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Highly efficient prism coupling to whispering gallery modes of a square
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By using prism coupling to a squage cavity, over 75% energy transfer to the whispering gallery
modes Q> 10°) by frustrated total internal reflection was observed. A good comparison was found
between measured data and theoretical malelsed on a Fabry—Perot resongtdior the
dependence of the coupling and linewidth of the whispering gallery mail€Ms) as a function

of relative separation between the prism and theavity. 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 Physic§DOI: 10.1063/1.1540242

Whispering gallery mode@VGMs) circulating in planar  for maximum coupling €,,,) depends on the different sets of
(two-dimensional dielectric o cavities (in the form of  WGMs with their undercouple® values. By selecting;,.,
rings 2 circles®~® race-tracks,hexagon$;? and squarés™)  the coupling to mult-WGMs can be changed to coupling
are of particular interest to dense wavelength division multi-mainly with one set of WGMs. The measured dependence on
plexing (DWDM) part of optical communications. By plac- the prism-fiber distancégreater and less that,,) of the
ing one or several coupled microrings between two nearby¥GMs linewidth and transmitted intensity into the square
optical waveguides, it has been demonstrated that a spegesonator were in good agreement with existing theory for
trally narrow channel can be added or removed from thetandard Fabry—Perot resonatdts.
signal waveguidegadd/drop filters™” Most of the coupling A schematic of the experimental arrangement is shown
between the waveguides and cavities is through the in Fig. 1. A tunable external-cavity diode las@vith a line-
separation-dependent frustrated total reflectiéhR) of the  width of 300 kHz around 672 njmbeam was focused to a
waves. The critical coupling condition occurs when the in-spot (size ~30 um) on the hypotenuse of a 90° prism
ternal loss of theu cavity is equal to the waveguide coupling (SF11, refractive index, = 1.785). The laser beam was 45°
loss. At this critical condition, the transmission of the signal|inear|y polarized and thus TE or TM mode can be investi-
waveguide approaches zero at WGM wavelenghths, whergated by using two polarizeror the input and output ra-
the round-trip phase shift of the circulating wave in the  gjation) with the electric vector either perpendicular or par-
cavity is in phase with the incoming wave. Several inputy|ie| to the fiber axis. Two photodiode®( andD2) were

devices hag’f’o been used to couple the light intogheavi-  ysed to monitor the input intensity and the remaining re-
ties: prism®° angle polished fiber tip%:half-block fiber

couplers? tapered optical fibers;planar waveguides?’°
and focused beart. In order to increase the separation-
dependent coupling between a straight-shaped input wave
guide and theu cavity, investigators have worked on other
than curved-shapegd cavity designg(i.e., race-track, hexa-
gon, and squale

&

The square-shapeg cavity has the property that all ¢ Vg,
four-bounce ray orbits with 45° internal incident angt,() %e& Top View
have the same length and, hence, all the corresponding 7
WGMs have the same wavelengths. At slightly different Lquare| 1 X
wavelengths, there can exist four-bounce ray orbits with cavity [ Separation
0,nc<45° (where 6;,. must be greater than the critical angle "
for total internal reflectiong,). After one round trip, these ‘z 1" Microscopy
0,,c<45° orbits are not closed, even though these orbits cor- Q =10
respond to different sets of WGMs when they are in phase p—
with the input wave'! ﬁ' Side View

In this letter, we show that a prism can efficiently couple PMT

0 -
(more than 75% by FTR, to four different sets of WGMs FIG. 1. Schematic of the experimental setup for measuring light coupling to

that are circulating around a square-shaped fiber, which is thsquare. cavity. D1 andD2 are photodiodes. PMT is a photomultiplier for
squareu cavity. We observed that the prism-fiber distancedetecting WGMs. The upper-right image is a microscope photogftaph
view) of the prism edge and one end of the square-shaped fiber. The low-
right image is a microscope photografside view of the fiber with strong
¥Electronic mail: richard.chang@yale.edu emission from one edge of the fiber.
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flected intensity after coupling to the squareavity, respec-

tively. The prism was mounted on a mechanical stage tha1(a)
has all degrees of freedom. A piezoelectric exterjddth 20
nm resolution was used to change the relative prism-fiber

separation. The squayecavity is provided by a fused silica
fiber (refractive indexn;=1.456) with a square cross-section o
(200+ 3 um edge with~30 um radius of rounded corners = .
The fiber was mounted on a mechanical stage that enable
the fiber to rotate along its axis/ (direction and tilt along
the x or z direction. A microscope provided a top view of a
portion of the prism and the adjacent fiber with a rough end
(see photo at the upper right of Fig. The microscope also
enabled us to monitor the orientation and relative fiber-prism . :
separation. A second microscope provided the side view &7 Wavelength (o) -~ ¢
(perpendicular to the prism hypotenuses well as transfer (b
the light emerging from one edge of the fiber to a photomul-
tiplier tube (PMT) with f number=10 (see photo on the
lower right of Fig. 1.

