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Abstract

Oil and gas (O&G) explorations are moving into deeper zones of earth, causing
serious safety concerns. Hence, sensing of critical multiple parameters like high
pressure, high temperature (HPHT), chemicals, etc., are required at longer
distances. Traditional electrical sensors operate less effectively under these
extreme environmental conditions and are susceptible to electromagnetic
interference (EMI). Compared to electrical sensors, fibre optic sensors offer
several advantages like immunity to EMI, electrical isolation, ability to operate in
harsh environmental conditions and freedom from corrosion. Existing optical fibre
sensors in the O&G industry, based on step index single mode fibres (SMF) offers
limited performance, as it operates within a narrow wavelength window. A novel,
photonic crystal fibre (PCF) based, multimodal sensor configuration utilising multi-
wavelength approach is proposed for the first time for the O&G applications. This
thesis reports computational and experimental investigations on the new
multimodal sensing methodology, integrating both optical phase-change and
spectral-change based approaches, needed for multi-parameter sensing. It
includes investigations to improve the signal-to-noise ratio (SNR) by enhancing
the signal intensity attained through structural, material and positional

optimisations of the sensors.

Waveguide related, computational investigations on PCF were carried out on
different fibre optic core-cladding structures, material infiltrations and material
doping to improve the signal intensity from the multimodal sensors for better SNR.
COMSOL Multiphysics simulations indicated that structural and material
modifications of the PCF have significant effects on light propagation
characteristics. Modifying the geometrical parameters and microstructuring the
fibre core and cladding improved the propagation characteristics of the PCF.
Studies carried out on liquid crystal PCF (LCPCF) identified its enhanced mode
confinement characteristics and wavelength tenability (from visible to near
infrared) features which can be utilised for multi-wavelength applications.
Enhancing core refractive index of the PCF improved the electric field confinements
and thereby the signal intensity. Doping rare earth elements into the PCF core
increases its refractive index and also provides additional spectroscopic features
(photoluminescence and Raman), leading to a scope for multi-point, multimodal
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Investigations were carried out on PCF-FBG (Fibre Bragg grating) hybrid
configuration, analysing their capabilities for optical phase-change based, multi-
point, multi-parameter sensing. Computational investigations were carried out
using MATLAB software, to study the effect of various fibre grating parameters.
These studies helped in improving understanding of the FBG reflectivity-bandwidth
characteristics, for tuning the number of sensors that can be accommodated within
the same sensing fibre and enhancing the reflected signal for improved SNR. A
new approach of FBG sensor positioning has been experimentally evaluated, to
improve its strain sensitivity for structural health monitoring (SHM) of O&G
structures. Further, experimental investigations were carried out on FBGs for
sensing multiple parameters like temperature, strain (both tensile and

compressive) and acoustic signals.

Various spectroscopic investigations were carried out to identify the scope of rare
earth doping within the PCF for photoluminescence and Raman spectroscopy
based multimodal sensors. Rare earth doped glasses (Tb, Dy, Yb, Er, Ce and Ho)
were developed using melt-quench approach and excitation- photoluminescence
emission studies were carried out. The studies identified that photoluminescence
signal intensity increases with rare earth concentration upto an optimum value
and it can be further improved by tuning the excitation source characteristics.
Photoluminescence based temperature studies were carried out using the rare
earth doped glasses to identify their suitability for O&G high temperature
conditions. Raman spectroscopic investigations were carried out on rare earth (Tb)
doped glasses developed using both melt-quench and sol-gel based approaches.
Effect of 785 nm laser excitation on Raman signatures and suitability of rare earth
doped materials for fibre-based Raman distributed temperature sensing (DTS)

were studied.

Finally, a novel multimodal fibre optic sensor configuration consisting of rare earth
doped photonic crystal fibre integrating Bragg gratings, operating in multiple
wavelength regimes in a multiplexed fashion is proposed for the O&G applications.
The integrated sensor combination expected to overcome the limitations of
existing sensors with regards to SNR, sensing range and multimodal sensing

capability.
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1. INTRODUCTION

1.1 Background and Motivations

Sensors and sensing data are vital elements in the oil and gas (O&G) industry.
In recent years, O&G exploration and production has been moving into
unconventional depths (more than 3 km) in order to meet the growing demand
for energy [1]. This results in harsh and extreme operating conditions, which is
reflected by critical parameters like temperature, pressure, strain, etc.
Therefore, reliable sensors which are able to continuously monitor current down-
hole conditions have become very important in managing O&G reservoirs and
wells [2]. For efficient O&G resource management and enhanced oil and gas
recovery, real-time and dynamic monitoring technologies are required [3-4]. In
order to satisfy this need, multi-point or distributed and multimodal
simultaneous measurements will be advantageous for drilling and O&G
production monitoring.

Exploration and production process monitoring helps to prevent or detect health
and safety issues and to significantly enhance O&G production [5]. Detecting
and forecasting the conditions of the well at earlier stages have considerable
impact on Health, Safety and Environment (HSE), risk management, well control
and cost control strategies [6]. It enables the oil well technicians and managers
to take correct decisions in a timely manner [7]. Continuous sensing and
monitoring of unstable parameters like high temperature, pressure, strain etc.,
are required in the O&G sector in order to protect and safeguard their valuable

assets operating in the harshest and most challenging environments.



Current O&G sensing techniques are mainly based on electrical sensors, which
have many constraints when used in adverse environmental conditions [8].
These electrical sensors offer limited performance down-hole and are unreliable
for real-time remote monitoring and control. Unfortunately, O&G reservoirs
exhibit some of the harshest and least accessible environments on earth [9-10].
Increasing exploration depth results in High Pressure High Temperature (HPHT)
field conditions., which corresponds to temperatures above 205 °C /400 °F and
pressures more than 138 MPa/ 20,000 psi [11-12]. In such hostile habitat,
conventional sensors either experience failure or they operate poorly. This
occurs mainly due to their inability to withstand high temperature and pressure,
as well as corrosive and erosive environmental conditions, found within the oil
wells. Other limitations of traditional electrical gauges include limited sensing
range, single point sensing capability and their inability to give continuous
monitoring which make them unsuitable for oil well real-time monitoring
applications. In addition, their poor Signal to Noise Ratio (SNR) due to
electromagnetic interference (EMI) and their considerable size makes them
highly undesirable for in-well applications [13]. On this account, improved
technologies are to be developed to retrieve well information, in order to safely
maximize oil productivity and reduce exploration and production cost, especially
in present situation of reduced crude oil prices.

Fibre-optic sensing technology can overcome the aforementioned limitations of
their electrical counterparts, mainly due to their small size, electrical isolation,
corrosion resistance, immunity to EMI and capability to operate in extreme
environmental conditions [14-15]. The small size of fibre-optic sensors
facilitates them to be safely employed over longer distances with little or no

future maintenance [16]. Moreover, they have reduced risk of failure when



exposed to water or other reservoir and pipeline fluids and also, they do not
have any electrical power requirements at the sensor head [17]. Another
important advantage of fibre sensor is that, the same optical fibre can handle
dual functions. It can act as the sensing element for physical parameter
measurement as well as the transmission medium for the sensed signal. This
feature helps in the monitoring and sensing of different O&G critical parameters
from remote locations [18]. Furthermore, by exploiting the wavelength
multiplexing capability of optical fibre, multi-point or distributed and multimodal
simultaneous measurements can be easily accomplished on the same fibre [19].
Considering all these advantages, optical fibre sensing technology offers an
attractive alternative to traditional electrical sensing technology for permanent
monitoring of oil well reservoirs.

The goal of this research is to explore optical fibre-based sensing technologies
that can significantly boost the performance and withstand extreme conditions
prevalent in offshore O&G environment. Sensing in O&G sector involves
measurement of different parameters like pressure, temperature, vibration, flow
and acoustics. Sensing should be done throughout all stages of O&G production,
which means that the sensor should be active on the surface, along the pipeline
and even in the down-hole. The measurements are to be taken throughout the
well, from the surface to the total depth of the oil well reservoir [2]. Figure 1.1

shows the various stages where sensors are required in O&G industry.
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Figure 1.1 Sensor requirements in O&G industry

The elemental part of optical sensor design is the identification of the key
technology which best suits the needs of the O&G industry. There are different
optical sensing methodologies, but the selection needs to be done considering
the down-hole environmental conditions, level of sensitivity and accuracy

required in physical parameter measurements

1.2 Research Gap

Although considerable studies have been done in the field of analytical,
experimental and numerical aspects of various optical fibre sensors, a feasible
and effective sensing technique for accommodating all needs of oil industry is
yet to be devised [20-21].

Considering the O&G extreme environmental conditions and increasing
exploration depth, there is an urgent need for a greater number of reliable
sensors down-hole for sensing different critical parameters like temperature,
pressure, vibration, etc. Existing fibre optic sensors in the O&G industry are
based on step index single mode fibres (SMF) which offers limited performance

for multi-parameter sensing, as it operates within a narrow wavelength region.
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Another important factor limiting the performance of these sensors in the harsh
environment is its low SNR. A typical remote fibre optic sensing system
consisting of an FBG (fibre Bragg grating) sensor located 150 km far away from
the monitoring station offered only a SNR of 1 dB (decibels) [22]. Multi-
parameter sensing also induces problem like cross-sensitivities which also
affects the overall SNR of the sensing system. Hence, the new sensing technique
should be competent to perform multi-parameter sensing at multiple locations
with enhanced SNR and improved sensitivity.

The project will be focused on integration of multiple optical sensing approaches
on the same platform for multi-point, multi-parameter sensing. The new
photonic crystal fibre (PCF) based, multimodal sensor configuration will utilise a
multi-wavelength approach, to overcome the challenges of current fibre optic
sensors operating in a single wavelength window. PCFs flexibility in modifying
their structural and material properties offer the multimodal sensors with

optimum characteristics and newer sensing capabilities.

1.3 Research Aim and Objectives

The aim of the research is to investigate a novel multimodal fibre optic sensor
configuration for multi-parameter sensing and SNR improvement through signal
intensity enhancement. To accomplish this goal, the project will involve specific
objectives to investigate the multi-wavelength, multimodal sensing capability
and signal intensity improvement through different structural and material
property optimisations of the fibre sensor.

The first objective is to identify a suitable fibre optic sensing technology,
satisfying the sensing requirements of O&G industry for HPHT field conditions.

Therefore, various computational and experimental investigations to understand



the feasibility of the identified fibre optic sensing technique for long distance,
multi-point multi-parameter sensing will be carried out.

The second objective is to mathematically model and simulate the new fibre optic
sensor configuration and investigate the influence of various structural
parameters, material infiltrations and material doping on the electric field
intensities, to enhance the sensor’'s SNR for achieving longer sensing range and
signal propagation distance. Furthermore, the effect of sensor positioning and fibre
grating parameters for improved SNR and multi-point multi-parameter sensing
capabilities will be investigated.

The third objective is to develop rare earth doped glass materials using suitable
fabrication techniques and carry out different spectroscopic investigations in order
to characterise its suitability for O&G multimodal fibre optic sensing applications.
Furthermore, the effect of doping concentration and different source excitation
signals will be examined to understand its influence on the signal intensity from
the sensor.

The fourth objective is to investigate the suitability of the developed rare earth
doped sensors for O&G distributed temperature sensing (DTS) applications.
Moreover, analysis of the effect of rare earth doping on the signal intensity of the
sensor, which will contribute to the overall SNR improvement of the fibre optic
sensor configuration.

The last objective is to propose a multimodal fibre optic sensor configuration
combining features of FBG, PCF and rare earth doping; extracting their atomic,
molecular and vibro-rotational characteristics for improved sensing

(multimodal) in the O&G industry.



1.4 Thesis Organisation

The thesis consists of eight chapters accommodating relevant results and
discussions based on the set of objectives of the research project. Chapter 1
provides the motivation, scope and objectives of the research work carried out.
A brief review on the sensing and condition monitoring scenario and the sensing
requirements of O&G industry has been discussed. Following this, the objectives
and methodology used in the research work is included.

Chapter 2 comprises of the literature review carried out on different fibre optic
sensing technologies. The review looks into appropriate techniques required for
long distance multi-point multimodal fibre optic sensor configuration as needed
by the oil industry. The literature review also focusses on different possibilities
to enhance the performance of the fibre optic sensors for O&G application.
Chapter 3 includes different theoretical investigations carried out on fibre optic
core-cladding structural optimisations, material infiltrations and material doping
to enhance electric field confinements and thereby improve SNR for long
distance, remote O&G sensing applications. Investigations have been carried
out to analyse the structural parameter dependence and material properties
influence on various propagation characteristics of the PCF. The specialised
microstructure of PCF enables stronger light confinements within the core,
facilitating long distance light propagation.

Chapter 4 consists of the theoretical and experimental investigations carried out
on FBG sensors for enhancing its SNR, undertaking different approaches like
FBG reflectivity-bandwidth optimisation and FBG sensor positioning. Fibre
grating parameters were tuned, to incorporate multiple FBG sensors on the
same optical fibre with minimal signal crosstalk and enhanced reflectivity for

improved SNR. Furthermore, a new approach of FBG sensor positioning has



been investigated to improve FBG strain sensitivity for structural health
monitoring of O&G structures.

Chapters 5 and 6 report various spectroscopic investigations carried out on rare
earth doped glass materials required for rare earth-FBG multi-parameter
sensor. Different rare earth doped glasses were fabricated, to analyse specific
material doping implications and the effect of different source or excitation
signals on the output signal intensity, in order to optimise the SNR of the sensor.
Absorption, photoluminescence and Raman spectroscopic investigations were
carried out on the synthesised rare earth doped glass materials to identify their
suitability for multiparameter and distributed fibre optic sensing for O&G
applications. Photoluminescence and Raman based temperature sensing has
been demonstrated using the prepared rare earth doped glass materials.
Chapter 7 includes the final proposed configuration of the novel multimodal fibre
optic sensor consisting of rare earth doped microstructured-FBG sensor and its
associated instrumentation to overcome the technical difficulties and challenges
of the sensors used in O&G industry. The integrated sensor combination is likely
to overcome the limitations of existing fibre optic sensors with regards to SNR,
sensing range and multimodal sensing capability. The new sensor configuration
operating in multiple wavelength regimes in a multiplexed fashion, is competent
to perform multi-parameter sensing.

Finally, Chapter 8 summarises the thesis and also includes the relevant
conclusion of the investigations carried out. The contributions and future scope

of the research work carried out are also provided in this chapter.



1.5 Summary

This chapter discusses about the need for the development of a novel
multimodal sensor for the condition monitoring of O&G critical parameters like
temperature, pressure, etc. The technical difficulties and shortcomings of the
traditional electrical sensors within the oil industry has been examined. Fibre
optic sensor have been identified as a suitable sensing solution for the O&G
industry considering the prevalent harsh environmental conditions. A scope for
multimodal sensors with improved sensing capabilities through the development

of a novel fibre optic sensor configuration has been discussed.
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2. LITERATURE REVIEW

2.1 Introduction

This chapter presents a detailed literature review carried out on different fibre
optic sensing technologies. The focus of the review is to look into a suitable
long-distance multi-point multimodal fibre optic sensor configuration as required
for O&G applications. The literature review also investigates different
possibilities to enhance the performance of the fibre optic sensors for signal

intensity enhancement and thereby SNR improvement for O&G application.

2.2 Fibre-Optic Sensing Technologies

Incident ray

Reflected ray

Figure 2.1 Schematic of light propagation through an optical fibre

Optical fibre is a medium through which light can propagate and the underlying
principle is total internal reflection. Figure 2.1 illustrates the light propagation
through an optical fibre. If the angle of incidence of the incident ray is greater
than the critical angle the light ray gets reflected and confined within the core,

else it is refracted. Critical angle is defined by Snell’s law and is given by:

. ny
sing, = —
ny

where, n; and n, corresponds to the core and cladding refractive indices

respectively.
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Optical fibres can be used as sensors for sensing various physical parameters
like temperature, pressure, strain, etc., wherein the parameter to be sensed
modulates various properties of light. Existing optical fibre sensing technologies
are categorised based on the effects used to measure physical phenomena and
also the light modulation techniques used. In optical fibre, sensor information is
conveyed as a variation in intensity, frequency, phase, polarization, wavelength
or their combination of light [1]. Optical fibre sensing techniques like Raman
[2], interferometry (Fabry-Perot, Michelson) [3-5], Bragg gratings [6], Brillouin
[7] etc., are proficient to monitor different physical parameters such as

pressure, temperature, strain, chemical concentration, flow, etc.

FIBRE-OPTIC SENSING

TECHNOLOGIES

M Phase M Wavelength gl lf Intensity B Wavelength [l ll Frequency
change change change change change
W Single Point, S 1. iti point I MDistributed M Distributed [l S Distributed
Distributed
Range
Range Range Range M Range _-
— — o= Kk (<70 km)
(<10 km) (< 50 km) (<20 km) (<50 km)

bl | (R b S— | C—
¢ ‘ gl |emperature g girain Strain
Pressure, Pressure,

Vibration Vibration

Phase based Spectral based

Figure 2.2 Comparison of fibre-optic sensing technologies [3-9]

Figure 2.2 shows the comparison between different optical fibre sensing
technologies [3-9]. Distributed fibre optic sensor (Figure 2.3 (a)) enables

continuous measurements along the entire length of the sensing fibre, whereas
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quasi distributed or multi-point sensors (Figure 2.3 (b)) carries out sensing
along specific points of the fibre sensors. Multimodal fibre optic sensors are
capable of sensing multiple sensing modalities like phase, wavelength,
polarisation etc., which can be utilised for multi-parameter sensing. Multi-
parameter sensing involves sensing of multiple parameters, which can be

physical parameters like temperature, pressure, vibration, etc., or chemical

parameters.
Distributed sensor Quasi-distributed/multi-point sensor

continuous sensor array sensor

(a) (b)
Figure 2.3 (a) Distributed fibre optic sensor and (b) quasi-distributed fibre

optic sensor

Fibre optic sensors are mostly based on conventional step index fibres, wherein
the core has got higher refractive index than the cladding [10]. However,
different kinds of losses like the leakage or mode confinement losses
experienced by these traditional fibres is a major limitation, especially when
looking for long distance fibre optic remote sensing applications [11-12].
Furthermore, noises are frequently generated within the fibre optic sensing
system and also from the environment which greatly influences the noise floor
performance and the weak signal detection especially in largescale quasi-
distributed sensing network [13]. Hence, to compensate for these noise effects
within the sensing system and also the losses in the fibre sensors, advanced
techniques are required for various O&G remote sensing applications. Moreover,
the oil industry is keen on developing multi-point or distributed multimodal

sensors, for the condition monitoring of critical parameters like pressure,
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temperature, vibration, strain, etc., [14-15]. Multiparameter sensors provides
versatile sensing solutions, enabling miniaturisation of the sensors and also
bringing new sensor functionalities with improved measurement performances
for sensing different critical parameters [16].

The literature review conducted revealed that, FBG sensors have several distinct
advantages over other optical fibre sensors. They are competent to sense
almost all physical parameters such as temperature, strain, pressure, vibration,
etc., and also offer multi-point sensing with appreciably good range. Specific

advantages of FBG sensors over other types of fibre-optic sensors are:

They give wavelength encoded measurements and hence information is

not susceptible to light power fluctuations [17].

- Multiple gratings can be inscribed on to the same fibre, taking advantage
of the wavelength multiplexing capability [18]. This enables them to read
many numbers of sensors on very few fibres, resulting in reduced cabling
requirements and easier installation.

- Multi-point or quasi-distributed sensing can be achieved in a cost-
effective and compact manner [19].

- The sensor responses to strain and temperature in linear and additive

manner [20-21].

A major limitation of FBG sensor is its cross-sensitivity, as it responds to multiple
parameters like temperature and strain in a coupled fashion [22]. Consequently,
the effects of these parameters need to be separated out from each other, in
order to make measurements simultaneously or separately. Hence, the existing
FBG technology needs to be adapted to overcome its technical difficulties, for

ensuring better performance for the oil industry.
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Many techniques have already been explored for the discrimination of physical
parameters in FBG sensor. A common approach is to engage two FBGs in close
proximity, wherein one is the sensing FBG and the other is the reference FBG
which is kept isolated from one of the parameters [23]. Furthermore, the sensor
and reference gratings can be on the same or different optical fibres as well
[24]. Another method is to employ two FBGs operating at different Bragg
wavelengths, responding distinctly to different parameters [25]. Besides this,
measurement of wavelength shift in two FBGs, showing different responses to
parameters like temperature and strain enables simultaneous measurement of
the two parameters [26]. An alternative technique proposed was, FBGs
inscribed on different-diameter fibres, giving distinct strain responses and same
temperature responses [5, 27].

