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Abstract: The sensitivity of an optical fiber microsensor based on
inter-modal interference can be considerably improved by tapering a short
extension of the multimode fiber. In the case of Graded Index fibers with
a parabolic refractive index profile, a meridional ray exhibits a sinusoidal
path. When these fibers are tapered, the period of the propagated beam
decrease down-taper and increase up-taper. We take advantage of this
modulation —along with the enhanced overlap between the evanescent field
and the external medium- to substantially increase the sensitivity of these
devices by tuning the sensor’'s maximum sensitivity wavelength. Moreover,
the extension of this device is reduced by one order of magnitude, making it
more propitious for reduced space applications. Numerical and experimen-
tal results demonstrate the success and feasibility of this approach.

© 2014 Optical Society of America
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1. Introduction

Inthe last decade, optical fiber sensors have been a subject of intense research and development
due to their well-know advantages such as high resolution, low-cost, ease of construction and
immunity to electromagnetic radiation. A growing trend towards new designs that improves the
accuracy and versatility of these sensors is revealed by the myriad of applications now used
in industry, civil engineering [1], and as support to other research fields such as medicine and
biology. As stated by [2], most of the optical fiber sensors can be classified into two categories:
grating-based fiber devices [1] and evanescent field fiber sensors [2—6]. The former are devices
with periodic disturbances recorded at the core’s refractive index — Bragg or Long Period Grat-
ings — that reflect or transmit part of the input spectrum depending on the periodicity of the
core’s refractive index. The latter category expose the guided field to the environment — by
tapering the fiber or removing the clad— serving as a transducer useful as a sensing instrument.

L L
— ITW|
(a) (b)
Fig. 1. (a) Scheme of a conventional SMS sensor of lehgthd(b) a tapered SMS sensor
as proposed here, with a waist of lengithand diameteb,y.

A simplistic and accurate evanescent field fiber sensor can be constructed by splicing a mul-
timode fiber (MMF) in-between two single-mode fibers (SMF) as shown in Fig. 1(a). Such op-
tical devices, known as SMS sensors, are well known for their robustness and ease of use [3-5].
The multiple modes excited at the MMF will interfere creating an output pattern that depends
mainly on the phase differenggebetween the different modes, that is, the difference between
the propagation constanfs — B« times the length of the multimode fibker When light couples
from the input SMF to the MMF, several modes are excited with an associated modal amplitude
determined by the overlap integral,

aj :/QUS‘I’i*dA )

wheres is the field inside the input single-mode fiber afitlis the complex conjugate of the
field associated to thith mode inside the multimode fiber with a cross-section &da the
same way as in [3, 7], assuming a perfect alignment between the fibers it is only necessary to
include axially symmetric linear polarization Enodes in our analysis herein.

As shown in [3], when light is coupled at the output SMF fiber, the transmission spectrum
will depend basically on the modal amplitudgsand the phase difference,

) ) 2
PA) = |a2+ a2el (BBl ... | g2 BBl ...|" 1)

As a result, the transmission spectrum shows several peaks that are sensitive to any parameter
that affects the phase difference between the fundamental mode and the higher order modes,
such as strain and temperature.

Usually, SMS sensors are fabricated with a step-index multimode waveguide [5, 7]. Here we
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used Graded-Index (GRIN) fibers for the multimode waveguide of the SMS sensor. This type
of fibers are well known for reducing modal dispersion and are used in metro telecom networks
and high-resolution microendoscopes [8] between other several applications. The reason for
choosing GRIN fibers is due to the few modes excitation which simplifies the analysis and —as
a consequence of the latter— the output spectrum of the SMS sensor is a well resolved series of
peaks compared with those made of step-index multimode fibers [5, 9].

