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Gas sensing is essential for safety and maintenance operations in many industries,
including power generation, petrochemical, capture and storage technologies, and the food-
processing sector. The properties of fiber-optic sensors make them a superior choice for
environmental monitoring applications, especially in extreme conditions, and particularly
when compared against conventional electro-optical sensors. Their advantageous
properties include immunity to electromagnetic radiation, high temperature durability, high
sensitivity and the ability for high resolution detection, as well as multifunctional sensing
capabilities such as temperature, humidity, pressure, strain, and corrosion. Among different
types of interferometers, Mach-Zehnder Interferometers (MZI) have received significant
attention because they are robust, compact, and have high levels of precision.

In this dissertation, we present an in-line and compact MZI point sensor designed for
sensing refractive index. In comparison with various types of interferometers, fiber MZI
based RI sensing was selected based on its enhanced sensitivity and fabrication simplicity.
The MZI sensor is developed using photonic crystal fiber and demonstrated for high
sensitivity detection and measurement of pure gases. The transmission spectrum of MZI

sensors is formed by interference between the cladding and core modes. To construct the



iv
device, the sensing element fiber was placed and aligned between two single-mode fibers
with air gaps at each side. Two linear-translation micro stages were used to accurately
differ and adjust gap lengths from 0 to 5mm. Great measurement repeatability was shown
in the cyclic test for the detection of various gases such as methane and helium. A high RI
measurement resolution of 2.1 E-7 and a sensitivity of 4629 nm/RIU was achieved, which
is among the highest reported. Results show that the sensitivity of the fabricated MZI
increases from 3000 nm/RIU to 4600 nm/RIU when the length of the sensing element fiber
decreases from 5 mm to 3.3 mm. Furthermore, the device was packaged to demonstrate the
laboratory-scale monitoring, as well as leakage detection of different concentrations of
CO; in both subsurface soil and aqueous environments. Two water resistant but gas
permeable membranes were used to package the sensor, to achieve a good balance of CO,
permeability and water resistance. The experimental study of this work reveals the great
potential of the fiber-optic approach for environmental monitoring of CO..

This study also explores other potential applications. Three types of sensors were
fabricated using the proposed configuration employing 4 mm stub of (i) solid core
Photonic Crystal Fiber (PCF), (ii) 10 um Hollow core PCF (HC-PCF), and (iii) 20 um HC-
PCF as the sensing elements. We compared the performance of these sensors for detecting
and measuring the quantity of gas present. As the 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 MZI sensors are highly sensitive to low

percentages of CH, and CO,, making them suitable for greenhouse gas measurement.
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Chapter 1 Introduction

Optical fiber sensors have received attention over several years and researchers have
pursued the applicability of optical fiber sensors across many sensing applications. For
detecting or quantifying changes in the properties of a medium, especially in extreme
conditions, the silica optical fiber provides a promising platform. Unique properties of
optical fiber sensors over conventional sensors made them a better choice for
environmental monitoring applications. Their properties consist of immunity to
electromagnetic waves [4], high temperature durability [5], high accuracy and
sensitivity [6], light weight, and multifunctional sensing capabilities [7] such as
temperature, pressure, strain and corrosion, and the ability for high-resolution
detection. Based on the working principle of the sensor, optical fiber sensors can
generally be categorized as phase/intensity based, or as extrinsic/intrinsic sensors.
When an optical fiber is exposed to a change in the properties of the surrounding
medium, it modifies and modulates properties of light in the optical fiber. Thus, any
change in properties of light can be measured at the detection end. Figure 1 illustrates

light rays of a wave propagating along the z-direction with inclination angle g, which is

the phase difference between the two light rays belonging to the same wave.

Phase front  Light ray
é—)z

2a

Figure 1.1 Light rays and their phase fronts in the waveguide.



By considering phase-matching condition, equation 1 represents the condition for
propagation angle with wavenumber k = 27T//l:

2A
)
Smd)

tan(kn,asin@ — %) = —1 ; (m:integer) (Eq.1.1)

It is been proved that the propagation angle of a light ray is discrete and is
determined by the waveguide structure (core radius a, RI, RI-difference A) and A of
light source [166]. The optical field distribution that satisfies the phase matching
condition of Eq. 1 is called the mode. Each mode is associated with light rays at a
discrete angle of propagation [167]. The mode that has the minimum angle of ¢ (m=0)
is called the fundamental mode. Modes in an optical fiber consist of transverse electric
modes (E, = 0), transverse magnetic modes (H, = 0) and hybrid modes (E,# 0; H,#
0). A transverse mode of electromagnetic radiation is a particular electromagnetic field
pattern measured in a plane perpendicular i.e. transverse to the propagation direction.
These modes are specific to each waveguide and satisfy the orthogonality conditions
between the modes [165]. For the construction of optical devices, it is necessary to
utilize the light wave interaction between two propagating light beams in the adjacent
waveguides. It is known that if two waveguides are brought close together, optical
modes of each waveguide either couple or interfere with each other [165]. Coupled
mode theory deals with the light wave interaction between two propagating modes. In
order to analyze wave propagation in axially symmetric structures like optical fibers,
Maxwell’s equations are written in cylindrical coordinates. In a homogeneous dielectric
medium, Maxwell’s equations can be written in terms of electric field (e) and magnetic

field (h) as [168]:



Vxe= —uZ—}; (Eq. 1.2)
Vxh=e (Eq. 1.3)

Permeability (i) and permittivity (¢) of the medium are related to their values in
vacuum of &, = 8.854 x 10712[F/m] and po = 4w X 1077[H/m] by € = gon?(n is the
refractive index) and p = u,. Considering an electromagnetic wave having angular
frequency of o and propagating in the Z-direction with propagating constant 3, the
electromagnetic fields in cylindrical coordinates for optical fibers can be written as:

E = E(@, 0)e/@t-52) (Eq. 1.4)
H = H(r,0)el(@t=E2) (Eg. 1.5)

where “r” is position in the plane transverse to Z-axis. Set of equations for analysis
of propagation in optical fibers are provided on Appendix B.

The various mechanisms that have been investigated for refractive index-sensing
functionality include Raman scattering [8], surface Plasmon resonance [9], evanescent-
field absorption [10], derivative spectroscopy [11], and interferometric sensors [6].
Successes in these research projects relied upon experimentation with a range of optical
fibers: D-shaped fiber, multimode fiber, fused silica fiber optic bundles, and photonic
crystal fiber (PCF) [6, 8-11]. Different types of fiber-optic interferometers that have
been studied for their RI-sensing capabilities include the Sagnac, Michelson, Fabry-
Perot (FP), and MZI. A typical configuration of the fiber-optic MZI sensor has a
sensing arm and a reference arm. The incident light is divided into two arms by a

splitter and the light propagating in two paths is recombined by a coupler. The

transmission spectrum of MZI sensors are formed by interference between the cladding



and core modes. The in-line MZI sensors composed of two contact arms formed with
different optical fibers such as long-period gratings (LPGs) [142], splicing the core-
offset [124], tapered fiber [125], microfiber [126], and micro-structured fiber [26]. A
FP interferometer consists of two parallel mirrors that allows multiple round trips of
light, and allows high transmission of certain optical frequencies. In contrast, a
Michelson interferometer is usually made by a single beam splitter. In this type of
interferometers only one output can be accessible and the other output returns back to
the light source. Therefore, destructive or constructive interferences can be achieved.
The Sagnac interferometer has a beam splitter which split the incoming light from light
source into two beams. These beams circulate the interferometer and interfere on the
splitter. One of the two output ports of the interferometer travels back to the light
source and the other toward detector. Among different types of interferometers, MZIs
have received significant attention because they are robust, compact, and have high
levels of precision.

Solid and hollow-core PCF are the main focus of this research due to their
distinguished properties such as high transmission, low background noise [129, 130],
and tailored dispersion [131]. Photonic crystal fibers have a cladding which holds
periodically spaced air holes. This provides a great opportunity for gas sensing because
of the possibility of direct interaction between light and gas molecules. The light
guidance mechanism in HC-PCF is distinct from the total internal reflection guidance
in conventional fibers [140]. Hence, it provides long interaction length between a
measurand gas and the transmitted light with high optical field confinement [43, 141].

The favored mode in HC-PCF has a quasi-Gaussian intensity distribution [45].



Generally, they support several higher order core modes and sometimes additional
surface modes that are located on the core-cladding boundary [45]. It should be noted
that fusion splicing of an HC-PCF to an SMF is more difficult than a PCF to an SMF
because of the existence of hollow core, which holds much larger volume of air. The air
will expand during splicing and distort the structure.

This research started with the fabrication of MZI sensors for high sensitivity liquid
detection in the RI range of 1.33 to 1.42, deploying photonic crystal fibers. Fabrication
procedure started with fabrication of MZI by fusion-splicing a short length of PCF and
HC-PCF to single mode fibers with fully collapsed air holes in the splicing region, as
shown in Fig 1.2. This happens as the structure of PCF has a lower softening point in
comparison to SMF. As it has been reported that implementation of sensitive coatings
onto optical fibers can enhance some characteristics of a sensor such as sensitivity and
selectivity [100], deposition of polymers on the cladding air holes of PCF was
performed using capillary force. The findings of this work are presented in the
appendix A of this dissertation.

a) b)

SMF SMF

Collapsed Regions

Figure 1.2 a) Schematic of SMF-PCF-SMF fusion splicing, b) microscopic image of a SMF
fusion spliced to a solid core PCF with fully collapsed region.



The research continued with a focus on fabrication of MZI sensors for high
sensitivity gas detection using photonic crystal fibers. Because of the challenges in
splicing photonic crystal fibers, the idea of designing an MZI sensor without splicing
was investigated. The main challenge in splicing of a PCF or HC-PCF is that the air
that exists in the micro holes of the fiber will expand and distort the structure (Fig 1.3).
It should be noted that the electric current as well as the duration of the arc have

significant impact on fiber splicing.

Figure 1.3 Microscopic image of a distorted splicing point during fusion splicing of a PCF

Butt coupling method was selected as an efficient way to fabricate the proposed gas
sensor. In constructing the sensor, the SMFs and HC-PCF were assembled on a
standard microscope glass slide (25 mm x 5 mm x 1 mm). Micro-machining using a
femtosecond laser created a VV-groove on the microscope glass (25 mm length, ~ 90 um
width, and ~ 50 um depth), which is used to align fibers. The cleaved stub of HC-PCF
was positioned in the middle of the V-groove and fixed using epoxy glue. Then the
single-mode fibers were positioned on both sides of the sensing element fiber. To

achieve a strong interference spectrum, gap lengths on both sides of the sensing



element fiber were manually adjusted. In this way, mode splitting and recombination
can be controlled, and when an acceptable signal was observed, SMFs were glued to
the glass slide. 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 RI
sensitivity of 4629 nm/RIU was demonstrated in the RI range of 1.0000347-1.000436
for the sensor with an HC-PCF length of 3.3 mm. Results show that the sensitivity of
the proposed sensor increases when the length of the sensing element decreases. In
addition, response and recovery times of the sensor inversely change with the length of
HC-PCF.

Due to the fact that carbon dioxide is the greenhouse gas of most immediate
concern, the research continues to focus on detection of CO,. Early detection of CO,
leakage is essential in several industries, which can be achieved using sensors with
high-sensing resolution. Suitable packaging of a fiber-optic sensor is crucial for its
reliable sensing operation and longer life span. Therefore, the device was packaged to
make it operational in the subsurface and aqueous environment. The two membranes
were assembled to achieve a good balance of CO, permeability and water resistance.

For a better understanding on the effect of photonic crystal fiber structure on the
performance of the MZI sensor, three types of sensors were fabricated employing short
stub of PCF, 10 pum HC-PCF, and 20 pum HC-PCF as the sensing elements.
Furthermore, in order to explain the effect of gap distances on the performance of the
sensor, it was necessary to have a fabrication setup capable of accurate control of gap
distances. Thus, a simple and efficient fabrication setup was made using two linear-

translation stages and a fiber alignment stage. For each sensor type, gap distances were



varied between 0.00 and 5.00 mm in 50-micron increments for each gap and
transmission spectrums were recorded. 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. Results show that for this type
of MZI sensor, 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. The
highest amount of power transmission was recorded for an MZI with solid core PCF.
Additionally, the power transmission and phase shift of dominant modes were studied
for MZIs with different sensing elements. The final chapter summarizes the main

results and suggests directions for possible future research.

1.1. Dissertation Outline

A Dbrief framework of this dissertation is provided in this section. The first
introductory chapter is written to link the context of the dissertation according to
research progress. This thesis consists of a conference paper and of three papers that
have already been published in different peer-reviewed journals. Information on each
publication is provided on the first page of each chapter.

Chapter 2 demonstrates the development of an optical fiber gas sensor for high
sensitivity detection and measurement of pure gases. The light propagation, working
principle and essential performance parameters of the gas sensor are presented in this
chapter. The proposed MZI sensor employed a short stub of 10 um HC-PCF as the

sensing element of a Mach-Zehnder interferometer. Fabrication of the sensor was done



by positioning and aligning the sensing element fiber between two single mode fibers
with air gaps at each interface. Furthermore, the effects of length of HC-PCF on RI
sensitivity, response and recovery times were studied. The RI sensitivity of
4629 nm/RIU was achieved in the RI range of 1.0000347-1.000436 for the sensor with
an HC-PCF length of 3.3 mm.