However, utilising multiple FBGs for distinguishing various physical parameters
restrict the number of sensors that can be deployed down-hole. The major factor
deciding the number of FBG sensors that can be designed on the optical fibre is
the wavelength range, which is also termed as the “wavelength window”.
Individual sensors need room to vary up and down in wavelength corresponding
to changes in their environmental parameters [28]. One method to
accommodate more FBG sensors on the optical fibre is to narrow down the
spectral width of its reflected signal. Furthermore, FBG sensors also experience
low SNR values with increasing transmission length [29-30]. Hence, in order to
improve SNR, amplitude of the FBG reflectivity signal need to be increased and
the noise caused by crosstalks from adjacent channels need to be minimized.
Since FBG sensor gives higher response to strain than pressure, polymer
coatings are required to improve its sensitivity. These polymer coatings convert

transverse pressure on the sensor into longitudinal strain. For example,
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polyamide [31-33] and acrylate [34] coatings considerably increases the sensor

sensitivities to temperature and strain.

2.3 Technical challenges

Major challenges of multi-point multimodal FBG sensing are listed below:

e Cross-sensitivity - It is a key problem in FBG sensors, where one physical
parameter (temperature or strain) influences the value of the other.

e Cross coupling - Nonlinear coupling of sensor parameters makes it hard
to decouple measurands of different physical variables.

e Transmission and sensing range - The range of the sensor is very
important because physical parameters are to be measured from ultra-
deep oil wells.

e SNR - SNR can be improved by increasing the reflected signal amplitude
and by reducing the signal attenuation and crosstalks.

e Number of sensors — The finite optical spectrum limits the number of
sensors that can be designed. More sensors are required to achieve multi-
point or distributed sensing down-hole.

e Sensitivity - Enhanced sensitivity to physical parameters like pressure

and temperature can be achieved with suitable polymer coatings.

Although FBGs are capable of sensing almost all physical parameters like
temperature, strain, pressure, vibration, etc., however, they respond to multiple
sensing parameters in a coupled fashion. Therefore, to measure these physical
parameters separately or both simultaneously, the effects of temperature and
strain need to be decoupled from each other. Therefore, multi-parameter
measurements become important, as it allows to reduce the size, cost and

complexity of the sensing system, and also provides parameter discrimination
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in situations where cross-sensitivity is a critical issue [35]. Also, more sensors
are required down-hole with longer sensing range for effective remote
monitoring of the oil wells. However, this results in higher signal attenuation,
crosstalks and losses. In order to avoid this situation, there is a need to enhance
the sensing signals and also reduce the fibre losses. Considering the factor that
the optical spectrum is limited, so the broad reflected spectrum limits the
number of sensors that can be designed. Therefore, inorder to include more
number of sensors, the spectral width of the reflected signal need to be reduced.
Even though intensive researches have been carried out on specialised fibres
like PCFs [36-37] and FBGs for many years, to the best of our knowledge,
no work has been reported utilising their synergy in O&G sensing
applications. PCF-FBG based sensor is capable of differentiating the effects of
different parameters like temperature and strain [38]. Their combination can
improve the overall performance of the sensor system in terms of power, energy
scaling and discrimination of cross-sensitivities [39-40]. The reflectivity peaks
from the PCF-FBG sensor have inconsistent sensitivity to external parameters
which helps to attain multi-parameter measurement simultaneously, offering
good stability and wide range of broadband tuning [41-42].

The main advantage of PCF is their high light confinement characteristics which
is otherwise difficult to achieve in ordinary conventional fibres. LCPCFs (Liquid
crystal PCFs) open new perspectives in sensing applications [43]. With the
addition of liquid crystals on to the PCF air holes, its output signal experiences
a wavelength shift corresponding to the variation in physical parameters like
temperature [44-45]. Liquid crystals also provide means of achieving active
control over PCF propagation and polarization characteristics [46]. The thermal

and electrical tuning capabilities of LCPCFs along with their unique spectral and
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polarization properties opens up their possibilities for multi-parameter fibre
optic sensing [43]. Furthermore, through PCF nanostructuring, ultra-low
confinement losses can be achieved in a large wavelength region [47-48]. The
guidance properties of the PCF, having radially periodic cladding structure of
concentric high and low-index layers can be improved by optimising its effective
refractive index [49]. A core with higher refractive index facilitates higher light
confinement [50] which in turn increases the propagation distance of the light
signal. One approach to manipulate the core refractive index is through rare
earth doping [51-53]. The refractive index of silicate glass increases with
increasing rare earth concentration [54]. Another offshoot advantage of doping
the fibre core with rare earth elements is its photoluminescence and Raman
signatures [55]. For different laser excitations the doped glasses generate
specific Raman and photoluminescence emissions corresponding to each rare
earth element [56]. These Raman and photoluminescence emissions can be
utilised for sensing applications as they are sensitive to physical parameters like
temperature and also to chemicals [57-60]. In addition, Raman and
photoluminescence emissions from the rare earth doped core PCF-FBG sensor
facilitates multi-parameter sensing. Raman based sensing technique also
facilitates distributed temperature sensing [61], which is very beneficial while
looking for the complete temperature profile of the oil well. To sum up, optical
fibre sensing technologies are promising solutions for smarter sensing systems

in offshore oil industry.

2.4 Signal to Noise Ratio Perspectives in an optical sensing system
SNR is defined as the ratio of signal power to the noise power and is often

expressed in decibels (dB) [62]. In a sensing system, SNR compares the level
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of a desired signal to the level of background noise. In the design of new optical
sensors with improved performance indicators, the most important issue is how
to enhance the SNR within the chemical and biological environments [63]. The
measured signal or the signal from the fibre-optic sensors are generally very
weak when used for remote sensing applications [64]. Extracting effective
information from the weak signal is an extremely difficult process. In a fibre
optic sensing system consisting of a light source, optical fibre sensor and the
detector, noise can creep into the sensing system from any three of these
elements and also the environment. These kinds of noises are generally called
as Common Mode Noises (CMN) [65]. At the source end, noise can be an
intensity or spectral change and at the detector end noise can arise from its
corresponding condition electronics and is known as laser noise and detector
noise respectively [66]. Furthermore, the losses experienced by the medium or
the fibre sensors also contributes to the lower SNR. In an optical system
different kind of noises can arise, such as Relative Intensity Noise (RIN), mode
partition noise, quantum noise, etc., from the source; modal noise, polarization
dependent noise, phase noise, etc., from the medium and shot noise, dark
noise, thermal noise, etc., from the detector [67-69].

In FBG based sensing systems, noise caused by the Optical Return Loss (ORL)
is the main noise contributor, and coupler is the main source of signal
attenuation [70]. Thermal noise also affects the SNR of the FBG reflected signal,
due to the strong background spectrum [71]. One approach to handle the SNR
issue is noise filtering using suitable signal processing techniques [72]. Noises
within FBG based sensing system can be reduced by implementing a Bragg peak
detection method that is immune to noise [73]. Another method to improve the

SNR is by improving the back-reflectivity signal from fibre sensor [74]. Thermal
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noise is a serious issue for Raman based sensors [75]. Hence, SNR improvement
is also required for Raman based distributed sensors [76]. A commonly
employed technique to increase SNR is averaging the received signal, which
reduces the signal noise. However, averaging also increases the signal
acquisition time which proves unsuitable for most real-time distributed sensing
systems [77]. Deconvolution of Raman spectra is another technique used to
separate out useful Raman peaks submerged in noise background [78].
Furthermore, with recent advancements in Artificial Intelligence (AI) and
machine learning techniques, noise can be easily separated out from the signal
using suitable algorithms [79]. At the detector end of the sensing system, noise
is no longer an issue as the instruments can be trained to identify the noise
models and its stochastic characteristics using different learning algorithms [80-
81]. New data-driven approaches are emerging for sensing systems, replacing
the traditional model-based approaches [82,83]. The whole idea of using data
driven techniques for fibre optic sensing systems is to get rid of the noise
frequencies at the detector and obtain a useful signal from a tiny response from
the sensor. Furthermore, using data driven approaches, the cross-sensitivity
issues of the multi-parameter sensors can be reduced. Hence, this thesis will
look into different investigations to enhance the signal from the fibre sensors,
assuming noise is constant, to improve the overall SNR of the sensing system,

as noise can be easily handled with new Al techniques.

2.5 Summary
A detailed literature review of different fibre optic sensing techniques was
carried out in this chapter, to identify a feasible sensing solution for the oil

industry. The different classifications of the fibre optic sensors were discussed.
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The technical challenges associated with the most commonly used FBG sensors
were described. Moreover, a thorough review leading to a new idea for
multimodal sensing using a novel fibre optic configuration has been discussed.
Lastly, to improve the performance of the multimodal sensor in terms of its SNR,
different approaches and techniques have been identified. The exhaustive
literature review provided new insights towards the development of a unique

multimodal fibre optic sensor for oil O&G applications.
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3. INVESTIGATIONS ON MICROSTRUCTURED FIBRE SENSORS

3.1 Introduction

This chapter focusses on the propagation characteristics and properties of the

PCF with the goal of SNR improvement of the multimodal sensor configuration,

through signal intensity enhancement and reduction of losses. Tuning of the

structural and material characteristics of the PCF increases the electric field

confinements, aiding in improving the overall SNR.

The investigations carried out are:

PCFs

Comparison of the propagation characteristics of step index single mode
fibre (SMF) and PCF in terms of its electric field intensity and mode field
diameter (MFD).

Analysis of the effect of different structural parameters such as number
of air hole rings, size and spacing between air holes on the propagation
characteristics of the microstructured fibre.

Study of the influence of liquid crystal infiltration on PCF parameters like
confinement loss, MFD and bandgap.

Analysis of the effect of core nanostructuring and refractive index change
through different liquid crystal infiltrations on PCF parameters like
confinement wavelengths, confinement losses, bandwidth, MFD, etc.
Study of the rare earth doping effects within the core of nanostructured

PCF for reduced confinement losses.

[1] also known as microstructured fibres is a new class of optical

waveguides/fibres. PCFs are gaining popularity in recent years, owing to their

specialised geometrical structure (core-air hole cladding) and unique properties
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like guiding mechanisms and modal characteristics, making them an interesting
candidate for a range of applications [2]. They produce lower optical
transmission losses compared to standard silica optical fibres [3]. PCFs are more
flexible than normal optical fibres, because it is possible to manage their
properties, leading to a freedom of design [4]. The large refractive index
difference between silica and air of the PCF enables tighter mode confinements
than conventional all solid single mode glass optical fibres [5].

The main advantage of PCF [1-3] is their high light confinement characteristics
which is otherwise difficult to achieve in conventional fibres. LCPCF open new
perspectives in sensing applications [6]. With the addition of liquid crystals on
to the PCF air holes, wavelength shifts results as the output signal with variation
in physical parameters like temperature [7] and also provides means of
achieving active control over PCF propagation and polarization characteristics
[8]. The thermal and electrical tuning capabilities of LCPCFs along with their
unique spectral and polarization properties opens up their possibilities for multi-
parameter fibre-optic sensing [6].

LCPCF enables effective control over the mode confinements and light
characteristics. This is because, the liquid crystal infused in the cladding holes
creates a Photonic Bandgap (PBG) effect, restricting the modes within the low
index core region rather than leaking. However, the integration of LCPCF based
sensors with existing fibre optic sensing systems (which are mostly based on
single mode fibres) are quite challenging, mainly due to their difference in core
sizes and MFDs. Moreover, their integration will result in different forms of
losses, which are dominated by confinement loss. Therefore, it is important to
develop approaches to reduce losses occurring within the fibre core, so that

signal power is enhanced and thereby transmission and sensing range of the
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fibre can also be increased. By optimising geometrical parameters such as hole
distribution, hole sizes, etc., of the PCF, confinement losses can be minimized.
Furthermore, analysing effective area and MFD gives a better insight of leakage
loss, macro-bending loss and numerical aperture of the fibre sensor.

PCFs developed using nanostructured composite materials provides special
optical properties. Nanostructuring and infusion of liquid crystal materials
enhances the capabilities of all silica PCF, facilitating their operation in different
spectral regimes. Wavelength tunability feature of nanostructured PCF can be
utilised for many sensing applications. Commercially available PCFs, fabricated
from silica (Si0,) material operate mostly in the communication wavelength band
(1.55um), limiting their scope for advanced fibre optic sensing applications
which aims the near infrared (NIR) and mid infrared (MIR) wavelengths. Material
absorption limits of silica have always been a major problem in large wavelength
region [9]. All these drawbacks of Si0, material create a need for new materials
for emerging fibre optic applications like NIR and MIR (3-6 um) sensors, next
generation communication systems in the 2.5 um wavelength band, MIR fibre
lasers, etc., [10-11].

The properties of Si0, based PCF can be manipulated by two techniques -
nanostructuring and fusing in liquid crystal-silica composite materials. The
modified Si0, material shows some unique optical properties, wherein the
spectral bands can be tuned to the required wavelength region. Wavelength-
scale periodic microstructuring creates a dramatic change in the optical
properties of the materials [5]. Nanostructured optical materials will provide
special properties which can improve the capabilities of existing optical sensing
technologies [12-13]. Nanostructuring of PCF air holes is expected to improve

its birefringence property, reduce the confinement losses and also decrease its
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effective mode area, which in turn improves the propagation distance and range
Fof the fibre sensor [14]. Highly birefringent PCFs exhibit multi-parameter
sensing capabilities as they have different polarisation states which show
different sensitivities to physical parameters like temperature and strain [15].
Furthermore, addition of liquid crystal materials into the cladding holes modifies
PCF transmission and polarisation properties, enabling them to operate within
the photonic bands having highest sensitivities. Another advantage of material
infusion is that it is possible to modify the properties of PCF even after its
fabrication. PCF air holes filled with special materials like liquid crystals changes
their optical properties in response to electric or magnetic fields or light
intensity. Liquid crystal materials infused into the cladding holes creates a PBG
effect, restricting the modes within the core region rather than leaking,
facilitating a stronger sensing signal [16].

NIR wavelengths of the optical spectrum are of particular interest for fibre-optic
sensing applications due to their improved sensitivity and accuracy compared
to other spectral regions. The NIR bands have shown high sensitivities to
methane gas sensing, which is of very interest in many industrial and safety
applications [17-18]. Gas detection is a very crucial task in O&G industry, in
order to protect their valuable assets and workers from safety hazards. The MIR
wavelengths have attracted different laser spectroscopic based environmental
and medical sensing applications [19-20]. Considering the growing interest of
optical fibres in new application areas, it becomes important to enhance its
capabilities and functionalities. Future applications will rely on well-developed
optical materials and technologies along with new, modified and special

properties of optical fibres [10].
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Rare earth doped nanostructured silica composite materials provides specialised
optical features and properties. Light propagation and sensing characteristics of
fibre optic sensors can be modified by optimising their structural and material
parameters. Doping of different rare earth materials and nanostructuring
improves the capabilities of all silica fiber optic sensors, facilitating
photoluminescence-based sensing and the operation of the sensors in different
spectral regions. One main advantage of rare earth materials is that they absorb
only specific Ultraviolet (UV) or visible (VIS) wavelengths and create
corresponding sharp photoluminescence emissions in the VIS or infrared
wavelengths. Nanostructuring and doping of rare earth materials enhances the
capabilities of fibre optic sensor by reducing leakage losses and improving the
signal strength, which is crucial in long distance remote sensing applications.

Rare earth doped silica material is an important optical material for new
scientific and technological applications [21-22]. Different rare earth materials
like Terbium (Tb), Ytterbium (Yb), Erbium (Er), Neodymium (Nd), etc., offer a
wide range of photoluminescence emission profiles covering the visible and near
infrared wavelengths making it the most suitable candidates for
photoluminescence-based fibre optic sensors [23]. Furthermore, periodic
microstructuring improves the performance of conventional optical fibre
sensors, owing to its design flexibility and modification of light guidance
properties [4]. Another attractive feature of PCF is that it allows the integration
of light-matter interactions along the entire length of the fibre which further
improves the performance of the fibre sensor system [24]. Moreover,
transmission losses of PCFs are low and they have stronger light mode

confinements compared to traditional silica fibres due to the large index
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difference between silica core and air holes in cladding [3,5]. Nanostructuring

of PCF tunes its spectral positions and photonic bandgaps [25].

3.2 Theoretical Background

PCFs are optical fibres with a complex refractive index profile that employs a
microstructured arrangement of low-index material in a background material of
higher refractive index [26]. Normally the background materials used in PCFs
are pure or undoped silica and the low index cladding region consists of many
number of air voids also known as air holes [27]. Typically, photonic crystals
are periodic optical (micro or nano) structures running axially along the length
of the optical fibre, that affects the propagation characteristics of the

electromagnetic waves travelling through its core [5].
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Figure 3.1: Cross-section of: (a) step-index SMF and (b) solid core PCF

Figures 3.1 (a) and (b) show the cross-sectional view of the structural difference
between a standard step-index SMF and a solid core PCF with microstructured

cladding. During fibre modelling, the only physical parameter that needs to be
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taken into account in the case of SMF is the core diameter. On the other hand,
while modelling a PCF, three geometrical parameters are to be considered: core
diameter, cladding hole diameter and also the pitch (hole to hole distance). The
geometrical parameters of PCF comprise of: pitch (A) which is the cladding hole

center to center distance and the diameter of cladding air hole (d).

Figure 3.2: SEM image of é cross-section of solid core PCF (ESM-12-B)

Figure 3.2 shows the SEM (scanning electron microscopy) image of a typical
commercially available solid core PCF with trade name ESM-12-B. The
dimensions of its structural parameters measured and obtained are: diameter
of core (D¢ore) = 12 pm, diameter of cladding (Diqqaing) = 125 um, pitch (A) =8 um
and diameter of cladding air holes (d) = 4 um.

PCFs normally have two modes of operation based on their light guiding
technique - index guiding and bandgap guiding [28]. Index guiding PCFs

operates similar to conventional optical fibres wherein light is confined within
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the high index core by modified total internal reflection (M-TIR) principle [29].
However, bandgap PCFs guides light in the low index core region by the
reflection from photonic crystal cladding [30]. Confinement loss and effective
area are two important propagation characteristics of the PCF which can be
tuned by altering their physical parameters like core diameter (p), cladding hole
diameter (d) and pitch (A) in combination with the choice of material refractive
index and type of crystal lattice [4,31].

Confinement or leakage loss (L,) is the light confinement ability of the PCF within
its core and can be calculated from the imaginary part of its effective refractive

index [32].

(1)

(1;30) (Zﬂ)> Im(negr)

L. = 3

where Im( ngg) is the imaginary part of effective refractive index, n.s and A is the
propagating wavelength. Confinement loss depends on the transmission
wavelength, PCF structure, size, shape, number of air holes and number of air
hole rings.

Effective mode area (Aqs) is considered as the light carrying region of the PCF

and is given by the equation [33-34]:

% JEG I dxdy]” (2)
T 1B y)I* dxdy

where E(x,y) is the electric field distribution.

Also, effective mode area is related to MFD by the equation [35]:

At =Ky (%) MFD? =k, mw? (3)

where k,, is the correction factor and spot size, w = MFD/2.
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Mode field diameter is approximated as,

2
MFD = ﬁ Aeff (4)

3.3 Design and modeling of PCF using COMSOL Multiphysics
In PCF, the spatial variation of the index is orthogonal to the propagation
direction with small holes having a different index of refraction than the rest of

the fibre resulting in high degree of confinement of the waveguide mode.

The modeling of a solid core PCF using COMSOL Multiphysics software involves

the following steps [36-37]:

1. Modeling of geometry: PCF structural design is carried out, choosing a
hexagonal geometry and appropriate geometrical parameters like
diameter (d) and spacing (A) of the air holes along the x- and y-axes.

2. Setting of physical parameters: Physical parameters such as wavelength
of light and refractive index of materials used (silica and air holes) are
specified using the Sellmeier’s equation [37].

3. Initializing the mesh: The mesh size decides the level of details or the
resolution

4. Compute solution: After initialising the mesh, the model is solved for the
desired parameter (e.g. effective index of the fibre, effective refractive
index of fundamental mode) using COMSOL's Finite Element Method
(FEM).