In the following, we develop an analytical approach in order to study the effects of the multi-
mode fiber length at the output spectrum. We study the effects of tapering a GRIN fiber as part
of an SMS sensor. This will increase the overlap between the evanescent field and the external
material, resulting in an enhanced sensitivity for the external refractive index. Also, as it will
be shown below, the spectral region with maximum sensitivity can also be controlled by adjust-
ing the taper waist. At the same time, a better resolved output spectrum was obtained. Below,
a brief explanation of the theory behind the tapered SMS sensor is presented followed by the
numerical and experimental results. Finally, results and discussion lead towards the concluding
remarks.
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Fig. 2. Numerical results for the fractional modal power offilngt two lower order modes
using different misalignment values at the splice between the singlemode fiber and the
GRIN fiber. As shown in the legend box, bluish and reddish solid lines represent the modal
amplitude for LR; and LRy, respectively. All results obtained using a Finite Element soft-
ware [10].

2. Analytic approach

After disregarding all terms other than the first two at the right of Eq. (1), the difference be-
tween the propagation constants for theyL.&8nd LRy, will determine the intensity output. This
assumption is reinforced by the fact that more than 80% of the fractional modal power resides
between these two modes as stated by [4] and as shown by the dotted curve at the top of Fig. 2.
As it will be shown laterf3; — 3, as a function oA can be approximated as a parabolic function
of the typep+q(A — Ap)?, where ,q) are fitting parameters arig is the critical wavelength
(maximum or minimum of the parabola). After simple algebra, one obtains an expression that
relates the Free Spectral Range — the distance between two consecutivéibesis k+ 1)th,
from the output intensity spectrum— with the mean waveleigth(Ax + Ax.1)/2,

T

FSR~ ———. 2
qL(A —Ao) @
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Values forp,q and Ag are obtained after fitting the previous parabolic function with analytic
expressions found for the propagation constants in an infinite parabolic index medium [11].

Colored marks in Fig. 3(a) represent experimental measurements for the FSR as a func-
tion of wavelength when broadband light was sent through the single-mode fiber and collect-
ed in an optical spectrum analyzer using an 82cm long GRIN fiber GIF625 from Thorlabs
with core/cladding diameter of 62.5/125 um, parabolic profile and maximum refractive index of
1.4858 RIU atA = 656.2nm. To ensure single-modeness inside the SMF fibers, Newport FS-V
fibers were used for wavelengths unde9®um and Corning SMF-28 fibers were used over
1.2 um. All measurements where done at room temperdtue€20°C, fixing the fiber straight
while being careful not to stretch the fiber in order to avoid curvature and/or strain effects.

The solid lines in Fig. 3 represent Eq. (2) plotted with the parameters next to each curve.
Although the discrepancy is significant, the general trend can be observed by using a simple
expression. Once validated, this approach can be used in order to predict the efféctiod
transmission output as shown in Fig. 3(b). This illustrate one of the main motivations behind
this work: a conventional SMS sensor requires a multimode fiber with an extdnsi@m in
order to have an FSR under 10 nm. Here we explore the effects of tapering the multimode fiber
of an SMS sensor in order to enhance the sensitivity and reduce the extension of these devices.

pm-3 q=17x10"*pm3
Ao =0.943im Ao =0.883um El
’ £
nd
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xxx x x> LL
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06 08 10 12 14 16 1 2 3 4 5
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(a) (b)

Fig. 3. (a) Free Spectral Range (FSR) as a functiod dbr a constant length. Marks
represent experimental values when using Newport FS-V (green dots) and Corning SMF-
28 (red crosses) as input single-mode fibers. Further experimental details as explained in
Sec. 5. (b) FSR as a function of the multimode fiber’s lergtbr a fixed wavelength. Both
graphs are for a conventional SMS sensor while the solid blue line represent an analytical
approximation as explained for Eq. (2).

3. The effect of tapering a GRIN fiber

The core of a conventional GRIN fiber has a parabolic refractive index distribution given by the
following expression,
n(r) =no (1—AFr?), r<a

whereng is the refractive index at the symmetry axisf the fiber,r is the radial distance for
a cylindrical coordinate systemg = a/+v/2A is defined as the specific core radius as in [42],
and A are the core radius and the profile height parameter of the fiber, respectively.

By using the parabolic-shaped profiiér) defined above, the paraxial ray equation can be
transformed into an ordinary second order differential equation [13],

d’r  2rA

a2 @ 0

3
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valid only for meridional rays. The solution of this equation is given by,

r(z) = Cicoqz/Ag) +Cosin(z/Ag), (3)
showing howr (2) is a sinusoidal equation with period,
T =2mAq. 4

Here it is worth to notice that in Eq. (4), the period is proportional with the core radius.