Chapter 3 focuses on the performance of the optical fiber MZI sensor in the
detection of carbon dioxide. Several experiments were performed to demonstrate the
laboratory-scale monitoring and leakage detection of CO, concentration in both
subsurface soil and aqueous environments. For this purpose, the sensor was packaged
by two layers of gas permeable but water-resistant membranes. The spectrum of the
sensor did not show any significant degradation under the soil and over the period of 24
hours in an aqueous environment. The sensor showed a stable and reliable
measurement of CO, concentrations with a considerably short response and recovery
times. For the test chamber with dimension of 14.5 cm x 11.2 cm x 4.4 cm, the sensor
shows fast response and recovery times of 64 s, and 69 s, respectively. The resolution
of the sensor was ~0.2% CO, and the sensor shows a linear response to CO,
concentration with the sensitivity of 4.3 pm/ % CO..

Chapter 4 consists of several set of experiments on the proposed gas sensor, to
understand and describe the effect of photonic crystal fiber structure and gap distances
on the performance of the sensor. Three types of sensors were fabricated employing 4
mm stub of PCF, 10 um HC-PCF, and 20 um HC-PCF as the sensing elements.
Furthermore, for all three types of sensors using two linear-translation stages, gap

distances were varied between 0.00 and 5.00 mm in 50 micron increments for each gap
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and transmission spectrums were recorded. 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. This method can be an
alternative approach to characterize and distinguish the presence of different gases.
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. It was concluded that stronger interference occurs by using 20 um
HC-PCF as sensing element of the MZI, and a higher number of modes can be carried
by this fiber. Furthermore, the 20 um HC-PCF MZI sensor shows the fastest
response/recovery time, while solid-core PCF-MZI shows the slowest
response/recovery time. It should be noted that the instability of light source as well as
inaccuracy in the distance between two ends of SMFs can impose errors on spatial
frequency values. Errors associated with gap lengths can be eliminated by using
automated fiber positioning systems. Besides, by equally splitting the fundamental core
mode of the lead-in fiber into core and cladding modes of the HC-PCF, transmission
fringe can be improved. The last chapter reviews and summarizes the main findings of
this thesis and suggests some possible future research.
1.2. Research Contributions
The presented research shows the development and fabrication procedure of a highly
sensitive fiber-optic MZI for ambient refractive index sensing. The main objectives were to

fabricate reliable and accurate MZI gas sensors by implementing photonic crystal fibers.
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Because of difficulties in splicing photonic crystal fibers, especially hollow-core fibers, MZI
fabrication without splicing was considered as the main preference. Compactness, fast
response, high resolution and high sensitivity, and easy fabrication procedure were the main
concerns during development of new MZI configurations. The main contributions of this

dissertation are provided below:

1. After studying the various types of MZI sensor configurations, the idea of
designing an MZI sensor without splicing was investigated. Butt coupling
method was selected as an efficient method to fabricate the proposed gas sensor.
In order to eliminate the usage of fiber connectors and make it possible to align
several fibers, a standard microscope glass slide was selected. Micro-machining
using a femtosecond laser created a V-groove on the microscope glass (25 mm
length, ~ 90 pm width, and ~ 50 um depth), which was used to assemble and
align SMFs and sensing element fibers. To achieve a strong interference
spectrum, gap lengths on both sides of the sensing element fiber were manually
adjusted. 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 RI
sensitivity of 4629 nm/RIU was demonstrated in the RI range of 1.0000347—
1.000436 for the sensor with an HC-PCF length of 3.3 mm.

2. In order to evaluate the performance of the optical fiber MZI sensor in the
leakage detection of different concentrations of carbon dioxide, several tests

were performed for gas detection in a laboratory-scale test chamber, subsurface
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soil and aqueous environments. Suitable packaging of the sensor was crucial for
the mentioned set of experiments. Therefore, the device was packaged by several
methods using different types of membranes and silica gels (aerogel) to make it
operational in the aqueous environment. After securing the sensor, it was
wrapped with two water-impermeable membranes to achieve a good balance of
CO, permeability and water resistance. The packaged sensor was then wrapped
with Tyvek to protect the sensor from dust. The sensor showed a stable and
reliable measurement of CO, concentrations with a considerably short response
and recovery times. The resolution of the sensor was ~0.2% CO, and the sensor
shows a linear response to CO, concentration with the sensitivity of 4.3 pm/ %
CO..

. Performing the previously mentioned experiments raised several questions
regarding the effect of the design elements on the performance of the MZI gas
sensor. These questions including the effect of length of the sensing element
fiber on the sensitivity and response time of the sensor, and the effect of the
photonic crystal fiber structure on the performance of the sensor were addressed
in this work. Furthermore, the effect of gap distance on the number and
amplitude distribution of the modes, as well as phase shift of dominant modes
were examined for three types of sensors. Three types of sensors were fabricated
using short stub of PCF, 10 um HC-PCF, and 20 um HC-PCF as the sensing
elements. For each sensor type, gap distances were varied between 0.00 and 5.00
mm in 50-micron increments for each gap. A fabrication setup capable of

accurate control of gap distances was assembled using two linear-translation
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stages and a fiber alignment stage. Transmission spectra were recorded to find
their corresponding frequency components in the sensor’s spectrum after
performing the Fast Fourier Transform (FFT). FFT analysis revealed valuable
information about power transmission as well as contributed modes for each

sensor type.
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Chapter 2 Hollow-Core Photonic Crystal Fiber Mach-Zehnder
Interferometer for Gas Sensing

This paper was published in Journal of Sensors (MDPI) in May 2020.
Kaveh Nazeri, Farid Ahmed, Vahid Ahsani, Hang-Eun Joe, Colin Bradley, Ehsan
Toyserkani, and Martin B. G. Jun. “Hollow-Core Photonic Crystal Fiber Mach-Zehnder
Interferometer for Gas Sensing”, Sensors 2020, 20(10), 2807.

Abstract

A novel and compact interferometric refractive index (RI) point sensor is developed using
hollow-core photonic crystal fiber (HC-PCF) and experimentally demonstrated for high
sensitivity detection and measurement of pure gases. To construct the device, the sensing
element fiber (HC-PCF) was placed between two single-mode fibers with air gaps at each
side. Great measurement repeatability was shown in the cyclic test for the detection of
various gases. The RI sensitivity of 4629 nm/RIU was demonstrated in the RI range of
1.0000347-1.000436 for the sensor with an HC-PCF length of 3.3 mm. The sensitivity of
the proposed Mach-Zehnder interferometer (MZI1) sensor increases when the length of the
sensing element decreases. It is shown that response and recovery times of the proposed
sensor inversely change with the length of HC-PCF. Futhermore, spatial frequency analysis
for a wide range of air gaps revealed information on the number and power distribution of
modes. It is shown that the power is mainly carried by two dominant modes in the proposed
structure. The proposed sensors have the potential to improve the ability of current

technology to detect and quantify pure gases.
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2.1. Introduction

Gas sensing is essential for safety and maintenance operations in many industries,
including the power generation [1], petrochemical [2], and food-processing sectors [3]. For
detecting the presence of gases, especially in extreme conditions, the silica optical fiber
provides a promising platform due to its unique properties. These include immunity to
electromagnetic radiation [4], high-temperature durability [5], compactness, as well as high
accuracy and sensitivity [6]. Researchers have pursued the applicability of optical fiber
sensors across many sensing applications, because of their multifunctional sensing
capabilities (e.g., RI, temperature, and pressure) [7]. The various mechanisms that have been
investigated for gas-sensing functionality include Raman scattering [8], surface Plasmon
resonance [9], evanescent-field absorption [10], derivative spectroscopy [11], and
interferometric sensors [6]. Successes in these research projects relied upon experimentation
with a range of optical fibers: D-shaped fiber, multimode fiber, fused silica fiber optic
bundles, and photonic crystal fiber (PCF) [6, 8-11]. Various types of fiber-optic
interferometers have been studied for their Rl-sensing capabilities including the Sagnac,
Michelson, Fabry-Perot, and Mach-Zehnder interferometers (MZIs) [6]. Wang et al. [12]
developed a micro Fabry-Perot cavity interferometer and achieved the RI sensitivity of 851
nm/RIU, while having very low temperature sensitivity of 0.27 pm/°C and low temperature
cross-sensitivity of 3.2 E-7 RIU/°C. Hu et al. [13] proposed an intrinsic Fabry-Perot
interferometer based on simplified hollow core fiber and achieved resolution of 6.5 E-5 in RI
measurement. Key features of this sensor type are easy fabrication process and low loss. An
example of Michelson interferometer is the Rl sensor engineered by Jha et al. [14] by

splicing a stub of large-mode area PCF to SMF. They achieved RI resolution of E-4 in the RI
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range of 1.33-1.45. Sun et. al [15] proposed a hybrid interferometer by forming a Fabry-
Perot cavity in one of the optical paths of the Michelson interferometer. The spectral
response of this hybrid sensor demonstrated two distinctive interference fringes. The
simultaneous measurement of Rl and temperature revealed a resolution of 8.7 E-4 in the RI
range of 1.33-1.38 with temperature sensitivity of 13 pm/°C. A photonic crystal fiber Sagnac
interferometer was developed by Liu et al. [16] as an RI sensor by filling the central hole of
the fiber with microfluidic analytes. Fabrication of this sensor types are complicated as
filling air holes of a PCF is challenging. A high sensitivity of about 19000 nm/RIU with the
resolution of 1.05 E-6 was achieved in their work. Among these, MZIs have received
significant attention because they are robust, compact [17], and low-cost units that also have
high levels of precision [18].

Other researchers have proposed disparate configurations in fabricating in-line MZI
sensors for sensing ambient RI changes. Implementation techniques already tested extend
from core mismatch splicing of optical fibers [19] to cladding collapse of PCF [20], tapering
of fibers [21], the use of microfiber [22], and splicing of hollow-core fiber [23]. Similarly,
many approaches have been used in attempts to enhance ambient refractive index sensitivity
of fiber-optic MZIs. Huang et al. [18] developed a thin-core fiber-based MZI for ammonia
sensing with a sensitivity of 850 nm/RIU in the RI range of 1.5-1.518. In other studies,
graphene-coated fiber-optic MZI sensors were found to have gas sensing sensitivity in the
range of 3-6 pm/ppm [24, 25]. Duan et al. [26] engineered a compact MZI by creating a
short length (62.5 um) of cavity through offset-splicing the SMFs on both ends. Their
innovative design resulted in a sensitivity of 3400 nm/RIU in the RI-range 1.0-1.0022. PCF

has also proven to be an excellent choice for fabricating RI sensors because the effective RI
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of the propagating cladding mode is highly sensitive to the surrounding environment [27—
29]. Yang et al. [29] demonstrated the viability of a compact PCF Mach-Zehnder
refractometer for sensing methane. They coated a polymer (fluoro-siloxane) over the internal
surface of air holes, with one end of the PCF fusion spliced to an SMF while the other end
was open for gas-molecule penetration. Through this fabrication technique, a sensitivity
(defined as wavelength change per percentage of methane) of 0.514 nm%-1 was achieved
[29]. This otherwise promising sensor type has drawbacks; it requires a long response time
when retrieving initial conditions and also has a low level of gas selectivity.

The article by Cregan et.al in 1999 was the first research that utilized HC-PCF for the
application of gas detection [30]. The presence of hollow channels in a fiber’s core and
cladding regions makes it difficult to fusion splice an HC-PCF to an SMF. The air holes in
HC-PCF hold a large volume of air. During fusion splicing, air will expand and distort the
fiber structure. In 2011, Qu et al. [31] suggested using hollow-core fiber to infiltrate various
aqueous analytes in high Rl measurements with a sensitivity of 1400 nm/RIU. Subsequent to
this innovative proposal, a 5.1 m HC-PCF gas cell was used for the detection of methane
[32]. Generally, it takes time for gas molecules to fill the cavities of HC-PCF, so this
technique makes a delay in the initial measurement response to the presence of the gas [33].
Furthermore, the suggestion of Wynne et al. [34] regarding the pressure-driven filling of air-
holes with gases is not applicable for real-time monitoring. Moreover, focused ion beam or
femtosecond laser-assisted micro-channels can be fabricated on the cladding of HC-PCF to
accelerate gas diffusion [35, 36]. Nicholas et al. [37] proposed an HC-PCF-based MZI using
ceramic ferrules to connect a 344 mm long HC-PCF to two SMFs. An alternative HC-PCF-

based MZI gas sensor has been reported, which employs the HC-PCF as one of the
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interferometer’s arms [38]. Many of the sensors proposed to date either have complex
configurations or poor sensitivity and response time for high-resolution measurement of
gases. Recently, Ahmed et al. [39] reported a highly sensitive MZI structure that uses a small
stub of HC-PCF for monitoring of CO,. However, a detailed study on such a configuration is
necessary to better understand its performances and to explore other potential applications.
Recently, we studied length-dependent performance of these devices to understand their
sensing properties [40]. However, more studies are required to better understand design
parameters and sensing performance of these MZI sensors.

