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Highly efficient prism coupling to whispering gallery modes of a square
m cavity
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~Received 26 September 2002; accepted 2 December 2002!

By using prism coupling to a squarem cavity, over 75% energy transfer to the whispering gallery
modes (Q.106) by frustrated total internal reflection was observed. A good comparison was found
between measured data and theoretical model~based on a Fabry–Perot resonator!, for the
dependence of the coupling and linewidth of the whispering gallery modes~WGMs! as a function
of relative separation between the prism and them cavity. By selecting the incident angle at the
prism interface, the coupling to all four different sets of WGMs can be changed to coupling to only
one set of WGMs. ©2003 American Institute of Physics.@DOI: 10.1063/1.1540242#
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Whispering gallery modes~WGMs! circulating in planar
~two-dimensional! dielectric m cavities ~in the form of
rings,1,2 circles,3–6 race-tracks,7 hexagons,8,9 and squares9–11!
are of particular interest to dense wavelength division mu
plexing ~DWDM! part of optical communications. By plac
ing one or several coupled microrings between two nea
optical waveguides, it has been demonstrated that a s
trally narrow channel can be added or removed from
signal waveguides~add/drop filters!.1,7 Most of the coupling
between the waveguides andm cavities is through the
separation-dependent frustrated total reflection~FTR! of the
waves. The critical coupling condition occurs when the
ternal loss of them cavity is equal to the waveguide couplin
loss. At this critical condition, the transmission of the sign
waveguide approaches zero at WGM wavelenghths, wh
the round-trip phase shift of the circulating wave in them
cavity is in phase with the incoming wave. Several inp
devices have been used to couple the light into them cavi-
ties: prism;8,10 angle polished fiber tips;3 half-block fiber
couplers;4 tapered optical fibers;5 planar waveguides;1,2,7,9

and focused beam.11 In order to increase the separatio
dependent coupling between a straight-shaped input w
guide and them cavity, investigators have worked on oth
than curved-shapedm cavity designs~i.e., race-track, hexa
gon, and square!.

The square-shapedm cavity has the property that a
four-bounce ray orbits with 45° internal incident angle (u inc)
have the same length and, hence, all the correspon
WGMs have the same wavelengths. At slightly differe
wavelengths, there can exist four-bounce ray orbits w
u inc,45° ~whereu inc must be greater than the critical ang
for total internal reflection,uc). After one round trip, these
u inc,45° orbits are not closed, even though these orbits
respond to different sets of WGMs when they are in ph
with the input wave.11

In this letter, we show that a prism can efficiently coup
~more than 75%!, by FTR, to four different sets of WGMs
that are circulating around a square-shaped fiber, which is
squarem cavity. We observed that the prism-fiber distan
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for maximum coupling (dmc) depends on the different sets o
WGMs with their undercoupledQ values. By selectingu inc ,
the coupling to multi-WGMs can be changed to coupli
mainly with one set of WGMs. The measured dependence
the prism-fiber distance~greater and less thandmc) of the
WGMs linewidth and transmitted intensity into the squa
resonator were in good agreement with existing theory
standard Fabry–Perot resonators.10

A schematic of the experimental arrangement is sho
in Fig. 1. A tunable external-cavity diode laser~with a line-
width of 300 kHz around 672 nm! beam was focused to
spot ~size ;30mm) on the hypotenuse of a 90° prism
(SF11, refractive indexn151.785). The laser beam was 45
linearly polarized and thus TE or TM mode can be inves
gated by using two polarizers~for the input and output ra-
diation! with the electric vector either perpendicular or pa
allel to the fiber axis. Two photodiodes (D1 andD2) were
used to monitor the input intensity and the remaining

FIG. 1. Schematic of the experimental setup for measuring light couplin
a squarem cavity.D1 andD2 are photodiodes. PMT is a photomultiplier fo
detecting WGMs. The upper-right image is a microscope photograph~top
view! of the prism edge and one end of the square-shaped fiber. The
right image is a microscope photograph~side view! of the fiber with strong
emission from one edge of the fiber.
© 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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flected intensity after coupling to the squarem cavity, respec-
tively. The prism was mounted on a mechanical stage
has all degrees of freedom. A piezoelectric extender~with 20
nm resolution! was used to change the relative prism-fib
separation. The squarem cavity is provided by a fused silica
fiber ~refractive indexn351.456) with a square cross-sectio
(20063 mm edge with;30mm radius of rounded corners!.
The fiber was mounted on a mechanical stage that ena
the fiber to rotate along its axis (y direction! and tilt along
the x or z direction. A microscope provided a top view of
portion of the prism and the adjacent fiber with a rough e
~see photo at the upper right of Fig. 1!. The microscope also
enabled us to monitor the orientation and relative fiber-pr
separation. A second microscope provided the side v
~perpendicular to the prism hypotenuse! as well as transfer
the light emerging from one edge of the fiber to a photom
tiplier tube ~PMT! with f number510 ~see photo on the
lower right of Fig. 1!.

