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ABSTRACT

Long period gratings (LPGs) are formed by inducing a permanent periodic
modulation of the refractive index (RI) of the core of an optical fibre. The transmission
spectrum of the LPG contains a series of attenuation bands centered at discrete
wavelengths. The exact form of the transmission spectrum and the central wavelengths
of the attenuation bands, are sensitive to the period and the length of the LPG and to the
local environment. The sensitivity of a LPG to a particular measurand is dependant
upon the composition of the fibre and upon the order of the cladding mode to which the

guided mode is coupled to and is thus different for each attenuation band.

The range of responses makes LPGs particularly attractive for sensor
applications. In this thesis, three LPG based sensors that utilise the LPG’s responses to
the RI of its surrounding medium are demonstrated. An enhanced temperature sensor
demonstrates a temperature sensitivity of 19.2nm/°C over a range of 1.1°C and a 14.8 %
change in the attenuation band’s minimum transmission value /°C over a range of

2.0°C.

A LPG has been shown to detect the RI changes in a curing epoxy resin, and are

therefore suitable for monitoring the state of the epoxy’s cure.

A liquid level is presented that is based on the partial immersion of the LPG
into RI oil. This liquid level sensor overcomes the majority of the drawbacks associated
with the current liquid level measuring techniques by providing continuous
measurement in any environment. The relative changes in the minimum transmission
values, CMTV, of the attenuation bands demonstrate a linear response, over ~ 62% of
the 40mm long LPG, with a sensitivity of 2% CMTV/ % length of the LPG. This
corresponds to a sensitivity of 4.8% CMTV/ mm length of the LPG.
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Chapter 1 Introduction to fibre optic sensors

1.1 Introduction

The nature of the environment in which we live and work, and the fragile state
of many aspects of the natural and man made environment, has been a major lesson for
scientists over the last few decades. People are now more aware and involved in what
goes on around them and they view the abilities of scientists and engineers with
suspicion to provide an adequate solution to the problems that they directly or indirectly
face. Monitoring of the various aspects of the environment, whether it is external or
internal to us and involving chemical, physical or bio-medical parameters is an essential

process for the well being of all.

Fibre optic sensor technology has potentially a major part to play in this process,
both to complement existing technologies and to promote new solutions to difficult

measurement issues.

1.2 Fibre optic sensor technology

Intensive research and development in the field of optical engineering over the
last twenty years has given rise to an entirely new type of measurement device, the fibre
optic sensor, FOS. FOSs boast a number of crucial advantages over traditional electrical
and mechanical sensors: they are compact, robust, chemically inert, non-conductive, and
are immune to electrical interference. As optical fibres are made of non-conducting
dielectric materials it means that they can operate at zero potential, which makes them
useful for operation in explosive environments, and, since the light is constrained to be
within the fibre, the risk of explosion is further reduced. As well as acting as a sensing
medium, the optical fibre can also be used for data transmission where their facility of
having a low degree of signal attenuation and high transmission capacities may be

exploited. In addition, they are compatible with the telecommunications and
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optoelectronics industries, where the costs of the continually improving available
technology are falling, and they may potentially take advantage of technological
advances. Ideally, sensors need to be lightweight and should not compromise the
structural integrity of the product whose properties they are going to sense. FOSs mect
this criteria and offer another key advantage; they are insensitive to electro-magnetic
interference and consequently do not require any bulky shielding. They also offer
potential for fully distributed or high density multiplexing that will allow large numbers

of sensor elements to be placed in series using the same length of fibre.

FOSs are generally classified as either intrinsic or extrinsic. In an intrinsic FOS,
the sensing element is the optical fibre itself and its physical properties can be modified
in response to an external physical or chemical influence, which is often called the
measurand. Modulation of the fibre’s properties directly perturbs the optical property of
the light being guided within it. The properties of the light that can be changed are the
intensity, frequency, phase, wavelength, modal distribution, or polarisation. Monitoring

the modified properties of the light permits measurement of the measurand.

In an extrinsic FOS, the measurand again modulates the optical signal, but the
perturbation of the properties of the light takes place in a region outside the optical
fibre. The light still travels to the measurement region in an optical fibre, and often from
the measurement region to the detector in another fibre; the fibres now act simply as
light guides. A large number of techniques and schemes have been demonstrated and a

large body of literature exists [1].

FOSs offer a variety of ranges and resolution and on most occasions show cross-
sensitivity to other measurands, therefore, careful consideration has to be given to the
technique that is selected for use. The range and resolution of a particular FOS may not
be suited to every application or that particular details of the deployment may favour the

properties of one scheme over another.
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The interest in FOSs has increased in recent years because of the development of
new optical fibres, optical components, sources and detectors, primarily for use with the
communication industry, but exploited in sensor systems. The obj ective for optical
fibres destined for communication purposes has always been to manufacture fibres with
transmission properties that are independent of external environmental parameters such
as temperature, pressure, humidity and strain. It is these exact areas of sensitivity that
are exploited in FOSs for sensing applications. The research in this area has reached a
level of maturity whereby FOSs systems are undergoing field trials and application tests
[1, 2, 3, 4]. There are examples of commercially available FOSs such as fibre optic
LDV and fibre current sensors and of these the most successful has been the fibre optic
gyroscope (FOG) as a means of measuring rotation [5, 6]. However, there is currently
an increasing commercial interest in FBG sensors with a large number of reports of

field tests and application trials [2, 3].

1.3 Fibre gratings

Fibre gratings represent perhaps the most exciting development in the area of
fibre optic research in recent years. Fibre gratings are widely exploited in the
telecommunications industry, and many field trials of fibre grating sensors for the
multiplexed sensing of parameters such as, temperature [3], strain [3], pressure [3],
chemical concentration [3], load and vibration have been reported [3]. The fibre grating
is a device that acts as a clearly defined and identifiable sensing region within the
optical fibre. Fibre gratings are formed by inducing a permanent perturbation in the
mode propagation constant in the core of germanosilicate optical fibre. This may be
achieved by laterally exposing the fibre to a periodic pattern of UV irradiation, through
the side of the fibre at a wavelength that is within the absorption band of germanium
oxygen deficient centres, 193 - 281nm [7]. Since a grating or grating array can be
directly written into a fibre’s core without changing the fibre’s geometry, fibre gratings
as sensors and telecommunication devices are highly miniaturised and compatible with
a wide range of important and unique applications [8]. These applications include being

used as fibre laser mirrors [9], fibre filters [10, 11] and there is a particular interest in
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using them for dense wavelength division multiplexing systems, WDM, to enhance the
capacity of both existing long-haul networks and future local area networks [12]. Fibre
gratings present themselves as ideal sensing solutions for real everyday applications and
appear to be on the verge of large scale commercial exploitation across a broad range of
sectors including civil engineering [13, 14, 15, 16], marine engineering [17, 18],

medical [19] and military [20].

Tn accordance with the period of the grating, fibre gratings can be classified into
two types, the short period fibre Bragg grating (FBG) and the long period grating
(LPG). Section 1.4 will discuss the FBG and section 1.5 will introduce LPGs and
highlight their main attributes.

1.4 Fibre Bragg gratings

FBGs, have a periodicity <lpm and are usually formed in the core of an optical
fibre. When such a device is illuminated by a broadband optical source, a narrow-band
spectral component corresponding to the Bragg resonance wavelength of the grating,

Ap, is reflected. The Bragg condition given by

Ay =204 A (1.1)

where neg is the effective refractive index of the propagation mode and the A is the
grating period. All other wavelengths outside the narrow reflection band will be
transmitted. Tt can be seen from equation 1.1 that environmentally induced changes in
either negs or A will result in a shift in the reflected Bragg wavelength. The measurement
of the wavelength shift is the foundation of the FBG based sensor and its primary
measurands are temperature and strain [21]. Figure 1.1, illustrates the principle of

operation of a FBG.
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Figure 1.1: Schematic diagram of a FBG illustrating that only the wavelength of light,

Ap, that satisfies the Bragg condition, is reflected.

FBG sensors have attracted a considerable amount of interest within the FOS research
community [2, 3]. The main reason for this is that FBG sensors offer a number of
advantages over other FOS sensors including potentially low cost, unique wavelength
multiplexing capacity, the transduction mechanism avoids the ambiguity of a phase
measurement and is intensity independent. Over the past decade, FBGs have been
extensively investigated for sensing applications [2]. The suitability of FBGs for the
important application of strain sensing, whilst embedded in a composite aircraft
structure, is gauged by the criteria suggested for an ideal sensor [22]. The criterion
suggests that, ideally, a fibre optic sensor should be intrinsic in nature for minimum
perturbation and stability. The sensor should be positioned locally so that it can operate
remotely with insensitive leads [22]. It should have the ability to respond only to the
strain field and ignore any changes in direction, be well behaved, and have reproducible
responses [22]. The sensor should be robust for installation purposes and preferably of
an all fibre construction for operational stability [22]. The sensor should be able to
provide a linear response for absolute measurements and be insensitive to phase
interruption at the structure’s interface [22]. The sensor should consist of a single
optical fibre for minimum perturbation and common mode rejection. If the sensor is
single ended it would make installation and connection easier [22]. The sensor should

be sufficiently sensitive to the measurand with an adequate measurement range and be
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amenable to multiplexing to form sensing networks within a structure [22]. Finally, the

sensor should be easily manufactured and adaptable to mass production [22].

For strain sensing, the FBG is the only type of sensor that fitted the criteria [23].
FBG sensors arrays have been used in the monitoring of large engineering structures

such as buildings, bridges and aircraft [3].

FBGs may be incorporated into the structure to monitor it throughout its
working lifetime. Preliminary accelerated ageing tests indicate that properly exposed
and annealed FBGs are reliable for long term operation over periods greater than 25
years without degradation in performance [24]. FBGs may be used as an integral part of
a control system that would correct for an environmental change being detected by the

fibre optic system forming part of a so called “fibre-optic smart structure’ [3, 5].

Manufacturers are aware that their products gain added value when a structural
monitoring system is incorporated within it [25], because the consumer can see that this
can potentially extend the operating life of the product, optimise the maintenance
schedule and improve its overall safety. The increased interest in the use of embedded
sensors is attributed in the main to the potential reduction in cost and increased
reliability of the component parts used in fibre optic systems. Although there exists
some potential for further improvement in terms of performance and functionality,
efforts are now engaged to realise cost effective FBG sensor systems and to explore

more potential applications.

Long period gratings, LPGs, are emerging as an exciting new sensor technology,
complementary to FBGs in offering the ability to simultaneously monitor a number of

different measurands.
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1.5 Long period fibre gratings

LPGs are a relatively new class of periodic structure, that were originally
proposed in 1995 [26] and were developed, as were many optical sensor components,
for use in communication systems [26]. LPGs employ a similar fabrication technology
to that needed to produce the more widely used FBG. LPGs are never the less different
to FBGs in that the periodicity of a LPG is typically tens to thousands of microns. When
a LPG, in a single mode fibre, is illuminated by light of a broadband spectrum more
than one part of the light will satisfy the phase matching condition thus allowing
coupling between the guided fundamental mode and the forward propagating cladding
modes. The high attenuation of the cladding modes results in the transmission spectrum
of the LPG containing a series of attenuation bands, centred at discrete wavelengths,
cach attenuation band corresponding to coupling from a guided core mode to a different

cladding mode. The principle of operation of a LPG is illustrated in Figure 1.2.

Transmitted
Input Cladding spectrum
spectrum ; >

R

Core UV inscribed grating - LPG

Figure 1.2: Schematic diagram of a LPG illustrating the attenuation bands situated in
the transmission spectrum at wavelengths A, - Aq which satisfy the phase

matching condition.

The exact form of the transmission spectrum and the central wavelengths of the
attenuation bands, are sensitive to the period of the LPG, the length of the LPG and to
the local environment. In addition to the sensitivity to temperature and strain exhibited

by FBGs, LPGs are also sensitive to an applied bend radius and the refractive index, Rl,
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of the material surrounding it [27].

During this research program, it is these properties of LPGs that will be
characterised and exploited to demonstrate novel sensing schemes. The next section

presents an outline of the major objectives of this thesis.

1.6 Thesis objectives

This research program focused on producing high quality fibre optic LPGs and
characterised their response to a range of measurands. The results of the
characterisations were exploited to demonstrate high performance sensing systems, for
the measurement of temperature with an enhanced sensitivity, for the measurement of a
liquid’s level and for the detection of changes in the RI of the medium surrounding the
fibre.

To facilitate the demonstration of such novel sensing schemes the thesis

provides details of the supplementary work undertaken:

° the development of a compact and portable interrogation and
demodulation system
® the design and development of a LPG fabrication system

° characterisation of the LPG’s response to

= temperature
= strain
= bending

= and change in refractive index of the surrounding medium

e the thesis then demonstrates three novel sensing schemes

= the measurement of liquid level

= 3 highly sensitive temperature sensor
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»  monitoring the state of cure of an epoxy resin

The various applications of the LPG sensors considered here meant that the
experimental instrumentation for this project needed to be portable; consequently, the
initial phase of the work was to design and implement a portable and compact
interrogation and demodulation system. This system is based on a low cost CCD
spectrometer that is interfaced to a PC that controls, acquires and logs the data and
enables the complete LPG spectrum to be viewed in real time. The CCD spectrometer
used is limited to operation in the 400 — 1100nm range. In this thesis commercially
available photosensitive optical fibre with a cut-off wavelength of 650nm was used
which is lower than the fibres generally used in LPG experiments, which have cut-off

wavelengths > 1200nm.

The system offers the facility to monitor, in real time, the formation of the LPG.
This greatly aided the repeated manufacture of high quality LPGs and to that end two
fabrication techniques, the point by point and the amplitude mask techniques were

investigated.

To gain an understanding of the response of LPGs to the various measurands,
the LPGs were exposed to changes in strain, temperature, bending curvature and in the
RI of the medium surrounding it. FBGs have been considered the ideal strain sensor
[23]. The strain sensitivity of LPGs is found to be up to two times that of a FBG [9],
often LPGs can be strain insensitive which is an advantage for temperature sensing. The
sensing of temperature is one of the measurands that has been extensively investigated
[9, 28, 29, 30, 31, 32], LPGs show a sensitivity that is four times greater than that ofa
FBG. LPGs can also be insensitive to temperature, which makes them ideal candidates

for strain sensing [28, 32].

The transmission spectrum of a LPG is highly sensitive to bending. The two
observed responses are that the attenuation bands in the transmission spectrum shift
with increasing bend curvature [33] and that the attenuation bands divide into two [34,

35), as illustrated in Figure 1.3. The wavelength separation between the two divisions



Chapter 1 Introduction to fibre optic sensors

increases with increasing bend curvatures [34, 35].
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Figure 1.3: 4 plot illustrating the dividing into two of an attenuation band when a
curvature was applied to a straight LPG. — Straight LPG, ---- LPG

bent with a curvature of 1 55m .

Structural bend sensors, based upon both of the observations have been
demonstrated [33, 35, 36, 37]. In this thesis the author presents the characterisation of
the response of a LPG’s transmission spectrum to the orientation of the UV exposed

side of the fibre relative to the plane of the bend curvature [38].

The response of a LPG’s transmission spectrum to a change in the RI of its
surrounding medium has been previously investigated [39, 40, 41]. In this thesis the
characterisation of the RI response of a LPG with attenuation bands at wavelengths <
1200nm is presented and is exploited to demonstrate three novel sensing schemes. The
thesis demonstrates a LPG based liquid level sensor, an enhanced temperature sensor

and an in-situ means of monitoring the RI change occurring in a curing epoxy resin.

10
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In many applications, knowledge of the volume of a liquid is required, for
example, in fuel storage systems, and chemical processing. A wide range of liquid level
sensing techniques already exist based around mechanical, electrical and optical
techniques. A novel liquid level sensor is demonstrated in chapter 6 that overcomes the
majority of the drawbacks associated with the current liquid level measuring techniques

by providing continuous measurement in dangerous environments.

The thesis then presents, in chapter 6, an enhanced temperature sensor based on
a LPG surrounded by a refractive index oil of a high thermo-optic coefficient that has a
sensitivity that is two orders of magnitude higher than that shown by a LPG in air. This

enables the sensor to act as a thermally tuned optical filter.

A proposed area of research was specifically aimed at advanced materials
applications of LPG sensors. A wide range of industries use composite materials that
are generally made of stacked laminate or woven fabrics of continuous carbon or glass
or aramid fibre, pre-impregnated with an epoxy resin polymer system. The resin is
heated under high pressure, so that it reacts chemically to produce a rigid cross - linked
structure, known as the ‘cure’. Current composite technology faces numerous problems,
which leads to the inability to produce consistent batches of the material. The
introduction of robust cure monitoring sensors would allow real-time modification of
the curing process to compensate for the actual state of the composite during curing and
lead to subsequent improvements in production. LPGs were used for the detection of the
refractive index change in a curing epoxy resin with the goal of determining the

effectiveness of using them to monitor the state of the epoxy’s cure.

11
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1.7 Thesis summary

Chapter 1 presented an introduction to fibre optic technology and detailed in

general terms the operation of fibre optic sensors. The chapter introduced fibre gratings

and in particular FBGs and LPGs and outlined the significant features of the thesis.

Chapter 2 discusses LPGs in detail and the theory involved with them. The

Chapter also discusses the simple in-house model that allows the calculation of the
coupling wavelengths for a given range of the LPG’s periodicities and the results

obtained from it.

Chapter 3 presents a review of the sensing applications of LPGs with a
particular emphasis on their application as sensors for single and multi-parameter

sensing.

Chapter 4 outlines the methods employed to bring about a permanent

perturbation in the mode propagation constant in the core of the fibre. The chapter
provides a detailed discussion of the fabrication process used to produce the LPGs in
the laboratory at Cranfield. The chapter then discusses the need to anneal LPGs before

Use as SCnsors.

Chapter 5 details the characterisation of the LPG’s response to measurands

such as temperature, strain, bending and changes in the RI of the medium surrounding
the LPG.

Chapter 6 presents the three novel LPG based sensing schemes that exploit
the RI sensitivity of the LPG: the liquid level sensor, the sensor with enhanced

temperature sensitivity and the sensor for monitoring the cure of an epoxy resin.

Chapter 7 presents the conclusions obtained from the work and discusses the

work proposed for future investigations in this field.

12
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1.8 Chapter summary

This first chapter has introduced fibre optic sensors and discussed the
advantages that they offer over traditional mechanical and electrical sensors. The
chapter introduced the relatively new class of FOS, the fibre grating, and discussed the
advantages that they offer over conventional FOS. The chapter introduces the
distinguishing features of the two different classes of fibre grating, the fibre Bragg
grating and the long period grating. The objectives of the thesis are discussed and a

summary of the thesis is presented.

13
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Chapter 2 Theory of fibre optic long period gratings

2.1 Introduction

This chapter discusses the principles of operation of LPGs in detail. The concept
of the exchange of power between one or more modes in a perturbed optical fibre
system is introduced. Coupled mode theory is used to explain the interaction between
various modes and the phase matching condition for a periodic perturbation is
presented. The transfer of power between co-directional propagating modes is discussed

using the coupled mode equation.

2.2 Fibre optic long period gratings

LPGs are composed of a modulation of the propagation constants of the guided
modes of an optical fibre and act to couple light between fibre modes. In general, this
takes the form of a RI grating that is inscribed into the core of the optical fibre by
structured UV irradiation. LPGs typically have a periodicity in the range 100pm -
1000pm and a gauge length of 20mm - 40mm. The short grating wave-vector promotes
coupling between the propagating core mode and the co-propagating cladding modes.
The high attenuation of the cladding modes, due to scattering losses at the cladding and
air interface, results in the transmission spectrum of an optical fibre containing a LPG
having a number of loss or attenuation bands centered at discrete wavelengths, each
attenuation band corresponding to coupling to a different cladding mode. A typical
transmission spectrum of a LPG is shown in Figure 2.1, showing a number of well-
defined attenuation bands. The LPG had a length of 40mm and a period of 400um, it
was written in photosensitive fibre with a cut off wavelength of 650nm, using UV

illumination at 266nm, through an amplitude mask [1].

20



Chapter 2 Theory of fibre optic long period gratings

100 |° .
90 -

o 80 I

o\ -

o 70T

.2 -

% eof U

% 5 I

5 ol u
e i

30 \J

27T

800 850 900 950 1000 1050
Wavelength/nm

Figure 2.1: Typical transmission spectrum of a LPG showing 5 of the attenuation
bands. The LPG was of length 40mm and period 400um, written in
photosensitive fibre with a cut off wavelength of 650nm, using uv

illumination at 266nm, through an amplitude mask [1].

The centre wavelengths of the attenuation bands are determined by the phase-matching
condition. The phase matching condition is governed by the difference in the effective
RI of the cladding and core modes and by the period of the LPG [2] as will be shown in
section 2.7.2. The minimum transmission, T, and the width of the attenuation bands are
determined by the coupling efficiency between the core and the cladding modes and by

the length of the LPG [3], and this will be discussed in section 2.6.1.
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The exact form of the transmission spectrum and the centre wavelengths of the
attenuation bands are sensitive to the local environment: temperature, strain, bend radius
and RI of the medium surrounding the fibre. Changes in these environmental factors can
modify the period of the LPG and/or the differential RI of the core and cladding modes.
This then modifies the phase-matching conditions for coupling to the cladding modes
and results in a change in the central wavelengths and minimum transmission of the

attenuation bands.

The sensitivity to a particular measurand is dependent on the order of the
cladding mode to which the guided optical power is coupled, the structure and the
composition of the fibre and the period of the LPG, and is thus different for each
attenuation band. This range of responses makes them particularly attractive for sensor
applications, with the prospect for multi-parameter sensing using a single sensor
element [4]. It is these distinguishing features that will be exploited in this thesis to

demonstrate the novel sensing schemes.

2.3 Theory

In order to understand the properties of optical fibres, it is important to consider
the wave-guide effect. Dielectric optical wave-guides have been extensively studied
theoretically [5]. Optical fibres in their simplest form consist of a central core
surrounded by a cladding layer whose RI is lower than that of the core. Such fibres are
generally referred to as step-index fibers to distinguish them from graded-index fibres in
which the RI of the core decreases gradually from the centre to the core boundary.

Figure 2.2 shows a schematic cross section of typical optical fibres and the RI profiles.

The properties of the fibre are governed by its geometry. The diameter of the
core, the RI between the core and the cladding, RI profile and the shape of the core all
influence the characteristics of the fibre. Two parameters which characterise the fibre
are the relative core-cladding index difference, A, and the normalised frequency, V,

which are given in equations 2.1 and 2.2 respectively [6]:
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_n -n, (2.1)

i
V =koa(nl —n})? (2.2)

where ko, is the free space propagation constant at a wavelength of light A, ko = 27/A,
and a is the core radius. The parameter V determines the number of modes supported by
the fibre. A step index fibre has been shown to support a single mode if V <2.405 [6].
If the diameter of the core is reduced such that all but one of the modes is eliminated,

then the fibre is referred to as a single mode fibre.

AN s

refractive index

radial distance

Figure 2.2: Schematic of the cross section and the RI profile of (a) step-index
multimode, (b) graded index fibre multimode and (c) single mode fibre
where the RIs n; > ns, a and b are the radii of the core and cladding

respectively.
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2.4 Fibre modes

A simple model of the behaviour of light in a multimode fibre is illustrated in
Figure 2.3. Light incident on the interface between the core and the cladding of the
optical fibre undergoes total internal reflection, TIR, if the angle of incidence is greater

than the critical angle, 0.

cladding

cladding

Figure 2.3: Hllustration of a light ray undergoing TIR when its angle of incidence 6, is >

than the critical angle 6..

When this condition is satisfied the fibre can be used to guide light so that it propagates
along the fibre, with the majority of the light confined within the core and an
exponentially decaying tail extending into the cladding [7].

2.4 1 Guided and radiation modes

From a theoretical viewpoint, an optical fibre is a wave-guide and in a loss-less
unperturbed optical fibre system and at any angular frequency, o, optical fibres can
support a finite number of guided modes. A mode in an optical fibre is a set of
electromagnetic waves that participate in the propagation of energy in the fibre [8]. The
guided modes travel in the fibre, without losing or gaining power, with discrete
propagation constants, B, that are functions of the optical source’s wavelength, the size,
shape, and the nature of the optical fibre. The propagation constant can be determined

by using Maxwell’s equations and the electric and magnetic field boundary conditions
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at the core and cladding interface [8]. It has been shown previously that the discrete
values of propagation constants for the guided modes are confined to nako < | B | < niko
[9]. Figure 2.4 illustrates the propagation constants of the forward ( > 0) and reverse
propagating (B < 0) guided modes as functions of the optical frequency. The pictorial
representation of the modal propagation constants in terms of frequency is termed the 3

plot [10]. The propagation constant is given by equation 2.3 [9].

[3 Zmneﬁ' — 27[ neff (23)
c A

where neg is the effective index of refraction, np | neffl n;, from the cladding to the core

and c is the speed of light in a vacuum.

Reverse propagating Forward propagating
guided modes guided modes

-Bor  -Pn 4—— Radiation modes —® B Bo

40— PR

-n, %) -1, %0 0 n, % ®
Figure 2.4: Propagation constants of the forward and reverse propagating guided
modes in an optical fibre. 1 and By; are the propagating constants of the
two lowest order forward propagating guided modes. Diagram reproduced
from [9].

Apart from the guided modes, another set of modes also satisfies the
electromagnetic Maxwell’s equations and the boundary values [12]. These modes are
called radiation modes and owing to the imperfections within the wave-guide, result in
the continuous loss of power from the guided modes [11]. The infinite number of
radiation modes present possess a continuum of complex propagation constants in the
range, 0 < | B | < noko [9], as illustrated in Figure 2.4. It is known that radiation modes

extend to infinity and that they are strongly influenced by the outer cladding boundary.
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Some of the radiation modes are trapped by the cladding due to the reflection at the
cladding outer boundary. The subsequent modes that arise from the reflection of the
radiation modes reflected at the cladding outer boundary are called cladding modes
[12]. If the RI of the medium surrounding the cladding is n3, the cladding modes

propagation constants are bound within the range, n3 ko < l B | < m k.

The cladding modes are similar to the guided modes and, therefore, may travel
in either forward or reverse direction. Cladding modes have discrete propagation
constants as illustrated in Figure 2.5. Due to their higher density, they form almost a
continuum [12]. The cladding modes attenuate rapidly due to bends in the fibre,
scattering losses and absorption by the fibre’s jacket. The coupling or transfer of energy
from guided modes to discrete cladding modes forms the basic operating mechanism of

long period gratings.

Reverse propagating Forward propagating
cladding modes cladding modes
+ > < >
_B(Ol) _B(ll) B(ll) B(Ol)
< o- i { -$ —— i -
® w W ® ®
—-n,— "nzo‘) I 0 0y~ n,— n,—
C C C Y C Cc

Figure 2.5: Propagation constant distribution of the cladding modes in an optical fibre.
The coloured region represents the cladding modes, where ﬂ( D and [ ) gre

the propagation constants of the two lowest order forward cladding modes.

Diagram reproduced from [9].

2.5 Coupled mode theory

In section 2.4.1 it was discussed that, in a loss-less unperturbed optical fibre
system, power is transferred in the form of modes, each mode propagates without losing
or gaining power along the length of the fibre. However, in reality any small

disturbance or irregularity in the system can cause power to couple between two or
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more modes. An optical fibre can be perturbed by either bending the fibre, by
modifying the RI or the diameter of the core or of the cladding, or by simply moving the
fibre into close proximity with another wave-guide [12]. The techniques used to modify
the RI or reduce the diameter of the core or cladding, respectively, are discussed in

Chapter 4.

2.5.1 Co-directional coupling

Tn this section the approach used by Pierce [13] and by Taylor and Yariv [14] is
followed to arrive at solutions to coupled mode equations for two modes propagating in
the same direction, under the influence of a periodic perturbation. The coupled mode
equations are also used to depict the importance of the phase matching condition
between the two modes for significant exchange of power. The basic assumption of the
coupled mode theory is that the coupling between the waveguides may be described as a
perturbation in the polarisation of one waveguide due to the presence of the second.
This analysis is only valid for weakly coupled waveguides, i.e. waveguides that are not
too close together in space. Consider an optical fibre as shown in Figure 2.6, where the
RI of the core is periodically perturbed with a period, A, along the fibre axis for a
portion of the fibre’s length, starting at z =0 and ending at z= L.

I { cladding
} |

I |

: I

unperturbed region ‘ perturbed region ‘ unperturbed region

| |

| |

| : core
| |

A

|

T 1

| z | cladding

z=0 z=1,

Figure 2.6: Diagram of an optical fibre that has the RI of its core perturbed, with a
periodicity A, over a length from a pointz = 01oz = L.
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Let two modes a; and a, travelling in the z direction with discrete propagation

constants B; and B, respectively, be represented as [14]
a,(z,t) = A, (z) P (2.42)

a,(z,t)=A,(z) e ? (2.4b)

where o is the angular frequency and A; (z) and A; (z) are complex normalised
amplitudes that are independent of z in an ideal loss-less unperturbed fibre. A
perturbation of the fibre causes the two modes to exchange energy such that A; and A
become functions of the propagating distance [14]. The objective is to find the

dependence of A; and A, upon z.

gAdlZl =1,A,(z) e (2.5a)

dA2 (Z) — K21A1 (Z) e+jAz (205b)

where k1, and k1 are termed the cross coupling coefficients and these control the
amount of coupling between the two modes. A is the phase mismatch between the
propagating modes and is usually the difference in their propagation constants [14]. In
equations 2.5a & b the electric field of the perturbed portion of the fibre has been
expressed as a linear combination of the two eigenmodes and substituted into the scalar
wave equation for the perturbed system [15]. In the perturbed system, the slow varying
approximation, SVA, is used to neglect the effect of 2™ order derivatives of the
complex amplitudes. Integration over the cross-section of the fibre is then used to obtain
the two-coupled 1% order differential equations [14]. The SVA requires that the
amplitude of the mode change slowly over a distance of the order of the wavelength of

the light and in the presence of a perturbation of period A, is modified to equation 2.6.
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2

A:Bf‘Bz A

(2.6)

Since B; and P, are functions of the optical wavelength the phase mismatch, A has a
strong spectral dependence. For synchronous transfer of power between the two modes
the value of A should ideally be zero. Using equation 2.6, the phase matching condition
between the two modes can be obtained, as in equation 2.7, where AP is their

differential propagation constant.
2n
Aﬁzﬁl —BZ ZfA— (257)

The total power carried by the modes a; and a, is given by | A (z) |2 and l A; (z) |2
respectively. In an ideal loss-less system, there is no change in the total power in the
coupling direction z, so the coefficients in equations 2.5a & b can be re-written as in
equation 2.8, [14].

Ky =Ky * (2.8)
Where * signifies the complex conjugate. If only one mode, a, is considered to carry

power at the starting point of the perturbation in the fibre, z = 0, then the boundary

conditions shown in equations 2.9 a & b are obtained.
a,(0)=0 (2.9a)
a,(0)=A (2.9b)

These can be used to solve the coupled mode equations. Therefore, the complex modal

amplitudes can be written as in equations 2.10 - 2.12 [16].

{Az)
2K R 1
Afz)=A—L2—¢ ’ sin —(\/4K2+A2 )Z (2.10)
4k ? +A? [2
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Az

A, (z)= Af:j[7J {cos {% Vax? +A’ zj! -] sin [% Vax® +A? Z]} (2.11)

A
Vax? +A

where K’ = l 1(1212 (2.12)

The eigenmodes can now be obtained by substituting the value of the complex

amplitudes A; (z) and A, (z) into equations 2.4a & b. The power in the two modes is

sin“| xz . |1+]| —
{ K (2.13)
1+(6—J
K

given by equations 2.13 and 2.14,

-

P, (2)=|A, (2] =P, H(g)z

Where 8 = A/2 is called the detuning parameter, which is dependent on the proximity of

(2.14)

the operating wavelength to the phase-matching wavelength of the grating, and Py is the
incident power in eigenmode P, ( Py = Py(0) = |Al? ). The two modes exhibit
sinusoidal variation in the propagating power. The frequency and magnitude of power
coupling is a function of the detuning ratio 3/k. Under the condition of phase mismatch
(8 #0), the mode coupling is small and becomes negligible for &/k >>1. Under the
condition of phase matching (8 = 0), equations 2.13 & 2.14 can be modified to give
equation 2.15 & 2.16,

P, (z)= Posinz(kz) (2.15)
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P,(z)= P,cos’ (kz) (2.16)

Which describes the interaction between the two modes throughout the coupling length.
Where the perturbation in the fibre ends at z = L, then the modal interaction ceases. At
that point the ratio C ( C< 1) of the power in mode a; to that originally in a, can be

determined from equations 2.13 & 2.14 to give equation 2.17 [17].

= 2.17)

At z = L the normalised power remaining in the mode a,, T, is given by T = 1-C. For
most applications the length L of the perturbed region is constant while the coupling
coefficient ¥ is varied to achieve complete power transfer from mode a; to a; [10].
Although the maximum power transfer occurs when kL= mn/2, where m is an integer,

the device operation is usually optimised for m =1, which gives « = 7/2L.

2.6 Guided mode coupling using long period gratings

LPGs in the core of an optical fibre can be designed to couple the guided core
modes to the cladding modes [10, 18] or to other guided modes [16, 19]. Thus far in this
thesis, the discussion of LPGs has centered on those that couple the core modes to the
cladding modes. This section introduces LPGs that have been designed to couple light
from the fundamental LPy; mode to other forward-propagating guided modes in few-

moded fibres.
LPGs that couple light from the fundamental LPy; mode to other forward-

propagating guided modes were first fabricated to couple to the LPy, mode, these were

originally known as rocking filters [19]. Since coupling in this case occurs from a
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circularly symmetric to asymmetric mode, the grating needs to be blazed to attain
optimum mode coupling [20]. For these particular LPGs the mode coupling occurs at
wavelengths where the phase matching condition, AP = 2m/A, is satisfied and the power
is coupled from one guided mode to another [19]. The coupling wavelength can be
varied by changing both the periodicity and the blaze angle of the grating. LPGs with
96% conversion efficiency have been demonstrated by changing the periodicity and the
blaze angle [19]. LPGs that couple the fundamental guided mode to the circularly
symmetric LPg, mode have also been demonstrated [16]. The LPGs had been written in
two mode fibres with a periodicity of 209um that resulted in a coupling wavelength of
619nm [16]. However, these LPGs do not require blazing because both LPo; and LPgp

modes possess circular symmetry.

In general, LPGs that couple one forward guided mode to another though useful
as modal couplers and for communication and sensing applications find a limited
number of applications in optical systems [9]. Effective in-line spectral filters have been
fabricated using these LPGs [21]. Dispersion compensation techniques in which the
large negative dispersion of hjgher order spatial modes near their cut-off wavelength
have been utilised to equalise the positive dispersion of the fibre link at 1.55um [21]. A
rocking filter designed to couple between the polarization components of the
fundamental mode has been used to self switch a pulse of width 193 fs and a peak
power of 1177W [22].

