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Annomauyusn

B nanHOW pabGoTe pa3paboTaH MaTEeMAaTHYECKWH ammapaT Ui OIMHCAHUS PacIpOCTPaHCHUE
BOJIH B METAJUTMYECKOM BOJIHOBOJE B IMJIMHAPUYECKON crcTeMe kKoopauHat. [lokazaHo mpeobpa-
30BaHHE KOHUYECKOW BOJIHBI C KPYTOBOM HOJISIpU3alMeil B BUXPEBOI LIMIUHAPUUYECKU MOJSPU30-
BaHHBIN ITy4OK Ha OCHOBE PA3JIOKCHHS TOJISI IO BEKTOPHBIM IFUTMHIPHIECKIM MoIaM. Pe3yrbra-
Thl MOJICTIUPOBAHUS, OCHOBAHHBIE HA PA3JIOKEHUH T10 MJIOCKUM BOJIHAM, KaYECTBEHHO COTJIACYIOT-

CA C TCOPECTUICCKUMHU BBIKJIIaJIKaMU.
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KOHMYECKast BOJIHA, KPYTOBasi MOJSIPU3ANNs, BUXPEBOH MYUOK C IMIMHAPHIECCKON TOJISIPH3AIIEH.
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Beeoenue

[MonspU3alMOHHOE COCTOSHUE JIa3ePHBIX ITYYKOB HI-
paeT CyHICCTBEHHYIO POJIb B Pa3iIMYHBIX MPHIOKCHHUAX,
BKIIIOYAs. BH3yaJbHOC YIy4IICHHEC W JIUCTAHIIMOHHOEC
3oHIUpoBanue [1], Mukpockomuio [2—4], METUITUHY |
onodpmsuky [5-7], mucrutenm [8], MaHHITYIMpOBaHHE
MUKpO- W HaHouacTumamu [9, 10], murorpaduto, Henw-
HeltHyro onTuky [11, 12], o6paboTky maTtepuainoB [13 —
15], renexommynukammm [16 — 18].

Takxke BaKHA MPOCTPAHCTBCHHASL CTPYKTYpa Ja3ePHOTO
mydka. B wactHocTH, myukm Beccens o0namaroT, ¢ omHOM
CTOPOHBI, 0e3AU(pPAKIIMOHHBIMU CBOWCTBAMU U MPOTSHKCH-
HbIM (pokycom [19], a ¢ mpyroi CTOpOHBI, 0OECIICUNBAIOT
UCHTPAJIBHOE CBETOBOC ILITHO MEHBINE JU(PPAKIIMOHHOTO
npezena [20, 21]. DT cBOHCTBa KOHUYECKUX ITYYKOB BOC-
TpeOOBaHbI B Pa3INIHBIX MPYIIOKEHHSIX [22 —28].

CyIecTBYIOT pa3UyHbIe CIIOCOOBI (POPMHUPOBAHUS KO-
HUYECKHUX ITyYKOB, CpPed KOTOPHIX HamOoyiee >PQPEeKTHB-
HBIM SIBJISIETCS MCIIOJIb30BaHNEe KOHUYECKOI0 aKCHMKOHa [29].
JubpakoHHBIM aHATOTOM KOHHYECKOTO aKCHKOHA SIBIIS-
etrcst koublleBast pemretka [30]. YI00OCTBO HCIIOIBL30BaHUS
KOJIBLICBOHM TU(DPAKIMOHHON PEIICTKA COCTOUT B BO3MOXK-
HOCTH JMHAMHYECKOTO W3MEHCHUS XapaKTEPUCTHK OINTHYC-
CKOTO 3JIEMEHTa 3a cueT nepuoja nosoc [31]. Henoctatkom
SBJISICTCS TOTepst d((PEKTUBHOCTH, CBS3aHHAS C Tepepac-
NpENCICHUEM YacTH SHCPTUH B BBICOKHC JU(PPAKIIMOHHBIC
TIOPSIIKY, KOTOPBIE, TEM HE MCHEE, HE BIHSIOT Ha (opMupo-
BaHHE CBETOBOTO OTPE3Ka BIOIb ONTHIECKOH OCH.

IIpumenenue nudpakIOHHBIX AKCHKOHOB C BBICOKOH
YUCJIOBOM amepTypol obecrieunBaeT (HopMHUpOBaHUE
MOUTHOW MPOJOJIbHOW KOMIOHEHTHI 3JIEKTPUUYECKOrO TI0-
N Ha onTUYeckor ocu [32-—34], mpuueM HauOoibIIce
YCHJICHHE JTOCTUTACTCS MPH UCIOJIB30BaHUM PaIuaibHON
noJisipu3auuu [35].

CyIIeCTBYIOT pa3jMuHBIC METOIbl (DOPMUPOBAHHUS Jia-
3epHBIX Iy4koB beccens ¢ HEOMHOPOIHOW MOJSIPH3AIHCH.
YHHBEpCATHLHBIM  MOJXOAOM  SIBIISICTCSl  HMCIIOJIb30BAHHUE
KUIKOKPUCTAJUTMUECKUX MOAYJSTOPOB cBeTa [36], ogHako
JTAHHBIC YCTPOICTBA XapaKTepU3YIOTC HU3KUM Pa3perieHu-
€M, 9TO He TI03BOJIsIeT (pOpMUpPOBATh HEMapaKCHAIBHBIE KO-

