----

v2 r b 
[ r , b 1 , I , 

p 

(1.i6) 

[r,h1· -[r,b] =.1!_1-1-[r,b'] +-
1
-(r', b]. I. 

P -1 p+ 1 v r P b P 
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no.ncTaBHB Bb!p8>K9HHSI ( 1-16) B tf>opMynhi ( 1-14) 1 Mbl rrony'IIIM 4JopMynbi1 

CBSI3b!B8IOIIIH9 BenH'IHHbl C O.ClHH8KOBb!M HH.Cl9KCOM p • noaTOMy .nanhlll9 Mbl B93.Cl9 

9TOT HHJlEiKC 6y!leM TOnhKO IIO.Clpa3yM9B8Th1 H H9 6y.Cl9M Bb!IIIICbiB8Th MHO>KHTenh 

2 rr 2 i B nTore rronyqnM: 
c 

-
¢=[r,b]cp, 

A =[r,b]j 
z z (1-17) 

p 2 
• 1 1 

A.l.=\[r',b']+·--[r,b]lj.l.+-...ll: 1-[r,b']+-[r';b]l j , 
'+' v2 r b '+' v r b r 

A r = I [ r ', b '] + ~ [ r, b] I j r- ...J.L !-1- [ r, b '] +-1- [ r ', b] I j ".J._• 
v 2 r b v v b '+' 

cllyph9-KOMIIOH9HTbl rroneii: Bb!pa>KaiOTCSI qepea cllyph9-KOMIIOH9HTbl IIOT9H

UIIanoB cne.nyiOIIIHM o6paaoM: 

E =ikA -iw'¢,, 
z z 

Hz =-1- _l_ ( rA.l.) _i.E_ A , a r '+' r r 

H.l. = i wAr --.-a- A 
'+' a r z 

( 1-18) 

E = i k A 
r 

a 
¢. H = _21.. Az- i w A ¢ • 

a r 

no.ncTaBHB B ¢opMynhi ( 1-18) Bbipa>KeHHSI ( 1-17), rrony'IHM cneJlyro

mne tf>opMynhi .nnSI rroneii:: 

E.l.=.~[r,b~]+ik[r', b.p]., 
'+' vr 

H A= -·i k [ 'r ', b~ ] + P w [ r, b ¢] , 
'+' vr 

9 



E =-•iw['r', b ~·1·+2!.,_•[r,b¢] 1 H.=-_g!_{r,b-3]-iw[r', b¢] 
r · vr 

( 1-19) 

vr 

3aecb Mbl aaenn: oneayromn:e oooaHa'lean:n: 

['r,bcf>]=[r,b']j,~.+_!_L[r,b].j, 
' · 'f' V b r 

( 1-20) 

[ r, b -3 ]= [ r b] . ( w c p _, k j ) , 1 z ( 1-21) • 
v 

['r ', b -3 ] =~·[ r, h-3·] 1 [ r ', b ¢] =·2-{ r , b ¢] . ( 1-22) 
avr a vr 

. 2rr2i . 
OnycKaeMbie HaMn: noBcroay aHaKn: - f b db cneayeT C'IHTaTb BXOilSI-

c 
IUHMH B Bb!pa:lKeHHSI ( r, b cP], ( r '; b cP), ( r, b -3•] , ( r '; b -3•) • npu k f. 0 

6yaeT yao6Hee nnoTHOCTb aapSIJ:ta p Bbipaan:Tb 'lepea TOKn:, BocnonbaoBaBWHCb 

ypaBHeHHeM Henpepb!BHOCTH. llmi <l>ypbe-KOMllOHeHT OHO HMeeT BUll: 

i w j 
z 

ip 1 a . . 
+ -· j +- ....,..__ ( p J ) -1 k c p = 0 . 

b .cf> b a b r . 