For the remainder of the thesis, unless otherwise stated, LPGs specifically refer
to the LPGs that couple the guided mode to cladding modes. For most applications,
LPGs are not blazed, so the RI modulation in the core has no transverse variation, and
the perturbation is independent of azimuthal variation [20]. The overlap integral is thus
non-zero only for pairs of modes that have the same azimuthal symmetry [20]. This
causes the forward propagating guided mode with propagating constant Boi, the
fundamental guided mode, to couple light to the azimuthally symmetric cladding modes
travelling in the same direction ( B(m) > 0 ). These forward propagating LP, cladding
modes of order m possess propagation constants that are donated by B™, falling in the

range onz/c < B < ony/c (n2 > n3). The only non-zero coupling coefficients between the
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core and the cladding modes involve cladding modes of azimuthal order m =1. Figure
2.7 plots the vector components of the electric field for the lowest order ( m =1, v =1)

cladding mode of a fibre as function of radial position. Where v is the cladding-mode

number.
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Figure 2.7: Plot of the vector components of the electric-field for the lowest-order
(v = 1) cladding mode of a fibre.——— radial component, —=- azimuthal

component [30].

The phase matching condition that was first introduced in equation 2.7 can be

re-written as equation 2.18.

m m 2T
AR =By —p™ =" (2.18)
The spectral dependence of the propagation constants of the core and cladding

modes results in a highly wavelength selective response of LPGs [10]. Figure 2.1

illustrates the transmission spectrum of a typical LPG.
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The coupling of the fundamental guided mode to discrete cladding modes results
in the distinct resonance bands or attenuation bands in the transmission spectrum. The
bands have different values of peak loss or minimum transmission values and
bandwidth due to dissimilar coupling coefficients that are functions of the modal

overlap.

2.6.1 Important grating parameters

This sub-section considers important grating parameters such as the coupling
coefficient, the bandwidth and the wavelength separation between the attenuation bands.
The dependence of the transmission spectrum upon the length of the LPG and the

coupling coefficient are also considered.

In section 2.5.1 the coupling between two modes propagating in the same
direction was shown to be a strong function of the detuning ratio 8/k. The coupling
coefficient k™ for an attenuation band of order m has been shown to be a function of
the peak index change An and the modal overlap between the guided mode and cladding
modes over the region of perturbation [23]. Usually it is desired that the value of the
detuning ratio should be as small as possible for maximum power transfer to occur
which implies that the coupling coefficient should be optimised to improve the

performance of the LPG. The coupling coefficient can be rewritten as in equation 2.19
[23]

w AN (2.19)

K ;L(m)

where it has been assumed that the coupling coefficient is constant across the spectral
width of the attenuation band of order m and is centred at a wavelength 2™ Ay are the
Fourier coefficients for a rectangular RI modulation of the core where the RI change
$n(z) in the (z) direction is written in terms of its Fourier series [24]. n™ is the overlap
integral when the RI modulation, that has no transverse variations, is considered to be
small when compared with the unperturbed RI of the core. Since the coupling

coefficient is directly proportional to the overlap integral, the modal distribution of the
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cladding mode will have a strong influence on its magnitude. In addition, since the RI
modulation has no azimuthal variation, the coupling of the guided mode can occur to
only circularly-symmetric cladding modes and for all other cladding modes the overlap

integral is zero. The overlap integral, n(m), is given by equation 2.20 [23],

jAn By @ E® @) rdr

n®™ = - 0 -
(€, @)Prar [EY () rdr

where E,(r) and E ™ (1) are the electric field distributions of the fundamental guided

cl

(2.20)

modes and the circularly-symmetric cladding modes of order m, respectively [8]. From
equation 2.20, it can be seen that enhancement in the magnitude of the peak index

change An, results in an increased coupling coefficient.

The wavelength separation between two attenuation bands of order m and m+1,
at wavelengths A™ and A™D, respectively can be determined [10], where m is an
integer. However, first it is necessary to calculate the wavelength of the m™ order
attenuation band relative to the cut off wavelength of the fibre, Ay, [10]. This is

achieved by using equation 2.21 [10, 25],

2
@ ) R @21)
8n, b

where the effective RI of the guided mode (nes) is assumed to be equal at A™ and Aew
[10]. From equation 2.21 it can be seen that the wavelength separation between A and
heut is an increasing function of the order, m, and the periodicity, A, of the LPG. So for
a given periodicity the wavelength separation will increase as higher order cladding

modes are considered [9].
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For the first few cladding modes, when m is small, A™ and Ay can be assumed
to be very close and the wavelength separation SAM™ ™D hetween the attenuation bands

of order m and m+1 can be obtained from equation 2.22 [10],

2
S}L(m,mﬂ) — }\‘(m+l) _}\‘(m) ~ }\'gcut A 2Hblz+1 ( 222 )
n,

It can be seen that the wavelength separation between the attenuation bands increases as
the value of m is increased which is consistent with the transmission spectrum of a
typical LPG, as illustrated in Figure 2.1. Furthermore the wavelength separation

between any two attenuation bands increases as the cladding radius, b, is reduced.

The coupled mode analysis is now used to determine the power transmitted
through a LPG. The ratio C of the power coupled from one forward propagating mode
to another in the presence of a perturbation has already been represented by equation

2.17. The detuning ratio for the cladding mode of order m is given by 5™

and its
magnitude should be minimised for maximum transfer of power from the guided mode
to the cladding mode. The normalised power, T, transmitted by the fundamental guided

mode through the LPG is then given by,

2| L (m) (S(m) Jz (8(‘“) Jz
cos'| "L 1+ +| ——
(m) () (2.23)
(m) K K
P,, (0) ( 5m )
1+
(™

which, at the phase matching wavelength, reduces to the expression for the minimum

transmission value that is given in equation 2.24 [17],
T, =1-sin’ (™ L) (2.24)

Equation 2.24 reveals that minimum power in the guided mode is transmitted at the

36



Chapter 2 Theory of fibre optic long period gratings

phase matched wavelength and depends on the coupling coefficient and the length of
the LPG. So if the length of the LPG is known then the coupling coefficient and hence
the peak RI change can be calculated. It is known that the optimum coupling for each
cladding mode occurs at different values of An. So, during the fabrication of the LPG,
for the selected cladding mode the value of An at which the transmission power at the
coupling wavelength reduces to approximately zero, is calculated. When power is

completely transferred to the cladding mode it corresponds to equation 2.25 [10].
K™, =§ (225)

The fibre is exposed to the UV irradiation until the required An has been
achieved. At the phase matched wavelength the complete power transfer gives C = 1
and T = 0. If a fixed length of the fibre is irradiated with UV then the total power
transfer is obtained by increasing the peak RI change and hence the coupling
coefficient. The exposure is stopped when the minimum transmission value or
maximum loss in transmission reaches the value required for the application. For the
situation when x™L > /2, the power in the cladding mode starts to couple back into
the fundamental guided mode, leading to an increase in the guided mode transmitted
power. For a fixed value of the peak RI change, An, the complete power transfer occurs
for a particular cladding mode and all other cladding modes are either under or over
coupled. Hence, it is expected that all the attenuation bands will have different
minimum transmission values, as illustrated in Figure 2.1. For an application, the
desired attenuation band resident within the optical source’s spectrum is monitored
during the writing process. The writing process is complete when the desired

attenuation band’s minimum transmission has reached the required value [9].

2.7 Modelling fibre optic long period gratings

The parameters for determining the coupling between the modes of a LPG, the
detuning parameter and the coupling coefficient, have been established in sections 2.5

and 2.6. It is useful to be able to predict the central wavelengths and the minimum
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transmission values of the attenuation bands, prior to the fabrication of the LPG. With
the data it would be possible to simulate the response of the attenuation bands to
different environmental changes [26]. This can be achieved by creating a numerical
model of the LPG. Although an exact theoretical treatment of optical waveguides is
possible [23] it must be performed in cylindrical co-ordinates and becomes very
complicated leading to 6 component equations of the homogenous wave equations [27].
Therefore, a simplified model of propagation within optical fibres is very advantageous
and has been presented [11]. However, it should be noted that the model is very
sensitive to the difference between the core and cladding refractive indices and this may

vary from one batch of optical fibre to another as the fibre parameters change.

The three-layer model has been used to determine the cladding mode indices and
Gloge’s weakly guided approximation was used to calculate the index of the guided
modes [11].

2.7.1 Fundamental guided mode analysis

This section introduces the technique used to calculate the guided mode indices.
The amplitude of the guided modes decay rapidly as a function of increasing penetration
into the cladding and causes it to possess negligible value at the outer cladding
boundary, the analysis becomes simpler if the cladding is assumed to be infinite. In
Figure 2.2¢ the radius of the core is a, n; is the RI of the core and ny is the RI of the
cladding. Both n; and n are functions of the operating wavelength A [9, 28, 29]. The
normalised index difference A between the core and cladding has been defined in

equation 2.1 [6]. The commonly used waveguide parameters u and w are given by [11],

u=alk’n’ -} (2.26)

w =a(ﬁ2 —kon2 )% 2.27)

B is the wavelength dependent propagation constant of the guided mode that has been
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defined in equation 2.3, which is limited in the interval njko > P = npko, where ko = 2n/A

is the wave number in free space.

The normalised frequency or the V number has been defined in equation 2.2 and
can also be defined is terms of u and w where it is equal to {(u* + wz)” 21. By matching
the fields at the core-cladding boundary, we may deduce the functions u(V) or w(V) for
each mode in the fibre. Furthermore, the propagation constants and other parameters of
interest may be calculated from these functions. To proceed further it must be assumed,
as Gloge did, that the modes within the optical fibre be considered weakly guided, as is

the case in practice [11]. This state of weak guidance is defined by the condition

(nl ~n2) « (2.28)

n,

Having assumed this condition it can be shown that the modes may be constructed
whose transverse field is essentially polarised in one direction, the so called linearly
polarised (LP) modes. In order to show how these modes relate to the normalised

frequency, V a normalised propagation constant b has to be defined.

BV)= 1 u? i k2) 7 (2.29)
V? n, —n;

The normalised propagation constant in the weak coupling regime reduces to

(&)
s Lk (2.30)

The index of the guided modes is calculated by using equations 2.29 and 2.30.
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2.7.2 Cladding mode analysis

The important step in the theoretical investigation of LPGs is the determination
of the effective indices of the circularly-symmetric forward propagating cladding
modes. The analysis of the effective indices and the mode profiles of the cladding
modes have been determined by using an exact vector-field treatment [30]. The exact
vector-field treatment includes the presence of the core since it influences the electric
field distribution of the cladding modes [30]. The electric field peaks within the core of
the fibre and so there is an overlap between the mode propagating in the core and the
cladding mode [30]. A comparatively simpler investigation of the cladding modes uses
the approximation that the fibre can be considered as a step index structure ignoring the
presence of the core [10, 12]. The fibre geometry to be analysed thus reduces from that
shown in Figure 2.8a to that shown in Figure 2.8b. The core diameter 2a, in Figure 2.8a,
is replaced by the cladding diameter 2b and the core index n; is substituted by the
cladding index ny. Additionally, if nj is the medium surrounding the fibre cladding, n; in
Figure 2.8a it is replaced with ns. The RI values n;, ny and ns are still wavelength

dependant {9, 28, 29].
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Figure 2.8a & b: Schematic diagram of the cross section and the RI profile of the slab
wave-guide equivalent of the step index fibre (a) considered with a core

and (b) without a core for calculating the RI of the cladding mode.
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For a weakly-guided fibre with closely matched values of core and cladding refractive
indices, this assumption has provided a fair approximation of the cladding mode
propagation constants [10]. However, the greatest limitation of using the approximation
is that, for a slab waveguide, the majority of the energy is away from where the core
would have been and so there is little overlap between the propagating core and
cladding modes. Thus, the approximation cannot be used to predict the coupling

efficiency because equation 2.19 requires a value for the overlap integral.

The central wavelengths, A;, of the attenuation bands are given by the solutions

of the phase matching equation [28, 29].

A =(ng[A]-ndN DA 2.31)

where n;(\;) is the effective RI of the core mode, n), (;) is the effective RI of the Q™

cladding mode and A is the periodicity of the LPG. Since ni n; and n3 are wavelength
dependent this material dispersion combined with the waveguide dispersion leads to the
wavelength dependence of n; and n! used in equation 2.31. To determine the coupling
wavelengths (), the effective refractive indices of the core and cladding modes are
calculated, using equations 2.29 and 2.30, as functions of wavelength and this is used in
the phase matching equation to solve for the wavelengths (Aj) as a function of the
periodicity. Using the simulation program [31], plots 2.9 and 2.10 are produced to
illustrate the dependence of the coupling wavelength for low order cladding modes and

high order cladding modes upon the period of the LPG.

41



Chapter 2 Theory of fibre optic long period gratings

800

700 4

LPG period (um)
s 8 8 8 8
© o0 ~ o] o

200

1.15

-
s

07 075 08 0.85 09 0.95 1 1.05
wavelength (um)

Figure 2.9: Plot of the LPG’s periodicity as a function of the coupling wavelength, for
cladding modes 1-9.

130

120 /’/”_——\

18
110 /——\\\

19
100 /—_\\

20

B
=
0 -
3 21
@
S 8o ’  22
4 —  23
- 70 +
24
25
60 | 26
27
50
40 : : : : : : : : —
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

wavelength (um)

Figure 2.10: Plot of the LPG’s periodicity as a function of the coupling wavelength, for
cladding modes 18-27.

42



Chapter 2 Theory of fibre optic long period gratings

The plots indicate that coupling to low order-cladding modes is achieved using longer
periods, while shorter periods facilitate coupling to higher order modes. The plots also
show that by appropriate choice of the LPG’s periodicity, it is possible to generate
attenuation bands with positive or negative responses to the measurands. For positive
responses to the measurands the LPG’s period should be > 200um and for negative
responses the periodicity should be < 90um. In addition, Figure 2.10 shows that for
higher order cladding modes, coupling to one cladding mode, such as mode 18, can
occur at two wavelengths, producing two attenuation bands [32]. Therefore, depending
on the operating wavelength the attenuation band will exhibit either a positive or a
negative response to the measurands. It should be noted that small changes in the
coupling conditions could result in large changes in the separation of the two
attenuation bands. For LPGs fabricated such that their period coincides with the peak of
the curve, for example, mode 18, it has been observed that changes in the coupling

conditions result in a change in the coupling efficiency, but not in the wavelength [33].

2.8 Chapter summary

This chapter has briefly detailed the principles of operation of a LPG and
enhanced the discussion with a presentation of a LPG's transmission profile. The
parameters that determine the central wavelengths and the minimum transmission
values of the attenuation bands were introduced and their relationship to each other was
discussed. A model used for predicting the coupling wavelengths as a function of the

LPG’s periodicity was discussed and results produced by it were presented.
Chapter 3 will present a review of the sensing applications of LPGs with a

particular emphasis on their application as sensors for single and multi-parameter

sensing.
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Chapter 3 Review of the sensing applications of

fibre optic long period gratings

3.1 Introduction

LPGs present themselves as very strong candidates for fibre sensor elements [1,
2, 3] because of their unique features. The measurand induces a response in the
transmission spectrum, which manifests itself as a wavelength shift in the central
wavelength of the attenuation bands. The wavelength shift is an absolute parameter and
does not depend on the total light level that is present, losses in the connecting fibres
and couplers, or the source power being used [4] and so provides LPG sensors with self-

referencing capabilities.

The sensitivity of the LPG’s transmission profile to changes in the external
environment such as temperature, bending, strain and change in Rl of the surrounding
medium should be taken into account when a fibre optic sensing system is being
designed. At any one time, a LPG based sensor will respond to changes in one or more
of the external perturbations and to determine the effect of the desired measurand, the
cross sensitivity between them must be minimised. A simple and economical solution to
the problem of cross sensitivity is a sensor that is sensitive to a single measurand whilst
being insensitive to the others. This can be achieved by appropriate choice of fibre
composition and period which allows the LPG’s sensitivity to a particular measurand to
be enhanced, reduced or even become insensitive to it. This facilitates the isolation of
the response due to the measurand of interest during simultaneous measurement of a
number of measurands. Alternatively, since each attenuation band shows a different
sensitivity to each measurand, monitoring the response of a number of attenuation bands
simultaneously will allow the responses to be separated. This chapter reviews the

sensing applications of fibre long period gratings.
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3.2 Fibre optic long period gratings as single parameter
sensors

3.2.1 Temperature sensitivity

The temperature response of the LPG’s attenuation bands has manifested itself
as a wavelength shift in the central wavelength of the attenuation band and also as a
change in the coupling strength without a change in the attenuation band’s central
wavelength. The form of the response is dependent on the LPG’s characteristics,
Chapter 2 has discussed the conditions under which a change in coupling conditions
results in the two different responses. LPGs are attracting interest as temperature
sensors because of their high sensitivity, which, in air is in the range, — 0.14nm/°C to
0.38nm/°C [5]. This is upto ten times higher than that of fibre Bragg gratings [6]. The
large range of temperature sensitivities arises because, as has already been discussed,
the sensitivity of LPGs to environmental parameters is influenced by the order of the
cladding mode to which coupling occurs, by the composition of the fibre and by the

periodicity of the LPG.

This combination of influences allows the fabrication of LPGs that have a range
of responses to a particular measurand, a single LPG may have attenuation bands that
have a positive sensitivity to a measurand, others that possess a negative sensitivity and
those that are insensitive to the measurand. This property has been widely exploited for
controlling the temperature sensitivity of LPGs. For many telecommunications
applications the spectral stability is of prime importance, and the ability to fabricate a
LPG with an inherently insensitive temperature attenuation band is an attractive feature.
This is useful for producing temperature insensitive strain sensors [7, 11]. For a
temperature sensor, or a thermally tuned filter, a high temperature sensitivity of either

sign is required [8, 9].
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The sensitivity of a LPG to temperature, T, can be determined by expanding the

phase matching equation [10] to give

d\ _ d\  dng dng d\1dL

o A LS
T " dong) ar ar) AL dr 3.1

where A is the central wavelength of the attenuation band, T is the temperature and dnesr

:(neﬁ‘ncl) .

The first term on the right hand side of equation 3.1 is the material contribution
[10, 11]. The wavelength shift due to this contribution can be of either polarity and its
magnitude is related to the change in the differential effective index of the core and the
cladding arising from the thermo-optic effect. This contribution is dependent upon the
composition of the fibre and is strongly dependent upon the order of the cladding mode.
When coupling to low order cladding modes, accessed using LPGs with a periodicity >
100pum, the modes undergo small changes in their effective indices so the material
effect dominates, since dneg/dT > dng/dT [10]. For coupling to higher order cladding
modes, accessed using LPGs with a periodicity < 100pm, the modes undergo larger
changes in their effective indices [10] so as dng/dT approaches dnes/dT the material
effect for standard germanosilicate fibres will become negligible [12]. The second term
is the waveguide contribution, as it results from changes in the LPG’s periodicity [12].
Since the wave-guide contribution has its basis in the thermal sensitivity of the LPG’s
periodicity, it’s magnitude and sign depend upon the order of the cladding mode [10].
For coupling to low order cladding modes, dA/dA is positive, whilst for the higher order
cladding modes it is negative, as can be seen from Figures 2.7 and 2.8. Thus, by
appropriate choice of the LPG’s periodicity, it is possible to balance the two
contributions to the temperature sensitivity to produce a temperature insensitive
attenuation band and also to produce attenuation bands with a positive or negative

response to temperature appropriate to the specific application [13].
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A LPG of period 40um was found to have an attenuation band with sensitivity of
1.8pm/°C [12], an order of magnitude smaller than that of a FBG. Temperature
insensitive LPGs have been demonstrated however, the used fibres for this purpose had
special multi-layer RI profiles [11]. The special fibre design counterbalanced the
material and waveguide contributions for specific cladding modes and over a specific
range of periods the LPGs were found to be temperature insensitive [11]. The expense

of the special fibres may be uneconomical in practical system designs [11].

In addition to using the parameters in equation 3.1 to design a temperature
insensitive LPG [12], there has been much effort to further suppress the temperature
sensitivity. One such method makes use of an athermal packaging, where the LPG is
bonded to a substrate whose thermal expansion coefficient induces a strain that
produces a wavelength shift of the opposite sign to that induced by the change in
temperature. This temperature compensation technique reduced the thermal sensitivity
of the LPG by approximately 45% by bonding the LPG in an aluminium cylinder [14].
Alternatively, coating the fibre with a material with a positive thermo-optic coefficient
[15], has been shown to change the temperature sensitivity from -0.049nm/°C to
0.0007nm/°C [16]. Another technique modifies the composition of the fibre core by

doping with B,Oj3 [17]. B2Os has a negative thermal dependence and so counteracts the
original positive temperature sensitivity of the LPG. Using this technique, the
temperature sensitivity was changed from to -0.142nm/° C to 0.002nm/°C [17].

Metal-coated LPGs have been used to develop low power tuneable filters based
upon resistive heating. This has been achieved by depositing Cu, [18] or Pt, [19] of
thickness approximately 300nm onto the LPG. To provide good adhesion for the thin
metal films they were laid on top of a 15nm layer of Ti, which had been deposited on
the fibre by thermal evaporation [18] and DC magnetron sputtering [19]. The RI of the
surrounding layer of Ti produced a Inm wavelength shift in the attenuation bands and a
small reduction in the coupling efficiency. The Cu coated fibre exhibited a 4nm
wavelength shift for electrical power of 0.5W [18], while for the Pt based filter a 11nm
wavelength shift was reported for 0.67W, with a linear efficiency of 16nm/W [19]. The
index of refraction of Ti and Pt at 1.55um are 4.04 and 5.31 respectively. These are
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greater than that of silica thus, the metal coating was found to make the performance of

the LPG insensitive to the RI of the medium surrounding the metal coating.

When a LPG is used as a temperature sensor or as a thermally tuned filter its
temperature sensitivity may be difficult to determine when it is also being influenced by
variations in strain or other measurands [2, 9]. One method of overcoming the problem
of cross-sensitivity to other measurands is to enhance the LPG’s temperature sensitivity.
In standard telecommunications fibre the temperature sensitivity is in the range 0.03 to
0.10nm/°C, this can be enhanced, as has already been mentioned, by carefully choosing
the order of the cladding mode, periodicity of the LPG and operating wavelength [2,
20]. Using those carefully chosen parameters the temperature sensitivity of LPGs
fabricated in photosensitive B-Ge co-doped optical fibres of upto 2.75nm/°C has been
reported [21].

The temperature sensitivity can be controlled by doping the inner cladding with
dopants that have a negative temperature dependence of the RI, i.e. when the material
effect < 0. Adjusting the doping levels of ByO; in a GeO: fibre has changed the
temperature sensitivity from —0.14nm/°C to 0.28nm/°C (71

Temperature sensitivity enhancing techniques that are based upon surrounding
the fibre by a material of large thermo-optic coefficients, resulting in the LPG
responding to both changes in the temperature and to the temperature induced Rl
change of the surrounding medium [22, 23, 24, 25], are discussed in section 6.3 of

Chapter 6.

Thus far in this discussion, the response to temperature has manifested itself as a
shift in the central wavelength of the LPG’s attenuation bands, while their coupling
strength remains constant [2, 5, 8, 10]. A LPG whose attenuation band varies in
coupling strength, but remains fixed in wavelength, in respect to changes in temperature
has been demonstrated [26], the generation of such attenuation bands has been
discussed previously in section 2.7.2 of Chapter 2. A sensor using this change showed,

that over a 11°C temperature variation caused a 3% linear change in transmission. A
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temperature change of 0.04°C was resolved using a detector that had a resolution of

0.01% [26].

This section has presented the response of LPGs to a change in its temperature.
Tt has shown that the response to temperature of LPG based sensors can be tailored to
possess a high positive or negative sensitivity, or to be temperature insensitive to match
the needs of the application. Temperature insensitive LPGs can be used for strain
measurements in thermally noisy environments [12]. The next section reviews LPG’s

response to strain.

3.2.2 Strain sensitivity

The sensitivity of a LPG to axial strain, €, can also be predicted by expanding

the phase matching equation and re-arranging to give:
dA\ dA dneﬁ _ dnd dA (32)

de d®Gn,) de de dA

Again, the sensitivity is comprised of the material and waveguide effects. The
material effect, first term on the right hand side, arises from the change in dimension of
the fibre and the strain-optic effect. The waveguide effect, the second term, can be
significant and is a function of the slope of the dispersion term, dMdA, for a particular
cladding mode [10]. Again, the two contributions to the total strain induced wavelength
shift can be either positive or negative depending on the period of the LPG and the order
of the cladding mode. For LPGs with a periodicity > 100pm, the material contribution is
negative, while the waveguide contribution is positive. Appropriate choice of the LPG’s
periodicity, the composition and the geometry of the fibre will allow the generation of
attenuation bands with positive, negative or zero sensitivity to strain [12] and those that

vary in coupling strength, but remains fixed in wavelength [26].
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A LPG of period 340um, written in Corning Flexcore fibre exhibited an
attenuation band with a strain sensitivity of 0.04pm/pe [10] which is an order of
magnitude less than that of a FBG. A LPG with a period of 40um exhibited a large
strain sensitivity of —2.2pm/ue, since in this region, A < 100pm, both contributions to
the strain sensitivity are negative [10]. The effect of strain has been demonstrated to
decrease the coupling strength of the LPG, changing the minimum transmission of the
LPG attenuation bands. When there was no strain the attenuation band had a coupling
efficiency of over 80%, as the strain increased the coupling efficiency decreased

linearly to 0% for an applied strain of 9410ue [26].

Strain insensitive attenuation bands can be fabricated [2, 10, 11]. This is
achieved in special fibres by careful selection of the period of the LPG, A > 100um, as

in this regime the material and waveguide contributions are equal and opposite.

The effectiveness of a strain sensor is a strong function of its temperature Cross-
sensitivity. It has been shown that in a thermally unstable environment it is impossible
to differentiate between the effects of temperature and strain [10]. In order to eliminate
the cross-sensitivity effects it has been proposed that the sensitivity to strain be

enhanced [27].

In addition to the measurement of axial strain, the sensitivity of LPGs, fabricated
in non-high birefringence fibre, to transverse loads has been investigated [28, 29]. When
a transverse load was introduced onto the LPG the induced birefringence resulted in
each attenuation band dividing into two smaller attenuation bands, corresponding to
coupling to the two orthogonal polarisation states. The magnitude of the birefringence
increased with the load. Since the wavelengths of the two components are related to the
birefringence, the wavelength separation increases with applied load. A linear response
was obtained, with a sensitivity of 500nm/kg/mm, which is 800 times that of a FBG
[28].
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Corrugated LPGs have been used to form torsion sensors [27]. A corrugated
fibre experiencing torsion sees different twisting rates in the etched and unetched
regions because of the difference in diameter. This results in a stress concentration at
the etched boundary. The effect of torsion is to change the coupling strength, and to
induce a wavelength shift [30].

This section has reviewed the response of LPGs to axial strain, transverse loads
and has presented the use of LPGs as torsion sensors. It has highlighted that the
sensitivity to strain can be enhanced or suppressed depending of the application’s
requirements. A LPG is also sensitive to bending and an overview is presented in the

following section.

3.2.3 Sensitivity to bending

The transmission spectrum of a LPG has been found to be highly sensitive to
bending. The bend sensitivity of LPGs manifests itself in one of two ways: as a shift in
the central wavelength of the attenuation bands [31, 32], or as a splitting in two of each
attenuation band, with the wavelength separation of the split components increasing
with increasing curvature [33, 34]. The sensitivity to bending arises because it modifies
the physical parameters of the LPG, an expansion of the outer edge of the LPG and a
compression of the inner edge thus bringing about a non-periodic variation of the LPG’s
period, therefore the LPG can be considered as a non-uniform tilted grating [35]. A
fuller theoretical analysis of the effects of bending is presented in [35]. Structural bend
sensing is of great importance in a number of engineering areas, such as monitoring the
bending of rotating helicopter rotor blades, in observing the bending of reinforcement

girders in structures and in robotic manipulation [4].

The first observation of the influence of bending upon the transmission spectrum
of a LPG noted that the shift in the central wavelength of the attenuation bands is
accompanied by a reduction in the coupling strength and a broadening of their spectral
width [31]. The sensitivity of the bend induced wavelength shift was subsequently

observed to depend upon the orientation of the optical fibre with respect to the plane in
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which the bend is applied, with the maximum and minimum sensitivities separated by
180° [32]. The origin of the orientation dependence is believed to be an eccentricity of
the fibre core, with the core no longer at the neutral axis of the fibre. Fibres with

eccentricities of up to 14pum have been used to form bipolar bend sensors [3 6].

The second manifestation, the splitting of the attenuation bands, illustrated in
Figure 1.3 of Chapter 1, is attributed to a breaking of the symmetry of the system that
results in two degenerate spatial modes of the fibre becoming non-degenerate. This
effect has been observed in B-Ge co-doped photosensitive fibre [33, 34] and in fibres
with large core eccentricities [37, 38]. This effect has also been observed to exhibit a
dependence upon the orientation of the fibre [34, 37]. In this case the reference plane is
defined by the orientation of the fibre during fabrication of the LPG, with the largest
sensitivity corresponding to the surface of the fibre oriented towards the UV source on
the outer surface of the bend, [34]. This is thought to be a result of an asymmetry
introduced by a radially non-symmetric UV induced RI modulation. Such asymmetries
have been used to account for similar effects in LPGs formed by CO; laser irradiation,
where the asymmetry is more pronounced due to heating of the surface facing the laser

beam [39].

As already discussed in section 2.7.2 of Chapter 2, for higher order cladding
modes it is possible to couple to the same cladding mode at two different wavelengths.
The wavelength separation of the two resulting attenuation bands shows high sensitivity
to external measurands, and has been exploited to perform bend sensing [40]. The
separation between the split attenuation bands increases with increasing bend curvature,
separations as large as 70nm giving a bend sensitivity of 14nm/m™ for an applied
curvature of 5m™, have been reported [41], offering sensitivities of up to fifty times that

offered by the previously reported LPG bend sensors [42, 43].

This section has reviewed the responses of LPGs to bending and has explained
the effects of bending reported in a various fibres. The following section reviews the
response of the LPG’s transmission spectrum to a change in the RI of its surrounding

medium.
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3.2.4 Sensitivity to the refractive index of surrounding medium

LPGs exhibit sensitivity to the RI of the material surrounding the cladding, ngx:.
The period of the LPG is unchanged under the effects of change in ngy, and the
response is in the form of a wavelength shift of the attenuation bands and can be

determined by rearranging equation. 3.1 to produce:

dv _dA dn, (3.3)
dng, dn,dng,

Variation in ngy serves to change the effective index, ng, of the cladding modes. Since
the coupling wavelength, A for a particular cladding mode is dependent on the ng
through the phase-matching condition, equation 3.1, a change in ngx will change A. For
each cladding mode the term dng/dngy is unique thus each attenuation band exhibits a
different sensitivity. The sensitivity to the RI has manifested itself as a change in central
wavelengths, as illustrated in Figure 3.1, and also as a change in the minimum
transmission value of the attenuation bands as illustrated in Figure 3.2. Figures 3.1 and
3.2 illustrate respectively, the change in the central wavelength and the minimum
transmission value of an attenuation band as a function of the RI of the medium

surrounding the LPG.

Figure 3.1 shows that the greatest change in the central wavelength of the
attenuation band to the change in the RI of the surrounding medium occurs as the RI
approaches that of the cladding, 1.456, [44]. The wavelength shifts of up to a 100nm for

a single attenuation band have been reported [9].
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Figure 3.1: Plot of wavelength as a function of the RI of the medium surrounding the
LPG for an attenuation band [45, 46, 47].

It can be seen from Figure 3.2 that the greatest change in the minimum transmission
value also occurs when the RI of the medium surrounding the LPG approaches that of

the cladding.
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Figure 3.2: Plots of transmission as a function of wavelength for the LPG when it was

immersed in liquids of RI, e 1.400 and +1.456 [45].

When the RI is equal to that of the cladding, the cladding appears to be of
infinite extent, and thus supports no discrete modes. Broadband radiation-mode
coupling losses are then observed, with no distinct attenuation bands. For a surrounding
RI higher than that of the cladding, ngy >1.46, propagation modes are not supported.
The existence of the attenuation bands under these conditions is attributed to the
existence of attenuated cladding modes, arising from Fresnel reflections at the interface
of the cladding and the external medium rather than total internal reflection [44]. The
centre wavelengths of these attenuation bands show a considerably reduced sensitivity
[44, 48, 49], but a change in the form of the transmission spectrum is observed, in that
the coupling strength of the attenuation band is reduced [50], as illustrated in Figure 3.3.
Figure 3.3 shows that when the RI of the medium surrounding the LPG is < RI of the
cladding, the minimum transmission value of the attenuation band initially increases and
then decreases as the RI approaches that of the cladding. When the RI of the

surrounding medium is = to the RI of the cladding, the minimum transmission is at its
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Jeast value. Further increases in the RI of the surrounding medium show an initial
increase in the minimum transmission value but stabilises at a value that is greatly

reduced compared to its starting value.

Transmission value %
N
o
1

1.40 1.44 1.48 1.52 1.56 1.60
RI of surrounding oil
Figure 3.3: 4 plot of the minimum transmission value as a function of RI for an

attenuation band, the line is a guide for the eye only [45, 47].

Clearly, for some applications where well controlled spectral characteristics are
required, the RI sensitivity has a number of practical implications for the packaging and
protection of a LPG. Care has to be taken to ensure that the properties of an adhesive
used to attach a LPG to a substrate, or the properties of materials used to protect the
LPG from mechanical damage or humidity, do not change the wavelengths of the
attenuation bands from their original value, and that any changes in the RI of the

surrounding material do not cause a change in the transmission of the LPG.
With this in mind, LPGs have been fabricated in fibres with complex structures

to desensitise the LPG spectrum to the surrounding RI. LPGs fabricated in dual shaped

core (DSC) dispersion shifted fibre exhibit an attenuation band that is insensitive to
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external RI and to mechanical damage of the fibre surface [51]. The DSC fibre contains
an inner-cladding region that has a higher RI than the remaining cladding layer. The Rl
insensitive attenuation band is believed to correspond to coupling to a mode of this
inner cladding. These LPGs are prone to changes in their spectral characteristics by
humidity, through RI changes of a coating polymer [15] or condensation on the bare
fibre. When designing complex filters for gain flattening in optical amplifiers designers
use the dispersion of different cladding modes to optimise the spectral widths of the

individual gratings [52].

