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Abstract

Abstract

Starting with a brief, yet comprehensive review of optical fibre Bragg gratings (FBGs) and their
various sensing applications, this thesis covers the characterisation and high-temperature
sensing potential of fibre Bragg gratings written in specialised optical fibres. Following work done
to optimise the grating-writing system set-up, different types of FBGs (type | and type llIA) were
written in various photosensitive fibres (germanium and boron-germanium doped fibres)
including in several specially fabricated photosensitive fibres (tin-erbium-germanium, erbium-
high germanium and antimony-erbium-germanium doped fibres). The gratings were fabricated
through a phase-mask technique by using 248 nm ultra-violet (UV) light from a krypton-fluoride
(KrF) excimer laser. The photosensitivity of the fibres and the on-line growth of the gratings
during the fabrication process were studied and compared. The thermal sustainability of the
gratings written in various photosensitive fibres, including a chemical composition grating (CCG),
were tested and thus the operational ranges of temperature measurement, using these FBGs,
were determined and compared.

The thermal stability (reflected in the decay) of the gratings was studied and analysed both in
terms of the refractive-index modulation (correlated to the reflectivity of the grating) and the
effective refractive index (depending on the blue-shift in the Bragg wavelength of the gratings).
Type | uniform gratings written in one of the most UV-photosensitive fibres (boron-germanium
doped fibre) and one of the most promising fibres for high temperature sensing applications (tin-
erbium-germanium doped fibre) were used in this thermal stability analysis, by adopting the
power-law and the master aging curve approach. The operational lifetimes of the gratings at
relatively lower temperatures were predicted by the accelerated-aging test.

To extend the work further, the thermal response of the pre-annealed gratings was studied over
a wide range of temperatures. Linear and non-linear regressions were fitted to the
experimentally measured data and the deviation between the regression and the actual data
was compared for each grating. Non-linear fittings were found to reflect the optimised
regression for the grating calibration for temperature measurement.

Finally, following a brief introduction to the simultaneous measurement of strain and
temperature, a new development is applied for the measurement of both parameters over wider
ranges (temperature: 20-600°C, strain: 0-2000]ie). The scheme is based on a combined
fluorescence and grating based technique and thus, gratings were written in specially fabricated
tin-erbium-germanium and antimony-erbium-germanium doped fibres to demonstrate the
technique. A scheme for a strain-independent temperature measurement is also demonstrated
by writing type | and type IIA gratings in the same fibre (erbium-high germanium doped fibre).

The significance of the work is considered and the suggestions for future work are made.
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Symbols and Abbreviations

ASE Amplified Spontaneous Emission

CCG Chemical Composition Grating

CFBG Chirped Fibre Bragg Grating

cw Continuous Wave

EDFA Erbium Doped Fibre Amplifier

EIM Effective Index Method

ESA Excited State Absorption

FBGs Fibre Bragg gratings

FPPR Fluorescence Peak Power Ratio

FWHM Full Width Half Maximum

GODC Germanium-Oxygen Deficiency Centre

GSA Ground State Absorption

LPGs Long Period Gratings

MCVD Modified Chemical Vapour Deposition

NA Numerical Aperture

NICC Normalised Integrated Coupling Coefficient

OFST Optical Fibre Sensor Technology

RMS Root Mean Square

SMF Single Mode Fibre

SNR Signal-to-Noise Ratio

TDM Time Division Multiplexing

T™MM Transfer Matrix Method

uv Ultra Violet

WDM Wavelength Division Multiplexing

WDM/D Wavelength Division Multiplexing/ Demultiplexing

ArF Argon Fluoride

Al Aluminium

B Boron

Er Erbium

Ge Germanium

KrF Krypton Fluoride

0 Oxygen

Sb Antimony

Si Silicon

Sn Tin

T Kelvin (temperature)

X Wavelength

Xb Bragg wavelength

Acut-off Cut-off wavelength of an optical fibre
Shift in Bragg wavelength

Annid Amplitude of the refractive index modulation

rieff Effective refractive index

us Micro-strain

A Pitch of a fibre Bragg grating

\% Normalised frequency number of an optical fibre
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Chapter 1

Introduction

1.1. Abstract

This introduction to the thesis covers the background and context of the work, and particularly,
the basis of the choice of fibre Bragg grating based measurement schemes for high temperature
sensing applications. The aims and objectives of the work are put forward and the structure of

the thesis is described in this chapter that provides an outline of the whole work carried out.

1.2. Background and context of the work
When the first experiments were conducted in the field of optical fibre sensing almost three
decades ago, this area was very much in its infancy in comparison to the conventional sensing
technologies available in the marketplace. However, the technology has begun to expand very
rapidly over the last ten / twelve years, taking advantage of the important inherent characteristics
of optical fibres, for example, their small size and light weight, immunity to electro-magnetic
interference (although sensing of current is possible based on Faraday effect), their passive
nature (i.e., non-electrical operation), easy access to remote hazardous areas, their ability to be
multiplexed, their relatively low power consumption, and reasonably low cost. The initial view of
the technology was that it had a broad range of applications across the needs of the sensor
industries, but latterly the technology has been modified to emphasise the advantages seen in
optical sensing for some niche areas like medical instrumentation, distributed sensing,
aerospace and civil engineering [1] and in this way, optical fibore sensors have been of great

interest with a wide range of applications in various process industries, in recent years [2],

Fibre optic based sensors may generally be sub-divided by transduction mechanisms and
classified as intensity-based or interferometry-based systems. Intensity-sensors tend to be
based on multi-mode fibres, whereas the interferometric sensors are usually constructed by
using single-mode fibres. There is another type of sensor, called the ‘hybrid sensor’, which uses

the electrical power (converted from the optical power transmitted by the optical fibres) to drive
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some form of miniature conventional sensors. This is now a well-established technology and has
been discussed in detail in several book series [1]-[3]. The optical fibre sensors have also been
categorised according to the types of sensing devices (e.g., extrinsic or intrinsic), types of
sensing techniques (e.g., intensity / phase / polarisation modulation, coherent / non-coherent
detection, time / wavelength division multiplexing), types of applications (for the measurement of
various physical and chemical parameters, distributed or quasi-distributed sensing) or the types
of fibres used (e.g., single-mode fibre, multi-mode fibre, polarisation maintaining fibre, rare-earth

doped fibres or any specially designed and fabricated fibres).

On the other hand, the area of fibre Bragg gratings (FBGs), a small sub-field of the optical fibre
sensor technology (OFST), is almost contemporaneous with the first development of OFST, after
the discovery of the FBG in 1978 by Hill and his co-researchers [4] in Canada. However, a very
rapid progress in the work involving FBGs had started what is now a world-wide interest in this
subject after the invention of a new technique of writing gratings into the photosensitive fibres, by
Meltz et at [5]. Today FBG-based fibre-optic sensing technology is so popular and promising

that very few optical fibre sensing systems are designed without incorporating FBGs.

1.3. Choice of fibre Bragg grating (FBG)-based schemes for temperature

and strain sensing
Presently, the FBG is one of the key elements in the established and emerging fields in optical
fibre communications and optical fibre sensing. A considerable level of research has already
been carried out in this field by various groups of researchers all over the world for different
applications. Most of the significant work in this area has been accumulated in few recently
published books [2],[6],[7] and few review articles [8],[9]. Review papers providing thorough
overviews, particularly in FBG-based sensing, have also been published [10],[11], However,
applications of sensing technologies based on FBGs are still growing, rather than reaching
saturation. This is mainly because of their relatively simple strain- or temperature-induced
wavelength-shift properties for various multi-disciplinary activities for point or distributed sensing
with or without time and / or wavelength division multiplexing. It is also important to study the
grating characteristics very closely with applied strain and temperature and to incorporate the
observed effects into the system design for achieving the best possible reliability for long-term
use. Recently, extensive research work is on-going over the selection of the fibre material with
various dopings incorporated. As a result, gratings written into a carefully designed and
fabricated specialist photosensitive optical fibre can be used for high temperature measurement
over a wide range, in addition to the simultaneous measurement of strain and temperature over

wide ranges.
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In addition, FBGs have a significant role in designing fibre laser-based systems, using either
matched-pair gratings or a combination of a uniform grating and a chirped grating, with a
suitable length of a rare-earth doped fibre as a gain medium, which can be used for very precise
measurement of strain and temperature with a very high signal to noise ratio (SNR). FBGs also
play an important role in distributed or quasi-distributed sensing of temperature and strain by
fabricating gratings at the same or / and different wavelengths (using different phase-masks)
depending upon the system design and the necessity of the measurement. Moreover, in addition
to the various applications of uniform FBGs, there is significant scope for applications using
special types of gratings like chirped gratings (as in-fibre broad-band reflectors for laser-based
sensing systems), long length gratings (for distributed sensing and for very precise level of
measurement by writing a grating of very narrow bandwidth), apodized FBGs (to avoid the side-
lobes on either side of the main grating for some specific applications), super-imposed and
super-structured multiple gratings (for discrimination of multiple physical parameters and for
WDM applications), blazed gratings (for mode filtering) and long period gratings (for various

sensing applications).

1.4. Aims and Objectives of this work
The work is aimed mainly at high temperature sensing applications, building upon research
carried out in the Measurement and Instrumentation Centre of the City University on
fluorescence of the optical fibres [12]. Flowever, the basis of this work is fibre Bragg gratings,

written in some specialised optical fibres. The major objectives of the work are -

+ A thorough review of the literature on the work associated with FBGs, as a background to
this research, and an evaluation of the possibilities for the future work in this area.

» Setting up and evaluating a facility for the fabrication of FBGs (as it is new in this Centre of
the University) using a KrF excimer laser and fabrication of different types of gratings (type |
and type llIA) into a range of photosensitive fibres using this fabrication system created.

+ To carry out a series of experiments to observe the temperature stability of these different
types of gratings written in commercial fibres and in several specially designed and
fabricated fibres with selective dopings, for writing high temperature sustainable gratings and
thereafter making a comparison over their ranges of temperature measurement.

* Analysis of thermal decay or stability of the FBGs written in some selective fibres (the most
photosensitive fibre and the most useful fibre for high temperature applications), in terms of
reflectivity (or the modulation of refractive index of the fibre core) and the irreversible blue-
shift in the Bragg wavelength (or the effective refractive index of the fibre core) of the
gratings, to model the process of the grating-decay at different temperatures over a certain

period of predicted time.
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+ Verifying the non-linearity of the temperature dependence of the FBGs in terms of reversible
changes in the Bragg wavelength in order to achieve the best possible calibration over a
wide range of temperature measurements with the minimum acceptable errors.

+ Based on a brief review of the recent work on the simultaneous measurement of strain and
temperature, a new scheme is proposed to enhance the range of measurement by writing
gratings in various specially fabricated Er3+doped [13],[14] optical fibres, using a combined
fluorescence and grating based technique, with the best achieved calibration. In addition,
the optimisation of the range of simultaneous measurement is made for both parameters
using various specialised optical fibres.

» Developing a scheme for strain-independent temperature measurement and undertaking the
cross-sensitivity analysis for independent and simultaneous measurement of strain and
temperature.

« To extend the work on FBGs for fibre laser-based sensing applications by using a
combination of a uniform grating and a chirped grating along with a length of a rare-earth
doped fibre.

» Conclusion of the work and the discussion of the possibilities of extending the work towards
the future direction.

+ Reporting the results obtained at various stages of the research, in various International

Conferences and the international Journals.

1.5. Structure and design of the thesis
The thesis is structured with a series of chapters describing the comprehensive work carried out

to achieve the aims set out and meeting the objectives given.

The first chapter (Chapter 1) begins with review of the brief background to optical fibre sensing
in the context of choosing the fibre Bragg grating-based schemes for high temperature sensing
applications. The aims and objectives of the work, followed by the structure of the thesis
designed to meet the objectives at various stages of the work are put forward, outlining of the

whole work carried out.

Chapter 2 covers the mechanisms involved with the FBG fabrication followed by the relevant
theory of FBGs required explaining the formation of FBGs and their properties. Different
procedures for the inscription of gratings along with the properties and applications with the
FBGs, carried out to date, by various researchers, are reviewed thoroughly and the scope of the

future work in that field is evaluated.

Chapter 3 introduces the setting up and evaluation of a system for writing FBGs using UV light

from a KrF excimer laser and the fabrication of different types (type | and type IIA) of gratings in
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various commercially available (B-Ge doped, Ge doped) and specially fabricated (Er-Ge doped,
Sn-Er-Ge doped, Sb-Er-Ge doped) photosensitive fibres. The temperature sustainability of the
gratings written into all of these fibres is examined and compared with a chemical composition
grating (CCG), supplied by a collaborator with the City University. The maximum ranges of
temperature measurements with different types of gratings written in various photosensitive

fibres are evaluated and discussed.

Chapter 4 describes the analysis of thermal stabilities of the FBGs written in a few selective
fibres, in terms of the decay of the refractive index modulation (which is related to the reflectivity
of the gratings) and the effective refractive index (related to the Bragg wavelength) of the core of
the fibre. The selective photosensitive fibres are B-Ge codoped fibre (for the best available
photosensitivity) and the specially fabricated Sn-Er-Ge codoped fibre (for high temperature
sensing applications). The predicted decays of the gratings written into these fibres, at different
temperatures, were simulated over a period of time, by conducting experiments on accelerated
aging. Also, the thermal stabilities of the FBGs fabricated in various fibres were analysed and

compared in this chapter by evaluating the activation energies.

Chapter 5 discusses the requirement of the process of annealing over the fabricated gratings to
achieve the repeatable data for temperature measurements. A number of ascending and / or
descending cycles through temperature-induced reversible changes in the Bragg wavelengths of
the FBGs written into various photosensitive fibres have been carried out and evaluated. This
chapter compares the linear and non-linear regressions over the experimental data for
temperature measurement with different types of gratings written in various fibres and shows the
necessity of considering the non-linear characteristics to optimise the calibration for a wide

range of temperature measurement.

Following a brief review of recent work published in the area of simultaneous measurement of
strain and temperature and the limitations of the schemes, Chapter 6 gives the description of a
new approach for simultaneous measurement of both parameters over wider ranges, by writing
gratings in the specially fabricated rare-earth doped fibres (tin-erbium doped and antimony-
erbium doped photosensitive fibres), using a combined fluorescence and grating based
technique. A scheme for a strain-independent temperature measurement is also demonstrated
by writing type | and type IIA gratings in the same fibre. Cross-sensitivity of the parameters for

independent and simultaneous measurements are discussed here.
Finally, Chapter 7 concludes the whole work carried out in this project with a future scope to
continue and enhance the work towards a right direction. This chapter includes a sketch of

possibilities of writing chirped gratings, long length gratings and long period gratings, using a
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translation stage and the upgraded writing system, in addition to their various applications in the

field of sensing.

1.6. Summary
This chapter has contained the background and context of the work, with a particular emphasis
on the fibre Bragg grating based measurement schemes for high temperature sensing
applications, including the simultaneous measurement of strain and temperature. The aims and
objectives of the work are put forward and the structure of the thesis has been described in this

chapter as an outline of the whole work carried out.
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Chapter 2

Background and Review of
optical fibre Bragg gratings

21. Abstract

A considerable amount of work in the field of optical fibre Bragg grating research has been
carried out over the last ten to twelve years. This chapter reviews briefly the photosensitivity
mechanism involved and underpinning the formation of FBGs, followed by the relevant theory
required to explain the nature of the FBGs formed, their properties and applications. Different
techniques for the inscription of various types of gratings are also discussed. The applications of
the FBGs for measuring a range of physical and / or chemical parameters such as -
temperature, strain, pressure, relative humidity, carried out to date, in various fields, ranging
from their use in the process industries to medical instrumentation, by various researchers, are
reviewed thoroughly and the scope for future work in this field is envisaged, in terms of high

temperature sensing potential of the FBGs written in several specialised optical fibres.

2.2. Photosensitivity of the fibre
Fabrication of FBGs was of great interest since the discovery of photosensitivity in the optical
fibres. In such fibres, the core refractive index of the optical fibre alters when it is exposed to
strong ultra violet light. This photosensitivity allows the fabrication of phase structures in the fibre
core, as a result of a periodic perturbation of the core refractive index along the length of the
fibre and forms a fibre Bragg grating, after satisfying the Bragg condition. The magnitude of the
modulation of the core refractive index along with the number of planes of modulation

determines the reflectivity of the grating.

2.2.1. Discovery of photosensitivity
Fibre photosensitivity was first observed in germanosilicate fibres by Hill and co-researchers in
1978 [4] using 488 nm ultra violet (UV) light from an argon-ion laser launched Into the fibre.

Coherent light propagating in the fibre interferes with a small amount of back-reflected light from
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the end of the fibre (~ 4% Fresnel reflection) to form a standing wave pattern, which through
photosensitivity writes a grating in the fibre core. Unfortunately, this ‘Hill grating’ functioned only
over the region around the writing wavelength light and due to this limitation, the phenomenon
was not taken forward at that time. This limitation was overcome in 1989, when Meltz et al. [5]
demonstrated the formation of FBGs in optical fibres by a transverse holographic method by
using 244 nm UV light from a frequency-doubled argon-ion laser. In this experiment, the fibre
was irradiated from the side with two intersecting coherent UV light beams. The two overlapping
UV beams interfere producing a periodic interference pattern, which writes a corresponding
periodic index grating in the fibre core. This transverse holographic technique is possible
because the fibre cladding is transparent to the UV light whereas the fibre core is highly
absorbing to that. Since then, the fabrication of FBGs is of great interest, mainly because of the
ease of the technique of grating writing without removing the glass cladding of the optical fibre,
and functioning of the FBGs at much longer wavelengths, which are of interest for a range of

applications.

2.2.2. Physical process and the mechanisms of photosensitivity
The demonstration of the transverse holographic technique for the FBG writing showed that a
‘strong’ change in the core refractive index of a germanosilicate fibre occurred when it was
exposed to 244 nm UV light, which is very close to the absorption peak of the germania-related
defect over the wavelength range of 240-250 nm. At that time, the germanium-oxygen deficiency
centre (GODC), Ge-Si wrong bonds or Ge-Ge wrong bonds (which occur during the fabrication
process of the fibre perform by the MCVD method) were thought to be responsible for the
photosensitivity of the fibre, where on UV illumination, the bond readily breaks, creating a GeE’
centre with an extra liberated electron (associated with the Ge atom), free to move within the
glass matrix via hopping or tunnelling, or by two-photon excitation into the conduction band that
facilitates the formation of new defect centres like Ge(1) and Ge(2), through charge retrapping
elsewhere in the matrix. Fig. 2.1 shows a schematic of the above phenomenon. However,
photosensitivity has also been observed in a wide range of fibres, many of which do not contain
germanium as a dopant. With the demonstration of photosensitivity in most of these fibres, it is
now apparent that the photosensitivity is a function of various mechanisms (photo-chemical,
photo-mechanical and thermo-chemical) and the relative contribution will be fibre-dependent, as
well as dependent on the UV light intensity and the wavelength. The precise origins of the
photosensitivity and the accompanying refractive index change in the fibre core are not yet fully
understood. Various researchers have proposed several models to explain these photo-induced
refractive index changes; however, no single model can explain all the experimental results

obtained. The main models used to explain the mechanism are discussed here briefly.
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Ge(1) Ge(2)

Fig. 2.1: Formation of GODC and possible GODC candidates.

Colour centre model: This model assumes that photo-induced changes in the absorption
spectrum give rise to a change in the refractive index through the Kramers-Kronig relationship.
In this model, a colour centre can be formed when a GODC absorbs a photon. Photo-excitation
can break the Ge-Ge or Ge-Si bonds by producing a paramagnetic GeE’ centre - a
germanium/silicon hole with an extra released electron. These electrons from the colour centres
are free to move within the glass network and eventually they are trapped at two types of
germanium-dopant sites forming Ge(1) centre (with an electron trapped at a Ge atom
coordinated to four O-Si next-nearest neighbour atoms, at longer wavelengths of the absorption
spectrum) and Ge(2) centre (with an electron trapped at a Ge atom coordinated by one O-Ge
and three O-Si next-nearest-neighbour atoms, at shorter wavelengths of the absorption
spectrum). According to this model, the refractive index at a point is related only to the number
density and the orientation of the defects (i.e., colour centres) in that region and this is
determined by their electronic absorption spectra. To date, the colour centre model is the most
widely accepted model to explain the mechanism of formation of FBGs with some experimental
results in support of this [15]-[18]. Results on the thermal annealing of the FBGs, with very less
amount of decay at lower temperatures and a substantial level of decay at higher temperatures,

are also supportive of this model. However, this model cannot explain satisfactorily all the
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experimental observations [19],[20] relating to the behaviour of all fibre types and their dopants
like hydrogen-loaded, rare-earth doped and alluminosilicate fibres, where the Kramers-Kronig
analysis performed over the wavelength range of 190-800 nm fails to account for the refractive

index changes [6] (pp. 66).

Dipole model: The dipole model is based on the formation of built-in periodic space-charge
electric fields by the photo-excitation of the defects. Photo-ionisation of GODCs, Ge-Si, or Ge-
Ge wrong bonds create positively charged GeE’ hole-centre along with a free electron. The free
electron diffuses away and gets trapped by the nearest neighbouring sites of Ge(1) and Ge(2) to
form negatively charged Ge(1)' and Ge(2)' centres respectively [21]. The GeE’ hole-centres and
Ge(1)' and Ge(2)' electron-centres result in electric dipoles with a separation of few hundred
picometers. Each dipole produces a static d.c. polarization field that extends over many
molecular spacings. These static electric fields induce local changes in refractive index, which is
proportional to the square of the electric field, E2, according to the Kerr effect. During the FBG
fabrication process, when the fibre is exposed to the UV interference pattern, free electrons are
created in the high intensity regions and diffuse in either side of the low intensity until they are
trapped by the defects in those regions. This distribution of charges within the fibre creates
periodic space-charge electric fields and thus modulates the refractive index of the fibre
periodically. Although this model works well for photo-refractive crystals, it is quite difficult to
justify in the case of all photosensitive fibres due to the requirement of large number density of

dipoles, which is much higher compared to that estimated from experiments.

Compaction / Densification model: The compaction model is based on laser irradiation-
induced density charges, which results in changes in the refractive index. UV-based laser
irradiance, well below the breakdown threshold, has been shown to induce thermally reversible
linear compaction of amorphous silica leading to a change in refractive index. Fiori et al. [22]
conducted an experiment using 248 nm KrF excimer laser to irradiate a thin film of a-Si02
sample grown on a silicon wafer and based on the observations they proposed the compaction /
densification model. They observed a reduction in the thickness of the film and the
corresponding evolution of the refractive index changes during the laser exposure. After
annealing of the sample, the compaction disappeared and the original thickness and the pre-
irradiated refractive index were retrieved. An approximate linear relationship was found between
the refractive index change and the density change. A continuous UV irradiation beyond this
reversible compaction regime led to irreversible compaction, until the film was entirely etched.
Several microscopic mechanisms can lead to the volume change such as a phase
transformation, a change in the polymerisation of the glass, or a change of coordination. This
hypothesis explains the physical mechanism with compaction of amorphous silica through

internal structural rearrangements rather than through the process of defect-creation. A
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comprehensive study of the UV-induced compaction / densification process in hydrogen-loaded
and non-hydrogen-loaded germanosilicate fibres has been carried out to understand the critical
formation dynamics of the FBGs [23],[24], It is believed that this model is one of the major
mechanisms to explain the photosensitivity. However, its exact contribution under various

experimental conditions has to be investigated further.

Stress-relief model: The stress-relief model [25] is based on the hypothesis that the refractive
index change arises from the alleviation of built-in thermo-elastic stress in the fibre core. The
core of the optical fibre is under tension due to the difference in the thermal expansion of the
core and the cladding, as the glass is cooled below certain temperature during the fibre drawing.
It is known from the stress-optic effect that the tension reduces the refractive index and
therefore, it is expected that stress-relief will increase the refractive index. During UV exposing,
the wrong bonds break and promote relaxation in the tensioned glass matrix, and hence
reducing the frozen-in thermal stresses in the fibre core. The index change produced by the
relaxation of stress can be calculated by considering the stress-optic effect in terms of Kramers-
Kronig relation, which attributes a shift in the electronic band-gap with stress. The work on a
measurement of increased axial tension in the core of the fibre during the formation of FBGs [26]
supports the model, however, the thermal reversibility of the grating writing cannot be explained
by this model [16].

2.2.3. Enhancing photosensitivity in the optical fibres
Since the first demonstration of FBG formation in germanosilicate fibres, considerable effort has
been undertaken to understand and increase the photosensitivity of the optical fibres for writing
gratings with very high reflectivity and at the same time, to optimise the UV exposure time. There
are a few techniques have been invented to enhance the photosensitivity in the optical fibres

and they are discussed briefly.

Hydrogen loading (hydrogenation) is one of several effective approaches to enhance the
photosensitivity in the fibres, which was first reported by Lemaire et at. [27], Hydrogen loading is
carried out by diffusing the hydrogen molecules into the fibre core at high pressure (typically 150
atmospheric pressure) and comparatively low temperature (20-75 °C) prior to the UV exposure.
Hydrogen molecules react in the glass at normal Si-O-Ge sites, forming OH species and UV
bleachable GODCs, which are responsible for the enhancement of photosensitivity. One
advantage of hydrogen loading is the fabrication of very strong FBGs (very good amount of
reflectivity) in any germanosilicate or germanium-free fibres. In addition, in unexposed fibre
sections the hydrogen diffuses out, leaving negligible absorption losses at the important optical
windows. It may be noted that hydrogenation does not give any permanent effect to the fibre, as

the hydrogen diffuses out, and the photosensitivity decreases. Also, a certain amount of drift in
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the Bragg wavelength of the grating fabricated in a hydrogenated fibre was observed [28], which
cannot be reliably predicted, as it is related to the residual hydrogen concentration in the fibre at
the time of UV exposure and the degree of hydrogen depletion into the fibre core. However, the
post-exposure annealing can stabilise the gratings for long-term use at comparatively low

temperatures.

Flame brushing [29] is another simple technique to enhance the photosensitivity in
germanosilicate fibres. A flame fuelled with hydrogen and a small amount of oxygen brushes the
selected region of the optical fibre to enhance the photosensitivity, repeatedly. The temperature
of the flame reaches to approximately 1700 °C and the process needs around 20 minutes of
time to complete. At this temperature, the hydrogen diffuses into the germanosilicate fibre core
and creates GODCs, resulting in a strong absorption band around 240 nm wavelength regions in
the core, which is responsible for this enhanced photosensitivity for creating a significant amount
of UV-induced refractive index change in the fibre core. The techniques of hydrogen loading and
the flame brushing follow the same concept to enhance the photosensitivity. In both cases,
hydrogen is used in a chemical reaction with germanosilicate glass to form GODCs, to be
responsible for photosensitivity. In spite of various advantages of this technique (as hydrogen
loading technique), one major drawback of this technique is that the high temperature flame

brush processing weakens the mechanical strength of the optical fibre.

Boron codoping [30] in a germanosilicate fibre enhances the UV photosensitivity of the optical
fibre. A comparison shows that the fibre containing boron codoping is much more photosensitive
than the fibre with higher germanium concentration and without boron. Moreover, the saturated
index changes are higher and achieved faster for this fibre than any other fibres, which suggest
that there is an additional mechanism operating to enhance the photosensitivity. It is known that
the addition of boron oxide to silica can result in a compound glass of having lower refractive
index compared to silica. This effect is assumed to be due to a build-up in thermo-elastic
stresses in the fibre core resulting from the large difference in thermo-mechanical properties
between the boron-contained core and the silica cladding. It is known from the stress-relief
model that tension reduces refractive index through the stress-optic effect. The absorption
measurements suggest that boron codoping does not enhance the fibre photosensitivity through
productions of GODCs as in the case of hydrogen loading or flame-brushing. Instead, it
increases the photosensitivity of the fibre by allowing the photo-induced stress relaxation

through the breaking of the wrong bonds in the glass matrix under UV exposure.
Use of ArF excimer laser UV-irradiation is another approach [31] to achieve better absorption
within the optical fibres. Albert et al. fabricated FBGs using a UV light from a 248 nm KrF, as well

as, a 193 nm ArF excimer laser separately with a phase mask and demonstrated that the FBGs
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written under 193 nm UV exposure appeared to be of much stronger reflectivities than those
inscribed with 248 nm exposure in similar excitation conditions. The experimental results show
that the 193 nm excimer laser light provides an efficient grating writing technique in the optical
fibres. The use of this shorter wavelength light for grating writing gives a possibility of achieving

higher spatial resolution.

23. Inscription of fibre Bragg gratings (FBGs)

Inscription of Bragg gratings may be classified as internally or externally written, depending on
the fabrication technique. Even though the FBG was first written through the internal writing
technique by Hill and co-researchers [4], this technique is not very useful, particularly for its
limited operating region, where the grating is only visible around the excitation laser wavelength.
Also, a useful reflectivity of the grating can be achieved with a long length of optical fibre, as the
UV-induced refractive index change is very much less in this method. In comparison to the
internal writing technique, the technique of externally grating writing is quite useful and popular.

Some of these techniques are described below.

2.3.1. Interferometric fabrication technique
The interferometric fabrication technique, the first external writing technique for the inscription of
FBGs in photosensitive optical fibres, was demonstrated by Meltz and co-researchers [5], An
interferometer is used in this technique to split the incoming UV light into two beams and then to
recombine them to form an interference pattern of the UV light, which can be used to expose a
photosensitive fibre to create the refractive index modulation within the fibre core. FBGs can be

fabricated in the optical fibres by using both amplitude-spliting and wave-front-splitting

interferometers.
Fig. 2.2(a): A schematic of an amplitude- AN'9- 2.2(b): An improved version of
splitting interferometer used by Meltz et al. amplitude-splitting interferometer.
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In an amplitude-splitting interferometer, the UV light is split into two equal intensity beams
and then recombined after traversing through different optical paths to produce an UV
interference pattern, which illuminates the fibre to create the FBG within the fibre core. A pair of
cylindrical lenses is used to focus the light along the length of the fibre. A broadband light source
and a high-resolution monochromator are used to monitor the on-line growth of the grating by
observing the reflection or transmission spectrum. Fig. 2.2(a) shows a schematic diagram of an
amplitude-splitting interferometer used by Meltz et al, which was improved further (schematic
diagram is shown in Fig. 2.2(b)) to achieve better spatial coherence, thereby improving the
efficiency of the grating inscription technique. The Bragg grating period, A, which is identical to
the interference fringe pattern period and depends on both the exciting light wavelength, A and

the half of the angle between the intersecting UV beams, q can be expressed by

A = A/(2sin(p) (2.1)
Considering the Bragg condition with
Ab - 2n€fA (2.2)

the Bragg resonance wavelength, Ab, can be represented in terms of the UV light wavelength
and the half-angle between the intersecting beams as
Ab = (A/sin(p)nef (2.3)

where neffis the effective refractive index of the fibre core. So, the Bragg wavelength of the FBG
can be varied by changing either A or @ where the choice of Ais limited to the absorption region
of the fibre and there is no restriction over o Thus, the FBG can be written at any desired
wavelength in this technique. This method also offers the flexibility of producing FBGs of any
arbitrary length and bandwidth. The main disadvantage of this method is its susceptibility to any
mechanical vibrations, which degrade the formation of stable UV fringe patterns and
requirements for a UV light source having very good temporal and spatial coherence along with

the stability in the wavelength and the output power.

uv Cylindrical bgavm
beam -y lens
Mirror
Glass
block
Optical Optical
fibre fibre
FBG FBG
Fig. 2.3(a): A schematic of wavefront- Fig. 2.3(b): A schematic of wavefront-
spilitting block interferometer. spilitting Lloyd interferometer.
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Wave-front-splitting interferometers are not so popular as the amplitude-splitting
Interferometers for the writing of FBGs; however, the approach offers a few advantages. Figs.
2.3(a) and 2.3(b) show the schematic diagram of two examples of the wave-front-splitting
interferometers using a prism interferometer and a Lloyd’s interferometer respectively. In the
prism interferometer, the UV light is spatially bisected by the prism edge with half of the light
spatially reversed by the total internal reflection from the prism face. The two beams are then
recombined at the output face of the prism resulting in a fringe pattern parallel to the
photosensitive optical fibre to write a grating. Lloyd’s interferometer consists of a dielectric
mirror, which directs half of the UV beam to the fibre that is placed perpendicular to the mirror.
The writing beam is centred at the point of intersection between the fibre and the mirror. The
recombination of the direct UV beam and the reflected UV beam from the mirror-face creates the
interference fringe pattern to produce a grating. In both cases, cylindrical lenses are used to
focus the beam along the length of the core of the fibre. One key advantage of the wave-front-
splitting interferometer is mainly for use of only one optical component, which reduces the
susceptibility to mechanical vibration. The disadvantages of the approach are the limitation on
the grating length, which is restricted by the half of the beam size and the range of the Bragg

wavelength tenabllity, which is caused by the physical arrangement of the system.

2.3.2. Phase mask technique
This is one of the most effective techniques for writing gratings into a photosensitive fibre
[32],[33] which employs a diffractive optical element, called phase mask, for spatially modulating
the UV beam to produce the grating. Phase masks may be created holographically or by
electron-beam lithography [33], Holographically produced phase masks do not have any stitch
error, which is normally present in the phase masks formed through the electron-beam
lithography due to the electron-beam size and affects the quality of the phase mask. However,
any complicated structured phase masks can be fabricated by the electron-beam lithography

technique.

A normal uniform phase mask has a one-dimensional periodic surface-relief structure, with a
period of ARM etched into a high quality fused silica that is transparent to the UV light. The
profile of the periodic surface-relief pattern is so chosen that that when an UV light is incident on
the phase mask, the zero-order diffracted beam is suppressed to less than few percent (typically
less than 3%) of the transmitted optical power and the diffracted plus and minus first orders are
maximised (each typically containing more than 35% of the transmitted optical power). A near-
field fringe pattern is developed by the interference of the diffracted plus and minus first order
beams with a period, A, which is exactly one-half of the period of the phase mask (A = ARV2).
This interference fringe pattern photoimprints a modulation in the refractive index of the core of

the photosensitive optical fibre, which is placed just behind and in a close proximity to the phase
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mask. A cylindrical lens is used generally to focus the UV-induced interference fringe pattern

along the fibre core. The schematic diagram of the technique is described in Fig. 2.4.

uv
beam

Fig. 2.4: A schematic of fabrication of FBGs using a phase mask.

The phase mask technique greatly reduces the complexity in the FBG fabrication process, which
also provides a robust and much stable method to reproduce FBGs. Furthermore, low temporal
coherence does not affect much on the grating writing capability. KrF and ArF excimer lasers are
the common UV light sources used for the fabrication of FBGs using a phase mask. As the UV
laser sources are of typically low spatial and temporal coherence, the fibre is required to be
placed in a close proximity to the phase mask in order to minimise the spatial coherence effect.
On the other hand, temporal coherence effect is not critical here, as long as the distance
between the fibre and the phase mask remains the same along the fibre length. Othonos and
Lee [34] have demonstrated the importance of the spatial coherence of the UV light sources at
the time of writing gratings using phase mask by varying the distance between the phase mask
and the photosensitive fibre. They have also demonstrated the advantage of the phase mask
technique to write a blazed grating and to change the Bragg centre wavelength of the grating, by
placing the fibre at an angle to the phase mask (fibre is not in parallel to the phase mask, i.e.,
one end of the fibre is very closed to the phase mask, whereas the other end of the fibre is away
from that).

The close proximity between the phase mask and the photosensitive fibre during grating writing
through phase mask technique is critical and touching of fibre may cause the possible damage
In the phase mask for further use. This situation can be overcome by a non-contact phase mask

technique using a silica block in between the phase mask and the fibre [35], as shown in Fig.
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2.5(a). The plus and the minus first orders of the diffracted UV beams are internally reflected
within the rectangular block to form an interference fringe pattern. The other useful non-contact
technique is the Talbot interferometer arrangement [36], shown in Fig. 2.5(b), which consists of
two separated plane parallel mirrors placed perpendicularly between the phase mask and the
fibre. The positive and negative first order diffractive beams get reflected from the surfaces of
the mirrors and recombine among themselves, to form the interference pattern of UV light to
write the FBGs.

