242

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 24, NO. 1, JANUARY 2006

The Microfiber Loop Resonator: Theory,
Experiment, and Application

M. Sumetsky, Y. Dulashko, J. M. Fini, A. Hale, and D. J. DiGiovanni

Abstract—This paper describes the theory of a microfiber loop
resonator (MLR) and experimentally demonstrates a high qual-
ity factor MLR in free space. The MLR is fabricated from the
~ 1-pm diameter waist of a biconical fiber taper using the CO-
laser indirect heating technique. The high coupling efficiency of an
MLR is achieved through an adiabatically slow variation of the mi-
crofiber diameter in the coupling region. An MLR-loaded Q-factor
of 120 000 and an intrinsic Q-factor of 630 000 were demonstrated.
As an application, the performance of an MLR as an ultrafast
direct contact temperature sensor is also demonstrated. The MLR
heating/cooling relaxation time was measured to be ~ 3 us, in
good agreement with the developed theory.

Index Terms—Microfibers, optical fiber coupling, optical fibers,
optical resonators, ring resonators.

I. INTRODUCTION

HERE has been growing interest in developing fabrication

methods and applications of low-loss optical microfibers,
which are fabricated by drawing conventional silica optical
fibers to diameters in the order of a micrometer [1]-[7]. The
prospective advantages of microfiber devices compared to litho-
graphic photonic circuits are their much smaller internal and
connection losses, compactness, and potential for new func-
tionalities. In fact, the propagation losses of silica microfibers
with diameters close to a micrometer were measured to be
~ 1073 dB/mm [3], which is an order of magnitude less than
the lowest losses reported for planar photonic waveguides
fabricated lithographically [8]. Prospectively, the transmission
losses of silica microfibers could be as small as those in
single-mode optical fibers and in silica microcavities [4], i.e.,
~ 1077 dB/mm. In addition to their small losses, optical mi-
crofibers are attractive because of the feasibility of new three-
dimensional (3-D) microdevices, which can be composed of
microfibers but cannot be realized with other technologies.
An example is a self-coupling microfiber coil, which can be
fabricated by wrapping the microfiber around an optical rod [5].
Due to its 3-D vertical arrangement, a microfiber coil can be
dramatically smaller than planar lithographic photonic circuits
with similar functionalities. In some cases, the transmission
spectrum of the microfiber coil can be qualitatively different
from that of a similar planar photonic circuit composed of rings
[9]. The microfiber device can be fabricated of the waist of
a biconical fiber taper, which, thereby, performs the low-loss
input and output connections. Thus, the problem of connection
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Fig. 1. Illustration of an MLR. The coupling region is outlined. The numbers
1 and 2 correspond to the coupled microfiber segments 1 and 2.

losses, which is significant for planar photonic circuits, can be
naturally solved in microfiber circuits.

