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This thesis presents detailed investigation on the fabrication, spectral characterisation
and applications of UV-inscribed optical fibre gratings devices. Of prominent significance
is the characterisation of the optical fibre gratings devices with nanoparticles and
biological recognition elements for novel developments in the field of optical biosensing.

A major contribution detailed in this thesis is the systematic study on fabrication, spectral
characterisation and applications of different UV-inscribed in-fibre gratings. Specifically,
uniform and apodized Fibre Bragg gratings (FBGs), normal and dual-peak long period
fibre gratings (LPFGs), small-angle tilted fibre gratings (S-TFGs) and excessively tilted
fibre gratings (Ex-TFGs) are presented. The holographic, phase-mask scanning and
point-by-point methods are employed to fabricate these advanced optical fibre gratings
using 244nm frequency-doubled Ar* laser. Particular emphasis is laid on fabrication of
dual-peak LPFGs in SMF-28 and thin-cladding single mode fibres of grating periods
140pm and 300um respectively. Also, Ex-TFGs of different tilt angles are inscribed in
single mode fibres using amplitude masks of different periods: 5.0um, 6.6um and 25um.

Another important contribution from this study is the nano-structural characterisation of
the in-fibre gratings with nanoparticles such as carbon nanotubes (CNT), zinc oxide
(ZnO) and gold nanoparticles for power demodulation, sensitivity enhancement and
polarisation dependent SPR excitation respectively. Refractive index (RI) sensors based
on 81° Ex-TFGs with carbon nanotube (CNT) overlay deposition have been investigated.
The CNT, a dark material, with high absorption of light and high Rl is responsible for the
power demodulation of the attenuation band while the 81°-TFG induces the wavelength
shift as the surrounding medium RI changes. Results show high sensitivities of 557.29
nm/RIU and 95.54 dB/RIU for the wavelength shift and power demodulation respectively.
Also, nano-deposition of zinc oxide (ZnO) on Ex-TFGs inscribed in two different fibre
types has been investigated using dissimilar morphologies (direct ZnO overlay and PS-
ZnO overlay) for enhanced RI sensing. Significant improvement in sensitivity of ~ 21%
(~ 522 nm/RIU) is obtained. The polarisation dependence of Au-coated S-TFGs on
excitation of surface plasmon resonance (SPR) has also been investigated.

Finally, the in-fibre gratings are surface-functionalized with bioreceptor elements such
as enzymes (glucose oxidase) and antibody/antigen (Trx, IL-6). Enzyme functionalized
biosensor based on dual-peak LPFG has been investigated for sugar concentration level
and specific glucose detection and high sensitivities of ~4.67 nm/% and 12.21 £ 0.19 nm/
(mg/ml) are obtained respectively. Also, fibre optic biosensors based on antibody-
functionalized 81°-TFGs have been presented for label-free specific recognition of
interleukin-6 (IL-6) and thioredoxin (Trx) proteins. High saturation values (A4, ) of
35.05nm and 33.19nm are obtained respectively. The specificity validation of the

biosensors in the presence of other interfering proteins is investigated using human
plasma and results show high specificity.

Key words: Optical fibre gratings, nano-structural functionalisation, optical biosensors,
glucose detection, Interleukin-6, bioreceptor element, Thioredoxin.
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Chapter

Introduction and Thesis structure

1.1 Introduction

The emergence of optical fibre brought about an era of technological revolution with a
variety of application devices developed in the field of optical communication and optical
sensing. Basically, optical fibre works by the principles of total internal reflection guiding
light rays through the core of the fibre with minimal loss to the surrounding. Since signals
are transmitted as light instead of electric current, optical fibre is immune to both
electromagnetic interference (EMI) and radio frequency interference (RFI) with
advantages of light weight, low insertion loss and high temperature tolerance. Moreover,
the discovery of the photosensitivity characteristic of optical fibres have further

revolutionized their telecommunication and sensing applications [1].

Photosensitivity in optical fibre generally refers to sensitivity to electromagnetic radiation,
usually light. This phenomenon is manifested by light—induced refractive index changes
providing a practical method for inscribing gratings in the core of the glass fibre which
are predominantly used in telecommunication and optical sensing. Photosensitivity has
been a major factor since it was first discovered in germanium-silica (Ge-doped) fibres
[2] and researchers have developed various methods of enhancing the photosensitivity

of fibres.

Low-temperature hydrogen loading of germane-silicate fibres at high pressure [3] is the
most commonly used technique for enhancing photosensitivity in optic fibre and it is

widely used to enhance grating inscription in optic fibre. Over the last few decades,
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persistent research has led to three main fabrication methods: holographic inscription
[4], phase mask scanning [5-7] and point-by-point technique [8]. Also, optical fibre
gratings have been broadly classified into three categories: fibre Bragg gratings (FBGS)
[2], long period fibre gratings (LPFGs) [9] and tilted fibre gratings (TFGs) [10, 11].

Fibre Bragg gratings (FBGs), whose periods are usually much less than one micrometre,
are a series of distributed Bragg reflectors constructed in an optical fibre that reflect
particular light wavelengths and transmit all other wavelengths. FBGs are based on
forward to backward core mode coupling and characterised by wavelength selective
reflection function in form of filtering. Contrary to the contra-directional coupling in FBGs,
LPFGs with periods of hundreds of micrometres induce co-directional coupling in an
optical fibre where the guided mode is coupled to the cladding modes and are

characterised by loss filtering function.

TFGs are fabricated by tilting the grating planes relative to the perpendicular of the fibre
axis and their characteristics depend on the angle of tilt which can either be small (S-
TFG) or large (Ex-TFG). S-TFGs are characterised by strong enhancement of the
cladding mode resonances at the expense of the Bragg resonance spreading through
the transmission window which ensure backward coupling of the guided core mode to
the cladding modes. Meanwhile, Ex-TFGs are excessively tilted fringes inscribed in the
fibore core which couple the guided core mode to forward-propagating higher order
cladding modes with optical polarisation properties. Considering the different mode
coupling mechanism, tilted grating structures can offer different but desirable device
functions for many in-fibre systems thereby finding applications in laser systems and

optical sensing [12].

In recently years, optical fibre gratings are becoming increasingly attractive for bio-
chemical and bio-sensing applications. This is because they offer high-performance
alternative to conventional technologies, either for measuring a variety of physical
parameters or for performing high-sensitivity bio-chemical analysis. Optical fibre-based
biosensors offer label-free platforms for bioreceptor element and conduits for excitation
light. They have inherent selectivity for specific analyte and are classified according to

the bioreceptor element employed for sensing.

Previous researches have reported couple of bioreceptor-based optical biosensors to
monitor analyte-receptor interactions which majorly include enzyme-based optical
biosensors [13-15], antibody/antigen optical biosensors [16], DNA biosensors based on
optical fibre gratings [17-19], and biomimetic-receptor optical biosensors [20]. Also,

various optical fibre grating modifications have brought about unique features in bio-
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sensing such as micro fibre Bragg gratings (mFBGSs) [21], long period fibre gratings
(LPFGs) [18, 22], tilted fibre gratings (TFGs) [12, 14], LPFGs in photonic crystal fibres

[23], and surface plasmon resonance (SPR) [24].

The ever increasing demand for biochemical/bio-sensing platforms with unique features
of label free, real time, selectivity, specificity and in-situ detection have given optical fibre
grating biosensors significant analytical roles in medical diagnosis, food processing, life
science and environmental monitoring. The demand for these high function optical fibre
grating biosensors coupled with their wide range of applications are the motivation of this

thesis.
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1.2 Thesis structure

Basically, this thesis describes the significant contribution of optical fibre gratings to
biochemical and bio-sensing applications. It consists of six chapters and the detailed

contents of each chapter are as listed:

Chapter 1 briefly introduces the thesis contents and laid out the structure of the thesis

for easy navigation.

Chapter 2 encompasses the study of literature review on UV photosensitivity of silica
glass fibres which prompted the emergence of optical fibre grating. It delves deep into
the history and development of fibre grating technologies with brief explanations on the
three different fabrication techniques for fibre grating inscription. It also presents the
theoretical principles behind the mode coupling mechanisms, emphasizing on the phase

matching conditions for each grating type.

Chapter 3 will present the research outcomes on the fabrication and optical
characterisation of different types of advanced optical fibre gratings employing the
existing facilities available in Aston University. It will begin with the fabrication of FBGs
with different central wavelengths spanning across 800nm to beyond 2um using two
different inscription techniques: two-beam holographic and phase mask scanning. Also,
Gaussian apodized FBGs will be presented and the response of FBGs to thermal and
strain perturbations will be verified. The second session of this chapter will address the
fabrication of LPFGs with particular emphasis on the characteristics of LPFGs with
periods near dispersion turning points and explore their sensing characteristics. While
the third session will explain in details the fabrication and sensing characteristics of small
angle tilted gratings (S-TFGs), the fourth session will focus on experimental investigation
of Ex-TFGs with different tilt angles and their response to temperature, bending and

surrounding refractive index (SRI) sensing.

Chapter 4 will discuss the significant contribution to the analysis and nano-
characterisation of in-fibre grating based refractive index (RI) sensors. It will present the
detailed investigation of the effect of nanoparticle-coated (specifically carbon nanotube
and zinc oxide) optical fibre gratings on their spectral characteristics and response to
external perturbations. It will also present Au-coated S-TFGs excited plasmon sensor for

observable SPR signature and employed for SRI sensing.

Chapter 5 intends exploring the bio-sensing applications of optic fibre gratings using
different bio reception elements. The first section will present enzyme functionalized

biosensor based on single mode, thin cladding dual-peak LPFG for sugar level and
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specific glucose detection. The two other sessions intend presenting novel investigation
on level-detection of specific antibody/antigens; thioredoxin (Trx) and interleukin-6 (IL-6)

which are essential proteins in human body.

Chapter 6 will present the overall thesis conclusion and proffer suggestions for imminent

future research.
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Chapter

Review:
Historical background, photosensitivity,

Grating theory and fabrication techniques

2.1 Historical background

The evolution of optical fibre photosensitivity could be traced back to Communication
Research Centre, Canada, where fibre photosensitivity was first observed in germanium-
doped silica fibre by Hill and co-workers [1]. They were initially carrying out an
experiment to study nonlinear effects in a specially designed optical fibre where intense
visible light from an argon ion laser was launched into the core of the fibre. With
prolonged exposure, it was observed that the intensity of the light back-reflected from
the fibre increased significantly with time thereby increasing the fibre attenuation. It was
a standing wave pattern formed by the interference between 4% back reflection from the
cleaved fibre end and the forward propagating light. Spectral measurement showed that
the increased attenuation of transmission light was as a result of a permanent refractive
index variation being photo-induced into the core of this special fibre. Consequently, this
structure coupled some of the forward propagating light in the core mode into the
backward propagating mode. This periodic refractive index variation, also named “Hill
grating”, was the first observation of fibre Bragg gratings (FBGs) and a milestone in

research on the nonlinear properties of germanium-doped silica fibre.
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This phenomenon left a couple of researchers confused for about a decade but some
still endeavour to delve into the mechanism behind it [2, 3]. The main reasons being that
it was difficult to repeat the original experiments and the phenomenon observed was
stigmatized to emanate only from the experiments which was limited to the one “magic”
fibre at the Communication Research Centre, Canada. Also, the writing wavelength of
the spectral region of the “Hill gratings” was confined within the visible part of the
spectrum (argon ion writing wavelength — 488nm), which was of no importance to
telecommunication, signal processing and sensing in near-IR region. During the early
1980s, scientists were investigating on second-harmonic generation in germanium-
doped silica optical fibres with zero second-order nonlinear coefficients. Sasaki, Ohmori
[4] and Fujii et al. [5] reported another nonlinear phenomenon of sum frequency
generation. Stolen et al. [6] and Farries et al. [7] illustrated some experiments to support
a mechanism for phase-matched generation of second harmonic (SH) light in the fibre.
Thereafter, the observation from Stone et al. [8] demonstrated that virtually all
germanium-doped silica fibres are sensitive to argon ion laser light radiation; this

prompted resurgence in the field of optical fibre gratings.

In 1989, persistent research brought about a major breakthrough — a new fabrication
method called the side inscription method later known as Two-beam holographic method
[9]. Bragg gratings were inscribed by this method using the ultraviolet laser at 244nm
single-photon absorption. It was demonstrated how two interfering 244nm single-photon
UV laser beams could be used to inscribe gratings that would reflect a wide wavelength
range of light (750nm - 1650nm) by illuminating the fibre core from the side. The Bragg
resonance wavelength is dependent on the angle between the two interfering beams.
Therefore, with this method, fibre gratings of any wavelength could be fabricated simply
by changing the interfering angle of the two beams. The wavelength for reflection
gratings could also be extended to any wavelength region of interest (1300 - 1500nm),
permitting their usage in modern telecommunications and sensing systems. Thereafter,
R. Kashyap et al. [10] demonstrated the first fibre laser operating from the reflection of

the erbium-doped germane-silicate fibre grating at 1500nm.

However, one persistent problem of this breakthrough is the weakness of the fibre
grating. This is because, normally, the UV induced refractive index change in standard
single mode optical fibres is only around -3x10°. Since then, several treatment methods
have been devised to increase the refractive index changes in optical fibre. These
treatments make possible efficient reflectors of hundred wavelengths long. A prominent

effort came from Lemaire and his colleagues, who reported a simple fibre treating
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technique to enhance the photosensitivity by a low temperature and high pressure

hydrogen treatment (also called hydrogen loading) before the UV exposure [11].

The year 1993 was the most important in the history of FBGs, with the discovery of two
more enabling technologies: the phase mask and hydrogen-loading. The phase mask
technique was invented by Hill and two other groups in Bell Labs and British Telecom
[12, 13]; which eventually made commercial productivity of fibre gratings a reality. The
second crucial development was the discovery that the diffusion of molecular hydrogen
gas in optical fibre at relatively high pressure and for a duration long enough to saturate
the fibre led to an extremely large enhancement in the photosensitivity of the fibres to
UV light [11].

As a rapidly maturing technology finding applications in several fields, reliability of FBGs
became a major concern to users. In 1994, the first chirped in-fibre Bragg grating for
compensation of optical fibre dispersion was reported by Hill et al. [14]. Moreover, many
new modified fibre gratings such as sampled gratings [15], apodized FBGs [16], Moiré
gratings [17] and phase shift gratings [18] were also reported. Then, in 1996, Vengsarkar
et al. presented the first long period fibre grating (LPFG) as band rejection filter [19].
These are fibre gratings with much longer periods than FBGs, such that mode coupling
occurs in the forward direction instead of backwards. The resulting filter is a band-pass
transmission filter and the phase matching condition depends on the difference between
the effective indices of the modes being coupled. The consequence of the phase
matching condition of LPFGs is that the resonant wavelength of a given mode coupling
pair becomes highly dispersive. In that case, the resonant wavelength sensitivity to a
given perturbation can either be positive, negative or near zero and can generally be

optimised for a given sensing application [20].

Recently, availability of micro-structured fibres in several shapes and forms has opened
up new sensing modalities which have led to the development of polarisation maintaining
(PM) fibres [21]. In 2000, the first 45°- tilted fibre grating (TFG), used as in-line
polarimeter, was demonstrated by P. S. Westbrook [22] while in 2005, Zhou et al. [23],
demonstrated the use of 45°-TFGs as in-fibre polariser. Also, in early 2006, Zhou et al
reported the first excessively tilted fibre grating (Ex-TFG) used as sensors with high RI

sensitivity and low thermal sensitivity [24].

Perhaps it is worth mentioning that there are significantly new additions to the trend of
optical fibre discoveries as each day goes by. Lots of articles relating to photosensitivity

and fibre gratings are often being published in journals and proceedings of conferences.
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Prominent among recent discoveries is the ultra-fast pulsed (femtosecond) laser, which
can write into any object that is transparent at the laser wavelength. The focusing
strength and ultra-short pulses of femtosecond laser ensure that the bandgap of the
material is reached and its properties altered as a result. Also, the possibility of using
phase mask scanning technique together with ultrafast lasers to inscribe different grating
types in several materials has been demonstrated [25].
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2.2 Photosensitivity of optical fibre

As earlier mentioned, the discovery of photosensitivity in silica by Hill et al [1] occurred
while investigating non-linear effects in germanium doped silica fibre but light reflection
from the cleaved end of the fibre was observed. The reflected light interfered with the
forward propagating light and, as a result, set up a standing wave along the fibre length
which changes the refractive index of the fibre. This change in refractive index acted as
a reflector to the incoming radiation thereby increasing the standing wave amplitude and
the periodic refractive index modulation till saturation was attained. The resulting

structure acted like a narrowband (< 200mMHz) filter limited to operate at the original laser

wavelength.

