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ARTICLE INFO ABSTRACT

A compact refractive index (RI) sensor, based on the Mach-Zehnder Interferometer (MZI), has been developed
and experimentally evaluated for the highly sensitive detection and quantification of gases (Helium, Methane,
and Carbon Dioxide). The RI sensor utilizes a variety of fibre types: Single Mode Fibre (SMF), Photonic Crystal
Fibre (PCF), and Hollow-Core Photonic Crystal Fibre (HC-PCF). In order to fabricate the MZI sensors, a short
length of sensing fibre was positioned between a lead-in and a lead-out single mode fibre (SMF) with an air gap
at each interface. Three types of sensors were fabricated using this configuration employing 4 mm stub of: (i)
PCF, (ii) 10 um HC-PCF, and (iii) 20 um HC-PCF as the sensing elements. The performance of these sensors, for
detecting and measuring the quantity of gas present, were compared. The transmission spectrum of MZI sensors
are formed by interference between the cladding and core modes. These transmission signals correspond to the
frequency components in the sensor’s Fast Fourier Transform (FFT) spectrum. The effect of gap distance on the
number and amplitude distribution of the modes was examined in an effort to optimize the design elements. The
resulting fiber sensors can measure the RI of a gas-filled cavity and they showed high-sensitivity to helium,
methane, and carbon dioxide. The highest RI sensitivity of 3210 nm/RIU was demonstrated in the RI range of
1.0000347-t0-1.000449 by a sensor with a 4 mm long sensing stub element of 10 pum HC-PCF. Cyclic tests with
the group of gases demonstrated that the measurements are highly repeatable. The measurement response and
recovery times for all sensors were determined, and it was concluded that the 20 um HC-PCF sensor has the
fastest response/recovery time and the PCF sensor has the slowest. This research illustrates that the sensors
fabricated by the proposed method have potential for improving the ability to detect and quantify pure gases.
Additionally, the sensors are highly sensitive to low percentages of CO,, making them suitable for greenhouse
gas measurement.
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1. Introduction

Properties of fiber optic sensors make them a superior choice for
environmental monitoring applications, particularly when compared
against conventional electro-optical sensors [1,2]. Their advantageous
properties include multifunctional sensing capabilities (such as tem-
perature, pressure, strain, and corrosion), immunity to electromagnetic
radiation, and high sensitivity [1,3,4]. Sensing mechanisms such as
evanescent field absorption, direct absorption, surface Plasmon re-
sonance, and Raman scattering are among numerous fabrication
methods that have been studied [5-10]. Resulting sensors have relied
on different types of optical fibers, such as single mode fiber (SMF),
photonic crystal fiber (PCF), and micro-structured fibers. Moreover,
micro and nanostructured materials have been widely used to measure
chemical entities, mostly by deposition of a material or polymer that is
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sensitive to a specific parameter on the fibre [11]. Thus, the light gui-
dance is altered by changes in its optical properties. Several applica-
tions for detection of volatile organic compounds [12], gas sensing
[13], and pH measuring [14] have been reported using this method.
Nanostructured polymeric coatings such as nanoparticles, luminescent
materials and metal oxide particles can enhance chemical, physical or
optical properties of fibers in comparison with bulk material fibers
[15]. It is been reported that implementation of sensitive coatings onto
optical fibers can enhance some characteristics of a sensor like sensi-
tivity and selectivity [15].

In addition to silica optical fibers, polymer optical fibers (POF) are
well in use for fabrication of sensors in several sensing applications like
strain [16], curvature [17], humidity [18], and temperature [19]. Ad-
vantages of POFs over silica fiber include higher flexibility in bending,
higher fracture toughness [20], and higher thermo-optic coefficient

Received 29 April 2020; Received in revised form 2 June 2020; Accepted 4 June 2020
1068-5200/ © 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/10685200
https://www.elsevier.com/locate/yofte
https://doi.org/10.1016/j.yofte.2020.102294
https://doi.org/10.1016/j.yofte.2020.102294
mailto:nazerik@uvic.ca
mailto:cbr@uvic.ca
https://doi.org/10.1016/j.yofte.2020.102294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yofte.2020.102294&domain=pdf

K. Nazeri and C. Bradley

[21]. It should be noted that POF materials are viscoelastic, which lead
to non-uniform results to strain or stress [22]. Various sensors have
been developed and studied using POF, including Fiber Bragg Grating
(FBG) inscription in POFs [20,22-24], and Long Period Gratings in
microstructured POFs [25,26]. High stability, as well as minor varia-
tions in bandwidth and reflectivity are among the advantages of these
sensors [20]. In the area of gas sensing, Saharudin et al. [27] used
different oxygen sensitive nanomaterial to coat one end of optical fiber
to evaluate the performance of sensors. Evaluation of the effect of
sol-gel coated length on POF core is described by Zolkapli et al. [28] to
improve oxygen gas sensitivity.