HUYECKHE ITyYKH BBICOKOTO KadecTBa. B pabore [37] wc-
XOJHBIN Iy4ok beccens mpom3BoausICS MpH MOMOIIM pe-
(OpaKIMOHHOTO aKCHKOHA, a JaibHelmee (GopMUpoBaHUe
TIOJIAPU3ANNOHHOTO COCTOSIHUS OCYIIIECTBIBUIOCH B JABYXOC-
HOM JIBYJIYYCTIPEIIOMJISIOIIEM KPHCTAIUIE. AHAJOTHYHBIH
MOJIXOJT UCTIONB30BaNICs B padote [38], HO mpu McHob30Ba-
HUH TU(QPAKIHOHHBIX 3JIEMEHTOB ISl TCHEPAIIU UCXOTHBIX
IIyYKOB. B 3TOM ciiyuae MOKHO c03/71aTh KOHHYECKYIO BOJIHY
C TPENCNbHOW YHCIIOBOM amepTypod, YTO HEIOCTHKHUMO
TIPY MCIIOJTB30BAaHUN KOHMYECKUX aKCHKOHOB B CBSI3U C 3(-
(hexTOM TIOTHOTO BHYTpeHHero oTpaxenus [39]. Kpome To-
TO, ACTIONIF30BAHIE AU(PPAKIIMOHHBIX 3JIEMEHTOB TIO3BOJISIET
(dhopmupoBath nipousBoibHBIE myuku [10, 18, 38, 40], a He
TOJIBKO KOHHMYECKHE. BMecTo aHW30TPOITHOTO KpHCTaUIa
MOYKHO TaKKe HMCIONb30BaTh crommy CroneroBa [41], KoTO-
pasi, OIHAKO, UMEET JOBOJBHO HU3KYIO 3HEPIETUUCCKYIO
a¢dexTuBHOCTD. [103TOMY [UIST TOCTHXKEHUSI XOPOILIETO T10-
JISIPU3AIMOHHOTO KOHTPACTa JIydYIlle HPUMCHSATH MHOTO-
CIIOUHYIO CTPYKTYpY [42].

[IpakTUyecku Bce MEPCUUCIICHHBIC TOAXOIBI OCHOBA-
HBI Ha TPeoOpa3OBaHUK HCXOJHON KPYroBO#l MOJspu3a-
UM B OWIMHAPHUIECKYIO, YTO TIPUBOIUT K IOSIBICHUIO B
mydke BUxpeBoi (aswl [42, 43]. B manHOI paboTe 3TOT
s ekt paccmaTpuBaeTcs Il KOHUYECKHX BOJH B pPaMm-
Kax CTpOTrOd BEKTOPHOM TEOPUU.

1. Bexmopmnoe pewtenue cucmemsl ypagHenuil
Makceenna é yununopuueckoll cucmeme Koopounam
YpaBuenus MakcBeia UMEIOT BU/T
rot E(r) = ik uH(r),
rot H(r) = —ik eE(r),
divuH(r) =0,
diveE(r) =0,

ey

IIe T — BEKTOP MPOCTPAHCTBEHHBIX KOOPAHMHAT, €, L —
JIUDJICKTPUYECKass ¥ MarHUTHAas TMPOHHUIIAEMOCTH CPEJIbI
COOTBETCTBEHHO, ko= 0/c=2T/Ay — BOJIHOBON BEKTOP B
BaKyyMme, Ao — JUIMHA BOJIHBI B BakyyMme, k =k0\/ﬁ —
BOJIHOBO# BEKTOP B Cpejie.
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Oo1ee peleHue cucTeMbl ypaBHeHui Makcsea (1)
MO>KHO 3aIUCaTh KaK CYNeprO3UINIO YaCTHBIX PELICHUI:

E(r)=i) [a"M,, ) +b"N,, 1) ],

2
H(r) = (k/ik,) Y [ a"N,, (r) +b"M,, (r) |

B xauecTBe pemIeHUIl MOXHO B3STh CIEAYIOLINE
¢byukuum [44]:

M, () = (Vy,, (r))xe.

VxM,, (r 3
Nm (r) = —m()’
k

IJIe ¢ — IOCTOSIHHBIA BEKTOP, @ QYHKIHS Ym(r) yHOBIIE-
TBOpSIET ypaBHEHUIO | enbMronbIa:

V2l|!m (r)+ kz\um r)=0. (@)

PaccMOTpUM LMITMHAPUYECKYIO CUCTEMY KOOPJIUHAT.

VYpasuenue ['enbmronbua (4) B UMIUHAPUIECKON CH-
cTeMe KOOpAMHAT:

0 92
li{r \Ifm(r,(P,Z)]_l_ 1 \I/m(r,(p,z)+

2 2
r 8: or r FeL0] 5)
+M+kﬁum (r.9,z)=0.
0z
IIpencraBum perieHre B BUAE:
v, (r.¢,2) =

=Z,, (\Ikz —yzr)exp(im(p)exp(iyz), ©)

TOrAa ypaBHEHHE (5) MOKHO NIepenucaTh B BUJE

a aZ""“/ 2 2 2 2
rg[r—ar +((# =y ) =m* |z, =0. €
Korna k*—y*>0, peuenuem (7) GyayT HUIMHIPUYE-
ckue pynknuu beccenst.
Taroke ypaBHeHHE (5) MOXKHO MEpETHCATh B BUIS

p) aBmY
r—| r -
or or 8)

—[(YZ —kzjr2 +m2]B =0.

my

Korna y>—k*>>0, peuenrem OyyT Moau(UIUPOBaH-
Hble NWIMHApUYeckrne GyHkunun beccers.

B umnunapuueckoil cucrteMe KOOpPJAWHAT, CUYWTas
c=e;, BMecTO (3) noiay4um:

M, (r.¢.2)
M, (r.0.2)=| M, ,(r.9.2) |=
M, . (r.9.2)
10y, (.9,2)
" 3¢ )
1| oy, (re.z)
k| o |
0

Nmn‘(r’q)’z)
Nm(r’(p’z): Nm,q)(r’(p’z) =
Nm,z(r’(‘p’z)
i_Yan(r’(p’Z)
Koo (10)
_ 1| iyl (re2)
ky| kr foL0]
kz_yz
[ k j‘Vm(}l"(p’z)

2. Moobl memaniuueckozo 60,1H0600a

[Toste BHYTpH METAJUTMIECKOTO BOJIHOBOA PaIyCcOM
R npencraBuM Ha ocHOBe BbIpakeHu# (2) — (10):

E(r,¢,z)= iZ:[a”‘YMmY (r.o,z)+

my

+b"N,, (r.0.2) ],

k m
H(r,(p,z)zTZ[a N, (r.¢.2)+

0 my
+b"M,, (1.9, z)]

FpaHI/ILIHI)Ie yCIOBUs OJIA DJICKTPUYCCKUX Z- U -
KOMITIOHCHT UMCIOT BH/:

l'(amYMmyz (R,(P,Z)+
+b"N,,. (R.¢.2))=0,

Y

(12)
i(a"M,,, (R,¢.2)+

+meNmygo (R,(p’z)) :0.

