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Abstract: In this paper, we propose an in-fiber Mach-Zehnder temperature sensor based on a dual-
core fiber with an eccentric core and a central core. The latter one is beside a fluidic channel embedded
in the fiber. The effective refractive index of the guided mode in the central core could be influenced
by the glycerol-water solution filled in the fluidic channel. Thus, the transmitted spectrum of the
sensor is shifted as a function of temperature. By monitoring the selected spectral dip shifts, an
experimental sensitivity of 2.77 nm/°C is obtained in the range of 25 to 40 °C for a solution length of
15 cm. To further improve the temperature sensitivity, the solution length is increased up to 29.5 cm,
and a higher sensitivity of 5.69 nm/°C is achieved in the same temperature range. The experimental
results agree well with the theoretical ones. The proposed sensor has good robustness and stability,
which makes it promising for applications of high precision temperature monitoring.

Keywords: fiber optics sensors; dual-core fiber; interferometer; temperature sensing

1. Introduction

Optical fibers sensors (OFSs) have been extensively investigated and utilized for
decades due to numerous advantages, such as high sensitivity, high compactness, corro-
sion resistance, anti-electromagnetic interference and remote monitoring. Based on these
advantages, OFSs are popular for temperature, strain, refractive index, curvature and
humidity measurements. In this paper, we focus on temperature sensing using OFSs,
which have been realized by different types of structures and mechanisms, such as fiber
Bragg gratings (FBGs) [1-4], long period gratings (LPGs) [5-8], Fabry—Perot (F-P) fiber
interferometers [9-12] and Mach-Zehnder (M-Z) fiber interferometers [13-16], in the last
20 years. Fiber grating-based sensors normally operate by recording the variations of
the resonance wavelength, which corresponds to thermally induced grating pitch and
refractive index changes. Thus, grating-based OFSs normally have lower temperature
sensitivities because of the relatively low thermo-optic coefficient and thermal expansion
coefficient of the fiber material of silica. For example, Dong et al. produced an FBG in
a D-shaped fiber with a temperature sensitivity of 28.7 pm/°C [1]. Hu et al. achieved a
higher temperature of ~50 pm/°C by using poly(methyl methacrylate) (PMMA)-based
polymer FBGs [4]. Han et al. obtained different temperature sensitivities of 130 pm/°C and
115 pm/°C based on LPGs in a standard single-mode fiber and in a single-mode double-
clad fiber, respectively [5]. Theodosiou et al. first inscribed LPGs in a multi-mode cyclic
transparent optical polymer (CYTOP) fiber using a femtosecond laser. The temperature
sensitivity was found to be 704 pm/°C in the temperature range 42—-67 °C [6]. Shu et al.
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reported a simple fabrication of LPGs in the conventional B-Ge co-doped fiber with a high
sensitivity of 2.75 nm/°C [7]. Colago et al. produced an arc-induced LPG in the B-Ge
co-doped fiber in the dispersion turning point. The highest refractive index sensitivity
obtained was —720 nm/RIU in the 1.33-1.41 refractive index range. This technique may
potentially be applied for temperature measurement [8]. We note that grating-based sen-
sors usually had relatively low sensitivities, which were typically smaller than 1 nm/°C.
Thus, these sensors are not quite suitable for high-precision temperature measurements.

Compared to fiber grating-based sensors, interferometric OFSs normally operate
with fiber refractive index modulations as a function of temperature variations, conse-
quently shifting the resonant wavelengths in transmitted spectra. For example, Wang et al.
proposed a high temperature sensor based on an F-P fiber interferometer. A sapphire
wafer served as an F-P cavity fixed at the end face of the sapphire fiber encapsulated in a
sleeve to improve structural stability. It had a large temperature measurement range of
25-1550 °C with a sensitivity of 32.5 pm/°C at 1550 °C [9]. Li et al. proposed an F-P fiber
interferometer composed of a microfiber, a single-mode fiber, a silica glass capillary, and
polydimethylsiloxane (PDMS) sol. The experimental sensitivity reached up to 6.386 nm/°C
in the range 42 to 54 °C [10]. Though high temperature sensitivity was obtained, fabrication
of this sensor required a tricky cleaving process at the microfiber end and complicated
integration procedures.