An in-line fiber-optic MZI sensor, which is compact and robust with high sensitivity, is
presented in this report. The HC-PCF MZI sensor utilized a short length of HC-PCF placed
in between two SMFs with gaps at each interface. The light propagation, working principles,
and essential performance parameters of the proposed gas sensor are presented in this study.
These include response and recovery times, RI sensitivity, as well as the number and power
distribution of modes. Relative Rl detection was used in all experiments, because of the
difficulties in absolute RI measurement with high accuracy [41]. Experiments show
promising results in the sensor’s RI sensitivity. The device responds well to different gases
and shows good repeatability on gas detection. Comparing performance of the proposed MZI
with other MZI gas sensors reported in this report shows that this MZI has a high resolution
of 2.1 E-7, and sensitivity of 4629 nm/RIU which is among the highest reported. It is also a
cost effective product because it is compact, and only a few mm of HC-PCF is required for
fabrication of each sensor. It is shown that the RI sensitivity of the HC-PCF MZI sensors
increases as the length of the HC-PCF stub decreases. In addition, implementing short

lengths of HC-PCF as the sensing element improves response time of the sensor, leading to a
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faster response to the presence of a measurand gas. For example, the proposed sensor has a
response time of 32 seconds in detection of methane. The main drawback of this sensor is
gas selectivity, as its response to the presence of any gas and is not selective. Furthermore,
the present study investigates the temperature sensitivity of the HC-PCF MZI sensor, as the
effect of temperature cross-sensitivity needs to be considered and compensated in ambient RI
measurement. The proposed sensors have the potential to improve current technology’s

ability to detect and quantify pure gases.

2.2. Working Principle

Figure 2.1 (a) schematically shows a fiber arrangement of the proposed MZI sensor.
A short length of HC-PCF was positioned on the V-groove and aligned with SMFs. There is
an air gap at each end of the sensing element fiber. The schematic illustration of light
transmission in the sensor is shown in Figure 2.1 (b). The lead-in SMF carries the incoming
light wave. It radiates from the SMF core after reaching the first sensor gap in region 2 and
acts as a pseudo-point light source. In the first air gap, the fundamental mode broadens and
when it reaches the HC-PCF both fundamental and higher-order modes are excited in the
circular channels of the sensing element. Interaction between the light and the gas molecules
takes place in region 3 along the length of the sensor. Optical interference occurs in region 4
(second gap) due to the phase difference between the fundamental mode and higher-order
modes. The lead-out SMF then transfers the interference spectrum to an interrogator (or
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
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than in the reference arm. That imbalance occurs due to differences in optical-path lengths

and phase shifts between the arms.
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Figure 2.1 (a) Schematic of the proposed sensor arrangement, (b) Schematic of light transmission within
the sensor, (c) microscopic image of the cross-section of 10 micron HC-PCF fiber.

Figure 2.1 (c) shows the cross-section of the HC-PCF used in this study. This fiber offers low
index guiding of light as the core-index of the HC-PCF is lower than the effective index of
the cladding [42]. The photonic bandgap effect makes propagation impossible in the
microstructure cladding leading to light confinement in the core. This design enhances gas

sensing capabilities as the HC-PCF provides a remarkably strong interaction between gas
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molecules and light particles due to strong field confinement [43, 44]. Higher-order core
modes and surface modes are supported by HC-PCF fibers [45]. The optical path difference
between the reference arm and sensing arm defines the fiber-optic MZI sensor’s interference
spectrum. Such interference is a function of core intensity (I core), cladding intensity (I

cladding), and phase difference (¢) [17, 46], which can be written by the following equation:

[= Icore + Icladding + 2 Icorelcladding cos @ (Eq- 2-1)
Modes that are traveling the same distance (L) will have the phase difference (A¢) of:
Ap = 2m(Angg)L AT (Eq. 2.2)

Angg is the difference in the effective RI between the core and cladding modes in equation 2,
A is the input wavelength, and L is the length of the HC-PCF path. Maximum transmission
occurs at A® =2am (m is an integer) and peaks form on the transmission signal at the

following wavelengths:
Am = (Angg)Lm™? (Eq. 2.3)
Therefore, the m™ order spectral shift can be written as:
MMy, = (Angg + An)Lm™! — Anggm™! = AnL m™? (Eq. 2.4)

L is constant in the above equation and as a result the refractive index of the MZI’s core and
cladding will change An and correspondingly AA,,. Consequently, a shift occurs at the

transmission spectrum of the device and such change can be used for sensing a measurand.
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2.3. Experimental Procedures
2.3.1. Fabrication of the MZI sensor

Two types of fibers were used to fabricate the HC-PCF MZI sensors: the SMF
(Corning SMF28) and the HC-PCF (NKT Photonics HC-PCF 1550). Lead-in and lead-out
fibers are standard single-mode fibers (SMF-28) with a core diameter of 8.2 pum, numerical
aperture of 0.13, and a mode field diameter (MFD) of 9.3 um (0.5 um). This sensor type
utilizes an NKT Photonics HC-PCF fiber (HC-PCF 1550) as the sensing element. The HC-
PCF fiber has a numerical aperture (NA) of 0.2, MFD of 9.00 pum (£1 um) 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. These fibers can guide several modes within a transmission of
1490-1680 nm [30]. In constructing the sensor, the SMFs and HC-PCF were assembled on a
standard microscope glass slide (25 mm x 5 mm x 1 mm). Micro-machining created a V-
groove on the microscope glass (25 mm length, 95 pm width, and 48 um depth) using a
femtosecond laser, which is used to align fibers. A CT-30 Fujikura cleaver was used to
cleave the fibers. To be able to cleave short lengths of HC-PCF in the order of a few
millimeters, it was necessary to extend the length of the adapter plate in order to decrease the
distance between the cutting blade and the adapter plate. Therefore, a 4 mm long aluminum
plate was machined with marks at increments of 1 mm on it. Attaching the extension plate to
the adapter plate made it possible to cleave fibers with lengths down to 2 mm. The cleaved
stub of HC-PCF was positioned in the middle of the VV-groove and fixed using epoxy glue.
The exact length of the fiber, as well as the cleaving angles on both sides of the cleaved HC-
PCF, were checked by examining them under an optical tooling microscope. Afterward, the

single-mode fibers were positioned in fiber holders mounted on linear-translation micro-
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stages and aligned with the sensing element fiber on the V-groove. Figure 2.2 (a) shows an
isometric view of the fabrication setup. To achieve a strong interference spectrum, gap
lengths on both sides of HC-PCF were accurately adjusted. In this way, mode splitting and
recombination can be controlled. Fibers were then glued to microscope glass when an
acceptable signal was observed. To provide mechanical strength to the assembly, the glass
slide was secured in a meshed stainless-steel tube, as shown in Figure 2.2 (b). Testing proved
the robust effectiveness of the resulting sensor. Spacing between the HC-PCF and SMFs

enabled ambient gas to diffuse into the HC-PCF air holes.
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Figure 2.2 (a) Isometric view of the fabrication setup using two linear-translation micro stages for
accurate control of gap distances, (b) Packaged sensor using meshed stainless steel tube.

The normalized transmission spectrum of a sensor with an HC-PCF length of 3.30 mm and a
gap distance of 1 mm on each side (Sensor C) is shown in Figure 2.3 (a). Figure 2.3 (b)
shows the fringe spacing of the same sensor. The measurement was taken when the device

was immersed in nitrogen (99.99% pure, atmospheric pressure) at room temperature. Each
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valley measured at the sensor’s output, see Figure 2.3 (a), results from interference between
the signal arms in the MZI at that wavelength. The magnified spectrum graph shows a fringe
spacing of 1.91 nm and a full width at half maximum (for transmission dip) of 0.47 nm. For
the same configurations, the fringe spacing of sensor A (L = 4.97 mm) and sensor B (L =
4.73 mm) are 1.70 nm and 1.74 nm, respectively. The fringe spacing of the transmission

spectrum increases as the length of HC-PCF decreases.

Fringe spacing ~1.91 nm
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Figure 2.3 (a) Normalized transmission spectrum of an HC-PCF MZI sensor with HC-PCF length of 3.3

mm and gaps of 1 mm immersed in nitrogen at room temperature and atmospheric pressure, (b) Fringe
spacing of the same sensor.

2.3.2. Spatial Frequency Analysis
In order to analyze the modes participating in the modal interference process, the
transmission spectrum of MZIs with 4 mm of HC-PCF as a sensing element was Fourier

transformed. This process allowed us to obtain the sensor’s corresponding spatial frequency,

Angse.D

described as v = —¢

[47], where An¢ represents the effective RI-difference between core

and cladding of the sensing element and D is the distance between SMFs at each of the

sensor’s ends. D varies from 4 mm to 16 mm in 500-micron increments. Different peaks in
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the spatial frequency graph correspond to the interference between the fundamental

mode and different higher-order modes.
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Figure 2.4 (a) Spatial frequency graph for MZI with HC-PCF length of 4 mm and D of 7 mm, (b)
Tracking dominant modes of the sensor for D.

Testing the MZIs with 10 um HC-PCF as their sensing element revealed several multimodal-
interference patterns occurring in the transmission spectrum. Furthermore, power is mainly
distributed in such a sensor between two dominant modes in the spatial frequency spectrum,
a finding that holds true across the entire range of gap distances. This phenomenon confirms
that higher-order modes would gradually leak off the sensing fiber, contributing to
transmission losses. Thus, fewer peaks would turn up in the spatial frequency graph due to a
weakening interference-effect. As an example of the described effect, Figure 2.4 (a) presents
the spatial frequency graph for an MZI with 4 mm of 10 um HC-PCF and gaps of 1.5 mm on
each side (D = 7 mm). The sensor has a strong cladding mode with a spatial frequency of
5x10™ (1/nm) and a normalized FFT value of 3.14 and labeled core-cladding 1. Besides this
dominant cladding mode, the sensor has a relatively weaker cladding mode (core-cladding 2)

with a spatial frequency of 1.1x10° (1/nm) and a normalized FFT value of 0.99.
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Experimental findings show that for gaps from 0 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 resulted in MZIs with gaps of 1.35 mm, and the amplitude of
spatial frequencies was seen to decrease intensely for gaps greater than 4.5 mm. Figure 2.4
(b) was plotted by tracking dominant modes to show how the magnitude of spatial

frequencies increases by increasing gap lengths for this sensor.

2.3.3. Characterization

In the first set of experiments, Rl measurements using three MZIs (constructed with
different lengths of HC-PCF as their sensing elements) were carried out and their relative
performances were compared. Figure 2.5 schematically shows the sensor evaluation system
that includes the optical interrogator, a circulator, the MZI sensor, a Fiber Bragg Grating
(FBG), reference gas tank, and measurand gas tanks. The MZI sensors under investigation
were placed in a chamber with four gas intake valves. Reference nitrogen (N,) and
measurand gas-tanks (He, Ar, and CH,) were connected to these valves. The experiment used
helium, methane, and argon with purity levels of 99.999%, 99%, and 99.99%, respectively.
Using pressure regulators, an injection pressure of 15 psi was maintained during the testing
process. To maintain constant pressure in the test chamber a discharge tube with a bubbler
was connected to the test chamber. An interrogator (SM125) with a resolution of 1 pm was
used to record and evaluate changes in the transmission spectrum. In addition, a FBG
(sensitivity ~10 pm/°C) was positioned in the chamber to monitor and record the temperature
variations. The spectral shifts of three sensor types and FBG were analyzed using the Micron

Optics’ Enlight software. The experiments started with injecting N, into the test chamber for
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long enough time to make sure an even gas diffusion into the air holes of HC-PCF was
achieved. Measurand gases were then injected into the chamber (He, Ar, or CH,). Using the
mentioned software, spectral responses were recorded. Response and recovery times as well
as refractive index sensitivity are among important sensing performance parameters of a gas
sensor and were studied for three MZIs. The cyclic tests were performed using the various
sensors to inspect the repeatability of Rl measurements. Temperature, pressure and the
injected gas species determined the spectral response of each sensor. Therefore, MZI sensors
were temperature-characterized to compensate for the effect of temperature fluctuations

during the experiments.
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Figure 2.5 Schematic of the experimental setup; tests were carried out at atmospheric pressure and room
temperature.

Another set of experiments sought to analyze the effect of gap distances on modal
interference in the proposed MZI gas sensor. Here, lead-in and lead-out SMFs were not glued
to the glass to facilitate easy adjustment of both airgaps. Using linear micro stages, gap
lengths increased from 0 to 6 mm in 500-micron increments. Ensuring equal gap distance on

both sides, we collected transmission spectrums for an interferometer with 10 pum HC-PCF as
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its sensing fiber. Spectrums were Fourier transformed to produce spatial frequency graphs, to

explore the power distribution and the number of the sensor’s modes.

2.4. Results and Discussion
2.4.1. Refractive Index Sensing

Figure 2.6 (a) illustrates the responses of sensor A (L = 4.97 mm) to methane, argon,
and helium for one cycle. MZI sensors were exposed to measurand gases separately to
determine its spectral response to each gas. The sensor was interrogated with each measurand
gas to investigate its spectral response in a complete test cycle. Each cycle started with the
injection of nitrogen (99.99% pure) until saturation followed by injection and measurement
of target gas; and finally, an injection of nitrogen back into the chamber to purge the gas. The
injection of gases was carried out for 7 minutes at each stage of a test cycle. As shown in
Figure 2.6, the ambient gas in the test chamber determines the sensor’s wavelength response.
Considering the location of the spectrum in N, as the reference, sensor A showed spectrum
shifts of 780 pm (6 pm) when immersed in helium, 45 pm (x1 pm) when immersed in
argon, and 440 pm (x 3 pm) when immersed in CH, Spectral shifts of three valleys at
different wavelengths were used to estimate mean wavelength shifts and measurement errors.
Redshifts were recorded in the transmission spectrum for Ar or He and blue shifts were
recorded for CH,. This finding can be explained in terms of spectral response to RI change.
For a given ambient RI, the sensor’s transmission spectrum shows redshift to a negative RI
change and blue shift to a positive RI change. In standard conditions, the RI values of He,
Ar, N, and CH, are 1.0000347, 1.0002820, 1.0002944, and 1.0004365, respectively. The

interference fringe showed a redshift in the presence of helium and argon because the RI of
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nitrogen is higher than the RIs of helium and argon. In contrast, the spectrum underwent a
blue shift for methane, as the Rl of nitrogen is lower than the RI of methane. The
transmission fringe shifts of MZI sensors for helium, methane, and argon are listed in Table

2.1.