The microfiber loop resonator (MLR) illustrated in Fig. 1 is
the simplest microfiber coil resonator (MCR) with a single turn.
This device is a miniature version of a fiber loop resonator,
which was created for the first time back in 1982 from a
conventional single-mode fiber and a directional coupler [10].
Later, Caspar and Bachus [11] demonstrated a 2-mm diameter
MLR fabricated of a 8.5-um diameter waist of an optical fiber
taper. The diameter of the microfiber was too large to ensure
sufficient interfiber coupling. In order to enhance the coupling
efficiency, the MLR was imbedded into a silicone rubber having
a refractive index close to the index of the microfiber. At wave-
lengths of ~ 1.5 pum, the Q-factor of the MLR fabricated in
[11] was Q ~ 27 000. Recently, in [1], [6], and [7], microloops
fabricated of a micrometer-order diameter microfiber were in-
vestigated. A microloop with microfiber diameter of 0.95 pm
was demonstrated in [1]. The preliminary measured value of
its Q-factor at a wavelength of ~ 1.5 um was ~ 1500. In [6],
a microloop fabricated of a 0.7-um diameter microfiber exhib-
ited strong periodic interferometric transmission power spectral
oscillations with extinction ratio ~ 18 dB at wavelengths of
1.5 pm. In [7], the MLR fabricated of a 0.66-um diameter
microfiber had a Q-factor of ~ 15000 and, in the regime of
critical coupling, exhibited transmission spectral oscillations
with an extinction ratio of ~ 34 dB. In this paper, we report our
recent results on further increasing the Q-factor of the MLR
and its application as an ultrafast direct contact temperature
sensor. The abbreviated results were published in our OFC 2005
postdeadline paper [12]. In Section II, the theory of the MLR
is discussed. We present the general expression for the trans-
mission amplitude for lossless and polarization-independent
MLR. This expression takes into account the roundtrip losses
with a complex-valued propagation constant. We discuss the
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dependence of the MLR Q-factor on the propagation losses
and coupling efficiency and consider, in particular, the case
of a microfiber having a slowly varying radius. In Section III,
we describe the method for drawing the microfibers using
the CO, laser indirect heating technique and the method of
creating an MLR in free space. The fabricated MLRs exhibit
amazingly smooth and uniform spectral characteristics in the
full C-band, demonstrating a loaded Q-factor of up to 120000
and an intrinsic Q-factor of up to 630000. In Section IV, we
consider the theory of microfiber heating and cooling using
the lumped system equation. For a microfiber with a diameter
~ 1 um, we estimate the charact eristic temperature relaxation
time to be ~ 2 us. Next, we experimentally demonstrate an
MLR resonator subjected to periodic ON/OFF heating with the
CO; laser beam. The measured cooling and heating time was
~ 3 ps, in good agreement with the theoretically predicted
value. Section V discusses and summarizes the results of
this paper.

II. THEORY OF AN MLR
A. Basic Equations

The theory of the MLR, illustrated in Fig. 1, can be de-
veloped by combining the theory of ring resonators [10],
[13]-[15] and the theory of directional couplers [16]-[18]. It
is assumed below that the MLR is comprised of a single-mode
fiber. For simplicity, we ignore coupling between polarization
states, referring the reader to [16], [18], and references therein
for the theory of polarization mode couplers. Away from the
coupling region, for each of the polarizations, the electric field
component of the electromagnetic field propagating along the
microfiber has the form

E©(r) = exp i/ﬁ(s) ds | F(r) (1)

where ((s) is the propagation constant, which can slowly vary
along the microfiber length s, and the vector function F(r)
is the local transverse mode corresponding to the propagation
constant 3(s). The propagation constant and the transverse
mode are found from the solution of the transverse wave
equation [16] having the coordinate s as a parameter. Functions
((s) and F(r) are, generally, polarization dependent. Equation
(1) assumes that the transverse mode F(r) is a slow function of
s compared to the exponential exp(i [* 3(s) ds). In the approx-
imation of the coupling wave equations, the electromagnetic
field in the coupling region is expressed as a linear combination
of solutions given by (1) in microfiber segments 1 and 2
(Fig. 1), i.e.,

E(r) = (4 (5)F1 (1) + Aa(s)Fa(e)exp i [ 5ls)ds
0

Bls) =5 (5a(s) + Ba(s)) @

where (31 (s) and (2(s) are the propagation constants and F (r)
and Fa(r) are the transverse modes in segments 1 and 2,
respectively. We define the lower limit of integration in (2),
s =0, as the point where the diameters and, therefore, the
propagation constants of the adjacent microfiber segments are
equal (Fig. 1), i.e.,

B1(0) = B2(0). 3)

Existence of this point is critical for effective interfiber coupling
[16], [17]. In the neighborhood of s = 0, the electromagnetic
field amplitudes A;(s) and As(s) are related by the coupled
wave equations [16]

9 (M) _, (D)
g () =1 (509
AB(s) = 5 (B1(5) — fals) @

where the coupling coefficients are expressed through the over-
lap integrals of the transverse modes F(r) and Fy(r) by (A1)
given in the Appendix.