(1-23) 

Hattan oTcroaa cp n: noacTaan:a ero B Bbipa:lKean:n ann [ r , b -3• ] ~ Mbl 

nony'ln:M: 

[ r, b -3• ] =-H r, b] j - --!.. [ r, b '] j . , 
-3 k r 

( 1-24) 

10 



rile 

j =-v-i _J...!_j 
.;J k. z k v b if> 

( 1-25) 

nanbllie Mbl 6y}leM nonb30B8TbCSI /lnSI H8XO)K/leHHSI ( r , b -3• ) o60HMH Bbip8)Ke

HHSIMH: (1-21) n (1-24). BennqnHbi [r,_h¢], [r',b¢],j~Ha3oBeM senn

qJiHaMH MarHHTHoro Tnna, sennqnHhi [ r, b -3 ] , [ r '; b 3-1, j 
7

,- sennqnnaMH 

9neKTpnqeCKOrO Tllfl8o noliSI, B KOTOpb~X 6y/lyT OTnHqHbl OT HynSI TOnbKO 

BennqHHbi an~KTpnqecKoro Tnna. [ r, h-3• 1 n [ r '; b -3•], Ha3biBaiOTCSI nonSI

MH aneKTpnqecKOrO Tllfl8 1 nonSI 1 B KOTOpb!X OTnnqHbl OT HynSI TOnbKO ( r 1 b if>) 
H ( r '; b if>] t- nonSIMH MarHHTHOrO THna. CnenyeT OTM9THTb 1 qTo T8K09 

pa3JleneHne HOCHT y Hac sceo6mnli xapaKTep n 6yneT npnMeHSITbCSI He Tonh

KO K nonSIM BHyTpH BOnHOBO/lOB. 

B (jlopMynax ( 1-19,20,21,24 n 25) v conep)KHTCSI B 3HaMeHaTene. 

noaToMy Mbi non)KHbi nccnenosaTb noseneHne (jlyphe-KoMnoHeHT noneli npn 

V-+ Q , «<>aKTnqeCKH 9TO COOTBeTCTByeT BOnHaM, pacnpocTpaHSIIOlliHMCSI B 

nnHHSIX co cKopoCTbiO cseTa. HaM yno6Ho HS nonb30B8TbCSI ~opMynaMH (1-16), 

npHBO/lSilUHMH K flOSIBneHHIO V B 3HaMeHaTene. 

Bocnonh30BaBWHCb (jlopMynaMn ( 1-14,18) H ( 1-23) H nepeil:nSI K npeneny 

npn v ... 0, Mbi nonyqHM ( npn KoneqHhiX H b ) npn p = 0 

E =-i- .2!_ 
0 

I j r' H =--i-1 1 
I i if> 

kb 1 z 
rrb 0 7T 

k r 
H = -·-1

-· I 
0 

( 1-26) 
E =-[ ] j j +~[ 

b 
] 

" if> 7T b 1 r ¢ rrr z 
7T 

1 

E 
2iw 0 k r 

~-·---· -I I i +- [ b 1 i 
rrkr 1 z rr I r 

H =-~ [ r] j ; 
r 

77 
b r 

11 



npH p = 1 

w [ r ] iw [ r ] . i r r] . 1 [ r ] • 
. E =·-·-· b j ,~., + - b l i H =-·- 11. b l r- l , 

z 11 b k I 'f' 11 k b - I r z 11 b .- I 'f' 11 b b 1 r 

( 1-27) 

E w [ r ] . k {In vb I (. . . ) H i [ r ] • i w 1tn vb I (. . . ) . ,/., =·--· b l _,_ J,~.,+"lJ ; ,~.,=-· b l +·-- . l¢+ 1 J 1 
.,.. 1 z 1 .,.. r .,.. - 1 z 1 vr f ~rkr 11 nvr 11 r_ • 11 n 

npH p >' 1 

w [ r]. iw [ r]. 
E =·-·-· b J,~.,+-· b l , 

z 1rk b 'I' IT k b - r 

w r k r k r 
E =-·- [ ] j +:{ [ ] +: [ ] 

cp 11 kr b z 21T(p-i) b P-I 211(p.j. i) b p+l 

p r -; . { k [ r ] k [ r ] 
-·-[b]IJcp+l .. b p-1-· .' b p+:l+ 

~rkbr 2~r(p-1) · 2~r(p+1) 

. +:...£.:._ [ r ] I j 
1rkbr b r 

3necb Mbi aaemr o6osHa1JeHHR: 

. r { 
[ ] . = 

b i 

r )i 
<-,;-.I 
( ..!L)l 

r 

( i-)i 
I I 
-( .L)i 

[ -·~ ] i 

r 

( 1 -28) 

( 1-29) 