Table 2.1. Transmission fringe shift of the MZI sensors for helium, methane, and argon.

Sensor HC-PCF Spectral Spectral Spectral RI sensitivity
Length shift (pm) in shift (pm) in shift (pm) (nm/RIV)
helium methane inargon

A 4.97 mm 780 440 45 3019

(negative)
B 4.73 mm 1060 600 70 4300

(negative)
C 3.30 mm 1300 618 100 4629

(negative)

Sensor C, which has the shortest length of HC-PCF, shows the highest wavelength shifts
among the three sensors tested when interrogated with all three gases. In contrast, sensor A,
which has the longest HC-PCF stub of the three sensors, shows the smallest shifts. The RI
sensitivities of the interferometric sensors are listed in table 2.1, all falling in the RI range of
1.0000347-1.0004365. This RI range was selected based on the availability of gas tanks, and
it could be extended in future research. The highest sensitivity was achieved by sensor C:
4629 (nm/RIU). This suggests that the RI sensitivity of the HC-PCF MZI sensors increases
as the length of the HC-PCF stub decreases. As the next step in our experiments, argon,
methane, and helium gases were sequentially injected into the test chamber, to investigate the
sensors’ capacities to detect multiple gases. In each test cycle, the gas injection was carried

out in the sequence of N,, Ar, N,, CH,4, N,, He, and N, This sequence was then repeated
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three times to determine sensing repeatability. Figure 2.6 (b) shows the sequential gas
response for sensor A, where the test cycles produced identical results. An FBG was used to
record any temperature variation during the test. A maximum temperature fluctuation of 1°C

was recorded during the entire experiment.
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Figure 2.6 (a) The spectral shifts of Sensor A when immersed in argon, helium, and methane injections,
(b) The results of sequential sensing of measurand gases with Sensor A, with gas injections carried out in
the sequence of argon, methane, and helium.

To check the consistency of the sensor’s measurements, repeatability tests were performed
using all three sensors. For each test cycle, the sequential injection of nitrogen, measurand
gas, and nitrogen was performed at 5 minutes intervals. Figure 2.7 (a) shows the repeatability
of sensing helium gas using all three sensors for eight cycles. The repeatability test for
sensing methane gas was conducted for three test-cycles, as shown in Figure 2.7 (b). Both
graphs below show the normalized wavelength shift that resulted when the chamber was
sequentially filled with nitrogen and measurand gases. The data shows great repeatability of

gas detection using the proposed HC-PCF interferometer.
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Figure 2.7 The normalized cyclic response of HC-PCF MZI sensors to (a) helium and (b) methane.

The RI sensitivity of sensors A, B, and C are 3019 nm/RIU, 4300 nm/RIU, and 4629
nm/RIU, respectively. Figure 2.8 shows the RI sensitivity of Sensor A in the mentioned RI
range. These data points were obtained via five separate measurements with a measurement
error of £ E-6, £ 2.3 E-6, and £ 5 E-7 for methane, helium, and argon, respectively. The
proposed sensor configuration can improve on current technology due to its linear RI
response and high sensitivity to gases. The proposed interferometric sensor has, nonetheless,
the potential for advancing current capacity for gas detection, quantitatively analyzing
changes in pure gases, as well as environmental monitoring applications. The RI
characterization tests were conducted using an optical interrogator that has a wavelength
accuracy of 1 pm (0.001 nm). Therefore, the sensor C (sensitivity of 4629 nm/RIU) has a RI

resolution of 2.1 E™". Similarly, the sensing resolution of sensors A and B can be calculated.
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Figure 2.8 Sensitivity graph for sensor C to ambient RI change.

The refractive index of any target gas (RI target gas) can be written as:

Rltarget gas = Rly, — ARI = Rly, — A/ (RI sensitivity) ~ (Eq. 2.5)
The spectral shift, AL in the above equation can be attained by tracking valleys of
transmission fringe of a sensor, as shown in Figures 2.6 and 2.7. Ry, is the refractive index
of nitrogen, and ARI is the relative difference in RI between nitrogen and measurand gas. By

knowing the wavelength shift (AL) and sensitivity of the MZI sensor, ARI can be calculated.

Table 2.2 compares the sensitivity achieved in the present research with other similar
and alternative studies available in published works. The table shows that the proposed MZI
configuration shows much higher sensitivity in gas sensing compared to its counterparts in
the RI range of 1 to 1.02. As shown in [40], decreasing the length of HC-PCF, the sensitivity
of this sensor can be further improved. The proposed sensor is fairly compact (3.3 mm)
compared to other HC-PCF based RI sensors [31, 32, 37, 38], some of which are as long as
~35 cm. Therefore, the proposed MZI configuration is believed to perform much better in

single-point gas sensing. It is worth mentioning here that even though a compact Fabry-Perot
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fiber sensor (in the range of micrometer) can be fabricated using ultrafast laser
micromachining they have relatively poor RI sensitivity [12]. Despite its excellent gas
sensing capabilities, the reported device has few drawbacks including fabrication complexity
as it requires alignment and positing of the HC-PCF stub and cross-sensitivity to other
measurands such as temperature and pressure. With the recent improvement in automated
fiber alignment and positing systems, we believe the fabrication complexity can be
drastically reduced for commercial applications. Similar to other fiber-optic sensors, the
cross-sensitivities can be eliminated or reduced using an in-line fiber sensor such as a
properly packaged FBG. The demonstrated sensor also needs to be packaged with a suitable

membrane for selective sensing of gasses.

Table 2.2. Rl sensitivity comparison for gas sensing with other reported fiber-optic gas sensors.

Optical structure RI range Rl sensitivity Reference
(nm/RIV)

Proposed HC-PCF MZI 1.000034-1.000449 4629 This work

HC-PCF MZI 1.0000—1.0005 1233 [37]

FP based on hollow silica tube 1.00027-1.00189 1546 [48]

1.00007-1.00051
SPR with metallic surface grating 1-1.41 500 [49]

(tapered SMF)

Hybrid  optical  fiber  Fabry-Perot  (FP) 1.0005-1.00275 560 [50]
interferometer
Surface plasmon resonance (SPR) based with fiber 1-1.33 280 [51]
grating (MMF)
Cavity based FP 1.0000-1.0025 1053 [52]

Open cavity MZI 1-1.02 3402 [26]
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2.4.2. Sensor Response and Recovery Times

Figure 2.9 illustrates the response and recovery times of Sensor A for one cycle of
methane sensing. The time duration that an MZI device takes to reach 90% of the total
wavelength shifts is defined as response/recovery times. Accordingly, response and recovery
times of sensor A are 32 seconds and 39 seconds for methane. Response and recovery times
of three HC-PCF MZI sensors to methane, helium, and argon are listed in table 2.3. Each
reported time in this table is an average of five response or recovery times. Results indicate
that sensor A, which has the longest HC-PCF stub, shows the fastest response/recovery
times. However, the highest RI sensitivity was achieved using sensor C, which has the
shortest length of HC-PCF. Response and recovery times depend on HC-PCF lengths and the

volume of the test chamber. The test chamber has a dimension of 14.5 cm x 11.2 cm x 4.4

cm.
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Figure 2.9 Response and recovery times of sensor A for methane.
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Table 2.3. Response and recovery times of HC-PCF MZI sensors to different gases.

HC-PCF length (mm) A(497) B(473)  C(3.30)
Helium: response (s) / recovery (s) 50/50 50/55 57157
Methane: response (s) / recovery (s) 32/39 44/46 46 / 56
Argon: response (s) / recovery (s) 37/44 62/49 110/ 100

2.4.3. Temperature Characterization

The RI of a gas depends not only on gas species but also on ambient temperature and
pressure. All the experiments were conducted at atmospheric pressure and room temperature.
However, fluctuation of ~ 1°C was recorded using an FBG sensor during the experiments, a
result shown in Figure 2.6 (b). Therefore, it is required to characterize the temperature
sensitivity of the HC-PCF MZI sensor before deploying the sensor for applications in the
field. As part of the present research, HC-PCF sensors were placed in an oven and the
temperature was varied from 35°C to 65°C in 10°C increments. Figure 2.10 displays the
resulting correlation between recorded wavelength shifts and measured temperatures of the
sensors and FBG. The temperature sensitivities of sensors A, B, and C were found to be 33.1
pm/°C, 31.6 pm/°C, and 20 pm/°C, respectively. This finding shows that the temperature
sensitivity of the fiber-optic interferometer decreases when the length of the HC-PCF
decreases. As shown in Fig. 10, a typical FBG has a temperature sensitivity of 10 pm/°C and
it is insensitive to ambient RI change. Therefore, an in-line or parallel FBG can be placed as
a reference to eliminate temperature cross-sensitivity in ambient Rl measurement for
practical applications. Like temperature, a fiber-optic pressure gauge that is insensitive to

ambient RI can be used to eliminate pressure cross-sensitivity in real-life measurement.
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Figure 2.10 Temperature characterization of FBG and HC-PCF sensors.

2.5. Conclusion

A compact fiber-optic MZI sensor is proposed and has been experimentally
demonstrated for ultra-high sensitive detection of gases. Different lengths of HC-PCF stubs
were used to construct and characterize several sensors. The resulting MZI sensors were able
to measure the RI of target gases and showed great sensitivity to measurand gases. The
refractive index sensitivity of 4629 nm/RIU was achieved for the MZI with an HC-PCF
length of 3.30 mm. The RI sensitivity of the proposed MZI sensor inversely relates to the
length of the HC-PCF stub. However, response and recovery times turned out to be shorter
for longer HC-PCF stubs. The effect of gap distances on the number and amplitude
distribution of the sensors’ modes was examined, and spatial frequency analysis revealed that
power is mainly carried by two dominant modes in the proposed MZI. These novel and
compact sensors have high-temperature sensitivity, compared to an FBG. With appropriate
packaging, the proposed sensor becomes robust and is a suitable choice for low-percentage

detection of gases as well as environmental monitoring.
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Chapter 3 Monitoring of Carbon Dioxide using Hollow-Core Photonic
Crystal Fiber Mach-Zehnder Interferometer

This paper was published in Journal of Sensors (MDPI) in July 2019.
Farid Ahmed, Vahid Ahsani, Kaveh Nazeri, Ehsan Marzband, Colin Bradley, Ehsan
Toyserkani, and Martin B. G. Jun. “Monitoring of Carbon Dioxide using Hollow-Core
Photonic Crystal Fiber Mach-Zehnder Interferometer”, Sensors 2019, 19(15), 3357.

Abstract

Monitoring of greenhouse gases is essential to understand the present state and predict the
future behavior of greenhouse gas emissions. Carbon dioxide (CO,) is the greenhouse gas of
most immediate concern, because of its high atmospheric concentration and long lifetime. A
fiber-optic Mach-Zehnder interferometer (MZI1) is proposed and demonstrated for the
laboratory-scale monitoring of carbon dioxide concentration. The interferometric sensor was
constructed using a small stub of hollow core photonic crystal fiber between a lead-in and
lead-out standard single mode fiber with air-gaps at both interfaces. At room temperature and
atmospheric pressure, the sensor shows the sensitivity of 4.3 pm/ % CO,. The device was
packaged to demonstrate the laboratory-scale leakage detection and measurement of CO,
concentration in both subsurface and aqueous environments. The experimental study of this
work reveals the great potential of the fiber-optic approach for environmental monitoring of

CO..
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3.1. Introduction

Carbon dioxide (CO,) has been identified as the primary heat-trapping gas to
adversely affect our climate between 1750 and 2011 [53]. As our planet is likely to face
greater future challenges, in recent years considerable carbon mitigation research has been
undertaken in an effort to fight global warming caused by CO,. Deployment of carbon
capture and storage (CCS) technologies have been proposed for a drastic reduction of CO,
emission [54]. As of September 2012, 75 large-scale global CCS projects (at least 400,000
tonnes of CO, per year) and a number of projects under advanced stages of development
have been identified by the Global CCS Institute [55]. While CCS has a vital role in
controlling greenhouse gas emissions, CO, leakage at sequestration sites is the primary
concern because of its adverse environmental impacts [56,57]. Research models predict that
in an event of leakage, CO, escape rate above 0.1% may jeopardize the effectiveness of a
geological storage site [58]. Hence, early detection of CO, leakage is essential to re-establish
the efficiency of a CCS operation and minimize its ecological damages. Monitoring of CO,
leakage has been investigated using diverse approaches including seismic [59], geoelectrical
[60], geochemical [61], gravimetric [62], temperature logs [63], and soil gas composition
[64]. There are many challenges inherent to monitoring a CCS project, most notably: prolong
periods (i.e., several decades), long transmission lengths, extreme physical and chemical
conditions, and capital and operating costs. Most of the techniques mentioned above have a
low sensing resolution or do not meet the challenges associated with monitoring CCS

projects.
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Fiber-optic sensors have unique properties that make them ideal for CCS site
monitoring, for example: compact size, immunity to electromagnetic radiation, superior
aging characteristics, long-haul monitoring capabilities, and the ability for high-resolution
CO, detection. Fiber-optic sensors are very efficient in gas detection and monitoring
applications [65-67] as compared to conventional sensors. Various fiber-optic sensor
configurations have been exploited for monitoring CO, concentration including long period
grating [68], Bragg grating [69], evanescent filed [70], and fluorescent based [71,72]. Fiber
fluorescence sensor has also been employed to demonstrate monitoring of environmental
CO, [73]. Use of fluorescent dyes, nanoparticle coatings, or extensive etching of the fibers in
the reported studies likely to affect aging behavior and robustness of the sensors. There has
been a constant effort to develop highly sensitive all-fiber sensors using suitable fiber type
and device configuration [65,66,74]. The evanescent field in the cladding air holes of
photonic crystal fibers reveals new opportunities to exploit light interaction with gasses for
sensing applications [75,76]. Hollow core photonic crystal fibers (HPCF) have air holes
running along the fiber propagation axis in both the core and cladding regions. These
structures have been introduced to improve the light interaction with the sample gas leading
to superior sensitivity [77,78]. Various mechanisms have been explored for HPCF based gas
sensing including tuneable modal interference [79], Fabry—Pérot interference [80], photo-
thermal phase modulation [81], surface-enhanced Raman scattering [82], and a gas
absorption spectroscopy in HPCF [77,83]. However, these sensing devices require an
extended length of HPCF, drilling side micro-holes on HPCF, or filling the air holes of

HPCF with Raman scattering substrate such as nanoparticle colloids. The reported fiber-optic
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gas sensors to date either display insufficient sensitivity/reliability or require complex

fabrication and/or packaging processes.