For M-Z fiber interferometers, the propagating light in the fiber is normally separated
into two or more routes or coupled to different modes, and afterward the separated light
from different routes or modes recombines to generate interferometric amplitude spectra,
which shift as a function of temperature. Geng et al. fabricated an M-Z fiber interferometer
consisting of two concatenated waist-enlarged fusion bitapers, which were fabricated
simply by fiber cleaving and fusion splicing. The sensitivity was 0.070 nm/°C [13]. Also
based on the taper method, Wang et al. sandwiched a thin core fiber between two single
mode fibers to develop an M-Z fiber interferometer with a temperature sensitivity of
0.065 nm/°C. To improve the temperature sensitivity, Gao et al. reported a single-mode-
capillary-single-mode prototype using the core offset splicing technique. After filling the
refractive index matching liquid with a large thermo-optic coefficient, the sensitivity was
improved to 21.2 nm/°C [14]. However, the mechanical strength of this sensor is quite
low due to a small fusion splice area. Zhao et al. presented a single-mode-multi-core-
single-mode structure M-Z fiber interferometer by simply using a fiber splicing technique.
The temperature sensitivity was 0.131 nm/°C [15]. In addition, Ma et al. proposed
a high-performance temperature sensor based on the mode-coupling principle using a
selectively filled solid-core photonic crystal fiber with a central air-bore. A high sensitivity
of —6.02 nm/°C was obtained with a resolution of 3.32 x 1073 °C in the range from —80
to 90 °C [16].

In this paper, combining both advantages of the refractive index matching liquid
and the multi-core fiber, we propose an M-Z fiber interferometer based on a dual-core
fiber (DCF), in which one core is in the center of the fiber, while the other eccentric one
locates between the central core and the cladding surface. Additionally, a fluidic channel
is embedded in the fiber right beside the central core but far from the other core. Based
on this structure, liquid analytes could infiltrate the fluidic channel along the entire fiber
for different parameter sensing applications, such as refractive index, magnetic field and
temperature. Their sensitivity could be enhanced simply by increasing the effective fiber
length. Here, we propose to use this DCF as a sensing platform to record variations
in environmental temperatures in real-time. A non-toxic glycerol-water solution with
high thermo-optic coefficients is filled in the fluidic channel with different lengths. The
concentration of the solution is optimized to be close to the fiber core to improve the
temperature sensitivity. Because of the large distance between the two cores, two single-
mode fiber (SMF) pigtails are fusion spliced to the DCF via multi-mode fibers (MMFs), so
that the guided modes in the dual cores can be excited, and then the guided light could
recombine in the outlet single-mode fiber. Afterward, temperature modulations change
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the refractive index of the glycerol-water solution in the channel, consequently varying
the effective refractive index of the guided mode in the central core. Thus, the transmitted
spectra with resonances generated by interference shift as a function of the surrounding
temperature. Spectral simulations with resonances versus temperatures are carried out
using the Finite Element Method (FEM) method. Based on different fiber lengths (shorter
fiber length: 20 cm with a solution length of 15 cm in the channel, longer fiber length:
36.5 cm with a solution length of 29.5 cm in the channel), the temperature measurements
are characterized in the same range of 25-40 °C. For the shorter fiber, a linear fitting of
spectral shift with respect to temperature suggests a sensitivity of 2.77 nm/°C, while for
the longer counterpart, a sensitivity of 5.69 nm/°C is obtained. Both the experimental and
simulation results in both sensors coincide well. The robustness sensor presented in this
work can be fabricated easily without fiber tapering or a laser micromachining technique.
The temperate sensitivity is fiber length dependent, and thus sensitivity can be further
improved by filling more glycerol-water solution in the fiber channel. Moreover, the whole
fiber sensor device can be coiled with high compactness.