UV beam UV beam
Wiiiiiiiiii
Fig. 2.5(a): Non-contact interferometric phase Fig. 2.5(b): Non-contact Talbot interferometric
mask technique for grating writing using a configuration for grating writing using a phase
silica block. mask.

In general, the FBGs of different Bragg resonance wavelengths can be written using phase
masks having different periods. However, using the same phase mask, this technique has the
flexibility of writing tuneable gratings, whose Bragg wavelengths are close to its original Bragg
resonance wavelength. Prohaska et al. [37] have demonstrated a shift in the Bragg wavelength
(more than 1.5 nm) of the grating towards a shorter wavelength side by placing a converging
lens before the phase mask. This shift of the wavelength depends on the demagnification factor
of the system, which is limited by the separation between the phase mask and the fibre.
Tenability of the Bragg wavelength of the FBGs can also be achieved by applying strain to the
fibre during the process of fabrication [38], In this case, the wavelength shift of more than 2.5 nm
(towards the shorter wavelength side, by applying strain) is possible; however, this method is

limited by the mechanical strength of the fibre.
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2.3.3. Point-by-point writing of FBGs
The point-by-point writing method [39] for the fabrication of FBGs can be made possible by
inducing a change in the refractive index of each grating plane, one step at a time, along the
length of the fibre core. In a typical experimental arrangement, a single pulse of UV light from an
excimer laser passes through a slit and converges onto the core of the fibre, after being
focussed through a lens, to modulate the core refractive index locally. At the same time, the fibre
has to be moved along the fibre-axis using a translation stage, with a velocity matching to the
frequency of the excimer laser so that each pulse of the UV light produces a grating plane with a
period of A. This method of writing gratings is also possible by using the UV light from a
continuous wave (CW) laser; however, an optical chopper has to be used in this case, to block
the continuous UV radiation periodically to match with the velocity of the translation stage. It
should be noted that a very stable and precise sub-micron translation system is essentially
needed in addition to a longer process time and precise focussing, for successfully writing FBGs
through this technique. The main advantage of this writing technique lies in its flexibility to form
gratings of any length and of any pitch. Furthermore, grating apodization can be possible via this

method by varying the intensity of the UV light along the length of the core of the fibre.

2.3.4. Special techniques for FBG fabrication
Several techniques are used to inscribe the special grating structures. Fabrication of FBGs using
a single excimer laser pulse, writing of gratings during fibre drawing, long length grating and
complex structured grating formation using a translation system are the examples. Writing
grating using a single pulse laser was first demonstrated by Askins et al. [40] and formation of
gratings of high reflectivities are reported at the later stage [41],[42] by use of a highly

photosensitive fibre.

One of the major drawbacks of writing gratings is to strip-off the polymer coating of the fibre to
achieve better UV exposure within the fibre core. This process weakens the mechanical strength
of the fibre, even if it is recoated after grating fabrication, due to the surface contamination. Mass
production of FBGs is another difficulty. These problems can be overcome by writing gratings
during the fibre drawing process, just before the fibre is coated [43]. Flowever, a little fluctuation
in pulling tension during fibre drawing may cause the changes in the Bragg centre wavelengths.
An alternative approach is to use near-UV light around the wavelength of 334 nm [44], All the
standard polymer coatings are transparent to this region of wavelength and thus there is no
need to remove the polymer jacket of the optical fibre before grating writing or the post-
fabrication recoating, even though this near-UV light may not be that much efficient as the UV

lights of wavelengths of 248 nm or 193 nm.
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Many of the applications require the complex grating structure, which can be made possible by
using a computer-controlled translation stage to synchronize the movement of the photosensitive
fibre to write various complex grating structure involved. The fabrication of long length gratings
with very narrow bandwidth [45], complex grating structure [46], chirped gratings [47], step-
chirped, super-step-chirped and long super-step-chirped gratings [48]-[51] long period gratings

[52] and super-structure gratings [53] has already been reported.

24. Properties of FBGs
A fibre Bragg grating, in a simplest form, consists of a periodic perturbation of the refractive
index of the core of the optical fibre. This type of uniform FBGs is considered as the fundamental
building block for most grating structures. The structure of a uniform FBG has been illustrated in
Fig. 2.6. The guided light along the core of the optical fibre will be scattered by each grating
plane (modulated refractive index region). If a certain phase matching condition, called the
Bragg condition (discussed later), is not satisfied, the reflected light from each of the subsequent
grating planes becomes out of phase among them and eventually cancels out. Moreover, In this
condition (not satisfying the Bragg condition), a very weak reflection occurs at each grating plane
due to the mismatch of the core refractive index in the fibre and virtually no effect can be
observed in the transmitted optical output. When the Bragg condition is satisfied, the
contributions of reflected light from each grating plane will be in-phase and will create a back-

reflected peak light component with a centre wavelength defined by the grating parameters.

X)road

Fig. 2.6: A simple illustration of a uniform fibre Bragg grating.
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2.4.1. Bragg condition and Bragg wavelength of the FBGs
Bragg condition is simply the desired condition that satisfies both energy and momentum
conservation. The energy conservation states that the frequency of the incident radiation would
be the same of that of the reflected radiation, i.e.,

hvi = hvr (2.4)
where h is the Planck’s constant and v, and vrare the frequency of the incident and the reflected
radiation respectively. Momentum conservation shows that the grating wave vector, K will be
the vectorial difference between the wave vectors associated to the incident (Ig) and the
reflected (kr) radiation, i.e.,

K=k - kr (2.5)
where the grating wave vector has a direction normal to the grating planes with a magnitude of
27t/A (A is the spacing between the grating planes). However, the reflected wave vector and the
incident wave vector are equal in magnitude, but opposite in phase. Hence, Eq. (2.5) becomes

K = 2rd/A = 2ki = 2kr = 2(27indf/A) (2.6)
where neff is the effective refractive index of the fibre core at wavelength, A which is the free
space centre wavelength of the input light that back-reflects from the Bragg grating, called as the
Bragg wavelength, Ab. Hence finally the Bragg condition appears as

Ab= 2neffa (2.7

2.4.2. Reflectivity of the FBGs
Even though for a schematic of an FBG, the modulation of the core refractive index has been
assumed to follow a rectangular profile, the most acceptable practical modulation of the
refractive index can be considered as a sinusoidal profile along the length of the fibre and can be
expressed as

n(z) = n0+ An cos(27iz/A) (2.8)
where n0 is the average refractive index of the core, An is the amplitude of the UV-induced
refractive index modulation and z is the distance along the fibre longitudinal axis. Using the
coupled mode theory [54]-[57] (discussed in the next section), the reflectivity of a grating with
constant amplitude of modulation of the core refractive index and period, can be expressed as

R(I,A) = QXinh2Zsl)/[(Ak)XSinh2sl) + sZoshZ(sl)] (2.9)
where R is the reflectivity of the grating, which is a function of the grating length, |, and the
operating wavelength, A d is the coupling coefficient, Ak = [k - (nil)] is the detuned wave
vector, k = 2nno/X is the eigen wave vector and s = (Q2- Ak2)12 Again, the coupling coefficient,
Q, for sinusoidal variation of core refractive index along the fibre length, can be written as

Q = (7iAn/A)(1-V-2) (2.10)
where the mode power confinement factor, (1-V-2), can be represented in terms of the

normalised frequency number of the fibre, V, which may be estimated by
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V = (2n/?i)a(n@2n @)12 (2.11)
with the core radius of the fibre, a, and the core and cladding refractive indices of no and nd
respectively. At Bragg resonance wavelength of a uniform FBG, the value of the detuned wave
vector becomes zero and hence the Eq. (2.9) simplifies to

R(U) =tanh2Ql)

= tanhZ(7rAnl/X)(1-V“2)] (2.12)

During an experiment, the reflectivity of the FBG can be measured by observing the optical
power at the Bragg resonance wavelength through an optical spectrum analyser and thus the
amplitude of the modulation of the core refractive index for an FBG can be estimated as

An = [Mitl(1-V 2)] tanh"1(R12 (2.13)
The reflectivity of the grating increases with the increase of the amplitude of the UV-induced
core refractive index modulation in the fibre. Also, as the length of the FBG increases keeping

the same value of core refractive index modulation, the reflectivity of the grating enhances.

2.4.3. Effect of strain and temperature on the FBGs
The Bragg resonance wavelength is one of the vital parameters of FBGs, which depends on two
main parameters, namely, the effective core refractive index of the fibre and the grating period,
as shown in Eq. (2.7). Both of these parameters alter, when strain and / or temperature are
applied on the grating, resulting in a change in its Bragg wavelength. From Eq. (2.7), the shift in
the Bragg wavelength of the grating, due to the applied strain and temperature, can be
expressed as

Arb = 2[A(9On€f/Sl) + nef,(SA/ON]AI + 2[A(5nef0T) + neff(SA/ST)JAT (2.14)
where the first part of Eq. (2.14) represents the effect of strain on the grating, which corresponds
to a change in the grating spacing and a change in the effective refractive index through dilation
or compression of the fibre and assuming the strain is homogeneous and isotropic, it can be

written in a simplified form as [8]

AAb = A(1 —pe)s (2.15)
where the strain-induced photo-elastic coefficient, pe, can be defined by
pe = (nefi22)[p2- v(pn + p 12 (2.16)

in terms of the strain-optic tensor components depending on the fibre Pockel’s coefficients, pit
and the Poisson’s ratio, v. Using the above equations, a typical value of strain sensitivity can be
obtained as around 0.64 pm/ps at the wavelength region of 820 nm, 1pm/ps at around 1300 nm
and 1.2 pm/ps at 1500 nm wavelength region. The strain response has been found be to linear

and no evidence of hysteresis was noticed [8].

The second part of the Eq. (2.14) represents the effect of temperature on the fibre grating, which
depends on the thermal expansion coefficient and the thermo-optic coefficient of the fibre

material and thus this component of the Bragg wavelength shift may be written as
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A = U (1/A)BAIST) + (1/nef)(Ondfi9T)IAT (2.17)
where (1/A)(9A/9T) is the thermal expansion coefficient and (1/ndf)(Ondf/9T) is the thermo-optic
coefficient of the fibre. As the typical value of the thermal expansion coefficient (0.55 x 1CI6 1C
for silica) is one order less compared to the value of the thermo-optic coefficient (8.6 x 1CI6 1°C
for germanosilicate fibre), the latter component is having the dominant effect for this thermal
response of the FBGs. The thermal sensitivity of the FBGs fabricated in a germanosilicate fibre
is typically around 12 pm/°C at the wavelength region of 1500 nm; however, this sensitivity is
found to be slightly non-linear at higher temperatures, although no hysteresis has been

observed.

2.4.4. Other properties of FBGs
Second harmonic of FBGs: lt is observed during the formation of FBGs that once the growth of
the grating saturates, the spectrum broadens under continuous UV exposure because the
Incident UV light is reflected entirely before reaching to the end the grating. Thus the core
refractive index modulation of a strongly saturated grating is no longer sinusoidal, rather
becomes almost square-wave fashion. It is interesting that the second harmonic of the grating
appears about the wavelength of one-half of the fundamental Bragg wavelength with other

higher order modes at shorter wavelengths [8].

Cladding and radiation-mode coupling: FBGs written in a highly photosensitive fibre, or the
FBGs written under a high strength of UV exposure over a long time, have a pronounced
transmission structure (a number of dips of less strength compared to the main grating) only on
the shorter wavelength side of the fundamental Bragg wavelength [58]. This feature can only be
found in the transmission spectrum and due to the component of the guided light radiated from
the side of the core, which may be analysed by considering the radiation-mode coupling. This
effect may be overcome by dipping the fibre-cladding into glycerine (as an index matching
liquid), which eliminates the cladding-air interface effect. The other ways of minimising this
situation are the use of high-NA fibre, which Increases the gap between the fundamental grating
and the cladding-modes, and use of a specially designed fibre with depressed cladding of proper
index and thickness in between the photosensitive core and the normal cladding of the optical

fibre, which suppresses the coupling of the guided mode to the cladding modes [59],[60],

Apodization of FBGs: In general, a series of side-lobes with less intensity appears with the
main grating at adjacent wavelengths in either side. It is important to eliminate these side-lobes
in some applications like to eliminate cross-talk in between information channels in the
application of dense-WDM, for applications of add-drop filters, demultiplexers and for
improvements in dispersion compensation characteristics of chirped gratings and therefore

grating apodization is required. The apodization of gratings using a phase mask with variable
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diffraction efficiencies [61],[62] and a cosine apodization technique by repetitive and symmetric

longitudinal stretching of the fibre during grating formation [63] have been reported.

Chirped FBGs: A chirped FBG can be realised either by monotonically increasing or decreasing
grating period, or modulation depth in core refractive index of the fibre or by both and it has
some special applications in telecommunication and sensing. The structure of this grating may
be considered as made of a series of very small length of uniform Bragg gratings with increasing
period, so that the shorter wavelength light signal reflects from the portion having shorter grating
period and longer wavelength signal reflects from that of longer grating period, satisfying the
Bragg condition, which results in a broadband reflector. This grating can be used as a dispersion
compensator in long-haul communication and as a broad-band reflector to form an all-in-fibre
grating-based laser system in association with a uniform Bragg grating. The fabrication of
chirped gratings of various types like simple chirped gratings [47], step-chirped, super-step-
chirped and long super-step-chirped gratings [48]-[51] by concatenating several apodized

gratings with increasing period have been demonstrated.

Blazed gratings: Blazed gratings are formed when the grating planes are parallel to each other
but at some angle to the optical fibre longitudinal axis, which creates an alteration in the guided
light through the fibre core, resulting in coupling of the fundamental guided mode into loosely
bound guided cladding modes or into radiation modes outside the fibre core. For blazed
gratings, not only different incident wavelengths emerges at different wavelengths, but different
modes of the same wavelength also emerges at slightly different wavelength due to their
different propagation constant, and thus can be used as a mode discriminator [64], Another
important application of blazed gratings is in mode conversion in the optical fibre [65],[66], Mode
converters can be fabricated by creating a periodic core refractive index modulation along the
fibre length with a periodicity that creates the momentum mismatch between the modes to allow
phase-matched coupling among them. Different grating periods are used for mode conversion at

different wavelengths.

2.4.5. Various types of FBGs
There are three types of fibre gratings in general, namely, type |, type IIA and type Il, and those

may be classified according to the fibre properties and the writing condition of the gratings.

Type | FBGs: Type | Bragg gratings are formed in normal photosensitive optical fibres under the
influence of moderate laser fluence. The fundamental characteristics of this type of grating is the
complementary property between the reflection spectrum of the guided mode and the
transmission spectrum, which implies that there is a very negligible loss due to the absorption

into or reflection from the fibre cladding. Type | gratings are erased at comparatively low
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temperatures depending on the material of the photosensitive fibre. For example, type | gratings
written in B-Ge codoped fibre are erased at approximately 300°C, whereas the same type of
gratings written in Ge doped fibre survive up to around 500°C. This type of grating is being
widely used for various telecommunication applications and comparatively low temperature

sensing applications.

Type IIA FBGs. Type IlA gratings are almost the same as the type | gratings regarding the
complimentary nature of reflection and transmission spectral characteristics. This makes the
type IIA grating almost indistinguishable from type | grating in a static situation with the only
exception of relatively broad bandwidth of the grating. However, under dynamic condition, this
type of gratings show a noticeable difference in feature during the fabrication or thermally
erasure of the gratings, as the mechanism involved in forming the type IIA grating is different
from that of a type | [20],[67] . Inscription of type IlIA gratings require a long time UV-exposure
following the formation and partially erasure of a type | grating. Also, type IlIA gratings show an
improved thermal stability performance compared to type | in a photosensitive fibre [68].
Typically, for a B-Ge codoped fibre, the time required to form a type IlA grating is around 12-15
minutes, whereas a type | grating can be written within a minute in that fibre under the same
intensity of UV light. However, type IlIA gratings are more thermally stable compared to type |
FBGs written into this fibre, where almost no decay in reflectivity was observed up to 400°C for

type IlA gratings.

Type Il FBGs: Type |l gratings are completely different in nature from type | and type IIA
gratings and are formed under very high power single-pulse laser fluence [41],[42], The
reflection and transmission spectra of this type of gratings are not complementary to each other.
These gratings pass wavelengths longer than the Bragg wavelength, whereas the shorter
wavelengths are strongly coupled into the fibre cladding. It is apparent that when the laser pulse
energy is beyond a threshold level (typically 650 mJ/cm2), the UV-induced core refractive index
modulation increases dramatically and becomes saturated by a highly non-linear mechanism
involved in the formation of grating. Examine of a type Il grating through an optical microscope
shows a significant localised damage at the core-cladding interface on the UV-exposed side of
the fibre, which is responsible for the strong localised change in the core refractive index of the
fibre. This type of FBG is shown to be extremely thermally stable (can survive up to 800°C
without any significant decay in reflectivity); however, the process of fabricating type Il gratings
in a stripped-off fibre weakens the fibre drastically due to the occurrence of localised damage

and surface contamination.
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2.4.6. Reliability of FBGs
Bragg gratings fabricated in optical fibres play an Important role in the next generation in terms
of the operational lifetime and the reliability of FBGs used in a telecommunication or a sensor
system. Regardless of whether the optical fibre has undergone any kind of pre-treatment prior to
writing an UV-induced grating, a thermal decay of the grating is occurred over a period of time,
even when it is stored at room temperature. So, to operate the FBGs satisfactorily over a period
of its lifetime, thermal stability of the device is much essential. The thermal stability and the
decay of the Bragg gratings has been analysed using a power-law approach [69],[70] and the
master aging-curve approach [69],[71], Various models of the decay of gratings written in
various types of fibres including hydrogen-loaded fibres [68]-[73] have been developed to
explain the thermal stability of the FBGs in terms of the activation energy. It is shown that by
conducting a process of accelerated aging [68]-[70],[74] a grating can be made stable (by wiping
the unstable portions of the grating) to operate reliably at comparatively low temperatures for a

long period of time.

FBGs are of considerable interest in various optical fibre sensing applications in civil structures
for measuring temperature, strain and pressure. Therefore, the mechanical strength of the
gratings is also another important factor, although it is mainly dependent on the host material of
the optical fibre. However, the degradation of the mechanical strength of the optical fibres
resulting from the UV exposure (during the process of grating writing), from the surface
contamination caused by the stripping-off the fibre jacket and from the temperature cycle (to

pass through the accelerated aging test) has been reported [75]-[77],

2.5. Theory of FBGs
A fibre Bragg grating (FBG) can be described in a simple way with a periodic modulation of the
refractive index of the optical fibre core. The theory of FBGs may be developed by considering
the propagation of the modes in the optical fibre. An FBG with constant refractive index
modulation and period therefore has an analytic solution. A complex grating may be considered
to be a concatenation of several small sections, with each of constant refractive index
modulation and period. In this way, the modelling of the transfer characteristics of FBGs
becomes comparatively easier. There are various techniques for solving the transfer function of
FBGs, proposed by various researchers. Matrix methods like the effective index method (EIM)
and the transfer matrix method (TMM) have also been developed for the analysis of the gratings.
EIM [78] is especially suitable for the Integrated optic gratings, where in the analysis, the grating
is divided into sections, with the length of each one being much smaller compared to the grating
period and the fields are computed inside each section assuming constant refractive index for
that section. In TMM [79], the grating is divided into sections, with length of each one being

larger than the period of grating and the variation of refractive index within the sections have
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been considered according to the uniform gratings. This approach is suitable for periodic,
aperiodic as well as long-length gratings. Several other researchers have also analysed the
gratings by Rouard’s method [80] and Bloch wave approach [81]. However, without going into
the detailed analysis, the basic theories associated to a uniform FBG has been described here

using the coupled-mode theory.

Fig 2.7: The diffraction of a light ray through a grating.

2.5.1. Resonance wavelength of fibre gratings
For simplicity of analysis, the coupling between two modes of a uniform grating and a qualitative
picture of the basic interactions have been considered here. A simple schematic diagram of

diffraction through a fibre grating is shown in Fig. 2.7. The effect upon a light wave incident on

the grating at an angle 0! can be described as [56]

n sin02 = n sine, + m(A/A) (2.18)

where 02is the diffracted angle and the integer, m, determines the order of the diffraction. The

above equation predicts the angle of 02into which the constructive interference occurs.

(-1)2n/A
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Fig. 2.8(a): A simple illustration of core-mode reflection of a fibre Bragg grating.
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Fig. 2.8(b): A simple illustration of core-mode and cladding-mode coupling for an LPG.

Fibre gratings can be classified generally into two types; Bragg gratings (also called as short-
period gratings), in which coupling occurs between modes travelling in the opposite directions,
and the long period grating (LPG), in which the coupling occurs between the modes travelling in
the same (forward) direction. Fig. 2.8(a) illustrates the reflection of a mode by a Bragg (short-
period) grating with an angle 01 into the same mode travelling in the opposite direction with a
bounce angle of 02= - 0i. As the propagation constant of the mode simply p = (27t/A)ndf with neff
= nassinO, Eq. (2.18) can be rewritten for the guided modes as

p2=p, + M(27i/A) (2.19)
For first-order diffraction, m =-1. This condition has been illustrated on the p-axis in the figures,
where the solid circles represent the core-modes (n® > ndf > nd), the open circles represent the
cladding-modes (nd > ndf > 1) and the hatched regions represent the continuous radiation-
modes. As the negative p values represent the modes that propagate in the opposite direction,
the resonant wavelength for a reflection grating of a mode of index, nef1, into a mode of index,
ne2, can be written, using Eq. (2.19) as,

~ = (neffl + neff2)A (2.20)
When two modes are identical (ndfl = ndf2 = ndf), the familiar result for the Bragg reflection
condition appears as

X = 2neffA (2.21)
In case of an LPG, diffraction of a core-mode with a bounce angle of 0! into a co-propagating
cladding-mode with a bounce angle of 02 (as shown in Fig. 2.8(b)) occurs and the resonance
wavelength of an LPG can be predicted as

A = (neffl _ neff2)A (2.22)
For a co-propagating coupling of modes at a certain wavelength requires much longer grating

period compared to that is required for a counter-propagating coupling of modes.
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2.6. Applications of FBGs in Communications and Sensing
FBGs have emerged as an important component to be used in a variety of lightwave
applications. Their unique properties, versatility as in-fibre devices and relatively simple signal
processing techniques make them much popular through their various uses such as fibre lasers,
fibre filters, wavelength division multiplexers and demultiplexers, add/drop multiplexers,
wavelength converters, dispersion compensators. In addition, recently FBGs are significantly
being used for sensing applications to measure various physical parameters like temperature,
strain, relative humidity, pressure etc. including simultaneous measurement of dual or triple

physical parameters. In this section, a range of applications using FBGs is reviewed briefly.

2.6.1. Fibre lasers
Fibre lasers are attractive because of their simplicity, compact size and fibre compatibility. By
coupling an FBG to a semiconductor laser chip, a “hybrid" fibre Bragg grating-based diode laser
[82] can be achieved, as shown in Fig. 2.9. A single-frequency laser operating at the Bragg
resonance wavelength, with a very narrow line-width, can be obtained through this arrangement,
where the temperature-induced wavelength drift of the semiconductor laser can be reduced

significantly.

Laser Diode

Fig. 2.9: A schematic of a “hybrid” FBG-based diode laser.

There is another approach to build an all-in-fibore Bragg grating-based laser by using a finite
length of a rare-earth doped fibre as a gain medium with a pair of gratings of matched
wavelength (to act as a mirror and a partial reflector) in either side of it [83]-[86]. A basic
schematic diagram of the scheme has been shown in Fig. 2.10. A rare-earth doped fibre is used
as a gain medium and by using a pump laser diode at a suitable wavelength (depending on the
rare-earth doped fibre) to achieve the amplification. An FBG with reflectivity of more than 99%
acts as a mirror and an FBG with lower reflectivity forms the partial reflector, which can couple
the output of the fibre laser. With less pump power, a notch in the fluorescence, at a wavelength
corresponding to the Bragg wavelength of the partial reflector grating is observed. With

increasing the pump power, the loss in the fibre laser cavity is overcome and starts lasing. At

PhD Thesis: S Pal 44



Chapter 2: Background and Review of optical fibre Bragg gratings

pump powers just above the threshold, the notch begins to grow in the positive direction
resulting in a fibre laser with very high signal-to-noise ratio with a very narrow bandwidth on the

top of the fluorescence.

Fig. 2.10: A schematic of FBG-based rare-earth doped fibre laser.

Single-mode operation of the fibre laser can be achieved by using intracore Bragg gratings as
cavity feedback at both ends of an appropriate length of the rare-earth doped fibre. Flowever, the
design parameters like length of the cavity, reflectivity and the bandwidth of the Bragg gratings
are some of the important factors to be considered to achieve a proper and stable single-mode
operation of the fibre laser [83], In addition, the mode-locking for ultra-short pulse lasers can be
achieved by modulating a cavity parameter at the fundamental or a harmonic of a cavity round-

trip frequency and has been demonstrated by using both uniform [87] and chirped gratings [88].

2.6.2. Fibre filters and mode converters
A single FBG written into a single-mode fibre can be used as a wavelength selective reflector or
a band rejection filter from the reflection at around Bragg resonance wavelength. Fig. 2.11
shows a schematic of a basic filter constructed by writing an FBG in a fibre and by introducing a
3-dB coupler. This is one of the simplest methods of accessing a narrow-band signal reflected
from an FBG. The disadvantage in this system is around 6-dB loss for passing of the signal
through coupler twice. However, this problem can be removed to some extent by using a 3-port

circulator, instead of a coupler.

Fig. 2.11: A schematic of a basic Bragg grating filter.

PhD Thesis: S Pai 45



Chapter 2: Background and Review of optical fibre Bragg gratings

Also, the band-pass filters can be designed by placing two identical FBGs In two arms of a fibre
coupler, either as in a Michelson arrangement [89] or as in a Mach-Zehnder configuration [90],
Fabry-Perot etalon filters can also be designed by placing two identical gratings in series on a
single-mode fibre, which has been demonstrated by Town et al. [91] by using two identical linear
chirped gratings. A comb and superstructure filter is also very useful in wavelength division
multiplexing and demultiplexing systems, which can also be realised by writing a series of

gratings into a section of optical fibre at different wavelengths using various phase-masks [92].

By tilting or blazing the FBG at an angle to the fibre axis, light can be coupled out of the core of
the fibre into loosely bound cladding modes or to radiation modes outside the fibre. This
wavelength selective tap occurs over a relatively broad range of wavelengths, which can be
controlled by the grating design parameters. These signals are not reflected back, as the core-
mode couples with co-propagating cladding-modes, and thus forms an absorption type filters.
Furthermore, a reflecting spatial mode coupler or a mode-converter can be made with a small tilt

of the grating planes to the fibre axis, and has been demonstrated by Hill et al. [65],

2.6.3. WDM technique and Add/Drop Multiplexers
With the rapid growth of the telecommunication tariff, the capacity of the fibre has become very
important. Wavelength division multiplexing/ demultiplexing (WDM/D) is a promising solution for
this; however, it requires low loss, compact, stable and reliable components leading to be used

as wavelength selective dropping or inserting channels.

A WDM demultiplexing system comprising FBGs was first presented by Mizrahi et al. [93]. The
concept of this system has been illustrated in Fig. 2.12, which consists of a single 1x4-flbre
splitter followed by an FBG transmission filter at each output port. The filters were designed to
pass one signal wavelength at each port, while rejecting the other three adjacent wavelength
channels. Using a pair of gratings that do not overlap in wavelength, a simple band-pass filter
was designed, in which each of the two gratings rejected a broad range of wavelength with the
unaffected transmission of the desired wavelength. Although the basic concept of the device is
very simple, the Implementation of the system needs careful grating design and fibre

optimisation.
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Fig. 2.12: A schematic of a 4-channel FBG demultiplexer.

A very simple scheme of an add/drop filter [94] can be designed by adding an extra 3-dB fibre
coupler to the Michelson arrangement filter; a schematic diagram is shown in Fig. 2.13 to
describe the operation of the add/drop multiplexer/demultiplexer. A multi-wavelength signal is
launched into one input (e.g., port 1) of the device. Assuming the Bragg resonance wavelength
of the pair of identical gratings as Ab, the signal corresponding to the wavelength Abis emerged
from the output port 2, whereas the remaining wavelengths are emerged from output port 3. Port
3 acts now a “drop”-filter by dropping the | bwavelength of a multiwavelength signal, which can
be operated as a demultiplexer. Again if the output port 2, with the signal wavelength of A, is
connected to the port 4 (as input), then all the wavelengths of the multi-wavelength signal are
returned through the output port 3. Port 3 acts as an “add’-filter in this configuration, which

operates as multiplexer.

A, A2...Ab,..A.n-> Demux
Ad A2__Ab)...An—2 Mux

Output, Port 3
Identical

gratings

+H-H+ \n b
> *Port 4

Fig. 2.13: A schematic of Add/Drop Multiplexer/Demultiplexer.
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2.6.4. FBGs for dispersion compensation
Chromatic dispersion is one of the main problems in long-haul communication through the
single-mode optical fibre, which is caused by travelling of different wavelength components of a
data pulse with different group velocities. This causes the pulse broadening and increases the
bit-error rates. This problem can be minimised by using a chirped fibre Bragg grating. The
spacing of the grating planes is chirped, increasing along its length, so that the different
wavelength components are reflected from the different points of the grating along its length.
Thus, the grating can serve as a selective delay line, which delays the wavelengths that travel
faster through the fibre until the other wavelengths catch up, resulting in the device as a

dispersion compensation element. A schematic diagram of a chirped FBG is shown in Fig. 2.14.

cladding

X (
Abroad A / TK 1 11 i 1 1 1 core "-chirped
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Shorter X <C:

Longer X
Fig. 2.14: A schematic diagram of a chirped grating with an aperiodic pitch.

Even though the picture is simplified, as a dispersed pulse includes a range of wavelengths
rather than several separate wavelengths, the idea is the same- the distance of traverse of light
along the grating length depends on its wavelength. However, the chirped FBGs are simple and
compact and thus do not require much long fibre to compensate the dispersion. Dispersion
compensation was first practically demonstrated by using short pulses travelling through single-
mode fibre and a chirped fibre grating to compensate the pulse broadening arises from negative
group delay dispersion and the non-linear self-phase modulation in the fibre [95],[96], However,
higher levels of compensation in dispersion may be achieved by using more complex grating

structures or a combination of gratings [97]-[100].

2.6.5. FBGs for sensing strain and temperature
FBGs have been considered as excellent sensing devices since the early stage of their
development, for measuring various physical parameters like temperature, strain, pressure,
vibration and so on, in static and dynamic conditions [1]-[3],[6],[7],[10],[11]. The key advantage
lies in the wavelength-encoded measurand information, thereby making the sensor self-

referencing and independent of fluctuation of the signal level. In addition, the system is immune

PhD Thesis: S Pal 48



Chapter 2: Background and Review of optical fibre Bragg gratings

to source power and connector losses, which are the common problems in many of the optical

fibre sensing systems.

Fibre Bragg gratings were demonstrated as a temperature sensor for measuring temperatures
up to 500°C [5] starting from room temperature and then extended up to 800°C [8] depending on
the fibre material. However, a slight non-linearity in the thermal response of the gratings
[101],[102] was observed, for which the non-linear behaviour of the thermo-optic coefficient of
the fibre material [103] is believed to be responsible. FBGs were also used for cryogenic
temperature measurements to the liquid nitrogen temperature (77 K) [104],[105] and to the liquid
helium temperature (4 K) [106], The similar non-linearity in thermal response of the gratings was
found at lower temperatures as well. The thermal sensitivity of the fibre gratings was enhanced
by proper bonding of the grating to other substrate that is having greater thermal expansion
compared to the fibre [104]-[106]. The thermal expansion and the thermo-optic effect causes the
changes in the periodicity and the refractive index of the fibre core when temperature is applied
resulting in the changes in the Bragg wavelength of the grating, which is the basis of the use of
grating as a temperature sensor. A typical value of temperature sensitivity of FBGs was found to
be ~ 10 pm/°C (on average) at the wavelength region of 1500 nm, with a slight variation

depending on the material of the fibre.

Fibre Bragg gratings are also well capable of measuring strain. The effective refractive index, as
well as the periodic spacing between grating planes are affected by the applied strain resulting in
a change in the Bragg resonance wavelength of the grating. At room temperature the strain
sensitivity has been found to be ~ 1pm/pe at the wavelength region of 1300 nm [10] and ~1.2
pm/ps at the region of 1500 nm wavelength, [6],[11] where the range of the strain measurement
was reported up to around 2000 pe. The strain response of the FBGs at cryogenic temperatures

were measured and reported [107].

Fig. 2.15: A schematic of quasi-distributed sensing system using FBG elements.
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The narrow bandwidth wavelength encoded nature of output also enables an FBG-based quasi-
distributed sensing system for measuring strain, temperature and other physical parameters at
different strategic spatial locations. A basic schematic of a quasi-distributed system has been
shown in Fig. 2.15, where a number of reflected wavelengths from various FBGs are
demodulated and processed through the signal processing electronics unit. Several techniques
have been demonstrated for performing this wavelength analysis. Among those, the most
common technique is to assess the FBG-reflected wavelengths through a suitable band-pass
filter [108], which can be further improved by using a wavelength dependent transfer function

[109] and a tuneable band-pass filter [110] for scanning the desired signal.

2.6.6. Simultaneous measurement of strain and temperature
Although FBGs are well suited for measuring strain and temperature, one of the most significant
limitations of FBG-based sensors is the actual separation of the parameters as the Bragg
wavelength of a grating is sensitive to both strain and temperature. It is impossible to
differentiate the effects of strain and temperature through a single measurement. Various
researchers have proposed several schemes to discriminate these parameters; however, the
basic principle of operation is the same for all the schemes. If Acpn and A(p2 are two observables
that represent the strain and temperature induced changes in an experimental scheme, then

these two variables can be expressed in a simple matrix form as [6]

A | k]! Kle at"

_AP2. K2 k:e_ As
assuming the strain and temperature-induced perturbations are linear. In this equation, kiT and
kie i = 1, 2) are the temperature and strain coefficients respectively for the above-mentioned

variables. And thus, the induced temperature and strain can be determined by the matrix

inversion technique as

at

’ 1 k2f -ku A (2.24)

As  (K\rk2Z ~ A2TMe) k2T knl" N

The validity of this approach lies in different values of the temperature and strain coefficients and

the non-zero determinant of the matrix coefficients, i.e., (kiTkZEkZIkIE) * O.

Discrimination of strain and temperature has been practically demonstrated by various
researchers in several approaches like using two superimposed FBGs of different wavelengths
[111], by splicing two gratings written in fibres having dissimilar diameters [112], or written in
different photosensitive fibres [113], using a combination of FBG and LPG [114] and a single
LPG [115], using a single FBG written in a rare-earth doped fibre [116],[117], by writing a grating
in a splice-joint between two different photosensitive fibres [118], using a fibre grating Fabry-

Perot cavity structure [119], by use of a superstructure fibre Bragg grating structure [120], by an
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experimental characterisation of the first- and the second-order diffraction wavelengths of the
FBGs [121],[122], based on a combination of a Bragg grating element and a Brillouin scattering
interrogation system [123], relying on a combination of a sampled FBG and an LPG [124] and
by using different types of gratings written in close separation in a fibre with and without
hydrogen-loading [125]. Flowever, all the approaches have used the matrix inversion technique
to discriminate the parameters, where the maximum measurement range of temperature is up to

around 150°C.

