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“Dielectric” mirrors, which reflect
certain kinds of light (e.g. infrared) 
while allowing other, visible forms of
light through, have already been used 
in scientific applications, though with
one important defect: they can only
reflect light from a certain angle.
However, a new coating technology
developed by researchers at the
Massachusetts Institute of Technology,
USA, appears to have solved this
problem, creating a truly
omnidirectional, or “perfect” mirror 
as explained in this article. 
Also shown in this section on mirror
technology are some of the varied
responses which were provoked after 
the publication in Science magazine. 
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irrors, probably the most prevalent of
optical devices, are used for imaging
and solar energy collection and in

laser cavities. One can distinguish between two
types of mirrors, the age-old metallic and the more
recent dielectric. Metallic mirrors reflect light over
a broad range of frequencies incident from arbi-
trary angles (that is, omnidirectional reflectance).
However, at infrared and optical frequencies, a
few per cent of the incident power is typically lost
because of absorption. Multilayer dielectric mir-
rors are used primarily to reflect a narrow range
of frequencies incident from a particular angle
or particular angular range. Unlike their metal-
lic counterparts, dielectric reflectors can be
extremely low loss. The ability to reflect light of
arbitrary angle of incidence for all-dielectric
structures has been associated with the exis-
tence of a complete photonic band gap1-3, which
can exist only in a system with a dielectric func-
tion that is periodic along three orthogonal direc-
tions. In fact, a recent theoretical analysis pre-
dicted that a sufficient condition for the achieve-
ment of omnidirectional reflection in a period-
ic system with an interface is the existence of an
overlapping band gap regime in phase space
above the light cone of the ambient media.4

Now we extend the theoretical analysis and pro-
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130 vide experimental realization of a multi-layer omni-
directional reflector operable in infrared fre-
quencies. The structure is made of thin layers of
materials with different dielectric constants
(polystyrene and tellurium) and combines char-
acteristic features of both the metallic and dielec-
tric mirrors. It offers metallic-like omnidirectional
reflectivity together with frequency selectivity
and low-loss behaviour typical of multi-layer
dielectrics. 

DESCRIPTION OF THE SYSTEM
We consider a system that is made of an array

of alternating dielectric layers coupled to a
homogeneous medium, characterized by n0 (such
as air with n0 = 1), at the interface. Electro-
magnetic waves are incident upon the multi-
layer film from the homogenous medium.
Although such a system has been analysed exten-
sively in the literature5-7, the possibility of omni-
directional reflectivity was not recognized until
recently. The generic system is described by
the index of refraction profile (see Figure 1), where
h1 and h2 are the layer thickness and n1 and n2
are the indices of refraction of the respective lay-
ers. The incident wave has a wave vector k = kxêx
= kyêy and a frequency of ω= c|k|/n0, where c is
the speed of light in the vacuum and êx and êy are
unit vectors in the x and y directions, respectively.
The wave vector together with the normal to
the periodic structure defines a mirror plane of
symmetry that allows us to distinguish between
two independent electromagnetic modes: trans-
verse electric (TE) modes and transverse mag-
netic (TM) modes. For the TE mode, the electric
field is perpendicular to the plane, as is the mag-
netic field for the TM mode. The distribution of
the electric field of the TE mode (or the magnetic

field in the TM mode) in a particular layer with-
in the stratified structure can be written as a
sum of two plane waves travelling in opposite
directions. The amplitudes of the two plane
waves in a particular layer α of one cell are
related to the amplitudes in the same layer of an
adjacent cell by a unitary 2 x 2 translation matrix
U(α).7 General features of the transport proper-
ties of the finite structure can be understood
when the properties of the infinite structure are
elucidated. In a structure with an infinite num-
ber of layers, translational symmetry along the
direction perpendicular to the layers leads to
Bloch wave solutions of the form

EK(x,y) = EK(x)eiKxeikyy (1)

where Ek(x,y) is a field component, EK(x)
is periodic, with a period of length a, and K is
the Bloch wave number given by

i 1
K = – ln(– Tr(U(α))

a 2

1
± { – [Tr(U(α))]2 - 1}1/2) (2)

4

Solutions of the infinite system can be prop-
agating or evanescent, corresponding to real or
imaginary Bloch wave numbers, respectively. 