5. Post-processing and visualization: Finally, additional parameters and
results can be interpreted using the post-processing and visualization

tools within COMSOL.
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COMSOL Multiphysics which is a finite element analysis tool is used to analyse
the structures in PCF with a huge possibilities of various holes shapes &
arrangements. Moreover, the existence of high index contrast in the interfaces
of host material and the rods/ air hole channels requires a software like COMSOL

to model it [38-39].

The assumptions made for the model are: (a) the fibre consists entirely of
homogenous material and (b) no sources of light exist inside the fibre, so that

no free charges or currents exist inside the fibre.

The mode analysis is made on a cross-section in the xy-plane of the optical
fibre. Each mode maintains its modal field distribution in the xy-plane, as the
wave propagates in the z direction (the X, y, z coordinate frame can be
understood from Figure 2.1). By modeling the cross-section, the field patterns
of the propagation modes as well as the propagation constants can be

calculated. However, this requires invariance in the out-of-plane direction.

As boundary condition along the outside of the cladding, the magnetic field is
set to zero. Because the amplitude of the field decays rapidly as a function of

the radius of the cladding, this is a valid boundary condition [36].

In the PCF, the cladding consisting of many number of air holes is looked upon
as a single material, with its effective refractive index lying between the

refractive indices of the individual materials (silica and air).

For a confined mode there is no energy flow in radial direction, thus the wave
must be evanescent in the radial direction in the cladding [40]. This is true only

if [36],

Nefr > Ny (5)
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On the other hand, the wave cannot be radially evanescent in the core region.

Thus [36]:

n, < neff < nq (6)

The waves are more confined when n.( is close to the upper limit in this interval.

Furthermore, the effective mode index of a confined mode [36]:

B 7
eff = ey )

The effective index of the material is defined by the allowed mode with the
highest effective index, also known as the Fundamental Space-filling Mode
(FSM)

Normalised frequency for a fibre is defined as [36]:

2ma
V= A_\/nlz - n22 = koa\/nlz - n22 (8)
0

where a is the radius of the core of the fiber, g is the propagation constant and
k, is the free-space wave number.

One of the main challenges in finite element modeling is how to treat open
boundaries in radiation problems. The Wave Optics Module of COMSOL offers
two closely related types of absorbing boundary conditions, the scattering
boundary condition and the matched boundary condition. The former is perfectly
absorbing for a plane wave, whereas the latter is perfectly absorbing for guided
modes [36]. Here, the fibre with guided modes are analysed. So, the latter
method is applied. A Perfectly Matched Layer (PML) is used in the model, which
is not a boundary condition but an additional domain that absorbs the incident
radiation without producing reflections. It provides good performance for a wide

range of incidence angles and is not very sensitive [41].
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3.4 Structural parameter dependence of fibre propagation
characteristics

This section primarily investigates the effect of geometrical parameters on fibre
parameters such as confinement loss and MFD, which plays a significant role in
long distance fibre-optic remote sensing applications. The objective behind the
study is to understand if microstructuring will enhance the electric field
confinement, reduce losses and thereby increase the transmission signal
intensity of the PCF based sensor. Furthermore, liquid crystal infiltrations are
incorporated in the PCF sensor configuration, exploiting their optical properties
for PBG based tighter mode confinements and wavelength tunability. Theoretical
study conducted on the fibre sensor revealed that confinement loss and MFD

can be reduced by properly optimising their structural parameters.
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Figure 3.3: Comparison of SMF and PCF: (a) Electric field intensity vs
Wavelength (b) MFD vs Wavelength

Figures 3.3 (a) and (b) show a comparison of PCF and SMF in terms of its electric
field intensity and MFD for different operating wavelengths. For the analysis,
dimensions of the core and cladding and the core-cladding refractive indices of
the SMF and PCF were kept constant. The only varying parameter was the

microstructuring of the cladding layer. The microstructured cladding had air
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holes with diameter, d=1 pm and pitch, A=2 ym. As can be observed in Figure
3.3 (@), for the same input parameters assigned, PCF mode fields have higher
electric field intensity compared to SMF. Furthermore, as shown in graph 3.3
(b), the MFD of PCF is obtained smaller than the SMF of same core size.

There are several sources of losses in fibres, such as structural imperfections,
fibre bending, intrinsic material absorption, Rayleigh scattering, etc. Losses
induced at the time of fabrication can be reduced by careful optimisation and
monitoring of the fabrication process. Confinement loss is another major type
of loss that occurs mainly in fibres fabricated from raw material [42].
Confinement loss which is also known as leakage loss is the leakage of power
from the core into the cladding and it occurs mainly in single mode fibres. The
guided modes of PCFs are inherently leaky, as the refractive index of core is the
same as that of outer cladding without air-holes [43]. Theoretically, PCF with
infinite number of air-holes in the cladding is expected to achieve lossless
propagation. However, practically fabricated fibre experiences leaky modes due
to finite number of air-holes in the photonic crystal cladding.

LCPCF sensors are based on the optical properties of the liquid crystal and have
its index of refraction, n;. as the sensing magnitude. LCPCF temperature sensor
takes advantage of the temperature dependence of the liquid crystal
permittivity, which makes it less susceptible to other external influences and
also a lambda shift is experienced at the output as a result of changes in
temperature [7].

Confinement losses in the sensor are studied as a function of normalised
wavelength (A/A) by varying its different geometrical parameters such as hole
diameter, inter-hole spacing and number of air hole rings around the core.

Moreover, the MFD which is related to optical field distribution in the fibre gives
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a better idea of its loss characteristics. By optimising the structural parameters
of PCF, confinement losses can be minimized which improves the strength of
the signal and thereby the transmission distance and range of the fibre sensor.
In the designed four ring LCPCF, refractive index of the background material,
silica is taken as 1.45 and the airhole is infiltrated with liquid crystal materials,
Cat No. 1550 (refractive indices n,=1.461, n,=1.522 at 22°C) and PCH-5
(refractive indices n,=1.6049, n,=1.4863 at 25°C) [44]. Considering O&G
sensing environment, typical refractive index value of crude oil is 1.4785 and
that of gasoline is in the range 1.42-1.44 [45]. For normal fuels, refractive index
is @a number bigger than one and normally lower than 1.7. However, for the fibre
sensor configuration designed, O&G sensing medium has negligible effect on the

strongly confined optical modes propagating through its core.
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Figure 3.4: Electric field pattern 2D and 3D views for 4- ring LCPCF

Figure 3.4 shows the 2D and 3D views respectively of a Gaussian electric field
pattern obtained for the four ring LCPCF. As can be observed from the figure,
the guided light modes are strongly confined within the core without any
leakages. A PML is introduced around the photonic crystal cladding, which acts

as an additional domain to absorb incident radiations without producing back
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reflections. The PML is made of an artificial absorbing material which has
anisotropic permeability and permittivity that matches with the physical medium
outside. With the addition of liquid crystals, the fibre exhibits the common
properties of PBG i.e. only certain frequencies of light propagate through the
core and all other wavelengths tends to pass through the cladding which has a

higher refractive index [46].
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Figure 3.5: Confinement loss vs normalised wavelength for different number

of hole rings

To understand the influence of air hole rings on the losses experienced by the
PCF sensor different simulations were run. The number of air hole rings within
the cladding, ranging from one to four were used for the simulation. As you can
see from Figure 3.5, confinement loss decreases with increasing number of hole
rings around the core. In the analysis, four ring structure showed minimum
confinement loss which is due to the negligible field leakage. Figure 3.6 shows
the variation in confinement loss (L) with respect to normalised wavelength
(A/A) for a liquid crystal filled PCF with d/A=0.5, A=2 pm, d=1 um for different
number of air hole rings in the cladding. For small values of d/A, the resultant
losses can be higher unless sufficiently larger number of holes are introduced

on to the PCF core.
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Figure 3.6: Confinement loss vs normalised wavelength for pitch: (a)
A=1.5pm, (b) A=1.9um

Further simulations were carried out on the designed PCF, to understand the
influence of different air hole distributions which includes the effect of air hole
diameter and spacing between the air holes on the confinement losses. Figure
3.6 (a) depicts the variation of confinement loss (L) with respect to normalised
wavelength (A/A) for different values of diameter to spacing ratio (d/A). The
hole spacing (A) is kept constant at 1.5 pm and the diameter (d) is increased.
It can be observed that the confinement loss as expected increases with
wavelength (A), but it tends to decrease with increasing diameter to spacing
ratio (d/A). Similarly, Figure 3.6 (b) shows another plot of the confinement loss
(L) with respect to normalised wavelength (A/A) for a different spacing (A) 1.9
um. Keeping the hole spacing constant, simulation is conducted for three
structures (d/A= 0.4, 0.5, 0.6). It can be seen that confinement loss again
increases with wavelength (A) and also decreases with increase in d/A.
Moreover, it is worth noting that confinement loss decreases with increasing

spacing (N).
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Figure 3.7: Confinement loss and MFD vs wavelength for LC refractive index:
(a) n,=1.522, (b) n,,=1.6049

Furthermore, to understand the effect of liquid crystal infiltrations on PCF
propagation parameters like confinement wavelengths, confinement loss and
MFD, the simulation was run by varying the liquid crystal materials infused into
cladding holes of the PCF. Figures 3.7 (a) and (b) show the variation in
confinement loss (in dB/km) and MFD (in um) with respect to wavelength (in
nm) for the PCF filled-up with liquid crystalline mixture, Cat No.
1550 (n,=1.522) and PCH-5 (n,c =1.6049). For LCPCF infused with Cat No.
1550, single mode operation was possible for wavelengths in the range 825-
1100 nm. It was observed that, below the short cut-off wavelength (825 nm)
and beyond the long cut-off wavelength (1100 nm), the electric field leaks into
the cladding region. However, compared to single mode fibres, PCFs exhibit
tighter mode confinement over a wide range of wavelength and hence lower
mode area is achieved. In both Figures 3.8(a) and (b), it can be seen that the
MFD decreases up to a particular wavelength and then it increases. At low
wavelengths, the power density is high, intensity is low and therefore the area
transversed by the fibre is less. But at higher wavelengths the power density is

low, intensity is high, therefore the effective mode area is also high.
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From Figure 3.7 (a) and (b) it can be observed that, by changing the liquid
crystal material infiltrated into the holes (PCH-5, n,;. =1.6049), the confinement
wavelengths can be tuned to wavelength range 1200-1650 nm. Through the
simulation it was identified that the photonic bandgap (bands which can guide
light), shifts to longer wavelength with increase in liquid crystal refractive index.
Also, within the bandgap, leakage losses are smaller compared to outside of the
bandgap. The shift in the photonic bandgap, finds numerous applications in
fibre-optic sensing, tunable filters and switches. Further simulations carried out
by increasing the hole sizes also resulted in reduced mode area and confinement
loss, which is due to tighter mode confinement. However, changing the number
of air hole rings around the core did not show any variation in the effective area
of the LCPCF as observed for confinement loss.

To sum up, tuning of fibre geometrical parameters leads to improvement in light
confinement and attenuation reduction which in turn enhance the spatial
coverage and accuracy of the fibre sensor. The designed optical fibre sensor
with the mentioned improved capabilities and with the potential to perform
multiple parameter sensing can effectively solve the limitations of existing
sensors down-hole.

From the current theoretical investigation, it was identified that, structural
parameters have significant effects on fibre parameters such as confinement
loss, effective mode area and MFD. It was found that confinement loss is a
strong function of air-filling fraction (d/A) and the number of rings employed in
the LCPCF cladding. Investigations carried out by varying the hole size and inter-
hole distance also resulted in reduction of leakage losses and MFD. Low
confinement loss automatically results in improved signal power, which in turn

improves the accuracy and spatial range of the sensor. Besides this, the tunability
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of the photonic bandgap of the LCPCF by changing the liquid crystal material adds
to its sensing capabilities. The present results shows promising future in the direction
of PCF-FBG based long distance remote sensing system for O&G applications. Based
on the investigation, their synergy will develop an advanced fibre-optic sensing
system with longer sensing range and enhanced accuracy for condition monitoring

of O&G fields in deeper zones.

3.5 Core nanostructuring and material infusion effects in PCF

This section investigates the effects of core nanostructuring and material
infusions for the tuning of critical parameters of silica PCFs like operating
wavelength, bandwidth, confinement loss and MFD. These parameters are very
important in fibre optic sensing applications as it affects the sensitivity, range
and spatial coverage of the sensor. Through the study carried out, a shifting and
broadening of the PCF spectral bands was obtained by nanostructuring and
infusing composite materials within the PCF.

The studies are carried out by changing the size (nano size holes in the core and
micro size holes in the cladding), shape (circular, elliptical) and distribution of
PCF air holes. In the previous study carried out, the designed solid core PCF
exhibited limited operating wavelengths [47]. Hence, in order to achieve
spectral shifting and bandwidth enhancement, core nanostructuring and also
the effect of different liquid crystal materials infiltrations within the cladding
holes are being investigated. PCF parameters such as confinement losses,
effective area and MFD are studied as a function of normalised frequency (A/A).
MFD and effective area is associated with the electric field distribution within the
fibre. Analysis of these parameters gives a better insight of the propagation

characteristics of the PCF.
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Figure 3.8: Cross section of: (a) designed nanostructured PCF and (b)
nanostructured core zoomed view

Figures 3.8 (a) and (b) show the cross section of the designed nanostructured

PCF with a four-ring hexagonal lattice of circular air holes in the cladding and a

five ring array of elliptical air holes in the core. The geometrical parameters of

the nanostructured PCF comprises of: pitch (A) which is the cladding hole center

to center distance; d, is the diameter of the cladding air hole; d, and d; are the

length of major axis and minor axis of the elliptical air holes within the core and

A’ is the hole to hole spacing between the elliptical air holes of core. The elliptical

air holes introduce birefringence properties, which greatly improves the sensing

capabilities of PCF.
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Figure 3.9: (a) Electric field mode profile of the nanostructured PCF, (b)
Zoomed view of electric field mode profile in PCF core

Figures 3.9 (a) and (b) show the electric field profile of the fundamental mode
obtained for the designed nanostructured PCF. The central core with red color
indicates the region of highest electric field. From Table 3.1 it can be observed
that the mode confinement wavelengths can be brought down from the infrared
(IR) to the NIR wavelengths by tuning the physical parameters of the core and
cladding air holes. NIR lower cut off wavelength of 925 nm was achieved for the
nanostructured PCF with design parameters: A=1um,d; =08um, A' =

100 nm, d, = 60 nm, d3 = 20 nm.

Table 3.1: Confinement wavelengths with varying physical parameters

Sl. Core dimensions Cladding Confinement
No. dimensions wavelengths
1 A" =0.1A=0.22 ym = 220 nm A=22um = 1950 nm

d, = 0.6A’ =0.132 um = 132 nm  d, = 0.8A = 1.76 um
d; = 0.2A" = 0.044 ym = 44 nm

2 A =01A=0.2um=200nm A=2pum = 1775 nm
d, =0.6A"=012um =120nm d; = 0.8A = 1.6 um
d; = 0.2A" = 0.04 um = 40 nm

3 A =01A=0.15um = 150 nm A =1.5um > 1450 nm
d, = 0.6A"’ = 0.09 um = 90 nm d; =0.8A=12um
d; = 0.2A" = 0.03 um = 30 nm

4 A =01A=0.1pm=100nm A=1pum = 925 nm
d, = 0.6A’ = 0.06 um = 60 nm d; = 0.8A =0.8um
d; = 0.2A" = 0.02 um = 20 nm

52



— 354 —
£ ] E 50
= 30 X
g . z
T 25 Z 404
(23 1 7]
8 20- g 304
- 1 -
£ "% T 20
1] 1 -]
g 199 £
[ 1 @ 104
£ 54 £
S —
1 =
s o] S 01
o T T T T T T T T T o T T T T T T v T: T T ¥ T T 2§ T T T ] ol
0.3 04 05 06 0.7 08 09 10 1.1 1.2 03 04 05 06 0.7 08 09 10 11 1.2
Normalized frequencyA/, Normalized frequency A/
(a)
i 12-
§ A=22 -
] 101
8 ]
o ¢ o ]
e w 61
= 54 =
4 4
3_
LW ISR TR PN SR TP P T P S (O O B S GRS N R 2-1-.-.-.-.-.-......
03 04 05 06 0.7 0.8 09 1.0 1.1 1.2 03 04 05 06 0.7 0.8 09 1.0 1.1 1.2
Normalized frequency A/, Normalized frequencyA/A
(b)
800 -
700 - /‘
.
£ 600
c
=
£ 500
whd
)
S 400
g
@ 300 -
o
200 -

145 1.50 155 160 165 1.70 175 1.80
Liquid Crystal Refractive Index
()

Figure 3.10: (a) Confinement loss vs normalised frequency for A = 2.2 um
and A = 2 um; (b) MFD vs normalised frequency forA =2.2 pm and A = 2 pm and
(c) Bandwidth vs liquid crystal refractive index

Figure 3.10 (a) depicts the variation in confinement loss (in dB/km) with respect
to normalised frequency (v = A/A) for different pitch or cladding hole spacing. It
can be observed that confinement loss decreases with normalised frequency or
in other words confinement loss increases with wavelength. Another advantage
of bringing down the mode confinement wavelengths from the IR to NIR
wavelengths is a reduction in confinement losses. When confinement loss is
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reduced, light gets more confined into the PCF core. Hence, the designed low
confinement loss PCF returns stronger sensing signals when used in any sensor
configuration. Figure 3.10 (b) shows the changes in MFD (in um) with respect to
normalised frequency for different pitch values. From the graph it is clear that
MFD decreases with normalised frequency, or MFD experiences an increase for
longer wavelengths and a decrease for shorter wavelengths. This is because, at
lower wavelengths, the power density of the electric field propagating through
the fibre would be higher and hence the effective mode area and MFD would be
smaller [48].

Infiltrating different liquid crystal materials like K21 (refractive index, n;c =
1.732), PCH-5 (n;c = 1.6049) and Cat No. 1550 (n;c = 1.522) into the cladding
holes resulted in the shifting and widening of the PCF spectral bands. The
confinement wavelengths achieved are: K21 (1650-2000 nm); PCH-5 (1200-
1650 nm) and Cat No. 1550 (825-1100 nm). Hence, mode confinements in NIR
wavelengths were achieved by infiltrating the holes with liquid crystal material
Cat No. 1550. To sum up, PCF nanostructuring and liquid crystal material
infiltrations, reduces its losses and enhances the PCF sensor transmission
distance and coverage.

From Figure 3.10 (c), the changes in spectral bandwidth corresponding to
different liquid crystal refractive indices value can be observed. It was observed
that altering refractive index of liquid crystal material filled into the cladding
holes of PCF resulted in an expansion and movement of its photonic bandgap.
This feature can be utilised in designing PCFs of any required wavelengths
specific to any particular application. Moreover, liquid crystal PCFs owing to their
PBG guiding mechanism enables stronger light confinements facilitating sensing

at longer distances.
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The computational study carried out by nanostructuring the PCF core and by
changing the size, shape and distribution of the PCF holes resulted in a shift in
its spectral band, accompanied with a reduction in confinement losses and MFD.
It was found that the PCF properties are a strong function of its structural
parameters such as, size and spacing of the nanostructured air holes in the core
and microstructured air holes in the cladding. Further simulations carried out by
infusing different liquid crystal composite materials into the PCF resulted in a
wavelength shift from IR to NIR. Moreover, altering refractive index of the liquid
crystal material filled into the cladding holes of PCF caused a shifting and
broadening of the photonic bands. Through these simulations it was identified
that the spectral positions and bandgaps can be tuned by nanostructuring the
PCF holes and changing its material infiltrations. Hence, nanostructuring and
composite material infiltrations makes it possible to have different designer
wavelengths possible for the PCF sensors. In addition, low confinement losses
and MFD improves the signal power of the sensor, which in turn enhances its
range and propagation distance. This study can be extended to MIR wavelengths
giving scope for future fibre optic sensing and next generation communication

applications.

3.6 Nanostructuring and rare earth doping effects in PCF

The literature review conducted in Chapter 2 revealed that, enhancing the
refractive index of the core will improve the light confinement characteristics
and guidance properties of the PCF [4]. One method to enhance core refractive
index is through rare earth doping. Hence, this section investigates the effect of
rare earth material doping on fibre optic sensor parameters like operating

wavelength, effective refractive index, confinement loss, effective mode area
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and electric field intensity. The doping effects are accommodated by changing
the refractive index value of the core within the modelled nanostructured PCF.
The studied parameters are critical in fibre optic sensing applications as it affects
the range, spatial coverage and sensitivity of the sensor. Through the
investigations carried out by periodic nanostructuring of the rare earth doped
sensor, a shifting and broadening of the PCF spectral bands and also a reduction
in the fiber confinement losses and MFD was achieved. Furthermore, optimal
doping of the PCF with rare earth-silica composite material invokes
photoluminescence characteristics within the fibre optic sensor.

