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Abstract

The principle objective of the work presented in this thesis is to investigate and
demonstrate the possibility of utilising the inherent properties of long-period gratings
(LPGs) to detect the existence and concentration of a given gas in the region
immediately surrounding the fibre cladding. The principle and the viability of using
LPGs for sensor applications is supported by the preliminary results reported here.
However, the sensitivity of the sensor requires further improvement before it can in

any way challenge the existing sensors in this field.

The operational characteristics and limitations of existing optical sensors are reviewed
and the advantages of a LPG based optical sensor highlighted. = Thorough
explanations of the theory and principles of light propagation, mode formation, and

mode coupling in optical fibres are presented.

Computer simulations predicting the optical effects due to changes in ambient indices
from theoretical conditions are successfully derived, confirming the results obtained

by experimental investigation.

Various established coating methods are investigated and utilised in the application of
optically sensitive compounds adsorbed onto the cladding with different levels of
success, the poly-electrolyte self assembly (PESA) and evaporation methods proving
most suitable. A novel method of monitoring the build up of PESA layers in-situ

using surface plasmon resonance (SPR) methods is introduced.
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~ The coating chemicals used in this investigation showed some optical sensitivity at
the optimum wavelengths used in optical fibres to the various gases being monitored,
in most cases causing a detectable change in the optical characteristics of the modes in

the LPG.

This study has shown the possibility of using a suitably prepared LPG as a gas sensor.
The LPG is coated with a chemical whose refractive index is changed by absorption
of a given gas and thus the change in the coupling wavelengths being caused by the
existence of the gas. Maximum shifts in coupling wavelength of +1.5 nm for

relatively high gas concentrations are observed.
The possibility of using a coating material which absorbs water, or surrounding the
LPG with a suitable liquid is also demonstrated, the refractive index of the coating or

liquid and thus the coupling wavelength shift being affected by the reaction of the gas.

The possibility of using a single temperature immune LPG for ambient index sensing

by observing different coupling wavelengths in the same grating is also reported.
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Glossary of Abbreviations

CCD
Chromo 1
CuPc (C(CHs))s
CuPc (SO3Na'),
EELED
EMI
FBG

LB

LED

LP

LPG

N>

NO;
OSA
PESA
PAA

PPI

PPS

SPR

TE

TIR

™

uv

Charged coupled device
Cyclo-tetrachromotropylene
Copperllphthalocyanine-tetra-tert-butyl
Copperllphthalocyanine-tetra-sulphuric-sodium salt
Edge emitting light emitting diode
Electro-magnetic interference
Fibre Bragg grating
Langmuir-Blodgett

Light emitting diode

Linearly polarised

Long period grating

Nitrogen

Nitrogen Dioxide

Optical spectrum analyser
Polyelectrolyte self-assembly
Poly-alylamine hydrochloride
Planar polarized interferometer
Poly-phenylsulphide

Surface plasmon resonance
Transverse electric

Total internal reflection
Transverse magnetic

Ultra-violet
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Glossary of Symbols

B
D

dp

Nefy

N

R.(v)

Magnetic induction

Electric displacement

Penetration depth of evanescent field
Electric field

Frequency

m™ order modified Bessel function of the second kind

m™ order Bessel function of the first kind

First derivative (wrt radius) of the m™ order Bessel function of the first
kind

Wave number

m™ order modified Bessel function of the first kind
First derivative (wrt radius) of the m™ order modified Bessel function

of the first kind

Radial mode number

Grating length

Azimuthal mode number

Refractive index

Effective refractive index

m™ order Bessel function of the second kind
Reflectance

Radial field function

Radius

Transmittance
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t Time

u Normalised transverse phase constant (normalised propagation
constant) in the guiding medium

w Normalised transverse attenuation constant (normalised propagation

constant) in the surrounding medium

B Propagation constant

5 Transverse propagation constant

ONeore Difference in refractive indices of core and grating
& Free space permittivity