The solution of Eq. 2 defines the band struc-
ture for the infinite system, ω(K,ky). It is convenient
to display the solutions of the infinite structure
by projecting the ω(K,ky) function onto the ω-ky
plane; Examples of such projected structures
are shown in Figure 2, A and B. The yellow
areas highlight phase space where K is strictly real,
that is, regions of propagating states, whereas the
white areas represent regions containing evanes-
cent states. The shape of the projected band
structures for the multilayer film can be under-
stood intuitively. Atky = O, the band gap for waves
travelling normal to the layers is recovered. For
ky > O, the bands curve upward in frequency. As
ky→∞, the modes become largely confined to the
slabs with the high index of refraction and do not
couple between layers (and are therefore inde-
pendent of kx). For a finite structure, the trans-
lational symmetry in the directions parallel to the
layers is preserved; hence, ky remains a con-
served quantity. In the direction perpendicular to
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Schematic of the multilayer system showing the layer
parameters (nα and hα are the index of refraction and thickness
of layer α respectively), the incident wave vector k, and the
electromagnetic mode convention. E and B are the electric and
magnetic fields, respectively.
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the layers, the translational symmetry no longer
exists. Nevertheless, the K number, as defined in
Eq. 2, is still relevant, because it is determined
purely by the dielectric and structural property
of a single bilayer. In regions where K is imag-
inary, the electromagnetic field is strongly  atten-
uated. As the number of layers is increased, the
transmission coefficient decreases exponen-
tially, whereas the reflectivity approaches uni-
ty. Because we are primarily interested in waves
originating from the homogenous medium exter-
nal to the periodic structure, we will focus only
on the portion of phase space lying above the light
line. Waves originating from the homogenous
medium satisfy the condition ω ≥ cky/n0 where
n0 is the refractive index of the homogenous
medium, and therefore they must reside above the
light line. States of the homogenous medium
with ky = O are normal incident, and those lying
on the ω= cky/nO line with kx = O are incident at
an angle of 90°. The states in Figure 2A that are
lying in the restricted phase space defined by the
light line and that have a (ω, ky) corresponding
to the propagating solutions (yellow areas) of the
crystal can propagate in both the homogenous
medium and the structure. These waves will
partially or entirely transmit through the film. Those
states with (ω, ky) in the evanescent regions
(white areas) can propagate in the homogenous
medium but will decay in the crystal - waves cor-
responding to this portion of phase space will be
reflected off the structure. 

The multilayer system leading to Figure 2A
represents a structure with a limited reflectivi-
ty cone because for any frequency one can
always find a ky vector for which a wave at that
frequency can propagate in the crystal and hence
transmit through the film. For example, a wave
with ω = 0.285 x 2πc/a (dashed horizontal line
in Figure 2A) will be reflected for a range of ky
values ranging from O (normal incidence) to
0.285 x 2 2π/a (90° incidence) in the TE mode,
whereas in the TM mode it begins to transmit at
a value of ky = 0.187 x 2π/a (~41° incidence). 

The necessary and sufficient criterion8 for
omnidirectional reflectivity at a given frequen-
cy is that no transmitting state of the structure exists
inside the light cone; this criterion is satisfied by
frequency ranges marked in blue (see Figure
2B). In fact, the system leading to Figure 2B

exhibits two omnidirectional reflectivity ranges.
The omnidirectional range is defined from above
by the normal incidence band edge ωh(kx = π/a,
ky = 0) (point a in Figure 2B) and from below by
the intersection of the top of the TM allowed band
edge with the light line ωl(kx = π/a, ky= ωl/c) (point
b in Figure 2B). The exact expression for the band
edges is 

1 + Λ
––––– cos(kx

(1)h1 + kx
(2)h2)2

1 - Λ
+ –––– cos(kx

(1)h1 - kx
(2)h2) + 1 = 0, (3)

2
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(A) Projected band structure of a multilayer film with the light
line and Brewster line, exhibiting a reflective range of
limited angular acceptance with no = 1, n1 = 2.2 and n2 = 1.7
and a thickness ratio of h2/h1 = 2.2/1.7.
(B) Projected band structure of a multilayer film together with
the light line and Brewster line, showing an omnidirectional
reflectance range at the first and second harmonic.
Propagating states, yellow; evanescent states, white; and
omnidirectional reflectance range, blue. 
The film parameters are n1 = 4.6 and n2 = 1.6 with a
thickness ratio of h2/h1 = 1.6/0.8. These parameters are similar
to the actual polystyrene-tellurium film parameters measured
in the experiment.
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In addition, the centre of the gap shifts to high-
er frequencies. Therefore, the criterion for the exis-
tence of omnidirectional reflectivity can be
restated as the occurrence of a frequency over-
lap between the gap at normal incidence and
the gap of the TM mode at 90°. Analytical
expressions for the range to midrange ratio can
be obtained by setting 