2. Fabrication of DCF

Firstly, a high-purity silica glass rod (HPSGR) with a diameter of 50 mm was needed,
and then two holes ~3.1 mm in diameter were drilled in the middle and 1/4 diameter
positions of this HPSGR. Secondly, two core rods with a diameter of 3 mm obtained by
doping germanium in silica were inserted into the two drilled holes, and then they were
fused together by a collapse process with oxyhydrogen flame. Thirdly, a hole 12 mm in
diameter was drilled on the other side of the central hole, so that the hole and the two
cores were in the same line, and the edge distance between the hole and the central core is
1 mm. Finally, the DCF with a cladding diameter of ~125 um was drawn by a commercial
fiber drawing tower at Yangtze Optical Electronics, Co. Ltd. The schematic of the fiber
manufacturing process is shown in Figure 1. The diameters of the central core, the eccentric
core and the hole are ~8.1, ~9.2, and ~36 pm, respectively. The center-to-center distance
between the central core and the eccentric core is 30 um, and the edge distance between
the central core and the hole is 1.15 um.

Prefrom

DCF perform fabrication Heating zone

Diameter
measurement

Cross section of DCF
Oxyhydrogen flame Fiber clamp

Bobbin

Figure 1. Schematic of the fabrication process of the dual-core fiber (DCF).

3. Operation Principle of the Sensor

The mechanism of the M-Z fiber interferometer sensor based on a DCF can be ex-
plained as follows. When the coherent laser beam is coupled to the two cores, guided
modes in both cores are excited and propagate independently. Then, light from two
cores is recombined in the single-mode fiber to generate interference transmitted spectra.
Temperature-induced variations in the effective refractive index of the center-core modes
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change the phase difference among the modes guided by the two cores. The output spectral
intensity of the transmitted light Loutput can be expressed as:

Ioutput = Iec + Lec + 2/ Leclec COS(AQU)/ (1)

where I and I, represent the intensities of the transmitted beams from the center core
and the eccentric one, respectively, and A¢ represents the phase difference between the
two propagating beams in both cores, and is expressed as:

Zn(LairAnZ{;f + LsolutionAnzgl{gtion)

By = , : @

where A is the operating wavelength in vacuum, and L,;, and Lgyj,tjo,, are the length of the
eff _ eff
=n
1

DCEF channel filled with air and glycerol-water solution, respectively. An

air air,cc
nzjl;f . Tepresents the effective refractive index difference between modes propagating in the

center core and in the eccentric core for the DCF section without glycerol-water solution
filled in the channel, while An”Y . = n%/f ) is the counterpart for the

- i ’ solution sol.ution,cc solutiqn,ec -
DCEF section filled with glycerol-water solution. On the basis of Equations (1) and (2), the
transmitted spectra of the sensor denote periodical intensity modulations, and the central

wavelength A, of the m-order interference dip can be defined as:

A= Z(La,'rAnZ{rf+Lsoluti0nAn§£l{¢tion)
m 2m +1

/ ®)

where m is an integer. The central wavelength is a function of effective refractive index
and fiber lengths with and without glycerol-water solution. The latter is influenced by
surrounding temperatures. The thermo-optic coefficients of water and pure glycerol are
—1.5 x 107%/°C and —2.3 x 107*/°C, respectively [17], with an estimated average value
of —2.2 x 107*/°C according to the composition of glycerol-water solution (glycerol mass
fraction 85.9%, refractive index 1.45 @ 589 nm) used in this work. However, the counterparts
of silica and air are 9.2 x 107°/°C [18] and —9.8 x10~7/°C [19], respectively, which are
“f an“f and

much smaller. Thus, temperature-induced refractive index changes for An ;> .- An ;.