Away from the coupling region «(s) = 0 and solutions of the
coupling wave equation, (4) has the form

A3 (s) = Ag, exp i/Aﬂ(s) ds
0

A5 (s) = Ag, exp —i/Aﬁ(s) ds ©)
0

where the signs +/— refer to the left/right hand side away
from the coupling region. From (2) and (5), the condition of
continuity of electromagnetic field along the microfiber loop
has the form

S
Agy = Afyexp (i / B(s)ds (6)
0

where S is the length of the loop.

B. Transmission Amplitude

It can be found from the coupled wave equation (4) that
the functions A;(s) and As(s) satisfy the conservation rela-
tion |A;(s)|? + |A2(s)|? = const. Therefore, the ingoing and
outgoing amplitudes A, ; and Agj in (5) are connected with the
unitary matrix U as

A -
()02
Ago 02
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Here, the expression for U is a general parametric representa-
tion of a 2 x 2 unitary matrix with real parameters ¢, , 6, and
K. These parameters can be determined by solving (4).

The transmission amplitude of the MLR is defined as

T=-2 ®)

Substituting (6) and (7) into (8), we find

T — ei(¢_¢) eig — sin (K)
1 — sin (K)ei®

S
@z/ﬁ(s)ds+¢+tp. )
0

The transmission amplitude appears to be independent of 6
and dependent on ¢ and ¢ only to a qualitatively insignificant
extent. In fact, the prefactor e*(?~%) in (9) does not affect the
absolute value of the transmission amplitude and contributes
only slightly to the delay time near resonances. Also, the phase
¢+ ¢ in © only introduces a relatively small shift to the
position of transmission resonances.

The MLR is an all-pass device, and for lossless propaga-
tion, |T'| = 1. The losses in the microfiber loop can be taken
into account with a complex-valued propagation constant 3,
which results in a complex-valued phase ©. If losses are
uniformly distributed along the microfiber length, we still have
Im(Ap) = 0 and the imaginary component of propagation con-
stant does not enter the coupling wave equation (4). Introducing
the roundtrip attenuation -y and roundtrip phase increment ¥

U =Re(0), ~v=2Im(0) <K ¥ (10)
and ignoring the phase prefactor, we can rewrite (9) in the
form [10], [13]-[15]

T_ e‘%ew—siHSK) . (11
1 —sin(K)e ze¥
The parameter K characterizes the coupling between adja-
cent microfiber segments. If K = 0, then the loop is decoupled
and, from (11), the MLR transmission behavior is similar to
that of a straight microfiber. In the opposite case of strong
coupling, the resonances in transmission amplitude occur only
if the coupling parameter K is close to the values [10]
0
Km:§(2m+1), m=12... (12)
which correspond to the full transmission of electromagnetic
field from one of the adjacent fiber segments to another. Then
the resonances in transmission amplitude correspond to the
condition

U =0,,,=r(m+2n) (13)

where n is an integer.
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C. Q-factor and Finesse

The performance of a resonator is indicated by its Q-factor,
which can be determined as the ratio of the radiation wave-
length in free space A\ to the full-width at half-maximum
(FWHM) of the resonance at this wavelength AX : Q = A\/A\.
The MLR resonances are well defined only for small roundtrip
attenuation v < 1. Then, the Q-factor of the MLR can be
defined from (11) as

S
B A 98
Q_ (K_Km,)2+'7/ads (14)
0

where the propagation constant is considered as a function of
wavelength [16]. The Q-factor defined by (14) is often called
the loaded Q-factor. Sometimes, it is also useful to introduce
the intrinsic Q-factor of a resonator, which is defined as

15)

This Q-factor takes into account only internal losses of the
MLR assuming full coupling (K = K,,).