2c n1 - n2ωh = ––––––––– cos-1(-|––––––|) (6a)
h2n2 + h1n1 n1 + n2

2cωl = –––––––––––––––––––––––
h2√n2

2 - n0
2 + h1√n1

2 - n0
2

n1
2√n2

2 - n0
2 - n2

2√n1
2 - n0

2
×cos-1(|––––––––––––––––––––––––|) (6b)

n1
2√n2

2 - n0
2 + n2

2√n1
2 - n0

2

Moreover, the maximum range width is attained
for thickness values that are not equal to the
quarter wave stack although the increase in band
width gained by deviating from the quarter wave
stack is typically only a few per cent.4 In general,
the TM mode defines the lower frequency edge
of the omnidirectional range. An example can be
seen in Figure 2B for a particular choice of the
indices of refraction. This can be proven by
showing that 

∂ω ∂ω
–––| ≥ ––– | (7)
∂ky TM ∂ky TE

in the region that resides inside the light line. The
physical reason for Eq. 7 lies in the vectorial nature
of the electric field. In the upper portion of the
first band, the electric field concentrates its
energy in the high dielectric regions. Away from
normal incidence, the electric field in the TM mode
has a component in the direction of periodicity,
and this component forces a larger portion of the
electric field into the low dielectric regions.
The group velocity of the TM mode is therefore
enhanced. In contrast, the electric field of the TE
mode is always perpendicular to the direction of
periodicity and can concentrate its energy primarily
in the high dielectric region. 

A polystyrene-tellerium  (PS-Te) materials
system was chosen to demonstrate omnidirectional
reflectivity. Tellurium has a high index of refrac-
tion and low loss characteristics in the frequen-
cy range of interest. In addition, its relatively low
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The range to midrange ratio (ωh - ωl)/1/2(ωh +
ωl)for the fundamental frequency range of
omnidirectional reflection, plotted as contours.
Here, the layers were set to quarter wave thickness
and n1 >n2. The ratio for our materials is about
45% (n1/n2 = 2.875 and n2/no = 1.6). It is located at
the intersection of the dashed lines (black dot).

FIG. 3

PARAMETERS OF REFLECTIVITY
A dimensionless parameter used to quantify

the extent of the omnidirectional range is the range
to midrange ratio defined as (ωh - ωl)/1/2(ωh + ωl).
Figure 3 is a plot of this ratio as a function of n2
/n1 and n1/n0, where ωh and ωl are determined by
solutions of Eq. 3 with quarter wave layer thick-
ness. The contours in this figure represent var-
ious equiomnidirectional ranges for different
material index parameters and could be useful for
design purposes. 

It may also be useful to have an approximate
analytical expression for the extent of the gap.
This can be obtained by setting cos(kx

(1)h1 -
kx

(2)h2) ≅ in Eq. 3. We find that for a given inci-
dent angle θ0, the approximate width in fre-
quency is

∆ω(θ0)
2c

= ––––––––––––––––––––––––––––––––
h1√n1

2 - n0
2sin2θ0 + h2√n2

2 - n0
2sin2θ0

Λ - 1                 Λ - 1×[cos-1(-√ ––––)- cos-1(√ ––––)] (5)
Λ + 1                Λ + 1

At normal incidence, there is no distinction
between TM and TE modes. At increasingly
oblique angles, the gap of the TE mode increas-
es, whereas the gap of the TM mode decreases.



133latent heat of condensation together with the high
glass transition temperature of the PS mini-
mizes diffusion of Te into the polymer layer. The
choice of PS, which has a series of absorption
peaks in the measurement range9, demonstrates
the competition between reflectivity and absorp-
tion that occurs when an absorption peak is
located in the evanescent state region. The Te (0.8
µm) and PS (1.65 µm) films were deposited10

sequentially to create a nine layer film.11

The optical response of this particular multi-
layer film was designed to have a high reflectivity
region in the 10- to 15-µm range for any angle
of incidence (in the experiment, we measure
from 0° to 80°). The optical response at oblique
angles of incidence was measured with a Fouri-
er Transform Infrared Spectrometer (Nicolet
860) fitted with a polarizer (ZnS; SpectraTech)
and an angular reflectivity stage (VeeMax; Spec-
traTech). At normal incidence, the reflectivity was
measured with a Nicolet Infrared Microscope. 