In this study, a hollow core photonic crystal fiber (HC-PCF) based Mach-Zehnder
(MZ1) sensor is proposed for the detection and measurement of CO, concentration in
subsurface soil and aqueous environments. As shown in Figure 3.1, the device was fabricated
by placing a small stub of HC-PCF between a lead-in and lead-out standard single mode
fiber (SMF) with air gaps at both interfaces. The air holes in HC-PCF provide a large area of

interaction with the gas leading to high-sensitive detection and measurement of CO,.

Incident spectrum Transmitted spectrum

c\addingalrvhdes

Figure 3.1 Schematic of the MZI sensor constructed using a small stub of HC-PCF.
3.2. Working Principle

The schematic of the sensor configuration is shown in Figure 3.2. It is a common MZI
structure where the fringe pattern appears at the transmission end because of interference
between the core mode and dominant cladding mode. The transmission fringe of a fiber-optic

MZI can be expressed as [84,85]:

I =lIcore + Iciga + 2\/ Leorelciaacosd, (Eqg. 3.1)
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where I.,,. and 1,4 are the intensities of light in the core and cladding, respectively. The
phase difference between core and cladding mode can be expressed as ¢ = 2mAn,f¢L/4,
where n. is the difference of effective refractive indices between core and cladding modes,
L is the length of the MZI, and 4 is the wavelength. For ¢ = (2m + 1)m in Eq. (6), the m"
order attenuation peak is maximum and its associated wavelength can be expressed as
A = 24ng5¢L/(2m + 1). Therefore, any change in 4An, ¢ or L due to an ambient refractive
index or temperature variation results in a shift of attenuation peak. Such spectral shifts can

be utilized to measure the ambient gas concentration.

Airgap 1 PCF Air gap 2
5 — > = —~ 5
SME | —" SMF

Figure 3.2 Working principle based on geometric light propagation in the fiber assembly.
3.3. Sensor Fabrication and Packaging

As shown in Figure 3.1, SMF (Corning SMF28) and HC-PCF (NKT Photonics HC-
PCF 1550) were used to fabricate the sensor. The small stub of HC-PCF was placed between
a lead-in and lead-out SMFs with suitable air gaps at both interfaces The fiber assembly was
first aligned and fixed on V-groove of a glass slide (25 mm x 5 mm x 1 mm) using a
waterproof adhesive. Suitable packaging of a fiber-optic sensor is crucial for its reliable
sensing operation and longer life span. Therefore, the device was packaged to make it
operational in the subsurface and aqueous environment. Figures 3.3 (a) and (b) show the
schematic of the packaged configuration, and the steps involved in packaging the sensor,

respectively. The glass slide holding the fiber assembly was first secured in a stainless steel
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mesh tube to provide mechanical strength to the fiber assembly and allow easy handling of
the device. The sensor was then wrapped with two water-impermeable membranes that allow
gas flow in the chamber. The scanning electron microscope (SEM) images shown in Figure
3.4 reveal the morphologies of both front and rear surfaces of the inner (TRAKETCH,
Sabeu-Plastics, and Membrane Technology, Germany) and outer (SQ-S GASKET SHEET,
Inertech Inc., USA) membranes. Figures 3.4 (a), (b), and (c) show the front, rear, and
magnified images of TRAKETCH membrane capturing both surfaces, respectively. The
capillary pores (pore size: 1.37 £0.02 pum, pore density: ~13.7 x10°/ cm?, thickness: 170 + 20
um, water entry pressure > 0.6 bar) of this micro filtration membrane work as hydrophobic
surface and allow CO, gas flow. Figures 3.4 (e), (f), and (g) show the front, rear, and
magnified surfaces of the INERTEX SQ-S membrane. The gasket sheet is made of
polytetrafluoroethylene (PTFE) that can operate in full vacuum to 200-bar pressure and it
does not support any bacterial growth. The two membranes were assembled to achieve a
good balance of CO, permeability and water resistance. To protect the device from dirt and
dripping water, it was finally wrapped with Tyvek, a commercially available building water

insulation membrane.

Layers of membranes

Step 1: Secure fiber assembly in a meshed stainless steel tube

Step 2: Wrap the device with water-impermeable membranes
(b)
Figure 3.3 (a) Schematic of packaging, and (b) sensor packaging.
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Figure 3.4 SEM images of the two membranes used in packaging of the sensor to make it waterproof: (2)
front surface of the inner membrane, (b) rear surface of the inner membrane, (¢) magnified image of the
inner membrane showing both fibers and microholes on two surfaces, (d) front surface of the outer
membrane, () rear surface of the outer membrane, and (f) the magnified image if the outer membrane.

3.4. Results and Discussion
3.4.1. Sensor Characterization

The schematic shown in Figure 3.5 was used to characterize CO, concentration in
near atmospheric pressure. The dimension of the test chamber used in this experiment is 14.5
cm x 11.2 cm x 4.4 cm. The sensor was interrogated with different known concentrations
(25%, 50%, 75%, and 100%) of CO, gases. 99.99% pure nitrogen (N,) was used as a
reference gas and the discharge tube with a bubbler was used to keep near atmospheric
pressure in the test chamber. A circulator was used to connect the MZI sensor to the Micron
Optics interrogator (SM125). The chamber was also equipped with a fiber Bragg grating
(FBG) to monitor any temperature variation during the experiments. As shown in Figure 3.6
(a), the sensor shows a consistent trend of shifts as it is subjected to different concentration

of CO, gas. The sensor has a sensitivity of 4.33 pm/ % CO,, which is very promising.
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Considering the sensitivity of the sensor and wavelength stability of the interrogator (1 pm),
it exhibits a measurement resolution of ~ 0.2% CO,. Figure 3.6 (b) shows the sensor
response to the ambient temperature change in the range of 25 'C to 65 'C. The sensor shows

a linear spectral shift with temperature change with a sensitivity of 31.67 pm/ "C.

Gas flow ﬂ

Gas discharge

Gas tanks
— Test chamber

[s 5 & W W S———
:Q:DZE.J: Interrogator
[ MZI sensor Circulator

Figure 3.5 Experimental schematic for sensor characterization and interrogation.
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Figure 3.6 The response of the sensor to (a) CO, concentration, and (b) temperature change.

Reliable operation is essential in any sensing application. Hence, repeatable sensing
capability is crucial in particular for effective gas monitoring applications. To examine the
sensing reliability of the device, a cyclic test was performed for four different known

concentrations of CO, gasses such as 25% CO,, 50% CO,, 75% CO, and 100 % CO, as
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shown in Figure 3.7. Nitrogen was used as a reference gas for this test. The cyclic test started
with injecting atmospheric N, gas into the test chamber for 10 minutes. Once the injection of
N, stopped, the 25% CO, gas was injected into the chamber for 10 minutes. This two-step
process was repeated two more times to finish the cyclic test for 25% CO,. For the higher
concentration of CO, gases, the same two-step process was repeated three times. An FBG
sensor with a temperature sensitivity of 10 pm/ 'C was placed in the test chamber to monitor
any temperature change during this experiment. The sensor shows good repeatability in the
measurement of CO, concentration. A maximum of 40 pm spectral deviation was observed
for the entire experiment as shown in Figure 3.7, which is largely because of temperature
change in the chamber. The FBG shows 1°C increase of temperature (that corresponds to 10
pm FBG spectral shift) in the test chamber by the end of the experiment. Since the
temperature sensitivity of the proposed MZI sensor (31.67 pm/ "C) is about three times more
than that of FBG (10 pm/ "C), ~ 32 pm spectral shift appeared due to 1°C temperature raise in
the test chamber. The remaining 8 pm spectral shift may appear due to a pressure change in
the chamber or measurement errors. The sensor showed good measurement repeatability as

shown in Figure 3.7.
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Figure 3.7 Cyclic test to examine the measurement reliability of the gas sensor.
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Figure 3.8 Response and recovery times of the sensor for different concentration of CO, gases.

Response and recovery times are widely used to characterize gas sensors, which are
essentially the times taken by a sensor to reach 90% of final and initial indications,

respectively. For the given test chamber, Figure 3.8 reports the response and recover times
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for four different concentration of CO, gases. The response times of the sensor for 25%,
50%, 75%, and 100% CO, are 64 s, 76 s, 88 s, and 111 s, respectively. The recovery times of
the sensor for 25%, 50%, 75%, and 100% CO, are 69 s, 83 s, 95 s, and 118 s, respectively.
Since the sensor sits on the floor of the test chamber and the CO, gases used in this
experiment are heavier than the reference gas (N,), response times are shorter than the
recovery times. The main limiting factor for both response and recovery times is the delivery
of gasses to the air gaps and air holes. Therefore, both the response and recovery times can

be improved by reducing the volume of the test chamber.

3.4.2. Subsurface CO, Measurement

The sensor was tested to measure CO, concentration in soil column in room
temperature and atmospheric pressure. As shown in the schematic of Figure 3.9 (a), the
sensor was buried 20 cm under the 50 cm deep soil column. The radius and height of the
cylindrical soil column are 30 cm and 60 cm, respectively. The CO, and N, were injected
into the soil column from the bottom. The transmission spectrum of the interferometer was
first monitored for 10 min in the air, followed by injection of N, for the next 10 min as
shown in Figure 3.9 (b). The 100% CO, was then injected into the soil column for 10 min
followed by injecting reference N, gas for another 10 min. The percentage of CO, injection
was then gradually increased up to 100% as shown in Figure 3.9 (b). A reverse trend was
then followed to return the sensor spectrum to the initial level. The 100% CO, gas was then
injected for 10 min for the last time followed by injection of the reference gas. The purpose
of this test was to understand the response of the sensor in the sub-surface environment. With

a larger surface area of the soil column exposed to the atmosphere and increased volume of
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sensing environment, the sensor shows longer response and recovery times (with reference to
Figure 3.6 (a). At the end of the experiment, the overall spectrum also followed a red shift,

which may be attributed to the rise in temperature as noticed in Figure 3.7.
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Figure 3.9 (a) Laboratory setup for CO, concentration measurement in soil, and (b) Measurement of CO,
concentrations in soil (at atmospheric pressure and room temperature).

3.4.3. Aqueous CO, Measurement

Figure 3.10 (a) shows the experimental setup for the measurement of CO,
concentration in an aqueous environment. To investigate the performance of sensors that are
packaged using water-resistant membranes, the sensor was first immersed in water for 24
hours and its transmission spectrum was recorded for every 12 hours. As shown in Figure
3.10 (b), the spectrum of the sensor did not show any significant degradation over the period
of 24 hours, except a small spectral shift which is likely due to temperature change during

the experiment.
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Figure 3.10 (a) Setup for CO, concentration measurement in an aqueous environment, and (b) spectral
stability in water for 24 hours.

