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Fano resonance in a multimode tapered fiber coupled with a microspherical
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Fano resonance in a tapered optical fiber in contact with a Qighicrosphere is demonstrated.
Multimode waves propagating in a 2u@n diameter taper were coupled with a single whispering
gallery mode of a 22@um sphere, and their coherent interaction resulted in Fano resonance. The
asymmetric line shapes of the transmission spectra changed periodically with scanning of the
coupling position along the taper. The observedu2d period was due to modal dispersion in the
tapered fiber. €005 American Institute of PhysidDOI: 10.1063/1.1951049

Fano resonance, originating in the interference betweegation length. The output field from the fiber waveguide is
a discrete energy state and a continuum of states, is observespressed as
as a characteristicall asymmetrlc line shape in transmission
and reflection spect  Anomalies occurring in diffractive Ei= E (tEo+ qEo), )
grating and photonlc crystal spectra have been explained by J
the Fano effect: Fano resonance leads to a drastic changevheret; (j=1, 2,..) are the complex transmittances of the
in transmittance and reflectance over a narrow spectral ranggields passmg through the individual taper modes without
this has application in fine frequency tuning, spectral filter-coupling to the cavity andj; (j=1, 2,..) are the complex
ing, light modulation, and highly sensitive sensdfsRe-  coupling coefficients from the cavity to the output field
cently, it has been shown that, in theory, Fano resonance cahrough the multimodes. From Eq4) and(2), the intensity
also be mduced in a single-mode waveguide coupled with &ansmittance is given by
mlcrocawty This has been demonstrated experimentally us-
ing a polymer microring resonator fabricated by Hz(‘*’ we)?+ Cy + Colw — wo)
nanmmprmtmg9 In this waveguide/cavity coupling system, (- w)?+ (1 —agt C)2
two partially reflecting elements are placed in the waveguide
to control the phase difference between the resonant field and ¢, = |(1 - at )t + apq[?r?,C, = 20, IM[t(pa) lve,  (4)
the transmitted wave, which is indispensable for the forma-
tion of the asymmetric line shape. wheret=3;t;, p=3p;, q==;q; and” denotes a complex con-

In this letter, we report that Fano resonance can be injugate. The first and second terms in the numerator of &aq.
duced in a multimode tapered fiber waveguide coupled witifepresent a symmetric Lorentzian dip of the whispering gal-
a highQ microspherical cavity without the use of any addi- lery mode, while the last term exhibits an asymmetric line
tional elements, such as reflectors and delay optics. The tghape. In the case of a single-mode tapered fiber, the asym-
pered optical fiber, fabricated by heating and stretching dnetric component does not appé&y,=0), while the inter-
standard single-mode fiber, is a h|ghly efficient coupling el-action among the multiple taper modes giv@s# 0, which
ement for a microspherical resonatdt! By adjusting the induces the Fano resonance.
taper diameter, the number of modes propagating in a ta- When the coupling position is shifted by the distaxce
pered fiber can be restricted and the coupling modes of thalong the fiber axig(; is not changed byp; andg; are phase
tapered fiber and the microsphere can be seldét&d. shifted ast(pq)”[x==; k1 {t; (Pkal) " [x=08XP(=i(Bc=B)X)], where

When the multimode waves in the taper are coupled to
the microsphere with the resonant angular frequencgnd
the free-spectral range. (see Fig. 1, the cavity field at the
position just before the coupling point is approximately

: 3

Eo

given by
100um Microsphere
i
E,= et > pEo, (1) B gntens
(0= wp) +i(1-ag c)Vc Mﬁ\
- : B,

where o andt, are the round-trip factor and the transmit-
tance in the coupling region of the microsphere, respectively. E, Iﬁz TR— : l >E,
E, is the input field introduced into the fiber waveguide and hT & o
p; (j=1, 2,..) are the coupling coefficients from the input Tapered fiber

field to the microsphere through the individual taper modes,

that include the phase components depending on the propBIG. 1. (Color onling A sketch of a multimode tapered fiber waveguide
coupled with a microspherical cavity. The microsphere was scanned along
the tapered fiber in the direction indicated by arrewThe inset shows a
dElectronic mail: akichiba@es.hokudai.ac.jp micrograph of the system.
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FIG. 3. (Color onling A three-dimensional plot of the position-dependent
0.0 © d) transmission spectra. For the spectral measurements, the coupling position
3 4 5 6 3 4 5 6 was scanned at intervals ofutn over a 45um range.