The constant€; andC; at Eq. (3) are obtained by taking into account the initial conditions
r(0) =ro anddr/dz= yp, wherey, is the input ray angle. In this way the ABCD matrix for a
GRIN fiber is obtained [12—14], making possible to predict the position for an inptgay)
after propagating a distanege

( . ) _ sin(z/Ag)  Agcogz/Ag) ( o ) -

—icos(z/%) sin(z/Aq) ¥

As shown by the dashed lines in Fig. 4(a), a GRIN fiber wigh= 200 um exhibits sinusoidal
ray trajectories for different input anglgsin the same way as in [12].
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Fig. 4. (a) Ray trajectories for a GRIN fiber using different inpmgles. Dashed lines
represent an homogeneous GRIN fiber with core radjus 40 um andAg = 200um, as

in [12]. Solid lines represent the same GRIN fiber but with an exponentially decaying taper
profile. The black arrows show the different periods for rays propagating on the tapered
and untapered versions of the GRIN fiber. (b and c) Color-coded electric field amplitude
for 1.5 mm long slices of a tapered GRIN fiber simulated using RSoft's Beamprop software.
Plot (b) is for the homogeneous region, while (c) is for the tapered region of the taper as
illustrated by the scheme at right. By choosing the appropriate fiber parameters and the
same taper profile, similar results were obtained in comparison with the ray trajectories at
left.
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While this is considerably accurate for a standard GRIN fiber, it is not for a tapered GRIN
fiber where the beam is affected by the proximity of the cladding. However, for a slowly-
varying taper profile the effect of varying the fiber diameter can be visualized by defining the
core radius as a function of the axial coordinate in such a wayfatepresents a taper profile
function [15]. As shown by the solid lines in Fig. 4(a), the period of the rays trajectories will
decrease with the propagation distance for a GRIN fiber with an exponentially decaying taper
profile a(z) = age 9%, with a ~ 5 x 10-°m~1. As shown, black arrows exhibit the difference
between the periods for the GRIN fiber (tapered and untapered) after propagating more than
1 mm. Being this one noticeably shorter than the homogeneous fiber, as it is the expected result
predicted by Eq. (4).

As a further demonstration, similar numerical results were obtained by modeling a tapered
GRIN fiber using a commercially available Beam Propagation Method: RSoft's BeamProp ver-
sion 2013-12-2. In Fig. 4(b and c), the color scale of the contour maps represent the field
amplitude for two different slices of a tapered GRIN fiber wath= 40 pm andA = 2%. As
expected, down-taper the period of the sinusoidal beam waist decreases in the same fashion as
the ray optics analysis results. Note also that the inverse effect also occurs up-taper: the period
stretches as the diameter increases in the same fashion as in Eq. (4).

4. Sensing characteristics of an SMS sensor with a tapered GRIN fiber

In order to evaluate the sensitivity of this device to external refractive ind&x4n), it be-

comes necessary to understand the nature of the output intensity peaks in an SMS sensor. The
phase differencey) of the two lower order modes can be related to a perturbation parameter,
here the external refractive indeXr{), and written as,

_99p) 99
Ap= aAA/\JranAn. (6)
By equatingAA /An,
B _ (Do 09\ (99)" @
An \An on) \dA

it can be seen that the external refractive index sensitvity/An will be maximum when the
phase difference approaches a critical padgt/dA — 0O at a critical wavelengthyg.

Unfortunately, as shown by the blue rhombuses in Fig. 5, the critical wavelength for a GRIN
fiber atits nominal size is found &y ~ 0.925um. That is, away from the telecom window-{
1.55um) where one can take advantage of the multiple light sources, equipment and low-loss
fibers commercially available at these wavelengths. While observing the difference between the
propagation constanf and f3; for the two lower order modes lgPand LRy, as a function
of A, we saw the critical wavelength (minimum) decreasing as the fiber was tapered down
to waists ranging from 125 to 62um. The latter made the previous situation worse, since
the maximum sensitivity point was more distant of the telecom window as the taper waist
decreased. Fortunately, by further reducing the outer diameter, a maximum appeared when the
taper waist was around 20 um as shown by the red dots in Fig. 5. Therefore, the critical point
for maximum sensitivity can be tuned by selecting the appropriate taper Dygist15um as
shown by black crosses for a critical wavelength closg te 1.6 um.