ITocie mpeoOpazoBanus cucrteMa ypaBHeHuU (12)
proOpeTaeT BUI

7, (K =7, R) =0,
o1 (77,

or
[lepBoe ypaBHEHHE — 3TO YCIOBHE CYIIECTBOBAHHSA
nnst TM-mops1. Bropoe ypaBHeHHe — ycloBue CyIIecTBO-
Banusa TE-Monpl.
0O0603HaYNM

a:\/kz_Y;E s B:\/kz_’Y;M

1 BBIITAIIECM MOJIbI B IBHOM BUC:

27, (ar)
r
aoJ
Mmo( (r,(P,Z) :i _M X
k, or (13)
0

xexp(i(m(p+mz)),
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¥y 9, (Br)
k or
Nm[.’)(r’(‘p’z)=L I’Yﬂﬂ‘lm(ﬁr) X
kol k r (14)
2
B )

><exp(i(m(p+\/k2 —Bzz)).
PaccMOTpUM Terieph TONE TONBKO C MOTEPEUHBIMH
NEKTPUUECKUMH KOMIIOHEHTAMM:

V([),

)= T

o , (%’)

xexp( (m(p+1/k2 —Ocm],z))+

aJ, (Bmp r)
| e
bm[’ _ ar
+y el i x
" .

<o 7 5)

0
e % =0, J, (B, R)=

Paccmotpum Beipaskenue ans nond (15) npu z=0:

E, (r (P) =

=2 {[a"E ()

m,p

5)

(16)

+b"F™ (r )]x (17)

xexp (im9)},

im

=J
FTE ( ) L r ! (ampr)
" k() a‘l ( mp )

e or (18)

1 aJ, (Bmpr)
I

k() ‘
=1, (By)

C yuerom oproroHasibHOCTH (pyHKIHiH (18), K03)dhu-
LUEHTHI pasznoxenus B (17) Haxonsres o popmyiam:

I N
2y ()

mp

mp __

..- .”:F':f ( ):| 0 (r,(p) eXp(—im(p) rdrdo,

1 19)

=X
2’tIIFTM ||”2

mp

(r,@)exp(—ime) rdrde,
"=(F (n.F, ().

||F(r)||=f[F(r)}*F(r)rdr.

PaccuutaB xoddpdummentsr (19), moaydnm moye Ha
JIO0OM PacCTOSHUU:

E(p.8,z)=

-S{am,

nim

(p.6,2)+b""N (20)

w (P:6.2)}

E(p.0,z)

Z a mp _~ | _ X

m,p ap

Xexp( (me+\/ﬁz))+

a7, (B,,P)
ap

%JW (B,,p) x

1[32
(B..°)

e
Xexp( (me+,/ mpz))

3. Onucanue pacnpocmpanenus UmMnyibcoe

1)

3

m,p (

Bripaxxenue (21) onuceiBaeT KOMIUIEKCHYIO aMILIH-
TyIly JIEKTPUYECKOTO TONIA. DJIEKTPUIECKOE II0JIE BBI-
pakaercs:

E, (p.8,z,1)=

= % T {E(p. 6, z, ) exp(—icxn) + (22)

+E (p,8,2,0) exp(i(ot)}dco.

[Ipu 5TOM KOMIUJIEKCHAs aMIUTUTY/Ia TOJDKHA YIOBIIe-
TBOPSATH YCIOBHIO:
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E(p,0,z,-0)=E (p,0,z,). (23)

Tornma Bmecto (22) mocie anredpandeckux npeoodpa-
30BaHUI NOTYIHM:
E (p.6,2,) =

- 24
=ZR{I{E(p,G,Z,m)exp(—icot)}dco. 24)

DyHKIUA B KBAAPATHBIX CKOOKAX HA3bIBACTCS aHAIU-
THYECKAM CUTHAJIOM:
A% (p, 0, z,t) =
° ) (25)
= jE (p,6,z, ®)exp(—ior)dwm.
0

Jist pyHkimu (21) aHaUTHYECKUH curHai OyJeT Bbl-
TJSIIETD CIIEYIONIMM 00pa3oM:

V(p.8,z,1)=

= jz {a” (@M, (p.6,z,0)+ (26)

0 mp

+b™ ()N, (p.6,2,0)}exp(—ior) do.

3aBUCHUMOCTh KOA(PPHUITUEHTOB OT YaCTOTHI CBsI3aHa C
MIPOCTPAHCTBEHHBIM pacIpelesieHHeM, a YaCTOTHAs 3aBU-
CHMOCTh HMITYJIbCAa MOXKET OBITh y4YTE€HA B BHJE JOTIOI-
HUTENBEHON QyHKIUH Gpp(M):

V(p.8,z,1)=

- [36,, @{a" @M, (p.6,2,0)+ @7)

0 mp

+b" (O)N,,, (p.6, z,0)} exp(—ior) do.

3anmmem (27) B 6oJiee yao0HOU T aHAIM3a GpopMe:

V(p.6,z.t j ZGmp(co){ a™ @M, (p.6,0.0)exp(ik* ~ o} z)}exp(—icot)d(o+

0 m,p

(28)

+T >.G,, (m){b”"’ ()N, (p.6.0,0)exp (i k* =B, z)} exp(—it) do.

0 mp

O6ozuauum k,,, = NS o, » k5= = Jk? B,, » Torna

V(p.6,z.1 j > G, (@{a” (@M, (p.8.0.0)exp(ik,,, (0)z)}exp(—icr) do+

0 m,p

(29)

+T > G, (@) {p” (@N,, (p.6.0,0)exp(ik,, (@)z)} exp(-icxn) do.

0 mp

HDM6]ZHJ¥C€HM€ 2PYNNoBoLl CKOpocmu

PaccmoTpuM 10CTaTOYHO [JIMHHBIM KBa3MMOHOXPO-
MaTHYECKHIl UMITYJIbC C Hecylled uyacTtoTod k. Torma
MOYHO MPUOIMIKEHHO MOJIOKHUTE Grp(®) = G(0—y).

PaznoxuM ko) B psia Teitnopa B OKPECTHOCTH (y:

dk,,,, (@)

@)=k do

mp(x mp(x(('o())-‘r(m_mo)

o=,
- mp(x (0)0) + (('0 0)0 ) /vmp(x (('00 ) ’
riae v(w) =dk/dw — rpynmoBas CKOPOCTb.