Bo BC9X CK06KaX B9pXHSISI CTpOKa 6epeTCSI npH r >: b , HH:lKHHSI - npH 

r <. b • B Bbipa:lKeHHHX ( 1-26,27 H 28) He npoBOilHnocb paaJleneHHH aenn

'IHHbi HB 9n9KTpH'I9CKHil: H MarHHTHb19 THllblo t:faCTO H906XOilHMO HBXO.IlHTb 

nonH TOKOB Ha CT9HKaX .BOnHOBOJla. ITnoTHOCTH TOKOB Ha CT9HK9 BOnHOBOJla 

paJlHyca a HM910T BHJl: 

12 



(1-30) 
j == 0 . 

r 

B Bb!pa>KeHHSIX ):lnSI rroneii: 3THX TOKOB HC"'e3aeT IIOCneJ:IHHii: HHTerpan, 

HO b H IIOnSI Bbi"'HCnSIIOTCSI IIpH IIOMOIIlH Bbipa>KeHHH 

[ r, b:a ] ==-i[ r, a] F ~ , [ r , b ¢] == [ r, a '] F ¢ , ( 1-31) 

rge 

F ==-LF _J.!_F 
:a k z k va ¢ 

( 1-32) 

IT pH v-+ Q' H II pH r==a Bb!pa>KeHHSI ):lnSI rroneii: TOKOB Ha CTeHKaX BOnHOBO-

llOB HMeiOT BHJ:I: 

p=O E ==·0 ' E 
k 

F¢ II pH 
' z ¢ 1T 

rrpH p=l Ez=-,
17

;
8

,'f¢' E¢=--:-lnvaF¢.- 17 ~ 8 Fz, 

E =-,___!_ F , 
z TTka ¢ 

(1-3S) 

E 
w F _.:.£... (l+k2a2-p2) 

F¢. =·---' 
¢ "ka z 

1T k a 2 ( p 2 
-1) 

6) ITpeoopaaoBaHHe nopeHua IIoneii: H TOKOB J:lnSI llBH>KeHHSI BllOnb OCH 

13 



Tipli nepexoae B CliCTeMy KOOpAHHaT, ABli)I{YIIlYIDCSI BAOnb OCli z C 

ITOCTOHHHOM CKOpOCTbiD 

IDIIlHM o6paaoM: 

f3 C I KOOpAHll8Tbl H Bp9MH npeo6paayroTCH cneuy-

, (z-f3ct) ct'=· ct-f3z 'r'·=r, ¢'·=¢. z ==·- ' 

yl-{32 yl-{32 

lJacTOTbl H BOnHOBbi9 B9KT0pbl noneil npeo6pa3yiDTCH no 38KOHy: 

w , =· y ( w- f3 k), k , = y ( k - f3 w ) , v , ·= v , p, = p 

w'z'·-·k'ct'·=·wz-kct, dw'dk' -· HHB. 

KoMnoHeHThi noneil npeo6paayroTCSI no aaKoHy: 

E' =·E H' =·H 
z z z z 

E =y(E +f3H ), H'=y(H -f3E ), 
¢ ¢ r ¢ ¢ r 

E =y(E -f3H..~..), 
r r 'f' 

H' 
r 

=y(H.+f3 Ecp). 

(1-34) 

( 1-35) 

( 1-36) 

(1-37) 

TioLICT8BliB B <!JopMynbi ( 1-37) BhiP8)1{9HHH Lim! rroneil ( 1-19). ITOnY'IHM: 

E'·=·-•v[r,ba ], 
z 

E'·=~[r,b a ]+ik'[i:',b¢] .• cp vr 

H'·=-v[r,bcp], 
z 

H' =-ik'[r',ba]+~(r, b cp], 
cp vr 
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pk ,. pk' 
.E'·=-iw'(r',ba]+-(r,b¢], H'=--[r,ba ]-,iw'(r'1 b¢]. (1-38) 

r vr r vr" 

KaK Mbl BH/lHM, rrpH rrpeo5p~30B8HHSIX nopeHua OCT8IOTCSI H9H3M9H9HHbi

MH Bbipa>KeHHSI ('r,ba ],.[r',ba ],[r,b rp] H [i:',brp] 1 aBO BC9X MHO>KHTe-

nSIX rrepe/l HHMH W H k 38M9HSIIOTCSI Ha W' H k '·. 