Ani{:{; tion ec €an be omitted, and when surrounding temperature changes, the refractive

index of the glycerol-water solution varies, which dominantly affects the effective refractive
eff

index An g o o Of the modes propagating in the central core beside the solution because
the guided mode in the core has partial modal overlap with the solution. Oppositely, the
effective indices of the modes in the eccentric core and in the central core without the
surrounding solution cannot be influenced due to a non-existent of modal overlap. As a
result, temperature variations induce an effective refractive index change for the central

eff

core beside the solution An_; ... and further result in the shifts of the spectral dips,
which is the main mechanism for this presented M-Z fiber interference sensor. According
to Equation (3), the temperature sensitivity can be deduced as follows:

eff eff
5 — AAm ~ 2Lsolution .d(AnS"l”ti‘)”) ~ 2Lso1ution .dnsolution,cc @)
T 2m+1 dT 2m+1 dT ’

According to the classic perturbation theory [20], changes of effective refractive index
of the guided mode in the central core are related to surrounding temperature variations,
expressed as:

5n6ff ~ f'énsolution = f'“'éT/ ®)

solution,cc
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where « is the thermo-optic coefficient of the glycerol-water solution; f is power overlap
factor of the central core modes in the solution, which is expressed as:

f _ J\J‘solutmn Re(EXH; - Eij;)dxdy
Iiota Re(ExH; — EyHy)dxdy

(6)

where E,/, and H, , refer to the electric and magnetic field in two orthodox directions
in the fiber cross-sectional plane. According to Equations (4)-(6), the sensitivity of this
sensor can be enhanced by increasing the length of the liquid filled in the fiber channel and
the thermo-optic coefficient of the solution and reducing the refractive index difference
between the solution and the central core in order to enhance the factor f. Therefore, we
choose the glycerol-water solution as a thermally sensitive liquid filled in the fiber channel
mainly for two reasons. First, it has a relatively high thermo-optic coefficient. Second, it
has a measured refractive index of 1.45, which is close to yet somehow smaller than that of
the fiber core, which ensures a high f factor. According to Equation (3), the free spectrum
range (FSR) can be defined as:

FSR = [Ayi1 — Am| &

A
: @)
+ LsolutionAneff

; )
solution

(LairAn ff

air
4. Experimental and Numerical Results

To fabricate this temperature sensor, an SMF pigtail with a core and cladding diameter
of 8.2 and 125 mm, respectively, was first spliced with a short piece of MMEF, which has a
core and cladding diameter of 105 and 125 mm, respectively, using a fusion splicer (FSM-
100M, Fujikura). Meanwhile, the prepared glycerol-water solution was infiltrated into
the fluidic channel of the DCF by capillary effect. The effective sensing length of the DCF
corresponds to the length of the glycerol-water solution in the fiber channel, which was
confirmed by observing the solution—air interface in the fluidic channel using an optical
microscope, as was shown in Figure 2a. Then, the end of the DCF filled with the solution
was hung vertically so that the solution was moved to the center of the DCF along the fiber
channel by gravity to avoid any negative influence on the DCF-MMF connectorization in
the following fusion splice process. Due to the existence of the MMF with an optimized
length of ~1 cm between the SMF and the DCF, the SMF-MMEF-DCF structure enables
the light to be coupled into the dual cores. In order to verify the propagating modes
in the cores, a supercontinuum light source in the range 480-2200 nm (YSL Photonics,
SC-5-FC) was launched to the SMF pigtail of the SME-MMF-DCF structure, and then
the output end-face of the DCF was visualized by using a 20x objective and an infrared
camera (Ghopto, GH-SWU2), as shown in Figure 2b. We found that LPy; modes were
excited and thus propagated in the central core and in the eccentric core, respectively.
After the mode verification, the other end of the DCF was fusion spliced to another MMF-
SMEF structure. Finally, the whole sensor structure SME-MMF-DCF-MMF-SMF was built
(Figure 3) without any air gap in the middle of the liquid filled in the channel and then
twined with a diameter of 3 cm to form a compact sensing device. An optical spectral
analyzer (OSA) (Anritsu MS9740A) was used to record the spectrum evolution with respect
to temperature. The temperature characterization in the range (25—40 °C) was conducted
with an interval of 1 °C. The twined fiber was stuck to the surface of a temperature-
controlled breadboard (Thorlabs, PTC1, 15—45 °C) tightly by tapes. The temperature
stability of this temperature-controlled breadboard is 0.1 °C, and the temperature readout
resolution is & 0.001 °C.
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Solution

Figure 2. (a) Interface between the glycerol-water solution and the air in the channel of the DCF; (b)
Guided modes of DCF experimentally visualized by an infrared camera; (c) LPyp; mode simulation
in the eccentric core in the solution-filled DCF; (d) LPy; mode simulation in the central core in the
solution-filled DCE.