For the simultaneous measurement of strain and temperature, it is also useful to obtain a
measurement of the errors in temperature and strain, which results in a limited resolution in the
wavelength measurement. The effect of cross-sensitivity in this measurement has also been
considered and reported [126], The systematic errors in temperature and strain associated with
the measurement can be expressed as [3],[6]

18T j — 15¢cpi/k1T | and 15| = 18(p2k2e| (2.25)
for an independent measurement. In case of a practical simultaneous measurement of both
parameters, the corresponding errors can be presented as [127]

18T | = (|kZl 150 | + |KIE| 15q21)/ Kk TTkZ- KZIKIE| and

155 | = (| k2T I1S(pi | + Tku | 150021) / 1k1xk2 - kZTkiE| (2.26)

2.6.7. Multiplexing techniques for sensing
‘Multiplexing’ plays a very important role in the area of optical fibre sensing, where a major
impact of distributed sensing is anticipated. By sharing the optical source and the signal-
processing unit, the cost of the sensor is reduced with the improvement in the performance of
the optical-based sensors compared to the conventional sensors. Due to the narrow-band
wavelength reflection spectra of the FBGs, they are being used significantly with a multiplexed
configuration in the fibre optic network regardless whether the area is communication or sensing.
There are several techniques of multiplexing such as time-division-multiplexing [128],
wavelength-division-multiplexing [109],[110] and spatial [129],[130] have been reported.
Flowever, the multiplexing capacity of any of these techniques is limited to approximately 10
sensors [6] due to various factors including speed, cross-talk, signal-to-noise ratio and the
wavelength bandwidth. The most popular approaches for increasing the sensor numbers are to
combine the techniques [10],[11],[131],[132] of multiplexing, for example, time and wavelength

division multiplexing.
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Fig. 2.16(a): WDM/TDM combination of FBG arrays: serial system.

One of the primary advantages of using FBG-based distributed sensing is that large numbers of
sensors may be interrogated along a length of a single fibre. WDM provides tens of sensors per
fibre, and TDM can multiply this number by several times by sharing the optical source with a
pre-defined delay at each time. By combining WDM/TDM in a serial configuration, as shown in
Fig. 2.16(a), several wavelength-stepped arrays are concatenated, each at a greater distance
along the fibre length. By launching a short light-pulse from a source, the reflection spectra from
FBGs can be received by the detector at successively later times according to the successive
distant positions of the gratings along the fibre. The detection instrumentation system can be
configured to respond to the reflected signals only during a selected window of time after the

pulse is launched to detect a single WDM set of sensors at a time.

Low reflectivity gratings with high sensitivity detection system would be crucial for interrogating a
large number of FBGs in a single fibre as a serial configuration because of two deleterious
effects that can arise from gratings with high reflectivity. Reflected signals from FBGs that are
separated in time with overlap in the wavelength can experience cross-talk through ‘multiple-
reflection’ and ‘spectral-shadowing’. The TDM/WDM parallel and branching optical fibre network
topologies, as shown in Figs. 2.16(b) and 2.16(c), are useful to eliminate these deleterious
effects. However, the overall optical efficiency is reduced and gratings with high reflectivities with

a number of additional couplers are required in these configurations.
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Fig. 2.16(b): WDM/TDM combination of FBG arrays: parallel network.
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Fig. 2.16(c): WDM/TDM combination of FBG arrays: branching network.

2.6.8. Fibre Bragg grating laser-based sensors
FBGs are also very much useful for creating in-fibre cavities for fibre lasers because of their
narrow-band reflection spectra. This field has grown interest in the area of communication for
tuneable single frequency devices for WDM networks [133]-[135], as discussed in the earlier
sections. At the same time, this field is emerging in the sensing area for very high-resolution
measurement of temperatures and static and dynamic strains, as reported for past few years
[101,[135]-[137].

A basic FBG-based laser sensor can be formed by either two gratings of matched Bragg
wavelength, or a combination of a uniform grating and a chirped grating to create all-in-fibre
cavity, or one grating combined with a broadband reflector. A certain length of a rare-earth-
doped fibre, placed between the gratings or the grating and the reflector, allows the system to
provide the cavity gain leading to the lasing action. A basic structure of this system has been
shown in Fig. 2.10 and is described in fibre-lasers’ section. The device can be implemented
through various configurations and operated either in single frequency or multi-mode fashion
[133],[134],[136],[138], When this device is configured as a sensor element, the changes in the
environmental conditions or the physical parameters subjected to the laser cavity and the
gratings can be detected by monitoring the change in some characteristics of the laser output.
For the variations in strain and temperatures on the gratings themselves, the shift in the
wavelength of the laser output is identical to that obtained through the passive configuration of
FBGs. The advantage of the laser configuration is that the bandwidth of the output light from the
laser sensor can be much narrower than that from the passive FBG configuration, resulting in
better resolution in sensing system. In addition, high SNR can be achieved either by applying
higher pump power or by high amplification (through long length or rare-earth doping
concentration), which is very useful in some critical applications. However, detection of the
beating effects between different longitudinal cavity modes within the system is also possible
[139] with the FBG-based laser sensor configuration. The inherent wavelength division
capabilities of the gratings also allow the implementation of the distributed laser-sensor
configuration [140],[141],
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Another interesting application of FBG-based laser sensor can be implemented by exploiting the
compactness and the high sensitivity features of it. Compact laser sensor can be formed by
using a short cavity length, which allows the single frequency operation. The narrow linewidth of
the laser output from such lasers permits the detection of very weak dynamic strain
perturbations through a low-level frequency-modulation of the laser output resulting in a very

small shift in the wavelength of the laser output [142].

2.6.9. FBG-based sensing for various applications
Bragg gratings have been shown to have great importance in recent few years for their wide
range of sensing application in several multi-disciplinary areas and industries. In previous
sections, the properties, simple writing techniques and the working principle of the gratings in
various configuration have been discussed, which are the basis of the popular and wide spread
applications of this device in various areas. In this section, a brief survey of such work has been

made.

FBG-based sensors have tremendous potential in aerospace engineering applications as
temperature, pressure and strain sensors. These devices can also be used as embedded
sensors that can monitor the performance and fabrication of reinforced carbon fibre composites
and advanced testing of gas turbine engines, for which there is no acceptable competing
technology. These materials offer a greater strength-to-weight ratio than steel and can be
moulded into more complex shapes. An embedded sensor system can provide the real-time
information, enabling an intelligent manufacturing process monitoring, such as in-situ
temperature profiling and strain release monitoring of the composite directly in the autoclave,
thereby improving the real-time manufacturing and product quality. Furthermore, the sensor can
improve the design of the smart structures and skins for the structural monitoring by distributed
strain and temperature measurements. Distributed strain sensing in various composites through
embedded FBG-based sensors [143],[144] and the real-time strain development during
composite curing [145] have been demonstrated and studied. FBGs can also be used in space

vehicles to measure the dynamic loads on a lightweight antenna reflector [146],

There is a great potential of down-hole instrumentation using FBGs in marine applications for
exploration of natural oil resources, where conventional electronic sensors may not tolerate
extremely harsh environments. Attempts have been made using FBGs for the characterisation of
scaled marine vehicle models [147] and composite hull embedded sensor system is being
developed for instrumenting an in-service fibreglass mine countermeasure vessel by exploiting

the static and dynamic strain measuring capabilities of the FBGs [148].
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There is a growing interest of FBG-based sensors in civil engineering structural monitoring, for
example, to measure the mechanical loading for maintaining bridges, dams, tunnels, buildings,
stadiums etc. One of the most important applications of Bragg gratings is as sensors for smart
structures, where the grating is embedded directly into the structure to monitor its strain
distribution; however, for the error-free quasi-static strain measurement, temperature
compensation is required. Gebremichael et al. [149],[150] have demonstrated the grating-based
system for the long-term monitoring of the bridge structure using a system having 64 gratings

multiplexed through 8 channels.

The field of medical applications [151] is also one of the most interesting application areas of
FBG-based sensors mainly because they are electrically passive in nature. With the
advancement of optical fibre-based sensors, there has been interest to employ it for the
physiological parameter measurements, for which extrinsic fibre optic sensors are most
commonly used. For medical applications where a resolution of 0.1°C over a range of around
35-50°C is required, with a special need for sensor multiplexing for the measurement of
temperature profiling, FBGs appear to be particularly very useful. A grating-based scheme has
also been presented for the remote temperature measurements in an NMR machine and for the

use of cardiac monitoring [151]-[153].

2.6.10. Sensing based on the fibre fluorescence
Fluorescence in the optical fibres has been observed with a range of different fibre hosts,
particularly in various rare-earth doped silica fibres. The variety of such available fibres has
increased dramatically over the years, from the early use of the most successful of the laser
solid-state media, neodymium-doped glass, to sensors containing erbium, ytterbium, thulium and
holium, for example [12]. However, there is a wide range of other fluorescent materials that have
been doped into plastic optical fibres, particularly for sensing applications, where the loss
mechanisms in plastic hosts, usually responsible for the laser quenching action, are not
important and when the only fluorescent output is used. A major difference between the silica
and plastic host fibres is the flexibility in the latter allowing to bend it often, to a greater context.
On the other side, silica-based fibres have the advantage of both lower attenuation and higher

durability over plastic fibres (particularly for high temperature sensing applications).

Rare-earth doped materials in low-loss silica-based fibres are of significant interest for
temperature-sensing applications because of their temperature-dependent emission and
absorption properties. This behaviour is due to the broadening of the homogeneous linewidth
and to the changing population of the energy sub-levels or levels with temperature [13], [14],
When a rare-earth doped fibre is pumped, the carriers of the doped ions in the ground-state

energy level are excited and quasi-instantaneously a meta-stable energy level is populated
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through a non-radiative transition, depending upon energy and the wavelength of the pump
power. As a result of this type of population-inversion, an amplified spontaneous emission
(ASE)-based fluorescence occurs in various regions of wavelength, depending on the presence
of different rare-earth ions in the host material. A fluorescence in an erbium-doped fibre in a
region of wavelength of 1540 nm with two distinct peaks has been observed by Imai et at. [187]
and the variation of the fluorescence peak power ratio was exploited for temperature-sensing
over a limited range of temperature (-50°C to +90°C). The technique of fluorescence intensity
ratio has been used by Maurice et at [217] for different rare-earth doped fibres for measuring
temperature up to ~ 600°C. The effects of high temperature on the sensors based on erbium-
doped fibres have been discussed comprehensively by Zhang et at [219], Temperature
measurement based on the fluorescence lifetime has also been explored extensively and the

merits and demerits of this scheme have been discussed [12].

2.7. Scope of new work of this thesis
A brief and comprehensive review on various aspects of fibre Bragg gratings has been made in
previous sections. A significant amount of work on FBGs has already been done in recent few
years. However, very little work has been reported in the field of high temperature sensing
applications in association with the FBGs. This is mainly because of the material of the fibre into
which the gratings are written. The gratings inscribed into the conventional photosensitive fibres
are commercially available, but they can survive hardly higher temperatures and may only be
used up to the temperature of 250°C (for B-Ge codoped fibre) and 500°C (for Ge doped fibre) for

a reliable sensing applications.

In this project, thus, the attention has been focused on the high temperature sensing potential of
FBGs written in some specially fabricated photosensitive fibres. Doping of Sn (tin)-ions
introduced into the core of the fibre can make the gratings written into these fibres more
thermally stable [154]-[157]. Based on these reports, some special optical fibres have been
fabricated at the University de Nice, France. Er3+ion doping has also been introduced in addition
to the tin-ions into the fibre core, to make the fibre more useful for other various high
temperature applications associated to the fibre fluorescence, caused by the rare-earth ion
doping specifically for simultaneous measurement of strain and temperature. The thermal
stability of the gratings written into these specially fabricated fibres have been studied and
analysed. The analysis of the thermal decay of the FBGs written into one of these (highest
temperature sustainable) fibres has been compared to those written into one of the commercially
available and the most photosensitive fibre (B-Ge codoped) in terms of both the refractive index

modulation and the effective refractive index of the core of the fibre.
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Furthermore, the thermal response of the gratings has been studied over the whole range of
temperature measurement. The observation of non-linear thermal response of the gratings
should lead to work in a new direction to modify the sensing and measurement schemes for
Individual temperature measurement, for simultaneous measurement of temperature and the
other parameter like strain and for temperature compensation approach associated to the
measurement of other physical parameters. The simultaneous measurement of strain and
temperature over the wide ranges, for both the parameters, by writing gratings into the specially
fabricated rare-earth doped fibre is another pathway to continue the work. The temperature-
dependent ASE-based fluorescence intensity of the rare-earth doped photosensitive fibre and
the dual response of the grating to temperature and strain are the basis of this simultaneous
measurement scheme. Consideration of non-linear thermal response of the grating is taken into
account in this scheme to overcome the limitations of the matrix inversion technique that is
conventionally used for the simultaneous measurement scheme. The work done to Investigate

this has been described in detail sequentially In the following chapters.

28. Summary
FBGs are fast becoming one of the most essential elements both in the area of communications
and sensing. A reasonably significant amount of work in the field of optical fibre Bragg gratings
has already been done in last ten / twelve years. This chapter has reviewed briefly the
photosensitivity mechanism involved behind the formation of FBGs, followed by the relevant
theory required to explain the FBGs, its properties and applications. Different techniques for the
inscription of gratings along with various types of gratings are described. The applications of the
FBGs for measuring any physical and / or chemical parameters like - temperature, strain,
pressure, relative humidity, carried out to date, in various fields, starting from the process
Industries to medical Instrumentation, by various researchers, are reviewed extensively in this
work and then, the scope of the new work in this field Is evaluated, in terms of high temperature

sensing potential of the FBGs written in some specialised optical fibres.
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Chapter 3

Fabrication of FBGs:
Photosensitivity and thermal sustainability

3.1. Abstract

This chapter introduces the setting up of a system for writing FBGs using UV light of wavelength
of 248 nm from a KrF excimer laser. The fabrication of different types (type | and type IIA) of
gratings in various commercially available (B-Ge doped, Ge doped) and specially fabricated (Er-
Ge doped, Sn-Er-Ge doped, Sb-Er-Ge doped) photosensitive fibres has been described. During
grating writing, the on-line growth in grating reflectivity and the shift of the Bragg wavelength
have been observed and studied. The temperature sustainability and the performance
characteristics of the gratings written into all of these fibres were examined and compared with
those of a chemical composition grating (CCG), supplied by ACREO, Sweden, a collaborator In
the work at City University. Long-term testing (more than 600 hours) involving a series of step-
wise incremental temperature changes shows the potential of FBGs for high temperature
measurement applications (up to and beyond 1100°C), this depending on the type of FBG
involved and the material and composition of the substrate fibre. The maximum ranges of
temperature measurements with different types of gratings written in various photosensitive

fibres were evaluated.

3.2. System set-up for grating fabrication
There are several approaches to fabricate FBGs through the use of various techniques. Among
these, the phase-mask technique is the most popular approach because of the requirement of
relatively simple system set-up for fabricating gratings. UV light plays a major role for the
inscription of gratings into the photosensitive optical fibres. Various researchers have used UV
light of different wavelengths from various types of lasers like 248 nm KrF excimer laser [32],
193 nm ArF excimer laser [68],[159]-[161], 157 nm F2laser [162], a hybrid 157 nm and 248 nm
laser exposure [163], 244 nm frequency-doubled argon-ion CW laser [70],[72], 242 nm

frequency-doubled dye laser pumped by a XeF excimer laser [69], a frequency-doubled copper
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vapour laser operating at the wavelength of 255 nm [164] and a 264 nm femto-second pulses
from a frequency-quadrupled Nd:glass laser [165], Even a near infrared pulsed radiation at 800
nm from a Ti:sapphire laser amplifier [166] and a far infrared direct exposure at 10.6 pm from a

CO02laser [167] have been used to write gratings with different levels of writing efficiencies.

In this project, all gratings have been fabricated by using a 248 nm UV-light from a KrF excimer
laser. The specifications of the laser system used are given in Appendix Il. The other important
equipment required for the system set-up are the plano-convex cylindrical lens, the phase-mask,
a piece of photosensitive fibre spliced with normal single-mode fibres and connectors at both
sides, a broad-band light source and an optical spectrum analyser (OSA). A photographic

picture of the present system set-up for writing gratings is shown in Fig. 3.1.

Fig. 3.1: Present system set-up for writing gratings.

A ftranslation stage (Model: M-IMSCC HA, resolution: 0.1 pm, from Newport, France) and its
associated Motion Controller/Driver (Model: MM4006, from Newport, France) are interfaced to a
PC through a RS-232 serial port for a proper positioning of the phase-mask and the
photosensitive fibre for a proper exposure to the UV light. A program has been developed using

LabVIEW-6i to operate the translation stage in a user-friendly manner.

The strain in the photosensitive fibre during the growth of an UV-induced grating plays an
important role in determining the Bragg resonance wavelength of the grating. In order to
fabricate a series of almost identical gratings with the same Bragg wavelength, exactly the same
strain on the photosensitive fibre is required. On the other hand, for the same photosensitive
fibre and using the same phase-mask, gratings with different Bragg wavelengths (within a limited
range of wavelength) can be fabricated by applying different levels of strain on the
photosensitive fibre. Hence, a strain-gauge amplifier unit was designed and attached to the

system to monitor the strain in the fibre, which was also interfaced to the PC using LabVIEW-6i.
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3.2.1. Phase-mask technique
As mentioned above, the phase-mask technique has been adopted in this project for writing
gratings; this is being the most simple and effective approach to inscribe the gratings into the
optical fibre efficiently. Fig. 3.2 has been drawn to explain the process of grating fabrication more

elaborately.

UV beam from KrF laser

Plano-convex
cylindrical lens'

(f=20 cm)
Converged
UV beam
Phase-mask

To light source

Photosensitive fibre

HP86140A OSA with
in-build light source/

Plano-convex Cylindrical lens

Fig. 3.2: A schematic of the system set-up to explain the process of grating writing.

A number of gratings were fabricated through this phase-mask technique using 248 nm UV light

from a KrF excimer laser (Model: Braggstar 500, from Tuilaser AG, pulse duration of 10 ns). By
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selecting from the display panel of the laser, it can be operated at various laser pulse energies
with different pulse frequencies, thereby producing the UV exposure of various levels of laser-
fluence. In this work, gratings were fabricated by using the following phase masks, specified in
Table-3.1. In addition, other phase masks with various different uniform period and chirped
phase masks, from O/E Land Inc., Canada, were also used for the fabrication of a range of
gratings at various wavelengths. A phase-mask was placed perpendicularly to the UV exposure
to create the interference pattern of the UV beam depending on the period of the phase-mask
and a photosensitive fibre was placed immediately behind the phase-mask. The fibre should be
placed in a very close proximity of the phase-mask without touching it to achieve the best
performance of the set-up without any damage of the phase-mask. In this set-up, zeroth order of
the diffraction pattern caused by the phase-mask cannot be blocked, which results in one
advantage of partial annealing during the growth of the grating (caused by the heat generated
within the fibre through the zeroth order diffracted light) by the cost of more d.c. offset in the
effective refractive index (creates more shift in the Bragg wavelength during the growth of the
grating) of the core of the optical fibre. It also causes less contrast between the dark and bright
fringes In the Interference pattern. In the portion of the photosensitive fibre, where the grating
has to be written, the optical fibre jacket needs to be stripped off to reach the maximum possible
UV-inductlon into the photosensitive fibre. A piano-cylindrical convex lens (focal length: 20 cm)
was used in between the laser and the phase mask to converge the UV beam along the length
of the optical fibre. The on-line growth of the gratings was monitored by using a HP86140A
(Agilent) optical spectrum analyser (OSA). As the OSA was integrated with an in-built broad-
band light source at the region of wavelength of 1500 nm, there was no need of any extra broad-
band light source. For the measurements, where light source of strong intensity is required, an

amplified spontaneous emission (ASE)-based broad-band light source may be used.

Table-3.1: Specification of the phase-masks used for inscription of the gratings.

Phase-mask Period Dimension Zero-order  +/- 1g orders Suppliers
Phase-mask_1 1060 nm 25mm x 3mm 0.94 % + 39 % O/E Land Inc.,
-39 % Canada.
Phase-mask_2 1061 nm 10mm x 5 mm 221 % + 37.3 % Bragg Photonics
- 37.8 % Inc., Canada.
Phase-mask_3 1061 nm 10mm x 5 mm 1.74 % + 38.7 % Bragg Photonics
=375 % Inc., Canada.
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3.2.2. System performance
After the preliminary setting up work, the performance of the system was tested by writing a
number of gratings into the commercially available B-Ge doped photosensitive fibres. The
placement of the lens, phase mask and the photosensitive fibre were optimised to achieve the
maximum possible reflectivity of the grating to be written into the fibre with optimum laser
fluence. Fig. 3.3 shows a typical transmitted spectrum of a grating written into a B-Ge doped
fibre, where 99.9% of reflectivity could be achieved within a minute of time by operating the laser

at a pulse-frequency of 200 Hz with laser energy of 12 mJ.

before making FBG
after making FBG

& PO PO P

w»

-70 kb= 1535.68 nm
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1530 1532 1534 1536 1538 1540
Wavelength (nm)

Fig. 3.3: A typical transmitted spectrum of a grating written into a B-Ge doped fibre.

In the next stage, the performance of the system was tested by writing gratings at various laser
energies and pulse-frequencies. The time required to reach the level of saturation in the grating
evolution was different depending upon the energy and the pulse frequency of the operating
excimer laser. The higher the energy and pulse-frequency of the laser, the time required to
reach the saturation of the grating reflectivity was less. However, a slightly higher level of
saturation of the grating reflectivity was achieved by using the laser at higher energy and at
higher frequency [168]. A 3-dimensional plot has been shown in Fig. 3.4 to realise graphically
the change of the time required to reach the saturation level of the grating reflectivity in a B-Ge

doped fibre with the variations in energy and the pulse-frequency of the laser.
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Fig. 3.4: A typical 3-dimensional representation of time to reach saturation of grating reflectivity in a
B-Ge doped fibre with the variations in energy and pulse-frequency of the excimer laser used.

3.3. Writing gratings in various photosensitive fibres
After the optimisation of the system set-up, gratings were written into a range of photosensitive
fibres including commercially available B-Ge doped, Ge-doped single-mode photosensitive
optical fibres and specially fabricated Er-High Ge doped, Sn(tin)-Er-Ge doped and Sb(antimony)-
Er-Ge doped fibres. The detailed specifications of the used fibres are listed in Table-3.2.

PhD Thesis: S Pal 63



Chapter 3: Fabrication of FBGs: Photosensitivity and thermal sustainability

Table-3.2: Fibres used for the fabrication of FBGs and their specifications.

Fibre type Specifications

1. B-Ge doped fibre Fibre type: PS 1250/1500, fibre diameter: 125 pm, NA: 0.14

(Fibercore Ltd., UK) Mode Field Diameter @1550 nm: 9.6 pm, *atdf 1247 nm
(Core diameter: 6.2 pm)

2. Ge doped fibre Fibre type: GF1, fibre diameter: 125 pm,
(Nufern, CT) and Mode Field Diameter @1550 nm: 10.5 pm, Xatdt 1260 nm
(Redfern, Australia) (Core diameter: 6.8 pm)

3. Er-High Ge doped fibre Fibre type: A021, fibre core/cladding diameter: 4.0/125 pm,

(Université de Nice, France) naoe 1.488, ndad: 1.458, Aatdf 1.54 pm
(Ge02-20 mole%, Er3+ -2700 ppm, Al3+ 0.083 mol/l)

4. Sn-Er-Ge codoped fibre Fibre type: A022, fibre core/cladding diameter: 5.0/125 pm,
(Université de Nice, France) NA: 0.2, Aaidf 1.4 pm
(Sn: -1.1 mol/l, Er3+ 0.025 mol/l, Al3+ 0.083 mol/l in solution)

5. Sb-Er-Ge codoped fibre Fibre core/cladding diameter: 4/125 pm, NA: 0.23
(China Building Materials Mode Field Diameter @1500 nm: 9.6 pm, *GQtdF 1200 nm
Academy, China) (Core diameter: 6.2 pm, Ge02 -15 wt%, Sb3* -5000 ppm,

Er3+ 500 ppm)

3.3.1. Evolution of gratings
UV-induced gratings were inscribed into the above-mentioned photosensitive fibres and the
evolution of the gratings was studied and compared. The time required to reach the saturation
level of grating reflectivity is different for various photosensitive fibres studied depending on their
photosensitivity. For a comparison, gratings were written into all the fibres under a same
condition using the same set-up. Fig. 3.5 shows the evolution and the growth of the gratings in
various fibres with the same UV-exposure. In the studies carried out, the B-Ge doped fibre was
found to be the most photosensitive, which required the exposure time of 50 seconds with a
pulsed laser energy of 12 mJ at a pulse-frequency of 200 Hz, with a pulse fluence of ~ 180
mJ/cm2to reach the saturation of grating reflectivity (-99.9%). Er-High Ge doped fibre was also
found to be a similar efficient to write gratings; however, a slightly less saturated value of grating
reflectivity (~ 98.7%) was observed in this fibre. With all the other photosensitive fibres studied,
the maximum reflectivities (> 95% for Ge doped fibre and - 99% for both Sn-Er-Ge and Sb-Er-
Ge doped fibres) of the gratings were achieved within 8-10 minutes of time under the same UV

exposure condition.
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Fig. 3.5: Growth of gratings in various photosensitive fibres with the UV exposure.

Depending on the fibre material and the dopings introduced into the core of the fibres, different
Bragg resonance wavelengths were observed for the gratings written into different fibres.
However, shifts in the Bragg wavelengths were also observed during the fabrication of the
gratings. The on-line red-shift of the Bragg resonance wavelengths during the growth of all the
gratings [125],[169],[170] has been studied and plotted in Fig. 3.6. The shift-rates of the Bragg
wavelengths were found to be greater in the most photosensitive fibres compared to the less
photosensitive fibres. The consistency of these results was observed after fabricating a number

of gratings under the same condition of UV exposure.
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Fig. 3.6: The variation of the Bragg resonance wavelengths during grating writing in
various photosensitive optical fibres.
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3.3.2. Estimation of refractive-index modulation (Annod and the effective
refractive-index (ndf)

A periodically modulation of the refractive index of the core of the optical fibre is essentially

responsible for the existence of the reflectivity of the grating. The amplitude of the refractive

index modulation in the core of the fibre can be determined [6],[7] from the following equation as

Annad = {A/tiLti (V)}tanh'1(1-Tnir) 12 (3.1)

where A is the operating wavelength (the Bragg wavelength, Ab in this case) for a grating of
length, L, with an overlap function, r|. Tninis the minimum transmission at the Bragg wavelength,
i.e.,, the grating peak reflectance R = 1-Tmin The overlap function, r|, is a function of the

normalised frequency (V-number) of the fibre, and this can be described as

n={1- 1V2 (3.2)

where the V-number can be determined from the cut-off wavelength of the fibre, Aat(f, through

the equation

V =2.405 (Aatdf/A) (3.3)

This results from combining the following equations

V = (2rr/A)-a-(NA) and (3.4a)

2.405 = (2K/Aatdf-a-(NA) (3.4b)

with the fibre core radius, a, and the numerical aperture of the fibre, NA.

The on-line growth in the reflectivity of the gratings was then expressed in terms of the refractive
index modulation of the fibre core during the time of grating writing into the fibres and the results
were plotted in Fig. 3.7. The discrepancy between Figs. 3.5 and 3.7 occurs due to the presence
of a highly non-linear relationship between the values of the reflectivity and the amplitude of the
refractive index modulation. Thus, although the reflectivity values for all the gratings fabricated in
various fibres were within the range of (95-99.9)% (as shown in Fig. 3.5), a significant variation
in the values of the amplitude of the refractive index modulation in the cores of the fibres

(1.7x1CT4to 3.7x1 CI4) was observed, as shown in Fig. 3.7.
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3.3.3. Photosensitivity involved during the growth of the gratings
Photosensitivity is the property of the optical fibre, depending on the material and dopants
introduced into the core of the fibre during the fibre fabrication or through some externally
imposed techniques like hydrogen loading, for which the gratings can be written into the fibre
through an UV-induced optical phenomenon. Qualitative analysis of the enhanced
photosensitivity of boron codoped germanosilicate fibres [29] and of hydrogen-loaded fibres [27]
has been reported earlier. One and two photon process of photosensitivity of GODCs has also
been explained through a photo-decomposition model [171]. Recently, a new technique based
on the Bragg grating Fabry-Perot interferometers, for a precise measurement and study of the
fibre-photosensitivity using the Fourier spectra, has been reported [172], However, the process

of photosensitivity of the fibres has been investigated quantitatively in this section.

To investigate the process of photosensitivity in the experiment (whether it is based on a single-
photon or multi-photon process) [155],[156],[173], gratings were fabricated with different levels of
laser fluence and a measurement of the growth of the gratings was carried out. If the initial
growth of the refractive index modulation (Anntd) is assumed to be proportional to the UV

exposure time, t, with a laser-fluence of Ip, then this can be expressed as

Annad = (IpM (3.6)
and the growth-rate can be represented as
G = d/dt (Annod) = (Ip)r (3.7)

where the numerical coefficient, y, through which the process of photosensitivity is estimated,

can be determined from the slope of the growth-rate versus laser-fluence graph as a logarithmic

plot.
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Fig. 3.9: Logarithmic plot of growth-rate of Annad versus laser pulse fluence to evaluate
the photosensitivity process involved for the initial growth of gratings in Sn-Er-Ge and
Sb-Er-Ge doped fibres.
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The laser pulse-fluence was estimated form the value of laser pulse-energy used and the area of
the UV-exposed region in the plane of the fibre position, which is normal to the laser radiation.
The slopes of the graphs were evaluated to be 0.97 (+ 0.05) for the gratings written into the
tin(Sn)-Er-Ge doped fibre and 1.06 (+ 0.06) in case of the growth of the gratings into
antimony(Sb)-Er-Ge doped fibre, which are plotted in Fig. 3.9. This above phenomenon gives
the evidence that the photosensitivity involved in both of the fibres for the initial growth of the
gratings at the laser-fluence used (at a wavelength of 248 nm) is dominated by a single-photon
process, although there are some reports in the literature that the total growth of the
photorefractivity may arise from not only a single-photon but also from a multi-photon process
[156],[173],

3.3.4. Effect of UV-radiation on the gratings during writing
The dynamic changes that occur during the process of writing gratings under UV exposure are
complex. Fig. 3.10 shows one of these complex changes, where the shifts in the dip/peak
resonance wavelengths of the transmission and the reflection spectra of the gratings in two
different photosensitive fibres were measured, with the UV radiation from a 248 nm excimer
laser switched ON and OFF. A specially fabricated Sb-Ge doped fibre and a commercial
photosensitive fibre supplied from O/E Land Inc., Canada were considered for this experiment
and the measurements were taken after sufficient growth of the gratings. For both
measurements, a significant blue-shift of the Bragg wavelengths was observed, in addition to a
slight change in the reflectivity values when the operating laser was switched OFF. Blue-shifts of
around 0.13-0.16 nm were observed; the variation of these values depend on the fibre material
and the stage of the grating growth. This wavelength shift is equivalent to a change in
temperature of approximately 20-25 °C at room temperature. Different amounts of wavelength
shift at different stages of the growth of a grating in the same fibre have also been observed and

reported [7] (pp. 31).

Fig. 3.10: Shift of the Bragg wavelength as the UV radiation is switched ON and OFF for the
gratings written into two different fibres: measured in transmission mode and in reflection mode.
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During the process of grating fabrication using a phase-mask, the zeroth-order diffracted light
can also be passed through (although it is very weak and less than 3% of the total incident light
power) the phase-mask in addition to the plus and minus first and other higher order diffracted
beam. However, for an UV exposure with higher laser energy and higher pulse-frequency over a
long period of time, the cumulative effect of the zeroth-order diffracted light may develop a
significant temperature that is well above the operating temperature, which is believed to be
responsible for the increase of the grating wavelength during the process of on-line fabrication.
Thus, when the operating laser is switched OFF, it may result in the shift of the Bragg resonance

wavelength towards the shorter wavelength side according to the fall in temperature.

3.4. Types of gratings written: type | and type IIA
The description of type | and type IIA gratings has already been given in the previous chapter. In
this section, the fabrication of these two types of gratings in different photosensitive fibres by
using a 248 nm excimer laser and a phase-mask (Period of 1060 nm) has been studied. An
HP86140A OSA has been used for the on-line monitoring of the variation of the grating
reflectivities and the Bragg wavelength shifts under the influence of the UV exposure. Two types
of photosensitive fibres were used in this experiment: (i) Ge-doped silica fibre (Redfern GF1)
and (ii) B-Ge codoped silica fibre (Fibercore Ltd). Fig. 3.11 shows the Bragg wavelength and the
refractive index modulation of the FBGs varying as a function of UV exposure time. It should be
noted that the time scale of the graph has been plotted in the logarithmic scale for the better
viewing of the graph over a long period of time. The growth of the refractive index modulation
stops when the Type | grating is being saturated, and drops to a very low level before increasing

once again to form a Type llA grating.

Fig. 3.11: Variation of refractive-index modulation and the Bragg wavelength shift
of a B-Ge and a Ge-dooed fibre as a function of the UV-exoosure time.
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In the studies carried out, the B-Ge codoped fibre was found to be more photosensitive to the
fabrication of type | as well as type IlA gratings (using exposure times of 50 seconds for type |
and less than 10 minutes for type IIA with a pulsed laser energy of 12 mJ at a frequency of 200
Hz, with a pulse fluence of ~ 180 mJ/cm2) when compared to the Ge doped fibre, which required
~ 8 minutes and ~ 75 minutes to form the type | and IlA gratings respectively under the same UV
exposure conditions. The values of the refractive-index modulation were estimated from the on-
line values of the grating reflectivity. The refractive-index modulation values for both type | and
type lIA gratings written in B-Ge doped fibre were found to be almost two times higher than
those written in the Ge-doped fibre. Also, the refractive-index values of type IIA gratings were

observed to be slightly higher compared to those of the type | for both photosensitive fibres.

In addition, when the photosensitive fibres were exposed to the UV beam from the excimer

laser, the shift in the Bragg wavelength (xh) of the gratings was observed during the fabrication

of type | and type IIA gratings. The Bragg resonance wavelength of the grating written into a B-
Ge doped fibre was seen to shift to the longer wavelength side even though it remained a Type |
grating. However, when it was over-exposed, its center wavelength changed, moving to the
shorter wavelength side, indicating the formation of a Type IIA grating. In case of gratings
written in a Ge-doped fibre, the nature of the Bragg wavelength shift was found to be different

from the above observation. The shift of the Bragg wavelength (X.J of the Ge-doped fibre was

found to be always towards the longer wavelength side throughout the whole process of
fabrication of type | and type llA gratings. Both of these effects have been shown in Fig. 3.11.
The opposing effect of the Boron and Germanium on the refractive index change may be one of

the major factors causing the bi-directional shift of the Bragg wavelength (Xb) of the gratings

written into B-Ge doped fibres.

Fig. 3.12 shows a comparison between a typical transmitted spectrum of a type | grating with
that of a type IIA grating, when they were written in the same fibre (B-Ge doped fibre) with the
same phase-mask (period of 1060 nm) by extending the time of the UV exposure under the
same writing condition. A shift in the Bragg wavelength of the grating towards the lower
wavelength side was observed with the transformation of a type |1to a type IlA grating by using a
continuous UV exposure from the excimer laser. The reflectivity of the type IlIA grating was
observed to be around 2 dB higher than that of the type | grating. However, the full width half
maximum (FWHM) band-width of the type IlA grating was found to be larger (almost double of
the band-width of the type | grating) than that of the type | grating, which may affect the precision

of the measurement for any sensing application. Moreover, the spectrum of the type IIA grating
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was observed to be slightly non-uniform; this is being caused by the formation of a non-
sinusoidal refractive-index modulation into the photosensitive fibre arising from a long-term UV
exposure. However, it is interesting to be noted that the type IlA gratings were found to be more
thermally stable compared to the type | gratings, which has been elaborately discussed in the

next section.

Fig. 3.12: A comparison between a type | and a type IIA grating spectrum,
which were written into the same fibre, using the same phase-mask.

3.5. Thermal sustainability of the gratings
Following grating fabrication, the next step in the study was to evaluate the temperature
performance of these gratings, as it has been considered to be important to test how well these
devices would perform at elevated temperatures, this being highly relevant to the higher

temperature sensing in some remote areas, combustion studies etc. for example.