The finesse of a resonator is defined as the ratio of its free
spectral range (FSR) to the resonance FWHM: F' = FSR/A.
For well-defined resonances

2

F=—
(K_Km)2+7

(16)

In the approximation considered, the components contribut-
ing to the reduction of Q-factor and finesse can be divided
into geometric and material ones. The geometrical component
(K — K,)? characterizes the deviation from the full interfiber
transfer condition (12). This component is determined by the
shape of the coupling microfiber segments and their mutual
positions. The material component y empirically characterizes
losses in the microfiber due to microscopic elastic and inelastic
scattering of light.

Currently, the propagation losses achieved for the silica
microfiber with diameter d ~ 1 ym is /S ~ 5 x 1073 mm!
[3]. This is four orders of magnitude greater than the losses in
silica microcavities and telecommunication single-mode fibers.
Taking into account the roundtrip loss only, and estimating
the integral in (14) as ~ 3S/\, we obtain for the maximum
Q-factor

BS

Qmax ~ . (17)
Y

Inserting into (17) the experimental value /S ~5 x
1073 mm™! for the silica microfiber and 5 ~ 5 ,um’l, we have
Qumax ~ 10°. Tt is feasible that, by improving the microfiber
drawing technique, the propagation losses can be reduced down
to those achieved in fused silica microcavities and single-
mode optical fibers. Accordingly, the Q-factor of an MLR has
a potential of being as large as the one of the silica glass
microcavities, i.e., ~ 1010,
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D. Models of Directional Couplers

Solving the coupling wave equations (4) allows us to de-
termine the coupling parameter K in the expression for the
transmission amplitude (11). In this section, we consider two
models of the adjacent microfiber segments in the region of
coupling.

1) The propagation constants of the adjacent microfiber

segments are close, i.e., A3(s) < k(s).

2) The propagation constants of the adjacent microfiber seg-
ments are equal at a point s = 0 [see Fig. 1 and (3)] and
their difference linearly changes near this point growing
up to the values AS(s) ~ k(0). This case can be treated
with the so-called Landau—Zener model.

In both of these models, the coupling parameter K can be found
in an analytical form useful for estimates and understanding the
MLR performance.

1) Coupling of the Microfiber Segments With Close
Diameters: For microfiber segments with equal diameters
A((s) =0, (4) can be solved exactly. Then

K= /K(S) ds. (18)

The integral in (18) is taken along the coupling region s; < s <
so. In practice, fabrication of a microfiber with high degree of
uniformity is a challenging problem being addressed in several
recent papers [1]-[3]. For microfiber segments with close di-
ameters, under the condition A3(s) < £(s), the solution of (4)
can be found by perturbation theory. From [5], it can be found
that near the full coupling condition |Ky — K, | < 1

K=K, + (Ko — K,,)%+ €2

S2

Ko [ w(s)ds.

S1

(19)
2/. ds'k(s') | ds.

S

€= /Aﬁ(s)sin
(20)

Equations (19) and (20) allow to estimate the reduction of the
MLR Q-factor due to microfiber nonuniformity. From (19),
the minimum possible deviation of the coupling parameter K
from its resonance value K, is €. Estimating x(sy — s1) ~ 1,
e~ AB/k ~ AdB/kd, and 05/OX ~ /A, where d is the
diameter of the microfiber and Ad is the diameter variation,
and neglecting losses v = 0, we have from (14)

K2d%S

Qmax ~ (Ad)2ﬁ (21)

Setting the coupling length sy — 81 ~ k1 ~ 10 um, the mi-
crofiber diameter d ~ 1 pm, the loop length S ~ 10% pm,
the propagation constant 3 ~ 5 um, and the relative diameter
variation Ad/d ~ 1073 over 10 um [2], we have Qax ~ 10°.
From this estimate, the uniformity of the microfiber is critical
for achieving the high Q-factor. However, (21) significantly
underestimates the Q-factor for special dependencies AS(s).