Photosensitivity of optical fibre, therefore, refers to the induced change in refractive index
of fibre core after exposure to ultra-violet (UV) light with specific wavelength. Itis a couple
of complex photo-chemical, photo-mechanical and thermo-chemical mechanism.
Although, it was initially discovered in the germanium-doped silica glass fibre, many other
doped silica fibres, such as europium [26], cerium [27], phosphorus [28] and
erbium/germanium [29] have also shown different degrees of photosensitivity. Despite
all, the germanium-doped fibre exhibit most photosensitivity to UV exposure. Therefore,
the photosensitivity mechanism in germanium doped silica glass fibre will only be

focused on in this session of the thesis.

2.2.1 Photosensitivity mechanisms

A variety of mechanisms have been proposed to explain the phenomenon behind the
index changes but the dependence of this phenomenon on the various fabrication
methods indicates its complexity. The photosensitive behaviour of doped amorphous
silica varies with composition and fabrication methods thereby impacting the molecular
structure of the silica matrix. Nearly all materials have defects and that of amorphous
silica is no exception. While defects in the structure of silica used for optical transmission
are kept at barest minimum so as to reduce losses caused by the associated absorption
bands, they also play important role in photosensitivity. The defects of material are fatal
in some applications such as high speed rotating turbine, but are useful in other
applications such as germanium-doped optical fibores and semiconductor materials.
These point defects, also known as colour centres, arise from intrinsic material defects

or are induced by processing methods like drawing of fibre.

The predominant modified chemical vapour deposition system for the preparation of

germanium-doped preform instil several incompatible chemical reactions in the preform
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leading to lots of sub-oxides and defects in the silica host tetrahedral matrix. Also, the
fibre drawing process induces new defect centres known as drawing induced defects
(DIDs) [30, 31]. With germanium having two different stable oxidization states, +2 and
+4, perturbations such as high temperature during the preform fabrication process affect
the stability of its sub-oxide (GeO_) while GeO exists mainly in the fibre core in form of
2-coordinated Ge or the Ge-Si (or Ge-Ge) wrong bonds, which are defect precursors
[32]. The different point defects in germanium doped optical fibre are as shown in Figure
2.1.

Aston University

lustration removed for copyright restrictions

Figure 2.1: Schematic of different point defects in germanium-doped silica (optical fibre).

As shown in the figure, the GODCs are germanium oxygen-deficient centres which are
responsible for photosensitivity in optical fibre. Ge(1) and Ge(2) are trapped electron
centres (or hole centres) and have their absorption bands at 281nm and 213nm
respectively [33, 34]. Also, GODCs have two absorption bands: a single-photon
absorption process due to singlet to singlet transition at 240nm and a two-photon
absorption process which is weak absorption band with singlet to triplet transition at

480nm [35]. The other point defects are: the peroxy oxygen hole centre (P-OHC), the
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non-bridging oxygen hole centre (NBOHC) and hole/trap centre or electron centre

(GGE')with absorption bands at 260nm, 600nm and 195nm respectively [36]. Besides

causing photosensitivity, all these absorption bands created by the point defects also
incur transmission loss, nonlinear transmission [37, 38] and fibre fusing effect [39] on the

optical fibre.
2.2.2 Photosensitisation techniques

Photosensitivity being a complex mechanism cannot possibly be explained by a single
theoretical model therefore, several models have been proposed for better
understanding of the concept of photosensitivity in optic fibre. These models include
colour centre model [40, 41], mechanical effects like compaction/densification model [42]
or stress relief/relaxation model [42, 43], electron charge migration model [44],
permanent electric dipole model [45] and ionic migration model [46]. Meanwhile, this
session will only briefly review colour centre model, stress relief/relaxation model and

compaction/densification model among others.
2.2.2.1 Color center model

Color center model otherwise known as the defects center model was first proposed by
Hand and Russell using the Kramers-Kronig relation [45]. This model is based on the
principle that the photo-induced refractive index variation in optical fibre is as a result of
electron excitation and conversion of defect centers in the germanium-doped fibre. Pure
amorphous silica forms a tetrahedral structure in which silicon atom bonds to four oxygen
atoms in a quasi-periodic structure. Within this regular structure, deviation from the
normal tetrahedral lattice occurs. Similarly, germanium has a valence of four and,
therefore, can act as a direct replacement in the silica matrix. The two dominant
absorption bands for germanium-doped fibre are at 195nm (6.35eV) and 240nm (5.1eV)
and are associated with the point defects GeE' and GODC respectively [47, 48]. When
the germanium content is increased, the concentration of the related germanium oxygen
deficiency centers (GODCs) also increases. Ge?* defect with absorption at 241nm and
the neutral oxygen vacancy (also known as NOV, a Ge-Ge bond or Si-Ge bond) with
absorption at 245nm are the two defects significantly causing the increment. The
absorption related to the GODCs is bleached when exposed to UV, indicating the defects
are modified upon UV exposure resulting in the formation of new defects with new
absorption bands. It has been experimentally shown [40] that the photon-induced

refractive index change while responding to UV light near 240nm induces photochemical
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reactions between GODC defects andGeE’'. These reactions can be identified as two

processes. Firstly, the single-photon process in which the wrong bond based GODC

absorbs a photon (5.16eV) and subsequently converts to GeE'and Geog+ as expressed in

Fig. 2.2(a) [49, 50]. The emergence of GeE’ liberates an electron which has been trapped
elsewhere in the matrix thereby forming an additional defect such as the Ge(1).
Secondly, the two-photon process where the 2-coordinated Ge based GODC absorbs
two photons and initially generates a self-trapped hole center (STH) together with a ‘Ge’
electron center (GEC) which is finally converted to GeE'as expressed in Figure 2.2(b)
[50].

hv N
Ge —Ge <~ GeE’+GeO, +e (a)

/Or Ge-Si\ Spontaneous
Recombination

| . 2hv
— Ge— + Ge <« > GEC+ O+STH (b)

| / \ Spontaneous

Recombination

Figure 2.2: Photochemical reaction paths (a) single-photon process and (b) two-photon process.

The changes in refractive index are closely linked with changes of absorption in UV
region. Also, some other mechanisms occur, possibly based around thermal effects,
stress modification or compaction of the silica resulting in additional levels of index
moadification. In fact, densification has been shown to occur in UV exposed germane-

silicates with resultant variations of stress and refractive index [51].
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2.2.2.2 Densification-compaction model

This model assumes that the refractive index change is caused by the UV-induced
compaction/densification. It is based on structural changes of the glass matrix and was
initiated by Fiori and Devine in the compaction effect of amorphous silica film [52]. In a
study of silica glasses for lithography applications, it was observed that UV induced
densification was proportional to the softening temperature for number of different silica
based glasses [53]. UV-induced densification in germanium-doped silica preforms and
fibres was indeed observed by using atomic force microscope (AFM) [54], transmission
electrons microscope (TEM) [55] and indirectly through changes in Raman spectra [56].
Compaction of the core occurs when an increase in refractive index causes an increase

in the tensile stress in the core.

In contrary to the stress relief model, during the Bragg grating growth in the fibre and
perform, it was observed that the tension increased strongly [55, 57]. This process is
the combination of compaction (increasing the RI) and tensile stress effect on fibre core
(reducing the RI). After some analysis of the contributions to the light induced RI change
due to the compaction and photo-elastic effect, it was observed that the total Bragg
grating RI modulation is smaller than that of the compaction induced Rl modulation by

30%-35%, because of negative index effect of photo-elastic [42].

2.2.2.3 Stress relief model

When the refractive index of silica glass changes due to the stress-optic effect, the relief
of built-in thermo-elastic stress which is caused by the UV exposure changes the RI of
the fibre core [58]. Optical fibres may have highly stressed region depending on material
properties and manufacturing procedures. Obviously, the residual stress arises from
fibre cladding and core region having different thermal expansion coefficients. During the
drawing and cooling process of the fibre the residual stress will be restored and the

resulting tension can cause the reduction in refractive index (RI).

Optical fibre with a core having higher thermal expansion coefficient than that of its
cladding (ar-core > Qr-clad) Will be restricted by the cladding glass as the core of the fibre
cools down due to contraction. It will be a reverse situation if the core has a lower thermal
expansion when compared to the cladding. When the stress integrate over the fibre is
zero, the residual stress in the different regions will depend on the ratio of their area. The
drawing tension will be applied to the region that first solidifies and the remaining glass

with the lower transition temperature will solidify once the temperature has sufficiently
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decreased. As the drawing tension gradually reduces, the fibre will contract thereby
resulting in a comprehensive stress in the regions with lower transition temperature [59].
Estimated refractive index change due to stress relation in highly stressed fibre is in the
order of An~ 1072 [60].

2.2.3 Photosensitivity enhancement techniques

Standard communication fibre (SMF- 28) has very low photosensitivity and, therefore,
needs to be enhanced. This is because it has low germanium dopant (around 3 mol%)
and the UV induced saturable index change in the fibre is only about 3x10° [61].
Meanwhile, germanium is not the only dopant that can be added to the silica matrix in
order to enhance photosensitivity. It is, however, frequently convenient to use
germanium because it provides greater design and fabrication flexibility besides
increasing the refractive index of silica. But to avoid the undesirable effects of excessive
germanium doping levels, additional co-dopants (such as boron) may be used which has

been found to enhance photosensitivity as well [52].
2.2.3.1 Hydrogen loading technique

The technique of hydrogen loading has been developed to improve photosensitivity
without altering the physical properties of the glass. This is a good alternative to
increasing dopant levels in germano-silicate glasses. It involves the use of high pressure
to diffuse hydrogen into the silica matrix [11]. Permanent index changes, as high as 2 x
107, is induced in the planar waveguide when loaded glass is exposed to UV [62]. This
technique has been shown to effectively enhance photosensitivity in both germanium
doped and germanium-free fibres. Also, it has the advantage that hydrogen in the

unexposed glass diffuses out without altering the physical properties of the glass.

However, the main disadvantage of hydrogenation is that out-diffusion of hydrogen
begins as soon as the sample is removed from a high pressure atmosphere. OH group
in silica have a characteristic absorption at 1.4um which extends to the 1550nm
telecommunications wavelength band. Hydrogen loading and UV irradiation are known
to also form such OH groups within the silica matrix, so the technique can increase
transmission loss in the resultant structures. Obviously, the spare hydrogen will cause
critical loss at the communication windows. One alternative proposed to avoid this
problem is to use deuterium whose chemical properties are almost identical to hydrogen,
and then the infrared loss band will be moved away from the telecommunication

transmission window.
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2.2.3.2 Co-doping technique

The initial discovery of photosensitivity in optic fibre is as a result of the presence of
germanium as a dopant in the core of the fibre. Therefore, doping or co-doping with other
additional materials could be an alternative method to enhance the photosensitivity. Co-
doping silica fibres with B-O3s and GeO: results in highly photosensitive fibres [52]. The
addition of B2Os3, with concentration less than 10 mol%, to GeO; doped silica does not
alter the 240nm UV absorption band characteristic for germanium doped fibres. But for
higher B,O3 concentration, the 240nm absorption band is reduced (17-18 mol% GeOy).
In B2Os -SiO, glass, UV absorption starts to increase at ~190nm and there is no
absorption band at 240nm [63]. This co-doping mechanism is attributed to densification
enhancement due to stress effect [64]. Actually, the enhancement of the photosensitivity
of germane-silicate fibre is not only limited to the Boron co-doping, there are also other
materials as co-dopants. Tin (Sn) co-doped fibre and Nitrogen (N2) co-doped fibre are
typical examples. But there are some problems limiting their fabrications and
applications. In comparison to boron (B) co-doping, tin (Sn) co-doping does not introduce

any significant loss at the telecommunication transmission window [65, 66].

2.2.3.3 Flame brushing technique

Flame brushing, which has the same photosensitizing principle as the hydrogenation
technique, involves localized heating of fibres and waveguides using hydrogen rich
flame. This technique results in enormous increase in the UV absorption spectra. During
this process, the fibre is treated in a flame fuelled with hydrogen and oxygen at an
estimated temperature of ~1700 °C for about 20mins. Essentially, the increased
photosensitivity is due to in-diffusion of hydrogen and hydroxyl molecules into the fibre
core which react with germane-silicate to produce GODC defect centres, enlarge the
absorption band of 240nm, and finally increase UV induced Rl modulation [67]. Despite
having numerous advantages - such as low loss at the desired telecommunication
transmission window, short treatment time, permanent enhancement and localization of
photosensitivity - the major drawback of this method which is mechanical degradation of

the fibre after prolonged processing overshadows the benefits.
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2.3 Couple mode theory

Couple-mode theory has been widely accepted as approximate solution for the
gquantitative analysis of diffraction efficiency and spectral dependence of optical fibre
gratings. It is a simple but accurate model for describing the characteristics and optical
properties of in-fibre gratings. The comprehensive derivation of this theory has earlier
been provided by Yariv [68], Kogelnik [69], and Erdogan [70, 71]. This thesis will only
give a brief theoretical discussion based on the model proposed by Erdogan.

Considering the transverse component of the electric field as a superposition of the ideal
modes in an ideal waveguide without any perturbation represented by the Eqn. (2.1)

below:
Equation 2.1 E (x,y,2,t)= > [A,(2)exp(i/3,2) + By, (2) exp(—i B 2) Jem (X, y) exp(-iat)

Where the coefficients 4,,,(z) and B,,(z) are slightly varying amplitudes of the m** mode
(travelling in the +z and —z directions respectively), ér (x,y) is the transverse mode field
(described by a bound-core, cladding or radiation mode), and g is the propagation

constant. The propagation constant can further be expressed as,

Equation 2.2 ﬂ:%neff

Where n,fr represents the effective refractive index (RI) of the mt" mode.

Mode coupling occurs in the presence of a dielectric perturbation and the amplitudes
A, (2) and B,,(z) of the m" mode evolve along the z direction as expressed by the

following equations:

Equation 2.3

%ﬂ =i A (Cin +Cin Joxo (8, - B )2 |+ i;Bq (Chn ~Con Jex0| =i (8, + B )2

g
Equation 2.4

ddem =—i> A, (Ch —Chi Joxp (B, + B )2 |1 By (Ch + Cin Joxp| =i(8, ~ )2 |
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Where Cgm and Cgm are the transverse and longitudinal coupling coefficients between g

and m modes respectively.

The longitudinal coefficient Cgm is analogous to that of the transverse coefficient, Cgm ,
but for fibre modes the longitudinal coefficient €%, is usually neglected since CJ,, >» Ck,,

. The transverse coefficient can then be expressed as,

Equation 2.5 C;m(z):%ﬂAe(x, y,z) & (xy)dxdy

Equation 2.6 Ag(X,Y,2)=2n4 Ny (X, Y,2)

Where Ae(x,y,z) is the permittivity perturbation with a value of approximately 2nén and
on is the effective Rl variation with smaller value compared with the local index, n, in the

ideal fibre.

In an ideal waveguide, with no perturbation, Ae = 0, the coupling coefficient C,,,(z) = 0,

and the transverse mode are orthogonal without exchanging any form of energy. When
a photosensitive fibre is exposed to a spatially varying pattern of UV light, it produces

the refractive index change én.sr(z) which is expressed by the Eqn. (2.7) as,

Equation 2.7 SNy (2)=Sngg (z){1+ vcos(%ﬂ Z+ ¢(z)ﬂ

Where Sneff(z) is the “dc” index change spatially averaged over a grating period or the
slowly varying envelope of the grating, A is the grating period, ¢ (z) describes the grating
chirp and v is the fringe visibilty of the index change. UV-induced index

change, én.¢¢(x,y,z), is approximately uniform across the core and negligible outside
the core of most fibre gratings. It can, therefore be replaced by dn.,(z). From Eqgns. (2.6)
and (2.7), the general coupling coefficient may be written as

Equation 2.8 Can (2) =¥ (2) + 2Ky (2) cos[% z+ ¢(Z)]

Where 4, (z) and kg, (2) in Eqn. (2.8) are the “dc” and “ac” coupling coefficients

respectively and are given by:
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Equation 2.9 Vo (2)= > 5neﬁ(z)”e*qT (x, y)dxdy
Equation 2.10 Kqm (2) :%qum (2)

2.3.1 Backward Mode Coupling

The dominant interaction, in the backward mode coupling, is near the wavelength at

which reflection occurs from a mode of amplitude A(z) to an identical counter-
propagating mode of amplitude g(z) . Under such conditions equations (2.3) and (2.4)

are simplified to the following equations [70]:

Equation 2.11 Z—R: iR (z)+ikS(z)
z
. dS N .y *
Equation 2.12 Pl wS(z)—ik R(2)
z

Where k is “ac” coupling coefficient, ¢ is the general “dc” self-coupling coefficient and

the amplitudes are R and S.