KOHY! 

ToKH rrpeo5pa3yiOTCSI IlpH rrepexone B HOBYIO CHCTeMy KOOp/lHH8T IIO 38-

k , j , . _, c p , w , = k j z - w c p • 
z 

( 1-39) 

( 1-40) 

BocrronbaoBaBIIIHCb !f>opMynaMH ( 1-25), ( 1-23) H ( 1-39), Mbi rrony'IHM: 

j '· = j 
a a 

ivf3 a 
+·--~-,_,_,_ (bj ) 

a b r 
II pH k',k~O. "!(1-41) 

bk (k -{3 w) 

B cnyqae, Korna Bbipa>KeHHe b j He aaBHCHT oT b nnn paBHo 
r 

HyniO (KaK, H8IIpHMep, Ha CT9HK8X BOnHOBOJla), aneKTpH'I9CK8H· KOMIIOH9HTa 

. TOK8 SlBnSieTCSI HHBapHaHTHOito B aTOM . cnyqae BCe HCIIOnbayeM,bie H8MH KOM-

IIOH9HTbl IInOTHOCTH TOK8 h ,-j ¢ H SIBnSIIOTCSI HHB8pH8HTHbiMH. 

B) lloTOKH aHeprHH IIOneit, B035y>KJleHHbiX TOK8MHo 

HaitneM IIOTOKH aHeprHH /lnSI IIOneit aneKTpH'IeCKoro H MarHHTHOrO TH

IIOB' <l>ypbe-KOMIIOHeHTbl KOTOpb!X OTnH'IHbl OT HynR TOnbKO IlpH 38/l8HHbiX 

W 1 k H p. 
B aTOM cnyqae HX 38BHCHMOCTb OT KOOp/lHH8T naeTCSI Bbipa>KeHHSIMH 

nng rroneit aneKTpnqecKoro THrra: 

15 



E = _,v [ r, b a ] • X 
z 

H =·0 
z 

pw 
E rp = __ ,[ r, b 9 ] • X, 

vr 
H rp =-,ik [ r ', b 9 1 X , 

E =-·i w 
r 

pk [ r', b a ] • X, H =-- [ r, ba] X 
r vr 

llnR none~ MarHHTHoro THna 

E = 0, 
z 

H =-•V ( r 1 b rp ] X , 
z 

Erp=ik[r',brf>] X, Hrp=~[r,b¢] X, 
vr 

E 
r 

~[r,b¢1.X, H =-•iw[r', bcp] X, 
I' vr 

X = exp I i [ w z + p cp -· k c t ] I 

( 1-43) 

( 1-44) 

Bbipa)!(eHHR .onR [ r, b 9] n [ r, b ¢1 , TaKnx none~ 6y.oyT pa3mi"IHbiMH 

B pa3Hb!X KOHKpeTHbiX cnyqagx. 

TIO.llCT8BHB .oe~CTBHTenbHbie '18CTH Bb!pa)!(eHH~ ( 1-43,44) B ¢opMyny 

( 1-42) H BOCnonb30B8BIIIHCb TeM, 'ITO ( r 1 b rp 1 . H ( r, b 9 ) Y.llOBneTBOpR!OT 

ypaBHeHHIO Becceng OTHOCHTenbHO nepeMeHHO~ V r , nony'IHM C TO'IHOCTb!O 

.llO pOTOpa 1IpOH3BOnbHOrO B9KTOpa Cpe,llHHe 3H8'19HIHI IIO BpeMeHU IIJIOTHOCTe~ 

nOTOKOB 9HeprHHo 

llnH none~ 9neKTpuqecKoro Tnrra: 

s c 
wk[r,b9 ]['r,b9 ]*, 

z 81T 

S¢=-c-~[r,b9](r,b9]* 
8, r 

S =~vkRe(i[r,b9](r',b9 ]*); 
r 8 1T 

16 
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anR none~ MarHHTHoro Tnna 

c S =·-·wk[r,bcp][r,b¢]·* 
z 8 1T 

. S ¢ = __;_, 1.!_, [ "r, b ¢ ] [ r , b ¢ ] * , 
8 rr r 

( 1-46) 