1) Phase shift

K Coupling coefficient

A Grating period

A Wavelength

ABRAGG Coupling wavelength in FBG

Acup LPG coupling wavelength

Mo Free space permeability

[ Incident angle at the refractive index boundary of the guiding médium
0. Critical angle

p Reflection coefficient

Pe Current density

T Transmission coefficient

w Angular frequency

¥ Total electric field of a 2 wave guide coupler

v Wave displacement of electric field vector
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Chapter 1

Introduction

1.1 Importance and Relevance of Gas Sensors

There are many industrial and commercial situations where it is important to be aware
of the presence and concentration of various gases. These situations may include
emissions of waste gases into the atmosphere, human exposure to ambient gases or
fumes in industrial, commercial or public environments, or the build up of gases in
potentially volatile environments. Detection of the types and concentrations of these
various_gases will allow the control of emission rate and safe working conditions or
exposure limits to be determined and implemented. Gas sensing is currently
performed using electrical and/or optical techniques, which offer limited accuracy and

reliability.



1.2 Limitations of Electronics Based Gas
Sensors

Existing electrical sensors are sensitive to electro-magnetic interference from
electrical or magnetic equipment in the vicinity of the sensor or the cables carrying
the information to the processing mechanism. This interference may swamp the low
level signal detected by the sensor-receiver. The electrical connections may also be
close to the sensing head, which would be undesirable in a potentially volatile

environment.

1.3 Limitations of Existing Optical Based Gas
Sensors

Optical Sensors are inherently immune to electro-magnetic interference and can
therefore be used more effectively in such environments. Optical sensors which rely
on variations in the intensity of the input signal can be affected by fluctuations in the
light source due to internal or external conditions. For accurate intensity detection it
is therefore imperative to employ a high stability light source with compensating
equipment for ambient variations. The most effective optical methods of gas
detection include interferometric devices or optical fibres, as in fibre Bragg gratings
(FBGs). These optical methods do not rely on intensity of the signal from the

detector, but use a more reliable and accurate measurement of wavelength shift. While



the optical signal can be transported far away from any volatile environment before
any electrical connections are made, the interferometric devices require intricate
positioning of the optical components, whilst the optical fibre devices may require
accurate modifications to the cladding, which reduce the strength and integrity of the

fibre.

1.4 Advantages of using Long Period Gratings
as Gas Sensors

The spectral response of a long period grating (LPG) is dependant among other
considerations on the medium surrounding the cladding and thus overcomes the
problems associated with the previously mentioned types of sensors, requiring no
electrical connections anywhere near the sensing environment or any intricate
positioning or modifications to the cladding. To use an LPG as a gas sensor therefore
requires only that the refractive index of the medium around the cladding change
adequately in the presence of a given gas. This refractive index change may be
caused by coating the cladding with a chemical whose refractive index will change on
contact with that gas. Research into the possibilities of the LPG as such a sensor is

the subject of this thesis.



1.5 Research Objectives

The fundamental objlective of the work presented in this thesis is to investigate the
suitability of utilising a suitably adapted long period grating for use as a gas sensor,
which can overcome the inherent problems of existing gas sensors whilst providing
equal or improved levels of reliability, accuracy and sensitivity. In order to achieve

this, the following objectives have been identified:

e Review existing extrinsic and intrinsic fibre sensors, the production of fibre
gratings, and the operational characteristics of fibre Bragg gratings and long

period gratings.

e Review the equations and computer programs used to simulate light

propagation, the formation of modes, and mode coupling in optical fibres.

« Review the existing optical detection techniques and the suitability of each for

processing the optical signals received from the sensor.

e To gain a thorough understanding of the characteristics of light propagation
within an optical wave guide, mode formation , classification and coupling in
optical fibres, including derivation and applications of the relevant equations

and theories.



e To create computer simulation programs to predict the light propagation,
mode formation and mode coupling in optical fibres and long period gratings,

with which to compare the experimental findings.

e To investigate existing methods of thin film coating procedures and optically

sensitive compounds and the suitability of each for coating the fibre cladding.

e To gain experience, confidence and proficiency in handling, cleaving, coating,

illuminating, and working with optical fibres.

e To experimentally confirm and reproduce existing theory and reported results

in long period grating applications.

e To experimentally investigate the viability of using a suitably coated long
period grating as a gas sensor and the possibility of inherent temperature

compensation.