Equation 2.13 R(z)= A(z)exp[ia“z _@j
Equation 2.14 S(z)= B(Z)exp(—ié‘z +@j
Equation 2.15 ,/}=5+,/,_1w

2 dz

Where the detuning, 6 is independent of z and defined as

V4 1 1
Equation 2.16 S=B-"=B-fB,=27n..| =———
q i) n L— Py =2nNg4 {/1 ﬂ,d}

Here, /1d :ZneﬁA is the “design wavelength” for Bragg scattering by an infinitesimally
weak grating(&neff —>0). For a single-mode Bragg grating, the following equations are
simplified relations
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Equation 2.17 W =—0Ng
. * T
Equation 2.18 k=k = zvéneff

For a uniform grating along z axis, é_ineﬁ is constant and d¢(z)/dz =0, meaning there is
no indication of grating chirp. Thus k,w and > are constants. This simplifies equations

(2.11) and (2.12) into coupled first-order ordinary differential equations with constant
coefficients. The closed form maybe found when appropriate boundary conditions are

specified.
2.3.2 Forward Mode Coupling

In forward mode coupling, a forward propagating mode with amplitude A (z) is strongly
coupled into a co-propagating mode of amplitude A, (z) close to the wavelength in which

forward mode coupling occurs. Equations (2.3) and (2.4) may be modified by retaining
the terms that involve the amplitudes of these two modes and assuming necessary

synchronous approximation to derive the following equations,

drR

Equation 2.19 P iyR(z)+ikS(z)
z
. as .. o
Equation 2.20 d—:— wS(z2)+ik R(z)
z

Where R and S are new amplitudes and can be defined by the following expressions:

Equation 2.21 R(2) = A(z)exp[i(wll +w22)§jexp[i5z —gj
Equation 2.22 S(2) = Az(z)exp(—i (v +va )%jexp(—ié‘z + g]

Where y,, and y,, are “dc” coupling coefficients as defined earlier in equation (2.9), k

being the “ac” coupling coefficient as earlier stated, k= k21 = k12 and 7 is the general

“dc” self-coupling coefficient which is defined by the expression below:
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Equation 2.23 gosa|Yutve | 1dQ
2 2 dz

When the detuning ¢ is assumed to be constant along the z axis, it becomes defined

by the expression

. 1 T 1 1
Equation 2.24 o= E(/;’l _ﬁz)_K = AN {z _Z}

where ﬂd =Ang A is termed the “design wavelength” for any grating approaching zero

index modulation. For Bragg gratings the grating condition is given as 6=0 , or
A=1, =Ang4A. In contrast to single mode Bragg grating, uniform forward coupling
grating has constant » andk; while k may need to be evaluated numerically and not

simply calculated as stated in Eqn. (2.18). Since the forward coupled grating equations
are coupled first order differential equations with constant coefficient, closed form

solutions can be found when given necessary boundary conditions [70].
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2.4 Phase matching conditions

With the existence of any perturbation in an optic fibre, the bound-wave tends to be
coupled to the counter-propagating or co-propagating modes. Optic fibre grating is
classified depending on which mode the bound-wave is coupled. When coupled to the
counter-propagating mode, it is called backward-coupled grating since it couples light to
opposite direction. Bragg gratings (FBG) of uniform and chirped structures and tilted fibre
gratings (TFG) with small tilted angles are typical examples of this category. But when
coupled to the co-propagating mode, it is termed forward-coupled grating since coupling
occurs among the same directional modes. Long period fibre grating (LPFG) and

excessively tilted fibre grating (Ex-TFG) are examples of this category.

For the coupled modes, either backward-coupled or forward-coupled, the phase

mismatch factor is referred to as a detuning and is given by the expression below;

2r
Equation 2.25 AB=p B, ———Ncosd

Ag

where g and g, are the propagating constants for the incident and diffracted modes
respectively, /\g is the period of the grating, 6 is the grating tilted angle and N is an
integer number. Essentially, the "+" sign defines the propagation direction along "F 2"

axis. The phase mismatch factor, A must be zero for a significant amount of energy to

be transferred. This is termed the phase-matching condition and therefore Eqn. (2.25)

becomes
Equation 2.26 B £ By =—Ncosé

For counter-propagation (backward-coupled), g and g, both have identical signs
whereas for co-propagating, (forward-coupled), g and g, have opposite signs. This
shows that the sign of g and that of B, determine with which mode the phase is
matched. In most cases, first-order diffraction is dominant, therefore, N is always

assumed to be unity [68]. The resonant wavelength is satisfied by the following

expression:

A
(nieff ir]gff ) g

Equation 2.27 A
cosé

42



Another approach to understanding the phase-matching condition (PMC) is to see it as

conservation of energy. The vector equation of PMC is given by these expressions:

Equation 2.28 Ky = Keore + Ko

. > 2r
Equation 2.29 Keore = Neore =

. > 2r
Equation 2.30 Ks = ”coreTCOW

. a 2r
Equation 2.31 Ky =ny -

The core mode is represented by the wave vector K the grating by wave vectork_,

core ’

and x can be core, cladding or radiation, so, K, is the wave vector of core, cladding or

radiation mode depending on the subscript applicable.

Various types of optical fibre gratings and their phase matching conditions are as shown
in Figure 2.3. It shows that PMC theory can be used in different types of grating to know
the propagating directions and the applicable resonance wavelengths. Phase matching
condition for TFG is a bit complex and can be viewed from the principle of total internal
reflection with tilted angle range between 23.1° and 66.9° in air. A comprehensive
explanation on critical condition and mode coupling range that led to the choice of tilt-
angle range in different media can be found in [72]. Considering total internal reflection
effect at the interface of the cladding of a silica fibre and air, below this angle range, light
will be coupled to backward propagating cladding modes while above the angle range

light is coupled to forward propagating cladding modes.

In line with the above explanation, TFGs can be classified into three types: TFGs with
tited angles 8 < 23.1° which couple forward propagating core-mode to backward-
propagating cladding modes; TFGs with tilted angles 23.1° < 8 < 66.9°, which couple
fundamental core-mode to radiation modes; and TFGs with tilted angles 8 > 66.9°, which

couple core-mode to forward-propagating cladding modes [23, 72].
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Figure 2.3: Schematics of optical fibre grating types and their phase matching conditions: (a) FBG; (b)
LPFG; (c) TFG (at@ < 23.1°); (d) TFG (at @ = 45°); (e) TFG (at@ > 66.9°).

44



2.4.1 Fibre Bragg grating (FBG)

For Fibre Bragg grating (FBG) inscribed in a single-mode fibre, the only dominant
interaction is the energy transfer between the forward and backward propagating core-
modes as shown in Figure 2.4. FBG has periodic index modulation pattern, which are
symmetric, along fibre axis with a period in sub-micrometer range. In the case of
backward-coupling exhibited by normal FBG (6 = 0°), the Bragg wavelength is given by

the expression,

Equation 2.32 Ay =204 A

where N is the effective index of the core and A is the period of the index modulation.
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Figure 2.4: Schematic of mode-coupling of Fibre Bragg Grating (FBG).

2.4.2 Long period fibre grating (LPFG)

Long period fibre grating (LPFG) exhibits forward-mode coupling between the core and
the cladding modes as shown in Figure 2.5. The resonant wavelength for coupling

between the core and cladding modes satisfies the expression below;

Equation 2.33 Ao = (nﬁg -ng", ) A

. ff . o .
With n§0 and nﬁf’fm being the effective indices corresponding to the core and the m™

cladding modes respectively. The grating period of a forward-coupled grating at any

particular wavelength is much larger than that of a backward-coupled grating because
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the differences between core and cladding mode effective indices are far less than unity.

LPFGs have period in hundreds of microns [19].

A B A DY A e |
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Figure 2.5: Schematic of mode-coupling of long period fibre grating (LPFG).

2.4.3 Tilted fibre gratings (TFGs)

Tilted fibre grating (TFG) exhibits more complex mode coupling unlike FBG and LPFG
as depicted in Figure 2.6. Since there is existence of an angle, the resonant wavelength
is given by [73, 74],

. A
Equation 2.34 Aoy =(n§§ + gﬁm)'ﬁ

eff ff . - .
where N, and ng.,m are the effective indices corresponding to the core and m™

cladding mode respectively. The grating period along the fibre axis is expressed as,

Equation 2.35 A=—29

L.,

Figure 2.6: Schematic diagram of Tilted grating in fibre core.
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The sign "+" or "=" in equation (2.34) indicates the direction of the mode propagate

towards "-Z" or "+7" axis respectively. As earlier explained, the schematic diagram in

Figure 2.7 shows mode-coupling of TFG at different coupling angles.
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Figure 2.7: Schematic of mode-coupling of TFGs at different coupling angles.
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2.5 Optical fibre grating fabrication techniques

Optical fibre grating requires different fabrication techniques depending on the
characteristic of the grating in question. Each technique has its merit, limitation and
specification requirement of the grating to be fabricated. It suffices to reiterate the fact
that all other techniques evolved from the standing wave inscription technigue as a result
of persistent research activities and desire for improvement. Presently, the established
optical fibre grating fabrication techniques are classified into three: Two-beam
Holographic Technique, Point-by-Point Technique, and Phase Mask Technique. All
these three techniques are up and running in the Aston Institute of Photonic
Technologies (AIPT) Laboratories at Aston University. The couple of laboratory activities
and experimental results enumerated in this thesis made use of all these fabrication

techniques.
2.5.1 Two-beam holographic inscription technique

The two-beam holographic method is an external inscription approach to inscribing
gratings in photosensitive fibres. It involves the splitting of an incident UV-laser light into
two beams with equivalent intensity. The light passes through a 50:50 amplitude (beam)
splitter and reflected by two highly reflective mirrors indicated as M, and M, in Figure

2.8. The reflected beams recombine to produce the interfering fringes. The stripped
optical fibre is placed in the interference area, and subsequently a refractive index
modulation is induced in the core of the fibre. The interfering beams are normally focused
to enhance the intensity to the fibre core by the use of two cylindrical lenses inserted in
the two optical paths. The distance between the mirrors and the splitter could be adjusted
to get desired inscription wavelength [9]. Gratings fabricated in this manner are much

more efficient with no limitation in designing the Bragg wavelength and chirp.

The shortfall of this technique is that the total length of fabricated grating is limited by the
size of the two interfering beams. Also, inherent with this system is the ’self-chirping’ of
the gratings which occurs due to the beam profile producing a non-uniform exposure
over the length of the grating, exhibiting some oscillations located at the short wavelength

side of the Bragg resonance.
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ustration removed for copyright restrictions

Figure 2.8: Schematic of optical setup of two-beam holographic inscription technique.

Unlike the standing wave technique, the period of interference pattern depends not just
on the wavelength of incident light but also the angle between the two beams. The
mathematical relationship between the Bragg wavelength and the system parameter is

expressed as [9]:

Equation 2.36 A:L
3

2sin| —

2

Equation 2.37 A=2ng4A,

Nt Ay

Equation 2.38 A= gv
sin(j
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The distance from the beam splitter to fibre holder is fixed (labelled as L, in Figure (2.8)),

but the angle between the two beams can be adjusted by changing the positions of
mirrors 1 and 2 (since the arm-length L, =L, for uniform-period FBG) and can be

expressed as,

Equation 2.39

o .o L
2= (ﬁto—uj

Substituting equation (2.38) into (2.39), the mathematical relationship between the Bragg

wavelength and the system parameter is finally obtained as,

r]eff ﬂ'uv
sin{tan‘l(m]J

Equation 2.40 Ag =

2.5.2 Point-by-point inscription technique

This technique is so named because the grating is written a point at a time in the fibre
core. Each index perturbation of the grating is individually photo-imprinted in the fibre
core by directly modulating the UV beam. It is limited by the focused spot size of UV-
beam hence difficult to control translation stage movement accurately enough to write
FBG structures. Therefore, this technique is mainly used to fabricate long-period fibre

gratings with periods ranging from 104mto600xm. With a focus lens placed between

slit and fibre, Malo et al. fabricated a third order FBG at 1536nm using a modified point-
by-point inscription technique and the image of slit was shadowed inside the fibre core
as grating [75]. Also, the point-by-point inscription technique had been reported for direct
FBG inscription in Aston University using infrared femtosecond laser [76, 77] likewise
reported was femtosecond laser microfabrication of subwavelength structures in
photonics [78].

As shown in Figure 2.9, unlike the phase mask inscription technique, an additional lens
is required so as to reduce the spot size of the UV-beam. The UV-beam is focused on
the fibre core by the two orthogonally placed cylindrical lens while inscribing the gratings

in the core of the fibre. The PC-controlled shutter modulates the UV-laser power by
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intermittently switching on and off as the translation stage move along the fibre at a 50:50
duty cycle to achieve point-by-point inscription. This technique also finds application in

femtosecond laser inscription of fibre gratings and micro-structures.

(a)
Lenses placed Cylindrical Lens ‘I\H Mirror—
g”eh:g_lc‘;;"gr Cylindrical Lens 2 ‘ 3
. /
‘:,2 am
€ )
Optical fiore M «— //3/
(b)

Mirror
UV Beam

Translational Stage

Lens 1 (Vertical)

Optical fibre
.—' \ S—)
'_‘ti ugx Ou $n ¢ . l\_'j

Figure 2.9: Point-by-Point Inscription Technique; (a) optical setup; (b) Schematic diagram.

2.5.3 Phase mask scanning technique

The phase mask (PM) is a one-dimensional periodic surface relief pattern etched into
fused silica substrate that is transparent to UV light. It is one of the fastest and most
effective techniques for reproducing fibre grating inscription. In this technique, the phase
mask is employed as a diffractive optical element used for spatially modulating the
incident UV-beam. To start with, the optical fibre is placed very close to the corrugations
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of the phase mask for effective inscription as shown in Figure 2.10. The UV beam is
diffracted into several orders by the periodic corrugations, when it passes through the
phase mask. Approximately 80% UV laser intensity is divided equally into +1 and -1
orders diffraction beams which interfere to generate a periodic pattern that can effectively
inscribe Bragg grating in the core of the fibre. Phase mask has been optimised to achieve
zero-order suppression to less than 4% of the intensity of the transmitted light by
controlling the depth of corrugation and choosing the amplitude of the periodic surface-
relief pattern with the 7 phase modulation at the wavelength of incident UV beam [12,
13, 79].

For minimum zeroth-order diffraction, the depth of corrugations is given by the equation
below. Where the wavelength of the UV beam is 4,,, and n(2,,) is the refractive index

of the fibre at the wavelength of incident UV light. The period of the fibre grating is
determined by that of phase mask (half of the period of phase mask) and is independent
of the UV-light inscription wavelength.

. A
Equation 2.41 d=
2(n. (4)-1)
Equation 2.42 Ay = A;M

UV Beam

Phase mask--._

£y

R

A

s ——— Y

A ' ;—
e

#
was®

Optical Fibre

-1 Order

Diffraction +1 Order

Diffraction

Figure 2.10: Phase Mask Scanning Technique: schematic of UV diffraction beams by Phase Mask.
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2.6 Chapter conclusion

This chapter has discussed extensively the historical emergence of optical fibre gratings
while also reviewing the photosensitivity property of optical fibre which is as a result of
its UV-absorption characteristic mainly due to the existence of point defects in
germanium-doped silica glass fibre. Various photosensitivity enhancement techniques
are also discussed. The chapter goes further to discuss the couple mode theory as
approximate solution for quantitative analysis of diffraction efficiency and spectra
dependence of optical fibre gratings. The phase matching conditions for each type of
optical fibre gratings are also reviewed. Finally, the three prominent optical fibre grating
inscription techniques - two-beam holographic technique, phase-mask scanning

technique and point-by-point inscription technique — have also been reviewed.
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Chapter

Advanced Optical Fibre Gratings:

Fabrication, spectral characteristics and

Sensing measurements

3.1 Introduction

This chapter discusses the fabrication of fibre Bragg gratings (FBGSs), Long period fibre
gratings (LPFGs), small-angle tilted fibre gratings (S-TFGs) and excessively tilted fibre
gratings (Ex-TFGs) with their sensing characteristics. The three typical fabrication
techniques earlier described — two-beam holographic, phase mask scanning and point-
by-point methods — are experimentally used for the gratings inscription. The chapter
starts with the first session describing the theoretical concept behind FBG and the two
different techniques employed for the UV inscription: two-beam holographic and phase

mask scanning.

