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ABSTRACT

Whispering-gallery microresonators are well suited for use as sensors. For example, fluid analytes can be sensed
through their effect on the refractive index or by their optical absorption. The former results in a frequency shift of a
whispering-gallery mode (WGM); the latter changes the WGM’s intensity profile, and can be even more sensitive than
the former. WGMs are typically excited by coupling of light from a tapered fiber. It has recently been demonstrated
that using a non-adiabatic tapered fiber can produce a Fano resonance whose asymmetric shape can enhance the
sensitivity of refractive-index sensing. The non-adiabatic taper allows the incoming light to be distributed between two
fiber modes that interfere when exciting a single WGM, thereby producing the asymmetric resonance. However, just as
absorption sensing can be more sensitive than index sensing, its enhancement by using a non-adiabatic taper can be
greater as well. This enhancement is demonstrated theoretically here, and experiments for confirmation are underway.
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1. INTRODUCTION

Tapering of an optical fiber to a diameter of a few microns or less makes the evanescent component of the light that it
carries available for use in sensing or in coupling to whispering-gallery microresonators. In the taper transition, the
core-cladding guidance of the untapered fiber evolves to the cladding-air guidance of the waist region, where the
evanescent field makes the effective refractive indices (or propagation constants) of the thinned fiber modes sensitive to
the refractive index of the ambient. If the taper transition is adiabatic, the single mode of the untapered fiber evolves to a
single mode of the tapered fiber (waist). However, if the taper transition is not adiabatic, and the angle of the taper
transition is large enough, multiple modes of the tapered fiber can be excited. These different modes will have different
spatial profiles, with different evanescent fractions, different effective indices, and different propagation constants.'*
The resultant beating of different tapered-fiber modes as they propagate along the waist can enhance the sensitivity to
the ambient refractive index and enable sensing of index changes resulting from various effects.>®

When a non-adiabatic tapered fiber (or multimode waveguide) is used for coupling to a microresonator,”™* the

throughput spectral profile of a resonator mode is no longer a symmetric Lorentzian dip, but depends on the relative
amplitude and phase of the fiber modes as they couple into a single resonator mode. In particular, if there are two fiber
modes and they are neither in phase nor out of phase, the throughput profile can have the shape of a Fano resonance.
This scheme is a simpler way to achieve the Fano resonance than through coupled resonator modes.'”"” The advantage
of the Fano resonance is that it can provide a very steep variation of throughput with frequency, and thus an enhanced
response to changes in ambient index.'*"'®

We have previously shown that absorption sensing with (adiabatic) fiber-coupled whispering-gallery microresonators
can have even better sensitivity than refractive index sensing, while being less susceptible to perturbations arising from
intensity or frequency drifts."*?° In this paper, the enhancement of absorption sensing that can be provided by non-
adiabatic tapered-fiber coupling is demonstrated theoretically. An analytical and numerical model has been developed
that assumes an asymmetric tapered fiber consisting of a non-adiabatic downtaper so that two tapered-fiber modes can
interact with a single whispering-gallery mode (WGM) of the resonator, along with an adiabatic uptaper to ensure that
only the fundamental tapered-fiber mode couples to the untapered-fiber mode for throughput. This model shows that the
resulting enhancement can be even greater for absorption sensing than for index sensing.
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2. MODEL AND BASIC RESULTS

The tapered-fiber-coupled microresonator is taken to be analogous to a ring cavity with one partially-transmitting mirror.
The mirror transmission gives the coupling from the taper mode to a WGM and back again. The throughput is
analogous to the signal reflected from the cavity. The two taper modes are modeled as two orthogonal (spatially; they
are assumed to have the same polarization) modes incident on the cavity, having the same frequency but different
propagation constants and thus a variable relative phase. As sketched in Fig. 1, light from the single-mode untapered
fiber couples into the two waist modes in the non-adiabatic downtaper; these have amplitudes E;, and Eize[ﬁ at the point
where they couple into the microresonator. The input/output coupling (transmission) coefficients for the two modes are
it; and it,. It is assumed that there is no intermode coupling in the adiabatic uptaper, after the microresonator, and that
only one of the outgoing taper modes E,| and E,, is recaptured by the untapered fiber core as measurable throughput.
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Fig. 1. Multimode coupling. Two tapered-fiber modes couple to a single WGM.