Further to previously mentioned methods, numerous types of op-
tical fiber interferometers have been studied, including the Sagnac,
Michelson, extrinsic/intrinsic Fabry-Perot, and Mach-Zehnder inter-
ferometers. Domingues et al. [29] developed an intrinsic Fabry-Perot
interferometer (FP) micro-cavity for pressure sensing. They achieved
the sensitivity of 59.39 + 1.7 pm/Kpa for pressures up to 900 kPa,
using a FP interferometer with micro-cavity length of 21.86 pm. As the
cavity’s physical parameters can induce phase shift on the FP inter-
ferometer signal, these sensors can be used to monitor pressure, tem-
perature, strain, and refractive index. The hybrid FP engineered by R.
Wang [30] simultaneously monitors RI change and temperature fluc-
tuations, but has relatively low sensitivity in the RI range of
1.005-1.00275. A hybrid interferometer was proposed by Sun et al.
[31] by forming a Fabry-Perot cavity in one of the optical paths of a
Michelson interferometer. Consequently, two distinctive interference
fringes on the spectral response were formed. The simultaneous mea-
surement of temperature and RI revealed temperature sensitivity of
13 pm//°C and resolution of 8.7 E~* in the RI range of 1.33 - 1.38. Jia
et al. [32] developed a temperature compensated FP sensor for hu-
midity monitoring and gas concentration analysis, using a hollow silica
tube (HST) with inner diameter of 5 um. Liu et al. [33] developed a
photonic crystal fiber Sagnac interferometer by filling the central holes
of the fiber with microfluidic analytes. Although high sensitivity and
resolution was achieved, but filling the air holes of fiber is complicated.
Among different types of interferometers, MZIs have received sig-
nificant attention, because they are robust, compact, and have high
levels of precision [34].

A typical fibre-optic MZI sensor configuration has a sensing arm and
areference arm as well as a splitter that divides incident light into these
arms. Light propagating in the two resulting paths is recombined by a
coupler. The sensors developed in this research field have employed
techniques such as mismatch splicing [35], cladding collapse [36], and
hollow-core fiber splicing [37]. The configuration of in-line MZI sensors
is composed of two contact arms within the fiber formed by using dif-
ferent optical fibres. This includes long-period gratings (LPGs), micro-
fibers, and tapered fibers [38-42]. The configuration of a PCF-MZI
sensor can be similar to an in-line MZI sensor. By splicing a piece of PCF
between two SMFs, collapsed regions are inevitably formed at both
ends of the PCF. These regions play the role of splitter or coupler [43].
PCFs have solid core and periodically spaced air holes in the cladding.
This provides them with unique properties of high transmission [44],
low background noise [45], and tailored dispersion [46]. Hollow-Core
PCF (HC-PCF) has a hollow core surrounded by a cladding that also
contains air holes. The fundamental mode in HC-PCF has a quasi-
Gaussian intensity distribution [47]. Air holes in the fibre enable gas
sensing, as it provides the interaction between the propagated light and
the gas molecules in the sensing region.

Using HC-PCF as an apparatus for gas detection was proposed in
1999 and many optical devices have subsequently been fabricated [48].
Such gas sensors were fabricated either by splicing HC-PCF to another
fiber such as SMF, or without splicing using a variety of fiber connectors
[49]. Fusion splicing of HC-PCF to SMF is more difficult to produce than
splicing PCF to SMF, because of the presence of a hollow-core, which
contains a much larger volume of air that tends to expand during
splicing, thereby distorting the fibre structure. Butt coupling in opposite
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is a method to fabricate PCF-MZI sensors without splicing, in which a
gap is created between the lead-in, sensing element, and lead-out fibers.
The length of this gap can be controlled in the assembly process and the
gap allows light coupling between the SMF and PCF elements. Due to
the mode field diameter (MFD) mismatch between SMF and HC-PCF,
the propagation of SMF fundamental mode into the hollow-core fiber
will excite the fundamental mode and weaker higher order modes [49].
As it may takes time for gas molecules to fully permeate the HCF-PCF
cavities, the fabrication of micro-channels on the cladding of the HC-
PCF, employing either femtosecond laser or Focused Ion Beam ma-
chining, has been suggested as a means to accelerate the gas diffusion
[50-52].