After varying the taper waist, we studied the effect of varying the outer refractive index.
The numerical results showed that this type of sensors are sensitive to external refractive index
variations only when the taper waist is under 20um. Figure 6(a) shows curves representing
B1 — B for different outer refractive indexes as shown in the legend box. A minimum phase
difference can be observed whBg = 20pum andA > 2.0um, while a considerable influence
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Fig. 5. () Dependence ¢ — 3, as a function of wavelength for a tapered GRIN fiber
(normalized data). (b) Critical wavelength for different outer diameters. For both figures,
different colors represent different cladding diameters for the tapered fiber as shown in the
legend box. All the results are for an outer refractive index 1.39 RIU obtained using a
Finite Element software [10].

of the external refractive index was observed gy = 15pum andA > 1.6um. A zoom over

the critical point is shown on Fig. 6(b) f@, = 15um. On Fig. 6(c), critical wavelengths are
plotted as function of the outer refractive index exhibiting an almost linear behavior. Up to our
knowledge, previous SMS sensors using GRIN fibers were not sensitive to external refractive
index variations nor had their maximum sensitivity spectral region tuned.
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Fig. 6. (a) Propagation constant difference for the two loareler modes LB, and LRy,

at the tapered GRIN fiber as a function of wavelength. It can be seen that an SMS sensor
will only be sensitive to external refractive index variations (different colored disks) when
using tapers thinner thad,, < 20um. (b) Zoom of the previous plot around the critical
wavelength foD,, = 15um. A small shift of the maximum toward lower wavelengths can

be observed when the external refractive index increases. (¢) An almost linear behavior
is observed for the critical wavelengths as the outer refractive index varies. All results
obtained using a Finite Element software [10].

#221963 - $15.00 USD  Received 29 Aug 2014; revised 10 Nov 2014; accepted 10 Nov 2014; published 1 Dec 2014
(C) 2014 OSA 15 December 2014 | Vol. 22, No. 25| DOI:10.1364/0OE.22.030432 | OPTICS EXPRESS 30438



5. Sensing results

To construct the proposed SMS tapered sensor, a traveling burner tapering system [15] was
used for the fabrication of the GRIN fiber tapers. Each transition region was approximately
30 mm long tapered with an exponentially decaying profile. The same GRIN fiber as in Sec. 2,
a GIF625 from Thorlabs, was used as the multimode fiber for the following experimental re-
sults. The assumption of a perfect alignment exposed in Sec. 1, is not an impediment for the
implementation of the proposed experiment. That is because the fractional modal power of
modes LRB1 and LRy, will represent more than the 60% of the total power for misalignments
under 5um and > 1.3um as shown in Fig.2. An splicer machine automatically adjusted
the splicing parameters —such as the electrodes position, relative fiber alignment and splicing
power— reducing the fiber misalignments below this limit.

In order to evaluate the performance of a tapered SMS sensor as an external refractive index
sensor, the sample was immersed in a refractive index matching liquid initidlly=820°C and
fixed straight while being careful not to stretch the taper. Later, the liquid was heated by a hot
plate and temperature was controlled by a thermocouple. Temperature dagéermined
the external refractive index chanfja by the expression,

An = (dry/dT)AT, (8)

whereng = 1.39 is the external refractive indexBt= 25°C anddny/dT = —3.44 x 10 %is the
thermo-optic coefficient for the AAA series of the Cargille refractive index liquids used during
all the experiments. In this way it was possible to control the variation of the external refractive
index by controlling the change in temperature. This allowed us to use the same liquid for all
measures. Since the measurements were done in a temperature radde<06°C, the effect

of the temperature over the fiber may be negligible as shown in [4] for a GRIN SMS used as a
temperature sensor.