By optimizing the incident angle on the prism’s hypo
enuse, the orientation of the square fiber, and the prism-fi
separation, multimode resonances were observed. The u
part of Fig. 2~a! shows the remaining reflected light~from
D2 after adjusting for maximum coupling!. At WGMs, about
70% of the input intensity~for TE! has been imparted to th
m cavity. The low part of Fig. 2~a! displays the normalized
intensity spectrum of the radiation emerging from the fib
edge. For the TM case, the remaining reflected light a
normalize-intensity spectrum from the fiber edge are sho
in the upper and lower part of Fig. 2~b!, respectively. The
TM mode shows even higher energy transfer~greater than
75% at the best coupling case!, but with a much broade
prism-coupled WGM linewidth~lower Q value! of the reso-
nance peaks. Both the TE and TM spectra have a free s
tral range (lFSR) of 0.55 nm, which is consistent with th
path length for four-bounce orbits~with u inc<45°) of a
198.6 mm square cavity. The better external coupling w
the TM WGMs is consistent with the fact that TM mod
~compared with the equivalent TE modes! have longer pen-
etration depth of the evanescent wave or higher tunne
loss through the fiber-air interface. This results in the T
WGMs having lowerQ value or broader linewidth than the
TE WGM counter parts.12

The multimode WGM spectra were investigated by va
ing the incident beam angle and position along the pr
hypotenuse as well as the relative separation of the prism
m cavity. By changing the input angle, the spectra from
fiber changes from that shown in Fig. 2~a! to that shown in
Fig. 2~c!. Although the three sets of other WGMs are d
tected and well resolved, only one set of WGMs is stron
coupled. The selective coupling to only one set of WGM
may be more applicable for DWDM.

The highest coupling occurs when theu inc is just larger
than theuc of the prism as well as when the incident positi
is located at the middle of the square sidewall. This la
phenomena is unexpected, if we assume that the same
pling for all four-bounceu inc545° rectangular orbits at an
location along the entire square edge. This discrepancy m
be caused by the nonflatness of the sidewall of the squ
shaped fiber. The coupling dropped when the incident p
tion is moved away form the middle of the fiber face, whe
Downloaded 26 Jul 2004 to 128.36.108.34. Redistribution subject to AIP
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the separation is larger because of the roundness at the
ners.

Figure 3~a! shows how sensitively the TE–WGM spe
tra within one free spectral range (lFSR, from 672.0 to 672.6
nm! vary with the separation arounddmc. The intensity of
the resonance peaks decreases whether the separation
creased or decreased fromdmc. The linewidth of the peaks
decreases~increases! when the gap is increased~decreased!
from dmc.

Figure 3~b! show the intensity~circle and cross symbol!
and linewdth~triangle! of the TE resonance peaks at 672.
and 672.52 nm vary with the relative separation. It indica
that different sets of WGMs have different best coupli
position~or differentdmc), even with the sameu inc . The TE
modes show narrower linewidth than the TM modes and
haveQ’s as high as 106.

FIG. 2. ~a! Upper part: normalized remaining light after coupling~TE
mode!, reflected by the prism and detected byD2. Lower part: normalized
spectrum from one edge of the square-shapedm cavity ~TE modes, detected
by PMT!. The valleys of the upper part and the peaks of the lower part oc
at the same wavelengths.~b! Upper and lower parts: same as in~a! except
for TM modes.~c! Same as lower part of~a! except for a differentu inc ,
coupling is mainly to one set of WGMs.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The resonance frequency, coupling efficiency, and
nesse~the ratio of the separation of adjacent peaks to
half-intensity-width of the peak!13 of a square-like cavity
(5 mm35 mm square with the coupling face curvatured
confinement of resonator modes! has been derived by trea
ing it as a standard Fabry–Perot resonator.10 These theoreti-
cal results were used to analyze our square-shapedm cavity.
The coupling efficiencyc(z) and finesseF(z) can be ex-
pressed as

c~z!5
@12exp~22a!#@12ug~z!u2#

@12exp~2a!ug~z!u#2 , ~1!

F~z!5@ pAexp~2a!ug~z!u#@12exp~2a!ug~z!u# ~2!

FIG. 3. ~a! Spectra from one edge of the square-shapedm cavity ~TE modes!
at several separations between prism and fiber.~b! The dependence of the
measured linewidth~triangle! and peak intensity~circle and cross! of reso-
nance TE peaks@marked with* and** in ~a!# as a function of relative sepa
ration. The solid lines are the calculations based on assuming the squm
cavity as a Fabry–Perot resonator.
Downloaded 26 Jul 2004 to 128.36.108.34. Redistribution subject to AIP
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becausedl(z)5 lFSR(z)/F(z) , the linewidthdl of the reso-
nance peak at different separationz can be calculated

dl~z!5
lFSR~z!@12exp~2a!ug~z!u#

pAexp~2a!ug~z!u]
, ~3!

wherea is the total loss in one round-trip within them cav-
ity. g(z) is the reflection coefficients of the wave from them
cavity, which is dependent on the polarization, separati
and u inc . The free spectral range islFSR. The numerical
calculation of the peak intensity and linewidth of WGMs as
function of separation is shown by solid lines in Fig. 3~b!.
The reduced best coupling distancedmc is 280 nm. The simu-
lation results are in good agreement with the experime
data.

In conclusion, the prism coupled squarem cavity has
over 75% coupling efficiency. Changing the separation
tween the prism and square cross-section fiber affected
WGM linewidth and coupling in accordance to a mod
based on Fabry–Perot resonators. By selecting theu inc , the
coupling to all four sets of WGMs can be changed to cou
to one set of WGMs.
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