Current investigations are carried out by changing the geometrical parameters
and assigning refractive index of rare earth doped silica in the previously
designed nanostructured PCF model [49] in order to tune its propagation
characteristics and electric field confinements to suit photoluminescence sensing
applications.

Simulations were conducted on the hexagonal lattice nanostructured PCF
already designed, by changing its geometrical parameters and assigning
refractive index value of various concentrations of Tb doped silicate glasses.
Figure 3.11 (a) shows the electric field profile of the fundamental mode for 500
nm wavelength obtained on the rare earth doped nanostructured PCF. The red
colour in the central core indicates the region of highest electrical field intensity
(42 V/m). By optimising the structural parameters light mode confinements
were achieved for visible wavelengths starting from 425 nm and covering the

NIR wavelengths.
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Figure 3.11: (a) Electric field mode profile of rare earth doped nanostructured
PCF for 500 nm, (b) Effective refractive index vs wavelength and (c)
Confinement loss vs wavelength and (d) MFD vs wavelength

Figure 3.11 (b) shows the variation in effective refractive index (n.sr) with
respect to wavelength for undoped silica (refractive index, n = 1.45) and various
concentrations (0.1 to 2 mol%) of Tb doped silica materials with refractive index
in the range 1.50 to 1.53 [50] is used as the simulation parameters in the
nanostructured PCF. The effective index of the fundamental core mode must be
lower than the material forming the core, in order to give rise to a confined
mode. For standard optical fibers, nc,re > nerr > Nejgaaing Must hold in order for
the mode in the core to be oscillatory and for the modes in the cladding to be
exponentially decaying [51]. From the graph, it can be seen that n.;, decreases

with increasing wavelength.
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Figure 3.11 (c) depicts the variation in confinement loss (in dB/km) with respect
to wavelength for changes in refractive index corresponding to undoped and Tb
doped silica. It can be observed that confinement losses increase with
wavelength and also slightly decreases with rare earth doping. One main
advantage of bringing down confinement losses is that, light gets more tightly
confined into the core region, enabling stronger sensing signals from the rare
earth doped fibre optic sensor configuration. Figure 3.11 (d) shows the changes
in MFD (in um) with respect to wavelength for refractive index changes resulting
from rare earth doping of silica material. From the graph it can be observed that
MFD initially decreases for shorter visible wavelengths and later experiences an
increase for longer visible and NIR wavelengths. This is because, at lower
wavelengths, the power density of the electric field propagating through the
fibre would be higher and hence the effective mode area and MFD would be

smaller.

Table 3.2: Confinement wavelengths for varying geometrical parameters

Sl. Core dimensions Cladding Confinement
No. dimensions wavelengths
1 A =01A=01pm=100nm A=1pm > 925 nm

d, = 0.6A' =0.06 yum = 60 nm d; = 0.8A = 0.8 um
d; = 0.2A’ = 0.02 um = 20 nm
2 AN =01A=005um=50nm A =0.5um = 425 nm
d, =0.6A' =0.03um =30nm d; = 0.8A =0.4um
d; = 0.2A" = 0.01 um = 10 nm

From Table 3.2, it can be observed that the mode confinement wavelengths can
be brought down from the NIR to visible wavelengths by tuning the physical
parameters of the PCF core and cladding air holes. Visible wavelength lower cut
off of 425 nm was achieved for the rare earth doped nanostructured PCF with
design parameters: A =0.5um, d; = 04um, A' =50nm, d, =30 nm, d; = 10 nm.

Hence alteration of structural parameters of the rare earth doped
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nanostructured PCF resulted in the expansion and shifting of its photonic
bandgap to shorter wavelengths.

The computational study carried out on the rare earth doped nanostructured
PCF by tuning its geometrical parameters induced a shift in its photonic band
from NIR to visible wavelengths and also resulted in the reduction of
confinement losses and MFD of the fibre sensor. Moreover, altering the
refractive index of the rare earth-silica composite materials by optimising the
rare earth concentration used in the PCF sensor improves its photoluminescence
signature characteristics. To sum up, PCF nanostructuring and optimum rare
earth material doping reduces the fibre losses, improves electric field intensity
and thereby enhances the transmission distance and coverage of the rare earth

doped photoluminescence sensor.

3.7 Summary

A detailed investigation is carried out on different techniques and approaches to
enhance electric field confinements within the central core of the optical fibre,
through restructuring of core and cladding, material infusions within air holes
(modifying refractive index of microstructured cladding) and rare earth doping
of microstructured fibres in order to improve the overall signal from the PCF
based sensor. Results indicated that geometrical parameters have significant
effects on PCF parameters such as confinement loss, effective mode area and
MFD. The wavelength tunability feature and stronger mode confinements
observed in PCFs infiltrated with liquid crystals finds many advanced sensing
applications. Through liquid crystal infiltrations, mode confinement wavelengths
were brought down from the communication window (1550 nm range) to the

NIR wavelengths around 900 nm. Furthermore, core nanostructuring of the PCF
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aided in the reduction of confinement losses and MFD. Also, the rare earth
doping of the nanostructured PCF enabled to further bring down the light
confinements to visible wavelengths. In addition to the wavelength tuning, an
offshoot advantage of rare earth doping within PCF core is its enhanced electric
field confinement and intensity improvement. Rare earth doped PCFs also opens
up a new idea for the development of multimodal sensors utilising rare earth-
based photoluminescence technique. The next chapter will look to investigations
carried out on PCF-FBG sensor configuration for sensing multiple parameters

from multiple locations as needed for the oil industry.
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4. INVESTIGATIONS ON FBG SENSORS ON MICROSTRUCTURED FIBRES

4.1 Introduction

Even though intensive researches have been carried out on specialised fibres
like PCFs and FBG for many years, to the best of my knowledge, no work has
been reported exploiting their synergy in O&G sensing applications. As discussed
in the literature review conducted in Chapter 2, PCF-FBG integration opens up
new possibilities in multi-parameter fibre-optic sensing, owing to their active
control over light characteristics and mode confinements. PCF-FBG based sensor
is capable of differentiating the effects of different parameters like temperature
and strain [1]. Their combination can improve the overall performance of the
sensor system in terms of power, energy scaling and discrimination of cross-
sensitivities [2]. The multi-resonant peaks from the PCF-FBG sensor helps to
attain multi-parameter measurement simultaneously, offering good stability and
wide range of broadband tuning [3]. However, their integration results in a
mismatch in their MFD, which in turn causes various types of losses such as
confinement loss, scattering loss, etc.

This chapter concentrates on the sensing characteristics of PCF-FBG sensor
combination with the objective to attain signal intensity enhancement, through
different approaches like tuning of grating parameters and FBG sensor
positioning. A detailed study was carried out on FBG sensors in Chapter 2, in
order to identify its suitability for different sensing requirements of O&G industry
like longer sensing range, multi-point multi-parameter sensing, avoidance of
cross-sensitivity issues, etc.

Structural health and condition monitoring, where advanced sensing

technologies are employed, is a vital element in offshore O&G sector. It plays a
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crucial role in ensuring safe and efficient explorations in order to significantly
enhance the productivity from ultra-deep oil fields. Currently, most of the
subsea assets have almost reached their design lifetime, though considerable
amount of untapped hydrocarbon reserves are still available. Consequently,
structural integrity and maintenance of the deteriorated subsea structures has
become very important considering its impact on the environment and O&G
economy as a whole. Hence, in order to extend the life span of valuable subsea
assets, there is an urgent need for improved and reliable condition monitoring
systems for its infrastructures, with increased signal transmission length and
enhanced spatial coverage to retrieve sensing data from deeper zones.

Precise placement and alignment of FBG sensors is a key requirement in sensor
integration for accurate measurement, prior to securing them to the well bore
structures [4]. Identifying the right position of FBG sensors with respect to
pipeline axis is very important because the FBG sensors show highest sensitivity
and records peak intensity at specific points [5]. This aids in the precise and
accurate measurements of the physical parameters in long distance remote

monitoring applications.

4.2 Theoretical Background

FBGs are reflective sensors inscribed within the core of the optical fibre with a
periodic or aperiodic perturbation of effective refractive index [6]. FBGs are
wavelength-dependent reflectors, as they reflect particular wavelengths of light
and transmits the remaining ones. FBGs are constructed through the UV-written
periodic modulation of the optical fibre’s effective index of refraction [7-8].

The fundamental principle of FBG sensor depends on the Bragg condition which

states that any changes in physical parameters such as pressure, temperature,
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strain etc., modifies the refractive index or grating period of the fibre grating,

which in turn changes the Bragg reflected wavelength correspondingly [7].
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Figure 4.1: Detection principle of FBG sensor

Figure 4.1 illustrates the detection principle of FBG sensor. When a broad-
spectrum of light is sent into the FBG sensor, reflections occur from each
segment of alternating refractive index (gratings). These reflections interfere
constructively only for a specific wavelength of light, known as the Bragg
wavelength (1,). This effectively causes the FBG to reflect a specific wavelength

of light while transmitting all others.

4.3 Modelling of FBG

Both in PCF and FBG a spatial change in the refractive index is simulated. In
contrast to PCF, the FBG has an index of refraction that changes along its
propagation direction. This results in a reflection at a particular wavelength and
bandwidth which is determined by the geometry and material properties of the
Bragg grating.

Theoretical modelling of FBG will help in understanding the grating parameters
and their relation to optical pulse properties like amplitude and spectral width.
FBG modelling using COMSOL Multiphysics software would require 3D
simulations to accommodate its effective refractive index differences along the
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propagation direction. Owing to the complexity of the larger 3D models, the
memory and time requirements of the iterative solver would be higher compared
to the 2D cross-sectional modelling. Hence for simplicity, modelling and
characterisation of the fibre grating was conducted by solving the coupled mode
equations using the transfer matrix method in MATLAB software [9-11]. MATLAB
based simulations were conducted to analyse the effects of different grating
parameters and the influence of techniques like chirping and apodisation on the
FBG reflectivity spectrum. FBG sensors are designed to reflect certain
wavelengths of light, which experiences a shift in wavelength upon sensing
various physical parameters.

The basic principle of FBG sensor relies on the Bragg condition. So, any changes
in physical parameters like temperature, strain, polarization, etc., alters the
refractive index or grating period of the fibre grating, which will change the
Bragg wavelength correspondingly. The incident wave gets coupled to the same
counter propagating wave and thus it gets reflected. The Bragg reflected
wavelength [7] is given by:

Ap = 2.n055. Ay (1)
where n.sf is the effective refractive index and A, is the period of the
grating or spatial period.

As discussed in the literature review conducted in Chapter 2, the O&G industry
require multiple sensors for sensing various parameters from multiple locations.
The main factor deciding the number of FBG sensors that can be designed on
the optical fibre is the wavelength window. As the optical spectrum is limited,
hence to accommodate more number of FBG sensors on the same optical fibre
is to reduce the spectral width of its reflected signal. Furthermore, to improve

the SNR of the PCF-FBG sensor configuration, the amplitude of the FBG
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reflectivity signal need to be increased. Hence the following section will look into
different investigations carried out on the FBG for reflectivity-bandwidth

optimisation.

4.3.1 Investigations on Uniform FBGs

Uniform FBGs are those which have a constant period and constant peak
amplitude of refractive index variation throughout the length of the FBG.
Consider an FBG with spatial period A, and length L,. Suppose there are two
identical modes propagating in opposite direction and let R and S represent the
amplitude of forward and counter propagating mode respectively. The
amplitudes of the forward and backward waves are governed by the coupled

differential equations [11] given by:

Z—f=i6R(z)+ikS(z) (2)
Z—j=—i6$(z)—ik*$(z) (3)

where z represents the position of the grating and k represents the AC

(associated coupling) coefficient [11-12] and is given by:

VA

A.Aneff.v (4)

k
where, vis the fringe visibility.

DC (Demi Coupling) coefficient [11-12] is given by,

2n (5)

o= T.Aneff
Tuning parameter, 6 =2m.ngpp E—,Tld ©)
6=0+0 (7)

where 4, is the design wavelength and n.sf is the effective refractive index.

70



The amplitude and power reflection coefficients [13-14] respectively can be

shown as:

_ —k sinh(Vk2 — 62L) (8)
& sinh(Vk2 — 62L) + ivk? — 62 cosh(VkZ — 62L)

_ sink?(VkZ - 621) (9)
coshz(\/k2 - 62L) — z—i

The reflectivity curves are studied as a function of normalised wavelength
(A/Amax) Using MATLAB. For Bragg scattering condition, A, is taken as 1550 nm

and n.gy is taken as 1.45 [11].
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Figure 4.2: Reflectivity curve of FBG with different grating lengths
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Figure 4.3: Reflectivity curve of FBG with different refractive index change
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From Figures 4.2 and 4.3, it is obvious that the reflection coefficient increases
with increase in refractive index change and grating length. However, the side
lobe strength also gets increased with an increase in grating length. Hence a
uniform period, index-modulation grating (‘top hat”) will definitely produce side
lobes [10]. Therefore, there needs to be a tradeoff between the reflectivity and

power loss in the side lobes in order to improve the range of the sensor.
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Figure 4.4: Reflectivity curve of FBG with different grating strengths (kL =
2,4,6 and 8 ; An. = 1e-4 ; L,= 1mm)

Figure 4.4 shows the power reflectivity curve for uniform gratings with different
coupling constants plotted versus normalised wavelength (A/1,,.,). When the
number of grating periods, N =1L,/A, is larger or smaller, the reflection
coefficient and width would be narrower or broader, respectively, for a given
value of kL [11]. From Figure 4.4, it can be observed that with decrease in
grating strength (kL), the spectral width also gets reduced.

Simulation results have shown that the grating parameters like effective
refractive index, grating length and grating strength have significant effects on

the amplitude and spectral width of the FBG sensor. So, by using an FBG of

72



properly optimised parameters a perfect reflection of the signal can be obtained

from the FBG.

4.3.2 Investigations on Non-Uniform FBGs

Uniform FBGs had issues like higher side lobes associated with its reflectivity
spectra. These side lobe characteristics are attributed to residual multiple
reflections at the grating ends [15]. The main advantage of non-uniform grating
is that it allows for the optical properties of the fibre to be changed by varying
the effective refractive index or the grating period, along the length of the fibre
axis. So, by using a complex refractive index profile or grating pitch variation,
the frequency response of the FBG can be tailored to meet the desired superior
performance. Depending on the variation in grating period and refractive index
profile, non-uniform gratings are of two types: chirped and apodised gratings
[15].

A chirped Bragg grating has a varying grating period. It can be created by two
approaches: one is by changing the Bragg period and other is by changing the
refractive index along the propagation direction of the fibre, which both has
ultimately the same effect on the grating [16]. Chirping technique improves the
spectral response, as multiple wavelengths are reflected from different grating
positions [17].

The linear chirp phase term is given by [11]:

Annesrz dig (11)
A4° dz

dop
dz

N[ =

where, chirp d1,/dz is the rate of change of design wavelength with respect to

grating position, which is expressed in nanometres/centimetres.
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A non-uniform fibre Bragg grating is considered as splitting a uniform fibre
Bragg grating into many sections along the fibre, through which the incident

light waves are propagated. The uniform section, i is described by transfer

matrix [11]:
[ .0 ko 1
cosh (ygAz) — i — sinh (ygAz) —i— sinh (y5Az)
F = VB VB
' ko 6 (12)
l i— sinh (ygAz) cosh (ygAz) + i— sinh (yBAz)J
14:] )4:]

where Az is length of ith uniform section and 6 and k are local values in the ith

section and

ve = Jk? — 62 (13)
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Figure 4.5: Reflectivity curve of chirped FBG

Figure 4.5 shows the different reflection spectra obtained for different chirp
values (d1,4/dz) 0.0, 0.2, 0.4, 1.0, 4.0 and 8.0 nm/cm respectively. In these
simulations the gratings are assumed to be 10 mm long with a uniform refractive
index change (An,sr = 1 x 10~*). From the reflectivity curve of chirped grating it
can be observed that by increasing the chirp value, the side lobes get
suppressed. However, with increasing chirp value, a reduction in the maximum

reflectivity of the grating as well as broadening of the spectra can be observed.
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These issues can be addressed by increasing the index of refraction modulation
and grating length [18].

Apodisation is the process of varying the refractive index modulation depth
along the length of the grating. This approach suppresses the side lobes and
thereby smoothen the reflectivity curve of the grating. Apodisation can
significantly diminish the reflectivity of side lobes which in turn allows the
isolation of adjacent channels [19]. Consequently, adjacent channel separation
also reduces cross-sensitivities induced by crosstalks.

There are several most commonly used functions, which can be used as

apodisation profiles. Few of the apodisation profiles are as follows [20]:

a) raised sine profile,
f(z) = sin? <E> 0<z<lIL, (14)
Lg
b) sine profile,
f(z)=sin(E>, 0<z<lI, (15)
Lg
C) sinc profile,
L
; 2z —-2
f(z):sm(x)’ ‘= (L 2); 0<z<l,
g g (16)
d) positive-tanh profile,
2az Ly
f(z))=tanhL—, OSZS?
’ (17)
B 2a(Ly — 2) Ly
—tanh[T], 7SZSL9
e) Blackman profile,
_ 1+ 1.19cos(x) + 0.19 cos(2x)
f(z) = 538
(18)
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X = ;0 0<z<L
Lg
f) Gaussian profile,
2=\’
z) =exp|—4 2
f(2) p L, (19)

where, z is the position of the grating, L, is the grating length [21].
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Figure 4.6: Apodisation profiles

For each profile an apodisation parameter, a,;s can be defined, with an
unapodised grating having apodisation parameter value 1. The value of a,f for

raised sine, sinc, sine and positive tanh (a=4) profiles are 0.5, 0.589, 0.636 and
0.826 respectively [20]. The smaller the value of a.ss, the tighter would be its

apodisation profile.

g) Raised cosine profile [16] is given by:
f(z)=al| 1+ cos
g (20)

where, a is the raised-cosine parameter or roll-off factor.
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Figure 4.7: Raised cosine apodisation profile for different alpha values

Figure 4.7 is the plot of raised cosine modulation function. It can be observed
that, with an increase in raised cosine parameter (a), the amplitude of the

reflectivity curve and its spectral bandwidth response also increases.
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Figure 4.8: Sine and Raised sine apodisation applied to chirped FBG

Figure 4.8 demonstrates the effect of apodisation on a linearly chirped grating
of fixed length and fixed refractive index modulation depth. The length of the
grating is taken as, L,= 5 cm and number of gratings, N=200. Other parameters
are: design wavelength, 1, = 1550 nm, effective refractive index, n.;r = 1.45,

modulation depth, An,;; = 10~* and chirp value = 0.5 nm/cm.
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4.4 Theoretical investigations on FBG temperature and strain
sensitivities
Shift in Bragg wavelength due to temperature change is given by [18-22]:

MM _ 4+ yaT (21)
2

1 0A, . . .. 1 An .
where, @ = ——2 is the thermal expansion coefficient, § = ——%L js the thermo-
Ag OT nefr OT

optic coefficient and AT is the change in temperature.

Fractional change in Bragg wavelength for applied strain (e =AAﬂ) is given by
)

[18-22]:

Ap(e) _ (1 p)Ae (22)
A

where p, is the photo-elastic coefficient and A¢ is the variation in strain value.
When temperature and strain both simultaneously acts on a fibre grating [18-
22], their effects are additive. And Bragg wavelength change is given by:

—Alb/l(T' &) = (a+ AT + (1 — p.)Ac (23)
b
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Figure 4.9: FBG temperature sensitivity graph

Figure 4.9 shows the FBG temperature sensitivity graph, which is the plot of
shift in Bragg wavelength to temperature change. FBG temperature sensitivity

factor calculated theoretically varies linearly with applied strain.
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Figure 4.10: FBG strain sensitivity graph
Figure 4.10 shows the FBG strain sensitivity graph, which is the plot of shift in
Bragg wavelength and change in applied strain. FBG strain sensitivity factor
calculated theoretically varies linearly with applied strain. The strain sensitivity
of FBG occurs mainly due to the compression and expansion of its grating period
and also the strain-optic effect; which is defined as the strain-induced change
in glass refractive index [23]. For experimental evaluation of FBG strain
sensitivity, cantilever vertical displacement due to load is considered, which is

again directly proportional to applied strain.