The second session discusses LPFGs fabricated with different grating periods and
shows the characteristics of LPFGs with periods near dispersion turning points and their
sensing characteristics. While the third session explains in details the fabrication and
sensing characteristics of small angle tilted fibre gratings, the fourth session discusses
that of Ex-TFGs with different tilt angles. All experimental results analysis has utilised

the confidence interval (95%) and Standard error (SE) for data point and linear fitting
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error analysis respectively. Also, each of the experiments was repeated at least three

times to ascertain good repeatability and reproducibility for comprehensive data analysis.

This chapter further describes the theories that underpin the response of various optical
fibre gratings to external perturbations such as temperature, strain, bending and
refractive index variations. In addition, the dependence of grating inscription on some

parameters like grating length, mode order etc. are also discussed.
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3.2 FBGs inscription and sensing characteristics

This section details the experimental procedure behind the fabrication of fibre Bragg
gratings (FBGs) with two different inscription techniques: two-beam holographic and
phase mask scanning methods. The objectives of these experiments are to demonstrate
different FBGs fabrication methods, investigate spectral profiles of FBGs of different

wavelengths, and evaluate their sensing characteristics.
3.2.1 Using two-beam holographic technique

As earlier explained, the uniform-period Bragg gratings fabricated with this technique are
not limited in the Bragg wavelength design and are much more efficient. The only
acknowledged disadvantage is a limitation in length of grating which is imposed by the
size of the two interfering beams. As earlier shown in Figure 2.8, the two cylindrical
lenses focus the two beams on the photosensitive single-mode fibre to enhance the
power intensity. And these interfering UV-beams produce a uniform-period grating in the
core of the optical fibre. With L, fixed in position, the grating wavelength changes when

arm-length (L, ) is made to vary. According to [1], different grating wavelengths can be

predicted using a reference grating. This is achievable with the optical setup shown in
Figure 3.1 where mirrors M, and M, are movable to new positions M; and M, with

the new arm-length at |-1 = Lref + X, where x is the displacement measured with accuracy

of 0.01mm using a micrometre driver.

Figure 3.1: Schematic diagram of optical setup for adjusting the Bragg wavelength in the holographic

inscription technique.
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Substituting the new arm-length into eqn. 2.42, a new expression, which is used to

predict the new grating wavelength during fabrication, can then be obtained in Egn. 3.1
as,

nef‘f ﬂuv

Equation 3.1
L. +X
sin| tan* ref
\/ELO - (Lref + X)

Ag =

For the experiment, if the initial parameters were set for a displacement of Ax = 0.01mm,;
Li (reference) = 142mm and fixed length at Lo = 522mm, it yields AAs = 20nm. These

parameters were used to fabricate and achieve different typical optical transmission
wavelengths at four regions: ~850nm (high attenuation; first communication window),
~1310nm (zero dispersion; ‘O band’), ~1550nm (lowest attenuation; ‘C-band’), and
~ 2,um (mid-infra-red region). In general, hydrogen loaded single-mode fibre (SMF-28:
core diameter of~8.2umand cladding diameter of~125+0.7um) was used to UV-
inscribe the FBGs in these wavelength regions. The typical transmission spectra of the

fabricated gratings using two-beam holography method are as presented in Figure 3.2

below, showing the Bragg responses in the four wavelength regions.
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Figure 3.2: Typical transmission spectra of uniform-period Bragg gratings fabricated using two-beam

holographic technique at wavelengths: (a) ~2um; (b) ~1550 nm; (c) ~1310 nm; (d) ~837 nm.
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Also, this inscription method was used to write Bragg gratings specifically at centre
wavelength 1454 nm in hydrogen-loaded SMF-28 with the writing UV laser power set at
95mW. The reflectance of the FBGs ranges from as low as 4% to as high as 99% at an
interval of approximately 10%. Figure 3.3 shows the transmission spectra of some
selected FBGs with different reflectance as achieved by the two-beam holographic

method and note, the gratings were thermal annealed at 80°C for 24 hours to stabilise
the response property.
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Figure 3.3: Transmission spectra of uniform-period Bragg gratings fabricated using two-beam holographic
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From figure 3.3 it can be seen that the bandwidths (FWHM at 3dB points) of the four
FBGs with different reflectance are between ~0.3nm - ~0.5nm. During the fabrication,
the transmission spectra of the FBGs were monitored in real-time on the optical spectrum

analyser (OSA). Thereafter, the grating transmittance was utilised for the reflectivity of
the FBG using the relationships,

|
Equation 3.2 T =10log,, [I_]dB
0

Equation 3.3 T=100%-R
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where T and R are the transmittance and reflectance of the gratings respectively, | is

the power intensity (dB) and 1, is the reference power intensity. Table 3.1 shows the

calculated values and the experimental outcomes with deviation in centre wavelength to
accuracy of £ 0.5nm. Also, the measurements of grating reflectance as a function of
exposure time and writing intensity were recorded during the fabrication. The plots of
peak reflectance against exposure time for two trials are as shown in Figure 3.4. Despite
using different fabrication methods, the experimental outcomes obtained here are in

good agreement with the modelling and experimental results in [2].

Table 3.1: Bragg gratings of different reflectance fabricated using two-beam holographic inscription

technique.
Reflectance (dB)

Centre Reflectance % Error

FBG Wavelength Calculated Experimental (%)
Trials (nm) Value Outcome

TR1 1454.04 ~-0.20 ~-0.30 4 0.5000
TR2 1454.16 ~-0.20 ~-0.28 4 0.4000
TR1 1454.12 ~-0.50 ~-0.50 10 0.0000
TR2 1454.04 ~-0.50 ~-0.50 10 0.0000
TR1 1454.15 ~-0.97 ~-0.90 20 0.0722
TR2 1454.02 ~-0.97 ~-1.00 20 0.0309
TR1 1454.15 ~-1.55 ~-1.55 30 0.0000
TR2 1454.42 ~-1.55 ~-1.57 30 0.0129
TR1 1454.31 ~-2.20 ~-2.39 40 0.0864
TR2 1453.82 ~-2.20 ~-2.35 40 0.0682
TR1 1453.34 ~-3.00 ~-3.00 50 0.0000
TR2 1454.44 ~-3.00 ~-3.15 50 0.0500
TR1 1454.31 ~-4.00 ~-4.00 60 0.0000
TR2 1453.57 ~-4.00 ~-3.90 60 0.0250
TR1 1455.30 ~-5.22 ~-5.47 70 0.0479
TR2 1453.94 ~-5.22 ~-5.46 70 0.0728
TR1 1454.09 ~-6.90 ~-7.90 80 0.1449
TR2 1455.91 ~-6.90 ~-7.50 80 0.0870
TR1 1456.15 ~-10.00 ~-9.54 90 0.0460
TR2 1454.38 ~-10.00 ~-9.92 90 0.0080
TR1 1454.26 ~-13.00 ~-13.00 96 0.0000
TR2 1454.34 ~-13.00 ~-13.11 96 0.0085
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Figure 3.4: Plots of peak reflectance against exposure time with UV-power intensity set at 125mW: (a)

FBGs at first trial; inset: residual plot (b) FBGs at second trial; inset: residual plot.

3.2.2 Using phase-mask scanning technique

This inscription technique involves moving the translational UV-beam across the phase
mask placed in near-contact to the optical fibre for the fabrication of uniform Bragg
grating and complex gratings such as Gaussian apodized Bragg gratings. This
fabrication technique allows for less crucial spatial and temporal coherence of the UV-
source with great simplicity and reproducibility. Its main advantage is the capability of
making high quality complex grating structures. The phase mask has been optimised to
suppress the light diffraction energy at zeroth order and maximise diffraction efficiency
at each of the diffracted first order (x1). Figure 3.5(a) shows the image of UV diffraction
pattern by the phase-mask indicating the zeroth order (as suppressed) and the diffracted
first order (1) as maximised while Figure 3.5(b) shows the diffraction pattern with the
phase mask placed in near-contact to the optical fibre as taken during the course of the

experiment.

Zeroth order

C)

-1 order +1 order

Figure 3.5: UV diffraction pattern as taken during experiment (a) phase mask and (b) phase mask placed

in near-contact to optical fibre.

The main limitation of this method is the non-flexibility of writing Bragg gratings at

different wavelengths as obtained in the holography method. The Bragg wavelength is
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fixed by the period of the phase mask so FBGs at different wavelengths are only
inscribed using different phase masks. A phase mask of multiple wavelengths, with
scanning length of 50mm, was used to fabricate FBGs at different wavelengths. Figure

3.6(a) shows the structure and specification profile of the multi-wavelength phase mask.

Thickness = 3mm each

A =1535.9nm A=1060.85nm
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Figure 3.6: (a) Schematic of multi-wavelength phase-mask structure; (b) Transmission spectra of FBGs

fabricated with multi-wavelength phase mask.



Standard single-mode fibre (SMF-28e Corning), hydrogen loaded in a hydrogen gas
chamber set at low temperature (20-70°C) and high pressure (150 atm) which results in
hydrogen molecules diffusing into the fibre core so as to enhance photosensitivity, was
used for the fabrication of uniform FBGs at the five indicated wavelengths. The stripped
fibre was fixed in position on the stage and the phase-mask adjusted to each of the five
wavelength for inscription. Figure 3.6(b) shows the transmission spectra of the FBGs
fabricated using the multi-wavelength phase mask. After inscription, the FBGs were
subjected to thermal annealing at 80°C for 48 hours so as to out-gas the hydrogen from
the fibre core and stabilize the grating properties. Consequently, there is slight blue-shift
in the centre wavelength to the tune of ~ 0.5nm and a reduction in intensity. This couple
with the instability in the writing UV-power drift the centre wavelength to the shorter
wavelength by between ~1.3nm — ~2.4nm. Also, stretching the fibre during the inscription
process introduces slight strain which varnishes when the fibre is relaxed after UV
exposure causing blue-shift in the Bragg centre wavelength. After the fabrication, the
spectral profile of the FBG was taken using a broadband source and optical spectrum

analyser (OSA) which displays the transmitted spectrum.

3.2.3 Fabrication of (Gaussian) apodized Bragg gratings

The existence of a series of side-lobes on either side of the central reflection peak in the
reflection spectrum of a finite length Bragg grating necessitates apodization. Apodization
is an optical filtering technique which filters out the unwanted side-lopes. Some
applications - such as wavelength division multiplexing (WDM) systems where the side-
lopes induce cross talk between information channels - requires lowering or possibly
eliminating these side-lopes by apodization. Apodized fibre gratings are known to have
very sharp spectra responses and offer improvement to the dispersion compensation
characteristics of chirped Bragg grating by linearizing the group delay and eliminating
the modulation associated with the side-lopes [3]. A narrow UV writing beam is required
when an introduction of a precise apodization profile into the grating is desired however,

the writing efficiency decreases as a result [1].

The apodized FBGs were fabricated using the existing experimental setup in Aston
Institute of Photonics technologies (AIPT) clean room where the phase mask (multi-
wavelength) was mounted on a computer-controlled piezo-electric transducer (PZT)
stage. The stage is moved relative to the photosensitive fibre thereby incorporating
phase-shifts into the fibre grating during the UV inscription which makes it capable of
introducing profiled coupling coefficient in form of complex grating structures. Figure 3.7

shows the reflection spectrum of typical FBG with the side-lopes. Hydrogen loaded SMF-
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28 fibres were used for the Gaussian apodized Bragg gratings and their transmission
and reflection spectra were recorded using an OSA as shown in figure 3.8 below.
Annealing of apodized Bragg gratings was under 80°C for 48 hours like that of the

uniform Bragg gratings. As clearly seen, the side-lopes are significantly suppressed

when the Bragg grating is apodized with a Gaussian profile.
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Figure 3.7: Reflection spectrum of un-apodized Bragg grating showing side-lopes.
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3.2.4 FBG sensing characteristics

The Bragg wavelength shifts when subjected to external perturbations like temperature,
strain or pressure which results in changes in the grating pitch and refractive index. This
is due to the dependence of the Bragg grating resonance on the effective index of the

fibre core and the periodicity of the grating as shown by the expression in Eqn. 3.4 below,

on on
Equation 3.4 Al =20 A—" 4 n OA AT 42 A—" 4 n O Al
oT oT al al
The first term in eqn. 3.4 represents the thermal effect on the optical fibre which
corresponds to grating space change and the thermo-optical effect on the effective
refractive index. The thermo-optical effect is expressed in the Eqn. 3.5 as [4],

Equation 3.5 Mg =g (aty +a, )AT
Equation 3.6 a, :(i)(a_’\j
A\ T
. 1 aneff
Equation 3.7 = L
a % (neﬁ ]{ oT j

Where Eqgn. 3.6 expresses the fibre thermal expansion coefficient, Egn. 3.7 represents
the thermo-optical coefficient. The sensing characterisation of FBG to thermal response
was experimentally investigated using the earlier fabricated FBGs at ~1310nm

(holography technique) and ~1500nm (phase mask scanning technique) wavelengths.

Aston University

Nlustration removed for copyright restrictions

Figure 3.9: Experimental setup for FBG thermal characterisation.
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The temperature sensing experimental setup is as shown in Figure 3.9 where the FBGs
are fixed on a metal heated plate (Peltier) in succession. The grating region, which is
approximately ~12mm in length, is centred on the Peltier to ensure the whole grating
structure is subjected to thermal variation. The broadband source (BBS) transmits light
through the FBGs while the temperature controller (Light Wave LDT-5910B) sets the
temperature range from 0°C to 80°C and the spectral response at each temperature was
displayed and recorded on the OSA for spectral analysis. The centre wavelength shifts
as the temperature increases. Figure 3.10 shows the thermal response of FBG at centre
wavelength ~1310 nm respond to temperature increment (0° - 80°C) and decrement (80°
- 0°C) with a plot of wavelength shift against temperature. This temperature sensor has
a sensitivity of 10.0 + 0.1 pm/°C (80° - 0°C) and 9.30 = 0.21 pm/°C (Q° - 80°C) with
coefficients of determination 0.998 and 0.992 respectively. The insets are the residual

plots of the FBG response to thermal change which show suitability of a linear model.
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Figure 3.10: FBG thermal response at wavelengths (a) ~1310nm (80° - 0°C) and (b) ~1310nm (0° - 80°C);

Insets: regular residual plots of each linear fit.

The sensitivity of the FBGs fabricated with the multi-wavelength phase mask to thermal
variation was also investigated. Figure 3.11(a) shows the spectra evolution of the FBG
to thermal variation as temperature increases from 0° - 80°C. Slightly higher sensitivities
were recorded for the FBGs at 1500 nm range compared to that at 1310 nm as obvious
in Figure 3.11(b-e). The recorded sensitivities are 11.10 + 0.19 pm/°C (1567nm); 10.80
+ 0.35 pm/°C (1551nm); 10.10 £ 0.37 pm/°C (1543nm) and ~10.71 = 0.18 pm/°C
(1535nm). The results are in good agreement with literature [5] as linear correlation
exists between the variables. The insets are the regular residual plots showing random
scatter-residuals that do not contradict the linear assumption. The overall results also

indicate that FBG at longer wavelength have higher thermal sensitivity.