Central core Eccentric core
\ /
72\ \ ,! [ s
o M = \,
Fluidic channel
SMF MMF DCF MMF SMF

Figure 3. Schematic illustration of the SMF-MMF-DCF-MMF-SMF structure of the temperature
sensor. SMF—single-mode fiber, MMF—multi-mode fiber.

For the shorter fiber, the transmitted spectrum of this sensor shows a red shift as the
temperature increases. With the initial temperature of 25 °C, the spectral dip at ~1628 nm
was selected and then traced for temperature measurement, as shown in Figure 4a. Besides
the selected dip, the maximal extinction ratio of each spectrum and the FSR were measured
to be ~9 dB and ~22 nm, respectively. The quasi-linear dip evolution versus temperature
was shown in Figure 4b. The experimental sensitivity of the sensor was calculated to
be 2.77 + 0.08 nm/°C. The nonlinear effect showing lower temperature sensitivity at
higher temperature is attributed to the decreasing f factor, as the refractive index difference
between the liquid and the central core increases, when temperature rises. It is worth
mentioning that a more economical broad-band source (BBS) at the C+L band can be used
instead of the supercontinuum used in this work, if we follow spectral resonance dips
within the C+L band.

We used Comsol 5.0 to numerically simulate the guided modes in the DCF. Consider-
ing material dispersion at the spectrum range, the refractive index of the Ge-doped cores
was set as 1.4485 [21], while the index of silica cladding is 0.006 lower. The refractive index

of the glycerol-water solution was set to 1.439 [22]. The effective refractive index of the

e

LPp; mode, n ff in the eccentric core in the solution-filled DCF segment is ~1.4455

solution,ec
(Figure 2c), while the effective index of the LPy; mode, nzg; tiom,ccr M the central core of

the same segment is ~1.4450 (Figure 2d). The effective refractive index of the LPy; mode,
eff

nair,ec’

in the eccentric core in the air-filled DCF segment is ~1.4455, while the effective

eff

refractive index of the LPy; mode, n ;. ., is ~1.4448 in the central core of the same seg-
ment. According to Equation (7), the FSR was calculated to be ~22 nm with, L,;, = 5 cm,
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Lsotution = 15 cm. The simulated result matches well with the experimental counterpart.
Based on these parameters and Equation (3), the integer m was calculated to be —75 for
the spectral dip at ~1632 nm. Furthermore, considering the thermo-optic coefficient of the
glycerol-water solution (—2.2 x 10~%/°C) and silica (9.2 x 107¢/°C), we could simulate
the effective refractive index of each mode with different temperatures, and then calculate
the corresponding shifts of the selected spectral dip at ~1632 nm with the same m value of
—75. The simulated spectral dip shift as a function of temperature and its linear fit is shown
in Figure 4b with a temperature sensitivity of 2.93 & 0.05 nm/°C. The spectral evolution
and the sensitivity are similar to the experimental results.

-20 50
—_—25°C ) = Experimental wavelength shift
221 —2goc Redshift 404 Linear fit
5 -24 4 ——27.°C y =2.77101x — 66.21618
T —28°C < 2
= .26+ £ " =0.989
5 28 ——29°C € 5o F=098912
g -28- £
2 -30 £ 20+
€ 5
& -324 ° 4 Simulated wavelength shift
g 4 s 10 Linear fit
B y = 2.93469x — 71.70154
-36 \ 0 R? =0.99591
38 (a) Selected resonance * (b)
1620 1630 1640 1650 1660 1670 1680 24 26 28 30 32 34 36 38 40
Wavelength (nm) Temperature (°C)

Figure 4. (a) Partial transmitted spectrum evolution of the sensor measured in the temperature range
of 25 to 29 °C. The length of the infiltrated glycerol-water solution is 15 cm; (b) experimental and
simulated wavelength shift of the spectral dip at ~1628 nm as a function of temperature in the range
of 25 to 40 °C.