A funnel was used for guiding the CO, bubbles to the sensor vicinity that helps the diffusion
of gas into the packaged sensor. The response of the sensor to CO, concentration changes in
the aqueous environment is shown in Figure 3.11 (a). Each of the 25%, 50%, 75%, and 100%
CO, gases was successively injected for 30 min. The sensor shows spectral blue shifts with a
gradual increase in CO, concentration. Unlike the experiments in the test chamber or soil
column, the sensor showed irregular spectral shifts, which may appear due to the turbulence
created by the CO, bubbles. Once immersed in the water, the ambient humidity was
considered stable during the experiment. Detail effects of humidity in the aqueous
environment will be conducted in the future which may also explain the anomalies in the
spectral shift during the experiment. After injecting 100% CO, for 30 min, the injection was
stopped to let CO, gradually diffuse out of the packaged sensor. As shown in Figure 3.11 (b),
diffusion of CO, out of the packaged sensor is very slow. An injection of reference gas to the
sensing chamber may significantly improve the recovery time for such monitoring

applications.
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Figure 3.11 (a) The response of the sensor to different concentrations of CO, in water, and (b) tracking
slow diffusion of CO, gas when injection stopped.
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3.5. Conclusion

In this study, an HC-PCF based MZI is introduced that can measure ambient CO,
concentration for environmental monitoring applications. The device was constructed by
placing a stub of HC-PCF between a lead-in and lead-out SMF. The sensor was packaged
and characterized for known concentrations of CO, gases. At room temperature and
atmospheric pressure, the sensor shows a linear response to CO, concentration with the
sensitivity of 4.3 pm/ % CO,. Considering the measurement device used in this study has
wavelength stability of 1 pm, the resolution of the sensor is ~0.2% CO,. For the test chamber
dimension of 14.5 cm x 11.2 cm x 4.4 cm, the sensor shows fast response and recovery times
of 64 s, and 69 s, respectively. Water-resistant but gas permeable membranes were used to
package the sensor. The sensing device demonstrated the laboratory-scale leakage detection
and measurement of CO, concentration in both subsurface and aqueous environments. The
sensor showed a stable and reliable measurement of CO, concentrations with a considerably
short response and recovery times. The experimental study of this work reveals the potential

of the fiber-optic approach for environmental monitoring of CO, leakage and concentration.
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Chapter 4 The Effect of Photonic Crystal Fibre Structure on the
Performance of Mach-Zehnder Interferometer Fibre Optic Gas Sensors

This paper was published in Journal of Optical Fiber Technology in June 2020.
Kaveh Nazeri, and Colin Bradley. “The Effect of Photonic Crystal Fiber Structure
on the Performance of Mach-Zehnder Interferometer Fiber-Optic Gas Sensors”, Optical
Fiber Technology 58 (2020), 102294,

Abstract

A compact refractive index (RI) sensor, based on the Mach-Zehnder Interferometer (MZ1),
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 we compared for detecting and
measuring the quantity of gas present. 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
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1.0000347-t0-1.000449 by a sensor with a 4 mm long sensing stub element of 10 um 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.

4.1. Introduction

Properties of fiber-optic sensors make them a superior choice for environmental
monitoring applications, particularly when compared against conventional electro-optical
sensors [86, 87]. Their advantageous properties include multifunctional sensing capabilities
(such as temperature, pressure, strain, and corrosion), immunity to electromagnetic radiation,
and high sensitivity [86, 88, 89]. Sensing mechanisms such as evanescent field absorption,
direct absorption, surface Plasmon resonance, and Raman scattering are among numerous
fabrication methods that have been studied [90-95]. 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 sensitive to a specific parameter on the fibre [96]. Thus, the light guidance is altered by
changes in its optical properties. Several applications for detection of volatile organic

compounds [97], gas sensing [98], and pH measuring [99] have been reported using this
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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 [100]. It is been reported that implementation of
sensitive coatings onto optical fibers can enhance some characteristics of a sensor like

sensitivity and selectivity [100].

In addition to silica optical fibers, polymer optical fibers (POF) are well in use for
fabrication of sensors in several sensing applications like strain [101], curvature [102],
humidity [103], and temperature [104]. Advantages of POFs over silica fiber include higher
flexibility in bending, higher fracture toughness [105], and higher thermo-optic coefficient
[106]. It should be noted that POF materials are viscoelastic, which lead to non-uniform
results to strain or stress [107]. Various sensors have been developed and studied using POF,
including Fiber Bragg Grating (FBG) inscription in POFs [105, 107-109], and Long Period
Gratings in microstructured POFs [110, 111]. High stability, as well as minor variations in
bandwidth and reflectivity are among the advantages of these sensors [105]. In the area of
gas sensing, Saharudin et al. [112] 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. [113] to improve oxygen gas

sensitivity.

Further to previously mentioned methods, numerous types of optical fiber
interferometers have been studied, including the Sagnac, Michelson, extrinsic/intrinsic
Fabry-Perot, and Mach-Zehnder interferometers. Domingues et al. [114] developed an

intrinsic Fabry-Perot interferometer (FP) micro-cavity for pressure sensing. They achieved
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the sensitivity of 59.39 + 1.7 pm/Kpa for pressures up to 900kPa, using a FP interferometer
with micro-cavity length of 21.86 um. As the cavity’s physical parameters can induce phase
shift on the FP interferometer signal, these sensors can be used to monitor pressure,
temperature, strain, and refractive index. The hybrid FP engineered by R.Wang [115]
simultaneously monitors Rl change and temperature fluctuations, but has relatively low
sensitivity in the RI range of 1.005-1.00275. A hybrid interferometer was proposed by Sun et
al. [116] 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 measurement 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.
[117] developed a temperature compensated FP sensor for humidity monitoring and gas
concentration analysis, using a hollow silica tube (HST) with inner diameter of 5 um. Liu et
al. [118] 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 significant attention, because they are robust, compact,

and have high levels of precision [119].

A typical fibre-optic MZI sensor configuration has a sensing arm and a reference 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 [120], cladding collapse [121], and hollow-

core fiber splicing [122]. The configuration of in-line MZI sensors is composed of two
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contact arms within the fiber formed by using different optical fibres. This includes long-
period gratings (LPGs), microfibers, and tapered fibers [123-127]. 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 [128]. PCFs have solid core and periodically spaced air
holes in the cladding. This provides them with unique properties of high transmission [129],
low background noise [130], and tailored dispersion [131]. 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 [132]. 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 [133]. 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 [134]. 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 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
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hollow-core fiber will excite the fundamental mode and weaker higher-order modes [134].
As it may take 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 lon Beam machining, has been suggested as a means to accelerate the gas

diffusion [135-137].

In this study, which is a continuation of a recent article by Nazeri et al. [138], 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 Rl measurements in absolute RI detection
[139]. The experimental results of the sensors’ RI sensitivity to helium, methane, carbon
dioxide, and argon are presented. Nitrogen (99.99% purity, at 18 psi) with an Rl of
1.0002944 was employed as the control reference for RI characterization. The sensors
showed great repeatability in their sensitivities. Moreover, given the complications of
ambient Rl 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.

4.2. Working Principle

Figure 4.1 (a) 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-
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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 diverging 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 reference arm
of the MZI, and the cladding air channels act as its sensing arms. The light guiding
mechanisms in photonic crystal fibers are different from the total internal reflection
phenomenon that occurs in typical fibers [116]. Generally, photonic crystal fibres support
several higher-order core modes and sometimes additional surface modes that are located on
the core-cladding boundary [108]. HC-PCF provides a remarkably strong interaction
between light particles and gas molecules due to high optical field confinement [117]. Figure
4.1 (b) 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 pum HC-PCF stub as
the sensing element and 1mm gap at each end. Theoretical phase shifts are calculated using

equation 4.2.



58

SMF cladding ———— e Calculated phase shift
Fiber jacket (degree)

264.7

OPL difference (um) 209

157.9

116.1

789

46.5

279

12

SMF core

Hollow core

Figure 4.1 (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 um HC-PCF as sensing element,
and gap length of 1 mm at each end.

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 and cladding modes can be written as a function of the phase

difference (¢), core intensity (lcore), and cladding intensity (lgjagging) [114, 118, 119] as:

I = Icore + Icladding + 2\/ Icorelcladding cos @ (Eq 4-1)

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

written as:

Ap = 2n(Angpr)L 271 (Eq. 4.2)
where A is the input wavelength, 4ne 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 transmission happens when 4@ = 2zm and peaks at the following

wavelength on the transmission signal:

Am = (Bngpp)Lm™? (Eq. 4.3)

Consequently, the m-order shift of the interference spectrum is given by the following form:
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Ay = (Angps + An)L m™" — Angpp m™ = AnL m™" (Eq. 4.4)
Since the length of the PCF/HC-PCF (L) is constant in equation 4.4, 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 outgoing spectrum due to optical interference, which depends on the

OPL difference of light in the MZI’s reference and sensing arms.

4.3. 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 microns and depth of 50
microns, along a length of 25 mm 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 then were aligned with the sensing element
fibre and the V-groove. A top view of the fabrication setup is shown in Figure 4.2 (a). 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
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and lead-out fibres that have a numerical aperture (NA) of 0.13, mode field diameter (MFD)
of 9.3 um (x0.5 um), and a core diameter of 8.2 um. Specifications of the sensor types (A, B,

and C) are provided below:

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 pum (1 pm), and core diameter of 10.00 pum. This
sensing fiber element also has cladding air holes of 3.10 um in diameter 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.

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 numerical 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 3.10 um in diameter and a cladding pitch of 3.80 um.
The fiber has a narrow wavelength transmission window of 1490-1680 nm that supports

several guided modes in this band.

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
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aperture (NA) of 0.11, mode field diameter (MFD) of 10.50 um (x1 pum), 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-micron increments for each gap.
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Figure 4.2 (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 micron HC-PCF fibre (Sensor Type-A), (d) image of solid-core PCF
fiber (Sensor Type-C).

Figures 4.3 (a) and 4.3 (b) illustrate a normalized transmission spectrum and fringe spacing
of Sensor Type-A (gaps of 1.00 mm) immersed in a test chamber containing nitrogen at
atmospheric pressure. Each valley measured at the sensor’s output (Figure 4.3 (a)) results
from interference between 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.
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Figure 4.3 (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.

4.4. 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 element and gas combination. The
schematic diagram of Figure 4.4 shows the overall arrangement of the sensor evaluation

system, including the spectrum analyzer, input fiber circulator, the sensor fiber, and the gas
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intake valves connected to the test chamber. The test chamber has dimensions 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.
Additionally, 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-PCEF’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, important 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 simultaneously recorded in order to compensate for temperature effects.
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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 minutes) for each test gas at the
different concentrations. Each sensor’s output signal was interrogated for the gas under

evaluations and the sensors showed a consistent trend in wavelength shifts (Figure 4.5).
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Figure 4.4 Schematic of the experimental setup: tests were carried out at room temperature and
atmospheric pressure.

4.5. Results and Discussion
4.5.1. Refractive Index Measurement of the Test Gas in the Sensing Element

Figure 4.5 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 measuring the spectral response for the reference gas (99.99% pure

nitrogen); followed by an injection and measurement of CO, (for 7 minutes); and finally, an
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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.
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Figure 4.5 The spectral response of Sensor Type-A to different concentrations of CO, for 3 cycles, and a
gap length of 1.00.

Figure 4.6 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
measurement of the reference gas, Sensor Type-A showed spectrum shifts of 850 pm (6

pm), 53 pm (3 pm), and 470 pm (x 5 pm) when immersed in He, Ar, and CH,, respectively.
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The transmission spectrum for each sensor test underwent red shifts in response to Ar and
He, and blue shifts in response to CH,. This finding can be explained as spectral response to
a change in RI. Because the Rls of helium and argon are considerably lower than the RI of

nitrogen, the interference fringe showed a red shift.
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Figure 4.6 The spectral response of Sensor Type-A to 100% concentrations of Argon (99.99% pure),
Helium (99% pure), and Methane for 3 cycles.

Table 4.1 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 literature.
For example, a sensitivity of 1233 nm/RIU was reported for a HC-PCF MZI sensor [143],
1053 nm/RIU was reported for a cavity based Fabry-Perot [144], and 1546 nm/RIU was
achieved for a Fabry-Perot sensor based on a hollow silica tube [145]. 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 Rl range of
1.0000347-1.000449 is recorded in Table 4.1. 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.
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Table 4.1. Total wavelength shifts of MZI sensors for helium, methane, argon, and different
concentrations of CO,

Sensor Lead- Spectral Spectral Spectral Spectral Spectral Spectral Spectral RI
Type infout shift shift (pm) | shift (pm) | shift (pm) | shift (pom) | shift (pm) shift sensitivity
distance | (pm)in | in methane in 25% in 50% in 75% in 100 % (pm)in | (nm/RIV)
helium CO, CO, CO, CO, argon
A 470 118 240 352 480
(negative) | (negative)
(10 ~1mm 850 (negative) (negative) | (negative) 53 3210
Hm)
B 430 100 210 315 432
(20 ~1mm 670 (negative) | (negative) | (negative) | (negative) | (negative) 40 2660
Hm)
C 363 95 195 263 377
(PCF) ~1mm 510 (negative) | (negative) | (negative) | (negative) | (negative) 30 2140

4.5.2. 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. Figure 4.7 (a) is an example that shows
response and recovery times for detection of methane with Sensor-A. Results indicate that
Sensor-B shows the fastest response/recovery time, while Sensor-C had the slowest
response/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 potential 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 (Rlarget gas) CaN be expressed by the following equation:
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Rliarget gas = RIn, — ARI = RIy, — AA/(RI sensitivity) (Eq. 4.5)
where RIy_is the RI of the reference “N,” gas, 4RI is the relative difference in RI of a target
and “N,” gas. The ARI can be calculated using the wavelength shift (44) of the interference
fringe factoring in the sensitivity of the sensor. The 41 can be obtained by tracking a
transmission valley of the interference fringes. Figure 4.7 (b) illustrates the sensitivity graph

of Sensor-A to ambient RI change for the given RI range.
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Figure 4.7 (a) Response and recovery times of Sensor-A for methane, (b) sensitivity graph of the same
sensor to ambient RI change.