AmnanmorudHo st knpp(®). IlomcTaBuMm momydeHHBIE
pasznoxenus B (29):

V(p.0,z,1)= Tc(m— ) {a”’”(w)Mm,, (p,6,0,) eXp[i (k,,,l,a(wo) +M] z]}exp(—iwt) do+

m,p

vmpot (('00

(30)

+JG(0) 030)2 {b’"” (w)N,, (p,6,0,®) exp[ [ b ((1)0)-4-@}2]} exp(—imt)do.

[Mocne nmpeoOpa3oBaHuii MOITyIuM

vmpB ((DO

T mp . . . Z
V(p.0,2,6)= [ > {a” (@M, (p,6,0,0) exp(ik,,, (@,)z —iwyt )} Glo— coo)exp{z {m— t} (0-a, )Jdm+

0 m.p

0 mp

(3D

+TZ {b’"” (@N,, (p.6,0,0)exp(ik,,; (0,)z— icoot)}G(m— coo)exp[{ﬁ—t} (-0, )]dco.
mpf3 0

[Tomaras, aro k03pduueHTs 1 QyHKIHKA c1ab0 MEHSIOTCS OT YacTOTHI MO cpaBHEHHIO ¢ G((-Wy), MOKHO TIPH-

OJIMKEHHO 3aIKcaTh:
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m,p

V(p.6.2.0)= ) {a'"p(coo)Mmp (p.6,0,m, )exp(ikmpa(coo)z—icoot)TG(co— coo)exp[{ﬁ_;}(w_ coo)]dco}+
0 vmpo( (0]

m,p

+y b'"p((oo)Nmp(p,e,O,coU)exp(ikmpﬁ((ﬂo)z—ico()t).[G(co—co[))exp i|———t|(0-a,) |do}.
0 vmpB(('O())

(32)

C Y4€TOM TOT'O, YTO G(Cl)) Yy3Kasd, pacliupsaeM MpeaAcibl UHTCTPUPOBAHUA 1O OCCKOHEUHBIX U nojxyvyacm

]';G((D—mo)exp{{ <
v

g 0

T |z B z
_J;G(ﬁ)exp({vg(mo) t}@]dg_F(%(%) t].

—oco

)—r}(w—wo)]dw{(m—mo):a]:

(33)

W3 (33) BunHO, uto GyHkums F(x) sBisercs npeodpazoBanneM Pypwe oT pyHkmn G(w). Torna

V(p.6.2.1)= )] {amp ()M, (p.6,0,®, ) exp (ikmpa (®)z— i(oot) F [ﬁ - z‘]} +
vmpot 0

m,p

m,p
Taxum 06pa30M, AHAIMTUYECKUN CUTHAI npeacraB-

JseT coboit MIPpOMOAYJINPOBAHHYIO CYHNECPIIO3UIIUTIO Habo-
Ppa BOJIH, paCIPOCTPAHAONIUXCS C pa3HbBIMH CKOPOCTAMMU.

4. Bexkmopnoe suxpegoe noe 6 601H0800€
IIycTh BXOIHOE BEKTOPHOE MOJIE 3aJ@aHO B JIEKapTO-
BBIX KOOPJMHATAX CIICAYIOIHM 00pa3oM:
E (r)

Erﬂo (r’ (p) = {E)(r)]exp(lmo(‘p) ’ (35)

rae mo — GUKCUPOBAHO.

3ameruM, uro TE- u TM-moawr (18) 3agaHbl B LH-
JHUHIPUIECKON CHCTEME KOOPAUHAT.

Ilepenuiem uX B ICKAPTOBBIX KOOPAMHATAX:

ELT (r) =0
0

. oJ
2y (Ocmpr)cosq>+MSin¢
x| " r ’
. oJ
ﬂ]m(ampr)sinq)—Mcosq)
: 1 ; (36)
F,:;TM (}") =—X
0
Y .
] %cos(b—%]m (Ocmpr)sinq)
V) :
Msin¢+ﬁjm (ampr)cos(])
r r
Hpu m =0 nomy4unm:
1 (—sind\aJ, (o r
R () < _k_( C::¢¢j¥,
: 37)
4. TM 1 (cosd)d/, (OLOI,")
K, (r):k_o sin ¢ N

+y {bmﬂ (@)N,, (p.6,0,0,)exp(ik,;(®,)z —iw,) F(

(34)

4
vmpﬁ(mo)

OueBugno, TE-Moma cOOTBETCTBYET a3UMYTalbHOU
noJsisipu3auuu, a TM-moja — paguanbHO.

Hcnonb3ys COOTHOLIEHUE AJi MPOU3BOJHON, MOKHO
3aIucaTh:

—sing ),
F:fE(r){ ¢]%Jl(aopr),
0

4’ cos{) o,

(38)

T.e. B LIEHTpaNbHOM TOYKE MOJIBI MMEIOT HYJEBYIO
UHTEHCUBHOCTb.

Janee st ynoOcTBa BBIYMCICHUH IpeoOpasyeMm Ioiie
(35) B nexkapTOBBI KOOPJAMHATHI U y4TeM KOI((GHULNECHTHI
nponyckanust Openent tre, try:

E(r)) [t,, O O

E(P(r) =0 t, 0 |X
E (r 0 0 ¢
) . -
cos¢ sing O|(E (r)
x| —sin@ cos@ O E (r)|.
0 0 LI\ E (r)

Takum o6pa3om, nose (35) npuUMeT CIeAYIOIINUN BUL:

E,(r)
Emo (r’(p) = [E (r)
0]

Lo [Ex (r)cos @+ E (r)sin (p]
= X (40)
tr[~E,(r)sin@+E, (r)cos @ |

Jesp(on)-

xexp (im,®).