1.6 Order of Thesis Presentation

This thesis is divided into eight chapters beginning with an introduction in Chapter 1.



Chapter 2 is a literature review which details the history and development of optical
fibre technology, from uses as merely a light guiding medium to the concepts of stand
alone sensors such as interferometry, fibre Bragg gratings (FBGs), and long period
gratings (LPGs). This chapter also discusses existing techniques available to process
the optical signals into electronic information for storage or visual display, and the

progress of computer simulation in this field.

Chapter 3 explains the theoretical aspects of optical fibre technology, from the
conditions required for simple light guidance, through the derivation of equations
describing the properties of the various guided modes, to the operational

characteristics of the LPGs.

Chapter 4 describes the computer programs written as part of this investigation to
simulate and compare to the results obtained by experiment, utilising the formulae

derived in the previous chapter.

Chapter 5 explains various chemical coating procedures and the methods used to

investigate the feasibility of these procedures for the coating of the fibre cladding.

Chapter 6 describes the experimental section of the investigation, drawing
conclusions as to the practical possibility of using a suitably coated LPG as a gas or
temperature sensor, and as a multi parameter sensor with its own integral immunity or

compensation to the effects of the unwanted measurand.

Chapter 7 outlines the major contributions of this thesis and the conclusions reached.



Chapter 8 discusses the direction in which further investigation may be taken, to

possibly allow the long period grating to be ultimately used as a gas sensor.

1.7 Original Contributions

During the course of this work the author has:

1. Gained a thorough understanding of the principles of optical fibres, with special
focus on long period gratings, allowing the application of these principles towards
the investigation into the suitability of using such gratings in the monitoring of

gaseous environments.

2. Derived and modified existing equations describing and predicting the
propagation of light, mode formation and mode coupling in long period gratings,

and the effects of external influences on each.

3. Designed computer simulations to predict, verify, and compare with, the results

obtained experimentally.



4. Determined suitable methods of coating the fibre cladding, including a novel
method of monitoring the build up of in-situ polyelectrolyte self assembly

coatings using surface plasmon resonance techniques.

5. Demonstrated for the first time the principle and the viability of utilising a
suitably prepared LPG for gas sensing applications, the temperature dependence
of the directional shift in coupling wavelength on the grating period, and thus the
possibility of the inherent temperature immunity of this and other types of LPG

SENsors.



Chapter 2

Literature Review
2.1 Introduction

The use of light in communication and sensing mechanisms is growing rapidly due to
the comparatively limitless speed of information transfer and the immunity to most
types of interference. Optical fibres are proving to be a most efficient medium in the

field of optical systems development.

An optical fibre consists of a central cylindrical glass core and a surrounding
cylindrical glass cladding as shown in Figure 2.1, the core being of slightly higher

refractive index than the cladding [1-3].



Cladding

Figure 2.1:  Optical fibre structure

The history of integrated optics began in December 1969 with a paper published in
the Bell Technical Journal [4], discussing the idea of integrated circuits using
photons instead of electrons [5-9]. The designs of today’s optical fibre technology
have differed very little from these original proposals [10]. Since then optical fibre
technology has not only taken over a major share of the communication market, due
mainly to its much greater bandwidth availability, but has also branched out into other
fields such as signal processing [11-16], amplification [17-19], and sensors [20-33] to

name but a few.

Optical fibre is a physical medium and as such is affected by various external
influences such as heat [34-39], stress, [40-45] etc., each of which, to some degree,
will affect the propagation of the light within the fibre. These are undesirable
consequences in communication systems, but can be effectively utilized in sensor
applications [46,47]. Advantages of optical fibre sensors over most conventional

sensors include greater sensitivity, electrical passiveness, wide dynamic range,

10



multiplexing capabilities, small physical size and weight, robust, corrosion resistance,
fast response times and less susceptibility to electro-magnetic interference (EMI) [48-
50]. Both point and distributed configurations and simultaneous sensing of more

than one parameter are possible [51-63].