LPGs have been fabricated in an air-clad optical fibre, in which the cladding of
the fibre is surrounded by a capillary tube, supported by thin silica webs. The
evanescent field of the cladding modes does not extend beyond the capillary, with the
result that all of the attenuation bands are insensitive to the external RI [53]. The
advantage of such a LPG is that it is insensitive to environmental or ageing effects on
the index of coating. This can improve the design flexibility of LPG gain flattening
filters while simultaneously reducing the need for hermetic packaging of these devices
[54]. A similar fibre structure, but in which the space between the capillary and the
inner cladding is filled with a liquid crystal material, has been used to create a tuneable
filter. In this case, the RI of a dye doped neumatic liquid crystal was controlled by
realignment of the molecules using polarised laser illumination [22]. Similar systems

could be controlled using electrical or thermal techniques.

The RI sensitivity of LPGs has been exploited to form RI sensors [55], used in
biomedical engineering applications [56] and as a means of forming a tuneable spectral
filter [22]. The use of LPGs for the measurement of solutions, dilutions and water-
soluble industrial fluids is of interest in many quality control industrial processes in
order to monitor the concentration stability and abnormal ageing effects. This has led to
a unique application of LPG sensing to measure the concentration of chemical solutions
[57, 58, 59], based on monitoring the wavelength shift of the attenuation bands. The
operation of such sensors is limited to when ngx is in the range 1.40-1.46, because of the

behaviour of the transmission spectrum in the region when the RI > 1.46.
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While LPGs are sensitive over only a limited RI range, and their response is not
species specific, it has been shown that LPGs may be used for on-line monitoring of the
concentration of solutions of dangerous materials or materials in inaccessible locations
for industrial production quality control [59]. LPGs have been used to measure the
concentrations of solutions of sodium chloride [59], calcium chloride [59] and ethylene
glycol [44, 59]. The measured sensitivities had resolutions that were equal to, or better
than, than those offered by conventional Abbe refractomtery [59]. The use of LPGs to
monitor the refining of kerosene, which requires that the concentration of organic
aromatics such as benzene and xylene is measured, has been proposed. To demonstrate
the feasibility, the concentration of a binary solution of xylene in heptane was measured
with a minimum detectable volumetric concentration of 0.04%, corresponding to a RI
change of 6x107°. This is comparable to the accuracy of the standard technique of liquid
chromatography and UV spectroscopy [55].

The studies discussed thus far in this section have concentrated upon the bulk
immersion of the LPG into a solution. Overlay materials that exhibit changes in their RI
in response to their local environment have been deposited onto LPGs [60, 61]. In this
way, the LPG may be used to form, for example, a tuneable loss filter [60] a

temperature insensitive filter [16] or a species-specific chemical sensor [611.

LPG based biosensors has been investigated by immobilising antibodies on the
surface of the fibre, and monitoring the change in RI that occurs when an antigen bonds
with the anti-body [61]. This allows use of a LPG to form a species-specific chemical
sensor, again offering comparable performance to other techniques including surface

plasmon resonance and interferometry, but with the prospect for on-line monitoring,.

The effect of the thickness of the overlay material upon the LPG response has
also been investigated [62]. A thin film of organic material has been deposited upon a
LPG using the Langmuir-Blodgett technique, which allows high-resolution control (=
3nm) over the thickness of the film by depositing one molecular layer at a time. It was
observed that, for films of RI higher than that of the cladding, the wavelength and
amplitudes of the attenuation bands exhibited very high sensitivity to the optical
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thickness of the overlay. This is obtained from films of thickness of a few hundred nm.
For materials of index lower than that of the cladding, the sensitivity to thickness of the
overlay is considerably reduced, an example of this response is shown in Figure 3.4.
This is quite distinct from the behaviour under bulk immersion, in which the highest
sensitivity is observed for indices lower than that of the cladding, as already seen in
Figure 3.1. Materials suitable for deposition by the LB technique have been previously
shown chemically sensitive [63, 64], offering the prospect for the development of a

range of new species specific chemical sensors or optical modulators [62].
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Figure 3.4: Shift in the central wavelengths of the atfenuation bands plotted as a

function of the thickness of the overlay film. € attenuation band

corresponding to the coupling to the 5" order cladding mode,
B attenuation band corresponding to the coupling to the 6" order

cladding mode. Diagram reproduced from [62].
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The RI sensitivity of LPGs has been exploited to form other types of physical
sensor. LPGs have been proposed to form a flow sensor to monitor the arrival of resin
within a liquid composite moulding system [65, 66]. The measurement relies upon the
reduction in the extinction ratio of the attenuation band that occurs when the LPG is

surrounded by a material of higher RI.

The RI sensitivity has also been used to enhance and reduce the temperature
sensitivity of LPGs. Surrounding the LPG by a liquid with large thermo-optic
coefficient results in the LPG responding to both changes in temperature and to the
temperature induced RI change of the surrounding medium [22, 24]. If the material has
a negative thermal expansion coefficient, then for increasing temperature the
wavelength shift induced by the change in RI of the coating causes a red shift in the
wavelength of the attenuation band, this is discussed in section 6.3 of Chapter 6. If the
attenuation band itself has positive temperature sensitivity, then the two effects add to
increase the temperature response. If, however the material has a positive thermo-optic
coefficient, then an increase in temperature causes a blue shift of the attenuation band,

reducing the temperature response of the LPG.

Recoating a LPG with a UV curable acrylate based polymer of RI approximately
equal to that of the cladding, and with a negative thermal expansion coefficient,
increased the sensitivity of the LPG, which had been fabricated in a conventional
dispersion shifted fibre, from 0.05nm/°C to 0.8 nm/°C 23]. This, however, was
accompanied by a change in the coupling strength. Using an air clad optical fibre,
described previously in this section, in which the air regions were filled by the same
polymer, produced a similar sensitivity, but with no change in the minimum
transmission of the attenuation bands [24]. In addition, it was noted that the novel fibre
structure allowed the polymer to be protected from environmental effects, such as
humidity, that may degrade its long-term performance. A similar system using a liquid
crystal material produced a sensitivity of 2.10nm/°C [22]. For a LPG recoated with a
material of positive thermo-optic coefficient, a temperature response as low as

0.0007nm/°C was obtained [16].
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The sensitivity of the attenuation bands to the surrounding RI can be enhanced
by manipulating the fibre parameters and choosing the appropriate period for the LPG
for coupling to specific cladding modes [10]. Alternatively the thickness of the cladding
around the LPG can be reduced [10, 67, 68]. The greatest sensitivity achieved is 130nm
for a RI change of 2x107, when the cladding’s diameter was reduced from 125pm to
32um [68]. It has also been observed that when the cladding diameter is reduced to
32um only one resonant band remains in the spectrum’s range of 900 to 1700nm. Thus
it is possible to achieve a very broad tuning range without consideration of the overlap
between different resonant bands [10, 69], making it a good candidate for widely

tuneable fibre filters.

This section has reviewed the sensitivity of LPGs to changes in its surrounding
RI in a range below and above that of the cladding. It has reviewed how the sensitivity
to RI has been exploited to form RI sensors in medical, chemical and other engineering
applications and also to produce a widely tuneable fibre filter. The next section
overviews how a LPGs transmission spectrum can be adjusted to suit the requirements

of the application.

3.3 Tuning the transmission spectrum of a long period grating

In many applications, such as gain flattening, it is necessary to control the
central wavelengths of the attenuation bands to high a accuracy [70]. It has been
observed that by post processing the LPG, the central wavelength can be fine- tuned to
match the requirements of the application. Red shifts in the wavelengths have been
achieved by reducing the diameter of the fibre’s cladding around the LPG [67, 68, 70,],
and by introducing a single, or multiple discrete phase shifts within the LPG’s structure
[71, 72, 73]. Since the resonance wavelength shifts are dependent on the cladding mode
order, for the highest order cladding mode, wavelength shifts of up-to 130nm for a
cladding diameter that is reduced from 125um to 105um have been reported [70].

65



Chapter 3 Review of the sensing applications of fibre optic long period gratings

An alternative means for tailoring the spectral response of the LPGs can be
achieved by coating the LPG with a uniform metal overlay [18, 19]. A shift of 11nm in
the central wavelength of the attenuation bands has been reported when a Platinum top
layer of thickness 100nm [19] was used. This principle is the basis of a LPG based
sensor that monitors the corrosion of a metal [74]. As the metal deteriorates, its

thickness changes, which brings about a wavelength shift.

A wavelength shift in the LPG’s attenuation bands has also been achieved by
controlling the resistive heating [75]. When a LPG is coated with a non-uniform metal
overlay, the localised thermal effects will produce a non-uniform heat distribution thus,
control of the heating will control the amount of shift in wavelength. The shift to shorter
wavelengths can be achieved by heating, straining and bending of the LPG. These

methods have already been discussed in sections 3.2.1, 3.2.2 and 3.2.3, respectively.

Thus far, the main emphasis has been on considering LPGs as single parameter
sensors of measurands such as temperature, strain, bending and to the change in the RI
of its surrounding medium. LPGs have been introduced as sensors that are able to
respond to more than one change in their environment, at any one time. The next section
presents LPGs as multi-parameter sensors and discusses how the responses can be

separated.

3.4 Multi-parameter sensing using long period gratings

LPGs are able to simultaneously respond to a number of environmental changes
and it is possible to separate the responses. LPGs are therefore suitable for applications
in which a variety of measurands have to be monitored simultaneously by a single

SEnsor.
The simultaneous measurement of more than one external parameter is

especially important in situations in which the output signal needs to be modified to

compensate for the sensitivity to more than one external perturbation, or simply for
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distributed and localised simultaneous sensing of a number of parameters. It has been
shown that the differential shifts in two or more attenuation bands in a single LPG can
be used for the simultaneous and independent measurement of temperature and strain
[8], by the virtue of the difference in their sensitivities to the measurands. In addition,
the observation of the bend induced splitting of the attenuation bands has allowed the

simultaneous measurement of bend radius and temperature [34].

Strain and temperature can be simultaneously measured by using the wavelength
shift in two fibre gratings that have different responses to temperature and strain {76,
77]. LPGs have been used in conjunction with FBGs to achieve this aim, where the

difference in the ratio of the responses between the two devices was >15% [77].

Although the ability to simultaneously respond to more than one change is
desirable, the response to each must be separable. As has been discussed previously, the
sensitivity of LPGs to the various measurands is dependent upon the composition of the
fibre, the period of the LPG and the order of the cladding mode to which coupling takes
place. Appropriate choice of fibre composition and grating period allows the generation
of attenuation bands that are insensitive to temperature or strain, facilitating independent
measurement of these measurands [12]. Two LPGs, one with insensitivity to
temperature and the other with insensitivity to strain, have been used to measure strain

and temperature, respectively [17].

LPGs have been used in conjunction with FBGs to separate their temperature
and strain responses [78] and also to demodulate the return from the LPG [79]. Two
FBGs and a single LPG have been used to accurately determine the strain and
temperature. The LPG had a higher temperature sensitivity and a lower strain sensitivity
when it was compared to the FBGs. The two FBGs were fabricated such that their
Bragg wavelengths sat on either side of the spectrum of an attenuation band of a LPG
physically located on the source side of the two FBGs. Thus, the LPG acted to attenuate
the reflections from the FBGs, the attenuation being dependent upon their relative
central wavelengths. By virtue of the difference between the sensitivities of the FBGs

and LPGs to strain and temperature a small decrease in the measured reflection of the
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low wavelength FBG, accompanied by a small increase the reflection from the higher
wavelength FBG, indicated a change in strain. While a large increase in the reflection
from the low wavelength FBG, accompanied by a large decrease in the reflection from
the longer wavelength FBG indicated a change in temperature. Measurement of the
relative intensities of the reflections allowed independent measurement of temperature
and strain [78]. A LPG was also used as an edge filter to facilitate an intensity based

method to demodulate the reflection from a FBG [79].

A LPG has been used to simultaneously monitor changes in temperature and
increases in its bend radius [34]. The temperature sensitivity of the LPG was shown to
be independent of the bend radius [34]. The wavelength separation of the split
components of the attenuation band is dependent on the bend radius [34]. The average
wavelength of the attenuation bands was found to be dependent upon the temperature
[34]. The average wavelength of the attenuation bands was also found to be independent
of the bend radius [34]. Such a sensor could be used to determine the applied bend in a
thermally unstable environment or the temperature in a situation where the sensor was

constantly subjected to bending.

This section has highlighted and reviewed the suitability of LPGs for multi-
parameter sensing. It has recognised the versatility of LPGs, which allows their
combination with a number of FBGs for sensing purposes. Multiple LPGs have been

used for sensing applications and these are now reviewed in the following section.

3.5 In-series long period grating sensors

There has been some interest in the use of concatenated LPGs for sensing
applications [80]. When a pair of identical LPGs are fabricated in series within an
optical fibre, separated by upto 100mm, a set of fringes are observed within the
attenuation bands [80]. The formation of the fringes may be understood with reference

to Figure 3.5.
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Figure 3.5: Principle of operation of in-series LPGs. Adapted from [81]

The first LPG couples light to the cladding mode. Light then propagates to the
second LPG via two routes: in the core and in the cladding. By virtue of the difference
in the effective refractive indices of the core and cladding modes, the light coupled into
the cladding by the second LPG is phase shifted with respect to the light propagating in
the core, giving rise to the interference pattern. The narrower bandwidth of the fringe
facilitates greater resolution in the measurement of the wavelength than is possible with

conventional LPGs.

In series LPGs have been used to sense bending [80], external index of
refraction [81, 82], temperature and transverse load [81]. Bending the pair of in series
LPGs, results in an increase in the attenuation of the cladding modes, with a
concomitant reduction in the visibility of the fringes and a shift of the central

wavelength [80, 82].

Transverse loading was observed to reduce the fringe visibility linearly, at a
threshold load, then the fringe pattern disappeared [82]. Further increase of the load
caused the pattern to reappear with a m phase shift [82].

The response of the in series LPGs to RI is a decrease in fringe visibility and a
change in the central wavelengths, of similar form to that observed for single LPGs
[82]. For refractive indices higher than that of the cladding, the fringes reappear, but
with considerable reduced visibility. If, however, only the section of fibre between the

LPGs is surrounded by the material of high RI, the minimum transmission of the
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attenuation bands can show up to twice the sensitivity of a conventional LPG, for

refractive indices in the range 1.50 to 1.55 [81].

Coating the end of a fibre containing a LPG with metal film results in the double
pass of the light through the LPG, allowing the generation of the interference fringes
[83]. This also allows the monitoring of the performance of the LPG in reflection, and
avoids the necessity to fabricate identical LPGs. This has been used to form a
temperature sensor [83]. A pair of cascaded LPGs, one with a low temperature
sensitivity and the other with a suppressed strain sensitivity have been used to carry out
the required simultaneous measurements of temperature and strain. The LPGs showed a

temperature sensitivity of 0.28nm/°C, in a temperature range of 30°C to 150°C, and a
strain sensitivity of 0.00042nm/pe [17].

The use of two cascaded LPGs, with periods chosen such that one LPG had an
attenuation band that was insensitive to temperature, while the other had a band that was
insensitive to refractive index, has been shown to allow simultaneous, independent
measurement of these two parameters. This potentially allows the temperature
independent monitoring of chemical solutions with temperature dependent refractive

indices [84].

3.6 Discussion

The review of long period fibre gratings has shown them an effective and
versatile temperature, strain, RI and bend sensor. They have shown themselves as
transducers that possess high sensitivity and because of their large spectral width they
can be used with simple demodulation schemes. It has been shown that the induced
wavelength shifts are a strong function of the LPG’s periodicity and the order of the
cladding mode. Strain and temperature LPG based sensors are seen to possess larger
wavelength shifts than conventional FBG based sensing schemes. LPG multi-parameter
sensing abilities are used for the simultaneous measurement of temperature and strain
and of temperature and bending. The cross-sensitivity to these external parameters can

be eliminated or at least greatly reduced and so allowing the use of strain insensitive
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LPGs as effective temperature measuring devices in the presence of axial strain.
Temperature insensitive LPGs are effective in the monitoring of strain and bending.
Unlike the FBG based RI sensor, the LPG based RI sensor does not require etching of
the cladding and is shown to have a wide range of applications in chemical and
biomedical engineering. The sensitivity to RI has been used to tune LPG based filters

and has also found use in the monitoring of corroding metal in a structure.

One drawback of LPGs is that the presence of multiple resonance attenuation
bands and their large bandwidth limit the options for multiplexing arrays of sensors to
the use of spatial division multiplexing, in which each LPG is Jocated within a separate
fibre and allocated its own detection system. Despite this draw-back the investigation of
sensing applications for LPGs needs to continue as there are many applications that
would benefit from the definite advantages and multi-parameter sensing abilities that

LPGs offer.

3.7 Chapter summary

This chapter has discussed the origin of the sensitivity of LPGs to measurands
such as temperature, strain, bending and RI, and how the attenuation bands have
differing sensitivities to the various measurands. These different sensitivities offer the
prospect for the development of sensor elements capable of monitoring simultaneously
and independently a number of measurands. The ability to tune the sensitivity by virtue
of the fibre composition and LPG period has also been discussed. The means for
optimising the performance of the LPG by using techniques such as etching of the
cladding diameter has been outlined for particular applications. A review of the LPG as
a single parameter sensor of temperature, strain, bending and RI was presented. A brief
summary of the properties of LPGs is presented and an indication of their sensitivity to

the various measurands is given in Table 3.1.
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A < 100pum the LPG couples to higher order cladding modes

A > 100pm the LPG couples to lower order cladding modes

Sensitivity to the measurand is dependent on the order of the attenuation
band.

Higher order attenuation modes show the greatest sensitivity to the
measurand.

Suitable for multi-parameter sensing, including temperature and strain,

temperature and bending and temperature and RI.
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Table 3.1: A summary of the sensitivity of the LPGs response to the measurands.

Temperature Sensitivity A (um) Fibre type Reference:
Un-modified -0.14 to 0.38nm/°C >100 Std. [3]
response 1.8pm/°C 40 CF [12]
upto 2.750m/°C 240 B-Ge [21]
0.093nm/°C 280 SMF-28 [85]
3% change in MTV 50.1 PFBG-1355-T [26]
Enhanced -0.14 to 0.28nm/°C 500 GeO, [17]
response 0.05 to 0.8nm/°C 600 Std. [23]
2.10nm/°C SF [23]
Suppressed -0.049 to 0.0007nm/°C 430 Std., B-Ge [16]
response -0.142 t0 0.002 nm/°C 500 GeOz [17]
Strain
Un-modified 0.04pm /pe 340 CF [10]
response -0.01 to —2.2pm/ue 40 CF [10]
-0.22 to -0.23nmpe 280 SMF-28 [85]
80% change in MTV 50.1 PFBG-1355-T [26]
RI Wavelength shift of the 200 BPG [9, 44, 48,
attenuation band as the | 200-350 HF 49, 50]
bulk RI of the medium
surrounding the LPG <
that of the fibre cladding,
upto 100nm when the
surrounding Rl =
cladding
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A change in the MTV of
the attenuation band over

the Rl range 1.40- 1.7

200
200-350

BPG
HF

[9, 44, 48,
49, 50]

Bending

A wavelength shift in the
central wavelength of the
attenuation band for
increasing bend

curvature ~ 10nm/m™

A splitting of the
attenuation bands. The
distance between the
splits increases with
increasing applied bend

curvatures, a sensitivity

of 14.5 nm/m™

The magnitude of the
splits is also dependent
on the orientation of the
UV exposed side of the

fibre.

225-325

500
400
490

225-325

Ge with HF

B-Ge
B-Ge

Ge with HF

131, 32]

[33, 34, 37,
38,41, 42,
43]

[32, 34,37,
41]

Key: Std. = Standard telecomms fibre, H = Hydrogen loaded fibre, CF = Corning

Flexcor 1060nm fibre, B-Ge = Boron Germanosilicate co-doped fibre, SF = Fibres with
special RI profiles, SMF-28 = Corning SMF-28 Fibre.

Chapter 4 will discuss in detail the various physical methods used to induce a

LPG into the core of a fibre. There is a detailed consideration of the UV irradiation

method and the two LPG fabrication configurations based on this are described.
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Chapter 4 Fabrication of fibre optic long period

gratings

4.1 Introduction

This chapter discusses the methods used for generating a periodic modulation of
the optical properties of the fibre and evaluates their merits and disadvantages. The
chapter presents the UV based amplitude mask fabrication method used in
manufacturing the LPGs used in this thesis. The LPGs require post processing by
thermal annealing. Annealed fibre gratings exhibit linear wavelength response at high
temperatures and that can be exploited to accurately tune the central wavelength of an
attenuation band and for the development of sensor transducer elements. This chapter

presents a discussion of the effects of annealing on the properties LPGs.

4.2 Generating a periodic modulation in the optical properties
of the fibre

The fabrication of LPGs relies upon the introduction of a periodic modulation of
the optical properties of the fibre. This may be achieved by permanent modification of
the RI of the core of the optical fibre, by physical deformation of the fibre or by
electrically controlling the behaviour of the core of a special fibre. The physical
deformation of the fibre has been achieved mechanically [1], by tapering the fibre [2],
by deforming the core [3, 4, 5], or the cladding [6]. The electrically induced change in
the behaviour of a hollow-core fibre filled with liquid crystal allows the fibre to behave
as a LPG [7]. The permanent modulation of the core RI has been achieved by the
implantation of ions [8], irradiation by femtosecond laser pulses in the infrared [9],
irradiation by focused CO; laser [10, 11, 12], by the spatial redistribution of the
chemical composition of the glass due to thermo-induced diffusion of the fibre’s
dopants [13, 14], the periodic relaxation of the mechanical stress within the fibre [15,
16], electric discharges [17, 18, 19] and by exposure of the fibre to ultra-violet (UV)
light [20, 21, 22, 23, 24, 25, 26].
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4.3 Physical deformation of the fibre

4.3.1 Mechanically

The periodic index modulation of the LPG is induced via the photoelastic effect
at the pressure points, when the fibre is pressed between a periodically grooved plate
and a flat plate. Out-of-band losses of upto 15dB have been achieved, which is
comparable with photo induced LPGs, but can be controlled by adjusting the pressure
on the grooved plate. The position of the attenuation bands can be easily adjusted by
changing the angle between the fibre and the grooves. The LPGs produced by this
method are temporary, as once the pressure on the grooved plate is removed the
transmission profile returns to its pre-pressure state. The transmission profile of a LPG
produced by this method is cleaner possibly because the fibre does not have its buffer

jacket removed, as this is said to reduce micro bending [1].

4.3.2 Tapering

A LPG has been produced by periodically tapering sections along the length of a
already narrowed fibre. Out of band losses of upto 17db have been achieved after 35
periods have been deformed. Such a LPG is considered stable even at high temperatures
because the perturbation is due to its macroscopic structure, unlike those induced by
irradiation to UV. A length of fibre is heated in a travelling flame and then stretched to
obtain a uniform fibre diameter of approximately 15um [27]. A 0.8mm section of fibre
is then further heated and elongated very slowly. This results in a microtaper structure

that is repeated at equal spaced intervals along the narrowed fibre to form the LPG.
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4.3.3 Deforming the fibre core

There are two methods of deforming the core to produce a LPG. The first
deformation is achieved in a two-step process. In the first step, the unjacketed fibre is
held firmly between two fixed points on a translation stage, the fibre has periodic
incisions made into its cladding by exposing it to a focused single pulse of a CO; laser
beam. This first step is shown in Figure 4.1. After the first incision has been made, the
fibre is translated along by a distance equal to the grating period, A, and the process is
repeated for the required number of incisions. The width of the cut depends on the size
of the beam and the depth of the cut, dictated by the diameter of the cladding, is pre-
determined and continually monitored [5]. The incisions do not bring about a change in
the RI of the core because they do not extend into the core [5]. The required RI change
is brought about in the second step, by locally heating each incision in the fibre to its
melting point for a short time. The surface tension of the molten glass transforms the
corrugation on the fibre surface into a sinusoidal deformation of the core. This second
step is shown in Figure 4.2. The heating process causes sufficient perturbation of the
core with just 14 grating periods to see coupling to the cladding mode. This is because
the effective index changes that are produced by deforming the core (An = 0.1) are
approximately an order of magnitude greater than the largest permanent index changes
achieved in photo induced gratings [4]. The change in the LPG’s response to external
perturbations was measured and found to be comparable to photo-induced LPGs [28].
The LPGs produced by this method posses a large bandwidth, are highly efficient and
reliable [3].
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CO, laser
beam

core

cladding

Figure 4.1: Making periodic cuts in the surface of the cladding using a focused CO,

laser beam. Diagram reproduced from [3].

annealed un-annealed

region A—l l ll region _l

T T T applied
core heat

Figure 4.2: Inducing the required change in the RI of the core by locally melting the

fibre, using the arc of a fusion splicer. The surface tension of the molten
glass transforms the corrugation on the fibre surface into a sinusoidal

deformation of the core. Diagram reproduced from [3].
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The second method is based on inducing periodic micro-bends in the core by the
use of electric arcs [5, 17]. The RI change induced by this method is due to the
deformation of the fibre and by the release of the stress within the fibre. The region of
the fibre in which the LPG is to be produced is devoid of its buffer jacket. The fibre is
held straight between two fibre holders. A lateral stress is induced in the fibre, between
the two holders, by displacing one of the fibre holders by ~ 100um in a direction
orthogonal to the fibre’s axis. A section of the fibre is heated by applying an electric
arc; the fibre is slightly deformed because of the lateral stress thus creating a micro-
bend. The length of the bend, which is typically less than 1um, is controlled by the
duration of the arc. Most of the originally applied lateral stress remains within the fibre
so a series of micro-bends can be induced into the fibre without additional displacement
of the fibre holders [5]. To fabricate the LPG the electrodes are moved along the fibre
by a distance equal to the grating period, and the process is repeated. The resonance
wavelengths of LPGs produced using this method are determined by the grating period
and are not effected by the coupling strength. This is because the micro-bending method
of changing the index of the core does not induce a change in the beat length of two
coupled modes [5]. This simple method inscribes a permanent micro-bend structure into
the optical fibre, which can be achieved in any type of fibre, including standard
telecommunications single mode fibres. These LPGs have low insertion loss, high
thermal stability, of up to 800°C without degradation of the LPG, where as with UV
induced LPGs the LPGs erase at a few hundred degrees centigrade, 400°C. These also
offers flexibility in control of filter parameters and profiles by using simple apodisation
techniques [5]. The technique can provide practical, low cost all fibre filters and, or,

mode converters for optical fibre communication and sensor systems [5].

4.3.4 Deforming the fibre cladding

The main mechanism accounting for the mode coupling in this type of LPG is
the difference in the stress fields induced within the corrugated structure when an
external stress is applied [6]. The LPG consists of two unit sections, one is the etched

region, a section of fibre in which the cladding’s diameter has been reduced, and the un-
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etched region. The corrugated structure introduces a periodic change of index profiles
along the length of the fibre. However, this corrugated structure has little contribution to
the mode coupling when there is no external stress. When an external stress is applied
along the fibre in an equilibrium condition, each of the two regions will experience
different tensile stresses that are inversely proportional to the cross-section of the
corresponding region [6]. Therefore, by the photoelastic effect, the differential strain
results in a periodic index modulation. The strength of this index modulation can be

controlled by the applied tensile stress [6].

4.4 Liquid crystal

The behaviour of a LPG is recreated in a hollow-core optical fibre that has the
same structure as a commonly used single mode fibre except for the hollow core region.

The structure of a hollow-core optical fibre is shown in Figure 4.3

cladding

. Hollow core - 4pum

cladding

Figure: 4.3: The structure of a hollow core optical fibre.

91



Chapter 4 Fabrication of fibre optic long period gratings

The hollow core is filled with a nematic Liquid crystal, LC [7]. At rest the
molecules of the LC tend to align in an axial direction [29], as shown in Figure 4.4(a). If
a voltage is applied to the electrode, which is shown in Figure 4.4(b), the LC molecules
align along the direction of the applied electric field. If a comb-structured electrode is
used, a periodic electric field can generate a RI modulation inside the LC core because
the effective index of the LC depends upon the direction of poling. Thus, the effective
index for the guided optical radiation through the core changes with the direction
change of the LC alignment and so the optical radiation through the region undergoes
diffraction as in conventional LPGs [21]. The properties of the LC can be electrically

controlled to manipulate a filter’s characteristics [30].

+ ve

*

o T RN Volis

| Gnd

Figure 4.4a Figure 4.4b

Figures 4.4 a & b: a) The nematic director aligning itself along the axis of the fibre.

b) The nematic aligning itself along the direction of the applied electric
field.
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4.5 Modulation of the core’s refractive index

4.5.1 lon implantation

The RI modulation of the fibre’s core is generated by high-energy ion implanting,
using He?* or H' ions. For any change in the RI to occur, the ions must reach into the
core of the fibre [8]. The change in the RI, of upto 1%, is developed by the compacting
of the glass; the compaction is predominantly caused by the interaction of the
introduced ions and the host material’s atoms. It has been shown that the glass is
compacted mainly at the end of the travelling range of the ions when they come to rest
in the host material [31]. The end of range, or stopping distance, of the ions is
determined by the mass of the ion, its launch speed and the physical properties of the
material. The diameter of the cladding around the core is approx. 125um and the He®"
ions cannot reach a sufficiently high launch speed that allows them to penetrate into the
core. Therefore, the cladding’s diameter is reduced to ~ 53um by etching with
Hydrofluoric acid. This is not necessary for H' ions as the ions can be launched at
higher speeds. The pre-prepared fibre is mounted inside a microprobe target chamber
[32] and the ion beam is focused onto the fibre. A schematic of the alignment of the

mask and the fibre is shown in Figure 4.5.

/mask
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Figure: 4.5. A schematic diagram of a LPG’s fabrication, based on ion implantation

through an amplitude mask.
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A tandem accelerator is used to increase the ion’s acceleration energy to
5.1Mev, to enable the ions to be launched at a higher speed, so that they penetrate
through the thinner cladding and into the fibre’s core. The process uses an amplitude
mask because the beam of ions cannot be sufficiently focused to irradiate individual

areas of the core.

There are several advantages to using ion implantation rather than other
techniques to produce LPGs. Firstly, the fabrication process is fundamentally
independent of the precise nature of the fibre and so ion implantation makes it possible
to fabricate optical fibre gratings in almost all kinds of silica-based optical fibre [33].
Secondly, at the ion doses that are required for the fabrication of the LPGs, the index
change is approximately linear with ion dose. This linear change eliminates the
necessity for complex irradiation schemes of the type required for UV irradiation of
photosensitive fibres [34]. The implanting of ions into a fibre’s core has been shown to
produce significant changes in glasses [35, 36] which is stable to above 500°C and this

presents significant advantages for temperature sensing applications [37].

4.5.2 Irradiation by Infrared femtosecond laser pulses.

The RI change in core of the fibre is induced by exposing it to the beam of an
infrared femtosecond laser, at a wavelength of 800nm [9]. The process induces a
modulation of the RI of the core by light that is not absorbed by the cladding or the
buffer jacket. The induced RI change of ~ 0.01, is brought about by a combination of
factors, firstly, local densification in the glass, secondly, a non-linear reaction through a
multiphoton process and thirdly, through conventional heating by the laser in the
localised regions [9]. Since the densification of the glass might well result from thermal
effects, the LPGs produced by this method, based on the point-by-point fabrication
process, show a high thermal stability below 500°C. The thermal stability is achieved
because the cause of the RI change is different from that of the UV induced RI change,

this is discussed in detail in section 4.9.
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4.5.3 Exposure to CO, laser pulses

A RI change, of 0.02%, is induced into the core of the fibre by directly exposing
the fibre to 10.6pum wavelength CO; laser pulses [10]. The reported change in the Rl is
brought about by the relief of residual stress in the fibre and the densification of the
glass and is not attributed to the removal of the fibre material. Since the fibre is directly
exposed to the CO, laser pulses, the absorption of silica at 10.6um results in the

majority of the energy being converted to heat in the first 10-20pm of glass.

4.5.4 Thermal induction

It is possible to form LPGs in fibres that have been doped with chemical
elements that have a high diffusion coefficient in silica glass [38]. In such fibres the
periodical perturbations in the core/cladding interface can be easily created by local
heating. This diffusion induced change of the RI of the core is approximately 3.6 x 107,
A LPG fabrication technique based on the thermal induced broadening of the RI profile
in the fibre owing to the diffusion of Nitrogen to the cladding region has been proposed
[13]. Nitrogen has a relatively small atomic weight and it diffuses rapidly into the silica

cladding at elevated temperatures.

This process forms a LPG by locally heating the fibre with a shaped beam of a
CO-laser [10, 11, 12] or by using a micro-arc discharge as a power source [17]. The
thermo-activated diffusion of Nitrogen can only be effectively initiated at temperatures
in access of 1400°C. Thermo-induced LPGs have higher temperature stability in
comparison with conventional photo-induced LPGs and retain their spectral properties
even at temperatures of upto 1200°C [13]. However at the same time thermo-induced
LPGs have a few disadvantages. Firstly, during the fabrication process the physical
deformation of the fibre causes spectrally independent losses. Secondly, the thermo-
induced fabrication process depends heavily on the temperature of the heating source.
To ensure that the grating produced is uniform the process requires high reproducibility

of the heating time and temperature from point to point. It should also be noted that the
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heat transfer along the fibre axis limits the minimum grating period to be approximately

200um.

4.5.5 Periodic relaxation of residual stress

Releasing the tension that is introduced into the core of a fibre during its
manufacturing process induces a RI change of approximately 0.1% [15, 16]. A high-
silica core fibre consists of silica core and a Fluorine doped cladding. Fluorine is doped
into the cladding to decrease the RI with respect to the core. The core glass has a higher
softening temperature than that of the doped cladding. During the manufacturing of the
fibre, when the fibre is drawn the glass of the core solidifies faster than that of the
cladding. The drawing tension remains permanently in the core as a residual stress. This
method relies upon periodically relaxing the residual stress [15, 16]. To produce a LPG
using this process the buffer jacket in the selected region of the fibre is removed and the
fibre is held securely between two clamps. The bare fibre is locally heated at a selected
point along its axis using CO; laser illumination [15] or an electric arc [16]. The fibre is
heated to the softening temperature of the cladding and the stress in the core is released,
producing a increase in the local RI. The fibre is moved by a distance equal to the
grating period, A, and the procedure is repeated until the required number of points have

had their RI changed.

4.5.6 Electric discharge

An electric arc has been used to produce a perturbation of 1.8x10™ in the RI of
conventional dispersion shifted fibre having a core doped with germanium [39]. The
perturbations responsible for the mode coupling brought about by using electric
discharges could be induced by three mechanisms. The mechanisms exploited include
the induction of microbends into the fibre [5], the periodic tapering of the fibre [2] the
diffusion of dopants [13, 14] and the relaxation of internal stresses [17, 18]. The main
mechanism for the formation of the LPGs is considered to be the rapid heating and

cooling process that in turn results in changes in the glass density, viscosity, index of
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refraction and Raleigh scattering [18, 40]. Electric discharges have been used to
fabricate LPGs into standard untreated telecommunications fibres, Corning (SMF- 28)
[41], however an investigation into the mechanisms that forms these LPGs has yet to be

conducted [41].

pointed
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from \ to spectrum

light source are analyser

Figure 4.6: A schematic diagram of the systematic fabrication of a LPG using an electric

arc.