A freshly evaporated aluminium mirror was
used as a background for the reflectance meas-

urements. Good agreement between the calcu-
lated12 and measured reflectance spectra at nor-
mal, 45°, and 80° incidence for the TM and TE
modes is shown in Figure 4. The regimes of
high reflectivity at the different angles of inci-
dence overlap, thus forming a reflective range of
frequencies for light of any angle of incidence.
The frequency location of the omnidirectional range
is determined by the layer thickness and can be
tuned to meet specifications. The range is cal-
culated from Eq. 6 to be 5.6 µm, and the cen-
tre wavelength is 12.4 µm, corresponding to a
45 per cent range to midrange ratio shown in
dashed lines in Figure 3 for the experimental index
of refraction parameters. These values are in
agreement with the measured data. 

The calculations are for lossless media and
therefore do not predict the PS absorption band
at ~ 13 and 14 µm. The PS absorption peak is
seen to increase at larger angles of incidence for
the TM mode and to decrease for the TE mode.
The physical basis for these phenomena lies in
the relation between the penetration depth and
the amount of absorption. 

The penetration depth is ξ ∝ Im(1/K), where
K is the Bloch wave number. It can be shown that
ξ is a monotonically increasing function of the
incident angle for the TM mode of an omnidi-
rectional reflector and is relatively constant
for the TE mode. Thus, the TM mode penetrates
deeper into the structure at increasing angles of
incidence (Table 1) and is more readily absorbed.
The magnitude of the imaginary part of the
Bloch wave number for a mode lying in the gap
is related to its distance from the band edges.
This distance increases in the TE mode because
of the widening of the gap at increasing angles
of incidence and decreases in the TM mode
because of the shrinking of the gap. 

The PS-Te structure does not have a complete
photonic band gap. Its omnidirectional reflec-
tivity is due instead to the restricted phase
space available to the propagating states of the
system. The materials and processes were cho-
sen for their low cost and applicability to large
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PENETRATION DEPTH (ξ) AT DIFFERENT ANGLES OF
INCIDENT FOR THE TE AND TM MODELS

ANGLE OF INCIDENCE (DEGREES) ξTM (µM) ξTE (µM)

0 2.51 2.51

45 3.05 2.43

80 4.60 2.39

TABLE 1
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area coverage. The possibility of achieving
omnidirectional reflectivity itself is not associated
with any particular choice of materials and can
be applied to many wavelengths of interest. Our
structure offers metallic-like omnidirectional
reflectivity for a wide range of frequencies and
at the same time is of low loss. In addition, it allows
the flexibility of frequency selection.
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NITIAL CONSIDERATIONS
Dielectric mirrors
Every once in a while somebody comes

up with an important new idea that, in hindsight,
is so clear and obvious you could kick yourself
for not having thought of it first. The mirror report-
ed in Science27 November 1998 and developed
by Joannopoulos and his colleagues at the Mass-
achusetts Institute of Technology is just such an
idea.1

Dielectric mirrors are a special type of reflec-
tor carefully constructed out of thin layers cho-
sen to create unusually high reflectivity at
selected wavelengths. The problem is that the
reflectivity is extremely sensitive to the angle at
which light hits the mirror. Fink et al1 have
now shown that it is possible to construct a
periodic, multilayer, thin-film dielectric mir-
ror that is highly reflective over a broad range
of wavelengths at all angles - even up to 90° off
axis (see Figures 1a and 1b). 

Consider in the figure a light ray propagating
through a periodic dielectric stack, entering at
an angle of incidence θ0. On axis (θ0 =0), the frac-
tion of radiant energy, R, reflected from the
stack will look like the graph in the inset, which
shows a broad frequency range over which the
thin-film stack is highly reflective. (The graph
was generated assuming a quarter-wave stack of
indices of refraction n1 = 1 and n2 = 2 with five
periods). Midgap corresponds to a quarter-wave
reference frequency ω0. 
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In reaction to the article 
A dielectric omnidirectional
reflector, a different 
“perspective” on the discovery 
of a new coating technology for
omnidirectional mirrors is given
here. The author also responds 
to a subsequent assertion by 
James Seeser and Charles
Carniglia from Optical Coating
Laboratory, Inc. that
omnidirectional reflectors are 
not, in fact, a novelty after all. 