This chapter is a review of the existing types of sensors which utilise the light guiding
capability and the intrinsic and extrinsic qualities of optical fibres. The inherent
advantages and disadvantages of each type of sensor are highlighted. Section 2.2 is
an overview of the different types of sensors explaining the characteristics of the fibre
which are utilised and the disadvantages for use as a gas sensor inherent to their
design. Section 2.3 describes the history and concept of fibre gratings and production
methods. Section 2.4 briefly explains the theory of fibre Bragg gratings and their uses
and limitations as sensors. Section 2.5 introduces the concept of the long period
grating and its greater suitability over previous types of optical fibre based sensors for
use as a gas/chemical sensor. Section 2.6 discusses suitable methods for capturing
and processing the output signal from a long period grating sensor. Section 2.7 covers
the background and the origins of the equations used in the computer programs

written as part of this research to simulate the actual results obtained experimentally.

11
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easily be adapted to detect changes in gas/chemical concentrations in the region

surrounding the cladding

(iii) Integrated Interferometric Methods [123-125]
These methods involve wave guide interferometers which are permanently integrated
onto a chip, the operational characteristics and limitations being as in extrinsic

interferometric methods.

2.3 Fibre Gratings

The concept of the fibre grating was demonstrated in 1978 by Hill et-al at the
Canadian Communications Research Centre [126,127]. Launching intense blue light
with a wavelength of 488 nm from an Argon ion laser into a germanium doped fibre
core, it was observed that the fraction of the light intensity reflected increased with
time, until virtually all of the light was being reflected. Further investigation led to
the conclusion that the standing wave produced by the fraction of the light reflected
from the end of the fibre had interfered with the forward travelling wave causing
refractive index perturbations at the points of constructive interference in the core
[128]. These refractive index perturbétions themselves also effect fractional
reflections creating further standing waves in phase with the original standing waves
and compounding the effect on the refractive index perturbations, hence the gradual

increase in the reflected fraction of the light towards saturation. These first

17



experiments resulted in the formation of gratings of approximately 90% reflectivity,
but they could only operate at the writing wavelength. The increase in the refractive
index with exposure time led to the discovery of a new non-linear effect in the fibres

now known as photosensitivity [129].

The limitations of the Hill gratings to operational wavelengths at or close to the
writing wavelength were overcome about 10 years later by Meltz et-al [130]. They
demonstrated a method of writing a grating into a fibre core using ultraviolet radiation
at 244 nm, whereby the radiation was made to form a holographic interference pattern
through the cladding, which is essentially transparent to ultra violet radiation, on to
the side of the core which is highly absorbing in the ultra violet. This meant that the
gratings could be written into a core without the need for the removal of the cladding,
and that the period could be controlled by the separation of the interference pattern
maxima. The reflected wavelength was no longer limited to the writing wavelength
but could be made to reflect almost any wavelength, including the longer wavelengths

used in communications and sensors applications at which the transmission windows

are situated [131-140].

Further improvements to the writing method have led to the phase mask technique in
which a length of silica glass, periodically etched using photolithographic techniques
is placed between the UV source and the side of the fibre [141-144]. The resulting
diffraction pattern on the side of the fibre determines the grating period, which can
therefore be controlled by the period and position of the mask and the writing

wavelength. A typical phase mask writing technique is shown in figure 2.7. [145].
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conditions which must be met for a given wavelength (AzragG) to experience

maximum reflection are given by (2.1) [152-154]:

ABraGG =2 negr A eR))
where ngy is the refractive index of the core allowing for the angle of propagation of
the radiation. This equation shows that only wavelengths which have an effective
axial optical path length equal to twice the grating period will experience maximum
reflection. This is because successive reflections will only be in phase if the extra
optical path length travelled between periods is a multiple of whole wavelengths
[155]. As the extra distance travelled will be twice the grating period, then a
wavelength which is equal to twice the period will interfere totally constructively on
reflection and destructively on transmission, effectively disappearing from the
transmission spectrum as the phase imbalance compounds over successive reflections
along the grating length [156]. So far only the reflection properties from successive
periods have been considered. By treating the grating as a diffraction grating rather
than a series of partially reflecting mirrors, the FBG condition can also be explained
by diffraction theory. Thus the effect can be understood and the resulting formula
proved using both theories as will be explained in the theory section. In both cases
the forward propagating mode at which a given wavelength matches the
aforementioned condition is said to couple into a reverse propagating mode at that
wavelength. The fibre Bragg grating can be used in the reflection mode where only
the coupling wavelength is present in the observed spectrum, or in the transmission
mode where the coupling wavelength is absent from the observed spectrum, or both
[151,152,157-159]. if an external measureand, for example temperature or strain,
causes a change in either the grating period, the dimensions of the core, or the