3.5.1. Experimental arrangements used in this work
To observe their thermal decay characteristics, all the gratings (type | and llIA gratings for each
of the Ge, B-Ge and Er-High Ge doped fibres, type | gratings written in Sn-Er-Ge and Sb-Er-Ge
doped fibres) as well as a “chemical composition grating (CCG)” [The formation of the CCG and
its properties have been discussed in detail in section 3.5.3.] were placed inside a well-
characterised and calibrated CARBOLITE tube oven (Model: MTF 12/38/400). The experimental
set-up for this test has been shown in Fig. 3.13, where the on-line transmitted spectra of the
gratings were observed through an OSA. As the OSA provided an in-built broadband source, an

extra ASE source was not required here. The gratings were spliced with normal single mode
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fibores and connected with FC/PC connectors at both ends for the connection to the in-built
source and the detector of the OSA. The gratings were placed in the middle of the tube oven

(the most thermally stable region) carefully in order to avoid any axial strain on them.

HP86140A (Agilent) OSA

P Light-source

OSA (in-build)
detector CARBOLITE Oven

H (o)

Slngle-moade optical Tiore

Fig. 3.13: Experimental set-up for testing the thermal stability of the gratings.

The studied gratings were tested for a long term under two different thermal regimes. The
specifications of all the gratings studied in this experiment have been listed in Tables 3.3(a) and
3.3(b).
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Parameters

Bragg
wavelength,
Xb (nm) at
23°C
Grating
length,

L (mm)

V-value of
the fibre

Initial
Reflectivity
at 23°C, %R

Initial
amplitude
of refractive
index
modaulation
at 23°C,
Anndi

FBG written in B-Ge codoped
fibre (Fibercore, UK)

Type 1FBG

1535.73 nm

6.5 mm

1.95
at 1535 nm

99.9%

4.78 x 104

Type lIA FBG

1535.03 nm

6.5 mm

1.95
at 1535 nm

99.8%

4.07 x 104

Table-3.3(a): Parameters of the fibres and gratings studied in this work.
FBG written in Ge-doped fibre

(Redfern GF1, Australia)

Type | FBG

1535.13 nm
1534.82 nm

6.5 mm

1.88
at 1535 nm

95.5%
99.9%

2.34 x 104
4.82 x 104

Type lIA FBG

1534.99 nm

6.5 mm

1.88
at 1535 nm

96.7%

251 x 104

CCG
(Aereo,
Sweden)

1549.81 nm

10 mm

1.90
at 1550 nm

40.0%

511 x 10'5

Table-3.3(b): Parameters of the fibres and gratings studied in this work (continued).

Parameters

Bragg wavelength,
Xb(nm) at 23°C

Grating length,

L (mm)

V-value of
the fibre

Initial Reflectivity

at 23°C, %R

Initial amplitude
of refractive index
modulation at

23°C, Annd
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FBG written in Er-High Ge doped

fibre (A021)

Type | FBG

1549.58 nm

6.5 mm

2.40
at 1549 nm

98.5%

2.56 x 104

Type IIA FBG

1549.96 nm

6.5 mm

2.40
at 1549 nm

99.7%

3.30 x 10'4

74

FBG written in
Sn-Er-Ge doped
fibre (A022)

Type | FBG
1540.64 nm
6.5 mm
2.18

at 1540 nm

95.3%

211 x 104

FBG written in
Sb-Er-Ge doped

fibre

Type | FBG
1542.39 nm
6.5 mm
1.87

at 1542 nm

99.5%

3.53 x 10'4
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3.5.2. Thermal decay characteristics of the gratings
The results of the long-term thermal characteristics of the gratings have been shown separately
in Figs. 3.14(a)-(d), as the gratings were tested separately in different regimes. Fig. 3.14(a)
shows the decay of the reflectivity of type | and type IIA gratings written in Ge and B-Ge doped
fibres with step-wise increase of temperature keeping the gratings a long time (24-48 hours) at
each temperature. Fig. 3.14(b) shows a comparison of the decay in the grating (type I)
reflectivities written in Ge, Sn-Er-Ge doped fibres and the CCG, whereas the decay of the
grating in Sb-Er-Ge doped fibre, tested under different regime, has been shown in Fig. 3.14(c).
Fig. 3.14(d) shows the overall comparison of all gratings with the operating temperature

considering their reflectivities after keeping the gratings for -24 hours at each temperature.

Elapsed time (Minutes) Elapsed time (Minutes)

Fig. 3.14: Decay in the grating reflectivities: (a) type | and type IIA gratings written in Ge and
B-Ge doped fibre, (b) type | gratings written in Ge, Sn-Er-Ge doped fibre and the CCG, (c)
type | grating written in a Sb-Er-Ge doped fibre. Comparison of the normalised reflectivity for
all gratings after 24 hours of time at each temperature with step-wise increment has been
shown in (d).
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The decay in the grating reflectivities can be represented more scientifically in terms of the
decay in the refractive index modulation of the gratings written into these fibres [175], Fig.
3.15(a) shows the variation of the refractive index modulation (Annmod) when the type | and type
IIA gratings fabricated in Ge and B-Ge doped fibres were subjected to a series of long-term
thermal exposures (24-48 hours at each temperature) at 100°C, 200°C and then progressively to
750°C with a temperature increment of 50°C. It was observed that the type IIA gratings were
more thermally stable, compared to the type |, both for Ge and B-Ge co-doped samples. The
decay of the index modulation, Annmod of the B-Ge codoped type | grating is negligible up to
200°C with a value of 3.6 x 10"4, after which a substantial decay was observed and it was found
that it did not survive over a long period of time at 350°C - its reflectivity fell to zero effectively.
The type IIA grating in the B-Ge codoped fibre was almost unaffected by the thermal exposure
up to 400°C with a value of Annmad of 3.7 x 10'4, following which the rapid decay “washed out” the
grating within a few minutes at 500°C. By comparison to the above samples, the gratings
fabricated in Ge doped fibre were observed to be more stable (type | can withstand a
temperature of 600°C, with -45% of its initial Anmad [9.6 x 10"9 showing an almost negligible
decay rate and the similar demarcation point for type IIA is 650°C, with more than 55% of its

initial Annad [1.0 x 10'4] remaining after exposure).

Fig. 3.15(a): Variation of the refractive-index modulation (Annod) of the type | and type
[IA gratings written in Ge and B-Ge doped fibres. Annad values were estimated from
the on-line grating reflectivity values.
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Elapsed time (Minutes)

Fig. 3.15(b): Comparison of the variation of Anntd of type | gratings written in Ge, Sn-Er-Ge
doped fibre and the CCG with elapsed time over various temperature ranges.

Fig. 3.15(b) demonstrates the difference between the “chemical composition grating (CCG)”, the
second most stable grating (a Ge doped type | grating) shown in Fig. 3.14(a) and a type | grating
written in a Sn-Er-Ge doped fibre, when all were exposed to a series of 24 hour exposures at
temperatures rising from 100°C to 500°C in incremental steps of 100°C, and then with 50°C
increments from 500°C to 850°C, followed by a series of 1 hour treatments with a further
temperature increment of 50°C, up to 1100°C. The thermal sustainability of the gratings written
in Sn-Er-Ge and Sb-Er-Ge doped fibres were found to be almost similar (shown in the reflectivity
decay graph, but not shown in the refractive index modulation graph). The CCG was observed to
be the “strongest” among all the samples, as it could survive up to 1100°C, with more than half
of its initial value of Annud preserved even after such a high temperature exposure. Unlike
conventional fibre Bragg gratings, the CCG can survive these higher temperatures because the
refractive index modulation of CCG is the result of a periodic change in the chemical
composition within the core of the fibre. However, the reflectivity of CCG is relatively low and its
thermal stability is limited by the diffusion properties of the modulated dopant, which is

quadratically dependent on the grating period [176].

3.5.3. High temperature sustainable chemical composition grating (CCG)
The chemical composition grating (CCG) tested in the above experiment, was manufactured by
ACREO, Sweden, one of the collaborators with City University, London, on this work. The CCG
was formed, in this case, following the high temperature thermal processing of an UV exposed
hydrogen-loaded germanosilicate fibre with fluorine dopant. After the inscription of the grating
into this special fibre, it was heated in a tube furnace to promote the chemical reactions and the

diffusion required for CCG formation. The grating was placed carefully inside the tube furnace
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without any strain effect on it and the temperature of the furnace was increased from room
temperature at a rate of 20°C/minute. This grating, however, started to be erased, as expected,
during the high-temperature heat-treatment process. The grating reflectivity was found to be
decaying with ramping up the temperature from room temperature to 1000°C. At a temperature
of 950°C, the initial grating was completely erased. This erasure was followed by the growth of a
second grating, the CCG, which is highly thermally stable. The wavelength of the CCG matched
with the wavelength of the initial grating. The reflectivity of the CCG was saturated after few
minutes of time of formation of CCG. The ratio of the refractive-index modulation of the initial
grating to the developed CCG was estimated to be around 7.3:1 [177],[178], This was the
reason of the less value of the reflectivity (refractive-index modulation) of the CCG tested in this

experiment.

The final refractive-index modulation of the CCG can be ascribed to the variations in the
chemical composition (fluorine concentration) attained by periodically increased diffusion of
fluorine. Hence the decay characteristics of this CCG was found to be different from typical
decay behaviour of the conventional gratings [69] and the thermal stability of this grating is
limited by the fringe-to-fringe diffusion of the modulated concentration of the dopants. Because
of the quadratic dependence on distance in the diffusion process, the grating period of the
modulation will have an effect on the thermal stability [176],[178]. Thus, the grating of lower
resonance wavelength was found to show a faster decay compared to that for a grating of higher
resonance wavelength. For long period CCG gratings, it was found to be extremely high
thermally stable. One method for creating a variation in chemical composition is to change the
diffusion properties of dopants locally by utilising periodically induced chemical reactions to
modify the bond structure in the glass matrix. By subsequent homogeneous thermal treatment,
the spatial difference in diffusion properties will result in selective diffusion and a periodic
redistribution of the dopant. Once the modulation is created and the diffusion process has been
saturated, the limited thermal stability of the system is governed by the diffusing properties of the
remaining modulated dopant and possibly by further chemical reactions. The periodic change in
the glass composition along the fibre will then likely result in a periodic change in the refractive
index [178].

3.5.4. Blue-shift in the Bragg wavelength of the gratings during thermal
decay

The Bragg wavelength (Ab) shifts towards a longer wavelength with any increase of temperature.

However, at each temperature, a small but discernible shift of the Bragg wavelength towards a

shorter wavelength was observed with time taking about 8-10 hours to reach the asymptotic

point of the stable value for Abat each temperature. This shift of X* at each temperature for the

gratings fabricated in Ge and B-Ge doped fibre is shown in Figure 3.16(a). The phenomenon of
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the shift of the Bragg wavelength was observed and discussed by the authors recently [170]. A
similar nature of blue-shift in the Bragg resonance wavelengths of all gratings written in various
photosensitive fibres was observed. However, it is interesting to note that there was no similar
effect of the shift of the Bragg wavelength observed at each temperature in the case of the CCG
(as shown in Fig. 3.16(b)) up to the same maximum temperature of ~ 800°C. This is because the
grating has already passed the first stage of the annealing process during the high-temperature
heat-treatment at the time of the formation of the CCG [178], For the thermal stability analysis of
other gratings (fabricated in Ge, B-Ge, Sn-Er-Ge and Sb-Er-Ge doped fibres), at any particular
higher temperature, during the first stage of the annealing the decay in the reflectivity of the
grating was caused by the decrease of the amplitude of the core refractive index modulation of
the fibre. This indirectly caused a lowering of the value of effective refractive index of the fibre.
Thus the Bragg wavelength reduced with time at each of the temperature increments, as it is

directly related to the effective refractive index of the fibre.

Bragg wavelength (nm)

Fig. 3.16: The blue-shift of the Bragg wavelengths (Xb of the gratings written in Ge
and B-Ge doped fibres at each temperature. It takes ~ 8-10 hours for the Xbto the
asymptotic point of the stabilised value as shown in (a). No blue-shift in Xb was
observed in case of the CCG in (b).

3.5.5. Temperature performance of the FBGs for sensing applications
The shift of the Bragg wavelength with temperature has been widely used as an effect for
temperature sensing or temperature compensation in other sensors. The temperature
sensitivities of the gratings were determined by observing the change of the Bragg wavelength
with temperature (after it became stable: data were recorded ~ 24 hours after increasing the
temperature in each case). The Bragg wavelength versus temperature curves were almost linear
over a wide range of testing temperatures for each grating, but with each showing a slightly

different slope. Fig. 3.17(a) shows the temperature-sensitivity graphs for type | and IlA gratings
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written in B-Ge codoped fibre. The sensitivity for the B-Ge codoped type | grating was 9.12
pm/°C but for the type IlIA the dynamic range increased by 100°C at the cost of a slightly lower
value of sensitivity of 8.37 pm/°C. The corresponding sensitivity values for the Ge doped types |
and IlIA were 12.80 pm/°C and 12.35 pm/°C respectively and the graphs relating these are
shown in Fig. 3.17(b). The dynamic range of the CCG was observed to be the greatest among
the entire range of samples tested, with a sensitivity of 15.96 pm/°C. Fig. 3.17(c) describes the
temperature-sensitivity graph of the CCG along with that of a type | grating written in Ge-doped
fibre. Fig. 3.17(d) shows the thermal response of the type | gratings written in Sn-Er-Ge and Sb-
Er-Ge doped fibres, after completing the process of annealing, which gives the estimated linear
temperature-sensitivity values of 14.76 pm/°C and 15.28 pm/°C respectively. The details of the
linear fittings used to evaluate the thermal sensitivity for all the gratings are described in Table-

34.

2b(nm), B-Ge co-doped type |

Fig. 3.17: Stabilised Bragg wavelengths versus temperature response of various gratings.
Linear fits to data were used to estimate the temperature-sensitivity values, (a) type | and
type IIA gratings written in a B-Ge doped fibre, (b) type | and type IIA gratings written in a
Ge doped fibre, (c) type | grating in a Ge doped fibre and a CCG, (d) type | gratings written
in Sn-Er-Ge and Sb-Er-Ge doped fibres.
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Table-3.4: Details of the data used to evaluate the temperature sensitivity of the gratings

studied.
FBG type Range of Temperature Coefficient of Standard
operation ( °C) Sensitivity determination deviation (SD)
(pm/°C) (COD) (nm)
B-Ge codoped, (0- 250)°C 9.12 >0.99 0.01
Type |
B-Ge codoped, (0- 350)°C 8.37 >0.99 0.03
Type 1A
Ge-doped, (0- 600)°C 12.80 >0.99 0.13
Type | 12.72 >0.99 0.25
Ge-doped, (0 - 650)°C 12.35 > 0.99 0.23
Type IIA
Sn-Er-Ge doped, (0- 850)°C 14.76 >0.99 0.20
Type |
Sb-Er-Ge doped, (0- 850)°C 15.28 >0.99 0.20
Type |
CCG (0- 1100)°C 15.96 >0.99 0.33
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3.6. Summary
A system set-up was prepared and optimised for writing FBGs using UV light of wavelength of
248 nm from a KrF excimer laser. Different types (type | and type 1A) of gratings in various
commercially available (B-Ge doped, Ge doped) and specially fabricated (Er-Ge doped, Sn-Er-
Ge doped, Sb-Er-Ge doped) photosensitive fibres have been fabricated. The on-line process of
writing gratings in various photosensitive fibres was studied thoroughly. During grating writing,
the on-line growth in grating reflectivity and the shift of the Bragg wavelength have been
observed and studied. The temperature sustainability and the performance characteristics of the
gratings written into all of these fibres were examined and compared with those with a chemical
composition grating (CCG), supplied by ACREO, Sweden. Long-term testing (more than 600
hours) involving a series of step-wise incremental temperature changes shows the potential of
FBGs for high temperature measurement applications (up to and beyond 1100°C), this
depending on the type of FBG involved and the material and composition of the substrate fibre.
The maximum ranges of temperature measurements with different types of gratings written in

various photosensitive fibres along with their average temperature-sensitivities were evaluated.
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Chapter 4

Analysis of thermal stability of the FBGs

4.1. Abstract
The thermal stability of type | fibre Bragg gratings, written into two selected photosensitive fibres
(B-Ge doped and Sn-Er-Ge doped fibre) using a 248 nm KrF excimer laser, has been examined
and analysed in this chapter, in terms of their reflectivity and Bragg wavelength change. A B-Ge
doped fibre has been selected for its very highly photosensitivity nature, whereas the type |
gratings written into a tin(Sn)-Er-Ge doped specially fabricated fibre have been considered for
their high temperature sustainability, in association with many other utilities for high temperature
sensing applications. In the studies, in addition to the decay in reflectivity of the gratings, which
was observed, a shift in Bragg wavelength over the temperature range considered was seen. A
mechanism for the decay in the reflectivity was developed and modelled according to a power-
law and the results were compared with those from the aging curve approach. The wavelength-
shift was simulated by modifying the power-law, which also was found to fit well to the
experimental data. Temperature-induced reversible and irreversible changes in the grating
characteristics were observed and considered as a means to predict the working lifetime of the
grating at comparatively low temperatures. Accelerated-aging was reviewed and compared in
terms of reflectivity and Bragg wavelength-shift. It was shown that the temperature-induced
irreversible shift in the Bragg wavelengths could not be predicted by using the isothermal decay
of the refractive index modulation. These results were discussed within the framework of the
current theoretical approaches for predicting the stability of gratings of this type. Finally, the
stability of the type | FBGs written into various photosensitive fibres have been compared by

evaluating their activation energies.

4.2. Analysis of thermal stability of the FBGs: Previous work and the
selection of fibres

4.21. Previous work
UV-induced fibre Bragg gratings (FBGs) have shown themselves of great importance in recent

years and they have been used in a wide range of applications in fibre-optic sensing and
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telecommunications [1]-[3],[6],[7]. However, the thermal stability of the gratings plays a prime
role if these devices are to function effectively over a long period of time. To explain the thermal
decay characteristics of fibre Bragg gratings, Erdogan et al. [69] proposed a model based on a
power-law with an alternative approach using the master aging curve, which explained well the
observed rapid thermal decay of the gratings, followed by a substantial slow decay rate, for any

particular temperature considered in their work.

Several groups have analysed the thermal stability of the fibre Bragg gratings written in different
fibres, under different conditions [68]-[71],[157] and the results have been fitted well to a power-
law function, with different decay factors and coefficients observed for different types of fibres.
Comparisons of isochronal and isothermal decays [179] have also been made and it was
observed that isochronal step decays could be used to predict Isothermal decays, with some
corrections. However, the decay of the FBGs written into hydrogen-loaded fibres [73] has shown
to be different and this can be explained by using the log-time model [70], Fokine has reported
the formation of a highly thermal-stable chemical composition grating (CCG) [178] in fluorine-
doped germanosilicate fibre and has discussed its thermal stability [176], when the grating was
subjected to the first stage of an annealing process during the high-temperature treatment that
occurred at the time of its formation. For uses in different applications, gratings have often been
pre-annealed to wipe out the unstable portion of the refractive index change within a very short
period of time. The annealing time and temperature may be determined by studying the
accelerated aging [68]-[70],[74] process. In the investigation of the thermal decay of the gratings,
a shift of the Bragg wavelength [160],[170],[180] has also been observed. At temperatures
higher than ambient, the UV-induced refractive index modulation decay degrades the reflectivity
of the grating and at the same time affects the effective refractive index of the fibre, which is

responsible for the drift of the Bragg wavelength.

4.2.2. Selection of the fibres
As discussed earlier, two major factors - the photosensitivity of the fibre in which the grating is
written and the thermal stability of the grating are of prime importance in terms of choosing the
most appropriate fibre to use and the long term functionality of the grating over a wide range of
temperatures. B-Ge doped fibre has been reported to give much higher level of photosensitivity
[29] when compared to other fibres and the technique of hydrogen loading [27] can further
enhance this property of the fibre, but the gratings written in these fibres, with or without pre- or
post-treatment, are reported to have a much poorer high temperature stability
[68],[70],[74],[181]. Alternatively, work on an enhanced photosensitivity in tin (Sn)-doped
germanosilicate fibre [154] and tin-silicate fibre [155]-[157], showing improved thermal stability of
the gratings, has been published. Unlike boron doping, tin doping does not introduce significant

loss at the telecommunication window of 1.55 pm [154]-[157], In addition, Sn-codoping increases
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the mechanical strength of the fibre [77], which is very useful both in telecommunications and
sensing applications, with the added advantage of enhancing the dynamic range of

measurement for both strain and pressure.

In the previous chapter the photosensitivity and the thermal sustainability of the gratings written
into various photosensitive fibres have also been studied. Among those, B-Ge doped fibre was
found to be the most UV-photosensitive for writing gratings, whereas the gratings written into the
specially fabricated (Tin)Sn-Er-Ge and (Antimony)Sb-Er-Ge doped fibres were observed to be
the most thermally stable. It is worthwhile to note that both Sn4+ (or Sb3+ and Er3+ doping have
been introduced in the specially fabricated fibre to achieve a high-temperature stability along
with a ASE-based fluorescence property, which arises from the rare-earth doping in the fibre. At
the same time, the high temperature sustainability of the FBGs written into the fibre can be used
for several high temperature sensing applications [182],[183], Based on the above discussion,
the most photosensitive optical fibre (B-Ge doped fibre) and one of the most useful fibres for the
high temperature sensing applications (Sn-Er-Ge doped fibre) have been selected for the
analysis of the thermal stability of the gratings written into these fibres. The specifications of the

fibres used for this analysis have already been listed in Table-3.2.

4.3. Analysis of thermal stability of gratings written in B-Ge doped fibre
In this section, the thermal decay of the gratings fabricated in boron germanium doped silica
fibre was studied in terms of its reflectivity, which was found proportional to the integrated
coupling coefficient (ICC) using the power-law dependence [69] and the result was compared
with the use of the aging curve approach. The shift in the Bragg wavelength has also been
modelled by modifying the power-law, which was found to fit well with the experimental data. A
prediction of the operational lifetime and of the accelerated-aging of the grating have been
described and are compared in terms of the ICC and the shift in the wavelength. For pre-
annealed gratings, a reversible change in the spectral characteristics with temperature [184] was
observed. This temperature-induced effect was considered to modify the predicted degradation
of the gratings and has been discussed in the ‘Discussion’ section. The effect of the step-stress
experiment [185] was discussed by LuValle et al. to achieve more accurate results in the
accelerated testing. Different decay-rates of the refractive index modulation (Annod) and the
effective refractive index (Andf) were observed in terms of reflectivity-decay and the Bragg
wavelength shift at various temperatures. These are related to the consideration of the complex
phenomenon of the thermal decay of the UV-induced gratings, with the possibility of differences

in the activation energy distribution in terms of the decay in Anndand Aneff.
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4.3.1. Experimental details of the writing of FBGs in B-Ge doped fibre and
their thermal testing

Initially, a type | FBG was fabricated in a B-Ge codoped photosensitive fibre (fibre specification
has been mentioned in Table-3.2) using light from a KrF excimer laser (Braggstar-500 supplied
by Tuilaser AG) at 248 nm with a pulse duration of about 10 ns and employing the FBG-writing
technique of UV-exposure through a phase-mask (phase-mask_1: specification is given in
Table-3.1). It took ~ 50 seconds to form a type | grating with a peak reflectivity of 99.9% with a
laser energy of 12 mJ at 200 Hz and a pulse fluence of - 180 mJ/cm2 The detailed process of
grating-fabrication using phase-mask has already been discussed in Chapter 3. Fig.4.1 shows
the typical transmission spectrum of the grating, measured using an HP-86140A (Agilent) optical

spectrum analyser (OSA).
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Fig. 4.1: Typical transmission characteristics of an FBG written at 248
nm in a B-Ge doped silica fibre.

For the study of thermal analysis of the FBGs, a series of nearly identical gratings of length ~ 6.5
mm and of reflectivity ~ 90% was fabricated in the same fibre. Grating reflectivities were
controlled by stabilising the energy, pulse frequency and the exposure time of the excimer laser.
With the reasonable assumption that the gratings were all uniform (sample tests confirmed this),
the amplitude of the refractive index modulation (Annod) was estimated using the following
equation [6],[7]:
Annad = { A./7iLn(V)}tanh'(R)12 (4.1)

where X is the operating wavelength for a grating length, L, of reflectivity, R, with an overlap
function of the fibre, n(V) = {1 - [1/2.405(XatdA )]3. The corresponding value of Annedwas ~ 1.9
x 10 "4. It may be noted that the fibre photosensitivities were still not saturated in this situation.
This is deliberate because the reflectivities were measured in this study by considering only the

minimum of the transmission spectrum at the Bragg wavelength, not the spectral width, which is
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directly related to the Annud for strong gratings [71], Following the UV-exposure during the
grating fabrication, the Bragg wavelength shift was observed to be ~ 0.51 nm towards the longer
wavelength side, which corresponds to an increase in the effective refractive index of the fibre-
core (Andf) of ~4.7x 10 “4, determined using the equation:

Aneff = (AMb)/2A (4.2)
where A’b is the Bragg wavelength shift during the grating-fabrication and A is the grating

period, i.e., half of the phase-mask period.

The thermal degradation of the fibre Bragg gratings with time was then monitored at several
temperatures of 100, 200, 300 and 400°C by placing the individual gratings very carefully (so
that there was no excess strain effect on the gratings) inside a well-characterised and calibrated
CARBOLITE tube oven (Model Type: MTF 12/38/400). The real-time reflectivities of the gratings
were measured from the transmission spectra observed on the OSA. At each temperature, a fast
decay of the grating followed by a substantial slow decay was observed. The thermal decay was
modelled in terms of the normalised integrated coupling coefficient (NICC, q), as the integrated
coupling coefficient (ICC) is directly proportional to the peak-reflectivity. The peak-reflectivity of
the grating at any time can be calculated by using Eq. (4.3) where

R=(1-T nin) (4.3)
and Tninis the transmission-minimum of the grating at Bragg wavelength (Ab). The value of ICC
can be calculated as

ICC =tanh ~[(R12)] (4.4)
which can be used subsequently for the evaluation of NICC, rj, as

n = {tanh -1[(R,t 12]/ tanh - (ROr t 121} (4.5)
where RtTand ROyt are the reflectivities after an annealing time t at a temperature T and the

initial reflectivity at room temperature (~ 23°C) respectively.

4.3.2. Analysis of the decay in Reflectivity based on the ‘Power-Law’
Using the experimental data obtained, the thermal decay characteristics were modelled
according to the “power-law” function proposed by Erdogan et al. [69] and this can be expressed
as

il =1/1+A(t/t1)a (4.6)
where t, A and a are the decay time in minutes, the power-law factor and the power-law decay
coefficient respectively. To keep the dimensions consistent, a time t, = 1 minute was introduced.
Both A and a are dimensionless in this form but they are temperature dependent. It was found
that the model fits reasonably well to the experimental data. Fig. 4.2 shows the thermal decay

characteristics along with the model-fitted graph (solid-line).
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Fig. 4.2: Thermal degradation of the FBGs written in B-Ge doped fibre, with
time, in terms of the NICC at various temperatures.

The set of values of A and a used were calculated from the experimental points for each
temperature, according to Eq. (4.6). Following that, A and a were plotted against temperature to
evaluate the temperature dependence of these parameters, this being shown in Figs. 4.3(a) and
4.3(b). The variation of a with temperature was assumed to be linear, passing through zero on
the temperature axis (K) and the temperature dependence of this parameter can be expressed
as

a =T/TR 4.7)
where T is the temperature in Kelvin and from the slope of the linear fit, the value of TR= 2754 K
can be estimated. Fig. 4.3(a) shows the dependence of the exponent, a, on temperature
displayed as a linear relationship only above 450 K, with a large statistical variation below that.
These large errors arose primarily because of the large uncertainty in the value of ICC due to the
measurement errors of Tnin along with the substantially smaller grating decay at low
temperatures, on which a is very much dependent. Fig. 4.3(b) shows a plot of A, with
temperature, on a linear scale, where the value of A was evaluated by exponential growth fitting,
the nature of which can be written as

A = Aqexp(aT) (4.8)
with AO= 1.20 x 10'4and a = 13.42 x 10'3K"1.
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Power-law Exponent

Fig. 4.3(a): Linear fit for the Power-Law
decay coefficient, a.
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Fig. 4.3(b): Exponential fit for the Power-Law
factor, A, on a linear scale.

Table-4.1: Comparisons of the reflectivity decay factor and decay coefficient of this work with

other related work for gratings fabricated in similar fibres under different conditions.

Reference

Baker et al.
[70]

Williams et al.

[74]

Dong et al.

[68]

Pal et al. [181]
(this work)

Fibre and technique used Value of a
B-Ge codoped (NORTEL) T/2941
Fibre with 244 nm CW laser.

B-codoped germanosilicate T/1667
Fibre with frequency quadrupled

Nd:YLF laser at 262 nm.

B-doped germanosilicate fibre T/2200
with 193 nm excimer laser.

B-Ge co-doped silica fibre T/2754

(Fibercore) with 248 nm

excimer laser.

Value of A

1.92 x 10'4exp(0.0131T)

5.98 x 10'6exp(0.00764T)

1.73 x 10'3exp(0.00824T)

1.20 x 10'4exp(0.0134T)

Table-4.1 shows the comparison of the decay parameters evaluated for FBGs written under

different conditions in boron germanium (B-Ge) codoped silica fibre from reports published by

several research groups. The values of TR A and a in this work are closely comparable to those

reported by Baker et al [70] but are slightly different from results given in the two other

references, published by Wiliam et al
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concentrations of boron and germanium within the photosensitive fibres used and the
wavelengths and types of the different UV-exposures during the fabrication of the gratings are
most likely to have caused these reported differences in the parameter values. It is noticeable
that the closest comparison (with the work of Baker et al.) occurs for a fibre with the same
dopants, with a grating written at approximately the same wavelength. It has not, however, been
possible to compare the effect of dopant concentrations as in neither case were these data

available.

4.3.3. Analysis of the decay in reflectivity based on the ‘Master Aging
Curve’

It should be noted that the successful application of the power-law depends on the a versus T
and A versus T relationships being expressed by the two earlier equations. This may, however,
not always be correct (as discussed above), as a deviation of the regression was observed from
the experimental data for a, particularly at lower temperatures. Thus in this work, attempts were
made to fit the data from the accelerated aging experiments at 100, 200, 300 and 400°C to
obtain a “master curve” using the aging curve approach [69],[71], in order to predict the
operational lifetime of the grating. In this approach, it is assumed that the grating inscription
causes a broad distribution of the activation energy of thermodynamically unstable traps and the
aging of any grating at any time, t, and temperature, T, can be described by an aging parameter
[69]1,[71],[186], Ed, (hamely the demarcation energy) as:

Ed= kBT In(vt) (4.9)
where kBis the Boltzmann’s constant and v is a frequency term, which can be obtained from the
sets of data at various temperatures (say, 100, 200, 300 and 400°C) fitted together through an
iterative process. The correct shape of the master curve can also be deduced from the power-
law expression [69],[179] and is described using the following equation:

h(Ed) = 1/{1+exp[(Ed- AE)/kBTR} (4.10)
where the total number of the trapped carriers at time t was assumed to be proportional to the
experimentally determined values of q. Fig. 4.4 illustrates the master aging curve for the grating
using the same earlier experimental data. For this plot, the optimum value of v used was 2.6 x
104 Hz for the best fitting to a single master curve. After the establishment of the master aging
curve, the degradation of the grating for any combination of time and temperature can be

projected, as discussed in the later part of the work.
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Fig.4.4: Plot of the NICC as a function of the demarcation energy, Ed, for the gratings.
The frequency term (v) used for this plot is 2.6 x 104 Hz.

The activation energy distribution for the fibres can be derived from the above coefficients, as
described by Erdogan et al. [69] with the peak of the bell-shaped activation energy distribution,
AE « - kBrRn(Ao) with its FWHM « 3kBIR Fig. 4.5 represents the energy distribution of the
trapped carriers for boron-germanium codoped fibre, as calculated from the slope of Fig. 4.4.
The solid portion of the graph represents the range of the demarcation energies actually

sampled during the experiment with the dotted portions the prediction of the model.

Fig.4.5: Distribution of the activation energy, plotted from the slope of the Fig.4.4.
The symbols represent the demarcation energies actually sampled by the
experiment.
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The fibre used by Baker et al. [70] had an activation energy distribution peak at 2.2 eV with a
FWHM of 0.9 eV, which are closely comparable with values derived in this work where the
activation energy distribution peak was at 2.14 eV with a FWHM of 0.85 eV. Compared to the
gratings fabricated in the Ge-doped fibre used by Erdogan et al. [69] (distribution peak at 2.8 eV
with FWHM of 1.6 eV), the lower value of the activation energy in this work suggests that lower
energy is needed to “wash out" the grating and the grating is less sustainable at higher

temperatures, although it appears to have better photosensitivity.

4.3.4. Analysis of the shift in the Bragg wavelength
The shift of the Bragg wavelength with temperature has been widely employed as the
measurand in temperature sensing or in temperature compensation e.g. for strain monitoring. In
such systems, at each temperature studied, the Bragg wavelength shift [160],[170],[180],[181] is
observed. So, in this work, it was seen as equally important to model the shift of the Bragg
wavelength with time at each temperature, in the same way as the reflectivity was measured,
before a grating could be used reliably in any particular application for a long time. This shift at
each temperature was then modelled, in a similar way, with a slight modification of the power-
law. The change of the Bragg wavelength was shown to be related to the effective refractive
index of the fibre. The refractive index modulation of the fibre decreases with temperature, as
does its effective refractive index. Thus the trend of this decay with temperature is almost
identical to that of the earlier case, with the difference only of having a lower decay rate. With

this assumption, the power-law can be modified and expressed as

Ab(t) sAB(0)/[1+B(t/t1)d (4.11)

where 7h(t) is the Bragg wavelength, monitored after t minutes of annealing at the temperature
studied and XH0) is the initial Bragg wavelength at each defined and stabilised starting
temperature. In the same fashion as was used in the power-law expression, a value of h = 1
minute was introduced to keep the dimensions consistent. B and p may be expressed as the
modified power-law factor and the modified power-law decay coefficient, used to evaluate the
shift in the wavelength. These two parameters are also dimensionless and temperature-
dependent, and may be calculated in the same way as is described above. Fig. 4.6 shows the

shift of the Bragg wavelength with time at each temperature.
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Fig. 4.6: Thermal degradation of the FBGs written in a B-Ge doped fibre
with time in terms of the Bragg wavelength shift at various temperatures.

The expressions for 3and B, through which the above equation can be fitted well with the

experimental data, which have been shown in Figs. 4.7(a) and 4.7(b) and can be expressed as

[3=T/Tx with T> = 3434 K (4.12)
and
B = BOexp(bT) with BO=8.35 x 10'6and b = 3.06 x 10'3K"1 (4.13)
g
Fig. 4.7(a): Linear fit to data for the modified Fig. 4.7(b): Exponential fit to data for the
power-law decay coefficient, p. modified power-law factor, B.

In Fig. 4.6, the modified power-law model is seen to fit well to the experimental points showing
the shift in the Bragg wavelength, except for a few points at higher temperatures measured after
a much longer time, where the experimental value of the Bragg wavelength is seen to lie above
the fitted graph. This deviation of the experimental data from the fitted regression is supported
by the results of work done by Chisholm et al. [180], where the effect of the boron composition of
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the fibre on the thermal annealing has been studied and discussed in detail. The positive shift of
the Bragg wavelength (i.e., towards the longer wavelength) was observed in the gratings
fabricated in boron-germanium codoped fibre at comparatively higher temperatures. It may be
noteworthy that the shift due to the boron composition was observed to be negligible up to ~
300°C, after which the effect became dominant. To achieve a better precision in the prediction of
the Bragg wavelength shift, the effect due to boron composition may be included, although the
grating studied here could hardly survive at this high temperature (~ 400°C) for more than a few

hours.

