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Properties of radiating pointlike sources in cylindrical omnidirectionally reflecting waveguides
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The behavior of pointlike electric dipole sources enclosed by an axially uniform, cylindrically symmetric
waveguide of omnidirectionally reflecting material is analyzed. It is found that the emission spectrum of a
source inside the waveguide is strongly modified by features resembling one-dimensional Van Hove singulari-
ties in the local density of states~LDOS!. Additionally, more than 100% of the power radiated by a dipole in
vacuum can be captured at the end of the waveguide, owing to the overall enhancement of the LDOS~the
Purcell effect!. The effect of varying the positions and orientations of electric dipole sources is also studied.
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I. INTRODUCTION

A variety of technologically significant devices rely o
guiding light from a source placed inside a waveguide. Th
include optical amplifiers, which utilize index guiding, an
hollow waveguide sensors, which confine light with metal
high-index material. While the guiding mechanisms in the
two devices are different, both exhibit low output efficien
and may be limited by the core material properties. With
index-guiding mechanism, isotropic emission from a ra
domly oriented collection of dipoles leads to high radiati
losses. In the case of metal, high ohmic losses occur a
and visible wavelengths.1–3

Rather than using lossy metallic structures, one could a
envision using a highly reflective dielectric mirror to confin
light. In this paper we study the performance of a struct
consisting of a uniform index core, possibly air, surround
by a dielectric mirror cladding, known as an omniguide. W
find that this structure not only minimizes the losses due
radiation and absorption, but due to the Purcell effect, a
achieves an output power that exceeds that of the sourc
vacuum at some frequencies.

It has been known for some time that a finite slab
stratified dielectric media will reflect certain frequencies
light better than others. One could easily predict multip
slabs of dielectric could enhance this effect for a target
quency. However, solving any but the simplest of cases
formidable problem using the method of multip
reflections.4 Nonetheless, the development of the transf
matrix method by multiple authors in the 1940s and 195
led to the theoretical prediction of highly efficient dielectr
mirrors.5–7 This approach was then extended to the cylind
cal case by Yeh and Yariv in 1978.8 Although the theory
developed by Yeh and Yariv is of general applicability, e
phasis was placed on obtaining Bragg reflections for a s
cific frequency and conserved wave vector, which could
obtained using a relatively small dielectric contrast. In ea
papers, for example, Cho, Yariv, and Yeh conducted exp
ments on Bragg waveguides with a reflecting layer of indi
n153.43 andn253.35;9 Yeh considered a slightly highe
0163-1829/2004/69~3!/035316~7!/$22.50 69 0353
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contrast ofn152.89 andn253.38 in a theoretical paper.10

However, other studies indicated that ten layers of a l
dielectric-contrast cladding~with n151.485 andn251.45)
for a hollow-core structure, even with a radius of tens
wavelengths, can result in losses in excess of 1 dB per m11

The benefits of using a high-contrast periodic dielectric fib
(n154.0, n252.4) with metal on the outside was also stu
ied theoretically,12 but to the best of our knowledge, no
implemented experimentally. As a result, most studies
these Bragg fibers continued to focus on low-contrast die
tric claddings through the mid 1990s, despite th
limitations.13 Interest in these structures was renewed, ho
ever, upon the theoretical discovery and experimental fa
cation of omnidirectional mirrors—one-dimensionally pe
odic dielectric structures that reflect light from all incide
angles and polarizations.14 The concept of omnidirectiona
reflectivity can readily be extended to a system with cyl
drical symmetry.15–17 Recently, these structures have be
fabricated in fiber form and used to demonstrate low-lo
transmission of high-intensity IR light.18,19

The behavior of pointlike light sources in an omniguide
an interesting problem for two reasons: spontaneous e
sion may be modified and coupling to index-guided mod
may occur. Spontaneous emission will take place in the p
ton modes available to the emitter. All the electromagne
modes of free space are not necessarily available in the p
ence of materials. For example, it has been shown theo
cally and experimentally that a pointlike light source b
tween two conducting plates will experience strong
suppressed emission below the cutoff frequency.20,21Also, it
has been shown experimentally22 that a metallodielectric
photonic crystal suppresses spontaneous emission at freq
cies within the band gap, giving rise to emission conce
trated within a relatively narrow frequency range. In th
work, the hollow cylindrical core mimics a line defect in
three-dimensional~3D! photonic crystal structure. We ope
ate at frequencies within the gap, where most photon mo
are suppressed except for those associated with the hol
core defect. Spontaneous emission into these hollow-c
modes would be predicted to be strongly enhanced. The
©2004 The American Physical Society16-1
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ond issue regards coupling to index-guided modes. A mo
chromatic pointlike light source in a hollow waveguide c
couple to modes at a given frequency with any axial wa
vector, i.e., values both above and below the light line. T
modes below the light line are evanescent and would
cause losses in equilibrium if the waveguide were made
perfect conductor; however, in a hollow waveguide with
electric cladding, fields that are evanescent inside the ho
core can couple to propagating modes in the dielectric c
ding. These index guided modes can be lossy if the mate
outside the dielectric cladding has an index higher than
hollow core, or if there are any bends or kinks in the diele
tric cladding.