In this study, which is a continuation of a recent article by Nazeri et
Al. [53], an in-line fiber-optic MZI sensor, using both PCF and HC-PCF
fibres, is presented. The working principle of the sensor and the method
of light propagation inside the gap-based gas sensor are discussed
below. Important performance parameters for three types of fiber-optic
MZI sensors are presented: namely, their RI sensitivities, response and
recovery times, as well as the number and power distribution of modes.
Relative RI detection was employed in this work due to difficulty in
achieving high accuracy RI measurements in absolute RI detection [54].
The experimental results of the sensors’ RI sensitivity to helium, me-
thane, carbon dioxide, and argon are presented. Nitrogen (99.99%
purity, at 18 Psi) with an RI of 1.0002944 was employed as the control
reference for RI characterization. The sensors showed great repeat-
ability in their sensitivities. Moreover, given the complications of am-
bient RI measurement, the effect of temperature cross-sensitivity has
been addressed, due to the fact that the RI of most gases is a function of
temperature.

2. Working principle

Fig. la presents a schematic illustration of the proposed sensor
configuration. In this arrangement, a short piece of sensing element
fiber (4 mm) was placed between two SMFs with gaps at both ends. The
incoming single mode light wave enters through the lead-in SMF. Upon
reaching the first sensor gap, it radiates from the SMF core, illuminating
the solid/hollow-core and the cladding air holes of the sensing element.
The SMF core acts as a pseudo-point light source, and the rapidly di-
verging beam excites the fundamental mode and higher order modes
propagating in the circular channels of the sensing element. Interaction
between the propagating light and the gas molecules takes place along
the length of the sensing element fiber. Optical interference occurs at
the second gap due to the phase difference between the fundamental
and higher order modes. The SMF, positioned at the transmission end of
the sensor, then transfers the interference spectrum to the spectrum
analyzer. The device’s reference and sensing arms are both in contact
with gas molecules; however, the effect of RI change on the interference
in the sensing arm is higher than in the reference arm. That imbalance
occurs due to differences in optical-path lengths between the arms. The
central solid-core of the PCF and hollow-core of HC-PCF act as the re-
ference arm of the MZI, and the cladding air channels act as its sensing
arms. The light guiding mechanisms in photonic crystal fibers are dif-
ferent from the total internal reflection phenomenon that occurs in
typical fibers [55]. Generally, photonic crystal fibres support several
higher order core modes and sometimes additional surface modes that
are located on the core-cladding boundary [47]. HC-PCF provides a
remarkably strong interaction between light particles and gas mole-
cules, due to high optical field confinement [56]. Fig. 1b shows a
schematic diagram of the light transmission, Optical Path Length (OPL)
differences, and theoretical phase shifts in an MZI with a 4 mm long,
10 pm HC-PCF stub as the sensing element and 1 mm gap at each end.
Theoretical phase shifts are calculated using equation (2).

The fiber-optic MZI sensor’s interference spectrum depends on the
difference in optical path length between the light propagating in the
sensing arm and in the reference arm. The interference between core
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Fig. 1. (a) Schematic illustration of the proposed sensor arrangement, (b) Schematic of light transmission and OPL differences for an MZI with 4 mm length of 10 pm

HC-PCF as sensing element, and gap length of 1 mm at each end.

and cladding modes can be written as a function of the phase difference
(¢), core intensity (I.or.), and cladding intensity (Iiqqding) [34,53,57] as:

I= Icare + Icladding + 2\ IcareIcladding cosg (])

The phase difference (A¢) between the two modes traveling the
same distance (L) can be written as:

A¢ = 27 (Angg)LA™ (2

where A is the input wavelength, An. is the difference in the effective
RI between the core and cladding modes, and L is the path length of the
sensing element fiber. Considering m as an integer, maximum trans-
mission happens when A® = 2mm and peaks at the following wave-
length on the transmission signal:

Am = (Angg)Lm™ 3)

Consequently, the m-order shift of the interference spectrum is given
by the following form:

Ay = (Angg + An)Lm™ — Angym™' = AnLm™! 4

Since the length of the PCF/HC-PCF (L) is constant in Eq. (4), then
any change in the RI of core and cladding of the MZI will change An,
and correspondingly AA,,. As a result, a change will occur in the out-
going spectrum due to optical interference, which depends on the OPL
difference of light in the MZI’s reference and sensing arms.

3. Sensor fabrication

The first step in the fabrication of fiber-optic MZI sensors consisted
of using a femto-second laser to micro-machine a V-groove, having a
width of 90 um and depth of 50 um, along a 25-mm-long microscope
slide. The sensors were constructed on the slide, and the groove was
used to position and align the lead-in SMF, lead-out SMF and sensing
element fibre. The sensing element fibres include 4 mm of either PCF or
HC-PCFs, and flat surfaces were cleaved onto both ends of the fiber
sensing element. Their exact length was ensured by verification under
an optical tooling microscope. The sensing element was then positioned
in the middle of the lasered V-groove and fixed on the microscope slide
using epoxy glue. Subsequently, the lead-in and lead-out SMFs were
positioned in fibre holders, mounted on linear-translation stages, and
were then aligned with the sensing element fibre and the V-groove. A
top view of the fabrication setup is shown in Fig. 2a. Gap distances were
accurately adjusted to control mode splitting/recombination and to
achieve a strong interference spectrum. Once an acceptable interference
pattern was achieved, the fibre pieces were permanently glued to the

glass slide.