S =_s_·vk "Re(i[r,b¢][1-', b¢]*). 
r 8 TT 

Me)I(Jly KOMnoHeH~8MH nnoTHOCTeit nOTOKOB Cy!IIeCTByeT COOTHO!IIeHIIe: 

s =· __L_,s 
¢ wr z 

Opn nepexoae B aBn~ymyrocR cncTeMy KoopaiiHaT 

pa3yiDTCR COOTBeTCTBeHHO KaK W k , k, k . 

s 
r 

npeo6-

B cnyqae, Koraa nomi saaaroTcR cyMMoll Bbipa~eHIIit ( 1-43) n ( 1-44 J, 
nOTOKH 9HeprHII 6yayT saaaB8TbCR cyMM8MH Bb!pa~eHH~ ( 1-45) H ( 1-46) o 

8TO 03H8'I8eT, 'ITO HHTep<flepeHUIIR Me~ay nonRMH aneKTpii'IeCKoro II Mar

·aHTHOrO THnOB aa~e npH oaiiH8KOBblX k H W OTCYTCTByeT ( Mbl He Y'III

TbiB8eM 'IneHbl 0 o6p8!II8IDIIIHeCSI B Hynb npll Bbl'IIICneHHH nonHblX TIOTOKOB 

qepe3 noBepxHocTn). 

TO'IHO T8K ~e C TO'IHOCTbiD ao BenH'IHH t o6p8!II8ID!IIHXCSI B Hynb npH 

HHTerpnpoBaHHII no o6'beMy;. Mbl nony'IHM cneayromee Bbipa~eHIIe anSI nnoT

HocTn aHeprnn B none, 3aaaHHo~ cyMMo~ Bbipa~e.im~ (·l-43) n ( 1-44) 

_, k 2 
W = Re -·1 [r,ba ][r,ba ]* +lr,b¢][r,b¢]* }. ( 1-4 7) 

Brr 

Bua 9TOrO Bb!pa~eHHSI rOBOpHT 06 OTCyTCTBHH HHTep<flepeHUIIH Me~ay nonRMH 

aneKTpii'IeCKOrO II M8rHIITHOro THTIOBo 
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r) . CIInhi Jlopeaua 

Mbi aaiiaeM Benii'IIIHhi ciin, aeiicTBYJOIUIIX aa crycToK c sapSiaoM 11 To

KOM B Bonae, saaaHHOH cyMMOH Bbipa)KeHIIH ( 1-43) II ( 1-44).· Bocnonb30-

B8BIUIICb ¢opMynoii anSI nnoTHOCTII ciinhi Jlopeaua 

_,. .... -+ .... 
cf=cpE+[jxH]. 

( 1-48) 

II y'ITSI KOMnneKCHOCTb Bbip8)KeHIIH anSI 38pS1aOB II TOKOB, Mbl IIOny'IIIM 1 Ha

npiiMep, 

cf = j_ Re I C px E +:jx H,~-- jx,~. H I . 
z 2 z r'l' 'l'r 

B aanbHeiim~x BhiKnaaKax Mhi He 6y,neM ~IIcaTb aHaKa - 1- Re. 
2 

( 1-49) 

Bee cnaraeMbie B ¢opMyne ( 1-49) nocne noacTaHOBKH Bbipa)KeHHii ( 1-43) 

II (1-44) 6yayT IIMeTb BIIa: 

x IW I 
j (r,¢,z)e cr f(r)exp{i[wz+p¢-kct]l, 

(1-50) 

rae W - 'I8CTOT8 Kone6aHIIH TOKa B 
CT 

crycTKe. Cpenaee sHa'l:eHHe TaKoro 

cnaraeMOI"O ITO BpeMeHII 6yaeT OTm!'IHO OT HynSI TOnbKO npii ycnOBHH W =k C. 

llanbWe Mbl 6yaeM C'IHT8Tb1 'ITO 9TO ycnOBIIe. BbiiTOnHSieTCSio 

B aanbHeiiweM Mbi He 6yaeM niicaTb sHaKa ( 2 rr) 3/
2 F r d r • 

nonHbie BbiP8)KeHIISI anSI 
0 

F"l 6yayT IIMeTb BIIa: 

cFz=iw[r¢x,b¢]+iwLrax,ba ]. ( 1-51} 

3aecb BBeaeHbi o6osHa'IeHIISI: 
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[r¢",b¢]=j" (r,w,w)[i:',b¢]-.iLj" (r,w,w)[i:,b¢], 
P ¢ vr P r 