The behaviors of pointlike light sources in artificial opa
and 2D triangular lattices of rods have been predic
through the calculation of the local density of states at s
eral points within the systems.23 Also, Green’s function of a
point source in an optical waveguide has been calculate
two dimensions.24 However, the behavior of light sources
1D periodic hollow omniguide structures has yet to be
plored in detail.

This paper pursues the problem in several steps. Fir
realistic model of an omniguide fiber, suitable for simulatio
is developed. Initial results for a single dipole at the cente
the omniguide, which indicate a substantial modification
the rate of spontaneous emission in vacuum, are then
sented. They are explained in terms of the local density
states of the 1D omniguide system. Additional results
dipoles with different radial positions and orientations a
then given. Finally, the problem of a dipole at the inner s
face coupling to index-guided modes in the cladding is d
cussed.

II. SIMULATION

The computational setup is illustrated to scale in Fig.
Following Ref. 16, the high-index tellurium~Te! layers (n
54.6) have a thickness one-half that of the low-index po
styrene~PS! layers (n51.6); the thickness of one Te/PS b
layer is defined asa. The inner radius of the hollow core,r i ,
defined as the distance from the center of the cylinder to
first layer of dielectric material, is chosen to be 2.144a. For
a realistic set of materials such as titania and silica,
might require 20 bilayers; for computational ease, three l
ers of tellurium and polystyrene, materials used for exp
ments in infrared in Ref. 14, are substituted. Therefore,
outer radiusr o defined as the distance from the center of
cylinder to the outer air region is 5.144a.

A single dipole source is placed at one end of the wa
guide within the hollow-core region. In the limit of an infi
nite number of layers of an omnidirectionally reflecting m
ror, all of the emitted light should presumably couple in
lossless propagating modes. The actual number of layer
quired for relatively high reflection is illustrated in Fig. 2.

For this system, Maxwell’s equations are solved in a fin
difference time-domain simulation, based on the work
Yee,25 using perfectly matched layer absorbing bound
conditions.26 A constant-frequency ac current modulated b
Gaussian envelope serves as the electric dipole source.
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key quantity of interest is the total flux emerging from the f
end of the waveguide, which is measured in the simulation
the integrated Poynting flux through a square plane cove
the hollow-core region.

III. RESULTS AND DISCUSSION

While there are many possibilities for the placement a
orientation of even a simple dipole current source, we s
off with it placed at one end of the waveguide in the cen
of the hollow region. There are still many choices for t
orientation of the dipole; we choose a dipole pointing alo

FIG. 1. Waveguide used in simulations, consisting of three
layers of tellurium (n54.6) and polystyrene (n51.6). The core is
hollow and made of air~the inner radius—the distance from th
center to the innermost cladding layer—is given byr i52.144a; the
outer radius—the distance from the center to the outermost clad
layer—is given byr o55.144a).

FIG. 2. ~Color! Illustration of the220-dB transmission range
~i.e., for which at least 99% of light is reflected! for two different
thicknesses~first number is the number of high-index layers, seco
number is the number of low-index layers!.
6-2
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the axial directionz since in vacuum, it would lose most o
its power in the transverse directions, leaving very little a
small flux plane far away in thez direction. The introduction
of a cylindrical dielectric mirror changes this result drama
cally, however. In Fig. 3, the initial dipole pulse encounte
the reflective wall and couples into the TM01 mode, which
propagates down the hollow part of the waveguide a
leaves the far end. Figure 4 quantifies the effect of the p
ence of the waveguide, by measuring the frequency spect
of the flux in arbitrary units@defined asF(v)5*surfaceS(v)
•n̂dA, where S(v)5 1

2 Re$E(v)3H(v)* %, and E(v)
5*0

TeivtE(t)dt, etc.! and comparing it to the flux observe
for a hollow glass waveguide and the total flux emitted by
dipole in vacuum.