By optimizing the incident angle on the prism’s hypot-
enuse, the orientation of the square fiber, and the prism-fibe
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separation, multimode resonances were observed. The uppt § '° 02
part of Fig. Za) shows the remaining reflected ligtfrom § 0.8-

D2 after adjusting for maximum couplinght WGMs, about 2 o6l

70% of the input intensityfor TE) has been imparted to the § 0]

w cavity. The low part of Fig. @) displays the normalized- %

intensity spectrum of the radiation emerging from the fiber E
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normalize-intensity spectrum from the fiber edge are shown(c)m0 Wavelength (nm)

nance peaks. Both the TE and TM spectra have a free spec

(compared with the equivalent TE mogéeave longer pen-  odg; reflected by the prism and detected B2. Lower part: normalized

TE WGM counter parts? coupling is mainly to one set of WGMs.

fiber changes from that shown in Figi@@ to that shown in Figure 3a) shows how sensitively the TE-WGM spec-
The highest coupling occurs when thg, is just larger ~ decreasesincreaseswhen the gap is increasédecreased

location along the entire square edge. This discrepancy miglihat different sets of WGMs have different best coupling

] PMT
0] \j‘/\/\/ W
edge. For the TM case, the remaining reflected light and * oo o L
in the upper and lower part of Fig(l®, respectively. The
TM mode shows even higher energy transfgreater than ' Ditferent 0,
75% at the best coupling cgsebut with a much broader 1
‘ PMT

tral range frsp Of 0.55 nm, which is consistent with the —TE
path length for four-bounce orbitéwith 6;,,<45°) of a 670 671 672 T ers
198.6 um square cavity. The better external coupling with Wavelength (nm)
etration depth of the evanescent wave or higher tunnelingpectrum from one edge of the square-shapeavity (TE modes, detected
loss through the fiber-air interface. This results in the TMby PMT). The valleys of the upper part and the peaks of the I0\_Ner part occur
WGMs having loweiQ value or broader linewidth than their 2t 1€ same wavelengti) Upper and lower parts: same as(@ except

The multimode WGM spectra were investigated by vary-
ing the incident beam angle and position along the prism o
hypotenuse as well as the relative separation of the prism arfj€ Separation is larger because of the roundness at the cor-
Fig. 2(c). Although the three sets of other WGMs are de-{ra within one free spectral rang&dsg, from 672.0 to 672.6
tected and well resolved, only one set of WGMs is stronglyn™) vary with the separation arourtd},.. The intensity of
coupled. The selective coupling to only one set of WGMsthe resonance peaks decreases whether the separation is in-
than thed, of the prism as well as when the incident position from dy,c.
is located at the middle of the square sidewall. This later ~ Figure 3b) show the intensitycircle and cross symbpl
phenomena is unexpected, if we assume that the same coand linewdth(triangle) of the TE resonance peaks at 672.38
be caused by the nonflatness of the sidewall of the squargosition(or differentd,,), even with the samé,,.. The TE
shaped fiber. The coupling dropped when the incident posimodes show narrower linewidth than the TM modes and can
tion is moved away form the middle of the fiber face, wherehaveQ’s as high as 18

670

prism-coupled WGM linewidtilower Q valug of the reso-
the TM WGMs s consistent with the fact that TM modes FIG. 2. (a) Upper part: normalized remaining light after couplif§E

for TM modes.(c) Same as lower part dfa) except for a different;,,
w cavity. By changing the input angle, the spectra from the€rs-
may be more applicable for DWDM. creased or decreased fradg,.. The linewidth of the peaks
pling for all four-bounced;,.=45° rectangular orbits at any and 672.52 nm vary with the relative separation. It indicates

Downloaded 26 Jul 2004 to 128.36.108.34. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys.

(a)

Lett., Vol. 82, No. 4, 27 January 2003

Y. Pan and R. K. Chang 489

because&\ (z) = N\gsy(2)/F(2) , the linewidthd\ of the reso-
nance peak at different separatiprcan be calculated

NesH2)[1—exp(—a)|y(2)[]
myexp(—a)| y(2)]]

whereq is the total loss in one round-trip within the cav-

ity. y(z) is the reflection coefficients of the wave from the
cavity, which is dependent on the polarization, separation,
and 6;,.. The free spectral range isggg. The numerical
calculation of the peak intensity and linewidth of WGMs as a
function of separation is shown by solid lines in Fighg
The reduced best coupling distartig, is 280 nm. The simu-

S\(2)= (3

60 lation results are in good agreement with the experimental
(b) Intensity 110 data.

50 of ** peak . . .

A —_ > In conclusion, the prism coupled squawecavity has

£ 401 Intensity 108 2 over 75% coupling efficiency. Changing the separation be-
< of * peak 2 tween the prism and square cross-section fiber affected the
§30. '0'6*{3 WGM linewidth and coupling in accordance to a model
£ loa 33 based on Fabry—Perot resonators. By selectinggthe the
3 204 £ coupling to all four sets of WGMs can be changed to couple
C
= ~ o2 § to one set of WGMs.
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