( 1-52) 

[r 9x,b9 ]=ij" (r,w;w)[r,b9 ]--!..j"(r,w,w)[r',b9]· 
P 9 k p r 

(1-53) 

BM9CTO IT9psoro •m9aa cnpasa !flopMynhi ( 1-53) MO)I(.IIO socnonhaoBaTbCSI 

T8KHM: 

( 1-54) 

_,...L.,[wcp"(r,w,w)-,kj" (r,w,w)][r,b 9 ]. 
v z 

CHnbi1 ll9HCTBYlOIIIII9 .IIa '18CTb cryCTK8 0 MO)I(HO Bbi'IHCnHTb T8KHM )1(9 

CITOCOOOM 1 9Cnll ITpll ll.IIT9I"'pHpOB8.1IHH anH Bhl'IHCn9.1IHH ~yph9-KOMITOH9HT TOKOB 

H aapnaos 6paTh cooTB9TCTBYlOIIIH9 npea9nbix/. 

~OM9HT Clln OTHOCHT9nhHO OCII 

Bbi'IHcnHeTCH TO'IHO TaK )1(9. Oa paB9H 

z' lt9HCTByiDnmii: aa secb crycToK, 

M z 

c M z =· i p [ r ¢" , b ¢] ·+:i p [ r 9JF, , b 9 ] • 
(1-55) 

H F z CBH38.1Ibi COOT.IIOW9.1IH9M: 

M = __!_ F ( 1-56) 
z w z 

~K . ~ . . 
aK H3BeCTH01 '!'ypbe-KOMllOHeHTbl CHllbl onpenemnoTCSI IIHTerp11pOB8HI!eM 

no aceMy crycTKy. LlnH onpeneneHIIH cl!nhi, nellcTByromelf Ha qacTb crycTKa 
np11 nepexone oT cpopMyn (1-49) 11 (1-50), Heo6xolli!MO IIHTerpnpoBaTb no 
COOTBeTCTByromeli: '18CTil cryCTK8o 
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3TO xapaKTepHO llmi BOJIHbl 1 38BHCSUUeif OT cp 
exp l i ( w z + p ¢ ) I , T.e. llJI5I BOJIHbi BHHTOBoro THrra. 

H Z K8K 

Bbipa>KeHH5I llJl5I OCT8JlbHbiX KOMIIOHeHT CHJibl 1 aeifCTBYIOIUeif Ha cryCTOK 

HMeiOT BHil: 

cF,.~.==~Hr¢",b¢]+[r3X,ba]+(..2!.-[r,ba ]+....L.[r',bcp])jx (r,w,k)l {l-57j 
"~' r vkr p pr 

cF .,_!.___ ~{r[rcpx, b¢] +r[ 1: ax, b a])+{ r¢ x, b¢] '+ [ r ax, ba] '-
r a r 

( 1-58) 

_ _!_[r',ba ]jx (r,w,kc). 
k r P r 

3aecb BBeaeHbi o6oaHa'IeHH5I: 

h¢x ,b¢]~=[r'b¢]~jx (r,w,k)-_2!_{r,b¢]-1- jx (r,w,k), a r pep vr ar pr 

[r #-,b:;, 1'-=ili,b :;,]~'jx (r,w,k) --L,[r'; b3 ]-a-jx (r,w,k) a r p ~k a r p r 

B <flopMynax ( 1-51,57,58) rroapaayMeBaeTc5I 

1 
2 

3/2 
00 

Re ( 7. 17) · f r d r. 
Q 

Jl) fpaHH'IHbie ycJIOBH5I Ua IlpOBOJl5IIllHX UHJIHHJlpH'IeCKHX IIOBepXHOCT5IX 

Ha HJle8JibHO-IIpOBOJl5I!Ileif UHJIHHilpH'IeCKOH IIOBepXUOCTH 

r = a, 0 < ¢ < 2 11 , _,oo < z < oo 
( 1-59) 

llOJI>KHbl BbiiiOJIH5J.TbC5I ycnOBH5I 
( 1-60) 