refractive index of the core or cladding, then the coupling wavelength will change
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As shown in figure 2.10, specific wavelengths of the light propagating within the
single mode core are coupled (diffracted) into one or more of the forward propagating

cladding modes according to the LPG coupling formula, (2.2) [166,174-176]:

A = (=1 o A 22)

where the effective refractive indices are quoted as functions of the mode cladding
number ; and coupling wavelength A. On entering the cladding these wavelengths are
attenuated due to further multiple partial reflections at the refractive index boundaries
and imperfections at the cladding / air boundary, resulting in a detectable intensity
loss of the affected wavelengths in the transmission spectrum at the output of the
fibre. The wavelength and intensity of this coupling is determined by the refractive
index of the medium surrounding the cladding [166,174-177]. The refractive index of
the surrounding medium ngmpiens Will only affect the effective refractive index of the
cladding, whilst the core mode for each transmitted wavelength will remain
unaffected. However, in order to escape from the core the wavelengths in the core
mode must couple to a suitable cladding mode [177-179], thus any change in the
cladding modes will cause a different core wavelength to match the coupling
conditions in (2.2) and hence will determine the wavelengths at which core to

cladding coupling will take place [180-183].
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modes are affected to a greater degree by ambient index change [191], generally leads

to utilization of the higher order mode coupling in long period sensors [192].

It has been shown that the coupling wavelengths display greater shifts in the higher
order cladding modes as the ambient index approaches the cladding index, than when
the ambient index is much less than the cladding index [165,193]. When the ambient
index reaches that of the cladding the attenuation of the longer core wavelengths
which couple to the higher order cladding modes is greatly reduced to almost
negligible proportions, (as in this situation there are then no existing cladding modes
into which the wavelengths in the core mode can couple) not increased as would be
expected for a now almost infinite cladding. = However, as the ambient index
increases above that of the cladding, the coupling wavelengths again begin to be
attenuated, but can be seen to have shifted back to values similar to the coupling
wavelengths in air. As the ambient refractive index increases further a slight red shift
is evident, but the greatest detectable effect is the gradual increase in the attenuation

of these coupling wavelengths.

Another aspect of the LPG has been reported where the LPG is utilized in the
reflective mode, using higher order harmonics of the broadband source [194]. This
allows more tolerance in the source wavelength range and more selectivity of the
wavelength(s) to be monitored, rather than the more accurate matching of wavelength
and grating as in normal fibre Bragg grating reflective strain or temperature sensing.
But as the light is confined to the core, the ambient refractive index should not affect
these propagation conditions, a consideration which may prevent the use of this in the

development of a gas sensor.
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2.6 Signal Processing

The vast majority of the published data are based on laboratory experiments where the

wavelength shifts using an optical spectrum analyzer have been detected. No

references as to how the signal would be processed for an actual operational sensor

are provided. Methods proposed for capturing and processing the output signal

include the use of:

i)

iii)

optical filters [195] in which a wavelength band of the transmitted radiation
will be selected via an optical filter placed at the exit of the fibre and directed
onto an optical detector. Thus any shift in the transmitted wavelength will
result in a change in the flux density of the radiation incident on the detector
and a corresponding change in detector current. The problem with this
method is that there may be uncertainty in the direction of shift, and if the shift
is too great the signal may disappear entirely.

wavelength selective optical detectors [196,197]which would show a change
in detector current as the transmitted wavelength shifts.

charged coupled device (CCD ) arrays [198-200] in which each CCD detector
would be positioned such that it would detect the intensity of a given
wavelength after the transmitted light has been split into its spectrum via a
diffraction grating or prism.