4.3.5. Prediction of operational lifetime of the FBGs through an
‘Accelerated-Aging’ test

From the decay parameters evaluated, and using both the power-law and the modified power-
law functions, the lifetime of the gratings in terms of the decay of the reflectivity and the shift in
Bragg wavelength was estimated. Fig. 4.8 shows the variation of reflectivity over a simulated
aging experiment, representing an estimated time period of 100 years, with initial reflectivity
values of 99% and 90% at 100°C, 200°C and 300°C. Time has been plotted in this figure in
logarithmic scale to take into account the decay in the grating reflectivities over a long period of
simulated time. The results show that one grating with an initial reflectivity of 99% decays to 97%
if it is kept at 100°C, and decays to 70% at 200°C over the equivalent period of 100 years.
However at 300°C, only 11% and 8% of the reflectivity would remain after equivalent periods of
25 and 100 years respectively. The prediction of the grating reflectivity using the aging curve
approach and the temperature-induced reversible effect on reflectivity is discussed in

‘Discussion’ section.

Fig. 4.8: Prediction of thermal decay of FBGs in terms of reflectivity, with initial
reflectivity values of 99% and 90% at 100°C, 200°C and 300°C over a
simulated period of 100 years.
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Similarly, the shift of the Bragg wavelength of the grating was estimated over a long period of
time. Using the predictions of this work, Fig. 4.9 shows that there would be only a 0.22 nm shift
of the centre Bragg wavelength over a period of 100 years if it were kept at 100°C, but for
gratings at 200°C and 300°C, the corresponding shifts would be ~ 0.6 nm and ~ 1.5 nm

respectively for the same time period.

Fig. 4.9: Prediction of thermal decay of the FBGs in terms of the shift in the Bragg
wavelength at various temperatures over an estimated period of 100 years.

These results are important in practical applications, as they have demonstrated that exposure
to higher temperatures is likely to degrade the system performance with the use of dense WDM
or wavelength-selective switching, for example, in sensor or communication systems. However,
the natural thermal decay of the gratings can be predicted by considering an accelerated-aging
process. A comparison of the accelerated-aging of the gratings in terms of reflectivity and Bragg
wavelength shift has been shown in Fig. 4.10. The empirical equations for the calculation of the
accelerated-aging in terms of reflectivity and the shift in Bragg wavelength were evaluated from
Egs. (4.6) and (4.11) respectively, using the values of A, a, B and p, and these are given as
follows:

t2={exp [aTRT-|/T2- 1)] ti1M12} (in terms of reflectivity) (4.14)

t2={exp [bTX(TYT2—1)] t{TVT2}  (in terms of shift in Bragg wavelength) (4.15)
where T, is the accelerated-aging temperature (K) for the grating after t, minutes, which is
equivalent to another decay temperature T2 for the grating at t2 minutes. TRand Tx are the

values derived from the decay coefficients from Egs. (4.7) and (4.12).
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Fig. 4.10: Comparison of the accelerated aging in terms of the reflectivity and the
shift in the Bragg wavelength of the FBGs written in a B-Ge doped fibre.

It is very clear from the two sets of graphs in Fig. 4.10 (equivalent to a room temperature decay
for periods of 1 year and 25 years) that the accelerated-aging slope for the wavelength-shift is
much lower compared to that for the reflectivity, due to the fact that the decay of refractive index

modulation is much faster when compared to the decay of the effective refractive index.

44. Analysis of thermal stability of gratings written in Sn-Er-Ge doped
fibre

In this section, prior to study of the thermal decay of the gratings fabricated in tin-erbium-
germanium doped silica fibre, the fabrication of the special fibre has been described very briefly.
Thermal stability of the FBGs was studied in terms of its reflectivity, using the power-law
dependence [69] and the result was compared with the use of the aging curve approach, in a
similar way as described in the earlier section. The shift in the Bragg wavelength has also been
modelled by modifying the power-law, which was found to fit well with the experimental data. A
prediction of the operational lifetime, and of the accelerated-aging of the grating have been
described and these are compared in terms of the ICC and the shift in the wavelength. In this
study as well, different decay-rates of the refractive index modulation (Anmod) and the effective
refractive index (Aneff) were observed in terms of reflectivity-decay and the Bragg wavelength
shift at various temperatures, as observed in case of gratings written in a B-Ge doped fibre.
These are related to the consideration of the complex phenomenon of the thermal decay of the
UV-induced gratings, with the possibility of differences in the activation energy distribution in
terms of the decay in Annodand Aneff. The possibility of arising multiple peaks in the distribution

of the activation energies has been described in ‘Discussion’ section.
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4.4.1. Fabrication of FBGs in the specially fabricated Sn-Er-Ge doped fibre
The special erbium-doped tin-germanosilicate fibre (core/cladding diameter: 5/125 pm,
numerical aperture (NA): 0.2, cut-off wavelength of 1400 nm) was designed and fabricated at the
University of Nice, France, by using the modified chemical vapour deposition (MCVD) technique.
Tin, erbium and aluminium (1.1 mol/l, 0.025 mol/l and 0.083 mol/l in the solution, respectively)
were introduced to achieve both high temperature sustainability [154]-[157],[182] and a suitable
fluorescence spectrum from the fibre, covering the sensing range of the Bragg wavelength of the
FBG written into that. Aluminium was introduced to confine the Er3+lons within the fibre core, to
improve the pumping efficiency of the fibre (to generate ASE) as well as to avoid any clustering

effects that may occur [13],[14].

Initially, a type-l grating was written in the specially fabricated Sn-Er-Ge codoped photosensitive
fibre using ultraviolet light from a KrF excimer laser at 248 nm with a pulse duration of 10 ns and
employing the phase-mask technique (using phase-mask_2: specification is written in Table-
3.1), as described earlier. The grating reflectivity reached ~ 99% within 6 minutes of exposure
time with a laser energy of 12 mJ at 200 Hz and a pulse fluence of - 180 mJ/cm2, but It took
further 5 minutes to reach the highest achievable peak reflectivity of 99.6% with a comparatively
slow growth rate. The red shift of the Bragg wavelength has also been observed with the UV-
exposure during the growth of the grating, where the on-line measurement of the grating
spectrum has been made by using an HP-86140A (Agilent) optical spectrum analyser (OSA).
The consistency of this result was observed by fabricating a number of gratings under the same

conditions.

With a reasonable assumption that the gratings were all uniform (sample tests confirmed this),
the amplitude of the refractive index modulation (Annod) was estimated using the Eq. (4.1). The
corresponding estimated value of Annud was ~ 3.3 x 10 “4 for a grating length of ~ 6.5 mm.
Following the UV-exposure during the grating fabrication, the Bragg wavelength shift was
observed to be ~ 0.82 nm towards the longer wavelength side, which corresponds to an
increase in the effective refractive index of the fibre-core (Aneff) of ~ 7.7 x 10 “4, this having been
determined using the Eq. (4.2). Fig. 4.11 shows the variation of the amplitude of the refractive
index modulation (Annod) and the effective refractive index (neff) with the UV-exposure time
during the growth of the grating. The evolution of the grating reflectivity and the corresponding
Bragg wavelength as a function of UV-exposure time has been reflected by the diagram shown

as an inset in Fig. 4.11.
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Fig. 4.11: Variation of the refractive-index modulation and the effective refractive index
with the UV exposure time for laser fluence of ~ 180 mJ/cm2pulse by using a 248 nm
excimer laser. The inset shows the evolution of the grating reflectivity and the Bragg
wavelength shift during the growth of the FBG.

4.4.2. Decay of refractive-index modulation (Annd) based on the ‘Power-
Law’

For this study, a series of nearly identical gratings of reflectivity ~ 90% was fabricated in the
same Sn-Er-Ge codoped fibre. Grating reflectivities were controlled by fixing the energy, pulse
frequency and the exposure time of the excimer laser. The estimated values of Annod and Anef
[using Egs. (4.1) and (4.2)] were ~ 1.8 x 10" and - 4.5 x 10 4 respectively. No saturation was
required in this work because the reflectivities were measured in this study by considering only
the minimum of the transmission spectrum at the Bragg wavelength, not the spectral width,

which is directly related to Annidfor strong gratings [71].

The thermal degradation of the fibre Bragg gratings, with time, was then monitored separately at
several temperatures of 100°C, 300°C, 500°C, 700°C, 800°C and 900°C by placing the
individual gratings very carefully (so that there was no excess strain on the grating) inside a well-
calibrated CARBOLITE tube oven (type MTF 12/38/400). Temperatures were kept constant for
each measurement over a period of about 8 hours after which the gratings were returned slowly
to room temperature (~ 23°C) to measure their decay in reflectivity and the irreversible blue shift

of Bragg wavelength. The real-time reflectivities of the gratings were measured from the
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transmission spectra observed on the OSA. At each temperature, a fast decay of the grating,
followed by a substantial slow decay was observed. The thermal decay was modelled in terms of
the normalised integrated coupling coefficient (NICC, rj), as the integrated coupling coefficient
(ICC) is directly proportional to the peak-reflectivity. The peak-reflectivity of the grating and the
NICC were estimated in a similar way, as described through Egs. (4.3) - (4.5), in the earlier
section.

Using the experimental data obtained, the thermal decay characteristics were modelled
according to the power-law function proposed by Erdogan et al. [69], which has already been
described in Eq. (4.6). For the type 1FBGs written into the specially fabricated Sn-Er-Ge doped
fibre also, it was found that the model fits reasonably well to the experimental data except for a
few data points at 900 °C, which likely arises from the uncertainties in the measurement for very
low values of reflectivities with oscillatory pattern of reference power spectrum. This oscillatory
pattern of the reference power spectrum may likely to be arisen from the mismatch of the
refractive index between the Sn-Er-Ge doped photosensitive fibre used (for writing FBGs) and
the fibres in the connector used to connect to the light source and the detectors. Fig. 4.12 shows
the isothermal decay characteristics of the FBGs written into this specially fabricated fibre at

various temperatures along with a graph fitted to the model (solid-line).

Fig. 4.12: Isothermal decays of the type | FBGs written in an Sn-Er-
Ge doped fibre, with time, in terms of NICC at various temperatures.

The set of values of A and a used were calculated from the experimental points for each
temperature, according to Eq. (4.6). Following that, A and a were plotted against temperature to
evaluate the temperature dependence of these parameters, this being shown in Figs. 4.13(a)
and 4.13(b). The variation of a with temperature was assumed to be linear, passing through zero
on the temperature axis (K) and the temperature dependence of this parameter can be

expressed in a similar way as described in Eq. (4.7). In this plot, from the slope of the linear fit,
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the value of TR= 5563 K can be estimated. Fig. 4.13(b) shows a plot of A, with temperature, on
a linear scale, where the value of A was evaluated by exponential growth fitting, the nature of
which can be written according to the Eq. (4.8). The values of the coefficients, Aq= 1.54 x 10'3

and a =6.19 x 10'3K 1were evaluated from the regression.
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Fig. 4.13(a): Linear fit for the Power-Law Fig. 4.13(b): Exponential fit for the Power-
decay coefficient, a. Law factor, A, in a linear scale.

The values of TR A and a in this work are slightly different from the brief results, reported by
Brambllla et at. [157] for tin-silicate fibre. The variation of the composition and the dopants
(specially selecting Er and Ge, in addition to Sn) and the concentrations of the dopants within
the core of the photosensitive fibres used are most likely to have caused these differences in the

values determined for these parameters.

4.4.3. Decay of refractive-index modulation (Annod based on the ‘Master
Aging Curve’

The success in the use of the power-law to represent the decay of the gratings depends on the a
versus T and A versus T relationships, as discussed in earlier sections, being expressed by the
Egs. (4.7) and (4.8). This may, however, not always be correct, as a deviation of the regression
may be observed from the experimental data for a, particularly at lower temperatures. This is
mainly due to the large uncertainty in the value of ICC due to the measurement errors in Tninfor
the substantially small grating decay at lower temperatures. Thus in this work, attempts were
made to fit the data from the accelerated aging experiments at 100, 300, 500, 700, 800 and
900°C to obtain a “master curve”, using the aging curve approach [69],[71],[157],[179],[181], in
order to predict the operational lifetime of the grating. In this approach, it is assumed that the
grating inscription causes a broad distribution of the activation energy of thermodynamically

unstable traps and the aging of any grating at any time, t, and temperature, T, can be described
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by an aging parameter [69],[71],[157],[179],[181], Ed, (namely the demarcation energy), as
explained in the Eq. (4.9), where the frequency term, v, can be obtained from the sets of data
obtained at various temperatures (i.e., 100°C, 300°C, 500°C, 700°C, 800°C and 900°C) fitted
together through an iterative process. The correct shape of the master curve can also be
deduced from the power-law expression [69],[179],[181] and is described using the same
equation, as described by Eq. (4.10), where the total number of the trapped carriers at time t
was assumed to be proportional to the experimentally determined values of q. Fig. 4.14
illustrates the master aging curve for the grating, using the same earlier experimental data. For
this plot, the optimum value of v used was 1.54 x 1013 Hz, for the best fit to a single master
curve. After the establishment of the master aging curve, the degradation of the grating for any

combination of time and temperature can be projected, as discussed in the later part of the work.

Fig. 4.14: NICC as a function of the demarcation energy, Ed, for the gratings written in
a Sn-Er-Ge doped fibre. The frequency term (v) used for this plot is 1.54 x 1013 Hz.

The activation energy distribution for the fibres can be derived from the above coefficients, as
described by Erdogan et al. [69] with the peak of the bell-shaped activation energy distribution,
AE w - kBIRn(A0) with its FWHM » 3kBITR Fig. 4.15 represents the energy distribution of the
trapped carriers for the Sn-Er-Ge codoped fibre used, as calculated from the slope of Fig. 4.14.
The solid portion of the graph represents the range of the demarcation energies actually
sampled during the experiment with the dotted portions the prediction arising from the model.
The activation energy distribution peak was estimated at 3.1 eV with a FWHM of 1.4 €V in this

work.
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Fig. 4.15: Activation energy distribution for Sn-Er-Ge doped fibre, plotted from the
slope of the Fig. 4.14. The symbols represent the demarcation energies actually
sampled from the experiment.

4.4.4. Decay in the effective refractive index (neff) and the simulation of the
predicted grating-decay

The shift of the Bragg wavelength with temperature has been widely employed as the
measurand in temperature sensing over a wider range or in strain monitoring. In such systems,
for any unstabilised (not annealed) grating, at each temperature studied, the Bragg wavelength
shift [160],[170],[180],[181] is observed. So, in this work, it was seen as equally important to
model the decay in the effective refractive index (which is directly related to the shift of the Bragg
wavelength) with time at each temperature (in the same way as the reflectivity was measured),
before a grating could be used reliably In any particular application for a long time. This decay at
each temperature was then modelled, in a similar way, with a slight modification to the power-
law. The refractive index modulation of the fibre decreases with temperature, and this affects its
effective refractive index. Thus the trend of this decay with temperature is almost identical to that
of the earlier case, with the difference only in their being a lower decay rate. With this
assumption [181], the power-law can be modified and expressed as [which is correlated to the
Eq. (4.11)]

nef(t) =nef(0)/[1+B(t/t g (4.16)
where ndf(t) is the effective refractive index (estimated by monitoring the Bragg wavelength)
after t minutes of annealing at the temperature studied and neff(0) is the initial effective refractive
index at each defined and stabilised starting temperature. In the same fashion as was used in
the power-law expression, a value of »# = 1 minute was introduced to keep the dimensions

consistent. B and p may be expressed as the modified power-law factor and the modified power-
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law decay coefficient respectively, used to evaluate the shift in the Bragg wavelength as well as
the decay in the effective refractive index. These two parameters are also dimensionless and
temperature-dependent, and may be calculated in the same way as was described above. Fig.
4.16 shows the decay in effective refractive index with time at each temperature, whereas the
inset in the figure describes shift of the Bragg wavelength with time at those temperatures. The
expressions for p and B, through which the above equation can be fitted well to the experimental

data, can be expressed as

p = T/Tx with T* = 5943 K (4.17)
and
B = BOexp(bT) with BO=5.20 x 10"6and b =2.66 x 10'3K'1 (4.18)

Decay time (Minutes)

Fig. 4.16: Thermal degradation of the FBGs with time in terms of the effective
refractive index at various temperatures. The inset shows the corresponding
blue-shifts in the Bragg wavelengths.

In Fig. 4.16, the modified power-law model is seen to fit well to the experimental points showing
the decay in the effective refractive index, which results in the shift in the Bragg wavelength.
Thus the predicted shift in the Bragg wavelength of the grating after any time, at some lower

temperature, may be simulated using the above values of the parameters evaluated.
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Fig. 4.17: Prediction of thermal decays at 500°C for the gratings written into an
Sn-Er-Ge doped fibre according to the power-law and the master aging curve
along with the blue-shift of the Bragg wavelengths of the gratings.

From the parameters evaluated, and using the power-law, the modified power-law and the
master aging curve approach, the lifetime of the grating can be estimated in terms of the decay
in the reflectivity and the shift in the Bragg wavelength. Fig. 4.17 describes the predicted decay
in reflectivity and the shift in the Bragg wavelength for a pristine (not annealed) grating written in
a Sn-Er-Ge codoped fibre at 500 °C for the period of time of ~ 10 years. The results show the
value of NICC reaches a value of 0.66 with a shift of the Bragg wavelength of 0.18 nm after only
one day, when the grating remains at a temperature of 500 °C, which is almost half of the total
decay that would occur at that temperature, over a predicted period of 10 years. A negligible
difference in the decay paths has been observed from the figure, when the power-law and the
master aging curve are compared. This is mainly due to the consideration of the pristine (not
annealed) grating in this case, so that there is no truncation of the initial distribution of the

activation energy [71).

4.4.5. High-temperature sensing potential of the Sn-Er-Ge doped fibre and
the FBGs written into this fibre

One of the most important physical parameters for many individual applications, temperature,
can be measured from a calibration of the shift of the Bragg wavelength of the grating. Sn-
doping in the fibre enhances the thermal stability [154]-[157] of the grating, resulting in a wider
range of measurement of temperature, establishing the prime reason for choosing a fibre with
this element as one of the dopants of the core, during fabrication. Temperature-induced
reversible and Irreversible changes In the Bragg wavelengths [181],[184] of the gratings were
observed when the thermal decay of the gratings was analysed. For sensing purposes, to

enable a reproducible sensor probe to be developed, the irreversible changes of the Bragg
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wavelength should be removed to achieve repeatable measurement data by a well-defined
process of annealing, which stabilises the gratings and allows only reversible changes in the
Bragg wavelengths, thus resulting in a high level of repeatability over useful ranges of

measurement for sensor applications.

Fig. 4.18: Thermal response and the thermal sensitivity of a grating written into
an Sn-Er-Ge doped fibre after proper annealing of the sample.

In this work, a grating was annealed properly (until the blue-shift of the Bragg wavelength settles
at that temperature; discussed in detail in Chapter 5 in section 5.3.3) at 850 °C for ~ 10 hours
before being used for temperature measurement up to 800 °C (from room temperature, in
increments of 20 °C) by monitoring the reflection spectrum of the grating, by use of only the
temperature-induced reversible changes in the Bragg wavelength. A settling time of 15 minutes
was allowed at each temperature to ensure a thermal equilibrium between the grating and the
oven had been achieved, before recording data for several cycles of both ascending and the
descending temperatures. The measured data for the ascending and the descending
temperature cycles, in terms of the Bragg wavelength change with temperature were observed
to be quite consistent over a number of repeated measurements, with a wavelength uncertainty
of + 0.01 nm (the peak/dip resolution of the OSA used). The variation of the Bragg wavelength
with temperature was found to be slightly non-linear and the temperature-dependent
temperature sensitivity values of the grating were estimated to be 10.6 pm/°C and 16.8 pm/°C at
room temperature (~23 °C) and 800 °C respectively. The thermal response of the grating, along

with its temperature sensitivity, is plotted in Fig. 4.18.

This specially fabricated fibre has the added advantage of yielding fluorescence generated by
the amplified spontaneous emission (ASE) caused by the rare earth (Er3tH doping that was

introduced, and this has been shown to be very useful in the design of special fibre amplifier and
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fluorescence-based temperature sensing devices [187],[188], Moreover, this adding of erbium
ion does not affect the photosensitivity, which is almost comparable to that of only tin-doped
silica fibre [189], Simultaneous measurement of strain and temperature over a wide range of
temperature can also be achieved, based on the temperature dependence of the fluorescence
peak power ratio (FPPR) of the ASE in rare earth-doped fibre and the dual functionality of the
FBG [182],[188], Fig. 4.19 shows the ASE spectra obtained from this fibre, of length of 10 cm,
with a grating written in one end of the fibre, where the FPPR approach may be applied for

wavelengths of 1535 nm and 1552 nm.

Wavelength (nm)

Fig. 4.19: Fluorescence spectra obtained at various temperatures from - 10
cm long Sn-Er-Ge doped fibre. The ‘dip’s in the spectra indicate the grating
written into this fibre.

4.5. Comparison of thermal stability of type | gratings written in different
fibres
Thermal stability is one of the important parameters of the fibre Bragg gratings, based on which
it can be used in the systems, to be installed for various practical applications in sensing and
telecommunication, for a long period of time. The thermal decays of the type | gratings fabricated
in B-Ge and Sn-Er-Ge doped fibres have already been analysed in the previous sections. In this
section, the thermal stability of type | gratings fabricated in various photosensitive fibres has

been compared qualitatively and quantitatively.

The type | gratings written in B-Ge and Ge doped fibres can survive for any long-term sensing
applications up to the temperatures of around 300°C and 650°C respectively, whereas the type |
gratings written in a Sn-Er-Ge doped fibre can reliably be used up to the temperature higher than
850°C. In the analysis of the thermal stability of the gratings written in Sn-Er-Ge doped fibre, the

peak of the activation energy distribution was estimated at 3.1 eV with a FWHM of 1.4 eV.
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Compared to the gratings fabricated in the Ge-doped fibre used by Erdogan et al. [69]
(distribution peak of the activation energy at 2.8 eV with FWHM of 1.6 eV), and gratings in B-Ge
codoped fibre [70],[181] (distribution peak at - 2.2 eV with FWHM of ~ 0.9 eV), the higher value
of the activation energy in this work suggests that a higher energy is needed to “wash out” the
grating and thus the grating has a higher level of sustainability at higher temperatures, although
the gratings written in tin-silicate [157] fibre has been reported more resistant to temperature
with a distribution peak at 3.7 eV with a FWHM of 1.1 eV. Fig. 4.20 describes a comparison of
the activation energy distributions of the density of states for gratings written in B-Ge codoped
[181], Ge doped [69] and Sn-Er-Ge doped fibres [190], The inset in the figure shows the
variation of the normalised reflectivity of those gratings with temperature, taking results as a
series of isothermal steps starting from 100 °C, with increments in temperature, with an
annealing time of ~ 24 hours at each step. A visual comparison shows the considerable
difference in the energy distributions, which implies a significant improvement of high
temperature stability of the gratings written in Sn-Er-Ge codoped fibre over those written in B-Ge

or Ge doped fibres.

Fig. 4.20: Comparison of the activation energy distribution of the density of states for
B-Ge [70],[181] Ge [69] and Sn-Er-Ge [190] doped fibres. The inset shows the
normalised reflectivities of the gratings written in the respective fibres after ~ 24
hours of annealing at each temperature.
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Table-4.2: Comparison of the reflectivity decay factor and decay coefficient for various type |

gratings fabricated in different photosensitive fibres

Parameters B-Ge doped Ge-Er doped Sn-Er-Ge doped Sn-silicate
Silica fibre silica fibre silica fibre fibre
[181] [69] [190] [157]
Pal et al. Erdogan et al. Pal et al. Brambilla et al.
Tr (K) 2754 5250 5563 3792
Aq (min"1) 1.20 x 10-4 1.86 x 10“3 1.54 x 103 8.13 x 10'6
a (K") 13.4 x 10-3 7.64 x 10'3 6.19 x 10"3 1.12 x 10"2
v (Hz) 26 x 104 1.9x 106 1.54 x 1083 4.64 x 1016
rpoak (V) 2.14 2.8 3.1 3.7
FWHMe (eV) 0.85 1.6 14 1.13
Tx(K) 3434 - 5943 -
BO (min'1) 8.35x 10 6 - 5.20 x 106 -
b (K") 3.06 x 10'3 2.66 x 103

Table-4.2 summaries the thermal stability analysis of the gratings written into various
photosensitive fibres. The table includes the estimated values of the different decay coefficients
and factors for different fibres, which were found to be responsible for the stability of the gratings
written into these fibres, in terms of reflectivity (or the refractive-index modulation) and the Bragg
wavelength (or the effective refractive index). In addition, an overall predicted decay and the shift
in the Bragg wavelength of the gratings, at comparatively lower temperatures, over a certain
period of time, can be simulated from these estimated values of the coefficients listed in the
table.

4.6. Discussion

Although the thermal stability of Bragg gratings written in boron-germanium doped silica fibre
and in tin-erbium-germanium doped silica fibre has been analysed in this paper both in terms of
the normalised integrated coupling coefficient and the shift in the Bragg wavelength, both of
which are directly related to the refractive index modulation and the effective refractive index of
the fibre, the accurate prediction of the grating stability is very difficult because of the highly
complex phenomena associated with the grating decay. The reasons for this are discussed
below.
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4.6.1. Temperature-induced reversible and irreversible changes in the
grating reflectivity

Recently studies of the temperature-induced reversible and irreversible changes in grating
reflectivity have been reported by Razafimahatratra et a/. [179] and Hidayat et al. [184], these
being dependent on the type of the gratings and the processing of the fibres. A reversible
temperature-induced increase in the reflectivity for pre-annealed type | grating was observed,
which has a vital importance in predicting the grating decay, as the isothermal decay of the
grating would be compensated to some extent by this effect. The dependence of the refractive
index modulation (Anrod) on the temperature, based on the defect-related absorption bands has
been considered as the cause of the above phenomenon rather than through the dependence of
overlap integral, n(V), on temperature. The temperature-induced refractive index modulation
(Annod) at any temperature, T, can be expressed [184] as:

AnmodT)/ Annod(296 K) = [1 +y(T - 296)] (4.19)
In this study, y was evaluated as 4.9 x 10'4for 296 K < T <473 K with a pre-annealed grating in
the above-mentioned fibre of Annad *9.1 x 1CI5, which is comparable to the value reported by
Hidayat et al. [y = (5.5 + 0.3) x 10’4, with Annod < 1.6 x 10'4). The spectrum of an annealed
grating (written in a B-Ge doped fibre), at two distinct temperatures (i.e., 22°C and 250°C), has

been shown in Fig. 4.21, which clearly showed the spectral changes with temperature.
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B-Ge doped fibre
— FBG spectrum at 22°C
FBG spectrum at 250"C
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Fig. 4.21: Temperature-induced changes in the spectral characteristics of an
annealed FBG written into a B-Ge doped fibre.

When consideration of the temperature-induced reversible effect on the reflectivity is included,
the grating decay can be predicted more precisely. Fig. 4.22 illustrates the predicted decay of an
unstabilised (not pre-annealed) grating written in a B-Ge doped fibre over a period of 25 years

(according to the power-law and the aging curve approach) and including the temperature-
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induced reversible effect in the aging curve with the broad assumption that this temperature-
induced reversible effect is not time-dependent for any fixed temperature. A considerable
difference in the decay paths was observed from the figure when the temperature-induced
reversible effect was taken into account, compared to the difference between the decay paths
extrapolated from the power-law and the master aging curve. The difference was very little in
this latter case, as the unstabilised gratings were considered in this study so that there is no
truncation of the initial distribution of activation energies after the grating inscription. If it were a
stabilised grating, a considerable degree of difference in the decay paths would be displayed
[71]. The frequency term calculated from the coefficients of the power-law (v = 1/t * 1/[exp(-aTR
min _1] = 1.86 x 101 Hz) showed the little difference from the value fitted to the master curve and

thus a very small difference in the predicted decay graphs was estimated.

Fig.4.22: Prediction of thermal decay of an FBG written in a B-Ge doped fibre, at
200°C, according to the power-law and the master aging curve, including the
reversible temperature-induced effect in the aging curve approach, over a period
of 25 years.

The temperature-induced reversible change in the grating reflectivity [181],[184], where very
accurate measurement is required, has not been considered for the analysis of the gratings
written in the Sn-Er-Ge doped fibre. This is because of the limited uncertainty in the
measurement of the reference power level during reflectivity monitoring of the grating. The
oscillatory pattern of the reference power level was possibly caused by the mismatch of the
refractive index between the Sn-Er-Ge codoped fibre used and the fibres in the connectors,
connected to the light source and the detector, and the interference between the core and
cladding modes occurs in the fibre section within the splice intersections [191], for the
measurement of the reflectivity. Consideration of the above effect (i.e., the temperature-induced

reversible changes in the grating reflectivity) will cause little further degradation of the gratings.
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4.6.2. Consideration of Step-Stress Aging
Using the aging curve approach, the demarcation energy can be estimated by assuming a single
value of the attempted frequency v, for the best fitting to achieve a master curve from which the
grating decay may be extrapolated. A strategy for the extrapolation of the accelerated aging was
developed and reported by LuValle et at [185] where demarcation mapping has been used to
understand the process, with the assumption of multiple values of the attempted frequency and
a step-stress experiment has been designed to minimise the effect of any larger values of v than
that estimated. In this study also, a step-stress experiment was carried out, in which two nearly
identical gratings written in B-Ge codoped fibre were used, keeping one grating at 200°C to
examine the isothermal decay and the other was raised to 200°C in stages after holding it at
100°C for 405 minutes. Fig. 4.23 shows the comparison between the isothermal and the step-
stress decay curves. It can be seen that the isothermal decay that occurred after 400 minutes at
200°C for the first grating can be achieved within ~ 70 minutes for the step-stress decay for the
other grating, when it was kept initially at 100°C for 405 minutes before applying a temperature
of 200°C. The values of v derived from these two decay graphs were slightly different and this
indicated the hidden parallel degradation, which may be ruled out by using the demarcation
mapping, although an assurance of the reliability of the accelerated testing cannot be given

because of the highly complex nature of the grating decay mechanism.
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Fig. 4.23: Comparison of the isothermal decay and the step-stress decay when
one grating written in a B-Ge doped fibre was kept at 200°C for isothermal decay
and the otherwas raised to 200°C after being kept at 100°C for 405 minutes.
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4.6.3. Temperature-induced reversible and irreversible changes in the
Bragg wavelength shift of the gratings

Although temperature-induced reversible and irreversible changes in the Bragg wavelength shift
were observed, only the irreversible changes have been considered in this study of the decay of
effective refractive index with temperature, taking the Bragg wavelength at the beginning of the
experiment (time t = 0+) as the reference. To separate the irreversible from the reversible shift of
the Bragg wavelength, the Bragg wavelength at room temperature (i.e., 23°C) was measured
initially as *RT before annealing. If the Bragg wavelengths after annealing at any temperature
and at the room temperature to which grating returned were XF@ and XRdum respectively, then
("Fnai - "Retum) can be considered as the reversible shift whereas (ART - AR3UM) is the irreversible
shift of the Bragg wavelength. In fact, this type of measurement has also been considered to
calculate the decay in the effective refractive index (Andf) of the fibre to evaluate the fringe
contrast or the “visibility factor” (AnnodAneff) of the grating after each temperature cycle in this
work. This is very important for the analysis of the grating decay in terms of both the reflectivity

and the Bragg wavelength shift.

4.6.4. Possibility of multi-peaks in the activation energy distribution
The simulation of the exact distribution of the activation energy of the fibre material consisting of
various dopants with different concentrations is not very simple. The development of the multi-
peaks instead of a simple bell-shaped activation energy distribution is possible depending upon
various dopants in the fibre core. Although the possibility of multiple peaks developing in the
energy distribution has been suggested by observing a slight non-smooth thermal decay in the
grating-reflectivity (for the gratings written in Sn-Er-Ge doped fibre: see the inset of Fig. 4.20),
only one peak has been considered in this work. This is just to simplify the analysis of the
complexity in the energy distribution, arising from the presence of various dopants in the fibre
(e.g., Ge, Sn and Er), at different concentrations. An energy distribution with multiple peaks has
also been reported by Rathje et al. [191] for gratings written in a hydrogen-loaded fiber. In fact,
an energy distribution showing multiple peaks may be realised for this work by considering
lower-temperature (below 700 °C) and higher-temperature (above 700 °C) isothermal tests
separately, to evaluate the decay coefficients in two different thermal states and combining the

respective energy distributions.

4.6.5. Consideration of the ‘Visibility Factor’ of the gratings
As mentioned earlier, the visibility factor (AnmodAneff) plays a vital role to correlate the decay of
the grating in terms of the reflectivity and the Bragg wavelength shift. Wang et al. [160] have
discussed the possible effects that may arise, taking into account the assumptions suggested by

Kannan et al. [71] or the variable reaction pathway approach by Poumellec [186]. Two
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possibilities have been predicted. The first is the case when the visibility factor remains constant.
Even when the grating decay occurs after heat-treatment, the same master aging curve can be
used to predict the grating decay, in terms of both the reflectivity and the Bragg wavelength shift.
In the second case, the contrast or the visibility factor changes with the decay of the grating
involving microscopic local mechanisms in such behaviour. To investigate this behaviour, a set
of experiments was carried out in this work, where a grating of reflectivity ~ 90 % was written in
B-Ge codoped fibre and both the refractive index modulation [Annod296K)] and the change in
the effective refractive index [Angf(296K)] were estimated at room temperature, just after the
grating inscription and in each case of completing a heat-treatment at one of several
temperatures. Table-4.3 shows the detailed results of the experiment, from which it can be seen
that the visibility factor increases with the decay of the grating (except for the data at 400°C,
where the effect of the boron composition may be assumed to dominate). This means that the
thermal stabilities of the refractive index at the bright and dark fringes are different, i.e., the
decay of Annud andAneff are different for any combination of time and temperature and the shift of
the Bragg wavelength cannot be predicted simply from the decay in grating reflectivity. Different
master curves may be used to predict the Bragg wavelength shift. The result obtained from the

modified power-law also supports the argument.

Table-4.3: Comparisons of the temperature-induced irreversible Bragg wavelength shift,
refractive-index modulation, change in effective refractive index and the visibility factor of the
grating after annealing at various temperatures.

Experimental Amod AX* (nm) Anef V.F. (AnnodAnef)
Measurements (x 10 ~4) (x10-4)

Initial value at 23°C after 2.34 +0.55 5.19 0.45
inscription and before

annealing

At 23°C, after 405 mins of 2.17 +0.49 4.62 0.47

annealing at 100°C

At 23°C, after 405 mins of 1.69 +0.34 3.21 0.53
annealing at 200°C

At 23°C, after 405 mins of 0.94 +0.15 1.41 0.66
annealing at 300°C

At 23°C, after 405 mins of 0.16 +0.03 0.28 0.57
annealing at 400°C

* AX: Bragg wavelength shift, measured with the Bragg wavelength at the start of inscription as
the reference.
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A similar set of experiments has been carried out for the gratings written in Sn-Er-Ge doped fibre
also, where the values of ‘visibility factor’ have been estimated not only for the thermal treatment
process, but also during the time of growth of the UV-induced grating. Fig. 4.24 shows the
detailed plot of the ‘visibility factor's of the gratings written in Sn-Er-Ge doped fibre during the
growth and various isothermal treatments. The figure gives the details of the experiment, from
which it can be seen that the visibility factor increases with the decay of the grating (though the
margin of the values are different for the gratings before and after the annealing being carried
out at various temperatures) and decreases with the time of exposure during the growth of the
grating. This means that the visibility factor for a grating is not constant with time during its
growth or during the decay. Thus, the thermal stabilities of the refractive index at the bright and
dark fringes are different, i.e., the decay of Anmod and Aneff are different for any combination of
time and temperature and so the shift of the Bragg wavelength cannot be predicted simply from
the decay in grating reflectivity. Different master curves may be used to predict the Bragg

wavelength shift. The result obtained from the modified power-law also supports the argument.
UV exposure time (sec)
0 200 400 600 800 1000

€ before annealing
A after annealing

0.8 — during FBG growth
0.6
g 0.4
S
S o2
Q0 j L . L
0 200 400 600 800 1000

Temperature of annealing ( °C)

Fig. 4.24: Variation of the ‘visibility factor’ (AnnodAnefl) of the gratings written in
Sn-Er-Ge doped fibre, before and after annealing at various temperatures and
that with the time during the growth of the grating.