Figure 4.6 illustrates the process used. The fibre is stripped of its buffer jacket
and held longitudinally under tension, midway between two electrodes which are
2.54mm apart. The pointed tungsten electrodes, containing a minor amount of Thorium,
are connected to a switched current source that produce an electric arc between them.
The fibre is exposed to a high current arc, > 1.5mA, for a time, > 2sec. Using the point-
by-point technique, the LPG was successfully fabricated in a length of fibre that was not
doped with hydrogen. Fabricating the LPG in hydrogen loaded fibre and reducing the
current and exposure times produced a LPG that was mechanically stronger. LPGs
fabricated, using electric discharges, in S doped fibres or Ge-doped fibres have been
shown to operate without any permanent degradation of their transmission spectrum at
temperatures of upto 800°C [18]. LPGs fabricated in Ge-doped fibres have been shown
to operate at temperatures of upto 1190°C for 30 mins [18]. However, the transmission
spectrum suffered some irreversible degradation nevertheless, it does present an
opportunity to monitor high temperatures with out the need for special fibres [18]. The
irreversible change of the LPG’s spectra at high temperatures is caused by the annealing

of intrinsic stresses induced in the course of the fibre drawing and also by local heating
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of the fibre during the writing process. Above ~ 1000°C, this change can be due to

viscous flow of the fibre and its plastic deformation [18].

Using standard telecommunication fibre, Corning (SMF- 28), it was found that
the amplitude of the induced perturbations was so large that less than 20 steps,
corresponding to a total length of 10-14mm, were required to obtain a 20dB isolation
[41]. Comparing this with a photo-imprinted LPG in the same fibre that is loaded with
Hydrogen, 100 steps are typically required which corresponds to a total grating length
of 50mm. From a characterisation and simulation of LPGs fabricated using this method,
it was found that the resonance wavelength of the gratings depended only on the period
and was independent of the arc current [19]. The technique is a simpler and less
expensive method of making 1.LPG’s because expensive lasers and their associated
equipment are not required. These LPGs have low insertion loss, high thermal stability,
they also offers flexibility in control of filter parameters and profiles by using simple
apodisation techniques [19]. The technique can provide practical, low cost all fibre

filters and, or, mode converters for optical fibre communication and sensor systems.

4.5.7 UV irradiation techniques

A popular method of producing LPGs is by the illumination of the core of a
germanium-doped fibre with UV radiation through an amplitude mask, or directly
exposing the fibre one point at a time [20, 21, 22, 23, 24, 25, 26]. The point-by-point
configuration builds up the LPG one point at a time [42]. The amplitude mask
configuration allows all or a large number of the eclements of a LPG to be formed
simultaneously [21]. The point by point configuration is time consuming but flexible
when compared to the use of an amplitude mask, for it readily allows the fabrication of
LPGs with a range of characteristics such as apodisation [43], chirp [43] and phase steps
[43]. The amplitude mask configuration is popular when LPGs with reproducible

properties are required and is more suited to mass production.
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UV radiation at a wavelength close to the absorption peak of a germania related
defects triggers a change in the RI of the core. Several processes are possibly occurring
depending on the writing conditions. The most established explanation is that UV
radiation causes bond breaking of point defects in the glass matrix [44, 45]. This
increases the absorption in the UV spectrum which in-turn causes the Rl in the core to
increase [46]. The induced RI change can be increased by a factor of ten if UV radiation

at a lower wavelength is used [47].

Another proposal is that the largest part of the UV induced index change is
attributed to a structural change that is due to electron transfer from Ge related defects,
which do not accompany a thermal process [48]. The photoexcitation of oxygen
vacancy defects states forms paramagnetic GeE' centres that contribute to index
changes. Because the defects related to GeE' centres relax even at temperatures below

100°C, the LPG’s performance degrades thermally.

Until now in this discussion the wavelength of the UV source used to generate
the periodic modulation of the optical properties of the fibre has been greater than 240
nm. A UV laser beam at a wavelength of 157nm has been used to fabricate LPGs by
exposing the fibre to the UV through an amplitude mask [23, 24]. The choice of such a
short wavelength was reasoned {49, 50, 51] after it was demonstrated that an
improvement of 10 times in the RI change inside a low GeO, doped fibre could be
achieved by shifting the laser’s wavelength from 248nm to 193nm [47]. This was
because the two photon absorption across the GeO, band gap was the photo sensitivity
mechanism. This process, using the laser beam with a wavelength of 157am, does not
require the fibre to have undergone any photosensitivity enhancement, such as loading
with hydrogen. This is because the use of such a low wavelength allows access to a new
single photon process near the band edge of GeO, and fused silica. The LPGs produced
in this way have attenuation bands that have a minimum transmission value of —17dB

[23, 24].
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The general requirements of the UV source for the writing of LPGs is less
stringent than in the case of writing FBGs. For the writing of LPGs the requirements of
the coherence length of the UV radiation are relaxed because the fabrication process
does not require interferometric fringes. The mechanical stability requirements of the
writing system are also relaxed because of the large period of the gratings. Although the
UV based fabrication method is a well-established technology it has problems. It
requires a complex and time consuming processes, including hydrogen loading for the
enhancement of the photosensitivity of the fibre, UV writing and annealing. Another
difficulty with UV induced LPGs is in the control of filter parameters. The resonance
wavelength of the filter not only depends on the LPG’s period but also on the amplitude
of the index modulation [21, 22]. This dependence arises from the increase of the
average core index by UV irradiation, which induces a change in the beat length of two
coupled modes. So there is a need to carefully select a LPG’s period, considering both
the rejection wavelength and the efficiency of the LPG to be fabricated. This fact makes
it more difficult to implement the apodisation technique for tailoring a filter profile. The
non-uniform coupling strength induces position dependent variations of the local
resonance wavelength, which results in the formation of an unintentional chirping effect

[21,22].
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4.6 Practical impiementation of UV irradiation for the

fabrication of long period gratings

4.6.1 Fabrication using the amplitude mask technique

These methods use an amplitude transmission mask to allow the simultaneous
generation of many periods of the modulation of the optical properties of the fibre. The
amplitude mask technique simplifies the manufacturing process of the fibre gratings,
because it allows easier alignment of the fibre for photoimprinting and reduces the
stability requirements of the photoimprintng apparatus. The LPGs that are produced
have high performance and the technique allows repeatable fabrication of gratings with
controlled spectral response characteristics. With this method it is difficult to change the
parameters of the LPG, but LPGs with similar parameters can be produced in a matter
of minutes rather than in a few hours, as in the case of the point by point fabrication
technique. This can be upto 2h depending on the LPG’s length, photosensitivity, laser’s

power and number of points to be exposed.

Four types of amplitude mask are available for the production of gratings. These
could be made out of chrome-plated silica [52], metal masks [53], dielectric masks [54]
and microlens arrays [5]. The low damage threshold of chrome masks and dielectric
masks necessitates a long writing time to compensate for the low power that needs to be
used. Metal masks consist of slots which are precision laser machined out of thin copper
sheets to spatially modulate the intensity of the writing beam or of the high energy beam
used in ion implantation schemes. Metal masks are not so easily damaged as they have a
high threshold level, > 1)/cm?, and can withstand high intensity UV irradiation and so
reduce the writing time considerably. However all amplitude masks block a significant
part of the laser beam and so are not energy efficient and their use with high power

lasers shortens their lifetime [53].
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Focusing micro-optics constructed with UV grade fused silica is a more suitable
material as it has a similar damage threshold to the fibres and furthermore it focuses the
laser beam into a periodic pattern and thus requires much less energy from the laser.
However, the extremely high cost of microlens arrays prohibits their use in LPG
fabrication [53]. Microlens arrays constructed using low cost UV grade fused silica
(UVGFS) fibres have been demonstrated [53]. Processes based on using dielectric

masks and microlens array are discussed in the following sections.

A dielectric mask has been produced by selectively etching off the > 99%
reflecting layers of a commercial KrF excimer laser mirror. A commercially available
photo-resistant resin was baked onto the mirror, at 90°C for 30 mins. A focused argon
laser beam was used to directly expose the pattern onto the resin. After developing the
photoresist resin, the exposed areas of the laser mirror were etched using a solution of

5% HF acid in deionised water. The remaining resin was removed using solvents [53].

The LPGs were formed in hydrogen loaded fibre by exposing it to the output of
a UV adapted Argon laser, of wavelength 248nm and intensity of 120mJ/cm? per pulse.
Using this method a single pattern, 210mm LPG can be fabricated in less than a minute.
Since the mask allows the rapid writing of LPGs with a high intensity laser output,

attenuation in the fibre of up to 25dB can be observed.

The microlens array method relies on the use of commercially available UVGFS
to construct a, simple and cheap, microlens array suitable for the mass production of
LPGs. The array is constructed by cutting a length of low attenuation fibre that has a
core diameter of 400um and the cladding diameter is 440pum. The fibre’s polyamide
buffer jacket is removed using a butane flame; then the surface of the fibre is thoroughly
cleaned with Acetone [5]. The fibre is cut into 20mm long pieces and then fixed, using a
UV cured epoxy resin, onto an aluminium block, of dimensions, 50mm x 20mm x
10mm with a hole, 40mm x 10mm, cut into the centre of it. The aluminium block is
placed between the fibre, to be exposed, and the UV beam of an Excimer laser. The hole
in the block allows the beam to fall onto the mico-lens array and then onto the fibre. The

periodicity of the LPG thus produced is determined by the cladding diameter, 440pm, of
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the UVGEFS fibre. Comparing two otherwise identical LPGs, one produced using the
micro-lens array and the other a metal mask the LPGs, show significant differences. The
attenuation of the micro-lens array LPG was —11.7dB after 50sec, under identical
conditions for the other it was —10.9dB after 200sec [5]. This shows that the microlens
array method is far more efficient. Since the array has a similar damage threshold as the
fibre to be exposed less energy is used from the laser, however the array must be

positioned near the fibre with micron precision.

4.6.2 Fabrication using the point-by-point technique

In the point by point technique for fabricating LPGs, the process moves onto the
next exposure point by either moving the fibre while the source is fixed, or visa versa. It
can take upto two hours to fabricate a LPG using this method. The system’s flexibility
allows the alteration of the parameters of the LPG, such as its grating length, grating
pitch and duty cycle. It allows the forming of various grating shapes such as apodisation
and chirp. The RI profile of the grating can be easily tailored to produce any desired
spectral response because the UV pulse energy can be varied between points of induced

index change [21].

4.7 In - house long period grating fabrication

The LPGs used in this thesis are fabricated by exposing the fibre to UV
irradiation at a wavelength of 266nm through a copper amplitude mask. This section

describes in detail the stages undertaken to produce the LPGs.

4.7.1 Fibre preparation

The fibre used was Boron-Germanium co-doped photosensitive fibre (Fibrecore
PS 750) that had a cut-off wavelength of approximately 650nm. Before the fibre can be
used to write a LPG the buffer jacket must be removed because it absorbs UV. The

103



Chapter 4 Fabrication of fibre optic long period gratings

buffer jacket is removed by placing the region on a microscope slide and then covering
it with a, Smm thick, layer of ‘Nitromores’, which is a Dichlomethene and methanol
based paint stripper. After approximately a minute the buffer jacket can be seen to
deform, the fibre is moved away from the glass slide, the buffer jacket and surplus paint
stripper is removed using clean lens tissues doused in Isopropanol alcohol, IPA. Each

end of the fibre is terminated using a FC301 connector.

4.7.2 The UV source

The UV irradiation source used in the laboratory was a Spectra Physics, Quanta-
Ray, GCR 100 Series; injection seeded Neodymium doped Yttrium Aluminum Garnet
(Nd:YAG ), frequency-quadrupled, laser. The laser operates at a wavelength of 266nm,
with a pulse width of 5nsec and a repetition rate of 10Hz. The laser system is allowed to
warm up, for a period of one hour. The laser system needs to be run at the maximum
flash lamp energy to ensure the optimum beam quality and to minimize the pulse to
pulse energy fluctuations of the Nd:YAG crystal. Phase matching for the Nd:YAG,
fourth harmonic generating crystal to achieve optimum conversion efficiency is
accomplished by rotating the crystal. The optimum angle is temperature dependent,
which requires that the angle of the crystal be adjusted periodically during warm up

until thermal equilibrium is reached.

Figure 4.7 plots the power output of the laser as a function of time. The plot
shows that after the warm up period when the angle of the fourth harmonic generating
crystal is adjusted the UV output of the laser increases. The UV power stabilizes when
the crystal is at its phase matching angle. The temperature of the crystal increases and
the output power begins to diminish and so further adjustment of the crystal’s angle is
required to increase the UV output power. This process is repeated continually, at points
A, B, C the output power has fallen to zero, and re-adjustment of the crystal’s angle
increases the output power. After 25 minutes, 15000 s, the power (1.1 Watts) is
considered sufficiently stable to fabricate LPGs. The average stabilised UV output
power was 1.1W and the beam’s waist at the output of the laser was 10mm, the energy

per pulse was 50mlJ [55].
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Figure 4.7: Plot of the output of the laser as a function of time, during the stabilisation of

the maximum output power prior to the fabrication of the LPGs.

4.7.3 The interrogation system

The growth of the transmission spectrum was monitored online using the system

shown in Figure 4.8.
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Figure 4.8: General experimental configuration of the major components of the

interrogation system used to monitor the transmission spectrum of the

LPG.

Figure 4.8 illustrates the general experimental configuration of the major
components in the interrogation system. The broadband light source used was an Ocean
Optics, fan cooled Tungsten Halogen light source, HL.-2000. It has a spectral range of
~220 — 1100nm within a power a stability of + 0.05%. An Ocean Optics S2000 fibre
coupled CCD spectrometer is coupled to the distal end of the fibre. The spectrometer is
interfaced to the PC where a Labview program [56] allows the real time monitoring of
the transmission profile. The spectrometer offers measurement of a spectrum extending
from 500nm to 1100um with a resolution of 0.7nm and a minimum integration time of

1ms.

The Labview program allows the transmission spectrum to be logged at a rate of
up to 1Hz. The central wavelengths and the minimum transmission values of the
attenuation bands were determined through a polynomial fit to the transmission

spectrum of the band.
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4.8 Fabrication System

The configuration of the UV based amplitude mask fabrication technique is
shown in Figure 4.9. The process uses a copper amplitude mask [57]. The mask is

40mm long with a duty cycle of 50% and a periodicity of 400pm. It is fixed onto the

blocks 5Smm in front of the v-grooves.
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Figure 4.9: General UV based fabrication set-up for inscribing a LPG into an optical fibre.
A: Amplitude mask, S: UV laser, BS: 95 % / 5% beam splitter, L : cylindrical
lens, B : V - grooved block, OF: Prepared photosensitive optical fibre, TS:
Computer controlled stepping motor driven translation stage, BD: Beam dump,

BBS: Broadband light source , C: Connector ( FC 301)
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The output power of the previously stabilised UV laser is split using the 95%
/5% beam splitter. The 95% portion of the laser beam is reflected into a beam dump
whilst the remaining 5% is transmitted through and measured with an Ophir laser power
meter, model N°. AN/2, and its associated UV detector head, model N°. 30(150) A-HE-
SH, situated immediately after the beam splitter. Only the 5%, 50-60mW, of transmitted
power is required for the process, as more than this will cause mechanical failure of the
fibre. The cylindrical lens, of focal length 100mm, is positioned so that it focuses and
orientates the UV into a beam, of length 10mm, behind the v-grooves. The lens had
orientated the beam such that its axis was aligned with the motion axis of the translation
stage. The beam was blocked, and the prepared fibre was orientated such that its axis
was also aligned with the motion axis of the translation stage. The fibre was positioned
so that the region to be exposed was directly behind the amplitude mask. Magnets were
used to secure the untwisted fibre, straight and taut, in the v-grooved blocks. The v-
grooved blocks were mounted onto a computer controlled stepping motor driven
translation stage. The translation stage had a travel length of 50mm and a resolution of
2pm. The ends of the fibre were connected to the broadband light source as shown in

Figure 4.8.

The fibre traverses in a direction parallel to the fibre’s axis in front of the
stationary UV beam. The computer program allows the input of the total number of
steps of the translation stage, the distance moved during each step and the dwell time
that defines the exposure time of the fibre to the UV beam. The translation stage is
positioned at its starting point. Simultaneously the UV beam is unblocked and the
computer program is executed; the developing LPG is viewed on the spectrometer & PC

arrangement.

4.9 Annealing of fibre optic long period gratings

The thermal stability of LPGs is a key factor determining their performance in
applications in telecommunications and sensing. The induced RI modulation contains an
unstable portion, which is annealed at elevated temperatures. The removal of the

unstable element of the RI modulation results in a change in the wavelength and
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reflectivity of FBGs [20, 58, 59, 60]. The effect has also been reported for LPGs, where
it causes a change in the central wavelength of the attenuation bands and the coupling
efficiency [61, 62, 63]. Annealing the grating at a temperature in excess of the
maximum expected operating temperature promotes long term stability in the device by
fixing the spectral characteristics of the fibre grating [58, 60]. Annealed fibre gratings
exhibit a linear wavelength response at high temperatures [60] that can be exploited for

accurate wavelength tuning and the development of sensor elements.

The importance of thermal stabilisation techniques for successful use of FBGs is
well acknowledged and has been thoroughly investigated [60, 64, 65, 66, 67, 68]. This
has resulted in FBGs that do not require annealing [69]. The manufacturing process of
these particular FBGs involves exposing the fibre to uniform near UV light before and
after fabrication of the grating [69]. The exposure to near UV light is said to eliminate

the unstable index modulation components in the fibre [69].

In general, the FBGs are not manufactured using the process detailed in [69] and
so the thermal decay can be explained by a ‘power law’ [58] function of time with a
small (<< 1) exponent. Consequently, the UV induced index change initially decays
very rapidly, but the rate of decay decreases as time increases. The decay is also a
strong function of temperature [58]. The decay mechanism is thought to be one in which
carriers excited during fabrication are trapped in a broad distribution of trap states and
the rate of thermal depopulation is a function of the trap depth. There is, however, some
disagreement on two issues, the first concerns the stability of FBGs written in hydrogen
loaded and non-hydrogen loaded fibres. The disagreement arises because FBGs written
in hydrogen loaded fibres have been found to be less stable than [60, 49], and as stable
[66] as those written in non-hydrogen loaded fibres. The second issue questions the
applicability of the ‘power law’ as an explanation of the thermal decay in FBGs written
in non-hydrogen loaded and hydrogen loaded fibres. The thermal decay of FBGs written
in non-hydrogen loaded fibres can be accurately described by the ‘power law’ [58].
FBGs written in hydrogen loaded fibres however show a different thermal decay that
does not follow the ‘power law’ model but can be characterised by a ‘log time’ model

[58]. The known short-term behaviour of FBGs at elevated temperatures has been used

109



Chapter 4 Fabrication of fibre optic long period gratings

by accelerated ageing processes to predict the FBGs long-term behaviour at designated
operating temperatures [47, 49, 70, 71, 72, 73, 74]. If a typical requirement of a FBG is
that it should be able to operate for 25 years in a temperature range of -40 to 80°C [58].
The accelerated ageing process has predicted that a FBG that is aged to an equivalent
time at 80°C of 2000 years, over the next 25 years the degradation of the UV induced
index would be < 0.01% for a germanium-doped silica fibre [58], < 0.05% for a boron
and germanium co-doped silica fibre [49] and < 0.3% for hydrogen loaded boron and

germanium co-doped silica fibre [49].

The importance of thermal stabilisation techniques to the successful use of LPGs
is even more important. This is because the wavelength at which the coupling from the
core to the cladding modes takes place is directly dependent on the effective UV
induced RI change, An.g and on the difference in the RI of the core and the cladding,
An. A decrease in these can cause a large shift in the central wavelengths of the
attenuation bands in the transmission spectra of a LPG. For example, a 2% decrease in
Angg would have a negligible effect in a add/drop wavelength-division multiplexed
(WDM) Bragg grating (AA < 10 pm) where a similar decay in a LPG would shift the
centre wavelength by ~ 0.5nm. Such a shift is unacceptable for most applications, such

as gain equalisation [75].

LPGs written in hydrogen loaded fibres with periods in the range of 300-600um
have been annealed at temperatures of 150, 180, 200 and 250°C, for 42, 24, 11 and
1.5hrs respectively. The attenuation bands displayed wavelength shifts, relative to their

pre-annealing wavelengths, in the range — 60nm to + 12.3 nm. [62].

When two gratings where annealed for 2100h at 110°C, the change in the
effective RI was observed to stabilise after 1000h, and, by 2100h, An.s was found to
vary by less than 10”7, The stabilisation of Aneg for a FBGs at 110°C would occur after
20 - 40 hours. The stabilisation of LPGs takes longer when compared to FBGs because
LPGs exhibit a higher sensitivity to index changes as small as 10®. When the LPGs are

annealed at 250°C the stabilisation time decreases to 100h.
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Using an adapted version of the ageing curve it was predicted previously that a
30mm long temperature in-sensitive LPG formed by UV irradiation in deuterium loaded

fibre had a useful life of 25 years with wavelength shifts of < 0.02nm at 40°C and <
0.12nm at 60°C [76].

The annealing of LPGs also influences their temperature sensitivity. It has been
shown that the pre-annealed sensitivity of the LPG was measured to be —0.28nm/°C and

after annealing this was reduced to —0.16nm/°C [61].

4.10 Chapter summary

This chapter has discussed in detail each of the techniques used for inducing a
periodic modulation of the optical properties of the fibre, with a comparison of their
merits and disadvantages. A section was dedicated to UV irradiation as a means of
inducing a periodic RI modulation of the fibre’s core, which also discussed its practical
implementation with respect to both fabrication configurations. The LPGs used through
out this thesis were fabricated in-house and a detailed discussion of the UV based

amplitude mask configuration was presented.

The importance of annealing the LPG prior to inclusion in a sensing system was
discussed. To enhance this discussion the results of annealing experiments conducted on
8 LPGs, fabricated in commercially available boron germanium co-doped fibres, at
different temperatures for various times are presented and discussed in section 5.3.4 of
Chapter 5. Chapter 5 also presents and discusses the characterisation of a LPG to
measurands such as temperature, strain, bending and changes in the bulk RI of its

surrounding medium.
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Chapter 5 Characterisation of fibre optic long

period gratings
5.1 Introduction

The transmission spectrum of a LPG consists of a series of attenuation bands,
each situated at a different central wavelength. The exact form of the transmission
spectrum and the central wavelengths of the attenuation bands are sensitive to the local
environment experienced by the LPG and changes in response to temperature, strain,
bending and change in the RI of the medium surrounding the LPG. The sensitivity to a
particular measurand is dependent upon the order of the cladding mode to which the
guided optical power is coupled to, and so is different for each attenuation band. This
range of responses by a sensor element has enabled the LPG to pave the way for multi-

parameter sensing using a single sensor element.

Before a LPG can be incorporated into a sensing scheme, it must be
characterised to determine its sensitivity to the measurands that will influence it. This
chapter will investigate the sensitivity of LPGs to each of the measurands, namely
temperature, strain, bending and the change in the RI of the medium surrounding the
LPG. The chapter will detail the characterisation experiments carried out on the LPGs to

the measurands and discuss the results obtained.

5.2 Characterisation of temperature sensitivity

5.2.1 introduction

The effect of temperature on the LPG spectrum reveals itself mainly in a change
of the central wavelengths of the attenuation bands. The temperature sensitivity of the
attenuation bands of LPGs depends on the order of the coupling-cladding mode and is
usually in the range 0.03 to -0.1nm/°C for standard telecommunications fibre [1]. This
section investigates the temperature sensitivity of a LPG written in boron co-doped

fibres.
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Annealing LPGs at a temperature in excess of their maximum operating
temperature removes the unstable portion of the UV induced RI modulation [2], as
discussed in section 4.9 of Chapter 4. For LPGs written in boron co-doped fibres it has
been shown that, in addition to stabilising the spectral characteristics of the LPG,
annealing results in a reduction of the temperature sensitivity [3]. This section
investigates the effect of annealing on the temperature sensitivity of the LPG. Once the
LPG had been annealed, the stability of the post annealing temperature sensitivity of the
LPG is assessed by comparing the results obtained from two temperature sensitivity

investigations that were conducted a week apart from each other.

5.2.2 Experiment

The LPG used in the temperature sensitivity investigations had been fabricated
in boron-germanium co-doped photosensitive silica single mode optical fibre (Fibrecore
PS750), which had a cut off wavelength of 650nm. The RI of the fibre had been
modulated by exposure to UV irradiation, at a wavelength of 266nm, through an
amplitude mask, as detailed in section 4.8 of Chapter 4. The LPG had a length of 40mm
and a periodicity of 400um.

The section of the fibre containing the long period grating was positioned in the
middle of a cylindrical tube furnace, details are presented in section 5.2.2.1. The
response of the transmission spectrum was observed, on a PC via a CCD coupled
spectrometer, over a temperature range from room temperature to 200°C. A constant
strain was applied to the LPG; the central wavelengths of the attenuation bands 2-5 and
the temperature around the LPG were recorded using the general experimental

configuration shown in Figure 4.8 of Chapter 4.
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5.2.2.1 Tube furnace

The cylindrical tube furnace, supplied by Carbolite Furnaces Ltd., was 180mm
long with an internal diameter of 15mm. The furnace had a temperature range of 900°C
with an accuracy of +1°C, and had been specially modified for operation at
temperatures below 200°C. The furnace used a PID circuit to maintain the desired
temperature with a stability of £ 1°C. The furnace had a uniform temperature zone of
length 40mm in the middle of its ceramic inner tube. A photograph of the tube furnace

is shown in figure 5.1.

Tube furnace

Optical fibre
. D i 3 - h
Operating i(;)n(t}ammg the
temperature

Figure 5.1: This photograph shows the tube furnace running at its maximum

temperature of 900°C.
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The temperature profile along the tube is displayed graphically in Figures 5.2
and 5.3.
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Figure 5.2: Measurement of the temperature distribution along the axis of the tube
furnace. At a set temperature of 800°C the temperature along the central

40mm of the tube varies by +5°C. The graph was supplied by Carbolite Ltd
[4]
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Figure 5.3: Measurement of the temperature distribution along the axis of the tube
furnace. At 300°C, the temperature along the central 53mm of the tube
varies by +5°C. The graph was supplied by Carbolite Ltd [4].

5.2.2.2 Temperature sensing equipment

The furnace’s own temperature sensor is positioned near the edge of the ceramic
inner tube, and it was felt that this could not provide a sufficiently accurate
measurement of the temperature of the region immediately around the LPG. To
determine the temperature in the immediate vicinity of the LPG, a K-type thermocouple,
that had been previously calibrated and found to have a temperature coefficient of
— 0.044, was utilised. The thermocouple was positioned so that it was in close
proximity, 2-3mm, to the LPG and was monitored using a 10 channel, Keithley 740,
scanning thermometer. An IEEE 488 GPIB card was used to address the scanning
thermometer and this allowed the temperature data to be read and saved by the Labview

program.
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5.2.2.3 Experimental configuration

The configuration of the annealing equipment is illustrated in Figure 5.4.

Furnace

LPG

From To Spectrometer &
B.B.L.

PC arrangement
source

Thermocouple )
Fixed block Moving block

To scanning

i : th t
Stripped fibre glued in v-groove ermometer

Figure 5.4: The experimental configuration used to characterise the response of the

LPG to the increase in the temperature around it.

At room temperature, the LPG was positioned within the ceramic inner tube’s uniform
temperature zone. To reduce the temperature variations along the length of the ceramic
inner tube the ends of the tube were fitted with insulating plugs. Two 30mm lengths of
the buffer jacket surrounding the fibre were removed to bond them into the v-grooves of
the fixed block and the moving block. The fibre was bonded into the grooves using a
Cyanocrylate super glue so that the fibre did not move during the annealing procedure.
Before the section of stripped fibre is bonded to the moving block, it is important to
untwist and pre-tension the LPG. This ensures that the LPG is straight and taut, as a

bend in the LPG would introduce a splitting of the attenuation bands, discussed in
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section 3.7 of Chapter 3. The ends of the fibre were connected to the broadband light
source and the spectrometer so that the transmission profile of the LPG could be
observed on the PC as discussed in section 4.7.3 of Chapter 4. To ensure that the fibre
had bonded, after 10 mins, a strain of 2000ue was applied to the LPG and the central
wavelengths of the attenuation bands were seen to decrease, upon release of the strain
the LPG’s attenuation bands returned to their pre-strain wavelengths. The central
wavelengths and the minimum transmission values of the attenuation bands were

recorded as a function of temperature.

5 2.3 Pre-annealing temperature sensitivity

The central wavelengths of attenuation bands 2-5 were recorded at 25°C. The
furnace was then set to 200°C and the central wavelengths of attenuation bands 2-5
were monitored at a rate of 1Hz as the temperature increased. Initially the temperature
of the furnace increased at a rate of 3.5°C/ s reaching a temperature of 160°C in 45s, the
rate of change then decreased and the furnace stabilised at 200°C after a further 7
minutes. Whilst the temperature of the furnace was increasing to 200°C, the central
wavelengths of all the attenuation bands, 2-6, were observed to decrease. To illustrate
the observation the movement in the central wavelength of an attenuation band is shown
in Figure 5.5. Figure 5.5 shows the location of attenuation band 6’s central wavelength

at temperatures of 30°C, 40°C, 80°C, 120°C and 180°C.
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Figure 5.5: Plot of transmission against wavelength of attenuation band 6 showing the
change of the central wavelength to shorter wavelengths as the temperature

increased. ——130°C, —— 40°C, = 80°C, - 120°C and — 180°C

The wavelength shift of each attenuation band, due to increasing temperature around the
LPG, was determined with respect to the position of the attenuation band in air at a
temperature of 25.0°C. Figure 5.6 plots the wavelength shift of attenuation band 6 as a

function of increasing temperature.
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Figure 5.6: Plot of wavelength shift as a function of increasing temperature for

attenuation band 6 before the LPG was annealed.

Attenuation band 6 shows a linear response over a temperature range of 25°C to 200°C.

The temperature sensitivity of attenuation band 6 was determined using a linear

regression. Attenuation band 6 showed a temperature sensitivity of 0.19nm /°C *

2.8x10™* nm /°C, the other attenuation bands also exhibited linear responses over the

same temperature range with each band having a different sensitivity. The results of the

characterisation to temperature are summarised in Table 5.1.

Table 5.1: The pre-annealed temperature sensitivities of the LPG’s attenuation bands 3-

6.

attenuation band 3

attenuation band 4

attenuation band 5

attenuation band 6

0.1242.9x10™*nm/°C

0.14 +2.8x10*nm/°C

0.15+43.6x10™ nm/°C

0.19+2.8x10™ nm/°C
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5.2.3.1 Discussion

Attenuation bands 3-6 have shown a linear response to temperature Over a range
of 25°C - 200°C. The attenuation bands have shown a pre-annealing temperature
sensitivity in the range 0.12nm/°C to 0.19nm/°C. Previous reports of the temperature
sensitivity of high order attenuation bands, for LPG’s written in Hydrogen-loaded
germanosilicate fibres, lic in the range of 0.046nm/°C to 0.154nm/°C, [5, 6, 7]. The
demonstrated attenuation bands 3-6 have shown a temperature sensitivity that is higher
than those reported in [5, 6, 7]. The greater sensitivity could arise from the variations in
the guided and cladding mode’s effective indices, the grating’s periodicity, the
operating wavelength and the fibre’s composition. The next section presents the
investigation of the effects of annealing on the temperature sensitivity of the attenuation

bands and on the stability of the post-annealed temperature sensitivity of the attenuation

bands.

5.2.4 Investigating the effect of annealing on LPGs

The effect of annealing the LPGs at temperatures of 100°C, 200°C and 500°C
for times ranging from 0.5h up to 5.5h was investigated. The details of the times and

temperatures are given in Table 5.2.

Table 5.2. The annealing temperatures and durations for the 8 LPGs, A — H.

100°C 200°C 500°C
A for 5.5h D for 5.0h G for 0.25h
LPG B for 4.0h E for 4.0h H for 0.50h
C for 2.5h F for 3.0h

Figure 5.7 shows a typical transmission profile of the LPGs, A-H. The six most

prominent attenuation bands were labelled 1- 6.
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Figure 5.7: Typical transmission profile of LPG A4, demonstrating 6 attenuation bands.
The LPG, of length 40mm and period of 400um, was fabricated in

photosensitive fibre, with a cut off wavelength of 650nm, using UV

irradiation at 266nm through an amplitude mask.

The furnace was set to the required annealing temperature and the following data

was collected and saved by the Labview program at a rate of 1 Hz:

the temperature at the LPG

®» the central wavelength and the minimum transmission values of the attenuation
bands

the time

@ and the transmission spectrum.
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Figure 5.8 illustrates a typical plot of the wavelength response as a function of time of

the attenuation bands through the whole process.
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Figure 5.8: The wavelength response, over the region A to D, as a function of time of LPG
C’s attenuation band 6.

In region A, the system had stabilised at room temperature. At time B the furnace
was set to 100°C and its temperature increased at a rate of 1.5°C /s. The central
wavelength of the attenuation band decreased indicating a negative temperature
sensitivity. As the furnace approached 100°C the rate of change of temperature slowed
to 0.5°C /s. The temperature settled at 99.7°C and the LPG was annealed at
temperatures between 99.7- 100.2°C. The plot shows that the wavelength decreased. At
time C the furnace was set to cool to room temperature. In region D, at room
temperature, the central wavelength was 956.99nm, a permanent shift of —1.71nm, with
respect to the attenuation band’s central wavelength before annealing. The LPG was

allowed to settle for a further 12h at room temperature, after which the new central
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wavelength and minimum transmission values of the attenuation bands and the

temperature within the furnace were recorded.

5.2.4.1 Annealing at 100°C

The annealing procedure induced permanent wavelength shifts in the attenuation
bands of up to —2.18 nm. Each attenuation band’s wavelength shift is calculated with
respect to its minimum transmission value at 25°C before annealing, the wavelength

shifts are summarised in Table 5.3.

Table 5.3: The permanent shift in the central wavelengths of attenuation bands 3-6, for

LPGs A-C, induced by annealing at 100 °C for their respective duration.