For example, if the coupling region is symmetric with respect
to the plane s = 0, then x(s) is a symmetric and AS(s) is
an asymmetric function. At resonance, Ko = (7/2)(2m + 1)
(12), which together with the symmetry condition gives € = 0.
The latter means zeroing the first order in Af3 correction to K
in (19) and much greater Q-factors than those predicted by (21).

2) Landau—Zener Formula for Coupling Between Microfiber
Segments With Smoothly Varying Diameters: Consider the case
of an adiabatically smooth variation of AS(s) and k(s) near the
zero of Af3(s). Then, the transition of the electromagnetic field
from one microfiber segment to another one is complete [16],
[17]. In this limiting case, we simply have

0

K=",
2

(22)
The electromagnetic field transition near the zero of A3(s) can
be studied with the Landau—Zener approximation developed in
quantum mechanics [19]. Assume that the coupling region is
symmetric with respect to the plane s = 0. Then, A3(0) =0
[this is (3)], and dk/ds|s—¢ = 0. In the immediate neighbor-
hood of the point s = 0, we can set 8(s) = 85(0)s and k(s) =
%(0). Then the coupling wave equation (4) can be reduced to
the parabolic cylinder differential equation. Solutions of this
equation can be expressed through the functions of parabolic
cylinder. As a result, the coupling parameter is determined by
the Landau—Zener formula [17], [19]

K = arcsin [\/1 —exp (— ”éig?) ] .

From this equation, if the propagation constant is an adia-
batically slow varying function so that 3,(0) < 7x2(0), then
K is exponentially close to the resonant coupling parameter
defined by (19). In the opposite case, if 35(0) > 7x2%(0), then
K is close to zero and the microfiber segments are decoupled.
Equation (20) is important for modeling the MLR. It defines
the rate of microfiber nonuniformity at which one can expect
the proximity of the coupling parameter to its resonance value.

(23)

III. DEMONSTRATION OF THE HIGH-Q MLR

This section describes the method of fabrication of MLR in
free space and demonstrates the high-Q MLR. The MLR in
free space is a stand-alone device whose performance is not af-
fected by coupling to the supporting parts. The Q-factor of this
resonator depends only on the microfiber’s own transmission
losses and coupling efficiency.

A. Fabrication of the MLR

Fabrication of the MLR consists of drawing the microfiber
and then bending it into a self-coupling loop. The method of
drawing is illustrated in Fig. 2. We fabricate the biconical taper
having a micrometer-order diameter waist with the CO; laser
indirect drawing technique [6]. A standard single-mode fiber is
placed into a sapphire capillary, which is heated by the radiation
of a COq laser and plays the role of a microfurnace. The CO;
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Fig. 2. [Illustration of the microfiber drawing method with the COg2 laser
indirect heating technique. The optical fiber is placed into a sapphire capillary
that is heated with a CO2 laser beam. The sapphire capillary plays a role
of a microfurnace inside which the fiber is drawn down to micrometer-order
diameter with translation stages.

laser drawing technique may have certain advantages compared
to the conventional microfiber drawing in a flame [2], [3] or in
close proximity to a flame [1] due to its cleanness and strong
suppression of convection currents near the microfiber. The
latter allows the fabrication of very thin microfibers having
diameters below 100 nm [6]. The characteristic diameter of a
microfiber used for fabrication of an MLR is around 1 pm.
An example of the microfiber diameter variation measured with
a scanning electron microscope (SEM), which was used in
our first demonstration of the sub-micrometer diameter MLR,
is given in [7]. The minimum microfiber diameter, which
was approximately uniform along 1 mm of its length, was
~ 0.66 pm. In the experiments of the present paper, the
minimum microfiber diameter was larger (~ 0.9 um), and its
variation in the coupling region was smoother than in [7], which
resulted in smaller microfiber losses, higher coupling efficiency,
and, eventually, higher Q-factor of the fabricated MLR.

