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glass" materials,5 which consist of triangular arrays of 
glass or air cylinders within a matrix of a different glass. 
Since the periodicity of these arrays can be as small as 
26 nm, the ultraviolet wavelength limit is imposed solely 
by the intrinsic transparency of the constituent 
dielectrics. To date, we have studied such photonic crys
tals with periodicities as low as 190 nm that exhibit sever
al photonic band gaps at wavelengths shorter than 550 
nm. 4 

The refractive-index profile of the array of cylinders 
within the glass matrix determines the positions and 
properties of the observed attenuation regions. An ele
gant demonstration of the photonic-band-structure ori
gin of these attenuations is shown in Figure la. This 
polar plot of the attenuation positions for a low-index-
contrast, all-glass array reproduces precisely the geome
try of the Brillouin zones of the underlying reciprocal 

lattice. The effect of refractive-index contrast on the 
depths and widths of the photonic band gaps is shown 
in Figure lb, where the transmission of a crystal filled 
with liquids of several refractive indices is plotted. 

For applications, our photonic crystals are easily 
scaled to very large physical dimensions, exceeding 2" 
on a side. As a result, various practical devices can be 
envisioned. Low-index-contrast arrays can be used as 
narrow-band optical filters, tunable by adjusting the 
propagation direction or polarization, and as sensitive 
probes based on the refractive-index dependence on 
pressure, temperature, etc. Many other applications 
become possible upon the incorporation of active or 
nonlinear optical materials; for example, preliminary 
results confirm the feasibility of optical power limiting 
using liquid-filled versions of these photonic crystals. 
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Rosenberg Figure 1. (a) Polar plot of the attenuation positions 
observed for an all-glass photonic crystal with a periodicity of 
280 nm. The radial coordinate of each point is the energy of the 
incident photon and the angular coordinate (0) is the propagation 
direction within the triangular lattice. The solid lines show the cor
responding Brillouin-zone boundaries, (b) Transmission of a liquid-
filled photonic crystal with a periodicity of 220 nm, for several val
ues of the liquid refractive index. The light is polarized along the 
cylinder axes. 

Asymmetric Resonant Optical Cavities 
A. Douglas Stone, Applied Physics, Yale Univ., New Haven, 
Conn, and Jens U. Nöckel, Max-Planck-Institut f. Physik kom-
plexer Systeme, Dresden, Germany. 

A new and useful type of optical resonator has been 
proposed based on the principles of chaos theory.1 

The asymmetric resonant cavity (ARC) is an extension 
of the concept of spherical or cylindrical dielectric res
onators that have high-Q "whispering gallery" (WG) 
modes trapped by total internal reflection.2 In the ARC, 
such a cylinder or sphere is deformed substantially, but 
in a smooth and convex manner, leading to an oval 
cross-section (see Fig. la, page 38). 

The deformation allows control of the Q value of the 
WG modes and induces highly directional emission 
from these modes, making this an attractive design for 
microlasers. This overcomes a major drawback of sym
metric resonators that have intrinsically isotropic emis
sion patterns and require additional optical elements to 
guide the emission of the light. Recent experiments 
measuring the lasing emission from deformed micro-
droplets3 and deformed cylindrical dye jets4 have con
firmed the basic predictions of the theory with respect 
to directional emission. 

The essential novelty of the ARC concept from the 
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theoretical point of view lies in its connection to the 
theory of quantum/wave chaos.1 Since the resonator is 
strongly deformed from rotational symmetry, the wave 
equation is not separable, so the modes cannot be 
described in terms of standard special functions, nor 
can they be described by perturbation theory. Instead, 
its properties are inferred from the geometric optics 
limit, using eikonal methods and taking into account 
the fact that an increasing deformation makes the ray 
dynamics more and more chaotic. 