Ez(a,¢, z,t) =0, E¢( a,¢, z,t)=O -·oo < z < oo • 
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nocKOnhKy 8TH ycnoBnH cnpaBeannBbi npn: mo6brx. ¢ , z , t , Hall 

HHMH Momao npoaenaTh npeo6pa3oBaan:e ~yphe no 9THM nepeMeHHbiM. B pe-

3ynhTaTe nony~n:M: 

( 1-61) 
E (a,w,k)=E ,_(a,w,k)=O· 

p z P't' 

npn: V f= 0 9TH paBeHCTBa paBHOCHnhllbl cneayiOIUHM: 

(1-62)' 
[a,b&]=O, [a',b¢]=0. 

fpaHH~llbie ycnoBHH anSI nonefi aneKTpn:~ecKoro n: MarHHTHoro Tn:noB 

OK83anHCh He38BHCHMbiMH apyr OT llpyrao PaHee 6btn0 38Me~eH0 1 ~TO TOKH 

&neKTpn:~ecKoro Tn:na Bo36ymaaroT TOnhKO nonH &neKTpn:~ecKoro Tn:na n: B3a

n:MoaeficTByiOT TOnhKO c nomiMH &neKTpn:~ecKoro Tn:na n: ~To TO me caMoe 

cnpaBeann:Bo anH ToKOB n: nonefi Maran:Taoro Tn:na. H3 paBeHCTB (1-62) cne

JlyeT, ~To &To nonomeaue coxpaHHTCH n: B npucyTCTBHH nro6oro Konn:~ecTBa-

6ecKoHe~HbiX H)leanhHO-npOBOJlSIIUHX UHnHHJlpH~eCKHX llOBepXHOCTefi C OCHMH 1 

CoBn8Jl8101UHMH C OChlO Z , TO eCTh JlnH .llpOCTpaHCTBa BHyTpH H. BHe Kpyr

noro BOnHOBOJl8 H Mem)ly CTeHK8MH Kpyrnofi K08KCHanhHOfi nn:HHHo CryCTKH 

c paJln:anhHbiMH ToKaMn: MoryT Bo36ymJlaTb o6a BHJla nonefi. 

H3 TOro, ~TO B ypaBHeHn:e (1-62) BXO)lSIT TOnhKO HliB8pHaHTHhle OTHO-

cn:TenbHO npeo6pa3oBaHHH nopeaua nnH nBn:mean:H Bnonh ocn: z 

cne)ly~T, ~To nonH JlBHmymerocH BJlOnh n:neanhHoro BonHoBona BHYTPH nnn: 

CHapymn: ero n:nn: Memny CTeHK8MH K08KCHanhHOfi nHHHH HCTO~HHK8 B CBH-

3a~IHOfi C HHM CHCTeMe KOOpJlHHaT 6ynyT T8KHMH me, K8K llnH HenOllBHmHOI'O 

OTHOCHTenhHO BOnHOBOll8 HCTO~HHKa B HeDOJlBHmHOfi CHCTeMe KOOpJlHH8T (k,f 0) •. 

PaccMoTpHM Teneph aHH3oTponHo npoBOllHIUHe 

BepxaocTn: c KpyrnbrM nonepe~HbiM ce~ean:eM. 

un:nn:aapn:~ecKn:e no-

Ha noBepxaocTn:, HJleanbHofi Bllonh ocn: z 

( a· -+ oo ' z 
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F¢=0, [a,bs1=0 (E =0), 
z 

( 1-63) 

a·- rrpoBoaHMOCTb rpaHH~HOH IIOBepXHOCTH. 

fpaun~uwe ycnoBHH anH rroBepxuocTn sneKTpn~ecKoro Tnrra 6yayT TaKn

.Mn :lKe, KaK ua crrnoumoii H3oTporruoii rroBepxuocTn. C rronHMn MarHHTHoro 

THITa TaKaH IIOBepXHOCTb COBC9M He 6yaeT B38HMOaeiiCTBOB8Tb H IIOSTOMY 

.ee MO:lKHo 6yaeT ncrronb30BaTb KaK cpnnbTp, rrporrycKarorunii rronH MarunTnoro 

Tnrra n oTpa:lKarorunii rronH sneKTpn~ecKoro Tnrra. 