4.5 Experimental analysis of FBG sensors

Experimental analysis of FBGs were carried out to understand its response to
different sensing modalities like temperature, strain, acoustic signal, etc.
Experiments were carried out using high wavelength resolution, high dynamic
range instruments like Optical Spectrum Analysers (OSA) and broad band light
sources, in order to characterise the FBGs. OSAs measure optical power spectra
typically over the wavelength range of 600 to 1750 nm, achieving a spectral
resolution of approximately 0.01 nm. Optical spectrum gives information about
the features of the grating and also the shift in wavelength with changes in
physical parameters.
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Based on the identified optimal grating parameters through simulation, suitable
FBGs (>80% reflectivity, polyamide coated for high temperature conditions
suiting O&G applications) were procured for conducting the experimental
analysis and sensor development. Experiments were then carried out on the
polyimide coated FBG sensor to characterise its response to different forms of
strains and temperature and also to analyse it performances. Generally,
performance of any sensor is defined by parameters like linearity, sensitivity,

reversibility and hysteresis, repeatability, accuracy, range, response time, etc.

4.5.1 FBG Temperature Analysis

i / Thermometer

2x2 i 1
Light Coupler FIDES '

Source '
I!
Detector ’

FBG Sensor 41

[T
[

Steel vessel
with water

Figure 4.11: Pictorial view of experimental setup for temperature sensing

Figure 4.11 shows the laboratory setup used for calibration of FBG temperature
sensor. Here the sensor is submerged in water (at 19 °C), which is then heated
on a hotplate until it boils (up to 100°C). The optical fibre containing the FBG

sensor was submerged in water, and the available pigtail was connected down

80



to the output port of the fibre coupler. The input ports were connected to the

broad band light source as well as the OSA which acts as the detector for the

reflected signals from the FBG sensors.

Figure 4.12: Experimental set up for FBG temperature analysis

Figure 4.12 shows the picture of the actual experimental setup used to carry
out the FBG temperature analysis. Ando AQ-4303B and Anritsu OSA - MS9710C
was used as the light source and detector respectively. The temperature of the
water in the vessel was precisely monitored using a digital thermometer and the
Stuart Scientific hot plate used is capable of imparting controlled temperature

values (0 - 100 °C) in steps of 10 °C.
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Figure 4.13: Wavelength vs Temperature with FBG sensor in water medium
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From Figure 4.13 it is evident that, FBG reflected signal shifts in the longer
wavelength direction with increase in temperature. The FBG sensor showed a
linear trend for increasing temperatures. FBG temperature sensitivity depends
on the thermal expansion coefficient of the fibre and also the thermo-optic
effect, which is defined as the temperature induced variation in glass refractive

[23-24].

n

Figure 4.14: Experimental set up used for FBG temperature analysis for
temperatures above 100 °C

Figure 4.14 shows the experimental setup used to characterise the FBG
temperature sensor for temperatures above 100 °C. To obtain the
temperature sensitivities, the FBG sensor was positioned inside the
temperature controllable oven, and the temperature was varied in the PID
(proportional-integral-derivative) digital temperature controller from about 30
°C to 170 °C. In Figure 4.14, the spectrum that can be seen on the OSA screen
shows the level of background noise that appears along the FBG signal. This
signifies the need for SNR improvement in FBG sensors for long distance remote

sensing applications.
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Figure 4.15: Wavelength vs Temperature with FBG sensor in air medium

From Figure 4.15, it can be observed that the FBG reflected wavelength
increases steadily for temperatures above 100 °C as well. Despite changes in
medium and increase in temperature, the FBG temperature sensor maintains its

trend in wavelength shift.
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Figure 4.16: FBG temperature Reversibility

Figure 4.16 depicts the reversibility feature of the FBG temperature sensor.
From the graph, it can be observed that the FBG sensor follows similar paths

for increasing and decreasing temperature values.
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4.5.2 FBG Tensile and Compressive Strain Analysis

Micrometer

Variable end

Fixed end #

Broadband
Source

Coupler
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Figure 4.17 Pictorial view of FBG strain analysis experimental setup

Cantilever based strain analysis were carried out to understand the response of
the FBG sensor to tension and compression. The objective behind this study was
to validate its suitability for O&G condition monitoring applications.

Figure 4.17 shows the pictorial view of the cantilever setup used to carry out
the micro-displacement based compressive and tensile strain analysis. In order
to analyse both types of strains a dual FBG sensor configuration [25] was used.
Two FBGs with reflectivity wavelength 1555 nm and 1540 nm were glued on to
the cantilever metal plate with, one above and one below the cantilever
respectively. The cantilever plate was made of Aluminium material with
dimensions of 30 cm x 3 cm x 0.3 cm. One end of the cantilever was fixed and
to the other end strain was applied by a micrometer which is fixed on to a
translational stage. The micrometer was varied in steps of 0.05 mm in order to
take the readings.

In the FBG strain sensor system shown in Figure 4.17, output from the broad
band source is coupled into the 2 x 2 fibre coupler, where the power is equally
distributed in both the arms of the waveguides. From each of the output ports

of the coupler, the light beam goes into the FBGs and the reflected signals from
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the sensor gratings are analysed in the OSA. By examining the reflected

spectrum, the shift in wavelength and its grating parameters can be monitored.

‘Broadbar
light source

Figure 4.18: Experimental set up for FBG strain analysis

Figure 4.18 shows the picture of the cantilever setup used to carry out the
micro-displacement based compressive and tensile strain analysis. White light
source from Ando (AQ-4303B) was coupled to the FBGs using a 50:50 coupler
and the reflected signal from FBGs were detected and analysed in the Anritsu

(MS9710C) OSA.
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Figure 4.19: Wavelength vs Displacement on application of tensile strain
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Figure 4.20: Wavelength vs displacement on application of compressive

From the graph shown in Figures 4.19 and 4.20, it can be observed that the

reflected wavelength

decreases with compressive strain.
experiences a upward and downward wavelength shift on application of the
micrometer displacement for tensile and compressive strain respectively. The

strain measurements were taken under constant temperature conditions (room

temperature = 20°C),

strain measurements. The strain sensitivity of FBG occurs mainly due to the
compression and expansion of its grating period and also the strain-optic effect;

which is defined as the strain-induced change in glass refractive index [23-24].
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Figure 4.21: FBG Strain Reversibility
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The graph in Figure 4.21 depicts the reversibility feature of the FBG sensor on
application of strain. Reversibility of a sensor measures its capability to follow
the changes of the input parameter regardless of which direction the change is
made. From the graph, it can be observed that the FBG sensor follows almost
similar paths for increasing and decreasing strain values. Analysis of
repeatability of the sensor gives an idea of its stability against constantly varying
and challenging environmental conditions. Further analysis was carried out by

varying the positions of strain application on the cantilever plate.

4.5.3 Investigations of positional influence of FBG sensors

This section investigates the effect of FBG sensor positions on its reflected
signal, in order to optimise the sensor positioning plan for structural health
monitoring of O&G structures. Theoretical (refer appendix) and experimental
studies was carried, to evaluate FBG strain sensitivities with varying positions.
Cantilever beam structure was used to study the effect of strain under different
applied load conditions [26-28]. The position of load applied to the cantilever
beam was varied to evaluate the strain at various positions along the beam to
optimise the placement of sensors on such structures.

Strain was applied at 3 different positions, each at a distance of 7.5 cm from
each other. Figure 4.22 illustrates the different positions on the cantilever were

strain was applied using the micrometer.

Position 4 Position 2 Position 2 Position 1
{22.5 cm) (15 cm) (7.5 cm) (0 cm)
Fixed ¢ Variable
end end
HHHHHHHH

FBG

Cantilever plate

Figure 4.22: Illustration of cantilever positions
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A micro-displacement-based strain analysis was carried out using a rectangular
cantilever beam, in order to analyse the positional influence of FBG on the
sensing signal. A cantilever setup was used for the experimental investigation
of strain because it resembles most of the elongated offshore structures like
flare booms, cranes, etc. Experiments were carried out using cantilever beam
of Aluminium material with dimensions of 300 mm x 30 mm x 3 mm. One end
of the cantilever was fixed and strain was applied at different positions of the
cantilever by a micrometer. The micrometer was varied in steps of 0.05 mm in
order to take the readings. FBG sensor was attached on to the cantilever beam
to analyse the impact of varying positions of strain application on the reflected
signal from FBG. Optical instruments like OSAs, broad band light sources and
coupler were used in the experiment to obtain the shift in Bragg wavelength for

any strain transferred on to the FBG sensor from the cantilever beam.

1555.35 -
1555.30 -
1555.25

~ 1555.20

£ 1555.15 -

'§ 155510 +—————

g 1555.05 -

E 1555.00 -

2 155405 -
155490 +—
1554.85 +—
1554.80

==$==Position 1

== Position 2

Position 3

0.0 01 0.2 0.3 04 05 0.6

Displacement (mm)

Figure 4.23: FBG strain responses at different cantilever positions

From the graph shown in Figure 4.23, it is clear that FBG reflected wavelength
decreases with increasing distance from the cantilever free end, maintaining the
linear trend. The reflected wavelength experienced a shift with changing
positions of strain application. From the graph, it is also clear that FBG's strain

sensitivity is dependent on the position of strain application.
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For validating the FBG results, experiments were carried out using strain
gauges. Three strain gauges were fixed on the stainless-steel cantilever (25
mm X 1 mm x 300 mm) at 275 mm (strain gauge 1), 250 mm (strain gauge 2)
and 225 mm (strain gauge 3) position from the fixed end. Strain measurements
were performed by varying the displacement of the cantilever. As the
displacement increased, higher strain values were observed along the
cantilever at all the positions as shown in Figure 4.24. A higher strain was

observed towards the fixed end of the cantilever for each displacement.
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Figure 4.24: Strain measured along the rectangular cantilever beam for the
different displacements

Hence, by properly positioning the FBG sensor, a stronger reflected signal can
be obtained, which in turn improves the SNR of the sensor. This positional
influence of FBG sensors can be utilised in the structural health and condition

monitoring of different offshore and subsea structures.

4.5.4 FBG based acoustic sensing

In recent years, an increasing number of offshore platforms are being operated
unmanned, considering the cost implications of the asset operations and
maintenance. Being unmanned, the conventional inspection and monitoring

techniques are no longer effective and there arises a need for new monitoring

89



strategies. Consequently, remote monitoring of offshore platforms and critical
subsea structures like christmas tree, subsea manifolds, etc., are gaining
considerable attention, as it can provide valuable information to predict potential
damages occurring on these structures due to the highly corrosive and harsh
environment. In addition, collision between offshore platforms and vessels is
another serious problem confronted by the oil companies which is structurally
more destructive than the environmental impact. Therefore, a continuous, real-
time and remote condition monitoring system is vital to provide a reliable means

of structural inspection at a minimal cost.

Optical fibre technology offers immense potential and capabilities for real time
and remote monitoring of O&G structures. FBG sensors have not been
extensively studied for structural health monitoring of submerged or dynamic
offshore structures. The current research work focusses on how FBG sensors
can be used to detect micro-cracks from within the offshore and subsea
structures.

During the initial stage of any fatigue crack creation from within the structure,
acoustic signals are emitted. Detecting these crack initiations using FBG sensors
based on acoustic emission signal allows the early detection and prediction of
the time to failure of the structure under monitoring. This is a very useful, non-
destructive and smart sensing technique for continuous monitoring of offshore
structures to identify the structural integrity issues, identify its impact and
mitigate failures.

The features of a smart condition monitoring system include: ability to monitor
structures remotely on a real-time basis, no battery power requirements, ability

to return stronger sensing signals (High SNR), ability to operate in a harsh
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marine environment, high reliability (continuously monitor with high accuracy
and precision) and higher sensor lifetime.

This section studies the effect of crack induced acoustic emissions on FBG
reflected signal, for structural health monitoring of subsea structures. Acoustic
emissions were initiated via a Pencil Lead Break (PLB) test carried out on the
fixed rectangular metal plate attached with the FBG sensor. PLB source also
termed as Hsu-Nielsen (HSN) source is a widely used, reproducible artificial
acoustic source for test signals in acoustic emission applications [29-30]. In PLB
test a pencil lead (usually 2H, 0.3 mm) is broken against the test structure
which is the rectangular metal plate in this experiment under a defined angle.
[31]. A special shoe aids in breaking the lead consistently. The frequency
spectrum of a PLB source ranges from 40 kHz to 600 kHz [32]. A reference FBG

was kept close to the metal plate, to account for any ambient condition changes.
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Figure 4.25: FBG sensor responses to pencil lead break experiment

Figure 4.25 shows that the FBG sensor responses to the pencil lead break
experiment. Through the experiment it was proved that the FBG is sensitive to
detect acoustic emissions initiated from the lead crack. The PLB initiates acoustic
emissions which in turn generates elastic waves on the metal plate. These

elastic waves interacts with the electromagnetic or optical waves propagating
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through the optical fibre via the FBG sensor. The longitudinal acoustic wave
generated from the pencil lead break creates a strain on the FBG sensor, which
in turn affect its Bragg reflected wavelength. This strain induced on the FBG
consists of a tensile strain component and a compressive strain component.
FBG’'s reflected wavelength linearly increases with tensile strain and linearly
decreases with compressive strain [33].

To sum up, the investigations carried out proved that, the FBG sensors can be
effectively used for the early identification of cracks, prediction and prevention

of failure scenarios of the huge offshore and subsea structures.

4.6 Summary

The investigations carried out in this chapter looked at different ways of using
FBG in O&G applications. The detailed study carried out helped in understanding
the operation of FBG sensors, the issues associated with O&G sensing
environment and also the different ways of achieving signal enhancement. The
investigations carried out identified the relevance of proper positioning of FBG
sensors for condition monitoring of offshore structures, as a properly positioned
FBG experiences an enhancement in its sensitivity. The experimental study
conducted using the cantilever set-up helped in identifying the changing
response of FBG with different types of strain application (compressive and
tensile strain) and also with varying strain positions. MATLAB simulations
conducted on FBG sensor revealed the possibility of optimising its grating
parameters to achieve higher accuracy, improved sensing range and increased
number of sensors down-hole by tuning its reflectivity and spectral width. To
sum up, identifying the right position of FBG sensors with respect to pipeline

axis and other subsea infrastructures and optimisation of its various grating
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parameter enhances its capabilities for structural health monitoring, as FBG
sensors records highest amplitude and peak sensitivity at specific points.
Optimised positioning of FBG sensors aids in precise and accurate measurement
of physical parameters and also improves the sensor range within ultra-deep oil
well. Hence, PCF-FBG sensor configuration with optimised capabilities of FBG
along with the remarkable features of microstructured fibres make them a better
solution compared to existing down-hole electrical sensors. However, even
though PCF-FBG sensors are capable of sensing various physical parameters, it
has got few downsides like cross-sensitivity and difficulty in sensing multiple
parameters simultaneously. Hence, additional spectroscopic techniques are
investigated in Chapters 5 and 6 to realise multimodal sensors without any

cross-sensitivities.
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5. PHOTOLUMINESCENCE SPECTROSCOPIC INVESTIGATIONS ON RARE

EARTH DOPED GLASSES

5.1 Introduction

Rare earth material is a widely researched and unique class of optical material,
owing to their wide range of potential applications in the field of different
photonic devices including lasers, amplifiers, light sources and optical sensors.
Even though many research studies have been carried out on rare earth doped
materials and rare earth doped sensors for many years, there are not many
studies reported that utilise their capabilities for fibre optic based O&G sensing
applications.

The choice of different absorption-emission bands provided by various rare earth
elements and the ease of doping these elements into appropriate host matrices
makes them a suitable candidate for fibre optic sensing applications [1-2].
Important advantages of rare earth doped fibre optic sensors include wide range
of wavelength tunability, covering the visible and near infrared spectral ranges,
compatibility with existing optical fibres and its materials and higher pulse peak
power [3]. Furthermore, the applications of rare earth doped sensors include
temperature sensing, chemical sensing, biological sensing, etc., [4-5].

This chapter concentrates on the spectroscopic characterisation of rare earth
doped glass materials with the aim of enhancing the signal and realizing PCF-
rare earth-FBG based multi-parameter sensor configuration.

Absorption and photoluminescence spectroscopic studies have been carried out
on the fabricated rare earth doped glasses in order to analyse the effect of
different rare earth concentrations and excitation wavelengths on the

photoluminescence signal intensity. Material composition and surface quality of
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the glass samples have been investigated using energy dispersive X-ray analysis

(EDXA) and scanning electron microscopy (SEM) respectively.

5.2 Theoretical Background

Photoluminescence is the light emission caused when a material is irradiated
with light (normally ultraviolet or visible light). Among different light matter
interaction phenomenon’s like absorption, reflection, etc., photoluminescence is
a very important class; as it is a source of new wavelength of light [6]. Normally,
photoluminescence or fluorescence emissions occur at a longer wavelength after
a small interval of time (termed as fluorescence lifetime), as a result of the
absorption of shorter wavelength (also called as excitation wavelength) [7].
Typically, fluorescence emission occurs within a nanosecond to millisecond time

span after light irradiation.
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Figure 5.1: (a) Illustration of energy state transitions (b) excitation and
photoluminescence emission profile

Photoluminescence involves the excitation of electrons from a lower vibrational
energy state to a higher energy state with the irradiation of light, from where
radiative decay is possible. The optimal or most efficient excitation wavelength

usually corresponds to the absorption maximum [8]. During the excitation
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process, photon absorption happens instantaneously and very soon the
photoluminescence molecule relaxes to the lowest vibrational energy level
within the excited state. Following this, next transition occurs, and the molecule
goes back to its ground state either through spontaneous emission or non-
radiative decay process. In spontaneous emission, energy is released in the
form of photon; whereas in non-radiative decay process, energy is released in
the form of heat. The emitted photon has lower energy than excitation photon,
as some energy was lost during the relaxation process. This results in a shift in
the photoluminescence wavelength with respect to the excitation wavelength
and is known as the Stokes shift [9]. Usually photoluminescence profile
experiences a red shift relative to the excitation profile, wherein spectral shifting
occurs towards the higher wavelength (i.e. lower energy and lower frequency)
[10].

The rare earth dopant ions belong to the transition metal or lanthanide series
and are characterised by unfilled 4f shells in the interior of the ion. The rare
earth elements possess sharp and well-defined photoluminescence spectral
features, dominated by sharp zero-phonon lines [11]. This is because the outer
shell (552 and 5P°%) electrons of the rare earth ions screen the inner unfilled 4f
shell from outside perturbing influences, which protects the optically active
electrons from the influence of the crystal field to some extent [11-12].
However, many phenomena like multi-phonon relaxation, (phonon assisted)
energy transfer, cooperative luminescence and cross relaxation are possible
mainly due to interaction of the 4f electrons and their surroundings [13]. The
electron—phonon coupling strength for rare earth ions can be analysed from its
temperature dependent line broadening. At elevated temperatures the line

width of the zero-phonon lines increases due to phonon induced relaxation
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processes [14]. Generally, for temperature sensors based on lanthanides doped
materials, low phonon energy materials are preferred, because in hosts with low
cut-off phonon energies, the emission intensity of rare-earth ions introduced as
doping is enhanced by several times [15].

Rare earth ions doped within the optical glass invokes photoluminescence and
can be detected using a suitable photodetector or spectrometer. Important
advantages of rare earth materials over other photoluminescence materials
include: unique excitation-emission patterns, narrow photoluminescence
emission profiles, laser Stokes shift providing wavelength differentiation and

wave guidance properties.

5.3 Fabrication of rare earth doped glasses

Different rare earth doped glasses were fabricated using the melt-quench and
sol-gel glass production techniques for carrying out various spectroscopic
investigations [16-17]. Spectroscopic studies of rare earth doped glasses were
carried out to understand the effect of rare earth doping concentration and
excitation wavelengths on photoluminescence signal intensity. Furthermore,
photoluminescence spectroscopy-based temperature studies of the rare earth
doped glasses were carried out to verify its suitability for high temperature
sensing as needed for the O&G industry.