Clearly, the performance of a hollow glass tuben
52.6), which relies upon index guiding, is several orders
magnitude below the ideal of 50% transmission of the to
flux emitted in vacuum. The hollow cylindrical waveguid

FIG. 3. ~Color! Snapshots of the distribution of electrical pow
in the waveguide for a single dipole at the center of the hollow co
Times are given here and in other figures relative to the time
peak emission,Ts , in units of the period of the central frequenc
To .

FIG. 4. ~Color! Flux spectrum for a dipole at the center of th
hollow core, plus data for a hollow glass fiber (n52.6), and the
total flux of the dipole in vacuum.
03531
a

-

d
s-
m

a

f
l

on the other hand, has enhanced performance vis-a`-vis the
vacuum case within a narrow range of frequencies ab
cutoff. This behavior is a result of thePurcell effect. Purcell
found that boundary conditions on the electromagnetic fi
around a dipole emitter can substantially alter the emiss
rate.27 In the case of a resonant cavity with a single reson
mode of quality factorQ, it has been shown20 that the spon-
taneous rate of emission at the resonant frequency will
enhanced by a factor ofQ. One can also make the mor
detailed calculation by first noting that the frequency ne
cutoff is given byv25vc

21c2kz
2/n2, wherevc is the cutoff

frequency andkz is the component of the wave vector poin
ing along the long axis, which yields the following expre
sion for the density of states within the cavity:20 gC(v)
5(2/V)(dn/dv)5(4/cAg)(v/Av22vc

2). Clearly this for-
mula can be generalized to accommodate multiple mo
with these types of singularities characteristic of on
dimensional periodicity~Van Hove-type singularities!. To
obtain a detailed comparison with time-domain simulatio
however, the density of states, given formally byg(v)
5(n,kd(v2vnk), was calculated numerically. The tech
nique used involved a linear extrapolation of the eigenf
quencies calculated at a mesh ofk points, as described by
Gilat and Raubenheimer.28 The global density of states ca
culation is difficult to interpret, since in addition to sever
peaks from the resonant modes, there are many others
nearly degenerate index-guided modes. In order to isolate
important features of this density of states calculation,
look at the photonic local density of states, which is defin
here asgL(v,r )5(n,ke(r )uEnk(r )u2d(v2vnk), where the
fields are normalized such that*dre(r )uEnk(r )u251, for all
n andk, which implies we can recover the global density
states by integrating,g(v)5*drgL(v,r ).

The results obtained both at the center of the hollow c
ity and at a distance 1.2 times the lattice spacing away fr
the center are shown in Fig. 5.

In this case, the greatly decreased density of states wi
the band gap below cutoff, and the enhanced density of st
associated with the hollow-core resonant modes, leads to
hanced emission just above cutoff for modes to which
dipole can couple.

This behavior shows that a cylindrically symmetric, om
nidirectionally reflective coating can create an environm
in which dipole emitters can efficiently couple into low-los
resonant modes in the hollow core. In Fig. 6, a differe
pulse is used to show the behavior near cutoff in more de
While the total integrated power*F(v)dv is greater for the
dipole in the waveguide than in vacuum, that’s not physica
unreasonable since the conserved quantity in our simulat
is simply the current, while power is given by the curre
acting against the local field, which may be selectively e
hanced at certain frequencies and positions in the presen
dielectric.

Next, we consider the behavior of a dipole close to t
inner surface of the hollow tube~at r52a, with r i
52.144a). The flux spectrum for dipoles oriented in ther,
u, andz directions~see Fig. 1! are shown in Fig. 7. In Figs
8–10, the redistribution of electric power as a function

.
f

6-3
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time is shown for these same three orientations. Performa
varies dramatically with the orientation of the dipole. T
presence of a sharp rise in the transmission at a certain
quency can be interpreted as a cutoff corresponding t
hollow-core guided mode. The lack of such a cutoff can g
erally be interpreted as a sign that any transmission wo
come through an index-guiding mechanism. Thus, we s
mise that a dipole oriented alongr will couple much more
efficiently to the hollow-core guided modes than the dipo
pointing alongu or z. This interpretation is supported by th
snapshots of the power distribution in Figs. 8–10. Furth
more, a circular flow of energy is observed for the dipo
oriented alongz, as illustrated in Fig. 11.