LPG No. attenuation | attenuation | attenuation | attenuation | Annealed
band 3 band 4 band 5 band 6 for
A -1.3nm -1.9nm -2.2nm -2.2nm 5.5Hrs
B -1.3nm -1.6nm -1.6nm -2.1nm 4.0Hrs
C -1.2nm -1.5nm -1.5nm -2.0nm 2.5Hrs

5.2.4.2 Annealing at 200°C

The transmission profiles of the LPGs, D, E and F, recorded before annealing,
are similar to that shown in Figure 5.7. The experimental set-up and the annealing
process are as described earlier in section 5.2.2.3. A summary of the results for

annealing at 200°C is shown in Table 5.4.
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Table 5.4: The permanent shift in the central wavelengths of attenuation bands 3-6, for
LPGs D-F. induced by annealing at 200 °C for their respective duration.

LPG No: attenuation attenuation attenuation attenuation Annealed
band 3 band 4 band 5 band 6 for
D —5.2nm —6.4nm —6.6nm —7.Tnm 5.0 hrs
— 5.4nm —6.1nm —5.9nm —7.4nm 4.0 hrs
F —4.1nm —4.9nm —5.1nm —6.2nm 3.0 hrs

5.2.4.3 Annealing at 500°C

LPG G was placed inside the furnace and the temperature was set to 500°C.
Tnitially the central wavelength of the attenuation bands decreased. However as the
furnace’s temperature increased, the minimum transmission values of the attenuation

bands began increasing and within 30s the attenuation bands had disappeared.

LPG H, which had been pre-annealed at 100°C for 2.5h, was also annealed at
500°C, for approx. 10min. Here again the central wavelengths decreased and then the
minimum transmission values of the attenuation bands began increasing and within 60s,

the attenuation bands had disappeared.

5.2.4.4 Discussion

The central wavelengths of all the attenuation bands decreased during annealing.
The experiments have shown that the higher the temperature and the longer that the
LPG is annealed for, the greater the permanent wavelength shift that is induced. The
experiments have shown a limit to the maximum temperature at which the LPG can be
annealed. At an annealing temperature of 500°C the partially pre-annealed LPG was
erased after 60 sec, and the previously un-annealed LPG was erased after 30 sec. This

shows that the pre-annealed LPG was stable at the higher annealing temperature for
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twice as long as the un-annealed LPG. The permanent shifts in the central wavelengths
of the attenuation bands are of the same order, as already reported. The choice of
annealing temperature and duration must ensure that just the unstable portion of the UV

induced RI modulation is removed [13, 14].

5.2.5 Post annealing temperature sensitivity

LPG F had been used for the pre-annealing temperature sensitivity experiment, it
was subsequently annealed at 200°C for 3h and allowed to cool down to room
temperature. The LPG then stabilised overnight at room temperature. The central
wavelengths of the attenuation bands 3-6 were recorded when the LPG was at 25°C.
The annealing process was observed to introduce a permanent change in the central
wavelengths of the attenuation bands ranging from —4.1nm, for attenuation band 3 to —

6.2nm for attenuation band 6.

Annealing at a temperature in excess of the maximum expected operating
temperature is important for all types of fibre gratings as it stabilises their spectral
characteristics by removing the unstable portion of the UV induced RI modulation [1, 2,

3,8,9,10,11, 12, 13, 14].

The post annealing temperature sensitivity of the attenuation bands was then
determined, using the tube furnace, the temperature was increased in steps of 5°C, over
a temperature range of 25°C- 200°C. The temperature of the furnace was allowed to
stabilise at each set temperature for 1 minute after which the central wavelengths of
attenuation bands 3-6 were recorded. The attenuation bands showed a linear response
over the selected temperature range and the temperature sensitivity was again
determined using a linear regression. Table 5.5 summarises the post annealing

temperature sensitivity of the attenuation bands 3-6
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Table 5.5: The post annealing temperature sensitivities of attenuation bands 3-6.

attenuation band 3 attenuation band 4 attenuation band 5 attenuation band 6

0.10 +5x10° nm/°C | 0.11 £5x10™ nm/°C | 0.12 £9.x10" nm/°C | 0.14 +3x10™ nm/°C

The results show that the attenuation bands 3-6 exhibited a post annealing temperature
sensitivity which ranged from 0.10nm/°C to 0.14nm/°C. It was observed that the post-
annealing temperature sensitivities of the attenuation bands 3-6 had decreased when
compared to their pre-annealing temperature sensitivities, detailed in table 5.1. It has
been previously reported that annealing had reduced the temperature sensitivity of a
LPG, written in standard telecommunications fibre, from 0.20nm/ °C to 0.15nm/ °C [15].
For LPGs written in boron co-doped fibres it has been reported previously that
annealing at temperatures of upto 160 °C, had reduced the temperature sensitivity from -
0.28nm/ °C to 0.16 nm/°C [16].

For the boron co-doped fibre used in the experiment, the measured temperature
sensitivity is negative, as illustrated in Figure 5.6. The temperature sensitivity of a

LPG’s attenuation band (i) can be rewritten as [16],

_n®
N AT ) 5.1)
dT AdT dT

The term %%{% represents the thermal expansion coefficient of the fibre core, which is

independent of A. For the boron co-doped fibre used in these experiments the measured
temperature sensitivity is negative and the thermal coefficient of silica is positive, this

implies that the term Ad(neﬁ ~n® )/ dT is negative, and dominates the equation.

Annealing the LPG at an elevated temperature induces a change in the difference of
refractive indexes (e — na”), and its derivative with respect to temperature, resulting

in a change in wavelength A, and the temperature sensitivity d\/dT.

To investigate the stability of the spectral response of the LPG, a week later, a

second post-annealing assessment of temperature sensitivity was made of the same
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attenuation bands, by repeating the process of the first post-annealing assessment. The
attenuation bands 3-6 again showed a linear temperature response over the measured
temperature range. The temperature sensitivity of each attenuation band was again
determined and compared with their respective temperature sensitivity from the first
post annealing responses. It was observed that the temperature sensitivities of the
assessments were consistent with each other. A representation of the consistency of the
temperature sensitivity is shown in Figure 5.9, that plots wavelength shift as a function
of increasing temperature in the range 30-200°C, for the reassessments of the LPG’s

temperature sensitivity after annealing.
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Figure 5.9: Plot of wavelength shift as a function of increasing temperature for two

different assessments of the LPG’s temperature sensitivity after the LPG
had been annealed at 200°C for 3 h, + I assessment, B 2" assessment

conducted a week later. The linear regression shown in the plot is a guide

for the eye only.
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The temperature sensitivity for the first assessment was 0.14nm/°C + 0.002nm and for
the second it was 0.14nm/°C + 0.001nm. This indicates that once a LPG has been
annealed the spectral characteristics of the LPG are stabilised. Subsequent
reassessments of the LPG’s temperature sensitivity at temperatures up to 200°C show

that there is no further change.

5.2.5.1 Extending the measurement range beyond the annealing

temperature

The temperature range of the measurements is extended to 300°C. Attenuation
band 6 was selected for observation as it had showed the highest temperature sensitivity.
The temperature of the furnace was stabilised at 200°C where the attenuation band
showed a wavelength shift of approximately —25.5nm. The temperature was increased
to 300°C and the furnace was allowed to stabilise for 60 sec. After a further 2 minutes
the wavelength of the attenuation band began to decrease and 2 hour later the
wavelength had decreased by 2nm. The change in wavelength indicated that the LPG
was now being annealed at the higher temperature, thus confirming that the highest
temperature in the assessment range must ideally be below the annealing temperature.
The LPG was cooled to room temperature and allowed to settle for a further 12h. The
annealing at 300°C had induced a permanent wavelength shift of -2.5nm. The
temperature sensitivity of the LPG was again determined using the procedure detailed in
section 5.2.5. The temperature was increased in steps of 20°C over a temperature range
of 25°C - 300°C and the temperature sensitivity was found to be reduced from

0.14nm/°C + 0.002nm to 0.11nm/°C £ 0.003nm.

5.2.5.2 Discussion

It has been shown that the annealing process introduces a permanent change in
the central wavelength of the attenuation bands. The permanent shifts in the central
wavelengths of the attenuation bands are of the same order, as already reported [3]. The

overall decrease in wavelength is a function of the duration, the annealing temperature
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and the order of the attenuation band. The work has also highlighted that a pre-annealed
LPG is stable for longer at a temperature of 500°C. The choice of annealing temperature
and duration must ensure that, just the unstable portion of the UV induced RI change is
removed [3]. The annealing process also induced a decrease in the temperature
sensitivity of the attenuation bands [3]. When compared to the attenuation bands’ pre-
annealing temperature sensitivities it had decreased by as much as 0.05nm/ °C. Once the
LPG had been annealed it was found that any subsequent investigations of the
temperature sensitivities, within the same temperature range, were consistent with each
other provided that the measurement range remained below the annealing temperature.
This indicates the importance of annealing at temperatures above the highest

temperature to be measured.

5.3 Strain characterisation

5.3.1 Introduction

The application of axial strain to an optical fibre containing a LPG manifests
itself as a change in the central wavelengths of the attenuation bands. The strain
sensitivities of the attenuation bands of LPG are a function of the grating period and the
order of the corresponding cladding mode to which coupling takes place. This section

presents the characterisation of the LPG’s response to applied strain.

5.3.2 Experiment

The LPG’s parameters are detailed in section 5.2.2 and the configuration of the
system used to apply an axial strain to the LPG under test is shown in Figure 5.10. The
buffer jacket was removed from the entire section of fibre under test, as discussed in
section 4.7.1 of Chapter 4, and using a Cyanocrylate super glue [17] the fibre’s cladding
was glued directly into the v-grooves of the blocks. Anchoring the fibre cladding rather
than the jacket reduced the possibility of slippage while the fibre was being strained and
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ensured that the applied strain was transferred uniformly between the glue points. The
LPG was positioned centrally between the two v-grooved blocks and was held straight
and taut to avoid any distortion of the LPG’s transmission spectrum due to a curvature
of the LPG [18]. One of the v-grooved blocks was fixed and the other was mounted on a
linear translation stage that was manually driven by a micrometer screw gauge. The
translation stage had an extension of 50mm and the micrometer screw gauge could be
set to an accuracy of + 0.5um. The distance, L, between the inner edges of the two V-
grooved blocks was measured using Vernier callipers and was found to be 185+0.5mm.
By movement of the translation stage by a known amount, 1, the strain applied to the
LPG could be calculated using the ratio ( // L ). The uncertainty in the fibre’s length,

resulted in a systematic error of + 0.5%.

Spectrometer &

BBS Y LPG o

Ll -
Glue B
" [(pm) ey | — [
A
Fixed V-grooved block Micrometer driven

translation stage

Figure 5.10: The configuration of the system used to extend the LPG by a known amount.

BBS: Broadband Source, LPG: Long period grating, L: Distance between the
inner edges of the V-grooved blocks, I: Distance that the moveable block
moves.
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To ensure that the fibre was held securely in the v-grooves, under a thermal
enclosure, the fibre was extended by 600um, which equates to an applied strain of
approximately 3243pe. The attenuation bands were observed to decrease to lower
wavelengths. After 10 minutes the attenuation bands had not shown any further change
in their central wavelengths and the sirain was released. The attenuation bands were
seen to return to their original positions. If the attenuation bands had not returned to
their original central wavelengths then it would indicate either hysterisis in the
translation stage or creep of the fibre at the glue points. The zero strain condition was
taken to be when the anchored fibre section just becomes taut and this could be
repeatedly set to an accuracy of t5ue. The error of +5ue leads to an extension of
approximately £0.9um which equates to a wavelength shift of 2.6nm. The system was
surrounded by a thermal enclosure to reduce the effects of variance in the surrounding
temperature. The thermal stability within the enclosure was measured using a
thermocouple and was found to be less than 1°C which for attenuation bands 2-3, 5-6
equates to wavelength shifts in the range 0.10nm/°C to 0.14nm/°C. Such small
variations in wavelength shifts cannot be detected, as the resolution of the CCD is

0.3nm at 1000nm.

5.3.3 Resulis

The central wavelengths of the attenuation bands were recorded at 25°C. The
fibre was subjected to a maximum extension of 700pm in steps of 50um which equates
to a maximum strain of approximately 3780ue, in steps of 270ue respectively, at room
temperature. Previous investigations had concluded that the LPG was prone to
mechanical failure at strains of approximately 4000pe. The breaking of the LPGs at the
lower applied strain value was considered to be due to a weakness that had been
introduced into the fibre during the fabrication process. The mechanisms of the
degradation induced by UV-irradiation are unclear. It has been shown that fibre gratings
exposed to pulsed UV irradiation showed a factor of 4 reduction in mechanical strength

when compared to gratings exposed by a CW UV laser at 244nm [19, 20, 21, 22].
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At each step, the transmission spectrum and the central wavelengths of
attenuation bands 2-6 were recorded. The central wavelengths of attenuation bands 6
and 5 were observed to increase whilst those for attenuation bands 3 and 2 decreased
and attenuation band 4 appeared to show no response. The sensitivity to strain for
attenuation band’s 2-3 and 5-6 can be determined by plotting their central wavelength
shifts as function of applied strain. The central wavelength shift for each band was
calculated with respect to the wavelength of that particular attenuation band at 25°C.
The response of the attenuation bands 2-6 to applied strain are illustrated in Figure 5.11.
Where the wavelength shift is plotted as a function of applied strain for attenuation band

2-6.
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Figure 5.11: Plot of wavelength shifi as a function of applied strain for attenuation bands
2-6. The linear regressions shown in the plot are a guide for the eye only.

&

v attenuation band 4,

attenuation band 2, ¥ attenuation band 3,

attenuation band 5 and 8 attenuation band 6.
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Figure 5.11 shows that the applied strain induced a linear central wavelength shift in
attenuation bands 2-3, 5- 6 and attenuation band 4 showed no response to strain. The
observed fluctuations in the wavelength for attenuation band 4 can be attributed to the
less than 1°C temperature variation under the thermal insulator. The attenuation bands
showed a sensitivity in the range 0.52 * 0.02pm/ue to —0.05pm/ue. Table 5.6

summarises the sensitivity of the attenuation bands under investigation.

Table 5.6: The strain sensitivities of attenuation bands 2-.

attenuation attenuation attenuation attenuation attenuation
band 2 (pm/pe) | band 3 (pm/pe) band 4 band 5 (pm/ug) | band 6 (pm/pe)
-0.06 £ 0.03 -0.06 + 0.04 No observed 0.11 £ 0.05 0.52+£0.02
response

5.3.4 Discussion

Attenuation bands 2 & 3 showed a negative sensitivity to strain whilst
attenuation bands 5 & 6 showed a positive sensitivity. Attenuation band 4 did not show
a sensitivity to strain, the drift observed in its central wavelength was attributed to the
variance in temperature, of 0.5°C, under the thermal enclosure. The magnitude and the
sign of the strain sensitivity are defined by the difference between the strain optic
coefficients of the core and cladding regions and the periodicity of the LPG described in
section 3.2.2 of Chapter 3. Attenuation band 4 has shown no sensitivity to strain but has
demonstrated, in sections 5.2.3 to 5.2.5, a sensitivity to temperature of 0.1 Inm/°C. This
attenuation band could be used to measure temperature, the effect of which could be

subtracted from attenuation band 6 to facilitate independent measurements of strain.

For LPGs fabricated in hydrogen loaded germanosilicate Coring FLEXCOR
fibres, possess strain coefficients in the range — 22pm/pe to 1.521pm/ue [5]. The

results presented in section 5.3.3 are comparable with other previously reported results

5, 16].
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5.4 Characterisation of the change in the refractive index of

the medium surrounding the long period grating

5.4.1 Introduction

LPGs exhibit a sensitivity to the RI of the medium surrounding the cladding,
nexe. [23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. The RI sensitivity of LPGs arises from the
dependence of the phase matching condition upon the effective RI of the cladding, ng.
The effective indices of the cladding modes are dependent upon the difference between
the RI of the cladding and that of the medium surrounding the cladding, npq. The
central wavelengths of the attenuation bands thus show a dependence upon the RI of the
medium surrounding the cladding, if the cladding has the higher RI [23, 24, 25, 26].
When ngy has a RI higher than that of the fibre cladding, the central wavelengths of the
attenuation bands show no change, but the minimum transmission values of the
attenuation bands are observed to change [23, 24, 25]. This section investigates the
response of the LPG’s transmission spectrum to a change in the RI of the medium

surrounding it.

5.4.2 Experiment

To facilitate the characterisation of the RI responses the LPG was immersed in a
series of RI liquids, Cargille series ‘A’. A receptacle, in which the LPG could be totally
immersed in the liquids, had been designed and constructed for the investigation. The
receptacle consisted of a well, which had been fabricated, in an aluminium block. The
well was 5mm deep and 50mm long. V-grooves, used to support the fibre cither side of
the LPG, ran longitudinally into the well from either end of the block. The configuration

of the receptacle is shown in Figure 5.12.
The buffer jacket was removed from the entire section of fibre under test, as

discussed in section 4.7.1 of Chapter 4. The fibre was held straight and taut thus

avoiding any distortion of the LPG’s transmission spectrum due to a curvature of the
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LPG [18]. The LPG was positioned in the middle section of the well. The stripped fibre,
sitting in the V-grooves, was glued into the V-grooves using a Cyanocrylate super glue
[17]. The anchoring of the fibre ensured that the applied strain on the LPG was kept

constant.

Wax, supplied by Radio Spares, was used to seal the ends of the V-grooves to
prevent the RI liquids from flowing out. The temperature of the RI liquids, in which the
LPG was to be immersed, was maintained at 25°C by fixing the liquid receptacle to the
middle of a thermo-electric heater/cooler. A cross section of the experimental
configuration is shown in Figure 5.12. A thin layer of heat sinking compound was laid
between the base of the well and the thermo-electric heater/cooler to assist in the

uniform heating of the liquid receptacle and the RI liquids.

Well for the RI liquid LPG
Spectrometer
BBS & PC
N
HH Lommpmmmne- —>

: }\ ; \\
Heat sink Thermo-electric  Layer of heat Stripped fibre glued
heater/cooler sinking compound into V-groove

Figure 5.12: The configuration of the LPG receptacle used 1o investigate the response of
the LPG’s transmission spectrum to changes in the RI of the surrounding

medium.
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The temperature of the liquid was measured using a K-type thermocouple and an
AD590 temperature sensor. The measuring devices were positioned into recesses, which
would be filled with the RI liquid, located on either side of the LPG. The K-type
thermocouple used in association with a digital thermometer, Keithley 740 scanning
thermometer. The scanning thermometer had a resolution of 0.1°C. The ADS590 was
used in a feedback loop by a thermoeleciric temperature controller, a TED 200 supplied
by Profile, to maintain the thermo-electric heater at the required temperatures + <1°C.
The temperature range of the thermo-electric heater was limited by the size of the heat
sink and the maximum output current of the TED 200, 2A. The TED 200 was able to
maintain a temperature with a stability of <0.01°C. The settling behaviour of the TED
200 for a change in temperature was determined by the proportional, integral and
derivative, PID, parameters which were adjusted to an aperiodic temperature settlement.
Temperature changes in the environment immediately surrounding the experimental

configuration were further minimised by enclosing it within a thermal enclosure.

The thermal stability within the enclosure was measured and found to be less
than 1°C. For attenuation bands 2-3, 5-6 the temperature variation equates to
wavelength shifts in the range < 0.10nm/°C to < 0.14nm/°C. Such small variations in
wavelength shifts can not be detected, as the resolution of the CCD is 0.3nm at 1000nm.

The LPG was cleaned thoroughly between the application of each liquid. The
LPG was flushed firstly with Iso-Propyl alcohol, IPA. Remaining traces of the Rl liquid
were removed by cleaning the LPG with lens tissue doused in IPA. The LPG was then
dried with a lens tissue. The LPG was cleaned until the attenuation bands returned to
their starting central wavelength values, as this indicated that there were no traces of RI

liquid or IPA present on the LPG.
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5.4.3 Results

The liquids chosen to surround the LPG ranged in RI from 1.400 to 1.600 =
0.0002; the quoted values were given when measured at 25°C at a wavelength of
589.3nm [33]. A record of each attenuation band’s central wavelength and minimum
transmission value was made whilst the LPG was surrounded by air at 25°C under a
thermal insulator. The LPG was surrounded by a RI liquid and allowed to settle at 25°C
and the new central wavelengths and the minimum transmission values of the
attenuation bands were recorded. The results of this investigation are shown in Figures
5.13 and 5.15. The RI values given in Figures 5.13 and 5.15 are those quoted at a
wavelength of 589.3nm and at 25°C 33], the effects of the dispersion of the RI liquid
including the dependence of the RI value on the temperature and the measuring
wavelength were not taken into account. The change in the central wavelengths of the
attenuation bands is illustrated in Figure 5.13. Where the actual wavelength of
attenuation band 3 is plotted as a function of increasing RI. As the RI of the liquids was
increased from 1.400 - 1.456, the principal effect was the decrease in the central
wavelengths of the attenuation bands. The magnitude of the wavelength shift changes as
the RI of the surrounding medium approaches that of silica because of the non-linear
change in dng/dney, equation 3.3 in Chapter 3. The largest sensitivity was shown by the
attenuation band at the longest wavelength, for attenuation band 6 this was (24.3nm).
For further increase in the RI the wavelengths show no response owing to the absence
of modal confinement by the surrounding medium [24]. The result will be then a
wavelength selective coupling to the attenuated cladding modes [24]. As the RI
increases to 1.460 the attenuation bands shift to higher wavelengths compared with
those in air, 828.3nm for attenuation band 3, because of the difference in the nature of

the Frensel and total internal reflection conditions [23].
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Figure 5.13: Plot of actual wavelength as a function of the RI of the medium

surrounding the LPG for attenuation band 3.

The maximum changes in the central wavelengths of the attenuation bands 3-6 were

determined and are presented in the Table 5.7.

Table 5.7: The maximum wavelength shift of attenuation bands 3-6 induced by the RI

liquids.
Attenuation Band Maximum Wavelength Shift (nm)
3 6.8 £ 0.3nm
4 10.7 £ 0.3nm
5 11.4+£0.3nm
6 24.3 £ 0.3nm
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During the immersion of the LPG in the Rl liquids, it was also observed that, as
the RI increased, the attenuation bands responded with a simultaneous change in their
minimum transmission values. This observation is illustrated in Figure 5.14, which
shows the LPG’s transmission profiles when the LPG was immersed in a liquid of RI

1.400 and then in liquid of RI 1.456.
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Figure 5.14: 4 plot of the transmission spectrum for the LPG when it was immersed in

liquids of RI, & 1.400 and —— 1.456.

From Figure 5.14 it is clearly seen that attenuation bands 3-6, at n = 1.400 have a
greater coupling strength than when compared to n = 1.456. The oscillations seen in the
transmission spectra are due to a cavity forming between the ends of the connectors.

The depth of attenuation band 3 is plotted as a function of Rl in Figure 5.15.
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Figure 5.15: A4 plot of the depth of the attenuation band as a function of Rl for attenuation

band 3. The line is a guide for the eye only.

Between the RI’s of 1.456 and 1.460, it was noted that the spectrum broadened and the
depth of the attenuation bands reduced abruptly, for attenuation band 3 the depth is
reduced from approximately 33% to 4%. As the RI of the surrounding medium
increases, the cladding mode field penetrates deeper into the medium. Consequently, the
overlap integral decreases thus reducing the coupling efficiency [25]. When the RI is
greater than that of the cladding there is an absence of a guided regime in the cladding,
which avoids the existence of guided cladding modes and entails that the phase
matching relation, equation 2.18 of Chapter 2, is no longer valid and the cladding mode
propagates in accordance with Fresnel reflection from the cladding boundary, which is
accompanied by the reappearance of the higher order attenuation bands [25]. For further

increase in the R the depth of the attenuation bands is observed to increase but does not
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go back to its original value. It was also observed that the attenuation bands at the
longest wavelengths disappeared and those at the shortest wavelengths remain visible
throughout the full range of the RI. Since each cladding mode has a unique effective
index the higher order cladding modes had encountered their matched cladding interface
at a lower value of RL and the corresponding attenuation band disappeared, as

compared to the lower order-cladding mode [34].

5.4.4 Discussion

As the RI of the liquid surrounding the LPG was increased from 1.400 - 1.456,
Figures 5.13 and 5.15 showed that the principal effects was the decrease in the central
wavelengths of the attenuation bands. The maximum wavelength shift was observed for
a RI of 1.456, which corresponds to the RI of the fibre’s cladding at a wavelength of
589.3nm [35]. The highest sensitivity, a wavelength shift of 24.3nm, was demonstrated
by attenuation band 6. For further increases in the RI of the liquid in which the LPG was
immersed, the wavelengths did not show a response, however a change in the minimum

transmission values of the attenuation bands was still observed.

The magnitude of the RI induced wavelength shift is a function of the LPG’s
periodicity and the order of the cladding mode [23, 34]. The RI of the medium
surrounding two LPGs, which had been fabricated in hydrogen loaded DSF fibre, was
changed from 1.000 to 1.450. The highest order attenuation bands, situated in the 1200 -
1600nm wavelength range, for the two LPGs with periods of 200pm and 350um
exhibited a wavelength shift of 35nm and 8.5nm respectively [23]. The results obtained

from the characterisation work fall into the same order of magnitude.

The characterisation carried out here has shown that the change in the RI of the
liquids surrounding the LPG brought about two distinct changes, a shift of the
attenuation bands to shorter wavelengths and the change in the minimum transmission
value. This feature allows the LPG to be used as a RI sensor and these observations will

be exploited in Chapter 6 to present three novel sensing schemes.
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5.5 Bending characterisation

5.5.1 Introduction

The transmission spectrum of a LPG is highly sensitive to bending and responds
in one of two ways. The first is the displacement of the attenuation bands to longer
wavelengths and a reduction of the attenuation band’s amplitude [36]. The second is the
development of coupling to additional asymmetric cladding modes evidenced by the
formation of extra attenuation bands [37]. The wavelength separation between these
split attenuation bands increases with increasing bend curvature [37]. This section

investigates the effects of bending a LPG.

5.5.2 Experiment

A series of bends of various radius of curvatures were introduced into the fibre
containing the LPG, using the fibre bending module shown in Figure 5.16. The bending
module is an adaptation of the system shown in Figure 5.10. One of the v-grooved
blocks was fixed and the other was mounted on a linear translation stage that was
manually driven by a micrometer screw gauge which could be set with an accuracy of +
0.5um. A bend is introduced into the fibre by movement of the linear translation stage
in steps of 20um towards the fixed block. The response of the transmission spectrum
was observed using the general experimental configuration that is detailed in section
4.73 of Chapter 4. The LPG’s parameters are detailed in section 5.2.2. The processes
for positioning and fixing the LPG onto the translation stages and testing the adhesion

of the fibre into the v-grooved blocks is the same as described in section 5.3.2.
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Figure 5.16: The LPG bending module used to introduce a series of a bends of varying
radius of curvature into the LPG.

BBS: Broadband Source, LPG: Long period grating, L: Distance between
the inner edges of the V-grooved blocks, d. distance that the moveable block
moves.

The distance, L, between the inner edges of the two v-grooved blocks is
measured using Vernier callipers and was found to be 185£0.5mm. By reducing L by a
known amount, d, the bend curvature, the inverse of the radius of curvature, is
estimated. The radius of curvature is estimated by approximating the bent fibre as the

arc of a circle [36], which has a radius that is calculated using equation 5.2,

Radius = ! (5.2)

[ijm

d.L
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The uncertainty in the fibre’s length and the accuracy of the step size resulted in a
systematic error of + 0.5%. The LPG bending module was surrounded by a thermal

enclosure to reduce the effects of variance in the surrounding temperature.

5.5.3 Results

Bend curvature in the range 0.25 m” to 2.5 m™ were applied to the fibre using
the LPG bending module. For each applied bend, the transmission spectrum and the
changes in the individual attenuation bands were recorded. It was observed that the
attenuation bands 4-6 responded to bending by dividing into two closely separated
attenuation bands, these bands were also reduced in depth. The divided attenuation
bands were observed to increase in wavelength separation for increasing bend
curvatures. The possible mechanism of the splitting of the attenuation bands in the LPG
studied here is that when the fibre is bent this breaks the symmetry between the two
normally degenerate spatial cladding modes of the straight circular fibre thus
introducing a RI difference between them. The phase matching condition for the
cladding mode could then be satisfied at two discrete wavelengths [38]. This effect
results in two cladding modes with their fields predominantly on the outer and inner
sides of the cladding relative to the centre of the bend, respectively [38]. Thus, with
increasing bend curvature, the two split cladding modes propagate in a strained and
compressed cladding with a shift to longer and shorter wavelengths [39]. Figure 5.17
illustrates the splitting of an attenuation band by plotting the transmission spectra of

attenuation band 6, with curvature at 0 m™ (straight) & 1.5 5m™.
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Figure 5.17: A plot of the transmission spectra of attenuation band 6, for different bend

0.00m™, -=---- curvature of 1 55m.

curvatures.

Attenuation band 6 is observed to have a single central wavelength at approximately
1010nm when the fibre was straight. The single attenuation band is divided in two when
a bend of curvature 1.55m™! is applied to the LPG and the divisions 1 & 2 are reduced in
depth. When the LPG is bent with a curvature of 1.55m™" the divisions are separated by

approximately 40nm.

It was observed that the divided attenuation bands’ wavelength separation
increased significantly with increasing bend curvature. This observation is represented
in Figure 5.18, which plots each division’s central wavelength as a function of

increasing bend curvature for attenuation band 6.

155



Chapter 5 Characterisation of fibre optic long period gratings

o Division 2
30 o
1020 +
o
E -
C
e
= 1010 F
o
(@)
C -
Q
9 1000 |- T
g e e
aw;r«mi\mﬂ;&m T ;
Mﬁ%ﬁk’:@““““&%wwm .
990 -
i Dhvision
980 8 i g i . I . l A i L i o ! . . 4 I —

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

Bend Curvature (m™)

Figure 5.18: Graph of the measured wavelengths against increasing bend curvature for

the divisions of attenuation band 6, - Division I, ® Division 2.

Figure 5.18 illustrates that the division’s central wavelengths were observed to increase
linearly with increasing bend curvature. A high bending sensitivity has been reported
previously that uses the wavelength separation of the split attenuation band as the
sensed information [37]. The wavelength separation between the splits of attenuation
band 6 as a function of bend curvature over a range of 0.30 m™ to 2.5m™ is plotted in

Figure 5.19.
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Figure 5.19: Plot of wavelength separation between the divisions as a function of
increasing bend curvature for attenuation band 6. The line is a fit over the

linear region of 0. 70m™ to 1.80m™

Figure 5.19 illustrates that the wavelength separation of the divisions is linear over the
limited bend curvature range of 0.70m™ - 1.80m™. The bend curvature range under
further investigation is within this linear region. The bend sensitivity in the region was
determined to be 21.61nm/m’’, this is approximately one and a half times the sensitivity
reported previously in [40] and nearly six times the sensitivity demonstrated by the
wavelength shift detection method [36]. When a bend curvature in range 0 to ~ 0.4m™
was applied to this particular LPG its attenuation bands did not show a response.
Measurements in this region can be conducted by using a LPG with an attenuation band
with a higher sensitivity. This can be achieved by specifically tailoring parameters such
as choosing the highest order-cladding mode, the periodicity of the LPG and the
operating wavelength [6].
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The other attenuation bands responded in a similar manner and a comparison
between their bend sensitivities was performed. Figure 5.20 plots the wavelength
separation as a function of increasing bend curvature for attenuation bands 4-6. The

bend sensitivity of each of the attenuation bands was calculated.
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Figure 5.20: Plot of wavelength separation of the divisions as a function of increasing

bend curvature for the three attenuation bands ® attenuation band 4, ©

attenuation band 5 and, ® attenuation band 6.

Figure 5.20, shows that within their linear regions the different attenuation bands have a
different bend sensitivity. The bend sensitivity of the attenuation bands were,
1428nm/m™ for attenuation band 4, 16.59nm/m™ for attenuation band 5 and
21.61nm/m” for attenuation band 6
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5.5.4 Discussion

The attenuation bands of a LPG show sensitivity to bending. The attenuation
bands in the transmission spectrum of the LPG have been observed to divide into two
closely separated attenuation bands, with reduced depth. The divided attenuation bands
division 1 and division 2 showed a negative and a positive linear response respectively,
to the applied bend in the range 0.70m™ to 1.65m™’. The wavelength separation between
the divisions was observed to increase linearly for increasing bend curvatures, over a
limited range. Each attenuation band had a different bend sensitivity. Within their linear
regions the bend sensitivity of the attenuation bands ranged, from 14.28nm/ m™ for
attenuation band 4 to 21.61nm/ m™ for attenuation band 6. The attenuation bands can be

used as bend sensors.

5.6 Bend sensing of LPGs with rotation of the UV exposed

face of the fibre.

5.6.1 Introduction

The bend sensitivity has been reported previously to be dependent upon the
orientation of the plane in which the fibre is bent with respect to the orientation of the
fibre during the LPG’s fabrication [18]. Rotational dependence of the bend sensitivity of
LPGs has been observed in highly Ge-doped fibre [36] and in fibre with a large
concentricity error [41]. However, in normal single mode B-Ge photosensitive fibre this
dependency has not been observed [40]. The dependency of the bend sensitivity on the
orientation of the plane in which the fibre is bent with respect to the orientation of the
UV irradiated side of the fibre during the LPG’s fabrication is investigated in this

section.
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5.6.2 Experiment

During the fabrication of the LPG, the side of the fibre that was exposed to the
UV beam was marked using two scotch tape flags as shown in Figure 5.21(a). When the
fibre was rotated and bent such that the fibre’s side that was exposed to the UV was on
the inner surface of the curvature, the direction was defined as 0°, as shown in Figure
5.21(b). When the fibre was bent such that the fibre’s side that was exposed to the UV
was on the outer surface of the curvature, the direction was defined as 180°, as shown in

Figure 5.21(c).

0° rotation, with
UV exposed side
on outer edge of

180° rotation,
with UV exposed
side on inner

(b) N / (¢)
Marker flags
Figure 5.21: Showing the fibre marked with tape (a) indicating the direction of UV

irradiation, (b) UV exposed side of the fibre bent with a bend direction of 0°
and (c) 180°

To facilitate the characterisation work the LPG bending module shown in Figure
5.16 was adapted, to that shown in Figure 5.22, to accommodate the rotation of the
LPG’s UV exposed face and the bending of the LPG through a series of bend

curvatures.
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Figure 5.22: LPG bending module adapted for applying a bend curvature to the LPG
with respect to rotation of UV exposed side of the fibre.