In order to analyze the number and power distribution of the modes participating in the
modal interference process, the transmission spectrum of each sensor was Fourier

transformed to obtain its corresponding spatial frequency, described as [146]:

Angfs.D
v = —4 (Eq. 4.6)

An,fy 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 interference in Fourier domain, the wavelength spectra of each MZI sensor in
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the presence of various gases were Fourier transformed. Figure 4.8 (a) 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 [147]. The
amplitude of each peak corresponds to the amount of power carried by that mode. For
example, 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 (Figure 4.8 (b)) carried
the dominant mode with the minimum amplitude of 1.91 for nitrogen, and the maximum
amplitude of 2.22 for helium. This method is another approach to characterize and
distinguish the presence of different gases. In order to clarify the performance of each MZl,
the next section of this report explains the effect of structure of the sensing element on the

carrying power of each mode.
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Figure 4.8 (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)
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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, methane and nitrogen respectively.

4.5.3. 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 the 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 the 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-micron increments (D in equation 4.6 varied
from 4 mm to 14 mm in 100 micron 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
pum core HC-PCF sensing element, (ii) a 20 um 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.

4.5.3.1. 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. Figure 4.9 (a) shows the spatial frequency graph
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for a PCF-MZI sensor with D = 6.5 mm, which contains a dominant mode at 9.5x10™ (1/nm).
Highest amount of power 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. Figure 4.9 (b) illustrates the phase diagram of the MZI presented in figure

4.9 (a), and reveals that the dominant mode has a phase shift of 148 degrees.
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Figure 4.9 (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 diagram of the same sensor; the dominant
mode has a phase shift of 148 degrees.

4.5.3.2. 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. Figure 4.10 (a) 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
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strong cladding mode with a spatial frequency of 5x10 (1/nm) and normalized FFT value of
3.14, which is named core-cladding 1. Besides this dominant cladding mode, the sensor also
contains a relatively weaker cladding mode (core-cladding 2) with a spatial frequency of
1.1x1073 (1/nm) and a normalized FFT value of 0.99. It was found that for sensors with gaps
from 0 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. Figure 4.10 (b) was plotted by tracking dominant modes of the
MZI1 with respect to D. It shows how the magnitudes of spatial frequencies increase by
increasing length of gaps. As the spatial frequencies are obtained by equation 4.6 and
transmission spectrums of MZlIs, the instability of light source as well as inaccuracy in the
distance between two ends of SMFs can impose errors on spatial frequency values. 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 4.2) 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 mode is 172 degrees. A difference
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of about 2.2% exists between the measured and calculated phase shifts. The dominant mode

in the 10 um HC-PCF MZI with highest power transmission has a phase shift of 160 degrees.
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Figure 4.10 (a) Spatial frequency graph for a 10 um 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.

4.5.3.3. Spatial Frequency Analysis of MZI sensors with 20 um core HC-PCF

Figures 4.11 (a) and 4.11 (b) show spatial frequencies for the MZI with 4 mm of 20 micron
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 micron
steps. As shown in Figure 4.11, 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 micron HC-PCF. Some higher-order modes
would leak the sensing fiber, similar to processes observed in the MZI with 10 micron HC-
PCF, but results indicate that stronger interferences as well as a higher number of modes can
be carried by 20 micron HC-PCF sensors. Figure 4.11 (a) shows three strong core-cladding
modes with spatial frequencies of 3.9x10* (1/nm), 4.6x10* (1/nm), and 8.5x10™ (1/nm)

followed by a weaker mode at 1.3%107 (1/nm).
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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 2.9x10 (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 1.4x10° (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 experimenting with a
10 micron HC-PCF MZI. So, higher power transmission occurs with a 20 micron HC-PCF

than through the other tested sensing element configurations.
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Figure 4.11 Spatial frequency graph for a 20 um HC-PCF MZI with HC-PCF length of 4 mm and (a) D
of 6 mm, (b) D of 8.4 mm. Power is mainly distributed between three dominant modes.
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4.6. 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 um 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 stronger interference
occurs by using 20 um HC-PCF as sensing element of the MZI, and a higher number of
modes can be carried by this fiber. Additionally, power transmission and phase shift of
dominant modes were studied for MZlIs 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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Chapter 5  Conclusions and Future Work

5.1. Conclusion

We present an in-line and compact Mach-Zehnder Interferometer point sensor using
photonic crystal fibers, designed for high sensitivity and measurement of refractive index.
The work of this dissertation includes design and fabrication procedure of the proposed MZI
gas sensor. Compactness, fast response, high resolution and high sensitivity, and easy
fabrication procedure were the main goals during development of the new MZI

configuration.

In Chapter 2, the light propagation, working principle, and performance parameters of
the proposed gas sensor were discussed for high sensitivity measurement of pure gases. The
proposed MZI sensor employed a short length of HC-PCF as the sensing element of a Mach-
Zehnder interferometer. Fabrication of the sensor was done manually by positioning and
aligning the sensing element fiber between two single mode fibers with air gaps at each
interface to allow gas diffusion into the micro holes of the sensing element fiber. The effects
of length of HC-PCF on RI sensitivity, response and recovery times were studied. The
sensitivity of the fabricated MZI sensor increases when the length of the sensing element
decreases, which does not match the basic equations for an MZI. The main reasons are that
the light propagation in the sensing arm of the proposed MZI contains more than one arm,
which results in higher number of modes associated with mode coupling. In addition, the
reference arm itself is in contact with the measurand gas as well, which alters from basic
definition of MZI in which the reference arm is not in contact with the surrounding medium.

Furthermore, it is shown that response and recovery times of the proposed sensor inversely
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change with the length of the sensing element fiber, namely solid/hollow core photonic
crystal fibers. It is shown that the temperature sensitivity of the fiber-optic interferometer

decreases when the length of the PCF decreases.

Chapter 3 focuses on the performance of the optical fiber MZI sensor in the leakage
detection of different concentrations of carbon dioxide, in a laboratory-scale test chamber,
subsurface soil, and aqueous environments. The reported fiber-optic gas sensors to date
either display insufficient sensitivity/reliability or require complex fabrication and/or
packaging processes. The sensor was wrapped with two water-impermeable membranes that
allow gas flow in the chamber. The two membranes were assembled to achieve a good
balance of CO, permeability and water resistance, and made it operational in the aqueous
environment. The sensor’s signal was monitored for several days under water to check
degradation of the spectrum due to presence of water vapor. The sensor shows the sensitivity

of 4.3 pm/ % CO, and has a great potential for environmental monitoring of CO,.

The work in Chapter 4 explains the effect of gap distance on the number and
amplitude distribution of the modes. This was done to optimize the design elements. Three
types of sensors were fabricated using the proposed configuration employing the same length
but different types of photonic crystal fibers. For each sensor type, gap distances were varied
in 50-micron increments at each gap and transmission spectrums were recorded. Spatial
frequency analysis revealed that power is mainly carried by one mode in the solid-core PCF,
two dominant modes in the 10 pum MZI, and three dominant modes in the 20 pm MZI. In
addition, a detailed study was conducted to better understand the effect of photonic crystal

fiber structure on the performance of the fiber-optic gas sensors. By comparing the
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performance of these sensors in detection of gas presence, it was concluded that the sensor
with 10 um HC-PCF had the highest sensitivity, whereas the highest amount of power
transmission was recorded for an MZI with solid core PCF. Stronger interference occurs by
using 20 um HC-PCF and a higher number of modes can be carried by this fiber. The sensors
are highly sensitive to low percentages of CH, and CO,, making them suitable for
greenhouse gas measurement. It should be noted that the main drawback of this sensor is gas

selectivity, as it is responsive to the presence of any gas and is not selective.



79

5.2. Future Work

Future research that could extend results presented in this dissertation may include the

following topics:

Characterization of the proposed MZI sensors to other parameters such as pressure
and humidity.

Fabrication of MZI sensors with alternative sensing element fibers such as
microfibers and tapered fibers.

Using numerical interface to solve the Maxwell governing equations by finite element
methods.

Numerical analysis to find the modal characteristics of the proposed configuration
and optimize design elements. The numerical interface provided by COMSOL
Metaphysics in the Wave Optics Module or mode analysis module is expected to be
the appropriate tool.

Using automated fiber positioning systems to eliminate errors associated with
distancing.

Deposition of polymers on the holes of the sensing element may enhance the
sensitivity. In addition, by adding specific coating on holes and cladding of the

sensing element fiber, gas selectivity can be achieved.
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Appendix A

Photonic Crystal Fiber Based Refractive Index Sensors
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Abstract
In this work, two methods of fabricating Mach-Zehnder Interferometer (MZI) for sensitive
ambient refractive index (IR) measurement have been proposed by using photonic crystal
fiber (PCF). PCF-MZI is fabricated by fusion splicing a short length of PCF between two
single-mode fibers (SMF) with fully collapsed air holes in the splicing region.
Consequently, the fundamental core mode of PCF can be coupled to cladding modes at the
first coupling region and then re-coupled back to the core mode at the second coupling
region. Miniaturized MZI is constructed using sharply tapered PCF and the influence of
sharp-tapering is then studied. Sharp-tapering over a short length of PCF is utilized by using
tiny flame geometry. Experimental results verify that sharp-tapering has a greater impact on
refractive index sensitivity enhancement compared to decreasing the taper waist diameter.
MZI with a length of 3.8 mm and a taper waist diameter of 65 pm shows an RI sensitivity
of 334 nm/RIU to ambient refractive index in the Rl range of 1.3327 to 1.3463, 673
nm/RIU for an RI range of 1.3436 to 1.3917, and 1426.7 nm/RIU for a range of 1.3917 to
1.4204. Furthermore, two types of polymer-deposited PCF-MZI are fabricated. Chitosan
with an RI of ~ 1.54 and Polycaprolactone (PCL) with RI of ~1.15 were deposited into the
cladding air holes of the PCF using capillary force. Chitosan-filled PCF with a length of 10
mm shows an RI sensitivity of 198.6 nm/RIU for an RI range of 1.3327-1.3478, 474.5

nm/RIU for an RI range of 1.3478 to 1.3917, and 677.8 nm/RIU for an RI range of 1.3917-
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1.4204.

1. Introduction

Unique properties of fiber-optic interferometric sensors such as light weight, ability of
high-resolution detection, and immunity to electromagnetic waves have made them a better
choice over conventional sensors. Researchers have investigated different properties of
Photonic Crystal Fiber such as frequency-range of single-mode operation [148], high
birefringence [149], and large mode area [150]. PCF owes its waveguide properties to an
arrangement of tiny and closely spaced air holes which goes through the length of fiber
[151]. Knowing the fact that regions with missing holes have a higher effective refractive
index is essential to understanding the guiding properties of PCF [152]. Generally in PCF,
index difference between core mode and cladding mode is larger than 0.01 [153]. This
property will cause a large delay within a short length of PCF, while keeping optical
attenuation of the cladding mode at a relatively low level [154]. Additionally, the guiding
properties can be strongly modified by having the possibility to fill the air holes with
functional gases or liquids [152, 155]. Practical devices have been made based on solution-
filled PCFs such as polarization filters [156] and optical fiber sensors [157].

In addition to rapid development of PCF, new types of MZIs have been proposed using
different methods such as core mismatch splicing [158], cladding collapse [159], fiber
tapering [160], and hollow-core fiber splicing [161]. Using a beam splitter, an incident light
will split into two arms and then recombine by a second splitter. This recombined light will
produce an interference fringe according to the optical path difference (OPD) of the two
arms. In the case of using MZI for ambient RI sensing, the sensing arm is exposed to

solution while the reference arm is kept isolated. Ambient RI changes the OPD of MZI and
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variation in the interference pattern can be quantified.

The first PCF-MZI was proposed by MacPherson et al. [162]. Moreover, tapered PCF-
MZI sensor was proposed by Lie et al. with a sensing length of 2.4 cm and a taper waist
diameter of 30 um in order to achieve RI sensitivity of 1600 nm/RIU [163]. Too much
reduction in taper waist can cause a reduction in the rigidity of the sensor. Acid etching of
PCF was also reported for sensing applications in which short sensor length sensor is
required [164]. As mentioned above, it is possible to make interference between the core
mode and cladding modes of PCF. By placing two coupling regions along the PCF and
using collapse-method, MZI sensors in SMF-PCF-SMF configuration have been
demonstrated, as schematically shown on figure 1-a. This type of MZI usually shows
sinusoidal interference spectra over a wide range of wavelength. In order to improve
refractive index sensitivity, two different methods of making PCF-MZI are reported in this
work. The sensors are fabricated by fusion-splicing PCF between two SMFs with fully
collapsed air holes at splicing region. This happens as the structure of PCF has a lower

softening point in comparison to SMF.
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Figure 1. Schematic of a) PCF-MZI; b) Polymer-filled PCF- MZI; c) Tapering of PCF.