From the different glass host systems available such as borate glass, soda lime
glass, borosilicate glass, phosphate glass, etc., borosilicate glass was chosen as
the base glass for rare earth doping [18]. Zinc borosilicate glass (ZBSG) host
system was chosen as it is a well-established candidate material for
phosphorescence applications [19]. The glass matrix with ZnO enhances its

glass forming ability and ensures low rates of crystallization [20]. Furthermore,
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ZnO addition enhances the emission cross-section and the intensity of emission
of the doped glass which could be due to better solubility of rare earth ion in the
glass host system [21].

For the first batch of glass samples, 3 rare earth doping elements - terbium
(Tb), erbium (Er) and ytterbium (Yb) were selected. Er and Yb elements were
chosen mainly because Er doped fibres and Yb doped fibres are commercially
available which would aid in multimodal sensor development and Tb was picked
because through literature review it was identified that they possess
temperature sensitivity [22]. Photoluminescence glass materials of different
concentrations were fabricated by carefully doping these rare earth elements
into the borosilicate glass host matrix. The starting materials used for the
preparation of different concentrations of rare earth doped borosilicate glasses
were zinc oxide (Zn0), boron oxide (B,03), silicon dioxide (Si0,), terbium III
chloride hexahydrate (TbCl;.6H,0). All chemicals were purchased from Sigma

Aldrich with greater than 99% purity [23].
The batch mixture of zinc borosilicate glass was:
60Zn0 + 20B,05 + 20Si0, (mol%)

The weighed chemical batches consist of 4.5717 g ZnO, 1.3034 g B,0; and

1.1253 g Si0,, giving a total weight of 7 g.
The rare earth doped borosilicate glass batch mixture was:
(60 — x)Zn0 + 20B,05 + 20Si0, + xLa3* (where La3*= Tb, Er, Yb)

where x value relates to the decrease in Zn0 composition and the corresponding

rare earth concentration increase from 0.5, 1.0, 1.5, and 2.0 mol% [24].
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Figure 5.2: Image of (a) sample weighing, (b) milling machine, (c) agate ball
mill and (d) powdered sample mixture

As can be observed in Figure 5.2 (a) and (b), the weighed batches each of 7 g
were ground on an agate ball mill for 7 minutes using the Glen Creston milling
machine. Figure 5.2 (c) shows the picture of the agate vial or jar used. After the
ball milling process the homogenous powder mixture (Figure 5.2 (d)) was
transferred into a platinum crucible and was introduced into the Carbolite 1400
high temperature furnace (Figures 5.3 (a) and (b)) at a starting set temperature
of 550 °C. After 30 minutes the temperature was increased to 900 °C and
maintained for an hour. Following this the temperature was increased to 1000,
1100 and 1200 °C, for one hour at each stage. Finally, at 1200 °C the fully
melted powdered chemicals forming the glass melt was poured onto a brass
mould to obtain the glass samples of uniform thickness. The brass mould was
heated to an annealing temperature of 100 °C on a hot plate (Figure 5.3 (¢)) to
reduce chances of glass cracking due to thermal stresses. Figure 5.3 (d) shows

the obtained glass sample within the mould.
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(b)
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Figure 5.3: Image of: (a) hot furnace, (b) Platinum crucibles containing
powdered chemicals kept inside hot furnace, (c¢) heated brass mould and (d)
glass sample formed in the mould

Subsequently, the rare earth doped glass preform was pulled into micron

diameter sized fibres for developing rare earth doped fibres.
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5.4 SEM and EDAX analysis of rare earth doped glasses
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Figure 5.4: SEM image of: (a) ZBSG, (b) 2 mol% Tb doped ZBSG, (c) 2 mol%
Er doped ZBSG, (d) 2 mol% Yb doped ZBSG at 500X magnification

The surface quality of the fabricated rare earth doped glass samples has been
analysed by imaging it under the Carl Zeiss EVO LS10 SEM. Figure 5.4 and 5.5
shows the SEM images of blank ZBSG, Tb doped ZBSG, Er doped ZBSG and Yb
doped ZBSG with rare earth concentration 2 mol%, at different scales
(20 um, 1 um) and magnifications (500X, 10.00 KX). From the SEM images shown
in the figures, it can be observed that the surface of the glass samples are
without any cracks. Some small particles seen on the surface might be pieces
of broken glass chips and glass powders stuck on to the glass surface. It is
important to understand the smoothness of the glass surface, as these doped
glass preforms will be used for fibre drawing, and therefore it is important to
avoid any chances of breakages of the fibre during the fibre drawing process.
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Figure 5.5: SEM image of: (a) ZBSG, (b) 2 mol% Tb doped ZBSG, (c) 2 mol%
Er doped ZBSG, (d) 2 mol% Yb doped ZBSG at 10.00KX magnification

Further analysis was carried out using the Oxford Instruments INCA EDXA
coupled with the Carl Zeiss EVO LS10, to verify the material composition of the
different glass samples. The EDXA graphs confirmed the presence of the
corresponding rare earth dopant ions and other constituent atoms of the blank
ZBSG, Tb doped ZBSG, Er doped ZBSG and Yb doped ZBSG samples
respectively. In the EDXA graph shown in Figure 5.6 (a), the elements present
in the fabricated ZBSG was verified. It was observed that in addition to the B
(boron), 0 (oxygen), Zn (zinc) and Si (silica) elements coming from the base or
starting materials (Zno, B,0; and Si0,) some traces of C (carbon) were also
obtained. Similar elements were also found on the EDXA graphs of the rare
earth doped glasses with rare earth elements Tb, Er and Yb as shown in Figures

5.6 (b), (c) and (d). Figures 5.6 (b), (c) and (d) also confirms the presence of

105



the corresponding rare earth elements within the fabricated glass samples.
Basically, EDXA was carried out to understand if the rare earth is well doped

into the glass matrix.
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Figure 5.6: EDAX spectrum of: (a) ZBSG, (b) 2 mol% Er doped ZBSG, (c) 2
mol% Yb doped ZBSG and (d) 2 mol% Tb doped ZBSG

5.5 UV-VIS-NIR Absorption studies of rare earth doped glasses

The principle of absorption spectroscopy is - when light beam travels through a
medium like glass, its intensity gets reduced. This is because absorption
happens, when the energy of light photon matches with the energy needed to
excite an electron within the glass to its higher energy state, and hence the

photon is absorbed by the glass. Absorbance value normally depends on the
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glass composition, thickness and the wavelength of incident light. Absorbance

is given by the (Beer-Lambert law) [25-26].

Figure 5.7: Picture of (a) absorption spectrometer and (b) glass sample fixed
on the cuvette introduced into the sample compartment

Absorption studies were carried out using the Perkin Elmer Lambda 950
Spectrophotometer (Figure 5.7 (a)). Each of the glass sample (~ 2 mm size)
was fixed vertically in a small cuvette in order to hold the sample perpendicular
to the incident beam. Following this, the glass sample fixed on the cuvette was
inserted vertically into the cuvette holder compartment (Figure 5.7 (b)) for
absorption analysis. The samples were scanned for the full wavelength range
190 nm - 2300 nm, covering the ultra-violet (UV, < 400 nm) visible (VIS, 400-
800 nm) and near infrared (NIR, > 800 nm) wavelengths. Absorption studies
were carried out after performing background corrections and the spectra
obtained corresponding to each glass composition is explained in the following
paragraphs.

Though the Beer-Lambert law accommodates both concentration and optical
path length dependencies, absorption analysis is not a great approach for
making concentration comparisons. This is because the proportion of the light

absorbed will depend on how many molecules it interacts with. Hence,
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concentration dependencies of the rare earth doped glass samples are not

analysed using the obtained absorption results.
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Figure 5.8: Absorption spectrum of blank ZBSG: (a) UV-VIS range, (b) NIR
range

Figure 5.8 shows the absorption spectrum for blank ZBSG in the UV-VIS and
NIR wavelength range. Figure 5.8 (a) shows the high UV absorption
characteristics of the borosilicate glass and the transparency of glass in the
visible wavelengths. The origin of absorption peaks around 1400 nm and 1800
nm is attributed to the presence of OH group [16]. The absorbance value of
blank ZBSG sample was obtained around 0.35. Slight deviations in the
absorbance values in other glass samples is probably due to unpolished glass
sample. Hence, the choice of BSG as the host for rare earth ions was appropriate
as the characteristic photoluminescence signatures of the rare earth dopants
will not be affected by any interference effects. The energy level diagram for Tb,

Er and Yb is shown in figure 5.9.
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Figure 5.9: Energy level diagrams corresponding to Th3*, Er3* and Yb3* [27]
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Figure 5.10: Absorption spectrum of different concentrations of Tb doped
ZBSG: (a) UV-VIS range and (b) NIR range

Figure 5.10 shows the absorption spectrum for Tb doped ZBSG samples in the
UV-VIS and NIR wavelength range. In the graphs Tb05, Tb10, Tb15 and Tb20
represent the glass codes for the 0.5, 1.0, 1.5 and 2.0 mol% Tb doped ZBSG.
From Figure 5.10 (a) a high UV absorption can be observed owing to the BSG
host matrix and the characteristic absorption peaks of Tb dopants can be seen

at 376 nm (°D; -» ’F¢) and 486 nm (°D, - "F¢)[28-31]. The spectral peaks

observed in the NIR (1800-2300 nm) range are the glass peaks from the BSG

host.
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Figure 5.11: Absorption spectrum of different concentrations of Er doped
ZBSG: (a) UV-VIS range, (b) NIR range

Figure 5.11 shows the absorption spectrum for Er doped ZBSG samples in the
UV-VIS and NIR wavelength range. In the graphs Er05, Er10, Erl5 and Er20
represent the glass codes for the 0.5, 1.0, 1.5 and 2.0 mol% Er doped ZBSG.
It can be observed that, the characteristic absorption bands of the Er dopants
centred around 365 nm (Energy level transition: *I;5,, = *Gy/,), 378 nm (*I;5,, =
*Gy1/2), 406 nm (*I15/, = *Hg/3), 451 nm (*Ii5/ = *F3/2.5/2), 488 nm (*Ii5,, =
*F7/2), 520 nm (*Iy5/; = *H11/2), 543 nm (*l15,, = *S3/2), 651 nm (*l15/, = *Fg/2),
797 nm(*lys5/2 = *los2), 971 nm (*lys/; = *li1/2), 1530 nm (15, = *113/2) [32-34].
Other small peaks observed in the wavelength range 1800-2300 nm are the

glass peaks of the host matrix as explained earlier.
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Figure 5.12: Absorption spectrum of different concentrations of Yb doped
ZBSG: (a) UV-VIS range, (b) NIR range
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From figure 5.12 (a), it can be observed that there are no evident absorption
peaks for Yb doped ZBSG in the UV-VIS spectral regions and the high UV
absorption arises from the BSG host system. Yb05, Yb10, Ybl5 and Yb20
represent the glass codes for the 0.5, 1, 1.5 and 2 mol% Yb doped ZBSG. The
sharp absorption peak of Yb doped ZBSG centred around 975 nm (Figure 5.12
(b)) corresponds to the *F,,, - *F5,, energy level transition of the Yb3** ion [35-
37]. The broad absorption of Yb is due to electronic transitions involving the

Stark sublevels of the ?F;,, and ?F5,, levels [36].

5.6 Photoluminescence spectroscopic studies of rare earth doped
glasses

photoluminescence properties of the fabricated rare earth doped glasses were
characterised using the Edinburgh Instruments fluorescent spectrometer (F900)
shown in Figure 5.13 (a). Figure 5.13 (b) shows the sample fixed on the glass
holder introduced on to the sample compartment of the photoluminescence
spectrometer. Xenon light source (Xe900) and the Hamamatsu blue PMT were

used as the source and detector respectively.

Figure 5.13: Picture of (a) Edinburgh instrument photoluminescence
spectrometer and (b) glass sample with the sample holder introduced into
the sample compartment
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Excitation and emission scans were run on the glass samples to obtain their
excitation peak wavelengths and their corresponding photoluminescence
signatures. The excitation and emission slit widths were set to 5 nm for the
excitation-emission scans. The light excitation at lower or higher wavelengths
affects the intensity of emitted light or the photoluminescence. Hence, it is
important to find the wavelength corresponding to the excitation maximum to
obtain the maximum photoluminescence emission intensity.
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Figure 5.14: Excitation spectra for different Tb concentrations corresponding
to 544 nm photoluminescence emission

Figure 5.14 shows the measured excitation spectra of different concentrations
of Tb doped BSG recorded in the wavelength range 300 - 525 nm,
corresponding to the green photoluminescence emission at 544 nm. In the
graphs Tb05, Tb10, Tb15 and Tb20 represent the glass codes for the 0.5, 1.0,
1.5 and 2.0 mol% Tb doped BSG. The excitation spectrum displayed peaks at
304, 318, 354, 376, 406 and 486 nm. However, the bands at 304 and 406 nm
were weaker compared to other excitation peaks. The most intense peak at 376
nm corresponds to the transition from the Tb ground state ’Fs to the higher

excited level (°Ds, °Ge) [38] suggests the suitability of UV LEDs for irradiating

113



the Tb doped glass and obtaining its corresponding photoluminescence
emission.

Figure 5.15 (@) depicts the optical photoluminescence spectra of the Tb doped
glass in response to an optical excitation of 376 nm. This analysis was carried
out in order to understand the effect of terbium concentration on its
photoluminescence intensity and thereby optimise the Tb doping concentration
level within the waveguide. The Tb characteristic photoluminescence peak was
obtained at 544 nm corresponding to its green emission (°D, — “F5) [39]. The
intensity variation of 544 nm Tb photoluminescence as a function of its
concentration, for 376 nm excitation, is shown in Figure 5.15 (b). From the
graph, it can be observed that the Tb doped borosilicate glass exhibits a strong
luminescence at 1.5 mol% concentration. Further increase of the rare earth
concentration to 2 mol% did not improve the photoluminescence signal
intensity. Hence, 1.5 mol% is the optimum doping concentration for the earth

doped waveguide to obtain maximum signal intensity.
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Figure 5.15: (a) Emission spectra for different Tb concentrations

corresponding to 376 nm excitation and (b) photoluminescence intensity vs
Tb concentration for 544 nm emission under 376 nm excitation

Besides, in order to analyse the effect of different excitation wavelengths on the

photoluminescence intensity of the Tb doped BSG, the emission scan was
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recorded for different excitation wavelengths as depicted in Figure 5.16 (a). In
Figure 5.16 (b), the variation in photoluminescence intensity is plotted as a
function of excitation wavelengths for the 544 nm Tb emission. For the different
excitation wavelengths tried, highest photoluminescence intensity was obtained

for 376 nm excitation followed by 354 nm, 486 nm and 318 nm.
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Figure 5.16: (a) Emission spectra of 1.5 mol% Tb for different excitation
wavelengths and (b) intensity variation of 1.5 mol% Tb for different
excitation wavelengths

After characterising Tb doped glass samples, similar excitation-emission studies
were carried out on Er doped samples. Figure 5.17 (a) shows the obtained
excitation spectra corresponding to different concentrations of Er doped ZBSG
recorded in the wavelength range 300 - 530 nm, corresponding to the 550 nm
visible photoluminescence emission. A strong excitation peak was observed at
360 nm, followed by a weaker peak at 392 nm. The most intense peak at 360

nm corresponds to the transition from the Er ground state *I,5,, to the higher

excited level (*Gy/,) [40].
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Figure 5.17: (a) Excitation spectra of Er doped glasses corresponding to 550
nm photoluminescence emission and (b) emission spectra of Er doped
glasses for 360 nm excitation

Figure 5.17 (b) depicts the optical photoluminescence spectra of the Er doped
ZBSG in response to an optical excitation of 360 nm. The characteristic visible
photoluminescence peak of Er doped glass was obtained at 550 nm which
represents the *S;,, - *I,5,, transition [41-42]. From the graph, it is confirmed
that the Er doped borosilicate glass exhibits a strong luminescence at 1.5 mol%
concentration. Further increase of the rare earth concentration to 2 mol% did
not improve the photoluminescence signal intensity. Hence, 1.5 mol% is the
optimum doping concentration for the earth doped waveguide to obtain
maximum signal intensity.

Another batch of rare earth doped glasses with dysprosium (Dy), cerium (Ce)
and holmium (Ho) as doping elements were synthesised for carrying out Raman
spectroscopic analysis (Chapter 6). The following section explains the absorption
and photoluminescence characteristics of the new batch of glass samples. The

energy level diagram for Dy is shown in Figure 5.18.
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Figure 5.18: Energy level diagram corresponding to Dy?* [43]
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Figure 5.19: Absorption spectrum of different concentrations of Dy doped
ZBSG: (a) UV-VIS range, (b) NIR range

Figure 5.19 shows the absorption spectrum of Dy doped ZBSG covering the UV,
VIS and NIR wavelengths. Many weak and sharp absorption peaks can be
observed within the spectrum. The different Dy signature peaks are located
around the wavelengths: 453 nm (°Hys/, = *I15/2), 473 nm (°Hys/, = *Fg/3), 745
nm (°His/, = °F32), 794 nm (°Hys/, = °Fs/2), 888 nm (°Hys/, = °F7/,), 1078 nm
(°Hys/2 = ®Fg/2), 1252 nm (°Hys/, = °F11/2) and 1654 nm (°Hys/, = °Hyq2) [43-46].
Figure 5.20 shows the excitation spectra obtained for different concentrations
of Dy doped BSG in the spectral range 300 - 500 nm, corresponding to the 575

nm photoluminescence emission. Dy05, Dy10, Dy15 and Dy20 represent the
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glass codes for 0.5, 1.0, 1.5 and 2.0 mol% Dy doped BSG. The excitation
spectrum shows different peaks at 350, 364, 388, 424, 452 and 470 nm among
which the 388 nm peak that corresponds to the transition from the Dy ground
state (°His2) to the higher energy level (*li32, *F72) [47], has the highest
intensity, hence the same UV LED can be used for illuminating the Dy doped

waveguide to obtain its respective photoluminescence emission.
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Figure 5.20: Excitation spectra for different Dy concentrations corresponding
to 575 nm photoluminescence emission

x10* a5 x10°
—Dy05 -

——Dy10
——Dy15 404
—Dy20

4.0+

2.5

204

Intensity Counts
: SIS
Intensity Counts

.

0.0 T T T T T T T T T T T 1 T T T T
500 525 550 575 800 825 850 05 1.0 1.5 20

Wavelength (nm) Dy Concentration {mol%)

(@) (b)
Figure 5.21: (a) Emission spectra for different Dy concentrations
corresponding to 388 nm excitation and (b) photoluminescence intensity vs
Dy concentration for 575 nm emission under 388 nm excitation

Figure 5.21 (a) shows the photoluminescence emission spectra of Dy doped

borosilicate glass for 388 nm excitation. The dysprosium signature peak was
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obtained around 575 nm corresponding to its yellowish photoluminescence
emission. The intensity variation of 575 nm Dy photoluminescence (*Fy/, -
®Hi3/,2), as a function of its concentration, is shown in Figure 5.21 (b), when the
glass sample was excited at 388 nm. From the graph it is very clear that the Dy
doped BSG exhibits a strong luminescence at 1.5 mol% concentration and
further increase of Dy concentration did not improve the photoluminescence
signal. Hence, 1.5 mol% was the optimum doping concentration for the Dy

doped glass sample.
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Figure 5.22: (a) Emission spectra of 1.5 mol% Dy for different excitation
wavelengths and (b) Intensity variation of 575 nm emissions for different Dy
concentrations under 452 nm excitation

Furthermore, to analyse the effect of different excitation wavelengths on the
photoluminescence intensity of Dy doped BSG waveguide, the emission scan
was recorded for different excitation wavelengths as depicted in Figure 5.22 (a).
In Figure 5.22 (b), the respective variation in photoluminescence intensity is
plotted as a function of excitation wavelengths corresponding to the 575 nm Dy
emission. For the 6 excitation wavelengths tried, the highest photoluminescence
intensity was obtained for 388 nm excitation followed by 452, 470, 350, 364

and 424 nm.