Jonathan P. Dowling*
NASA JET PROPULSION LABORATORY,

CALIFORNIA INSTITUTE OF TECHNOLOGY
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Dielectric mirrors made in this fashion can be
made much more reflective and much less lossy
than metal mirrors, and so they have many
applications, such as in microcavity laser physics
for the construction of high-gain, vertical-cav-
ity, surface-emitting lasers2 and the construction
of lossless optical transmission filters.3

PROBLEMS AND SOLUTIONS
The first problem with these mirrors is that

the broad reflection band shifts to higher fre-
quencies ω as a function of incident angle, θ0. 

The reflection bandwidth ∆ω/ω0 (where ω0
is the centre frequency of the mirror) is pro-
portional to the difference between the indices
of refraction of the layers, n1 and n2. The ques-
tion is, can one make ∆ω/ω0 so big that one runs
out of angle before one runs out of reflection band
(photonic band gap).

The conventional wisdom was no, because of
the “Brewster window” problem, which I now
describe. 

Light polarization modes
There are two independent light polariza-

tion modes to consider in this problem: TE
(transverse electric) modes (spolarized) and TM
(transverse magnetic) modes (p polarized)
where the electric or the magnetic field vector,
respectively, is parallel to the dielectric inter-
face (shown in the figure). On axis, the reflec-
tion band for both polarizations is the same. 

However, off axis (θ0 > 0), they are sub-
stantially different. To make a true omnidirec-
tional dielectric mirror, one wants to have a broad
reflection band that survives for all angles and
for both polarizations. The p-polarized band was
thought to always have a hole or “window” at
Brewster’s angle, θB, where p-polarized light
propagates from an n1 to an n2 layer, and from
an n2 to an n1 layer without any reflection.3

Once light gets into the multilayer film at θB

- regardless of the frequency - it will propagate
unimpeded; there is a hole in the reflection
band at that angle. It is somewhat ironic that even
Joannopoulos himself once implied that it was
impossible to make a one dimensional (1D)
omnidirectional reflector in his own book with
Meade and Winn4. Their proof actually showed
that there is no omnidirectional photonic band
gap in an infinite 1D, periodic, layered struc-
ture. However, all physical 1D structures are finite,
and this offers the way out. 

The real reflection coefficient R12 at a n1 to
n2 interface is identically zero for Brewster’s con-
dition, θ1

B = arctan n2/n1. Now in the figure, we
see that the overall incident angle θ0 has a full
domain [0, π/2]. However, the corresponding
range of the refracted angle θ1 is restricted by
Snell’s law (n0 sin θ0 = n1 sin θ1) to the inter-
val [0, θ1

max], where θ1
max≡arcsin n0/n1. 

If θ1
max<θ1

B, then incident light from the out-
side can never couple to the Brewster window. 

That is the trick, and it is easy to do by mak-
ing n0/n1 sufficiently large. Now we make sure
that n1 and n2 are just right so that we run out
of angle θ0 before we run out of bandwith, and
voilà, we have the omnidirectional reflector
of Fink et al.1An omnidirectional dielectric reflec-
tor - unlike metal - is nearly totally lossless and
can be engineered to have very high reflectiv-
ities. Applications in the optical wavelength
range are as solar and thermoelectric power
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Fig. 1A A light ray refracting and propagating through a multilayer
thin-film stack. There are two polarization modes shown, indicating
the TE mode with the electric field vector polarized parallel to the first
interface plane (s polarized) and the TM mode with the magnetic field
parallel to the plane (p polarized). If the difference between the incident
index nO and that of the first layer n1 is large enough, then the external
light ray cannot couple to the internal mode at Brewster’s angle inside
the stack- where p-polarized light would otherwise propagate all the
way through without reflection.
Fig. 1B Reflectivity (R) of a five-layer thin-film stack as a function
of frequency.  