Three sensor types were fabricated for evaluation purposes using
the above manufacturing process. All three sensor types utilised corning
single mode (SMF28) lead-in and lead-out fibres that have a numerical
aperture (NA) of 0.13, mode field diameter (MFD) of 9.3 um
( £ 0.5 pm), and a core diameter of 8.2 um. Specifications of the sensor
types (A, B and C) are provided below:

3.1. Sensor Type — A

This sensor type utilizes a 4.00 mm ( = 0.15 mm) long NKT
Photonics HC-PCF (HC-PCF 1550) fiber as the sensing element. The HC-
PCF fiber has a numerical aperture (NA) of 0.2, mode field diameter
(MFD) of 9.00 pm (= 1 pm) and core diameter of 10.00 pum. This
sensing fiber element also has cladding air holes of diameter 3.10 um
and a cladding pitch of 3.80 um. The fiber has a narrow wavelength
transmission window of 1490-to-1680 nm that supports several guided
modes in this band.

3.2. Sensor Type — B

This sensor type utilizes a 4.00 mm ( = 0.15 mm) long Thorlabs
HC19-PCF fiber as the sensing element. The HC-PCF fiber has a nu-
merical aperture (NA) of 0.13, mode field diameter (MFD) of 13.00 pm
( £ 2 um) and core diameter of 20.00 um. This sensing fiber element
also has cladding air holes of diameter 3.10 pm and a cladding pitch of
3.80 um. The fiber has a narrow wavelength transmission window of
1490-t0-1680 nm, that supports several guided modes in this band.

3.3. Sensor Type — C

This sensor type utilizes a 4.00 mm ( = 0.15 mm) long NKT
Photonics Low Loss single-mode fibres (LMA-10) with a solid core as
the sensing element. This PCF fiber has a numerical aperture (NA) of
0.11, mode field diameter (MFD) of 10.50 um ( = 1 pm) and core
diameter of 10.00 um. Important features of this fibre type are low
transmission loss, single-mode light transmission at all wavelengths,
and a wavelength independent MFD.

In the experimental tests described in Sections 5.1 and 5.2, the lead-
in and lead-out gap distances are fixed at 1.00 mm. In Section 5.3, the
lead-in and lead-out gap distances are varied between 0.00 and
5.00 mm in 50-um increments for each gap.

Fig. 3a and b illustrate a normalized transmission spectrum and
fringe spacing of Sensor Type-A (gaps of 1.00 mm) immersed in a test
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Lead-in SMF

Micrometer
stage 1

Lead-out SMF

b)

15 pm
—

Fig. 2. (a) Top view of the fabrication setup using a fibre alignment stage and two linear-translation micro-stages for control of gap distances, (b) microscopic image
of a sensing element glued to the microscope glass, (c) image of 10 um HC-PCF fibre (Sensor Type-A), (d) image of solid-core PCF fiber (Sensor Type-C).

chamber containing Nitrogen at atmospheric pressure. Each valley
measured at the sensor’s output (Fig. 3a) results from interference be-
tween the signal arms in the MZI at that wavelength. Sensor-Type A has

fringe spacing of 1.22 nm. Sensor-Types B and C have fringe spacing of
1.31 and 1.20, respectively.

4. Experimental procedure

The first set of experiments conducted on the sensor types (A, B, and
C) investigated the variation in the refractive index of the sensing ele-
ment and gas combination. The schematic diagram of Fig. 4 shows the
overall arrangement of the sensor evaluation system, including the
spectrum analyzer, input fiber circulator, the sensor fiber, and the gas

a) b)
0 Fringe spacing : 1.22 nm

I 0 n
— -4
2
~— o -4 -
S 2
w8 S
@ E 8
= 7]
S -12 c
e =

-12 4
-16 4
T T T T -16 T T T
1520 1540 1560 1580 1548 1550 1552
Wavelength (nm) Wavelength (nm)

Fig. 3. (a) Normalized transmission spectrum of Sensor Type-A with length of 4 mm and gaps of 1 mm immersed in Nitrogen at room temperature and atmospheric

pressure, (b) Fringe spacing measured at the lead-out side of Sensor Type-A.
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Fig. 4. Schematic of the experimental setup: tests were carried out at room
temperature and atmospheric pressure.

