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Eigenwaves and energy processes in ring dielectric waveguide based on rigorous solution of propagation
problem have been studied. Diffraction spectrum of radiated waves, energy fluxes and transparency of periodic
border for TE-, TM-, and hybrid waves have been found.

Resonance conditions of transformation of guide wave into volume waves of free space have been determined.
The effectivity of the transformation depends on polarization and is greater for TMo,-waves. It is shown that
propagation of space harmonic and corresponding energy flux do not coincide. That leads to longitudinal shift of
local reflective point (Goos-Hénchen’s shift) of plane wave corresponding to space harmonic. Its analytical esti-
mation has been given and effective radius taking into account field leakage outside waveguide borders has been

presented.

Space distribution of energy flows under various
regimes of propagation of electromagnetic waves of
arbitrary types in circular metal-dielectric ring
waveguide has been studied. Rigorous conditions of
effective transformation of slow waves of dielectric
channel into body waves have been found. Estimation
of Goos-Hénchen’s displacement for waveguide with
impedance (ring) surface is given.

Circle dielectrical waveguide is investigated of ra-

dius R and permittivity €, with periodic grating of
infinite thin and perfectly conducting rings with a
period / and a gap d on its surface. External medium
has permittivity €,(g, <¢g,) (Fig. 1). The waves of

this structure for arbitrary azimuthal distribution of
electromagnetic field can be described by longitudinal

components of electric [1¢ and magnetic TI”™ po-
tentials:

il = (4, : _
= 5 (¥ Zu(tar)expliCh,z = o)),

H mg
2 m=-m mj

M

where Z (x) is cylindrical function equal to
L (yinr) in internal range of waveguide (j=1) and
H,(,l)(y?nr) in external space; h, =h, +2nm/l,

phase constant of m-th diffraction harmonic:

j 2 77
'Y{n = k sj —hm 7
B=v/c=klhy, - the slowdown coefficient of
waveguide.

radial constant and
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The propagation constant /1, and the relationship

between coefficients A, and B, are determined

from the solution of propagation problem by Rie-
man-Gilbert’s method. The solution is represented in
the form of the system of the connected uniform alge-
braic equations of Fredholm’s type. Equating to zero
the system’s determinant, the slowdown coefficient 3
of arbitrary types of waves is calculated through func-

tions W,? (cos(nd /1)) [1].

Fig. 1. Structure of study

Here we will study regimes of slow waves in dielec-
tric ring waveguide (1/\/_8_,_ <B<l) for dfl=0.5
in resonance range. According to the ray analogy [2],

the direction of propagation of diffrection harmonics
will be determined through the angles:

ol = arcsin[(l/ \/g )(1/ B +m/ K)], 2
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which are measured from the normal; index j=1 cor-
responds to reflected field and j=0 — to transmission
field. These angles define the conditions

K/ K+/€y —m <P of transformation of slow wave

in dielectric waveguide into cylindrical wave of free
space.

The diffractional spectrum of quasi open
waveguide has some characteristic properties. The
first, by virtue of the specification of functions

W,:(0) the total field includes only space harmonics
with numbers m=0, m=2k and m =-2k+1. The
second, in view of (2) the maximal absolute values of

indexes of positive M, , and negative M_, .

7
harmonics corresponding to angles ai{* —+7/2

(the creeping regime) are determined by inequalities

0sM;,, ;< K[,/S y ¥l B] Hence, the diffraction

spectrum consists predominantly of negative space
harmonics, and if €, =1, any positive harmonic will

not propagate in free space. When m =mg = —K/ B

the effect of space resonance takes place [3],

a?ns =°"lms =0, and harmonics with numbers

(mg —k) are mutually reciprocally compensated.

The waveguide radiates for 7g-th harmonic in the
plane, which is perpendicular to axis, practically,
without losses to reflection into interior range.
Transformation effectiveness of slow wave into
body wave is determined by the comparative distribu-

tion of density of the energy flux S =|E,H | in a
periodic border’s vicinity. Calculation of Umov-
Poynting’s vector based on rigorous theory is concerned
with great expenditure of computer time [1]. In order to
get its high-quality estimation we will use the ray anal-
ogy [1] and method of “effective waveguide’s radius”
with correction obtained from rigorous theory.