Also, the behavior of a dipole intermediate between
inner surface and center of the hollow tube in the transve
direction ~at r51.2a, with r i52.144a) is considered. In
contrast with the previous results for a dipole situated ad

FIG. 5. ~Color! Local electric density of states for the hollo
cylindrical waveguide. Note the presence of sharp 1/Av2vc type
singularities, as predicted.

FIG. 6. ~Color! Flux spectrum for a dipole at the center of th
hollow core, as in Fig. 4, but zoomed in on the region near cut
03531
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cent to the inner surface~see Fig. 7!, the dipoles oriented
alongu andz in this middle position are able to couple to th
hollow-core guided modes, as suggested by the presenc
cutoffs in the flux spectra shown in Fig. 12. This is als
illustrated more explicitly in Figs. 13–15, where all thre
orientations are shown coupling into these modes, in cont
with Figs. 8–10.

Evidently dipole sources near the inner-core radius c
have strong coupling to modes which exist in the dielect
cladding. This is consistent with the finding that the loc
density of states of an omnidirectional reflector is not ze
or even small, but instead characteristic of a waveguide.29 In
other words, they are index-guided modes. However, emp
cally, it is observed that the coupling of dipoles to the
modes is decreased if they are at a distance of orderl/4
away from the inner surface. This analysis suggests tha
low-index coating may prevent coupling to the problema
index-guided modes. It may immediately be noted that as
index of the inner coating approaches unity, the performa
should be the same as the case illustrated in Figs. 12

f.

FIG. 7. ~Color! Flux spectrum for dipoles on the inner surface
the hollow core, oriented in ther, u, andz directions, normalized
by the flux of a dipole in vacuum.

FIG. 8. ~Color! Snapshots of the distribution of electrical powe
in the waveguide for a single-dipole source on the inner surf
pointing in ther direction.
6-4
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13–15, since the inner coating would just act like an ext
sion of the hollow core. However, the yield of a hollow tub
with a ‘‘low-index’’ ( n51.3) coating which extends fromr
51.2a to r52.144a was also tested, and the result, as w
as a comparison to then51 case, is given in Fig. 16. It is
found that if one couples to the appropriate modes wh
have frequencies within the range of omnidirectional refle
tion, efficiencies comparable to the previous case of a dip
away from the surface, essentially suspended in air, can
achieved. The propagation of this mode is illustrated in F
17.

Next, we calculate the dispersion of modes localized
the core. The dispersion of a wave packet with a relativ
narrow range of frequencies is proportional tod2kz /dv2

evaluated at the central frequency.30 In terms of units useful
for interpreting numerical calculations, the spatial separat
accrued per unit frequency difference between waves

FIG. 9. ~Color! Snapshots of the distribution of electrical pow
in the waveguide for a single-dipole source on the inner surf
pointing in theu direction.

FIG. 10. ~Color! Snapshots of the distribution of electrica
power in the waveguide for a single-dipole source on the in
surface pointing in thez direction.
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unit distance traveled along the waveguide, the dispersio
given byD5(dv/dkz)(d

2kz /dv2). It can be shown that for
small kz , which dominates the spontaneous emission sp
trum, the dispersion is approximately proportional to the co
index. This comes about from two competing effects. First
lower group velocity decreases the spatial separation
tween nearby modes. However, a flatter band means th
will be a greater spread of axial wave vectors. Since dista
along the waveguide and frequency spread are held cons
in the two simulations, the overall effect is an increase in t
separation between modes in system with a low-index co
ing, as can be observed by comparing Figs. 3 and 17.

Finally, we discuss one potential application: a detec
for fluorescent molecules. One could design the omnigu
to be transparent at excitation frequencies, and reflectiv
emission frequencies. Then, ideally, the spontaneously e

e

r

FIG. 11. ~Color! Snapshots of the distribution of electrica
power in a cross section of the waveguide away from the sou
which is located near the wall (r52a, r i52.144a), and pointing
alongz.