Considering all of the above factors discussed earlier, the analysis of the grating decay can be
thought of as comprising both local and non-local complexities. In the absence of a better
analysis and for simplicity keeping within the range of current theoretical approaches, the
empirical power-law or the master aging curve can be used for the approximate prediction of the
grating lifetime. This involves considering the values of Anmld and Aneff of the fabricated grating

used in the experiment (as mentioned earlier in this work), as the decay rate in the refractive

PhD Thesis: S Pal 114



Chapter 4: Analysis of thermal stability of the FBGs

index of the bright and dark fringe patterns of the grating, which may change according to their

initial values [186],

4.7. Summary
The thermal decay of fibre Bragg gratings, written into non-hydrogen loaded fibres, has been
examined and analysed in this chapter, in terms of their reflectivity and Bragg wavelength
change. Prior to this analysis, two photosensitive fibres (B-Ge doped fibre and Sn-Er-Ge doped
fibre) have been selected and gratings were fabricated into these fibres using a UV light from a
248 nm krypton fluoride (KrF) excimer laser. A B-Ge doped fibre has been selected for its very
high photosensitivity nature, whereas a tin(Sn)-Er-Ge doped specially fabricated fibre has been
considered for its high temperature sustainability, in association with many other utilities for high
temperature applications. In the studies, in addition to the decay in reflectivity of the gratings, a
shift in Bragg wavelength over the temperature range considered was observed. A mechanism
for the decay in the reflectivity was developed and modelled according to a ‘power-law and the
results were compared with those from the ‘master aging curve' approach. The wavelength-shift
was simulated by modifying the power-law, which also was found to fit well to the experimental
data. Accelerated-aging was reviewed and compared in terms of reflectivity and Bragg
wavelength-shift to predict the operational lifetime of the gratings at comparatively low
temperatures. Temperature-induced reversible and irreversible changes in the spectral
characteristics of the gratings were observed for the gratings written in B-Ge doped fibre and
considered in the analysis to predict the operational lifetime of the gratings more accurately.
Finally, the stability of the type | FBGs written into various photosensitive fibres has been
analysed by evaluating their activation energies. It has been shown through this analysis that the
temperature-induced irreversible shift in the Bragg wavelengths could not be predicted by using
the isothermal decay of the refractive index modulation. The results were discussed within the

framework of the current theoretical approaches for predicting the stability of gratings of this

type.
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Chapter 5

Non-linear temperature dependence of FBGs

5.1. Abstract
Temperature measurements have been made by using fibre Bragg gratings (FBGs) written in a
range of fibres and detailed data on their characteristics are presented. The data are fitted to
polynomials that may be used in the calibration of temperature measurements with these types
of gratings in automated systems. Issues of precision in such measurement of temperatures
have been considered for several gratings of type | and IIA written in various photosensitive
fibres, taking into account the non-linear temperature response of the fibre Bragg gratings.
Measurements of temperatures were demonstrated from room temperature to 250°C (for
gratings written in B-Ge doped fibre), to 500°C (for gratings written in Ge-Er doped fibre), and to
- 850°C (for gratings written in Sn-Er-Ge, Sb-Er-Ge doped fibres and for the CCG). Comparison
between the linear and the higher order polynomial regression showed a better performance in
calibrated temperature measurement applications by using the non-linear temperature
coefficients. This yields an acceptable RMS error of less than or comparable to 2.5 °C,
compared to linear regression with the RMS error range of 3.3 - 19.5°C for the various gratings

studied, over the whole measurement range.

5.2. Background of the work
In this section, the background of the thermal response of the FBGs, specifically for sensing
applications, has been described briefly. In addition, a theoretical explanation of the grating

thermal response is introduced.

5.2.1. Introduction
In recent years, fibre Bragg gratings (FBGs) have been extensively used in various sensing
schemes because of their significant potential for temperature and strain measurements over a
wide range of applications [1]-[3]. The relative ease of fabrication of FBGs in optical fibre is also
one of the major factors underpinning their popularity, in addition to exploiting the other well-

known advantages of fibre optic sensors. Temperature measurement, especially of high
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temperatures, is one of the major interests in industry today, with FBG sensors being utilised in
various applications. To achieve a higher level of repeatability in the measurement, the gratings
should be annealed carefully prior to use. At the same time, to make accurate measurements of
temperature, the temperature-dependence of the Bragg wavelength of the grating should be
known and data on this incorporated accordingly into the system design. Similarly, in various
other applications where temperature is not the primary measurand, e.g. strain monitoring, the
additional shift of the Bragg wavelength (Xb) due to the temperature must be considered and

measured accurately to compensate for any temperature effect in the measurement.

The performance of the temperature-dependence of various FBGs has been observed to be
non-linear in the region from room temperature to cryogenic temperatures (to 77 K [104],[105]
and to 4.2 K [106]) because of the non-linearity of both the thermal expansion and the thermo-
optic effect[104]-[106] of the silica fibres. However, the temperature response of the Bragg
wavelength of a FBG is assumed to be linear around room temperature (within a limited range of
measurement in most of the cases), particularly when used for the discrimination of parameters
in the simultaneous measurement of strain and temperature using a range of different
techniques [111]-[125],[192]. This has created a problem of limited range measurement in the
above applications, even when high-resolution systems have been used. However, Hill and
Meltz [8] have briefly reported a slightly non-linear temperature response of the gratings they
made at higher temperatures, in studies carried out up to ~ 850 °C and Flockhart et al.
[101],[102] have reported the non-linearity in the temperature coefficients of Bragg gratings over
a more limited range, this being between -30 °C and +80 °C. The non-linear temperature
sensitivity of FBGs has also been considered in the recent work by some of the authors [182] for
the simultaneous measurement of a wide range of temperatures and strains. In recent research,
Shu et al. [125] have observed the dependence of the grating temperature coefficient on the
type of the gratings. In this work, however, the non-linear temperature response of the Bragg
wavelength-shifts has been observed and studied in detail over a wide range of temperatures,
which is particularly valuable for sensing applications, addressing the range from room-
temperature to ~ 850 °C, using various FBGs (of type | and 1A) fabricated in different
photosensitive fibres and incorporated in systems designed to achieve the best possible level of

precision [193].

5.2.2. Theoretical explanation
The Bragg wavelength, >b, of an optical fibre grating with a period, A, can be represented as Ab=
2nA (as mentioned in Eq. (2.7) in Chapter 2), where n is the effective refractive index of the core
of the fibre. Due to temperature changes, the grating-period varies as a result of the thermal

expansion coefficient of the material and the thermo-optic effect creates a change in the
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effective refractive index of the fibre-core. Thus, the shift of the Bragg wavelength, AAb, can be
expressed as

AXJXb= (1 - pe)(Al_/L) + An/n (5.1)
where peis the photo-elastic coefficient of the fibre  0.22 for fused silica glass[2], [104], [105]),
(AL/L) is the strain induced in the fibre arising from the thermal expansion and (An/n) is the
fractional refractive index change due to the thermo-optic effect. If the thermal-strain and the
fractional effective refractive index changes are assumed to be proportional to the applied
temperature, Eq. (5.1) may be rewritten as

A1A =[1- pea+g AT (5.2)
where a = (1/L)(dL/dT) is the thermal expansion coefficient and E = (1/n)(dn/dT) is the thermo-
optic co-efficient of the material. Eq. (5.2) is only valid for a limited range of temperatures, when
the linear behaviour of the parameters with temperature is considered. Otherwise, for a wide
range of measurement of temperature, Eq. (5.1) must be used. Combining Egs. (5.1) and (5.2),
the thermo-optic coefficient of the fibre can also be determined, which can be expressed as a
function of the Bragg wavelength as

S= (1/n)(dn/dT) = (/Ab)(d*b/dT) - (1 - pe)a (5.3)

5.3. Experimental arrangement
Prior to the measurement of temperature by using different types of FBGs in various optical

fibres, following steps were considered.

5.3.1. Fabrication of gratings
In order to carry out a series of the experiments on the temperature response of fibre Bragg
gratings of this type, initially gratings of type | and IIA were fabricated in four different types of
photosensitive fibres (B-Ge, Er-High Ge, Sn-Er-Ge and Sb-Er-Ge doped fibres). The
specifications for the fibres have already been listed in Table-3.2. Gratings were fabricated
through the phase-mask technique (using phase-mask_1 and phase-mask_3: specifications
were given in Table-3.1) using a 248 nm KrF excimer laser, which has been described in detail
in Chapter 3. For all the gratings considered, the length was ~ 6.5 mm, the reflectivities were
more than 95 %. The Bragg wavelengths of the fabricated gratings were at around 1540 nm with
slight variations in the actual wavelength produced, this depending upon the variation of the
effective refractive indices of the fibres used. The FWHM of the type | gratings was measured to

be ~ 0.3 nm and that of the type IIA gratings was ~ 0.6 nm, before annealing.
5.3.2. Choice of the fibres, types of gratings and their operational range
Four different types of photosensitive fibres, mentioned above, were chosen to conduct this

experiment. Both types | and IIA gratings were written in B-Ge and Er-High Ge doped fibres and
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only type | gratings were written in other two photosensitive fibres. No hydrogen-loaded fibre
was considered in this experiment. B-Ge codoped silica fibre was chosen for its highest
photosensitivity among the materials considered, but the gratings fabricated in that fibre can only
survive lower temperatures (~ 300 °C, for type | and ~ 400 °C, for type IIA gratings [175]). Er-
High Ge, Sn-Er-Ge and Sb-Er-Ge doped silica fibres were fabricated specially for the purpose of
exploiting their fluorescence properties caused by the amplified spontaneous emission due to
the Er3+doping, added to enable the fibre to be used for sensing applications, at higher
temperatures [182], Type | and type IlIA gratings fabricated in Er-High Ge doped fibre were
studied and it was observed that they could be operated at more than 500 °C with significant
values of reflectivity remaining. Sn-doping [157] or Sb-doping [168] enhances further the thermal
stability of the gratings compared to other dopants studied. A chemical composition grating
(CCQG) written in a fluorine-doped fibre (supplied by ACERO, Sweden) has also shown its high
temperature sustainability and thus it was also tested in this experiment. So, in this series of
tests, the gratings written in B-Ge doped fibre were tested at temperatures up to 250°C, whereas
the gratings written in Er-High Ge doped fibre were tested up to 500 °C. However, the gratings
written in Sn-Er-Ge and Sb-Er-Ge doped fibres along with the CCG were operated up to ~
850°C.

5.3.3. Annealing of the gratings
Temperature-induced reversible and irreversible changes in the Bragg wavelengths[181],[184] of
the gratings were observed when the thermal decay of the gratings was analysed. For sensing
purposes, to enable a reproducible sensor probe to be developed, the irreversible changes of
the Bragg wavelength should be removed to achieve repeatable measurement data. These
changes can be avoided by a well-defined process of annealing of the gratings, which stabilises
them and allows only reversible changes in the Bragg wavelengths, resulting in a high level of
repeatability over useful ranges of measurement for sensor applications. The gratings fabricated
in B-Ge codoped fibre were annealed at 275 °C for 8 hours (to fit them for temperature
measurement up to 250 °C; however, the maximum operational temperature, Tnax < 275°C),
whereas the gratings written in Ge-Er and Ge-Sn-Er codoped fibres were annealed for 8 hours
at 525 °C (to fit them for a temperature range up to 500 °C; however, Tnax< 525°C in this case).
Fig. 5.1 shows a typical type | grating transmission-spectrum measured before and after the
annealing process, fabricated in a B-Ge codoped fibre. The blue-shift of the Bragg wavelength,
b, of 0.17 nm was observed after the full annealing process had been carried out on the grating.
This corresponds to temperature measurement errors of ~ 15 °C and 19 °C at room
temperature, using the linear and best polynomial regression respectively for the characteristics

of this grating (this is discussed thoroughly in the next section). Even after annealing, the
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reflectivities of all the gratings were high (more than 70 %) and thus well suited to most of the

measurement needs envisaged.

Fig. 5.1: A typical stabilised grating spectrum in transmission mode after the
complete annealing process has been carried out (dotted line represents the
grating spectrum before annealing).

54. Temperature measurement
Following the fabrication and full annealing of the gratings, the next stage in the study was to
evaluate the temperature response of the gratings at elevated temperatures. To observe the
thermal characteristics of the Bragg wavelengths of the gratings, the sample gratings were
placed inside a well-characterised and calibrated CARBOLITE tube oven. The temperature of
the oven was verified during the tests by placing a thermocouple in intimate contact with the
FBG. All the gratings were tested separately so that the ‘grating under test’ could be carefully
placed in the middle of the tube oven (the most stable region), avoiding any strain on the fibre. A
broadband amplified spontaneous emission (ASE) source was used to provide light at an
appropriate wavelength to the grating characteristic and the transmitted spectra of the gratings
were measured by using the OSA, with a resolution bandwidth of 0.1 nm. For gratings fabricated
in B-Ge doped fibre, the temperature was measured up to 250 °C, using 10 °C increments, and
the other gratings written in Er-High Ge and Sn-Er-Ge doped fibres were tested up to 500 °C
and 850°C, respectively, using increments of 20 °C. In other separate tests, the grating written in
Sb-Er-Ge doped fibre and the CCG were operated up to ~ 850 °C, using incremental steps of
10°C and 50°C, respectively. A settling time of 15 minutes was allowed at each temperature to
achieve a thermal equilibrium between the grating and the oven, before recording data for

several cycles of both ascending and the descending temperatures.
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5.4.1. Consideration of non-linear regression
The measured data for the ascending and the descending temperature cycles, in terms of the
Bragg wavelength change with temperature for all the gratings tested, were observed to be quite
consistent over a number of repeated measurements, with a wavelength uncertainty of + 0.01
nm (the peak/dip resolution of the OSA used). The results, measured for all the gratings used,
are plotted in Figs. 5.2(a)-5.8(a). The dotted lines on all the graphs represent the linear fit to the
experimental data, whereas the solid lines represent the best higher order polynomial fit in each
case. Taking into account the linear fit to experimentally measured data, the thermal sensitivity
was observed to vary from 10.69 to 15.29 pm/°C for the seven different gratings (type | and IIA
gratings in B-Ge and Er-High Ge doped fibres, type | gratings in Sn-Er-Ge and Sb-Er-Ge doped
fibre and the CCG). The deviations of the linear regression from the actual experimental results
can be observed in Figs. 5.2(b)-5.8(b) for each of these gratings, where the residual
wavelengths from the linear and the polynomial fits are plotted separately over the temperature
range considered. It can be observed for all the gratings that the deviation of the regression from
the data is dependent on the measurement range and may be quite large (in both directions -
positive and negative) in a parabolic fashion over the whole measurement range. The RMS
deviation varies between 0.04 nm and 0.10 nm, on average, over temperatures of 250 °C and

500 °C respectively, which would lead to a significant error in the temperature calculation.
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Figs. 5.2: Thermal response of a type | FBG written in B-Ge doped fibre and
comparison between the linear and the best non-linear fittings (a), along with a
plot of residual wavelengths (b).
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Figs. 5.3: Thermal response of a type IIA FBG written in B-Ge doped fibre and
comparison between the linear and the best non-linear fittings (a), along with a

plot of residual wavelengths (b).
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Figs. 5.4: Thermal response of a type | FBG written in Er-High Ge doped fibre and
comparison between the linear and the best non-linear fittings (a), along with a

plot of residual wavelengths (b).
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Figs. 5.5: Thermal response of a type IIA FBG written in Er-High Ge doped fibre
and comparison between the linear and the best non-linear fittings (a), along with a

plot of residual wavelengths (b).
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Figs. 5.6: Thermal response of a type | FBG written in Sn-Er-Ge doped fibre and
comparison between the linear and the best non-linear fittings (a), along with a plot

of residual wavelengths (b).
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Figs. 5.7: Thermal response of a type | FBG written in Sb-Er-Ge doped fibre and

comparison between the linear and the best non-linear fittings (a), along with a plot

of residual wavelengths (b).
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Figs. 5.8: Thermal response of a chemical composition grating (CCG) written in a

fluorine doped fibre and comparison between the linear and the best non-linear fittings
(a), along with a plot of residual wavelengths (b).

PhD Thesis: S Pal 124



Chapter 5: Non-linear temperature dependence of FBGs

The thermal response of the Bragg wavelengths of the gratings can be described, using the

linear regression, as

Ab = 1534.22 + 0.01069 T (type | FBG, B-Ge fibre)
=1534.74 + 0.01102 T (type MAFBG, B-Ge fibre)
=1546.10 +0.01445 T (type | FBG, Ge-Er fibre)
= 1546.88 + 0.01461 T (type IIA FBG, Ge-Er fibre) > (5.5)
= 1537.98 +0.01476 T (type | FBG, Sn-Er-Ge fibre)
= 1538.95 +0.01528 T (type | FBG, Sb-Er-Ge fibre)
=1548.94 + 0.01529 T (CCG)

where 7b is the corresponding Bragg wavelength for each grating at temperature, T °C. In all

plots, the linear regression of the experimental data has been shown by the dotted lines.

The temperature response of the Bragg wavelengths for all the gratings studied, using the best

polynomial regression, can be expressed as

Xo 1534.32 +0.00865 T + 7.7 x 106 T2 (type | FBG, B-Ge fibre)
1534.85 + 0.00876 T + 8.6 x 1062 (type 1A FBG, B-Ge fibre)
1546.45 +0.01005 T + 1.2 x 106T2- 7.5« 109T3 (type | FBG, Ge-Er fibre)
1547.14 +0.01126 T + 8.5 x 106T2- 4.5« 109T3 (type lIA FBG, Ge-Er fibre)
1538.49 +0.01035 T + 7.7 x 106T2- 3.1 x 109T3 (type | FBG, Sn-Er-Ge fibre)
1539.59 + 0.01059 T + 7.4 x 106T2- 2.7 x 109T3 (type | FBG, Sb-Er-Ge fibre)
1549.59 + 0.00987 T + 7.9 x 106T2- 1.9« 109T3 (CCG)

where Xbis the corresponding Bragg wavelength for each grating at temperature, T °C. The best
polynomial regression corresponding to each set of the experimental data has been displayed by
solid lines in the plots. When compared to the linear regression, the best polynomial fit (2rd order
polynomial fit for gratings written in B-Ge codoped fibre and the 3 order polynomial for other
gratings written in Ge-Er and Sn-Er-Ge doped fibre, including the CCG) was considered in each
case and showed very good results with a much smaller deviations from the measured

experimental data throughout the whole range of the measurement.

In light of the above set of equations (5.6), the RMS deviations from the data were always
observed to be less than 0.02 nm for all the gratings studied, resulting in a RMS temperature
error of less than 2 °C over the whole measurement range, for temperatures from room
temperature to ~ 850 °C. Such a figure would be acceptable for many temperature calculations.
Table-5.1 shows the details of the results of a comparison between the linear and the best

polynomial fits to the data, for all the gratings studied.
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Table-5.1: The detailed results of the thermal response of the FBGs studied in this experiment.

Parameters

Ab (nm) of the annealed
grating at room
temperature (~ 22 °C)

Reflectivity at room
Temperature (22 °C)

Range of temperature
Measurement (°C)

Best polynomial fit
for regression

Temperature sensitivity
considering linear fit
(pm/°C)

Temperature sensitivity
considering the best
polynomial fit (pm/°C)

RMS error in the
measurement with
linear fit (nm)

RMS error in the
measurement with
the best fit (nm)

RMS error in the
temperature with
linear fit ( °C)

RMS error in the
temperature with
the best fit ( °C)*

Thermo-optic
coefficient,
x 10'6(/°C)

FBGs written in fibres

B-Ge doped Ge-Er doped
type | type IA  type | type IA  type |
15634.51 1535.04 1546.64 1547.42 1538.74
0.80 0.85 0.81 0.82 0.80

20-250 20-250 21-500

2d 2d 3
10.69 11.02 14.45
8.99 9.14 10.56
1253  13.06 14.59

- - 16.30
0.035 0.039 0.109
0.005 0.008 0.018
3.27 3.54 7.54
0.55 0.87 1.70
5.47 5.56 6.44
7.76 8.10 9.03

- - 10.10

21-500 21-850

3rd 3rd
14.61 14.76
11.63 10.67
14.67 13.70
1641  15.79
- 16.84
0.096 0.194
0.022 0.018
6.57 13.14
1.89 1.69
713  6.54
9.07 8.46
10.17  9.83
” 10.47

Sn-Er-Ge Sb-Er-Ge

type |

1539.85

0.80

30-850

3rd

15.28

10.90
13.81
16.03
17.38

0.201

0.008

13.15

0.76

6.75
8.56
9.98
10.81

CCG

1549.81

0.40

21-850

3d

15.29

10.22 (22°C)

13.50 (250°C)
16.42 (500°C)
19.02 (800°C)

0.298

0.025

19.49

253

6.20 (22°C)
8.29 (250°C)
10.16 (500°C)
11.79 (800°C)

* Calculation has been done by considering the thermal sensitivities of the gratings at room

temperature.
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5.4.2. Thermal sensitivity of the gratings

Considering the best polynomial fit and from the derivatives of Eq. (5.6), the thermal sensitivities
of the gratings were observed to be temperature dependent and found lie over the range from
8.99 to 11.63 pm/°C at room temperature (22 °C), for seven different gratings studied. The
corresponding temperature sensitivities at a temperature of 250 °C lay in the range from 12.53 to
14.67 pm/°C for the above gratings, resulting in an increase from the room temperature values
of between 26 and 43 %. With further increase of temperature, the gratings those survived have
shown further higher values of thermal sensitivity; however, the percentage increments of the
values of their thermal sensitivity were found to be comparatively less at higher temperatures.
The temperature-dependent thermal sensitivity for type | and type I[IA gratings written in B-Ge
and Er-Ge doped fibres studied with temperature has been illustrated in Fig. 5.9, whereas the
thermal sensitivity of type | gratings written in Sn-Er-Ge and Sb-Er-Ge doped fibre along with the
CCG has been shown in Fig. 5.10.

Fig. 5.9: Variation of the thermal sensitivity values of type | and type IIA
gratings written in B-Ge and Er-High Ge doped fibres.
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Temperature ( °C)

Fig. 5.10: Variation of the values of the thermal sensitivity of various gratings (type |

FBG written in Sn-Er-Ge and Sb-Er-Ge doped fibre along with a CCG) over a wide

range of studied temperatures.
It can be clearly seen from the Fig. 5.9 that not only are the thermal sensitivities different, but
also the slope of the thermal sensitivities changes for type | and IIA gratings written in the same
fibre. This effect could potentially be exploited in its application to the simultaneous and precise
measurement of strain and temperature or a strain-independent temperature measurement,
using various types of gratings written in the same fibre. Fig. 5.10 illustrates that the ranges of
variation of the thermal sensitivity values of these three gratings are different within the same
range of temperatures studied. This plot shows that variation-range of this sensitivity value is the
largest in case of the CCG, whereas that of the grating written in Sn-Er-Ge doped fibre shows
the smallest variation over the same range of measurement. The thermo-optic coefficient, £, can
also be estimated from the derivatives of Eq. (5.6), assuming the thermal expansion coefficient

for silica fibres, a (= 0.5 x 10'6°C), is constant, it being one order smaller than that of %

5.5. Discussion
On the basis of the detailed results shown above with a comparative study between the linear
and non-linear fittings of the experimentally measured data, the non-linear thermal response of

the fibre Bragg gratings may be established.

5.5.1. Non-linear thermal response of thermo-optic coefficient: theoretical
support

The non-linear temperature response of the thermo-optic coefficients obtained for several

standard optical glasses [103] and silicate glasses [194] has been observed and studied by

Ghosh. The basis of the model for standard optical glasses lies in the measurements of the

thermo-optic coefficient and the thermal expansion coefficient of the material, for which silica is

one of the main host materials. The model developed by Ghosh is based on the temperature
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dependence of the excitonic band gap, an isentropic band gap and the thermal expansion
coefficient of the material. Considering the thermo-optic coefficient of the material to be
dependent on both the electronic transitions and the phononic transitions, the parameter can be
described as
2n(dn/dT) = (n@21 )[-3aR-(1/Eeg)(dEegdT)RZ (5.7)
where n0 is the value of the low-frequency refractive index (corresponding to the infra-red
wavelength region), a is the thermal expansion coefficient, Eqyis the excitonic band gap and R is
the normalised dispersive wavelength, which can be defined by
R =X4(X2hig®) (5.8)

with Xgis the wavelength corresponding to the isentropic band gap, Eig The isentropic band gap
has been found to be unaffected with the changes in temperature [195], whereas the excitonic
band gap decreases with temperature. It is clear from Eq. (5.7) that the thermo-optic coefficient
is controlled by two terms. The first parameter describes the contribution from the thermal
expansion coefficient, a, and the second parameter can be described by the contribution from
the temperature dependence of the excitonic band gap, (1/Eeg)(dEeydT). The contribution from
the first term, [-3aR(n(1)], is negative because a is positive for silica-based optical materials
and the contribution is small as the value of a is of the order of 1CI6°C. However, the
temperature variation of Eeg is of the order of 1CI4°C and is normally negative for the glasses
[195], Thus, the contribution from the second term, [-(1/Eeg)(dEeg/dT)(n@®1)RZ, is positive and
this dominant term results in a positive value of the thermo-optic coefficient. Analysing the
experimental data of the refractive indices of some standard glass materials, Ghosh has
calculated the temperature dependence of the excitonic band gap, Eeg He observed a non-linear
response, with linearly decreasing values of dEegdT with the increase of temperature, over a
temperature range of 25-115°C. This model supports the quadratic behaviour of the FBGs for
their thermal response. Based on the above model, Flockhart et at [101] verified the quadratic
behaviour of the fibre Bragg grating temperature coefficients over the range of temperatures
from -30 °C to +80 °C. However, the above analysis within a limited range of temperature is
based on a limited number of experimental data, which may not be adequate to explain the
thermal response of the gratings over a wide range of temperatures. In that case, the values of
dEeg/dT may be fitted accurately with a second order function of temperature, instead of linear.
This may be a possible explanation of the 3rd order (best) polynomial regression of the grating
thermal responses studied over a wider temperature range (up to ~ 850°C, from room

temperature), in this work.
5.5.2. Measurement precision
Measurement precision plays a very important role in the analysis of experimentally measured

data, which has been described in detail in the previous sections. The precision of the
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temperature measurement in this work seems to be determined by the central Bragg
wavelengths of the gratings, as measured by the OSA. Although the measurements have been
made with the 0.1 nm resolution bandwidth available from the OSA, the resolution available in
the determination of peak/dip wavelength is 0.01 nm. Considering the typical FWHM bandwidth
of the grating spectra to be around 0.3 nm, the centre wavelength of the Bragg wavelength can
be determined with a resolution that is slightly lower. For both the type IIA gratings, the residual
values, when considering the best polynomial regression, were higher comparatively than those
of other type | gratings, as shown in Figs. 5.2(b) - 5.5(b), this being caused by the uncertainty in
the measurement produced from the larger FWHM bandwidth (~ 0.6 nm) of the type IlA gratings.
In this work, the RMS deviation of the best polynomial regression from the data has also been
observed with a value which is less than or comparable to 0.02 nm, this being of the same order
as the value of the resolution, and showing an acceptable level of precision. More precise
measurements can be made possible by using an OSA having a better resolution or by including
a high-resolution signal processing unit [10],[196], Also, in this work, for the study of thermal
response of pre-annealed gratings, the bending effect (due to the thermal expansion of the fibre)
has not been considered. With the increase of temperature, no spectral deformation of the FBG

was observed and thus the strain developed due to the fibre-bending has been neglected.

5.6. Summary
Temperature measurements have been made by using a series of FBGs written in a range of
fibres and detailed data on their characteristics are presented. The data are fitted to polynomials
that may be used in the calculation of temperature measurements with these types of gratings
where the temperature is determined from the polynomial algorithms presented. Issues of
precision in such measurements up to ~ 850 °C have been considered using a set of gratings,
taking into account the non-linear temperature response of the fibre Bragg gratings, which were
studied. Results were verified with several gratings of type | and lIA written in five different
photosensitive fibres. Comparison between the linear and the higher order polynomial
regressions showed a better performance was achieved for temperature measurement
applications when the non-linear temperature coefficients are considered, yielding an acceptable
RMS error of less than or comparable to 0.02 nm in terms of wavelength, over the whole
measurement range. This corresponds to a RMS error in temperature typically of the range of
0.5- 2.5 °C (considering the thermal sensitivity of the gratings at room temperature, which leads
to the maximum error), which is more acceptable compared to the linear fittings with the RMS
error of the range of 3.3 - 19.5 °C for various gratings studied, over the largest temperature

excursion studied.
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Chapter 6

Simultaneous measurement of wide range
temperature and strain using FBGs

6.1. Abstract
An optical fibre based sensing scheme for the simultaneous measurement of a wide range of
both strain (to 2000 ps) and temperatures (to 600°C ) has been investigated by combining the
properties of the fibre Bragg grating (FBG) and the fluorescence from a rare-earth-doped
photosensitive fibre. The temperature-dependent fluorescence peak power ratio (FPPR) of the
two peaks occurring around 1535 nm and 1552 nm from the amplified spontaneous emission
due to the 4132 4152 transitions in Er3+doped fibres, with 980 nm pumping and the dual
functionality of the FBG written into the fibre were exploited in this scheme. Sn-Er-Ge and Sb-Er-
Ge doped specially fabricated fibres were used in this scheme for two separate sets of
experiments. The sensor is based on a single FBG written in a small length (~10 cm) of the
above fibres. Simultaneous measurement of strain and temperature over ranges of 0-1150 ps
and 22-500 °C, with rms errors of 36 ps and 6 °C respectively, can be measured for Sn-Er-Ge
doped fibre. The operational range may be enhanced by using Sb-Er-Ge doped fibre, over
ranges of 0-2000 ps strain and 20-600 °C temperature, with rms errors of 36 ps and 2.8 °C. A
simple and effective scheme for strain-independent temperature measurement has also been
demonstrated using the peak wavelengths of both type | and type IIA FBGs written in the same
fibre (Er-High Ge doped fibre), which is also capable of monitoring strain and temperature

simultaneously.

6.2. Previous work on this subject

6.2.1. Introduction and background of the work
Fibre Bragg gratings (FBGs) have generated considerable interest in recent years because of
their potential for use in sensor applications [1]-[3],[6],[10],[11] such as structural integrity, oil-
well monitoring and aerospace engineering, in addition to conventional and well known
communications applications. Reliable, accurate, and simultaneous measurement of strain and
temperature, and both strain-independent temperature measurements and temperature-

independent strain measurements, by using FBGs are of significant interest for various
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applications for the above-mentioned industries. Improved measurements of these parameters
are very important for such industrial uses to achieve enhanced safety and reliability, and lower
cost. However, for the measurement of parameters such as strain or temperature, both
measurands produce a convoluted shift of the Bragg wavelength due to the inherent property of
the FBGs, thus creating a possible error or ambiguity in any measurement of each of these
parameters individually. This results in an unwanted cross-sensitivity, which creates several
complications in grating-based sensing schemes for the measurement of both parameters
simultaneously. In order to separate these two quantities and obtain a simultaneous
measurement, an additional source of information is required to enable the individual effects on
the FBG used to be identified.

To overcome the problem of cross sensitivity and the ambiguity in the measurement,
researchers have proposed and investigated several techniques. These approaches include the
dual-wavelength superimposed FBGs [111], spliced FBGs in different fibres [112], a single FBG
inscribed in the spliced region of two different fibres [118], a hybrid FBG-long period grating
[114], an FBG written in a rare earth doped fibre [116],[117],[197],[198] in combination with the
fluorescence intensity ratio technique [197],[199], FBGs superimposed with polarisation-rocking
filters [200], a fibre Bragg grating Fabry-Perot cavity structure [201], a sampled fibre Bragg
grating based on a long period structure [124], a combination of a fibre Bragg grating and a
Brillouin scattering interrogation system [202] and different types of gratings written in separate
sections of a fibre, with and without hydrogenation [125], However, in most cases, the limit of the

temperature measurement is up to -150 °C.

6.2.2. Simultaneous measurement of strain and temperature by writing a
single FBG at the splicing joint of different fibres

Prior to discuss about a new scheme for the simultaneous measurement of strain and
temperature, in this section, a similar measurement has been carried out by writing a single
grating at the splicing joint of two different photosensitive fibres using the conventional matrix
inversion technique. A boron-germanium doped and an erbium-high germanium doped fibres
were used for this experiment and an UV-induced single grating was fabricated through the
phase-mask technique at the spliced region of these two different photosensitive fibres. The
length of the fabricated grating was - 6.5 mm, resulting in virtually two grating dips/peaks
corresponding to the different values of the effective refractive index of the two fibres used. Fig
6.1 shows the structure of the grating-sensor used for this experiment, whereas the transmission
spectrum of the sensor is shown in Fig. 6.2. In order to achieve a stable performance, the
grating-sensor was annealed at 150°C for around 10 hours before being used for the

measurement up to that temperature.
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Fig. 6.1: Structure of the grating-sensor written in the splicing joint of two
different fibres

Wavelength (nm)

Fig. 6.2: Transmission spectrum of the grating-sensor, before and
after annealing at 150°C for - 10 hours.

Assuming the strain and temperature response of the grating is essentially independent (i.e., the
corresponding strain-temperature cross-term remains negligibly small), a single measurement of
the Bragg wavelength shift from a perturbed grating can be written as
AMe.T) = KTAT + kéAs (6.1)

where the temperature coefficient, kT = dXIdT, can be determined by the thermal expansion and
the thermo-optic coefficient of the fibre and the strain coefficient, KE= ax/c«, is related to the
Poisson’s ratio of the fibre, the photo-elastic coefficient, and the effective refractive index of the
fibre-core. Thus, the shifts in two Bragg wavelengths of the grating-sensor perturbed by the
changes in temperature and strain can be expressed in the form of a matrix structure as it is
expressed in Eq. (2.23) (replacing the variable Aq by AXi). The induced temperature and strain
can be determined by the matrix inversion technique, in a similar fashion as described in Eq.
(2.24).
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As the two fibres used in this experiment are of same diameter, the strain-response of the Bragg
wavelengths are expected to be almost same. However, the Bragg wavelengths of the grating-
sensor would exhibit different temperature-response, as the compositions of the core of the two
fibre materials are different. Once the matrix elements can be determined from Eq. (2.23) by
independent measurements of the Bragg wavelengths of the grating-sensor corresponding to
the known values of the applied strain and temperatures, the unknown values of these
parameters can be determined by the matrix-inversion technique, as expressed in Eq. (2.24).
The validity of this approach lies in different coefficient values for temperature and strain and in

the non-zero determinant of the matrix coefficients, i.e., (kTk2e-k ZTkIE) * O.

In this work, the centre Bragg wavelengths of the two gratings were observed to be at 1535.36
nm (boron-germanium doped fibre side of the splicing) and at 1547.98 nm (erbium-high
germanium doped fibre side) after the appropriate annealing (as discussed in Chapter 5 in
section 5.3.3) of the sample, as shown in Fig 6.2. The reflectivity values were found to be more
than 60% for both of the gratings after the annealing. Temperature and strain response of the
grating-sensor was measured separately in order to determine the matrix elements (i.e., strain
and temperature coefficients of the grating-portions of the sensor corresponding to different
fibres). The temperature response was measured by placing the sensor inside a well-calibrated
tube oven without any axial strain and controlling the temperature up to 150°C starting from
room temperature. Fig. 6.3 shows the temperature response of the grating-sensor at zero axial
strain applied on it. The strain response of the sensor was measured up to 1600pe at room
temperature (22°C) by using a micrometer-driven stage and this response has been shown in
Fig. 6.4. The temperature was kept constant throughout the whole range of strain measurement
in order to avoid errors arising from the variation of temperatures. A broadband ASE-based light
source was used to illuminate the grating-sensor and the shift of the Bragg wavelengths was
measured by using a HP86140A (Agilent) OSA.
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Micro-strain (ne)

Fig. 6.4: Strain response of the grating-sensor.