intake valves connected to the test chamber. The test chamber has di-
mensions of 14.5 cm x 11.2 cm X 4.4 cm, and allows two gas sources
to be connected via intake valves: (i) Nitrogen (N,) gas which is used as
a reference, and (ii) test (measurand) gases consisting of 25%, 50%,
75%, and 100% concentrations of CO,, helium, argon, and methane. In
addition, pressure regulators were connected to the gas lines to ensure a
constant injection pressure of 15 psi was maintained through the testing
process. A discharge tube with a bubbler was used to sustain the
pressure inside the test chamber. A Micron Optics interrogator
(SM125), with a resolution of 1 pm, was used to record and evaluate
changes in the transmission spectrum. In addition, a Fibre Bragg
Grating (FBG) sensor, with a sensitivity of 10 pm/°C, was used to
monitor and record the temperature fluctuations inside the chamber.
The Micron Optics’ Enlight software was used to record and analyze the
spectral shifts of the three sensor types and the FBG.

The experiments started with injecting N, into the test chamber
until an even gas diffusion into all the PCF and HC-PCF’s air holes was
achieved. The measurand gases were then individually injected into the
chamber and sensor responses were recorded using the Micron optics
interrogator. Cyclic tests were carried out to examine the repeatability
of RI measurements using the proposed sensors. Subsequently, im-
portant sensing performance parameters were studied, including RI
sensitivity and the sensor response and recovery times. The spectral
response of each sensor type is a function of the gas species injected into
the chamber, the pressure and temperature. Therefore, as part of the
sensor characterization process, the FBG was placed in-line with the
sensors and the temperature fluctuations within the chamber were si-
multaneously recorded in order to compensate for temperature effects.
Reliable operation and repeatable sensing capability are essential in any
sensing application, especially in gas sensing. Therefore, the sensors
were characterized several times and at different wavelengths, using a
constant time interval (7 min) for each test gas at the different con-
centrations. Each sensor’s output signal was interrogated for the gas
under evaluations and the sensors showed a consistent trend in wave-
length shifts (Fig. 5).

N2
1555.9 - woemmemay
—
1556:84° = R, R | b B ] 18
E |
< I
£ 15557
S ENPUGIEN | NGUGES | SR | | | B § ) Bttty 240
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215568 o NG e e N e 352
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1555.5.} 25% CO2
50% CO2 || A
------------------- 75% Cc02 [ 480
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Fig. 5. The spectral response of Sensor Type-A to different concentrations of
CO, for 3 cycles, and a gap length of 1.00.

5. Results and discussion
5.1. Refractive index measurement of the test gas in the sensing element

Fig. 5 illustrates the response of Sensor Type-A to carbon dioxide for
three experimental cycles and with a fixed lead-in and lead-out distance
of 1.00 mm. The sensor was individually interrogated to analyze its
spectral response to CO, and a complete test cycle consisted of mea-
suring the spectral response for the reference gas (99.99% pure ni-
trogen); followed by an injection and measurement of CO, (for 7 min);
and finally, an injection of nitrogen back into the chamber to purge the
CO,. In comparison with the position of the spectrum resulting from
measurement of the reference gas, Sensor Type-A showed wavelength
spectrum wavelength shifts of 118 pm, 240 pm, 352 pm, and 480 pm
when immersed in 25%, 50%, 75%, and 100% concentrations of CO,.
The transmission spectrum for the sensor underwent a blue shift in
response to the presence of CO,. The RI of CO, is higher than the RI of
nitrogen, which resulted in the blue shift of the interference fringes. In
the transmission interference fringe, spectral shifts of three different
valleys, at different wavelengths, were used to calculate wavelength
shifts and measurement errors.

Fig. 6 illustrates the response of Sensor Type-A to argon, helium,
and methane for three experimental cycles. The sensor’s wavelength
response depended on the gas species injected into the chamber. In
comparison with the position of the spectrum resulting from measure-
ment of the reference gas, Sensor Type-A showed spectrum shifts of

—— Argon
e Methane
Helium
1572.5
850 pm
1572.0 B
€ J
£
£ =
§ - —_ 4 53pm
S 15705
©
>
<
= 15700%
1567.5 |
1566.5

T T T T T
0 1000 2000 3000 4000
Time (s)

Fig. 6. The spectral response of Sensor Type-A to 100% concentrations of Argon
(99.99% pure), Helium (99% pure), and Methane for 3 cycles.
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Table 1

Total wavelength shifts of MZI sensors for helium, methane, argon, and different concentrations of COs,

Spectral shift (pm) in  RI sensitivity (nm/

Spectral shift (pm) in

100% CO,

Spectral shift (pm) in

75% CO,

Spectral shift (pm) in

50% CO,

Spectral shift (pm) in

25% CO,

Spectral shift (pm) in  Spectral shift (pm) in
helium

Lead-in/out
distance

Sensor Type

RIU)

argon

methane

3210

53
40
30

480 (negative)
432 (negative)
377 (negative)