71



6- T ———- :
_ )‘v"v"?"{"ir(
. o
] FBG 1551nm
—~ 2
m o
AR oc
c 04 —10°C
ie] i —20°C
B 2- —30°C
= . —40°C
w (e}
% -4 4 —50°C
|: 1 —_— 6000
6 4 —70°C
: —80°C
84
- (a) 0°C =~ 80°C
-10 T T T T .
1549 1550 1551 1552
Wavelength (nm)
104 £ ; 2
¢ ¢
~ 084 3 ~ : .
£ ] €
= H =) :
h= ©aa & T R o & % e o e e
5 064 5 Independent Varable
= =
<) o 4
ic) 044 ic.) 04
() o
g g
< 2 024
0.2+ @ FBG (hyyppe= 1535 nm) U @ FBG (hegyree™ 1543 nm)
——Sens. = 10. °c ——Sens. = 10.10 pm/°C
(®) gy © R = 0.99089
00 T T T T T T T T O'O * T X T . T * T ¥. T T * T v 5 %
0 10 20 30 40 5 60 70 80 90 0 10 20 30 40 50 60 70 8 90

Temperature (°C)

[+ ] Requiar Residual |

1 (1567nm)
3 3 S
£ = »
(.% ‘-/C) Independent Variable
= £
2 2
Q2 9O 044
[} [}
g 8
< - s :
0.2+ @ FBG (hogyree= 1551 nm) 0.2 @ FBG (hogyree= 1567 nm)
(d) ——Sens. = 10.80 pm/°C ——Sens. =11.10 pm/°C
R’ = 0.99282 (e) R = 0.99795
OO T T T T T T T T OO T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Temperature (°C)

Temperature (°C)

Figure 3.11: (a) Transmission spectrum of FBG at ~1551nm showing spectra evolution to thermal variation;
FBG thermal response at; (b) ~1535nm (c) ~1543nm (d) ~1551nm (e) ~1567nm. Insets: regular residual

plots of

each linear fit.

72



The effect of strain on an optical fibre is represented by the second term in egn. 3.4. The
FBG wavelength shifts, due to the strain expansion, change the effective refractive index

and the grating spacing. The strain effect term is expressed in Eqn. 3.8 as [4],

Equation 3.8 Mg =74 (1_ pe)gz

Where the effective strain-optic constant p, is expressed as

2

. ne
Equation 3.9 P. =7ﬁ( P, —V( P + plZ))

The components of strain-optic tensor are p,, and p,,, while v is the Poisson’s ratio. The

experimental setup for stain sensing is as shown in Figure 3.12 where the FBG was
firmly (not too tight) clamped on a 3D translational stage at each end separated at a set
distance of x cm’ (usually set at ~ 40 cm for my experiments) to ensure grating region is
centralised and suspended freely in air. One end of the translational stage was fixed in
position while force was applied through the other end to strain the grating. This was
achieved by turning the micrometre adjustment knob (capable of longitudinal motion)
attached to the translational stage from ~ Omm — ~ 0.35mm at interval of ~ 0.05mm away
from the fixed end thereby pulling the grating apart to induce a total strain of 750ue. The
reference was set at ~ Omm (in air) on the micrometre and all measurements taken are
with respect to the reference. Light was transmitted from a broadband light source

through the FBGs and the spectra profile displayed on the optical spectrum analyzer.

Aston University

lustration removed for copyright restrictions

Figure 3.12: Experimental setup for FBG strain characterisation.
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The experimental results from strain response of FBGs at 1310 nm and 1550 nm are as
plotted in Figure 3.13. From the figure it can be clearly seen that the FBG at 1310 nm
has a sensitivity of 1.06 £ 0.07 pm/ue while that at 1550 nm has a slightly higher
sensitivity of 1.18 £ 0.06 pm/ue. Both strain sensors have resolution of approximately +
0.05. The results obtained are in good agreement with earlier report on FBG strain
sensing [6].

o
5

e
8

o
o

o
o

o
2

Regular Residual of FBG at ~1310nm

1 [["* ]Regular Residual
(~1310nm)
T T T
0 200 400 600 00
Independent Variable

o
»
:

£0.10

Wavelength Shift (nm)

@ FBG(A__ _=~1310 nm)|

centre

Sens.: ~1.05 pm/us
R ~0.97 _

T T T T ¥ T T T T T T T T
100 200 300 400 500 600 700 800
Strain (ue)

=
&

—_
o

o
©

2
8

I
o

Regular Residual of FEG at ~1550nm

2
g

#* |Regular Residual
(~1550nm) °

o
o

T T
200 400 600 8
Independent Varable

g
e}

0.5

0.4 -

Wavelength Shift (nm)

031 @ FBG(% ~ 1550 nm)| |

Sens.: ~1.18 pm/us
(b) R%: ~0.98 ]

centre

0.2 4

0.1

T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Strain (ue)

Figure 3.13: FBG strain response at: (a) ~1310nm and (b) ~1550nm. Insets: regular residual plots of each

linear fit.

74



3.3 LPFGs inscription and sensing characteristics

This section presents theoretical and experimental investigation of long-period fibre
gratings (LPFG). The theory literarily explains the principle that underpin the
characteristics of LPFGs. While the experiments confirm such principles, they also detail
the fabrication of LPFGs at different periods and investigate their response to external

perturbations such as temperature and refractive index variations.

As earlier mentioned, LFPGs have long grating periods ranging from ~10um to ~600 pm
which enables them to couple light from fundamental core mode to co-propagating
cladding modes. There have been several techniques reported for the fabrication of
LPFGs [7-11], but the most prevalent ones remain the point-by-point and amplitude mask
scanning inscriptions. All LPFGs fabricated and reported in this thesis made use of the
point-by-point inscription (earlier discussed in session 2.5.3) using a 244nm frequency-
doubled UV-laser. LPFGs with different grating periods (A) at 140pum, 250um, 350um,
400um, were UV-inscribed in hydrogen-loaded single-mode standard telecom fibre
(SMF-28, Corning). As discussed in session 2.2.3, hydrogen loading technique entails
diffusing hydrogen molecules into the fibre cladding and core at low temperature and
high pressure. This hydrogen-diffusion increases the refractive indices of both fibre
cladding and core which consequently shifts the grating resonance. While this effect
could be meagre in Bragg gratings with annealing for 48 hours at 80°C shifting the Bragg
resonance for only about ~0.5nm, it could be as much as over ~100nm shift in long period

fibre gratings.

The LPFG (A = 350um) fabricated in hydrogen-loaded SMF-28 was used to investigate
the effect of hydrogen out-diffusion from the fibre core and cladding. During fabrication,
the transmission spectrum of the LPFG was monitored on the OSA (YOKOGAWA:
AQ6370D) and recorded as ‘before annealing’. In order to stabilize the grating structure,
the LPFG was annealed for 48 hours at 80°C to out-diffuse the residual hydrogen
molecules in the fibre core and cladding, which were not part of the photochemical
reaction during the grating inscription. The transmission spectra of the LPFG before and
after annealing are optically characterised using supercontinuum laser source (Fianium)

and OSA spanning across wavelength range 1200nm to 1700 nm shown in Figure 3.14.

75



04
-5
o
Z
g -10
‘W
L
G
2 -15
e
=
-20
Before annealing
— After annealing
LPG (A =350
-25 T T T T ( T um) T T T T
1200 1300 1400 1500 1600 1700

Wavelength (nm)

Figure 3.14: Transmission spectra of LPFG (/A = 350um) before and after annealing. Inset: near mode
field image as observed by near-infra-red camera.

It can be clearly seen that resonant wavelengths red-shift after annealing when the
hydrogen molecules have been out-diffused from the fibre. The higher order modes LP0O7
and LP0O6 have relatively larger red-shifts of ~95nm and ~54nm respectively when
compared with lower order modes LP04 and LP0O5 which have red-shift of ~39nm and
~41nm respectively. Also, the higher order modes LP06 and LPO7 both witnessed a
reduction in attenuation band of around ~5dB after annealing while the lower order
modes LP04 and LPO5 witnessed increment in attenuation band of ~5dB and ~7dB
respectively. This as a result of change in coupling coefficient before and after annealing
which is caused by variation in UV-induced index modulation. The factors that determine
the shift in direction of the resonant wavelength peaks when subjected to temperature
change are: fibre dispersion factor (y) and the thermal dependence of the waveguide

dispersion (T'y,..ma )- When the cladding mode order is less than or equal to 7 (M<7),

the value of fibre dispersion factor is positive , therefore subsequent peaks shift direction

only depends on the value of T which can be expressed as [15],

thermal

neff . neff

i co' 'co cl’cl,m
Equation 3.10 Dipermal == e
Neo — ncl,m

where ¢ andé&, are the thermo-optic coefficients of the fibre core and cladding

materials, respectively. Since the effective refractive index of core in hydrogenated fibre,

is always larger than the refractive index of cladding, then the denominator of the above
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. : " . . ff
expression (nff)f —I’l(ff,'if m ) IS always positive. After annealing, the core effective RI (nfO )
will decrease sharply compare with the cladding effective RI (ngfm). Also, the numerator

(E N &, nsﬂm) will be positive and all the resonant wavelength peaks (m<7) will red-

shift. This is as a result of the change in coupling coefficient as the UV-induced index

modulation changed after the annealing.

Meanwhile, to determine which cladding modes are linearly polarised (LP) and have
maximum coefficient of coupling to the fundamental core mode [12], the LPFG (A =
350um) was connected to a tunable laser, (TSL-210: Santec) having a tunable range
1530nm - 1630nm, to one end of the LPFG sample as a single wavelength light source.
The other end of the LPFG sample was cleaved at the grating end to observe the near
mode field with the help of a near infra-red camera (IR camera 72904). As can be seen
in Figure 3.14 inset, the intensity distribution of the near mode field pattern as observed
at the longest wavelength (~1609nm) indicates that the resonant dips were coupled from
the fundamental core mode LPO1 to co-propagating cladding modes LP04, LPO05, LPO6,
and LPO7 as labelled in the figure.

The fibre can be modelled as a two waveguide structure; the first being high-index core
surrounded by lower-index cladding and the second is the cladding surrounded by air.
The minimum transmission of the attenuation band is governed by the expression in Egn.
3.11 [13]:

Equation 3.11 T =1-sin’(x;L)

where «; is the coupling coefficient for the i"" cladding mode which can be determined

by the overlap integral of the core and cladding mode, and L is the length of the LPFG.
Theoretical analysis has shown that efficient coupling exists only between fundamental
core mode and co-propagating cladding modes with large overlap integral (have similar
electric field profile) [14]. The coupling strength of the LPFG is proportional to the length
of scans when the scan velocity and the UV power are kept constant/unchanged. This
was experimentally investigated using LPFG (A = 400pm) fabricated in hydrogen-loaded
SMF-28. The spectra transmission is captured for different lengths of UV exposure with
further scanning. At first, as the shape of transmission changes the resonance
wavelengths shift to longer wavelengths. With continuous UV exposure, the coupling

coefficient of LP06 reaches maximum where the core mode is wholly coupled to the fibre
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cladding at that resonant wavelength (Ass) which results in the largest resonance

attenuation.
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Figure 3.15: Transmission spectra of LPFG (A = 400um) with increasing UV exposure: (a) L = 5mm, (b) L
=10mm, (c) L = 12mm and (d) L = 15mm.

Then, with further UV exposure, the coupling coefficient at (Aos) begins to reduce as the
core mode is gradually coupled back into the fibre core. At this point the resonance
wavelength builds up more at the shorter wavelength till resonant wavelength LP04
becomes maximum resonance attenuation. The transmission spectra are as shown in
Figure 3.15 where the dependence of transmission on grating length (UV exposure) is

been experimentally evaluated.

3.3.1 Dual-peak LPFGs

Shu et al. [15] pointed out that for each mode that exhibits a turning point in its phase
matching curve, a specific LPFG period corresponds to two resonant attenuation bands
which results in coupling to a single cladding mode characterised by dual attenuation
peaks in the transmission spectrum. These turning points appear at longer wavelengths
for lower order modes with gradual shift to shorter wavelengths as the mode order

increases and they determine the condition of maximum sensitivity for each cladding
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modes. In other words, LPFG can be optimised for high sensitivity at a particular
wavelength by selecting a cladding mode and period close to the turning point.
Therefore, it is anticipated that LPFG dual resonant peaks can be achieved when the
core mode is coupled to a single cladding mode provided the grating period is smaller
than, but close to, that of the turning point [15]. The dual resonant peak feature has been
proven to be visible for LPFGs with relatively short periods (A £160um) in an extended
wavelength range of ~ 900nm — ~ 2um.

Transmission (dB)

------ dual resonance peaks 4
single broad peak

. LPFG (A = 140pum)

- T T T T T T T T T T

1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 3.16: Transmission spectra of LPFG (A = 140um) measured during UV inscription: dual resonance

peak (dashed line) were observed to coalesce in a single peak (solid line).

Experimentally, a period (A) of 140um was chosen to generate dual resonant peak
LPFGs with corresponding mode order m = 13, UV-inscribed in a hydrogen-loaded SMF-
28 (Corning). The prolonged UV-exposure reported in [15] was investigated with the
LPFG (A = 140um) where the resonance attenuation is close to the dispersion turning
point. The two resonant peaks moved closer to each other and eventually coalesce as
shown by the solid line in Figure 3.16. Experimental observation has shown that the
turning points occurred at a shorter wavelength with increasing mode order. Despite the
coalescence at fabrication, sensing measurements separate the dual resonance peaks

as presented in the next session.

A reduction in the cladding radius shifts the dispersion turning point to longer wavelength
range compared with the standard SMF-28 of 62.5um cladding radius [16]. Analysis of
the dual peak LPFGs UV-inscribed in 80um diameter cladding fibre with 4.8um core size
was made. Due to the reduction in the fibre cladding diameter (80um), the dispersion
turning point of cladding mode has shifted to lower order cladding mode compared with

the normal 125um cladding fibre. As the simulated result has shown (Fig. 3.17(a)), at the
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near-infrared range, the turning point started from cladding mode HE; 4. According to the
calculation result, the dual-peak would appear at the HE:s with the wavelength of
1520nm and 1740nm, and there is a peak of HE1 s at around 2320nm. LPFGs of period
300um were UV inscribed (95mW) in a non-hydrogenated boron-germanium (B/Ge) co-
doped thin cladding (40um radius) fibre (Nortel) at a speed of 0.1mm/s and grating length
of 24mm. The experimental outcome shows successful dual resonant peak LPFGs
fabricated as far as in near infra-red region. Figure 3.17(a)(b) shows the transmission
spectra of the LPFGs (A = 300um) with the little variation in centre wavelengths due to
unstable UV-laser power. Also, these LPFGs were specially selected for sensitivity
measurements as presented in the next session.
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Figure 3.17: (a) The simulation results of 80um diameter cladding size fibre with 4.8 um core size; (b)
Transmission spectra of UV-inscribed LPFGs (A = 300um) in B/Ge co-doped thin cladding fibre: dual
resonant peaks observed: trial 1; (c) trial 2.

Furthermore, LPFGs (A = 250um and 200um) were inscribed in the B/Ge co-doped thin
cladding fibre. The transmission spectrum of that of LPFGs (A = 250um) was probed

further into the mid infra-red region where some resonant peaks were discovered and
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subjected to sensing. Figure 3.18 shows the transmission spectra of the LPFGs (A =
250pum and 200um) as observed on the OSA.
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Figure 3.18: Transmission spectra of LPFGs measured during UV inscription in B/Ge co-doped thin-
cladding fibre with period of (a) (A = 250um) (b) (A = 200um).

3.3.2 LPFG thermal and SRI sensing characteristics

Long-period fibre gratings are known to be important sensors of environmental
conditions (such as temperature, strain, surrounding refractive index variation, pressure
and so on). This session focuses mainly on experimental evaluation of LPFGs as
sensors of temperature and surrounding refractive index (SRI) variation with theoretical
explanation behind the principles.

Deriving analytic expressions for the thermal sensitivity (dA,

res

/dT ) and SRI sensitivity (
d4,/dng, ) requires the differentiation of Eqn. 2.34 as follows [15],

dA,

Equation 3.12 d_Tres = )’res .7/.(0! + 1—‘thermal)
Equation 3.13 % = ﬂres '7'Fsur

sur

where & isthe thermal expansion coefficient of the fibre, y (known as general sensitivity

factor) describes the waveguide dispersion which is expressed by Eqn. 3.14 as [17],
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dA,

res

Equation 3.14 }/Zeﬁd—Aeﬁ

nco “lelm

With thermal dependence of the waveguide (T, ) already expressed by eqn. 3.10,

the SRI dependence of the waveguide (T, ) can be expressed as [15],

sur

2173
i usA-.n
Equation 3.15 Ty, = m“tres' lsur

a 3 f ff 2 2 32
87Z'FCI ncl (ngo - ncel,m)(ncl - nsur) /

where r, and n,are the radius and refractive index (RI) of the fibre cladding

respectively, u, is the m™ root of the zeroth-order Bessel function of the first order kind.
As earlier explained, it is worth noting that at each turning points, ‘dﬁres/d/\‘—)oo and

therefore M—WJ making the turning point a determinant for the condition of maximum

sensitivity for each cladding mode [18].