Frequency Detuning / GHz

FIG. 2. Typical transmission spectra of a multimode tapered fiber in contactN® contact point was scanned along the tapered fiber. The
with a microspherical cavity measured at the coupling positien&) 0 um, microsphere/tapered-fiber-waveguide system was placed in a
(b) 6 pm, (c) 12 pm, and(d) 18 um. The spectra were normalized at off- chamber which was filled with dry aihumidity<1.0%) to
resonant frequency. reduce water adsorption that may cause adhesion forces at
the surfaces. The chamber was kept at a stable temperature,

. . hich is necessary to avoid any resonant frequency shift in
(=1, 2,.. th t tants of the taper’ ¢ sary 10 y quency
B (j=1, 2,..) are the propagation constants of the aperge microsphericai cawt&ff

m . ing that tw rm r led with tH . . -
odes. Supposing that two taper modes are coupled with t Figure 2 shows typical transmission spectra of the mul-

cavity, the asymmetric line shape is periodically changed. . ) :
with the shifting of the coupling position, with the period dgi)neoc?rea t\?\l%?;e(:n;'gse&/r rgécrgfpdk;;;?eﬁfucrgLnlginsgysgigﬁ;zese

being given by 2r|8;-8,/™%. It is noted that the coefficient !
C; containing the parametgg also changes with the dis- —(a).O pm, (b) 6 um, (©) 12 pm, gnd(d) 1.8 pm. The spec-
placementx. tral intensity was normahzeql gsmg_the signal at off-resonant

A tapered fiber was prepared from a fused-silica Singlefrequency. The spectra exhibit an intense resonance at a de-
mode optical fiber. After stripping the polymer coating, thetuﬂIrlg fr§q4u8né)|/_lof %ITT G';:Z’ as W?Itlhas two smatlldd_lps at 3;:18
fiber was heated using a ceramic heater and stretched intoGol z and . Z. 1he shapes of the resonant dips are de-
fine thread with a waist diameter of 2:@n. This permitted p(er;%ent on the coupl;pg pc;]smon. .Tk?e Iqlp at'd4.h7 ?TgomM'I:—llg.

: . 2(a) has a symmetric line shape with a linewidth o z

the propagation of not only the fundamental pr0pagatloniorresponding to @ value of 2.4x 10°. Characteristically

mode (HE,y), but also some higher-order propagationas mmetric Fano resonance line shapes were clearly ob-
modes? Scanning electron micrographs indicated that there y P y

was no appreciable variatior<0.1 um) in the taper diam- served in Figs. @) and 2d). One shoulder of the dip com-

10 | h Ami here havi prises a steep slope including an overshoot, while the other
eter over a 10Qum length. A microsphere having a stem Was g, |ger has a moderate slope followed by a long tail. The

also fabricated from a single-mode fiber as follows. The tipdip in Fig. 2c) is symmetric and much deeper than that of
of a fiber from which the coating had been stripped Wasgjg o) " The width of the left-side shoulders, which are
irradiated with a CQlaser causing the fiber to melt and, due yefineq as the frequency width required for a change in trans-
to surface tension, to form into a sphere. A sphere with 3nission from 90% to 10% of the dip depth, de2 320 MHz,
diameter of 22Qum was used. The lowest radial-order (b) 130 MHz, (c) 290 MHz and(d) 550 MHz. The two small
modes of such a sphere satisfy the phase matching conditicmpS at 3.8 and 4.0 GHz, which posse§s values of
for coupling with the HEy, HE;;, TMoy and Tk, modes of - 475106 and 1.0<107, respectively, exhibit the same
the 2.3um tapered fibel”** A micrograph of the spherical change in shape as the dips described above, in spite of the
microcavity attached to the multimode tapered fiber is showrjifference in their widths and depths. It was confirmed that
in the inset of Fig. 1. the spectral shapes did not change on increasing and decreas-
A tunable external-cavity laser diode with a linewidth of ing the laser power. This indicates that, in the present experi-
300 kHz was coupled to the tapered fiber waveguide and theent, thermal nonlinear effects caused by the introduction of
output light at the other end of the fiber was detected using éhe laser were negligibly small.
photodiode. The output intensity from the fiber when not  The coupling-position dependence of the resonant spec-
coupled to the microsphere was p@V. The laser frequency tra is shown as a three-dimensional plot in Fig. 3. Transmis-
was scanned over a range of 18 GHz around a wavelength gfon spectra were measured at everyuf displacement
780 nm in order to observe the transmission spectra. Th@ithin a scan range of 4am. The shapes of the spectra
frequency was precisely calibrated by simultaneous measurgradually change over the scan range. Clearly, the three-
ment of rubidium vapor B lines as well as by means of a dimensional plot shows a periodicity in the change in the
Fabry—Perot etalon (free spectral range=2.5 GHz The  spectra with respect to the displacement. The intensity at the
5%S,/,(F=3) — 5?P,, transition peak of°Rb was set to the dip and the side peaks varies sinusoidally with a period of
origin of frequency detuning. In order to control the relative 24 um. The data were highly reproducible on backward
position of the sphere and the tapered fiber in three dimenscanning.
sions, the microsphere was mounted on a piezoelectric stage. Theoretical analysté has shown that, at a 780 nm wave-

The microsphere was kept in contact with the taper waist antength, the fundamental HEmode and the Hfg, TMg;, and
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