352 (negative)

240 (negative)
210 (negative)
195 (negative)

118 (negative)
100 (negative)
95 (negative)

470 (negative)
430 (negative)
363 (negative)

850
670
510

~ 1 mm
~ 1 mm
~ 1 mm

A (10 pm)

2660
2140

315 (negative)

263 (negative)

B (20 pm)
C (PCF)
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850 pm (+ 6 pm), 53 pm ( = 3 pm), and 470 pm ( = 5 pm) when
immersed in He, Ar, and CH,, respectively. The transmission spectrum
for each sensor test underwent red shifts in response to Ar and He, and
blue shifts in response to CHy. This finding can be explained as spectral
response to a change in RI. Because the RIs of helium and argon are
considerably lower than the RI of nitrogen, the interference fringe
showed a red shift.

Table 1 summarizes the wavelength shifts of the entire family of
sensor types (A, B, and C) to the measurand gases, as described above.
The RI sensitivity achieved in this work is high, compared with the
performance of alternative approaches described in the research lit-
erature. For example, a sensitivity of 1233 nm/RIU was reported for a
HC-PCF MZI sensor [58], 1053 nm/RIU was reported for a cavity based
Fabry-Perot [59], and 1546 nm/RIU was achieved for a Fabry-Perot
sensor based on a hollow silica tube [60]. Sensor Type-A shows the
highest wavelength shifts. In contrast, Sensor Type-C shows the lowest
shifts when immersed in the measurand gases. The RI sensitivity of each
MZI sensor in the RI range of 1.0000347-1.000449 is recorded in
Table 1. The highest sensitivity of 3210 (nm/RIU) for Sensor Type-A
and lowest sensitivity of 2140 (nm/RIU) for Sensor Type-C in the given
RI range was achieved.

5.2. Performance parameters of MZI sensors

Response and recovery times are defined as the time the sensors
required to reach 90% of the final value of the total wavelength shift.
Fig. 7a is an example that shows response and recovery times for de-
tection of methane with Sensor-A. Results indicate that Sensor-B shows
the fastest response/recovery time, while Sensor-C had the slowest re-
sponse/recovery time. This result can be attributed to the hollow-core
structures of sensors A and B, compared to the solid-core structure of
Sensor-C. The proposed HC-PCF MZI sensor has, nonetheless, the po-
tential for advancing current capacity for low-percentage gas detection,
environmental monitoring, and quantitatively analyzing changes in
pure gases. Since the performance of the tested MZI sensors were
evaluated at atmospheric pressure and room temperature, they can be
used for detection of any pure gas with high precision. The RI of a target
gas (Rlarger gas) Can be expressed by the following equation:

Rligrgegas = RIn, — ARI = RIy, — A1/(RIsensitivity) 5)

whereRlIy,is the RI of the reference “N,” gas, ARI is the relative dif-
ference in RI of a target and “N,” gas. The ARI can be calculated using
the wavelength shift (AA) of the interference fringe factoring in the
sensitivity of the sensor. The AA can be obtained by tracking a trans-
mission valley of the interference fringes. Fig. 7b illustrates the sensi-
tivity graph of Sensor-A to ambient RI change for the given RI range.

In order to analyze the number and power distribution of the modes
participating in the modal interference process, the transmission spec-
trum of each sensor was Fourier transformed to obtain its corre-
sponding spatial frequency, described as [61]:

_ Al’leﬁr. D
e (6)

Angy is the effective RI difference between core and cladding of the
sensing element, and D is the distance between the two ends of the
SMFs. To be able to examine the characteristics of measured inter-
ference in Fourier domain, the wavelength spectra of each MZI sensor
in the presence of various gases were Fourier transformed. Fig. 8a
shows the spatial frequency response of Sensor-A in the presence of a
pure gas, such as nitrogen, helium, methane, and carbon dioxide. The
dominant peak corresponds to the interference between one higher-
order mode and the fundamental mode. A characteristic of this figure’s
data is that the magnitude of the spatial frequency for the dominant
peak is constant in the presence of measurand gases with different RI,
but the amplitude of the peaks varies [62]. The amplitude of each peak
corresponds to the amount of power carried by that mode. For example,
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Fig. 7. (a) Response and recovery times of Sensor-A for methane, (b) sensitivity graph of the same sensor to ambient RI change.

for Sensor-A, power of dominant mode has the minimum amplitude of
2.11 for helium, and the maximum amplitude of 2.58 for nitrogen.
Sensor-C (Fig. 8b) carried the dominant mode with the minimum am-
plitude of 1.91 for nitrogen, and the maximum amplitude of 2.22 for
helium. This method is another approach to characterize and distin-
guish the presence of different gases. In order to clarify the performance
of each MZI, in the next section of this report, effect of structure of the
sensing element on the carrying power of each mode is explained.