The setup for MLR fabrication is illustrated in Fig. 3. It con-
sists of three translation stages, which can move the microfiber
ends with respect to each other in three directions, and a rotation
stage, which can twist the microfiber. The total length of the
drawn taper was 25 mm. It had a uniform waist of around
2-mm length with ~ 0.9-um diameter. The microfiber loop
was created by manipulating the translation stages and rotation
stage. Controlling the shape of the microfiber with the stages
and an optical microscope, we coiled the taper waist into a self-
touching loop. Fig. 4 shows an optical microscope image of
the loop with the input and output ends aligned parallel to each
other. Parallel alignment was possible due to surface attraction
forces (Van der Waals and electrostatic), which kept the ends
together, apparently overcoming the elastic forces that would
tend to straighten out the microfiber.

B. MLR Transmission Characteristics

The spectrum of the unpolarized light transmitted through the
MLR was measured with an optical spectrum analyzer (OSA)
in the C-band from 1520 to 1570 nm. Fig. 5 shows dramat-
ically uniform and smooth transmission spectra, which were
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Fig. 3. Tllustration of the microfiber bending and looping in free space using
3-D translation stage and rotation stage.

Fig. 4. Optical microscope image of an MLR.

obtained by tuning the loop ends to different mutual positions
by translation of the taper ends with respect to each other.
In our analysis of experimental data, we neglected coupling
between TE and TM polarization states and expressed the total
power transmitted through the MLR W as a sum of partial
transmission powers for TE and TM polarizations, i.e.,

= [T + | T2 (24)
where each of the transmission amplitudes 77 and 75 cor-
responds to one of the polarization states TM or TE. The
transmission amplitudes T in (24) are expressed through the
polarization-dependent parameters -y; and K ; by (11). We fitted
the experimental spectra with (11) and (24) averaged over the
interval of instrumental averaging equal to 0.01 nm for the
OSA we used. The results shown in Fig. 5(a) and (b) were
obtained by tuning the MLR shown in Fig. 4, while the result
of Fig. 5(c) was obtained with another MLR comprised of a
microfiber fabricated with the same drawing parameters. We
found that the loaded/intrinsic Q-factor and the finesse of the
resonances in Fig. 5(a) achieve the values of 22 000/60 000 and
9, in Fig. 5(b), these values are 95 000/630 000 and 42, and in
Fig. 5(c), these values are 120 000/155 000 and 35, respectively.
The achieved loaded Q-factor is close to the largest Q-factors
recently demonstrated for planar ring resonators [20]-[23]. The
small asymmetry in each of the resonances in Fig. 5(a) is due
to the superposition of TE and TM modes, which are shifted
in phase and have different loaded Q-factors. In Fig. 5(b)
and (c), the resonances of TE and TM polarization states are
well separated and their amplitudes are slowly changing with
wavelength. The change is caused by the weak dependence
of coupling coefficient and attenuation on wavelength. For the
case of Fig. 5(c), an example of fitting the theoretical model
to the experimental resonance peak is shown in Fig. 6. The
best fit is achieved with the following parameters: v, = 0.14,
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Fig. 5. Transmission spectra of MCR tuned to loaded Q-factor of (a) 22 000, (b) 98 000, and (c) 120 000.

o = 0.19, sin (K7) = 0.981, and sin (K3) = 0.985. It is in-
teresting to estimate the coupling parameter of the MLR using
the theory of Section II. From the image of the MLR shown
in Fig. 4, the width of the coupling region is ~ 10 — 100 pm;
therefore, the coupling coefficient £ ~ 107" — 1072 pm™!.
Let us estimate 3 ~ 5 pm~! and the characteristic length of
variation of propagation constant s. ~ 10 ym. Then, we find
that, depending on specific values of x, 3, and s, within the
indicated range, the coupling parameter defined by (23) can be
away from the resonance value as well as exponentially close
to it. If the microfiber diameter variation is known (e.g., from

the SEM measurement), the accurate values for the parameters
entering (23) can be calculated numerically. The numerical
solution, which is beyond the scope of this paper, would allow
better understanding of the mechanism of microfiber coupling
following from our experimental data.