H,,-

(§=¢8, +¢.S,) concentration of field energy of

For symmetrical and E,,- waves

fundamental slow wave in the vicinity of R(O") de-
pends on the transparency of periodic border

p,~1/|AS;

ule of radial component of vector S is proportional to

(v = el,mg), where the change of mod-

the jump of longitudinal component H . (H, - waves,
v=mg) or azimuthal component H, (E,,- wave,

v=el) at the boundary » = R. Taking into account

that for m =0 Re(y},)=0 and Im(y:,)> 0 the rig-
orous solution turns to the following expressions:

gt oleR) R R

~2(1_“')’

o
VlaiR) vk (13|R)
o
kvl R k(¥R 1

J o(Y})R) : "Yg‘&(\yglR) € +& :

where @, is the amplitude coefficient of zero spectral

component proportional to ratio ([3/ K)z, and does not
dependent on wave’s type; ¥, and L are small parame-
ters in the Rieman-Gillbert’s problem [1]. From (3) it
follows that when d =0.5/ and €, > €&, =1 the bor-

der’s transparency for E, p-waves is greater than for
H,,

polarization ramains for quick waves (B>1) too

-waves, and the character of dependence of p, on

(Fig. 2). For azimuth-inhomogeneous hybrid HE,, -
and EH qp = Waves it is very difficult to state relation-

ship between p,, and p,, (Fig. 3). However, analysis

of numerical experiment shows that the primary type of
polarization is a decisive factor.

Fig. 2. Module of radiate flux of energy at plane T —Q
(viewing angle: —45°, —45°, 60°; g =2.08; g, =1;
I/ R =0.1401) for :

a) H, -wave: kR =1.5m; 1/=1.187; «=10.1051;

b) E, -wave: kR=1.7m; 1/B = 0.523; x =0.1191
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Fig. 3. Module of radiate flux of energy at plane I — @
(viewing angle: —45°, —45°, 60°; g =2.08; g, =1,
1/R=0.1401) for

a) HE|, -wave: kR =0.97; 1/B =1.277; k =0.083;

b) EH y -wave: kR =1.4m; 1/B=0.785; « =0.0981

Proceeding from the strict estimation of the radial
component jump S, at B <1 it is easy to obtain that

the reflection angle of m-th diffraction harmonic a,'n
from surface 7 = R and the direction of energy flux of

m-th spectral field component ©), do not coincide and
are relacted by equation:

tg6;, = Mtg a.: )
7,(/LR)

Such distinction can be explained by assuming that the
reflected wave gets additional phased  shift
@, (h,)=/k.fe, sin®' . With the limit linear de-
pendence @, (4, ) the m-th spectral component of
reflected field may be represented in a form:

IT;, = Cf(r)explih, (z + Az,,)], 3)

m

where Az, =0®,, /0h,, is considered as longitudinal

shift of the reflection point of plane wave. This shift is
known in literature as Goos-Hénchen displacement [4]
and reflects the real leakage of slow wave field into ex-
ternal optically less dense medium. In case studied with
account (4) we get:

Az, =, ke ) 0-1, RV ke ®

From (1) it follows that at 7 > R the fields of slow dif-
fraction harmonics in the waveguide under investigation

attenuate exponentially with the growth of 7 and, there-
fore, it is practically located in the range of Ref(m)

(Fig. 1). R,,(m) can be expressed through the longi-

tudinal shift Az,, and diffraction angle ct. :

Ref(m)=R[l+Azm ctgoc'ml/2R]. @)

Thus, using value of 3, obtained from rigorous solution

[2] for m-th space harmonic, the original structure may
be replaced by regular circle waveguide of radius

R, (m) with € =g, . It permits to get simple analytical

expressions for p, :

R, lJ, (1o, R/R, )’

p”l T ¢
f kBZP'Op JO(,J'OPR" R"f) ®)

_ ¥R, )J I(VOFR/Ref )l

Pu = € :

kBZVOp JO(VﬂpRs"v/Ref )l

where R, =R, (0), v,, and p,, are p-th roots of
Jo(z) and J,(z), respectively.

The expressions (8) indicate to resonance character
of dependence p,(P). As ratio Hop / Vo, is greater
than 1 and diminishes with the growth of radial index,

and R, >R (7), then at certain set of parameters a
situation (P'mR/ Reff ~ Von) may arise when border’s

transparency for H ; -wave begins to increase abruptly.

0p
This leads the electric field strength increase on rings
and hence to resonance radiation of body waves into free

space. For E, -wave such effect is impossible in princi-
pal, but for E, -wave (p 22) the growth of p, can
be achieved if R/R, ~ Vv, ,1/V,,- It should point

out the presence of conditions for resonance reflection of
higher waves (p=2) of both polarizations when

P, = 0, and the efficiency of excitation of the diffrac-
tion spectrum suddenly decreases.
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The phenomena of space resonance may be described
within the bounds of the offered approach. Really, for

O‘in, =0 R,/ (m,)—> o0 and border’s transparency

for the resonance 772, -th harmonic is estimated as:

2
A
Pmg = 7C!J-—o,,0!!..1,1301{!/ (m,)J, [FLO;JR/R'-’f(mJ )]=

_mR
s
&m

o lim R (m, ) [vo, R/ R, (m, )] =
0p ™

®

T

= gmR
o

As follows from (8), (9), periodic border is polariza-
tionally sensitive because P, / Pomg ~ €~ Therefore, the

efficiency of space harmonics excitation and, hence, the
transformation of slow waves into body waves is higher

for Eo » “Waves. Note, that the higher is the permittivity

g, of the dielectric channel the greater this pecularity
displays.