The coupling of incident tapered fiber modes into the WGM is coherent, that is, the amplitude coupled into the WGM is
the sum of the complex amplitudes of the coupled portions of the two incident modes. The orthogonality of the taper
modes, and the condition that energy be conserved when the cavity has no intrinsic loss, lead to certain relations among
the reflection and transmission coefficients. If

2 2
tr=1-nr",
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t22 =1- rzz ,
where if, and r, are the transmission and (external) reflection coefficients for mode n, energy conservation requires that
1-r? =t} +63 =T, + T, )

where r is the internal reflection coefficient for the cavity mode and 7, is the transmissivity for mode n. The
transmissivities are assumed to be small, i.e., T, << 1.

Consider cw incident waves and steady-state response. E; and Epe’” are the amplitudes of the two incident modes, with
their relative phase £ depending on the position of the microresonator along the fiber waist. Then the intracavity WGM
mode amplitude E, just after the input coupling, is given by

it Ey +itEpe”

p=tEare ®)
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where L is the cavity round-trip length, oL is the intrinsic round-trip power loss, and & = kL is the round-trip phase
accumulation modulo 2z, proportional to the detuning of the incident light from the cavity resonance. Since we assume
that no intermode coupling occurs in the second transition region (uptaper), and that mode 2 is lost while mode 1 gets
captured by the fiber core, the throughput amplitude of mode 1 becomes
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However, power is what we measure, so we want the square modulus of this. We can evaluate to lowest order in the
small quantities 7, << 1, al<< 1, §<< 1. The last condition applies because o 'is an integer multiple of 27 on any cavity
resonance, the cavity Q is very high, and we must be relatively near resonance (within several linewidths). Then we find
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Far away from the cavity resonance, at large detunings &, note that the limiting value of |E,l| 1S |E l«1| . It is therefore

convenient to describe the resonance throughput dip (or peak, or feature, in general) in terms of a relative throughput R;
note that a peak means that R(0) > 1:
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If m = 0 and only one mode is incident on the resonator, the throughput R(J) shows the usual feature of a Lorentzian dip
at 0= 0. When m > 0, the shape of the throughput resonance feature will depend on the values of the parameters. In
many cases, £ = 0 will produce a symmetric dip and f = 7 will show a symmetric peak. In between these limits, the
resonance feature will be asymmetric and can be interpreted as a Fano resonance.

We have produced non-adiabatic asymmetric tapered fibers using a fixed flame brush length and simply pulling the two
sides through different distances. While this is not ideal, the resulting non-adiabatic downtaper can excite two waist
modes, as verified by observing periodicity in the throughput signal as the microresonator is translated along the fiber
waist. For purposes of illustration, the two-mode model has been used to fit experimental throughput resonance feature
shapes measured using a 400-pm-diameter microsphere at a wavelength of about 1535 nm. Figure 2(a) shows three
peaks, and Fig. 2(b) demonstrates a series of asymmetric lineshapes. In the figure caption, x, = T,/al.
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Fig. 2. Experimental results fit by model. (a) Light curve, experimental data. Dark curve, model fit with m = 4,
p=mn,and a=0.6 m’'. The values of x, for the (1), (2), and (3) peaks are 0.075, 0.17, and 0.045, respectively. In
each case, x, = 0.31 x;. (b) Light curve, experimental data. Dark curve, model fit with m = 1.4, f=-0.4n, and o
=0.70 m™". The values of x; for the (1), (2), (3), (4), and (5) modes are 0.067, 0.012, 0.075, 0.065, and 0.060,
respectively. In each case, x, =0.31 x;.
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For absorption sensing,'® define the relative throughput dip depth to be M = 1 — R(0), where

(T, - T, —aL )’ +4T,T,m* + 4T, - T, — aL W T,Ty mcos 3

R(0) =
© (T, + Ty +aL)?