The bare fibre was held into the v-grooved blocks using magnets. The LPG was
held with the UV exposed side at a known starting angle of 0°. The LPG was then bent
through a series of bend curvatures over the range 0.6 — 1.6m™. The process was
repeated rotating the LPG, in 30° increments, over the range 0° - 360° and at each angle
the fibre was bent through the same bend curvature. The response of the transmission
spectrum was observed using the general experimental configuration which was detailed
in section 4.7.3 of Chapter 4 and the LPG’s parameters are detailed in section 5.2.2. For
each applied bend at every angle of rotation of the UV exposed side of the fibre, the

central wavelengths of the associated divisions of attenuation bands 4-6 were recorded.
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5.6.3 Results

The wavelength separation of the splits of the attenuation bands showed a linear
response to the applied bend curvature over a curvature range of 0.6m™ to 1.6m™. The
observation is illustrated in Figure 5.23, which plots the wavelength separation of
attenuation band 6s splits, for a series of applied bend curvatures at bend directions of

0° and 180°.
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Figure 5.23: Plot of wavelength shift as a function of increasing bend curvature for

attenuation band 6 at two bend directions. ® 0° o 180°.

Figure 5.23 shows that the wavelength separation depends upon the orientation of the
plane in which the fibre is bent relative to the orientation of the fibre during UV
irradiation. The attenuation band has different bend sensitivity at the different angles of
rotation. The bend sensitivity of the attenuation band was 20.45nm/m™ at 180° and
21.87nm/m’™ at 0°.
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Figure 5.24 plots for attenuation band 6 the wavelength separation of the splits as a

function of angle of rotation at three increasing bend curvatures.

Wavelength separation (nm)

0 50 100 150 200 250 300 350
Rotation angle

Figure 5.24: Plot of wavelength separation between the divisions of attenuation band 6
plotted as function of rotational angle at three applied bend curvatures and
their respective sine wave fits. + Response to an applied bend curvature of
0.871m ~' and associated sine fit— ,# response to an applied bend

curvature of [ 174m™! and associated sine fit —— and % response to an

applied bend curvature of 1 438m™ and associated sine fit — .

The graph shows a sinusoidal response and a sine wave was fitted to each plot. The
minimum point of the sine waves is at 30° instead of a 0°, the exact reason for this is not
fully understood, however there are two possible explanations. The first is that the core

concentricity error is responsible for the asymmetry in the splitting of the LPG’s
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attenuation bands for different bend directions [41]. The second is that the UV
illumination direction bhas had an effect on the direction of the asymmetry [41].
Consequently, the experiment was repeated using 6 other LPGs that had been fabricated
sequentially from the same roll of fibre. The orientation of the fibre in the translation
stage prior to its exposure to UV and marking with ‘flags’ was random. Therefore, the
effects of any core eccentricity would have been reduced. The plots, of the wavelength
separation of the split attenuation bands as a function of rotational angle, for each LPG
showed a minimum point at a rotation of 30°. Therefore, it can be concluded that the
asymmetry in the splitting of the LPG’s attenuation bands for different bend directions
was an effect of the UV illumination direction. However, the exact effect of the UV
illumination direction is not fully understood but is thought to be a result of an
asymmetry introduced by a radially non-symmetric UV induced RI modulation. Such
asymmetries have been used to account for similar effects in LPGs formed by CO; laser
irradiation, where the asymmetry is more pronounced due to heating of the surface

facing the laser beam [42].

It can be seen from Figure 5.24 that each of the wavelength separation against angle of
rotation plots are displaced from each other and so this displacement, or wavelength
offset, must be taken into account when sine waves are fitted to each of the plots. Each
sine wave fit has a general form expressed in equation 5.3.

Y = A sin(bx)+d (53)

Where Y is the Wavelength separation, A, of the split attenuation bands (nm), A is the
amplitude of the fitted sine wave, b is the period of the response, x is the rotational
angle expressed in radians and d is the offset wavelength due to the applied bend
curvature. The relationship between offset wavelength and the applied bend curvature is
determined by plotting Figure 5.25. Where the offset wavelength values for attenuation

band 6 are plotted as a function of applied bend curvature.

164



Chapter 5 Characterisation of fibre optic long period gratings

40

35 |- 9/

w
o
T

\hﬁ\x

N

Wavelength (nm)

20 L | L i 1 I i | 1 I 1 i 5 1 -

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

Bend Curvature (m™)

Figure 5.25: Plot of the offset wavelength as a function of applied increasing bend

curvature for attenuation band 6.

Figure 5.25 shows that there is a constant wavelength offset for an increasing applied
bend curvature. There is a linear relationship between the offset wavelength and the
applied curvature a linear fit yields a gradient of 21.7 nm per m ! and it crosses the
offset axis at the point, 5.4 nm. The general form of the fitted sine wave equation,

equation 5.3, can be rewritten as in equation 5.4.
AN = A sin(bx)+(21.7 x curvature + 5.4) (5.4)

Equation 5.4 can be used to determine the wavelength separation between the split

attenuation bands for a known applied bend curvature.
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The sinusoidal behaviour and the eccentricity demonstrated by attenuation band 6 in

Figure 5.24 can be plotted onto a radial graph as shown in Figure 5.26.

Wavelength Separation (nm)

Figure 5.26: Radial plot of wavelength shift as a function of the rotation for attenuation
band 6 at three of the applied bend curvatures, + 0.871 m! 81174 m" and

Figure 5.26 illustrates that the wavelength separation of the divided attenuation bands is

the same at 0 and 360° and that there is a minimum wavelength separation at 30°.
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The dependence of the sensitivity on the order of the cladding modes, coupled to

attenuation bands 5 and 6, to the measurand was also investigated. A graph of

wavelength separation between the split attenuation bands of attenuation bands 5 and 6

as a function of bend rotation for a constant applied bend curvature is plotted in Figure

5.27.
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Figure 5.27: Plot of the wavelength separation between the split attenuation bands of

attenuation bands 3 and 6 as a function of rotation of bending at an applied

bend curvature of 1.3 64m™! . o attenuation band 5 and e attenuation band 6.

Figure 5.27 illustrates that for the same applied bend curvature the wavelength

separation between the split attenuation bands of attenuation bands 5 and 6 have a

sinusoidal response but with different amplitudes.
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5.6.4 Discussion

The sensitivity of the wavelength separation of the divided attenuation bands
shows a dependence on the orientation of the plane in which the fibre is bent relative to
the orientation of the UV exposed side of the fibre. At each bending curvature the
wavelength separation between the divided attenuation bands has a sinusoidal response
when it is plotted as a function of the rotation angle of the UV exposed side of the fibre,
this is illustrated in Figure 5.24. The sinusoidal response at each bending curvature has
an offset wavelength that is dependent on the magnitude of the bending curvature,
which is illustrated in Figure 5.25. The minimum point at a rotation of 30° is believed to
be a result of the UV illumination direction. At the same bending curvature, the
sinusoidal response of the wavelength separation between the divided attenuation bands
of attenuation bands 5 & 6 have different amplitudes for rotation of the UV exposed
side of the fibre, which is illustrated in Figure 5.27.

5.7 Chapter summary

A series of experiments have been performed to characterise the response of the
LPG’s transmission spectrum for the monitoring of variations in temperature, strain, RI
and bending. Such characterisation experiments are important in order to forecast the
behaviour of the LPG’s transmission spectrum to the measurands when the LPG is
utilised for sensing applications. It is important that the LPG is annealed, before use as a
sensor, so that its transmission spectrum is ‘fixed’. The annealing process has
demonstrated to have an effect on the temperature sensitivity of the LPG. The
temperature sensitivity of the LPG was reduced from 0.19nm/°C to 0.14nm/°C, after
annealing at 200°C for 3 hrs. The post annealing response was stabilised provided the

measurement range remained below the annealing temperature.

The strain sensitivity of the LPG’s attenuation bands was found to be in the
range 0.52pm/pe to -0.06pm/pe. Two of the attenuation bands demonstrated a positive
response to strain whilst two others demonstrated a negative response. One of the

attenuation bands, attenuation band 4, was found to be insensitive to strain. Attenuation
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band 4 has demonstrated a sensitivity to temperature of 0.11nm/°C. This attenuation
band could be used to measure temperature, the effect of which could be subtracted

from attenuation band 6 to facilitate independent measurements of strain.

The sensitivity of the LPG to changes in the RI of its surrounding medium
manifests itself as a decrease in the central wavelengths and in the minimum
transmission value of the attenuation bands, as illustrated in Figure 5.13 and 5.14. The
decrease in the central wavelengths was limited to when ngx < Nglad. The highest
sensitivity was shown by the highest order mode and occurred when ngy approached
N, attenuation band 6 demonstrated a wavelength shift of 24.3nm. When ngyx = Nclad,
the cladding appears to be of infinite extent, and thus supports no discrete modes.
Broadband radiation-mode coupling losses are then observed, with no distinct
attenuation bands. For surrounding RI > than that of the cladding, the central
wavelengths of the attenuation bands show a considerably reduced sensitivity, but a
change in the form of the transmission spectrum is observed, in that the extinction of the
attenuation bands is reduced, as illustrated in Figure 5.15. The presence of attenuation
bands in this situation, where the cladding is no longer acting as a waveguide, is
attributed to the existence of attenuated cladding modes, arising from Fresnel reflection,

rather than total internal reflection, from the cladding/air interface.

The bend sensitivity of the LPGs manifested itself as a dividing in two of each
attenuation band, as illustrated in Figure 5.17. Where the dividing of the attenuation
bands is attributed to a breaking of the symmetry of the system that results in two
degenerate spatial modes of the cladding becoming non-degenerate. The wavelength
separation of the divided components increased with increasing bend curvatures, as
illustrated in Figure 5.18. The wavelength separation of the divided components showed
a linear dependence of 21.61nm/m™ within a range of bend curvatures of 0.70m™ to
1.80m™., as illustrated in Figure 5.19. This effect was also exhibited a dependence upon
the orientation of the fibre. In this case the reference plane was defined by the
orientation of the fibre during fabrication of the LPG, with the largest sensitivity
corresponding to the surface of the fibre orientated towards the UV source on the outer

surface of the bend, as illustrated in Figure 5.23. The wavelength separation of the
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divided components plotted as a function of rotational angle showed a sinusoidal
response with a minimum wavelength separation at 30°and not at 0°, this was thought to
be a result of an asymmetry introduced by a radially non-symmetric UV induced RI
modulation. The sinusoidal responses had a constant offset for increasing bend
curvatures. The attenuation bands showed that for a fixed curvature their individual
sinusoidal responses had different amplitudes. The wavelength separation of the divided
components of the attenuation bands show high sensitivity to the external measurand
and has been exploited to perform bend sensing, offering sensitivities of up to fifty

times that previously reported LPG bend sensing [43].
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applications

6.1 Introduction

The characterisation of a LPG’s sensitivity to the RI of its surrounding medium,
achieved by total immersion of the LPG into different RI oils is detailed in section 5.6
of Chapter 5. The sensitivity was represented by the induction of a change in the
attenuation bands’ central wavelengths and minimum transmission values. The
sensitivity has been previously reported [1, 2, 3, 4, 5, 6, 7, 8, 9] and exploited to
demonstrate the measurement of the concentration of chemicals, for example, solutions
of sodium chloride [10], calcium chloride [10], antifreeze with water [10, 11, 12] and of
organic aromatics such as benzene and xylene [13]. The sensitivity has also been
employed to tune the transmission spectrum of a LPG [14, 15]. This chapter exploits the
sensitivities of a LPG’s transmission spectrum to the RI of its surrounding medium to

demonstrate three novel LPG based sensors.

6.2 A liquid level sensor

6.2.1 Introduction

Liquid level sensing is a requirement in many applications in which knowledge
of the volume of a liquid is necessary, for example, in fuel storage systems and
chemical processing. A wide range of liquid level sensing techniques have been
reported based around mechanical [16], electrical [17], and optical [18, 19, 20, 21, 22,
23] methods. The mechanically based sensing techniques are usually unsuitable because
of the limited durability of the moving parts and this is particularly undesirable in
heavily used remote sensing areas. The electrical techniques are limited to use outside
the oil and gas industries. The currently available optical techniques are either limited to

monitoring one liquid level or are overly complicated and cumbersome. The aim of this
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section is to investigate the sensitivity of a LPG’s transmission spectrum to partial
immersion of the LPG in bulk RI material with a view to demonstrating a liquid level

SENSor.

6.2.2 Existing fibre optic based liquid level sensors

Electrical liquid level sensors are widely employed but their applicability is
compromised if the liquid to be monitored is conductive or if the environment is
potentially explosive [24]. Optical fibre sensors offer well-established advantages under
these conditions. The optical fibre is a dielectric and thus is non-conducting and the
sensor may be configured so that the light is confined within the fibre, reducing the

likelihood of ignition in a flammable environment [24].

One of the previously reported fibre optic liquid level sensing technique is based
on the bend loss induced attenuation of the transmission through coils of multimode
fibre [20]. The sensor is formed by coils of successively decreasing radius of curvature,

orientated in two opposite directions and immersed vertically in the liquid, as illustrated

in Figure 6.1.
Detector NG - R
: : <:
,'(;)v :
D
Power i
supply Source

Figure 6.1: The multimode fibre coils of successively decreasing radius of curvature are
orientated in two opposite directions and immersed vertically in the liquid.

Diagram reproduced from [20].
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The bend loss is a function of the radius of curvature and of the RI of the surrounding
liquid provided the RI of the liquid is higher than that of the fibre’s cladding [20]. As
the liquid level increases so, the attenuation increases [20]. If the RI of the liquid is
lower than that of the fibre’s cladding then the cladding modes would continue to
propagate in the fibre and would not be lost into the liquid. Therefore, there would be
no attenuation of the transmitted power. The sensitivity is limited by the bend curvature
that can be applied to the fibre without compromising its integrity and by the
dimensions of the liquid’s container. The measurement range of the sensor is limited by
the number of successive multiple bends in the fibre [20]. This liquid level sensor is an
example of an intrinsic intensity modulated sensor with indirect sensing. Intensity based
sensing schemes generally suffer from interference of fibre bending loss and from
unwanted fluctuations in the optical signals. Measurand induced intensity modulations
in the measurement signal cannot be distinguished from anomalous intensity variations
resulting from fluctuations in the source output power or from variable losses within

optical components in the sensing system. [20].

Other level sensing techniques generally rely upon the interaction of the tip of
the fibre with the surface of the liquid [22, 23], or upon the transmission of light to, and
reception of the reflected light from, the surface of the liquid [21]. The techniques that
rely on the interaction of the sensor’s tip with the liquid are based on the total internal
reflection, TIR, of light, which is disturbed by contact with a liquid [22, 23]. The

principle of operation of such sensors is illustrated in Figure 6.2(a) and 6.2(b).

When the tip is surrounded by air the light travelling in the transmitting fibre for
which the TIR conditions at the interface between the fibre cladding and the air is met,
will travel into the core of the receiving fibre and onto a detector. When the tip is
immersed in a liquid, the TIR at the tip of the sensor is no longer fulfilled. In this case,
light will be lost into the liquid and consequently the optical power at the detector will

decrease.
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Figure 6.2: Principle of operation of a sensor based on the TIR of light: (a) the sensor
in air (b) the sensor in liquid: ® light source, Z§ . detector, TF:
transmitting fibre & RF: receiving fibre.

A liquid level sensing system incorporating a light source, 5 photodiode
detectors and 5 sensor tips has been previously reported [22]. Each sensor tip consists of
two spliced multimode fibres one termed the lead-in, transmitting, fibre and the other
termed the lead-out, receiving, fibre. A schematic of the sensor is shown in Figure 6.3.
Light from the source propagates to the sensor tip through the lead-in fibre. At the
sensor tip, the light is partially reflected. The reflected light travels along the parallel

lead-out, fibre to the detector.

X z=

LIF LOF

\ - Sensor Tip/\_/

—— — 4—— Liquid
Figure 6.3: Schematic of a multi-mode fibre optic based liquid level sensor. LIF: Lead-

in fibre, LOF: Lead-out fibre, ® Light source, %S photodiode. Diagram
reproduced from [22].

179



Chapter 6 Novel long period grating based sensor applications

Therefore, when the tip is surrounded by air the light for which the TIR conditions at
the interface between the fibre cladding and the air is met, will travel in the core of the
lead-out fibre and onto the detector. If the tip is immersed into a liquid, part of the
incident light travelling in cladding modes will be lost at the sensor tip and the reflected
power will decrease. The accuracy of the liquid level is limited to the distance between
the sensor tips, which were located vertically at 200mm intervals in the container of
liquid. In addition, when the liquid level falls below any of the sensor tips a drop of the
liquid may adhere to it, thus providing an inaccurate reading [18]. These effects depend

strongly on the viscosity of the liquid being measured [22, 23].

The change in the intensity of light that has been transmitted to, and is reflected from,
the surface of the liquid has been used to determine the height of a liquid [21]. Light
from a LED is transmitted onto the surface of the liquid, via two transmitting fibres,
light which is reflected back from the surface is collected using two receiving fibres.

One of the receiving fibres is used to provide as reference signal, as is illustrated in

Figure 6.4.
________ RF
______ PD
| N P_ [; RF Optical fibre
e ,/ (2 00 Ml’l’l)
LEDs % & £ 4
""""""" TF Lens
Signal Processor Connector 1 : A/

Qil container

Figure 6.4: Arrangement of an intensity based liquid level sensor, PD: Photodiode, TF:
Transmitting fibre & RF: Receiving fibre. Diagram reproduced from [21].
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The height of the liquid is determined by the power collected by the remaining receiving
fibre, measured by a photodiode. The discrepancy in measured height due to the
variations in the intensity of the received light, which may be caused by external
disturbances and temperature changes, is eliminated by division of the power of the
reflected and reference signals. The sensing technique makes continuous measurements
and is non-intrusive, as the sensor is positioned above the liquid, in the lid of the
container. The measurement range is limited to 100mm with an accuracy of 1% at full-

scale deflection [21].

However, to date none of the liquid level sensors exploit the influence of the
liquid upon the fibre modes as the means of transduction. The next section presents a
liquid level sensor where the form of the LPG’s transmission spectrum is dependent

upon the fraction of the length of the LPG that is surrounded by the liquid.

6.2.3 Principle of operation of the proposed liquid level sensor

When a LPG is partially immersed within a liquid then it can be considered as
two separate gratings, one surrounded by air and the other surrounded by the liquid.
This is illustrated in Figure 6.5, where the effective length of the two gratings is
determined by the height of the liquid (/), which is determined from the position of the
bottom of the liquid’s meniscus. The effect of partially surrounding the LPG with the
liquid is that for each cladding mode the transmission spectrum will contain two
attenuation bands. One of the attenuation bands is centred at the coupling wavelength of
the core mode with the cladding mode under the influence of the air surrounding (A),
while the other is at the coupling wavelength of the core mode to the same cladding
mode under the influence of the RI of the liquid (B). This effect is shown in the
schematic diagram, Figure 6.6, which illustrates the splitting of the attenuation band

into two bands.
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Figure 6.5: Schematic of the LPG partially immersed in liquid of RI 1.456. This
effectively creates two LPGs; the effective length of each of the two gratings
is determined by the height of the liquid (1) when the length of the LPG is

(L).
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Figure 6.6: The splitting of the attenuation band into two smaller attenuation bands
located at the wavelengths corresponding to the coupling conditions for the

LPG surrounded by the liquid and by air respectively.
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This liquid level sensor exploits the RI sensitivity of the LPG and the
dependence of the minimum transmission values of the attenuation bands upon the
length of the LPG that is immersed in the liquid. The minimum transmission value and
width of the attenuation band are determined by the coupling efficiency between the
core and cladding modes [2] and by the length of the LPG. The minimum transmission
value of the attenuation band is related to the length of the LPG [2] as discussed in
section 2.6.1 of Chapter 2. The RI sensitivity of the central wavelength of the
attenuation bands of the LPG arises from the dependence of the cladding mode’s
effective RI upon the RI of the surrounding material. This allows the use of the LPGs as
RI sensors based on the changes in the wavelength and/or the minimum transmission, of

the attenuation bands in the LPG’s spectrum.

For the attenuation band A to be fully developed the LPG it totally surrounded
by air and similarly for attenuation band B to be fully developed the LPG has to be
totally surrounded by the RI liquid. The LPG is being considered as two separate LPGs,
using equation 2.24 in Chapter 2, the minimum transmission values of the attenuation
bands A and B, T, and Tp respectively are dependent upon the length of the LPG
immersed in the liquid /, as given by equations 6.1 and 6.2. Where the coupling
efficiency between the core and cladding mode at the central wavelength of attenuation

bands A & B are given by ks & kg, respectively.

T, =1-sin’(k ,(L 7)) 6.1
TB :l—sin2(1<Bl) (62)
Equation 2.25 of Chapter 2, shows that for the condition of complete power transfer

from core to cladding modes at the central wavelength of the attenuation bands

corresponds to kL=n/2. Substituting this value into equations 6.1 & 6.2 thus yields

To=T(L) sinz(g—(LT—lD (6.3)
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Ta=T(L)sin’ GGD (6.4)

where the expressions are valid in the range 0 </ < L.

6.2.4 Experiment - Liquid level sensor

The LPG used in the experimental work was fabricated in boron-germanium co-
doped photo sensitive silica single mode optical fibre (Fibrecore PS750), which had a
cut off wavelength of 650nm. The RI of the fibre had been modulated by exposure to
UV irradiation, at a wavelength of 266nm, through an amplitude mask, as detailed in
section 4.8 of Chapter 4. Whilst the LPG was still in position behind the amplitude
mask the approximate beginning and the end of the LPG were marked with coloured
permanent ink. The LPG had a length of 40mm and a periodicity of 400um; had
previously been annealed at 200°C for 3 hours. The transmission spectrum of the LPG
was monitored by coupling the output of a broad band light source into an optical fibre
containing the LPG. The output from the fibre was coupled into a PC interfaced CCD
spectrometer, Ocean Optics S2000, with a resolution of 0.7nm, and a minimum
integration time of 1sec. The general experimental configuration is shown in Figure 4.8

of Chapter 4.

The response of the LPG’s transmission spectrum to partial immersion into the
liquid was investigated using the experimental configuration shown in Figure 6.7. The
1.00ml dispensing, upper, and receiving, lower, syringes were graduated in 0.01ml
increments. A travelling microscope was used to measure the distances between the
lower edges of 60 adjacent graduations on the receiving syringe, the average distance
was calculated to be 0.57mm. The supports were designed to securely hold the syringe
centrally with respect to the v-grooves of blocks 1 and 2 so when the LPG was fixed in
position it would be equidistant from the syringe walls. The fibre containing the LPG

was passed down centrally inside the body and out through the nozzle of the receiving
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medical syringe. The bare fibre was temporarily secured in the v-grooves using
magnets, such that the mark indicating the approximate beginning of the LPG coincided
with the graduation labelled 0.05ml. The straight and taut fibre was fixed into the v-
grooved blocks using wax. This was to avoid any bend induced distortion of the LPG’s
transmission spectrum [25]. The wax, supplied by Radio Spares, melted at
approximately 80°C. The bare fibre was secured centrally within the lower part of the
nozzle using the wax. The wax in the nozzle served two purposes, firstly to hold the
fibre so that it did not touch the inner wall of the syringe and secondly to seal the nozzle
so that the liquid did not flow out. A test tube stand and clamp were used to position and
hold the dispensing syringe such that its needle was inside the receiving syringe. The
needle was orientated so that the dispensed liquid would not fall directly onto the fibre
nor run down the inner wall of the syringe. If the liquid fell directly onto the fibre and
covered the LPG, this would provide a false measurement. In addition, if the liquid ran
down the inner wall of the syringe then a delay would occur in taking that measurement
of the liquid level as the dose of liquid settled in the syringe. The liquid was introduced
into the recipient syringe in doses of approximately 0.01ml. The transmission spectrum,
the attenuation bands’ minimum transmission values and central wavelengths were

recorded as a function of the liquid level.
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Figure 6.7: Experimental configuration used to investigate the use of a LPG as a liquid

level sensor,
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6.2.5 Results

The RI liquid selected for the investigation had a RI of 1.456, as it had produced
the greatest wavelength shift in the attenuation bands during the characterisation work
detailed in section 5.6 of Chapter 5. The RI was quoted as being measured at a
wavelength of 589.3nm at 25°C. The liquid had a negative RI temperature coefficient of
0.000391nm/°C within a temperature range of 15°C - 35°C [26].

When the LPG was surrounded by air, the attenuation band corresponding to
coupling to the 6 order cladding mode was centred at 1032 nm. When the LPG was
totally immersed in the liquid, the attenuation band was centred at 1008 nm. Figure 6.8
illustrates the development of the attenuation bands at three liquid levels. The change in
the minimum transmission value and width of the attenuation bands with increasing
liquid level can be observed, which is in agreement with Figure 6.6. The value of Tgat /
= L does not equal that of T, at / = 0, the difference arises due to the coupling efficiency

between the core and cladding mode at the central wavelength of attenuation band B.
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Figure 6.8: Transmission spectra of the LPG, showing the response of the attenuation
band corresponding to coupling to the 6" cladding mode under the
Jfollowing conditions, + surrounded by air, & with 60 % of the LPG
surrounded by liquid of RI 1.456 and4 the total immersion of the LPG in
liguid of RI 1.456. The attenuation band A is observed when the LPG is
surrounded by air and the attenuation band B is observed when the LPG

is totally immersed in liquid of RI 1.456.

When recording the transmission spectrum of a LPG, the measured transmission
is generally normalised to the transmission prior to the LPG’s inscription. This method
is, however, prone to noise resulting from inconsistency in the coupling of light into the
fibre, losses and misalignment at connectors, and also to losses induced by the UV
exposure which are prominent at the longer wavelengths of our measurement range. To
overcome these problems a reference transmission spectrum was recorded with the LPG
surrounded by air, which was subtracted from the subsequent spectra to yield a

difference spectrum such as that shown in Figure 6.9.
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Figure 6.9: Change in the normalised transmission spectrum of the LPG for three

different liquid levels. + in air, B 60 % of the LPG surrounded by liquid of
RI1.456, A total immersion of the LPG in liquid of RI 1.456. The

normalisation was performed by subtraction of a reference spectrum

recorded with the LPG surrounded by air.

The noise present on the spectra of Figure 6.8 has been largely removed by this
procedure. The peak, in Figure 6.9, arises from the decrease in the attenuation at the
coupling wavelength corresponding to the LPG being surrounded by air, while the
trough arises from the increased attenuation at the coupling wavelength corresponding
to the LPG being surrounded by the liquid. In Figure 6.10, the change in the minimum
transmission value of the LPG at the two wavelengths are plotted as a function of the %
of the LPG immersed in the RI oil. Also plotted are the theoretical predictions using
equations 6.4 and 6.5.
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Figure 6.10: Plot of the change in transmission measured at the two coupling

wavelengths as a function of the % of the LPG immersed in the liquid of RI
1.45, ® Amplitude of the trough, & Amplitude of the peak, = Theoretical

predictions.

The behaviour of attenuation bands A & B as a function of / is in accordance with the
expected decrease and increase in the values of Ta and Tg respectively. The
experimental results are in good agreement with the theoretical prediction. The relative
changes in the extinction of the attenuation bands (AT) was calculated using simple
subtraction. Figure 6.11 plots the relative changes in the extinction of the attenuation

bands (AT) as a function of the % of the LPG immersed in the RI liquid.
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Figure 6.11: Plot of the difference in the two curves shown in Figure 6.6, AT, as a
Jfunction of the % of the LPG immersed in the liquid.

This provides a large linear response over ~ 62% of the overall length of the LPG with a
sensitivity of 2% +0.02 change in the transmission / % length of the LPG. This

corresponds to a sensitivity of 4.8% change in transmission / mm length of the LPG.

6.2.6 Discussion

LPGs are known to possess large temperature sensitivities [27], and the liquid's
RI will show a temperature sensitivity, both of which will induce a change in the
coupling wavelengths. It is possible to ensure that this system is insensitive to these
effects by using a reference spectrum that is continually updated, by employing a
reference LPG that is fully covered by the liquid and experiences the same thermal

environment. In this way, the extinction provides the measurement of the liquid level
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while the central wavelengths and their separation, AT, allow the temperature and RI of
the liquid to be determined. Alternatively, this information may be determined directly
from the spectrum. A method of reducing the temperature sensitivity may be to use
liquids with small thermo-optic coefficients however this might not be feasible for
applications where the chemical composition of the test liquid is fixed. A second
method is to design special fibres where the contribution due to the index change of the
surrounding liquid is compensated by the temperature induced wavelength shift of the
LPG. However, these LPGs are expected to have a limited dynamic range of RI

measurements since the above condition will be satisfied for a small index range [28].

The optical fibre used to demonstrate this novel liquid level sensor is limited to
use with liquids that have a RI of between 1.400 and 1.456. The lower limit is set by the
RI of the liquid when the attenuation bands cannot be resolved. The upper limitation is
due to the RI of the fibre’s cladding, from Figure 5.7 of Chapter 5, it can be seen that
the greatest wavelength shifts occur when the RI of the surrounding medium is equal to
that of the fibre’s cladding. However, this upper limit can be increased by using a fibre
which has a cladding RI greater than 1.456. An additional limitation of this sensor is the
length of the LPG that can be used. The best performance from the liquid level sensor is
achieved when the coupling for the attenuation band resident at the highest wavelength
is optimised. If the length of the LPG is extended then the condition of complete power
transfer to the particular cladding mode is no longer being met, «™L > /2. The
cladding mode is over coupled and the minimum transmission value of the attenuation
band begins to recede as the power in the cladding mode couples back into the
fundamental guided mode. Therefore, when the level of the liquid around the LPG is
increased the change in the minimum transmission value of the attenuation band no
longer behaves as illustrated in Figure 6.10, but is expected to behave as illustrated in
Figure 6.12, where the same change in transmission % has two corresponding liquid

levels.
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Figure 6.12: Expected plot of the change in transmission of an over coupled attenuation
band A as a function of the % transmission of the LPG immersed in the

liquid of RI 1.456.

The liquid level sensor relies on the LPG only measuring the increasing level of
its surrounding liquid. When the LPG has been surrounded by the liquid, any decrease
in the liquid level will expose a part of the LPG that has already been wetted by the
liquid. The wetting of the LPG will lead to an error in the measurement of the liquid’s
new reduced level. The LPG could be chemically treated so that the surrounding liquid
does not wet the LPG.

The system is also capable of measuring the height of mixtures of liquids that
form stratified layers, which may be useful for determining the presence of impurities

within containers, e.g. water in petrol tanks.

A liquid level sensor based upon the LPG’s sensitivity to the RI of its

surrounding medium has been proposed and demonstrated. The sensor displays a large
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linear range and may be configured to be independent of temperature. In addition, it is
also possible to use the LPG for the multi-parameter sensing of temperature, RI and the

level of the surrounding medium.

An important factor in the mechanical strength of optical fibres is the buffer
jacket. The polymer buffer jacket provides mechanical protection, allowing the fibre to
survive unsympathetic handling. Removal of the buffer jacket in the region of the LPG
may act to accelerate the fibre ageing and corrosion effects associated with unprotected
optical fibres [29]. The buffer jacket affords protection against water corrosion and
optical fibres are known to be weakened by prolonged exposure to moisture [29].
Therefore, when the level of an aqueous solution is to be measured, the absence of the

buffer jacket will introduce an issue with respect to the lifetime of the sensor.

6.3 LPG based sensor with enhanced temperature sensitivity

6.3.1 Introduction

The temperature sensitivity of a LPG has already been enhanced by expoliting
the LPG’s sensitivity to the RI of its surrounding medium [30, 31]. Surrounding the
LPG with a medium with a large thermo-optic coefficient results in the LPG responding
to both changes in temperature and to the temperature induced RI change of the
surrounding medium [30, 31]. The RI oils used during the investigations of the response
of the LPG’s transmission profile to increasing the RI of the surrounding external
medium, discussed in section 5.5 of Chapter 5, are known to posses a large thermo-optic
coefficient which is detailed in the relevant specification sheets [26]. The thermal cross
sensitivity of a LPG based refractive index sensor has been separately measured using
water, RI=1.33, and oil, RI=1.42 [28]. The water and oil were heated from room
temperature to 80°C. The temperature sensitivity of the observed attenuation band
increased linearly from 0.076nm/°C, in air, to 0.085nm/°C, in water and in oil the
temperature sensitivity of the wavelength shift was calculated to be 0.14nm/°C, which is

almost twice the sensitivity in air. The change in sensitivity was attributed in the main
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to the reduction of the RI of water and oil with increasing temperature [28]. However,
the influence of the thermo-optic response of the oils has not been previously
investigated in detail. In this section the temperature sensitivity of a LPG is investigated
by surrounding it with two RI oils with high thermo-optic coefficients and increasing
their temperature over a range of ~ 30°C. The investigation leads to the demonstration
of a LPG based temperature sensor with enhanced sensitivity, of up to 19.2nm/°C. This
technique thus exploits both the temperature and external RI sensitivity of the LPG.

These techniques are discussed in the following section.

6.3.2 Existing long period grating based sensors with

enhanced temperature sensitivity

LPGs fabricated in standard telecommunications optical fibre exhibit
temperature sensitivities, in air, in the range -0.14nm/°C to -0.34nm/°C, depending on
the attenuation band being monitored. This temperature sensitivity is approximately 2
orders of magnitude larger than that of FBG sensors [32]. For the fabrication of high
resolution temperature sensors or to create widely thermally tunable filters, a number of
techniques for further enhancing the sensitivity have been reported, including the use of
fibres of different composition [33, 34, 35], different geometries [36, 37] and the use of
polymer coatings [30, 31, 38, 39].

The sensitivity of LPGs to environmental parameters is influenced by the order
of the cladding mode to which coupling occurs, the periodicity and by the composition
of the optical fibre [33, 34, 35]. This combination of influences allows the fabrication of
LPGs that have a range of responses to a particular measurand. By carefully choosing
the order of the cladding mode, the periodicity of the LPG and the operating
wavelength, the temperature sensitivity of LPGs has been enhanced [33, 34]. Using
these chosen parameters, the temperature sensitivity of LPGs, fabricated in
photosensitive B-Ge co-doped optical fibre, has offered sensitivities of upto 2.75nm/°C
[35].
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Other temperature sensitivity enhancing methods have relied on changing the
structure of the fibre [36, 37] or upon surrounding the LPG with materials having a
large thermo-optic coefficient [30, 31, 38, 39]. In LPGs with a periodicity < 100 pm, the
change of the wave-guide effect due to temperature variations is negligible when
compared to that of the material effect, where the induced wavelength shift can be of
either polarity [28]. The magnitude of the material effect is related to the change in the
differential effective index of the core and the cladding arising from the thermo-optic
effect, and so the temperature dependence of the attenuation bands that have a negative
sensitivity can be controlled by doping the fibre with dopants that have a negative
temperature dependence of the refractive index, such as B,O; [37]. Adjusting the doping
levels of B,O; into the depressed inner cladding of a silica-core fibre has enhanced the

temperature sensitivity from —0.14nm/°C to 0.28nm/°C [37].