Paznoxum nosne (40) no BekropHbiM Moaam (18). Uc-
moJib3ys BbIpakeHUs (19), BwimumeM KodGhGHUIIMEHTHI
Pa3JIOKECHHUSI:
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2n R .
Ijan TM E (r)cosQ+E, (r)sm(p)exp(l(mo—n)(p)rdrd(p—
00
41
1 #%aJ, ((xnpr “h)
jj > t; (E,(r)cos@—E (r)sing)exp(i(m, —n)@) rdrde,
00
1 27 R aJ
b =— E (r)cosQ+E (r)sm(p)exp(z(m —n)Q)rdrde—
275 J‘J TM 0
27 R 0 (42)
1 J‘J. p Jn TE E J(r)cosp—E (r)s1n(p)exp(z(m0—n)(p)rdrd(p
00
Bo3bmem unTerpan no yriy:
2n — (xr E ryrdr,
= [C?S(pjexp(i(m—n)m)dw Freon I o
27 5 (sin@ @) 537 (ar) (44)
C1( 8(m-n+1)+8(m-n-1) Ty ( )=I"a—rEx,y(r>rdr.
2 —id(m—n+1)+id(m-n-1) ' 0
Torna ko3 durueHTsI
O003HaUNM
o L
ap:%{s(m n+1)|: ml( ) lT;wl( ):|+8(m n-— 1)|: ml( )+l]11)1( p):l}_
(45)
t .
_%{Ei(m—n+l)[Tny2 (Ocp)+le (Ocp)]+5(m—n—1)[ M( )—lT ( )J},
t .
b”p =T_;I{6(m n+1)|: nx2 (6)_l711y2 (B):|+6(m_n_l)|:71nﬂ (B)+lT;w2 (B):|}+
(46)
t .
+%{6(m_n+1)|:7;lvl ( +lTnxl (B):|+6(m n-— 1 I: nvl lTnxl (B)]}
IIpu xpyroBoil mnonspusanuu BxoaHoe moiae (35) T (a)=iT, (a)
MOJKHO 3aITUCATh CICAYIOIIUM 00pa3oM: ml el ’ (50)
. 1 ‘ Tnyz( ) lez( )
E”’v (r.9) =(i]E(r) exp (im,©) 47) Hcnonb3ys cesa3b (50), momydaem, 9To
Torma mone (47) B UMIMHAPUYECKUX KOOpAUHATAX a” =5(mo—n+ 1)><
HpHMeT i {lt 7-;112( np)_tTMn.H ((x’np )}’
(51)

E(‘l}(‘ (r (p) [ ™ [COS(p+iSin (p]jx

" t [icos @ —sin @]

XE(r)exp (im,@) = (48)
t
= (;M ]E(r) exp(i(m, +1)@).

B atom ciyuae wHTErpansl (44) MOXKHO MEPENACATh:

= C]j‘%nln (or)E(r)rdr,
Tnz(a){?zgj;j:

ny

[1) koJ, (ar)
=| . J-—E(r)rdr.
i or

0

(49)

U3 (49) cnenyer:

b =§(
{tTM 1., (B ) ity T (Bnp )}

Takum o0Opa3oMm, KOdGGUITUEHTHI HE PaBHBI HYJIIO
TOJBKO TIpH 1 = (mo+1). Eciu mossipusanus OyaeT mpo-
THBOIIOJIO)KHOTO HATpPaBIeHHsS, TO OCTAaHYTCA Kod(hdu-
UUEHTHI ipu 1 = (mo—1).

IMoncraBum ko3¢ ¢uumentsr (51) B cyneprno3unuio
(17). YunreiBasg nenbra-QyHKIUH, B CyMME OCTAalOTCS
TOJILKO ciiaraemblie ¢ n = (mo+1):

m, —n+1)><
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w]%m (ocpp)
p
a‘] my+ « p
rﬂo p79 Z Z{ltTEzw(Wo-#l)Xz( ) tTME”10+1)X1 (ap )} _%
. p
0
Yo (BP)
ap
j 1
+Z{trMT(mo+l>x2 (Bp ) =it T sy (Bp )} l(m(;: ) I gy (Bpp)
P
iB;
—W‘](%H) (Bpp)

5. Ilone, hopmupyemoe akcukonom, npu Kpy2060ii
RONAPU3AYUUYL 0CBEULAIOULE20 NYUKA

[Tycte BxomHoe mnoine B (47) mpexacrasisieT co0oit
CXOAAILIYIOCS KOHUYECKYIO BOJIHY:

exp( ((m0+1)9+\/mz))+

(52)

exp( ((m0+1)9+ﬂ ))

PaccMoTpuM ciydaii, korga pa3mep BOJIHOBOJA 3Ha-
YUTEILHO OOJbIlEe JIMHBI BOJIHEL. Torma B (52) BMecCTO
CyMM OYZyT WHTETpaibl B OECKOHEUHBIX Ipeaeiax W ¢

y4aeToM O, =, =ky, a Tarke Tni(o) =d(a—ky)/ (ky), mo-

JTY9UM:
E(r) =exp(—ikyr). (53)
i(m, +1)
O—J(mOJrl) (k’Yp)
_ (itTE _tTM) a‘I(moJrl) (k'Yp) . 5 2
E, (p.6,2)= e - % exp(l((mﬁl)eh/k —(ky) z))+
0
(54)
a‘](n10+1) (k’Yp)
ap
t it i(m, +1)
(f1 o ) 0 J 1 (kvp) exp( ((mo +1)0+4/k* — (kY)ZZ)j'
ity (ky)’
_%J%H)(kﬂ))
(%" = (kv)*)
TIpu mo =0 BMecTO (54) moyanm:
(it —try)
Enlgzo(p’e’z)=mk—'YTMX
iJ, (kyp) aJ, (kvp)
0
E)J‘zk ) (ty —it)| @ (zf ) (>3)
\KTP Iy — Uy i, (kYp
—_— 0+ky1- 0+ k+/1—
ap eXp( ( v Z)) k'Y p eXp( ( v Z))
0 ity ky
~E g (keyp)
J1-v