Temperature and strain coefficients of the matrix elements can be determined from the linear
regressions of the experimental data measured individually for these parameters, as shown in
Figs. 6.3 and 6.4. The values of these coefficients, in this work, were found to be

k1= 10.00 pm/°C

k2r'= 12.32 pm/°C

k= 0.464 pm/pe (6.2)

kZE= 0.461 pm/p£

Using the above values of temperature and strain coefficients in Eq. (2.24), the unknown values
of temperature and strain can be estimated from the Bragg wavelength shift of the grating-

sensor. In this work, the individual errors for temperature and strain measurement can be

estimated by [3],[6]

ISTI = ISAVkJ, [8M<2t | =>(0.8- 1.0) °C
I8e| = |8V kJ, 15A2kZ| =>(21.5-21.7) pe

These errors were estimated mainly from the limited resolution of the OSA used in this

experiment. However, the combined errors for the simultaneous measurement of these

parameters would be estimated by [6],[127]

15T | < (|kZ| 8X11+ IKIE115°21)/(Ik TKE- kZKIE|) * 8.34°C
I5e| < (IkZM154 | + |k1T] 15/210)/(IkTIKE- k2TKIE|) => 201 pe
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6.2.3. Importance and limitations of the conventional technique
The conventional matrix inversion technique for simultaneous measurement of strain and
temperature is much more convenient to use, as the matrix elements (i.e., strain and
temperature coefficients) can easily be determined through separate and independent strain and
temperature measurements. Once the values of the matrix elements are known, the absolute
values of the unknown parameters can easily be determined for the simultaneous measurement
scheme. In addition, relative ease of grating fabrication process makes the scheme more

popular for several inter-disciplinary applications.

However, in most of the work reported, the range of temperature measurement is limited to
around 150°C, which may not be sufficient for some high-temperature sensing applications.
Also, the matrix inversion technique has been adopted in most cases in the system calibration to
determine the strain and temperature coefficients, thereby assuming a linear thermal response
of the gratings, which may not be appropriate when used over the wider range of temperatures
recently reported [203], The thermal response of the gratings may be considered as a linear
fitting approximation [175] because of the simplicity in the calibration, which results in a
reasonable level of deviation from the measured data. However, in a practical instrument, this
could lead to a larger than acceptable deviation in the measured parameters, particularly for the
simultaneous measurement of strain and temperature, as the thermal response of the Bragg
wavelength of the gratings has been found to be non-linear [101],[102],[193], in research
recently carried out by ourselves and others. This deviation in the temperature value will result in
an approximately ten times greater impact on the strain parameter than the temperature
measurement, leading to a lower precision in the strain determination in instrumentation

designed using this approach.

6.2.4. New approach proposed: principle of operation
In this section, a novel sensing scheme is proposed, which is capable of measuring strain and
temperature simultaneously over a wide range of temperatures, and based on the temperature-
dependence of the fluorescence peak power ratio (FPPR) of the amplified spontaneous
emission (ASE) in rare-earth-doped fibre and the dual functionality of the FBG. A single FBG
fabricated at one end of a length of erbium-doped tin-germanosilicate fibre [190] and erbium-
antimony-germanium doped silica fibre [204] are used as they offer a very wide range of
measurement due to the high temperature sustainability of the FBG in these specialist erbium-
doped fibres. Previous research by some of the authors [197],[205],[206] has indicated that the
fluorescence intensity ratio [187],[197],[205]-[207] scheme is essentially strain-insensitive.
However, in this work, a measurement of strain was important and so the desired strain
measurement was obtained by monitoring the Bragg wavelength shift of the FBG, from which

the temperature effect was removed in the data processing.
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Er3+doped fibre has been used for laser and amplifier studies in the wavelength region around
1.5 pm, due to the occurrence of the 4132 <» 411592 (ground state) transition. In this work, attention
is focused on the transitions from two Stark levels [13],[14], having peaks around wavelengths of
1535 nm and 1552 nm, which were observed when a 980 nm pumping was used. Imai et al.
[187] have also reported these two peaks with 1480 nm pumping and the FPPR approach was
used for temperature measurement over a limited range between -50 °C and 90 °C. In this work,
the temperature-dependence of the ratio of the intensities at these two wavelengths (i.e. the
FPPR) was investigated over a much wider range of temperatures, and used for the

measurement of strain and temperature simultaneously.

As both the 41132 and 41152 levels are really a comb of Stark sub-levels [208] and populated to
various extent depending on the Boltzmann thermal distribution, the spectral shape of the ASE
consists of two peaks, in general, at wavelengths around 1535 nm and 1552 nm, the exact
wavelengths depending on the various glass hosts [13],[14], The fluorescence intensities at
these wavelengths are found to be temperature-dependent. The above phenomenon was

exploited for temperature measurement in this scheme.

For the simultaneous measurement of strain and temperature, using the FPPR characteristics of
the ASE in Er-doped fibre and the wavelength shift of the FBG fabricated in that fibre, the

parameters required can be determined by the following equations:

R =T(T) (6.5)
Mb=f2s) + f3T) (6.6)

where R is the FPPR of the ASE power (obtained by dividing the intensities of the two peak
wavelengths i.e., R = 1i53mli%2m) at temperature, T, and A>b is the shift in the Bragg
wavelength arising from the effect of the combined applied strain and temperature change. In
the curve-fitting analyses carried out, the temperature-dependent functions in the above
equations, » and f3were considered to be non-linear to achieve better measurement precision,
whereas the strain-dependent function, f2, was found to be linear over the whole range of

measurement.

6.3. Wide range temperature and strain measurement using grating

written in an Sn-Er-Ge doped fibre
Based on the above operational principle, a new scheme for simultaneous measurement of wide
range temperature (to 500°C) and strain (to 1150 ps) has been demonstrated in this section by

writing a single grating at one end of a length of erbium-doped tin-germanosilicate fibre.
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6.3.1. Fluorescence of the specially fabricated Sn-Er-Ge doped fibre
Prior to the work undertaken here, this Sn-Er-Ge doped fibre (specification is given in Table-3.2)
was designed and fabricated by MCVD method at the University of Nice, France (details are
given in Section 4.4.1 in Chapter 4). Small amount of aluminium was introduced to confine the
erbium doping within the fibre-core to improve the pumping efficiency [13],[14] of the fibre

without any clustering effect that may happen.

Amplified spontaneous emission (ASE) in the wavelength region around 1540 nm has been
observed in Er3~doped fibre due to the 4132 -» 41152 transitions. Fig. 6.5(a) shows the
corresponding schematic diagram of the absorption and emission transitions among the relevant
energy levels of the ions, when pumped at 980 nm. The 4152 -> 4112 transitions occur for the
absorption band in Er3+doped by using a pump-source at a wavelength of 980 nm. The
populated [112level results in an immediate non-radiative phonon transition through the MMM2—
41132 transition to reach the metastable state, which subsequently creates the 4132 >m 4152
transition, resulting in the generation of ASE in the region of the 1540 nm wavelength. The
fluorescence intensities at these wavelengths are found to be temperature-dependent and this is
exploited for temperature measurement in this scheme. A typical ASE spectrum from Er3+doped
tin-germanosilicate fibre of length of ~ 10 cm, measured at room temperature (~ 22°C), is

represented in Fig. 6.5(b).

Fig. 6.5(a): Energy diagram of the relevant energy levels of Er3+doped silica fibre
showing the absorption and emission transitions under pumping at the wavelengths
of 980 nm and 1480 nm.
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Wavelength (nm)

Fig. 6.5(b): Fluorescence spectrum of a 10 cm long Er3+doped tin-germanosillcate fibre
observed using an OSA at room temperature (~22°C) with 980 nm pumping. Clearly
observable fluorescence peaks were seen at the wavelengths of 1535 nm and 1552 nm,
associated with the 4132 - » 4152 transitions.

6.3.2. Experimental arrangements

A schematic diagram of the experimental set-up used for the simultaneous measurement of
strain and temperature is shown in Fig. 6.6. A single FBG of length of ~ 6.5 mm was fabricated
(using the phase-mask technique with a 248 nm KrF excimer laser) at one end of a 10 cm long
Er3+doped tin-germanosilicate fibre with a reflectivity of ~ 90%. The estimated value of the
refractive index modulation (Annod) of the fibre-core was approximately 1.74 x 10'5 for this
grating. The sample was annealed at 550 °C for 24 hours to wipe out the unstable portion of the
FBG so that the sample could be used for sensing with better repeatability. The Bragg
wavelength of the FBG was observed to be 1538.74 nm (at room temperature, -22 °C)
measured by the OSA (the best possible peak/dip wavelength resolution of 0.01 nm could be
achieved with resolution bandwidth of 0.1 nm) after the annealing was completed. The Bragg
resonance wavelength of the FBG is being within the fluorescence region of the sample. For
simultaneous measurement of the strain and temperature, the sample was placed carefully in a
tube-oven and at either side of the sample it was fixed with adhesive (Quick set epoxy, by mixing
equal amount of resin and hardener for one minute and then curing for 24 hours) to two
micrometer-driven translation stages. Before fixing the fibre, acrylic-coated jacket of the fibre
was stripped off carefully covering the whole length within these two fixed glued points (40 cm, in
our experiment). Care was taken to place the active portion of the fibre (an Sn-Er-Ge doped fibre
of length of 10 cm including the written FBG) in the most thermally stable zone in the oven. The
ASE power of the sample was generated by pumping at 980 nm (the pump power of 18 mW was
held constant during the measurement) and the spectra obtained were monitored by using a
HP86140A optical spectrum analyser (OSA).
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FBG in
Er-doped fibre ~ Thermal Er-doped fibre
chamber noco
DDQ
980 nm Pump . HP 86140A
Laser Diode Tragﬂ;';;'on (Agilent) OSA

Fig. 6.6: Experimental set-up for simultaneous measurement of strain
and temperature.

6.3.3. Simultaneous measurement of strain and temperature
With the experimental set-up discussed in the previous section, strain and temperature were
measured independently and simultaneously. Firstly, the sensor was placed carefully inside the
tube oven without imposing any strain on it and the thermal response of the sample was
recorded in terms of the fibre-fluorescence characteristics and the Bragg wavelength shift. A
series of ASE power spectra was observed with the variation of temperatures from 22 °C to 500
°C, using excitation from a 980 nm laser diode. Fig. 6.7 illustrates the ASE power spectra of the
sensor-prototype for several distinct temperatures of 22 °C, 100 °C, 300 °C and 400 °C under
zero axial strain, measured by the OSA with resolution bandwidth of 1 nm. A clear shift of the
“‘dip” in the spectra indicates the shift in the Bragg wavelength of the FBG due to the
temperature variation. From the ASE power spectra at various temperatures, two distinct peaks
corresponding to wavelengths of 1535 nm and 1552 nm were observed. The intensities of these
two peaks (both peak wavelengths were unchanged throughout the whole range of temperature

measurement) were used to estimate the FPPR for use in the temperature determination.

Wavelength (nm)

Fig. 6.7: ASE spectra obtained at various specific temperatures. The shift of
the ‘dip’ in the spectra indicates the shift in the Bragg wavelength of the
grating with the increase of temperature.
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Fig. 6.8: Variation of FPPR with temperature (22-500)°C. The solid line is the best
fitted 4th order polynomial regression to the experimental data. The error-bars are
smaller than the data points.

Fig. 6.8 shows the variation of the temperature-dependent FPPR (1i536mli552nm) under zero axial
strain along with the best fitted 4th order polynomial regression (coefficient of determination, R2
= 0.9993 and standard deviation, a = 0.0017) to the experimental data obtained. In this work,

Eq. (6.5) can be expressed as:

R =1.323 - 3.362x1 O4T - 5.093x10'7T2+ 2.515x 10'9T3- 2.877x 10'2T4. (6.7)
At the same stage of experiment, the thermal response of the FBG under zero strain was
recorded by measuring the Bragg wavelength shift of the grating at various applied
temperatures. The shift of the Bragg wavelength with temperature under zero strain is shown in
Fig. 6.9 together with a 3rd order polynomial that produced the best fit (R2= 0.9998, a = 0.0347),

given by:

Xb=1538.473 + 0.01044 T + 7.33x 10'6T2-2.30x 10'9T 3. (6.8)

PhD Thesis: S Pal 141



Chapter 6: Simultaneous measurement of wide range temperature and strain using FBGs

1547 . -
1546
1545

9 experimental data
1544 3rd order polynomial fit

1543

1542
1541

1540

BgQ ~— o~3"?

Xr
1539

1538
-1 I ) L . I . I

0 100 200 300 400 500 600

Temperature (°C)

Fig. 6.9: Bragg wavelength shift of the FBG with temperature (22-500)°C. The solid
line is the best fitted 3rd order polynomial regression to the experimental data. The
error-bars are smaller than the data points.

In this case, consideration of the non-linearity of the thermal sensitivity [101],[102],[193] of the
Bragg wavelength (>b) in the FBG over a wide range of temperature (22 °C to 500 °C) showed a
better correlation to the data when compared to the linear-fitting, where the temperature-
sensitivity of the FBG at 500 °C (16.04 pm/°C) was found to be 49% higher than that at 22 °C
(10.76 pm/°C).

1540.0

1538.6
0 200 400 600 800 1000 1200

Applied Strain (ne)

Fig. 6.10: Strain response of the FBG in terms of Ab-shift, measured at 22°C. The
solid line is linear fit to data. Error bars are smaller than the data points.
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At the next stage, the strain-response of the grating was measured and the temperature of the
oven was kept constant (22°C) to avoid error arising from the Bragg wavelength shift due to the
variation of temperatures. Fig. 6.10 shows the Bragg wavelength shift with applied strain at
room temperature (22°C) over a range from 0-1150 pe. The temperature-independent strain-
sensitivity determined from the above graph (1.08 pm/ps) can be evaluated from Eq. (6.9) (giving

a linear fit to the experimental data with R2=0.9998 and a = 0.0063) as:

Ab= 1538.728 + 0.00108 e (at 22 °C) 6.9)

6.3.4. Effect of strain and temperature upon the grating cross-sensitivities
Further tests were carried out to observe the effect of strain on the FPPR at various
temperatures and to measure the temperature effect on the strain-sensitivity of the FBG. For this
purpose, the temperature of the oven was changed during the measurement process and at the
same time various levels of strain were applied at each particular temperature. Figs. 6.11 and
6.12 show the graphs of the FPPR with the variation of the strain in the fibre, for several sets of
temperatures and the strain-sensitivity at various temperatures, respectively. From the two plots
below, it was confirmed that the FPPR was strain-insensitive and the FBG strain sensitivity was

independent of any significant temperature variation.
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Fig. 6.11: The values of the fluorescence peak power ratio (FPPR) at various sets of

temperatures (24°C, 60°C, 150°C and 250°C) under the applied strain, to measure
the strain-effect on FPPR.
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Fig. 6.12: Bragg wavelength shift versus the applied strain at various sets of
temperature (24 °C, 60 °C, 150 °C and 250 °C) to observe the temperature-
effect on strain-sensitivity. The error bars are smaller than the data points.

6.3.5. Cross-verification of result
A comparison between the measured values of the strain and temperature using the above
model and the applied values, using a thermocouple and micrometers, has been made and
shown in Fig. 6.13. The test was carried out when the strain and temperature were
simultaneously and randomly applied over the whole measurement range of temperature and
strain. The rms errors of strain and temperature in this initial work were 36 ps and 6 °C over
ranges of 0-1150 ps and 22-500 °C, respectively. The measurement precision of the system
depends on the FPPR dynamic range for both parameters of temperature and strain, and that for
the strain measurement is limited mainly by the resolution of the OSA. A higher precision would
be expected through improvements to the detection system or by using different special fibre

with broader FPPR dynamic-range over the whole range of measurement.

Fig. 6.13: Comparison between applied and measured strain and temperature,
when both were varied simultaneously.
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The above analysis has been used to measure strain and temperature simultaneously using a
simple ASE-based fluorescence and Bragg grating-based approach over a wide temperature
range, up to 500 °C. The overall precision of the system is determined by the temperature
measurement and thus the parameter, which can be deduced using Eq. (6.7). The sensitivity of
this parameter (1i536nmli552nm) was observed to be approximately 3.35 x 104 £C (on average
over the measured temperature range). The Bragg wavelength corresponding to that
temperature was then calculated using Eq. (6.8), and subtracted from the overall Bragg
wavelength shift to give the strain-induced Bragg wavelength shift. Finally the actual strain

applied was obtained by using Eq. (6.9).

6.4. Enhanced range of measurement by writing grating in an Sb-Er-Ge

doped fibre
In the previous section, an approach to the simultaneous measurement of strain (up to 1150 ps)
and a wide range of temperature (up to 500°C) using a grating written in an Sn-Er doped
germanosilicate fibre, has been demonstrated. The approach was based on the temperature-
dependence of the fluorescence peak power ratio (FPPR) of the amplified spontaneous
emission (ASE) in the fibre and the dual functionality of the FBG to respond to both strain and
temperature. This section demonstrates a further extension of the previous research using the
same technique. A uniform grating with high reflectivity, written at one end of a 10 cm long
erbium-doped antimony-germanosilicate (Sb-Er-Ge doped silica) fibre has been shown capable
of being used for the simultaneous measurement of much wider ranges of temperature (up to
600°C) and strain (up to 2000 pe). It is very interesting to note that the sensor enables the
measurement of strain of more than 2000 ps without any breakage to the fibre, even when
heated to the maximum temperature in this study of 600°C, thus giving a wide range

simultaneous measurement of both parameters.

6.4.1. Better fluorescence of the specially fabricated Sb-Er-Ge doped fibre
For the work discussed here, a special antimony-erbium-germanium (Sb-Er-Ge) doped silica
fibre (specification is given in Table-3.2) was fabricated in China using the modified chemical
vapour deposition (MCVD) technique. The choice of the element ‘Sb’ for inclusion in the fibre
doping is based on the electronic charge effect of the outer shell electrons in the atom, arising
from the large Sb3t ion size of 76 pm (with the view that larger sizes of doping ions may
effectively stabilise the performance of the material concerned) [204]. In addition, Er3+doping
has been chosen in the fibre for lasing and optical amplification in the wavelength region around
1.5 pm, due to the occurrence of the 41320 41152 (ground state) transition with appropriate
excitation source. In a similar way, attention has been focused on two peak wavelengths around

1535 nm and 1552 nm, as discussed in the previous section. Imai et at. [187] have also reported
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an analysis using these two peaks with a 1480 nm pumping and a similar approach for
temperature measurement over a limited range between -50 °C and 90 °C, using a 9 m long
erbium-doped (968 ppm) fibre, to achieve a reasonable device-sensitivity. In this work, the
temperature-dependence of the ratio of the intensities at these two wavelengths (i.e. the FPPR)
was investigated over a much wider range of temperatures, and used in the sensor scheme for

the simultaneous measurement of strain and temperature.

As this specially fabricated fibre was introduced with higher level of erbium-ion doping compared
to that of the Sn-Er-Ge doped fibre, it is expected that this fibre would create a better
fluorescence. Prior to undertaking a series of tests, an experiment was carried out with Sb-Er-Ge
doped and Sn-Er-Ge doped fibres of identical length, to compare the fluorescence spectra using
pumping sources at both 980 nm and 1480 nm. The transitions occurred by 980 nm and 1480
nm pumping sources are almost similar, only with an extra non-radiative transition for the
excitation at the wavelength of 980 nm, which has been illustrated in Fig. 6.5(a). In case of using
a pump-source at 1480 nm wavelength, the absorption and the generation of ASE are based
upon 4132 <» 4452 transitions without any other phononic transitions between the energy levels.
A typical ASE spectrum from the specially fabricated Sb-Er-Ge doped silica fibre of length ~ 10
cm, in comparison to that from an Sn-Er-doped germanosilicate fibre of the same length, by
using a fixed power of the pump-source of 980 nm, measured at room temperature (~ 20°C), is
shown in Fig. 6.14(a). Fig. 6.14(b) displays the fluorescence spectra of the above-mentioned two
fibres of the same length of -15 cm, using a fixed power from the 1480 nm pump-source at room
temperature [204], As a result of the comparison of the performance of the different fibres in
combination with the different exciting sources, the most suitable fibre with Sb-Er-Ge doping

using the pumping source of 980 nm has been chosen for the further tests.

Fig. 6.14(a): Fluorescence spectra of Fig. 6.14(b): Fluorescence spectra of
-10 cm long Sb-Er-Ge and Sn-Er-Ge -15 cm long Sb-Er-Ge and Sn-Er-Ge
doped fibre at room temperature, doped fibre at room temperature,
pumped by a 980 nm laser diode with pumped by a 1480 nm laser diode with
optical power of 18 mW. a fixed optical power of 50 mW.
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6.4.2. Simultaneous strain and temperature measurement over an
enhanced dynamic range

Prior to the actual measurement of the parameters, the range of the measurements has been
optimised. For this, a series of gratings of length of ~ 6.5 mm, in Sb-Er-Ge doped fibre with the
maximum achievable reflectivity (> 99%) was fabricated, using the phase-mask technique, with
light from a 248 nm KrF excimer laser. The fabricated gratings were annealed inside a tube-oven
separately at different fixed temperatures from 100 °C to 700 °C. Fig. 6.15(a) describes the
isothermal decay of the normalised reflectivities of the gratings with time, which showed that the
gratings were almost completely stabilised after an annealing time of 6-7 hours. It may be noted
that the grating annealed at 700 °C was found to have stabilised with - 50 % of its initial
reflectivity. However, that grating could not be used in this experiment because of the difficulty in
distinguishing the grating ‘dip’ in the fluorescence spectrum of the ASE of the fibre and the
possibility of deterioration of the mechanical strength of the grating in the fibre after it was
annealed at such a high temperature. So, for this work, a grating was fabricated (using above-
mentioned method) at one end of a 10 cm long Sb-Er-Ge doped fibre with the maximum
achievable reflectivity of ~ 99.7% for which the estimated value of the refractive index
modulation (Annod) of the fibre-core was approximately 3.9 x 10'4. The sample was annealed at
600°C for ~ 8 hours to remove the unstable portion of the FBG to achieve better repeatability in
the sensing experiments with the detectable grating-dip in the ASE of the fluorescence. Fig.
6.15(b) represents the grating spectra at different times and temperatures during the process of
annealing. This plot clearly explains the decay of the grating reflectivity, when the oven-
temperature was increased to 600°C from room temperature (grating was moved in after the
oven-temperature was settled) and the blue-shift of the Bragg wavelength along with the decay
of reflectivity, when the grating was kept at that fixed temperature for 8 hours. Finally, the
temperature of the oven was decreased slowly down to room temperature (20°C) and the
reflectivity and the Bragg wavelength of the stabled grating was measured. The Bragg
wavelength of the annealed FBG was observed to be 1541.55 nm (at room temperature, ~20 °C)
with a reflectivity value of around 67%, measured by using the optical spectrum analyser (the
best possible peak/dip wavelength resolution of 0.01 nm could be achieved with resolution
bandwidth of 0.1 nm) after the annealing was completed, this being within the fluorescence

region of the sample.
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Fig. 6.15(a): Isothermal decay of the Fig. 6.15(b): Grating spectra at different
gratings written in Sb-Er-Ge doped fibre times and temperatures during the
with time, at various temperatures. process of annealing.

For the simultaneous measurement of the strain and temperature, the sample was placed
carefully in a tube-oven and it was fixed on either side with adhesive, to two micrometer-driven
translation stages, as illustrated by Fig. 6.6, demonstrated earlier. The ASE power of the sample
was generated by pumping at 980 nm (the pump power of 18 mW was held constant during the
measurement) and the spectra obtained were monitored by using a FIP86142A optical spectrum
analyser (OSA). A series of ASE power spectra was observed with the variation of temperatures
from 20 °C to 600 °C, using excitation from the 980 nm laser diode. Fig. 6.16 illustrates the ASE
power spectra of the sensor-prototype for several distinct temperatures of 20 °C, 100°C, 300°C,
400°C and 600 °C under zero axial strain, measured by using the OSA with a resolution
bandwidth of 1 nm. A clear shift of the ‘dip’ in the spectra indicates the shift in the Bragg
wavelength of the FBG due to the temperature variation. It is worthwhile to mention that although
the reflectivity of the pre-annealed grating used in this scheme was ~ 67%, the “depth” of the
grating dip was not observed to be very significant in the fluorescence spectra, as shown in Fig.
6.16. The ASE-based fibre-fluorescence is believed to be responsible to some extent to
compensate the grating-depth (transmission dip in the spectra). From the ASE power spectra at
various temperatures, two distinct peaks corresponding to wavelengths of 1535 nm and 1552
nm were observed. The intensities of these two peaks (both peak wavelengths were unchanged
throughout the whole range of temperature measurement) were used to estimate the FPPR, in a
similar way as previously demonstrated, for use in the temperature determination. From tests
carried out earlier (for Sn-Er-Ge doped fibre) [182], it was confirmed that the FPPR was strain-
insensitive and the FBG strain sensitivity was independent of temperature, which simplifies the

signal processing technique required.
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Fig. 6.16: ASE-based fluorescence spectra of the sensor at various
temperatures starting from room temperature to 600°C. The ‘dip’ indicates
the Bragg wavelength of the grating written into the fibre.

Fig. 6.17 shows the variation of the temperature-dependent FPPR under zero axial strain along
with a fit to a 3rd order polynomial regression (with a coefficient of determination, R2 = 0.9991
and a standard deviation, a = 0.0062) to the experimental data obtained. In this work, Eqg. (6.5)

can be expressed as:

R=1.705- 1.92x10'3T + 3.57x10'eT2- 2.64x10°9T3. (6.10)
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Fig. 6.17: Variation of FPPR with temperature over the range of 20-600°C.
The solid line is the third order polynomial fit to the experimental data. The
error-bars are smaller than the data points.
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The shift of the Bragg wavelength with temperature under zero strain is shown in Fig. 6.18
together with a 3rd order polynomial that produced the best fit (R2=0.9999, a = 0.0107), and this
is given by:

Ib= 154133 + 0.01027 T + 9.06x1 O6T2- 4.43x1 09T3. (6.11)
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3rd order polynomial (best) fit
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Fig. 6.18: Bragg wavelength shift of the grating with the applied temperature
over a wide range of 20-600°C under zero axial strain. The solid curve
represents the 3rd order polynomial (best) fit to the experimental data. The
error-bars are smaller than the data points.

In this case, consideration of the non-linearity of the thermal sensitivity [101],[102],[193] of the
Bragg wavelength (Ab) in the FBG over a wide range of temperature (20°C to 600°C) revealed a

better correlation to the data when compared to that achieved with a linear-fitting.

Fig. 6.19 shows the Bragg wavelength shift with applied strain at room temperature (20°C) over
a range from 0 to 2000 ps. The temperature was kept constant throughout the whole range of
strain measurement in order to avoid any error arising from the variation of temperatures. The
temperature-independent strain-sensitivity (1.15 pm/ps) can be evaluated from Eq. (6.12) (giving
a linear fit to the experimental data with R2=0.9996 and o = 0.0142) as:

Xb= 1541.51 +0.00115 e (at 20°C) (6.12)
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Applied strain (ne)

Fig. 6.19: Bragg wavelength shift of the grating sensor with the applied
strain over a wide range of 0-2000pe at room temperature (20°C). The solid
line is the linear fit to data. The error-bars are smaller than the data points.

To reveal the values of the parameters required, firstly, the temperature was determined by
using Eq. (6.10). The overall precision of the system is related to the sensitivity of the
temperature measurement, which was observed to be approximately 6.95 x10'4 ¥C (on average
over the measured temperature range) and found to be almost doubled that achieved from the
Sn-Er doped germanosilicate fibre. The Bragg wavelength corresponding to that temperature
was then calculated using Eqg. (6.11), and the result was subtracted from the overall Bragg
wavelength shift to give the strain-induced Bragg wavelength shift. Finally the value of the strain
applied was obtained by using Eq. (6.12). This scheme has been used to determine the strain
and temperature simultaneously over a wide range, both for temperature (up to 600°C from
room temperature) and strain (up to 2000 ps). To evaluate the performance of the scheme, a
test in which strain and temperature were measured, was carried out over randomly and
simultaneously applied measurands (reflected in Table 6.1) showing the RMS errors of 2.8°C
and 36 pe of temperature and strain, respectively over the whole range. Building upon this initial
work with this special fibre, a higher precision could be expected through improvements to the

detection system.
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Table 6.1: Performance evaluation of the Sb-Er-Ge doped fibre based system by comparing the

applied and measured strain and temperature, when both were varied simultaneously.

Applied measurands Estimated measurands
Temperature (°C) Strain (ps) Temperature (°C) Strain (ps)
20 0 19.0 + 33
200 0 197.4 +35
500 0 499.0 + 14
25 950 241 + 969
25 1500 24.0 + 1521
100 1000 102.5 + 946
400 500 402.1 +471

6.4.3. Comparison of the measurement scheme using these two different
fibres: Sn-Er-Ge and Sb-Er-Ge doped fibre

Depending upon the composition and the concentration of the core of the specially fabricated
fibres used in this work, the results achieved were slightly different, although the same approach
was used for the measurements for both types of fibres. Introduction of tin or antimony into the
fibre-core results in the gratings written into these fibres almost similar temperature-sustainable;
this has been discussed in detail in Chapter 3. However, with the FBG-fabrication system set-up
used in the Measurement and Instrumentation Centre, fabrication of more strong gratings (i.e.,
with higher reflectivities) was achieved with antimony-doped fibre in comparison to the tin-doped
fibre. This caused the higher values of remaining stabilised reflectivities of the annealed gratings
at a certain temperature, resulting in a comparative broader dynamic range for temperature

sensing using the grating written in antimony-doped fibre than that in tin-doped fibre.

For strain measurement, 0-1150pe was measured using Sn-Er-Ge doped fibre after annealing
the grating-sensor at 550°C for 24 hours, whereas the measured range was 0-2000pg in the
case of Sb-Er-Ge doped fibre, where the grating-sensor was annealed at 600°C for 8 hours.
However, the same annealed grating-sample written in Sn-Er-Ge doped fibre was used for a
further test to carry out an extended range of strain measurement, where it was also successful
to measure an axial strain of 0-2000ps, without breaking the sample. Hence, regarding the strain
measurement, the performance of both samples was almost similar in terms of the mechanical

strength of the samples, as far as the samples were tested up to 2000pe.
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The most important and vital point of the comparison of these two fibres in terms of the fibre-
fluorescence depending on the concentration of the Er3+doping introduced Into the core of the
fibres. To compare the fluorescence spectra from identical length of these two fibres (antimony-
doped and tin-doped), tests have been carried out by using pumping sources at the wavelengths
of 980 nm and 1480 nm and the plots were shown in the earlier section, in Figs. 6.14(a) and
6.14(b). Depending on the fibre-fluorescence, the dynamic ranges of the temperature-
dependent-FPPR of these two fibres are different, which results in different sensitivity for
measuring temperatures. Figs. 6.20 illustrates the variation of the FPPR with temperature for
these two fibres.
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Fig. 6.20: Variation of FPPR with temperature for Sb-Er-Ge doped and Sn-Er-Ge
doped fibres of identical length of 10 cm.
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Fig. 6.21: Variation of temperature-dependent FPPR-sensitlvities of Sb-Er-Ge
and Sn-Er-Ge doped fibres of identical length of 10 cm.
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From Fig. 6.20, it is very clear that the dynamic range of FPPR with the variation of temperature
for Sb-Er-Ge doped fibre is much wider than that for Sn-Er-Ge doped fibre. The overall
sensitivity for the temperature measurement was found to be approximately 6.95 x10 4 /oC (on
average over the whole range of temperature measurement) for the used Sb-Er-Ge doped fibre,
which is more than doubled that achieved (3.35 x1CT4 /°C) from the same length of Sn-Er-Ge
doped fibre. Flowever, the variation of FPPR with temperature is not linear. Flence, the sensitivity
of FPPR is not constant, rather temperature-dependent. Fig. 6.21 shows the temperature
dependence of the FPPR-sensitivities for the studied two fibres of identical length of 10 cm. The
FPPR-sensitivity for Sn-Er-Ge doped fibre is shown to be quite low and varies within the range
of 0.00035-0.0005 IeC. This value is 0.0018 IoC for Sb-Er-Ge doped fibre at room temperature
(20°C), which is almost five times of the value of Sn-Er-Ge doped fibre; however, for Sb-Er-Ge
doped fibre the FPPR-sensitivity decreases with increasing temperature. These values are
almost comparable for these two fibres studied above 350°C. As the thermal sensitivities of the
gratings written into these two fibres are almost comparable (shown in Fig. 6.22), the overall
precision of the systems using these two fibres can mainly be compared by the FPPR-sensitivity

values.

Fig. 6.22: Thermal response of the gratings written in Sb-Er-Ge and Sn-Er-Ge doped
fibres along with their thermal sensitivity values.
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6.4.4. Choice of the approach and the pumping source
The reasons of choosing the approach and the pumping source are discussed here. In the
choice of this approach, the use of the FPPR approach is advantageous, as this avoids the
problem of pump power fluctuations. Moreover, a highly Er3+doped fibre can be used to make
the sensor prototype within a very short length. Sn-Er-doped and Sb-Er-doped germanosilicate
fibres were chosen in this scheme to take advantage of the ASE generated from the fibre due to
the Er3+ion doping, with the high temperature-sustainable behaviour due to the presence of tin
or antimony and the photosensitive property of the fibre arising from the presence of germanium,
to allow the FBG to be written into it. The Bragg wavelength of the grating written into these
special fibres at around 1540 nm (for room temperature) with a slight variation depending on the
effective refractive index of the core of the fibre and the phase-mask used for the grating-writing,
has the advantage that the Bragg wavelength of the grating can be created in the same
wavelength region where the ASE may be generated, caused by the erbium-ion doping. In
addition, the strain-independence of the FPPR scheme makes the signal processing relatively

easy for practical use.

For the pump source, a 980 nm laser diode has been used, which creates the 4152 -> 4112
transition arising from the absorption band due to the Er3t+ion in the fibre. The ground state
absorption (GSA) at this wavelength is almost free from the excited state absorption (ESA) from
the 41132 level, which results in the best performance with respect to quantum-limited noise-
figures, though ESA corresponding to the 4112  4F72transition has also been reported at 970-
980 nm for silica [209]. The 980 nm pumping is also advantageous [13] compared to the region
alternatives of 800 nm or 1480 nm pumping due to the lower pump power required to achieve a

specified small-signal gain.

6.5. Combination of type | and type IlA gratings for strain-independent
temperature measurement

A simple and effective technique for strain-independent temperature measurement has been
demonstrated in this section using the peak wavelengths of both type | and type IlIA fibre Bragg
gratings written without hydrogen loading in the same fibre. The fibre was specially fabricated
with a high concentration of germanium in the core composition to create a good amount of
photosensitivity. The device is also found to be capable of monitoring strain and temperature
simultaneously. The sensor can be used to measure temperature over the range of 25 - 300°C
with a strain range of 0 - 500 pe, achieving a temperature-dependent sensitivity of 0.53 pm/°C
and 0.31 pm/°C for strain-independent temperature measurement with root mean square errors

of 2.4°C and 4.1°C at 25°C and 300°C respectively.
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6.5.1. Background of the work
Reliable, accurate and simultaneous measurement of strain and temperature, and both strain-
independent temperature measurement [205] and temperature-independent strain
measurements by using fibre Bragg gratings (FBGs) are of significant interest for various
applications. Improved measurements of these parameters are important for such industrial uses
to achieve enhanced safety and reliability and lower cost. However, the Inherent response of
FBGs to both strain and temperature results in an unwanted cross sensitivity, which creates
several complications in FBG-based sensor schemes for the measurement of both parameters
simultaneously. To overcome the problem of cross sensitivity, researchers have proposed and

investigated several different methods as discussed in earlier sections.

In this section, a simple technique is proposed for strain-independent temperature measurement
(demonstrated in this work up to 300°C, but capable of being used for measuring higher
temperatures) by using a combination of a type | and a type IIA grating written in a specially
fabricated high germanium doped fibre. This special fibre has been chosen because it shows
high photosensitivity and thermal stability. The non-linear thermal response of the gratings
[101],[102],[182],[193],[210] has also been considered in this work so that the error in the

temperature measurement carried out over a significant measurement range, can be minimised.