IV. MLR AS AN ULTRAFAST DIRECT CONTACT
TEMPERATURE SENSOR

Microring and microdisk resonators have been suggested as
sensors of physical, chemical, and biological changes of the
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Fig. 6. Fitting the experimental data of Fig. 5(c) near a resonance (solid) with
the theoretical calculation (dashed) averaged over the interval of instrumental
averaging equal to 0.01 nm (dotted).

environment [24]-[26]. In fact, the positions of the narrow
transmission resonances are very sensitive to variations in the
effective refractive index and length of the microring, which in
turn are affected by the refractive index of the ambient medium
as well as by temperature, pressure, and applied radiation.

A MLR positioned in free space has a much larger interfacial
contact area with the environment than a microring resonator
mounted on a substrate. Therefore, the MLR should serve as a
more sensitive detector of environmental changes. In particular,
this ultrathin and ultralight device can perform as an ambient
gas local temperature sensor. In the Section IV-A, we consider
the theory of periodic heating of a microfiber. In Section IV-B,
we experimentally demonstrate an MLR subjected to periodic
heating by a CO4 laser beam.

A. Theory of the Microfiber Heating and Cooling

Heating and cooling of a fiber can be described by the lumped
system equation [27], [28]

dT(t 1
Ti ) _ —(T(t) = To) + E(1)
PV - q(t)
- 2(t) = o (25)

where T'(t) is the temperature of the microfiber as a function
of time ¢, T, is the temperature of the ambient air, A t is the
surface of the fiber, V; is the volume of the fiber, p is the
density of the fiber material, ¢, is its the specific heat, A is
the convection coefficient, and ¢(t) is the heat generation rate
per unit volume, which, in our case, is caused by laser heating.
The first term in the right-hand part of (1) describes fiber
cooling due to convection and the second term describes fiber
heating by the laser beam.

For the cylindrical microfiber with radius r, Vy/Ay =
(mr?)/(27r) = r/2, and we have for the relaxation time

CppT
= . 26
=" (26)
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Fig. 7. Periodic ON/OFF heating of an MLR using a CO2 laser beam and a
beam chopper.

Assuming that the microfiber has not been heated initially
(T'(0) = T,), we find the solution of (25) in the form

T(t) =T, + / dt'Z(t) exp (tl ; t> . 27)

For Z(t) = const, the equilibrium temperature is defined from
(25) by setting the time derivative dT'/dt equal to zero.

In our experiment, the microfiber is heated periodically by
turning the power of the incident laser beam ON and OFF using
the beam chopper, as illustrated in Fig. 7. Then, the temperature
of the fiber is determined by (25), where

() = % 3 {9@ ~ nte)0 ((n+ ;) o — tﬂ
s
-0 Aprepp

(1]

(28)

where P is the laser power, A, is the cross-section of the
laser beam, k < 1 is the power absorption rate, to is the
period of ON/OFF switching, and 6(z) is the Heaviside function
[6(z) = 1forxz > 0and §(x) = 0 for z < 0].

It is seen from (27) and (28) that the characteristic relaxation
time, both in the case of heating and cooling, does not depend
on the heating power and is equal to the relaxation time 7 de-
fined by (26). For the silica microfibers considered in this paper,
we use the following values of parameters: h ~ 400 W/(m?K)
[28], ¢, =837 J/(kg-K), p=2200 kg/m® r=0.5 um,
P=10 W, A, =10, and k£ = 0.1 mm?, which yields the
relaxation time

7 =10.002s. (29)

For a regular optical fiber having a diameter 100 times greater,
the relaxation time is, proportionally, 0.2 s.
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Fig. 8. (a) Transmission spectrum of MLR used as a temperature sensor.

Transient behavior of MLR periodically heated by CO2 laser at wavelength
of (b) 1550.4 nm (flat spectrum) and (c) 1550.12 nm (steep spectrum).