[Ipu npoxoxkaeHnu moJisi yepe3 MHTep(epeHINOHHbI MHOTOCIIONHBIH nonsipusarop [42], Beinenstonmii TE- wnn
TM-BoiHY, B c(hOPMHPOBAHHOM T10JIE OCTAHETCS BEPXHEE WIIM HHIKHEE ClIaraéMoe COOTBETCTBEHHO.
B uactHOCTH, B IeKapTOBBIX KOOPAUHATAX:
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iJ, (k aJ, (k
P 9p
ity — 1 iJ, (k aJ, (k
EZ’ﬁ(p,G,z):OT m) | i Yp)sinG——l( Yp)cose exp(i(9+k 1—721)),
' ky P p
0
. (56)
—ajl (k1p) cos O ——IJI (k1p) sin@
9p
ty —ity)| 04, (kW) . i, (kp)
BT (p,0,2) =L —e)| 0+ 0 lexp(i(0+ky1-7z)}.
mofo(P z) iy o sin 0 cos 0 |exp z( Y z)
ity kY
—%Jl(kvp)
-
C y4eToM COOTHOLICHHUS ISl IPOU3BOAHOM:
d/,(ap) o
T=E[1n_1(ap)—1n+1(ap)] (57)
BbIpakeHus (56) NpUMYT CIEAYIOUINNA BUA:
i, (kvp) k .
1T00s9+7y[10(k7p)—12(kyp)]sme
ity =1 iJ, (k
E;;T;i,(p,e,z)=(l TEkyTM) : ‘(pyp)sine—%[Jo(kyp)—Jz (kyp)Jcos @ exp(i(6+k l—yzz)),
0
i, (k %)
%[Jo(kyp)—Jz(kyp)]cose—%sinﬂ
t,, —it iJ, (k
EZOT:AZI) (P,G,Z)=(Tk—YlTE) %[]Q (kyp)-J, (kyp)}sin9+l l(pyp)cosﬂ exp(i(9+k\/1—yzz)).
ity kY
_L’Yzjl(k'yp)
Ji-y
ITpu GompLIMX 3HAYCHHUSX paanyca P cHOPMHUPOBAHHBIE OIS OYAYT UMETh OXKUAAEMYIO ITOJISPU3ALIHIO:
('t p _[Jo(k’yp)_‘lz(k’yp):lsme
it —
B} (p.6,2) === [J, (k1p) = /3 (k1p) Jeos exp(i[0+ky1-72)).
0
(59)

I:Jo (k'Yp)_ ‘Iz (k'yp):lcose
[]0 (kyp)—J, (kyp)]sine exp(i(6+k 1—Yzz)).

2it,., Y
™
——===J, (k)
Ji-y
Te.B IMEpBOM Cirydac 6y,ueT BUXPCBas asuMyTaJlbHas NOJApU3alisa, a BO BTOPOM — BUXPEBas paarajibHas MoJigpru3anus.
C Y4€TOM aCUMIITOTUYCCKOI'O MOBEACHUSA (byHKIII/Iﬁ Beccens:

2 VL T
JV(.X)— ECOS(X_T_ZJ (60)

moJist (59) OyAyT BBITIIAAETh KaK KOHIICHTPHYCCKHUE KOJIbIIa C KOCHHYCHOM MM CHHYCHOW YTJIOBOY 3aBHCHMOCTBIO B 3a-
BHUCHUMOCTH OT KOMIIOHEHTEI:

E&™ (P ) Z) _ (tT _itTE)
my=0 Vs -
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—cos[ky —gjsine
2
E (p,0,2) = |——
mo—()(p Z) T[k'yp
0
cos(kyp—gjcosﬂ
. T .
E&Tﬂf) (p.6,z) = Ek_’Yp(tTM_ltTE) cos[k'y —stmﬂ
NIEL'E

3aMeTHM, OIHAKO, YTO B IEHTPAIBHON Touke 1o (58),
B omiane ot Mo (36)—(38), OyzmeT HeHyeBass MHTCHCHB-
HOCTB C KPYT'OBOM MOJISIpU3aLIneii:

E. 5 (p=08,2)=

1
= (ity, —t,,, )iexp(—iB)| i exp(ik I—YZZ),

0
d, TM (62)

E™ (p=~0.6.2)=

1
=(t,,, —ity; )exp(=i0)| i exp(ik 1—Yzz).

0

Takum o6pa3zoM, 4T0OBI CHOPMHUPOBATH MYUYOK C LIU-
JMHAPUYECKOH TOJIsipU3alei, UCXOAHBIH MY4YOK C Kpy-
TOBOH MOJSpU3AIMEH JTOKEH UMETh KOMIICHCUPYIOIIYIO
BUXPEBYI0 (ha30BYyI0 OCOOEHHOCTH TIEPBOTO IOPSAKA.
[Ipryem HanpaBieHWE BpAIIEHHS ONTHYECKOTO BHXPS
JOJDKHO OBITH NMPOTHBOIIONIOKHBIM HAINPABICHUIO Bpallle-
HUA noJsipu3anui. Takod moaxon OblI UCIIOIBb30BaH MPH
(hopMHPOBaHMH LMIMHIPUYECKUX ITYYKOB C IOMOLIBIO
AQHM30TPOMHBIX KpUcTaIoB [38, 45].

6. Qucnennoe modenuposanue

B nanHoM naparpade nmpHBeIeHbI Pe3yibTaThl YUCIICH-
HOTO MOJICTMPOBaHHsT (POPMHUPOBAHHUSI KOHHYECKOH BOJIHBI C
TIOMOIIBIO  OMHAPHOTO JU(PAKIIMOHHOTO aKCWKOHA. Pac-
CMOTpEH Ciydail BOJIHOBOJA OOJIBIIOTO paJuyca B COOTBET-
crBui ¢ naparpadamu 4 u 5. HucioBas aneprypa akKCUKOHa,
NPECTABIISIONIEr0 cO00H KOJIBLIEBYIO PELIETKY, ONpeses-
ercs 110 cieaytowen Gopmyie:

NA=MNd, (63)

rae A — JJHMHA BOJIHBI OCBEIIAIOIIET0 aKCUKOH U3Jyde-
HUS, d — TIEPUOJ| KOJIEI] AKCHKOHA.

Hcnonb3ys 4uciioByro aneptypy (63), MOXHO ompe-
JCUTh YrOJ CXOIMMOCTH KOHHYCCKOTO BOJIHOBOTO
¢ponra:

a=arcsin(A/d) . (64)

B uvacTHOCTH, IIpH OCBEIICHUH TUPPAKIUMOHHOTO aK-
CUKOHA C MEPHOJ0M KOJICIl 2 MKM JIa3CPHBIM U3IYYCHUEM
¢ mmHON BonHBI 0,633 MKM (TenHii-HEOHOBBIN Ja3ep)

(it =ty ) cos[kyp—gjcose exp(i(e+k l—yzz)),

(61)

exp(i(6+k 1—721)).