As stated before, the output spectrum for a non-tapered SMS sensors is a mode interference
pattern composed of several peaks as shown by the red curve in Fig. 7(a). By choosing a peak
and measuring the shifiA caused by the change of temperature or external refractive index,
it is possible to determine the sensitivity of this devia (An or AA /AT) as in Eq. (7). Since
the spectral resolution of the SMS sensor depends inversely on the FSR, it is critical to design
an SMS sensor with a FSR as low as possible. On the other hand, it is important to note that
this also reduces the dynamic range of the measurement. Also, as shown in Fig. 3(b), a GRIN
fiber longer than 5m is necessary to obtain a FSR under 5 nm. Nevertheless, by tapering the
GRIN fiber of the SMS sensor as in Fig. 1(b), the period of the modulated beam is spatially
compressed as explained above. For that reason, the taper acts as a substitute of a much longer
multimode fiber. As an example, as shown in Fig. 7(a), the output spectrum of a 3m long
SMS sensor exhibit a large FSR whereas a tapered SMS sensor whose total length —tapered
and untapered sections— is shorter than 1 m exhibits a considerable lower FSR in the same
optical window. That is, an untapered SMS is more than three times longer than the tapered
SMS sensor here proposed. Inset shows numerical results for the phase difference as a function
of wavelength, a similar behavior as in the experimental results can be observed. The shift
of the peakAA as a function of the change in the external refractive iltleis shown for the
experimental results in Fig. 7(b). A linear behavior is observed through all the studied range and
its slope represents a sensitivity/®f /An = 3842 nm/RIU, which is equivalent to a temperature
responsé\A /AT = 1.32nm°C~L. Inset shows the spectra used to make the measurements in
Fig. 7(b), where the chosen set of peaks were those clodestd.54 um.
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Fig. 7. (a) Comparison between the output intensity spectonra €onventional SMS sen-

sor (red) made with a 3m long GRIN fiber and a tapered GRIN fiber (blue) whose total
length is shorter than 1 m (a uniform waist lengith= 15mm, plus two transition regions

of &~ 30mm long). Inset shows the numerical results for c@ (X as a function of wave-
length. (b) Peak shift as a function of the outer refractive index difference. Inset shows
the spectra used to obtain a sensitivity of 3842 nm/RIU. For all graphs, the taper transition
region of the GRIN fiber has an exponential form similar as in Fig. 1(b).

6. Conclusion

By tapering a GRIN fiber —spliced in-between two single-mode fibers— we have constructed a
compact, robust and accurate outer refractive index optical SMS microsensor. In comparison
with previous results, in [4] a highly accurate strain and temperature SMS sensor is presented
using a GRIN fiber as the multimode waveguide. Here the MMF is not tapered and, in conse-
guence, it is not possible to get the most out of the overlap between the evanescent field and
the external medium to be sensitive to external refractive index changes. On the other hand,
in [7] a tapered step-index multimode fiber sandwiched between two SMFs exhibits a wide
dynamic range as a refractometer. A similar proposal was made in [5], where authors report
a maximum sensitivity of 2946 nm/RIU. These proposals are more difficult to construct since
coupling between a step-index MMF and an SMF depend on the self-imaging distance, there-
fore high precision is necessary for cutting and splicing the MMF. Also, measurements in [7]
and [5] are based in the transmission loss as a function of the external refractive index. This
makes necessary to make highly accurate measurements of the transmissiom losser to
precisely determine the refractive index change.

After constructing for the first time (up to our knowledge) a tapered GRIN SMS microsensor,
we attained a maximum sensitivity of 3842 nm/RIU. In addition, two different benefits upgrade
the sensitivity of the SMS sensors: first, the critical wavelength —which determines the maxi-
mum sensitivity region— can be tuned in a great extension. Here we have shown how to tune
the maximum sensitivity wavelength towards the optical telecom window. This make possible
to use commercially available light sources as well as improve the sensitivity at an arbitrary
wavelength for a specific application (i.e. biological sensors). Second, despite the resolution
of the SMS sensor depends on the length of the multimode fiber, we found a way to reduce
the dimensions of the SMS sensor by an order of magnitude while attaining high resolution.
These two improvements in conjunction signifies a considerable upgrade for the proposed SMS
sensor, making it a more compact and precise measuring device.
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