KpoMe Toro, TaKaH rroBepxnocTb.ne napyruaeT pa3aeneHnH Benn~nn 

na sneKTpn~ecKnii n MarnnTHhiii THIThi. YpaBnennH ( 1-63) coaep:lKaT HHBa

pnaHTHbie anH aBn:lKeHnH Baonb ocn z . Benn~HHhi n crrpaBeamiBbi anH 

nro6oft aBn:lKyiUeii:cH CHCT9Mbl KOOpanHaT. B6nH3H OT T8KOH IIOBepXI!OCTH rronH 
' 

aBH:lKyiUeroCH HCTO~HllKa Bbl~HCnHIOTCH TaK )1(9 1 KaK nnH H9ITOaBll:lKHOro. 

Ha rroBepxuocTn, n'e rrpoBoaHrueii Baonb ocn z n naeanbHO rrpoBoaRrueii 

B rreprrenanKynRpHoM narrpaBnennn (no ¢) , rpann~Hbie ycnoBnH HMeiOT 

Bna: 

(1-64) 
F = 0, 
,z E¢ = 0. 

3TH ycnoBnH paBnocnnbHhi cnenyrorunM: 

-L. Fa 
v 2a 

~ [ a , b ax 1 + · i k [ a ', b ¢ 1 = 0. 
va 1 

( 1-65) pw F =0, +" .¢ 
v 

npn p ~·O sTn ycnoBnH uapywaroT pa3neneune Benn~nHhi Ha sneKTpn~ec-

Kllii H MarHllTHbiH Tllllbl ll He HBnHIOTCH llHBapnaHTI!b!Mll nnH aBH:lK9HllH BaOnb 

OCH Z • 
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': 

Ilpn p =·0 ycnoBHSI ( 1-65) nMeiOT sn.u: 

[a'; b¢1-=·0 ( 1-66) 

Ilpn p=·O TaKaSI rroeepx!IoCTb coxpaasieT paaJleneJine eenn'IH!Ibi 11a aneKT

pnqecKnfi n Mar!IHT!Ibifi THIIbi, rrporrycKaeT eon!Ibi aneKTpn'IecKoro Tnrra n oT

pa*aeT .eon!Ihi MarJIHTJioro Tnna n O/lH!IaKoBo ennSieT !Ia nonSI .UBll*YillllXCSI 

ll JieiiO/lBll*llbiX llCTO'I!IllKOB ( k .f.. 0 ) , 

Ha noeepxJiocTn, · H/leanb!IO npoeo.uS!meii: B JianpaeneJinn no.u yrnoM a 

K OCll Z n 11e rrpoBO/lSiillefi B rrepneJI/lnKynSip!IoM JiarrpaBneann, 6yJlyT Bbiiion-. 

liSITbCSI ycnOBHSI: 

F¢ cos a -:Fz sina=·O, E z cos a+ E¢ sin a=·O 

v pw 
-·Fa sin a+: F ,~. -·(cos a-•,.,-- sin a)= 0, 

't' k v2 a 

- v [ a , b a ] ( cos a -~ sin a .) + i k [ a , ; b ¢ ] sin a = 0 . 
v2 a 

( 1-67) 

( 1-68) 

Ilpn ycnoenn ctg a = 
v 2 a 

pw 
TaKylO IIOBepXliOCTb MO*HO llCIIOnb-

30BaTb KaK <j>n.nbTp, rrpoiiyCK810l!lllH BOnlibi aneKTpll'IeCKOrO Tlliia C 38/lBHHbiMll 

p , _ w, k 'n oTpa*aiOmnii: rronSI Mar!IHT!Ioro rr·onSI c TeMn )Ke p , w, k • 

lleii:CTBllTenbliO, B 9TOM cnyqae, ycnOBllH ( 1-67) ll ( 1-68) IIpllMyT BII.U: 

- F a sin a =· 0 , ik [a ', b ¢] sin a =· 0 . (1-69) 

Ilpn a 1·0, TT 

2 TaKaSI rroeepx!IoCTb JiapymnT paaJleneJine eenn'ln!I 

aa aneKTpll'IeCKllH ll Mar!IllT!IbiH Tlliibi ll 6yJleT rro-pa3!IOMY BnllSITb Ha IIOnSI 

/lBll*YillllXCSI H HeiiO/lBll*!IbiX HCTO'IHllKOB. 
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