MOJIYIMM KOHWYECKUH BOJHOBOW (PPOHT, CXOISAIIHIACS
mnox yriaom o= 18,45°.

B nydeBom mpuOmimkeHuH (eciy HE yYUTHIBATH TH-
(dpakiuio) Bce Iydn OYAyT pacTpoCTPaHATHCS O dTUM
YIJIOM K omnTHdeckoil ocu. ITpu sToM dopmupyercs my-
qok beccens HyneBoro mopsnka. JudpakunoHHsie sSBie-
HUSI MOXKHO YYECTb, €CJIM YUCICHHO PACCUUTAThH YIIJIOBOM
CICKTP M3IYYCHUS, TPOIICAIICTO Yepe3 qu(paKIHOHHbIN
aKCUKOH. B mpencraBieHHOW paboOTe Takoe YUCICHHOE
MOJETUPOBAHUE BBHINOJHSIIOCH C MOMOIIBIO METOJa pas-
JIOXKCHUS 10 TUIOCKMM BOJHAM [46] ¢ HCIIONb30BaHHEM
OBICTPOrO alrOpUTMa pacyera JJisi OCECUMMETPHYHBIX
ITyYKOB C BUXPEBOH (a30BOi 3aBUCUMOCTHIO [47].

Pesynpratel MonenupoBaHus (GOPMHUPOBAHHS ITydKa
Beccenst HyneBoro mopsaka ¢ KpyroBoil Moisipu3anuei
moka3ansl Ha puc. 1. Kak BumHO, X- M y-KOMIIOHEHTHI BHI-
TISIAT Kak OOBIYHBIN Iy9oKk beccens mHymeBoro mopsxka,
a z-KOMIOHEHTa (ee BKJIaJ] B OOIIyl0 HHTEHCHBHOCTh HE-
BEJIMK) MPEJCTaBIAET CO0OM Mmyyok beccens mepBoro mo-
psaka.

. . [+ ] .
a) 0) 6) 2)
360 / \
270 / \
180 /
I
90 R
AR
X, MKM
0 A
0) -4 -2 0 2 4

Puc. 1. Pe3ynomamul MoOenuposanus (popmuposarus nyuxa
beccens nynesoeo nopsaoka ¢ Kpyeosoil noaspuzayuetl,
NOKA3AHA UHMEHCUBHOCb YEHMPATbHOU YaACmMU KOMNOHEHM
NEKMPUYECKO20 NOJA: X-KOMNoHenma (a), y-komnounenma (6),
Z-KoMnounenma (8), a maxaice noiHAsL UHMEHCUBHOCMb (2)

u coomeemcmeyiowue ceuenus (0) (X-KoMnoHeHma — mo4eyHas
JUHUA, Y-KOMNOHEHMA — NYHKMUPHAS JTUHUS, Z-KOMNOHEHma —
WIMPUXHYHKIMUPHASL TUHUSL, NOJIHAS. UHINEHCUBHOCTID —

CNAIOWIHASL TUHUS)
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Ha puc. 2 u 3 mpeacTaBiaeHsl pe3yabTaThl MOJAETUPO-
BaHMA IJIsl BUXpeBoro myuka beccens ¢ panuaibHOU u
a3UMYTAJIBHOM MOJIsIpU3alneit cooTBeTcTBeHHO. KapTrHbI
MIOTIEPEYHBIX KOMIIOHEHT UMEIOT 0KHIAEMYI0 CHHYCHYIO
WIA KOCHHYCHYIO 3aBHCHMOCTB. JTOT Pe3yJbTaT Haxo-
IUTCS B TIOJTHOM COOTBETCTBHH C TEOPETHYECKUMH pe-
3yNbTaTaMH, MOJYYCHHBIMHA B TpEABIAYINEM maparpade
TIPH TIPOXOXKICHIH HHTEP(HEPEHIIMOHHOTO MHOTOCIIOWHO-
ro MOJIIPU3aTOpa B COOTBETCTBUU C BhIpaskeHUeEM (61).

Boigenenue OTAENBHBIX X- U y-KOMIOHEHT MOKHO
BBINIOJIHUTH € MOMOILBIO JTUHEHHOTO MOJSIPU3ALIMOHHOTO
aHanuzaTopa.

) - o .
a) 0) 8) 2)
160
120
80
40 EZ ‘-_"_/:
NSEVLVAVE. NG VAV
0) -4 -2 0 2 X, MKM

Puc. 2. Pezynbmamul mMoOdeauposanus popmuposaniis
suxpesoeco nyuxka beccens ¢ paduanvholl nonspuzayuerl
(ananocuuno puc. 1)

- ) .
a) 0) 8)
200
150
100
N
ALY
0 \/‘\/\/ .~"‘\/ 1"". \/\J"\J
2) -4 -2 0 2 X, MKM

Puc. 3. Pezynomamor mooenuposanus ¢popmuposanus
suxpesoeo nyuxa beccens ¢ azumymanvnoil nonapusayuet,
NOKa3aHa UHMEeHCUBHOCHb YEeHMPATbHOU YACmU KOMNOHEeHm
INEKMPULECKO20 NOJA: X-KOMNOHeHmda (a), y-Komnonenma (6),
a maka#ce noJHAas UHMEeHCUBHOCHb (6) u coomsemcmeyroujue
CeYyeHuUs (2) (X-KOM}’[OH@HW!LI — moy4e4Hds TUHUs, y-KOMNOHeHma —
NYHKMUpHAs TUHUA, NOJIHASL UHMEHCUBHOCHTb — CHIIOWHAS meuﬂ)

IIpogonbHas KOMIIOHEHTA MPUCYTCTBYET TOJBKO IS
paguanbHOM MONSpU3alMK. TaKke XOpOIIO BUIHO MpPH-
CYTCTBHE HEHYJIEBO HHTEHCUBHOCTH B LIEHTPE MYyuKa,
KOTOpOE 00CyK/1aJI0Ch BBILLE.