The sensing characteristics of LPFGs was investigated experimentally using the two
different sets of dual peak LPFGs (A = 140um and A = 300um) earlier presented. The
experimental setup for the thermal sensing for LPFGs is as shown in Figure 3.19 where
the LPFGs are laid flat (to prevent the effect of strain and bending) on the Peltier and
caged to prevent heat escape. The temperature controller adjusts the temperature from
10° to 80°C at intervals of 10°C. One end of the LPFG is connected to the
supercontinuum light source and the other end to the OSA for spectral measurement. It
is worthy of noting that for the thermal sensing, all measurements were taken with air as

the surrounding medium

Aston University

llustration removed for copyright restrictions

Figure 3.19: Experimental setup for measuring thermal sensing of LPFGs.
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The SRI experimental setup is as shown in Figure 3.20, the LPFG was mounted on a
translational stage at each end and suspended across a micrometre stage to which was
attached the test solution platform. Series of index gels (Cargille Laboratory) with
different refractive indices ranging from 1.300 to 1.444 were applied to the LPFGs and
their spectral evolution in response to SRI variation was recorded and evaluated. In order
to prevent wavelength shift induced by bending and axial strain, the translational stages
on which the LPFGs are firmly clamped are ensured to be of equal height. The index
gels were intermittently dropped on glass slides in which the grating is submerged for
the sensing measurement. Once surrounded by the gel, the wavelength shift was
instantaneous as observed on the optical spectrum analyzer (OSA). For measurement
accuracy, the grating was rinsed with methanol after administering each index gel to
remove residual oil sticking to the fibre prior to applying subsequent gels and ensure it

returned to initial state in air (reference point).

Aston University

lustration removed for copyright restrictions

Figure 3.20: Experimental setup for measuring surrounding refractive index sensing of LPFGs.

The coalesced dual-peak LPFG (A = 140um) was subjected to thermal sensing over a
temperature range 10° — 80°C at 10°C interval, but due to its broad spectrum no
meaningful measurement could be taken from the experiment. However when subjected
to SRI measurement, it responded with high sensitivity. It was submerged in index gels
with refractive index ranging from 1.300 — 1.440 one at a time. The transmission spectra
evolution of the response of the LPFG to the SRI variation was captured on the OSA as
shown in Figure 3.21(a). As could be observed in the figure, with the submergence of
the LPFG in the first index gel (1.300) the dual peak separated from the single coalesced

attenuation band confirming that the dual peak actually coalesce during fabrication.

The two peaks continue to drift apart as the SRI increases in value and their wavelength
shift was plotted against the varying SRI as shown in Figure 3.21(b). The resonance
peak drifting towards the shorter wavelength is termed ‘Peak 1’ while the other that drifts

towards longer wavelength is termed ‘Peak 2’ for ease of analysis and referral. Peak 1
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showed a sensitivity of -278.20 + 20.59 nm/RIU for index range 1.300 — 1.395 and -
1541.10 + 144.35 nm/RIU for index range 1.404 — 1.440 while Peak 2 recorded a higher
sensitivity of 569.70 + 32.56 nm/RIU for index range 1.300 — 1.395 and 4400.40 *
692.31nm/RIU for index range 1.404 — 1.440. Experimentally, the LPFG (A = 140um)

has been shown to exhibit high sensitivity to surrounding refractive index variation.
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Figure 3.21: (a) Transmission spectra evolution of LPFG (A = 140um) in response to SRI variation (b)

Plots of wavelength shift of the dual peaks against surrounding refractive index variation.

The dual-peak LPFG (A = 300um) inscribed in B/Ge co-doped thin cladding fibre was
also subjected to thermal and SRI sensing. Since this LPFG was not overexposed to
UV-light, distinct dual-peaks are directly observable in its transmission spectrum as
earlier shown in Figure 3.17. The dual-peak LPFG was used for SRI sensing by
intermittently submerging it in index gels with refractive index ranging from 1.300 — 1.412.
As the SRI increases along the selected range, its spectra evolution was observed on
the OSA as shown in Figure 3.22(a). Figure 3.22(b) shows the plot of wavelength shift

84



against surrounding refractive index where the first peak ‘Peak 1’ showed a sensitivity of
-330.17 * 43.41nm/RIU (R% 0.95) for index range 1.300 — 1.360 and -707.21 + 44.35
nm/RIU for index range 1.360 — 1.412 while higher sensitivities of 654.19 + 74.70 nm/RIU
for index range 1.300 — 1.360 and 1725.30 + 152.43 nm/RIU for index range 1.360 —

1.412 were recorded for the second peak ‘Peak 2'.
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Figure 3.22: (a) Transmission spectra evolution of a dual peak LPFG (A = 300um) in response to SRI
variation (b) Plots of wavelength shift of the dual peaks against surrounding refractive index variation and

(c) Plots of wavelength shift against temperature.

The dual peak LPFG was also subjected to thermal sensing (10° — 80°C) and results
shown in Figure 3.22(c) indicates linear correlation for both peaks with the regular
residual plot showing random scatter-residuals in support of the linear assumption. Peak
1 recorded thermal sensitivity of -854.22 + 32.71 pm/°C while Peak 2 have thermal
sensitivity of 758.93 + 29.79 pm/°C. So far, the obtained experimental results of LPFG
sensitivity to single and multi-parameter sensing are in good agreement with results
earlier reported in [18, 19].
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In comparison to the dual-peak LPFGs, the normal LPFGs at period 250um and 200um
inscribed in the same 80um-cladding B/Ge co-doped fibre under the same condition
were also subjected to SRI and thermal sensing. Results show lower sensitivities to both
SRI and thermal response when compared to those obtained with the dual- peak LPFGs.
Firstly, the LPFG (A = 250pum) with resonant dips probed well into the mid infrared region
was submerged in index gel with RI range 1.300 — 1.448. The experimental results are
as plotted in Figure 3.23(a) where the wavelength shift in response to SRI increment of
each cladding mode can be observed as distinct. The sensitivity results are detailed in
Table 3.2 below. Also the LPFG was subjected to thermal sensing and the results are as
presented in Figure 3.23(b) where the recorded sensitivity for each cladding modes are:
-332.91 + 6.13 pm/°C (LP09), -288.18 + 7.03 pm/°C (LP010), -231.20 + 8.63 pm/°C
(LPO11) and -153.53 £ 0.44pm/°C (LP012).
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Figure 3.23: (a) Plots of wavelength shift against surrounding refractive index variation (b) Plots of

wavelength shift against temperature.
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Table 3.2:

Experimental results of LPFG (A = 250um and 200um) response to SRI variations

LPFG Mode Sensitivity Determination SRI Range
Period order (nm/RIU) Coefficient (R?) (RIV)
(Hm)
250 LPO9 -23.07 £ 0.91 0.99 1.300 — 1.390
-258.69 £ 41.55 0.91 1.404 —1.448
LP10 -167.72 £ 12.36 0.97 1.300 - 1.390
-1391.85 + 259.17 0.87 1.404 —1.448
LP11 -15.81 + 0.60 0.99 1.300 — 1.390
-43.01 £ 4.42 0.96 1.404 —1.448
LP12 -20.85+2.71 0.92 1.300 - 1.390
-189.44 £ 41.71 0.83 1.404 — 1.448
200 LPO6 -3.82+0.15 0.99 1.300 - 1.380
-35.03 + 11.64 0.86 1.404 — 1.448
LPO7 -11.94 £ 1.35 0.96 1.300 - 1.380
-110.03 £ 21.61 0.86 1.404 — 1.448
LPO8 -53.74 £ 9.01 0.92 1.300 - 1.380
-400.07 + 84.60 0.85 1.404 — 1.448

Also, the LPFG (A = 200um) was also observed for SRI and thermal variation and the
experimental results (SRI) is as enumerated in Table 3.2. It is observed that the LPFGs
are more sensitive to the SRI region 1.404 — 1.448 which is in good agreement with
literature [18, 19]. Figure 3.24(a) shows the spectra evolution of the LPFG (A = 200um)
in response to SRI increment while Figure 3.24(b) shows the plot of wavelength shift
against the refractive index variation. The thermal response of the LPFG is depicted by
the transmission spectra shift as shown in Figure 3.24(c) and the plot of wavelength shift
against temperature is as presented in Figure 3.24(d). The recorded thermal sensitivity
for each cladding modes are: -211.39 + 1.49 pm/°C (LP06), -139.44 + 1.10 pm/°C (LPQ7),

and -124.28 + 1.59 pm/°C (LP08).
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Figure 3.24: (a) Transmission spectra evolution of LPFG (A = 200um) in response to SRI variation (LP07)

(b) Plots of wavelength shift against surrounding refractive index variation (c) Transmission spectra evolution
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temperature.
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3.4 STFGs inscription and sensing characteristics

This section of the thesis explains the fabrication of different tilted gratings with tilt-
angles varying from 2° to 10° while also discussing their response to refractive index
variations as experimentally observed. Tilting the grating planes at a small angle relative
to the fibre axis results in leaky modes of the cladding as a result of the interaction of the
periodic perturbation with the core guided light. This brings about the enhancement of
the cladding mode resonances at the expense of the Bragg resonance. In other words,
when the grating planes are at tilted angle to the fibre axis, reflections get off axis and
each grating plane emits some light towards the fibre cladding which collectively bring
up the emergence of backward propagating cladding mode at the phase matched
wavelength. This has all the resonances occupy a spectra window ranging from around
~10nm to ~200nm depending on the fabrication parameters. As an important advantage,
a single STFG can be used for many sensing modalities by choosing which resonance

responds better by providing the highest sensitivity to a particular external perturbation.

3.4.1 Fabrication of STFGs

The fabrication of STFGs is quite similar to that of the typical FBG fabrication. The same
conventional inscription techniques: phase mask scanning and two beam holography,
are also applicable but at slightly tilted angles. Firstly, using the holographic technique
[20] ensures the fibre is placed within the interference fringe area formed by two intense
UV-laser beams with the fibre placed at an angle to the normal of the interfering fringe

patterns.

UV-Beam

3
Optical fibre

Interference Area

Figure 3.25: Schematic of tilted fibre gratings by holographic technique.

As shown in Figure 3.25, the tilted gratings are inscribed with the fibre placed right within

the interference area at an angle 6, which is the tilt angle between normal of the axis
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fibre and the interference fringe area. The main shortfalls of this technique, as earlier
pointed out, are the limitation in grating length dictated by the width of laser beam and

high coherent laser source required for inscription.

Secondly, interference patterns can be generated by a diffractive phase mask and placed
in close proximity to the fibre [21]. The period of the grating is as fixed by the phase mask
and due to the close proximity of the fibre, a low coherent UV source can be easily
employed. There exists three variants to this inscription idea as described in [13, 22]:
one is tilting a normal FBG phase mask with the fibre fixed perpendicular to incident UV-
beam (Figure 3.26(a)), the other is inscribing using phase mask with tilted diffraction
patterns (Figure 3.26(b)), and finally tilting both fibre and normal phase mask at an angle
6 to the incident UV-beam axis (Figure 3.26(c)).
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Figure 3.26: Schematic of tilted fibre gratings by scanning phase mask configurations: (a) tilt a normal FBG
phase mask with the fibre fixed perpendicular to incident UV-beam (b) inscribe using phase mask with tilted
diffraction patterns (c) tilt both fibre and phase mask at an angle 6 to the incident UV-beam axis.
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3.4.2 Tilt angles inside and outside the fibre core

The cylindrical nature of optical fibre enables only light in direction perpendicular to its
central axis inscribe directly in the fibre core without any distortion. Uniform FBG
inscription is a good example where the interference fringe of the UV-beam is
perpendicular to the fibre axis. So, the fringes inside and outside the fibre are both the
same. However, with a slight tilt at any angle with respect to the fibre axis, the
interference fringe within the fibre core will be distorted. In order words, the tilted angle
of the grating in the fibre core will be different from that of the interference fringe outside
the fibre because of the refraction experienced by the UV beam at the air-cladding

interface.

.- Optical fibre axis Diffracted UV-Beam
4 N ext

Figure 3.27: Schematic of fringes distortion induced by tilted angle within (Bin) and outside (Bext) the fibre

core.

Figure 3.27 illustrates the effect of the fringe distortion as a result of the tilt angle with
the segregation of the angles into internal and external. The relationship between the

internal ‘Gin’ and external ‘G.x’ angles is expressed as [23]:

; - 1
Equation 3.16 0., =< —tan 1{—}
Ny tan(6,,)
where n,, is the refractive index of the fibre at wavelength of UV laser. Also, the

relationship between the period of internal interference fringe and external interference

fringe could be expressed as:
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— Aext — AG
cos o, Ccos 6.

ext int

Equation 3.17

Equation 3.18 A = Dewv COSOy

¢ 2cosd,,

where the periods of the grating in the fibre core and that of the external UV interference

fringes are denoted by A, and A, respectively. All the aforementioned configurations

are suitable for small angle tilted fibre grating fabrication but the ones used for the
experiments reported in this thesis are: the tilt normal FBG phase mask (Figure 3.26(a))
and phase mask with tilted diffraction patterns (Figure 3.26(b)) with moderate CW laser
(CW frequency-doubled Argon ion laser). However, phase masks at two different centre
wavelengths (830nm and 1550nm) were employed. Figure 3.28 shows the micro-images
of the small-angle tilted grating structures UV-inscribed in standard communication fibre
(SMF-28) as observed under an optical microscope (Zeiss Axioskop 2 mot plus).
External tilt angles of 3.5°, 5.5° and 7° are used to obtain internal fringes at ~5°, ~8° and

~10° respectively.
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Figure 3.28: Optical micro-image of the small-angle tilted grating (STFGSs) structures UV-inscribed in SMF-
28: (a) 5 degrees, (b) 8 degrees and (c) 10 degrees.

The small-angle tilted fibre gratings were first inscribed in hydrogen-loaded SM-800 fibre
with varying angles, 2, 5, 8 and 10 degrees using a phase mask of period 0.5742um and
centre wavelength at 830nm. Thereafter, another sets of STFGs were fabricated with
similar tilt angles in hydrogen loaded SMF-28 using the multi-wavelength phase mask
earlier reported in session 3.2.2 choosing the centre wavelength 1551.7nm with a period
of 1071.92nm. The STFGs were successfully inscribed in the fibres and some selected
transmission spectra are as shown in Figure 3.29. In comparison, FBG which has only
one strong resonance at the wavelength that corresponds to the Bragg condition for this
grating period in that particular fibre together with a large number of additional weak
resonances in its transmission spectrum but these weak resonances are not obvious in
the reflection spectrum due to the stripping away of the cladding modes power by the
lossy jacket. In contrast, the S-TFG transmission spectrum shows appearance of the
core mode and numerous cladding-mode resonances spreading through its transmission
spectrum. However, the counter-propagating cladding modes attenuate rapidly and are
therefore not observable in the reflection spectrum. These cladding modes are enhanced
at the expense of the Bragg resonance. The STFGs were annealed at 80°C for 48 hours
to stabilize the grating structures. It is also observed that as the angle increases the bulk

cladding modes move towards the shorter wavelength.
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Figure 3.29: Transmission spectra of STFGs (a) 5 degrees in SMF-800 (b) 5 degrees in SMF-28 (c) 8
degrees in SMF-28 (c) 10 degrees in SMF-28.

3.4.3 STFG SRI sensing characteristics

Since STFGs are capable of coupling the core-guided light into the backward
propagating cladding modes so that the evanescent fields of the modes penetrate the
outer medium, they are employed for surrounding refractive index (SRI) sensing. As the
index of the ambient medium increases steadily from the index of air (~1.000) to that of
silica (~1.446), the cladding mode resonances gradually disappear. This is because at
that instance the cladding modes are no longer total-internally reflected by the cladding
boundary and thus the modes are termed as ‘lossy’. As the surrounding refractive index
(ng, ) changes from 1.000 (air) to 1.300, the centre wavelength of each resonant dips
shifts towards the longer wavelength (red-shifts) with no significant change in
attenuation. But as the surrounding index variation increases from 1.300 to 1.440, they
not only red-shift but their attenuation band also progressively reduce to form a smooth
loss curve [24].