FIG. 1A - 1B
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PERFECT MIRRORS, 
PAST AND PRESENT
In their report, “A dielectric
omnidirectional reflector” (Science,
27 Nov. 1998, p. 1679), Yoel Fink 
et al. describe a model for an
omnidirectional reflector in which it
is possible to design and build
mirrors that have a reflectance that
is very high, regardless of the angle
at which light is incident - thus the
name omnidirectional mirror. 
These “perfect mirrors” are
composed of multiple, dielectric
(transparent, nonmetallic) layers
that will not incur the light energy
losses found in metallic mirrors and
will perhaps make possible new
applications. Fink et al. state that
they are unaware of any previous
knowledge of this phenomenon.
Fink et al. have used their expertise
in analysing the properties of
crystalline materials to create a
model of the optical properties of
multilayer thin films as one-
dimensional crystals. 
The nature of this model makes it
straightforward for them to pose a
question about omnidirectional
reflectivity and from this to develop
the characteristics of multilayer
stacks that would have this
property. They cite an example of
layers of tellurium and polystyrene,
which form such a mirror in the
infrared (heat energy) region of the
optical spectrum; Fink et al.
describe a novel approach to the
problem of designing this kind of
reflector, and its existence may
certainly prompt new coating
designs or applications that up to
now have not been generally
considered. It turns out, however,
that theirs is not a unique approach
to this problem, as suggested in the
Perspective “Mirror on the wall:
You’re omnidirectional after all?” by
Jonathan P. Dowling (Science’s
Compass, 4 Dec., p.1841). 
Also, their resulting product design
is not unique, although the specific
choice of tellurium and polystyrene
as coating materials may be. 
With the use of thin-film design
tools commercially available, it is
relatively easy to design such
“perfect” optical coatings using a
broad range of coating materials.
Many companies, including Optical
Coating Laboratory, Inc. (OCLI),
have for 30 years or more

manufactured multilayer dielectric
products that have the property of
reflecting at all angles over a span
of wavelengths, but are not
necessarily sold as
“omnidirectional mirrors”. 
One such product we sell is an
“infrared blocking filter”.1
The optical coating market is
supplied by many companies, with
OCLI being among the largest. 
We have found that up to now there
has not been a significant demand
for lossless omnidirectional
reflectors. Mirrors that require high
reflectance at high angles of
incidence are usually made using
high-quality metal reflectors. 
The benefit of these mirrors may be
to awaken interest in this issue and
thereby lead to new applications for
optical thin-film coatings. 

JAMES W. SEESER, 
CHARLES K. CARNIGLIA
Optical Coating 
Laboratory Inc., USA

In my Perspective, I gave the
impression that the idea was
new in the photonic band-
gap and optics communities.
In fact, it was new to me and
to several learned experts on
one-dimensional, periodic
optical structures with whom
I discussed the paper at
length. In particular, most of
us in this field were unaware
of this structure, and in fact
thought its existence was
impossible. Our error was to
assume that a proof denying
the existence of an
omnidirectional photonic
band gap in an infinite
periodic dielectric implied
the non-existence of an
omnidirectional reflector in
a finite quasi-periodic
structure, for reasons I
outlined in my Perspective. 
Nevertheless, after the
publication of the reports by
Fink et al. (John D.
Joannopoulos and his
colleagues) and my
Perspective, I received
several communications
from various researchers,
including Seeser and

Carniglia, to the effect that
this idea of an
omnidirectional mirror 
had been discussed before
in various contexts. 
In hindsight, I could now
make a case that the
discovery of the existence 
of a one-dimensional,
omnidirectional photonic
band-gap reflector of sorts
has been made more or less
independently by (at least)
the Massachusetts Institute
of Technology (MIT) group of
Joannopoulos; the University
of Bath group of Philip
Russell in the United
Kingdom; the University of
California, Los Angeles,
group of Eli Yablonovitch;
the Belarus group of Sergey
Gaponenko; and a thin-film
computer design programme
at the OCLI laboratory of
Seeser. To the best of my
current state of knowledge,
the MIT group were the first
to spell out in a compelling
photonic band-gap
theoretical framework, both
conditions - necessary and
sufficient - needed for such 

a structure to occur. 
In addition, they performed 
a convincing experiment
demonstrating the effect.
Finally, they published these
results in a refereed journal
article, which subsequently
found a wide audience.
Perhaps the existence of
such structures in some form
or another was well known 
to a small minority, but a
large majority of the
members of the optics
community were simply 
not aware of this interesting 
and important result, 
or of the complete set 
of conditions needed for 
it to occur. 
The specifications of these
precise theoretical
conditions together with
their experimental
implementation, are the
primary novel scientific
contributions of the recent
MIT paper, which I dare say
most of us in this community
have received with great
enthusiasm.

JONATHAN P. DOWLING

OMNIDIRECTIONAL REFLECTORSDEBATE

J. DOWLING’S RESPONSE

sources and laser microcavities. In the microwave
regime, the structure would find uses as an
antenna substrate or in high-power microwave
sources - where lossy metals just will not do.
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The publication in Science of the two articles in this section on mirror technology
provoked a stimulating debate between J. Dowling on one hand, and J. Seeser and
C. Carniglia on the other, as shown in the two letters below. 
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