Takum 00pa3zom, pe3yinbTaThl MOJICIUPOBAHHS LIS
OMHAPHOTO aKCHMKOHA, OCHOBAHHBIC Ha PA3JI0KCHUU IIO
IJIOCKUM BOJIHAM, IOKa3aJid KAYECTBEHHOE COTJIACOBAHHE
C TEOPETUYECKUMU BBIKJIAJIKAMH, OCHOBAHHBIMHU Ha pa3-
JIO)KEHUU CXOJIAIIEHCS KOHUYECKON BOJIHBI MO BEKTOP-
HBIM Mogam beccens.

3aknouenue

B nmanHo#i paboTe pacmpocTpaHeHHE MPOU3BOILHOTO
0JIs1 TIPEJCTABJICHO HA OCHOBE Pa3JOXEHHs MO BEKTOP-
HbIM LWJIMHAPUYECKHUM MoaaMm. IIpu s3ToM Takke ydTeH
BO3MOXHBIA MMITYJIbCHBIA XapakTep u3iaydeHus. I[loimy-
4eHbl 00Imue GOpMYIbI UL Pa3I0KEHUS MO C KPYro-
BO#l mossipu3anueii, GopMHUPYEMOro 0CEeCUMMETPHYHBIM
9JIEMEHTOM TIPU HAJUYUU BUXPEBON (ha30BON CHUHTYIISP-
HOCTH. JI)IsI KOHMYECKO# BOJIHBI TIOKa3aHO mpeobdpa3oBa-
HHE KPYTOBOH MOJSIPU3AIHM B BHUXPEBYIO LMIMHAPUYIC-
CKYIO TIPH TIPOXOKICHHUH TIOJIS Yepe3 MOJIIPU3alHOHHYIO
IUTaCTHHY. Pe3ynbTaTel MOJEIMPOBaHMSA, OCHOBAHHBIC Ha
Pa3I0KEeHUH TI0 TUIOCKUM BOJIHAM, MOKA3aJll Ka4eCTBEH-
HOE COTJIACOBAHHUE C TCOPETUUCCKUMH BBIKIAJKAMHU.

Ilpunosicenue A

Joxaxem optoroHamsHOCTh (yHKImHA (18) mo mac-
mMTaOHOMY MHOKHUTEITIO:

T ()] B (1) =

o) || (2, (o)

Il
St—X

aJ , (Otpr)

or or

(ﬂjz I, (o,r)J, (o,r)+

(AL)

r

Il
St—X
1T

aJ, ((xpr) aJ, ((xqr)
* or or

rdr.

VYpaBuenue beccens umeer Bujg
2*J (o oJ (a
r2 m(z r) +r m( r) +
or or
+(0L2r2 —mszm (ar)=0

(A2)

In 0%
%7
) 100, ()
or’ r  or

2

+ o’ —m—2 J,, (ar)=0.
r

(A3)

W3 ypaHenwmst (A3) cinenyerT:

2
m

—J (ar)=
", (ar)

2
_9J, (our) A aJ,, (o) .
or’ r or

Torpa moxsiHTerpanbHoe BeipaxeHue B (Al) c yue-
TOM (A4) MOXHO TIEpeTrCaTh:

(A4)

Ochm ((xr).
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(ﬂjz ajm(ocpr) 8Jm(ocqr)

Jm((xpr)lm((xqr)+ =

r or or
9°J, (Ocpr) 19J, (Ocpr) aJ, ((xpr) aJ, (Ocqr)

= 5 +; o +ocme( ) Jm(ocqr)+ o P (AS)
b alm((x r) 1aJnl((x r)

=3 —arp Jm(ocqr) +7—arp J, (oc r)+0cplm( )Jm(ocqr).

B pesynbrare B (Al) nonyuaercs:
R

I[F;f (r)TF;f (r)rdr=

0

0. o
Rl 9 (dJ, (OL r) 7 ((xqr) N J ((xpr)x

or
)

Ocqr)]dr.

B (A6) mHTETpan OT MOCJEIHEr0 CIaraeMoro paBeH
HYJIIO TI0 CBOWCTBY OPTOTOHAJIBHOCTH (QYyHKIHMH beccerns
U C y4eToM rpaHu4HbIX ycijoBui. IlepBeiii mHTErpan B
(A6) MOXKHO B3STh II0 YaCTSIM:

R 9 aJW(OcPr)
fra el
0

(A6)

xJ, (ar)+a’rd, (o

> 5 Jm((xqr) dr =

R
e)

_ rMJm(a Nl -

AT
5 q (A7)

0

RE)J

—J- ((xqr)dr.

Hocne nojctaHoBku (A7) B (A6) monyuum

T[sz(r)TF:f(r)rdr:

0 (A8)

oJ (o R
= R%JW (or,R)=0.
r
IMocnenHnee paBHO HYJIO B COOTBETCTBHH C TpaHHY-
HBIMH yCJIOBUsIMU (16).
Takum o6pa3oM, u3 Beipaxenus (A8) ciemyer, 9To
OasucHble (PYHKIMH OJHOW TOJISPHU3AIIUN, HO OTBEUYAlO-

e pasaniHbIM Macirrabam Q) 1 Oy, OPTOTOHAJIbHBI.

Tenepb AOKaKeM OPTOrOHANBHOCThH JUISL Pa3IUYHBIX
nonﬂpmaunl‘/’['

j [ (r) | B (r)rdr =

+

_,_l aJ, ((xpr) y

_ _im[Jm ((xpr)Jm (quﬂ‘: =

=—im| J, (o,R)J,, (B,R)]=
[TocnenHee paBHO HYJIO B COOTBETCTBHM C I'pPaHUY-
HBbIMH ycJoBUsIMU (16).
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CONVERSION OF A CONICAL WAVE WITH CIRCULAR POLARIZATION
INTO A VORTEX CYLINDRICALLY POLARIZED BEAM IN A METAL WAVEGUIDE
S.I. Kharitonov?, S.N. Khonina'?
! Image Processing Systems Institute of RAS — Branch of the FSRC “Crystallography and Photonics” RAS, Samara, Russia,
2 Samara National Research University, Samara, Russia

Abstract

In this paper, we have developed a mathematical base for describing the propagation of waves
in a metal waveguide in a cylindrical coordinate system. The transformation of a conical wave
with circular polarization into a cylindrically polarized vortex beam is shown on the basis of the
expansion of the field in vector cylindrical modes. The results of modeling, based on the expan-
sion in plane waves, qualitatively agree with theoretical calculations.
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