According to [24], this can be theoretically explained by assigning to any resonance A,

a discrete cladding mode with an effective index of Ny , which readily decreases with

decrease in 4. Therefore, when the surrounding refractive index gradually increases till

it reaches the value Ny ,, this mode becomes weakly guided, due to the decrement in

overlap integral between the fundamental guided mode and the Ny , cladding mode,
thereby reducing the amplitude of the coupling coefficient and consequently the
amplitude of this resonant dip. But as soon as n_, equals Ny , the cladding no longer
supports the guided-mode and the coupling becomes a continuum of radiation modes.

The lower and upper envelope curves (&, and fupper) and the normalised area

(A omaicea ) Of the closed field delimited by &, and fupper can be determined by the

expression in Eqn. 3.19 as [24]:

Amax
J. |:§upper (i) - flower (ﬁv):ld/,]«
Equation 3.19 A P

normalised ~ 7

] [ mer (A) = .Z;V’*er(ﬂ)}dz
i
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Nref

where & oner

n .
and & are the upper and lower envelope curves for a particular SRI

W|th nref = nsur; then, A

min

and 2., are the limits of the spectra window of interest. This

avails opportunity to monitor the bulk evolution of the area (A +) assumed by the

normalise
cladding modes collectively, instead of limiting observation only to individual wavelength

shifts as the SRI varies.
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Figure 3.30: Transmission spectra evolution of STFGs to SRI variations (a) 5°(c) 8° (e) 10° Plots of

normalised area against SRI variation (b) 5° (d) 8° (f) 10°. Insets: randomly chosen enveloped area.
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It can be observed that as the external refractive index increases, the upper and lower

envelope curves draw closer therefore the value of A decreases. Figure 3.30

normalised

shows the results obtained for three different STFGs at 5°, 8° and 10°. The evolution of
the transmission spectra as the SRI increases are as shown in Figure 3.30(a), (c) and
(e) and the normalised area plot as derived from MATLAB programming of Egn. 3.19 are

as shown in Figure 3.30(b), (d) and (f). The insets are randomly picked SRI points where

N =Ny, to depict the upper and lower envelopes round the area of interest.

The limit of spectra window observed for the 5° STFG is between ~1482nm - ~ 1555 nm
while that of the 8° STFG lies within ~1435nm - ~ 1559 nm and finally that of 10° STFG
lies in the range ~1420nm - ~ 1530nm. Also, it is observed that the normalised area
decreases as the SRI increases. The experimental result analysis utilizes confidence
interval (95%) for error analysis as the experiment was repeated three times to ascertain
good repeatability. The experimental results obtained are in good agreement with
literatures [24, 25].

Experiments have also been performed for closer look into individual resonant peak
response to the SRI variation. The same index gel (Cargille oil) of different RI ranging
1.300 to 1.436 were employed but only the 12" — 17" order cladding modes (mode order
determined through simulation software) were chosen for close observation (Figure
3.31(a)). It was observed that as the SRI increases, each of the cladding modes red-
shifts gradually until the SRI value gets closer to that of the cladding and the mode
becomes lossy as earlier explained. The experimental result confirms this statements
and the spectra shift are as observed in Figure 3.31(b). The plot of wavelength shifts
against the SRI variations is as shown in Figure 3.31(c) and sensitivity results obtained
are detailed in Table 3.3. It is observed that the sensitivity decrease with increase in
mode order which means that the cladding modes at shorter wavelengths are observed
to be slightly more sensitive that those at longer wavelengths.

96



Table 3.3:

Experimental results of STFG response to SRI variations (121" — 17" order cladding mode)

Transmission (dB)

Cladding Sensitivity (nm/RIU) Determination SRI Range
mode Orders Coefficient (R?) (RIV)

12t 490 +£0.97 0.89 1.300 - 1.360
244 +0.31 0.97 1.380-1.416

13t 4.85+0.78 0.93 1.300 - 1.360
244 +0.31 0.97 1.380-1.416

14t 455+091 0.89 1.300 - 1.360
1.85+0.52 0.86 1.380-1.416

15t 4.35+0.78 0.91 1.300 - 1.360
1.67 + 2.34E-12 1.00 1.380-1.416

16t 3.90 £ 0.67 0.92 1.300 - 1.360
1.61+0.31 0.93 1.380-1.416

17t 3.25+0.62 0.90 1.300 - 1.360
1.97+£0.11 0.99 1.380-1.416
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Figure 3.31: (a) Transmission spectrum of STFGs at close range (121 -17" order cladding modes), (b)

Spectra evolution of STFG in response to SRI variation and (c) Plots of wavelength shift against SRI

variation.
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3.5 EX-TFGs inscription and sensing characteristics

This section explains the fabrication and optical measurements carried out with
excessively tilted fibre gratings (Ex-TFGs) with brief reference to theory behind the
principles. The objectives of these experiments are to demonstrate the fabrication of Ex-
TFGs, investigate their spectral profile with respect to polarisation properties, and
evaluate their sensing characteristics to external perturbations like temperature, bending

and refractive index variations.

Optical fibre gratings that can couple light from the fundamental core mode to the forward
propagating cladding modes have approximately a thousand time higher sensitivity than
the backward propagating ones [26]. LPFGs and Ex-TFGs are the only two types of
gratings that perfectly exhibit such principle. While LPFGs have been explored
extensively as attenuation filters and environmental detectors [15, 16, 19, 27], EX-TFGs
are only recently reported by Zhou et al. as showing high SRI sensitivity to aqueous
solutions with low thermal cross-sensitivity [28, 29]. Due to the asymmetric structure
induced by the excessively tilted index fringes in the fibre core, light in the core mode is
coupled into higher order forward-propagating cladding modes. The birefringence
induced by the tilt angle splits this light into two sets of polarisation dependent modes
resulting in dual-peak resonances in the transmission spectrum when probed with
unpolarised light.

The phase matching condition of Ex-TFG determines the wavelength of the strongest
coupling between the core and the co-propagating cladding modes as given by the
expression in Eqn. 3.20 below [29],

AG
cosd

Equation 3.20 A =(neff (1)-nin (ﬂ,)) i=TE or TM

cl,m

: ff . -

where 1 is the resonant wavelength, nﬁo is the effective index of the core mode at the
resonant wavelength, nﬁ is the effective index of m™ TE/TM cladding mode at the
resonant wavelength, A; is the normal period of grating and 6 is the tilt-angle of the

grating. The axial period (A ), the normal period (A,) and the tilt angle of the Ex-TFG

are related by the expression,

Equation 3.21 A=—=



Therefore, Eqn. 3.20 can be re-written by substituting the expression for the axial period
of grating as,

Equation 3.22 z:(nggf (2)-nin (A))A i=TE or TM

Egn. 3.22 shows that the resonant wavelength of Ex-TFG is mainly determined by the
axial period of grating and the effective refractive indices of both core and cladding

modes. Figure 3.32 further expatiates eqn. 3.22 by distinct schematic and vector phase

matching diagram of the excessively tilted structures.

" N
_ PN
Cladding

e oA M—

“™Core

Figure 3.32: Schematic and vector phase matching diagram of Ex-TFGs.

3.5.1 Fabrication and characterisation of Ex-TFGs

As earlier discussed in session 2.4.3, an Ex-TFG must have excessively tilted structures
at an angle close to or greater than 70°. These highly asymmetric index fringe structures
induce birefringence in the fibre core of the Ex-TFG resulting in all coupled cladding
modes degenerating into two sets of orthogonally polarised states. This causes
pronounced polarisation dependent loss as a result of the mode split. Meanwhile, due to
their relatively small period (typically in tens of micron (um)) and the excessively tilted
angle, Ex-TFGs cannot be fabricated with point-by-point inscription technique. A more
realistic method would be using amplitude mask tilted to desired angle. The fabrications
reported in this thesis made use of custom-designed amplitude masks (Edmund Optics,
USA) with periods: 5 um (200 LPMM), 6.6 um (150 LPMM) and 25 pm (40 LPMM). These
periods are so designed to ensure grating response generated from high order cladding
modes coupling are centred in the C-L band. The zeroth order diffraction of UV-beam

propagated through the amplitude mask is used to inscribe the excessively tilted
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structures in the fibre core, thus the fibre grating and the amplitude mask have the same
axial period. Figure 3.33 shows the front and aerial view of the amplitude mask in close

proximity to the optical fibre during fabrication.

(@) Amplitude Mask----.,

Optical Fibre

(b)

UV Beam
Amplitude Mask

A
Optical Fibre

Zero Diffraction

Figure 3.33: Schematic of tilted amplitude mask in close proximity to the optical fibre (a) front view (b)
aerial view showing the zeroth order diffraction.

By substituting Egn. 3.16 into 3.18, the grating period, the external tilted angle and the

period of the amplitude mask is related by the expression given below,

Ay, COS| = —tan _
. 2 nyy tan(é,,)
Equation 3.23 Ag =

Bl cosé

ext

where n,, is the refractive index of the fibre at wavelength of UV laser (244 nm), A,
and A,, are the grating period of the fibre and the amplitude mask respectively and @,,,
is the tilt angle of the amplitude mask. Three amplitude masks with different periods
(5.0pum, 6.6um, and 25um) were used for the fabrication of Ex-TFGs. The details of the
amplitude masks, their axial and normal periods with respect to internal and external tilt-
angles are as listed in Table 3.4 below which are only limited to two internal angles of

75° and 81°. For the whole experiment, four different angles (internal), 75°, 79°, 81° and
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83° were fabricated in hydrogen loaded single-mode fibre (SMF-28) and
hydrogenated B/Ge co-doped thin cladding fibres.

non-

Table 3.4:  Amplitude masks and optical fibre grating parameters
Period of Tilted angle Axial Grating Normal Grating Tilted angle of
mask of amplitude period inside the period inside the grating in fibre
mask fibre fibre core
5.0um 68.0° 13.35 pum 3.46 pm 75.0°
(200 LPMM)
5.0um 76.5° 21.42 ym 3.35um 81.0°
(200 LPMM)
6.6pum 68.0° 17.62 pm 4.55 um 75.0°
(150 LPMM)
6.6pm 76.5° 28.27 uym 4.43 pm 81.0°
(150 LPMM)
25.0um 68.0° 66.74 pm 17.30 pm 75.0°
(40 LPMM)
25.0um 76.5° 107.09 pm 16.75 um 81.0°
(40 LPMM)

The micro-images of the excessively tilted fringe structures as observed under optical

microscope (100x) are as shown in Figure 3.34. The micro-images are those of

amplitude masks of two different periods, 5um and 6.6um, showing the four angles of tilt

used for the fabrication. The Ex-TFGs were annealed for 48 hours at 80°C temperature

after the inscription to stabilize the grating.

75.08 deg.

Au = 6.61m (150LPMM)

Aw = 5um (200 LPMM)

| 10pum

79.12 deg.
s

8.78um

A =5pm (200 LPMM)

Figure 3.34: Micro-images of Ex-TFGs inscribed in SMF-28 fibre with internal tilt angles at: (a) 75° (150
LPMM) (b) 79° (150 LPMM) (c) 81° (200 LPMM) (d) 83° (200 LPMM).
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During fabrication, one end of the optical fibore was connected to light from a
supercontinuum laser (Fianium ultra-fast laser) propagated through an in-fibre polariser
and a polarisation controller as the UV-beam inscribed excessively tilted fringes in the
fibre core which was monitored real-time on the optical spectrum analyser (AQ6370D:
YOKOGAWA) connected to the other end of the fibre. Figure 3.35 shows the
transmission spectra of 81° Ex-TFG in SMF-28 fibre with different axial and normal
grating periods as achieved by different amplitude masks when probed with unpolarised
light. Since the gratings were fabricated under same conditions of hydrogen loading, UV-
inscription power (145mW), scanning speed, exposure time and alignment, then the
difference in spectra characteristic is as a result of difference in the grating periods. It
can be observed that the grating with the lowest period (5um) has the highest number of
cladding modes in the transmission spectra window (1200 - 1600nm). This implies that
as the grating period increases, the cladding resonant dips decreases because of the
increment in the periodic gap between the resonant dips. Loss of approximately -6dB

was incurred due to lossy connections from the laser source to the sink.

0 : : : : : :
—— A, = 5um (200LPMM) |

0 I 1 1 : 1 L |

- —— A, = 6.6pm (150LPMM) |

Transmission (dB)

0-(b)| | ' 1 L |

——A,,, = 25um (40LPMM)

1200 1300 1400 1500 1600

Wavelength (nm)

Figure 3.35: Transmission spectra of 81° Ex-TFGs inscribed using amplitude masks of different periods:
(a) 5um (200 LPMM) (b) 6.6um (150 LPMM) (c) 25um (40 LPMM).
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3.5.2 Sensitivity characteristics of Ex-TFGs

All the parameters, axial period of grating (A ) and the effective refractive indices of both

ff . i :
core (n§0 ) and cladding modes (ngfﬁ ), that determine the resonant wavelength of Ex-

TFGs are sensitive to environmental perturbations, like temperature, bending and SR,
and the resulting induced resonant wavelength change is a modification of Eqn. 3.22 into

an expression given as [29],

Equation 3.24  A'=(ng (A)— i (1)) A+ (o0 —onifh ) A+ (nsl (4')—nifh (47)) on

0 cl,m

where the resonant wavelength, after the change due to environmental condition, is

. . . ff .
denoted as A'; the change in effective index of core is denoted as 5n§0 , the change in

effective index of cladding modes is represented by 5nl’m and finally, the change in

grating axial period under environmental perturbation is 0A . Consequently, the resulting
wavelength shift is given as

- , 1 snf —6nif§1 dA
Equation 3.25 AAl=A"-1A= R [neﬁ i (7 +T A
1— %_ ncl,m A co( ) cl,m( )
da da

The first term in Eqn. 3.24 is the dispersion factor(,), the second is the environmental
dependence of waveguide dispersion (r) and the third is material expansion («)

caused by environmental change. Then, Eqn. 3.24 can be rewritten as,

Equation 3.26 AM=y(T+a)a

When the Ex-TFG is subjected to thermal perturbation, the thermal dependence of

waveguide dispersion is defined by Egn. 3.27 as,

eff i eff
(fconco - clncl,m)

Equation 3.27 temp — (neff (/1)_ ni,leff (ﬂ,))
Cco cl,m

where the thermo-optic coefficients of core and cladding materials are denoted as &,
and ¢, respectively. Also, the surrounding refractive index (SRI) dependence of

waveguide dispersion can be expressed as [30],
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(o)

) cl,m
Equation 3.28 Usp =—5 eff

e (4)—Ngm(2)

292
usA°An
Equation 3.29 [ =— P E—
872-3r3n§|ﬁ,‘m (nczl - nszur)
Equation 3.30 AL=yT g A

2 . , . .
where U, is the root of the zeroth order Bessel function, Ny, is the RI of surrounding

medium, /1 is the operating wavelength of cladding mode, ris the radius of the optical

fibre cladding, and Ny is the index of cladding. Eqn. 3.29 shows T, is a negative value
which means the SRI sensitivity has an opposite sign to the general sensitivity y factor

expressed in Eqn. 3.14. The simplified form of the SRI sensitivity of Ex-TFG is as
expressed in Eqn. 3.30.

3.5.2.1 Thermal sensitivity of EX-TFGs

The thermal response of Ex-TFGs has been evaluated using the experimental setup in
Figure 3.36. Each Ex-TFG was subjected to thermal evaluation by mounting it on the
surface of a temperature tuneable Peltier enclosed in a box to forestall external influence
on the measurement. The temperature was tuned from 0°C - 80°C at an incremental
interval of 10°C. In the setup, an in-fibre polariser and polarisation controller were
employed to ascertain easy switching between polarisation states making it easy for a

polarisation state to be evaluated at a time.