6.5.2. Description of the sensor and the principle of operation
During the writing of the FBGs, the expected shift of the Bragg wavelength was observed
[169],[170],[190],[211] together with the growth in reflectivity of the type | and type IIA gratings.
Fig. 6.23 shows this phenomenon during the inscription of the gratings in the fibre used, when it
was exposed to light from a 248 nm KrF excimer laser with an energy of 12 mJ and a pulse
repetition frequency of 200 Hz. This observation allows the design of a dual-grating sensor
scheme, which enables the optimum utilisation of the available optical bandwidth in a
wavelength division multiplexing (WDM) configuration well suited to sensor multiplexing. A fibre
with a high germanium content in the core was used in this work to achieve a very good
photosensitivity for writing gratings into the fibre and stable thermal sensitivity for the gratings,
accompanied by higher temperature sustainability. Fig. 6.24 represents a schematic of the
sensor, which comprises a combination of a type | and a type IlA grating, each of length of ~ 6.5
mm, inscribed 2 mm apart in the same fibre without the use of hydrogen-loading, leading to a
total length of the sensor of ~ 15 mm. The fibre thus did not contain a splice, avoiding the

mechanical weakness and splicing losses that can arise as a result.
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Fig. 6.23: Growth of a type | and a type IIA gratings and the shift of the Bragg
wavelength during grating inscription in a high germanium doped fibre. A 248
nm KrF excimer laser was used with energy of 12 mJ with a pulse repetition
frequency of 200 Hz for this grating inscription.
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Fig. 6.24: A schematic diagram of the dual-grating sensor, the combination
of atype | and a type IIA grating, separated by a distance of 2 mm.

Taking into account both the non-linear thermal response [101],[102],[182],[193] and the linear
strain response of the gratings, the combined shift of the Bragg wavelength for grating i, for any
applied temperature with any strain applied can be expressed as
AA, (e,T) = kieAs + Skijr(ATy ;i=1,2,1> 1 (6.13)

where AA, is the Bragg wavelength shift, and kiE and kiT are the strain and temperature
coefficients for the type | and type IIA gratings with the best order of non-linear polynomial
considered to fit to the grating thermal response, j. As the gratings were inscribed very close to
each other in the same fibre with a very small difference in the central peak wavelengths of the
type | and type IIA gratings, the strain coefficients can reasonably be assumed to be exactly the
same, as this parameter depends mainly on the fibre dimensions and the characteristics of the
fibre material. So the strain-independent temperature can directly and simply be measured from

the difference of the Bragg wavelengths of the two gratings as
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AMT) - AMT) = Zk1jr(ATy - XK2jr(ATy ;j* 1 (6.14)

However, a simultaneous measurement of strain and temperature can also be obtained in the
above scheme by measuring the temperature directly from the difference of the Bragg
wavelengths and a measurement of strain can be achieved by eliminating the temperature effect

from the total shift in the Bragg wavelength for either one of the gratings.

In comparison to the above scheme, assuming a linear approximation over the thermal and
strain response of the gratings, the variation in the Bragg wavelengths of the type | and type IIA
grating can be written in a similar way as expressed in Eq. (2.62) and the absolute values of the
unknown parameters can be determined by Eq. (2.63). However, the limitations of this scheme

are discussed in detail in the next section, in support of the experimental data obtained.

Wavelength (nm)

Fig. 6.25: Transmitted spectra of the dual-grating sensor at room temperature
under zero axial strain. Dotted line represents the spectrum before annealing,

whereas the solid line shows the spectrum after annealing at 320 °C for 10 hours.

6.5.3. Testing, calibration and measurements
The gratings used in this experiment were inscribed In a specially fabricated high germanium
doped fibre (fibre type: A021, specification: mentioned in Table-3.2) using the same technique of
ultra violet exposure through a phase mask. The in-situ grating spectra created during the
grating inscription were monitored in a similar way as discussed earlier sections, by using a
HP86140A OSA and illuminating the gratings with light from a broadband amplified spontaneous
emission (ASE) light source. The fibre was exposed to the laser light for - 9 minutes to write the
type IlA grating of reflectivity ~ 80 % (corresponding refractive index modulation of ~ 4.6 x 10~5),
whereas almost the same degree of growth in the reflectivity for the type | grating was achieved

within @ much shorter time of only 10 seconds with a laser energy of 12 mJ and a pulse
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repetition frequency of 100 Hz. The transmission spectral characteristics of the dual-grating
sensor at room temperature are shown in Fig. 6.25, where the dotted line represents the
spectrum before annealing and the solid line shows the spectrum after annealing the sample at
320 °C for 10 hours. For both gratings, a blue shift due to the annealing process was observed.
This research, and our previous work with fibres of this type [175],[182],[193] has shown how
important it is to undertake an effective thermal annealing process at a temperature higher than
the maximum operating temperature before incorporating the FBGs into sensor systems, to
achieve a high repeatability in the response of the device. The Bragg wavelengths of the FBGs
were observed to be 1548.93 nm (for type I) and 1549.52 nm (for type IIA) at room temperature
(~ 25 °C) after the annealing process was complete. The reflectivities of both the gratings were
measured to have a value of greater than 50% after the annealing process was completed, so
that the Bragg wavelengths could be easily identified. At the same time, the full width half
maximum (FWHM) bandwidths of the gratings were observed to be ~ 0.15 nm, which are good

enough to achieve an acceptable level of precision in the measurement.

The sensor response was tested and to achieve a reliable and stable calibration of the device,
the sensor containing a length of uncoated fibre was placed inside a well-calibrated CARBOLITE
tube oven (Type: MTF 12/38/400) under zero axial strain for the temperature test and a
micrometer-driven translation stage was mounted to allow the strain measurements to be made.
The shifts of the Bragg wavelengths in all the experiments carried out were measured by using
the OSA, with a resolution bandwidth of 0.05 nm (the resolution available for the peak/dip

wavelength determination was 0.005 nm).
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Fig. 6.26: Variation of Bragg wavelength of the dual-grating sensor with the applied
temperature under zero axial strain. Solid lines represent the best polynomial (2rd
order) regression over the measurement range, whereas the linear regression is
represented by the dotted lines.

PhD Thesis: S Pal 159



Chapter 6: Simultaneous measurement of wide range temperature and strain using FBGs

Fig. 6.26 shows the variation of the Bragg wavelength of the gratings with the applied
temperature (up to 300 °C starting from the room temperature), using 10 °C increments. A
settling time of 15 minutes was allowed at each temperature to achieve thermal equilibrium
between the grating and the oven before recording data for several cycles of both ascending and
descending temperatures. The measured data for these temperature cycles, in terms of the
Bragg wavelength change with temperature for the gratings tested, were observed to be highly
consistent over a number of repeated measurement, showing a wavelength uncertainty of +
0.005 nm. The solid lines on the graph represent the best polynomial (2rd order) regression for

the calibrations for both the gratings, and they can be expressed as

W T) = 1548.64 + 10.75x10 -3T + 7.68x10 '®T2  (for type | FBG) (6.15a)

W (T) = 1549.21 + 11.30x10'3T +7.27x10 » T2  (for type IIA FBG)  (6.15b)

where AbfT and \WZT are the corresponding Bragg wavelengths for the type | and the type IIA
gratings used at temperature, T °C, under zero axial strain. The coefficients of determination
(R2), a common statistical parameter to evaluate the quality of regression, were found to be
0.99994 and 0.99994 for the above two regressions, which are much better when compared to
the values found for the linear fitting (0.99812 and 0.99840).

In the next stage of the experiment, the gratings were tested under a known applied strain at
room temperature, using both increasing and decreasing strain, up to a maximum of 500 pc. In
this test, no evidence of hysteresis was observed with highly repeatable experimental data being
obtained. Fig. 6.27 shows the strain response of the type | and type IIA gratings at room
temperature. Using a linear regression, the variation of the Bragg wavelength for the gratings

with the applied strain can be written as

Ablge) = 1548.95 + 1.23x10 3e (for type | FBG) (6.16a)

W e) =1549.53 + 1.23x10-3e (for type 1A FBG) (6.16b)

where XJE and | B are the Bragg wavelengths for the type | and type IIA FBGs with strain, e, at
room temperature (~ 25 °C). The set of Egs. (6.16a) and (6.16b) confirms that the strain
coefficient for both the FBGs are the same (1.23 pm/pe) at room temperature (with R2values of
0.99915 and 0.99934 respectively) and similar results were demonstrated over the measured

temperature range.
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Fig. 6.27: Bragg wavelength shift with the applied strain at room temperature
(~ 25°C) along with the linear regression.

From the above condition, where the strain coefficients of both gratings used in the experiment
are exactly the same, the strain-independent temperature can simply be measured from the
calibration formulated by subtracting Eq. (6.15a) from Eq. (6.15b). The resulting calibration
graph for the above measurement is shown in Fig. 6.28, where the regression of that graph can

be described by

AXH(T) = 0.5679 + 5.50x10 M T -4.07x10 "7 T2 (6.17)

Fig. 6.28: Calibration graph for direct measurement of the strain independent
temperature over the range of 25 - 300 °C. Solid and dotted lines represent the
best polynomial (2rd order) and the linear regression respectively.
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The temperature-dependent sensitivity for this measurement can be determined from Eq. (6.17),
yielding values of 0.53 pm/°C and 0.31 pm/°C at room temperature (~ 25°C) and at 300°C,
respectively. This regression fits very well (R2= 0.99894) with the experimental data compared
to the results of the linear fit (R2 = 0.99389). The root mean square (rms) uncertainties in this
strain-independent temperature measurement were found to be 2.4°C and 4.1°C respectively for
these two different temperatures mentioned above, over the temperature range studied of 25 -
300°C. With annealing of the sample gratings at higher temperatures, the range could be
expected to be in excess of 500°C [182],[193] by measuring the detectable central peak

wavelengths of the gratings from the reflection spectra.

The same scheme can also be exploited for the simultaneous measurement of strain and
temperature. This is done by initially determining the temperature using Eq. (6.17) and then
evaluating the applied strain using either the set of Egs. (6.15a) and (6.16a) or the set of Egs.
(6.15b) and (6.16b). Using this approach, a preliminary investigation of the simultaneous
measurement of both these parameters was conducted, over a temperature range of 25 - 300°C
and a strain range of 0 - 500 ps. In the experiments carried out, the rms uncertainties were
determined to be 5.6°C for temperature and 50 ps for strain. These values could be improved by
more precise measurement of the grating wavelength change by using one or either of the
various sophisticated signal-processing techniques, which have been discussed in the literature
[101,[196],

6.5.4. Comparison of this approach with the conventional technique
In the conventional method of matrix-inversion analysis, assuming a linear regression for both
the parameters of temperature and strain, the temperature and strain coefficients can be

determined by solving the Eq. (2.63), which yields the values of

k1= 13.19 pm/°C,
k2T = 13.62 pm/°C, r (6-18)
KIE=kZ= 1.23 pm/pe.

The overall sensitivity for the strain-independent temperature measurement can be found 0.43

pm/°C over the measurement range of 25-300°C, with a root mean square uncertainty of 6.6°C.

A comparison ofthe results of the above two schemes has been shown in Table 6.2.
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Table 6.2: Comparison of sensitivity and RMS errors for the strain-independent temperature

measurement for two analyses undertaken.

Response of type | and type IIA Strain-independent temperature range: (25-300 °C)

gratings considered over

Temperature Strain Sensitivity RMS error
Linear Linear 0.43 pm/°C 838 °0
Polynomial Linear 0.53 pm/°C (at 25 °C) 2.4 °C (at 25 °C)
(2rd order) 0.31 pm/°C (at 300 °C) 4.1 °C (at 300 °C)

6.6. Discussion

Various aspects of the schemes demonstrated for simultaneous measurement of strain and

temperature and strain-independent temperature measurement, including significant advantages

and limitations of the schemes and the procedure of the error-analysis have been discussed in

this section.

6.6.1. Advantages and disadvantages of the scheme

The scheme demonstrated in the previous sections for simultaneous measurement of strain and

temperature has several significant advantages over the conventional techniques used for this

purpose. These are:

Measurement of both parameters over a wide range is possible (for example, temperature:
up to 600°C and strain: up to 2000pe), with an acceptable measurement-errors.
Power/intensity fluctuation problems of the signal can be overcome by introducing the FPPR
scheme (i.e., considering the ratio of the ASE spectral intensity at two particular wavelengths
of 15635 nm and 1552 nm).

Very small length of the sensor device (10 cm) results in a convenient system to use.

The sensitivity of the system can be improved and/or the length of the sensor device can be
optimised by using a photosensitive fibre with higher concentration of Er3+doping.

Writing of a single FBG makes the system relatively simple.

The non-linearity in grating thermal response has been taken into account in the system

calibration to minimise the deviation of the Bragg wavelength from its regression.
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There are a few limitations of the scheme, which may be listed as

+ The sensitivity of the system achieved was limited and that is mainly dependent on the
dynamic range of the FPPR with the variation of temperature. However, this can be
improved by using a photosensitive fibre with higher concentration of Er3+doping.

+ The FPPR-sensitivity was found to be dependent on temperature and under certain
cercumstances decreases with the increase of temperature (as observed in case of Sb-Er-
Ge doped fibre).

* The value of the temperature-dependent FPPR is determined by taking the ratio of the ASE-
based fluorescence intensity at the wavelength of 1535 nm and 1552 nm. The fluorescence
peak at 1535 nm is constant; however, the peak at 1552 nm shows a shift of +/- 0.2 nm,
although the smoothness of this peak gives the variation of the value within the range of +/-
1%.

» Although the length of the sensor used in this scheme is ~ 10 cm, this length is larger by
comparison to several other types of temperature sensor, such as the thermo-couple and
may not be suitable for some special measurement applications, where a very small size

sensor is needed.

For the scheme of strain-independent temperature measurement, the combination of a type |
and a type IIA FBG written in a high germanium doped fibre was used which does not require
hydrogen-loading. Similar strain coefficients and dissimilar temperature coefficients are the
factors that are responsible for the success of this novel scheme. The same strain coefficient
value of the above two gratings studied was validated experimentally. Even if any slight variation
(of the order of ~ + 0.01 pm/ps) in the strain coefficient values may be observed as a result of
the regression approach, this would result in a negligible error. Even though the correction of this
minor error can be made possible by means of a sophisticated technique, it has not been
considered in this work, as a compromise in this scheme in order to avoid a more complicated
signal processing for the system calibration. The particular value of the scheme used is the
simplicity of the signal processing, even though the non-linear thermal response of the gratings
has been taken into account to allow the coverage of a wider operational range of calibrated
measurement. The same scheme can also be exploited for the simultaneous measurement of
strain and temperature. The presence of any significant departure from the linear variation in the
thermal response of the FBGs will represent a limitation in the use of the matrix inversion
technique to determine the coefficients for strain and temperature: however, it will increase the
dynamic range of the system to allow temperature measurement with higher level of precision.
The result obtained in this scheme has been compared with that from the conventional approach
adopted (the matrix inversion technique) to determine the parameters and its superiority has
been reflected in the analyses of the system errors presented. In addition, it is important to note

that, the scheme is compatible with multi-grating multiplexed sensor systems because a dual-
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grating sensor system of this type can be configured to take the full advantage of multiplexing of
a wide number of sensors using WDM techniques. Measurement of even higher temperatures

can be explored with a range of different fibres specially fabricated for this type of work.

6.6.2. Error analysis
Consideration and analysis of errors are of particular importance for any single or multi-
parameter measurements, especially in the area of measurement of strain and temperature
individually or simultaneously. Typically a temperature change of 1°C has the same influence as
an applied strain change of 10ps. When strain-temperature recovery process is usually
determined by the matrix-inversion process, the errors due to the individual and simultaneous
measurements of the parameters can be expressed as written in Egs. (6.3) and (6.4) [3],[127],
as discussed in a previous section. However, these errors were estimated mainly from the
limited resolution of the detection system used in this experiment regardless of the effect arising

from the non-linearities and cross-sensitivity.

It is also Important to be aware of resolution, reading, calibration uncertainties and the precision
of the system, as no instrument exists that can measure a quantity to infinitely fine resolution. In
general, the resolution limit of an instrument represents the smallest uncertainty that can be
quoted In a single measurement. Reading uncertainties can be overcome presently by using any
digital read-out devices, provided that instrument is well calibrated at some time against a
standard. An uncalibrated, or poorly calibrated instrument, may lead to a systematic
uncertainties. All such uncertainties exist whenever a measurement is made in an experiment.
However, to be able to get a real value for the variable in a measurement, more than one
measurement should be made for each quantity and to quantify the measurement uncertainties,
some statistical analysis can be used. In general, all measurements discussed in the previous
sections, a number of repeated measurements have been made for each cycle and the
calibration curves were obtained based on these data. The deviations at each point are
measured from the difference between the average of the measured values and the
corresponding calibrated values. Finally, the uncertainty in the experimental measurements can
be quantified by the square root of the mean of the squares of the deviations, named as, root

mean square (RMS) deviation/error, which can be expressed as

ErrorRV6 = {I(x cal-x ) 3/n}12 (6.21)

where xd is the calibrated value and x is the average of the measured value of the variable after

repeating the measurements for n number of times.
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6.7. Summary
A fibre-optic sensing scheme, based on a combination of the properties of the fibre Bragg
grating (FBG) and the fluorescence from a rare-earth-doped photosensitive fibre, has been
demonstrated for the simultaneous measurement of a wide range of both strain and
temperatures. The temperature-dependent fluorescence peak power ratio (FPPR) of the two
peaks occurring around 1535 nm and 1552 nm from the amplified spontaneous emission due to
the 41132 o 41152 transitions in Er3+doped fibres, with 980 nm pumping along with the dual
functionality of the FBG were exploited in this scheme. Tin-erbium-germanosilicate and
antimony-erbium-germanosilicate specially fabricated fibres were used in this scheme for two
separate sets of experiments with a single FBG written in a small length (-10 cm) of the above
fibres. Simultaneous measurement of strain and temperature over ranges of 0-1150 pe and
22-500 °C, with rms errors of 36 pe and 6 °C respectively, can be achieved for Sn-Er-Ge doped
fibre. The operational range was found to be enhanced by writing a strong FBG (high reflectivity)
in a Sb-Er-Ge doped fibre, over ranges of 0-2000 ps strain and 20-600 °C temperature, with
rms errors of 36 ps and 2.8 °C, respectively. In addition, a simple and effective scheme for
strain-independent temperature measurement has also been demonstrated by writing both type |
and type lIA FBGs in 2 mm separation in the same fibre (Er-High Ge doped fibre), which may
alternatively be used to monitor strain and temperature simultaneously. The non-linear thermal
response of the FBGs was included in all the schemes demonstrated to achieve a better

precision in the temperature measurement over a wide range.
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Chapter 7

Conclusions and future scope of the work

7.1. Conclusions on the work carried out

The main purpose of the work as a whole has been to carry out research on fibre Bragg grating-

based schemes, especially for sensing applications and to extend the FBG-based research

further towards various high-temperature sensing applications through writing gratings into

various specialised photosensitive optical fibres. Several specific achievements have resulted

from this work, these being summarised below and based on these specific results, conclusions

are drawn.

A brief yet comprehensive review on the research carried out in the field of fibre Bragg
gratings has been made in Chapter 2, using a large number of references, which provides a
background of this work and discusses various applications related to Bragg gratings in

sensor systems.

Based on the review of the FBG-based work, it has been seen that relatively little research
had been undertaken prior to this research on high temperature sensing applications using
FBGs. Flence, attention has been focused on the writing of Bragg gratings into several
different specially fabricated photosensitive optical fibres and testing their performance
through monitoring their high temperature sustainability. Chapter 3 reports on this subject in
detail by considering various photosensitive fibres. Gratings written in tin and antimony
doped photosensitive fibres were found to be very high temperature sustainable (up to ~
850°C), making them almost comparable to the performance of a specially fabricated
chemical composition grating (CCG) in a fluorine-doped fibre (which survives up to 1000°C).
The introduction of erbium-ions into these fibres during fabrication makes the fibres more

useful when using their combined properties of photosensitivity and fluorescence.

Prior to use of the FBGs for high temperature measurement, the decay of the refractive
index modulation (which is related to the grating reflectivity) and the decay of the effective
refractive index (which is related to the shift in the Bragg wavelength of the grating) were

tested over an extended period of time at various elevated temperatures. Both of these
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decays were analysed for the most photosensitive fibre (boron-germanium doped fibre) and
for the most useful fibre (tin-erbium-germanium doped fibre) among the fibres studied, in
detail in Chapter 4, by estimating the activation energies associated to the trap-sites in the
glass-structures of the fibres with the use of the power-law, master-aging curve and the

accelerated-aging testing approaches.

» Temperature-induced reversible and irreversible changes in the grating spectra were
observed in terms of the changes in the reflectivity and the Bragg wavelength of gratings.
These effects were considered in the analysis of the thermal stability of the gratings in
Chapter 4. In order to avoid irreversible changes in the Bragg wavelength, appropriate
thermal annealing of the gratings at a temperature above the maximum operating
temperature is very important, this being essential to achieve a reliable performance of the
grating as a temperature sensor by producing reproducible data. For all of the pre-annealed
gratings studied, a non-linear thermal response was observed. Non-linear regressions were
compared to the linear regressions in terms of the thermal response of the gratings and a
calibration according to the best-fitted non-linear regression was considered for each
grating, before any temperature measurement, to achieve a smaller deviation between the

regression and the experimental data. These issues were discussed in detail in Chapter 5.

* Simultaneous measurement of strain and temperature over a wider range has been
demonstrated by writing a single grating in a piece of erbium doped photosensitive fibre, and
the results are reported in Chapter 6. This is based on the temperature dependence of the
fluorescence peak power at two distinct wavelengths and the dual functionality of the grating
in its combined response to both strain and temperature. Specially fabricated tin-erbium-
germanium doped and antimony-erbium-germanium doped fibres are used in two separate
schemes to demonstrate these measurements over the ranges of 0-500/600°C and O-
1150/2000pE for temperature and strain determination, respectively. The limitation of the
conventional matrix-inversion technique, generally used for simultaneous measurement of
strain and temperature, has been discussed, and this may be overcome by using this
scheme. In addition, the non-linear thermal response of the gratings is considered in this

scheme to avoid what are more than acceptable deviations in the measurements..

» Strain-independent temperature measurement is an important requirement in industry, and
one approach to this has been demonstrated in Chapter 6, by writing type | and type IIA
gratings in a close proximity to each other in the same photosensitive fibre. Similar strain
coefficients and dis-similar temperature coefficients of these two types of gratings are the

basis of the measurement scheme discussed in this work.
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7.2. Future directions
As a result of the work carried out and based on the conclusions arising from this research, the
future direction of the grating-based work and Its development, In relation to various specific

applications, can be suggested. These include

« An improvement of the detection system, specifically for strain measurement and the
simultaneous measurement of strain and temperature, to extend the applications further,
with a better precision in the measurements. A Fabry-Perot tuneable filter with high
resolution, In combination with a photo-detector (of appropriate operating wavelength region)
may be designed, for example, and a data acquisition system interfaced with a PC, can be
used as an improved alternative to an OSA. A sophisticated Hilbert transformation signal
processing unit could also be developed, which can be incorporated within the detection

system to achieve better resolution.

» The design and fabrication of a range of special photosensitive fibres, depending on the
choice and the concentration of the doping ions in the core of fibre, (for example, bismuth,
indium-doped fibres) to create ultra-high thermally stable FBGs [225],[226]. The absorption
loss for these types of dopings can be measured to explore their suitability in long or short-
haul communication or in sensor applications. This will require the continuation of a close
cooperation with the partners at the University of Nice, France and in China, to achieve a

satisfactory newly designed fibres.

» The fabrication of FBGs and LPGs after hydrogen-loading of the special photosensitive
fibres and comparison of their photosensitivity, thermal stability and the thermal sensitivity

[227] with those of the gratings written in the same unloaded fibres.

» The fabrication of chirped gratings to cover the full chirp range of the phase-mask can be
realised by modifying the grating-writing system set-up, so that in contrast to the approach
operated, only one chirped grating can be used in combination with various uniform gratings
(of wavelengths within the range of the chirped grating) for the development of a multiplexed

strain and/or temperature sensing system.«

+ The fabrication of long-length fibre Bragg gratings by slightly modifying the set-up including a
translation stage is a further step to extend the “quasi-distributed” temperature sensing
system towards a “distributed” system and to improve the resolution of the measuring

region.
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+ To extend the FBG-based distributed system to potential new applications for different

industries for smart material and smart structure designs [228] is also possible.

« The use of various polymer coated FBGs for the measurement of relative humidity

[229],[230], which is being explored presently through a current project within the group.

» The fabrication of gratings in a biréfringent photosensitive fibre and their utilisation can be
explored for measuring various physical parameters (e.g., strain, temperature, pressure etc.)

independently and simultaneously.

+ The fabrication of long period gratings (LPGs) [52],[57],[231],[232] through the amplitude-
mask technique in various photosensitive fibres would represent a new direction from the

present knowledge base, building upon the success in high thermal stability of FBGs.

+ The comparison of various modes of LPGs in terms of the thermal stability, strain and
temperature sensitivities [233],[234] and the use of LPGs for various sensing applications
[235],[236] may have significant potential to carry forward this research, to optimise the
design of an LPG-based system for sensing several specific physical and/or chemical

parameters building upon recently reported within the literature.
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Appendix |

Guided wave propagation and
the coupled mode theory

A1.1. Guided wave propagation
The theory of FBGs may be developed by considering the propagation of modes in an optical
fibre. The relationship between the modes and the refractive Index perturbation in a grating plays
an important role on the overall efficiency. Before discussing the coupled-mode theory, the

fundamentals of the guided wave propagation are discussed briefly in this section.

For an optical waveguide (assuming the material is non-ferromagnetic and source-free

dielectric), Maxwell’s equations can be written as

v 3=0 (A1.1)

vV o=0 (A1.2)

V X E = - OBlat (A1.3)

V x H=J + SD/St (A1.4)
with the constitutive relations

D=elE+ P (A1.5)

B = p(H (A1.6)

where B and H are the magnetic flux and field vectors, respectively; €0is the dielectric constant
and p0 is the magnetic permeability; D is the electric displacement vector; E is the electric field
vector; J is the conduction current and P is the induced polarisation vector, which may be
expressed as

P = SoXjE (A1.7)
where the linear susceptibility, xy. is related to the permittivity tensor, §j, through the equation

=1+ X (A1.8)

Assuming the conduction current (J) in the optical waveguide is zero and using Eq. (A1.5), in Eq.
(A1.4)

V x H = a/5t[sCE + P] (A1.9)
Now, taking the ‘curl’ of Eq.(A1.3), and using Eqgs.(A1.1), (A1.6) and (A1.9)
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V xV x E=- did[V x B]
or, grad(V mE) - V2E =- p@B/3t[V x H|
or, V2E = p0323tZ£0E + P
or, VZ2E = p0e0 cfE/dt2 + pO*P/St2 (A1.10)
Eq.(A1.10) can be rewritten, using Egs.(A1.7) and (A1.8), as
V2E = p0e0 52E/r3t2 + s0 po Xy 32E/ot2
or, VZE = po.o G 32E/3t2 (A1.11)

which is commonly known as the ‘wave equation’.

In the ideal-mode approximation, the transverse component of the electric field can be written as

a superposition of the ideal modes labelled, j, such that
Et(x, y, z, t) = Z [Aj(2)exp(i(3jZ) + Bj(z)exp(-iPjZ)lejt(x, y)exp(-icot) (A1.12)

where Aj(z) and Bj(z) are the slowly varying amplitudes of the j-th mode travelling in the +z and
-z directions, respectively. The transverse mode fields, ejt(x, y), might describe the core-modes

or the radiation LP-modes or the cladding-modes [56].

The fields (as expressed in Eq. (A1.12)) satisfy the same wave equation, Eq. (A1.11), as well as
being bounded by the waveguide. The mode fields in the core are J-Bessel functions and in the
claddings are K-Bessel functions. In general, the solutions of each of these functions are two
sets of orthogonally polarised modes. The transverse fields for p-th x-polarised mode in the core

that satisfy the wave equation, are given by [7]

= CMNur/a){cos(p(|>)} (A1.13)
{sin(p<)>)}
Hy = neff (s0p0) 12 (A1.14)

The corresponding fields in the cladding are

£x = C, [J,(u)/K,(w)]K,(wr/a){cos(p<i>)} (A1.15)
{sin(p9>)}

Hy = neff (sOp0)12* (A1.16)
where the used normalised parameters in the above equations are

v =(2naA.) (na2- nd2)12 (A1.17)

u = (litaTk) (na2- nef2)12 (A1.18)

w = (v2-u 212 (A1.19)
where a is the radius of the fibre core and

neff = nd{b[(h@- nd)/nc] + 1} (A1.20)
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where neffis the effective index of the mode and the normalised parameter, b, can be expressed

as
b = w2u2 (A1.21)

Assuming only a single polarisation for a perfectly circular non-birefringent fibres, the power
carried in the mode can be evaluated from the Poynting’s vector relationship (i.e., |A j2) and the
normalisation constant, C*, can be expressed as [7]

C,, = (2w/av) {(po/EQ)12[neff Tie" UM (u) J,+i(u) |1}12 (A1.22)
where e* = 2 for fundamental mode (p = 0) and eM= 1 for other higher order modes (p * 0).
Matching the fields at the core-cladding boundary, for the LP modes, results in the waveguide
characteristic eigen-value equation as

u PViu)IMu)] =+ w [K AM /K » ] (A1.23)

which may be solved to calculate the values of the propagation constants of various modes.

2.5.3. Coupled-mode theory
A quantitative analysis of a fibre grating in terms of diffraction efficiency and spectral response
can be done by using the coupled-mode theory. The analysis may be started with the equation
for the transverse component of the electric field as a superposition of ideal modes, which has
been expressed by Eq. (A1.12). While the modes are orthogonal in an ideal waveguide, they do
not exchange energy. However, the presence of a dielectric perturbation creates the modes to
be coupled to each other so that the amplitudes Aj and Bj of the j-th mode evolve along the

length of fibre axis (z-axis) according to [56]

dA/dz =i ZAKK'K + KZj) expli(pk- Pj)z]
+i1B k(K'K- KZj) expl[-i(pk+ pj)z] (A1.24)
dB/dz =-i EAKK'K - KZq) expli(pk + p,)z]

- i ZBKK + KAq) exp[-i(pk- pj)z] (A1.25)
The transverse coupling coefficient between modes j and k, in above two equations, is given by
K'K(z) = (cold)jj"dxdy Ac(x, Y, z) ek(X, y) - e'jt(x, y) (A1.26)
where Ae is the perturbation in the permittivity, which is approximately equal to 2n8n for 5n « n

(i.e., for weakly guided modes or LP modes). The longitudinal coefficient, KZ4{(z), can be defined

in the similar way. However, K&j(z) « K'K(z) for fibre modes, and thus is neglected.
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In most of the photosensitive fibres, the UV-induced refractive index change, 5n(x, y, z), is

almost uniform across the core and negligible in the cladding. With this assumption and defining

two new coefficients

¢ikiz) = (rona2) 5noo(z)ucb<dyekt(x, y) met(x, y) (A1.27)
core
Kki(z) = (v/2) akj(z) (A1.28)
where k is an “ac” component of the coupling coefficient, superimposed on a “dc” component of

it, a, with a visibility factor of v, the coupling coefficient can now be written as

K'K(z) = ak(z) + 2KKj(z) cos[(2ir/A) + Q)2)] (A1.29)

For Bragg gratings, the wavelength for which reflection of a mode of amplitude, A(z), is coupled
dominantly into an identical counter-propagating mode of amplitude, B(z), gives the Bragg
resonance condition. Under such condition, Eqgs.(A1.24) and (A1.25) may be simplified as
[54],[56]

dR/dz =ia' R(z) +i KS(z2) (A1.30)

dS/dz =- iq' S(z) - i k*R(z) (A1.31)
where R(z) = A(z) exp(ib6z - 4>2) and S(z) = B(z) exp(- i5z + (>2). In these equations, k is the “ac”

coupling coefficient, and the “dc” self-coupling coefficient, a, can be defined as

a'=5+a- (12)(d<)dz) (A1.32)
The de-tuning factor, 5, is independent of z and can be defined as
5=p- (tt/A)
= 27tnef [(1/A) - (1/Ad) (A1.33)
where = 2ndf A, is the ‘designed Bragg wavelength’ for an infinitesimally weak grating

(6nef-x0). It may be noted that if 6 = 0, then X = 2nef A, which satisfies the Bragg condition as
predicted in the earlier section. The absorption loss in the grating can be described through a
complex power loss coefficient, a = 2 Im(a), and the derivative, (1/2)(d<>/dz), describes the

possible chirp in the grating period.

For a single-mode FBG, the equations for the coupling coefficients can be simplified as

0 = {2n/X) Sneff (A1.34)
k =K
= (nIX) OOef (A1-35)

For a uniform grating, 5ndf is constant and (d<j)/dz) = 0, and thus k, a and a" are constants. These
simplify the solutions for the Egs. (A1.30) and (A1.31) with constant coefficients. The reflectivity

of this uniform FBG of length, L, can be found by assuming a forward-propagating wave incident
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from z = - aog while no backward-propagating wave exists for z > L/2 [i.e., S(L/2) = 0], The
amplitude, p = S(-L/2)/R(-L/2) and the power reflection coefficient, R = |p|2 can be expressed
as [54],[56]

p = {—k sinh[(K2- 0'21A]}/{a' sinh[(K2- a'214d] + i (k2- 0'212cosh[(K2- a'214]}

(A1.36)
and

R = sinh2[(k2- a'212]/{cosh2[(k2- a'214] - (c'2k2)} (A1.37)

From Eq.(A1.37), the maximum achievable reflectivity of a uniform FBG can be obtained as

Rnax = tanh2 (kL) (A1.38)

when a' = 0, from where the Bragg wavelength corresponding to this maximum reflectivity can

be defined as

Tmex = [1 + (5neffinef)] | d (A1.39)
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TUiLaser
Operation Manual ExciStar S - Introduction

t
Appendix Il
1.3 Laser System Specifications
Table 1-1: Laser System Specifications
ExciStar S-200 ; ExciStar S-500 *
Laser Medium §2 ArF KrF XeCl XeCl XeF
Wavelength 157 nm 193 nm 248 nm 308 nm long pulse 351 nm
308 nm
Tube Design CeraTube™
Pre-lonization Technique Corona Pre-lonization
Energy max. 1mJ 8 mJ 18 mJ 8 mJ 6 mJ 8 mJ
Average Power max.
* ExciStar S-200 0.2 W 1.2 W 3w 1.5 W 21 W 1.5 W
. ExciStar S-500 0.4 W 3.5 W 8 W 3.5 W 2.7 W 3.5 W
Repetition. Rate max.
* ExciStar S-200 200 Hz
¢ ExciStar S-500 500 Hz
Pulse Duration 15 ns 10 ns (FWHM)
(FWHM)
Energy Stability a <2% stand, dev.
Beam Dimensions 3mm x 6 mm (FWHM)
Beam Divergence <1 mrad x 2 mrad (FWHM)
Gas Lifetime (without gas
refill, 100 to 50 % values)
* dynamic (pulses) 2 4 Mio. 8 Mio. 14 Mio. 12 Mio. 4 Mio.
o static Mio. 2 days 4 days 10 days 10 days 4 days
12 hours
Optics Service*(pulses) 50 Mio. 50 70 Mio. 100 Mio. 100 Mio. 40 Mio.
Mio
Electrode Service**(pulses) 500 Mio.
Cooling Aircooled (watercooling optional)
Gas pressure (absolute) 6000 hPa
Laser Tube Volume 2.1 Liter
Ambient Temperature 15 °C = 32 °C (59 °F - 90 °F), not condensing
Electrical Specifications
Voltage 100 V - 240 VAC
Frequency 50 - 60 Hz
Power 1000 W max. (10 A fuse), single phase
Mechanical Specifications
Dimensions (L x W x H) 650 mm x 460 mm x 270 mm
Weight 55 kg

»All specifications are typical data and subject to change without notice in order to provide the

best product possible.

** Pulses between service intervals (replacement if required).
»
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