®)

Then suppose that the total loss coefficient becomes o = a; + fa, + for,, where o; is the resonator’s intrinsic loss

a’
coefficient, a, is the absorption coefficient of an analyte in the ambient fluid (gas or liquid), a, is the absorption
coefficient of the ambient solvent (if present), and f'is the evanescent fraction of a WGM. Typical values of fare about
107 in air and 107 in liquid; these can be larger for internal evanescent fractions in the hollow bottle resonator (HBR).”

The measure of absorption sensitivity is the effective absorption path length, given by

:Ldﬁ:ﬂ‘idML | 11 T, —al)+ 21, Tym® + (3T, - T, —al YT, Tymeos p | o)
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Loy can be as large as f/a in the case of one-mode coupling. With two fiber modes, but m = 0, i.e., only the
fundamental mode being excited, the maximum effective absorption path length is

Loy max = Tral’ (10)
so for two fiber modes, when m is greater than zero, the minimum sensitivity enhancement is given by
T, +al dM
P T e (11)
M  dol

3. MODE PROFILES AND SENSING ENHANCEMENT

In order to compare experimental results to the model described in the previous section, one need only measure the mode
linewidth (width of the throughput dip at § = 0), along with the relative resonant throughput R(0) at # = 0 and at § = m.
From these three measurements, the values of Ty, 7, + alL, and T »m? can be found. These are sufficient for a
semiquantitative comparison, as the value of the evanescent fraction can only be estimated to within about a factor of
two. The value of f'can be calculated for a WGM of known radial order, given the microresonator dimensions, but the
radial order of a WGM cannot be determined with certainty. Using an absorbing solvent such as methanol (for the 1500-
1650 nm wavelength range) can help to identify the WGM’s radial order and/or estimate the value of the evanescent
fraction. Note that high sensitivity to a, is still possible even though a, << a,; absorption in the solvent just acts as an
adjustment to al.

Two examples of enhancement S > 1 are given in Figs. 3 and 4, where R, the ratio of throughput power P;to mode 1
incident power P;;, is plotted as a function of detuning from the WGM resonance for several values of . In both
examples, the wavelength is taken to be 1500 nm and the loaded Q to be 108, In Fig. 3, Tl/(T2 + aL) =133, m=1.4,

and S = 14.1 for # = 0. In Fig. 4, T,/(T, +aL) = 0.273, m = 5.8, and S = 9.96 for # = 0. These enhancements are

comparable to that reported for Fano-based index sensitivity.'* For certain other parameter ranges, absorption sensitivity
enhancements as large as 60 have been found; this could increase L. for gas sensing from about 5 cm to about 3 m.
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Fig. 3. Mode profiles for different relative phase between the two fiber modes for one case showing absorption
sensitivity enhancement. (a) #=0. (b)f=1.57n. (¢c)f=mn. (d)£=0.57n In this case, Tl/(Tz + aL) =133, m
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Fig. 4. Mode profiles for different relative phase between the two fiber modes for another case showing
absorption sensitivity enhancement. (a) #=0. (b) #=mn. In this case, 7}/ (T 5+ aL) =0273,m=58,and S=

9.96 for = 0.
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4. DISCUSSION

Experiments using non-adiabatic tapered fibers coupled to HBRs are underway to observe the absorption sensing
enhancement that has been theoretically demonstrated here. Both liquid and gaseous analytes are being used. One
limitation of this method is that large enhancement is often found accompanied by a shallow dip. Using a Fano
resonance instead of the throughput dip does not help in absorption sensing. Unfortunately, the large throughput
excursion (minimum to maximum) in a Fano resonance such as the f = 0.5 © example of Fig. 3(d) seems not to exhibit
an enhancement in absorption sensitivity comparable to that of the # = 0 dip of Fig. 3(a).
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