Thus, the qualitative estimations obtained permit to
conclude about the specific character of energy proc-
esses in circle periodic ring waveguide. The results of
approximate method of “effective waveguide” are in
good agreement with the conclusions of strict theory and
indicate to particularly pronounced polarized depend-
ence of transformation of slow wave of dielectric
waveguide into body wave of free space.
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Teopusi npeoGpa3oBaHys BOJH B KOJILLIEBOM
JM3JIEKTPUYECKOM BOJIHOBOIE

B. B. KazaHckwi, rI/I. B. Kouapenc@

Hccnenyrorcs coOCTBEHHbIE BOJIHBI M 3HEPreTHYe-
CKHE MpOLECChl B KOJbLEBOM IUIJIEKTPHYECKOM
BOJIHOBC,1€ Ha OCHOBE CTPOrOrO PpeELICHHA 3aJauu
pacripocTpaHeHus. OrnpemeneHbl  AU(PPaKLHOHHbIH
CIIEKTP M3JIy4aeMbIX BOJIH, TIOTOKM 3HEPTHHM U TPO-
3payHOCTh nepuonnyeckoi rpanunsl mis TE-, TM- n
TUOPHUIHBIX BOJH.

BhigBiIeHbl pPE30HAHCHBIE YCIOBHS Npeobpa3oBa-
HUS BOJHOBOZHBIX BOJNH B BOJIHbI CBOOOZHOTO Mpo-
crpaHcTBa. D¢ (eKTUBHOCTh Npeobpa3oBaHMs 3aBH-
CHT OT MONAPM3aUMM U OKazanmach Bbiute A TM,,-
BosiH. IToka3aHo, 4TO HanmpaBJEHUA PacnpoCTpaHe-
HUsl TPOCTPAHCTBEHHBIX TAPMOHUK M COOTBETCTBYIO-
ILIEr0 MM IOTOKA 3HEPIMH He COBMANAIOT. DTO NpH-
BOJMT K MPOJOJILHOMY CABUTY JIOKAJIBLHOW TOYKHM OT-
paXxeHna (cmowmenue I'yca-XeHXeHa) MIOCKOH BOJIHBL
COOTBETCTBYIOLIEH MNpPOCTpaHCTBEHHO# TFapMOHMKH.
Hana ero aHaqMTHYeCKas OLEHKA M ompeneneH 3o-
(GeKTHBHBIH pagHyCc BOTHOBOMA, YYUTHIBAIOIMIA NPO-
CaYMBaHME MOJIA 3d €ro rpaHULIbI.

Teopis mepeTBOpPeHHs XBIWIb Y KilblieBomy
JieJIeKTPHIHOMY XBUIEBO/I

B. b. Kazancbknid, I 1. B. Kouapencbxal

JloCmimKyIOTbCS BJIACHI XBHJII Ta EHEPreTHYHI
MpOLECH Y KiTbLEBOMY ZHi€NEKTPUYHOMY XBHIEBOJI
Ha MigcTaBi TOYHOIO PO3B’S3aHHA 3ajJadi pPO3IOB-
CIO/UKEHHSA. Bu3HayeHo Au(pakUiiHUK CHEKTP BH-
NPOMIHIOBAHMX XBHIIb, TOTOKH €HEPTii Ta MPO30piCTh
nepioguunoi Mexi s TE-, TM- i ri6puaHux Xsuis.

BusiBIEHO pPE3OHAHCHI YMOBH TEPETBOPEHHA
XBHIb y XBWJIEBOZI Ha XBWJi BITBHOrO MNPOCTOPY.
EdexTHBHICTb MEPETBOPEHHS 3aJIEXHTh Bil NMOJIAPH-
3auii i BusBuIacs Bumoo mis TMo,-xBuis. ITokaza-
HO, L0 HAMPSMKH PO3MOBCIOJDKEHHS MPOCTOPOBUX
rapMOHIK i BIIMOBIXHOrO XO HMX MOTOKA €HEprii He
criBnagaoTs. 1le NMPU3BOAUTH MO IOB3JOBXHBOTO
3pyILEHHS JIOKAJIbHOI TOYKM Bimbutra (3cyBy I'yca-
XeHX€eHa) MUIOCKOI XBHII BiMOBiIHOI MpPOCTOPOBOL
rapmoHiku. HagaHo #oro aHanmiTHyHy OUiHKY Ta BH-
3HaueHo e(eKTUBHMM pajiyc XBWJIEBOAA, AKMH spa-
XOBY€E IPOHUKHEHHS MOJIA 32 HOro Mexi.
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