The ray-optics model for ARCs makes the striking pre
diction that their WG resonances fall into subsets, all of 
which have the same lifetime for large deformation.1 This 
is because the resonance lifetime is controlled by chaotic 
ray motion, which ultimately leads to violation of the con
dition for total internal reflection and refractive escape of 
the light, a process that is independent of wavelength. The 
same model predicts the directions of high emission for 
the ARC resonances (see Figs. 1a-b), which depends in a 
nontrivial manner on the index of refraction and degree 
of deformation. For example, in a glass resonator with 
index N = 1.54, the high emission directions are not per
pendicular to the points of highest surface curvature as 
might be expected, however the ray predictions (see Fig. 
lb, bottom graph) are in excellent agreement with actual 
wave solutions (see Fig. lb, top graph). 

The ARC design is of significant interest for passive 
and active optical device applications such as add-drop 
filters and microlasers. Initial experimental work to 
develop these applications at Yale5 and Bell Labs6 is 
showing promise. 
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QUANTUM OPTICS 
"Plug and Play" Quantum Cryptography 

B. Huttner, A. Muller, G. Ribordy, W. Tittel, H. Zbinden, and 
N. Gisin, Group of Applied Physics, Univ. of Geneva, Geneva, 
Switzerland. 

Q uantum cryptography1 relies on the interplay 
between classical cryptography and quantum 

mechanics to ensure the confidentiality of information 
carried by unprotected channels. It could well become 
the first practical application of quantum mechanics at 
the single quantum level. 

A large class of cryptographic systems encode infor
mation with a secret key known only to the legitimate 
users of the channel, Alice and Bob. Quantum cryptog
raphy provides a practical way of establishing these keys 
through a quantum channel. Confidentiality relies on 
the very principles of quantum mechanics that state that 
a measurement on a quantum system unavoidably mod
ifies the state of the system. Therefore, any attempt at 
eavesdropping will alter the signal. A subsequent com
munication protocol, whereby Alice and Bob check for 
errors, ensures that any intruder is detected. 

Existing implementations rely on the transmission of 
very weak light pulses in optical fibers.2 These imple
mentations are based on either polarization encoding; 
or phase modulation and interferometric detection. For 
polarization systems, the main difficulty is due to the 
randomly fluctuating birefringence of the fibers. The 
system thus requires careful polarization control. Pre
sent phase systems use two separate interferometers, one 
for Alice and one for Bob, which have to be matched 
and kept stable by some active feedback. 

In contrast, our new system3 is both totally stable 
and polarization independent. It is based on a single 
time-multiplexed interferometer, described in Figure 1. 
The interfering pulses follow exactly the same spatial 
path, albeit with a small time delay. This ensures perfect 
matching and stability. Moreover, the use of Faraday 
mirrors suppresses all birefringence effects. Therefore, 
this system does not require polarization control. Alice 
and Bob receive their quantum cryptographic kits, rep-

stone Figure 1. (a) Grayscale plot of the electric field intensity profile of a TM whis
pering gallery mode for a deformed cylindrical dielectric cavity of refractive index 
N = 1.54. Lighter regions indicate high intensity, so the four lighter lobes emanat
ing from the points of high cavity curvature indicate the high emission directions 
for a microlaser. (b-top) Same data as in Figure l a plotted in the far-field as a func
tion of azimuthal angle (see inset) and compared (bottom) with the far-field intensi
ty predicted by the ray-optics model of reference 1. 

Huttner Figure 1. A short laser pulse sent by Bob is split at coupler 
C2. The two interfering pulses follow the paths: C2-M2-M1-M3-C2 
and C2-M3-M1-M2-C2. The phase modulators (PM) modulate the 
path length between the two pulses. The interference pattern at 
DO gives the relative phase settings of Alice and Bob. The Faraday 
rotators (FR) before the mirrors cancel out all birefringence effects 
in the fibers. 
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Ray-wave correspondence is the key to understanding whispering-gallery modes 
in asymmetric resonant cavities (ARCs). Numerical solution of the 

non-separable Maxwell equations for the dielectric cylinder yields the 
intensity profile shown at the top. A ray-optics model (bottom) reproduces this 

intensity profile and enables accurate predictions based on chaos theory. 
Much technological interest rests on the high field concentrated near the surface (orange) 

in such modes, and on their pronounced emission directionality (green lobes) (see Stone, page 37). 