5.3. Spatial frequency analysis of effect of fibre structure and gap length on
number and power distribution of modes for MZI gas sensor

A second set of experiments were performed to analyze the effect of
gap distance, as well as structure of the sensing element on the modal
interference of the proposed MZI gas sensors. The lead-in and lead-out
SMFs were not glued to the microscope slide so that it was possible to
change gap distance on both sides of the sensing element. Linear
translation stages were used to alter the gap lengths on each side of the
sensing element; each gap was increased from 0 to 5.00 mm in 50-um
increments (D in Eq. (6) varied from 4 mm to 14 mm in 100 um

increments in the mentioned formula of spatial frequency). While
maintaining equal gap distance on both sides of the sensing element,
100 transmission spectrums were collected for each of three types of
MZI configuration: (i) a 10 pm core HC-PCF sensing element, (ii) a
20 pum core HC-PCF sensing element, and (iii) a solid core PCF as the
sensing element. The spectrums were processed through a Fourier
Transform in order to obtain spatial frequency graphs of each sensing
element type and examine the number and power distribution of the
modes. Different peaks in the spatial frequency graph correspond to the
interference between fundamental mode and different higher order
modes.

5.3.1. Spatial frequency analysis of MZI sensors with solid core PCF

For the MZI with solid-core PCF, spatial frequency analysis revealed
that the power is mainly carried by one mode (core-cladding 1) in the
spatial frequency spectrum for gap distances ranging from 0 to
3.75 mm. For gap lengths higher than 3.75 mm, the amplitude of the
dominant mode decreases dramatically. Fig. 9a shows the spatial fre-
quency graph for a PCF-MZI sensor with D = 6.5 mm, which contains a
dominant mode at 9.5 x 10~ (1/nm). Highest amount of power
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Fig. 8. (a) Effect of gas RI on spatial frequencies for Sensor-A; The dominant mode has an amplitude of 2.11, 2.28, 2.31 and 2.58 for pure helium, carbon dioxide,
methane and nitrogen respectively. (b) Similar effect for Sensor-C; the dominant mode has an amplitude of 1.91, 2.16, 2.17 and 2.2 for pure helium, carbon dioxide,
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Fig. 9. (a) Spatial frequency graph for a solid-core PCF MZI with PCF length of 4 mm and D of 6.5 mm; here, power is mainly carried by one mode. (b) The phase
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carried by the dominant mode was recorded at D = 11.3 mm with
normalized FFT value of 3.56, which is higher than FFT values for HC-
PCF sensors. Phase shift information produced by the MZI sensors can
also be extracted from the spatial frequency graph. Fig. 9b illustrates
the phase diagram of the MZI presented in Fig. 9a, and reveals that the
dominant mode has a phase shift of 148 degrees.

5.3.2. Spatial frequency analysis of MZI sensors with 10 um core HC-PCF

It was shown that the power is mainly distributed between two
dominant modes in the spatial frequency spectrum, as gap distances
increased. This behaviour confirms that higher order modes would
gradually leak off the sensing fibre and experience transmission losses,
and fewer peaks would turn up in the spatial frequency graph due to a
weakening interference effect. Fig. 10a shows the spatial frequency
graph for the MZI with 10 pm HC-PCF and gaps of 1.5 mm on sides
(D = 7 mm). The same device is made up of a strong cladding mode
with a spatial frequency of 5 x 10~ * (1/nm) and normalized FFT value
of 3.14, which is named core-cladding 1. Besides this dominant clad-
ding mode, the sensor also contains a relatively weaker cladding mode
(core-cladding 2) with a spatial frequency of 1.1 X 103 (1/nm) and a
normalized FFT value of 0.99. It was found that for sensors with gaps
from O to 1.65 mm core-cladding 1 is the dominant cladding mode,

while for higher gaps core-cladding 2 became the dominant mode. The
highest power transmission was found in an MZI with gaps of 1.35 mm,
and the amplitude of spatial frequencies decreased intensely for gaps
higher than 4.5 mm. Fig. 10b was plotted by tracking dominant modes
of the MZI with respect to D. It shows how the magnitudes of spatial
frequencies increase by increasing length of gaps. As the spatial fre-
quencies are obtained by equation (6) and transmission spectrums of
MZIs, instability of light source as well as inaccuracy in the distance
between two ends of SMFs can impose errors on spatial frequency va-
lues. For example, + 0.15 mm tolerance in a 4 mm stub of sensing
element can lead to errors from 1% (for D = 14 mm) to 3.75% (for
D = 4 mm) on spatial frequency values. Errors associated with gap
lengths can be eliminated by using automated fiber positioning systems.
Besides, by equal splitting of fundamental core mode of the lead-in fiber
into core and cladding modes of the HC-PCF, transmission fringe can be
improved.