In the first method, miniaturized MZI is constructed by using a custom-made tapering
machine and by sharply tapering the PCF, while the SMFs on both sides remain unchanged.
Figure 1-c shows a schematic view of the tapered PCF-MZI. Generally, a sensor with a
smaller PCF diameter shows a higher sensitivity to ambient refractive index as it allows the
cladding modes to extend much closer to the solution. All sensors were characterized with
different concentration of glycerin solution and the influence of sharp-tapering on PCF-MZI
is studied. Results show that sharper tapering over a shorter length of PCF offer
significantly higher RI sensitivity. The PCF-MZI with a taper waist diameter of 65 pum and
a length of 3.8 mm shows RI sensitivity of 334 nm/RIU for RI range of 1.3327-1.3436, 673
nm/RIU for RI range of 1.3436-1.3917, and 1426.7 nm/RIU for RI range of 1.3917-1.4204.
It is possible to tune the birefringence of PCF by changing refractive indices of solution in

the air holes. In the second method, the cladding air holes of PCF were first filled with
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Chitosan (high refractive index solution) and PCL (low refractive index solution) using
capillary force, as shown in Figure 1-b. Later, by splicing a short length of polymer-filled
PCF between two SMFs the new configuration was fabricated. The spectral response of
interferometer is investigated in terms of wavelength shift. PCL-filled PCF-MZI showed an
RI sensitivity of 173 nm/RIU for the RI range of 1.3327 to 1.3917 and 325 nm/RIU for an
RI range of 1.3767 to 1.4204. But the Chitosan-filled PCF-MZI exhibited a sensitivity of
198.67 nm/RIU for the RI range of 1.3327 to 1.3478, 474.5 nm/RIU for an RI range of

1.3478 t0 1.3917, and 677.8 nm/RIU for an RI range of 1.3917 to 1.4204.

2. Sensor Fabrication

Fibers used in these experiments are SMF28 (core diameter: 8.2um) and PCF (Newport
F-SM10; core diameter: 10um). This type of PCF has 6 layers of air holes surrounding the
solid core. The first step in filling the PCF air holes is to prepare polymer solutions. By
mixing 0.5 gr Chitosan with 8 mL acetic acid and 80 mL deionized water, the first polymer
solution was prepared. For PCL, 4 gr of PCL was mixed with 80 mL chloroform. Then, a
short length of stripped and cleaved PCF was glued to the tip of a needle. The needle was
attached to a syringe and the tip of the PCF was immersed in polymer solution. In order to
enhance the capillary force, pressure difference was also applied through the syringe. The
tip was kept in solution for a day to ensure that the air holes are filled properly. Figure 2
shows a microscopic image of solution-filled PCF. Afterwards, the PCF was heated up in an
oven at 250°C for 3 hours, in order to evaporate the solution so that only a very thin layer of

polymer remains inside the air holes. PCF-MZI sensors with different lengths were
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fabricated and the results of 10 mm PCF are reported and compared in this paper.

Figure 2. Microscope image of PCF filled with specified solution.

Fujikura fusion splicer was used to splice fibers (FSM 40PM). The optimum splicing
condition for polymer-filled PCF was found to be the exposure of an arc power of 45 bit for
1200 milliseconds. The length of collapsing region is ~150 um with splicing loss of about 5

db.

Figure 3. Details of the custom made tapering machine.
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For the second experiment, custom made tapering machine was used to fabricate
miniaturize MZI, as shown on Figure 3. Fiber holders were mounted on linear stages driven
by servomotor with resolution of 1 pm/pulse. A converging-diverging nozzle with inner
diameter of 50 um and outer diameter of 150 pum was used. Hydrogen gas was fed into the
nozzle at pressure of 20 psi to produce a flame diameter of 1 mm. The temperature of the
flame at the place that fiber passes was measured to be around 1100 °C. The splicing
condition for SMF-PCF-SMF configuration was an arc power of 10 bit exposed for 1500
milliseconds. The first collapsed region splits the incoming core mode into core and
cladding modes and then recombines them at the second collapsed region. Using this type
of nozzles and pulling the fiber at different speeds, various sensors with different waist
diameters and taper angles were fabricated. With the speed of 25 um/s, MZI with a taper
waist diameter of 65 um and a taper angle of 2.4° was fabricated, which is shown in Figure
4. Sharp tapering and reduction in waist diameter enhance the RI sensitivity of the sensor as

it enables stronger mode interaction with the ambient.

Figure 4. Microscope image of the taper morphology with taper diameter of 65 um and taper angle of 2.4°



95

3. Refractive Index Sensing

Sensor performance is evaluated by its sensitivity, which is defined as wavelength shift
divided by changes in ambient refractive index. For the case of tapered PCF, effective
indices of core and cladding modes depend on the waist diameter of tapered PCF.
Additionally, interaction between the evanescent field of the cladding mode and the ambient
solution varies the index of cladding mode. Sensors were characterized with different
glycerin-solution concentrations at room temperature and after each step cleaned with
deionized water. Figure 5 illustrates the wavelength shifts due to changes in surrounding
refractive index between 1.3327 and 1.4204 for the normal PCF-MZI, polymer-filled and
tapered sensors. Tapered sensors with different waist diameters were fabricated and the
results were compared, but the results of tapered PCF-MZI with a waist diameter of 65 um
and a tapering angle of 2.4° is reported in this article. It was concluded that sharp-tapering
has a greater impact on refractive index sensitivity enhancement compared to decreasing
taper waist diameter. As it is shown, tapered PCF-MZI shows much higher sensitivity

compared to the other interferometers.
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Figure 5. Refractive index sensitivity plots for a normal PCF-MZI, PCL-filled, chitosan
filled, and tapered PCF-MZI sensors.
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In order to compare the RI sensitivity of tapered and chitosan-filled PCF-MZI, their
responses are divided into subplots shown in Figure 6. RI sensitivity of 90 nm/RIU for the IR
range of 1.332 to 1.3634, 128 nm/RIU for RI range of 1.3634 to 1.3917, and 378 nm/RIU for
range of 1.3917 to 1.4204 was obtained for normal PCF-MZI with a PCF length of 10 mm.
The PCL filled with the same length of PCF showed RI sensitivity of 173 nm/RIU for an RI
range of 1.3327 to 1.3917 and 325 nm/RIU for the range of 1.3917 to 1.4204. As
demonstrated in Figure 6, chitosan-filled sensor with the same length showed RI sensitivity
of 198.6 nm/RIU for the range of 1.3327 to 1.3478, 474.5 nm/RIU for RI range of 1.3478 to
1.3917 and 677.84 nm/RIU for RI range of 1.3917 to 1.4204. The tapered PCF-MZI with
waist diameter of 65 pum showed RI sensitivity of 334 nm/RIU for RI range of 1.3327 to

1.3436, 673 nm/RIU for range of 1.3436 to 1.3917 and 1426.7 nm/RIU for a range of 1.3917

to0 1.4204.
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Figure 6. RI sensitivity analysis of tapered PCF-MZI and chitosan-filled MZI sensor.
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4. Conclusion

Two sensitive RI sensors were proposed based on PCF using collapsing method. In
addition to normal PCF-MZI, two types of polymer-filled sensors and tapered PCF-MZI
were fabricated and their spectral responses were investigated. Sensors were characterized
with different concentrations of glycerin. Results prove that by depositing a thin layer of
appropriate polymer inside the air holes, one could enhance the sensitivity of PCF-MZI
sensor to ambient refractive index. Chitosan-filled PCF shows the total wavelength shift of
42 nm due to changes in surrounding RI from 1.3327 to 1.4204. This sensor has RI
sensitivity of 198.67 nm/RIU for the range of 1.3327 to 1.3478, 474.5 nm/RIU for RI range
of 1.3478 to 1.3917, and 677.84 nm/RIU for RI range of 1.3917 to 1.4204.

Sharp-tapering over a short length of PCF was utilized by using a converging-diverging
nozzle and a custom made tapering machine. A tapered sensor with a waist diameter of 65
pum shows a total wavelength shift of 70 nm. Additionally, it has the highest sensitivity with
amount of 334 nm/RIU for RI range of 1.3327 to 1.3436, 673 nm/RIU for range of 1.3436 to
1.3917, and 1426.7 nm/RIU for range of 1.3917 to 1.4204. Based on the experiments, it was
concluded that sharp-tapering has a greater impact on refractive index sensitivity

enhancement compared to decreasing the taper waist diameter.
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Appendix B

Principle and theoretical calculation

In order to analyze wave propagation in axially symmetric structures like optical fibers,
Maxwell’s equations are written in cylindrical coordinates. In a homogeneous dielectric

medium, Maxwell’s equations can be written in terms of electric field (e) and magnetic field

(h) as [168]:
oh
Vxe= M5 (Eq. 1)
Pxh=e2 Eq. 2
=& (Eq.2)

Considering an electromagnetic wave having angular frequency of ® and propagating
in the Z-direction with propagating constant P, the electromagnetic fields in cylindrical
coordinates for optical fibers can be written as:

E = E(r,0)e/(@t-F2) (Ea. 3)
H=H(r,0)e/(@t=52) (Eq. 4)

where “r” is position in the plane transverse to Z-axis. By substituting equations 3 and

4 into equations 1 and 2, and writing Maxwell’s equations, the following set of equations

for analysis of wave propagation in optical fibers can be obtained:

190E, . . .
~%g TIBEg = —jouoH; (Eq.5)

10H,
r 00

+ jBHy = —jweyn?E, (Eq. 6)

0E, , ,
—, T IBE = —jougHy (Eq.7)

0H,
ar

— jBH; = jwggn’Eq (Eq. 8)
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10(rEg) 10E, .
ALY — =g = “jwuoH, (Eq.9)

r or

10(rHg) 10H,

- = jwegn?E, (Eq. 10)

In axially symmetric optical fibers RI-distribution is not dependent on 8 and can be

expressed by n(r). Then the transverse electromagnetic fields are related to E, and H, by:

Er=—m(ﬁ%+%% (Eq. 11)
Eo = — g (o 5t — o 50 (Eq. 12)
He= =l (p 2 - woon) 98 (Eq.13)
Hy = —m (5% + weyn(r)? aaliz) (Eq. 14)

Out of infinite possibilities, one should select those answers that satisfy the boundary
conditions. The common type of boundary condition takes place when there are
discontinuities in refractive index. It should be mentioned that at the boundary, the
tangential components of the electromagnetic fields must be continuous [165]. Assume
eigen modes of each optical waveguide before mode coupling as
E, = E, exp(—jByz) and H, = Hyexp(—jpB,z) with p=1 and p=2. These modes should
satisfy the following Maxwell’s equation:

VxE, =—jouH, (Eq. 15)
V X ﬁp = jwsOszﬁp (Eq. 16)
where Nﬁ(x’y) is the RI-distribution of each waveguide. Furthermore, assume that the

electromagnetic fields of the coupled waveguide can be expressed as the sum of the Eigen

modes of each waveguide:
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E = A(2)E; + B(2)E, (Eq. 17)

H = A(2)H, + B(2)H, (Eq. 18)
Again, the electromagnetic fields in the coupled waveguide should satisfy Maxwell’s
equations. By substituting equations 17 and 18, using vector formulas and separating the

transverse and axial dependencies of electromagnetic fields, we obtain: [166]
dA dB . . . .
- T (e Eexp[—](ﬁz — B2)z] + jx1A + jBxyexp—j(B, — B2)z] = 0 (Eq. 19)

dB dA . . . .

- TG EBXP[‘H([))Z — B2)z] + jx2B + jA%y exp[+j(B, — B2)z] = 0 (Eq. 20)

Where K is the mode coupling coefficient of the directional coupler and C represents
the butt coupling coefficient between two waveguides [169, 170]. Used vector formula and

the correlations for K, y and C, as well as K, K}, a, and «;, are:
VX (AE) = AV XE +VAXE = AVXE + 2 u, x E (Eq. 21)

_weg [ [T (N2-Ng 2 EpEqdxdy

Eq. 22
PA T [ [ us(Eyx Hy+ EpxHy)dxdy (Eq. 22)
+00 (+00
E},XHg+EgXHy)dxd
Cpq= floofloouZ( p Mg +EqX1p)dxdy (Eq. 23)
Jo oo oo uz(Epy X Hp+Ep X Hyy)dxdy
+00 2
N E}E,dxd
. a)Sof_ f_ ( P)ppxy (Eq24)

P [, (B X Hy + Ep X Hyy)dxdy
[{9e2)

The pair of “p” and “q” are either (p, q) = (1, 2) or (2, 1). N2(x,y) denotes the RI-

distribution in the entire coupled waveguide. The sign (*) denotes the complex conjugate.

_ K12—=C12X2
K, = —1—|C12|2 (Eq. 25)
_®12=C'1o01
Ko == 5cr (Ea. 26)
a, = X21C12=X1 (Eq. 27)

1-[Cy21?
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_ K12C 12— X2
% = 1-C121? (Eq. 28)

Taking into account § as the difference of propagation constants between waveguides

6= (B2 = 31)/2 and rewriting equations 19 and 20, we get the coupled mode equations:

dA

— = —jBK, exp(—2jéz) + ja,A (Eq. 29)
dB . .
— = —JAK, exp(26z) + ja,B (Eq. 30)

Here the solution for directional coupler with g; > 0and B, > 0 similar to Mach-
Zehnder interferometer with two arms that have the same waveguide structure is derived.
For the simple case in which C,,= x,, = 0 the solutions can be written in the form:

A(z) = (a,e’% + a,e 19%)exp(—jbz) (Eq. 31)
B(z) = (b1e/%% + b,e 19%)exp(+j6z) (Eq. 32)

Where g = Vx2 + 62. As in most of the directional couplers Kpq IS real, it is
considered that x = &, = K,;. Additionally, constants a,, a,, b;, b, should satisfy the
initial conditions a; + a, = A(0) and b, + b, = B(0). By substitution in coupled mode

equations and consideration of initial conditions, the following solutions are derived:

A(z) = {[cos(qz) +j§sin(qz)] A(0) —jssin(qz)B(O)} exp(—jéz)  (Eg.33)

B(z) = {[cos(qz) —jgsin(qz)] B(0) —jssin(qz)A(O)} exp(+j6z)  (Eq.34)
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