B. Fast MLR Response to the Temperature
Variation: Experiment

In order to model the MLR temporal response, we placed an
MLR, whose transmission spectrum is shown in Fig. 8(a), into
a 7.5-Hz frequency ON/OFF-modulated CO5 laser field. First,
the OSA was tuned to 1550.4 nm and we recorded the time
dependence of transmitted power corresponding to a flat region
of the spectrum in Fig. 8(a). The result shown in Fig. 8(b)
indicates no visible time response. However, at 1550.12 nm,
which corresponds to a steep region near resonance, we
observed the oscillations of transmission power shown in
Fig. 8(c). Fig. 9 compares the results of fitting the experimental
data of Fig. 8(c) with theoretical dependencies calculated from
(27) and (28) for relaxation times 7 = 3 us and 5 ps. From this
figure, the experimental measured relaxation time is 7 = 3 us,
in good agreement with the theoretical value 2 us obtained from
(29). From the transient oscillations in Fig. 8(c), we could cal-
culate the magnitude of temperature variation, i.e., 0.4 K. The
full measured temperature scale, which is ~ 1 K in our experi-
ment, can be increased by orders of magnitude with decreasing
Q and/or choosing a less steep spectral region. The temperature
resolution of the demonstrated MLR thermometer is deter-
mined by the resolution of the optical power measurement
device used (typically ~ 10~* of full scale [18]). Thus, in the
case considered here, the temperature resolution can be as small
as ~ 0.1 mK.

V. DISCUSSION AND SUMMARY

We reported the experimental demonstration of a high-Q all-
in-one-fiber MLR whose Q-factor competes with the largest
Q-factors achieved for in-plane microring resonators fabri-
cated lithographically. The MLR resonances have very smooth
and similar behavior in the full C-band. We believe that the
Q-factor demonstrated in this paper can be significantly
enhanced by optimizing our simple microfiber fabrication
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Fig. 9. Comparison of the rescaled oscillations of the linear transmission of
the microloop and the temperature variation calculated from (27) and (28). It
is seen that the theoretical curve with 7 = 0.003 s provides better fit than the
curve with 7 = 0.005 s.

process. The fact that the MLR was created in free space
as a stand-alone device has the advantage that the MLR’s
performance is not affected by the properties of a supporting
substrate. It is feasible that placing an MLR on a flat substrate
with a lower index or wrapping it around a cylinder will
not reduce its Q-factor significantly. In fact, low loss silica
microfibers, which were placed on an aerogel substrate and
had their internal bending stresses relaxed by annealing, have
been recently demonstrated [19]. Another interesting possibil-
ity for the microfiber-based photonics is the use of microfibers
fabricated from a higher index glass placed on a regular silica
glass substrate. We believe that the current demonstration of
MLR can be extended to a more complex multiturn MCR,
providing a novel type of very compact and low-loss broadband
filtering and group delay devices for optical communications as
well as for local sensing of physical, chemical, and biological
parameters of the environment.

APPENDIX
EXPRESSION FOR THE COUPLING COEFFICIENT

Expression for the coupling coefficient in the couplingwave
equations (4) has the form [5], [16], shown in (A1) at the top
of the next page, and the transverse modes F;(r) are assumed
normalized

z2+y? <o

In (A1), ny and n. are the fiber and external refractive indices,
respectively, and the last integral is taken along the circle at
the surface of the fiber. Equations (A1) and (A2) are written
in the local orthogonal coordinate system along the microfiber
r = (x,y, s), where y is normal to s and lies in the plane of
Fig. 1 and z is normal to y and s.
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2 2
(TL f n e) 2’/T2
k(s) = 5 X 5V3 dady [Fi5(r)Fog (r) + Fiy(r) Fay (1))
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1 dl 8F2m (I‘) 3F2 (I')
+— — [(zFiz(r) + yFr(r)) X + Y (A1)
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