Aston University

llustration removed for copyright restrictions

Figure 3.36: Experimental setup for evaluating the thermal sensitivity of Ex-TFGs.
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The transmission spectra of Ex-TFG at 83° with axial grating period of 27.44 um when
launched with orthogonal polarised light have one peak fully excited and the other
suppressed at a point in time. The zoomed spectra of a pair of dual peak around ~1550
nm is as shown in Figure 3.37(a) indicating the TM and TE modes. According to
calculations in [31], for SMF-28 fibre the resonance mode at around ~1550 nm should
be 35" cladding mode and the wavelength of TM-mode should be shorter than that of
the TE-mode. The linearly fitted result in Figure 3.37(b) shows that the TM-mode
recorded a slightly higher sensitivity of 8.44 + 0.04 pm/°C (R?: 0.99) than that of the TE-
mode which is 7.27 + 0.05 pm/°C (R?: 0.99). Apart from the 83° Ex-TFG, another 81° Ex-
TFG also fabricated in SMF-28 was selected for thermal sensing at two different centre
wavelengths (~ 1334 nm and ~1554 nm) for comparison. According to [30], the dual

peak around 1330 nm and 1550 nm are 37" and 34" cladding modes respectively.
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Figure 3.37: (a) Zoomed transmission spectra of 83° Ex-TFG when launched with orthogonally polarised
light (black line — TE; red line - TM); (b) Plots of wavelength shift against thermal variation for 83° Ex-TFG;
(c) Plots of wavelength shift against thermal variation for 81° Ex-TFG (at ~ 1334nm and ~1554nm) and (d)
Transmission spectra evolution of 81° Ex-TFG (TM - ~1550 nm) in response to thermal variation.
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The fitted results in Figure 3.37(c) indicate the various sensitivities of the TM and TE
modes at the two wavelengths. As expected, the dual peak at ~1550 nm centre
wavelength exhibit slightly higher thermal sensitivity than that at ~1330 nm. For the dual
peak at ~1550 nm, TM-mode has a thermal sensitivity of 6.98 + 0.03 pm/°C (R?: 0.99)
and TE-mode has 6.00 + 0.02 pm/°C (R?: 0.99). The results at ~1330 nm are: TM-mode
5.56 + 0.07 pm/°C (R% 0.99) and TE-mode 4.65 + 0.05 pm/°C (R?: 0.99). The obtained
results are in good agreement with earlier report in [30]. Figure 3.37(d) is merely the
transmission spectra evolution of the TM mode at ~1550 nm in response to the thermal
variation.

Also, an 81° Ex-TFG fabricated in B/Ge co-doped thin cladding fibre using amplitude
mask with period 25um was subjected to thermal sensing. Because the number of
cladding modes is affected directly by the cladding radius, the mode number decreases
as the cladding radius reduces [30]. Thus, for same mode order, the cladding mode
effective index of a fibre with a smaller radius will significantly be lower than that of a
fibre with larger cladding radius. This also improves the sensitivity of the fibre as the SRI
sensitivity is inversely proportional to the radius of the fibre as indicated in Egn. 3.29.
However, because of the larger period of the amplitude mask (25um), the spectrum is
broader than conventional Ex-TFGs and segregating the polarisation states becomes a
challenge. The TM-mode was focused on and used for the thermal sensing. Figure
3.38(a) shows the transmission spectra evolution of the TM mode at ~1550 nm in
response to the thermal variation spanning over 20nm as it drifts from 0°C to 80°C.
Linearly fitted result in Figure 3.38(b) indicates a sensitivity of 236.77 + 2.87 pm/°C (R%
0.99) which is much higher than those earlier reported for FBGs and LPFGs combined.

Equation y=a+h
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Figure 3.38: (a) Transmission spectra evolution of 81° Ex-TFG (fabricated in B/Ge co-doped 80um fibre with
Aam = 25pm) in response to thermal variation and (b) Plots of its wavelength shift against thermal variation
showing linear correlation.
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3.5.2.2 SRI sensitivity of Ex-TFGs

The SRI sensing capability of Ex-TFGs has also been evaluated using the experimental
setup shown in Figure 3.39 below, the setup only differs from that of thermal sensing by
the replacement of the Peltier and temperature controller with two translational stages at
each end of the fibre holding it firmly across a test-platform attached to a micrometre
stage. The two translational stages are set at same height and the grating firmly clamped
(not too tight) on each to avoid wavelength shift induced by bending and axial strain.
Series of index gel (from Cargille laboratory) with different refractive indices ranging from
1.300 to 1.390 were applied to the grating intermittently.

Aston University

llustration removed for copyright restrictions

Figure 3.39: Experimental setup for evaluating the SRI sensitivity of Ex-TFGs.

At the commencement of each experimental stage, a new flat glass substrate is placed
on the test platform attached to the micrometre stage. The index gel was placed on this
glass substrate and the micrometre stage moves vertically upward to submerge the
grating, which is already hanging in air across the test platform, into the index gel without
imposing any force on it. Immediately the grating is fully submerged in the index gel the
wavelength shift is instantaneously obvious on the display screen of the optical spectrum
analyser (OSA). After each index gel measurement, the glass substrate was constantly
replaced by a new one and the residual gel rinsed off the surface of the grating with

methanol thereby restoring it to initial position in air as previously displayed on the OSA.

The plots of wavelength shift against surrounding refractive index (SRI) variation from
1.305 -1.385 for the 34" TM and TE cladding modes of 81° Ex-TFG is as shown in Figure
3.40(a). The two different centre wavelengths (~ 1334 nm and ~1554 nm) of the 81° Ex-
TFG earlier evaluated for thermal sensing were also probed for SRI sensing. The
experimental results confirm that the SRI sensitivity of an Ex-TFG is cladding mode
dependent and thus increases with the order of the cladding modes. From the figure, the

results shown indicate that the TM-modes have slightly higher sensitivity than the TE-

107



modes at the two different centre wavelengths: at ~1550 nm, TM-mode has sensitivities
of 153.11 nm/RIU (1.305 — 1.345) and 658.62 nm/RIU (1.365 — 1.385); TE-mode has
slightly lower sensitivities of 124.08 nm/RIU (1.305 — 1.345) and 622.05 nm/RIU (1.365
— 1.385) whereas at ~1330 nm, TM-mode has sensitivities of 100.92 nm/RIU (1.305 —
1.345) and 306.50 nm/RIU (1.365 — 1.385); TE-mode has slightly lower sensitivities of
85.23 nm/RIU (1.305 — 1.345) and 279.05 nm/RIU (1.365 — 1.385). The general trend of
Ex-TFGs response to SRI variation is that the SRI sensitivity increases with increasing
SRI values and reaches maximum when the SRI value drifts towards the effective index
of the cladding mode. Unlike the linear correlation exhibited by the thermal sensitivity,
the SRI sensitivity exhibits a nonlinear correlation in form of exponential fitting. However,
the sensitivity is fathomed linearly within a set of SRI range that are linearly related. Also
a 75° Ex-TFG was subjected to SRI sensing and the recorded wavelength shift plot is as
shown in Figure 3.40(b). The TM-mode is recorded to have sensitivities of 143.54
nm/RIU (1.30 — 1.35) and 488.00 nm/RIU (1.36 — 1.38) and TE-mode has sensitivities of
127.89 nm/RIU (1.30 — 1.35) and 438.00 nm/RIU (1.36 — 1.38). The obtained results are

in good agreement with those earlier obtained in [30].
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Figure 3.40: (a) Plots of wavelength shift against SRI variation for 81° Ex-TFG (at ~ 1334nm and
~1554nm) and (b) Plots of wavelength shift against SRI variation for 75° Ex-TFG.

Furthermore, the 81° Ex-TFG fabricated in B/Ge co-doped thin cladding fibre using
amplitude mask with period 25um was also subjected to SRI sensing. The higher period
coupled with the reduced radius of fibre cladding enhanced the sensitivity outcome
greatly. As shown in Figure 3.41(a) the transmission spectra evolution is a giant ~ 80 nm
drift away from air at SRI value of 1.385. The entire wavelength shift plot against the SRI
variation was shown in Figure 3.41(b) to record sensitivities of 354.88 nm/RIU (1.305 —
1.345) and 931.02 nm/RIU (1.345 — 1.404). Also, another 83° Ex-TFG fabricated in B/Ge

co-doped thin cladding fibre using amplitude mask with period 5um was used for SRI
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sensing. Its spectra evolution is as presented in Figure 3.41(c) indicating around ~40 nm
shift from air over Rl range of (1.300- 1.370). The wavelength shift plots in Figure 3.41(d)
show high sensitivities of 827.84 nm/RIU (1.34 -1.37) and 643.20 nm/RIU (1.34 -1.37)
for the TM and TE modes respectively. The results align with theoretical perceptions and
results obtained in [30].
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Figure 3.41: (a) Transmission spectra evolution of 81° Ex-TFG (fabricated in B/Ge co-doped 80um fibre with
Aam = 25pm) in response to SRI variation; (b) Plots of its wavelength shift against SRI variation; (c)
Transmission spectra evolution of 83° Ex-TFG (fabricated in B/Ge co-doped 80um fibre with Aam = 5um) in

response to SRI variation and (d) Plots of its wavelength shift against SRI variation.
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3.5.2.3 Bend sensitivity of Ex-TFGs

The bend characteristic of Ex-TFGs has not previously been reported since they do not
offer any spectacular bending sensitivity compared with LPFGs which have been
demonstrated as bend sensors measuring curvature by detecting bending induced
wavelength shifts [32, 33]. However, with a view to improving the bending characteristics,
this session investigates the response of Ex-TFGs to bending induced structural shape
deformation using two Ex-TFGs of different periods. Two different 81° Ex-TFGs were
fabricated using amplitude masks of periods 6.6um and 25um on SMF-28 with axial
grating periods of 28.27um and 107.09um respectively. The experimental setup for bend
sensing is as shown in Figure 3.42(a) below where light from a supercontinuum laser is
transmitted through the in-fibre polariser and polarisation controller to one end of the Ex-

TFG which is clamped loosely to a steel rule stationed on the four-point bend system.

Aston University

lustration removed for copyright restrictions

Aston University

ustration removed for copyright restrictions

Figure 3.42: (a) Experimental setup for bend sensing and (b) Schematic diagram of the four-point bend
system with a = 120mm, b = 40mm, and bend depth, h =0 ~ 12.5mm
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The other end of the fibre is connected directly to the OSA (AQ6370D) where
measurements were recorded. Figure 3.42(b) illustrated the schematic of the four-point
bend system showing its geometric configuration. The SMF-28 containing the 81° Ex-
TFG in the centre was loosely attached to a steel rule of 0.5mm thickness, 20mm width
and 200mm length. The fibre was loosely attached so as to eliminate effect of axial strain.
As shown in the figure, depressing the centre micrometer driver with a depth (h) the fibre
was bent. The resulting bend curvature has a near linear relationship with the depressing

bend depth (h) and can be expressed as [1],

R?=(R-hy)’ +(%)Z
GJZ +[-h—(R-h)]=R?

Equation 3.31

where R is the bend radius, h is the bend depth which is accurately read from the
micrometer driver, a and b are the spacing of the two sets of forced points as shown in
Figure 3.43(b). Simplifying Eqgn. 3.31 yields,

2 2 2 2
Equation 3.32 [%) —2R[R+h— RZ—[EJ ] +[R+h— RZ—G) ] =0

With R>a,bandh, and with a>bandh , an approximate expression reduces Eqn. 3.32

to,

8h

. 1
Equation 3.33 —
q R a?-b?

It is obvious from Egn. 3.33 that there exist a linear relationship between the bend

curvature and bend depth. Figure 3.43 shows the plot of the bend curvature (1/R)

against the bend depth (h) confirming the linear approximation defined in Egn. 3.33. The
two 81° Ex-TFGs fabricated using amplitude masks of periods 6.6pum and 25pm on SMF-
28 were subjected to bend sensing for sensitivity comparison. The transmission spectra
evolution of the 81° EX-TFG (Aaw=6.6pm) in response to bending is as shown in Figure
3.44(a) as the bending depth increases from 0 — 12.5mm. The plot of wavelength shift

against curvature for both TM and TE-modes exhibit linear correlation giving sensitivities
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112



0.078 + 0.001 (nm)/(1/m) and 0.062 + 0.001 (nm)/(1/m) respectively as shown in Figure
3.44(b). However, the 81° Ex-TFG (Aav = 25pum) gives a higher sensitivity of 1.192 +
0.013 (nm)/(1/m) due to the increase in axial grating period which is close to that of an
LPFG. The transmission spectra evolution of the 81° EX-TFG (Aaw=25um) in response
to the bend depth is as shown in Figure 3.44(c) and the shift of its wavelength against
curvature is plotted in Figure 3.44(d).
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3.6 Chapter conclusion

In this chapter, extensive experimental study on the fabrication, spectral features and
sensing characteristics of different advanced optical fibre gratings have been
demonstrated and presented. Firstly, it has been demonstrated that two different
fabrication techniques - holography and phase mask scanning - can be employed for the
UV-inscription of FBGs. The holographic technique has been employed to write FBGs at
different percentage reflectivity ranging from ~4% - ~96% while the phase mask scanning
has been used for fabrication of complex Gaussian apodized FBGs at different
wavelength ranges between 1544 nm — 1554 nm. Then, the responses of FBGs to
thermal and strain sensing have been remarkably shown to be ~ 11 pm/°C and ~1.18

pm/ue respectively.

Similar with the FBGs, a 244nm Ar* laser has also been used to fabricated LPFGs at
different grating periods - 140um, 250um, 300um 350um, and 400um — using the point-
by-point inscription technique. In particular, dual-peak LPFGs with periods (300um) near
dispersion turning points have been fabricated in 80um cladding fibre and investigated
for optimum sensitivity to external perturbations. The dual-peak LPFGs have recorded
high sensitivities of ~ 4400 nm/RIU and ~854.22 pm/°C for SRI and thermal sensing
respectively. For comparison, normal LPFGs with periods 200um and 250um were
inscribed in same 80um cladding fibre and subjected to thermal and SRI sensing. Lower
sensitivities of ~ 1391.85 nm/RIU and ~332.91pm/°C were obtained for SRI and thermal

sensing respectively.

Furthermore, TFGs have been fabricated at different angles using phase-masks and
amplitude masks for STFGs and Ex-TFGs respectively. While a session detailed the
spectral features and sensing characteristics of STFGs another discussed at length the
fabrication of Ex-TFGs with amplitude masks of different axial periods and tilt angles.
STFGs were employed for SRI sensing due to their ability to couple core-guided mode
into backward propagating cladding modes. The collective responses of the cladding
modes to variation in SRI were presented as plot of normalised area against RI.
Sensitivity of ~ 4.9 nm/RIU was obtained for 12th order cladding mode when individual

cladding modes are zoomed for close investigation.

Meanwhile, the transmission spectra of Ex-TFGs shows dual-peak attenuation bands
corresponding to two orthogonal polarisation states. These two polarisation states are
confirmed to be TE and TM resonant peaks when linear polarised light with different

azimuth angles were launched through the Ex-TFG. The sensing characteristics of Ex-
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TFGs to thermal, SRI and bend sensing were also examined. Specifically, thermal
sensitivities of 8.44 pm/°C and 6.98 pm/°C were obtained for 83°-TFG and 81°-TFG
respectively while SRI sensitivities of ~ 658.62 nm/RIU and ~ 488.00 nm/RIU were
obtained for 81°-TFG and 75°-TFG respectively. Bend sensing of Ex-TFGs was carried
out and reported for 81°-TFG. Two different 81° Ex-TFGs were fabricated using
amplitude masks of periods 6.6um and 25pm in SMF-28 with axial grating periods of
28.27um and 107.09um respectively. Improved sensitivity of 1.192 nm/(1/m) was obtain
for 81° Ex-TFG (Aam = 25um) as against 0.078 nm/(1/m) obtained for 81° Ex-TFG (Aam
= 6.6um).
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Chapter

In-fibre grating based refractive index

sensors with nanoparticle deposition

[1, 2]

4.1 Introduction

The nanoparticle deposition on the surface of optical fibres alters their spectral
characteristics and response to external perturbation. This chapter discusses significant
contribution to the analysis and nano-characterisation of in-fibre grating based refractive
index (RI) sensors.

The nanoparticles employed here are: Carbon nanotubes (CNT), Zinc oxide (ZnO),
Polystyrene Spheres (PS) array and Gold nanoparticles (AuNPs). The optical
characteristics of each of these nanoparticles were explored for spectral characterisation
of the in-fibre gratings for sensing applications. These sensors find practical a