119



240Kk - ’G,+°G,
Non-radiative G
1%
20.0k : 2
& ——F,
~
] s
g 16.0k - ¥ st &
L&)
S 12.0k E El g]| E .
= 2] =) @ ™ 5
0 | | ©
= <r 0| O 5
8.0k — 6
%l
4.0k - d
5I8
Excitation Emission
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Figure 5.24: Absorption spectrum of different concentrations of Ho doped
ZBSG: (a) Visible range, (b) NIR range

The energy level diagram for Ho is shown in figure 5.23. Figure 5.24 shows the
absorption spectrum of Ho doped ZBSG covering the UV, VIS and NIR
wavelengths. Many weak and sharp absorption peaks can be observed within
the spectrum. The different Ho signature peaks are located around the
wavelengths: 360 nm (°Ig - 3Hs + 3Hg (°G,)), 378 nm (°Ig - 5G,), 418 nm(®lg —»
*Gs), 452 nm(®lg - °G¢ + °F;), 486 nm(°Ig —» °F;), 538 nm(®Ig - °S, + °F,), 642 nm

(°lg = °F5), 888 nm (°Ig > °I5), 1151 nm (°Ig - °I), 1947 nm (I - °I,) [49-51].
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Figure 5.26: Emission spectra for different Ho concentrations (a) for 348 nm
excitation and (b) for 394 nm excitation

The excitation spectra acquired in the wavelength range 300-500 nm
corresponding to 532 nm photoluminescence emission for different
concentrations of Ho doped ZBSG is shown in Figure 5.25. The excitation scan
identified two peaks at wavelengths 348 nm and 394 nm. Figures 5.26 (a) and
(b) shows the emission scan for 348 nm and 394 nm excitations respectively.
With 348 nm excitation only green emission (532 nm) was obtained owing to

*S, + °F, - °Ig energy level transition. On the other hand, using 394 nm excitation
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two emission peaks were obtained at 532 nm (°S, + °F, - °I3) and around 606
nm (°Fs - °Ig) [52].

Further photoluminescence studies carried out on Ho doped glass produced 550
nm emission (°S, + °F, - °Ig) corresponding to 364 nm excitation and 658 nm

emission (°Fs - °Ig) for 328 nm excitation wavelength [53-54].
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Figure 5.27: Energy level diagram corresponding to Ce3* [55]
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Figure 5.28: Absorption spectrum of different concentrations of Ce doped
ZBSG: (a) Visible range and (b) NIR range

The energy level diagram for Ce is shown in Figure 5.27. Figure 5.28 shows the
absorption spectrum of Ce doped ZBSG in the visible and NIR wavelengths
range. As can be observed from Figure 5.28 (a), Ce doped ZBSG shows a very

strong absorption close to 350 nm wavelength due to 5d-4f transition [56].
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Figure 5.29: Emission spectra for different Ho concentrations for 348 nm
excitation

Figure 5.29 shows the photoluminescence emission spectrum of Ce doped ZBSG

corresponding to 348 nm excitation. It was observed that for 325 nm excitation,

650 nm emission was obtained [57-58].

5.7 Photoluminescence spectroscopy-based temperature studies of

rare earth doped glasses

RARE EARTH DOPED
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Figure 5.30: Schematic picture of experimental setup used for
photoluminescence spectroscopy-based temperature sensing

Figure 5.30 shows the schematic picture of the experimental setup used for rare

earth photoluminescence-based temperature sensing.
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Figure 5.32: Photoluminescence emission spectra of Tb doped ZBSG
corresponding to different temperatures

Figure 5.32 depicts the optical photoluminescence spectra of the Tb doped glass
for 370 nm UV LED excitation (Figure 5.31). The Tb characteristic
photoluminescence green emission peak was obtained at 544 nm,
corresponding to the °D, — 7F; transition [33]. Temperature studies carried out
on the UV excited Tb glass sample demonstrated a linear trend, as can be
observed in the graph shown in Figure 5.33. Tb doped glass was characterised
for higher temperatures in the range 20-250 °C and followed the linear trend
throughout. The most intense 543 nm Tb peak is characterised by a narrower
emission line as opposed to other peaks in the °D,—»’F, series [50].
Furthermore, the electron-phonon coupling strength and phonon energy of Tb

doped glass is also higher [59].
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Figure 5.34: Photoluminescence emission spectra of Dy doped ZBSG
corresponding to different temperatures
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Figure 5.35: Normalised photoluminescence intensity (I_signal/I_max) vs
temperature change of Dy doped ZBSG

Figure 5.34 shows the photoluminescence spectra of Dy doped glass for 370 nm
UV LED excitation. The yellowish Dy characteristic photoluminescence was
obtained at 575 nm, corresponding to *Fy,, - °H3,, transition. Though the
temperature studies carried out on the UV excited Dy glass sample

demonstrated a linear trend, (Figure 5.35), however the sensitivity was
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comparatively lower, and the photoluminescence signal intensity drop was not
very significant. This can be due to the lower thermal coupling between the

*F9;2 — °Hy3/, energy levels. Moreover, the energy difference between level
°Hys,, and *Fy,, of Dy3* (478 nm emission) is around 1000 cm™! which is within
the thermal coupling range (200-2000 cm™!), which would be better for

temperature sensing applications [60].
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Figure 5.36: Excitation and photoluminescence emission spectra of Yb doped
ZBSG

Figure 5.36 shows the excitation and photoluminescence emission peaks of Yb
doped glass sample A laser diode with centre wavelength 974 nm was used as
excitation source. As the excitation and emission wavelength ranges of Yb was
close-by, the emission signal was collected at an orthogonal point from the
excitation plane, in order to avoid source signal. The Yb photoluminescence
emission peak was obtained around 975 nm corresponding to *Fs,, to *F;/,

transitions [61-62] along with a sideband in the 1000 nm range.
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Figure 5.37: Photoluminescence emission spectra of Yb doped ZBSG
corresponding to different temperatures
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Figure 5.38: Normalised photoluminescence intensity (I_signal/I_max) vs
temperature change of Yb doped ZBSG

Figure 5.37 shows the photoluminescence spectra of Yb doped glass sample for
974 nm laser diode excitation. The Yb characteristic photoluminescence was
obtained at 975 nm. The triply ionized Yb ion (Yb3*) has only two levels, one
ground state (2F7/2) and other excited state (2F5/2) separated by ~10,000 cm™?!
and the temperature sensitivity arises from the Stark components within the
sublevels in ?Fs5,, [15]

The temperature studies carried out on the Yb glass sample also demonstrated
a linear trend, as can be observed in the graph shown in Figure 5.38, however
the sensitivity was lower compared the Tb glass samples as the

photoluminescence signal intensity drop was not very significant. This is
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because, the electron-phonon coupling of Th3* is higher compared to other rare

earths due to the low energy of their 4f"~1 5d state [13].

5.8 Characterisation of Tb doped fibre

In this section, the characterisation of the Tb doped optical fibre developed is
carried out. The doped fibre was obtained using the fibre drawing technique of
rare earth doped glass preforms. Figure 5.39 shows the SEM images
corresponding to the cross-sectional and lateral view of the developed Tb doped
fibre. From the SEM images, the circular waveguide diameter was measured to

be around 50 um.

10 pm

(b)

Figure 5.39: SEM images showing the (a) cross-section and (b) lateral view
of the rare earth doped waveguide

In Figure 5.40, a green photoluminescence emission can be observed from the
Tb doped fibre (A., =544nm), when irradiated using a UV LED of peak

wavelength, 1,=385 nm.

Green fluorescence emission from
Tb doped fibre under UV irradiation

Figure 5.40: Green photoluminescence emission from Tb doped fibre when
irradiated using UV LED in a dark room
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5.9 Summary

The investigations carried out in this chapter provided many new insights for
rare earth doped glass materials. These insights can be utilised within the new
sensor configuration consisting of rare earth doped microstructured FBG for the
development of the multimodal sensor with improved SNR and enhanced
sensitivity needed for the O&G industry. The various spectroscopic
investigations carried out on the synthesised rare earth doped samples
identified the possibility of signal intensity enhancement through optimum rare
earth doping concentrations and appropriate signal excitation. Signal
enhancement will contribute to the overall SNR improvement. Furthermore, the
temperature dependant studies carried out on different rare earth doped glasses
identified its suitability for O&G high temperature applications. The different rare
earth doped glasses exhibited different levels of sensitivity to the temperature
changes, among which Tb doped glasses depicted the highest sensitivity. The
obtained results show a promising future for the rare earth doped fibre optic
sensors for O&G applications. Furthermore, the integrated sensor configuration
consisting of rare earth doped PCF-FBG further improves the sensor capabilities
in terms of multi-point multimodal sensing, SNR enhancement and reduced
cross sensitivities. The following Chapter 6 will investigate the Raman signatures
of different rare earth doped glasses and how it can be utilised for O&G DTS

applications in the multimodal fibre optic sensor configuration.
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6. RAMAN SPECTROSCOPIC INVESTIGATIONS ON RARE EARTH DOPED

GLASSES

6.1 Introduction

Rare earth materials possess some specific Raman signatures and spectral
bands associated with them, in addition to the photoluminescence phenomena.
Rare earth elements when doped into the glass host matrix introduces a change
in their electronic energy level structure and thereby modifies its optical
properties. The Raman lines/transitions have got a well-defined temperature
dependency and the spectral bands associated with Raman effect is known as
thermal bands. Hence, rare earth doped silica glass composition is a promising
material for Raman based fibre-optic distributed temperature sensing (DTS).
The main advantage of Raman DTS is that it enables real-time measurement of
the spatial distribution of temperature [1]. Furthermore, rare earth materials
show high sensitivity for utilisation in DTS systems [2]. Moreover, Raman
distributed sensors are not strain sensitive as the Raman anti-Stokes signal is
insensitive to strain vibrations [3-5]. Hence, Raman scattering would be an ideal
choice for distributed sensing if temperature is the only parameter of interest
and the cross-sensitivity issues can be avoided. Also, Raman scattering based
DTS systems have higher temperature sensitivity than that of Brillouin
scattering-based systems [6]. With reference to the Rayleigh scattering peak,
the anti-Stokes component (refer Figure 6.2) is temperature sensitive for the
Raman scattering. However, the Stokes and the anti-Stokes components of the
Brillouin scattering are temperature and strain sensitive [7-8].

Despite all these advantages, one main limitation of Raman DTS is the weak

Raman signal intensity. Hence, this chapter focuses on the investigations carried
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out on rare earth doped glass materials for fibre optic sensors, with the aim of
achieving Raman signal intensity enhancement through rare earth doping and
attaining multi-parameter distributed sensing. Raman spectroscopic studies has
been carried out on different rare earth doped glasses in order to identify the
temperature sensitive Raman bands and analyse the effect of rare earth
concentrations on the Raman signal intensity. Detailed investigations were
carried out to identify if the Raman peaks of glass (silica) as well as the rare
earth signature Raman peaks are enhancing with increasing rare earth

concentrations.

6.2 Theoretical Background

Incident (laser) Iigh>

Reflection

Transmission

Scattering

Figure 6.1: Illustration of the four reactions of light incident on a surface or
medium

When light enters any medium, there are different possibilities (Figure 6.1): the
light or electromagnetic radiation can merely undergo transmission or
propagation without any interaction with the medium, it can experience
reflection, it can have absorption and also scattering in the process of light-
matter interaction. Most of these optical phenomena are utilised for different
optical sensing applications.

As shown in Figure 6.2, the spectrum of backscattered light in optical fibres can
mainly have three scattering components: Rayleigh, Raman and Brillouin [9].
Energy level transitions occur with the absorption and emission of a photon

through the generation or recombination electron-hole pairs. The photo-excited
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electron-hole pair can experience elastic scattering from the impurities or
defects in the material before undergoing recombination, known as Rayleigh
scattering mechanism. Rayleigh scattering is an energy conserving light
scattering process as the molecule scatters exactly the same energy as incident
light (as can be seen from Figure 6.3). Another possibility is inelastic light

scattering wherein some energy transfers from the electrons to phonons.
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Figure 6.2: Spectral profile of Rayleigh, Raman and Brillouin scattering
mechanisms

Raman and Brillouin are non-linear light scatterings, which comes under
inelastic light scattering mechanism. The fundamental difference is that optical
phonons are responsible for Raman scattering and acoustic phonons are
responsible Brillouin scattering [10-11]. A phonon is defined as a quantum or
definite discrete unit of vibrational mechanical energy, which arises due to the
oscillations of atoms in the crystal lattice. The atom, owing to their own thermal
energy or other external forces creates lattice vibrations, which in turn
generates mechanical waves that transmits as heat and sound through the

material.
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The scattered light has a wavelength different from the incident light and has
got 2 spectral components: anti-Stokes and Stokes components. In anti-Stokes
scattering, the particle may lose some of its energy and the emitted photon will
have a shorter wavelength than the incident photon. Whereas, in Stokes
scattering, the particle absorbs energy and the emitted photon will have a

wavelength longer than the incident photon.
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Figure 6.3: Energy level diagram showing: (a) Rayleigh scattering, (b) Raman
Stokes scattering, (c) Raman anti-Stokes scattering and (d) fluorescence

In Raman spectroscopy the photon interacts with a molecule in its ground
vibronic state or an excited vibronic state and the molecule makes a brief
transition to a virtual energy state (imaginary intermediate state). The scattered
emitted photon can be of lower energy (Stokes shift) than the incoming photon,
leaving the molecule in an excited vibrational state. They can also have a
transition from a vibrationally excited state to the virtual state. The molecule
will then return to its ground-state, with the scattered photon carrying away
more energy than the incident photon. This is called anti-Stokes scattering.
Fluorescence or photoluminescence occurs due to real electronic transitions. On

the other hand, Raman scattering occurs as a result of virtual electronic-
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vibrational transitions. Raman shift (v) is the energy difference between the
initial and final vibrational levels and is given by [12]:

v(emH= —— -1 (1)

Aincident Ascattered

6.3 Fabrication of rare earth doped sol-gel glasses

(a) (b)

(c) (d)

Figure 6.4: Image of: (a) sonication process, (b) magnetic stirring of sol, (c)
dissolving rare earth salts using the magnetic stirrer and (d) sol-gel formed
after the aging process

In addition to the rare earth doped glass samples synthesised using melt-
quench technique (discussed in the Chapter 5), additional samples were
synthesised using sol-gel technique for Raman spectroscopic analysis. The
samples were synthesised using the two techniques to understand if there are
any spectral changes in the Raman signatures of glasses fabricated using low

temperature (sol-gel) and high temperature (melt-quench) processes.
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The starting solution for the sol-gel synthesis contained: water (15 equiv), 0.01
N HCI (hydrochloric acid), TEOS (tetraethoxysilane — 1 equiv) and Aerosil A-380
(finely dispersed Sio,powder - 0.4 equiv). Sonication/ultrasonication was
carried out on the solution for 1 hour, which is the act of applying sound energy
to agitate the particles in a sample (Figure 6.4 (a)). The solution was then stirred
using a magnetic stirrer (Figure 6.4 (b)) and the obtained sol was divided into
4 equal parts. To each of these portions rare earth salt solutions or the rare
earth chlorides (2 mol%) dissolved in ethanol (5 ml) was added [13]. The
resulting solution was again stirred for an hour for the uniform mixing of the
rare earth salts into the sol (Figure 6.4 (c¢)). Ammonium hydroxide (NH,OH) was
added in to the obtained sol to adjust the pH and quicken the aging/ gelation
process [14]. The obtained rare earth doped sol was casted onto small
polypropylene dishes and kept for aging for a week. Figure 6.4 (d) shows the
obtained sol-gel after the aging process. The obtained sol-gels were sintered by
heating the sol-gel glass upto 1000 °C in the Carbolite 1400 high temperature

furnace [15].

6.4 Raman spectroscopic studies of rare earth doped glasses

— —

Fibre-optic
probe - Computer

Figure 6.5: Image of the Avalon Raman station and the sample compartment
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The fabricated rare earth doped glasses were analysed using the Avalon
Instruments Raman Station (R3) which has the 785 nm diode laser used for
excitation. As photoluminescence emission and Raman scatterings are two
competing processes, the absorption studies carried out in Chapter 5 aided in
understanding the non-absorbing wavelengths and thereby select an
appropriate laser wavelength for inducing Raman scattering. Depending on laser

wavelengths Raman or photoluminescence may or may not happen [16].

6.5 Raman spectroscopy-based temperature studies of rare earth

doped glasses

RARE EARTH DOPED
GLASS (BLOB)

FIBRE PROBE

-
RAMAN

()] SPECTROMETER

DIGITAL THERMOMETER

SAMPLE HEATER/
HOT PLATE

Figure 6.6: Schematic picture of experimental setup used for Raman
spectroscopy-based temperature studies of rare earth doped glasses

Figure 6.6 shows the schematic picture of the experimental setup used to study

the effect of temperature on Raman signatures of rare earth doped glasses.
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Figure 6.7: Raman spectra of blank SGG for 785 nm laser excitation

Figures 6.7 and 6.8 show the Raman spectra of blank SGG and Tb doped SGG
for 785 nm laser excitation. In Figure 6.7, the peaks around 475 cm™? is due to
the Si— 0 —Si, Si— 0 — B isolated vibrations, the small peak around 800 cm™?
arises from the boroxol rings and the peak around 950 cm™! is caused by the
stretching vibrations of Si — 0 bond due to the presence of B0, unit [17]. The
characteristic Raman peak corresponding to Th — 0 bond is normally observed
in the frequency range 950-980 ¢cm™! [18-20]. Comparing the peaks in Figures
6.7 and 6.8, the Tb Raman characteristic peak around 950 cm™! overlaps with
the peak of the blank glass and also the weak band around 1645 cm™! from the

borate group becomes more prominent in the Tb doped SGG [19].
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Figure 6.8: Raman spectroscopy-based temperature studies of Tb doped SGG
for 785 nm laser excitation
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Figure 6.8 also shows the temperature related Raman spectra changes when
excited with 785 nm laser. It can be seen that the 1645 cm™! peak observed in
the Tb doped SGG sample was temperature sensitive as its Raman intensity was
found decreasing with temperature. Figure 6.9 shows the variations in the
normalised Raman intensity with respect to temperature, in the range 35-55 °C

tracking the peaks 1645 cm™! and 965 cm™1.
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Figure 6.9: Normalised Raman intensity (I_signal/I_max) vs temperature
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Figure 6.10: Raman spectra of blank BSG for 785 nm laser excitation
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Figure 6.11: Raman spectra of Tb doped BSG corresponding to 785 nm laser
excitation for increasing temperatures

Figure 6.10 and 6.11 shows the Raman spectra of blank BSG and Tb doped BSG
for 785 nm laser excitation. The peak around 475-487 cm™! arises from the Si—
0 —Si,Si— 0 — B isolated vibrations, 947-955 c¢m™! is due to the stretching
vibrations of Si — 0 bond due to the presence of B0, units, 1385-1397 cm™! from
the stretching vibrations of B — 0~ bond in B0, units from different borate groups
[17-22]. The characteristic Tb Raman peak was found around 940 cm™,
attributed to the Th — 0 bond [18]. Furthermore, with rare earth (Tb) doping the
various Raman peaks found in the blank glass were found to get sharper.

Figure 6.11 shows the Raman spectra changes with temperature changes, when
excited with 785 nm laser. Tracking the 940 cm™! peak observed in the Tb doped
BSG sample, the Raman intensity was found decreasing with temperature.
Figure 6.12 shows the variations in the normalised Raman intensity with respect

to temperature, in the range 30-50 °C tracking the peak at 940 cm™t.
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Figure 6.12: Normalised Raman intensity (I_signal/I_max) vs temperature
change of Tb doped SGG tracking 940 cm™! peak for increasing temperatures

The repeatability was verified by taking measurements both ways - increasing
and decreasing temperatures. From Figures 6.12 and 6.14, it can be observed
that the Raman signal intensity follows a linear trend both for increasing and
decreasing temperatures. Figure 6.13 shows the Raman intensity variation for

decreasing temperatures in the range 50-30 °C.
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Figure 6.13: Raman spectra of Tb doped BSG corresponding to 785 nm laser
excitation for decreasing temperatures
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change of Tb doped SGG tracking 940 cm™! peak for decreasing temperatures

Through the Raman spectroscopic investigations carried out, it was identified
that the respective Raman signatures were more prominent in rare earth doped
SGGs than BSGs. This can be due to temperature differences in the glass making
processes. BSG glasses fabricated using the melt-quench technique is a very
high temperature process, whereas SGG making is a low temperature process.
At higher temperatures, the Raman characteristics or signatures may get
reduced. Hence, while analysing the rare earth doped BSGs it was difficult to
differentiate the weak Raman signals from the strong background coming from

the Raman spectrometer.