FIG. 12. ~Color! Flux spectrum for dipole roughly halfway be
tween the center and inner wall of the hollow core, i.e., atr
51.2a (r i52.144a), normalized by the flux of a dipole in vacuum
6-5



d
id

p
tr
r
a
om
ex
di
nc

g

at

l
n

l
n

l
ner

ng

l
g
ial

BERMEL, JOANNOPOULOS, FINK, LANE, AND TAPALIAN PHYSICAL REVIEW B69, 035316 ~2004!
ted radiation could only couple to hollow-core guide
modes, which would propagate to the end of the wavegu
with low losses. The important design considerations are
follows: making sure the fluorescent molecules do not cou
to index-guided modes, choosing the core radius to con
the available guided core modes, and choosing the numbe
layers to keep losses over the length of the omniguide
ceptably low. The fluorescent molecules can be kept fr
coupling to index-guided modes by introducing a low-ind
coating, as discussed above. For an index-guided clad
mode near the light line, the damping factor over a dista

x is given by e22pAnh
2
2nc

2(x/l), where nh is the refractive
index of the high-index cladding layer andnc is the refrac-
tive index of the low-index coating. Fornh54.6, nc51.2,
x5l/4, this factor is 0.1%, which shows that a thin coatin
is more than sufficient for high-contrast materials.

The considerations involved in choosing the appropri

FIG. 13. ~Color! Snapshots of the distribution of electrica
power in the waveguide for a single-dipole source near the in
surface (r51.2a, r i52.144a) pointing in ther direction.

FIG. 14. ~Color! Snapshots of the distribution of electrica
power in the waveguide for a single-dipole source near the in
surface (r51.2a, r i52.144a) pointing in theu direction.
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FIG. 15. ~Color! Snapshots of the distribution of electrica
power in the waveguide for a single-dipole source near the in
surface (r51.2a, r i52.144a) pointing in thez direction.

FIG. 16. ~Color! Flux spectrum for dipoles oriented alongz
situated on inner wall of a medium-sized cell with an inner coati
of low-index material (n51.3) extending fromr51.2a to r
52.144a.

FIG. 17. ~Color! Snapshots of the distribution of electrica
power in the waveguide for a single-dipole source, oriented alonz,
on the inner surface of a cell with a coating of low-index mater
(n51.3) extending fromr51.2a to r52.144a.
6-6
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hollow omniguide geometry are covered in some detail
Ref. 17. Applications of these principles to the detector
plication are briefly covered here. First, we consider
problem of choosing the appropriate mode. There are pri
rily TE-like and TM-like modes, which have an angular m
mentumm and indexn. All properties of the TE modes ca
be calculated fromHz5Jm(vr/c)eimf subject to the bound
ary condition]Hz /]rur5R50 ~whereR is the core radius!.
Similarly, TM modes have a scalarEz which vanishes atr
5R. It has been shown that TE0n mode losses scale as 1/R3,
and all other mode losses scale as 1/R. However, there are
five modes with equal or lower cutoff frequencies as
TE01 mode, including several doubly degenerate modes.
simplicity, one may wish to restrict the fluorescent molec
to only couple to one mode. In this case, we choose the T01
mode, which has a cutoff frequency ofv50.383/(r i /a),
wherer i is the inner-core radius. Only the TE11 mode has a
lower cutoff frequency@v50.293/(r i /a)#, though an emit-
ter placed at the center can only couple tom50 modes~such
as TM01) due to the physical requirement that the fields
single valued. Alternatively, one could chooser i to be small,
for instance,r i52a, so that the TE11 mode cutoff would be
below the range of omnidirectional reflection, which wou
leave only the TM01 mode at the end of the omniguide. Th
last issue concerns choosing the appropriate number of c
ding layers. The loss of a given mode for a given core rad
,

po

.

p
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and given number of layers can easily be calculated.
instance, a TM01 mode has a loss of 26 dB / cm for a radiu
of 6a and 4 bilayers of tellurium / polystyrene. If the targ
loss is 1 dB or less with a length of 1 cm of omniguide, t
fact that TM losses decrease by a factor of 5 with each
layer means that six cladding bilayers are needed.

IV. CONCLUSION

In conclusion, we have found that the radiation of dipo
sources couples strongly into low-loss hollow-core guid
modes of 1D periodic hollow omniguide structures. Furth
more, the rate of emission of these sources is controlled
the local density of states at its location and orientation.
states away from the inner surface there are 1D Van H
singularities at the guided mode cutoff frequencies, just a
a metallic waveguide. This gives rise to spontaneous em
sion concentrated at frequencies just above cutoff, a subs
tial departure from the vacuum case. Strong modificat
of spontaneous emission has been already obse
experimentally22 for a metallodielectric photonic crysta
However, there is still the problem that sources near the in
surface can couple into guided modes in the dielectric cl
ding layers. Fortunately, this undesirable behavior can be
duced substantially through the introduction of a low-ind
coating on the inner surface of the hollow core.
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