To further improve the temperature sensitivity, the length of the DCF channel filled
with the glycerol-water solution was increased to 29.5 cm with a total DCF length of 36.5
cm. The sensor structure is the same as that of the shorter one. The transmitted spectra
of the sensor were measured in the temperature range of 25—40 °C with a temperature
interval of 1 °C, as shown in Figure 5a.

-20 90
—25°C
-22 ——26°C 754 = Experimental wavelength shift
24 Red shift ———3» ——27°C Linear fit
] —28°C - y = 5.68882x — 140.80176
T gl = € 60
g = —29°C £ R? = 0.99881
&
g -284 £ 451
3 ]
§ 32 § 301
S g 4 Simulated wavelength shift
- -344 2 154 Linear fit
y = 5.43654x — 132.87239
-36 (a) Selected resonance 04 R? = 0.99601
-38 T T T T T T T T T T T T T
1630 1635 1640 1645 1650 1655 1660 24 26 28 30 32 34 36 38 40
Wavelength (nm) Temperature (°C)

Figure 5. (a) Partial transmitted spectrum evolution of the sensor measured in the temperature range
of 25 to 29 °C. The length of the infiltrated glycerol-water solution is 29.5 cm; (b) experimental and
simulated wavelength shift of the spectral dip at ~1634 nm as a function of temperature in the range
of 25 to 40 °C.

The maximum extinction ratio of each spectrum was measured to be ~10 dB, and
the FSR was ~15 nm. The transmitted spectrum of the sensor also shows a red shift as
the temperature increases. By following the initial spectral dip shift at ~1634 nm, an
experimental sensitivity of 5.69 & 0.05 nm/°C was obtained, as shown in Figure 5b. By

. s . . ST eff eff eff eff
using the similar effective refractive indices (”solution,ec' Rolution,ccr Mairecr nair,cc) of the
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guided modes as the former ones, we calculated the FSR to be ~15 nm, which also coincides
well with the experimental result. Moreover, the integer m = —113 for the selected
spectral resonance at ~1638 nm was obtained. Then, the effective refractive index of the
guided modes at different temperatures was calculated, and the calculated variations of
the selected spectral dip at ~1638 nm with a linear fit were also shown in Figure 5b. The
simulated temperature sensitivity was calculated to be 5.44 + 0.09 nm/°C, also similar to
the experimental result.

5. Conclusions

In conclusion, we proposed an in-fiber Mach—-Zehnder temperature sensor with a
structure of SMF-MMF-DCF-MMF-SME. The sensor operating principle is based on the
interference of the two propagating modes in the dual cores. The eccentric core serves as a
reference arm, while the central core adjacent to the fluidic channel filled with glycerol-
water solution works as a sensing arm. Thus, the interfered transmitted spectrum of the
sensor shifts as a function of temperature. Both experiments and numerical simulations
were carried out to characterize the temperature sensor. For the 20-cm-long DCF infiltrated
with 15-cm-long glycerol-water solution, the experimental sensitivity of 2.77 nm/°C was
obtained in the range of 25 to 40 °C. For the 36.5-cm-long DCF infiltrated with 29.5-cm-long
solution, a higher sensitivity of 5.69 nm/°C was achieved in the range of 25 to 40 °C.
The experimental results coincided well with the simulated counterparts. The proposed
sensor has good robustness and stability. We believe that this sensing regime may be
potentially used for high precision temperature measurements as well as detection of other
parameters, such as liquid or gas refractive index or magnetic field, thanks to the presence
of the fluidic channel.
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