6.6 Summary

The investigations carried out in the present chapter identified the possibility of
using rare earth doped glass materials for Raman based distributed temperature
sensing applications. The Raman spectroscopic studies carried out on different
rare earth doped glasses identified that the Raman signal intensity can be
enhanced through rare earth doping. Moreover, Raman signal intensity

enhancement contributes to the SNR improvement of Raman based DTS
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systems. Temperature dependant studies carried out on different rare earth
doped glasses identified its suitability for O&G DTS applications. Tb doped
glasses depicted more temperature sensitivity compared to other rare earth
doped glasses analysed. The sample analysis of rare earth glasses synthesised
using the low temperature sol-gel and high temperature melt-quench processes
identified that rare earth signatures are more prominent in sol-gel glasses.
Hence, the new insights obtained through the different investigations carried
out in this chapter can be used for the development of a novel multimodal sensor
with improved SNR, enhanced sensitivity and distributed sensing capability. The
integrated sensor configuration consisting of rare earth doped PCF-FBG
significantly improves the multimodal sensor functionalities exploiting the

features of FBG, photoluminescence, Raman and microstructuring.
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7. THE PROPOSED MULTIMODAL FIBRE OPTIC SENSOR

CONFIGURATION FOR O&G APPLICATIONS

7.1 Introduction

For the condition monitoring of critical parameters like pressure, temperature,
vibration, strain, etc., the oil industry is intently looking for multi-point or
distributed multimodal sensors. Multimodal sensors provide flexible sensing
solutions, enables miniaturisation of the sensors, adds new functionalities with
improved measurement capabilities for sensing various important parameters.
This chapter will present a novel multimodal fibre optic sensor configuration
capable of sensing multiple parameters from different locations. The various
investigations carried out in Chapters 3-6 suggests an integrated fibre optic
sensor configuration, combining features of LCPCF, FBG and rare earth doping;
extracting their molecular, atomic and vibro-rotational characteristics for
sensing multiple modalities in the oil industry.

The main limitation of existing fibre optic sensors is they use single wavelength
region for probing the parameters. The highlight of the proposed multimodal
sensor is that they operate in multiple wavelength regimes, adding scope for new
functionalities and sensing capabilities. As discussed in Chapter 3, microstructured
fibre improves the light confinement characteristics which in turn enhances the
signal intensity from the multimodal sensor configuration. Further investigations
carried out revealed that infusing liquid crystals into the PCF sensor aids in tuning

of spectral bands from the communication window to NIR and visible wavelengths.

153



Microstructured Cladding \

||||—

Al Ritea Liquid Crystals directionally aligned with applied external voltage

Figure 7.1: LCPCF with applied electrical voltage

Electro chemical change arising in the PCF by infusion of liquid crystals, results
in a change in the effective refractive index of cladding and also tunes the optical
bandgaps. Both application of electrical voltage for aligning the LC directors
(Figure 7.1) and subsequent refractive index changes play a key role in the shift
of different spectral bands. Bandgap tuning enables the LCPCF sensor to operate
within the photonic bands having peak sensitivities. Liquid crystals can be
infiltrated into the PCF holes via capillary effects, a technique known as vacuum
assisted LC infiltration is commonly used.

Doping the core of microstructured fibres with rare earth elements further
enhances the light confinement characteristics and also invokes
photoluminescence and Raman spectroscopic signatures when probed with
suitable laser excitations. The specialised features of LCPCF can be effectively
utilised in the proposed sensor configuration for tuning the light confinement
wavelengths to suit the photoluminescence and Raman spectral regions of the
rare earth doped sensors.

Furthermore, integrating FBGs into the sensor configuration enables multi-point
multimodal sensing capabilities. The integrated sensor combination is expected

to overcome the limitations of existing fibre optic sensors with regards to SNR,
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sensing range and multimodal sensing capability. The new sensor configuration
operating in multiple wavelength regimes in a multiplexed fashion is capable of

multi-parameter sensing.

7.2 Proposed multimodal fibre optic sensor for O&G industry
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Figure 7.2: Proposed multimodal fibre optic sensor configuration

A multi-wavelength time multiplexed multi-sensing platform is proposed for
O&G sensing applications for monitoring different parameters like temperature,
strain, chemicals, etc. The proposed multimodal fibre optic sensing system is
illustrated in Figure 7.2. In time-division multiplexing (TDM) scheme, the
sensors are sequentially addressed by using a pulsed input signal so that the
“time of flight” of the optical pulses allows individual sensor signals to be

distinguished [1].

155



|
|
l
B '
|
il i
L | i
!|;| :
| |
I
T3 | ;
| L}
. I
| l :
I
| "E & = 1, T
I

-
g g
p—
a s
& g

Figure 7.3: Timing diagram

The timing diagram of the pulses in the proposed sensing system is shown in
Figure 7.3. A 3-time window TDM array is used, where the term T; (i = 1,2 and 3)
represents the i-th time window. For instance, during the 15t time window (time,
T,) the 1st laser pulse is sampled, and the corresponding sensing information is
retrieved. Basically, for each sensing technique (FBG, Raman and
photoluminescence) a time slot is assigned for its interrogation or sensing
activities to be carried out.

The multimodal sensor is interrogated using different optical pulses having
different frequencies or wavelength. The multi-wavelength light source system
shown in Figure 7.2, consists of specific laser light sources (for different
photoluminescence and Raman excitations wavelengths) and a broad-band
source (for the quasi-distributed FBG array) needed for probing the multimodal
sensor configuration.

The multimodal fibre optic sensor configuration consists of multi-point or quasi-

distributed FBG sensor array A, 1,,...,4, inscribed within the PCF. The quasi-
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distributed FBG sensor array can detect strain at multiple points along the oil
pipelines. Rare earth element (RE;) doped within the core of the PCF throughout
the length of the sensing fibre aids in Raman based DTS. The rare earth showing
maximum temperature sensitivity (Tb) can be chosen for doping the core of the
PCF and the Raman signals from the rare earth doped fibres will give higher
intensity as well. Localised rare earth doped photoluminescence sensors can be
introduced into the silica fibre using diffusion technique [2]. Rare earth doping
can be incorporated into silica matrix through a femtosecond (fs) laser
generated plasma assisted process [3]. The femtosecond laser ablation and
deposition process technique have got additional advantages like enhanced
refractive  index and photoluminescence intensity [4]. Lumped
photoluminescence sensors of different rare earth materials (RE,, RE;, .....,RE},)
gives different signature peaks and can be utilised for multi-point sensing.
Wideband fibre-optic couplers (2x1 combiners and 1x2 splitters) also known as
multimodal couplers can be used for coupling the signals in the fibre optic
multimodal sensor system.

At the receiver end, there are different detectors to receive the pulses from the
various sensors. The reflected signal from the quasi-distributed FBG sensor
array is detected at the OSA or any other suitable interrogator and the shift in
centre Bragg wavelength (AAg) is tracked and analysed for detecting any
changes in strain value at multiple points.

Two basic techniques for measurement of distributed sensing are Optical Time
Domain Reflectometry (OTDR) and Optical Frequency Domain Reflectometry
(OFDR). The principle for OTDR is very simple and is like the time of flight
measurement used for radar. Normally a narrow laser pulse generated is

launched into the fibre and the backscattered signal is analysed. From the time
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it takes the backscattered light to return to the detection unit it is possible to
locate the location of the temperature event [5]. In OFDR, the system provides
information on the measurand only when the backscatter detected during the
entire measurement time is measured as a function of frequency in a complex
fashion, and then subjected to Fourier transformation [6]. Therefore, OTDR
technique is employed in the proposed multimodal sensor configuration and the
OTDR trace is a graph plotted between distance from OTDR (or the time as it is
directly related to distance) against intensity of the signal. OTDR detects optical
events induced by any environmental changes and also locate and measure the
events (say temperature change) at any position within the fibre optic sensor
link. OTDR uses changes in backscatter light pulses to detect the events [7].
The photoluminescence signals from the lumped rare earth doped sensors can
be analysed using a photoluminescence spectrometer. The photoluminescence
signature peaks from the different rare earth doped sensors are spectrally
spaced, so can be efficiently tracked in the spectrometer for any measurand
induced intensity changes.

Furthermore, the loop or double ended configuration of the multimodal sensor
configuration reduces the wavelength dependent losses compared to the single

ended link [8].

7.3 Investigations on sensor integration

In this section, different fibre optic sensor combinations discussed in the
previous chapters are experimentally investigated to understand various
aspects of sensor integration for the development of the multimodal sensor

configuration.
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Figure 7.4: (a) Experimental setup used to evaluate quasi-distributed FBG
sensing and (b) FBG reflected spectrum

The reflectivity from a quasi-distributed FBG sensor array consisting of 5 FBGs
was analysed using the SmartScan multi-channel FBG interrogator shown in
Figure 7.4 (a), having wavelength range 1528-1568 nm. Figure 7.4 (b) shows
the obtained FBG reflected signals. The centre wavelengths of the 5 FBGs used
for experimentation were around 1532, 1540, 1544, 1550 and 1555 nm
respectively. Figure 7.5 shows the reflected spectrum from the quasi-distributed

FBG sensor array which can be used for multi-point sensing.

159



——FBG1

100 o ——FBG2

_ ——FBG3

90 ~ ——FBG4

50 ] ——FBG5
g 70
= |
= 60
5 .
E 50
_g 40
H i
T 30 1
14 J
20 4
10 H

0

s e R E e T o T
1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm)

Figure 7.5: Reflected spectrum from the quasi-distributed FBG sensor
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Figure 7.6: (a) Microscopic image of PCF-SMF fused region (along with the
principle of modal interference) and (b) experimental setup to evaluate PCF-
FBG integrated sensor configuration

Figure 7.6 (a) shows the microscopic image of the spliced PCF-FBG fibre,
wherein it can be observed that the splicing has resulted in collapsing of the
micron-sized holes resulting in the multimodal spectrum. Figure 7.6 (b) shows
the experimental setup used to evaluate the PCF-FBG sensor configuration.
Fujikura 70S fibre optic splicers were used for splicing the SMF and PCF. Using

the single mode (SM) AUTO and muilti-mode (MM) AUTO options within the
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splicing system (shown in Figure 7.7) and optimising the Rearc time, single
mode and multimode operation can be realised in the PCF-FBG sensor

configuration.
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Figure 7.7: (@) SM AUTO splicing operation and (b) MM AUTO splicing
operation for PCF-FBG integrated configuration

Figure 7.8 shows the wavelength spectrum obtained from the integrated PCF-
FBG sensor configuration from the SmartScan system, giving the FBG peaks
from the 2 FBGs within the SMF and the interference spectrum from the PCF-

SMF collapsed region.
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Figure 7.8: Wavelength spectrum from PCF-FBG integrated sensor
configuration
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Figure 7.9: Photoluminescence spectrum from Tb-Dy dual waveguide

Figure 7.9 shows the output spectrum obtained from the dual waveguide when
irradiated using 385 nm UV LED. 385 nm LED was chosen because, it was

identified that both Tb and Dy samples had highest excitation peaks in this
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range. As can be observed from the graph, the peak in the 385 nm region
corresponds to the LED excitation peak and the peak around 544 nm and 575
nm corresponds to the Tb and Dy signature peaks. The peak around 485 nm is
present in both Tb and Dy samples. These results show a strong potential and

possibility for multi-point photoluminescence based fibre optic sensors.

7.4 Summary

This chapter discusses about the proposed novel multimodal fibre optic sensor
configuration for O&G multi-parameter sensing applications. The proposed
multi-wavelength time multiplexed fibre optic sensing systems are capable of
multi-point strain sensing, distributed temperature sensing and key point
chemical or temperature measurements. Quasi-distributed FBGs with multi-
wavelength-based detection enhances the capabilities of the sensor
combination, enabling sensing of critical parameter like strain at multiple points.
Microstructuring and liquid crystal infiltrations of cladding holes enhances the
signal intensity from the sensor configuration and also enables wavelength
tunability required for the rare earth-based sensors. Rare earth doping of PCF
core further enhances the signal intensity and generates Raman signatures
useful for Raman based DTS systems. Furthermore, localised rare earth doping
enables multi-point photoluminescence sensing of critical parameters like

temperature or chemicals.
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8. CONCLUSION AND FUTURE SCOPE

8.1 Conclusions

Sensing is a challenging, but vital task in the O&G industry as the explorations
are moving into deeper zones. Hence, the oil industry needs reliable multimodal
remote sensors for sensing critical down-hole parameters like temperature,
pressure, chemicals, etc., and the condition monitoring of their valuable assets
and installations. The sensing requirements of O&G industry for improved
sensing in deeper zones includes, increased transmission length, improved
spatial coverage and integration of multiple sensors with multimodal sensing
capability; which imposes problems like signal attenuation, crosstalks and cross
sensitivities. Current O&G sensing techniques which are mostly based on
electrical sensors, have got limited capability to operate efficiently in extreme
environmental conditions like ultra-high temperatures and pressures. The
signals from traditional electrical sensors are affected by electromagnetic
interference (EMI) in harsh environmental conditions, which deteriorates the
performance of the sensor. Compared to electrical sensors, fibre optic sensors
offer superior performance, making them the best sensing solution for in-well

applications.

A new multimodal fibre optic sensing methodology has been identified through
the literature review carried out, which suits different sensing requirements of
oil industry. Various computational and experimental investigations have been
carried out to understand the feasibility of the identified methodology for long

distance, multi-point, multi-parameter sensing.

Mathematical modelling and simulation of the new fibre optic sensor

configuration have been carried out to investigate the influence of various core-
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cladding structural modifications, liquid crystal material infiltrations and rare earth
material doping, to increase the signal intensity from the multimodal sensor
configuration for the improvement of overall SNR. COMSOL Multiphysics
simulations indicated that structural and material modifications of the PCF have
got significant effects on waveguide light propagation characteristics like
confinement wavelengths, leakage losses, etc. Theoretical studies carried out
using MATLAB software helped in understanding the FBG reflectivity-bandwidth
characteristics, for tuning the number of sensors that can be accommodated
within the same sensing fibre and enhancing the reflected signal for improved
SNR. Experimental studies carried out identified a new approach of FBG sensor
positioning, to improve its strain sensitivity for structural health monitoring

(SHM) of O&G structures.

Different rare earth doped glass materials (Tb, Dy, Yb, Er, Ce and Ho) have been
fabricated and characterised to examine its suitability for O&G multimodal sensing
applications. The effect of different doping concentrations and different source
excitations have been studied to understand its influence on the
photoluminescence signal. It was identified that photoluminescence signal
intensity enhances with rare earth concentration up to an optimum value and it
can be further improved by choosing an excitation source matching its
maximum absorption. Photoluminescence temperature studies carried out on
the rare earth doped glasses identified its suitability for O&G high temperature

field conditions.

Raman spectroscopic investigations carried out on the fabricated rare earth doped
glasses identified its suitability for O&G distributed fibre optic temperature

sensing. Furthermore, it was also observed that Raman and photoluminescence
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signal intensity enhances with rare earth doping, which may contribute to the

SNR of the multimodal fibre optic sensor.

The proposed multimodal fibre optic sensor consisting of rare earth doped PCF-
FBG configuration, operating in multiple wavelength regimes in a multiplexed
fashion, is capable of overcoming the limitations of existing sensors with regards

to SNR, sensing range and multi-parameter sensing capability.

8.2 Future scope

The investigations reported in this thesis on the development of a novel
multimodal fibre optic sensor, opens-up many new future research work
possibilities. The different technologies utilised in the proposed multimodal
sensor configuration like rare earth doping must be further investigated, to take
advantage of its other in-built properties. The amplification capabilities of rare

earths need to be studied, for long distance O&G remote sensing applications.

The possibility of doping multiple rare earths at the same location of the optical
fibre needs to be evaluated. Fabrication of multi-doped rare earth sensors using
new doping techniques like diffusion of rare earth ions, needs to be investigated
for multimodal sensing. Fabrication of the new rare earth doped specialised PCF
and the experimental study of the integrated multimodal sensor configuration

must be carried out.

Further Raman spectroscopic investigations on the Raman signal intensity and
temperature sensitivity need to be carried out using different laser excitations
on the melt-quench glasses. Photoluminescence studies of the melt quench
glass corresponding to different excitations and also lifetime investigations need

to be carried out. Integration of photoluminescence lifetime techniques within
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the proposed multimodal fibre optic sensor configuration, further enhances its

SNR owing to its automatic background reduction capabilities.

Demonstration of sensing various physical parameters using the new sensor
system needs to be investigated. Further studies need to be carried out on the
data-driven Artificial Intelligence (AI) based approaches, to utilise it for noise

reduction of the high volume O&G sensing data.
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APPENDIX

I. Finite Element Model (FEM)
The FEM, also referred to as finite element analysis is a humerical technique for
finding approximate solutions of Partial Differential Equations (PDE) as well as

of integral equations.

The underlying methodology of FEM is that a complicated domain can be sub-
divided into a series of smaller regions in which the differential equations are

approximately solved.

The analysis of the modeled optical fibre/waveguide is based on Maxwell’s

equations, which governs the wave propagation in the PCF [1].

VXE = 0B
ot
VXH= +6D
=J ot
V:B=0
V-D=p

where E and H are the electric field and magnetic field strength respectively, D
and B are the electric and magnetic flux densities respectively, J is the current
density and p is the charge density. J = 0 and p = 0 as only non-magnetic, non-

conductive materials are considered.
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II. FBG reflectivity curve shift with micro-displacement strain
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III. Stress Strain relations of Cantilever Beam
For a cantilever beam [2],

Stress, o = ;
where, F is axial force and A is the cross sectional area.
Strain, e = AL—L
where, AL is the change in length and L is the original length.

Bending stress (MPa) is given by the equation is [2]:

where, M is the calculated bending moment (N/m), y is the vertical distance

away from neutral axis (m), I is the moment of inertia around neutral axis (m%).

Young’s Modulus (E) is the ratio of stress and strain. It is known as the limit of

proportionality for a material and is a constant value.
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In conclusion, stress is proportional to load and strain is proportional to

deformation.

The second moment of area (I) is the measure of a beam’s: stiffness with

respect to the cross section and its ability to resist bending.
For a solid rectangular cross section, I is given by [2],

_ bh?

| = —
12

where, b is the breadth of cross sectional area (m) and h is the height of cross

sectional area (m).

The deflection of a cantilever beam at a specific point of application of force is
given by [3]:

_ FL3

~ 3EI
where, § is the deflection (mm), F is applied force (N), L is length of the beam,

E is the Young’s Modulus (MPa) and I is the second moment of area (m*).

IV. Theoretical Analysis of Cantilever Beam

Strain analysis of different cantilever beams under applied load was carried out.
This work was carried out as a part of student project and the cantilever
theoretical investigations was performed by Jade Summer under my supervision
[4]. The strain was calculated at various positions along the 300 mm cantilever

beams of different shapes. The load was applied by 2 mm displacement at the
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free end of the cantilever. Figure A shows the strain at various positions along
the beam (where 0 mm represents the free end) for different cantilever beam
shapes such as circular, I-beam, T-beam, rectangular and square. All the beam
shapes show higher strain at the fixed end. The strain experienced by applied
load was maximum for T shape and lowest for the rectangular shape. The
obtained results further depend on the type of material and dimensions. All the
cantilever beams used to analyse strain effect of different shapes were made of

Stainless Steel.
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Figure A: Strain at various positions along the beam for different
cantilever shapes.
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Figure B: Stress at various position on a rectangular cantilever beam
for different materials.

Further, the effect of material was investigated on the same rectangular
cantilever beam. Stainless steel, aluminium and silicon materials were used to

analyse the stress at various positions along the beam caused by the applied

172



force (2 mm displacement) as shown in Figure B. The higher stress value
observed for the stainless steel can be attributed to high Young’s modulus. All
the three cantilever beams have shown the high-stress value at the fixed end

of the cantilever.

Effect of varying the beam thickness was investigated for the same stainless
steel rectangular cantilever beam. The thickness of the rectangular beam was
increased from 1 mm to 4 mm which leads to increase in the strain at all the
positions along the beam as shown in Figure C. The observed increase can be
attributed to the increase in the second moment of area due to increased cross

section value.
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Figure C: Strain at various positions along the rectangular cantilever
beam

Effect of application of force at different positions were investigated and the
strain was measured along the rectangular cantilever beam corresponding to
each position. The force was applied by 2 mm displacement at 50 mm interval
along the length starting from 300 mm (free end). The strain measured was
increased as the position of the applied force was moved towards the fixed end.
The strain was increased gradually closer to the fixed end while a small increase
was observed at the free end, as shown in Figure D. When the applied

displacement was 50 mm and 100 mm away from the fixed end, strain values
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close to the fixed end increased considerably compared to other strain results.
These observed high strain values might be the result of slight deformation

experienced by the material.
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