Temperature sensitivity enhancing techniques that are based upon surrounding
the fibre by a material of large thermo-optic coefficients result in the LPG responding to
both changes in the temperature and to the temperature induced refractive index change
of the surrounding medium [30, 31, 38, 39]. If the material has a negative thermal
expansion coefficient, then, for increasing temperature, the wavelength shift induced by
the change in refractive index of the coating causes a red shift in the wavelength of the
attenuation band. If the attenuation band itself has positive temperature sensitivity, the
two effects add to increase the temperature response. Coating the LPG with an UV
curable acrylate based polymer has enhanced the sensitivity of a LPG fabricated in a
conventional dispersion shifted fibre from 0.05nm/°C to 0.8 nm/°C [31]. The polymer
had a refractive index that was approximately equal to that of the cladding and a
negative thermal expansion coefficient. In addition, it has been reported that using a
LPG fabricated in a novel fibre cladding structure consisting of an ultra thin inner silica
cladding layer and a low RI liquid crystal outer layer produced a temperature sensitivity
of 2.10nm/°C [30]. This method relies on the fact that the RIs of the core and cladding
change due to variations in temperature and much higher sensitivities are achieved
because the ultra-thin cladding makes the LPG extremely sensitive to the environmental

changes outside the cladding [30].
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6.3.3 Experimental demonstration of a highly sensitive long

period grating based temperature sensor

The parameters of the LPG and the general experimental configuration are
discussed in section 6.2.3 of Chapter 6. The temperature of the RI liquid in which the
LPG was to be immersed was increased using the liquid receptacle illustrated in section
5.6 of Chapter 5. The liquid receptacle was fixed to the middle of a thermo-electric
heater/cooler, which was now used to increase the temperature of the liquid. A cross

section of the experimental configuration is shown in Figure 6.13.

Stripped fibre glued ; pq Well for liquid
in v-groove :
/ Spectrometer
BBS ¥ & PC
—— T -

f

Layer of heat Thermo-electric Heat sink
sinking compound heater/cooler

Figure 6.13: Cross section of the experimental configuration used to increase the

temperature of the liquid surrounding the LPG.

The LPG was positioned into the middle section of the 5mm deep and 50mm long well.
The LPG was held straight and taut to avoid any distortion of the LPG’s transmission
spectrum due curvature of the LPG [25]. The bare fibre either side of the LPG was
secured into the v-grooves using a Cyanocrylate super glue, the v-grooves ran
longitudinally into the well from either end of the block. Wax was used to seal the ends

of the well so that the RI liquid did not flow out. The wax, supplied by Radio Spares,
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had a melting point of approximately 80°C, which was approximately 30°C above the
maximum temperature to which the RI liquid would be heated. A thin layer of heat
sinking compound was laid between the base of the well and the thermo-electric heater

to assist in the uniform heating of the RI liquid.

The temperature of the liquid was to be measured using a K-type thermocouple
and an ADS590 temperature sensor. The measuring devices were positioned into
recesses, which would be filled with the RI liquid, located on either side of the LPG.
The K-type thermocouple used in association with a digital thermometer, Keithley 740
scanning thermometer. The scanning thermometer had a resolution of 0.1°C. The
AD590 was used in a feedback loop by a thermoelectric temperature controller, a TED
200 supplied by Profile, to maintain the thermo-electric heater at the required
temperatures + 1°C. The temperature range of the thermo-electric heater was limited by
the size of the heat sink and the maximum output current of the TED 200, 2A. The TED
200 was able to maintain a temperature with a stability of <0.01°C. The settling
behaviour of the TED 200 for a change in temperature was determined by the
proportional, integral and derivative, PID, parameters which were adjusted to an
aperiodic temperature settlement. Temperature changes in the environment immediately
surrounding the experimental configuration were minimised by enclosing it within a

thermal enclosure.

The attenuation bands’ central wavelengths and minimum transmission values
were recorded when the LPG was surrounded by air at 25°C. The liquid was introduced
to the receptacle, via a syringe, through a purpose made access panel in the top of the
thermal enclosure. When the temperature of the liquid had also settled at 25°C, the same
parameters were recorded again. The temperature of the liquid was increased in steps of
0.5°C, up to a maximum of 54°C. When the temperature of the liquid had reached each
set temperature + 0.1°C, the liquid was allowed to remain at the temperature for a
further minute to ensure that thermal equilibrium had been achieved. A plan view of the

experimental configuration is shown in Figure 6.14.
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Figure 6.14: Plan view of the configuration used to change the temperature of the Rl oil

that surrounded the LPG. The locations of the AD590 temperature sensor

and K-type thermocouple are shown.

6.3.4 Results

The liquids chosen for the experimental work, Cargille’s Series ‘A’, had Rls of
1.460 and 1.462. These nominal RI values are quoted at 25°C and measured at a
wavelength of 589.3nm. These particular liquids had temperature coefficients of
—0.000389 and —0.000391 respectively over a temperature range 15-35°C [40]. These
liquids were selected because their thermo-optic coefficient results in a decrease in RI
with increasing temperature. When the RI of the liquids is less than or approximately

equal to that of the fibre’s cladding (1.456) the attenuation bands show maximum
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sensitivity to changes in RI, as shown in section 5.5 of Chapter 5. The RI of the liquid at
the central wavelength of each of the attenuation bands was calculated using the Cauchy
equation which takes into account the material dispersion and the thermo-optically
induced RI change [40]. The Cauchy equations for the liquids of nominal RI, 1.460 and
1.462 are given by equations 6.5 and 6.6 respectively.

407363 N 4.15330x10"

n(A)=1.44792+ E Y (6.5)
11
n(x)=1.44969+4142215+4‘6724ZX10 6.6)
A A

where A, the central wavelength of the attenuation band, is expressed in angstroms. The
temperature of the liquid was increased in increments of 0.5°C, up to a maximum of
54°C. The attenuation bands’ central wavelengths, minimum transmission values and
the LPG’s transmission spectrum were continually logged at a rate of 1Hz. The
scanning thermometer provided a temperature value that was logged, via a GPIB card,

in association with the LPG’s transmission spectrum.

Attenuation bands 2-6 exhibited a decrease in their central wavelengths and a
change in their minimum transmission values in response to the increase in temperature
and the corresponding decrease in the RI of the liquid. The results of the observed
spectral changes are plotted in Figures 6.15 and 6.16. Figure 6.15 illustrates the
wavelength shift of attenuation bands 2-6 as a function of temperature over a range
25°C to 52°C when the LPG was immersed in oil of RI 1.460. The wavelength shift of
attenuation bands is calculated with respect to their individual central wavelengths when

the LPG was surrounded by air at 25°C.
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Figure 6.15: Plot of the wavelength shift in the central wavelengths of the 5 attenuation
bands, attenuation bands 2-6, as a function of temperature when the LPG
was immersed in oil of RI 1.460. © attenuation band 2, X attenuation band

3, 4 attenuation band 4, + attenuation band 5 and B attenuation band 6.

Figure 6.15 shows that each attenuation band has different temperature sensitivity and
that, over a limited range, very high temperature sensitivities are achieved (for
attenuation band 6 this is upto 19.2nm/°C over a temperature range of 1.1°C). It is also
interesting to note that the temperature range is different for each attenuation band. This

is a result of the dispersion of the liquid and of the cladding modes of the fibre.

The attenuation bands 2-6 also exhibited a change in their minimum
transmission values. This is illustrated in Figure 6.16 which shows the change in the
minimum transmission values of the attenuation bands as a function of increasing
temperature, over the range 25°C to 54°C. The change in minimum transmission value
of each attenuation band is calculated with respect to its minimum transmission value in

the liquid at 25°C.
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Figure 6.16: Plot of the change in the minimum transmission value of the 5 attenuation
bands, attenuation bands 2-6, as a function of temperature. = alfenuation
band 2, * attenuation band 3, & attenuation band 4, -+ attenuation band 5

and B attenuation band 6.

The minimum transmission value of the attenuation band also demonstrates a large
temperature sensitivity of upto 14.8 % /°C over a temperature range of 2.0°C for
attenuation band 5 and again, offers different operating ranges for the different

attenuation bands.

When the LPG was surrounded by the liquid of RI 1.462, it was noted again that
the attenuation bands responded with a shift in wavelength and a change in their
minimum transmission values in a similar way to that shown in Figures 6.15 and 6.16.
To illustrate the different temperature ranges and the assosiated RI range for the two R1
liquids, the wavelength shift of attenuation band 6 is plotted as a function of increasing
temperature in Figure 6.17 and decreasing RI, calculated using the negative temperature

coefficient of the liquid at each temperature, in Figure 6.18. Attenuation band 6 was
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selected for observation as it had shown, in Figure 6.15, the largest wavelength shift for

increasing temperature. Figure 6.17 plots the wavelength shift of attenuation band 6 as a

function of increasing temperature, over a range of 30°C to 54°C, when the LPG was

surrounded by the liquids of RT 1.460 and 1.462 respectively.
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Figure 6.17: Plot of wavelength shifi of attenuation band 6 against increasing

temperature, when the LPG was immersed separately in liquids of RI

1.460 and 1.462. A liquid of nominal RI 1.460 and + liquid of nominal

RI 1.462.

Figure 6.17 shows that the attenuation band operates over a different temperature range

depending on the properties of the surrounding RI liquid. Attenuation band 6

demonstrates a high temperature sensitivity calculated to be up to 19.2nm/°C over a

limited temperature range of 1.1°C. The 1.460 and 1.462 RI liquids can be used to

monitor linear responses over temperature ranges of approximately 31°C to 32.5°C and

35°C to 36.1°C respectively with high accuracy in temperature critical environments.
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Figure 6.18 illustrates the wavelength shift of attenuation band 6 as a function of
decreasing RI, calculated using the temperature coefficient of the liquids at each
temperature, over a range of 1.451 to 1.441 when the LPG was separately immersed in

liquids of R 1.460 and 1.462.
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Figure 6.18: Plot of wavelength shifi of attenuation band 6 against decreasing RI of
the liquid when the LPG was immersed separately into liquids of RI
1.460 and 1.462. The wavelength shift of attenuation band 6 is calculated
with respect to its position in air at 25 °C. B liquid of nominal RI 1.460
and -+ liquid of nominal RI 1.462

Figure 6.18 illustrates good agreement of the central wavelength responses of the
attenuation band to both RI oils, over a RI range of 1.450 to 1.441. It should be noted
that the attenuation band does not respond with a wavelength shift until the RI is < that
of the cladding of the fibre. The sensitivity of the attenuation band, over the linear

region is determined to be -3 1nm/ 0.001change in RI of the liquid.
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The changes in the minimum transmission values of the attenuation band as a
function of temperature and corresponding decreasing RI, when the LPG was separately
immersed in the two RI liquids, are shown in Figures 6.19 and 6.20 for attenuation band
5. Attenuation band 5 was selected as it had shown, in Figure 6.16, the greatest change
in its minimum transmission value. Figure 6.19 plots the change in the minimum
transmission value, of attenuation 5, as a function of temperature over a range of 25°C
to 54°C. The change in minimum transmission value of attenuation band 5 is calculated

with respect to its minimum transmission value in the liquid at 25°C.
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Figure 6.19: Plot of change in minimum transmission value, of attenuation band 5, as
a function of the temperature of the liquid. 8 liquid of nominal RI 1.460
and + liquid of nominal RI 1.462.

It should be noted that the change in the minimum transmission value of the attenuation

bands responds over a larger temperature range when compared to the response of the
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central wavelengths, illustrated in Figure 6.17. When the LPG was surrounded by the
liquid of RI 1.460, the response of the minimum transmission value began at ~ 25.5°C,
which was 5.5°C earlier than the commencement of the wavelength shift. Similarly,
when the LPG was surrounded by the liquid of RI 1.462 the response of the minimum
transmission value began 8.0°C earlier when compared to the initiation of the
wavelength shift. At 25°C RI liquids, 1.460 and 1.462 had a higher RI than that of the
fibre’s cladding. An increase in temperature induced a decrease in the RI of the liquids.
During increases in temperature for which the RI values of the surrounding liquids was
> to that of the fibre cladding only the minimum transmission values of the attenuation
bands were sensitive to the changes in the RI. Therefore, change in the minimum
transmission values of the attenuation bands was noted sooner than the response in
wavelength shift. At higher temperatures when the RI of the liquids were < than that of
the cladding, only then did the central wavelength of the attenuation band begin to
respond. This was as expected since it had already been demonstrated in the

characterisation experiments, section 5.5 of Chapter 5.

Figure 6.20 plots the change in the minimum transmission value of attenuation band 5

as a function of the decreasing RI of the liquids over a range 1.455 to 1.442.
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Figure 6.20: Plot of change in minimum transmission value against decreasing Rl of
the liquid. W liquid of nominal RI 1.460 and + liquid of nominal RI
1.462.

Figure 6.20 was expected to show, as already demonstrated from the characterisation
experiments, that the change in the minimum transmission value is the same over the RI

range.

6.3.5 Discussion

A method for enhancing the temperature sensitivity of a LPG has been
demonstrated. There are no requirements for novel coating materials [31, 38, 39] or
novel fibre structures [30]. The LPG fabricated in standard optical fibre is surrounded
by a Cragille, RI oil of high thermo-optic coefficient. A sensor based on the
demonstrated principle could be readily constructed using a capillary tube filled with the
appropriate oil. The tube would also provide support for the LPG thus avoiding bend-

induced changes to the transmission spectrum [25]. The attenuation bands have shown

207



Chapter 6 , Novel long period grating based sensor applications

two responses to the temperature-induced changes in the RI of the liquid in which the
LPG is immersed. These changes occur in the central wavelengths and the minimum

transmission values of the attenuation bands.

For both of the RI liquids investigated the changes in central wavelengths with
respect to increasing temperature is linear, with high sensitivity of up to 19.2nm/°C in a
very limited range of 1.1°C. The change in the minimum transmission value with
respect to the increasing temperature have shown a temperature sensitivity of up to
14.8%/°C over a temperature range of 2°C. The temperature range is different for each
of the attenuation bands, this is the result of the dispersion of the RI liquid and of the
fibre modes, and each attenuation band has a different sensitivity in its linear region.
Thus, the appropriate attenuation band can be selected for measurement in the required
range. The temperature range for each RI is different but the LPG is influenced by a
common RI range. If a different operating range is required, it is possible to choose a
material with a different RI at room temperature, such that its RI lies within the
sensitivity range of the LPG over a different range of temperatures. This is illustrated by
the result shown in Figure 6.17, where the temperature responses of the attenuation
band corresponding to coupling to the 6™ cladding mode surrounded by two different
liquids (n = 1.460, n =1.462) are compared, demonstrating the tuning of the operating
temperature range by change of material. The operating temperature and the sensitivity
are determined by the properties of the surrounding oil allowing optimisation of the

sensor for a given application.

The measurements reported were reproducible and no hysteresis was observed
during temperature cycling. The temperature sensitivity enhancement discussed here
would be of use in temperature critical systems, for example in chemical and material
processing, where optimum processing temperature range may be limited. In addition,

the high temperature sensitivity is of interest for thermally tuned optical filters.
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6.4 Monitoring the cure of an epoxy resin using a long period

grating

6.4.1 Introduction

Real time, in-situ monitoring for quality control of the cure process of an epoxy
resin is of great interest [41]. High performance composite materials are generally made
of stacked laminate or woven fabrics of continuous carbon or glass or aramid fibre pre-
impregnated with an epoxy resin (matrix) pre-polymer system. They have the potential
to find widespread use across a range of industries, including the civil and military
aviation industries, the civil engineering industries and the automotive industries [41,
42, 43, 44]. The composites are good candidates for making smart materials because
their manufacturing process allows sensors to be embedded within the structure [44].
Smart composites provide ‘health monitoring’ in real time and in-situ [41]. Due to their
extensive use, there is a high demand to study their time dependent behaviour from a
chemical and physical point of view [44]. In particular, epoxy resin reinforced with
fibre is a system with high specific mechanical properties such as performance against

weight ratio, corrosion resistance, electrical insulating properties and low density [44].

However, the cost of these materials must be reduced so that they can be
competitive against traditional materials such as wood and metal. One strategy is to
optimise the manufacturing process and hence reduce the amount of scrap so that the
material becomes cheaper to buy [45]. An integral part of the manufacturing process is
the curing of the resin, which is used to fix the many layers of the composite materials
together. Epoxy and thermoset polyester adhesives are commonly used for composite
matrices. The RI of these types of adhesives appears in the range 1.47-1.52 [46]. A
characteristic of epoxy resins is that they achieve their final properties during a process
in which the molecular structure of the resin is transformed into a ridged cross-linked
network. This cross-linking is known as the ‘cure’. Cure comprises of a complex set of
chemical reactions, usually heat activated and performed under elevated pressure, which

gradually elongate and cross-link the original uncured molecules [43]. The epoxy resin
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runs the risk of being under-cured or over-cured which plays an important role in
product quality [47]. If the epoxy resin is under-cured or over-cured then the mechanical
strength of the material is compromised. Additionally for over-cured epoxy, the extra
cost in the consumption of resources and associated energy must be met. It is very

important for the final application that the curing of the epoxy resin is optimised.

Fibre optic sensors are suitable candidates for monitoring purposes due to their
immunity from electromagnetic, interference, their sort response time and their
compatibility with the manufacturing process [44]. Previously reported work has shown
that it is possible to insert a fibre-optic sensor into a fibrous composite laminate without
significant modification of the material’s mechanical properties [42, 43]. Additionally
the sensors offer the advantage of providing both the signal path and the sensing
element. One of the ways in which to detect the curing process with a fibre-optic sensor
is based on the knowledge that the RI of an epoxy resin increases during the cross-liking
process [48, 49, 50]. The transmission spectrum of a LPG has shown two responses to
the change in the RI of its surrounding medium [2, 3, 12]. This section demonstrates a
LPG based optical fibre sensor, which utilises the RI change of a curing single

component epoxy resin to investigate its state of cure.

6.4.2 Existing cure monitoring technigues

Many techniques are available for monitoring the resin’s state of cure. In
principle methods showing the propagation of chemical reaction are suitable. They can
be divided into techniques that are directly sensitive to the chemical reaction and those
that detect changes in the microscopic material parameters. The chemical reaction is
sometimes exothermic and can be detected by thermoanalysis such as differential
scanning calorimetery, DSC [51, 52]. Infrared spectroscopy [53], nuclear magnetic
resonance spectroscopy NMR [54] and chromatography [55] are also typical methods
used in research and development. DSC is a method that is directly sensitive to the
chemical reaction that has occurred during curing but can only give a qualititive
indication of the degree of curing of the resin [56]. A sample is required that is tested in

the laboratory where qualified personnel are needed to perform the measurements. The
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measurement in the laboratory also excludes the possibility for making measurements at
the place of production or application [56]. For practical reasons, the other typical

monitoring processes are also difficult to incorporate in the production process [54].

The microscopic attributes that change during the cure are mechanical and
electrical material parameters [44, 57]. Typical mechanical parameters are complex
elastic or shear modulus and viscosity. These quantities can be measured by dynamic
mechanical analysis DMA [52], ultrasound propagation {44, 52] and viscosimetry [58].
Typical electrical parameters are ac conductivity, dielectric permittivity and loss [44,
59]. However, at present, there are no reliable tools that can be used to obtain real-time

quantitative information on the rate, extent and homogeneity of the cure [60].

Using in-situ sensors to monitor the cure of an epoxy resin in an industrial
process can allow processing decisions to be taken in light of the real time analysis of
cure parameters such as temperature, pressure, resin viscosity, resin position, resin
gelation point, degree of cure, presence of moisture and the types of polymerisations
occurring within the resin [42]. As a consequence, the cure cycle can be tailored to
produce desired properties in the material being processed. For example, in-situ sensors
might be used to detect when the resin has achieved minimum viscosity so that the
perfect time for injecting into a mould can be determined [45]. Thus, in-situ sensors can
lift material processing from the realm of a trial and error procedure to a more scientific
operation [42]. There is a growing need for sensors that can provide real-time, in-situ
monitoring of the curing process. Only two types of micro-sensors are used reasonably
widely in both academic research and industrial research and development to monitor
the state of cure in real time: dielectric and optical fibre sensors. Both types of sensors
can be embedded in selected locations of a composite prior to use [61]. Dielectric cure
monitoring has been established since the late 1950°s [60]. Some possible disadvantages
of this technique are: (i) the operation of the dielectric cure sensor can be affected by
electromagnetic interference (ii) the dielectric cure sensor can only give qualitative
information on the cure kinetics of the resin system (iii) the sensor system is expensive
to buy (iv) the output from the sensor may be influenced by the concentration of

impurities in the resin system, the moisture content and the presence of conducting
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materials in the composite [60]. Sensors embedded into the composite material into
critical areas, such as thick areas and joints, do not adversely affect the quality of the
material and provide more accurate status for active or intelligent cure monitoring and
control systems. Additionally, sensors that remain in the cured material may be valuable
to access the quality or integrity of the material for inspection purposes in production
and in the field [62]. The types of in-situ sensors that are of particular interest are those
based on optical fibre technology. FBGs and LPGs have been used as a means of
inferring the state of cure of a thermoset resin [63, 64, 65, 66, 67].

6.4.3 In - situ optical based cure monitoring techniques

Optical fibre based cure monitoring in composites or in resin systems used in the
production of composites can be classified into quantitative or qualitative techniques.
The quantitative approach involves obtaining information on the relative chemical
concentrations of the active or chemical species, which participate in the reaction. This
approach usually involves spectroscopy-based optical fibre interrogation techniques. In
the qualitative approach, correlation is sought between a specified property of the resins
as a function of processing time and conditions. For example, the change in the
refractive index of the system as a function of cure. The use of optical fibre sensors for
cure monitoring of epoxy resin systems has gained considerable interest [68]. This is in
part due to the increased interest in online and in-situ techniques that can determine the
cure state and the mechanical properties of the resin during cure, as an aid to processing.
Additionally, optical fibre sensors offer a number of unique advantages for cure
monitoring when compared with other techniques such as the measurement of dielectric
properties, viscosity, etc. This is because the optical fibre based sensor techniques can
give information on the actual chemical concentrations of the constituent chemicals in
the resin system, whereas the other techniques can only infer chemical concentration
and/or composition [69]. Non-optical techniques require a vast database of information
in order to establish a corrclation between the sensor data and the state of cure.
However, the results from some of these techniques may be affected by moisture, the
relative volume fractions of the fibres in the carbon fibre reinforced epoxy, the
orientation of those fibres and electrical interference from the processing equipment

[68]. Optical fibre sensors are immune to these factors and can give additional
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information on moisture content and temperature [69]. Techniques as diverse as near IR
[70, 71, 72, 73], Raman [74, 75, 76, 77] and fluorescence [78, 79, 80, 81, 82]
spectroscopy, ultrasound [83, 84, 85, 86, 87, 88] have all been applied as monitoring

methods.

When light is incident on a medium the radiation can be absorbed, transmitted,
reflected or scattered. The nature of the interaction will depend on the frequency of the
radiation and the chemical composition of the medium [89]. The absorbed energy can
then be lost to the surroundings in the form of heat or re-radiation. Plotting the
absorbency or transmittance as a function of frequency produces an infra red spectrum
and is measured using a spectrometer [68]. Interest in near IR spectroscopy has
increased because of the availability of standard telecommunications grade optical fibre
that transmits light near the IR wavelength range, 750nm to 10°nm, and spectrometers

with integrated fibre-optic ports for transmitting and receiving light [73].

Optical Raman spectroscopy has been used to monitor the cure of epoxy resin.
The sensor usually consists of two fibres bonded side by side [74, 75, 76]. Light is
launched into one fibre end and the scattered light is collected by the second optical
fibre. Light emerging from the second fibre is passed to a spectrometer. Data collected
from the Raman sensor during cure are compared with transmission near IR
spectroscopy results, with good correlation. A single fibre has been used for both
transmission and collection of the excitation wavelength of the Raman scattered light
[77].

Another interesting development is the observation that the wavelength and
efficiency of fluorescence of certain molecules exhibit viscosity dependence [82]. The
explanation for this is that if the molecule can undergo non-radiative decay by
intermolecular twisting, or torsional motion then the fluorescence efficiency is low. If,
however, the molecule is constrained by a viscous polymer network, the radiative
fluorescence efficiency increases. Certain epoxy molecules themselves exhibit viscosity
dependent fluorescence. Other epoxies can be doped with trace levels of a fluorescent
dye molecule, both distal and evanescent mode fibres optic fluorescence methods have

been used to measure the state of cure of epoxy [78, 79, 80, 81].
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Fibre optic based ultrasonic sensing has been used to monitor the cure process
[83, 84, 85, 86]. The sensor is based on guided ultrasonic waves in an unconstrained
small diameter optical fibre [84]. The ultrasonic pulse will propagate along the length of
the fibre as a guided wave when the frequency of the investigating ultrasound is selected
so that its corresponding wavelength is much smaller than the fibre’s diameter. The
attenuation and phase velocity of ultrasonic waves propagated through fibre ultrasonic
wave-guides, embedded in composite materials, vary during the cure [84, 88]. The
largest effect occurs in the attenuation, which increases at certain ultrasound frequencies
by two orders of magnitude during the initial curing phase [83]. Ultrasound has the
attraction of enabling study of the adhesive material when it is formed into components

such as panels [87].

During the cure of an epoxy, there is a decrease in volume as the reaction
progresses. Associated with this change in density, of approximately 1%, of the sample
is a change in the RI. The change in RI can serve as a measure of the extent of cure [48,
49, 50]. This effect has begun to receive greater interest and a fibre optic based sensor
has been developed [90]. The sensor consists of an adapted extrinsic Fabry-Perot
interfrometer, whereby a single mode fibre was used as the input/output fibre and an
unclad high RI fibre was used as the reflector. The sensor arrangement was embedded
in curing epoxy, a decrease in the light intensity was observed as the RI of the curing
epoxy resin approached the RI of the reflection fibre. The RI of curing epoxy has been
monitored by other methods such as using an optical fibre Fresnel reflectrometer and
artificial neural networks [91] and using a side-polished single mode fibre with a
dielectric wave-guide overlay [92]. The RI of curing epoxy has also been monitored by
an sensor based on fibre that has its cladding removed over a small region [44, 73, 93].
The principle of such a RI sensor is based on monitoring the intensity of the light that
reaches the detector as the resin cures around the stripped region of the fibre. The
intensity of the light at the detector is dependent upon the RI changes at the resin/core
boundary as the resin cures changes. The change in the RI alters the guiding
characteristics of the sensor in the region of the stripped fibre [44, 73, 93]. LPGs have
shown a sensitivity to the Rl of their surrounding medium [1-12]. However, cure-

monitoring investigations conducted thus far do not make full use of their features [94].
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In-situ LPGs have been used as flow sensors in a mould filling application [94,
45]. When the higher index resin covers the LPG sensor, the light that would have been
attenuated is coupled back into the core and so there is no corresponding attenuation
band in the transmission spectrum. The LPG provides a yes/no response to the presence
of epoxy resin [94, 45]. The technique presented here also utilises the LPG’s same
unique response to the change in the RI of the medium surrounding it. However, here it
is used to monitor the RI change in a curing, single component, epoxy resin as a means

of investigating its state of cure.

6.4.4 Experimental demonstration of monitoring the cure of
an epoxy resin using a iong period grating based

sensor

The parameters of the LPG are detailed in section 6.2.4 and the general
experimental configuration is detailed in section 4.7.3 of Chapter 4. The LPG was
secured into the receptacle, the K-type thermocouple and the AD590 temperature sensor
were positioned into their respective recesses as previously detailed in section 6.3.3.
The thermocouple monitored the temperature of the curing epoxy resin, whilst the
ADS590 temperature sensor provided a feedback signal for the circuit in order to
maintain the stability of the epoxy’s temperature via the thermo-electric heater/cooler’s
temperature that had been set to 25°C. The configuration was positioned within a

thermal housing to avoid the influence of variations in the surrounding temperature.

6.4.4.1 Choosing the epoxy resin

The results of the RI characterisation experiments detailed in section 5.4 of
Chapter 5, show that the attenuation bands of the LPG show wavelength shifts when the
RI of the medium surrounding the LPG is in the range 1.400 to 1.456. The RI values are
quoted at temperature of 25°C and measured at a wavelength of 589.3nm. Therefore, it
is important that the epoxy resin that is selected has an uncured RI that is in the range
1.400 to 1.456 and a cured RI < 1.456. The majority of epoxy resins that are available

either typically have a RI > 1.50 or the data is unavailable. To use epoxy resins with a
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RI > 1.50 the LPG would have to be fabricated in a single mode fibre where the
cladding has a RI > 1.600 and this is not commercially available. Several resins with an
uncured R.I < 1.456 are available. Previously conducted characterisation experiments
have shown that EPO-TEK OG 125, a single component epoxy resin supplied by
Promatech 1td, exhibits a definite RI change during curing. It has an uncured RI of
1.435, measured at a wavelength of 589.3nm, and its cured index of refraction is not
known [95]. The epoxy resin was introduced around the LPG by means of a medical
syringe, through a purpose made entry port in the thermal insulator. The well was filled
with the epoxy resin to ensure that the LPG had been totally immersed in it and then the
configuration was again allowed to reach a thermal equilibrium at 25°C. The epoxy

resin can be cured within 2 minutes by exposure to UV irradiation at 100mW/cm®.

The UV lamp, Norland, had a 5cm long UV tube that emitted 0.5mW of power
per cm”. It was chosen because the low UV power would extend the curing cycle of the
epoxy resin. The curing cycle was extended to over 7 hours by adjusting the distance
between the UV tube and the surface of the epoxy resin to approximately 150mm.
Before the resin was exposed to the UV, the lamp was switched on and allowed to reach
its normal operating conditions. The curing process was initiated by placing the UV
lamp over the LPG and the experimental configuration was positioned back under a

thermal insulator and was allowed to reach an environmental equilibrium.

6.4.5 Results

The central wavelengths of the attenuation bands their minimum transmission
values, the temperature of the epoxy resin and the temperature stability of the thermo-
electric heater/cooler were continually recorded at a rate of 0.1Hz. The curing epoxy
resin induced a decrease in the central wavelengths and a change in minimum
transmission values of attenuation bands 2-6. Figure 6.21 plots the transmission spectra
for attenuation band 4 as a function of time. Figure 6.21 illustrates the decrease in the
central wavelength and the change in the minimum transmission value of attenuation
band 4. The change in the central wavelength and the minimum transmission value is

induced by the change in the RI of the epoxy as it cures. Attenuation band 4, central

216



Novel long period grating based sensor applications

Chapter 6

wavelength at ~ 850nm in air at 25°C, was selected for observation because during the

earlier conducted characterisation experiments it demonstrated the highest sensitivity of

the attenuation bands that remained visible throughout the entire experiment.

% uoissiwsue. |

4, as the epoxy is curing,

Figure 6.21: Transmission spectra for attenuation band

plotted as a function of time.

The actual change in the central wavelength of an attenuation band is illustrated

in Figure 6.22, which plots the wavelength shift as a function of time for attenuation

band 4. The wavelength shift of attenuation band 4 is calculated with respect to the

central wavelength of attenuation band 4 when the LPG was surrounded by air at 25°C.
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Figure 6.22: A4 plot of the wavelength shift of attenuation band 4 as a function of time.

Initially the LPG, surrounded by air at 25°C, was allowed to reach equilibrium with its
surrounding environment. The epoxy, at 25°C, was introduced around the LPG and was
allowed to settle and reach equilibrium with its surrounding environment again. The
temperature of the epoxy resin was stabilised at 25°C using a TEC. The presence of the
epoxy induced a wavelength shift corresponding to a RI of 1.404. The exposure of the
epoxy to the UV irradiation initiated the curing process and the increase in Rl, which is
signified by the continuous decreasing wavelength shift of the attenuation band. The RI
of the epoxy reaches that of the fibre’s cladding, which is ~1.453 at ~ 850.00nm [96].
Further exposure of the epoxy to the UV induces additional increases in the RI of the
epoxy. When the RI of the epoxy is greater than that of the cladding the wavelength of
the attenuation bands will be slightly shifted compared with those in air and will be

insensitive to the Rl of the surrounding medium.
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During the experiment discussed in section 6.3.3 data was also collected for
attenuation band 4 when the LPG was immersed in the RI liquids. A 6™ order
polynomial was fitted to the data in the region of RI ~1.404 -1.453 which allowed the
RI of the heated RI liquids to be calculated for a given wavelength shift. A 6" order
polynomial was fitted to the data illustrated in Figure 6.22, in the region 1.0-3.25 hours.
This allowed the time to be calculated for a given wavelength shift of attenuation band

4. Figure 6.23 plots the calculated RI of the curing epoxy resin as a function of time.
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Figure 6.23: Plot of the calculated RI of the curing epoxy resin, for attenuation band 4,

as a function time. The straight line is a guide for the eye only.

Figure 6.23 is only plotted in the region from when the LPG was first exposed to the
UV lamp up to when the RI of the curing epoxy reached that of the cladding. This was
because data for the epoxy was available in this region. The plot shows a linear response
over the region 1-3 hours. However, it should be noted that the curing time of the epoxy
had been artificially extended and that the response of the RI with respect to time is

unknown in the other regions. These results need to be investigated further when the
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epoxy is cured under ideal conditions.

The change in the minimum transmission values of the attenuation bands is
illustrated in Figure 6.24. Figure 6.24 plots the minimum transmission value as a

function of time for attenuation band 4.

78.0

785

79.0

79.5

80.0

Depth of attenuation band %

805 |

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (Hrs)

Figure 6.24: Plot of the change in the depth of attenuation band 4 as a function of time.

The depth of the attenuation band increases with the introduction of the epoxy and with
its initial curing. The minimum transmission value of the attenuation band is a function
of the coupling efficiency and further increases in RI around the LPG correspond to a

loss in the coupling efficiency and hence a decrease in the depth of the attenuation band.
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6.4.6 Discussion

The demonstrated technique is sensitive to the state of cure and so could be used
within the body of large composite structures undergoing a curing process. It is further
expected that the sensor may be left in the final product without detrimental effects to
the eventual application and be used for the monitoring of other parameters such as
temperature, strain and bending. However, the demonstrated technique does not utilise
the optimum fibre and epoxy combination as the RI of the cured epoxy is greater than
that of the fibre’s cladding. Ideally, the maximum wavelength shift of the attenuation
band would indicate the RI of the cured epoxy. This could be achieved by lowering the
RI of the cured epoxy using a blend of epoxies or by using a fibre with a cladding of

higher RI [68, 97]. The experiment is never the less a useful first attempt.