The results of measured phase shifts of the MZI can be compared
with the calculated phase shifts (see equation (2)) for the same sensor.
The core-cladding 1 mode of the MZI sensor travels through the core
and the first layer of air-holes in the cladding (those closest to the
hollow-core). The calculated phase shift of the dominant mode in this
MZI is 168 degrees, while the measured phase shift of the dominant
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Fig. 10. (a) Spatial frequency graph for a 10 pm HC-PCF MZI with HC-PCF length of 4 mm and D of 7 mm, (b) tracking dominant modes of the sensor with respect to

D, where power is mainly distributed between two dominant modes.
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mode is 172 degrees. A difference of about 2.2% exists between the
measured and calculated phase shifts. The dominant mode in the 10 pm
HC-PCF MZI with highest power transmission has a phase shift of 160
degrees.

5.3.3. Spatial frequency analysis of MZI sensors with 20 um core HC-PCF

Fig. 11a and b show spatial frequencies for the MZI with 4 mm of 20
um HC-PCF as the sensing element, with gaps of 1 mm and 2.2 mm on
both sides. 100 data points were analysed for this sensor, with D
varying from 4 mm to 14 mm in 100 pm steps. As shown in Fig. 11,
several modes are involved in the modal interference and power is
mainly distributed in three dominant modes in the spatial frequency
spectrum, as gap distances increased for the MZI with 20 um HC-PCF.
Some higher-order modes would leak the sensing fiber, similar to pro-
cesses observed in the MZI with 10 um HC-PCF, but results indicate that
stronger interferences as well as a higher number of modes can be
carried by 20 um HC-PCF sensors. Fig. 11a shows three strong core-
cladding modes with spatial frequencies of 3.9 x 10~* (1/nm),
4.6 x 10™* (1/nm), and 8.5 x 10~ * (1/nm) followed by a weaker
mode at 1.3 x 1073 (1/nm).

Experiment results indicate that for gap distances from 0 to
0.75 mm on each side, core-cladding 1 was the dominant mode. The
highest amount of power carried by this mode was recorded at
D = 4.8 mm (with gaps of 0.4 mm) and at 2.9 x 10~ * (1/nm). For gap
distances higher than 2.5 mm on each side, core-cladding 3 became the
dominant mode and the highest amount of power carried by this mode
was observed for D = 10 mm (with gaps of 3 mm) and at 1.4 X 1073
(1/nm). Phase shift information of this MZI reveals that the dominant
mode has a phase shift of 166 degrees.

The amplitude of spatial frequencies decreases continuously when
gaps are set at 3.5 mm and higher. By tracking normalized FFT values of
dominant modes, it was concluded that for gap distances ranging from
0.8 mm to 3.15 mm all three dominant modes carry high amounts of
power. This observation contrasts to the results obtained by experi-
menting with a 10 ym HC-PCF MZI. So, higher power transmission
occurs with a 20 um HC-PCF than through the other tested sensing
element configurations.

6. Conclusion

A compact PCF-based interferometric sensor structure is proposed
and has been experimentally demonstrated for sensitive detection of
gases. Several sensors were fabricated and characterized using 3 types
of photonic crystal fibre as the sensing element. The resulting fibre

sensors were able to measure the RI of a gas-filled cavity and each
showed excellent sensitivity to helium, methane, argon, and various
concentrations of carbon dioxide. The highest RI sensitivity of
3210 nm/RIU was demonstrated in the RI range of
1.0000347-1.000449 for a sensor with 4 mm length of 10 pm HC-PCF.
This shows an improvement over results obtained through previous
laboratory research and experimental design. Results of the present
project indicate that the 20 um HC-PCF MZI sensor shows the fastest
response/recovery time, while solid-core PCF-MZI shows the slowest
response/recovery time. The effects of gap distances on the number and
amplitude distribution of the sensors’ modes were examined. Spatial
frequency analysis revealed that power is mainly carried by two
dominant modes in the 10 um MZI, three dominant modes in the 20 um
MZI, and one mode in the solid-core PCF. Highest amount of power
transmission was recorded for an MZI with solid core PCF. It was
concluded that by using 20 um HC-PCF as sensing element of the MZI,
stronger interference occurs, and higher number of modes can be car-
ried by this fiber. In addition, power transmission and phase shift of
dominant modes were studied for MZIs with different sensing elements.
This sensor type is a suitable choice for low-percentage detection of
gases as well as environmental monitoring.
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