co-ordinated wavelength sweeping lasers with broad sensitivity optical
detectors [201], in which the laser wavelength would be swept over a given
range whilst the detector current output is coordinated with the wavelength of

the transmitted radiation.
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2.7 Computer Simulations

Several papers [202,203] show comparisons between computer simulated results and
the actual experimental results, but give very little information on what methods were
used in the simulation calculations. Analytical techniques used to model the modes in
the core and cladding, which may be used in computer simulations seem to be split
into two schools of thought. The first [204,205] treats the cladding as a multimode
fibre core when calculating the properties of the cladding modes, whilst the other
[206] takes the refractive indices of both the core and the cladding into account. The
former method uses a much simpler expression than the latter, accepting and allowing
for the errors introduced by the fact that the effect of the core index on the cladding
modes is ignored. The latter, however, is a more accurate but far more complicated
expression. Attempts have been made to reproduce the results from one of the few
papers found which actually shows the calculations used to determine the mode
coupling wavelengths and attenuation. However, errors were uncovered in the quoted
expression [207], and corrected by inspection of another publication [205] referenced

by the author.
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2.8 Summary

This chapter has reviewed the existing types of sensors highlighting the advantages
and disadvantages of each, explaining the characteristics of the fibre which are
utilised and the disadvantages for use as a gas sensor inherent to their design. The
theory of fibre Bragg gratings, the long period grating, and suitable methods of signal
processing have been briefly discussed. Finally the equations used in the computer

programs designed as part of this investigation were introduced.
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Chapter 3

Theory

3.1 Introduction

The following chapter explains the theory of light propagation in optical fibres and
the effects any inconsistencies in the optical or physical parameters may have on the

propagation characteristics.

Section 3.2 gives the requirements which need to be met for light to undergo total
internal reflection (TIR) and therefore be guided along the fibre length. Section 3.3
explains how modes are formed in the fibre, the classification of these modes being

discussed in Section 3.4. In Section 3.5 the equations predicting the characteristics of

30



light propagation are derived from Maxwell’s Equations. These equations are then
applied to the light rays in optical fibres in Section 3.6, and the mathematical
derivation progresses to mode classification in Section 3.7. Section 3.8 explains the
concept of the evanescent field which is an important consideration in light
propagation in optical fibres. Section 3.9 briefly introduces coupled mode theory,
which is the concept used to explain energy transfer between modes in fibre gratings.
Fibre Bragg grating theory is discussed in Section 3.10, one major aspect of which,
the effective refractive index, being covered thoroughly in Section 3.11. Finally,
Section 3.12 introduces the theory behind long period gratings, with the effect of
changes in ambient index on the mode coupling and the intensity of this coupling

being explained in Sections 3.13 and 3.14 respectively.

3.2 Light Propagation Within an Optical Wave
Guide

An optical wave guide consists of a central glass core and a surrounding glass
cladding, the core being of slightly higher refractive index than the cladding [175,208]

as shown in Figure 3.1.
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If the optical path length (a to b) after reflections from 2 successive boundaries is a
whole number of wavelengths, then the interference will be totally constructive and
the light will travel through the fibre at this angle of propagation [218]. However, if
the distance is not a whole number of wavelengths then the interference will be
destructive.  The light intensity attenuates at each reflection until after a short
distance no light will be evident at any angle of propagation other than the angles at
which constructive interference occurs. Depending on the diameter and optical
properties of the core and cladding, the core may allow the possibility of one or many
directions in which this condition may be satisfied. These directions are known as
modes [46] and are given numerical values from 0 for the first mode to one less than
the maximum number existing in the core. As the numerical value increases the angle
of incidence at the core cladding boundary decreases [219] (the ray follows a steeper
path within the core). Thus the light forms travelling waves reflecting back and forth
in modes along the length of the wave guide [220]. As the light propagates, however,
interference will not only occur between the rays reflected from successive interfaces
to form the modes, but also between those incident and reflected from the same
interface in each modal direction [220]. This will form a standing wave across the
core as shown in Figures 3.3 and 3.4 and its electric field intensity pattern will depend
on the mode number. The mode number is determined by the number of times the
transverse standing wave pattern contains zero amplitude across the fibre [218,221-

224].
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