If the demonstrated technique were used in a thermoset epoxy, then the
temperature changes will cause shifts in the central wavelengths of the attenuation
bands, due to the inherent temperature sensitivity of the LPG and additionally due to
any temperature dependant RI changes of the epoxy. The wavelength shifts due to
temperature can be addressed by using a simultaneous measurement technique such as
employing a FBG as a temperature monitor, since FBGs are insensitive to changes in
RI, and correcting for the sensitivity of the LPG [98]. Alternatively, a LPG’s
temperature insensitive attenuation band could be used to monitor the RI change in the
thermoset or more than one attenuation band of the LPG could be used to monitor the

environmental changes.
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6.5 Chapter summary

This chapter has presented three LPG based sensors, a liquid level sensor, an
enhanced sensitivity temperature sensor and a sensor for monitoring the cure of an

epoxy resin. The sensors utilised the RI sensitivity of LPGs.

The liquid level sensor demonstrated that the transmission spectrum of a LPG is
dependent upon the fraction of the length of the LPG that is surrounded by the liquid.
The sensor showed a large linear range, with sensitivity of 4.8% change in transmission
per millimetre of the 40mm long LPG. LPGs possess large temperature sensitivities and
the liquid's RI will show temperature sensitivity, both of which will induce a change in
the coupling wavelengths. This information may be determined directly from the
spectrum where the central wavelengths and their separation allow the temperature and

RI of the liquid to be respectively determined.

The optical fibre used to demonstrate the novel liquid level sensor is limited to
use with liquids that have a RI of between 1.400 and 1.456. However, if a higher RI
material is to be monitored then this limitation can be overcome by using a fibre that
has a cladding of higher RI. The liquid level sensor is also limited to measuring
increasing liquid levels. If the liquid level were to fall then the sensor would give an
incorrect reading as the fibre above the liquid level would still be wet with the liquid.
This limitation can be overcome by treating the fibre so that the liquid does not adhere
to it. The system is also capable of measuring the height of mixtures of liquids that form
stratified layers, which may be useful for determining the presence of impurities within

containers, e.g. water in petrol tanks.

The temperature sensitivity of a LPG has been enhanced by surrounding it with
RI oil of high thermo-optic coefficient. The attenuation bands have shown two
responses to the temperature-induced changes in the RI of the liquid in which the LPG
is immersed. The changes in central wavelengths with respect to increasing temperature
is linear, with high sensitivity of up to 19.2nm/°C over a limited range of 1.1°C. The

change in the minimum transmission value with respect to the increasing temperature
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have shown a temperature sensitivity of up to 14.8%/°C over a temperature range of
2°C. The temperature range is different for each of the attenuation bands. Thus, the
appropriate attenuation band can be selected for measurement in the required range. The
temperature range for each RI is different but the LPG is influenced by a common Rl
range. If a different operating range is required, it is possible to choose a material with a
different RI at room temperature, such that its RI lies within the sensitivity range of the

LPG over a different range of temperatures.

There are no requirements for novel coating materials or novel fibre structures.
A sensor based on the demonstrated principle could be readily constructed using a
capillary tube filled with the appropriate oil. The tube would also provide support for
the LPG thus avoiding bend-induced changes to the transmission spectrum.

The measurements reported were reproducible and no hysteresis was observed
during temperature cycling. The temperature sensitivity enhancement discussed here
would be of use in temperature critical systems, for example in chemical and material
processing, where optimum processing temperature range may be limited. In addition,

the high temperature sensitivity is of interest for thermally tuned optical filters.

A LPG has been demonstrated to monitor the RI change during the cure of an
epoxy resin. The wavelength shift induced by the uncured epoxy resin corresponded to
a RI of 1.404 and this changed by 0.049 when the RI of the curing epoxy resin had
reached that of the fibre’s cladding. The demonstrated technique could be used within
the body of large composite structures undergoing a curing process. It is further
expected that the sensor may be left in the final product without detrimental effects to
the eventual application and be used for the monitoring of other parameters such as
temperature, strain and bending. However, the demonstrated technique does not utilise
the optimum fibre and epoxy combination as the RI of the cured epoxy is greater than
that of the fibre’s cladding [68, 97]. Ideally, the maximum wavelength shift of the
attenuation band would indicate the RI of the cured epoxy. This could be achieved by
lowering the RI of the cured epoxy using a blend of epoxies or by using a fibre with a

cladding of higher RI [68, 97]. The experiment is never the less a useful first attempt.

223



Chapter 6 Novel long period grating based sensor applications

References:

1 H.J. Patrick, A.D. Kersey, F. Bucholtz, K.J. Ewing, .B. Judkins and A.M.
Vengsarkar, ‘Chemical sensor based on long period grating response to index of

refraction’, in Proc. Conf. Laser Electro-Opt. OSA, 11, pp. 420 — 423, (1997).

2 O. Duhem, J.F. Henninot, M. Warenghem and M. Douay, ‘Demonstration of long
period grating efficient couplings with an external medium of a refractive index

higher than that of silica’, Appl. Opt., 37, pp. 7223 - 7228, (1998).

3 B.Y. Lee, Y. Liu, S.B. Lee, S.S. Choi and J.N. Jang, ‘Displacements of the
resonant peaks of a long period fibre grating induced by a change of ambient

refractive index’, Opt. Lett., 23, pp. 1769 — 1771, ( 1997).

4 L.R. Chen, ‘Tunable phase shifted long period gratings by refractive index
shifting’, Canadian Conf. on Electrical and Computer Eng. 1, pp. 453 — 457,
(2001).

5 X. Shu and D. Huang, ‘Highly sensitive chemical sensor based on the
measurement of the separation of dual resonant peaks in a 100um period fibre

grating’, Opt. Comms., 171, pp. 65 — 69, (1999).

6 R.P. Espandola, R.S. Windeler, A.A. Abramov, B.J. Eggleton, T.A. Strasser and
D.J. DiGiovanni, ‘External refractive index insensitive air clad long period fibre

grating’, Electron. Lett., 35, pp. 327 — 328, (1999).
7 K.S. Chiang, Y. Liu, M.N. Ng and X. Dong, ‘Analysis of etched long period fibre

gratings and its response to external refractive index’, Electron. Lett., 36, pp. 966
- 967, (2000).

224



Chapter 6 Novel long period grating based sensor applications

10

11

12

13

14

15

X. Shu, X. Zhu, S. Jiang, W. Shi and D. Huang, ‘High sensitivity of dual resonant
peaks of long period fibre gratings to surrounding refractive index changes’,

Electron. Lett., 35, pp. 1580 — 1581, (1999).

B.H. Lee and J. Nishii, ‘Cladding surrounding interface insensitive long period

grating, ‘Electron. Lett., 34, pp. 1129 — 1130, (1998).

R. Falciai, A.G. Miganai and A. Vannini, ‘Long period gratings as solution

concentration sensors’, Sensors and Actuators B, 74, pp. 74 — 77, (2001).

R. Falciai, A.G. Miganai and A. Vannini, ‘Solution concentration measurements
by means of optical fibre long period gratings’, Eurosensors, XII, Optical Sensors

session pp. 339 — 342, (1998).

H.J. Patrick, A.D. Kersey and F. Bucholtz, ‘Analysis of the response of long

period fibre gratings to external index of refraction’, J. Lightwave Technol. Vol.

16, pp. 1606 — 1612, (1998).

T. Allsop, L. Zhang and 1. Bennion, ‘Detection of organic aromatic compounds in
paraffin by a long period grating optical sensor with optimised sensitivity’, Opt.

Comms., 191, pp. 181 — 190, (20001).

K. Zhou, H. Liu and X. Hu, ‘Tuning the resonant wavelength of long period fibre
gratings by etching the fibre’s cladding’, Opt. Comms., 197, pp. 295 — 299,
(2001).

S. Yin, O. Leonov, K.W. Chung, P. Kurtz, K. Richard, H. liu and Q. Zhang,
‘Wavelength tuning range enhanced single resonant band fibre filter using a long

period grating with ultra thin cladding’, Optical Fibre Communications

Conference, pp. 23 25, (2000).

225



Chapter 6 Novel long period grating based sensor applications

16

17

18

19

20

21

22

23

B.W. Northway, N.H. Hancock and T. Cong-Tran, ‘Liquid level sensors using
thin walled cylinders vibrating in circumferential modes’, Meas. Sci. Technol., 6,

pp. 85 - 93, (1995).

F.N. Toth, G.C.M. Meijer, and M. van-der-Lee, ‘A new capacitive precision
liquid level sensor’, IEEE, Proc. of Conf. on Precision Electromagnetic
Measurements, June 1996, Braunschweig, Germany, WEIB-5, pp. 356 — 357,
(1996).

K. Spenner, M.D. Singh, H. Schulte and H.J. Boehnel, ‘Experimental
investigations on fibre optic liquid level sensors and refractometers’, IEEE,
Proceedings of the 1** International Conference on Optical Fibre Sensors, London,

pp. 96-99, (1983).
D.A. Jackson, ‘High precision remote liquid level measurement using a
combination of optical radar and optical fibres,” IEEE, Proceedings of the 1%

International Conference on Optical Fibre Sensors, London, pp. 100-103, (1983).

M. Belkerdid and N. Ghandeharioum, ‘Fibre optic fluid level sensor’, in Fibre
Optic and Laser Sensors I, Proc. SPIE , 566, pp. 153-158, (1985).

K. Iwamoto and I. Kamata, ‘Liquid level sensor with optical fibres’, Appl. Opt.,
31, pp. 51- 54, (1992).

A. Wang, M.F. Gunber, K.A. Murphy and R.O. Claus, ‘Fibre optic liquid level
sensor’, Sensors and Actuators A, 35, pp. 161- 164, (1992).

P. Raatikainen, I. Kassamakov, R. Kakankov and M. Luukkala, ‘Fibre optic liquid
level sensor’, Sensors and Actuators, A, 35, pp. 93 — 97, (1997).

226



Chapter 6 Novel long period grating based sensor applications

24

25

26

27

28

29

30

31

J.D. Weiss, ‘Fluorescent optical liquid level sensor’, Opt. Eng., 39, pp. 2198 —
2213, (2000).

C.C. Ye, S.W. James and R.P. Tatam, ‘Long period fibre gratings for
simultaneous temperature and bend sensing’, Opt. Lett., 25, pp. 1007 - 1009,
(2000).

Data sheets for liquid of RI 1.456, from the ‘A’ series of RI liquids, supplied by
Cargille.

V. Bhatia, D.K. Cambell, D. Sherr, T.G. D’Alberto, N.A. Zabaronick, G.A. Ten
Eyck, K.A. Murphy and R.O. Claus, ‘Temperature insensitive and strain

insensitive long period grating sensors for smart structures’, Opt. Eng., 36, pp.

1872 — 1876 (1997).

V. Bhatia, ‘Properties and sensing applications of long period gratings’, PhD.
Thesis, Virginia Polytechnic and State University, Blacksburg, Virginia, 1996.

J. Rayss, W.M. Podkoscielny, A. A. Gorgol, J. Widomski and J. Ryczkowski,
“The properties of polymer protective coatings of optical fibres: 1I The influence

of curing time adhesion of UV curable coatings to fused silica surface’, Applied

Polymer Sci. 57, pp. 1119-1125, (1995).

S. Yin, K-W. Chung and X. Zhu, ‘A novel all optic tuneable LPG using a unique
double cladding layer’, Opt. Comm., 196, pp. 181-186, (2001).

A.A. Abramov, B.J. Eggleton, J.A. Rogers, R.P. Espindola, A. Hale, R.S.

Windeler and T.A. Strasser, ‘Electrically tunable efficient broad band fibre filter’,
IEEE, Photon. Technol. Lett., 11, pp. 445-447, (1999).

227



Chapter 6 Novel long period grating based sensor applications

32

33

34

35

36

37

38

40

S. Magne, S. Rougeault, M. Viela and P. Ferdinand, ‘State of strain evaluation
with fibre Bragg grating-rosettes: Application to discrimination between strain

and temperature effects in fibre sensors’, Appl. Opt., 36, pp. 9437 — 9447, (1997).

V. Bhatia and A.M. Vengsarkar, ‘Optical fibre long period grating sensors’, Opt.
Lett., 21, pp. 692 — 694, (1996).

E.M. Dianov, A.S. Kurkov, O.I. Medvedkov, S.A. Vasiliev, ‘Photo induced long
period gratings as a promising sensor element’, Proc. of Eurosensors X, The 10
European Conf. on Solid State transducers, Leuven, Belgium, PS5, pp. 126 - 128,
(1996).

X. Shu, T. Allsop, B. Gwandu, L. Zhang and I. Bennion, ‘High temperature
sensitivity of long period gratings in B-Ge co-doped fibre’, IEEE - Photon.
Technol. Lett., 13, pp. 818 — 820, (2001).

M.N. Ng, K.S. Chiang, ‘Thermal effects on the transmission spectra of long
period fibre gratings, Opt. Comm. 208, pp. 321-327, (2002).

Y. G. Han, C.S. Kim, K.Oh, U.C. Paek and Y. Chung, ‘Performance enhancement
of strain and temperature sensors using long period fibre grating’, Proc. 13™ OFS

Conf., SPIE, Vol. 3746, Tu2-7, pp. 58-61, Kyongju, Korea, (1999).

A.A. Abramov, A. Hale, R.S. Windeler and T.A. Strasser, ‘Widely tunable long
period fibre gratings’, Electron. Lett., 35, pp. 81- 82, (1999).

C.G. Atherton, A.L. Steele, and J.E. Hoad, ‘Resonance conditions of long period
gratings in temperature sensitive polymer ring optical fibre,” IEEE - Photon.

Technol. Lett., 12, pp. 65-67, (2000).

Data sheets for liquids of RI 1.460 and 1.462 from the ‘A’ series of RI liquids
supplied by Cargille.

228



Chapter 6 Novel long period grating based sensor applications

41

42

43

44

45

46

47

R. O. Claus, K. A. Murphy, M. S. Miller, B. R. Fogg and M. F. Gunther,
‘Sense-able structure’ in IEEE, Optical fibre sensors for smart materials and

structures, pp. 548 — 550, (1992).

M. J. O’Dwyer, ‘Implementation and Appraisal of an In-Fibre Bragg Grating
Quasi-Distributed Health and Usage Monitoring System with Applications to
Advanced Materials’, Chapter 5, Ph.D. Thesis, Cranfield University, (2000).

M. J. O’'Dwyer, G.M. Maistros, S.W. James, R.P. Tatam and LK. Partridge,
‘Relating the state of cure to the real time internal strain development in a curing

composite using in-fibre Bragg gratinggs and dielectric sensors’, Meas. Sci.

Technol., 9, pp. 1153-1158, (1998).

E. Chailleux, M. Silvia, N. Jaffrezic-Renault, Y. Jayet, A. Maazouz, G. Seytre and
I. Kasik, ‘Process monitoring of composites using multidetection techniques’,
Non-destructive Evaluation of Materials and Composites V, Proceedings of SPIE,

4336, pp. 204-210, (2001).

J.P. Dunkers, J. L. Lehart, S. R. Kueh, J.H. van Zanten, S.G. Advani and R.S.
Parnas, ‘Fibre optic flow and cure sensing for liquid composite molding’, Optics

and Lasers in Eng., 35, pp. 91-104, (2000).

C.C. Ye, C. Wei, S.Khalig, S.W. James, P.E. Irving and R.P. Tatam, ‘Bend
sensing in structures using long period fibre gratings’, 5™ Buropean Conf. on
Smart structures and materials, Proc. SPIE, 4073, pp. 311-315, Glasgow (U.K.),
(2000).

W. Stark, J. Doring, V. Bovtun, Ch. Kiirten, Proc. ECNDT °98, session:

‘Monitoring of curing reaction of polycondensating thermosets at press and

injection mouldings’, 3, pp. 185 — 191, (1998).

229



Chapter 6 Novel long period grating based sensor applications

48

49

50

51

52

53

54

55

M.A. Afromowitz and K.Y. Lam, ‘The optical properties of curing epoxies and
applications to the fibre optic epoxy cure sensor’, Sensors and Actuators A, 21-23,

pp. 1107 — 1110, (1990).

M.A. Afromowitz, ‘Fibre optic polymer cure sensor’, J. Lightwave Technol., 6,

pp. 1591-1594, (1988).

K.Y. Lam and M.A. Afromowitz, ‘Fibre optic epoxy composite cure sensor,
dependence of refractive index of an autocatalyic reaction epoxy system at 850nm

on temperature and extent of cure’, Appl. Opt., 34, pp. 5635-5638, (1995).

C.]. DeBakker, N.A. St. John and G.A. George, ‘Simultaneous differential
scanning calorimetery and near-infrared analysis of the curing of tetragleidyl-
diminodiphenylmethane with diainodiphenylsulphone’, Ploymer, 34, pp. 716-725,
(1993).

S.R. White, P.T. Mather and M.J. Smith, ‘Characterisation of the cure-state of
DGEBA-DDS epoxy using Ultrasound, Dynamic Mechanical and thermal
probes’, Polymer Eng. and Science, 42, pp. 51- 67, (2002).

B. Chabert, G. Lachenal and C. V. Tung, ‘Epoxy resins and epoxy blends studied
by near-infrared spectroscopy’, Macromolecular Symposia, 94, pp. 145-158,
(1995).

D.J. Dare and D.L. Chadwick, ‘A low resolution pulsed nuclear magnetic
resonance study of an epoxy during cure’, Inter. J. of Adhesion and Adhesives, 6,

pp. 155-163, (1996).

W. Dong, M. Kubouchi, S. Yamamoto, H. Sembokuya, K. Arai and K. Tsuda,
‘Decomposition mechanism of epoxy resin in nitric acid for recycling’, Procc.
EcoDesign 2001, 2" International Symposium on Environmentally Conscious

Design and Inverse Manufacturing, pp. 980-985, (2001).

230



Chapter 6 Novel long period grating based sensor applications

56

57

58

59

60

61

62

63

64

Internet article by Dutch company, ‘Know how for in-situ cure monitoring of

epoxy resin types’,

S. Wu, S. Gedeon and R.A. Fouracre, ‘The measurement and modelling of
dielectric response of molecules during curing of epoxy resin’, IEEE, Trans. On

Electrical Insulation,. 23, pp. 409-417, (1988).

D.J. O’Brien, P.T. Mather and S. R. white, ‘Viscoelastic properties of an epoxy
resin during cure’, J. of Composite Mater. pp. 883-904, (2001).

Li Li, C. Lizzul, H. Kim, I. Sacolick and J. E. Morris, ‘Electrical, structural and
processing properties of electrically conductive adhesives’, IEEE, Trans. On
Components, Hybrids and Manufacturing Technol.,. 16, pp. 843-851,

(1993).

K.T.V. Grattan and B.T. Meggitt, ‘Optical fibre sensor technology: Applications
and systems’, Volume 3, Kluwer Academic Publishers 1999, Chapter 3, pp. 57-
86.

Private Communication with Dr. Ivana Partridge, Cranfield University, also at

www.cranfield.ac.uk/sims/materials/polvmers/cure monitoring.

N. Hager IIT and R. Domszy, ‘Time-domain reflectrometry cure monitoring’, of

Material sensing and Instrumentation, at www.msi-sensing.com.

P.A. Crosby, C. Doyle, C. Tuck, M.Singh and G.F. Fernando, ‘Multifunctional
fibre optic sensors for cure and temperature monitoring’, Smart Structures and

Materials 1999, Proc. SPIE, 3670, pp. 144 - 153, (1999).
J.R. Dunphy, G. Meltz, F.P. Lamn and W.W. Morey, ‘Multifunction, distributed

optical fibre sensor for composite cure and response monitoring’, Fibre optic

Smart Structures and Skins III, Proc. SPIE, 1370, pp. 116 - 118, (1990).

231



Chapter 6 Novel long period grating based sensor applications

65

66

67

68

69

70

71

72

V.M. Murukeshan, P.Y. Chan, L.S. Ong and L.K. Seah, ‘Cure monitoring of
smart composites using fibre Bragg grating based embedded sensors’, Sensors and

Actuators, A, 79, pp. 153 - 161, (2000).

V. Dewynter-Marty and P. Ferdinand, ‘Embedded fibre Bragg grating sensors for
industrail composite cure monitoring’, J. Intell. Mater. Sys. Struct., 9, pp. 785 -

787, (1998).

T. Liu, G.F. Fernando, Y. Rao, D.A. Jackson, L. Zhang and I. Bennion, ‘A
multiplexed optical fibre based extrinsic Fabry Perot sensor system for in-situ

strain monitoring in composites’, J. Smart Mater. Struct., 7, pp. 550 - 554, (1998).

B. Degamber and G.F. Fernando, ‘Process monitoring of fibre reinforced polymer

composites’, MRS Bulletin, pp. 370 — 380, (2002).

C. Doyle, A. Martin, T. Liu, M. Wu, S. Hayes, P.A. Crosby, G.R. Powell, D.
Brooks and G.F. Fernando, ‘In-situ process and condition monitoring of advanced
fibre reinforced composite materials using optical fibre sensors’ Smart Mater.

Struct., 7, pp. 145 — 158, (1998).

B. Zimmermann, M. DeVries and R. Claus, ‘Composite cure monitoring using
optical fibre sensors’, Conf. on Optical Fibre Sensor-Based Smart Materials and

Structures, Blacksburg, VA. pp. 182-187, April 1991.
G.A. George, P. Cole-Clarke, N. St. John and G. Friend, ‘ Real-time monitoring
of the cure reaction of a TGDDM/DDS epoxy resin using fibre optic FT-IR’,

Polymer, 42, pp. 643-657, (1998).

B.P. Rice, ‘Composite cure monitoring with a tool-mounted UV-VIS-NIR fibre
optic sensor’, 39" Int. SAMPE Symp., pp. 893-904, (1994).

232



Chapter 6 Novel long period grating based sensor applications

73

74

75

76

77

78

79

80

G.R. Powell, P.A. Crosby, D.N. Waters, C.M. France, R.C. Spooncer and G.F.
Fernando, ‘In-situ cure monitoring using optical fibre sensors — a compartaive

study’, Smart Mater. Struct., 7, pp. 557 — 568, (1998).

R.E. Lyon, K.E. Chike and S.M. Angel, ‘In-situ cure monitoringof epoxy resins
using fibre optic Raman spectroscopy’, J. Applied Polym. Sci. and Eng., 33, pp.
1805-1812, (1994).

C.M. Stellman, JF. Aust and M.L. Myrick, ‘Remote cure monitoring of
polymeric resins by laser Raman spectroscopy’, Proc. 38" Intl. SAMPE
Symposium, pp. 427 — 430, (1993).

J.F. Aust, K.S. Booksh, A.R. Muroski, M.P. Nelson and M.L. Myrick, ‘Novel in-
situ probe for polymer curing’, Appl. Spectroscopy, 49, pp. 392-394 (1995).

J.F. Aust, K.S. Booksh, C.M. Stellman, R.S. Parnas and M.L. Myrick, ‘Precise
determination of percent cure of epoxide polymers and composites via fibre optic

Raman spectroscopy and multivariate analysis’, Appl. Spectroscopy, 51, pp. 247-
252, (1997).

H-J Paik and N.H. Sung, ‘Fibre optic intrinsic fluorescence for in-situ cure
monitoring of amine cured epoxy and composites’, Polym. Eng. Sci., 35, pp.

1025-1028, (1994).

D.L. Woerdman, J.K. Spoerre, K.M. Flynn, R.S. Parnas, ‘Cure monitoring of the
liquid composite moulding process using fibre optic sensors’, Polym. Comp., 18,

pp. 133-137, (1997).

W. Dang and N.H. Sung, ‘In-situ cure monitoring of diamine cured epoxy by fibre
optic fluorimetery using extrinsic reactive fluorophone’, Polym. Eng. Sci., Vol.

34, pp. 709-711, (1994).

233



Chapter 6 Novel long period grating based sensor applications

81

82

83

84

85

86

87

88

A. Fuchs and N.H. Sung, ‘Composite interphase study by evanescent wave fibre
optic fluorescence’, ANTEC Conf. Proc. pp. 2347-2349, Boston, MA, (1995).

R.O. Loutfy ‘Fluorescence probes for polymerisation reactions: Bulk
polyermerisation of styrene, n-butyl, methacrylate, etheyl methacrylate and ethyl
acrylate’, J. Polymer Sci.,: Polymer Physics Ed., 20, pp. 825, (1982).

M.M. Ohm, A. Davis, K. Liu and RM. Measures, ‘Embedded fibre optic
detection of ultrasound and its application to cure monitoring’, SPIE, Fibre Optic

Smart and Structures and Skins V, 1798, pp. 134-143, (1992).

R.M. Kent, ‘Fibre ultrasonics for health monitoring of composites’, The 19
Digital Avionics Systems Conferences, 2000, Procc. DASC pp. 6D3/1-6D3/6,
(2000).

B. Mitra and D.J. Booth, ‘Remote cure monitoring of epoxy materials using

optical techniques’, Ultrasonics, 35, pp. 569 -572, (1998).

LY. Chen, S.V. Hoa, CK. Jen and H. Wang, ‘Fibre optic and ultrasonic
measurements for in-situ cure monitoring of graphite epoxy composites’, J.

Compos. Mater., Vol. 33, pp. 1860 -1881, (1999).

R.J. Freemantle and R.E. Challis, ‘Combined compresion and shear wave
ultrasonic measurements on curing adhesive’, Meas. Sci. Technol. 9, pp. 1291-

1302, (1998).

M. Matsukawa and I. Nagai, ‘Ultrasonic characterisation of a polymer epoxy resin
with imbalanced stoichiometry’, J. Acoust. Soc. Am., 99, pp. 2110 — 2115,
(1996).

234



Chapter 6 Novel long period grating based sensor applications

89

90

91

92

93

94

95

96

97

José Miguel Lopez-Higuera, ‘Handbook of Optical Fibre Sensing Technology’,

Wiley, USA, (2002).

R.G. May, J.M. Sanderson and R.O. Claus, ‘Combined fibre optic strain sensor
and composite cure monitor for smart structure applications’, Proc. SPIE, 2191,

pp. 46-57, (1994).

C. Ganesh, P.J. Steele, H. Zhang, D. Mishra and J. Jones, ‘Predicting degree of
cure of epoxy resins with fibre optic sensors and artificial networks’, 39™ Intl.

SAMPE Symposium, pp. 883-892, (1994).

G. Fawcett, W. Johnstone and W.LK. Yim, ‘Design and experimental
optimisation of an evanescent field fibre optic refractometer’, Conf. on Lasers and

Electro-optics, Amsterdam, pp. 372-373, (1994).

R.O. Claus, K.D. Bennett, A.M. Vengsarkar, K.A. Murphy, ‘Embedded optical
fibre sensors for material evaluation’, J. Non-Destructive Evaluation, 8, pp. 135-
145, (1989).

S.R.M. Kueh and S.G. Advain, ‘Long period grating as a flow sensor for resin
transfer moulding’, Non-destructive Evaluation of Materials and Composites IV,
Proc. SPIE, 3993, pp. 204-210, (2000).

Data Sheet for EPO-TEK OG 125. Promatech 1.td.

Private communication with fibre supplier, Fibrecore Ltd.

G.F. Fernando, T. Liu, P. Crosby, A. Martin, D. Brooks, B. Ralph and R.
Badcock, ‘A multi-purpose optical fibre sensor design for fibre reinforced

composite materials’, Meas. Sci. Technol., 8, pp. 1065-1079, (1997).

235



Chapter 6 Novel long period grating based sensor applications

98 X. Shu, B. Gwandu, Y. Liu, L. Zhang and I. Bennion, ‘Sampled fibre Bragg
grating for simultaneous refractive index and temperature measurement’, Opt.

Lett., 26, pp. 774 — 776, (2001).

236



Chapter 7 Conclusions and future research

Chapter 7 Conclusions and future research

This final chapter presents a synopsis of the study on long period grating, LPG,

sensors and proposes directions for future investigations in this field.
7.4 Summary of the study on fibre optic iong period gratings

In Chapter 6 the partial immersion of a 40mm long LPG in a liquid created two
LPGs, one surrounded by air and the other by the liquid. The length of each LPG was
dependent upon the liquid level. This acted to split the attenuation bands into two these
were located at the wavelengths corresponding to the coupling conditions for the LPG
surrounded by the liquid and by air. The minimum transmission values of the two
attenuation bands were dependent on the length of each LPG. Measurement of the
relative extinction of the bands facilitated the determination of the liquid level. Plotting
the relative changes in the extinction of the attenuation bands showed a linear response
over 60% of the length of the LPG. LPG’s possess a large temperature sensitivity. The
RI of the liquid also showed a temperature sensitivity by exhibiting a change in the
coupling wavelengths. The central wavelengths then provide a measurement of the
temperature and the RI, while the extinction gave a measure of the liquid level. The
sensor is currently limited to use with liquids that have a RI of between 1.400 and

1.456, but this may be modified by use of a fibre with a different RI.

A method for enhancing the temperature sensitivity of a LPG was also presented
in chapter 6. A LPG was immersed in oil with a high negative thermo-optic coefficient.
The LPG’s inherent temperature sensitivity and its response to temperature induced
changes in the oil’s RI were exploited. Once the RI of the oil was < that of the cladding
of the fibre, the central wavelengths of the attenuation bands responded to the change in
RI. Each attenuation band demonstrated a different temperature sensitivity. For
attenuation band 6 a very high temperature sensitivity of up to 19.2nm/°C over a range
of 1.1°C was achieved. The temperature range for each attenuation band was different.

The depths of the attenuation bands also responded to the temperature induced change
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in the RI of the oil. A temperature sensitivity of up to 14.8%/°C over a temperature
range of 2.0°C was shown by attenuation band 5. The temperature range was again
different for each attenuation band, therefore by monitoring a number of attenuation
bands in the spectrum of a single LPG allows measurements to be performed over
different temperature ranges. The operating temperature and the sensitivity are
determined by the properties of the surrounding oil, thus allowing optimisation of the

sensor for a given application.

The transmission spectrum of a LPG embedded into an epoxy resin was
demonstrated to respond to the RI changes that occur during the cure cycle of the resin.
The central wavelengths and the minimum transmission values of the attenuation bands
responded as expected from the characterisation experiments. However, the
demonstrated technique did not utilise the optimum fibre and epoxy combination as the
RI of the cured epoxy was greater than that of the fibre’s cladding. Ideally, the
maximum wavelength shift of the attenuation band would indicate the RI of the cured
epoxy. This could be achieved by lowering the RI of the cured epoxy using a blend of
epoxies or by using a fibre with a cladding of higher RI. The experiment is nevertheless
a useful first attempt. Since, the demonstrated technique is sensitive to the state of cure
it could be used within the body of large composite structures undergoing a curing
process. It is further expected that the sensor may be left in the final product without
detrimental effects to the eventual application and be used for the monitoring of other

parameters such as temperature, strain and bending.

LPGs are versatile devices that can be used for a number of sensing applications.
Large shifts in the central wavelength of a LPG’s attenuation bands are induced by
changes in the surrounding temperature, strain and RI. A bend is seen to divide the
attenuation bands into two. The separation of the divided bands is observed to increase
for bends with increasing radius of curvatures. LPGs greatest advantage is their
potential for implementation with simple demodulation schemes. The amplitude mask
based fabrication techniques allows batches of LPGs to be economically produced, an
inexpensive system with low cost sensors and signal processing will make them more

attractive to the end user. The versatility of LPGs can be employed in many different
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applications, for example a temperature insensitive LPG could be used as a strain
sensor. A LPG based RI sensor may be implemented without the need for etching the
cladding. LPGs can be adapted for multi-parameter sensing for example, simultaneously
measuring temperature and bend, temperature and strain and temperature, RI as well as
liquid level. The multiple attenuation bands in a LPG’s transmission spectrum can be
used to distinguish between the effects of two or more changes acting on the same
system. The limiting effects of cross-sensitivities and non-linearities can be overcome

by designing special fibres or by fabricating LPGs with specific periodicities.

LPGs offer a number of advantages over conventional sensors, however, they
also possess certain drawbacks which need to be addressed before a successful sensing
system can be made commercially viable. One of the drawbacks is the bend sensitivity
of LPGs, which is of major concern in applications such as the sensing of strain and
during the measurements of the three demonstrated sensors. The LPG is expected to
remain taut over the duration of the measurements. For other applications such as Rl
sensors, where constant access to the fibre cladding is required, the bend sensitivity may
be a major limiting factor. The large number of attenuation bands also limits the number

of LPGs that can be multiplexed using a broadband source.

7.2 Future research

A number of areas of future research have arisen from the experimental work
and the review of LPGs as sensors in this thesis, the most significant of which are now

outlined.

Where the LPG’s sensitivity to bend is a problem it may be addressed by
modifying the properties of the host fibre or by using grating periods that couple to
lower order cladding modes [1]. However, the sensitivity to bend and to bend with
respect to the orientation of the UV exposed face of the LPG can be used to devise a
sensor from which the magnitude and direction of bend can be determined. The
sensitivity of the LPG to the RI of the medium surrounding it has in the main
concentrated on immersion into bulk RI liquids, however, it has been shown that the

LPG responds to partial immersion in RI liquid [2] and to the thickness of the overlay
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on its cladding [3]. If a film of the appropriate thickness is laid onto the surface of the
cladding, then a small RI change could induce a large wavelength shift, this offers the
possibility of developing a highly sensitive sensor, or if the overlay material is electro-

optic then a voltage controlled optical modulator could be produced [3].

The monitoring of the RI changes in a curing epoxy resin has been demonstrated
in this thesis. It has opened the door into the realm of possibilities by which the state of
cure of an epoxy resin could be determined from its RI. Investigations into using LPGs
with complementary technology such as dielectric sensors could provide collaborating

information on particular points in the cure, such as gelation.

Composite materials have the potential to find widespread use across a range of
industries, including the civil and military aviation industries, the civil engineering
industries and the automotive industries [4, 5, 6]. The final mechanical properties of
composite materials result from the complex variety of chemical and rheological events
that occur during the curing cycle. An important issue is the development of residual
strain in curing composite coupons [5]. The final strain in the composite coupons results
possibly from the onset of liquification, gelation, and vitrification of the matrix resin
within the composite coupons [5]. The net shrinkage of the cured resin has lead to the
warping of the coupons [7]. In order to optimise the properties of the material, improve
product yield, and reduce processing costs, adequate process monitoring must be
implemented. LPGs could be used in conjunction with IFBGs sensors as integral parts
of the composite coupons. These in-situ sensors could then be used to provide
information during the fabrication of the composite coupons thus allowing processing
decisions to be taken in light of the real-time analysis of cure parameters like
temperature, pressure, resin viscosity, resin position, resin gelation-point, degree of
cure, presence of moisture, and the types of polymerisations occurring within the
composite. Consequently, the cure cycle can be tailored to produce desired properties in
the material being processed. For example, in-situ sensors might be used to detect when
the resin has achieved minimum viscosity so that the perfect time for injecting into a
mould can be determined. Thus, in-situ sensors can lift materials processing from the
realm of a trial and error procedure to a more scientific operation. Once the coupons are

in use the combination of sensors could be used to provide ‘in use’ data, such as
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variations in temperature, bending, moisture content, strain and for the detection of any

impact that the structure may suffer.
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